


F O R E W O R D  

The whole field of ligand coupling has only emerged in the last decade as a basis 

for new synthetic transformations. As Professor Finet shows in this 

comprehensive survey, the recent clarification of reaction mechanisms of ligand 

coupling process around heteroatom centres, now provides an understanding of 

these reactions which are certain to permit their application in organic synthesis, 

thereby achieving transformations which are quite difficult to achieve by other 

methods. This book will be of interest to all chemists engaged in organic 

synthesis both in academia and industry. 

J E Baldwin, FRS 
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Preface. 

The concept of the role of ligand coupling in Organic Synthesis is due (in 

alphabetical order) to Oac and to Trost. These authors made seminal contributions to the 

field. The early work on iodonium compounds, also of seminal importance, by Beringcr 

was confused by the belief, shared by many, that such reactions must be radical in 

character. The early work of McEwen on antimony compounds also does not distinguish 

between radical coupling and ligand coupling. 

More recent work on bismuth, lead and iodonium compounds has clarified the 

importance of ligand coupling over radical coupling. 

The field has now attained a maturity and universality where a comprehensive 

presentation of ligand coupling in Organic Synthesis in a single monograph is urgently 

needed. 

This book by Dr. Jean-Pierre Finet, Directeur de Recherche au C.N.R.S. at 

Marseille, provides in a thorough and scholarly way, a balanced coverage of the whole 

field. It should receive a warm reception from synthetic and mechanistic chemists. 

D.H.R. Barton 

Dow Distinguished Professor of Chemical Invention 

e o e  
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This book owes much to Professor Sir Derek Barton, first and foremost, for his many 

seminal contributions to the chemistry of ligand coupling reactions with various 

heteroatomic elements, and second for giving me the opportunity to work in this field 

and to bring my own contribution to a better understanding of the importance of this 

mechanistic concept in heteroatomic chemistry. It is with a very great sadness for me 

that Professor Barton passed away just a few weeks before this book, that he had 

initiated, was published. I would like to dedicate it to his memory as a tribute to the 

perenniality of his enlightening spirit. 

This book would not have been possible without the support of the "Centre National de 

la Recherche Scientifique" which gave me the bread and butter together with the 

necessary freedom for bringing this enterprise to completion. 

I am also very thankful to all my colleagues for their help, fruitful discussions and 

various contributions. I would particularly mention Professors Dervilla M.X. DonneUy, 

Kin-ya Akiba, Victor A. Dodonov, Shigeru Oae, John T. Pinhey and Paul Tordo, as 

well as Doctors Christiane Bernard-Henriet, Alexei Fedorov, Patrick J. Guiry, Alexei V. 

Gushchin, Pascal Suisse de Sainte Claire and Mr Sdbastien Combes. I would also like to 

thank all the collaborators with whom I have been associated over the years of my 

involvement in this field. Their contributions helped me to shape up my understanding 

of this concept. 

This book constitutes an attempt to cover as comprehensively as possible the various 

facets of the reactions of organic chemistry occurring by the ligand coupling 

mechanism. Considering the number of heteroelements which are covered in this 

monograph, I am highly conscious of the difficulties to reach this goal of complete 

coverage. Therefore, I am aware that the work of some contributors to the field will 

unfortunately have been overlooked or not been given its due. I do apologise in advance 

and comments are welcome. 

This book will hopefully make organic chemists more familiar with the chemistry of the 

different elements reacting by this still unsufficiently recognized mechanism and will 

foster new developments in this promising field. 

March 1998 
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Bz 
Bzl 
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Phen 
Py 
RT 
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SP 
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Ts 
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Ligand coupling 
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N,N,N',N'tetramethylguanidine 
Trimethylsilyl 
Methylphenyl 
Turnstile rotation 
4-Toluenesulfonyl 

X'V 



Chapter 1 

Introduction 

1.1 DEFINITIONS 

The word "ligand" was first introduced by Stock in 1917 in a discussion on the similarities between 
carbon and silicon chemistry. 1 This term has been mostly used by chemists to describe atoms or 
groups attached to a central atom in coordination compounds or organometallic compounds. 2 It has 
been used only infrequently by organic chemists, although Fieser employed it to describe the 
substituents of a phosphorus compound. 3 In the past decade, it has gained wider acceptance in organic 
chemistry, in agreement with its original definition as given by Stock: 1 

"Zur Verhtitung von Mil$verstandnissen sind die Bedeutung einiger hier gebrauchter 
Worte erklart. Affinit~it ist der Ausdruck fOr die Festigkeit, mit welcher ein Element andere 
Elemente oder Radieale (allgemein: ,,Liganden~ [ligare, binden]; die Einfiihrung eines - bisher 
fehlenden - Wortes for diesen, wohl ohne weiteres verstandlichen Begriff vereinfacht die 
Ausdruckweise) bindet. - Valenz bedeutet die Krafteinheit, die einen einwertigen Liganden 
binden kann; positive Valenzen binden negative, negative Valenzen positive Liganden. - 
Wertigkeit ist die Zahl der Valenzen, die ein Atom betatigt; Htchstwertigkeit die Htchstzahl der 
bei einem Element beobachteten Valenzen." 

and translated by Brock 2 as: 

"To prevent misunderstandings the meaning of several words used here must be 
explained. Affinity is the expression for the firmness with which one element binds other 
elements or radicals (generally: "Ligands" (ligare [Latin], to bind); the introduction of a word 
hitherto lacking simplifies the manner of expression for this immediately clear eoncept).- 
Valence (Valenz) means the unit of force which can bind a univalent ligand; positive valencies 
bind negative ligands, negative valencies bind positive ligands.- Atomicity (Wertigkeit) is the 
number of valencies which an atom manifests; the highest atomicity is the highest number of 
valencies observed for an element." 

The term "reductive elimination" is widely used in organometallic chemistry, particularly in 
organotransition metal chemistry, where it is generally associated with the reverse "oxidative 
addition". 4 However, in organic chemistry, reductive elimination is a term generally associated with 
various reactions dealing with the regio- and stereo-controlled synthesis of alkenes from 1,2-disubs- 
tituted alkanes, as well as the union of two fragments or the creation of a ring. 5 This is, for example, 
the case of the reductive elimination of 1,2 or 1,4-dihalides or halohydrins, of oxiranes and thiiranes, 
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the Julia alkenylation or the reductive elimination of 13-substituted nitroalkanes. 5 Ramberg-B~icklund 
reaction is another variety of reductive elimination of an episulfone. 6 This reaction has proven very 
efficient for the synthesis of large rings, such as the core structure of neocarzinostatin. 7 

The term "extrusion reaction" defines reactions in which an atom or group of atoms bonded to two 

other atoms is lost. Among the most frequently lost atoms or group of atoms are: azo, carbonyl, 
sulfonyl, thio, carbon dioxide. The two atoms formerly bonded to the lost group can become directly 
bonded together: this is the restricted definition of March. 8 

ZB\c A----- C + B 

If the fragmentation of the two atoms from the group, to which they were bonded, takes place in a 
concerted process resulting in the formation of a conjugated system, this is a cheletropic extrusion. 
Thus, the two possibilities can be found in the case of the loss of a SO2 group: SO2 extrusion from an 
episulfone, as in the Ramberg-Biicldund reaction, is an extrusion reaction, but SO2 extrusion from a 
cyclic sulfolene is a cheletropic reaction. 9 

A," B',C = A C 
\ _ /  \\ // + B 

The term "cheletropic reaction" defines reactions in which two o bonds to a single atom are made 
or broken concertedly. 10 A widely studied example, theoretically as well as experimentally, is the 
cheletropic elimination of sulfur dioxide from a cyclic sulfolene to generate stereochemically pure 
dienes or polyenes. 11 

O ~ + S O 2  and 2 - + S O  2 

1.2 LIGAND COUPLING 

The term "iigand coupling" in hypervalent compounds was used by Oac to describe an extrusion of 
two ligands, with a pair of electrons, from a central atom which undergoes a return to its more stable 
valency. 12 

X X 
NuO + L n M ~  : y e  + L n M ~  :- NuX + LnM 

Y Nu 

According to Oae, to be a ligand coupling the process requires a cohesive interaction between an 
axial and an equatorial ligand by overlap of orbitals of both axial and equatorial ligands. 12 If the 
coupling reaction between the axial and the equatorial ligands proceeds concertedly, the configuration 
of both ligands will be retained in the final product. 
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X L 

Nu ~ M 

L 

+ NuX 

~ M  denotes coupling of the two ligands on M atom 

In chapter 2, we shall see that this stereochemical conception is too narrow to accommodate all the 
systems which belong to the group of ligand coupling reactions. These can be defined as reactions 
involving the intramolecular coupling of two groups bonded to a highervalent heteroatomic element 
occurring in a concerted manner. As stated by Whitesides, "the most valuable single type of 
information to have in characterizing the mechanism of a reaction that makes or breaks bonds at a 
tetrahedral carbon atom is the stereochemistry of the transformation at that carbon". 13 In the case of 
the ligand coupling mechanism, formation of C-C, C-H or C-X bonds must proceed with retention of 
configuration at carbon. The same retention of configuration is observed in the case of ligand coupling 
reactions with stereochemically defined vinyl systems. 

This concept of ligand coupling can also be applied to a variety of organometallic reactions, as in 
the following example: 14,15 

Me ( 
I 7 0 o C  

Et- Au- PPh 3 
Et 

C4Hlo + MeAuPPh 3 

C3H s + EtAuPPh 3 
reL 15 

The ligand coupling mechanism has also been suggested to occur during a number of oxidation 
reactions involving metal oxides, such as for example: 16 

Ar~ 
S 

Me" 
+ I~C=O ~_ 

O = C r -  O 
II 
O 

O 
I! 
S~ 4- 

Ar" Me 
C=O I / 

O = C r -  O 

In this book, the ligand coupling reactions which are surveyed are multistep sequences involving 
the formation of an hypervalent intermediate generated by one of the two following types: either 
substitution of a o-ligand by the nucleophile or addition of the nucleophilic substrate on a ~-ligand: 

o r  

Nu | | 
Nu + LnM(N+2)Xy ~ X + LnM(N+.~ ~ NuY + Ln M(N) 

Y 

Nu | 
Nu .-- LnM(N+2)"~ "- =- NuY + L M (N) + LRMfN+2)Yx ~ e " ~  Y n~ e 
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The compounds involved in these two types of reactions which will be surveyed in the following 
chapters are the higher-valent derivatives of the main-group p-block elements which include: 

-"hypervalent organo-nonmetallic" molecules of group V-VIII, as defined by Musher 17-19 

- "main-group organometallic" compounds in their higher valences, which afford, after the 
ligand coupling step, an inorganic by-product which is stable in the lower oxidation state 
[e.g. organolead Pb(IV) to inorganic Pb(II) salts 20 or organothallium TI(III) to inorganic 
TI(I) salts]. 

Although they are not ligand coupling reactions occurring on the main-group element derivative, 
but due to their synthetic interest, I shall also describe some copper-catalysed reactions of main-group 
higher-valent compounds. However, it will exclude the reductive elimination reactions which are 
frequently observed in the case of organotransition metal derivatives. With these metals, the reductive 
elimination step can take place either on the stoichiometric highervalent organometal derivative, or as 
part of the oxidative addition-reductive elimination catalytic system. This is featured by cobalt, iron, 
rhodium, palladium, platinum, nickel, copper among others.4, 21 

A classification of hypervalent organo-nonmetallic derivatives, which have an electron-rich 
multicenter bonding system, has been devised by Perkins et al. in 1980. 22 This system, (the N-X-L 
system), describes the valence electron count and the coordination number. For an atom (X), the 
overall bonding system is described first by the number of valence shell electrons (N) formally directly 
associated with the atom (X), and by the number Of ligands (L) directly bonded to it. A number of 
examples is shown below. 

R Cl 

~P.,~,, R - -  P,:2 ''l R P h - -  
R / R ] '~R  [ ~  

R R CI 

8-P-3 lO-P-5 10-I-3 

Br 

\ Sr 
10-S-3 

F 

FIImoe.. 

F 

10-S4 

F 
F,, ..... ; ' ' l  F 

F ~ "  ~ F  
F 

12-S-6 

1.3 PSEUDOROTATION 

Pentacoordinate model structures have been used in the interpretation of a wide variety of reactions 
occurring on phosphorus derivatives. 23 These pentacoordinate compounds can exist as two basic 
structures, trigonal bipyramid (TBP) and square pyramid (SP), which are generally non rigid and 
undergo facile stereomutation. The ligand rearrangement involved in the stereomutation is generally 
called pseudorotation, and two mechanisms have been proposed. In 1960, Berry suggested that the 
stereomutation in group V compounds takes place via a TBP-SP-TBP pathway, which results in an 
exchange between the apical and equatorial ligands through bond bending. 24 In the equilibrium TBP 
(D3h) conformation, a molecule ML5 has three equatorial bonds (e) and two apical bonds (a). In the 
first step of the Berry pseudorotation mechanism, the TBP structure evolves into a tetragonal pyramid 
(C4v). During the deformation, one equatorial bond becomes the apical bond of the square pyramidal 
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structure and the other two equatorial and two apical bonds move concertedly to form the basal bonds 
of the square pyramid. In the second part of the process, the two formerly equatorial and the two 
formerly apical bonds exchange their positions in such a way that eventually the two former apical 
bonds become equatorial in the new conformation. (Scheme 1.1) 

- -!(t  -. 
L4,,~I L3 "~ ,r162 -- L3 ~ / L3 E L 

L4 

D3h C4v D3h D3h 

Scheme 1.1: The Berry pseudorotation 

An alternative mechanism, the turnstile rotation mechanism (TR), was later proposed by Ugi et al. 
to explain these intramolecular rearrangements, particularly when the pentavalent structure 
incorporates ring systems. 25 The turnstile mechanism consists of three consecutive steps. The first step 
is a deformation of the (D3h) conformation, in which there is an angle compression between L4 and L5, 
so that the angle 0(L4-M-L5) closes from 120 ~ down to 90 ~ The three groups L2, L4 and L5 form with 
M a regular trigonal pyramid. Simultaneously, the other two groups L1 and L3 undergo an angle 
deviation 01 = ca. 9 ~ towards the 1-,2 group, the angle 0(L1-M-L3) remaining constant equal to 90 ~ In 
the new conformation, the C3 symmetry axis of the trigonal pyramid corresponds to the C2 symmetry 
axis of the isosceles triangle formed by L 1, L3 and M. (Scheme 1.2.1) 

L1 

L5 nnc.. . lld 
1 2 0 o ~  . . . . .  L3 - -- 

L~'" [ 

L2 

~I L1 L3 
x / 

LS, I M,N. 9o o ..--~,'- 
L4 90o ~ , / , ~ ' . ' -  L2 

L2 L,~ 

Scheme 1.2.1: The turnstile rotation mechanism: first step 

The second step corresponds to a torsion of the two units by 60 ~ so that the new arrangement is 
equivalent to the arrangement reached at the end of the first step. The second step is represented by a 
topside view in Scheme 1.2.2. 

,r..L I 
L4,,,... ~..,,,," L5 

))'Ll L1 
._ L4,,,,.~. M...@~ L 5 L~,,,~.. ..,,,, L5 

~)L3 ) -~ L3 
L2 

30 ~ 60 ~ 

Scheme 1.2.2: The turnstile rotation mechanism: second step 
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The third step is the reverse path of the first step, the two groups L3 and L1 undergoing an angle 
deviation 0_ 1 = ca. 9 ~ At the same time, there is an angle decompression between L2 and I-,5, so that 
the angle 0(L2-M-L5) opens up from 90 ~ to 120 ~ The overall moves restore the stable new TBP 
structure. (Scheme 1.2.3) 

L1 L3 : L3 L3 

M . . . . . . .  ~ ~4 . . . . .  ~ 1 2 0 o ~ ~ .  =:~.~L1 
, ,"/ \  90L5 
L~ L 4 L 4 

S c h e m e  1.2.3: The turnstile rotation mechanism: third step 

Although the Berry pseudorotation mechanism (BPR) is the most frequently used to interpret the 
experimental results, it has been shown that these two mechanisms can be topologically equivalent. 26 
The Berry pseudorotation can be viewed as a (1 + 4) process, as the equatorial group L5 remains in 
equatorial position in the new TBP structure. The turnstile mechanism can be viewed as a (2 + 3) 
process, in which one equatorial and one apical groups interchange their positions, and in parallel, two 
equatorial and the other apical group also interchange their positions. However, in the latter three 
groups, one equatorial group eventually remains in the equatorial plane. This overall turnstile 
mechanism results in the interchange between two apical and two equatorial groups, as in the Berry 
pseudorotation. In the following scheme (Scheme 1.3), the interchanges between the two extreme 
configurations occurring in the two mechanisms are summarized. For clarity sake, the equatorial 
ligands are marked e 1, e2 and e3, and the apical ligands are considered equivalent. 

Berry Pseudorotation: a (1 +4) process 

a 

el' . . M ! ...... .,it e 3 

IN,_ 
a 

I% 
M 

. . . o 1 1 1 1 I | | |  

el 

e3 
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M ...It 

I \  
e2 

(aa ee) (ee aa) 

Turnstile Rotation: a (2+3) process 

011 e 3 .0111 ..... . ~ l ~ a  

e l - -  - . . . . .  _ _ _  M ...... e 2 

a e 1 

(ae eea) - ,  ._ .... (ca eae) 

S c h e m e  1.3: Topological equivalence of Berry pseudorotation and turnstile rotation mechanisms 
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In the following chapters of this book, when a pseudorotation mechanism is involved in the overall 
sequence of reactions, it will be denoted in the reaction schemes using the formalism shown below, 
according to the convention introduced by Oae. This formalism does not bear any significance on the 
nature of the pathway followed by the topological transformation. 

La Le 

L b - - - -  ~ -. "~ La-----  

Lc Lb 

1.4 ORGANIZATION OF THE BOOK 

In chapter 2, the general aspects of the ligand coupling mechanism are discussed: historical 
development, theoretical and experimental evidences. The following chapters will review the ligand 
coupling reactions which have been reported for a number of heteroatoms belonging to the main-group 
elements, and more specifically those for which a range of reactions of synthetic interest in organic 
chemistry has been described. We shall study the reactions involving organic compounds of 
hypervalent sulfur (Ch. 3), phosphorus (Ch. 4), iodine (Ch. 5) and bismuth (Ch. 6). In the case of lead 
compounds, we shall review the ligand coupling reactions of lead tetraacetate, as an acetate group is 
introduced in the substrate, and the second part of the chapter will be devoted to the chemistry of the 
highervalent organolead triacetates (Ch. 7). In the last chapter (Ch. 8), we shall review the chemistry 
of the elements which, from the point of view of the range of ligand coupling reactions applicable in 
organic synthesis, appears as narrower. This is particularly the case of tellurium, selenium and, to a 
lesser degree, of antimony and thallium. 

This book is intended to give to the synthetic chemist a useful introduction to the various facets of 
the chemistry which can be performed by reactions explained by this still insufficiently recognized 
mechanism in the chemistry of main-group p-block elements. 
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Chapter 2 

The Ligand Coupling Mechanism 

2.1 HISTORICAL BACKGROUND 

The idea of a ligand coupling mechanism occurring in the course of fragmentation reactions of 
heteroatomic derivatives came out slowly from experimental observations which could not be 
accommodated by the classical SN mechanisms. The decomposition of a tetravalent sulfurane 
intermediate was invoked by Franzen et al. 1 in the reaction of triarylsulfonium salts with 
organolithium reagents, and by Wiegand and Mc Ewen 2 and by Oae 3 to explain the thermal 
decomposition of triarylsulfonium halides. To rationalize the experimental results of the reactions of 
hypervalent sulfur derivatives, Trost 4-6 brilliantly defined the general characteristics of the 
mechanism. Although some theoretical studies were performed in the mid 1970's, 7 it is not before the 
next decade that the body of experimental evidences became large enough to allow a relatively clear 
understanding of the ligand coupling mechanism. The term itself, "ligand coupling" started around 
1985 to be used by Oae8, 9 to describe a particular type of reductive elimination taking place with the 
hypervalent derivatives of main-group elements. Its occurrence was clearly claimed mostly in the case 
of sulfur and phosphorus compounds by Oae and his group. 

In spite of the similarities between the experimental results observed in the chemistry of tetravalent 
organosulfur compounds and the chemistry of trivalent organoiodane compounds, it took a long time 
before ligand coupling was considered an important mechanism in the hypcrvalent iodine chemistry. 
This may be ascribed to the fact that in the 1930's, Sandin had observed that the decomposition of 
diaryliodonium salts in the presence of pyridine led to ring C-arylated products by a free radical 
pathway. 10 Following this initial observation, Beringer and his coworkers, 11-14 as well as most of the 
chemists subsequently involved in the chemistry of iodonium compounds, 15 used to consider that the 
overall aromatic nucleophilic substitution reactions were best explained by the exclusive occurrence of 
free radical species. These radical species may derive from the decomposition of a 9-I-2 iodane 
intermediate, itself a product of electron transfer between the iodonium salt and the substrate.16,17 In 
the mid 1980's, Barton et al. clearly observed the dichotomy in the overall mechanistic picture of the 
reactivity of iodonium salts. TM They concluded that, in nucleophilic aromatic substitution reactions of 
diaryliodonium salts, two competing mechanisms are taking place: a free radical component affording 
arene products, among others, and a ligand coupling mechanism leading to the products of 
nucleophilic aromatic substitution. They also showed that this competition occurs in a number of other 
nucleophilic aromatic substitution systems. The importance of these observations was only slowly 
acknowledged. Indeed, even recently, the free radical pathway still remained considered as the most 
valuable alternative in iodonium chemistry. 19 The ligand coupling mechanism was later claimed by 
Moriarty, 20-22 to be implied in a number of reactions of hypervalent iodine compounds in general and 
by Grushin to rationalise the experimental results of the reactions of diaryliodonium salts in 
particular. 23 It was sometimes evoked, with care, as for example by Kurosawa et al. who suggested the 
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"occurrence of a rapid, in-cage radical coupling and/or a non-radical, SNAr-type pathway", to explain 
the results of the reaction of arylthallium (IU) derivatives with nitronate salts. 24 In the last decade, it 
has gained wider acceptance and is now associated with a number of reactions of organic chemistry 
involving the presence of organic derivatives of main-group p-block elements. 25-40 

In this chapter, we will focus on the ligand coupling mechanism itself from two levels: the 
theoretical point of view and the experimental observations which have shed some light on the 
intricacies of this still poorly understood mechanism. The question of whether a reaction takes place 
via a ligand coupling mechanism or through radical species will be dealt with in the following 
individual chapters. 

2.2 MECHANISTIC ASPECTS 

In the reaction of hypervalent or highervalent reagents with nucleophilic substrates, different 
pathways can be invoked to explain the outcome of the reaction, being compatible with the 
stereochemical observations. In a number of cases in the sulfur chemistry, the reactions of alkyl 
pyridyl sulfoxides with nucleophiles lead to nucleophilic-type substitution products with retention of 
configuration. A classical SN2 mechanism is therefore excluded. Two main possibilities can be 
considered. In the first one (Scheme 2.1, path A), the nucleophile reacts with the electrophilic 
heteroatomic center to yield a covalent intermediate which undergoes in a second stage a reductive 
elimination to afford the coupled product together with a by-product derived from the heteroatom, 
which has experienced a reduction of its oxidation level from (n+2) to (n). In the second one, the 
frontside SN2 mechanism (Scheme 2.1, path B), the nucleophile interacts directly with the M-X bond, 
which is going to be cleaved, by an approach on the nodal surface of the o* orbital of M-X. 41-43 

X 
A y O  + L n M ~  

Nu X 
LnM ~ Y  + NuO ]~ N~ LnM + NuX 

! 

Scheme 2.1 

Usually disfavoured in classical SN2 reactions, the frontside attack can be facilitated by the lower 
electronegativity of the hypervalent atom and the reduction of its oxidation level. For some specific 
systems, such a frontside mechanism can be operating. 44 However, in a number of hypervalent 
elements, classical SN2 reactions were reported to occur on the heteroatom, affording a new 
hypervalent derivative. This intermediate can be stable enough to be isolated or, on the contrary, can 
sometimes remain undetected. In a second stage, a "reductive elimination" step, in the organometallic 
meaning, takes place on this intermediate to yield the coupling product together with the heteroatom- 
containing by-product. This "reductive elimination" step can be conceived to occur by different 
possibilities. These can be heterolytic, homolytic or concerted. In the heterolytic pathway (Scheme 2.2, 
path 1), a pair of ions will be generated either free or in a cage of solvent. In the homolytic pathway 
(Scheme 2.2, paths 2 and 3), either one of the two fragments which will constitute the coupled product 
can leave as a free radical and then recombine with the second fragment still bound to the heteroatomic 
containing radical fragment. The last pathway (Scheme 2.2, path 4) is a concerted one, which can 
involve more or less polar transition states, depending on the nature of the substituents of the 
intermediate: this is the "Ugand coupling" mechanism, represented by an arc of a circle between the 
bonds undergoing the coupling. 
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A / 
LnM x 

B 

Y 
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LnMA" B'] 
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B 

--.... 

f 

LnM + AB 

Scheme 2.2 

2.2.1 Ligand coupling: theoretical models 

A number of theoretical studies on hypervalent compounds have been performed. They focus on 
the structure, stability and interconversion between the different possible conformers. The studies 
related to the chemical evolution of these species into a pair of two new species are more limited. Two 
types of approaches have been reported on the elimination of two ligands from a hypervalent 
compound: the orbital symmetry conservation and the ab initio calculations. These approaches always 
deal with simplistic model compounds in which the heteroatom bears generally hydrogen, fluorine or 
chlorine ligands. 

2.2.1.1 The orbital symmetry conservation model 

Analysis of the fragmentation reaction of PR5 from the point of view of the conservation of orbital 
symmetry led Hoffmann et al. to suggest a simple answer. 7 The least-motion mode of concerted 
departure from the stable D3h structure, coupling between an apical group and an equatorial group, is 
symmetry-forbidden, or WH (Woodward-Hoffmann) forbidden. On the other hand, both equatorial- 
equatorial and apical-apical fragmentations are symmetry-allowed, or WH (Woodward-Hoffmann) 
allowed (Scheme 2.3). 

1 - Apical-Apical 2- Apical-Equatorial 3 - Equatorial-Equatorial 

L(a) L(a) L(a) 

L(e)-- . .~  .,'L(e)L(e) L(e) "" L(e)--- I ~ L(e) 

L(a) L(a) L(a) 

M[L(e)]3 L(a)M[L(e)]2 L(e)MIL(a)]2 
+ + + 

L(a)-- L(a) L(a)- L(e) L(e)- L(e) 

WH.allo wed WH-f orb idde n WH-aUo wed 

Scheme 2.3 
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In this system, the elimination reaction PR5--> PR3 + R2 was studied on the reaction path from 
the more stable pentavalent D3h bipyramid trigonal structure to the products PR3 with a C3v structure. 
The apical-apical fragmentation starts from the D3h structure and evolves directly into PR3 possessing 
a planar D3h structure and eventually into the more stable pyramidal C3v structure. Although this 
process appears sterically unlikely, it can be seen as a continuation of the Berry pseudorotation, in 
which the two apical ligands move to the equatorial positions. In the case of the equatorial-equatorial 
fragmentation, the first formed intermediate PR3 presents a T-shaped C2v structure, which eventually 
evolves into the C3v structure. (Scheme 2.4) 

Apical-apical fragmentation: 

. . . .  

M .... ,t L(e) I /  

I L(a) 

~M ,,L(e) .... + ~(a) 
L(e)'--~)~' L(e) L(a) 

Equatorial-equatorial fragmentation: 

.." .... I.:..:, 
L(a) 

I0 
~ L(e)'--M + L(e)--L(e) 

01 
L(a) 

Scheme 2.4 

The very fast Berry 45 and turnstile46, 47 pseudorotation processes can lead to the presence of a 
number of stereoisomers. The Berry process occurs through a transition state possessing the C4v 
square-pyramidal geometry with an energy barrier of ca. 2-3 kcal/mol in the case of phosphorus 
derivatives. 48,49 (Scheme 2.5) 

l LI L ~ , i  1 ..,,,,,,, L5 , L5 

L3 L 3 

D3h C4v D3h 

Scheme 2.5: The Berry pseudorotation 

In the C4v square-pyramidal transition state, the fragmentation reaction of PR5 can also take place 
to form PR3 and R2. A similar orbital symmetry conservation study led to the general conclusion that, 
from the three possible coupling processes, only two were symmetry-allowed: L1-L3 and L2-L3. As 
the permutation processes between the five ligands borne by the pentasubstituted central heteroatom 
can afford twenty different combinations for a trigonal bipyramid (TBP), 50,51 the stability will be 
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governed by a combination of steric and electronic factors, the knowledge of which is important for 
the prediction of the outcome of the fragmentation process in the case of more substituted substrates. 

L5~t,. M-,,~t L1 

L3 L 4 t ] ~ ~ ~ / r  L4 

WH-aUo wed WH.aUo wed WH-f orb idde n 

Scheme 2.6 

According to the Woodward-Hoffmann rules, the suprafacial apical-equatorial fragmentation 
cannot occur by a concerted pathway. It will require either a zwitterionic or a biradical transition state 
in order to take place. 52 

2.2.1.2 Ab initio calculation models 

Although not observed, the phosphorane PH5 has been one of the most extensively studied 
hypervalent compound. The ab initio calculations on PH5 have focused on the electronic structure, the 
equilibrium geometry, the barriers to Berry and turnstile pseudoratotation, and the thermodynamic 
stability of PH5 compared to PH3 + H2. 5359 A number of ab initio calculations were also reported on 
the influence of the nature of the substituents on the stabilities of the phosphoranes. 60-63 This led to 
the concept of "equatophilicity" or "equatoriphilicity", according to which less electronegative ligands 
or ligands forming covalent bonds to phosphorus prefer the equatorial position. 64-66 The barrier height 
of the elimination reaction of H2 from PH5 has been much less studied.48,58, 67 In the case of the 
heavier analogues of PH5, the reports are very scarce: one or two on each element, ASH5, 49 SBH549, 68 
and Bill5.49, 69 Moreover, the periodic trends were compared in the case of the XH5 species with X = 
P, As, Sb and Bi. 49 In the series of heteroatomic compounds bearing four substituents, the ab initio 
calculations focused also mostly on the structure and thermodynamic stabilities.58, 70-76 Very few 
reports were concerned with the elimination reaction to form XH2 + H2 from XH4.77, 78 

2.2.1.2.1 The XR5 system 

In the first reported studies, Kutzelnigg and Wasilewski performed their calculations at two levels 
of sophistication. 48 At the intermediate level (SCF with polarisation functions), they found two saddle 
points, one corresponding to the Woodward-Hoffmann allowed eq-eq concerted process and the other 
to a non-least motion variant of a WH-forbidden process, leading to an ion pair PH4+H - with an 
extremely flat region of the potential energy surface between the two saddle points. At a higher level 
of sophistication (CEPA method, including the electron correlation), only the concerted transition state 
was obtained. The transition state of the concerted path was claimed to have a C2v symmetry. 
However, with an optimized structure for PH5 under C2v symmetry, Reed and von Schleyer found that 
at 6-31G* the reaction has two imaginary frequencies. But with the Cs symmetry leading to a slightly 
deformed geometry, only one imaginary frequency was found. 67 The presence of catalytic amounts of 
acids was suggested to considerably lower the barrier for decomposition of PH5. 48 

In their recently reported work, Moc and Morokuma performed ab initio MO calculations using 
effective core potentials (ECP) on central atoms. 49 The calculations were done on a series of 
hypervalent XH5 hydrides, with X = P, As, Sb and Bi. They showed that, in the Berry pseudorotation, 
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the XH5 (D3h) structures are local minima, and the XH5 (C4v) structures are transition states, with 
pseudorotation barriers of about 2 kcal/mol. 49 (Scheme 2.7 and Table 2.1) 

v . . e  

a b - - -X  e 
"~ / "~ ~X /.." 

a .." .. e 

Scheme 2.7: ab initio model of the Berry pseudorotation 

Table 2.1: Energy barriers (in kcal/mol) to Berry pseudorotation for XH5 .49 

species 

PH5 
AsH5 
SbH5 
Bill5 

MP4/ECP 

1.9 
2.1 
2.3 
1.9 

MP2/ECP 

2.0 
2.2 
2.2 

The periodic trend in the thermodynamic stabilities of XH5 relative to XH3 + H2 was also 
studied. 49 The XH5 (D3h) structures are thermodynamically unstable compared to the systems XH3 
(C3v) + H2 by over 40 kcal/mol: 44-45 kcal/mol for PH5 to 73-75 kcal/mol for Bill5 with an irregular 
trend. (Scheme 2.8 and Table 2.2) 

r ~ 
b"---X" ..... , e 

a I " ~ d ~  
I ~ ~ 

b - -  X < ' e  ~ TS 

a, x 

i 
reaction 

a 

/ 
b - - - X  

\ 
C 

e 

/ 
d 

Scheme 2.8: ab initio model of a ligand coupling process 
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Table 2.2: Energies (in kcal/mol) of the reactions XH3 + H2 ~ >  XH5. 49 

reaction 

PH3 + H2 - - >  PH5 
AsH3 + H 2 - - >  AsH5 
SbH3 + H2 m >  SbH5 
Bill3 + H 2 - - >  Bill5 

RHF/ECP 

44.8 
55.2 
50.0 
75.4 

MP4/ECP 

45.3 
54.6 
50.2 
73.0 

As the barrier heights to H2 loss are relatively high and similar for all species (30-34 kcal/mol), all 
the XH5 species are kinetically stable. 49 However, the isolation of XH5 based on XH3 + H2 reaction 
seemed unrealistic due to the large barrier to overcome: 75 to 105 kcal/mol. (Scheme 2.8 and Table 
2.3) 

Table 2.3: Barrier heights (in kcal/mol) for the H2 elimination reactions from XH5. 49 

reaction RHF/ECP MP2/ECP 

PH5 m >  PH3 + H2 45.5 32.6 
AsH5 m >  AsH3 + H2 42.8 33.3 
SbH5 m >  SbH3 + H2 47.9 38.1 
Bi l l5- ->  Bill3 + H2 38.5 34.0 

MP4/ECP MP4/ECP/ZPE 

32.6 3 0 . 2  
32.9 30.9 
36.8 34.9 
33.5 31.5 

The activation barrier for the H2 elimination by an equatorial-equatorial process for PH5 [30.2 
kcal/mol for the MP4/ECP/ZPE (ZPE = zero-point energy)], 49 correlate well with the previously 
reported values after appropriate corrections: 30.7 kcal/mol (at MP4/6.3 I++G**+ZPE) 67 and 33.6 
(after correction of the original value of 36 kcal/mol, obtained by CEPA with polarization functions, 
for appropriate ZPE values). 48 A good correlation can be noted between these values and those 
reported for the ligand coupling of SbH5 (- 49.7 kcal/mol), the barrier height (37.8 kcaYmol), as well 
as for the Berry pseudorotation (2.3 kcal/mol), which were calculated by MP2/DZdp/MP2/DZdp. 68 
Similarly, the large endothermicity of the Bill3 + H2 - ->  Bill5 reaction of 73 kcal/mol correlates well 
with the value obtained by Schwerdtfeger of ca. 79 kcal/mol, based on the quadratic configuration 
interaction (QCI) relativistic pseudopotential calculation. 69 

The optimized transition states for the elimination of H2 from XH5 (D3h) possessed Cs symmetry. 
In the case of X = P, As and Sb, elimination occurs by an equatorial-equatorial process. In the case of 
X = Bi, elimination occurs by a zwitterionic apical-equatorial process, this being related to the high 
exothermicity (- 73 kcal/mol) of the reaction Bill5 (Dah) - ->  BiH3 (C3v) + H2, instead of-  45 to - 50 
kcal/mol for PH5, AsH5 and SbH5 .49 

2.2.1.2.2 The XR4 system 

Theoretical studies of the XR4 system (X = S, Se or Te) have been performed either by MO 
analysis 79 or by ab initio calculations.58, 70-76 They have mostly focused on the bonding, structure and 
thermodynamic stabilities of some derivatives of these compounds, particularly XH4, XF4 and XMe4. 
However, the transition structures for H2 eliminations from the XH4 system have been studied only by 
two groups.77, 78 Configuration interaction studies on the reaction SH4--> SH2 + H2 led Yoshioka et 
al. to conclude that there was a decomposition pathway going through a C2v transition state. The ab 
initio activation energy was predicted to be 42.5 kcal/mol. An energy difference of 72.4 kcal/mol 
between SH4 (C4v) and the SH2 + H2 products was predicted at the TZ+P CI level with corrections for 
unlinked clusters. 77 However, in their more recent study Moc et al. found that, for XH4 (X = S, Se and 
Te), the transition states of C2v symmetry, although symmetry-allowed, are disfavoured over highly 
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polar transition structures which have no symmetry and which do not correspond to a least-motion 
pathway. 78 The most favourable transition structure is highly polarized with a C1 symmetry. This can 
be considered as a trigonal bipyramid, in which one apical ligand and one equatorial ligand are 
coupled, the third equatorial position being occupied by the lone pair of X. (Scheme 2.9) The energy 
barriers to the dissociation reactions were predicted to be 16 kcal/mol for SH4 and Sell4, and 23 
kcal/mol for Tell4. The MP4 energy differences between XH4 (C4v) and XH2 + H2 were found to be 
79.8 kcal/mol for SH4, 73.4 kcal/mol for Sell4 and 56.2 kcal/mol for Tell4. Based on simple 
qualitative arguments, it was considered that electron-donating groups will be expected to facilitate the 
elimination process by stabilization of the "cationic" fragment in the C1 transition state and electron- 
acceptors will slow down the reactions. Moreover, this model should be applicable to more complex 
products with organic substituents. 78 

H Hap H H 
. ,  / / 

,,,~H H e q " "  He q -- H "-H . . . . .  - - -  x\  
H Hap H 

C4v C1 C2v 

Scheme 2.9 

In the case of the tetramethylchalcogens XMe4, the barriers to Berry pseudorotation were estimated 
to be about 4.8, 3.6 and 0.7 kcal/mol respectively for the S, Se and Te compounds. All XMe4 
compounds are thermodynamically unstable compared to XMe2 + ethane. The estimated binding 
energies at both SCF and MP2 levels of theory are about 84 kcal/mol for SMe4, 72 kcal/mol for 
SeMe4 and 54 kcal/mol for TeMe4. 76 

2.2.1.2.3 The VXRn system with V= vinyl group 

Bimolecular substitution at the vinyl carbon have been explained by either an AdN-E mechanism, 
leading to retention of configuration, or by a SN2-Vin mechanism leading to inversion of 
configuration. 80 Ab initio calculations at the 3-21G*//3-21G*, 6-31 G*//3-21 G* or 6-311 G**//3-21G* 
levels gave significant indications on the relevance of the symmetry of the LUMO of the electrophile 
and the stereochemical outcome of the reaction. 81 In general, LUMO of ~ symmetry corresponds to 
AdN-E mechanism, and LUMO of o symmetry corresponds to SN2-Vin mechanism. However, 
vinyliodonium compounds failed to give the correspondence. In the case of the non-activated vinyl- 
iodonium salts, the o symmetry corresponding to the SN2-Vin mechanism with inversion of 
configuration is supported by the experimental observation of inversion in the reaction of 13-alkylvinyl- 
iodonium tetrafluoroborates with halides, although no mechanism was suggested. 82 The same o 
symmetry was predicted for the 13-sulfonylvinyliodonium analogue, but in this case the experimental 
observation is in contradiction, as reaction of 13-sulfonylvinyliodonium tetrafluoroborates with halides 
led to products with retention of configuration. A ligand coupling mechanism was postulated as a 
possibility in this case. 83 

2.2.2 Ligand coupling: experimental studies 

The ligand coupling reaction is an important reaction in the chemistry of hypervalent compounds. 
A large number of synthetic applications show the growing interest in these reactions. However the 
experimental study of the intimate mechanism of ligand coupling has been poorly developed. 
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2.2.2.1 Types of experimental iigand coupling systems 

The survey of the literature of all the ligand coupling processes which have been described with the 
various heteroatomic main-group elements shows that they can be classified in two general categories, 
themselves subdivided into subclasses: 

- type  A : ipso-ipso coupling between two t~ bonded ligands TYPE LC 
In the ligand coupling involving two ligands linked to the heteroatom by a a bond, the process can 

be more or less synchronous. In the case of a reaction between two similar ligands or between ligands 
of fairly similar polarity, the reaction will be relatively synchronous. It could therefore be considered 
as an homocoupling for which the abbreviation" LCH"  could be used. 

A A 

LnM ~ : LnM + A-- -A or LnM ~ 

A B 

: LnM + A-'--B 

A typical example of this type is the thermal decomposition of tetraaryltelluranes.84, 85 

Mo- :o , . . . _  
, . . - -  

On the other hand, when the two ligands are of sufficiently different polarity, the reaction is 
analogous to an internal nucleophilic substitution. The reaction will be mostly non-synchronous with a 
polar transition state. For this case, the abbreviation " LCN " could be suggested. A large number of 
examples were discovered by Oae et al. in their extensive studies of the ligand coupling of sulfoxide 
derivatives.23, 24 

OM 
.~x \  At,,,. I 

S =  O + R2M :-- ".q-~ �9 = A r - - R  2 
R 1" Rio" 1~ 2 ~ 

The type A ligand coupling processes (ipso-ipso), whether of the synchronous LCIt  type or of the 
polar LCN type, are the most frequently occurring mode of coupling. They are involved in a large 
number of reactions in the chemistry of sulfur, selenium, tellurium, phosphorus, antimony and iodine 
derivatives. 

- type  B : ipso-aUyl coupling between one a bonded ligand and one allylic atom TYPE LC' 
By analogy with the SN2 and SN2' mechanisms, the second class of ligand coupling reactions 

involving an allylic system can be named LC'. The relative polarity of the two ligands allows the 
distinction between two subtypes of LC' coupling reactions. 

A 

= Ln M + Z ~ , , , , , , / A  

The nature of the ligand A will govern the philicity of the process. If the ligand A, originally 
present in the organoelement derivative, plays the role of a cationic equivalent, the ligand containing 
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the allylic moiety will play the nucleophilic role. The substitution of ligand A will therefore 
correspond to an internal nucleophilic substitution and this process could be named: "LCN' ". 

A R 

LnM~ ~'~I I : LnM + Z ~  I 

R 

In the opposite sense of polarity of the reactants, ligand A plays the nucleophilic role and the ligand 
containing the allylic moiety will behave as the electrophile. The substitution of ligand A will 
therefore correspond to an electrophilic substitution and this process could be named: "LCE' ". 

A R 

= § 

kZ~_ ~ A 
R 

The type B (ipso-allyl) coupling is less frequently observed. It happens mostly in the reactions of 
enolic compounds with iodine, bismuth and lead derivatives. It is also found in the reactions of 
nitronate salts with organobismuth, organolead and organothallium compounds. This ligand coupling 
mechanism involves an unsymmetrical transition state. The organic fragment originally present in the 
organoelement derivative behaves as the cationic equivalent component: this is a" LCN' "process. An 
example of this type of ligand coupling is the arylation of ketones by reaction with pentavalent 
organobismuth reagents. 86 

O O 

Ph3BiX 2 Base P h ~ P h  
+ -- p h * ~ J ~  ph 

The elementary phenylation reaction with pentavalent organobismuth reagents is itself a two-steps 
sequence which proceeds first by the formation of a covalent pentavalent substrate-bismuth 
intermediate. In the second step, this intermediate then undergoes a ligand coupling process.35, 36 

X 

Phl, .... B[i~.~ 

Ph*"  ' + Ph2BiX 

A typical example of the" LCE' "type is the reaction of lead tetraacetate with enol-type substrates 
such as, among others, phenols and ketones. In these reactions, the acetoxy ligand plays the role of the 
nucleophilic component, s7 

OH 0 

R . ~  R + Pb(OAc)4 __ R . ~ R o A  c 
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As X-ray studies of various acetoxylead derivatives have show.n that the acetoxy ligand behaves as 
a bidentate ligand,88, 89 the transition state of the oxidation reactions can be considered to involve a 
structure between a five and a seven-coordinate transition state: 

\Pli \ i.o_,<-., "" ~ Pb~ . . - , ~  , ~0"" or ~0"" I)~O TM ; 

The experimental studies on the mechanism of the ligand coupling reaction have shown that the 
pathway going from the reactants to the coupled products can be rationalized either by the orbital 
symmetry conservation model or by the ab initio model. In the orbital symmetry conservation model, 
the coupling step can take place either by apical-apical bonding interaction or by equatorial-equatorial 
bonding interaction. On the other hand, in the ab initio model, the coupling step takes place by apical- 
equatorial interaction via a polar transition state. The experimental study of the mechanism of the 
ligand coupling reaction presents a number of difficulties and specific requirements. The evolution of 
the system must be concerted, but not necessarily synchronous, 90 and it must take place irreversibly. 
An important problem is associated with the presence of very fast Berry pseudorotation, which is 
common for most hypervalent derivatives of iodine, phosphorus, selenium, sulfur and tellurium. 
Moreover, the large diversity of substituents carried by the main-group element, especially the 
presence of heteroatoms which can also influence the reaction path, limits the generalization of 
mechanistic studies dealing with the ligand coupling mechanism itself. Unshared pair of electrons on 
the central atom may also affect the course of the reaction. These different conditions are difficult to 
be all satisfied in the same system, and therefore the number of experimental studies dealing with the 
ligand coupling mechanism do not compare with the wealth of the synthetic applications which are 
now known. 

2.2.2.2 The orbital symmetry conservation model 

This model has been used to rationalize the experimental data obtained in the case of ligand 
coupling reactions implying organotellurium, organoantimony, organoiodine and organobismuth 
compounds. 

2.2.2.2.10rganotellurium compounds 

Thermolysis of tetraaryltellurane derivatives has been reported to afford the corresponding biaryl 
and the diaryltellurium compounds, together with small amounts of the arenes.84,91, 92 In 1977, Barton 
et al. showed that, in different solvents or in the absence of solvent, thermal decomposition of 
tetraaryltellurane derivatives afforded nearly quantitatively the diary]tellurides and biaryl derivatives. 
Such was the case in benzene, toluene as well as in triethylsilane or in the presence of an easily 
polymerizing solvent such as styrene. When the thermolysis reaction was performed in tert-BuSH, 
only the di-tert-butyldisulflde was obtained quantitatively, without any biaryl compounds. As addition 
of a powerful hydrogen atom transfer reagent, 1,4-dihydrobenzene, did not alter significantly the ratio 
of products, the intermediacy of free radicals was excluded and the thermal decomposition was 
suggested to occur by a concerted pathway. 84 
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M e - ~  Te 
4 

M e - - ~ - ~  Me + M e - ~  T e = ~  Me 

Ph4Te + 2 t-BuSH = 2 Phil + Ph2Te(S-t-Bu) 2 = (t-Bu-S) 2 + Ph2Te 

The thermal decomposition was explained by the orbital symmetry conservation model, using 
either the apical-apical (a)-(a) coupling or the equatorial-equatorial (e)-(e) coupling. 85 

f"Ph,,.. 
l~..ph~,.Te--- ." 

Phn,, . . . .  
= i, t e  + P h - -  Ph 

ph ~ '  

By contrast, decomposition of the stereochemically more rigid bis-(2,2'-biphenylylene)tellurium 
requires higher temperature and leads essentially to products derived from the biradical intermediate. 93 

260~ .__ 
~ T e  + + 

7 6 % 51% traces 

Scheme 2.10 

2 .2 .2 .2 .20rganoant imony compounds 

Thermolysis of pentaphenylantimony at 225~ for 3 hours was reported by Mc Ewen et al. in 1968 
to afford only triphenylantimony and biphenyl in nearly quantitative yields, by a direct intramolecular 
process. 94 

225~ / C6H 6 
Ph5Sb = Ph3Sb + Ph-Ph 

3 h/sealed tube 89% 90% 

However, it is only recently that Akiba et al. have carefully studied the mechanism of the ligand 
coupling reaction of various pentavalent organoantimony derivatives.40, 95 Thermal decomposition of 
triarylbis(phenylethynyl)antimony derivatives without solvent led to mixtures of bis(phenylacetylene) 
and aryl(phenylacetylene). Whatever the nature of the aryl group (electron-rich or electron-poor), the 
corresponding biaryl was never detected. It was suggested that the ligand coupling reaction took place 
by apical-apical coupling, as the yield of the aryl(phenylacetylene) product increased in parallel to the 
increasing electron-withdrawing ability of the aryl group. This is consistent with the presence of a 
higher amount of the conformer possessing an apical aryl ligand when this aryl group is substituted by 
increasingly more electron-withdrawing substituents. 95 
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Scheme 2.11: Topological transformations during the thermolysis of 
triarylbis(phenylethynyl)antimony compounds 

Table 2.4: Ratio of products of the thermolysis of triarylbis(phenylethynyl)antimony compounds 40 

Ar 

4-MeC6H4 

Ph 

4-C1C6H4 

Rmio 
Ph - "  ~ Ph Ar - -  Ph Ar-Ar Overall yield (%) 

76 24 93 

66 34 99 

50 50 64 

In the case of unsymmetrical pentaarylantimony derivatives ArnSbTol5.n in which Ar = 4-CF3C6H4 
and Tol = 4-MeC6H4, thermolysis of their solutions in benzene at 220~ led to ligand coupling 
products with a greater selectivity for Ar-Ar or Ar-Tol coupling rather than for Tol-Tol (< 10% for n _> 
1).40 These observations were explained by a preferential coupling between the two apical ligands, in 
spite of the presence of a very fast Berry pseudorotation, leading to topological transformations 
affording mixtures of all the conformers in various proportions. However, a difficulty in the 
interpretation of these results arose from the occurrence of equilibration by ligand exchange between 
unsymmetrical pentaarylantimony compounds, already observed in benzene at 60~ This ligand 
exchange reaction took place in spite of the absence of either unshared electron pairs or halogen 
atoms. 40 

Table 2.5: Selectivity of the ligand coupling reactions of pentaarylantimony 40 

TolnSbAr5. n 220~ / C6H 6 =-- Tol-Tol + Tol-Ar + Ar-Ar 

TolSbAr4 0 100 

Tol2SbAr3 10 2 

Tol3SbAr2 2 98 

Tol4SbAr - 21 

Tol = 4-MeC6H4 and Ar = 4-CF3C6H4 

88 

0 

79 
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Hash vacuum thermolysis was more significant, as the bitolyl product, Tol-Tol, was not detected 
from any of the reactions with mixed compounds such as Ar4TolSb or Ar3Tol2Sb. Even the tritolyl 
derivative, Ar2Tol3Sb, for which a significant amount of conformer with two tolyl groups in apical 
position could be expected, failed to lead to the formation of Tol-Tol. Ligand coupling was suggested 
to take place only by coupling between the two apical ligands on two particular stereoisomers in 
equilibrium by very fast Berry pseudorotation. 

Table 2.6: Ligand coupling reactions of pentaarylantimony by Hash Vacuum Thermolysis 40 

F.V.T. 
TolnSbAr5. n Tol-Ar + Ar-Ar 

TolSbAr4 64 36 

Tol2SbAr3 42 58 

Tol3SbAr2 24 76 

Tol = 4-MeC6H4 and Ar = 4-CF3C6H4 

2.2.2.2.30rganoiodine compounds 

A number of mechanistic pathways have been claimed in order to explain the various facets of the 
chemistry of hypervalent iodine compounds. Apart from the oxidation reactions, the uses of 
hypervalent iodine compounds in synthesis started with the independent studies of Beringer and 
Neilands on iodonium salts. 96 Different proposals were made to  explain the range of products: 
formation of tricoordinate iodine compounds, formation of benzyne, reductive decomposition, or 
nucleophilic substitution. Two types of mechanisms emerged as playing key roles: a polar pathway 
and a free radical pathway. A delicate balance between these two extremes was observed to be 
strongly dependent upon a number of factors, such as the nature of the nucleophile, the nature of the 
counterion and the solvent. Moreover, the two mechanisms may be occurring simultaneously. For 
example, in the reaction of enolates with diaryliodonium salts, the C-arylation products are formed by 
a ligand coupling process, and the competing free radical component leads to various reduction 
products, such as arenes. 18 It is only recently that the ligand coupling mechanism was clearly 
recognized to play a major role and to be able to explain a number of mechanistic specificities. First 
suggested by Budylin et al. in 1981, 97 the ligand coupling mechanism was widely used by Moriarty 
and Vaid in their review in 1990.11 The pieces of the mechanistic puzzle were put together by Grushin 
in 1992.23, 98 The ligand coupling mechanism is now more and more taken into account in the 
chemistry of hypervalent iodine derivatives. 

In his account, Moriarty suggested that reactions of nucleophiles with diaryliodonium salts led to a 
tricoordinate iodine derivative which subsequently decomposed to coupled products by either one of 
two mechanisms. 21 In the first one (path a), a direct ligand coupling was suggested to occur on the 
iodane itself. In the second mechanism (path b), the iodane collapsed to a pair of radicals which then 
evolved to the products. (Scheme 2.12) 

A r ~ i ( ~  Cl e + Nu (E) 

Ar / 

(a) 
Ar ~ ArNu 

:,,,,.. I I ""I---- Nu 

- f l  No'] 

Scheme 2.12 
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Gmshin et al. proposed a unified mechanism for the reaction of nucleophiles with diaryliodonium 
salts. The first step is the formation of a 10-I-3 hypervalent iodine intermediate.23, 98 These 10-1-3 
iodane derivatives present a trigonal bipyramidal structure in the crystalline state, assuming the two 
unshared electron pairs behave as phantom ligands. 99 In solution, trigonal bipyramidal iodane 
compounds undergo topological transformations by Berry pseudorotation or by turnstile rotation. 100 
The interaction between any two of the three ligands coplanar with the iodine atom in the C4v 
structure is symmetry allowed. The nucleophile will prefer to bind to the larger group as a greater 
decrease of the steric strain will result. This explains the observed ortho-effect. 101-103 When no 
significant steric difference exists between the two substituents, the nucleophile will bind to the more 
electron-deficient ligand, as this will induce a larger decrease of the positive charge on the iodine 
atom. When strongly electron-withdrawing groups, such as nitro or cyano, are present in ortho or para 
positions, the ipso attack under classical SNAr mechanism, with formation of Meisenheimer 
complexes, can become a competitive pathway. 

Ar 2 § 

Nu O 

Nu .. Nu 

�9 IIIIIB,,,... I /SSS@'*% I 
�9 I - - " - - A r  2 ~ ".m-~I~ 
�9 . d "  I Ar 2 -  - - ~ ]  

Ar]Nu + Ar2I N u  

I I 
Ar 1 ....... .. 

e e a l~ , , , . .  , 

" " I - - - - - A r  1 ~ : m ~ I ~ .  
" ~ ' 1  Ar2 - -  --Ar] 

Ar 2 

or  

Scheme 2.13 

The influence of the nature of the nucleophile on the magnitude of the ortho-effect 102 is also 
related to a steric effect on the 10-I-3 intermediate. Larger nucleophiles cause a larger steric effect, and 
this will result in a lower regioselectivity. The difference between NO2- and N3- anions is also 
explained by this effect, as azide ion can only coordinate by terminal nitrogen atoms, whereas nitrite 
ion can coordinate either by the terminal oxygen atoms or by the central nitrogen atom, resulting in a 
greater steric strain. 

The divergent outcome between the reactions of diaryliodonium salts with charged nucleophiles 
and with neutral nucleophiles was also explained by this model. In principle, the 10-I-3 intermediate, 
which is formed in the first step of the overall process, can decompose by two routes. When 
intramolecular rotation is possible, ligand coupling takes place easily. The second possibility is the 
homolytic cleavage of the iodine-nucleophile bond, leading to a pair of radicals formed by one 
electron reduction of the iodonium cation. 

ArlAr2I | X | + 

N u  

NuO ~ Arl"I~Ar2 

[lO 1 3] 

I ArlNu + Ar2I 

L Ar2Nu + ArlI 

ArlAr2I" + Nu" 
[9-I-2] 

Scheme 2.14 
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The regiospecificity of the radical reactions of diaryliodonium salts was clearly demonstrated by 
Tanner et al. who showed that the 9-1-2 intermediate itself can follow two possible pathways for 
radical decomposition. 16 The difference between the energy of the two transition states depends on the 
electronic effects of the substituents. The substituent allowing a greater delocalization of the negative 
charge will correspond to the pathway with the lower energy (E2 in scheme 2.15), and will leave as the 
free aryl radical. Moreover, the chain character of the radical pathway was supported by the action of 
1,1-diphenylethylene which altered the ratio Phil to Ph-Ph in the reaction of diphenyliodonium 
tetrafluoroborate with potassium cyanide in a dioxane-water mixture. 1~ In this reaction, the radical 
reductive cleavage is the main pathway, whereas the ligand coupling is the predominant pathway in 
the same system using nitrite, azide or thiocyanate ions as nucleophiles. 104 

[ArL 1.8+..~2] "* 

8- ~+ / / ' C ~  [Arl....l_Ar2] ., 

ArlI / Arl - i -Ar  2 \ 

Ar+ e ) /  P N u "  X A~+ 21 
�9 [ Ar 1 (~ 

§ Nu ir I-Nu 

Scheme 2.15 

Depending on the nature of the nucleophile, the 10-I-3 intermediate is either neutral or charged. 
Reaction of a neutral nucleophile with the iodonium salt leads to a charged 10-1-3 intermediate, and 
reaction of a charged nucleophile, by contrast, leads to a neutral intermediate. When the 10-1-3 
intermediate is charged, the major part of the positive charge is located on the atom which has shared 
its lone pair with the iodine atom. Electrostatic interactions between the unshared pair of electrons of 
the iodine atom and the atom beating the positive charge results in an increase of the energy barrier to 
rotation. The intermediate then cannot reach the favourable transition state for ligand coupling, and 
therefore follows the homolytic pathway (Scheme 2.16). On the other hand, when the 10-1-3 
intermediate is neutral, no electrostatic interaction impedes its free rotation and the optimal 
configuration can be easily reached to favour the ligand coupling pathway (Scheme 2.17). 

ArlAr2i t~ X O 

ArlAr2I" + Nu | 

+ No ( t9121 

ArlAr2I_Nu | 
[10-I-3] 

._ [ArlNu ~ X O +  Ar2I 

" IAr2Nu | X O +  ArlI 

= Ligand coupling 

Scheme 2.16: Reaction of a diaryliodonium salt with a neutral nucleophile 
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ArlAr2I~ X 
| + Nu O (  

ArlAr2I" + Nu" 
[9-I-2] 

ArlAr2I-Nu 
[10-I-3] 

{ ArlNu + Ar2I + X e 
Ar2Nu + At'lI 

Ligand coupling 

Scheme 2.17: Reaction of a diaryliodonium salt with a charged nucleophile 

The phenomenon of inhibition of the rotation also explains the occurrence of a radical pathway in 
the reaction of the rigid dibenzo[b,d]iodolium cation with charged nucleophiles which otherwise react 
by ligand coupling mechanism with stereochemically labile diaryliodonium cations. In the case of the 
dibenzo[b,d]iodolium system, rearrangement of the trigonal bipyramid of the 10-1-3 intermediate to 
the C4v structure is forbidden by the rigidity of the five-membered ring, only the homolytic path is 
possible. 105-107 

Thermal decomposition of 10H-dibenzo[b,e]iodinium chloride: 106 

C1 e 

250~ 
30 rain 

~ ~ - - I  ~ ~ - - I  

CH 2 + CH 2 + CH 2 

~ ~ - C 1  ~ ~ ~ ' - I  

93% 6% 1% 

C1 

Thermal decomposition of dibenzo[b,e]iodolium chloride: 106 

C1 e 

295~ 
3o min'- 

I ~ I  ~ ~ - C I  ~ ~ - C I  ~ I  

6 d 1 ~~~~--I C1 O 

74% 22% 4% 1% 1% 

2.2.2.2.40rganobismuth compounds 
The chemistry of pentavalent organobismuth compounds involving arylation reactions of a variety 

of nucleophiles has been explained by the occurrence of a ligand coupling mechanism. As most of 
these reactions concern ambident allylic systems, the mechanistic studies were limited to the influence 
of the nature of the substituents: relative migratory aptitude in the case of mixed pentavalent 
organobismuth derivatives 108 or regiochemistry of the arylation, O- v s  C-arylation, as a function of the 
nature of the substituents present on the phenolic ring. 109 

However, a reaction can be reasonably explained by the orbital symmetry conservation model: the 
thermal decomposition of (p-nitrophenoxy)triphenylbismuth derivatives. 110,111 Indeed, coupling 
between the two apical ligands is very easy in the decomposition of (p-nitrophenoxy) tetraphenyl- 
bismuth which affords a high yield of the ligand coupling product, 4-nitrodiphenyl ether. ! 12 But when 
one phenyl group is replaced by a more electron-withdrawing ligand, then completely different 
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mixtures are observed. 108 With a chlorine atom, topological transformations give rise to conformations 
in which equatorial-equatorial interaction can occur, and this is reflected by the formation of a 
significant amount of biphenyl. However, when the second apical ligand is a strongly electron- 
withdrawing group, for example a trifluoroacetoxy ligand, the conformation becomes more locked 
with the three phenyl ligands in the equatorial positions. Equatorial-equatorial interaction is again the 
only possible pathway, and indeed the reaction affords a good yield of biphenyl. (Table 2.7) 

Table 2.7: Thermal decomposition of 4-nitrophenoxytriphenylbismuth derivatives 

O2N 

0 toluene 
I ~ + 

Ph ,0.. Bi--" Ph reflux 
P h r  OPh OH 

X 

+ Ph3Bi + Ph-Ph 

X = Ph 95% - 79% - ref. 112 
X = CI 2% 19% 17% 27% ref. 108 
X = OCOCF3 - 34% 4% 69% ref. 108 

2.2.2.3 The ab initio model 

The ab initio model involves the least-motion coupling interaction via a highly polar transition 
state, in which an apical ligand couples with an equatorial ligand. This theoretical model is supported 
by a number of experimental studies, which have been performed on hypervalent sulfur compounds. 
Its application has been extended by analogy to the rationalization of the experimental data obtained in 
the chemistry of organophosphorus and organolead derivatives. However, in these cases, the 
experimental studies did not address the ligand coupling mechanism itself, but the general reaction 
mechanism involving the multistep sequence. 

The reaction of organometallie compounds, such as organolithium and Grignard reagents, with 
triarylsulfonium salts and diarylsulfoxides has been well studied in part because of the intriguing 
mechanistic questions which were raised. Five major types of reaction pathways involving the 
organometallic compound and the sulfur substrate have been suggested to play a more or less 
significant role (mechanisms a-e). Moreover, products of decomposition of the sulfur substrate itself 
can also sometimes be met (mechanism f). These mechanisms are represented below in the case of 
triarylsulfonium salts.3,5,113 

a -  Aromatic nucleophilic substitution (SNAr): 

LiR R 

ArR + Ar2S 

b -  Benzyne mechanism: 

| Ar2S + LiX+ RH 

�9 O]. i y 
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c - Single electron transfer mechanism (S.E.T.): 

LiX 

At3 StyX O + RLi ~ A r 3 S "  i R" 

LiX Ar3S-R 

ArR + Ar2S 

d - Nucleophilic attack on sulfur leading to a tetravalent sulfur intermediate undergoing ligand 
coupling: 

Ar3 s{~) XE)+ RLi ~ LiX + At" = ArR + Ar2S 

e - Ligand exchange by SN2 substitution on sulfur: 

Ar3S(gX | Ar'Li ~ I" ~ Ar2Ar'S | XO + ArLi 

L~-~ 
f- Intramolecular decomposition of the reagent itself: 

Ar3S |174 __ [Ar x Ar]:t 
.-- Ar,,S,x r_- ArX + Ar2S 

The experimental studies on the chemistry of sulfur compounds have led Oae to develop the 
concept of ligand coupling,g, 9 in which two stereochemical elements are implied: the intrarnolccular 
coupling of two groups is concerted with extrusion of thc reduced hetcroatom, and the stereochemistry 
of the reagents is maintained throughout the whole process to eventually afford products with retention 
of configuration. The importance of these facts was deduced from the mechanistic studies performed 
on sulfonium derivatives which dealt mostly with the stereochemical evolution of the intermediate. 
The retention of stereochemistry was more extensively studied in the case of the reactions of sulfoxidc 
derivatives. 

2.2.2.3.1 Mechanist ic  studies with suifonium compounds 

The reaction of triarylsulfonium salts or diarylsulfoxidcs with organolithium or Grignard reagents 
affords diarylsulfidc and biaryl coupling products. The formation of sulfuranes with four carbon-sulfur 
bonds has been postulated for a long time. In 1971, Shcppard reported the detection of tetrakis(pcnta- 
fluorophenyl)sulfurane by 19F NMR at low temperature, as an unstable intermediate in the reactions of 
pcntafluorophenyllithium with fluorosulfurane derivatives which afforded decafluorobiphenyl and 
bis(pcntafluorophcnyl)sulfidc. 114 
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F 

F 

F 

Li + or 
F C6FsSF3 - 80~ C6F; S'C6F5 

0~ ,C6F5 I C6F5 + S,, 

C6F5 C6F 5 

It is only recently that the formation of tetraphenylsulfurane in the reaction of triphenylsulfonium 
or diphenylsulfoxide with phenyllithium was demonstrated by low temperature NMR experiments. 115 
Suggested by Trost 5 to be the most promising candidate as a stable sulfurane, the spirosulfurane, bis 
(2,2'-biphenylylene)sulfurane, was isolated recently. 116 Its structure was determined by X-ray 
crystallography to be a slightly distorted pseudo-trigonal-bipyramid, with two apical S-C bonds, two 
equatorial S-C bonds and the lone pair as the third equatorial ligand. 

,u 

In their first report, 4 Trost et al. studied the reaction of organometallic reagents with 
triarylsulfonium salts at -78~ in THF, which led to mixtures of diarylsulfide and biaryl by ipso-ipso 
coupling. At about the same time, Khim and Oae reported a slightly different outcome for these 
reactions. 3 However, as their experiments have been performed in ether under reflux, competitive side 
reactions such as occurrence of an arynic pathway and ligand exchange took a significant weight in the 
overall reaction. The molecular flexibility of the postulated intermediate tetraarylsulfurane led Trost to 
suggest for the ligand coupling a transition state such as: 

b 

S" Ar 

The coupling reaction involves overlap of the n-systems of two of the ligands with concomitant 
cleavage of the carbon-sulfur bonds. To determine the stereochemistry of the coupling, they 
subsequently studied the reaction of the more rigid S-aryldibenzothiophenium salts with organolithium 
reagents, which was suggested to form the labile diaryl bis(2,2'-biphenylylene) sulfurane. 5,6 The 
formation of a compound of this type, diphenyl bis(2,2'-biphenylylene)sulfurane (Arl = Ar 2 = Ph), 
was detected only in 1995 by low temperature NMR studies. 117 

+ Ar2Li ~ . ~ ~  

~ l  X E) Ar 1 At 2 
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To achieve a bonding interaction between the ~-systems of two ligands, two modes of coupling 
were considered not to require a too important distortion. Due to the trigonal bipyramid structure with 
the five-membered ring in equatorial-apical orientation, the two interactions A = el-al and B = el-a2 
were discarded. On the other hand, the least-motion most favoured interactions were considered to be 
C = al-e2, I) = a2-e2 and, to a lesser degree, E = e l-e2 .5 

�9 forbidden . favoured �9 
�9 ~ . . . ~ e ~  , ~ .... , .  

~ / "  distortion high ~ 1 ~  least-motion 

Scheme 2.18 

Due to the inductive electron-withdrawing effect of a benzene substituent, the biphenylyl group is 
more activated towards coupling than a phenyl group. Thus, the a l-e2 is favoured over the a2-e2 
coupling, and, in the case when Ar 1 = Ar 2 = Ph, only the phenyl-biphenylyl coupling was obtained 
(Scheme 2.19, pathway A). The same mode of coupling was observed for phenyl ligands substituted 
with electron-donating groups. 

A 

..,Ar2 

and / or 

"- ~ + Arl -Ar  2 

Scheme 2.19 

On the other hand, when the phenyl ligands were substituted with electron-withdrawing groups, 
the two modes of coupling (pathways & and ItS) were found: al-e2 and a2-e2. Similar trends were 
observed in the case when the two aryl groups, Arl and Ar2, were different: coupling takes place 
preferentially between the most electron-depleted groups. The fact that the addition of the aryllithium 
derived from the more or the less electron-poor group did not interfere with the eventual ratios of 
coupled products shows that, in this system, topological interconversion between conformers is faster 
than ligand coupling. 4-6 

By contrast, a stereochemical effect was observed in the reaction of S-aryldibenzothiophenium 
salts with vinyllithium reagents. Assuming that the entering nucleophilic group occupies the apical 
position, the kinetic product has the vinyl group in the apical position. It can undergo only vinyl-aryl 
or aryl-biphenylyl coupling. If the aryl ligand is a phenyl, unsubstituted or substituted by electron- 
withdrawing groups, the rapid rate of coupling leads mostly to substituted styrene and 
dibenzothiophene with a small amount of aryl-biphenylyl coupling. If the aryl ligand is substituted by 
electron-donating groups, the vinyl-aryl coupling is so slowed that topological isomerisation takes 
place efficiently. Therefore, the vinyl-biphenylyl coupling now takes place predominantly or 
exclusively.5, 6 
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Scheme 2.20 

In a series of papers, 113,118-122 Hori and Shimizu et al. have studied a wider scope of substrates 
and their results were in good general agreement with the reports of Trost and Oae. When the 
dibenzothiophene ring was replaced by a more flexible 9,9-dimethylthioxanthene system, the similar 
general reactivity patterns were found. However, ligand exchange reactions also took place, as the 
reaction conditions were similar to those reported by Oae3: the reactions were in general performed in 
ether at room temperature or under reflux. 119 

I~ I "  "" ~; J~Mel 

Scheme 2.21 
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R 

With the even more flexible 1O,11-dihydrodibenzo[b0']thiepinium systems, reaction of different 
aryllithium reagents used in large excess led to the various types of coupling, with a slight 
predominance for the formation of dihydrophenanthrene (47-66%), resulting from coupling along 
pathway B. This system appears to behave as the tetraarylsulfurane derivatives, which do not contain 
cyclic tings and lead to statistical mixtures of coupling products. 120 

Ar I 
+ 

Ar2-Li 

i , ~ Ar 1 
+ ~S 

I .,,._ S.A~ § , Ar Ar2 

Scheme 2.22 
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2.2.2.3.2 Mechanistic studies with suifoxide compounds 

The extensive work of Oae and his group on the reactions of sulfoxides, in particular with 
organometallic compounds, led to the definition of the stereochemical criteria for ligand coupling.S, 9 
The reaction of sulfoxides with organomagnesium or organolithium reagents leads to a variety of 
products depending on the nature of the sulfoxide, the organometallic reagent and the reaction 
conditions. The reaction of diarylsulfoxides with aryl Grignard or aryllithium has been shown to lead 
to biaryl formation by a sequence of transition steps involving the formation of a hydroxysulfurane. 
The coupling itself results from a major pathway by a benzyne intermediate, the ligand coupling 
pathway constituting only a minor pathway. 123 

g r  1 1 /OM \ A r \  
Y �9 

Ar 1" S ~ O 4- Ar2M Ar 2 SNArl 
Ar 1-- Ar 2 + / or Ar 1-- Ar 1 

Sulfoxides containing a methylsulfinyl group react with organomagnesium halides to give 
sulfides. 124,125 The reaction was suggested to involve deprotonation, formation of a methylydene- 
sulfonium intermediate and addition of the alkyl Grignard on the a-carbon. 125 

Me N 

/ 
R 

S---- O + R'MgX : RS- CH 2- R' 

In a third type of behaviour, sulfoxides bearing an electron-poor aryl or heteroaryl group react 
with organomagnesium or organolithium reagents to afford ligand coupling products. 27-29 

OM 
Arx At',,, ! 

S ~  O + R2M ~ "'S .... : 
R 1/ R 1 r i~ 2 

A r - - R  2 

A r  

R 

The sulfoxides prone to ligand coupling possess an aryl group such as a 2-pyridyl substituted or 
not, quinolinyl, arylsulfonyl or naphthyl. The organic fragment of the Grignard or organolithium 
reagents can be aryl, heteroaryl, vinyl, benzyl, allyl, but also sec- and tert-alkyl groups. 

The reaction of a tricoordinate sulfoxide with nucleophiles usually leads to a tetrasubstituted 
pentacoordinate o-sulfurane, in which the pair of unshared electrons plays the role of the fifth ligand. 
The attack of the nucleophile takes place so that, in the first formed putative intermediate, the 
incoming nucleophile occupies the apical position. Depending on the nature of the substituting groups, 
this intermediate can evolve under different pathways, which can take place alone, in combination or 
in competition. The major pathways which can be followed by the intermediate sulfurane are ligand 
exchange, topological transformations and ligand coupling. The stereochemical outcome of the 
reactions may thus become difficult to interpret. 
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a -  L igand  exchange:  

A pure ligand exchange process leads to products with inversion of configuration, as in a typical 
SN2 reaction. However, if topological transformations take place, the final product can present 
retention of configuration. Ligand exchange is one of the most studied reaction in the case of 
hypervalent compounds. An example of ligand exchange with inversion of configuration is the oxygen 
exchange reaction of sulfoxides in acetic anhydride. The rate of racemisation was twice the rate of 
oxygen exchange, krac = 2 kex .126 

A r ~ S "  At' l 0 
18~0 | OA ,l [ ~Ac * 

�9 , 

, "--S" r /  " ---~S-- Ar' 
Ac20 l s l O A c  l s l o 2 A r j L  O I8OAc j 18 

AcOAc 

S c h e m e  2.23 

Reaction of alkyllithium compounds with optically active arylmethylsulfoxides leads to the 
corresponding dialkylsulfoxides which present inversion of configuration. 127 

OLi ] O 
Ar s.,Me ~ ,,At / ~ * 

" *  + RLi - :"-" IR~ eJ R "*S'" M Me 
O 

+ ArLi 

If the intermediate sulfurane undergoes pseudorotation, the ligand exchange can proceed with 
retention of configuration. A substantial oxygen exchange took place when methyl p-tolylsulfoxide 
was heated at 150~ in dimethylsulfoxide. In this reaction, the exchange was easier with the p-methyl 
than with the p-chloro derivative. Moreover, very little racemisation was observed, krac << kex. 
Assuming that the entering and leaving groups approach or leave the sulfoxide along the apical 
position, the retention of configuration results from pseudorotation. 128 

Me2S --!I~ O I-  Me 
I p-Tolyl "'" . ~l ,,~ p-Tolyl 

+ / I ~8o , r v  ... 
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4. 
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S c h e m e  2.24 

When a sulfoxide, beating a combination of ligands other than pyridyl and benzyl, is treated with 
Grignard reagents, ligand exchange and ligand coupling take place independently or 
concurrently. 129,130 For example, when methyl-2-pyddylsulfoxide is treated with a Grignard reagent 
which does not give an intermediate prone to ligand coupling, ligand exchange takes place to lead to 
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2-pyridylmagnesium halide and a new sulfoxide. In a second step, the newly formed pyridyl Grignard 
reagent reacts with methyl-2-pyridylsulfoxide giving a dipyridyl sulfurane, which affords eventually 
2,2'-bipyridine as a ligand coupling product. 

