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Preface

The present volume finalizes the coverage of mononuclear organocopper compounds
with ligands bonded by one carbon atom. As structural elucidation has not yet received
much attention in organocopper chemistry and the aggregation of most products is unknown,
the term “mononuclear’ has been used as explained in ‘‘Organocopper Compounds” 1,
pp. 3/4.

Compounds with alkyl, alkenyl, and aryl ligands have already been described in Vol-
umes 1 (published in 1985) and 2 (published in 1983).

The present Volume 3 contains all compounds with alkynyl, carbonyl, isocyanide, and
additional ligands bonded by one carbon atom. The largest part of this volume deals with
copper acetylides which are widely used as reagents in organic syntheses although many
of them are only poorly characterized.

For abbreviations and dimensions used throughout this volume, see p. X.

Frankfurt, September 1986 Johannes Fissel



Remarks on Abbreviations and Dimensions

Most compounds and reagents in this volume are presented in tables. Unless otherwise
stated, they are arranged in the tables according to the numbers of C atoms in the empirical
formula. For the sake of conciseness, some abbreviations are used and some dimensions
are omitted in the tables. This necessitates the following clarification.

Geometric isomers are designated according to the IUPAC rules. Structural labels are
missing when authors fail to report structural details.

Temperatures are given in °C, otherwise K stands for Kelvin. Abbreviations used with
temperatures are m.p. for melting point, b.p. for boiling point, and dec. for decomposition.

Nuclear magnetic resonance is abbreviated by NMR. Chemical shifts are given as §
values in ppm with the positive sign for downfield shifts. Reference substances are Si(CH,),
for H and 3C NMR, CFCl, for '°F NMR, and H;PO, for 3'P NMR.

Multiplicities of the signals are abbreviated as s, d, t, q (singlet to quartet), quint, sext,
sept (quintet to septet), and m (multiplet); terms like dd (double doublet) and t's (triplets)
are also used. Assignments referring to labelled structural formulas are given in the form
C-4, H-3,5. Coupling constants "J in Hz are given as J(A,B) or as J(1,3) referring to labelled
structural formulas, n is the number of bonds between the coupled nuclei.

Optical spectra are labelled as IR (infrared), Raman, and UV (electronic spectrum includ-
ing the visible region). IR bands and Raman lines are given in cm~1, the assigned bands
are usually labelled with the symbols v for stretching vibration and & for deformation vibra-
tion. Intensities are indicated by the common qualitative terms (vs, s, m, w, vw) or as
numerical relative intensities in parentheses. The UV absorption maxima, A,,,,, are given
in nm followed by the extinction coefficient ¢(L-cm~'-mol~") or log ¢ in parentheses;
sh means shoulder, br means broad. If reported, solvents or the physical state are given
in parentheses immediately after the spectral symbol.

Electron spin resonance is abbreviated as ESR, hyperfine coupling constants are given
as a(X).

Further abbreviations:

d. calculated density

d, experimental density

[M]*  molecular ion in mass spectroscopy
aq. aqueous

conc. concentrated

emf electromotive force
soln.  solution

THF tetrahydrofuran

i-C4H; isopropyl CH(CHj),
s-C4Hy sec-butyl CH(CH3)C,Hy
t-C,Hy tert-butyl C(CH,),
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Organocopper Compounds

Part3
1.1.2 Acetylides

For acetylides of the types (RC=C)R’CuLi and (RC=C)R’CuMgX where R’ are alkyl, alkenyl,
and aryl the RC=C group is less reactive than R’. The transfer of the group R’ is an important
reaction and for practical reasons these compounds are described in ‘*Organocopper Com-
pounds” 2, 1983, Sections 1.1.1.2.4 and 1.1.1.2.6 (pp. 174ff. and 227 ff.).

General References:

A. M. Sladkov, I. R. Gol'ding, Reactions of Copper and Silver Organoacetylenides, Usp. Khim.
48 [1979] 1625/83; Russ. Chem. Rev. 48 [1979] 868/96.

A. C. Hopkinson, Acidity, Hydrogen Bonding and Complex Formation, in: S. Patai, Chemistry
of the Carbon-Carbon Triple Bond, Vol. 1, Wiley, Chichester 1978, pp. 75/136, 97/9,
117/9; C.A. 89 [1978] No. 196383.

A. E. Jukes, The Organic Chemistry of Copper, Advan. Organometal. Chem. 12 [1974]
215/322.

W. Ziegenbein, P. Cadiot, W. Chodkiewicz, in: H. G. Viehe, Chemistry of Acetylenes, Dekker,
New York 1969, pp. 169/263, 237, 597/647.

T. F. Rutledge, Acetylenic Compounds, Reinhold, New York 1968, pp. 84/95, 207/10, 240/68.

A. M. Sladkov, L. Yu. Ukhin, Copper and Silver Acetylides in Organic Synthesis, Usp. Khim.
37 [1968] 1750/81; Russ. Chem. Rev. 37 [1968] 748/63.

Semiconduction of RC=CCu:

V. S. Myl’nikov, Photonics of Organometallic Semiconductors in the Form of Copper Organo-
acetylenides, Usp. Khim. 50 [1981] 1872/91; Russ. Chem. Rev. 50 [1981] 979/90.

V. S. Myl'nikov, Electrical and Photoelectric Properties of Organic Polymeric Semiconduc-
tors, Usp. Khim. 37 [1968] 78/103; Russ. Chem. Rev. 37 [1968] 25/38, 30.

Complex Acetylides:

G. W. Parshall, Homogeneous Catalysis: The Application and Chemistry of Catalysis by Solu-
ble Transition Metal Complexes, Wiley, New York 1980, pp. 1/240.

B. L. Shaw, N. I. Tucker, Organotransition Metal Compounds and Related Aspects of Homo-
geneous Catalysis, Pergamon, Elmsford, N.Y., 1975, pp. 1/214.

R. Nast, Komplexe Acetylide von Ubergangsmetallen, Angew. Chem. 72 [1960] 26/31.

G. E. Coates, Copper and Silver Acetylene Complexes, Organometallic Compounds, 2nd Ed.,
Methuen, London 1960, pp. 352/5.

R. Nast, Complex Acetylides of Transition Metals, Chem. Soc. [London] Spec. Publ. No. 13
[1959] 103/12.

J. W. Copenhaver, M. H. Bigelow, Acetylene and Carbon Monoxide Chemistry, Reinhold,
New York 1949, pp. 1/373.

Further:

K. Miiller, Functional Group Determination of Olefin and Acetylene Unsaturation [copper
acetylides in the analysis], Academic, London 1975, pp. 1/283.

M. Tramontini, Advances in the Chemistry of Mannich Bases [copper acetylides in Mannich
reactions], Synthesis 1973 703/75.
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2 1.1.2-1.1.2.11

M. L. H. Green, Organometallic Compounds II: The Transition Elements [structural problems
of copper acetylides], 3rd Ed., Methuen, London 1968, pp. 271/6.

G. Eglinton, W. McCrae, The Coupling of Acetylenic Compounds [copper acetylides in Grig-
nard reactions], Advan. Org. Chem. 4 [1963] 225/328.

1.1.2.1 Compounds of the Type RC=CCu

In the following sections, copper acetylides are formulated as RC=CCu even though
highly polymeric structures must be assumed in most cases. Oligomers have been also
found with certain R groups. The degree of association and its dependence on the solvent
and on the preparation method has been determined in some cases (see Nos. 55 and 98
on pp. 45 and 54).

History

Bottger prepared the first copper acetylide in 1856 by passing illuminating gas through
an ammoniacal solution of CuCl [1]. In 1860 Berthelot found that the true structure of the
violet-brown substance obtained is Cu,C, [2, 3]. The first substituted (‘‘organic”) copper
acetylide was CH3C=CCu, prepared by Berthelot in 1866 [4]. Nevertheless, the acetylides
RC=CCu obtained their present high importance in organic synthesis only in the last 30 years.
By now they have come to be regarded as common reagents in organic synthesis, the
use of which is in many cases more advantageous than that of the usual organometallic
compounds. Their application in preparative chemistry is often based on empirical facts,
and the reaction mechanism have hitherto been relatively little studied.

1.1.2.1.1 Preparation, Properties, and Selected Reactions
Preparation

The compounds listed in Table 1, pp. 17/41, can be prepared by the following methods.
la is the standard procedure.

Method I:  RC=CH is reacted with Cul.
a. An aqueous solution of [Cu(NHj),]1*, called "llosvay’s Reagent” [19, 20],
reacts with RC=CH directly or with solutions thereof in solvents like C,H;OH,
CH40H, acetone, dimethylformamide, dioxane, etc. [121]. Two-phase solvent
systems with ether [217] and toluene [164] have also been used.

The water-insoluble RC=CCu precipitates in most cases immediately. Some-
times it is precipitated by addition of water [350]. After filtration it is usually
washed successively by water, C,H;OH, and ether, and then thoroughly dried
in vacuum at moderate temperatures (but see under explosiveness, pp. 11/2).

The purity of the acetylide depends much on the counter ion in "llosvay’s
Reagent”. Often [Cu(NH,),1* is produced from Cu'" salts and [NH,OHICL.
A small excess of [NH;OH]CL prevents air oxidation and thus formation of
oxidative byproducts. A recommended method starts with CuSO, and is said
to give very pure acetylides [123]. Starting with CuCl [150] also yields pure
acetylides, Cul [123, 134] gives less pure products.

The ammonia has the function of making the Cu! soluble in aqueous media
and of neutralizing the H* ions produced in the course of the reaction.
Some RC=CCu compounds show a considerable solubility in agueous ammo-
nia. In these cases, freshly prepared CuCl is dissolved in aqueous NH,CI
solution, and the mixture is made weakly alkaline with CH;CO,Na [133].

References on pp. 57/67 Gmelin Handbook
Cu-Org. Comp. 3



Method Ii:
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If the substituent R contains hydrolyzable groups like C,H;0,C (No. 30) or
CH,0,C (No. 93), adjusting the pH to 7.5 to 8 or adding excess (NH,),CO,3
is necessary [163]. The preparation of RC=CCu compounds which contain
the tetrahydropyranyloxy group (e.g., Nos. 68, 101, 139) should be carried
out under ice cooling to prevent hydrolysis. if R contains double and triple
bonds (Nos. 24, 25, 43), ice cooling is necessary to prevent polymerization.
Preparation method la is often used for purification purposes. Nos. 127, 153,
154, and 167 were reprecipitated from ethereal solutions [205, 221].

Some RC=CCu are not precipitated by method la, if an excess of ““llosvay’s
Reagent’’ is present [4].

b. An ammine complex [Cu(NH,) ]* is generated in an anhydrous medium.
The Cu' salt (Cul, CuCl) is suspended in a solvent like C,H;OH or dimethyl-
formamide, a solution of RC=CH is added, and gaseous NHj is introduced.

¢. The reaction is carried out in liquid ammonia. Cul is used because of its
satisfactory solubility in NH,.

d. The reaction is carried out in the presence of proton acceptors like
(C,Hs),NH, pyridine, dimethylformamide, hexamethylphosphoric triamide, di-
methylsulfoxide, or K,CO,.

A recommendable method is the conversion of RC=CH to RC=CCu by the
so-called *‘complex CuCl-C,H;NH,-HCl". This reagent is soluble in CH;0H
or in CH;OH/C,H;NH, and the usual purification problems of heterogenic
preparations do not occur.

The so-called ‘‘acid preparation method’ is useful for preparing RC=CCu
compounds which are sensitive to bases (cf. Nos. 35 and 119). it can be
understood as a special method Id in which H,0 acts as a proton acceptor.
CuCl is suspended in H,0 and the acetylene is added. Quantitative conver-
sion is achieved after prolonged stirring [27]. C,H;OH can be used as a
solubilizer [60]. The products are said to be very pure.

e. The acetylene RC=CH is reacted with a solution of CUOC(CH,); in an organic
solvent.

f. RC=CCu is prepared according to the equation RC=CH 4+ (C,H;0),P - CuCl —
RC=CCu + C,Hs;Cl+HPO(OC,H;), with or without a solvent, with heating. Only
C,H, reacts at room temperature. in general, the RC=CCu compounds formed
are soluble in excess P(OC,H;);. (CgH5)3P - CuCl is also claimed to be effec-
tive for the transformation of RC=CH to RC=CCu, but no experimental data
are given [131].

g. With copper alkyls according to the equation R'Cu+RC=CH —» RC=CCu+
R'H, usually in ether or in dimethylsulfoxide.

Salts like RC=CL.i or RC=CK are reacted with salts of monovalent copper:
a. in liquid ammonia,
b. in an ether or in ether/alcohol mixtures.

Complexes M[B(C=CR),] (M is a metal ion or NH,) are also able to react in
high yield to form RC=CCu (see No. 90) [85].

References on pp. 57/67
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Method IV:

Method V:

Method VI:

Method VII:

Method VIII:

1.1.2.11

RC=CH is reacted with a bivalent copper salt. The reaction product is a mixture
of RC=CCu and R(C=C),R, which are readily separated due to their very differ-
ent solubilities. RC=CCu is said to be formed from Cu' and RC=CH. Cu! is
the reaction product of Cu' and RC=CH or RC=CCu. RC=CH can also be con-
verted with Fehlings solution to a mixture containing RC=CCu. This case was
hypothesized to involve an unstable Cu' acetylide which decomposes to the
radical RC=C. This could be the source of the R(C=C),R also formed [106].

Haloacetylenes and monovalent copper react according to the equation
RC=CX+3Cu* — RC=CCu'+[Cu"X]* +Cu*+* (X=halogen).

Decarboxylation reactions of (substituted) Cu' alk-2-ynoates.

The reaction RC=CCO,Cu' - RC=CCu +CO, corresponds to the inverse of Re-
action Type 6 (reversible binding of CO,, see Section 1.1.2.1.2) and is some-
times a balanced reaction. Proper conditions for the (not balanced) reaction
are, for example, in dimethylformamide at 35 °C.

A similar reaction leads to the formation of RC=CCu from (RC=CCO,),Cu".
This reaction is more complex and involves redox processes. It can be accom-
plished with steam at 100 °C.

Decomposition of complexes of RC=CCu. Adducts of NH,, or amines, or PR,
(see Section 1.1.2.4) can be cleaved with formation of RC=CCu. The reaction
can occur simply on standing in air or in N, at room temperature. More stable
adducts must be heated in vacuum (see Section 1.1.2.4, Table 23). Adducts
of heavy metal salts like HgBr, (see Section 1.1.2.5) are broken down by addi-
tion of suitable reagents, in this case of aqueous KI (see Section 1.1.2.5, Ta-
ble 24).

From complexes RC=CHCuCI of the acetylenes.

The colorless compounds RC=CHCuCl are very sensitive to solvents and bases.
Their reaction with H,0, C,H;OH, or NH,;/H,0O causes a yellow coloration with
subsequent formation of RC=CCu.

Decomposition of cuprates of the [(RC=C),Cu]™~ type (zerovalent or monova-
lent copper) and of their complexes, e.g., with NH; or ethylene diamine.

The principal reactions are

[(RC=C),Cu']~ +Cul — 2RC=CCu+I-

[(RC=C);Cu']?~ +H,0 — RC=CCu +further products

[(RC=C);Cu']?~ +2CH;SO,N(CH;), — RC=CCu+2RC=CN(CH,),+2CH,S0;

[(RC=C);Cu']2~ +2(CeHs),PO,N(CH,), — RC=CCu+2RC=CN(CH,), +
2(C4Hs),PO5

[(RC=C),Cu'],[Cu"D,]+H,0 — RC=CCu+further products
[(RC=C);Cu®]3~ +0, — RC=CCu+[(RC=C),Cu']?~ +further products

Other preparation methods are the hydrolytic decomposition of cuprates of the type
[RC=CCu'R']-M+* (R'=alkyl or aryl, M=Li or MgBr; see “Organocopper Compounds” 2,
1983, Sections 1.1.1.2.4 and 1.1.1.2.6 on pp. 174ff. and 227ff.), the synthesis of the acetylides
of diynes according to the equation RC=CCu +BrC=CH — R(C=C),Cu+HBr, and the reaction
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1.1.2.11 5

of acetylenes with copper from copper electrodes. The production of copper acetylides
on the surface of copper metal, which can cause severe explosions in the manufacturing
of C,H,, has not yet been reported for RC=CH.

Supposedly some RC=CCu is formed according to method Id in the systems CuCl/
C,HsNH,/HCI/CHLOH [115] or (C,Hs),NH/pyridine/Gul/Pd[P(CgHs);1CL, [269, 284], which are
used to perform catalytic reactions according to Reaction Type 2 (see Section 1.1.2.1.3).

Gaseous RC=CH are shaken in a sealed tube [65] or bubbled into the reaction medium.
In this way acetylenes like but-1-yne can be quantitatively washed out from gas mixtures.
The non-acetylenic components are not precipitated [28]. Similar separations with liquid
mixtures containing RC=CH are described for Nos. 46 and 48.

The production of protons in the reaction of RC=CH and Cu* has been used to determine
RC=CH quantitatively. The pyridinium ions formed according to the equation RC=CH + CuCl +
py — RC=CCu +[pyH]* +CI® (py=pyridine) are titrated by NaOH. The mixture is colored
and inhomogenous; thus, the end point determination is done by a glass electrode. This
procedure can be used for samples containing groups like CHO that interfere with the
usual silver method [39, 109].

Thermochemical Data of Formation are available only for Nos. 54 (R=n-C,Hy) and 90
(R=CgHs), see pp. 44 and 48.

Structuratl Properties

Most RC=CCu prepared are described as ‘‘microcrystalline’ or ‘‘amorphous’. X-ray
examinations prove that ““amorphous’” C4H;C=CCu powder consists of microcrystals [155].
Two coarsely crystalline RC=CCu compounds (Nos. 44 and 90) were obtained for X-ray
analyses by crystallization from liquid NH,;. Other RC=CCu are known as oils (Nos. 55,
57, 141).

In general, RC=CCu show a certain heterogeneity which is caused by surface oxidation
and aggregation into small lumps [63]. The crystalline regions are of limited size [274].

Most copper acetylides are polymers consisting of a very high number of RC=CCu units.
They could be better written as (RC=CCu),. Very little is known concerning the value of n.
At any rate, these polymers are totally insoluble in most solvents. On the other hand,
some copper acetylides are soluble in ethers and CCl,; even 1% solutions (of No. 55, R=
(CH3)3C) in pentane have been obtained [218]. In these rare cases oligomeric or even mono-
meric structures must be assumed. Cryoscopic, ebullioscopic, and osmometric measure-
ments have been done only for Nos. 55 and 98 (R =cyclo-C4H,,), where the degree of associ-
ation obviously depends on the preparation method, see pp. 45 and 54.

The smallness of the particles of most RC=CCu compounds prevented detailed X-ray
diffraction studies. The only RC=CCu for which a complete X-ray structural determination
has been performed is No. 90 (R =CgH;). This compound could be crystallized as fine needles
by extraction with dry diethylamine in the absence of air. Details regarding the X-ray data
are given under additional information for No. 90 on p. 51. The general structure is believed
to be the same for No. 90 and other highly polymeric RC=CCu.

Each ethynyl group lies roughly in the plane of the copper atom chain, and is ‘‘side-
on”bonded to one of the copper atoms, with the bond to the phenyl group distorted away
from this atom. The terminal carbon atom of the phenylethynyl group forms a bridge bond
with two adjacent copper atoms so that each ethynyl group is bonded to three copper
atoms, see Fig. 1, p. 6 [114].
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The polymeric structure indicated in Fig. 1 may be substituted by different R groups in
the same polymeric unit. In the literature, “compounds” of this type are called ‘*mixed
acetylides’’ (see Section 1.1.2.2).

X-ray data indicate an average transfer of a charge 0.4e from the copper atoms in
copper acetylides [227].

Thermal Behavior

Some thermal analyses have been done with copper acetylides. Nos. 90, 98, 102, 127,
167, and 181 show one exothermic peak. With Nos. 98 (R =cyclo-CgH,,) and 102 (R=n-C4H,3)
transformation to a different solid phase (IR spectrum unchanged) was observed in addition.
No. 188 (R =(CgH;5),C(CN)CH,) shows some exothermic peaks. Nos. 54 (R=n-C H,) and 90
(R=CgHs) are reported to decompose with considerable liberation of heat [261]. No. 54 first
melts, than it sets to a solid, then it melts again [83]. Most RC=CCu compounds melt with
decomposition.

Electrical Properties

There are general contradictions between the work of Mylnikov et al. [107, 120, 155]
and that of Okamoto et al. [191, 220, 221]. For instance the first postulate photocurrents
on surface cells which are lower in dry air than under vacuum. The latter reports higher
values and explains it by electron trapping by oxygen.

Obviously both intrinsic and extrinsic photoconductivity is involved in the electrical con-
duction behavior of RC=CCu compounds (see also conflicting results after ultraviolet pre-
irradiation and long relaxation times [155]). A significant contribution by the surface states
is indicated by the long wave shift of the photoconductivity spectrum compared with the
UV and photo-emf spectra [126, 147].

In many cases the band gaps from absorption and photoconductivity spectra agree (intrin-
sic photoconductors) [231, 278]. On the other hand, it has been stated that the sign of the
photocurrent carriers in all RC=CCu examined is positive. After the primary act (excitation
of a molecule by absorption of a photon), the exciton migrates until it collides with a structural
or chemical defect and forms a pair of free photocurrent carriers. In RC=CCu, pair formation
does not require an activation energy, as shown by the temperature dependence of the
photoconductivity at very high frequencies [119].
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1.1.2.11 7

The acetylides RC=CCu Nos. 11, 20, 22, 54, 55, 59, 60, 81, 86, 89, 90, 91, 94, 116, 117,
118, 127, 131, 140, 145, 153, 154, 158, 171, 172, 173, 174, 183, 184, and 190 have been
examined for photosensitivity. All except Nos. 22, 55, 140, and 158 showed a significant
photoconduction effect. Substantially no work has been done to explain these exceptions.
For Nos. 22 (R=1,2-C,B,4H;}, 55 (R=(CHj3)3C), and 140 (R=2-Cg¢H;5-1,2-C,B,,H,,) the absent
photoeffect could result from the fact that they are not high polymers (deduced only from
solubility data). But Cu,C, (see Section 2.2.1.1) is a high polymer and also shows no inner
photoeffect. No. 55 is octameric in benzene solution according to cryoscopical and ebullio-
scopical measurements [102, 103]. However, data about the ‘‘degree of polymerization”
of RC=CCu are often inconsistent, and the values depend much on the preparation and
purification methods. At any rate, the compounds No. 22, 55, 140, and 158 (R =CzH;FeCzH,)
have a bulky substituent R; thus steric hindrance is probably present too. The borane units
in Nos. 22 and 140 (all Table 1, pp. 17/41) are powerful electron acceptors and might therefore
prevent the formation of the usual polymeric structure of the copper acetylides.

The shift to lower frequencies in absorption, photoconductivity, and photovoltaic spectral
maxima follows the series R (in RC=CCu compounds): CzHs; <naphth-1-yl <naphth-2-yl <
anthr-9-yl and R’ (in 4-R'C4H,C=CCu): CH; <H < Cl <1< CH;CO <NO, [258].

The slopes in dry air and in vacuum of the plots of photocurrent | vs. light intensity
L were determined using an equation of the form I=k- LS [220]. For still other values no
conditions are given [257, 278]. In [257], a 1060 mm Nd laser was used.

No. RinRC=CCu sindry air s in vacuum s (no condi-
tions given)

20 C,HsS - — 0.55 [278]
90 CgHj 1.18 [220], 1.0 [221] 0.503 [220], ~0.5 [221] 0.7 [257]
91 CgH0 — — 0.65 [278]
94 CgHsS — — 1.00 [278]

116 4-CHZCgH, 0.9 [220, 221] 0.65 [220, 221] —

117 C¢H;CH, — — 1.05 [278]

153 naphth-1-yl  0.97 [220], 1.02 [221] 0.67 [220], 0.66 [221] —

154 naphth-2-yl  1.12 [220] 0.64 [220] —

The visible/UV absorption, photoconduction, photovoltage, and photoluminescence are
obviously based upon the same band-band junctions in the RC=CCu polymer. This follows
especially from comparisons of preirradiated and non preirradiated polymeric acetylides.
The high intensity of the absorption clearly proves that these bands result from characteristic
electronic transitions in the polymer [125]. They are not caused by optically active impurities,
as previously had been suggested in [107]. The similarity between the absorption and the
photoeffect spectra clearly supports the conclusion that the first phase of photon absorption
involves the formation of excitons, just as in other organic semiconductors. The competition
between their dissociation and their deexcitation determines the photoelectric and lumines-
cent properties. Decay of the excitons leads to the formation of free carriers, but the electrons
are captured immediately by traps, which might for example be associated with structural
defects in the polymer. The migration of the charge carriers (holes) is facilitated in the
polymeric acetylide because the potential barriers between molecules are lowered as a
result of t-complex bridges between electron-acceptor copper atoms and acetylene bonds.
The luminescence of the copper acetylides probably results from deexcitation of the excitons.
Preliminary irradition of RC=CCu by ultraviolet light in air leads to a decrease in the inte-
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8 1.1.2.11

grated luminescence yield and a simultaneous increase in the photoeffect. Luminescence
peaks decrease rapidly and photo-emf peaks increase (e.g., in [125]).

The changes in the luminescence and photoeffect spectra which occur when the samples
are irradiated by UV light are clearly caused by the disruption of weak coordination bonds
in the polymer, as a result of which the ratio of polymer homologs in the material changes.
When the bonds are broken, dissociation of the excitons can occur more rapidly at the
defects which have thus been formed, and this leads to an increase in the photoeffect
and a decrease in the luminescence yield. The low temperature experiments support this
model. Water vapor reversibly suppresses the electrical conductivity and the photoconduc-
tance and increases the photovoltage [126]. The quotient of light current to dark current
("'photocurrent response’’) is increased in vacuum [221]. The complex behavior of the con-
ductivity of RC=CCu compounds in the dark and under illumination after freezing out water
vapor, evacuation of air, and admitting of oxygen is treated by [120, 126, 155].

Photoconductivity is found at energies 5000 times lower than the threshold value. The
nonlinearity exponent s =0.8 excludes manyphoton processes. A relationship between for-
bidden band width and damage threshold is given [257]. An electron energy level scheme
has been used to compare qualitatively the different RC=CCu [248, 283].

RC=CCu compounds can be made sensitive outside the range of their normal photore-
sponse by several cationic, anionic, and neutral organic dyes [116, 117, 154]. The sensitized
photoconductivity and photo-emf spectra are similar to the absorption spectrum of the dye
in solution (10-8 M), which suggests that the monomeric form of the dye takes part in
the sensitizing act. From the view point of applying the concepts of semiconductor physics
to biological polymers, some curious results have been obtained regarding the effect of
nucleic acids and amino acids on the photosemiconducting properties. For instance DNA
and RNA increase the photoconductivity of RC=CCu compounds by 2 to 3 orders of magni-
tude. Regarding further purine and pyrimidine bases see [143, 174]. The photo-emf spectra
of RC=CCu compounds were found to be similar to the absorption spectra [125, 174]. A
surge of the photo-emf is observed in the first moment of illumination [174]. The photo-emf
is increased several-fold after sensitization of RC=CCu by purine and pyrimidine bases
or nucleic acids [143, 174]. RC=CCu compounds have been found useful for preparation
of electrophotographic layers. Nos. 86 (R=4-1CgH,) and 90 (R=CgH;) gave films which
charge well both positively and negatively (see pp. 45/6 and 48/50) [130, 141, 324].

Magnetic Properties

There have been no detailed investigations of the magnetic properties of RC=CCu com-
pounds. Nos. 98 (R=cyclo-C¢H,,), 102 (R=n-CgzH,;3), and 188 (R=(CzHs),C(CN)CH,) are re-
ported to be diamagnetic [238, 288]. No. 90 (R=C4zH;) shows no ESR signal [297].

Color

Most RC=CCu compounds are yellow. Green or greenish shades are often reported
too. Probably this is the result of some NH; content (cf. Nos. 2, 3, 5, 10, 64, 102). Some
become clear yellow after proper purification. In the case of No. 90 (R =CgH;) it was specifi-
cally proved that the ““greenish yellow” color is caused ‘‘by traces of NH;"”' [111].

Substituents R like (CHy)3C, (CH,),Si, C,H;0,C, fur-2-yl, and especially 2- and 3-nitro-
phenyl have a bathochromic effect (orange to deep red acetylides). Some are reported
to show varying colors (cf. No. 98 with R=cyclo-C4H,,). Others change their color on storage.
(No. 11 ““darkening’’; No. 5 green to brown; No. 2 khaki to brown; No. 8, “if wet in air”’,
yellow to brown.)
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1.1.2.11 9

Nuclear Magnetic Resonance Spectra

Because of the insolubility of the RC=CCu compounds, NMR techniques are not usual
means for characterization. The only RC=CCu measured by NMR are Nos. 55 (R=(CHj,);C)
and 140 (R=2-Cg¢H;5-1,2-C,B,,Hy().

IR and Raman Spectra

The electronic effects discussed at p. 7 decrease the order of the C=C bond in RC=CCu
vs. RC=CH and lead to a decrease in its frequency. This is in most cases between 1920
and 1960 cm~—! and thus 270 to 300 cm~' lower than in RC=CH. At approximately 450 cm~
a band is found in ring substituted copper phenylacetylides. This frequency is believed
to arise from the =C-Cu vibration [243].

Visible/UV Spectra

A great number of visible/UV data is known for RC=CCu compounds. In most cases
a diffuse reflectance spectrum of the insoluble acetylide is reported. The usual diluent
is MgO (e.g., 5x10~4M RC=CCu in MgO), but also spectra have been obtained without
dilution by a nonabsorbing standard. The RC=CCu:MgO ratio is 1:100 in Fig. 2a [256]. In
Fig. 2b the concentration is 5 x 10—4 M [231].

F(Reo)

Fig. 2. Visible/UV spectra of various RC=CCu (Nos. as in Table 1, pp. 17/41). F(R,)=
(1-R,)%/2R,,, where R, is the reflectance of the layer relative to MgO.

Molecular Properties

Most copper acetylides are coordination polymers in which each Cu atom is n-bonded
with at least 2 acetylenic groups. The electrons are drawn from the n -bonding acetylenic
orbitals to the metal and from filled d-orbitals of the metal to the unoccupied n -antibonding
orbitals of the acetylene. So the structure of the acetylides involves a transition term between
o- and n-bonding. The consequences of the decrease in bond order are discussed under
IR spectra. The breakdown of the polymeric structure by PR;, SbR;, and AsR; is treated
in Section 1.1.2.4. Electron energy levels have been calculated for some RC=CCu com-
pounds, see Fig. 3, p. 10, in which ¢ is the photoelectric work function and y the electron
affinity [248].

Solubility
In general, the RC=CCu compounds are insoluble in H,O and in nonpolar organic solvents
like hexane. Most acetylides are also insoluble in common organic solvents.
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10 1.1.2.1.1

Fig. 3. Electron energy level scheme of RC=CCu (Nos. as in Table 1, pp. 17/41).

Some RC=CCu surprisingly show a considerable solubility in ammoniacal CuCl solution
(e.g., Nos. 7 (R=CH;), 17 (R=CH3CH(OH)), especially if excess KCl or NH,Cl is present
(No. 7). No explanation is given. Nos. 35 (R=C,H;CH(OH)) and 44 (R=fur-2-yl) are soluble
in agueous NH,. RC=CCu with R=alkyl are more soluble in hexamethylphosphoric triamide
than the aryl-substituted compounds [204]. Ethers have also been used to dissolve RC=CCu
compounds. No. 57 (R =(CH;),C(OCHj3)), which contains an ether group, gives in ether a
0.1 M solution at 0 °C. No. 33 (R=n-C;H,) is ‘'slightly”’ soluble in ether, No. 55 (R=(CHj,),C)
can be crystallized from ether. No. 44 (R=fur-2-yl) is reported to be insoluble in ether.
Tetrahydrofuran dissolves Nos. 33 (“‘slightly’), 40, 55, 57 (“‘readily”), and 74. C,H;OH dis-
solves readily some RC=CCu compounds containing alcoholic groups like Nos. 17 and 35.
In contrast, No. 44 is insoluble in that solvent. No. 45 (R =thien-2-yl) is dissolved by boiling
CH,CO,H. The P(OR), (R=C,H; or CH;) are reported to be suitable solvents for Nos. 40,
78, 90, 91, and 120. Pyridine has also been used as a solvent fotf RC=CCu compounds.
Nos. 16 (R=HOCH,CH,) and 33 (R=n-C;H,) give a solubility of 103 M, No. 8 (R=HOCH,)
of 7.5 x10~3 M (25 °C). No. 74 is “‘soluble’ in pyridine. Aliphatic amines were used to extract
RC=CCu from mixtures and to obtain larger crystals from a microcrystalline powder. The
extraction of Nos. 55 (R =(CHj,),C) and 90 (R=C4H;) was done with (C,H;),NH or (CH;),CHNH,
in a Soxhlet extractor [102, 114]. Nos. 11 (R=CH,=CH) and 90 are soluble in tetramethyl-
ethylenediamine [280].
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In contrast to the common solubility pattern the carbaborane-containing acetylides
Nos. 22, 140, and 193 are quite soluble in organic solvents like ether, benzene, and CH;OH.
No. 193 (R=1,7-C,B, H;,) is even soluble in CCl,, whereas the highly chlorinated acetylide
No. 9 is totally insoluble in this solvent [193, 235]. No. 193 can be recrystallized from benzene.
Also a higher solubility than common RC=CCu compounds is shown by Nos. 55 (R =(CH,);C)
and 40 (R=(CH,),Si) with a *‘spherical”’ substituent R. No. 55 is even soluble in CHCl, and
in CH,C=CH [218].

