
Foreword 

Some aspects of bismuth chemistry have been known and studied for many 
decades but in recent years there has been a resurgence of interest in the 
properties of this element not least because of its application in a number of 
important yet often disparate fields. These fields include bismuth containing 
pharmaceuticals, superconductors, ferroelectrics, heterogeneous catalysts and, 
of particular relevance to this book, reagents for organic synthesis. 

Bismuth is present in its compounds almost exclusively in two oxidation 
states namely (III) and (V), but as a result of the inert pair effect and relati-
vistic effects, bismuth(V) is strongly oxidising in contrast to the lighter conge
neric antimony(V). This feature is reflected in the organisation of the book 
such that, after a brief introduction, Chapter 2 deals with organobismuth(III) 
chemistry whilst Chapter 3 focuses on compounds containing bismuth(V) 
many of which are useful oxidising agents. After a look at bismuth hetero-
cycles in Chapter 4, a detailed summary of the use of bismuth compounds in 
organic transformations is given in Chapter 5 and Chapter 6 deals with struc
tural aspects. 

Hitomi Suzuki and his coauthors have done an excellent job in preparing 
this work which besides being very comprehensive and well organised 
includes a number of novel and useful features. Thus within the text of Chap
ters 2-5 a large number of representative experimental preparations are given. 
Not only do these serve to illustrate the practical side of bismuth chemistry, 
they also provide a convenient alternative to looking up the original literature 
which can save a lot of time. Likewise, the structural data presented in chapter 
six offers the reader a convenient access to many key structures with both 
visual and numerical data clearly presented. The references are also given in a 
handy and easy to use format. 

In summary, I have no doubt that this work will be a valuable resource for 
all groups working the field of organobismuth chemistry; I will certainly be 
happy to have a copy on my bookshelf. 

N.C. Norman 
1999 



Preface 

Bismuth in human history dates back about two millennia when it was used 
as an additive to ancient metal products. However, its identity as a distinct 
metal element was only established by the middle of the eighteenth century. In 
marked contrast to the history of inorganic bismuth chemistry which started 
more than two centuries ago, the chemistry of organic bismuth compounds 
was born only two decades ago, when Professor D.H.R. Barton and coworkers 
began a systematic study of organobismuth compounds and laid the founda
tion for further development. 

In the last two decades, a large number of organic bismuth compounds have 
been synthesized and their properties obtained by laboratory measurements. 
At the same time, many new methods have been developed to synthesize a 
variety of organic bismuth compounds. In view of the rapidly expanding field 
of organobismuth chemistry as well as increasing attention in this area from 
both academia and industry, we are of the opinion that there is a need for a 
handy monograph on this topic. The main objective of this book is to provide 
an information resource to researchers who need to become better acquainted 
with a specific topic of organobismuth chemistry or to obtain information 
related to a particular organobismuth compound. The material includes only 
stoichiometric bismuth compounds containing Bi-C bond(s), which are 
covered from early 1999. With some exceptions, inorganic compounds, 
minerals, metal alloys, and non-stoichiometric materials are not included. 

This book covers comprehensively all aspects of the subject related to 
organobismuth chemistry in a self-contained manner. However, it is focused 
on academic aspects and consequently the references include a limited 
numbers of patents that are mentioned only where pertinent to the description. 
Chapter 1 serves as an introduction to bismuth as the element. In Chapters 2 ^ , 
organobismuth compounds are classified according to the types of compounds 
and dealt with in detail. Chapter 5 is devoted to the use of bismuth and 
derivatives in organic transformations. In these four chapters, brief to moder
ate descriptions for selected experimental procedures are included; they are 
intended to inform the readers of relevant protocols and should serve in 
preparative studies which are based on analogies. In the final chapter the X-
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ray data of fundamental and/or structurally interesting organobismuth(III) and 
(V) compounds are given. The table of contents of the book is detailed and 
from there it should be possible to quickly locate information on a specific 
organobismuth compound. 

Much effort has been made to include all factual data pertinent to an under
standing of each class of organobismuth compounds. The main attention is 
paid to methods of synthesis, molecular structure, and chemical behavior of 
organobismuth compounds, although some knowledge of spectroscopy and 
other physical properties are also included. The format for presenting the 
information is both descriptive and numerical. Numerical data are mostly 
presented in tabular form. Tables of known compounds in each chapter are 
organized to give the readers easy access to the most relevant data source of a 
compound. The nomenclature does not follow strictly the recommendations of 
lUPAC, but usage is mostly consistent with common practice in the current 
literature. In order to help the readers to save time in looking for appropriate 
spectral data, an effort has also been made to provide the IR, MS, NMR and 
UV spectral data sources in tabular form. All references for chapters are 
collected together in a list at the end of this book. In the list, references are 
given chronologically both in code and in full form, with authors' names. 

This book has been written with the close cooperation of six chemists from 
our bismuth research group. Collection of the literature and selection of the 
material took much time and energy. The book will appeal to academic and 
industrial researchers alike; it is useful especially to chemists engaged in 
bench work. It is hoped that this book will provide a stimulus as well as the 
basis for further development of organobismuth chemistry. 

It is a privilege and pleasure for us to dedicate this book to the memory of 
late Professor Derek H.R. Barton, who was the pioneer in the area of organo
bismuth chemistry. H.S. is indebted to him for encouragement in producing 
this volume. He also thanks Professor Noboru Sonoda of Kansai University 
for a gift of a beautiful specimen of bismuth crystal. Most of the works from 
our group cited in this book, both published and unpublished, were supported 
by Grants-in-Aid from the Ministry of Education, Science, Culture and Sports, 
Japan. Finally, we express our sincere gratitude to Dr. Guido Zosimo-Land-
olfo, Elsevier Science, for his kind help in bringing out the first monograph on 
organobismuth chemistry that is both comprehensive and up-to-date. 

Hitomi Suzuki 
Kyoto, May 1999 
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Chapter 1 

Introduction 

1.1. ELEMENTAL BISMUTH 

Bismuth was first mentioned in the 1450s as Wismutton or Bisemutum, 
probably derived from the old German word Weissmuth or Wismut, meaning 
white substance. Although not yet recognized as a distinct metallic element, in 
the past it had been included as a minor component, in a variety of metal 
products, for specific metallurgical purposes. However, its identity as a speci
fic metallic element was only established by the middle of the eighteenth 
century. 

Bismuth, Bi, the 83rd element of the periodic table is the most metallic and 
the least abundant of the elements in the nitrogen family (group 15). It has an 
atomic mass of 208.980 and a ground state electronic configuration of [Xe] 
4/ 5d 6s 6/7 . The bismuth atom usually utilizes the three 6p electrons in 
bond formation and retains the two 6^ electrons as an inert pair, hence the 
oxidation state +3 exhibited by bismuth in the vast majority of its compounds. 
However, a variety of organobismuth compounds can contain the element in 
the +5 oxidation state. Coordination numbers are 2, 3,4, 5 and 6. Bismuth not 
only has metallic characteristics but also exhibits many properties similar to 
those of semiconductors and insulators. Consequently, it is often classified as a 
semi-metal or metalloid. Bismuth compounds are usually colorless unless the 
metal is bound to a chromophore. 

Natural bismuth consists of only one stable isotope, ^^^Bi, with a nuclear 
spin of —9/2, but there are many isotopes which exhibit a wide range of half-
lives, from ^̂ B̂i of fi/2 < 1.5 s up to ^̂ ^Bi of tm 7 min. Natural isotope ^̂ ^Bi 
decays by a-emission with a half-life of more than 10̂ ^ years to form ^^^Tl. 
The second and third stable isotopes, ^̂ ^Bi and ^̂ ^Bi, decay by electron capture 
with a half-life of 3.86 X 10^ and 32.2 years, respectively. Isotopes with a 
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mass number of more than 210 are found in natural decay chains of some 
radioactive elements such as ^̂ ^Th, ^̂ ^U, ^̂ Û and ^̂ ^Np [78B-LS]. The atmo
spheric concentration of ^̂ "̂ Bi (̂ 1/2, 19.27 min; a-emitter), resulting from the 
radiation decay of ^̂ ^Rn, is used to assess the exposure of miners and house
holds to airborne radioactivity. ^ 

1.2. OCCURRENCE AND PRODUCTION 

Bismuth is a relatively rare element and ranks 64th in abundance in the 
earth's crust, which is estimated to contain 0.17-0.2 ppm of bismuth. This is 
comparable in abundance to silver and cadmium. Bismuth content increases 
from ultrabasic (1 X 10~^%) to acid magmatic rock (1 X 10~^%) and is not 
concentrated in the magmatic phase. Native bismuth is rarely found in nature 
in cobalt and silver veins, but usually occurs as the compounds, mostly sulfide 
(bismuthinite or bismuth glance, Bi2S3) together with complex minerals asso-

'For general references of bismuth and its chemistry, see: [58B-P(11), 64GH(19), 70OCR(A)283, 
73B-BENT547, 73S328, 78KOE(3)912, 79B-WSA1111, 82COMC(2)681, 84B-GE, 85UE(A4)171, 
87CCC(3)237, 88B-CW, 94EIC(1)280, 95EAS(1)365, 98B-CN]. For organic aspects of bismuth chemistry, 
see: [42CRV(30)281, 70B-D, 70B-DF, 77GH(47), 78MOC(13-8), 82CRV15, 94B-AY, 94EIC(1)292, 
95COMC(2)321, 96F1501]. For structural chemistry of bismuth compounds, refer to [99CRV3277]. For 
medicinal aspects of bismuth compounds, refer to [97CCR( 163)345, 97CB669, 99CRV2601]. Review 
articles devoted to specific topics in organobismuth chemistry are: [83TCC1, 90B-S, 92AOC(34)207] for 
pentaarylbismuth and related compounds, [90AOC(30)77, 92AOC(34)207] for dibismuthines, [720MR73, 
96BCJ2673] for chemistry of bismuthonium compounds, [86ACR406, 88CSR269, 90AOC(31)91, 
94CCR(133)115] for transition metal complexes, and [95CT167, 98AOC(42)l] for bismuth alkoxides. 
The use of bismuth and its derivatives as reagents for organic transformations was reviewed in [89B-
FD(5)397, 89YGK425, 95COMC( 11)502, 96CCR(155)127, 97S249, 98B-SM, 99YGK689], particularly 
for arylation in [88T3039, 89CRV1487, 90B-B], and for oxidation in [86B-K, 87PAC937]. Progress 
of organobismuth chemistry is reviewed on an annual basis in the 1980s and irregularly in the 1970s 
and 1990s in Journal of Organometallic Chemistry [71JOM(48)292, 74JOM(68)411, 75JOM(89)183, 
76JOM(106)255, 78JOM(163)141, 79JOM(180)143], 80JOM(203)359, 82JOM(237)51, 84JOM(261)59, 
85JOML(17)353, 86JOM(298)67, 87JOM(324)39, 88JOM(351)63, 89JOM(360)297, 90JOM(380)35, 
91JOM(404)87, 92JOM(442)61, 94JOM(477)31, 95JOM(485)l, 95JOM(496)l], in Organometallic Chem
istry [820MC129, 830MC157, 840MC127, 850MC133, 860MC141, 870MC138, 880MC142, 
89OMC130, 90OMC124], and in Organometallic Chemistry Reviews [680CR(B)426, 690CR(B)186, 
70OCR(A)283, 70OCR(B)656, 710CR(B)247]. Information on all aspects of the bismuth chemistry is 
available as CA SELECTS, Bismuth Chemistry from Chemical Abstracts Service (P.O. Box 3012, 2450 
Olentangy River Road, Columbus, OH 43210-0012, USA). The Bulletin of the Bismuth Institute, a publica
tion from a non-profit organization. Bismuth Institute (301 Borgtstraat, B. 1850, Grimbergen, Belgium), 
contains wide aspects of up-to-date information on bismuth. The first issue appeared in 1973. Back issues 
and the cumulative table of contents of the bulletin will be supplied on request. 
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ciated with lead, copper, tin, antimony, molybdenum, tungsten, silver and gold 
[95EAS(1)365]. Other bismuth minerals include bismite (a-BiaOa), bismutite 
(Bi2(02/C03)-H20), bismuth ochre (Bi203-3H20), guanajuatite (Bi2Se3), tetra-
dymite (Bi2Te2S), matildite (AgBiSa), eulytite (Bi4Si30i2), galenobismutite 
(PbBi2S4), bismutotantoHte (BiTa04), and pucherite (Bi2V208). The former 
three are the weathering products of bismuthinite. These natural bismuth 
compounds are found mostly as minerals in Australia, Bolivia, Canada, 
Peru and China. 

Bismuth is produced, in small amounts, from ores; large amounts are recov
ered as a byproduct from lead, copper, tin and zinc smelting in Western 
countries, and from tungsten and molybdenum production in China and Boli
via. The matte, slag, flue dust and fume discharged from the smelting process 
of base-metal ores contain appreciable amounts of bismuth compounds 
extracted or evaporated. The slime formed during the electrorefining of copper 
and lead also contains considerable amounts of bismuth. The slag, dust, and 
slime are treated by lead-smelting in order to collect bismuth into a lead 
bullion. The resulting bullions are then subjected to two important methods 
for recovering bismuth: the Betterton-KroU and the Betts process. The former 
process involves the reduction of bismuth oxide with metallic magnesium or 
calcium in a reverberatory furnace, while the latter involves the electrolysis of 
the bismuth-containing lead bullion in a solution of PbSiF6/H2SiF6. The crude 

TABLE 1.1 
Estimated world production of bismuth 

Country 1980 (ton)' 1996 (ton)''''̂  

1000 
1071 
939 
200 
1375 
200 
75 
560 
80 

5500 

Australia 
Belgium 
Mexico 
Peru 
USA 
Republic of China 
Canada 
South Korea 
Japan 
Romania 
Others 
Total 

'Source: [85UE(A4)171]. 
^ Source: [96MJR]. 

907 
-

748 
522 
400 
259 
171 
90 
80 
80 

465 
3722 

^ Pickling, M., personal communication. 
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TABLE 1.2 

Bismuth consumption in 1996 in USA and Japan^ 

Use USA (ton) Japan (ton) 

Fusible alloys 400 32 

Metallurgical additives 230 431^ 
Chemicals' 855 77 
Others 35 189 
Total 1520 729 

'Source: [96MJR, 99BBI(74)]. 
^ Includes 273 tons for ferrite. 
' Includes pharmaceuticals, cosmetics, catalysts and materials for electronics. 

TABLE 1.3 

US bismuth statistics for 1997-1998' 

1997 (ton) 1998 (ton) 

Domestic consumption 1531 2025 

Chemicals^ 655 908 
Alloys 593 745 
Metallurgical additives 252 340 
Other 31 32 

Exports' 206 245 
Imports, total'̂  2164 2712 

From Belgium 691 739 
Canada 99 155 
China 161 385 
Germany - 45 
Japan - 1 
Macao 20 
Malaysia 4 -
Mexico 601 807 
Peru 163 69 
Russia - 19 
UK 425 492 

Price/lb. (NY dealer) (US$) 3.33 3.15' 
Stocks, consumer 213 175 

' [99BBI(73)]. 
^ Includes industrial and laboratory chemicals, cosmetics, and pharmaceuticals. 
' Comprises Bi metal and the Bi content of alloys and waste and scrap. 
'̂  Source: Bureau of the Census. 
' US$3.53 (April 1999). 
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bismuth obtained is further refined by electrolysis, but more modem techni
ques such as zone-melting and volatilization are also used [85UE(A4)171]. 
Bismuth is produced and sold at a purity of 99.99-99.999%. 

Current world production of bismuth is estimated at about 5500 tons per 
year. The estimated world productions in 1980 and 1996 are shown in Table 
1.1. The joint US Bureau of Mines/Geological Survey study in 1992 estimated 
the economic reserves of bismuth at 107 000 tons (48% in Asia/Australia, 
37% in USA, and 15% in Europe). 

The USA and Japan together represent almost half of the world consumer 
demand. The details of the US and Japanese consumption of bismuth in 1996 
are shown in Table 1.2. The US domestic consumption, exports and imports 
statistics in 1997-1998 is shown in Table 1.3. 

1.3. PHYSICAL PROPERTIES OF BISMUTH 

Bismuth is a soft, heavy, lustrous, silver-white metal with a slight pink 
tinge. It forms large brittle crystals with a highly intricate feature of step 
dislocation when the melt is left to cool slowly (see the color photograph 
on the front cover). Large pieces of bismuth crystals with a multi-colored 
sheen are sometimes sold at gem or souvenir shops. Of several known allo-
tropic forms of bismuth, the a-form is the most stable. Under high pressures, 
bismuth undergoes several allotropic transformations involving changes in 
volume; pronounced diminution in volume (3-5%) is observed at 2.56 and 
2.71 X 10^ kg/m^ and further smaller changes at 4.8, 6.5 and 9.0 X 10^ kg/m^ 
at room temperature. Bismuth and gallium are the only metals that expand 
slightly on solidification, the expansion of the former element being 3.32%. 
Alloys with more than 55% bismuth content expand, those with less than 48% 
contract, and mixtures in the remaining gap are dimensionally stable. This 
property renders bismuth alloys particularly suitable to the manufacture of 
sharply detailed metal castings. Such bismuth-enhanced castability and wear 
resistance of print types brought a great improvement to old press works. 

The electrical resistance of solid bismuth is greater than that of liquid 
bismuth, the ratio of liquid to solid resistivity being approximately 0.5-0.8; 
for most metals this ratio is 2.0. The linear dependence of resistivity on 
temperature does not hold for temperatures below 10 K. High thermoelectric 
effects are produced when bismuth is coupled with certain other metals. Of all 
metals, it is the most diamagnetic and the increase in resistivity in a magnetic 
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field (the Hall efifect) is the greatest. Its thermal conductivity is the lowest 
among all metals, with the exception of mercury. Both the negative Hall effect 
and the negative thermoelectric power of bismuth indicate that electrons, and 
not holes, are mainly responsible for electrical conductivity. The effective 
number of free electrons in bismuth is approximately 3 X 10̂ ^ cm"^, the 
mean free path being 2 X 10"'^-4x 10""̂  cm. Superconductivity has not 
been detected. The major physical and mechanical properties of elemental 
bismuth are summarized in Table 1.4. 

TABLE 1.4 
Some physical and mechanical properties of bismuth 

Property Value 

Atomic weight (amu)^ 
Radius (A)^ 

Atomic 
Covalent 
van der Waals 
Ionic 

Bi^* 
Bi'^ 

Ionization potentials (kJ/mol)^ 
1st 
2nd 
3rd 
4th 
5th 

Electron affinity (eV)' 
Electronegativity'' 

Pauling 
Allred-Rochow 

Electrode reduction potential Bi^" (V vs NHE (25°C))' 
Electrochemical equivalent Bi"'̂  (mg/coulomb)'' 
Atomic volume (cmVg-atom)'' 
Atomic heat (cal/°C)' 
Crystal system^ 
Space group"" 
Lattice constant"^ 

Melting point (°C)' 
Boiling point CCf 
Latent heat of fusion (kJ/mol)'' 
Latent heat of vaporization (kJ/mol)'' 

208.980374(5) 

1.55 
1.52 
2.40 

0.96 
0.74 

703.2 
1609 
2466 
4370 
5403 
0.946 

2.02 
1.67 
0.308 
0.43316 
21.3 
6.17 
Rhombohedral 
R3m (hexagonal setting) 
a = 4.5459 A 
c= 11.86225 
a = 57.24° 
u = 0.237 
Z=6 
271.40 
1564 
10.48 
179.1 
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TABLE 1.4 (continued) 

Property Value 

Vapor pressure (mmHg)'̂  
917°C 
1257°C 

Density (g/cm^)^ 
20°C 
300°C 
600°C 

Mean specific heat (cal/g)'* 
0-270°C 
300-1000°C 

Coefficient of linear expansion (K~y 
Thermal conductivity (cal/s per cm )̂'̂  

100°C 
300°C 
400°C 

Electrical resistivity (nn-cm)^ 
0°C 
300°C 

Surface tension (dyne/cm)^ 
300°C 
500°C 

Viscosity (centipoise)'* 
300°C 
600°C 

Modulus of elasticity (GPa)'' 
Shear modulus (Pa)^ 
Poisson's ratio'' 
Hardness'̂  

Brinell (N/mm^) 
Mohs 

Magnetic moment (|JL)̂  
Quadruple moment (m^)^ 
Magnetic induction (T)'' 
Magnetic susceptibility (cgs unit)" 

SoUd 
Liquid 

Hall coefficient (m^A.s (18°C))' 
Thermal neutron absorption cross section (bam/atom)'' 
Thermal neutron activation cross section'̂  

1 
100 

9.808 
10.03 
9.66 

0.0294 
0.0373 
13.45 X 10"^ 

0.018 
0.041 
0.037 

106.5 
128.9 

376 
363 

1.662 
0.996 
338 
12.4106 X lO'' 
0.33 

184 
2.5 
+4.1106 
-0.4 X 10"^^ 
-0.393 

-1.35 X 10'^ 
-0.08 X 10"^ 
-6.33 X 10"^ 
0.034 
0.019 

' Source: [92B-L]. 
^ Source: [94EIC( 1)280]. 
' Source: [85UE(A4)171]. 
^ Source: [64GH(19)]. 
' Source: [78KOE(3)912]. 
^Source: [95EAS( 1)365]. 
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1.4. CHEMICAL PROPERTIES OF BISMUTH 

Bismuth is the heaviest member of group 15 and the heaviest stable element 
on the periodic table. Although it belongs to the group 15 family, the chem
istry of bismuth differs considerably from that of other lighter members, such 
as phosphorus, arsenic and antimony. Decreasing availability and increasing 
diffuseness of the s electrons makes the +5 oxidation state less stable when 
compared with phosphorus, arsenic and antimony. Due to its more pronounced 
metallic character than antimony and arsenic, bismuth forms formal stoichio
metric compounds with other metals. Typical examples include MsBi and 
MBi (M = Li, Na, K), M^Bis (M = Mg, Ca), and MBi (M = La, Ce, Nd, 
Gd, Sm, Y, etc.). 

Elemental bismuth is inert in dry air at room temperature, but oxidizes 
slowly to become covered with a thin film of the oxide, which gives it a 
beautiful multi-colored luster. Above its melting point, it oxidizes rapidly to 
form an oxide film. At red heat in air, it bums with a bluish flame to give a 
yellow fume of bismuth oxide (Bi203). It can also be attacked by super-heated 
water vapor to form the yellow oxide. Heating with sulfur produces bismuth 
sulfide Bi2S3 as a dark brown to grayish black solid. 

Bismuth does not dissolve in non-oxidizing acids, but does dissolve in nitric 
acid to give bismuth trinitrate Bi(N03)3-5H20 with the evolution of nitrogen 
oxides, and in hot sulfuric acid to evolve sulfur dioxide, forming bismuth 
sulfate Bi2(S04)3. Prolonged heating of bismuth with concentrated hydrochlo
ric acid in the presence of air gives bismuth chloride BiCl3 which, on sublima
tion in air, is in part converted to bismuth oxychloride (BiOCl). Hydrogen 
chloride reacts with bismuth chloride in dry ether to form an acid H^BiCl4r-
(Et20)„. 

The reaction of elemental bismuth with molecular halogens at elevated 
temperatures leads to the production of the corresponding trivalent bismuth 
halides BiX3. Above 100°C, bismuth fluoride (BiF3) can add an additional 
molecule of fluorine to form bismuth fluoride (BiFs) as moisture-sensitive 
crystals subliming at 120°C, which is highly toxic and the only known homo-
leptic inorganic bismuth(V) compound. Pentavalent bismuth fluoride is a 
powerful oxidizing and fluorinating agent. It reacts with xenon tetrafluoride 
(XeF4) in liquid hydrogen fluoride to give a fluorobismuthate salt 
[XeF3^][BiF6-]. 

Treatment of a solution of bismuth chloride in hydrochloric acid with 
hypophosphorous acid gives free bismuth as a dull gray powder with a 
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diameter not greater than 15 jjim. Its purity is more than 98.5% and it is readily 
dispersed in water. 

The most sensitive method for the determination of bismuth is atomic 
absorption spectrometry in conjunction with graphite tube atomization. 
Bismuth has at least five atom fines suitable for determination: strong lines 
at 278, 289.8, 293.8 and 306.9 nm and a weak line at 267.9 nm. A detection 
limit of 0.05 ppm has been reported for this procedure. 

1.5. BISMUTH COMPOUNDS COMMERCIALLY AVAILABLE 

Bismuth metal and several inorganic bismuth compounds are important as 
starting materials for industrial products and they are commercially available at 
a cheap price. A few inorganic bismuth compounds are also employed as 
reagents in organic synthesis. More than ten inorganic bismuth compounds of 
reagent grade are available commercially at a moderate price. However, 
commercially available organic bismuth compounds are quite limited in number 
and generally expensive. For the convenience of intending researchers, some 
information on the properties of commercial bismuth compounds, as well as 
their current prices, taken from AWnc/z Catalogue/Handbook of Fine Chemicals 
1998-1999 (Aldrich Chemical Co., Inc., 1001, West Saint Paul Avenue, 
Milwaukee, WI 53233, USA; dollar-based for US customers), are recorded in 
this section. The yen-based prices are shown in parentheses. 

Metalic bismuth of 99.9-99.999% purity is available commercially in the 
form of ingot, elongated pieces, shot (1-2 mm), and powder (-100 mesh). 
Prices of powdered bismuth per 100 g are US$114.40 (¥28 300) for 4 nine 
bismuth and US$193.70 (¥47 900) for 5 nine bismuth. 

Bismuth oxide (Bi203) is available as a pale yellow powder at a purity 
ranging of 98-99.99%. Highly pure material is prepared best by either igniting 
pure bismuth nitrate or basic carbonate, or dehydrating bismuth hydroxide 
(hydrated bismuth oxide). This compound exists in four modifications, a-S; 
the a form is monoclinic, stable below 710°C, the j8 form is tetragonal, stable 
above 710°C, the y form is body-centered cubic, metastable between room 
temperature and melting point, and the 8 form is highly disordered and has 
about 75% of the disorder of the molten compound. Bismuth oxide is practi
cally insoluble both in water and in organic solvents, but it dissolves readily in 
acid solution to give the corresponding salts or complex salts. The oxide is 
slightly soluble in concentrated alkali solution to form the bismuthate ion. 
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Bi(OH)6" or [Bi203-3H20]~ and related species. Fusion of this oxide with 
potassium chlorate is reported to form a very unstable pentavalent oxide, 
Bi205, however, questions arise as to the exact nature of this compound. 
Other oxides of bismuth such as BiO, BiOa, Bi204, Bi305 and Bi409 have 
been reported, but evidence for their existence as distinct chemical entities 
is meager. Bismuth oxide of a 99.999% purity costs US$184.25 (¥45 600) per 
250 g. Mixed metal oxides of bismuth and other metals such as titanate 
(Bi203-2Ti02) and zirconate (2Bi203-3Zr02) are available at prices of 
US$10.60 (¥2700) and US$18.05 (¥4500) per 100 g. A lead-doped mixture 
of Bi-Sr-Ca-Cu oxides of an approximate composition Bii 6Pbo.4Sri 6Ca2.o 
CU2.8O92+V (-̂  = 0.45) is also commercially available in the form of fine 
powder (below 5 jjim) at a price of US$345.60 (¥85 400) per 50 g. The 
undoped sample of a composition Bi2Sr2CaCu208+v (-̂  = 0.15-0.20) costs 
US$293.55 (¥72 600) per 50 g. 

Sodium bismuthate (NaBi03) is a moisture-sensitive yellow to brown 
powder of ill-defined composition, which has long been known as an analy
tical reagent for oxidizing Mn^^ ion to Mn^^ ion, used for the qualitative test 
of manganese. The commercial product is thought to be a mixture of bismuth 
pentaoxide, sodium carbonate and sodium peroxide with about two molecules 
of water per bismuth atom. It is insoluble in water and organic solvents, but 
dissolves in strong acids to give an as yet uncharacterized Bi(V) species which 
is stable for a few days in solution. Sodium bismuthate of a 85% purity costs 
US$91.60 (¥21 500) per 100 g. 

All four trivalent bismuth halides (BiX3) are commercially available. The 
chloride and bromide are especially moisture-sensitive and corrosive, and are 
readily converted into oxyhalides, especially (BiOX). Some physical proper
ties are shown in Table 1.5. 

TABLE \.t 
Some physical properties of bismuth hahdes" 

Hahde 

BiF, 
BiFs 
BiCl3 
BiBr, 

Bil, 

Appearance 

White powder 
White needles 
White crystals, deliquescent 
Golden yellow crystals, 
deliquescent 
Greenish black crystals 

m.p. (°C) 

649', 725̂ ^ 
151.4 
233.5 
218.5^ 

408.5 

b.p. CO 

900'' 
230 
440.1 
460.9'' 

542 

d (g/cm^) 

7.90 
5.40 
4.76 
5.72 

5.80 

'Sources: [85UE(A4)171]. '^[78KOE(3)912]. '[94EIC( 1)280]. ''[64GH(19)]. 
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Among these halides, the most common is bismuth chloride (BiCls), which 
is used as the starting material for a variety of organobismuth compounds. The 
commercial product is a white powder, more or less wet with atmospheric 
moisture, and therefore, refluxing with thionyl chloride (SOCI2) is recom
mended for dehydrating the salt before use, especially for the Grignard reac
tion. Anhydrous bismuth chloride is also obtained by distilling commercial 
dihydrate BiCl3-2H20, which is a white to pale yellow, deliquescent crystal
line solid, soluble in aromatic hydrocarbons, and donating organic solvents 
such as diethyl ether and tetrahydrofuran (THF). In an ethereal solution, it is 
monomeric, presumably in the form of BiCl3(OEt2)n, but association occurs at 
a concentration greater than 0.1 N. It shows a considerable tendency to form 
addition products with organic molecules, and a wide variety of organic BiCls 
adducts have been reported (Table 2.29). Bismuth chloride of 98 and 99.999% 
purity costs US$28.35 (¥7100) and US$75.05 (¥18 600) per 25 g, respec
tively. 

Bismuth fluoride (BiFs) is found in the form of white or gray dimorphic 
crystals, practically insoluble in water, but soluble in concentrated hydrofluoric 
acid with the formation of complexes. It volatilizes slowly with partial decom
position at high temperatures. Bismuth bromide (BiBrs) is found as yellowish 
crystals, soluble in aqueous alkali halides and dilute hydrochloric acid, but 
practically insoluble in alcohols. It is readily decomposed by water to give 
bismuth oxybromide BiOBr. Bismuth iodide (Bils) is a black fine crystalline 
solid with a metallic sheen, practically insoluble in water, but slowly decom
poses in hot water. It dissolves in liquid ammonia, aqueous potassium iodide, 
hydriodic acid and hydrochloric acid, but not so much (ca. 3.5%) in absolute 
ethanol. When exposed to air for a prolonged time, it is slowly converted to 
bismuth iodate (Bi(I03)3). Bismuth fluoride of 98% purity costs US$24.30 
(¥6200) per 25 g, bromide of 98% purity US$24.90 (¥6200), and iodide of 
99% US$34.50 (¥8600). These halides are all corrosive and moisture-sensitive. 

Bismuth oxychloride (BiOCl) is a colorless fine powder, which melts at 
232°C and boils at 44TC. It is practically insoluble in water and alcohols, but 
readily soluble in hydrochloric acid and nitric acid. Above 570°C, it liberates 
BiCl3 to be transformed into a Bi405Cl3 compound. Among bismuth oxyha-
lides, only the oxychloride is available commercially at a cost of US$30.00 
(¥7500) for a sample of 99% purity and US$98.60 (¥24 400) for a sample of 
99.99% purity per 50 g. However, other oxyhalides can readily be prepared by 
partial hydrolysis of trivalent bismuth halides or by the interaction of basic 
bismuth nitrate (BiO(N03)) with the corresponding sodium halide in aqueous 
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solution. These oxyhalides are crystalline solids or amorphous powders, prac
tically insoluble in water and common organic solvents, but soluble in strong 
inorganic acids. They are destroyed by aqueous alkali. Bismuth oxyiodide 
BiOI is brick-red in color. Bismuth oxyperchlorate hydrate (BiOC104xH20) 
of 99.99% purity, m.p. 39°C, is also available at a cost of US$60.50 (¥5400) 
per 100 g. 

Bismuth sulfide (Bi2S3) is a dark brown to grayish black solid, readily 
obtained by heating bismuth with sulfur or by adding an alkali sulfide to the 
aqueous solution of bismuth(III) salts. It is used as a high temperature lubri
cant. The sulfide is almost insoluble in water, but dissolves in concentrated 
nitric acid and hot hydrochloric acid. Concentrated aqueous potassium sulfide 
dissolves bismuth sulfide to form bismuth thiobismuthate KBiS2, which is 
readily oxidized in air. Fusion of the sulfide with bismuth halide (BiX3) 
gives the corresponding halosulfide (BiXS) as an air-stable solid. Bismuth 
sulfide of 99% purity costs US$153.30 (¥37 900) per 250 g. 

Commercial bismuth selenide (Bi2Se3) (m.p. 710°C) and telluride Bi2Te3 
(m.p. 585°C) are both a gray to black crystalline powder. The powder is 
insoluble in water and decomposed by concentrated nitric acid and aqua 
regia. A variety of non-stoichiometric compounds can be derived from this 
powder by replacing part of a selenium or tellurium atom by another chalco-
gen element and are used as semi-conducting materials. Bismuth selenide and 
telluride cost US$55.40 (¥13 700) and US$75.30 (¥18 600) per 25 g, respec
tively. Both bismuth chalcogenides are moisture-sensitive and the former, 
especially, is highly toxic. 

Bismuth sulfate (Bi2(S04)3) is found in the form of white hygroscopic 
crystals, which readily decompose in water to give basic subsulfate and 
dissolve without decomposition in aqueous sulfuric acid. Above 465°C, it is 
converted to the oxide under the liberation of sulfur trioxide. This salt costs 
¥1900 per 25 g; taken from Wako Catalogue 1998 (Wako Pure Chemicals, 
Ltd.; 3-1-2, Dosho-machi, Chuo-ku, Osaka 540-8605, Japan). 

Bismuth nitrate pentahydrate (Bi(N03)3-5H20) is found as lustrous hygro
scopic crystals and smells like nitric acid. It is readily decomposed by water 
to subnitrate BiO(N03), but dissolves without decomposition in water 
containing nitric acid. It is soluble in organic solvents such as acetone, 
acetic acid and glycerol, but practically insoluble in ethanol and ethyl acet
ate. By heating above 590°C, it is converted to bismuth oxide. Bismuth 
subnitrate is a white, odorless and tasteless powder of non-stoichiometric 
composition; its properties and composition vary considerably depending on 
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the conditions of preparation. The subnitrate is practically insoluble in water 
and organic solvents, but soluble in dilute inorganic acids. Bismuth nitrate 
pentahydrate and subnitrate monohydrate of both 98% purity are available 
commercially priced at US$15.20 (¥4000) and US$21.20 (¥5300) per 100 g, 
respectively. 

Bismuth acetate (Bi(OAc)3) and citrate (Bi[02CCH2CHOH(C02)CH2C02]) 
both 99.99% purity cost US$64.90 (¥16 100) per 50 g for the former and 
US$12.00 (¥3000) per 100 g for the latter. A variety of bismuth carboxylates 
such as subcitrate, subgallate, subsalicylate, etc. are also available commer
cially priced at around US$16-17 (¥3000-4000) per 100 g, but these 
compounds mostly lack chemical integrity and are not suitable for use as 
synthetic reagents. Bismuth subgallate and subsalicylate of 99.9% purity cost 
US$16.00 (¥4000) and US$12.00 (¥3000) per 100 g, respectively. Bismuth 
oxalate of 99.9% purity is available commercially at ¥3670 per 25 g [98B-W]. 

From 1999, the Aldrich catalogue menu became quite rich with organobis-
muth compounds [98B-A]. Triphenylbismuthine (PhsBi) is a white, easy-to-
handle, stable, crystaUine soHd melting at 78-80°C, readily soluble in 
benzene, dichloromethane, ether, THF and ethyl acetate, but poorly soluble 
in hexane and insoluble in water. It is not toxic (LD50 180g/kg for dogs (oral)). 
The commercial product of 99% purity costs US$55.00 (¥13 600) per 25 g. 
Other trivalent organobismuth compounds include tributylbismuthine 
(US$59.00 per 5 g), methyldiphenylbismuthine (US$89.00 per 10 g), and 
tris(2-methoxyphenyl)bismuthine (US$120.00 per 10 g). The purity of these 
products ranges from 95 to 97%. Triphenylbismuth dichloride (Ph3BiCl2), 
diacetate (Ph3Bi(OAc)2), and carbonate (PhsBiCOs) are probably the only 
pentavalent organobismuth compounds that we can find in common laboratory 
reagent catalogues. They cost US$55.60 (¥13 800), US$98.00, and US$42.20 
(¥10 500) per 10 g, respectively. 

1.6. PRESENT-DAY USE OF BISMUTH 

Currently, bismuth is used mainly in the manufacture of medicines, 
cosmetics, low-melting alloys and metallurgical additives [78KOE(3)912, 
85UE(A4)171, 93BBI(suppl.)]. 

1.6.1. Metallurgical use 

Bismuth combines with one to several elements such as antimony, cadmium. 
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indium, gallium, lead and tin to form a number of fusible alloys of various 
eutectic composition; the melting point ranges from 47 to 262°C. In manipulat
ing the composition to meet a requirement, a wide variety of fusible or low-
melting alloys are produced and used in special solders as cylinders, heat 
transfer medium, and many other safety devices such as electric fuses, water 
sprinkler plugs, and safety valves. Due to its low melting point, high boiling 
point and low neutron absorption cross section, bismuth is also used as a carrier 
for the fuels ^̂ Û and "̂ "̂̂U, as well as a coolant in nuclear reactors. The nuclear 
fuel is dissolved to 0.15% in liquid bismuth and pumped through graphite 
modulators. Typical examples of bismuth-based alloys are given in Table 1.6. 

The addition of minute amounts of bismuth improves the characteristics of 
steels and iron castings, by increasing the wear resistance and life of parts used 
for machine tools and automobiles. Bismuth also improves the machinability 
of free-cutting aluminum, increasing the corrosion and stress resistance. In 
recent years, bismuth has been replacing lead more and more, for example in 
shots and cartridges for waterfowl shooting, plumbing fittings for drinking 
water systems, and fire assay for gold mining and refining. 

TABLE 1.6 
Eutectic and non-eutectic fusible alloys^ 

Eutectic alloys 

Bi-Pb-Sn-Cd-In 
Bi-In 
Bi-Sn-Cd-Tl 
Bi-Pb 
Bi-Cd 
Bi-Tl 

Non-eutectic 
alloys 

Bi-Pb-Sn-Cd-In 
Rose metal 
Newton metal 
Wood metal 
Lipowitz metal 
Cerro alloy 105 

Eutectic 
temperature (°C) 

47 
72 
94.6 

125 
144 
188 

Melting range (°C) 

61-65 
94-110 
96-97 
70-72 
70-72 
38^3 

Composition (%) 

Bi 

44.7 
33.7 
49.1 
56.5 
60 
47.5 

Pb 

22.6 
-
-
43.5 
-
-

Composition (%) 

Bi 

48.0 
50 
50 
50 
50 
42.91 

Pb 

25.63 
28 
31.25 
24 
27 
21.70 

Sn 

8.3 
-

23.5 
-
-
-

Sn 

12.77 
22 
18.75 
14 
13 
7.97 

Cd 

5.3 
-

18.2 
-

40 
-

Cd 

9.6 
-
-

12 
10 
5.09 

In 

19.1 
66.3 
-
-
-
-

In 

4.0 
-
-
-
-

18.33 

Tl 

_ 
-
9.2 
-
-

52.5 

Hg 

_ 
-
-
-
-
4.0 

' Source: [74BBI(suppl.), 85UE(A4)171, 95EAS(1)365]. 
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7.6.2. Use in electronics^ ceramics and plastics 

Thermoelectric devices for refrigeration based on the Peltier cooling effect 
uses the intermetallic compounds, bismuth selenide (Bi2Se3) and telluride 
(Bi2Te3) alloyed with antimony telluride (Sb2Te3). Thermocouples used for 
sensitive temperature measurement and heat engines utilizing the Seebeck 
effect also use these types of compound. The working temperature ranges 
from 273 to 573 K for Bi2Te3 (p-type conduction) and Bi2Te2.4Seo.6 (n-type 
conduction). Assemblies, in which all the p -^ n junctions are arranged on one 
side of a module and the n ^ p junctions on the reverse side, form the basis of 
commercial thermoelectric devices for refrigeration or generation of direct 
current. Such bismuth-based thermoelements are used for converting solar 
energy into electric power in space ships. 

Powdered Mn-Bi alloy compressed at a temperature of 300°C and under a 
pressure of 100-200 psi in a magnetic field has been reported to produce a 
permanent magnet of an energy product of 0.034 ixT.A/m (4.3 X 10~^ GOe), a 
coercive force of 271 kA/m (3400 Oe), and a residual flux of 0.42 T (4200 G). 
Its high magnetostriction finds application in ultrasonic generators and recei
vers in the 10-100 kHz band as well as thermomagnetic writing on thin films 
(ca. 1000 A) of the Mn-Bi alloy for memory applications, including holo
graphic storage. 

The next generation electrical contact materials based on bismuth-silver 
compositions are suitable for automobile sectors, since they do not weld or 
arc under heavy loads. The unique conduction properties of bismuth have led 
to the production of plastics with a built-in shielding protection against elec
tromagnetic or radio-frequency interferences and electrostatic discharge 
which create serious disturbance to the electronic equipment around us. 

Some bismuth compounds are known to exhibit superconductivity after 
they have been rendered metallic by lead doping. The Tc values found up to 
now are '-30 K for Bao.7Ko.3Bi03, 90 K for Bi2Sr2CaCu208 and Bi2Sr2Ca3. 
CU4O12, and 120 K for Bi2Sr2Ca2Cu30io [88PR(B)3745, 91JMAR1595]. The 
lead-doped bismuth compounds with a high degree of texture have found 
magnet and power applications with liquid nitrogen cooling (77 K). 

Ceramics represent a vast outlet for bismuth compounds, particularly 
bismuth oxide. Small levels of inclusions have a remarkable impact on the 
performances of the materials used for electronics. Typical examples of elec-
troceramics are those derived from sintered Bi203-3Sn02, ZnOBi203^ or 
2Bi203-3Ti02. Many of these ceramics can work as sensors for monitoring 
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fluids and gases. Originally applied to high voltage ceramics, the use is now 
expanding to low voltage and DC current devices. A more substantial inclu
sion of bismuth oxide lowers the processing temperature of ceramics from a 
typical 1400 to 1000°C or less. Single crystals of 6Bi203Ge02 are used for 
acoustic surface wave devices. Other uses of bismuth-based ceramics include 
glaze for tableware, dental fillers, human bone implants, and catheters for X-
ray examination. 

Bismuth also improves the optical property of glasses; the addition of major 
amounts of bismuth oxide imparts higher specific gravity or greater refractive 
indices. Bismuth phosphate is used for the manufacture of flint glass. 

In the plastic industry, bismuth compounds are used as stabilizers, plasti-
cizers and additives of some sort. They also impart a flame-retardant or 
smoke-inhibiting property to plastics and artificial fibers. 

1.6.3. Use in chemicals and pigments 

Bismuth catalysts are widely used in industrial organic synthesis. The major 
outlet is for the manufacture of acrylonitrile and acrolein involving a Co-Bi-
Mo or Pb-Bi-Mo based catalyst. For instance, bismuth phosphomolybdate 
BiPMoi2O40 is a highly effective catalyst for the ammo-oxidation of propylene 
to acrylonitrile. Other catalytic systems include ZnO-Bi205-Zr02 for the 
conversion of 2-isopropanol to acetone, Bi203-P205 for the dehydrogenative 
dimerization of propene to benzene, and Mo03-Bi203 for acrylonitrile synth
esis. Bismuth oleate is used as a catalyst for the manufacture of aldehydes and 
alcohols by the oxo process. 

Bismuth compounds are added more and more to special polymers for bone 
implants and dental prothetic devices in order to make them detectable to X-
rays. Diagnostic devices for medical purpose have been using the bismuth-
germanium oxide crystals to neutralize lethal gamma rays and improve overall 
imaging. Basic bismuth salicylate is used to impart a pearly surface to poly
styrene and phenol-formaldehyde resins. 

Bismuth vanadates are a relatively new class of pigment, which have high 
opacity, excellent light-fastness and good chemical resistance. Due to their 
harmless nature, these pigments are of high industrial importance as lead- and 
chromium-free substitutes for currently used yellow and orange paints, 
chrome yellow and cadmium yellow. Relative color performances of bismuth 
vanadate, lead sulfochromate and cadmium sulfide are 100:82:75 for color 
strength and 22:16:17 for opacity [95BBI(68), 97BBI(70)]. Bismuth oxychlor-
ide is used in pigments as artificial pearl. Bismuth oxychloride as well as 
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bismuth subnitrate are sold in the market under the names Flake White, 
Bismuth White or Pearl White. Some bismuth dialkyldithiocarbamates 
provide excellent extreme pressure performance as lubricant [98BBI(71)]. 

L6A. Pharmaceutical and cosmetic use 

Bismuth is one of those rare elements considered to be safe as it is non-toxic 
and non-carcinogenic notwithstanding its heavy metal status. It readily forms 
stable complexes with polyhydrated carboxylic acids and phenols through the 
bismuth-oxygen bond and complex salts of this type are used as soothing 
agents for the treatment of digestive disorders, for outlining the alimentary 
tract during X-ray examination, and treating skin injuries or infections 
[78KOE(3)912, 80B-O, 85UE(A4)171, 99CRV2601]. 

The advantage of bismuth in treating intestinal disorders was noted as early 
as 1600. Various preparations of low bismuth doses have been employed as 
remedies against gastric disorders, i.e. colitis, diarrhea and peptic ulcers, 
because of their astringent, antiphlogistic, bacteriostatic and disinfection 
actions. Bismuth subcarbonate, bismuth subnitrate and complex bismuth 
citrate were, and still are, used in the treatment of skin injuries, alimentary 
diseases such as diarrhea and ulcers, and venereal diseases, though the use of 
these simple bismuth salts tends to decrease in developed countries. Basic 
bismuth salicylate (subsalicylate) is employed for anti-diarrhea, syphilis, 
rheumatoid arthritis and veruccae. It is taken orally in combination with 
other ingredients for protective antiacid action as well as antiseptic effects. 
Bismuth subcitrate and related salts are the only known active ingredient 
eradicating Helicobacter pylori, a bacteria inflicting ulcers, and is used widely 
for treatment of the relevant diseases in association with antibiotics such as 
amoxicillin and metronidazole [98B-R]. A colloidal bismuth preparation, 
tripotassium dicitratobismuthate, can accelerate the healing of gastric and 
duodenal ulcers. Micronized bismuth subnitrate has a similar effect, although 
the mechanism of action is not clear. Disodium pentaiodobismuthate tetrahy-
drate (Na2Bil54H20) and cacodylate (Bi[Me2As(=0)0]3-8H20) are old anti-
syphilitic drugs. Typical bismuth salts used for medical purposes are listed in 
Table 1.7. 

The use of bismuth as a beauty care product dates back to antiquity and is 
still used in common cosmetic products. Bismuth oxychloride is used to 
impart a pearlescent effect to lipstick, nail varnish, eye shadow, and make
up powder. The resulting brilliance and luster surpasses that of a natural 
product, guanine, which is extracted from fish scales and is more costly. 
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TABLE 1.7 
Bismuth-based medicines^ 

Bismuth salt Medical use 

Inorganic salts 
Carbonate 
Phosphate 
Silicate 
Subcarbonate 
Subnitrate 

Aliphatic carboxylates 
Butylthiolaurate 
Camphorate 
Citrate 
Dipropylacetate 
Ethylcamphorate 
Potassio(sodio)tartarate 
Succinate 

Phenolic salts 
lodosubgallate 
Salicylate 
Subgallate 
Tribromophenate 
Tannate 

Reacts slowly with HCl of stomach and inhibits 
secretion by lining the mucous membrane. 
Treatment for gastric and duodenal ulcers, gastritis, 
dyspepsia, and functional disorders of colon and 
peptic ulcers. In ointment used as a protective or 
sedative agent on inflamed skin 

Therapeutic agent capable of acting against spirilla. 
Treatment for tonsillitis, infectious angina, syphilis 
and yaws. Preoperative treatment of appendicitis 

Internal astringent and absorbent for the protection 
of the gastrointestinal membrane. Used externally 
as an antiseptic. Treatment for gastroenteritis, toxic 
diarrhea, dermatitis, and hemorrhoids 

' Source: [90EDM(D), 96MI]. 

The incorporation of bismuth to hair dyes is said to improve color and deodor
ize them. Some insoluble salts of bismuth are used as an ingredient for face 
powders and dusting powders to cover or protect skin and wounds. 

1.7. TOXICOLOGY OF BISMUTH AND BISMUTH COMPOUNDS 

The uniqueness of bismuth is most characterized by its low toxic nature in 
spite of its heavy metal status in the nitrogen family, since it is a general trend 
of elements that the toxicity increases as you go down a group. Hence tradi
tionally, it has been used widely in medicine and veterinary practice. Closely 
related arsenic and antimony compounds are generally highly toxic. LD50 (mg/ 
kg) values of bismuth oxychloride (BiOCl) and bismuth oxide are reported 
to be 22 000 (rat, oral) and 10 000 (mouse, oral), respectively. Accidental 
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poisoning by bismuth and bismuth compounds has been reported to occur 
from the use of large doses during medical therapy rather than by exposure 
in the workplace. The effects of acute intoxication of bismuth include gastro
intestinal disturbance, anorexia, headache and discoloration of the mucous 
membrane. Although no bismuth poisoning has been reported yet, neither in 
the laboratory nor in industry, care must be taken of the careless inhalation of 
dusts and fumes of bismuth compounds. 

Water-insoluble inorganic bismuth salts are hardly absorbed by oral admin
istration, and acute poisoning is seldom [98ET(1)174]. Water-soluble bismuth 
compounds are absorbed quickly and cause kidney damage, although the 
degree of such damage is usually mild. However, the relatively high toxicity 
of BiO(N03), which was observed especially in children, is most unlikely to 
be caused by bismuth but more so by the reduction of nitrate to nitrite and 
subsequent methemoglobin formation by intestinal bacteria. Bismuth poison
ing caused by long-term oral administration in doses exceeding 1 g/day may 
provoke mental disorders characterized by loss of balance, unsteadiness or 
confusion. These disorders stem from an accumulation of bismuth in the nerve 
centers. In most cases, they disappear within a period of 10 days to 2 months, 
during which time the bismuth is eliminated by the urinary tract. Part of the 
bismuth poisoning has been attributed to the transformation of bismuth 
compounds of low toxicity into high toxicity by intestinal bacteria. Soluble 
bismuth salts are excreted via urine and less soluble ones are excreted in the 
feces, which may be black in color due to the presence of bismuth sulfide. 

Bismuth telluride, undoped or specially doped with Se or SnTe, is used in 
industry as a semiconductor. The hygienic standard of permissible exposure to 
these substances, recommended by the American Conference of Governmen
tal Industrial Hygienists was 10 mg/m^ for undoped bismuth telluride and 5 
mg/m^ for doped bismuth telluride, both based on a 1-year daily inhalation 
study in three different species of animals. Short-term exposure limits are 20 
mg/m^ for undoped bismuth telluride and 10 mg/m^ for doped bismuth tell
uride [81B-CC1558]. With bismuth telluride and bismuth/antimony based 
metal products, adverse effects may arise from tellurium or antimony rather 
than bismuth. Chronic exposure during long-term therapy can cause serious 
consequences for humans. Symptoms of chronic intoxication by bismuth are 
hypersalivation, stomatitis and a grayish black seam surrounding the gum. 
Inhalation of BiMcs by humans causes the irritation of the respiratory tract 
and conjunctive tissues. Cats and dogs that inhaled BiMe3 for 10-20 min 
showed ataxia, restlessness, or convulsions; after 24 h, severe encephalitis 



20 

TABLE 1.8 
Toxicity of some bismuth compounds^ 

Introduction Ch. 1 

Compounds 

Bismuth oxide (Bî O )̂ 

Bismuth oxychloride (BiOCl) 
Bismuth nitrate (Bi(N03)3) 
Bismuth titanium oxide (Bi203-2Ti02) 

Bismuth vanadate (BiV04) 
Bismuth dimethyldithiocarbamate 
Bismuth sodium thioglycollate 
Bismuth potassium sodium tartrate 

Trimethylbismuthine 

Triphenylbismuthine 

LD50 (g/kg) 

5 
10 
22 

<2.5 
12 
2.2 

<5 
20 
47.2 
<3 

0.055 
0.484 
0.182 

12 
180 

Species and route 

Rat, oral 
Mouse, oral 
Rat, oral 
Mouse, intraperitoneal 
Rat, oral 
Rat, intraperitoneal 
Rat, oral 
Mouse, oral 
Child (20 kg weight), oral 
Mammal, intramuscular 
Rabbit, intramuscular 
Rabbit, oral 
Rabbit, subcutaneous 
Dog, intravenous 
Dog, oral 

' Source: [83EOHS( 1)291, 85UE(A4)171, 95BBI(68), 2000B-L(2)521, 2000B-L(3)3585]. 

was observed. Some toxicological data available for bismuth compounds are 
shown in Table 1.8. 

In the Swiss list of toxic substances BiONOs is in class 3 and Bi2(Ti04)3 is 
in class 5. In a long-term carcinogenicity test, BiOCl was fed to rats over a 
period of 2 years (1-5% in the food); neither carcinogenic nor other toxic 
effects caused by BiOCl could be found. So far, there is no evidence for 
carcinogenicity, mutagenicity and teratogenicity of bismuth compounds. 

Bismuth and its compounds do not appear to have been responsible for 
poisoning associated with work, so it is looked upon as the least toxic of 
the heavy metals currently used in industry. Bismuth and bismuth oxide are 
poorly soluble in blood plasma and fairly rapidly eliminated by the urinary 
tract. As the reported number of cases is small and adequate follow-up studies 
have not yet been completed, it is difficult to generalize the toxicity of bismuth 
compounds. So far, no strict limits appear to have been set for bismuth in air 
and drainage in industrialized countries. 



Chapter 2 

Organobismuth(III) Compounds 

2.1. ORGANOBISMUTH(III) COMPOUNDS WITH Bi-GROUP 14 ELEMENT 
BONDS 

2.7.7. Monoorganyl and diorganylbismuthines 

Methylbismuthine and dimethylbismuthine are prepared by reduction of the 
corresponding methylbismuth chlorides or bromides with LiAlH4 in dimethyl 
ether at low temperatures [61CB1447]. 

MeBiCl2 + LiAIH4 *- MeBiH2 

Me2BiCI + LiAIH4 —,^ ^ > MeaBiH 
Me20 

They are purified by vacuum distillation at low temperatures and their 
boiling points at 760 mmHg are estimated, by extrapolation, to be 72°C 
(MeBiH2) and 103°C (Me2BiH), respectively. Methylbismuthine and 
dimethylbismuthine are colorless liquids and stable up to - 4 5 and -15°C, 
respectively. Both bismuthines decompose at room temperature to trimethyl-
bismuthine and bismuth metal with the evolution of gaseous hydrogen. 
Attempts to prepare other primary and secondary bismuthines have failed 
so far; black polymeric substances are obtained from the reaction of dibro-
mo(phenyl)bismuthine or bromodiphenylbismuthine with a reducing reagent 
such as LiAlH4 or NaBH4 at low temperatures [57ZN(B)132]. Diphenylbis-
muthine or dimethylbismuthine is used as a cocatalyst for polymerization of 
olefins in a patent, but the synthesis of these diorganylbismuthines are not 
mentioned [66USP3285890]. 

Dimethylbismuthine, generated in situ from tetramethyldibismuthine and 
anhydrous hydrogen chloride, showed a broadened methyl peak at 5 1.26 (in 
CS2/CD2CI2) at -70°C [830M1859]. 
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2.7.2. Triorganylbismuthines 

2.1.2.1. Methods of synthesis (Tables 2.1-2.3) 

This class of compounds can be obtained by a variety of methods which 
include metathesis, oxidative addition, reduction, transmetallation, thermoly
sis, disproportionation, electrochemical coupling, and others. In this section, 
the syntheses of symmetrical and unsymmetrical triorganylbismuthines 
according to these methodologies are described. 

2.1.2.1.1. Organometallic routes The most frequently used methodology by 
which a wide variety of tertiary bismuthines RsBi, where R may be aliphatic or 
aromatic, can be prepared with ease is the reaction of a bismuth halide such as 
BiCl3 and BiBr3 with an organometallic reagent. Organomagnesium, -lithium, 
-sodium, -cadmium, -aluminum, -silver, -zirconium, -zinc, -mercury and -
silicon compounds have been employed for this purpose. Unsymmetrically 
substituted triorganylbismuthines of the type R2R^Bi and RR^R^̂ Bi are also 
prepared from R,3iX3-„ {n = 1,2, X = halide or anionic group) or RR^BiX 
with a suitable organometallic reagent. 

(a) With Grignard reagent (method A) A wide variety of symmetrical 
tertiary bismuthines containing such groups as alkyl, alkenyl and aryl have 
been prepared by using Grignard reagents. Bismuth chloride and bromide are 
usually employed as the bismuth source. The reactions are customarily carried 
out in diethyl ether or THF under an inert atmosphere and the product is 
isolated by distillation or recrystallization from an alcoholic solvent. 

BiXa + 3RMgX ^ RaBi + 3MgX2 

R2BiX + R'MgX RgBiR' + MgX2 

Unsymmetrical bismuthines with two or three different organyl groups 
(R2R^Bi and RR^R^̂ Bi) are best prepared by the reaction between a bismuth 
compound of the type R2BiX or RR'̂ BiX (X = CI, Br) and a Grignard reagent 
R'MgBr [73JOM(47)367, 74IZV234, 83JOM(256)l]. Diarylbismuth triflate-
hexamethylphosphoramide (HMPA) complexes, [Ar2Bi(HMPA)2](OTf), are 
also conveniently used owing to its easy preparation and handling 
[960M1951]. 
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Synthesis of tris(l-naphthyl)bismuthine 

23 

BiBra + 3 MgBr 
EtgO 

1-Naphthylmagnesium bromide, prepared from Mg (1.6 g, 66 mmol) and 1-bromonaphthalene 
(13.7 g, 66 mmol), was treated with anhydrous bismuth bromide (11 g, 24 mmol) dissolved in 
the minimum quantity of dry ether. A vigorous reaction occurred and a yellow precipitate was 
formed, which disappeared on shaking. Then a large quantity of solid matter gradually began to 
deposit. The mixture was left overnight and then heated for 1.5 h on a water bath, after which 
the solvent was distilled off and the residue treated with water. The insoluble solid matter was 
collected and dried. This product was repeatedly extracted with chloroform and treated with 
alcohol to give a sHghtly yellow crystalline deposit. On recrystallization from a mixture of 
chloroform and alcohol, tris(l-naphthyl)bismuthine was obtained in almost colorless needles 
(m.p. 235°C) [14JCS(105)2210]. 

Synthesis of (4-chlorophenyl)(2-methoxyphenyl)(4-methylphenyl)bismuthine 

_ ^ .OMe 

Me—^j)-MgBr L F 
me 

^^(pP(NMe2)3 
^^'Bi+OSOgCFa-
^ J OP(NMe2)3 

To a stirred solution of (4-chlorophenyl)(2-methoxyphenyl)bismuth triflate-HMPA complex 
(10 mmol) in THF (50 ml) was added, at 0°C, a solution of 4-methylphenylmagnesium bromide, 
generated from Mg (15 mmol) and 4-bromotoluene (15 mmol) in THF (60 ml), and the resulting 
mixture was stirred at the same temperature for 2 h to complete the reaction. The mixture was 
poured into ice-cold saturated aqueous NH4CI (30 ml), and the insoluble materials were filtered 
off through a Cehte bed. The organic phase was extracted with benzene (10 ml X 5), and the 
combined extracts were washed with brine (10 ml X 5), dried over Na2S04, and concentrated 
under reduced pressure to leave an oily residue, which was crystallized from benzene/MeOH 
(1:5) to afford the expected unsymmetrical bismuthine as colorless crystals (70%, m.p. 99-
102°C) [960M1951]. 

(b) With organolithium reagent (method B) The reaction between bismuth 
hahdes and organoUthium compounds is an akernative convenient method for 
the synthesis of symmetrical tertiary bismuthines. Unsymmetrical bismuthines 
of the type R2R^Bi and RR^R^̂ Bi can also be obtained by the reaction between 
R2BiX or RR'̂ BiX and R^Li (X = CI, Br, I). Tris(2,6-dimethoxyphenylthio)-
bismuth, which is prepared from bismuth oxide and the corresponding thiol, can 
be converted to triarylbismuthines by treating it with an excess of aryllithiums 
[97JOM(548)223]. 
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BiXa + 3RLi ^ RaBi + 3LiX 

R2BiX + R'Li ^ RaBiR' + LiX 

Synthesis of tris(4-A ,̂ A^-dimethylaminophenyl)bismuthine 

BiClg + 3 MezN—/ S—U MegM—/ \)-B\ 

A^,A^-dimethyl-4-bromoaniline (1.00 g, 5 mmol) was dissolved in THF (20 ml) and cooled to 
-78°C. Butyllithium (3.12 ml of 1.6 M, 1.60 mmol) in hexane was added. After stirring for 
30 min at -78°C, bismuth chloride (0.5 g, 1.59 mmol) dissolved in THF (10 ml) was added 
and the resulting mixture was stirred for 1 h at -78°C, then allowed to warm up to 23°C. 
After stirring for an additional 12 h at this temperature, the solvent was removed in vacuo 
and the residue was extracted with toluene (20 ml). The toluene extract was filtered and 
concentrated to about 10 ml. When the solution was allowed to stand at 0°C for a few days, 
the product was obtained as colorless crystals (0.96 g, 86%), m.p. 200°C (decomp.) 
[960M5613]. 

Synthesis of methylbis(2,4,6-triisopropylphenyl)bismuthine 

'Pr 'Pr 

'Pr—^ \)-BiCI + MeLi 'Pr—/ \)-BiMe 

'Pr 'Pr 

To a yellowish solution of chlorobis(2,4,6-triisopropylphenyl)bismuthine (329 mg, 0.5 mmol) 
in THF (10 ml) was added methyllithium (1.0 M ether solution; 0.5 ml, 0.5 mmol) at -78°C. 
After stirring for 10 min at -78°C, the reaction mixture was allowed to warm to room 
temperature gradually and the solvent was evaporated under reduced pressure. Chromatography 
of the solid residue on silica gel using hexane-ethyl acetate gave the expected unsymmetrical 
bismuthine as a colorless crystalline solid (262 mg, 77%), m.p. 53-55°C [92BCJ3504]. 

Tris-orr/z^-lithiation of tris[2-(diethylsulfamoyl)phenyl]bismuthine with 
r^rf-butyllithium followed by treatment with 3 equiv. of diaryliodobismuthine 
yields a branched tetrameric bismuthine, which, on similar treatment, leads to 
a dendrimer-type bismuthine [97CC2295]. 
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Synthesis of a dendritic Biio-bismuthine 
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R = S02NEt2 

To a solution of Bi4-bismuthine (A) (183 mg, 0.067 mmol) in THF (6 ml) was added tert-BuLi 
(pentane solution, 1.5 M X 0.29 ml, 0.44 mmol) at -78°C. The solution turned reddish brown 
within 5 min. The mixture was allowed to warm to 0°C and stirred for an additional hour at this 
temperature, during which time the color changed to yellowish brown. The resulting solution 
was cooled to -78°C and a solution of diaryliodobismuthine (B) (304 mg, 0.400 mmol) in THF 
(3 ml) was added. The resulting solution was warmed gradually to room temperature and stirred 
for an additional hour. Water (15 ml) was poured in and the aqueous phase was extracted with 
CH2CI2 (20 ml X 3). The combined extracts were dried over MgS04 and the solvent was 
evaporated under reduced pressure to leave a product mixture, which was separated by column 
chromatography on silica gel with hexane-ethyl acetate as the eluent to afford crude Biio-
bismuthine (C) (86 mg, ca. 20%) and a mixture of Bi„-bismuthines (87 mg; n = 6-9). Analy
tically pure C was obtained after successive purification by gel permeation chromatography 
(GPC) and silica gel column chromatography (m.p. 180-185°C) [98OM4049]. 

(c) With organocadmium reagent (method C) Perfluoroalkyl- and 
perfluoroarylbismuthines have been mainly prepared by the reaction 
between a bismuth halide and a perfluoroalkyl- or a perfluoroarylcadmium 
compound [87JOM(334)323, 94JFC(69)219]. 

BiXa + 3/2R2Cd RgBi + 3/2CdX2 

Synthesis of tris(pentafluorophenyl)bismuthine 

BiBra + 3/24 ^Cd'diglyme 
MeCN 

-f. 
-Ok'' 
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Bismuth bromide (1.84 g, 4.11 mmol) and Cd(C6F5)2-diglyme solvate (3.83 g, 6.60 mmol) were 
dissolved in acetonitrile (10 ml) and the solution was heated at 50°C for 12 h. The solvent 
together with traces of diglyme and pentafluorobenzene were distilled off, and the gray solid 
residue was subHmed twice at 60°C/2 X lO""* mmHg to give the product (2.07 g, 71%) 
[87JOM(334)323]. 

(d) With organoaluminum reagent (method D) Trialkylaluminum and 
lithium tetraalkylaluminate can be used for the preparation of 
trialkylbismuthines. 

BiXa + AIR3 ^ RaBi 

BiXa + LiAIR4 RaBi 

Synthesis of triethylbismuthine 

BiCIa + LiAIEt4 — ^ ^ * EtaBi 
Et20 

Lithium tetraethylaluminate (10.0 g, 67 mmol) in ether (50 ml) was treated with freshly 
sublimed bismuth chloride (15.0 g, 46 mmol) in the same solvent (50 ml). A large quantity 
of gray precipitate was formed. After refluxing for 1 h and subsequent hydrolysis, 
triethylbismuthine was extracted with ether. The bulk of the solvent was removed by 
fractional distillation through an efficient column and the residue was further fractionated 
under reduced pressure to give pure bismuthine (12.0 g, 85%), b.p. 90°C/48 mmHg 
[62AJC710]. 

(e) With organosodium reagent (method E) Sodium acetylides are used 
successfully for the preparation of mixed diaryl- and dialkylalkynyl-
bismuthines [62ZAAC(317)54, 91ZN(B)1319]. Diaryl- and dialkylhalo-
bismuthines are employed as the starting materials. Attempts to synthesize 
monoorganyldialkynylbismuthines from dihalo(organyl)bismuthines and 2 
equiv. of sodium acetylides result in the formation of a mixture of 
R2BiC^CR^ and RBi(C=CR%, which undergo a subsequent redistribution 
to give a mixture of R2BiC=CR' and Bi(C-CR')3 [91ZN(B)1319]. 
Bismuthines bearing the cyclopentadienyl group are prepared from the 
corresponding sodium cyclopentadienide and bismuth chloride [60CB1417]. 

BiXs + 3RNa ^ RsBi + 3 NaX 

R2BiX + R-CsCNa ^ R2BiC=CR' + NaX 

Synthesis of diphenyl(phenylethynyl)bismuthine 

PhaBiCI + N a C ^ P h ^ Ph2BiC=CPh 
liq NH3-THF 
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To a suspension of sodium phenylacetylide (2.21 g) in liquid ammonia (75 ml) placed in a 250 
ml flask equipped with a stirring bar, a dropping funnel and a gas inlet apparatus, was slowly 
added chlorodiphenylbismuthine (6.45 g) dissolved in THF (50 ml). The reaction mixture 
turned yellow. After filtration, the filtrate was evaporated under reduced pressure at room 
temperature. Recrystallization of the residue from absolute ether gave the product as a crystal
line solid (5.67 g, 75%) [62ZAAC(317)54]. 

if) With other organometallic reagents (method F) Bismuthines 
containing the ferrocenyl or cymanthrenyl groups have been prepared from 
the corresponding ferrocenylsilver or cymanthrenylsilver compounds and a 
bismuth hahde [67DOK( 177) 1352, 69IZV1827, 71DOK(198)590]. 

Triphenylbismuthine can be prepared by treating trifluoro(phenyl)silane 
with a mixture of bismuth hydroxide, hydrofluoric acid, and ammonium fluor
ide in a platinum dish [66CB1609, 69FRP1559505]. Organomercury and 
organozirconium compounds have been employed for the preparation of 
some tertiary heterocyclic bismuthines (Section 4). Dialkylzincs are also 
used for the preparation of trialkylbismuthines [1887CB1516, 1888CB2035]. 

Meta- or para-phenylene-bridged oligobismuthines are prepared by the 
reaction of chlorodiphenylbismuthine and the corresponding dicuprobenzene 
bis(dimethyl sulfide) complexes [98OM4049]. The products can be isolated 
by gel permeation chromatography (GPC) separation. 

2.1.2.1.2. Onium routes (method G) Onium compounds have been used as 
the aryl source for the preparation of triarylbismuthines. 

Metal . „. 
[ArN2l[BiCl4-] ArgBi 

[ArN2l[BF4-] + Bi ArgBi 

3 [ArArr][Cn + 2Bi ^ ArgBi + BiCIa + 3Ar'l 

Complete replacement of halogen atoms in bismuth halides by aryl radicals 
generated from the decomposition of a diazonium compound in the presence 
of a metal catalyst results in the formation of triarylbismuthines. Arylazocar-
boxylic acid salts are also used as the aryl group source [53VMU119]. The 
decomposition of diaryliodonium salts in the presence of bismuth chloride or 
metallic bismuth also produces triarylbismuthines. Radical-induced aryl 
ligand exchange of diazonium salts with triarylbismuthines leads to a mixture 
of unsymmetrical triarylbismuthines [86T3111]. When unsymmetrical iodo-
nium salts are used, the bismuth atom is preferentially arylated by a more 
electronegative aryl group [58DOK(122)1032]. 
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Synthesis of tris(4-methylphenyl)bismuthine 

[4-MeC6H4N2l[BiCl4-] ^ (4-MeC6H4)3Bi 

Me2C0 

A suspension of /7-toluenediazonium salt-bismuth chloride complex (32.5 g) in cold acetone 
(100 ml) was treated with copper powder (52.8 g). An evolution of gas took place in several 
minutes and the solution became dark brown in color. After 1.5 h, an equal volume of 25% 
aqueous ammonia was added and the mixture was diluted to 450 ml with water. After standing 
for 1 h, the solid precipitate was filtered, dried, and extracted with dry chloroform. The extract 
was evaporated and the solid residue was crystallized from methanol to give tris(4-methylphe-
nyl)bismuthine (3.07 g), m.p. 116-117°C [39JA3586]. 

2.1.2.1.3. From alkali bismuthides (method H) Alkali metal diaryl- and 
dialkylbismuthides (R2BiM; M = Li, Na, K), generated in situ from the 
corresponding halodiorganylbismuthines and alkali metal in liquid ammonia 
or THF at low temperatures, readily react with alkyl and aryl halides ( R ' X ) to 
give unsymmetrical triorganylbismuthines of the type R2R^Bi [41JA212, 
85ZN(B)1476, 88ZN(B)739]. When treated with oxiranes, ethylene sulfide 
or propyleneimine, sodium diorganylbismuthides undergo the SN2' type 
reaction to produce P-functionalized unsymmetrical triorganylbismuthines 
[95ZAAC(621)1403]. 

RaBiM + R'X ^ RaR'Bi 

RgBiNa + A RaBK"""^^^^ 

By treating a solution of sodium diarylbismuthide with acyl-, 
ethoxycarbonyl- or nitrophenyldiazonium tetrafluoroborate, triarylbis-
muthines bearing a substituent group incompatible with the Grignard or 
organolithium reagents can be obtained [970M3565]. Treatment of Hthium 
diphenylbismuthide with 4-bromophenol gives a small amount of (4-
hydroxyphenyl)diphenylbismuthine as an unstable solid [41JA212]. 

Synthesis of bis(4-chlorophenyl)(l-naphthyl)bisinuthine 

To a dark red solution of sodium bis(4-chlorophenyl)bismuthide, prepared from bis(4-chloro-
phenyl)iodobismuthine (2.8 g, 5 mmol), sodium (0.23 g, 10 mmol) and liquid ammonia (150 
ml), was added 1-iodonaphthalene (1.27 g, 5 nmiol) in ether (10 ml). Evaporation of ammonia 
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left a residue, which was worked up as usual to give the expected triarylbismuthine (0.3 g, 
10.8%), m.p. 136-137°C [41JA212]. 

2.1.2.1.4. Via transmetallation (method I) Metal-bismuth exchange reaction 
occurs between triarylbismuthine and alkyllithium or alkylsodium reagents. 

AraBi + 3 RM ^ 3ArM + RaBi 

AraAr'Bi + Ar"Li ^ Ar2Ar"Bi + Ar'Li 

Although this methodology has a limited use in the preparation of triorga-
nylbismuthines, it can be conveniently used for the selective synthesis of 
triarylbismuthines bearing three different aryl groups. Thus, the aryl ligand 
with a ^^rf-butylsulfonyl group at ortho position, when placed in unsymme-
trical triarylbismuthines, can be displaced preferentially by a given aryl group 
through transmetallation with aryUithium [92CC1143]. 

Synthesis of 4-methoxyphenylbis(4-methylphenyl)bismuthine 

When (2-ferf-butylsulfonylphenyl)bis(4-methylphenyl)bismuthine (588 mg, 2 mmol) was trea
ted with 4-methoxyphenyllithium (ca. 2 mmol) in THF (10 ml) at -78°C, selective displace
ment occurred immediately to form 4-methoxyphenylbis(4-methylphenyl)bismuthine in 95% 
yield, together with r^rr-butyl phenyl sulfone [92CC1143]. 

2.1.2.1.5. From bismuth amides (method J) Tris(cyclopentadienyl)bis-
muthine is prepared by treating tris(dialkylamino)bismuthine with excess 
cyclopentadiene at low temperatures [95JOM(485)149]. A similar Bi-N 
bond cleavage reaction is employed for the synthesis of cyclopenta-
dienyldimethylbismuthine [75JOM(88)329]. Ketene inserts into the Bi-N 
bonds of tris(dialkylamino)bismuthines to give tris(dialkylcarbamoyl-
methyl)bismuthines [87BCJ1564]. 

Bi(NR2)3 + SCpH CpsBi + 3 HNR2 

Bi(NR2)3 + 3CH2=C=0 *- Bi(CH2CONR2)2 

Synthesis of tris(cyclopentadienyl)bismuthine 

Bi(NMe2)3 + 3CpH ^ BiCps + 3 HNMe2 
THF 
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Monomelic cyclopentadiene (10 g, 150 mmol) was added to a stirred solution of Bi(NMe2)3 
(9.00 g, 26.4 mmol) in absolute THF (60 ml) at -70°C. All manipulations need to be done in the 
dark. After 2 h, the mixture was allowed to warm to room temperature and was stirred for an 
additional 2 h. The mixture turned from deep purple to red, and a dark brown solid precipitated. 
The solution was filtered through Celite and the red colored filtrate was concentrated to about 6 
ml, cooled to -30°C, and diluted with hexane (6 ml). After drying at 0°C in vacuo, tris(cyclo-
pentadienyl)bismuthine was obtained as deep red, transparent crystals (7.40 g, 73.2%). The 
filtered brown solid was dried in vacuo to give (BiCsH^),, as a brown, insoluble powder 
[95JOM(485)149]. 

2.1.2.1.6. Via reduction of triarylbismuth dihalides (method K) Tri-
arylbismuth dichlorides can be reduced to triarylbismuthines by treatment 
with such reducing agents as hydrazine hydrate, sodium hydrosulfite, 
LiAlH4 and organolithium reagents. This method has been used for the 
purification of triarylbismuthines [26JA507, 40JA665, 68LA(720)198]. 

AraBiXg ^ ArgBi + 2 X -

Synthesis of triphenylbismuthine 

Ph3BiCl2 + H2NNH2 ^ PhaBi 

To a stirred suspension of triphenylbismuth dichloride (2.56 g, 5 mmol) in 95% ethanol (60 ml) 
was added hydrazine hydrate (2.0 g). Reduction occurred immediately. The solution was 
decolorized and triphenylbismuthine precipitated out of solution. Stirring was continued for 
1 h and then the mixture was poured into water (300 ml). The aqueous suspension was extracted 
with ether, the organic layer was separated and dried, and the solvent was removed to give the 
product (2.1 g, 95.4%), m.p. 75-76°C [40JA665]. 

2.1.2.1.7. Via thermolysis of bismuth sulfinates (method L) Thermolysis of 
bismuth tris(arenesulfinate), which can be prepared from bismuth acetate and 
arenesulfinic acid in glacial acetic acid, leads to the formation of 
triarylbismuthines [72AJC2107]. 

Bi(02SAr)3 AraBi + 3 SO2 

Synthesis of tris(4-methylphenyl)bismuthine 

(4-MeC6H4S02)3Bi ^ (4-MeC6H4)3Bi 

Bismuth tris(4-methylbenzenesulfinate) (ca. 0.1-0.2 g) was heated in a sublimation apparatus at 
200°C/10~^-10~^ mmHg. After 5 h, the crude sublimed product was collected and recrystal-
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lized from aqueous MeOH to give the expected bismuthine in 57% yield, m.p. 118-119°C 
[72AJC2107]. 

2.L2.L8. Via electrochemical alkylation (method M) Electrolysis of 
organoaluminum or organoboron compounds using a sacrificial bismuth 
anode gives the corresponding tertiary bismuthines, whereas the electrolysis 
of vinyl halides, alkyl nitriles, carboxylic acids, or acrylonitrile at a sacrificial 
bismuth cathode yields the corresponding functionalized trialkylbismuthines 
[74EL(10)1424, 62LA(652)1]. 

3RM(3RX) + Bi (electrode) ^ RaBi 

Synthesis of tris(2-eyanoethyl)bismuthine 

^ . ^ Bi-Pt, 0.5 A, 7 h 
^ CN • Bi(CH2CH2CN)3 

aq2A/K2HP04 

A mixture of acryrlonitrile (24.8 g) and aqueous solution of 2N K2HPO4 (145 ml) was electro-
lyzed (0.5 A, 7 h) at 22°C in a divided cell with a bismuth cathode and a platinum anode. During 
electrolysis, 4.81 g of the anode was consumed. The organic layer of the solution in the anode 
compartment was separated and cooled to - 10°C, giving tris(2-cyanoethyl)bismuthine as white 
needles (8.22 g). The yields based on the current and electrode were 50 and 97%, respectively 
[74EL(10)1424]. 

2.1.2.1.9. From organic halides and bismuth metal (method N) The reaction 
between sodium- or potassium-bismuth alloy and alkyl or aryl halides leads 
to the formation of trialkyl- or triarylbismuthines, respectively 
[1897CB2843]. Organyl radicals generated in the gas phase react with a 
bismuth mirror to form organylbismuthines [1889LA(251)323, 77IC1823]. 

3RX + Bi-Na(K) ^ RgBi + 3 NaX (KX) 

3R« + Bi ^ RaBi 

2.1.2.1.10. Via dismutation (method O) Mixed alkyl(perfluoroalkyl)bis-
muthines are obtained from the dismutation reaction between trialkylbis
muthines and perfluoroalkyl iodides (Rfl) [63AJC636]. Cyanodiphenyl-
bismuthine is formed by the reaction of triphenylbismuthine and iodonitrile 
[15JCS(107)16]. 

RaBi + Rfl RgRfBi + Rl 

RaBi + ICN ^ RgBiCN + Rl 
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Synthesis of dimethyl(trifluoromethyl)bismuthine 

A 
MeaBi + CF3I Me2BiCF3 + MeBi(CF3)2 

Trimethylbismuthine (22.1 g, 86.5 mmol) and trifluoroiodomethane (21.6 g, 110 mmol) were 
heated together in a sealed tube at 100°C for 12 h. Fractional distillation through the traps, 
cooled to -46 , - 95 , -135 and -196°C, respectively, gave a preliminary separation of the 
reaction products. The trap cooled to - 196°C contained a trace of fluoroform, which at - 135°C 
contained most of the unreacted trifluoroiodomethane, while that at -95°C contained most of 
the methyl iodide formed in the reaction. The highest boiling fraction of the reaction products 
all consisted of bismuth-containing materials, together with traces of methyl iodide and tri
fluoroiodomethane. The individual components of this fraction were isolated by vapor phase 
chromatography, the major constituents being dimethyl(trifluoromethyl)bismuthine (21.8 g, 
82%) and methylbis(trifluoromethyl)bismuthine (5.64 g, 18%) [63AJC636]. 

2.1.2.1.1 L From dibismuthines (method P) Diazomethane inserts into the 
Bi-Bi bond of tetraphenyldibismuthine to form two Bi-C bonds, resulting in 
the formation of bis(diphenylbismuthino)methane [84JCS(D)2365]. When 
diphenylbismuth phenyltelluride (Ph2BiTePh) or phenylselenide 
(Ph2BiSePh) is used instead of the dibismuthine, the corresponding 
bismuthine (Ph2BiCH2EPh; E = Te, Se) is formed [88IC3730] (Section 
2.2.1.2.5). No Bi-S insertion is observed, however, with diphenylbismuth 
phenylsulfide (Ph2BiSPh). 

R2BiBiR2 + CH2N2 ^ R2BiCH2BiR2 

R2BiBiR2 + R'Li ^ R2BiR' + R2BiL 

Tetramethyldibismuthine reacts with butyllithium in hexane to generate a 
mixture of trialkylbismuthines of the type Me„Bu3-„Bi {n = 0-3) along with 
lithium dimethylbismuthide [830M1859]. 

Synthesis of bis(diphenylbismuthino)methane 

Ph2BiBiPh2 + CH2N2 Ph2BiCH2BiPh2 
EtaO 

Tetraphenyldibismuthine (0.466 g, 0.642 mmol) dissolved in ether (75 ml) was treated with an 
excess of diazomethane in the same solvent, with careful exclusion of light. Within 5 min the 
reaction was complete as evidenced by the change in color from orange to yellow. The solution 
was concentrated almost to dryness under reduced pressure, hexane (25 ml) was added, and 
further evaporation of the more volatile solvent under reduced pressure resulted in precipitation 
of the colorless product. Cooling to about -30°C, filtration and drying in vacuo gave bis(di-
phenylbismuthino)methane (0.233 g, 49%) [84JCS(D)2365]. 
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2.1.2.1.12. Metal coordination (method Q) Reaction of triphenylbismuthine 
with triamminechromium tricarbonyl in dioxane at 120°C leads to a mixture of 
chromium tricarbonyl TT-complexes of triphenylbismuthine [81IZV1874]. 
Extraction and recrystallization permit separation of three types of 
bismuthine. 

Synthesis of chromium tricarbonyl ir-complexes of triphenylbismuthine 

PhgBi + (NH3)3Cr(CO)3 <0)^BiPh2 + ( O l ^ B i P h + < O ^ B i 

6r(CO)3 6r(CO)3 6r(CO)3 

(I) (II) (III) 

A mixture of triphenylbismuthine (4.4 g, 10 mmol), triamminechromium tricarbonyl (5.7 g, 30 
mmol), and dioxane (40 ml) was heated with stirring for 7 h. After separation of the calculated 
amount of ammonia, the cooled mixture was filtered, the clear yellow solution was evaporated 
in vacuo, and the residue was treated with hot hexane. The solution was decanted and the 
residue was dried in vacuo. Extraction with hot cyclohexane yielded yellow crystals (0.73 g) 
soluble in benzene and acetone. After recrystallization from ethanol, I was obtained. Extraction 
with hot benzene of a portion of the product, after the separation of I, yielded a yellow 
compound (3.05 g), which was recrystallized from benzene to give II. Recrystallization of 
the residue from dioxane gave III (2.62 g) [81IZV1874]. 

2.1.2.1.13. Transformation of the substituted groups (method R) Trans
formation of the substituted groups on the organyl Ugands of 
triorganylbismuthine yields another type of tertiary bismuthine. The 
carbonyl group in (formylferrocenyl)bis(4-methylphenyl)bismuthine can be 
converted to the imino group by treatment with excess benzylamine under 
reflux in benzene [96CC1693]. 

RsBi ^ RsBi 

RaBiR' *- R2BIR" 

OrganogalHum and organoindium compounds containing alkyldiphenylbis-
muthine hgands are synthesized by the reaction of triisopropylgaUium or 
-indium with the corresponding alcohol bearing the bismuth atom in the 
alkyl chain [95ZAAC(621)1288]. 

0-f^^^Butyldimethylsilyl groups on the side chains in triarylbismuthines 
are deprotected by tetrabutylammonium fluoride or p-toluenesulfonic acid to 
yield non-ionic water-soluble triarylbismuthines bearing neutral hydroxyl 
groups [98JCS(P1)2511]. 
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Synthesis of tris{2-[7V^-bis(2-hydroxyethyl)sulfamoyl]phenyl}bismuthine 

^S02N(CH2CH20SiMe2^Bu)2 S02N(CH2CH20H)2 
BU4NF /=(. 

vjr/' THF ' \Jr,^'' 
To a THF solution (15 ml) of tris{2-[MA^-bis(2-r£rr-butyldimethylsiloxy)ethyl]sulfamoyl}phe-
nyl)bismuthine (355 mg, 0.218 mmol) was added tetrabutylammonium fluoride (THF solution; 
1.35 ml, 1.35 mmol) at 0°C and the resulting mixture was stirred at room temperature for 3 h. 
Saturated aqueous NH4CI (15 ml) was added and the organic phase was removed by decanta-
tion. The aqueous phase was washed with ether (10 ml X 2) and then allowed to stand overnight. 
The deposit was filtered off, washed with water and recrystallized from 6% ethanol-water to 
yield tris{2-[iV,7V-bis(2-hydroxyethyl)sulfamoyl]phenyl}bismuthine (125 mg, 61%), m.p. 202-
204°C[98JCS(P1)2511]. 

2.1.2.1.14. Disproportionation of mixed triorganylbismuthine (method S) 
Mixed trialkylbismuthines of the type Me„BiR3_„ (n=lor 2) are thermolabile 
liquids and readily undergo disproportionation to give a mixture of MesBi, 
Me2BiR, MeBiR2 and RsBi [85ZN(B)1476]. A similar reaction is observed for 
aryldimethylbismuthines, which are converted quantitatively to trimethyl-
bismuthine and diarylmethylbismuthines at 90°C. 

A 
2 R2BiR' - RaBi + RBiR'2 

Synthesis of methylbis(4-inethylphenyl)bismuthine 

i) r.t., 3 week 
/ = \ i i )90°C,6-8h / = ^ \ 

2 Me—<>v /)—BiMe2 «- Me—U^ >j-BiMe + MegBi 

Dimethyl(4-methylphenyl)bismuthine (2 g) was allowed to stand for 3 weeks at room 
temperature and then heated at ca. 90°C under a stream of nitrogen (to remove 
trimethylbismuthine). Methylbis(4-methylphenyl)bismuthine was obtained as a colorless 
solid (100%) [85ZN(B)1476]. 



C
h

. 2
 

O
rg

a
n

o
b

ism
u

th
C

in
) co

m
p

o
u

n
d

s w
ith

 B
i-g

r
o

u
p

 1
4

 elem
en

t b
o
n

d
s 

3
5

 

u
 

o
 ^
 

O
H

 

c
^

S
 

H
 

C/5
 
I 

o
 

I o
 

U
 

PQ
 

;^
 

u
 

^ N r-

m
 

'sf 
t^ 

^ t3
 

vo
 

O
N 

»o
 

<N 

o
 1—J 

^
 

^
 

in 
in 

S
 

O
 
r-ON 

vo 
0

0 

^ 
cs 

^
 

r:; ^
 in

 
PQ 

^
 

m
 

^ >
 °:) 

00 
t-5

 
H

-; 

^ 
^

 
^

 
f^

 
^

 
in

 
2
 

, wo 
in

 2
 

- 
^

 
- 

• 
- 

- 
^

 
^

-
, i

n
 

r
-n

 

o
o

E
::3

<
»

.,,_ 
_

 
o

o
r

^
r

^
^

t^
a

N
C

N
o

o
c

N
in

c
o

r
^

a
s

m
m

^
H

 
'—

iv
o

c
o

o
o

a
\in

\o
^

H
v

o
<

n
o

o
m

in
o

o
o

o
m

 

H
-
i
:
z
:
N
P
Q
E
^
N
N
P
Q
<
i
^
O
N
W
 

en 
0
0
 0
0
 
i
n
 

S
 S
 

o
 

h-r-o 

i 
o
 

00 

o
 

o
 

r-VO 
o
 

o
 

o
 
^
 
C
:
 

o
 

1
—
'
 

o
 

in 
:::;;;

 
CO 

,
 
<
^ 

1
 ̂
 ^
 

vo
 

C<") 

^
 

i
n
 

c 
4

 
I 
^
 
O
N
 
^
 

^
 c: S

 
O
 
O
 
O
N
 
,
 

ON 
^
 
^
 
1
 

^
 
^
 

-
 
^
 

t^ 
1
 

(N
 
O
N
 

1 
^
 
0
0
 

^
8 

1 C
O
 

,
 
t--

 r
-
 
,
 

1 
v
o
 
^
 

^ vo 

I 
I
 
I
 
-
H
 

(N 
I
 i
n
 i
n
 
I
 

00 
v
o
 (
N
 ̂

 
i
n
 

I 
0
0
 ̂

 
^
H
 0

0
 
0
0
 
I 
O
N
 
I
 
I
 r
-
 t
^
 
I
 
^
 

<
:
<
<
<
P
:
H
 

\ 
<

 
<

 
<

 
O

 
O

 U
^

 
<

 
O
 
i
<
:
<
Q
^
a
^
 
i
Q
 



36 
O

rganobism
uth(III) com

pounds 
C

h. 2 

O
 

X
 

. E
 

E 

n
 

cĝ
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Ô
 

B̂
 

o
 

10 
A

 

d
 

a o
 o
 

3 

IT) 

A
 

D
H

 
O

 

a ^ 
3 

^ 

d
 o

 

^3 
^ 

v_^ 
^

H
 

d
 

i 
o

 
en

 

O
N

 

"̂̂
 C

O
 

<
N

 

'"̂
 d

 S t
^ 

ffl S-P
;' 

4 
4 <N

 

^ 
U

 
u en

 

f^ 
^ 

:^ 
^ 

.
^

^
^ 

cfc; eu 
«N 

(N
 

O
 

^ O
N

 
O

N
 

O
 

(N
 1 

O
O

 

'^ 

r-in
 

in
 

in
 

o
 1 

0
0 

o
 

O
N

 
V

O
 

^ 

O
N

 
i

n
 

7 «n
 ^ oo

 

;J5 0
0 

o
 

i
n

 1 
0

0 
n-

(N
 en

 
T-H

 
e

n
 

ic
i 

^ 
en

 

^ o
 1 

m
 

o
 

< 
< < 

<^<^<<<< 
\ < 

< 

^ 
^ ̂

 
3 

t̂
 P

j 
ffi 

ffi 
ffi 

O
 

rj- (D
 O

 
r̂

 ^ 
oo 

«o U
 

U
 

U
 

U
 

^ 
Ŵ
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0 - S - N OSiMe2^Bu 

(1) 

0SiMe2feu OH 
' O .—/ 

^ - S - N OH 

(2) 

Ar= O^ 

O^" * 

^ N ' 
0SiMe2^Bu OH 

l^ /OSiMej 'Bu 
(3) 

O N ^ ^ 
l ^ O H 

Bio 
Hio 

(4) (5) 

Scheme 2.1. Structures of compounds listed in Table 2.1. 

OSiMe2teu 
O 

Ox: 

MeaSi S02feu Me 
M e ^ N 

0 - S - N OSiMeofeu 

(1) 

^CHO 

(2) (3) 

Fe 

~Ph 

Ar = ^ ^ Ar= ^ ^ ^ ^ Ar= ^ ^ " 

(4) (5) (6) 
Me 

NMe2 
Fe 

NMe2 
Fe 

Ar. ^ ^ ^ ^ Ar= ^ ^ 

(7) (8) 

Scheme 2.2. Structures of compounds listed in Table 2.2. 
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(3)Bi2(C) (R = S02NEt2) (4)Bi2(D) (R = S02NEt2) (5) Bi2(E) 
R = S02N(CH2CH20SiMe2'Bu)2 

J R X ^ Q X ) ^ ^^^BiTol2 U Ph2Bi^^BlHQKBlPh2 

(6)Bl2(F) (7)Bi2(G) (8)Bi2(H) Tol=4^MeC6H4 (10) BlgCA) 
R = S02N(CH2CH20H)2 To! = 4-MeC6H4 

Me Me (14) Bl3(E) 

(12)Bl3(C) (R^SOgNEta) (13) BlgCD) (R = S02NEt2) R = S02N(CH2CH20SiMe2'Bu)2 

O K ^ > \ =̂P_/=X9_/=X JK '^M" 
" / ' V ^ ^ ^ ' \ J Ph2B l - ^ ; ^B i ^$^B i ^$^B iPh2 Ph2Bi^j> / = < ^ ' ^ ^ - R 

(16) Bi4(A) 

(15) Bl3(F) 

R = S02N(CH2CH20H)2 

\/Ie Me 

\_jr" \_j^" O O ^ p a ' ^ pi? p 

K ^ K - P > ^ K ^ " (?tr:i?.Qc:ii 
R Bi-

v / ^ '̂̂ v^ 
Me 

(18) Bl4(C) (R = S02NEt2) (19) Bi4(D) 

(20)Biio(C)(R = S02NEt2) 

Scheme 2.3. Structures of compounds listed in Table 2.3. 
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2.1.2.2. Properties 
Trialkylbismuthines are mainly liquids at room temperature and can be 

distilled under atmospheric or reduced pressure. Reported boiling points of 
trimethyl-, triethyl-, and tripropylbismuthines are 102-106°C/760 mmHg, 
104-105°C/76 mmHg, and 89-9rC/10 mmHg, respectively [66JOM(6)259, 
59IZV1942]. Trialkylbismuthines of higher molecular weight and most triar-
ylbismuthines are solids at room temperature. Melting points of tribenzylbis-
muthine and triphenylbismuthine are 64.5-65.5°C [57CB1176] and 77-78°C, 
respectively. The physical form of mixed alkyldiaryl- and dialkylarylbis-
muthines depend on the structure of organyl ligands; methyldiphenylbis-
muthine is a liquid, while methylbis(2,4,6-trimethylphenyl)bismuthine is a 
solid [85CB1031, 85ZN(B)1476]. Lower members of trialkylbismuthines 
are spontaneously ignited in air, suggesting the ease of oxidative cleavage 
of the Bi-Caikyi bond by molecular oxygen (Section 2.1.2.3). Although the Bi-
Caikyi bond in alkyldiphenylbismuthines is readily cleaved by air and light 
[85CB1031], coordinative or bulky aryl groups can stabilize this labile Bi-
Caikyi bond to such an extent that the compounds can be handled without 
decomposition in open air. Thus, compounds of the Ar2BiMe type bearing 
2,4,6-trimethylphenyl (mesityl) or 2,4,6-triisopropylphenyl group can be 
handled safely in air and purified by column chromatography [92BCJ3504]. 

Tertiary alkylarylbismuthines (R„Ar3_„Bi; n = \ or 2) tend to undergo 
dismutation on storage to produce a mixture of all possible trialkyl-, 
dialkylaryl-, alkyldiaryl- and triarylbismuthines [85ZN(B)1476]. Mixed 
trialkylbismuthines also undergo a similar reaction. In contrast to the alkyl 
counterparts, triarylbismuthines are generally stable and can be purified by 
recrystallization from an alcoholic solvent. Most of the organobismuthines are 
soluble in benzene, dichloromethane, chloroform, THF, diethyl ether, DMSO 
and EtOAc, slightly soluble in hexane, and nearly insoluble in MeOH. 
However, tris(3-hydroxyphenyl)bismuthine is soluble in MeOH, and multi-
branched triarylbismuthines bearing the bis(2-hydroxyethyl)sulfamoyl moiety 
on the side chains are considerably soluble in water under neutral conditions 
[98JCS(P1)2511]. 

It has been reported that highly hindered tris[2,4,6-tris(trifluoromethyl)phe-
nyljbismuthine is unstable in solution even under an inert atmosphere and, 
hence, found in the solid state when exposed to air, probably owing to the 
steric crowding around the bismuth atom [91JOM(402)55]. In contrast, 
tris(2,4,6-triphenylphenyl)bismuthine is a thermally stable solid with a defi
nite melting point at 235T [95JOM(485)141]. Based on the molecular 
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weights measured by a cryoscopic method, it has been clarified that tertiary 
bismuthines are not associated. For instance, triarylbismuthines and alkynyl-
bismuthines of the type Ar2BiC=CR give normal molecular weights cryosco-
pically in benzene solutions [20JCS(117)762, 62ZAAC(317)54]. 

Many values have been reported for the bond dissociation energy of trialk-
ylbismuthines. They are apparently smaller in value when compared with 
those of lighter pnictogen counterparts. The mean gas-phase Bi-C bond disso
ciation energy of triphenylbismuthine, estimated by means of a rotating bomb 
calorimeter, is 46 kcal/mol [79JCT(11)187]. The polarographic half-wave 
potential of triphenylbismuthine, determined in a glyme solution with Ag/ 
AgC104 as the reference electrode, has been found to be 3.1 V [66JA467]. 
The value is smaller than those of the corresponding phosphorus, arsenic and 
antimony compounds. 

The protonic basicity (p^b) of triphenylbismuthine has been estimated to be 
8.81 by a potentiometric method in AcOH [70IC408]. The value is higher than 
those of phosphorus and antimony analogs obtained by the same measure
ment. A similar measurement in fluorosulfonic acid has shown that the K\^ 
values of triphenylarsine and triphenylstibine are higher than that of the 
bismuthine [72JINC(34)2523]. The lower basicity of tertiary bismuthines is 
readily seen in their coordination chemistry; trialkyl- and triarylbismuthines 
have little use as a donor in the transition metal complex formation. The lone 
pair in tertiary bismuthines has inherently an s character due to low efficiency 
of the hybridization between the 6^ and 6p orbitals. As a result, the number of 
known coordination compounds, in which triorganylbismuthines are used as 
donor ligands for transition metals, is very limited when compared with other 
nitrogen family members. The comparison of the bond angles and bond 
distances observed for a series of compounds of the type [Cr(CO)5EPh3] 
(E = P, As, Sb, and Bi) by X-ray crystallographic analysis has shown that 
the Bi-M bond is essentially s in nature and the ligand strength increases in the 
order PhsBi < PhsAs < PhsP [79CC639] (Section 2.4.2). 

Electron diffraction analysis of gaseous trimethylbismuthine as well as X-
ray crystallographic analysis of several triorganylbismuthines have estab
lished that the geometry of the bismuth atom in these compounds is essentially 
trigonal pyramidal (Fig. 2.1). From these analyses, the Bi-C bond distance and 
C-Bi-C bond angle of trimethylbismuthine are 2.267 A and 96.7°, respec
tively [73JMOS( 17)429]. Triphenylbismuthine has a mean Bi-C bond 
distance of 2.24 A and a mean C-Bi-C bond angle of 94°, indicating a very 
minor contribution oi6s-6p orbital hybridization at bismuth [68JCS(A)2059]. 
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Bi—R 

Fig. 2.1. A representative structure of triorganylbismuthines. 