~ S "  Me 0 R, Me + RMgX = + "S~ 

Me 

+ MeSOMgX o3:!: Me 

Scheme 2.25 

The ease of ligand exchange appeared to be controlled essentially by the apicophilicity of the 
exchanged ligand. 18 But the steric hindrance can play a very significant role, as shown by the reaction 
of alkylpyridylsulfoxides with phenylmagnesium bromide. 129 

S,, + PhMgBr = + 
R 

R = Me 68% 9% 
Et 56% 4% 
i-Pr 59% 6% 
t-Bu 0% 85% 

b- Topological transformations:  

Berry pseudorotation (BPR) or turnstile rotation (TR) mechanisms can lead to products with 
retention of configuration or with racemization. When a topological transformation takes place at a 
competitive rate with the ligand coupling process, mixtures of products can be obtained, as for 
example in the reaction of 2-pyridylsulfoxides with Grignard reagents. The attack of the nucleophile 
on the sulfoxide leads to a first sulfurane intermediate, in which the incoming nucleophile occupies an 
apical position. When pseudorotation can occur, the 2-pyridyl group always remain in the equatorial 
position, while a benzyl group occupies an apical position. Ligand coupling will result from the 
interaction between the equatorial 2-pyridyl group and the apical benzyl group. 
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Ar-- S x + R2MgX 
R 1 

OMgBr 

Ar~RS ? R1 

OMgBr'] 

A r - - R  2 A r - - R  ~ 

S c h e m e  2 . 2 6  

In the reaction of benzyl-d2 2-pyridylsulfoxide with unlabelled benzylmagnesium chloride, the 
coupling product was predominantly the unlabelled 2-benzylpyridine. 131 The rate of pseudorotation 
appears much smaller than the rate of coupling. However, increase of the reaction temperature alters 
slightly the ratio between the two products. 

~r . ~ C H 2 P h  ~ C D 2 P  h ~ S  x + Ph-CH2MgC1 .-- + 
CD~Ph 

- 68~ 95 �9 5 
RT 88 �9 12 

The effect of temperature increase on the relative ratio between ligand coupling products is more 
or less intense, but always present. (Table 2.8) 

T a b l e  2.8: Influence of the reaction temperature on the ratio of products 132 

? 
A r - -  S x + R 2 M g X  ' = A r - -  R 1 + A t - - -  R 2 

R 1 

Ar 

2-pyridyl 

2-pyridyl 

PhSO2CtH4 

PhSO2CtH4 
, ,  

R 1 

4-Me-C6H4-CH2 

C6H5-CH2 

4-Me-C6I-I4-CH2 

C6H5-CH2 

R 2 

C6H5-CH2 

4-Me-C6H4-CH2 

C6H5-CH2 

4-Me-C6H4-CH2 

ArR 1 �9 ArR 2 at RT 

16:84 

44:56 

20:80 

77:23 
. . . . . .  

ArRI ArR 2 at 50~ 

20-80 

52" 48 

19"81 

46" 54 
. . . . . . . . .  

The electronic nature of the ligands plays an important role on the extent of the pseudorotation 
phenomenon. When there is a competition between two substituted benzyl groups, the more electron- 
poor benzyl group will preferentially occupy the apical position, favouring the coupling process. 132 
When the incoming nucleophile bears the most electron-withdrawing group, ligand coupling will 
occur more rapidly than pseudorotation. However, when the incoming nucleophile is more electron- 
rich, pseudorotation will take a significant weight in the competition between the two pathways, so 
that the more electron-poor ligand will tend to occupy eventually the apical position. (Table 2.9) 
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Table 2.9: Competition between benzyl and p-chlorobenzyl ligands 132 

~ SX~R1 + R2MgX - ~ R  1 + ~ R  2 

R 1 

C6H5-CH2 

4-C1-C6H4-CH2 

R 2 

4-CI-C6H4-CH2 

C6I-I5-CH2 

ArR 1 : ArR 2 at RT 

9:91 
65:35 

The steric size of the two ligands does not generally play a very important role in the outcome of 
the reaction. For example, in the competition between para-tolyl and ortho, para-dimethylbenzyl 
groups, the steric size of the ligands did not play a noticeable role in the case of the 2-pyridylsulfoxide 
system. In going from tolyl to the xylyl incoming nucleophile, the ligand coupling products involving 
the incoming group increased only from 56% to 59% (Tables 2.8 and 2.10). However, in the case of 
the 4-(phenylsulfonyl)pbenylsulfoxide system, the steric size of the ligands plays a more significant 
role, although not determinant. When the competition takes place between benzyl and tolyl ligands, 
the favoured coupling product is derived from the benzyl group whatever the incoming group [80% or 
77% of 1-benzyl 4-(phenylsulfonyl)benzene]. On the other hand, when the competition happens 
between benzyl and the 2,4-dimethylbenzyl groups, the effect of the pseudorotation is more 
pronounced. Indeed, when the 2,4-dimethylbenzyl group is the incoming nucleophile, the ratios 
observed at room temperature (47 : 53) are nearly identical to those obtained at 50~ when the 
incoming nucleophile is the 4-tolyl group (46 : 54). 

Table 2.10: Competition between benzyl and ortho, para-dimethylbenzyl groups 132 

,,o 
Ar--  S x + R2MgX = Ar--- R l + Ar--- R 2 

R 1 

Ar 

2-pyridyl 

2-pyridyl 

PhSO2C6H4 

PhSO2C6H4 

R 1 

2,4-Me2C6H3-CH2 

C6H5-CH2 

2,4-Me2C6H3-CH2 

C6H5-CH2 

R 2 

C6H5-CH2 

2,4-Me2C6H3-CH 2 

C6H5-CH2 

2,4-Me2C6H3-CH2 

ArR 1 : ArR 2 at RT 

17:83 

41:59 

12:88 

47:53 

c - L i g a n d  coupl ing:  

As the ligand coupling process results from an intramolecular interaction between two organic 
fragments which are linked to the beteroatom by a o-bond, the original configuration of the two 
fragments will not be affected during the reaction. The ligand coupling process must afford the 
products with retention of configuration.8, 9 This stereochemical aspect of the ligand coupling 
mechanism was demonstrated by the observation of retention of configuration in a variety of reactions 
involving sulfoxides bearing sp 3 as well as sp 2 carbon ligands directly linked to the sulfur atom. These 
ligands are either optically active groups or geometric isomers of vinylic groups. 
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a - Ligands with optically active sp 3 carbons: 

As the 2-pyridyl group is not chiral, the conservation of the stereochemical integrity of the second 
ligand of the sulfoxide, upon reaction with a Grignard reagent, was observed for the first time in the 
system shown in scheme 2.27. Optically pure S-(-) or R-(+) sulfides were oxidized to their 
corresponding sulfoxides, which were resolved into their pure diastereoisomers: S,S and S,R from the 
S sulfide and R,S and R,R from the R sulfide. Reaction of the pure sulfoxides or of the mixture of 
sulfoxides derived from the optically pure parent sulfides with methylmagnesium bromide led to the 
coupling products with retention of the original configuration. This was unequivocally confirmed by 
the X-ray study of the derived crystalline N-methylpyridynium salts.133,134 

~ S \ ~ .  , 'Ph AcOH- S \ ,  .,~ Ph 

/ ~ ' H  /C~'H 
Me Me 

25 
(S) - (-) [12]D = - 375 ~ 91% 

(R) - (+)[r + 375 ~ 

MeMgBr 

T H F / N  2 
R T / l h  

~ H  ~ " H 
\ AgCIO4 

' Me Me Me 

(S) - (+)" 97% ; [a]DS= + 63 ~ 

(R)- (-)[a]DS= - 55 ~ -,i- . . . . .  (R)- (-) �9 75% ; [a]DS= - 65 ~ 

OMgBr 
Ph 

Me Me 

OMgBr 

. / ~ ,  Z,,.. ] 

~'*aO 
Me I Ph 

H 

Scheme 2.27 

Similar results were obtained with optically active (IR)-phenylethyl-2-quinolinyl (R)- and (S)- 
sulfoxides, which both led to (R)-2-(1-phenylethyl)quinoline. 135 

THF / N 2 C ~ 
Ph 

h RT I I0 min 64-76% Me 
Me 

(R)-sulfoxide 

(S)-sulfoxide 

[tx]~3= - 174 + 3 ~ (c 1.8 in C6H6) 

[tx]~3= - 177 + 3 ~ (c 1.8 in C6H6) 

In these systems, the possibility of a chelation effect between the nitrogen atom of the 2-pyridyl 
group and the magnesium atom of the incoming Grignard reagent could affect the stereochemical 
outcome of the reaction. However, a similar complete retention of configuration was also observed in 
the case of the benzenesulfonylphenyl analogous system. 136 
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c >  <3_s, o O . , . ,H TI /N; so ,  c "Ph 

'~ Ph RT / 1 h 70 % Me 
Me [ix]23- - + 3.3 ~ (c 1.75 in CHC13) 

These results led Oae et al. to conclude that ligand coupling between the equatorially preferred 
2-pyridyl or electron-with&awing benzenesulfonylphenyl groups and the apicophilic 1-phenylethyl 
group proceeds concertedly. 

13 - Ligands with sp 3 allylic carbons: 

If ligand coupling is proceeding concertedly, then retention of configuration should also be 
observed with sp 3 ligands prone to facile isomerisation or rearrangement, such as allylic groups. This 
postulate was indeed confirmed with crotyl and 1-methallyl groups, which retained the configuration 
of the starting sulfoxides in the ligand coupling product. The reaction of the crotyl sulfoxide with ethyl 
magnesium bromide afforded two products. The normal ligand coupling product was obtained in 49% 
yield. Diphenylsulfone isolated in 30% yield is a by-product formed by ligand exchange between the 
substrate and the ethyl Grignard reagent. In the case of the 1-methaUylsulfoxide, the ligand coupling 
product was the only product. 137 

O CH2 - CH: CH- CH3 

~ S. CH 2 _ CH: CH- CH 3 EtMgBr _ 
Ti l l : /N 2 + 

PhSO2 E" Z = 74" 26 RT/1 h PhSO 2 49% 

E : Z  = 74.3:25.7 

Ph - SO2-- Ph 

30% 

E t M g B r  

I R T / 1  h CH 3 
CH 3 74% 

7" Ligands with sp 2 vinylic carbons: 

Reaction of arylvinylsulfoxides with Grignard reagents also led to coupling products showing 
retention of the geometry of the vinyl double bond, as well with the benzenesulfonylphenyl as with the 
2-pyridylsulfoxide derivatives. 137 In the synthesis of ct-stilbazoles, the yields of ligand coupling 
products were generally modest. In this case, the ligand coupling process was in competition with 
ligand exchange, resulting in a more complex mixture of products. 138 

EtMgBr ,o 
X~x THF / N 2 

Ph RT / 2 h 

~ ~ ~  "SO2 
Ph 

trans 67%, only trans 
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~ f O  E t M g B r  

S ~ . . . -  ph H F / N  2 
R T / l h  

~ ] - - - - - - - - - -  Ph 

trans 44%, only trans 
cis 33%, only cis 

2.2.3 Ligand coupling: concerted or radical spedes ? 

The observation of a competition between the pathways followed by the 10-I-3 intermediates in 
the arylation reactions with diaryliodonium salts led Moriarty to consider whether the ligand coupling 
was taking place by a concerted mechanism (path a) or with the intervention of radical species (path 
b). 21 (Scheme 2.28) 

(a) 
Ph PhCH2COR 

P h ~ i ~  C10 �9 [ 

Scheme 2.28 

In a number of reactions, use of classical spin trapping agents led to the ESR observation of spin 
adduets, which were due to the presence of free radicals. For example, the presence of phenyl-tert- 
butylnitroxide was considered as a proof of the intermediacy of phenyl radicals in the reaction of 
diphenyliodonium salts with phenolate anions leading to arylphenyl ethers. 16 However, the qualitative 
observation of free radical species cannot be considered as a proof of a radical mechanism, as they can 
resdt from a competitive decomposition pathway. Two major experimental approaches were used to 
determine the real influence of free radical species: a) quantitative evaluation of the effect of the 
addition of free radical traps and b) the use of substrates containing internal traps. 

2.2.3.1 Addition of free radical traps 

In the decomposition of tetraaryltellurane derivatives, an hydrogen atom transfer reagent was used 
to exclude the occurrence of rice radicals. Addition of IA-dihydrobcnzcne, an hydrogen atom transfer 
reagent, did not affect the relative yields of products of the thermal decomposition of tetra-p- 
tolyltellurane. The effective scavenging of tolyl radicals was demonstrated by the decomposition of 
p-tolylazotriphenylmethane, which under the same conditions did not give any bitolyl products. 
Similarly, styrene was used in this reaction and failed to induce any modification of the outcome of the 
reaction. Therefore, this ligand coupling reaction, a type LCH coupling, does not involve any free 
radical species.84, 85 

A 
p-Tol4Te ~ p-Tol-p-Tol + p-Tol2Te 

0.83 : 1 

A 
p-Tol4Te + :-- p-Tol-p-Tol + p-Tol2Te 

0.94 : 1 
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O A p-Tol- N: N- CPh 3 + = Toluene + Ph3CH 

80% "quantitative 

An early report of the beneficial influence of 1,1-diphenylethylene (DPE) on the yields of 
alkylaryl ether obtained in the reaction of diaryliodonium salts with sodium alkoxides showed that 
radical chain reactions compete efficiently with the O-arylation reaction. By contrast, addition of 
diphenylpicrylhydrazyl, a stable free radical species, had no significant influence on the yields of 
products obtained in the absence of additives. In this case, the O-arylation reaction was considered to 
be a direct nucleophilic aromatic substitution reaction, without the involvement of any transient 
covalent intermediate. 139 (Table 2.11) 

Table 2.11: Influence of additives on the reaction of diphenyliodonium tetrafluoroborate with sodium 
ethoxide 139 

(9 | 
Ph2I BF 4 + EtONa Phil + PhOEt + Phi + Ph-Ph 

Reaction conditions 

Air 

Aq[on 

DPE (1 equiv.) 

DPPH (0.05 equiv.) 

Phil (%) 

66 

68 

6-6.2 

53 

PhOEt (%) 

14 

14 

77-80 

26 

Phi (%), .... 

92 

92 

98-100 

92 

Ph-Ph (%) 

0.32 

0.42 

0.26-0.3 

0.26 

DPE = 1,1-diphenylethylene; DPPH = N,N-Diphenylpicrylhydrazyl 

A similar beneficial effect of 1,1-diphenylethylene on the yields of arylation products was later 
observed in the synthesis of benzonitrile derivatives by reaction of diaryliodonium salts with 
potassium cyanide 104 and in the reaction of diaryliodonium salts with the sodium salt of 
nitroalkanes. 17 In the latter case, the reaction was therefore considered to result from intermediate 
inner-sphere radicals. 17 Some years later, Barton et al. showed that 1,1-diphenylethylene acts as an 
efficient inhibitor of the radical chain process in the reaction of enolates with diaryliodonium salts. 
They concluded that the arylation products arose from a non-radical process. 18 

O t-BuOH O Ph 
o o  roOux 

+ Ph2I OAc ~ CO2E t 55% 
BTMG 

O t-BuOH O Ph 
~ C O 2 E t  |  P h .  reflux ._ ~ CO2Et 80 % 

+ Ph2I OAc + P h / ~  BTMG~ 

e w ew ~w BTMG = N-tert-butyl-N,N ~ ~ -tetramethylguanidine 

Similarly, a number of other arylation reaction systems were tested for the presence and study of 
the influence of free radicals. Addition of 1,1-diphenylethylene (DPE) in reactions of organobismuth, 
organolead and organosulfur reactions failed to affect the outcome of these reactions, which therefore 
were considered as occurring without the intervention of free radical species. 18,140,141 
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Ph 
! 

Me2CHNO 2 + Ph3BiCl 2 + BTMG ~ M e - C - N O  2 
I 

Me 

No DPE 77% 
With DPE 78% 

O2N- ~ OBiPh 4 
toluene _-- OzN / ~  

OPh 
reflux 

No DPE 95% 
With DPE 90% 

O O 

CO2Et pyridine _ CO2E t 
+ PhPb(OAc) 3 CHCI3 r 

No DPE 78% 

With DPE 76% 

~ O  Pb(OAc)3 pyridine 
+ M e O ~ ~ r  OMe ..r 

CHCI 3 

MeO OH MeO OH OMe 
MeO 

No DPE 94% 

With DPE (2 equiv.) 90% 

With DPE (10 equiv.) 87% 

OMe 

Nitrosobenzene was also used as a quantitative spin trap for phenyl free radicals, to study their 
involvement in arylation reactions with organobismuth reagents. Again, ESR observations indicated 
the formation of phenyl free radicals. However, quantitative trapping measurements showed that only 
a small amount of free radical derived adducts (2-3%) was formed. The yield of C-arylated products 
was not affected by the presence of this free radical trap. 18 

O O 
I I  THF I i  

Ph Ph + Ph4BiOTs + BTMG Ph~,~K,r Ph 

Ph Ph RT Ph"ph ~'h 
88 % 

O t P h ~ ~ ( P h  1) T H F / R T  
Ph Ph + PhNO . . . .  D, 

2) Fe, AcOH, 
+ Ph4BiOTs + BTMGJ Ac20 

0 
P h ~ y  Ph 
Ph"ph ~'h + PhNHAc + Ph2NAc 

90% 83 % 3 % 

2.2.3.2 Internal free radical traps 

A different approach was employed by Pinhey et al. to test the presence of aryl radical species in 
aromatic substitution by aryllead triacetates. 142 An excellent system bearing an internal trap for free 
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radical was developed by Beckwith et al. who observed that the thermal decomposition of ortho- 
allyloxyphenyldiazonium salts in the presence of sodium iodide afforded the corresponding 
benzofuran derivatives functionalised on the C-3 atom in high yields. 143 The use of an aryllead 
triacetate beating this type of reactive group acting as an internal trap in the reaction of various 
nucleophiles failed to show the presence of products derived from aryl radicals. 142 

C ~  Pb(OAc)3 ~ N u  ~ N u  
O....,.,~ § Nu O ~ O ~'''~ or 

Indeed, reaction of ortho-allyloxyphenyllead triacetate with inorganic nucleophiles such as iodide 
and azide ions or with organic nucleophiles such as ethyl cyclopentanonecarboxylate, mesitol or the 
sodium salt of nitropropane always resulted in the exclusive formation of the C-aryl products. The 
radical derived products, 3-substituted dihydrobenzofurans, were not detected even in trace 
amounts. 142 

~~]~ Pb(OAc)3 ~I~ I 
O,,,,,,,,~ + NaI acetone= O ''''~ 75% 

C ~  Pb(OAc)3 ~ N3 
O ' ' ' ' ~  § NaN3 DMSO~ O,,,,x ~ 74% 

Pb(OAc) 3 
OH O ~ , , . , x ~  

M e ~  Me pyddine ~'- Me 50% (isolated) 

CHC13 75% (by IH NMR) 
Me Me 

Pb(OAc) 3 O O 
CO2Et pyridine 

CHCI3 ~ O  ~ 90% 

DMSO ~ NO2 f f ~  Pb(OAc)3 § ~)~NO 2 Na ~ = 

~ o . ' - . . ~  %.#,  o.,.., ~ 
64% 

The thermal decomposition of an (ortho-allyloxyphenyl)ketomethyllead diacetate did not afford the 
cyclized products resulting from aryl radical intermediates. 144 

AcO ?Ac 0 

Me'  60~ 

~ M e  ~ 18 ~ % 

O 

~ M e  OAc 

21% 
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2.2.4 Conclusion 

The studies of the mechanism of ligand coupling have led to the unequivocal conclusion of the 
existence of this mechanism. They have also shed some light on the stereochemical pathways involved 
in this mechanism. But a number of questions still remain unsolved or poorly understood. Due to the 
variety of systems which can undergo the ligand coupling reaction, the main difference remains 
between the two major modes of coupling: the symmetry allowed subtypes apical-apical or 
equatorial-equatorial or the symmetry forbidden apical-equatorial. However, this latter mode is the 
preferred one, when the transition state is highly polar involving zwitterionic transition states. A 
second difficulty is the frequent involvement of topological transformations and/or concurrent 
pathways, such as ligand exchange, which can bring some further complications to the complete 
mechanistic picture. Moreover, the pseudorotation phenomenon is very important in the ligand 
coupling reactions with sulfoxides, but the mode of stereomutation (Berry pseudorotation or turnstile 
rotation) is poorly understood. These uncertainties forbid generalization of the conclusions which can 
be drawn from the experimental results obtained with one heteroelement. 

Nevertheless, the general characteristics of the ligand coupling mechanism are reproduced in all 
the systems: the coupling step is concerted with more or less polar transition states. It does not involve 
free radicals or ionic species and leads to retention of configuration. The involvement of this 
mechanism has been extended to explain some aspects of the chemistry of other elements, such as 
organolead or organophosphorus, for which very few or no stereochemical studies have been reported 
at this stage. 
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Chapter 3 

Ligand Coupling Involving Organosulfur Compounds 

The rich chemistry of organosulfur compounds involves a number of mechanisms allowing a wide 
range of synthetic transformations performed by a variety of pathways going through anionic, cationic, 
radical intermediates or concerted mechanisms. Although not so common, the ligand coupling 
mechanism has found a number of implications in the chemistry of organosulfur compounds, from a 
preparative point of view as well as from the mechanistic point of view.l, 2 Six types of organosulfur 
derivatives have been found to undergo ligand coupling more or less easily: the sulfonium salts, the 
sulfoxides, the sulfilimines, the sulfones, the polysulfanes and the oxathietanes. 

3.1 SULFONIUM SALTS 

The behaviour of sulfonium salts towards nucleophiles is strongly dependent upon the nature of 
the ligands present in the sulfonium salt. A large number of reactions involve either classical SN2 
substitutions or ylide formation. However, the ligand coupling mechanism is frequently observed in 
the reactions of triarylsulfonium salts and their analogues. Depending on the reaction conditions, 
competitive pathways such as free-radicals or occurrence of benzyne intermediates can be observed. 
The interaction of a nucleophile with a tricoordinate sulfonium salt affords a tetracoordinate 
o-sulfurane. Its decomposition by the ligand coupling mechanism leads to products of a formal SN2 
substitution. (Scheme 3.1) Although the synthetic interest of these reactions is relatively limited, they 
have played an historically determinant role in the birth of the ligand coupling concept. Indeed, it is in 
the course of their studies on the reactivity of triarylsulfonium salts with organometallic reagents that 
Trost et al. described the general eharacteristics of this mechanism. 3 

! 

R - S ~  X | + Nu | -~ R - S - N u  
I 

R R 

Scheme 3.1 

R - N u  + R - S - R  

3.1.1 Reactions of alkyidiaryisuffonium salts with organolithium reagents 

Treatment of an alkyldiphenylsulfonium salt with aryl- or alkyl-lithium usually results in the 
generation of the highly reactive diphenylsulfoniumalkylide, which reacts with aldehydes and ketones 
to form oxiranes.4, 5 However, the generation of the sulfonium ylide can lead to side products resulting 
from ligand coupling reaction. For example, reaction of ethyldiphenylsulfonium tetrafluoroborate (1) 
with phenyllithium, followed by addition of cyclohexanone, led to the expected oxirane (2) among a 
mixture of products containing biphenyl (4) and ethylphenylsulfide (5). The formation of these 
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products (4) and (5) can be explained as resulting from a ligand coupling taking place on an 
intermediate sulfurane, ethyltriphenylsulfurane, which is formed competitively during the generation 
of the ylid of (1). 6 

| O 1) PhLi ~ O  
~ ~ + Ph2S + Ph-Ph + Et-S-Ph Ph2S" CH2Me BF4 2) Cyclohexanone Me 

(I) (2), 50% (3) (4) (5), 36% 

Ligand coupling takes place in the course of the evolution of the products of the reaction of 
triphenylcyclopropenium bromide (6) with trimethylsulfonium methylide (7).7, 8 (Scheme 3.2) 

Ph Ph 

Ph(~ Br 0 ~ 
Ph. Ph ~ Ph 

Ph + Ph..~. . .~ Ph~cH, , , ,~  Me" Me 

Me. Me'~, S" CH 2 
Me (7) Me" 

Ph Ph 

+ Me-Me 

Ph Ph Ph Ph 

Ph" " ~  ~ph -Ph ph / " ~ x p h  " 

Me" S'Me S 

+ Me-Me 
Ph 

Scheme 3.2 

3.1.2 Reactions of triarylsuffonium salts with organolithium reagents 

In 1952, Wittig and Fritz reported that treatment of a triphenylsulfonium salt with phenyllithium 
afforded directly diphenylsulfide (3) and biphenyl (4). 9 They also showed that treatment of the 
triphenylsulfonium salt with trityl sodium led to tetraphenylmethane, although in poor yield. Later, in 
1962, Sheppard described the reaction of phenyllithium with phenylsulfur trifluoride or with sulfur 
tetrafluoride at - 80~ which afforded biphenyl and diphenylsulfide. 10 At the same time, Franzen et 
al. suggested that a tetracoordinate sulfurane was intermediately formed and collapsed to lead to the 
ligand coupling products. 11 

PhaS t~ Br O + PhLi = Ph-Ph + Ph2S ref. 9 

PhSF 3 + PhLi ~ Ph-Ph + Ph2S 
SF 4 + PhLi : Ph-Ph + Ph2S 

ref. 10 

A number of mechanisms, such as the occurrence of benzyne intermediates, single electron 
transfer leading to free radicals, nucleophilic aromatic substitution and ligand coupling could explain 
these reactions. The benzyne mechanism was easily excluded by consideration of the reaction of tri-p- 
tolylsulfonium tetrafluoroborate with p-tolyllithium. 12-14 The exclusive formation of the p,p'- 
disubstituted coupling product was totally incompatible with a benzyne mechanism, as 3,4- 
dehydrotoluene undergoes nucleophilic addition predominantly in the meta position. 15-17 Although the 
nucleophilic aromatic substitution was frequently claimed to explain the related reactions involving 
hypervalent diaryliodonium salts (Chapters 2 and 5), the ligand coupling mechanism was already 
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suggested by Sheppard in 1962, who claimed that "the biphenyl and diphenylsulfide no doubt arise 
from the decomposition of tetraphenylsulfur". 10 Indirect evidence of the formation of the tetraaryl 
a-sulfuranes as intermediates were reported by Trost et al., who extensively studied the mechanism in 
a series of papers, 13,14,18 and also by Mislow 19 and Hori. 20-25 Strong support for this mechanism 
came in 1971, when Sheppard reported the detection of tetrakis(pentafluorophenyl)sulfurane (8) by 
19F NMR at low temperature, as an unstable intermediate in the reactions of pentafluorophenyllithium 
with perfluorosulfurane derivatives which afford decafluorobiphenyl (9) and bis(pentafluorophenyl) 
sulfide (10). 26,27 

F ~  SF 4 . ether._ 80~ [C6F5, ,,C6F5 ] 5 
F Li + or -- C6F/S~, 

F F C6FsSF3 C6F5 
(a) 

Scheme 3.3 

0~ ,C6F5 6F5 + S, 

C6F5 C6F 5 

(9) (10) 

It is only recently that the tetraphenylsulfurane (11) was detected by low temperature NMR 
experiments in the reaction of triphenylsulfonium salt with phenyllithium.28, 29 2,2'-Biphenyl- 
ylenediphenylsulfurane (12), prepared by a similar method, was also recently detected by low 
temperature NMR experiments. 30 As predicted by Trost, 14 the bis(2,2'-biphenylylene)sulfurane (13) 
was eventually isolated and its X-ray structure determined. 31 

d OOo 0 
(11) (12) (13) 

The synthetic utility of the reaction of triarylsulfonium salts with nucleophilic agents to form 
carbon-carbon bonds has not been much developed.13,14,32, 33 Formation of biaryls upon treatment of 
triarylsulfonium salts with aryllithium occurs in high yields. Although the reaction is more interesting 
for the preparation of symmetrical biaryls, it can also be applied to the case of unsymmetrical biaryls, 
preferably if one of the aryl groups bears an electron-withdrawing substituent. In case of a competition 
between ligands of different electronic activity, the group bearing the least electron-donating 
substituents is preferentially involved in the ligand coupling. The more electron-rich ligands usually 
remain bound to the sulfur atom. 

+ R- Li - 

Tol3S| B F y  + Tol-Li Tol- Tol + Tol- S- Tol 
100% 100% 

To13 St~ B F y  + Ph- Li Ph-Ph + Tol-Ph + Tol-Tol + Tol2S + ToI-S-Ph 
24% 40% 6% 40% 3% 
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Ph3S O OSO2CF3 ~ + Ph-Li ~ Ph-Ph + Ph-S-Ph + others 
33% 33% 

A number of ligand coupling reactions involving the treatment of an heteroaryllithium reagent with 
triphenylsulfonium salts leading to phenyl-heteroaryl compounds [(14) - (17) for example] have also 
been reported. 32,33 

Ph3StD OSO2CF3 O + ~ L i  ~ P h  + Ph-S-Ph 

(14), 70% 73% 

_ _ _  + 

(15), 30% 40% 

PhaSt~OSO2CF30 + ~ L i  ~ ~ P h  + Ph-S-Ph 

(16), 42% 40% 

Ph3S (D OSO2CF3 e + ~ L i  -------~ ~ P h  + Ph-S-Ph 

(17), 8% 38% 

Reaction of the triarylsulfonium salts with vinyllithium or its derivatives led to good to high yields 
of the corresponding styrenes. With stereochemically pure substituted vinyllithium, the integrity of the 
stereochemistry was retained. Cis- and trans-propenyllithium (18) and (20) afforded the corresponding 
cis- and trans-propenylbenzene (19) and (21) respectively with no crossover. 13,14 

0 ~ Ar3S ~ BF + Li ~ Ar 80-98% 

Ph3St~BF4 e + M e ~ L i  ~ MeN~/Ph + Ph-Ph 

(18) (19), 63% (4), 38% 

Ph3S (9 BF4 e + M e ~  Li 
(20) 

M e ~ P h  + Ph-Ph 
(21), 67% (4), 6% 

Allyllithium reacted with triphenylsulfonium salts to afford quantitatively allylbenzene (22). On the 
other hand, reaction with benzyllithium resulted in an intractable mixture. With saturated alkyllithium 
derivatives such as n-butyllithium or tert-butyllithium, only biphenyl (4) as ligand coupling product 
was isolated.13,14 Moreover, the reaction with n-butyllithium gave a mixture of products, arising from 
ligand coupling taking place on the butyltriphenylsulfurane intermediate and from a competing ligand 
exchange reaction. 11,32-34 

PhaS t~ BF40 + ~ Li ~ ~ Ph (22), 90% ref. 13,14 
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Ph3S t~ B F p  + t-BuLi ~ Ph-Ph (4), 51% ref. 13,14 
Ph3S e OSO2CF3 O + n-BuLi Ph-Ph + Bu-S-Ph + Ph-S-Ph + others ref. 32,33 

(4), 31% 26% (3), 14% 

A number of reports have dealt with the reaction of various nucleophilic agents with cyclic 
analogues of triarylsulfonium salts, such as S-aryldibenzothiophenium salts, 13,14,18,20-22,24 S-aryl-9,9- 
dimethylthioxanthenium salts, 2 2 S-aryl- 10,11-dihydrodibenzo[b,f]thiepinium salts. 23 The reactivity 
patterns followed those observed with triarylsulfonium salts. When the two phenyl groups of the 
heterocyclic dibenzosulfonium system were unsymmetrically substituted, the entering nucleophile 
became mostly coupled to the more electron-depleted phenyl group, and the more electron-rich phenyl 
group remained bound to the sulfur atom. 

3.1.3 Reactions of triarylsulfonium salts with heteroatomic nucleophiles 

Depending on the nature of the counterion, triarylsulfonium salts are more or less stable. The most 
stable compounds have a non-nucleophilic counterion. On the other hand, the presence of a 
nucleophilic counterion such as a halide (C1, Br or I) frequently results in the relatively facile 
decomposition by thermolysis to afford quantitatively the diarylsulfide and the corresponding aryl 
halide. The observation of the preferential relief of the steric strain in the case of phenyl-p-tolyl-(2,5- 
dimethylphenyl)sulfonium salts (23) was explained by the intramolecular decomposition of a first 
formed tetracoordinate intermediate.35, 36 

Ar3St~ XO A = ArX + Ar-S-Ar 

C6H5 ~s~,C6a4_Me 6 X 
250oc Me ~ Me X O ~ + + + Ar 1-S-Ar 2 

Me 
Me Me 

(23) X = C1 1.5 1 5 
X = Br 1.9 1 11.7 
X = I 3.3 1 15.7 

Such a ligand coupling mechanism may be involved in the site-specific one-step bromination of 
substituted benzenes by dimethylsulfoxide-hydrogen bromide. 37 

Me2S O I 1 ~ ~ Me ~ Me ] 
R ~ R  2 .... FIBr / RT "- R ~ I - - ~  S~Me - 

R2 Br w R 2 Me J 
R I - ~  Br 

R E 

Scheme 3.4 

The reaction of triarylsulfonium halides with sodium alkoxides at high temperatures afforded 
mixtures of alkyl aryl ethers (24), diarylsulfides, hydrocarbons and aldol resins or a ketone if the 
alkoxide is derived from a secondary alcohol.25,36, 38-41 
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Ar3S(gX e + R O e  RO-Ar + Ar2S + ArH + Carbonyl Derivatives 

(24) 

In the case of tertiary alcoholates, formation of the corresponding tert-alkyl aryl ether [(24), R = 
tert-alkyl] is observed. For example, the reaction of diphenyl-p-tolylsulfonium bromide with sodium 
tert-butoxide led to modest yields of tert-butyl phenyl ether and ten-butyl p-tolyl ether together with 
trace amounts of acetone. 36 The formation of the alkyl aryl ethers (24) and diarylsulfides occurs 
through a ligand coupling pathway and the other products, hydrocarbons and aldol resins or a ketone, 
derive from a competing free-radical chain reaction. Indeed, when the free radical trap 1,1-diphenyl- 
ethylene (DPE) was added to the reaction of diphenyl-p-tolylsulfonium iodide with sodium ethoxide at 
80~ the yields of the ethers increased from 22.1% for PhOEt and 0.8% for p-TolOEt in absence of 
DPE to 75.5% for PhOEt and 2.1% for p-TolOEt in the presence of the radical trap DPE. 41 

Triarylsulfonium halides reacted with sodium arylthiolates to afford mixtures of diarylsulfides. The 
reaction can be explained by a ligand coupling process taking place on a (arylthio)triarylsulfurane and 
is free of any competing free radical chain component as no diaryldisulfides were observed. 25,39 

Arl3 s l ~ x  ~ + Ar2S ~) Arl.S.Ar 2 + Arl-S-Ar 1 

The reaction of triarylsulfonium halides with piperidine, used as solvent, in the presence of 
potassium amide at 100-110~ afforded a mixture of the derived N-arylpiperidine (25) in high yield, 
together with the diarylsulfide and/or arylthiol derived from the reagent by ligand exchange. 39 

(Me'~3S~Bre+ 0 + KNH2 = M e ~ ~  +Tol2S +TolSH 
H (25) 

The reaction of the bis(2,2'-biphenylylene)sulfurane (13) with a range of alcohols and phenols led 
to the corresponding 2-alkoxy or 2-aryloxybiphenyls (27) in high yields. 42 The reaction was 
considered to proceed by proton-catalysed ring opening and formation of an oxysulfurane [10-S- 
4(C30)] (26), undergoing subsequently a ligand coupling process or an ipso-subsfitution. In the case of 
highly hindered phenols, such as 2,6-di-tert-butylphenol, a poor yield of the 2-aryloxybiphenyl [(27), 
R = 2,6-di-tert-butylphenyl] was obtained. The reaction afforded instead a range of products resulting 
from the occurrence of a single electron transfer mechanism. 

+ ROH ~ ~ S + ,j G U ~ 

(13) (26) (27) 
Scheme 3.5 

Reaction of 1,2,3-triarylbenzo[b]thiophenium salts (28) with alkoxides resulted in the exclusive 
formation of the (Z)-alkoxysubstituted alkenes (29). The ring-opening reaction, proceeding with 
complete retention of configuration, was in favour of a ligand coupling mechanism. 43 
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X e  ~ ,,Ph ~ S ,,Ph 

Ar 1 
(28) (29) 

Scheme 3.6 

The reaction of these same 1,2,3-triarylbenzo[b]thiophenium salts (28) with halide anions showed a 
different outcome. With iodide, only cleavage of the Ph-S bond to give (30) was observed. With other 
halides (X = CI or Br), cleavage of the Ph-S bond was only favoured over the ring-opening reaction 
giving mixtures of (30) and (31). 44 

~ t~ X 0 toluene .._ ~ 2 ~  S" Ph 
S- Ph 110~ "- S + 

Ar Ar Ar X 
Ar 1 Ar 1 Ar 1 

(28) (30) (31) 

+ PhX 

Ratio of products: X = CI 51 : 49 
Br 62-82 : 38-18 
I 100 : 0 

3.1.4 Reactions of allyi and benzylsulfonium salts 

Treatment of allylsulfonium salts with organolithium reagents is a convenient way to generate 
vinylsulfonium ylides. However, reactions of allyldimethylsulfonium salts with bases lead exclusively 
to homoallyl methylsulfides via [3,2] sigmatropic rearrangements. On the other hand, generation of the 
diphenylsulfonium allylide (33) by reaction of allyldiphenylsulfonium tetrafluoroborate (32) with 
n-butyllithium is accompanied by the formation of volatile products, such as biphenyl (4) and n-butyl- 
phenylsulfide, which resulted from the decomposition of an intermediate tetracoordinate sulfurane. 
The formation of these side products can be avoided by use of the bulkier tert-butyllithium. 45,46 

| | 
P h 2 S - - - ~  BF4 

(32) 

n-BuLi Ph2S ~ 
--- + Ph-Ph + Bu-S-Ph 

(33) (4) 

The mechanism of the thermal decomposition of benzyldialkylsulfonium salts as well as their 
behaviour towards nucleophiles has been the subject of long-standing investigations. 47-52 A range of 
mechanistic pathways have been invoked, such as SN1, mixed SNI/SN2, concerted Hughes-Ingold 
SN2, ion-dipole complex or preassociation-concerted mechanism. Young and Ruekberg, on their side, 
suggested that the formation of a sulfurane, followed by ligand coupling, offers a reasonable 
explanation to a range of reactions involving benzylsulfonium salts. 53 The ligand coupling 
mechanism, taking place on a covalent neutral sulfurane (with charged nucleophiles) or on a covalent 
charged sulfurane intermediate (with neutral nucleophiles) would therefore be an alternative to the 
closely related preassociation-concerted mechanism, which considers ion-pair formation instead of the 
covalently bonded sulfurane. Young et al. also considered that the ligand coupling mechanism can be 
extended to rationalize the unusual efficiency of methyltransferase enzymes. 53 
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path a f R-Nu + Me2S 

e x o �9 ~ 
R- SMe 2 X e ~ .- R- SMe 2 ....... .'z, R- SMe 2 . Nu O path b 

! 

R -  S-  Nu ~ RNu + Me2S path c 
I 

Me 
"path a" is a SN2 mechanism, "path b" is a preassociation-concerted mechanism, 
"path c" is a ligand coupling mechanism 

Scheme 3.7 

3.1.5 Reactions of  perfluorosuffonium salts 

Due to the high electronegativities of fuorine (4.0) and Rf groups (CF3: 3.45), electrophilic 
perfuoroalkylation is not as common a reaction as electrophilic alkylation of nucleophiles. However, 
adequately substituted hypervalent reagents have proved efficient perfluoroalkylating agents. Among 
them, a range of reagents possessing a sulfonium structure have been studied and used, particularly for 
trifluoromethylation. 54 The choice of the reagent can be made on the basis of the nucleophilicity of the 
substrate. Whereas acyclic trifluoromethyl diarylsulfonium salts [type (34)] are fairly unreactive,55, 56 
a variety of dibenzothiophenium salts [(35)- (37)] have been used. Their reactivity order is highly 
dependent upon the nature of the substituents present on the dibenzoheterocyclic structure: 

electron-donating < H < electron-withdrawing 

1 A r x e  
S-CF 3 X 

Ar 2" 

(34) 

| O2N- ~ O 2 N - ~ ~  NO2 

CF3 TfO | CF3 TfO | CF3 TfO | 
(35) (36) (37) 

Water-soluble reagents were also developed. They showed a similar reactivity order: (38) < (39) 57 

- ~  SO3 O O 2 N - ~ ~  SO30 

! i 

CF 3 CF 3 
(38) (39) 

A wide range of nucleophilic substrates of different reactivity were trifluoromethylated with these 
reagents. The substrates include carbanions, activated aromatics, heteroaromatics, enol silyl ethers, 
enamines, phosphines, thiolate ions and iodide anions. 56-59 (Scheme 3.8) The least reactive substrates, 
such as triphenylphosphine, aniline and phenols, require the use of the most reactive dinitro derivative. 
Most of the reactions can be conveniently performed with the unsubstituted S-trifluoromethyl 
dibenzothiophenium salt (35). The least reactive sulfonium salts are the acyclic sulfonium compounds 
which reacted only with the sodium thiolates.55, 59 
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, ~  e N a ~  O 

0 0 
84% 

Ph "-- Li--~ Ph "-- CF 3 C12H25SNa ~ C12H25S-CF3 

58% 47% 

OTMS O ~ ' ~  O O 
N [ ~  - -  ~ - C F 3  + C F 3 ] ~  CF3 

65% 57% 26% 

Scheme 3.8: Examples of trifluoromethylation reactions with salt (35) 

Umemoto et al. suggested that the mechanism of these trifluoromethylation reactions occurs by a 
bimolecular ionic substitution mechanism, sometimes competing with a CF3 free radical chain 
reaction. 59 This ionic mechanism was considered to be a side-on attack of the nucleophile to the S-CF3 
bond.54,57, 60 However, in view of the general similarities between the reactivity of these compounds 
and other types of ligand coupling reagents, the ligand coupling mechanism is a more likely 
alternative. This possibility was nevertheless excluded by Umemoto et al., in part on kinetic arguments 
and in part because of the reactions of alkyl-, aryl-lithium and -magnesium halides which did not 
afford the corresponding trifluoromethyl derivatives. This may be explained by a competion between 
ligand coupling and ligand exchange, which could become the exclusive pathway in some instances. 

The reaction of the lithium enolate of 2-methyl-1-indanone with the thiophenium salt (35) leading 
to the 2-trifluoromethyl derivative in 51% yield is an exception. 59 With all other in situ generated 
enolates of ketones, no trifluoromethylation was observed. To moderate the reactivity of the enolates, a 
boron Lewis acid (40) was added to form the boron complexes. This made a regio-, diastereo- and 
enantio-selective trifluoromethylation possible in good to high yields. 61 

CI~ ~ OM I) B-Ph (40) 
R ~ j , ~ .  R , (3" ~. 

2) ~ T f O  e 
! 

CF 3 (35) 

O 
R ~  CF3 

R' 

OLi O OK O 

71% 73% 

CF 3 

~ , ~  OEt t 

40% 

O 1)KH 
. . . . _  
y 

2) boron compound (40) 
3) sulfonium salt 

O 
C F 3 ~  Me 

30% (cisltrans, 8/7) 

O 

Me 

40% 
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The reaction is not limited to trifluoromethylation. S-(perfluoroalkyl)dibenzothiophenium reagents 
(41) can be prepared in the same manner as the trifluoromethyl compounds and they reacted similarly 
to the trifluoromethyl reagents. 61 

~ O ,  O 
0 6  1) o B-Ph (40) . _--- ~ ,-(CF2)7"CFa 

2) ~ T f O  e 71% 
! 

(41) (CFE)7-CF3 

3.2 SULFOXIDES 

Sulfoxides have found a wide variety of applications in organic synthesis, either as activating group 
or as reactive centers. As such, they have been successfully employed in a number of enantioselective 
synthesis. 62 

In a comparatively small number of systems, unsymmetrical sulfoxide derivatives undergo ligand 
coupling reactions upon treatment with nucleophilic agents. The largest group of these reactions 
implies the 2-pyridyl group as one of the ligands involved in the coupling reaction, while a limited 
number of other aromatic groups appeared able to undergo the ligand coupling reaction. Among the 
most frequently used nucleophilic reagents, organomagnesium or organolithium compounds react with 
sulfoxides to lead to a variety of products depending on the nature of the sulfoxide, the organometallic 
reagent and the reaction conditions. The reaction of diarylsulfoxides with aryl Grignard or aryllithium 
leads to biaryl formation by a sequence of transition steps involving the formation of a 
hydroxysulfurane. The coupling itself results from a major pathway going through a benzyne 
intermediate, the ligand coupling pathway constituting only a minor pathway.63, 64 The reaction of 
sulfoxides bearing an heteroaryl group or an electron-poor aryl group with organomagnesium or 
organolithium reagents leads to ligand coupling products. 65-67 The sulfoxides prone to ligand coupling 
possess an aryl group such as pyridyl, quinolinyl, arylsulfonyl or naphthyl, and also vinyl or alcynyl 
groups. The organic fragment of the Grignard or organolithium reagents can be benzyl, allyl, vinyl, 
aryl, heteroaryl, and also sec- and tert-alkyl groups. 

The reaction of a sulfoxide with nucleophiles leads to the formation of a tetrasubstituted a- 
sulfurane intermediate. This presents a trigonal bipyramidal structure in which the pair of unshared 
electrons plays the role of the fifth ligand. During the attack of the nucleophile on the sulfoxide, the 
incoming nucleophile occupies in the first place the apical position. Depending on the nature of the 
ligands present on the oxysulfurane, this intermediate can follow different pathways, which can take 
place alone, in combination or in competition, to afford the different combinations of ligand coupling 
products. (Scheme 3.9) 

R1-R 2 + R3-S--OM 
R 1 OM 

1 | 

R - , , )  R l R 3 + R 2 S - - O M  \ S ~ O  + R3M ~ "'S---" - - 

R 2" R 2 ~'/l~ 3 R 2- R 3 + R l -  S-- OM 

Scheme 3.9 
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3.2.1 Aryi-benzyl coupling 

The reaction of arylbenzylsulfoxides with Grignard reagents led Oae et al. to the first 
experimental observation of the retention of configuration in ligand coupling reactions involving sp 3 
carbon atoms. When the optically active S-(-) or R-(+) (1-phenylethyl)pyridylsulfides (42) and (43) 
were oxidised to their corresponding sulfoxides, and these sulfoxides treated with methylmagnesium 
bromide, the coupling products, S-(+) or R-(-) 2-(1-phenylethyl)pyridine (44) and (45), were isolated 
in good to high yields, with retention of the original configuration of the sp 3 carbon atom.68, 69 

O 
O S \ , . , , p  h H20 2 ~ / /  MeMgBr ~ c P h H  

] "~'H Me 
Me Me 

(42), (S)-(-) 91% (44), (S)-(+): 97% 

[ot]25= _ 375 ~ [ot]25_- + 63 ~ 

(43), (R)-(+) (45), (R)-(-): 75% 
[or] 2 5  + 375 ~ [ot]25__.. 65 ~ 

Scheme 3.10 

When there is a competition between two substituted benzyl groups, the electronic nature of the 
ligands plays an important role on the extent of the pseudorotation phenomenon. The more electron- 
poor benzyl group will preferentially occupy the apical position, favouring the coupling process. 70 
When the incoming benzyl nucleophile is a less electron-rich group than the already present benzyl 
group, ligand coupling will occur more rapidly than pseudorotation. On the other hand, when the 
incoming nucleophile is more electron-rich than the already present benzyl group, pseudorotation will 
take a significant weight in the competition between the two processes, so that the more electron-poor 
ligand will tend to occupy more or less completely the apical position. This is partly verified for the 
tolyl/phenyl pair and more clearly verified for the 4-chlorophenyl/phenyl pair of competing benzyl 
ligands. (Table 3.1) 

Table 3.1: Influence of the electronic nature of the ligands in the competition between two benzyl 
groups 70 

j O  ~ CH2_R l ~ CH2_R 2 S\ + R2--CHEMgX = + 
(46) CH2-R1 (47) (48) 

R 1 

4-Me-C6H4 

C6H5 

C6H5 

4-C1-C6H4 

R 2 

C6H5 

4-Me-C6H4 

4-CI-C6H4 

C6H5 

(47):(48) at RT 

16:84 

44:56 

9:91 

65:35 
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The relative steric size of the two ligands in competition for ligand coupling does not generally 
play a very important role on the outcome of the reaction. For example, comparison of the ratios of 
products in the case of a competition between a benzyl ligand and a para-tolylmethyl or an (ortho, 
para-dimethylphenyl)methyl group does not show any significant difference. On going from the tolyl 
to the xylyl derivative as incoming nucleophile, the yields of the ligand coupling products (48) derived 
from the incoming group increased only from 56% to 59%. (Table 3.2) 

Table 3.2: Influence of the steric size of the benzyl ligands on the ratio of products (47) and (48) 70 

~ S ~  O + R2--CH2MgX ~ ~ C H 2 - R 1  + ~ C H 2 - - R  2 

(46) CH2-R ~ (47) (48) 

R 1 

C6H5 

C6H5 

4-Me-C6H4 

2,4-Me2C6I-I3 

R 2 

4-Me-C6H4 

2,4-Me2C6H3 

C6I'I5 

C6H5 
. . . .  

(47):(48) at RT 

44:56 

41:59 

16:84 

17:83 

The reaction temperature plays a relatively minor role in modifying the rate of pseudorotation as 
well at low temperature (- 68~ 71 as at higher temperatures (+ 50~ 70 

Table 3.3: Influence of the reaction temperature on the ratio of products70, 71 

o 

(49) CD2-Ph 
+ Ph_CH2MgC1 ~ I~N~-- CH2P h + ~N,~I-- CD2P h ref. 71 

(so) (Sl) 
- 68~ 95 : 5 

RT 88 : 12 

~(46~x~CH2_R + R2-CH2 MgX 
: I~N 1,9- CH2-RI + ~Nl,~ - CHfR2 

(47) (48) 

ref. 70 

, , ,  

R 1 

4-Me-C6H4 

c ~ 5  

R 2 (47):(48) at RT 

C6H5 16:84 

4-Me-C6I-I4 44:56 
. . . .  

(47) : (48) at 50~ 

20:80 

52:48 

The oxysulfurane intermediate undergoing the ligand coupling reaction between the 2-pyridyl 
group and the benzyl group can be formed by action of other types of organometallic reagents. The 
benzylpyridine (50) can be formed by the reaction of benzylpyridylsulfoxide (52) with a benzyl 
Grignard reagent as well as with different Grignard reagents or organolithium compounds. 
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o 

(52) CH2-Ph 
+ RM ~ C H 2 - P h  

(50) 

R M  ~ PhMgBr 98% 
MeMgBr 83% 
n-BuLi 46% 

In the case of the reaction of the benzyl (4-pyridyl)sulfoxide (53) with phenylmagnesium bromide, 
a similar reaction of iigand coupling took place easily to lead to 4-benzylpyridine (54). 72 

N:3_ s., o 
CH2-Ph 

(53) 

+ PhMgBr = Nt._.~ - CH2-Ph (54), 60% 

However, the similar reaction performed on the 3-pyridyl isomer (55) led to a completely different 
result. Ligand coupling did not occur, and the only isolated products resulted from a ligand exchange 
reaction occurring on the first formed oxysulfurane. 72 

+ PhMgBr = Ph- S- CH2-Ph + Ph- S-Ph 
(55) CH2-Ph 15% 48% 

The benzyl group can also couple efficiently with other aromatic groups, such as 2-quinolinyl or 
4-benzenesulfonylphenyl. The retention of configuration, originally found in the reaction of (1-phenyl- 
ethyl) pyridylsulfoxides with organometallic reagents, was also observed in the case of optically active 
(1R)-phenylethyl 2-quinolinyl (R)- and (S)-sulfoxides (58), which both led to (R)-2-(1-phenylethyl) 
quinoline (59), 73 as well as in the case of the (R)- and (S)-(l-phenylethyl) benzenesulfonylphenyl 
analogues (60) leading to (61). 74 

~ s . . C H 2 - P h  + PhMgBr = ~ C H 2 P  h 

(56) ~ (57), 65% 

(58) Me Ph 

MeMgBr 
*~,~ Ph 

(59), 64-76% Me 

[t~]D3= - 177 + 3 ~ (c 1.8 in C6I-I6) 

(60) I Ph 
Me 

EtMgBr 
H 
"Ph 

(61), 70 % Me 

[ct] D = + 3.3 ~ (c 1.75 in CHCI3) 
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In the 4-(phenylsulfonyl)phenylsulfoxide system (62), the sterie size of the substituted benzyl 
ligands plays a relatively significant role in the ease of a competition between two benzyl groups. In 
the case of a competition between xylylmethyl against benzyl, the rate of ligand coupling is higher 
than the rate of pseudorotation, and the relative amount of ligand coupling product resulting from the 
interaction between the diphenylsulfonyl group and the incoming nucleophile is more important than 
in the case of the competition between 4-tolylmethyl and benzyl groups. The reaction involving a 
competition between two substituted benzyl ligands in the intermediate oxysulfurane showed a more 
important influence of the reaction temperature when the incoming nueleophile is a 4-tolyl group than 
when the incoming nucleophile is the phenyl group. 70 

Table 3.4: Ligand coupling reactions of 4-(phenylsulfonyl)phenylsulfoxide derivatives 70 

c > o o  o~ R l ~ R2 

O l O O 

(62) 

R 1 

C6H5-CH2 

C6Hs-CH2 

4-Me-C6H4-CH2 

2,4-Me2C6H3-CH2 

R 2 

4-Me-C6H4-CH2 

2,4-Me2C6H3-CH2 

C6H5-CH2 

C6Hs-CH2 

(63) 

(63) : (64) at RT 

77:23 

47:53  

20 :80  

12:88 

(64) 

(63) : (64) at 50~ 

46:54 

19:81 

When a 2-pyrimidylsulfoxide derivative was treated with a Grignard reagent, the outcome of the 
reaction was very dependent upon the nature of the incoming nueleophile. Unusually, the phenyl group 
appeared to be a better ligand coupling group than the benzyl group. The 2-benzylpyrimidine (66) was 
formed only in a poor yield in the reaction of the phenysulfoxide (65) with benzylmagnesium chloride, 
and was not formed in the reaction of the benzylsulfoxide (68) with phenylmagnesium bromide. 72,75 

S" Ph + PhCH2MgCI --- CH2Ph + Ph 

(65) ~ (66), 21% (67), 40% 

~ N ~ S ,  .CH2-Ph + PhMgBr ~ [~N~ ~--Ph 

(68) ~ (67), 63% 

In the case of a competition reaction involving two aryl groups and a benzyl group, electronic and 
steric effects played a significant role. 72 

PhC 2M,Cl OCH  h �9 
(50), 17 : (66), 83 



Chapter3: Organosulfur 61 

~ ~ S - ~  SO2Ph + Ph-CH2MgC1 

-~N I ~  S ~ - ~  SO2Ph + Ph-CH2MgCI 

• CH2-Ph + PhSO 2 ~ "  CHE-Ph 

(50) ,  34 �9 (69) ,  66 

N 
_-- x).. CH2_Ph + PhSO 2 ~ / C H 2 - P h  

N 
(66), 14 �9 (69), 86 

Although more electron-attracting than a 2-pyridyl group, the 2-benzothiazolyl ligand did not 
couple with the benzyl group. Ligand exchange was the only pathway followed by the first formed 
oxysulfurane. Secondarily, a new oxysulfurane possessing two benzothiazolyl ligands may be formed 
by action of the ligand exchange product, 2-benzothiazolylmagnesium halide, on the 2-benzothiazolyl- 
sulfoxide, eventually leading to 2,2'-bibenzothiazol (71). 76 

s s 

(70) (71), 6% 65~ 

0 :s,>_ S- CH2-Ph + MeMgBr 
N 

(72) (71), 39% 40% 

Baker et al. have extended this ligand coupling reaction to the case of benzyl and substituted 
naphthylsulfoxide derivatives, which showed a somewhat different behaviour. Indeed, the reaction of 
phenylmagnesium bromide with benzylpyridylsulfoxide afforded a quantitative yield of 2-benzyl 
pyridine (98%). 70 By contrast, in the case of the benzylnaphthylsulfoxide (73), the reaction with 
4-tolylmagnesium bromide led only to the 1-(4-tolyl)naphthalene derivative (76) as ligand coupling 
product. Upon reaction with ethylmagnesium bromide, the benzylnaphthalene product was obtained 
but in poor yields (13-26%), the major product being the 1-ethylnaphthalene derivative (77) in 62-69% 
yields.77,78 

(73), R = PhCH2 
(74), R = CIC6H4CH2 

R1MgBr 
. . . . _  

r 

(75), R = H 
(76), R = MeC6H4 
(77), R = Et 
(78), R = PhCH2 
(79), R = C1C6H4CH2 

(73) + 4-TolMgBr 

(73) + EtMgBr 

(74) + EtMgBr 

(75) (10%) + (76) (65%) 

(75) (10%) + (77) (69%) + (78) (13%) 

(75) (4%) + (77) (62%) + (79) (26%) 
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When optically active (2-alkoxycarbonyl)naphthylsulfoxide derivatives (80) and (81) were treated 
with (1-methylfluorenyl)lithium, high yields of coupling products, the 1-fluorenylnaphthalene-2- 
carboxylic acid derivatives (82) and (83), were obtained with a good enantioselectivity. In the case of 
the tert-butyl naphthylsulfoxide (80), the ester group of the product of ligand coupling was reduced 
with lithium aluminum hydride to afford the alcohol, which showed a 78% enantiomeric excess. 79 

R. s-~O 

@ COOR' + Li 

(80), R = t-Bu, R'= i-Pr 
(81), R = 4-Tol, R'= (1R)-menthyl 

OR' 

(82), quantitative yield, [oc] D = + 96 ~ 
(83), 91%, 70% de 

3.2.2 Aryi-allyl coupling 

The 2-pyridyl group couples readily with allylic groups in the reaction of allylic pyridylsulfoxide 
(84) with Grignard reagents, such as phenylmagnesium bromide.68, 80 

~ S "  CH2- CH: CH 2 + PhMgBr : bN'g"  CH 2- CH" CH 2 
/ 

(84) (85), 61% 
O 

Reaction of methyl quinolinylsulfoxide (86) with allylmagnesium chloride or with 1-methylallyl- 
magnesium chloride led to the 2-allyl and 2-(1-methylallyl)quinoline, (87) and (88) respectively, 
contaminated with unseparable isomeric a,13-unsaturated derivatives, in high yields. 81 

~ s ' M e  + CH 2:CH-CH2MgC1 : L,,~ J~ ,,.L 
"r - N" " CH 2 - CH: CH 2 

(86) O (87), 80% 

~ S "  Me + CH 2- CH- CHMgCI = ~ CH- CH: CH 2 
CH3 ~ 

(86) O (88), 74% CH3 

Retention of the stereochemistry of the starting sulfoxides in the ligand coupling product was 
clearly demonstrated in the case of the coupling of the 4-benzenesulfonylphenyl group with a crotyl 
group. In the reaction of the sulfoxide (89) with ethylmagnesium bromide, the coupling product with 
complete retention of the original stereochemistry (90) was accompanied by diphenylsulfone, formed 
through ligand exchange reaction. 82 
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O 

2 ~ EtMgBr S,. ~ CH2" CH= CH- CH3 
CH CH CH- CH 2 3 

PhSO~J~J"~ + Ph- SO 2- Ph 
PhS 

(89), (E)" (Z) = 74" 26 (90), 49% (E)" (Z) = 74.3" 25.7 30% 

The reaction of (4-benzenesulfonylphenyl) benzylsulfoxide (91) with allylmagnesium halide 
afforded only the benzyl derived ligand coupling product (69), without any allyl-aryl coupling 
product. 82 

~ ~ - -  S 0 2 - ~  S~ ~r + CH2- CH- CH2MgX 
(91) CH2Ph 

~ -  S O 2 - ~  CH2Ph 

(69), 51% 

The reverse system, reaction of (4-benzenesulfonylphenyl) allylsulfoxide (92) with benzyl- 
magnesium halide, led to the same result. 

"~ 

(92) " CH2 - CH: CH 2 
+ PhCH2MgX ~- ~ -  S O 2 - ~  CH2Ph 

(69), 73% 

From these observations, the following order of reactivity or "migration ability" was deduced: 

! Benzyl ~ Allyl ~ Phenyl group I 

In the case of the more sterically hindered 1-methylallyl derivative (93), the normal ligand 
coupling product (94) was the only observed product and formed in high yield. The presence of 
diphenylsulfone was not observed. 82 

C>- so  3_ s, ,~ 
CH- CH: CH2 

(93) I 
CH 3 

EtMgBr ...._ • • -  S O 2 - ~  CH-  CH" CH 2 
I 

(94), 74% CH3 

3.2.3 Aryl-vinyl coupling 

Although less reactive than the benzyl and aUyl groups, vinyl groups are also prone to ligand 
coupling reactions. The original geometric configuration of the vinylsulfoxides [(95) and (97)] is 
retained throughout the whole reaction to lead to the arylvinyl derivatives [(96) and (98) respectively] 
with the same geometry. 82 

C>_ so _C>_ s ,~ x=, 
(95), trans Ph 

EtMgBr 

•••-SO2 ~ Ph 
(96), 67%, only trans 
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EtMgBr 

~ S, , ,~ , ,  ph ~ ~ P h  

~ (97), trans (98), 44%, only trans 

However, these reactions are frequently contaminated with side products resulting from ligand 
exchange and subsequent reactions. In the case of the pyridyl vinylsulfoxide (99), the major product of 
ligand coupling coupling was in fact 2,2'-bipyridyl (101), resulting from a first ligand exchange 
followed by reaction on a second molecule of the sulfoxide (99), and finally ligand coupling occurring 
on an hydroxysulfurane bearing two 2-pyridyl ligands. 83 

~ S j r  ,O MeMgBr ~ . ~  ~ S~r ,O 
Ph = Ph + + Me- ~ P h  

(99), cis (100), 33%, only cis (101), 58% (102), 22% 

These side reactions became predominant or the only pathway, when the styryl group contained an 
electron-rich aryl group, such as a 4-methoxyphenyl or a 4-dimethylaminophenyl group. However, this 
ligand coupling reaction was used in a synthesis of a-stilbazoles. The yields of ligand coupling 
products were generally relatively modest, as the ligand coupling process was in competition with 
ligand exchange, leading to a mixture of products. 83 

,o 

(103), trans 

--- + + s , M e  

(104), 53%, only trans (101), 30% (lOS), 14% 

3.2.4 Coupling between two aryl or heteroaryi groups 

The formation of a biaryl bond can be realized by the reaction of an arylsulfoxide with various 
organometallic reagents, such as organolithium or Grignard reagents. Depending on the nature of the 
ligands bound to the sulfoxide center and the nature of the organic fragment of the organometallic 
reagent, the products of the reaction can be derived either from a direct ligand coupling reaction or 
from more complex pathways involving ligand exchange and reaction of the newly formed 
organometallic species with the substrate, followed eventually by ligand coupling. 

o r  

R 1  S~-O + R3M --- R 1 R 2 and/or R 1- R 3 
R2., --- _ 

R1 " -  R 3  S~'- O + R1M 
a-  R ~  . S~,- O + R3M .-- R2, 

R 1  S~ O --- R 1 R 1 b - RIM + R2. ..- - 

Two major types of reaction systems have been observed: coupling between two aryl groups 
(section 3.2.4.1) and coupling involving one or two heteroaryl groups (section 3.2.4.2). 
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3.2.4.1 Aryl-aryl coupling 

The early observations of an aryl-aryl coupling were made during the studies of the reaction of a 
diarylsulfoxide with an organometallic reagent in the case of simple non-activated aromatic systems. 
Andersen et al. described the formation of biphenyl (4) in good yields upon treatment of 
diphenylsulfoxide (106) with phenyllithium. 64,84 

Ph. S.~. 0 
Ph" 

006) 

Et20 
+ PhLi ~ Ph-S-Ph + Ph-Ph 

(4-5 equiv.) 
(3), 87% (4), 65% 

As the formation of triphenylsulfonium bromide had already been reported to result from the 
reaction of diphenylsulfoxide with phenylmagnesium bromide, 85 the occurrence of an intermediate 
triphenylsulfonium species was suggested to take place in the reaction of diphenylsulfoxide with 
phenyllithium. The evolution of this intermediate could then follow the ligand coupling pathway, as 
observed by Trost et al. in the case of the reactions of triarylsulfonium salts (section 3.1.2). However, 
the reaction involving the reagents bearing 4-tolyl ligands, (107) and (108), led to significant amounts 
of the m,p'bitolyl isomer (111) (26%). 63,64 

Me Me Me Me 

Li ~ 0 

S-~O + ~ ~ S + + 

Me Me Me Me 

(107) (108) (109),66% (110),31% (111),26% 

The ligand coupling pathway was therefore considered to be a minor pathway. These results were 
explained by two different pathways for the evolution of the first formed tetracoordinated 
triarylsulfonium species, formed through addition of the lithium reagent on the sulfoxide group. 

Step 1: Addition of the organolithium on the sulfoxide group 

Ar~ 

Ar t 
S--Y + ArLi 

L i  
Y 

Ar 

This species can break down to yield an aryne intermediate, which subsequently reacts with the 
organolithium reagent to lead to equivalent amounts of the para-para and meta-para isomers. (Scheme 
3.11, step 2.A) In the second possibility, an heteroatom-containing anion is eliminated (LiO- in the 
sulfoxide case) and the resulting txiarylsulfonium cation reacts with the organolithium reagent to afford 
the tetraarylsulfurane. Ligand coupling then yields only the para-para coupling product. (Scheme 
3.11, step 2.B) Moreover, a third possibility of evolution may arise in the case of reactions involving 
different ligands on the reagent and substrate: ligand exchange, which generates a new organometaUic 
reagent which can be unreactive with the sulfoxide or react with it to afford a new type of intermediate 
sulfurane undergoing ligand coupling. (Scheme 3.11, step 2.C) 
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Step 2.4: Aryne mechanism 

y.Li, - I l 
S x - - -  

A r  , . ,  Ar  
A r  L i - Y  ~ ArH + Ar-S-Ar 

X 

Step 2.B: Ligand coupling mechanism 

Li 
I �9 

A r - - S  ...... ~" ~ L i - Y -  + 
i '~Ar 

Ar 

~S" ~ Ar\ 
I 

Ar Ar / 

A t - A t  
+ 

A r - S - A r  

Step 2.C: Ligand exchange mechanism 

y,,Li 
Y Y II II 

- - -  S . ,  ~ t t l  

ArI,,SXAr2 + Ar3-Li 1 'ju.~,~":z Arl"SXAr 3 + A?-Li 

Scheme 3.11: Mechanisms involved in the reaction of diarylsulfoxides with aryllithium 

The balance between the two pathways (aryne or ligand coupling) is dependent upon the nature of 
the group Y. In the case of the sulfoxides (Y = O), the aryne pathway is predominant. However, in the 
case of the N-tosyl sulfilimine system (Y - N-SO2-C6H4-CH3), the toluenesulfonamide anion has a 
greater leaving ability than the oxyanion. Therefore, the formation of the triarylsulfonium salt, leading 
to the ligand coupling product, is favoured [for example, in the case of sulfilimine (112)]. 64 

Li 

S= N- S02Tol + 0 

M ~  Me 

M e ~  Me Me 

S + + 

M ~  Me 

+ TolSO2NH 2 

Me 

(112) (108) (109), 72-82% (110), 67% (111), 2% 58-65% 

The balance between the various pathways is also influenced by the nature of the aryl groups. The 
ligand coupling pathway becomes predominant when the aryl group is substituted with electron- 
withdrawing groups. Baker et  al. showed that phenylsulfinyloxazoline derivatives react with 
arylmagnesium bromide to afford good to high yields of the biaryl product, accompanied with variable 
amounts of the ligand exchange product (75).77,78, 86 The phenylsulfoxide (113) failed to react with 
2-methoxy-l-naphthylmagnesium bromide. The only recovered product was the ligand exchange 
product (75). Oae et  al. have shown that 2- ter t -buty lsu l f iny lpyr id ine  fails to undergo ligand exchange 
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in the reactions with Grignard reagents, leading only to the ligand coupling product. 65 When this 
strategy was applied to the naphthyl case, a moderate yield of the derivative [(115), R 2 - 2-methoxy-1- 
naphthyl] was obtained in the reaction of 2-methoxy-1-naphthylmagnesium bromide with the tert- 
butylnaphthylsulfoxide derivative ( 114).78, 86 

Table 3.5: Ligand coupling reactions of naphthylsulfoxide derivatives (113) and (114) 77,78,86 

(113), (114) 

+ R2MgBr 

(115) (75) 

R 1 

(113): Ph 
(113): Ph 
(113): Ph 

(114): tert-Bu 

R 2 (115) (75) 

Ph 72% 19% 
1-Naphthyl 67% 9% 

2-MeO- 1-naphthyl 0% only product 
2-MeO- 1-naphthyl 44% 

The ligand coupling reaction of homochiral sulfoxides [(116) - (119)] with 1-naphthylmagnesium 
bromide led to the atropoisomeric 1,1'-binaphthyl derivatives [(120) - (123)] in good yields (65-90%) 
and with good to high enantiomeric excess (60-95%). 78 

N+ 

(116), (S)-sulfoxide 

MgBr 

(120), (S)-binaphthy171% yield, 60% e.e. 

M o.. 
~ COOiPr 

(117), (S)-sulfoxide 

~ r 

, . .__ 

- COOiPr 

(121), (S)-binaphthy178% yield, 82% e.e. 

�9 e 

t-Bu,, S." ~ O 

~ CO-R 

~ r  

(118), (R)-sulfoxide, R = O-tl~r 
(119), (R)-sulfoxide, R = NMe2 

CO 
~ CO-R 

(122), (R)-binaphthy190% yield, 95% e.e. 
(123), (R)-binaphthy165% yield, 94.8% e.e. 
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3.2.4.2 Coupling reactions involving 1 or 2 heteroaryl groups 

In a long series of papers, Oae and his group have studied the formation of biaryl compounds by 
ligand coupling occurring on a a-sulfurane, formed by nucleophilic addition of an organometallic 
species on the sulfur atom of the sulfoxide substrate. 67 Depending on the nature of the two substituents 
of the sulfoxide substrate and of the alkyl or aryl group of the organometallic reagent, different 
pathways can play a role in the final outcome : 1 - direct ligand coupling, 2 - ligand coupling after 
pseudorotation, 3 - ligand exchange followed by nucleophile attack on a second molecule of sulfoxide 
and ligand coupling. 

1 - Ligand coupling: 

The incoming nucleophile (a 2-pyridyl group in Scheme 3.12) occupies directly the apical position, 
suitable for ligand coupling with the other group in equatorial position. 

~ S  S R + ~ M g X  

= OMgX = 

R 

Scheme 3.12 

(101) 

+ RSOMgX 

2 - Ligand coupling after pseudorotation: 

The incoming nucleophile R occupies, in the first instance, the apical position. Ligand coupling can 
take place only after pseudorotation (~), bringing one equatorial 2-pyridyl group into the apical 
position, suitable for ligand coupling with the other group in equatorial position. 

(124) 
+ 

RMgX 

m 

x 

S,, 4~ �9 ~. - . 

Scheme 3.13 

(101) 
+ 

RSOMgX 

3 - Ligand exchange followed by ligand coupling: 

When ligand coupling cannot take place between two of the three substituents present on the first 
formed sulfurane, ligand exchange gives rise to the formation of a new organometaUic species, such as 
2-pyridyl Grignard derivative. (Scheme 3.14.a) This second species then reacts with the sulfoxide 
substrate affording a second sulfurane, which now contains two substituents prone to direct ligand 
coupling. (Scheme 3.14.b) 
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Step a- ~ S" 

(125) 

Me 
+ RMgX 

Stepb- ~ s . . M e  + ~ M g X  

(125) 

OMgX "] 

"- Me 

Scheme 3.14 

R-- S- 
+ 

MgX 

(101) 
+ 

MeSOMgX 

Me 

These different mechanistic pathways are intervening in the various types of reactions of pyridyl 
sulfoxides [(124) - (127)] affording 2,2'-bipyridine (101). (Table 3.6) In the reaction of methyl 
2-pyridylsulfoxide (125) with various Grignard reagents, the major or only product was 2,2'-bipyridine 
(101).76, 80,87 In the first step, ligand exchange takes place. This fact was demonstrated by trapping 
experiments with benzaldehyde, which led to o~-(2-pyridyl)benzyl alcohol (15% yield). The ligand 
exchange product, 2-pyridylmagnesium halide, subsequently reacts with the methyl 2-pyridylsulfoxide 
(125) in excess to form a second sulfurane which then undergoes ligand coupling. Better yields are 
usually obtained when the reaction is performed in THF than in diethyl ether. When 2-pyridyllithium 
was used as the source of the incoming nucleophile, the reaction rate was very fast and the reaction 
occurred efficiently at - 18~ In this case, the reaction proceeds by direct ligand coupling. A similar 
yield of the ligand coupling product was obtained upon treatment of bis(2-pyridyl)sulfoxide (123) with 
ethylmagnesium bromide. However, the reaction is then slower, as it requires pseudorotation before 
the ligand coupling step can take place. 