Thermal Stability, Stability in Air, and Explosiveness

The stability of RC=CCu compounds in the absence of oxygen depends much upon the
group R. No. 1 (R=H) decomposes above —50 °C to C,H, and Cu,C, [91], No. 40 (R = (CH;),Si)
decomposes at about —20 °C [245], but Nos. 90 (R =CgH;) and 116 (R =4-CH,CgH,) are stable
up to 200 °C [286]. Several RC=CCu compounds do not melt when heated but decompose.

In some cases thermal decomposition forms finely divided metallic copper (Nos. 98,
R=cyclo-CgH,¢; 102, R=n-C4H,5; 188, R=(C4zH;),C(CN)CH,) or a copper mirror, with No. 55
(R=(CH,);C) even at 150 °C. With certain RC=CCu on heating in air, an increase of weight
is observed due to CuCO; formation (Nos. 98, 102). There exist acetylides stable in air
at room temperature, but others are very air-sensitive like No. 28 (R=(Z)-CH;O0CH=CH).
No. 30 (R=C,H;0,C) can be air dried [188], Nos. 98 and 102 are stable in air too. Nevertheless
RC=CCu compounds should, as a norm, be stored in tightly stoppered brown bottles. No. 90
(R=C4H;) has proved to be stable for years under these conditions [207]. Nos. 16 (R=
HOCH,CH,), 33 (R=n-C4H,), 54 (R=n-C,Hy), and 102 (R=n-CgH,3) were thus stored “for
a long time’’ without remarkable change [222]. No. 90 (CzH;C=CCu) was found to be more
stable than C¢H,C=CAg and No. 54 (n-C,H,C=CCu) [261]. If R is basically a hydrocarbon
unit, the stability is decreased by substituent OH groups [183].

The information given in the literature about explosiveness seems to be based on experi-
ence with accidental explosions and with safe handling. No systematic work has been done
in this field. Multiple bonds in the R group seem to enhance the tendency toward severe
explosions. No. 43 (R=CH,=CHC=C) and No.9 (R=CCl,=CCl) are reported to be ‘highly
explosive”. No. 43 should only be handled when wet with ether. On the other hand, No. 74
(R=(C,H;0),CH) is also found to be " highly explosive”. With respect to Nos. 7, 8, 74, and
117 storage under H,0 and drying before use is recommended [133]. Mixing in the dry
state sometimes has been found to be dangerous. Wetting with dry acetone and the use
of bone spatulas were suggested [63]. Other RC=CCu compounds show only a firework-like
sparking, microexplosion behavior (e.g., No. 6, R=NH,CO) or an ignition (e.g., No. 8, R=
HOCH,). No. 2 (R=CF,) decomposes slowly on gentle heating, but gives a vigorous explosion
on rapid heating [127].

A lot of copper acetylides are reported to be ‘“nonexplosive” or the “handling was
found to be quite safe’” [277]. Nevertheless, the real danger cannot be estimated reliably.
Curtis et al. report a severe detonation in the course of their work with a dry RC=CCu
(R was not specified in the paper) [183]. In general, copper acetylides containing the carbo-
rane unit (Nos. 22, 140, 193), P or As functions (Nos. 145, 173, 174), and certain ether links
(Nos. 101, 111, 118) are reported to be nonexplosive. They even show no deflagration on
heating. Nos. 98 (R =cyclo-C4H,4), 102 (R=n-CgH,3), and 188 (R = (C4H;s),C(CN)CH,) are * not
sensitive against shocks or percussion™.

The situation is somewhat curious. No. 111 (a methylene ether) is reported to be
“nonexplosive’”’, No. 116 (R=4-CH,C.H,) to be “very explosive” [30], and with No. 114
(R=2-CH4C¢H,) a 78 g synthesis batch was processed [178]. In addition, several individual
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RC=CCu compounds seem to be variable in their ease of detonation. The preparation method
is an especially significant source of such variability. The RC=CCu compounds precipitated
from an acid solution (e.g., by Preparation Method Id with H,O as a proton acceptor) and
from solutions which do not contain HCHO, NH,NH,, or NH,OH are more explosive than
those prepared by Method la, for example. The reasons are not clear. Hindrance of complex
formation on the surface or the change of the crystal structure have been conjestured.
RC=CCu compounds which have a metallic lustre are believed to be more explosive [156].

Chemical Reactions

The feasible reactions are listed in Table 1, pp. 17/41. They are described in Sec-
tions 1.1.2.1.2 to 1.1.2.1.25. For the simpler Reaction Types 1 to 6 (reactions with proton
donors, oxidants, halogens, and CO, where there is no variation of groups within these
reactants) the literature and the yield are given in Table 1. For some general remarks
see Section 1.1.2.1.2.

The more complex reactions of Type 7 to 12 and 18 (variation of groups within the
reactant) are listed in Table 1 without literature citations; for data and references see Sec-
tions 1.1.2.1.4 to 1.1.2.1.10. For Reaction Type 13 (catalysis by RC=CCu) see Nos. 33, 40,
and 90 on pp. 44 and 53/4. For the Reaction Types 14 to 17 see Sections 1.1.2.3 to 1.1.2.8,
where the products of these reactions are described.

Examples of reactions which are standard procedures in organic chemistry (e.g., Reaction
Type 7, see p. 13) are often hidden in the literature. Therefore, possibly not all reactions
which have been reported are tabulated here. Except for Reaction Types 2, 5, and 13 thorough
oxygen exclusion is of high importance. Otherwise RC=CCu is consumed in the course of a
reaction of Type 2 and the reaction products are contaminated with R(C=C),R. Some reac-
tions even require the removal of dissolved air in solvents like pyridine.

To understand the principle reactions of RC=CCu, a brief analysis of the feasible reactions
is given. For reactions of Type 1 to 6 see also Section 1.1.2.1.2 and for the other reaction
types see Section 1.1.2.1.3.

Reaction Type 1: Reactions with proton donors:

RC=CCu S S RC=CH, see Section 1.1.2.1.2.
a: with HCL,
b: with HNO;,,

c: with CN~ ions in aqueous solution,
d: with further reagents, which are listed in Table 1 in parentheses.

oxidant

Reaction Type 2: Oxidation: RCzCCy ———= R(C=C}),R, see Section 1.1.2.1.2,
a: with O, or air,
b: with Cu' compounds,
c: with [Fe(CN)g]®—,
d: with further reagents, which are listed in Table 1 in parentheses.

Reaction Type 3: RC=CCu+X, — RC=CX+CuX, see Section 1.1.2.1.2,

a: X=lI,
b: X=Br.
Reaction Type 4: RC=CCu+2X, — RCX=CX,+CuX, see Section 1.1.2.1.2.
a: X=|,
b: X=Br.

Reaction Type 5: ‘' Straus Reaction’’:
ir

RCZCCU gy araus GHsco;n ™ RCH=CHCECR, see Section 1.1.2.1.2.

References on pp. 57/67 Gmelin Handbook
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Reaction Type 6

Reaction Type 7:

Reaction Type 8:

Gmelin Handbook
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(reversal of the Preparation Method V): RC=CCu+CO, — RC=CCO,Cu,
see Section 1.1.2.1.2.

RC=CCu+R’X — RC=CR’+CuX.

This is one of the most important reactions in organic chemistry for prepa-
ration of substituted acetylenes; thus, the examples are very numerous
and must be formally classified into several groups. The hybridization
type of the C atom bound to the departing X group is the primary factor
in the classification scheme (in the order sp3-sp2-sp). The heterocycles
are dealt with after the carbocycles, and finally compounds with the de-
parting group X bound to an atom other than C are described:

a: reactions with R’X where X is bonded to a sp® carbon, see Sec-
tion 1.1.2.1.41,

b: reactions with acyl halides, see Section 1.1.2.1.4.2,

c: reactions with haloalkenes, haloallenes, and allenyl esters, see Sec-
tion 1.1.2.1.4.3,

d: reactions with haloalkynes, see Section 1.1.2.1.4.4,

e: reactions with CgH;l, see Section 1.1.2.1.4.5,

—

reactions with 2-substituted halobenzenes, see Section 1.1.2.1.4.6,

reactions with 3-substituted halobenzenes, see Section 1.1.2.1.4.6,

T «

reactions with 4-substituted halobenzenes, see Section 1.1.2.1.4.6,

i: reactions with di- and polysubstituted halobenzenes, see Section
1.1.21.4.7,

j: reactions with compounds containing more than one iodobenzene
moiety, see Section 1.1.2.1.4.8,

k: reactions with iodonaphthalenes, see Section 1.1.2.1.4.9,

l: reactions with other carbocycles R’ X, see Section 1.1.2.1.4.10,

m: reactions with 5-membered heterocycles R’ X, see Section 1.1.2.1.4.11,
n: reactions with 6-membered heterocycles R’ X, see Section 1.1.2.1.4,12,
o: reactions with condensed heterocycles R’ X, see Section 1.1.2.1.4.13,

p: reactions with R’X where X is bonded to S, P, Si or Sn, see Section
1.1.2.1.4.14,

RC=CCu+R’X — ring closure product of RC=CR’ + CuX

The first step corresponds to Reaction Type 7, but R’X contains a structural

element C(ZH)=CX (Z=NR’, O or S and X=halogen) in a suitable position,

which in a second step adds to the triple bond to form a new heterocyclic

ring.

a: ring closure giving furans, see Section 1.1.2.1.5.1,

b: ring closure giving pyrroles or thiophenes, see Section 1.1.2.1.5.2,

c: ring closure giving other heterocycles, see Section 1.1.2.1.5.3,

d: ring closure giving carbocycles, see Section 1.1.2.1.5.4.
References on pp. 57/67
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Reaction Type 9:

Reaction Type 10

Reaction Type 11
Reaction Type 12

11211

R'X REECCU iy X =1 or Br

The halogen of the substrate is replaced by H. Usually there is no informa-
tion about the destiny of the RC=C unit. C4H;C=CCu is able to cause a
replacement of iodine in fluoroaromatic compounds [240], of iodine in
naphthalenes, and of bromine in phenacyl bromides [123] by H, if a proper
solvent is used. Probably the H is abstracted from this solvent, but no
investigations about its origin have been conducted, see Section 1.1.2.1.6.

: Mannich type reactions: RCZCCu +[CH,===NR}]* —e= RCZCCHyNR3 +Cu”,
see Section 1.1.2.1.7.

: Reaction with copper alkyls and copper aryls, see Section 1.1.2.1.8.

: Reaction with nitrones to form B-lactams:

0 H o

’ R
RCZCCu + R¥CH=N ——=

\ RE—NR!

The primary product seems to be the cis-fB-lactam, which is partially
rearranged to the trans-3-lactam, see Section 1.1.2.1.9.

Reaction Type 13: RC=CCu as a catalyst (see Nos. 33, 40, and 90 on pp. 44 and 53/4).

Reaction Type 14: Adduct formation with compounds of main group IV and V elements (see

Section 1.1.2.4) and with compounds of subgroup elements (see Sec-
tion 1.1.2.5).

Reaction Type 15: Heterocuprate formation according to the equation

RC=CCu+ MX — [RC=CCuX]M (or RC=CCu - MX; M = alkali metal or MgX;
X=F, Cl, Br, I; see Section 1.1.2.3).

Reaction Type 16: Homocuprate formation according to the equation

Reaction Type 17:

RC=CCu+R’M — [RC=CCuR’]M (M =alkali metal or MgX).

a: R’=organic group other than R'C=C, see ‘‘Organocopper Com-
pounds’’ 2, 1983, pp. 174/87 and 225/37,

b: R’=R!C=C, see Section 1.1.2.7.

To prepare [RC=CCuR’]M (“Gilman’s Reagent’’) according to Reaction
Type 16 a soluble acetylide is advantageous. This can be selected freely,
for the acetylene moiety is not of importance in the course of so-called
“Gilman Reactions’. The quite soluble but very expensive No. 55 (R=
(CH,);C) [308] and the soluble No. 57 (R=(CH,),C(OCH,)) [271, 310, 314]
have been suggested. But most reactions are performed with No. 33
(R=n-CzH,) [301, 303 to 307, 309, 311 to 313].

Homocuprate formation according to the equation
RC=CCu+2R’'M — [RC=CCuR3]M; (M=Li or K).

a: R’=organic group other than R'C=C, see ‘Organocopper Com-
pounds” 2, 1983, p. 241,

b: R"=R'C=C, see Section 1.1.2.8.

See also the remarks under Reaction Type 16.

Reaction Type 18: Reactions with other transition metal compounds, see Section 1.1.2.1.10.

References on pp. 57/67 Gmelin Handbook
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“In situ” Reactions. There exist some reactions in which RC=CCu seems to be an
intermediate, e.g., in the so-called ‘‘Glaser coupling”

2RCZCH + 0, — % amR(CZC),R + H,0
and in the so-called *‘ Cadiot-Chodkiewicz coupling”’
RCEZCH + BrC=CR'-“LamR(CZC),R! + HBr

The first reaction corresponds to our Reaction Type 2 and the second to our Reaction
Type 7d.

Bourgain et al. have shown in a detailed investigation that with solid RC=CCu with either
catalytic (10 g CuCl per mole RC=CH) or stoichiometric amounts of Cu' salt the reaction
RC=CH +CH,=CHCH,Br — RC=CCH,CH=CH, proceeds in the same way. The yields are more
strongly influenced by the solvent and by basic additives than by the general method [164].
On the other hand, the activation of the R'Br bond by Cu+ in the alkynyl Grignard reaction

RCZCMgBr + R'Br -~ =RCZCR' + MgBr,
was also postulated, a simultaneous RC=CCu formation not excluded [64].

The reaction
RNC=ZClpH + Br(C=C)y RZ SR (C2C)ypy R2

shows a maximum yield with ca. 2 mol% Cu*. The yields are lower with pure R'(C=C),Cu
instead of R'(C=C),,H/Cu* due to the fact that the reaction

R1(C=C),,Cu+Br(C=C),R? — R'(C=C),,, R?

produces large amounts of Cu*, which causes side reactions with Br(C=C),R?. That means,
though catalytic amounts of Cu*t are preferable, the reaction could nevertheless have RC=
CCu as an intermediate.

The “‘in situ” reactions listed above are dealt with in the following sections only for
acetylides already listed in Table 1, and when also the reaction is of special importance.

Remarks Concerning Table 1 on pp. 17/41

In principle Table 1 contains only characterized RC=CCu compounds, but there are bor-
derline cases. Literature data are often so vague that it is hardly possible to decide whether
the compound was prepared or not. In many cases the only further characterization is
by the reaction products of the compounds. It is often very difficult to determine from the
papers just what was actually done. Further, there are often reaction conditions in which
it is known that RC=CCu must be precipitated; the article, however, contains no remark
about its formation or isolation and the characterization is only in terms of consecutive
reactions. In all these cases the preparation method is listed in Table 1 with an asterisk
(e.g., "la).

The compounds CIC=CCu, C,H;OCH,C=CCu, and (CH;),NCH,C=CCu exist only as ‘Lil
or Nal adducts” (see Section 1.1.2.3, Table 21), and C;H,CH(OH)CH,C=CCu exists only as
C,H;CH(OH)CH,C=CCu - CuCl (see Section 1.1.2.5, Table 24). They are therefore not included
into Table 1.

Gmelin Handbook References on pp. 57/67
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All hydrates are listed in this table.

Acetylenes with a second acid proton are reported to form ‘‘copper acetylides’’, too.
In most cases there was no decision about where the copper atom is bound. This case
refers for example to acetylides with CO,H groups (Nos. 5 and 31), but probably not to
CH,OH (e.g., No. 8). A similar problem arises with the CO,Na group. Na and Cu here could
be in interchanged locations (Nos. 4, 23).

References on pp. 57/67 Gmelin Handbook
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42 1.1.2.11

*Further information:

HC=CCu (Table 1, No. 1) is postulated as an intermediate in the formation of Cu,C, from
Cu* and C,H, in aqueous media. Various equilibria were assumed, e.g., HC=CH+Cu*=
HC=CCu+H™ [55, 104, 260]. HC=CCu in these solutions is even supposed to be catalytically
active in the dimerization and for similar reactions of C,H, [177].

Earlier reports on use of Preparation Method la give no definitive proof of the formation
of HC=CCu [17, 55]. Its aqueous solutions are claimed to be yellow or colorless [55, 104].
High dilution conditions with a high C,H,/Cu* ratio were also used [61]. An “HC=CCu”
is reported to give on reaction with HCL at room temperature C,H, and under certain condi-
tions under cooling 2CuCl - C,H,; but there are no details of its preparation [17]. The equilibri-
um data of [17] lateron were not confirmed [48]. Conditions for preparing a “‘red HC=CCu”
resemble those for Cu,C, synthesis; no proof of structure is given [95]. In the decomposition
reaction of HO,CC=CCu to yield Cu,C,, C,H,, and CO, the compound HC=CCu could be
an intermediate (see also No. 5) [36].

CF,C=CCu (Table 1, No. 2). On fusion with metallic sodium the fluorine is quantitatively
converted to NaF [65]. CF,C=CCu is thought to be an intermediate in the reaction of CF;C=
CZnCl and CuCl, to form CF4(C=C),CF; [127].

CH,C=CCu (Table 1, No. 7) is also formed by hydrolysis of [(CH;C=C),CulK, (see Sec-
tion 1.1.2.8) and from [(CH,C=C),Cu]K (see Section 1.1.2.7) and Cul in liquid ammonia [84].

Depending on the preparation and purification methods, the compound varies much
in these ease of detonation. Storage under water is recommended [133]. IR and Raman
band positions are listed in the table; the spectra are reproduced in Fig. 4.

CH,C=CCu is not affected by pyridine, bipyridyl, o-phenanthroline, and pure N(C,H;); [98].
The formation of a CO adduct from CH;C=CCu and CO in liquid ammonia is conjectured [101].
CH,C=CCu does not undergo the so-called “Straus Reaction” (Reaction Type 5) to give
CH,C=CCH=CHCH;. The only product was CH3(C=C),CH; [51].

HOCH,C=CCu (Table 1, No. 8). When Cu, in the presence of air, is immersed in an aque-
ous solution of HOCH,C=CH and CH,=CHCH,NH, (both 0.2 M), a visible yellow film of
HOCH,C=CCu is formed within 2 min. After 10 min a thick film is obtained which is smooth

r Raman

o

f f f f ! f f ' f f
2200 2000 1800 1600 1400 1200 1000 800 600 Z.Ud 200

Wavenumber, cm-'
Fig. 4. The Raman and infrared absorption spectra of CH;C=CCu [236].
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1.1.211 43

and fairly adherent. When cyclic voltammetry is carried out using an aqueous solution
of HOCH,C=CH, CH,=CHCH,NH, and KOH (all 0.1 M), the formation of HOCH,C=CCu at anodic
potentials is so rapid, that it is deposited as a nonadhering yellow powder [343].

The IR spectrum in polyethylene was measured from 100 to 400 cm~—'. The Cu-Cu fre-
quencies are given as 135 and 168 cm~—1[228]. Electrochemically grown layers of HOCH,C=
CCu on metallic Cu give the following Raman reflections (Ar or Kr laser): 244, 312 (C=C-C),
401, 443 (Cu-C), 588 (=C-C-0), 931 (=C-C), 1920 (C=C), all in cm~—1[343].

Certain reactions attack the molecule at the oxygen atom. | reacts with HOCH,C=CCu
to form 21% 1l with 5% IIl admixed [252, 275]. A quantitative analysis of the alkyne content
in impure HOCH,C=CH is possible by reaction with CuCl/pyridine (Preparation Method 1d)
and subsequent titration of the resulting pyridinium ions; see p. 5. The reproducibility is
+2% [109].

CgHsCO2 0 OCH,C=CH
H o H
H H
CgHsCO2 02CCgHs
0
CgHgCO2 H _ I
+ HOCH,C=CCu —
AN H Br

CgH5CO2 02CCgHsg

OCH,C=CH

CCL,=CCIC=CCu (Table 1, No.9). The reaction of CCl,=CCIC=CCu and Br, in CCl, at
—10°C yields besides CuBr 37% CCl,=CCIC=CBr [193, 235], 20% CCl,=CCICBr=CBr,, and
20% (CCl,=CCIC=C),. The analogous reaction with I, in CCl,/ether gives only 82% CCl,=
CCIC=Cl. (CCl,=CCIC=C), can also be obtained in 40% yield by oxidation with K;[Fe(CN)g].
The reaction with 3N HCI at 50 °C yields 26% CCl,=CCIC=CH [235].

CH,=CHC=CCu (Table 1, No. 11). In preparation by Method 1d CH,=CHC=CCu precipitates
over the range of 0.005 to 0.3 N H,SO, [296]. Photoconductivity spectra were measured be-
tween 410 and 590 nm [202], 400 and 700 nm [203]. The long wave maximum was found
at 465 nm [203, 231, 283]. These spectra give a forbidden band gap of 2.41 eV [203, 231,
283], the visible/UV data one of 2.5 eV [231, 283]; the direct transition energy is 2.53 eV [231].

The electronic spectra yield the following values for the Cu2p,,, level and (in parenthe-
ses) the C1s level (relative to Fermi levels in Cu or in **free hydrocarbons’’, respectively):
Binding energy 934.4 eV (286.7 eV); half-width of the electron lines 2.2 eV (3.1 eV), chemical
shift 2.2 eV (1.7 eV). The charge distribution is discussed [227]. For “mixed acetylides”
with C4gH;C=CCu see Section 1.1.2.2.

C,H;SC=CCu (Table 1, No. 20). The photoconductivity spectrum was measured from 390
to 650 nm. Because of the presence of sulfur in the molecule a supplemental ‘‘intermolecular
p,-d, interaction” was hypothesized. A photoconductivity spectrum of C,H;SC=CCu in the

Gmelin Handbook References on pp. 57/67
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44 1.1.2.1.1

presence of kryptocyanine and the illuminance/electrical current characteristics were also
measured [278].

n-C,H,C=CCu (Table 1, No. 33). The reaction of 2-IC;H,(CH,),ZOH to give IV is strongly
catalyzed by the n-C,H,C=CCu polymer (Reaction Type 13). Monomeric Cu' or low molecular
weight aggregates of n-C;H,C=CCu in solution are not capable of rapid catalysis. The
polymerically bound Cu seems to bridge the overly long distances between | and OH in
2-1CgH,4(CH,),ZOH to form IV. Formally this reaction can be understood as a hydrolysis
of n-C;H,C=CCu to n-C;H,C=CH by HI [165].

(CH,)n
{CH,)
N7 - j2n (Z= CH,.CO)
I I 0~?

OH
v

C,H,CH(OH)C=CCu (Table 1, No. 35). Like some other OH-containing copper acetylides,
C,H;CH(OH)C=CCu is readily soluble in aqueous NH, and cannot be precipitated in the
manner usual for Preparation Method la. When C,H;CH(OH)C=CH is added to a suspension
of CuCl in H,O, “pure’’ acetylide can be isolated [27].

(CH,);SiC=CCu (Table 1, No. 40) is formed from (CH,);SiC=CLi and CuBr or Cul, but
only if the Li:Cu ratio=1; a Li:Cu ratio=2 gives a complex acetylide; see Section 1.1.2.7
[325].

The acetylide does not react with aryl halides (cf. Reaction Types 7 and 8) or with
2-(prop-1-ynyl)-2-methyloxirane, even in the presence of Pd[P(CgH;);l4; in some cases
its instability could be the reason [245, 266, 325]. It is thought to be an intermediate in
the reaction of (CH,),SiC=CLi with Cu' halides to give complex acetylides [206].

A conjugate addition of Mg or Li homoenolates to enones is possible in the presence
of (CH,;)4SiC=CCu in ether. Most Cu compounds examined are not, some (including (CH;),CC=
CCu) are only slightly effective. The resulting 1,6-diones or their enolic ethers are postulated
to be formed in a transmetallation reaction involving the copper acetylide, but no further
copper species are mentioned [347]. Possibly the active species is the complex (CH,);C=
CCu-S(CH,),; see Section 1.1.2.4 [358].

n-C,H,C=CCu (Table 1, No. 54). For the reaction Cu(cryst) +6C(graphite)+4.5H,(g) —
n-C,HyC=CCu(cryst) thermodynamic parameters are calculated from calorimetric mea-
surements (T=298.15K and p=101.8325kPa): AHy5=73.2+3.5kd - mol~1, AGy5s=214.6
3.7 kJ-mol~1, and AS;ygs= —474.3+0.7 J- mol~' - K~ 1. The specific heat C, of the crystal-
line material in the range from 14 to 330 K was measured with an adiabatic vacuum
calorimeter [287]; values (partly extrapolated) are:

temperature C, temperature C,
in K inJ-mol=1-K—1 in K inJ-mol—1-K-1
5 0.1920 100 72.66

10 1.554 150 100.0

15 4.032 200 121.8

25 10.89 273.15 150.9

40 24.26 298.15 160.6

60 42.77 330 175.8
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From electronic spectra the following values were obtained for the Cu2p;, level and
(in parentheses) the C1s level (relative to Fermi levels in Cu or in *free hydrocarbons”,
respectively): binding energy 934.3 eV (286.2 eV); half width of the electron lines 2.6 eV
(3.3 eV); chemical shift 2.1eV (1.2eV). The charge distribution is discussed in the
paper [227].

The photoconductivity spectrum (400 to 1000 nm) is known [202], A, =440 [231]. The
band gap is 2.72 eV. The relative positions of the energy levels are given [248, 283]. Photo-
conductivity spectra are also known with sensitization by cationic dyestuffs like pinacyanol,
kryptocyanine, or methylene blue or by anionic dyestuffs. Maximum sensitization (conductivi-
ty increased by 65%) has been obtained with erythrosine [283].

The visible/UV spectrum (348 to 800 nm, MgO) [231] has a maximum at 420 nm [231, 283].
The band gap is 2.73 eV, the direct transition energy 2.75 eV [231, 248], the photoelectric
work function 5.25 eV [248, 257]. Relations between decomposition threshold and band gap
[257] are discussed on pp. 6/8.

n-C,HyC=CCu is less stable than C4H;C=CCu, but more stable than n-C,H,C=CAg. Ther-
mal decomposition involves a considerable liberation of heat. The products evidently result
from secondary reactions of the hex-1-ynyl radical. At 200 °C the gaseous decomposition
products contain 6% CH,, 7% C,Hs, 17% C,H,, traces of propane, 10% propene, 27%
butane, and 33% butenes [261]. The compound can be incinerated without explosion for
Cu determination [83].

The thermogram (one endo effect above 140 °C, one exo effect above 160 °C) indicates
the one-stage decomposition of the aggregated oligomeric product [261]. The reaction with
2,4,6-(0,N);C¢H; in pyridine at room temperature yields a red solution with a visible spec-
trum very similar to that of the Meisenheimer complex formed from C¢H;C=CCu (see p. 54),
but after treatment with acids no solid products have been isolated [196].

(CH,),CC=CCu (Table 1, No. 55). The yellow or red (or orange [185, 218]) color variations
could be a consequence of aggregation-disaggregation processes, which have not been
studied subsequently and about which contradictory data were published. At 80°C [51]
or on crystallization from benzene the yellow acetylide converts into a red form. Crystalliza-
tion of this red form from CHCl, gives the yellow species again. The data about the depend-
ence of color on the degree of association differ: The yellow form is said to have a higher
molecular weight than the red form (cryoscopically in CHCL;) [34]. The color is said to become
deeper with higher association; the monomer is colorless, the dimer yellow-green, and
the octamer orange-red. The benzene solution contains [(CH3)3;CC=CCu]g from cryoscopic
and ebullioscopic measurements [102, 103]. The ether solution shows a reversible color
change from red to yellow on cooling to —78 °C [237]. Evaporation of the orange pentane
solution yields a liquid, which crystallizes from ether at —49 °C to give an orange precipitate
[34, 218]. On storing solutions, the molecular weights fall gradually until they nearly reach
the unimolecular value; some decomposition occurs to a gummy solid (finely divided cop-
per?) [34]. Preparation according to Method la yields the two forms as a conglomerate,
m.p. ~140°C [135], with nonexplosive decomposition between 80 and 150°C to form a
copper mirror and a sublimate [34, 51]. The compound is soluble in ether, pentane [218],
and tetrahydrofuran [271], less soluble in benzene than in ether (both forms) [34]. 'TH NMR
(CCl,): 3=1.37 ppm (s) [218]. Visible/UV (heptane): points of inflection at 235 (¢ =5350) and
316 nm (2680) with gradually diminishing absorption out to ca. 600 nm [218]. IR (KBr; C,Cl,):
2000 (C=C) cm~—1[203, 218]. ““C=C absent’’ is stated in [102, 103].

4-IC4,H,C=CCu (Table 1, No. 86) is used for electrophotographic layers (sensitivity from
UV to 600 nm, enhanced after sensitization with dyes) [130]. A comparison of photoconduc-
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tivity and photovoltage with those of other RC=CCu has been published, but no quantitative
values are given [256].

4-1C¢H,C=CCu reacts with (CN),C=C(CN), in tetrahydrofuran at 55°C to form polymers
{probably resulting from (CN),C=CCN radicals) and 4~IC¢H,(C=C),C¢H,1-4 [170].

2-0O,NC¢H,C=CCu (Table 1, No. 87). On refluxing with 5-iodouracil or 2-iodo-3-hydroxy-
pyridine in dry pyridine the indogenide V is formed. Both of the added compounds seem
to be only catalysts. The same reaction with 2-bromopyridine yields the anhydroisatin -
anthranilide VI. With 2-1C;H,CO,H a mixture of V and VI is produced. Proposals for the
mechanisms of the formation of V and VI are given. The reaction with 2-IC;H,CONH, gives
a mixture of V, VIl (yield 6%), and VIl (yield 66%). The intermediate in the formation
of VIl and VIl is obviously the expected 2-O,NC;H,C=CC¢H,CONH,-2. The hydration of
its triple bond can result in two different products. If the intermediate species 2-O,NC¢H,-
CH,COCxH,CONH,-2 is formed, a subsequent condensation yields VIII; if 2-O,NC¢H,COCH,-
C¢H,CONH,-2 is formed, a subsequent condensation gives VII. The reaction of No. 87 with
2-phenylisatogen (IXa) in boiling pyridine yields 55% Xa. The analogous reaction with
2-(4-nitrophenyl)isatogen (IXb) gives 93% Xb. The cinnoline structure of Xa and Xb is
derived from spectroscopic data [162].

0 NO, i: i 0
CH-CO N7 XN @ /) @
N N
H 0 Y Conm
0 2
' Vi VI
0 NO, 0
a:R'= H
QO OO~
N b:R' = NO,
NH2 \o
VIl IX
a:R' = CgHs

b:R' = 4-NO,CgH,

X

C¢H;C=CCu (Table 1, No. 90). Preparation. Best method is la in C,H;OH/H,O with 99%
yield from Cu' prepared by preceding reaction of CuS0O, - 5H,0 +[NH,OH]CI [207], quantita-
tive from Cul [123], 85% from CuCl [184]. The analytical use of this reaction is treated
on p. 5.
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For ““mixed acetylides’’ with Cu,C,, CH,=CHC=CCu, or 2-O,NC¢H,Cu, prepared according
to Method la, see Section 1.1.2.2.

Further feasible preparation methods are ib (in C,H;OH [224] or in a mixture of C,H;OH
and dimethylformamide, yield 92% [173]) and Id (in hexamethylphosphoric triamide in the
presence of a little Na,SO, [164]). The H™* ions formed cannot only be bonded by the triamide
but also by K,CO4 and pyridine. This is a very simple preparation method, but the product
is contaminated by inorganic salts (yield 30%). Nevertheless, this mixture can be advanta-
geously used for certain further reactions [279]. The reaction of CgH;C=CH and Cul in
HN(C,H;), in the presence of Pd[P(CgH;)s],Cl, yields a slurry of CgH;C=CCu, which is without
isolation further reacted [284]. In the course of the oxidative coupling reaction of CgH;C=CH
to C4Hs(C=C),CeH, with O,/i-propanol/tetramethylenediamine/CuCl some C4H;C=CCu is pre-
cipitated [105]. Method le [210, 234] and Method if [131] afford a 97 or 80 to 90% yield
of CgH;C=CCu.

Method Il has not been used to prepare C4H;C=CCu, but the similar reaction of the
boron complex NH,[B(C=CC¢H;),] and ammoniacal Cu' solution (H,0/C,H;0H) yields within
a few minutes 98% of the acetylide [85].

Method IV: C4H,C=CBr in C,H;OH and an ammoniacal solution of Cu' salt react to form
C¢HsC=CCu in good yield [18].

Method V using C,H,C=CCO,Cu' goes well at 35°C in dimethylformamide [249] and as
an in situ preparation [229]. (C¢H;C=CCO,),Cu'" is converted to C;H;C=CCu by water vapor
at 100 °C [21].

Method VI: C4H;C=CCu - NH; decomposes to CgH;C=CCu in a N, stream at room tempera-
ture [84]. An analogous decomposition occurs when C4;H;C=CCu - P(C,H;); stands for 1 to
2d in air [102, 103]. 2C4zH;C=CCu - HgBr, and Kl react in H,0/C,H;OH to form C4H;C=CCu
[158]. (4-CH,CgH4NC)zCuC=CC¢H; (see Section 1.1.4.3) decomposes to C4H;C=CCu on pro-
longed washing with ether. The same product is obtained by treatment of this complex
with pyridine/water (evolution of CO) or with di-p-tolylformamidine [68].

Method VII: C4H;C=CCu is isolated from the yellow decomposition product of CgHs-
C=CHCuCIl [29]. In contrast to other complexes of its type the paramagnetic complex XI
is not very stable and a transformation occurs to CgH;C=CCu [273].