The average Bi-C bond distances and C-Bi-C bond angles in sterically 
hindered triarylbismuthines, such as tris[bis(trimethylsilyl)methyl]bismuthine 
(2.328 A and 102.9°) [83IC3421], tris(2,4,6-trimethylphenyl)bismuthine 
(2.29, 2.31 A and 102, 103°) [80KK945, 94JCS(P1)3479], tris[2,4,6-tris(tri-
fluoromethyl)phenyl]bismuthine (2.367 A and 106.0°) [91JOM(402)55], 
tris(2,6-dimethoxyphenyl)bismuthine (2.262 A and 99.4°) [94JCS(P1)3479] 
and tris(2,4,6-triphenylphenyl)bismuthine (2.357 A and 105.8°) 
[95JOM(485)141], are considerably lengthened and widened, when compared 
with those of parent bismuthines. The unusual bond parameters observed for 
the last compound are partly ascribed to the molecular packing effect, induced 
by THF solvate molecules. The crystal structure of the deep-red colored 
tris(cyclopentadienyl)bismuthine has been determined at — 70°C, where the 
bismuth atom possesses a distorted trigonal pyramidal geometry directly 
bonded to three carbon atoms of the cyclopentadienyl ligands in a monohapto 
fashion; the mean Bi-C bond length and C-Bi-C bond angle are 2.38 A and 
94.7°, respectively [95JOM(485)149]. The bismuth center is also found to be 
weakly coordinated to the cyclopentadienyl ring of a neighboring molecule 
with a Bi-Cp(centroid) distance of 3.17 A. A heterocyclic bismuthine bearing 
an alkynyl group, 10-(4-chlorophenylethynyl)phenothiabismine-5,5-dioxide, 
possesses a pyramidal configuration around the bismuth atom 
[92JCS(P1)1593]. The shorter length of the Bi-Caikyne bond (2.211(8) A) 
when compared with the BI-CAF bonds (2.283(3) and 2.272(7) A) reflects 
the difference in the electronic nature of the relevant carbon atoms attached 
to the bismuth atom. In a chromium complex [Cr(CO)5BiPh3], the average C-
Bi-C bond angle is 98.7°, which is slightly wider than that of PhaBi 
[79CC639]. This indicates that the contribution of the s character to the 
lone pair decreases slightly when the bismuth center is coordinated to a transi
tion metal. 

The dipole moment of triphenylbismuthine is reported to be essentially zero 
in benzene, cyclohexane and octane, suggesting that either each Ph-Bi group 
is effectively non-polar or that the resultant moments of three Ph-Bi bonds are 
compensated by the moment of the lone pair [32ZPCB401, 63JCS1739, 
41JOC421]. The dipole moments observed for tris(4-methylphenyl)bis-
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muthine (0.66 D), tris(4-fluorophenyl)bismuthine (2.59 D), and tris(4-
chlorophenyl)bismuthine (2.37 D) are in good agreement with the theoretical 
values (0.60, 2.60 and 2.40 D, respectively) calculated by assuming a C-Bi-C 
bond angle of 93° [77JMOS(40)89]. The dipole moment of l,4-bis(diphenyl-
bismuthino)benzene is also reported to be zero in benzene solution 
[67M(98)731]. An average diamagnetic susceptibility of the trivalent bismuth 
atom has been determined to be -36.98 X 10"^ cgs units by measuring three 
different kinds of triarylbismuthines [58JIC(35)573]. By comparing with the 
obtained values for organoantimony compounds, it has been concluded that 
the Bi-C bond is more ionic than the Sb-C bond. 

There have been many studies on the IR, Raman, MS, NMR and UV-Vis 
spectroscopies of tertiary bismuthines. The Raman spectrum of McsBi shows 
two very strong broad lines at 171 and 460 cm"\ which are assigned as the 
degenerated two stretching modes and two bending modes derived from the 
pyramidal structure of this compound with bismuth at the apex of the pyramid 
[40JCP366]. The IR and Raman spectra of EtsBi and 'BusBi, in which the Bi-
C bending and stretching modes are shown, have also been reported 
[75JOM(87)83, 64JMSP( 14)320]. Based on the IR spectra of a black and an 
orange-red form of tris(cyclopentadienyl)bismuthine, it has been concluded 
that the former modification consists of the Bi-C 7T-bonds and the latter exists 
as a rapid equilibrium mixture of a TT-bonded and a a-bonded form 
[70CB799]. This interpretation may be supported by the recent X-ray crystal-
lographic analysis of the red CpsBi [95JOM(485)149]. The vibrational spec
trum of PhsBi shows several characteristic heavy element sensitive bands 
attributable to the bending and stretching modes of the phenyl-Bi bond. In 
one study, the principal Bi-Ph stretching vibration is assigned to two strong 
bands at 237 and 220 cm~Mn the IR spectrum, and to a polarized band at 237 
cm~^ and a depolarized band at 219 cm"Mn the Raman spectrum in benzene 
solutions [69AS(23)12]. The Bi-Ph bending mode is assigned to a band at 157 
cm"Mn the IR and a band at 155 cm"^ in the Raman spectra. The values for 
the Bi-Ph bands were calculated by assuming a Q^ structure for PhsBi, and 
since they are in excellent agreement with the observed ones, it is believed that 
triphenylbismuthine possesses a Q^ symmetry with bismuth at the apex. 

Trimethylbismuthine exhibits broad absorptions at X̂ ax 211.5, 222.5 and 
260.0 nm in the far-UV region [71JA822]. Triphenylbismuthine shows char
acteristic absorptions at X̂ ax 248 and 280 nm. There have been several inter
pretations for its UV spectrum; the interpretation most likely to be accepted is 
that the shoulder at 280 nm is due to the IT-TT* transition of benzene, and the 
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peak at 248 nm due to the dissociation process [61CJC171]. The initial assign
ment for the band at 280 nm as the n-ir* transition has been negated both by 
theoretical work and the study of the temperature dependence of UV spectra 
for a series of triaryl compounds of element groups 13, 14 and 15 
[72ZSK(13)701, 76IZV338, 77IZV1035]. The UV spectra of l,4-bis(di-
phenylbismuthino)benzene and higher oligomeric polyphenylbismuth 
compounds bridged by a 1,3- or 1,4-phenylene unit are very similar to that 
of Ph3Bi, suggesting that the phenylene bridge does not contribute to the 
delocalization of 7r-electrons over the molecules of these oligomers 
[67M(98)731, 98OM4049]. 

The ^H-NMR spectrum of trimethylbismuthine in CCI4 shows a single peak 
at 8 1.08 (versus Me4Si) [67IZV1629]. In a series of trimethyl compounds of 
the type Me^E (E = N, P, As, Sb, Bi), a Unear relationship, x = 1.03S + 0.797, 
is observed between the SMC value and the electronegativity (x) of the central 
atom. The methyl peak of methyldiphenylbismuthine appears at 8 1.45 in 
CDCI3 (versus Me4Si) [85CB1031]. The vinyl proton in 10-(2,2-diphenylvi-
nyl)phenothiabismine is observed at 5 9.02 in CDCI3 (versus Me4Si) 
[92JCS(P1)1593]. The ' H - N M R spectrum of triphenylbismuthine in CCI4 or 
CDCI3 exhibits the ortho-, meta- and para-protons at 8 7.7, 7.4 and 7.39 
(versus Me4Si) [71VLU113; 97JOM(548)223]. 

The NQR spectrum of triphenylbismuthine has also been reported 
[53PR(89)1305, 69VLU167, 74JMOS(23)329]. As bismuth has a spin of 
9/2, bismuthine exhibits four lines, Vj = 29.785, V2 = 55.214, 1̂3 = 83.516 
and V4 = 111.438. The quadrupole coupling constant egq^z is 669.06 ± 0.13 
MHz, indicating that the bismuth bonds have approximately 8-9% s character. 

In the mass spectra of tertiary bismuthines, the parent peak is difficult to 
detect [680MS127, 69TL111, 720MS1183, 76OMS1019, 840MS647]. This 
is probably due to the low bond dissociation energy of the Bi-C bonds. 
Instead, strong fragment peaks due to R2Bi^, RBi^ and Bi^ (209) are 
observed for most tertiary organobismuth compounds. 

2.1.2.3, Reactions 
Almost all reactions of trialkylbismuthines begin with the cleavage of the 

carbon-bismuth bond. They are rapidly oxidized in air, affording R2BiOR, 
RBiO and polymeric bismuth oxides containing alkyl groups [42JA392]. 
Thermal decomposition of triethylbismuthine at 192-224°C gives ethane, 
ethylene, butane and butylenes as major gaseous products [87ZOB2034]. 
This result indicates that ethyl radicals are formed by homolysis of the 
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R4BiY 

(R2BiOR) 

R» + RaBi*^ 

RaBi'MLn 

R3BiX2 or 
R2BiX + RX 

*- RgBiX + RH 

RaBiX + RMX„.i 

Y = low coordinating anion 

X = halogen or halogen equivalent 

HX = protonic acid 

MXn = Lewis acid 

BiXa = BiCIa, BiBra 

MLn = transition metal complex 

R^BiX3.n 

Scheme 2.4. Typical reactions of trialkylbismuthines. 

Bi-C bonds of the bismuthine. Most trialkylbismuthines readily react with 
halogens at room temperature to form the corresponding dialkylhalobis-
muthines and halogenoalkanes. Thus, treatment of trimethylbismuthine 
with molecular chlorine results in complete cleavage of the Bi-C bonds 
even at low temperatures. Trimethylbismuthine is oxidized by sulfuryl chlor
ide to trimethylbismuth dichloride at low temperatures, but it readily under
goes reductive coupling to give chlorodimethylbismuthine and methyl 
chloride at room temperature [94AG(E)976]. A few trialkenylbismuthines 
are similarly brominated by bromine to give trialkenylbismuth dibromides 
[63IZV1507]. The Bi-Caikyi bond in the mixed alkyldiarylbismuthines is 
readily cleaved by halogens at room temperature to give diarylhalobis-
muthines as the predominant bismuth product [85CB1031, 92BCJ3504]. 
This type of Bi-Caikyi bond is also sensitive to the action of air and light 
(Scheme 2.4). 

Prolonged heating of a C6D6 solution of triphenylbismuthine gives PhC6D5, 
Ph2 and (€505)2, suggesting that phenyl radicals are formed by homolytic 
cleavage of the Bi-C bonds [65ZOB481]. When heated under a H2 atmo
sphere, triphenylbismuthine is reduced to the metallic bismuth with evolution 
of benzene [30CB1110]. In contrast to alkyl derivatives, most triarylbis-
muthines do not react with molecular oxygen but add halogens onto the 
bismuth atom to yield the corresponding triarylbismuth dihalides. Such oxida
tive halogenation can be easily accomplished by using a variety of halogenat-
ing agents, which include molecular bromine, chlorine and fluorine, xenon 
difluoride, sulfur monochloride, sulfuryl chloride, thionyl chloride, iodine 
trichloride and phenyliodine dichloride (Section 3.1.1). However, the reaction 
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between triarylbismuthines and iodine usually results in iodolysis to give the 
corresponding diaryliodobismuthines and iodoarenes. Hydrogen peroxide, 
dinitrogen trioxide as well as a mixture of dinitrogen trioxide and nitrous 
oxide also cleave oxidatively the Bi-C bonds of triarylbismuthines. Ozonized 
oxygen reacts with triphenylbismuthine in toluene, acetone, methyl ethyl 
ketone or ethyl trifluoroacetate to afford triphenylbismuth dicarboxylates 
[93JCS(P1)2411]. When the reaction is carried out in dichloromethane, triphe
nylbismuth dichloride is obtained. Compounds of the general formula 
Ar3BiX2, where X is an anionic group other than halogen, have been obtained 
by the oxidative addition of an appropriate electrophile to triarylbismuthines 
(Section 3.1.1). Thus, triphenylbismuth dibenzoate is prepared from the reac
tion of triphenylbismuthine with benzoyl peroxide [85ZOB73]. The addition 
of carbene, nitrene or some oxygen units to triarylbismuthine produces the 
corresponding triarylbismuth ylide, imide and oxide, respectively (Sections 
3.5.1,3.6.1 and 3.8.1). 

The bismuth-carbon bond is readily cleaved by acid reagents such as 
hydrochloric acid, sulfuric acid, nitric acid, hydrazoic acid, carboxylic 
acids, sulfonic acids, hydrogen sulfide, thiophenol, selenols, acyl halides, 
perfluoroalkyl iodides and others. This type of Bi-C bond cleavage reaction 
has been widely employed for the preparation of compounds of the Rs-̂ BiX^̂  
type (n = 1-3) (Sections 2.2 and 2.3). For example, all Bi-C bonds in triphe
nylbismuthine are readily cleaved by three equiv. of triflic acid (CF3SO3H) to 
give bismuth triflate [99TL285], which shows extremely efficient catalytic 
activity in the Friedel-Crafts acylation of various aromatic compounds 
(Section 5.4.2). Dicarboxylic acids such as oxalic, malonic, succinic and 
maleic acids react with triphenylbismuthine to form the five-, six- or seven-
membered ring bismuth compounds together with 2 equiv. of benzene 
(Section 4.2.4). Similar cleavage of the Bi-C bond of triphenyl- or trimethyl-
bismuthine with a variety of mercaptocarboxylic acids has been used for the 
preparation of the corresponding heterocyclic bismuth compounds bearing 
both Bi-S and Bi-O bonds. Triethylbismuthine can be used for the detection 
of the SH group [37JA935]. The reaction between triphenylbismuthine and 
benzenethiol takes place by a homolytic chain mechanism to afford phenyl-
bismuth bis(benzenethiolate) [70JCS(B)735]. A variety of metal salts can 
cleave the Bi-C bond of triorganylbismuthines, and these reactions are 
employed as a convenient method for the preparation of bismuth compounds 
of the type R2BiX and RBiX2, where X denotes halogen atoms or other anionic 
groups (Sections 2.2 and 2.3.1). This type of reaction is especially useful when 
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Ar3BiX2 
Ar3Bi=0 

V 

Ar3Bi=NR . . ^ R ] 

[CRg]^ 

Ar3Bi=CR2 hv 

Ar» + Ar2Bi» 

[O] 

Ar2BII + Arl 

X2 I 2 / 
/ X = halogen, halogen equivalent or peracid 

/ WA^^ Ar2BiX + ArH 
/ ^^-^-'^ HX = protonic acid 

- 1 ^''3^' 1 ^ MXn MXn = Lewis acid 

Ar3Bi 

\ B i X 3 Ar2BiX + ArMXp-i 81X3 = BiCb, BiBr3 
MLn \ 

\ MLn = transition metal complex 

ArnBiX3.n 
•MLn 

Scheme 2.5. Typical reactions of triarylbismuthines. 

BiX3 (X — CI, Br) is used as a Lewis acid; this has been used now for a long 
time in the preparation of halobismuthines (Section 2.3.1). Carbon acids such 
as 1,3-diketones can cleave all Bi-C bonds in triphenylbismuthine to yield the 
corresponding bismuth tris(enolate) complexes, which may be used as the 
material for Bi-based superconducting films through gas phase deposition 
[93ZNK(38)1205, 98ICA(275/276)340]. When treated with perfluoroalkyl 
iodide, one or two alkyl groups in trialkylbismuthines are cleaved to form 
the mixed bismuthines of the formula R„Rf(3_„)Bi (n = 1,2; Rf denotes a 
perfluoroalkyl moiety) [63AJC636]. Benzoyl chloride cleaves the Bi-C 
bond of a sterically crowded alkynyldiarylbismuthine to give the correspond
ing diaryIchlorobismuthine and a,P-alkynyl ketone [92BCSJ3504]. On treat
ment with carbon tetrachloride, tributylbismuthine is converted to 
butyldichlorobismuthine, probably with dibutyl(trichloromethyl)bismuthine 
as an intermediate [85ZOB586] (Scheme 2.5). 

Action of sodium or potassium metal on triorganylbismuthines in liquid 
ammonia has been reported to cleave all of the Bi-C bonds and liberate 
metallic bismuth [860CS(3)636, 74JA112]. However, it has also been 
reported that potassium diphenylbismuthide can be generated as a highly 
reactive species by the reaction between potassium metal and triphenylbis
muthine in THF [83JOM(253)C21]. Triphenylbismuthine reacts with metallic 
mercury at high temperatures to form diphenylmercury and biphenyl with 
recovery of the original bismuthine [13CB1675]. 

Organometallic hydrides, derived from silicon, germanium or tin, cleave 
the Bi-C bond of triethylbismuthine to give compounds bearing the respective 
Bi-Si, Bi-Ge or Bi-Sn bond(s) of the type Et3-„Bi(MEt3)„ (n = 1,2,3 for M = 
Ge; n = 3 for Si, Sn) [65ZOB394, 66DOK(166)99, 66JOM(6)474]. Transition 
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metal hydride complexes also react with trimethylbismuthine; heating a 
mixture of CpMH(CO)3 (M = Mo, W) with McsBi at 90-100°C for 100-
150 h yields Cp(CO)3MBiMe2 and methane [77JOM(134)C32]. Selenium 
dioxide does not add oxygen to the bismuth but cleaves the Bi-C bond of 
triphenylbismuthine [77JCS(D)641]. This contrasts with the observed reactiv
ities of the phosphorus, arsenic and antimony counterparts, which are all 
converted to the corresponding oxides by this reagent. 

Irradiation of triphenylbismuthine with ultraviolet light in organic solvent 
causes the homolytic cleavage of the Bi-C bond; benzene, biphenyl and 
phenylation products of the solvent as well as metallic bismuth are obtained 
[63JCS5612]. The Bi-C bond of alkyldiphenylbismuthines is cleaved even 
by ambient light [85CB1031]. When triphenylbismuthine is heated at 160°C 
with 9,10-phenanthrenequinone in the cavity of an ESR spectrometer, the 
ESR signal due to a semiquinone radical complexed with the diphenylbis-
muth unit is observed [79JOM(182)C49]. This indicates that the single 
electron transfer from the bismuthine to the quinone occurs and yields 
the out-of-cage radical. Anodic oxidation of triphenylbismuthine in aceto-
nitrile affords acetanilide and biphenyl [97EA(42)1979]. Such electroche
mical behavior of the bismuthine is quite different from that of 
triphenylstibine, which yields pentavalent compounds of the type 
Ph3SbX2. Triphenylbismuthine can quench the excited states of several 
carbonyl compounds [73JP(2)471, 75TL4361]. 

Although the reported examples are limited, triarylbismuthine can transfer 
its aryl moiety to a transition metal complex. This type of transmetallation 
produces a reactive arylmetal species, which can react with olefins, alcohols, 
amines and carbon monooxide, or undergoes homocoupling to give biaryl via 
reductive elimination. Synthetic applications of tertiary bismuthines to oxida
tion, arylation and C-C bond formation are described in Sections 5.2.4, 5.4.3 
and 5.5.2. Although transmetallation occurs between triarylbismuthines and 
organolithium or organosodium reagent, this reaction has little significance for 
the preparation of organylbismuthines [50JA8]. However, when a coordinat
ing, electron-deficient aryl group is attached to the bismuth center, this type of 
transmetallation can be employed for the preparation of triarylbismuthines. 
Based on this methodology, some bismuthines bearing three different aryl 
ligands are successfully synthesized (Section 2.1.2.1.4). Transmetallation 
between (Ph2Bi)2CH2 and PhLi generates Ph2BiCH2Li, which adds to the 
carbonyl carbon of benzaldehyde, benzophenone and heptanal 
[80AG(E)723, 85CB1039]. On quenching with perchloric acid at room 
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temperature, styrene, 1,1-diphenylethene and 1-octene, respectively, are 
obtained in moderate yields. 

When a sulfonyl group is attached to the aromatic ring of triarylbis-
muthines, the ortho-proton (i.e. meta to the bismuth) can be deprotonated 
by such lithium reagents as ^BuLi and A -̂lithium 2,2,6,6-tetramethylpiperidide 
[98OM4049]. The resulting (lithioaryl)bismuthines are trapped by diarylha-
lobismuthines of the type Ar2BiX to afford polyarylbismuthines bearing two 
bismuth atoms. When treated successively with 3 equiv. of ^BuLi and 3 equiv. 
of Ar2BiX, tris[2-(A^,A^-diethylsulfamoyl)phenyl]bismuthine is readily 
converted to a dendritic tetrabismuth compound and related oligomers 
(Section 2.1.2.1.2). Based on this method, several highly branched as well 
as dendritic bismuthine oligomers have been constructed. Another type of 
bismuth-containing polymer is synthesized by homo- and co-polymerization 
of triarylbismuthines bearing a vinyl substituent at the para-position; diphe-
nyl(4-vinylphenyl)bismuthine, (4-isopropenylphenyl)diphenylbismuthine and 
tris(4-isopropenylphenyl)bismuthine are polymerized or copolymerized radi
cally or anionically [92PM(33)1724, 97CM1335]. Glass transition tempera
tures of the resulting polymers are determined as a function of the bismuth 
comonomer content. Radiopacities in millimeters of aluminum per millimeter 
of polymer are proportional to the molar bismuth content of the transparent 
copolymer specimens. 

Due to the low nucleophilicity of the lone pair, tertiary bismuthines have 
found little use in the construction of onium salts and transition metal 
complexes. Trimethylbismuthine reacts with methyl triflate in acetonitrile to 
yield tetramethylbismuthonium triflate, which has so far been the only known 
example of tetraalkylbismuthonium salts [94AG(E)976]. Some transition 
metal complexes coordinated by tertiary bismuthine have been reported. 
They are described in Section 2.4. 

Representative reactions of triphenylbismuthine are summarized in Table 
2.4. 
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TABLE 2.4 
Reactions of triphenylbismuthine 

Reagent^ 

-
hv 

hv, TiO., O2 

7-Radiation (^*Co) 

H2 (60 atom) 

H2, Rh-Al .O, 
W-7 Raney-Ni 

N2O3 

N2O3-NO 

SO2 

SO3 

H2O2 

Me3SiOOSMe3 

O3 

Se02 

R3NO^ 

P h l = 0 

MeC02Me 

(PhC00)2 

(RCO)20-'Bu02H' 

Ac20-'Bu02H 
NaB03 

Pb(0Ac)4 

PhI(OAc)2 
PhC0N03 

NaClNS02Tol 

PhI=NS02Tol 

N2CC4Ph4^ 

N2CR2" 

HNO3 (fum.) 

H2SO4 

HNO3, H2SO4 

Condition 

260-270°C, 75 h/CftDe, 

ArH^ 

40-50°C, 150 h/QD6 

200 h/"C(,H6 
MeOH 

PhH 

225°C/xylene 

r.t. 

Reflux/MeOH 

-
-
r.t., 5 min 

CH2CICH2CI 

-10°C/CH2C1CH3C1 

-
110°C, 4h/pet . ether 

r.t./toluene 

TX./RCOR" 

T.UCU.Ch 
Reflux, 10 h/ 

PhH-EtOH 

-
r.t./CH2Cl2 
r.t./MeCOMe 

68°C 

Reflux/petrol, ether 

T.t./EuO 

70°C, 35 h/toluene 

r.t., 1 h/AcOH 

CCI4 
AcOH 

r.t., 7 h/CH2Cl2 

- 1 5 ° C , 16h/CCl4 
Reflux, 3 h/MeCN 

aq. HX 

r.t./CH2Cl2 
140°C 

SOT, 2-2.5 h/PhH 

-
-
- 1 5 ° C , 2 h 

Product^ 

Ph-C6D5, Ph2, C6D5-C6D5 

Bi, (PhBi),,, Ph., Ph-Ar 

Ph-C^D,, Ph2, C,D,-CeD, 

'^C^HsPh, Ph2, ("QH5)2 

Ph3Bi=0 

(PhBi),,, Ph2, C,2H,2 

Bi, PhH 

-
PhH 

Bi(N03)3, [PhN2][N03] 
Bi(N03)3, [PhN2][N03] 

Ph3BiS204 

Ph3BiS03 
Ph2BiOS02Ph 

Infusible solid 

-
Ph3Bi(OCOH)2 

Ph3Bi(OCOR)2 

Ph3BiCl2 
Bi2(Se03)3, PhSe02H 

PhH 

Ph3Bi=0 

Ph3BiC03, Ph3Bi(OAc)2 

Bi(0H)3, Ph-Ph 

Ph3Bi(OCOPh)2 

Ph3Bi(OCOR)2 

Ph3Bi(OAc)2 

Ph3Bi(OAc)2 

Ph3Bi(OAc)2 

Ph3Bi(OAc)2 

Ph3Bi(OAc)2 

Ph3Bi(N03)2 
Ph3Bi=NS02Tol 

(Bi-C cleavage) 

Ph3Bi=NS02Tol 

Ph3Bi=CC4Ph4 

Ph3Bi=CR2 

m-(02N)2C6H4 
PhH 

Bi(N03)3, Bi2(S04)3, 
m-(02N)2C6H4 

Reference 

[65ZOB481] 

[63JCS5612] 

[65ZOB481] 

[65ZOB481] 

[96JOC2895] 

[65JPC2880] 

[30CB1110] 

[55JA4262] 

[62JCS3746] 

[39ZOB771] 

[39ZOB771] 

[68CC1474] 

[61ZAAC(308)33] 

[86ICA( 113)431 

[62JOC3851] 

[74JOM(73)217] 

[93JCS(P1)2411] 

[93JCS(P1)2411] 

[93JCS(P1)2411] 

[77JCS(D)641] 

[62CJC181] 

[94TL8197] 

[93JCS(P1)2411] 

[27JCS209] 

[27JCS209] 

[85ZOB73] 

[93IZV2043] 

[95IZV964] 

[96SC4569] 

[38ZOB1839] 

[64CB789] 

[98TL4313] 

[24JCS( 125)854] 

[64CB789] 

[91CL105] 

[74PS(4)25] 

[96JCR(S)24] 

[67CC10421 

[88S319] 

[24JCS( 125)854] 

[16JCS(109)250] 

[24JCS(125)854] 
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TABLE 2.4 (continued) 

Reagent^ 

CISO3H 

(Cl2CS02)3 
HCl 

HBr 

MesNHCl 

(MeS02)2NH 

HCO2H 

AcOH 

RC02H^ 

HOCH2CO2H 

CICH2CO2H 

CF3CO2H 

PhC02H 

PhCH=CHC02H 

4-HOC6H4CO2H 

(C02H)2 
H02C-Z-C02H^ 

H02CH=CHC02H 

CF3SO3H 

Ph4AsCl, HCl 

Ph4AsCl 

4-O2NC6H4OH 

4-MeC6H40H 

2,4,6-Cl3C6H20H 

C6F5OH 

I-C10H7OH 
H2S 

PhSH 

2-HSC6H4C02Me 

HSCH2CO2H 

HSCH2CH2OH 

2-HSC6H4CO2H 

HSCN 

Condition 

CHCI3 

Et20 

-95°C 

-
130°C/EtOH 

20°C/CH2Cl2 
50°C, 1 h 

50°C, 1 h 

-
50-100°C 

Reflux, 2 h/toluene 

45 min/CHCl3 

Reflux, 1 h/ether 

100°C, 2 h 

150°C, 1.5 h 

Reflux, 2 h/toluene 

-
60°C/MeCOMe 

-
-
- 7 8 ° C to r.t. 

Reflux/EtOH, MeOH 

Reflux/EtOH 

75°C, 1 h 

100°C, 3 h 

150°C, 3 h 

Reflux/toluene 

130°C, 3 h 

EtOH-NH3 

Reflux, 2 h/CHCl3 

35°C, 5 h/PhH 

Reflux, 15 h/xylene 

75-130°C, 1-3 h 

100°C, 2 h 

Reflux, 15 h/xylene 

Reflux/PhH 

Reflux, 2 h/toluene 

150°C,1 h 

100°C, 3 h 

Et20 

Product' 

PhH 

[Ph3RBi+]Cr 

Disproportionation 

BiBr3, PhH 

BiCl3, PhH 

Ph2BiN(S02Me)2, PhH 

Bi(OCOH)3, Bi(OH)(OCOH)2, 

PhH 

Bi(0H)2(0Ac), BiO(OAc), 

PhH 

Ph2BiOAc, PhH 

Bi(OCOR)3, PhH 

PhBi(OCOCH20H)2, PhH 

Bi(OCOCH2Cl)3, PhH 

Ph2BiOCOCF3, PhH 

PhBi(0C0Ph)2, PhH 

PhBi(OCOCH=^CHPh)2, PhH 

PhBi(OCOC6H40H)2, PhH 

BiX3, PhH 

PhBi(02C-Z-C02), PhH 

Ph2Bi02CCH=CHC02BiPh2 

Ph2BiOS02CF3, PhH 

PhnBi(OS02CF3)3-„ (n = 0-2), 
PhH 

[Ph4As][PhnBiCl4-„] (n=l, 2), 

PhH 

No reaction 

BiO(OC6H402N), PhH 

Bi203(4-MeC6H40H)(H20), 

PhH 

Bi(OC6H2Cl3)3, PhH 

Bi(OC6F5)3, PhH 
Bi, PhH 

Bi2S3, PhH 

PhBi(SPh)2, PhH 

PhBi(SPh)2, PhH 

Bi(SPh)3, PhH 

Bi(SPh)3, PhH 

PhBi(SC6H4C02Me)2, PhH 

Bi(SC6H4C02Me)3, PhH 
C6H906S3Bi 

PhBi(SCH2CH20H)2 

PhBi(-SC6H4C02-), PhH 

-OC6H4SBi(OH)OC-

Ph2BiSCN, PhBi(SCN)2, PhH 

Reference 

[16JCS(109)250] 

[63JPR(22)1] 

[61JCS1238] 

[77JINC(39)565] 

[48ZOB936] 

[95ZAAC(621)1746] 

[39ZOB2283] 

[39ZOB2283] 

[95IZV964] 

[41ZOB379] 

[64NEP6405308] 

[79ZOB1185] 

[84HCA586] 

[51JA2880] 

[51JA2880] 

[64NEP6405308] 

[20CB2267] 

[80ZN(B)1000] 

[93AOMC137] 

[95JCS(P1)2543] 

[99TL285] 

[69JOM(20)99] 

[69JOM(20)99] 

[49ZOB1675] 

[49ZOB1675] 

[49ZOB1675] 

[93IC5136] 

[47ZOB1307] 

[1889LA(251)323] 

[51JA2880] 

[70JCS(B)735] 

[51JA2880] 

[50ZOB2093] 

[51JA2880] 

[51JA2880] 

[51JA2880] 

[64NEP6405308] 

[51JA2880] 

[52ZOB643] 

[23JCS(123)1046] 
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TABLE 2.4 (continued) 

Reagent" 

PhSO.H 

HgCOoSPh). 

HgCO.STol). 

Se(SeCN)2 

Te(CN)2 

F: 
CI: 

Br. 

I: 

ICl 

IBr 

ICN 

BrCN 

CICN 

(CN): 

H.NCN 

(SCN): 

SO2CI2 
SOCI2 

S2CI2 
NBS 

AICI3 

TICI3 

(C5F5)2TlBr 

SiCl4 

SnCl4 

GeCl2 
PCI3 

Condition 

20°C/Et2O 

r.t., 5 h/CHCl3 

r.t./MeOH 

r.t., 30 h/CHCl3 

Ether 

CFCI3 
-5°C/CHCl3 

Ligroin 

0°C/pet. ether 

Ligroin 

MeCN 

MeCN 

Et20 

Et.O 

Et20 

r.t., 15 min/Et20; THE 

Et20 

Et20 

100°C, 4.5 h/CHCl3 
Et20 

MeCN 

Reflux/PhH 

Heat, 4 h/PhH 

120°C, 2.5 h 

80°C, 1 h 

Reflux/PhH 

Heat/PhH 

PhH 

0°C, 4.5 h/Et20 

Pet. ether 

-
-
-5°C, 24 h/MeCN 

Heat, 6 h/CHCl3 

T.L/EUO 

Reflux, 5 h/CHCl3 

Reflux, 2 h/Et20 

Et20 

Reflux, 5 h/CHCl3 

PhH; H2O 

Reflux, 5 h/CHCl3 

r.t., 12 h/toluene 

Et20 

Et20 

Product" 

Ph„Bi(02SPh)3-„ (n = 1, 2), 

PhH 

Bi(02SPh)3, PhHg02SPh 

Bi(02STol)3, PhHg02STol 

Ph2BiSeCN, Se, PhSeCN 

Ph.BiCN, PhTeCN 

Ph3BiF2 

Ph3BiCl2 

Ph3BiCl2 

Ph3BiCl2 

Ph3BiBr2 

Ph3BiBr2 

Ph2BiI, PhBiL, Bil3, Phi 

PhBiL 
PhBiL, Ph2BiI, Bil3, Phi 

Ph2BiI, Phi, I2 

PhBiL-CTHF) 

Ph2BiCl, Phi 

Ph3BiCl2, Phi 

Ph2BiCl, BiCl3, Phi 

Ph2BiBr, Phi 

Ph2BiBr, PhBiBr2, Phi 

Ph2BiCN, Phi 

No reaction 

Ph2BiBr, BiOBr, PhCN 

Ph2BiCl, PhCN 

No reaction 

Ph3Bi (recovered), (NCNH)2 

Ph2BiSCN, PhSCN 

Ph2BiSCN, Bi(SCN)3, PhSCN 

Ph3BiCl2 

Ph3BiCl2 

Ph3BiCl2 

Ph3BiBr(NR2) 
BiCl3, PhAlCL, PhH 

Ph2BiCl, Ph2TlCl 

Ph.BiCl, BiCl3, Ph2TlCl, PhH 

Ph.TlBr, (C6F5)3Bi 

Ph2BiCl 

Ph2BiCl, BiCl3, PhH 

BiOCl, Ph2SnCl2, Ph2SnCl(OH) 

Ph2BiCl, Ph2SnCl2, PhH, Ph. 

Bi, Ph2GeCl2 

Ph2BiCl, PhPCl2, Ph2PCl 

Ph2BiCl, PhPCl2 

Reference 

[71JOM(26)C10] 

[72AJC2107] 

[72AJC2107] 

[26JCS1648] 

[26JCS1648] 

[78AG(E)214] 

[52LA(578)136] 

[1887CB54] 

[43ZAAC(250)257] 

[1887CB54] 

[66JCS(A)520] 

[66JCS(A)520] 

[64CB789] 

[24JCS(125)854] 

[15JCS(107)16] 

[92JCS(D)1967] 

[15JCS(107)16] 

[20JCS(117)762] 

[60TTFI(2)317] 

[15JCS(107)16] 

[66JCS(A)520] 

[15JCS(107)16] 

[15JCS(107)16] 

[24JCS(125)854] 

[24JCS(125)854] 

[15JCS(107)16] 

[15JCS(107)16] 

[69JOM(21)211] 

[22JCS(121)91] 

[16JCS(109)250] 

[16JCS(109)250] 

[16JCS(109)250] 

[79JPR(321)370] 

[51ZOB93] 

[22JCS(121)104] 

[57TTFI(1)321] 

[65JCS3411] 

[24JCS(125)864] 

[60TTEI(2)317] 

[24JCS(125)864] 

[60TTFI(2)317] 

[94ZOB1051] 

[24JCS(125)864] 

[22JCS(121)104] 
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TABLE 2.4 (continued) 

Reagent^ 

ASCI3 

SbCl3 

BiCl3 

BiBr3 

TiCl4 

FeCl3 

CUCI2H2O 

CUCI2 

CuBr2 

ZnCl2 

HgCl2 

PhCHsCl 

Mel 

MeCOCl 

PhCOCl 

AgN03 

Li 

Na 

K 

K 

Sb 

Se 

Te 

Hg 

Hg (labeled) 
Et3SnH 

Condition 

EtiO 

10 min/EtsO 

Et20 

Et20 

Reflux, 5 h/CHCl3 

Et20 

0°C/Et2O 

Acetone 

EtzO; THE 

Reflux, 4 h/CHCl3; 

HCl 

Et20 

r.t., 15 min/Et20; THE 

Et20 

r.t., 30 min/Et20; THE 

0°C, 15 h/Et20 

Reflux, 5 h/CHCl3 

Heat, 6 h/CHCl3 
15 min/EtOH 

Et20 

Reflux, 5 h/CHCl3 

Et20 

Reflux, 5 h/CHCl3 

Et20 

0°C/Et2O 

Reflux, 5 h/CHCl3 

H2O 

r.t., 8 weeks/Et20 

r.t. 

-
Reflux, 4 h/CCl4 

Reflux, 6 h/CCU 

Reflux, 5 h/CHCl3 

r.t./Et20 

r.t./Et20 

liq. NH3 

liq. NH3 

25°C/THF 

300°C, 5 min 

Reflux/mesitylene 

Reflux/mesitylene 

250°C, 10 min 

Reflux, 5 h/CHCl3 

55°C, 2.3-5 h/PhH 

140°C, 75 h 

Product' 

Ph2BiCl, PhAsCl2, PhjAsCl 

Ph2BiCl, PhAsCl2 

Ph2BiCl, Ph3SbCl2 

Ph2BiCl, BiOCl, Ph3SbCl2 
BiCl3, Ph2SbCl, PhH 

Ph2BiCl 

Ph2BiCl 

PhBiCl2 
PhBiCl2(THF) 

Ph2BiCl, BiCl3, PhH, Ph2 

Ph2BiBr 

Ph2BiBr(THE) 

PhBiBr2 
PhBiBr2(THE) 

Ph2BiCl 

BiCl3 
BiCl3, PhH 

Ph2BiCl, CuCl 

Ph2BiCl, CuCl 

Ph2BiCl, BiCl3, Ph2 

Ph2BiCl, CuBr 

Ph2BiCl, BiCl3, Ph2, PhH 

Ph2BiCl, PhHgCl 

Ph2BiCl, PhHgCl 

BiCl3, Ph2Hg, PhHgCl, PhH 

BiOCl, PhHgCl, PhH 

No reaction 

BiOCl, HCl, Ph2CH2 

No reaction 

Ph2BiCl, MeCOPh 

PhjBiCl, PhCOPh 

BiCl3, (PhAg)2AgN03 
AgPh 

Bi, PhLi 

-
Bi, PhH 

Ph2BiK 

PhgSb 

Ph2Se, Ph2Se2 

Ph2Te, Ph2Te2 
Bi, Ph2Hg, Ph2 

Bi, Ph2Hg 

Bi, Ph2Hg (labeled) 

Bi, Et3SnPh, H2 

Reference 

[24JCS(125)864] 

[22JC5(121)104] 

[24JCS(125)864] 

[22JCS(121)104] 

[57TTEI(1)321] 

[15JCS(107)16] 

[86T3111] 

[72JOM(44)317] 

[93JCS(D)637] 

[53SSOK1308] 

[41JA207] 

[92JCS(D)1967] 

[21 JCS(119)913] 

[92JCS(D)1967] 

[24JCS(125)864] 

[60TTEI(2)317] 

[51ZOB93] 
[22JCS(121)104] 

[34JCS405] 

[57TTEI(1)321] 

[34JCS405] 

[57TTEI(1)321] 

[22JCS(121)104] 

[69JCS(A)2138] 

[57TTFI(1)321] 

[1897CB2843] 

[22JCS(121)104] 

[22JCS(121)104] 

[22JCS(121)104] 

[62CJC181] 

[22JCS(121)104] 

[22JCS(121)104] 

[60TTEI(2)317] 

[38ZOB1831] 

[41JA212] 

[74JA112] 

[83JOM(253)C21] 

[65JOM(3)420] 

[99JOC3722] 

[99JOC3722] 

[13CB1675] 

[57TTEI(1)321] 

[71JOM(27)149] 

[64ZOB2787] 
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TABLE 2.4 (continued) 

Reagent'' 

H2NCH2CH2NH2 
KNH2 
BuLi 
TolLi 
"CfiHsLi 
C6Me6 
Np.Bi 
Me2S=CR2J 
Ph2Se2 
Ph2Te2 
C 6 T ; 

9,10-PQ'^ 

4 ,5 -TQ' 

Condition 

PhH 
liq. NH3 
Et20 
Et20 
Pentane-Et20 

-
190°C, 2 h 
200-230°C, 30 min 
Reflux/mesitylene 
Reflux/mesitylene 
j8-Decay from C^T(, 
160°C/diglyme 
160°C/diglyme 

Product^ 

No reaction 
BiN 
PhnBiBu3_n, PhLi (n= 
PhnBiTol3-n, PhLi {n-
(''C6H5)3Bi, PhLi 

-0-3) 
=0-3) 

No complex formation 
Ph.NpBi, NpH 
MeSR' 
Ph.Se 
Ph.Te 
[Ph3BiC6T;] 
9,10-PQ-BiPh2 
4,5-TQ-BiPh2 

Reference 

[50JCS617] 
[67ZAAC(349)328] 
[50JA8] 
[67JOM(8)491] 
[88R537] 
[68LA(713)30] 
[22JCS(121)104] 
[78IZV1643] 
[99JOC3722] 
[99JOC3722] 
[89R69] 
[79JOM(182)C49] 
[79JOM(182)C49] 

^ For details, see references. 
^ ArH = pyridine, toluene, r^rr-butylbenzene. 
' RCOR' = MeCOMe, EtCOMe, CF3C02Et. 
''R3NO = 2,4,4-trimethyl-l-pyrroline-l-oxide. 
' R = H, Me, Et, Bu, Ph, CH=CH2. 
^CC4Ph4 = C(-CPh)=CPh-CPh=CPh-). 
" CR2 = C(-COCH2CH2CH2CO-), C(S02Ph)2. 
^ R = H, Me. 
' Z = (CH2),, (n=0, 1, 2), CH=CH. 
J CR2 = C(-COCH2CMe2CH2CO-). 
^ 9,10-PQ = 9,10-phenanthrenequinone. 
' 4,5-TQ = benzodithiophene-4,5-dione. 
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2.2. ORGANOBISMUTH(III) COMPOUNDS WITH Bi-GROUP 15 OR Bi -

GROUP 16 ELEMENT BONDS 

2.2.7. Diorganylbismuth compounds 

2.2.1.1. Methods of synthesis (Tables 2.5-2.9) 
The most general method for the synthesis of diorganylbismuth compounds 

is the nucleophilic substitution of halo- or alkoxydiorganylbismuthines. Dior
ganylbismuth compounds are obtained by the action of an equimolar amount 
of an acidic compound on triorganylbismuthine. However, they are often 
accompanied by a monoorganylbismuth or inorganic bismuth compound as 
a by-product. 

(a) Via nucleophilic substitution of diorganylbismuth halides (method A) 

Synthesis of dimethylbismuth thiolates 

Me2BiBr + RSNa *- MeeBiSR 
MeOH, -78 °C 

Under a nitrogen atmosphere, a solution of bromodimethylbismuthine (3.19 g, 10 mmol) in 
absolute methanol was added to a solution of sodium thiolate prepared from thiol (10 mmol) 
and sodium (0.23 g, 10 mmol) in absolute methanol at -78°C, giving dimethylbismuth thiolate 
as yellow crystals in 10-58% yields [83ZAAC(505)147]. 

Synthesis of diphenylbismuth 3-fluorobenzenethiolate 

F. F 

To a solution of sodium 3-fluorobenzenethiolate (0.6 g, 4 mmol) in absolute ethanol (20 ml) was 
added bromodiphenylbismuthine (1.7 g, 4 mmol). The reaction mixture was heated to reflux 
until a yellow clear solution resulted. The solvent was removed under reduced pressure and the 
residue was washed with water and dried. After recrystallization from petroleum ether, diphe
nylbismuth 3-fluorobenzenethiolate was obtained as yellow needles, 2.3 g (99%) 
[75JOM(86)383]. 

(b) Via nucleophilic substitution of diorganylbismuth alkoxides (method B) 

Synthesis of diphenylbismuth thiolates 

Q^^BiOE, . RSH ,,0H • C ^ 2 ^ ' ^ " 
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Under a nitrogen atmosphere, a solution of sodium ethoxide from sodium (0.23 g, 10 mmol) in 
absolute ethanol was added dropwise to a solution of bromodiphenylbismuthine (4.43 g, 10 
mmol) in absolute ethanol (40 ml) with stirring. The reaction mixture was heated to boihng 
point and the precipitated sodium bromide was filtered off. Without isolating diphenylbismuth 
ethoxide, a solution of a given thiol (10 mmol) in ethanol was added to the filtrate to obtain a 
yellow solution. The corresponding diphenylbismuth thiolate immediately precipitated as 
yellow crystals, which were filtered off and recrystallized from an appropriate solvent 
178ZAAC(439)134]. 

(c) Via cleavage ofBi-C or Bi-N bonds with acidic compounds (method C) 

Synthesis of diphenylbismuth trifluoroacetate 

0 ) 3 ' ' ^ ' ' '^^°^" ^ i - ^ ^ ^ ^ Q)^Bi-0,CCF3 

A solution of triphenylbismuthine (0.44 g, 1 mmol) and trifluoroacetic acid (76.5 |UL1, 1 mmol) in 
anhydrous ether (4 ml) was heated to reflux under argon for 1 h, until the substrate had been 
consumed (TLC). The mixture was cooled to 0°C in an ice bath, and the resulting white 
precipitate was filtered off, washed with cold ether, and dried in vacuo to give diphenylbismuth 
trifluoroacetate (0.32 g, 67%) [84HCA586]. 

Synthesis of dimethylbismuth azide 
SiMeg 

Me2Bi—N + HN3 ^ Me2BiN3 
SiMes ^^^^' 

Hydrogen azide (highly toxic) in ether (2.3 M, 20 ml) was added to an ice-cooled solution of 
dimethylbismuth MA^-bis(trimethylsilyl)amide (18.3 g, 45 mmol) in the same solvent (50 ml) in 
the dark, and the resulting mixture was stirred for 1 day. The white separated precipitate was 
washed with small portions of ether and dried in vacuo to give dimethylbismuth azide as a 
microcrystalline solid (11.0 g, 86%) [85ZN(B)1320]. 

(d) Via cleavage of the Bi-C bond with neutral compounds (method D) 

Synthesis of diphenylbismuth benzenesulfonate 

PhsBi + S03(g) ^ Ph2BiOS02Ph 
(CH2CI)2,-10°C 

Dry gaseous sulfur trioxide was bubbled through a solution of triphenylbismuthine (10 g, 22.7 
mmol) in 1,2-dichloroethane (40 ml) for 2 h at - 10°C. On addition of ether (400 ml), a white 
precipitate was formed. This was filtered off and extracted with dry ethanol (3 ml X 50). 
Dilution of the combined ethanol extracts with petroleum ether (b.p. ca. 40°C) gave a white 
solid, which was filtered off, washed with ether, and dried to give diphenylbismuth benzene
sulfonate (3.2 g, 27%) [86ICA(113)43]. 
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(e) Via dismutation between dibismuthine and dichalcogenide (method E) 

Synthesis of bis(4-methylphenyl)bismuth benzenethiolate 

(4-MeC6H4)2Bi-Bi(C6H4-4-Me)2 + PhSSPh ^^^^^,^^00* (4-MeC6H4)2Bi-SPh 

Diphenyl disulfide (0.14 g, 0.64 mmol) was added with vigorous stirring to a solution of 
tetrakis(4-methylphenyl)dibismuthine (0.50 g, 0.64 mmol) in dichloromethane (15 ml) at 0°C 
under an argon atmosphere. The reaction mixture turned pale yellow within several minutes. 
After 15 min the reaction mixture was concentrated to a half volume in vacuo, diluted with 
pentane (3 ml), and poured onto crushed dry ice. After decantation, the yellow residue was 
washed with pentane and dried in vacuo to obtain the product (0.57 g, 89%) [87ZN(B)695]. 

(f) Via insertion of a free element into the Bi-Bi bond (method F) 

Synthesis of |x-selenobis(diphenylbismuth) 

Ph2Bi-BiPh2 + Se — — - — — ^ Ph2BiSeBiPh2 

To a solution of tetraphenyldibismuthine (0.24 g, 0.32 mmol) in toluene (25 ml) was added 
powdered selenium (0.03 g, 0.38 mmol) and the resulting mixture was stirred at room tempera
ture in the dark. After 1 h the selenium disappeared and the solution turned yellow. Evaporation 
to a small volume, dilution with heptane, filtration of a solid precipitate, and drying in vacuo 
gave the product in 33% yield [88IC3730]. 

(g) Via reductive elimination of the Bi(V) compound by thermolysis (method G) 

Synthesis of diphenylbismuth thiocyanate 
(a) 

r^. Bi + (SCN)2 ^ ^ \+B iSCN 
\=/J3 Ether \=//2 

Lead thiocyanate (7.5 g) was added to a solution of bromine (1 ml) in absolute ether (40 ml) and 
the mixture was shaken for 33 min under ice-cooling. The mixture was filtered and the residue 
was washed with absolute ether (60 ml). A solution of thiocyanogen in ether (34 ml) thus 
obtained was added to an ice-cold solution of triphenylbismuthine (2.93 g) in the same solvent. 
Yellow crystals began to separate on the wall of the reaction vessel, but became oily after 
having been shaken for 4.5 h. The product was extracted with cold alcohol to give diphenyl
bismuth thiocyanate (1.7 g) [22JCS(121)91]. 

(b) 

< f > + B i C l 2 + Pb(SCN)2 < f>4-B iSCN 
\ r = / / 3 EtOH.A \=//2 

Triphenylbismuth dichloride (5.1 g) and lead thiocyanate (6 g) were boiled in ethanol (200 ml) 
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for 30 min. The resulting bright yellow solution was decanted and the solid residue was heated 
in ethanol for an additional 30 min. The combined solution was concentrated to deposit a yellow 
amorphous powder, which was filtered off. On standing, the filtrate deposited crystals of 
diphenylbismuth thiocyanate, which have recrystallized from a mixture of alcohol and acetone 
[22JCS( 121)91]. 

Synthesis of diphenylbismuth azide 

Triphenylbismuth diazide (2 g) was gradually warmed to 100°C to give a pasty solid with a 
characteristic pungent odor. Extraction with cold light petroleum to remove triphenylbis-
muthine (0.8 g), followed by crystallization of the residue from hot alcohol gave diphenylbis
muth azide as a microcrystalline solid [34JCS405]. 

(h) Via metathesis reaction (method H) 

Synthesis of diphenylbismuth hexafluorophosphate-bis(hexamethylphosphoramide)-
complex 

/ ^ g . p „ . ^ . ^ ^ (Me,N)3P=0 
-BiBr + TIPFe 

\ _ / / p THF, r.t. 

0=P(NMe2)3 

B i — : 
Ph^ I 

0=P(NMe2)3 

PFfi 

Hexamethylphosphoramide (HMPA; 0.1 ml, 0.575 mmol) was added to a stirred solution of 
bromodiphenylbismuthine (0.127 g, 0.287 mmol) in THF (5 ml) at room temperature to give a 
colorless solution. A solution of thallium hexafluorophosphate (0.100 g, 0.287 mmol) in the 
same solvent (6 ml) was added and led to the immediate formation of a pale yellow precipitate. 
The mixture was stirred for 30 min and then filtered through Celite to give a slightly cloudy 
filtrate which was reduced to about 5 ml in volume under vacuum. Hexane (20 ml) was added as 
an overlayer, and solvent diffusion, over a period of several days at — 22°C, afforded the 
complex as colorless crystals in 76% yield [96JCS(D)443]. 

2.2.7.2. Properties and reactions 

2.2.1.2.1. Diorganylbismuth compounds with Bi-N bonds (Table 2.5) 

(a) Diorganylbismuth amides The chemistry of organobismuth 
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compounds with the N-Bi bond has been studied very Httle to date. 
Dimethylbismuth A^-methyl-A^-(trimethylsilyl)amide 1 has been prepared by 
the reaction of bromodimethylbismuthine with the corresponding hthium 
amide [66JOM(6)259]. The bismuth amide is sensitive to oxygen and 
moisture, and reacts with cyclopentadiene [75JOM(88)329] or ethyl 
diazoacetate [75JOM(93)339] to give (cyclopentadienyl)dimethylbismuthine 
2 or ethyl diazo(dimethylbismuthino)acetate 3, respectively. 

O (̂ P̂ ) .Me N,CHCO,Et 
Me2BiCp ^ MesBi—N ^ N2C(BiMe2)C02Et 

2 1 SiMes 3 

Bis(4-methylphenyl)bismuth A^-(4-methylphenyl)sulfonylamide 4 is 
obtained in moderate yield by the reaction of tris(4-methylphenyl)bismuth 
[A^-(4-methylphenyl)sulfonyl]imide with anise alcohol or cinnamyl alcohol 
[96JCR(S)24]. This amide is insoluble in benzene, but soluble in chloroform, 
and not so sensitive to oxygen and moisture in the solid state. However, it 
slowly decomposes to tris(4-methylphenyl)bismuthine and a white powdery 
deposit when the amide is stood in CDCI3. 

Me—{\ />4-Bi-N <A /V—Bi -^ /V-Me 
^ ^ S02CeH4-4-Me XJT x/'^U/ 

4 Ĥ  "SO2CF3 5 

By contrast, (4-methylphenyl)[2-(4,4-dimethyl-2-oxazolin-2-yl)phenyl]-
bismuth iV-(trifluoromethanesulfonyl)amide (5) is prepared in quantitative 
yield by the action of a 1:1 molar mixture of potassium ^^r^butoxide and 
trifluoromethanesulfonyl amide (TfNH2) on chloro(4-methylphenyl)[2-(4,4-
dimethyl-2-oxazolin-2-yl)phenyl]bismuthine in THF at room temperature 
[98OM1013]. In contrast to amide 4, the amide 5 is thermally stable and 
does not disproportionate when stood in a solution. 

Diphenylbismuth bis(methanesulfonyl)amide (6) is prepared by an acido-
lysis of PhsBi with HN(S02Me)2 in 85% yield. Compound 6 can be prepared 
by a reaction of Ph2BiCl with AgN(S02Me)2 in 26% yield 
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[95ZAAC(621)1746]. X-Ray crystallography of 6 has revealed that the 
compound exists as a cyclic dimer, in which two bismuth centers form a 
12-membered (BiOSNSO)2 ring. The Bi-0 bond lengths are 2.397(6) and 
2.466(6) A and the geometry of bismuth center is described as a trigonal 
bipyramidal structure. 

(b) Diorganylbismuth azides Dimethylbismuth azide Me2BiN3 is 
obtained as slightly moisture-sensitive fine crystals by acidolysis of 
trimethylbismuthine with hydrogen azide. It is insoluble in ether, 
benzene, pentane, THF, ethanol, pyridine and chloroform. The azide is 
not explosive and, on heating up to 150°C, only undergoes slow 
decomposition [71ZAAC(381)103]. Diphenylbismuth azide Ph2BiN3 is 
prepared by the reaction of chlorodiphenylbismuthine and sodium azide 
in pyridine at ambient temperature. It is soluble in benzene, but an 
efficient crystallization procedure is not yet available [68JOM( 13)529]. 
On standing at 25°C, the azide undergoes disproportionation to give a 
mixture of products, from which PhsBi is obtained. In contrast to 
diphenylantiomony azide, this azide has been reported not to be reactive 
toward triphenylphosphine [68JOM( 13)529]. Thermal decomposition of 
triphenylbismuth diazide Ph3Bi(N3)2 at 100°C leads to a mixture of PhN3, 
Ph3Bi, and Ph2BiN3 [34JCS405, 73JOM(50)129]. Goel et al. have claimed 
that Ph2BiN3 prepared by metathesis is not pure enough analytically and the 
thermal decomposition of Ph3Bi(N3)2 is a better choice in order to obtain a 
purer azide [79SA(A)339]. The IR spectrum of Ph2BiN3 exhibits peaks at 
2050, 1315, 1265, 1260 and 655 cm"^ due to Va(N3), 25(N3), v^^^) and 
S(N3) vibrational modes, respectively, and a strong absorption at 305 cm"^ 
due to v(Bi-N3) vibration while its Raman spectrum shows peaks at 2048 
and 652 cm~' due to Va(N3) and 5(N3) vibrational modes, respectively 
[79SA(A)339]. Miiller et al. have prepared dimethylbismuth azide in 
good yield by treatment of dimethylbismuth MA^-bis(trimethylsilyl)amide 
with hydrogen azide. An X-ray crystallographic study of this azide 
revealed that bismuth atoms are linked together via the a-N atom of the 
azido group to form an endless zig-zag chain [85ZN(B)1320]. 

By metathesis between bromo(di-r^rr-butyl)bismuthine ^Bu2BiBr and dipo-
tassium sulfurdiimide K2SN2, bis(di-r^rr-butylbismuthino)sulfurdiimide 
^Bu2BiN=S^NBi^Bu2 is formed as yellow crystals in 10% yield. This 
compound is labile and decomposes slowly at room temperature. It shows 
reversible thermochromism on cooling. Under an inert atmosphere at -40°C 
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in the dark, it can be kept for a long period. Its IR spectrum shows peaks at 
1125 and 1000 cm~^ due to the vibration of the N=S=N bond [84CB1999]. 

2.2.1.2.2. Diorganylbismuth compounds with Bi-As or Bi-Sb bonds (Table 
2.5) 

Compounds containing the Bi-As or Bi-Sb bond were reported by Ashe et 
al. as the product from the exchange reaction of tetramethyldi-bismuthine 
Me2BiBiMe2 with tetramethyldiarsine Me2AsAsMe2 or tetramethyldistibine 
Me2SbSbMe2. These compounds are not obtainable in pure form 
[86JOM(303)197]. Pr2BiSbMe2 is formed by a similar reaction; the 
equilibrium between Pr2BiBiPr2 and Me2SbSbMe2 in benzene has been 
studied by ^H-NMR and the estimated equilibrium constant is 0.7 
[86ZN(B)1129]. 

Pr2BiBiPr2 + Me2SbSbMe2 - 2 Pr2BiSbMe2 
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2.2.1.23. Diorganylbismuth compounds with Bi-O bonds (Table 2.6) 

(a) Diorganylbismuth alkoxides The chemistry of diorganylbismuth 
alkoxides has received Httle attention much Hke their structures and 
reactivities. Diethylbismuth ethoxide is obtained by the controlled 
oxidation of Et^Bi [42JA392]. Dimethylbismuth and diphenylbismuth 
trimethylsiloxide are prepared by the reaction of the corresponding 
diorganylbismuth bromides with sodium trimethylsiloxide. 
Dimethylbismuth siloxide is the first spectrally characterized alkoxide. It 
decomposes at 60°C but can be purified by sublimation [68ZAAC(363)84]. 
Wieber et al. have investigated the preparation and reactions of 
diphenylbismuth alkoxides (methoxide, ethoxide, isopropoxide, phenoxide) 
with various thiols. Alkoxides are moisture sensitive and irritate the skin 
severely \ They are insoluble in hexane and carbon tetrachloride, but soluble 
in benzene. Molecular weight determination of the alkoxides in benzene has 
revealed that they exist as a monomer in solution. Diphenylbismuth 
alkoxides react with thiols at ambient temperature to give the 
corresponding thiolates in good yield [78ZAAC(439)134]. Ph2BiBiPh2 
reacts with p-benzoquinone to give l,4-C6H4(OBiPh2)2 as a yellow soHd in 
83% yield. This compound is only sparingly soluble in common organic 
solvents [84JCS(D)2365]. Phenol and 2,4,6-trinitrophenol react with EtsBi 
slowly in boiling dioxane; however the products have not been identified 
[37JA935]. The reaction of Et^Bi with phenols in boiling toluene gives 
diethylbismuth phenoxides. Both Et2BiOPh and Et2BiOC6F5 are too 
sensitive toward moisture and air to obtain satisfactory elemental analysis. 
High solubility of these compounds in organic solvents as well as the ^H-
NMR spectrum of Et2BiOC6F5 in solution indicate that they exist either in a 
monomeric form or as rapidly exchanging oligomers in solution. Mass 
spectra of both phenoxides show peaks corresponding to M^, Et2Bi^ and 
EtBi^ ions. A crystallographic study of Et2BiOPh and Et2BiOC6F5 has shown 
that both compounds are isomorphous, forming a chiral helical chain through 
the intermolecular coordination between the bismuth and oxygen atoms. The 
Bi-O bond lengths are 2.4105(7) for Et2BiOC6F5 and 2.382(7) A for 
Et.BiOPh [92CC1021]. 

(b) Cyclic diorganylbismuth alkoxides Many diarylbismuth alkoxides 
with the bismuth atom(s) incorporated in a cyclic structure are known 
(Section 4.2.1). By the action of aryllithiums on l-acetoxy-3,3-
bis(trifluoromethyl)-3//-2,l-benzoxabismole 1, the acetoxy group is 
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replaced by the aryl group to give the corresponding benzoxabismole 
derivatives. Known compounds include 2-9 [92JA7906, 95JA3922]. 

o Bi -

OAc 

R3 

2 

R̂  si 

R̂  = R3 = H, R2 = CF3 
R^ = R3 = H, R2=0Me 
R̂  = Me2NCH2, R̂  = R̂  = H 
R̂  = MeOC(Me)2, R̂  = R̂  = H 
R̂  = MeOC(CF3)2, R̂  = R̂  = H 
R̂  = MeHNCH2, R̂  = R̂  = H 
R̂  = R3 = Me2NCH2, R̂  = H 
R1 = R3 = Me2NCH2. R̂  = feu 

An alternative approach to l-aryl-3,3-bis(trifluoromethyl)-3//-2,l-
benzoxabismole derivatives involves the reaction between the bismuthate 
complexes 10 with water or Mel. By this method, compounds 5 
[95HAC293], 6 [92TL6653], 11 [95JA3922], and 12-14 are prepared 
[92TL6653, 95HAC293]. Transformations of this type of compound are 
described in detail in Section 4.2.1. 

M^ 
'S° 
^iP 

10 

Mel or H2O 

5; R = CF3, R' = Me, R" = Me 
6; R = R' = CF3. R" = Me 
11;R = CF3, R'=H,R" = Me 
12;R = R' = CF3, R" = H 
13;R = Me, R'= CF3, R" = H 
14; R = R' = Me, R" = Me 

(c) /JL-Oxobis(diorganylbismuth) By the action of molecular oxygen at 
— 30°C, tetramethyldibismuthine is converted to |jL-oxobis(dimethylbismuth) 
in 95% yield, which exothermally decomposes above 16°C to give McsBi and 
bismuth oxide Bi203 [84ZN(B)887]. Similarly, tetrapropyldibismuthine reacts 
with molecular oxygen at -30°C to yield |jL-oxobis(dipropylbismuth) as a 
colorless solid, which decomposes around 40°C to PrsBi and Bi203. It is 
soluble in benzene and chloroform [86ZN(B)1129]. Tetradibisumuthine is 
similarly oxidized in air to give |x-oxobis[tris(2,4,6-trimethylphenyl)] as 
colorless crystals. This compound can also be prepared by the action 
of sodium hydroxide on bromobis(2,4,6-trimethylphenyl)bismuthine 
[95ZN(B)735]. It crystallizes from EtOH in the solvated form with 0.5 
EtOH. The Bi-O bond lengths and the Bi-O-Bi bond angle determined by 
X-ray crystallographic analysis are 2.095(18) and 2.117(19) A, and 117.1(8)°, 
respectively. Its UV-Vis spectrum shows absorption maxima at X̂ ax 390 and 
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240 nm [95ZN(B)735]. Mass spectra of these three JJL-OXO compounds exhibit 
characteristic peaks due to M^, R3Bi20^, R2Bi20^ and RBi20^ ions. 

Mes2Bi-BiMes2 — Mes2Bi^^^BiMes2 - ^^^^ Mes2BiBr 

Mes = 2,4,6-Me3C6H2 

(d) Diorganylbismuth carboxylates Diorganylbismuth carboxylates are 
prepared by two different methods; one is the substitution reaction of 
diorganylbismuth haUdes or ethoxides with carboxylate anions or 
carboxyHc acids, and the other is the cleavage of the Bi-C bond in 
triorganylbismuthines with carboxylic acids. The former method is 
generally preferred, since the desired products are obtainable in better yield. 
Diarylbismuth ethoxides are a good precursor to this type of compound 
[82ZN(B)815]. Carboxylic acids such as acetic, chloroacetic, dichloroacetic, 
trichloroacetic, butyric, maleic and benzoic acids all react with Et3Bi in 
boiling dioxane, although the products have not been identified [37JA935]. 
Phenylbismuth dicinnamate and dibenzoate are obtained as a slightly soluble 
white powder in moderate yield by the reaction between PhsBi and the 
corresponding acids [51JA2880]. By similar acidolysis, diphenylbismuth 
trifluoroacetate, bis(4-methylphenyl)bismuth trifluoroacetate, bis(4-
methoxylphenyl)bismuth trifluoroacetate, bis(4-ethoxylphenyl)bismuth 
trifluoroacetate and bis(pentafluorophenyl)bismuth trifluoroacetate are 
prepared. However, this procedure often gives a complex mixture of 
diarylbismuth carboxylate Ar2Bi(02CR) and arylbismuth dicarboxylate 
ArBi(02CR)2 depending on the solubility of the relevant compounds. Thus, 
the acidolysis of triphenylbismuthine with acetic acid gives phenylbismuth 
diacetate as the sole product, whereas the corresponding reaction of 
trifluoroacetic acid (molar ratio 1:1) gives Ph2Bi(02CCF3) as a solid 
precipitate. 

(3r 
MeC02H (1 equiv) /^—^ /r^\ 

^ f V-Bi(02CMe)2 + \ / T 

61% 36% 

CF3CO2H (1 equiv) / T A N /r^\ 
</ >fBi02CCF3 + (/ > f B i 31 
\=/j2 ^ " \ = / / 3 

76% 15% 
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Acidolysis of tris(4-ethoxylphenyl)bismuthine with an equimolar 
trifluoroacetic acid gives an intimate mixture of the corresponding mono-
and dicarboxylates Ar2Bi(02CR) and ArBi(02CR)2 in a ratio of 9:1 
[84AJC527]. DiaryIbismuth carboxylates are readily hydrolyzed and no 
efficient method for purification is available at present. Diarylbismuth 
carboxylates undergo a redistribution reaction in DMSO to give a mixture 
of triarylbismuthine and aryIbismuth dicarboxylate [84AJC527]. From the 
reaction of Ph3Bi and maleic acid, bis(diphenylbismuth) maleate is 
obtained. In its IR spectrum, P (C02) absorptions appear at 1588, 1483, 1395 
and 1253 cm'^ [93AOMC137]. 

(e) Diorganylbismuth sulfinates Diphenylbismuth benzenesulfinate is 
obtained by the reaction of triphenylbismuthine and benzenesulfinic acid in 
benzene-CHCls under reflux conditions, or in ether at ambient temperature. 
The sulfinate is very poorly soluble in common organic solvents, suggesting 
that the compound exists in the polymeric form. On heating this sulfinate at 
216°C for 4 h under vacuum (10~^-10~^ mmHg), gaseous SO2 is evolved to 
produce triphenylbismuthine in good yield [71JOM(26)C10]. 

Ph2Bi02SPh ^ PhgBi + SO2 
216 °C, 10"^~10-^mmHg 

(f) Diorganylbismuth sulfonates Treatment of triarylbismuthines with 
arenesulfonic acid gives the corresponding diarylbismuth sulfonates 
Ar2BiOS02R in good yield [86ICA(113)43]. The sulfonates are also 
obtained in moderate yield by the insertion reaction between 
triarylbismuthine and gaseous dry sulfur trioxide. On prolonged storage, 
they are slowly hydrolyzed by atmospheric moisture to afford a basic 
bismuth sulfonate and trace amounts of triarylbismuthine. 
Disproportionation of the sulfonates yields triarylbismuthine and 
arylbismuth disulfonate. Several diarylbismuth triflate-HMPA complexes 
are prepared by the action of trimethylsilyl triflate and methanol on 
triarylbismuthines in the presence of HMPA [960M1951]. These 
complexes are stable colorless crystals or oils, readily soluble in CH2CI2, 
CHCI3, benzene, THF and methanol without decomposition. The HMPA 
ligand is effective in protecting the triflates from hydrolysis by atmospheric 
moisture; without HMPA, these triflates become less stable in open air. ^H-
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NMR spectra of diarylbismuth triflate-HMPA complexes show a 
characteristic signal due to the ortho protons of aromatic rings in a low 
field (5 8.17-8.37). In IR spectra, broad and well-defined bands appear in 
the 1350-1050 cm~^ region due to the triflate group. FAB mass spectra exhibit 
strong peaks due to the [M-OTf]^ and/or [M-OTf, HMPA]^ fragments. In a 
similar manner, unsymmetrical diarylbismuth triflate-HMPA complexes are 
prepared easily from mixed triarylbismuthines; more electron-rich aryl groups 
are removed preferentially from mixed triarylbismuthines. 

d)/'^-
Me3SiOS02CF3 
(Me2N)3P=0(2 eq) 

CH2CI^MeOH 

CI 

Br 

R 6SO2CF3 

R = Me, MeO 

[(Me2N)3P=0]2 

Treatment of diarylbismuth triflate-HMPA complexes with aryl Grignard 
reagents gives the corresponding triarylbismuthines. This reaction is applied 
to the synthesis of triarylbismuthines with three different aryl groups 
[960M1951]. Treatment of the bis(4-methylphenyl)bismuth trifluorometha-
nesulfonate-HMPA complex with a solution of sodium naphthalenide in THF 
at — 78°C generates sodium bis(4-methylphenyl)bismuthide in situ, which is 
reacted with iodoarenes to give the corresponding arylbis(4-methylphenyl)-
bismuthine [970M3565]. 

(4-MeC6H4)2Bi 

(4-MeC6H4)2BiOS02CF3 

Thermal decomposition of 2-(isopropoxycarbonyl)ethyltriphenylbis-
muthonium trifluoromethanesulfonate leads to the formation of diphenylbis-
muth trifluoromethanesulfonate in 16-84% yield [95JCS(P1)2543]. Recently, 
a preparation of diphenylbismuth trifluoromethanesulfonate has reported, 
however, there is only limited information on its properties [99TL285]. 
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2,2.1.2,4. Diorganylbismuth compounds with Bi-S bonds (Table 2.7) 

(a) Diorganylbismuth thiocyanates Treatment of Ph2BiBr with lead 
thiocyanate in alcoholic solution gives PhsBi and diphenylbismuth 
thiocyanate Ph2BiSCN [22JCS(121)91]. The thiocyanate can also be 
prepared by the reaction of Ph3BiCl2 with lead thiocyanate [22JCS(121)91], 
acidolysis of PhsBi with hydrogen thiocyanate [23JCS(123)1046], and 
treatment of Ph3Bi with thiocyanogen (SCN)2 in cold ether [22JCS(121)91]. 
The reaction of Ph2BiCl and sodium thiocyanate in aqueous solution also 
gives Ph2BiSCN [79SA(A)339]. Ph2BiSCN forms pale yellow crystals, 
which are soluble in most organic solvents except for petroleum ether. It is 
indefinitely stable when dry and decomposes slowly in solution, giving Ph3Bi 
and a yellow precipitate, possibly composed of bismuth thiocyanate and 
polymerized thiocyanogen (SCN)„ [22JCS(121)91]. The reaction of PhaBi 
and (SCN)2 in CH2CI2 at Ô 'C gives a yellow oil, which is recrystaUized 
from EtOH-petroleum to give Ph2BiSCN in 48% yield. Recrystallization 
from CHCls-hexane gives a chloroform solvate [Ph2Bi(SCN)]2CHCl3 as 
crystals, of which the crystallographic structure has been elucidated by X-
ray crystallographic; the thiocyanate group bridges intermolecularly with 
another bismuth atom to form a rectangular spiral chain, in which the 
alternate bismuth atoms are coordinated by two nitrogen or two sulfur 
atoms. The bond lengths and angles around the bismuth atoms are as 
follows: Bi-N bond lengths, 2.53(6) and 2.52(5) A; Bi-S bond lengths, 
2.87(1) and 2.88(1) A; N-Bi-N bond angle, 166.2(16)°; S-Bi-S bond angle, 
177.0(4)° [95JCS(D)383]. The IR spectrum of Ph2BiSCN in the solid state 
shows peaks at 2102 v(CN), 2084 P(CN), 762 v(CS), 462 S(SCN) and 238 
v(Bi-SCN) cm~^ [79SA(A)339], while in Nujol mull it exhibits peaks at 2085 
v(CN), 767 v(CS) and 470 p(CS) cm"^ [95JCS(D)383]. The Raman spectrum 
in the soUd state shows peaks at 2100 P(CN), 2085 P(CN), 760 v(CS), 460 
5(SCN), 238 v(Bi-SCN) and 215 i;(Bi-Ph) cm"^ [79SA(A)339]; in acetone 
solution, it shows a strong band at 2125 cm"^ accompanied by minor bands at 
724 and 438 cm"^ [95JCS(D)383]. The mass spectrum of Ph2BiSCN does not 
show the parent ion peak, instead prominent peaks due to Ph2Bi^, PhBi^ and 
Bi^ fragments are observed [95JCS(D)383]. Dimethylbismuth thiocyanate, 
Me2BiSCN, is prepared by the action of thiocyanogen on trimethyl-
bismuthine. This compound has not been studied in detail, but its IR 
spectrum shows peaks at 2110 P(CN), 795 v(CS), 450 and 440 5(SCN) 
cm"^ [69JOM(20)211]. 
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(b) Diorganylbismuth thiolates The reactivity of EtsBi toward various 
thiols has been examined. These include 1-butyl, 1-heptyl, benzyl, phenyl, 
4-methylphenyl and 2-naphthyl thiols, 1-mercaptobenzothiazole and 
thioacetic acid, although the products have not been identified definitely 
[37JA935]. Diphenylbismuth benzenethiolate is prepared by the reaction of 
chlorodiphenylbismuthine and thiophenol [51JA2880]. Diphenylbismuth 3-
and 4-fluorobenzenethiolates were prepared and the electron donating effect 
of the Ph2BiS group has been examined in comparison with the antimony 
congeners; the Ph2BiS group is shown to be more electron-releasing than 
the Ph2SbS group [75JOM(86)383]. Wieber et al. have prepared 
dimethylbismuth [83ZAAC(505)147] and diphenylbismuth thiolates 
[77ZAAC(436)101, 78ZAAC(439)134] by the reaction of diorganylbismuth 
halides with thiolate anions, and the reaction of diorganylbismuth alkoxides 
with thiols. The thiolates are colored yellow and soluble in such polar solvents 
as acetone, acetonitrile, DMSO and DMF. Diarylbismuth thiolates are not 
sensitive to moisture but thermolabile, and decompose relatively rapidly in 
solution (especially in the case of dimethyl compounds) to give the 
corresponding triorganylbismuthine and organylbismuth dithiolate 
[78ZAAC(439)134, 83ZAAC(505)147]. For example, Me2BiSPh 
decomposes at 5TC endothermally [84ZN(B)1668]. In addition, the 
thiolates are light sensitive and decompose slowly under diffused light to 
form a dark colored substance [77ZAAC(436)101]. The reaction between 
dibismuthines and diphenyl disulfide also gives diorganylbismuth 
benzenethiolates [84ZN(B)1668, 88IC37301. This type of reaction usually 
proceeds quickly and is completed within a few hours, even at Ô 'C. In 
contrast to Ph2BiEPh (E = Se and Te), Ph2BiSPh does not react with 
diazomethane, probably because of the stronger nature of the Bi-S bond 
[88IC3730]. 

(c) /jL-Thiobis(diorganylbismuth) Tetramethyldibismuthine reacts with 
elemental sulfur at — 30°C to give (jL-thiobis(dimethylbismuth) as a yellow 
powder in 93% yield, which endothermally decomposes at 28°C to McsBi and 
Bi2S3 [84ZN(B)887]. |jL-Thiobis(dipropylbismuth) can be prepared similarly. 
It is a light orange solid and decomposes to PrsBi and a reddish brown solid 
above 25°C. The decomposition is accelerated by Hght [86ZN(B)1129]. Mass 
spectra of these |JL-thiobis(dialkylbismuth) show characteristic peaks due to 
M^ and R3Bi2S^ ions. |jL-Thiobis(diphenylbismuth) decomposes slowly 
through disproportionation even under an inert atmosphere [84JCS(D)2365]. 
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jjL-Thiobis[bis(2,4,6-trimethylphenyl)bismuth] is obtained as yellow crystals 
by the action of sodium sulfide on bromobis(2,4,6-trimethylphenyl)-
bismuthine in a mixture of ether and water. X-Ray crystallographic analysis 
of this compound has shown the Bi-S bond lengths to be 2.520(7) and 
2.545(6) A, and the Bi-S-Bi bond angle to be 98.7(3)° (Table 6.5, 
compound 33). Its mass spectrum shows characteristic peaks due to M^, 
ArgBis ,̂ ArsBiS^, ArsBi^, Ar2Bi^ and ArBi^ ions, and the UV-Vis 
spectrum shows absorption maxima at X̂ ax 450, 350 and 250 nm 
[95ZN(B)735]. 

(d) Diorganylbismuth alkylthiocarbonates Diphenylbismuth [80ZAAC 
(470)171] and dimethylbismuth alkylthiocarbonates [83ZAAC(505)150] are 
obtained as yellow colored substances by the reaction of R2BiBr and sodium 
alkylthiocarbonates, which undergo disproportionation at ambient 
temperature to give a mixture of the corresponding triorganylbismuthine 
and organobismuth bis(alkylthiocarbonates). No further information is 
available on the chemistry of this type of compound. 
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2.2.1.2.5. Diorganylbismuth compounds with Bi-Se or Bi-Te bonds (Table 
2.8) 

(a) Organylbismuth compounds with a Bi-Se bond Diphenylbismuth 
selenocyanate Ph2BiSeCN and bis(4-methylphenyl)bismuth selenocyanate 
(4-MeC6H4)2BiSeCN were prepared initially by the action of 
selenocyanogen (SeCN)2 on the corresponding triarylbismuthines 
[26JCS1648]. This reaction was reinvestigated later in detail by Goel et al. 
[79SA(A)339]. The IR spectrum of Ph2BiSeCN shows peaks at 2116 v(CN), 
2088 p(CN), 560 v(CSe), 405 5(SeCN), 395 S(SeCN), 236 v(Bi-SeCN) and 
216 p(Bi-Ph) cm~\ respectively. 

AraBi + (SeCN)2 .̂  Ar2BiSeCN (Ar= Ph, 4-MeC6H4) 

By the reaction of tetraorganyldibismuthine R2BiBiR2 and diphenyl 
diselenide PhSeSePh, compounds of the type R2BiSePh are obtained 
[84ZN(B)1668, 88IC3730]. Dimethylbismuth benzeneselenolate Me2BiSePh 
is obtained as a yellow solid in 79% yield; it is light-sensitive and thermolabile 
but can be kept safely at — 30°C for long periods. It is soluble in CH2CI2, 
CHCI3, DMSO and acetone, but less soluble in EtOH and non-polar solvents. 
At room temperature and within 3 h, it undergoes complete disproportionation 
to MCBBI and MeBi(SePh)2. The rate of disproportionation is faster in CH2CI2 
than in DMSO [84ZN(B)1668]. Similarly, Ph2BiSePh is obtained in 54% yield 
and its X-ray crystallographic study shows that the Bi-Se bond length is 
2.704(3) A and the Se-Bi-C bond angles are 97.4(3) and 87.4(3)° 
[88IC3730]. Pr2BiBiPr2 reacts with elemental selenium to give a |JL-
selenobis(dipropylbismuth) Pr2BiSeBiPr2 as an orange-yellow liquid, which 
is soluble in benzene and CHCI3, and decomposes into PrsBi and a black solid 
above 25T [86ZN(B)1129]. Similarly, tetramethyldibismuthine is converted 
to the corresponding |x-seleno compound as yellow crystals, which are not so 
sensitive to oxygen. This jx-seleno compound is thermolabile and decomposes 
within several minutes at room temperature; however, it can be kept for a 
fortnight below - 3 0 T [95ZN(B)735]. 

Mass spectra of these R2BiSeBiR2 compounds show characteristic peaks 
due to M^, R3Bi2Se^, R2Bi2Se^ and RBi2Se^ ions. The insertion reaction 
between Ph2BiBiPh2 and elemental selenium to Ph2BiSeBiPh2 has been 
mentioned briefly [88IC3730]. |x-Selenobis[bis(2,4,6-trimethylphenyl)bis-
muth] is obtained as yellow crystals by the action of sodium selenide 
on bromobis(2,4,6-trimethylphenyl)bismuthine in liquid ammonia. An X-
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ray crystallographic study of this |jL-seleno compound has shown that the 
Bi-Se bond length is 2.651(1) A and the Bi-Se-Bi bond angle is 91.2(1)° 
(Table 6.5, compound 41). Its mass spectrum (DCI^; NH3) shows peaks 
due to [M + H]^ and Ar3Bi2SeH^ ions, whereas the mass (EI) spectrum 
exhibits peaks due to ArsBiSe^, Ar2BiSe^, Ar2Bi^ and ArBi^ fragments. 
The UV-Vis spectrum shows absorption maxima at X̂ ax 460, 370 and 230 
nm [95ZN(B)735]. 

(b) Organylbismuth compounds with Bi-Te bonds By the reaction of 
Me2BiBiMe2 and PhTeTePh, Me2BiTePh is obtained as a yellowish fine 
powder. Its half-life in CH2CI2 at room temperature is 5-6 h. It 
decomposes to give a mixture of McsBi and MeBi(TePh)2 above 16°C. 
The compound can also be prepared by the action of McsBi on Ph2Te2 
[84ZN(B)1668]. In a similar manner, dipropylbismuth 4-
methylbenzenetellurolate is obtained as a reddish brown liquid, which is 
soluble in benzene, toluene and pentane, and can be kept for several 
months at — 20°C. However, it decomposes rapidly at 25°C and 
disproportionates to ditelluride under atmospheric conditions 
[85ZN(B)848]. Similarly, Ph2BiBiPh2 and Ph2Te2 give Ph2BiTePh as an 
orange solid in 69% yield. This compound reacts smoothly with 
diazomethane in THF at room temperature to yield Ph2BiCH2TePh as a 
yellow solid. This mode of insertion reaction becomes increasingly 
difficult as the atomic number of chalcogen element decreases [88IC3730]. 

Ph2BiTePh + CH2N2 «- Ph2BiCH2TePh 
THF 

The mass spectra of dialkylbismuth aryltellurides show peaks due to M^, 
[M-R]^, [M-2R]^ and BiTe^ ions, whereas the mass spectrum of Ph2BiTePh 
shows peaks due to M^, [M-TePh]^, [M-TePh2r and [M-BiPh]^ ions. The 
formation of Me2BiTeMe is confirmed by ^H-NMR, though the compound has 
not been isolated yet [86JOM(308)289]. 

Tetrapropyldibismuthine reacts with elemental tellurium to give a |jL-telluro 
compound Pr2BiTeBiPr2 as a red liquid, which is soluble in common organic 
solvents. By warming or under diffused light, it decomposes to PrsBi and a 
black solid [86ZN(B)1129]. Similarly, tetramethyldibismuthine reacts with 
tellurium to give the corresponding |jL-telluro compound, Me2BiTeBiMe2, as 
red crystals. This compound is not so sensitive to oxygen but thermolabile, 
and decomposes within 15 min even at — 30°C. At — 78°C, however, it can be 
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kept for several weeks [95ZN(B)735]. In contrast to alkyl derivatives, Ph2Bi-
BiPh2 does not react with elemental tellurium [88IC3730]. |jL-Tellurobis-
[bis(2,4,6-trimethylphenyl)bismuth] is obtained as a reddish brown powder 
by the action of sodium telluride on bromodimesitylbismuthine. This 
compound can also be prepared by the reaction of tetrakis(2,4,6-trimethyl-
phenyl)dibismuthine and tellurium [95ZN(B)735]. Its CI mass spectrum 
(DCI^; NH3) shows peaks due to [M-2NH3]^ and M^ ions, whereas its EI 
mass spectrum exhibits peaks due to ArsBiTe^, Ar2Bi^ and Ar2Te^ frag
ments. The UV-Vis spectrum shows absorption maxima at X̂ ax 480, 380, 
305 and 260 nm [95ZN(B)735]. 
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22.12.6, Cationic and anionic diorganylbismuth compounds (Table 2.9) 

The Lewis acid behavior of organometalUc compounds derived from Group 
15 elements has not been studied in detail. In this subsection, diorganylbis
muth compounds with a positive [R2BiL2]^ or negative [R2BiL2]~ bismuth 
species are described. In the case of cationic diorganylbismuth compounds, 
ligand L represents a neutral two-electron donor, i.e. a Lewis base. In the case 
of anionic diorganylbismuth compounds, the ligand L is a pseudohalide anion 
such as azide, thiocyanate or a carboxylate. 

(a) Cationic diorganylbismuth compounds Known cationic 
diorganylbismuth compounds include compounds 1-9. All these compounds 
are prepared in moderate yield by metathesis reaction between Ar2BiX (X = 
CI, Br) and AgBF4, AgC104 or T1PF6 in the presence of the corresponding 
Lewis base [79JOM( 166)365, 93JOM(460)C22, 96JCS(D)443]. Compound 9 
is air- and moisture-stable, soluble in polar solvents such as acetone and 
ethanol, but insoluble in non-polar organic solvents [79JOM( 166)365]. 

L 
A K I 

Bi-
Ar-" I 

L 

1; Ar = Ph, L = P y , X = BF4 6; Ar = 
2; Ar = Ph, L = P y , X = PF6 7; Ar = 
3; Ar = Ph, L = HMPA, X = BF4 8; Ar = 
4; Ar = Ph, L = HMPA, X = PFg 9; Ar = 
5; Ar = ^ o l , L=HMPA, X = PFfi 

Mes, L=HMPA, X = PF6 
Ph. L = Ph3P=0, X = BF4 
Mes, L = Ph3P=0. X = PFQ 
Ph, L = Ph3As=0, X = CIO4 

In addition, an intramolecularly coordinated cationic diorganylbismuth 
compound, bis [2-(MiV-dimethylaminomethyl)phenyl]bismuth hexafluoro-
phosphate 10, has been prepared in 65% yield by the action of TlPFg on the 
corresponding chlorobismuthine [970M3597]. 

NMe? 

d>.«' TIPF« 
A-NMe. 

MeaN 

10 

w / 
PFfi 

'H, ' T and 'T-NMR spectral data are available for almost all cationic 
diorganylbismuth compounds. The most characteristic are ^H-NMR signals 
due to the deshielded protons; generally, o-, m-, and p-protons of compounds 
1-5 and 7 are observed at 8 8.2, 7.7 and 7.4, respectively [96JCS(D)443]. 
Compound 9 exhibits IR absorptions at 1090 and 625 cm"^ due to the C104̂  
ion, 835 cm~^ due to AsO stretching vibration, and 378 cm"^ due to Bi-O 
stretching vibration, which suggests that the cationic center has a C2V geometry 
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in the solid state [79JOM( 166)365]. X-Ray structure analysis of compounds 3, 
4, 6 and 7 have elucidated that these four compounds possess a four coordi
nated disphenoidal geometry, in which two aryl groups occupy equatorial 
positions and two Lewis base ligands occupy axial positions 
[96JCS(D)443]. For example, the average Bi-C bond length and C-Bi-C 
bond angle are 2.211 A and 94.3°, respectively. The HMPA ligands coordinate 
with an average Bi-O distance of 2.336 A and O-Bi-0 angle of 172.4(2)° 
[96JCS(D)443]. 

(b) Anionic diorganylbismuth compounds (bismuthate complexes) Known 
anionic diorganylbismuth compounds which contain the Bi-pnictogen or Bi-
chalcogen bond include compounds 1-5. Compounds 1 and 2 are prepared by 
metathesis reaction between Ph2BiCl2 with the corresponding sodium 
pseudohalide, NaNs or NaSCN. [79JOM( 166)365] 

M^ : -Bi 

L 
I /Ph \^ 
\ Ph 

1;M = Et4N, L=N3 
2 ;M = Et4N. L = S C N 
3; M = Me2NH(CH2)2NMe2. L = CF3CO2 
4; M = Me2NH(CH2)3NMe2. L = CF3CO2 
5;l\/l = Ph4Bi, L = CF3C02 

Compound 5 can be obtained by three different procedures; (i) reaction of 
pentaphenylbismuth PhsBi and phenylbismuth bis(trifluoroacetate) 
PhBi(02CCF3)2, (ii) reaction of tetraphenylbismuth trifluoroacetate 
Ph4Bi02CCF3 and diphenylbismuth trifluoroacetate Ph2Bi02CCF3, and (iii) 
tetraphenylbismuth trifluoroacetate Ph4Bi02CCF3 and triphenylbismuth 
bis(trifluoroacetate) Ph3Bi(02CCF3)2 in 86, 68 and 50% yield, respectively 
[84HCA586]. 

PhsBi + PhBi(02CCF3)2 

Ph4Bi02CCF3 + Ph2Bi02CCF3 

Ph4Bi02CCF3 + Ph3Bi(02CCF3)2 

86% 

68% 
- * Ph4Bi^ 

50% 

CF3 

:-Bk 

CF3 

.Ph 

> h | 

Compounds 3 and 4 are generated by disproportionation of the correspond
ing phenyltetrakis(trifluoroacetato)bismuthate [PhBi(02CCF3)4]^" deriva
tives; however, attempts to isolate compounds 3 and 4 have failed probably 
because of their subsequent disproportionation reactions [94JCS(D)2545]. 

The IR spectra of compounds 1, 2 and 5 are recorded; 1 shows a very strong 



Ch. 2 Organobismuth(III) compounds with Bi-group 15 or 16 element bonds 105 

IR absorption at 2010 cm"^ due to the antisymmetric N3 stretching, while 2 
shows IR absorptions at 2030 (CN stretching) and 470 cm~^ (NSC bending 
vibration), indicating the presence of A -̂bonded NCS groups 
[79JOM( 166)365]. The IR spectrum of compound 5 exhibits absorptions at 
1680 and 1180-1120 cm"^ [84HCA586]. 

2[Hdam][Ph2Bi(02CCF3)2] < 2[Ph2Bi(02CCF3)] + 

[H2dam][02CCF3]2 + dam 

2[Hdam][02CCF3] . [H2dam][02CCF3]2 + dam 

dam = Me2N(CH2)«NMe2 {n = 2, 3) 

Compounds 1 and 2 show Raman bands in acetone at 280 and 235 cm~\ 
respectively, due to the Bi-X symmetric stretching mode. The mass spectrum 
of compound 5 contains characteristic signals due to Ph2Bi(02CCF3)2^, Ph4Bi, 
Bi2'̂ , PhBi02CCF3^ and Ph2Bi+ ions. 

X-Ray structure analysis of compound 5 revealed that the geometry of the 
bismuthate unit is described best as a trigonal bipyramidal structure with a 
stereochemically active lone pair of electrons. Two phenyl groups occupy the 
equatorial sites in a propeller fashion, and two trifluoroacetoxy groups occupy 
the apical sites. The average Bi-C bond length and C-Bi-C angle are 2.25 A 
and 95°, respectively, and the average Bi-0 bond length and O-Bi-0 bond 
angle are 2.39 A and 172°, respectively. The carbonyl oxygen atom of one 
trifluoroacetate group is oriented toward the counter cation Ph4Bi^, with the 
Bi-0 distance of 3.11 A [84HCA586]. 
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2.22. Dibismuthines and dibismuthenes 

Dibismuthines R2BiBiR2 are a type of compound which contain a bismuth-
bismuth bond. They have characteristic physical and chemical properties due 
to the Bi-Bi bond. The most interesting is thermochromism: when melted or 
dissolved in organic solvents, some dibismuthines show drastic color changes. 
Recent studies have revealed that the intermolecular Bi--Bi interaction of 
dibismuthines in the solid state has a significant influence on this phenom
enon. The Bi-Bi bond is cleaved easily by the attack of various reagents. 
Recently, oligomeric organylbismuth (I) compounds, (RBi)3 and (RBi)4 
were reported to exist. They form small ring structures with Bi-Bi bondings, 
and there is an equilibrium between these two compounds in a solution. 

In contrast to dibismuthines, the chemistry of dibismuthenes RBi=BiR 
remained almost untouched until very recently. In this section, the latest 
study of a dibismuthene is also discussed. 

2.2.2.7. Methods of synthesis of dibismuthines (Table 2.10) 
In 1922, Denham examined the reaction between bismuth suboxide BiO 

and methyl iodide at 260-262°C and claimed the isolation of "bismuth 
dimethyl, BiMe2" as a distillate of the reaction mixture [21JA2367]. In 
1935, Paneth et al. reported the first synthesis of thermochromic "bis(di-
methylbismuth)" by the reaction of methyl radical with bismuth metal 
[35JCS366]. Later, Ashe et al. investigated this compound and isolated 
tetramethyldibismuthine as a thermolabile compound [82OM1408]. Since 
then, several methods have been reported for the preparation of this type 
of compound; all manipulations need to be performed under nitrogen or 
argon, since dibismuthines are so air-sensitive and react rapidly with 
oxygen. Tetraorganyldibismuthines are prepared mainly in the same 
manner as the corresponding distibines. Thus, the reaction of triorganyl-
bismuthines with sodium in liquid ammonia gives sodium diorganylbis-
muthides as a red solution, which on treatment with 1,2-dichloroethane, 
affords tetraorganyldibismuthines (methods A and B). Treatment of dior-
ganylbismuth halides with sodium in liquid ammonia also affords dibis
muthines (method C). The improved preparation of a dibismuthine 
involves the reduction of diphenylbismuth iodide with dicyclopentadienyl 
cobalt(II), where the reaction can be carried out in THF (method D). 
Dimerization of bismabenzene forms a bicyclic dibismuthine which, 
however, cannot be isolated (method E). 
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(a) Via reaction of sodium bismuthides and dihaloethane (method A) 

Synthesis of tetramethyldibismuthine 

(CH2CI)2 
MesBi + Na *- Me2BiNa ^ Me2BiBiMe2 

liq. NH3, -33°C 

Action of sodium metal (0.5 g, 22 mmol) on trimethylbismuthine (2.9 g, 11 mmol) in 
liquid ammonia (100 ml) at — 33°C gave sodium dimethylbismuthide as a red solution. 
After the addition of 1,2-dichloroethane (1.1 g, 11 mmol), ammonia was allowed to 
evaporate. The residue was extracted with pentane and filtered off. Three recrystallizations 
of the product from pentane at — 20°C gave pure tetramethyldibismuthine (2.6 g, 70%) 
[82OM1408]. 

(b) Via reaction of lithium bismuthides and dihaloethane (method B) 

Synthesis of tetrakis(triniethylsilyl)dibismuthine 

(CH2Br)2 
(Me3Si)2BiU (THF)2 pentane.-30 ° c ' (Me3Si)2BiBi(SiMe3)2 

A solution of lithium bis(trimethylsilyl)bismuthide-2 THF (25.3 g, 50 mmol) in pentane (100 
ml) was added slowly to a cooled (-30°C) solution of 1,2-dibromoethane (4.7 g, 25 mmol) in 
the same solvent (100 ml). As the reaction proceeded, lithium bromide precipitated from a 
yellowish orange reaction mixture. Liberated ethylene gas (24.6 mmol) was collected into an 
inverted stand cylinder above water. After completion of the reaction, the precipitate was 
filtered off and washed successively with pentane. The volatiles were distilled off in vacuo at 
20°C to leave a solid residue, which was recrystallized from pentane. The yield was 13.5 g 
(76%) [82ZN(B)91]. 

(c) Via reaction of halogenodiorganylbismuthines and sodium metal 
(method C) 

Synthesis of tetraphenyldibismuthine 

Sodium metal (0.23 g, 10 mmol) was added piecewise to a well stirred mixture of chlorodi-
phenylbismuthine (3.58 g, 10 mmol) in Uquid ammonia (100 ml). By warming to 0°C, ammonia 
was evaporated from the resulting green-black solution. The residue was taken up in toluene (25 
ml) and filtered off. On addition of methanol (10 ml), the dibismuthine separated from the 
solution as air-sensitive red crystals (1.55 g, 45%) [830M1859]. 
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(d) Via reaction of halogenodiorganylbismuthines and dicyclopentadienyl-
cobalt(II) (method D) 
Synthesis of tetraphenyldibismuthine 

To a solution of iododiphenylbismuthine (8.806 g, 17.97 mmol) in THF (250 ml), dicyclopen-
tadienylcobalt(II) (3.368 g, 17.83 mmol) dissolved in the same solvent was added drop wise at 
room temperature over a period of 5 min. After stirring for 10 min, the precipitated dicyclo-
pentadienyl iodocobalt(III) was filtered off and the orange solution was evaporated to dryness 
under reduced pressure at room temperature. The residual solid was recrystallized from dry hot 
ethanol (600 ml). The dibismuthine obtained as orange needles was collected by filtration and 
dried in vacuo. Yield 80% [88IC3730]. 

(e) Via dimerization of bismabenzenes (method E) 

Synthesis of bismabenzene dimer 

o DBU 
THF,-78°C 

Bi 
I 

CI 

To a solution of l-chlorobismacyclohexa-2,5-diene (0.800 g, 2.6 mmol) in THF (100 ml) was 
added DBU (0.288 g, 2.3 mmol) at -78°C in THF (50 ml). The base precipitated as hydro
chloride. The resulting organylbismuth compound was identified as a [4 + 2]-dimer of bisma
benzene by ^H-NMR THF-Jg at -78°C. On warming the reaction mixture to - 10°C, however, 
the dibismuthine turned into monomeric bismabenzene [82JA5693]. 

(f) Via reaction of dichloromethylbismuthine and lithium phosphide 
complex (method F) 

Synthesis of cw-Mo(CO)4(PMe2-BiMeBiMe-PMe2) complex 

/̂l Me 

MeBiCl2 + c/s-(C0)4 Mo(Me2PLi)2 »• cis-(CO)AMo ?''^® 
ether,-70 °C ^ ^^ V - B i M e 

Me 

c/5-Tetracarbonyl bis(lithium dimethylphosphide) molybdenum (10.0 mmol), prepared by 
deprotonation of c/^-tetracarbonyl bis(dimethylphosphine) molybdenum with butyllithium or 
methyllithium, was treated with an equivalent amount of dichloromethylbismuthine (3.15 g, 
10.7 mmol) in diethyl ether (15 ml) at -70°C. The reaction mixture was stirred at -70°C for 2 
h, then allowed to warm to room temperature for 2-3 h, and stirred subsequently at this 
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temperature for 4-5 h. The volatiles were removed in vacuo to leave a residue, which was 
suspended in dichloromethane, and the insoluble part was separated by means of a centrifuge. 
The residue after the operation was subjected to thin-layered chromatography using a mixture 
of pentane and dichloromethane (1:3) as an eluent. The yield of the dibismuthine was 0.225 g 
(3%) [77CB3430]. 

(g) Via reduction of an alkyldichlorobismuthine (method G) 

Synthesis of bis(trimethylsilyl)niethyldibismuthine trimer and tetramer 

(Me3Si)2CHBiCl2 ^ [(Me3Si)2CHBi]n (n = 3, 4) 

THF 

At -SOT a solution of (Me3Si)2CHBiCl20.5Et2O (1.48 g, 3.11 mmol) in THF (20 ml) was 
added dropwise with stirring to magnesium filings (0.25 g, 10.28 mmol) activated with 1,2-
dibromoethane in THF (10 ml). Thereafter the mixture was warmed to -35°C, stirred for 6 h at 
-35°C and 1 h at - 15°C. The solvent was removed in vacuo and the residue was extracted with 
petroleum ether (250 ml). The dark brown solution was filtered at -10°C through a frit and 
concentrated to dryness. After removal of the solvent a dark brown solid consisting of a trimer 
and tetramer of the title compound remained. Yield 0.78 g, 68% [98AG(E)3175]. 
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2,2.2.2. Physical properties of dibismuthines 
There is a leading review on the thermochromism and other physical prop

erties of dibismuthines [90AOC(30)77]. Suitably substituted binuclear 
compounds of the heavier main group elements often associate in the solid 
state. These compounds exhibit short intramolecular contacts which indicate 
the formation of secondary intermolecular bonding. One of the most interest
ing characteristics of dibismuthines is the dramatic change in color on melting 
the solid (thermochromism). However, the intermolecular bonding is rather 
sensitive to substitution pattern, so the thermochromic effect is not always 
observed for all dibismuthines (see Table 2.10). 