Table 3.6: Preparation of 2,2'-bipyridine (101)76,80, 87 

~ S . -  R 

(124) - (127) 

+ R'-M 
RT, 15 min 

(101) 

Substrate 

(125) 
(125) 
(125) 
(125) 
(126) 
(127) 
(127) 
(125) 
(124) 

R 

Me 
Me 
Me 
Me 
Et 
Ph 
Ph 
Me 
2-Py 

R'-M 

MeMgBr 
EtMgBr 
EtMgBr 
PhMgBr 
EtMgBr 
EtMgBr 
EtMgC1 
2-PyLi 

EtMgBr 

a- reaction performed at- 18~ 

Solvent 

THF 
THF 
Et20 
THF 
THF 
THF 
THF 
THF 
THF 

(101)(%) 

73 
57 
30 
79 
55 
42 
71 
59 a 
63 

Ref 

76,87 
76,87 
76,87 
76,87 
76,87 
76,87 

80 
76,87 
76,87 
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When the pyridyl group is substituted on other positions of the ring, the reaction of organometallic 
reagents with alkyl 2-pyridylsulfoxides affords symmetrically substituted 2,2'-bipyridines. 76,87,88 
(Table 3.7) 

Table 3.7: Preparation of symmetrically di- or tetra-substituted 2,2'-bipyridine derivatives76, 87,88 

s .  

X 

5-C1 
6-C1 

3,5-C12 
6-Br 

6-MeS 
6-C1 

6-Me 
6-Et 

6-THPOCH 2 

R T / l h  ~ _  
R + R'-MgBr -~ X X 

R 

Me 
Me 
Me 
Me 
Me 
Et 
Et 
Et 
Et 

R' 

Et 
Et 
Et 
Et 
Et 
Me 
Me 
Me 
Me 

Solvent 

Et20 
Et20 
Et20 
Et20 
Et20 
THF 
THF 
THF 
THF 

THP = tetrahydropyranyl 

Yield (%) 

40 
55 
52 
50 
61 
66 
53 
60 
69 

Ref 
, , 

76,87 
76,87 
76,87 
76,87 
76,87 

88 
88 
88 
88 

Table 3.8: Competition in the formation of 2-arylpyridine (130) and 2,2'-bipyridine (101)76,89, 90 

~ S , -  R 

(125) - (129) 

RT/15min ~ ~ 
+ R'-M ~" 

Ar + 

(13o) (lOl) 

Substrate 

(125) 
(126) 
(128) 
(129) 
(127) 
(127) 
(127) 
(127) 
(127) 

R 

Me 
Et 

i-Pr 
t-Bu 
Ph 
Ph 
Ph 
Ph 
Ph 

R'M 

PhMgBr 
PhMgBr 
PhMgBr 
PhMgBr 
EtMgBr 
t-BuLi 
PhLi 
(131) 
(132) 

Temp. 

RT 
RT 
RT 
RT 
RT 

_ 95oc 
_ 78oc 

RT 
RT 

(130) (%) 

9 
6 
17 
85 

30 
38 
87 
90 

(101) (%) 

68 
56 
59 
0 

42 
26 
28 

Ref 

76 
76 
76 
76 
76 
89 
89 
90 
90 

~ OMe 

MgBr 

(131) (132) 
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When a 2-pyridylsulfurane derived from the addition of an organometallic reagent on a sulfoxide 
substrate contains at least one phenyl group, two pathways can compete: a - direct ligand coupling 
giving (130) and b - the sequence ligand exchange-ligand coupling giving (101). (Table 3.8) When the 
phenyl group is introduced as the incoming nucleophile, the size of the second ligand of the sulfoxide 
substrate plays an important role on the relative ratios between (101) and (130). The ligand exchange 
route is preferred with non-hindered alkyl groups. But when a tert-butyl group is present on the 
sulfoxide, only the direct ligand coupling product [(130), Ar = Ph] is formed in high yield. However, 
when the tert-butyl group comes from the incoming nucleophile, then the two competing pathways 
take place: (130) and (101) are formed, although both in modest yields (30% and 26% respectively). In 
the case of a competition between two aryl groups, the sterically more hindered and more electron-rich 
2-alkoxyphenyl and 2-phenoxyphenyl substituents were implied in the ligand coupling, giving the 
2-(2'-substituted phenyl)pyridine in high yields.76,89, 90 (Table 3.8) 

A range of 2-aryl 3-substituted pyridine atropoisomers were obtained in 75-90% yields (aryl = 
phenyl, 2-methoxyphenyl, 2-phenoxyphenyl and 1-naphthyl) by ortho-directed metallation with LDA 
(lithium diisopropylamide) - substitution (with RCOR' or Me3SiC1), followed by reaction of the 
3-substituted 2-pyridylsulfoxide with an organometallic reagent. The rotational barriers ranged from 
15.6 to 19 kcal/mole. Poor to moderate yields were obtained when a (2-methoxynaphthyl)pyridine 
derivative was the end product (14-44%). 90,91 

1) LDA 
S~ Ar 2) ,RCOR' 

3) NaH/MeI 

~ s, .Ar 

MeO R 
 ~  ~ 

" ~ R ' R '  ~ ~ ~  ' 

~ S i M e 3  ~ ~ r ' S i M e 3  

2) Me3SiC1 85% O ~ 78% 

ref. 90,91 

ref. 91 

Unsymmetrically substituted bipyridines and oligopyridines can be easily obtained by proper 
choice of the pyridylsulfoxide and the pyridyllithium reagent.88,92, 93 Due to the high reaction rates, no 
homocoupling product, resulting from the sequence ligand exchange - ligand coupling, was observed. 
Generally good yields of the unsymmetrical bipyridyl derivatives were obtained. (Tables 3.9 - 3.11) 

Table 3.9: Preparation of monosubstituted 2,2'-bipyridines 88 

R _ 0 _  Et20,- 78~ 
+ Li Y ~ Y 

R 
Me 
Me 
Me 

Y 
Br 
Me 

CH2OTBDMS 

Yield (%) 
71 
60 
55 

TBDMS = tert-butyldimethylsilyl 
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Table 3.10: Preparation of unsymmetrically disubstituted 2,2'-bipyridines 88,93 

s. Li- Y Et2o,-78~ xZ .O-Y 
R 
Et 
Et 
Et 
Et 
Et 

X Y Yield (%) Ref 
Me H, Br 57-60 88 
EtS H 85 88 

THPOCH2 Br 71 88 
TBDMSOCH2 H 73 88 

MeOCH2 CH2OTHP 46 93 

TBDMS = tert-butyldimethylsilyl; THP = tetrahydropyranyl 

Table 3.11: Preparation of unsymmetrically substituted oligopyridines 92 

x Li R. 

X 
6-Me 
6-Me 
6-Me 
5-Me 
6-Br 
6-Br 
6-Br 

Heteroaryl 
2-pyridyl 

2-quinolinyl 
6-(2,2'-bipyridyl) 

2-pyridyl 
2-pyridyl 

2-quinolinyl 
6-(2,2'-bipyridyl) 

Yield (%) 
60 
35 
54 
70 
80 
80 
76 

The sequence can be repeated to afford polypyridines, as in the case of the preparation of 
terpyridine (133) and tetrakispyridine (134)from 2,6-bis(ethylthio)pyridine. 88 

"- EtS 2) 2-PyLi- 
85% 65% (133), 

Ets  I) MMPP= 
SEt 2) 2-PyLi 

58% 

1) MMPP ~ ) ~  

SEt 2) 2-PyLi 
(134), 45% 

with 2-PyLi = 2-pyridyllithium and MMPP = magnesium monoperoxyphthalate 
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The lithium salts of the optically active (S)-pyridyl and (S)-bipyridylethanol derivatives [(135), n = 
1 or 2] were treated with ethyl bipyridylsulfoxide (136) to afford good yields of the corresponding (S)- 
oligopyridyl ethanol compounds (137) and (138), the ligand coupling products. 94 

B r ~ n ~  Me 

OSit-BuMe 2 
(135) 

1) n-BuLi t~"~, /~"~, ~ t~"~, 
~" ~,-N~L-~-N~n-NI~,~_. Me 

2) 
L'N I ~ ' N  IJ" S" Et OSit.BuMe 2 

(137),n=1 65% 
(136) (138), n = 2 61% 

The isomeric 3-pyridyl and 4-pyridylsulfoxides behave differently. Due to the greater leaving 
abilities of 3-pyridylmagnesium halide compared to 2-pyridylmagnesium halide, the ligand exchange 
process is favoured over ligand coupling. 95 Indeed, reaction of 3-pyridyl and 4-pyridyl phenyl- 
sulfoxides (139) and (141) with phenylmagnesium bromide, followed by addition of an electrophile 
such as an aldehyde or a ketone, led to the addition products, (140) and (142) respectively, in poor to 
high yields. 96,97 

~( S"~O + PhMgBr 1) THF, 15 min D, 

139) 2) R-CO-R' 
(140), 47-88% 

Ph, ~ OH 

"S 1) THF, 15 min R- l -  R' 
+ PhMgBr 2) R-CO-R' O (141) 

(142), 7-81% 

In spite of this easy ligand exchange process, ligand coupling took place in the reactions of 
2-pyridyl, 3-pyridyl or 4-pyridylmagnesium bromides with 2-pyridyl, 3-pyridyl or 4-pyridylsulfoxide 
derivatives. 91,97 Modest to good yields were obtained in most cases. No reaction was observed in the 
combination of reagents involving the 3-pyridyl ligand on both partners of the reaction: 3-pyridyl 
magnesium bromide and 3-pyridylsulfoxide. The reaction of 3-pyridylsulfoxide (139) with 2- and 
4-pyridyl Grignard led to mixtures of direct ligand coupling product and product of ligand coupling 
following an initial ligand exchange. In the case of the reaction with 2-pyridylmagnesium bromide, the 
ligand coupling product (143) and the 2,2'-bipyridine (101) were isolated in modest yields. 97 

s-~ O + 
139) MgBr 3% (101), 23% 

On the other hand, reaction of 3-pyridyl Grignard reagents with 2-pyridylsulfoxide (127) led 
directly to the ligand coupling product (143) in good yield. 97 

O O "  MgBr ~ _ ~  S ~Ph + ~-- 

(127) 

(143), 63% 
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Reaction of 3-pyridyl Grignard reagents with 4-pyridylsulfoxide (141) led to mixtures of products 
resulting from direct ligand coupling (144) and from ligand exchange-ligand coupling sequence 
(145). 97 

Ph,, S , ~  

0" (141) 

~ MgBr 

(144), 25% (145), 14% 

Better yields of the ligand coupling product were obtained when the reaction was performed on the 
more sterically hindered 4-(3-substituted pyridyl)sulfoxide derivatives (146) or (147). 91 

Ph.. S "r163 . OMe Ph, .OMe 
~ C H ,  ph + ~ M g B r  CH 

" N "  (146) 
68% 

Ph . fO SiMe 3 
"S 

SiMe3 + ~ M g B r  :- N ~  

147) 

55% 

Other heteroaromatic sulfoxide systems can be involved in ligand coupling reactions. The more 
electron-withdrawing benzothiazolylsulfoxide (70) leads to benzothiazole, a ligand exchange product, 
and bibenzothiazole (71), resulting from the sequence ligand exchange-ligand coupling. It must be 
noted that this reaction was observed even when a ligand prone to facile ligand coupling, such as 
benzyl, is present on the intermediate sulfurane. 76 