C(CH3)s

CU(CBHscECH}z

(CH3)5C

Xt

Method VHI: [(C4H;C=C),Cu’],Ba; reacts with even traces of O, to form CgH;C=CCu and
[(C4HsC=C);Cui]Ba [108]. Also [(C¢zHs;C=C),CulNa-2NH, and Cul in liquid ammonia react
to form C4H.C=CCu - NH,; and [(C4H;C=C),Cu'l,[Cul'(NH,),] - xNH; in liquid ammonia yields
on evaporation C4H;C=CCu and CgH;(C=C),CeHs. [(CgHsC=C),Cu][N(P(CgH;),),] reacts with
(CgHs)4P - AuCl in CH,CL, to form CgH;C=CCu, [(C¢H;C=C),Au][N(P(C¢H5)3),], and CgH,C=CCu -
P(CgHs)s. With [CgH;C=CAUCL[N(P(C¢Hg)s)] only CgHsC=CCu and [(CgH;C=C),Au]-
[N(P(C¢Hs)3),] are formed. The reaction of [(CgHsC=C),Cul[N(P(CgHs);),] and CgHsC=CAu
gives C4H;C=CCu and [(CgH;C=C),Au][N(P(CgHs),),] [336]. The compounds [(CgH5C=C),CulLi,
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and (CH,),NX (X=(C4Hs),PO or CH,SO,) give at —20°C CgH;C=CN(CH,), and C4H;C=CCu
[316]. The complex [(C4H5C=C),Cu'l,[Cu"(H,N(CH,),NH,),] - 2NH; yields with water C4HC=
CCu, on prolonged evacuation in high vacuum a mixture of CgH;C=CCu and CzH;(C=C),C¢H;.
Water also hydrolyzes [(CgHsC=C),Cu'l,[Cu'(H,N(CH,),NH,),] - 12NH; to C4H;,C=CCu [84].
Further methods: The hydrolysis of n-C,H,(CzH;C=C)CulLi (see " Organocopper Compounds "’
2, 1983, pp. 178 and 185) with water yields (with gas evolution) up to 90% CgH;C=CCu.
The corresponding magnesium compounds C,Hg(CgHsC=C)CuMgBr and n-CzH,(C¢H;C=C)-
CuMgBr react with water in tetrahydrofuran to form CzH;C=CCu plus a gaseous and a
liquid byproduct, whereas with CH;(C4;H;C=C)CuMgCl and with CzH5(CcH;C=C)CuMgBr no
C¢HsC=CCu was isolated [180].

C¢H;C=CCu can also be produced from copper metal by electrochemical corrosion in
the presence of C;H;C=CH. In dry acetone or acetonitrile containing ca. 0.05% [N(C,H;),]ClO,
and 4% CgH;C=CH using a platinum cathode (20 V and up to 20 mA for 1 h) C4H;C=CCu
can be collected as a powdery yellow solid and is pure after washing with acetone and
petroleum ether. Based on the loss of Cu from the anode the chemical yield is quantitative
and per Faraday 1.06 mol of dissolved Cu was determined [345].

Smooth, well-adhering films of C4H,C=CCu can be obtained on Cu surfaces using the
electrochemical corrosion method. This is of interest for photocurrent spectroscopic investi-
gations. There are different ways to grow adherent films. The copper potential in a H,0/
CH,OH (1:1) solution of 0.1 M KF, 0.44 M CH,=CHCH,NH,, and 9x10-3 M CgH;C=CH can
be cycled between —0.9 and +0.1V (versus saturated calomel electrode). The thickness
of the golden films of CgH;C=CCu can be varied by removing the electrode from the growth
medium after a different number of cycles in each case. Open circuit corrosion of a Cu
electrode using the same, but air-saturated solution, also gives well-adhering films. In
this case, some control of the film thickness can be achieved by varying the immersion
time. With both methods, the film thicknesses were typically in the range of 0.1 to 1.0 um
[343, 344].

A linear relationship between the net anodic charge consumed and the yield of CgHgC=
CCu (coulombic yield of 50 to 65%) was observed [343]. NH; instead of CH,=CHCH,NH,
leads to a rapid corrosion of Cu and to powdery, poorly adhering C¢H;C=CCu [343, 344].
Addition of KOH to the solution makes oxide formation predominant [343].

Thermochemical Data of Formation. From calorimetric measurements the functions H$ —Hg,
8%, and G$—H§ were calculated for the range 0 to 330 K. The standard thermodynamic
parameters of C4H;C=CCu are AH%,53=296+2.1 kJ/mol, AGS,5 =365+2.3 kd/mol, ASGyg5=
—231+0.7 J-mol~'-K—, defined for the reaction

Cu(cryst) +8C(graphite) +-2.5H,(gas) — CgHsC=CCu/(cryst) [281].

The molar heat capacity at constant pressure C, of crystalline C¢HsC=CCu increases
smoothly from 11 to 330 K, measured with an adiabatic vacuum calorimeter. A table of
the values between 5K (extrapolated) and 330 K is given. At 298.15K and 1atm CJ=
154.0J-mol~'-K—1[281].

Photoelectric Properties, Conductivity (see also pp. 6/8). The dark resistivity at 25°C is
reported as 2.3x 10" Q-cm (in air?) [220, 221] and as 10° to 10" Q-cm in air with an
increase up to 1.5-fold in vacuum [107].

Of all RC=CCu examined (see pp. 6/8), No. 90 was the acetylide with the highest photo-
sensitivity [141]. The dependence on donor and acceptor properties of substituents intro-
duced into the phenyl ring is treated by [221, 248]. The photosensitivity of No. 90 is generally
lower than that of compounds with 2C=CCu groups in the monomeric molecule, e.g., of
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4-CuC=CC4H,C=CCu [141]. CgH;C=CCu is claimed to be an intrinsic semiconductor with a
positive dominant photocarrier [107, 155, 256]. On the other hand, the photocurrent response
and the decay in the dark are found to be very slow (photocarriers deeply trapped in
the polymer) [191].

After irradiation in O, or in air with 500 nm light C¢H;C=CCu shows after 2 min a resistivity
stationary at 107 to 108 Q-cm. In O, the resistivity is lower and it increases more slowly
than in vacuum [221].

Contradictory results for photoconductivity spectra are obtained when measured in dry
air or in vacuum [107, 202, 220, 221, 256, 278, 319]. Okamoto et al. [220, 221] give quite
different curves (A, in dry air 432 and 525 nm, in vacuum 520 nm). Myl'nikov et al. [107]
have found in air and in vacuum identical values (430 and 500 nm). Experimental conditions
are not adequately specified for many reported maxima mentioned: 500 nm [231, 246, 283],
430 and 500 nm [107, 256, 278], and 450, 495, and 510 nm [202]; the presumption is that
these were determined in air.

The high frequency photoconductivity was measured at 9.6 GHz (klystron) under visible/
UV illumination (W-lamp; modulated at 150 Hz). in contrast to most organic dye stuffs the
photoconductivity decreases continuously with a deactivation energy of 0.06 eV when the
temperature rises from —90 to +20°C [119].

In vacuum and in air the maxima of the photo-emf excitation are at 385 and 460 nm
[107], 390 and 455 nm [155]. The photo-emf itself is in vacuum 3 to 5times higher than
in air. The explanation of this fact refers to the pumping off of traces of water [107], but
this is doubtful, for dry O, also reversibly depresses the photovoltage [155]. Water vapor
is reported to increase the photo-emf of C;H;C=CCu (oxygen excluded ?) [120]. Photovoltaic
excitation spectra are also given for samples with preirradiation, e.g., constant irradiation
with 365 nm light. The results are inconsistent [107, 125, 155]. The Dember effect was esti-
mated with light chopped at 300 Hz [174].

The photodielectric effect in C¢H;C=CCu was studied at 10 GHz using hermetically sealed
water-free samples. In contrast to most other semiconductors no illumination-induced
change in the permittivity was found [321]. The photoelectric work function is reported as
0=49 eV [140, 155], 5.24 eV [248, 257]. The direct transition energy of C¢H;C=CCu is
2.540.03 eV [231]. The forbidden band width was determined from the photoconductivity
spectra as E;=2.3840.02 [187, 203, 221, 231, 246, 283] and 2.39 [257], and from the absorption
spectra as E;=2.410.05 [231, 248] and 2.45 eV [246, 278, 283]. The electronic spectrum
of Cu-2p,, in CgH;C=CCu excited by MgKa radiation yields a binding energy E, =934.2,
an electronic line half-width of AE,,=2.3, and a chemical shift AE,=2.0 eV, i.e., the binding
energy is higher in the molecule than in Cu metal. The chemical shift is defined as the
difference of the binding energies of the electrons between the molecule and the Fermi
levels of Cu metal or of C in ““hydrocarbons’’, respectively. The values for C-1s (no fine
structure) are E,=286.1, AE,,,= 3.0, and AE,=1.1eV vs. the hydrocarbon. The width of
the Cu-2p,,, lines confirms the existence in the crystal of copper atoms with different effec-
tive charges [227].

The inner photoeffect of CgH;C=CCu can be spectrally sensitized up to the near-infrared
by absorption of cyanines [117, 154, 174, 283] or of dyes of the triphenylmethane [116,
126, 154, 283] or porphine [116, 117, 155] types. The photoconductivity and the photo-emf
can be either decreased or increased [116, 117]. The resulting photo-emf often resemble
the dye spectra [117, 154]. The effects of quinone, chloranile, Hg vapor [155], nitrocellulose
[221], polyvinylcarbazole [130, 141, 319], RNA, DNA, alanine, adenine, thiamine [143, 174],
and quinine [154] on the photoconductivity (and its relaxation time) and on the photovoltage
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have also been studied and discussed. No charge-transfer effects between CgH;C=CCu
and polyvinylcarbazole have been detected [319].

Photocurrent spectra of C4H;C=CCu fitms on Cu in aqueous 0.1 M solutions of either
Na,B,O; or LiOH in the absence of O, were also measured. The monochromatic photocurrent
conversion efficiency at 460 nm exceeds 10-2. The cathodic photocurrents are increased
by the presence of O,. Possible mechanisms for energy and charge transfer in the C¢H;C=
CCu films are discussed [344].

CgHsC=CCu is useful in preparation of electrophotographic layers which charge well
both positively and negatively [130, 141]. The insotubility of C4H;C=CCu permits preparation
of high quality films with polyvinylbutyral and polyvinylcarbazole (sensitivity up to 600 nm)
[130, 322, 323]. The light sensitivity of 1:1 mixtures has been measured [323]. Printing carri-
ers have been prepared with 5% C4H;C=CCu in poly-N-vinylcarbazole [322]. Embedding
of C4gH;C=CCu in polyethylene and in methyl methacrylate is treated by [141]. The inherent
sensitivity of the copper phenylacetylide layers is to be sure only 1/5 of that of the selenium
layers, but the acetylide layers work at higher temperatures. At the photosensitivity maxima
the two layers are comparable [130].

Optical and Spectroscopic Properties. IR bands in KBr of more than 20% absorbance
are: 266s, 366s (C-H), 5156s (C-C=C), 525s, 685s (both C-C), 745vs, 915m, 1026 m, 1070m
(alt C-H), 1440s, 1481s, 1594m (all C-C), 1930 (C=C), all in cm~1[216]. A very similar
spectrum in KBr, reported later, does not show the band at 1440 cm~—1 [236]. In KBr [102,
103, 203] the C=C vibration was found at 1933 cm~"', in Nujol at 1930 [171] and 1933 cm~
[221]. Several further authors [158, 221, 246, 256, 278] found also 1933 cm— for C=C, others
gave 1926 [243] and 1953 cm~"' [191] (no experimental conditions given). Certain solvents
cause a breakdown of the polymeric structure of C;H,C=CCu, therefore the wavenumber
is enhanced: from 1923 in KBr to 2075 in P(OC,H;), and 2083 cm~' in hexamethylphosphoric
triamide [164]. The C-Cu vibration (in the solid state?) is found to belong to the absorption
at 450 [243] or 422 cm ~ ' [242]. Broad asymmetric bands (140, 153, and 187 cm~ ' in polyethyl-
ene) were classified as Cu-Cu vibrations [228]. Spectra measured in C,H;OH contain bands
which belong to CgH5(C=C),C¢H; [125]. The shift of approximately 180 cm~' of the C=C fre-
quency compared with that of CgH;C=CH is related to the polymeric structure [242].

The Raman spectrum (He-Ne laser) of solid CgH;C=CCu shows bands at 200m, 308 m,
422vs, 515m (C-C=C), 529vs (C-C), 749m (C-H), 999m (ring breathing), 1172w and 1192m
(both C-H), 1594 m (C-C), 1926s (C=C), 3060vw (C-H), all in cm~" [216]. Very similar spectra
are given in [236, 274]. The bands at 308 and at 750 to 780 cm~"' are believed to result
from n-Cu-C=C vibrations [236]. Electrochemically grown layers of CgH;C=CCu on metallic
Cu give the following Raman reflections (Ar or Kr laser): 148 (r-Cu-C=C vibration), 201
(C=C-Cu), 310 (C=C-C), 423 (Cu-C), 530 (ring-C-C), 747 (C-H), 782 (ring-C-C-C), 1928
(C=C), all in cm~—1[343].

Visible/UV spectra: The absorption maxima in mineral oil are at 400 and 477 nm [274].
Maxima at 395 [231], 455 [125, 231], 465 [246, 278, 283}, and 500 nm [203] were also found.
The diffuse reflectance spectrum of pure CgH;C=CCu is reported to have a broad maximum
between 420 and 470 nm [256]. Spectra in MgO were recorded with acetylide concentrations
of 5x10-4 (maxima at 390 and 455 nm) [125, 231] and 1% (maximum at 465 nm) [256].
CgHsC=CCu photoluminesces on UV excitation. The positions of the sharp maxima do not
depend on the wavelength of the exciting light between 313 and 416 nm. The luminescence
spectra in air and in vacuum show differences. At 77 K the maxima in air are at 568 and
630 nm, in vacuum at 610 and 680 nm [231]. At 296 K 516 and 583 nm have been found
in air [125, 231].
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C¢HsC=CCu is characterized by X-ray photoelectron spectroscopy (XPES) and by Auger
spectroscopy. The core level photoelectron spectra (Cu2p;, =932.5 eV), the Cu(L,VV) Auger
line (a kinetic energy of 915.9 eV corresponds to that line) and the Auger parameters are
discussed in terms of both the different coordination and the polarizability of the li-
gands [346].

Crystallographic Properties. With CuKa radiation the reflections of highest intensity are
at 15.0, 9.8, and 5.1 A. The chain diameter is approximately 18 A [274]. An X-ray analysis
was carried out using a coarsely crystalline specimen [101]. Most of the crystals exhibit
twinning on the (100) plane. The structure is monoclinic, with a=30.89, b=23.89, c=20.36 A,
B=109.8°, Z=16, space group C2/c—C§, (No. 15). Reflections with k+l odd are diffuse
with streaking in the direction of c*. The copper atoms are arranged in infinite zig-zag
chains parallel to the b axis, and these are related in pairs by the twofold axes. Cu---Cu
distances along the chains are 2.42 and 2.47 A, and between the chains 3.06 and 3.20 A.
The bonding between the copper atoms and the ethynyl groups is shown in Fig. 5. CgH;C=CCu
consists of a rectangular tube of copper atoms with the C;H;C=C groups on the outside.
Each C4H;C=C seems to be o-bonded to one copper atom, symmetrically n-bonded to
another, and asymmetrically n-bonded to a third copper atom. Each ethynyl group lies
roughly in the plane of the copper atom chain, and is ‘“side-on’ bonded to one of the
copper atoms, with the bond to the phenyl group distorted away from this atom. The terminal
carbon atom of the phenylethynyl group forms a bridge bond with two adjacent copper
atoms, so that each ethynyl group is bonded to three copper atoms. Neglecting the very
short Cu-Cu distances, the coordination around each copper atom is roughly trigonal
[114, 151].

The two different types of C=C bonds were not confirmed by IR and laser Raman
data [216].

Chemical Behavior. After careful washing and drying, CgH;C=CCu can be stored in tightly
stoppered bottles for a long time [222]. Stored under N, at room temperature in a brown
bottle it is stable for years [207]. C4H;C=CCu is stable to air up to 200 °C [191, 286] but
ignites on further heating [6]. The melting point (with decomposition) is 229°C [191, 221].
C¢H;C=CCu is more stable than n-C,H,C=CCu [261]. An exothermic peak was found at
171°C [221]. One endothermic effect at 205 °C indicates decomposition in the solid state.
Above 220 °C a considerable liberation of heat has been observed. The decomposition yields
a copper mirror and mainly CgH5(C=C),CgHs plus a polymer (CgHg), [261]. UV irradiation

Fig. 5. Structure of polymeric C4H;C=CCu (No. 90) with selected bond lengths (in A).
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of CgHsC=CCu powder [155] or solutions in C,H;OH [125] is reported to form CgH;(C=C),CgHs,
but in both cases no specifications about oxygen exclusion are given.

C¢HsC=CCu is insoluble in water and benzene [274]. The solubility in pyridine at 25°C
is 7.5x 1078 M [165]). CgH;C=CCu can be extracted by HN(C,H;), [114] or (CH;),CNH, [102]
and is also slightly soluble in (CH;),CHOH [105]. It is soluble in P(OCH,); [234], P(OC,H5),
[131, 144, 164], (CH,),N(CH,),N(CH,), [280], and in liquid ammonia as C¢H;C=CCu - NH; (see
Section 1.1.2.4) [101]. It is readily soluble in P(N(CHs),); [164], a few percent can be dissolved
in N-vinylcarbazole (for thermal polymerization to electrophotographic layers, see
p. 50) [130]. Known reaction media for C4H;C=CCu also include CH;CN [165], dimethylform-
amide [165], and N-methylpyrrolidone [87, 137]. C;H;NO, and 1-methylnaphthalene are used
as diluents [137].

The following Reaction Types 1 to 13 are explained on pp. 12/4.

Reaction Type 1 is carried out with diluted HClL or H,SO, [6] and with gaseous HCL in
absolute ether [21]. Concentrated HCL or HNO, (no exact concentrations given) cause defla-
gration [6]. The reaction with o-bromothiophenol to give thianthrene and CgH;C=CH can
also be understood as solvolysis by HBr [123]. CsH;C=CCu and R'OH (R'=aryl) give in
pyridine a dark violet solution of supposedly R'OCu and C¢H;C=CH [337].

The reaction CgH;C=CCu +Fed* +H+ — CyH ,C=CH+Cu?* +Fe?* is used for quantitative
determination of CqH;C=CCu. No oxidation according to Reaction Type 2 was observed [39].
A quantitative reaction with isopropylbenzene to form C4H;C=CH is described (no further
information) [89].

Reaction Type 2a: According to photo-emf measurements (see p. 49), dry C4H;C=CCu
is not oxidized by O, at room temperature [120]. Under all other conditions it reacts readily
to give CgH5(C=C),C4Hs. Even prolonged washing in air forms considerable amounts of
the butadiyne [128]. In some cases it is not clear whether insufficient oxygen exclusion
or a reagent (polyhalogenophenols, iodoketones) causes the formation of C;H;(C=C),CgHsy
[123, 165]. Regarding the effects of UV irradiation in air see [155]. The preparation of CgH;(C=
C),CgH5 by oxidation with air is accomplished by shaking C¢H;C=CCu with aqueous [5, 51]
or ethanolic [6] ammonia at room temperature. Heating in water in the presence of air
gives a mixture of CgH;(C=C),CeH; with its CuCl complex [44]. The diphenyl butadiyne is
preferably prepared from a mixture of C4H;C=CH, CuCl, tetramethylethylenediamine, and
isopropanol by oxidation at 28 °C with air. Some CgH;C=CCu is deposited and dissolves
in the course of the reaction. The rate of this exothermic and almost quantitative reaction
has been determined [105].

Reaction Type 2b: Aqueous CuCl, gives CzH;(C=C),C4H; at room temperature [62] and
at 100 °C (yield 88%) [37]. CuCl, - 2H,0 in tetrahydrofuran, acetone, or dioxane (yield 45%)
gives the same product. A mechanism is proposed [194]. Analogous reactions are described
with cupric acetate in hexamethylphosphoric triamide [165] or in hot pyridine [99] and with
Cu(OC Hq4-t), at room temperature [210]. The reaction of [Cu(NH,),][SCN], with CzH;C=CNa
in liquid ammonia yields C4H;C=CCu and CgH4(C=C),C¢H;, the latter obviously from Cu2*
oxidation of a part of the C¢gH;C=CCu formed [72]. Analogous reactions with other counter
jons and intramolecular oxidation reactions of [(CgH;C=C),Cu'l,[Cu"(NH;),]- xNH, and of
[(CgH5C=C),Cu'],[Cu't(H,N(CH,),NH,),] - 2NH; to give CgH;C=CCu and C4H5(C=C),C H; have
also been published [84].

Reaction Type 2c¢: CgH4(C=C),C¢H; can be obtained in good yields with aqueous
K;[Fe(CN)g]/KOH at room temperature [10]. This reaction also proceeds without KOH; the
copper acetylide should be wet with C,H;OH [21].
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Reaction Type 2d is performed with SiCl,, (C¢H5),SiCl,, or SnCl, in tetrahydrofuran (a
mechanism is proposed) [208] and with SOCL, [204]. Mixing with TICL; - 4H,0 causes ignition.
On the other hand, with TICL; - 4H,0 in C,H;0H or tetrahydrofuran up to 75% CgH5(C=C),CeH5
is formed via a white, insoluble substance of unknown structure [158]. KMnO, [21] and
Fe3+ [39] are not suitable.

For reactions with halogens X, or interhalogen compounds via CzH;C=CX to form C¢H(C=
C),CeHs see Reaction Types 3 and 4. CgH;C=CCu reacts with acetyl bromide or (CH,),POCL
in pyridine to give CgH;(C=C),C¢Hs. A mechanism is proposed [208]. CzH;C=CCu and p-
(NC),C=C4H,=C(CN), yield in refluxing CH,CN the radical anion [p-(NC),C=C¢H,=C(CN),]~
and C¢H;(C=C),C¢H;, the latter obviously formed from 2C¢H;C=C radicals [170]. N-bromosuc-
cinimide [165], BrCN [254], and BrC=CH oxidize it to C4H5(C=C),C4H;. lodine vapor or a
solution of iodine in CH,CL, or n-hexane converts solid CgH;C=CCu into a mixture of the
butadiyne and Cul [285]. Earlier an incorrect explanation and product analysis of this reaction
was given [286]. Quinone and chloranil vapors have some unexpected effects on the photo-
emf and photoconductivity of dry CgH;C=CCu; the visible/UV spectra show the formation
of CgHy(C=C),CeHy [120]. The reaction with C,H;OH is claimed to yield C4H5(C=C),C¢Hs,
but this result is possibly due to incomplete air exclusion [125].

Reaction Type 3: |, in ether yields C¢H;C=Cl [110]. Bromination of C4H;C=CCu (25%
excess) in ether at 2 to 5°C forms C4H;C=CBr, C4H;(C=C),C4H5, and CuBr [118]. With no
excess of the copper compound CuBr, is formed [285]. The butadiyne should result from
the reaction of CgH;C=CBr with excessive C4H;C=CCu.

No formation of CgH;CX=CX, (X=Br or I} according to Reaction Type 4 has been observed.

Reaction Type 5 [21, 51, 123]: The adduct C¢H;C=CCu - CH,CO,Cu (see Section 1.1.2.5)
is supposed to be an intermediate, for it gives CgH;C=CCH=CHC4H; under the same condi-
tions [21, 51].

Reaction Type 6: The insertion of CO, at 80°C in tetrahydrofuran/pyridine gives lower
yields than with certain P-complexes of C4H;C=CCu (see Section 1.1.2.4) [234]. An analogous
reaction of CgH,C=CCu and CS, to give C4H;C=CCS,Cu is not feasible [320].

Reaction Type 7: For heat-resistant polymers from C4H;C=CCu and diiododiphenyldicar-
bonic acid dichlorides [333] see Section 1.1.2.1.4.2.

Reaction Type 10: The reaction of C4H;C=CCu with 1-amino-benzimidazolium iodide
is treated in Section 1.1.2.1.7 on p. 136 because of the Mannich cation type structure of
the reacting heterocyclic salt [354].

Reaction Type 13: C4H;C=CCu catalyzes air oxidation of Fe2*+, of hydroquinone, and
of the leuco forms of dyes. The mechanism of the catalytic action of C4gH;C=CCu is probably
associated with its strongly developed surface states (cf. [120]) [124]. C¢H;C=CCu catalyzes
the cyclization of alkynylpyrazol carbonic acids containing the structural unit HO,CC=CC=C
to give pyranopyrazoles. A benzo[c]furan derivative has been obtained from 2-ethynyl ben-
zoic acid [318]. The cyclization of 2-1C¢H,(CH,),OH to give XII (n=2 or 3), formally a hydroly-
sis of the acetylide by HI, is strongly catalyzed only by high molecular weight aggregates
of C¢H;C=CCu. This effect is related to bridging the excessively long distance between

(CHy)p OH
Zn (CHy)n
T 5
1

Xl
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I and OH in 2-1C4H,(CH,),OH on the surface of the polymeric structure. Consequently, mono-
meric Cu' or low molecular weight aggregates of C¢H;C=CCu in solution are not capable
of rapid catalysis [165].

Equimolar Cz;H;C=CCu proved to be highly effective in preparation of XIll from XIV and
n-C4HoLi by suppressing reduction to XV. The suppressing mechanism obviously involves
the complexation of a Li carbenoid by Cu' to achieve a decrease in the basicity of the
carbanion [244].

CSHS CSH5 CGH5
T><Li T><Br T><H
Br Br Br
Xil XIV XV

Other reactions: The reaction of CgH;C=CCu and 2-1C;H,CONH, in boiling pyridine gives
74% XVI. Obviously the expected primary product C4H;C=CCzH,CONH,-2 is hydrated to
CegH;COCH,CgH,CONH,-2, which undergoes a reaction of the Knoevenagel type. The course
of the reaction with XVIlI depends on the solvent used. In boiling pyridine the indolone
XVIII (yield 62%) is formed, whereas in boiling xylene a 34% vyield of the quinolone XIX
has been isolated [162]. The reaction of CgH;C=CCu and 2,4,6-(O,N),;C¢H; at room tempera-
ture in pyridine yields first the red complex XX of the Meisenheimer type. After treatment
with acids 5% 2,4,6-(0,N);C4H,C=CCgH; and 6% XXI can be isolated. If the red Meisenheimer
complex is exposed to air and daylight, a red precipitate of unknown structure is observed.
Treatment with acids yields the isatogen XXII [196]. The reaction of CzH;C=CCu with CzgH;C=
CAu and [(n-C4Hg) N][(C¢H5C=C),Au] gives [(n-C4Hg),NI[(CsH;C=C)gCu,Aug] [349].

0 0
O O
N
NH, Y

XVI Xvil

NO, o
XXl : R'= NO,
/7 CegHs
R! Nh XXil : R'= OH
0

cyclo-CH,,C=CCu (Table 1, No. 98). The degree of association n has been estimated
osmometrically in CHCL,. It depends on the preparation method. The product obtained by
Method la could not be measured because of its insolubility; n is believed to be very high.
Preparation Method Il produces oligomers (n=4.5 to 8.5). With Method Ila n depends on
the Cu' concentration in the reaction batch (0.02 M Cul gives n=8.5 and 0.04 M gives n=5.4).
In Method IIb cyclo-CzH,,C=CNa is suspended in ether and stirred with a suspension of
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CuCl in ammonia. The separation of the acetylide is possible after addition of CH,OH.
The high C=C frequency (2176 cm~") is said to result from the absence of d_-p}, intermolecu-
lar interaction. Differential thermal analysis shows an endothermic peak below 125 °C (trans-
formation to a different solid phase, IR spectrum unchanged). Thermogravimetric analysis
in air shows CuCO, formation at 200°C. Up to 550 °C an appreciable amount of metallic
copper is formed [288].

n-C¢H,,C=CCu (Table 1, No. 102). Differential thermal analysis shows an endothermic
peak below 125 °C and a transformation to a different solid phase (IR spectrum unchanged).
At 300 °C an appreciable amount of metallic copper is formed. The thermogravimetric analy-
sis in air shows CuCO, formation beginning at 200 °C [288].

IR (Nujol or KBr): 1922 (C=C) [288]. IR (KBr): 717, 1429, 1460, 1472 (all s), 1930 (m, C=
C) [236]. Raman (solid): 450 (vs, =C-Cu) [236, 242], 945(vs), 1875 (C=C), 1929 (vs, C=C),
1955 (C=C), all wave numbers in cm~'. The relative intensities of the last three bands
are 0.6:10:1.2 [236].

4-CH,C,H,C=CCu (Table 1, No. 116). The resistivity at 25°C is 1.6 x 10"" Q- cm [191, 220].
Dark- and photoconductivities in polyethylene films [221] and in nitrocellulose were also
measured. The electrical resistivity of mixtures of the acetylide and nitrocellulose has a
minimum at approximately 20% nitrocellulose [190, 221]. The photocurrent decays very slow-
ly. The effect of oxygen on photoconduction [191, 220] and the dependence of the photocur-
rent on the light intensity [220, 221] were measured in vacuum and in dry air. For the
formation of a mixed Au-Cu complex upon reaction with [(C4H;C=C);Au,] ~ see Section 1.1.2.5
[348]. In contrast to C4H;C=CCu, No. 116 does not react with [n-C,H,),N][(CzH;C=C),Au]
[349].

C¢H;CH(OH)C=CCu (Table 1, No. 119) is soluble in aqueous NH; and cannot be precipi-
tated in the usual manner with llosvay’s reagent by Preparation Method la. Method Id:
C¢HsCH(OH)C=CH is dissolved in C,H;OH and mixed with a suspension of CuCl in H,0.
The pH value is maintained at 7. After 3 h the conversion is complete [60, 66].

n-C,H,C=CCH,C=CCu (Table 1, No. 122). Because of the solubility conditions no quantita-
tive conversion is possible by Method la. The mixture of acetylide and alkyne obtained by
stirring n-C,HsC=CCH,C=CH and CuCl in H,0/C,H;OH/NH; is washed successively with H,O,
C,HsOH, and ether and then extracted with ether until no more yellow n-C,HyC=CCH,C=CH
dissolves [94].

C¢H;(C=C),Cu (Table 1, No. 127). The photoconductivity spectrum [203] has the longwave
maximum at 500 nm [203, 231, 283]. The band gap is 2.24+0.05 (from absorption spectra)
[231, 283] or 2.22 +0.02 eV (from photoconductivity spectra) [203, 231, 248]. The direct transi-
tion energy is 2.48 +0.03 eV and the electron affinity 3.17 or 3.19 eV, respectively [231, 248].
The vibrational structure of the photoconductivity spectrum (A, ,,=450, 480, and 500 nm)
and of the absorption spectrum (A,,, =415 and 455 nm [231] or 465 nm [283]), an electron
energy scheme, and the photoelectric work function (5.41 eV) have been reported [248].
The differential thermal analysis shows one exothermic peak at 240 °C [221].

(n-C,H,),PC=CCu. (Table 1, No. 145). The conductance of photoresistors made from this
compound was at 50 to 180 V in the range of 10~12t0 10— 1 Q—1 cm~7(?) [166]. The photocon-
ductivity spectrum maxima are at 440 nm [283], 470 nm [166], 390, 440 nm [195]. The photo-
current carriers are positively charged [195]. The gap width from the photoconductivity spec-
trum is 2.78 eV [195, 283]. A kinetic photoconductivity curve is given [166].

1-C,(H,C=CCu (Table 1, No. 153). The resistivity at 25°C is 2.1x 10" Q-cm. Dark and
light currents are determined in polyethylene films and in nitrocellulose. The resistivity
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shows a minimum at ca. 20 wt% nitrocellulose [190, 221]. The spectral dependence of the
photocurrent has been measured in vacuum (A, =546 nm) and in dry air (A ,, =553 nm,
more intense) [221]. The kinetics of the photoconductivity in air and in vacuum are given
[220, 221]. The photoconductivity spectrum [256] shows a maximum at 507 nm [256, 283],
the band gap is 2.22 eV. From the absorption spectrum a value of 2.30 eV has been obtained
[248, 283]. The photovoltaic spectrum has a maximum at 465 nm [256].

The photoelectric work function is 5.22, and the electron affinity is 2.92 (absorption)
or 3.00 eV (photoemission), respectively. An electron energy level scheme is given [248].

2-C,,H,C=CCu (Table 1, No. 154). The resistivity at 25°C is 6.0x10'°Q-cm [191, 220,
221]. The photocurrent varies linearly with the light intensity in vacuum or dry air [220].
The photoconductivity spectrum [256] shows a maximum at 512 nm [256, 283], and the band
gap is 2.22 eV. The value from the absorption spectrum is 2.30 eV [283]. The photo-emf
spectrum has a maximum at 470 nm [256].

1-C,,H,(C=C),Cu (Table 1, No. 167; see XXIll). Following Preparation Method la an ethe-
real solution of impure XXIV is shaken with CuCl in aqueous ammonia. This procedure
is very useful for purification of XXIV. The compound is also prepared from No. 153 and
BrC=CH at 0 °C in dimethylformamide [205, 221].

(C=C),Cu (C=C),H
XXl XXIV

(C¢H;),AsC=CCu (Table 1, No. 173). Visible/UV absorption maxima have been found at
570 nm in MgO [283], and at 490 nm in MgO/BaSO, (concentrations between 0.1 and 10%)
[195]; the band gap is 1.88 eV [195, 283]. Broad overlapping maxima of the photoconductivity
spectrum are reported at 440, 500, and 620 nm. The low photosensitivity tail extends to
1.2 um, which may explain the presence of a quasicontinuous distribution of vacancies
in the forbidden band. (C¢H;),AsC=CCu has an appreciably greater growth and decay time
for photoconductivity than other copper acetylides [195]. The gap width from photoconductiv-
ity measurements is 1.75 eV [195,283]. Photoresistors with a conductivity of 102 to
10-13 Q~1em~1(?) at 50 to 180 V were made from the acetylide [166].

(CgHs),PC=CCu (Table 1, No. 174). Two photoconductivity maxima at 375 and 430 nm [195]
-as well as one maximum at 450 nm [283] are reported; the band gap is 2.78 +0.02 eV [195],
but cf. [283]. The visible/UV maximum has been found at 370 nm [283]; the gap width (from
UV) is 2.74 eV [195, 283]. For these measurements an optimum concentration in MgO and
BaSO, of 1:100 was determined [195].