Most known dibismuthines are red in color, both in liquid form and in 
solution in organic solvents. A series of tetravinyldibismuthines show absorp
tion maxima in the range 270-330 nm, but spectral assignments have not been 
made yet. On crystallization, non-thermochromic dibismuthines show little 
visual color change. The solid colors of two dibismuthines, tetrakis(2-methyl-
l-propenyl)dibismuthine and tetraphenyldibismuthine, have been character
ized by diffuse reflectance [830M1859, 83CC507]. In both cases, only modest 
changes in the absorption maxima are observed between the solid and a solu
tion. On the other hand, the intense colors shown by the solid phases of the 
thermochromic dibismuthines are red, shifted by 300-370 nm from their 
solution phase maxima [830M1859, 840M495, 870M1185]. Thus, tetra-
kis(2,4,6-trimethylphenyl)dibismuthine exists as a reddish brown solid, 
which reversibly becomes pink-colored on cooling with liquid nitrogen. The 
UV-Vis spectrum of this dibismuthine shows two absorption maxima at 350 
and 530 nm. Even when cooled with liquid nitrogen, it does not show any shift 
of the absorption maxima [95ZN(B)735]. 

Structural data are now available for four dibismuthines: thermochromic 
tetrakis(trimethylsilyl)dibismuthine [83ZAAC(506)42], tetramethyldibis-
muthine [88ZN(B)952] and 2,2^,5,5'-tetramethylbibismole [920M2743], 
and non-thermochromic tetraphenyldibismuthine [83CC507, 84JCS(D)2365, 
92AX(C)917]). As for thermochromic dibismuthines, there is a Bi-Bi-"Bi-Bi 

o 

chain structure; the intramolecular Bi-Bi bond is in the range 2.99-3.12 A, 
while the intermolecular Bi-Bi separation is in the range 3.58-3.80 A. Non-
thermochromic tetraphenyldibismuthine does not show any close intermole
cular Bi-Bi contacts. Electronic structure calculations have been carried out 
using both effective core potential and relativistically parameterized semi-
empirical molecular orbital methods for diorganylbismuthines and tetraorga-
nyldibismuthines [930M343]. 
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Raman spectroscopy is extremely useful for the characterizing of dibis-
muthines, since the Bi-Bi stretching vibrations give rise to intense, easily 
recognizable peaks. The î Bi-Bi stretching is close to 110 cm~^ for all dibis-
muthines irrespective of the thermochromic or non-thermochromic nature, 
and of the solid or liquid state [830M1859]. This insensitivity to the substitu
tion patterns suggests that these bands are largely due to the localized Bi-Bi 
vibrations. 

2.2.2,3. Chemical properties of dibismuthines 

Dibismuthines are very labile; they react readily with free radicals, electro-
philic and nucleophilic reagents, which all cleave the Bi-Bi bond. Some 
dibismuthines are thermolabile; tetramethyldibismuthine decomposes at 
25°C quantitatively into trimethylbismuthine and bismuth metal. The half-
life of this dibismuthine is approximately 6 h in a dilute benzene solution 
[82OM1408]. Tetraphenyldibismuthine [83CC507] and 2,2',5,5'-tetramethyl-
bibismole are stable up to 100°C [920M2743]. 

Thermal decomposition occurs more rapidly under ultraviolet irradiation or 
in a halogenated hydrocarbon such as chloroform or carbon tetrachloride. 
Even the thermostable tetraphenyldibismuthine does decompose in chloro
form at 25°C [830M1859]. These interesting findings are explained best by 
a free radical mechanism. 

Me2BiBiMe2 + BrCCIg ^ Me2BiBr + Me2BiCCl3 + MeaBi 

+ C2CI6 + Cl2C=CCl2 

Thus, the thermal decomposition of tetramethyldibismuthine in the 
presence of bromotrichloromethane may take place via the following chain 
mechanism, (i) Tetramethyldibismuthine decomposes first into two dimethyl-
bismuth radicals, (ii) These radicals react with bromotrichloromethane to form 
bromodimethylbismuthine bromide and a trichloromethyl radical, (iii) The 
trichloromethyl radical reacts with the dibismuthine to form dimethyl(trichlor-
omethyl)bismuthine and dimethylbismuth radical. The termination step is the 
self-combination of the trichloromethyl radicals. In fact, the major product of 
the reaction is bromodimethylbismuthine bromide and the second product is 
dimethyl(trichloromethyl)bismuthine. Trimethylbismuthine, hexachloro-
ethane and tetrachloroethylene are also formed in smaller quantities 
[830M1859]. 
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Me2BiBiMe2 

I 
Me2Bi' 

Me2BiCCl3, 

Me2BiBiMe2 

^^ ClaC* 

The reaction of tetramethyldibismuthine with hydrogen chloride affords 
hydrogen gas, bismuth metal, trimethylbismuthine and chlorodimethylbis-
muthine. These products are likely to be formed by the decomposition of 
thermolabile dimethylbismuthine, which can be detected at -78°C by ^H-
NMR measurement [830M1859]. 

Me2BiBiMe2 + HCI ^ Me2BiCI + [Me2BiH] ^ MesBi + H2 + Bi 

Tetramethyldibismuthine is cleaved with butyllithium to give lithium 
dimethylbismuthide and butyldimethylbismuthine. The former product reacts 
subsequently with butyllithium, eventually leading to all possible butyl-
methylbismuthines [830M1859]. The reaction of tetramethyldibismuthine 
and phenyllithium has been reported to give dimethylphenylbismuthine 
[84ZN(B)887]. 

The Bi-Bi bond is cleaved easily by the action of compounds containing the 
dichalcogen bond. Thus, bis(dipropylbismuth) oxide, sulfide, selenide and 
telluride are formed in good yields by the reaction of tetrapropyldibismuthine 
with elemental chalcogens [84JCS(D)2365, 86ZN(B)1129]. In a similar 
manner, tetraorganyldibismuthines react with diorganyl disulfides, diselenides 
and ditellurides to give the corresponding organylchalchogenobismuthines in 
good yields [84ZN(B)1668, 85ZN(B)848, 86JOM(308)289, 88IC3730]. 
Tetraphenyldibismuthine reacts with benzoquinone and diazomethane to 
yield the respective addition insertion products, l,4-bis(diphenylbismuthox-
y)benzene and bis(diphenylbismuthyl)methane [84JCS(D)2365]. In contrast 
to the diorganyl dichalchogenides, tetraorganyldibismuthine and tetraorganyl-
dipnictogens undergo a mutual element exchange reaction at 25°C both in a 
solution and as a neat liquid mixture. The formation of (dimethylarsino)di-
methylbismuthine Me2AsBiMe2 and (dimethylstibino)dimethylbismuthine 
Me2SbBiMe2 is observed by ^H-NMR from a solution of equimolar tetra
methyldibismuthine and tetramethyldiarsine or -distibine in C6D6, and their 
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equilibrium constants are estimated as 9 X 10"^ and 1.2, respectively 
[86JOM(303)197], although the isolation of these mixed dipnictogens has 
not been attempted. 

The reaction of tetramethyldibismuthine with iodine gives all possible 
iodo(methyl)bismuthines as well as elemental bismuth [830M1859]. Simi
larly, tetraphenyldibismuthine reacts with iodine to give iododiphenylbis-
muthine as the single product [84JCS(D)2365]. 

R2BiEBiR2 

E = O, S, Se. Te 

R'EER' 

R2BiER' 

E = S, Se, Te 

R2BiBiR2 

R2BiO OBiRo 

Me2EEMe2 
R2BiCH2BiR2 

R2BiEMe2 

E = As, Sb 

R2BiBiR2 

R^il(3.„) + Bi (R = Me) 

(n = 0 - 3) 

2R2Bil (R = Ph) 

The existence of oligomeric or polymeric monoorganylbismuthines, (RBi)„ 
has been discussed for a number of years. Reduction of PhBiBr2 with LiBH4 
has reported to generate (PhBi)„ as an oxygen-sensitive compound 
[57ZN(B)132]. Thermal decomposition of tetraethyldibismuthine leads to 
the formation of triethylbismuthine and poly(ethylbismuth) (EtBi)„ as a 
black solid [82AG(E)439]. These poly(organylbismuth) compounds cannot 
be isolated. An attempt to isolate a poly(organylbismuth) using 2,4,6-triphe-
nylphenyl group as an organyl substituent has failed [95JOM(485)141]. 

Very recently, trimer and tetramer of methylbis(trimethylsilyl)bismuthines 
[(Me3Si)2CHBi]„ (n = 3 and 4) were prepared by the reaction between the 
corresponding alkyldichlorobismuthine with magnesium in THF at -35°C 
[98AG(E)3175]. 
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Bi .Bi 
Rj_Bj • Ri-Bi ^Bi'iR R = (Me3Si)2CH 

R̂ "̂ 'R Bi 
R 

According to ^H-NMR measurements, there is an equilibrium between the 
trimer and tetramer with the equihbrium constant of 40 ± 5 mol/1 in C6D6 at 
23°C. On cooUng the solution, black crystals of tetramer are deposited. Both 
compounds are air-sensitive and thermolabile; they can be kept for several 
months at -28°C, but they easily decompose at ambient temperature. In a 
solution, a cis-trans and an dX\-trans structure is suggested by ^H-NMR for the 
trimer and tetramer, respectively. The structure of the tetramer was elucidated 
by an X-ray crystallographic analysis to show that each molecule contains a 
folded four-membered bismuth ring. The Bi-Bi bond lengths are in the range 
2.970(5)-3.044(2) A, and the Bi-Bi-Bi bond angles are very small which fall 
in the range 78.97(8)-79.93(6)°. In addition, the molecule has a transannular 
interaction with Bi-Bi distance of 3.834 and 3.859 A. 

2.2.2.4. Dibismuthenes 

Dibismuthenes are compounds possessing the Bi=Bi double bond. The 
possible existence of this type of compound had been predicted earlier by 
theoretical calculations [90CC1724]. Tokitoh et al. were successful in isolat
ing the first example of a stable dibismuthene, TbtBi=BiTbt 1 where Tbt 
denotes the 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl group. The dibis
muthene is obtained as poorly soluble deep purple single crystals by the 
deselenation of a triselenatribismane with hexamethylphosphorous triamide 
in toluene at 100°C in a sealed tube [97SCI(277)78]. 

Ar̂  1; Ar = 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl 
Bi=Bi 2; Ar = 2,6-bis(2,4,6-trimethylphenyl)phenyl 

^ r 3; Ar = 2,6-bis(2,4,6-triisopropylphenyl)phenyl 

Very recently, two novel dibismuthenes 2 and 3 stabilized by 2,6-
bis(2,4,6-trimethylphenyl)phenyl and 2,6-bis(2,4,6-triisopropylphenyl)phe-
nyl groups, respectively, have been prepared by the reduction of the corre
sponding aryldichlorobismuthines with potassium and fully characterized 
[99JA3357]. 
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(a) Via deselenation of a triselenatribismane (method A) 

Synthesis of 1,2-bis{2,4,6-tris[bis(trimethylsilyl)methyl]phenyl}dibismuthene 

^ CH(SiMe3)2 

Se^'^Se (Me2N)3P Ar, >=::\ 

. ^ i Bi PhMe100°C • ^ - \ Ar = - ^ ( ^ C H ( S i M e 3 ) , 
Ar ^Se Ar Ar / — 

CH(SiMe3)2 

A mixture of 2,4,6-tris{2,4,6-tris[bis(trimethylsilyl)methyl]phenyl}-l,3,5-triselena-2,4,6-tri-
bismane, hexamethylphosphorous triamide and toluene were heated in a sealed tube at 
100°C to obtain the title dibismuthene as poorly soluble deep purple crystals [97SCI(277)78]. 

(b) Via reduction of aryldichlorobismuthines (method B) 

Synthesis of l,2-bis[2,6-bis(2,4,6-triisopropylphenyl)phenyl]dibismuthene 

Ar, 
ArBiCl2 

A solution of 2,6-bis(2,4,6-triisopropylphenyl)phenyldichlorobismuthine (1.00 g, 1.31 mmol) 
in hexane/toluene (3:1, 80 ml) was added to a stirred suspension of finely divided potassium 
(0.103 g, 2.63 mmol), and the mixture was stirred overnight. The solution developed a deep 
purple color, and all the potassium was consumed. The solution was filtered under a nitrogen 
atmosphere and concentrated to ca. 40 ml under reduced pressure. Cooling in a freezer at 
-20°C overnight afforded deep purple crystals (0.90 g, 83%) [99JA3357]. 

Compound 1 is stable in the solid state; its purple color is kept for several 
hours under atmospheric conditions. It is slowly oxidized by atmospheric 
oxygen to give 1,3,2,4-dioxadibismuthene (TbtBiO)2 as colorless crystals in 
quantitative yield; the oxidation proceeds rapidly in solution [97SCI(277)78]. 
High thermal stability of compounds 2 and 3 has been reported, though there is 
no information on their reactivity [99JA3357]. 

The dibismuthene 1 shows two absorption maxima at X̂ ax 660 and 525 nm 
in hexane, suggesting the double bonding nature of the Bi-Bi bond even in 
the solution. UV-Vis spectra of dibismuthenes show absorption maxima at 
m̂ax 970 and 505 nm for 2 and 1025, 913 and 518 nm for 3 in hexane, 

respectively [99JA3357]. The Fourier transformation Raman spectrum of 1 
exhibits a strong band due to the Bi=Bi stretching at 134 cm'^ 
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[97SCI(277)78], which is 31 cm~^ shorter than that of the Bi-Bi bond (103 
cm~^) in Ph2BiBiPh2 [830M1859]. 

Molecular structures of two dibismuthenes have been determined by X-ray 
crystallography. Dibismuthene 1 exists as the trans form with a center of 
symmetry, and the sterically protecting Tbt groups surround the Bi=Bi 
bond effectively in order to prevent its oligomerization. The bond length 
and angles around the Bi=Bi bond in 1 offer important structural information; 
the Bi=Bi bond length of 2.8206(8) A is 6% shorter than that of the Bi-Bi 
single bond (2.990(2) A) in Ph2BiBiPh2 [84JCS(D)2365], while the Bi=Bi-C 
bond angle of 100.5(2)° is considerably larger than that of Ph2BiBiPh2 (90.9(5) 
and 91.6(5)°) [97SCI(277)78]. The basic structure of dibismuthene (2) is 
similar to that of 1: the structure of 2 possesses a center of symmetry in the 
middle of the Bi=Bi bond. The Bi=Bi bond length and the Bi=Bi-C bond 
angle are estimated at 2.8327(14) A and 92.5(4)°, respectively [99JA3357]. 

2.2.3. Monoorganylbismuth compounds 

Compared with the chemistry of diorganylbismuth compounds R2BiX dealt 
with in Section 2.2.1, the chemistry of monoorganylbismuth compounds 
RBiX2 has not been studied in detail except for compounds which contain 
Bi-S bonds. 

2.2.3.1. Methods of synthesis (Tables 2.11-2.15) 

(a) Via nucleophilic substitution of dihalogenoorganylbismuthines (method 
A) 

Synthesis of phenylbismuth diethoxides 

(\ )^BiBr2 + NaOEt ^ / )^Bi(0Et)2 
\_J/ EtOH,-50~-10°C \^ // 

To a solution of dibromophenylbismuthine (8.92 g, 20 mmol) in ethanol (50 ml) cooled to 
—50°C was added dropwise a solution of sodium ethoxide (prepared from sodium 0.92 g in 
ethanol), and the reaction mixture was allowed to warm to -10°C gradually. As the reaction 
proceeded, sodium bromide and phenylbismuth diethoxide precipitated as a white solid. The 
reaction mixture was allowed to stand at room temperature for a short time and then filtered to 
remove sodium bromide. The filtrate was rapidly cooled to -20°C to give phenylbismuth 
diethoxide as a colorless microcrystalline solid, which was filtered at low temperature and 
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dried in vacuo. The reaction was quantitative, but the yield of the product was 2.1 g (28%) due 
to thermal decomposition during isolation [76ZAAC(423)47]. 

(b) Via nucleophilic substitution of dialkoxyorganylbismuthines (method B) 

Synthesis of methylbismuth dithiolates 

RSH 
MeBiBr2 + NaOMe MeBi(0Me)2 ^ MeBi(SR)2 

50 °C r.t. 

To a solution of dibromomethylbismuthine (3.84 g, 10 mmol) in absolute methanol was added 
dropwise a solution of sodium methoxide (prepared from sodium 0.46 g, 20 mmol in methanol), 
and the resulting mixture was warmed gradually to 50°C. The precipitated sodium bromide was 
filtered off and a methanol solution of an appropriate thiol (20 mmol) was added dropwise to the 
filtrate at room temperature. The volatiles were removed off in vacuo and the residue was 
cooled to precipitate a yellow solid, which was filtered and recrystallized from ethanol. The 
yields of methylbismuth dithiolate from 2-propanethiol, 2-methyl-2-propanethiol, cyclohex-
anethiol and 4-methylbenzenethiol were in the range 57-75% [78ZAAC(439)139]. 

(c) Cleavage of the Bi-C bond with protic acid (method C) 

Synthesis of phenylbismuth oxalate 

o o 

To a solution of oxalic acid (0.61 g, 6.8 mmol) in acetone (50 ml) was added a solution of 
triphenylbismuthine (3.0 g, 6.8 mmol) in the same solvent (150 ml). The reaction mixture was 
heated under reflux for 2 h. The white precipitate was filtered off and washed with acetone 
several times. The combined filtrate and washings were concentrated to give phenylbismuth 
oxalate in 82% yield [80ZN(B)1000]. 

(d) Via disproportionation of diorganylbismuth compounds (method D) 

Synthesis of phenylbismuth bis(dimethyldithiocarbamate) 

Chlorodiphenylbismuthine (10 mmol) was treated with sodium dimethyldithiocarbamate dihy-
drate (10 mmol) in chloroform (50 ml) for 1 h at 25°C to give phenylbismuth bis(dimethyl-
dithiocarbamate) in 84% yield; the other product was triphenylbismuthine (64%) 
[68JOM( 11)627]. 
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Synthesis of phenylbismuth bis(pyridine-l-oxide-2-thiolate) 

o. 
o 

Diphenylbismuth acetate (164.7 g, 390 mmol) and sodium pyridine-l-oxide-2-thiolate (59.7 g, 
390 mmol, 97.3% active) were stirred in DMF (3900 ml) for 15 min at 32°C, and then heated 
with stirring at 65°C for 1.25 h. The resulting yellow solution was filtered and the filtrate was 
mixed with dichloromethane and water (1:1:2). The bottom layer was separated and cooled in 
an ice bath. Yellow crystals of the crude product were washed successively with ether and 
water, and then dissolved in warm A ,̂A^-dimethylacetamide (ca. 60°C). When the warm solution 
was filtered normally, small amounts of a solid were observed and shown to be largely bismuth 
tris(pyridine-l-oxide-2-thiolate). By adding water, phenylbismuth bis(pyridine-l-oxide-2-thio-
late) was precipitated, collected by filtration and washed three times with water and ether. The 
yield of the product was 42% [72JCS(D)1120]. 

(e) Via insertion of a hetero element component into the Bi-heteroatom 
bond (method E) 

Synthesis of methylbismuth bis(O-alkyldithiocarbonate) 

l\/leBiBr2 + NaOR • MeBi(0R)2 ^ - ^ M e - B i 4 s ^ 
^ S ^2 

Dibromomethylbismuthine (3.84 g, 10 mmol) was treated with sodium alkoxide (methoxide, 
ethoxide or isopropoxide; 20 mmol) in the corresponding alcohol to give methylbismuth 
dialkoxide and sodium bromide. The latter was removed by filtration and freshly distilled 
carbon disulfide (ca. 10 ml) was added to the filtrate. The mixture was heated under gentle 
reflux and turned dark brown to black. After 10 min, the mixture was filtered, decolorized, and 
evaporated to remove the solvent. The residue was carefully recrystallized from an appropriate 
solvent, avoiding too long and vigorous heating. The yield of methylbismuth bis(0-alkyldithio-
carbonate) was 3 8 ^ 3 % [78ZAAC(439)139]. 

(f) Alkylation of inorganic bismuth compounds (method F) 

Synthesis of (2,2-diphenylethyl)bismuth bis(benzenethiolate) 

(PhS)3Bi 
Ph2CHCH2C02N I ^ Ph2CHCH2Bi(SPh)2 

^ y S PhCI,110°C 

S 

A degassed solution of 2,2-diphenylethyl thiohydroxamate (0.153 g, 0.43 mmol) and bismuth 
tris(benzenethiolate) (0.463 g, 0.86 mmol) in dry chlorobenzene (20 ml) was heated at 110°C 
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for 2 h under an inert atmosphere. The solvent was then removed in vacuo, and the residue 
purified by flash chromatography on silica gel, first eluting with pentane-dichloromethane (4:1) 
to remove diphenyl disulfide, then with pentane-dichloromethane (1:9) to obtain (2,2-diphe-
nylethyl)bismuth bis(phenyUhiolate) as a yellow crystalline solid (0.210 g, 80%) [89T2615]. 

(g) Via oxygenation of a dibismuthene (method G) 

Synthesis of 2,4-bis{2,4,6-tris[bis(trimethylsiIyl)methyl]phenyl}-l,392,4-dioxadibismuth-
ene 

Ar 
CH(SiMe3)2 

Bi=Bi ^ A r - B i Bi-Ar Ar = — ( \ / ^CH(SiMe3)2 
Ar Ô̂  y ^ 

CH(SiMe3)2 

Crystals of l,2-bis{2,4,6-tris[bis(trimethylsilyl)methyl]phenyl}dibismuthene were exposed to 
air at room temperature for several days to give the title 1,3,2,4-dioxadibismuthene as crystals 
in good yield. The reaction proceeded more rapidly in solution [97SCI(277)78]. 

(h) Via metathesis reaction (method H) 

Synthesis of phenyltetrakis(hexamethylphosphoramido)bismuth bis(hexafluorophos-
phate) 

< ^ ^ ^ B i B r ^ TIPF '^^^^'^"=° Bi-
L" 47°'-7L 

2+ 

(PF6')2 

L = (Me2N)3P=0 

Hexamethylphosphoramide (HMPA; 0.16 ml, 0.924 mmol) was added dropwise to a stirred 
solution of dibromophenylbismuthine (0.206 g, 0.464 mmol) in THF (5 ml) at room tempera
ture, which resulted in a colorless solution. Subsequent addition of thallium hexafluorophos-
phate (0.162 g, 0.464 mmol) in THF (6 ml) immediately led to the formation of a pale yellow 
precipitate. The mixture was stirred for 30 min and then filtered through a Celite bed, resulting 
in a slightly cloudy filtrate, which was concentrated under vacuum to about 5 ml. Hexane (20 
ml) was added as an overlayer and the solvent diffusion over a period of days at -30°C gave the 
complex as colorless crystals in 30% yield [96JCS(D)443]. 

2.2.3.2. Properties 
2.2.3.2.1. Monoorganylbismuth compounds with Bi-N bonds (Table 2.11) 

By the reaction of Me2BiBr containing 20% of MeBiBr2 with Hthium 
(trimethylsilyl)methylamide in hexane at 0°C, methylbismuth bis[(trimethyl-
silyl)methylamide] is obtained in 43% yield. The accompanying dimethylbis-
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muth (trimethylsilyl)methylamide (38%) is separated by fractional distilla
tion; the former compound boils at 70-7rC/0.1 mmHg and the latter at 31 -
32°C/0.1 mmHg. These compounds are not sensitive toward oxygen and 
moisture [66JOM(6)259]. By treatment of PhBiBr2 with silver bis(methane-
sulfonyl)amide AgN(S02Me)2, phenylbismuth bis(methanesulfonyl)amide 
PhBi[N(S02Me)2]2 is prepared in 39% yield [95ZAAC(621)1746]. 

TABLE2.il 
Monoorganylbismuth compounds with Bi-N bonds 

Bi-N compound 

MeBi[NMe(SiMe3)]2 
PhBi[N(S02Me)2]2 

Synthetic 
method'' 

A 
A 

Yield 
(%) 

43 
39 

M.p. (°C) or b.p. 
(°C/mmHg) 

70-71/0.1 
123 (decomp.) 
[MeCN/Et20] 

Physical 
data 

'H-NMR 
^H-NMR 

Reference 

[66JOM(6)259] 
[95ZAAC(621)1746] 

^ For notation, see Section 2.2.3.1. 

Me2BiBr + Li—N 
SiMes 

Me Hexane, 0 °C 

SiMea SiMea 
l\/leBi4N + Me2Bi-N 

Me 

43% 

Me 

38% 

2.2.3.2.2. Monoorganylbismuth compounds with Bi-0 bonds (Table 2.12) 

(a) Organylbismuth oxides Polymeric phenylbismuthine (PhBi)„ prepared 
from PhBiBr2 and LiBH4, is reported to react with atmospheric oxygen to give 
polymeric phenylbismuth oxide (PhBiO)„ as a white solid. However, these 
compounds are not well characterized [57ZN(B)132]. By atmospheric 
oxidation of dibismuthene TbtBi=BiTbt, where Tbt denotes 2,4,6-
tris[bis(trimethylsilyl)methyl]phenyl group, a dimeric arylbismuth oxide, 
1,3,2,4-dioxadibismuthene (TbtBiO)2, is obtained as colorless crystals in 
quantitative yield [97SCI(277)78]. 

(b) Organylbismuth dialkoxides The chemistry of organobismuth 
dialkoxides RBi(OR^)2 has been studied little. Wieber et al. have prepared 
methylbismuth diethoxide MeBi(0Et)2 in 87% yield by the action of sodium 
ethoxide on MeBiBr2 [76ZAAC(423)40]. Similarly, methylbismuth 
dimethoxide and diisopropoxide were prepared [78ZAAC(439)139]. 
Phenylbismuth diethoxide PhBi(OEt)2 is also prepared by this method. 
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though its yield is low (28%) [76ZAAC(423)47]. These alkoxides are 
considerably air- and moisture-sensitive and decompose easily at room 
temperature. By thermal analysis, the ethoxide has been found to 
decompose at 64°C. Thermal decomposition of PhBi(OEt)2 produces PhsBi 
and bismuth triethoxide Bi(0Et)3, and on treatment with thiols, the latter gives 
bismuth trithiolates Bi(SR)3 [76ZAAC(423)47]. These organobismuth 
dialkoxides are poorly soluble in aprotic solvents, but soluble in alcohols. 
The mass spectrum of MeBi(0Et)2 shows characteristic peaks due to M^, 
MeBiOEt"^, MeBi^ and EtOBi^ ions [76ZAAC(423)40]. The diethoxide 
reacts with various thiols and 1,2-diols to give the corresponding 
methylbismuth dithiolates (vide infra) and 2-methyl-l,3,2-dioxabismolanes 
in moderate to good yields. By this method, the following cyclic 
dialkoxides have been prepared; bismolane derivatives 1-5 
[76ZAAC(423)40]. Carbon disulfide converts the dialkoxides to the 
corresponding bis(dithiocarbonate)s (vide infra) in 30-40% yield 
[78ZAAC(439)139]. By metathesis reaction between MeBiBr2 and 
NaOSiMcs, methylbismuth bis(trimethylsilyloxide) MeBi(OSiMe3)2 is 
obtained as colorless needles after rapid sublimation. By gentle heating, it 
decomposes to bismuth oxide Bi203 and hexamethyldisiloxane (Me3Si)20. 
The disiloxide is soluble in benzene and ether [68ZAAC(363)84]. 

o o ^^ oJi^ o^^ 
Me-Bi " ] Me-Bi | Me-Bi | '^^ Me-Bi | Me-B 

O^ b^ b-^Me b^^. b 
Me ^ " 

1 2 3 4 5 

(c) Benzoxabismole carboxylates A series of monoorganylbismuth 
compounds containing the Martin ligand and a carboxylate unit have been 
prepared by Akiba et al. [92JA7906, 95HAC293, 95JA3922]. By the action of 
acetic or trifluoroacetic acid on l-aryl-3,3-bis(trifluoromethyl)-3if-2,l-
benzoxabismoles, compounds 6 and 7 have been prepared in almost 
quantitative yield via cleavage of the Bi-C bond. These and related 
compounds are tabulated in Table 4.2 and their chemistry is described in 
Section 4.2.1. 

CFQ CFQ 
FsCU 'o F 3 C ^ 3 Q 

/ ( I RCO2H , ( 

^ = / ^Ar -^, \ = / \ 7;R = CF3 
Bi 
I 

O2CR 

6; R = Me 
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(d) Organylbismuth dicarboxylates By substitution reaction between 
MeBiBr2 and sodium carboxylates, methylbismuth dicarboxylate 
MeBi(02CR)2 is obtained. By this methodology, methylbismuth diacetate 
and dipivalate have been prepared as white solids. These compounds are 
also accessible by the reaction between MeBi(0Et)2 and free carboxylic 
acids [83ZAAC(505)138]. MeBi(02CMe)2 is poorly soluble in common 
organic solvents; only DMSO can dissolve this compound well. It begins to 
decompose above 153°C endothermally with a wide temperature range. In 
contrast, the corresponding dipivalate is soluble in polar solvents and melts 
at exactly 89°C. This difference may be attributed to intermolecular 
coordination; in the case of diacetate, the oxygen atom of the acetoxy group 
interacts with the bismuth atom of a neighboring molecule. However, the 
steric bulkiness of the pivaloyl group rules out such an interaction. In both 
carboxylates, the C=0 stretching band appears at 1555 cm~^ 
[83ZAAC(505)138]. 

The use of triethylbismuthine Et3Bi for qualitative and quantitative deter
mination of active and acidic hydrogens has been examined. The bismuthine 
reacts with carboxylic acids such as acetic, chloroacetic, dichloroacetic, 
trichloroacetic, butyric, maleic and benzoic acids in an expected way. 
However, the identification of the respective products has not been performed 
[37JA935]. Similar cleavage of the Bi-C bonds in triarylbismuthines with 
carboxylic acids to arylbismuth dicarboxylates has been reported by Deacon 
et al. By this method, PhBi(02CMe)2, PhBi(02CCF3)2, 4-MeC6H4. 
Bi(02CMe)2, 4-MeC6H4Bi(02CCF3)2, 4-MeOC6H4Bi(02CCF3)2, 4-EtOC6H4. 
Bi(02CCF3)2 and MeBi(02CMe)2 are prepared. Unfortunately, there is no 
successful procedure as yet available for their purification, due to the high 
hydrolytic instability of aryl derivatives as well as high oxygen sensitivity of 
the methyl derivative [84AJC527]. These dicarboxylates undergo a subse
quent reversible ligand redistribution reaction to give an equilibrium mixture 
of R2Bi(02CR^) and Bi(02CR%; for example, the equilibrium constant of 
PhBi(02CMe)2 in DMSO has been estimated to be 0.90 at 37°C 
[84AJC527]. Therefore, no analytically pure dicarboxylates can be obtained 
by this acidolysis method. The solubility and yield of organylbismuth dicar
boxylates change depending on their substituent groups. In the case of p-
alkoxyphenyl derivatives, an inseparable mixture of Ar3Bi, Ar2Bi(02CCF3) 
and ArBi(02CCF3)2 is obtained. Phenylbismuth diacetate and dimaleate are 
prepared by a similar procedure from the corresponding acids in boiling ether. 
The latter product PhBi(02CCH=CHC02H)2 separates out from the reaction 
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mixture as a high meking soUd in 26% yield [90JCS(D)899]; the C = 0 
stretching bands are observed at 1585 and 1533 cm'^ [90JCS(D)899; 
93AOMC137]. 

With the reaction between Ph3Bi and aliphatic dicarboxylic acids such as 
oxalic, malonic, succinic and maleic acids in boiling acetone, cyclic organo-
bismuth dicarboxylates have been prepared as analytical pure samples. 
Depending on dicarboxylic acids, five-, six- and seven-membered cyclic 
compounds 8-11 are obtained in 15-99% yields. These products are white 
solids insoluble in common organic solvents, except for phenylbismuth 
maleate which is soluble in DMSO. In formic and acetic acids as well as in 
mineral acids, these compounds readily dissolve with decomposition to give 
the corresponding bismuth salts. The mass spectra of these cyclic compounds 
show peaks due to PhBi^, Bi^ and Ph-Ph^ fragment ions. Their IR spectra 
exhibit absorption bands at 1600 (C=0) , 1000, 1050, 730 and 690 (Bi-Ph) 
cm~' [80ZN(B)1000]. Known cyclic bismuth dicarboxylates are tabulated in 
Table 4.2. 

o 
Ph-Bi 

b 

8 

Similarly, mercaptocarboxylic acids (H2MC) react with bismuthines R3Bi to 
give the corresponding organobismuth mercaptocarboxylates RBiMc. The 
reaction between Me^Bi and H2MC in acetone always gives MeBiMc at all 
concentrations employed. However, the corresponding reaction with PhsBi 
depends on the reaction conditions: in CHCI3 and CHCls-MeOH, all Bi-C 
bonds are cleaved to form Bi(Mc)(HMc), whereas in dilute acetone solution, 
PhBiMc is obtained [81ZN(B)70]. 

(A) (B) ^ 12;X = Ph, R' = -CH2CH2-
13;X=Ph, R'=-CH(CI-b)-
14;X=Me, R' = -CH2-
15;X = Me, R'=-CHsCHg-
IS; X = Me. R'=-CH(CI-b)-
17;X = Me, R'=-C6H4-2-

From the reactions of Me^Bi or Ph3Bi with mercaptoacetic, 2- or 3-mercap-
topropionic and 2-mercaptobenzoic acids, compounds 12-17 are obtained as 
analytically pure samples in 43-77% yields. These compounds are insoluble 

0 0 
R._^/\ S -R- -< / \ 

-^S 0-Bi 0-B\j-

^ X 

X 0^ 
^Bi ^ q 

'S-R' Bi-S 
X R' 
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in common organic solvents, probably because of their polymeric nature. 
Their IR spectra exhibit absorption bands at 1520-1540 (v^,; CO2), 1340-
1385 (vsy; CO2), 455-465 (v; Bi-C) and 305-325 (v; Bi-S) cm~\ respectively 
[81ZN(B)70]. 

(e) Organylbismuth disulfinates Information is quite limited on the 
property of this type of compound. A dithionite structure has been ruled out 
[71J0M(32)C11]. When heated at 190°C for 5 h under 10"^-10'^ mmHg, 
phenylbismuth bis(benzenesulfinate) PhBi(02SPh)2 gives PhsBi under 
evolution of SO2. Bi(02SPh)3 and Ph2Bi(02SPh) also give PhgBi under 
similar conditions [71JOM(26)C10]. Phenylbismuth bis(benzenesulfinate) 
can be prepared from PhBiCl2 and NaS02Ph or from PhsBi and PhS02H. 
The reaction of an equimolar PhsBi and mercury bis(4-
methylbenzenesulfinate) Hg(02SC6H4-4-Me)2 in MeOH or CHCI3 has been 
reported to give PhBi(02SC6H4-4-Me)2 and Ph2Hg, although the experimental 
detail is not available. The IR spectrum of PhBi(02SC6H4-4-Me)2 shows a SO2 
stretching frequency at 925 cm "̂  as a broad band [72AJC2107]. 

2 Hg(02SC6H4-4-Me)2 
PhaBi ^ PhBi(02SC6H4-4-Me)2 + 2 PhHg02SC6H4-4-Me 

MeOH 

(f) Organylbismuth disulfonates The literature contains a few examples of 
organylbismuth disulfonates. Treatment of (4-MeC6H4)3Bi with 
benzenesulfonic acid in ether affords 4-methylphenylbismuth bis(phenyl-
sulfonate), 4-MeC6H4Bi(03SPh)2 in 92% yield. 4-MeC6H4Bi(03SC6H4-4-
Me)2 is formed as a minor product by the reaction between (4-MeC6H4)3Bi 
and gaseous SO3 in 1,2-dichloroethane at -10°C. The IR spectrum of 4-
MeC6H4Bi(03SPh)2 exhibits peaks at 1270 (v ŝ; SO3) and 1065 {v,y\ SO3) 
cm~^ [86ICA(113)43]. Disproportionation of PhBi(03SPh)2 to Ph3Bi and 
Ph2Bi(03SPh) in DMSO-J6 has also been reported. Recently, a preparation 
of phenylbismuth bis(trifluoromethanesulfonate) was reported, however, there 
is only limited information on its property [99TL285]. 
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2.2.3.2.3. Monoorganylbismuth compounds with Bi-S bonds (Table 2.13) 

(a) Organylbismuth dithiolates Organylbismuth dithiolate has not been 
studied much. Although the Uterature contains many examples of this type of 
compound, their chemical nature (especially their reactivity) has not been 
examined much. The simplest organylbismuth dithiolate, methylbismuth 
di(methylthiolate) MeBi(SMe)2, has been prepared by treatment of MeBiBr2 
with lithium methylthiolate in 76% yield [88ICA( 152)49, 88M1317, 
88BM(1)69]. The ' H - N M R spectrum of MeBi(SMe)2 in DMSO-^ shows 
signals at 8 1.29 (Bi-Me) and 2.79 (S-Me), while its MS spectrum exhibits 
peaks at 418 Bi.^, 318 M^, 303 [M-Me]^, 288 [M-2Me]^, 271 [M-SMe]^, 
256 [M-SMe2]^, 241 BiS^, 224 [M-2SMe]^, 209 Bi^ and 94 Me2S2̂  
[88M1317]. Wieber et al. have prepared this type of compound by the 
reaction between methylbismuth diethoxide MeBi(OEt)2 and aliphatic or 
aromatic thiols and 1,2-dithiols. The advantage of this method is that highly 
pure MeBi(SR)2 can be obtained in good yield [76ZAAC(423)40, 
78ZAAC(439)139]. Phenyl-bismuth diethoxide PhBi(OEt)2 can also be used 
for the preparation of PhBi(SR)2 [76ZAAC(423)47]. Using this methodology, 
the following compounds are prepared: methylbismuth bis(benzenethiolate), 
bis(ethanethiolate), bis(phenylmethanethiolate), bis(2-hydroxyethane-
thiolate), di(2-benzothiazolethiolate), and dithiabismolane derivatives 1 and 
2 [76ZAAC(423)40], methylbismuth bis(2-propanethiolate), bis(2-methyl-
2-propanethiolate), bis(cyclohexanethiolate), bis(4-methylbenzenethiolate) 
[78ZAAC(439)139], phenylbismuth bis(ethanethiolate), bis(phenylmethane-
thiolate), bis(benzenethiolate), bis(2-hydroxyethanethiolate) and compound 3 
[76ZAAC(423)47]. 

Me-Bi Me-Bi Tl 1 Ph-Bi 

1 2 3 

In contrast to the bismuthines with the Bi-0 bond, these organylbismuth 
dithiolates are soluble in common organic solvents and insensitive to moist
ure. However, they are thermally unstable and decompose easily above melt
ing point. They also decompose slowly in daylight [76ZAAC(423)47]. 

Eight-membered heterocyclic compounds are prepared by the reaction of 
MeBi(OEt)2 or PhBi(OEt)2 with bis(2-mercaptoethyl) sulfide and bis(2-
mercaptoethyl) ether in EtOH at low temperatures. Using this method, 
bismocanes 4-7 are obtained as yellow crystals in good yields 
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[85JOM(290)133]. These cyclic bismuth compounds are also tabulated in 
Table 4.2. 

4;R = Me, E = 0 

RBi(OEt), . E(CH,CH,SH), , , ^ , > R-Bi \ g i ^ l p j l r o 

^^^^ 7; R = Ph, E = S 

Their MS spectra show peaks due to M^, [M-R] ̂ , BiR^ and BiS^ fragment 
ions. The IR and Raman spectra exhibit absorption bands at 457-472 (v; Bi-
Me) and 240-302 cm~^ (v; BiS2). The X-ray crystal structure analysis of 
compound 6 has shown that its ring possesses the chair-chair conformation 
with a weak transannular Bi-O interaction of the Bi-O distance, 2.97(1) A. 
The Bi-S bond lengths are 2.560(2) and 2.602(3) A. There are two intermo-
lecular Bi--S contacts with distances of 3.440(3) and 3.509(3) A, which assign 
the bismuth center a i/^-monocapped octahedral geometry [85JOM(290)133]. 
Wieber et al. have prepared several organylbismuth dithiolates by the reaction 
of dibromoorganylbismuthine and sodium thiolates, which include 
compounds 8-12. These organylbismuth dithiolates possess relatively high 
melting points (134-256°C) [85ZAAC(520)59]. The metathesis reaction of 
diphenylbismuth acetate Ph2Bi02CMe with sodium l-oxopyridine-2-thiolate 
results in disproportionation to give thiolate 13 in 42% yield. This product can 
also be obtained by the reaction between diiodophenylbismuthine PhBil2 and 
sodium l-oxopyridine-2-thiolate [72JCS(D)1120]. The X-ray crystallographic 
study has shown that the bismuth center has a distorted octahedral structure 
with the c/5-configuration of sulfur and oxygen atoms. The Bi-S bond lengths 
are 2.635(9) and 2.712(6) A, and the Bi-O bond lengths are 2.51(2) and 
2.54(1) A, respectively [72JCS(D)1120]. 

F̂ h O" 

PhBi4s-^\ ^IJ! ) PhBi-hS^/ ^ 

Me 

RBi^sH])^ 

8; R = Me 
10;R = Ph 

RBi|s-</ " \ 

9; R = Me 
11;R = Ph 

V N / 2 '""'V \=J }2 
12 13 

Klapotke et al. have prepared several organylbismuth dithiolates of biolo
gical activity. By the reaction of lithium (2,6-dichlorobenzenethiolate) with 
MeBiBr2 at room temperature, methylbismuth bis(2,6-dichlorobenzenethio-
late) is obtained as yellow crystals in 71% yield. The antibiological activity of 
this dithiolate against bacteria, yeasts and molds has been examined; this 
compound possesses the ability to inhibit growth of bacteria [87ZN(B)940]. 
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By similar metathesis reaction, phenylbismuth bis(4-chlorobenzenethiolate) 
and methylbismuth bis(4-aminobenzenethiolate) are obtained as yellow to 
orange crystals. The latter thiolate has been functionalized by the action of 
methyl iodide to give methylbismuth bis(4-methylammoniobenzenethiolate) 
diiodide as a deliquescent red solid, the antibacterial activity of which is 10^ 
times more effective than methylarsenic bis(4-aminobenzenethiolate). Treat
ment of this diiodide with AgN03 or TINO3 gives the corresponding dinitrate. 
A hydrophilic ammonium benzenethiolate has been shown to possess some 
potential as a novel bactericide [87JOM(331)299]. 

The acidic cleavage of Bi-C bonds in triorganylbismuthines with thiols also 
produces organylbismuth dithiolates. The use of Et3Bi for the qualitative and 
quantitative determination of active and acidic hydrogens has been examined. 
This bismuthine can react with a variety of thiols such as butane-, heptane-, 
phenylmethane-, benzene-, 4-methylbenzene and 2-naphthalene-thiols, 1-
mercaptobenzothiazole, and thioacetic acid. However, identification of the 
resulting products has not been made [37JA935]. By the action of benze-
nethiol, PhsBi, (4-MeC6H4)3Bi and (4-ClC6H4)3Bi are transformed in moderate 
yields into PhBi(SPh)2, 4-MeC6H4Bi(SPh)2 and 4-ClC6H4Bi(SPh)2, respec
tively [51JA2880]. Phenylbismuth di(2-carbomethoxybenzenethiolate) and 
phenylbismuth thiosalicylate are prepared similarly. Thioglycolic acid can 
also cleave the Bi-C bonds of bismuthines, though the products are not 
obtained in pure form. Prolonged heating with an excess amount of thiol in 
boiling xylene causes cleavage of all three Bi-C bonds in Ph3Bi to afford the 
corresponding Bi(SR)3. Tris(l-naphthyl)bismuthine does not react with thio-
phenol even in boiling xylene, but diphenyl(l-naphthyl)bismuthine treated 
with thiophenol in boiling CHCI3 for 3 h gives 1-naphthylbismuth di(benze
nethiolate). The solubilities of these dithiolates are dependent on their substi-
tuent: phenylbismuth bis(2-carbomethoxybenzenethiolate) can be 
recrystallized from petroleum ether, whereas phenylbismuth thiosalicylate is 
not soluble in any organic solvent [51JA2880]. Treatment of Ph3Bi with an 
excess of 2-mercaptoaniline gives phenylbismuth bis(2-aminobenzenethio-
late) as a bright yellow solid. The mass spectrum of this dithiolate shows 
characteristic peaks due to M^, PhBi^ and [M-C6H4(S)NH2] ̂  ions. Its IR 
spectrum exhibits absorptions due to the Bi-S bond at 320 (Pas) and 305 (v^) 
cm"^ [83ICA(73)141]. 

By the reaction between Bi(SPh)3 and a carbon-centered radical R', gener
ated by decarboxylation of thiohydroxamate esters (the Barton reaction), an 
organylbismuth dithiolate can be prepared; a 1:2 mixture of 3-(3,3-diphenyl-
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propionoxy)-4-methylthiazole-2(3H)-thione and Bi(SPh)3 is heated at 110°C 
for 2 h in chlorobenzene under an inert atmosphere, and the resulting mixture 
is passed on a siHca gel column to afford 2,2-diphenylethylbismuth di(benze-
nethiolate) as yellow crystals [89T2615]. 

The biological activity is reviewed on five organylbismuth dithiolates, 
MeBi(SMe)2, MeBi(SC6H3-2,6-Cl2)2, PhBi(SC6H4-4-Cl)2, MeBi(SC6H4-4-
NH2)2 and [MeBi(SC6H4-4-NH2Me)2]^^[r]2. These dithiolates possess 
higher microbiological activity compared with PhsBi and Ph3BiCl2 
[88BM(1)69]. 

(b) Organylbismuth dithiocarbonates (xanthates) Treatment of 
methylbismuth dialkoxides MeBi(OR)2 with carbon disulfide gives the 
corresponding dithiocarbonates MeBi(S2COR)2 in moderate yield. 

CSo I S OR I 
MeBi(OR)2 —^ y\eB\\ ^ J2 

S 

By this procedure, methylbismuth bis(O-methyldithiocarbonate), bis(0-
ethyldithiocarbonate) and bis(O-isopropyldithiocarbonate) are obtained as 
colorless crystals. These compounds are soluble in common organic solvents 
and melt around 120°C; they decompose exothermally above the melting 
points. Since they decompose slowly in daylight, they should be kept under 
cooHng in the dark [78ZAAC(439)139]. The X-ray crystal structure analysis 
of phenylbismuth bis((9-methyldithiocarbonate) has shown that the bismuth 
center possesses a distorted octahedral structure with two pairs of short and 
long Bi-S bonds, 2.649(3) and 2.670(3) A, and 2.961(2) and 3.079(3) A 
[82ZAAC(485)217]. 

(c) Organylbismuth dithiocarbamates The metathesis reaction between 
chlorodiphenylbismuthine Ph2BiCl with sodium A ,̂7V-dimethyldithio-
carbamate NaS2CNMe2 in CHCI3 for 1 h at 25°C gives the 
corresponding dithiocarbamate PhBi(S2CNMe2)2 (84%) and PhsBi (64%), 
instead of the expected Ph2BiS2CNMe2. A similar reaction with 
NaS2CNEt2 gives a mixture of PhBi(S2CNEt2)2 (38%), PhaBi (46%) and 
Bi(S2CNEt2)3 (11%). The IR spectra of these dithiocarbamates show 
absorptions due to the CN stretching at 1502 (Me) and 1490 (Et) cm"\ 
respectively. The UV-Vis spectra exhibit absorption maxima at X̂ ax 259 
(Me) and 262 (Et) nm [68 JOM( 11)627]. Several organylbismuth 
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bis(diorganyldithiocarbamate)s are prepared by metathesis reaction 
between RBiBr2 and NaS2CNR^2 as yellow crystals, in moderate to good 
yields; this includes methylbismuth bis(dimethyldithiocarbamate), 
bis(diethyldithiocarbamate) and bis(piperidyl-dithiocarbamate), phenyl-
bismuth bis(dimethyldithiocarbamate), bis(diethyl-dithiocarbamate) and 
bis(piperidyldithiocarbamate) [79ZAAC(448)89]. All these dithio-
carbamates are indefinitely stable and soluble in many organic solvents; 
however, phenyl derivatives are generally less soluble in MeOH and EtOH 
when compared with methyl derivatives. The X-ray crystal structure of 
methylbismuth bis(diethyldithiocarbamate) has been elucidated; there are 
intermolecular Bi-S interactions within the distance of 2.67(1)-3.36(1) A, 
which cause the bismuth center to take a distorted pentagonal-pyramidal 
geometry, i.e. a dimeric structure. In contrast to the solid state, the 
compound exists as a monomer in benzene solution [79ZN(B)1037]. [2-
(2-Pyridyl)phenyl]bismuth bis(diethyldithiocarbamate) and phenylbismuth 
bis(diethyldithiocarbamate) are obtained by similar metathesis reaction. 
The X-ray crystallographic study of these thiocarbamates has revealed 
that the former compound possesses a pseudopentagonal pyramidal 
structure of the monomeric form and the latter a pseudosquare 
pyramidal structure of the dimeric form with an interaction through the 
Bi-S contact. The Bi-S bond lengths are in the range 2.671(2)-2.942(2) 
A and both S2CNR2 moieties are nearly planar [90JCS(D)899]. 

(d) Organylbismuth bis(diphenyldithiophosphinate) This type of 
compound has been studied less. The first and only known example is 
2,4,6-trimethylphenylbismuth bis(diphenyldithiophosphinate), which has 
been prepared by the action of NH4Ph2PS2 on (2,4,6-Me3C6H2)2BiBr. The 
reaction gives not the expected monodithiophosphinate but the 
bis(dithiophosphinate) in quantitative yield. Its IR spectrum shows two 
absorptions at 636 and 544 cm"^ due to the asymmetric and symmetric PS2 
vibrations. The mass spectrum exhibits characteristic peaks due to MH^ and 
[M-Mes]^ ions. The X-ray crystallographic study of 2,4,6-
Me3C6H2Bi(S2PPh2)2 has shown that its crystals consist of discrete 
monomeric molecules, which possess a symmetry plane containing the 
2,4,6-trimethylphenyl (mesityl) group and bismuth atom. Due to the 
through-space interaction between the bismuthand S atoms, the bismuth 
center possesses a square-pyramidal geometry [94JOM(470)93]. 
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2.2.3.2.4. Monoorganylbismuth compounds with Bi-Se orBi-Te bonds (Table 
2.14) 

The first preparation of this type of compound was reported by Wieber et al. 
in 1984. By thermolysis at 80°C for 10 h under a dry nitrogen stream, Me2Bi-
SePh gives an equimolar mixture of MesBi and methylbismuth bis(benzene-
selenolate) MeBi(SePh)2 in quantitative yield. This bisselenolate has 
remarkably high thermal stability; when heated in DMSO or DMF at 
130°C, it decomposes to diphenyl diselenide PhSeSePh and an insoluble poly
meric substance. The resulted insoluble matter is identified as polymeric 
methylbismuth, (MeBi)„ [84ZN(B)1668]. There is a significant contrast of 
thermal stability between MeBi(SePh)2 and McaBiSePh, the latter decompos
ing at room temperature. The MS spectrum of MeBi(SePh)2 exhibits charac
teristic peaks due to M^, [M-Me]^, Me2BiSePh^, [M-PhSe]^, PhSeBi^ and 
Ph2Se2̂  ions. 

In the case of the tellurium counterpart, a similar disproportionation of 
Me2BiTePh to McsBi and methylbismuth bis(benzenetellurolate) MeBi-
(TePh)2 is observed. The formation of MeBi(TePh)2 has been confirmed by 
elemental analysis; however, it decomposes rapidly at room temperature. 

The first cyclic bismuth diselenolate has been prepared by Klapotke, who 
treated MeBiBr2 with dilithium benzene-1,2-diselenolate in ether under high 

TABLE 2.14 
Monoorganylbismuth compounds with Bi-Se bonds 

Compound Synthetic Yield M.p. (°C) Physical data 
method"" (%) 

Reference 

MeBi(SePh)2 

Se 
Me-Bi 

Se' 

E 

A 

Quant. 120 ^H-NMR, MS [84ZN(B)1668] 
(decomp.) 

62 142-147 ^H-NMR, IR,MS [87POL1593] 
(decomp.) 

Ar 

Se^'^Se 
Ar: 

CH(SiMe3)2 

: — / ^ ^ C H ( S i M e 3 ) 2 

CH(SiMe3)2 

[97SCI(277)78] 
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dilution conditions and obtained 2-methyl-l,3,2-benzodiselenabismole in 
62% yield. 

LiSe" 
MeBiBr2 + I | ^ Me-Bi I 

The mass spectrum exhibits characteristic peaks due to M^, [M-Me] ^, Bi2 ,̂ 
[M-Se]^ and BiSe2^ ions. The ' H - N M R spectrum shows two methyl peaks at 
8 1.59 and 1.96 due to two conformers with an endo or exo methyl group. The 
endo methyl group appears at a higher field due to the anisotropic effect of the 
aromatic ring. The VT-NMR measurement between - 6 0 and +60°C gives no 
significant change of the spectrum pattern and, therefore, the coalescence 
temperature should lie at a temperature above 60°C [87POL1593]. On treat
ment with Li2Se in THF, a highly hindered aryldichlorobismuthine, TbtBiCl2 
[Tbt = 2,4,6-tris(bis(trimethylsilyl)methyl)phenyl] affords a six-membered 
heterocyclic compound, 2,4,6-triaryl-l,3,5-triselena-2,4,6-tribismane, as a 
stable solid [97SCI(277)78]. 

2.2.3.2.5. Cationic and anionic monoorganylbismuth compounds (Table 2.15) 

(a) Cationic monoorganylbismuth compounds The cationic mono
organylbismuth compounds [RBiL4]^^ have been studied little; the only 
known example is phenyltetrakis(hexamethylphosphoramido)bismuth bis-
(hexafluorophosphate) [PhBi(HMPA)4][PF6]2, prepared via metathesis of 
PhBiBr2 with T1PF6 in the presence of HMPA [96JCS(D)443]. Its ^H-NMR 
spectrum exhibits o-, m- and /?-proton signals at 8 8.96, 8.10 and 7.46, 
respectively. The X-ray structure analysis elucidated that the bismuth center 
possesses a square pyramidal geometry, in which the phenyl group occupies 
the apical site. The Bi-C bond length is 2.27(1) A and the B i - 0 distances are 
in the range 2.32(1)-2.36(1) A. Additionally, there is a close interaction 
between the bismuth center and one fluorine atom of the PF6 anion [Bi-F, 
3.28(3) A] [96JCS(D)443]. 

There is no information available on the thermal and chemical stabilities of 
[PhBi(HMPA)4][PF6]2, though a possible contamination by [Ph2Bi(HM-
PA)2][PF6] has been confirmed by ^H-NMR measurement. 

(b) Anionic monoorganylbismuth compounds There has been a series of 
studies on the [RBiL4]^~ anion containing trifluoroacetate as the ligand and 
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ammonium as the counter cation. Known complexes include compounds 1-7 
[93AG(E)589, 94JCS(D)2545], which are obtained as colorless crystals via 
two steps: (i) acidolysis of PhsBi with CF3GO2H in a 1:4 ratio to obtain 
PhBi(02CCF3)2, (ii) neutralization of the remaining acid with the 
corresponding amines. In contrast with PhBi(02CCF3)2, the anionic part 
[PhBi(02CCF3)4]^" in compounds 1-7 is air-stable in the solid sate. These 
salts are soluble in polar solvents such as THF and acetone, but insoluble in 
CH2CI2 and CHCI3. Their stability depends on the counter cations: compounds 
1 and 2 are stable for days in solution, but compound 4 decomposes easily 
when dissolved [93AG(E)589]. Aliphatic diammonium cations cause 
disproportionation of [PhBi(02CCF3)4] anion in solution, while in the case 
of phenylenediammonium and pyridinium cations, the anion is stable in 
solution [94JCS(D)2545]. 

L = CF3C02 

1;M = Me2NH(CH2)2NHMe2 

2 ;M = Me2NH(CH2)3NHMe2 

3; M = Et2NH(CH2)3NHEt2 

4; M = (Me2NHCH2)2CHOH 

5; M = Me2NH(CH2)4NHMe2 

6;M = 1,4-(Me2NH)2C6H4 

7; M = (C5H4NH)2 

Their ^H-NMR spectra show o-, m- and p-proton signals due to the phenyl 
group at 8 8.8, 7.9 and 7.3, respectively, and these chemical shifts are not 
changed significantly by the difference of counter cations. They show IR 
absorptions in the range 1692-1678, 1482-1429, 1430-1384, 1205-1186 
and 1133-1129 cm~^ Except for compound 3, they have been characterized 
by X-ray crystallography. There are three types of structure I-III for the 
bismuth center of the [PhBi(02CCF3)4] anion, depending on their counter 
cations, due to the hydrogen-bonding between the ammonium group and 
oxygen atoms of the carboxylate group. In all three structures, the phenyl 
group occupies the apical site. In structure I, the bismuth center possesses a 
square-pyramidal geometry and four carboxylate groups form a cup shape. In 
structure II, one of the carboxylate group chelates to the bismuth center to 
form a distorted pentagonal-pyramidal geometry. Structure III can be 
described as an intermediate between I and II; its bismuth center is five 
coordinated, but four carboxylate groups do not form the cup structure. The 
Bi-C and Bi-0 bond lengths are in the range 2.19(2)-2.29(3) and 2.31(2)-
2.62(4) A, respectively [94JCS(D)2545]. 
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2.2.4. Bismuth(III) compounds with three Bi-Group 15 or 16 element bonds 

2.2.4.1. Methods of synthesis (Tables 2.16, 2.19, 2.22 and 2.23) 

(a) Via nucleophilic substitution ofBi-X bonds (method A) 

Synthesis of bismuth tris(dimethylamide) 

Bids + LilNMep] Bi(NMe2)3 
THF, -78 °C 

A solution of lithium dimethylamide (1.20 g, 24.0 mmol) in THF (15 ml) was added to a stirred 
solution of bismuth chloride (2.47 g, 7.8 mmol) in THF (15 ml) at -78°C (dry ice/ethanol bath). 
The resulting yellow solution was stirred for 1 h and then allowed to warm to room temperature. 
All volatiles were removed under vacuum to leave a yellow-green oily residue, which was 
extracted with hexane (20 ml) and filtered through a Celite bed to afford a yellow solution. 
Removal of all volatiles from this filtrate under vacuum, followed by sublimation onto a cold 
finger, kept at dry ice temperature, afforded the tided amide Bi(NMe2)3 as a yellow crystalline 
sohd (1.66 g, 62%). The optimum conditions for sublimation are warming the flask to 30°C 
under a pressure of about 10"^ mmHg [91IC4680]. 

Synthesis of bismuth triethoxide 

BiClg + NaOEt Bi(0Et)3 
EtOH 

Bismuth chloride (6.3 g, 20 mmol) was dissolved in absolute ethanol, and sodium ethoxide 
(4.08 g, 60 mmol) was added dropwise in the same solvent. After exothermic reaction, sodium 
chloride precipitated as a fine white solid. This was filtered off and the filtrate was concentrated 
in vacuo at room temperature to give Bi(OEt)3 as colorless crystals with a fruit-like odor. The 
compound is very sensitive to moisture and decomposes slowly on prolonged storage. It is 
poorly soluble in organic solvents. Yield, 6.0 g (86%) [76ZAAC(423)47]. 

Synthesis of bismuth malate 

Bi(N03)3-5H20 + H02CCH2CH(OH)C02H -rrTZ^ Bi[02CCH2CH(0)C02]-H20 
n2vJ 

To a hot aqueous solution of L-maHc acid (1.34 g, 10.0 mmol) was added slowly bismuth nitrate 
pentahydrate (4.85 g, 10.0 mmol). The homogeneous reaction mixture gradually turned into a 
suspension. The mixture was stirred for 15 min at 60°C and the insoluble materials were 
removed by filtration. The clear filtrate was kept hot in a Dewar bath for crystallization. During 
the course of 4 weeks, colorless cubic crystals deposited gradually. These were separated, 
washed with acetone and dried [93CB51]. 
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Synthesis of bismuth tris(tropolonate) 

C / ° - Bi(N03)3.5H,0 ^^^^^ CXofs 

A solution of tropolone (1.22 g, 10 mmol) in distilled water (250 ml) and acetone (150 ml) was 
heated under reflux and to this solution was added finely powdered Bi(N03)3-5H20 (1.45 g, 3.0 
mmol) in small portions. The mixture was stirred vigorously until a clear solution was obtained. 
The hot solution was filtered and the filtrate was concentrated until the solution became turbid. 
The reaction mixture was allowed to cool slowly to room temperature. The resulting yellow 
precipitate was filtered off, washed twice with acetone (30 ml), and dried in vacuo over P4O10. 
Yield, 1.55 g (90%) [95CB335]. 

(b) Via cleavage ofBi-C bond(s) (method B) 

Synthesis of bismuth tris(chloroacetate) 

PhaBi + CICH2CO2H Bi(02CCH2CI)3 + PhH 
CHCI3 

A solution of Ph3Bi (1 g) in dry CHCI3 (6 ml) was added to a solution of chloroacetic acid (0.644 
g) in the same solvent (2 ml), and the resulting mixture was stirred for 45 min. The precipitate 
formed was filtered off and vacuum dried to obtain bismuth tris(chloroacetate) (0.97 g, 90%) 
[79ZOB1185]. 

(c) Via cleavage of Bi-N or Bi-O bond(s) (method C) 

Synthesis of bismuth tris(2,4,6-trimethylbenzenethiolate) 

•SH + Bi[N(SiMe3)2]3 petroleum ether, r..." 

A solution of bismuth tris[bis(trimethylsilyl)amide] Bi[N(SiMe3)2]3 (0.98 g, 1.42 mmol) in light 
petroleum (10 ml) was added to 2,4,6-trimethylbenzenethiol (1.0 g, 4.25 mmol) in the same 
solvent (40 ml) at room temperature. The resulting red solution was stirred for 1 h and then the 
solvent was removed in vacuo. The residue was recrystallized from MeCN-ethyl acetate (3:1 v/ 
v) to give bismuth tris(2,4,6-trimethylbenzenethiolate) as orange crystals (1.1 g, 86%) 
[95JCS(D)1649]. 
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Synthesis of bismuth tris(benzenesulfinate) 

PhS02H + Bi(0Ac)3 Bi(02SPh)3 

Solutions of benzenesulfinic acid (ca. 4 mmol) and bismuth acetate (1.0 mmol) in glacial acetic 
acid (50 and 100 ml, respectively) were mixed and evaporated to dryness under vacuum. The 
residue was washed with chloroform and dried under a stream of nitrogen to give bismuth 
tris(benzenesulfinate) in 82% yield [72AJC2107]. 

Synthesis of bismuth pyridine-2,6-dicarboxylate 

Bi203 + J [ ^ ] H,0 100°C' - 5 ^ ^ 5 ^ [Bi(dipicH)(dipic)(DMSO>H20]2 
H 0 2 C " ^ r r " c o 2 H 

(dipicH2) 

A suspension of 61263 (500 mg, 1.07 mmol) in water (40 ml) was heated under reflux in the 
presence of pyridine-2,6-dicarboxylic acid (dipicolinic acid; 720 mg, 4.3 mmol) for 2 h. The 
resulting mixture was stirred overnight at 110°C, then the solution was concentrated to a 25-ml 
volume to precipitate [Bi(dipicH)(dipic)(DMSO)H20]2 quantitatively [92MGMC217]. 

(d) Via insertion of a molecule into the Bi-X bond (method D) 

Synthesis of bismuth tris(dimethylcarbamate) 

Bi(NMe2)3 + CO2 — Y H F ~ ^ Bi(02CNMe2)3 

An excess amount of CO2 was passed to a solution of Bi(NMe2)3 in THF (10 ml), under ice-
cooling. White slurry of fine solid resulted. Replacement of THF by petroleum ether gave a 
filterable precipitate, which was recrystallized from CHCls-petroleum ether to give bismuth 
tris(dimethylcarbamate) (4.12 g, 87%) [75JINC(37)2011]. 

Synthesis of bismuth tris(dimethyldithiocarbamate) 

Bi(NMe2)3 + CS2 ^ Bi(S2CNMe2)3 
THF 

When Bi(NMe2)3 (1.70 g, 5 mmol) in THF was mixed with a sHght excess of CS2 (18 mmol), an 
exothermic reaction took place to give a yellow slurry. By adding petroleum ether to this slurry, 
bismuth tris(dimethyldithiocarbamate) was obtained as a yellow solid (2.84 g, 95%) 
[75JINC(37)2011]. 

Synthesis of bismuth tris(A^-phenyl-A^'^^-dimethylureide) 

Ph Me 

Bi(NMe2)3 + PhNCO B i V Y ^ ' M e 
THF 1̂  

When Bi(NMe2)3 (1.71 g, 5 mmol) was mixed with phenyl isocyanate (1.79 g, 15 mmol) in 



148 Organobismuth(III) compounds Ch. 2 

THF, a mild exothermic reaction took place with the disappearance of the yellow colour of the 
bismuth amide. After removal of THF in a rotatory evaporator, the remaining slurry was 
triturated with petroleum ether to give bismuth tris(A^-phenyl-A^^A '̂-dimethylureide) (2.92 g, 
87%)[75JINC(37)2011]. 

(e) Via disproportionation (method E) 

Synthesis of bismuth tris(diethyldithiocarbamate) 

Ph2BiCI + NaS2CNMe2 Bi(S2CNMe2)3 
CHCI3 

The reaction of Ph^BiCl (0.01 mole) and sodium diethylcarbamate trihydrate (0.01 mol) in 
CHCI3 (50 ml) at 25°C for 1 h gave PhBi(S2CNMe2)2 (38%), Ph^Bi (46%) and Bi(S2CNMe2)3 
(11%). In the preparation of PhBi(S2CNMe2)2, Ph^Bi and Bi(S2CNMe2)3 were always obtained 
as important side products [68JOM(l 1)627]. 

2.2.4.2. Bismuth(III) compounds with three Bi-N bonds (Table 2.16) 

(a) Bismuth amides (aminobismuthines) 
(i) Synthesis: The chemistry of bismuth amides has not been studied quite 

so much as that of the other 15 group family congeners. In recent years, 
however, this type of compound has attracted attention and they could be 
potential precursors for superconducting materials of high critical temperature. 

Tris[methyl(trimethylsilyl)amino]bismuthine Bi[N(Me)SiMe3]3 is prepared 
in 54% yield by the reaction of BiBr3 with the corresponding lithium amide in 
hexane. This compound can be distilled under reduced pressure [66JOM(6) 
259]. Similarly, tris[bis(trimethylsilyl)amino]bismuthine Bi[N(SiMe3)2]3 is 
obtained as a pale yellow powder by treating BiCl3 with lithium hexamethyl-
disilylamide [89POL1579, 80JCS(D)2428, 95JCS(D)1649]. 

Simple bismuth amides Bi(NR2)3 (R == Me, Et and Pr) are obtained as 
yellow liquid or crystals by treating BiCl3 with the corresponding lithium 
amides in THF-petroleum ether. In this preparation, the use of THF as solvent 
is indispensable; all attempts in hexane, cyclohexane, petroleum ether and 
ether failed [75JINC(37)2011]. These amides are thermolabile and gradually 
turn jet black at room temperature; however, they can be stored indefinitely at 
dry ice temperature. Norman et al. have prepared tris(diphenylamino)bis-
muthine Bi(NPh2)3 as a moisture-sensitive solid [89POL1579]. The same 
authors reported that Bi(NMe2)3 is rather light sensitive, bright sunlight 
making it turn black; it is better to store it in a freezer in the dark [91IC4680]. 
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Bismuth amides bearing a sterically crowded substituent are also known. 
Treatment of LiNHAr with BiCl3, where Ar = 2,4,6-tri-^^rf-butylphenyl 
group, does not afford the expected bismazene ArN(H)-Bi=NAr, but the 
corresponding bismuth amide, Bi[N(H)(2,4,6-^Bu3C6H2)]3 1, is obtained in 
low yield [96IC4013]. This is quite different from the reaction of ArNHLi 
with PCI3 or ASCI3, where the formation of the corresponding azene (ArN(H)-
E=NAr; E = P and As) is predominant. The hindered bismuth amide can be 
recrystallized from hexane; however, it decomposes in ether and CH2CI2 over 
a period of days. When decomposed thermally, it releases elemental bismuth 
[96IC4013]. Changing the aryl substituent on the imino nitrogen to the 2,6-
diisopropylphenyl group results in the formation of a cyclic bismuth amide 2 
irrespective of the reaction conditions employed, i.e. the molar ratio of the 
reactants and temperatures [94IC4607]. The addition of ^BuNH2 to Bi(NMe2)3 
generates [(Me2N)Bi(|jL-N^Bu)]2 3 in situ, which is subsequently treated with 
^BuNHLi to give a complex [Bi2(N^Bu)4]Li2-2 THF 4 of a bimetallic cubane 
structure. The complex is thermally stable and can be stored indefinitely under 
argon [96ICA(248)9]. 

^Bu R ' P , feu ,^ /Bi-^N 
Bu 

/ / W \ 'K }=\ A "^u-N-t-Bi I 
y/ v^N4Bi RHN-Bi Bi-NHR R = ̂ \ /> MesN-Bi Bi-NMe2 b..-- 'N- --Li-.Tuc 

H73 U " V ^N' Bu|._U 
R P"̂  teu THF teu 

1 2 3 4 

(//) Spectral properties: Bi[N(Me)SiMe3]3 shows ^H-NMR peaks in 
CCI4 at S - 4.5 (Me3Si) and -213.0 (NMe) Hz [66JOM(6)259], while 
Bi[N(SiMe3)2]3 exhibits a ^H-NMR signal at 8 0.42 in CgHg 
[80JCS(D)2428] or 8 0.37 in C6D6 [95JCS(D)1649]. The ^H-NMR spectra 
of bismuth amides exhibit peaks at 8 3.45 (s) for Bi(NMe2)3, 0.29 (t) and 3.62 
(q) for Bi(NEt2)3, and 0.85 (t), 1.45 (m) and 3.50 (q) for Bi(NPr2)3, while the 
Raman spectra show absorptions at 550 and 270 cm"^ for Bi(NEt2)3 and 408 
and 322 cm"^ for Bi(NPr2)3 [75JINC(38)2011]. Upon Raman irradiation, 
Bi(NMe2)3 suffers extensive decomposition and no peaks are observed. Rein
vestigation of ^H-NMR of Bi(NMe2)3 in toluene-Jg at 295 K has shown a 
signal at 8 3.72, which becomes significantly broader at 183 K and shifts to 
S 3.85. The ^^C-NMR of Bi(NMe2)3 in toluene-dg at 295 K exhibits a peak at 8 
48.4 which becomes broader at 203 K and disappears at 183 K [91IC4680]. 
From the VT-NMR measurement of Bi[N(SiMe3)2]3, the activation energy for 
the Bi-N bond rotation has been estimated as 41 kJ/mol [91IC4680]. 
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(///) Structures: The first X-ray structure of a homoleptic bismuth amide 
was solved by Norman et al. in 1989 for Bi(NPh2)3, which shows that each 
bismuth center has a trigonal pyramidal geometry. The Bi-N bond lengths are 
in the range 2.12(2)-2.28(2) A, while the N-Bi-N bond angles are in the range 
96(1)-101(1)° [89POL1579]. In the case of Bi(NMe2)3, the Bi-N bond lengths 
and the N-Bi-N bond angles are in the range 2.180(21)-2.189(18) A and 
96.2(9)-98.3(5)^ respectively [91IC4680]. The X-ray structure of amide 1 
has revealed that a sterically hindered substituent has little influence on both 
the bond length and bond angles between the bismuthand N atoms. The Bi-N 
bond lengths and N-Bi-N bond angles being in the range 2.14(2)-2.214(13) A 
and 82.7(6)-106.7(6)°, respectively [96IC4013]. Cyclic bismuth amide 2 has 
both cyclic and acyclic Bi-N bonds; however, there is no significant difference 
between them, the bond lengths being in the range 2.158(4)-2.174(5) A and 
bond angles in the range 78.5(2)-97.4(2)°, respectively [94IC4607]. The X-ray 
structure of the cubic bismuth amide complex 4 shows Bi-N bond lengths of 
2.101(7)-2.237(7) A and an average N-Bi-N bond angle of 81.3° for a Bi2N2 
ring and 87.9° for a BiN2Li ring [96ICA(248)9]. 

(iv) Reactions: Bismuth amides are known as good precursors for 
bismuth alkoxides [90IC358, 91POL437] and bismuth thiolates 
[95JCS(D)1649]; treatment of bismuth amides with alcohols or thiols gives 
the corresponding substituted products and secondary amines. 

Bi(NR2)3 (R = Me, Et, Pr) reacts with CO2, CS2, phenyl isocyanate and 
phenyl isothiocyanate to produce the corresponding bismuth tris(A ,̂A -̂dialkyl-
carbamate), tris(dialkyldithiocarbamate) Bi(S2CNR2)3, tris(A -̂phenyl-A^̂ ,A^̂ -
dialkylureide) Bi[NPhCONR2]3 and tris(A^-phenyl-A^ ,̂A^^-dialkylthioureide) 
Bi[NPhCSNR2]3, respectively, in good to excellent yields. Treatment of 
Bi(NR2)3 (R = Me, Et, Pr) with acetic anhydride forms Bi(02CMe)3 in 
more than 90% yield [75JINC(37)2011]. Two bismuth amides, Bi(NMe2)3 
and Bi(NEt2)3, react with ketene to give the corresponding insertion products, 
Bi(CH2CONMe2)3 and Bi(CH2CONEt2)3, in almost quantitative yields 
(Scheme 2.6). The reactivity of MX3, where M = As, Sb or Bi, X = SR, 
OR or NR2, toward ketene increases in the order As < Sb < Bi for M, and 
SR < OR < NR2 for X. The highly polar nature as well as the weakness of the 
Bi-N bond are considered to be responsible for the enhanced nucleophilicity 
of the nitrogen atom [87BCJ1564]. 

(b) Bismuth ureides and thioureides There is only one report on bismuth 
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Scheme 2.6. 

O 

s 

ureides and thioureides, Bi[NPhCONR2]3 and Bi[NPhCSNR2]3 (R = Me, Et, 
Pr), which are obtained in good to excellent yields by the insertion of phenyl 
isocyanate or phenyl isothiocyanate into the Bi-N bond of bismuth amides 
[75JINC(37)2011]. These compounds are not so stable and decompose when 
stored in air, giving the corresponding urea and thiourea derivatives. The IR 
spectrum of bismuth ureides exhibits two absorption bands due to the NCO 
linkage at 1530 and 1632-1650 cm~^ On the other hand, bismuth thioureides 
showed two IR absorption bands due to the NCS linkage at 1302-1310 and 
1520-1535 cm"' [75JINC(37)2011]. 
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2.2.4.3. Bismuth(III) compounds with three Bi-0 bonds (Table 2.19) 

(a) Bismuth alkoxides 

(i) Synthesis: The chemistry of bismuth alkoxides was almost neglected 
until the 1990s and, therefore, only in recent years, has various information on 
the nature of bismuth alkoxides become available. A variety of alkoxides are 
derived not only from aliphatic and aromatic alcohols but also from enol 
compounds. In particular, bismuth alkoxides has attracted considerable atten
tion as a potential precursor for bismuth-containing superconducting materials 
in sol-gel or chemical vapor deposition (CVD) processes [95AG(E)2187]. 

The most common procedure for preparing bismuth alkoxides is the substi
tution reaction of bismuth halides with alkali metal alkoxides. The alternative 
is treatment of bismuth amides with alcohols. Bismuth alkoxides such as 
trimethoxide, triethoxide and triisopropoxide were first prepared in 80-93% 
yields by the reaction between BiCl^ and alkali metal alkoxides by Mehrotra 
et al. in 1966. Bismuth alkoxides are less soluble in organic solvents 
and the yields after purification by sublimation are generally very low (10-
20%) [66IJC537]. Known aliphatic alkoxides include Bi(0Et)3 
[76ZAAC(423)47], Bi(0'Pr)3 [90IC358], Bi(0'Bu)3 [91POL437], Bi(OC-
Me2Et)3, Bi(OC2H40Me)3, Bi(OC2H4NMe2)3 and Bi[OCH(Me)CH2NMe2]3 
[90IC358]. In the case of Bi[OCH(CF3)2]3, several cluster structures have 
been reported [92AG(E)451]. Wieber et al. have prepared Bi(OEt)3 as color
less crystals, which have a fruity odor and are significantly moisture-sensitive 
[76ZAAC(423)47]. This alkoxide has been found to be useful as a precursor 
for bismuth thiolates. Bismuth oxide Bi203 heated in boiling ethylene 
glycol gives bismuth ethylene glycolate [Bi4(|x-iri -OCH2CH20H)2(|JL4-nri -
OCH2CH20)(|jL2-Tî -OCH2CH20)4]oo as a gray precipitate in 98% yield 
[92SRI(22)289]. Bismuth siloxide Bi(OSiMe3)3 is obtained as a powdery 
compound by the reaction between BiCl3 and NaOSiMe3. This siloxide is 
labile and turns rapidly dark at room temperature due to decomposition 
[68ZAAC(363)84]. Bi(OSiPh3)3 is also known [91POL437]. 

Bismuth phenoxide Bi(OC6F5)3 has been found to form several cluster 
structures which incorporate such solvent molecules as THE or toluene 
[93IC5136]. This phenoxide is accessible by acid cleavage of the Bi-C 
bond in Ph3Bi with pentafluorophenol in boiling toluene [92AG(E)451, 
93IC5136]. Bismuth phenoxides such as Bi(OC6H3-2,6-Me2)3 [89CC1628] 
and bismuth catecholates (vide infra) [90HAC233] are also known. 
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Bismuth enolates such as bismuth tris(l,3-di-^^^^-butylpropane-l,3-dionate) 
Bi(dpm)3 1 [91POL437] and bismuth tris(4-aza-l,7-dioxa-2,6-di-r^rf-butyl-
hepta-2,5-dien-l,4,7-triylate) 2 are reported [85JA3397, 87JA627]. TGA 
analysis has shown that the thermal stability of bismuth alkoxides decreases 
in the order of Bi(0'Bu)3 > Bi(0Et)3 > Bi(dpm)3 [91POL437]. Many bismuth 
tropolonates have been prepared [66JA4856, 95CB335] and some of these 
are found to possess biological (antimicrobial) activities [95CB335, 
97CCR345]. 

Me Me 

V / o - v / o ' " • A J . o - " ' ^ o -
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HOH2C 
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(ii) Spectral properties: The ' H - N M R spectrum of Bi(0Et)3 shows peaks 
at 5 1.23 (Me) and 4.06 (CH2O) in CCI4 [76ZAAC(423)47]. Bi(0'Bu)3 exhi
bits a ' H - N M R peak at 8 1.42 [89CC1628], while Bi(OC2H40Me)3 shows 
peaks at 8 3.22 (MeO), 3.51 (CH2) and 5.08 (CHzOBi) in CgDg [90IC358]; the 
latter three signals appear at 8 3.37, 3.39, 3.41, 3.50-3.54 and 'i.l-i.ll in 
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CDCI3 [91POL437]. The ^H-NMR spectrum of Bi(OC2H4NMe2)3 exhibits 
peaks at 8 2.12 (Me2N) 2.40 (CH2), and 5.12 (CH20Bi) in C6D6 [90IC358]. 
Bismuth tropolonate shows peaks at 8 6.98 (5-H), 7.03 (3,7-H) and 7.70 (4,6-
H) in DMSO-rf6 [95CB335]. The ^H-NMR spectrum of Bi(OSiMe3)3 shows a 
peak at 8 -0.092 in CCI4 [68ZAAC(363)84]. 

More important spectral information on bismuth alkoxides is obtained from 
IR spectra; the absorptions due to the Bi-O bonds appear at 520 cm"^ for 
Bi(0Et)3 [91POL437], 459 cm"' for Bi(O^Bu)3 [91POL437], 524 cm"^ for 
Bi(OC2H40Me)3 [91POL437] and 543 cm"' for Bi(OSiMe3)3 
[68ZAAC(363)84]. The bismuth ethylene glycolate shows IR absorption 
due to v(Bi-OR) at 586 cm"' [92SRI(22)289]. In the case of bismuth tropo-
lonates, the p(Bi-O) stretching falls in the range 466-611 cm"' and mostly 
around 500 cm"' [95CB335]. In contrast, the v(Bi-O) value of Bi(dpm)3 shifts 
dramatically to 274 cm"' [91POL437]. 

The mass spectrum of Bi(O^Bu)3 exhibits characteristic signals due to [M-
Me]^, [M-O^Bu]^, BiOH(O^Bu)^, BiC4H6^, BiOC3H2^, BiOMe^, BiOH^ 
and Bi^ fragment ions, while that of Bi(dpm)3 shows signals due to 
Bi(dpm)2^, Bi(dpm)(C3H5)^, BiCdpm)"̂ , Bi(C7Hn02)^ and Bi^ fragment 
ions [91POL437]. In the case of bismuth tropolonates, the mass spectra 
show a prominent peak due to the M^ ion, but sometimes the [M-Tp]^ ion 
(Tp denotes a tropolonato ligand) is also observed [95CB335]. 

(Hi) Structures: Many structural studies of bismuth alkoxides have been 
made in these two decades, and the first report on their X-ray crystallographic 
study appeared in 1989. Structurally, bismuth alkoxides can be divided into 
three categories, monomeric, oligomeric and polymeric, and the monomeric 
structure is not the major one. Evans et al. reported in 1989 the first X-ray 
structure analysis of a Bi(OC6H3-2,6-Me2)3, which shows that the compound 
has a monomeric structure with an average Bi-O distance of 2.091(5) A and 
0-Bi-O angles of 92(2)°, with the three ArO groups not arrayed in any regular 
pattern [89CC1628]. Similarly, aquabis(4,5-benzotropolonato)bismuth nitrate 
3 has a monomeric form with the Bi-O bond lengths in the range 2.130-2.323 
A; there is no suitable regular polyhedron to describe the coordination sphere 
[95CB335]. Bismuth siloxide Bi(OSiPh3)3 forms a monomeric structure with 
three THF molecules within a capped octahedral geometry. The average Bi-
OSi distance 2.04(1) A is shorter than the length of the average coordination 
bond, 2.95(1) A, between the bismuth center and the oxygen atom of the THF 
molecules [91POL437]. The nine-coordinate 20 electron bismuth enolate 
complex 2 also forms a monomeric structure, in which six oxygen atoms 
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and three nitrogen atoms surround the bismuth center. The geometry around 
the bismuth center has been described as a face-capped twisted trigonal prism. 
The average Bi-O and Bi-N bond lengths are 2.51(3) and 2.54(3) A, respec
tively [85JA3397]. Interestingly, this bismuth enolate contains two unique 
molecules in the crystallographic unit. Since the trio of the attached ligands 
forms a propeller arrangement, each system becomes chiral [85JA3397]. The 
X-ray structure of bismuth bis(tropolonate) nitrate 4 has been shown to be 
dimeric. Two bismuth centers are surrounded by six and seven oxygen atoms, 
respectively, and there is no appropriate polyhedron to describe their respec
tive geometries [95CB335]. 

Both Bi[OCH(CF3)2]3 and Bi(OC6F5)3 are reported to form the dimeric 
structures with appropriate solvents. For the former, a THF-solvated 
compound, {Bi[OCH(CF3)2]3(THF)}2 5, has been reported [92AG(E)451, 
93IC5136]. Its bismuth center possesses a distorted octahedral geometry, in 
which two sites are occupied asymmetrically by bridging alkoxide ligands. 
For the latter, the THF and toluene-solvated structures are known: 
[Bi(OC6F5)2(̂ Ji-OC6F5)(PhMe)]2-2 PhMe 6, [Bi(OC6F5)2(fJL-OC6F5)(PhMe)]2 
7, [Bi(OC6F5)2(FJL-OC6F5)(THF)2]2-2(C6Hi4) 8 and [Bi(OQF5)2(FJL-OC6F5)-
(THF)2]2 9 [92AG(E)451, 93IC5136]. The structures solvated by toluene 
have the four-coordinated bismuth center with a distorted octahedral geometry 
with two bridging phenoxide ligands. The bismuth-oxygen bond lengths are 
summarized in Table 2.17 [93IC5136]. 

The cluster structures of Bi(OC6F5)3 have been characterized by X-ray 
crystallography. Both Bi6(|JL3-0)7(|JL3-OC6F5)[Bi(OC6F5)4]3(THF)2 and 
Bi6(fjL3-0)7(|jL3-OC6F5)[Bi(OC6F5)4]3(PhMe)2 contain the octahedral [Bi6(FJL3-
0)7(|X3-OC6F5)]^^ cores and three bismuthate cores [Bi(OC6F5)4]". These 
bismuth aggregates contain nine bismuth atoms, seven oxide ligands, thirteen 
C6F5O ligands and two THF molecules. They are the largest bismuth aggre
gates which have been structurally characterized to date [92CC1638]. 

TABLE 2.17 
Bismuth-oxygen bond lengths (A) of solvated dimeric bismuth alkoxides 5-9 

Bi-(fJL-OR)short 

Bi-(^JL-OR)iong 

Bi-ORterminal 

Bi-OxHF 

5 

2.188(7) 
2.688(7) 
2.116(7) 
2.064(8) 
2.575(7) 

6 

2.210(8) 
2.571(7) 
2.147(8) 
2.088(9) 

-
-

7 

2.168(7) 
2.5553(9) 
2.136(8) 
2.089(8) 

-
-

8 

2.198(9) 
2.75(1) 
2.21(1) 
2.132(9) 
2.58(1) 
2.62(1) 

9 

2.245(4) 
2.661(4) 
2.151(4) 
2.111(3) 
2.615(4) 
2.562(4) 
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The X-ray structure of Bi(OC2H40Me)3 has shown that this alkoxide forms 
the polymer chain, which can be represented by the formula [Bi(|jL-irî -
OC2H40Me)2(Ti'-OC2H40Me)]oo. The structure is a one-dimensional zig-zag 
chain with bridging alkoxide ligands. Interestingly, this alkoxide has good 
solubility in organic solvents, and the cryoscopic molecular weight determi
nation suggests the possibility of a dimeric structure in benzene solution, the 
chelation of ether oxygen atoms to the bismuth occurring in the solution 
[90CC301, 90IC358]. The structure of the same compound is discussed 
later [91POL437]. 

? ? OR? ? OR? ? OR 
LO^ . 0 ^ I .0- , . 0 ^ I . 0 ^ . 0 ^ I > 

< ^ / B i "Bi "Bi "Bi "B i . .B i l 
V̂ O I O O I O 0 1 0 Tn 

I OR I I OR I I OR I " 
R R R R R R 

The geometry around the bismuth center is a basal-edge-shaped square 
pyramid with Bi-O bond distances of 2.07(2)-2.11(l), 2.20(1)-2.21(1) and 
2.53(1)-2.58(1) A. The terminal ligands are bound to the bismuth more 
tightly than the bridging ligands [90IC358]. The interaction between the 
bismuth center and the MeO oxygen has been pointed out; the estimated 
distance is 2.90-3.10 A, the values being significantly shorter than the sum 
of the van der Waals radii of the bismuth and oxygen atoms (3.47 A) 
[91POL437]. 

(iv) Reactions'. The chemistry of some volatile bismuth alkoxides has 
been developed recently in connection with the production of high tempera
ture superconductive materials based on the MOCVD techniques. However, 
there is only limited information available on the reaction modes of bismuth 
alkoxides in general. Treatment of Bi(0Et)3 with PhSH, EtSH, PhCH2SH and 
HOC2H4SH leads to the formation of the corresponding bismuth thiolates 
Bi(SR)3 in 70-84% yield [76ZAAC(432)47]. Partial hydrolysis of Bi(0'Bu)3 
in aqueous THF gives a sol, which is transformed to a gel after 12 h. In 
addition, complete hydrolysis or thermal treatment at 550°C for 15 h of an 
amorphous powdery Bi(O^Bu)3 yields cubic bismuth(III) oxide Bi203. On the 
other hand, complete hydrolysis of Bi(OSiPh3)3(THF)3 gives an amorphous 
powder, which is heated in air at 475°C to afford bismuth oxohydroxocarbo-
nate (BiO)4C03(OH)2 as a black material [91POL437]. 

(b) Bismuth alkoxide nitrates 
Treatment of Bi(N03)3-5H20 in a mixture of MeCN and MeOH with 12-



Ch. 2 Organobismuth(III) compounds with Bi-group 15 or 16 element bonds 159 

crown-4, 18-crown-6, triethylene glycol (E03), tetraethylene glycol (E04), 
pentaethylene glycol (E05) or hexaethylene glycol (E06) gave the corre
sponding complexes, [Bi(N03)2(E03")]2, [Bi(N03)2(E04~)]2-2 MeOH, 
[Bi(N03)2(E05)] [Bi(N03)2(E05'-)-Bi(N03)3]-2 H2O, [Bi(N03)2(E06-)]2, 
[Bi(N03)3(12-crown-4)] and [Bi(N03)3(OH2)3]-18-crown-6, the structures of 
which are characterized by X-ray crystallography [92JA2960]. The first X-ray 
structure analysis of the bismuth tropolonato complex has been carried out for 
nitratobis (tropolonato)bismuth 4, which shows that the intermolecular Bi-0 
interaction with distances of 2.666 and 2.688 A leads to the formation of a 
dimeric structure [95CB335]. This nitrate exhibits a relatively strong antimi
crobial activity against Helicobacter pylori. 

(c) Bismuth catecholates 
Bismuth catecholates may be classified better as bismuth alkoxides, but the 

known compound examples are not "pure" catecholates. These compounds 
are discussed in Section 4.2.4.1. 

(d) Bismuth carboxylates 
(i) Synthesis: Historically, bismuth carboxylates have long been 

important as drugs for chemotherapy; bismuth subgallate, subcitrate, tartarate 
and subsalicylate are used to treat syphilis, hypertension, infection as well as 
gastrointestinal disorders, and also used as cosmetics to control skin condi
tions [97CB669, 99CRV2601]. Since the 1970s, bismuth subsalicylate (BSS) 
and colloidal bismuth subcitrate (CBS) have been used worldwide for the 
treatment of diarrhea, dyspepsia and peptic ulcers [97CB669]. In spite of 
this however, their chemical nature has not been understood very well yet. 
This is probably due to their poor solubility in common organic solvents. In 
this section, recent progress on the study of bismuth carboxylates is presented, 
but the studies on their biological aspects are not included. 

For the preparation of bismuth carboxylates, four methods are available: (i) 
a substitution reaction of Bi-X bonds with carboxylate anions, (ii) the clea
vage of Bi-C bonds in Ar3Bi with carboxylic acids, (iii) a ligand-exchange 
reaction of bismuth carboxylates with different carboxylic acids, (iv) the 
treatment of Bi203 with carboxylic acids. These four methods (i)-(iv) are 
denoted in Table 2.19: (i) as method A, (ii) as method B, (iii) and (iv) as 
method C, respectively. 

Thus, Bi(02CMe)3 is prepared by method A which involves the reaction 
between BiBr3 and T102CMe in acetic acid [79ZOB1185]. The reaction of 
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i) BiXa + M(02CR) 

(X = CI, Br) (M = Ag, Tl) 

ii) PhaBi + RCO2H 

iii) Bi(02CR)3 + R'C02H 

Bi(N03)3 • 5H2O + RCO2H 

iv) Bi203 + RCO2H 

•MX 

-PhH 

- RCO2H 

-HNO3 

-H2O 
>• 

Di^>^2^''/3 

Bi(02CR)3 

Bi(02CR')3 

Bi(02CR)3 

Bi(02CR)3 

BiCls with Ag02CCF3 gives Bi(02CCF3)3 in good yield as a very moisture-
sensitive compound [75IC1722]. The formation of Bi(02CC7Hi5)3 from 
PhBiCl2 and Na02CC7Hi5 has been reported, but its characterization is not 
sufficient [93AOMC137]. Method B has only Hmited uses; treatment of Ph3Bi 
with boiling chloroacetic acid precipitates bismuth tris(chloroacetate) 
Bi(02CCH2Cl)3 in 90% yield [79ZOB1185]. By method C which involves 
the ligand exchange between Bi(02CMe)3 and isobutyric acid, bismuth triiso-
butylate Bi(02C'Pr)3 is obtained quantitatively; this method needs a large 
excess of carboxylic acid [79ZOB1185]. 

Bismuth nitrate can be converted into bismuth malate Bi[02CCH2. 
CH(0)C02] and bismuth tartarate trihydrate Bi[02CCH(OH)CH(OH)-
C02][02CCH(OH)CH(OH)C02H] simply by mixing with the corresponding 
carboxylic acids [93CB51]. The reaction of Bi(NMe2)3 or Bi(NEt2)3 with 
acetic anhydride gives Bi(02CMe)3 in almost quantitative yield 
[75JINC(37)2011]. Method C which involves acidolysis is the best choice 
for practical purposes. Bi(02CMe)3 is obtained quantitatively by treating 
Bi203 with boiling acetic acid [79ZOB1185]. In a similar way, bismuth trifor-
mate [69ACS1525, 79ZOB1185], tripivalate [93CC335], trihexanoate 
[79ZOB1185], tris(trifluoroacetate) [72JINC(34)3913], tris(2-pyridine-
carboxylate) and tris(2-pyrazinecarboxylate) [91NJC927] are prepared. This 
type of reaction sometimes gives products of a more complicated nature: 
treatment of Bi203 with L-mandelic acid (mandH2) in boiling water leads to 
an oxygen-bridged complex [(mandH)2Bi(|x-0)Bi(mandH)2] in 93% yield, 
whereas the same reaction with glycolic acid (glcH2) gives a polymeric 
complex [(|jL-'Tî -glc)Bi(jX4-0)Bi(|jL-Tî -glc)]oo in 96% yield [92SRI(22)289]. 
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In DMSO, pyridine-2,6-dicarboxylic acid (dipicolinic acid, dipH2) reacts with 
Bi203 to form a dimeric complex [Bi(dipH)(dip)(DMSO)H20]2, which is 
soluble in hot DMSO [92MGMC217]. 

The chemical nature of bismuth carboxylates can be changed dramatically 
by the modification of carboxylate ligands. Such simple bismuth carboxy
lates as triformate [69ACS1525] and tris(trifluoroacetate) [75IC1722] are 
moisture-sensitive and decompose easily under atmospheric conditions. 
Among the seven known bismuth pyridine- and pyrazine-carboxylates, 
only bismuth dipicolinate (2,6-pyridinedicalboxylate) is soluble in DMSO 
and DMF [91NJC927, 92MGMC217]. Bismuth tris(2,3-hydrogenpyrazinedi-
carboxylate) is soluble in DMSO, too [98NJC973]. A bismuth salt of 3,5-
pyrazoledicarboxylic acid is insoluble in common organic solvents 
[98NJC973]. Bismuth mandelate is soluble in DMSO, but insoluble in 
water and acetone [92SRI(22)289]. Two of these soluble bismuth carboxy
lates possess the intra- and intermolecularly coordinating ligands and are not 
affected by moisture; they are usually prepared in aqueous media 
[92MGMC217, 92SRI(22)289]. 

(ii) Spectral properties: Due to the poor solubility of bismuth carboxy
lates in common organic solvents, information on their NMR spectra is poor. 
However, the ^H-NMR spectrum of bismuth mandelate has been determined 
in DMSO-t/6 [92SRI(22)289]. ^H-NMR spectra of water-soluble bismuth 
lactate [92CB43] and bismuth citrate [91IC4210, 93IC5322, 96JCS(D)2417] 
are also reported. 

The IR spectra of bismuth carboxylates are more important; they generally 
show peaks at 1630-1654 (CO2 asymmetric), 1333-1452 (CO2 symmetric), 
and 396^70 (Bi-0) cm~\ Representative data are summarized in Table 2.18. 
In the case of two JJL-OXO compounds characteristic peaks due to v(Bi-O-Bi) 
appear at 532 and 511 cm~^ [92SRI(22)289]. 

Mass spectra of bismuth carboxylates have not been studied in detail. The 
mass spectrum of Bi(02CCF3)3 contains characteristic peaks due to Bi203 ,̂ 
Bi202 ,̂ Bi02CCF3^, Bi02^ and BiO+ fragments [75IC1722]. 

(Hi) Structures: Many X-ray crystallographic studies have been made on 
bismuth carboxylates. The first report has the elucidation of the crystal 
structure of Bi(02CH)3 by Stalhandske [69ACS 1525], where the bismuth 
centers are surrounded by nine oxygen atoms forming a deformed octahedron 
geometry. This means that the significant intermolecular interaction leads to 
the formation of chain polymer structure. The Bi-O bond lengths fall into 
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TABLE 2.18 

IR data of some bismuth carboxylates (in c m ' ) 

Compound^ 

Bi(02CCF3)3 

BiiOjCCF^h 
Bi[2-(02C)Py]3 
Bi[2-(02C)Pz]3 

Bi[2-(02C)-6-(C02H)Py]2(OH) 

Bi[2-(02C)-3-(C02H)Py]2(OH) 

Bi[2-(02C)-5-(C02H)Py]2(OH) 

Bi[2-(02C)-3-(C02H)Py]2(OH) 

[(mandH)2Bi 

(|jL-0)Bi(mandH)2] 

[(^jL-Ti--glc)Bi(^,4-0) 

Bi(^jL-Ti--glc)]oo 

I^as(C02H) 

-
-
-
-
1701 

1701 

1699 

-

-

-

l^as(C02) 

1632 

1641 

1653 

1654 

1630 

1630 

1641 

1637 

1605 

1563 

^s(C02) 

1444 

1452 

1337 

1333 

1358 

1360 

1362 

1366 

1323 

1404 

j^(Bi-O) 

-
-
-
-
419 

447 

440 

396 

470 

-

571 

Reference 

[72JINC(34)3913] 

[75IC1722] 

[91NJC927] 

[91NJC927] 

[91NJC927] 

[91NJC927] 

[91NJC927] 

[91NJC927] 

[92SRI(22)289] 

[92SRI(22)289] 

"^ Abbreviations Py and Pz refer to pyridine and pyrazine, respectively. 

three ranges, 2.34-2.40, 2.49-2.56 and 2.75-2.79 A, showing the existence 
of three different types of formate ligand [69ACS1525]. The crystallographic 
structure of Bi(02CMe)3 revealed that the bismuth center is surrounded by 
nine oxygen atoms to form an irregular nine-vertex polyhedron [91KK909]. 
The Bi-O bond lengths are classified into three categories: short bonds of 
2.25(2), 2.34(2) and 2.38(2) A, longer bonds of 2.52(2), 2.55(2) and 2.62(2) 
A, and intermolecular Bi-O contacts of 2.81(2), 2.83(2) and 2.94(1) A 
[91KK909]. In the case of Bi(02C'Bu)3, the isolated tetrameric units are 
found in the crystal lattice, where every bismuth center is surrounded by 
nine oxygen atoms from three different types of pivalate group; the Bi-O 
distances are 2.24 and 2.50 A, 2.87 and 3.16 A, and 2.50 and 3.27 A, 
respectively [93CC335]. The crystal structure of bismuth lactate, Bi[02C-
CH(0H)Me]3, shows that the intermolecular interaction forms the three-
dimensional network of bismuth carboxylates. In the asymmetric unit, 
there are three different types of lactate ligand, where nine oxygen atoms 
surround the bismuth center [92CB43]. 