S,)~s,,M e _PhCH2MgC1 : [ ~ S ~ . ~ S ~  + [ ~ S ) . _ .  H 

~~~I~N ~ (71), 6% 65% 
(70) 

__ S,~-- H S')"'s"CH2Phj, M e M g B r - ~ S ~ " " ( ~ S ~  + ~~I~  N 

(72) ~ (71), 39% 4o% 

An efficient group for ligand coupling is the 2-pyrimidyl group. However, this ligand presents an 
odd behaviour. The 2-pyrimidyl group tends to couple preferentially with the phenyl group rather than 
with the benzyl group. Even when the benzyl group is introduced as the incoming nucleophile 
therefore occupying the apical position, pseudorotation takes place very significantly, and 2-phenyl- 
pyrimidine (67) is the major product.72, 75 

I~N",,~ S,, Ph + PhCH2MgCI : I~N-Y--CH2Ph + ]~NLPh 

(65) ~ (66),21% (67), 40% 
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+ = I N 
I~N~ S,, CH2-Ph PhMgBr I~N,',J--- Ph 

(68) ~ (67), 63% 

The 2-quinolinyl group behaves similarly to the 2-pyridyl group in ligand coupling reactions. In the 
case of a competition between phenyl and benzyl groups, only the 2-benzylquinoline (57) was 
obtained. 75 

~ s"CH2-Ph + PhMgBr 

(56) 

~ CH2Ph 

(57), 65% 

~ s,,Ph + PhCH2MgC1 = ~ C H 2 P h  

(148) ~ (57), 39% 

2-Phenylation of quinoline to give (150) was easily performed by reaction of ethyl 2-quinolinyl 
sulfoxide (149) with phenylmagnesium bromide. The ligand exchange-ligand coupling product, 2,2'- 
biquinoline (151), was nevertheless obtained as a minor by-product. 75 

Et PhMgBr 
S" + 

(149) ~ (150), 48% (151), 14% 

The quinoline dimer (151) became the sole product when the alkyl 2-quinolinylsulfoxide was 
treated with an alkyl Grignard reagent. The reaction showed a remarkably high reaction rate. In the 
case of sulfoxide (86), it reached completion in less than 20 seconds at - 78~ affording a near 
quantitative yield of the product (151). 81 

~ S "  
(86) 

THF 
Me + MeMgBr 

_ 78oc 
1 equiv. (151), 90-98% 

When an excess of alkyl Grignard reagent was used, the alkyl group added on the 2-position to 
afford good to high yields of the adduct (152). This adduct is thermally unstable and the alkyl group is 
lost at room temperature in a couple of days to regenerate (151). 81 

~ S" Me + RMgBr = 

(86) ~ 2 equiv. (152), 60-80% 
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The mixed heteroaromatic sulfoxide, 2-pyridyl 2-quinolinylsulfoxide (153), afforded only the direct 
ligand coupling product (154) upon reaction with an alkyl Grignard reagent. 81 

(153) ~ (154), 54% 

In spite of the considerable difference in the rates of the reactions of organometallic reagents with 
2-pyridyl and 2-quinolinylsulfoxides, a cross-coupling reaction was successfully performed with 
different combination of mixtures of sulfoxides [(155) + (156)]. 98 This reaction is not selective and 
affords mixtures of cross-coupling products (157) and homocoupling products (158) and (159). 

R R 

O M'M'r 
S "Me +X S "Me ~ X + (Quin) 2 + Py-Py 

(155) ~ (156) ~ (157) (158) (159) 
20-57% 42-61% 11-42% 

with R = H, Me and X = H or CI 

Treatment of 2-pyridyl 2-thienylsulfoxide (160) with 2-thienyllithium (161) led to 2-(2-pyridyl)- 
thiophene (162) and a small amount of 2,5-bis(2-pyridyl)thiophene (163). The formation of the 2,5- 
bis(2-pyridyl)thiophene derivative (163) was explained by a transmetallation reaction between (162) 
and (161), leading to 5-pyridyl 2-thiophenyllithium, which subsequently reacts with the sulfoxide 
substrate (160). 99 

~ S ~  + ~ L i  - - ~  + ~ S I ~  

(160) ~ (161) (162), 48% (163), 10% 

The reactions of the oxygen analogues [(164) with (165)] and of the selenium analogues [(167) 
with (168)] led only to the normal ligand coupling products [(166) and (169) respectively].100,101 

~ O I ~ S ~  + ~ L i  ~ 

(164) ~ (165) (166), 34% 

~ e  S ~  + ~ e  Li 

(167) ~ (168) (169), 63% 

In a study of the relative ligand coupling efficiencies between oxygen, sulfur and nitrogen 
containing heteroaromatic systems, the correlation between the ligand coupling abilities and the 13C- 
NMR values of the ipso carbon atoms (8 in ppm are reported in Scheme 3.15) was not clearly 
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demonstrated. The occurrence of the ligand coupling appeared to strongly depend upon the 
conformation of the initially formed sulfurane intermediate. 101 

~ - - ~ i ~ - - ~ + ~ L i " ~ ~ +  I ~ S ' I ~  ~ + ~  
trace 58% 24% 

~i 147 ~i 144 

~ i ~ a ~ +  ~ L i . . . ~ ~ + ~ + ~ ~ ~ e 5 2 %  
~i 152 ~i 162 

12% 28% 
~i 147 

Scheme 3.15 

The reaction of di(2-furyl)sulfoxide with 2-furyllithium did not give any ligand coupling product 
over a wide range of temperatures. 101 

[ OL + No reaction 

By contrast, a moderate yield of 2,2'-bithiophene (171) was obtained in the case of the sulfur 
analogues [(170)with (161)]. 99 

~ S ~  + I~ S I~ Li 

(170) ~ (161) (171), 43% (172), 20% 

3.2.5 Aryi-alkyl coupling 

When the intermediate sulfurane resulting from the addition of an organometaUic reagent on an 
alkyl pyridylsulfoxide contains two alkyl groups, ligand exchange usually takes place. However, when 
a pyridylsulfoxide, containing a ten-butyl group originally bound to the sulfinyl sulfur atom (129), is 
treated with ethylmagnesium bromide, no ligand exchange reaction happened. In fact, ligand coupling 
reaction was now observed, affording the 2-alkylpyridine derivatives (173) and (174) in moderate 
yields. The fact that sec-alkyl containing pyridylsulfoxides behaved similarly to afford the 
corresponding 2-alkylpyridine derivatives was also claimed. However, no example was reported.72, 80 
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~ s . - t - B u  + EtMgX : ~ ~ 
Et + t-Bu 

! 

(129) ~ (173), 39% (174), 24% 

A similar ligand coupling reaction involving an alkyl group was observed in the reaction of some 
1-(2-oxazolinonaphthyl)sulfoxide derivatives with ethylmagnesium bromide. 78 When treated with 
ethylmagnesium bromide, the phenyl naphthylsulfoxide compound (175) afforded a modest yield of 
the ligand coupling product (77), the ligand exchange product (75) being the major product. More 
unexpectedly, the ethyl derivative (77) became largely predominant in the reaction involving the 
benzylsulfoxide (73) as well as the analogous 4-chlorobenzyl derivative (74). 

R ' s~CON'~  Et N ' ~  R 1 N ' ~  

~ O  ) E t M g B r  ~ O P  + ~ O  p 

(175) R = Ph (77) (75) R 1 = a 
(73) R = PhCH2 (78) R 1 = PhCH2 
(74) R = CIC6HaCH2 (79) R 1 = CIC6HaCH2 

(175) 

(73) 

(74) 

(77) (19%) + (75) (36%) 

(77) (69%) + (75) (10%) + (78) (13%) 

(77) (62%) + (75) (4%) + (79) (26%) 

3.2.6 Vinyl-nucleophile coupling 

Nucleophilic attack of methyllithium on allene sulfoxides offers a stereospecific route to the 
desulfurised allenes, the protonated ligand exchange product. Almost quantitative yields of (177) and 
(179) were obtained from (176) and (178) respectively. 102 

~ CH2OMe 

H 
x ~ . c  

Y 
(176) ,  x = S(O)-Ph; Y - Me 
(178), X - Me; Y - S(O)-Ph 

~ CH2OMe 

MeLi 

-70~ X~f.  C n 

Y 
= (177), X = H; Y = Me 

(179), X = Me; Y = H 

M e " ~  S" Ph 

C 

EtO ) 

MeLi 
y 

- 70~ 

C 

EtO ), 72% 
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When compound (180) was thermally converted to the isomeric diene (182) and then treated with 
methyllithium, a completely different outcome was observed. The major product was the phenyl diene 
(183), a ligand coupling product, isolated in 68% yield. 

Me Me 

S" Ph Ph 

~O MeLi = 
- 70~ 

EtO EtO 8% 

A related stereospecific desulfurisation of vinylsulfoxides was observed in the treatment of the 
vinylsulfoxides (184) and (185) by tert-butyUithium, in the presence of methanol. When the reduction 
was performed in the presence of deuteromethanol, the sulfoxide moiety was replaced by a deuterium 
atom. 103,104 

O ~  s ~ P h  R 

t-BuLi / MeOR Me ~ Me + t-Bu-S-Ph 
_ 78oc 

(184) R = H : 72% 
R = D : 79% 

~ S  " Ph t-BuLi / M e O R  R 
_ 78oc 

( 1 8 5 )  R = n �9 70% 
R = D �9 65% 

+ t-Bu-S-Ph 

When applied to the allenylsulfoxide (186), this reaction led to the product of stereospecific 
reduction (187) with very high retention of configuration [(187) / (188) = 97 : 3]. A ligand exchange 
pathway resulting in the formation of aUenyllithium was excluded by the fact that protonation of the 
lithium salt of the allene of (187) [R = Li, R ' -  Me] led only to the inversion product (188). 105 

C @  sill7 

C ( 1 8 6 )  

Ph. S~ , .M e 

O 

C8H17 

t-BuLi / MeOI-I [ ~ ~  

_ 78oC - C~ H - [ 
87% 1 (187) R = H, R'= Me 97 

J~.,, ( 1 8 8 )  R = M e .  R ' =  H 3 

R R' 

A ligand coupling pathway was suggested as a reasonable mechanism, although it was not possible 
to distinguish between path "a" (the ligand coupling way via a-elimination), and path "b" (following a 
13-elimination). 103,104 (Scheme 3.16) 
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OLi 0 0 
Ph,, s I V i n  t-BuLi Ph I I 

' .... S " Ph, .... S " +  
_ VinOS,. .... . t_Bu~,..].,,/ H / 

t-Bu Vin 

Vin = vinyl group 

OLi OH 
I I MeOH Ph, .... Ph, . . . . . . . .  

- . 

Vin Vin 
Scheme 3.16 

Vin-H + t-Bu-S-Ph 

Reactions of (E)- or (Z)-3-arylsulfinylpropenoates with Grignard reagents afforded substituted 
acrylates in good yields (up to 92%). 106 The usually very high stereospecificity is consistant with a 
ligand coupling process. (Scheme 3.17, path a) The complete absence of products resulting from 
pseudorotation could be explained by a very high rate for the ligand coupling compared to the rate of 
pseudorotation. However, the addition-elimination pathway was considered as more likely in this case 
of activated nucleophilic vinylic substitution. (Scheme 3.17, path b) 107 

OMgX 

path a Ar, ..... I . 4  ~ CH= CH- CO2Me 

Ar. S" C H :  CH-CO2Me / R 
. C H :  CH- CO2Me 

+ MgX R" R,, . ,~ 
R-Mg-X ~ Ar CH-- CH- CO2Me 

path b ~ S ~ 

0 
R = alkyl, aryl; Ar = Ph or 4-Tolyl 

S c h e m e  3 .17  

3.2.7 Reactions with t h i o n y l  c h l o r i d e  

Symmetrical ligand coupling products can be obtained directly by reaction of thionyl chloride 
with organometallic reagents. Only organometallic derivatives of aryl and alcynyl groups led to 
coupling products. Alkyllithium or alkyl Grignard reagents as well as benzyl anions failed to give 
clean ligand coupling systems. 108 This reaction was first observed by Uchida et al. in 1972 who 
treated alkynyl and alkenyl Grignard reagents with thionyl chloride and obtained high yields of ligand 
coupling products. 109 

Ph--  C-- C -  MgBr + SOC12 = Ph-- C-- C-- C-- C--Ph 55-61% 

Better yields of coupling products were obtained when more electron-rich groups were present on 
the para position of the aryl group of the phenylethynyl reagent. 109 

i - P r - ~  C-- C--MgBr + SOCI 2 i - P r - ~  C---- C-- C---- C - - ~  i-Pr 
85% 
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Trans-styryl magnesium bromide also afforded the coupling product in good yields. 109 

Ph ~ MgBr + SOCI 2 = Ph ~ Ph 89% 

However, when the organometallic reagent was prepared by reaction of n-butyUithium on fl-bromo 
styrene, a more complex reaction system resulted. Only a very poor yield of 1,4-diphenylbutadiyne 
(189) was obtained, together with various amounts of phenylacetylene. 108,110 

1) n-BuLi 

112i I S O C l  2 

y P h " , , ~ " -  Br Ph--  C=__ C-- C ~  C- -Ph  * Ph-- C~_ CH 

(189), 5-9% 3-39% 

The formation of (189) by ligand coupling reaction became quantitative when lithium phenyl- 
acetylide was prepared and used as the organometallic reagent. 

1) n-BuLi 
Ph- -  C _  CH = Ph--  C-- C-- C-- C--- Ph (189), 96% 

2) SOCl 2 

A range of symmetrical biheteroaryl products have been directly prepared by reaction of the 
corresponding heteroaryllithium reagents with thionyl chloride. Depending on the nature of the 
heteroaryl group, the reaction can give the ligand coupling product (190), the symmetrical sulfoxide 
(191) or the symmetrical sulfide (192).9%108,110,111 The ligand coupling products (190) were the only 
isolated products in the reactions involving either various pyridyllithium derivatives (47-77%), 111 or 
2-quinolinyllithium (43%) 111 or 2-thienyllithium (48%).99,108,110 With other heterocyclic lithium 
salts, more complex mixtures resulted from the reaction. As expected, 2-furyllithium afforded only the 
sulfoxide, which is not susceptible to ligand coupling. 101 (Table 3.12) 

Table 3.12: Reactions of some heteroaryllithium reagents with thionyl chloride 

Ar-Li + SOCI 2 ~ Ar-Ar + Ar-S-Ar + Ar-S-Ar 
(190) (191) (192) 

Ar 

 s,L 

 o.L 

(191) (%) 

40 
29 

, , 

33 

48 

34 

19 

17 

45 

17 

(19o) (%) (192) (%) 

11 

15 

27 

Ref 

108,110 
...... 

111 
108,110 

108,110 

108,110 

108,110 
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The reaction of N,N'-thionyldiimidazole with aryl Grignard reagents is a standard procedure for 
the synthesis of symmetrical sulfoxides. 112 When applied to thienyllithium, a high yield (84%) of the 
ligand coupling product (193) was serendipitously obtained instead of the expected di(2-thienyl) 
sulfoxide. 108,110 

N~-~ 
~t~.,NH + SOCI 2 = ~ t ~ N -  

ArMgBr ~) 
At- S- Ar 

Ar = Ph" 35% 
Ar = 2,4,6-Me3C6H 2 �9 84% 

reL 112 

N~. X N ~  ~) ~ N  ~ L i  I ~ S ~  ref. 108,110 ~[.~NH + SOC12 ~ ~I~./N _S.Nx..~I ~- I~. S 
(193), 84% 

The mechanism of the reactions of organometallic reagents with thionyl chloride involves a series 
of pseudorotations (W), ligand exchange and ligand coupling reactions. 108 (Scheme 3.18) 

SOCI 2 + RLi I CI,, .... 
CI ~ "  

OLi ~ Li 

IC I 1R~!I ~ ~  

L.E. = ligand exchange 

L.E. 
LiC1 + R-S-C1 

F OLi "] O T L i  
R ~,... e �9 L.E. 

R-S-CI + RLi ~ ," ~ - y " - - .  "-R-S-R + LiCI 
C 

�9 " ~1 ~ I RLi 

OLi 
L.C. ~,, ...... I 

R'--R = R~, ,  ~ R  

R 
L.E. - ligand exchange; L.C. = ligand coupling 

Scheme 3.18 

3.2.8 Hydrolysis of methoxymethylsuifoxides 

The acid-catalysed cleavage of methoxymethylphenylsulfoxide (194) gave S-phenyl benzenethio- 
sulfinate (195). 113,114 

Ph-S-C.2OMo + .30  - Phs-o. 
(194) 

+ MeOCH2OH ] "-- PhS-SPh + CH2(OH)2 

(195) 
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The hydrolysis was accelerated by the presence of halide ions, and racemization of the substrate 
was not observed. Using [180]-sulfoxide as labelled substrate, 90% of the 180 was retained in the 
S-phenyl benzenethiosulfinate, when the reaction was catalysed by hydrochloric acid or hydrobromic 
acid. When perchloric acid was used as a catalyst, only 50-60% of the 18 0 was retained in the 
sulfinate. These results implied the possibility of different pathways depending on the nature of the 
catalyst. They were best accommodated by a general mechanism involving a ligand coupling reaction 
on a hypervalent sulfurane intermediate. 114 (Scheme 3.19) 

HX 
Ph-S-CH2OMe 

(194) 

OH 
:, ...... I 

S--- CH2OMe 

OH 

" F .~, ...... CH2OMe 
phr 

X 

OH 
H20"- ~'" ...... S ' ~  

"- p h i , -  I CH2OMe 

| O x 
H ~ H 

L.C. 

L . C .  
,..__ 
y 

PhSX + HOCH2OMe 

PhSOH + HOCH2OMe 

Scheme 3.19 

3.3 SULFILIMINES 

The properties and uses of sulfilimines, the aza analogues of sulfoxides, have not been as 
extensively studied as the chemistry of sulfoxides. However, the ligand coupling mechanism has also 
been shown to take place in some aspects of the chemistry of sulfilimines. Diaryl N-p-toluenesulfimide 
reacted with arylmagnesium halides to form diarylsulfide and biaryl in good yields. 115,116 Tracer 
experiments with [1-14C]-diphenylsulfimide revealed that the reaction proceeds by the initial 
formation of a triphenylsulfonium salt, which subsequently reacts with phenylmagnesium bromide to 
afford a tetraarylsulfurane intermediate, undergoing ligand coupling. In one case, the intermediate 
triarylsulfonium salt was even isolated. 115 

NSO2-C6H4Me THF 
+ PhMgBr :-- Ph-S-Ph + Ph-Ph 

Ph" S. Ph reflux 
(196) (3), 73 % (4), 59% 

The toluenesulfonamide anion being expected to have a greater leaving ability than the oxyanion in 
the analogous sulfoxide reaction (see section 3.2.4.1), the rate of formation of the tetraarylsulfurane 
should be increased in comparison with the rate of decomposition by the arynic route. Accordingly, the 
yield of m,p-bitolyl (111) appeared considerably lower (1-2%) in the reaction of the N-tosylsulfilimine 
(112) compared to the yield (26%) obtained in the reaction with sulfoxide (107). 64 

Y 
I I  

S. 
p-Tol" p-Tol + p-Tol-Li 

(107) Y = O 
(112) Y = N-SO2Tol 

Et20 
RT ~ p-Tol-S-p-Tol + p-Tol-p-Tol + m-Tol-p-Tol 

(109) (110) (111) 
66% 31% 26% 

72-82% 66-67% 1-2% 
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The reduction of sulfilimines can be achieved by treatment of the N-sulfonylsulfimides with various 
reducing agents�9 These reactions occur through the formation of an intermediate sulfurane, which 
usually undergoes ligand coupling. This is the case of the reactions with lithium aluminum hydride 
(Scheme 3.20) 117 and with diphenyldisulfide (Scheme 3.21).118 In the acid-catalysed reduction system 
using iodide ion as reducing agent, the tetracoordinate sulfurane is considered to partition by a variety 
of mechanisms to give an intermediate iodosulfonium ion, which rapidly undergoes a second reduction 
step to give the final products: the amine, the sulfide and iodine. 119,120 

�9 with lithium aluminum hydride: 117 

YTs 
,, LiAIH 4 

, , ,  

An "& CH2-Ph 

An=(  
OMe 

Tsx ,. AILiH 3 
N 

" : minor 
Ph-CH 2 = Ph-CH2-NHTs + An-SH 

i'~An 
H 6% 

Ts~ N~, A1LiH 3 

_~S~.# " Major 
H ~ TsNH 2 + An-S-CH2Ph 

I " A n  
Ph_CH 2 80-96% 

S c h e m e  3.20 

with diphenyldisulfide: 118 

NTs t~ Ph . Ts 
JJ Ph2S__ [NTs , _~  ..,,~" I Ph" S. ~ ~ P h - ~ ~  Ts ~ Ph2S + N~ 

Ph PhSO SPh Nx ~ PhS" 
SPh SPh + PhSSPh 

SPh 

S c h e m e  3.21 

The reaction with arenethiolate, once considered to be a ligand coupling, 121 was later shown to 
involve various radical species, as the reaction requires light to proceed. 122 

NTs 
" + 2 p-TolSO _! ) DMF Arl_S_Ar 2 + p.Tol2S2 + TsNH2 

Arl" S'Ar2 2) H (~ =- 

r -s  1 * 1 II 2 hv �9 
[Ar-- ~-- A1- ] .... ~ Arl-" S-" At2 + I p-TolS" 

L p-TolS O J CT TsNO 

S c h e m e  3.22 
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N-sulfonylsulfimides react with various soft or hard nucleophiles to afford the reduced sulfide 
accompanied with different products, some of them being ligand coupling products. The nucleophiles 
which have been reported include cyanide ion, trivalent phosphorus compounds and harder 
nucleophiles such as alkoxide, hydroxide or azide. In the reaction with cyanide ion, N-sulfonyl 
sulfimides yielded N-tosylurea and the sulfide. 123,124 

NTs 
II 

S. 
Ph ~ Me 

+ 

CN | 

I .,,,," / 
Ph-- S ~  / 

| 
~ Ph-S-Me + TsN-- CN 

Scheme 3.23 

H20~ TsNH_CO_NH 2 

The reaction of N-arylsulfonylsulfimides with a range of trivalent phosphorus compounds gave near 
quantitative yields of the phosphinimides and the sulfide. 125 Addition of protic solvents led to 
reduction products, which contain, besides the original sulfides, an alkyl-exchanged sulfide in which 
the alkyl group derived from the alcohol. 126,127 Other derivatives, (acid anhydride, amide, ester or 
thioester) were formed in the presence of carboxylic acid derivatives. 128,129 These reactions were 
favoured by the dipolar nature of the intermediately formed sulfurane. 127 

R1-S-R 2 + PR3 ~ "S,~ ~ -S-R2 + R3P=NTs 
R 1 

Scheme 3.24 

N" SO2R3 
II 

RI~ + PR 3 
H20 

R1-S-R 2 + R3PO, NH2SO2 R3 

,, SO2 R3 
N 
II 

R 1-S-R2 + PR 3 
R4OH 

R1-S-R 4 + R3PO, NH2SO2 R3 

N" SO2R3 
II 

R1.S.R 2 + PR B 
(R4CO)20 

R1-S-COR 4 + R3PO, R4CONHSO2 R3 

The reaction of N-tosylsulfilimines with harder nucleophiles such as alkoxide, hydroxide or azide 
gave mixtures of products arising from attack at sulfur and at the benzylic carbon. These latter 
products could also be formed by ligand coupling. 124 (Scheme 3.25) 
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S-attack 
NTs _ ~  ~ Ph-CH2-S-Ph 

Ph" S, CH2-Ph + NaN3 e 
Ph-CH2-N 3 + Ph-S-N-Ts-~--~  PhS-SPh + TsNH 2 

C-attack 

Scheme 3.25 

3.4 SULFONES 

Substituted with appropriate leaving groups, activated aromatics and heteroaromatics react with 
bases and nucleophiles to lead to the products of aromatic nucleophilic substitution. Among the 
possible products, ipso-substitution is frequently observed. A variety of mechanistic pathways have 
been claimed. In the case of substrates with sulfonyl substituent as an activating group, ligand 
coupling has been suggested to explain a number of ipso-substitution reactions. 65 An early example is 
the reaction of phenyl (2-phenylalkynyl)sulfone with n-butyllithium, which afforded 1-phenyl 2-butyl 
acetylene (197) in quantitative yield. 130 

n-BuLi 
Ph- -  C = C--  SO2Ph = Ph--  C ~  C-- Bu (197), 98% 

Treatment of 2- and 4-sulfonylpyfidine derivatives with a range of Grignard compounds afforded 
different types of products. TM The reaction of some 2-sulfonylpyridines with Grignard derivatives 
afforded directly the ipso-substituted products in generally high yields. When a chlorine atom is 
present on the tx'-position of the pyridyl group, only the o~-sulfonyl group is substituted. The reaction 
of 4-benzenesulfonylpyridine derivatives with Grignard compounds gave complex mixtures of 
products. Their reactions with aryl Grignard reagents led to the ligand coupling product in modest to 
moderate yields together with biaryl products derived from the Grignard ligand. The reaction with 
alkyl Grignard reagents, on the other hand, led to 4,4'-bipyridyl (145) and poor yields of the 4-alkyl 
pyridine. The 4,4'-bipyridyl could result from the sequence of reactions: ligand exchange, nucleophilic 
addition of the new 4-pyridyl Grignard and ligand coupling of the di(4-pyridyl)sulfur intermediate. 131 

+ RMgBr THF .~ 
X SO2Ph 

X = H, R = Ar, PhCH2, n-hexyl, 5-hexenyl, sec-octyl 
X = C1, R = ethyl, n-hexyl, 5-hexenyl 

24-99% 
44-79% 

S02Ph 

0. R'MgBr 

R 

�9 0 (145) 
R = Ph, p-Tol - 25-51% 
R = alkyl 23-54% 15-26% 

Though the scope and mechanism of these reactions realizing the ipso-substitution of sulfonyl 
groups were not extensively investigated, the ligand coupling mechanism was suggested by Oae and 
Furukawa to best explain these results. 65 An alternative mechanism could be an electron transfer 
process (SET), a mechanism which is frequently observed in similar aromatic substitution systems. 
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However, this mechanism was excluded on the basis of the reaction of the 2-pyridylsulfone (198) with 
5-hexenylmagnesium bromide which did not give any 2-(cyclopentylmethyl)pyridine (199), which 
would be expected for a radical process. The only isolated compound was the ligand coupling type 
product (200) in 99% yield. 131 In spite of these suggestions, the mechanism is more likely to be a 
simple addition on the C-2 atom of the pyridine ring, followed by elimination of phenylsulfinic acid. 

Electron-transfer process: 

SO2Ph 
(198) 
4. 

MgBr 

SET 
@so2P -- @. 

4. 

(199), 0'% 

Ligand coupling pathway: 

• 
S02Ph 

(198) 
4- 

~ MgBr 

, • ?  02Ph ] 

(200), 99% 

Scheme 3.26 

3.5 POLYSULFANES 

Compounds containing cumulated S-S bonds easily undergo interconversion reactions. Among the 
more common examples are: the decomposition of unstable sulfur allotropes in the solid state with 
formation of the stable $8,132 or the decomposition of $8 in organic solvents with formation of $6, $7 
and other homocyclic sulfur molecules, 133-135 as well as the decomposition of organic polysulfanes 
R2Sn resulting in the formation of homologous molecules with larger or smaller values of n.136,137 
The early investigators favoured the formation of free radicals as primary intermediates.136,137 

5 8 _~ ~ 8 6 + S 7 +others 

However, Steudel suggested that hypervalent intermediates could be involved in the 
interconversion reactions.138,139 Two types of hypervalent intermediate can be formed. The linear 
polysulfur chain can isomerise to a thiosulfoxide intermediate (201). (Scheme 3.27.A) In the second 
type, a sulfur atom of one molecule can insert into the S-S bond of a second molecule to form a 
trigonal-bipyramidal hypervalent intermediate (202). This intermediate (202) can either undergo 
directly ligand coupling, affording the macrocyclic S2n molecule, (Scheme 3.27.B, path a)or  
pseudorotation can take place. Intermediate (202) is isomerised into intermediate (203) which then 
undergoes ligand coupling. This latter process overall constitues a "sulfur atom transfer" from one 
molecule to another. (Scheme 3.27.B, path b) 
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or 

/s"-s~S 
~ S  
Sn 

s.~S 
[?TS..sl ~ ~ .  "-SSnl + 
[ I  ~ is-\ + 

~--. s l  s-,,, 
S ~- S ~  

Sn+l 

S= S 

Sn_2 $2 
Scheme 3.27.A 

,s + _ _  [ pa, ha 7 
Sr. Sr. t '~2"d ~S--s~..S.., 

E path b S 
- -  ~ + S~s~  

S, ,~J  Sn.l Sn+l 
(203) 

Scheme 3.27.B 

This mechanism could also explain the interconversions observed in polysulfanes, such as the case 
of the trithiolane-pentathiepine equilibrium. 140,141 

~ s - s  ~ S ' s  + s2 S -.. 
s-s" s" 

ref. 140 

~ S ~  S~ S 
s..' s 

,77 ~ s S s  + S 2 
ref. 141 

3.60XATHIETANES 

Four-membered heterocyclic systems have been postulated to be involved as intermediates along 
the reaction pathway in a number of systems allowing olefin synthesis. This is the case of the Wittig 
reaction (phosphorus) 142 and a family of related reactions: the boron-Wittig (boron), 143 the Peterson 
(silicon) 144 and the Peterson-type reactions (germanium, tin, lead). 145,146 In all these systems, 
interaction of an organometallic species with a carbonyl substrate results in the formation of an olefin, 
the reaction proceeding through a slightly polar four-membered transition state (204). (Scheme 3.28) 
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t~ R 1 
LnM--J--O ~ R 1 R 1 R 1 

+ ~. R 2 ~ e O +  I{ 2 R 2 ~ O 
O "%-R 3 R 3 (204) R 3 R 3 R 2 

Scheme 3.28 

In the case of the sulfur analogues, the reaction of sulfur ylides with carbonyl compounds, known 
as the Corey-Chaykovsky reaction, is a well-established procedure for the synthesis of oxiranes. 4,5 
This reaction is usually considered to involve the formation of an anti-betalne (205) followed by a 
back side attack of an oxido anion on the 13-carbon. (Scheme 3.29) 

R2S~._~~12 R 3 R 2 S . ~ . ,  N O 
= R 2 , . ' ~ ' . , I R  3 + 

+ R4"~:= O R3 , , . ~  O ~ R 1 R 4 
R4 (205) 

Scheme 3.29 

R2S 

By analogy with the olefination systems, and in particular the Wittig reaction using a phosphorus 
ylide, the intermediacy of an oxathietane along the reaction pathway might be considered as a possible 
alternative. Accordingly, a tetracoordinate 1,2X4-oxathietane (206) was synthesised and its structure 
determined by X-ray crystallography. Thermal decomposition led to a mixture of products resulting 
from fragmentation back to the starting ketone, isomerisation via a 1,3-proton shift, as the major 
decomposition pathways. However, the formation of an oxirane (207) by a minor pathway suggested 
that such a 1,2X4-oxathietane may be an intermediate in the Corey-Chaykovsky reaction.147,148 

CF 3 CF 3 

(206) Ph 

CF3 ,CF3 

CDC13 --~ 31% 
155~ 17 h ph r Ph 

Ph O _ CF)~,CF3 (2117), trace sealed tube 

47% 52% 

This suggestion was supported by the thermolysis of a 1,2X6-oxathietane (208), which afforded a 
good yield of the corresponding epoxide (209). 149 

CF 3 .CF 3 

: : o  . .  
I Ph CDCI 3 CF3,0~ 

~ ' ~  S---r 
O~/~CF30- ' -~  100~ 100min C F ~  Ph + ~ S "  

sealed tube ~O (208) CF 3 (209), 85% 97% 
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This suggestion was further supported by the synthesis and study of the behaviour of the two C-4 
stereoisomers of a 1,2k6-oxathietane (210a) and (210b) bearing two different substituents on the 
4-position (CF3 and Ph). Their thermal decomposition led to the selective formation of the 
corresponding epoxides (211a) and (211b) with retention of configuration. However, addition of 
lithium bromide to this thermolysis system led to a different stereochemical outcome with the 
formation of a mixture of the epoxide stereoisomers (211a) + (211b). Therefore the thermolysis of the 
oxathietanes, a salt-free Corey-Chaykovsky type reaction, is a carbon-oxygen ligand coupling reaction 
with retention of configuration. By contrast, the Corey-Chaykovsky reaction involves the anti-betaine 
intermediate (205) which evolves by a back side attack and does not involve a cyclic four membered 
heterocyclic intermediate. 150 

C F 3 [ ~ ,  cF30 I Ph A I ~ ~ , . 8  1-- CF3 "C(F3 8+1 Ph q/ 1 1 1 1 ' 3  t ~ C F 3  

R , , , . ~ ~  ~")~"~ S - - ~  S.~..~ ~ 1 0 + 

o" 'o __[..,,, R ] S~176162 / I R2 (211) Ph 

(210) R 2 L 8- R2 .J 

(210a) and (211a) : R 1 = CF3 and R 2 = Ph 

(210b) and (211b) : R j = Ph and R 2 = CF3 
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Chapter 4 

Ligand Coupling Involving Organophosphorus Compounds 

In the rich chemistry of organophosphorus compounds, a number of mechanistic pathways have 
been shown to occur. Among them, the ligand coupling mechanism is only marginally claimed to 
explain some reaction products. However, a number of theoretical studies have been performed on 
model compounds to study the ligand coupling pathways. (Chapter 2) 

4.1 DECOMPOSITION OF PENTAVALENT PHOSPHORANE DERIVATIVES 

Stable phosphoranes with five ~ ligands are generally prepared by action of an organometallic 
reagent on an halogenophosphorane. The decomposition of the phosphoranes constitutes in itself an 
isolated ligand coupling reaction, which otherwise is part of a multistage process. Early studies of the 
pyrolysis of pentaphenylphosphorane, PPh5, found evidence of the cleavage of C-P bonds, although no 
triphenylphosphane, PPh3, was isolated. 1 In a following study, it was observed that PPh3 along with 
Ph-Ph was formed. 2 The presence of a free radical mechanistic component was ascertained by the 
observation of the initiation of styrene polymerisation. The high yield of benzene which was measured 
shows that the ligand coupling is just a minor pathway, the main one being the free radical 
decomposition reaction. 

Q 
Ph5P 130~ Ph3P + Phil + Ph-Ph + @ P-  Ph 

22% 22% 10% 

Subsequently, a variety of polyaromatic phosphoranes were found to undergo C-P bond scission to 
form tertiary phosphanes along with new carbon-carbon bond formation. 3-5 Thermolysis of spirocyclic 
pentaaryl or alkyltetraarylphosphoranes occurs under milder conditions to afford two main types of 
ligand coupling products. With a small R group (such as methyl or phenyl), the ligand coupling takes 
place between two units of the spirocyclic system. 

R 
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With a large R group (such as 8-quinolinyl or 9-anthryl), release of the steric strain favours a ligand 
coupling process between one unit of the spirocyclic system and the fifth ligand to afford a 
2,2'-biphenyldiyl system. 

t~ A P R 

Pentaphenylphosphorane reacts with phenol or alcohols to yield the corresponding alkoxy or 
aryloxytetraphenylphosphoranes. Thermal degradation of these ethers is very dependent upon the 
nature of the R group. In the case of the phenoxy derivative, two degradative pathways take place. The 
major one involves a proton transfer from one phenyl to the phenoxy ligand, affording triphenyl- 
phosphane, phenol and resinous products derived from benzyne. The minor pathway follows a ligand 
coupling process, leading to diphenylether. 6 With the alkoxy derivatives, the predominant pathway is 
the ligand coupling with formation of alkylphenylethers. 7 

T a b l e  4.1: Decomposition of alkoxy- and aryloxy-tetraphenylphosphoranes at 190 - 200~ 6,7 

Ph4POR 190-200~ Ph3P + PhOR + ROH + Phil 

R 

Me 
i-Pr 

PhCH2 
Ph 

PPh3 (%) 

97 
86 
95 
82 

. . . .  

PhOR (%) 

72 
50 
91 
15 

ROH (%) 

2O 
32 

84 
, , ,  

Phil (%) Others (%) 

4 resinous 
8 resinous 
11 PhCHO, 7 
- resinous 

In the case of alkoxy methyltriphenylphosphorane Ph3PMe(OR), with R = Me, Et, or i-Pr, a similar 
thermal degradation was also observed. For example, the methoxy compound (1) decomposed into 
anisole, which was isolated in 87% yield. 8 

Me 140oC 
Ph3P:CH 2 + MeOH ~ ph3p~, = Ph-OMe + Ph2PMe 

OMe 2 h (1) 87% 67% 

The cyclic phosphonite (2) reacts with aromatic cyclic disulfides in acetonitrile to produce a sulfur- 
containing phosphorane. The system is reversible and the direction depends on the nature of the 
solvent. In acetonitrile, the phosphorane (3) precipitates. But in other solvents such as benzonitrile, 
chloroform, methylene dichloride, benzene or THF, the reverse reaction takes place and is complete 
overnight at room temperature. The practical interest of this reaction is quite limited as it occurs only 
with one phosphonite (2).9 

P ' P h +  "- ~ P~ (Ar) with or .S 
~O t I"(Ar)"l = solvent O [ S-" I"(Ar)"J = S 

(2) (3) 
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The codeposition reaction between phosphane, PH3, and fluorine, F2, in excess argon gave three 
products identified from matrix infrared spectra at 16K: the difluorophosphorane (4), H3PF2, which 
decomposed to the monofluorophosphane (5), H2PF, by loss of HF and to the difluorophosphane, 
HPF2, by loss of H2.10 Difluorophosphorane (4) was prepared as a crystalline material by selective 
low temperature fluorination of phosphane with xenon difluoride in CF2HC1 at - 78~ 11 In the 
presence of anhydrous AICI3, the unstable monofluorophosphane (5) was detected in the gas phase by 
IR-spectroscopy. 

H3PF 2 + 1/xAICl 3 -~ H2PF + HCI + 1/xAICI3.xF x 

(4) (5) 

In the presence of anhydrous KF, difluorophosphorane decomposes to give only phosphane PH3. 
Under basic conditions, in the presence of NH3 or NMe3, the dehydrofluorination product (5) is 
observed as a transient species and reacts further by elimination of HF to yield a polymeric form of 
(PH)n. In the presence of electrophilic halides, such as BF3 or TIC14, H3PF2 afforded the 
monochlorophosphane H2PC1.12 

4.2 REACTIONS INVOLVING PHOSPHORUS (V) REAGENTS 

The unusual reactivity of pyridylphosphane derivatives 13 was first described by Davies and Mann, 
who observed in 1944 that when the pyridylphosphine sulfide (6) was heated with excess methyl 
iodide, only tetramethylphosphonium iodide was isolated in almost theoretical yield. 14 

Br 

(6) 

MeI, 100~ Me4P ~ iO 

A later study showed that tri- and pentavalent di- or tri-pyridylphosphane derivatives (7) - (10) 
react with methyl iodide to yield 2,2'-dipyridine dimethiodide. 15 

, 2I  e 

reaction conditions: MeI, MeOH, 100~ 

(9) 

(1o) 

4.2.1 Heteroaryl-heteroaryl coupling 

4.2.1.1 Phosphine oxides 

The first synthetically useful application of ligand coupling of (2-pyridyl)phosphine oxides was 
discovered by Newkome et al. in their studies on the synthesis of phosphorus containing 
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macrocycles. 16 Treatment of bis[2-(6-bromopyridyl)]phenylphosphane with sodium hexaethyl 
glycolate afforded the expected phosphorus containing macrocycle. But when the bis[2-(6-substituted 
pyridyl)]phenylphosphine oxides (11)or (13) were treated with sodium alcoholate, ring contraction 
occurred with extrusion of a phosphorus moiety, to afford only the corresponding dipyridyl derivatives 
(12) or (14). 

O x /Ph 

toluene, 100~ X (12) X 

X (11) X X - CI or Br" 50-60% 

O / ~ x O . . ~  0 / " - ~ 0 - ~  
( / "  N-'~p,/O RONa ( N ,~~ 
O ~ O (14) 32% 
~ ' - "  Ox~30 ~"~._~ N=( "Ph t~ 100~ ~-Ox~3 N I O 

(13) 

Oae and co-workers have extensively examined this reaction. Nucleophilic attack of an 
heteroaryllithium or an organometallic reagent on the phosphorus atom produces an intermediate 
pentacoordinate derivative. Coupling between an equatorial and an axial substituent leads to the 
products. 17,18 (Scheme 4.1) 

~ P:O 
-N  11 
(15) R 

+ 

R2M 

n m 

~=-N" R]?R 1 

R2__ p., OM 

_ _ 

1 ~ ~ R 2  + ~ '~P-~ORM 

2 
R 1 p.OM 

3 + -" ",R 2 

~ N ~ P \ R 2  + 0 - - M  4 

~ ~ j . _ O M  R 1 6 ~ + P-(R2 

R1 _ _ .  2-pyridyl or phenyl; R 2 = Me, Ph, Ph-CH2 or 4-MeC6H4-CH2; M = Li or MgX 
Pathways 1, 2, 4 and 6 are ligand coupling reactions. 

Pathways 3 and 5 are ligand exchange reactions. 

Scheme 4.1 

Phosphine oxides bearing three 2-pyridyl groups, (15), (R 1 = CH3) react with organometallic 
reagents to afford mostly 2,2'-bipyridine (16) (23-65% yields), together with minor amounts of 
2-substituted pyridines and pyridine. With phosphine oxides beating two 2-pyridyl groups, the reaction 
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with methyl or phenyl Grignard or lithium reagents gives predominantly 2,2'-bipyridine (16). But with 
benzylic Grignard reagents, the 2-benzylpyridine becomes the predominant ligand coupling product. 
For example, reaction of 4-methylphenyl bis(2-pyridyl)phosphine oxide (15), (R1 - PhCH2) with 
benzylmagnesium chloride afforded 65% of 2-benzylpyridine. 17,18 

The alkaline hydrolysis of phosphonium salts gives phosphine oxides and hydrocarbons resulting 
from the most stable carbanions in each case.19, 20 Benzyl tris(2-pyridyl)phosphonium bromide (17) 
undergoes rapid alkaline hydrolysis at room temperature to give good yields of benzylbis(2-pyridyl) 
phosphine oxide and pyridine. 18 

P" CH2Ph, Br + NaOH = "CH2Ph + + NaBr 
(17) 

Upon treatment with acidic or neutral solvents, such as water or alcohols, phosphonium salts (18) 
or phosphine oxides (19) bearing at least two 2-pyridyl or substituted pyridyl groups afford a mixture 
of the corresponding 2,2'-bipyridine and pyridine in overall moderate to excellent yields.18, 21 
(Schemes 4.2 and 4.3) 

O N ~ H  
d"-'~ ~T ,, R 1 . . ~  ( ~ 2 1  % N)~]~k N~ - R +  0 

ON %N . I  b o k~' 
~ ~ ~ R  H2"-~ O /~--~ ~ 'R  H 

| N Br ~ H-O(9 I ~  f f ' ~ ~  
H x.~ g,.r N-H 2 

ff'~/'s R 

OHU R- -O 
Scheme 4.2: Acid catalysed hydrolysis of phosphonium salts 

P=O 
H e 

(19) 

-=,Am. . , . , .  

.,, O H  

X=-N"., J~'R 
Co 

H-O(~ O N  ~ 
h "~ a 

t ~ ~ p , . , , ~  OH 

~-d' i'R 
OH 

Scheme 4.3: Acid catalysed hydrolysis of phosphine oxides 

+ HO- P-  O 
I 

H 
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In both cases, formation of a pentacoordinate intermediate takes place, followed by ligand coupling 
or ligand exchange. In the hydrolysis of phosphonium salts as well as in the hydrolysis of the 
phosphine oxides, two concomitant pathways, ligand exchange (pathway 1) and ligand coupling 
(pathway 2), are competing. They result in the formation of the substituted 2-pyridylphosphine oxides 
or phosphinic acid derivatives and 2,2'-bipyridine together with pyridine. The absence of 2-benzyl- 
pyridine in the hydrolysis of the mixed benzyltris(2-pyridyl)phosphonium derivative (17) or the 
corresponding benzylbis(2-pyridyl)phosphine oxide derivative [(19), R - PhCH2] indicates that, in 
aqueous media, pseudorotation of the benzyl group to the axial position does not take place. 18,21 

Reaction of tris(2-pyridyl)phosphane (8) with chlorine in methylene dichloride or acetonitrile gave 
chlorotris(2-pyridyl)phosphonium chloride or its covalent isomer tris(2-pyridyl)phosphonium 
dichloride (20). Treatment of the dichloride derivative with dilute HCI afforded the coupling product, 
2,2'-bipyridine (16), whereas tris(2-pyridyl)phosphine oxide (9) was isolated from the reaction with 
sodium hydroxide. 

( ~ P  MCelcN~ ( ~ P C I 2  

(8) or CH2C12 (20) 

,9,49  

Treatment of tris(2-pyridyl)phosphane or phosphine oxide with chlorine in acetonitrile in the 
presence of a small amount of water or an alcohol gave the 5-chloro-2,2'-bipyridine (21) as the major 
ligand coupling product. 

,D, + CI 
MeCN 

(S) (16) (21) 
molar ratio ROH / (8) = 10 

R = H 14% 73% 
Me 7% 61% 
t-Bu 2% 84% 

Good yields of ligand coupling products were also obtained in the reaction of tris(2-pyridyl) 
phosphane or phosphine oxide with chlorine in methanol. 

"~ + CI 
MeOH 

(8) (16), 3% (21), 77% 

In these reactions, the first formed chlorotris(2-pyridyl)phosphonium chloride salt (20) is converted 
in the presence of an hydroxylic solvent to the methoxyphosphonium salt and then to the 
pentacoordinated intermediate. The phosphorus groups behave as strong electron-donating group to 
the axial pyridine. This ligand can undergo electrophilic substitution at the 5-position to yield the 
chlorinated intermediates, which undergo a ligand coupling process to lead to product (21). The 
corresponding bromo derivative was formed in the analogous reaction using bromine. 22 (Scheme 4.4) 
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(Q_}? a :  (~~p.a MoOH [e%~p.OMo -- (Q.)-P=O 
MeCN \~= N ,/3 C10 k N= N" ]3 C10 

(8) (20) ~ / M e O W H  | 

(16) 

,OR 

P"OR ~ 

~ C1 ~ ,OR 

(21) 
R = H or Me 

R_~v  ,OR 

MeO ~ 

,Cl: ~Cl: 
C1 CI 

OR W OR 

~-~" ~~o~- ~-~~~.~. 
MeO ~ 

Scheme 4.4 

Other electrophilic substitutions on the 5-position, for example deuteration or diazo coupling, were 
observed to take place very easily. The presence of an electron-donating substituent on the 6-position 
of the pyridine ring did not affect the reaction. In fact, it improved the yield of the ligand coupling 
product in the case of the diazo coupling reaction. 23 

(~3 C12 DCI / D20 

66% as a 4" 1 mixture by NMR 

PhN2C1 / H20 ..-- ~ N= N- Ph 21% 

PhN2CI/H20 ~ (/ \ ~ ( ~  /)--N=N-Ph 67% 

Me Me 

4.2.1.2 Phosphinimines 

When the N-trimethylsilyltris(2-pyridyl)phosphinimine (22) was treated with one equivalent of 
methyllithium at - 78~ a lithium complex (23) binding a dipyridyl moiety with a trivalent amino- 
methyl (2-pyridyl)phosphane was isolated. This compound results from a ligand coupling process 
taking place on the pentacoordinate phosphorus intermediate formed by addition of methyllithium on 
the imine bond. 
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Py3P=NSiMe3 
(22) 

+ 
MeLi 

E t20 / -  78oc 

~ "  N Me Me3Si " I I / SiMe 
.,~1,,.. P-  N Me .  _,, N N , , ~ J  

~,~ N I ~ .  Li ~ N  

(23 

It must be noted that when the analogous triphenylphosphinimine (24) was treated under similar 
conditions, no such ligand coupling was observed. After three days at 25~ only the dimeric 
organolithium complex could be isolated (53%), and its structure was shown by X-ray crystallography 
to be (25). In this case, deprotonation at the ortho position of one phenyl took place, instead of the 
nucleophilic attack of MeLi on the phosphorus atom. Two iminophosphorane units are chelated to a 
single central lithium ion by the two ortho-carbon atoms and the two nitrogen donor atoms. A second 
lithium ion is also coordinated to the two ortho-carbon atoms and to the oxygen atom of a molecule of 
diethyl ether. 24 

Ph3P=NSiMe 3 
(24) 

MeLi 

Me3S~ SiMe31 

Phi, N. N, ~ P h  
~.p" \ . . /  - p..,, 

Et20 / 25~ ._ p h ~ L ' ~ p h  

3days ~'~,,;' Li ~ (25) 

Et'O" Et 

4.2.1.3 Phosphorus oxychioride 

Reaction of the lithium salts of various substituted pyridines with phosphorus oxychloride afforded 
cleanly the 2,2'-bipyridine derivatives. In the case of 2,6-dibromopyridine, the reaction led to a good 
yield of 6,6'-bipyridine (70%).25 

1) n-BuLi / Et20 / - 60~ 
! . .  

2) POC13 (0.25 mol equiv.) / -40~ 
R --R 

R = H 51% 
4-Me 58% 
6-Me 62% 
6-Ph 58% 
6-Br 70% 

The reaction was also extended to the use of 2-benzothiazolyllithium and 2-quinolyllithium. 25 

1) n-BuLi / Et2 0 / ' 6 0 ~  ~ ~ ~'SN~ 
2) POC13 (0.25 mol equiv.)/- 40~ 

55% 

l) n-BuLi / Et20 / - 60~ 

Br 2) POC1 a (0.25 tool equiv.) / - 40~ 

44% 
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4.2.2 Phenyl-phenyl 

Phenyl-phenyl coupling does not generally take place with pentavalent phosphorus compounds, 
whether with phosphoranes or with phosphine oxides. The reaction of organolithium derivatives with 
triarylphosphine oxides usually leads to mixtures of products resulting of ligand exchange and 
disproportionation. 26 However, when the phenyl ring is substituted with electron-withdrawing groups, 
such a process can be observed. For example, alkaline hydrolysis of tetraphenylphosphonium salts, 
beating at least one electron-withdrawing group in the para position leads to moderate yields of ligand 
coupling products. In the reaction mixture, a range of other products were formed by a ligand 
exchange pathway. Among them, triphenylphosphine oxide and monosubstituted benzenes deriving 
from the substituted phenyl ligand were present. In the case of the ortho derivatives, only the 
phosphine oxides were obtained by ligand exchange. 27,28 

para-substituted: 

i ~ , ,~  ~ ~ ( ~  OH O N N / ~ k  0 

BrO (26) 

Yield of (26)" X = NH, 0%; X = NMe, 5%; X = O, 30%; X = S, 30% 

Br O 
+ PhCOPh + Ph3PO 

ortho-substituted: 

~ r | 

~ 0  Br 

OH O ~ N  = ; > " ~  + Ph3PO 

OH O 
e .~ PhCOPh + Ph3PO 

The scope of this ligand coupling reaction is rather limited, as analogues substituted with para- 
trifluoromethyl or phenyl groups did not afford any ligand coupling products, and with the para-cyano 
analogue only traces of 4-cyanobiphenyl were detected. 

4.2.3 Aryl-vinyl coupling 

While reaction of tetraphenylphosphonium salts with aryllithium or arylmagnesium salts affords the 
stable pentaarylphosphoranes, 1 reaction of vinyllithium with tetraphenylphosphonium salts did not 
lead to tetraphenylvinylphosphorane, but instead only the ligand coupling product, styrene, was 
isolated. Moreover, reaction with both cis- and trans-2-propenyllithium afforded only the cis- and 
trans-propenylbenzenes with 100% conservation of the stereochemistry of the starting 
propenyllithium. 29 
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Ph4PID Br e + M e / ~  xLi = M e / ' ~  Ph 

+ M e x ~  x _- M e ~ , ,  Ph4 PtD Br e --- 
Li Ph 

4.3 REACTIONS INVOLVING PHOSPHORUS (IH) REAGENTS 

Simple heterocyclic-substituted phosphanes are most generally prepared by reaction of the 
appropriate organometallic reagent with phosphorus trihalide. 30 However side reactions were 
sometimes observed, which resulted in poor overall yields. Thus the tris(2-pyridyl)phosphane was 
prepared in 13% yield from the reaction of 2-pyridylmagnesium bromide with PCI3.18 Using butyl 
lithium-bromine exchange as a means to generate pyridyllithium, a mixture of 2,2'-bipyridine and 
butyldi(2-pyridyl)phosphane was obtained. 31 In a series of papers, 32-34 Holms et al. have described 
the synthesis of a number of substituted pyridylphosphanes. The occurrence of ligand coupling 
products was also frequently observed.32, 35 Oae et al. developed this unwanted side reaction into a 
useful synthesis of 2,2'-dipyridyl derivatives. Treatment of triarylphosphanes bearing 2-pyridyl groups 
with organolithium reagents in THF afforded ligand coupling and ligand exchange products. 36 When 
tris(2-pyridyl)phosphane was treated with 2 equivalents of 2-pyridyllithium, a quantitative yield of 
2,2'-bipyridine was obtained. 37 

R T/18h  

Moderate to good yields of 2,2'-bipyridine can be obtained by direct treatment of 2-pyridyllithium 
with PC13, together with small amounts of the corresponding triarylphosphanes. 25 The 
dibromoterpyridine (27) could be prepared in 53% yield by a one-pot reaction between 2,6- 
dibromopyridine (4 molar equiv.) with butyllithium (4 molar equiv.) followed by PCI3. 38 

..~.N~ 1) n-BuLi / Et20 / - 60~ 
R "2) PCI3 (0.25' mol equiv.)/-40~ Br 

R =  H 50% 18% 
4-Me 45% 29% 
6-Me 16% 72% 
6-Ph 58% 35% 

Br ~ Br 

1) 4 n-BuLi / Et20 / - 60~ 

2) PCI 3 /E t20 / -  40~ Br ~ Br 
(27), 53% 

Reaction of triarylphosphanes with lithium metal affords the lithium diarylphosphide. Similarly, 
tris(2-pyridyl)phosphane reacts with lithium metal in THF with cleavage of a P-pyridyl bond and 
ligand coupling to 2,2'-bipyridine and lithium bis(2-pyridyl)phosphide. After hydrolysis, the bis(2- 
pyridyl)phosphane was isolated in 66% yield, but no yield was reported for the bipyridine. 39 
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[•3 P + Li 
1 ) THF 

y 

2) H20 
O - P H  

2 

66% 

Moore and Whitesides reported that the reaction of 2-thiazolyllithium with PCI3 afforded the 
trithiazolylphosphane in 64%. 40 However, when they tried to extend this reaction to the preparation of 
tris(2-benzothiazolyl)phosphane (28) from 2-benzothiazolyllithium, they failed. This phosphane (28) 
was eventually obtained by reaction of PCI3 with 2-trimethylsilylbenzothiazole. 40 Later, when Uchida 
et al. reexamined the reaction of 2-benzothiazolyllithium with PC13, they discovered that 2,2'-bibenzo- 
thiazolyl (29) was formed as a major product (61% based on PC13). This compound was also formed 
in 66% yield when tris(2-benzothiazolyl)phosphane was treated with one equivalent of PhLi. 
2-Phenylbenzothiazole was also present in a small amount (9%). 37 

~ S~ 1) n-BuLi 

N 2) PC13 /Et20 /-65~ 
(29), 61% 

, . ,  Gs,>_,,,, + 

(28) 66% 9% 56% 

Ligand exchange is a process known to occur in the reaction of tertiary phosphanes with 
organolithium reagents.41, 42 However the mechanism which was postulated to explain the ligand 
coupling products involves nucleophilic attack of the lithium reagent on the phosphorus atom to give a 
pentacoordinate intermediate. The equatorial 2-pyridyl or heteroaryl group then couples with the axial 
group to yield 2,2'-bipyridine or bi-heteroaryl derivatives. Other nucleophiles may also be effective, as 
treatment of the tris-2-(6-cyanopyridyl)phosphane (30) with methylmagnesium iodide did not lead to 
the expected 6-acetylpyridine derivative, but instead the 6,6'-diacetyl-2,2'-dipyridyl (31) was 
predominantly formed. 35 The acid-catalysed hydrolysis of the acetal-containing phosphane (32) 
requires also the in situ oxidation to a pentavalent species, eventually leading to the ligand coupling 
product (33). 32 

NC ~ 3  P MeMgI = M e ~  Me 

(30) O (31) O 

o 

(32) 

p H20 /HO ~ - ~  
= H H 

O O 

(33) 
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Chapter 5 

Ligand Coupling Involving Organoiodine Compounds 

Known for a long time, the hypervalent iodine compounds have found a number of applications in 
organic synthesis mostly as a result of the activity of a number of chemists in the past two decades. As 
such, the chemistry of these compounds has been extensively reviewed in the past recent years, as well 
for their intrinsic behaviour as for their interest in organic synthesis. 1-25 As a result, this chapter has 
become one of the most important for ligand coupling reactions. However, as an extension of the early 
observations concerning the decomposition of diaryliodonium salts, the importance of this mechanism 
was completely ignored until recently. As Sandin 26 had found that diaryliodonium salts decomposed 
by formation of free radicals, most of nucleophilic aromatic substitution reactions were considered by 
Beringer and his coworkers 27-30 to imply the intermediacy of free radical species formed by 
decomposition of a 9-I-2 intermediate.31, 32 It is only in the mid 1980's that Barton et al. underlined the 
importance of the competition between two processes in the nucleophilic arylation of enolates. 33 By 
using an efficient free radical trap, 1,1-diphenylethylene, they showed that the C-arylation of a 
13-ketoester is a ligand coupling reaction whereas the observation of free radical derived products is in 
fact a detrimental competitive side reaction which is inhibited by 1,1-diphenylethylene. The 
importance of this observation starts only now to be recognised, even though the free radical pathway 
is still sometimes considered as a preferred alternative to the ligand coupling nucleophilic 
substitution. 34 The ligand coupling mechanism was suggested by Moriarty to be involved in a wide 
range of the reactions of organoiodine compounds. 12 

5.1 DIARYLIODONIUM SALTS 

5.1.1 Diaryliodonium halides : decomposition 

The thermolysis of iodonium salts possessing a nucleophilic counteranion can be realised either in 
solution or in the molten state under rather drastic conditions. It affords the arylated derivative of the 
anion together with an aryl iodide. 

Ar2it~ X e A "---- ArX + ArI with X = CI, Br or I 

The synthetic interest of this reaction is somewhat limited. Among the synthetically useful 
reactions, 2- and 3-haloindoles can be obtained from the 3-indolyliodonium salts by reaction with 
chloride or bromide ions in DMSO. 35 Thermolysis of dibenzoiodolium salts (1) leads to the diiodo 
compounds (2) in good yields. 36-38 
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210~ 

' (1) X = I  
X I 

(2), 98% 

The mechanistic aspects of the thermolysis reaction have been a long standing matter of debate. 
The reaction has been interpreted for decades in two ways: either as a homolytic mechanism or as a 
heterolytic mechanism. The nucleophilic-type substitution mechanism was suggested in 1936 by Lucas 
et al. 39 while, at the same time, Sandin et al. 26 suggested the occurrence of the free radical 
mechanism. These two major alternatives led to a number of mechanistic studies.35,38, 40-48 In 
particular, the thermolysis of unsymmetrically substituted iodonium salts bearing ortho-methyl groups 
(3) and (4) showed an unexpected preferential attack of the halide on the more substituted phenyl 
ring. 45,47 This ortho-effect does not agree with either the free radical mechanism or the classical 
nucleophilic aromatic substitution. It is now generally admitted that the occurrence of a ligand 
coupling mechanism is the major pathway in the thermolysis of diaryliodonium salts bearing a 
nucleophilic counteranion. This mechanism was implicitly suggested by Lancer and Wiegand. 47 It 
appeared to Koser as the most likely in his review in 1983. 5 In 1985, Grushin et al. suggested its 
occurrence to explain the reactions of phenyl (B-carboranyl)iodonium salts 49 and it is only in 1992 
that these authors generalised the intervention of ligand coupling mechanisms in iodonium chemistry 
in competition with free radical processes.16, 50 

Table 5.1: Relative ratios of aryl halides in the thermal decomposition 
of ortho-methyl substituted diaryliodonium salts 45,47 

.Ph Me Me Me 
~ I ,  X 235~ ~ X ~ I 

/ 

, ~ § 

(3) X = C1 84 16 
Br 87 13 

1311 65 35 

Ph Me Me ye 

Me" ~ -Me Me Me Me Me 
(4) X = Cl 95 5 

Br 96 4 
1311 84 16 

5.1.2 Reactions of diaryliodonium salts with inorganic anions 

Among the reactions of diaryliodonium salts with inorganic compounds, their hydrolysis has been 
studied in detail.40,41,43, 51-53 The hydrolysis reaction proceeds quite slowly in boiling water. 
However, in the presence of aqueous alkali, the hydrolysis takes place in a few days for diphenyl- 
iodonium bromide to afford a mixture of iodobenzene, bromobenzene and phenol. With weakly 
nucleophilic anions, the reaction affords iodobenzene, phenol and a small amount of diphenylether. 
The reaction was considered to involve an unstable hydroxydiaryliodane, which is likely to be in 
equilibrium with diaryliodonium hydroxide. Decomposition of the hydroxyiodane leads to the 
products. 53 
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Ar2i ~ X e + OH e ~ Ar2it~ O H e  -. - Ar2IOH = ArOH + ArI 

Several inorganic anions have been arylated by diaryliodonium salts, possessing a non-nucleophilic 
counteranion. A number of examples are reported in table 5.2. 

Table 5.2: Arylation of inorganic anions by diaryliodonium salts 

Nucleophile 

NaNO2 

NaN3 

Na2SO3 

NaSCN 

NaCN 

NaF 

Na2Te 

KSP(O)(OR)2 

NaSeP(O)(OEt)2 

NaP(O)(OR)2 

Product 

ArNO2 

ArN3 

ArSO3H 

ArSCN or ArNCS 

ArCN 

ArF 

Ar2Te 

ArSP(O)(OR)2 

Ar2Se2 

ArP(O)(OR)2 

Yield (%) 

35-88 

95-98 

60-95 

17-98 

23-58 

39-96 

76-92 

86-95 

62-82 

79-93 

Ref 

40,54-59 

58,59 

30,40,57 

58-60 

40,58,61 

59,62,63 

64 

65 

66 

67 

5.1.3 Reactions of diaryliodonium salts with carbon nucleophiles 

5.1.3.1 Reactions with organometallic reagents 

Iodonium salts react with aryl Grignard reagents and with aryllithium reagents to afford biaryl 
products in varying yields. The reaction proceeds through triaryliodane intermediates, which undergo 
more or less spontaneously ligand coupling. Triphenyliodane (7), prepared by reaction of phenyl- 
lithium at - 80~ with either diphenyliodonium iodide (5) or phenyliodine dichloride (6), decomposes 
easily at - 10~ into biphenyl (8). 68 (Scheme 5.1) The cyclic aryliodinanes, 5-aryl-5H-dibenzoiodoles, 
are more stable. They are synthesised at 0~ and persist for hours to several days at room 
temperature. 69-72 Due to their rigidity, the cyclic iodinanes require more severe conditions for their 
decomposition, which can follow different pathways. At room temperature, 5-phenyl- 
5H-dibenzoiodole (9) gave a complex mixture of products, involving various free radical 
intermediates. In hexane under reflux, 2-iodo-ortho-terphenyl (10) was formed as the major product 
(80%). 70 The ligand coupling pathway was considered more likely than the free radical pathway, 
although it does not agree with the Grushin ligand coupling model for iodonium compounds. 16 
(Scheme 5.2) The diorganoiodonium salt itself can be an intermediate of the overall sequence of 
reactions. This is the case of the reaction of aryliodonium dichlorides with arylmetallic reagents, which 
afforded directly biaryl products.73, 74 

Ph2i t~ I e + PhLi . . .~80~ Ph 
(5) ~ I-- Ph 

PhICI 2 + 2PhLi ~ Ph! (7) 
(6) 

Scheme 5.1 

- lO~ 
: Ph-Ph + Phi 

(s) 
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I--X + PhLi -~ I ~  

O) 
Scheme 5.2 

hexane 
reflux I 

80% 

The reaction of diaryliodonium salts with alkylmetal reagents affords in general modest yields of 
the arylalkanes, together with by-products resulting from a free radical pathway.40,73, 75 However, 
when iodobenzene dichloride was treated with butyllithium, good yields of octan were obtained. The 
careful mechanistic study eventually showed that, in this case, the reaction did not proceed by ligand 
coupling, but by a classical SN2 mechanism. 76 

The behaviour of 3-indolylphenyliodonium trifluoroacetate (11) appeared unusual. It reacted with a 
number of alkyl and aryllithium reagents to lead to the 3-substituted indoles (12). 77 

IPh .,R 

O N I J  CF3CO2e + RLi = 
" (11) N'IJ (12), 61-71% 

The reaction of iron pentacarbonyl with alkyl or phenyllithium gives acyltetracarbonylferrates, 
which react in situ with diaryliodonium salts to afford moderate to good yields of arylketones. 78 

Li[RCOFe(CO) 4] + Ar2I ~ X 0 R-CO-Ar + ArI 
48-85% 85-92% 

5.1.3.2 Reactions with ketonic and ester compounds 

Diaryliodonium salts react more or less easily with carbonyl compounds to afford the C-arylated 
derivatives. Depending upon the nature of the substrate, different experimental conditions have been 
used. These reactions are generally performed in alcoholic solvents (t-BuOH, t-AmOH .... ) or in DMF, 
at temperatures ranging from low (- 78~ to reflux of the solvent. Arylation of simple ketones has 
been obtained either by reaction of the ketone enolates with an appropriate diaryliodonium salt, 79-81 or 
by reaction of the ketone enol silyl ether with diaryliodonium fluoride. 82 Phenylation of the potassium 
enolate of acetone (13) with diphenyliodonium bromide (14) afforded a modest yield of the 
monophenylation product, but the stimulation with solvated electrons led to overreaction due to the 
subsequent reaction of the iodobenzene, a good SRN 1 arylating agent under these conditions. 80 

CH3COCH2 O K t~ + Ph2 I~) Br O NH3 
(13) (14) - 78~ 

CH3COCH 2- Ph 33% 

Variable results were obtained when the enolates of more or less sterically hindered acetophenone 
derivatives were treated with diphenyliodonium salts in alcoholic solvents. Phenylation was observed 
together with side reactions such as polymerisation of free radical species. 79 

0(9 0 
~ ~ (  Ph2I t~Cl 0 ( 1 6 ) ~ M e  

Me t-BuOH = Ph 15) 
07), 68% 
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The phenylation of hydrocodone (18) was cleanly performed in a good yield by reaction of the 
lithium enolate with diphenyliodonium iodide (5). 81 

Me"N ~ ~ , P h  ~ ~ : P h h  
Me.. N H Me.. N 

1) TMS2NLi 
O 12-crown-4 / THF._ 

OMe (18) (5) OMe 71% OMe 4% 

The occurrence of two competing pathways was also observed in the reaction of some enol silyl 
ethers with diphenyliodonium fluoride (19), which afforded the mono- or the di-phenylated products in 
moderate to good yields. This C-phenylation reaction is likely to occur by a ligand coupling process. 
However, with some hindered silyl enol ethers, for example (20), diketone dimers (21) were also 
isolated, indicative of a free-radical component in the overall mechanistic picture. 82 

OTMS O 
R % R  1 Ph2I~F t~ (19,= R~R2IR~h 20-88% 

O 
t-Bu ''I~OTMSCH2 Ph2i(~, F O (19)~ t-Bu ~ ,  Ph 

(20) 37% 

O O 

t-Bu ~ ' ' - - ~  t-Bu 

(21), 14% 

The major part of the reactions of a-arylation which have been reported were performed on 
substrates containing active methylene groups, such as 13-diketones, 13-ketoesters, 13-ketonitdles and 
malonic acid derivatives. Less activated compounds, such as 13-ketosulfides have also been efficiently 
arylated on the a-carbon. (Table 5.3) The yield of the arylated product can be increased by addition of 
1,1-diphenylethylene, acting as a free radical trap. For example, in the reaction of phenylation of ethyl 
cyclohexanonecarboxylate, addition of 1,1-diphenylethylene reduced the radical chain decomposition 
in such a way that an 80% yield was obtained instead of 55% in absence of 1,1-diphenylethylene. 33 

Table 5.3: Examples of a-arylation of activated carbonyl derivatives. 

Substrate 

MeCOCH2CO2Et 

RCH(CO2Et) 
R = H, alkyl, Ph, NHAc 

0 
Me . O ~  R 

0 
R - H, alkyl, Ar 

Product 

MeCOCHPhCO2Et 

RCH(CO2Et) 

O 
Me . O ' e R  

M  Xo_ Ar 
0 

Yield (%) 

23-68 

59-95 

Ref 

83 

29 

84 
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Substrate 

O 
. CO2Et 

E t O 2 C ~  CO2Et 

0 

SPh 

~ ~ _ N  O Me 

Product 

0 ~ CO2Et 
Ph 

O O ~ p-Tol 
EtO2C CO2Et 

O 

Ph 

Ph SPh 

~ N  O Me 

Yield (%) 

60 a 
55 b 
80 e 

50 

70 

Ref 

85 
33 
33 

86 

79 

87 

a""- reaction with diphenyliodonium chloride and sodium tert-butoxide in tert-butanol 
under reflux 
b - reaction with diphenyliodonium acetate and N-tert-butyl-N',N'3V"CN"-tetramethylguani- 
dine in tert-butanol under reflux 
c - reaction with diphenyliodonium acetate, N-tert-butyl-N',N',N",lC"tetramethylguanidine 
and 1,1-diphenylethylene in tert-butanol under reflux 

In the case of l~-diketones, a mixture of C- and O-arylated products were obtained in the reaction of 
1,3-diketones with diaryliodonium salts, the O-aryl product being obtained generally in low yields. 
This ambident reactivity of 1,3-diketone derivatives was observed in different cases: sterically 
hindered reactants,28, 88 polybenzoylmethane derivatives 27 and dimedone. 27,89 

' * u ~  e 

Ph + Ph2I (~XO = Ph 
Ph 

0 0 

85-93% ref. 28 

O ( C 9  ' uOO ~ Ph § I r 

0 

23% ref. 88 

O ~  + Ph2 I ~ x  
| t-BuO0 _ 

73% ref. 88 
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O O 

Ph " l ~ j l "  Ph 
Ph2it~ X e  O O 

P h ~  1~ Ph 
t-BuO e Ph 

31% 

O 
+ p h , ' l ~ ~  OPh 

Ph 
9% 

ref. 27 

O O 

P I 1 X  Ph 
Ph2i~X e O O O OPh 

t-Bu t:)O- Ph Ph + Ph Ph 
P Ph O 

10% 68% 

ref. 27 

O Ph2I ~ X e  

O t-BuOe 

O O O __ Ph 
OH OPh 

ref. 27,89 

Arylation at the ~,-position has been reported in the case of a number of 13-diketones, when the 
dianions of these substrates were treated with diaryliodonium salts. 90,91 

O O| O O 
R " j l ~  C H ?  2 Li t~ Ph2 I(9 xO _-- R , J l , , , , ~  Ph 40-98% 

An intramolecular variation of the arylation reaction of a 13-diketone led to cyclised products (24). 
The reaction involved the treatment of an ot-(aryl)alkyl 13-dicarbonyl derivative (22) with phenyl- 
iodine(HI) bistrifluoroacetate (23), followed by base catalysed ligand coupling reaction. 92 

R O ~ ~ ' ~ C H 2 ~  COR1 ~ , ,~ ' , , i  ~ I ~  

(22) + COR2 rt " , ' - - 2 / n l ~ O  & I ~ ' ' H ~ ' C O R 1  

PhI(OCOCF3) 2 (23) COR 2 

42-88% yields for the two steps 

R1CQ COR 2 
t-BuOK ~ 

(24) 

5.1.3.3 Reactions with nitro compounds 

Diphenyliodonium tosylate (25) reacted with the sodium salt of nitroalkanes to afford relatively 
good yields of exclusively the C-phenyl products. The reaction took place at room temperature in 
DMF, but required a higher temperature for the less reactive ethyl tz-nitrocaproate (55~ 93 Lower 
yields were obtained when the reaction was performed with diphenyliodonium bromide in methanol. 32 

.NO2 ] O + | Ph, .NO 2 
R1 ,,I,, RE J NaO Ph2I(25)TsO O DMF / RT __._ R1 "C" R2 54-69% 

The potassium salts of 1,1-dinitroethane and 1,1-dinitropropane are also phenylated by diphenyl- 
iodonium tosylate (25) in ten-butanol under reflux (yields 67-68%). Poor yields were obtained when 
the reaction was performed in DMF (5%). 94 
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5.1.3.4 Reactions with enamines 

The reaction of cyclohexanone enamines (26) with diaryliodonium salts gave only poor yields of 
the (z-aryl ketones (27) after hydrolysis. 95 

O 

~ (  N / '~X  + - ~ (27), 8-20% Ar2 IO Z 0 1) RT _ Ar 

26) k----/ 2 ) H 3 0 0  

5.1.3.5 Miscellaneous reactions 

The reaction of the 3-phenyliodonium salt of quinolin-2,4-diol (28) with various nucleophilic 
reagents led to the ligand coupling products in good yields. 96 (Scheme 5.3) 

o .  

94% OH ~ ~ ~ - ~ h  ~ t "  Nr OH 63% 

o .  ~ OR (28) 

OH 
88-93% OH ~ N ' "  OH 91% 

Scheme 5.3 

The reaction of diaryliodonium salts with carbon monoxide in the presence of methanol led to the 
formation of methyl benzoate derivatives. 97 

Ar2IOX O + CO + MeOH : ArCO2Me 49-60% 

5.1.4 Reactions of diaryliodonium salts with oxygen nucleophiles 

5.1.4.1 Reactions with alcohols 

The O-arylation of methanol by reaction of diaryliodonium bromides with sodium methoxide was 
first reported by Beringer et al. to afford good yields of anisole derivatives (43-71%).40 Later studies 
showed that the reactions of diaryliodonium salts with metal alkoxides led to a range of products. 57,98- 
100 The alkyl aryl ether is accompanied by side products such as arenes, aldol resins or ketones, which 
are sometimes preponderant. Two major pathways can explain the occurrence of these products: a 
radical chain reaction and a ligand coupling reaction. The generally modest yields of alkyl aryl ethers 
can be improved by addition of a crown ether. 101 The unwanted radical pathway can be stopped by 
addition of DPE (1,1-diphenylethylene), acting as a radical scavenger. This results in a significant 
increase of the yield of the ligand coupling product, the alkyl aryl ether. 99 

O O EtOH, 71~ 
p-MeC6H4IPh BF 4 + EtONa ~ PhOEt + p-MeC6H4OEt 

9.5% 2.6% 

O O EtOH, 71~ 
= PhOEt + p-MeC6H4OEt p-MeC6H4IPh BF 4 + EtONa Ph2C=CH / (1 equiv.) 55% 22% 
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In the case of unsymmetrical diaryliodonium salts (the anisyl, tolyl or nitrophenyl derivatives of 
phenyliodonium salts 99,100 or some thienyl aryliodonium salts57), the product composition is always 
in favour of the ligand coupling product involving the less electron-rich arene group. A good yield of 
3-methoxyindole (60%) was obtained in the reaction of phenyl 3-indolyliodonium chloride with 
methanol in the presence of boron trifluoride-etherate. 77 

| | 
p-MeOC6H4IPh BF 4 + EtONa PhOEt + p-MeOC6HaOEt 

15% 1% 

| | 
p-MeC6H4IC6H4m-NO 2 BF 4 + EtONa p-MeC6H4OEt + m-NO2C6H4OEt 

4% 79% 

5.1.4.2 Reactions with carboxylic acid salts 

Diaryliodonium salts react with sodium benzoate to give the aryl benzoates in moderate to good 
yields (40-85%). 40 Treatment of biphenyleneiodonium sulfate (29) with sodium methoxide failed to 
give 2-iodo-2'-methoxybiphenyl. However, this product was obtained by an indirect sequence 
involving the formation of 2-iodo-2'-acetoxybiphenyl (30) by reaction of the biphenyleneiodonium 
sulfate with sodium acetate in boiling glacial acetic acid. Nearly quantitative yields were obtained 
when the reaction was catalysed by copper salts. 102 

s o  2 o  A c O .  
+ AcONa CuSO 4 cat. ~ 

2 I OAc 
(29) (30), 99% 

5.1.4.3 Reactions with phenols 

The reaction of phenols with diaryliodonium salts leads to the diaryl ethers in modest to good 
yields, depending on the substrate and the reaction conditions.31,40,51,103 A number of studies have 
dealt with this reaction as it was involved in the synthetic sequence towards diaryl ethers of biological 
importance, such as bisbenzylisoquinoline alkaloids 104 or thyronine and tyrosine derivatives. 105 The 
reaction requires relatively harsh conditions, as it is performed under reflux of the solvent. In the case 
of unsymmetrical diaryliodonium salts, the less electron-rich aryl group of the iodonium salt is 
preferentially transferred. 

OMeoH O ~  CO2Me 

I ( ~  I ~  NaOH "" I 30% ref. 104 
+ C1 e H20 / 70~ ~ 

CO2Me J 2 
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NHAc I x .CO2Et 

[ ~ 2  ~ CO2E t ~ ~ N H A c  
MeO + NaOMe 

MeOH I 95% 
1/2 SO? e I I reflux 

OH MeO 

ref. 105 

A range of unsymmetrical polychlorinated diarylethers have been obtained by this reaction in 
modest to good yields. 106,107 

l 
a , I 

(9 HSOY + 

Cl CI C1 C1 Cl 

CI---~ "- C I - ~  0 = ~  Cl 30% 

CI 

C1 CI C1 C1 C1 C1 

5.1.4.4 Reactions with nitrogen-containing compounds arylated at oxygen 

Hydroxamic acids react with diaryliodonium salts to afford the O-phenyl derivatives.lOS, 109 A 
number of heterocyclic compounds containing N-hydroxyamino groups were selectively arylated on 
the oxygen atom. 110-116 (Table 5.4) In the case of oximate anions, ambident behaviour was observed, 
with predominant O-arylation. 117 With heterocyclic oximes, the O-aryl ethers were mainly formed and 
served as precursors to prepare unstable aryl fulminates. 118,119 (Table 5.5) In the reaction of quinolone 
derivatives with diaryliodonium salts, the products of O- or C-arylation were obtained.120,121 (Table 
5.6) 

Table 5.4: O-Arylation of N-hydroxyamino compounds 

O 1) TI(I)OEt O I I  I I  

Ph" C" NHOH e O"- ph IC" 
2) Ph2I X N- OPh 

H 
66% ref. 109 

H o * N y  N 

R 

Ph2i (9 CF3CO20 
PhO" N ~  N 

R = H or Et R 

70-72% ref. 110 

M e O ~ N = = ~ O  
Ph2I (9 BF4 (9 ~ N  ~ _ = MeO OPh BF4(9 95% ref. 111 

O O 
oNa ph,IOClO 

O O 

mr. 115 

O O 

ph I~ 66, 

O O 

ref. 114 
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Table 5.5: O-Arylation of oximes 

NOH 

R l k R  2 

At2 I ~  X 0 N "OAr 

"~ R l k R  2 

o x  gr 
N ~ 

R 1 A R  2 

Me NOH | 0 Me NOPh 

N ~ O ~  Ph2I CI "- N ~ O ~ - - -  
O K2CO3 / acetone O 

300~ 196~ 
Ph-  O-N----C 

or hv, Ar, 10K 

AgO 
N 

o @ . f o  
oxo 

Ph2 I~  C1 

PhO 
| N 

O ~ , , , ~ O  585~ 196~ "~ 
Or hv, At, 12K - a h -  O- N---- C 

54% 0~0 

ref. 117 

ref. 118 

ref. 119 

0 
Me- N , ~ N O  

. NH2 
Me 

| | 
Ph2I X 

O 
Me. N %  NOPh 

-r 
I 

Me 

Table 5.6: O-Arylation of quinolin-2-one derivatives 

99% ref. 116 

. Ph2It~ X 

O K2CO3 
H 

Ph 

0 Ph 

OPh 0 
H 

Ph2 It~ X 0 

Ph 

~ ~ , ,  | BF 4 72% 
OPh 

ref. 121 

ref. 120 

5.1.5 Reactions of diaryliodonium salts with nitrogen nucleophiles 

The reaction of amines with diaryliodonium salts does not give, in general, synthetically useful 
yields of the aniline derivatives. Competing pathways take place to afford the ligand coupling product 
and the formation of free radicals which evolve into different by-products. The outcome is dependent 
upon the nature of the amine and of the reagent and its counterion.40,122 The reaction of N,N- 
diphenylamine was reported to afford triphenylamine in 20% yield. 123,124 

& IPhBF  - &NMo, , , ,  r f40 
NO2 NO 2 
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O2N O2N 

43% ref. 40 

{ 
02 2 

~ NEt 2 4% ref. 40 

O2N 

Ph-NH 2 + Ph2I @ Br e H20 = Ph-Br only product ref. 122 

Ph- NH 2 + Ph2I r BF40 i-PrOH Ph-NH-Ph 45-50% ref. 122,124 

The outcome of the reaction of pyridine with diaryliodonium salts was dependent upon the nature 
of the counterion. With a non-nucleophilic counterion as the tetrafluoroborate, the N-phenylpyridinium 
salt (31) was obtained in high yield. 123 With bromide, no reaction occurred and with chloride, ring 
arylation was observed as a result of the formation of phenyl free radicals. 125 

__••N• X=CI  
Ph -~ 

ref. 125 

X = B F  4 9 0  § ~ (31) ,  88% 

XO ref. 123 Ph BFe4 Ph2I 

A range of amidic nitrogen functions have been N-arylated by diaryliodonium salts. The reaction 
conditions vary with the nature of the substrate, and moderate to good yields of the mono- or di- 
arylated products (32) - (34) can be obtained.40,126 

0 0 
Ph2,~176 

~" N-Ph 

O O 

O2), 33% ref. 126 

O O 

~ S  "N'H Ph2Ir x O  ~ S "  = N- Ph 

02 02 

(33), 75% ref. 40 

M e - ~  SO2-NH 2 
Ph2I ~ X O 

~ M e ~  SO2-NPh 2 (34), 45% ref. 40 

Although the reaction of hydroxamic acids with diaryliodonium salts affords the O-phenyl 
derivatives,108,109 (see Section 5.1.1.3.3) the reaction of the closely related N-hydroxycarbamates led 
exclusively to the N-aryl derivatives. 127 

O O 
" Ar2I | Br| C._ .. OH 

t-BuO" C. NHONa t-BuO" 23-90% ref. 127 
= N,,Ar 
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The overall process may be further complicated, as the treatment of N-alkyl-N-hydroxycarbamate 
(35) led to an intermediate N-aryl derivative which underwent a series of rearrangements and acyl 
migrations to afford eventually the 2-hydroxyanilide derivative (36). 128 

O 
II (p_Tol)2 I 

t_BuO-'C- N. -ONa 
(35) Me 

| | 
Br 

t-BuO" 

0 HO 
II 

C,,N....~ ~ ~ / M e  

Me 
(36), 65% ref. 128 

A variety of heterocyclic systems afforded the N-aryl derivatives.120,129-132 Aryne intermediates 
were sometimes involved. Indeed, the reaction of the sodium anion of 5-phenyltetrazole (37) with 
di-p-tolyliodonium bromide gave the two 1,5- and 3,5-diarylated derivatives as mixtures of meta- and 
para-tolyl regioisomers in a 1:1 ratio. 129 

O 

"LNH + 
N.N Ph2I~ Cl e 

O 0  

"Ph 
61% ref. 132 

Tol 

lq + (p-Tolyl)2It~ Br e .-- /~ Iq + ', ~q 

Ph Ph 
(37) 13% 17% 

(1:1 m- and p-Tol) (1" 1 m- and p-Tol) 

ref. 129 

5.1.6 Reactions of diaryliodonium salts with organochalcogen nucleophiles 

Reactions of diaryliodonium salts with various organochalcogen anions led to the arylchalcogen 
derivatives. (Table 5.7) The anions of sulfur compounds afford generally the S-aryl derivatives. 
Sometimes the intermediate iodanes can be isolated. Examples are the reaction of dithiocarbamate and 
xanthate salts with diaryliodonium.133,134 Upon heating, the dithiocarbamate derived iodane afforded 
the aryldithiocarbamates. 133 Thermal decomposition of the xanthate derived iodanes gave mixtures of 
arylxanthates and diaryldisulfides. 134 

Thiolates react with diaryliodonium salts to afford the corresponding aryl sulfide derivatives in fair 
to good yields.135,136 The intermediate arylthioiodanes, Ar2ISR, have been sometimes isolated and 
their thermal decomposition led to the unsymmetrically substituted sulfides.134,136 A small range of 
heteroaromatic sulfides afforded the S-aryl compounds.134,137,138 Under more severe conditions, the 
diarylsulfides react further with diaryliodonium salts to afford the corresponding triarylsulfonium salts 
either under thermal activation123,139,140 or under photochemical activation. 141 Upon copper catalysis, 
good to quantitative yields are then obtained at room temperature. 142-145 Good yields of 1-aryl- 
benzo[b]thiophenium triflates were similarly obtained by the copper catalysed arylation of benzo[b] 
thiophene with diphenyliodonium triflate. 146 Moreover, the reaction was extended to the double 
arylation of the more readily available arylthiols. 147 Similarly, the reaction of areneselenolates with 
diaryliodonium salts led to diarylselenides 148 and triarylselenonium salts were easily obtained by 
copper catalysed arylation of diarylselenides. 142 
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The arylation of the phosphorus atom of organophosphorus compounds has been described in the 
case of triarylphosphine. Best yields are obtained when the reaction is performed under photochemical 