4-C,H,C=CCH,C=CCu (Table 1, No. 183). The joint analysis of the photoconductivity and
the stretching frequencies of the ethynyl groups has shown that coordination bonds are
created by the ethynyl group nearest to the copper atom [202].

The photoconductivity spectrum [202, 203] shows maxima at 440, 490, and 510 nm [231];
the band gap from photoconductivity is 2.26 eV [231, 248, 283]. The photoelectric work func-
tion is 5.24, and the electron affinity is 2.94 eV (from UV absorption) or 2.98 eV (from
photoconductivity). An electron energy level scheme is given [248].
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UV spectrum in MgO: A, =465 nm [231] or 475 nm, the band gap (from UV) is
2.3 eV [283].

C,,H,C=CCu (Table 1, No. 184). The resistivity at 25°C is 5.0 x 10° Q- cm [191, 220, 221].
The photoconductivity spectrum [256] shows a maximum at 550 nm [283]; the band gap
is 2.14 eV [248, 257, 283]. The photo-emf spectrum has a broad plateau between 400 and
520 nm and the maximum value is at ~510 nm [256]. The photoelectric work function is
5.03 eV; an electron energy level scheme is given [248].

(C¢H;),C(CN)CH,C=CCu (Table 1, No. 188) is stable in air and insoluble in H,0 and in
organic solvents. It is not sensitive to acids and decomposes to a dark matter at 215 to
230 °C without melting. At 500°C in vacuum elemental copper is formed. The differential
thermal analysis shows exothermic peaks at 200 °C (Cu-C cleavage) and at 240 and 260 °C
(both C-C cleavage) [238].

H(C=C),Cu (Table 1, No.200). H(C=C),H is bubbled into a solution of CuCl in
CH,CON(CH,),. The electrical conductivity is in the range of insulators but upon doping
with I, it is increased by 10 orders of magnitude to a metallic conductor level. The tempera-
ture dependence of the conductivity is discussed in detail. After doping, the |, is removed
under reduced pressure resulting in a conductivity decrease by 1 to 2 orders of magnitude
[342]. The doping can also be accomplished with different electron acceptors and/or donors
[356, 357]. The actual semiconductor can be prepared by sealing the polymer in an ampule
and then heating [357].

Fourier transform IR spectroscopy gives very weak, diffuse peaks between 1900 and
2200 cm~—1.

According to X-ray powder diffraction measurements the black acetylide is nearly amor-
phous [342]. It is insoluble in organic solvents, even in strong acids and bases and not
fusible. The acetylide decomposes explosively by heat or mechanical shock, therefore ele-
mental analyses are not possible. It is gradually degraded in air at room temperature.
According to IR spectroscopy compounds containing aromatic rings and quinone carbonyl
are formed [342].

t-C,H,0,CC=CCu (Table 1, No. 208) is prepared, according to Method ia, in C,H;OH/H,0O
(1:3) and precipitated with H,O. The reaction with XXV in hexamethylphosphoric triamide,
dimethylformamide, or CH,CN at room temperature gives 10% XXVI, but no trace of the
expected product from the iodine substitution. At 0 °C with O, bubbling, the yield is enhanced
to 40%; under N, no acetylide is consumed. The reaction does not involve radicals, but
no meachanism is known. {t can also be performed with in situ produced acetylide. 4-Ace-
toxy-, 4-phenylsulfonyl-, or 4-allylazetidin-2-ones do not react with t-C,H,0,CC=CCu [350].

The IR spectrum in Nujol shows maxima at 1674 (C=0) and 1925 (C=C) cm—1 [350].

CH, CH,l
0 0
XXV XXVI
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1.1.2.1.2 General Remarks about Reactions of RC=CCu with Proton Donors, Oxidants,
Halogens, and CO,

In each of these reactions the products vary only according to R in RC=CCu. Therefore,
they are included in detail in Table 1 (see pp. 17/41) with yields and references as Reaction
Types 1 to 6. On the following pages, only some general remarks about these reactions
are given. However, reactions differing from this simple pattern (containing a variety of
further groups like R', R2 etc.) need more information than can be included in Table 1
and they are therefore discussed in Sections 1.1.2.1.3 to 1.1.2.1.10.

Reactions with Proton Donors

Reaction Type 1 in Table 1 is the formation of RC=CH from RC=CCu. The most common
reagents are HCL (Type 1a), HNO; (Type 1b), and CN—/H,0O with formation of [Cu(CN),]2~
(Type 1c). Further reagents like NH;, Fe3+/H,0, H,S0,, C,H,, Kj;[Fe(CN)g]/H,0, and
2-BrC¢H,SH are summarized under Reaction Type 1d.

The sequence RC=CH — RC=CCu — RC=CH has especially been used for purification
purposes [5, 50]. Sensitive RC=CH are often treated in aqueous two-phase systems
(ether [42], benzene [26, 39], CCl, [44]) to avoid side reaction by rapid extraction of RC=CH
into the organic phase. The contact of the RC=CH product with the aggressive aqueous
solution can also be shortened by continuously distilling the RC=CH with water vapor [15].
RC=CCu can also be converted to RC=CH with HCL in absolute ether [5]. A very mild method
is stirring RC=CCu with saturated, slightly acidified aqueous NH,Cl and ether [26]. C,H,0C=
CCu (C4H30=fur-2-yl) could only be transformed to C,H;0C=CH by aqueous NaCN; the
ring may be opened upon addition of aqueous HCL [13].

Based upon the dark violet color generated during the reaction and the reactivity of
the solutions of C4H;C=CCu and some phenols in pyridine, a partial hydrolysis CgH;C=CCu +
ArOH — ArOCu+CgH;C=CH has been postulated [51].

Oxidation

The reaction of RC=CCu with oxygen (Reaction Type 2a in Table 1), with Cu" compounds
(Type 2b), K;[Fe(CN)g] (Type 2c¢), or other oxidants (Type 2d) is a useful method to prepare
diynes R(C=C),R. For the preparation of R'(C=C),R? see under ‘“Mixed Acetylides”, Sec-
tion 1.1.2.2.

Oxidation by air or oxygen (Reaction Type 2a) is frequently an undesired acetylide-
consuming side reaction. To avoid it, a thorough O, exclusion is necessary. Air dissolved
in solvents like pyridine must be removed. Nevertheless, almost all reaction products of
RC=CCu seem to be accompanied by at least traces of R(C=C),R and with long-time reactions
in boiling solvents the amounts are said to be high. Sometimes it is doubtful whether the
formation of R(C=C),R results from inadequate handling of the reaction mixture or whether
a special reaction type leads only to the diyne [52]. In some cases there has been no
conclusion as to whether R(C=C),R is formed from O, or from other oxidants [25, 34, 35,
40, 46]. Air oxidation also causes contamination of RC=CCu by R(C=C),R etc. on storage
and drying, but air-stable RC=CCu seem to exist too [33, 41]. The air oxidation is enhanced
by UV irradiation [36]. Reaction Type 2a as a preparative method for R(C=C),R is usually
carried out in alcoholic aqueous solutions or suspensions of RC=CCu and NH, with aera-
tion [2, 16 to 18, 28]. The oxygen demand is much higher than calculated. Obviously NH,
is oxidized too [18].
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The so-called ‘“Glaser Coupling’ is the corresponding in situ reaction. Oxidation of
RC=CH in the presence of Cu' compounds, normally in weakly acidic or neutral solutions,
gives R(C=C),R. Discovered in 1869 by Glaser, it is a simple and safe method to prepare
R(C=C),R. There exist contradictory opinions as to whether the catalytic cycle begins with
the RC=CCu formation or not. Probably the answer to this question depends on the nature
of R and of the reaction conditions. In some cases a certain amount of RC=CCu is precipitated
and can be filtered off [20, 30]. in other cases, RC=CCu could not be detected in the reaction
batch by polarography [37]. From the reaction rate law, it follows that RC=CCu cannot be
the only intermediate [32]. Terminal acetylenes like 1-ethynylcyclohexanol are oxidized with
up to 93% yields by bubbling O, through an acetone solution in the presence of a Cu'
complex [49].

Oxidation by Cu' compounds (Reaction Type 2b). Not only salts like Cu[O,CCH,], can
be used, but also Cu'' complexes [19], and organic Cu'' compounds like Cu[OC(CHj),], [43].
In most cases the RC=CCu is formed in situ during the oxidation reaction from RC=CH
with Cu'l. This reaction is called ““Eglinton Coupling’’. In contrast to the ** Glaser Coupling ",
RC=CCu as an intermediate seems to be doubtless. As found in [28], with R=CRJOH, the
Cu' formed during the reaction is not sufficient for RC=CCu formation, and additional copper
salt must be fed to the reaction mixture. The reaction velocity depends on the rate of
the RC=CCu formation and on the basicity of the solution (amines, mostly pyridine). The
oxidation involves one-electron transfer [31]. An unstable dimeric Cu" acetylide is obviously
formed from RC=CCu, which decomposes to give R(C=C),R and completes the catalytic
cycle by regeneration of Cu*. This is oxidized to Cu'" again. The reaction of CuCl with
O, in pyridine has been shown to form CuCl,(pyridine), and a soluble Cu'" compound. For
the mechanism of the ““Eglinton Coupling”’ see [28, 32]. The precipitation of RC=CCu during
the reactions has been observed [22], but is not desirable, for it seems to reduce the reaction
rate [23].

The oxidative preparation of R(C=C),R from RC=CCu with K;Fe(CN), (Reaction Type 2c)
has been widely used. In part, this reaction is performed in strongly alkaline (KOH) aqueous
solution [10, 11, 21].

A great number of further oxidation reactions giving R(C=C),R is summarized under
Reaction Type 2d in Table 1. Oxidizing agents like concentrated HNO; are too aggressive
to give R(C=C),R and cause further oxidation or even explosions [3, 13 to 15].

Halogenation

The halogenation with retention of the C=C bond (Reaction Type 3) can be achieved
with X, (X=Br or 1) in organic solvents like CH,Cl, or n-hexane; RC=CX is the product.
Cl, is not suitable; it leads to decomposition of the initial alkyne. In the reaction of RC=CCu
with Br, the copper can be oxidized to Cu" and CuBr, is isolated [48]. Detonations and
inflammations have been observed not only with Cl,, but sometimes also at contacting
of RC=CCu with Br, vapors diluted by air admixture and on mixing with elemental I,
[1]. Kl is effective in the preparation of IC=CR in aqueous solutions. It is added until a
consistent brown color of the solution is maintained with stirring [4, 6]. Interhalogens can
also be reacted [12, 47]. 4-O,NCzH,C=CCu and 1, do not give 4-O,NC¢H,C=Cl, but only
4-O,NC¢H,(C=C),CsH,NO,-4 [17]. Halogenation of Reaction Type 3 generally occurs along
with oxidation and halogen addition (Reaction Types 2d and 4).

Halogenation followed by halogen addition (Reaction Type 4) gives RCX=CX,. There ex-
ists no detailed investigation about the scope and the limitation of Type 3 and 4 reactions.
Kl; is a useful reagent too [6 to 8]; I, can be used in warm water [9].
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‘“Straus Reaction”

RC=CCu gives RCH=CHC=CR in anhydrous boiling CH;CO,H with admission of air; after-
wards one molecule CH,CO,H may add to the C=C bond (Reaction Type 5). For example,
CH;0,CC=CCu does not give the expected CH,0,CCH-CHC=CCO,CH,, but the acetoxy mu-
conate CH;0,CCH=CHC(O,CCH;)=CHCO,CHj; [24]. A complex CgH;C=CCu - CH,;CO,Cu (see
Section 1.1.2.5) has been isolated and is supposed to be an intermediate of the ‘' Straus
Reaction” [17]. This reaction can also be carried out with RC=CCu formed in situ from
RC=CH and CuCl [29].

The geometry of the product RCH=CHC=CR has not been studied in detail. There have
been reported isolated (E)-compounds [24, 29]; an (E)/(Z)-mixture is presumed [27]. From
acetylides CuC=CZC=CCu the resulting cyclic enynes do not permit an (E)-structure. There-
fore only (Z)-*Straus products’ are observed. If substitution reactions with RC=CCu are
carried out in CH;CO,H as a solvent, oxygen must be excluded. Otherwise, the “'Straus
Reaction’ product can be formed, cf. the reaction of C4H;C=CCu and 4,6-diiodoresor-
cinol [34].

Insertion of CO,

RC=CCu and CO, give RC=CCO,Cu (Reaction Type 6). This is the reverse of the Prepara-
tion Method V (see p. 4) [45].
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1.1.2.1.3 General Remarks about Reactions of RC=CCu with R’X to Form RC=CR’
and Its Ring Closure Products

Within the least twenty years, the reaction RC=CCu+XR’ — RC=CR’+CuX (X=1I, Br etc.)
has become the most important means in organic chemistry to introduce alkynyl groups
into various molecules. The number of known examples is very large, and the group R’
shows a wide variation. Different reaction paths including subsequent reactions of RC=CR’
were observed. The reaction is therefore described under different ‘*Reaction Types” (7a
to 7p with formation of RC=CR’ and 8a to 8d with formation of ring closure products of
RC=CR’):
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Reaction Type 7: RC=CCu+R’X — RC=CR’ +CuX

a:

e:

-

—

k:

L:

reactions with R’X where X is bonded to an sp® carbon, see Sec-
tion 1.1.2.1.4.1,

. reactions with acyl halides, see Section 1.1.2.1.4.2,

: reactions with haloalkenes, haloallenes, and allenyl esters, see Section

1.1.2.1.4.3,

. reactions with haloalkynes, see Section 1.1.2.1.4.4,

reactions with C4H;l, see Section 1.1.2.1.4.5,

reactions with 2-substituted halobenzenes, see Section 1.1.2.1.4.6,

. reactions with 3-substituted halobenzenes, see Section 1.1.2.1.4.6,

: reactions with 4-substituted halobenzenes, see Section 1.1.2.1.4.6,

reactions with di- and polysubstituted halobenzenes, see Section
1.1.214.7,

reactions with compounds containing more than one iodobenzene
moiety, see Section 1.1.2.1.4.8,

reactions with iodonaphthalenes, see Section 1.1.2.1.4.9,

reactions with other carbocycles R’ X, see Section 1.1.2.1.4.10,

m: reactions with 5-membered heterocycles R’X, see Section 1.1.2.1.4.11,

n:
O:

p:

reactions with 6-membered heterocycles R’ X, see Section 1.1.2.1.4.12,
reactions with condensed heterocycles R’ X, see Section 1.1.2.1.4.13,

reactions with R’X where X is bonded to S, P, Si, or Sn, see Section
1.1.2.1.4.14,

Reaction Type 8: RC=CCu +R’X — ring closure product of RC=CR’ + CuX

a:
b:
c:

d:

ring closure giving furans, see Section 1.1.2.1.5.1,
ring closure giving pyrroles or thiophenes, see Section 1.1.2.1.5.2,
ring closure giving other heterocycles, see Section 1.1.2.1.5.3,

ring closure giving carbocycles, see Section 1.1.2.1.5.4.

The molecules R’X, into which the atkynyl group is introduced, must have a suitable
leaving group X. In most cases X is iodine. Bromine is less reactive or unreactive [8];
only bromoalkynes (R’X is R'C=CBr) are used on a broader scale. Chlorine is not a useful
leaving group in this reaction, except at highly activated sites like in 2,4,6-(O,N),C;H,Cl
and in R'COCL. Further leaving groups are benzothiazol-2-yloxy and CN. For polyhalo com-
pounds, one or more halogen atoms can be substituted by RC=C and often side reactions

are observed.

The leaving group X can be bonded to an sp3-, sp2-, or sp-hybridized carbon or to
another atom like Si, P, S, Sn, Pt, Hg, Ru, Rh, Re, or Ir. With sp®-hybridized carbon the
reaction is restricted to certain structures like the allyl-, benzyl-, or phenacyl-type. CH,l,
for instance, can only be reacted with RC=CCu in the presence of a special catalytic system.
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Bromo-ribofuranosides are understood as heterocycles (Reaction Type 7m), not as alkyl
bromides.

The most common R’ X within these Reaction Types 7 and 8 are halobenzenes and 2-io-
dothiophenes. But the range is very wide and even haloporphines were reacted.

In most cases the reaction is accomplished by refluxing the mixture of the reactants
for 5 to 120 h in solvents like pyridine or dimethylformamide. Far milder conditions than
usual are sufficient if the reaction is catalyzed by Pd compounds. This reaction has been
studied in detail with CgH;C=CCu and CgH;l and is therefore described more in detail in
Section 1.1.2.1.4.5. It should be noted that there are also a few substrates that permit reaction
times in the range of minutes without catalysis. Besides pyridine and dimethylformamide,
many other solvents were used, including even aqueous systems [9]. Auxiliary bases are
normally not necessary except for Reaction Type 7b and sometimes 7a. If highly insoluble
products are formed, the RC=CCu is better added in more than one portion to the reaction
mixture [7]. RC=CCu is not introduced into the reaction as a pure substance in all cases.
To avoid oxidative side reactions it is often better to use less than the equimolar amount
of Cul. Often a few mol% of a Cu! salt is sufficient for the reaction of RC=CH with R’X.
The reason for this is that Cu™, set free during the substitution reaction, can react to form
additional RC=CCu. Finally, RC=CH is totally converted to the acetylide. In other cases
there is no exact proof for the formation of RC=CCu as an intermediate but it is presumed.
For instance, RC=CH, activated copper powder, K,CO;, and R’X (X=1 or Br) in pyridine
or dimethylformamide give in a 70 to 80% yield the same RC=CR’ as is formed from RC=CCu
and R’ X [4 to 6].

Cu'-catalyzed Grignard reactions of the type RC=CMgBr+XR’ — RC=CR’4+MgBrX (X=
halogen) have only been entered into the tables exceptionally, though they were believed
to be formally reactions of Type 7. It is an open question whether the reaction of RC=CMgBr
and R’X in the presence of copper salts involves RC=CCu as an intermediate [1 to 3].
In some cases at the end of the coupling processes yellow precipitates of RC=CCu have
been observed [2]. But the Cul-catalyzed Grignard reactions seem to be more complex.
The anions of the added Cu! salts also play a role [2], and the activation of the C-halogen
bond in XR’, without RC=CCu formation, has been formulated [1].

In many cases, reactions of RC=CCu and R’ X do not yield RC=CR’, but a different product
is isolated. This can be the consequence of the work-up conditions (e.g., the saponification
of the tetrahydropyran-2-ylmethyl group to HOCH,). 1,8-(RC=C),C,,H; (from 1,8-diiodonaph-
thalene and 2 RC=CCu) rearranges to benzo[k]fluoranthenes, and the relative yield of the
two products is a function of the heating time (see Section 1.1.2.1.4.9). In some cases there
is definite proof that RC=CR’ is formed during the reaction as a real species.

If R"X contains a suitable structural unit, in most cases -CX=C(ZH)- (Z = NH, NR"”,
0O, S, CO,), ring closure reactions are observed (Reaction Types 8a to 8c); see Scheme I.
Usually A means an anellated ring system and the product is a bi- or polycyclic compound.

o~ X :
{% + CuC=CR —= A ﬂ |
\\ ZH \“ z R

For instance, the reaction of RC=CCu and 2-iodophenol (X=I, Z=0 and A=CH=CH-
CH=CH) gives a 2-substituted benzo[b]furan; see Scheme Il, p. 74. The probable intermedi-
ate 2-hydroxytolane has never been isolated; see Section 1.1.2.1.5.1.
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I C=CR
+ CuC=CR — @ — | | “
OH OH 0~ R

With Z=NH or NR”, in heterogeneous reaction systems the reaction runs analogously.
From RC=CCu and 2-iodoanilines indoles are formed. In contrast, with Z=NH or NR’’ in
homogeneous reaction systems, a mixture of RC=CR’ and the cyclization product (e.g.,
the indole) is formed; see Scheme Il and Section 1.1.2.1.5.2.

I C=CR
+ CuC=CR — @[ and/or |
NHR? NHR? N~ SR

R2
Il

In Section 1.1.2.1.5.3 the formation of additional heterocyclic ring systems from RC=CCu
and R’ X is listed as Reaction Type 8c. In almost all examples, A means an anellated benzene

ring. The reaction is more important for Z=CO,; phthalides and/or isocoumarines are thus
produced; see Schemes IV to VI.

N K / CHR AR
:aﬁ + CuC=CR —= .:A|| 0{ . ia
"V NcoH L - NP

c
I i
0 0
v
CHR
X
@[ + CuC=CR — . xR
CH0H 0
v
R
. —
@[ + CuCECR — 0
CH2CO4H
0
vi

The synthesis of carbocyclic ring systems from RC=CCu is listed under Reaction Type
8d in Section 1.1.2.1.5.4. Such rings can be formed intramolecularly, if R contains a leaving
group like iodine. An intermolecular head-to-tail-substitution (2 to 4, or 6 molecules RC=CCu
per formed ring system) gives carbocycles. The tarry substances, that are normally the
main products, should result from repeated intermolecular combination.
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A further source of carbocycles from RC=CCu are rearrangement reactions. Electrocyclic
reactions starting from aromatic systems which are substituted by 2 C=C groups are an
important example. Reactions via arynes and dimerizations or trimerizations of unstable
carbenes were also formulated (see Section 1.1.2.1.5.4).
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1.1.2.1.4 Reactions with R’X to Form RC=CR’

1.1.2.1.4.1 Reactions with R’X where X is Bonded to a sp3 Carbon

This reaction is referred to as ‘‘Reaction Type 7a” in Table 1 on pp. 17/41; X is usually
halogen, sometimes benzothiazol-2-yloxy, CH;CO,, or CH;S(0)0.

Simple primary, secondary, and tertiary alkyl halides do not react with RC=CCu, but
there exists one example of a catalyzed conversion. The reaction of C4H,C=CCu and CHj,l
in tetrahydrofuran in the presence of PdCl, and [N(C,H,),]l yields 46% CzH;C=CCH, [18].
The same product has been obtained, when the complex *“C4;H;C=CCu-3P(C,Hy-n);"’ (see
Section 1.1.2.4) and CHjl were reacted [14].

In contrast to the simple alkyl compounds, halides of the allyl, benzyl, and phenacyl
type react with RC=CCu following the equation RC=CCu +XR’ — RC=CR’+CuX; see Table 2,
pp. 76/8. A catalyst is not necessary.

In many cases RC=CCu is not added to the reaction mixture as a substance, but is
formed in the batch from RC=CH and Cu' compounds. The precipitation of RC=CCu occurs
immediately. It is later consumed during the much slower substitution reaction. As discussed
in Section 1.1.2.1.3, some mol% Cu', instead of the preformed RC=CCu, is often sufficient
to perform substitution reactions and sometimes even problems with side reactions can
be cancelled. Nevertheless there are cases, where molar amounts of Cu' are necessary [1].
Some reactions using in situ (visibly) formed RC=CCu and even some ‘‘catalytic”’ reactions
(with very low copper rates) are listed in Table 2. This has been exceptionally done, for
they have in the case of Reaction Type 7a a high preparative value.

A detailed study and comparison using dry solid RC=CCu, or stoichiometric amounts
of Cu', RC=CH, and R’X, or catalytic amounts of Cu', 1 mol RC=CH, and 1 mol R’X is given
in [11] for the compounds No. 8, 18, 69, and 90 (as in Table 1). Sometimes the yields depend
more upon the nature of the auxiliary base than upon the method used. The follow-
ing yields are reported, as shown for the reaction of CgH;C=CH (0.1 mol)/CuBr (1 g) with
CH,=CHCH,Br: tertiary amines 0%, n-C,HyNH, 32%, K,CO; 68%. CuCl instead of CuBr is
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not recommended. Halogen exchange leads to the less reactive allyl chloride. Cupric acetate
oxidizes CgH;C=CH to CzgH;(C=C),CgH; [11].

The usual solvents are dimethylformamide, hexamethylphosphoric triamide, and tetra-
hydrofuran. N-methylpyrrolid-2-one, nitrobenzene, and mixtures of C,H;OH and H,0 were
also used. Some reactions have been carried out by mixing the components without solvent.

The yields depend on the method of preparation of RC=CCu. For instance, if C;H;C=CCu
is prepared in hexamethylphosphoric triamide, the yield of the reaction with allyl bromide
is 16%. When prepared in toluene, CzH;C=CCu does not react [11].

If the leaving group X is benzothiazol-2-yloxy, the enhanced reactivity of C4H;C=CCu
and the high stereospecifity can be ascribed to the coordination of the organometallic species
to the nitrogen atom in the heterocycle. A suitable solvent is tetrahydrofuran [16].

The reaction of HOCH,C=CCu or 4-1C¢H,C=CCu and CH,l, produces polymeric products,
whose structures have not been reported [7].

Table 2

Reaction Type 7a (explanation see pp. 12/4):
RC=CCu+R’X — RC=CR’+CuX where X is Bonded to a sp?® Carbon.

R in RC=CCu R’X remarks (yield of RC=CR’ in %) Ref.
a) and ) : explanation see p. 78
HOCH, CH,=CHCH,Br (13)3), (42)0) [5,7,11]
CH,=CHCH,ClL (12), (65)° [4,86]
(E)-CH;CH=CHCH,CI (65)P) and rearrangement product [6]
CH,=C(CH,)CH,ClL (13), (13)2), (65)?! [4,5,6]
(E)-CgH;CH=CHCH,Br (8)a [5]
CH,CH(OH) CH,=CHCH,Cl (85)0) [6]
CH,=C(CH4)CH,CL (67)°) [6]
C,H;0 CH,=CHCH,Br isolation as C,H;0,C(CH,),CH=CH, (39)?) [11]
(Z)-CH;0CH=CH
CH,=CHCH,Br no yield given [15]
CgHsCH,Br no yield given [15]
(CH;),C(OH)  CH=CCH,CL (32)2) [4,5]
CH,=CBrCH,Br only (CH,),C(OH)C=CCH,CBr=CH, (50)3 [5]
CICH,CH=CHCH,CL (28)2) monosubstituted and a few di- [5]
substituted product
CH,=CHCH,Br (563)a) [5]
CH,=CHCH,ClL {563)3), (59)°) [4,6]
CH,=C(CH3)CH,CL (50)3), (50)°) [4,5,6]
(E)-CgHsCH=CHCH,Br (38), (45) [4,5]
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Table 2 [continued]

77

Rin RC=CCu R’X remarks (yield of RC=CR’ in %) Ref.
a) and b): explanation see p. 78
(CH,),Si (CH3),C=C=CHBr (33) with 4 mol % [Pd(P(C¢H;)s),] at45°  [19]
(CH,4),C=C=CHCO,CH, (4) with 4 mol % [Pd(P(CgHs);),] at 45° [19]
n-C,H,q n-C,Hy,C=CCH,Br part of the n-C,H,C=C moiety is intro- [2]
duced as n-C,H,C=CMgBr
n-CgHy, CH=CCH,Br (88) and n-CzH,,C=CCH=C=CH, (12) [13]
CH,=CHCH,Br (13 to 96, strongly dependent on the [11,13]
auxiliary base and the solvent), (442,
(70)®
CH,=CHCH,Cl (60) [13]
CH,=CHCH,I (74) 13]
CH,=CHCH(CH,)OC,H,NS rearrangement to [16]
(E)-n-CgH,,C=CCH,CH=CHCHj, (40)
CH;CH=CHCH,Br n-CzH,,C=CCH,CH=CHCHj; and [13]
n-CzH,,C=CCH(CH,;)CH=CH,,
total yield 76%
CH,=C(CH4)CH,Br (80) [13]
CH,=C(CH,4)CH,ClL (63) [13]
(CH,4),C=CHCH,Br (50) [13]
(CH,3),C=CHCH,Cl (60) [13]
(C,H5),C(OH)  CH,=CHCH,CI (30)@ [5]
CgHs CH,=CHCH,Br (16) in hexamethylphosphoric triamide, [7,9,10,
(94) in the same solvent+1 mol 17, 18]
[N(C,4Hg),]1 +0.01 mol
C¢HsPdI[P(CgHs)sl5,
(83) in nitrobenzene at 240°
CH,=CHCH,Cl (12, excess C4H;C=CCu necessary), [3, 6]
(30)2
CH,=CHCH(CH;)OC,;H,NS rearrangement to [16]
(E)-CgHsC=CCH,CH=CHCH, (70)
CH,=CHCH(C,H;)OC;H,NS rearrangement to [16]
(E)-CgHsC=CCH,CH=CHC,Hj, (68)
CH,CH=CHCH,CI, (E)-CgH5C=CCH,CH=CHCH, (73) and [12]
(E)/(Z)-mixture C¢HsC=C(CH,),CH=CH, (27), no
(Z)-compound
CH,=C(CH,3)CH,CL (20) [6]
(CH,),C=CHCH,Br (<5) [11]
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Table 2 [continued]

Rin RC=CCu R’X remarks (yield of RC=CR’ in %) Ref.
3 and ) explanation see below
Ce¢Hs C¢HsCH,Br (90) at 245° in N-methylpyrrolidine [9]
[continued] & 1 cOCH,Br at 240° in nitrobenzene only 2,5-di- 8, 9]
phenylfuran (54), at 140°in glycol
only C¢H;COCH; and tars

S
o~ O{\Ej Et/\CECCsHs [16]
N (60)

Explanations for Table 2:
2 RC=CCu is formed in the reaction mixture without isolation from equimolar amounts RC=
CH and Cu'.
b) RC=CCu is formed in the reaction mixture without isolation from RC=CH and less than
equimolar amounts of Cul.
Yields not marked by @ or ) are obtained with pure RC=CCu.
C;H NS =benzothiazol-2-yl.
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1.1.2.1.4.2 Reactions with Acyl Halides

This reaction, a valuable source in the preparation of ynones, is referred to as ‘“Reaction
Type 7b’ in Table 1 on pp. 17/41:

RC=CCu+XCOR' — RC=CCOR' +CuX

Xis in most cases Cl, sometimes Br. Aryloxymethyl substituted Cu acetylides tend to undergo
rearrangement and substitution at oxygen. From ArOCH,C=CCu and R'COX the following
products can be expected: ArOCH=C=CHCOR', ArO,CR', and (ArOCH,C=C), [15, 16].
CgH;0C=CCu and C4H;COCL give only C4gH;CO,C¢H; [15].

The reaction is usually carried out in solvent mixtures containing pyridine, dioxane,
or Cl(CH,),Cl and is catalyzed by tertiary amines like N(C,H;),. It is often sufficient to run
the reaction at room temperature. Dimethylformamide is not a suitable solvent except in
mixtures. In pure pyridine (no addition of a further amine) the reaction of C;H,C=CCu and
acid chlorides gives only a complex from which the initial products can be recovered.
No reaction takes place in anisole [2].

The yields depend on the order of the charging of the reactants too. The addition of
first 2 mol triethylamine and then of 2 mol pyridine to a suspension or solution of C;H,C=CCu
and R'COCL (R'=aryl) in benzene, dioxane, or CL(CH,),Cl gives better yields (up to 55%)
than a simultaneous addition of both amines. Using only one amine, C4H;,C=CCu does not
react at a molar ratio of acid chloride to amine of 1:2 or 1:4 [2]. Advantageously, the
reaction is carried out with more than equimolar amounts RC=CCu. In this way the R1COX
is quantitatively converted and the excess of insoluble RC=CCu can be easily filtered. Often
the same reaction is carried out with and without addition of Li, Mg, or similar salts. The
presence of LiX, MgX,, etc., implies the formation of heterocuprates (see Section 1.1.2.3)
and is normally faster than the reaction with pure RC=CCu [10]. Acetyl chloride and Cz;H,C=
CCu do not react to form methyl phenylethynylketone [2, 3]. This compound is only produced
after addition of Lil [5].

To avoid the ““troublesome preparation” of RC=CCu, a method has been proposed react-
ing RC=CH, R'COCI, Cul, (C,Hs),NH, and [P(C¢Hs)3],PdCL,. RC=CCu is supposed to be the
intermediate, but a catalytic reaction has not been excluded. Therefore, the examples are
not entered into Table 3 [11]. This reaction has also been used to prepare macrocyclic
ketones [13].

Whereas the reaction to ynones has a wide scope, an analogous reaction with sulfonyl
halides to give RC=CSO,R" is not feasible [2, 3].

Table 3
Reaction Type 7b (explanation see pp. 12/4):
RC=CCu+R’X - RC=CR’+CuX (R’ X=acyl halide).