Among the known bismuth compounds with multidentate carboxylic acids, 
the crystal structure of [Bi(dipicH)(dipic)(DMSO)H20]2 has been elucidated. 
The asymmetric unit contains two bismuth centers of pentagonal bipyramid 
geometry. These bismuth centers are surrounded by four oxygen atoms and 
two nitrogen atoms of the dipicolinato groups, and one oxygen atom of a 
DMSO molecule [92MGMC217]. Bismuth citrates have been subjected to 
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many studies by X-ray crystallography. The ratio of bismuth atom to citrate 
anions, the coordination numbers of the bismuth centers, and the degree of 
polymerization of the asymmetric units change considerably depending on the 
counter cations of the citrate anions [97CB669]. Reported crystallographic 
studies include compounds K4.75(NH4)o.25[Bi2(cit)2(Hcit)]-13H20 [91IC4210], 
K{Bi(cit)]-3H20 [91IC2579], Na2[Bi2(cit)2]-7H20 [96JCS(D)2417], 
K(NH4)[Bi2(cit)2]-4H20 [93IC5322], (NH4)6[Bi604(OH)4(Hcit)4]-2H20 
[92CL1967] and (NH4)i2[Bii2O8(cit)8]-10H2O [95IC2447]. The bismuth 
centers in bismuth L-(-)-malate and bismuth L-(+)-tartarate are surrounded 
by nine oxygen atoms [93CB51]. Bismuth complexes of triethylenetetraami-
nehexaacetic acid and ^ran^-cyclohexane-l,2-diaminetetraacetic acid have 
also been studied by X-ray crystallography [96JCS(D)2023]. 

(iv) Reactions: Several bismuth carboxylates find industrial applications 
as the catalysts for vapor phase conversion of acetylene to vinyl acetate, high 
temperature preparation of phthalic esters, high-pressure air oxidation of 
aliphatic hydrocarbons, and oxo processes. 

Prolonged heating of Bi(02CMe)3 with amines or alcohols around 150°C 
affords the respective acetylated derivatives in moderate yields [73JOC764]. 
Bi(02CMe)3 can be used successfully for the Prevost type reaction of olefins 
[89CC407]. The reaction is highly stereospecific; no trans isomer is detect
able under wet conditions, while no cis isomer is formed under dry condi
tions. 

Bismuth mandelate has been found to be an effective catalyst for the 
oxidative C-C bond cleavage of epoxides to carboxylic acids in dry 
DMSO medium [93TL2601]. The reaction of several styrene oxides in a 
DMSO-O2 system has been studied kinetically to demonstrate that an elec
tron-donating group on the phenyl ring accelerates the reaction 
[94JOM(482)119]. Bismuth mandelate works also as a catalyst for the oxida
tive C-C bond cleavage by molecular oxygen of a series of a-keto alcohols 
to form the corresponding carboxylic acids [95T4991]. DMSO is the choice 
solvent for this purpose. Under a nitrogen atmosphere, little or none of the 
expected acid is obtained (Section 5.2.3). 

(e) Bismuth carbamates 
There are three known examples of bismuth carbamates, two of which, 

Bi(02CNMe2)3 and Bi(02CNEt2)3, are prepared by the reaction of the corre
sponding Bi(NR2)3 and CO2 [75JINC(37)2011]. Dipropylcarbamate is 
prepared similarly, though it does not give satisfactory elemental analysis. 
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The dimethylcarbamate shows IR peaks at 1400 and 1350 cm"^ due to v(C02), 
while the Bi(02CNEt2)3 shows them at 151 
data of these compounds are also available. 
while the Bi(02CNEt2)3 shows them at 1510 and 1430 cm \ The ^H-NMR 

(f) Bismuth sulfinates 
Only limited information on the chemistry of bismuth sulfinates is available. 

Two articles were published by Deacon et al. for this type of compound in 
1971-1972. The sulfinates are accessible by three methods: (i) reaction of 
PhsBi and mercury arenesulfinate Hg(02SAr)2 (Ar=Ph, 4-MeC6H4) in 
CHCI3 or MeOH at room temperature, (ii) a substitution reaction between 
BiCls and silver arenesulfinate Ag02SPh, and (iii) treatment of Bi(02CMe)3 
with a slight excess of arenesulfinic acid in glacial acetic acid [71 JOM(26)C10, 
72AJC2107]. These methods are referred to as methods B, A and C, respec
tively, in Table 2.19. The most common is the ligand exchange reaction using 
arenesulfinic acid (method C). By this method, Bi(02SPh)3 1, Bi(02SC6H4-4-
Me)3 2, Bi(02SC6H4-4-Cl)3 3, Bi[02SC6H4-4-(NHCOMe)]3 4 and Bi(02SC6H2-
2,4,6-'Pr3)3 5 are prepared in 64-86% yields. The mercury salt method has 
disadvantages in that it uses poisonous mercuric compounds and it is difficult to 
separate the product from the accompanying arylmercuric sulfinates. 

i) PhsBi + 3Hg(02SAr)2 ^^^^ * Bi(02Ar)3 + 3 Ph2Hg 

ii) BiCIa + 3 Ag02SPh ^ Bi(02SPh)3 + 3 AgCI 

iii) Bi(02CMe)3 + 3ArS02H ^^CG^H ' Bi(02SAr)3 + 3 MeC02H 

The IR spectra of Bi(02SAr)3 show strong bands, due to Vas(S02) and 
Vs(S02), around 943-880 cm~', suggesting that the sulfinate ligands bind to 
the bismuth center as 0-sulfinates and, thus, ruling out the possibility of S-
sulfinates or ionic structure. Low solubility of Bi(02SAr)3 supports their poly
meric nature in the solid state [72AJC2107]. 

When heated at around 180-210°C in vacuum, Bi(02SAr)3 decomposes to 
give the corresponding Ar3Bi, the reported yields of which are Ph (79%), 4-
MeC6H4 (57%) and 4-CIC6H4 (44%). By thermal decomposition of sulfinate 3, 
di(4-chlorophenyl)sulfone and 5'-(4-chlorophenyl)-4-chlorobenzenethiosulfo-
nate are obtained as side products. Thermal decomposition of sulfinate 4 gives 
acetanilide, whereas similar treatment of sulfinate 5 results in extensive 
decomposition to unidentified products. Synthetically, a pyrolysis reaction 
is not considered to be useful for obtaining Ar3Bi. 
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(g) Bismuth sulfonates 

Rather surprisingly, the reported chemistry of bismuth sulfonate is limited 
to bismuth trifluoromethanesulfonate (triflate), which has been prepared in 
almost quantitative yield by treating Bi(02CCF3)3 with trifluoromethanesul-
fonic acid CF3SO3H in CF3CO2H [83IJC(A)814]. However, the use of excess 
CF3SO3H is required to complete the reaction. Bi(03SCF3)3 is a white hygro
scopic solid and stable up to 100°C under atmospheric conditions. The triflate 
decomposes at 100^00°C to form Bi202S04, which, on further heating at 
400-600°C, gives 81263. The triflate is insoluble in common organic solvents 
except for DMSO and DMF. Bi(03SCF3)3 can also be prepared by the reaction 
of triflic anhydride and 81263, however the reaction requires prolonged heat
ing [90JFC(48)421]. Very recently, a more efficient method for the prepara
tion of Bi(03SCF3)3 has been reported: the direct reaction of CF3SO3H on 
triphenylbismuthine [99TL285]. In this method, there is no need to use an 
excess triflic reagent. 

The IR spectrum of the triflate shows peaks at 1380 Vas(SO), 1200 Vs(SO) 
and 840 p(SO) cm"^ due to the S-O stretching of the terminal triflate Ugand. 
In addition, absorptions around 1305, 1130 and 1000 cm~^ are assigned to the 
Pas(SO), Vs(SO) and v(SO) vibration modes of the bridging or chelating triflate 
groups. These findings suggest that Bi(03SCF3)3 forms the oligomeric or 
polymeric chain structure in the solid state. The ^^F-NMR spectrum of 
Bi(03SCF3)3 shows a peak at 8 78.3; the terminal and bridging triflate groups 
are indistinguishable on NMR time scale [83IJC(A)814]. 

Bismuth triflate forms complexes with pyridine, bipyridyl and Ph3P=0. 
The IR spectra of these compounds also exhibit absorption bands due to the 
terminal and bridging triflate groups, which is in agreement with the presence 
of two types of triflate ligand [83IJC(A)814]. 

The X-ray structure of the hydrated triflate shows that the bismuth center is 
surrounded by nine molecules of water, [(CF3S03)3Bi(H20)9] [95AG(E)2416]. 
This unique geometry of the bismuth center may be described as a tricapped 
trigonal prism, the bismuth atom possessing a €3^ symmetry. The Bi-0(H20) 
bond distances therein are 2.448(2) and 2.577(2) A. 

(h) Bismuth tetraphenylimidodiphosphinate 

The title compound Bi[OPPh2NPPh20]3 has been prepared as an air-stable 
solid in 50% yield by the reaction of BiCl3 and potassium tetraphenylimido
diphosphinate K[OPPh2NPPh20]. 
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^to "'to. 
BiCIa + N, K ^ N, Bi 

Its ^^P-NMR spectrum shows a peak at 5 -17.3, which is close to the 5 
-17.0 value of Pb[OPPh2NPPh20]2 [80INCL189]. The FAB-mass spectrum 
of this compound contains characteristic peaks due to M^, [M-Ph]^ and [M-
OPPh2NPPh20]^ fragments [96IC3948]. X-Ray crystallography has shown 
that six oxygen atoms surround the bismuth center to form a Qv geometry. 
The ligands coordinate to the bismuth atom asymmetrically through two types 
of Bi-O bond; the short bonds are in the range 2.256(7)-2.281(7) A, while the 
longer ones fall in the range 2.337(8)-2.404(8) A. The bond lengths and bond 
angles are comparable with those of other metal complexes containing the 
same [OPPh2NPPh20] ligand [96IC3948]. 

2.2.4.4. Bismuth(III) compounds with three Bi-S bonds (Tables 2.22 
and 2.23) 

(a) Bismuth thiolates 

Bismuth thiolates represent one of the most studied inorganic bismuth 
compounds, though publications on this type of compound are few. In recent 
years, increasing attention has been given to the potential usefulness of 
bismuth thiolates as fungicides, antitumor agents, vulcanization catalysts 
and as well as precursors to Bi2S3 for solution or vapor phase deposition 
purposes. Many spectroscopic data are available, but their reactivity has not 
been studied in detail. In this section, bismuth thiolates are divided into two 
categories: aliphatic and aromatic thiolates. 

(i) Bismuth alkanethiolates Although the study of aliphatic bismuth thio
lates began as early as the last century [1876BSF(25)183, 1877JPR( 15)209], 
the first spectral identification of these compounds was made by Wieber and 
Baudis only two decades ago [76ZAAC(423)47]. Three aliphatic thiolates, 
Bi(SEt)3 1, Bi(SC2H40H)3 2, and Bi(SCH2Ph)3 3, are obtained by treating 
Bi(OEt)3 with the corresponding thiols in EtOH; this produces yellow to 
reddish-orange colored crystals, soluble in common organic solvents. These 
thiolates decompose when heated at high temperatures or exposed to daylight 
for a prolonged time [76ZAAC(423)47]. A mixture of BiF3 and Me3SiS'Bu, 
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when shaken in a sealed tube for 3 days at 25°C, gives Bi(S^Bu)3 4 in quanti
tative yield [81JINC(43)1469]. This thiolate can be stored in an evacuated 
tube, however, it decomposes in open air or on dissolution in CH2CI2. 
Recently, bismuth thiolates 5-9 are prepared in good to excellent yields by 
treating cyclic fi/-chloro-l,3-dithia-2-bismacycloalkanes with dithiols in the 
presence of aqueous NaN03 [96JA3225] (Table 4.2). These compounds 5-9 
are poorly soluble in common organic solvents. 

S S ^ Bi ^ 

S J 

s s 

The formation of bismuth glutathionate Bi(GS)3 10 from the reaction of 
ranitidine bismuth citrate, [Bi(edta)l", and glutathione has been confirmed by 
'H- and ^^C-NMR. This complex is stable over a range of pH 2-10. The 
reaction of bismuth citrate with glutathione in red blood cells has been exam
ined by means of ^H-NMR [96CEJ701]. Bismuth dithizonate (3-mercapto-
1,5-diphenylformazan complex) 11 is obtained by shaking a CHCI3 solution of 
dithizone and aqueous Bi^^, prepared from metallic bismuth, concentrated 
H2SO4, NH3 (to adjust pH 5) and KCN [82AX(B)2140]. 

"02C-^ 0 

10 

Ph 
1 

N^s) -B i 

Ph 
11 

Mass spectral data are available for compounds 1 and 5-9; only an M^ 
signal is reported for compound 1 [76ZAAC(423)47], while httle fragmented 
ion peaks are observed in their EI mass spectra for compounds 5-9. APCI 
mass spectral data of compounds 5, 6, 8 and 9 in MeCN with 1% HCl exhibit a 
similar trend; monocyclic bismuthenium cations provide predominant signals 
due to the cleavage of one Bi-S bond [96JA3225]. 
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IR and Raman spectra of compound 4 are reported as follows; IR: 578 and 
443 v(CS), 420 and 377 p(BiS) and 348 v(BiSC) cm"\ and Raman: 580 
v(CS), 424 and 383 p(BiS), 351 and 227 p(BiSC), and 120 v(SBiS) cm~^ 
[81JINC(43)1469]. In IR spectra of compounds 5-9, strong absorption 
bands are observed at 660-677, 422-433, 318-335 and 240-294 cm"\ 
while in their Raman spectra strong absorptions appear at 633-682, 294-
313, 230-278, 159-169, and 68-92 cm"^ [96JA3225]. 

X-Ray crystallographic structures of compounds 5 and 8 have been char
acterized. In the asymmetric unit, two identical molecules are observed in both 
compounds. The endocyclic Bi-S bond lengths in compound 5 are 2.552(6), 
2.553(7), 2.565(7) and 2.591(7) A, and the exocyclic Bi-S bond lengths are 
2.633(7) and 2.635(7) A. In addition, there are intra- and intermolecular Bi-S 
interactions in the range 3.134(7)-3.902(7) A, forming a six and a seven 
coordinated bismuth center, respectively [96JA3225]. The Bi-S bond lengths 
in compound 8 are 2.559(4), 2.576(4), 2.597(5) and 2.599(4) A for endocyclic 
Hnkages, and 2.566(5) and 2.615(4) A for exocyclic ones. Distances of the 
transannular Bi-S interactions are 3.071(5) and 3.197(5) A. Other intra- and 
intermolecular Bi-S contacts found are 3.192(4)-3.346(5) A [96JA3225]. 

The X-ray structure analysis of compound 11 has shown that the bismuth 
center forms a distorted octahedral geometry. The Bi-S bond lengths are 
2.606(3), 2.607(3) and 2.613(3) A, and the Bi-N intramolecular distances 
are 2.678(9), 2.706(8) and 2.746(10) A [82AX(B)2140]. 

(//) Bismuth arenethiolates Many bismuth thiolates have been prepared 
from aromatic thiols and are characterized in detail. Known compounds 
include compounds 12 [17CB21, 51JA2880, 79JINC(41)1390], 13 
[95JCS(D)2129], 14 [95JCS(D)2129], 15 [95JCS(D)2129], 16 
[95JCS(D)1649], 17 [95JCS(D)1649], 18 [93IC2972, 95JCS(D)1649], 19 
[65JINC(27)1431, 83ICA(73)141, 86POL1513], 20 [86POL1513], 21 
[51JA2880], 22 [88JFC(38)367] and 23 [68CJC2699, 95JCS(D)2129, 
95POL311]. 

BiCIs + 3ArS" 

PhsBi + 3 ArSH 

[Bi(NR2)3 or Bi(0R)3 or Bi2(C03)3] + 3 ArSH 

Bi(SAr)3 

They can be prepared by the following three procedures; (i) a substitution 
reaction between BiCls and thiolate anions [86POL1513, 93IC2972, 
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95JCS(D)2129], (ii) cleavage of three Bi-C bonds in PhsBi by thiols 
[51JA2880, 95JCS(D)2129], and (iii) treatment of Bi(NR2)3, Bi(0R)3 or 
Bi2(C03)3 with thiols [76ZAAC(423)47, 83ICA(73)141, 95JCS(D)1649]. 
Though all these methods give good yield of the desired bismuth thiolates, 
the first one is the most simple and hence the most convenient. There is an 
interesting example of the reaction between BiCl3 and three equivalents of 
NaSCeFs in THF, where an unexpected complex [Na2(THF)4][Bi(SC6F5)5] is 
formed instead of the expected thiolate 23 [95POL311]. 

^3 
'A \ C 

12; R U R2 = R2 = R"* = R̂  = H 18; R U R̂  = R̂  = fe 
13; R̂  = Me, R U R̂  = R̂  = R5 = H 19; R̂  = NH2. R̂  = R̂  = R̂^ = R̂  = H 
14; R U R̂  = Me, R̂  = R̂  = R^= H 20; R̂  = NH3CI. R̂  = R^= R̂  = R̂  = F 
15; R2 = R'* = Me, R̂ = R̂  = R̂  = H 21; R̂  = C02Me, R̂  = R̂  = R̂^ = R̂  = 
16; R U R3 = R5 = Me, R̂  = R'̂  = H 22; R̂  = F, R̂  = R̂  = R̂  = R̂  = H 
17; R̂  = R3 = R̂  = 'Pr, R̂  = R̂  = H 23; R U R̂  = R̂  = R4 == RS ^ F 

In most cases, the reaction and subsequent manipulation for product isola
tion are carried out under an inert, oxygen-free atmosphere to avoid oxidative 
degradation [51JA2880, 93IC2972, 95JCS(D)2129]. Sterically crowded 
bismuth thiolates 16-18 are reported to be air-stable in the solid state. In 
solution, however, even these compounds are readily oxidized to form diaryl 
disulfides [95JCS(D)1649]. Compound 19 is air- and moisture-insensitive 
over a period of 1 week in the solid state [83ICA(73)141]. The solubiUty of 
these thiolates depends greatly on the structure of the thiolate ligands attached; 
thiolate 12 is soluble in Et20, CHCI3 and C6H6 [79JINC(41)1390], thiolates 
16-18 are soluble in common organic solvents [95JCS(D)1649]; thiolate 23 is 
soluble in MeOH, acetone, EtsO, CHCI3 and C6H6 [68CJC2699]. Thiolates 19 
and 20 are soluble in pyridine, DMSO and DMF, but insoluble in CHCI3, 
C6HA, e c u BtOH and CS. [86POL1513]. 

^H and ^C-NMR data of thiolates 12 [76ZAAC(423)47], 13-15 
[95JCS(D)2129] and 16-18 [93IC2972, 95JCS(D)1649] are available, though 
they do not provide the diagnostic features of bismuth thiolates. ^^F-NMR of 
thiolate 23 shows signals at S 130.3, 158.2 and 165.2, which are not so 
different from those of the corresponding thiolates of Zn, Cd, Hg and Pb 
[68CJC2699]. Only limited data are available for mass spectrometry; 12 
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shows an M^ ion peak [76ZAAC(423)47], while 18 exhibits not a molecular 
ion peak M^ but a peak due to ArSSAr^ [93IC2972]. The mass spectrum of 19 
contains signals due to M^, BiSC6H4-2-NH2^, HSC6H4-2-NH2^ and SC6H4-2-
NH2^ ions [83ICA(73)141]. Compounds 19, 20 and 23 show IR peaks at 675-
627 v(C-S) and 313-250 cm~^ p(Bi-S) [68CJC2699, 83ICA(73)141, 
86POL1513], while thiolate 12 exhibits a peak at 313 cm"^ p(Bi-S) 
[79JINC(41)1390]. Thiolate 19 shows the UV-Vis absorption maxima at 
400 and 301 nm in pyridine, 400, 277.3 and 267.5 nm in DMF, 400 and 
295 nm in DMSO, and 400, 280, 226 and 215.4 nm in dioxane, while thiolate 
20 shows the absorption maxima at 400 and 305 nm in pyridine, 387.5, 300 
and 267.5 nm in DMF, and 400 and 290 nm in DMSO [86POL1513]. 

The first X-ray structure analysis of a bismuth thiolate without inter- and 
intramolecular contacts has been performed on compound 18 by Cowley et al., 
which shows that the crystal contains two independent molecules. Each mole
cule has the pyramidal bismuth center with two sets of the Bi-S bond length; 
2.556(7), 2.558(7) and 2.562(7) A for one molecule and 2.554(7), 2.555(7) 
and 2.569(8) A for the other. The S-Bi-S bond angles are 99.1(2), 96.2(2) and 
97.6(2)° for the former molecule and 90.3(2), 100.0(2) and 104.5(2)° for the 
latter [93IC2972]. On the other hand, the X-ray crystallographic structure of 
thiolate 23 reveals that two molecules form a centrosymmetric dimer, in which 
each bismuth center has a four-coordinated disphenoidal geometry 
[95POL311]. In each molecule, the Bi-S bond lengths are 2.532(2), 
2.540(2) and 2.584(2) A and the intermolecular Bi-S interaction distance is 
3.323(2) A. The S-Bi-S bond angles are 87.57(5), 92.76(6) and 96.51(6)° 
[95POL311]. In addition, molecular complexes of thiolate 23 with eight 
Lewis bases are known and include [(F5C6S)3Bi(S=PPh3)], [K(18-crown-
6)] ̂ [(C6F5S)3Bi(NCS)] -, [(C6F5S)3Bi(HMPA)2], [(C6F5S)3Bi(0=PPh3)]-
CH2CI2, [(C6F5S)3Bi(dmpu)2], {(C6F5S)3Bi[S=C(NHMe)2]3} [(C6F5S)3Bi 
(OSPh2)2], and {(C6F5S)3Bi[S=C(NH2)2]} [95JCS(D)1163]. These 
complexes are obtained by crystallizing thiolate 23 in the presence of 3 ^ 
equiv. of the corresponding ligands. 

Bismuth thiolates from heteroaromatic thiols are also known. Bismuth 
tris(l-oxopyridine-2-thiolate) 24 is obtained in 89% yield from the reaction 
of BiCl3 and sodium l-oxopyridine-2-thiolate. Compound 24 can be washed 
safely with water, EtOH, Et20, hot DMSO and hot A ,̂A^-dimethylacetamide 
owing to its insolubility in common organic solvents [72JCS(D)1120]. Treat
ment of Bi(N03)3-5H20 with 3-(trimethylsilyl)pyridine-2-thiol in MeOH in 
the presence of Et3N gives compound 25 in 55% yield as bright yellow 
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crystals, which is soluble in common organic solvents such as CH2CI2, MeCN 
and DMF [91IC4784]. The IR spectrum of thiolate 25 shows absorption bands 
due to v(Si-C) and v(Bi-S) in the range 850-700 and 350-250 cm'^ respec
tively. 

SiMeg 

aSiMe3 ^. ^ r—/ 

N SH N 
25 

The X-ray crystal structure analysis of thiolate 25 has shown that the poly
hedron of the bismuth center is considered to be intermediate between the 
capped-octahedral and pentagonal-bipyramidal geometry. The Bi-S bond 
lengths are 2.544(6), 2.604(6) and 2.647(7) A, and the Bi-N intramolecular 
distances are 2.69(2) and 2.83(2) A [91IC4784]. 

The reaction of bismuth arenethiolates has been studied very little; there is 
only one example of the reaction between thiolate 23 and 2 equiv. of 
{Bi[M(CO)3(Ti-C5H5)l3} (M=Mo and W) to form a complex 
[Bi(SC6F5){M(CO)3(Ti-C5H5)}2][95JCS(D)2129]. 

{h) Bismuth mercaptocarboxylates 
Bismuth mercaptocarboxylates are compounds derived from mercaptocar-

boxylic acids, in which the bismuth atom is bound to different heteroatoms via 
covalent Bi-OCO and Bi-S bonds. There are four known examples of this 
type of compound 1-4, as shown below [81ZN(B)70]. Two polymeric struc
tures are proposed for these compounds; one is a linear chain structure (A), 
and the other is a polymer containing a pseudo five-membered ring structure 
(B). 

(A) (B) 

O 1;X = SCH2C02H 

^S^ V ^ R '^ BiV r \ J r \ l X 3;X = 02CCH(CH3)SH 
^ V " S-R ' S-R' 4; X = O2CC6H4-2-SH 

The IR spectra of these compounds contain characteristic absorption bands 
at 1540-1510 cm"^ due to Vas(COO), 1370-1380 cm"^ due to Vsy(COO), and 
290-340 cm"' due to v(Bi-S). In addition, compounds 1 and 2 show signals at 
1710 and 1690 cm"' due to v(C^O), and compounds 3 and 4 exhibit signals 
at 2560 and 2580 cm"' due to v(S-H) [81ZN(B)70]. 
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The X-ray structure analysis of bismuth thiosahcylate has revealed that the 
compound forms an octanuclear cluster core [Bi8(tsal)i2(DMF)6](DMF)6, 
where tsalH2 denotes a thiosalicylic acid unit. The presence of stereochemi-
cally active lone pairs of electrons is suggested for each bismuth center 
[94CL2123]. 

(c) Bismuth thioenolates 

This type of compound Bi[PhC(S)CHC(0)Ar]3, where Ar=Ph 1, 4-
MeOC6H4 2 and 4-CIC6H4 3, is prepared by treating BiCls with benzoyl(thio-
benzoyl)methane derivatives in the presence of sodium acetate [92POL1219]. 
They are orange to red colored crystals, poorly soluble in benzene but can be 
recrystallized from CH2Cl2-MeOH. The IR spectra of these compounds 
contain common absorption bands in the range 1580-1586 cm"^ due to 
p(C=0), 1230-1249 and 840-842 cm"^ due to v(C-S), 485-495 cm'^ due 
to p(Bi-O), and 350-356 cm~^ due to v(Bi-S). ^H- and ^^C-NMR data are 
available but do not provide any diagnostic features. 

Ar 
P^N,/^X^Ar NaOoCMe / = ^ \ 1;Ar = Ph 

S O MeOH )^S% 3; Ar = C6H4-4-CI 
Ph 

The X-ray crystallographic study of compound 1 has shown that the 
bismuth center is described best as a distorted pentagonal bipyramidal. The 
Bi-S bond lengths are 2.581(4), 2.627(5) and 2.731(3) A, and the Bi-0 bond 
lengths are 2.536(9), 2.575(11) and 2.650(9) A. In addition, there is some 
intermolecular interaction between the bismuth and sulfur atoms (3.494(5) 
and 3.551(5) A), which causes a dimeric structure in the solid state 
[92POL1219]. 

(d) Bismuth dithiocarboxylates 

Bismuth tris(2-amino-l-cyclopentene-l-dithiocarboxylate) 1 and 2-(ethyla-
mino)cyclopentene-l-dithiocar-boxylate 2 are obtained as red crystals by 
treating BiCla or BiOCl with the corresponding dithiocarboxylic acids in 
EtOH. Compound 1 is insoluble in common organic solvents except for 
DMF and DMSO, in which it is sparingly soluble. Compound 2 is moderately 
soluble in common organic solvents [87IC1453]. 
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Rv.,^H R̂  ^H 
N s N s 

Bids + f "^V^ SH CV^SVBI 1;R = H 
BOH \ I ^^3^' 2; R = Et 

The X-ray structure analysis of compound 2 has shown that the bismuth 
center is surrounded by six sulfur atoms to form a trigonal antiprismatic 
geometry. All three dithiocarboxylate ligands are non-equivalent and the 
Bi-S bonds can be divided into two types: short (2.617(2), 2.626(1) and 
2.647(1) A) and long (2.963(2), 3.040(1) and 3.108(2) A). One of the sulfur 
atom coordinates weakly to the neighboring bismuth center (3.689 A) to form 
a dimeric structure in the solid state [87IC1453]. 

(e) Bismuth dithiocarbamates 

Four bismuth dithiocarbamates Bi(S2CNR2)3 are prepared and characterized 
which include 1 (R=Me), 2 (R=Et), 3 (R=CH2CH20H) and 4 (R-Pr). For the 
preparation of compounds 1, 2 and 4, the insertion reaction of CS2 to the 
corresponding Bi(NR2)3 has been employed. The reaction undergoes exother-
mally to give the product in good yield [75JINC(37)2011]. 

/Q M D \ 1;R = Me 
Bi(NR2)3 + CS2 , ^ Bi-i; Y A 2;R = Et 

S 4; R = Pr 

Rather unexpectedly, the substitution reaction of BiXs with sodium dithio
carbamates has not been employed except for the preparation of compound 2 
[68JOM( 11)627]. Direct mixing of BiCls with Et2NH and CS2 in petroleum 
ether gives compound 2 in 74% yield [70INCL71], while treatment of 
BiONOs with the corresponding carbamic acid in the presence of HCl affords 
compound 3 [97POL1211]. By treating Ph2BiCl with Et2NCS2Na, compound 
2 is obtained as a side product, along with PhsBi and PhBi(S2CNEt2)2 
[68JOM(l 1)627]. 

BiCl3 ^ CS2 ^ Et̂ NH petroleum ether' ^ ' \ Y 

Except for compound 3, ' H - N M R , IR and UV spectral data are available 
and some of them are summarized in Table 2.20. Little difference has been 
observed between the spectra recorded in mull and solution, suggesting that 
compound 2 exists as a monomer in solution [70INCL71]. Values of X̂ ax î̂ d 
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TABLE 2.20 

IR and UV spectra of bismuth dithiocarbamates 

Compound IR (cm T UV References 

Bi(Me2NCS2)3 

Bi(Et2NCS2)3 

Bi(Pr2NCS2)3 

N-C,.b 

1495 

1502 

1490 

1500 

1480 

1475 

C Sst 

1245 

-
-
1270 

1270 

1270 

C-Nde 

-
-
-
1430 

-
-

C—Svib 

1130 

-
-
1145,990 

1140 

1145 

''•max 

261 
259 
262 

-
263 
263 

(nm) e (mol ^cm ^] 

5.2 X 10^ 

5.93 X 10^ 

6.21 X 10^ 

-
4.1 X 10^ 

4.1 X 10"̂  

» 

[75JINC(37)2011] 

[68JOM(l 1)627] 

[68JOM(l 1)627] 

[70INCL71] 

[75JINC(37)2011] 

[75JINC(37)2011] 

^ Abbreviations: vib, vibration; st, stretching; de, deforming. 

s of these carbamates are very similar [68JOM(l 1)627, 75JINC(37)2011]. 
The electrochemical behavior of compound 3 is also reported [97POL1211]. 

The X-ray crystallographic structures of compounds 2 [76JCS(D)791] and 3 
[97POL1211] have been characterized. The bismuth center of compound 2 is 
surrounded by eight sulfur atoms to form a C3 symmetry, where some inter-
molecular interaction has been observed. The Bi-S bonds can be divided into 
two types: short (2.595(5)-2.775(5) A) and long (2.956(5)-2.964(4) A) 
[76JCS(D)791]. The bismuth center of compound 3 is an eight-coordinated 
polyhedron of a distorted square antiprism. The compound forms a dimeric 
structure in the solid state and two of the six carbamate ligands bridge. The 
Bi-S bonds can be classified into three types according to their lengths: 
2.669(7)-2.729(7) A, 2.819(7)-2.885(7) A, and 3.076(9)-3.179(9) A 
[97POL1211]. The carbamate groups of both compounds are non-equivalent, 
forming stereochemically active lone pairs of electrons. 

(f) Bismuth dithiocarbonates (xanthates) 
Five examples of bismuth tri(dithiocarbonate)s are known: 0-methyldithio-

carbonate 1, 0-ethyldi-thiocarbonate 2, 0-isopropyldithiocarbonate 3, O-
cyclohexyldithio-carbonate 4, and 0-benzyldithiocarbonate 5. All these 
compounds are prepared by a simple substitution reaction of BiCls with potas
sium dithiocarbonate [76AJC559, 85ICA(99)177, 92JCSR(22)231]. 

BiCIo T 
s EtOH s 

1; R = Me 
2; R = Et 
3; R = 'Pr 

4;R=''Hex 
5; R = CH2Ph 

The IR spectra of these dithiocarbonates are similar to those of common 



184 Organobismuth(III) compounds 

TABLE 2.21 
IR spectra of bismuth dithiocarbonates (cm 

Ch. 2 

Compound C-O C-S Reference 

BiCS.COEt), 
BiCS.CO'P:), 
BiCS.CO'Hex), 
Bi(S2COCH2Ph)3 

1210 
1210 
1250, 1225, 1207 
1264, 1250 

1035 
1015 
1040, 1022 
1052, 1038, 1030 

[76AJC559] 
[85ICA(99)177] 
[92JCSR(22)231] 
[92JCSR(22)231] 

metal dithiocarbonates and their absorption bands due to the C-O and C-S 
bonds are summarized in Table 2.21. The UV spectrum of 0-ethyldithiocar-
bonate 2 is reported; X̂ ax and s values are 365 (n-ir*, e, 2000), 330 (charge 
transfer, e, 7500), 285 (IT~TT'^, e, 17000), 260 (charge transfer, 8, 22000), and 
229 nm (n-a*, s, 62000 [76AJC559]. 

The X-ray crystallographic structures of bismuth dithiocarbonates 1-5 have 
been studied. All these structures are dimeric or polymeric due to the inter-
molecular interaction among the bidentate xanthate ligands. Compounds 1 
[87AJC743], 2 [94MGMC727], 4 and 5 [92JCSR(22)231] all exist as centro-
symmetric dimers, while compound 3 [84ICA(81)L33, 85ICA(99)177] forms 
a ladder-like polymeric structure. The coordination modes of the bismuth 
center in the former compounds are similar: the bismuth centers are 
surrounded by seven sulfur atoms, forming a distorted pentagonal bipyramidal 
geometry. The coordination polyhedron of compound 3 is described as a 
distorted bicapped trigonal prism [85ICA(99)177]. Three dithiocarbonate 
ligands are non-equivalent, and the Bi-S bonds in compound 1 can be classi
fied into two types: short (2.596(3), 2.720(3) and 2.747(3) A) and long 
(2.933(4), 2.961(4) and 2.998(4) A] [87AJC743]. 

(g) Bismuth dithiophosphinates 
The dithiophosphinato complexes of main group and transition metal 

elements have been studied extensively. In the case of bismuth, Bi(S2PR2)3 
1 (R=Me) [94POL5471,2 (R=Et) [64CB2306, 87JCS(D)1257, 89ACS511], 3 
(R=Pr) [64CB2306], and 4 (R=Ph) [71CB1892, 87JCS(D)145] are known. 
These compounds are obtained as yellow solids by the substitution reaction of 
BiCls and NaS2PR2 [64CB2306, 94POL547], or by the reaction of 
Bi(N03)3-5H20 and NaS2PR2 in the presence of nitric acid [71CB1892]. 
They appear to be insensitive towards moisture and oxygen. 
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BiClg or HNO3 R. ,S. 
1; R = Me 
2; R = Et 

+ NaS2PR2 K >Bi t S " p 
Bi(N03)3-5H20 R 3% I'.^Zpl 4; R = Ph 

Spectral data of these dithiophosphinates are currently limited. ^H, ^̂ C and 
^^P-NMR spectra are reported for compound 1. Its ^^P-NMR spectrum shows a 
signal at 8 60.4 [94POL547]. The mass spectrum of compound 1 does not 
show the parent peak M^, but the daughter peaks due to [M-Me2PS]^, [M-
Me2PS2]^, [M-2Me2PS2]^, BiSPMe2 ,̂ BiS^ and bismuthions are observed 
[94POL547]. Compound 4 exhibits IR absorption bands at 688, 626 Pas(PS), 
602, 551 p,(PS), 485, 589 and 251 v(BiS) cm~^ [71CB1892], while 1 shows IR 
peaks at 580 and 492 (PS2) and 260 v(BiS) cm"^ [94POL547]. The UV-Vis 
spectrum of compound 4 shows three absorption maxima at X̂ ax 235 
(8=3.4X10^ (mor^ cm"^), 291 (8=1.7x10'^ moF^ cm~^) and 314 (shoulder) 
nm [71CB1892]. The molar conductivity of compound 3 is estimated to be 
0.182 fl~^ cm^ mor^ [64CB2306]. 

The X-ray crystallographic structures of compounds 1 [94POL547], 2 
[87JCS(D)1257, 89ACS511] and 4 [87JCS(D)145] have been elucidated. 
Compound 2 exists as a monomer in the solid state; its bismuth center is 
surrounded by six sulfur atoms to form a distorted octahedral geometry. 
The Bi-S bond lengths are not equal and fall in the range 2.753(2)-2.858(2) 
A [89ACS511]. The crystal structure of Bi(S2PEt2)3C6H6 is also elucidated. 
Its bismuth center is monomeric and the lone pair of electrons is not sterically 
active. In the crystal, three dithiophosphinato ligands are almost equivalent; 
the Bi-S distances are 2.782(5) and 2.794(5) A [87JCS(D)1257] (Table 6.5, 
compound 95). In contrast to compound 2, the crystal structures of compounds 
1 and 4, Bi(S2PMe2)3 and Bi(S2PPh2)3, are dimeric. Compound 1 exists as a 
centrosymmetric dimer which is bridged by one of the dithiophosphinato 
ligands. The geometry of the bismuth center is described as a distorted penta
gonal bipyramid and three ligands are not equivalent. The Bi-S bonds can be 
divided into two types: short (2.641(3), 2.782(3) and 2.714(3) A) and long 
(2.891(3), 3.025(3) and 3.165(3) A). The longest Bi-S distance is that of the 
bridging dithiophosphinato group: 3.183(3) A [94POL547]. The structure of 
compound 4 is very similar to that of compound 1; two molecules form a 
dimeric structure, in which all dithiophosphinato ligands are not equivalent. 
Its Bi-S bond lengths are similar to those of compound 1 [87JCS(D)145]. 
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Both structures may possess a stereochemically active lone pair of electrons, 
though this is only speculative at present. 

(h) Bismuth dithioarsinates 

Bismuth tris(dimethyldithioarsinate) is the only reported example of this 
type of compound [97HAC317]. It is obtained as light yellow crystals by 
treatment of Bi(N03)3-5H20 with sodium dimethyldithioarsinate NaS2AsMe2 
in MeCN. Its mass spectrum contains signals due to M^, [M-S]^, Me4As2S5 ,̂ 
Me4As2S3Bi ,̂ Me4As2S2Bî  and Me2AsS^ ions. The X-ray crystal structure 
analysis has revealed that the compound exists as a dimer which contains the 
centrosymmetric monomeric unit with a pentagonal bipyramidal geometry 
similar to Bi(S2PMe2)3. The bismuth center is surrounded by seven sulfur 
atoms with short (2.658(4), 2.735(4) and 2.802(4) A) and long (2.881(4), 
3.048(4) and 3.177(4) A) bond distances; the intermolecular Bi-S distance 
is 3.141(4) A [97HAC317]. No further information is available on its spectra 
and reactivity. 

(i) Bismuth dithiophosphates 

The chemistry of bismuth dithiophosphate, Bi[S2P(OR)2]3, has not been 
studied in detail though the following six compounds are known: diethyl- 1 
(R=Et) and diisopropyldithiophosphate 2 (R='Pr), and cyclic dithiopho
sphates 3-6. These compounds are prepared as yellow crystalline solids by 
treating BiCl3 with ammonium dithiophosphate NH4^[S2P(OR)2]" in acetone 
[74IC135, 84POL1337, 89POL483], or by the reaction of BiCl3 and dithio-
phosphoric acid in boihng benzene [84POL1337]. 

RO, /S. 1- R = Ft 
BiCl3 - NH4[S2P(OR)d - l ^ ; ^ ^ ; ^ ^^^Pxg^Bi ^l RI 'Pr 

They appear to be insensitive towards moisture and oxygen. Their solubility 
depends on the ligands employed; compounds 1 and 2 are soluble even in 
alkanes [74IC135, 89POL483], and compounds 3 and 5 are soluble in 
benzene, CHCI3 and CCI4. However, compound 4 is not soluble in benzene, 
and compound 6 is slightly soluble in benzene and insoluble in acetone 
[84POL1337]. 
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Me ,, / 

There is only limited information available on the spectral data of bismuth 
dithiophosphates. ^H-NMR spectra of compounds 3, 5 and 6 are reported. 
Compounds 3 and 6 exhibit ^^P-NMR signals at 8 115.29 and 97.90, respec
tively [84POL1337]. 

Compounds 1 and 2 have been characterized by X-ray crystallography. 
Both compounds exist as monomers in the solid state; six sulfur atoms of 
non-equivalent three dithiophosphato ligands surround the bismuth center to 
form a distorted octahedral geometry. The Bi-S bonds of compound 1 are 
divided into two types: short (2.750(1), 2.747(14) and 2.778(12) A) and 
long (2.781(11), 2.795(13) and 2.820(16) A) [89POL483]. In the case of 
compound 2, the corresponding values are 2.690(6), 2.702(6) and 2.714(6) 
A for the short distances and 2.858(6), 2.878(6) and 2.886(6) A for the long 
ones [74IC135]. 

(j) Bismuth imidodithiodiphosphinate 
Two imidodithiodiphosphinato bismuth complexes are known, P,P,P ,P -

tetramethyl derivative 1 [87JCC(16)315] and P,P,P^P^-tetraphenyl derivative 
2 [80INCL189, 82IC2097]. Metal complexes bearing these ligands are quite 
rare and compound 1 is the first example of this class of metal complex. Both 
compounds are prepared as air-stable solids by treating Bi(N03)3-5H20 with 
K[SPR2NPR2S] in MeOH. Compound 1 is a lustrous yellow-green sohd 
[87JCC(16)315] and compound 2 is a bright yellow solid [80INCL189]. 
Compound 2 exhibits a ^^P-NMR signal at S-34.9, while the corresponding 
dioxodiphosphinate shows a ^^P-NMR signal at S-17.3 [80INCL189]. 

R ? R ^ 
1; R = Me 

Bi(N03)3.5H,0 . N ^ , ^ 5 ^ ^ \ ^P 2;R=Ph 

^ R ^ R 

The X-ray structure analysis of compound 2 has shown that the bismuth 
center possesses a distorted octahedral geometry, formed by six sulfur atoms 
of three non-equivalent imidodithiodiphosphinato ligands. The Bi-S bonds 
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are divided into two types: short (2.770(3), 2.728(3) and 2.772(3) A) and long 
(2.832(3), 2.851(3) and 2.986(3) A). The molecule exists as a monomer in the 
solid state [82IC2097] and its crystallographic structure has been compared 
with that of In[SPPh2NPPh2S] [92M391]. 
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2.2.4.5. Bismuth(III) compounds with three Bi-Se bonds (Table 2.23) 

(a) Bismuth selenolates 
Examples of homoleptic bismuth selenolates Bi(SeR)3 are few. Three 

compounds 1-3 are known, which are prepared by treating Bi[N(SiMe3)2]3 
with the corresponding areneselenols in light petroleum. They are colored 
yellow to red, air-stable in the solid state, and can be sublimed at moderate 
temperatures. They are soluble in common organic solvents and a mixture of 
MeCN and ethyl acetate is the solvent of choice for recrystallization 
[95JCS(D)1649]. ^H- and ^^C-NMR data of these compounds are available; 
chemical shift values are similar to those of the corresponding thiolates. 

R R 

/={ /={ 1;R = Me 
Bi[N(SiMe3).]3. R - \ _ ^ S e H p , , „ , , , 3,,,,> ^ " ^ ^ ^ 1 2; R ='Pr̂  

R R 

Bismuth selenides and tellurides are used for laser-sensitive optical record
ing media. The thermolytic behavior has been investigated on compounds 1 
and 3; the thermolysis of compound 1 at 200°C under 5.0X10"^ mbar gives 
elemental bismuth, with ArSeSeAr as a by-product. On the other hand, the 
thermolysis of compound 3 at 200°C under 1.6x10"^ mbar results in the 
formation of a mixture of elemental bismuth, Bi2Se3, and Ar2Se 
[95JCS(D)1649]. 

(b) Bismuth diselenocarbamates 
The first preparation of this type of compounds 1-3, has been performed by 

Manoussakis et al., who treated BiCl3 with CSe2 in the presence of the corre
sponding secondary amines [73IC3015]. By a similar procedure, 
Bi[Se2CN(CH2)5]3 4 was obtained as a red soHd [75ZAAC(417)235]. These 
compounds are air-stable red solids, soluble in CCI4, CHCI3, CH2CI2, acetone 
and benzene, but insoluble in MeOH, EtOH, petroleum ether and water. 

1; R = Et 

r . / S e ^NR2'^ 2; R = Bu 
BiCl3 + CSe^ ^ R2NH ^ ^ B.< Y J3 3;R = CH2Ph 

S® 4;R2 = (CH2)5 

^H-NMR spectra are available for compounds 1-3; their chemical shifts are 
close to those of arsenic and antimony counterparts with the same ligands 
[73IC3015]. The IR spectra of these compounds contain absorption bands at 
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1500-1410 cm"^ due to the C-N double and single bonds, and two sets of 
bands at 1200-1100 and 950-800 cm"^ due to the CSe(=Se) function 
[73IC3015]. The IR spectrum of compound 4 shows absorptions at 1478, 
1428 and 818 cm~^ [75ZAAC(417)235]. The electronic spectra of compounds 
1 ^ exhibit three absorption bands at 33.3-35.6 (TT-TT'^, logs=4.7-4.9), 31-32 
(shoulder, log8=4.5^.6) and 23-24 kK (n-ir*, log8=3.5^.1) [73IC3015, 
75ZAAC(417)235]. The third band appears only in the electronic spectra of 
bismuth diselenocarbamates and is not detectable in the spectra of the arsenic 
and antimony counterparts. 
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2.3. ORGANOBISMUTH(III) COMPOUNDS WITH Bi-GROUP 17 ELEMENT 

BONDS 

2.3.1. Methods of synthesis (Tables 2.24-2.29) 

2.3.1.1. Redistribution route (method A) 
Mono- and dihalobismuthines of the type R2BiX and RBiX2 (X=C1, Br, I) 

are prepared best by a redistribution reaction between a triorganylbismuthine 
(RsBi) and a bismuth halide (BiXs). 

nRsBi + (3-r])BIX3 ^ 3 R^iXg-n (n=1,2) 

Both alkyl and aryl derivatives are accessible by this method with similar 
ease. Monohalobismuthine R2BiX is the main product when 1 mol of BiXa is 
reacted with 2 mol of RsBi. If the molar ratio is reversed, dihalobismuthine 
RBiX2 is obtained as the major product. Diethyl ether, tetrahydrofuran, 
benzene, dichloromethane and chloroform are the solvents of choice for this 
reaction. This reaction is, however, essentially based on the equilibration 
among four different bismuth compounds, R„BiX3 _ „ (n=0-3), in a given 
solution. Thus, recrystallization from a suitable solvent is necessary to obtain 
an analytically pure compound. 

Synthesis of chlorodiphenylbismuthine 

2Ph3Bi + BiCIa ^ 3 Ph2BiCI 
EtgO 

An ethereal solution of triphenylbismuthine (2.5 g, 5.7 mmol) was mixed with a solution of 
bismuth chloride (1.3 g, 4.1 mmol) in the same solvent. Deposited colorless crystals (3.0 g) 
were collected and recrystallized from benzene to obtain pure chlorodiphenylbismuthine, m.p. 
184-185°C [15JCS(107)16]. 

2.3.1.2. Metathesis route (method B) 
Mono- and diiodobismuthines are prepared by treating chloro-, bromo-, 

dichloro- or dibromobismuthines with an excess of sodium or potassium 
iodide. Though not isolated, diarylfluorobismuthines have also been used as 
the precursor for the synthesis of diarylchloro-, bromo- and iodobismuthines 
[93JCS(P1)2969, 950M3843]. 

RnBiX3.n + (3-n) MY ^ RnBiYg.̂  + (3-n) MX (n=1,2) 
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Synthesis of iododiphenylbismuthine 

PhaBiCI + Nal ^ PhaBil 
EtOH 

A mixture of chlorodiphenylbismuthine (23 g, 58 mmol), sodium iodide (9 g, 60 mmol) and 
absolute ethanol (200 ml) was stirred for 12 h at room temperature, and then poured into boiling 
water (600 ml). Iododiphenylbismuthine separated out in the form of yellow flakes which were 
filtered off, washed with water and dried in a vacuum desiccator. The crude product was treated 
with hot ethyl acetate to extract the iodobismuthine. The extract was cooled to room tempera
ture and the resulting red by-product was removed by filtration. The solvent was distilled from 
the filtrate under diminished pressure in a steam of nitrogen. The residue was powdered, 
triturated with petroleum ether (20 ml) in order to remove triphenylbismuthine, and the petro
leum ether solution decanted. This washing was repeated several times to obtain pure product, 
m.p. 132-134°C [31JA1025]. 

2.3,1.3. Organometallic route (method C) 

The reaction of an organometallic compound and a bismuth halide in an 
appropriate molar ratio provides a convenient method for the preparation of 
mono- and dihalobismuthines, as long as the redistribution among R;,BiX3_„ 
species (n = 0-3) does not take place during the reaction. 

BiXg + nRM .- R„BiX3.n+ (3-n) MX (n=1,2) 

RBiXs + R'M ^ RR'BiX + MX 

A sterically crowded aryl Grignard or aryllithium reagent allows the selec
tive introduction of one or two aryl group(s) onto the bismuth center 
[92BCJ3504, 95JOM(485)141, 99JA3357]. Unsymmetrical diarylhalobis-
muthines are synthesized by the reaction of aryldihalobismuthines with 1 
equiv. of Grignard or lithium reagent [81JOM(212)C7]. AryUithium reagents 
with a coordinating group, such as the amino moiety at ortho positions of the 
aromatic ring, couple with a half equiv. of bismuth halide to afford the corre
sponding diarylhalobismuthines [92ICA( 198-200)271, 97IC2770]. 

Synthesis of chlorobis(2,4,6-triisopropylphenyl)bismuthine 

'Pr 'Pr 

' P r — f V - M g B r + BiClg ' P r ^ \ ) -BiCI 

'Pr 'Pr 

To a THF (30 ml) solution of freshly prepared 2,4,6-triisopropylphenylmagnesium bromide (31 
mmol) was added an ethereal solution (10 ml) of bismuth chloride (4.20 g, 13.3 mmol) at 0°C. 
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After stirring for 6 h at room temperature, the reaction mixture was filtered through a Celite bed. 
Removal of the solvent from the filtrate, extraction of the solid residue with benzene, and 
evaporation of the solvent left a yellow sticky oil, which was chromatographed over a silica 
gel column using hexane/benzene as the eluent to give chlorobis(2,4,6-triisopropylphenyl)bis-
muthine as yellow crystals (7.8 g, 90%), m.p. 130-132°C [92BCJ3504]. 

Organometallic compounds other than the Grignard and lithium reagents 
have also been used for synthetic purposes. Bismuth chloride induces the 
cleavage of the C-C bond in a siloxycyclopropane, or the Si-C bond in 
trimethylsilylcyclopentadiene, to give the corresponding alkyldichlorobis-
muthines and/or dialkylchlorobismuthines [850M641, 90JOM(386)177]. 
The reaction between tetraphenyl- or diethyldiphenylstannane and bismuth 
bromide leads to a mixture of dibromo(phenyl)bismuthine and halostannanes 
[79ZOB1185]. Heterocyclic tin and cadmium compounds are utilized for the 
synthesis of heterocyclic bismuthines (Sections 4.1.1 and 4.1.2). Dibromo-
(methyl)bismuthine is prepared by the reaction of dimethylzinc and bismuth 
bromide [887CB1516]. The interaction between organolead compounds and 
bismuth halides can be used for the preparation of halobismuthines bearing the 
phenyl, vinyl or ethynyl groups [22JCS( 121)978, 39JOC162]. 

Synthesis of dichloro[2-(isopropoxycarbonyl)ethyl]bismuthine 

><1 + BiCIa 'PrOs^^\^BiCl2 + MesSiCI 
MeaSicT ^ CHCI3 J 

To a suspension of bismuth chloride (276 mg, 0.874 mmol), dried at ca. 300°C for 10 min, in 
chloroform (1 ml) was added 1-isopropoxy-l-trimethylsiloxycyclopropane (0.180 ml, 1.874 
mmol) at — 60°C with stirring. The mixture was agitated under ultrasonic irradiation for 1.5 h at 
room temperature. The solvent was removed, and the residual white solid was recrystallized 
from benzene to give the expected alkyldichlorobismuthine (89%), m.p. 144-145°C (decomp.) 
[850M641]. 

2.3.1.4. Via halogenolysis (method D) 

When treated with a halogen or its equivalent at ambient temperature, 
trialkylbismuthines are converted to the corresponding dialkylhalo- or alkyl-
dihalobismuthines. Treatment of triphenylbismuthine with bromine affords 
triphenylbismuth dibromide, which undergoes reductive coupling in boiling 
benzene to yield bromodiphenylbismuthine and bromobenzene 
[14JCS(105)2210] (Sections 3.1.1.1 and 3.1.3). A similar reaction between 
triarylbismuthines and iodine directly affords diaryliodobismuthines and/or 
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aryldiiodobismuthines. Action of bromine on bromodiphenylbismuthine gives 
dibromo(phenyl)bismuthine [14JCS(105)2210]. 

RaBi + X2 R2BiX + RX 

R2BiX + X2 ^ RBiX2 + RX 

When the alkyl and aryl groups are both bound to the bismuth atom as 
mixed bismuthines, the alkyl ligand is replaced preferentially by halogen 
[85CB1031,92BCJ3504]. 

When one of the aryl ligands has a coordinating substituent at a suitable 
position of the aromatic ring or ortho-side chain, a mixed triarylbismuthine 
undergoes a selective Bi-C bond cleavage. This gives the corresponding 
halodiarylbismuthine that possesses the hypervalent structure around the 
bismuth center through the coordination by the relevant substituent group 
[93JCS(P1)1169, 98OM4049, 98JCS(P1)2511]. In the case where two differ
ent aryl ligands are attached to the bismuth center in mixed triarylbismuthines, 
a more electron-rich aryl group is preferentially cleaved by halogen to give 
unsymmetrical diarylhalobismuthines. 

Synthesis of (2-r^r^butylsulfonylphenyl)iodo(4-methylphenyl)bismuthine 

S02'Bu S02feu 

To a well stirred suspension of [(2-f^rf-butylsulfonyl)phenyl]bis(4-methylphenyl)bismuthine 
(588 mg, 1 mmol) in diethyl ether (10 ml) was added dropwise a solution of iodine (254 mg, 1 
mmol) in the same solvent (10 ml) under ambient conditions and until the starting material was 
completely consumed. The resulting pale yellow solution was concentrated under reduced 
pressure to leave an oily residue, which was recrystallized from methanol-benzene (5:1) to 
afford the iodobismuthine as pale yellow crystals (624 mg, 100%), m.p. 142-144°C 
[93JCS(P1)1169]. 

2.3.1.5. Via acidolysis (method E) 
Lewis acids such as AICI3, TICI3, SiCU, SnCU, PCI3, AsCls, SbCls, TiCU, 

FeCls, HgCl2, CUCI2 and ZnCl2, as well as protonic acids such as HCl and HBr, 
can all cleave the Bi-C bond of triorganylbismuthines to afford the corre
sponding mono- and/or dihalobismuthines. Boron trifluoride also cleaves a 
Bi-C bond of triarylbismuthines to generate the diarylfluorobismuthines, but 
they have not been isolated due to the low stability [93JCS(P1)1169]. 
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However, on subsequent treatment with the respective hahde anions, the 
fluorobismuthines can be converted to diarylchloro-, bromo- and iodobis-
muthines (Section 2.3.1.2). 

RgBi + MX^ ^ Ra-nBiXn + RnMX^n (n=1,2) 

RgBi + r?HX 1- Ra-nBiXn + nHR (n=1,2) 

Among dififerent organyl Ugands attached to the bismuth atom in unsym-
metrical triarylbismuthines, the most electron-rich hgand is preferentially 
removed [83J0M(256)C1]. When one of the aryl ligands has a coordinating 
substituent at a suitable position in the molecule, a mixed triarylbismuthine 
suffers a selective Bi-C bond cleavage to give a halodiarylbismuthine, in 
which the hypervalent structure is formed at the bismuth center through the 
coordination from the donating substituent [93JCS(P1)2969, 950M3848]. 
Using this methodology, an optically active diarylhalobismuthine bearing 
the chirality at the bismuth center has been prepared [980M1711]. 

Synthesis of chloro[2-(A^,A^-dimethylaminomethyl)phenyl](4-methoxyphenyl)bismuthine 

-NMe2 >^NMe2 

BFaOEtg NaCI / = { 
y—NMe2 

To a well stirred suspension of chlorobis(4-methoxyphenyl)bismuthine (ca. 10 mmol), gener
ated from tris(4-methoxyphenyl)bismuthine (3.53 g, 6.66 mmol) and bismuth chloride (1.05 g, 
3.33 mmol) in ether (15 ml), was added dropwise at — 50°C a suspension of lithiated N,N-
dimethylbenzylamine (ca. 10 mmol) in the same solvent (20 ml). The resulting mixture was 
stirred for 3 h, during which the temperature was gradually raised to the ambient temperature. 
After the addition of boron trifluoride diethyl etherate (ca. 15 mmol) at room temperature, the 
mixture was quenched with brine (20 ml) and extracted with ethyl acetate (50x4 ml). The 
combined extracts were evaporated under reduced pressure to leave a brown oily residue, which 
was chromatographed on silica gel using hexane-ethyl acetate (3:1) as the eluent to afford the 
crude chlorobismuthine. Recrystallization from hexane-benzene (5:1) gave white crystals as a 
pure compound (1.46 g, 30%), m.p. 145-147°C [93JCS(P1)2969]. 

Treatment of triarylbismuthines with acyl chloride gives diarylchlorobis-
muthine and/or aryldichlorobismuthines along with the corresponding ketones 
[22JCS(121)104]. Benzoyl chloride cleaves the Bi-Caikynyi bond of a sterically 
crowded alkynyldiarylbismuthine to give diarylchlorobismuthine and an alky-
nyl ketone [92BCJ3504]. The C-Cl bond in carbon tetrachloride is cleaved by 
tributylbismuthine to generate dibutyl(trichloromethyl)bismuthine, which is 
subsequently converted to butyldichlorobismuthine via the elimination of a 
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carbene [85ZOB586]. The Bi-C bond can also be cleaved by chloroform on 
silica gel, resulting in the formation of the Bi-Cl bond [98OM1013]. 

RaBi + R'COX ^ R2BiX + R'COR 

RaBi + R'X RgBiX + R'R 

Synthesis of chlorobis(4-methylphenyl)bismuthine 

M e — / \ ) - B i + MeCOCI Me—^^\)-BiCI 

When a mixture of tris(4-methylphenyl)bismuthine (2 g, 4.1 mmol), acetyl chloride (0.5 g, 6.4 
mmol) and carbon tetrachloride was heated for 4 h on a water bath, the corresponding diaryl-
chlorobismuthine was obtained as a white solid (1.4 g), which was recrystallized from cold dry 
chloroform-light petroleum, m.p. 180°C. The mother liquors and washings were united and 
heated for 5 h to afford chlorobis(4-methylphenyl)bismuthine as yellowish crystals, m.p. 206°C 
[22JCS(121)104]. 

2.3.1.6. From alky I halides and bismuth metal (method F) 
Activated bismuth metal reacts with alkyl halides or trifluoromethyl iodide 

in the presence or absence of metallic copper at high temperatures to afford a 
mixture of mono- and dihalobismuthines [61JINC213, 63AJC636, 97JA724]. 

RX + Bi ^ RnBiXa-n (n=1 ,2 ) 

Dibromo(pentamethylcyclopentadienyl)bismuthine has been prepared by 
this method [89CB287]. It has been suggested that metallic bismuth may 
insert into the carbon-halogen bond of allylic halides to generate a reactive 
allylic bismuth(III) halide, though this has not been confirmed directly 
[90BCJ1738] (Table 5.7). Electrolysis of alkyl haUdes, using a sacrificial 
bismuth cathode, forms alkylhalobismuthines [74EL(10)1424]. 

Synthesis of dibromo(methyl)bismuthine 

Cu 
MeBr + Bi *- MeBiBr2 

A mixture of pulverized bismuth (40 g) and copper powder (8 g) was heated at 350°C under an 
atmosphere of hydrogen for 3 h. Methyl bromide was then introduced at a rate of 5 ml/min at 
250°C. A yellow crystalline solid was formed beyond the heating zone. Over an interval of 16 h, 
yellow crystals (2 g) were collected [61JINC(16)213]. 
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2.3.1.7. From germylbismuthines and hydrogen chloride (method G) 

The Bi-Ge bond is readily cleaved by hydrogen chloride to form the Bi-Cl 
bond [78JOM(162)289]. 

(Ar3Ge)„BiEt3.n + nHCI • Et3.nBiCI„ + nAraGeH (n=1,2) 

Synthesis of dichloro(ethyl)bismuthine 

[(C6F5)3Ge]2BiEt + 2 HCI EtBiCl2 
THF 

Dry hydrogen chloride gas (0.03 g, 0.82 mmol) was passed to a solution of ethylbis[tris(-
pentafluorophenyl)germyl]bismuthine (0.72 g, 0.52 mmol) in THF (5 ml) at room tempera
ture. After 20 min the solvent was evaporated and the residue was extracted twice with hot 
hexane to give dichloro(ethyl)bismuthine as a yellow solid (0.14 g, 64%), m.p. 154-158°C 
[78JOM( 162)289]. 

2.3.1.8. From dibismuthines (method H) 

Iodine readily cleaves the Bi-Bi bond of tetraphenyldibismuthine to give 
iododiphenylbismuthine [84JCS(D)2365, 91G(121)93] (Section 2.2.2.3). 

R2BiBiR2 + I2 2R2Bil 

Synthesis of iododiphenylbismuthine 

Ph2BiBiPh2 + I2 2 Ph2Bil 

To a suspension of tetraphenyldibismuthine (0.300 g, 0.413 mmol) in acetone (25 ml) was 
slowly added a solution of iodine (0.107 g, 0.422 mmol) in the same solvent (10 ml). The color 
of the solution turned from orange to yellow. The reaction mixture was filtered and the filtrate 
was concentrated to a small volume. Dilution with water (20 ml) precipitated analytically pure 
iododiphenylbismuthine, which was filtered off and dried in vacuo over phosphorus pentoxide. 
Yield, 0.102 g (25.2%) [84JCS(D)2365]. 

2.3.1.9. Via disproportionation (method I) 

Disproportionation reaction of halodiorganylbismuthines leads to a mixture 
of dihaloorganylbismuthines and triorganylbismuthines [62ZAAC(317)54, 
22JCS(121)104]. 

2R2BiX *- RaBi + RBiX2 
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2.3.1.10. From diazonium salt-bismuth halide complexes (method J) 

In the reaction between an aryldiazonium salt and bismuth chloride, diaryl-
chlorobismuthine is formed together with the desired triarylbismuthine 
[41JA949]. 

[ArN2l[BiCl4l *- Ar2BiCI + N2 (+ ArgBi) 

2.3.1.11. Transformation of the substituted group (method K) 

The formyl group on the side chain in mixed halodiarylbismuthines can be 
converted to the imino group by treatment with excess benzylamine under 
reflux in benzene [950M3848, 980M1711]. 

ArAr*BiX ArAr'BiX 

2.3.1.12. Halobismuthine complex salts and related compounds 

The bismuth center in diarylhalobismuthines and aryldihalobismuthines is 
positively charged and possesses the Lewis acidity. Pyridine, 2,2^-bipyridine, 
1,10-phenanthroline, hexamethylphosphoric triamide (HMPA), triphenylpho-
sphine oxide, diphenyl sulfoxide and A/,A/̂ -̂dimethylpropylene urea (DMPU) 
can coordinate to the bismuth center to give the corresponding halobismuthine 
complexes Ar„BiX3_„L^ (n = 1,2; m = 1,2). A THF molecule can also 
coordinate to the bismuth atom in bromodiphenylbimuthine and dihalophe-
nylbismuthines [92JCS(D)1967, 93JCS(D)637]. When the metathesis 
between a diarylhalobismuthine (Ar2BiX) and a metal salt MY (M=Ag, Tl; 
Y=BF4, PF6. CIO4) is carried out in the presence of these donors, the corre
sponding cationic complexes of the type [Ar2BiL2^][Y~] are formed 
[79JOM(166)365, 93JOM(460)C22, 96JCS(D)443]. 

Ar2BiX + nL ^ [ArsBi^X 

ArBiXg + n L ^ [ArBiUXg 

Synthesis of diphenylbismuth tetrafluoroborate-bis(hexamethylphosphoramide) 

complex 

2 (Me2N)3P=0 
PhgBiBr + AgBF4 [Ph2Bi(HMPA)2][BF4] 

THF 



206 Organobismuth(III) compounds Ch. 2 

HMPA (0.058 g, 0.325 mmol) was added dropwise to a stirred solution of bromodiphenylbis-
muthine (0.072 g, 0.172 mmol) in THF (5 ml) at room temperature. This was followed by the 
addition of a solution of AgBF4 (0.032 g, 0.162 mmol) in THF (5 ml), which led to the 
formation of a pale yellow precipitate that turned dark grey after a few minutes. The mixture 
was filtered through a Celite bed and the colorless filtrate was concentrated under vacuum to 
about 5 ml. Hexane (20 ml) was added as an overlayer, and solvent diffusion over a period of 
days at — 20°C afforded diphenylbismuth tetrafluoroborate-HMPA complex as colorless crys
tals (70%) [93JOM(460)C22]. 

Reaction of diarylhalobismuthines with ammonium, arsonium or phos-
phonium halides yields the corresponding bismuthate complexes of the type 
[ER4 ]̂[Ar2BiX2"] (X=C1, Br, I; E=N, As, P) [69JOM(20)99,79JOM( 166)365, 
88JAP(K)174926, 92JCS(D)1967, 93JCS(D)637]. Similar treatment of diha-
lo(phenyl)bismuthines gives the ate complexes of the type [ER4^][PhBiX3"]. 
These compounds and related complexes are listed in Table 2.28. 

ArsBiX + R4EY [R4E-'][Ar2BiXY-] 

ArBiXs + R4EX [R4El[ArBiX3-] 

Synthesis of tetraphenylarsonium dibromodiphenylbismuthate 

PhaBiBr + Ph4AsBr ^ [Ph4As-'][Ph2BiBr2-] 
Me2C0 

An equimolar amount of bromodiphenylbismuthine and tetraphenylarsonium bromide were 
dissolved in boiling acetone. By gradually evaporating the solution, the arsonium salt separated 
out as pale yellow needles, m.p. 179-182°C [69JOM(20)99]. 

23.1.13. Arene-bismuth halide TT-complexes 

Treatment of a bismuth trihalide with electron-rich arenes affords arene-
BiX3 TT-complexes. When the reaction is carried out in the presence of 
AICI3, the corresponding cationic ir-complexes are formed [87AG(E)74]. 
The arenes employed so far are benzene, toluene, mesitylene, hexamethyl-
benzene, perylene, pyrene, acenaphthene, phenanthrene, fluorene, and fluor-
anthene-/7-xylene (1/0.5). The isolated compounds are summarized in Table 
2.29. 

nBiXs + ArH (BiX3)n-ArH ( n = 1 , 2 ) 



Ch. 2 Organobismuth(III) compounds with Bi-group 17 element bonds 

Synthesis of mesitylene-bismuth chloride ir-complex 
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+ BiCIa BiCIa 

A suspension of bismuth chloride (0.25 g, 0.79 mmol) in mesitylene (25 ml) was heated to 60°C 
and then filtered. A colorless filtrate was obtained, from which BiCl3l,3,5-Me3C6H3 precipi
tated out as colorless plates (0.3 g, 87%), m.p. 157°C (decomp.) [86AG(E)757]. 
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<
N

 

S
 

o vo
 

r-

^ H
 

^ 00 

0
^ 

Z
 

, -=
 

C
/D

 

S
 

0
:i 

^ 
^ 

, -=
 S

 

u 

X
 

oi o
i 

P P 
p

^u 

, 
, 

X
X

 
I 

I 
I 

I 
I 

X
 

I 
I 

C/5 

o
 

o
 

o
 1
 

O
O

 
O

 -̂

e
n

 
S; 
r^ 

o
 
E

 
o

 
o

 
m

 
-rt 

^ 
°o

 
^ 

<
U

 
^

M
 

^ 
3

 
I 

U
O

 
^

^ 
"

^ 
^ 

^ 
O

O
 

1
 

—
 

r^ 
-^ 

o
 

O
N

 

1
 

^
-

C
xl 

0
0 

—
' '̂

 
0

0 1 
e

n 
0

0 

^̂
 

^ 00 1 
«o 

e
n

 
0

0 
O

O
 

1
 

^
^ 

^
^ 

m
 

0
0 

5
^ 

0
0 

0
0

 

^
- 

^
^ 

1
 

lO
 

0
0 

1
 

1
 

^ 

>
o

 
0

0 
O

O
 

^
H

 
^

-H
 

in 
0

0 1 
e

n 
«

n
 

O
O

 
0

0
 

^
H

 
,—

1
 

\
O

r
t

t
—

 
r

n
o

O
r

j
-

O
O

s
O

N
O

 
O

N
T

t
i

o
O

N
O

N
i

n
e

n
^ 

~
 

w
. 

w
. 

^ 
—

 
O

O
 

r- 
O

N
 
0

0
 

I 
^ 

I 
O

O
 

I 
O

O
 

(
N

 
I 

I 
I 

I 
O

N
 

eM
 

I 
O

N
 

Q
U

O
U

U
U

t
L

l
U

U
<

<
<

Q
Q

Q
W

W
W

l
i

I
W

<
;

w
<

<
<

<
<

 

C
 S

 w
 

X
 

u X
 

u u 9 

X
 

u 1/5 
<u

 
X

 
U

 rr 
n

' 
:S

' 
PQ

 
-

(
D

O
) 

D
H 

(N
 

^ 



C
h. 2 

O
rgandbism

uth(III) com
pounds w

ith B
i-group 17 elem

ent bonds 
209 

3 

G
O

' 
^ 

t^ 
^ 

&
H

 

U
 

<
 

^ ^ ^ 
»

0 
»

0 
O

S 
U'N 

U"N 
P 

OS 

"
^ 

r 
II 

1 
0

0 
^

-^ 
^

-^ 
O

O
 

O
S 

a
\ 

cn 
U

 
U

 

-^ 
5s^ 

CNI 
<N

 

O
S 

O
S 

< < 
V

O
 

a S N
 y 

5 
csi 

(N
 

(N
 

m
 

0
0 

^ 
v

o 
\0 

O
S 

O
S 

w
 

w
 

O
 

u
 u

 ^ 
PH 

tU
 

<
 

^ 
^ 

^ 
CM

 
^ 

O
S 

O
S 

r
t 

v
o 

O
S 

r-n
 

^ 
^ 

^ 
.7̂

 ^ 
^ 

in
 

^ 
^ 

r^ 
in

 
O

S 
5

^ 
O

 
<N

 
o S ^ o 
^ 

rj 
m

 
'sf-

^ <^ 
3 

iX
i 

O
S 

n s ̂
 

y
o

u
 

CQ
 

H
^ 

H
^ 

<N
 

«n
 

^ 

^
O

S
^

O
S

O
S

O
N

O
S

p
S

(
S

l 

r—
, SO

 
SO

 
lO

 
^ 

(N
 

^_^ 

P
 ^ ^ :=: 

O
 

CsJ 
CO

 
O

 
T—

I 
T

-H
 

O
S 

r~-
C

/5 
C

O
 

S
^ 

(N
 

lo 
cN

 
0

0 
r^ 

^ 
<N

 
^ 

O
S 

I 
I 

I 

1̂
 

^ ^ § ^ "̂̂
 

p̂*̂
 d 

d 
. 

"̂̂
 

U
 

U
 

tin ^ 
U

 

HH
 

H
^

 
P

H
 

_H
C

 
_

W
 

-!r^ 
I 

I 
I 

S d 

^
1 

I 
^ 

I 
^ 

0
4 

^ 
^ 

r-H
 

(N
 

^
 

2 ^ 

O
H
 

S
 

o
 

o
 

•s 
^-^ 
O
 

(N
 

ot
 

O
 
<N
 

O
O
 

3 00 ^̂ 0
0
 

^
 
7
 

^
 

a
 
S
 

o
 

CJ
 

3
 

•T)
 

C
O
 

s en •'-*• &
 

s 
.-̂

 
o
 

&
 ̂
 

S
 'd

 
o
 ̂
^
 

S
^ 

<
^
 
r
-
H
 

3
 
^
 <M

 
O
 

0
0
 
0
0
 

'sf
 
i
n
 

^
 

r-H
 
r-H

 
(
N
 

0
0
 

<N
 

1
 

<N
 

^̂
 O
S
 

1
 

0
0
 

^̂
 o
 

m
 

ds
 

<N
 

^̂
 O
 

VD
 

7 0
0
 

i
n
 

^̂
 i
n
 

vo
 

^
H
 

r--
0
0
 

1
 

i
n
 

0
0
 

^̂
 

9̂
 

a o o 
:S
 

S
O
 

<N
 

4 <N 
1
 ̂
^
 

C
O
 

^
 

^ 
,
 ̂
 

1
 

^ 

(N
 

C
O
 

5 CO ^̂ C
O
 

so
 
1
 

0
0
 

i
n
 

'—'
 0
0
 

so
 

'-̂
 cL

 
ê
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 î

 u
 
y
 
^
 
2
 

:s s [i: u
 rf' u

 
^
 

^
 

^
 

^
 

<
N
 
-
^
 

Qî
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ĉ

 ĉ
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- N ' \^SiMe3 )—NMe2 Me M e - / V B i ' S02^Bu 
Me-X-N 

\ // 

(4) 

Me 

NMe2 
. \ Ar= Fe " i ^ Ar = Fe ^ 

(5) (6) (7) 

Scheme 2.7. Structures of compounds listed in Table 2.26. 

2.3.2. Properties 

Lower members of dialkylhalobismuthines are extremely reactive and 
spontaneously flammable in air. Crystalline mono- and dihalobismuthines 
bearing no specific ligand are poorly soluble in non-polar organic solvents, 
probably due to the intermolecular polymeric association between the bismuth 
and halogen atoms in the solid state (vide infra). Halobismuthines other than 
iodides are generally moisture-sensitive and gradually hydrolyzed under 
atmospheric conditions. However, through complexation with an appropriate 
donor molecule, halobismuthines become soluble in common organic solvents 
and their Bi-X bond becomes less sensitive towards moisture. Triphenylpho-
sphine oxide, triphenylarsine oxide, HMPA and DMSO work well for this 
purpose. X-Ray crystallographic analyses have shown that a THF molecule 
can often coordinate to the cationic bismuth center of chlorodiphenylbis-
muthine and a series of dihalo(phenyl)bismuthines in the solid state (vide 
infra). The presence of a coordinating functional group or a sterically demand
ing group in an organyl ligand moiety stabilizes the labile Bi-Cl and Bi-Br 
bonds considerably. For example, arylchloro[2-(dimethylaminomethyl)phe-
nyljbismuthine and chlorobis(2,4,6-triisopropylphenyl)bismuthine can be 
handled safely in open air and treated on a silica gel column without decom
position [93JCS(P1)2969, 92BCJ3504]. The solubility of these halobis
muthines in organic solvents is much higher than the corresponding phenyl 
derivatives. Diaryliodobismuthines are usually less sensitive towards moisture 
and their preparation can be carried out in alcohols [31JA1025]. In solution, 
however, many halodiorganylbismuthines undergo slow disproportionation 
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and give a mixture of triorganylbismuthine, dihaloorganylbismuthine and 
original halodiorganylbismuthine. The arene-BiXs 7r-complexes are usually 
unstable in vacuo to liberate the arene ligand. 

Molecular weight and electrical conductance measurements have shown that 
this class of compound exists as the monomeric molecular species in acetone 
and dichloromethane [79S A(A)339,69JOM(20)99], while vibrational and elec
tronic spectroscopies indicate that they exist as the polymeric form in the solid 
state via the intermolecular halogen bridging [72JOM(44)317, 79SA(A)339]. 

X-Ray crystallographic analyses have been performed for a variety of halo-
bismuthines. They possess several types of coordination geometry, which are 
strongly dependent on the ligand bound or coordinated to the bismuth atom. 
Chlorodiphenylbismuthine forms polymeric chains via the bent |jL2-chlorine 
bridges and almost linear Cl-Bi-Cl units (175.2(2)°) [97ZN(B)149]. The 
bismuth center thereby possesses a distorted trigonal bipyramidal geometry 
with two phenyl groups and a pair of unshared electrons at equatorial sites and 
two chlorine atoms at apical sites. The Bi-C and Bi-Cl bond lengths are 
2.124(6)-2.144(6) and 2.746(4)-2.763(3) A, respectively. The bismuth atom 
in bromobis(2,4,6-trimethylphenyl)bismuthine has a trigonal pyramidal 
configuration with the bond angles of 89.4(3)-106.4(3)° around the bismuth 
atom [94JOM(470)93]. The Bi-Br bond length of 2.696(2) A is much shorter 
than the intermolecular Bi-Br distance of 3.795(3) A. The related bond para
meters found in dibromo(2,4,6-trimethylphenyl)bismuthine, which consists of 
two crystallographycally independent molecules, are 88.2(7)-106.8(7)°, 2.71 
A (average) and 3.02 A (average), respectively [97ZAAC(623)941]. This 
suggests that the intermolecular Bi-Br interaction of dibromo(2,4,6-trimethyl-
phenyl)bismuthine is stronger than that of bromobis(2,4,6-trimethylphenyl)-
bismuthine. 

Chlorobis[2,4,6-tris(trifluoromethyl)phenyl]bismuthine also possesses a 
trigonal pyramidal bismuth center with the bond angles around the bismuth 
atom of 87.8(2)-106.9(3)°, a Bi-Cl bond length of 2.463(3) A, and relatively 
longer Bi-C bond lengths of 2.338(7)-2.356(8) A [91JOM(402)55]. On the 
other hand, the bismuth atom in diiodo(methyl)bismuthine has a square pyra
midal local geometry, where four iodine atoms form the base and one methyl 
group occupies an apical site [97JA724]. The mean Bi-I and Bi-C bond 
lengths are 3.11 and 2.28 A, respectively, and the mean C-Bi-I bond angle 
is 88.1°. Each basal square shares trans edges with its two nearest neighbors to 
form a one-dimensional inorganic Bil2 chain along the Z -̂axis, and all methyl 
groups are aligned on one side of the Bil2 basal plane. The crystal structure of 
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dibromo(phenyl)bismuthine comprises one-dimensional zig-zag chains in 
which the bismuth atoms are Hnked through bromine bridges 
[94JMAC(4)891]. The essential unit of the structure is a dimeric Bi2Ph2Br6 
fragment, and each bismuth center adopts a square-based pyramidal geometry 
with the phenyl group at the apical position. The Bi-Br bond lengths 
(2.8801(9)-2.9253(11) A) differ by only 0.045 A. 

When such a coordinative group as carbonyl, sulfonyl or amino is placed at 
a spatially suitable position in the molecule, the bismuth center tends to adopt 
a disphenoidal or pseudotrigonal bipyramidal geometry. The coordinating 
oxygen or nitrogen atom and the halogen atom occupy the axial positions, 
and the two ipso carbons of the aryl groups and a pair of unshared electrons 
are located at the equatorial positions. For example, in chloro[2-(dimethyl-
aminomethyl)phenyl](4-methylphenyl)bismuthine, the Bi-N bond distance 
(2.525(6) A) is much shorter than the sum of their van der Waals radii 3.66 
A [93JCS(P1)2969]. The relatively long Bi-Cl bond length of 2.700(2) A as 
well as the wide N-Bi-Cl bond angle of 162.9(1)° support the view that this 
molecule has a pseudotrigonal bipyramidal structure with the chlorine and 
nitrogen atoms at the apical sites. The intramolecular coordination is also 
observed in bis[2-(dimethylaminomethyl)phenyl]bismuth hexafluoropho-
sphate, in which the bismuth center possesses a pseudotrigonal bipyramidal 
structure with two nitrogen atoms at the apical positions and two ipso carbon 
atoms at the equatorial positions [970M3597]. The Bi-N bond lengths of 
2.491(1) and 2.509(1) A, as well as the N-Bi-N bond angle of 164.8(4)° 
support the hypervalent character of the cationic bismuth center. An optically 
active diaryliodobismuthine (ArAr'Bil; Ar=2-[l-(/?)-(dimethylamino)ethyl]-
ferrocenyl, Ar^=4-chlorophenyl) has been structurally characterized; the 4-
chlorophenyl group occupies the exo position with respect to the iron atom and 
the bismuth center possesses a pseudotrigonal bipyramidal geometry with the 
Bi-C bond lengths of 2.19(1)-2.24(1) A, a Bi-I bond length of 2.969(1) A and 
a Bi-N distance of 2.71(1) A [980M1711]. The chiral bismuth center adopts 
the (5')-configuration, in which the apical imido nitrogen atom occupies the 
position trans to the iodine atom (N-Bi-I bond angle, 161.4(2)°) and coordi
nates intramolecularly to the bismuth center, with two ipso carbon atoms 
located at the equatorial sites. 

Recrystallization of bromodiphenylbismuthine from hexane-tetrahydro-
furan (THF) affords a THF complex Ph2BiBr(THF) as yellow crystals 
[92JCS(D)1967]. This complex exists as a monomeric form and possesses 
an equatorially vacant trigonalbipyramidal geometry around the bismuth 
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center, in which the phenyl groups occupy the equatorial sites and the bromine 
and THF ligand the axial sites. Neutral Lewis base adducts of bromobis(2,4,6-
trimethylphenyl)bismuthine have also been characterized; Mes2BiBr(OSPh2) 
and Mes2BiBr(HMPA) are both monomeric, where each bismuth center has a 
disphenoidal geometry with an axial bromine atom, an axial ligand donor and 
two equatorial aryl groups [95JOM(496)59]. The Bi-Br bond lengths in these 
complexes (2.741 (l)-2.769(2) A) are larger than the corresponding value 
(2.696 A) in bromobis(2,4,6-trimethylphenyl)bismuthine, indicating that the 
lone pair of the donor molecule coordinates to the Bi-Br a* orbital. This is 
supported by the data of the Bi-O bond distances (2.589(7)-2.64(l) A) and the 
0-Bi-Br bond angles (171.7(2)-176.1(3)°). THF complexes of the formula 
PhBiX2(THF), where X denotes chlorine, bromine or iodine, form the halo
gen-bridged polymeric chains, in which each bismuth center is located in a 
square-based pyramidal coordination environment [92JCS(D)1967, 
93JCS(D)637]. In these molecules, the phenyl group occupies the apical 
site, whilst two c/^-halides, a bridging halide from an adjacent monomer 
unit and the THF ligand occupy the four basal positions. The halogen bridges 
in the chlorine derivative are quite asymmetric, where three Bi-Cl bonds and 
three C-Bi-Cl bond angles are found to be 2.543(3), 2.654(3) and 2.934(3) A, 
and 92.6(2), 88.9(2) and 82.8(2)°, respectively [93JCS(D)637]. The Bi-O 
bond length of the chlorine derivative (2.608(7) A) is significantly shorter 
than the corresponding values of the bromide (2.671(8) A) and iodide 
(2.808(17)-2.813(18) A), indicating that the secondary bonding is strongest 
for the iodide and weakest for the chloride. This trend reflects the electrone
gativity of halogen atoms, which increases from iodine to chlorine. So, on 
going from the iodide to chloride, the bismuth center develops an increasingly 
greater partial positive charge, which makes the THF ligand more strongly 
bound and results in a shorter Bi-O bond length. The average difference of 
0.280 A between the primary and secondary Bi-Cl distances in 
PhBiCl2(THF) is longer than the corresponding values of 0.213 A in 
PhBiBr2(THF) and 0.152 A in PhBil2(THF). It is most likely that, on 
going from chloride to iodide, the orbitals become larger and more diffuse 
leading to better overlap between the lone pair and the bismuth a* orbital. 
Some donor adducts of the type PhBiBr2L„ (n=l,2) take on a bromine-
bridged dimeric structure with a similar square-based pyramidal geometry 
around each bismuth center [95JOM(496)59, 99JCS(D)2837]. In both 
known cases, L is located trans to X. 

Four-coordinate, ten-electron bismuthate complexes of the type [ER^] 



Ch. 2 Organobismuth(III) compounds with Bi-^oup 17 element bonds 227 

L L X 

"R X L X 

Fig. 2.2. Representative structures of diorganylhalobismuthines. 

[R2BiX2"] (E=N, As, P) have a pseudotrigonal bipyramidal geometry at the 
bismuth center with two halogen atoms at axial sites and two organyl ligands 
and a pair of unshared electrons at equatorial sites [92JCS(D)1967, 
93JCS(D)637]. For example, in an orange colored anion complex, [NEt/] 
[Ph2Bil2"], the Bi-I bond lengths are 3.1415(8) and 3.0517(8) A, and the I-
Bi-I and C-Bi-C bond angles are 177.87(2) and 93.6(3)°, respectively. On the 
other hand, a yellow colored complex [NEt4^][PhBil3"] exsists as a dimeric 
form and each bismuth atom possesses a square-based pyramidal coordination 
geometry with apical phenyl groups and iodines in the basal plane. The 
bismuth atoms are 0.162(2) and 0.098(2) A above their respective basal planes 
(Fig. 2.2). 

In general, the R2BiX type compounds coordinate one two-electron donor 
(L) to afford a four-coordinate disphenoidal species R2BiXL, whilst the 
RBiX2 type compounds coordinate two two-electron-donors, giving a five-
coordinate, square-based pyramidal species RBiX2-L2 (Figs. 2.2 and 2.3). 

The X-ray analysis of a red thermolabile, hght-sensitive C5H5BiCl2 has 
shown that the cyclopentadienyl ring (Cp) is ir-bonded to the bismuth atom 
and a pseudorotational disorder due to packing requirements results in a 
mixture of TI^- (Bi-C bond lengths; 2.47 and 2.48 A) and Tq -̂bonded states 
(Bi-C bond lengths; 2.38, 2.61 and 2.64 A) [90JOM(386)177]. A similar 
coordination environment is found in the substituted derivatives, 'Pr4C5HBiX2 
(X=C1, I), where the Cp ring coordinates to the bismuth center with a irî -
bonding mode [94CB1335]. The Bi-C bond lengths of the chloride (2.46(1)-
2.67(2) A) are almost the same as those of the iodide (2.48(2)-2.63(2) A). On 
the other hand, the aromatic ring in a cationic complex, [(l,2,4-^Bu3C5H2)2 

R R R R M* 
..X > X ' X X ' ...X X • X ^ X 

X ^ ' S ^ S L̂  S X^-^X^1S 
M+ R 

Fig. 2.3. Representative structures of organyldihalobismuthines. 
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Bi^][AlCl4"], has a ri^-bonding mode with the Bi-C bond distances of 
2.648(3)-2.726(3) A [97ZN(B)398]. Only a slight bending of the Cpcente-
Bi-Cpcenter ^xis (172.9°) is obseived. 

Several BiXs-arene Ti-complexes have been structurally characterized. 
Single crystals of the 1:1 compound BiCl3C6H6 are interpreted best as a 
layer coordination polymer, built up from quasi-molecular BiCl^, units via 
the weak chlorine bridges [93CC799]. The bismuth atom has a distorted 
pentagonal bipyramidal geometry with the arene molecule at an apical posi
tion. The mean distance of the bismuth atom from the plane is 3.14 A and the 
mean Bi-C bond distance is 3.43 A, indicating that the benzene coordinates to 
the bismuth center with the ti^-mode. The crystals of the related mesitylene 
complex BiCl3l,3,5-Me3C6H3 consist of independent sheets of BiCl3 
networks [87AG(E)74, 87CB1837]. The bismuth center of one sheet possesses 
a distorted pentagonal bipyramidal geometry like BiCl3C6H6, while the other 
exhibits a distorted octahedral coordination. In both sheets, the arene molecule 
coordinates to the bismuth center with the Bi-Ccenter bond distances of 2.99-
3.11 A, which are shorter than those of BiCl3C6H6. This seems to reflect the 
difference in the 7T-donating ability of the arene ligands. The Bi-Ccenter bond 
distance (2.72 A) of a cationic complex, [BiCl2C6H6 ]̂ [AICI4"], is much 
shorter than that (3.07 A) found in a neutral sandwich complex, 
(BiCl3)2C6Me6, suggesting that the cationic bismuth center interacts more 
strongly with the arene [86AG(E)757, 87CB1829]. 

CI CI 

BiCla-CeHaMea (BiCl3)2»C6Me6 

The IR and Raman spectra of chlorodiphenylbismuthine and bromodiphe-
nylbismuthine have been reported [79SA(A)339]. The Raman spectra of these 
compounds in acetone solutions show a strong, polarized band at 204 cm"^ 
and a weak, depolarized band at 215 cm"^ These two characteristic bands are 
assigned as the symmetric and asymmetric Bi-Ph stretching frequencies. The 
additional bands observed at 270 cm"' (Ph2BiCl) and 170 cm"' (Ph2BiBr) are 
attributed to the Bi-X stretching frequency. These data agree with the assump
tion that both bismuth compounds possess the structure of Cjy symmetry. By 
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contrast, the vibration spectra of both compounds in the soHd state exhibit no 
Bi-X stretching band, suggesting intermolecular association. The UV spectra 
have been determined in dichloromethane solutions for chlorodiphenylbis-
muthine (X âx 316 nm), bromodiphenylbismuthine (Xmax 325 nm) and dibro-
mo(phenyl)bismuthine (X̂ âx 341 nm) [69JOM(20)99]. The electronic 
spectrum of bismuth chloride in benzene shows a long-wavelength absorption 
1̂ m̂ax 291 nm which is assigned to a metal-localized sp transition 

[96JOM(515)245]. The photoredox chemistry of bismuth chloride in benzene 
is also studied. 

2.3.3. Reactions 

Mono- and dihalobismuthines of the type R2BiX and RBiX2 (X=C1, Br) 
bearing no specific ligand are generally reactive and readily decomposed by 
moisture, alcohols and ammonia. Dialkylhalobismuthines are extremely sensi
tive and spontaneously flammable in air. By placing a coordinating group in a 
suitable position of the molecule, the Bi-X bond can be made less sensitive. 
Diarylhalobismuthines and aryldihalobismuthines are also reactive and gradu
ally hydrolyzed by atmospheric moisture. However, there are known several 
or^/zo-substituted derivatives which can be handled without decomposition in 
air. Such stabilization arises from either steric protection of or intramolecular 
coordination to the bismuth center. By contrast, iodobismuthines are much 
less reactive than the corresponding chloro and bromo compounds (Scheme 
2.8). 

Halodiorganylbismuthines and dihalomonoorganylbismuthines undergo 
metathetical reaction with a wide variety of inorganic salts. This reaction is 

RaBi + RBiXa 

[R2Bi»U[X] t RBiXg + RX 

A / 

MY 

Ligand 

NaMLn . 
RaBJML^ + NaX -* RgBiX R2BiY + MX 

RaBiR' + MX 

X2 = halogen or halogen equivalent 

MY = metal salt 

MR' = organometallic reagent 

Ligand = donor ligand 

MLn = transition metal complex 

R2BiBiR2 + NaX 

Scheme 2.8. Typical reactions of halodiorganylbismuthines. 
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commonly used for obtaining iodo- and diiodobismuthines as well as 
compounds of the general formula R2BiY and RBiY2, where Y denotes an 
anionic group such as OR, OCOR, ONO2, OSiMcs, NR2, SR, S2CNR2, S2COR, 
CN, N3, SCN and SeCN (Section 2.2). Several compounds containing one or 
two bismuth-transition metal covalent bonds have also been prepared by this 
method (Section 2.5). When treated with NaOH, bromobis(2,4,6-trimethyl-
phenyl)bismuthine undergoes dehydrative coupling to afford bis[bis(2,4,6-
trimethylphenyl)bismuthyl] oxide instead of the expected bis(2,4,6-trimethyl-
phenyl)bismuth hydroxide [95ZN(B)735]. 

In liquid ammonia or in THF at low temperatures, halodiorganylbis-
muthines are reduced by 2 equiv. of alkali or alkaline earth metal, such as 
Li, Na, K, Ca and Ba, to give a highly reactive species of the formula R2BiM 
or (R2Bi)2M as a deep red solution [41JA212]. These bismuthides are ther
mally unstable and dissociate slowly to the corresponding tertiary bismuthines 
and inorganic bismuth compounds at room temperature. However, they can 
react with several haloalkanes and haloarenes at low temperatures to yield the 
corresponding mixed tertiary bismuthines (Section 2.1.2.1.3). When an 
equivalent amount of sodium metal or cobaltocene (CP2C0) is used for the 
reduction, tetraorganyldibismuthines R2BiBiR2 are obtained (Section 2.2.2). 
Although all attempts to obtain a diaryldibismuthene starting from 2,4,6-
Ph3C6H2BiCl2 have resulted in the formation of metallic bismuth and organic 
products [95JOM(485)141], reductive coupling of aryldichlorobismuthines 
bearing more bulky or//zo-substituents (2,6-R2C6H3BiCl2; R = 2,4,6-
Me3C6H2 or 2,4,6-'Pr3C6H2) yielded the expected dibismuthenes (ArBi^ 
BiAr) [99JA3357]. The reduction of dichloro(methyl)bismuthine and chlor-
odimethylbismuthine with LiAlH4 at low temperatures gives 
methylbismuthine (MeBiH2) and dimethylbismuthine (Me2BiH), respectively, 
while a similar reduction of chlorodiphenylbismuthine and dibromo(phenyl)-
bismuthine yields a polymeric substance of empirical formula (PhBi)„ 
(Section 2.1.1). The electrolytic reduction of chlorodiphenylbismuthine has 
also been attempted; however, the resulting anion is unstable and rapidly 
liberates bismuth metal [66JA467, 66JA5117]. Attempted reduction of diaryl-
halobismuthines and aryldihalobismuthines with hydrazine hydrate leads to 
the formation of triarylbismuthines [41JA949, 41JA212]. 

As has been mentioned in Section 2.3.1.12, many oxygen and nitrogen 
donor adducts are prepared from mono- and dihalobismuthines and structu
rally characterized. The oxygen donors include THF, triphenylphosphine 
oxide, triphenylarsine oxide, diphenyl sulfoxide, HMPA and A ,̂A '̂-dimethyl-
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propylene urea. Cationic species [Ph2BiL2^], where L is triphenylphosphine 
oxide, triphenylarsine oxide or HMPA, have been prepared by the haUde 
abstraction of the corresponding halobismuthines with AgX or TIX 
(X=BF4, PF6, CIO4) and subsequent complexation with donor molecules 
[79JOM(166)365, 96JCS(D)443, 970M3597]. The nitrogen donors include 
pyridine, 2,2^-bipyridine and 1,10-phenanthroline. When treated with pyri
dine, bromodiphenylbismuthine is converted to a pyridine adduct PhBiBr2-
(pyridine)2 [72JOM(44)317, 64IC500]. This adduct is also obtained from the 
reaction of bromodiphenylbismuthine and 2 equiv. of pyridine, suggesting a 
possible intervention from the redistribution of Ph2BiBr. 

Halodiphenylbismuthines and dihalo(phenyl)bismuthines react with tetra-
organylarsonium salts to form the bismuthinate complexes of the formula 
[R4As^][Ph2BiX2~] and [R4As^][PhBiX3"], where the bismuth moiety exists 
as the anionic species. Similar types of ammonium and phosphonium salts 
have also been prepared by this methodology (Section 2.3.1.12). 
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2.4. TRIORGANYLBISMUTHINE-TRANSITION METAL COMPLEXES 

2.4.1. Methods of synthesis (Table 2.30) 

Due to the weak Bi-C bond as well as the strong s character of a lone pair of 
electrons in tertiary bismuthines, relatively few coordination compounds have 
been reported for the bismuthines in comparison with the congeners of lighter 
elements of the nitrogen family. Trialkylbismuthines bearing methyl, ethyl 
and cyclohexyl groups react with Cr(CO)5(THF) to yield Cr(CO)5(BiR3) 
(R = Me, Et or 'Hex) [79CC639]. Of interest, a carbene complex (C0)5Cr-= 
C(OMe)Me also produces the same adducts by treatment with R3Bi 
[76CB1140]. Photoinduced CO-extraction from [Et4N][V(CO)6] and 
VCp(CO)4, in the presence of trialkylbismuthines (RsBi) yields [Et4N][V-
(CO)5(BiR3)] and VCp(CO)3(BiR3), respectively [78CB1978]. Ths(tert-
butyl)bismuthine can replace one of the CO groups in Ni(CO)4, Cr(CO)6, 
Mo(CO)6 and W(CO)6 to give the corresponding bismuthine-coordinated 
complexes of the type M(CO)„(Bi'Bu3) [75JOM(87)83]. A weakly coordinat
ing THE ligand in a cationic iron complex, [FeCp(CO)2(THF)][BF4], is readily 
displaced by triorganylbismuthines [91JOM(403)183]. 

Transition metal complexes coordinated by a triarylbismuthine have also 
been reported. A unique ligand, tris[2-(dimethylarsino)phenyl]bismuthine, 
reacts with nickel halides NiX2 (X = CI, Br or I) in the presence of sodium 
tetraphenylborate to afford [NiXBi(2-Me2AsC6H4)3][BPh4], where the nickel 
center has a square-pyramidal geometry [75CC164]. A few related nickel and 
cobalt complexes bearing a similar type of bismuthine are reported 
[77JCS(D)711]. Triphenylbismuthine coordinates to [Ir(CO)(PPh3)2][C104] 
to give a cationic complex [Ir(CO)(PPh3)2(BiPh3)][C104], although this 
bismuthine behaves as the phenyl donor in the rhodium complex-catalyzed 
reactions [71SK(B)317, 95BCJ950] (Section 5.4.3.2). Treatment of triarylbis-
muthines with palladium(II) salts, such as PdCl2 and Pd(OAc)2, results in the 
cleavage of the Bi-C bond and the liberation of metallic bismuth 
[71JOM(33)C81, 76JOM(lll)Cl, 88T5661]. This type of transmetallation 
has been employed for the Pd-catalyzed arylation of some olefins 
[77BCJ2021] (Section 5.4.3.2). Crystalline complexes M(CO)5(BiPh3), 
where M = Cr, Mo or W, are obtained by the UV irradiation of M(CO)6 
in the presence of triphenylbismuthine in benzene [71JINC(33)892]. These 
complexes are stable in air but decompose rapidly in solution. Triphenyl
bismuthine can also coordinate to uranium and niobium chlorides 
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[65CJC1879, 70JINC(32)3249]. Mono- and di-metal complexes of chromium 
and tungsten coordinated by l,4-bis(diphenylbismuthino)benzene are known 
[99JOM(584)179] 

Triphenylbismuthine adsorbs from solution onto gold, but it tends to form 
oxygen-containing oligomeric or polymeric species on gold [92L90]. Ther
modynamics of complex formation of triphenylbismuthine with silver(I), 
copper(II) and mercury(II) salts have been studied, though no bismuthine-
complex has been isolated [77ACS(A)775]. 