activation, although thermal activation afforded also the tetraarylphosphonium salts. 149,150 

Table 5.7: Arylation of organochalcogen anions by diaryliodonium salts 

Nucleophile 

RSNa 

PhSR 

ArlAr2S 

ArSH 

ArlSO2Na 

RC(O)SK 

ArC(S)SNa 

R1R2NC(S)SNa 

ArlSeNa 

Ph2Se 

ArlTeNa 

Product 

RSAr 

Ph2S R t9 

Ar~Ar2AraS | 
Ph2SAr | 

Ar I SO2Ar 2 

RC(O)SAr 

ArC(S)SAr 

R1R2NC(S)SAr 

ArlSeAr 2 

Ph2SeAr ~ 

ArlTeAr 2 

Yield (%) 

81-98" 

65-99" 

48-87" 

22-95 

42-76 

65-88 

56-90 

58-75 

49-90* 

46-81 

* copper-catalysed reaction 

5.1.7 Copper-catalysed reactions of diaryliodonium salts 

Ref 

135,145 

151 

142 

147 

40,59,60 

152 

153 

154,155 

148 

142 

156 

The arylation of nucleophiles by reaction with diaryliodonium salts can be greatly facilitated by 
copper catalysis. This effect was observed by Beringer et al. in the thermal decomposition of 
diaryliodonium halides 41 as well as by Caserio et al. in the hydrolysis of diaryliodonium salts. 52 The 
thermal decomposition of diphenyliodonium chloride shows a reduced activation energy upon copper 
catalysis : Ea = 19 kcal/mole in diethylene glycol in the presence of CuCI instead of 31 kcal/mole in 
the absence of catalyst. 41 From the synthetic point of view, the copper-catalysed arylation with 
diaryliodonium salts has been particularly useful in the case of a number of reactions involving 
heteroatomic nucleophiles, in particular for S-, Se-, O- and N-arylation reactions. 

The S-arylation of sulfides is greatly improved by copper catalysis. The uncatalysed reaction 
requires heating under reflux to afford modest to moderate yields of the S-aryl sulfonium derivatives. 
By contrast, upon copper catalysis, the reaction proceeds at room temperature to afford good to high 
yields of the S-aryl sulfonium derivatives.142-146,151 Moreover, the reaction was extended to the 
double arylation of the more readily available arylthiols. 147 Similarly, the reaction of areneselenolates 
with diaryliodonium salts led to diarylselenides148 and triarylselenonium salts were easily obtained by 
copper catalysed arylation of diarylselenides. 142 

O o o I O  sPh 
Ph2I AsF 6 .._ io z 

LMe" .]2 71% 

ref. 145 
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R 1 

R 2 
Ph2i O OTfO 

Cu(OAc)2 

R 1 
OTfO 

R 2 
! 

Ph 81-94% 

ref. 146 

2 Ar2IOX O + Ar'SH + R3N C u(I) ~ Ar2~S - Ar' X e +  2 ArI + R3NHOX O 
or Cu(II) 48-87% 

ref. 147 

At2 IO AsF? + Ph2Se Cu(OBz)2 O ~ Ph2Se- Ar AsF~ 49-90% ref. 142 

The catalytic effect of copper salts on the O-arylation of alcohols has been observed, but its 
synthetic importance remains limited. 61,157 The formation of 2-iodo-2'-acetoxybiphenyl (30) by 
reaction of the biphenyleneiodonium sulfate (29) with sodium acetate in boiling glacial acetic acid was 
quantitative when the reaction was catalysed by copper salts. 102 (see 5.1.4.2) In the case of phenols, 
the O-arylation by diaryliodonium salts is preferentially performed in a weakly basic medium 
(generally triethylamine) in the presence of copper bronze in dichloromethane or methanol at room 
temperature or at mild temperatures (around 50~ Under these conditions, the O-aryl ethers are 
obtained easily in good yields. 158-160 

I  O l I o  

0 hJBr| 
CH2P 2 

CO2M e CHO H 

H H Cu, Et3N - ~ ~ C O 2 M e  
i w ,,,r 

MeOH O 
O OMe 50% 

OMe I 
OH CH2Ph 

ref. 159 

, - -  m 

--I 

Me 

CI 2 

CF3CO2 e 

{~ CF3CON H CO2Me 

OH T 
+ B r ~ B r  Cu b r o n z e  M e O ~ B ~ ~  

~ "  Et3N' CH2C12 ~-t- N Br 
k,,y, CO2Me 

~ , N  50-60% 
NHCOCF 3 

CI 

ref. 160 

The N-arylation of amines also greatly benefits from copper catalysis, mostly in the case of 
anilines.61,161,162 The reaction involves the treatment of the aniline by the diaryliodonium salt in 
2-propanol or in DMF, at temperatures ranging from 80 to 100~ N-Arylanthranilic acid derivatives 
were obtained in high yields by the copper(II) catalysed reaction of the appropriate aniline with 
various diphenyliodonium-2-carboxylate derivatives. 161,162 The less electron-rich ligand is transferred 
to the anilines nearly exclusively. Although diphenyliodonium-2-carboxylate (38) is a good source of 
benzyne at higher temperatures under neutral conditions, 163-165 arynic intermediates are not involved 
in this copper catalysed reaction. 
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I e 

(38) 6 

~ C O 2 H  

i-PrOH / 80~ " ~  N 6  90% 
+ Me Cu(OAc)2 Me 

Me Me 

ref. 161 

The copper catalysis can also influence the regiospecificity of a reaction involving ambident 
nucleophiles. For example, the uncatalysed reaction of thiocyanate affords arylthiocyanates, ArSCN. 
Upon copper catalysis, the same system leads to arylisocyanates, ArNCS, as the major products. 6~ The 
copper-catalysed reaction of iodonium salts with organostannanes using copper(I) iodide as a catalyst 
in DMF at room temperature led to cross-coupling products in high yields. When the reaction was 
performed in the presence of carbon monoxide under mild conditions, it led to the synthesis of 
organoarylketones in good yields. Aqueous conditions were compatible to effect the same mild 
reactions when the boron reagents, in the presence of a base, were used instead of the stannane 
reagents. 166 

e CuI / DMF 
PhlAr X + RSnBu 3 = A r -  R 73-95% 

| 
PhiAr X 

e CuI / DME O 
+ RSnBu 3 + CO ~ 

R Ar 
83-94% 

tD e CuI / Na2CO3D" 
PhIAr X + RBR'2 "DME / H20 

(boronic acid or trialkylboranes) 

R - A r  86-99% 

X e + RB(OR')2 + CO CuI / NaOH R O~.. 63-78% Ph2I 
DME / H20 Ph 

5.2 ARYLVINYLIODONIUM SALTS 

Phenyl vinyliodonium salts are good precursors of vinyl cation equivalents due to the high 
nucleofugality of the phenyliodonio group. This has been evaluated to be 106 times as high as that of 
the triflate group. 167 Therefore, the chemistry of alkenyliodonium salts involves mostly reactions with 
nucleophiles leading to alkenylated products. The phenyliodonio group is generally replaced by the 
nucleophile with retention of configuration. These reactions are best explained by the ligand coupling 
mechanism. (Scheme 5.4) 

o I A~. j I - - P h  e .._ A x  PI~ A ~  ,, Nu 

B 7 "~C + Nu B I ~ C  B I~ " C  

Scheme 5.4 

+ Phi 

However, other important mechanisms have been observed to play a role in the chemistry of 
alkenyliodonium compounds" Michael-type addition, alkylidenecarbene generation, and 13-elimination 
affording alkynes. 
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5.2.1 Reactions with halide nucleophiles 

Thermal decomposition of vinyliodonium salts (39) leads to the halide derivatives (40). 168 In the 
case of substituted vinyliodonium salts such as propenyliodonium salts (41), thermolysis gave the 
product of inversion of configuration (42). 169 However, reaction with copper chloride at room 
temperature afforded by contrast the chloroalkene (43) with retention of configuration. 

| 
/ I - -  Ph O A X 

X = / + Phi with X = Br, I ref. 168 
(39) (40) 

O 
CI CuC1 j I - -  Ph O A M e ~  / CI ref. 169 

CI -- 
Me / RT Me / "~ 

(43) (41) (42) 

The outcome of the reaction of alkenyliodonium salts with halide salts depends on the substitution 
pattern of the iodonium substrate. Thus, treatment of (E)-alkenyliodonium salts with tetra(n- 
butyl)ammonium halides (X = Cl, Br or I) afforded exclusively the corresponding (Z)-alkenyl halides, 
the product of inversion of configuration. 170 The mechanism of these reactions with configuration 
inversion still remains a matter of debate, an SN2-type transition being postulated. When the same 
reaction was performed with a combination of cuprous halides and potassium halides at room 
temperature in the dark, complete retention of stereochemistry was observed. 

| 
.... j I - -  Ph R ~ .  X 

R f B F ?  + Bu4N x ~ t X = C1, Br, I ref. 170 

| 
I - -  Ph CuX / KX X 

- 

R ~ BF4 O R,,, " ~ /  X=C1,  Br 
ref. 170 

When the 13-carbon of the vinyl group bears two substituents, retention of configuration is now 
observed as a result of a ligand coupling mechanism. However, an alternative mechanism involving 
addition-elimination (Ad-E)cannot be formally excluded.171,172 

| 
R ~  / I '-- Ph Bu4NX ~ R ~  _ ~ X R = C1, Br, F 

ph - ~  B F ?  or CuX / KX - ph / X = C1, Br, I 
ref. 171 

| 
PhSO 2 , ~ I--- Ph r~ Bu4NX ._ PhSO 2 , _ _ _ ~  X 

rur't'~ - BFff CH2C12 "~ ph ~ X = CI, Br, I 
ref. 172 

The reaction of the cyclic cyclohexenyliodonium salt (44) with potassium halides in the presence of 
copper halides gave good to high yields of the vinyl halides (45).173,174 
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X 

(44) DMF / 25~ 

t-Bu t-Bu 

(45) 
X=C1 93% 
X = Br 69% 
X = I  100% 

A hindered vinyl iodide, such as (47), was prepared in high yield by treatment of the iodoniurn salt 
(46) with the copper(I) iodide - potassium iodide system. 175 

O Me O Me 

EtO. - -p~~ip  [e CuI / KI EtO, - - p ? i  ~'Ie (47), 92% 
EtO" h DMF EtO" 

0 Cl... Ou4 0 (46) 

Similarly, alkenyldiiodonium salts (48) reacted with sodium halide and copper(I) halide salts to 
afford the vinyl dihalide derivatives (49) in modest to good yields. 176 

Z Z ~ ~ CuX / NaX j ~ /  
IPh MeCN ~ X 

~IPh 20Tf e - 35 ~ to 20~ X 
(48) (49) 

Z = CH 2 or O; X = Br, I yields: 30-83% 

5.2.2 Reactions with carbon nucleophiles 

Two types of carbon nucleophiles have been used with vinyliodonium salts: carbanions and 
alkylcopper reagents. The reagents of the latter type have shown the most interesting synthetic 
possibilities, although they have not been extensively used. 

The reaction of I~-diketone enolates with vinyliodonium salts led to the a-vinyl-I~-diketone 
derivatives in good yields, but the number of known examples is rather limited.174,177 

O | O 

(CH2)sMe ~ "~.._/x- t'Bu 
o (44) 

t-Bu 64% 

inf. 174 

O 
~ N a  t~ Ph �9 | 

4, ~ ' ~ , ~ (  Ph C1 ~= CH-IPh BF4 

O 

O 
t-BuOH ~ P h  Ph 

- - - -  

O 67% CI 

inf. 177 

The reaction of the iodonium salt (44) with n-butyllithium did not afford significant amounts of the 
ligand coupling product [only 0.2% of the 1-n-butylcyclohexene derivative (50)], but led to a complex 
mixture of hydrolysis products. 174 
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O IPh n-Bu O I 

+ n-BuLi T H F  + + + Phi 
(44) - 78~ 

t-Bu t-Bu t-Bu t-Bu 

(50), 0.2% 17% 25% 40% 

Treatment of the linear 13-halovinyliodine dichloride (51) with aryllithium is an indirect method for 
the synthesis of diaryliodonium salts, ligand exchange being the main process. 178-180 

H ~  / I C I  2 toluene i | X O 
/ x + 2ArLi D. Ar 2 X=Cl ,  Br 

X H - 78~ to RT 
(51) 

The reaction is believed to proceed stepwise to form first an arylvinyliodonium salt (52), which 
reacts a second time with aryllithium to afford a diarylvinyliodane (53). This iodane undergoes 
13-elimination to afford eventually the diaryliodonium compound and acetylene. 178 

(9 
H ~  ICI 2 ArLi H IAr 

C I . , ~ H I - .  = . . . . . ~ = ~  . CI 
| 

t:i (52) n 

A r L i  H , ~ > . ~  IAr  2 

Cl~ (s3) H 

Ar2IOCI O 
+ 

HC-- CH 

Similarly, [~-(trifluoromethylsulfonyloxy)vinyl]phenyliodonium triflate (54) reacted with aryl- 
lithium to give arylphenyliodonium triflates by ligand exchange. 181 

| 
IPh 

P o ~ P r  OTf O + ArLi 
Tf (54) 

(9 
A r - I - - P h  OTf ~ + Pr ,,, Pr 

Different types of organocopper reagents have been used as efficient nucleophiles for 
vinyliodonium salts. With the cyclohexenyliodonium salt (44), the conversions to 1-cyano, 1-alkyl and 
1-arylcyclohexenes are examples of these copper(I) assisted reactions. 174 

CN OIPh R 

,c ,cuc  , cu,i 

DMF (44) THF 
t-Bu 92% t-Bu t-Bu 

R = Me, n-Bu 73-84% 
R = Ph 90% 

This type of copper-catalysed reaction was also extended to the alkynylation of alkenyldiiodonium 
salts (48), through reaction with lithium alkynyl cuprates. 182 

Z 

IPh 
| 

x 2 0 T f  
(48) (9 IPh 

R " - -  L i /CuCN 

Z = CH 2 or O 

56-69% 
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Pyrrole and indole derived reagents also reacted with vinyliodonium subtrates in copper catalysed 
reactions. 183,184 

(~IPh 
�9 

Et 3 Li + ~ ~ , -  ref. 183 

I~Nt_B u (44) I~Nt.Bu 61% 
t-Bu 

N'IJ-- CuCN + Ph---~'~'--" IPh ~ Ph 

' i ~ 2 ' Me L BF Me 70% 

ref. 184 

The copper catalysed vinylation of styreneboronic esters (55) can be realised with styryliodonium 
salts (56) under aqueous conditions, in the presence of a base, and affords high yields of 1,4-diphenyl 
butadiene (57). 166 

(~ O , O ~  CuI / Na2CO3 
ph ~ IPh BF 4 + P h ~  ] 3 " O ~  DME / H20 "- phA,~.,,,,,~p Ph 

(56) (55) (57), 92% 

The copper catalysed reactions, either halogenations or phenylations, afford the product of retention 
of configuration. A ligand coupling mechanism has been suggested to explain these results. 174 
Oxidative coupling of the cuprate and the vinyliodonium ions gives ~.3-iodanes (58). In a first step, 
these iodanes undergo ligand coupling with elimination of iodobenzene to form a second intermediate 
(59), a copper(III) species. This copper(III) intermediate subsequently undergoes a second ligand 
coupling, to afford eventually the overall reaction product (60). (Scheme 5.5) 

MCuX 2 

BF"~T~ ~ I-- Ph B Ph B - 
MBF4 (58) CuX 2 Phi (59) X 

Scheme 5.5 

A C 

B (60) X 

5.2.3 Reactions with heteroatomic nucleophiles 

A limited number of reactions of vinyliodonium salts with oxygen nucleophiles has been reported. 
These reactions usually lead to the ligand coupling products. 168,175,176,185 

| 
. / I - - - P h  

(39) 

X e + n-BuONa --- / On-Bu ref. 168 "- .... + Phi 

| 
/ I - - P h  

TfO 0 
/ OTf 15-20% ref. 185 + AgOTf (cat.) 
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IPh 

2 0 T f  (48) ~ IPh 

PhCOONa ~ OCOPh 

OCOPh 
25% 

ref. 176 

O Me O Me 

Et O, --Pxx~IP [e h R ONa __ ..- Et O, -'pxx ~ ~ O  de R 
EtO ~ EtO" 

O flOE)4 O (46) 

R = Me 83% 
R=Et  91% 

ref. 175 

In the case of the reaction of ethenylphenyliodonium iodide [(39), X = I] with silver(I) oxide, the 
formation of a vinylhydroxyiodane (61) was suggested to take place, this intermediate collapsing by 
ligand coupling to afford acetaldehyde (62).22,168 In the case of the reaction of the cyclic iodolium salt 
(63), a different mechanism takes place as ring opening happens nonstereospecifically to give a 
mixture of the geometric isomers of stilbene derivatives (64).186 

o [ 
/ I-  Ph H20 

i e  + Ag20 ~ - - - ~  
Ph 

(39) (61) 

/ O H  
CH3CHO 

(62), 78% 

ref. 168 

~ n-Bu ~ r _ . ~ n _ B u  
MeONa.._ 

Ph MeOH "-- X . ~  x~r Ph 
I OMe 

C10 (63) (64), 92%, ca 1" 1 E "  Z mixture 

ref. 186 

The lactonic vinyliodonium salt (65) undergoes ring opening and ligand coupling upon treatment 
with water or methanol. The reaction was explained to proceed first by ring opening of the lactone by 
solvolysis. The intermediately formed a-phenyliodonioketone (66) can undergo either a direct SN 
displacement or this can result from the formation of an hydroxy- or alkoxy-iodane collapsing by 
ligand coupling. 187 

(65) 

O O ] ROH 
R O ' ~ I ~  IPh / 

o 

(66) 

O 

R O ~  OR 
O 

R = H 99% 
R = Me 72% 

Three types of reactions involving nitrogen nucleophiles have been reported. One is the reaction of 
vinyliodonium salts (44) with sodium nitrite which affords nitroalkene derivatives.174,188 For the 
cyclohexenyliodonium salt, copper(U) sulfate catalysis was required for the reaction to proceed 
efficiently. The second one is the reaction of the vinyllactone (65) with diethylamine, which, similarly 
to the reactions with oxygen nucleophiles, reacted by ring opening followed by displacement of the 
phenyliodonio group to yield the bis(diethylamino) derivative. 187 The third type is the reaction of 
sodium azide with the cyclic dihydrofuryliodonium perchlorate (46), which afforded quantitative yield 
of the vinyl azide. 175 
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t _ B u - ~ O I P h  BF40 + NaNO 2 
(44) 

CuSO4 ~ t - B u - ~ - N O  2 55% ref. 174 

IE O | O 
o ~ O ~  ~''~OIPh Et2NI'I-- t 2 N ~  IPh] Et2NH"--- E t 2 N ~ / ~ / ~  NEt 2 

(65) BF4 O OBF~J 6 7 % 0  

tel 187 

O Me O Me 

~ _ ~ M e  NaN3 - EtO, ~ . ~ M e  
EtO, P, | IPh "- P, N 3 
EtO ~ MeCN EtO o 

O CiO40 O (46) 

98% rd. 175 

The cyclohexenyliodonium salt (44) reacted with sodium thiophenoxide to give the corresponding 
vinylphenylsulfide. 174 

t - B u - ~ ~ I P h  B F40 + PhSNa 
(44) 

= t - B u ' - ~  SPh 81% 

A second type of sulfur nucleophile has also been tested with cyclic as well as with linear 
vinyliodonium salts. The cyclohexenyliodonium salt (44) reacted with sodium phenylsulfmate to give 
the corresponding vinylphenylsulfone in a poor yield (29%). In the presence of 18-crown-6, a 
significant change was obtained, as the yield of sulfone was raised to 80%. 189 Acyclic (Z)-13- 
phenylsulfonyl alkenyliodonium tetrafluoroborates (67) undergo nucleophilic vinylic substitution upon 
treatment with sodium phenylsulfinate to afford good yields of the (Z)-1,2-bis(phenylsulfonyl)alkenes 
(68) with complete retention of stereochemistry. 189 

| 
PhSO2.._/I '-PhFO 4 + PhSO2N a THF 

/ 
R (67) 0~ 0.5 h 

=_ PhSO2._/SO2 Ph 
/ 

R (68), 68% to quantitative 

In the case of the (Z)-13-haloalkenyliodonium tetrafluoroborates (69), the reaction with sodium 
phenylsulfmate led to the formation of (Z)-1,2-bis(phenylsulfonyl)alkenes (70). The reaction proceeds 
in a first step by a Michael-type addition of the nucleophile to the alkenyliodonium at the C-13 atom. 
Elimination of chloride ion generates the (Z)-13-phenylsulfonylalkenyliodonium salt (67). In a second 
step, the sodium phenylsulfmate reacts with the iodonium center to afford the 1,2-bis(phenyl- sulfonyl) 
alkenes in fairly good yields. Trace amounts of (Z)-chlorosulfones (71) were also observed. When this 
reaction was performed with the (Z)-2-bromo-l-decenyliodonium salt (72), a large amount of the 
corresponding (Z)-bromosulfone (74) was obtained. All these reactions were exclusively 
stereoselective with retention of configuration. 190 

| | 
I--Ph PhSO2N a PhSO~_ffI--Ph PhSO2N a PhSO2 _/SO2Ph 

CI)=~/BF? :-- ~ - -  BF? = / 
R (69) R (67) R (70), 87-95% 

PhSO _a 
/ 

R (71), traces 
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PhSO 2 /SO2Ph PhSO2__?r  Br I--Ph ._ . _  
B -t:3F~" + PhSO2Na - / + / 

n-CsH17 (73) n -C8H17 (74) n-CsH17 (72) 
Overall yield : 82 % of a 63 : 37 mixture of (73) and (74) 

The reaction of the cyclic hindered iodonium perchlorate (46) with triphenylphosphine led 
unexpectedly to the vinyl iodide (75) as the major product, along with the expected vinylphosphonium 
salt (76). This result was explained by the formation of an iodophosphonium intermediate (77) which 
follows two different pathways for the ligand coupling process. 175 (Scheme 5.6) 

0 Me _~MeMe 
EtO. /---N Me = EtO. --  + Ph4--Cl-.Pt~ O ?  O Me 2 Mo 

EtO. P, ~ IPh EtO" P' _ ~  Ph EtO" P' I 
EtO ~ O O (75), 48% 

OPPh 3 
O (46) el04 e (77) 

0 Me _0 Me 

PPh3 EtO. --  Me ~ EtO. Me + Phi 
EtO ~ Ph EtO ~ P, t~PPh3 C1040 

O ~ p p h  3 O (76),20% 

Scheme 5.6 

A similar reaction was also obtained in the case of the vinyldiiodonium triflate (78) which afforded 
exclusively the diiodide (79) upon treatment with triphenylphosphine. 176 

IPh 
| 

x 2 0 T f  
(78) ~ IPh 

+ 2 PPh 3 MeCN_ ~ ~ - I  + Ph4POOTfO 

(79) I 52% 

5.3 ALKYNYLARYLIODONIUM SALTS 

After an early report in the 1960's on some reactions of alkynylphenyliodonium salts, 177 the 
chemistry of these species laid dormant until the mid 1980's. Since then, this field has experienced an 
intense development. In 1965, Beringer and Galton reported the alkynylation of 2-substituted indane- 
1,3-dione in good yield, by reaction of the sodium salt of indanedione with phenyl(phenylalkynyl) 
iodonium chloride (80). 177 

O O 

Na P h -  C -  C ' -  IPh CI e 
- C - P h  Ph (80) 

O O 73% 

The particular reactivity of this type of compounds was underlying already in this first report by 
Beringer. If the alkynyl cation equivalent behaviour was well demonstrated, the Michael addition 
behaviour was as well already observed during the attempted anion exchange with sodium 
tetrafluoroborate. 177 
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O NaBF4 Ph ~ IPh 
Ph-  C-  C--IPh Cl ~ ~ B F ?  

(80) H20 Cl' 
50% 

The seminal paper which led to the revival of alkynyliodonium chemistry was published by Ochiai 
et al. in 1986. The reaction of [3-diketone enolates with alkynyliodonium tetrafluoroborates containing 
an alkyl chain led to the formation of cyclopentene derivatives such as (81). 191 

O 
| 

Na~ Me(CH2)7. C__ " C -  IPhBFP 
Ph 

O 

O 

t-BuOH ~ (81), 84% 

(CH2)4Me 

When the alkynylation reaction described by Beringer 177 was reproduced using ([~-13C- 
phenylethynyl) phenyliodonium tetrafluoroborate (82) as a reagent, it appeared that the substituted 
indanedione was largely enriched with 13C at the a-carbon of the ethynyl group. Only 6% of the 
alkynylation product could be ascribed to a classical Ad-E pathway or rather the alternative ligand 
coupling pathway. 191 

O 

~ r ~ e  Na ~ 0 , 0 . 
~ c -  c -  Ph [ ~ ~ C -  C-  Ph 

(CH2)sMe t-BuOI-I + 
O 74% "- ~ -(CH2)sMe ~ -(CH2)sMe 

, + | 0 0 
Ph-  C-  C -  IPh C le  (82) 94% " 6% (by 13C-NMR) 

These two observations were explained by the intermediacy of carbene species. Nucleophilic 
I~-addition generates a vinyliodonium ylide - iodoallene intermediate (83), which loses iodobenzene 
giving the alkylidenecarbene (84). If either the substituent R or the nucleophile Nu has a high 
migratory aptitude, a 1,2-shift leads to the rearranged alkyne products. However, when the substituent 
of the alkylidenecarbene has a 7-hydrogen and if both the substituent and nucleophile have a poor 
migratory aptitude, intramolecular 1,5-C-H insertion takes place to form the cyclopentene derivatives. 
If a viable external trap is present, intermolecular insertion then occurs preferentially.14,17,21,22, 24 

| 
Nu" + R-  C- C-- IPh 

R -  C_-- C -  Nu 

o r  

Nu-  C--- C -  R 

1,2-migration 

R, ,, 1 CO ~ ,C-C=IPh  
Nu/C= Nu' 

P h I ~  R H 
"_ - R'XH _.. "C- C" 
R l ~  -~ ~ , "  - "YD, 

~C=C: II intermolecular . . . . . .  
Nu | in,e.ion (X-OorSi) 

1, 5- ins e ~i~~. 

Scheme 5.7 N u t ~  a 
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Following this clear demonstration, a large series of nucleophilic reactions of alkynyl aryliodonium 
salts were subsequently discovered. 14,17,21,22,24 They have for the most part been explained by the 
sequence: Michael addition - carbene formation. The nucleophiles which have been used are derived 
from sulfur, phosphorus, oxygen, nitrogen, halides and enolates. However, a small number of reactions 
appeared to be compatible with a ligand coupling mechanism. The decomposition of alkynyliodonium 
tosylates and mesylates (83) afforded a mixture of iodoalkynes, phenylsulfonates (84) and a small 
amount of alkynylsulfonates (85). This reaction takes place either under thermal activation or under 
cuprous triflate or silver(I) sulfonates catalysis in acetonitrile at room temperature. 192-194 

Ph 
| | / 

R -  C -  C - - I - - -  OSO2R' 
(83) 

R -  C -  C--I  + PhOSO2R' 
(84) 

Phi + R-  C -  C -  OSO2R' 
(85) 

A second type is the reaction of alkynylphenyliodonium tosylates with benzoate loaded ion 
exchange resin. Alkynyl benzoates (86) and phenyl iodide were the products which could result from 
ligand coupling on the intermediate alkynylphenyliodonium benzoates. However, isolation of these 
intermediates has not been possible.195,196 (Scheme 5.8) The same reaction with diethyl phospllate led 
to the corresponding phosphate esters (87). 195,197 

| 

R -  C -  C-- I -Ph  
| 

TsO 

_o [ Photresin o, CO20 e O2 C R 
R' 

D. R - C - C - I  
CH2CI 2 

Phi + R - C - C - O 2 C O R '  

Scheme 5.8 (86) 

O O 
l! O| R -  C -  C-- I-- Ph TsO O + (EtO)2P- 

O I! 
R -  C-  C-  O-P(OEt) 2 (87) 

The onium transfer reaction between alkynylphenyliodonium tetrafluoroborates and triphenylarsine 
afforded high yields of 1-alkynyltriphenylarsonium tetrafluoroborates. 198 However, this reaction 
appeared to be mechanistically at variance with the generally admitted patterns of reactivity of 
alkynyliodonium salts. Reaction of phenyl(phenylethynyl-2-13C)iodonium tetrafluoroborate (88) (99% 
enriched) led to the arsonium salts (89) with more than 95% of 13C enrichment on the [3-carbon atom. 
Although the Michael carbene pathway was not totally excluded, the ligand coupling pathway seemed 
therefore more important. 

�9 | �9 | 
R -  C -  C -  I-- Ph BF4 O + AsPh 3 : R-  C -  C -  AsPh 3 BF4 e 

(88) <89), 79% 

In the case of carbon nucleophiles, the behaviour depends on the nature of the substrate. 
13-Dicarbonyl enolates react with alkynyliodonium salts to afford a transient carbene, which evolves 
either by migration towards alkynyl-substituted product, or by insertion towards cyclopentene 
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annellation.14,17,21,22,24,177,191 It has been reported that "alkynylation of simple enolates does not 
occur", 14 but the concerned experiments have not been reported. In the case of the reaction of 
heteroaryllithium reagents with alkynylphenyliodonium salts, ligand exchange was the only observed 
evolution. 199 

| ~O,,,.. O | 
t -Bu- C -  C-- I-- Ar + Li -~ ~ ( - / ~  I-- Ar TsO | xE..q 

TsO | 

Under particular experimental conditions, ligand coupling may be observed between two alkyne 
ligands simultaneously present on the intermediate iodane. Indeed, addition of lithium acetylide to 
phenyliodine(III) dicarboxylates (90) led to modest to moderate yields of alkynyl carboxylates (91). 
By contrast, inverse addition [that is addition of PhI(OCOR)2 to the acetylide] led to the conjugated 
diynes (92) as the major product. 196 (Scheme 5.9) 

Normal addition" 

PhI(O2CR') 2 + Ph-- C--" C-Li  
(90) 

Inverse addition: 

PhI O-C / 
- + " I F  | 1 

--""~ IPh-l-C-C-t-Bu I 
2 ,-Bu--C---C-Li / /  O O / 

LL o-c 
Scheme 5.9 

O 
I I  

Ph-- C -  C-  O- C- R' 
(91), R '= Ph 27-57% 

Me 2-27% 

- phi 

- Phi 

t-Bu-- C -  C -  C-- C -  t-Bu 

(92), 25% 

NO 2 ~ CO 2 - C -  C -  

16% 

t-Bu 

A related system involving also tricoordinate iodine intermediates is the reaction of tfimethylsilyl 
phenylacetylene with aryl or alkyliodine difluorides which gave coupling products. Although no yields 
were reported, the relative ratios indicated that pentafluorophenyliodine difluoride led to the diyne as 
the main product [(93) : (94) = 3.25] whereas perfluoropropyliodine difluoride led to the preferential 
formation of 1-perfluoropropyl-2-phenylacetylene, (94) R = C3F7 .200 

R I F  2 + 2 TMS-- C -  C - P h  

I KF / 18-crown-6 / CH2CI 2 

Ph--C_--C-C_=C--Ph + R - C - C - - P h  + lad + I - -C=C--Ph  
(93) (94) 

Vinyl copper reagents undergo alkynylation by reaction with alkynylaryliodonium tosylates to give 
conjugated vinylalkynes (95) in a highly stereoselective reaction (> 98%) proceeding with retention of 
configuration. The system was suggested to involve an oxidative addition of the alkynyl species 
affording a first Cu(III) - iodine intermediate (96), which undergoes a ligand coupling. The newly 
formed alkynylvinyl copper species (97) then undergoes a second ligand coupling to afford eventually 
the vinylalkyne. 201 (Scheme 5.10) 
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| 
R -  C -  C-- I - -Ar  

TsO e 

R 1 + H 
: \ 

R 2 Cu 

" " - " ~ /  R2 \ \ 

(96) (97) (95), 46-94% 

Scheme 5.10 

A similar behaviour was observed in the reaction of lithium dialkynylcuprates with alkynylaryl 
iodonium tosylates leading to conjugated diynes. Unsymmetrical diynes (98) were also prepared by 
this method. However, the selectivity was moderate, due to the competitive formation of the 
symmetrical diynes (99). 202 This reaction has been recently applied to the synthesis of various liquid- 
crystalline diaryacetylenes. 203,204 

| 
R1- C -  C-- I - -Ar  TsO O 

+ ~ R 1 - C - C - C - C - R  2 + R 2 - C - C - C - C - R  2 

( R 2- C -  C~2 Cu(CN)Li 2 (98), 60-75% (99), 6-23% 

Lithium diphenylcuprates and lithium dialkylcuprates reacted similarly with alkynylphenyl 
iodonium tosylates to afford phenyl- and alkyl-substituted alkynes respectively. 202 

| 
R1. C -  C-- I ' -  Ar TsO ~' + R22CuLi = R 1" C-- C- R 2 

R 2 = Ph 90% 
R 2 = alkyl 52-83% 

5.4 ARYLPERFLUOROALKYLIODONIUM SALTS 

(Polyfluoroalkyl)aryliodonium salts react with nucleophiles to afford the polyfluoroalkylated 
nucleophiles under mild conditions. The products are almost exclusively derived from the fluoroalkyl 
moiety. Two types of fluoroalkyl chain Rf have been involved in these reactions: the perfluoroalkyl 
and the tx, o~-dihydroperfluoroalkyl compounds. 3, 11,205,206 

| 
Ar-- I -  Rf X O + Nu O : Rf- Nu 

5.4.1 Perfluoroalkyl aryliodonium salts 

Various types of carbanionic reagents undergo easily perfluoroalkylation through reaction with 
(perfluoroalkyl)aryliodonium salts by a ligand coupling mechanism. The reactivity of (perfluoroalkyl)- 
aryliodonium salts showed a dependency upon the nature of the anionic counterpart. In their seminal 
work, Yagupolskii et al. reported that a variety of nucleophiles can be easily perfluoroalkylated by 
reaction with (perfluoroalkyl)-p-tolyliodonium chlorides, (100)and (101), in a polar solvent under 
mild conditions (Table 5.8). 207 Good to excellent yields were obtained with carbanions. In the case of 
the aniline substrates, only products of alkylation on the para position of the ring were formed in 
relatively modest yields. It is likely that, in this case, the reaction does not proceed by ligand coupling 
but by a normal electrophilic aromatic substitution. This is similar to the reaction of a range of 



M e ~  Is.Rf + Nu O 
~ m /  CI 

(100): R = C3F 7 ; (101): R = C6F13 

Ligand Coupling Reactions with Heteroatomic Compounds 

aromatic substrates which have been perfluoroalkylated by (perfluoroalkyl)aryliodonium triflates 
(FITS reagents). 208 The analogous (perfluoroalkyl)phenyliodonium tetrafluoroborate salts appeared to 
be more effective perfluoroalkylating reagents than the chlorides. 209 

Table 5.8: Perfluoroalkylation with perfluoroalkyl-p-tolyliodonium chlorides (100) and (101) 207 

DMF 
Rf-Nu 

I0donium reasent 

(100) 

(100) 

(100) 

(100) 

(101) 

(100). ....... 

Nucleophile 

ArSNa 

PhSeNa 

KSCN 

KSeCN 

NaNO2 

PhNRMe 

Product 

ArS-C3F7 

PhSe-C3F7 

C3F7-SCN 

C3FT-SeCN 

C6F13-NO2 

p-C3F7-C6H4NRMe 

Yield (%) 

56-96 

87 

59 

45 

60 

33-35 

A third type of derivatives of iodonium salts, the perfluoroalkyl phenyliodonium lrifluoromethane 
sulfonates (FITS), showed an enhanced reactivity compared to the chloride and the tetrafluoroborate 
salts. In a series of papers, Umemoto et al. have extensively studied the synthesis of these compounds 
and their reactivity towards a wide range of more or less powerful nucleophiles.3, 206 Different 
mechanistic pathways have been demonstrated to occur in these reactions. Ligand coupling appears to 
be involved in a number of nucleophilic displacements implying various types of carbanions, thiols 
and other nucleophilic substrates. 

5.4.1.1 Perfluoroalkylation of carbanions 

FITS reagents reacted with various carbanions to afford under mild conditions the corresponding 
fluoroalkylated derivatives. The yields are quite dependent upon the nature of the carbanion and of the 
counterion. (Table 5.9) 

Table 5.9: Perfluoroalkylation of carbanions with FITS reagents210, 211 

~ --I~ Rf + Nu O 
OTf 

(102): R = C8F17 ; (103): R = C3F 7 

Rf-Nu + Phi 

Product 
, | ,  

Iod0nium reagent 

(102) 

(102) 

(102) 

(103) 

(102) 

(102) 

Nucleophile 

n-C8H 17-MgC1 

n-C8H 17-Cu 

n-C8H 17-Li 

PhCH2-MgCI 

CH2=CHMgBr 

Ph-  C-  C -  Li 
. . . .  

Yield (%) 

n-CsH 17-C8F17 

n-CsH17-C8F17 

n-C8H 17-C8F 17 

PhCH2-C3F7 

CH2=CH-C8Fl7 
+ Ph-C8F17 

Ph-  C-- C-  C8F17 

58 

26 

9 

82 

8 
17 

66 

134 
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Alkyl- and alkynyl-magnesium halides afforded perfluoroalkylated products in good yields, but the 
alkenyl Grignard reagents afforded only poor yields of ligand coupling products. In the reaction with 
vinylmagnesium halide, iodobenzene formed as a by-product in the first step underwent trans- 
metallation with the vinylmagnesium halide. The resulting phenyl Grignard reacted with the remaining 
iodonium salt to afford a small amount of perfluoroalkylbenzene, as a by-product of the reaction. 
Alkyllithium gave poor yields, but good yields were obtained with alkynyllithium reagents.210, 211 

The reaction of FITS compounds with the sodium salt of 2-methylcyclohexan-1,3-dione led to the 
O-perfluoroalkylated and the C-perfluoroalkylated products. The ratio O-derivatives : C-derivatives 
was strongly dependent upon the reaction temperature, the C-perfluoroalkylated product 
predominating at lower temperature. Similar results were obtained with ethyl 2-methylacetoacetate. In 
the case of the sodium salt of diethyl 2-methylmalonate and of 2-nitropropane, only the C-perfluoro- 
alkylated products were isolated. 211 

Me Na O Me Me. C8F17 
O O + P h - I  C8F17 ~ O OC8F17 + O O 

OTf 
0~ 26% 7% 

- 55~ 7% 31% 

C8F170 O O O 

Me OEt + Ph- =- OTf Me OEt + Me OEt 
Me Me Me C8F17 

- 55~ 5% 36% 

O O Na ~ O O 
E t O ~  "j~ OEt + Ph I: C8F17 DMF - -~ EtO OEt 

Me OTf Me C8F17 
24% 

M e ?  NO2 Li ~ I,C8F17 DMF~_ "4"- Me 
+ Ph- C8F17 ~ NO 2 

M OTf Me 
51% 

Treatment of the anion of acetophenone with (perfluoroalkyl)phenyliodonium triflate (102) led to a 
poor overall yield of alkylated products. Moreover, the normal alkylation product was contaminated 
with the product of dehydrofluorination. 

O O ,CsFz7 O O F 
+ Ph- I ,  ~ ~ C 8 F 1 7  + 

P h A  CH2 (102) OTf <17% Ph Ph C7F15 

From a synthetic point of view, the synthesis of ot-(perfluoroalkyl)ketones is preferably performed 
by the reaction of (perfluoroalkyl)phenyliodonium triflates with silyl enol ethers, which affords high 
yields of the perfluoroalkylated products (104) under mild conditions. The reaction of 13,y-unsaturated 
silyl enol ethers with (perfluoroalkyl)phenyliodonium triflates led to the y-perfluoroalkyl-oql3- 
unsaturated carbonyl derivatives (105) in good to high yields. 212 
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OTMS 

R ~ R  2R1 

O 
,CnF2n+ 1 pyridine 

Ph = R ~ CnF2n+ 1 

+ " I ' oTf  R1 'R 2 
(104), 59-88% 

OTMS + 
Ph- I, "CsF17 pyr idine C 8 F 1 7 ~ C H O  (105), 85% 

OTf 

In these reactions, the ligand coupling mechanism is not involved. A different mechanism operates: 
the formation of an intermediate cationic species which is likely to result from the initial formation of 
a It-complex (106). 212 Such a mechanism has been invoked to explain the perfluoroalkylation of a 
number of ethylenic and acetylenic compounds. 213-215 

~ ~ n O T M  S + Ph.i,CnF2n+l pyr idine 
OTf 

1 
IC ~l~h q nF2n.l ~,'"" OTf / = 

~-Complex (106) J n = 0 or 1 

CHO CnF2n+l " ~ { ' ~  n 

T 
CnF2n+l OTMS 

5.4.1.2 Perfluoroalkylation of thiols 

FITS reagents reacted very easily with thiols in the presence of pyridine to give the perfluoroalkyl 
sulfides in good to high yields. S-perfluoroalkylation was selective in the case of polyfunctional 
substrates. In the presence of groups such as hydroxy, carboxy, alkoxycarbonyl or dialkylamino, the 
sulfur atom was always selectively substituted. 216 (Table 5.10) 

Table 5.10: Perfluoroalkylation of thiols with FITS reagents 216 

.Rf 
I .oTf + R- SH 

pyridine 
Rf- SR + Phi 

(102): R = C8F17 ; (103): R = C3F 7 ; (107): R = C2F 5 

Iodonium reagent 

(103) 

(102) 
(102) 

(102) 

(102) 
(107) 

Nucleophile 

HS-CH2CO2Bu 

HS-CH2CO2H 

HS-CH2CH2OH 

HS-CH2CH2SH 

HS-CH2CH2NMe2 

Ph-SH 

Product 

C3F7-S-CH2CO2Bu 

C8FI7-S-CH2CO2H 

CsF 17-S-CH2CH2OH 

C8F17-S-CH2CH2-SH 
+ 

C8F17 - SCH2CH2S- C8F17 

C8F 17-S-CH2CH2NMe 2 

Ph-S-C2F5 

Yield (%) 

88 

93 

83 

46 

(as 1.3:1 mixture) 

52 

59 
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5.4.1.3 Perfluoroalkylation of phenols 

The reaction of phenol with FITS reagents led to a mixture of ortho-, meta-and para- 
perfluoroalkylphenols, formed by electrophilic aromatic substitution. In the case of the relatively 
hindered electron-rich phenols, a different outcome was observed: O-perfluoroalkylation was observed 
together with the C-perfluoroalkylation products. At high temperature, the amount of the O-substituted 
product became predominant. 217 

OH TfO.. / i-C3F 7 Oi-C3F 7 OH 
~ ~ pyridine ~ ~ i-C3F7 + = + 

t-Bu t-Bu t-Bu 
CF3 - 78"C 11 48 

with i-C3F 7 = ,~CF- RT 27 21 
CF3 83~ 31 15 

Qi-C3F 7 OH 
O ~  + TfO, I,i-C3F7 pyridine ~ 0  + ~ ~ I ~ / _ C 3 F 7  

t-Bu t-Bu t-Bu" "~ " t-Bu t-Bu t-Bu 

RT 50 15 
83~ 56 16 

The formation of the C-perfluoroalkylated product may be explained by an ionic reaction, through 
electrophilic aromatic substitution. The O-perfluoroalkylation was attributed to the greater 
thermodynamic stability of the O-perfluoroalkyl products compared to the C-perfluoroalkyl products. 
However, it may also be explained by a shift in the balance between two mechanisms: the electrophilic 
substitution leading to the C-perfluoroalkyl products, and the ligand coupling process occurring on an 
intermediate aryloxyiodane which would lead to the O-perfluoroalkyl products. In the case of the more 
highly hindered phenol, 2,4,6-tri-tert-butylphenol (108), a completely different mixture of products 
was obtained. Due to the observation of a transient blue colouration in the early stages of the reaction, 
it was suggested that this reaction proceeds through the formation of an intermediate radical cation 
which is generated by electron transfer between the phenol and the FITS reagent. 217 

~ " Oi_C3F7 

i-C3F7 ~ O 
Pyridine 

(108) : + + ~ 9  + 
+ i-C3F 7 7 

Phi ~ i'C3F7 
OTf 5% 34% 9% 40% 

5.4.1.4 Miscellaneous perfluoroaikylation reactions 

The reaction of (trimethyl)organylstannanes with (perfluoroalkylaryl)iodonium salts gave (109), the 
products of substitution of the stannyl group by the perfluoroalkyl group. As the reaction of (Z)- 
trimethylstyryltin with heptafluoropropyl-p-tolyliodoniurn salts afforded exclusively (E)-heptafluoro- 
propylstyrene in moderate yields (30-40%), the reaction was suggested to involve free radicals. 218 
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C3F7. I..X 
Me3Sn-R + i 

Ar 
C3F7-R + ArI + Me3SnX 

(109), 17-77% 

Some other perfluoroalkylation of nucleophilic substrates which could occur by a ligand coupling 
mechanism have also been reported" the reaction of the sodium salt of phtalhydrazide (110) 206 and of 
the sodium salt of 2,3-dihydroxyquinoxaline (111). 208 Benzaldehyde oxime was reported to give only 
the O-perfluoroalkylated product in a poor 13% yield, and alkoxide anions remained unaffected. 206 

ONa OC6F13 0 

fiH "OTf 47% NH NH 

(110) 0 0 1.7" 1 0 

H H 
N~ ONa ,, C2F5 D M F  ~ ~ ~ ~  ~ ~ ~ ~  

N ~ O  + P h i ,  OTf 49%"- C2 F + 
H H C2F5 H 

(111) 2"  1 

5.4.2 ~a-Dihydroperfluoroalkyl aryliodonium salts 

Like perfluoroalkylation, electrophilic a,ot-dihydroperfluoroalkylation can be efficiently performed 
by the use of the appropriate (a,a-dihydroperfluoroalkyl)phenyliodonium salts. A wide range of 
nucleophiles were alkylated under mild conditions. Most of the reactions can occur by a ligand 
coupling taking place on an intermediate trisubstituted iodane(IID compound. This is the case of the 
reactions with carbanions, amines, alkoxides, phenoxides, thiolates and carboxylic acid ammonium 
salts. Dialkylation of aniline was also obtained by using two molar equivalents of the iodonium 
reagent.219, 220 (Table 5.11) 

Table 5.U: a,ct-Dihydroperfluoroalkylation of various types of nucleophiles 219 

PhI~ CH2-(CF2)n-CF3 Nu O 
OTf + 

Substrate 

PhCH2CH2MgBr 

O ..CO2Et 
Me-- C,.CO2Et Na ~ 

PhOLi 

Ph(CH2)2OLi 

PhCO2H (a) 

PhNH2 (b) 

PhNH2 (c) 

Iodonium, n= 

6 

0 

Nu- CH2-(CF2)n-CF 3 + TfO e 

Product 

Ph(CH2)3-(CF2)6CF3 
Me,, ,,CO2Et 

CF3CH2 C., CO2Et 

PhO-CH2-CF3 

Ph(CH2)20-CH2-CF3 

PhCO2-CH2-CF3 

PhNH-CH2-CF3 

PhN(CH2-CF3)2 
(a) in the presence of 2,4,6-collidine 
(b) one equivalent of the iodonium salt in the presence of 2,4,6-collidine 

Yield (%) 

36 

25 

79 

61 

99 

98 

70 
, ,  

(c) two equivalents of the iodonium salt in the presence of 2,6-di-tert-butyl-4-methylpyridine 
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r onium salts were easily and selectively obtained in the case of tertiary 
amines, pyridine, quinoline, diphenylsulfide and triphenylphosphine. 221 (Table 5.12) 

Table  5.12: Synthesis of onium derivatives by r 221 

,, CH2-CF 3 O 
PhI~ OTf + Nu ~- Nu- CH2-CF 3 TfO O 

Substrate 

PhNMe2 

O 
Me 

Me 

Ph2S 

Ph3P 

Product 
Me| 

Ph- N- CH2CF 3 TfO O 
Me 

N-~CH2CF3 TfO O 

Me 

Me<~ N~CH2CF3 TfO | 
Me 

P h  t~ 
S = CH2CF 3 TfO O 

Ph" 
| 

Ph3P- CH2CF 3 TfO e 

Yield (%) 

89 

83 

63 

90 

95 

In the case of polyfunctional substrates, N-trifluoroethylation was selectively realised in the case of 
amino-alcohols (112) or (113). 222 N-trifluoroethylation can also be performed in the case of diamines, 
as for example the bistrifluoroethylation of 1,10-diaza-18-crown-6 (114). 223 

,,CH2-CF3 ,, SiPh 3 
NH 2 CH2-CF 3 1) CH2C12 .._ HN HN 

OH + PhI~ OTf 2) collidine, PhaSiC1 ~ OSiPh3 + ~ OCHE-CF3 
(112) 79% 8% 

OH Me OH Me 

~ ~ N H  + PhI~CH2-CF3 CH2C12~ ~ ' N ' C H 2 - C F 3 e  OTf - e 76% 

(113) 

O ~ / ~ 
N / + Phi" CH2-CF3 

H " "~ - -  ~OTf 

-O ~ O  

(114) 

O ~ 
/ O ~  N" CH2"CF3 

/ 
"O ~ O  
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The (a,a,to-trihydroperfluoroalkyl)phenyliodonium tetrafluoroborates (115) and (118)reacted with 
nucleophilic substrates to afford the polyfluoroalkylated derivatives. This is the case of p-chloro- 
thiophenol, aniline and pyridine. In the reaction with N,N-dimethylaniline, the N-polyfluoroalkyl 
product (116) was predominant, but nevertheless a small amount of ring-alkylation product (117) was 
also obtained. 224 

NMe2 Me NMe2 
(~) "CH2(CF2)4-H MSN" CH2(CF2)4-H 

+ Ph-I  BF4e ~ BF4e + 

(115) CH2(CF2)4-H 
(116), 70% (117), 10% 

~I"CH2(CF2)6-H 
C N -  CH2(CF2)6-H BF4 e + Ph- BFt~4- 

(118) 
91% 

_ 0 _  G ,CH2(CF2)6=H 
C1 SH + Ph-I ,-.t~ 

B r4 -  (118) 
C l - ~  S- CH2(CF2)6-H 71% 

The reaction of enol trimethylsilyl ethers of carbonyl compounds with (a,a-dihydroperfluoroalkyl) 
phenyliodonium triflates required promotion by potassium fluoride to proceed at room temperature to 
give the 13-perfluoroalkyl carbonyl compounds in good yields. 225 In the case of the silyl enol ether of 
an a,l~-unsaturated ketone (119), the 8-perfluoroalkyl-a,l~-unsaturated carbonyl compound (120) was 
the only product formed. The reaction is likely to follow a path similar to the one used in the reaction 
of silyl enol ethers with (perfluoroalkyl)phenyliodoniurn salts. In a first step, a g-complex is formed 
which evolves into the cationic product of a- or ),-addition, followed by desilylation to the carbonyl 
reaction product. 

OTMS ,,CH2CF3 KF O 
P h ~  + Ph-I,  = OTf Ph CF 3 

87% 

OTMS ,,CH2CF3 
n - C 6 H l a ~ , ,  + Ph-I,  

OMe OTf 

KF CH2CF3 
n-C6H13- CH- CO2Me 76% 

OTMS O O 

,,CH2CF3 KF P h ~ C F 3  + ph 8 ~ ~ ~ 3  p h ~ ~ ' ~  + Ph-I,  
OTf 

(119) (120), 42% 0. 

5.5 ARYLIODINEOII) DERIVATIVES 

Aryliodine(UI) derivatives have found a wide range of application in organic synthesis, particularly 
for oxidative functionalization of alkenes, amines, carbonyl derivatives, phenols.6,7,12,t3,15, 25 Among 
the various mechanisms which have been invoked to explain these transformations, the ligand 
coupling mechanism has been implied in a number of these reactions: carbon-carbon bond formation, 
carbonyl a-functionalisation, hydrazone a-functionalisation. 
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5.5.1 Carbon-carbon coupling 

Symmetrically substituted 1,4-diketones can be obtained by reaction of carbonyl triethylstannyl 
enol ethers with diacetoxyiodobenzene. 226 

OSnEt 3 O O 

~ + PhI(OAc)2 ~ ~ 61% 

The reaction was extended to a wider range of substrates by using the silyl instead of the stannyl 
ether. Indeed, treatment of ketone trimethylsilyl enol ethers with iodosylbenzene in the presence of 
boron trifluoride-diethyl ether gave the 1,4-butanedione derivatives in generally good yields. In the 
first stage of the reaction, the trimethylsilyl enol ether reacts with the iodosylbenzene-BF3 complex to 
form an unstable (x-phenyliodonioketone derivative. This intermediate reacts again with the 
nucleophilic silyl enol ether to form a tricoordinate iodane, which undergoes ligand coupling to afford 
the 1,4-butanedione compound. 227-229 (Scheme 5.11) 

OTMS 
/ 

R ' ~  + Ph- IO, BF3-Et20 

OTMS 

Scheme 5.11 

O 

t ~ 
O Ph O 

R = aryl or t-Bu 
43-62% 

This ligand coupling method was quite efficient for acetophenone and tert-butylketone derivatives. 
However, coupling of the TMS ether of cyclohexanone (121) failed. The oxidative coupling of the 
TMS ether of cyclohexanone (121) to give 2,2'-bicyclohexanone was successful only when this silyl 
enol ether was treated with the iodosobenzene-tetrafluoroborate complex.230, 231 

OTMS O O 6 ooo 
+ Phi" IPh = 82% 

2 BF4 O 
(121) 

The reaction of the trimethylsilyl enol ether of various acetophenone derivatives (122) with the 
electrophilic PhlO-HBF4 at - 78~ generated a highly reactive iodonium salt, an (x-ketomethyl 
phenyliodonium salt (123). Treatment of this salt with a second different trimethylsilyl enol ether 
(124) led to unsymmetrical 1,4-butanediones (125), as major products.232, 233 (Scheme 5.12) 

OTMS OTMS 

R , ~ R ,  O R 
R' (122) ~ ~ .  I. 

+ 
0 

(123) 
Ph- IO, HBF 4 (125), 27-75% 

Scheme 5.12 
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Reaction of the (o~-ketomethyl)phenyliodonium salts (126) with alkenes or allyltrimethylsilane led 
to allylic alkylation products in good yields. In the case of the reaction of the tetrasubstituted alkene. 
2,3-dimethylbut-2-ene (127), the dihydrofuran derivative (128)was obtained.232. 233 (Scheme 5.13) 

Q + = 90% 
Ph 

O 
ph.. .(7 H2 . p h i .  ~ Ph 55% 

Ph ~ Ph .~ O 
(126) ~ SiMe3 ~ p h ~ , ~ ,  ~ 63% 

Me 
Me Me MeM~~- '~ 

e ~ M  = (128), 80% 
M e Ph 

(127) M 

Scheme 5.13 

The reaction was suggested to proceed by a carbocationic mechanism followed by ligand coupling. 
The electrophilic attack of the iodine atom on the double bond leads first to an intermediate cation 
(129) which loses either a proton or a trimethylsilyl cation. The tricoordinate iodane intermediates of 
types (130), (131) or (132) eventually undergo ligand coupling to afford the final reaction products. 233 
(Scheme 5.14) 

RCH ~,,. Ph RCH I ' '  

o 5" 

BF4 e Me3Si /Ph O 

- -  h 

H ~  t O (129' -] ~ ~ _ p  h . ~ ~ _  

H ph / ~-- (132) 
Ph 

Scheme 5.14 

Closely related reactions are the self-coupling of [3-dicarbonyl compounds upon treatment either 
with iodosylbenzene in the presence of boron trifluoride-diethyl ether in neutral solvents, 234 or with 
iodobenzene diacetate in acetic acid. 235 

O O 

O O Rll ~ , , 1 ~  R2 
Rl,~,,,,,, '~  R 2 + Ph- IO, BF3-Et20 ~ R R2 46-76% ref. 234 

R 1 = Ph, Me; R 2 = Me, OMe, OEt O O 
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O O O O Ar 

Ar CO2H .~ ref. 235 
Ar CO2H Ar 

O O overall yields: 8-29% 
+ PhI(OAc) 2 

These reactions were explained by the formation of an iodonium salt intermediate (133), which 
reacts with a second molecule of the substrate to yield a tricoordinate species (134). By a ligand 
coupling process, this iodane compound leads to the self-coupling product. 12,234 (Scheme 5.15) 

O O O O O O R 2 R 2 O O 

R I ' ~  j~ R 2 R 1 R 2 R I ' ~  ~ R 2 R 1 R 2 
+ ---- ~ 

P h - I O  BF20. , I .  ph O R 1 R 1 O R R 2 

BF3-Et20 (133) (134) O O 

Scheme 5.15 

The reaction of an allylmetal derivative of group IV (M = Si, Sn or Ge) with aromatic substrates in 
the presence of the complex iodosylbenzene-boron trifluoride-diethyl ether results in carbon-carbon 
bond formation realizing the allylation of the aromatic substrate in generally good yields.236, 237 

MMe3 + R O + Ph-IO,  BF3-Et20 

M = S i  36-95% 

The reaction was explained by a nucleophilic attack of the allylmetal on the electron-deficient 
iodine atom. The resulting allyliodine(III) intermediate (135) then reacts with the aromatic substrate to 
afford a tricoordinate allyliodine(III) compound (136), which undergoes ligand coupling to give the 
allylated aromatic derivative. (Scheme 5.16) 

~ M R  3 

+ 

PMO 

OMR3.BF 3 
BF3-Et20~ Ph" I ~  .... R < O  

L 035) 
Scheme 5.16 

R-~ 

P 

(136) "%.[ 

When functionalised, allylsilanes can react intramolecularly under the reaction conditions. For 
example, treatment of the hydroxyallylsilanes (137) with the complex PhIO - BF3 - diethyl ether led to 
the formation of 5- and 6-membered 13-methylene cyclic ethers (139) derived from intramolecular 
cyclisation of the intermediate (138). 238 

[ OSiMea'BF3 0 

R SiMe3 + PhIO -~ "- R 

(137) LR" ~ n  "~ (138) (139), n = 1, 2" 40-68% 
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5.5.2 Carbon-heteroatom coupling 

Reactions of alkenes with hypervalent iodine compounds lead mostly to vicinally functionalised 
alkanes. This is the case with PhI(OAc)2, PhlO, PhI(OH)OTs, PhI(OTf)O(TfO)IPh and other related 
reagents. 230,231,233,239-247 For example, treatment of alkenes with PhI(OH)OTs, (HTIB), affords vic 
bis(tosyloxy)alkanes with a syn stereospecificity.239, 241 It is generally admitted that this reaction 
proceeds by the electrophilic attack of the hypervalent iodine species on the ethylenic double bond to 
afford a carbonium ion intermediate (140). This intermediate undergoes two consecutive SN2 
substitution reactions to eventually give the final products. 13 (Scheme 5.17) 

. . r .o,. , . ,  .o , j 4  .. 
I 1H I ~ Ph 

"OH R R 2 rsO R ~ TsO O K  
Phi'OTs kTsO- (140) TsO 

Scheme 5.17 

HR2 

\ 
OTs 

An alternative mechanism which has been envisioned as compatible with the overall stereochemical 
outcome invokes the formation of an iodine(V) intermediate (141) undergoing two consecutive ligand 
coupling steps to afford the vicinal syn product. 13 (Scheme 5.18) 

H H OTs "! 

t~.  R 2 t .._ ._.~.R~H.~ / + ~ ~ ~ 

phi. TsO 
OTs k (141) H 

Scheme 5.18 

HR2 

\ 
OTs 

Depending on the nature of the substrate, the polar mechanism may become the only likely 
possibility. This is the case when non stereospecific functionalisation is observed, as in the reaction of 
HTIB with stilbenes (142). Another case is the formation of rearranged products, such as in the 
reaction of 1,1-diphenylethylene (143)with HTIB.240, 241 (Scheme 5.19) 

Ph 

(143) 
+ 

,OH 
Phi, 

OTs 

,OH 
Ph- CH= CH- Ph + Phi, 

OTs 
(142), cis or trans 

y 
Ph Ph 

T s O ~  OTs 

meso, dl: 26:32 from cis 
24:27 from trans 

OH 
Ph 
p ~X,~_./h / I, Ph 

/ 

OH 
Ph \ _ _ ~  I. 
Ph / Ph 

n ~  

Ph 

Ph 

p-TsOH Ph = , - - ~  I-~ph TsO O 

Ph ! 5% 

O 

ph ~ Ph 

65% 

Scheme 5.19 
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The t~-functionalisation of ketones through reaction with iodine(III) derivatives has led to the 
introduction of a number of functional groups on the t~-position: acetoxy 248 and particularly 
organosulfonyloxy.239,249-251 HTIB is a very efficient reagent for the introduction of a tosyloxy group 
on the t~-position of ketones in non-hydroxylic solvents. 239 Its analog, hydroxy(mesyloxy) 
iodobenzene, introduces an tx-mesyloxy group under the same type of reaction conditions. 249,251 The 
ultrasound promoted reaction of HTIB with various ketones provided a direct and mild method of 
ct-tosyloxylation of ketones in generally good yields. The tx-tosyloxy derivatives of cyclopentanone 
and cycloheptanone, otherwise difficult to obtain, were prepared in relatively good yields by this 
method. 252 

O O 
,OH MeCN = . J ~ _ R  2 

R l , . ~  R 2 1 ]  + P h - I ,  R 1 
OTs or CH2CI 2 Y 

OTs 

O 
O OH MeCN J ~ _ R  2 

R I ~ ,  R2 + Ph-I~ ~ R 1 
OMs or CHEC12 Y 

OMs 

40-94% ref. 239 

49-95% ref. 249,251 

The reaction involves first the electrophilic addition of a hypervalent iodine reagent to the enol 
tautomer of the ketone to give an o~-phenyliodonioketone (144). The second step is generally assumed 
to be a classical SN2 displacement yielding the final product. 13 (Scheme 5.20) 

O 

R I ~  
R 2 

OH 

0 OH 
R 2 j ~ '  

+ ~ R l I ' ph  
R 2 

O (144) 
Phi- OH 

Scheme 5.20 

O | 
R I ~ I "  O 

TsO e OTs 

However, by analogy with the reactions of alkenes, an alternative mechanism via the formation of a 
pentacoordinate cyclic periodinane (145) is also plausible. Oxidative addition of HTIB or its analogs to 
the enol affords the periodinane. Ligand coupling yields a new elusive intermediate, an tx-hydroxy- 
iodinane (146), which undergoes elimination of iodobenzene. 13 (Scheme 5.21) 

O 

R I , [ ~  ~ 
R E 

_ ,~ F. o. O R 2 I.. Ph 

,,OH l H uau2t~ R ~ O S O 2 R  V R l ~  R2 

P h I ' o s o 2  R L (145) n (146) . ]  OSO2R 

Scheme 5.21 

The direct functionalisation of ketones is not limited to simple sulfonates. The tx-(+)-10- 
camphorsulfonyloxy group has been also introduced into various types of ketones or carbonyl 
compounds bearing an active methylene group by using the HTIB analog, [t~-(+)-10-camphorsulfonyl- 
oxy]hydroxyiodobenzene (147). 250 
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O O 
~ OSO2R 

O ~  SO2-O- + = 
..Ph 

I'OH O O 

(147) + p h ~ , , , M e  ~ P h ' ~  Me 

OSO2R 

38% 

90% 

A major drawback of the direct a-functionalisation of ketones is the poor regioselectivity of the 
reaction. For example, 2-butanone reacts with HTIB in acetonitrile under reflux to afford a 1.57:1 
mixture of 3-tosyloxy-2-butanone (148) and 1-tosyloxy-2-butanone (149). 239 

o 
OH 

Me + PhI'.OTs Me 

o o 

"~ ~ r i M e  + ( ' ~ I M e M e  

(148) OTs OTs (149) 

This drawback was circumvented by treating the preformed silyl enol ethers with phenyliodine0II) 
reagents. In this way, a variety of groups were introduced regiospecifically: hydroxy, 228,253-256 
alkoxy, 228,253,257 trifluoromethanesulfonyloxy 258 and other sulfonyloxy groups. 259 In the case of the 
6-methylcyclohexyl trimethylsilyl-l,2-enol ether (150), only one regioisomer was formed in high 
yield. 

OTMS H20 O ~ OH ref. 254,255 
Ar ~ + Ph = IO. BF 3, Et20 Ar 

OTMS MeOH O 
A r - ~  + Ph-IO. BF3. Et20 = Ar ~ , . ,  OMe 

reL 228,257 

OTMS O 
+ Ph-IO + TMS-O-SO2CF 3 ~ ~ O S O 2 C F  3 Ar 

ref. 258 

OTMS , OH O 
"~ ~ O S O 2 R  A r ' ~  + Phi'. OSO2 R Ar 

ref. 259 

OTMS O 
,  soO , 

150) OTs 80% 

rcf. 259 

A second advantage of the silyl enol ether method is that better yields were obtained in the reaction 
employing the silyl enol ether than in the reaction by direct functionalisation of the ketone. 239,259 

0 0 OTMS  O's" C3 
40% 85% 
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Acid-sensitive or easily oxidised substrates can be functionalised in good conditions by the reaction 
of their silyl enol ethers with the appropriate phenyliodine(III) reagent. 259 

,, OH -- ~ ] ~  OTs 
+ PhI-oT s 

OTMS O 

88% 

+ Phi: OH - 
OTs "-- OTs 78% 

OTMS O 

a-Alkoxylation of ketones has also been performed in good to excellent yields by treatment of the 
o~-metalloketones (151), themselves derived from the silyl enol ethers, with iodosobenzene in the 
presence of an alcohol. A metal-iodine transmetallation is likely to occur, giving the same type of 
acylmethylene iodine(m) intermediates which undergo ligand coupling to give the end products. 26~ 

O MeOH O 
RI~ , .M(OCOR)n  + PhlO or EtOH R I ~ OMe (or OEt) 

(151), M - Pb, Tl or Hg 

65-90% 

Simple esters as well as e-caprolactone afforded their a-sulfonyloxy derivatives in good yields (60- 
85% yields) when their silyl enol ethers (152) were treated with PhI(OH)OTs or PhI(OH)OMs. 259 

OTMS OH OMs 
Ph- CH::( + Phi" ~ Ph- CH. CO2E t 

(152) OEt OMs �9 
85% 

Treatment of silyl enol ethers (153) with N-tosyliminoiodobenzene (154), a nitrogen analog of 
iodosylbenzene, in acetonitrile led to o~-tosylamination of the carbonyl compound giving the a-N-tosyl 
aminoketones (155). This reaction was explained by the intermediacy of a tricoordinate amino- 
iodane(III) (156), which subsequently undergoes ligand coupling. 261 A related system was described 
by Evans et  al. ,  who reported that the treatment of alkenes or silyl enol ethers with N-tosylimino- 
iodobenzene (154), in the presence of cupric triflate as catalyst, affords the corresponding N-tosyl- 
aziridines (157). 262-265 In the case of the enol ethers, hydrolysis led to the a-N-tosylaminoketones 
(155). However, in this case, the mechanism is totally different as the reaction results from the addition 
of the nitrene onto the double bonds giving intermediately an aziridine. 

Ts 
o H  N" O H 

R v ' I ' ~  R2OTMS + Ph-'I" N- Ts MeCNA R I ~ ,  Ph " - ' ~  R 1 V ~  N- Ts ref. 261 
| . ,  

(153) (154) (156) " (155) R" 

TMSO N"Ts O OTMS -Ts  Cu(OTf)2 R ~  ~ R 1 V ~  ~ 
R ~ R  2 + Ph_I  "N -- 

(153) (154) (157) R2 (155) R" 

H 
N- Ts ref. 262-265 
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The reaction of 1,3-dicarbonyl compounds with iodosylbenzene, hydroxy(tosyloxy)iodobenzene or 
hydroxy(mesyloxy)iodobenzene, gave similar results to those obtained with monocarbonyl 
compounds. However, only the 2-functionalised derivatives were obtained.234,249, 266 Excellent results 
were observed in the case of substrates containing a perfluoroalkyl chain. Treatment of the fluoro 
dicarbonyl compounds (158) with HTIB afforded the tt-tosyloxy compounds (159) which were 
isolated as their dihydrate. 

O O O O 

x~ x 
R 1 = Me or Ph; R 2 = Me: X = OSO2Me, 73-83%; X = OMe, 67%; X = N 3, 70-76% 

R 1 = Me or Ph; R 2 = OMe: X = OSO2Me, 76%; X = OR, 59-63%; X = N 3, 48-52% 

ref. 234 

O O OH O O 

+ P h - I , ,  "- Ph OEt 99% 
Ph ~ ' ~  OEt OMs 

OMs 

reL 249 

O O O O ,,OH 
+ Ph-  I,, ~ EtO OEt 

EtO OEt OMs 
OMs 

65% ref. 249 

O O ,,OH HO--  O H O  

+ P h - I  x = Rf ~ ~ "  "R 
Rf ~ R OTs 

(158) OTs 

(159), 79-97% ref. 266 

A new reaction of diazo compounds was discovered when a-aryliodonio diazo compounds were 
prepared and treated with nucleophiles, a-Aryliodonio diazo compounds (160) are readily accessible 
by treatment of bis(pyridino)aryliodine(III) salts with alkyl diazoacetates, or by the Lewis acid 
mediated (Me3SiOTf) reaction of diacetoxyiodobenzene with alkyl diazoacetates. Nucieophilic 
substitution at the a-carbon was carried out by reaction with a series of neutral nucleophiles under 
mild neutral conditions to lead to the a-oniosubstituted diazo compounds (161). 267 

~ N  I , , N ~ ~  + N2CHCO2R ~ |  TfOe Me3SiOTf 
�9 phi CO2R --" 

Ph 2 TfO O (160) 

PhI(OAc) 2 + N2CHCO2R 

2 TfO 0 

Phi CO2R 
(160) 

+ Nu 
2 TfO | 

Nu CO2R 
(161) 

| 
Nu 

Yield 

C 
74% 

Me2S | 

90% 

| 
Ph3As 

95% 

Ph3S b �9 

86% 

| 
Et3N 

53% 
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In the case of triphenylphosphine as nucleophile, the reaction proceeded further to afford the bis- 
substituted product (162). 

(9~J~ 2 + 2 PPh 3 
TfO e 

Phi CO2R 

Ph3P ~ TfOe 
N (162), 72% 

RO2C ', N= PPh 3 

A somewhat anecdotic reaction involving a multistep mechanism is the unexpected result observed 
in the treatment of propellane (163), tricyclo[1.1.1.01,3]pentane, with dichloroiodobenzene at low 
temperature (0 to - 20~ in the presence of chloroform under irradiation. The main isolated product 
appeared to be 1-trichloromethyl-3-iodobicyclo[ 1.1.1]pentane (164). 268 

+ PhIC12 C H C 1 3  C 1 3 ~  (164),23% 

(163) hv I 

To explain the presence of a trichloromethyl and an iodine atom at the bridgehead atoms, two 
photochemically generated radicals were postulated to react with propellane leading to an unstable 
organoiodine(III) derivative (165). This iodane intermediate underwent ligand coupling to afford 
eventually the iodopropellane derivative. 268 (Scheme 5.22) 

PhiC12 hv= Ph]C1 + CI" 

CHCI 3 hv :  H" + C13C" 

CI" + CHC13 ~ HC1 + C13 C~ 

cl3  c3 L 
C13 Co CI "I" C13 

(165) I~Ph  ~ I 
C1 

Scheme 5.22 

The reaction of alkyl iodides with aryliodine(III) dicarboxylates, particularly the bis(trifluoro- 
acetate), afforded as the main product the ester (166) derived from substitution of iodine of the alkyl 
iodide by an acyloxy group. 269 

PhI(OCOCF3) 2 + R'I Phi + RCO2I + RCO2R' 
(166), 32-100% 

The reaction starts with the nucleophilic attack from the halogen of the alkyl iodide on the iodine of 
the aryliodine compound. The unstable intermediate (167) can be either covalent or ionic. If ionic, the 
weakly nucleophilic counteranion attacks the positive halogen atom to produce the ester and another 
intermediate (168) which undergoes ligand coupling to give iodobenzene and the acylhypoiodite, 
CF3CO2I. Alternatively, if the first formed intermediate is covalent, it can undergo a first ligand 
coupling process to afford iodobenzene and an alkyliodine(III) dicarboxylate (166) which then 
decomposes, again by ligand coupling, to afford the ester and CF3CO2I similarly to the products 
formed in the ionic sequence. 269 (Scheme 5.23) 
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PhI(OCOCF3) 2 
+ 

R'I 
' - - I~ococF  3 ~ R- I~I~ ,  (167) CF3CO() ~OCOCF3 

Ph ,- ,,OCOCF 3 
. 

(168) (169) 

Phi + CF3CO21 CF3CO2I + CF3CO2R' 
Scheme 5.23 

5.5.3 Oxidation of nitrogen compounds 

5.5.3.10ximes 

The reactivity of bis(trifluoroacetoxy)iodobenzene (23) towards oximes is of interest as several 
products are formed depending on the substrate. 270 A ligand coupling mechanism may be suggested 
for the reaction of aliphatic ketoximes with bis(trifluoroacetoxy)iodobenzene, which gives fair yields 
of the stable, intensely blue 1-nitroso-1-trifluoroacetoxyalkanes. 271 

R OH R .OCOCF 3 
/q + PhI(OCOCF3) 2 -- R,C. 

R (23) N: O 

5.5.3.2 Hydrazone derivatives 

Nitrogen-containing derivatives of carbonyl compounds react with diacetoxyiodobenzene or with 
bis(trifluoroacetoxy)iodobenzene to afford different types of products. The most frequently isolated 
product is the regenerated carbonyl compound. However, in some instances, the unstable azo 
intermediate can be isolated. 272,273 The reaction proceeds in two steps. Interaction of the hydrazone 
with the diacyloxyiodobenzene leads to an intermediate hydrazino(phenyl)iodine(llI) derivative which 
then undergoes an intramolecular rearrangement, of the type B ipso-allylic ligand coupling, to produce 
the unstable phenylazo compound. Usually this compound is hydrolysed in situ going directly to the 
carbonyl compound. However, in the case of the reaction of the hydrazones of a-ketoesters with 
bis(trifluoroacetoxy)iodobenzene, the intermediate a-trifluoroacetoxy-tt-azo esters were isolated as 
relatively stable compounds. (Scheme 5.24) 

NHR1 R 1 

N" I t~ /Ph  ] 

R A  CO2Et = ~N"~--~ / 
+ " 1 /  

Phi(OCOR2)2 R" CO2Et .J 

Scheme 5.24 

R2COO~ N =  NR1 
,c,, 

R CO2Et 

82-97% 

This type of reactivity was also observed in the reaction of acylhydrazones with iodobenzene 
diacetate. In the case of ortho-hydroxyarylketone acylhydrazones, this reaction with iodobenzene 
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diacetate in methylene dichloride at room temperature gave, by a sequence of ligand coupling and 
intramolecular rearrangements, the 1,2-diacylbenzene derivatives. 274 In the case of bisacylresorcinol 
acylhydrazones derivatives, the reaction with iodobenzene diacetate led to tetraacylbenzene 
derivatives. 275 These multistep reactions were explained by the formation of acetoxy azo compounds 
as key intermediates. Then, a series of rearrangements and internal displacements led to the final 
products. 276 

R 2 O 

3 ~ , ,  H R3RI ~ R N.. N~,,R1 R 2 
+ PhI(OAc) 2 ~ R 1 

R 4 ~ OH O 
O 

ref. 274 

60-97% 

OH Me @ NNHCOPh 

I 
COPh 

COPh ~ COMe 
+ Phi(OAc) 2 - ref. 275 

COPh 
COMe 

68% 
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Chapter 6 

Ligand Coupling Involving Organobismuth Compounds 

The chemistry of organic compounds of bismuth is rich and has a long history, as organobismuth 
compounds have been known for more than a century.I, 2 However, the use of organobismuth 
derivatives in organic chemistry is relatively recent, as the first applications appeared in the mid 1970s. 
Since then, their use in organic synthesis has become more frequent. 3-8 The chemistry of 
organobismuth compounds is for the main part based on the existence of two states of oxidation: 
Bi(III) and Bi(V). Pentavalent organobismuth compounds constitute efficient selective oxidation 
reagents.9,10 The weakness of the carbon-bismuth bond has led to the development of a number of 
reactions of ligand transfer, and the ligand coupling mechanism is frequently implied in these 
reactions, although other mechanisms can also play a significant role in some instances. 

The synthesis of organobismuth compounds has been extensively reviewed.I, 2 For the synthesis of 
arylbismuth derivatives, the most general and high-yielding method of preparation involves the 
reaction of Grignard reagents with bismuth trihalides. The triarylbismuthanes are then oxidized to the 
corresponding pentavalent derivatives, which can be treated with aryllithium derivatives, affording 
pentaarylbismuth. Ligand exchange reactions lead selectively to different types of pentavalent 
triarylbismuth derivatives: carbonate, diacylate, difluoride or disulfonates... (Scheme 6.1) 

ArMgX + BiX 3 

ArsBi lc 
Ar4BiA 

f 
Ar3Bi = Ar3Bi(OCOR)2 

l a  e f 
Ar3BiX 2 ~ Ar3BiCO 3 

Ar3BiF 2 Ar3Bi(O3SR) 2 

a) X2; b) ArLi; c) HA; d) KF; e) K2CO3; IF) tert-BuOOH, RCO2H, or 
RCO3H, or NaBO3 + RCO2H (ref. 11); g) RCO2H; h) RSOaH 

Scheme 6.1: Synthesis of organobismuth compounds 

6.1 ARYLATION OF INORGANIC SUBSTRATES 

Triarylbismuthanes react with halogens such as chlorine or bromine to afford the stable pentavalent 
dihalotriarylbismuth. 12-15 These compounds can decompose with carbon-bismuth bond cleavage to 
lead to the aryl-halogen derivatives by a ligand coupling reaction. Reaction of triphenylbismuthane (1) 
with iodine leads only to phenyl iodides, the pentavalent intermediates undergoing directly the ligand 
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coupling reaction.13,16 On the other hand, thermal decomposition of triphenylbismuth difluoride (2) 
led to a moderate yield of biphenyl, the presence of fluorobenzene being not reported. 17 

Ph3Bi + IC1 = Phi + Ph2BiCI 
(1) 

Ph3BiF 2 . Phil/reflux = Ph-Ph (40%) 
(2) 

Similarly, triphenylbismuthane reacts with halogen halides and halogen cyanides to give Ar2BiX 
and ArY, in which X is the most electronegative fragment of the halogen derivative XY. 12,13,16,18 

Ph3Bi + IC1 = Phi + Ph2BiC1 

Ph3Bi + BrCN ~ PhBr + Ph2BiCN 

Triphenylbismuth dichloride (3) reacts with sodium azide and sodium cyanide to afford triphenyl- 
bismuth diazide and triphenylbismuth dicyanide. Thermolysis of these compounds leads to phenyl 
azide or to benzonitrile, respectively. 19 

A 
Ph3BiC12 + NaN 3 = Ph3Bi(N3) 2 ~ PhN 3 + Ph2BiN 3 + Ph3Bi 

(3) 
A 

PhaBiC12 + NaCN ~ Ph3Bi(CN)2 ~ PhCN + PhaBi 

Reaction of sodium thiocyanate with triphenylbismuth dichloride (3) leads directly to phenyl 
thiocyanate. Although no intermediate was detected, the reaction is likely to proceed by ligand 
coupling of a pentavalent thiocyanato derivative. 14 

Ph3BiCI 2 + NaSCN = PhSCN + Ph2BiSCN 

The tetraphenylbismuthonium salts behave similarly with various inorganic substrates. However, 
the reagent itself, tetraphenylbismuthonium chloride, is not stable and decomposes in the solid state at 
room temperature to afford chlorobenzene. 20 

RT 
Ph4BiC1 = PhCI + Ph3Bi 

Ph4BiC1 + KBr ~ PhBr + Ph3Bi 

Ph4BiC1 + KCN ~ PhCN + Ph3Bi 

Ph4BiC1 + NaNO 2 ~ PhNO 2 

Tetraphenylbismuthonium salts react also with triphenylphosphane to afford the corresponding 
tetraphenylphosphonium salts. Under photolytic conditions, a mechanism involving single electron 
transfer takes place and the tetraphenylphosphonium salt is obtained in 90% yield. But under thermal 
conditions, the reaction is much slower, and the phenyl group transfer may be explained by a ligand 
coupling involving a covalent bismuth-phosphonium salt. 21 

Ph4Bi(~ BF4 O + PPh 3 ph4P| 4 0  + Ph3B i 
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The reactions of pentaphenylbismuth (4) with bromine 20 and sulfur dioxide 22 are formally ligand 
coupling reactions. However, they should involve as an intermediate or transition state an hypervalent 
hexa or heptacoordinate bismuth derivative, which undergoes a ligand coupling-type reaction. 

Ph5Bi + Br 2 ~ [PhBr + Ph4BiBr] ~ Ph3Bi + 

(4) 
Ph5Bi + SO 2 : Ph2SO 2 

2PhBr 

6.2 C-ARYLATION WITH PENTAVALENT ORGANOBISMUTH 

The first studies on the application of pentavalent organobismuth derivatives in organic synthesis 
focused on oxidation reactions. 9,10 In the course of these studies, when Barton et al. treated quinine 
with triphenylbismuth carbonate (5), the reaction led to a rather modest yield of the expected 
quininone (34%). Using an excess of the reagent (5) afforded a good yield of a mixture of diastereo- 
isomeric tx-phenylated ketones (75%). 23 

. o  

M e O ~  + 
PhaBiCO 3 

(5) 

In subsequent studies, a number of enolisable substrates, such as phenols and enols as well ag 
various anions, were found to be arylated under mild conditions by triarylbismuth carbonates, as well 
as by other pentavalent triarylbismuth or tetraphenylbismuth compounds and by pentaphenylbismuth. 

6.2.1 C-Arylation of phenols 

The interaction of a phenolic derivative with a pentavalent organobismuth reagent can lead more or 
less selectively, in yields ranging from moderate to frequently excellent, to one of the two types of aryl 
derivatives: the 2-hydroxybiphenyl substituted derivative or the O-aryl ether. The outcome of the 
reaction is dependent on the nature of the organobismuth reagent in close relation to the reaction 
conditions. But, for a given set of reaction conditions and nature of the organobismuth reagent, the 
electronic properties of the phenolic substrate play also a determinant role in the regioselectivity. 

OH OH OH OAr 

+ Ar3BiL2 ~ + / or and/or  

R R R R 

6.2.1.1 Influence of the nature of the organobismuth reagent 

Three types of pentavalent arylbismuth derivatives can be used for the arylation of phenols. They 
derive from the triaryl, the tetraaryl and the pentaaryl series. The C-arylation of phenolic compounds 
can be performed by triarylbismuth carbonate, the presence of a base being not mandatory. It can also 
be realized by a variety of pentavalent triarylbismuth compounds and tetraarylbismuthonium salts, 
both in the presence of a base, in various solvents (methylene chloride, benzene, toluene or 
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tetrahydrofuran). 24 The nature of the base (Nail, TMG = N,N,N',N'tetramethylguanidine or BTMG = 
N-tert-butyl-N',N',N",N"tetramethylguanidine) does not change the yield of arylated product. Similar 
C-phenylation of phenols can also be performed by reaction of the phenol with pentaphenylbismuth 
under neutral conditions. 25 The yield of the C-phenylated derivatives is not very dependent upon the 
choice of the reagent. However, the tetraphenylbismuthonium salts require generally milder conditions 
with shorter reaction times. They are also less prone to side reactions such as oxidative dimerisation, 
which are relatively common with triarylbismuth carbonate. But, only phenylation has been performed 
with these reagents as tetraphenylbismuthonium salts are the only tetraaryl compounds which have 
been prepared. 

A variety of pentavalent substituted triarylbismuth derivatives are known and electron-withdrawing 
or electron-donating substituted phenyl groups can be introduced by arylation with these reagents. The 
electronic properties of the substituents of the arylbismuth do not influence significantly the overall 
yield of arylated products (arylation of 2-naphthol: 84% with the 4-nitrophenyl derivative, 76% with 
the unsubstituted phenyl derivative and 69% with 4-methoxyphenyl derivative). 

T a b l e  6.1: Arylation of 2-naphthol by organobismuth (V) reagents. 

Ar 

. , o r  

Reagent Reaction conditions 

Ph3BiCO3 (5) TMG, CH2C12, RT, 12 h 

Ph3BiCO3 (5) CH2C12, RT, 24 h 

(4-MeOC6H4)3BiCO3 CH2C12, RT, 24 h 

(4-MeC6H4)3BiCO3 CH2C12, RT, 24 h 

(4-NO2C6H4)3BiCO3 CH2C12, RT, 24 h 

Ph3BiC12 (3) 

Ph3BiC12 (3) 

Ph3Bi(ONO2)2 

Ph3Bi(OTs)2 

Ph4BiOAc 

Ph4BiOAc 

Ph4BiOCOCF3 (6) 

Ph4BiOCOCF3 (6) 

Ph4BiOCOCF3 (6) 

Ph4BiOCOCF3 (6) 

eh4BiOTs (7) 

Ph4BiOTs (7) 

Ph4BiOSO2CF3 

PhsBi (4) 

BTMG, Phi-I, RT, 4.5 h 

Nail, THF, RT, 3 h 

TMG, CH2C12, RT, 6.5 h 

TMG, CH2C12, RT, 7.5 h 

Phil, 80~ 24 h 

BTMG, Phil, RT, 1 h 

Phil, RT, 24 h 

Phil, 80~ 15 h 

Phil, ClaCCO2H (0.6 
mol equiv.), 60~ 24 h 

BTMG, Phil, RT, 1 h 

Phil, 80~ 24 h 

BTMG, Phil, RT, 2 h 

BTMG, Phil, RT, 3 h 

Phil, RT, 2.5 h 

O-Aryl (%) C-Aryl (%) Starter (%) Ref 

76 24 

76 26 

69 26 

71 26 

84 26 

90 24 

86 24 

60 24 

- 5 9  - 24 

25 25 19 24 

- 9 5  - 24 

50 - 36 27 

82 28 

91 24 

- 9 4  - 24 

42 - 58 24 

90 24 

86 24 

- 9 0  - 29 
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6.2.1.2 Influence of the nature of the phenolic substrate 

The nature of the substituents on the phenolic substrate appeared to govern more or less efficiently 
the regioselectivity of the arylation reactions. This was clearly demonstrated by a study of the 
phenylation reaction of a variety of substituted phenols by triphenylbismuth dichloride under basic 
conditions. 30 

OH OH OH OPh 

§ Ph3BiXY ~ and / or and / or 

R R R R 

Phenols bearing electron-donating substituents are essentially ortho-C-phenylated. A small amount 
of the O-phenyl ether is found in some instances. When the two ortho-positions are substituted by an 
alkyl group, good yields of the 6-arylcyclohexa-2,4-dienone are obtained. Phenols bearing para 
electron-withdrawing substituents give exclusively O-phenyl ethers after thermal decomposition of the 
aryloxybismuth intermediate (see section 6.3). Unactivated phenols or phenols beating meta electron- 
withdrawing substituents afford complex mixtures of O-phenyl- and ortho-C-phenyl-phenols. Phenol 
itself (8) and pentaphenylbismuth (4) gave diphenylether (9) in 42% yield. 31 But the reaction of phenol 
(8) with triphenylbismuth dichloride (3) under basic conditions (BTMG) led to a more complex 
mixture, in which the formation of diphenylether (9) (8%), 2-phenylphenol (10) (30%), 2,6-diphenyl- 
phenol (11) (7%) and biphenyl (12) (8%) was observed with a recovery of unreacted phenol (8) (40%). 

OH 1) BTMG /THF OPh OH OH 
reflux/48 h ~ ~ P h + P h ~ P h  

§ Ph3BiC12 2) CF3COOH D. + + Ph-Ph + PhOH 

(8) (3) (9) (10) (11) (12) (8) 

Mono or diarylation is realized for most of the phenols substituted with electron-donating groups. 
The C-phenylation is nearly always ortho-selective: no trace of the 3- or 4-phenyl isomers was 
detected. 30 The presence of small amounts of the O-phenyl ether is seldom observed, and mostly in the 
case of phenols substituted on the 3- or on the 3- and 5-positions, as in the case of phenol (16). The 
only known exception, where para-phenylation occurs, is the case of 2,6-di-tert-butylphenol 
derivatives (see p. 165). 

OH OH OH 

+ Ph3BiCl2 base ~-- P h ~  + P h ~ P h  

t-Bu t-Bu t-Bu t-Bu t-Bu t-Bu 

(13) 1 equiv. Nail (14), 26% (15), 1-2% 
2 equiv. TMG - 77% 

OH OH OH OPh 

~ ~ L  + Ph3BiCI2 BTMG ~ P h  + P h ~ P h  + ~ ~ ,  

MeO" "r "OMe MeO" ~ "OMe MeO" ~ " MeO OMe (1.5 equiv.) 

(16) 45% 30% 10% 

OMe 
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The steric influence of the ortho-subsfituent does not interfere strongly with the overall yield of the 
C-arylation: 2,4-di-tert-butylphenol (17) afforded the 6-phenyl derivative (18) in 65% yield by 
reaction with pentaphenylbismuth and in 81% yield with triphenylbismuth bis(trifluoroacetate) and 
BTMG (N-tert-butyl-N',N',N",N"tetramethylguanidine). 

OH OH 

(17) (18) 