R in RC=CCu R'X remarks (yield in % ; refers to Ref.
RC=CR’, if not otherwise stated)

(2)-CH30CH=CH C¢H,COCL no yield given [12]
n-C;H, CH,COCl (75), protect from light [4, 7]

C¢H5(CH,),COCL (81) (4]
Gmelin Handbook References on pp. 81/2
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Table 3 [continued]

R in RC=CCu R'X remarks (yield in % ; refers to Ref.
RC=CR’, if not otherwise stated)

(CH3),Si CH,COClL (30) [9]
(CHs),CHCOCL (48) [9]
n-C4H,,COCL (62) [9]
4-CIC¢H,COCL (61 [9]
CgH,COCL (66) [9]
4-CH,C4H,COCL (48) (9]

n-C,Hg CH,COCl (10) (5]
CH,40,C(CH,),COCL (56) (10]
CH30,CCH(CH,)CH,COCL  (55) [10]
CH,0,CCH(CgH;)CH,COCL (44) {10]

n-CyHy4 CH,COBr (40) (6]
CeHsCOCL (58) (6]

CeHs CH,0,C(CH,),COCL (52) (10
CH,0,C(CH,),COCL (56) [10)
CH,0,CCH(CH,)CH,COCt  (53) [10]
4-BrCgH,COCL (58) [2]
3-0,NCgH,COCI (53) 2]
4-0,NC4H,COCl (52) 2]
CeHsCOCt (42) 1,2
CH,0,C(CH,),COCL (61) {10]
CgH4(COCI),-1,3 yields ata 2: 1 ratio only 1,3-bis- [21

(phenylethynyl)benzene (42)
CgH,(COCL),-1,4 yields ata 2:1 ratio only 1,4~ [2]
bis(phenylethynyl)benzene (45)

C¢HsCH=CHCOCI (40) 2]
CH,0,CCH(C4H5)CH,COCL (40) [10]
COCl, yields in toluene/pyridine only [2]

C4H;C=CCOCL

a polymer containing free C¢H;C= [14]
Cico @ @ COCL  CCuis reacted, no information
about the incorporation of the sup-

I 1 posedly formed ynone into the
polymer is given; this reaction is
claimed to be important to make
polymers heat resistent
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R in RC=CCu R’ X remarks (yield in % ; refers to Ref.
RC=CR’, if not otherwise stated)
CgHsO C¢H;COCL yields only C¢H;CO,CgH5 [15]
2,4,6-Br,C;H,0OCH, yields only 2,4,6-Br;C¢H,0,CCgH;
C¢HsCOCl (88) [15]
2,4,6-Cl,C,H,0CH, yields only 2,4,6-Cl;C¢H,0,CC¢H; (68) [15]
CgH5COCL
2-BrCgzH,0CH, CgHsCOCL yields only (2-BrC¢;H,OCH,C=C), (40)  [15]
4-BrCgH,OCH, C¢H;COCL yields only 4-BrC;H,OCH=C=CHCO-
CeHs (39) [15]
4-O,NC¢H,OCH, C4zH;COCIL gives in benzene/N(C,H;) /pyridine at  [16]
60°4-O,NCH,OCH=C=CHCOC4H,
(52), 4-O,NC¢H,0,CC¢H; (20), and
(4-O,NC4H,OCH,C=C), (28)
CgHsOCH, C¢HsCOClL yields only CgH;OCH=C=CHCOCgH;
(30[15], 81[8]) [8, 15]
4-CH,C¢H,OCH, GCgzH;COClL yields only 4-CH,C¢H,OCH=C= [15]
CHCOCgH; (37)
4-CHZ;0C¢H,OCH, C4H,COClL reported to give 4-CH,O0C,H,OCH=C= [8, 15]
CHCOCg4H; (30) [8] or (4-CH,0-
C¢H4,OCH,C=C), (72) [15] under
similar conditions
2,4,6-(CH,;),C¢H, CgzH,COClL (41) 2]
2,5-(CH,),C4H,0CH, yields only 2,5-(CH,3),C4H;0CH=C=
C¢HsCOCL CHCOCgH; (89) [15]
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1.1.2.1.4.3 Reactions with Haloalkenes, Haloallenes, and Allenylesters
This reaction is referred to as Reaction Type 7c in Table 1 on pp. 17/41.

In contrast to halogen at sp®-hybridized carbon, halogen in haloalkenes is readily substi-
tuted by an alkynyl group from RC=CCu forming the corresponding enynes and a cuprous
halide. Depending on the reaction conditions, mono- and disubstitution is possible with
1,2-diiodoalkenes. Tetraiodoethene gives a tetrasubstituted product.

The reactions are normally carried out in pyridine (sometimes in dimethylformamide)
at 40 to 130 °C, the reaction times are between a few minutes and 24 hours. They can
be strongly catalyzed by C4H;PdI[P(CgHs);l, (see Section 1.1.2.1.4.5) [12]. Analogous reac-
tions using RC=CH, R’X, and catalytic amounts of both the Pd catalyst and Cul are also
known [16]. The ease of replacement of the halogen follows the order | >Br>Cl. Fluorides
do not react [1]. In the presence of Pd[P(C¢H;);], and n-C,H¢NH,, RC=CCu formed in situ
from RC=CH and 5% Cul reacts with both (E)- and (Z)-CICH=CHCl at room temperature
to give RC=CCH=CHCL in more than 99% isomeric purity. The yields are almost quantitative
(R=CH,SCH,, n-CgH,;, pyran-2-yloxymethyl) except for R=CH,CO,CH, ((E)-form 65% and
(Z)-form 72%) [14].

An analogous reaction is possible with the pseudo-halogen CN. The reaction of CgH,C=
CCu and tetracyanoethylene gives after 1 h in tetrahydrofuran (NC),C=C(CN)C=CC¢H; and
resinous products [3].

The first reports about the straight forward reaction of RC=CCu and (E}-R’C(l) = CHSO,R"
give no data about a possible change of the configuration at the double bond [4] or claim
the retention of the (E)-structure without giving the molar ratio of the reactants [7]. Later
the stereochemistry of the substitution reaction was studied in detail. The (E)-2-iodo-1-
sulfonylalkenes on coupling with cuprous phenylacetylide gave the (E)-1-sulfonylbut-1-en-
3-ynes in good yields, when a 1:1 ratio of reactants was used. However, when an excess
of cuprous phenylacetylide was used, the reaction time doubled or quadrupled, and mixtures
of the two 1-sulfonylbut-1-en-3-yne isomers were isolated with the thermodynamically
more stable product, the (Z)-isomer, predominating. The (Z)-2-iodo-1-sulfonylalkenes were
also coupled with cuprous phenylacetylide to give the (Z)-1-sulfonylbut-1-en-3-ynes in
fair yields. The assignment of configuration to the 1-sulfonylbut-1-en-3-ynes was based
upon NMR coupling constants and chemical shift data. In this work, however, no substituents
are given [8]. The products from [4] should have the (E)-configuration for the molar ratio
(as far as mentioned) is 1:1.
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Table 4

Reaction Type 7c (explanation see pp. 12/4):

Reactions of RC=CCu with Haloalkenes, Haloallenes, and Allenylesters.
If not otherwise stated, halogen has been substituted by RC=C, and the reaction products
are formed with a retention of configuration.

83

R in RC=CCu haloalkene, haloallene, remarks (yield in %) Ref.
or allenylester
CHg (Z)-1CH=CHCO,CHj,4 isolated after hydrolysis to the carbonic [13]
acid (16)
C,Hy (E)-ICH=CHI only (E)-C,H;C=CCH=CHC=CC,H; (71) [11]
CH;CH(OH) (2)-ICH=CHCO,CH, (57) [13]
CH,=C(CH,) (Z)-ICH=CHCO,CH, (34) [13]
(Z2)-CH;0CH=CH (E)-ICH=CHCHqg-n (1Z, 5E)-CH;0CH=CHC=CCH=CH- [9]
C4Hg-n
n-CzH, (E)-1ICH=CHI only (E)-n-C;H,C=CCH=CHC=CC,H,-n [11]
(75)
(CH3),Si (CH,4),C=C=CHBr (CH3),C=C=CHC=CSi(CHj;); (33) [15]
in presence of [Pd(P(Cg¢Hs)3),]
(CH,;),C=C=CHO,CCH;  (CH;),C=C=CHC=CSi(CH,;); (4) [15]
in presence of [Pd(P(CgHs)3).]
n-C4H,q (Z)-C,H5C(CH4)=CHI (70) [6]
(E)-n-C,HyC(C,H5)=CHI (85) [6]
(E)-ICH=CHI in boiling pyridine after 10 min 40% [2]
(E)-n-C,4H C=CCH=CHI; after 2h 60%
(E}-n-C,H C=CCH=CHC=CC,Hq4-n, no
monosubstituted product
4-ClCgH, (E)-ICH=CHI mixture of the mono- and disubstituted [2]
products, no determination of the con-
figuration
4-1CgH, (E)-ICH=CHI mixture of the mono- and disubstituted [2]
products, no determination of the con-
figuration
CgHs (E)-CH3SO,CH=C(I)CH; (53) [7]
(E)-CH3S0O,CH=C(l)C¢H5 (68) [7]
(E)-C,HzSO,CH=C(I)CH; (50) [7]
(E)-C,HsS0,CH=C(1)C¢H; (76) [4, 7]
(E)-C¢H;CH=CHBr (94) at 20°/0.4 h in hexamethylphosphoric [12]

CgHsCH=CHBr

Gmelin Handbook
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Table 4 [continued]

1.1.2.1.43

R in RC=CCu haloalkene, haloallene, remarks (yield in %) Ref.
or allenylester
Ce¢Hs (E)-C¢H5SO,CH=CHI (63) [7]
[continued]
(E)-CgH;SO,CH=C(I)CH; (62) [7]
(E)-CgH5SO,CH=C(I)C¢H; (68) [7]
(E}-4-CH,CgH,SO,CH=CHI [7]
(76)
(E}-4-CH,C4H,S0,CH=C(I)CH, (7]
(76)
(E)-4-CH;C¢H,SO,CH=C(1)CHg-n [7]
(72)
(E)-4-CH;C4H,SO,CH=C(1)CgH; [4, 7]
(58)
(E)-4-CH;C¢H,SO,CH=C(1)C¢H,,-cyclo [4]
(80), geometry not given
(E)-4-CH,C¢H,SO,CH=C(I)C4H,5-n 7]
{60)
(E)-CICH=CHI 60 to 90% (E)-C¢H;C=CCH=CHCl [1, 5]
(E)-1ICH=CHI in boiling pyridine after 10 min 30% [2, 5]
(E)-CgHsC=CCH=CHlI; after 2 h in boil-
ing pyridine or dimethylformamide 55
or 65% (E)-CgH;C=CCH=CHC=CC¢H;,
no monosubstituted product
ICH=CHI only CgH,C=CCH=CHC=CC¢H; (90) [1]
1,G=Cl, 4010 90% (C¢H;C=C),C=C(C=CC¢H;),, [1, 5]
best yields after 2 h at 80° in pyridine
Q 0
CHj3
OCHy— : isolated as CH3 [10]
0 C=CCH,0H
after treatment with toluenesulfonic
acid (72)
C¢H;OCH, (E)-CLCH=CHI (E)-C4H;OCH,C=CCH=CHCI (60 to 90) [5]
CLCH=CHI CgH50CH,C=CCH=CHCI (70) [1]
ICH=CHI only CgH;OCH,C=CCH=CHC=CCH,0CzH; [1]

(40)

Gmelin Handbook
Cu-Org. Comp. 3



1.1.2143-1.12.144 85

References:

[1] J. Burdon, P. L. Coe, C. R. Marsh, J. C. Tatlow (J. Chem. Soc. Chem. Commun. 1967
1259/60).

[2] L. Yu. Ukhin, A. M. Sladkov, V. I. Gorshkov (Zh. Org. Khim. 4 [1968] 25/7; J. Org. Chem.
[USSR] 4 [1968] 21/3).

[3] L. Yu. Ukhin, A. M. Sladkov, Zh. I. Orlova (lzv. Akad. Nauk SSSR Ser. Khim. 1969 705/6;
Bull. Acad. Sci. USSR Div. Chem. Sci. 1969 637/8).

[4] W. E. Truce, G. C. Wolf (J. Org. Chem. 36 [1971] 1727/32).

[5] J. Burdon,P. L. Coe, C.R. Marsh, J.C. Tatlow (J. Chem. Soc. Perkin Trans. | 1972
639/41).

[6] A. Commercon, J. F. Normant, J. Villiéras (J. Organometal. Chem. 93 [1975] 415/21).

[7] W. E. Truce, A. W. Borel, P. J. Marek (J. Org. Chem. 41 [1976] 401/2).

[8] A. W. Borel (Diss. Purdue Univ. 1976, pp. 1/366; Diss. Abstr. Intern. B 37 [1977] 5079;
C.A. 87 [1977] No. 38724).

[9] G. A. Kraus, K. Frazier (Tetrahedron Letters 1978 3195/8).

[10] R. H. Bradbury, T. L. Gilchrist, C. W. Rees (J. Chem. Soc. Perkin Trans | 1981 3234/8).

[11] T. P. Lockhart, P. B. Comita, R. G. Bergman (J. Am. Chem. Soc. 103 [1981] 4082/90).

[12] N. A. Bumagin, 1. O. Kalinovskii, A. B. Ponomarev, |. P. Beletskaya (Dokl. Akad. Nauk
SSSR 265 [1982] 1138/43).

[13] G. Struve, S. Seltzer (J. Org. Chem. 47 [1982] 2109/13).

[14] V. Ratovelomanana, G. Linstrumelle (Tetrahedron Letters 22 [1981] 315/8).

[15] K. Ruitenberg, H. Kleijn, H. Westmijze, J. Meijer, P. Vermeer (Rec. Trav. Chim. 101
[1982] 405/9).

[16] N. A. Bumagin, A. B. Ponomareyv, . P. Beletskaya (lzv. Akad. Nauk SSSR Ser. Khim.
1984 1561/6; Bull. Acad. Sci. USSR Div. Chem. Sci. 1984 1433/8).

1.1.2.1.4.4 Reactions with Haloalkynes

This reaction is referred to as Reaction Type 7d in Table 1 on pp. 17/41. The reaction
RC=CCu+XC=zCR' — R(C=C),R' (X=Br, |} is very useful to prepare asymmetric diynes. Sym-
metric diynes R(C=C),R can be prepared more easily by oxidation of RC=CCu (see Reaction
Type 2, Section 1.1.2.1.2).

Chloroalkynes do not react; in most cases, bromoalkynes are used. lodoalkynes give
principally the same results. The reaction conditions are very different. Dimethylformamide
at 0 °C, H,0/C,H;OH, and pyridine at room temperature as well as n-hexane, CH,Cl,, and
boiling dimethylformamide are possible. The reaction has also been conducted without
any solvent.

Formation of R(C=C),R as a side reaction is often observed. The also possible product
R1(C=C),R" has rarely been reported. As outlined under **Preparation Method IV” in Sec-
tion 1.1.2.1.2 (see p. 4), the Cut liberated in the course of the reaction forms with R'C=CBr
the corresponding R'C=CCu and Cu?*. This for its part causes a side reaction to give
R(C=C),R (see Reaction Type 2b, Section 1.1.2.1.2). To suppress this reaction, the amount
of Cu* present must be reduced. This corresponds to the so-called * Chodkiewicz-Cadiot
Coupling”’, which uses instead of RC=CCu a mixture of RC=CH and approximately
2mol% Cut. With this method, the addition of a base to neutralize the protons formed
during the reaction is necessary and the formation of Cu* from Cu2* by reduction with
[NH,OH]CI to limit side reactions is preferable. The amine concentration should not be
too high, for too much amine favors the formation of R(C=C),R. During the Chodkiewicz-
Cadiot coupling, RC=CCu is formed in a fast reaction between RC=CH and Cu*/amine,
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whereas the substitution reaction with R'C=CBr to give R(C=C),R' proceeds more slowly
[7, 13]. However, a clear proof of the reaction path has not yet been furnished. For this
reason examples of this intensively studied catalytic reaction have not been entered in

Table 5 [2, 3).

Table 5

Reaction Type 7d (explanation see pp. 12/4):

RC=CCu +XC=CR' — R(C=C),R' +CuX.

a) The acetylide is generated as a slurry in the reaction mixture and not isolated.

C5H 0, =tetrahydropyran-2-yloxy.

R in RC=CCu XC=CR' remarks Ref.
R’ X  ({yield of R{C=C),R'in %)
CH, HOCH, Br (60) [5, 7]
CH3CH(OH) HOCH, Br noyield given [7]
CH,C=C HOCH, Br (66) [5, 7]
n-CsH; (CHg);Si Br inpyridine at 25° (96) and [12]
(CH3)5Si(C=C),Si(CH,)5 (1),
no reaction in THF/hexane
(CH3),C(OH) HOCH, Br (56)2 [1]
Ce¢Hs Br (73)2 [1, 3]
(CH,),C(OH)(C=C),Br n=0(95), n=1(66)? [1]
oo™ ™ :
HO
(CH,3)5Si n-C4H; Br low yield, mixture with (CH,),Si(C=C),~  [12]
Si(CH3); and n-C4H,(C=C),C3H,-n
(CH;)5C (CH,),5Si Br (93)2 [12]
(C,H;0),CH HOCH, Br novyield given [71
4-BrCgH, CeHs Br excess acetylide, noyield given [4]
4-CICgH, CeHs | R(C=C),R':R'(C=C),R':R(C=C),R= [9]
4:1:2
4-O,NCgH, CeHs Br excess acetylide, no yield given [4]
CeHs HOCH, Br (65) [5,7]
(CH,3),C(OH) Br (87)@ [3]
CgHs 1 (96), CgH5C=ClI can be formed in situ [5, 11]
from CzgH;C=CCu and I,
4-CH=CC¢H, Br large excess of acetylide, no yield [4]
given
H Br isolated as the copper salt [8, 10]
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Table 5 [continued]

R in RC=CCu XC=CR! remarks Ref.
R? X (yield of R(C=C),R"in %)
cyclohex-1-enyl (CH5)3Si Br (85)2 [12]
cyclo-CgHy;, (CH,),Si Br (81)2 [12]
(2)-n-C,HgOCH=CH CgH, Br 2, noyield given [6]
CsHy0,CH, HOCH, Br noyield given [7]
n-CgH43 (CH;)4Si Br (83)2 [12]
l | | l HOCH, Br (71) [5, 7]
S S
naphth-1-yl 4-CH=CC¢H, Br large excess of acetylide, no yield [8, 10]
given
naphth-2-yl 4-CH=CC¢H, Br large excess of acetylide, no yield [8, 10]
given
1-C,oH,C=C 4-CH=CCg¢H, Br large excess of acetylide, no yield [8, 10]
given
QIO Q11O oo
HO HO
(CgH5),C(OH) HOCH, Br (50)2 [1]
CgHs Br (60)2 [1]
(CgH5),C(OH)(C=C),
Br n=0(65)3, n=1(51)a (1]
CsHgO,(CH,)g (CH3)4Si Br (70)@ [12]
References:

[1] W. Chodkiewicz, P. Cadiot (Compt. Rend. 241 [1955] 1055/7).

[2] W. Chodkiewicz, J. S. Alhuwalia, P. Cadiot, A. Willemart (Compt. Rend. 245 [1957] 322/4).

[3] W. Chodkiewicz (Ann. Chim. [Paris] [13] 2 [1957] 819/69).

[4] G. N. Gorshkova, M. A. Chubarova, A. M. Sladkov, L. Yu. Ukhin, V. |. Kasatochkin (Zh.
Fiz. Khim. 38 [1964] 2516/20; Russ. J. Phys. Chem. 38 [1964] 1367/9).

[5] R. F. Curtis, J. A. Taylor (Tetrahedron Letters 1968 2919/20).

[6] A.N. Volkov, Yu. M. Skvortsov, I. I. Danda, M. F. Shostakovskii (Zh. Org. Khim. 6 [1970]
897/902; J. Org. Chem. [USSR] 6 [1970] 903/7).

[7]1 R. F. Curtis, J. A. Taylor (J. Chem. Soc. C 1971 186/8).

[8] Y. Okamoto, K. L. Chellappa, S. K. Kundu (J. Org. Chem. 37 [1972] 3185/7).

[9] A. M. Sladkov, I. R. Gol’ding (Dokl. 4th Vses. Konf. Khim. Atsetilena, Alma-Ata 1972,
Vol. 1, pp. 59/64; C.A. 79 [1973] No. 78253).

[10] Y. Okamoto (AD-760772) [1973] 1/84; C.A. 80 [1974] No. 37537).
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[11] J. S. Miller, S. T. Matsuo (J. Polym. Sci. Polym. Letters Ed. 18 [1980] 809/10).
[12] J. A. Miller, G. Zweifel (Synthesis 1983 128/30).
[13] G. Eglinton, W. McCrae (Advan. Organic Chem. 4 [1963] 225/328).

1.1.2.1.4.5 Reactions with C;H,|

This reaction (called Reaction Type 7e in Table 1, pp. 17/41) is a very useful method
to prepare RC=CCgzH;. Sensitive tolanes can best be prepared by this mild conversion:

RC=CCu+IC4Hs » RC=CCH, +Cul

The reaction is in most cases accomplished by refluxing the components for 5 to 48 h
in pyridine. These long reaction times demand a particularly careful exclusion of air to
avoid the formation of R(C=C),R (see Section 1.1.2.1.2).

Recently a catalysis by 1 mol [N(C,Hg-n),]l and 0.01 mol CgH;PdI[P(C¢H;);], has been
suggested. Under these conditions yields up to 95% at room temperature are reported
[15, 16]. This reaction is also possible with RC=CH, R’ X, 1 mol% CgHgPdI[P(CgH;)s1,, 1 mol%
Cul, and 2 equivalents N(C,H;); [17].

The following RC=CCu were reacted with CgH;l to give RC=CC¢H; (yields in parentheses):

R = (Z)-C,H;OCH=CH (15 to 20% (Z)-product) [6]; (CH3)sC (84%) [12]; (E)-CH;CH=CH-
C=C yields a (Z)/(E)-mixture at a 7:3 ratio [4]; tetrahydropyran-2-yloxy [7]; n-CzH,, (36%)
in hexamethylphosphoric triamide at 100 °C [11]; (C,H;0),CH (71%) [7, 11]; CgF5 (74%)
[9]; CgHs (85 to 90%) in pyridine [1, 2], (65%) in hexamethylphosphoric triamide at 100 °C
[11], (90%) for the catalyzed reaction (see above) in pyridine [16]; (Z)-n-C,H,OCH=CH (15
to 20% (Z)-product) [6]; tetrahydropyran-2-yloxymethyl [3]; CgH;CO (90%) in dimethylform-
amide at 160 °C [5]; 2,5-d,-CsH;FeCsH,D, (77%) [10]; CsHsFeCsH, (84%) [14].

For R=CgH;, the rate constant k,=8x10"8M~-"-s~" in pyridine at 100 °C, AG},=
26 kcal - mol~', AHZ,;=7.2 kcal - mol~7, AST = —63 cal-mol—1- K-, has been determined
(8l.

References:

[1] C. E. Castro, R. D. Stevens (J. Org. Chem. 28 [1963] 2163).

[2] R. D. Stevens, C. E. Castro (J. Org. Chem. 28 [1963] 3313/5).

[3] R. E. Atkinson, R. F. Curtis, D. M. Jones, J. A. Taylor (J. Chem. Soc. Chem. Commun.
1967 718/9).

[4] E. R. H. Jones, S. Safe, V. Thaller (J. Chem. Soc. C 1967 1038/44).

[5] M. S. Shvartsberg, A. N. Kozhevnikova, I. L. Kotlyarevskii (I1zv. Akad. Nauk SSSR Ser.
Khim. 1967 466/7; Bull. Acad. Sci. USSR Div. Chem. Sci. 1967 460/1).

[6] M. F. Shostakovskii, A.N. Volkov, A.N.Khudyakova, Yu. M. Skvortsov, I.l. Danda
(Khim. Atsetilena Tr. 3rd Vses. Konf., Dushanbe 1968 [1972], pp. 94/7; C.A. 79 [1973]
No. 18257).

[7] R. E. Atkinson, R. F. Curtis, D. M. Jones, J. A. Taylor (J. Chem. Soc. C 1969 2173/6).
[8] C.E. Castro, R. Havlin, U. K. Honvad, A. Malte, S. Moje (J. Am. Chem. Soc. 91 [1969]
6464/70).
[9] M. D. Rausch, A. Siegel, L. P. Klemann (J. Org. Chem. 34 [1969] 468/70).
[10] M. D. Rausch, A. Siegel (J. Organometal. Chem. 17 [1969] 117/25).

[11] J. F. Normant, M. Bourgain, A.-M. Rone (Compt. Rend. C 270 [1970] 354/7).
[12] J. J. Eisch, M. W. Foxton (J. Org. Chem. 36 [1971] 3520/6).
[13] J. S. Kiely, P. Boudjouk, L. L. Nelson (J. Org. Chem. 42 [1977] 2626/9).
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[14] D. W. Slocum, M. D. Rausch, A. Siegel (Organometal. Polym. Symp. 1977/78 39/51, 49).

[15] N. A. Bumagin, I. O. Kalinovskii, I. P. Beletskaya (lzv. Akad. Nauk SSSR Ser. Khim. 1981
2836; Bull. Acad. Sci. USSR Div. Chem. Sci. 30 [1981] 2366).

[16] N. A. Bumagin, I. O. Kalinovskii, A. B. Ponomarev, I. P. Beletskaya (Dokl. Akad. Nauk
SSSR 265 [1982] 1138/43; Dokl. Chem. Proc. Acad. Sci. USSR 262/267 [1982] 262/6).

[17] N. A. Bumagin, A. B. Ponomarev, |. P. Beletskaya (lzv. Akad. Nauk SSSR Ser. Khim.
1984 1561/6; Bull. Acad. Sci. USSR Div. Chem. Sci. 1984 1433/8).

1.1.2.1.4.6 Reactions with Monosubstituted Halobenzenes

This reaction is the most important method to synthesize compounds of the type RC=
CC¢H,4R, especially substituted tolanes. The reaction is in most cases accomplished by
refluxing the reactants for 5 to 48 h in solvents like pyridine or dimethylformamide. Far
milder conditions are sufficient, if the reaction is catalyzed by Pd compounds (see Section
1.1.2.1.4.5) [37]. For the analogous reaction using RC=CH and catalytic amounts of Cul,
see [38].

Bromobenzene was not reacted with RC=CCu; a few R'C4H,Br gave the corresponding
tolanes. If the ortho-position in R'C¢H,! bears a group containing active hydrogen (e.g.,
RT=0H, NH,, NHR?, CO,H, etc.), a cyclization of the initially formed RC=CC4H,R'-2 is possi-
ble.The course of this reaction (formation of the alkyne or of the cyclization product, respe-
citvely, e.g., of a pyrrol) can depend on the solvent. Often mixtures of RC=CC4H,R'-2 and
of a cyclic product are obtained. For these cyclization reactions, see Sections 1.1.2.1.3 (gen-
eral remarks) and 1.1.2.1.5.1 to 1.1.2.1.5.4 (single reactions). For the reaction of RC=CCu
with 2-substituted halobenzenes (‘'Reaction Type 7f"') see Table 6, with 3-substituted halo-
benzenes (‘'Reaction Type 7g”) see Table 7, and with 4-substituted halobenzenes (“Reac-
tion Type 7h’’) see Table 8.

Table 6

Reaction Type 7f (explanation see pp. 12/4):

RC=CCu +2-XC¢H,R! —» 2-RC=CC-H,R"+CuX (X=I or Br).

The yield of the cyclization product is only given if a mixture with RC=CC4H,R" is obtained
or if the reaction is kinetically characterized. For all other cyclizations, see Sec-
tions 1.1.2.1.5.1t0 1.1.2.1.5.4.

Rate constant k; in pyridine at 100 °C in M~ - s~ 1. CgHgO, =tetrahydropyran-2-yloxy.

R in RC=CCu 2-R1C4H,X remarks Ref.
R X (yield of 2-RC=CC¢H,R" in %)

C,Hs NH, | in pyridine (28 4+ 12 cyclization product) [5]

(2)-CHZO0CH=CH NO, Br (87) [32]
NH, Br tarry products only [32]

n-C,H, NH,CO 1 (50) (5]
C,HsNH | in pyridine (5450 cyclization product) [5]
NH, | in pyridine (17 470 cyclization product) [5]

(CH3),C(OH) CH;0 | (50), acetylide prepared in situ [34]
CH;0,C | (90), acetylide prepared in situ [34]
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Table 6 [continued]

R in RC=CCu 2-R'CgH,X remarks Ref.
R’ X  (yield of 2-RC=CC¢H,R" in %)
n-C4Hg NH, | in pyridine (20 +35 cyclization product) [5]
pyrid-2-yl NH, | in refluxing pyridine (50), at 125°in dimeth-  [5]
ylformamide no reaction
2-O,NC¢H, NH,CO | yields a mixture of [10]
0 NOj

i OO e

NH2
0
w QLD =
© TN
\O CONH,
0 NOz
@f@: CH—CO
N
H
CH, | (67) [10]
CH,0 | (83) (10]
CH;0,C | (93) [10]
C,H;0,C | (92) [10]
NO, I (93) (10]
CeHs Br | (70 to 80) [14]
HO,C I only cyclization, see Table 17, Section [5, 11]
1.1.2153;k,=7x1072
NH,CO I (47) (5]
CH;0 1 (91), k,=1.7x10"5 [3, 11]
HOCH, | (50) [5]
CH;0,C ] (80), with isolation as 2-carboxytolane (95) [4, 19,
reaction also possible with acetylide pre- 21, 34]
pared in situ
CH;CONH 1 no yield given [26]
C,Hs I (70to80) [14]
(CH3),CH | (70 to 80) [14]
References on pp. 95/6 Gmelin Handbook
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Table 6 [continued]
R in RC=CCu 2-R'CgH, X remarks Ref.
R? X  (yield of 2-RC=CC¢H,R" in %)
(CH,3)sC 1 (70 to 80) [14]
2-O,NCgH, | 2-nitro-2’-(phenylethynyl)biphenyl and [18]
(|35H5
C
0= NZ C=0
CeHs I (56) (6]
2-C¢H;C=CC¢H, I 2,2’-bis(phenylethynyl)biphenyl (65) and [6]
HsCg  CeHs
Cl | in CH4CO,H (52) [6]
F | (70to 80) [14]
I | 1,2-bis(phenylethynyl)benzene (61) [5]
NH, | (59) in pyridine (homogeneous solution) [5, 11]
with k,=3.4x10-°
in dimethylformamide (heterogeneous
mixture) only cyclization
NO, | (84),k,=2.0x10~3; AGE,g=26 kcal-mol~1, [1,3,
AH* =16 kcal - mol~", ASg;s = —29 11, 12]
cal-mol~1-K~'in pyridine
HO | only cyclization, see Table 14, [11]
Section 1.1.2.1.5.1; k,=8.6 x 10—3
C;Hy0,CH, CF; | no yield given [29]
CH,0 I no yield given [29]
CgHsCO CH, | (82) [8]
2-CH,CgH, CH,4 | (90) [7, 15]
4-CH,0C¢-H, NH,CO | no yield given [10]
naphth-1-yl NH,CO | no yield given [10]
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Table 7

1.1.2.1486

Reaction Type 7g (explanation see pp. 12/4):

RC=CCu +83-XCeH,R! — 3-RC=CC4H,R" +CuX (X=1 or Br).

Rate constant k, in pyridine at 100 °C in M—1- s~ 1. C;H 0, =tetrahydropyran-2-yloxy.

Rin 3-R'CgH,X remarks Ref.
RC=CCu R X (yield of 3-RC=CC¢H,R' in %)
CH, CgHsCO | (84) [31]
CeHsCO Br  at 240° (80)
pyrid-3-yl  OCHNHC(CH,), | no yield given [25]
(C,H50),CH CH, I (50) (30]
CgHs Br I (7010 80) [14]
HO,C | k,=2.9x10-5 [11]
CH, [ (387) (27]
CH,0 I (80), k,=1.4x10-5 [1, 1]
C,H, I (70 to 80) [14]
(CH3),CH | (70 to 80) [14]
OCHNHC(CH,), |  noyield given [25]
(CH,),C | (70 to 80) [14]
cl I (53) (27]
F I (70to 80) [14]
| | 1,3-bis(phenylethynyl)benzene (42) [5]
NH, | (70), k,=1.0x10-% [11, 24]
NO, I ky=9.1x1075; AGlpe =27 kcal - mol=1, AHfge =  [11, 13]
15 kcal - mol—', AS$,z= —36 cal - mol~1- K~
in pyridine
HO [ ky=13x10"5 (1]
CsH,0,CH, CF, I (75t080) [33]
CH,0 | no yield given [29]
CeHsCO  CH, I (81) (8]

References on pp. 95/6
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1.1.2.14.6

Reaction Type 7h (explanation see pp. 12/4):
RC=CCu+4-XC4H,R' » 4-RC=CC4H,R' +CuX (X=1I or Br).
a) The reaction is carried out in hexamethylphosphoric triamide at room temperature in
the presence of 1 mol [N(C,Hg-n),]l and 0.01 mol CgH;PdI[P(CgH;),], .
Rate constant k, in pyridine at 100 °C in M—'-s~1. C;H,0, =tetrahydropyran-2-yloxy.

93

R in RC=CCu 4-R'CgH,X remarks Ref.
R X (yield of 4-RC=CC4H,R" in %)
CHg NO, | (<) [20]
cyclo-CzHy NO, | (33) [20]
(Z)-CH,OCH=CH CH, I (65) [32]
Cl 1 (79) [32]
NO, 1 (87) [32]
(CH3),CH NO, | (1,4) [20]
n-C4H, OCHNHC(CH,), | noyield given [25]
pyrid-3-yl OCHNHC(CH,), 1 (86) [25]
(C,H;0),CH CHj, 1 (<57) [30]
CH,0 I (<55) [30]
NO, 1 no reaction after 48 h reflux in pyri- [30]
dine
4-BrCgH, HO | no yield given [9]
4-CIC,H, HO ] no yield given [9]
4-FCgH, OCHNHC(CHj), | no yield given [25]
4-O,NC¢H, HO,CCH, I (38) [16]
CeHs Br I (70to 80) [14]
NC- 1 (96) [38, 37]
HO,C | (85),k,=4.6x10-5 [3, 11, 14]
HO,C Br noreaction [11]
CH,0 I (94)®,6h (83) or 10h (99) inreflux-  [1, 3, 11, 36]
ing pyridine, k,=8.5x 106
CH,S I (62) (17]
CH,S(0,) I (56) [17]
CH,CO | (2010 70), (94)® [2, 36, 37]
CH,CO Br (89)2 [36, 37]
CH,0,C | (94) [36, 37]
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Table 8 [continued]

R in RC=CCu 4-R'C4H,X remarks Ref.
R’ X (yield of 4-RC=CC4H,R" in %)

CeHs HO,CCH, I in dimethylformamide (67) or pyri-  [16]

[continued] dine (60)
CH;CONH | no yield given [26]
CoHs I (70to80) [14]
(CH3),N | (90) [17]
(CH,),CH I (70to 80) [14]
OCHNHC(CHy), I (86) [25]
(CHy),C | no yield given [14]
F I (70to 80) [14]
[ I 16 hat 120°in pyridine (45) or at [2, 5, 22]

125° in hexamethylphosphoric
triamide (73), only
1,4-(CgH5;C=C),CgH, is formed
at 8 to 16 h refluxing in dimethyl-
formamide also forms
4-CgH;C=CCH,I

NH, | (76), k,=1.4%x10-5 [2, 3, 11, 24]

NO, | 6 h in boiling pyridine (74) or 20 to [1to 3, 11,
60 min at 20°in presence of Nal 36, 37]
and Pd compounds like
CgHsPdI[P(CgH;)5],,

[(CgHs)sAS],PACL,,
[(CgH5)3Sb],PdCL,, LiPdCL,,
(CH5CN),PdCl,,
Fe(C4H,P(CgH;),),PdCL,, PdCL,
(98), or less effective
[(CgH5)3P1,NICL,

k,=1.4 x10%; AG3gs =26 kcal-mol 1,
AH3;s =13 kcal - mol =7, ASF, =
—41 cal-mol='-K~1in pyridine

OH | (82), k,=2.0x10-3 [2, 3,9 11]
CsHgO,CH, CH;0,C 1 no yield given [28]

(CH3),NS(O,) | no yield given [29]

4-CH;0C¢H,CH,0O.C | (74) [29]

NO, | no yield given [28]
C¢HsCO CH,4 | (77) [8]
4-CH,CgH, OCHNHC(CHj), | no yield given [25]
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Table 8 [continued]

R in RC=CCu 4-R1CgH,X remarks Ref.
R! X (yield of 4-RC=CC4H,R" in %)

4-CH,CgH, ] | 1,4-bis(4-tolylethynyl)benzene (35) [23]

[continued] HO ] no yield given [9]

4-CHZ0CgH, OCHNHC(CH,), I no yield given [25]
HO | no yield given [9]

CzH;FeC;H, CH,0 | (62) [35]

References:
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(8l
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(19]
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(23]

[24]
[25]
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M. P. Briede, O. Neilands (U.S.S.R. 424856 [1970/74]; C.A. 81 [1974] No. 37397).