Synthesis of [C5H5Fe(CO)2(BiR3)][BF4] 

RaBi + ^ Q ^ 1 ^^^ ^ ^ 1 ^^4 
OC-F,e-THF ^"^Cla 0C-F,e-BiR3 

CO CO 

To an ethereal solution of BiRs (15 mmol, R=Me, 'Pr or Ph) was added 
[C5H5Fe(CO)2(THF)][BF4] (2.0 g, 6.0 mmol) and the resulting suspension was stirred for 
12-16 h at room temperature. After evaporation of the solvent, the product was extracted 
with dichloromethane, precipitated with ether, and recrystallized from dichloromethane/ether 
(1:1-1:4). Yield, 25-51% [91JOM(403)183]. 

Synthesis of [NiX(BiAr3)][BPh4] 

MeoAs 
NaBPh4 A , 

ArgBi + NiXg —^.^ . . ^,,\, " [NiX(BiAr3)][BPh4] 

X = CI, Br. I 
EtOH-CHgClg ^'^- \_J 

An appropriate nickel(II) halide hydrate (1 mmol, X = CI, Br or I) was dissolved in dry 
ethanol (10 ml), and tris(2-dimethylarsinophenyl)bismuthine (1 mmol) was added in dichlor
omethane. The resulting dark red solution was stirred briefly and then NaBPh4 (0.35 g, 1 
mmol) was added in ethanol (10 ml). The product [NiX(BiAr3)][BPh4] was precipitated by 
adding an excess of ether and recrystallized from dichloromethane-ethanol. Yield 60% 
[77JCS(D)711]. 

2.4.2. Properties and reactions 

The stability of this class of compound depends on the oxidation state, 
coordination number and the ligands attached to the relevant transition 
metal center as well as on the substituent of the coordinating bismuthine. 
For example, molybdenum(O) and tungsten(O) complexes of the type 
M(CO)5(BiPh3) (M = Mo, W) are air stable and possess definite melting 
points [71JINC(33)892], while molybdenum(II) and tungsten(II) complexes 
such as Ml2(CO)3(MeCN)(BiPh3) and Ml2(CO)3(PPh3)(BiPh3) (M = Mo, W) 
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Ĥ
 r- 

cN
 en

 <N
 

1 
^^ (D

 in
 

ô
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are moderately air-sensitive (particularly in solution) and thermally unstable 
(much less stable than their PPhs, AsPhs and SbPhs counterparts), though they 
can be stored for several days under nitrogen at 0°C [88ICA(150)217]. 
However, the first pentacarbonyl complexes decompose rapidly in solution. 

Some transition metal complexes coordinated by Ph3Bi have been charac
terized by X-ray analyses. An iron complex, [FeCp(CO)2(BiPh3)][BF4], is 
composed of the discrete ions [FeCp(CO)2(BiPh3)] ̂  and BF4" 
[91JOM(403)183]. Coordination at the iron atom is pseudooctahedral 
(three-legged piano-stool geometry) with a Fe-Bi bond distance of 2.570(1) 
A, which is slightly longer than the sum of the covalent radii (2.53 A). The Bi-
C bond lengths of 2.218(6)-2.226(6) A are in agreement with those of the 
uncoordinated Hgand PhsBi, while the mean C-Bi-C bond angle of 101.1° is 
larger than that of Ph3Bi (94°). The structures of Cr(CO)5(EPh3), where E is P, 
As, Sb or Bi, have also been characterized [79CC639]. Based on the data of a 
series of the Cr-E-C bond angles, and both Cr-E and E-C bond lengths, it has 
been concluded that the Bi-Cr bond has more s character than the correspond
ing E-Cr bond, where E = P, As or Sb. The corresponding values of the 
bismuth derivative is 114.6(2)-123.6(2)° (Cr-Bi-C), 2.705(1) A (Cr-Bi) 
and 2.212(9)-2.222(9) A (Bi-C), respectively. The BiPh3 geometry is not 
significantly different from the Cr, Mo or W complexes of the type 
M(CO)5(BiPh3) [97JOM(545)lll]. 

IR and NMR spectra of these complexes have sometimes been used to 
examine the structure as well as the nature of the ligand attached to a transition 
metal center. For instance, from ^ V-NMR data of vanadium complexes of the 
type VCp(CO)3(ER3), where E is P, As, Sb or Bi, the coordinating ability has 
been shown to follow the order: Et3Bi<R3As<R3P<R3Sb [78CB1978]. 
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2.5. ORGANOBISMUTH(III) COMPOUNDS WITH Bi-TRANSITION METAL 
LINKAGE 

2.5.1. Methods of synthesis (Table 2.31) 

Several organobismuth compounds are known in which one or two 
bismuth-transition metal covalent bonds are contained. Metathesis between 
R^BiXs-^ (n=l, 2; X=C1, Br or I) and [MLJ~ has been employed for the 
preparation of Cr, Mo, W, Mn, Fe, Co and Ni complexes bearing the Bi-
M bond (method A). In some cases, this method accompanies such side 
reactions as disproportionation of the desired compound. For instance, 
(Me3Si)2CHBiCl2 reacts with Na2[W(CO)5] in THF to yield two kinds 
of clusters, W2(CO)8(̂ JL-Tî -Bi2)[̂ JL-BiMeW(CO)5] and [W(CO)5]3(fJL3-̂ -̂
Bi2), instead of the expected alkylbismuth complex [85JA1062, 
86IC4836, 90JOM(399)C21]. The Bi-C bond cleavage of trimethylbis-
muthine with a metal hydride such as Cp(C0)3MH (M=Mo, W) is also 
applicable to the Bi-M bond construction, where 1 equiv. of methane is 
liberated (method B). When the relatively weak Bi-Bi bond of dibis-
muthine is cleaved by heat or light in the presence of a binuclear metal 
complex, the Bi-M bond can be also formed (method C). For instance, a 
chromium complex, Cr2Cp2(CO)6, reacts thermally with tetraphenyldibis-
muthine at room temperature to give the crossover product CrCp(C0)3-
BiPh2, whereas the molybdenum and tungsten analogs react with the same 
dibismuthine under exposure to diffused daylight to yield similar types of 
complexes MCp(CO)3-BiPh2 (M=Mo, W). This crossover reaction using 
tetraphenyldibismuthine has been employed for the preparation of 
Co(BiPh2)(CO)4 which is readily converted to Co(BiPh2)(CO)3(PPh3) by 
treatment with triphenylphosphine. A few manganese complexes have 
been prepared by the reaction between dimethylbismuthide anion and 
MnBrL^ type compounds (method D). Trimethylphosphine and triphenyl
phosphine can replace a CO ligand of MCp(CO)„(BiR2) type complexes 
(M=Mo, W or Fe) (method E). Alkyl hahdes (RX) can react with an 
anionic iron complex, [Et4N]3[Bi{Fe(CO)4}3], to give either [Et4N]2[{Fe-
(CO)4}3BiR] or [Fe(BiR)(CO)4]2 depending on the alkyl group R as well 
as the leaving group X (method F). The former anionic products can be 
converted to the latter cyclic complexes in acetic acid. Tetrakis(methyldi-
phenylphosphine)palladium reacts with bromodiphenylbismuthane to give 
[Bi4{Pd(PPh2Me)2}4][Ph2BiBr2]2 [99JA4409]. 
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RnBiX + MLn" RnBiMLn + X" (Method A) 

MeaBi + HMLp Me2BiMLn + MeH (Method B) 

PhaBiBiPhg + L^M-MLn 2 PhgBiMLn (Method C) 

RnBJ- + XMLn i- RnBiML^ + X" (Method D) 

RnBIML RnBiML' + L (Method E) 

[Et4N]3[Bi(FeLn)3] + RX ^ [Et4N]2[RBi(FeLn )3] + [RBiFeLn k (Method F) 

Synthesis of [Ph3P=N=PPh3][Ph2BiFe(CO)4] 

[Ph3P=N=PPh3lCI 
PhgBiCI + Na2Fe(CO)4 [PPN][Ph2BiFe(CO)4] 

THF 

A suspension of chlorodiphenylbismuthine (0.460 g, 1.15 mmol) in THF (15 ml) was added 
dropwise to a stirred solution of Na2Fe(CO)4 (0.246 g, 1.15 mmol) in the same solvent (10 ml). 
The resulting brown solution was stirred for 0.5 h, filtered, and [Ph3P=N=PPh3]Cl (0.66 g) 
was added to the filtrate. The solution was stirred for a short time and then filtered to remove a 
gray solid. The solvent was removed and toluene (40 ml) was added to the red oily residue. On 
standing at room temperature, [Ph3P=N=PPh3][Ph2BiFe(CO)4] separated out as a yellow 
crystalline solid (66%) [91IC2788]. 

Synthesis of CrCp(BiPh2)(CO)3 

Ph2BiBiPh2 + Cr2Cp2(CO)6 ^ 2 CrCp(BiPh2)(CO)3 
PhMe 

Tetraphenyldibismuthine (0.79 g, 1.09 mmol) was added to a toluene solution of Cr2Cp2(CO)6 
(0.35 g, 0.87 mmol) at room temperature and brought an immediate color change from emerald 
green to orange brown. The solution was evaporated to dryness under reduced pressure, and the 
residue was recrystallized from hot heptane (25 ml) to give the chromium(II) compound, 
CrCp(BiPh2)(CO)3, as red crystals (68%) [91IC1274]. 

2.5.2. Properties and reactions 

Properties of this class of compounds are considerably dependent on both 
the metal and ligands involved. For instance, [Ph3P=N=PPh3][Ph2Bi-



C
h. 2 

O
rgaiiobism

uth(III) com
pounds w

ith B
i-transition m

etal linkage 
241 

I 
PQ 

^
6 

O
H

 

O
 

u 

CN
 

0
4 

cn
 

en
 

U
 

U
 

^ 
^ 

^ ^ 
^ 

^̂
^ r- ^̂

^ 
s ^ :s 
O

 y 
O

 
P

 
S

 r̂
 

r^
 

O
N 

r-

(N
 

<N
 

m
 

m
 

en
 

(N
 

u 
u u 

^ 
^ 

c^ 
en

 
'IT

 
!ir 

cT
) ^n

 
^ 

^ 
^ 

^ 
<N

 
^ 

r- 
r- 

^ 
w

 
S

 ^ ^ S
 S

 
o u u o o 
^ 

K
H

 
H

H
 

H
-, 

h
-, 

t> 
^H

 
^ 

r- 
on

 
r->

 
O

N 
O

N
 

r-- 
00 

<N
 

<N
 

<N
 

(T
) 

m
m

 
U

 
U

 
U

 

^ 
^ 

^ 
^ ^

^ 
^ ^ 

^ 
^^ r- 

r̂
 

^^ ^^ m
 

S
 ^ ^ S

 S
 ^ 

o
 y y o

 o
 y 

r- 
S

 
S

 
r- 

r- 
vo

 
r- 

o
\ 

o
\ 

r̂
 

r̂
 

00 

" 
" 

O
s 

0
\ 

i> 
r^ 

^
^

5 
5 

r̂
 

oo
 

c:̂
 c^ 

- 
S

 g
§ 

u u o p 
H

H
 

>—
1 

t—
5 

1
—

, 

^ 
T-H

 
en

 
m

i 
O

N 
O

N
 

0
\ 

O
N

 

•—
1 

P̂
*̂

 

ffi P
!^ H

H
 

ffi 

<
 u <

 

P̂
 B

 
f^ P̂

 

f^ 
f^ 

S
 

S
 

S
 

S
 

P̂
 

^ 

^^^ 

K
 ^ 

p̂
 

ffi 
ffi 

p{ 

^ 
P

i 
p̂

 
2 

^. ^. >< 
P

i 
P

i 
. 

s s > 
:z :̂

 ^ 

2 
c/5 

o
n

 

>< ^. ^. 
C/5 

f̂
*̂

 f̂
*̂

 

S
 "1""^ 

. 
P

i 
P

i 
f̂

 S
 

S
 

•̂ z z 
^p

p
 

^ ^ 
"̂" ^ 

1 o
 

o
 

^ 

o
 

o
 

J^ 
T

3 

"̂^ 

O
 

o
 

00 
m

 
<N

 
O

 

-id. 

I 
m

 
I 

^ 

PQ
 <

 
w

 
<

 
pq 

u 
PQ

 <
 

W
 

<
 

I 
<

 

P
i 

ffi 
ffi 

ffi 

B 
B

 
o 

o 
o 

o 
<D

 
a

i 
T

3 
T

S 

V
O

 
O

N
 

m
 

o 
4

^ 
m

 
o 

O
 

vo 

»n 
(N

 
0

0 
r-( 

^
4 

lO
 

C
s| 

1 r- 
^ o 00 1 

00 
o 

U
 

<
 

Q
 

Q
 

B
y 

6 
^ 3 ^ 
S

 £ o 
•pQ

 s 
y 

"&
 

^ 
r^ 

y y 8 
u

 u
 y. 

s o 
-^ 

'^ 
PH 

^ 
5! 

y. y u ©
 u 

s ^
2

2
^

£ 
|

©
©

B
^

o 
-^

 
O

H
 

C
L, 

O
H r ) 

U
 

^ 
2̂ ^ 

^ 
^ "§ 

S
 

^ o y 1 w
 o 1 a 

o u 
2

^ 
§

1 
-^ 

PQ
 

S
 

^ ^ ^ 
^ 

^ 
^ o 

^ 

s
y

^
R

 
!3 0 y _PH

 

60 PQ
 

II 

u
o

 
e

n
 

0
0 

sp" 
p

 



242 
O

rganobisinuth(III) com
pounds 

C
h. 2

 

o 

O
N
 

0
\ 

(N
 
<
N

 

u u
 

00 O
O

 
(N

 
<
N

 
<N

 
(N

 

S
 S

 
9

9 

vi 
rn 
U

 

O
N

 
rN

| 

u O
O

 
<

N
 

<
N

 

S
 

o 

O
O

O
o

O
O

<
N

<
N

C
N

(
N

(
N

<
N

(
N

(
N

o
o

C
N

(
N

(
>

l
<

N
(

N
<

N
 

•
O

O
O

O
^

O
N

O
N

O
N

O
N

^
^

O
V

O
N

O
N

O
O

^
^

'
—

I
O

N
O

N
O

N
 

..^ 
—

.
y

y
-

o
o

o
o

^
o

o
o

y
o

o
&

^
o

o
o 

C
N

ic
^

lo
>

C
N

j^
^

^
H

^
H

f
r

jc
n

c
n

c
n

r
n

c
n

c
n

c
n

^
H

f
o

c
o

r
o

r
n

c
o

c
n
 

0
0

0
0

0
0

0
0

0
^

0
^

0
^

0
^

0
^

0
^

0
^

0
^

0
^

0
^

0
^

0
^

0
^

0
^

0
^

0
^

0
^

0
^ 

C
ii 

c
/f 

0
0 

0
0
 

C
/5

 
O

O
 C

/5
 
C

/5
 

•,• 

s ^
 s

 :̂
 s

 s
 >< 

c
ti 

^ 
o

i 
C

E: 
p
(i 

0̂
' 5

 ĉ
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fî

^ 

>^ ^ 
2

 
O

H
 

><". 
K

 
OS

 ffi 

< 
< 

I 

•-^
w

. 

^ s 

<u
 

^ s o
 

'£ o
 

u
 w
 

S
 o 

5̂
 

•5 

£ 



244 Organobismuth(III) compounds Ch. 2 

Fe(CO)4] is yellow and moderately air-sensitive, whereas (Ph2Bi)2Fe(CO)4 is 
red and very air-sensitive in solution [91IC2788]. The latter undergoes dispro-
portionation slowly in solution to produce [PhBiFe(CO)4]2. 

Several complexes bearing the Bi-M a bond have been characterized by X-
ray crystallographic methods. The crystal structure of red-brown Co(BiPh2)-
(CO)3(PPh3) consists of well separated monomers [84JCS(D)2535]. The 
cobalt atom possesses a distorted trigonal bipyramidal geometry surrounded 
by three equatorial carbonyl groups with the mean Co-C bond length of 1.80 
A and the mean C-Co-C bond angle of 119.3°. The phosphorus and bismuth 
atoms occupy the axial sites with the Bi-Co-P bond angle of 169.3(3)°. The 
geometry of the bismuth atom is essentially pyramidal with the Bi-Co bond 
length of 2.692(5) A. The bond angles around the bismuth are 95.7(8)-
100.9(5)°, and are considerably larger than those of Ph3Bi and Ph2BiBiPh2. 
This may be attributed to steric repulsion between the carbonyl and phenyl 
groups. The normal Bi-C bond distances of 2.25(2)-2.28(2) A, however, 
suggest that the residual lone pair on the bismuth atom has a considerable s 
character. 

The structures of several iron complexes have also been determined. The 
iron atom in [Ph3P=N=PPh3][Ph2BiFe(CO)4] has a trigonal bipyramidal 
coordination with the Ph2Bi group occupying an axial position [91IC2788]. 
Two Ph2Bi groups are bound to the octahedral iron center in (Ph2Bi)2-
Fe(CO)4. The Bi-Fe bond distances in these complexes are 2.676(4) and 
2.823(2)-2.832(2) A, respectively. The difference observed may be due 
partly to the difference in steric interaction between the phenyl and carbo
nyl groups, the more crowded (Ph2Bi)2Fe(CO)4 showing the longer Bi-Fe 
bond. The bismuth center in these complexes exhibits a pyramidal geometry 
with a stereochemically active lone pair of electrons. The average Bi-C 
distances and C-Bi-C angles are 2.30 A and 94.9° for 
[Ph3P=N=PPh3][Ph2BiFe(CO)4], and 2.23 A and 96.2° for (Ph2Bi)2-
Fe(C0)4. These values are almost identical to those of Ph3Bi and Ph2Bi-
BiPh2, suggesting that the bonding to the bismuth atom is primarily p in 
character, with little contribution from sp^ hybridization. In an anionic iron 
complex, [Et4N]2['BuBi{Fe(CO)4}3]2, the bismuth center possesses an extre
mely distorted tetrahedral geometry; the Fe-Bi-C and Fe-Bi-Fe bond 
angles are 96.7(2)-107.7(2)° and 112.7(3)-116.4(3)°, respectively 
[93IC2212]. The distortion about bismuth is due to the steric hindrance 
of the Fe(CO)4 groups. A dimeric complex [PhBiFe(CO)4]2 is known and 
can be envisioned as the coupling product of a bismuthene-iron complex 
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(PhBiFe(CO)4) [91IC2788]. The structure around the bismuth center in 
Ph2BiMn(CO)5 is found to be similar to that of the above-mentioned iron 
complexes [91IC2788]. The Bi-Mn bond distance of 2.842(2) A is shorter 
than the one in the more sterically crowded Bi[Mn(CO)5]3. 



Chapter 3 

Organobismuth(V) Compounds 

3.1. TRIORGANYLBISMUTH DIHALIDES AND RELATED COMPOUNDS 

3.1.1. Methods of synthesis (Tables 3.1-3.4) 

3.1.1.1. Oxidative addition to triorganylbismuthines 
Oxidation of triarylbismuthines to pentavalent triarylbismuth dihalides is 

accomplished using a variety of halogenating agents such as molecular halo
gens, sulfur dichloride, disulfur dichloride, thionyl chloride, sulfuryl chloride, 
phenyliodine dichloride, xenon difluoride, iodine pentafluoride and iodine 
trichloride. Lead tetraacetate, benzoyl peroxide and benzoyl nitrate can 
convert triarylbismuthines to the corresponding triarylbismuth(V) dicarboxy-
lates or dinitrates. Oxidative addition of A^-bromosuccinimide to triphenylbis-
muthine gives Ph3BiBr(succinimide). 

(a) Via halogenation with molecular halogens (method A) Triarylbismuth 
difluorides, dichlorides and dibromides are usually prepared by the 
stoichiometric reaction between triarylbismuthines and the corresponding 
halogens. 

RaBi + X2 ^ R3BiX2 

Iodine usually cleaves one of the Bi-C bonds in triarylbismuthines to give 
diaryliodobismuthines. Although trialkylbismuthines are readily cleaved by 
chlorine and bromine, tri(l-propenyl)bismuthine can be brominated by mole
cular bromine at low temperatures to give tri(l-propenyl)bismuth dibromide 
[63IZV1507]. 
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Synthesis of tris(2,4,6-trimethylphenyl)bismuth dichloride 

Me Me 

Me Me 

Tris(2,4,6-trimethylphenyl)bismuthine (1 g, 1.8 mmol) dissolved in dry benzene was treated 
with dry gaseous chlorine until an excess was evident. Partial evaporation of the solvent, 
followed by addition of methanol, gave tris(2,4,6-trimethylphenyl)bismuth dichloride as a 
pale green solid (0.85 g, 76%), m.p. 149-150°C [41JA207]. 

(b) Via halogenation with sulfuryl halides and other halogen equivalents 
(method B) Triarylbismuthines are converted to the corresponding 
dichlorides by means of sulfuryl chloride. Sulfur dichloride, disulfur 
dichloride, thionyl chloride, phenyliodine dichloride and iodine trichloride 
can be used similarly for this purpose. Xenon difluoride is a versatile 
fluorine source, directly oxidizing triarylbismuthines to the corresponding 
difluorides. 

RaBi + EX2 •- R3BiX2 + E 

This method is convenient because the reagents are easier to handle 
compared with molecular chlorine or fluorine. Trimethylbismuth dichloride 
is obtainable by using sulfuryl chloride at low temperatures [94AG(E)976]. 
However, an attempt to synthesize trimethylbismuth difluoride by using xenon 
difluoride has failed. 

Synthesis of trimethylbismuth dichloride 

MeaBi + SO2CI2 ^ MesBiCIa 

Freshly degassed sulfuryl chloride (1.22 g, 9.0 mmol) was condensed into a dry ethereal 
solution (10 ml) of trimethylbismuthine (2.3 g, 9.1 mmol) at -196°C. The mixture was stirred 
at - 100°C, then warmed to -78°C over 2 h, and the solvent together with sulfur dioxide was 
pumped off at 10 "* mbar to give trimethylbismuth dichloride as a colorless solid (2.9 g, 95%) 
[94AG(E)976]. 

(c) Via oxidation with ozone, peracids and their equivalents (method 
C) Ozonized oxygen converts triarylbismuthines to the corresponding 
dicarboxylates in a suitable solvent such as toluene, ethyl acetate or ethyl 
propionate [93JCS(P1)2411]. 
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ArsBi + 03/Solvent • Ar3Bi(OCOR)2 

The carboxyl ligands introduced are derived from the solvent employed. 
When this reaction is performed in dichloromethane, triarylbismuth dichloride 
is isolated in good yield. 

Synthesis of triphenylbismuth diformate 

Ozonized oxygen (10 mmol/h) was passed into toluene (60 ml) for 1 h at -78°C to give a dark-
green solution, to which was added triphenylbismuthine (440 mg, 1 mmol) in toluene (2 ml) in 
one portion. The resulting pale yellow suspension was allowed to warm to ambient temperature 
while being flushed with argon to give a pale yellow solution; this was evaporated under 
reduced pressure to leave a light brown residue, which was recrystallized from benzene-hexane 
(1:3) to give triphenylbismuth diformate (510 mg, 96%) as crystals (m.p. 140-150°C, decomp.) 
[93JCS(P1)2411]. 

Triarylbismuthines are oxidized to the corresponding dicarboxylates by 
treatment with a mixture of a carboxylic acid and an organic peroxide. Sodium 
perborate can be used instead of organic peroxides [96SC4569]. Peracids 
convert triarylbismuthines directly to the corresponding dicarboxylates. 

ArsBi + RCO2H + R'OOH ^ Ar3Bi(OCOR)2 

ArgBi + RCO2OH • Ar3Bi(OCOR)2 

Synthesis of triphenylbismuth dibenzoate 

< Q ^ B i + PhCOOH - ^ ^ ^ <Q^Bi(OCOPh)2 

A mixture of triphenylbismuthine (5 mmol), tert-hutyl hydroperoxide (5 mmol), benzoic acid 
(10 mmol) and anhydrous diethyl ether (50 ml) was stirred at room temperature. After a day, the 
liquid part was distilled off at a reduced pressure and the residue was crystallized from ethyl 
acetate to give triphenylbismuth dibenzoate. Yield 87%, m.p. 169°C [85ZOB73]. 

3.1.1.2. Via metathetical reaction of triarylbismuth dihalides and related 
compounds 

Metathetical reaction of triarylbismuth dihalides and their derivatives is 
widely used for the preparation of triarylbismuth(V) compounds of the type 
Ar3BiX2, where X denotes an anionic group. 
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(a) With metal salts (method D) Triarylbismuth dichlorides, dibromides 
and diformates undergo metathetical reaction with a variety of sodium, 
potassium, lead and silver salts to give triarylbismuth(V) compounds of the 
type Ar3BiX2. 

Ar3BiX2 + 2MY ^ Ar3BiY2 + 2 MX 

Triphenylbismuth(V) derivatives such as difluoride, dicyanate, diazide, 
dicyanide, dinitrate, diacetate, bis(haloacetate), bis(dihaloacetate), bis(triha-
loacetate), dibenzoate, carbonate, oxalate, bis(succinimide), oxide, bis(penta-
chlorophenoxide), bis(pentafluorophenoxide) and many other dicarboxylates 
are prepared using this methodology. Attempts to obtain the chiral helical 
extended structures by the reaction between Ar3BiCl2 and AgOCOR*, 
where R* (racemic) contains one chiral center and one hydroxyl group, 
have resulted in the exclusive formation of enantiomeric (/?,/?)- and (5,5)-
derivatives [97JCS(D)2009]. Triphenylbismuth molybdate and chromate are 
also prepared by the metathesis of the corresponding dibromide with ammo
nium molybdate or chromate [80IC3863, 71CJC2529]. By contrast, attempts 
to prepare triphenylbismuth diperchlorate and bis(tetrafluoroborate) by the 
reaction between triphenylbismuth dichloride and the corresponding silver 
salts have resulted in the formation of oxobismuth(V) compounds of the 
type [Ph3BiOBiPh3]X2 and/or tetraphenylbismuthonium salts. 

Synthesis of triphenylbismuth diacetate 

A benzene solution of triphenylbismuth dichloride and an aqueous solution of silver acetate 
were mixed with vigorous stirring. The benzene layer was then separated and concentrated 
under reduced pressure. Dilution with light petroleum caused triphenylbismuth diacetate to 
precipitate. This was recrystallized from a mixture of benzene and light petroleum, m.p. 173°C 
[70CJC2488]. 

Triphenylbismuth dichloride and bis(trifluoroacetate) react with one equiv. 
of sodium salt of/7-nitrophenol to give the corresponding triphenylbismuth(V) 
compounds of the type Ph3BiX(OAr) [85JCS(P1)2657]. Sodium or guanidium 
salts of 3,5-di-r^r/-butylphenol and 8-hydroxyquinoline are also transferrable 
by this method. 

Although Challenger and co-workers reported that triphenylbismuth(V) 
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hydroxides of the structure Ph3Bi(OH)X (X=OH, CI, Br, N3 or CN) are 
formed by this methodology [20JCS( 117)762, 34JCS405], the existence of 
these compounds is now questionable. For instance, Goel and Prasad found 
that the product formed by the reaction between triphenylbismuth dichloride 
and alcoholic sodium or potassium hydroxide is oxybis(triphenylbismuth) 
dichloride [72JOM(36)323]. 

Hexafluoropropene oxide is also a good reagent for the nucleophilic forma
tion of the Bi-F bond in triphenylbismuth(V) compounds [99JFC(93)103]. 

(b) Via reactions with carboxylic acids, phenols and others (method E) A 
number of triphenylbismuth dicarboxylates are prepared from an interaction 
of triarylbismuth dihalides with carboxylic acids. Triphenylbismuth 
carbonate reacts with various aliphatic carboxylic acids to yield the 
corresponding dicarboxylates. Reaction between triarylbismuth diacetate 
and tropolones gives the corresponding triarylbismuth ditropolonates 
[96AG(E)67]. 

Treatment of triphenylbismuth carbonate with sulfonic acids affords tri
phenylbismuth disulfonates, which are converted to triphenylbismuth dichlor
ide by metathesis [86ZAAC(539)110]. 

Ar3BiX2 + 2RCO2H — ^ ^ ^ ^ >• Ar3Bi(OCOR)2 
- 2 H X 

Ar3Bi(OCOR)2 + 2 R'C02H ^ Ar3Bi(OCOR')2 + 2 RCO2H 

Ar3BiC03 + 2 R'S03H • Ar3Bi(OS02R')2 + H2O 

Synthesis of triphenylbismuth bis(ethylthioacetate) 

/=\. EtSCHgCOgH/EtgN / = \ , 
<^BiBr2 ~ • ^ ^ B i ( 0 C 0 C H a S E t ) 2 

Triethylamine (1 g, 9.9 mmol) was added to a benzene solution of triphenylbismuth dibromide 
(1.2 g, 2 mmol) and ethylthioacetic acid (1.2 g, 5 mmol). After stirring for 1 h, the precipitated 
triethylamine hydrobromide was filtered off, and the filtrate was evaporated. The residue was 
recrystallized from acetonitrile to obtain the corresponding dicarboxylate (m.p. 119°C) 
[75JINC(37)2559]. 

3.1.1.3. Via miscellaneous approaches (method F) 

Triphenylbismuthine is oxidized by A^-bromosuccinimide, lead tetraacetate 
or benzoyl nitrate to give triphenylbismuth bromo(succinimide), diacetate and 
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dinitrate, respectively. When treated with iodosobenzene in dichloromethane, 
tris(2,4,6-trimethylphenyl)bismuthine is converted to tris(2,4,6-trimethylphe-
nyl)bismuth dichloride in a moderate yield [97JCS(P1)1609]. Triphenylbis-
muthine reacts irreversibly with sulfur dioxide within 5 min to give crystalline 
precipitates of composition Ph3BiS204 [68CC1474]. 

Synthesis of triphenylbismuth dinitrate 

A solution of triphenylbismuthine (22 g) in dry carbon tetrachloride (50 ml) was cooled to 
-15°C and treated with a similarly cooled solution of benzoyl nitrate prepared in situ from 
benzoyl chloride (37 g) and silver nitrate (50 g). The mixture was well shaken, left to stand for 
16 h and filtered. The residue was extracted with chloroform repeatedly and the combined 
filtrate and extracts were diluted with light petroleum to precipitate the dinitrate as a solid (27.5 
g). This, on further extraction with cold ether, left insoluble triphenylbismuth dinitrate (12.5 g) 
[24JCS(125)854]. 

Nitration of the benzene ring of triphenylbismuth dinitrate is a convenient 
route to obtain the nitro-substituted triarylbismuth(V) derivatives 
[24JCS( 125)854, 26JA507, 34JCS1258]. Oxidation of tris(4-methylphenyl)-
bismuth dichloride by potassium permanganate or chromic acid gives the 
corresponding tris(carboxyphenyl)bismuth dichloride, which can be 
converted to the methyl ester in low yield by treatment with methanol in 
the presence of HCl [26JA507]. Sulfonation of tris(2-methylphenyl)bismuth 
dichloride results in the formation of a tris(hydroxy-2-methylphenyl)bis-
muth(V) compound after hydrolysis [26JA507]. 

Ar3BiX2 + HZ ^ Ar'3BiZ2 

[O] 
Ar3BiX2 ^ Ar'sBiXa 

Deprotection of tris(methoxymethoxyphenyl)bismuth dichlorides affords 
the corresponding tris(hydroxyphenyl)bismuth dichlorides, the para-isomer 
of which is acetylated by acetic anhydride/pyridine at the hydroxyl group to 
yield tris(4-acetoxyphenyl)bismuth dichloride [98JCS(P1)2511]. 

Triphenylbismuth difluoride has been synthesized by thermal decomposi
tion of a cationic triphenylbismuth(V) complex [Ph3Bi(OAsPh3)2][BF4]2 in 
dichloromethane [73IC944]. Tetraphenylbismuth tribromide is transformed 
thermally to triphenylbismuth dibromide [52LA(578)136], while tetraphenyl
bismuth triphenylsiloxide is readily cleaved by HCl to give triphenylbismuth 
dichloride [75DOK(225)581]. 
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Synthesis of tris(4-nitrophenyl)bismuth dinitrate 

< ^ ^ B i ( N 0 3 ) 2 • 02N-H^^^Bi(N03)2 

Triphenylbismuth dinitrate (10 g) was dissolved in fuming nitric acid at 0°C, and the resulting 
mixture was allowed to stand at 0°C for 12 h. The reaction mixture was poured into ice water 
(500 ml) and the deposit was filtered off, dried and recrystallized from ethyl acetate to give the 
dinitrate as a pale yellow solid, which exploded on heating at about 147°C [26JA507]. 
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Ĉ
t 

U
 

in 

o O
N

 
r<-) 
in 

U
 

< < N VO
 

in 

H
J 

H
 

t^ 

o o\ 
m

 
in 

U
 

< < N VO
 

<N
 

<N
 

m
 

<N
 

^ u < <: 
N

 
r-

O
N

O
O

O
N

O
O

O
N

O
O

O
O

O
O

O
O

O
N

O
O

O
N

 

^ 

o
^ 

^ 

u 

E
c

t^K
p

s
^K

o
iC

i^'E
c

ii 

P!i 

C3> 
O

N
 

O
N 

0
^

 
O

N
 

in 
in 

in 
in 

in 
in 

in 
in 

in 
in 

P
 

r̂
 t^ P

 
P

 

2 
52 B2 2 S2 

0
0 

0
0 

C
/5 

C
/5 

C
/3 

i> 
(^ 

r- 
t^ 

i^ 
0

0 
0

0 
0

0 
00 

0
0 

ftj 
P

ii 
P

^ 
fii 

C
î
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(2) (3) (4) (5) 

Scheme 3.1. Structures of compounds listed in Table 3.1. 

o o o 

PhsBi:" 11 I PhaBi^ | PhaBi^ ] succinimide = ^ N ' 

(4) ^ (5) ((i) O (7) 

^ V o j ^ P^3B:^:X>-i Me^B,^:X>; 
(8) (9) (10) 

8-QO = P o ^ )) 2-Me-8-QO = j ^ O — ^ "^ 

(11) (12) Me 

Scheme 3.2. Structures of compounds listed in Table 3.2. 

Ph CI CI Ph 

(1) Bi2(A) (2) Bi2(B) (3) Bi2(C) 

p . i ; ^ ^ % ^ ? ; p . p . ' ? ; ^ c r ^ p , 

(4) Bi3(A) (5) Bi3(B) 

0 0 9^ -
p̂ .S' /=\ I / = \ Y / = \ 9'ph « 4 - 0 "'̂ Br'" Bî s :^B,^ .VBî ")KBi:[̂  c, i7"-:;\j'c,^"-ci 

(6)Bi4(A) 01 — ' ^—' 

CI / = ( c i M 

6 
^ /B i - \ \ /) R BL^, 

crfAr 
Ar 

(8) Bi4(D) Ar = 4-MeC6H4 
R = S02NEt2 

Scheme 3.3. Structures of compounds listed in Table 3.4. 
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3.1.2. Properties 

Most triarylbismuth(V) compounds of the type Ar3BiX2 are crystalline, 
non-hygroscopic solids, which are soluble in benzene, chloroform, dichloro-
methane, dioxane, THF and acetone, slightly soluble in alcohols and diethyl 
ether and insoluble in hexane. Tris(hydroxyphenyl)bismuth dichlorides are 
soluble in methanol but hardly soluble in water [98JCS(P1)2511]. Triphenyl-
bismuth carbonate is insoluble in most organic solvents, suggesting that the 
polymeric structure of the Ph3Bi units is linked by the carbonate anions. The 
thermal stability of these compounds is highly dependent on the nature of the 
anionic groups attached. For example, the stability of triphenylbismuth diha-
lides decreases in the order fluoride>chloride>bromide^iodide: the diiodide 
has not been isolated so far. The pure difluoride and dichloride are stable up to 
200 and 150°C, respectively [22JCS(121)91]. Triphenylbismuth dicarboxy-
lates, disulfonates and dinitrate are mostly stable, whereas the diazide is 
relatively unstable and decomposes rapidly at 100°C to yield diphenylbismuth 
azide and phenyl azide [34JCS405, 73JOM(50)129]. Triphenylbismuth dicya-
nide undergoes a similar type of decomposition on heating. Both diazide and 
dicyanide are rather unstable in solution and readily degrade. Trimethylbis-
muth dichloride is thermally unstable and decomposes rapidly at room 
temperature, although its crystal structure has been characterized by low-
temperature X-ray chrystallographic analysis at -143°C [94AG(E)976]. 

Most triorganylbismuth dihalides and related compounds have a non-ionic, 
five-coordinate structure, in which the bismuth atom possesses a trigonal 
bipyramidal geometry (Fig. 3.1). The X-ray analyses of trimethylbismuth 
dichloride (mean Bi-C and Bi-Cl bond lengths, 2.20 and 2.61 A; mean C-
Bi-C and Cl-Bi-Cl bond angles, 120 and 178°, respectively) and triphenyl
bismuth dichloride (mean Bi-C and Bi-Cl bond lengths, 2.12 and 2.57 A; 
mean C-Bi-C and Cl-Bi-Cl bond angles, 120 and 176°, respectively) have 
clearly shown that three carbon atoms adjacent to the bismuth occupy the 

R' Di p R" R f L o 

P ^ ^ i — R R ^ ^ * ^ " 

X 0 ^ 0 

R' 
Fig. 3.1. Representative structures of R3BiX2 and RjBiCOCOR'). 



Ch. 3 Triorganylbismuth dihalides and related compounds 273 

equatorial sites and two chlorine atoms occupy the axial sites [94AG(E)976, 
68JCS(A)2539]. Other triarylbismuth dichlorides show a similar geometry. 
Triphenylbismuth(V) alkoxide compounds, Ph3Bi(OAr)2 and PhsBiBrCOAr) 
(Ar=C6F5 and C6CI5), also possess a distorted trigonal bipyramidal coordina
tion geometry, in which the axial Bi-O bonds are 2.22-2.25 A [980M1347]. 
The X-ray investigations of triphenylbismuth dicarboxylates revealed that the 
bismuth center possesses a distorted trigonal (or pentagonal, if both of the 
carboxylate oxygens are considered) bipyramidal structure, weakly coordi
nated by the neighboring carbonyl oxygen atoms [91JOM(419)283, 
93JCS(P1)2411]. For example, in crystalline triphenylbismuth bis(trifluoro-
acetate), the non-bonded bismuth-oxygen distances are only ca. 30% longer 
than the bonded ones (2.308(7)-2.309(7) A). Triphenylbismuth di(benzene-
sulfonate) also adopts a distorted trigonal bipyramidal geometry with Bi-Oaxiai 
bond lengths of 2.276(5)-2.280(4) A, which are shorter than the non-bonded 
Bi-O distances (3.129(5)-3.431(6) A) [86ZAAC(539)110]. Various types of 
triphenylbismuth(V) dicarboxylate bearing a hydroxyl group at the alkyl chain 
have been structurally characterized [97JCS(D)2009]. In these molecules, 
unusual hydrogen-bonded extended structures such as double strands and 
double layers have been observed. Intramolecular coordination is also 
observed in the crystal structure of chloro(2-methyl-8-quinolinolato)triphe-
nylbismuth, in which the bismuth atom has a distorted octahedral geometry 
and the nitrogen atom coordinates to the bismuth center with a relatively weak 
Bi-N bond of 2.71(2) A [83JOM(253)317]. 

Molecular weight, electrical conductance, IR and Raman spectra have been 
examined for a number of compounds of the type Ph3BiY2 (Y = F, CI, Br, 
NO3, N3, CN, NCO, OAc and other carboxylates) [66JCS(A)520,70CJC2488, 
73JOM(50)129]. They have a normal molecular weight in benzene solutions 
and behave as a molecular species in polar solvents. The dipole moment of 
triphenylbismuth dichloride is essentially zero in benzene [42JA173, 
43ZAAC(250)257]. This result indicates that the dichloride has a trigonal 
bipyramidal geometry in solution as well as in the solid state. An osmometric 
measurement of triphenylbismuth molybdate in chloroform showed the poly
meric structure in which the PhsBi units are linked together by the bridging 
M0O4 groups [80IC3863]. In the IR spectrum of the difluoride, a strong band 
attributable to the Bi-F stretching has been observed at 412 cm~\ suggesting 
the linear nature of the F-Bi-F linkage. The IR spectra of the dinitrate, diazide 
and dicyanide show strong bands of the covalently bound anionic groups at 
1510-1520 (asym), 2034-2063 (asym) and 2128-2140 cm"\ respectively. In 
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the spectra of the dicarboxylates, both symmetric and asymmetric carboxylate 
stretching frequencies are observed with a difference of their frequencies, 
(asym-sym), of 215-340 cm"\ indicating that the anionic groups are present 
as the unidentate hgand. All of the available data clearly show that the anionic 
groupings (Y) are covalently bound to the bismuth atom and the molecule has 
a non-ionic, monomeric five-coordinated structure in accordance with the 
trigonal bipyramidal skeleton. The IR spectra of cationic complexes of the 
type (Ph3BiL2)Y2 (L^Me.SO, PyO, PhaPO, PhsAsO; Y=C104, BF4, PF^) 
exhibit the presence of anionic perchlorate, tetrafluoroborate or hexafluoro-
phosphate groups as well as the cationic Ph3BiL2 moiety. Based on the elec
trical conductance measurements in nitromethane, it has been suggested that 
these complexes behave as a 1:2 electrolyte [73IC944]. 

3.1.3. Reactions 

Trimethylbismuth dichloride is thermally unstable and decomposes to 
chlorodimethylbismuthine and methyl chloride at room temperature 
[94AG(E)976]. This type of reductive coupling is not observed for triphenyl-
bismuth dichloride at room temperature, but prolonged heating or photoirra-
diation of a solution of the phenyl derivative results in decomposition 
[22JCS(121)91]. Triarylbismuth(V) compounds of the Ar3BiX2 type also 
undergo ligand coupling to give Ar2BiX and ArX at the temperature depend
ing on the anionic groups. 

Reduction of triarylbismuth dihalides to the parent triarylbismuthines can 
be performed by using a variety of reducing agents, which include hydrazine 
hydrate, sodium hydrosulfite, liquid ammonia, LiAlH4, NaBH4, sodium sulfide 
and sodium dialkyldithiocarbamate. This type of reduction has been used for 
the purification of tris(3-methylphenyl)bismuthine which is purified with diffi
culty in the trivalent state [26JA507]. The electrolytic reduction of triphenyl-
bismuth dibromide has been found to be a one-step, two-electron process 
where the bromine atoms are released as bromide ions [66JA467]. 

Metathesis of triarylbismuth dichloride with a variety of metal salts such as 
fluoride, azide, cyanide, carboxylates and sulfonates has been used frequently 
for the synthesis of triarylbismuth(V) compounds of the type Ar3BiY2, where Y 
is the corresponding anionic group (Section 3.1.1). The reaction of triphenyl-
bismuth dichloride with mercuric chloride in an alkaline medium leads to 
triphenylbismuthine, while treatment of triphenylbismuth dicyanide with 
mercuric oxide results in the formation of triphenylbismuthine oxide (Section 
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3.8.1). Pentacoordinate cationic complexes of the type (Ph3BiL2)Y2 can be pre
pared by the reaction of triphenylbismuth dichloride with a silver salt AgY in the 
presence of a ligand molecule L [73IC944]. These complexes are stable in the 
solid state, but decompose in solution. Triphenylbismuth difluoride is formed 
from the thermal decomposition of [Ph3Bi(OAsPh3)2][BF4]2. 

It has been reported that Ph3BiBr(OC6X5) (X = F, CI) does not exist as such 
in solution due to a very rapid redistribution equilibrium with Ph3Bi(OC6X5)2 
and Ph3BiBr2 [980M1347]. A similar type of equilibration is also observed 
between Ph3BiX2 and Ph3BiY2 (X, Y = F, CI, Br) in solution, where the 
equilibrium constants correlate well with the difference in electronegativity 
between the X and Y anionic species. 

Treatment of triphenylbismuth dichloride with 2 equiv. of phenyllithium 
gives pentaphenylbismuth. This method has been widely used for the prepara
tion of unsymmetrical pentaarylbismuth compounds bearing two different 
kinds of aryl ligand (Section 3.4.1). Attempts to prepare quaternary bismuth 
halides by treatment of triarylbismuth dihalides with one equiv. of arylmag-
nesium bromide have been unsuccessful; the compounds obtained from the 
reaction between triphenylbismuth dibromide and phenylmagnesium bromide 
are triphenylbismuthine, bromodiphenylbismuthine, dibromo(phenyl)bis-
muthine and bromobenzene [20JCS(117)762, 14JCS(105)2210]. By contrast, 
the Lewis acid-promoted reaction between triarylbismuth difluorides and 
organosilanes, organotins or organoborons can afford a variety of bismuth-
onium salts (Section 3.3.1). 

The reaction of triphenylbismuth carbonate with cyclic 1,3-dicarbonyl 
compounds, such as dimedone and Meldrum's acid, gives highly stabilized 
triphenylbismuthonium ylides (Section 3.5.1). Moderately stabilized acyclic 
bismuthonium ylides can be prepared from triphenylbismuth dichloride and a 
1,3-diketone or a 1,3-disulfone in the presence of a suitable base. A similar 
base-promoted reaction of triphenylbismuth dihalides with AT-sulfonylamines 
or amides has been used for the preparation of stabilized bismuthine imides 
bearing the A -̂sulfonyl or A -̂acyl moiety (Section 3.6.1). 

Barton and co-workers have investigated the use of triarylbismuth dihalides 
and related compounds for synthetic purposes. These compounds can be used 
for the oxidation or arylation of a variety of alcohols, enols, amines, phenols, 
thiols, hydrazine, nitroalkanes and others (Sections 5.2.4, 5.4.3 and 5.5.2). 

Typical reaction modes of triarylbismuth dihalides and derivatives are 
shown in Scheme 3.4. Representative reactions of triphenylbismuth dichloride 
are listed in Table 3.5. 
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TABLE 3.5 
Reactions of triphenylbismuth dichloride 

Reagent'' 

-
-
- ( C u ) 

H.O 

H.S 

Electric reduction 

Na 

N2H4H2O 

Na2S204 
NH3 

NH3 (gas) 

LiBH4 

LiAlH4 

NaS2CNR2 
PhLi 

4-ClC6H4Li 

ArLi*' 

PhMgBr 

4-MeC6H4MgBr 

NaOH 

KOH 

H2SO4 
CISO3H 

NaN3 

NaOQ' 

NaOAr'^ 

NaON=CRR' ' 

NaOCOR^ 

NaSPh 

KCN 

KF 

KHF2 
KI 

K2CO3 

K2C2O4 

Conditions 

100°C (sealed tube) 

Reflux/PhH 

Reflux/MeCOMe 

ROH 

Steam distillation 

NH3-ROH 

i DMF 

Reflux, 9 h/Et20 

Liquid NH3 

EtOH 

0°C/MeCOMe-H2O 
Liquid NH3 

CHCI3 
-60°C/Et2O 

-95°C/Et20 

25°C, 2 h/CHCl3 

-75°C/Et20 

- T O T , 1 h/EtoO 

-78°C/Et20 

-
Et20 

r.t., 2 h/MeCOMe-MeOH 

Reflux, 3 h/EtOH 

Cold, 5.5 hm.O 

10°C 

Cold CHCI3 

60-65°C, 10 min/H.O 

5°C, 8 h m 2 0 

OT/MeCN-H.O 

CH2Cl2-MeOH 

0.5-1 h/THF 

r.t., 3 h/PhH 

r.t., 36 h/dioxane 

r.t., 36 h/dioxane 

5 h / H 2 0 

5°C, 8 h m 2 0 

Heat, 1 h/EtOH-H.O 

8.5 h/PhH 

Reflux/EtOH-H20 

Reflux, 3.5 h/EtOH-H20 

EtOH 

8 h / H 2 0 

5 min/MeCOMe-H.O 
8 h / H 2 0 

Product' 

No reaction 

Ph2BiCl 

Ph3Bi, Ph2BiCl, PhCl 

No reaction 

Ph3Bi(OH)Cl 

Ph3Bi, Sv, NH4CI 

Ph3Bi 

Ph3Bi(OH)Cl 

Ph3Bi 

Ph3Bi 

Ph3Bi 

Ph3Bi 

Ph3Bi(OH)Cl 

Ph3Bi 

Ph3Bi 

Ph3Bi 

PhsBi 
Ph3(4-ClC6H4)2Bi 

Ph3Ar2Bi 

Bi(III) compounds 

Ph3Bi 
Ph3Bi(Cl)OBi(Cl)Ph3 

Ph3Bi 

Ph3Bi 

Ph3BiS04, HCl 
HCl + unknown compounds 

Ph3Bi, PhN3 

Ph3Bi(N3)2 

Ph3Bi(N3)2 
Ph3Bi(0Q)Cl 

Ph3Bi(0Ar)Cl 

Ph3Bi(ON=CRR')2 
Ph3Bi(OCOR)2 

Ph3Bi(SPh)2 
Ph3Bi(OH)CN 

Ph3Bi(CN)2 
Ph2BiCN 

No reaction 

Ph3BiF2 
Ph3Bi + unknown compounds 

Ph2BiI 

Ph3BiC03 
Ph3BiC03 

Ph3BiC204 

Reference 

[15JCS(107)16] 

[15JCS(107)16] 

[20JCS(117)762] 

[20JCS(117)762] 

[60TTFI(2)317] 

[50JCS617] 

[66JA467] 

[20JCS(117)762] 

[41JA212] 

[40JA665] 

[26JA507] 

[41JA212] 

[20JCS(117)762] 

[56ZN(B)755] 

[56ZN(B)755] 

[68JOM( 11)627] 

[52LA(578)136] 

[68LA(720)198] 

[89CB803] [90AG(E)213] 

tl5JCS(107)16] 

[20JCS(117)762] 

[72JOM(36)323] 

[20JCS(117)762] 

[20JCS(117)762] 

[20JCS(117)762] 

[16JCS(109)250] 

[34JCS405] 

[73JOM(50)129] 

[92JCR(S)34] 

[72JOM(38)91] 

[85JCS(P1)2657] 

[87SRI(17)559] 

[51JA4470] 

[51JA4470] 

[34JCS405] 

[73JOM(50)129] 

[22JCS(121)91] 

[22JCS(121)91] 

[22JCS(121)91] 

[22JCS(121)91] 

[27BTI3] 

[71CJC2529] 

[85JCS(P1)2657] 

[71CJC2529] 
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TABLE 3.5 (continued) 

Reagent^ 

K2Cr204 
KSeCN 
AgF 

Ag20 

AgN03 

AgOCN 

AgOCOR^ 

AgOCOR*^ 

AgC104 

AgBF4 

Pb(SCN)2 

Pb(0Ac)2 

HgCl2 

CH2(COMe)2, 
NaH 

CH2(S02R)2' 
H2NSO2RJ 
H O N = C R R ' ' 

EtsN 

Conditions 

8 h / H 2 0 

15 h/pet. ether 

PhH 

60°C, 1 h /MeC0Me-H20 

H2O 

35-40°C/H2O 

r.t., 5 h/PhH-H20 

2 h / P h H 

PhH 

r.t., 3 ^ h/MeCOMe-H20 

EtOH 

4h /E t20 

PhH 

PhH-H20 

23°C, 17 h/THF 

1 h/MeCOMe 

r.t., 3 h/FhU-UjO 

EtOH-MeCOMe 
EtOH 

30 min/MeCOEt 

1 h /MeCOMe 

30 min/MeCOEt 
Reflux, 1 h/EtOH 

AcOH 

Product ' 

Ph3BiCr204 
PhjBi, Ph2BiSeCN, PhSeCN 

Ph3BiF2 
PhjBi 

Ph3Bi(0H)Cl, PhsBi, Bi(0H)3 

Ph3Bi(OH)2 
Ph3Bi=0 

P h 3 B i - 0 

Ph3Bi(N03)2 

[Ph3BiOBiPh3][N03]2 

Ph3Bi(N03)2 

Ph3Bi(OCN)2 

Ph3Bi(OCN)2 

Ph3Bi(OCOR)2 

Ph3Bi(OCOR)2 
[Ph3BiCH2COMe] [CIO4] 

[Ph3BiOBiPh3(H20)2] [C104]2 

[Ph4Bi][C104] 

[Ph3BiOBiPh3(H20)2] [C104]2 
[Ph4Bi][C104] 
[Ph3BiCH2COMe][BF4] 

[Ph4Bi][BF4] 
Ph2BiSCN, (SCN)^ 

Ph3Bi(OAc)2 
Reflux, 30 min/EtOH-H20 BiOCl, PhHgCl, CI2, PhH 

- 2 0 ° C , 1 h/THF 

10 min/NaOMe-MeOH 

10 min/NaOMe-MeOH 

r . t , 3 h/PhH 

Ph3Bi=C(COMe)2 

Ph3Bi=C(S02R)2 
Ph3Bi=NS02R 

Ph3Bi(ON=CRR')2 

Reference 

[71CJC2529] 

[26JCS1648] 

[70CJC2488] 

[20JCS(117)762] 

[34JCS405] 

[34JCS405] 

[72JOM(36)323] 

[72JOM(36)323] 

[70CJC2488] 

[72JOM(36)323] 

[1889LA(251)323] 

[27JCS209] 

[70CJC2488] 

[70CJC2488] 

[97JCS(D)2009] 

[71JCS(A)562] 

[72JOM(36)323] 

[66JA2342] 

[73JCS(D)1394] 

[73JCS(D)1394] 

[71JCS(A)562] 

[73JCS(D)1394] 

[22JCS(121)91] 

[26JA507] 

[37ZOB143] 

[89CC1749] 

[94JFC(66)75] 

[93JFC(63)179] 

[87SRI(17)559] 

' For details, see references. 

^ Ar = 2,6-F2C6H3, 2-FC6H4. 

^ QO = 8-quinolinate. 

d Ar = 4-O2NC6H4, 3,5-^Bu2C6H3. 

' (R,R') = (Me,Me), (Me,Et), (Me,Pr), (Me,Ph), (Ph,Ph), -(CH2)5-. 

^R = 2-HOC6H4, PhCH=CH. 

^ R = Me, CF3, CF2H, CFH2, CCI3, CCI2H, CCIH2, CBrH2, CH2CN. 

"" R = HOCH2CH2CH2, 4-HOC6H4CH2CH2, Ph(HOCH2)CH. 

• R = CF3, C4F9, OCH2CF2CF2H. 

J R = CF3, C4F9, 4-MeC6H4. 
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ArgBiYa 

Ch. 3 

Ar3Bi=CR2"* 

Ar4BiY or Ar3Bi(Y)OBi(Y)Ar3 

NaOH^ Ar3Bi(CI)OBi(CI)Ar3 

Ar3Bi=NR 

Ag20\BPg^Et2 

[Ar3BiRl[Y-] 
Ar3Bi=0 

Scheme 3.4. Typical reactions of triarylbismuth dihalides and derivatives. 
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3.2. OXYBIS(TRIORGANYLBISMUTH) COMPOUNDS 

3.2.1. Methods of synthesis (Table 3.6) 

3.2.1.1. From triarylbismuth dihalides (method A) 
In some limited solvent systems, a metathetical reaction between triphenyl-

bismuth dichloride and silver perchlorate results in the formation of oxybis-
(triphenylbismuth) diperchlorate [72JOM(36)323]. This type of compound is 
only obtained when a mixture of water-benzene is used as the reaction medium. 
When the same reaction is carried out in absolute ethanol or in pure acetone, 
tetraphenylbismuthonium perchlorate and acetonyltriphenylbismuthonium 
perchlorate are obtained as the respective product (Section 3.3.1). 

(H2O) 
2 PhsBiXs + 2 AgY ^ Ph3Bi(Y)OBi(Y)Ph3 + 2 AgX 

Oxybis(triphenylbismuth) dinitrate is also obtainable by treating an acetone 
solution of triphenylbismuth dichloride with an aqueous solution of silver 
nitrate. 

Synthesis of oxybis(triphenylbismuth) diperchlorate 

Ph3BiCl2 + AgCI04 
PhH/H20 

PhsBi-O-BiPha 

H26 6H2 
[CIO4I2 

A benzene solution (25 ml) of triphenylbismuth dichloride (1.6 g, 3 mmol) and an aqueous 
solution (25 ml) of silver perchlorate (1.38 g, 5 mmol) were mixed together and stirred for 3 h at 
room temperature. The benzene layer was separated and the remaining mixture was filtered. 
The residue, which contained silver chloride and most of the oxybis(triphenylbismuth) diper
chlorate, was treated with 95% ethanol (50 ml). The mixture was filtered and the filtrate was 
concentrated under vacuum. The compound was finally obtained as white crystals by adding 
diethyl ether slowly and cooling down to 5°C. Yield, 50%, m.p. 148°C (decomp.) 
[72JOM(36)323]. 

Triarylbismuth dihalides are converted to oxybis(triarylbismuth) dihalides 
by treatment with sodium hydroxide in alcoholic solutions [72JOM(36)323, 
960M5613]. Treatment of triarylbismuth difluorides with hexamethyldisilox-
ane in the presence of trimethylsilyl triflate gives oxybis(triarylbismuth) ditri-
flates [94JCS(P1)1739]. 
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ArgBiXs + NaOH .- 1/2 Ar3Bi(X)OBi(X)Ar3 + NaX 

MeaSiOTf 
Ar3BiF2 + 1/2Me3SiOSiMe3 - • 1/2 Ar3Bi(OTf)OBi(OTf)Ar3 + 2 Me3SiF 

Synthesis of oxybis[tris(4-A^,A^-dimethylaminophenyl)bismuth] dichloride 

CI CI 

Tris(4-A^,A^-dimethylaminophenyl)bismuth dichloride (0.100 g, 0.156 mmol) was dissolved in 
reagent grade dichloromethane (20 ml) in the presence of 1.5 equiv. of NaOH (5 mg). The 
solution was stirred for 3 h and filtered. The filtrate was concentrated to about 4 ml and kept at 
0°C. After a few days, oxybis[tris(4-A^,A^-dimethylaminophenyl)bismuth] dichloride was 
obtained as yellow crystals in 35% yield (m.p. 159°C, decomp.) [960M5613]. 

Synthesis of oxybis(triphenylbismuth) ditriflate 

MeaSiOSIMea ^ 
PhaBiFa + MeaSiOTf PhaBr^-BiPha 

CH2CI2 CF3SO3 OSO2CF3 

To a well stirred solution of triphenylbismuth difluoride (478 mg, 1 mmol) in dichloromethane 
(5 ml) at 0°C was added trimethylsilyl triflate (0.19 ml, 1 mmol). After 1 h, hexamethyldisilox-
ane (0.11 ml, 0.5 mmol) was added and stirring was continued for a further 24 h at ambient 
temperature to complete the reaction. The solvent was removed under reduced pressure to leave 
an oily residue, which was recrystallized from dichloromethane to give oxybis(triphenylbis-
muth) ditriflate as colorless crystals in 95% yield, m.p. 205-206°C [94JCS(P1)1739]. 

3.2.1.2. From other oxybis(triarylbismuth) compounds (method B) 
Various oxybis(triphenylbismuth) compounds can be prepared by the reac

tion of oxybis(triphenylbismuth) dichloride and silver salts [72JOM(36)323]. 
A combination of silver(I) oxide and sulfonic acids can also be used instead of 
silver sulfonates [88JOM(342)185]. 

Ph3Bi(X)OBi(X)Ph3 + 2 AgY Ph3Bi(Y)OBi(Y)Ph3 + 2 AgX 

Synthesis of oxybis(triphenylbismuth) dicyanate 

Ph3B|r-0-^jPh3 + AgNCO ^ PhsBKO-^iPha 
CI CI '̂ ®2CO OCN NCO 

Silver cyanate (0.3 g, 2 mmol) was added to an acetone (50 ml) solution of oxybis(triphenyl-
bismuth) dichloride (970 mg, 1 mmol) and the mixture was stirred for 5 h at around 5°C. It was 
then filtered and the filtrate was concentrated under vacuum. By adding water to the solution, 
oxybis(triphenylbismuth) dicyanate was obtained as a fine white powder. The compound was 
filtered and crystallized twice from dry acetone and diethyl ether; Yield 40%, m.p. 139°C 
(decomp.) [72JOM(36)323]. 
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Synthesis of oxybis(triphenylbismuth) bis(benzenesulfonate) 
A mixture of silver oxide (0.5 mmol), oxybis(triphenylbismuth) dichloride (0.5 mmol), chloro
form (20 ml) and methanol (5 ml) was stirred for 15 min. To this mixture was added benze-
nesulfonic acid (1 mmol) and it was stirred for a further 3 h at room temperature. It was then 
filtered, washed with methanol (5 ml), and the filtrate was concentrated under vacuum. By 
adding ethyl acetate to the concentrate, oxybis(triphenylbismuth) bis(benzenesulfonate) was 
obtained as a fine white powder. The compound was filtered and crystallized from ethyl acetate. 
Yield, 58%, m.p. 155-157°C (decomp.) [88JOM(342)185]. 

^ PhSOgH ^ 
PhsBi-^'-'-BiPhs + Ag20 • PhgBi-'^^BiPhs 

CI CI CHCia/MeOH p ^ g ^ ^ OSOgPh 

3.2.1.3. Ligand coordination to oxybis(triarylbismuth) compounds (method C) 

Treatment of anhydrous oxybis(triphenylbismuth) perchlorate with oxygen-
donor bases results in the formation of pentacoordinate cationic complexes 
[73IC944]. Dimethyl sulfoxide, pyridine A -̂oxide, triphenylphosphine oxide 
and triphenylarsine oxide are commonly employed ligands. 

Ph3Bi(X)OBi(X)Ph3 + 2 L *- [Ph3Bi(L)OBi(L)Ph3]X2 

Synthesis of oxybis(triphenylbismuth) diperchlorate-bis(triphenylphosphine oxide) 

Ph3Bi-0-BiPh3 ^P^sPO 

CIO4 CIO4 ROH 

PhsBj-O-BIPhs 

PhsPO OPPhs 
[CIO4I2 

Anhydrous oxybis(triphenylbismuth) diperchlorate and triphenylphosphine oxide were mixed 
in a 1:2 molar ratio in absolute alcohol. The solution was allowed to stand overnight. Drop wise 
addition of petroleum ether (b.p. 35-60°C) until the solution became turbid, followed by 
refrigeration, gave the product as crystals. The complex was recrystallized from absolute 
alcohol containing free ligand, washed successively with benzene and petroleum ether, and 
dried in vacuo [73IC944]. 
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3,2.2. Properties and reactions 

Oxybis(triphenylbismuth) compounds of the type (Ph3BiX)20 are soluble in 
dichloromethane, ethanol and acetonitrile. When X is a soft anion such as 
perchlorate and trifluoromethanesulfonate, it is thermally stable. Oxybis(tri-
phenylbismuth) diperchlorate and ditriflate possess a distorted trigonal bipyr-
amidal structure around each bismuth atom with the bridging oxygen atom at 
one apical site and the anionic group at the other. Three phenyl carbon atoms 
bound to each bismuth atom are in a plane slightly below the bismuth with 
respect to the bridging oxygen. For example, in the molecule of [PhsBiCO-
S02CF3)]20, the respective mean 0-Bi-O and C-Bi-C angles are 177.9 and 
119.0'', and each bismuth atom is located above the plane, formed by three 
ipso phenyl carbon atoms, by 0.20-0.24 A and bent slightly towards the 
bridging oxygen atom [93JCS(P1)1739]. The Bi-0 (bridge) lengths (2.038 
and 2.091 A) agree with the value expected for the covalent Bi-O single bond, 
while the Bi-0 (triflate) bond lengths (2.58 and 2.53 A) are too long to be 
covalent, which suggests the contribution of some tetrahedral character of the 
bismuth center to the distortion of this molecule. The Bi-O-Bi angle of 134.0° 
is much larger than the expected tetrahedral value (109.8°) probably because 
of the steric repulsion among six attached phenyl groups (Fig. 3.2). 

Vibrational spectroscopy and conductance measurements have been 
performed to elucidate the structural features of oxybis(triphenylbismuth) 
compounds of the type (Ph3BiX)20, where X is CI, Br, NO3, NCO, CF3CO2 
or CIO4 [72JOM(36)323]. In the IR spectra, they show a strong band at ca. 
630-620 cm~\ which is assigned to the Bi-O-Bi asymmetric stretching 
vibration. Except for diperchlorate, all oxybis compounds studied are non-
ionic in the solid state, the anionic group acting as the monodentate ligand. 
Conductance measurements demonstrate that both hydrated and anhydrous 
diperchlorates behave as a 1:2 electrolyte in acetonitrile, but all other oxybis 
compounds are not significantly ionized. In dichloromethane, however, even 
the diperchlorates are likely to be non-ionized. 

The bismuth center in oxybis(triphenylbismuth) diperchlorate is positively 

.Bi B L 
X^ \ 4 >lk 

R R R 

Fig. 3.2. A representative structure of an oxybis(triorganylbismuth) compound. 
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charged due to the less nucleophilic nature of the counter anion. This 
compound is readily hydrated or coordinated by donating ligand molecules 
to afford complexes of the type [Ph3Bi(L)OBi(L)Ph3][C104]2 (L=H20, PhaPO, 
PhsAsO, Me2SO, pyridine A -̂oxide) [73IC944]. These bismuth complexes 
have been assigned unambiguously by IR spectroscopy. They show a medium 
intensity band at 300-405 cm"\ which is assigned to the Bi-O(ligand) 
stretching frequency. The v{XO) frequency (X=S, N, P or As) of the Ugand 
is considerably reduced from the free-ligand value (Ai^^SV-l 15 cm~^). These 
data indicate that the ligands are bonded to bismuth through their oxygen 
atoms. 

Oxybis(triphenylbismuth) dichloride has been used as the reagent for oxida
tion and arylation in organic synthesis (Sections 5.2.4 and 5.4.3). 
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3.3. QUATERNARY ORGANOBISMUTH(V) COMPOUNDS 

3.3.1. Methods of synthesis (Table 3.7) 

3.3.1.1. From quinquenary organobismuth compounds (method A) 
The cleavage of one of the Bi-C bonds in pentaarylbismuth compounds 

of the type ArsBi or Ar3Ar̂ 2Bi with a protic acid such as hydrogen 
chloride, fluoroboric acid, carboxylic acids, sulfonic acids or triphenylsi-
lanol, and with soft Lewis acids such as bromine, triphenylborane and 
phenylbismuth bis(trifluoroacetate), all result in the formation of quatern
ary bismuth(V) compounds of the type Ar4BiX or ArsAr'BiX. Many tetra-
arylbismuth(V) compounds have been prepared according to this 
methodology. 

ArgBi + HX (XY) Ar4BiX + ArH (ArY) 

PhgBi + PhgB ^ [Ph4Bi+][BPh4l 

Synthesis of tetraphenylbismuthonium triflate 

OVBi ^BL^\f\s^ 
\=//5 PhH-EtgO \ = / / 4 

[OTf-] 

To a solution of pentaphenylbismuth (3 g, 5 mmol) in dry benzene (8 ml) under an argon 
atmosphere, a solution of trifluoromethanesulfonic acid (0.750 g, 5 mmol) in ether (10 ml) 
was added dropwise with stirring under water cooling at 15°C. Addition was continued until 
complete decolorization had occurred. After subsequent addition of ether, the white solid 
formed was filtered off, washed with cold ether, and dried in vacuo to obtain the bismutho-
nium trifluoromethanesulfonate (2.9 g, 90%), m.p. 205-215°C (hexane-dichloromethane) 
[85JCS(P1)2657]. 

Synthesis of tetraphenylbismuthonium tetraphenylborate 

\=//5 PhH-EtgO \ = / / 4 
[BPh4-] 

To a suspension of pentaphenylbismuth (1.6 g, 2.7 mmol) in anhydrous ether (10 ml) was added 
triphenylborane (0.7g, 3 mmol) in anhydrous benzene (10 ml) under a nitrogen atmosphere. The 
white crystals immediately precipitated were crystallized twice from nitromethane to obtain 
the bismuthonium tetraphenylborate as colorless needles (1.1 g, 49%), m.p. 225-228°C 
[52LA(578)136]. 

3.3.1.2. From quaternary organobismuth compounds (method B) 
Treatment of tetraarylbismuthonium chloride with some metal salts such as 
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NaX, KX or AgX yields the corresponding tetraarylbismuth compounds of the 
type Ar4BiX. 

Ar4BiX + MY Ar4BiY + MX 

Tetraphenylbismuthonium nitrate, perchlorate, tetraphenylborate, cyanate, 
thiocyanate, perchlorate, tetrafluoroborate, hexafluorophosphate and trichloro-
acetate have been prepared by this metathesis method [52LA(578)136, 
73JCS(D)1394]. Unsymmetrical tetraarylbismuth(V) compounds can be 
prepared similarly [68LA(720)198]. 

Synthesis of tetraphenylbismuthonium trichloroacetate 

/^^^ Ag20-CCl3C02H 

\ = z / / 4 Me2CO-H20 G)-r [OCOCbl 

An aqueous silver trichloroacetate was prepared by dissolving a calculated amount of silver 
oxide in an aqueous solution of trichloroacetic acid. One equivalent of tetraphenylbismuth 
chloride dissolved in cold acetone (0°C) was added to this solution with constant stirring. 
After stirring for 15 min, the precipitated silver chloride was filtered off and the filtrate was 
concentrated in vacuo until it became cloudy. Upon cooling the solution in a refrigerator, the 
trichloroacetate was obtained as fine needles [73JCS(D)1394]. 

3.3.1.3. Via disproportionation of triarylbismuth dihalides (method C) 
When treated with silver perchlorate or tetrafluoroborate in acetylacetone or 

ethyl methyl ketone, triphenylbismuth dichloride is converted to tetraphenyl
bismuth compounds [73JCS(D)1394]. 

AraBiXa + AgY ^ [Ar4Br]r 

The same reaction carried out in acetone gives acetonyltriphenylbismutho-
nium salts as the sole products [71JCS(A)562]. 

Synthesis of tetraphenylbismuthonium perchlorate 

(^B,C, ^^ '̂°- . fn)-B,4ci0.n 
\ = = / / 3 (MeCO)2CH2 [ \ = / / 4 J 

The reaction between two equiv. of silver perchlorate and triphenylbismuth dichloride in 
acetylacetone caused immediate precipitation of silver chloride. After stirring for 30 min, the 
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precipitate was filtered off and the filtrate was concentrated and cooled in a refrigerator to yield 
the bismuthonium perchlorate as crystals, which were collected and recrystallized from a 
mixture of acetone and diethyl ether [73JCS(D)1394]. 

Synthesis of acetonyltriphenylbismuthonium perchlorate 
AgCI04 

Ph3BiCl2 
Me2C0 

P h 3 B i - > ^ ^ [CI041 

Anhydrous silver perchlorate (12 mmol) dissolved in acetone (ca. 20 ml) was added dropwise to 
a stirred solution of triphenylbismuth dichloride (6 mmol) in acetone (25 ml) and the resulting 
mixture was stirred for 1 h in the dark. Silver chloride immediately precipitated and was filtered 
off; the filtrate was concentrated under reduced pressure. Ether was added slowly to the 
concentrate until the solution became slightly turbid. It was then set aside overnight in a 
refrigerator. The deposited crystals were collected, washed with ether, and dried under vacuum 
at room temperature (ca. 60%, m.p. 122°C) [71JCS(A)562]. 

3,3.1.4. From triarylbismuth difluorides and organometallic reagents (method 
D) 

Treatment of triarylbismuth difluorides with organosihcon reagents, such as 
silyl enol ethers [94JCS(P1)1739], siloxycyclopropanes [95JCS(P1)2543], 
ketene silyl acetals [99JOC6924, 95JCS(P1)2543] or allylsilanes 
[95TL7475], in the presence of boron trifluoride diethyl etherate or trimethyl-
silyl trifluoromethanesulfonate gives the corresponding 2-oxoalkyl-, 3-oxo-
alkyl-, alkoxycarbonylmethyl- and allyltriarylbismuthonium salts, respec
tively. 

BF3-OEt2 

Ar3BiF2 + MR — 

— [Ar3RBi1[BF4l 

MeaSiOTf 
— »- [Ar3RBi1[OTr| 

M = R'gSi, R'gSn, B(0H)2 

These Lewis acids play a dual important role: first, they activate the difluor-
ide and then they are transformed into the respective counter anions, tetra-
fluoroborate and trifluoromethanesulfonate, which contribute to the 
stabilization of the resulting bismuthonium salts. Similarly organotin 
compounds are used for the synthesis of alkenyl- and arylbismuthonium 
salts [96JCS(P1)1971, 98CL127]. Tetraarylbismuthonium salts bearing the 
chirality at the bismuth center are successfully prepared with this methodol
ogy. When aryl- and alkenylboronic acids are used in place of the correspond
ing tin reagents, the Bi-C coupling proceeds more smoothly to afford aryl- and 
alkenylbismuthonium salts in better yields [980M4332]. 
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Synthesis of (3,3-dimethyl-2-oxobutyl)triphenylbismuthonium tetrafluoroborate 

tell 

BFgOEta MeaSia 
PhaBiFo ^ 

CH2CI2 
Pha^or^" [BF4T 

To a dichloromethane (5 ml) solution of triphenylbismuth difluoride (478 mg, 1 mmol) was 
added dropwise boron trifluoride diethyl etherate (0.12 ml, 1 mmol) at 0°C under argon. After 
stirring for 1 h, 3,3-dimethyl-2-trimethylsiloxy-l-butene (172 mg, 1 mmol) was introduced and 
the resulting mixture was stirred for 10 h at room temperature. Evaporation of the solvent under 
reduced pressure left an oily residue, which was crystallized from ether-dichloromethane (2:1) 
to give the bismuthonium tetrafluoroborate (601 mg, 96%) as colorless crystals (m.p. 143-
145°C) [94JCS(P1)1739]. 

Synthesis of (4-methylphenyl)triphenylbismuthonium tetrafluoroborate 

BFgOE^ NaBF4 
Ph3BiF2 + 4-MeC6H4B(OH)2-

CH2CI2 H2O 
PhaBi—/ S-Me BF4-

To a dichloromethane solution (5 ml) containing triphenylbismuth difluoride (239 mg, 0.50 
mmol) and 4-methylphenylboronic acid (68 mg, 0.50 mmol) was added boron trifluoride diethyl 
etherate (65 |UL1, 0.50 mmol) at 0°C, and the resulting mixture was stirred at room temperature 
for 2 h. An aqueous solution (20 M) of sodium fluoroborate (500 mg, 4.55 mmol) was then 
added and the two-phase mixture was vigorously stirred for 30 min. The water phase was 
extracted with dichloromethane (5 ml X 2), and the combined extracts were dried over 
MgS04, and passed through a short silica gel column. Evaporation of the solvent under reduced 
pressure left an oily residue, which was crystallized from ether-dichloromethane (10:1) to yield 
(4-methylphenyl)triphenylbismuthonium tetrafluoroborate (300 mg, 97%) as a colorless solid 
[980M4332]. 

3.3.1.5. From tertiary bismuthines (method E) 

In marked contrast to the ease of access of lighter pnictogen congeners, 
quaternary bismuth compounds are not usually accessible by direct interaction 
of triarylbismuthines with alkylating agents due to the low nucleophilicity of 
the bismuthines, whose unshared electron pair is of a strong s character. 

RaBi + R'Y ^ [RaR'Bi^Y-

However, there are a few known quaternary bismuth compounds that can be 
prepared with this methodology. Tetramethylbismuthonium triflate, which is 
the only known tetraalkylbismuth compound, is synthesized by the reaction 
between trimethylbismuthine and methyl triflate in acetonitrile 
[94AG(E)976]. The tritium-labeled phenyl cation, generated from the 
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i oî of 

s 1
1 s ^ s s 

:z; Z
 Z

 
u

 o
 

u
 Z

 
u

 z 
z 

z 
u

 u
 u

 u
 O

O
 

2L
 

ffi ffi ffi ffi ffi ffi ffi 

in 

< 00 u
 

o O
H

 

o
n 

u
 

I" 

u
 

u
 

o
 o

 
00 

en 

so 
vo vo 

^ 
d 

OO
 

c
i 

o 
^ 

o 

il§
l 

'N
f 

0
0 

^ 
O

 
^ 

in 
^ 

o 
(N

 
m

 
(^ 

r-( 
O

N
 

m
 

O
N 

O
 

I 
r^ 

I 
O

 
--H

 
m

 
in 

(N
 

O
O

 
r-H

 
—

( 
^ 

in 
T

-t 
O

N
 

in 
ro 

0
\ 

O
N

 
r^ 

<N
 

O
O

 
N

O
 

(N
 

1 
T

t 
—

H
 

O
O

 
O

O
 

t--
O

 
in 

N
O

 
in 

Q
Q

Q
Q

Q
Q

Q
Q

 
U

 
Q

 

PC 
u

 O
H

 

u
 

u
 

+
 :S

 S
 

u
 

o
 

o
 Z
 

p 

K
 

<
 

PQ
 

U
 

^
^ 

£ S
 « 

^ 
^ 

__4' ^̂
 



294 
O

rganobism
uth(V

) com
pounds 

Ch.
 3
 

<
 

0
0
 
OO
 
OO
 

OO
 
(N
 
OO
 

'O 
^
 

vo 
jr^ 'O 

m
 

vo 
>o 

'O 
'O 

rr: ̂
 

ro 
^
 

in 
in 

in 
^
 

>o 
^
 

in 

:s s s J :s s s 
o 

o o u o o 
o 

O
N

 
O

 
O

N 
O

O
 

O
 

O
O

 
C

^ 
O

^
 

O
N

 
O

N
 

O
N

 
O

N
 

O
N

 
O

N
 

I 
I 

X
. 

DC
 OO

 3^ 
3

: 

y 
y 

y 
y 

^ 
y S<

 
^ 

u
u

u
u

u
o

o 
O

i 
^ 

^ 
-4 

-4 
CN

 r'j 
r'l 

^ 
£ 

£ £ 
^ £ 

y 
u 

u u n: rf 
^ 

o 
o ^ 

o ct ^ 
£ 

•" 
>- 

"" 
I- 

y 
u

.' 
"^ 

,̂ 
^ 

.Pp
 

:^ 
P;- 

U
 

U
 

U
 

I 
X

 
I 

I 
n

: 
I 

^ 

u 
u u u u u Tf 

o 
o 

o o o o 
y. 

<U
 

<U
 

(U
 

C
J 

U
 

O
J 

[T
 

o
i

;
(

N
(

N
(

N
4

4
4

4 

Î ̂
I J 

u 
u 

o 
(U

 
(U

 
1

) 

?
 ?

 ?
 

o
j 

4 
4 

O
O

 
O

O
 

0
0 

O
O

 
N

O
 

V
O

 
^ 

N
O

 
N

O
 

N
O

 
N

O
 

N
O

 
in 

in 
in 

in 

s s s s 
o o o o 
O

N
 

O
N 

O
N

 
O

N
 

O
O

 
N

O
 

N
O

 
in 

s o ON O
N

 

(N
 

J u OO O
N

 

C>0 

Q
i 

Q
i 

z 
z 

X
 

X
 

N
O

 
N

O
 

a: 

z X
 

O
J 

z X
 

Q
i 

a
: 

z 
z 

X
 

X
 

?
4 1 

0^ 
o

> 

Q
i 

z X
 

NO
 

o
n

 
&

n
 

^ ^ 

z 
z 

jn _x 

1 E: 
1 

1 S
 

z X
 

C
/5 

S
 

z 
_x 

C
/5 

^ O
S

 

z X
 

>̂
 

ll 
11 

r̂
 

—
 

(^ 
o

 
O

N
 

N
O

 
o

^ 
r~ 

Q
 

Q
 

Q
 

Q
 

in
 

t^ 
(N

 
ô

 
ô

 
r̂

 

o 
a 

o 

00 
r̂

, 
f̂

, 
in

 
in

 
1 

00 

0
3 

CQ
 

cQ
 

o
a 

5 5
; 

^ G
 

5
; 

a 

§ o o a: 

^ 
^ 

o 
^ 

^-r 
a: 

u 

^ 
X

 
U

 
QQ

 —
 

^ 

S
 

^ 'i 



Ch. 3 Quaternary organobismuth(V) compounds 295 

CI CI 
PhgBl ^2 ^iPh3 

CI -
02S SO2 

CI CI 
(4) 

Me 
Me-X-N r 

^O 

(5) (6) 

[BF4I [BF4I2 OSO2R = 

(7) 

Scheme 3.5. Structures of compounds listed in Table 3.7. 

j8-decay of a multiple tritiated benzene, can react with triphenylbismuthine to 
give a mixed bismuthonium salt, [Ph3BiC6T5^][BF4"], in 10% yield [89R69]. 
Tris(2-alkoxyphenyl)bismuthines react with iodosobenzene in a chlorinated 
solvent to give tetrakis(2-alkoxyphenyl)bismuthonium chloride 
[97JCS(P1)1609]. The chloride anion comes from the solvent used. 

AraBi + PhIO 
CH2CI2 

*- [Ar4Br]Y-

Synthesis of tetramethylbismuthonium triflate 

MeaBi + MeOTf 
MeCN 

[Me4Bi+][0Tn 

Trimethylbismuthine (1.25 g, 4.9 mmol) in acetonitrile (2 ml) was treated with methyl trifluoro-
methanesulfonate (0.9 g, 5.5 mmol) under an argon atmosphere. The mixture was stirred for 6 h 
at room temperature and then evaporated to dryness under a high vacuum to obtain the 
bismuthonium triflate as a colorless solid (1.5 g), which was purified by recrystallization 
from acetonitrile-ether [94AG(E)976]. 
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" R X 

Fig. 3.3. Representative structures of tetraorganylbismuth compounds R4BiX. 

3.3.2, Properties 

Thermal stability of quaternary bismuth compounds is strongly dependent 
on the nature of the counter anions as well as the ligand groups bound to the 
bismuth center. Most tetraarylbismuthonium halides are less stable compara
tively to the corresponding lighter pnictogen analogs; tetraphenylbismuth-
onium chloride decomposes rapidly in the solid state at room temperature to 
yield triphenylbismuthine and chlorobenzene, although it is stable in water for 
several days [52LA(578)136]. By contrast, low coordinating anions enhance 
the stability of the bismuthonium compounds; tetraphenylbismuthonium 
perchlorate, tetrafluoroborate, trifluoromethanesulfonate and hexafluoropho-
sphate are all thermally stable and do not show any sign of decomposition 
under ambient conditions. Tetramethylbismuthonium triflate is also stable at 
room temperature [94AG(E)976]. Tetraphenylbismuthonium nitrate, carbox-
ylates, sulfonates, cyanate and thiocyanate are moderately stable, while the 
azide and selenocyanate are thermally unstable and decompose rapidly at 
room temperature [73JCS(D)1394]. On the other hand, tetrakis(2-methoxy-
phenyl)bismuthonium chloride, bromide and iodide are highly stabilized 
through the intramolecular coordination of the neighboring methoxy oxygen 
atoms toward the bismuth center [97JCS(P1)1609]. Triaryl(2-oxoalkyl)bis-
muthonium perchlorates, tetrafluoroborates and triflates are thermally stable, 
mainly due to the low nucleophilic nature of the counter anions 
[94JCS(P1)1739]. Triaryl(3-oxoalkyl)bismuthonium triflates are stable in 
the solid state, but in solution they slowly undergo reductive coupling to 
give triphenylbismuthine and the corresponding 3-oxoalkyl triflates 
[95JCS(P1)2543]. Alkenyltriphenylbismuthonium salts are thermally stable, 
while allylic bismuthonium salts decompose rapidly at room temperature, 
affording the allylated arenes via ligand coupling [96JCS(P1)1971, 
95TL(36)7475]. 

Tetraorganylbismuth compounds are mostly soluble in chloroform, 
dichloromethane and acetonitrile, slightly soluble in benzene and THF, and 
almost insoluble in hexane and diethyl ether. Protic and aprotic polar solvents 



Ch. 3 Quaternary organobismuth(V) compounds 297 

such as MeOH, DMF and DMSO dissolve tetraarylbismuthonium salts, but 
they induce decomposition of some alkylbismuthonium salts as a consequence 
of the nucleophilic attack of these solvent molecules on the cationic bismuth 
center [95JCS(P1)2543]. 

The crystal structures of some quaternary bismuth compounds have been 
elucidated by X-ray crystallographic analysis (Fig. 3.3). In general, tetraorga-
nylbismuth(V) compounds with a soft counter anion such as perchlorate, 
tetrafluoroborate or triflate have a tetrahedral geometry around the bismuth 
center, indicating that these compounds should be described as the onium 
salts. For example, tetramethylbismuthonium triflate has a tetrahedral geome
try with a mean C-Bi-C bond angle of 110° [94AG(E)976]. The coordination 
geometry of the bismuth atom in tetraphenylbismuthonium perchlorate is also 
tetrahedral [73PS(3)33], while that in tetraphenylbismuthonium tosylate is 
distorted trigonal bipyramidal with Ceq-Bi-Cax bond angles of 98-103° and 
Ceq-Bi-Ceq boud auglcs of 113-123° [84HCA586]. The tosylate anion in 
Ph4BiOTs occupies the axial position and is likely to coordinate more strongly 
to the bismuth center, which may therefore be better described as the penta-
coordinated hypervalent compound. Thus, the weakly coordinating counter 
anion favors the tetrahedral geometry, whereas the strongly coordinating 
anion prefers the trigonal bipyramidal geometry. The central bismuth atom 
in 2-oxoalkyl- and 3-oxoalkyltriphenylbismuth-onium tetrafluoroborates and 
triflates shows a distorted tetrahedral geometry with a mean C-Bi-C bond 
angle of 109.1-109.2°, and the carbonyl oxygen atom is found to coordinate 
weakly to the bismuth center [94JCS(P1)1739,95JCS(P1)2543]. (2-Methyl-l-
propenyl)triphenylbismuthonium tetrafluoroborate also shows a distorted 
tetrahedral geometry with a mean C-Bi-C bond angle of 109.3° 
[96JCS(P1)1971]. Tetraphenylbismuth aryloxides Ph4Bi(OAr) (Ar = CgFs, 
C6CI5) possess a distorted trigonal bipyramidal geometry with mean C-Bi-
Cax bond angles of 99.0-99.9° and mean C-Bi-Ceq bond angles of 117.0-
117.6° [980M1347]. The bond distance between the bismuth and axial oxygen 
in these aryloxides is ca. 2.54 A. The general relationship between the coor
dination geometry of the bismuth atom and the nucleophilicity of the counter 
anion described above does not hold for tetrakis(2-methoxyphenyl)bismutho-
nium bromide, which consists of a distorted tetrahedral Ar4Bi cation and a 
separated bromide anion in the solid state [97JCS(P1)1609]. Intramolecular 
coordination from four methoxy oxygen atoms toward the central bismuth 
atom in a tetrahedral way seems to contribute to the high thermal stabilization 
of this compound. 
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Several tetraphenylbismuth(V) compounds have been studied by IR and 
Raman spectroscopy as well as by molecular weight and conductance 
measurements [73JCS(D)1394]. The perchlorate, tetrafluoroborate and hexa-
fluorophosphate behave as a 1:1 electrolyte in acetonitrile and nitromethane. 
The extent of the involvement of counter anions may be inferred from vibra
tional spectra. The observed wavenumbers for these bismuthonium salts 
clearly show the presence of the free counter anion. The nitrate and thiocya-
nate are also 1:1 electrolytes in these solvents, while their IR spectra indicate 
that the anionic groups are monodentate as ligand in the solid state. For 
instance, the nitrate shows strong bands at 1305 and 1450 cm~\ which are 
assigned to the NO symmetric and asymmetric stretching frequencies, respec
tively. The latter band is characteristic of the monodentate nitrato-group. The 
trichloroacetate and cyanate are non-ionic in solution. Alkyltriphenylbis-
muthonium tetrafluoroborates and triflates also show strong IR absorptions 
due to the free counter anions at 1200-900 cm"^ [96BCJ2673]. 

Recently, unsymmetrical bismuthonium salts bearing four different aryl 
ligands have been prepared, and the chirality at bismuth has been investigated 
by ' H - N M R [990M5668]. The activation energy of isomerization at the 
bismuth center is strongly dependent on the nucleophilicity of the counter 
anions as well as the polarity of the solvents employed. This is rationalized 
by a pseudorotation mechanism via pentacoordinate species at the transition 
state. 

3.3.3. Reactions 

Metathesis of tetraarylbismuthonium halides with metal salts has often been 
used to exchange the halide anion for other anionic species (Section 3.3.1). For 
example, the reaction between tetrakis(2-methoxyphenyl)bismuthonium 
chloride and sodium or silver salts of formate, tosylate, bromide, iodide, 
tetrafluoroborate or perchlorate yields the corresponding bismuthonium 
compounds of the type [Ar4Bi^]Y~ (Ar = 2-methoxyphenyl; Y = OCOH, 
OTs, Br, I, BF4, CIO4) [97JCS(P1)1609]. 

As mentioned in Section 3.3.2, both tetraphenylbismuthonium chloride and 
bromide decompose to yield triphenylbismuthine and the corresponding halo-
benzenes in the solid state at room temperature [52LA(578)136]. The tribro-
mide undergoes another type of decomposition at room temperature to give 
bromodiphenylbismuthine and bromobenzene. Treatment of tetraphenylbis-
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P h 3 B i - ^ ^ 
KOfeu 

P h s B i ^ 
O 

+ 
PhsBi 

PhsBi""^^ 

KOfeu 

O 
+ PhsBi 

KOfeu Y PhigBi 

Scheme 3.6. Reactions of alkylbismuthonium salts with a base. 

muthonium tetrafluoroborate with alcoholic sodium hydroxide affords triphe-
nylbismuthine in 82% yield within a few minutes at room temperature 
[71IZV2618]. Photochemical reduction of tetraphenylbismuthonium tetra
fluoroborate by electron transfer from an electron donor such as tetra-
methyl-/7-phenylenediamine or triphenylphosphine has been studied, in 
which one of the phenyl groups is shifted to the donor molecule with the 
recovery of triphenylbismuthine [73IZV229]. 

The triphenylbismuth moiety in alkyl-, alkenyl- and aryltriphenylbismuth-
onium compounds often behaves as a good leaving group in the reactions with 
a variety of nucleophiles and Lewis bases [96BCJ2673]. Thus, 2-oxoalkyltri-
phenylbismuthonium salts readily react with triphenylphosphine, dimethyl 
sulfide, enolates, thiolates, phenoxides, sulfinates, piperidine and halides to 
give the corresponding a-substituted ketones, together with a good recovery 
of triphenylbismuthine [93TL8457, 94JCS(P1)1739]. 3-Oxoalkyl- and allyl-
triphenylbismuthonium salts also react with phosphine, sulfide, sulfinates and 
thiolates to transfer their alkyl moiety to the nucleophiles [95JCS(P1)2543, 
95TL7475]. Alkenyltriphenylbismuthonium salts do not react with triphenyl
phosphine, dimethyl sulfide and piperidine, but readily transfer one of their 
organyl ligands to sulfinates and thiolates to give the corresponding a,j8-
unsaturated sulfones and sulfides, respectively [96JCS(P1)1971]. In these 
reactions, the alkenyl group is shifted to nucleophiles in preference to the 
phenyl ligand. Allyltriphenylbismuthonium compounds generated in situ 
from triphenylbismuth difluoride, BF30Et2 and allylsilanes are highly reac
tive and undergo the Friedel-Crafts type allylation with electron-rich arenes to 
give the allylated arenes. These reactions are described in Section 5.4.3.3 with 
reaction schemes. When treated with ethyl aery late in the presence of a palla-
dium(O) catalyst, alkenyltriphenylbismuthonium tetrafluoroborates effect the 
Heck-type alkenylation and phenylation [96JCS(P1)1971]. 
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When treated with a base such as THF at low temperatures, 2-oxoalkyl-
triphenylbismuthonium salts are readily converted to bismuthonium 2-oxoalk-
ylides, whereas 3-oxoalkyltriphenylbismuthonium salts undergo j8-elimina
tion to afford a, j8-unsaturated ketones and triphenylbismuthine 
[94JCS(P1)2703, 95JCS(P1)2543]. Reaction of (2-methyl-l-propenyl)triphe-
nylbismuthonium tetrafluoroborate with KO^Bu in the presence of an excess of 
styrenes in dichloromethane at -78°C yields the corresponding alkylidene 
cyclopropanes and triphenylbismuthine [96JCS(P1)1971]. A Hammett study 
of this reaction has shown that free alkylidene carbene is generated under 
simultaneous elimination of the bismuthine. These base-promoted reactions 
are illustrated in Scheme 3.6. 

Tetraphenylbismuth(V) compounds have been used as the oxidizing agents 
for alcohols under basic conditions (Section 5.2.4). They are also employed as 
the phenylating agent of alcohols, enols, amines, phenols, indoles, thiols, 
sulfinates, nitroalkanes, and others (Section 5.5.2). The selectivity between 
O- and C-arylations is dependent on the reaction conditions employed; 2-
naphthol is O-phenylated by tetraphenylbismuthonium trifluoroacetate under 
acidic conditions, whereas it is C-phenylated under basic conditions. 

Conversion of phenacylbismuthonium salt to phenacylsulfonium salt 

o 

Ph 
[BF4-1-

Me2S 

CH2CI2 
M e a S " " " ^ 

Ph 
[BF4T + PhgBi 

To a stirred solution of phenacyltriphenylbismuthonium tetrafluoroborate (162 mg, 0.25 mmol) 
in dichloromethane (5 ml) was added dimethyl sulfide (0.18 ml, 2.5 mmol) at room temperature. 
Colorless crystals immediately precipitated were filtered off, washed with dichloromethane (5 
ml), and dried in vacuo to obtain dimethylphenacylsulfonium tetrafluoroborate (65 mg, 97%). 
The filtrate was concentrated under reduced pressure to leave an oily residue, which was 
crystallized from methanol to give triphenylbismuthine (108 mg, 98%) [94JCS(P1)1739]. 

Cyclopropanation of styrene using alkenylbismuthonium salt 

KOteu - PhCH=CH2 
PhaBI' [BF4T • 

CH2CI2 
+ PhaBi 

Ph 

To a mixture of (2-methyl-l-propenyl)triphenylbismuthonium tetrafluoroborate (175 mg, 0.30 
mmol), styrene (6 mmol) and dichloromethane (3 ml) was added potassium r^rr-butoxide (34 
mg, 0.30 mmol) at -78°C. The resulting mixture was allowed to warm to room temperature and 
was passed through a short silica gel column to give a cyclopropane in 85% yield 
[96JCS(P1)1971]. 
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3.4. QUINQUENARY ORGANOBISMUTH(V) AND RELATED COMPOUNDS 

3.4,1. Methods of synthesis (Table 3.8) 

3.4.1.1. From triorganylbismuth dihalides (method A) 
The most convenient method for the preparation of pentaarylbismuth is the 

reaction between triarylbismuth dichloride and 2 equiv. of aryUithium 
[90B-S]. 

R3BiX2 + 2R'Li *- R^R*2^\ 

Pentamethylbismuth is prepared from trimethylbismuth dichloride and 
methyllithium [94AG(E)976]. Pentaorganylbismuth compounds can be trans
formed into Hthium hexaorganylbismuthates by further action of organo-
lithium reagent [93IC3948, 94AG(E)976]. 

Synthesis of bis(2-fluorophenyl)triphenylbismuth 

[0^. ^ Et20 

A solution of 2-fluorophenyllithium (6 mmol, freshly prepared from l-bromo-2-fluorobenzene 
and butyllithium at -78°C) in anhydrous diethyl ether was fed through a small Teflon tube into 
a stirred suspension of triphenylbismuth dichloride (3 mmol) in the same solvent (20 ml) cooled 
to -78°C. The resulting suspension was gradually warmed to room temperature under stirring. 
After decanting from deposited lithium chloride, the clear red-violet solution was carefully 
evaporated. Crystallization at 0°C afforded bis(2-fluorophenyl)triphenylbismuth (45%), which 
is readily soluble in ether, but insoluble in pentane and sensitive to hydrolysis [90AG(E)213]. 

3.4.1.2. From triphenylbismuthine imide (method B) 
Pentaphenylbismuth is formed in low yield by the reaction of a triphenyl

bismuthine imide with two equiv. of phenyllithium [64CB789]. 

Ph3Bi=NS02Tol + 2 PhLi »- PhsBi 

3.4.2. Properties 

Pentamethylbismuth is very unstable and explodes on rapid warming to 
room temperature in the crystalline state [94AG(E)976]. In solution, it decom
poses to trimethylbismuthine. Although pentaphenylbismuth is thermally less 
stable than its phosphorus, arsenic and antimony congeners, it is still stable 
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 S

 
£ 



Ch. 3 Quinquenary organobismuth(V) and related compounds 303 

enough to be crystallized from aqueous ethereal solution at room temperature 
[52LA(578)136, 75DOK(225)581]. In a nitrogen atmosphere pentaphenylbis-
muth can be kept stable for several days, while in air it readily decomposes to a 
yellowish brown substance of unknown composition. When heated at around 
100°C under a nitrogen atmosphere, pentaphenylbismuth decomposes 
exothermally to give benzene, biphenyl and triphenylbismuthine. In dry pyri
dine, chloroform or carbon tetrachloride, it smoothly decomposes to yield 
triphenylbismuthine, benzene and a tarry product. The benzyne intermediate 
generated in the decomposition process can be trapped with carbon mono-
oxide, furan, 'BuOH and phenol [75DOK(225)581, 78DOK(238)361, 
86ZOB330, 88ZOB2305]. Recent theoretical studies on a model system 
predict that BiHs is thermodynamically less stable relative to BiH3+H2 by 
70 kcal/mol [95JA11790, 92JA7518]. 

The structures of several symmetrical and unsymmetrical pentaarylbis-
muth compounds have been elucidated by means of X-ray crystallographic 
analysis (Fig. 3.4) [90B-B335, 92AOC207]. The structure of PhsBi (violet-
blue), (C6F5)3(4-MeC6H4)2Bi (yellow), (C6F5)3(4-FC6H4)2Bi (yellow), 
(C6H5)3(2,6-F2C6H3)2Bi (red), (4-MeC6H4)3(2,6-F2C6H3)2Bi (red) and 
(C6F5)3(2-FC6H4)2Bi (violet) are all square pyramidal, while (4-MeC6H4)5Bi 
(violet) and (4-MeC6H4)3(2-FC6H4)2Bi (orange) are trigonal bipyramidal. In 
the square pyramidal PhsBi, four basal Bi-C bonds are significantly longer 
(2.32 A) than the axial Bi-C bond (2.21 A), while in the trigonal bipyr
amidal (4-MeC6H4)3(2-FC6H4)2Bi, two axial Bi-C bonds are much longer 
(2.39 A) than three equatorial Bi-C bonds (2.18 A). Pentamethylbismuth 
also produces violet crystals, which have been structurally characterized by 
X-ray crystallographic analysis at -163°C [94AG(E)976]. The central 
bismuth atom is trigonal bipyramidal, and the equatorial and axial Bi-C 
bonds are almost identical in length. Gas phase electron diffraction as well 
as ab initio MO calculation on the structure of pentamethylbismuth has 
revealed that the energy level of the trigonal bipyramidal configuration is 
lower than that of the square pyramidal configuration [93ACS368]. The 
methyl groups of pentamethylbismuth are equivalent in the ^H-NMR spec-

R R R 
J- - R/ j . „ R/0..-I. R 

R^^Br^fl R - ^ i - R R - ^ i ^ R M* 

R R 

Fig. 3.4. Representative structures of pentaorganylbismuth and hexaorganylbismuthate. 
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trum even at -90°C, suggesting that it is a non-rigid compound 
[94AG(E)976]. 