t-Bu t-Bu 

PhsBi 65% 
Ph3Bi(OCOCF3)2 / BTMG 81% 

In the case of 2,6-disubstituted phenols, the nature of the bismuth reagent, the nature of the alkyl 
substituents and the reaction conditions determined the outcome of the reactions. 32 Thus, in the 
reactions of 2,6-dimethylphenol (19) with pentaphenylbismuth (4) or with tetraphenylbismuthonium 
derivatives under basic conditions, ortho C-phenylation resulted in the formation of 6-phenylcyclo- 
hexadienone (20) in good yield. 25 On the other hand, oxidative dimerisation took place in the reaction 
of 2,6-dimethylphenol with triphenylbismuth carbonate to afford the diphenoquinone (21)quantita- 
tively. 25 

O OH Me Me 

p ~ _ ~  Me ~ PhsBi M e . M e  Ph3BiCO3 = O ~  O 

Me Me 
(20), 75% (19) (21), 92% 

2-Alkyl-6-phenylphenol derivatives can be phenylated to afford the corresponding 2-alkyl-2,6- 
diphenylcyclohexadienone. The reaction of 2,4-dimethylphenol (22) with pentaphenylbismuth (4) gave 
a mixture of the expected 2,4-dimethyl-6-phenylphenol (23) together with the corresponding 6-phenyl- 
cyclohexadienone (24). However, the ortho position bearing already one aryl group does not undergo a 
second arylation. Indeed, 2,6-diphenylphenol did not react with any organobismuth reagent to lead to 
2,2,6-triphenylcyclohexadienone. 25 

OH OH O 
~ M e  PhsBi P h ~ M e  P h ~  le 

Ph = + 

Me Me Me 
(22) (23), 26% (24), 21% 

The behaviour of the most sterically hindered 2,6-di-tert-butylphenol (25) and its derivatives was 
very dependent upon the reaction conditions. In the presence of a base favouring electron-transfer 
(such as BTMG), oxidation reactions took place with triphenylbismuth dichloride or triphenylbismuth 
carbonate leading to the diphenoquinone (26). Para-phenylafion with formation of (27) was observed 
for the first time in the reaction of the potassium phenolate of 2,6-di-tert-butylphenol with 
triphenylbismuth dichloride and in the reaction of the phenol (25) with tetraphenylbismuthonium 
tosylate in the presence of BTMG. Even ortho- and para-phenylation with concomitant de-tert- 
butylation occurred in the reaction of the potassium salt of 2,4,6-tri-tert-butylphenol with 
triphenylbismuth dichloride. 32 
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OH 
t-Bu ~ t-Bu 

(25) 

Ph3BiCI 2 / BTMG 
o r  

PhaBiCO 3 / BTMG 

_ t-Bu 

t-15u t-Bu 

OH 
t - B u ~  t-Bu 

(25) 

Ph3BiCI 2 

KH / THF 

OH t-Bu t-Bu 

+ HO OH 

Ph t-Bu' t-Bu 
(27), 37% 15% 

OH OH 

t - B u ~  t-Bu Ph4BiOTs ,.. t - B u ~  t-Bu 

BTMG -- (27), 33% 

(25) Ph 

In the case of polyhydroxylic phenols, perphenylation occurred. Thus, phloroglucinol (28) reacted 
with triphenylbismuth carbonate to give a mixture of 2,4,6-triphenylphloroglucinol (29) and 2,2,4,5- 
tetraphenylcyclopent-4-en-l,3-dione (30). 24 The dione (30) is formed from (29) by phenylation, 
decarboxylation and oxidation. When a large excess of triphenylbismuth carbonate (5 mol equiv.) was 
used, the dione (30) was the only isolated product in 60% yield. In contrast, the reaction of 
phloroglucinol with pentaphenylbismuth led to a complex mixture. 25 

Ph Ph Ph 
HO OH Ph3BiCO3 = + O O 

Ph Ph Ph Ph 
OH OH 

(28) (29), 24% (30), 40% 

6.2.2 C-Arylation of enols and enolate anions 

6.2.2.1 1,3-Dicarbonyl compounds 

a-C-arylation of 1,3-dicarbonyl compounds such as 13-diketones, I~-ketoesters or malonic esters is 
easily performed with a variety of pentavalent organobismuth reagents under neutral or basic 
conditions. When the a-carbon bears two hydrogen atoms, monoarylation is difficult to obtain 
selectively in most cases. Good yields of the 2,2-diarylated 1,3-dicarbonyl compounds are generally 
obtained with triphenylbismuth dichloride and tetraphenylbismuthonium derivatives under basic 
conditions and with triphenylbismuth carbonate, triphenylbismuth diacetate and pentaphenylbismuth 
under neutral conditions. Such was the case for acetylacetone (31), ethyl acetoacetate (32), diethyl 
malonate (33), ethyl cyclohexanone-2-carboxylate (34) and ethyl cyclopentanone-2-carboxylate.28, 33 
In the case of acetylacetone (31), the reaction with triphenylbismuth dichloride (2 equiv.) in the 
presence of tetramethylguanidine (TMG) as a base led to 3,3-diphenylacetylacetone (36) (74%), 
whereas tetraphenylbismuthonium trifluoroacetate (1 equiv.) in benzene under reflux in the absence of 
a base gave a moderate yield of the 3-monophenyl derivative (35) (34%). 33 
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O O 

Me ~ Me 

(31) 

O O 

M e ' ~  Me 
Ph 

(35) 

Ph3BiCO3, CH2C12, reflux: 33% 

Ph3BiCI2, TMG, Phil, reflux: 

Ph4BiOCOCF3, Phi-I, no base, reflux: 34% 

O O 

Me p h ~ p  h Me 

(36) 

40% 

74% 

O O 

Me " j [ ~  OEt 
(32) 

Ph3BiCO 3 (1 equiv.) 
O O 

M e ~  OEt 59% 

Ph 

o O 

Me " j ~ l "  OEt 
(32) 

O O 

, D, M e ~  'tl OEt + Ph2CHCO2Et 
Ph"Ph 

Ph3BiCO3 (excess) 55% 

Ph3BiCI2 / BTMG 82% 

21% 

O O 

EtO ~ OEt 
(33) 

O O O O 

~ E t O ~  OEt + E t O p h ~ p  h OEt 
Ph 

Ph3BiCO3 (1 equiv.) 53% 13% 

Ph3BiCO3 (2 equiv.) 18% 77% 

O O 
~~,~CO2E t ~ ? h  Ph3BiCI2/BTMG 75% 

CO2Et Ph4BiOCOCF3/BTMG 91% 
(34) PhsBi 57% 

By contrast, the sodium salt of acetylacetone (31) was reported to react with triphenylbismuth 
dichloride in THF to lead to an unstable bismuthonium ylide (37). It was formed nearly quantitatively 
after 1 hour at 0-5~ but was not isolated. Addition of triethylamine and methanesulfonyl chloride led 
to the isolation of a 1,3-oxathiole-3,3-dioxide derivative (38) in 65% yield. On the other hand, this 
bismuthonium ylide (37) afforded the mono-C-phenylated product, 3-phenylacetylacetone (35), on 
standing at room temperature. However, the precise experimental conditions and the yields of the latter 
reaction were not reported. 34 

O O 

M e ~  Me 
Na 
+ 

Ph3BiCI 2 

THF 

o2s - - -  ! 
- i  

MeSOECI / EtNLN.. ~ O ~ O  (38) 
O I I 

M e - - / (  - 40~ Me Me 
BiPh 3 

Me O ~ ~ _  I T  O O 
II  II  

(37) M e ~  "a" Me (35) 
Ph 
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The reaction of dimedone (39) with tetraphenylbismuthonium derivatives and BTMG gave the o~,ct- 
diphenyl derivative (40). 33 But when dimedone (39) was treated with triphenylbismuth carbonate, an 
ylide (41) was obtained. 33 This ylide was later isolated as a stable crystalline compound. 35 This ylide 
(41) can also be prepared by reaction of the sodium salt of dimedone either with triphenylbismuth 
dichloride or with triphenylbismuth oxide. 34 Similarly, Meldrum's acid gave the corresponding 
bismuthonium ylide with triphenylbismuth carbonate and with triphenylbismuth dichloride. 34,36 Such 
ylides can also be made by decomposition of the appropriate dicarbonyl diazonium derivative in the 
presence of triphenylbismuthane catalysed by bis(hexafluoroacetylacetonato)copper (II). 37 These 
ylides react with aldehydes to give cyclopropanes, dihydrofurans and t~,13-unsaturated carbonyl 
compounds.34, 38 

Ph Ph 

(40) 

Ph4BiOCOCF3, BTMG 75% 
Ph4BiOTs, BTMG 81% 

ref. 33 
ref. 33 

ozo BiPh 3 

-- O _ ~ _  O(41 ) _,. ~l,~.,. 

M e M e  

Ph3BiCO3, CH2C12, reflux 75-83% 
Ph3BiCI2, Nail, THF 52% 
Ph3BiO, Nail, THF 84% 

ref. 33,35 
ref. 34 
ref. 34 

The arylation reaction of 1,3-dicarbonyl compounds was extended to the use of variously 
substituted triarylbismuth carbonates. The electronic properties of the substituents of the arylbismuth 
do not influence significantly the overall yield of arylated products. Arylation of ethyl 2-oxo- 
cyclohexanecarboxylate (34) with substituted triarylbismuth carbonate derivatives afforded the 
products in yields ranging from 81 to 90%. 26 

O O Ar = 4-NO2C6H 4 90% 

~ CO2Et ~ ~ M "  C6H 5 86% 
+ Ar3BiCO 3 - CO2E t 4-MeC6H 4 81% 

(34) 4-MeOC6H 4 86% 

With caprolactam-type malonic derivatives, completely different results were observed depending 
on the structure of the lactams. Thus, 3-cyano-e-caprolactam (42) reacted with pentaphenylbismuth to 

give 74% of the expected 3-cyano-3-phenyl-e-caprolactam (43). But 3-methoxycarbonyl-e-capro- 
lactams (44) and (45) did not react with pentaphenylbismuth. The N-phenylcaprolactam derivative (46) 
was obtained through reaction of (44) with triphenylbismuth dichloride and base. 39 

O O 

(42) (43), 74% 
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O 

Ph3BiC12 + BTMG + M e O 2 _ ~ N  R C u  
N _ /  

O 
M e O 2 C ~ _ ~ , ,  Ph 

(44) R = H . . . .  "~ (46), 62% 
(45) R = COOt-Bu . . . .  -~ no reaction 

The reaction of arylation of 1,3-dicarbonyl derivatives was also used in a new approach towards the 
synthesis of isoflavanones and 3-aryl-4-hydroxycoumarins. 40 Phenylation of activated chroman-4-ones 
to isoflavanones was obtained in moderate to good yields. Selective monophenylation was performed 
in high yield in a low-temperature reaction (- 230C) of the activated chroman-4-one with 
pentaphenylbismuth and mixtures of mono- and di-aryl derivatives were obtained in modest yields 
with other types of arylbismuth reagents. 

R . R Ph 

R' Ph Ph 
O O O 

R' = H Ph3BiXY 0-22% 17-38% 
R'= CHO Ph3BiXY 10-32% 13-40% 
R'= CHO PhsBi / - 23~ 84% - 
R'= COCO2Et PhsBi/- 23~ 88% 3% 

Various 3-(3'- and 4'-substituted phenyl)-4-hydroxycoumarins were easily accessible by reaction of 
4-hydroxycoumarins with triarylbismuth dichloride and triarylbismuth dinitrate under basic conditions 
or with triphenylbismuth diacetate (47) under neutral conditions. In the latter reaction, the best yields 
were obtained when the reaction was performed in methylene dichloride in the dark. 40 

0 0 R _ ~ ~ 0  . ,0  

OH OH 

Ph3Bi(OAc)2 (47), BTMG, CH2C12, RT 81% 
PhaBi(OAc)2 (47), no base, CH2C12, reflux, dark 92% 

The heterocyclic 10,10-dichloro- 10-(4'-methylphenyl)phenothia- 10t 5-bismine-5,5-dioxide (48) is a 
relatively stable substance, which slowly decomposes at room temperature to afford the ligand 
coupling product, 4-chlorotoluene. However, treatment of this bismuth compound with the sodium salt 
of dibenzoylmethane resulted only in the transfer of the tolyl group. The monoaryl derivative (49) and 
the bismuth containing fragment (50) were recovered in good yields (76% and 74% respectively). 41 

O , , O  

~ B / ~  O O THF O O 
CI" "C1 = + P h ~  Ph P h ~  Ph + 

(48) Tol 

Me (49), 76% 

O,,,O 
S" 

! 

C1 
(50), 74% 
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Other enolised compounds were also easily arylated. Such was the case of 13-ketosulfones, which 
reacted easily with triphenylbismuth carbonate (5) to afford the corresponding a-phenyl-13-ketosul- 
fones. This reaction was put to good use in an efficient synthesis of isoflavanone and isoflavone 
derivatives. 42 

SO2Ph Ph3BiCO3 ~ R Ph SO2Ph 
O reflux / 3 h O 

79-88% 

a-Diketones led to the formation of a'-aryl derivatives on the most substituted carbon, in modest 
yields. 33 However, treatment of tropolone (51) with tri(p-tolyl)bismuth diacetate in methanol under 
reflux led to stable crystals of the pentavalent di(O,O-tropolonato)tri(p-tolyl)bismuth (V) (52) resulting 
from ligand exchange. 43 

OH O O 
Me Me O OH OH 
Ph § Ph 

Ph 

Ph3BiCO3 25% - ref. 33 
PhsBi 30% - ref. 33 
Ph4BiOTs, Nail 44% 10% ref. 33 

O ~ OH Bi(4-Tol) 3 
+ (4_Tol)3Bi(OAc)2 MeOH / reflux D. 

(51) (52), 69% 

ref. 43 

6.2.2.2 Ketones 

Non-enolised substrates do not react with pentavalent organobismuth compounds under neutral 
conditions. However, their enolates reacted easily with triarylbismuth dichloride, triarylbismuth 
carbonate or tetraphenylbismuthonium derivatives to give the corresponding a-arylated products. 
Generally, the perarylated derivatives were the only isolated products. This is the case with ketones, 
aliphatic, acyclic or cyclic and aromatic.33, 44 For example, acetophenone (53) was converted by 
reaction with triphenylbismuth carbonate into phenyl(triphenylmethyl)ketone (54) in 69% yield. The 
unknown hindered hexaphenylacetone remained inaccessible by phenylation of 1,3-diphenylacetone 
(55): only pentaphenylacetone (56) was isolated from the reaction of the potassium enolate of 1,3- 
diphenylacetone with triphenylbismuth carbonate or with tetraphenylbismuthonium derivatives. 33 
Similarly, cyclohexanone (59) afforded 2,2,6,6-tetraphenylcyclohexanone (60) in 80% yield by 
reaction with tetraphenylbismuthonium tosylate and potassium hydride and 4,4-dimethylcholest-5-en- 
3-one (61) gave the 2,2-diphenyl analogue (62) in 80% yield. Similarly, arylation of chroman-4-ones 
yielded only the 3,3-diaryl derivatives, moreover in modest yields (34-38%). 40 Attempted synthesis of 
a,a'-diphenylcyclanones from ~,a'-dibromocyclanones by reaction with lithium diphenylcuprate 
(LiCuPh2) followed by treatment with triphenylbismuth carbonate led only to poor yields of the 
diphenylcyclanones. 45 

Ph,ll, Me Ph3BiCO 3 / KH Ph ~ CPh3 (54), 69% 
O (53) D. O 

ref. 33 
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P h ' ~ " "  Ph : Ph3C, ~ CHPh 2 
O (55) O (56) 

Ph3BiCO3 / KH 60% ref. 33 
Ph4BiOTs / BTMG 88% ref. 33 

O O 

Ph )Ph ~ Ph4BiOCOCF 3 / KH: Ph ~Ph ~ P h p h  

(s7) (58) 

74% ref. 44 

O 

(59) 

O 
P t ~ P h  
Ph Ph 

(60) 
Ph3BiCO3 / KH 93% 
Ph4BiOTs / KH 80% 

ref. 44 
ref. 44 

C8H17 

/ KH 

OMe~M. e (61) 

PhaBiCO 3 

C8H17 

ph ) 
~" Ph 

(62), 80% 

ref. 33 

6.2.3 Arylation of various anions and nucleophiles 

a-Phenylglycine derivatives were obtained by the reaction of arylidene imines of glycine ethyl 
esters with triphenylbismuth carbonate under neutral conditions. 46 When the arylidene group was 
derived from p-chlorobenzaldehyde, only a modest yield of the diphenylated product was obtained, but 
selective monophenylation was realized with the benzophenone imine, due to the lowered acidity of 
the monophenyl derivative resulting from the greater steric hindrance of the diphenylmethylene 
group. 47 This arylation procedure was also extended to the synthesis of a-substituted-a- 
phenylglycines. 48 

N,,CH2 
Ar-  CH= " CO2Et 

Ph3BiCO 3 
y 

DMF/reflux 

Phx ,,CO2Et 
Cx 26% after hydrolysis 

Ph I NH 2, HC1 

Ph N,.CH2 Ph3BiCO3 ,, CO2E t 
ph ~ "CO2Et = Ph-CH, 60% after hydrolysis 

DMF/reflux 'NH 2, HCI 

Other stabilized anions that were successfully C-arylated include the anions of nitroalkanes, 
a-methyl-a-nitrocarboxylic acid derivatives, esters, triphenylmethane, indole and scatole. 33 
Nitroalkanes gave high yields of the a-C-aryl derivatives. In the presence of BTMG, 2-nitropropane 
reacts with triphenylbismuth dichloride or tetraphenylbismuthonium p-toluenesulfonate to lead to a- 
nitrocumene (86 or 77% respectively). 28 The reaction using triphenylbismuth dichloride and TMG was 
applied to the synthesis of a-methyl-a-phenylglycine via arylation of a-nitropropionic acid esters. 49 
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CO2Me 
Me(CH2)15 " " ( L i  § Ph3BiCO3 ~ Me(CH2)15 ~ CO2Me Ph 54% 

Me2CHNO 2 

Ph 
| 

+ Ph3BiC12 + BTMG = Me I NO2 77% 

Me 

,,CO2C4H9 
Me- CH 

" NO 2 

Ph 

+ Ph3BiC12 + BTMG ~ Me---[-- CO2C4H 9 81% 

NO 2 

Ph3CK § Ph3BiCO 3 ~ Ph4C 54% 

In the case of indole derivatives, 3-phenylindole (64) was formed in the reaction of indole (63) with 
tetraphenylbismuthonium trifluoroacetate or tetraphenylbismuthonium p-toluenesulfonate in benzene 
under reflux under neutral conditions. But 3,3-diphenyl-3H-indole (65) was obtained by treatment of 
the sodium salt of indole with tetraphenylbismuthonium p-toluenesulfonate. A related example is the 
2-phenylation of N,N,N',N'tetramethyl-p-phenylenediamine which was realized with triphenylbismuth 
dichloride in the presence of BTMG or tetraphenylbismuthonium p-toluenesulfonate in the presence of 
BTMG and with triphenylbismuth carbonate alone. Phenylation was not obtained in the reaction with 
tetraphenylbismuthonium tetrafluoroborate. 21,28,33 

Ph Ph 
NoBase ~ " ~ " 

NIJ + Ph4BiX = IJ § IJ 
' Phil / reflux N N 

i i i 

(63) H (64) H Ph 
X = OCOCF3 43% 2% 
X = OTs 36% - 

Ph Ph 

~ N I J  + Ph4BiOT s "  NaH/THFRT ~ N  ~j(Ph § ~ I fN 
I I 

H (65), 61% H (64), 5% 

Me Me 
~ If + Ph4BiOTs BTMG/THF= ~ N ~ , ~ P h  

N" RT 
I 

H 

95% 

NMe 2 NMe2 

PhaBiC12 ~ ~ ~ r  Ph 

BTMG/Phil 
NMe 2 NMe2 

19% 

Triphenylbismuth difluoride (2) reacted with terminal acetylenes in the presence of a catalytic 
amount of cuprous chloride to afford moderate to good yields of the phenylacetylene derivative. The 
reaction was claimed to involve the formation of a pentaorganyl intermediate, which undergoes a 
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ligand coupling process. Better yields were obtained when the reaction was performed with catalytic 
amounts of the copper salt than with the stoichiometric copper acetylide. 17 

CuC1 / Phil 
Ph-  C = CH + Ph3BiF 2 reflux "- Ph-  C= C- Ph + Ph-  Ph 

(2) 87% ~ 1% 

CuCI / toluene 
PhCH2OCH 2- C-  CH + Ph3BiF 2 

reflux 
(2) 

PhCH2OCH 2- C = C-Ph + Ph-  Ph 

55% - 3 %  

Ph-  C__. C -  Cu + Ph3BiF 2 

(2) 

PhH 
reflux 

= Ph-  C- = C- Ph + Ph-  Ph 

17% 40% 

6.3 O-ARYLATION WITH PENTAVALENT ORGANOBISMUTH 

6.3.1 Phenol and enol derivatives 

The first example of O-arylation of a phenolic compound was reported by Razuvaev et al. who 
showed that the decomposition of pentaphenylbismuth (4) in the presence of phenol (8) led to diphenyl 
ether (9). 31 An intermediate phenoxytetraphenylbismuth (66) was suggested to decompose by two 
different pathways, the first one affording diphenyl ether (9) in 46% and the second one leading to 
phenol in 48% yield and to benzyne, eventually leading to tarry products. 

PhOH + Ph5Bi - Phil + [PhO-BiPh 4 j - Ph-O-Ph + PhOH + Ph3Bi + tars 

(8) (4) -. 100% (66) (9), 46% 48% 90% 

However, when a solution of pentaphenylbismuth (4) in carbon tetrachloride was heated under 
reflux in the presence of 2,3,4,5-tetraphenylcyclopentadienone (67), an efficient benzyne trap, 50 the 
benzyne adduct (68), 1,2,3,4-tetraphenylnaphthalene, was indeed obtained in 50% yield together with 
triphenylbismuth (76%). 51 Thus the tarry products may more likely originate directly from the 
decomposition of pentaphenylbismuth. 

Ph 
Ph Ph CC14 ~ Ph 

= Ph3Bi + 
Ph5Bi + Ph Ph reflux ~ Ph 

O Ph 

(67) 76% (68), 50% 

If this O-phenylation reaction of a phenol involves a covalent aryloxytetraarylbismuth intermeAiate 
formed by displacement of a phenyl ligand by the incoming phenol, its occurrence could be 
ascertained if its synthesis by an alternate way led to the same result, O-phenylation of the phenol. 
Indeed, when the postulated intermediate, phenoxytetraphenylbismuth (66), was prepared by an 
alternate way, such as by base-catalysed reaction of phenol with tetraphenylbismuthonium 
trifluoroacetate, a similar yield of the O-phenyl ether was obtained, and ortho -C-phenylation products 
were also formed. 30 
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PhOH + Ph4BiOCOCF 3 + BTMG 
(8) (6) / 1) toluene / 80~ / 24 h 

2) CF3COOH 
OPh OH OH OH 

(9), 42% (10), 29% (11), 3% (8), 22% 

When 4-nitrophenol (69) was treated with pentaphenylbismuth (4)or with tetraphenylbismuth- 
onium tosylate (7) in the presence of a base, the stable covalent (4-nitrophenoxy)tetraphenylbismuth 
(70) was isolated. Its thermal decomposition, by refluxing a toluene solution for 4 hours, led to 4-nitro- 
diphenyl ether (71) in 98% yield. 23-25 

OH OBiPh 4 OPh 
PhH/RT.._ ~ .. toluene ~ 

PhsBi + reflux / 4 h 

NO 2 NO 2 NO 2 

(4) (69) (70), 88% (71), 98% 

This observation led Barton et al. to consider that the presence of an electron-withdrawing ligand 
may influence the regioselectivity of the arylation towards O-arylation, whereas the presence of an 
electron-donating ligand would favour the C-arylation. Therefore they decided to study the reaction of 
electron-rich phenols with pentavalent organobismuth reagents bearing one electron-withdrawing 
group and four phenyl groups. 25 A range of phenols were treated with tetraphenylbismuthonium 
acylates (Ph4BiOCOR, with R = Me or CF3) and with tetraphenylbismuthonium tosylates under 
neutral conditions in benzene under reflux. The O-phenyl ethers were obtained in moderate to good 
yields, together with variable amounts of the C-phenylation product. In the reaction of [I-naphthol with 
tetraphenylbismuthonium acetate, the O- and C-phenyl products were obtained both in 25% yield. The 
best yields of O-phenyl ethers were obtained in the reactions with tetraphenylbismuthonium 
trifluoroacetate. This latter reaction was susceptible to acid catalysis (CI3CCO2H, 0.6 equiv.), which 
improved significantly the yields (Tables 6.1 and 6.2). 24 

Table 6.2: Phenylation of phenols with Ph4BiOCOCF3 under neutral conditions 

Phenol 

Reaction time 
Yield 
Ref 

ArOH + Ph4BiOCOCF 3 

OH 
M e ~  Me 

72 h 
58% 

24 

OH 
M e ~  Me 

Me Me 

24 h 
57% 
24 

OH 

,() 
t-Bu 
4h  

53% 
24 

Phil / 80~ 
Ar-O-Ph 

OH OH 

0 
OH 

4 h 140 h 15 h 15 h 
68% 100% 82% 85% a 

24 24 28 28 

a ) reaction performed in the presence of 1,1-diphenylethylene (72) [Ph2C=CH2] (2 equiv.) 
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O-Phenylation of 3,5-di-tert-butylphenol (13) was also obtained by reaction with triphenylbismuth 
diacetate (47) in methylene dichloride under reflux, under neutral conditions. 27 However, as this 
reaction is greatly improved by copper catalysis (see section 6.7), the scope of the non-catalysed 
system was not studied. 

OH OPh 

t-Bu t-Bu reflux / 23 h t-Bu t-Bu 

(13) (47) (73) 

86% 

These two systems of phenol O-phenylation [O-phenylation with tetraphenylbismuthonium 
trifluoroacetate (6) or with triphenylbismuth diacetate (47)] may be ligand coupling reactions 
involving hexavalent transient intermediates, but no proof of such structures was ever detected. The 
former reaction does not involve free radicals, as addition of 1,1-diphenylethylene (72) (DPE), did not 
affect the overall yield. These reactions were explained by a direct aromatic SN2 displacement, 
facilitated by the partial charge on the carbon bonded to the bismuth atom. 24 (see section 6.6) 

A second type of O-arylation was developed from the original isolation of a covalent pentavalent 
stable aryloxybismuth intermediate. When 4-nitrophenol (69) reacts with triphenylbismuth derivatives 
(Ph3BiX2, with X = CI or OCOCF3) under basic conditions, again a covalent stable aryloxybismuth 
derivative is obtained. But their thermal decomposition did not lead to the O-phenyl ether (71). 
However, when the THF solution of other phenols containing electron-withdrawing groups in the para 
position was treated by triphenylbismuth dichloride and BTMG at room temperature, a coloured 
solution was quickly formed. When the solution was heated under reflux, th.e coloration of the solution 
faded and eventually the corresponding O-phenyl ethers (74) - (76) were obtained in good to excellent 
yields (70-91%).30 

R - O - O H  + Ph3BiC12 + 
THF 

BTMG 
reflux 

R = CO2Me 
CN 
CF3 

.-(5- o-O 
(74), 88% 
(75), 91% 
(76), 70% 

In the case of phenols beating the electron-attracting groups in the meta position, the reaction led to 
mixtures of predominantly the O-phenyl ether together with minor amounts of C-phenyl products. The 
O-phenyl ethers were obtained in 50-60% yields. 

OH OPh OH OH 

~ ~ L  +Ph3BiC12 +BTMG THF__ ~ + P h ~  + P h ~ P h  

NO2 (3) reflux NO 2 NO 2 NO 2 
54% 13% 9% 

OH OPh OH OH 
Ph Ph 

+ Ph3BiCI 2 +BTMG THF~ + + 

Cl C1 (3) reflux CI CI Cl CI CI CI 
60% 16% 12% 
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The O-phenylation reaction with tetraphenylbismuthonium trifluoroacetate (6) was also extended to 
enols. A series of enolised dicarbonyl compounds were O-phenylated in modest to moderate yields 
with this reagent under neutral or acidic conditions, the best yields being again obtained under acidic 
conditions. 33 

O OPh O 
~ CO2Et Phil / 60~ @ CO2Et Q ~  CO2Et 

+ Ph4BiOCOCF3 = Ph 
(34) (6) 24 h 

Neutral conditions 30% 5% 
CCI3COOH (0.6 equiv.) 57% 

Me 
Me + Ph4BiOCOCF3 

O (39) (6) 

Phil / 60~ 

24 h 

Neutral conditions 
CC13COOH (0.6 equiv.) 

PhO 

Me 
O 

56% 
88% 

6.3.2 Alcohol derivatives 

As with phenols and enols, the reaction of alcoholic substrates with tetraphenylbismuthonium 
trifluoroacetate appeared to be pH dependent. The reactions of primary and secondary alcohols with 
tetraphenylbismuthonium trifluoroacetate or related tetraphenylbismuthonium reagents under basic 
conditions resulted in oxidation to the corresponding carbonyl derivatives. Under neutral or acidic 
conditions, the O-phenyl ethers of primary and secondary alcohols were obtained in modest yields 
(secondary alcohols) to fairly good yields (primary alcohols) by reaction of the alcohol with 
tetraphenylbismuthonium trifluoroacetate (6) in benzene or in toluene under reflux. Tertiary alcohols 
gave intractable mixtures. 51 

R-OH + Ph4BiOCOCF3 Phil or toluene 
(6) reflux 

Primary alcohols 
Secondary alcohols 
Allylic alcohols 
Diols 

: R-O-Ph 

50-70% 
20-30% 
50-60% 
45-60% 

The important drop in the yields from primary to secondary alcohols was attributed in part to a 
competing trifluoroacetylation induced by the presence of phenyl trifluoroacetate, a decomposition 
product of the reagent (6). Reaction of 313-cholestanol (77) with (6) led the O-phenyl ether (78) in 29% 
yield, together with 313-cholestanyl trifluoroacetate (79) in 65% yield. 

i H17 ~ i  8H17 

+ Ph4BiOCOCF 3 Phil / 80~ 
r 

HO' 36 h RO' 

(77) (6) (78), R = Ph 29% 
(79), R = COCF3 65% 
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O-Phenylation of tertiary alcohols can be realized through reaction with pentaphenylbismuth (4), a 
benzyne intermediate being involved, tert-Butyl phenyl ether (80) was also obtained in rather low 
yields in the reaction of triphenylbismuth diacetate with tert-butyl alcohol used as solvent in the 
presence of potassium carbonate or by reaction of triphenylbismuth dichloride with lithium tert- 
butoxide.31,52,53 

Ph3BiC12 + t-BuOLi 
PhsBi + t-BuOH ~ t-BuO-Ph 

(4) (80) Ph3Bi(OAc)2 + t-BuOH + K2CO3 

The reaction of triphenylbismuth diacetate (47) with secondary alcohols under neutral conditions 
resulted in poor to moderate yields of the corresponding O-phenyl ethers: 2-propanol gave about 20% 
of the O-phenyl ether with a large excess of the alcohol, cyclohexanol less than 3% and 3[I-cholestanol 
gave 36% of the O-phenyl ether. Moreover, no reaction was observed between triphenylbismuth 
diacetate and primary alcohols. 53-55 

CH2CI 2 
R2CH-OH + Ph3Bi(OAc)2 . = R2CH-O-Ph 3-40% 

(47) reflux 

The reactivity of tetraphenylbismuthonium trifluoroacetate (6) and triphenylbismuth diacetate (47) 
towards hydroxylic functions was greatly improved by the presence of a neighbouring group. Whereas 
reaction of cyclohexanol with tetraphenylbismuthonium txifluoroacetate (6) in benzene under reflux 
afforded only 22% of the O-phenyl ether after 18h, cis-cyclohexane-1,2-diol gave 52% of the mono-O- 
phenyl ether and 13% of the bis-O-phenyl ether under the same conditions. 51 A selective mono-O- 
phenylation of glycols by triphenylbismuth diacetate (47) was discovered by David and Thieffry 
during a comparative study of the action of various oxidants towards a-glycols. Good to excellent 
yields were obtained in the reaction of (47) with a series of combinations of primary and secondary 
glycols and also for a secondary-tertiary glycol. Even ditertiary glycols afforded the mono-ether, 
although in a very modest yield. The distance between the two hydroxyl functions is not determinant 
as only 1,5- and 1,6-glycols showed a decrease in the average yields. An axial preference was also 
noted in conformationally rigid glycols. 54,56 

OH CH2C12 ( O- Ph 
+ Ph3Bi(OAc) 2 - : 

OH (47) reflux OH 

Selected examples of mono. O-phenylation of glycols with triphenylbismuth diacetate (47) 

H O -  (CH2) n -  OH (Ph) 

n =  2 85% 
3 87% 
4 80% 
5 50% 
6 40% 

OH (Ph) OH (Ph) OH (Ph) 
,, Me~..- Me 

M e - ~ M  e Me~~~J" Me ~ a e , ~  "Me 

OH OH OH 
86% 84% 15% 

OH (Ph) OH (Ph) OH 
Ph Ph,l~ Ph 

P h ~  Ph P h ' ~  Ph " ~  Ph 

OH OH OH 
37% 50% 0% 
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~ C8H17 
HO" 

PhO 
7h, 60% 

R l ~ ; O ~  C 8 H 17 

60h, R 1 =Ph, R 2 = H : 5 %  
R1 = H, R2=ph : 5% 

P h ' ~ o . . ~ ~  OR1 Ph3CO~,, 10 ~ Ph3CQ OH 

R20~'4-~'0~ R20 ~ M e  (Ph) H O ~ " " ~  

OCH2Ph OMe 
R 1 = Ph, R 2 = H : 42% R 1 = Ph, R 2 = H : 3% 32% 
R1 =H, R2 = Ph : 11% R1 =H, R2 = Ph : 27% 

It was subsequently found that this reaction is not restricted to glycols. Ether-alcohols, amino- 
alcohols and benzoin were also prone to the phenylation reaction with triphenylbismuth diacetate 
(47). 55 In the case of the amino-alcohol, the amino group is preferentially phenylated to afford the 
N-phenyl derivative, which can undergo subsequently a second arylation. This second arylation occurs 
both on the nitrogen and oxygen atoms, preferentially on the oxygen rather than on the aniline-type 
nitrogen. 

M e o ~ O H  .~ M e o ~ O P h  P h o ~ O H  = P h o ~ O P h  

86% 92% 
O O 

P h ~  Ph .~ P h i l  ~ Ph 88% 
OH OPh 

H2 N ~ O H  PhHN % O H  + P h 2 N % O H  + P H N ~ O P h  

51% 8% 17% 

6.4 S- AND N-ARYLATION WITH PENTAVALENT ORGANOBISMUTH 

The number of S- and N-arylations with arylbismuth reagents is relatively limited. The reaction of 
thiols with pentavalent organobismuth reagents leads mostly to oxidation products and, in some 
instances, to S-phenylation. In the case of the nitrogen derivatives, the most efficient arylation by 
arylbismuth reagents are reactions which are copper-catalysed, and these will be reviewed in a later 
part of this chapter (see section 6.7). 

6.4.1 Sulfur derivatives 

Arylthiols were converted to mixed arylphenylsulfides by reaction with pentaphenylbismuth (4) or 
with tetraphenylbismuthonium trifluoroacetate (6). Oxidation products were also formed in minor 
amounts (<15%). On the other hand, thiols were readily converted to the corresponding disulfides by 
treatment either with tripbenylbismuth dichloride (3) or with triphenylbismuth carbonate (5) in the 
presence of sodium hydride.25, 33 
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Phi1 or toluene 
Ar-SH + PhsBi ~. Ar-S-Ph + Ar-S-S-Ar 

(4) reflux 32-65% 

Ar-SH + Ph4BiOCOCF 3 P h i l  Ar-S-Ph + Ar-S-S-Ar 
reflux 

(6) 70-80% 0-15% 

Ar-SH + Ph3BiCI2 + Nail = Ar-S-S-Ar 

(3) 95-100% 

p-Toluenesulfinic acid reacted with pentaphenylbismuth (4) or with tetraphenylbismuthonium 
trifluoroacetate (6) under neutral or basic conditions to afford phenyl p-tolylsulfone (81) in high yields. 
A similar result was also obtained with triphenylbismuth carbonate (5). 33,57 

M e - ~  SO2H + PhsBi = M e - 4 ~  S O 2 - ~  (al), 87% 

(4) 

Me--g(._))-- SO2Na + Ph4BiOCOCF 3 

(6) 
.~ M e - ~ S O 2 -  ~ (81),86% 

6.4.2 Nitrogen derivatives 

Triphenylbismuth carbonate generally does not react with amines, although phenyl transfer to the 
amino functionality was first observed during an attempt of oxidation of the hydroxyl function of an 
aminoalcohol by triphenylbismuth carbonate in chloroform. 58 It also reacted with N-phenylhydro- 
xylamine under neutral or basic conditions to give diphenylnitroxyl and N,N-diphenylacetamide after 
reductive acetylation (29-33%). 28 No reaction was noted between triphenylbismuth carbonate and 
nitrosobenzene. High-yielding N-arylation was found in the reaction of amino-alcohols with 
triarylbismuth diacetate in methylene dichloride under reflux. 55 

PhNHOH + Ar3BiCO 3 
Ph  Fe, AcOH Ph- N- Ac 

N-O" ~ , 
At'" Ac20 Ar 

29-33% 

Ph3Bi(OAc) 2 + H2 N ~ O H  = PhHN ~ O H  + Ph2N ~ O H  + PhHN ~ O P h  

51% 8% 17% 

Amides are generally not phenylated by tfiphenylbismuth carbonate and only in poor yields with 
tetraphenylbismuthonium derivatives under neutral conditions. 25,51 However, amides can be 
N-phenylated by triphenylbismuth dichloride in the presence of BTMG, although only one example 
was reported (see also section 6.2.2.1).39 

O O C?N MeO2C? N. Ph MeO2 H + Ph3BiC12 + BTMG 

(44) N _ _ J  (3) N . _ . /  (46), 62% 
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Oximes were cleaved by tetraphenylbismuthonium trifluoroacetate under basic conditions to 
regenerate the ketone, 51 but stable O-triphenylbismuth bisoximates were obtained from the reaction of 
an oxime with triphenylbismuth dichloride under basic conditions. 59 Imides were phenylated in 
moderate yields by tetraphenylbismuthonium trifluoroacetate. 51 In the reaction of indole with 
tetraphenylbismuthonium trifluoroacetate under neutral conditions, 3,N-diphenylindole was isolated as 
a very minor side product (2%). 33 

O Ph4BiOCOCF 3 O 

N- H Phil -- ~ N -  Ph 

reflux / 2 days 
O O 

34% 

O O Ph,Bi ocF3 
- H , Phil ._ - Ph 

O reflux / 2 days O 
57% 

6.5 LIGAND COUPLING WITH ORGANOBISMUTHONIUM SALTS 

Three different types of bismuthonium salts are known: the tetraaryl-, the tetraalkyl- and the mixed 
alkylaryl-bismuthonium salts. The reactivity of the tetraarylbismuthonium compounds parallels that of 
the triaryl- and pentaaryl-bismuth (V) derivatives. A nucleophile attacks their bismuth atom to lead to 
pentacoordinated tetraaryl compounds which subsequently undergo reductive processes: ligand 
coupling or oxidation of the nucleophile. Very few tetraalkyl compounds are known, in part due to the 
difficulties associated with their preparation. 60 Functionalised alkyl- and alkenyltriphenylbismuth- 
onium salts have been studied by Suzuki et al. in recent years. 8 Efficient ways of synthesis have been 
developed and their chemical behaviour can be mostly explained by invoking three main pathways: 
ligand coupling, SN2 reaction on the a-carbon of the alkyl chain, and ylid chemistry leading to 
Darzens-type products. Free carbene intermediates were also sometimes observed. 

o | 
R ~ BiPh 3 

(82) 

] 
BiPh 3 

(83) 

Ph3BiF 2 + BF3, Et20 

(2) l CH2C12 / 0~ 

T 

X ~ ~ I. ~ " ~ B i P h 3  

R (84) 

MeaSiO R l 

X O RT a) or b) R BiPh 3 

(85) 

X | 

| 
X 

a) MR3 = SiMe3: reflux, 12-25h b) i- Me3SiCN, RT, lh, ii- MR3 = SnMe3 or SnBu3, RT, 12h 

Scheme 6.2: Synthesis of alkyltriphenylbismuthonium salts 
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Reaction of triphenylbismuth difluoride (2) with a Lewis acid, such as boron trifluoride diethyl 
etherate, in methylene dichloride at 0~ gives an association complex, probably fluorotriphenyl- 
bismuthonium tetrafluoroborate. Addition of a silyl enol ether led to the formation of (2-oxoalkyl) 
triphenylbismuthonium salts (82) in good yields. 61 The corresponding reaction using silyloxycyclo- 
propane afforded (3-oxoalkyl)triphenylbismuthonium salts (83) in moderate yields. 62 Under the same 
conditions, reaction of the activated triphenylbismuth difluoride with allyltrimethylsilane at low 
temperature led to the unstable allyltriphenylbismuthonium salts (84). 63 Treatment of the activated 
triphenylbismuth difluoride with either alkenyltrimethylsilane or with cyanotrimethylsilane- 
alkenyltrialkylstannane gave the stable alkenyltriphenylbismuthonium salts (85) in good yields. 64 
(Scheme 6.2) 

The stability of these bismuthonium salts (82) - (85) depends on the nature of the anionic 
counterpart and of the fourth ligand. The allyl derivatives (84) are too unstable to be isolated. On the 
other hand, the tetrafluoroborate salts of the derivatives of the three other types of onium compounds 
are thermally stable. Ligand coupling- type products are formed with more nucleophilic anions, for 
example during the attempted exchange of anion with bromide or iodide, or during the slow 
decomposition of a solution of bismuthonium tosylates in chloroform. 61,62 

O | [ R cH ,iph3] BF40 KBr or KI O n = 1 or 2 
- �9 

DMF / RT ~ R CH2~n X + Ph3Bi X = Br or I 

O (9 [ R C  n iph3] o s~ O 
CHCI3 / RT 

w R CH OTs n = l o r 2  

2-Oxoalkyltriphenylbismuthonium salts (82) react with nucleophiles to afford a-substituted 
carbonyl compounds. The 2-oxoalkyl moiety is transferred as an acylmethyl cation equivalent. 
Reaction with piperidine and various sodium salts gave moderate to good yields of the neutral 
a-substituted carbonyl compounds. Pentavalent covalent species were suggested as possible 
intermediates, although they were not detected. 61 (Scheme 6.3) 

o o O  
R ~ , ,  "OAr ArONa H N ~ ~ . r  R ~ , , "  

45-60% " ~ " ' ~ ~  95% 

o o p h  
R'XV SAr r r l r  R Ph .~ . , ~  ,. Ph 

65-80% 
O O O 

e 
BiPh3 ] X e  

(82) 

I ArSO2Na 

O 
R ~ SO2Ar 

79% 
60-70% 

Scheme 6.3: Reactions of 2-oxoalkyltriphenylbismuthonium salts (82) 

In the reaction of 2-oxoalkyltriphenylbismuthonium salts (82) with triphenylphosphine and with 
dimethylsulfide, onium exchange takes place with quantitative formation of triphenylbismuthane. 61 
(Scheme 6.4) 
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e 
BiPh3 

(82) 

BF4 
| 

PPh3 

Me2S 

O | 
R~,/PPh3 

O | 
R ~ , ,  SMe2 

BF40 95% 

| 
BF4 97% 

Scheme 6.4 

Reaction of 2-oxoalkyltriphenylbismuthonium salts (82) with a base such as potassium tert- 
butoxide led to triphenylbismuthonium 2-oxoalkylides (86). These compounds showed the behaviour 
of moderately stabilized ylides towards various nucleophiles. 65-67 

O | 
R ~  BiPh3 

(82) 

0 t-BuOK 
X 

O 
R ' ~ ~  BiPh3 

(86) 

3-Oxoalkyltriphenylbismuthonium salts (83) reacted with some of the same nucleophiles as the 
2-oxoalkyl derivatives, to afford the corresponding 13-substituted carbonyl compounds. Moreover they 
also react with protic and aprotic solvents to yield mixtures of 13-substituted carbonyl compounds and 
ct,13-unsaturated carbonyl compounds, together with stoichiometric recovery of triphenylbismuthane. 62 
(Scheme 6.5) 

o [ o  o ] 
R ~ ' ~  OMe MeOH DMSO R ~ ' / ' ~  O" SMe2 X O 

65-80% ~ [ R ~  O O  BiPh3 ] X e 30-80% 

DMF 0 ~ ~  (83) ~ [ 0 0 ] 

"~ R ~  SMe 2 X e  R ~  OCHO PhSO2N a 
22% 92% 

O 

R ~ SO2Ph 
99% 

Scheme 6.5: Reactions of 3-oxoalkyltriphenylbismuthonium salts (83) 

Reaction of 3-oxoalkyltriphenylbismuthonium salts (83) with potassium tert-butoxide led only to 
the 13-elimination product. 

O 
~ 
BiPh 3 

(83) 
X O t-BuOK _ R , J ~  7 88% 

Allyltriphenylbismuthonium salt (84), generated in situ, decomposes to give allylbenzene. As the 
ipso substitution product was predominant in the reaction of tris(ortho-tolyl)- and tris(para-tolyl)- 
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bismuth difluoride with aUyltrimethylsilane, an intramolecular reductive coupling was suggested as the 
major pathway. In the presence of electron-rich arenes, allyl transfer takes place to yield a mixture of 
mono- and di-allyl derivatives, the monoallyl being usually predominant. Other nucleophiles such as 
triphenylphosphine, dimethylsulfide, and p-toluenesulfinate led to the substitution products in 
excellent yields. Reaction with thiophenol led eventually to the product of double allylation in high 
yield (86%). 63 (Scheme 6.6) 

Ar ArH 

15-60% 

[ BF4~ 
86% 

~ " v  Ph 30-65% 

T RT 

| 
BiPh 3 BF4 ~ 

(84) 

I PhSO2Na 

89% 

Me2S 

100% 

SO2P h + ~ O . s , , P h  
II 

77% 8% O 

Scheme 6.6: Reactions of aUyltriphenylbismuthonium salt (84) 

The greater stability of 1-alkenyltriphenylbismuthonium salts (85) compared to the other types of 
alkylbismuthonium salts is reflected in their reactivity towards nucleophiles. 64 They do not react with 
triphenylphosphine, dimethylsulfide or piperidine. Sodium sulfinates and thiolates afforded the 
corresponding sulfones and sulfides, respectively. Both the alkenyl and the phenyl group can be 
transferred by ligand coupling. In the reaction with sodium sulfinates, the alkenyl is preferentially 
transferred to the nucleophile at the a-position with retention of the olefinic geometry affording the 
arylvinylsulfones. However, in the reaction with sodium thiolates, nearly equivalent amounts of the 
two sulfides, phenyl-vinylsulfide and phenyl-phenylsulfide, were obtained. The ligand coupling taking 
place on the covalent pentacoordinate intermediate, possessing four carbon-bismuth bonds and one 
sulfur-bismuth bond, is not chimioselective. 

R 1 

R 2 . ~  ~ BiPh 3 

R 1 

BF4 e + ArSO2Na : R 2 " ~ S O 2 A r  + ArSO2Ph 

(85) 43-94% 0-9% 

SNa 

[ ] 0 R 2 ~ B i P h 3  BF4 e + 

(85) 

R1 

R2 s-O �9 ( 7  
32-40% 29% 

Reaction of 1-alkenyltriphenylbismuthonium salts (85) with potassium tert-butoxide led to the 
carbene derivatives, 1-alken-1-ylidenes, which can either be trapped by styrene to give cyclopropanes 
or isomerise to give the corresponding acetylenes. 64 
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R 2 ~ BiPh3 
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ARCH= CH2 R 1 ~ Ar 
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D . .  -~j  84-93% 
R 2 

R 1 ---  R 2 
y 

R 1 = 4-MeC6H 4, R E = H: 65% 

6.6 MECHANISTIC STUDIES 

Pentavalent arylbismuth derivatives act as regioselective reagents for the arylation of a wide range 
of substrates under mild conditions. The mechanisms of all these reactions can be explained by one of 
four possible mechanistic pathways: ligand coupling, aromatic SN2 nucleophilic substitution, free 
radical or benzyne intermediates. The occurrence of benzyne intermediates was clearly demonstrated 
by a trapping experiment using 2,3,4,5-tetraphenylcyclopentadienone only in the case of the 
decomposition of pentaphenylbismuth. The facile ligand exchange which is observed with pentavalent 
organobismuth derivatives led to postulate the formation of a covalent pentacoordinate intermediate 
(87) as the most likely pathway. In a second step, its decomposition is governed by the nature of the 
substrate, the nature of the substituents on the organobismuth reagent and the reaction conditions. 
(Scheme 6.7) 

Nu + Ar3BiXY i x 1 ~_ AX_ Bli...t Ar 
I~Ar  

Nu 

(87) 

=- ArNu + Ar2BiX 

Scheme 6.7: General mechanism of ligand transfer with organobismuth derivatives 

6.6.1 Formation of covalent intermediates in C- and O-arylations 

The formation of a covalent bismuth-substrate intermediate such as (87) was first suggested in 
order to explain the oxidation reactions of alcohols by pentavalent organobismuth compounds. The 
decomposition of carvyloxy(tris-p-anisyl)bismuth semicarbonates, (88) (X = OCO2-), formed by 
interaction of deuterocarveol with tris(p-anisyl)bismuth carbonate afforded a mixture of products 
resulting from two types of ligand interactions. 68 p-Deuterioanisol and tris(p-anisyl)bismuth were 
isolated from the reaction mixture. (Scheme 6.8) 

The formation of a covalent Bi-O intermediate was later demonstrated by a series of 1H NMR 
experiments involving the reaction of triphenylbismuth dichloride with 2,2-dimethylpropan-1-ol. This 
type of intermediate was also detected by I H NMR monitoring of the ligand exchange reaction 
between 2-isopropoxytributylstannane and triphenylbismuth dichloride, leading to chloro(2-isopro- 
poxy)triphenylbismuth. An alternate approach involving the low-temperature synthesis of 2-isopropyl- 
hypobromite (generated in situ by reaction of the isopropoxytributylstannane with bromine), followed 
by reaction with triphenylbismuthane led to the observation of the same sets of NMR signals. 51 

By analogy, similar types of intermediate were postulated to intervene in the reactions of C- and 
O-phenylation. 25,69 
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Scheme 6.8: Mechanism of the oxidation of carveol by organobismuth derivatives 

In support of the formation of a more or less stable covalent intermediate, was the observation and 
isolation of (4-nitrophenoxy)tetraphenylbismuth (70) resulting from the treatment of 4-nitrophenol 
(69) with pentaphenylbismuth (5). 24 Thermal decomposition of this product led to the O-phenyl ether 
(71) in quantitative yield. (Scheme 6.9) 

OH 0" B iPh4 0" Ph 

r Ph5Bi(5) ~ ~ reflux toluene r 

NO 2 NO 2 NO 2 
(69) (70) (71), 98% 

Scheme 6.9: Isolation of a stable covalent organobismuth intermediate in an O-phenylation reaction 

This reaction led Barton et al. to consider that the breakdown of the pentavalent covalent bismuth 
intermediate was controlled by the nature of the fifth ligand.57, 69 An electron-withdrawing group 
would orient towards O-phenylation (Scheme 6.10), and an electron-donating group would favour 
C-phenylation (Scheme 6.11). The O-phenylation of phenols and enols by tetraphenylbismuthonium 
trifluoroacetate under neutral or acidic conditions was a supporting argument. Under basic conditions, 
the same phenols and enolic substrates led to products of C-phenylation with tetraphenylbismuthonium 
trifluoroacetate. 

~ OH C6H 6 / reflux 
R + Ph4BiOCOCF 3 

Ph 
i 

-- R ~  O via 
OCOCF31 "hill O-  BiPh 3 

+ P  
(89) 

Scheme 6.10: O-Phenylation with an electron-withdrawing group as fifth ligand 
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Ph Bas./RT [  .O-.iPh4 
R + Ph4BiOCOCF 3 = R via R 

Scheme 6.11: C-Phenylation with an electron-donating group as fifth ligand 

If these hypotheses are true, synthesis of the postulated intermediate (89) should be possible by 
different routes. A good example of the extreme regioselectivity was the case of 13-naphthol, which led 
to high yields of the O- or C-phenylation products, as a function of the reaction conditions. 

In the case of 13-naphthol: 
Ph 5Bi / C6H6: 
Ph4BiOCOCF3 / C6H6: 
Ph4BiOCOCF3 + Base / C6I-I6: 

C-phenyl O-phenyl 
90% 

- 82-91% 
94% 

Synthesis of compound (90) (case of 13-naphthol) corresponding to the postulated intermediate in 
the O-phenylation reaction was performed by the base-catalysed reaction of 13-naphthol with 
triphenylbismuth bistrifluoroacetate. However, after decomposition, this reaction led only to the 
products of C-phenylation. 24,70 (Scheme 6.12) Moreover, the C-phenylation is a fast reaction which 
can be completed at room temperature, or below, when the O-phenylation under neutral or acidic 
conditions requires long periods of reflux of the benzene solutions. 

03; 
OH Ph3Bi(OCOCF3)2 O-BiPh3 | OH 

| ~ 70-77% 
Nail or BTMG (9tl) J 

Scheme 6.12: Synthesis and evolution of the intermediate (90) 

The same type of reactivity patterns was observed in the case of the O-phenylation of alcohols by 
tetraphenylbismuthonium trifluoroacetate under neutral or acidic conditions. 51 These observations led 
to the conclusion that these reactions of O-phenylation of alcohols and phenols are better explained by 
an aromatic SN2 substitution, involving nucleophilic attack of the bismuth-bearing aromatic carbon by 
the hydroxyl function of the substrate. The electron-withdrawing trifluoroacetoxy substituent induces a 
partial positive charge on the ipso carbon, which facilitates the substitution.24, 51 

R~ 

~ COCF 3 

Ph~Bi__Ph R'- O 
+ Ph3Bi + CF3COOH 

R = alkyl or electron-rich aryl 

Although unlikely, hexa- or hepta-coordinated intermediates, such as (91) and (92), would be 
compatible with the observed bimolecular kinetics. 71 However, this type of covalent intermediate is 
more usually obtained under fairly basic conditions. The reaction of pentaphenylbismuth with 
phenyllithium was proposed to involve an hexacoordinate lithium hexaphenylbismuthate. 72-75 
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OCOCF 3 OCOCF 3 
ph,,..| ,,,,Ph Phi ,,,Ph 

Bi'~,~ @ P h ~ B i ' ~  
PhCV I ' ' ~  - -  ' ~ H I  OR 

I 
Ph H Ph 

(91) (92) 

In the reaction of alcohols with the various types of pentavalent organobismuth compounds, 
O-phenylation is usually disfavoured, oxidation taking place preferentially. However, in the case of 
the reaction of glycols with triphenylbismuth diacetate, an apical-equatorial chelation (93)was 
suggested to explain the facile mono-O-phenylation which is observed. 56 By contrast, diapical 
chelation (94) takes place with monofunctional alcohols, and the ensuing reductive process leads to 
oxidation. 

Ph 

Ph R ~ % , , H  
I @ ,,H 
I ,,,O 

B i ~  \ [ ,,,Ph 
O ~ ~  P h - - B i ~ p h  

H H ~ 

(93) (94) 

X-ray crystallographic studies have later shown that the structurr of bis(acyloxy)triphenyl 
bismuth compounds is not a trigonal bipyramid, but rather like a distorted pentagonal bipyramid (95), 
in which the four oxygen atoms and one C-phenyl atoms can be viewed as forming the equatorial 
plane.76,77 

Ph 
! 

Ph [ .... ,, O 
O""-)3i" 0 ~ ' - "  R 

R.-,&==o-I 
Ph 
(95) 

with R = CF 3 and R = 

As the two weakly bonded oxygen atoms are cis, the O-phenylation reaction of glycols could be 
better explained by the formation of a transition state with a pentagonal bipyramid structure (96), in 
which the two heteroatoms of the substrate have first displaced the weakly bonded oxygen atoms of 
the organobismuth reagent. A ligand coupling-like process then realizes the phenyl transfer to the 
more available heteroatom. 

Ph 
Ph Ph] ,,,O ph I ,~_._~R 

O - -  Bi":: 0 ~ ' -  R O - - B i  ...... ' '  

R - - ' ~ : ~ O " [  "" ._ R ~  s o l  ..... O(-H ..... 
O 

eh + "- O ....... H ~Ph ) 

H O ~ ( C H 2 ) n  j ' ~  OH L. .  (CH2)n 
(96) 
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It is not unlikely that a similar type of transition state may be also involved in the O-phenylation 
of phenols and alcohols by tetraphenylbismuthonium trifluoroacetate under neutral or acidic 
conditions. The existence of an hexacoordinate structure for tetraphenylbismuthonium trifluoroacetate 
is possible, but attempted crystallization towards the isolation of crystals suitable for X-ray studies 
resulted instead in the formation of crystalline tetraphenylbismuthonium diphenylbis(trifluoroacetoxy) 
bismuthate. 78 However, hexacoordinate structures were observed in the case of chloro(8-quinolinato) 
triphenylbismuth 78 and its 2-methyl-8-quinolinato analogue, 79 which showed a Bi-O bond length of 
2.175(7) ~ and 2.19(2) ]k respectively, together with a weak nitrogen-bismuth bond [2.807(10) ]k and 
2.71(2) A respectively]. 

In the C-phenylation process, the postulated covalent bismuth-substrate intermediates were first 
detected by physical methods and later isolated. Reaction of 3,5-di-tert-butylphenol (13) with various 
phenylbismuth reagents afforded high yields of the 2,6-diphenyl derivative (15). Advantage was taken 
of the simplicity of its 1H NMR pattern to study the formation of covalent intermediates. 1H NMR 
monitoring of the CDC13 solutions of 3,5-di-tert-butylphenol with pentaphenylbismuth and with 
triphenylbismuth derivatives in the presence of N,N,N',N'-tetramethylguanidine (TMG) has given 
evidence of the presence of covalent intermediates. 24 

OH OH 

Ph3BiC12 (2 equiv.)/TMG.~_ P h ~ P h  

t-Bu t-Bu benzene- reflux t-Bu t-Bu 

(la) (15) 

77% 

Such intermediates were subsequently isolated, and their controlled thermal degradation led to 
the ortho mono-C-phenyl derivative (14). 24 

OH 
O ~  t ~OBiPh3C1 ..... Added to ~- ~ P h  

, ,, Ph3BiCI 2 / TMG ~__ ~ toluene 

t-Bu t-Bu THF /RT and- 20~ -Bu t-Bu under reflux t-Bu t-Bu 

(13) (14), 82 % 

A possible alternative would be the formation of a covalent carbon-bismuth intermediate. Such 
an intermediate (97) may be involved in the ortho and para-phenylation of the sterically hindered 2,6- 
di-tert-butylphenol derivatives. 32 (Scheme 6.13) However, its occurrence has still not received any 
conclusive experimental support. 
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OH OH 
OH t-Bu ~ t-Bu t - B u  ~ t-Bu 

t - B u , ~  t-Bu Ph3BiX 2 

base 
(97) BiPh3X Ph 

Scheme 6.13: Possible mechanism of 4-phenylation of 2,6-di-tert-butylphenol via intermediate (97) 

Moreover, the synthesis and good stability of the covalent carbon-bismuth compound in the case 
of acetone, 2-oxopropyltriphenylbismuthonium perchlorate, excluded this type of intermediate as a 
common pathway, 80 although this view was questioned by Suzuki et al. 34 The reaction of the sodium 
salt of acetylacetone with triphenylbismuth dichloride led to a bismuthonium salt (37) decomposing 
slowly at room temperature to give eventually 3-phenylpentane-2,4-dione (35). 34 

6.6.2 Mechanism of the ligand coupling step 

The second step of the arylation process involves a coupling reaction between two of the ligands 
linked to the bismuth atom. Various mechanistic pathways were considered to be possible. Study of 
the relative migratory aptitudes of aryl groups indicated that the C-phenylation reaction with either a 
phenol or a 13-dicarbonyl does not follow an ionic pathway. Although these migratory aptitudes were 
of the same order as a free-radical type, the relative ratios are more consistent with a non-synchronous 
concerted mechanism. 26 

Table 6.3: Average relative migratory aptitudes 26 

Ar 1 Ar 2 

(Arl)2 Ar2BiCO3 + ~ + 

O O O 

(Arl)2 Ar2BiCO3 § ~ C O 2 E t  ----~ L ~ A r l  + ~ j ~ A r 2 ~ ' ~ C O 2 E t  ~ C O 2 E t  

From all these observations, it was deduced that the mechanism of the ligand coupling process is 
a concerted mechanism which requires the favourable overlap between the x-systems of the aryl group 
and either the aryloxy or the vinyloxy partner. The change of the oxidation state from Bi(V) in the 
reagents to the more stable Bi(III) in the organobismuth by-products appears to be the driving force of 
the overall system. (Scheme 6.14) 
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Scheme 6.14: Mechanism of the ligand coupling step 

OH 

The reaction of phenols with triphenylbismuth dichloride in the presence of a base leads to an 
unstable covalent (aryloxy)bismuth compound (98). (Scheme 6.15) Depending on the electronic nature 
of the substituents present on the aryloxy ligand, topological transformations by either Berry 
pseudorotation (BPR) or tumstile rotation (TR) can take place. In the case of electron-rich phenols, the 
first formed intermediate with the apical aryloxy ligand will evolve into a topoisomeric intermediate 
having the aryloxy ligand in equatorial position. Eventually, this will lead to the C-phenylation 
products. If the two ligands in the apical positions are too strongly electron-withdrawing, 
interconversion does not happen, and the ligand coupling will imply two equatorial ligands, hence the 
good yields of biphenyl. In the intermediate cases, the relative weight of the different topoisomers will 
result in a more complex mixture, with O- and C-arylation products being obtained. 30 

ArOH + Ph3BiCI 2 
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I 
Ph-- Bi~ ~ Ph 

I Ph 

/ A r / O  (98) OBiPhC1 
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Ph-Ph 
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Ph 

BPR ~ Ph ORdiPh2+ 

Ph Bi-." CI / 
Ph-- Bli..,l Cl Ph-- I " Ph O "Ph 

Ph At" ~ 

Ph-C1 

BPR = Berry Pseudorotation; TR = Turnstile Rotation 

Scheme 6.15: Topological transformations in the ligand coupling involving phenolic compounds 

6.6.3 Occurrence of free radicals 

The phenylation of 1,1,3,3-tetraphenylacetone (99) affording pentaphenylacetone (56) in a high 
yield raised doubts on the generality of the formation of a covalent intermediate (100). Intervention of 
free radicals appeared as a plausible alternative which could be more compatible with the formation of 
highly hindered phenylated products. (Scheme 6.16) 
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Scheme 6.16: Possible alternative mechanisms 

Such a possibility was quickly supported by qualitative ESR studies, which revealed the 
presence of phenyl free radicals in the C-phenylation of phenols and enols. For example, when the 
reaction of tetraphenylacetone with tetraphenylbismuthonium tosylate and BTMG as a base was 
performed in the presence of a spin-trap, phenyl-tert-butylnitrone, (PBN), the phenyl free radical 
adduct (101) was detected by ESR. The same free radical adduct (101) was seen in the absence of 
tetraphenylacetone. 28 (Scheme 6.17) 

O 

o 
P h . ~ P h  + Ph4BiOTs § Hc~N-t-Bu T H F  ~~~... �9 O~ 

Ph Ph ~ BTMG~ N" t-Bu 
(99) PaN (101) 

Blank experiments: 

THF + PBN 
Tetraphenylacetone + PBN in THF I - No ESR Signal 
Ph4BiOTs + PBN in THF 
BTMG + PBN in THF 
but: 
Ph4BiOTs + BTMG + PBN in THF ~ ESR Signal of (101) 

Scheme 6.17: Qualitative ESR observations 

To check the real weight of the free radical pathway in the overall arylation reactions 
mechanisms, quantitative chemical trapping experiments were then performed on a variety of arylation 
reaction systems. When nitrosobenzene was used as a trapping agent for phenyl free radicals, the 
yields of the C-arylation products were not affected. After reductive acetylation to N,N-diphenyl- 
acetamide, the measured amount of diphenylnitroxide was never exceeding a few percent. (Scheme 
6.18) A second stoichiometric free-radical trapping agent was also used, 1,1-diphenylethylene (72) 
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(DPE). C- and O-phenylation reactions were not affected by its addition to the reaction medium. This 
stoichiometric chemical trapping method was also used in the study of other related reactions such as 
the C-phenylation of nitroalkanes and indoles, and in the thermal decomposition of (4-nitrophenoxy) 
tetraphenylbismuth derivatives. No free radicals were involved although, again, qualitative ESR 
studies had revealed their presence. 28 (Scheme 6.19) 

O O 
THF P h ~ r  Ph 

P h T  T Ph + Ph4BiOTs + BTMG 
Ph Ph RT Ph'Ph ]Ph 

88 % 

O 
Ph 

1) THF / RT P h ~  Ph 
Ph Ph + PhNO :-- Ph"L.l.,la eLh + PhNHAc + Ph2NAc 

+ Ph4BiOTs + BTMG 2)Fe, AcOH, 
Ac20 90 % 83 % 3 % 

Scheme 6.18: Quantitative trapping with nitrosobenzene, PhNO 

Me Me 
+ Ph4BiOTs BTMG /THF~. Ph Without (72) With (72) 

N" RT N 95% 98% 
I 

H 

Ph 
I 

Me2CHNO 2 + Ph3BiC12 + BTMG ~ M e - - C - N O  2 
i 

Me 

Without (72) With (72) 
77% 78% 

_•, toluene _ ~  Without (72) With (72) 
O2N OBiPh 4 = O2N OPh 

reflux 95% 90% 

Scheme 6.19: Influence of the addition of 1,1-diphenylethylene (72) (DPE) on the yield of arylated 
product in arylation reactions 

Therefore, the observation of ESR signals due to phenyl free-radicals resulted from a minor 
competing decomposition pathway of the bismuth reagent, and the arylation reaction itself does not 
proceed by a free-radical pathway. 

Similarly, phenyl radicals were detected by ESR in the O-phenylation of tert-butyl alcohol. 
However, no chemical trapping has been performed. 52 A one-electron transfer was invoked in the 
reaction of tetraphenylbismuthonium tetrafluoroborate with N,N,N'~'-tetramethyl-para-phenylene 
diamine. 21 Oxidative dimerisation and oxidation of sterically hindered 2,6-disubstituted phenolic 
substrates by triphenylbismuth dichloride and triphenylbismuth carbonate in the presence of BTMG 
are likely to occur via aryloxyl radicals generated by electron transfer between BTMG and the bismuth 
reagent followed by reaction of the intermediate radical species with the phenol. 32 Dimerisation of 
2,6-dimethylphenol by reaction with triphenylbismuth carbonate was shown to be purely ionic with 
formation of a covalent bismuth-phenol intermediate. 
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The possibility of a cage-mechanism involving a biradical intermediate (102) was excluded on 
the basis of the reaction of pentaphenylbismuth with a phenol beating an internal radical trap, which 
did not afford the expected product from an internal trapping of free radicals. 4 (Scheme 6.20) 

Ph p ,  Ph 
P h , , i /  n P h x I , P h  

Bi .Bi  . 

(102) 

O 

OH NO 2 OH t ~  

NO2 "T Not detected 
t-Bu t-Bu 

Scheme 6.20 

6.7 COPPER-CATALYSED REACTIONS 

The observation of a catalytic effect of copper salts on the decomposition of triphenylbismuth 
diacylates 53 led to the development of a copper-catalysed arylation reaction by triarylbismuth 
derivatives in the presence of copper or its metallic salts. 

6.7.10-Arylation 

The O-arylation of hydroxyl groups is obtained by reaction either with pentavalent organobismuth 
and catalytic copper or by reaction with trivalent organobismuth and stoichiometric copper diacetate, 
acting as an oxidant. 

6.7.1.1 Triaryibismuth diacetate - copper catalysed arylation 

The arylation of lower aliphatic alcohols was observed when the copper-catalysed decomposition of 
triarylbismuth diacetate was carded out in simple alcohols, used as solvent (20 mL per mmole of 
bismuth reagent). The yields of alkyl aryl ethers (based on the bismuth reagent) ranged from 60 to 
95% for primary and secondary alcohols, but only 9% were obtained in the case of tert-butyl 
alcohol. 83-85 Under stoichiometric conditions, the O-phenylation of 3-13-cholestanol by triphenyl- 
bismuth diacetate (1 equiv.) was not significantly improved upon addition of copper diacetate. 55 
Different copper compounds, such as Cu(OAc)2, CuCI2, CuC1 or metallic copper, can be used as 
effective catalysts. 

ROH + Ph3Bi(OAc)2 + CuX n : R-O-Ph 

The mono-O-phenylation reaction of glycols discovered by David and Thieffry presents some 
characteristic features which are not compatible with the postulated covalent bismuth intermediate. 56 
(see section 6.3.2) The reaction is solvent-selective (methylene dichloride under reflux), light- 
catalysed (no reaction in the dark), and presents an induction period (2 hours in the case of the 
phenylation of 2,2-dimethylpropan-l,3-diol). Addition of small amounts of copper diacetate had a 
marked effect on the reaction. The reaction became fast: reaction times can be as short as 15 minutes. 
Moreover, the copper-catalysed reaction is no more solvent selective nor light-catalysed. 55 
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R2 R2 
R I ~  O-H CH2C12 R I ~  O-Ph 

+ Ph3Bi(OAc)2 + Cu cat. 
R~,.I~O_ H RT R~,.I~O_ H 

Optical inductions were observed when the glycol O-phenylation reaction was performed in the 
presence of a chiral pyridinyloxazoline ligand. Enantiomeric excesses up to 50% were reached in the 
presence of the ligand (103), [R 4 = CHMe2 and R 1, R 2 , R 3 = H). However, the yields were lower 
under these conditions: 35-45% instead of 87% in absence of catalyst for the O-phenylation of cis- 
cyclohexane- 1,2-diol. 86"88 

Q R1 

0.~ ,, R 2 (103) 
N ~ R 3 
R 4 

The reaction is not limited to phenylation, as the analogous arylation of hydroxylic substrates was 
performed with various substituted triarylbismuth diacylates in the case of the 3-hydroxymethyl 
benzofuran derivative. 89 

o iJ OH + Ar3Bi(OAc) 2 + Cu cat. r 

At= 3-NO2C6H4, 4-CH3C6H4, 4-CH3OC6H 4 

O,iJ O-  Ar 

The copper-catalysed arylation reaction was recently applied to the selective functionalisation of 
relatively complex natural products, such as the immunosuppressive macrolides ascomycine, (104), 
R(31) = Me and L-683,742, (104), R(31) = H. 90,91 A variety of triarylbismuth derivatives substituted 
with electron-donating or with electron-withdrawing groups has been prepared and used in the 
O-arylation reaction�9 With ascomycine, yields of the C-32 O-aryl ethers (105) ranged from modest to 
relatively good. The groups introduced on the C-32 hydroxyl included: 3,5-bis(trifluoromethyl)phenyl, 
46%; 4-trifluoromethylphenyl, 51%; 4-tolyl, 42%; 4-anisyl, 18%; 4-dimethylaminophenyl, 17%; 
4-(tert-butyldimethylsilyloxy)phenyl, 65%. The 5-indolyl and N-methyl-5-indolyl groups were also 
introduced in 10 and 50% respectively. In the case of L-683,742, a 1:1 mixture of the C-31 and C-32 
O-aryl ethers was obtained with all the bismuth derivatives. 

H Me R(31)O _ [ H .--" 

o J . , ~ o  0 

M e ~ .  

OMe OMe 

OH 
.O 

).,i Et 

(104) 

�9 .,~H 
R(31)O Me 

I H.-" 

AraBi(OAC)2cu(OAc)2 ~ , ~  HO 

-- T 'b ? " '  Et 
CH2C12/THF O _ = ~  O " M e , ~  

y y (lOS) 
OMe OMe 
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This copper-catalysed phenylation reaction with triphenylbismuth diacetate is not limited to glycols 
as it has been extended to the arylation of other hydroxylic substrates such as phenols and enols. 27 
Variously substituted phenolic substrates have been selectively O-phenylated under very mild neutral 
conditions (1 to 24 hours at room temperature in methylene dichloride). The best yields were obtained 
with metallic copper used as the catalyst. The electronic nature of the substituents of the phenol did not 
influence the yields (4-nitro, 97%; 3,5-dimethoxy, 90%). Only steric hindrance of the 2- and 
6-substituents interfered with the reactivity. Thus only 26% of the O-phenyl ether was obtained in the 
phenylation of 2,4-di-tert-butylphenol, and no phenylation took place in the case of 2,4,6-tri-tert- 
butylphenol.27,84,92,93 

ArOH + Ph3Bi(OAc)2 + Cu cat. 
CH2C12 

r 

RT 
Ar- O-Ph 

OPh OPh ~ O P h  
M e ,  Me t-Bu 

t-Bu 
88% 67% 73% 26% 

OPh 

0 
NO2 
97% 90% 

M e , , ~ , ~  OPh 

OMe CHO 

75% 

Optically active (S)-6,6'-diphenoxy-2,2'-biphenyldiols (107) were obtained by diphenylation of a 
menthyl-protected 2,2',6,6'-biphenyltetrol (106) by treatment with an excess of triphenylbismuth 
diacetate (4 molar equiv.) in benzene in the presence of metallic copper. The 2,2'-diphenoxy derivative 
was obtained in 48% yield and quantitatively deprotected to give (107). 94 

1) PhaBi(OAc) 2 , Cu cat. 
M ~  " OH C6H 6, 50~ 48% HO "O" Ph 

- , ~  . - - . . . . k ~ " " O , , . t , , ~ , O H  2) HC1, THF-MeOH, RT, 96% HO,. O. Ph 

(107) 
e.e. = 96% 

The O-phenylation reaction of enols by tetraphenylbismuthonium trifluoroacetate (6) was 
marginally improved by copper catalysis. Enolised diketones are O-phenylated by triphenylbismuth 
diacylates in moderate to good yields. With the a-diketone (108), the best yields were obtained with 
triphenylbismuth bis(trifluoroacetate) in the presence of metallic copper. 13-Diketones reacted only 
with triphenylbismuth bis(trifluoroacetate) in the presence of a copper catalyst. 27 

O O PhO  HO CH2CI ~ 
+ Ph3Bi(OCOR) 2 + Cu cat. RT "~ 

Me (108) M 

R = CH 3, 70% 
R = CF3, 96% 
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6.7.1.2 Triarylbismuthane - copper diacetate arylation 

Although there is no reaction between triphenylbismuthane and copper diacetate, 95 triphenyl- 
bismuthane can transfer a phenyl group to alcohols and phenols when a stoichiometric amount of 
copper diacylate is used. When primary or secondary alcohols, used in large excess, were treated with 
triphenylbismuthane in the presence of copper diacetate in the ratio Ph3Bi : Cu(OAc)2 = 1 : 2, without 
solvent in sealed ampoules, the O-phenyl ethers were formed in 43-91% yields (based on the bismuth 
reagent), at a very slow rate (several days at room temperature). No reaction with phenol was 
described under these conditions. 96-98 

neat 
ROH + Ph3Bi + Cu(OAc)2 = R-O-Ph 

When a solution of 3,5-di-tert-butylphenol in methylene dichloride was treated with 
triphenylbismuthane (1.2 molar equiv.) in the presence of various amounts of copper diacetate (up to 2 
equiv.), no reaction was observed. However, when triethylamine (6 molar equiv.) was added to the 
mixture of 3,5-di-tert-butylphenol, triphenylbismuthane (1.2 molar equiv.) and copper diacetate (2 
molar equiv.), the O-phenyl ether was now obtained in a moderate 44% yield, after 10 hours at room 
temperature. 

These reactions of O-phenylat ion are preferably performed with the copper catalysed- 
triphenylbismuth diacetate system which is more general and gives higher yields, particularly in the 
case of phenol O-phenylation. 95 

6.7.2 N-Arylation 

The N-arylation of different types of amino groups, aliphatic, heterocyclic or aromatic, is obtained 
by treatment either with pentavalent organobismuth and catalytic copper or by reaction with trivalent 
organobismuth and stoichiometric copper diacetate, acting as an oxidant. 

6.7.2.1 Triarylbismuth diacetate - copper catalysed arylation 

The reaction of simple aliphatic amines with triphenylbismuth diacetate and copper diacetate (the 
ratio used being: 5-20 �9 1 �9 0.01-0.02) in tetrahydrofuran led to good yields of the derived arylamine 
(60-85% based on the bismuth reagent). In the case of the phenylation of N,N-diphenylamine, a very 
poor yield was (< 3%) of triphenylamine was realized.84,98, 99 

THF 
RR'NH + Ph3Bi(OAc)2 + Cu(OAc)2 

60-180 h 
10-20 equiv. 1 equiv. 

R = H, R '=  i-Pr, i-Bu, t-Bu, Ph 
R, R '=  Et or Bu 

RR'N-Ph 

However, when the reaction is performed in methylene dichloride in the presence of catalytic 
amounts of metallic copper, the N-monophenylated amine derivatives are obtained in preparatively 
useful yields. Phenylation of aliphatic and aromatic amines with triphenylbismuth diacetate and 
metallic copper (ratio : 1 : 1.1 : 0.1) in methylene dichloride at room temperature led to good to high 
yields of the derived anilines (up to 96% based on the amine). 100 In the case of less reactive substrates, 
use of copper diacetate instead of metallic copper as catalyst constitutes a more reactive system which 
allows the preparation of the N-phenyl derivatives in moderate yields. These yields can also be 
improved by performing the reaction at a higher temperature. 101 
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Primary amines: 

RNH 2 + Ph3Bi(OAc)2 + Cu cat. CH2C12= RNH-Ph + RNPh 2 

Amine N-Phenyl (%) 
n-Butylamine 60 
n-Butylamine 
t-Butylamine 15 
t-Butylamine 50 

Cyclohexylamine 90 

N-Diphenyl (%) 
20 
70 

Reaction conditions 
Ph3Bi(OAc)2 (1.1eq.), Cu, RT, 4 h 
Ph3Bi(OAc)2 (2.2eq.), Cu, RT, 3 h 

Ph3Bi(OAc)2 (1.1eq.), Cu(OAc)2, RT, 24 h 
Ph3Bi(OAc)2 (1.1eq.), Cu(OAc)2, reflux, 24 h 

Ph3Bi(OAc)2 (1.1eq.), Cu, RT, 4 h 

Secondary amines: 

Amine 
Piperidine 

Diethylamine 
Diethylamine 
Ph2N-NHPh 

CH2CI 2 
RR'NH + Ph3Bi(OAc)2 + Cu cat. : RR'N-Ph 

N-Phenyl (%) 
58 
22 
42 

10, (Ph3N) 

Reaction conditions 
Ph3Bi(OAc)2 (1. leq.), Cu, RT, 4 h 

Ph3Bi(OAc)2 (1.1eq.), Cu(OAc)2, RT, 24 h 
Ph3Bi(OAc)2 (1.1eq.), Cu(OAc)2, reflux, 24 h 

Ph3Bi(OAc)2 (1.1eq.), Cu(OAc)2, RT, 24 h 

Anilines: 

Aniline, Ar = 
Phenyl 
p-Tolyl 

p-Anisyl 
p-Nitrophenyl 

Mesityl 

N-Phe n y lanilines : 

ArNH 2 + Ph3Bi(OAc) 2 + Cu 

N-Phenyl (%) 
96 
97 
91 
90 
92 

CH2CI 2 
, . . . _  

RT 
ArNH-Ph 

Reaction conditions 
Ph3Bi(OAc)2 (1.1eq.), 2 h 

Ph3Bi(OAc)2 (leq.), 0.75 h 
Ph3Bi(OAc)2 (leq.), 0.25 h 
Ph3Bi(OAc)2 (2.2eq.), 16 h 
Ph3Bi(OAc)2 (2.2eq.), 24 h 

ArNH-Ph + Ph3Bi(OAc)2 + Cu 
CH2CI 2 

ArNPh 2 
RT 

Aniline, Ar = N-Phenyl (%) 
Phenyl 23 

p-Anisyl 78 

Reaction conditions 
Ph3Bi(OAc)2 (1.1eq.), 48 h 
Ph3Bi(OAc)2 (2.2eq.), 72 h 

In the phenylation reaction of substituted anilines, the electronic nature of the substituents plays a 
role only on the reaction rate, not on the overall yield (4-methoxyphenyl: 91% after 15 minutes and 
4-nitrophenyl: 90% after 16 hours). The steric hindrance is also a factor which influences the reaction 
in slowing down the reaction rate. To obtain good to excellent yields, an excess of bismuth reagent is 
then required with hindered substrates. For example, mesitylamine required 2.2 equivalents of 
triphenylbismuth diacetate to afford the N-phenyl derivative in 92% after 24 hours. Moreover, 
triphenylamine was obtained in 23% yield after 48 hours by arylation of N,N-diphenylamine. A variety 
of aliphatic, alicyclic, heterocyclic and aromatic amines as well as hydrazines were N-arylated by this 
system. 100 No reaction took place with a-amino acids but their esters were mono-N-phenylated under 
mild conditions. 102 
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H CH2C12 H 
H2N- ~-  COOR' + PhaBi(OAc) 2 + Cu ~ P h N H +  COOR' 

R RT R 

R = H, R' = Et" 81%; R = Bzl, R' = Bzl �9 80%; R -- BzlO2CCH2, R' = Bzl �9 50%; 
R = BzlO2CCH2, R'= Bzl" 50%; R - BzlO2C(CH2)2, R'= Bzl �9 58%; 

R = 3-Indolylmethyl, R'= Me" 66%; Methyl prolinate �9 61% 

The most conveniently prepared reagent is triphenylbismuth diacetate, but it is less reactive than 
triphenylbismuth bis(trifluoroacetate). Faster and higher yielding reactions were realized with the 
bis(trifluoroacetate) derivative in the presence of metallic copper as catalyst. Indeed, after 45 minutes, 
mesitylamine gave 40% of N-phenylmesitylamine with the diacetate, but 95% with the bis(trifluoro- 
acetate). Similarly, 4-nitroaniline gave 26% of 4-nitrodiphenylamine with the diacetate, and 98% with 
the bis(trifluoroacetate). 100 This reagent was the only one to be efficient for the N- and C-3 
phenylation of indole derivatives. Preferential C-3 phenylation took place in high yields when the C-3 
carbon of the substrate was not substituted. In this case even N,2-dimethylindole was phenylated in 
high yield (84%). With C-3 substituted indoles, modest yields of the N-phenyl derivatives were 
obtained (15-30%). 103 

C-Phenylation 
,,H(Ph) O ,,H(Ph) ~ ,,H(Ph) 

NIMo 
H H 1VIe 

50% 60-95% 84-94% 

N-Phenylation 
Me 

O N  I~CO2Et O N I -  I" O N  ~ O N ' O  
H(Ph) H(Ph) H(Ph) H(Ph) 
30% 21% 58-84% 15% 

6.7.2.2 Triarylbismuthane - copper diacetate arylation 

Triphenylbismuthane acts also as a phenylating agent towards a variety of amines in the presence of 
a stoichiometric amount of copper diacetate. Amines reacted smoothly with triphenylbismuthane (1.2 
molar equiv.) and copper diacetate (0.5 molar equiv.) to give high yields of N-mono or N,N- 
diphenylated amines. The reaction was usually performed by stirring the mixture in methylene 
dichloride at room temperature under inert atmosphere for 18 to 24 hours. Generally monophenylated 
compounds were obtained with primary amines, in poor to excellent yields depending upon the 
basicity and steric hindrance of the substrate (6% for 4-nitroaniline, 25% for mesitylamine, but 82% 
for 4-methoxyaniline). With n-butylamine, the N-monophenyl (60%) and N,N-diphenyl (38%) 
derivatives were obtained. 95 

RNH 2 + Ph3Bi + Cu(OAc) 2 
CH2CI 2 

, , . _ _  

RT 
RNH-Ph 
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NH 2 NH 2 NH 2 

OMe NO 2 Me 
48% 82% 6% 25% 76% 90% 

The poor yield of the phenylation reaction of 4-nitroaniline became an excellent yield upon addition 
of triethylamine. When only 0.1 equivalent of triethylamine was used, the diarylamine was obtained in 
94% yield. 104 

A variety of substituted N-arylpiperidines (110) were obtained by arylation of 4-oxopiperidines 
(109) with various tris(3-substituted phenyl)bismuthane and copper diacetate. 105 

X 

O = ~ N - H  + (3-XC6H4)3Bi + Cu(OAc)2 CH2C12~ O = ~ N - ~  
RT 

(109) X = CF3, F, C1 and MeO (110), 41-67% 

A number of amides, imides, ureas, carbamates and sulfonamides have also been efficiently 
arylated by the triphenylbismuthane-copper diacetate system, when a tertiary amine promoter, such as 
triethylamine or pyridine, was added. 104 

X CH2C12 X 
N- H + Ar3Bi + Cu(OAc)2 .~ N- Ar 

y" Et3N or pyridine .y" 

X, Y = COR, CO2R, CONR2, SO2R, R, H (with R = alkyl or aryl) 

Some examples: (the amine promoter being indicated with the yields). 

co Aoo-4 o 0 0 N 
Ph-C=N=Me N -H I~ I 

H 

Et3N, 81% Et3N, 100% Et3N, 93% Et3N, 75% 

O H O 

N-H J~ NH 
Me2N NHPh "~"" ~ 

O O O O 
pyridine, 99% Et3N, 77% pyridine, 64% pyridine, 82% 

6.7.3 Alkylation reactions 

Reaction of amines with alkyldiphenylbismuthane in the presence of a stoichiometric amount of 
copper diacetate afforded mixtures of the corresponding mono- and di-substituted amines, the alkyl 
group being first transferred, followed by the phenyl group. The transfer of two different substituents 
was explained by a disproportionation reaction of the alkyldiphenylbismuthane into trialkylbismuthane 
and triphenylbismuthane. 106 
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RNH 2 + Ph2BiR' + Cu(OAc) 2 

(1 equiv.) (1.2 equiv.) (1 equiv.) 

CH2Cl 2 
. . . .  R-NH-R' + R-  N.. ~ R' 

Ph 

Modest to moderately good yields of the alkylated amines were obtained upon treatment with the 
symmetrical trialkylbismuth derivatives. With primary amines, trimethylbismuthane led preferentially 
to the disubstituted product, but tris(2-phenylethyl)bismuthane afforded only the product of 
monosubstitution. 106 

RNH 2 + Me3Bi + Cu(OAc) 2 
CH2CI 2 

R-NMe2 31-51% 

RNH 2 + (PhCH2CH2)3Bi + Cu(OAc) 2 CH2CI2 ~ R_NH_CH2CH2P h 24-32% 

R, CH2C12 R,  
NH + Me3Bi + Cu(OAc)2 ~ N-Me 

R" R" 

R, CH2C12 R,  
NH + (PhCH2CH2)3Bi + Cu(OAc) 2 ~ N-CH2CH2Ph 

R'" R'" 

47-52% 

49-53% 

The reaction of tributylbismuthane or tribenzylbismuthane with alcohols or phenol in the presence 
of copper diacetate led to very poor yields of the alkylbutyl or alkylbenzyl ethers (10-20% based on 