J. J. Eisch, C. K. Hordis (J. Am. Chem. Soc. 93 [1971] 2974/80).

C. C. Leznoff, R. J. Hayward (Can. J. Chem. 49 [1971] 3596/601).

M. S. Shvartsberg, A. A. Moroz (lzv. Akad. Nauk SSSR Ser. Khim. 1971 1582/5; Bull.
Acad. Sci. USSR Div. Chem. Sci. 1971 1488/90).

C. E. Hudson, N. L. Bauld (J. Am. Chem. Soc. 94 [1972] 1158/63).

M. S. Shvartsberg, A. A. Moroz, I. L. Kotlyarevskii (lzv. Akad. Nauk SSSR Ser. Khim.
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1.1.2.1.4.7 Reactions with Di- and Polysubstituted Halobenzenes

This reaction is referred to as

Reaction Type 7i” in Table 1 on pp. 17/41 and reveals

no general difference from the reactions of RC=CCu and monosubstituted halobenzenes.
If the di- or polysubstituted halobenzene contains acceptor groups, the reaction proceeds
more easily; in contrast to monosubstituted benzenes, Br and Cl are also typical leaving
groups. With 2,4,6-(O,N);CgH; even H can be substituted by RC=C; see Section 1.1.2.1.1,
under No. 90. However, whereas C¢H;C=CCu reacts with C,Clsl, C4F;l, or C4F;Br to give
CegHsC=CCeX5 (X=Cl or F), it does not react with C¢Clg [5].
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1.1.2.1.4.8 Reactions with Compounds Containing More than One lodobenzene Moiety

This reaction is referred to as ‘“Reaction Type 7j" in Table 1 on pp. 17/41. The group
RC=C can be easily introduced not only into more simple benzene derivatives, but also
into complex carbocyclic systems. The products are valuable intermediates in organic
chemistry. This method has been applied especially to 2,2'- and 4,4’-diiodo biphenyls,
diphenylmethanes, and stilbenes. In most cases all iodine atoms are substituted by RC=C.
Only the reaction of C4H;C=CCu and 2,2’-diiodobiphenyl in boiling pyridine yields 2-phenyl-
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ethynyl-2’-iodobiphenyl [1]. The only 3,3’-substituted compound reacted is 3,3’-diiodoben-
zophenone, which gives 86% 3,3'-bis(phenylethynyl)benzophenone with excess CzH;C=CCu
[8]. The compounds | and Ill (n not given) and C;H;C=CCu react in boiling pyridine (reaction
time up to 72 h) to form the corresponding C4H;C=C substituted products Il or IV, respectively,
in yields between 95 and 100% [10].

-

1. X=1
“ﬁﬁ_@_o_@_%? :: 50;~0)—0—~O) Il: X=C=CCqHs
L O X X ¢} n

- x=I

’— :

L O

Reactions of the Type

el B~

H C=CR C=CRH

(belongs to Reaction Type 7], see explanation on pp. 12/4; C;H,0,=tetrahydropyran-2-
yloxy):

R Y4 R? R2 R3 remarks (yield in %) Ref.
C,H0,C — H H  CH0,C (5)and 16% V [4]
CeHs - CH0,C H H (58) [10]
— NH, NO, H (57) [9]
— COCl H H see Section 1.1.2.1.5 [12]
c=C H H H (61) [5]
C4Hg0,CH, C(CH,)=C H H H isolated as VI (57) [11]

(E)-compound
2-CH,C¢H, CH=CH H H H no yield given [3]
(E)-compound

CH30,C CO,CH3

Q /H
HOCHC=C _L=C C=CCH,0H
H3C
HsC202CC=C I
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Reactions of the type 2C¢H;C=CCu + 4-1C;H,ZC:H,I-4" — 4-C¢H;,C=CC¢H,ZCzH,C=CCeH;-4
(belongs to Reaction Type 7], see explanation on pp. 12/4):

Z remarks (yield in %) Ref.
- (96) (8]
CO (81) (8]
CH, (71) (6]
C(CF3), (54) (7]
1,4-C¢H, (72) (8]
CH(CgH,I-4)  mixture of 4-CgHsC=CC4H,CH(CgH,1-4"),, [2]

(4-CgHsC=CC¢H,),CHC¢H,I-4", and (4-C4H,C=CCyH,),CH (41)
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1.1.2.1.4.9 Reactions with lodonaphthalenes
This reaction is referred to as ‘*Reaction Type 7k’ in Table 1 on pp. 17/41.

Monoiodonaphthalenes. RC=CCu and 1-iodonaphthalene in refluxing pyridine give 1-RC=
CC,oH; in good yields (yields in parentheses): R =tetrahydropyran-2-yloxy [6], (C,H;0)},CH
[6], 2-O,NCgH, (88%) [7], C¢Hs (65 to 75%) [1, 12], tetrahydropyran-2-yloxymethyl [3],
CsHsFeCH, (83%) [9, 14].

Bromine in this position seems to be unreactive. (C,H;0),CHC=CCu and 1-bromonaphtha-
lene give after 12 h in refluxing tetrahydrofuran no substitution product, with 1-iodo-8-
bromonaphthalene 98% 1-(3,3-diethoxyprop-1-ynyl)-8-bromonaphthalene are formed [13].
The reaction of C4H;C=CCu and 1-iodo-8-bromonaphthalene in boiling pyridine gives only
1-phenylethynyl-8-bromonaphthalene in a 75% vyield [1].

The reaction of CgH;C=CCu and 1-iodo-8-nitronaphthalene affords a 17% yield of 1-
phenylethynyl-8-nitronaphthalene [8, 11], whereas 1-iodonaphth-2-ole in dimethylform-
amide at 152° C is dehalogenated to naphth-2-ole [2].
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Diiodonaphthalenes. RC=CCu and 1,5-diiodonaphthalenes react in boiling pyridine to form
1,5-(RC=C),CyHg, where R=CH; (vield 36%) [8] or R=CgH; (vield 10%) [4, 8].

In contrast to this simple course, the reaction of RC=CCu and 1,8-diiodonaphthalenes
usually gives mixtures of mono- and disubstitution products | and ii. If R=aryl, 7-arylben-
zo[k]fluoranthenes Ill can also be formed, probably by thermal rearrangement of the disubsti-
tution product IV. This reaction can be understood as an intramolecular [2 + 2 +2]-cycloaddi-
tion. The yield of Ill increases with increasing reaction time and is sensitive to electronic
and steric effects. With R?=CH,O as a donor the yield is considerably enhanced. It is
reduced, however, if R', R2, and/or R3 indicate CH, instead of H. Surprisingly, lll also forms
from 2,4,6-(CH,;);CgH,C=CCu. No information is given about the fate of the lost CH, group
[5, 12].

RC=C [ RC=C C=CR

Table 10

Reactions of RC=CCu and 1,8-Diiodonaphthalene (belongs to Reaction Type 7k, see explana-
tion on pp. 12/4).

For abbreviations and dimensions, see p. X.

R products (see above, molar ratio acetylide: Ref.
yields in %) C,oHglo, conditions, remarks
| 1l 1
CH,4 — 62 — — [8]
C,H; 24 13 — 2:1, pyridine, 80°/12 h [8]
12 63 — 6:1, pyridine, 70 to 80°/72 h [8]
n-C,Hq formed — — 2:1, pyridine, 25° [8]
formed 39 — 5:2, pyridine, 80°/24 h [8]
(C,H50),CH 91 — — — [13]
Gmelin Handbook References on pp. 104/5
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Table 10 [continued]

1.1.2.1.49

R products (see p. 103, molar ratio acetylide: Ref.
yield in %) C,oHgl,, conditions, remarks
1 11 1
CeHs - formed - - [4]
— 72 — pyridine, 20°/72 h [8]
— 57 18 pyridine, reflux/5 h [5, 12]
— 40 35 pyridine, reflux/10 h [5, 12]
- 16 59 pyridine, reflux/25 h [5, 12]
2-CH,C¢H, — 48 23 pyridine, reflux/10 h [5, 12]
4-CH4CgH, — 41 17 pyridine, reflux/10 h [5, 12]
4-CH,OCgH, — — 65 pyridine, reflux/10 h [5, 12]
2,4-(CH;),CgH, — 51 21 pyridine, reflux/10 h [5, 12]
2,4,6-(CH;)3;CgH, — 80 5 loses one CH; group upon [5, 12]
rearrangement
naphth-1-yt — — formed the product is [5]
@ 14 - — pyridine, 90°/2 h [10]
@ \ Br
@ 26 - - pyridine, 90°/2 h [10]
@ C=CSi{CH3)3
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[12] H. A. Staab, J. Ipaktschi (Chem. Ber. 104 [1971] 1170/81).
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1.1.2.1.4.10 Reactions with Other Carbocycles R’X
This reaction is referred to as ‘*Reaction Type 71" in Table 1 on pp. 17/41.

Azulenes. The reaction of 1,3-diiodoazulene (la) with a tenfold excess of C4H;C=CCu
in boiling dimethylformamide produces 15% Ib and 81% Ic [7]. The reaction of the dirhodano-
azulene 1d and C¢H;C=CCu affords upon cleavage of the S-C bond 2.5% le (3 min in boiling
dimethylacetamide). Under the same conditions the monorhodanoazulene If with CgH;,C=CCu

gives Ig [8].

R R
R? g3
|
R? R2 R3
la | | H
Ib | CeHsC=C H
e CeHsC=C CHSC=C H
Id NCS- NCS- CH,
le CeHsC=CS CeHsC=CS CH,
If NCS- H CH,
I CoHsC=CS H CH,

Phenanthrenes. The reaction of CgH;C=CCu and Il (R=I) (30 h in boiling pyridine or 14 h
in boiling dimethylformamide) gives 65% [5] Il (R=CgH;C=C) [5, 6].

00 OO

Il 1

>xX==0

Fluorenes. The reactions of C4H;C=CCu with Il (X=H, or O, R=1) give 39% Il (X=H,,
R = CgHC=C) [5] or 93% 1l (X=0, R = C4H,C=C) [5, 6].
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Ferrocenes and Ruthenocenes. C;H,C=CCu and bromoferrocene react in dimethylform-
amide to form C;H;FeCz;H,C=CCgH; in a 48% yield [1]. The analogous reaction with iodoferro-
cene in pyridine yields 84% of the same product [2, 3]. C;H;FeC;H,C=CCu and iodoferrocene
react to form C;H;FeC;H,C=CC;H,FeCsH; (vield 84%) [2, 10]. The reaction of CgH;RuC;H,C=
CCu and iodoferrocene gives 60% CsH;RuC;H,C=CCzH,FeCsH; [4].

CsHsC=CCu and Fe(CzH,l), react in boiling pyridine to form Fe(CzH,C=CC4Hs), ; the yield
is 40% after 30 min [3] and 57% after 8 h [2]. The formation of 46% Fe(C;H,C=CC4H;),
from Fe(CgH,l),, CgHsC=CH, Cul, and Pd(P(Cg¢Hs)5),Cl, in HN(C,H;), at 80° C/6 h can be ex-
plained as a reaction of CgH;C=CCu formed in situ [9]. CsHs;FeCsH,C=CCu and Fe(CgzH,l),
react to form 556% Fe(CsH,C=CC;H,FeCsH;), [3].
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1.1.2.1.4.11 Reactions with 5-Membered Heterocycles R’X
This reaction is referred to as '‘Reaction Type 7m” in Table 1 on pp. 17/41.

Ribofuranosides. The reaction of C;H;C=CCu and | (6d in benzene at room temperature)
gives 8% of the ribofuranoside Il and 32% of the ribofuranose Il [26, 29, 32]. Unexpectedly,
I attacks HOCH,C=CCu (or CuOCH,C=CH, bonding unclear) at the oxygen. After 2d in ben-
zene at room temperature 21% of the ribofuranoside IV and 5% of the ribose V are formed
[29, 32].

Furans and Thiophenes. The introduction of the group RC=C into a thiophene ring has
been widely used because of the importance of alkynylthiophenes as natural products and
as precursors in synthesis. Certain (polyalkynyl)thiophenes are also used to prepare bi-
or polythiophenes, which are plant metabolites, too. The synthesis using RC=CCu is general-
ly applicable to 2-iodofurans and 2-iodothiophenes (Tables 11 and 12).

This reaction is sometimes catalyzed by Cu powder (mechanism unknown). In many
cases the iodine in 2-position is partly substituted by H and a mixture of RC=CR’ and
R’H is formed. The product pattern of the reaction of RC=CCu with diiodothiophenes depends
on the molar ratio of the reactants [3, 9, 10, 13, 16, 20, 21, 27]. In the synthesis of monosubsti-
tuted species sometimes an excess of the diiodothiophene is used [3, 9]. In the presence

References on pp. 113/4 Gmelin Handbook
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CgHsCO, 0 C=CCgHs

0
CeHsCO, H

HH H Br

CeHsCO,  0,CCqHs

+ CgHsC=CCu — + i

CeHsCO,

CeHsCO, 0 OCH,C=CH
H H
H H
CeHsCO,  0,CCgHs
0

CeHsCO2 H

+ HOCHC=CCu — =+ v
H H H Br

CgH5CO02 0,CCqHs

CeHs
OCH,C=CH

of Pd compounds in dimethylformamide the reaction seems to proceed almost quantitatively
even under very mild conditions, but until now only one example of this reaction has been
published [35]. Usually the reaction is run in boiling pyridine (4 to 8 h}; slowly heating
to the reflux temperature enhances the yield [13, 16]. This reaction can be strongly catalyzed
by Pd compounds [35] and an analogous reaction using RC=CH, R’X, and catalytic amounts
of both the Pd catalyst and Cul is also known [36].

3-lodothiophene and C;H;C=CCu react to form the expected 3-phenylethynylthiophene
[22]. The reaction of RC=CCu and 3-iodo-4-carboxythiophenes yields only thieno[3,4-c]-
pyran-4-ones after ring closure; see Section 1.1.2.1.5.3 [19]. The attempts to react RC=CCu
and 2-bromothiophenes were not successful (e.g., CH,C=CCu with 5-bromothiophene-2-
carboxaldehyde) or gave low yields (e.g., HOCH,C=CCu with 2-bromothiophene, 14% yield
in boiling pyridine) [9].

Gmelin Handbook References on pp. 113/4
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Table 11
Reactions of RC=CCu with 2-lodofurans according to

Dy oo
RC=CCu + 17397 "R'— RC=C7Ng~ "R'+ Cul

(belongs to Reaction Type 7m, explanation see pp. 12/4).
C,4H3;0 =fur-2-yl.

R R1 remarks, products, yields Ref.
CH, C,H50,C 60% RC=CC,H,0R'+R'C,H,0 [1, 9]
HOCH, H 67% RC=CC,H,0R"+R'C,H,0 [1,9]
CH, 65% RC=CC,H,0R'+R'C,H,0 [1, 9]
(E)-CH,0,CCH=CH 60% RC=CC,H,OR! in presence of [Cu(NH,),JCl [17]
n-C,Hg CHO 74% RC=CC,H,OR, catalyzed by Cu powder [14]
CeHs H 82% RC=CC,H,OR’ (23]
CHO 65% RC=CC,H,OR, catalyzed by Cu powder [7, 14, 18]
CH;CO 72% RC=CC,H,OR?", catalyzed by Cu powder [7, 14, 18]
CH;0,CCH=CH  after saponification 64% [14]
CeHsC= C/Q\CH = CHCOzH
NO, 48% RC=CC,H,OR, catalyzed by Cu powder [14]
@CHO 70% RC=CC,H,OR?", catalyzed by Cu powder [18]
CH3™ N ¢H,co 70% RC=CC,H,OR", catalyzed by Cu powder  [18]
C¢HsCH, H 58% RC=CC,H,0R'+R1C,H,0 [1, 9]
C¢H;C=C CHO 69% RC=CC,H,OR", catalyzed by Cu powder [14]
CH4CO 71% RC=CC,H,OR", catalyzed by Cu powder [14]
References on pp. 113/4 Gmelin Handbook
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Table 12
Reactions of RC=CCu with 2-lodothiophenes according to

DO
RCSCCu + 17 Ng” "R'—=RC=C" g~ R'+ Cul

(belongs to Reaction Type 7m, explanation see pp. 12/4).
C,H;S =thien-2-yl, C;H 0, =tetrahydrodropyran-2-yloxy.

R R? remarks, products, yields Ref.
CH, CHO 61% RC=CC,H,SR' +RC,H,S 11, 9]
(E)-CH,CH=CH RC=CC,H,SR! [21]
C,HsCO RC=CC,H,SR! [21]
CH, S RC=CC,H,SR'+R'C,H,S [11]
(C,H50),CH RC=CC,H,SR! [21]
(E)-CH,=CHCH=CHC=C [3]
RC=CC,H,SR!
CeHs 51% RC=CC,H,SR' +R'C,H,S [1]
5-(CH,0),CHC=CC H,S (28]
R'C,H,S the only product
| 18% RCECC4H2SR1 after 6 hin [13, 16, 21]

pyridine at 120° [13]

20 to 60% RC=CC,H,SR" after 4 h
reflux in pyridine [16]

‘““heated’’ in pyridine for 7.5 h
gives 13% R'C4H,S,
5,5’-diiodo-2,2’-bithienyl and
RC=CC,H,SR' [21]

(in all cases with a molar ratio
RC=CCu:thiophene=1:1)

HOCH, H 67 to 79% RC=CC,H,SR' + [1, 9]
RIC,H,S
C,HsS RC=CC,H,SR' +R'C,H,S [11]
CH,=CH H 48% RC=CC,H,SR' +R'C,H,S 1, 6]

32% RC=CC,H,SR" with acetylide
prepared in situ from CH,=CHC=
CMgBr and CuCl

CH,4 53% RC=CC,H,SR'+R'C,H,S 1]
C,H;0,C 43% RC=CC,H,SR'+R'C,H;S [1]
C,H;S 32% RC=CC,H,SR" with acetylide  [2,6, 11]
prepared in situ from CH,=CHC=
CMgBr and CuCl
Gmelin Handbook References on pp. 113/4
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Table 12 [continued)]

1.1.2.1.4.11

R R? remarks, products, yields Ref.
CH,=CH CH4(C=C), <24% RC=CC,H,SR', excess [16]
[continued] CH,=CHC=CCu necessary
(E)-CH,CH=CHC=C RC=CC,H,SR! [3]
5-CH;C,H,S RC=CC,H,SR'+R'C,H;S [11]
(CH;0),CHC=C /@\ [16]
CH=CHC=C S C=CCHO
after saponification, excess
CH,=CHC=CCu necessary
5-CH;0,CC,H,S RC=CC,H,SR'+R'C,H;S [11]
| 29% RC=CC,H,SR'+R'C,H,S, [13]
120°4 h in pyridine, molar ratio
1:1, the acetylide is not totally
converted
CH,CO C,H5S RC=CC,H,SR'+R'C,H;S [11]
CH;0,C CH,C=C 35% RC=CC,H,SR' [13]
CLCH,CH(OH) C,H;S the active Cl causes side reac- [4]
tions, no product identified
HO(CH,), H 51% RC=CC,H,SR'+R'C,H;S [1]
| <15% RC=CC,H,SR", 4 hrefluxin [16]
pyridine, molar ratio=1:1
CH;C=C 5-HO(CH,),C=CC,H,S <15% RC=CC,H,SR’ [16]
CsHy0O,CH(CH,0,CCH,)C=C
<33% RC=CC,H,SR' [16]
1 <24% RC=CC,H,SR', 4 hrefluxin [16]
pyridine, molar ratio=1:1
CH;CH=CH CgHy0,CH,C=C (E)/(Z)-mixture of [16]
CH3CH=CHC= C/Q\CE CCH,0H
after saponification
C,H5;0,C C,H;S RC=CC,H,SR? [20]
(CH;0),CH CH,C=C 68% RC=CC,H,SR' [25]
| 72% RC=CC,H,SR", 7 h reflux in [27]

pyridine, molar ratio
RC=CCu:thiophene=2:1

References on pp. 113/4
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R

R1

remarks, products, yields

Ref.

(CH;0),CH
[continued]

CH,=CHC=C

C5Hy0,

(C,Hs0),CH

L
CH=CH~—

0

Gmelin Handbook
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5-1C,H,S

CH,C=C

yields

S S

at a molar ratio RC=CCu: thio-
phene=1:1,

/R

(CH30),CHC=C S S C=

at a molar ratio of 2:1 (no yields
given)

gives RC=CC,H,SR' with excess
CH,=CHC=CCu

C4Hg0,CH,C=C <11% RC=CC,H,SRY, if slowly

CH,
C.H,S

C.H,S

C,H:0,C

reacted under ice-cooling, ex-
cess CH,=CHC=CCu necessary

RC=CC,H,SR'ata 1:1 molar ratio,
5 h reflux in pyridine

RC=CC,H,SR!
85% RC=CC,H,SR!+R1C,H,S

I N N\
C=CCHO

S S
after saponification, R'C,H;S is
also formed

RC=CC,H,SR" with a molar ratio
RC=CCu:thiophene=8:13,8 h
reflux in pyridine

RC=CC,H,SR'; 75% in boiling
pyridine after 10 h, 44% with
CgH5C=CCu prepared in situ
from CgH;C=CMgBr and CuCl,
94% after 1 h at 20° in dimethyl-
formamide in presence of
CgHsPdI[P(CgH5)3]o/[N(C4Hg-n), 11

51% RC=CC,H,SR" with C;H;C=
CCu prepared in situ from
C¢H;C=CMgBr and CuCl

60% RC=CC,H,SR"+R'C,H,S

55% RC=CC,H,SR'+R'C,H,S
References on pp. 113/4
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Table 12 [continued]

R R! remarks, products, yields Ref.

4-CH,0,CC,H,S CH,C=C 46% RC=CC,H,SR! [25]

C5Hy0,CH, H RC=CC,H,SR! 19, 10]
C,H,S RC=CC,H,SR! [10]
CeHs 60% RC=CC,H,SR! [15]

| 20to 80% RC=CC,H,SR', 4 hre- [10, 16]
flux in pyridine, molar ratio=
1:1

(E)-C4Hg0,CH,CH-CH 17% @
H g~ C=CCH=CHCHZ0H (5, 30]

after saponification; 58% of the
corresponding aldehyde after
saponification and MnO, oxida-

tion
CH,CO,CH, 54% RC=CC,H,SR! [24]
CH,=CHC=C 57% RC=CC,H,SR' [13]
CsHgO,CH(CH,0,CCH;) 54% RC=CC,H,SR! [12]
C,H;S
1 <33% RC=CC,H,SR", 4 hrefluxin [16]
pyridine
CsHsFeCzH, H 80% RC=CC,H,SR! [8, 31]

Pyrazoles. The halogen of 4-iodopyrazoles R’l can be substituted by RC=C, using RC=CCu
as a reagent; see Table 13. For reactions involving a ring closure, see Reaction Type 8,
Section 1.1.2.1.5.3.

Table 13 1 R! RC=C R
Reactions of the Type RC=CCu + | | — | |
R2 N/N R2 N/N
I |
CHj3 CHs3
(belongs to Reaction Type 7m, explanation see pp. 12/4).
R R R2 yield Ref.
CH,OCH, CH, HO,C 59% [33]
HO,C H 60% (33]
n-C,H, CH, HO,C 53% [33]
HO,C H 62% [33]
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Table 13 [continued]

R R? R2 yield Ref.
CeHs CH, HO,C 62% [33]
HO,C H 58% (33]
H CH, 80% (34]

84% with CgH;C=CCu in situ prepared from
CgHsC=CH, Cul, (C,Hg),NH and catalyzed by
Pd(P(CgHs)3),Cl,

Thiazoles. The reaction of 2-iodothiazole and C4H;=CCu affords a 58% yield of 2-phenyl-
ethynylthiazole [23].
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1.1.2.1.4.12 Reactions with 6-Membered Heterocycles R’X

This reaction is referred to as '*Reaction Type 7n”’ in Table 1 on pp. 17/41.

Pyridines.The reaction of RC=CCu and 2-iodopyridine in boiling pyridine gives 2-alkinyl-
pyridines. This reaction is much faster than the reaction of RC=CCu with iodobenzenes.
For instance, C4H,C=CCu and 2-iodopyridine give 86% substitution product after 1h [3],
whereas under the same conditions with 2-iodobenzene a yield of 87% is obtained only
after 10 h [1]. The reaction of CgH;C=CCu and 2-iodopyridine can be catalyzed by
Fe(CgsH,P(CgH5),), - PACL, and [N(C,4Hg-n) ]l in hexamethylphosphoric triamide. After 2 h at
20°C, 67% CgzH,NC=CCgH; (C;H,N=pyrid-2-yl) is obtained. The catalysis by
CgHPdI[P(C4H;);], needs 5 h at 50° C to give a yield of 81% [8].

In boiling pyridine the following RC=CCu were reacted with 2-iodopyridine to give 2-RC=
CC H,N (yields in parentheses): R=n-C,Hg (95%) [3]; 4-O,NCgH, (52%) [3]; CgHs (25 to
86%) [2, 3], with C¢H;C=CCu formed in situ yields up to 92% are obtained [5]; tetrahydro-
pyran-2-yloxymethyl [6]; 4-CH;OCgH, (68%) [3]; 4-CgHs;CeH, (54%) [3]; 4-CgH;CH,C=C
(7%) at 120° C, unstable product [3].

The reaction of 2-iodo-3-hydroxypyridines and RC=CCu, in most cases, gives under
ring closure furo[3,2-b]pyridines and is described in Section 1.1.2.1.5.1. Only 2-O,NC4H,C=
CCu and 2-iodo-3-hydroxypyridine are said to give 6.5% 2-(2-nitrophenylethynyl)-3-hy-
droxypyridine [4]. This reaction product shows no C=C band in the IR spectrum and the
correct structure is possibly I.

o 2 )
O I C=CCH,-0 0
OCH,C=CCu O
N NO, 0

| 1l 1Y

3-lodopyridine and CgH;C=CCu react in boiling pyridine to give 47% 3-phenylethynylpyri-
dine [2]. The reaction of 3-iodo-4-methylpyridine and Il gives Il [6].

4-lodopyridine is reacted with in situ formed HOCH,C=CCu using a mixture of equimolar
amounts of HOCH,C=CH and 4-iodopyridine, 1 mol% CgHsPdI[P(CgHs),],, 1 mol % Cul, and

Gmelin Handbook
Cu-Org. Comp. 3



1.1.21.412 - 1121413 115

2 equivalents N(C,H;), in pyridine. The yield of 4-(3-hydroxyprop-1-ynyl)pyridine is 83%
(el

Pyrimidines. The reaction of Il and IVa yields Va. An attempted analogous reaction of
Il and IVb failed, supposedly because of the steric hindrance by the (CH,),Si group [7].

OR! OR' O

”Oif ) ”*/EO S
+ —

R1OJ\N CO,CH3 CuC=CCH20- g R1O/kN CO2CH;3

I\ I \

a:R'= CH3
b:R'= (CH3)3Si
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1.1.2.1.4.13 Reactions with Condensed Heterocycltes R’X

This reaction is referred to as ‘“Reaction Type 70’ in Table 1 on pp. 17/41.

Benzimidazolium Satts. These compounds represent a Mannich cation type structure and
their reactions with CgH;C=CCu are therefore treated in Section 1.1.2.1.7.

Phthatides. The reaction of CgH;C=CCu and 6-iodophthalide (la) gives Ib in a 61% yield
(1, 2].

ﬁ AN AN
R! C\ a:R'=1 R0 0 0 R0 0 0
\@E 9 bR =CgHsC=C I C
CH» 1]
CR
| I ]
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Coumarines |l react with RC=CCu to give lll (figures see p. 115): R=1-methyl-1-(tetrahy-
dropyran-2-yloxy)ethyl, R'=CHj; [7]; R=CH,=C(CH,), R'=CH,0CH,, yield 65% [3].

The reaction of 7-hydroxy-8-iodocoumarines and RC=CCu yields 2H-furo[2,3-h]-1-ben-
zopyran-2-ones under cyclization and is described in Section 1.1.2.1.5.1.

Dibenzofuranes and -phenazines. The reaction of 3,6-diiododibenzofuran (IVa) and CgH,C=
CCu gives IVb in a 94% yield [5, 6]. The reaction of CzH;C=CCu and Va produces 91% Vb

[5].
CeHs
1 1

R Ria:R'=1 o )
bR =CgHsC=C a: R=8r
0

. 1. qe— =
CeHs CeHs b: R = n—=C4HgC=C

v

1 1
R R
b: R!'=CgHsC=C vl

N N

©

v

Porphines. 8-Bromo-5,10,15,20-tetraphenylporphine nickel (Via) and n-C,H,C=CCu in
refluxing pyridine yield Vib [4].
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1.1.2.1.4.14 Reactions with R’X, where X is Bonded to S, P, Si, or Sn
This reaction is referred to as ‘'Reaction Type 7p” in Table 1 on pp. 17/41.

The reactions of RC=CCu with compounds containing groups like SCl or PCl follow the
simple scheme known from the previous sections and yield structures like RC=CS or RC=CP,
which are difficult to synthesize by other methods. From polyhalogenated compounds, one
halogen, as with (CH,),SnBr,, or all halogens, as with PCl;, can be substituted in this
way.
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If X is bonded to transition metals, the simple substitution of X by RC=C has only been
occasionally observed. However, in most cases the reaction is much more complicated.
Usually mixtures containing one or more transition metal complexes are formed. The reac-
tion product pattern depends on the reaction conditions and on the ratio of the reactants,
and redox reactions occur. In most cases there is no information about the reaction path.
Therefore, all reactions of compounds containing groups M-X (M =transition metal) are
treated separately in Section 1.1.2.1.10.

Sulfur Compounds. RC=CCu and 2,4-(O,N),CsH;SCL react in CH;CN to form 2,4-
{O,N),CgH;SC=CR. The yields are 70% with R=n-C3H; and 80% with R=CgH; [2].

Phosphorus Compounds. The reaction of CgH;C=CCu and an excess of PCl, yields the
white P(C=CCg¢H;), [1]. The reaction of RC=CCu and compound I in tetrahydrofuran/ether/di-
methylsulfide gives 60% Il, isolated as a Cul complex. With R=CH;O0CH, the asymmetric
induction is 31%, with R=CgH; 30% [5].

Silicon Compounds. The reactions of RC=CCu (R=n-C,Hg or C¢Hg) with chlorosilanes
(CHy),SiCl,_, (n=1, 2, or 3) afford a 60 to 80% yield of RC=CSi(CH,),Cl; . The acetylides
RC=CCu are best prepared in situ. The components are heated 120 h at 150° C [3].

Tin Compounds. 4-CH,CH,C=CCu and (CH,),SnBr, give after 17d in ether 4-CH,CzH,C=
CSn(CH,),Br in a 22% yield [4].
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1.1.2.1.5 Reactions with R’X to Form Ring Closure Products of RC=CR’
1.1.2.1.5.1 Ring Closure Giving Furans

This reaction of RC=CCu with R’X is referred to as ‘‘Reaction Type 8a’’ in Table 1
on pp. 17/41. The formation of phthalides, which have a benzo[c]furan skeleton, is treated
in Section 1.1.2.1.5.3 (Reaction Type 8c).

If R’X contains a structural element -CX=C(OH)- with X=1 or Br, its reaction with RC=CCu
gives a furan instead of an enynol, which might be expected according to the reaction
path outlined in Section 1.1.2.1.4.3. However, the addition of the OH group of the structural
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element -(RC=C)C=C(OH)- to the C=C bond to yield a furan ring is favored. The only excep-
tion is said to be the formation of 2-(2-nitrophenylethynyl)-3-hydroxypyridine [6]. This claim
is doubtful. The compound shows no C=C band in the IR spectrum, thus the furan structure
is more probable here too.

Simple furans are formed from phenacylbromides and RC=CCu according to Scheme I:

H Br
fIIHz—— Br N

H
¢ = ¢—r L]
- + - —_—
CeHs™™ g CeHs™™ SOH CeH R

5 0

O=0
O
c
|
(@]
I

The reaction conditions are important. By heating the components 5 min at 140 °C with
R=n-C;H; the yield is 29%, with R=Cg¢H; 54% yield of the furan is obtained after 5 min
in CgHsNO, at 240 °C [4]. Upon heating CgH;C=CCu and C¢H;COCH,Br 16 h in glycol at
140 °C only CH;COCH; (47%) and tars were obtained [3].