The X-ray crystallographic analyses of yellow crystalline ate complexes, 
Li^[BiPh6"] and Li^[BiMe6"], have revealed that each bismuth center in these 
molecules has an octahedral geometry with a mean Bi-C bond length of 2.34 
and 2.33 A, respectively [94AG(E)976, 93IC3948]. The pyridine-PhsBi 
complex has a somewhat distorted octahedral geometry with a weak interac
tion between the bismuth and nitrogen atoms. The relationship between the 
color and the coordination geometry of pentaorganylbismuth compounds has 
been investigated extensively by Seppelt and co-workers [90B-S]. 

3.4.3. Reactions 

The reaction of pentaarylbismuth with 1 equiv. of bromine, hydrogen chlor
ide, hydrogen tetrafluoroborate, triphenylsilanol and triphenylborane results in 
the cleavage of one of the Bi-C bonds to form tetraarylbismuth(V) compounds 
(Section 3.3.1). 

Pentaphenylbismuth has been employed as the oxidizing and phenylating 
reagent in organic synthesis; isopropanol, benzyl alcohol and cholestanol are 
oxidized to the corresponding carbonyl compounds, whereas phenols, thio-
phenols and nitroalkanes are C- or 0-phenylated depending on the substrates 
and conditions employed (Sections 5.2.4 and 5.5.2). These reactions proceed 
through a pentavalent organobismuth intermediate and involve no free radical 
species. 

Pentaaryl- and pentaalkylbismuth compounds are converted by aryl- or 
alkyllithium reagent to the corresponding hexaaryl- and hexaalkylbismuthate 
complexes, respectively, at low temperatures [93IC3948, 94AG(E)976] 
(Scheme 3.7). 

Synthesis of lithium hexaphenylbismuthate 

PhgBi + PhLi ^ [PheBrjU^ 
Et20 

To a solution of pentaphenylbismuth (0.67 mmol) in THF (12 ml) was added a solution of 
phenyllithium (1.4 mmol) in diethyl ether/cyclohexane (7:3) at -78°C. When the resulting 
yellow suspension was warmed to room temperature, the color turned blue-violet. The solution 
was pressed with argon through a thin Teflon tube into a glass ampule, that was then sealed off. 
Crystallization of the yellow bismuthinate, Li [BiPh6 ]THF, occurred in the ampule on cooUng 
to 0-18°C [93IC3948]. 
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[PheBPlLi* 
i 

PhLI 

305 

Ph4BiX' HX -^ R2CHOH 
PhsBil ^ Ph3Bi + R2C=0 

o 
\ //X^// 

Scheme 3.7. Typical reactions of pentaphenylbismuth. 
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3.5. BISMUTHONIUM YLIDES 

3.5.1. Methods of synthesis (Table 3.9) 

3.5.1.1. From triphenylbismuthine and diazo compounds (method A) 
In 1967, Lloyd et al. claimed the first synthesis of a bismuthonium ylide by 

heating triphenylbismuthine and diazotetraphenylcyclopentadiene at 140°C. 
However, experimental details confirming the product are not available 
[67CC1042, 88JCS(P2)1829]. Thermogravimetric analysis of the reaction 
shows that the carbene, cyclopentadienylidene, is formed at the initial step 
[72CC912]. 

PhaBi + R2C=N2 ^ Ph3Bi=CR2 

Bis(hexafluoroacytylacetonato)copper is reported to be an effective catalyst 
for the preparation of bismuthonium ylides from triphenylbismuthine and 
diazo compounds [88S319]. 

- BKH"' 

Synthesis of triphenylbismuthonium tetraphenylcyclopentadienylide 

Ph 

PhgBi + N 2 = = < ^ P^^aBi . . 

r=^Ph V^Ph 
Ph Ph 

When a mixture of diazotetraphenylcyclopentadiene and triphenylbismuthine was heated to 
140°C under nitrogen, triphenylbismuthonium tetraphenylcyclopentadienylide resulted as a 
deep blue product (m.p. 195°C, decomp.), which dissolved in ether and precipitated on addition 
of light petroleum [67CC1042]. 

3.5.1.2. From triarylbismuth(V) compounds (method B) 
A stable bismuthonium ylide is formed by the reaction between triphenyl-

bismuth carbonate and dimedone [85JCS(P1)2667]. The cyclic a,a'-dioxo 
structure is likely to be the main origin of high stability. 

PhgBiCOa + (RCO)2CH2 ^ Ph3Bi=C(COR)2 + H2CO3 

Stabilized bismuthonium ylides bearing a cyclic or acyclic a,a^-dicarbonyl 
or a,a:^-disulfonyl skeleton can be prepared from triphenylbismuth dihalides 
and the corresponding 1,3-diketones or 1,3-disulfones in the presence of a 
suitable base [88CL847, 89CC1749, 94JFC(66)75]. 
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PhoRinU 

Ph3BiCl2 

+ 

+ 

Bismuthonium ylides 

(RCO)2CH2 -

(RS02)2CH2 -

Base 

- 2HCI 

Base 
»-

Ph3Bi=C(COR)2 

Ph3Bi=C(S02R)2 
2HCI 

Synthesis of triphenylbismuthonio-4,4-dimethy 1-2,6-dioxocyclohexan-1 -ide 

NaH 

THF 

To a THF suspension (2 ml) of sodium enolate, generated from sodium hydride (ca. 80 mg) and 
5,5-dimethylcyclohexane-l,3-dione (140 mg, 1.0 mmol), was added triphenylbismuth dichlor-
ide (511 mg, 1.0 mmol) at -20°C under nitrogen. The colorless suspension turned yellow and 
after 1 h a clear solution was obtained. Removal of the solvent followed by chromatographic 
purification of the product on a short silica gel column, using methanol-dichloromethane as the 
eluent, gave the bismuthonium ylide in 52% yield (m.p. 75°C) [89CC1749]. 

3.5.1.3. From bismuthonium salts and base (method C) 
Abstraction of a-proton from 2-oxoalkyltriphenylbismuthonium salts by a 

base at low temperatures gives triphenyIbismuthonium 2-oxoalkylides. The 
ylides cannot be isolated under ambient conditions due to thermal instability 
and moisture sensitivity. 

[Ph3BiCH2COR]X ^ Ph3Bi=CHC0R 
— HX 

Synthesis of (3,3-dimethyl-2-oxobutylidene)triphenyl-A ^-bismuthane 

P h s B i - " ^ 
O 

'[BF4I PhgBi^ Y 
THF A 

When a suspension of (3,3-dimethyl-2-oxobutyl)triphenyIbismuthonium tetrafluoro-
borate (126 mg, 0.2 mmol) in THF (5 ml) was mixed with potassium tert-hutoxide (24 
mg, 0.2 mmol) at - 78°C under argon, (3,3-dimethyl-2-oxobutylidene)triphenyl-A^-
bismuthane was formed as a yellow solution. Attempts to isolate this ylide under 
ambient conditions were unsuccessful due to its thermal instability and moisture 
sensitivity [94JCS(P1)2703]. 
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Ph O O O O 

P h 3 B i = - < ^ P h 3 B i = < ^ P h 3 B i = / ^ P h 3 B i = < ^ ~ ^ P h 3 B i = / ~ X^ 

Ph "̂̂  O O O O 

(1) (2) (3) (4) (5) 

Scheme 3.8. Structures of compounds listed in Table 3.9. 

3.5.2. Properties 

The first bismuthonium yhde reported by Lloyd is a thermally stable 
colored substance, but the literature lacks details of its characterization. 
Several bismuthonium ylides containing a cyclic a,a'-dicarbonyl or a,a'-
disulfonyl framework have been isolated as stable crystalline solids, and 
4,4-dimethyl-2,6-dioxo-l-triphenylbismuthoniocyclohexane has been charac
terized structurally by X-ray crystallographic analysis, where the bismuth 
atom possesses a distorted tetrahedral geometry and interacts with one of 
the carbonyl oxygen atoms [90JCS(P1)3367]. The Bi-Cyude bond (2.156 A) 
is a bit shorter than the Bi-Cph bond (2.21-2.22 A), suggesting little or no 
double bond nature of the bismuth and ylidic carbon bond (Fig. 3.5). The 
ylidic carbon of this class of stabilized ylide appears at 5 100-113. 

Bismuthonium ylides with a non-cyclic a,a'-dicarbonyl structure are not 
highly stabilized and readily decompose during chromatographic treatment 
over silica gel [89CC1749]. Bismuthonium ylides with a non-cyclic a,a^-
disulfonyl structure are colored from pale yellow to khaki to deep blue, 
depending on the structure of the organyl moieties attached to the sulfonyl 
functions [88S319,94JFC(66)75]. They are thermally stable but decompose in 
open air. The moderately stabilized bismuthonium ylides with a 2-oxoalkyli-
dene moiety can be generated only at low temperatures. The a-keto ylide of 
the type Ph3Bi=CHCOR decomposes rapidly at room temperature to give 
triphenylbismuthine along with small amounts of a-phenyl ketone, diacyl-
ethene, triacylcyclopropane and others. The a-ester ylide of the type 

p^tf-Ph p•pK'̂ Ph 

Fig. 3.5. A structural representation of a stabilized bismuthonium ylide. 
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Ph3Bi=CHC02R undergoes reductive dimerization at room temperature to 
give a good yield of triphenylbismuthine and a moderate yield of ethene 
R02CCH=CHC02R. 

The moderately stabilized bismuthonium ylides can be characterized by 
low-temperature ^^C-NMR spectroscopy [94JCS(P1)2703]. The ylidic and 
carbonyl carbons of PhsBi^CHCO'Bu are observed at 8 86.4 and 187.9, 
respectively, at -78°C. The appearance of the ylidic carbon at lower field 
compared with the corresponding a-carbon (8 59.6) of the parent onium salt 
[Ph3BiCH2CO^Bu^][BF4r] is consistent with the change in orbital hybridiza
tion mode of the carbon atom from sp^ to sp^. A large value for the C-H 
coupling constant of the ylide (/==186 Hz) as compared with the onium salt 
(7=147 Hz) is also a reflection of the increased s character of the ylidic C-H 
bond. Furthermore, the up-field appearance of the carbonyl carbon compared 
with that of the onium salt (5 213.2) shows that a relatively large electron 
density is locarized on the relevant carbon atom. These spectral features 
suggest that the bismuthonium 2-oxoalkylides may well be represented as a 
hybrid of the canonical forms A, B and C, in which the structures B and C 
would be more important. 

o o p 
A B C 

3.5.3. Reactions 

Stabilized bismuthonium ylides with a cyclic a,a'-dicarbonyl structure 
undergo the C-C coupling reaction with aldehydes under gentle reflux in 
benzene or CH2CI2 to give four types of product [88CL849]. The stabilized 
cyclic bismuthonium ylides also react with isothiocyanate [88CL847], acet
ylene [89CL325], phosphine and sulfide [90BCJ950] in the presence of a 
copper catalyst to yield the corresponding heterocyclic compounds, phospho-
nium and sulfonium ylides, respectively. The ylides with a non-cyclic a,a^-
dicarbonyl structure fail to react with benzaldehyde but they react with a 
sulfene generated in situ from methanesulfonyl chloride and triethylamine 
to give oxathiole-5,5-dioxides [89CC1749]. These reactions are summarized 
in Section 5.4.3.3 with reaction schemes. 
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Copper(I)-catalyzed reaction of a stabilized bismuthonium ylide with phenylacetylene 

Qv PI 
CuCI 

Ph3Bi=< X + PhCECH 'r>-v 
PhH /r^^ 

a o 
Triphenylbismuthonio-4,4-dimethyl-2,6-dioxocyclohexan-l-ide (578 mg, 1 mmol), phenylace
tylene (204 mg, 2.0 mmol) and copper(I) chloride (20 mg, 0.2 mmol) were refluxed in benzene 
(5 ml) for 1 h. A yellow precipitate was filtered off and the filtrate was evaporated to obtain a 
yellow oil, which was passed through a silica gel column using benzene as an eluent to give a 
benzofuran derivative (31%), dimedone and triphenylbismuthine (13%) [89CL325]. 

The moderately stabilized triphenylbismuthonium 2-oxoalkylides readily 
undergo epoxidation with aldehydes to give a,j8-epoxyketones and triphenyl
bismuthine [94JCS(P1)2703]. Although they do not react with A -̂aryl- or Â -
alkylaldimines, the bismuthonium 2-oxoalkylides react with A^-sulfonyl-
aldimines to afford a;,j8-aziridinoketones and triphenylbismuthine 
[95JOC4663]. The reaction mode leading to oxiranes and aziridines is char
acteristic of bismuth in the group 15 family; phosphonium, arsonium and 
stibonium 2-oxoalkylides all undergo the Wittig-type olefination with alde
hydes and imines to afford a,j8-unsaturated ketones. The theoretical calcula
tions have been performed for the reaction of a series of ylides of group 15 
elements, H3M=CH2 (M-N, P, As, Sb, Bi), with formaldehyde [94JA10080]. 

R'vJx^R ^ ^ ^ ^ 1 ^ PhaB,̂ ^^^ f ^ ± ^ ^ R ' 4 ^ 
n -Ph ' .B i n I -Phr^Bi 0 
O 

- PhaBi - P h a B i ^ 

The bismuthonium 2-oxoalkylides react with acids such as dimedone, p-
toluenesulfonic acid and benzenethiol to yield the corresponding a-substi
tuted ketones. A catalytic amount of copper iodide or nitrosobenzene causes 
the reductive dimerization to form 1,2-diacylethenes and triphenylbismuthine. 

Triphenylbismuthonium 2-oxoalkylides readily couple with a-dicarbonyl 
compounds in several different reaction modes [96CC2697, 98CC1359]. 
When treated with ethyl pyruvate, the epoxidation proceeds to form 2,3-
difunctionalized oxiranes. The reaction with benzils gives O-aroylenolates 
derived from 1,3-diketones, while treatment with o-quinones affords 2-acyl-
1,3-tropolone derivatives. These reaction modes are unprecedented in the 
ylide chemistry. 
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All the characteristic reactions of stabilized and moderately stabilized 
bismuthonium ylides are described in Section 5.4.3.3 with reaction schemes. 

Conversion of aldehyde to oxirane by using bismuthonium 2-oxoalkylide 

O 

Bu' 
[BF4-]-

KOfeu PhCHO 

THF 

^ , teu + PhaBi 

To a suspension of (3,3-ciimethyl-2-oxobutyl)triphenylbismuthonium tetrafluoroborate (126 
mg, 0.2 mmol) in THF (5 ml) was added potassium r^rr-butoxide (24 mg, 0.2 nmiol) at 
-78°C. Within a few minutes, the reaction mixture turned yellow and clear. After 30 min, 
benzaldehyde (21 mg, 0.2 mmol) was added and the resulting mixture was allowed to warm to 
ambient temperature, concentrated under reduced pressure and extracted with benzene (10 ml X 
2). Removal of the solvent gave an oily residue which was chromatographed on a silica gel 
column with hexane-ethyl acetate as the eluent to yield l,2-epoxy-4,4-dimethyl-l-phenylpen-
tan-3-one (90%, cisltrans 6:94) and triphenylbismuthine (89%) [94JCS(P 1)2703]. 
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3.6. BISMUTHINE IMIDES 

3.6,1. Methods of synthesis (Table 3.10) 

3.6.1.1. From tertiary bismuthines (method A) 
A nitrene unit generated in situ from Chloramine-T® adds oxidatively to 

triarylbismuthines to give the corresponding triarylbismuthine A^-tosylimides 
[64CB789, 91CL105]. A^-Tosyliminoiodobenzene can also be used as a 
nitrene precursor [96JCR(S)24]. 

AraBi + ENTs ^ Ar3Bi=NTs + E 

Synthesis of triphenylbismuthine A^-tosylimide 

PhgBi + TolSOsNCINa •- Ph3Bi=NS02Tol + NaCI 
MeCN 

To a suspension of well-dried Chloramine-T® (0.32 g, 1.4 mmol) in dry acetonitrile (20 ml) was 
added triphenylbismuthine (0.44 g, 1.0 mmol) and the resulting mixture was heated at 75-80°C 
with stirring under argon. The color of the suspension turned gradually yellow. After 3 h, the 
mixture was cooled to room temperature and freed from precipitated sodium chloride and 
unchanged Chloramine-T® by filtration. The yellowish filtrate was concentrated under reduced 
pressure and the residue was left in vacuo for 3 h to give A^-tosyltriphenylbismuthimine as a pale 
orange syrupy oil in quantitative yield [91CL105]. 

3.6.1.2. From triarylbismuth dihalides and sulfonamides or amides (method 
B) 

Crystalline bismuthine imides bearing an //-sulfonyl group have been 
prepared by the condensation of triphenylbismuth difluoride with A ,̂A -̂bis(tri-
methylsilyl)sulfonamides or of triarylbismuth dichloride with sulfonamides 
[93JFC(63)179]. The latter combination is also applicable to the synthesis of 
trianylbismuthine A^-acylimides [99OM2580]. 

Base 
Ar3BiX2 + H2NSO2R ^ Ar3Bi=NS02R 

— 2 HX 
Base 

Ar3BiX2 + H2NCOR ^ Ar3Bi=NC0R 
- 2HX 

Synthesis of triphenylbismuthine iV-trifluoromethanesulfonimide 

PhsBIFg + (Me3Si)2NS02CF3 ^ Ph3Bi=NS02CF3 
Phrl 

A mixture of triphenylbismuth difluoride (0.478 g, 1.0 mmol), A^,A^-bis(trimethylsilyl)trifluoro-
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methanesulfonamide (0.293 g, 1.0 mmol) and benzene (10 ml) was stirred for about 1 h at 40°C 
until the evolution of fluorotrimethylsilane had ceased. The solvent was distilled off in vacuo to 
obtain the expected bismuthine imide in a near quantitative yield (m.p. 142-144°C) 
[93JFC(63)179]. 

Synthesis of tris(2-methylphenyl)bismuthine A^-trifluoroacetylimide 

Me Me 

Qy^ . H.KCOCP. -J^ {jd^^Y^, 
o 

To a mixture of tris(2-methylphenyl)bismuth dichloride (2.21 g, 4.15 mmol), trifluoroacetamide 
(458 mg, 4.05 mmol) and dichloromethane (80 ml) was added potassium r^rr-butoxide (998 mg, 
8.91 mmol) at -50°C. The resulting mixture was allowed to warm gradually to 10°C with 
vigorous stirring. The insoluble solid was filtered through Celite and the filtrate was concen
trated under reduced pressure to leave an oily residue, which was crystallized from dichloro-
methane-hexane to give tris(2-methylphenyl)bismuthine A^-trifluoroacetylimide as a pale 
yellow solid (2.205 g, 90%), m.p. 108-116°C (decomp.) [99OM2580]. 

3.6.2. Properties and reactions 

Bismuthine imides containing the A -̂sulfonyl group are considerably stabi-
hzed, while the imides bearing an A -̂acyl group are rather unstable. When 
heated in benzene, triarylbismuthine A^-acylimides decompose to give triar-
ylbismuthine in moderate yield [99OM2580]. This mode of decomposition 
contrasts with that of triarylphosphine A^-acylimides, where triphenylpho-
sphine oxide and a nitrile are formed. Crystalline bismuthine imides are 
mostly soluble in dichloromethane, chloroform, benzene and acetonitrile, 
and almost insoluble in hexane. They can be kept for days under a dry atmo
sphere at room temperature but gradually decompose on standing in open air. 
However, the orr/io-substituted triarylbismuthine imides of the type ArsBi^N-
SO2R and Ar3Bi=NCOR, where Ar is 2-methylphenyl, 2-methoxyphenyl or 
2,4,6-trimethylphenyl, are much more stable both in the solid state and in 
solution under atmospheric conditions when compared with the /?ara-substi-
tuted ones [99OM2580]. The high stability of these imides toward moisture 
arises mainly from steric protection around the Bi==N bond. A coordinating 
imino group also stabilizes the bismuth-imido nitrogen bond; an oxazoline-
substituted bismuthine imide does not show any sign of decomposition in open 
air [98OM1013]. 

Several bismuthine A^-sulfonylimides and an bismuthine A^-acylimide have 
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r ^ O M e . ^ + - + 
Ar3Bi=N ArgBI-N AraBi-r 

M ^ J\ OM 
MeO NCOCCI3 X Y Z 

OMe 0 0 - 0 
:Vn 

Fig. 3.6. A structural representation of a triarylbismuthine A^-acylimide. 

been characterized structurally by X-ray crystallographic analyses. The 
bismuth centers in (2-MeC6H4)3Bi=NS02CF3 and (2-MeOC6H4)3Bi=N-
SO2CF3 have a distorted tetrahedral geometry with a mean C-Bi-C bond 
angle of 113.4 and 111.5°, respectively [UR2]. The Bi-N bond length of 
2.112(6)-2.086(6) A lies close to the shorter end of known Bi-N single 
bond distances (2.10-2.24 A), suggesting a polarized Bi^-N" single bond 
nature rather than a Bi=N double bond. A^-Acylimide, (2-MeOC6H4)3Bi=N-
COCCI3, also possesses a distorted tetrahedral geometry with a mean C-Bi-C 
bond angle of 108.3° and a mean Bi-C bond distance of 2.20 A [99OM2580]. 
The Bi-N bond length of 2.125(3) A shows a polarized Bi^-N" single bond 
character, which is consistent with a relatively short N-C bond (1.314(5) A) 
and a somewhat longer C=0 bond (1.255(5) A). Thus, the canonical form Z 
would contribute considerably to the actual structure of this compound (Fig. 
3.6). The carbonyl oxygen atom coordinates weakly to the bismuth center with 
a Bi-0 bond distance of 2.877(3) A. Due to this intramolecular coordination, 
three atoms attached to the N-C bond were located almost in the same plain 
with a small Bi-N-C-O torsion angle of 4.2(5)°. The theoretical calculations 
have been carried out for the formation and reaction of a series of imides of 
group 15 elements, H3M=NH (M=P, As, Sb, Bi) [97IC694]. 

The oxazoline-substituted bismuthine imide has a distorted trigonal bipyr-
amidal structure, bearing three ipso carbon atoms at equatorial sites and two 
nitrogen atoms at apical sites with a Bi-N(imide) bond length of 2.13(1) A and 

N= 

NSO2CF3 gNSOaCFg 

Fig. 3.7. A structural representation of a stabilized bismuthine imide. 
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ArCH=NTs 

PhNHCONHTs 
ArCHO 

PhNCO . 
|Ar3Bi=NTs| Phr 

2AcOH -"" • 

R2CHOH 
Ar3Bi(OAc)2 1 

R2C=0 

Scheme 3.9. Typical reactions of triarylbismuthine A^-tosylimides. 

a Bi-N(oxazoline) bond distance of 2.69(1) A [98OM1013]. Intramolecular 
coordination of the oxazoline nitrogen atom to the bismuth center would 
contribute to the stabiUzation of this imide (Fig. 3.7). 

In the IR spectra of triarylbismuthine A^-acylimides (ArsBi^NCOCXs; 
X = F, CI), a characteristic C=0 stretching band is observed at considerably 
low frequency (1561-1593 cm"') compared with those of the parent amide 
(H2NCOCX3) or a phosphorus counterpart (Ph3P=NCOCX3), which suggests 
significant contribution of a canonical structure Z to the stabiUzation of this 
class of imide (Fig. 3.6) [99OM2580]. 

Triarylbismuthine A^-tosylimides react with benzaldehyde, benzoyl chloride 
and phenyl isocyanate to give A^-tosylimine, A^-tosylamide and A^-tosylurea 
derivatives, respectively [91CL105] (Section 5.5.2.3). The imides oxidize 
secondary and benzylic alcohols to carbonyl compounds, sometimes accom
panied by the concurrent formation of a diaryl(A^-tosylamino)bismuthine 
[96JCR(S)24] (Section 5.2.4). When treated with acetic acid, the imides are 
converted to the corresponding triarylbismuth diacetates and sulfonamides 
(Scheme 3.9). 

Oxidation of alcohol to ketone by using triarylbismuthine imide 

<f"^BFNTs + Ph I Ph <f~V)-Bi + n + H2NTS 
\ ^ / ^ 3 HO OH ^^2Cl2 \=/^3 O 

To a dichloromethane solution of triphenylbismuthine A^-tosylimide (0.5 mmol), generated in 
situ from the corresponding bismuthine and iminoiodobenzene, was added 1,1,2,2-tetraphenyl-
ethane-l,2-diol (0.5 mmol) at room temperature. Within a few minutes, the reaction completed 
to afford triphenylbismuthine (99%), benzophenone (99%) and /7-toluenesulfonamide (80%) 
[96JCR(S)24]. 
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Ph3P=NCOCF3 

ArNHCOCFa 

R2C=0 

Scheme 3.10. Typical reactions of triarylbismuthine A^-acylimide. 

Triarylbismuthine A^-acylimide transfers the nitrene moiety to triphenylpho-
sphine to give the corresponding phosphine A^-acylimide with a good recovery 
of triarylbismuthine (Scheme 3.10) [99OM2580]. The imide oxidizes second
ary alcohols and benzenethiol to carbonyl compounds and diphenyl disulfide, 
respectively. When treated with hydrogen chloride, the bismuthine imide 
undergoes cleavage of the Bi=N bond to yield triarylbismuth dichloride. 
The A^-arylation product is formed in the presence of a catalytic amount of 
copper(II) triflate. 

3.7. BISMUTHINATES AND BISMUTHINIC ACIDS 

3.7.1. Methods of synthesis (Table 3.11) 

This class of compound has been prepared by the reaction of triarylbis-
muthines and Chloramine-T® in a mixture of methanol and benzene. 

ArgBi + TolS02NCINa + ROH Ar2Bi(=0)0R + ArH + H2NSO2T0I 

Synthesis of methyl bis(4-methyl-l-naphthyl)bismuthinate 

TolSOzNCINa'SHgO 

PhH / MeOH 
BhOMe 

Tris(4-methyl-l-naphthyl)bismuthine (632 mg, 1 mmol) and Chloramine-T® (564 mg, 2 
mmol) were heated in benzene (20 ml)/methanol (20 ml) for ca. 30 min. When the 
bismuthine was consumed completely, the precipitated solid was removed by filtration 
and the filtrate was concentrated in vacuo to ca. 20 ml and left to stand. The crystalline 
deposit was filtered off, washed with methanol, and recrystallized from benzene/methanol to 
give the dinaphthylbismuthinate as pale yellow fine needles (446 mg, 80%), m.p. 140-150°C 
(decomp.) [88CL2021]. 
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TABLE 3.11 
Bismuthinic acid and esters 

Organobismuth(V) compounds Ch. 3 

Compound 

R' 

R2Bi(=0)0R" 
Ph 
2-MeC6H4 
Ph 
4-MeC6H4 
3,4-Me2C6H3 
I-C10H7 
4-Me-l-CH,H, 
Ph 

R-

H 
H 
Me 
Me 
Me 
Me 
Me 
Et 
'Pr 

Yield 
(%) 

90 
60 
30 
10 
20 
80 
80 
60 
52 

M.p. 

-
110-130 (decomp.) 
110-120 (decomp.) 

-
90-110 (decomp.) 
135-145 (decomp.) 
140-150 (decomp.) 
140-150 (decomp.) 

-

Physical data 

-
'H-NMR, IR 
'H-NMR, IR 

-
'H-NMR, IR 
'H-NMR, IR 
'H-NMR, IR 
'H-NMR, IR 

-

Reference 

[88CL2021] 
[88CL2021] 
[88CL2021] 
[88CL2021] 
[88CL2021] 
[88CL2021] 
[88CL2021] 
[88CL2021] 
[88CL2021] 

3.7.2. Properties and reactions 

Diarylbismuthinates are mostly solids, soluble in chloroform and benzene/ 
methanol. When a bulky group is absent at an ortho position of the aromatic 
ring, the bismuthinates readily disproportionate to bismuthines in solution. 
The ^H-NMR spectra of methyl diarylbismuthinates show a broad signal of 
the methyl group around 8 3.5-3.6, suggestive of the mobility of the Bi-OMe 
bond. When treated with water or alcohols, the methoxy group is replaced 
easily by the hydroxyl or other alkoxyl groups. No crystallographic data are 
available for this class of compound. 

Benzoin, tetraphenylethanediol, hydrazobenzene and 1,2-diphenyl-1,2-
ethanedione bishydrazone are oxidized by methyl bis(l-naphthyl)bismuthi-
nate to benzil, benzophenone, azobenzene and diphenylacetylene, respec
tively [88CL2021] (Section 5.2.4). Amides, thioamides, ureas and thioureas 
are A^-acylated in good yield with acetic acid in the presence of the bismuthi-
nate at room temperature [90CL1651] (Scheme 3.11). 
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PhN=NPh 

RCON(Ac)R' 

PhNHNHPh 

RCONHR' 

Ph Ph 

Ph- -Ph 

AcOH 
Ar2Bi(=0)0R|-

HO OH 

321 

- ^ 2Ph2C=0 

R2CHOH 
\ 

R2C=0 

Scheme 3.11. Typical reactions of bismuthinates. 

Bismuthinate-mediated A^-acylation of amides with carboxylic acids 

H Ac 
AcOH 

Np2Bi(=0)0Me + ^^^c^'^^R^ 

O 
GH2CI2 

Np2Bi(=0)0H + "^^^c'^^^R^ 

Benzamide (121 mg, 1.0 mmol) and methyl bis(l-naphthyl)bismuthinate (510 mg, 1.0 mmol) 
were stirred in a mixture of acetic acid (5 ml) and dichloromethane (20 ml) at room temperature. 
When the starting amide was consumed completely, the mixture was evaporated to dryness in 
vacuo and the residue was passed through a silica gel column using hexane-dichloromethane 
(100% hexane to 100% dichloromethane) as the eluent. A^-Acetylbenzamide was obtained in 
89% isolated yield [90CL1651]. 
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3.8. TRIORGANYLBISMUTHINE OXIDES 

In contrast with extensive works on lighter organylpnicogen oxides, little 
attention has hitherto been paid to the chemistry of organylbismuthine oxides. 
However, the oxides of triorganylbismuthines have potential as a versatile 
precursor for a variety of organobismuth(V) compounds. 

3.8.1. Methods of synthesis 

3.8.1.1. Metathesis of triorganylbismuth(V) compounds 

Metathetical reaction of Ar3BiCl2 and silver oxide has been reported by 
many workers with conflicting results. A solution of triphenylbismuth dihy-
droxide Ar3Bi(OH)2 or oxide Ar3Bi==0 is obtained from triphenylbismuth 
sulfate or dichloride by treating with ammonium hydroxide. This reacts 
with acetic acid to give Ph3Bi(02CMe)2. However, the addition of cold 
concentrated hydrochloric acid to a solution of this oxide apparently does 
not give Ph3BiCl2 [16JCS( 109)250]. Treatment of Ph3BiCl2 or Ph3BiBr2 
with aqueous potassium hydroxide gives Ph3Bi instead of the expected 
dihydroxide or oxide [20JCS( 117)762]. Metathesis reaction of Ar3BiCl2 
with Ag20 in moist acetone results in the formation of Ar3Bi 
[20JCS(117)762, 22JCS(121)109], while Ph3Bi(OH)2 is reported to be formed 
in water [34JCS405]. The first spectral characterization of the oxide was made 
by Goel et al. who carried out the same metathetical reaction in a benzene-
water system to obtain triphenylbismuthine oxide Ph3Bi=0 as a white poly
meric powder in 10-40% isolated yields [72JOM(36)323]. They also reported 
the same type of reaction between Ph3Bi(CN)2 and HgO to afford the 
bismuthine oxide [73JOM(50)129], although neither the chemical nature 
nor the yield is mentioned. Hydrolysis of triphenylbismuthine A^-sulfonyl-
imides yields Ph3Bi=0 together with the corresponding sulfonamides 
[93JFC(63)179]. 

Synthesis of triphenylbismuthine oxide 

AggO 

^ # 3 ^ ^ ^ ' ^ Benzene-H^.r...' V\ //t^'=° * ^ AgCI 

A benzene solution of triphenylbismuth dichloride (1.7 g, 3.3 mmol) was mixed with an 
aqueous solution of freshly prepared silver oxide (0.7725 g, 3.3 mmol) and the resulting mixture 
was stirred for 5 h at room temperature in the dark. The benzene layer was separated by 
decantation, laid on molecular sieves for 12 h, and was then filtered and concentrated by 
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evaporation. Triphenylbismuthine oxide (40%) was precipitated from the concentrated benzene 
solution by adding petroleum ether slowly. Similarly, a benzene solution of triphenylbismuth 
dichloride (1.7 g, 3.3 mmol) was stirred with silver oxide for about 2 h and filtered. The filtrate 
was concentrated under vacuum and then treated with petroleum ether where triphenylbis
muthine oxide was obtained as a white powder (10%) [72JOM(36)323]. 

Synthesis of triphenylbismuthine oxide 

0;» 3 NSOaCFa pioxano-HA r-t' \_jt^=° "̂  F3CSO2NH2 

Water (1 ml) was added to a solution of triphenylbismuthine A^-trifluoromethanesulfonylimide 
(0.587 g, 1.00 mmol) in dioxane (10 ml). The reaction mixture was stirred for 24 h at ambient 
temperature. During this period, a white solid precipitated; it was filtered off and identified as 
triphenylbismuthine oxide (0.492 g, 94%) from its melting point (152-154°C) [93JFC(63)179]. 

3.8.1.2. Direct oxidation of tertiary bismuthines 

Lower trialkylbismuthines such as McaBi are pyrophoric under atmo
spheric conditions. (PhCH2)3Bi also decomposes with a smoke in air 
[57CB1176]. Controlled oxidation of trialkylbismuthines with molecular 
oxygen [71CJC1747, 71JCS(C)1660], tert-hvXy\ hydroperoxide 
[71JCS(C)1660] or potassium permanganate [57CB1176] results in the clea
vage of carbon-bismuth bonds. Oxidation of alkynyldiarylbismuthines with 
aqueous hydrogen peroxide or potassium permanganate in dry acetone does 
not afford the desired oxides [62ZAAC(317)54]. Tris(cyclopentadienyl)bis-
muthine does not form its oxide by the action of aqueous hydrogen peroxide 
[60CB1417]. 

Attempts to prepare Ph3Bi=0 by direct oxidation of Ph3Bi with a variety of 
oxygen transfer reagents have led to discordant results. Oxidation of PhsBi 
with hydrogen peroxide [62JOC3851] or 2,4,4-trimethyl-l-pyrrolin-l-oxide 
[62CJC181] only leads to decomposition products, while the reaction of PhaBi 
with selenium dioxide either gives phenylseleninic acid and bismuth selenite 
[77JCS(D)641] or results in the recovery of the starting materials 
[76JOM(116)199]. Phenyldiazonium nitrate is the main product from the 
reaction of PhsBi with dinitrogen trioxide [39ZOB771]. Benzoyl peroxide 
reacts with PhsBi in petroleum ether to afford the corresponding dibenzoate 
[27JCS209], while bis(trimethylsilyl) peroxide does not react with PhsBi even 
after prolonged heating at 110-130°C [74JOM(73)217]. Photochemical reduc
tion of the uranyl ion with PhsBi in dioxane-water was reported to have given 
Ph3Bi=0; however, evidence of the formation of the oxide is provided only by 
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vC )7"B"^CrHH20 + f<( /H-Bi+OCHO-«H 

n3 3e-h 4f 

fe-^I^Bi Phl=0 

CH2Cl2,40X \ \ = / / 3 CH2Cl2,40''C ('K}1=« 
6j 

a ; R ^ 
b:R2: 
C ; R 2 : 

d : R ^ 
e ; R ' : 
f;R^ = 
g ; R ^ 
h ; R ^ 
l :Ri = 
l:R^ = 

: R 2 = R 3 = R 4 = H 

:Me, R U R 3 = R ^ = H 

:OMe, R U R 3 = R * = H 

:Me. R2 = R3 = R ^ = H 

:OMe, R2 = R 3 = R ^ = H 

OEt, R2 = R 3 = R ^ = H 

: O'Pr, R2 = R3 = R^ =H 
:OMe, R2 = H, R3 = Me, R^: 
R2 = R^=Me. R3 = H 
CHpOMe. R2 = R3 = R ^ = H 

2a-c 

Phl=0, RX (EtBr, PhCHgBr. CF3CH2I) 
PhH, 40-50 "C 

B.X-.H,OJ:(J:B'> 

Scheme 3.12. 

TLC inspection [80IJC(A)902]. Similarly, photocatalyzed air oxidation of 
PhsBi with Ti02 in methanol has been reported to produce the oxide in 74% 
yield; however, the formation of the oxide has only been claimed on the basis 
of GC analysis [96JOC2895]. PhsBi is converted to the corresponding oxide 
by the action of nitric acid in acetic anhydride, though the resulting oxide is 
rapidly transformed into Ph3Bi(02CMe)2 [89G(119)545]. Conversion of ArsBi 
into its oxide with the A^-bromosuccinimide-hydrochloric acid-potassium 
bromide system is used for oxidimetric titration of ArsBi 
[87ACA( 196)351]. Ozone oxidizes triarylbismuthine to the corresponding 
diformate in an appropriate solvent [93JCS(P1)2411]. Suzuki et al. found 
that direct oxidation of triarylbismuthines with iodosobenzene under mild 
conditions generates triarylbismuthine oxides efficiently [94TL8197]. The 
formation of the oxide can be confirmed by using a trapping experiment; 
triarylbismuth dibenzoate and bis(4-methylbenzenesulfonate) are obtained 
in good yield by adding benzoic anhydride or 4-methylbenzenesulfonic acid 
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to a solution of the oxide. Barton et al. have reported that PhsBi^O is unable to 
cleave trans-decaline-9,10-diol, but no mention is made on the preparation of 
the oxide [86T5627]. 

Synthesis of tris(4-methylphenyl)bismuthine oxide 

Tris(4-methylphenyl)bismuthine (0.482 g, 1 mmol) was added to a suspension of freshly 
prepared iodosobenzene (0.286 g, 1.3 mmol) in dry dichloromethane (30 ml) and the resulting 
mixture was sonicated at 35°C under argon on a commercial ultrasonic washing machine until 
the substrate was completely consumed (checked by TLC). After 2-3 h, the chalky suspension 
turned to a bright yellow solution of tris(4-methylphenyl)bismuthine oxide, which was quickly 
filtered through a Celite bed and used for further purposes [94TL8197]. 

The new oxidation reaction of triarylbismuthine by iodosobenzene is highly 
dependent on the structure of bismuthines and the solvent system employed. 
Dichloromethane or toluene are solvents of choice. Bismuthines la-c are 
converted to a presumed oxide 2a-c, while Id resists oxidation. Bismuthines 
le-h are all similarly oxidized in dichloromethane by the present procedure to 
give the corresponding tetraarylbismuthonium chlorides 3e-h in moderate 
yield. In the case of bismuthine If, however, formate 4f was obtained as the 
major product. Interestingly, bismuthine li is converted to the corresponding 
dichloride 5i in 80% yield, while bismuthine Ig gives diarylchlorobismuthine 
6j. Tetraarylbismuthonium bromide 7e and iodide 8e are also readily available 
by the oxidation of le with iodosobenzene in benzene in the presence of the 
corresponding alkyl halides [97JCS(P1)1609]. 

3.8.2. Properties 

The physical properties of triorganylbismuthine oxides have not been 
examined quite so extensively. Goel et al. claim that triphenylbismuthine 
oxide has a five-coordinated bismuth center with a polymeric structure invol
ving -Bi-O-Bi- units [72JOM(36)323]. 

Triphenylbismuthine oxide is a white solid which reportedly melts at 
155°C and is moderately soluble in benzene, slightly soluble in acetonitrile 
but insoluble in chloroform and diethyl ether. The equivalent conductance 
of a 2 X 10~^ M solution in acetonitrile at 25°C is 1.5 ohm"^cm^equiv"\ 
The molecular weight has not yet been determined due to its extensive 
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decomposition in solution. The IR spectrum of solid triphenylbismuthine 
oxide shows no bands attributable to 0-H stretching or Bi-OH bending 
frequencies. The bands at 630, 450 and 250 cm~^ can be assigned to the 
Bi-O-Bi asymmetric stretching, y- and r-vibrations, respectively 
[72JOM(36)323]. Several triarylbismuthine oxides have been obtained as 
a solution in dichloromethane, benzene or toluene. The ^H-NMR spectrum 
of tris(4-methylphenyl)bismuthine oxide exhibits a methyl signal at 8 2.38, 
and two broad signals due to aromatic protons at 5 7.4 and 8.2; the latter 
two signals turn into a pair of doublets (S 7.39 and 8.14; / = 7.6 Hz) at 
-75°C. By adding hexane or diethyl ether to the solution, a white to pale 
yellow precipitate is formed; however, it cannot be re-dissolved in dichlor
omethane or benzene [94TL8197]. 

3.8.3. Reactions 

In acetone or alcohol, Ph3Bi=0 is reduced to PhaBi. It also decomposes 
slowly in benzene and decomposition is slow enough to allow the isolation of 
a relatively pure compound [72JOM(36)323]. Photolysis of a solution of 
Ph3Bi=0 in the presence of Ti02 and triethylamine produces the parent 
bismuthine in moderate yield. The reduction of PhsBi^O proceeds more 
rapidly in DMF than in methanol [96JOC2895]. Soluble bismuthine oxides 
generated by direct oxidation of bismuthines with iodosobenzene are 
converted easily to corresponding carbonates on treatment with carbon diox
ide. Adding hexane to a solution of (4-MeC6H4)3Bi=0, an intractable powder 
is formed. On stirring this powder with triphenylphosphine for 3 days, the 
parent bismuthine and phosphine oxide are obtained [94TL8197]. 

(4-MeC6H4)3Bi=0 reacts with benzoic anhydride or 4-methylbenzenesul-
fonic acid to give (4-MeC6H4)3Bi(02CPh)2 and (4-MeC6H4)3Bi(03SC6H4-4-
Me)2 in 66 and 70% yields, respectively. By the action of BF3-OEt2 on this 
oxide at low temperatures, tetrakis(4-methylphenyl)bismuthonium tetrafluor-
oborate is obtained in 24% yield. Triphenylbismuthine oxide reacts with 5,5-
dimethylcyclohexane-l,3-dione (dimedone) to give a stabilized bismutho-
nium ylide [94TL8197, 89CC1749]. 
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PhMe, r.t. 

R = H, Me 

4-MeC6H4S03H^ 
PhMe, r.t 

PhCOgH 
PhMe, r.t. 

BFg-OEta 
CH2CI2, -60 "C 

--O-3' 

^^^^f 

Bi(03SC6H4-4-Me)2 

Bi(02CPh)2 

-BF4-

The most characteristic property of the bismuthine oxides is their oxidizing 
ability to convert activated alcohols, triphenylphosphine and hydrazobenzene 
to the corresponding ketones, oxide and azo compound, respectively. 
However, thioanisole and methyl octyl sulfide remain intact even after 
prolonged stirring with bismuthine oxide at ambient temperature 
[94TL8197] (Section 5.2.4). 

M e O - ^ ^ C H 2 0 H 

"'"̂ C^ "̂' 
PhMe, r.t. 

PhgP 

M^^>^C}"' CHO 

PhMe, r.t. 

PhNHNHPh 
PhMe, r.t. 

100% 

Ph3P=0 

100% 

N=N, 

52% 
Ph 

These oxidation reactions are performed under neutral conditions at ambi
ent temperature, contrary to similar oxidations with organylantimony oxides 
which often need more severe conditions. The findings clearly show the 
difference in chemical behavior between bismuthine oxides and other orga-
nylpnicogen oxides. It is likely that the chemical nature of organylbismuthine 
oxides depends considerably on its preparative procedures. For some time 
now, a similar phenomenon has been noticed with triphenylantimony oxide 
that exists in a dimeric, oligomeric or polymeric form. 



Chapter 4 

Bismuth-Containing Heterocycles 

Compared with acyclic organobismuth compounds described in the preced
ing chapters, the number of known ring compounds containing bismuth 
atom(s) is not so great. Bismuth-containing heterocycles can be classified 
into two groups according to ring constituting members. One is termed 
"bismacycles," which refers to the ring compounds containing bismuth and 
carbon atoms only. According to ring size, this group may be further divided 
into five-membered rings, six-membered rings, seven-membered rings and 
bicyclic compounds with bridgehead bismuth atom(s). The other group is 
termed "heterobismacycles," which refers to cyclic bismuth compounds 
containing additional hetero atom or atoms such as oxygen, sulfur or nitrogen 
as a ring member. Oxabismole, oxabismabenzene and azabismocin fall into 
this group. 

4.1. BISMACYCLES 

4.1.1. Five-membered rings (Table 4.1) 

The bismuth analog of pyrrole is referred to as bismole. The parent IH-
bismole 1 is still unknown and expected to be thermally unstable due to high 
reactivity of the bismuth-hydrogen bond. Substituted bismoles are thermally 
stable and isolatable. 5-Phenyldibenzobismole 2, stabilized by fusion with two 
benzene rings, as well as by the attachment of a phenyl group at the bismuth 
atom, is synthesized from 2,2'-dilithiobiphenyl [64CB789]. An alternative 
method using 2,2'-biphenylylcadmium has been reported [69JOM(17)389]. 
However, this method is less attractive since the organocadmium reagent 
needs to be prepared from 2,2'-dilithiobiphenyl. 
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"^1—\^ 

Bi 
H 

PhBil2 

Norman et al. reported that the reaction between an equimolar bismuth 
chloride and 2,2^-dihthiobiphenylTMEDA afifords not the expected BiCl-
(biph) (biph; 2,2'-biphenylylene) 3 but Bi2(biph)3 4 [960M887]. The X-ray 
structure analysis of 4 shows the presence of some intermolecular interaction 
between the bismuth atoms separated by a distance of 4.7 A. This molecule 
possesses an approximate C2 symmetry and is therefore chiral. This is 
reflected by non-equivalence of the terminal biphenylylene groups observed 
in the 'H- and '^C-NMR spectra. The reaction of 4 with bismuth chloride gives 
3, but its isolation in a high state of purity is difficult because of the extensive 
contamination by bismuth chloride. Alternatively, treatment of this mixture 
with [PPN]C1 (PPN; Ph3P=N=PPh3) produced [PPN][BiCl2(biph)] 5. The X-
ray structure analysis has revealed that this compound consists of a [PPN] ̂  
cation and a [BiCl2(biph)] ~ anion. The bismuth atom adopts a trigonal bipyr-
amidal structure, where two chlorine atoms occupy the apical positions. The 
equatorial plane is occupied by two carbon atoms and a lone pair of electrons. 
The Bi-Cl bond lengths are 2.702(2) and 2.743(2) A. 

TMEDA 
BiCh 

[PPNr 
[PPN]CI 

BiCk 

PPN= Ph3P=N=PPh3 
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(a) Organocadmium route (Method A) 
Synthesis of 5-iododibenzobismole 

331 

To a well-stirred solution of bismuth chloride (3.16 g, 10 mmol) in ether-THF (120 ml; 5:1) was 
added, at -70°C, a suspension of 2,2'-biphenylylcadmium (11 mmol) prepared from 2,2^-
diUthiobiphenyl and cadmium iodide in ether-petroleum ether (2:1). An orange-red greasy 
substance was formed. After stirring overnight at room temperature, ethanol was added and 
the mixture was stirred for a further 1 h. The greasy substance changed to a yellow precipitate 
which was filtered off and the filtrate was concentrated to give a yellow precipitate. The 
combined precipitates were extracted with acetone (700 ml) and the extract was concentrated 
to leave crystals which were recrystallized from chloroform to give the product (3.1 g, 63%), 
m.p. > 250°C (decomp.). The reaction of this bismole with phenyllithium afforded compound 2 
[69JOM(17)389]. 

Another type of bismole derivative is 5,5,5-triphenyldibenzobismole 6, 
where the bismuth center is pentavalent [68LA(720)198]. Such a hypervalent 
bismuth compound is generally expressed by a "lO-Bi-5" notation based on 
the number of total electrons in the outermost shell and bonds to the relevant 
heteroatom center. Compound 6 is colored orange red and dichroitic, and its 
structure has been clarified by Seppelt et al. [90CB761] (Section 3.4.2). The 
bismuth atom adopts a distorted square pyramidal structure in spite of the 
constraint from the 2,2^-biphenylylene ring. Compound 6 reacts with phenyl
lithium to form a 12-Bi-6 ate complex 7, which dissociates at room tempera
ture to give the original bismole and phenyllithium [68LA(720)198]. In 
general, pentaarylbismuth derivatives are less stable and readily undergo 
reductive elimination to form triarylbismuthines. 

PhsBiCIs 

EtgO 

Recently, 1-phenylbenzobismole 9 was synthesized from dilithiated j8-
trimethylsilylstyrene via deprotection of the trimethylsilyl group of an inter
mediate 8 by TBAF [93CC1309]. This strategy has a broad appUcabihty in the 
synthesis of C-unsubstituted benzometalloles of related structure. Further 
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treatment of compound 9 with excess methyllithium leads to 1-methylbenzo-
bismole 10 in good yield [94CPB1437]. 

.SiMe. '3 PhBiBr2 
^Bj-^SiMea 

Ph 
8 

Bi 
Ph 
9 

MeLi 

Ashe et al. succeeded in synthesizing 2,5-dimethyl-l-phenylbismole 11, 
which is the least substituted bismole reported to date [840M495, 
920M2743]. It is further converted into bibismole 12 [840M495, 
920M2743], bismaferrocene 13 [920M2743] and manganese carbonyl 
complexes 14 and 15 [93JOM(447)197]. 
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11 
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.̂ 
Li/THF 

M e - ^ B i > 

M 

Me 

M = Li, Na 

Me Bi 
I 

M 

Me 

(CH2CI)2 

M = Na 

FeCl2 

BrMn(C0)5 

M = Li 

Me Me 

Bi—Bi 
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12 

Me ̂ P>^ Me 

Fe 

M e - ^ ^ ^ B i ^ ^ ^ M e 

13 

Me 

^ Bj-Mn(C0)5 

Me 
14 

Me 

-2 CO ^ 
^ (OC)3Mn-^B i 

Me 

15 
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(b) Organolithium route (Method B) 

Synthesis of 2,5-dimethyl-l-phenylbismole 

Me J—. 
Li _ V PhBil2 f \ 

) = ^ U 1 ^ ^ M e A ^ . > - M e 

Me Ph 

A hexane solution of 2.7 M butyllithium (2.8 ml, 7.56 mmol) was added dropwise over 10 min 
to a stirred solution of 2,5-diiodo-2,4-hexadiene (1.20 g, 3.60 mmol) in ether (20 ml) at -35°C. 
After 30 min, a precipitate was formed. The mixture was gradually warmed to 25°C and further 
stirred at this temperature for 2.5 h. The resulting solution of 2,5-dilithio-2,4-hexadiene was 
cannulated into a suspension of diiodophenylbismuthine (2.00 g, 3.71 mmol) in ether (80 ml) at 
-35°C. The red color was discharged over a period of 30 min, leaving a yellow-orange 
suspension which was stirred for an additional 3.5 h at -10°C. The solvent was evaporated 
in vacuo and the residue was extracted with pentane (50 ml) at 0°C. After filtration, the solvent 
was removed by evaporation to leave a yellow semi-solid residue. The extraction of the residue 
with pentane was repeated and with subsequent evaporation the combined extracts gave 2,5-
dimethyl-l-phenylbismole 11 as a yellow viscous oil 1.0 g (80%) [920M2743]. 

Fagan et al. have reported a more general method for the synthesis of main 
group heterocycles based on the transmetallation of zirconium metallacycles 
16 and 18, where l-chloro-2,3,4,5-tetramethylbismole 17 and related bismoles 
are obtained in good yield [88JA2310]. This method is effective for the synth
esis of substituted bismoles, especially in the case where the above dilithio-
butadiene reagent is difficult to prepare. Zirconium metallacycles are readily 
obtained by the reduction of Cp2ZrCl2 with either Mg turnings or butyllithium 
in the presence of the corresponding alkyne [920M3492, 920M1491, 
92JA372]. 

Me Me Me Me Me Me 

j \ ^ Bicis j i ^ PhLi j r i 
Me-^2r Me > Me^^ j ^Me Me-^Bj^Me 

/ ^ - Op2Z.rUl2 , I 
Cp Cp CI Ph 

16 17 

Me Me 

Cp2ZrCl2 J ^ V '2 
Me = SiMes ^ MesSi^^^r SiMes ^ 

Cp Cp 
18 

11/I o- Ue^ Me Me MesSi Me v , 
> K / i i)BuLi j r i 

I )=< MeaSi-^^Ri SiMeg 
Me^ biMes 2) PhBil2 ?[̂  
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(c) Organozirconium route (Method C) 

Synthesis of l-bromo-3,4-dimethyl-2,5-bis(trimethylsilyl)bismole 

Me Me Me Me 

M e a S i - ^ ^ r ^'^©3 EtsO MesSi-^^gj^^^SiMes 

Cp^ Cp Br 

A zirconacycle was generated in situ by the sequential addition of butyllithium (24.8 ml, 1.61 
M, 40 mmol) and 1-trimethylsilyl-l-propyne (7 ml, 47 mmol) to Cp2ZrCl2 (5.842 g, 20 mmol) 
in THF at -78°C and by subsequent heating of the resulting mixture to 50°C over 20 min. The 
volatiles were removed in vacuo and the residue was diluted with ether (60 ml) to give a red 
solution of zirconacycle and a white precipitate. To the reaction mixture was added a solution of 
bismuth bromide (8.974 g, 20 mmol) in ether (60 ml), and after 10 min the solution was 
cannulated from the precipitate. The ether was removed, the solid residue was washed with 
hexane (40 ml), and the product was again taken up in ether (160 ml). Cannula filtration to 
remove insoluble materials and cooling (-80°C) of the ether extract gave the product as an 
orange crystalline solid (4.536 g, 8.8 mmol, 44%). Recrystallization from dichloromethane 
gave analytically pure material, m.p. 206-208°C [920M3492]. 

As illustrated above, the transmetallation of zirconium metallacycles 
constitutes one efficient method for the synthesis of bismoles. This is also 
the case with stannacycles, which undergo transmetallation with bismuth 
chloride to give the corresponding bismacycles [870M1185]. Tetrahydrobis-
moles are synthesized from dihalobismuthine and the corresponding di-
Grignard reagent [88ZN(B)739, 830M1859]. Onpyrolysis, l,4-bis(dimethyl-
bismuthio)butane gives 1-methylbismacyclopentane with concomitant elim
ination of trimethylbismuthine [88ZN(B)739]. These bismoles can be 
converted to bibismoles [870M1185, 830M1859] (Table 2.10). 

(d) Organotin route (Method D) 

Synthesis of l-chloro-2,5-dimethyIene-3,4-dihydrobismole 

7 V BiCIa J~\^ 

Bu' Bu CI 

To a solution of bismuth chloride (0.2 g, 0.6 mmol) in dry THF (3 ml) was added 1,1-dibutyl-
2,5-bismethylenestannolane (0.2 g, 0.6 mmol) at 0°C. The solvent was removed under vacuum 
at 0°C, and the residue was washed with pentane (10 ml) to remove dibutyltin dichloride. The 
insoluble solid was taken up in THF (10 ml) and filtered. Evaporation of the solvent at 0°C left 



Ch. 4 Bismacycles 335 

the product (0.2 g, 99%) as yellow crystals which could be stored at 0°C, but decomposed at 
25°C [870M1185]. 

(e) Grignard route (Method E) 

Synthesis of 1-methyltetrahydrobismole 

B r M g ^ ^ M g B r 
MeBiBr2 •>• o Et20 Bi 

Me 

To the Grignard reagent solution prepared from magnesium (200 mmol), 1,4-dibromobutane 
(50 mmol) and ether was added after removal of excess magnesium, dibromomethylbismuthine 
(9.6 g, 25 mmol) in small portions under argon. The reaction proceeded exothermally. After 
stirring for 30 min at room temperature, the resulting mixture was put in a refrigerator at -20°C 
for 3 ^ h. Excess Grignard reagent separated out as colorless crystals. The clear, colorless 
supernatant solution was decanted under an inert gas, and the solvent was carefully removed 
below 0°C to leave an air-sensitive oily liquid which was purified by vacuum distillation to give 
the product (1.47 g, 21%), b.p. 35°C/0.1 mmHg [88ZN(B)739]. 

(f) Pyrolysis route (Method F) 

Me2Bi—' ^—BiMe2 [^ ) + MesBi 
Bi 
Me 

l,4-Bis(dimethylbismuthio)butane (2.08 g, 3.89 mmol) was kept at 70-90°C under vacuum 
conditions for 2-3 h and the volatile product (2.62 g) was collected into a cooled and dried flask. 
Trimethylbismuthine was removed from the distillate under vacuum conditions at 0°C to leave 
analytically pure 1-methyltetrahydrobismole (0.76 g, 35%) [88ZN(B)739]. 

4.1.2. Six-membered rings (Table 4.1) 

The bismuth analog of pyridine is referred to as bismabenzene or bismin. 
Ashe et al. pioneered the chemistry of bismabenzene 19 [72JA7596,76TL411, 
76TL415, 82JA5693]. They were also successful in the synthesis, isolation 
and characterization of phosphabenzene 20 [71JA3293], arsabenzene 21 
[71JA3293] and stibabenzene 22 [71JA6690]. These group 15 heterabenzenes 
are of considerable interest in the study of aromaticity. Compounds 20-22 are 
synthesized by dehydrohalogenation of 24 obtained from 1,1-dibutylstanna-
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2,5-cyclohexadiene 23 and isolated by vacuum distillation. Phosphabenzene 
20 is a colorless volatile liquid with a characteristic phosphine odor. It is air-
sensitive but appears to be stable under an inert atmosphere. Arsabenzene 21 is 
a very air-sensitive liquid with a characteristic onion-like odor and a brief 
exposure to air makes it turn bright red. Stibabenzene 22 is a labile pale 
yellow-green oil. On standing at 25°C for a few minutes, it polymerizes to a 
resinous yellow solid that is insoluble in organic solvents. On exposure to air, 
it immediately forms an intractable yellow tar. 

Q ^^ 0 ^^:Q: Q 
/Sn MX3 = BiCl3 M Bi M 

Bu Bu PBr3 X ^ 20 M = P 
5^ ASCI3 _. 19 21 M = As 
'̂̂  SbCl3 ^^ 22 M = Sb 

Bismabenzene 19 is generated in situ from a dihydrobismabenzene deriva
tive, i.e. l-chlorobisma-2,5-cyclohexadiene (25; R = H), by a loss of hydro
gen chloride, but it is extremely labile and readily undergoes polymerization. 
The addition of 1 equiv. of DBU to a solution of 25 in THF at 25°C causes an 
immediate exothermic reaction, resulting in the formation of DBU-HCl and 
an intractable black precipitate [82JA5693]. On the other hand, the addition of 
DBU to a dilute solution of 25 at -78°C, followed by warming to 0°C, affords 
a golden red solution. A reaction mixture from 25 and DBU at -20°C shows a 
' H - N M R spectrum that is attributed to a bismabenzene dimer 26. Warming 
the mixture above 0°C causes the peaks assigned to a monomer 19 to increase 
in intensity and become broader. The a, j8 and y proton signals of 19 appear at 
8 13.25 (d, J =10 Hz), 8 9.86 (t, J = 10 Hz) and 5 7.70 (m), respectively. 
Eventually, the spectrum is lost with simultaneous formation of a black 
intractable tar. The introduction of a bulky alkyl group R into position 4 of 
19 is effective to suppress polymerization [82JA5693]. Compound 19 (R = 
^Bu) is stable in solution for several hours at 0°C. Even on further cooling, no 
dimer of 19 can be detected. The ' H - N M R spectra of group 15 heterabenzenes 
show the chemical shift values of a-protons in the very low field region. The 
a-proton (H2, H6) signals range from 8 8.6 for 20 to 13.25 for 19, while the 
j8- and y-proton signals appear at lower field with reduced intensity. 

The action of excess hexafluorobutyne on 19 gives a 1,4-Diels-Alder 
adduct 27. The reactivity of group 15 heterabenzenes, except for pyridine as 
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a diene, increases with the atomic number of heteroatoms. Thus, phosphaben-
zene 20 gives the corresponding adduct at 100°C, whereas arsabenzene 21 
gives the corresponding adduct at 25°C [72JA7596]. Both stibabenzene 22 and 
bismabenzene 19 react rapidly at 0°C [86JA5692]. 

DBU 

Bi 
I 

CI 
25 

R = H, Me, feu 

THF 

26 R = H, Me 

F3CC=CCF3 / B U ^ ^ 
27 R = H 

Dihydrobismabenzene (25; R = H) is obtained by the transmetallation of 
l,l-dibutylstanna-2,5-cyclohexadiene 23 with bismuth chloride. A dibenzo-
dihydrobismabenzene 29 stabilized by fusion with two benzene rings is 
synthesized from the corresponding di-Grignard reagent 28 and bismuth 
halide [92JCS(P1)1593]. 

BiClg, Kl 

THF 

TolMgBr 

THF 

Hexahydrobismabenzene (bisminane; 30) is obtained similarly by the reac
tion between the corresponding di-Grignard reagent and dihalobismuthine 
[15CB1473, 88ZN(B)739] or by thermolysis of l,5-bis(dimethylbismuthio)-
pentane Me2Bi(CH2)5BiMe2 [88ZN(B)739]. 

BrMg(CH2)5MgBr 

Me2Bi(CH2)5BiMe2 
A 

. c 
1 

Me 

30 
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Synthesis of 4-^^/t-butylbismabenzene 

Bu ^Bu teu 

BiCl3 f ^ S i DBU r ^ ^ 

Qn THF ^^_J} THF 
Sn Bi Bi 

CI Bu Bu 

To a solution of bismuth chloride (0.5 g, 1.6 mmol) in THF (10 ml) was added a solution of 4-
rerr-butyl-l,l-dibutylstanna-2,5-cyclohexadiene (0.5 g, 1.5 mmol) in THF (10 ml) containing 
one drop of triethylamine. The mixture was stirred for 1 h at 25°C. The solvent was removed 
under reduced pressure. The residue was washed with pentane (50 ml X 3) and then dissolved in 
THF (20 ml) containing one drop of triethylamine. The solution was filtered and the solvent was 
removed under reduced pressure to leave a crude 4-r^rr-butyl-l-chlorobisma-2,5-cyclohexa-
diene as a golden yellow oil (0.5 g, 90%). This intermediate compound was very acid-sensitive 
and, therefore, used immediately without purification. 

To a solution of this intermediate in THF-^g (3.0 ml) at -78°C was added DBU (1 ml, 6.5 
mmol) via a syringe. On warming to - 10°C for 10 min, the light yellow solution turned golden-
red and a large amount of precipitate formed. Filtration gave 4-r^rr-butylbismabenzene as a 
clear golden-red solution, on which the 'H- and '"̂ C-NMR measurements were made. The 
compound was destroyed above 45°C, and resulted in the formation of an intractable black 
tar. Removal of the solvent even at 0°C in vacuo led to a black tar [82JA5693]. 

4.1.3. Seven-membered rings (Table 4.1) 

The bismuth analog of azepine is referred to as bismepine 31. Several types 
of bismepine have been synthesized recently by Tsuchiya et al. The seven-
membered ring system of these compounds is stabilized by fusion with 
benzene ring(s). Phenyl-substituted 1^-benzobismepine 32, dibenzo[/7,J]bis-
mepine 33 and dibenzo[fe/|bismepine 34 are all synthesized from dibromo-
phenylbismuthine and the corresponding dilithium reagent [93CC1817, 
99CPB1108]. 3//-Benzobismepine (35; R = H) is detected at -20°C by ^H-
NMR but is extremely unstable thermally and cannot be isolated [96CC2183]. 
This compound gradually decomposes to naphthalene. The introduction of a 
trimethylsilyl group into the a position with respect to the bismuth atom 
brings kinetic stabilization. The half-lives of \H- and 3^-benzobismepines 
and 2,4-bis(trimethylsilyl)-3H-benzobismepine, estimated from ^H-NMR 
spectral analysis at 50°C in toluene, are 18, <1 and 34 min, respectively. 
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PhBiBr2 

Li Li SiiViea 
EtoO 

TBAF 

SiMes 

4.1.4. Bicyclic compounds with bridgehead bismuth atom or atoms (Table 4.1) 

This type of cyclic bismuth compound is not common. As has been 
mentioned, bismabenzene is trapped by an internal alkyne to give a bridge
head compound 27. Perfluorotriptycene 36 bearing two bismuth atoms at both 
bridgehead positions is obtained by heating 1,2-diiodotetrafluorobenzene and 
finely powdered bismuth in a sealed tube [89AOMC(3)459] or by the Hthia-
tion of (C6F4Br)3Bi and subsequent treatment with bismuth chloride 
[85JOM(287)57]. An analogous bicyclo compound 37 with a fused thiophene 
framework is also known [88AOMC(2)553]. However, the structures of these 
compounds are not well characterized yet. 

Bi, A 

36 

01 

Li Li 

S' 01 

BiCIs 
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4.2.1. Oxabismoles and derivatives (Table 4.2) 

Oxabismoles refer to a type of bismuth alkoxide in which the bismuth-
oxygen bond is incorporated into the bismole ring system. Most known 
oxabismoles are benzoxabismoles as reported by Akiba et al., the unique 
ring system being stabiUzed by the Martin hgand. The general synthetic path
way to benzoxabismoles and their derivatives is shown below [930M1857]. 

F3C.CF: F3C np . 

FsC.^CFs 

Tricoordinated benzoxabismoles 39 are obtained from the dilithiated 
bis(trifluoromethyl)benzyl alcohol 38 and aryldichlorobismuthine or bismuth 
chloride [92JA7906]. The use of triaryldichlorobismuth in place of these 
halides leads to pentacoordinated benzoxabismoles (40; lO-Bi-5) 
[88TL3817]. This type of compound undergoes partial halogenolysis with 
sulfuryl chloride and pyridinium bromide perbromide, respectively, to give 
the corresponding halobenzoxabismoles 41a,b [930M1857]. The X-ray struc
ture studies of these pentacoordinated benzoxabismoles show that the bismuth 
centers possess a distorted trigonal bipyramidal geometry. Treatment of chlor-
obenzoxabismoles 41b with organolithium reagent gives the substitution 
product, where the disposition of substituents at the bismuth atom depends 
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on their nature [930M1857]. Thus, when chlorobenzoxabismole 41b (Ar = 
Tol) is allowed to react with 4-CF3C6H4Li, an apical position of the bismuth 
center is occupied by a 4-CF3C6H4 group in the product. On the other hand, the 
reaction of chlorobenzoxabismole 41b (Ar = 4-CF3C6H4) with TolLi directs 
the 4-CF3C6H4 group from the equatorial to the apical position. These trends 
are consistent with the apicophilicity of electronegative substituents. 

Halogenolysis of pentacoordinated benzoxabismoles substituted differently 
by sulfuryl chloride discloses the following reactivity order of the bismuth-
carbon bonds: PhC=C-Bi > Me-Bi > Tol-Bi > 4-CF3C6H4-Bi 
[930M1857]. 

F'.C 

R = 4-CF3C6H4 
PhC=C 

F3C..CF3 

SO2CI2 

F3C.SCF3 

R = 4-CF3C6H4 

SO2CI2 

Ar = 4-CF3C6H4 R = Tol 
Ar - Tol R = Me 

F3C.SCF3 

.aAr 

The structure of a trivalent benzoxabismole 42 bearing the intramolecular 
coordination between the dimethylamino group and the bismuth center has 
been estabhshed by X-ray crystallography [92JA7906, 95JA3922]. The 
bismuth atom has a distorted pseudotrigonal bipyramidal configuration, 
where the apical positions are occupied by the oxygen and nitrogen atoms. 
The equatorial plane is occupied by two carbon atoms and a lone pair of 
electrons. The intramolecular Bi-N distance of 2.63 A is much shorter than 
the sum of the van der Waals radii (ca. 3.74 A), indicating the formation of a 
hypervalent three-center-four-electron bond over the oxygen, bismuth and 
nitrogen atoms, i.e. of a "lO-Bi-4" type compound. The solution studies by 
variable temperature dynamic '^F-NMR spectra have demonstrated that the 



Ch. 4 Heterobismacycles 347 

inversion at the bismuth center takes place via the edge inversion process. The 
intramolecular coordination of the dimethylamino group and the intermole-
cular coordination of nucleophilic solvents, such as DMSO or pyridine, with 
the bismuth atom contribute greatly to the stabilization of the transition state 
of the edge inversion. 

OC""*" 
FsC.^CFs 

MesN 

42 

The structure of a hexacoordinated benzoxabismole 43 (12-Bi-6) bearing 
a similar coordination to the dimethylamino group has been characterized 
[930M3297]. Unlike the analogous lO-Bi-4 benzoxabismole 42, the elec
tronegative oxygen and nitrogen atoms are in cis geometry. The intramo
lecular Bi-N distance is 2.85 A, which is longer than that of 42 (2.63 A). 

FptC 

OC""* 
f̂ 3C^̂ CF3 

A tetracoordinated organobismuth ate complex 44 (lO-Bi-4) has also 
been synthesized. Its structure characterized by X-ray crystallography 
shows that the bismuth atom has a distorted pseudotrigonal bipyramidal 
configuration, where the apical positions are occupied by two oxygen 
atoms [92TL6653]. The equatorial plane is occupied by two carbon 
atoms and a lone pair of electrons. The apical Bi-O bond lengths 
(2.273 and 2.306 A) are remarkably shorter than the sum of the van 
der Waals radii (3.74 A) and approximate to that of the covalent radii 
(2.18 A). 
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FoC 

^ 

3^. CF3 

OLi 
BiCh 

L i ^ 

F3C CF3 

Et4NBr 
Et4N-' 

44 

The reaction of potassium salt of the ate complex with sulfuryl chloride 
affords the pentacoordinated chlorobismuthorane 45 (lO-Bi-5) almost quanti
tatively. 

K^ 
SO2CI2 

Hexacoordinated 12-Bi-6 ate complexes 46 have been prepared in situ by 
the reaction of a pentacoordinated benzoxabismole with alkyllithiums 
[930M3297, 89TL953]. The formation of these complexes is confirmed by 
^^F-NMR spectra. When methyllithium is used, protonolysis of the ate 
complex leads to a methyl-substituted product 47, which is not so stable as 
the corresponding hexacoordinated antimonate complex and gradually 
decomposes at room temperature. In contrast, the reactions with ethyl- and 
butyllithiums do not give rise to the expected pentacoordinated benzoxabis-
moles even when the reaction is quenched at -78°C after 1 h. Instead, the 
tricoordinated benzoxabismoles 48 are obtained. This result suggests that the 
hexacoordinated complexes 46 initially formed are unstable and readily 
undergo reductive elimination to give an unstable tetracoordinated ate 
complex, which affords the corresponding tricoordinated benzoxabismole 
48 by quenching with water. 
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•̂ sC ^CFs 

RLi 
Li-^ 

F.qC .sCFs 

46 

U^ 

F.Q Fr̂ C 

The introduction of two Martin ligands onto the bismuth center enhances 
considerably the stabiUty of hexacoordinated ate complexes [89TL953, 
930M3297]. A thermally stable spirocycHc 12-Bi-6 ate complex 49 is 
obtained and its dynamic behavior in solution has been characterized by 
variable temperature ^^F-NMR spectra. 
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F3C.SCF3 

/ ^Tol 
CI 

F3C CF3 

F3C , 3^ .CF3 

OLi 

49 

Oxabismole derivatives without being stabilized by the Martin Hgand have 
been studied very httle. A few examples include a cyclic bismuth carboxylate 
50 which is obtained by the interaction between pentaphenylbismuth and 
carbon dioxide. Thermolysis of this compound leads to triphenylbismuthine, 
carbon dioxide and benzyne [86ZOB330]. 

Ph.^h/Ph 

PhcBi 
CO2 

O 

PhH 

50 

4.2.2. Oxabismabenzene and related compounds (Table 4.2) 

Oxabismabenzene refers to dihydrobismabenzene whose methylene group 
is replaced with an oxygen atom. Dibenzoxabismabenzene (or phenoxabis-
mine) 51 and related compounds 52 and 53 have been synthesized 
[92JCS(P1)1593]. The reaction of these compounds with benzoyl chloride 
in the presence of Pd(PPh3)4 affords the corresponding chlorobismuthines 
along with 4-methylbenzophenone. When X is SO2, chlorobismuthine 52e 
is obtained as stable crystals under ambient conditions. Although aliphatic 
carbon-bismuth bonds are generally known to be labile, compounds 52b-d 
and 53b-d are highly stabilized. Thus, 10-alkynyl, 10-alkenyl and 10-alkyl 



Ch. 4 Heterobismacycles 351 

derivatives are all obtained in a stable crystalline form. When X is O or CH2, 
the corresponding derivatives are labile under ambient conditions. The X-ray 
structure analysis of 52b suggests that the transannular interaction between the 
bismuth and the sulfonyl oxygen atoms is responsible for the stabilization of 
labile chlorine-bismuth and aliphatic carbon-bismuth bonds in these systems. 

52: X = SO2 
53: X = S 

a: R = Tol 
b:R = 4-CIC6H4C=C 
c: R = Ph2C-CH 
d: R = Me 

CH2CI2 ^^^i-^^Bi 
I 
CI 

Bi " ^ ^ ^ Bi 
I I 

Tol R 
e: R = CI 

51 

When a pentavalent bismuth dichloride 54 is refluxed in dichloromethane, 
reductive elimination takes place smoothly to give chlorobismuthine (52e) 
quantitatively together with 4-chlorotoluene. This process is considered to 
be facilitated by the transannular effect. 

cri ̂ ci 
To! 

54 52e 

4.2.3. Azabismocins (Table 4.2) 

This class of compound is of interest from the viewpoint of the transannular 
Bi-N interaction. The reaction of bis(2-lithiobenzyl)methylamine with 
bismuth chloride affords 12-chlorodibenzo[c/|[l,5]azabismocin 55 (X = CI) 
[89TL4841]. The presence of a 1,5-transannular Bi-N interaction is demon
strated spectroscopically; ^^C-NMR spectra show that the chemical shift of the 
N-Me carbon atom moves downfield as the electronegativity of X increases. 
Non-fused 5-halo-l,5-azabismocin 56 and 5-bromo-l,5-thiabismocin 57 are 
synthesized similarly from bismuth chloride and the corresponding di-
Grignard reagent [94POL365]. 
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lyie 

X 
55 

X = F, CI, 1. Me, Ph 

y ^ N ^ / ^ S " 

X X 
56 57 

R = Me, PhCH2 
X = CI, Br, 1 

4.2.4. Miscellaneous bismuth-containing heterocycles (Table 4.2) 

This section summarizes miscellaneous heterobismacycles which contain 
more than two hetero atoms in one ring system. Most of such compounds are 
heterobismacycles whose bismuth atom is chelated by two chalcogen atoms. 

4.2.4.1. Heterobismacycles containing a chalcogen-bismuth-chalcogen bond 
in the ring system 

Triphenylbismuthine undergoes cleavage of the bismuth-carbon bond by 
protonolysis with dicarboxylic acid to give a cyclic bismuth dicarboxylate and 
benzene [80ZN(B)1000, 81ZN(B)70] (Sections 2.2.3.1 and 2.2.3.2.2). 

(g) Acidolysis route (Method G) 

Synthesis of phenylbismuth oxalate 

(C02H)2 ^V-O^ 
PhaBI «- T BhPh + PhH 

Me2C0 o^O' ' 

To a solution of oxalic acid (0.61 g, 6.8 mmol) in acetone (50 ml) was added a solution of 
triphenylbismuthine (3 g, 6.8 mmol) in the same solvent (150 ml). After refluxing at 60°C for 2 
h, the product deposited as a colorless solid. It was washed repeatedly with acetone and dried 
(m.p. > 300°C, decomp.) [80ZN(B)1000]. 

Dibromomethylbismuthine reacts with lithium salt of 1,2-benzenediselenol 
to give the corresponding diselenabismacycle 58 [87POL1593] (Section 
2.2.3.2.4). 

^ / ^ : ^ S e L i MeBiBr2 f f ^ ^ ^ ^ 
Bi-Me 

SeLi "=^2^ ^-^ Se ^ ^ ^ c ^ P l i Et^O ^ ^ ^ / 

58 



Ch. 4 Heterobismacycles 353 

Dialkoxybismuthines undergo alcoholysis with 1,2-diols or 1,2-dithiols in 
ethanol to give the corresponding heterobismacycles [76ZAAC(423)40, 
76ZAAC(423)47, 85JOM(290)133] (Sections 2.2.3.1 and 2.2.3.2.3). 

(h) Alcoholysis route (Method H) 

Synthesis of phenylbismuth ethanedithiolate 

(CHpSH)p r^S^ 
PhBi(0Et)2 - — — = — 1 ^ I Bi-Ph + 2 EtOH 

EtOH ^ s ' 

To a suspension of diethoxyphenylbismuthine, prepared from dibromophenylbismuthine (4.46 
g, 10 mmol) and sodium ethoxide (20 mmol) in absolute ethanol, was added drop wise at - 3 0 to 
-40°C a solution of 1,2-ethanedithiol (10 mmol) in the same solvent. The temperature was 
gradually raised to 0°C and the resulting yellow precipitate was filtered and dried under 
vacuum. The crude product was purified by recrystallization from 1,2-ethanedithiol (3.13 g, 
83%) [76ZAAC(423)47]. 

Bismuth chloride undergoes alcoholysis with dithiols in chloroform or 
benzene to give the corresponding chlorodithiabismacycles 59 and 60 
[74ZAAC(407)35, 74ZAAC(406)74]. Similar alcoholysis in aqueous media 
has also been reported. In concentrated hydrochloric or hydrobromic acids, 
bismuth chloride, bismuth oxycarbonate and bismuth oxychloride all undergo 
alcoholysis with 1,2-ethanedithiol to afiford the corresponding halodithiabis-
macycles [68JCS(A)2587, 96JA3225] (Section 2.2.4.4). 

The reaction of Bi(0Ac)3 with catechols in acetic acid gives bismuth cate-
cholate 61 in good yield [90HAC233]. These compounds are insoluble in 
common organic solvents including DMSO and DMF; their ^H-NMR spectra 
are measured in CF3CO2H. The IR spectrum of 61a show absorption bands at 
1480 and 1250 cm~\ suggesting the bidentate coordination of the catechol 
ligand. In addition, the absorption due to the C=^0 bond appears at 1570 and 
1448 cm"^ suggesting that the bidentate acetate ligand forms a polymeric 
structure. The mass spectrum of this compound exhibits characteristic peaks 
due to M^, [M-OAc] ̂  and [M-catecholate] ̂  fragments. The spectral features 
of 61b and 61c are very similar; the IR spectra show peaks at 1485 i^(CO), 
1258 and 550 cm"^ v(Bi-0) for the former compound, and 1410 i^(CO), 1242 
and 582 cm'^ z^(Bi-O) for the latter [90HAC233]. 

Bismuth carbonate reacts with pyrocatechol in boiling aqueous sodium 
carbonate to give an ate complex (62; M = Na) [25CB891]. The use of pyri-
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dine, ammonia or potassium carbonate in place of sodium carbonate produces 
the corresponding ate complex. 

BiClq 

0(C2H4SH)2 

CHCIaorPhH 

(CH2SH)2 

HCIaq Bi 
1 
CI 
60 

3i-0R^ M"" 

c°^ 
1 

CI 
59 

laKx î Q 

61 a;R^ = R2=H, R^ = COMe 

b;R^ = feu, R 2 = R ^ = H 

c;R^ = R2 = ^BU, R^ = H 

62 

A variety of five-membered heterobisma ring systems as shown below have 
been patented. However, no detailed evidence is given for the products and, 
therefore, their chemical identities remain to be confirmed [54BRP712828, 
54BRP716647]. 

£ BiH BiH BiH Bi-R 

4.2.4.2. Heterobismacycles with no carbon atom ring (Table 4.2) 
Tokitoh et al. have obtained a triselenatribismane 63 from lithium selenide 

and an aryldichlorobismuthine bearing a bulky 2,4,6-tris[bis(trimethylsilyl)-
methyl]phenyl (Tbt) group. Compound 63 can be converted into a stable 
dibismuthene 64, which is the first compound containing the bismuth-bismuth 
double bond [97SCI(277)78] (Section 2.2.2.4). Dibismuthene 64 slowly reacts 
with molecular oxygen in the solid state to give 1,3,2,4-dioxadibismuthene 
derivative 65. A similar phenomenon is also observed in the case of antimony 
[98JA433]. 
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TbtBiCl2 
Li2Se 

THF ' 

MesSi 

Tbt = 

MesSi 

Se 

Tbt-Bi 

Se -B i 

/™ 
-Bi 

Se 

\ 
Tbt 

63 

SiMes 

= \ ,SiMe3 

SiMes 

SiMe3 

3 (Me2N)3P Tbt^ 

-3 (Me2N)3P=S 

MePh 

Bi=Bi 
Tbt 

64 

02 

A 
T b t - B i ^ Bi-Tbt 

O 

65 

A series of bis(amino)pnictogen chlorides 66 have been synthesized 
[88ZAAC(557)7, 78ZN(B)1, 78ZN(B)7]. They react with Lewis acids such 
as AICI3, GaCls and InCls to form the corresponding adducts 67, bearing a 
formally divalent pnictogen atom through the transfer of chloride anion to the 
Lewis acid [88ZAAC(559)73]. 

feu 
N 

Me2Si Pn-CI 

feu 

Pn = P, As, Sb, Bi 

MCI3 

feu 
N 

Me2Si Pn"̂  MCI4 

^Bu 

67 
M = AI, Ga, In 

The loss of an electron at a pnictogen atom may be compensated by two 
different bonding mechanisms. In the case of a phosphorus derivative 
(Pn = P; M = Al), the electronic balance is accomplished by intramolecular 
backbonding from the neighboring nitrogen atoms. On the other hand, the 
antimony and bismuth derivatives (Pn = Sb, Bi; M = Al) involve the inter-
molecular coordination of a chlorine atom of the AICI4 anion with the unsa
turated pnictogen atom. 

Some bridgehead bismuth compounds containing the germanium or silicon 
atoms as three-dimensional bridgehead components are also known 
[80JOM(200)243, 910M812]. 

(C6F5)2Ge^Ge^Ge(C6F5)2 
RSi-

R 

RSi-
.Si— 
_B_< 

:;SiR 

R = ^Hex 
Si-Si = Si-O-Si 
Si-Bi = Si-O-Bi 



356 
B

ism
uth-containing heterocycles 

Ch. 4
 

w
 

h
J
 

PQ
 

< H 

X
i
 

^
 

<u
 

(U
 

X
 

o
 

O
H 

a 

vo 
in

 
in

 
vo

 csj vo
 

(N
 

O
 

0
0
 

0
0
 

O
 

(N
 

O
 

(N
 

ON
 

'—
' 

'—
I O

N
 O

N
 

O
N

 
O

N
 

r- 
'5

 
"5

 
i>

 
m

 
r̂

 
m

 

<
is

<
<

<
< 

(N
 

m
 

e
n
 

<N
 

lo
 

C
si 

lo
 

O
^ 

0
\ 

0
\ 

0
\ 

O
S
 
0
\ 

O
s 

O
 

<N
 

<N
 

0
0
 

0
0
 

(N
 

ON 
O

N
 

O
N

 r—
( 

1—
I 

r- 
m

 
e

n
 

"
5
 

'^ 

<N
 

O
N
 

m
 
<
 

•n
 

O
N
 

rM
 

( ) 
< X

 
w

^ 
O
N
 

<N
 

( ) 
< X

 
•o
 

O
N
 

(N
 

< X
 

•o
 

O
N
 

o
 

O
N 

r̂
 

< •—> 
CNI 
O
N 

<N
 

O
N
 

m
 

< 1
—
> 
»o
 

O
N
 

(N
 

O
N
 

(T)
 

<
 

i
n
 

O
N
 

(N
 

O
N
 

C
O
 

< 
i
n
 

O
N
 

<N
 

O
N
 

<n
 

< •-> 
i
n
 

O
N
 

«N
 

O
N
 

C
O
 

< 
i
n
 

O
N
 

X
 

X
 

X
 

e
^' 

p
ti' 

c
^ 

S
 ^

 ^
 

^ ^
 ^

 
P

H 
P

H 
ti 

X
 

P
H 

PU
 

I 
I 

I 
I 

X
P

C
D

C
S

P
C

P
C

X
X

 
-̂
 X-̂

 
X

 
X

 
X

X
X

 

a-o
 

o
 
-̂
 

o
 
•n
 

•—'
 1
 

O
,
 

E
 

o
 

T
S
 

—̂'
 

O
N
 

N
O
 

<
N
 

r-

,
 ̂
 

<
N
 

Q
.
 

e o 
•n
 

^-^ 
O
N
 
N
O
 

N
O
 
0
0
 

(N
 
—
 

r̂
 
i
n
 

\D
 

O
O
 

(N
 —
'
 

N
O
 

0
0
 

i
n
 

O
O
 

8
8

3 
m
 
c<̂
 
r̂
 

o
 
o
 o
 

r<) 
e
n
 m

 
A
A
A 

in
 
i
n
 i
n
 
i
n
 

r4
 
r
a
 (
N
 e
n
 
m
 

(N
 
<
N
 r
a
 <
N
 
<
N
 

•
 
I
 
I
I
I
 

.
 
m
 
m
 
T
t
 
T
t
 

<N
 
r
4
 r
a
 m
 
C
O
 

ra
 
e
N
 (
N
 (
N
 
C
N
)
 

I 
_
L
 I
 
I
 

I
 

"̂
 

-̂
 -
^
 e
n
 

i
n
 

en 
(̂

 (ON 
r
^
 

O
N
 

I 
(
N
 
I
 

^
 
^
 
^
 

^
 

CQ 
Q
Q
 P
Q
 Q
Q
 P
Q
 P
3
 
O
Q
 

P
Q

P
Q

P
Q

P
Q

P
Q

P
Q

P
Q

P
Q

 
P

Q
P

Q
 

P
Q

P
Q

P
3 

p
Q

 
P

Q
 

p
Q

 

PQ
 O

 

X
 

X
 

u o u o 

<u
 

s II 

X
 II 

"pfi 

9 
i^

' 
§u.u 
II J' J

' 

x^ 
^ 

^
 
^

 
Ti^i 

u
 

o ^
 

X
 

u
 

p^ 
p^ p^ 

P
Ji 

U
 

cT
, 

^' 

S 
II 

%
 

II 
Z

 
II 

O
 

II 
II 

II 

eP^ 
B
p
^
S
p
^
S
C
^
S
f
^
C
^
f
f
i
P
^
P
 

II 
II
 
II

 II II II
 
II
 II

 II
 II II 

II
 

"p^ "pi 
"p^ "pi Tii "p^'pij "p^'p^ 

"p^'p^ "pi'pi "p^ 



Ch. 
4 

H
eterob

ism
acycles 

357 

1
—

1
 

1"^ 

oo 
en 

H oo 
oo 

r- 
r-

»n 
a

\ 
00 

C
N

 
r-H 

C
O

 

^ 
S

 
o
 

o
 

en 
<

n
 

ON 
O

N
 

f~
i 

l~~ 

(X) 

H oo 
oo 

r- 
r-

in 
in

 
00 

0
0
 

s s
 

o
 

o
 

en 
m

 
0\ 

O
N

 

t—
1 

l> 

00 
en 

H 00 
00 

r- 
r--

»0 
O

N
 

00 
(N

 
^H 

c
n
 

S
 S

 
o
 

o
 

cn 
m

 
ON 

O
N

 

1
—

1
 

l-^ 

00 
cn 

H oo 
00 

r̂
 

in 
00 

s o
 

cn 
ON 

i 
» 

in
 

in
 

SS 22 22 
2 ^ S

 
H 

O
 O

 
00 

cn
 

cn
 

00 
O

N
 

O
N

 

C<) 
IT") 
ON 

ON 
00 

r- 
r-

ON 
in

 
<N 

0
0
 

cn 
^H

 

S
 S

 
o
 

o
 

cn 
c

n
 

ON 
O

N
 

l-^ 

00 
C<i 

H 00 
00 

r-in 
00 

s o
 

cn 
ON 

P
^

 
^

 

^^ 

cci 
X i 

X 0̂"̂
 

P
^

 P
^

 

s ^
 g

 
:zi 

^ 
S

 
^ 

^ 
ji 

ffi ffi 
ffi ffi ffi ffi 

jr 
j

r 
I 

I 
i^i^ 

I 
ffi ffi ffi 

ON O
N

 

o 
o

 

o 
o

 

o 
o

 
ca 

<N
 

1 
1
 

ON 
O

N
 

ON 
O

N
 

cn 
MD 1 
>o 

ON 
O

N
 

00 
0

0
 

\C) 
N

O
 

00 
0

0
 

o 9
. 

^
 

^ 
in

 
, 

^ 
^ 

r̂
 

<N 1 
in 
<N 

in 
00 

,J<
 

00 

<N 

^ 1 

^ 

rs| 

^ 1 

^ 

I 
I 

I 
r-H 

(N
 

C
S

 
NO 

0
0 0

0 

ON 

A 
A

& 
ON 

A 

PQ 
PQ

 
PQ

 

o II ^ 

PQ 
PQ

 

ffi 

tin 

4
 111 

Pi 

PQ 

X I) 4
 II p^ 

PQ 

o 
H II 
P< II 

PQ 

U II 
P̂

 
X

 

PQ 
PQ

 
PQ

 

u u
 

^ II 

^ 
u

 
II 

II 
P̂

 
X

 

PQ 

^ 
^' 

PQ 
PQ

 
PQ

 

G
 

,S
 

PQ 
PQ

 
PQ

 
PQ

 
PQ

 

Pi 

X 
O

E2 
^ 

^ 
X

 
^

«
 

J' 
J' 

3
'&

3
 

3
«

:
J

'U
I

I
«

 
p

^
^

P
i

^
H

^
H

Q
H

U
P

^
g

X
^ 

II 
I,
 II
 ,1
 II
 II
 II
 „

 
II g

 
II 
II
 II
 
II
 

'p^X'piX'p^'pi'p^X'p^^'p^X'p^'p^ 

'o f
f
i
 

II 
^

 

p̂
 
X
 



358 
B

ism
uth-containing heterocycles 

C
h. 4 

O
 

o
 

o
 

r-^ 
0\ 

0\ 
fT̂

 
(N

 
(N

 
^ 

m
 

C
O

 

3 s s 
H

 
O

 
O

 
O

N 
m

 
c<

^ 
0

0 
O

N
 

O
N

 

I
—

^ 
I

—
^ 

I
—

1 
"

^ 

m
 

m
 

m
 

•^ 
U

-) 
\r) 

u~i 
<:2;^ 

v
o 

^ 
^ 

W
 

^ 
v

o 
V

O
 

>
rr 

J 
H

J 
H

J 
><

 

b^ 
\^ b^ < 

(N
 

0
4 

?N
 

C
O

 
r<-) 

H
 

H
 

CsJ 
<

N
 

o\ 
o^ o\ 

O
S 

o\ 
<y\ 

IT
 

O
 

C
O

 
I—

^ 
O

N
 

lO
 

C
O

 
(N

l 

vo 
in 

^ 
O

N
 

H
 

H
 

<
N

 
O

N
 

O
N

 
0

0 
O

N
 

i 

0^ 

X
 

pi, 

D̂
 

a
: 

0^ 

S
 S

 S
 

^ z z 
tU

 
PL, 

tU
 

0^ 

pi-

0^ C
i^ 

X
 

X
 

X
 

K
 

X
 

4 

?
S

 

^ 
T

t 
—

 
m

 
C

O
 

T
t 

C
N

I 
(N

 
r^i 

I 
I 

I 
<

N
 

(N
 

O
N

 
C

O
 

C
O

 
C

O
 

C
sl 

C
N

 
<

N
 

(N
 1 

O
 

O
 

C
O

 

5 C
O

 

o o 

CO
 

C
O

 
C

O
 

PQ 
fQ

 PQ 
PQ 

PQ 
PQ

 
PQ 

PQ 
P

Q
 

X
 

u
 

4 
U

 
4 

U
 

r, X
 

<
-' 

^ 
X

 
^

' 
X

 
rf 

X
 

U
-' rf 

PU' 
U

 
Si-, U

 
U

 
S

i. U
 

, 
Z

 
tJu ;z: 

, X
 

^ 
X

 
"T? 

r. rj 
'̂

1 --; O
 

rj 
O

 
0

(
U

T
a

>
0

(
u

V
(

U
 

J 
1^ W

 

s ^ s 
^ s 

fc 
• 

P
H • 

P
H • 

^
^ 

^
' 

u
 u

 u
 

!̂
 ^ 

r-^ 
O

 

O
:: P̂

 
p

i^
X

f
t

J
X

f
t

iX
p

iiX
 

O
iiP

i^P
i^ 

O
^P

ii 
0<

 O
ii 

s PQ 



Ch. 
4 

H
eterobism

acycles 
359 

^ 
9^. ^ 

<?', ^ 
9) 

^
^ 

O
S 

^ 

(N
 

in 
(N

 
»

n 
<N

 
»o 

PQ
 

VD
 

' ^ 
PQ

 

^ 
(N

 
lO

 
^ 

0
^

0
^

0
^

d
^

O
^

O
^

C
7

^
0

^
O

^
O

^ 

H
 

O
 

O
N

 
CO

 

r- 
r- 

r-
1—

1 
O

N
 

O
N

 
O

N
 

f^ 
(N

 <N
 

<N
 

^ 
en CO e

n 

2 S
 S

 S
 

H
 

O
 

O
 

O
 

(^ 
P̂

 
0^ 

fi^ 

S
 S

 ^ S
 

^ ^ ^ 
^ 

U^ U^ U^ di 
X 

X
 

X
 X

 

^ ^ 

>^ - 
-

^^^ 
X

, 
X 

X
 

CLI 
O

H
 

o 
o 

o 
o 

o 
o 

o 
o 

<u 
a> 

(D
 

0) 

3 3 3 
3 

Cs| 
^H

 
CN

 
C

sl 
o

o 
0

0 
o 

o 
(N

 
CNI ra 

cN
 

^ 
^ 

ra 
(N

 
<N

 (N
 

• 
• 

• 
I 

I 
I 

_ 
_ 

o 
r- 

r--
o 

o 
cN

 ra 
(N

 
(N

 
r-H

 
^ 

ra 
<N

 
(N

 
CM

 

I5
S 

O
 

O
 

(N
 

O
 

O
 

P
Q

P
Q

P
Q

P
Q

P
Q

P
Q

P
Q

P
Q

P
Q

P
Q

 
P

Q
P

Q
 

PQ 
P

3 PQ 
PQ

 

X 
O

 
X

 
i 

^ 
\i: 

S
 

u
 

u
 

S
 

S
 

W
 PQ

 

P̂
 

Pf̂ 
P̂

 
p:̂

 
P̂

 
P̂

 

0
^

i=
 

o 



360 
B

ism
uth-containing heterocycles 

C
h. 4 

O
N

 
«rH

 

H
 O

 
O

N
 

C
<-1 

O
O

 
O

N
 

PQ
 

o
 

so 

m
 

O
N

 
U

"̂
 

; ^ 
eu

 
C

/2 

u
 

<
N

 
O

S
 

rn
 

O
N

 
ir-i 

^^ 
CU

 
c/5 
U

 
•—> 
(N

 
O

N
 

m
 

O
N

 
»o

 

;,-̂
 

O
H

 

C/5 

•—> 
<

N
 

O
N

 

m
 

O
N

 
in

 

; ^ 
P

u
 

C
/5 

(N
 

O
N

 

rn
 

O
N

 
•O

 

; ^ 
C

IH
 

C/3 

<N
 

O
N

 

m
 

O
N

 
in

 

>̂
 

eu
 

C
/5 

(N
 

O
N

 

m
 

O
N

 
U

") 

>̂
 

CLH
 

C/5 

rsj 
O

N
 8 ' ' 

o
 o
 8 

s s s 
^ o

 
(N

 y
y 

o
 

o
 

C
M

 

O
 

o
 

(N
 

O
 

O
 

S
 

y o
 

o
 

C
sl 

on 
U

 

z. z, 

C
/5 

^ 

K
 

>< 
X

 
>< 

C/5 
C/5 

C/5 
C/5 

00 
^ 

S
 

> 

S
 

S
 ^ 

:̂
 ^ 

^̂
 ^. 

ID
 

C
ii 

P
l{ 

D
<i C

^ 
O

C
 O

C
 "^ 

"^ 
(^ 

P
j{ 

C
X

^
 

Q
C

 d
 

d
 

^ 
r\ 

r\ 
2 

^ 

3C
 

3
H

 
K

 
H

M
 

H
H

 
S

 
H

M
 

H
H

 
|—

N
 

P
H

 

00 

a. 

«
n

m
o

o
m

s
o

r
^

(
N

 
<

N
o

o
o

o
rJ

(^
O

rs
J

o
o 

r
a

o
r

^
o

o
o

N
f

O
T

t
o

o 

> 
^ 

r^
N

O
c

M
c

N
N

O
v

o
m

o 
c

^
Jo

o
o

N
O

N
o

o
N

o
r^

tn 

u
 S

 ^ £ 

o
 o

 
u

 u
 

o
 o

 
(U

 
<U

 

o
 o

 

^ 4 

^ s
y 

fiiP
iJ

ftiO
^

D
^

q
iiD

s
ip

s
iO

iiP
ii 

P̂
 

O
 

P
Q

C
Q

Q
Q

Q
Q

P
Q

P
Q

P
Q

p
Q

p
q

p
Q

 
P3 

o a. 