the bismuth reagent). 107 

CH2C12 
RO- H + Bu3Bi + Cu(OAc)2 - ~ R - O -  Bu 

6.7.4 Mechanism of the copper - catalysed reactions 

Two different mechanisms have been postulated to explain the copper-catalysed arylation reactions. 
Barton et al. suggested a mechanism involving the formation of a complex between the substrate and 
the copper species. 95 Oxidative addition on this copper (I) species leads to a copper (III) intermediate, 
such as (111) in the case of glycols (Scheme 6.21) or (112) in the case of amines (Scheme 6.22). These 
copper (III) intermediates bear an aryl ligand together with the substrate in the coordination sphere. A 
reductive elimination then affords the various products, depending on the substrates. In the 
triphenylbismuthane reaction, copper diacetate acts first as an oxidant of bismuth (III) to bismuth (V) 
and then as a catalyst for the transfer of ligands, in a manner similar to the bismuth diacetate system. 
Various types of copper species are involved in all these pathways. In order for the oxidation of 
triphenylbismuthane to proceed, the presence of an amine ligand on the copper center is required. 

OH CU(I)X~ O ~ C u  Ph3Bi(Ogc)2~ u 

OH O ' ~  r NO OH 
H H 

( l l l )  Cu(I)OAc 

Scheme 6.21: Mechanism of glycol O-phenylation 

In the case of the arylation of phenols or amides, no or very low-yielding arylation reactions took 
place in the absence of a tertiary amine. The mechanism of these two systems does not involve free 
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radicals, as addition of 1,1-diphenylethylene (72) did not affect the yield of the N-arylation product in 
the triphenylbismuth diacetate-catalytic copper system as well as in the triphenylbismuthane- 
stoichiometric copper diacetate system. 

Scheme 6.22: Mechanisms of amine N-phenylation as suggested by Barton et al. 95 

A- Triphenylbismuth diacetate and catalytic amount of a copper salt 

R-NH 2 
+ 

Cu(I)X 

Ph3Bi(OAc)2~, R - ~  H2 

: [R- NH 2 , Cu(I)X] X-Cu-Phl - ~  R--NH-Ph 

OAc 
(112) Cu(I)X 

B- Triphenylbismuthane and stoichiometric amount of copper diacetate 

x R- NH 2 Ph3Bi Ph3Bi(OAc)2 1 
+ ~ + ~ + 

Cu(OAc) 2 [x R-NI-I 2, Cu(OAc)2 ] [y R-NH 2, CuOAc] J 

R-NH-Ph + Cu(I)OAc 
I ] 

- 

OAc J 

When the copper-catalysed reactions (type A and type B) were performed in the cavity of an ESR 
spectrometer, the presence of phenyl radicals was detected by way of their spin adducts with 2-methyl- 
2-nitrosopropane and with 2,4,6-tribromonitrosobenzene. 98 In view of these observations, Dodonov et 
al. suggested that a free-radical mechanism was involved in both reaction types, A and B, and 
explained the formation of the hypervalent copper (III) intermediate. (Scheme 6.23) The copper (1/I) 
intermediate is formed by two consecutive one-electron oxido-reduction elementary steps. The copper 
(I) catalytic species is first oxidised to a copper(II) species which is then oxidised by a phenyl radical 
to the active copper (1II) intermediate. This hypervalent species then undergoes a ligand coupling 
reaction with the substrate, either hydroxylic or an amino derivative. In the type B reaction, the in situ 
generated phenylcopper (III) diacetate reacts with the substrate to eventually afford the O- or the 
N-phenyl derivative. 

Scheme 6.23: Mechanism of generation of the hypervalent copper species involving free radicals as 
suggested by Dodonov et al.98 

A- Triphenylbismuth diacetate and catalytic amount of a copper salt 

Ph3~i(OAc)2 ~ , ,  ~ Cu(I)X ~ N  ~ ~ R Z - P h R Z _ H  

Ph3BiOAc ~ ~ 
X Ph 

OAc 
Ph2BiOAc ~- PI" 

with 
Z = O, NH or NR' 
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B- Triphenylbismuthane and stoichiometric amount of copper diacetate 

1- Ph3Bi + Cu(OAc)2 Ph2BiOAc + PhCuOAc = Ph" + CuOAc 

2- Ph" + Cu(OAc)2 ~ PhCu(OAc)2 
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Chapter 7 

Ligand Coupling Involving Organolead Compounds 

Since its discovery I and its first use as an oxidant, 2 lead tetraacetate has been widely used in 
organic chemistry. Depending on the nature of the substrate and the reaction conditions, it can react as 
a radical or ionic oxidant, or take part in substitution, elimination, addition and fragmentation 
reactions. A large number of papers and review articles have been devoted to its chemistry. 3-6 On the 
other hand, organolead compounds have also been known for a long time, in pan due to the 
commercial importance of tetraethyllead. 7-8 However, it is only in the last twenty years that their 
interest as reagents for organic synthesis has been developed. Depending on the nature of the ligands, 
radical, anionic or cationic behaviours have been observed. 9-12 The occurrence of mechanisms of the 
ligand coupling type have been suggested for acetoxylation reactions with lead tetraacetate nearly 
forty years ago, and this mechanism is frequently implied in the chemistry of monoorganolead 
reagents of the type RPbX3. 

7.1 ACYLOXYLATION REACTIONS, A BRIEF OVERVIEW 

The substitutive acyloxylation reaction can take place with a wide variety of substrates and 
different types of metal acylates can be used. 3 Among them, lead tetraacetate shows a wide range of 
possibilities. Depending upon the nature of the organic substrates, a number of mechanistic pathways 
have been invoked to rationalize the observations. 6 The formation of a covalent substrate-lead 
intermediate was suggested by Corey. 13 The ligand coupling mechanism was postulated by Henbest 14 
and Marshall 15 to explain the a-acetoxylation of ketones. This ligand coupling mechanism is most 
frequently involved in the reactions of lead tetraacetate with compounds presenting either keto-enol or 
imine-enamine tautomerism. 

7.1.1 Keto-enol tautomers 

Compounds presenting the possibility of keto-enol tautomerism react easily with lead tetraacetate to 
afford products of a-acetoxylation. This reaction is found in the case of ketones and phenols, although 
it is frequently accompanied by other products derived from alternate mechanistic pathways. 

7.1.1.1 Phenols 

Oxidation of phenols with lead tetraacetate was extensively studied by the group of Wessely. 16-21 
The nature of the products is dependent upon a number of factors, such as the nature and position of 
the substituents, the nature of the solvent and the ratio lead tetraacetate : substrate. In acetic acid, 
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quinol acetates, ortho-quinone diacetates and quinones are formed. In non-polar solvents, mostly 
dimeric products are obtained. 

It is now generally accepted that the first step involves the formation of aryloxy-lead (IV) 
triacetates (1). These can decompose homolytically, leading to dimeric products via the aryloxyl 
radicals (2). They can also decompose heterolytically to cationic aryloxy species, which are then 
trapped by external nucleophiles. This has been exemplified by the reaction of phenols with lead 
tetraacetate in the presence of acetic acid or methanol. In the latter case, ortho-methoxy derivatives 
were formed. However, the preferential formation of 6-acetoxy-2,4-dienone derivatives is more likely 
explained by an intramolecular ligand coupling reaction (3) rather than by occurrence of a cationic 
species.22, 23 

O" 

~ R = = = =  H O ~  OH o r / ~  
OH J Ri Y,~ '  R R R ~ R OPb(OAc) 3 (2) 

A. / = k _ _  
Ri fi "T"R AcO, OAc " ~ \  ] ~  O - ~  - '~ .. P.b: R' further 

products 
+ 

~",,~ O ~ OAc ~ . . i  ~" 
�9 " ; . . a  " OAc 

Pb(OAc)4 (1) ~ ' 0 ~ --~ further 
R i ,, Y AcOH A products 

(3) R 
Scheme 7.1 

Reaction of a 2,6-dimethylphenol (4) with lead tetraacetate in the presence of an excess of acrylic 
acid leads to ortho-quinol acrylates (5) which then can lead to tricyclic lactones (6) by intramolecular 
Diels-Alder cyclisation.24, 25 

M e , ~  Me Pb(OAc)4 Me ~) A O 

CH2=CHCO2H ~ = e 
(4) 0 

An elegant application of the oxidative coupling of phenolic compounds through reaction with lead 
tetraacetate was described by Feldman in the synthesis of ellagitannins by intramolecular coupling of 
gaUoyl esters, which could imply a ligand coupling mechanism in the crucial step. 26-30 

MeO OMe MeO 

MeO H O ~  H O ~  OMe 

M e O ~ O H  x ~  OR 2 
Pb(OAc)4 ~ R 1 0 ~ O  MeO H ~ ~ O . .  

o ~ O ~  O + ~ U ( ~ .  9% CH2CI2 [ 0~ MeO 0 = . ~  c~ 
73% t 

O 
~ ~ i  ~OMe 

~: as a mixture of quinone ketals with R 1, R 2 = t~ ~ O M e  
"zr ~ 
" "OAc 
0 

and 

O 

OMe 
OMe 
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But, with a different phenol protecting group, the coupling product became the major one: 

Ph Ph 

o ~r o ~'v~c~ ~ 
r ' - O  

P h ~ o  H O ~  O o ~ O  O 
O ~ O H ~  Pb(OAc)4 ~ -- G'~S  

O - O  CH2C12 

~ 

79% 

7.1.1.2 Ketones, 13-dicarbonyl derivatives and enol silyi ethers 

Carbonyl compounds possessing at least one hydrogen on the a-carbon react with lead tetraacetate 
in benzene or in acetic acid to give the a-acetoxy derivatives in moderate yields in most cases. 3,4,6 
Best yields are generally obtained with ketones. When two electron-withdrawing groups are attached 
to a methylene group, this substrate becomes very reactive and the reaction occurs even at room 
temperature. This is the case of 13-dicarbonyl, 13-ketoesters and malonic esters. 31 High reactivity is also 
observed with completely enolised carbonyl compounds, such as 2,2-diarylacetaldehyde, which gives 
the a-acetoxy derivative under very mild conditions. 32 

R1R 3 RI R 3 Pb(OCOR)4 R 2 I t 
R 2 - ~ O  ~ i -,~ O 

H RCOO 

Two mechanisms have been suggested. A radical mechanism was first proposed and its 
involvement is supported by the presence of dimeric products. 31 However, the ligand coupling 
mechanism is now generally accepted.13,14 An enol-lead (IV) triacetate intermediate (7) is first 
formed by reaction of lead tetraacetate with the enol form. Its formation is accelerated by catalysis by 
boron trifluoride.14, 33 Treatment of the preformed enolate with lead tetraacetate performs 
a-acetoxylation at lower temperature and more rapidly than in the reaction with the corresponding 
enol. 34 Ligand coupling then takes place on this intermediate to lead to the a-acetoxycarbonyl 
derivative. 

AcO. /OAc 
0 OH 0 

RHtR~ 2 R 3 ~ R1J~R 2 R3 Pb(OAc)4_ AcO~N~-.-XO _ _  A c R o I ~  R 3 
- R I ~ ~  R 3 

[ 

(7) R E 

In the case of the reaction of a,13-unsaturated ketones with lead tetraacetate, the product of 
a'-oxidation is generally formed, as in the following example. 35 

Pb(OAc) 4, Phil D, 

t-Bu reflux t-Bu 

O AcO O 

80% 
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a-Acetoxyketones have also been obtained by lead tetraacetate oxidation of enol acetates, the 
geometry of the enol acetate being generally transferred to the product. 36-38 

OAc O 

N ~  Pb(OAc) 4 = OAc 
Ac- AcOH / Ac20 Ac- 

95% 

Trimethylsilyl enol ethers of acetophenone derivatives (8) react with lead tetraacetate in benzene at 
room temperature to give unstable phenacyllead triacetate intermediates (9), which decompose to the 
a-acetoxyacetophenones (I0) in high yields (90-95%), when a I:I ratio of the enol ether to lead 
tetraacetate is used. 39 However when a 2: I ratio is used and the reaction performed in CH2C12 or in 
TI-IF at - 78~ only small amounts of the a=acetoxyacetophenone derivatives (II) are formed, the 
main product being the 1,4-diketone dimers of acetophenone (40-60%). 40 

TMSO 

(s) 

Pb(OAc) 4 

THF/-  78~ 

O 
Ar ~ Pb(OAc)~ 

(9) 

O O 
~,OAc + A r ' J ~  Ar 

Ar 
0 

(10) (11) 

1 equiv. 90-95% 
2 equiv. < 10% 40-60% 

Reaction of enol silyl ethers with lead tetrabenzoate followed by treatment with triethylammonium 
fluoride leads to the a-benzoyloxyketones. 41 In both cases, the sequence involves bisoxygenation of 
the double bond followed by hydrolysis, a-Acetoxylation is also possible, but the benzoate is the 
reagent of choice for that system. 41 In the cyclohexanone series, reaction of lead tetraacetate with 
cyclohexanone trimethylsilyl enol ether afforded also a-acetoxycyclohexanone after hydrolysis. 42 
When the same reaction was performed on the triethyltin enol ether, the main product was now 
a-acetoxycyclohexanone with a small amount of dimeric product. This latter result could be explained 
by a transmetallation followed by ligand coupling, in the major pathway. 

OTMS 

Pb(OCOPh)4 -r 

CH2C12 / O~ 

OTMS O 
~ O  OCOPh Ph Et3NI.IF ~ ~ OCOPh 

92% 

The stable a-metalloketones ArCOCH2TI(p-tolyl)(OCOCF3) (12) or ArCOCH2Pb(p-An)(OAc)2 
(13) are generated by reaction of the enol silyl ethers with respectively 4-MeC6H4TI(OCOCF3)2 (14) 
and 4-MeOC6H4Pb(OAc)3 (15). 43,44 They react with lead tetraacetate to afford good yields of the 
a-acetoxy derivatives ArCOCH2OAc (10). The reaction was postulated to involve metal-metal 
exchange, followed by ligand coupling. 43 

I(OCOCF3) 2 

C6H 6 / RT v I ~ Pb(OAc)4 
T M S O  " OCOCF3 O -)= 

CH2 + - Ar - '~ T1 - v ~ M e  Ar OAc 
Ar AcOH Ar 

(8) lVle (13) (12) (10), 80- 85% 
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Pb(OAc) 3 
TMSO ~ C6H 6 / RT 

Ar ~I:: CH2 + 
" V  

OMe 
(8) (15) 

O OAc Pb(OAc)4 ~ O 
_ 

AcOH 
OAc 

(13) (10), 85- 90% 

7.1.2 Nitrogen derivatives: imine-enamine tautomers 

Nitrogen containing compounds which are prone to imine-enamine tautomerism react with lead 
tetraacetate to give ligand coupling compounds with transfer of an acetyl group. 5 

7.1.2.1 Anilines 

Aromatic primary amines react with lead tetraacetate to give symmetrical azo compounds in 
varying yields, via hydrazo intermediates. 45-48 However, in the case of 2,4,6-tri-tert-butylaniline, 
reaction with lead tetraacetate in benzene at 5~ led to a mixture of three products, the formation of 
which can be explained by a ligand coupling process. 49 (Scheme 7.2) 

NH2 - AcO,, ,,OA~.. 
t-Bu ~ t-Bu ~3b. 

HN ~OAc 

t-Bu+ = t - B u ~  t-Bu AcOH 

Pb(OAc)4 t-Bu 

[ / - 

NHAc 
t - B u ~ O H  

Bu Me2C = ~  CH 2"-- t-Bu 
11% 

NH 

"-t-Bu ~ t _ B  u OAf Bu 

47% 

NAc 
t -Bu , ,~~ .O  

Pb(OAc)4~ V 

t-Bu 
8% 

Scheme 7.2 

In a synthetic approach towards mitomycin C, a similar reaction of a-oxidation was observed in the 
treatment of an aniline derivative with lead tetraacetate. 5o 

o 

H 2 Pb(OAc)4 Ac 

CH2C12, 0~ 

Bzl" O Bzl" O 

40% 
- ~  ~,- Mitomycin C 

Reaction of N-sulfonylanilines with lead tetraacetate proceeds by ligand coupling to give the 
ortho-acetoxy N-sulfonylcyclohexadienonimine.51-53 
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PhSO 2 - NH PhSO 2 - N 

Me Pb(OAc)4 ~' I ~ -  Me 

CHPh2 CHPh 2 

7.1.2.2 Enamines 

Enamines having a tertiary nitrogen react with lead tetraacetate in benzene to afford complex 
mixtures in which products of ligand coupling are present. 54 Although a diacetoxy derivative was 
originally postulated as the key intermediate, a ligand coupling process was later invoked. 5 From a 
synthetic point of view, this reaction does not compete favorably with the reaction with thallium salts. 
Enamines react with thallium triacetate in acetic acid 55 to afford good yields of the a-acetoxyketones, 
and a-methoxy ketones are obtained by reaction with thallium trinitrate in methanol. 56,57 These 
thallium reactions involve intermolecular SN2 reaction with the solvent, acetic acid or methanol. 

o fo o 
Pb(Omc)4 ._ fN ~ N ~ fN ~ + + 
C6H6- AcO~ ~OAc ~ O  

10% 7% 49% 

O [~ OAc 

10% 

0 0 

Scheme 7.3 

In the case of enamines with a secondary nitrogen, a clean and high yielding ligand coupling took 
place in the case of the following steroidal enamide (16) affording the 17a-acetoxyenamide (17). A 
second reaction with lead tetraacetate led to the 17a,21-diacetoxy compound.58, 59 

OAc 

Pb(OAc)4 OACAcOH OACpb(OAc)4 OAc 

C6H6 : ~ ~  C6H6 
AcO H H H 

(16) 90% (17), 84% 

Scheme 7.4 

Oxidation of N-alkyl or N-aryl enamines, with a secondary nitrogen, can lead to poor to modest 
yields of ligand coupling products or their products of imine hydrolysis. 60 Mixtures of dimeric 
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products are obtained in the reactions of 13-aminoacrylic acid derivatives. 61-64 Lead tetraacetate 
oxidation of ot-oxoketene-S,N-phenyl or N-benzyl acetals [(18), R = Ph or PhCH2] gave the 
iminoacetates and ot-acetoxy-S,N-acetal by ligand coupling. 65 

Ar 
, N ~ I  H ~ . A r  ArH~OAc O ~ 1 0 A c  0 Pb(OAc)4 ^ ~ O ~  H O 

_~ A~y- , -~  i ~ + 
H SMe (AcO)2Pb .. ,,'%~ M NR M NHR ~ ,  t,~ SMe 

R (18) R 

7.1.2.3 Nitroalkanes 

Nitroalkanes react with lead tetraacetate to afford tx-acetoxynitroalkanes, but no yields were 
reported. The reaction is accelerated by addition of base, but not affected by radical initiators. 66 These 
tx-acetoxynitroalkanes can also be obtained by oxidation of the corresponding ot-acetoxynitroso 
alkanes by hydrogen peroxide-sodium nitrite (see section 7.1.2.5). 67 

R ~ N O  2 Pb(OAc)4 Rlx NO2 R 1 R2= H or Me 
R 2 H = R 2 OAc ' 

7.1.2.4 Hydrazones 

The outcome of the reaction of hydrazones with lead tetraacetate is dependent upon the nature of 
the hydrazone and the reaction conditions. Mechanistically, the reaction was first suggested to imply. 
the formation of a pair of free radicals, Pb(OAc)3" and the hydrazonyl radical. 68 However, ESR 
studies failed to detect the presence of radicals in solutions of hydrazones and lead tetraacetate. The 
reaction was explained by a two step mechanism, involving first the formation of a covalent 
hydrazone-lead intermediate followed by an intramolecular rearrangement leading to the 0t-acetoxy 
products which can then evolve into different derivatives.69, 70 

Unsubstituted hydrazones undergo a dehydrogenation to give diazoalkanes, presumably via an 
hydrazone-lead intermediate. Ligand coupling leads to the acetoxyazo compound which eventually 
loses acetic acid.71, 72 Only the more stable diazo compounds can be isolated, such as those containing 
two electron-withdrawing substituents at the or-carbon.73, 74 Generally non-stabilized diazo 
compounds react further either with lead tetraacetate to give 1,1-diacetoxy derivatives or with acetic 
acid to give the monoacetoxy derivatives.71, 72 

R2C-N_NH 2 Pb(OAc)4~ R2C=N.N,,Pb(OAc)3.._.~ RxOAc 

H S R N= NH 

R OAc ~. Pb(OAc)4 REC-e  e AcOH R OAc 
RXoA c --. N= N .~ R~K' H 

Scheme 7.5 

Monosubstituted hydrazones of aldehydes (19) are oxidised by lead tetraacetate to afford N-acetyl 
N'-acylhydrazones. 75-77 The reaction proceeds via a N-hydrazone intermediate which undergoes a 
ligand coupling reaction to give an hydrazonyl acetate (20) which then rearranges to the final product. 
Monosubstituted hydrazones of ketones (22) react with lead tetraacetate to give ot-azoacetates (23). 68 
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R- CH: NNHR' 

(19) 

Pb(OAc)4 Pb(OAc) 3 OAc O , I I  .Ac 
: R-CH=N-N.  = R-C=NNHR' - - - -~R-C-N-N.  

R' (20) H R' 

Pb(OAc)4 Pb(OAc)3 OAc 
R2C" NNHR' = R2C=N- N," ~ R2C- N= NR' 

(22) R' (23) 

When these reactions are performed in alcoholic solvent, ethers are also obtained. Hydrazones of 
aldehydes (19) give a mixture of hydrazonyl acetate (20) and hydrazonyl ether (21). Hydrazones of 
ketones (22) give similarly mixtures of r (23) and r (24) although in relatively 
poor yields. 69,76,78 

R CH: N-NHR' Pb(OAc)4 Ac....O,K_ C= R'R, .O, - ~ N- NHR' § C=N- NHR' 
R"OH 

(19) (20) (21) 

Pb(OAc) 4 
R2C- N -  NHR' 

R"OH 
(22) 

OAc OR" 
a m 

R2C- N= NR' + R2C- N= NR' 
(23) (24) 

Lead tetraacetate oxidation of N-aroylhydrazones (25) gives highly reactive azoacetates (26), which 
then undergo cyclisation to 1,3,4-oxadiazolines (27). 79 The lead tetraacetate oxidation of 
acylhydrazones of ortho-hydroxyarylketones gives 1,2-diacylbenzenes, via ligand coupling followed 
by intramolecular rearrangements, for which two possible pathways were suggested. 80-82 

R1 Pb(OAc)4 R 1 N= N-COAr D] N" N 
X~= N-NH- COAr = '~ '  x oAo R 2 R2-'OAc 

(25) (26) (27) 

Pb(OAc)3 N" N= COR2 

o 
R[ N-NH-COR 2 R[ N-N-COR 2 0 A c  R . . . O  

Pb(OAc)4 
OH - OH ~ OH ~- -!,.- R 2 

7.1.2.50ximes 

A number of competing pathways takes place in the reaction of oximes with lead tetraacetate. The 
outcome of the reaction depends on various factors such as the structure of the oxime, the ratio lead 
tetraacetate:substrate, the temperature, the nature of the solvent and the presence of nitric oxide. A 
common intermediate, an O-triacetoxyplumbyl oxime ester (28), is formed and its decomposition 
leads to the ligand coupling products, the tx-acetoxynitroso compounds (29) (from aliphatic and 
alicyclic ketoximes at low temperature),67, 83-86 to the iminoxyl radicals (30) (at higher 
temperatures) 87 or to the nitrile oxides (31) (from aliphatic syn-aldoximes at - 78~ 88 In the case of 
aliphatic anti-aldoximes, ligand coupling occurs followed by dimerisation to a-nitrosoacetate 
dimers. 89 When the reaction is performed in acetic acid, decomposition of the nitrosoacetates leads to 
regeneration of the parent carbonyl compounds.83, 84 
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R 1 Pb(OAc)4 R 1 
~:: N- OH ~ ~:: N- OPb(OAc) 3 

R2 R2 (28) 

R 1 
R 1 NO AcOH_ X,=:O 

R2'~ OAc "- R2 
(29) 

R 1 
--  ~ N- o" (30) 

R 2 

R 2 = H, syn isomer t~ e 
_- R 1  C - N _  O 

Scheme 7.6 

(31) 

7.1.3 Reaction of alkenes and arenes 

The reaction of lead tetraacetate with alkenes and arenes involve first an electrophilic addition step. 
The intermediate organolead derivative then can follow various pathways to yield oxidation products. 

7.1.3.1 Reaction of alkenes with lead tetraacetate 

Lead tetraacetate reacts with alkenes to give generally complex mixtures of products resulting 
either from the addition of oxygen functional groups to the double bond or from allylic oxidation.90, 91 
Moreover, other types of reactions, such as skeletal rearrangements, double bond migration or C-C 
bond cleavage can take place, depending on the structure of the alkene. The formation of [3-acetoxy- 
alkyllead triacetates has been proposed as intermediates in these oxidation reactions. 92,93 Generally 
highly unstable, they undergo a change of the oxidation state from Pb § to Pb § with either formation 
of a carbocation, or inter- or intramolecular displacement. 

Pb(OAc) 3 Pb(OAc) 3 
_ x l  e /  __.,4 / __. ,4 

I - I  k~ l y I 
Pb(OAc)3 H 

I Pb(OAc)4 ~"t~ ' /  

H 
i H Pb(OAc)3 OAc 

- , J  / ,,I / 

- - o?--- Ac Ac 

OAc 
/ 

Y 

Scheme 7.7 

The occurrence of a ligand coupling mechanism could be an alternative mechanistic pathway taking 
part in the evolution of the alkyllead intermediates, although it was excluded in the decomposition of 
the only known case of an alkyllead diacetate derivative (32). 94 

i c~ _ ,  

PbF2(OAc)2 XY HO 

H O . ~  O H~) F ~ ~ .  " - F - ~ F i _  I o rHO 
(32) PbF(OAc)2 

XY = Br 2, BrCH2Ph, 12 or IMe with X = Br or I 
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7.1.3.2 Reaction of arenes with lead tetraacetate 

Lead tetraacetate reacts with arenes to lead either to aromatic nucleus substitution or to substitution 
on the benzylic position of the side chain. Substitution on the nucleus involves electrophilic attack of 
(AcO)3Pb + to give aryllead tricarboxylates. Subsequently, these aryl species react with acid to afford 
eventually the corresponding aryl esters.95, 96 

Pb(OCOR') 3 OCOR' 

o 0 PI(OCOR')4 R R 
R = -~ 

Scheme 7.8 

Benzene is relatively stable to lead tetraacetate oxidation and is used as solvent in oxidation of 
more reactive substrates. But it reacts with lead tetrakis(trifluoroacetate) to afford the corresponding 
trifluoroacetoxy derivatives.97, 98 Oxidation of aromatic rings bearing electron donating substituents 
with lead tetraacetate in trifluoroacetic acid at low temperature leads usually to the corresponding aryl 
trifluoroacetates. 99 The reaction is likely to involve acid-catalysed heterolytic cleavage of the C-Pb 
bond in an intermediately formed aryllead tris(trifluoroacetate). This one can result either from the 
reaction of the arene with lead tetrakis(trifluoroacetate) or from ligand exchange when an aryllead 
triacetate is treated with an excess of trifluoroacetic acid. The intermediate aryl cation, free or 
incipient, then reacts with the solvent. 100 Sometimes various amounts of side products such as dimers 
or diarylmethanes are observed. 100-103 The dimerisation products have been postulated to arise from 
an electron transfer and radical-cation mechanism. 103 

Aryltrimethylsilanes react also with lead tetraacetate or lead tetrakis(trifluoroacetate), in 
trifluoroacetic acid, to yield the corresponding aryllead tris(trifluoroacetate), which again can further 
react with TFA to lead to the aryltrifluoroacetates.97,104,105 

.SiMe 3 Pb(OCOCF3)3 OCOCF3 

R ~ J  CF3COO H -  R = R 

Scheme 7.9 

The reaction of aromatic compounds with lead tetraacetate can be catalysed by boron trifluoride to 
give mixtures of dimerisation and acetoxylation products with the dimeric products being usually 
predominant. 106 

7.1.3.3 Preparation of organolead triacetates 

Direct electrophilic plumbation of aromatic compounds can be used to prepare a small range of 
aryllead tricarboxylates.10,11,105 It is limited to substrates which are more electron rich than 
halobenzenes. Plumbation of halobenzenes can be conveniently performed by treatment with lead 
tetraacetate in the presence of trichloroacetic or trifluoroacetic acid. For the plumbation of compounds 
of intermediate reactivity between the halobenzenes and 1,3-dimethoxybenzene, the use of haloacetic 
acid (mono-, di- or trichloroacetic acid) is required to optimize the yield of aryllead triacetates. For 
1,3-dimethoxybenzene and the more electron-rich aromatics, the reaction can be suitably performed in 
acetic acid. 
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The most general route to organolead tricarboxylates, such as aryllead, vinyllead or alkynyUead 
tricarboxylates, is the metal-metal exchange which can involve mercury-lead, thallium-lead, silicon- 
lead, tin-lead, boron-lead or zinc-lead transmetallation. 

The most useful methods for the synthesis of aryllead tricarboxylates are either the tin-lead 107-109 
or the boron-lead 110 exchange. These are generally performed in high yield by reacting the 
appropriate aryltributylstannane or arylboronic acid with lead tetraacetate in the presence of a catalytic 
amount of mercury (II) salts. Ultrasound activation can be used as an alternative to catalyse the 
exchange. Ill Although the tributyltin derivative is generally preferred to the trimethyltin analogue, the 
exchange can be sometimes efficiently performed with the trimethyltin compound in the case of 
relatively hindered aryl substrates. 112 

cat. 
R- M- X n + Pb(OCOR') 4 :-- R -  Pb(OCOR4) 3 

M = Sn, X =BuorMe ,  n=  3; M = B , X = O H ,  n = 2  

cat. = Hg(II) salt or sonication 

The metal-lead exchange can also be successfully applied to the synthesis of some heteroaryUead 
triacetates, although the range of known compounds is limited to furan and thiophene. 113 Moreover, 
the intermediate organolead triacetate can experience overoxidation in the presence of an excess of 
lead tetraacetate. 114,115 

Vinyllead and alkynyllead tricarboxylates can only be prepared by metal-metal exchange, such as 
mercury_lead, 116,117 tin_lead,116,117 boron_lead 118 or zinc-lead. 119 In the case of tin-lead exchange, 
cleavage of the methyl-tin bond is much slower than cleavage of the vinyl-tin or alkynyl-tin bond. 
Therefore (trimethyl)vinyltin derivatives are preferred to the corresponding (tributyl)vinyltin 
analogues for the synthesis of the unstable vinyllead and alkynyllead compounds. 117 

7.1.3.4 Reaction of arenes with aryilead triacetate 

Reaction of arenes with lead tetraacetate in TFA (trifluoroacetic acid) can afford symmetrical 
dimeric compounds in moderate to good yields. 103 (see section 7.1.3.2) Unsymmetrical biaryls can be 
produced by reaction of aryllead triacetates substituted with electron-donating as well as electron- 
withdrawing groups with p-xylene or more highly methylated benzenes.100,120 For example, in the 
arylation with 4-fluorophenyllead triacetate the yields vary from 0% for nitrobenzene, 2% for benzene 
and toluene to 80% for pentamethylbenzene and 88% for mesitylene. 

~ - P b ( O A c ) 3  + G - " M e n  CF3COOH- ~ M e n . . _  

X X 
t~ n > 2  

ArPb(OCOCF3) 2 Ar ~ 

via ~ ~ "- ~ �9 Pb(OCOCF3)2 
Men Me n 

Scheme 7.10 

It is assumed that, in the reaction of arenes with aryllead triacetates, the arylation takes place via the 
corresponding cationic g-complexes. 100 In the reaction with lead tetraacetate, an electron transfer- 
radical cation mechanism was postulated. 103 In agreement with this assumption, 4,6,8-trimethyl- 
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azulene (33) was arylated by treatment with 4-methoxyphenyllead triacetate (15) in TFA to afford 
only one isomer, the 1-arylazulene (34), although in modest yield (27%). A minor by-product was also 
formed (4%), the 1,1'-bis-azulene (35), which could result from one-electron oxidation of the primary 
product, 1-arylazulene, by the 4-methoxyphenyl cation in the corresponding x-complex. 121 

An 

CF3COOH. 
§ (15) 20~ / 24 h-- § ~ / ~  

(33) (34), 27% (35), 4% 

7.2 ARYLATION REACTIONS 

In a series of outstanding papers, Pinhey et al. have shown that aryllead tricarboxylates react with 
soft nucleophiles to afford C-arylation products. These aryllead derivatives behave as aryl cation 
equivalents in reactions which involve a ligand coupling mechanism (see section 7.5). 9-12 In most 
cases, the reactions proceed in chloroform at 40-60~ in the presence of pyridine as a base with a ratio 
of substrate to organolead derivative to pyridine of 1 : 1 : 3. The substrates which easily undergo 
C-arylation include phenols, 13-dicarbonyl compounds and their vinylogues, a-cyanoesters, a-hetero- 
substituted ketones, enamines and nitroalkanes. A very limited number of non-carbon nucleophiles 
has also been reported to react. 

7.2.1 Phenols  

Aryllead (IV) triacetates react with phenols to give mainly products of ortho-C-arylation, formed 
by ligand coupling mechanisms. 122-124 In an attempt to extend the arylation of polymethylbenzenes to 
phenolic substrates, Pinhey et al. treated mesitol (36) with p-methoxyphenyllead triacetate (15) in 
CHCI3. The reaction afforded a mixture of the C-arylated products (37) and (38) together with minor 
mounts  of the C-acetoxy product (39) and O-aryl ether (40). 123 

OH 

Me 

(36) 

Me 
0 0 0 0 "An 

CHC13 
Me An Me Me Me 

(37), 48% (38), 13% (39), 2% (40), 2% 

with An = 4-MeO-C6H 4 

When the reactions of phenols with aryllead triacetates were performed in the presence of pyridine, 
only the C-arylated dienones were formed in a nearly quantitative yield (90%; ratio ortho :para = 
4:1). Under the classical conditions (phenol : organolead tfiacetate : base in a ratio 1:1:3), the reaction 
of methylated phenols only proceeds in high yield when both ortho positions are substituted. There is 
a preference for attack ipso to a methoxyl group compared to a methyl group. As in the Wessely 
acetoxylation, there is a marked preference for ortho-arylation. 
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Table 7.1: Arylation of phenols with 4-methoxyphenyllead triacetate (15) and pyridine. 123 

O 
R1 OH R3 An O R3 R ~  R 3 

~ R  2 § (15) CHC13 / pyridine R 1 § 

R" An~R" 2 

(41) (42) 

R 1 

H 

Me 

Me 

Me 

CI 

MeO 

H 

Phenol 

R 2 

Me 

H 

H 

Me 

H 

H 

MeO 

HO 

R 3 

H 

H 

Me 

Me 

C1 

H 

H 

Me 

ortho-Aryl 
dienone (41) 

(%) 

5-10 

75-90 

75 

48 

(43) = M e - ~ - -  O -  OMe 

para-Aryl 
dienone (42) 

(%) 

20 

Anisole 
(%) 

12 

5 

3 

1-3 

6 

29 

Other products, (%) 

4-MeOC6H4OH, 1 

(43), 1-2 

No reaction 

(44), 34 

(44)= M e O - ~ , - -  O - ~  OMe 

The presence of two or more alkyl groups on the phenolic substrate is required but they do not 
necessarily have to be on either of the ortho positions. Indeed, 3,4,5-trimethylphenol (45) has been 
reported to yield a modest amount of 2-(4-methoxyphenyl)-3,4,5-trimethylphenol in the reaction with 
4-methoxyphenyllead triacetate (15). 123 

OH OH 0 
An~ § (15) CHCI 3 / pyridine 

- ~ § 

Me Me Me Me Me Me 
Me Me An Me 

(45) 22% 12% 

However, under more forcing conditions, high yields of the 2,6-diaryl derivatives (46) can be 
obtained, and particularly with more reactive aryllead derivatives, such as 2,4,6-trimethoxy- 
phenyllead triacetate (48). 12 Highly hindered structures of the 2'-hydroxy-l',3'-terphenyl type can be 
obtained. For example, 3,5-di-tert-butylphenol (47) reacts with 2,4,6-trimethoxyphenyllead triacetate 
(48) to afford the very sterically hindered 2,6-diarylphenol (49) in 87% yield. 125,126 

OH OH 

Me ~ § ArPb(OAc)3 CHCI3/pyridine A r ~  Ar Me r Me Me 

Me Me 
(45) (46), > 80% 

tee 12 
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Pb(OAc) 3 o.  oo.( o o 
t _ B u ~ l  ~ t-Bu 

OMe 
(47) (48) 

OMe MeO 
M e O , , f , ~  OH - ~ ] . O M e  

CHCI 3 / pyridine 

31/ .1 .  OMo 
t-Bu" v -  -, t-Bu 

(49), 87% 

ref. 125 

In general, the rate of the reaction of arylation of phenols by aryllead triacetate increases with the 
electron density of the phenolic substrate. Thus, when pyridine is used as a base, no reaction is 
generally observed with electron-poor phenols, such as 2,6-dichlorophenol or 2,6-dichloro- 
4-nitrophenol. 123 However, the reaction of the sodium salt of perfluorophenol (50) with phenyllead 
triacetate under more forcing conditions led to the product of ortho-arylation, the 6-aryl-2,4- 
cyclohexadienone (51) together with minor amounts of the product of para-arylafion (52) and the 
unsymmetrical diaryl ether (53). 127 

O O --0 
+ + F O 

F CCl4 / 80~ C6Fs F OH 
F F F C6H s F F 
(50) (51), 49% (52), 16% (53), 4% 

As a synthetic method, the reaction of aryllead triacetates with phenols is useful for the production 
of two structural types: the 6-aryl-2,4-cyclohexadienones and the stericaUy hindered 2,6-diarylphenols 
substituted with alkyl groups on the C-3 to C-5 positions. The steric compression in the putative 
aryloxylead intermediate seems to play a decisive role in the success of the ligand coupling step. This 
is particularly true for the arylation of hindered phenols with the more hindered aryllead reagents, 
which takes place at room temperature. In contrast to the reactions of phenols with arylbismuth 
reagents (chapter 6), O-arylation products are exceptional and generally obtained in very small yields. 

7.2.2 Dicarbonyl compounds and derivatives 

A number of enolised compounds reacts with aryllead triacetate to afford the corresponding 
a-arylketone derivatives. Due to the lower reactivity of aryllead (IV) triacetate compared to lead (IV) 
tetraacetate, the range of compounds is narrower and, for the most part, restricted to substrates with 
pKA values similar or less than that of phenol. The reaction conditions are closely similar to the 
reactions with phenols, that is a ratio of substrate to organolead derivative to pyridine of 1:1:3 in 
CHCI3 solution at 40-60~ Although pyridine is usually preferred, it can be advantageously replaced 
by bases more strongly coordinating to lead, such as 2,2'-bipyridine, 1,10-phenanthroline or 
4-dimethylaminopyridine (DMAP). The substrates which easily react with aryllead triacetates include 
13-diketones, 13-ketoaldehydes, a- and 13-ketoesters, 13-ketoester vinylogues, malonic acid derivatives 
such as their esters, amides or nitriles. I~-Dicarbonyl compounds with one a-hydrogen give the a-aryl 
derivatives in good to high yields. On the other side, 13-dicarbonyl compounds with two a-hydrogen 
give variable mixtures of mono- and di-arylated derivatives, in modest to moderate yield. 

7.2.2.1 13-Diketones 

Whether linear or cyclic, 13-diketones with only one a-hydrogen react with aryllead triacetates to 
afford consistently high yields of arylated product. 128 However, in the case of 2-methyl-l,3-cyclo- 
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pentanedione (54), the monoarylketone was obtained in 49%, together with products derived from 
oxidation of the dione to the enedione. 

Me Ar, Me 

O~ O CHC13 / pyridine O ~ O  
+ ArPb(OAc) 3 ~. 82-95% 

Me 
O ~ ) =  pyridine 

O + AnPb(OAc)3 CHCI 3 
(54) (]5) 

..An Me ._An Me Ot~ ~ ~ k n  
. U ' ~ o  + U ~ o  + 

LTrS%  
Me - "O 

49% 22% O 6% 

The reactivity of 13-diketones with two a-hydrogen is dependent on the structure of the substrate. 
For cyclic substrates such as dimedone (55), only the diaryl product was observed in high yield. The 
second arylation takes place faster than the first one, so that even with 1 equivalent of aryllead 
triacetate, the monoaryl product was not detected. 128 

O O ~  + 2 ArPb(OAc) 3 

s) 

CHCI 3 / pyridine O ~ O  
75-82% 

Acyclic substrates afforded modest to moderate amounts of monoaryl products, for example in the 
case of 2,4-pentanedione (56). Longer reaction times were required to obtain poor yields of the 
a,a-diary113-diketone. 128-132 

T a b l e  7.2: Arylation of 2,4-pentanedione (56) with aryllead triacetates 

M e ~  Me 

O O 
(56) 

Ar 

4-MeOC6H4 

4-MeC6H4 

4-MeC6H4 

3,4-(MeO)2C6H3 

3,4,5-Me3C6H2 

Ar Ar 
ArPb(OAc)3 / pyridine.... M e @ , , ] (  Me § Me,~QI1, Me 

CHCI3 / 40~ O O O O 

(57) (58) 

t (h) 

24 

24 

42 

48 

24 

(57)(%) 

19 

32, 50 

56 

63 

(s$) (%) 

2.5 

17 

Ref 

128,129 

128, 130 

128 

131 

132 

The related a-hydroxymethylene ketones behaved similarly. However, when the reactions are 
performed in CHCI3, loss of the formyl group followed by a second arylation results in the formation 
of the a,a-diarylketone. 133 The deformylation of the a-aryl-a-formylketone was suppressed by 
performing the reaction in THF instead of CHC13. Good yields of the mono a-arylketones were then 
obtained. 133,134 
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C8H17 ,, C8H17 

HO ~ 1) pyridine(15)/THF = M e O ~ ~ ] , , , . ~ ~  

2) OH e / H20 O-" v i v  80% 
H H 

7.2.2.2 13-Ketoesters 

13-Ketoesters behave similarly to 13-diketones in their reactions with aryllead triacetate. The acyclic 
I]-ketoesters possessing two a-hydrogen again afforded mixtures of mono and diaryl derivatives. 135 

Ar Ar Ar 
Me.,if ~ OEt ArPb(OAc)3/pyridine M e ~  OEt+ M e ~ O E t  

O O CHC13 / 40~ O O O O 

31% 15% 

Consistently good to high yields (60-95%) are obtained with 13-ketoesters possessing only one 
a-hydrogen. 135,136 

R2 ~ IAr R 2 
R ~ . ~ , O R  3 ,ArPb(OAc)3 / pyridine R ~ O R  3 

O O CHC13 / 40~ O O 
R2~: H 

60-95% 

It requires rather hindered [3-ketoesters to observe a significant drop in the yield of the arylation 
reaction. 135 

~ O  + ( 1 5 )  CHCI 3 /pyridine ~ ~ ~ , ~ = O  30% 
60~ 

CO2Me MeO2C ~ ' ~  OMe 

The aryllead triacetate reagent is generally used as the purified reagent. However, in situ generated 
reagents can also be conveniently used as efficient alternatives, particularly in the case of relatively 
unstable reagents. The in situ synthesis of the aryllead triacetate can be done either by mercury-lead 
exchange 137 or more preferably by boron-lead exchange. 110 Combined with the Krapcho 
decarboxylation, 138 the arylation of methyl 13-ketoesters constitute an efficient method for the 
synthesis of a-arylketones. 133 However, difficulties are sometimes encountered with sterically rigid or 
sterically demanding tetrasubstituted a-aryl 13-ketoesters. 139 Prolonged heating at 180~ can result in 
low yields either by decomposition of the product or by oxidation to a,13-unsaturated ketones. 133 This 
drawback can be avoided by using a modified 13-ketoester, such as the benzyl or allyl esters. 111,140 
The reaction of arylation of ~-ketoesters by aryllead triacetates has been used as a key step in the 
synthesis of a number of natural products or analogues. Carbocyclic 13-ketoesters were involved in the 
synthesis of various lignan structures. Substrates bearing two 13-ketoester moieties, such as dibenzyl 
3,7-dioxobicyclo [3.3.0]-octane-2,6-dicarboxylate (59), can be bisarylated with aryllead 
triacetate. 111,141 
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,• ~'CO2BZ1 

H" 'H 

BzlO2C"~ (59) 
O 

O Ar 

ArPb(OAc)3 .~ CO2Bzl 

CHCI 3 / pyridine BzlO2C ~ 

A? o 

Elaboration of the carbon skeleton led to the total synthesis of natural products possessing an 
aryltetrahydrofuran structure: (+) sesamin, 111,141 (+) eudesmin, l l 1 (+) yangambin.111 Mixed arylation 
was used to obtain unsymmetrically diarylated compounds. One-pot treatment of the dibenzyl 3,7- 
dioxobicyclo [3.3.0]-octane-2,6-dicarboxylate (59) with a mixture of two aryllead triacetates (60) and 
(61) afforded a mixture of the unsymmetrical diaryl derivative (63)with the symmetrical diaryl 
compounds (62) and (64). When the arylation was performed with 1.1 equivalent of the aryllead 
reagents (60) and (61), a mixture of (62), (63) and (64) in a ratio 0.46:1:0.72 was obtained. This ratio 
became 0.43:1:0.49, when 0.86 equivalent of (60) and 1.33 equivalent of (61) were used. (Scheme 
7.11) This compound (63) isolated in a 33% yield was eventually elaborated to complete a total 
synthesis of (+) methyl piperitol. 142 

O OMe O'-x r 
H~ ~H + + 

BzlO2C"X~ Pb(OAc)3 Pb(OAc)3 
O (59) (60) (61) 

I CH2C12 / pyridine / reflux / 6 h 

0"-- 1 OMe OMe Qo Qo o Qo e 
0 0 0 

H , , ~ C O 2  Bzl ~ f  CO2Bzl ~ f  CO2Bzl 
+ n ' " ~ '  n + n ' " ~ '  n 

". : 
- 0  - ' 0  " -0  

L O ~  (62) Ok..O~ ( 6 3 )  M e O ~  ( 6 4 ) M e O  

(+) methyl piperitol 

Scheme 7.11 

Arylation reactions of heterocyclic 13-ketoesters were employed in the synthesis of a number of 
2-arylbenzofurans, 14~ isoflavanones and isoflavones,144,145 as well as for the synthesis of 2-aryl- 
(2H)-indole derivatives. 146 
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OMe 
. .. f f ' ~  MeO ~ _ t 3  

/ ,~ ~ I ~ - ~ ~  a ~eu---t( ~ b, c, d ~ -O CO2Allyl . _ . .  ~ q  ~ ~ e" ~ X__.Z X.. 

0 ~ ~  "'~'2""-"~-~u~Y~ ~" " O MeO 

OMe ref. 143 

a) ArPb(OAc) 3 (48), pyridine, CHCI 3, 60~ 85% b) Pd(OAc) 2, PPh 3, HCOOH, Et3N, 
THF, RT c) NaBH 4, EtOH d) 10% aqueous HCI 

R a _ R Ar _. b . . . ~R  
CO2AIIyl CO2Allyl Ar 

O 75-99% O O 

a) ArPb(OAc) 3 / pyridine / CHC13 ~ O 
b) Pd(OAc) 2, PPh 3, HCOOH, Et3N, THF, RT R t ,  [l II 
c) Pd(OAc) 2, DPPE, MeCN, reflux ~ Ar 

O 

ref. 144 

0 0 

~ - N  ArPb(OAc)3 "- ~ CO2Me 
CO2Me pyridine / CHC13 / reflux- ~ N Ar 

~ 62-98% 
R R 

ref. 146 

a-Methylene tx-arylketones can be easily and selectively obtained by arylation of ally113-ketoesters 
which are eventually deprotected by the Tsuji's procedures. 147 Deallyloxycarbonylation is performed 
by treatment of the allyl a-aryl-13-ketoesters with catalytic amounts of palladium (II) acetate, 
triethylammonium formate and triphenylphosphine in THF at room temperature and affords the 
ot-arylketones in 75-97% yield. 144 Deallyloxycarbonylation-dehydrogenation can be realized with the 
same allyl esters by treatment with catalytic amounts of palladium (II) acetate and 1,2-bis(diphenyl- 
phosphino)ethane (DPPE) in acetonitrile under reflux and affords the tx-aryl t~,13-unsaturated ketones 
in 60-90% yield. 144 In particular, this reaction afforded a direct synthesis of 2'-hydroxyisoflavones 
involving arylation of the appropriate allyl 13-ketoester with the MOM-protected 2-methoxymethoxy- 
phenyllead triacetate derivative. 145 An alternative system for the synthesis for ct-methylene tx-aryl- 
ketones involves the arylation of an heterocyclic 13-diketolactone. Under the conditions of the reaction, 
three steps (arylation, 13-dicarbonyl cleavage and 13-elimination) occur in one-pot to afford directly the 
~t-aryl tx-methylene ketones or esters. 148 

O O 
R ~  O ArPb(OAc)3 --- ~ A r  

CHC13 / pyridine R CH2 
62-93% 

R = Ph, EtO, Me2C=CH 

4-Hydroxycoumarins are cyclic completely enolised 13-ketoesters. In their reactions with aryllead 
triacetates, they behave more like phenols than like 13-ketoesters bearing two a-hydrogens. Indeed 
only monoarylation took place to provide a convenient access to 3-aryl-4-hydroxycoumarins, which 
belong to the group of highly oxygenated isoflavonoids. 1~ This was applied for example to the 
synthesis of isorobustin (65), robustin (66) and robustic acid. 109,150,151 
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MeO OH 

( 6 ~ )  __ 
. v  

CHCI 3 / pyridine 

o o.fo 
(65), 84% 

ref. 109 

MeO OH 

(61) ~ O . ~ O _  O 

CHC13 / pyridine O) 
O 

(66), 84% ref. 151 

This reaction was also applied to the isomeric a-ketoester system, the 3-hydroxycoumarins. 
Monoarylation was observed in good to high yields, thus giving an entry into 4-aryl-3-hydroxy- 
coumarins, also called 3-hydroxyneoflavonoids.152 

R R ~ O ArPb(OAc)3 ~ O  

OH CHCI 3 / pyridine OH 
Ar 

R = H, OMe 
59-92% 

Under the conditions suitable for the N-arylation of amidic nitrogen atoms, (see section 7.6.1), 
reaction of 13-ketoanilides with 4-methylphenyllead triacetate (67) in the presence of sodium hydride 
and copper diacetate afforded only products of C-arylation (68), although in poor yields (11-33%). 
The a-aryl-13-ketoanilides are unstable in solution and easily oxidised by air to the o:-aryl- 
ct-ketoanilide (69), also isolated in modest yields (8-19%). 153 

Pb(OAc) 3 

Jl. J [ O  O ~ Cu(OAc) 2 / Nail 
Ar-N - v  Me § ~ 

H CH2CI 2 / DMF 
Me 

(67) 

O O O 

Mo 
+ 

(68) Me (69) Me 

7.2.2.3 13-Dicarbonyl vinyiogues 

Vinylogues of 13-dicarbonyl compounds, such as 13-diketones or fl-ketoesters react with aryllead 
triacetates to afford preferably the quaternary centred derivatives.128,154-157 In the only reported 
example of arylation of a vinylogous 13-diketone, the steroidal derivative (70), a mixture of 6-o~ and 
6-13 aryl derivatives was obtained with no trace of the 4-aryl derivative. 128 

8 H 1 7  
O 8H17 

0 5 )  _ 

CHC13 / pyridine 
O ~  40oc 

(70) COMe 4-MeOC6H 4 COMe 

57% 
6o~ / 613 = 1.75 
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Hagemann's ester (71) reacted similarly to afford the product of arylation on the carbon a to the 
ester group. 154,155 

A OMe 
~  -CO2Et �9 (15) CHC13/pyridine._ 

Me 60~ 0 88% 
CO2Et 

(71) Me 

This reaction was used in a short high-yielding synthesis of the alkaloids (+)lycoramine,154,156 (+)O- 
methyljoubertiamine154,157 and (+)mesembrine.154,157 All these syntheses involved in the key step 
the selective high-yielding arylation of alkyl 4-oxocyclohex-2,3-ene carboxylates (72) with 
organolead reagents. 

O CO2R + ArPb(OAc)3 CHCI~ / pyridine O 

(72) 60~ CO2R 

R = Et Ar = 2,3-(MeO)2C6H3 96% 
R = Me 4-MeO-C6H4 90% 
R = Me 3 ,4-(MeO)2C6H3 90% 

7.2.2.4 Malonic acid derivatives, a-cyanoesters and malononitriles 

Due to the lower acidity of the a-hydrogen of malonic acid derivatives compared to the acidity of 
the corresponding hydrogens of 13-diketones and 13-ketoesters, the reactivity of malonic acid 
derivatives towards aryllead compounds is very dependent upon the nature of the substrate.158,159 
Under the classical conditions (pyridine, CHCI3, room temperature or 40-60~ diethyl malonate did 
not react with aryllead triacetates and the a-methyl and a-phenyl derivatives reacted slowly to give 
poor yields (-25%) of the corresponding a-aryl a-substituted malonic acid diesters. Moderate to good 
yields were obtained by reacting the sodium salt of substituted malonic esters with aryllead triacetates 
in THF in the presence of pyridine, but the sodium salt of diethyl malonate again failed to react. 159 

�9 CO2Et THF / pyridine .CO2Et 
Na ~ e ~- R § (15) :- 4-MeOC6H 4-j- R 

CO2Et R = Me, Ph CO2Et 
77-85% 

In view of the high acidity of the cyclic ester analogue, Meldrum's acid derivatives underwent rapid 
arylation with aryllead reagents. 159 The size of the substituent present on the a-carbon has a 
significant influence on the overall yield. Whereas the a-methyl and a-phenyl derivatives gave nearly 

R 

o -,eo 

R= 

§ O s )  

Me 
Phe 
Et 
i-Pr 
i-Pr 
i-Pr 

4-MeOC6H4 R 
CHC13 / base = O ~ O  

pyridine 91% 
pyridine 92% 
pyridine 74% 
pyridine 29% 
Bipy 51% 
Phen 87% 
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quantitatively the aryl product (91-92%), a modest drop was noted for the a-ethyl analogue (74%), but 
the reaction became sluggish and low-yielding for the tx-isopropyl compound (29%). In this latter 
case, the influence of the base appeared as determinant [pyridine: 29%; 2,2'-bipyridine (Bipy): 51%; 
1,10-phenanthroline (Phen): 87%]. 

Phenylene bis(lead triacetate) reagents, generated in situ from the corresponding bis(boronic acid) 
derivatives and lead tetraacetate, react with the a-methyl Meldrum's acid derivative to afford the meta- 
or para-phenylene bis(Meldrum's acid) derivatives in ca 45% yield. 110 Similarly to malonic acid 
compounds, the unsubstituted Meldrum's acid was very slow to react and the only observed product 
was the tx, tx-diarylated product in 7-17%. 

Me A Pb(OAc)3 O...//O I ~  % 
2 0 ~ ' ~ O  C " ~  CHCI3- ~ ' 0  ~ " " ' ~ ' ~ k / / _  0 

x § pyridine O)~ 
~ Pb(OAc)3 O O 

The 5-substituted derivatives of barbituric acid behaved similarly to the Meldrum's acid congeners 
to afford good yields of the quaternary derivatives. For example, phenobarbital [(74), RI = Et, Ar = 
Ph] was obtained in 91% by phenylation of 5-ethylbarbituric acid [(73), R = Et] with phenyllead 
triacetate. However, in sharp contrast, the 5-unsubstituted barbituric acid behaved like dimedone to 
give good yields of the product of diarylation (55-61% with 2 equivalents of aryllead triacetate). 159 

R R! Ar 
O ~ O  CHCI3 / base O ~ O  

ArPb(OAc)3 + HN.~. NH = HN.,II, NH 

O O 
(73) (74) 

R = H R 1 = Ar, 55-61% 
R = Et R 1 = Et, 81-91% 

Ethyl tx-cyanoacetate has a lower pKa and a higher kinetic acidity than diethyl malonate. 160 
However it did not react with aryllead triacetates, but its a-substituted derivatives showed a higher 
reactivity than the corresponding malonic acid derivatives. Good yields of the ct-aryl compounds were 
obtained either by using better complexing bases, such as DMAP or phenanthroline in chloroform, or 
by performing the reaction in DMSO. 161 As DMSO is known to form strong complexes with 
organolead compounds, 162 the presence of pyridine or any other complexing base is not required. 

R R 
I a, borc  I 

EtO2C- CH- CN + ArPb(OAc)3 :-- EtO2C-- C-- CN 
I 

Ar 

R = Et a) DMSO 70-81% 
R = Et b) DMAP / CHCI3 72% 
R = i-Pr c) Phen / CHC13 54% 

Substituted malononitriles again behaved similarly, but more slowly, to give the ct-arylmalono- 
nitriles in moderate yields. 161 
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,, CN CHCI 3 / pyridine At,, / CN 
R- CH..cN + ArPb(OAc)3 w R/C~.  CN 

R --- Et, i-Pr 

33-63% 

As a-substituted malonates are good substrates for arylation, diethyl a-acetamidomalonate could 
have been a convenient substrate for the synthesis of a-arylglycines. However, unlike its carbon 
analogues, it did not react with aryllead triacetates. The more acidic 5-oxazolone derivatives (75), 
existing as the enol in chloroform, underwent rapid arylation with aryllead triacetates under mild 
conditions to give the 4-aryloxazolone, which can be hydrolysed and decarboxylated. 163 (Scheme 
7.12) Combined with the use of enzymatic resolution (with either an acylase such as PKA = porcine 
kidney acylase or with an esterase such as Subtilisine Carlsberg esterase), this method provides an 
efficient route to a wide variety of optically active D- and L-arylglycines. 164 (Scheme 7.13) 

CO2E t Ar O Ar 
~ O _  ~ a N..~- CO2E t b c ph.,jl. N,j,, CO2H 

Ph OH = P h ' ~ u  O ' - ' ~  ~ ~ H 

(75) a) ArPb(OAc) 3 / CHC13 / pyridine / 40~ overall yields: 70-94% 

b) NaOH, EtOH, H20, A 

c) H3 O+ 
Scheme 7.12 

O Ar 
CO2Et a 

.,~O~~ ~ Me -'~ N -'L- CO2H Ar H 
Me OH ~ No~CO2Et 

+ Me ' 'q  O O Ar 
ArPb(OAc) 3 Me . ~  ~T b fi"l" CO2E t 

a) PKA b) Subtilisine Carlsberg 

Ar 

H2N'J~*CO2 H 
94-99% ee 

O Ar 

Me,)l" N ~*CO2 H 
H 

90-97% ee 

Scheme 7.13 

In an approach towards the synthesis of the marine natural product cytotoxin Diazonamide A, the 
arylation of a lactonic 13-diester (76) with a tyrosinyllead triacetate was realized and afforded (77) as a 
mixture of diastereomers in 85% overall yield from 3-iodotyrosine. 165 

CO2Me 

BocHN v X + 

OMe 
X = I  a 
X = SnBu3"J 
X = Pb(OAc)3 ~ b  

MeO2C 

Br 
(76) 

BocHN,o.~ CO2Me 

c 

MeO 2Me 

Br 
a) (BuaSn)2, Pd(PPh3) 4 cat., toluene, reflux 
b) Pb(OAc)4, Hg(OAc)2 cat., CHC13, 40~ 
c) pyridine (3 equiv.), CHCI 3, 40~ 
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7.2.3 Ketones and derivatives 

The reactivity of ketones towards aryllead (IV) triacetates is quite different from their reactivity 
towards lead (IV) tetraacetate, with which they are easily functionalised to give the 0t-acetoxyketones 
(see section 7.1.1.2). Under the usual conditions for arylation, ketones remain generally unaffected. 
Only ketone enolates and some specially activated ketones have been successfully arylated with 
aryllead reagents. 

7.2.3.1 Ketones 

The enolate salts of simple ketones react with aryllead reagents, but the reaction is of little practical 
value. Indeed, only trisubstituted a-carbon atoms are reactive. The case of the potassium enolate of 
cyclohexanone derivatives is significant: no reaction with cyclohexanone enolate (78), 36% with the 
mixture of enolates of 2-methylcyclohexanone (79), and 75% in the case of 2,6-dimethyl 
cyclohexanone enolate (80).10,11 

OK 
R l ~  R2 

+ (15) 
pyridine 

THF 

O 
R 1 

"-- 4 _ M e O C 6 H ~ ~ R 2  

(78) 

(79) 

(S0) 

R 1 = R 2 = H ~ No reaction 
R =H,R 2=Me (33%) 
R 1 = Me, R 2 = H (67%) j } ~ 36% 

R 1 = R2= Me .v_ 75% 

The silyl enol ethers of ketones react with aryllead triacetates to afford completely different types 
of product, depending on the nature of the substrate. The reaction of cyclohexanone trimethylsilyl enol 
ether with 4-methoxyphenyllead triacetate (15) afforded a mixture of 2-p-anisylcyclohexanone (44%) 
and 2-acetoxycyclohexanone (32%). 44 

OSiMe3 ~ ~ %  OMe 

OAc 
+ (15) ~ + 

32% 

On the other hand, trimethylsilyl enol ethers of acetophenone derivatives (81) did not afford the 
expected arylacetophenones. Instead high yields of the corresponding arylphenacyllead (IV) diacetates 
(82) were isolated. 44 Originally reported to be performed under neutral conditions, this reaction in fact 
requires an acid catalysis, which is provided either by traces of dichloroacetic acid contained in the 
reagent or by addition of boron trifluoride-ether. 166 

R I i 2 
BF3 / ether Ar lR~ ,R  OAc 

A r ~  R2 . Ar2pb(OAc)3 = ~ ~" Pb- Ar 2 
OTMS O i 

OAc 
(81) (82) 

> 80% 

In the case of non-activated ketones bearing an aryl group on the a-carbon, a slow reaction was 
observed with aryllead triacetates, which afforded only poor to modest yields of arylated 
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products.lO,11,133 However, this reaction was fast enough to compete with the arylation of a-hydroxy- 
methyleneketones in the usual conditions (see section 7.2.2.1). 133 

O O 

~ Ph CHCI 3 / pyridine 
+ (15) 

24 h, RT OMe 
46% 

CHCI 3 / pyridine 
Me ' l ( '~Ph  + (15) , 

O 24 h, RT 

Ph 

M e o ~  ~ 20% 

OMe 

7.2.3.2 a-Substituted ketones 

Variable results were obtained with a special type of ketone derivatives, the ketones bearing an 
arylheteroatom group on the a-carbon, which can present a high degree of enolisation. The heteroatom 
can be nitrogen (3-oxo-2,3-dihydroindole), oxygen (3-benzofuranone) or sulfur (arylthioflavanone, for 
example). 

N-Substituted 3-oxo-2,3-dihydroindoles underwent arylation with aryllead triacetates in the 
chloroform-pyridine system in generally good yields. 146 

O 

R ~ N  R3 

R 2 

2,4-(MeO)2C6H3Pb(OAc)3 

CHC13 / pyridine 

R 1 = H, Me or MeO; R 2 = Ac or PhSO2 

O 
R ~ e  

~ R 2 ~ O M e  

R 3 = H 26-81% 
R 3 = Me 72% 
R 3 = Ph 42% 

An oxygen analogue, the 3-(2H)-benzofuranone, reacted with aryllead triacetate to afford either the 
mono or the diaryl derivative. In the usual system (chloroform, pyridine), only modest yields were 
obtained, but use of N,N,N',N'tetramethylguanidine (TMG) allowed the reaction to proceed in better 
yields. However, the scope of this reaction is narrow, as only the diphenyl and the mono 2,4,6- 
trimethoxyphenyl derivatives were obtained in clean reactions in moderate to good yields. 140,167 

O O 
M e O ~  ArPb(OAc)3 ~ M e O ~ R  

O CHCI 3 /TMG ~ O" Ar 

phenyllead triacetate: 1 equiv. R = Ph; Ar = Ph 21% 
phenyllead triacetate: 2.2 equiv. R = Ph; Ar = Ph 84% 

R = H; Ar = 2,4,6-(MeO)3C6H2 31% 

The trisubstituted a-carbon of a-phenylthioketones reacted with aryllead triacetates under classical 
conditions to afford good to high yields of the a-aryl a-phenylthio derivatives, without competing 
oxidation of the sulfur of the phenylthio group. Sometimes, a-acetoxylation was a competing side 
reaction, particularly in the case of ortho-subsfituted aryllead derivatives; for example, a 55% yield of 
(84) was reached in the reaction of (83) with the 2,4,6-trimethoxyphenyllead compound (48). 167,168 
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The activating tx-phenylthio group can then be removed either by oxidation with dimethyldioxirane 
followed by thermolysis to afford the isoflavones or through reduction by nickel boride to give the 
corresponding isoflavanones. 168 

O 

M e O ~  SPh 

~"~"-" O 
(83) 

O O 
ArPb(OAc)3 i.. M e O w e d (  SPh M e O , ~ ~  SPh 

CHC13 / pyridine ~ 6 -Ar ~ (~ OAc 
(S4) 

14-92% 0-55% 

ref. 167 

R ArPb(OAc)3 ~. SPh § SPh 

SPh CHC13 / pyridine II Ar OAc 
O O O 

R = H 50-93% 0-10% 
R = 4-MeO-C6H4 82-99% 

ref. 168 

This reaction was used in the synthesis of biflavonoid structures (85), which are analogues of 
natural compounds isolated from Garcinia species, members of the Guttiferae family. 112,169 

OMe 

O 

(AcO)3Pb + f ~ . ~ O M e  

CHC13 
, . . . _  

pyridine 
60~ / 4 h 

~ S ~  OMe OMe 

Me O O~ 

MeO O @  

(as), 64% 

The ct-phenylsulfonylketone analogues reacted similarly with aryllead triacetates to yield the 
corresponding tx-aryl derivatives in good yields (69-74%) except in the case of 2,4,6-trimethoxy- 
phenyllead triacetate with which no reaction took place. 169,170 

7.2.3.3 Enamines 

The reaction of enamines with aryllead (IV) triacetates presents some similarities with their 
reaction with lead (IV) tetraacetate. The enamines of aldehydes do not react, and the enamines of 
ketones undergo an exothermic reaction to afford moderate to good yields of tx-arylketones. When the 
ring size or the steric hindrance in the vicinity of the double bond increases, the yield falls 
significantly, and tx-acetoxylation becomes a major competing pathway. 171 

l  l ,CHcl3R  ~ 

2) H30~) 
2 50-82% 



230 Ligand Coupling Reactions with Heteroatomic Compounds 

o ~ 
N 1) (15), CHCI 3, RT .._ + 

0 - 2) H30 | 
R R 

R 
R - Me 36% 54% 
R = t-Bu 10% 65% 

OAc 

7.2.4 Nitroalkanes and nitroacetic acid derivatives 

Under the classical conditions (chloroform, pyridine) for the arylation reactions of 13-dicarbonyl 
compounds, nitroalkanes react very slowly to afford modest yields of the C-arylated products.172,173 
This phenomenon was attributed to the lower kinetic acidity of nitroalkanes. Dipolar aprotic solvents 
can be used with aryllead reagents to conduct the arylations, as the deprotonation is accelerated in 
these solvents. The reactions are preferably performed in DMSO. As DMSO forms strong complexes 
with organolead compounds, 162 the presence of pyridine or any other complexing base is not required 
and the reaction proceeded smoothly at 40~ in 30 hours to afford good yields of the oc-arylated 
derivatives. 

NO2 Ar. NO 2 
R 1 .ix R2 § ArPb(OAc)3 DMSO30 / h40~ _- R1X R2 65-75% 

The reaction rate can be significantly accelerated by performing the reaction with the nitronate 
salts. It then proceeds at room temperature in 30 minutes to afford 56-71% yields of isolated products. 

| 
.N. O2 AL NO 2 

Rl ~ R 2 Na@ § ArPb(OAc)3 DMSO / RT 
0.5 h RIXR 2 56-71% 

In the case of compounds beating two a-hydrogen atoms, the mono- or the di-arylated derivatives 
can be selectively prepared by using 1.1 or 2.2 equivalents of the aryllead triacetate. This is in contrast 
with 13-dicarbonyl compounds for which the diaryl derivatives were preferentially obtained. 

M e / N  NO 2 § PhPb(OAc)3 

1.1 equiv. 
2.2 equiv. 

DMSO / 40~ 

30 h 

Ph Ph_ Ph 

M e / ~  NO 2 " Me ~ NO 2 

58-65% 0-5% 
0-5% 66-74% 

Arylation of methyl nitroacetate can also be controlled so as to proceed to mono or to diarylation. 
However, stepwise arylation is more effective to obtain the diaryl product in good yield. 

MeO2 C / N  NO 2 + PhPb(OAc)3 

1.1 equiv. 2 h 
2.2 equiv. 24 h 

1-,Ph + ph~Kp h DMSO / 40~ i 
ram. 

MeO2C NO 2 MeO2C NO 2 

70% 0% 
21% 48% 
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Ph DMSO / 40~ Ph X Ph 
,/Ix + PhPb(OAc)3 = 71% 

MeO2 C NO 2 24 h MeO2C NO2 

7.2.5 Inorganic nucleophiles 

A limited range of inorganic nucleophiles has been found to react with aryllead triacetates. Aryl 
iodides are easily produced by the reaction of aryllead triacetates with aqueous potassium iodide. 174 

ArPb(OAc)3 + KI H20 / RT..___ ArI >90% 

The reaction of sodium azide with aryllead triacetates in DMSO leads to aryl azides in high yields. 
A one-pot system can be used with profit to transform the easily available arylboronic acids into aryl 
azides by metal-metal exchange followed by reaction with sodium azide. 175 

ArPb(OAc)3 + NaN3  DMSO / R T  ArN3 > 80% 

ArB(OH)2 1) Pb(OAc) 4 ~ ArN3 59-82% 
2) NaN 3 / DMSO 

Although these two reactions are similar to the corresponding reactions of arenediazonium salts, 
aryl radicals are not involved in the reaction of the lead reagents and these reactions are better 
explained by a ligand coupling mechanism. 

A third type of reaction with inorganic nucleophiles is the reaction of aryllead triacetates with 
boron trifluoride etherate, which affords the corresponding aryl fluorides in moderate to good yields 
(49-82%). 176,177 In the case of ortho-substituted aryllead reagents (o-fluoro, 0% and o-methoxy, 
14%), an ortho-effect was invoked to explain the poor reactivity of these compounds. Triarylboroxins, 
electron-rich aryltrimethylsilanes and some arenes, which yield aryllead triacetate when treated with 
lead tetraacetate in acid catalysed reactions, are also converted into aryl fluorides when stirred with 
lead tetraacetate in the presence of boron trifluoride etherate. Originally believed to proceed by a 
ligand coupling-like mechanism, 176 these reactions of fluorodeplumbation are now considered to be 
acid-catalysed reactions involving the formation of aryl cation (or incipient cation) by heterolytic 
cleavage of the carbon-lead bond. 177 

ArPb(OAc) 3 + BF3.Et20 
RT 

ArF + ArH 
0-82% 0-11% 

The last system which has been briefly reported is the reaction of aryllead triacetates with copper 
(I) derivatives, such as copper (I) chloride, bromide and cyanide, which afford the corresponding aryl 
chlorides, bromides or cyanides. 10 As the yields are only moderate, these reactions do not present any 
synthetic interest and they are only of mechanistic interest. A catalytic effect of copper was claimed to 
be operative in the reductive displacement of lead (II) by CI-, Br- or CN-, and this catalytic effect of 
copper compounds is also involved in the reactions of amine derivatives with aryllead reagents (see 
section 7.6.1). 

ArPb(OAc) 3 + CuX 
Me2NCHO 

y 

(X = CI, Br or CN) 
ArX 
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7.2.6 Heteroaromat i c  lead c o m p o u n d s  

The reaction of aryllead triacetates is not limited to substituted phenyllead derivatives. It has also 
been extended to the use of heteroaryllead compounds, derived from furan and thiophene. 113 Due to 
their relative instability and moisture-sensitivity, they are best prepared by metal exchange, such as 
mercury-lead or tin-lead, and used in situ in the reactions of carbon nucleophiles. 

0 0 0 0 CHCI 3 
R1 R 3 + ArPb(OAc)3 = R1 R 3 

/ / 

A r =  ~ , ~ , ~ , ~  

13-Dicarbonyl compounds generally reacted with heteroaryllead reagents to afford the a-aryl 
derivatives in synthetically useful yields. However, in the reaction of 2-thienyllead triacetate with 
2-ethoxycarbonylcyclopentanone (86), the C-arylation product was observed in a low yield (9%), 
together with the presence of a dimer resulting from a radical oxidative coupling induced by the 
organolead reagent. Use of 2-thienyllead tribenzoate, a weaker oxidant, restored the classical 
reactivity. When the reaction was performed in pyridine as solvent, the arylation product, the 2-(2- 
thienyl)cyclopentanone derivative, was obtained in 76% yield. 113 

0 

& C O 2 E t  + ~ P b ( O C O R ) 3  

(86) 

O & c~ 
O - ~  + t 

EtO2C 

7.3 VINYLATION REACTIONS 

In parallel to their work on the arylation reactions with aryllead tricarboxylates, Pinhey et al. have 
examined, although in much less detail, the reactivity of vinyllead tricarboxylates as vinylation 
reagents for soft nucleophiles. 10,11 

The possible involvement of vinyllead tricarboxylates has been suggested by Corey and 
Wollenberg 178 and by Larock et al. 179 as reactive intermediates. Their existence is supported by NMR 
studies 118,180,181 and by the isolation of cyclopent-l-enyllead triacetate. 182 Vinyllead triacetates are 
extremely unstable compounds which generally decompose by formation of vinyl cations and afford 
acetylenes or enol acetates, depending on the precursor and the substitution pattern.178-181,183 
Vinyltin derivatives react with lead tetraacetate to yield usually the alkynes,178,183 and vinyl- 
mercurials react with lead tetraacetate to yield the corresponding enol acetates. 179 However, addition 
of mercury(II) salts to the vinyltin reactions draw the reaction towards formation of the enol 
acetate. 180 The involvement of an alkylidenecarbene intermediate as an alternative decomposition 
pathway has been excluded. 180 

R H Pb(OAc)4 

H SnBu 3 MeCN / RT 
= R-  C -  CH ref. 178 
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R 1 R 2 
~ = (  Pb(OAc)4 

H HgCl THF / RT 

R 1 = P h ,  R 2 =H 
R 1 - t-Bu, R 2 - Me 

R I R 2 

H OAc 

80% 

~ 35% 

ref. 179 

Ar k H i) Pb(0Ac)4 Ax" H 

I-f SnBu 3 2) CDC13 / Hg(OAc) 2 H OAc 
ref. 180 

In the presence of a soft nucleophile, the unstable intermediate vinyllead triacetate (87) behaves as 
a C-vinylating reagent, whatever the mode of formation of the vinyllead intermediate (metal-metal 
exchange from divinylmercury or from vinyltin compounds). 116,182 

H" /'2Hg 

Ph H )==< 
H SnBu 3 

•[Ph H 

H Pb(OAc) 3 

Pb(OAc)4 (87) 

O2Et Ph 

O (86) ~ 2  E t 
O 

(88) 

13-Diketones and I~-ketoesters possessing only one a-hydrogen react smoothly with vinyllead 
tricarboxylates to afford the corresponding a-vinyl derivatives. 182 When the vinyllead reagent is 
generated in situ by metal-metal exchange between lead tetraacetate and divinylmercury, 
tributylvinyltin or vinylzinc chloride, an excess of the vinyl precursor is required. This is 
unsatisfactory in the case of expensive vinyl groups. 154 However when the metal-metal exchange is 
performed on the trimethyltin derivative, only one equivalent is required to afford good yields of 
coupling products with nucleophiles. The most efficient system is the metal-metal exchange between 
the (trimethyl)vinyltin precursor and lead tetrabenzoate, which provides significantly higher yields of 
coupling product. 117 (Table 7.3) 

Table 7.3: Vinylation of ethyl 2-oxocyclopentanecarboxylate (86) with in situ generated styryllead 
triacylate in chloroform. 

P n 
(89) 

+ Pb(OCOR) 4 
H Pb(OCOR)3] (86) 

ph~=(H 
(88) 

(89) 

M = H g  

M = Bu3Sn 

M = Me3Sn 

M = Me3Sn 

n = 2  

n = l  

n = l  

n = l  

Pb(OCOR)4 

R = M e  

R = M e  

R = M e  

R = P h  

Pyridine (88) (%) 

65 

55 

78 

84 

Ref 

116 

182 

117 

117 
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An elegant application of the reaction of vinyllead triacetates with 13-ketoesters was described in a 
convergent synthesis of (+)isocarbacyclin, an analogue of prostacyclin (PGI2). This synthesis involved 
the vinylation of a benzyl ~-ketoester. 119,184 The benzyl ester was later removed under conditions 
compatible with the other functionalities of the molecule. 

~ 

CO2CH2Ph I! ~ ~ , " ~  

O = O -: 
+ OSiMe2t_Bu 

( A c O ) 3 P b ~ ' ~ ~  55% (86% based on 

OSiMe2t-Bu recovered starting material) 

The range of dicarbonyl compounds which were successfully vinylated include aliphatic or cyclic 
13-diketones, ethyl or benzyl 13-ketoesters and 5-ethylbarbituric acid derivatives. Vinylogous 
13-ketoesters reacted with vinyllead triacetates in the same way as they do with aryllead tricarboxylates 
to afford the products with the vinyl group linked to the carbon a to the ester group.ll6,152 An 
heterocyclic lactonic 13-diester gave also good yields of the corresponding a-vinyl aminoacid 
derivatives, after hydrolysis of the 5-oxazolone ring. 164 

CO2Et Ar 

M e . . ~ O ~  OH A 
+ ~ N"~"CO2Et 

Me..~O,,~O "~ 
Ar f Pb(OAc)3 

Ar 

o 

Me -jl- N i CO2R 
H 

R = H or Et ~ 60% 

Good yields were also obtained in the reaction of vinyllead derivatives, generated from the 
trimethyltin derivatives, with the sodium salts of 2-nitropropane or of nitrocyclohexane. 117 

NO2Na O 2 N ~ . ~ . .  Ar 
R "11" R' + Ar - ' ~ -  Pb(OAc)3 ~ R" R '  

High yields of 6-(E)-styrylcyclohexa-2,4-dienones can be isolated from the reaction of 2,6-di- 
methylphenol derivatives. When the 4-position is not substituted or substituted by a methoxy group, 
moderate yields of the dienone or of the products of dimerisation of the dienone are obtained. 185 

OH O 
M e ~  Me M e ~  

. Ar f Pb(OAc)3 ---~ Ar 

R R 
R = Me Ar = Ph 82-83% 
R = H Ar = Ph 40% 
R = H Ar = 4-MeOC6H4 41% 
R = Br Ar = Ph 67-74% 
R = OMe Ar = Ph 30% 
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In the case of the reaction of 2,6-dimethylphenol (R = H) with (E)-p-methoxystyryllead triacetate 
(Ar = 4-methoxyphenyl), the 6(E)-styrylcyclohexa-2,4-dienone was not detected, and the vinylation 
product was isolated as a mixture of dimers (90) in a modest yield (41%). Moreover, the presence of 
2,2',6,6'-tetramethyldiphenoquinone (91) was also noted. 

MeO 

~ M e  M ~ / / ~  OMe O Me M ~  Meo 

M e ~  (90) (91) 

7.4 ALKYNYLATION REACTIONS 

Alkynyllead triacetates can be prepared by metal-metal exchange between lead tetraacetate and 
either dialkynylmercury or alkynyltrimethyltin derivatives.186,187 A straightforward and more 
convenient method is the reaction of alkynyllithium with lead tetraacetate with 188 or without 189 
addition of zinc chloride. The chloroform solution of alk-1-ynyllead triacetate behaved in the same 
way towards soft carbon nucleophiles as do their aryl and vinyl analogues. The acetylenic group of a 
number of alkynyllead derivatives has been introduced into I~-dicarbonyl compounds and nitronate 
salts in good to high yields.186,187 

O O NO 2 NO 2 Na RT, 30 rain 
+ Ph Pb(OAc)3 ~ Me I - ' -  A 

M e - -  Me (92) Me 
Ph 72% 

~ = N O ?  Na ~ + Me3S i Pb(OAc)3 

Sil,,e3 
60% 

Me Me. 
O ~ O  �9 R - -  Pb(OAc)3 ---~ O ~ O  

R = Ph 87% 
C6H13 75% 
H 91% 

O O 

+ R " -  Pb(OAc) 3 

R = P h  
C6H 13 

O O 

60% 
57% 

R 

Phenylethynyllead triacetate (92) reacted with mesitol (36), in the presence of 2,2'-bipyridine acting 
as the base, at low temperature to afford the 2,4-cyclohexadienone product which underwent in situ a 
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[2+4] cycloaddition, and was isolated as its dimer in 78% yield. 185 In the case of the 2,6- 
dimethylphenol (4), the analogous dimer (93) was isolated in a very poor yield (12%), and its structure 
determined by single crystal X-ray analysis. The major product was the 2,2',6,6'-diphenoquinone (91) 
(28%), showing that phenylethynyllead triacetate is a strong enough oxidant to induce oxidative 
coupling of the phenol. 

OH Ph 

M e ,  Me P ~  ~ O ~  
2,2'-bipyridine 

+ Ph - - '  Pb(OAc) 3 0~ 1 h, then RT, 6 h"- O ~ ~ , l , ~ ,  
R (92) 

(4), R = H 
(36), R = Me R 

(93) 

7.5 MECHANISTIC STUDIES ON THE REACTIONS OF ORGANOLEAD DERIVATIVES 

The mechanistic studies on the reactions of organolead tricarboxylates have been performed only 
with aryllead compounds. Due to the similarity in the reactivity between aryl, vinyl and alkynyl 
compounds, it is likely that a similar ligand coupling mechanism is operating in the three systems. In 
the case of the vinyl reagents, the intervention of an alkylidenecarbene has been excluded. 180 

The general patterns of the reactivity of aryllead triacetates could be explained by the occurrence of 
free radicals, generated by a single-electron-transfer mechanism or via a SRN1 process. 

ArPb(OAc)3 + Nu O SET ~ [ArPb(OAc) 3 ]-" + Nu" 

AcOe  + Pb(OAc) 2 + Ar" 

~ ArNu 

Scheme 7.14 

Such a mechanism was unlikely as addition of an external trap, 1,1-diphenylethylene, had no effect 
on the course of the arylation of 13-ketoesters. 1~176 A second approach involved the use of an internal 
trapping system which had been successfully used in the study of the radical reactions of 
arenediazonium salts. 191 The internal trap containing reagent, (ortho-allyloxyphenyl)lead triacetate 
(94), can be easily prepared from the corresponding boronic acid. 192 Reaction with various types of 
nucleophiles, such as ethyl 2-oxocyclopentanecarboxylate (86), mesitol (36), the sodium salt of 
nitropropane, iodide and azide always afforded the C-arylation products in high yield. No trace of the 
3-substituted dihydrobenzofurans, expected in a mechanism involving the intermediacy of free 
radicals, could be detected. 

~ O  ~ [ ~ p b ( O A c ) 3  + Nu e ~ ~~~[NUo ~ or ~ N u  

(94) 

A ligand coupling mechanism has been proposed to explain the arylation reactions. For ambident 
substrates, two types of intermediates, resulting from ligand exchange in the first step, can be 
postulated. For phenols and 13-dicarbonyl compounds, either an oxygen-lead or a carbon-lead 
intermediate are possible. In a second step, ligand coupling then affords the products.12,109,126,166,193 



OH 

OH O 

R 
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ArPb(OAc) 3 

Act . .  Pb" OAc 

O" XAr 

o r  

OH 

R + Pb(OAc)2 

AcO OAc J 
HO \ / 

R - - ~ ~  f P b x A r  

Scheme 7.15: Alternative intermediates in the phenol C-arylation reaction 

+ ArPb(OAc)3 

Act..  OAc 
y b-Ar 

0 0 

R 

o r  

O O 

/ \  
AcO OAc 

O O 

Pb(OAc) 2 

Scheme 7.16: Alternative intermediates in the fl-diketone C-arylation reaction 

A general feature of the arylation reactions with aryllead triacetate is the need for the presence of a 
complexing agent which can be either 2-3 equivalents of a coordinating base, such as pyridine or the 
stronger 2,2'-bipyridine or 1,10-phenanthroline, or a coordinating solvent such as DMSO. Therefore, 
in the case of the coordinating base, the intermediate involved in the arylation step must have two 
nitrogen ligands on the lead atom. For the detection of an intermediate, either spectroscopic or 
synthetic approaches can be used. Unfortunately, all attempts to detect such an intermediate by 1H or 
207pb NMR failed in the case of phenols as well as in the case of 13-dicarbonyl compounds. 12,109,126 
Pinhey et al. have prepared stable unsymmetrical diaryllead diacetates by boron-lead exchange. 194 
They used this boron-lead exchange reaction to prepare a diaryllead-type intermediate such as the 
O-methyl ether analogue (95) of a possible intermediate bearing a carbon-lead bond, which was 
supposed to occur in the easy arylation of 3,4,5-trimethylphenol (45). However, the compound 
appeared to be quite stable as well in CHC13 / pyridine at 60~ even after 6 days as in DMSO under 
reflux. 193 The intermediate involved in the phenol arylation is therefore more likely to be the oxygen- 
bound (aryloxy)aryllead diacetate analogous to the intermediate involved in the Wessely 