More important is the synthesis of benzo[b]furans (in many cases ptant products), see
Table 14. The nature of the solvent is not of great importance. The OH group is sometimes
formed in the reaction mixture, e.g., by deacetylation from CH,CO,.
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For the synthesis of furo[3,2-blpyridines from 2-iodo-3-hydroxypyridines, see Table 15.
A typical run is carried out by heating the components 9 to 14 h in pyridine or dimethylforma-
mide at 120 °C.

Table 15
Formation of Furo[3,2-b]pyridines from 2-lodo-3-hydroxypyridines ac-
cording to
R? R?
OH 0 R
O + RC=CCy — O |
RN RN

(belongs to Reaction Type 8a, explanation see pp. 12/4).

R R R2 yield in % Ref.
HO(CH,), H H 61 [5]
n-C;H, H H 82 [5]

H CH, - [10]

CH, H - [10]
n-C,H, H H 88 (5]

H CH, - [10]

CH, H - [10]
CeHs H H 84 5, 12]
n-CgHyg H H 92 [5]

Analogously the reaction of 3,5-diiodo-4-hydroxypyridines Il and RC=CCu yields 7-iodo-
furo[3,2-c]pyridines Ill. The reaction was carried out with the following R (yields in parenthe-
ses): R=HO(CH,), (49%), n-C;H; (24%), pyrid-2-yl (37%) [5], C¢Hs (86%) [3, 5], n-CgH,5
(37%) [5].

OH 0

NO + RCECCu — NQ |

1

The reactions of RC=CCu and halogenated hydroxycoumarines have also been used
to synthesize natural products. From 7-hydroxy-8-iodocoumarine and RC=CCu the 2H-
furo[2,3-h]-1-benzopyran-2-one IV is produced, R=CH,=C(CHj,) (“'oroselone’’) [20, 25] or
1-methyl-1-(tetrahydropyran-2-yloxy)ethyl, isolated after hydrolysis with R=HOC(CH,),

(" oroselol’’) [21].
0 0
- 0 0
RC=CCu + I — R v v
HO 0
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The reaction of 6-bromo-7-hydroxycoumarine and RC=CCu in hot pyridine gives psora-
lenes V, which also are natural products. The yield is 85% with R=CH,=C(CH,) [25] and
not given with R=(CH,=CHCH,),NC(CH,), [30].

v

The reaction of 2-iodoestrone VI and RC=CCu did not yield the expected ethynylestrones
VII, but after cyclization 5 -substituted 17-keto-estra-1(10),4-dieno[3,2-b]furanes VIl were
obtained [8, 13]. The following VIl were prepared (yields in parentheses): R=HO(CH,),
(60%), n-C3H, (69%), n-C,Hg (66%), CgHs (71%), n-CgH,5 (63%) [13]. The O-acylated 2-io-
doestrone X reacts with RC=CCu more slowly to form the same heterocycle, whereas the
O-methylated estrone IX is inert towards RC=CCu [13].

O‘. RC=C ‘
NeS

| ©‘ | ©‘
CH30 CH3CO2

1X X

The estradiole XI or the monoacetylated estradiole Xll and n-C;H,C=CCu react to form
the estra-1(10),4-dieno[3,2-b]furan XIIl in a 61% vyield [8, 13].

H OH

n—C3H7C=CCu +

R0
Xl:R'=H il
Xll: R'= CHyCO
Gmelin Handbook References on p. 125
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The acetoxyiodoazulene X1V and CzH;C=CCu give XV in a 69% yield [28].

CO2C7Hs CO2C2Hsg
e T
I HeCp
XV XV

Benzo[c]furans are byproducts of the synthesis of coumarines and similar heterocycles
from RC=CCu and aromatic 2-halobenzoic acids or 2-halobenzyl alcohols. These reactions

are described in Section 1.1.2.1.5.3 (Reaction Type 8c), see pp. 128/9.

The reaction of 3-hato-4-hydroxyquinolin-2-ones XVI (R2=H) and RC=CCu in boiling
pyridine gives 2-substituted 4-oxofuro[3,2-c]quinotines XVII. Surprisingly, the methoxy com-
pound XVI (R'=R2?=CH,) also undergoes ring closure. Obviously, the demethylation by

the pyridine solvent is fast enough [32]:

0
RCSCCu + R'N | X
OR?
XVI XVII

R R1 R2 X yield in %
CH,=C(CH,) H H | 17 to 25

CH, H Br 17 to 25

CH,4 H | 17 to 25

CH, CH,4 Br 35
1-methyl-1-(tetrahydropyran- H H | 26 (after hydrotysis to

2-yloxy)ethyt R=HOC(CHj),)

From 3-halo-4-methoxyquinolin-2-ones XVI (R'=H, R2=CH,;, X=Br or 1) and CH,=
C(CH,4)C=CCu the furo[2,3-b]quinoline XIX could be synthesized. This reaction has been
explained by the formation of XVIIl which is tautomeric to XVI. The ring closure reaction
involving the 2-hydroxy group is obviously much faster than the demethylation reaction

of the ether group as shown above [32].

OCH3; OCH3
X
CHp=C(CH3)CECCu + O] — Ol
N OH N 0 C(CH3)=CH3
XVl XIX
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1.1.2.1.5.2 Ring Closure Giving Pyrroles or Thiophenes

This reaction of RC=CCu with R’X is referred to as ‘‘Reaction Type 8b’’ in Table 1
on pp. 17/41.

If R’X contains a structural element -C(l)=C(NHR")- or -CBr=C(SH)-, respectively, the
expected RC=CR’ with the structural elements -(RC=C)C=C(NHR")- or -(RC=C)C=C(SH)-
are not generally obtained. The proton at N or S can add to the C=C bond and a pyrrol
or a thiophene ring is formed. R’X is in most cases a 2-iodoaniline or 2-bromothiophenol
and the formed heterocycle is then an indole or a benzo[b]thiophene, respectively.
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Formation of Indoles. In homogeneous reaction systems, usually with pyridine as a sol-
vent, the reaction of RC=CCu with halo-aminophenols R’X (X =halogen) yields RC=CR’ or
a mixture of RC=CR’ and the cyclization product [3], see Sections 1.1.2.1.3 and 1.1.2.1.4.6.
In heterogeneous reaction systems, however, only indoles can be isolated, see Table 16.
Best yields are obtained by allowing RC=CCu and R’X to stand in a suitable solvent such
as dimethylformamide, especially in the presence of certain copper salts. Obviously, a
Cu' polymer is essential for catalysis. Monomeric or low molecular weight aggregates of
Cu' compounds, which are obtained in warm pyridine or upon prolonged warming in dimeth-
ylformamide, are not capable of rapid catalysis. For further explanation of this fact and
for a suggested mechanism, see [1, 5].

Table 16
Formation of Indoles from lodoanilines according to
H H
R3 1 R3 C=CR
) + RC=CCu — + )
R NHR; R NHR;
H H

(Reaction Type 8b, explanation see pp. 12/4). For abbreviations and dimensions see p. X.

R R’ R2 R3 yield yield remarks Ref.
of I ofli
in% in%
C,H; H H H 12 28 pyridine, 120°/8 h [3]
n-C,H, H H H 89 — pyridine, 120°/8 h [3]
H H H 70 17 pyridine, 120°/8 h [3]
CHs; H H 50 5 pyridine [3]
n-C,Hq H H H 35 20 pyridine, 120°/8 h [3]
CH,=CHC(CH;), H H H 36 — dimethylformamide, [6]
140°/12 h
H Br H 100 — dimethylformamide, [7]

130°/10 h, Br
partially exchanged
against! (Br:i=

5:4)

H (CH;),C=CHCH, H 94 — dimethylformamide, [7]
125°/5 h

H 1 H 42 — dimethylformamide, [7]

125°/9 h, gives a
mixture of | and
37%

CH2=CHCI(CH3),C=C~ i :N: ~C{CH3)2CH=CH>

H
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Table 16 [continued]

R R! R2 RS  vyield yield remarks Ref.
ofl ofll
in% in %
CgHs H H H >80 - dimethylformamide/ [1to 3]
175°, pyridine/
6 h reflux,
dimethylsulfoxide
or CH;CO,H
CH; H H 50 — dimethylformamide, [3]
120°/22 h
H H CH; 90 — dimethylformamide, [3]
120°/22 h
H H OH 57 — dimethylformamide, [3]
120°/28 h

The acetylamino-iodo-azulene lll and C4H;C=CCu give the condensed pyrrole IV in a
54% yield in boiling pyridine (which probably first causes the deacetylation) [8].

C02C2Hs CO2CoHs

CH3CONH HN CO
1 HeC
i v

Formation of Benzo[b]thiophenes. Cyclization V is carried out by adding a very dilute
pyridine solution of the thiophenol into a suspension or solution of the acetylide in pyridine.
With concentrated solutions, however, Cyclization VI takes place. The following benzo[b]thio-
phenes were prepared in this way (yields in parentheses): R=n-C;H; (80%), n-C,H, (80%),
and CgH; (90%). Some acetylides are less stable under the reaction conditions and therefore
are generated in situ from RC=CH, Cul, and N-ethylpiperidine. The following benzo[b]thio-
phenes were prepared in this way: R=HOCH, (10%) and C,H;0,C (35%) [4].

Br C=CR R
+ CuCECR — — |
SH SH S

v
QL.
S
Br SCu SH
+ RC=CCu —— ——
SH Br S
Vi
Gmelin Handbook References on p. 128
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1.1.2.1.5.3 Ring Closure Giving Other Heterocycles

1] 835/8).

This reaction is referred to as ‘' Reaction Type 8c’’ in Table 1 on pp. 17/41.

Phthalides and Isocoumarines. The reaction of RC=CCu and 2-XCzH,CO,H (X=Cl,
Br, or 1) gives phthalides | or isocoumarines I, or mixtures thereof; in no case was
2-RC=CC¢H,CO,H observed. For examples, see Table 17. The components are heated in
a suitable solvent, such as pyridine or dimethylformamide. No work was done about the
dependence of the |:1l ratio on the substitution type and the reaction conditions.

H H
_CHR ]l SR
.
0
H -~
i
H 0

Table 17
Formation of Phthalides and Isocoumarines according to
H
R X !
R C
+ RC=CCuy — |
H COzH H C/O
Il
0

|

(belongs to ““Reaction Type 8c’’, explanation see p. 12/4).

R R1 X yield of I vyield of I remarks Ref.
in % in %
HOCH, H | 6 — acetylide prepared in situ in [3]
dimethylformamide
C,H;0,C H Br 15 — acetylide prepared in situ in [3]
dimethylformamide
H | 39 — acetylide prepared in situ in [3]
dimethylformamide
n-CjH, H | 22 40 inseparable mixture in pyridine [3, 8]

| - formed dimethylfor

n-C,Hg H l - formed  dimethylfor
References on pp. 130/1

mamide/4d reflux

mamide/4d reflux

(8]
(8]
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Table 17 [continued]

R R" X yield of I yield of Il remarks Ref.
in % in %
CeHs H Br 53 — acetylide prepared in situ in [3]
dimethylformamide
Cl 65 — pyridine [3]
Cl 39 — dimethylformamide [3]
I 14 — pyridine [3]

in previous papers [1, 2]
wrong structure and different
yield (94%) given

H | 90 - acetylide prepared in situ in [3]
dimethylformamide
Cl Cl 69 — pyridine [3]

1H-2-Benzopyrans and 1H,3H-Benzo[c]furans. The type of the reaction product from
RC=CCu and 2-1C¢H,CH,OH depends on the group R.

In boiling pyridine with R=n-C3H, 50% IV is formed, whereas with R=CgzHg; 80% V
can be isolated. Possibly 2-RC=CC4H,CH,OH (lll) is the intermediate [5].

AN R
0
I C=CR / IV: R=n—C3Hy
+ CuC=CR ——
CH,0H CHo0H \ CHR

0
i

V: R=CgHg
Benzoxepines. The reaction of n-C;H,C=CCu and 2-1CgH,CH,CO,H affords a 60% yield
of VI [5].
C3Hys—n

0

7

Thieno[3,4-c]pyrans. The reaction of RC=CCu and VI in dimethylformamide at 125 °C
yields 4H-thieno[3,4-c]pyran-4-ones Vill, R=n-C;H, (85%), n-C,Hy (78%), CgH; (57%),
n-CgH,3 (30%) [4].

Gmelin Handbook References on pp. 130/1
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1 R
= 7= =
RC=CCu + ]:>S — T S
HO,C =~ 0 =
0

Vil Vil

Pyrano[4,3-c]pyrazoles. The reaction of RC=CCu and 5-iodo-1,3-dimethylpyrazole-4-
carboxylic acid IX in boiling pyridine yields X. The yields are 66% with R=n-C;H; and

79% with R=CgH; [9].
CH3
o /
— 7?];
I N
0 Y
0 CH3

X

k!

RC=CCu +
HC 03
H3

>
OI—/<Z\O
=

The reaction of RC=CCu and 3-iodo-1,5-dimethylpyrazole-4-carboxylic acid Xl gives
XIl, R=n-CgH,, (67%) and CgH; (67 %) [9].

I =N RN
RC=CCu + N—CH; —— N-—CHjs
HO2C = 0 =
CH3 0 CH3

Xl Xl

Pyrano[3,4-c]pyrazoles. The pyrazole Xlll and C4H;C=CCu give XIV in a 75% yield [10].

CH3 0 CH3
/ /
HO2C~ N, o N,
CsHsC=CCu + LN — | /N
I CoHs™ X
Xl X1V

Additional ring systems are byproducts of substitution reactions and are described in
Section 1.1.2.1.4.6 (Table 6, reaction of CgH;C=CCu and 2-(2-O,NC¢H,)CsH,C=CC¢H; [6])
and Section 1.1.2.1.47 (reaction of C4H;C=CCu and 2,4,6-(O,N),C4H;, see also Section
1.1.2.1.1, Table 1, No. 90) [7].
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1.1.2.1.5.4 Ring Closure Giving Carbocycles
This reaction is referred to as ‘' Reaction Type 8d" in Table 1 on pp. 17/41.

Inter- and Intramolecular Cyclization of lodine-containing RC=CCu. In most cases 2
to 6 molecules of RC=CCu form the carbocycle in a ‘‘head-to-tail’’-type intermolecular
substitution reaction. Intramolecular substitutions are also known. The following examples
are arranged by the number of the starting compound RC=CCu as in Section 1.1.2.1.1,
Table 1.

If 2-1CgH,C=CCu is heated in pyridine (no temperature given) a 26% yield of | and
a little Il was isolated [1]. On the other hand, only some ‘‘crystallizable cyclic trimer"”
(presumably 1) was obtained by heating 2-1C¢H,C=CCu 6 h at 110 °C in dimethylformamide
or in pyridine. The main product is a linear polymer of the structure Ill containing some
iodine. The yield of this compound was 90% in dimethylformamide and 83% in pyridine

[8].
3-1C¢H,C=CCu gives a 4.6% yield of IV after boiling 24 h in pyridine [13].

Y/ A
C=c v A
n
I A\ V4
v
Gmelin Handbook References on pp. 134/5
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Well-dried (E)-2-1C¢4H,CH=CHC=CCu in boiling pyridine yields a mixture of V (14% vyield)
and VI (2.4% yield), which can be separated chromatographically on alumina [6].

I

\ \

N J_@ \ I
—_ /7

The Cu salt of 1-ethynyl-8-iodonaphthalene VII in boiling pyridine is reported to yield
50% zethrene (VIill) [4, 7] or a mixture of Vill (52% yield) and IX (5% vyield) [10]. The
origin of the H atoms marked in formula Vili has not been studied. The way of the formation
of compound IX is not clear. A Diels-Alder type reaction of X is improbable. An attempted
trapping of X by boiling VIl in the presence of 1,3-diphenylbenzo[c]furane in dimethylform-
amide gave no Diels-Alder adduct [10].

f
\;
i

I
\

viil IX

The well-dried Cu salt of 1-ethynyl-7-iodonaphthalene (Xl) in boiling pyridine gives
a complex mixture, from which as the only product 8% vyield of Xil could be isolated chroma-
tographically on alumina [6].

References on pp. 134/5 Gmelin Handbook
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&6

C=CCu

Xl Xil

The previously described ‘‘ head-to-tail reaction’’ of three or more molecules of a com-
pound containing both the groups RC=C and | is not the only possibility for producing
carbocyclic ring systems from these bifunctional starting materials. 2-(2-1C¢H,)CgH,C=CCu
(XIIl) undergoes an intramolecular reaction in boiling pyridine. The first product is possibly
the unstable carbene XIV, which dimerizes to the cumulene XV [5, 11].

: C=CCu : : :
—

C=C: —_— C=C=C=C

et C g ©

L J

X X XV

If the distance between | and Cu is wide enough, two molecules can undergo the above
mentioned ‘‘head-to-tail reaction’’. The Cu salts of the dienynes XVI in boiling pyridine
with R'=CH, (XVla) yield after 48 h 8.4% XVlla, with R'=CH,0CH, (XVIb) after 14 h 14.6%
XVilb [12].

OR'
OR! RN N
X
r—— il
{ll
c ]
I Cu
NN
OR!
XVi XVH
a : R =CH;

b : R' =CH30CH,

The reaction products of XVIIl in pyridine depend on the reaction conditions. After 90 min
boiling a 22% vyield of zethrene VIl (see p. 132) is formed. After 30 min at 80 °C a mixture
of VIII (10% vyield) and 7-iodozethrene XIX (11% yield) is formed. At 35°C no VIII was

Gmelin Handbook References on pp. 134/5
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obtained, but 6% XIX could be isolated. In ail cases Vill and XIX were accompanied by
unidentified byproducts. In dimethylformamide and in hexamethylphosphoric triamide simi-
lar results have been observed. The diradical XXI is supposed to be formed by an electro-
cyclic reaction from the expected, but not proved, XX. Again there is no evidence of the
origin of additional H atoms in VIII and XIX. XIX could resuit from XXI by addition of Cul
and subsequent hydrolysis [7].

oo ©0 @g)
E Il : ‘ :
OO oo ©O QO

XVl X XX XXI

Cycloadditions after Substitution. The formation of a 4-membered ring from two C=C
units has been observed at the reaction of 2-iodo-2’-phenylethynylbiphenyl (XXII) and
C¢HsC=CCu (see also Section 1.1.2.1.4.6, Table 6). A mixture of XXIII (65% yield) and XIV
(10% yield) is obtained after 10 h reflux in pyridine. The structure of XXIll resembles that
of XX and should cause the formation of XXIV by a [2 4+ 2]-cycloaddition [2].

R c
11l
C
CegHs
XXl - R =1 XXIV
XXill : R' =CZCCgHs

A [242 +2]-cycloaddition with intramolecular hydrogen displacement is involved in the
formation of 7-arylbenzo[k]fluoranthenes from 1,8-diiodonaphthalene and RC=CCu [3, 9].
This reaction is dealt with in Section 1.1.2.1.4.9 (see Table 10), for the typical reaction path
is the formation of the regular mono- and/or disubstitution products.
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1.1.2.1.6 Reactions with R’X to Form the Hydrocarbons R’H
This reaction is referred to as ‘*Reaction Type 9" in Table 1 on pp. 17/41.

In certain cases the reaction of RC=CCu and R’l or R’Br yields R’H, either as the sole
product or in addition to the substitution product RC=CR’ (Reaction Type 7). The origin
of the hydrogen in the course of this ' reductive elimination of halogen’’ was not investigated.
The yields of R'H come up to over 50%. The H therefore could not originate from traces
of water or from impurities, but could come from the solvents pyridine [1, 3 to 5], dimethylfor-
mamide, or glycol [2].

The conversion of R’X (X=1 or Br) to R'H is especially favored in the bithienyl series.
The reaction of CH;C=CCu and la in pyridine at 105 °C gives Ib as the only product in
a 52% yield. The expected product Ic is not formed [4].

1 ] | la: R'=1
(CH30)2CHC=C"Ng 5 R Ib: R'=H
le: R'=CH3C=C

In many cases a mixture of the “‘normal” substitution product RC=CR’ (Reaction Type
7) and of the *'reduction product’ R’H (Reaction Type 9) is obtained. Most examples belong
to the reactions of RC=CCu with 2-iodothiophenes and with 2-iodofurans [1, 3]. They are
listed in Section 1.1.2.1.4.11, Tables 11 and 12.

In the course of the reaction of C4H;C=CCu and diiodinated aromatic compounds one
iodine can be selectively substituted by hydrogen and the second one by C¢H,C=C. For
the reaction of 1,2-1,C4F, and C;H;C=CCu see Section 1.1.2.1.4.7 [5].

Proceeding from CgH;C=CCu and C4zH;COCH,Br in glycol at 140 °C, the only product
besides tars is CgH;COCH, (47%). C4H;C=CCu and 1-iodonaphth-2-ol react in dimethylform-
amide at 152 °C to form naphth-2-ol, but only in a yield of 2% [2].

References:

[1] R. E. Atkinson, R. F. Curtis, G. T. Phillips (Chem. Ind. [London] 1964 2101/2).
[2] C. E. Castro, E. J. Gaughan, D. C. Owsley (J. Org. Chem. 31 [1966] 4071/8).
[3] R. E. Atkinson, R. F. Curtis, G. T. Phillips (J. Chem. Soc. C 1967 2011/5).

[4] F. Bohlmann, J. Kocur (Chem. Ber. 108 [1975] 2149/52).

[5] R. S. Dickson, L. J. Michel (Australian J. Chem. 28 [1975] 1943/55).

1.1.2.1.7 Mannich Type Reactions

This reaction is referred to as ‘'Reaction Type 10’ in Table 1 on pp. 17/41.

The Mannich reaction of alkynes in the presence of copper ions can be understood as
a substitution of Cu in RC=CCu by the Mannich cation I to form the alk-2-ynylamine II.
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® =
HCHO + HNR) + H* ——= CHp=2=nR) REECCUL pe=comyng)

| il

To run Mannich reactions RC=CCu is not brought into the reaction batch as a pure substance,
but formed there from alkynes and copper salts. Its presence is said to be observed in
the reactions of HOCH,C=CCu with HN(C,H;), [7] and of HOCR?R3C=CCu or R*OCR2R3C=CCu
compounds with HN(CH,CH,Cl), [6, 13]. It is first precipitated because of its insolubility
and then consumed in the course of the reaction.

The intermediate formation of RC=CCu is also supported by the influence of the Cu
on the reaction path of compounds, which contain not only the acetylenic H, but also a
second active hydrogen able to undergo Mannich reactions. Compounds of the type
CgHsCO(CH,),,C=CH react in the course of the Mannich reaction in the presence of Cu!
at the alkynyl carbon, but in the absence of copper at the COCH, position [10]. At any
rate Cu' salts increase the nucleophility of the acetylenic substrate towards the Mannich
reagents [14]. The addition of 1% CuCl can enhance the reaction rate up to 30-fold and
the yield is much higher [5]. Alkynes with donors in the 3-position undergo the Mannich
reaction only in the presence of Cu! [12].

A high number of publications deal with Cu-catalyzed Mannich reactions. In many cases
the intermediate formation of RC=CCu and its reaction with the Mannich cation | to form
the amine Il can be strongly supposed [1 to 5, 8 to 12, 15]. If the Mannich reaction is
catalyzed by Cu'l, the reduction of Cu" to Cu' by CH,0 must be assumed [6, 13].

The reaction of 1-aminobenzimidazolium salts with preformed C4zH;C=CCu can be under-
stood as a Mannich reaction, if the salt is written as a cyclic Mannich cation 1li: R'=CH,,
C4HgO,CCH,, (CH3),N(CH,),. The expected 2-alkynylbenzimidazoline IV corresponds to Il
at simple acyclic systems. It rearranges to form the pyrazole V, which crystallizes from
the reaction batch. The corresponding chloride (lli, Cl as the anion) does not react with
CgHsC=CCu or with C;H,C=CH [16].

N + N R!
l h|J | I
N%. _ CgHsC=CCu oo NH
JeH | 1T ————e £ —
! il -
I | —
NH»> NH2 ¢ N
| CeHs
L CeHs |
I \ v
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1.1.2.1.8 Reactions with R’Cu
This reaction is referred to as '‘Reaction Type 11" in Table 1 on pp. 17/41.

The main product formed from RC=CCu and R’Cu generally is RC=CR’. If R and R’
are aryl groups, heating is necessary and the reaction proceeds in several discrete steps
involving the formation of Cug and Cu, clusters.

Reactions of RC=CCu with CH,Cu give RC=CCH; and metallic Cu, if it is run at room
temperature in ether. The RC=CCu compounds are prepared in situ from RC=CCO,Cu (see
Section 1.1.2.1.1, Preparation Method Va, p. 4). An addition of CH,;Cu to the C=C bond of
RC=CCu, as it is known from RC=CCHj;, was not observed. The following RC=CCH, have
been prepared (yields in parentheses): R=3-CICzH, (50%), 4-CIC4H, (55%), 3-FCgH, (45%),
3-CH3CgH, (65%). With R=Cg¢H; (75%) and with R=C,,H,; it is not clear whether RC=CCu
or its Lil aduct (see Section 1.1.2.3) is reacted [1].

Reactions of RC=CCu with 2-(CH;),NC.,H,Cu in dimethylformamide at 65 °C give the
yellow clusters (RC=C),Cugz(CgH,N(CH,),-2), (decomposition temperatures in parentheses):
R=CgH; (128 °C), 4-CH,C¢H, (138 °C), 4-CH;0Cg¢H, (165 °C), 2,4,6-(CH;),C;H, (189 °C). If
the reaction is carried out in dimethylformamide at 125°C (heating for 2.5h and
workup with aqueous NH; is typical for these reactions), a mixture of RC=CC¢H,N(CH,),-2,
2-(CH3),NCgH,CeH4N(CH3),-2, C4HsN(CH,),, and metallic Cu is obtained; see Table 18. The
decomposition products of (4-CH;C4H,C=C),Cus(CgH N(CH,),-2), in benzene at 80 °C corre-
spond to this pattern; only the symmetric coupling product 2-(CHj;),NC;H,CzH,N(CH,),-2
could not be detected [2]. So the reactions at both temperatures are treated with the
implicit understanding that in benzene and in dimethylformamide the same reactions
occur and that the compounds listed in Table 18 are decomposition products of
(RC=C),Cug(CgH,N(CH,),-2), [2, 3].
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Table 18
Reaction of RC=CCu and 2-(CH,),NCzH,Cu according to

7

R1 .
R’ N(CH3) R?

CH3)7 N(CH3)2  (CH3)2N N(CH3),
| Il

. @—N(CH3)2 + Cu

il

(belongs to Reaction Type 11, explanation see pp. 12/4) in (CH;),NCHO at 125 °C/2.5 h (last
reaction 125 °C/4 h, then 150 °C/1 h).

R? R2 R3 yield of 1 yield of 1l yield of 11l
in % in % in %
H Cl H 92 — 5
H NO, H 76 10 12
H H H 90 0.5 6
H CH, H 90 0.5 7
H CH,0 H 89 05 4
CH, CH, H 79 - 17
CH, CH, CH, 29 1.2 65
CH, CH, CH, 84 - 16

If the RC=CCu reacted with 2-(CH;),NC¢H,Cu at 125 °C is prepared in situ from RC=CH
and Cu!, the yields drop considerably. Without solvent the yields are almost the same.
The formation of the Cu can be well understood from the opposite polarization of the Cu-C
bonds in the starting materials [2].

In order to understand the high temperature reaction of RC=CCu and 2-(CH,;),NC¢H,Cu,
the decomposition of (4-CH,CH,C=C),Cug(CgH,N(CH;),-2), in benzene at 80 °C has been
studied in detail. First a dark red substance, which is soluble in benzene, insoluble in
pentane, and highly oxygen-sensitive, is formed [2]. From NMR data and from the reaction
products the structure 4-CH;C¢H,C=CCuLCulCzH,N(CH,),-2 was claimed. 4-CH;CzH,C=
CCu}Cul(CgH,N(CH;),-2); is supposed to be its precursor [2, 3]. Prolonged heating of the
Cug-compound at 80 °C causes a slow decomposition to give 4-CHz;C4H,C=CCzH,N(CH;),-2,
2-(CH3),NC¢H,Cu, and dimethylaniline. As mentioned before, there is no distinct proof that
with 4-CH,C4H,C=CCu and 2-(CH,),NC;H,Cu instead of (4-CH3;C4H,C=C),Cug(CgH4N(CH;),-2),
the reaction path is the same [2].

The yield pattern of the decomposition reaction can be partly explained by comparison
of the reaction temperature of the mixture (125 °C) and the decomposition temperature
of the cluster. If the latter is relatively high (e.g., 189 °C at R=2,4,6-(CH,;);C¢H,), the side
reaction product dimethylaniline is favored against the alkyne (65%); with R=CgzH; (decom-
position temperature =128 °C) only 6% dimethylaniline are formed [2].
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An intra-aggregate valence disproportionation of (RC=C),Cug(CgH,N(CH3),-2), with the
formation of asymmetric R’(RC=C)Cu' centers to give RC=CCu}Cu)(CzH,N(CH;),-2); and one
mole of RC=CCzH,N(CH;),-2 was claimed in a later publication. Cluster reorganization and
a reductive coupling step lead to metallic Cu and to a second mole of RC=CC¢H,N(CH3),-2
[3].

Reactions of RC=CCu with 4-(CH;),NC;H,Cu at 120 °C in dimethylformamide follow a
pattern similar to that of the 2-substituted compounds, but are only described with the
aryl copper prepared in situ. With R=4-CIC4H, the yield of 4-CIC4H,C=CCH,N(CH,),-4
is 81%, and 12% dimethylaniline are admixed. With R=4-O,NCzH, a mixture of 17% 4-
O,NCzH,C=CC¢H,N(CH;),-4, 42% 4-(CH3),NCH,CcH,N(CH;),-4, 20% dimethylaniline, and
7% 4-0,NC¢H,C=CH is obtained. The high amount of the biphenyl is probably due to a
oxidative coupling process by the presence of nitrosubstituted compounds. With R=4-
CH;C¢H,, 48% 4-CH;CH,C=CC¢H,N(CH;),-4, 26% 4-(CH3),NC¢H,CcH,N(CH3),-4, and 11%
dimethylaniline are isolated. With R=4-CH;0C¢H, a mixture of 83% 4-CH;0C4zH,C=
CCgHsN(CH;),-4 and 12% dimethylaniline is formed [2].

References:

[1] R. Levene, J. Y. Becker, J. Klein (J. Organometal. Chem. 67 [1974] 467/71).
[2] G. Van Koten, R. M. W. Ten Hoedt, J. G. Noltes (J. Org. Chem. 42 [1977] 2705/11).
[3] J. G. Noltes (Phil. Trans. Roy. Soc. [London] A 308 [1982] 35/45).

1.1.2.1.9 Reactions with Nitrones to Form p-Lactames
This reaction is referred to as ‘‘Reaction Type 12" in Table 1 on pp. 17/41.

The reaction of RC=CCu with nitrones RZCH=NR'O to yield B-lactames is a useful method
to prepare these heterocycles; see Table 19. There is a discrepancy in the literature concern-
ing the geometry of the B-lactames formed. At room temperature in pyridine (0.5 to 4 h)
cis-B-lactames [1] or a mixture of cis- and trans-B-lactames [2] have been found. At any
rate, the primary product seems to be the cis compound. The rate of the rearrangement
reaction obviously depends much on the substitution type. Generally the yields do not
differ considerably whether pure RC=CCu is reacted or whether it is formed in situ from
RC=CH/CuCI/NH;/H,0/pyridine in the reaction batch [2].
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Table 19
Reaction of RC=CCu with Nitrones according to
RC=CCu
+ R 0
0" -
2h after .
RCH=N ~R! hydrolysis RQ/H NR! v
H
| Il 11
(Reaction Type 12, explanation see pp. 12/4).
R R! R? yield vyield only remarks, product Ref.
of Il of lll vyield of
in % in% I+l
given
in %
C,H;0,C CeHs 4-CICgH, — — 50 acetylide prepared in [2]
situ (pyridine/H,0,
1h)
CgHs 4-CH,CgH, 39 13 — acetylide prepared in [2]
situ (CH;OH/H,0, 4 h)
- — 42 — [2]
C(CHj3),CH(CH,3)CH, — 40 - CzHSOZC\ 0 [2]
Hel H
N CHj
CH3
CHj;
H
n-C4Hq CeHg C¢Hs 61 5 - — [2]
Ce¢Hs 4-CH,0CcH, — - 55 — [2]
4-CH,C4H, 4-CICH, — - 9 — [2]
C(CHj3),CH(CH;)CH, — 40 — [2]
(C,H5),NCH, CeHs 4-CIC4H, - - 44 acetylide prepared in [2]

References on p.

situ (CHyOH/H,0,
4h)
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Table 19 [continued]

R R? R2 yield yield only remarks, product Ref.
of Il of lll vyield of
in % in % I+l

given
in %

CeHs 4-CIC¢H,  CgH; 60 - - - [1]
CeHs 2-CIC¢H, 59 — - — (1]
CeHs CeHs 55 - - - (1]

20 122 - - [2]
C¢Hs 2-CH,CH, 51 — — - [1]
23 2 - - 2]
CeHs 3-CH,CeH, 14 11— - [21
C¢Hs 4-CH,CeH, 32 8 - - {21
CeHs 4-CH0CH, — — 28 - (2]
4-CH4CgH, 4-CICgH, 8 7 - - [2]
4-CH,CeH, CgH; 11 14 - - 2]
CeHsCgHy  4-CLCgH, — - 45 the position of CgHg in [2]
R'is not given
(CH,),0CH, 54 — - H\ CeHs g 2]
H 1
NN
)
(CH,), 0 - - Ha CeHs o [21
H
-
C(CHj,;),CH(CH3)CH, — 40 - CSHS\ 0 {2]
D
—N_ CH3
s CH3
H
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Table 19 [continued)

R R? R? yield yield only  remarks, product Ref.
of Il of Il yield of
in% in% I+l
given
in %
4-CH,CgH, CeHs CeHs 3% 15— - 2]
HO

N

situ (CH,0H/H,0, 4 h)

fchz—— CeHs 4-CIlCgH, 25 25 — acetylide prepared in 2]

CH3

CeHsN(CHG)CH,  CgHs 4-CICH, 26 26 — 2]

co_
Moy — CoHs 4-CICH, - — 12 2]
co

CeHs 4-CH,CgH, 27 4 — [2)
CgHsN(C,H;5)CH, CeHs 4-CICgH, 7 45 — acetylide prepared in [2]
situ (CHZOH/H,0, 4 h)
CgHs 4-CH30CgH, — - 39 — [2]
4-(C,H;0,C)CzH,NHCH, 4-CICgH, — — 75 — [2]
CeHs
4-(CH;),NCzH,COCH,N(C,H)CH, - - 67 acetylide prepared in [2]
CeHs 4-CICg¢H, situ (CH;0H/H,0,
4 h)

References:

[1] M. Kinugasa, S. Hashimoto (J. Chem. Soc. Chem. Commun. 1972 466/7).
[2] L. K. Ding, W. J. Irwin (J. Chem. Soc. Perkin Trans. | 1976 2382/6).