'5" 



C
h. 4 

H
eterobism

acycles 
361

 

m
 

m
 

en
 

en
 CO

 
C

N
 

G
N 

^
 

O
N 

^ 
»o

 
m

 
«o

 
»o

 »o
 

P
H

 
O

H
 

O
H

 
P

H 
P^ 

C
n

 
0

0 
C

/5 
O

O
 

C
/5 

U
 

U
 

U
 

U
 

U
 

•—
S

 
H

-, 
t-» 

K
-, 

H
-j 

(N
 

(N
 

(N
 

(N
 

<
N

 
O

N
 

O
N

 
G

N
 

O
N 

0
\ 

C
O

 
O

N
 

m
 

B
 

^ U 1—
» 

<
N

 
O

N
 

C
O

 
C

O
 

O
N

 
O

N
 

in
 

in
 

^ 
^ 

^ 
^ 

V
 

U
 

H
^ 

H
n

 
<

N
 

<
N

 
O

N
 

O
N

 

'sf
 

'vj- 
'sf

 
'vf

 
r
f
 

'-H
 

T—( 

O
O
 
O
O
 
O
O
 
0
0
 
0
0
 
V
O
 
V
O
 

^
 

^
 

^
 

^
 

^
 

0
0
 
O
O
 

^
 

^
 

J
 

l-J
 
l-l

 
h
J
 
h
J
 

^ ^ pi p
 p

 D
 u

 
O
N
 
O
N
 
O
N 

Cy\
 O
N
 
iO\ 

O
N
 

0
0
 
O
O
 
0
0
 
0
0
 
0
0
 
O
N
 
O
N
 

xr^ 
^n m

 
xn 

xT
i 

^ S S S S 
^ g g g ê
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Chapter 5 

Bismuth Compounds in Organic Transformations 

5.1. INTRODUCTION 

The first report of organic transformation using bismuth compounds was 
made by Challenger in 1934 and involved the oxidation of alcohols to the 
corresponding carbonyl compounds with bismuth(V) compounds [34JCS405]. 
About two decades later, sodium bismuthate and bismuth oxide were reported 
by Rigby to be effective as a mild oxidant for alcohols [49NAT(164)185, 
51JCS793]. During the following two decades, however, bismuth compounds 
were mainly studied from the promoter for organic reactions. In the 1960s, 
bismuth molybdate phases were used for the effective transformation of 
propylene to acrolein and acrylonitrile [59USP2904580, 62USP3044966], 
where bismuth was one of the key components of the solid phase catalysts 
for propane and propylene oxidations. Intensive studies have been made by 
Barton's and Dodonov's groups on pentavalent organobismuth compounds as 
oxidant and/or arylating agent during the period from the late 1970s to the 
1980s. In the mid 1980s, Wada et al. reported the bismuth-based Barbier type 
allylation and aldol reaction [85TL4211, 88TL4719]. The chemistry of 
bismuthonium salts and ylides started in the late 1980s. Recently, many 
bismuth compounds have been gaining increasing attention as catalysts as 
well as reaction mediators. Typically, bismuth mandelate and triflate are 
effective as catalysts for molecular oxygenation and Friedel-Crafts acylation, 
respectively [93TL2601, 94JOM(482)119, 95T4991, 97TL8871]. Most of the 
bismuth compounds commercially available are not expensive, are easy to 
handle and non-toxic. 

There are a number of review articles which deal with the topics of this 
chapter. Many of these reviews are devoted to organic transformations based 
on bismuth compounds in general [89YGK425, 96F1501, 97S249] or specific 
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topics such as bismuthonium salts and ylides [96BCJ2673], oxidation with 
bismuth compounds [86B-K, 96CCR(155)127], oxidation with bismuth-
containing heterogeneous phases [89CRS43, 94AIC233, 96AC(A)( 145)1], 
arylation and oxidation with organobismuth compounds [87PAC937, 
88T3039, 89CRV1487, 90B-B, 93IZV2043(93RCB1955)], and Friedel-
Crafts acylation with bismuth(III) salts [96ICL15]. Progress in organobismuth 
chemistry has been reviewed periodically in the journal J. Organomet. Chem. 
Gmelin's Handbuch der Anorganischen Chemie, volume 47 provides a 
comprehensive compilation of the preparation and properties of known orga
nobismuth compounds throughout 1977. Houben-Weyl Methoden der Orga-
nischen Chemie, Vol XIII, Part S, which is mainly concerned with the 
preparation and reactions of organobismuth compounds, does so for 1978. 
Comprehensive Organometallic Chemistry and Encyclopedia of Inorganic 
Chemistry provide concise surveys on organic and inorganic bismuth chem
istry [95COMC( 11)502, 95COMC(2)321, 94EIC(1)292, 94EIC(1)280]. 

The present chapter deals with a variety of organic transformations based on 
the use of metallic bismuth, inorganic bismuth salts, bismuth-added inorganic 
oxides and salts, and trivalent/pentavalent organobismuth compounds. The 
reactions are classified according to their reaction types and are presented in 
the order of oxidation, reduction, carbon-carbon bond forming reactions, and 
carbon-heteroatom bond forming reactions. 

5.2. OXIDATION 

5.2.7. Metal bismuthates 

5.2.1.1. Sodium bismuthate 
Sodium bismuthate NaBiO^ is a stable solid compound of rather ill-defined 

composition, which is commercially available as a yellow to light brown 
powder and normally used without purification. The commercial product is 
suggested to be a mixture of dibismuth pentaoxide, sodium carbonate and 
sodium peroxide. Hence, commercial samples are often variable in appear
ance and reactivity. 

Sodium bismuthate is usually employed as a suspension in the aqueous 
media or organic solvents acidified with acetic or phosphoric acid. It cleaves 
1,2-glycols or related alcohols to the corresponding carbonyl compounds. 
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Phenols and olefins are oxidized to polyphenylene oxides and vic-diol deri
vatives, respectively. 

(a) Oxidative cleavage of 1,2-diols and related compounds Sodium bis-
muthate was first reported by Rigby in 1949 as a selective and mild agent for 
the oxidative cleavage of 1,2-glycols to carbonyl compounds 
[49NAT(164)185]. Its behavior resembles that of periodic acid and lead 
tetraacetate; a-hydroxylated aldehydes, ketones and carboxylic acids are 
converted to a pair of corresponding carbonyl-containing compounds, as 
shown in Scheme 5.1. The resulting aldehydes are not further oxidized with 
sodium bismuthate. Like lead tetraacetate, but unlike periodic acid, sodium 
bismuthate rapidly cleaves a-hydroxycarboxylic acids and some a-
hydroxyketones. 

The reaction can be carried out in the presence of acetic or phosphoric acid 
at room temperature. Alcohols such as methanol and ethanol can be employed 
as the reaction media, since they are oxidized quite slowly with sodium 
bismuthate. Anhydrous conditions, as required in the use of lead tetraacetate, 
are not necessary for sodium bismuthate [50JCS(C)1907, 66RPA185, 
67AP(300)520, 70AP(303)233]. 

The mechanism of 1,2-cleavage of glycols with sodium bismuthate is 
generally considered to be similar to that with lead tetraacetate and periodic 
acid [40CB563], although there is still some controversy [50JCS(C)1907]. A 
cyclic bismuthate diester is postulated as a plausible intermediate, though the 
rates of oxidation observed are not so different between cis- and trans-1,2-
cyclohexanediols. 

B ^ : 
NaBiOa FO fl^ 

, . R >=0 + 0 = < , 
R2R3 R2 R" 

"? 9 - NaBiOg Ri 
R H - ^ - R ^ • > = 0 + R3C02H 

R2 R' 

„4JU ^ 2 5 ^ ^o , 
R2 R2 

CO2 

Scheme 5.1. General mode of oxidative cleavage with sodium bismuthate. 



374 Bismuth compounds in organic transformations Ch. 5 

+ HCHO 

+ HCHO 

+ HCHO 

Scheme 5.2. Selective oxidative cleavage of corticosteroid side chains with sodium bismuthate 
[53BJ371]. 

The C-C bond cleavage with sodium bismuthate has been appHed success
fully to the conversion of cyclic v/c-diols to dialdehydes [53HCA268] and 
selective oxidative cleavage of the corticosteroid side chain, as illustrated in 
Scheme 5.2 [53BJ371]. Although the periodate oxidation is used widely for the 
structure characterization of corticosteroids (cf. [43VH345]), sodium 
bismuthate possesses the following advantages over sodium periodate. (i) 
Sodium bismuthate converts corticosteroids bearing a dihydroxyacetone side 
chain to 17-ketosteroids, which are relatively easy to characterize and assay, 
whereas the periodate degrades them to a-hydroxy acids, (ii) The insolubility 
of sodium bismuthate in organic solvents offers technical advantages by permit
ting the use of a large excess of the reagent as well as simple removal of its 
surplus, (iii) Sodium bismuthate allows direct oxidation of urinary corticoster
oids to 17-ketosteroids [52NAT( 170) 1074, 55A397, 57JA1130]. 

The reactivity of four oxidizing reagents, sodium bismuthate, sodium peri
odate, manganese dioxide and lead tetraacetate, has been compared in the 
oxidative cleavage of unsaturated alicyclic a-ketols to a>-oxo-a,j8-unsatu-
rated acids [93JOC2196]. Sodium bismuthate cleaved saturated a-ketols but 
not unsaturated ones (Scheme 5.3). 
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a: ,0 

OH 

Oxidation 

NaBiOa 

aqf-AcOH, 25 °C, 12 h 
^>r^ 

n 
0 

0 

72% 

Scheme 5.3. Oxidative cleavage of 2-hydroxycyclohexanone with sodium bismuthate 
[93JOC2196]. 

Oxidative cleavage of alicyclic a-ketols with sodium bismuthate: typical procedure 
To a solution of 2-hydroxycyclohexanone (114 mg, 1 mmol) in 50% aqueous acetic acid (10 
ml) was added sodium bismuthate (308 mg, 1.1 mmol). The mixture was stirred at 25°C for 12 
h, diluted with ethyl acetate, washed successively with 10% NaHSOs, water and brine, and 
dried over anhydrous MgS04. The solvent was removed and the residue was chromatographed 
on silica gel using ethyl acetate-hexane (1:1) as the eluent to afford 6-oxohexanoic acid (93 mg, 
72%) [93JOC2196]. 

(b) Oxidation of phenols In the oxidation of phenols with sodium 
bismuthate, the resulting products dififer considerably depending on the 
solvent used. In non-polar solvents such as benzene and cyclohexane, 
preferential one-electron oxidation occurs to give the radical coupling 
product, polyphenylene oxides, as illustrated in Scheme 5.4 [76JOC1646]. 
Under polar conditions using acetic acid as the solvent, however, two-
electron oxidation is favored to yield quinones and quinols as the major 
products. Representative results are summarized in Table 5.1 [65JCS2904, 
71JCS(C)1750, 74ACS(B)883, 74ACS(B)888, 75JOC1515, 76JOC1646]. 
Monoalkyl ethers of catechol and hydroquinone often undergo dealkylation 
during the oxidation [68JCS(C)2770]. The oxidation of phenols with periodate 
[74ACS(B)883, 74ACS(B)888] and lead tetraacetate [68JCS(C)2770] also 
gives products similar to those from the sodium bismuthate oxidation. 

'J^^ HC^^O^A, 
benzene 

R = Me, R' = H 
R = Me, R' = Me 70-80% 
R = OMe, R' = H 

Scheme 5.4. Oxidation of substituted phenols with sodium bismuthate [75JOC1515]. 



376 Bismuth compounds in organic transformations Ch. 5 

TABLE 5.1 
Oxidation of substituted phenols with sodium bismuthate 

HO o^«' 
NaBiOa 

AcOH oragf-AcOH 
Product(s) 

Substrate Product(s) and yield(s) (%) 

R̂  = Me. R̂  = Me, R̂  = H 
[76JOC1646] 

^̂  = Me, R̂  = Me. R̂  = CHgOH 
[74ACS(B)888] 

R̂  = Br. R2 = teu, R̂  = OMe 
[68JCS(C)2770] 

0 Ho-H^ y 

/ 

\ 

°=Cr° 
teu 55 

^ C H O 

29 

R^= teu, R2 = OMe. R̂  = Br 
[68JCS(C)2770] 

'Bu 

MeO OAc ^^ 

R̂  = Br, R2 = OMe. R̂  = teu 
[68JCS(C)2770] 

Br 

MeO OAc 44 
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O - H * H 

R = Me or H 

benzene 

50-87% 

Scheme 5.5. Oxidative depolymerization of poly-l,4-phenylene oxides with sodium 
bismuthate [73CC562]. 

Oxidation of substituted phenols with sodium bismuthate: typical procedure 
To a solution of 2,6-xylenol (4.1 g, 0.033 mol) in benzene (100 ml) was added sodium 
bismuthate (33.0 g, 0.118 mol) and the resulting mixture was refluxed for 2 h with stirring. 
After cooling to room temperature, the mixture was filtered and the solid residue was washed 
with benzene (150 ml). The combined benzene solutions were washed with 5% NaOH, dried, 
and concentrated to afford a crude polymer which was dissolved in chloroform and diluted with 
methanol (200 ml) to precipitate poly-l,4-phenylene oxide in 74% yield. From the mother 
liquor, a tail-to-tail couphng product 3,3^5,5^-tetramethyldiphenoquinone was obtained in 
12% yield [75.rOC1515]. 

Sodium bismuthate can depolymerize poly-l,4-phenylene oxides in 
benzene in the presence of substituted aniUne to give the corresponding 
anils in good yield (Scheme 5.5) [73CC562]. 

(c) Oxidation of olefins The oxidation of olefins with sodium bismuthate 
occurs in acetic acid to give vic-diol monoacetates in moderate to low yield 
[80JOC726]. The results are summarized in Table 5.2. The yields are highest 
when a tertiary carbon is present in olefinic substrates, namely, trisubstituted 
or geminally disubstituted olefins (entries 1-5). Monosubstituted and vicinally 
disubstituted olefins react sluggishly to afford hydroxy acetates in lower 
yields. The oxidation of olefins occurs stereospecifically; (£")- and (Z)-3-
hexenes are oxidized to give erythro- and ^/ir^o-4-acetoxy-3-hexanols, 
respectively (entries 7 and 8) and the recovered olefin retains its 
stereochemical integrity. Two mechanistic pathways are suggested for this 
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TABLE 5.2 
Oxidation of olefins with sodium bismuthate [80JOC726] 

NaBiOs 

AcOH, r.t. 

HO OAc 

R2R3 

Ch. 5 

Entry R ' R' R' Reaction Yield 
time (days) (%y 

1 
2 
3 
4 
5 

6 
7 
8 
9 

Ph 
Me 
-(CH3)4-
Me 
Me 

H 
Et 
Et 
Me(CH2)7 

-(CH:)4-
-(CH.)4-

Ph 
Me 

-(CH:)4-
H 
H 
H 

H 
H 

Me 
>H(CH2)2 

Et 
H 
H 

H 
H 
H 
H 
H 

H 
H 
Et 
H 

3 
8 
7 
3 
7 

4 
10 
10 
21 

37 
21 
40 
39 (62) 
21 (42) 

25 
18 (41) 
18 
10 

^ Isolated yield. 
^ Isolated yield (%) based on unrecovered olefin, indicated in parentheses. 

Oxidation of olefins to vic-diol monoacetates with sodium bismuthate: typical procedure 
A mixture of a-methylstyrene (5.92 g, 0.05 mol), sodium bismuthate (16.62 g, 0.05 mol) and 
glacial acetic acid (100 ml) was stirred at room temperature in a 250-ml Morton flask for 72 h. 
The resulting mixture was poured into ether and washed successively with water and saturated 
aqueous NaHC03 until acetic acid was completely removed. The ether solution was further 
washed with brine, dried, filtered, and evaporated to afford crude product, which was subjected 
to silica gel column chromatography using hexane-dichloromethane as the solvent. 1-Acetoxy-
2-phenyl-2-propanol was obtained in 39% yield [80JOC726]. 

type of oxidation; one is initial epoxidation followed by solvolysis in acetic 
acid and the other involves the process via acetoxymetallation of olefins. Since 
the rearranged product is predominant in the oxidation of endo-2-(hydroxy-
methyl)-5-norbomene, the latter mechanism seems to be more plausible for 
the bismuthate oxidation. Similarity to the behavior of sodium bismuthate in 
acetic acid to those of acetates of mercury(II), thallium(III) and lead(IV) may 
imply the in situ generation of Bi(OAc)5. 
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Bi(0Ac)X3 + AcO- ^ CO2 + CH3-

AcOH 
NaBiOa Bi(OAc)2X3 X = OAcorOH 

X = OAc 

A( 

> = < 

" ^ ( - " ^ ^ ( + Bi(0Ac)3 
'^ Bi(0Ac)4 ^ OAc 

Scheme 5.6. A proposed mechanism for the sodium bismuthate oxidation of olefins 
[71KKZ1807]. 

A similar oxidation of olefins with sodium bismuthate in acetic acid at 
elevated temperature (100°C) leads to a mixture of v/c-diol diacetate and 
carbonyl compound arising from oxidative cleavage, together with molecular 
oxygen and carbon dioxide [71KKZ1807]. In the absence of an olefin, sodium 
bismuthate works destructively on acetic acid to generate molecular oxygen, 
carbon dioxide, methyl acetate and a trace amount of methane, while the 
bismuthate is converted to bismuth acetate when the reaction is complete. 
The proposed mechanism is shown in Scheme 5.6. 

(d) Oxidation of benzylic methylenes The oxidation of benzylic 
methylenes in polycyclic systems to benzylic ketones was reported quite 
recently with an excess amount of sodium bismuthate in acidic media 
[98TL7247]. Other than sodium bismuthate, it is known already that DDQ, 
PCC, CrOs, ^BuOOH and tetrapyridinesilver peroxydisulfate take part in the 
same reaction (Scheme 5.7). 

NaBiOs (4 equiv) 
ArCH2Ar' • ArCOAr' 

AcOH/Me2CO, A 

Scheme 5.7. BenzyHc oxidation to aromatic ketones with sodium bismuthate [98TL7247]. 

Oxidation of benzylic methylenes to ketones with sodium bismuthate: general procedure 
To the initial hydrocarbon (20 mmol) in aqueous acetic acid (4 ml, 50% v/v) and acetone (2 ml), 
was added sodium bismuthate (22.4 g, 80 mmol) and the mixture was heated to reflux. At the 
end of the reactions as indicated by TLC, the mixture was filtered through a pad of Celite, 
diluted with water (10 ml) and extracted with dichloromethane (3 X20 ml). The combined 
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organic layer was washed with 10% sodium bicarbonate solution (3x10 ml) and brine (10 ml), 
dried over anhydrous sodium sulfate, and concentrated under reduced pressure. The crude 
product was purified by column chromatography over silica gel using ethyl acetate-hexanes 
[98TL7247]. 

5.2.7.2. Zinc bismuthate 
Zinc bismuthate Zn(Bi03)2, readily obtained as a light brown solid from 

sodium bismuthate and zinc chloride, has been successfully employed for 
the oxidation of alcohols, thiols, thioethers and oximes (Scheme 5.8) 
[92BCJ1131, 94SC489]. The yields are comparable with or better than 
those of the barium permanganate and pyridinium chlorochromate oxidations. 

R^R^CHOH R^R2C=0 (60-100%) 

RSH Zn(BI03)2 (RS)2 (86-99 %) 

pi3p2 toluene, reflux R ŜOR^ (65-78%) 

R^R2C=NOH R^R2C=0 (0-85%) 

Scheme 5.8. Zinc bismuthate oxidation of alcohols, thiols, sulfides and oximes [92BCJ1131, 
94SC489]. 

Preparation of zinc bismuthate 
To a suspension of sodium bismuthate (20 g, 34.54 mmol) in water (30 ml), a 15% aqueous 
solution (300 ml) of zinc chloride hexahydrate was added and the resulting mixture was 
refluxed for 1.5 h. After cooling, the mixture was filtered off and the brown solid was washed 
successively with hot water (100 ml) and acetone (100 ml), and dried over calcium chloride to 
afford zinc bismuthate; yield 20.5 g (99%) [92BCJ1131]. 

Oxidation of a-hydroxyketones to a-diketones: typical procedure 
In a round-bottomed flask (100 ml) equipped with a condenser was placed a solution of benzoin 
(1 g, 4.71 mmol) in toluene (50 ml), and zinc bismuthate (2.72 g, 471 mmol) was added in one 
portion. The resulting mixture was stirred magnetically under reflux for 40 min, while the 
progress of the reaction was monitored by TLC (eluent: CCX/EiiO = 3/1). The reaction mixture 
was filtered off and the insoluble solid was washed successively with acetonitrile (50 ml) and 
carbon tetrachloride (50 ml). The filtrate and washings were combined and evaporated to give a 
residue which was chromatographed on a silica gel. Benzil was obtained as a white crystalline 
solid (0.96 g, 97%) [92BCJ1131]. 

5.2.2. Bismuth oxide and mixed bismuth/metal oxide systems as oxidant or 
oxidation catalyst 

5.2.2.1. Oxidation with bismuth oxide 
a-Ketols (acyloins) are oxidized readily and quantitatively to a-diketones 
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TABLE 5.3 
Oxidation of acyloins to a-diketones with bismuth oxide [51JCS793] 

9 BiaOa 

Entry 

1 
2 

3 
4 

5 

6 

7 

8 
9 

R 

Ph 
Ph 

4-MeOC6H4 

4-MeOC6H4 

OOr 
^ 

{r 
Me 
Pr 

^ Isolated yield. 

OH 

Reaction 

time (h) 

1 

0.5 
1 

0.3 
1.3 

0.8 

0.2 

0.5 
0.5 

rf R 
~ 100°C 11 

0 

Solvent 

AcOH-HOCH2CH20Et 

AcOH 
AcOH-HOCH2CH20Et 

AcOH 
AcOH-HOCH2CH20Et 

AcOH-HOCH2CH20Et 

ACOH-H2O 

AcOH 
AcOH 

Yield 

95 

93 
95 

91 
97 

92 

88 

60 
65 

Oxidation of acy loins to dike tones with bismuth oxide: typical procedure 
Benzoin (10.6 g, 0.050 mol) and bismuth oxide (9.3 g, 0.020 mol) were stirred in a mixture of 
acetic acid (10 ml) and 2-ethoxyethanol (15 ml) at around 100°C for 1 h to yield benzil (10.0 g, 
95%) after recrystallization [51JCS793]. 

with bismuth oxide in acetic acid or in a mixture of acetic acid and 2-ethoxy
ethanol at elevated temperatures [51JCS793]. The representative results are 
summarized in Table 5.3. In the oxidation of sensitive acy loins such as furoin 
and piperoin (entries 5-7), bismuth oxide is superior to conventional oxidizing 
agents. It is reduced to metallic bismuth during the reaction and easily 
removed by simple filtration. Hence the reaction may be used for qualitative 
test of acyloins, since the oxidation is rapid and specific for the acyloin group, 
and metallic bismuth separates as a black precipitate when the reaction is 
complete. Bismuth acetate is presumed as the actual oxidizing agent of acyloin 
and, hence, can be employed similarly in place of bismuth oxide. An enedio-
lato complex formed from bismuth(III) and acyloin is a likely intermediate. 
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This oxidation methodology has often been employed for natural product 
transformations, which include the conversion of a five-membered a-keto-
hemiketal unit in cevin or veracevine to the corresponding hydroxy-5-lactone 
[55JA683], 22a,5a-spirostane-3)8,12j8-diol-ll-one to the corresponding 
11,12-dione [54JA5533], 2-hydroxypulegone to diophenolene [57JA4465], 
cucurbitacins B and D to cucurbitacins E and I, respectively [59CI(L)951], 
and 2a:-hydroxyandrosta-4-ene-3,17-dione to 2-hydroxyandrosta-l,4-diene-
3,17-dione [58JA1687]. 

Bismuth oxide is used to generate the carbon radicals from hydrocarbons in 
the gas phase at high temperatures (365-760°C), from methane, ethane, ethy
lene, [85JPC4415], propylene, [83JPC301, 83JPC3587, 85JPC4415], 1-
butene, [87JPC3585] and isobutylene [83JPC3587, 87JPC3585]. 

5.2.2.2. Oxidation of olefins over bismuth molybdate-based catalysts 
The manufacture of acrolein via the partial oxidation of propylene over 

cuprous oxide-based catalysts was first patented in 1948 [48USP2451485]. 
In the early 1960s, however, the bismuth molybdate-based catalysts developed 
by Standard Oil, Ohio (SOHIO) supplanted the classical cuprous oxide-based 
ones [59USP2904580, 62USP3044966]. The bismuth molybdate systems can 
also be used to effect the conversion of a propylene-ammonia mixture to 
acrylonitrile (Scheme 5.9). Since then, however, the bismuth molybdates 
have been replaced gradually by multi-component catalyst systems composed 
of six or more different element oxides, which include oxides of bismuth, 
molybdenum, iron, cobalt, nickel, manganese, phosphorous, vanadium and 
so on [65USP3171859, 68JCA(12)281, 69USP3454630, 72GEP2203710, 
72GEP2133110, 80JCA(66)347, 84USP4442307]. 

Industrial catalytic formulations for the oxidation of propylene to acrolein 
and ammo-oxidation to acrylonitrile are based on the bismuth molybdate 
phases modified by the above-mentioned metal oxide components. The 
conversion and selectivity are excellent over the temperature range of 250-
450°C, as shown in Table 5.4. 

The mechanism of allylic oxidation of propylene has been investigated 

02 
CH2=CHCH3 " 

Bi-Mo-metal(s)-0 

CH2=CHCHO 

CH2=CHCN 
NH3 

Scheme 5.9. Oxidation and ammo-oxidation of propylene over bismuth molybdate catalysts. 
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TABLE 5.4 
Bismuth molybdate-based catalysts for the oxidation and ammo-oxidation of propylene [94AIC233, 
96AC(A)(145)1] 

Catalyst Reaction Propylene Selectivity Selectivity Reference 
temperature conversion to AL (%)^ to AN (%)^ 

rc) (%) 
Bi-Mo-O 

Bi-Mo-Fe-Co-Ni-
P-Mg-0 
Bi-Mo-W-Fe-Co-
Ni-Si-0 
Bi-Mo-Fe-Co-Ni-
Sn-K-0 
Bi-Mo-0 
(multicomponent) 

410-460 
450-500 
350 

250^50 

300 

290-350 
430-^80 

57 
-
98 

96 

87 

95-99 
97-99 

71 
-
95 

90-93 

97 

92-96 
-

_ 
50-65^ 
-

-

-

-
80--84 

[94AIC233] 

[96AC(A)(145)1] 

[74USP3825600] 

[96AC(A)(145)1] 

[94AIC233] 

^ AL, acrolein; AN, acrylonitrile. 
^ Yield (%) of AN. 

more extensively on the bismuth molybdate catalytic systems. The rate-deter
mining abstraction of an a-methyl hydrogen to form a 7r-allyl intermediate 
has been well established in both oxidation and ammo-oxidation from the 
isotope effect as well as the isotopic distributions of oxygen and nitrogen 
insertion products. The subsequent steps can be summarized as a succession 
of redox and acid-base reactions. The 77-allyl anion would be generated by 
proton abstraction on a basic active site and then oxidized to the 7r-allyl cation 
on a redox active site. Through the nucleophilic attack by a lattice O^" anion, 
the o--allylic species is formed, which then gives rise to acrolein by hydride 
abstraction in the subsequent redox step (Scheme 5.10) [89CRS43,94AIC233, 
96AC(A)(145)1]. 

Extensive investigations have also been undertaken on the direct use of 
propane for the manufacture of acrolein and acrylonitrile, since this pathway 
is expected to lower the cost considerably compared with those based on propy
lene (Scheme 5.11). Several mixed metal oxide systems such as Bi-Ba-Te-O 
[84USP4472314] and Ce-Te-Mo-O [840X99] have been proposed so far, 
although the performance of these catalysts is not satisfactory presently for 
practical applications. However, successful oxidation and ammo-oxidation of 
propane to acrolein and acrylonitrile, respectively, have been reported recently 
using molecular oxygen and bismuth vanadomolybdenate catalysts of a schee-
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^f^ 

> 9 r°'̂  

Ox ^=7S 

Ov 

OH 

0 \ 

Scheme 5.10. A proposed mechanistic pathway for the allylic oxidation of propylene over 
bismuth molybdate catalyst. 

CH3CH2CH3 
O2 

BI-Mo-metal(s)-0 
NH3 

CH2=CHCHO 

CH2=CHCN 

Scheme 5.11. Oxidation and ammo-oxidation of propane over bismuth molybdate catalysts. 

lite structure [89CC652, 89CL531, 89CL2173, 90SSSC(55)491, 91AC175, 
91 AC 189,92CT0673]. The typical results are summarized in Table 5.5. 

5.223. Miscellaneous oxidations using other mixed bismuth/metal oxide-
based catalysts 

In addition to the oxidation of propane and propylene, the following mode 
of oxidation over bismuth-containing mixed catalysts has been reported: (i) 
oxidative coupling of hydrocarbons, (ii) ammo-oxidation of toluene and 
xylenes, (iii) oxygenation of alkanes and alkenes, (iv) oxidation of alcohols, 
and (v) oxidative cleavage of carbohydrates. Representative results are 
summarized in Scheme 5.12. 
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TABLE 5.5 
Bismuth molybdate-based catalysts for the oxidation and ammo-oxidation of propane [96AC(A)( 145)1] 

Catalyst 

Bi-Mo-O 

Bi-Mo-V-O 
Bi-Mo-Nb-0 

Bi-Mo-V-Ag-0 

Bi-Mo-P-0/Si02 
Bi-Mo-Fe-Cr-
W-Mg-O 

Bi-Mo-V-Sb-O/ 
AI2O3 

Reaction Propane Selectivity Selectivity Reference 
temperature conversion to AL(%)^ to AN(%)'' 

rc) (%) 
500 
515 
488 
500 
515 
500 
515 
529 
470 

500 

8.5 
9.7 
35 
11 
12 
13 
16 
44 
15 

26 
-
31 
58 
-
64 
-
-
-

51 

63 

65 
54 
54 

49 

[92CT0673] 

[91AC175] 
[92CT0673] 

[96AC(A)(145)1] 
[89USP4873215] 
[91USP5008427] 
[92USP5094989] 
[88USP4746641] 
[88USP4760159] 
[89USP4797381] 

^ AL, acrolein; AN, acrylonitrile. 

(i) Oxidative coupling of hydrocarbons 

catalyst 
2CH4 

catalyst 

Bi-Mn or B i -Mn-M' 

Bi203-P205-K20/Sm203 

Bi203—P2O5-K2O 

BiOCI-Li2C03-MgO 

CH4 + / ^ -

[87CL1513] 

- ^ ^ 

Bi203/Al203 

Bi48Zn073 

CH3CH3 

reference 

[92RKC(47)193] 
|91RKC(44)103| 
[87RKC(35)361] 
|92CAL(13)95| 

C4H8 + C4H6 

[92CAL(15)393] 
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(ii) Ammo-oxidation of toluene and xylenes 

^ _ ^ ^ — _ ^ ^ 

R = H or Me 

catalyst reference 

Bl-V-Sb. BI-V-6I>-K. Bi-V-Sl)-Ba [91RKC(43)501 ] 
Bi-V-Sb-M'20 or Bl-V-Sb-M'b [86RKC(31)409] 
Bh-V-St>-0 [85RKC(27)371] 

(iii) Oxygenation of alkanes and alkenes 

catalyst reference 

PdCl2{MeCN)2-BiCl3-LiCI |90BCJ 166| 
PdCl2-BiCl3-LiCI |87NJC3371 
[RhCI(C2H4)2]2-BiCl3 |83OX405| 

Bi203-Si02 [82RRC75] 
B i -Sn -Mo-O |99A(:(A)( 180)2991 

Bi203-Sn02, N2O 

CH4 ^ HCHO 

(iv) Oxidation of alcohols 
185CC1455J 

OH Bi203-Mo03 o 

^ ° 2 ^ 150-450 °C " ' - ^ C 0 2 R 

R = H or Et 

OH Bi-Pt/Al203 

I93BCJ1542I 

O 

60 °C ^ Ph 

I92PADII5II 

O Bi or Bi-Mo O 
^ ^ O H • A ^ O 

200 °C 
|99Br.l21431 

Bi203, Mo03-Bi203 , or Mo03-Bi203-V205 
EtOH ^ MeCHO + MeC02Et 

Bi-Pt/Al203 or Bi/Al203 
^ MeCHO + MeC02H 

90-230 °C 
I85/860X127] 
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(v) Oxidative cleavage of carbohydrates 

OH P^ 
( _ Bi-Ru-0 or Bi-Ru/C V \ , n 

Ho--v^o ^ rtr 
H O - ^ ^ " ^ 50-75 °C,02 O O. 

O 

[96JCAC317, 90CAR(204) 121] 
Scheme 5.12. Miscellaneous oxidations of organic compounds over mixed bismuth-metal 
based catalysts. 

5.2.3. Bismuth(III) salts 

Liquid phase auto-oxidation of lower olefins proceeds in acetic acid or 
acetonitrile at 100°C in the presence of a catalytic amount of bismuth nitrate 
under pressurized oxygen, affording the corresponding epoxides and carbonyl 
compounds [71KKZ2072]. Under these conditions, 61.2 mol% of c/^-2-butene 
is oxidized to give 33.0 mol% of the epoxide and 9.2 mol% of acetaldehyde, 
both based on unrecovered olefin. Catalytic performance of other bismuth 
salts such as bismuth chloride and sulfate is moderate as compared with 
bismuth nitrate, whereas bismuth acetate, carbonate, phosphate as well as 
bismuth oxide are almost ineffective as catalysts. A similar oxygenation of 
alicyclic olefins is carried out using a catalytic amount of bismuth sulfate in 
propionic acid at 65°C (Scheme 5.13) [76CL29]. The reaction has been found 
to proceed on the surface of insoluble bismuth salt, and small amounts of 
bismuth(III) ions present in acid solution exhibit virtually no effect on the 
oxidation. The mechanism of the auto-oxidation is explained in terms of the 
isomerization of a peroxy radical intermediate on the acidic site of solid 
bismuth salt. The air oxidation of lower aliphatic hydrocarbons, catalyzed 
by bismuth acetate and other bismuth salts at elevated temperatures under 
high pressure, has been patented [53USP2659746]. 

o 
CHO 

Bl2(S04)3 (1.4 mol %) / = ( 

EtC02H, 6 5 X , 02(1 atm) 

Scheme 5.13. Bismuth sulfate-catalyzed oxygenation of cyclohexene [76CL29]. 
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+ 2Bi(OAc)3 + 3'2 O 
AcOH ^ ^ ^ O A c 

:̂ -reflux \ ^ " n A 
(dry system) 

62-80 % 

3 O
AcOH/HgO ^x-x>.DAc , - ^ ^ ^ ' 

+ 2Bi(OAc)3 + 3l2 + 3H2O ^ L JL "̂  L JL 
90 X-reflux ^-^^OAc ^^^^Ol 

Ac 

'OH 
(wet system) 

70-95 % 

Scheme 5.14. Bismuth acetate-mediated oxidation of cyclohexene to 1,2-cyclohexanediol 
derivatives [89CC407]. 

Oxidation of olefins to ^aiis-l,2-diol diacetates with bismuth acetate: typical procedure 
for dry system 
Bismuth acetate (4.75 g, 12.3 mmol) was heated under reflux for 1 h in dry acetic acid (40 ml) 
containing acetic anhydride (ca. 17%). To the cooled solution, cyclohexene (3.01 g, 36.6 mmol) 
and iodine (9.39 g, 37.0 mmol) were added and the resulting mixture was further refluxed for 
17.5 h. Usual work-up followed by distillation gave rran5-1,2-diacetoxycyclohexane (3.56 g, 
80%) with no trace of the c/^-isomer [89CC407]. 

Additional examples of the bismuth-promoted oxidation include the 
bismuth phthalocyanine catalyzed hydroxylation of phenol to hydroquinone 
and catechol with hydrogen peroxide [91SSSC(66)455], and bismuth acetate-
mediated oxidation (modified Prevost reaction) of cyclohexenes to 1,2-cyclo-
hexandiol derivatives (Scheme 5.14) [89CC407]. 

The modified Prevost reaction uses bismuth acetate instead of silver 
benzoate. From a mechanistic point of view, iodine is considered to be 
the actual oxidant, and hence the bismuth acetate may work merely as 
the acetoxy source. Major advantages of this method over the previously 
reported analogous ones are as follows: (i) bismuth-containing wastes are 
non-toxic, (ii) bismuth acetate is inexpensive, and (iii) less metal salt is 
needed, since three acetoxyl groups can be transferred per one bismuth 
atom. 

Oxygenation reactions using molecular oxygen have been achieved using 
several other bismuth salts as catalyst: the oxidative cleavage of epoxides or 
a-ketols to carboxylic acids with bismuth carboxylates (Scheme 5.15) 
[93TL2601, 94JOM(482)119, 95T4991, 96BSF913, 97NJC495], oxidation 
of epoxides to cyclic carbonates using bismuth bromide in DMF (Scheme 
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A Bi (lll)-^arboxylate (10 mol%) 
n R2 R^C02H + R^COaH 

DMSO, 75-110 °C, O2 (1 atm) or air 
10-60% 

Q OH Bi (lll)-carboxylate (5 mol%) 
R1 II I R2 ^ R^COgH + R^COgH 

DMSO or DMF, 80-95 °C, O2 (1 atm) 
39-99 % 

Scheme 5.15. Bismuth carboxylate-catalyzed oxidative C-C bond fission [93TL2601, 
940M(482)119, 95T4991, 96BSF913, 97NJC495]. 

Oxidative cleavage of epoxide to carboxylic acids with bismuth mandelate: general proce
dure 
A solution of bismuth mandelate ((Bi(mand)2)20; 392 mg, 0.4 mmol) in anhydrous DMSO (5 
ml) was stirred at 80°C for 30 min under air. An appropriate epoxide (4 mmol) was added and 
the resulting mixture was stirred at 70-110°C for 22 h to 12 days. Acid hydrolysis, extraction of 
organic phase with ether, treatment of the organic extract with aqueous NaOH, acidification of 
the aqueous extract to pH 1-2, and re-extraction with ether followed by evaporation afforded 
the corresponding carboxylic acid [93TL2601]. 

5.16) [97CC95], and oxidation of organosulfur and nitrogen compounds with 
bismuth nitrate (Scheme 5.17) [96CC1847, 97CL1229]. 

For the direct conversion of epoxides to carboxylic acids with the C-C bond 
cleavage, bismuth mandelate prepared from bismuth oxide and mandelic acid 
[92SRI289] is used as an effective catalyst. Bismuth acetate and bismuth oxide 
are much less effective. a-Diketone, which is the sole product at an early stage 
of the reaction, has been suggested to be an intermediate in this oxidation. The 
kinetic study of some substituted styrenes affords a negative and relatively low 
p value (-1.08) in the Hammett plot, indicating the generation of the cationic 
center at the j8-position rather than the a-position with respect to the aryl ring. 
It has also been suggested that the ring opening of the epoxides may occur via 

Q BiBr3(10mol%) n - ^ n 

R ^ ^ ^ W 
DMF. 110 °C, 02(1 atm) 

23-76 % 
R1 

Scheme 5.16. Bismuth bromide-catalyzed formation of cychc carbonates from epoxides and 
DMF [97CC95]. 
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initial coordination of a bismuth salt, followed by attack of the sulfoxide 
oxygen to generate the j8-cation. 

The oxidative cleavage of a-ketols takes place in either DMF or DMSO, 
but it does not occur under nitrogen, showing that molecular oxygen is essen
tial as the oxidant and DMSO merely acts as the solvent. Compared with zinc 
bismuthate and bismuth oxide which convert a-ketols to diketones, the 
bismuth mandelate/dioxygen system works as a stronger oxidant, leading 
further to the C-C bond cleavage. The bismuth mandelate catalyst exhibits 
high functional group selectivity in these reactions, where the bismuth salt is 
supposed to serve as a Lewis acid to activate both the substrate and oxidant, 
ruling out the possible involvement of a bismuth(V) species 
[69NAT(221)169]. 

As an extension of this oxygenative C-C bond fission, cyclic carbonates are 
prepared in good yield from terminal epoxides and DMF using bismuth 
bromide as a catalyst and molecular oxygen as an oxidant (Scheme 5.16). 
This is the first successful use of bismuth bromide as the catalyst for oxidative 
functionalization [97CC95]. Ph3BiF2 is examined as a catalyst for this reaction 
[98RCB1607]. 

Both bismuth nitrate-catalyzed oxidative deprotection of 5,5-acetals with 
air [96CC1847] and selective air-oxidation of sulfides to sulfoxides with 
the bismuth bromide/bismuth nitrate binary system [97CL1229] proceed 
under mild aerial conditions and are therefore synthetically useful. 
Bismuth nitrate also mediated selective oxidation of sulfides to sulfoxides 
in acetic acid [98SC939] and benzyl alcohol to benzaldehyde in benzene 
[98NJC339]. The in situ generated NO2 from bismuth nitrate is most 
likely to play a role as the oxidant for both types of oxygenation. Bismuth 
nitrate readily oxidizes 4-substituted Hantzsch 1,4-dihydropyridines in 
acetic acid at room temperature to give the parent pyridine compounds 
in moderate to good yield [98S713]. Bismuth nitrate can also be utilized 
for the nitration of aromatic compounds (Scheme 5.42 in Section 5.5.1.3) 
[88TL5909]. 

Oxidation of phosphine or arsine ligand occurs adventitiously during the 
preparation or recrystallization of their bismuth salt complexes. Thus, 
[Bi2Br6(Me2PhP)2(Me2PhP(=0))2] is formed in the reaction of BiBrs and 
Me2PhP in THF, while [BiCl3(Ph2P(=0)CH2P(=0)Ph2)]2 and [BiCl3(Ph2Me-
As(=0))(Ph2As(-=0)CH2CH2As(=0)Ph2)]„ are obtained during the recrystal
lization of [BiCl3(Ph2PCH2PPh2)]2 and [BiCl3(Ph2AsCH2CH2AsPh2)], respec-
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R1 SR3 Bi(N03)3-5H20 (2-20 mol%) R^^^ 

R̂  SR2 H2O, benzene, air, r.t. R̂  

I96CC1847I 72-98% 

BiBrg (5 mol%)-Bi(N03)3-5H20 (10 mol%) 9 
R^SR^ [ R4R2 

benzene, air, r.t. 
\97CU229] 73_94o/, 

Bi(N03)3-5H20 (1 equiv) O 

R^SR2 TZ: ^ R4R2 
AcOH, r.t. 

[98SC939] 50-85% 

H R R 

^ ^ ° ' ^ Y V ^ ° ' ^ ^ Bi(N03)3-5H20(1 equiv) Et02C.A,^^C02Et 

Me N Me AcOH, r.t. Me^^^N Me 
n 

[98S713] R = Me, Pin, R'CH=CH-
50-90 % 

O Bi(N03)3-5H20 (0.4 equiv) O 
A r ^ A , , Cu(OAc)2 (4 mol%) ^ " " V ^ A r ' 

OH ACOH-H2O, reflux O 

[99TL7657] 10-99% 

Scheme 5.17. Bismuth nitrate-catalyzed or -mediated oxidations. 

Deprotection of 5 ,̂S-acetals to carbonyl compounds: general procedure 
To a solution of 5,5-acetal (0.5 mmol) in dry benzene or dichloromethane (10 ml) was 
added finely powdered bismuth nitrate pentahydrate (2-20 mol%) followed by water (1 
mmol). When needed, bismuth chloride (5 mol%) was also added. The mixture was 
magnetically stirred in a stoppered flask for an appropriate time at ambient temperature, 
while the progress of the reaction was intermittently monitored by GLC. The stopper was 
loosened at intervals in order to admit fresh air into the reaction vessel. After the reaction, 
the mixture was worked up as usual to give the parent carbonyl compound in 65-98% 
yields [96CC1847]. 

lively, from boiling acetonitrile/charcoal. Interestingly, the latter oxidation 
product results from the simultaneous C-C bond fission and oxidation of 
arsenic atoms [92JCS(D)1753, 95JCS(D)759]. The oxidation of ethanolamine 
with Bi(V) fluoride complex has been studied kinetically in HCIO4-HF 
mixture [990X244]. 
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5.2.4. Organobismuth(V) compounds 

The mild oxidizing ability of pentavalent organic bismuth compounds was 
first disclosed by Challenger in 1934 in the oxidation of alcohols with 
Ar3Bi(OH)2 [34JCS405]. About 40 years later, Barton's and Dodonov's 
groups started intensive studies on a variety of pentavalent bismuth 
compounds for their oxidizing and arylating ability. Typical results of the 
bismuth(V)-based oxidations are summarized in Table 5.6. This oxidation is 
characterized by mild conditions of temperature and pH as well as high 
chemoselectivity. The reaction usually proceeds at room temperature under 
neutral or basic conditions. This methodology can be applied not only to the 
oxidation of alcohols and oxidative cleavage of v/c-glycols but also to the 
oxidation of a wide variety of other functionalities, which include hydrazine, 
hydrazone, thiol, oxime, phenol, alkylbenzene, thiolate, alkoxide, dithiocar-
bamate, and phosphine. Toluene and ethylbenzene are oxidized to benzalde-
hyde and acetophenone, respectively, with Ph3Bi(OO^Bu)2 [88ZOB712, 
92MOK1265]. Pentane and hexane are oxidized at room temperature by 
PhsBi-^BuOOH first to afford a-diketones, which, under the reaction condi
tions employed, undergo further transformation to yield carboxylic acid anhy
drides [93MOK375]. Ph4BiX and PhsBi type organobismuth(V) compounds 
also perform the oxidation of alcohols effectively. For the oxidation of alco
hols with tetraphenylbismuth trifluoroacetate, basic conditions are necessary; 
under neutral or slightly acidic conditions, 0-phenylation takes place (Table 
5.13 in Section 5.5.2.1) [87JCS(P1)251]. 

The oxidation with organobismuth(V) compounds is compatible with a 
variety of functionalities. The thiocarbonyl groups in xanthates, dialkylamino 
thiocarbamates and di-r^rr-butyl thioketone are unaffected by triphenylbis-
muth carbonate. Sensitive substrates such as aniline, indole, pyrrole and sele-
nide are likewise inert under ordinary reaction conditions. Therefore, the 
organobismuth(V)-based oxidation has been successfully applied to the synth
esis of highly functionalized natural products such as cembranolide diterpenes 
[79AJC1273], maytansinoids [80CC1089], 17a-methyl cardenolides 
[82H641], 4,6,8(14),22-ergostatetraen-3-one [85BSF849] and methyl carba-
penem antibiotic precursors [93AG(E)867]. High chemoselectivity is illu
strated by the examples where the allylic alcohol function is selectively 
oxidized to acrolein in the presence of an alcohol or a thiol function 
[79CC705, 81T73]. 
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TABLE 5.6 
Oxidation with organobismuth(V) compounds 

Oxidant Substrate Condition Product Reference 

o 
II Np2BiOMe 

(Np = 1-naphtyl) 
Ph3Bi(OH)2 

PhsBiCOg 

(Ph3BiCl)20 

Ph3Bi(00'Bu)2 

[Ph2C(OH)]2 
PhNHNHPh 
Benzoin 
Alcohols 

Alcohols 

Cholestanol 
Thiols 
Ph2C=NNH2 
Hydrazines 
Oximes 
v/c-Glycols 

2,6-Dimethyl-
phenol 

2,6-Di-tert-
butylphenol 

Alcohols 

v/c-Glycols 

Alcohols 

Alkyl-
benzenes 
Dibenzyl 

v/c-Glycols 

Diethyl ether 

Neutral 
Neutral 
Neutral 
Neutral 

Neutral 

Basic 
Neutral 
Neutral 
Neutral 
Neutral 
Neutral 

Neutral or 
basic 

Basic 

Basic 

Basic 

Neutral 

Neutral 

Ph2C0 
PhN=NPh 
Benzil 
Carbonyl 
compounds 
Carbonyl 
compounds 

Cholestanone 
Disulfides 
Ph2CN2 
Azines 
Ketones 
Carbonyl 
compounds 
(C-C cleavage) 

2,2^6,6'-
Tetramethyl 
diphenoquinone 
2,2^6,6'-
Tetramethyl 
diphenoquinone 
Carbonyl 
compounds 
Carbonyl 
compounds 
(C-C cleavage) 
Carbonyl 
compounds 
Carbonyl 
compounds 
Benzyl or 
benzoin 
Carbonyl 
compounds 
(C-C cleavage) 
Ethoxyacet-
aldehyde 

[88CL2021] 

[34JCS405] 

[79CC705] 
[80CC246] 
[81T73] 
[87JCS(P1)251] 
[79CC705] 
[80CC827] 
[81T73] 

[80CC1089] 
[81T73] 
[86T5627] 
[93AG(E)867] 
[80CC827] 
[81T73] 

[87T323] 
[88T4483] 

[78CC1099] 
[79AJC1273] 
[81T73] 

[88ZOB712] 

[98RCB659] 

[97RGC927] 

[97RCB1164] 

[95IZV783] 
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TABLE 5.6 (continued) 

Oxidant 

PhaBi/'BuOOH 

Ph3Bi(OAc)2 

Ph3Bi(02CR)2 
R = Me, Ph, CF3 
Ph3BiCl2, Ph3BiBr2 

Ph3BiCl2 

(Ar3BiO)„ 

Substrate 

Alkanes 

v/c-glycols 

Diethyl ether 

Alcohols 

Alcohols 

Stannylene of 
v/c-glycol 

Pinacol 

(-)-Carveol 

Allylic alcohols 

ROLi 

PhSNa 
Dithio-
carbamates 
v/c-Glycols 

2,6-Di~tert-
butylphenol 

Alcohols 

[Ph2C(OH)]2 
PhNHNHPh 
Ph3P 

Condition 

Neutral 

Neutral 

Basic 

Neutral 

Neutral or 
basic 
Basic 

Basic 

Neutral 

Basic 

Basic 

Basic 

Neutral 

Neutral 
Neutral 
Neutral 

; transformations 

Product 

Carboxylic acid 
anhydrides 
Carbonyl 
compounds 
(C-C cleavage) 
Ethoxyacet-
aldehyde 
Mixture of 
carbonyl 
compounds, 
phenyl ether and 
acetate 
Carbonyl 
compounds 
Carbonyl 
compounds 
(C-C cleavage) 
Acetone 

(—)-Carvone 

Carbonyl 
compounds 

Carbonyl 
compounds 
PhSSPh 
Dithiuram 
disulfides 
Carbonyl 
compounds 
(C-C cleavage) 
2,2^6,6'-
tetramethyl 
diphenoquinone 
Carbonyl 
compounds 
Ph2CO 
PhN=NPh 
Ph3P0 

Ch. 5 

Reference 

[93MOK375] 

[97RCB1164] 

[95IZV783] 

[81ZOB2380] 
[85ZOB73] 

[81TL2885] 

[85ZOB73] 

[79CC705] 
[81T73] 
[79CC705] 
[81T73] 
[87JCS(P1)251] 
[84ZOB100] 

[85JCS(P1)2667] 
[68 JOM( 11)627] 

[86T5627] 

[87T323] 
[88T4483] 

[94TL8197] 
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TABLE 5.6 (continued) 

Oxidant 

Ph3Bi(N03)2 

Ph3Bi(02CCF3)2 
Ph3Bi(OTs)2 
'"'PhgBi, NBS 

Ar3Bi=NR 
Ar = Ph, o-tolyl, 

p-tolyl 

R = Ts, CF3CO 

Ph4BiOR 
R = COCF3, Ts, 

COCH3, Tf, 
2,4,6-(02N)3C6H2, 
COCCI3, 
COCH2CI, 
C0CHPh2 

PhsBi 

Substrate 

Allylic alcohols 

Cholestanol 
Cholestanol 
v/c-Glycols 

Alcohols 

a-Ketols 
v/c-Glycols 

PhSH 
Alcohols 

Alcohols 

Oxidation 

Condition 

Basic 

Basic 
Basic 
Basic 

Neutral 

Basic 

Neutral 

Product 

Carbonyl 
compounds 
Cholestanone 
Cholestanone 
Carbonyl 
compounds 
Carbonyl 
compounds 

Diketones 
Carbonyl 
compounds 
(C-C cleavage) 
PhSSPh 
Carbonyl 
compounds 

Carbonyl 

395 

Reference 

[79CC705] 
[81T73] 
[87JCS(P1)251] 
[87JCS(P1)251] 
[81CC1232] 
[86T5627] 
[96JCR(S)24] 
[99OM2580] 

[87JCS(P1)251] 

[75DOK(225)581] 

ArSH Neutral 

compounds 

ArSPh 

[80CC827] 
[87JCS(P1)251] 
[80CC827] 

Oxidation of alcohols with a stoichiometric amount of (Ph3BiCl)20: general procedure 
To a solution of an alcohol (0.25 mmol) and a bismuth(V) oxidant (0.20 mmol) in dichloro-
methane (2 ml) was added an excess of K2CO3 or NaHC03 (200 mg) and the resulting mixture 
was stirred until the oxidation was complete. The oxidation product was readily separated from 
the non-polar triorganylbismuth compound by chromatography on silica gel [78CC1099]. 

Oxidative cleavage of vfc-glycols to carbonyl compounds with NBS in the presence of a 
catalytic amount of triphenylbismuthine: typical procedure 
A solution of NBS (0.98 g, 5.5 mmol) in acetonitrile (55 ml) containing 1% of water was added 
dropwise over 10 min to a mixture of hydrobenzoin (1.07 g, 5 mmol), triphenylbismuthine (0.22 
g, 0.5 mmol) and K2CO3 (6.9 g, 50 mmol) in the same solvent (50 ml) at room temperature in 
the dark. After stirring for 15 min, the mixture was filtered and the solvent is removed under 
vacuum. The residue was extracted with a mixture of water and ether and the organic phase was 
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Ar3BiX2 

+ BiAra + HX 

V H ArgBiXg V H I 

X ^ X /^k 
^ OH / O-^ ^ ) 

ik,;^^ ^ y=0 + BiAr2X + ArH 

Ar2 

Scheme 5.18. Pathways for the oxidation of alcohols with organobismuth(V) compounds. 

separated, dried over Na2S04, and evaporated under vacuum. The residue was purified by 
preparative TLC to give benzaldehyde (0.85 g, 80%) [86T5627]. 

The oxidation of alcohols is proposed to proceed via a pentavalent bismuth 
alkoxide, which is prone to undergo reductive elimination to carbonyl 
compound and triorganylbismuth. From the tracer study, two mechanistic 
pathways are postulated as shown in Scheme 5.18 [80CC246, 81T73]. The 
intermediate formation of a bismuth(V) compound with the covalent Bi-O 
bond is confirmed by ' H - N M R [87JCS(P1)251] . 

v/c-Glycols are cleaved to carbonyl compounds by a stoichiometric use of 
PhsBiCOs, (Ph3BiCl)20, Ph3BiCl2, (PhsBiO)^ or Ph3Bi(OAc)2, where PhsBi is 
recovered quantitatively in the case of Ph3BiC03 and (Ph3BiCl)20. This oxida
tion can also be carried out using a catalytic amount of Ph3Bi in wet acetoni-
trile in the presence of A^-bromosuccinimide (NBS) as a reoxidant and 
potassium carbonate as a base. This is the only reported clear-cut example 
of the oxidation utilizing the Bi(III)-(V) redox cycle. As for the mechanism, 
the stoichiometric reaction is assumed to involve a metallacycle intermediate 
as shown in Scheme 5.19, whereas the catalytic reaction is considered to 
proceed via the initial formation of a glycol hypobromite which converts 
Ph3Bi to a pentavalent bismuth species as shown in Scheme 5.20 
[86T5627]. This mechanism is supported by the findings that the chemospe-

-OH Ph3BiX2 

-OH 
^ Ĵ BiPha y^O + y^O + PhaBi 

Scheme 5.19. Stoichiometric cleavage of v/c-glycols with Ph3BiX; 
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PhaBi 

-OH NBS 

-OH > 0 * > C 

Scheme 5.20. Catalytic cleavage of v/c-glycols with PhgBi and NBS [86T5627]. 

cific cleavage of cis-dio\s occurs in stoichiometric reaction, while both cis-
and rran^'-isomers are cleaved at the same rate in the catalytic process. 

5.3. REDUCTION 

A combination of metallic bismuth or bismuth chloride and a reducing 
agent has been employed for the reduction of the nitro group and C-C/C-N 
double bonds, as shown in Schemes 5.21 and 5.22. The reducing ability and/or 
selectivity of sodium borohydride is improved considerably in the presence of 
bismuth powder or bismuth chloride. 

Aromatic and aliphatic nitro compounds as well as benzoxadiazole are 
reduced with a variety of combinations of bismuth compounds and reducing 
agents to afford the corresponding azoxy compounds, hydroxylamines or 
amines, as shown in Scheme 5.21. It is generally assumed that the reaction 
is promoted by a highly reactive metallic bismuth generated in situ. Actually, 
the formation of metallic bismuth as a black precipitate is accompanied by the 
concurrent evolution of hydrogen gas, when sodium borohydride and bismuth 
chloride are mixed in solution [95SC3799]. The reducing ability of the result
ing bismuth(O) species may give an azoxy or amino compound as a product. 
The over-reduction of azoxy compounds to amines is inhibited owing to the 
low reactivity of metallic bismuth [94TL3167] and the in situ generated 
bismuth(O) from bismuth chloride and zinc dust [96SC3903]. In the presence 
of hydrofluoric acid and ammonium sulfate, metallic bismuth appears to be 
enhanced in its reactivity [95JFC(74)251, 95SC4025]. The metalUc bismuth-
ammonium sulfate system exhibits high chemoselectivity toward the nitro 
group, while the nitrite, ester, ketone, carboxylic acid and halide functional
ities do not suffer any reduction [95SC4025]. A similar chemoselectivity is 
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[94TL3167] 

[96SC3903] 

[98HX714] 

RNO2 

[94JCR(S)228] 

[95SC3799] 

[95SC4025] 

[95CCL553] 

[96CCL981] 

PhN02 

[89CL951] 

o 
BiCl3-Zn in MeCN 

Bi-NaBH4 in EtOH 

BiCl3-NaBH4 

70-85 % 

6-96 % 

^ RNH2 

BiCl3-NaBH4 in THF 35-90 % 

BiCl3-NaBH4 in EtOH 83-95 % 

BI-(NH4)2S04 in MeOH 60-76 % 

BiCl3-NaBH4 

BiCl3-KBH4 

^ PhNHOH 

BiCl3-NaBH4-<Na2Se03) in H2O 21-47 % 

[97SC3497] BiCl3-KBH4 in EtOH-H20 57-89 % 

JO-^°^ 
[95JFC(74)251] 

Bi 

HF. CH2CI2 
F-̂ g>-NH2 . ^iO^NH2 

4-61 % 1-9% 

Bi-(NH4)2S04 

MeOH, 50 °C 

NH2 

NH2 

[95SC4025] 70% 

Scheme 5.21. Reduction of nitroarenes and related compounds. 

Reduction of nitrobenzenes to anilines with bismuth chloride-sodium borohydride: typi
cal procedure 
Bismuth chloride (0.630 g, 2 mmol) was suspended in THF (25 ml), and sodium borohydride 
(0.076 g, 2 mmol) was added with stirring at ambient temperature. To the resulting black 
suspension was added 4-chloronitrobenzene (0.314 g, 2 mmol), followed by an additional 
amount of sodium borohydride (0.076 g, 2 mmol) in several portions at 60°C. The reaction 
mixture was stirred at 60°C for 1-2 h. After cooling, the solvent was removed under reduced 
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pressure and water (30 ml) was added. The organic phase was extracted with ether (30 ml) three 
times, dried, and evaporated to leave a residue which was chromatographed on silica gel to give 
4-chloroaniline (0.230 g, 90%) [94JCR(S)228]. 

Ph"^ " ^ N 

[94JCR(S)228] 

,R 
BiCl3-NaBH4 

THF, r.t, 2-3 h 

80-85 % 

R^CH=CHC02R^ 

[95SC3395] 

BiCl3-NaBH4 

EtOH, 15°C, 2 - 3 h 
R^CH2CH2C02R^ 

9-99 % 

r96SC7631 

O 

Ar 

X 

[97SC2577] 

BiCl3-NaBH4 , . 
^ PhCH2CH2R^R^ 

EtOH, r.t., 5-12 h 

BiCl3-NaBH4 

18-97% 

O 

* . A . F Ar 
THF/H2O, r.t. 

82-98 % 

Scheme 5.22. Selective reduction of C=C, C = N and C-X bonds. 

Reduction of a,p-unsaturated imines to ally lie amines with bismuth chloride-sodium 
borohydride: typical procedure 
Bismuth chloride (0.630 g, 2 mmol) was suspended in THF (20 ml) and sodium borohydride 
(0.076 g, 2 mmol) was added with stirring at ambient temperature. To the resulting black 
suspension was added A^-cinnamylideneaniline (0.207 g, 1 mmol) in THF (5 ml), followed 
by sodium borohydride (0.076 g, 2 mmol) in several portions. The reaction mixture was stirred 
at room temperature for 2 h and then quenched with water (25 ml). The solvent was removed 
under reduced pressure and the residue was extracted with dichloromethane (20 ml) twice. The 
combined extract was dried over sodium sulfate and distilled to give the expected amine (0.178 
g, 85%) [94JCR(S)228]. 

observed in the reduction of nitroarenes to azoxy compounds with a combina
tion of bismuth chloride and zinc dust [94TL3167]. The reduction of nitroar
enes with metaUic bismuth in liquid hydrogen fluoride results in simultaneous 
reduction-fluorination to afford the corresponding fluoroanilines selectively, 
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while other metals of mild reducing ability such as tin, lead, indium, cobalt, 
germanium and silicon are all unsatisfactory for such a purpose 
[95JFC(74)251]. The reductive intramolecular cyclization of o,o'-dinitrobi-
phenyl to benzo[c]cinnoline A -̂oxide is performed with bismuth chloride-zinc 
in good yield [94TL3167]. 

The combination of bismuth chloride-sodium borohydride is successfully 
applied to the selective reduction of the C=C and C^=N double bonds, and the 
C-X bond, a,/3-Unsaturated imines are selectively reduced to ally lie amines 
with this reagent [94JCR(S)228]. It also reduces selectively the C = C double 
bond conjugated with an aromatic ring, ester, amide or nitrile group 
[95SC3395, 96SC763, 96CCL788, 97YH462]. Some nitrogenous functional 
groups such as nitro, cyano and diazo are reduced by polymer-supported 
borohydride resin under the catalysis of BiCls [97HDX53]. A catalytic asym
metric hydrogenation of cyclic imines is performed with iridium complex in 
the presence of Bil^ [98TA2415, 98TA2657]. Aromatic a-bromo and iodo 
ketones are reduced in water to their parent ketones. a-Chloro ketones are 
reduced in the presence of sodium iodide [97SC2577]. As for the reaction 
mechanism, it has been proposed that the in situ generated bismuth(O) adsorbs 
and activates the substrate toward the nucleophilic attack by borohydride 
[96SC763]. 

Mixed bismuth-metal oxychlorides with or without added alkali or alkaline 
earth cations show low to moderate catalytic performance in the dehydroha-
logenation of tert-huiyl halides [93BCJ347]. A Bi-Pd (Bi/Pd = 0.4-0.6) 
binary system supported on metal oxides is found to be an efficient catalyst 
for the dehydrohalogenation of 1,1,2-trichlorotrifluoroethane (FC-113) to 
trifluoroethene, a key intermediate to FC-134a, with 80-90% selectivity at 
80-100% conversion [91CL841] (Scheme 5.23). 

BHM)-CI-0 

200 X , 2 h 
J ^ = + other C4 hydrocarbons 

[93BCJ347] 

' ' 200-250 °C iL l 80-90 % selectivity. 
CI CI -:uv/-^ou V. H F 

FC-113 [91CL841] ^^^^^ 

80-100 % conversion 

Scheme 5.23. Dehalogenation of alkyl halides over bismuth-based catalysts. 
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5.4. CARBON-CARBON BOND FORMING REACTIONS 

401 

5.4.1. Bi(0)-promoted carbon-carbon bond forming reactions 

In 1985, Wada et al. reported that bismuth(O) can promote the Barbier-type 
allylation of aldehydes in DMF with high chemoselectivity over ketones 
[85TL4211]. Similar reactions are accomplished with bismuth(O) in situ 
generated from a combination of bismuth chloride and a variety of reducing 
agents [90YGK960, 99YGK689] such as metallic zinc, iron [86TL4771, 
90BCJ1738, 97BCJ2265], aluminum [87CC708], magnesium [97TL8045], 
sodium borohydride [96CHJ462, 97SC2569], and also under electrolytic 
conditions [88CL2049] (Table 5.7). All allylations proceed with high 
chemo-, regio- and stereo-selectivities. The nitrile, ester, halide, alcohol and 
carboxylic acid functions are all intact under the conditions of this allylation. 
The intermediate allylic metal species discriminates aldehydes from ketones, 
and the carbonyl group from the carbonyl-conjugated double bond. When 
crotyl bromide is reacted, the addition occurs selectively at the y-position 

TABLE 5.7 
Bi(0) and in situ generated Bi(0)-promoted allylation of aldehydes 

X Bi(0)-mediator 
+ R^CHO R 

R1 R2 

BiCl3-Al 

BiCls-Zn or Fe 

BiCl3-NaBH4 

BiCl3-Mg 

Bi(0) 

BiCl3-electrolysis 

THF/H2O, r.t., 10-20 h 

THF, r.t., 2-7 h 

THF/H2O/HCI or KOH, r.t. 
THF/H2O, r.t. 
Bu4NBr, DMF, 50°C 
THF/H2O, r.t. 

DMF, r.t., 2-12 h 

Bu4NBr, H2O 
MeCN, r.t. 

CH2CI2/H2O, r.t., NaBF4, 
5 F/mol, divided cell 

30-96% 

45-99% 

79-85% 
74-96% 

64-90% 

53-98% 

70% 
50-91% 

55-; 

[87CC708] 
[90BCJ1738] 
[86TL4771] 
[90BCJ1738] 
[97BCJ2265] 
[99YGK687] 
[99YGK687] 
[96CHJ462] 
[97SC2569] 
[97TL8045] 
[99YGK687] 
[85TL4211] 
[90BCS1738] 
[96PAC919] 
[99YGK687] 
[2000BCJ689] 
[88CL2049] 
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Allylation of aldehydes to homoallylic alcohols with bismuth chloride-aluminum powder: 
general procedure 
To a mixture of commercial grade aluminum powder (0.13 g, 4.8 mmol), bismuth chloride (0.76 
g, 2.4 mmol), THF (2.5 ml) and water (1 ml) was added an aldehyde (2.0 mmol) followed by an 
allylic halide (2.4 mmol) using a syringe under nitrogen at room temperature. After stirring for 
10-20 h at room temperature, the reaction was quenched by the addition of saturated aqueous 
ammonium chloride, and the organic materials were extracted with ether (20 ml) three times. 
After drying, the ether extract was evaporated in vacuo to leave the expected product, which 
was isolated by preparative TLC on silica gel [87CC708, 90BCJ1738]. 

to afford the erythro product with a high diastereoselectivity. A remarkable 
feature of this reaction is that allylation proceeds smoothly in aqueous solvent, 
sometimes in the presence of a catalytic amount of bismuth chloride instead of 
its stoichiometric use [87CC708, 88CL2049, 90BCJ1738, 96CHJ462, 
96PAC919, 99YGK689]. The dual function of water is suggested, (i) to accel
erate the formation of allylbismuth reagent, and (ii) to make aldehydes more 
vulnerable to the attack by an allylbismuth reagent [96CHJ462]. 

Although the reaction mechanism is not clear at present, the intermediate 
formation of allylbismuth species through the oxidative addition of allylic 
halide to Bi(0) generated in situ has been proposed [90BCJ1738]. The 
generation of metallic bismuth by the reduction of bismuth chloride with 
metallic zinc is known [58DOK(122)614]. A plausible catalytic cycle with 

RCHO 

BiBr3.n 

Al(0) 
rBIBr3.n 

(HO)^ICb-n , _ ^^^^^^ 

Al(0) 

Scheme 5.24. Mechanism for the Barbier-type allylation of aldehydes catalyzed by BiCl3-
A1(0) in the THF-H.O system [90BCJ1738]. 
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the bismuth chloride-aluminum powder system is illustrated in Scheme 
5.24. 

The bismuth(0)-mediated allylation, especially catalytic ones in aqueous 
media, has stimulated further studies and several related reactions have been 
reported, as shown in Scheme 5.25. The bismuth chloride-aluminum powder 
system in aqueous media has been successfully applied to the alkylation of 1-
(aminoalkyl)benzotriazoles [91TL4247, 920M1381, 95SC2751] and the 
Reformatsky-type reaction of a-bromoketones [97TL2733]. The catalytic 
bismuth chloride-zinc dust system in aqueous media also works effectively 
for the reductive cross-coupling of aldehydes with a-diketones [95CL999]. 
The homocoupling reactions of aldimines and allylic halides proceed in 
methanol [89TL1261, 95TL6747]. Metallic bismuth is used for the allylation 
of imines [93TL7975], enamines [97CEJ1064] and sulfonyl chlorides 
[98SL1083] (Section 5.5.1.2) under mild conditions, propargylation-allenyla-
tion of aldehydes in H20/MeOH [98JOC7472], and also for the isomerization 
and fragmentation of allyl phenyl ether at elevated temperature [87BCJ4279]. 

Cross-coupling reaction between aldehydes and a-diketones with bismuth chloride and 
metallic zinc: typical procedure 
2,3-Butanedione (0.0488 g, 0.567 mmol) and 3-phenylpropanal (0.113 g, 0.843 mmol) were 
added to a suspension of bismuth chloride (0.375 g, 1.19 mmol) and zinc dust (0.203 g, 3.11 
mmol) in THF (10 ml) under argon at room temperature. After stirring for 40 min under reflux, 
the reaction was quenched by the addition of hydrochloric acid (1 M, 10 ml). Organic materials 
were extracted with ether three times and the combined organic extracts were washed succes
sively with water and brine, and dried over sodium sulfate. After evaporation, the residue was 
subjected to thin layer chromatography on silica gel (hexaneiAcOEt = 3:2) to give a dia-
stereomeric mixture of 3,4-dihydroxy-4-methyl-l-phenyl-5-hexanone (0.107 g, 85% yield) 
[95CL999]. 

5.4,2. Bismuth(ni) salt-catalyzed carbon-carbon bond forming reactions 

Bismuth chloride catalyzes the Mukaiyama-aldol and Michael reactions 
[88TL4719, 90YGK960]. Aldehydes, ketones, acetals and a,j8-unsaturated 
ketones all react with trimethylsilyl enol ethers under mild conditions 
(Table 5.8) [91BCJ990]. Catalytic activity of bismuth chloride is often 
enhanced remarkably by the addition of some other metal iodide 
[93JOC1835, 93BSF832] (Table 5.8). This mixed catalytic system was 
employed successfully for the Mukaiyama-aldol and Michael-type reactions 
of furan derivatives [92TL1053, 93BSF832], as well as for the tandem aldol-
halogenation reaction [94JOC2238] (Scheme 5.43). 



404 Bismuth compounds in organic transformations Ch. 5 

N. 
^N 

N + R^X — 

[91TL4247,920M1381, 95SC2751 ] 

Br 

R^CHO + R^^^^Y^ 

BiClg-AI 

THF/H2O, r.t. 

BiCl3-AI 

R ^ ^ N R ^ R ^ 

18-88% 

OH O 

H2O, 60-85 °C, 4 ^ 8 h R^ 

19711.27331 

R^CHO + R^COCOR^ 

(95CL999I 

R^ 

BiCl3-Zn 

THF, reflux 

41-90% 

OH O OH O 

- R^-^r^R^ ' R^-Sc^R^ 
HO R2 R2 O H 

,R^ 
R^^ ^N' 

I951L6747I 

[89TL12611 

Bi-KOH 

46-93 % 
(anti/syn=59M-85n5) 

NHR2 

MeOH, r.t., 3-6 h 

BiCl3-NiCl2(bpy)-AI 

MeOH, r.t., 6h 

bpy: 2,2'-bipyridyl 

NHR^ 

55-75 % 

- Ar^^^^^^^-^^^Ar 
Ar 

7 3 % 

R ^ ^ N ' ^ + 

193TL7975I 

H ^ 

I99JOC8214J 

.Br Bi-Bu4NBr NHR^ 

MeCN, r.t., lOmin ^ 

+ ^HexCHO 
BiBr3-Zn 

THF, -40°C-r.t. 

85-92 % 

?5Hii 
fHex 

OH 

89 % (anti/syn=95/5, 7 % ee) 

Scheme 5.25. Bi(0) and in situ generated Bi(0)-promoted coupling reactions. 
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TABLE 5.8 
BiCls and BiCls-metal iodide catalyzed Mukaiyama-aldol and Michael-type reactions 

X \ 9 Bi catalyst O OTMS MeOH. HCI 

R2 + R3-C-R4 "̂  R^^Vin^ "•ji' 
Bi catalyst Conditions Yield 

(%) 
Reference 

BiCl3-M'l or M''l2 
(5-20 mol%) 

BiCls (5-20 mol%) 

CH2CI2, -78°C-r.t., 
instantaneous-6 h 

0-98 

CH2CI2, r.t., 25 min^O h 0-95 

[93JOC1835] 
[93BSF832] 
[92TL1053] 
[91BCJ990] 
[88TL4719] 

9TMS Q Bi catalyst fl f 9 ™ S MeOH. HCI 9 f ft 

Bi catalyst Conditions Yield 
(%) 

Reference 

BiCl3-M'l or M''l2 
(5-20 mol%) 
BiCls (5 mol%) 

CH2CI2, r.t., 1-3 h 

CH2CI2, r.t., 15 min-6 h 

75-94 

31-80 

[93JOC1835] 
[93BSF832] 
[91BCJ990] 
[88TL4719] 

Bismuth chloride-catalyzed Mukaiyama-aldol reaction of aldehydes with silyl enol ethers: 
general procedure 
Bismuth chloride (16 mg, 0.05 mmol) and dry dichloromethane (3 ml) were placed in a 50-ml 
two-necked flask under nitrogen. An aldehyde (1.1 mmol) and a silyl enol ether (1.0 mmol) 
were added sequentially and the resulting reaction mixture was stirred at room temperature. The 
reaction was quenched with methanol/1 M HCI (10/1, 0.1 ml), water (10 ml) is added, and the 
product was extracted with dichloromethane (10 ml) three times. After drying, the solvent was 
removed in vacuo to leave a crude product, which was purified on thin layer chromatography to 
afford the corresponding aldol in good yield. A similar procedure was also applicable to the 
Michael-type reaction [91BCJ990]. 

The BiCls-metal iodide catalyzed aldol reaction is suggested to proceed as 
depicted in Scheme 5.26 [93JOC1835]. The formation of Bils from the binary 
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O OSiMea 

c=o 

Scheme 5.26. Catalytic cycle for the aldol reaction catalyzed by the BiCl^-metal iodide system 
[93JOC1835]. 

catalytic system is confirmed by X-ray powder diffraction analysis. Two 
proposed factors that enhance the catalytic activity are (i) carbonyl activation 
through the formation of a not very stable and consequently reactive Bi-
chelate (I), and (ii) the catalytic key involving the decomposition of this 
chelate by chlorosilane formed during the activation by 61X3 with simulta
neous regeneration of Lewis acid species. Bi(OTf)3 [99TL285] is also reported 
to be an efficient catalyst for the Mukaiyama-aldol reactions. The catalytic 
activity is higher than the one previously reported for the rare earth triflates 
M(OTf)3 (M = Sc, Ln). The in situ generated trimethylsilyl trifluorometha-
nesulfonate via transmetallation is suggested to be a real catalyst in the cata
lytic system [98SL1249]. 

Silyl enolates and allyltrimethylsilanes can be acylated with acyl chlorides 
in the presence of catalytic amounts of BiCl3 or BiCl3-metal iodide (Scheme 
5.27) [960M4646, 96JOC3885]. With the former type of compound, C-acyla-
tion proceeds with high regioselectivity over 0-acylation, while with the 
latter, allylation occurs exclusively at the y-position without accompanying 
decarbonylation or isomerization of the double bond. The Friedel-Crafts 
acylation is successfully catalyzed by Bi(OTf)3 [99TL285] to give the corre
sponding arylketones in high yields [97TL8871, 98CRA141, 99CRA455]. 
The catalytic activity is much higher than the one of the other metallic trifrates 
M(OTf)3 previously reported (M = Al, Ga, Ln or Sc). Other bismuth salts such 
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OTMS 
R^COCI 

[96JOC3885J 

/TMS 

[960M4646J 

RCOCI 

BiCIs or 

BiCl3-M'l or M"l2 

(5 mol%) 

CH2Cl2/Et20, r. t., 
20min-10h 

BiCl3-M'l or M"l2 

(5 mol%) 

CH2Cl2/Et20, r. t., 
20min-10 h 

O O 

50-93 % 

^COR 

65-95 % 

ArH + RCOX 

Bi(OTf)3(1-10mol%) 

50-120 °C, 1-5 h 

[97TL8871, 98EJ02743, 98CRA141, 99CRA455] 

ArCOR 

75-95 % 

NHCOR 
BiCIs (5 equiv) 

160-245 °C, 2-9 min 

37.5-85 % 

Scheme 5.27. BiCls, BiCls-metal iodide and Bi(0Tf)3 catalyzed acylations. 

Acylation of allylsilane in the presence of BiCl3-Znl2: typical procedure 
In a flame-dried 100 ml flask with a septum inlet and a magnetic stirring bar was placed 
dichloromethane (50 ml) under argon. Bismuth chloride (790 mg, 2.5 mmol) and zinc iodide 
(1.195 g, 3.75 mmol) were transferred in a glove bag to the reaction flask. The flask was 
connected to an argon line. Pivaloyl chloride (6.65 g, 55 mmol) was added and the resulting 
suspension was stirred for 5 min at room temperature. Then, allyltrimethylsilane (5.7 g, 50 
mmol) in the same solvent (10 ml) was added in one portion with vigorous stirring. The 
progress of the reaction was monitored by the increase of chlorotrimethylsilane (^H-NMR). 
After stirring for 15 min at ambient temperature, the reaction mixture was quenched with 
saturated aqueous NaHCOs (50 ml). The organic layer was separated and the aqueous layer 
was washed with dichloromethane (20 ml X 3). The combined organic phase was dried over 
NaS04 and evaporated under reduced pressure to leave crude 2,2-dimethyl-5-hexen-3-one as a 
pale yellow oil (6 g, 95%). After distillation, 5.2 g (83% yield) of pure product was obtained 
[960M4646]. 



408 Bismuth compounds in organic transformations Ch. 5 

Friedel-Crafts acylation with Bi(OTf)3 as a catalyst: typical procedure 
Bi(OTf)34H20 (1.16 g, 1.6 mmol), (trifluoromethoxy)benzene (5.19 g, 32 mmol) and benzoyl 
chloride (2.25 g, 16 mmol) were successively introduced under argon in a 50-ml flask 
surrounded by a condenser. The suspension was heated with an oil bath. After cooling, 
dichloromethane (20 ml) and water (20 ml) were added to the dark solution and the products 
were extracted twice with dichloromethane (20 ml). The combined organic phases were dried 
with MgS04 and concentrated. The crude product was purified by flash chromatography on 
silica gel (pentane/ether = 9/1) to give 4-(trifluoromethoxy)benzophenone (3.72 g, 87%) 
[97TL8871]. 

as BiCl3, Bi203, BiOCl and bismuth carboxylates exhibit a very good catalytic 
activity for the Friedel-Crafts acylation of aromatic ethers [94FRP(94)10253, 
96EUP698593,98CRA141,99CRA455]. The Friedel-Crafts reaction of phos
phorous trichloride with aromatics is also catalyzed by BiCl3 and Bi(OTf)3 
[98T10111]. Quite recently, the mechanism for the acylation was proposed in 
the case of benzoylation of benzene, toluene and chlorobenzene [98EJ02743]. 
When heated with an excess amount of BiCl3 at elevated temperatures, Â -
acetylanilide undergoes migration of the acetyl group to o- and/or p-positions 
[76TL3217]. 

Additional examples of the bismuth chloride-catalyzed C-C bond forming 
reactions are summarized in Scheme 5.28. Active methylene compounds can 
react smoothly with aldehydes and a,j8-unsaturated carbonyl compounds in 
the presence of bismuth chloride without using organic solvents [92CL1945, 
97TL1449]. A catalytic amount of bismuth chloride (2 mol%) can efficiently 
induce the intramolecular ene cyclization of (+)-citronellal as well as the 
intermolecular ene reaction between (-)-j8-pinene and chloral 
[96JOM(521)397]. The Diels-Alder reactions are catalyzed by BiCl3 or 
Bi(OTf)3 [99TL285] under very mild conditions [97JOC4880, 98TL1161, 
99TL7215, 99JOM(585)253]. Both salts exhibit strong catalytic activity 
when compared with other catalysts previously reported. Even in the presence 
of water, Bi(0Tf)3 efficiently catalyzes hetero-Diels-Alder reaction between 
glyoxylic acid and dienes [98SL1138]. Allylation of benzaldehyde with 
crotyltributyltin is mediated by BiCl3 at -78°C. Crotyldichloro-bismuthine 
is proposed to be an intermediate [98JOC59]. The cyanation of carbonyl 
compounds is catalyzed by BiCl3 at room temperature or by triarylbismuthine 
at 80°C to give cyanohydrins [97TA3939, 99YGK689]. The reaction is 
applied to asymmetric cyanation with 25-58% ee by use of the catalyst 
prepared from BiCl3 and diethyl tartrate. 

Bismuth bromide is also found to be useful as a Lewis acid catalyst 
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O BiCl3(10mol%) R1 R2 
R^-C-H + R2-CH2—R^ ^ > ^ ^ ^ 

no solvent, 80 °C H R̂  

R2, R^ = electron withdrawing group ^ ^~^° ™^ 

[92CLi9451 ^^^ °° 

BiCIa O R"̂  O 
9 9 9 (io™i%) p , A ^ A J l p 3 

microwave, 
R R R Fl no solvent, 

microwave, 
L97TL1449J 12-16 min 

BiCIa (2 mol' 
^CHO 

benzene or CH2CI2; 

80-90 % 

OH 

HpCIo, N / N̂  

(+)-citronellal r. t., 2-3 h 
(-)-isopulegol 

[96JOM(521)3971 65 % 

R̂  „ OH 
R-̂  
COOEt 

R \ ^ O BICI3 (5 mol%) ^ R \ ^ o R̂  

M e - ^ ^ R^-^COOEt CHCI3,20-60 °C. M e ^ ^ - ^ " ^ ^ oi 
^ ^ 20min-24h ^ ^ COOEt R̂  

[98TL11611 54_98o/, 

BiCIa (5 mol%) or 
R ^ \ ^ R2 Bi(OTf)3 (0.1-1 mol%) R ^ \ . / \ Me . , ^ ^ - ^ 

M A ' ^ C O R 3 CH,c,„a-25"c: M e A J C o ' s ' R ' ^ ^ C O R 3 
45 min-24 h COH UUH 

L97JOC4880J 
60-96 % 

N C ^ N O BiCl3(10mol%) NC N o 

LL J QO 0/ 
toluene, r.t. N ^ °'^. ;° ,,_ _, 

^ (cis/trans=1/8.3) 
Ph 

BI(OTf)3orBiCl3 O 
/ ^ \ EWG (4.2-5 mol%) ^ p ^ 

i i + =/ / Q 
CH2CI2,-43-20 °C ^E\NG 

[99JOM(585)253] EWG = COMe, CN 61-83 % 

OH 

^ ^ ^ - ^ S n B U 3 , p,cHO ^^^W^^ ^ ^ X ^ ^ 

CH2CI2, -78 °C, 2 h t 
[98JOC591 

^^*BICl3 
R C H O + MegS I " ^ ^ ; ^ + R'OH 

CH2CI2, r.t. 

[99YGK6891 

OR' 

BICI3 (20mol%)or Q H 
O ArgBi (10mol%) 1 

o i A ^ 2 + TMSCN R 1 - ^ R 2 
^ ^ CICH2CH2CI, r. t . , -80°C, CN 

L97TA3939, 99YGK689J 20 min-9 h Q^_^ ^^ „̂ ^ 

Scheme 5.28. Additional examples of BiCls-catalyzed C-C bond forming reactions. 
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i) BiBra (0.5-20 mol%), CH^Ia, 
r. t., 0.5-6 h 9 ^ 

R^COR^ + MeaSiR^ ^ R' 'R2CF^ 
li)H+ 

R 3 = C N . - " - " ^ 75-92% 

QMe 
BiBr3(1-5mol%) ] 

RiR2C(0Me)s + MegSiR^ R^R^CHR^ 
CH2CI2. r.t, 0.5^.5 h 65_92o/, 

R 3 = CN, 

OBn 
OBn 

^ _ . ^ \ ^ , BiBr3(0.5equiv) B n O ^ ^ O 

^"^^^"^^n MeCN. r.t.,6h BnO ^ ^ ^ 

63%(a/p = 8/1) 

Scheme 5.29. BiBr^-catalyzed C-C bond forming reactions [97TL7215]. 

Bismuth bromide-catalyzed allylation and cyanation of carbonyl compounds and acetals: 
general procedure 
To a stirred suspension of bismuth bromide (0.5-20 mol%), dried in vacuo prior to use, in dry 
dichloromethane (2 ml) were added successively a substrate (1.0 mmol) and an organosilicon 
reagent (1.2 equiv) by a syringe at room temperature under an argon atmosphere. The mixture 
was stirred for 0.5-9 h, while the progress of the reaction was monitored intermittently by GLC. 
When the reaction was complete, the mixture was diluted with aqueous HCl/MeCN. Usual 
work-up followed by chromatographic purification of the crude product on silica gel using ethyl 
acetate/hexane(l/10) as the eluent gave the expected alcohol or ether in 65-92% yields 
[97TL7215]. 

(Scheme 5.29). Allylation as well as cyanation of aldehydes, ketones and 
acetals with organosilicon reagents proceed efficiently in the presence of a 
catalytic amount of bismuth bromide under mild conditions [97TL7215]. This 
reaction can also be employed for stereoselective C-glycosydation. Peracety-
lated a-D-ribofuranosyl bromide reacts with silyl-protected nucleoside bases 
in a one-pot way in the presence of bismuth bromide to give the corresponding 
D-nucleosides (a:j8 = 1-9:99-91) (Scheme 5.42) [98SC603]. 

5.4.3. Carbon-carbon bond forming reactions using organobismuth 
compounds 

5.4.3.1. C-Arylation 
The first example of C-arylation with pentavalent bismuth compound is 
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observed during the attempted oxidation of quinine with an excess of 
PhsBiCOs [80CC246]. Since then, many reports concerning similar C-aryla-
tion have been pubUshed from Barton's laboratory with tri-, tetra- and penta-
arylbismuth(V) compounds. The C-arylation can be performed on the follow
ing types of activated organic compounds: phenols, naphthols, 1,3-dicarbonyl 
and related compounds, and a variety of anionic species including in situ 
generated ones, as summarized in Tables 5.9-5.11. 

The C-arylation of phenols and naphthols with tri- and tetraarylbismuth(V) 
compounds are usually conducted under basic conditions in a solvent such as 
dichloromethane, benzene, toluene or THF (Table 5.9), while the similar 
arylation with pentaphenylbismuth can be achieved under neutral conditions. 
When compared with other arylbismuth(V) compounds, tetraarylbismutho-
nium salts allow milder conditions and shorter reaction times. They are less 
prone to lead to side reactions like oxidation mentioned in Section 5.2.4. 
Although the electronic property of substituents on aromatic rings in arylbis-
muth(V) compounds does not seem to inlBiuence the overall yields of arylation 
[86T3111], it does appear to govern the regioselectivity of arylation, espe
cially that of phenols [87T323]. Phenols bearing an electron donating group 
are essentially ortho C-arylated and sometimes accompanied by small 
amounts of O-phenyl ether, whereas phenols with an electron withdrawing 
group are mostly and selectively 0-arylated. Double C-arylation of phenol can 
be effected at both ortho positions selectively. 

The C-arylation of 1,3-dicarbonyl compounds such as )8-diketones, )8-keto 
esters and malonic esters is readily performed with a variety of organobis-
muth(V) compounds under neutral or basic conditions (Table 5.10). In most 
cases, selective monoarylation is controlled with difficulty. However, 2,2-
diarylated 1,3-dicarbonyl compounds are obtained in good yield with 
Ph3BiCl2 or tetraarylbismuthonium salts under basic conditions, and with 
PhsBiCOa, Ph3Bi(OAc)2, or Ph5Bi under neutral conditions. When treated 
with triphenylbismuth carbonate, dimedone gives an ylide, but it gives an 
a,a-diphenyl derivative in the reaction with tetraphenylbismuthonium salt 
under basic conditions [85JCS(P1)2667, 88CL847]. Similar C-arylation can 
be carried out with various triarylbismuth carbonates [86T3111]. It has also 
been used for the synthesis of isoflavanones and 3-aryl-4-hydroxycoumarins 
[88T6387]. 

Although non-enolizable substrates are not arylated by arylbismuth(V) 
compounds under neutral conditions, their derived enolate anions react easily 
with Ph3BiCl2, Ph^BiCOi, and tetraphenylbismuth(V) compounds to produce 
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TABLE 5.9 
C-Arylation of phenols and naphthols with arylbismuth(V) compounds 

Organobismuth 

Ar3BiC03 
Ar = phenyl, 

p-tolyl, /7-anisyl, 

p-O.NCelU 
Ph3BiC03 
Ph3BiX2 
X = O2CCF3, 

ONO2, OTs, CI 

Ar3BiX2 
X = O2CCF3, CI 

Ar — Ph, 1-naphtyl 

Ar3BiCl2 
Ar = o-tolyl, 

2,4-dimethyl-
phenyl, mesityl 

Ar3Bi(OAc)2 
Ar = 2-allyloxy-

phenyl 
Ph4BiX 
X = O2CCF3, 

OAc, OTf 

Ph4BiOTs 

PhsBi 

Substrate 

2-Naphthol 

2-Naphthol 
2-Naphthol 

OH 

2-Naphthol 

2-Naphthol 

2-Naphthol 

2-Naphthol 

2-Naphthol 
1-Naphthol 

OH 

M e ' ' ^ ^ M e 

OH 

u 

Condition 

Neutral 

Basic 
Basic 

Basic 

Basic 

Basic 

Basic 

Basic 

Neutral 
Neutral 

Neutral 

Neutral 

Product 

l-Aryl-2-naphthol 

l-Phenyl-2-naphthol 
l-Phenyl-2-naphthol 

OH 

l-Aryl-2-naphthol 

l-Aryl-2-naphthol 

l-Phenyl-2-naphthol 

l-Phenyl-2-naphthol 

l-Phenyl-2-naphthol 
2-Phenyl-l-naphthol 

Mê s, LI^M. 

M e ^ ^ ' ^ M e 

Mev, u 

Reference 

[86T3111] 

[85JCS(P1)2657] 
[85JCS(P1)2657] 

[85JCS(P1)2657] 

[99OM3016] 
[99T1341] 

[99T3377] 

[82TL3365] 
[85JCS(P1)2657] 

[82TL3365] 
[85JCS(P1)2657] 
[87JCS(P1)241] 

[80CC827] 
[85JCS(P1)2657] 
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TABLE 5.10 
C-Arylation of 1,3-dicarbonyl and related compounds with arylbismuth(V) compounds 

Organobismuth Substrate Condition Product Reference 

ArsBiCOs 
Ar = phenyl, 

p-tolyl, 
p-anisyl, 
P-O2NC6H4 

PhsBiCOs, 
FhsBiCls 

Neutral 

OaEt 

02Et 

Neutral 
Basic 

X^COgEt 

if^ .C02Et 
Ph 

[86T3111] 

[85JCS(P1)2667] 

PhsBiCO. O O Neutral Q Q 

Axi, OEt - - ^ ^ O E t 
Ph 

[85JCS(P1)2667] 

isBiCOs 
(excess) 

Q Q Neutral 0 0 

+ Ph2CHC02Et 

PhgBiCl. O O Neutral 

OEt 

O O 

OEt 

Ph3Bi(OAc)2 

PhsBiCOs 
(excess) 

^"^ JO^ ^ 

H i Y kA^ 
1 

OH 

"* I 

Q Basic 
Neutral 

Neutral 

OEt 

CCC Ph 
OH 

[88T6387] 

Q [89TL3909] 

H C I . H 2 N . X Q ^ ^ 

^^ (after hydrolysis) 

Ar3Bi(OAc)2 
Ar = 2-allyloxy-

phenyl 

Basic 

02Et X^ 
L j^^ 

02Et 

[99T3377] 
[99T1341] 

Ar 
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TABLE 5.10 (continued) 

Ch. 5 

Organobismuth Substrate Condition Product Reference 

Ar3BiCl2 
Ar = o-tolyl, 

2,4-dimethyl-
phenyl, mesityl 

Ph4BiX 
X = O2CCF3, OAc, 

OTs, OTf 

Basic 

Basic 

XxOaEt 

[99T3377] 
[99T1341] 

[82TL3365] 
[85JCS(P1)2667] 
[87JCS(P1)241] 

PhsBi Neutral 

;02Et 

[80CC827] 
[85JCS(P1)2667] 
[87JCS(P1)241] 

Neutral [90JOC5222] 

Phenylation of 2-naphthol with tri- or tetraphenyl bismuth(V) compounds under basic 
conditions: typical procedure 
To a stirred solution of 2-naphthol (0.14 g, 1.0 mmol) in benzene or THF (5 ml) was added 
tetramethyl-2-r^rr-butylguanidine (0.21 g, 1.3 mmol) at room temperature under an inert atmo
sphere. Triphenylbismuth bis(trifluoroacetate) (0.80 g, 1.2 mmol) was added and the resulting 
mixture is stirred for an appropriate time. Then the solvent was evaporated and the residue is 
fractionated by thick layer chromatography using ether-hexane (1:4) as the eluent to give 1-
phenyl-2-naphthol in 0.15 g, 70% yield. In some cases, triphenylbismuthine was also isolated 
[85JCS(P1)2657]. 

Phenylation of 1,3-dicarbonyl compounds with various phenylbismuth(V) compounds 
under neutral conditions: typical procedure 
A solution of acetylacetone (0.15 g, 1.5 mmol) in anhydrous benzene or dichloromethane (7.5 
ml) was stirred under argon in the presence of triphenylbismuth carbonate (1.9 g, 3.8 mmol) 
until the reaction is complete. The reaction mixture was filtered though Celite, the filtrate was 
evaporated, and the residue was purified by preparative thick layer chromatography or column 
chromatography to give 3-phenylpentane-2,4-dione (0.10 g, 38% yield) and 3,3-diphenylpen-
tane-2,4-dione (0.15 g, 40% yield) [85JCS(P1)2667]. 
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TABLE 5.11 
C-Arylation of organoions with arylbismuth(V) compounds 

Organo-
bismuth 

Substrate Base Product Reference 

PhgBiCOs 

Ph3BiCl2 

PhsBiCOg, 
Ph3BiCl2 

Acetophenone 

Diphenylacetone 
Cyclohexanone 

2-Nitropropane 
PhaCK 

2-Nitropropane 

N 0 2 s ^ C 0 2 B u 

Me 

KH 2,2,2-Triphenyl-

acetophenone 
KH Pentaphenylacetone 
KH 2,2,6,6-tetraphenyl-

cyclohexanone 
2-Phenyl-2-nitropropane 

Ph4C 
BTMC" 2-Phenyl-2-nitropropane 

TMG^ NO2. CO2BU 

Ph Me 

KH 

Ph 

[85JCS(P1)2667] 

[85JCS(P1)2667] 
[82CC732] 

[80CC827] 
[85JCS(P1)2667] 
[87JCS(P1)241] 
[88JOC2323] 

[88T6387] 

O 

Ph4BiOTs 1,1,3,3-Tetra-
phenylacetone 
2-Nitropropane 

Me 

H 

Ph4Bi02CCF3 r=. 

BTMG' 

BTMG' 
BTMG' 

_ 

Pentaphenylacetone 

2-Phenylnitropropane 

Ph 

Of' 

[87JCS(P1)241] 

[85JCS(P1)2667] 
Me -S02Na Me -SOgPh 

PhsBi 2-Nitropropane 2-Phenyl-2-nitropropane [80CC827] 

' BTMG, N-tert-huty\-N', A^"-tetramethylguanidine. ''TMG, tetramethylguanidine. 

Phenylation of enolate anions with triphenylbismuth carbonate: typical procedure 

A solution of acetophenone (0.060 g, 0.50 mmol) and KH (0.090 g, 2.3 mmol) in anhydrous 

THF (2.5 ml) was stirred at room temperature for 15-30 min under argon. After the addition of 

triphenylbismuth carbonate (1.15 g, 2.3 mmol), the mixture was stirred until the reaction was 

complete. The reaction mixture was filtered though Celite, the filtrate evaporated, and the 
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residue purified by preparative thick layer chromatography or column chromatography to give 
2,2,2-triphenylacetophenone (0.12 g, 69% yield) [85JCS(P1)2667]. 

the corresponding a-phenylation products, as shown in Table 5.11. Higher 
phenylation products are usually obtained as byproducts. Further examples of 
the anions to be phenylated include those from nitroalkanes, a-nitro 
carboxylic esters, triphenylmethane, indole, and alkali sulfinates. 

PhgBi 

Scheme 5.30. Reaction of pentaphenylbismuth with dienes. 

Pentaphenylbismuth reacts with conjugated dienes in a manner shown in 
Scheme 5.30. The Diels-Alder adducts are derived from the benzyne in situ 
generated from the thermal decomposition of pentaphenylbismuth 
[78DOK(238)361, 87JCS(P1)251]. 

The mechanistic pathway of the C-arylation reaction is supposed to involve 
a pentavalent bismuth intermediate possessing the covalent Bi-O bond, as 
shown in Scheme 5.31, and which has been isolated and fully characterized 
in some cases [85JCS(P1)2657]. Breakdown of this intermediate gives rise to 
the arylation product. The reductive elimination of a bismuth(III) compound is 
considered to proceed concertedly. 

Scheme 5.31. Reaction pathways for C-arylation. 
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5.4.3.2. Transition metal-catalyzed carbon-carbon bond forming reactions 
The transition metals and their salts and coordination complexes such as 

RhCls, Pd(PPh3)4, Pd(0Ac)2, Cu(0), CuCl and CuX2 can catalyze the aryl-aryl 
coupling, carbonylation and phenylation reactions of organobismuth 
compounds with indoles, acyl chlorides, acetylenes and olefins, as illustrated 
in Table 5.12. Most of these reactions proceed under mild conditions. 

During the course of examining arylation using various types of arylbis-
muth compound. Barton's group found that some transition metals effectively 
catalyze the aryl-aryl coupling and arylation reactions based on arylbis-
muth(V) compounds. The coupling reaction proceeds quantitatively with a 
wide variety of tri- and pentavalent arylbismuth compounds in the presence of 
triethylamine and a catalytic amount of palladium acetate [88T5661]. Acyl 
chlorides and indoles are phenylated under mild conditions in the presence of 
palladium and copper catalysts, respectively, to furnish the corresponding 
aromatic ketones and 3-arylindoles in excellent yields. Allyl, cinnamyl and 
propargyl bromide are also arylated with triarylbismuthine in the presence of 
palladium catalyst [97CCL759]. Uemura et al. reported the carbonylative 
aryl-aryl coupling of triarylbismuth compounds using a rhodium or palladium 
salt as catalyst [92CC453, 95BCJ950, 99BCJ1851]. They also found the 
hydrophenylation of a,j8-unsaturated carbonyl compounds (conjugate 
addition) with sodium tetraphenylborate using palladium(O) and Lewis acid 
catalysts [94TL1739, 95JOC883] and phenylation of alkene (Heck-type reac
tion) with Ph2BiCl and a catalytic amount of palladium(II) under air 

Pd(0Ac)2 + NEt3 

RCOCI 
RCOPh 

BiClg PhgBi 

Scheme 5.32. Mechanism for the palladium catalyzed arylation of acid chlorides [88T5661]. 
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Conversion of acyl halides to aromatic ketones using triphenylbismuthine and palladium 
acetate: general procedure 
To a stirred suspension of palladium acetate (0.05 mmol) in HMPA (1 ml) was added triethy-
lamine (0.1 mmol) at room temperature under argon. A yellow solution resulted within 2-3 min, 
to which a solution of an appropriate acid chloride (5 mmol) in HMPA (2 ml) followed by 
triphenylbismuthine (1 mmol) in the same solvent (5 ml) was introduced slowly. The reaction 
mixture was heated at 65°C for 5 h, then cooled, diluted with ether (50 ml) and filtered through a 
short column of basic alumina. The column was washed with ether (4 X 25 ml) and the 
combined ethereal washings were shaken with water (3 X 250 ml). The organic phase was 
separated, dried over anhydrous magnesium sulfate and evaporated to give the expected ketone, 
which was further purified either by preparative TLC or by recrystallization [88T5661]. 