t~-acetoxylation of phenols. 
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OMe OAc 
B(OH)2. ~ OAc)3 , ~ , . . .  P b - - ~  OMe ' / ~ X  

Me" ~(* Me ~ J . .  ~ OAc 
Me Me" " ~  Me 

Me (95) 

A 
No Diar 

In the arylation of methyl-substituted phenols, the rate of ortho-arylation increases with the  
of methyl groups. Moreover, ortho-methyl groups show a much greater effect than meta- o 
methyl groups. 13C NMR studies have shown that the ipso-carbon of the aryllead reagent pre., 
electrophilic character. 126 Therefore it reacts with the more electron-rich site, an overlap of~ 
7r-systems of the phenolate ligand and of the Pb-bound aryl group facilitating the 
arylation. 12,126,193 

In the case of the arylation of I~-dicarbonyl compounds, a lead enolate was suggestec 
intermediate, by analogy with the phenol arylation. 109 However in this case, indirect e, 
pointing to an intermediate with a covalent carbon-lead bond intervening in the ligand c~ 
process was obtained. Treatment of silyl enol ethers of alkylphenylketones with p-methoxyphe 
triacetate in the presence of a catalytic amount of BF3.Et20 afford diorganolead diacetates (see 
7.2.3.1). In the case of the unsubstituted acetophenone (R 1 = R 2 = H), none of the a-arylketc 
produced after 3 days in CHCI3 under reflux. But more substituted products (R 1 and/or R 2 = all 
thermally unstable, and at 60~ they yield the a-arylated ketone, sometimes accompanied 
corresponding a-acetoxyketone. No symmetrical products, either biaryls or 1,4-diketon 
produced in these reactions. 166 

OAc 
OTMS O I 

~ R 2 R  1 a RI~R2Pb- OAc b Ph § (15) - Ph 

(96). 55-99% OMe 

O O R I ~ R  2 0 M e  O 
Ph + P h i ' / (  C 

R 1 R 

20-50% 

a - BF3-Et20 / CHC13 b - CHCI3 / 60~ 

In agreement with the hypothesis that similar intermediates are involved in ~-dicarbonyl 
in which the steric decompression resulting from the ligand coupling step favours the arylatio] 
more substituted ~-dicarbonyl substrates, the thermal instability of the (p-methoxyphenyl)ph 
lead diacetates increased in the series: 

R 1 = R 2 = H  < R 1 =Me. R2=H < R 1 =R2=Me 

Attempts to produce the analogous carbon-lead compounds by reaction of silyl enol et 
[~-dicarbonyl compounds with aryllead triacetates under similar conditions were unsuccessf 
only products Which were detected were the a-arylated [~-dicarbonyl derivatives. 

An X-ray study of the (4-methoxyphenyl) phenacyllead diacetate (96) with R 1 = Me and 
showed that the lead atom is heptacoordinate and that the compound presents a pen~ 
bipyramidal geometry. 166 The groups bound to the central lead atom by a carbon atom tx 
nearly axial position. This indicates that, in the first step, the organolead triacetate undergoes 
exchange with the enolic compound to afford a species in which the two carbon-bound ligand 
trans diaxial configuration. Thermal pseudorotation of the phenacyl group leads to the cis-con 
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which then undergoes the ligand coupling process, with the change of oxidation state from Pb(IV) to 
Pb(II) as the driving force. 12,166 

A r  

Me')v 0",.. [ .,,o. 
O - - - - P b ~  ~ - M e  

o ' 1  " o 
~ ~ "  R 2 

Ph" R 1 

M e , .  O,./~ R1 R2 
V ]1" "~ ], ..~. , , ' K  R R ~  

O--- 'Pb; : ,~ , , , ,~  Ph ~ , - x ] ~  Ph 
04 1 ~, Ar O 

+ Pb(OAc) 2 

Scheme 7.17 

Similarly, in the reaction of aryllead triacetate with phenols, an initial ligand exchange affords an 
aryl-(aryloxy)lead diacetate intermediate which can have the aryloxy ligand either in the axial position 
(97) or in the equatorial position (98). If the aryloxy group is in the axial position, pseudorotation can 
easily interconvert this conformer with the conformer possessing the aryloxy ligand in the equatorial 
position (98). In this spatial arrangement, the favourable overlap between the n-systems of the two 
aryl groups makes the ligand coupling process possible.12,193 

R 0 
Me"~r-- O [ 

M~ + 

OH 

R , , ~  R' 

R 

R" 

L,,.. I .,,L 

�9 o, 
0 L 

(9 R'7)  ~ L (98) 

__ R "  

+ 

Pb(OAc) 2 

In the course of their studies towards the synthesis of 1,3,5-triphenyl-2,4,9-trithia-1,3,5-triplumba- 
adamantane, West et al. studied the mechanism of the decomposition of organolead iodides. 195 
Iodinolysis of alkyltriphenyllead affords the corresponding diorganolead diiodide, which can produce 
alkyliodo(diphenyl)lead and an unstable alkyllead triiodide by redistribution reactions. The alkyllead 
triiodide decomposes eventually to give lead diiodide and alkyl iodide. As iodinolysis of (cyclopropyl- 
methyl)triphenylplumbane (99) yielded mainly iodomethylcyclopropane (100) instead of the ring- 
opened products derived from cyclopropylmethyl cations or radicals, these authors suggested that the 
reductive elimination of RI and lead diiodide from RPbI3 is concerted, that is, in other words, a ligand 
coupling process. 

PbPh 3 Phi FbPh2I bI~ 
(99) 

ratio: 2 �9 I " 

----•• + PbI 2 
I 

(I00) 
I �9 I 
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7.6 COPPER-CATALYSED ARYLATION REACTIONS 

A different type of ligand-coupling reactions is involved in the copper-catalysed arylation of 
amines. As anilines react with lead tetraacetate to afford the corresponding a-acetoxyimino derivative 
(see section 7.1.2.1), their reaction with aryllead triacetates could have been expected to lead to ortho- 
arylanilines. However, such a reaction was never observed. In fact, in the presence of a catalytic 
amount of a copper salt, a completely different outcome was observed. Instead of the a-C-arylation, 
N-monoarylation of anilines was observed. 196-198 Moderate to good yields are generally obtained, for 
a variety of anilines, even for relatively hindered anilines such as mesitylamine (101), which gave 
high yields of the N-aryl products. 

YR 
.NH~ _~.-r- Pb(OAc)3 Cu(OAc)2 ~ ~ N H  ~ ~ /  

Xm + ~,,~,j Yn CH2C12 "-- 
Xm 

The efficiency of the arylation is very dependent upon the basicity of the amines. Electron-poor 
anilines do not react, while electron-rich anilines give high yields of N-arylation products. However, 
in the case of easily oxidised anilines, oxido-reduction of the aryllead reagent can compete with the 
N-arylation when the steric compression becomes too important. For example, in the case of 
mesitylamine (101), the copper-catalysed reaction with a variety of substituted phenyllead derivatives 
led to generally high yields of the diarylamines. 

Me Me Cu(OAc)2 
4. ArPb(OAc)3 ~ Me NH- Ar 

CH2CI 2 
Me (101) Me 

70-95% 

However, in its reaction with the sterically hindered 2,4,6-trimethoxyphenyllead triacetate, the 
predominant product was the product of oxido-reduction of the aryllead reagent. 

Pb(OAc)3 Me MeO M e O ~ O M e  
Me Me M e O ~  OMe Cu(OAc)2 _ ~  

+ - Me NH OMe 
CH2CI 2 

Me MeO Me MeO MeO 
(101) (48) 18% 48% 

A variety of azole derivatives reacted with para-tolyllead triacetate (67) in the presence of copper 
diacetate to afford the N-monoaryl derivatives in good to excellent yields. 199-203 For 1,2,4-triazole, 
1,2,3-benzotriazole and indole derivatives, good yields of the N-aryl were only obtained upon 
treatment of the sodium salt of the substrate with para-tolyllead triacetate in the presence of copper 
diacetate at 60-80~ In the case of aminobenzimidazole, chemoselectivity was observed with the 
exclusive formation of the N-arylaminobenzimidazole in 50% yield. 201 

NaX 1) NaH / CH2C12- DMF / RT Nax / ~  
,N=H = ~ N,N ~"~. . .~  Me 

N 2) (67) / Cu(OAc) 2 cat. 
85~ / 24 h 

81% 
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~~~I~ N Cu(OAc)2 N 

N CH2CI 2 / DMF 
i-I Me 90~ / 4.5 h 

(67) Me 

98% 

Copper-catalysed arylation of heterocyclic amines such as piperidine, 198 tetrahydroisoquinoline 198 
or 1,6-diazacyclodecane 204 with aryllead triacetates gave only modest to moderately good yields of 
the N-aryl derivative, and the reaction with aliphatic amines led to particularly poor yields of the 
derived anilines. 

"~N Cu(OAc)2 
+ (48) 

�9 H CH2C12 / RT / 12 h 

OMe 

~, ~ 1 ~ ~  55% ref. 198 

MeO" ~ -OMe 

Cu(OAc)2 
TsN NH + rgf. 2O4 TsN N OMe 

CH2CI 2 / RT / 48 h 
MeO ~ 36% 

As addition of 1,1-diphenylethylene, a free radical trap, had no effect on the reaction, the 
involvement of a free-radical mechanism was excluded. A transmetallation between the organolead 
and a copper (I) species was suggested to be operating. That step is followed by a ligand-coupling 
type process in which the amine is either covalently bound to the arylcopper intermediate or in an 
arylcopper-amine complex. 

[RNH 2, CuOAc] + ArPb(OAc) 3 

+ 

CuIOAc 

~ ' ~  RNHCu + ArPb(OAc)3 
AcOH 

~ A r  2' Cu(OAc)2] 

RNH-~u- OAc J 

Ar 

AcOH 

RNH-Ar 
+ 

CuOAc 

Amidic nitrogen atoms can also be N-arylated when their sodium salts are treated with para- 
tolyllead triacetate in CH2C12-DMF at 60-80~ under mild conditions. When a competition with a 
more reactive group is possible, chemoselectivity is observed, so that amino or 13-diketone groups are 
selectively arylated. 153,205 

H" 
O 

1) Nail / CH2C12 - DMF / RT P h - - ~ .  / ~  

2) (67) / Cu(OAc) 2 cat. ~ H" N'x(N ~ Me 
80~ / 7 h O 

75% 
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O O Pb(OAc)3 

Ar-  g M~247 
Me 

(67) 

Cu(OAc)2 / Nail 

CH2C12 / DMF 

0 0 0 

Ar-N Me Ar-N 
§ 

Me Me 
(68), 11-33% (69), 8-19% 

A third type of copper-catalysed reactions involves diorganolead diacetates. 194 Diaryllead, 
arylvinyllead or divinyllead diacetates can be prepared by transmetallation between the appropriate 
organoboronic acid and the organolead triacetate or lead tetraacetate (for the synthesis of the divinyl 
compounds). They undergo a copper(I)-catalysed coupling reaction to afford biaryls, vinylaromatics 
or buta-l,3-dienes in high yields. With unsymmetrical diorganolead reagents, the three possible 
coupling products are obtained, resulting either from ligand exchange in the lead compounds or from a 
non-exclusively bimolecular process in the transmetallation step leading to statistical mixtures of 
organocopper intermediates. 

~ 2  CuC1 ._ R ~ " N ~ . ~ R  93% 
R Pb(OAc)2 CHCI 3, reflux- 

Ph,, CuC1 : P h ~ p h  + Ph'Ph + P h ~ P h  
/~/~ Pb(OAc)2 CHC13, reflux 

Ph' ratio: 55% 18% 27% 
overall yield: 77% 
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Chapter 8 

Ligand Coupling Involving Other Heteroatoms 

In the previous chapters, the reactions involving the five most important elements of the main 
group p-block, which show a behaviour typical of ligand coupling, have been reviewed. However, in 
the p-block group, a number of other elements have seen scattered reports of ligand coupling reactions. 
From the point of view of an organic chemist, their significance goes from a purely mechanistic 
interest to the very specific functionalizations, which are effected with the help of some organic 
derivatives of these elements. In this chapter, we describe a number of these reactions which are ligand 
coupling reactions as defined in chapter 1. However, in his reviews, Oae has considered as ligand 
coupling some reactions which do not fit entirely with our criteria. This is the case for example of the 
following reactions involving silicon and tin. Although the reaction of the silicon derivative involves 
the formation of a bond between two ligands bonded to the central atom, it is rather explained by 
intramolecular SN2 displacement on an in situ generated transient hypervalent species. The reaction of 
alkyltrifluorosilanes with hydrogen peroxide or m-chloroperbenzoic acid, which is catalysed by a small 
amount of potassium fluoride, leads after work-up to the corresponding alcohol. 1 In view of the 
predominant retention of the stereochemistry, this oxidative cleavage of alkyltrifluorosilanes was 
considered by Oae to be a ligand coupling reaction. 2 (Scheme 8.1) 

O O 

i ot~ 
iF3 slow~ , ~, fast : I ~ ~' H 

F H OH H 

Scheme 8.1: Ligand coupling mechanism in the oxidation of alkyltrifluorosilanes 

However, the generally accepted mechanism involves the formation of an alkoxysilane after the 
ligand transfer. Therefore, the mechanism cannot be considered to be a ligand coupling and is better 
described as an intramolecular migration.I, 3 (Scheme 8.2) 

F O ,.. ~..~ F ROSiF 3 

RSiF 3 ~ R -  Si "~ ArCO3H I, ~'~,F + 
i �9 r / . . ~  ("~... F --~ ArCO2H 
F ~ n ~ ~ u  + 

K | K | KF 

Scheme 8.2: Intramolecular migration mechanism in the oxidation of alkyltrifluorosilanes 
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Although some other reactions may be viewed as typical ligand coupling processes, we will not 
consider them in this chapter, as they result from the classical sequence in transition organometallic 
chemistry: oxidative addition - reductive elimination. For example, the reaction of organotin 
compounds (1) described by Reich is in accordance with a ligand coupling mechanism. 4-6 

Me Me Me Me 
M ( - - ~  Me MeI C C:::( 

Me3Sn / H Me2S2, i.Pr2S2 LMe4Sn~,SR H J RS H 
(1) with R = Me or i-Pr 

+ Me4Sn 

A second type of ligand coupling reaction of vinylstannane was reported by Tius and Kawakami. 7 
The reaction of vinylstannanes with in situ generated trifluoromethanesulfonyl hypofluorite leads to 
vinyl fluoride according to the mechanism depicted in scheme 8.3. 

SnMe 3 F XeF2 / AgOSO2CF3 

(2) CH2C12 / RT / 5 rain 

SnMe 3 
o 
I !  

+ CF3"S- OF 

0 f 
L Ph Ph 

Me3SnF + Xe ~ XeF 2 

+ Me3SnOTf 

Scheme 8.3: Ligand coupling mechanism in the substitution of organotin derivatives 

In this chapter, we will focus on the chemistry of organoantimony, organoselenium, 
organotellurium and organothallium compounds, for which some typical ligand coupling reactions, 
although in a relatively limited number, have been reported over the years. 

8.10RGANOANTIMONY 

The application of organoantimony compounds to synthetic organic chemistry has been increasing 
recently.S, 9 However, the scope of synthetically useful reactions remains still rather narrow. In spite of 
the relatively weak energy of the antimony-element bond, compared to the analogous phosphorus 
compounds for example, the reactions of ligand transfer with organoantimony are fairly scarce. 
Among these reactions, only a limited number of ligand coupling reactions have been reported with 
different pentavalent antimony compounds. 

The thermal decomposition of pentaphenylantimony (3) is very dependent upon the nature of the 
solvent and the reaction conditions. This can lead to a variety of products formed along different 
pathways. In hot benzene, pentaphenylantimony (3) is relatively stable. Heated in a sealed ampoule in 
an autoclave, a solution of [ 1-14C]-pentaphenylantimony in benzene required 3 hours at 220~ for the 
decomposition of pentaphenylantimony into triphenylstibane (4) and biphenyl (5) to be observed. No 
reaction took place at 175~ As the radioactivity was detected only in the products but not in the 
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solvent, an intramolecular ligand coupling process was considered to take place, l0 The decomposition 
of pentaphenylantimony can be catalysed by copper diacetate, and the reaction takes place at room 
temperature. 11 

225~ / C6H 6 
PhsSb ~ Ph3Sb + Ph-Ph 

(3) 3 h/sealed tube (4), 89% (5), 90% 

Using mixed pentaarylantimony compounds (6), Akiba et al. studied the influence of the electronic 
nature of the aryl groups on the relative ratios of ligand coupling products. With ArnSbTol5-n 
compounds [with Ar = 4-(CF3)-C6H4], a greater selectivity to afford Ar-Ar and Ar-Tol compared to 
Tol-Tol was generally observed. (Table 8.1)The reaction can also be catalysed by copper acetyl- 
acetonate or by [3,5-(CF3)2C~314BLi. 12 

Table 8.1: Selectivity of the ligand coupling reactions of pentaarylantimony 12 

220~ Tol-Tol + Tol-Ar + Ar-Ar TolnSbArs. n 
(6) 

TolSbAr4 0 100 - 

Tol2SbAr3 10 2 88 

Tol3SbAr2 2 98 0 

Tol4SbAr - 21 79 

Tol = 4-MeC6H4 and Ar = 4-CF3C6H4 

In chloroform, the decomposition of pentaphenylantimony (3) led to tetraphenylstibonium chloride 
(7), benzene and a small amount of biphenyl (5). In carbon tetrachloride, the reaction of decomposition 
of pentaphenylantimony led to tetraphenylstibonium chloride, chlorobenzene and a small amount of 
bipbenyl. These reactions were first reported by Razuvaev et al. in 1960 who considered them to be 
free radical processes. 13 

CHC13 / 100~ 
in CHCI3 PhsSb ~ Ph4SbCI + Phil + Ph-Ph 

(3) 25 h/sealed tube (7) (5) 

in CC14 CCI 4 / IO0~ 
Ph5Sb ~ Ph4SbCI + PhCI + Ph-Ph 

(3) 25 h / sealed tube (7) (5) 

Later in 1974, Mc Ewen and Lin reinvestigated more extensively the reaction of pentaarylantimony 
compounds with carbon tetrachloride. They found that the reaction of pentaphenylantimony (3) led to 
a more complex mixture than originally described. 14 

CC14 / 52.3~ 
PhsSb 1 month/dark Ph4SbC1 + PhCI + Phil + CCI3-CCI 3 + CHC13 + Ph-Ph 

(3) (7), 67.3% 33.3% 8.5% 21.9% 1.7% (5), 21.4% 

They concluded that three types of behaviour were in fact competing: 1) a ligand coupling, which 
gives biaryl without intervention of any free aromatic species, such as free radical or anion; 2) a 
homolytic fission of the antimony-carbon bond, and the two radical species evolve by complicated 
radical chain reactions; 3) an ionic fission of the antimony-carbon bond forming an aryl anion, the 
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source of the arenes which are eventually obtained. 14 This latter type of behaviour has been used in the 
reaction of pentaphenylantimony with allylic halides, acid chlorides and carbonyl compounds. 15,16 

ligand coupling Ar5Sb = Ar3Sb + Ar- Ar 

free radical ArsSb = Ar4Sb" + Ar" 

ionic Ar5Sb ~ Ar4Sb{~ + Ar O 

Pentamylantimony compounds undergo solvolysis fairly rapidly in hydroxylic solvents in which 
they are soluble. 13,17-24 Otherwise, the reaction requires a co-solvent. The hydrolysis can be easily 
performed in a mixture of dioxane-water. 22,23 Under the reaction conditions, the products are 
generally stable. However, under more forcing conditions, a second substitution can happen to lead to 
a disubstituted triarylantimony derivative such as (10).13,17,18 

reflux 
Ph5Sb + ROH some hours = Ph4Sb'OR 

(3) (8) 

R = H, 22,23 alkyl, 13,17,18,20,21 

triphenylsily121 

RT 
Ph5Sb + ArOH ~ Ph4Sb-OAr 

(3) (9) 
ref. 19,24 

reflux ._ OMe 
Ph5Sb + MeOH 5 week~ Ph3Sb~ OMe 

(3) (10) 

ref. 13,17,18 

A very easy and high-yielding solvolysis was realized by treatment of pentaphenylantimony with a 
range of carboxylic acids, which led to acyloxytetraphenylantimony (11) in good to high yields. 25 

R T _  
PhsSb + RCOOH - Ph4Sb-OCOR 

(3) (11), 69-98% 

The thermal decomposition of the various types of oxy derivatives of tetraarylantimony compounds 
takes place by various pathways, depending on the nature of the oxygen bound substituent. A free 
radical chain mechanism was shown by Mc Ewen et al. to operate in the decomposition of 
tetraarylantimony hydroxide.22, 23 However, this mechanism was later questioned as the reaction is not 
affected by the presence of a free radical trap, 1,1-diphenylethylene. 26 

Ar4SbO" ~ Ar3SbO + Ar" 

At" + Ar4SbOH ~ AtH + Ar4SbO" 

In the case of alkoxytetraarylantimony compounds, the thermal decomposition occurs 
intramolecularly to afford either oxidation products or the O-aryl ethers. 19,21 In the case of the 
(methoxy)tetraphenylantimony compound (12), anisole was obtained in a poor yield (10%). The O- 
aryl ether was completely absent in the thermolysis of the analogous (benzyloxy)tetraphenylantimony 
compound which led exclusively to the oxidation product, benzaldehyde. 21 
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HCHO + Phil + P h 3 S b  Oxidation 
Ph4Sb-OMe ~ (4) 

(12) ~ Ph-OMe + Ph3Sb Arylation 
(4) 

In the presence of copper diacetate, the reaction of pentaphenylantimony with methanol and other 
simple aliphatic alcohols took place under milder conditions to afford only the O-phenyl ethers. Under 
these conditions, the products of oxidation were no longer formed. 11 

Ph5Sb + ROH 
(3) 

Cu(OAc)2 ~ Ph-OR 

In the case of O-silyl ethers, thermolysis of (triphenylsilyloxy)tetraphenylantimony (13) did not 
afford the ligand coupling product, phenyl(triphenylsilyl)ether. Instead, a disproportionation reaction 
took place to give the bis(silyloxy) ether (14) and pentaphenylantimony (3), which decomposed into 
triphenylantimony (4) and biphenyl (5) under the conditions of the reaction. 21 

2 Ph4Sb-O-SiPh 3 -~ Ph3Sb(O-SiPh3) 2 + PhsSb -~ Ph3Sb + Ph-Ph 

(13) (14) (3) (4) (5) 

Intramolecular decomposition of (aryloxy)tetraphenylantimony (9) by thermolysis leads to the 
corresponding diarylethers (15) in modest to high yields. 19,24 

200-220~ 
Ph4Sb'O'Ar - 2-3h ~ Ph-O-Ar + Ph3Sb 

(9) (15), 30-90% (4) 

The thermal decomposition of (acyloxy)tetraphenylantimony (11) required also relatively harsh 
conditions and led to the acyloxybenzene derivatives (16) in good yields. 25 

200~ 
Ph4Sb-O-COR -~ Ph-O-COR + Ph3Sb 

(11) I h (16), 76-96% (4) 

By contrast with the reaction of lithium tert-butoxide with triphenylbismuth diacetate, which gave 
tert-butyl phenyl ether (t-BuOPh) in 66% yield, the same reaction with triphenylantimony diacetate 
appeared to stop at the stage of the formation of (tert-butoxy)acetoxytriphenylantimony. The ligand 
coupling did not proceed, and tert-butanol was recovered after hydrolysis of the mixture. 27 

,,O-t-Bu M -- Sb t-BuOK + Ph3M(OAc)2 M = Bi Ph3Sb, , - = t-BuOPh 66% 
OAc 

(Arylthio)tetraphenylantimony compounds like (17) are conveniently prepared by the reaction of 
tetraphenylantimony chloride with thiols in the presence of triethylamine. These compounds are 
relatively stable at room temperature. However, they decompose upon heating to afford a mixture of 
products in which the arylphenylmercaptide (18) is usually largely predominant. Although a free 
radical pathway was considered to constitute the major part of the reaction, a direct ligand coupling 
pathway was also viewed as playing a relatively significant role. 28 Similarly, tetramethylantimony 
mercaptides (19), prepared from pentamethylantimony and thiols, decomposed at room temperature to 
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afford ligand coupling type products. No mechanistic studies have been reported on this 
decomposition reaction which can be regarded as a ligand coupling process although a free radical 
pathway can also be operative. 29 

Ph4Sb-SAr 
(17) 

140~ Ph3Sb + ArS-SAr + Ph-S-Ar + Ph-Ph + Phil 

(4), 93-99% 3-40% (18), 50-97% 3-21% 3-13% 

Me5Sb + RSH 0"15~ Me4Sb_SR 
(19), 73-95% 

RT 
48 ~ Me3Sb + RS-Me 

Triaryl(phenylethynyl)antimony (20) are easily prepared by the action of lithium phenylacetylide 
with triarylantimony dibromide.12, 30 Their thermal decomposition took place at 110~ to lead to 
mixtures of arylphenylalkyne (21) and diphenylbutadiyne (22). The amount of the arylphenylalkyne 
(21), one of the ligand coupling products, increased as the aryl group became more electro- 
negative. 12,30 

Ar3SbBr 2 
+ 

Ph " - L i  

Ph 
110~ 

A r 3 S b ' ~  6 h = At- "-" Ph + Ph - "  ~ Ph 

(20) " ~  Ph (21) (22) 
Scheme 8.4: Synthesis and ligand coupling of triaryl(phenylethynyl)antimony (20) 

8.2 ORGANOSELENIUM 

The chemistry of organoselenium compounds shows a number of striking similarities with the 
reactions of the analogous sulfur compounds. The nucleophilicity and ease of oxidation of divalent 
selenium compounds are greater than that of the corresponding sulfur compounds. The selenium group 
is therefore introduced and manipulated more easily than the sulfur analogs. On the other hand, the 
stability of the hypervalent selenium compounds is lower than that of the sulfur compounds. The 
selenoxide elimination takes place under very mild conditions. Therefore, the ligand coupling 
reactions of alkylpyridylsulfoxides have not been extended to the analogous selenoxides. The 
chemistry of organoselenium which takes place by ligand coupling mechanisms has essentially been 
observed in the reactions of selenonium compounds. 

8.2.1 Reactions of arylselenium compounds 

Similarly to tetraarylsulfuranes which are decomposed to biaryls and diarylsulfides, the analogous 
reaction has been observed in the selenium series. 31-37 In 1915, Strecker and Willing observed only 
the formation of diphenylselenide (23) as a result of the reaction of selenium oxychloride and 
phenylmagnesium bromide. 31 In 1952, Wittig and Fritz showed that the reaction of triphenylseleno- 
nium chloride with phenyllithium led to diphenylselenide (23) and biphenyl (5). 32 The formation of 
biphenyl (5) was explained as resulting from the in situ decomposition of tetraphenylselenurane (24). 

SeOCI 2 + Ph-MgBr = Ph2Se reL31 
(23) 

RT , 
Ph3SeC] + Ph-Li ---:::~[ Ph4Se ] - - - -~  Ph2Se + Ph-Ph 

(24) (23) (5) 
ref. 32 
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The formation of triphenylselenonium bromide (25) can be observed when milder reaction 
conditions are used. However, it is accompanied by major amounts of diphenylselenide (23) and 
biphenyl (5). The more important formation of diphenylselenide (23)compared to biphenyl (5) in the 
reactions involving a selenium-oxygen derivative could only be explained by a side reaction going 
through a direct reduction of diphenylselenoxide by the Grignard reagent. By contrast, the reaction of 
phenylmagnesium bromide with dibromodiphenylselenurane (26) led to equivalent amounts of these 
two products (23) and (5). 33,34 

MgBr 2 
SeOCI 2 + Ph-MgC1 Ph3 Se~a~ Br O + Ph2Se + Ph-Ph 

(25), 37% (23), 50% (5), 32% 

Ph2SeO + Ph-MgBr Ph3 Se~a~ Br 0 + Ph2Se + Ph-Ph 

(25), 25% (23), 64% (5), 10% 

Ph2SeBr 2 + Ph-MgBr 

(26) 
Ph2SeBr 2 + Ph2Se + Ph-Ph 

(26), 40% (23), 48% (5), 42% 

Tetraphenylselenurane (24) was later detected by low temperature (- 100~ NMR experiments, 
during the reactions of either diphenylselenoxide or triphenylselenonium bromide (25) with 
phenyllithium at - 78~ 35-37 Raising the temperature resulted in high yields of the ligand coupling 
products. The activation parameters for the ligand coupling were in agreement with an unimolecular 
rate determining step. 37 (Scheme 8.5) 

Ph3ScGBr e 
(25) 

Ph2SeO 

Ph 
I �9 

t.~ . . o t t~  �9 

Ph-- ~e~ ph 

c (24) Ph 

Ph-Ph + Ph-Se-Ph 
(5), 87% (23), 85% 

a) PhLi (1 equiv.)/- 780C b) aq. HBr c) PhLi (2 equiv.)/- 78~ d) RT 

Scheme 8.5: Synthesis and ligand coupling of tetraphenylselenurane (24) 

a 

Is 

d ~ (28), 80% 

Ph- Se Ph 

Ph" "Ph e + + Ph-Ph 
(27) Ph- Se Ph 

(28), 17% (29), 38% (5), 40% 
a) PhLi (1 equiv.)/- 78~ b) aq. I-IBr c) PhLi (2 equiv.)/- 78~ 

d) RT e) HMPA, RT 

Scheme 8.6: Synthesis and ligand coupling of 2,2'-biphenylylenediphenylselenurane (27) 
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The behaviour of the 2,2'-biphenylylenediphenylselenurane (27) was closely similar to the 
tetraphenyl compound (24). It can be prepared by action of phenyllithium either on the biphenylyl 
phenylselenonium salt or on the selenoxide.35,36, 38 However, the decomposition appeared to be 
solvent-dependent. Due to the non-symmetry of the molecule, the ligand coupling can occur by two 
ways. (See section 2.2.2.2) The favoured pathway takes place at room temperature to afford the phenyl 
ortho-terphenyl selenide (28). In the presence of HMPA (hexamethylphosphoramide), a more complex 
mixture was formed. The usually favoured pathway gave only a minor amount of the product (28), 
whereas the major pathway led to the formation of dibenzoselenophene (29) and biphenyl (5) in 
equivalent amounts. 35 (Scheme 8.6) 

Similarly to the sulfur analog, the bis(2,2'-biphenylylene)selenurane (30) is more stable than 
compounds (24) and (27). It was even sufficiently stable to be isolated as a solid, from the reaction of 
biphenylylene N-tosylselenimide with 2,2'-dilithiobiphenyl. 39 The activation parameters for the 
pseudorotation of bis(2,2'-biphenylylene)selenurane were measured: the activation energy AG~ is 13.1 
kcal/mole. 4o 

Li ~ Se= NTs + '- S 
Li 

(30) 

The bis(2,2'-biphenylylene)selenurane (30) reacted with alcohols, phenol, thiols and phenylselenol 
to afford a coloured solution at - 78~ resulting from the proton-initiated ring opening followed by 
formation of an intermediate. This intermediate can be either a selenurane (31) or a selenonium salt 
(32). Although not clearly demonstrated, the selenurane structure (31) was nevertheless considered as 
more likely. Upon warming, a ligand coupling or an ipso-substimfion took place to lead to the coupled 
products (33)- (35). 41 (Scheme 8.7) 

S RXH(D) .~ (D) 

THF 
- 78~ 

(30) (31 

X = O  
X = S e  
X = S  

or ~~ ,-~~ I 
I RT ~ RX| (32)J 

(33) (34) (35) 
71-99 65-89 - 

80 61 14 
75-80 60-74 19-25 

Scheme 8.7: Reaction of bis(2,2'-biphenylylene)selenurane (30) with acidic reagents and ligand 
coupling of the ring opened products (31), (32) 41 
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The decomposition of triarylselenonium halides was reported to produce aryl halide. 42 This 
reaction is likely to proceed through a ligand coupling mechanism. 

Ar3SeX -~ Ar-X + Ar2Se 

However, in the course of a recent mechanistic study of the electrophilic chlorination of toluene in 
the presence of a mixture of bis(4-chlorophenyl)selenide-Lewis acid as catalyst, Graham et al. studied 
the decomposition of bis(4-chlorophenyl) (4-methylphenyl)selenonium chloride (36). They found that 
the ligand coupling pathway occured only in the presence of aluminum (lid chloride. Moreover, only 
chlorotoluene derivatives were obtained: dichlorobenzene was not detected. The reductive elimination 
appears to be obviously mostly intrarnolecular. However, the important amount of ortho-chlorotoluene 
is not consistent with a single ligand coupling mechanism. 43 

CD 3 .CD3 CH3 C H 3  

1 Se AICI3 / 50~ ~ + + + 
toluene-d8 D D ' ' ~ -  D 

Me C1 D C1 
(36) 2.42% 2.51% 48.60% 16.10% 

The reaction of diarylselenoxides with organolithium has been scarcely studied. Treatment of bis(2- 
pyridyl)selenoxide (37) with phenyllithium gave a moderate yield of bipyridyl (38), the ligand 
coupling product, together with a range of other products. With phenyl(2-pyridyl)selenoxide (39), the 
reaction evolved through a series of ligand exchange and ligand coupling pathways. 44,45 But the 
reaction of phenyl p-tolylselenoxide (40) with tert-butyllithium afforded only the products of rapid 
ligand exchange and disproportionation. 46 

Q Q C> 
S e - ~ O  P h L i  + Se + Se + Se-Se 

(37) (38), 53% 19% 25% 30% 

Q Q Q Q 
Se-~- 0 PhLi + + Se + Se + Se- Se 

(39) (38), 13% 27% 19% 37% 6% 

Se-~- O = Se-~- O + Se-~ O + Se-~- O + selenides 

(40) 10% 20% 16% 30% 
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8.2.2 Reactions of alkylselenium compounds 

The reaction of the 2-methylisoselenochromane derivatives (41) or (42) with nucleophiles led to 
substituted methyl(phenylethyl)selenides (43), the product of ring opening, as well as to styrene 
derivatives (44), the product of base catalysed IS-elimination. Depending on the nature of the 
counteranion, the heterocyclic selenophene derivatives exist either as selenonium salts (41) or as 
selenurane (42). The reaction with various types of nucleophiles leading to ring opened products was 
considered to go through a common transition state resulting from the cleavage of the selenurane to a 
selenonium salt. However, it cannot be excluded that the reaction occurs through a common 
tetracoordinate selenurane intermediate, which would undergo a ligand coupling reaction. 47 Grignard 
reagents reacted with the isoselenochromanium salts to lead exclusively to a different outcome: only 
SET reduction was observed to afford the reductive ring opened prOducts. 4s 

With oxygen nucleophiles: 

~ ~ S e  ~ X| 
"Me 

(41), X = BF 4, OTf 

~~Se " X 

"Me 
(42), X ffi OTs, OMs 

SeMe 

+ RO-Na - ~ O R  + ~ t ~ , ~ S e ,  

(43) (44) 

R = a l~l  23-32% 42-69% 
phenyl 49-64% 6-13% 

Me 

With carbon nucleophiles: 

'~S | BF4 | 
e.Me + 

(41) 

|174 ~ ~ . , . , ,  SeMe 

y ~ ~ C H X Y  

X =Y = COMe 42% 
X =COMe, Y = CO2Me 52% 

X =Y = CO2Me 44% 

The reaction of dibenzylselenide with difluorotriphenylbismuth led to benzyl fluoride. The 
mechanism may be viewed as a ligand transfer giving difluorodibenzylselenurane (45), followed by 
ligand coupling. 49 

Ph3BiF 2 + (PhCH2)2Se 120~ [(PhCH2)2SeF2 ] 

(45) 

PhCH2F 29% 

8.2.3 Reactions of perfluoroselenonium salts 

Electrophilic perfluoroalkylation of nucleophiles is not as common as the electrophilic alkylation 
of nucleophiles. 50 However, a variety of S-trifluoromethyl dibenzothiophenium salts have been used 
for a range of substrates. (See section 3.1.5) Among the other chalcogenium systems which have been 
studied, the selenium analogs, the Se'triflu~176 dibenzoselenophenium salts, behave as milder 
electrophilic trifluoromethylating agents towards nucleophiles. Usually less reactive than the sulfur 
analogues, they gave good yields of the trifluoromethylated products, sometimes more efficiently than 
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the sulfur reagent. The range of selenium compounds is more limited than in the sulfur series. The 
reactivity comparisons were made with the sulfur reagents (46), (48) and the selenium reagents (47) 
and (49).51, 52 

(46)  ~ (47) 

CF 3 TfO | CF 3 TfO | 

sop 
(48) (49) 

I I 

CF 3 CF 3 

Table 8.2: Comparative reactivity of the sulfur reagents (46), (48) and the selenium reagents (47), (49) 
in the trifluoromethylation reaction of various types of nucleophiles 51,52 

, eNae 
~ Me + 

O 
S reagents: (46) 

(48) 
Se reagents: (47) 

(49) 

O 

~)<Me 
CF 3 

O 
6 h 84% 
2 h 86% 

24 h 84% 
3.5 h 81% 

ref. 51 
ref. 52 
ref. 51 
ref. 52 

l , , |  | 
Ph - -  Li + zX-CF3 TfO ~ Ph - ' -  CF 3 

S reagent: (46) 1.25 h 58% ref. 51 
Se reagent: (47) 1.25 h 89% ref. 51 

l , , |  | 
C12H25SNa + z X - C F  3 TfO ~ C12H25S-CF 3 

S reagent: (46) 0.5 h 47% 
Se reagent: (47) 0.5 h 87% 

ref. 51 
ref. 51 

In the case of the reaction of cyclohexanone potassium enolate in the presence of the boron 
complexing agent (5tl), the selenium reagent (47) appeared to be significantly less efficient as a 
regioselective trifluoromethylation agent than the sulfur reagent (46). 53 

1) o ,B-Ph  (50) CF 3 
,, 

,X TfO | (47), X - Se 48% 
CF 3 
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8.2.4 Reac t ions  o f  benzenese l en in ic  anhydr ide  

Benzeneseleninic anhydride (51), (PhSeO)20, reacts with phenols to lead preferentially to the 
products of ortho-hydroxylation. Depending on the structure of the phenol, minor by-products may be 
observed resulting from para-oxidation or from ortho-phenylselenylation. 54-56 The formation of these 
different types of products has been explained by the intervention of two competing mechanisms. The 
major one, leading to ortho-oxidation involves a series of steps, the key one being a [2,3]-sigrnatropic 
rearrangement of the intermediately formed aryl benzeneseleninate. 54-56 This sequence can be viewed 
as an example of ligand coupling involving the creation of a t~ bond between two sp 2 atoms. The 
minor ones, leading to para-oxidation or ortho-phenylselenylation follow ene routes. 56,57 

O O O 
I I  I I  I I  

M e m O  ~ C. OEt 1)Nail , Me O o C. OEt = M r  o 'C"  OEt 

Me COOMe 2)(Ph" S e~- 0 Me COOMe Me COOMe 
OH 0 / 2  O HO O 

(51) " 55% 
I 
Ph 

S c h e m e  8.8: ortho-Hydroxylation of a phenol with benzeneseleninic anhydride (51)55,56 

When the reaction of a phenol with benzeneseleninic anhydride (51) is performed in the presence of 
hexamethyldisilazane, the corresponding N-phenylselenoimine is generally obtained, again with high 
ortho-selectivity. 5a The aminating reagent was shown to be a polymeric form of the intermediate 
RSeN (52). 59 

Ph 

(  hso 
Ph- O + N - H  = t t = (PhSeN)4 

2 Me3S i' Ph" Se-" N ,,, N 
- S~ (52) 

Ph 

S c h e m e  8.9: Mechanism of the reaction of phenols with benzeneseleninic anhydride and 
hexamethyldisilazane: generation of RSeN (52) 59 

This cyclotetraselenazatetraene (52) reacted with the phenolic substrate to afford the N-phenylsele- 
noimine (53). The key step, the [2,3]-sigmatropic rearrangement, has also been viewed as an example 
of ligand coupling involving the creation of a ~ bond between two sp 2 atoms. 59 

Ph 
I 

OH (PhSeN)4 ~"Se~ O SePh O SePh 

0 p' O' (52) N- X N- X N 
- "- H -~ + HX 

R R 
R (53) 

S c h e m e  8.10: Mechanism of the reaction of phenols with benzeneseleninic anhydride and 
hexamethyldisilazane: reaction of the reagent RSeN (52) with the phenol 59 
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8.3 ORGANOTELLURIUM 

The chemistry of organotellurium derivatives has only recently been developed into a range of 
reagents useful for mild selective transformations in organic synthesis. 60-64 Although the first studies 
were mostly extrapolations of sulfur and selenium chemistry, organotellurium reagents have now 
grown into a full-fledged group of selective reagents for specific transformations. They involve 
various types of mechanistic pathways, such as ionic, radical or intramolecular rearrangements. The 
ligand coupling mechanism has also been invoked to explain a series of transformations. 65 

8.3.1 Aryl.aryl coupling 

The synthesis of tetraphenyltellurane (54) was first reported by Wittig and Fritz in 1952. 32 This 
compound, easily prepared by the reaction of phenyllithium with tellurium tetrachloride, is a relatively 
stable substance which decomposes above 100~ to give diphenyltelluride (55) and biphenyl (5). 
Later, other tetraaryltelluranes have been prepared by the same method. 66,67 

T > 100~ 
TeCI 4 + 4 PhLi = Ph4Te = Ph2Te + Ph-Ph 

(54) (55) (5) 

Extensive mechanistic studies have shown that the thermal decomposition of (54) occurs through a 
concerted pathway, without intervention of either free radical or ionic species.66, 67 The activation 
parameters revealed a higher energy barrier to carbon-chalcogen bond scission in the tellurane 
compared to the selenurane and are in support of the unimoleculadty of the rate determining step. The 
activation energy for the ligand coupling reaction was measured to be Eact = 29 kcaYmole, compared 
with 21.3 for Ph4Se and 10.9 for Ph4S. 37 

The reaction of pentafluorophenyllithium (56) with tellurium tetrachloride afforded a mixture of 
tetrakis(pentafluorophenyl)tellurane (57), bis(pentafluorophenyl)telluride (58) and perfluorobiphenyl 
(59). Moreover, the tetraaryltellurane compound (57) decomposes into perfluorobiphenyl (59) and 
bis(pentafluorophenyl)telluride (58) upon heating in a sealed tube to 200-220~ 68 

C6F5. /C6F5 RT F---~\ /)--- Li + TeCI4 ,'re, ) : - - : (  C6F5 C6F5 
F F 

(56) (57) 

T(C6F5 + C6F5 

C6F 5 C6F5 

(58), 30% (59) 

Treatment of arylmagnesium bromides (4 mol. equiv.) with tellurium tetrahalides gave rise directly 
to diaryltelluride in high yields. As by-product, the biaryl compounds were also formed. Therefore, it 
is likely that the reaction goes through the intermediacy of tetraaryltelluranes which undergo ligand 
coupling under the reaction conditions.69, 70 

ether / benzene 
TeX 4 + ArMgBr ......... = 

reflux 
Ar2Te + Ar-Ar 

Ar = Ph; X = CI, Br, I 
Ar = 1-Naphthyl, o-MeC6H4, p-MeC6H4; X = Br 
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The 2,2'-biphenylylenediphenyltellurane (60) can be conveniently prepared through the reaction of 
2,2'-dilithiobiphenyl with dichlorodiphenyltellurane. It is a relatively stable compound, which can be 
isolated at room temperature. However, at higher temperatures (~ 140~ it decomposes to give the 
ligand coupling products (61), (62) and (5). 38 However, the mechanistically more favoured ligand 
coupling pathway, leading to the terphenyl compound (61), appeared to play a minor role in the 
tellurium series. The decomposition pathways are in fact more likely to involve phenyl free radicals, 
which can either couple to afford biphenyl or further react with the solvent. 

T --140~ P h ~ T e  "Ph . Q ,o § Ph-Ph 

(60) (61), 8% (62), 69% (5), 36% 

The spiro compound, bis(2,2'-biphenylylene)tellurane (63), has been prepared and isolated in good 
yields. 71,72 It is a relatively stable compound, which requires fairly high temperatures to decompose 
into dibenzotellurophene (64) and other products derived from the diradical species, the 
dibenzocyclobutane (65) being the most important one. 72 The activation parameter for the 
pseudorotation was determined by variable temperature NMR to be AC~ = 9.2 kcal/mole. 40 

260~ Te + i ~ + 

(63) (64), 76% (65), 51% traces 

Scheme 8.11 

8.3.2 Alkynyl-alkynyl coupling 

Dialkynyltellurides are easily formed by the reaction of alkynyl Grignard reagents or alkynyl 
lithium reagents with tellurium tetrachloride.73, 74 The reaction mixtures contain significant amounts of 
the butadiyne, a typical ligand coupling reaction product. 

With Grignard reagents:73 
The reaction of (phenylethynyl)magnesium bromide with tellurium tetrachloride afforded modest 

yields of the dialkynyltelluride (66) together with an equimolecular amount of 1,4-diphenylbutadiyne 
(22). Because of the difficulties for the purification, the dialkynyltelluride (66) was isolated as the 
diiodide in a 33% yield. 

4 Ph- C -  C-MgBr + TeCl 4 :- P h - C - C - T e - C ' C - P h  + P h - C - C - C - C - P h  
(66) (22) 

With lithium reagents: 74 
The reaction of an excess of 1-alkynyllithium reagents with tellurium tetrachloride afforded good 

yields of the dialkynyltellurides (67) (42-69%). Moreover, diynes (68) were isolated as major by- 
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products, when R = t-Bu, Me3Si and Ph. In the case of the tert-butyl derivative, equivalent amounts of 
the telluride (67) and the diyne (68) were obtained in an 85% overall yield. 

4 R-C__.C-Li + TeC14 = 

R = Me, Et, n-Pr, t-Bu, Me3Si and Ph 

R- C -  C- T e -  C-  C - R  + R-  C -  = C-  C=-. C - R  

(67), 42-69% (68) 

8.3.3 Aryl-heteroatomic nucleophile coupling 

The bis(2,2'-biphenylylene)tellurane (63) reacted with phenol to afford the product of protonolysis 
(69) in high yield. The X-ray crystallographic analysis of (69) revealed a tellurane structure, and not 
the alternative onium structure. 75 

")  o. 

(63) 

In marked contrast with the selenium analog (41), this compound (69) was thermally stable, even at 
more than 100~ for 10 hours. Only at temperature above 190~ it decomposed to afford the ligand 
coupling products (64), (70) and (71). 

T > 190~ 9 T e  + 

U 
0 

Ph" O ~  + ph,,O Q 

(69) (64), 80% (70), 68% (71), 19% 

With other substituted phenols, the tellurane structure was not significantly altered by the presence 
of strongly electron-withdrawing substituents in the para position. Only strong steric hindrance led to 
a change in the structure and the length of the tellurium-oxygen bond. (Table 8.3) 

Table 8.3: Length of the tellurium-oxygen bond in aryloxytelluranes 75,76 

(69), (72), (73) 

Ar (69), C6H5 

Te-O (.~,) 2.294 

(72), 4-NO2C6H4 

2.461 

(73), 2,4,6-C13C6H2 

2.76 and 2.787 
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For example, the 4-nitrophenoxytellurane (72) presented a distorted tellurane structure as in (69), 
but the 2,4,6-trichlorophenoxytellurane (73) appeared to be a centrosymmetric O-bridged dimer, with a 
distorted square pyramidal onium-type structure. The pyrolysis of these products in the solid state led 
to the ligand coupling products which showed the same general selectivity patterns as those observed 
in the case of (69). 76 

Triphenyltelluronium salts react with sodium aryltellurolate to afford the ligand coupling products. 
Metastable crystals of the ditellurium intermediate (74) have even be isolated. Their thermal 
decomposition led to the ligand coupling products. 77 

Ph3TeCI + ArTeNa 
THF Ar-Te-Ph + Ph2Te + NaC1 

Ph3TeC1 MeOH / EtOH 
+ = Ph3Te-TeAr 

ArTeNa - 60~ (74) 
: Ar-Te-Ph + Ph2Te + Ph-Ph + Ar2Te 2 

Similarly, triphenyltelluronium salts react with sodium arylselenolate to afford the intermediate 
selenium-tellurium intermediate (75), which decomposed relatively easily. In this reaction, the ratio 
diselenide : selenide is approximatively 2:1, whereas only minute amounts of the ditelluride were 
observed in the reaction involving the ditelluride intermediate (74). 77 

Ph3TeC1 MeOH / EtOH 
+ _ 60oc "~ Ph3Te-SeAr 

ArSeNa (75) 

Ar-Se-Ph + Ph2Te + Ph-Ph + Al'2Se 2 

8.3.4 Halodetelluration reactions 

The transformation of a carbon-tellurium bond into a carbon-halogen bond can be performed with 
several types of organotellurium trihalide or diorganotellurium dihalide compounds, in which the 
organic group is an alkyl, an alkenyl or an aryl substituent. A variety of reaction conditions have been 
described to realize these transformations, which belong to three main types: 

1 - oxidative procedures:78,79 
2 - photolytic procedures:79, 80 
3 - thermolytic procedures:79,81 

In the oxidative procedure, the substrate is treated with an oxidant, such as tert-butyl 
hydroperoxide, in refluxing dioxane, acetic acid or acetonitrile.78, 79 The yields are good to high for 
cyclohexanone derivatives, moderately good for aryl derivatives and rather modest for vinylic 
substrates. In all the reactions involving cyclohexyl and alkyl derivatives, retention of configuration 
was observed. Diaryltellurium dichlorides did not react, and, in the case of arylcyclohexyl derivatives, 
the cyclohexyl group is more reactive than the aryl group towards ligand coupling. 

C1 CI 
R ~ T e C I 3  t-BuOOH ~ R ~ "  C1 

1,4-dioxane 
40-70% 

~ . . ,  C1 t-BuOOH ._ ~ . . ,  CI 

1,4-dioxane 
TeCI3 C1 

92%, trans:cis 97:3 
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v "~,, TeC13 Tei3 

t-BuOOH ..~ 
r 

1,4-dioxane 

C1 
64%, only trans 

I 

C1 
t - B u O O H  ~ . , ,  CI 

acetic acid - CI 

55% 

C 1 - - O - -  OMe 

22% 

~ . . _  TeX3 t-BuOOH .._ ~ ~ ~ - - X  
acetic acid 

30-50% 

Ph R Ph R 
t -BuOOH ~ = = (  

MeCN C1 TeCI 3 C1 CI 
20-30% 

The mechanism of the oxidative a-elimination has been suggested to proceed through an 
hypervalent tellurone(VI)intermediate (76), which undergoes ligand coupling realizing an 
intramolecular 1,2-tellurium halogen shift.78, 79 (Scheme 8.12) 

R 1 X R 1 0 R 1 

R 2 1  I [0]_ R 2 I ~ , X  _ R 2 I 
c -  T e -  X "- C ~  TeT. -- - C - X  + 

I I ,x, 4_ ~3 
3 X R3 X 

(76) 

O 

re, 
X X 

S c h e m e  8.12: Oxidative halodetelluration with a peroxidic oxidant 

The role of oxidant can be played by a molecule of halogen which oxidizes the diorganyl- 
tellurium(W) dihalide to a tellurone analogue, a diorganyltellurium(VI) tetrahalide, which undergoes 
the intramolecular 1,2-tellurium halogen shift to afford similarly the alkyl halide and a monoorganyl- 
tellurium(W) trihalide. 64 (Scheme 8.13) 

Rlx I R1 
R2 I I X2 2 / ~ /X I 

- ~ - ~ - C - - X  + R-TeX3 C -  Te-- R t.;~- Te~ R R 2 

�9 3,x ,3 
(13) 

S c h e m e  8.13: Oxidative halodetelluration with halogens as oxidant 

This mechanism may explain a number of oxidative halodetelluration reactions which have been 
reported. This is the case of the following examples: 

1) the halogenodetelluration of a-dichloroaryltelluroketones: 

Treatment of a-dichloroaryltelluroketones (77) with one molecular equivalent of chlorine in 
CH2C12 leads to the corresponding a-chloroketones (78), at room temperature, in good yields. 82 
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O Cl O 

R Cl (77) (78) R2 

R 1 = Ph, t-Bu; R 2 = H 75-78% 
R1, R 2 = (CH2)3, (CH2)4, (CH2)5 65-71% 

2) the halogenodetelluration of acetylenic teUurides: 

Treatment of acetylenic tellurides (79) with three molecular equivalents of bromine or iodine leads 
to trihalovinylic derivatives (80). The reactions involve the oxidative halogenolysis of the carbon- 
tellurium bond followed by addition of the halide to the acetylenic bond. 83 

X 2 / CH2CI 2 /benzene 
R -  C = C -  T e -  R' ~- 

(79) 

X = Br R = n-C5Hll, C6FI5, 4-BrC6H4; R'= n-Bu 
R = C6H5; R'= 4-MeOC6H4 

X = I R = n-C5Hll; R'= n-Bu 

R X 

X X 

53-76% 
51% 
74% 

(80) 

3) the halogenodetelluration of benzylic tellurium derivatives: 

Treatment of dibenzyltellurides or dibenzylditellurides with an excess of bromine leads to benzyl 
bromide.84, 85 The intermediate dibenzyltellurium dibromide is too unstable to be isolated and it 
decomposes directly to benzyl bromide. A similar carbon-tellurium cleavage was observed in the 
treatment of benzyltellurocyanide with an excess of bromine. Two consecutive oxidation-ligand 
coupling reactions sequence take place to afford eventually cyanogen bromide and benzyl bromide. 86 

(Ph-  CH 2-Te~" 2 . ~ ~  Br 

Ph- CH 2 - Te- CH 2- Ph 

( Ph-  CH2"}-2Te B ' ~ r  2 Br 

Ph- CH 2 - Te- CN 

Br2 

Br 
Br 2 , Br 2 

Ph-CH 2- Te-CN ~- 
I 

Br 

Scheme 8.14 

Ph- CH 2 B r 

T Br 

Ph-CH2-TeBr  3 + Br-CN 

Pyrolysis of organotellurium dibromides at 200-250~ without solvent under reduced pressure 
afforded the organyl bromides in good to high yields. When applied to alkyl- or aryl-tellurium 
trichlorides, no halogen-containing products were produced. As this pyrolysis reaction gives the same 
products as those obtained in the previous oxidative halodetelluration reaction, it is likely that the 
mechanism of the pyrolytic reaction is also an intramolecular ligand coupling process. 79 

R-  CH2- CH2--Te- ~ 
Br Br 

R-  CH 2 -  CH2Br 83-90% 
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R~--- T e - - ~  --- R- CH- Br A 

Me ~ Br / ' a r  x ~ /  r I Me 

>95% 

..,X A = ~..,X 

TeBr2Ph Br 

X = H or MeO, 70-98% 

8.3.5 Trifluoromethylation reactions 

Among a series of trifluoromethyl dibenzoheterocyclic onium salts derived from chalcogens, a 
small number of tellurium compounds have been prepared. As electrophilic trifluoromethylating 
agents, the tellurium compounds appeared as the least reactive. 50 With a very reactive carbanion, the 
unsubstituted dibenzotellurophenium salt (81) gave only 9% of the trifluoromethylated product. With 
the 13-diketone enolate, (81) did not react. However, the 3,7-dinitrotellurophenium salt (82) showed a 
relative activity similar to that of the unsubstituted selenium compound (47). 51 

Te Se 
(81) C'F 3 TfOO (82) (~F 3 TfOO (47) CF 3 TfO O 

(81) + Ph " -  Li Ph - -  CF 3 9% 

(81) or (82) + 
Na O 

CF 3 Me 
(81) No reaction 
($2), I h 55% 

8 . 4 0 R G A N O T H A L L I U M  

Long considered "dull and predictable", 87 the chemistry of organothallium compounds has seen an 
extensive growth since the seminal works of McKillop and Taylor and of Uemura, who have 
independently discovered a number of selective transformations involving organothallium 
intermediates or reagents. Most of these transformations wcrc explained by conventional mechanisms 
such as elcctrophilic additions, nucleophilic substitutions or radical mechanisms. 87-91 However, some 
reactions have been explained by intrarnolccular decompositions, which can be classified as ligand 
coupling reactions. Two major types of organothallium compounds evolve into the reaction end- 
products by ligand coupling: the arylthallium(III) compounds and the alkyl or alkcnylthallium(III) 
compounds. 

8.4.1 Arylthallium(III) compounds 

Arylthallium(ll/) compounds (83) are generally prepared by electrophilic aromatic thallation with 
thallium tris(trifluoroacctatc) (84). 

CF3COOH 
Ar-H + TI(OCOCF3) 3 ~ Ar-TI(OCOCF3) 2 

(84) (83) 
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This method allows a good control of the regioselectivity of the substitution in the case of 
substituted aromatic nuclei. The electrophilic character of thallium tris(trifluoroacetate) (84) can be 
increased by addition of Lewis acids, such as boron trifluoride or antimony pentafluoride. 92,93 Side 
reactions are observed with electron-rich substrates which undergo only oxidative coupling. 94 
Thallation is obtained for these substrates by performing the reaction in the presence of a co-solvent 
which inhibits the solvation of the intermediate radical ion pair by CF3CO2H. In a 1:1 mixture of 
CF3CO2H and ether, the thallated products derived from electron-rich arches were isolated in good 
yields. 95 In the case of acid-sensitive electron-rich substrates, these systems are not suitable but milder 
conditions avoid these drawbacks, by using boron trifluoride as a catalyst and 1,2-dichloroethane as 
the solvent. 96 

C1CH2-CH2CI 
Ar-H + TI(OCOCF3) 3 : Ar-TI(OCOCF3) 2 

(84) BF3"Et20 (83) 

The thallation orientation can be controlled by proper choice of the reaction conditions. 97 Aromatic 
thallation is a reversible reaction with a moderately large energy of activation (27 kcal/mole) and an 
extremely large steric requirement. 98 In the case of cumene, the reaction under kinetic conditions leads 
to the para-product (85), whereas under thermodynamic control, the meta-product (86) is largely 
predominant. However, the outcome of the reaction may be dramatically influenced by the presence of 
a complexing group. Indeed, thallation of benzoic acid leads mostly to the ortho-thallated product (87), 
and benzyl alcohol affords only the ortho-product. A number of heteroatom-containing groups are able 
to orient the thallation reaction selectively on the ortho-position. This is the case of CO2R, CO2H, 
CH2OH, OR, NHCOR. 

_ CF3CO2H 

20~ + 

(CF3CO2)2TI TI(OCOCF3)3 

para-isomer (85): 94% 

CF3CO2H .._ 

73~ TI(OCOCF3)2 

meta-isomer (86): 85% 

CO2H .CO2H 

CF3CO2H 
76% overall yield (87), 95% ortho 

.CO2H 

(~]" Tl(OCOCl~3h 
(88), 5% meta 

The arylthallium(III) compounds can be easily converted into a variety of substituted aromatic 
derivatives. This conversion can be performed by three major reaction types, two of them being either 
typical ligand coupling or ligand exchange reactions involving the presence of a copper species, either 
as a reagent or as a catalyst. 

a - Reaction with a nucleophile: 

Reaction of the arylthallium(III) compound with a nucleophile affords a new intermediate 
arylthallium derivative (89), which then undergoes ligand coupling. 99,100 
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[ " ] Ar_TIX 2 + y e  ~ Ar-~Tl x ~ Ar-Y 

~ X  e (89) Y 

Scheme 8.15 

b - Copper salt mediated reaction: 

When the reaction of the arylthallium compound ArTIX2 with the nucleophile Nu- leads to a too 
stable intermediate ArT1Nu2, competing protonolysis may become predominant. This is circumvented 
by using copper salts, which favours the removal of a ligand from the thallium metal. According to 
Uemura et al., this reaction leads to substitution in a concerted process by reductive displacement of 
the group T1X. 101-103 

X 
T1, 

X 

r'*" ,,,Xq 

+ Y n C u - N u - - - ~  

Nuqu [ 
"Yn .J 

Scheme 8.16 

Nu 

Recently, Somei et al. invoked a closely related mechanism which involves the formation of a 
g-complex between the arylthallium and the copper species, favouring the attack of the ipso-carbon by 
a coordinated nucleophilic ligand. 104 

X 
R ~ ~ T I ~  + LnCu + N u e - - - - ~  R ~ T I / ( ~ X  ~ ~ N u  

X ~ J X R 
LnCU'.Nu e 

Scheme 8.17 

A different mechanism was suggested by McKillop and Taylor, who considered that the copper 
mediated reactions involve single electron transfer from the copper Cu(I) species to the thallium 
substrate. The arylthallium(II) species loses a thallium(I) salt and the aryl radical. This aryl radical 
secondarily reacts with the copper(H) species formed in the first step by electron transfer. 105,106 

X. X 
TI" 

6 + Cu(I)Nu - ~ X  G 

R 

Tl 

"O 
R R 

+ TI(1) X 
Cu(II) Nu 

Scheme 8.18 

Cu(II) Nu 
Nu 6 
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c - Electrophilic substitution: 

Reaction of the arylthallium(III) compound with an electrophile affords an intermediate cationic 
arylthallium derivative (90), which then undergoes elimination of the thallium moiety. Examples of 
this type of reactivity are the reactions of arylthallium(III) compounds with bromine affording aryl 
bromide, 107 with iodine affording aryl iodide, loS-1 l0 or with nitrosyl chloride giving nitroso- 
benzene. 111 

Ar-TIX 2 + E ~ 
~ /T1X2 

" E  
(9O) 

Scheme 8.19 

A r - E  + T1X2 O 

The ligand coupling and ligand transfer mechanisms explain a number of transformations of 
organothallium compounds. The best studied reaction is the carbon-iodine conversion for the synthesis 
of aryl iodides, but other efficient conversions have been also described. 

8.4.1.1 C-T! to C-I 

The formation of iodobenzene by treatment of phenylthallium(III) compounds with potassium 
iodide was reported, without experimental details, by Challenger et al. in the 1930's. 112,113 The 
potential and synthetic interest of this iododethallation reaction was extensively studied by McKillop 
and Taylor in the early 1970's. 87-89 Although arylthallium(III) compounds prepared by reaction of the 
arenes with thallium tris(trifluoroacetate) (84) can be isolated, they can also be directly converted into 
aryl iodides by addition of aqueous potassium iodide to the thallation reaction mixture. An 
intermediate arylthallium(III)diiodide (91) was suggested to be formed and to decompose 
intramolecularly to lead to the aryl iodide. 99 

Ar-TI(OCOCF3) 2 + KI 

(83) 

[i] 
/ 

Ar-  TI 

(91) I 

Scheme 8.20 

Ar-I 

The thallation-iodination sequence has been used by McKillop and Taylor in their mechanistic 
studies of the aromatic thallation reaction, as the aromatic iodides are easier to isolate and analyse than 
the thallated products. 98-100,114 The thallation-iodination sequence has also been used for the 
preparation of a variety of aromatic as well as heteroaromatic iodides. Among the aromatic iodides, a 
number of simple substituted benzene derivatives have been prepared as well as more functionalised 
derivatives, such as 1-iododibenzosuberone, 115 o-iodotoluic acid, 116 p-iodophenylpentadecanoic acid 
derivatives, 117 iodopentafluorobenzene,93 1-iodo-4-methoxytetrafluorobenzene, 109 5-iodo-2-methoxy- 
6-(8-hydroxyoctanyl)benz0ic acid lactone (92) 96 or p-iodocalix[4]arenes (93). 118 Sometimes, diiodo 
compounds are obtained selectively by using an excess of trifluoroacetic acid 119 or by adding 
antimony pentafluoride as a catalyst. 92 Heteroaromatic iodinated compounds have been prepared with 
various heterocycles such as thiophene, 99,100 pyrrole, 120,121 1,3,5,2,4-trithiadiazepine (94) 125,126 
indole, t20,122 and indoline. 123,124 In the indolic systems, the regioselectivity of the thallation can be 
controlled. Thallation of 3-carbonylindoles affords the 4-thallated products which can be treated with a 
nucleophile such as iodide to afford selectively the 4-iodo 3-carbonylindole [(95), X = I]. Thallation- 
iodination of N-acetylindoline leads to the 7-iodo derivative [(96), X = I] which can then be 
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hydrolysed and oxidised to give the corresponding 7-iodoindole derivative. 124 This reaction of indolic 
compounds has been applied to the selective functionalisation of the complex system of bipolaramide 
analogues [(97), X = I]. 127,128 For the selected examples reported in scheme 8.21, the yields are given 
for the two steps sequence: 1 - thallation, 2- iodination. 

1) TI(OCOCF3) 3 
Ar-H ~ Ar-I 

2 ) ~  

X = H  ~ X = I  

MeO O X 

S 
I I  

s ~ N  

(92), 92% 96 (93), 35% 118 (94), 80% 125,126 

x 
O X I H ,,CHO N j N 

x x 
U '  

(95), R = H 50% 120 (96), 74% 123,124 (97), 29% 127 
R = OMe 91% 122 

Scheme 8.21 

Improved yields were observed for the 4-iodination reaction of [(95), R = H, X = TI(OCOCF3)2] by 
using a combination of copper(I) iodide and iodine, as a iodinating reagent, as the 4-iodo compound 
was obtained in 94% yield instead of 71% with potassium iodide. 129 However, this improvement was 
not always observed: in the case of the bipolaramide derivative [(97), X = TI(OCOCF3)2] it gave a 
lower yield [ 16% with copper(I) iodide and iodine instead of 20% with potassium iodide]. 127 

The monoorganothallium(III) iodide derivative can also be prepared from the diarylthallium 
compound (98), which is easily made from the Grignard reagent. Treatment of the diarylthallium 
compound with iodine gives two molecules of the corresponding aryl iodide, one directly by 
electrophilic substitution, and the second one derived from the ligand coupling decomposition of the 
intermediately formed aryliodothallium(III) trifluoroacetate (99). This reaction afforded the aryl 
iodides in yields ranging from 74 to 94%. 13~ 

OCOCF 3 CHC13 / 
Ar2TIOCOCF 3 + 12 = ArI + A r - T 1  -~ Ar-I  + T1OCOCF 3 

(98) (99) I 

8.4.1.2 C.T! to C-X 

The reaction of arylthallium(III) compounds (83) with potassium bromide gave the dibromoaryl 
thallium derivatives (100), which decomposed rapidly either on storage or on gentle heating into aryl 
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bromides and thallium(I) bromide. TM With other metal halide salts (NaC1 and KF), only the stable 
arylthallium dihalides were isolated. 131 However, when arylthallium difluorides (101) were treated 
with boron trifluoride in non-polar solvents, the corresponding aryl fluorides were obtained in 50-70% 
yields, presumably through formation of arylthallium(III) bis(tetrafluoroborates). 132 

ArTI(OCOCF3) 2 + 2KBr ~ ArT1Br2 

( 8 3 )  ( 1 0 0 )  

Ar-Br + T1Br 

ArTI(OCOCF3) 2 + 2 KF = ArT1F 2 
(83) (101) 

BF3 = Ar- F 

The aryl chlorides and aryl bromides are easily prepared by treatment of the arylthallium(III) 
bis(trifluoroacetates) with the corresponding copper(I) or copper(U) halides. The best yields were 
obtained with the copper(II) halides in dioxane under reflux. 102 These reactions have been 
successfully applied by Somei et al. to the synthesis of indole derivatives by reaction of the 
arylthallium compounds with copper(II) salts in DMF. 127,133,134 

X = TI(OCOCF3) 2 ~ X = Hal 

X 

H 

Hal = CI 48% 133 
Hal = Br 58% 133 

/CHO 
[ . H  

x X 

42%134 78%127 
62%134 

8.4.1.3 C-TI to C-OH 

The direct synthesis of phenols by treatment of the intermediate arylthallium(UI) compounds with 
hydroxyde anions does not take place as the intermediate arylthaUium oxides are stable. 135 However, 
the conversion of arylthallium(III) compounds to aryloxide derivatives is efficiently performed by 
different indirect procedures, such as: 

- reaction with lead tetraacetate, followed by treatment with triphenylphosphine and eventually 
hydrolysis to the phenol. 135 

- reaction with diborane, followed by oxidation of the arylboron derivative with hydrogen 
peroxide to the phenol. 136,137 If the the product of transmetallation, the arylboron derivative, is 
hydrolysed under non-oxidizing conditions, the arylboronic acid derivative can be isolated. 

- reaction with water in the presence of copper(N) sulfate in DMF. 124,138 This reaction was used 
for the synthesis of bipolaramide (102). 127,128 

1) TI(OCOCF3) 3 / CF3CO2 H 

2) CuSO4, 5H20, DMF / H20"- 

O I" H 

 N-'V ~ o .  
.Oo%N  ,102) 

H ' ' ~ I  
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8.4.1.4 C-T! to C-N 

Treatment of arylthallium(III) compounds with metal nitrites in trifluoroacetic acid affords the 
corresponding nitrosoarenes, which are oxidised to the nitroarenes. The reaction was suggested to 
occur by electrophilic attack of NO + on the carbon-thallium bond.139,140 

CF3CO2H [Ox] 
ArTIX 2 + NaNO 2 = ArNO = At-NO 2 

Direct synthesis of the nitro derivatives (103) - (105) was reported to occur in the treatment of 
indolic derivatives with copper(II) sulfate and sodium nitrite in DMF. 104 

H 

N. O2 

1) TI(OCOCF3) 3 / CFaCO2H r  , R  
fl 

2) NaNO 2 / CuSO 4, 5 n 2 0 /  N 2J 
DMF / 100~ H 

(103), R = CHO 65% 

(104), R = COOMe 54% 

~N J 1) TI(OCOCF3) 3 1 CF3CO2H ...-, ~ j 

. 2) NaNO 2 / CuSO4, 5 H20 / N" 
Ac DMF / 100~ NO2 Ac 

(105), 58% 

Azides (106) and (107) can be obtained by a similar reaction system, using sodium azide instead of 
sodium nitrite. 104 In the treatment of indolic derivatives with copper(II) sulfate and sodium azide in 
DMF, very poor yields were sometimes observed. Replacing copper(H) sulfate by copper(I) iodide 
resulted in a considerable increase of the yields. 141 

-a-3,CuSO4,D  J 
, --- N 

(CF3CO2)2TI Ac N3 Ac 

(106), 90% ref. 104 

(CF3CO2)2T1 N 3 

N,II NaN 3 ] CuSO 4 ] DMF: 10-30% ref. 104 

NaN 3 / CuI / DMF: 80-87% ref. 141 
n (107) H 

These reactions were applied to the synthesis of nitro and azido derivatives of bipolaramide. In this 
case, the nitration reaction afforded only a modest yield of the product (108). 128 

I H 
~ N ' ~ O  TI(OCOCF3)2 

(CF3CO2)2TI O ~  N ~ 

H', 

NaNO 2 / CHSO4, 5 H20 / DMF 

NaN 3 / CuI / DMF 

'- R O H ~ N  ~ 

(108),R = NO 2 21% 
(109), R = N 3 64% 
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8.4.1.5 C-T! to C-S 

Thiophenols are obtained by photolysis of the appropriate arylthallium dithiocarbamate. 88 

s ) 
ArTI S -  NMe2 2 

hv 
ArS-SAr 

+ 

S 
I| 

At-- S - C -  NMe 2 
H20 

Ar-SH 

The reaction of phenylthallium diacetate with the sodium salt of thiophenol did not afford 
diphenylsulfide. Instead, the product of disproportionation of the thallium reagent was observed. 
Although not isolated, this product was suggested to be diphenylthallium phenylsulfide (110). 142 

PhTI(OAc) 2 + PhSNa MeOH 
, . . . _  Ph2TI-SPh + Ph2S 2 

(110) 

Arylthiocyanates (Ul ) ,  103 as well as the related arylselenocyanates (112), 143 are obtained by the 
reaction of the arylthallium(III) compound with Cu(SCN)2 or Cu(SeCN)2 respectively. 

Cu(SCN)2 Cu(SeCN) 2 
ArS-CN -: , ArTlX 2 :~ ArSe-CN 

(111) (112) 

Arylthiocyanates can also be prepared by treatment of the thallium compound with potassium 
thiocyanate. However, it requires photochemical activation to proceed, the bis(thiocyanato)thallium 
compound being too stable to decompose directly by ligand coupling. 144,145 

1) KSCN 
ArT1X 2 = ArS-CN (111), 36-58% 

2) hv 

Diarylsulfones are easily prepared by treatment of the thallium compound with copper(II) 
benzenesulfinate generated in situ by the combination of copper(II) sulfate with an excess of sodium 
benzenesulfinate. 146 

ArTIX 2 + Cu(SO2Ph) 2 
dioxane / H20 

Ar-SO2-Ph 

8.4.1.6 C-T! to C-C 

The conversion of a carbon-thallium bond into a carbon-carbon bond has been performed directly 
only in a relatively limited number of cases: formation of arylcyanides, reaction with nitroalkane salts 
as well as the reaction with copper acetylides. Other carbon-carbon bond formation reactions have 
been reported with a carbon-thallium substrate. However, they all involve palladium catalysis, and this 
is beyond the scope of this book. 147 

The reaction of arylthallium(III) compounds with potassium cyanide affords stable arylthaUium(IV) 
cyanide complexes, l l3,135 which can only decompose upon photolytic activation, indicative of a 
radical mechanism. 135 Decomposition of these complexes by heating does not afford the aryl cyanide 
in efficient yields. Pyrolysis afforded only trace amounts of the cyanide. 135 Heating a water solution of 
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the potassium phenylthallium tricyanide complex (113) led to the formation of diphenylthallium 
cyanide. 113 

hv | 
ArTIX 2 + KCN ~ ArTI(CN)~ K = Ar-CN 27-80% 

(113) 

However, aryl cyanides are more directly obtained by reaction of the arylthallium compound with 
various copper cyanides. Different reaction systems have been reported, such as CuCN or Cu(CN)2 in 
acetonitaile or pyridine with arylthallium acetate perchlorate monohydrates. 101 Other systems involve 
the arylthallium bistrifluoroacetate with CuCN in acetonitrile 105 or in DMF. 148 With these systems, a 
number of aryl cyanides (114), 105 heteroaryl cyanides (115) 125,126 and indolyl cyanides (116) and 
(117)124,148 have been prepared. 

X = TI(OCOCF3) 2 -~ X = CN 

R S - O "r" Me N" 
H 

(114), 62-85% 105 (115), 85% 125,126 (116), 69% 124 (117), 53% 148 

The reaction of arylthallium(III) diacetates with nitroalkane anions under photolysis gave the 
arylated nitroalkanes (118) in 60-70% yields. As photolytic activation was required, radical 
intermediates were postulated to be generated by electron transfer activation of the carbon-thallium 
bond. However, a relatively good yield of the C-aryl product was obtained as well at ambient light as 
in the dark, indicating the significant contribution of a different pathway, likely to be a ligand coupling 
process. 149,150 

_.• Mex O @ hv . _ M e  
Me TI(OAc) 2 + C- NO 2 Na ~ Me C- NO 2 (118), 68% 

Me / i Me 

_.• Mex O t~ dark . . M e  
Me TI(OAc) 2 + C- NO 2 Na = Me C- NO 2 (118), 40% 

Mg' Me 

Thallation of benzanilides with thallium tris(trifluoroacetate) in a mixture of trifluoroacetic acid and 
ether gave the ortho-thallated products. Reaction of these products with copper(I) acetylide in 
acetonitrile led to the 2-benzamidotolanes (119), which were eventually elaborated into the 2-phenyl- 
indole derivatives. 106 

NHCOPh NHCOPh PhCONH Ph 

R ~  a R~ ,TI (OCOCF3)  2 b ._ ~ ) _ . . . ~ . . . ~ / , ~ N l ~ p h  

a) TI(OCOCF3) 3 / CFaCO2H - ether b) Cu " -  Ph / MeCN, 56-80% 

Scheme 8.22 
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The attempt to substitute the thallium moiety of phenylthallium diacetate with acetylacetone failed 
to give the 3-phenylpentan-2,4-dione. Instead, the presence of the disproportionation product (120) of 
the thallium reagent was detected by NMR. 142 

,COMe 
PhTI(OAc) 2 + NaCH = Ph2TIX 

"COMe 
(120), ca. 90% by NMR 

8.4.2 Alkyi and vinylthaiHum(Ill) compounds 

Alkyl and vinylthallium(lIl) compounds are mostly obtained by oxythallation of alkenes or alkynes. 
They can also be formed by transmetallation between, for example, an organomercury compound and 
thallium(m) salts. Various types of reactivity have been observed for these compounds. The evolution 
of the carbon-thallium bond into functionalised products usually takes place homolytically or 
heterolytically. The ligand coupling process has also been evoked to rationalize a small number of 
transformations. 

Similarly to the reaction of arylthallium(III) compounds, the reaction of potassium iodide with 
(121), the product of oxythallation of alkenes, afforded the derived oxy-iodination product (123) in 
good yields through the alkylthallium diiodide intermediate (122). 151 

P h / +  ROH .~ 

TI(OAc) 3 

OR [ ,~.,OR ] OR 
p h ~ , , ~ T l : O A c  KI . I  =_ i ~ , , i  I 

OAc Ph " TI" I Ph 
(121) (122) (123) 

Scheme 8.23 

With other halides, the reaction is conveniently performed by treatment of the alkylthallium 
compound with the appropriate copper(I) halide. The product yield is increased by the addition of 
potassium halide. 151 The thallium moiety can also be replaced by other groups, similarly to the 
arylthallium compounds. The cyano group is introduced by reaction with copper(I) cyanide, 151 the 
thiocyano group by reaction with potassium and/or copper thiocyanatel51,152 and the selenocyano 
group by treatment with potassium selenocyanate. 143 

1) TI(OAc) 3 / AcOH @ S C N  

2) KSCN / AcOH 
47% ref. 145 

OH 1) TI(OAc) 3 / MeCN 
2) KSCN / MeCN 

~ , j  SCN 54% ref. 145 

I) TI(OAc)3 / MeOH 
2) KSeCN / MeOH SeCN 61% rd. 143 

OMe 

H 1) TI(OAc) 3 / EtOH EtOx /SeCN 
AcO ~E=: CH2 2) KSeCN / EtOH :-- EtO I 53% ref. 143 
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In all these reactions, the ligand transfer or ligand coupling takes place on the carbon to which the 
thallium group was originally bound. By contrast with a number of oxidation reactions with thallium 
salts, phenyl migration was not observed. In the reaction of oxythallation followed by conversion to 
SCN or to SeCN, transient organothallium(III) dithiocyanates [(124), X=S] or diselenocyanates [(124), 
X=Se] were postulated to be formed and to decompose by ligand coupling. 152 

XCN ] 
R- Tl: OAc K X C N  _- R ~T1. ---'-- R- X-  CN 

OAc XCN 
(124) 

Scheme 8.24 

with X = S or Se 

The bromodethalliation of methoxyalkylthallium diacetate (125) by potassium bromide in the 
presence of 2,6-dimethyl-18-crown-6 affords 1-bromo-2-methoxyalkanes. A SN2 displacement of the 
thallium group after or before anion exchange was suggested to be the most likely, although the 
possibility of a ligand coupling involving transfer of the bromine from thallium to the C-1 atom was 
not ruled out. 153 (Scheme 8.25) 

OMe [" OMe OMe 
| TI."OAc / B u - - 4  FX KBr / MeOI-I 1 

Su ~ OAc 1 S-crown-6 -- -/ ff~-'~'T11._ B u / ~  
B r 

L BrO X 
(125) 

Scheme 8.25 

By contrast, the methoxythallation adduct (126) obtained through reaction of n-hex-l-ene with 
thallium tris(trifluoroacetate) (84) undergoes rapidly dethallation to lead to 1,2-dimethoxyhexane and 
2-methoxyhexan-1-ol. These compounds arose from a first ligand exchange giving rise to the new 
intermediates (127) with R = H or Me, followed by transfer of the methoxy or hydroxy groups from 
thallium to the C-1 atom in a ligand coupling process. 153 (Scheme 8.26) 

au"~ 

Mechanism: 

TI(OCOCF3)3 OMe OCOCF3 

(84) = B u . ~ T I ~  OCOCF3 
MeOH (126) 

MeOH OMe OMe 
= Bu ~ ' O M e  + Bu ~ O H  

38% 51% 

OMe OCOCF3 ___.._ 

B u ~ , ' T I ~ "  OCOCF3 

(126) 

ROH 

OMe 

OR ] 
Bu Tl'v 

Bu " ~  OH (127) 

Scheme 8.26 

The mechanism of the copper(I) halide-mediated halogenodethallation of the 2-methoxyalkyl- 
thallium diacetate (128) appeared to depend on the reaction temperature. In acetonitrile at 80~ a free 
radical pathway was predominant. 154 (Scheme 8.27) However at 60~ the ionic pathway via a SN2 
displacement of the thallium group became more important. 155 (Scheme 8.28) 
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Radical pathway: 

T,,OAc,  �9 T I OAc, ] O+ CuX  
OMe (128) OMe 

�9 1 I (scrambling) R-- CH- CHDX -_ CuX2 R-- CH- CHD + T (OAc)2 O 
I I 

OMe OMe 

Scheme 8.27 

Ionic pathway: 

OMe 
I 

R-- CH- CHD- TI(OAc)2 
(128) + 

CuX2 | 

OMe H R = Ph Ph 
: R-  CH- C'~ D = C / ~ .  

' " H  
TIY2 MeO D 

R= n-Call17 XOland/o r CuX~ XOland/or CuX2 O 

OMe X OMe H 
I t 

(inversion) D (retention) X 

Scheme 8.28 

The formation of a carbon-carbon bond by reaction of alkylthallium(III) compounds has been 
described in the a-nitroalkylation of alkanes. The reaction of alkylthallium (129) with nitroalkane 
anions leads to the nitroalkyl derivatives (130). In this case, radical intermediates generated by 
electron transfer activation of the carbon-thallium bond are involved in a non-chain substitution 
process. 149,150 

Ph- CH-- CH(D)- TI(OAc)2 Me e MeOH 
I + C -  NO 2 Na t~ 

OMe M /  

M e  
i 

Ph- CH- CH(D)- C -  NO 2 
I I 

OMe Me 

(129), erythro (130), 90% 
(threo : erythro = 1:1) 

Vinylthallium(III) diacetates (131) react also with nitronate anions. However, the mechanism is 
now completely different, as the reaction proceeds with retention of stereochemistry and is not affected 
by irradiation or by oxygen. 149,150 It was suggested that the reaction proceeds by a multi-step vinylic 
nucleophilic substitution. However, a ligand coupling mechanism is also fully compatible with the 
experimental observations. 

Ph Me O (9 DMSO 
N. \ + C- NO 2 Na = 

TI(OAc) 2 Me / 

(131), (Z : E = 0:100) 

M e  

I 

Me 
99% (Z : E = 0:100) 
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P h i - " ' - "  TI(OAc) 2 + 

(131), (Z : E = 70:30) 

Me M_ xe O t~ DMSO , 
C- NO 2 Na V -~ Ph ~ ' - - - - - - C -  NO 2 

M /  ' Me 
93% (Z : E = 65:35) 

Other monovinylthallium(III) compounds such as (132), the product of oxythallation of acetylenes, 
react analogously to the arylthallium compounds. Halogenodethallation and pseudohalogeno- 
dethallation reactions result from the interaction of the oxyalkenylthallium compound with either 
potassium iodide or with the appropriate copper derivatives. 156 

P h ' ~ ~  'TI(OAc)2 § KI MeCN : P h , ~ ~ I  

AcOi (132) Me AcO i Me 

Ph~=~TI (OAc)2  § 

AcO (132) Me 

MeCN Ph , , . ,  X 
CuX 2 

AcO Me 
X = Br, C1 or CN 
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