[99JOM(574)3]. Some unsaturated hydrocarbons undergo arylation and/or 
alkenylation with triarylbismuthines and alkenyltriarylbismuthonium salts in 
the presence of a palladium catalyst [73BCJ2910, 77BCJ2021, 
96JCS(P1)1971, 96TL4051]. 

The mechanistic pathway for the Pd(OAc)2-catalyzed formation of 
phenylketones from triphenylbismuthine and acyl chlorides is depicted in 
Scheme 5.32 [88T5661]. 

5.4.3.3. Carbon-carbon bond forming reactions based on bismuthonium salts 
and ylides 

A stabilized bismuthonium ylide, readily obtainable from dimedone and 
triphenylbismuth carbonate [85JCS(P1)2667, 88CL847], reacts with a variety 
of nucleophiles as shown in Scheme 5.33. The reaction with aromatic alde
hydes gives several 2:1 coupling products. The fact that cyclopropane deri
vatives result from the initial Wittig-type olefination of aldehydes followed 
by the Corey-type cyclopropanation of the resulting olefins is noteworthy. No 
ylide compounds which can undergo both types of reaction in such a tandem 
way are currently known. The reaction with a sulfene gives rise to five-
membered heterocyclic sulfones [89CC1749]. In the presence of a catalytic 
amount of copper(I) salt, this stabilized ylide reacts with isothiocyanates 
[88CL847], dimethyl sulfide, triphenylarsine [90BCJ950] and terminal acet
ylenes [89CL325] to give the corresponding 1,3-oxazoles, sulfonium ylide, 
arsonium ylide and furan derivatives, respectively, in low to moderate yields. 

The moderately stabilized triphenylbismuthonium 2-oxoalkylides readily 
undergo the Corey-type epoxidation with aldehydes to give a,j8-epoxyke-
tones and triphenylbismuthine [94JCS(P1)2703]. Competitive experiments 
using a series of p-substituted benzaldehydes have revealed that the C-C 
coupling proceeds through nucleophilic attack of the ylidic carbon onto the 
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21-35% 

[89CL325] 

O 2S-73 % 

[89CC1749] 

Scheme 5.33. Typical reactions of a stabilized bismuthonium ylide derived from dimedone. 

carbonyl carbon atom. The ylides also react with A^-sulfonylaldimines to 
afiford a,)8-aziridinoketones and triphenylbismuthine [95JOC4663]. The cisi 
trans geometry of the aziridine ring can be controlled by the proper choice of a 
base and an additive. The triphenylbismuthonio moiety always behaves as a 
good leaving group. The reaction mode leading to oxiranes and aziridines is in 
marked contrast to those observed with lighter pnictogen counterparts; phos-
phonium, arsonium and stibonium 2-oxoalkylides all undergo the Wittig-type 
olefination with aldehydes and imines to afford a,j8-unsaturated ketones. 

Bismuthonium 2-oxoalkylides react with dimedone, /?-toluenesulfonic acid 
and benzenethiol to yield the corresponding a-substituted ketones and triphe
nylbismuthine. In the presence of a catalytic amount of copper iodide or 
nitrosobenzene, the ylides undergo reductive dimerization to form 1,2-diacy-
lethenes. Aromatic nitrile oxide also catalyzes the dimerization but readily 
couples with the resulting olefin to give the corresponding isoxazoline deri
vative. 

Although triphenylbismuthonium 2-oxoalkylides do not react with simple 
ketones and esters, such as benzophenone and ethyl acetate, they readily 
couple with a-diketones in several different reaction modes [96CC2697, 
98CC1359, 99S395, 99JCS(P1)1533]. When treated with ethyl pyruvate. 
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Nu = (R^CO)2CH, ArO, ArS, 
4-MeC6H4S02, amine,halogen 

Nu~ r94JCS(Pl)1739,93TL84571 

O 
0-91 % 

[95JOC46631 

0-Y^ 

R = B̂u O O 

NuH = p-TsOHorPhSH 

[94JCS(P1)2703] 

85 % O 
[94JCS(P1)2703J _ J[^ 

O 
4 1 - 9 4 % 

L94JCS(P1)2703, 
94JCS(P1)3479J 

R = B̂u 
6 5 % 
[94JCS(P 1)2703] 

Ar O Ar 

1 2 - 6 7 % 
[98CC1359, 99JCS(P1)1533J 

Scheme 5.34. Typical reactions of (2-oxoalkyl)triphenylbismuthonium salts and their derived 
ylides. 

Reaction of o-quinones with triphenylbismuthonium 2-oxoalkylide: general procedure 
To a stirred suspension of (2-oxoalkyl)triphenylbismuthonium salt (0.2 mmol) in THF (5 ml) 
was added NaN(SiMe3)2 (0.2 mmol) at -78°C. After 10 min, o-quinone (0.2 mmol) was added 
and the resulting mixture was gradually allowed to warm to room temperature. Evaporation of 
the solvent under reduced pressure gave an oily residue which is diluted with benzene (15 ml) 
and the insoluble matter was filtered off through a Celite bed. The filtrate was concentrated 
under reduced pressure to leave an oily residue which was subjected to chromatographic 
separation on silica gel using hexane/ethyl acetate (100:0-80:20) as the solvent to elute triphe-
nylbismuthine and 2-acyl-3-hydroxytropone, in this order [96CC2697]. 
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2,3-difunctionalized oxiranes are formed via epoxidation. The reaction with o-
quinones gives 2-acyl-l,3-tropolone derivatives via the ring enlargement, 
while the treatment with benzils afifords 0-aroylenolates derived from 1,3-
diketones via the carbon-to-oxygen migration of an aryl group. Such varia
tions of the reaction modes are unprecedented in the ylide chemistry and so 
characterize the bismuth from the other 15 group elements (Scheme 5.34). 

Quite recently, the bismuthonium salts and ylides bearing an a-ester group 
have been reported to exhibit similar reactivities to their ketone analogs 
[99JOC6924]. 

(3-Oxoalkyl)triphenylbismuthonium salts behave in a similar manner as the 
2-0X0 analogues, when treated with such nucleophiles as sodium benzenesul-
finate, potassium halides and dimethyl sulfide [95JCS(P1)2543]. In the 
presence of a strong base, however, j8-elimination occurs to give a,/3-unsa
turated ketones (Scheme 5.35). 

Allyltriphenylbismuthonium salts can be generated in situ, but they decom
pose rapidly to form allylbenzenes. In the presence of electron-rich arenes, 
they readily transfer the allyl moiety to arenes to produce the corresponding 
allylation products [95TL7475]. These bismuthonium salts may be regarded 
as the allyl cation equivalent for a variety of nucleophiles (Scheme 5.36). 

The reactivity of (l-alkenyl)triphenylbismuthonium salts towards nucleo
philes is somewhat lower as compared with alkylbismuthonium salts (Scheme 
5.37) [96JCS(P1)1971]. Thus, they fail to react with triphenylphosphine and 
dimethyl sulfide but are capable of reacting with sulfinate and thiolate anions 
to give the corresponding sulfones and sulfides, respectively. 

Ph A . ^ S 0 2 P h ^^^^OaNa 
99 % ^^"~^"~"^"^^-^ 

KX / 

O ^ O ^ 

Ph^^^-^x % h - ^ ^ 

28-65% 10-25% 

0 

P h ^ ^ - ^ ^ B i ^ P h 3 
BF4" 

Me2S 

KOteu 

0 

Ph""^^-^"^S^Me2. 

9 2 % 
0 

8 8 % 

BF4 

Scheme 5.35. Typical reactions of (3-oxoalkyl)triphenylbismuthonium salt [95JCS(P1)2543]. 
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// ij), 
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PhaBiFa + BF3.0Et2 + 

29-64 % 

86% 

100% 

Scheme 5.36. Typical reactions of allyltriphenylbismuthonium salt [95TL7475]. 

R̂  H 

R2 S02Ph 

9-94 % 

Ar 
Me 

ArS02Na 

ArCH=CH2 

R\ R2=Me 
KOfeu 

_M Bi+Phg 
BF. 

SPh 
+ Ph2S 

29% 
32-40 % 

R^=4-MeC6H4, R^=H 

4-MeC6H4C=CH 

Me 

84-93 % 

Scheme 5.37. Typical reactions of alkenyltriphenylbismuthonium salt [96JCS(P1)1971]. 

5.4.3.4. Miscellaneous carbon-carbon bond forming reactions 

Triorganylbismuthines can mediate such C-C bond forming reactions as 
shown in Scheme 5.38 in the presence or absence of a transition metal salt. 
Tributylbismuthine promotes the allylation of carbonyl compounds with 
ally He bromide [91HAC297] and the olefination of diazo compounds with 
carbonyl compounds in the presence of catalytic amounts of a copper(I) halide 
[90TL5897]. A combination of triphenylbismuthine and WCl6 promotes the 
metathesis of olefins, while a similar combination with TiCl4 facilitates the 
stereoselective Diels-Alder reaction of unsaturated esters [76TMC183, 
93JOC4783]. 
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i) BuaBi (1 equiv), 
^ Rr . o 60-80 °C, 4-24 h 

ii) H2O 
(9IHAC297I 

10-62% 

// 

Bu3Bi (1.2 equiv), ̂ ^^CuX 
R^COR^ + N2CR^R'̂  R^R2C=CR^R4 

benzene, 80 °C 
I90TL5897J < 20 % 

""^^ WCIe-PhsBi 
R^CH=CHR2 R^CH=CHR^ + R2CH=CHR2 

1,2,4-trichlorobenzene, 
R̂  = Bu, R̂  := Me, ''•̂ - 21 % yield, 94 % selectivity 

|76TM(n83| 

Et02C pj ^ / \ TiCU-PhgBi (1 equiv) K 

H O CH2Cl2,-78°C CO2R 
88:12 CO2R* 

I93JOC47831 p. ^ CH(Me)C02Et 

Scheme 5.38. Triorganylbismuthine-mediated C-C bond forming reactions. 

The reaction of (diphenylbismuthyl)methyllithium with carbonyl 
compounds gives rise to a-bismuthyl alcohols which, on treatment with 
aqueous perchloric acid at room temperature, provide the corresponding term
inal olefins [85CB1039]. Heating of alkynyldiarylbismuthines with acyl chlor
ides in refluxing benzene results in the ethynylation of the carbonyl function to 
give the corresponding acetylenic ketones [92BCJ3504] (Scheme 5.39). 

PhLi R^R^CO 
(Ph2Bi)2CH2 •- Ph2BiCH2Li ^ Ph2BiCH2C(OLi)R^R^ 

|85('B 10391 ^ ^ 0 1 0 4 

CH2=CR^R2 + Ph2BiOH 

38-48 % 

PhCOCI 
4-MeC6H4CaCBiAr2 ^ 4-MeC6H4C=CCOPh 

benzene, 80 °C 
/pr 51 % 

^ ' -Ar- ^ ^ ; / - r r |92Brj35(U| 

'Pr 

Scheme 5.39. Miscellaneous C-C bond forming reactions based on arylbismuthines. 
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5.5. CARBON-HETEROATOM BOND FORMING REACTIONS 

5.5.7. Reactions with bismuth(III) salts 

5.5.1.1. Carbon-oxygen bond forming reactions 
Bismuth(III) salt-mediated C-0 bond forming reactions are summarized in 

Scheme 5.40. The ester functionalization with simuUaneous cyclopropane 
ring cleavage of c/^-(-)-thujopsene proceeds under the aid of catalytic 
amounts of bismuth sulfate [78BCJ319]. Both alcohols and formates can be 
converted to acetates by heating with a slight excess of bismuth acetate at 
elevated temperatures [73JOC764]. Selective hydrolysis of aryl esters can be 
effected in the presence of a catalytic amount of bismuth mandelate in DMSO 
[97TL2981]. An additional presence of molecular oxygen (1 atm) slightly 
increases the yield of the products. Stoichiometric use of bismuth chloride 
as the promoter for glycosylation of 1-glycosyl dimethyl phosphite results in a 
good j8-selectivity [93SL115]. Bismuth bromide is efficient as a catalyst for 
the reductive homocoupling of carbonyl compounds as well as heterocoupling 
between a carbonyl compound and an alkoxysilane in the presence of triethyl-
silane under mild conditions. This ether-forming reaction has been success
fully extended to the single-step preparation of novel crownophanes of various 
ring sizes containing the olefinic and acetylenic linkages [97TL7219]. The 
rapid cleavage of oximes, hydrazones and semicarbazones to the carbonyl 
compounds under microwave irradiation are reported in the presence of a 
catalytic amount of BiCls or on wet silica supported sodium bismuthate 
[97TL4267, 97SL1251, 98SC4157, 98SL1345]. 

Glycosylation of 1-glycosyl dimethyl phosphite with alcohols: typical procedure 
To a solution of 2,3,4,6-tetra-O-benzyl-D-glucopyranosyl dimethyl phosphite (a/p = 83/17, 37 
mg, 0.058 mmol) in dichloromethane (1 ml) were added powdered molecular sieves 4A (200-
300 mg), 3-phenylpropanol (7.9 mg, 0.058 mmol) and bismuth chloride (18 mg, 0.058 mmol) in 
this order. The resulting mixture was stirred for 20 min at room temperature, then diluted with 
water and filtered through a pad of Celite under suction. The filtrate was washed successively 
with aqueous sodium hydrogen carbonate and brine, dried and evaporated under reduced 
pressure. The residue was purified by preparative TLC on silica gel (AcOEt/hexane = 1/2) 
to give the corresponding glycoside (32 mg, 84%). The anomeric ratio, determined by a 
combination of ^H-NMR and HPLC, was a/p = 2/8 [93SL115]. 
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CH20COCnH2n.i 

+ CnH2n+iC02H 
Bi2(S04)3 (25 mol%) 

c/s-(-)-thujopsene 

n = 1-7 

I78BCJ319I 

70 °C, 40 h 

20-34 % 

R^OR^ 

R^=HorHCO-

Bi(0Ac)3 (1.1 equiv.) 

150-190 °C, 24^8 h 
R^OAc 

48-87 % 

|73J(X764| 

OBn 

BnO 

OBn ^ BiClg (1.0 equiv.), MS4A 

I93SIJI5I 

BnO 

8 4 % (a/p = 20/80) 

R'OSiMe3 ^, ^2 
^ ^ \ ^ ^ \ ^ ^ ^ BiBr3(1-3mol%) R V ^ R ^ BiBr3(1-3 mol%) 

T T T + Et3SiH . 
R2 R2 MeCN, r.t. O MeCN, r.t. OR 

0-93 % 
5 min-8 h 

|97TL7219,99Y(}K689] 

5 min-2 h 
0-96 % 

CHO TMSO 

CHO 
TMSO 

I97TL7219I 

BiBr3 (10 mol%), Et3SiH ^ 

CH2Cl2/MeCN 
-30 -0 °C ' ° 

n =2 (7 %), 3 (3 ' 
BiCl3 (10-40 mol%) in wetTHF 
or wet NaBi03-silica pt 

microwave, 1-6 min 

X = OH, NMe2, NHTs, NMe2, NHCONH2 
197IL4267. 97SIJ251. 98SC4I57. 98SIJ345| 

45-98 % 

BiCIs (10-20 mol%) 
RCH(0Ac)2 «- RCHO 

CHCI3, reflux 
80-99 % [99SC2741] 

Scheme 5.40. Bismuth(III) salt-mediated C-O bond forming reactions. 
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Reductive homo- and hetero-coupling of carbonyl compounds: general procedure 
To a stirred suspension of bismuth bromide (0.02-0.06 mmol), dried in vacuo prior to use, in 
dry acetonitrile (5 ml) were added successively a carbonyl compound (2.0 mmol) and, in the 
case of heterocoupling, an alkoxysilane (1.2 equiv), followed by triethylsilane (1.2 equiv) via a 
syringe at room temperature under an argon atmosphere. The resulting mixture was stirred for 
an appropriate time, while the progress of the reaction was monitored intermittently by GLC. 
After usual work-up, the crude product was chromatographed on silica gel to give the corre
sponding symmetrical or unsymmetrical ether in 0-96% yield [97TL7219]. 

5.5.1.2. Carbon-sulfur bond forming reactions 
Torii et al. extended the homocoupling of allylic halides by the BiCls/Sn or 

BiCls/Zn redox system to the synthesis of 3-hydroxycephems and 2-exo-
methylenepenams [90CL1867, 92SL878, 95BCJ1385, 97JOC3610, 
97CL1221]. Other types of the C-S bond forming reactions are the bismuth 
haUdes and sulfate catalyzed sulfenylations of carbonyl and related 
compounds. Four types of sulfenylation are catalyzed efficiently: (i) dithioa-
cetalization of aldehydes (turnover number up to 2300), (ii) dithioacetalization 
of ketones (up to 190), (iii) transacetalization of acetals to mono- or dithioa-
cetals (up to 1000), and (iv) conjugate addition of thiophenol to a,j8-unsatu
rated carbonyl compounds (up to 48) [95SL984]. Quite recently, conversion of 
oxiranes to thiiranes catalyzed by BiCls [98SC3943], coupling of sulfonyl 
chlorides with allylic halides mediated by metallic bismuth (Section 5.4.1) 
[98SL1083] and transformation of benzyl bromide to benzyl sulfides and 
selenides promoted by BiCls/Sm [98SC4479] have been reported. These C-
S bond forming reactions are illustrated in Scheme 5.41. 

Dithioacetalization of carbonyl compounds with thiols: general procedure 
To a suspension of bismuth salt (0.04-10 mol%) in acetonitrile (4 ml) were added successively 
a carbonyl compound (5.0 mmol) and a thiol (10 mmol) or a dithiol (5.0 mmol) at room 
temperature under aerial conditions. The mixture was magnetically stirred for an appropriate 
time until the reaction is complete. The mixture was evaporated on a rotary evaporator and the 
crude product was chromatographed on silica gel using ethyl acetate-hexane (1/10) as the 
eluent to give the expected thioacetal almost quantitatively [95SL984]. 
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R^CONH ^S-SOoPh D V n M H 
Y Y p C I BiCl3(10mol%)-Sn R C O N H ^ ^ ^ s 

Q ^ N ^ ^ ^ ^ g DMF/py r id ine , r . t . , 2h ' Q ' ^ ^ T ' O R ' 

CO2R' CO2R2 

[90(1J 867, 95B(^J 1385, 97J(X\3610| 85 % 

S 
hiuuiNn o-o«^2f-n RCONH 

]—[ / BiCl3(10mol%)-Zn > — ^ 

O ^ Y " DMF.O.Sh.r.t. ' o ^ ' ^ 
C02CH2C6H40Me-p C02CH2C6H40Me-p 

70% 
|92Sl^78,97JOC'3610| 

RCONH s RCONH ^ 
^ — f ^ BiCl3 (0.2-1.0equiv.)-AICl3-AI V ^ \ 

/ - N Y ^ C I N M P , 5-23h,r . t . ^ o ^ ' ' ^ 

C02CH2C6H40Me-p C02CH2C6H40Me-p 
16-90% 

I97CL1221I 

O BiCl3 or Bi2(S04)3 (0.04-10 mol%) pSg gpS 

" ^ R^SH, MeCN, r.t. " " 

I95SL984] 
85-100% 

NH4SCN (2 equiv) 
O BiCl3(10mol%) S 

J_\ — . 1. J_\ 
R MoPM rofhiY R 

MeCN, reflux 

I98SC3943I 

BiCl3 (1 equiv) / Sm (2 equiv) 
R^Br + ( R 2 2 ) 2 ^ R ^ Z R 2 

T H F / H 2 0 o r D M F / H 2 0 

n - r n u n 2 , / - ^ 73-84% |98SC4479| 

Z = S o r S e ^^"9°°/° |99JCS(S)280| 

BiCl3. Bi(OTf)3, or BiCl3-TfOH 
ArH + RSO2CI ^ ArS02R 

(10-20 mol%) 

l99JO(:6479.99TL92331 120°C trace-97% 

Scheme 5.41. Bismuth(III) salt-catalyzed C-S bond forming reactions. 

5.5.1.3. Carbon-nitrogen bond forming reactions 

Bismuth nitrate can be used for the nitration of aromatic hydrocarbons 
[88TL5909, 98S1724] and bismuth acetate for the acetylation of secondary 
amines [73JOC764], as shown in Scheme 5.42. Metallic bismuth and bismuth 
halides are employed as catalysts for the phosphorization and chlorination of 
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/^^^ Bi(N03)3-montmorillonite / P ^ 

^^:=:7 AC2O, 20 h " N 0 2 ^ 

I88TL5909I ^4 % conversion (o : m : p = 45 : 2 : 53) 

Bi(0Ac)3 
R^R^NH ^ R^R^NCOMe 

80-220 °C, 2.5-130 h , „ ^ „, 
4-86 % 

R2 = H or HCO-
[73JOC764J 

AcO—I _._ ._ ,.,, AcO—1 base 
I ^ O ^ . . ^ ^ BiBrs (5 mol%) U ^ 0 ^ ~ - 4 
X. |^ \ + silylated base »- V ^ 

T ~ l Br MeCN, r.t.,4h T T 
OAc OAc OAc OAc 

' ^' base = thymine, acetylcytosine, uracile and benzyladenine 

R1NH2 + R^COCI ^ ^ R ^ N H C 0 R 2 

toluene, r.t., 5-12 min „ „ ^^ „̂  
oo—95 % 

|991JC(B)257| 

Scheme 5.42. Bismuth-mediated C-N bond forming reactions. 

aromaric chlorides, respectively [90ZOB1104, 91ZOB2518]. A per-0-acety-
lated j8-D-ribofuranosyl bromide reacted with silylated heterocyclic bases in 
the presence of BiBrs to give the corresponding j8-D-nucleoside in good yield 
[98SC603]. Amides and related compounds are A^-acylated with acetic acid by 
diarylbismuthinate (Section 3.7.2) [90CL1651]. 

5.5.1.4. Carbon-halogen bond forming reactions 

Alcohol, silyl ether and acetate functions can be replaced by a halogen atom 
on treatment with trimethylsilyl halide in the presence of bismuth halide, as 
shown in Scheme 5.43. Most of the reactions proceed rapidly under mild 
conditions to afford the corresponding halides almost quantitatively 
[94SL723, 95BSF522]. In hydroxylic solvent, bismuth chloride is partially 
hydrolyzed to liberate hydrogen chloride. Thus, it can be used for selective 
conversion of alcohols to the corresponding chlorides [98SC1737]. Benzylic 
alcohols are mainly converted to dibenzyl ethers, whereas primary alcohols 
are inert. This type of organic transformation is applied to the tandem aldol-
halogenation reaction [94JOC2238], halogenation of per-O-acetylated glyco-
pyranosides [97CAR(297)175] and bromination of per-0-acetylated J8-D-
ribofuranose [98SC603]. Bismuth chloride is also used as a reagent for chlor-
ination of alcohol as well as halogen exchange [98SC1737, 99T1971]. The 
exchange is not stastical, suggesting higher affinity of bromine for bismuth. 
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O OTMS BiCl3 (5 mol%) 
p i / ^ ^ ^ ^ p 4 + TMSCI 

[94JOC22381 

CH2CI2, r.t. 

O CI 

R^ R^ 

R^OR^ + TMSX 
BiXs (5 mol%) 

R'X 

R'^^H, SiRa, COR,orS02R [95BSF522.94SL7231 

OAc OAc 

A c O - A ^ O MeaSiX BiXa (5 mol%) A C O - ^ A - O 

A c o i MeSiXs CH2CI2, r.t., 0.5-2h AcO ̂ ^ 
'OAc 

|97CAR(297)175| 
>95% 

AcO 
O^ 

OAc 
BiBra (5 mol%) 

AcO 

+ MegSiX ^ .| r g^ 

OAc OAc CH2Cl2,0 °C,10min QAC OAC 

I98SC6031 

R^R^CHOH + BiCIa 

198S(M737| 
CCI4 

R^R^CHCI 

-^100% 

PhMeCHBr 

|98S(M737| 

BiCIa (30 mol%) 

CCI4, r.t., 4 h 

PhMeCHCI 
8 0 % 

1,2-dichloroethane, reflux 
RY + BiXa ^ RX 

I99T1971I 
Y = I and X = Br or CI 
Y = Br and X = CI 94-98 % 

Scheme 5.43. Bismuth(III) salt-based carbon-halogen bond forming reactions. 

Chlorination of alcohols with trimethylsilyl chloride in the presence of a catalytic amount 
of bismuth chloride: typical procedure 
To a stirred mixture of cinnamyl alcohol (6.71 g, 0.05 mol) and bismuth chloride (0.79 g, 25 
mmol), trimethylsilyl chloride (5.43 g, 0.05 mol) was added in small portions. After 5 min, the 
liquid phase was decanted and the resulting cinnamyl chloride was separated by distillation 
(7.25 g, 95%) [94SL723]. 
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5.5.2. Reactions with organobismuth compounds 

5.5.2.1. O-Arylation 
The formation of diphenyl ether during the decomposition of pentaphenyl-

bismuth in the presence of phenol was reported by Sharutin et al. in 1975 and 
constitutes the first example of the carbon-heteroatom bond forming reaction 
based on organobismuth compounds [75DOK(225)581, 78DOK(238)361]. 
Since then, a variety of alcohols, phenols, glycols, 1,3-dicarbonyl compounds 
and enols have been 0-phenylated using tri-, tetra- and pentaphenylbismuth 
compounds in the presence or absence of a copper catalyst, as shown in Table 
5.13. 

As for the 0-phenylation of phenols, tetraphenylbismuthonium trifluoroa-
cetate gives good results, and the addition of an acid catalyst improves the 
yield [82TL3365, 85JCS(P1)2657]. The O-phenylation of phenols bearing an 
electron-withdrawing substituent is usually achieved with triphenylbismuth 
dichloride under basic conditions [87T323]. The O-phenylation of phenols 
with triphenylbismuth diacetate or tetraphenylbismuthonium trifluoroacetate 
is often accelerated by the presence of a catalytic amount of copper or copper 
salt; the yield and selectivity are also improved [86TL3619, 99T1341, 
99T3377]. Triphenylbismuthine acts as the phenylating agent for phenol in 
the presence of an equimolar amount of copper(II) acetate and 6 equiv of 
triethylamine [87TL887]. Alcohols are phenylated on oxygen atom with 
triphenylbismuthine and 2 equiv of copper(II) acetate under neutral condi
tions. Atmospheric oxygen is found to improve the yields of the resulting 
phenyl ethers [85ZOB2630, 86ZOB2714]. 

Enols and 1,3-dicarbonyl compounds undergo arylation in a manner similar 
to phenols. Triphenylbismuth bis(trifluoroacetate) in the presence of metallic 
copper and tetraphenylbismuthonium trifluoroacetate under acidic conditions 
are both effective for the selective 0-phenylation of enols and 1,3-dicarbonyl 
compounds [81CC503, 82TL3365, 85JCS(P1)2667, 86TL3619]. 

The 0-phenylation of alcohols with tetraphenylbismuthonium trifluoroace
tate is dependent on pH values of reaction media [87JCS(P1)251]. Thus, 
attempted reactions with primary or secondary alcohols under basic conditions 
results, mainly, in the oxidation leading to carbonyl compounds (Table 5.6), 
while the corresponding phenyl ethers are obtained in modest (for secondary 
alcohols) to good yields (for primary alcohols) under neutral or acidic condi
tions. 0-Phenylation of tertiary alcohols can be performed with pentaphenyl
bismuth under neutral conditions [78DOK(238)361, 86ZOB330]. tert-B\xiy\ 
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phenyl ether is also obtainable in low yield from the reaction of triphenylbis-
muth diacetate and potassium carbonate in tert-huiyl alcohol as well as from 
the reaction of triphenylbismuth dichloride and lithium ^^r^butoxide 
[84ZOB100, 85ZOB73]. 

Selective mono-O-phenylation of glycols is first reported by David et al. 
during the comparative study of the action of various oxidants toward vic-
glycols [81TL2885, 81TL5063, 83JOC441]. Good to excellent yields are 
obtained for all combinations from primary-secondary to secondary-tertiary, 
except for ditertiary glycols; the last type of glycols afford the expected 
monoether only in low yield. The mono-O-phenylation of glycols is consider
ably dependent on reaction conditions and is markedly promoted by the addi
tion of small amounts of copper(II) acetate [86CC65]. 

1 OH 

+ Ph3Bi(OAc)2 

OH 

|86JOM(316)Cl, 890M82II 

N V 'R3 oPh D1 O H 
^^teu(0Ac)2, R5 R4 R \ / . . H " V M H 

^ RiA"H ^ RiA"H 
^ OH " OPh 

28-63 % yield, 9-50 % ee 

CH2CI2, r.t., 15 h 

- ^ ^ o . 

Me" ^ / 

Ph3Bi(OAc)2, Cu 

benzene, 50 °C, 26 h 

Ar3Bi(OR)2, Cu(OAc)2 

CH2CI2/THF 

48% 

ascomycin 
Ar = phenyl, 2-naphthyi, 5-indolyl, A/-methyl-5-indolyl, 

I95BMC1035, 96BMC2193, 98JOC6721 j ^^_ I, p.to|y|, n7- or i^anisyl, etc. 
R = Ac or COPh 

Scheme 5.44. O-Arylation of alcohols and phenols with Ar3Bi(OAc)2 in the presence of Cu or 
Cu(0Ac)2. 
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The selective monophenylation of v/c-diols with triphenylbismuth diacetate 
is applied to the enantioselective preparation of a-phenoxy alcohols by using 
a pyridyloxazoline as a chiral source in the presence of catalytic amounts of 
copper(II) acetate (Scheme 5.44) [86J0M(316)C1, 890M821]. The 0-pheny-
lation of phenol with triphenylbismuth diacetate under the catalysis of metallic 
copper is applied to the asymmetric synthesis of 6,6'-diphenoxy-2,2^-biphe-
nyldiols [94JOC7575]. The hydroxyl group in immunosuppressive macro-
hdes, ascomycin and L-683,742, can be 0-arylated with triarylbismuth 
diacetate or dibenzoate, where the aryl group may be naphthyl, indolyl or 
variously substituted phenyl groups [95BMC1035, 96BMC2193, 
98JOC6721]. 

5.5.2.2, N-Arylation and S-arylation 
A^-Arylation was first observed during attempted oxidation of the hydroxyl 

function in amino alcohols with triphenylbismuth carbonate [85T3463]. High-
yield A^-arylation has been realized in the reaction of amino alcohols with 
triarylbismuth diacetate in dichloromethane under reflux [86CC65]. Without 
the aid of copper or copper salts, amides can hardly be phenylated on the 
nitrogen atom by tri- and tetraarylbismuth(V) compounds, but imides and 
lactams can be smoothly A^-phenylated under neutral and basic conditions, 
respectively [87JCS(P1)251, 90JOC5222]. Addition of a catalytic amount of 
copper or copper salt improves the yields of aniline derivatives in the Â -
arylation of simple aliphatic and aromatic amines. As shown in Table 5.14, 
a variety of aliphatic, alicyclic, aromatic and heterocyclic amines as well as 
hydrazines can be A^-arylated with organobismuth(V) reagents. No reaction 
takes place with a-amino acids but their esters are A^-monophenylated 
[89TL937]. A combination of triphenylbismuth bis(trifluoroacetate) and 
metallic copper effects fast and high-yielding //-phenylation reactions 
[86TL3615]. Triphenylbismuthine in the presence of a stoichiometric amount 
of copper(II) acetate is found to be a good A^-phenylating agent for a variety of 
amines, amides, ureas, sulfonamides, carbamates and imides [87TL887, 
96TL9013]. The in situ generated triarylbismuth diacetate by the reaction of 
triarylbismuthine with iodobenzene diacetate can be used for copper-cata
lyzed A^-arylation of anilines [98T4313]. 

Thiols and sulfinic acids are 5-arylated with tetraphenylbismuthonium 
trifluoroacetate or pentaarylbismuthines under neutral conditions to afford 
the corresponding sulfides and sulfones, respectively [80CC827, 
81CC503]. 
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5.5.3. Miscellaneous carbon-heteroatom bond forming reactions 

Bismuth-mediated miscellaneous reactions forming C-0 and C-N bond are 
summarized in Schemes 5.45 and 5.46. Electron-rich triarylbismuthines are 
used as the selective condensation agent for ester and amide formation 
[93CL815, 94JCS(P1)3473]. They are effective for primary and secondary 
carboxylic acids but fail to work for tertiary and aromatic ones. These reagents 
have been successfully applied to the preparation of some macrocyclic 
diesters. Noteworthy is that tris(2-methoxyphenyl)bismuthine plays the dual 
role as a condensation agent and as a template [95CC1407]. The template 
effect of the organobismuth center is also utilized for the preparation of crown-
type lactones [96JCS(P1)953]. Tris(4-methylphenyl)bismuth diazide reacts 
with isocyanates and alkynes to give the corresponding arylcarbamonyl azides 
and 1,2,3-triazoles, respectively [92JCR(S)34, 93TL1055]. Triarylbismuth 
imides transfer the imino moiety to aldehydes, benzoyl chloride, phenyl 
isocyanate and triphenylphosphine, giving the corresponding imines, amide, 
urea, and phosphine imide, respectively [91CL105, 99OM2580]. Methyl 
bis(l-naphthyl) bismuthinate mediates the A^-acylation of amides, thioamides, 
ureas and thioureas with acetic acid [90CL1651]. All these reactions are 
supposed to proceed through the initial formation of some reactive organo-
bismuth(V) intermediate. 

(OMe)n 

RICO2H + R^OHl W=^° fR^COsR^ 

R^C02H + R^R^NHI benzene, reflux IR^CONR^R^ 

0-94 % 
[94JCS(P1)3473. 93CL815I 

1 ^ . 

O 
OMe 

X p 

X O + M; O 7-^ ^ ^ 0-83% 
Y ^ toluene, reflux 0 ^ 0 

X=-(CH2)3-, -(CH2)2- ophenylene, etc. V ^ / ^ \ ^ ^ 

O ^^ ^1 O 
I95CCI407I 

3-13% 

Scheme 5.45. Miscellaneous carbon-heteroatom bond forming reactions using organobismuth 
compounds. 
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CH2CI2 

|92JCR(S)34| 

Ar3Bi(N3)2 
benzene, reflux 

L93TL1055J 

PhCONHTs + ArsBiCIs 

Ar = Ph 

10-54% 

PhoP 
PhgP^NCOCFs-

R = Ts 

Ar = o-tolyl 
R = COCF3 
r99OM25801 

Ar3Bi=NR 

PhCOCI 

Ar'CHO 

[91CL1051 \ Ar = Ph, jChtolyl 

PhNCO 

Ar'CH=NTs 

R ^ C ( = X ) N H R 2 + AcOH 

X = O or S 

[90CL16511 

AraBI + Ph2E2 

A r = P h 

PhNHCONHTs + (PhNH)2C0 

Np2Bi(=0)0Me 

CH2CI2, r.t. 

E = Se or Te 

(CF3)3Bi + R3E + AICI3 

E = N, P, As 

xylene, reflux 

R^C(=X)N(AC)R^ 

48-89 % 

2ArEPh [99JOC37221 

62-95 % 

i) MeCN, -60°C-r.t. 
[R3N(CF2 H) ]C I 

ii) H2O 
|99ZAAC(625)834, 99JFC(94)207| 

1X3 4- Bi(CF3)3 

X = CI, O2CCF3, ONO2 

pyridine or MeCN 
» 

-35-40 °C 
CF3IX2 + Bi(CF3)2X 

L91CJC327J 

3IFs Bi(C6F5)3 
MeCN 

X2 + Bi(Rf)3 

X = CI, Br, I 
Rf = CF3, C6F5 

82 "̂ C 

MeCN 

-30 °C-r.t. 

- ^ 3C6F5IF4 + BiF3 

r95ZAAC(621) 12511 

- ^ 3RfX + BiX3 

L89CJC1949J 

Scheme 5.45. (continued). 
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BiCIa 
3Li[C(X)TMS(PMe2)] ^ TMSC(X)=PMe2-PMe2=C(X)TMS 

-70 °C-r.t. 

^'''''"^ X = TMSorPMe, 

CF3 CF3 CF3 
/ / ~ ' 

^ 3 C H Q ^ O N a ( T H F ) 2 ^ '^ ' ' > F a C - ^ Q ^ O ^ Q ^ - C F a 

CF3 F3C 0 = ( 
O CF3 

|91JOM(402)C4| 40 % V = H ( 
F 3 C - < Q 

CF3 

O Me 

i) BiCl3, Me2CO / DMF ^ - N H ^ ^ M e 
(TMSNH)2C=0 ^ ^ \ J\ ^ ^ 

ii) 100 °C /vacuum M e - \ - ^ H N ^ 
[80ZN(B)709] Me O 

49% 

Scheme 5.46. Miscellaneous carbon-heteroatom bond forming reactions using bismuth chlor
ide. 



Chapter 6 

Structural Chemistry of Organobismuth 
Compounds 

The criterion for compounds to be included in this chapter is not strictly 
limited to "organic" bismuth compounds. Some relevant inorganic bismuth 
compounds are included, which may be of interest to organic chemists. Tran
sition metal complexes are not included. 

6.1. FUNDAMENTAL STRUCTURE PARAMETERS 

6.1.1. Ionic radii 

Reported ionic radii of pnictogen elements are tabulated in Table 6.1. 

Interatomic distances (and therefore effective ionic radii) depend on the 
coordination number, electronic spin state, covalency as well as the presence 
of strong anion-anion or cation-cation repulsive forces [28ZK(67)377, 
69AX(B)925]. In deriving a set of effective ionic radii Hsted in Table 6.1, 
the following assumptions are made [69AX(B)925]: (i) the principle of addi-
tivity is valid for both cation and anion radii to reproduce accurate interatomic 
distances, if one takes into consideration the coordination number, electronic 
spin, covalency and repulsive forces, (ii) the effect of covalency in shortening 
M-X bonds is comparable for all M-F and M-O bonds, (iii) the radii are 
independent of structure types, (iv) the radii of both cation and anion vary with 
the coordination number, (v) although individual cation-anion distances may 
vary in a polyhedron, the average cation-anion distances over all similar 
polyhedra are constant, and (vi) with a fixed anion, the volume of unit cells 
of isostructural series is proportional to the volume of the cations.] 
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TABLE 6.1 
Ionic radii of pnictogen elements^ 

Ion Coordination Ionic radii 
number (A) 

N-'̂  4 1.32 
P^^ 6 0.58 
As^^ 6 0.72 
Sb'^ 6 0.90 
Bi^^ 6 1.17 
Bi'^ 8 1.31 
N-'̂  6 0.27 
P'^ 4 0.31 
As'^ 4 0.48 
As'^ 6 0.60 
Sb'^ 6 0.74 
Bi'^ 6 0.90 

'Refs.: [69AX(B)925, 76AX(A)751]. 

6.7.2. van der Waals radii 

Mundt et al. estimated the van der Waals radii of bismuth to be 2.30 A from 
an X-ray crystallographic study of tetramethyldibismuth [88ZN(B)952]. 
Yamamoto et al. reported the sum of van der Waals radii for Bi-N to be 

o o 

3.74 A. Abstracting the van der Waals radius of nitrogen atom (1.5 A), a 
value of 2.24 A can be attributed to the bismuth atom [92JA7906]. A value 
of 1.847 A was reported for bismuth from the molar volumes of inorganic 
bismuth compounds [95IZV18]. The van der Waals radii of pnictogen 
elements are tabulated in Table 6.2. 

6.2. STRUCTURES OF ORGANOBISMUTH COMPOUNDS 

6.2.1. Molecular structure 

In Table 6.3, measured and calculated carbon-pnictogen element (Pn) bond 
lengths and bond angles of acyclic trivalent and related compounds, are tabu
lated. In Tables 6.5 and 6.6, X-ray crystallographic structures of representative 
trivalent and pentavalent organic bismuth compounds, as well as some rele
vant inorganic bismuth compounds, are collected. 

An important difference between the first and subsequent rows of main-
group elements is the ability of the latter to be involved in "extended 
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TABLE 6.2 
van der Waals radii of pnictogen elements 

Element van der Waals 
radii (A) 

Reference 

N 
N 
P 
P 
As 
As 
Sb 
Sb 
Bi 
Bi 
Bi 

1.5 
1.563' 
1.9 
1.562' 
2.0 
1.580' 
2.2 
1.752' 
2.30 
2.24 
1.847' 

[60B-P] 
[95IZV18] 
[60B-P] 
[95IZV18] 
[60B-P] 
[95IZV18] 
[60B-P] 
[95IZV18] 
[88ZN(B)952] 
[92JA7906] 
[95IZV18] 

' Data from inorganic compounds. 

valence" molecules. Such "extended valence" is often called "hyperva-
lence". Hypervalence was first seen as the structural consequence of mixing 
ns and np valence atomic orbitals with nd valence atomic orbitals, giving 
hybrids such as sp^d in PCI5 and sp^d^ in PCl6 .̂ However, theoretical studies 
have shown a very small contribution of the d valence atomic orbitals for these 
molecules [69NAT(221)1106, 69CRV(69)157, 73AG773]. Consequently, an 
alternative model involving the formation of three-center four-electron bonds 
has been presented to explain the violation of the octet rule in hypervalence 
[63JA112, 84JA4794, 84AG(E)272]. 

On 

Ĉ b 

For example, in XeF2 three MOs can be constructed as linear combinations 
of the pa valence AOs of xenon with two fluorine atoms. Of the three MOs, 
one is bonding (o-b), and the others are non-bonding {a^ and antibonding {a^. 
Four-electrons, two from xenon and one from each of the two fluorine atoms, 
occupy the (Xb and a^ MOs, so that overall bonding will occur. This three-
center four-electron bonding requires that the terminal atoms be more electro
negative than the central one, and that the bonds be longer than the electron 
paired bonds between the same elements, since there is only one bonding pair 
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TABLE 6.3 
Measured and calculated carbon-pnictogen element (Pn) bond lengths and bond angles of acyclic trivalent 
and related compounds 

Compound Measured and calcd. 

Me3N 
Me3N 
Me^N 
Me3P 
Me3P 
Me,P 
Me3As 
Me3As 
Me3As 
Me3Sb 
Me3Sb 
Me3Sb 
Me3Bi 
Me3Bi 
Me3Bi 
Me4Pb 
Ph3N 
Ph3N 
Ph3P 
Ph3P 
Ph3P 
Ph3As 

Ph3As 
Ph3Sb 
Ph3Sb 
Ph3Bi 

Ph3Bi 

mean bond length 
of C-Pn (A) 

L4535 
1.48' 
1.48^ 
n.a. 
1.87' 
1.88^ 
n.a. 
1.98' 
1.98^ 
n.a. 
2.16' 
2.14*̂  
2.266 
2.27' 
2.26^ 
2.238 
1419 
1.47' 
1.828 
1.831 
1.86' 
1.957 

1.95' 
2.155 
2.11' 
2.24 

2.23' 

Measured and calcd. 
Mean bond angle 
of C-Pn-C C) 

110.40 
112.3' 
110.3^ 
n.a. 
100.7' 
101.6'̂  
n.a. 

99.7' 
100.1^ 
n.a. 

95.0' 
98.0*̂  
96.7 
97.0' 
96.6^ 

119.6 
113.8' 
102.99 
102.8 
102.2' 
100.1 

101.0' 
97.2 
97.5' 
94.7 

97.7' 

Calculated s-
character of lone 
pair electron (%) 

40.7' 

78.1' 

81.1' 

94.5' 

97.0' 

34.5' 

78.0' 

79.4' 

94.4' 

96.4' 

Reference 

[84AX(C)413]'^ 

[73JMOS(17)429] 

[71BCJ2638] 
[85AX(C)967] 

[64JCS3799]'* 
[91AX(C)345] 

[83JOM(244)129, 
85JCSR(15)561] 

[90AX(C)917] 

[42ZK(104)305, 66CC111, 
68JCS(A)2059] 

' Calculated by MOP AC version 6.01, PM3; MOP AC version 6, J.J. Stewart, QCPE Bull. 9 (1989) 10; 
revised as 6.01 for Sun SPARC station by K. Nishida. 

^ Calculated by Gaussian 92, RHF/LANL2DZ; Gaussian 92, Revision E.3, M.J. Frisch et al., Gaussian, 
Inc., Pittsburgh, PA, 1992. 

'At -155 °C. 
'^ Photographic. 

for the two bonds. The coordination number can be increased, and some 
further bonding may be achieved by forming the three-center four-electron 
bonds without expanding the valence shell [63JA112]. With this formulation, 
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BiXs has three equatorial bonds, made from the usual sp^ hybrid orbital, and 
two axial bonds which use the three-center four-electron bonding, two elec
trons from the/7 orbital of bismuth and two electrons from the X ligands [94B-
N]. In the three-center four-electron bonding, the central atom should be 
positively charged. This has been confirmed for MH5 (M = P, As, Sb, Bi) 
with recent ab initio calculation [95JA11790]. 

Di(carboxylato-0)triarylbismuth (Triarylbismuth dicarboxylate) 

Although the concept of three-center four-electron bonding is useful for 
understanding most of the extended valence structure of organobismuth 
compounds, it is not necessarily applicable to all of them. As will be described 
below, there are many instances of extended bonding, which do not have the 
linear array of elements (X-Bi-Y) required to make the three-center four-
electron bonding. Some of the extended bonding may be understood better 
with the coulombic interaction between the electronegative atoms (N, O or 
S) and positively charged bismuth, the charge being generated by the three-
center four-electron bonding. For example, triarylbismuth dicarboxylates have, 
formally, seven coordinations and obviously exceed the octet rule. One set of 
the 0-Bi bonds is significantly shorter than the other; the shorter bonds range 
from 2.26 to 2.30 A, and the longer ones from 2.8 to 3.0 A. The bonding angles 
O-Bi-0 are as follows: 0(1, short)-Bi-0(3, short), 156.7°; 0(2, long)-Bi-0(4, 
long), 70.0°; and 0(1, short)-Bi-0(4, long), 137.4°. Although the 0(short)-Bi-
O(short) bond may be regarded as a distorted three-center four-electron bond
ing, the 0(long)-Bi bonds conform to this concept with difficulty, since the 
bond angles are too far from linearity. The 0(long)-Bi bonds are probably 
subject to the contribution from the coulombic interaction between the electro
negative carbonyl oxygen and electropositive bismuth atoms. 

Perkins et al. have proposed a systematic classification scheme for the 
hypervalent bonding [80JA7753]. The bonding, to any atom (X) in a reso
nance structure in terms of the number of valence shell electrons {N) formally 
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associated with that atom and the number of Hgands (L) directly bonded to it, 
is described as an N-X-L system. With this classification scheme, PhsBi is 
described as 8-Bi-3 (it satisfies the octet rule), and Ph3BiCl2 is lO-Bi-5. These 
8-Bi-3 and lO-Bi-5 compounds are generally stable and a great number of 
compounds of these classes have been reported in the literature. Although 
their numbers are hmited, lO-Bi-4, 12-Bi-6, 14-Bi-7 and 18-Bi-9 compounds 
have also been reported. 

6.2.1.1. 8-Bi-3 compounds 
Simple triarylbismuthines generally have a trigonal pyramidal structure 

with the C-Bi-C bond angles in the range of about 90-110°. The measured 
and calculated carbon-element bond lengths, as well as bond angles of simple 
trivalent pnictogenides and related compounds, are listed in Table 6.3. 

Trimethylbismuthine [73JMOS( 17)429] 

The molecular geometry of trimethylbismuthine has been determined by 
gas-phase electron diffraction. The C-Bi bond length is significantly longer 
than the C-Pb bond in Me4Pb. Seeing that bismuth is located to the right of 
lead on the periodic table, one may expect the C-Bi bond to be shorter than 
the C-Pb bond [73JMOS( 17)429]. 

The C-Bi bond length of triphenylbismuthine (2.239 ± 0.019 A) is shorter 
(98.8%) than that of trimethylbismuthine (2.266 A) and the bond angle is also 
a Httle smaller in the former compound [42ZK( 104)305, 66CC111, 
68JCS(A)2059]. Ab-initio calculations also show the same results. Although 
no data is available for triphenylbismuthine in the gas phase, these findings 
may be reasonably attributed to the resonance effect between the bismuth 
atom and phenyl rings in triphenylbismuthine. The reduction of the C-N 
bond length of triphenylamine (1.42 A) relative to that of trimethylamine 
(1.45 A) is about 97.9%. The larger reduction in length of the aromatic C-
N bond compared with the corresponding C-Bi bond indicates that the reso-
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nance efifect is less important in the C-Bi bond than in the C-N bond. It is also 
a general tendency of the C-Bi bond length of aromatic bismuth compounds to 
be a little shorter than those of aliphatic ones by the resonance efifect; the 
average bond lengths of trivalent bismuth compounds tabulated in Table 6.5 
are 2.26 ± 0.03 A for C(aromatic)-Bi compounds, and 2.30 ± 0.05 A for 
C(aliphatic)-Bi bonds, respectively. 

6.2.1.2. lO-Bi-4 compounds 
[Et4N^][Ph2BiX2]" (X = CI, Br, I) and [Ph4As^][Ph„BiX4-J" were first 

isolated in 1969 [69JOM(20)99], but the first X-ray crystallographic structure 
of this type of compound was reported for [Ph4Bi^] [Ph2Bi(OCOCF3)2]" two 
decades later, in 1984 [84HCA586]. In the anionic part of the latter compound, 
two trifluoroacetato groups adopt the apical positions and two phenyl rings are 
situated in the equatorial plane passing through the bismuth atom. The disposi
tion leaves an empty space in the equatorial plane, which is interpreted as the 
remaining lone pair of a distorted trigonal bipyramid around the bismuth atom 
(Table 6.5, 29). 

Diphenylbis(trifluoroacetato-0)bismuthate anion [84HCA586] 

Tetraethylammonium 1,1 ̂ -spirobis[(3,3-bis(trifluoromethyl)-
3/f-2,l-benzoxabismole] [92TL6653, 95HAC293] 
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Organobismuth ate complexes have similar distorted trigonal bipyramidal 
structures with an empty space in the equatorial plane. Typical examples 
include tetraethylammonium 1,1 ̂ -spirobis[(3,3-bis(trifluoromethyl)-3//-2,l-
benzoxabismole] [92TL6653, 95HAC293] (Table 6.5, 30), [isopropyldithio-
carbonato-5]diphenylbismuthine [80ZAAC(470)171] (Table 6.5, 32), bis(tri-
phenylphosphine)iminium dichloro(2,2^-biphenylene)bismuthate [960M887] 
(Table 6.5, 39), and tetraphenylphosphonium dibromodiphenylbismuthate 
[92JCS(D)1967] (Table 6.5, 46). 

Bis(hexamethylphosphoramide-O) diphenylbismuthine 
tetrafluoroborate [93JOM(460)C22] 

Diarylbismuth(III) salts of the type [Ar2BiX2 ]̂Y~ have also similar 
distorted trigonal bipyramidal structures with an empty space in the equatorial 
plane. Typical examples include bis(hexamethylphosphoramide-0)diphenyl-
bismuthine tetrafluoroborate [93JOM(460)C22] (Table 6.5, 20), bis(triphenyl-
phosphineoxide-0)diphenylbismuthine tetrafluoroborate (Table 6.5, 18), 
bis(hexamethyl-phosphoramide-0)diphenylbismuthine hexafluorophosphate 
(Table 6.5,19), and bis(hexamethylphosphoramide-0)bis(2,4,6-trimethylphe-
nyl)bismuthine hexafluorophosphate [96JCS(D)443] (Table 6.5, 21). 

Catena[|UL2-(thiocyanato)diphenylbismuthine] 
chloroform solvate [95JCS(D)383] 
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Four coordinated organobismuth compounds with formally neutral 
bismuth atom have been reported to have the distorted trigonal bipyramidal 
structure with an empty space in the equatorial plane; catena[|jL2-(thio-
cyanato)diphenylbismuthine] [95JCS(D)383] (Table 6.5, 31). Typical exam
ples include catena[(|jL2-phenoxy)diethylbismuthine] [92CC1021] (Table 
6.5, 15), catena[(|X2-pentafluorophenoxy)diethylbismuthine] [92CC1021] 
(Table 6.5, 16), catena[(|jL2-A^-benzoylglycinato-0,0^)diphenylbismuthine] 
[88AX(C)828] (Table 6.5, 17), [2-(2-methoxy-2-propyl)phenyl](2-phenyl-
2-propanolato]bismuthine and [2-(2-hydroxy-2-propyl)phenyl](2-phenyl-2-
propanolato)bismuthine [94AX(B)151] (Table 6.5, 22 and 23), l-[2-(A ,̂A -̂
dimethylaminomethyl)phenyl]-3,3-bis(trifluoromethyl)-3H-2,l-benzoxabis-
mole [92JA7906, 95JA3922] (Table 6.5, 24), l-[2-(2-methoxy-2-propyl)phe-
nyl]-3,3-bis(trifluoromethyl)-37f-2,l-benzoxabismole[92JA7906, 95JA3922] 
(Table 6.5, 25), chloro[bis(trimethylsilyl)(2-pyridyl)methyl-C,Ar|-[3-(2-pyri-
dyl)-3-trimethylsilylprop-2-enyl]bismuthine [91CC1560] (Table 6.5, 35), 
chlorophenyl[2-((/?)-l-(A/,A^-dimethylamino)ethyl)phenyl-C,Anbismuthine 
[950M1542] (Table 6.5, 36), and chloro[2-(A^,A^-dimethylaminomethyl)phe-
nyl-C,Ar|-(4-methylphenyl)bismuthine [93JCS(P1)2969] (Table 6.5, 37). 

6.2.1.3. lO-Bi-5 compounds 
Pentaarylbismuth compounds take a square-pyramidal or a trigonal bipyr

amidal structure depending on the substituents on the aryl groups 
[90AG(E)213, 89CB803, 87AG(E)1180] (Table 6.6, 2-10). Parameter A, 
which is defined as the difference in bond angles between two perpendicular 
bonding fines centered at the given element [89CB803] is often used to 
distinguish the structures; according to the definition, A = 0° means an 
ideal square pyramid and A = 60° means an ideal trigonal bipyramid. 

Pentaphenylbismuth [87AG(E)1180] 
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Bis(2-fluorophenyl)tris(4-methylphenyl)bismuth 

[90AG(E)213] 

More electronegative groups such as fluorophenyls tend to occupy the axial 
positions in the trigonal bipyramidal structure, as is predicted from the hyper-
valent theory (Table 6.4). 

TABLE 6.4 
Structure of pentaarylbismuths 

Compound 

Bi(C6H5)5 

Bi(C6H4CH3-4)3(C5F5)2 

Bi(C6H4F-4)3(C6F5)2 
Bi(QH5)3(C6H3F2-2,6)2 

Bi(C6H5)3(C5H4F-2)2 

Bi(C6H4CH3-4)3(QH4F-2)2 

AO 

13.2 
16 
5.1 

11.5 
19.2 
45.4 

Structure 

Square pyramidal 
Square pyramidal 
Square pyramidal 
Square pyramidal 
Square pyramidal 
Trigonal bipyramidal 
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Dichlorotris(4-methylphenyl)bismuth [930M1857] 

Compounds with the formula RsBiXY (where R denotes an aromatic or 
aliphatic group, and X, Y represent electronegative groups such as halogen 
and oxygen atoms) have a trigonal bipyramidal structure with R at equa
torial positions and X, Y at axial positions. The linear X-Bi-Y bonds in 
these compounds are typical three-center four-electron bonds. Since the 
terminal atoms or groups X and Y in the three-center four-electron 
bonds are negatively charged, the more electronegative atoms make the 
more stable bonds. 

6.2.1.4. 12-Bi-6 compounds 

Chloro(8-hydroxy Iquinolinolato-0)triphenylbismuth 
[84HCA586] 

Six coordinated bismuth compounds (12-Bi-6) were detected in the reaction 
of ArsBi with PhLi spectroscopically at low temperature [67LA(705)66, 
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68LA(720)198]. The first stable 12-Bi-6 compound was reported in 1984 and 
confirmed by X-ray crystallography [84HCA586]. In chloro(8-hydroxyquino-
linato-0)triphenylbismuth, the nitrogen atom of quinoline moiety coordinates 
to the bismuth atom to form a six-coordinated structure (Table 6.6, 42). The 
molecule has, essentially, a trigonal bipyramidal structure with three phenyl 
rings occupying the equatorial positions and the bismuth atom lies in the plane 
of three carbon atoms (0.03 A). Although the coordination of the nitrogen 
atom to the bismuth center enlarges the bonding angle C-Bi-C of two phenyl 
groups to 143.1°, it is too small to be attributed to the square bipyramidal 
structure. 

A 12-Bi-6 compound with two bidentate ligands has been reported to be 
stable up to 150°C [89TL953] and its X-ray crystallographic structure was 
elucidated [930M3297] (Table 6.6, 24). Now X-ray crystallographic data at 
low temperatures are available for a series of 12-Bi-6 compounds: Ph5BiPy 
[93IC3948] (Table 6.6, 14), Ph6BiLi [93IC3948] (Table 6.6, 12 and 13) and 
Me6BiLi [94AG(E)976] (Table 6.6, 11). These hexaaryl- and hexamethylbis-
muthate have the square bipyramidal structures where all six C-Bi bonds are 
almost identical in length within an error of ±0.05 A. 

Lithium hexamethylbismuthate [94AG(E)976] 

6.2.1.5. 14-Bi-7 compounds 
In triarylbismuth dicarboxylates, the carboxylato groups coordinate to the 

central bismuth atom via two oxygen atoms for each carboxylic group, 
resulting in the coordination number of seven (Table 6.6, 33-35). One 
pair of 0-Bi bonds is significantly shorter than the other; the shorter 
bonds range from 2.26 to 2.30 A and the longer ones range from 2.8 to 
3.0 A. The sum of the van der Waals radii of oxygen and bismuth atoms is 
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estimated to be about 3.7 A, so the values of 2.8-3.0 A may be expected to 
fall within the bonding distance. 

Bis(trifluoroacetato-0)triphenylbismuth[91JOM(419)283] 

6.2.1.6. 18-Bi-9 compounds 
Most phenylbismuth tetracarboxylates PhBi(OCOR)4 have the square 

pyramidal structure with the phenyl group at the axial position and four carbox-
ylato groups at the equatorial positions (Table 6.5,53-58). In these compounds, 
one set of the 0-Bi bonds is significantly shorter than the other, and the longer 
ones range from 3.24 to 3.33 A. When these distances were taken as the bonding 
distances, the compounds were expected to possess the 18-Bi-9 structure. 

l,3-Bis(dimethylammonio)-2-propanol 
tetrakis(trifluoroacetato-0)phenylbismuthate 

A ,̂A ,̂A/̂ ,̂/̂ -̂tetramethylethylenediammonium (trifluoroacetato-O,O0tris(tri-
fluoroacetato-0)phenylbismuthate [93AG(E)589] (Table 6.5, 54) has a penta
gonal pyramidal structure. There are five "short" O-Bi bonds in this 
compound, and five oxygen atoms are located almost in one plane containing 
the bismuth atom. 
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N, N, N',N' -Tetramethy lethy lenediammonium 
(trifluoroacetato-0,0^)tris(trifluoroacetato-0)-

phenylbismuthate [93AG(E)589] 

6.2.1.7. Polymeric structure of organobismuth compounds 
Significant parts of known trivalent organobismuth compounds exist in 

polymeric structure in the sohd state, with electronegative elements working 
as the bridging units. Typical examples include catena[(|jL2-phenoxy)diethyl-
bismuthine] [92CC1021] (Table 6.5, 15), catena[(fX2-chloro)chloro(phenyl)-
(tetrahydrofuran)bismuthine] [93JCS(D)637] (Table 6.5, 65), catena[(|jL2-
bromo)bromo(phenyl)(tetrahydrofuran)(bismuthine] (Table 6.5, 70), cate-
na[(jjL2-iodo)iodo(phenyl)(tetrahydrofuran)bismuthine] [92JCS(D)1967] 
(Table 6.5, 75). This is because the bismuth atom combines with electrone
gative elements such as oxygen or halogen via the hypervalent bond to form 
the jjL-oxo or |JL-halo structures. When the bond is strong, the polymeric struc
ture does not dissociate in solution and bismuth compounds are low in solu
bility in organic solvents. If the intermolecular hypervalent bonding is 
prevented by the intramolecular hypervalent interaction or steric hindrance, 
the solubihty in organic solvents becomes high [89CC1628, 90CC301, 
90IC358]. 
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Catena[(|jL2-phenoxy)diethylbismuth] [92CC1021] 

6.2,1.8. Bismuthonium ylide 
Bismuthonium ylides are an example of formally double-bonded bismuth 

compounds whose structures were first confirmed by X-ray crystallography. 
The Bi-Cyiide bond length of 4,4-dimethyl-2,6-dioxo-l-triphenylbismuthio-
cyclohexanide (Table 6.6, 26) is 2.156(11) A [90JCS(P1)3367] which 
is only 2% shorter than the Bi-Caikyi bond of a bismuthonium salt (2.20(2) 
A), (3,3-dimethyl-2-oxobutyl)triphenylbismuthonium tetrafluoroborate 
[93TL8457]. A theoretical study predicted that H3Bi=CH2 has a bond length 
of 2.117 A and thus a single bond character [94JA10080]. A large degree of 
ionic character, represented as Bi^-C~, agrees with the prediction that the 
vacant 6d orbitals of bismuth do not effectively overlap the 2p orbitals of the 
carbanionic moiety. 
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4,4-Dimethyl-2,6-dioxo-1 -
triphenylbismuthoniocyclohexanide 

[90JCS(P1)3367] 

6.2.7.9. Bi-Bi double bond 
Since the first isolation of a stable P = P double-bonded compound in 1981 

[81JA4587], compounds featuring the double-bonding between the heavy 
group 15 elements have been attracting considerable interest. Although the 
As=As double-bonded compounds were reported soon after [83JA5506], 
successful synthesis of the Sb=Sb and Bi=Bi compounds was only made 
recently (Section 2.2.2.4). 

In 1990, a theoretical study predicted the possible existence of stable disti-
bene and dibismuthene [90CC1724] and, in 1997, the first Bi=Bi double-
bonded compound was isolated and characterized by X-ray crystallography 
[97SCI(277)78] (Table 6.5, 77). The Bi=Bi double bond has a length of 
2.8206(8) A, which is 6% shorter than the Bi-Bi single bond (2.990(2) A) in 
Ph2Bi-BiPh2. This agrees reasonably well with the calculated bond shortening 
of 7% from H2Bi-BiH2 (3.009 A) to HBi=BiH (2.795 A). The dibismuthene is 
purple in hexane and shows two absorption maxima at 660 and 525 nm, which 
correspond to the n-7r* and TT-TT* transitions of the Bi^Bi chromophore. 

6.2.2. Electronic structures 

Simple amines have mostly an ideal tetrahedral structure because of the 
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almost ideal sp^ hybrid orbitals that the central nitrogen atoms have. Going 
down the periodic table, the geometry of pnictogenides is gradually distorted 
from the ideal tetrahedral structure, and thus the bond angles of the C-Bi-C 
bonds in bismuthines are nearly 90°, which are almost the same as those of 6p 
orbitals. In general, these structures are determined by the combination of 
electronic and steric requirements. Amines use 2s and 2p orbitals to form 
the valence bonds. As a consequence of relatively short average bonding 
lengths of the orbitals, steric hindrances and electronic repulsion are compara
tively significant in these compounds, and their bonds tend to part from each 
other to form the tetrahedral geometry. In contrast, in bismuthines which use 
6s and 6p orbitals of relatively long bonding lengths, the steric and/or electro
nic repulsion is comparatively small. Consequently, there is no need to hybri
dize s orbitals with/? orbitals to form a tetrahedral geometry, and the bonding 
electrons lie in almost pure p orbitals. 

Of all group 15 elements, the heavy bismuth atom has the lowest tendency 
to form a hybrid orbital. The size difference of the valence s and p orbitals 
increases from nitrogen to bismuth (the significant 6^ orbital contraction 
originates mainly from the relativistic effect) and thus bismuth prefers to 
maintain the (65)^(6p)^ valence electron configuration. The use of three ortho
gonal 6p orbitals without significant hybridization leads to a bond angle of 
-90° at the bismuth atom [97SCI(277)78]. 

A theoretical study on the stereochemical activity of lone pair for MeBil2 
has been reported [97JA724] (Table 6.5, 74). The compound has a one-dimen
sional organic/inorganic chain-like structure, in which bismuth atoms have a 
local square pyramidal geometry with four iodine atoms forming the base and 
one methyl group occupying an apical site. The molecular modeling suggests 
that the square pyramidal coordination at the bismuth atom arises primarily in 
order to reduce the Bi-C antibonding character in the HOMO. The resulting 6s 
and 6p hybridization in the valence band (HOMO) of bismuth leads to the 
stereochemically active lone pair, oriented trans to each methyl group. 

An important outgrowth of this electronic configuration of bismuth is that 
trivalent bismuthines exhibit Uttle basicity [94JCS(P1)3479]. The lack of 
basicity is due to the high ^-character of the lone pair electron. All three 
valence electrons and two lone pair electrons occupy the sp^ hybrid orbital 
in amines, whereas three valence electrons lie in almost pure p orbitals and 
lone pair electrons occupy the remaining s orbital in bismuthines. 
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â
 

fS
 



460 
Structural chem

istry of organobism
uth com

pounds 
C

h. 6 

a w
 

PQ
 

< 

^ 2 5 

^ ^ "g 

fit 
3 

^ 

(N
 O

 

CO
 

p 

O
N

 

•̂
 ^ 

:r̂
 2 

T
f 

H
 

O
H

 
H

 
O

N 
PQ

 
;rr' 

w
 

^ 
d

 
U

 
d

 
^ 

H
 

y 
H

 
S 

a 
^ 

S2 

(N
 

II 

w
 

(N
 

II 

en
 ^ C

A
 

V
 

PQ
 

X
 

PQ
 1 

f
^ 

^ 
^ 

II 
PQ 

, 
<

N
 

C
O

 
^

^ 
I 

• , 

<N
 <N

 o 
;2;̂

 
^ 

PQ
 S

 
U

 ^ 
c2 en 

ô
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ĉT
 

II j^ 

i! 
w

 
w

 

PQ
 P

Q
 1= 

^ S 
^

-v 
r^ 

%
 

£ 0
0 

O
N

 
(N

 1 
^ S

 
s (N

 

ri II 1 

fN
~ 

^ (N
* 

II 

^ u
 

CNT 
C

O
 

(N
 

II 
oT

 

5 <N PQ
 

II 

s s A 1 

c~ 
u

 

1 
1 

rT
 irT

 
II 

X
 

C
T -^ 

^ 
-̂̂

 <^ 
w

 
PQ

 ^ 
m

 
.^ 

^ 
PQ

 ^ 
ON

 w
 

f^ 
i^ 

A
 ^ 

II V
 i 

^ 
C

 
"̂

 
I! A

 
C

 fT̂
 

u
 

5:;: j^ w
 

S
 

<̂
 

^
^ 

O
N

 
^

^ 
-^ 

,, 
^ 

1, 
U

 
PQ

 ^ 
II 

«n
 

II 
X

 
X

^ 
^ 

00 
P

 
C

 
C

 
^ 

^ 
o> U

 
PQ

 PQ
 ON

 
U

 V
 

A
 
00
 

S
 «
 

3
 .---̂

 



C
h. 6 

Stuctures of organobism
uth com

pounds 
485 

2
lS 1

^ sii, 
00 

PQ 
, 

I 

V
 PQ

 
<3 ;::̂

 p 
PQ

 
^ 

.^ 
^ 

w
 

CO
 

« V
 V

 S
^ 

S
 

S
 

'pQ
 ffl S

 
U

 
U

 
â
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ĉ
 

II 

OQ
 

B
 

II 
II 

?? 
S
 5

 

0
0 

II 

QQ
 

m
 vq

 

II 

s PQ
 1 

s 

0
0 

II 

PQ
 e

n
 

II 

PQ
 1 

'pQ
 

0^ 
lo

 

II 
II 

f ? 
n n

 

K
 

û
- 

II 
II 

II 
.i 

SSJ 
S

S
S

 %
 

^\ 
^-^ Z

m
 r\ 

'jx
 

cQ
 

•'' 
P

Q
 

\. 
<

^
C

-
C

^
P

Q
|

p
Q

|
(

N
 

ii9
V

«
A

ilig 
.

i 
t, 

V
, 

^
-

r
t

r
^

m
^ 

'-' 
P

Q
P

Q
P

Q
P

Q
o

o
^

o
o

^
^

P
Q

 

PQ
 

I 
.
i 

.JH
 

O
 

t^ 
^ 

Q
 

PQ
 

PQ
 irT

 
r
j 

;^ 

o
i 

(N
 

^ 
<
^ 

II 
o
T

 
Ŝ̂
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 S

 ^ Ŝ
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(î
 

(D
 

cd 
O

 

•5 
3> § (U

 
-a 

<u 
<]-> 

o 
i3 

§
«

«
ffi 

13
 

T
3 

. 
> 

t3 
eg 

<u 
<u 

î
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 ŷ

û
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Ŝ
 

^ 
£ 

^ 
P

^ :=
^ 

•S 
-O

 

PQ 
H

 
PQ 

E
 

3 
O

 

S
 

E
 

>-( 
03 

CO
 

N
 

CO
 

C
 

c^ 
o

 
X

) 

S
 

S
 <N

 

Q
 

^ 
C

O
 

CO
 

X
 

A
 

O
 

C
 

<D
 

4 '>. 
I 

x
: 

O 
C

l. 

U
 

^ 
^ 

S
 

o
 03 

I 

co^ 
co" I 

'>. C
 

E
 

o
 

o
 

CO 
co" I 

c D
 

E
 

•5 

ii 
N

 2 ^-^ 
p

 o
 

E
 

03 

•§ 
X

 
o

 

3 

>̂
 

T
3 

•c 
(N

 1 

C
O

 
1 

^' 
u

 

fa 
05 

X
5 

o
 o
 

cd
 

0) 

o
 

cd 
O o

 
13 

D
 

03 

I 
CD

 
=

H
 

• 

S
&

 E
 

JS 
V

 § 

S 
2 £ 

2 "5 -S. 
o

 sa 2 
£ P

. 
U

 
£ 

H
 

^ 
X

i 

t; *>> 
03 

C
 

O
H 

O
 

2 
^ 

*s ^ 
3

H
 

£ 

CO
 

6' o 
^ 

d 

O
 

U
 

O
 

.;-' .^^ .;:^ .j::̂ 
U

 
5 5,5 (̂

 ^ ^ 
_̂ S S 

o
 tin 

S 
g 

CO 
flH

 
PQ 

PQ PQ 
oc 

r- 
>r-, 

^ 
X

 
X

 

o
 

y S
 

u
 

eg
 

5 
*PQ

 

o
 r 

'^ 

y S
 

CO 

y S
 

u
 u' u

 B
 ŷ
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^
1 

.2 
^ 

O
H

 
O

H
 

a a
 

'B
 'B

 

3 3 •a 4
 

a >̂
 

5
5 

fl 
(D

 

-S
 

O
H

 

S
i, 

0^ 
^ 

CO
 

(N
 r 

T
S

 
fl 

^ 

PQ
 

H
 

:o
 

O
H

 

2
I 

C
d

 
O

H
 

.a s
 

N
 

^ 
fl 

(V) 

^ i 
g 4 I 
U

 
H

 O
 

o
 o

 
3 3

 

u
 u

 

q
 

u
 m
 

u
 

o 
^ 

^ 
C

^ 
^ 

"
^ 

V
u 

^ 
\^ 

^ 
O

 
P

 
3 3

 3
 3

 3
 3

 
—

H
 

t
^

 
O

N
 

-
^

 
^

 
>

/-) 

H
H

 
W

 
H

H
 

H
H

 
3

H
 

K
 

o
 

o 
.

^ 

o
 

u
 

U
 

u
 

ffi 
(N

 
(N

 
^

 

•/I 6
 6

 u
 

3 3
 3

 3
 

0
0

0
c 

ffi K
 

ffi 
K

 

O
 

u
 

O
 

C
/5

 
C

/D
 

1
7

^ 

3 3
 3

 3
 

'^ 
^ 

'^ 
O

 
Tl- 

'^ 
^ 

^ 

ffi ffi ffi ffi 
\

0 
V

O
 

^
 

^
 

K
^ i 

V
- 

<-'J 
v J 

v J 
t̂

 J 
r') 

<D
 

r̂
) 

r̂
i 

m
 

m
 

m
m

 
c*̂

 
ro 

ro 
C

O
 

U
O
U
U
U
U
 

U
U
 

U
U
U
U
 

U
U
 

U
U
U
U
 

2
O
 

a a 
3
 3
 

X
X

 

:z; ̂
 

«.3 
m
 

00
 



554 
F

orm
ula Index for X

-R
ay D

ata 

:3 

J2 

e o
 

0
0 1 1 

^ 1 

0
0 1 1 

1 1 ^ 1 

o
 

o
 a 

O
 

X
 

c O
H

 

O
 

^ ^ '>> 
c <u

 

•c C/3 

s ^ C/5 

<u
 

c C3 
^ 0^ 2 o

 
43 
o

 
•5 

B 
B

^ 

-̂
 ^ 

= 

S 
•>

. 
^ 

§ g 2 
O

 
D

H 
^ 

>> 
>:̂

 i3 
is 

c 
<u 

B 
^ .S 

(u '>. •£ 

o
 s „ :£.•£ 

= 
O

 
-̂̂

 x: 

o
 

<̂
 

c 

^ 
A

 
"O

H
 

g ^. Y
 

^ 
(N

 
V

O
 

3 5 Ci 
H

 
^ 

H
 

u
 K
' 

u
 PQ
 

ri 

cu 
6' 
w

 ^ 
ffi oc 

u
 

cu| 

6' ji^ 
^. 
« -+ 
X

 o
c 

^ 
u

 

o
 =. 

o
 

•iT' 
li U

 
CO

 • T
; 

O
O

 

d
'̂̂

-
« " 

« 
T

t 
—

 
>

i-

K
 

X
 

X
 

u' u
'u

 



Abbreviations and Symbols 

The abbreviations in some instances may dififer from those commonly used 
in other branches of chemistry. 

Ac 
acac 
AIBN 
AL 
AN 
aq 
Ar 
atm 
b.p. 
bpy 
BTMG 
Bu 
'Bu 
'Bu 
c-
cat. 
^Hex 
CIMS 
cit 
cone. 
Cp 
d 
dam 
DBU 
decomp. 
dil. 
dipic 

acetyl 
acetylacetonato (2,4-pentanedionato) 
2,2'-azobis(isobutyronitrile) 
acrolein 
acrylonitrile 
aqueous 
aryl 
atmospheric pressure 
boiling point 
2,2^-bipyridyl 
A^-/̂ r^butyl-A^^A/̂ ^y^A^^^-tetramethylguanidine 
butyl 
iso-h\xiy\ 
tert-h\xiy\ 
cyclo-
catalytic 
cyclohexyl 
chemical ionization mass spectra 
citrato 
concentrated 
17^-cyclopentadienyl or 2,4-cyclopentadienyl 
density 
Me2N(CH2)«NMe2 in = 2,3) 
l,8-diazabicyclo[5.4.0]undec-7-ene 
decomposes 
diluted 
pyridine-2,6-dicarboxylato (2,6-dipicolinato) 
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DMF 
dmpu 
DMSO 
dpm 
EC 
Et 
equiv. 
(g) 
GLC 
glc 
GPC 
GS 
HMPA (hmpa) 

IR 
LAH 
LD50 
LDA 
liq. 
mand 
Mc 
MCPBA 
Me 
Mes 
rn/e 
mmHg 
m.p. 
MS 
NBS 
NHE 
NMR 
Nu 
Ox 
Ph 
Pn 
Piv 
PPN 
Pr 

A ,̂A^-dimethylformamide 
A ,̂A/̂ '-dimethylpropylene urea 
dimethyl sulfoxide 
dipivaloylmethanato (1,3-di-^^rr-butylpropane-1,3-dionato) 
electric conductance 
ethyl 
equivalent 
gaseous 
gas liquid chromatography 
glycolato 
gas permeation chromatography 
glutathionato 
hexamethylphosphoramide 

infrared spectra 
lithium aluminum hydride 
lethal dosage 50 
lithium diisopropylamide 
liquid or liquified 
mandelato 
mercaptocarboxylato 
4-chloroperbenzoic acid 
methyl 
2,4,6-trimethylphenyl (mesityl) 
mass number of an ion 
millimeters of mercury 
melting point 
mass spectra 
A^-bromosuccinnimide 
normal hydrogen electrode 
nuclear magnetic resonance 
nucleophile 
4,4-dimethyloxazolin-2-yl 
phenyl 
pnictogen element 
2,2-dimethylpropanoyl (pivaloyl) 
Ph3P=N=PPh3 
propyl 
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'Pr 
Py (py) 
Pz (pz) 
quant. 
QO 
Rf 
r.t. 
sec-
sublim. 
sym-
t-
hii 
TBAF 
Tbt 
tert-
Tf 
TfOH 
TGA 
THF 
TLC 
TMEDA 
TMG 
TMS 
Tol 
Ts 
Tsal 
UV 
UV-Vis 

/5o-propyl 
2-pyridyl or pyridyl 
2-pyrazyl 
quantitative 
8-hydroxyquinolinolato 
perfluoroalkyl 
room temperature 
secondary 
sublimes 
symmetrical 
tertiary 
half life 
tetrabutylammonium fluoride 
2,4,6-tris[bis(trimethylsilyl)methyl]phenyl 
tertiary 
trifluoromethanesulfonyl (triflyl) 
trifluoromethanesulfonic acid (triflic acid) 
thermogravimetric analysis 
tetrahydrofuran 
thin layer chromatography 
tetramethylethylenediamine 
tetramethylguanidine 
trimethylsilyl 
4-methylphenyl (p-tolyl) 
4-methylphenylsulfonyl (p-toluenesulfonyl, tosyl) 
thiosalicylato 
ultraviolet spectra 
ultraviolet and visible spectra 



Procedure Index 

PREPARATION OF SELECTED ORGANOBISMUTH COMPOUNDS 

Representative examples for the preparation of selected organobismuth 
compounds are illustrated in the text by experimental procedures. All 
compounds are listed in alphabetical order, except a few which have compli
cated names and therefore are shown by chemical formulae at the end of this 
hst. 

Organobismuth compounds 

Acetonyltriphenylbismuthonium perchlorate 287 
l,2-Bis[2,6-bis(2,4,6-triisopropylphenyl)phenyl]dibismuthene 120 
Bis(4-chlorophenyl)( 1 -naphthyl)bismuthine 28 
Bis(diphenylbismuthino)methane 32 
Bis(2-fluorophenyl)triphenylbismuth 301 
Bismabenzene dimer 109 
Bis(4-methylphenyl)bismuth benzenethiolate 75 
Bismuth malate 145 
Bismuth pyridine-2,6-dicarboxylate 147 
Bismuth triethoxide 145 
Bismuth tris(benzenesulfinate) 147 
Bismuth tris(chloroacetate) 146 
Bismuth tris(diethyldithiocarbamate) 148 
Bismuth tris(dimethylamide) 145 
Bismuth tris(dimethylcarbamate) 147 
Bismuth tris(dimethyldithiocarbamate) 147 
Bismuthtris(A^-phenyl-A/̂ ^A/̂ ^-dimethylureide) 147 
Bismuth tris(2,4,6-trimethylbenzenethiolate) 146 
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Bismuth tris(tropolonate) 146 
Bis(trimethylsilyl)methylbismuthine trimer and tetramer 110 
l,2-Bis{2,4,6-tris[bis(trimethylsilyl)methyl]phenyldibismuthene 120 
1,2-Bis{ 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl}-1,3,2,4-dioxadibis-

muthene 124 
l-Bromo-3,4-dimethyl-2,5-bis(trimethylsilyl)bismole 334 
4-r^rr-Butylbismabenzene 338 
(2-r^rr-ButylsulfonyIphenyl)iodo(4-methylphenyl)bismuthine 201 
Chlorobis(4-methylphenyl)bismuthine 203 
Chlorobis(2,4,6-triisopropy lphenyl)bismuthine 199 
Chloro[2-(MA^-dimethylaminomethyl)phenyl](4-methoxyphenyl)bismuthine 

202 
l-Chloro-2,5-dimethylene-3,4-dihydrobismole 334 
Chlorodiphenylbismuthine 198 
(4-Chlorophenyl)(2-methoxyphenyl)(4-methylphenyl)bismuthine 23 
Chromium tricarbonyl ^7r-complexes of triphenylbismuthine 33 
Dendretic Biio-bismuthine 25 
Dibromo(methyl)bismuthine 203 
Dichloro(ethyl)bismuthine 204 
Dichloro[2-(isopropoxycarbonyl)ethyl]bismuthine 200 
Dimethylbismuth azide 74 
Dimethylbismuth thiolates 73 
(3,3-Dimethyl-2-oxobutyhdene)triphenyl-A ^-bismuthane 307 
(3,3-Dimethyl-2-oxobutyl)triphenylbismuthonium tetrafluoroborate 288 
2,5-Dimethyl-l-phenylbismole 333 
Dimethyl(trifluoromethyl)bismuthine 32 
Diphenylbismuth azide 76 
Diphenylbismuth benzenesulfonate 74 
Diphenylbismuth 3-fluorobenzenethiolate 73 
Diphenylbismuth hexafluorophosphate-bis(hexamethylphosphoramide) 

complex 76 
Diphenylbismuth tetrafluoroborate-bis(hexamethylphosphoramide) 

complex 205 
Diphenylbismuth thiocyanate 75 
Diphenylbismuth thiolates 73 
Diphenylbismuth trifluoroacetate 74 
(2,2-Diphenylethyl)bismuth bis(benzenethiolate) 123 
Diphenyl(phenylethynyl)bismuthine 26 
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5-Iododibenzobismole 331 
lododiphenylbismuthine 199, 204 
Lithium hexaphenylbismuthate 304 
Mesitylene-bismuth chloride cr-complex 207 
4-Methoxyphenylbis(4-methylphenyl)bismuthine 29 
Methyl bis(4-methyl-l-naphthyl)bismuthinate 319 
Methylbis(4-methylphenyl)bismuthine 34 
Methylbismuth bis(O-alkyldithiocarbonate) 123 
Methylbismuth dithiolates 122 
Methylbis(2,4,6-triisopropylphenyl)bismuthine 24 
(4-Methylphenyl)triphenylbismuthonium tetrafluoroborate 288 
1-Methyltetrahydrobismole 335 
Oxybis(triphenylbismuth) bis(benzenesulfonate) 281 
Oxybis(triphenylbismuth) dicyanate 280 
Oxybis(triphenylbismuth) diperchlorate 279 
Oxybis(triphenylbismuth) diperchlorate-bis(triphenylphosphine oxide) 281 
Oxybis(triphenylbismuth) ditriflate 280 
Oxybis[{tris[4-(A^,A^-dimethylamino)phenyl]bismuth} dichloride 280 
Phenylbismuth bis(dimethyldithiocarbamate) 122 
Phenylbismuth bis(pyridine-l-oxide-2-thiolate) 123 
Phenylbismuth diethoxide 121 
Phenylbismuth ethanedithiolate 353 
Phenylbismuth oxalate 122, 352 
Phenyltetrakis(hexamethylphosphoramido)bismuth bis(hexafluorophosphate) 

124 
|jL-Selenobis(diphenylbismuth) 75 
Tetrakis(trimethylsilyl)dibismuthine 108 
Tetramethylbismuthonium triflate 295 
Tetramethyldibismuthine 108 
Tetraphenylarsonium dibromodiphenylbismuthate 206 
Tetraphenylbismuthonium perchlorate 287 
Tetraphenylbismuthonium tetraphenylborate 285 
Tetraphenylbismuth trichloroacetate 286 
Tetraphenylbismuthonium triflate 285 
Tetraphenyldibismuthine 108, 109 
Triethylbismuthine 26 
Trimethylbismuth dichloride 248 
Triphenylbismuth bis(ethylthioacetate) 251 
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Triphenylbismuth diacetate 250 
Triphenylbismuth dibenzoate 249 
Triphenylbismuth diformate 249 
Triphenylbismuth dinitrate 252 
Triphenylbismuthine 30 
Triphenylbismuthine oxide 322, 323 
Triphenylbismuthine N-tosylimide 313 
Triphenylbismuthine A^-trifluoromethanesulfonylimide 313 
Triphenylbismuthonio-4,4-dimethyl-2,6-dioxocyclohexan-1 -ide 307 
Triphenylbismuthonium tetraphenylcyclopentadienylide 306 
Tris{2-[A^,A^-bis(2-hydroxyethyl)sulfamoyl]phenyl}bismuthine 34 
Tris(2-cyanoethyl)bismuthine 31 
Tris(cyclopentadienyl)bismuthine 29 
Tris(4-A^,A^-dimethylaminophenyl)bismuthine 24 
Tris(4-methylphenyl)bismuthine 28, 30 
Tris(4-methylphenyl)bismuthine oxide 325 
Tris(2-methylphenyl)bismuthine A^-trifluoroacetylimide 316 
Tris(l-naphthyl)bismuthine 23 
Tris(4-nitrophenyl)bismuth dinitrate 253 
Tris(pentafluorophenyl)bismuthine 25 
Tris(2,4,6-trimethylphenyl)bismuth dichloride 248 
[C5H5Fe(CO)2(BiR3)][BF4] 233 
CrCp(BiPh2)(CO)3 240 
c/5-Mo(CO)4(PMe2-BiMeBiMePMe2) complex 109 
[NiX(BiAr3)][BPh4] 233 
[Ph3P=N=PPh3][Ph2BiFe(CO)4] 240 

Organic transformations based on bismuth compounds 

Bismuth-based organic transformations, illustrated in the text by experi
mental procedures, are listed below in alphabetical order. 

Acylation of allylsilane in the presence of BiCl3-Znl2 407 
Allylation of aldehydes to homoallylic alcohols with BiCl3-Al powder 

402 
BiBr3-catalyzed allylation and cyanation of carbonyl compounds and acetals 

410 
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BiCls-catalyzed Mukaiyama-aldol reaction of aldehydes with silyl enol ethers 
405 

Bismuthinate-mediated A^-acylation of amides with carboxyUc acids 321 
Chlorination of alcohols with trimethylsilyl chloride in the presence of a 

catalytic amount of BiCls 430 
Conversion of acyl halides to aromatic ketones using triphenylbismuthine and 

Pd(OAc)2 419 
aldehyde to oxirane using bismuthonium 2-oxoalkylide 312 
phenacylbismuthonium salt to phenacylsulfonium salt 300 

Copper(I)-catalyzed reaction of a stabilized bismuthonium ylide with 
phenyl-acetylene 311 

Cross-coupling reaction between aldehydes and a-diketones with BiCls and 
metallic zinc 403 

Cyclopropanation of styrene using alkenylbismuthonium salt 300 
Deprotection of ^^S-acetals to carbonyl compounds 391 
Diothioacetalization of carbonyl compounds with thiols 427 
Friedel-Crafts acylation with Bi(OTf)3 as catalyst 408 
Glycosylation of 1-glycosyl dimethyl phosphite with alcohols 425 
Oxidation of 

acyloins to diketones with bismuth oxide 381 
alcohols to ketones by triarylbismuthine imide 318 
alcohols with a stoichiometric amount of (Ph3BiCl)20 395 
benzylic methylenes to ketones with NaBiOa 379 
a-hydroxyketones to a-diketones 380 
olefins to trans-l,2-diol diacetates with Bi(OAc)3 388 
olefins to vic-diol monoacetates with NaBiOs 378 
substituted phenols with NaBiOs 377 

Oxidative cleavage of 
alicyclic a-ketols with NaBiOs 375 
epoxide to carboxylic acids with bismuth mandelate 389 
v/c-glycols to carbonyl compounds with NBS in the presence of PhsBi 

395 
Phenylation of 

1,3-dicarbonyl compounds with various phenylbismuth(V) compounds 
414 

enolate anions with triphenylbismuth carbonate 415 
2-naphthol with tri- or tetraphenylbismuth(V) compounds under basic 

conditions 414 
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Preparation of zinc bismuthate 380 
Reaction of o-quinones with triphenylbismuthonium 2-oxoalkylylide 421 
Reduction of 

nitrobenzenes to anilines with BiCl3-NaBH4 398 
a,p-unsaturated imines to allyUc amines with BiCl3-NaBH4 399 

Reductive homo- and hetero-couphng of carbonyl compounds 427 



Reference Code Index 

Journals are in most cases abbreviated according to the CASSI (Chemical 
Abstracts Service Source Index) system and listed below in alphabetical order. 
Dictionaries composed of more than one volume are assigned the specific 
codes. 

A Analyst 
AC Appl. Catal. 
AC(A) Appl Catal A 
ACA Anal Chim. Acta 
ACP Ann, Chim. Phys. 
ACR Ace. Chem. Res. 
ACS Acta Chem. Scand. 
ACS(A) Acta Chem. Scand. Ser. A 
ACS(B) Acta Chem. Scand. Ser. B 
AG Angew. Chem. 
AG(E) Angew. Chem., Int. Ed. Engl 
AIC Adv. Catal 
AJC Aust. J. Chem. 
ANSP Akad. Nauk SSSR Proc. Sect. Chem. 
AOC Adv. Organomet. Chem. 
AOMC Appl Organomet. Chem. 
AP Arch. Pharm. 
AS Appl Spectr. 
AST Anal Set Technol 
AX(A) Acta Crystallogr. Part A 
AX(B) Acta Crystallogr. Part B 
AX(C) Acta Crystallogr. Part C 
BAU Bull Acad. Soc. USSR, Div. Chim. Scl 
BBI The Bulletin of the Bismuth Institute 
BCJ Bull. Chem. Soc. Jpn. 
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BJ Biochem. J. 
BM Biol Met. 
BMC Bioorg. Med. Chem. Lett. 
BPIP Bull. Pharm. Inst. Pol. 
BRP Brit. Pat. 
BSCQ Bol. Soc. Chil. Quim. 
BSF Bull. Chim. Soc. Fr. 
BTI B. Trav. Inst. Pharm. Etat 
CAL Cat. Lett. 
CAR Carbohydr. Res. 
CB Chem. Ber. (Ber. Deut. Chem. Ges.) 
CC J. Chem. Soc, Chem. Commun. 
CCC Comprehensive Coordination Chemistry 
CCL Chin. Chem. Lett. 
CCR Coord. Chem. Rev. 
CEJ Chem. Eur. J. 
CHJ Chin. J. Chem. 
CI(L) Chem. Ind. (London) 
CJC Can. J. Chem. 
CL Chem. Lett. 
CM Chem. Mater. 
COMC Comprehensive Organometallic Chemistry 
CPB Chem. Pharm. Bull. 
CRA C R. Acad. Sci., Ser. lie: Chim. 
CRS Catal. Rev. Sci. Eng. 
CRV Chem. Rev. 
CSR Chem. Soc. Rev. 
CT Chemtracts 
CTO Cat. Today 
DOK Dokl. Akad. Nauk SSSR 
EA Electrochim. Acta 
EAS Encyclopedia of Analytical Science 
EDM Elsevier's Encyclopaedic Dictionary of Medicines 
EIC Encyclopedia of Inorganic Chemistry 
EJIC EMr. 7. Inorg. Chem. 
EJO Ewr. 7. Or^. Chem. 
EL Elektrokhimiya 
EOHS Encyclopedia of Occupational Health and Safety 
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EUP Eur. Pat. Appl. 
F Farumashia 
FRP Fr. Pat. 
G Gazz. Chim. Ital. 
GEP Ger. Pat. 
GH Gmelins Handbuch der Anorganischen Chemie 
H Heterocycles 
HAC Heteroatom Chem. 
HCA Helv. Chim. Acta 
HDX Hubei Daxue Xuebao, Ziran Kexueban 
HX Huaxue Xuebao 
IC Inorg. Chem. 
ICA Inorg. Chim. Acta 
ICL Ind. Chem. Libr. 
IJC Ind. J. Chem. 
IJC(A) Ind. J. Chem. Sect. A 
IJC(B) Ind. J. Chem. Sect. B 
INCL Inorg. Nucl. Chem. Lett. 
ISOC 3rd Int. Symp. Organomet. Chem., MUnchen 
IZV Izv. Akad. Nauk SSSR, Ser. Khim. 
JA J. Am. Chem. Soc. 
JAP(K) Jpn. Kokai 
JAPS J. Appl. Polym. Sci. 
JC /. Chromatogr. 
JCA /. Catal. 
JCAC /. Carbohydr. Chem. 
JCC 7. Coord. Chem. 
JCE /. C/î m. Ed. 
JCP J. Chem. Phys. 
JCR(S) 7. C/î m. /?e5. (5J 
JCS J. Chem. Soc. 
JCS(A) J. Chem. Soc. (A) 
JCS(B) J. Chem. Soc. (B) 
JCS(C) /. Chem. Soc.(C) 
JCS(D) /. Chem. Soc, Dalton Trans. 
JCS(Pl) J. Chem. Soc, Perkin Trans. 1 
JCS(P2) /. Chem. Soc, Perkin Trans. 2 
JCSR /. Cryst. Spectr. Res. 
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JCT /. Chem. Thermodyn. 
JES /. Electron. Spectrosc. Relat. Phenom. 
JFC J. Fluorine Chem, 
JGU /. Gen. Chem. USSR (Engl. Transl.) 
JIC /. Indian Chem. Soc. 
JINC J. Inog. Nucl. Chem. 
JMAC J. Mater. Chem. 
LMAR J. Mater. Res. 
JMOC J. Mol. Catal. 
JMOS J. Mol. Struct. 
JMR J. Mag. Res. 
JMSP J. Mol. Spectrosc. 
JOC J. Org. Chem. 
JOM J. Organomet. Chem. 
JOML J. Organomet. Chem. Libr. 
JP J. Photochem. 
JPH J. Pharmacol. 
JPC J. Phys. Chem. 
JPHC /. Pharm. Chim. 
JPR J. Prakt. Chem. 
KK Koord. Khim. 
KKZ Kogyo Kagaku Zassi 
KOE Kirk-Othmer Encyclopedia of Chemical Technology 
L Langmuir 
LA Liebigs Ann. Chem. 
M Monatsh. Chem. 
MAC Macromol. Chem. 
MGMC Main Group Met. Chem. 
MI Merck Index 
MJ Microchem. J. 
MJR Mining Journal Annual Report 
MOC Methoden der Organischen Chemie 
MOK Metalloorg. Khim. 
NAT A âmr̂  
NEP Neth. Appl 
NJC Â ŵ / Chem. (Nouv. J. Chim.) 
OCR Organometal. Chem. Rev. 
OCS Organomet. Synth. 
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OM Organometallics 
OMC Organomet. Chem. 
OMR Organomet. React. 
OMS Org. Mass Spectrom. 
OX Oxidation Commun. 
PAC Pure Appl. Chem. 
PAD Prepr. Am. Chem. Soc, Div. Pet. Chem. 
PCS Proc. Chem. Soc. 
PM Polymer 
POL Polyhedron 
PPS Proc. Phys. Soc. 
PR Phys. Rev. 
PS Phosphorus and Sulfur 
R Radiokhimiya 
RA Radiochim. Acta 
RACE Rev. Acad. Cienc. Exact. Fis. Quim. Nat. Zaragoza 
RCB Russ. Chem. Bull. 
RGC Russ. J. Gen. Chem. 
RKC React. Kinet. Catal. Lett. 
RPA Rev. Pure Appl. Chem. 
RRC Rev. Roum. Chim. 
RZC Rocz. Chem. 
S Synthesis 
SA(A) Spectrochimica Acta A 
SAG Soobshch. Akad. Nauk Gruz. SSR 
SC Synth. Commun. 
SCI Science 
SK(B) Suomen Kemistilehti B 
SL Synlett 
SRI vSyn̂ /i. React. Inorg. Met.-Org. Chem. 
SSOK Sbornik Stat. Obshch. Khim. 
SSSC Stud. Surf. Sci. Catal. 
T Tetrahedron 
TA Tetrahedron: Asymmetry 
TCC Top. Curr. Chem. 
TFS Trans. Faraday Soc. 
TL Tetrahedron Lett. 
TMC Transition Met. Chem. 
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TTFI Tr. Tashkent. Farm. Inst. 
UE Ullmann's Encyclopedia of Industrial Chemistry 
UKZ Uzbek. Khim. Zh. 
UR Unpublished result 
USP US Pat. 
YGK Yuki Gosei Kagaku Kyokaishi 
VH Vitam. Horm. 
VLU Vestn. Leningrad. Univ. Fiz. Khim. 
VMU Vestn. Moscov. Univ. Fiz.-Mat. Estestven. Nauk 
YH Youji Huaxue 
ZAAC Z Anorg. Allg. Chem. 
ZAK Z. Anal. Khim. 
ZFK Z/z. F/z. Khim. 
ZK Z Kristallogr. 
ZN(B) Z Naturforsch. Teil B 
ZNK Z/i. TV ôrg. ^/z/m. 
ZOB Z/z. Obshch. Khim. 
ZPC(B) Z P/zj^. Chem. Teil B 
ZSK Z/z. Strukt. Khim. 
ZVKO Z/i. y^^^. Khim. Obshch. 
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thermomagnetism 15 
thiabismocin 351-352 
lijL-thiobis(diorganylbismuth) 92 
toxicity 18-20 
transannular interaction 351-352 
transmetallation 333-334 
triarylbismuthines 
- aryl-aryl coupling 417^18 
-arylation 417, 431^32 
- carbonylation 417-^18 
- condensation with 438 
- esterification with 438 
- lactone formation with 438 
- olefin metathesis 423 
triarylbismuth(V) compounds 
- arylation with 410-418, 431-437 
- cleavage of v/c-glycols with 392-394 
- oxidation with 392-396 
- reactivity 351 
triarylbismuthine imides 
- acidolysis 318 
- preparation 313 
- property 316-318 
- structure 316-317 
- thermolysis 316 
trimethylamine 444 
trimethylarsine 444 
trimethylphosphine 444 
trimethylstibine 444 
triorganylbismuthine oxides 
- conversion to Bi(V) compound 326-327 
- oxidation with 326-327 
- preparation 322-325 
- property 325-326 
triorganylbismuthines 
- acidolysis 64-65, 352 
- coordination 67 
- dismutation 58 
- disproportionation 58 
- halogenation with 62-64 



Subject Index 619 

- metallation 65 
- metathesis 64-65 
- oxidation 58, 62 
- photolysis 66 
- preparation 22-34 
- property 58-62 
- structure 59-60, 446 
- thermolysis 58, 63 
triorganylbismuth(V) compounds 
- metathesis 249-251, 274-275 
- preparation 247-253 
- property 272-274 
- redistribution 275 
- reduction 274 

- structure 272-273 
- thermolysis 272, 274 
triphenylamine 444 
triphenylarsine 444 
triphenylphosphine 444 
triphenylstibine 444 

Wood metal 14 

Zinc bismuthate 
- oxidation with 380 
- preparation 380 
zirconacycles 333-334 