1.1.2.1.10 Reactions with Other Transition Metal Compounds
This reaction is referred to as '*Reaction Type 18" in Table 1 on pp. 17/41.

Reactions of RC=CCu with compounds containing groups ---M-X (M =transition metal)
generally give transition metal complexes, and the reaction path usually seems to be very
complicated. The simple reaction pattern RC=CCu + ---M-X — RC=CM:--- 4 CuX is more
or less restricted to M=Hg and Pt; in one case it also refers to a Ru compound. With
other transition metal compounds the formation of RC=CM--- as a first step is supposed,
but there exists no definite proof. Examples are listed in Table 20.

In contrast, compounds containing SX, PX, SiX, or SnX groups generally give RC=CS,
RC=CP etc. structures and are therefore treated in Section 1.1.2.1.4.14.

With mercury compounds the products depend strongly on the reaction conditions and
different paths for the reactions have been suggested. Depending on the reaction time
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RC=CCu and HgCl, give (RC=C),Hg or RC=CHgCl (see Table 20). It is not clear whether
the CgH;C=CHgCIl formed on long refluxing of C4H;C=CCu and HgCL, in dioxane is produced
by a direct substitution or from (C4H;C=C),Hg and HgCLl,. The compounds (RC=C),Hg are
possibly produced via 2RC=CCu - HgCl,, which is known to be formed from the components
in tetrahydrofuran (see Section 1.1.2.5). Reactions starting with RC=CCu are the most impor-
tant way to synthesize RC=CHg structures [1].

With M=Re, Fe, Ru, and Rh, mixtures are generally produced and both the solvent
and the molar ratio of the reactants are of importance. The reaction times are up to 65h
in refluxing toluene. In most cases the mixtures require separation by chromatographic
methods. If RC=CCu is reacted with phosphine complexes, the oxidation of a part of the
phosphine unit to give OPR; is typical and a copper mirror at the vessel wall is then observed.
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1.1.2.2 “Mixed Acetylides” of the Type R R?

1—-n

C=CCu

The simultaneous reaction of two different alkynes (usually 1:1) with Cu' compounds
in aqueous-ammoniacal solutions (Preparation Method la in Section 1.1.2.1.1, see pp. 2/3)
yields substances which are called ‘' mixed copper acetylides’’. Usually the alkyne mixture
is stirred into the copper solution. Though it is ostensibly an R'C=CCu/R2C=CCu mixture,
their UV maxima may differ considerably from those of the individual acetylides. This is
the reason why they are usually treated like compounds. They are useful because of their
photoelectric properties. From joint analysis of the photoconductivity spectra and of the
C=C stretching frequencies a ‘‘block copolymer structure’’ can be attributed to these **mixed
acetylides". This structure involves intermolecular coordinations of Cu to C=C, not a poly-
merization of C=C groups [3].

Consequently the oxidation of a *'mixed acetylide” R'C=CCu/R2C=CCu with K,[Fe(CN)]
(cf. Reaction Type 2c in Section 1.1.2.1.1, p. 12) yields predominantly asymmetrically substi-
tuted diynes R'(C=C),R? and very littte R'(C=C),R' and R?(C=C),R? [1]. Apparently the R1C=C
and R?C=C units are in an advantageous position in this “‘block copolymer’ in respect
to the oxidation process. In contrast, even a very thorough mechanical mixture of two acety-
lides does not predominantly yield R'(C=C),R2.

A “'block copolymer” (see above) resembling the ‘“mixed acetylides’' is also obtained
by simultaneous precipitation of C¢H;C=CCu and C¢HSCu in aqueous solution from C4H,C=
CH, CgHsSH, and [Cu(NH,),]*. It has a photoconductivity like the ‘“mixed acetylides”. The
photoconductivity maximum was found at 465 nm; the forbidden band width is 2.42 eV [6].

NCC=CCu/HOCH,CH=CHC=CCu is oxidized by K;[Fe(CN)¢] to give HOCH,CH=CH(C=
C),CN [2].

CgH;C=CCu/2-O,NC;H,C=CCu, oxidation in dilute aqueous KOH/K [Fe(CN)s] to give
2-0,NCgH,(C=C),CqH; [1].

CH,=CHC=CCu/C4H,C=CCu [3]. The C=C band of this ‘““mixed acetylide’ was found at
1935 cm~1 (KBr) [4], and the photoconductivity maximum at ~520 nm [4, 6]. A discrepancy
between the forbidden band widths from the photoconductivity data (1.92+0.04 eV [4] vs.
2.24 eV [6]) may possibly be attributed to a confusion of the data of the ““mixed acetylides”
CH,=CHC=CCu/CgH;C=CCu and Cu,C,/CzH;C=CCu in [4].

Cu,C,/C¢H;C=CCu [3]. The (molar?) ratio of Cu,C, and CgH;C=CCu was given as 1:2.16.
in KBr, C=C bands at 1938 cm~", 1966 cm~', and 2037 cm~' were measured [4]. The photo-
conductivity maximum was found at ~620 nm [4, 6], and a UV maximum at 540 nm [6].
From the UV data a forbidden band width of 1.88 eV results. Again, the values from photocon-
ductivity data differ (see above): 1.9 [5], 1.92 [6], 2.24 +-0.04 eV [4]. The laser-induced photo-
decomposition threshold is three orders of magnitude higher than the photoconductivity
threshold; it is 16 kW - cm~2 under free-oscillation conditions and 0.5 MW - cm~—2 under Q-
switching conditions [5].
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1.1.2.3 Complexes of RC=CCu with Alkali and Mg Halides

A 1:1 complex of CH;OC(CH,),C=CCu and LiSn(CH,;); is described in Section 1.1.2.4.
‘*Mixed homocuprates’’ of the type [RC=CCuR’]M (M =Li, MgCl, MgBr) have been described
in ““Organocopper Compounds’”’ 2, 1983, pp. 174/211 (M =Li) and 227/35 (M =MgCl or MgBr),
as R’ groups such as alkyl, alkenyl, or aryl generally are more reactive than the alkynyl
groups RC=C.

The generally highly insoluble, mostly deep red or brown RC=CCu compounds can be
dissolved in solvents such as ether, CH4CN, tetrahydrofuran, or hexamethylphosphoric tri-
amide in the presence of Li, Na, or Mg halides, and this even at temperatures of —40 °C.
The resulting yellow or colorless solutions obviously contain complexes of RC=CCu with
the halides and are much more reactive than solutions of RC=CCu, which can be obtained
only for certain R and certain solvents; see Section 1.1.2.1.1. It is not clear whether all
RC=CCu compounds form reagents of this type with Lil. (CH;);CC=CCu could be an exception,
see No. 12 in Table 21 [8]. In the case of NaCl, Nal, and LiF the complex reagent formation
is very doubtful.

Obviously the type of the solvents is of high importance for the formation of the reagents.
As their structure and, in some cases, even their stoichiometry are not known, they are
formulated in this section as RC=CCu,MX (cf. the remarks in ‘“Organocopper Compounds”’
1, pp. 4 and 6/7).

The reagents given in Table 21 are prepared by the following methods:

Method I: RC=CCu+MX — RC=CCu,MX.
The reaction is carried out at —40 °C to +20 °C. The end point of the addition
can easily be observed, for the insoluble red acetylide is then consumed.

Method ll: RC=CM+CuX — RC=CCu,MX.
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Table 21
Complexes RC=CCu,MX (M =Li, Na, MgX; X=halogen).
For abbreviations and dimensions see p. X.

No. reagent method of preparation (solvent) Ref.
properties, reactions, and further remarks

Lithium reagents

1 CLlC=CCu,Lil Il (CH;CN/ether, OP(N(CHj,),)3) [5, 6]
no information about a possible halogen inter-
change given
yields 84% ClC=CCH,CH=CH, with CH,=CHCH,Br
for reactions with R'COCl see Table 22, p. 155

2 CH4C=CCu,LiBr I (CH,CN) [3]
gives 7-(prop-1-inyl)cyclohepta-1,3,5-triene with
tropylium salts in CH,CN at 25°, isolated after
precipitation of Cu* by Na,S

3 C,H;0C=CCu,Lil Il (CH,CN/ether, ether) [5, 6]
gives 55% C,H;0C=CCH,CH=CH, with
CH,=CHCH,Br
for reaction with n-C,H;COCl see Table 22, p. 155

4 CH,=C(CH4)C=CCu,LiBr 1I (CgH,,/(CHs),SO/OP(N(CHj),)s) [19]
gives CH,=C(CH,4)C=CCH,C=COCH, with
CH,=C=C(1)OCH,

5 cyclo-CzH;C=CCu,LiBr 1(CH,CN) [3]
reacts analogously to No. 2 (55% yield)

6 n-C4H,C=CCu,Lil Il (ether) [17]
gives about 65% [n-C3H,C=CCuCR'=CH,]Li with
CH,=CRLi in ether at 15 to 20°; R'=CHj,
CH(OC,Hy),, Si(CH)s

7 (CHg4),NCH,C=CCu,Lil i (ether) (18]
gives [(CH,3),NCH,C=CCuR"]Li with RLi in ether at
0°; R'=CHj,, CH,=CH

8 (CH,);SiC=CCu,LiBr 1 (CgH 4/ THF/OP(N(CHj,),)3) [19]
gives (CH,;);SiC=CCH,C=COCH, with
CH,=C=C(I)OCH,

9 (CH,);SiC=CCu,Lil H (THF) [14, 20]
orange-red
gives [(CH,;);SiC=CCuR']MgCl with R'TMgCl
in ether or ether/THF

10 n-C,HyC=CCu,LiBr 11 (CgH4,4/(CH3),SO/OP(N(CHj3),),) [19]
gives n-C,H,C=CCH,C=COCH, with
CH,=C=C(I)OCHj,4
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Table 21 [continued]

No. reagent method of preparation (solvent) Ref.
properties, reagents, and further remarks

11 n-C,HgC=CCu,Lil I (ether, OP(N(CHj,),)5), 1l (ether) [1,6,7,
also from [n-C,H,C=CCuR']Li - Lil and 11, 16]
CH,=CHCH,Br; R'=CHj;, n-C,Hy, n-C,H ;4
canary yellow solution in ether
in part unclear whether No. 11 or n-C,H,C=CCu is
reacted
in ether at 0° equilibrium No. 11 +RLi ==
[n-C,H,C=CCuR']Li (see ‘‘Organocopper
Compounds’ 2, Section 1.1.1.2.4); R'=CHj,,
n-C,Hg, n-C;H ;5
for reactions with R'COCl see Table 22, p. 155
gives 70% n-C,Hy,C=CCOCgzH; with CsgH;COCN in

ether
12 (CH;),CC=CCu,Lil Il (THF, ether) [8,12,
orange solution in ether, at —49° crystallizes 13, 15,
(CH,;);CC=CCu 17]

gives 65% (CH,3);C(C=C),C(CH,); with BrCN

the reaction with RLi in ether or THF gives
[(CH3)3CC=CCuR']Li; R'=CHj;, CH,=CH,
CH,=C(CHy), (CHy)sSIC(=CH,),
(C,Hs0),CHC(=CH,)

13 CgzHZNC=CCu,Lil I (CH4;CN/ether) [15]
(CsH;N=pyrid-2-yl) gives an unidentifiable product with BrCN
14 n-CgH,,C=CCu,LiBr 1 (OP(N(CHj3),)3) [2]

gives 83% n-CgH,,C=CCH,CH=CH, with
CH,=CHCH,Br

15 n-CgH,,C=CCu,LiCl I (dimethylformamide, ether, OP(N(CHj),),) [1,2]
gives 89% n-CzH,,C=CCH,CH=CH, with
CH,=CHCH,Br
for reaction with CH;COCl see Table 22, p. 155

16  n-CgH,,C=CCu,LiF I (OP(N(CHg),)3) 2]
gives 45% n-C4H,;C=CCH,CH=CH, with
CH,=CHCH,Br

17 n-CgH,,C=CCul,Lil I (ether, OP(N(CHj,),)5) [1,2]
gives 83% n-CgH,,C=CCH,CH=CH, with
CH,=CHCH,Br
for reaction with CH;COCl see Table 22, p. 155

18 4-O,NC4H,C=CCu,LiCl I (THF) [9]
gives P(C=CCzH,NO,-4); with PCL, in THF and
4-XCgH,P(C=CCgH,NO,-4), with 4-XC¢H,PCL,;
X=Cl, H, CH30, (CH,),N
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Table 21 [continued)]

1.1.23

No. reagent

method of preparation (solvent)
properties, reagents, and further remarks

Ref.

19  4-O,NC,H,C=CCu,LiBr

20 CgHsC=CCu,LiBr

21 CgHsC=CCusLil

22 (CgHs),NC=CCu,Lil

23 n-Cy,H,C=CCulLil

sodium reagents

24 C,HsOCH,C=CCu,Nal

25 n-C,HyC=CCu,NaCl

26 n-C,HyC=CCu,Nal

magnesium reagents

27 n-C4HyC=CCu,MgBr,

28 n-CgH,;C=CCu,MgCl,

29 n-CgH,{C=CCu,MgBr,

1 (THF)

reacts with 4-XCgH,PCl, as No. 18; the 15% yield
with X=H is enhanced to 35%, if one more mole
LiBr is added

1 (THF)

gives 64% C4H;P(C=CC¢H;), with CzH;PCL, in THF

I (ether, ether/OP(N(CHj,),);), Il (ether)

in part unclear whether No. 21 or CgH;C=CCu is
reacted

gives 60% C4H;C=CCN and 26% CgH5(C=C),CgHg
with BrCN, and C;H;C=CCH, with CuCH; at0°in
ether

gives 50% CgH;C=CC(C4Hs)=NC¢H; with
CgH5C(Cl)=NCgH; in ether at 25°

reactions with R'COCl see Table 22, p. 155

11 (CH4CN, ether)

gives 20% (CgH;),NC=CCH,CH=CH, with
CH,=CHCH,Br

Il (ether)
gives n-C,,H,;C=CCH, with CuCHj; in ether at 0°

Il (THF, OP(N(CHy),)5)
gives 25% C,Hs;0CH,C=CCH,CH=CH, with
CH,=CHCH,Br

11 (THF, OP{N(CH,),)3)

different halogen anions from added salts present,
therefore mixtures possible

gives 54% n-C,H,C=CCH,CH=CH, with
CH,=CHCH,Br

11 (THF)

different halogen anions from added salts present,
therefore mixtures possible

gives 75% n-C,Hy,C=CCH,CH=CH, with
CH,=CHCH,Br

Il (ether, CH;CN/ether)

for reaction with n-C,H,COCl see Table 22, p. 155

1 (OP(N(CHj),)5)

gives 41% n-CzH,,C=CCH,CH=CH, with
CH,=CHCH,Br

1 (OP(N(CHj),)5)

gives 73% n-CgH,,C=CCH,CH=CH, with
CH,=CHCH,Br
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The reaction RC=CCu,MX+R'COCl - RC=CCOR'+CuCl+MX is a very useful method to
prepare ynones; see Table 22. With RC=CCu,Lil in ether the yield depends on the order
of the addition of reactant and solvent. Adding an acid halide first and hexamethylphosphoric
triamide (tetramethylethylenediamine or triethylamine) afterwards gives higher yields than
the reverse order [1].

Table 22

Preparation of Ynones according to RCzCCu,MX +R'COCl - RC=CCOR'+MX+CuCl (M=Li
or MgX; X=halogen).

Typically the reaction is carried out in ether or ether/hexamethylphosphoric triamide at
20 °C for 1to 15 h.

RC=CCu,MX R? remarks (yield of RC=CCOR'in %) ~ Ref.
CIC=CCu,Lil CH, (<5) [6]
n-C,H,g high yield, the product polymerizes easily [6]
C,H;0C=CCu,Lil n-C4H, (50) [6]
n-C,4H,C=CCul,Lil CCl, (36) [6]
CICH, (9 [6]
CH,4 in ether (25 to 53), diglyme (10), hexamethyl- [1, 6]

phosphoric triamide (2), or in ether followed
by hexamethylphosphoric triamide (73)
no reaction in N(C,H;),;

CH,=CH (80) [6]
CICO(CH,), gives n-C,H,C=CCO(CH,),COC=CC,H,-n (10) [6]
CH,CH=CH (80) [6]
C,H;OCH, (73) (6]
n-C4H, (53 to 96) [1.6]
CICO(CH,), gives n-C,H,C=CCO(CH,),COC=CC H4-n (26) [6]
CeHs (86) (6]
CgHsC=C (40) [6]
n-C4H,C=CCu,MgBr, n-C,Hq (36) [6]
n-CgH,,C=CCu,LiCl CH, (65) (1]
n-CgH,,C=CCu,Lil  CH, (82) [
CgHsC=CCulLil CH, (82) [1, 6]
Ce¢Hs (90) [1,6]
C¢HsC=C (50) [6]
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1.1.24 Complexes of RC=CCu with Compounds of Further Main Group Elements

The polymeric structure of RC=CCu is broken down in suitable solvents by S, N, P,
As, and Sb donor compounds by complex formation. Most of the complexes have been
isolated as crystalline solids, others are not as well characterized or even exist only in
solution. With stibines, no complex has been isolated. In most cases only the stoichiometry
of the complexes is known, but not their aggregation. Only in the cases of C4H;C=CCu -
P(CH,)}; and C¢H;C=CCu - P(C¢H;); (Nos. 23 and 32) have tetrameric structures been proved
by X-ray analysis. For No. 32, however, insoluble, probably polymeric isomers exist too
(structures unknown). For other 1:1 complexes, tetrameric solid state structures have also
been assumed. Molecular weight determinations generally show lower aggregation in solu-
tion dependent on the type of acetylide, ligand, solvent, and sometimes the concentration.
For complexes with a ligand:Cu ratio >1, generally lower aggregation is assumed than
for 1:1 complexes.

All cases where complexes are proved or can be expected are listed in Table 23. isolated
compounds with known stoichiometry are formulated with a point (like CzH;C=CCu - NH,);
a probable complex formation with unknown stoichiometry is symbolized by a comma (like
n-C,HsC=CCu,PCl,) as explained in “Organocopper Compounds’ 1, 1985, p. 6. Supposed
complex formation with S-, N--, and P-donor compounds is discussed in the following.

Sulfur Complexes. The reaction of (CH,);SiC=CLi with CuBr - S(CH,), in ether at —20°C
has been said to give (CH,);SiC=CCu (see Section 1.1.2.1.1) [51]. The same authors formulate
the structure (CH,);SiC=CCuS(CHj,), in a further publication without any explanation [50].

Amine Complexes. The compounds CgH;C=CCu, 4-CH3C4H,C=CCu, and 4-CIC;H,C=CCu
are soluble in cyclic amines like pyrrolidine, piperidine, azepane, and morpholine. The
IR frequency of the C=C bond is found in the region of 2030 cm~", which led these authors
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to claim the formation of dissolved amine complexes of RC=CCu although an isolation was
not possible [21]. On the other hand, no complex has been obtained from C4H;C=CCu and
4,4’-bipyridine in toluene or ether [13]. C¢H;C=CCu, electrochemically formed in CH,CN
or CH;COCHj; containing [N(C,H5),]ClO,, gives a dark red solution with 2,2’-bipyridine [49],
whereas 2,2’-bipyridine and C4;H;C=CCu prepared as usual give no product in toluene or
ether [13]. Solutions of RC=CCu in pyridine are supposed to contain at least traces of a
RC=CCu-pyridine complex [19]. From solubility phenomena the formation of similar com-
plexes with dimethylformamide and hexamethylphosphoric triamide has been supposed,
but no reliable work is done about this question. The in situ preparation of RC=CCu from
RC=CH, activated Cu, and K,COy; in pyridine is believed to be favored by a pyridine complex
formation [15]. C¢H;C=CCu can be extracted by HN(C,H;),, to give a coarse crystalline prod-
uct, no complex formation with the amine occurs [8]. For better characterized complexes
see Table 23.

Phosphorus Complexes are in general well characterized and crystallized compounds.
Often the ratio RC=CCu to PR} varies and sometimes it depends on the P:Cu ratio in the
reaction batch.

Complexes with P:Cu ratios of 4:1 seem to exist too, although no solid compounds
have been isolated from the corresponding solutions. The IR spectra of solutions of CgH;C=
CCu or CH,=C(CH,)C=CCu and P(CH;); in benzene at P to Cu ratios of 1, 2, 3 or 4 show
similar bands. The complexes CzH;C=CCu-nP(CH;); (n=1 to 3) are known as pure sub-
stances; see Table 23 [5]. From C4HsC=CCu and CuCl - P(OC,H;); no products could be ob-
tained in organic solvents, even after heating [10]. For better characterized complexes see
Table 23.

[CH;0C(CH;),C=CCuSn(CH,);]Li. This 1:1 complex of CH;OC(CH,),C=CCu and LiSn(CH,),
is formulated in its ionic form, but no structural proof is given. It is prepared by addition
of solid CH;OC(CH,),C=CCu to a solution of LiSn(CH,), in tetrahydrofuran at —48 °C [35].
The reaction of this solution (4 h at —48 °C) with R'C=CCO,C,H; yields (E)- and (Z)-
{CH,;);SnCR'=CHCO,C,H;. With R'=CH, (yield 82%), only the (E)-compound is formed
[35, 38], with R'=(CH,),C, the (E):(Z) ratio is 8:62 (yield 76%), and with R'=(CH,),C-
Si(CH,),0OCH, this ratio is about 96:4 (total yield 82%) [35]). The reaction with R'C=CCO,R?
in tetrahydrofuran (30 min at —48°C and 3 h at 0 °C) yields (E)-(CH,);SnCR'=C(CO,R?)-
Sn(CH;);. The following compounds were reacted (R', R?, yield): CH;, C,H;, 74%; C,H;,
C,H;, 76%; (CH3),CH, CHj, 74%; n-CgH,;, CHj, 86% ; cyclo-CzHy, CH;, 73%; 2-(cyclopent-
1-enyl)ethyl, CH;, 71%. cyclohex-2-enylmethyl, CH;, 82%; (CH;);CSi(CH,),0CH,, C,Hs,
70% ; (CH;);CSi(CH,4),0(CH,),, CH,, 69% [38].

The reaction of [CH;O0C(CH3),C=CCuSNn(CH,);]Li and R'OCH,CH=CHCH,Br at —30 °C in
tetrahydrofuran gives mixtures of R'OCH,CH(CH=CH,)Sn(CH,;); and R'OCH,CH=
CHCH,Sn(CH,);. The configuration at the double bond is not changed during reaction
(isomeric purity >99%). The following R'TOCH,CH=CHCH,Br were reacted (R', E or Z, yield
of R1OCH,CH(CH=CH,)Sn(CH,),/yield of R'OCH,CH=CHCH,SNn(CH,)s): C,Hs, Z, 8%/39%;
CoHs, E, 47%/25%; i-C4H;, Z, 31%/39% ; CgHsCH,, Z, 4%/38% ; CgHsCH,, E, 16%/8%; and
CgHsCH(CH,), Z, 8%/68% [42].

Explanation for Table 23. The compounds are in most cases prepared by the following
methods:

Method I:  Formation of the complexes mRC=CCu - nD from RC=CCu and the ligand D. The
type of the solvent or the absence of any solvent is indicated in parentheses
because it is very important in this formation reaction.
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Method II:

Method Il1:

1.1.24
Formation of the complexes by ligand exchange, for instance

D2
RC=CCu-D' —— RC=CCu-D2or

3
RC=CCu-D'-D? i—» RC=CCu-D"- D3
or by addition of a second ligand, for instance
D2
RC=CCu-D' —— RC=CCu-D'-D?
Formation of the complexes mRC=CCu - nD from RC=CM and mixtures or com-
plexes of CuX and D, where M=H, Li, K and X=Cl, I, N3, C;(CHy);. If azide

complexes like P(CgH;)3 - Cq,HgN, - CuN; are reacted with very acid acetylenes,
N, is liberated.
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*Further information:

2C,H;C=CCu - C,H N, (Table 23, No. 7; C,;HgN,=1,10-phenanthroline). It can also be
prepared by electrochemical oxidation of a copper foil in dry CH;CN or CH,COCH; containing
4% CgzH;C=CH, 0.05% [N(C,H;),]ClO,, and 1,10-phenanthroline [49].

Crystallizes from pyridine/ether and is stable in air at room temperature. It is fairly
stable to heat and hydrolysis, readily soluble in organic solvents [13].

On standing for weeks, or at reflux for a longer period in CI(CH,),Cl, a reaction was
observed to give CH,=CHCI, C4H;C=CH, and a complex of CuCl, C,,HgN, and Cl(CH,),CL
Neither structural nor stoichiometric data for the complex are given [13].

n-C;H,C=CCu,D (D=P(C,Hy-n);, P(N(CH,),);, OP(N(CH3),);; Table 23, Nos. 11, 12, 13)
react with R'Li compounds to give reagents of the type [n-C;H,C=CCuR’]Li; see Section
1.1.1.2.4 in **Organocopper Compounds’ 2, 1983, pp. 174/211.

No. solvent R' (yields of subsequent products of Ref.
[n-C4H,C=CCuRLi in %)

11 OP(N(CH,),);  (E)- or (Z)-CH=CHCR2R30Si(CHy),, R2=alkenyl and R®=alkyl [27, 32]

12 ether or CH4(37), C,Hs, (E)-CH=CHOC,Hg, n-C,Hq(52), t-C,Hy(70), [40]
ether/CqH,, C¢Hs (44), (E)-CH=CHCH(C4H,;-n)OSi(CH,),C(CHa), (28)
12 ether CH=CHCH,CH(C;Hy-n)OSi(CH,),C(CHy)s, 126, 29,
(E)-CH=CHCH(C4H,,-n)OSi(CH,),C(CHj), ( >86), 31]

(E)-CH=C(CgHz)CH(CgH,,-n)OCgH,0;
CgHgO =tetrahydropyran-2-yl

12 THF CH=CH,, n-C4Hgq, t-C Hy, (Z)-CH=CHCH,CH(CHZ)OC-H,0O [17,25]
13  ether C,Hg [36]
13 OP(N(CH,),); (E)- or (Z)-CH=CHCR2R30Si(CHg);, R2=alkenyl and R®=alkyl [27,32]

Analogously [n-C;H,C=CCuR"]Li can be prepared and reacted in OP(N(CHj3),); in situ using
n-C5;H,C=CH, Li, Cul, and R'Br instead of n-C;H,C=CCu under ultrasonic treatment [37].
No. 13 gives with C,H;MgBr in ether [n-C;H,C=CCuC,H;]MgBr [36].

C;H;C=CCu - P(C4H;); (Table 23, No. 32). Different products are claimed to have this for-
mula. The best characterized is [C4H;C=CCuP(CgHjs)sl4, in the following called Form A. The
lack of data and the contradictory results do not permit a reliable estimation of further
products. Tentatively, a classification into the “Forms” B to E is undertaken; two more
products are too poorly characterized to be evaluated. The basic data used for this classifica-
tion are compared in the following tables.

forms IR (cm~—"; Nujol, KBr, or spread on NaCl disk) Ref.

A 2020 [52]

B 2043 [5, 6, 43]

C 1895 1960 2052 [33]

D 1890 1917 1960 2052 [33]

E 1935 2060 [52]
References on pp. 174/5 Gmelin Handbook
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forms Raman (cm—1) Ref.
C 1583 2018 [33]
(vs)
D 538 1190 1594 1914 2053 [33]
(vs)

The Forms C and D also show identical or almost identical strong Raman bands at 252/3,
525, 780/2, 998(vs), 1027, 1097/8, 1175/6, 1198/201, and 3056 cm—1 [33].

forms interplanar spacing d (A; CukK,) UV (nm; mineral oil suspension) Ref.
C 4.48, 4.82, 11.6, 11.8 380 [33]
D 4.32, 462, 10.4, 11.5, 12.4 380, 435 [33]

Form A, [CgH;,C=CCuP(C4H;),],, is obtained by treatment of Cu[P(C4H;);],BH, with CgHC=
CH and KOH in the molar ratio 1:1:1 in a benzene/benzyl alcohol (1:1) solution. Yellow
crystals suitable for X-ray analysis were obtained by slow diffusion of hexane into the
solution. It is the first known metal complex containing p;—n' bridging alkynyls and can
also be obtained by refluxing Form E in CH;CN. Form A and Form E have the same melting
point (value not given) [52].

The compound is monoclinic with the space group C2/c—C$, (No. 13), Z=4, a=14.866 (4),
b=24.552(4), c=23.345(9) A, B=95.89(2)° d,,=1.338 g/cm?. The final anisotropic refinement
led to the conventional R value of 0.054. The structure (see Fig. 5, p. 172) consists of a
tetrahedral skeleton of metal atoms bonded to four terminal phosphine molecules and to
four ps-bridging phenylacetylide ligands (which behave essentially as 2e donors). Average
distances (in A) and bond angles are:

Cu-Cu 2.603 Cu-P 2.228 Cu-C 2185 Cc=C 1.174
P-Cu-C 113.7° C-Cu-C 104.6°

The copper-alkynyl triple bridges are markedly asymmetric, with Cu-C contacts in the range
2.072(4) to 2.380(4) A. The observed very short C=C distances are indicative of a triple
bond (cf. 1.20 A in C,H,) and for the absence of n-back-donation from the metal to the
ligand n* orbitals. The C(1)-C(2)-C(3) and C(9)-C(10)-C(11) fragments are strictly linear
(average angle 178°), and the interactions of atoms C(2) and C(10) with metal triangles
Cu(1)-Cu(1")-Cu(2’) and Cu(1)-Cu(2)-Cu(2’), respectively, are negligible (average C- - - Cu
distance 3.104 A): both these features are inconsistent with a substantial ligand-to-metal
n-donation [52].

Form B is prepared by the following methods:

a) By shaking the components (molar ratio 1:1) in benzene until all RC=CCu is dissolved
[5, 6, 12, 41].

b) From [(CgH;)3P],CuSC¢H; and CgH;C=CH, no conditions given [12].

¢) From [(CgH;C=C),Cu][N(P(C4Hs);3),] and CzH;C=CAu - P(CgHs); at room temperature in
CH,CL, (yield 95%), besides [(CqH;C=C),Au]~ [41].

d) From [(C¢gH;C=C),Cu]~ and AuCl - P(CgHg), in CH,CL,, besides C4H;C=CCu [41].

e) From CgH,C=CH and [CuCl - P(C4H;);], (molar ratio=7:29) in CH;OH with catalysis by
a little CH;0ONa, yield 90% [43].

f) From CgH;C=CCu and P(CgHs); in C,H;OH, yield 80% (no further data are given) [43].
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Form B is yellow-green after recrystallization from toluene [5, 6] and pale yellow after
recrystallization from benzene [43]. Its melting point is at 212 to 214 °C (dec.). It is too
sparingly soluble in benzene or nitrobenzene to estimate the degree of association by
osmometric methods [5, 6]. It shows an IR band at 2043 cm~" in Nujol [43] and in KBr
[5, 6].

Form C. The yellow form has been prepared by boiling Form D in benzene or from
concentrated solutions of the 2:3 complex No. 33 in benzene simply upon standing or by
shaking the components in benzene [33]. However, this last method is similar to that used
in [5] to prepare Form B. From the only IR band given in [5] no conclusion about the
identity of the product is possible. The products from the preparation methods used in
[33] may not be identical, and it is not mentioned, from which product the IR data are
recorded. This fact must be also taken into account in the further data given.

Form C is slightly soluble in benzene and decomposes upon standing in air with appear-
ance of a new Raman band at 1926 cm~1 [33].

Form D. The yellowish green form [33] is prepared by the following methods:

a) By boiling CgH;C=CCu and P(CgHs); (molar ratio=10:23) in benzene:H,0=19:1 for 1 h.
A residue is filtered off; at 15°C, Form D crystallizes (44%). The mother liquor gives
59% of No. 33 after half of the solvent is evaporated [33].

b) On long standing of concentrated solutions of Form C or of the 2:3 complex No. 33 in
CH,CL, or CHCl, [33].

References on pp. 174/5 Gmelin Handbook
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Form D is very slightly soluble in benzene. It decomposes on standing in air with appear-
ance of a new Raman band at 1926 cm— [33].

A substance, which is similarly prepared as under a), by addition of P(CgH;); to a suspen-
sion of CgH;C=CCu in benzene (molar ratio not given) at 50 °C and then boiling for 1 min
[48, 55], may be identical with Form D. it reacts with H,0s3(CO),, in toluene in 19 h at room
temperature to give after chromatography on Kieselgel GF,5, (development with ether/cyclo-
hexane =1:4) a mixture of 41% yellow |, 3% orange-red il, 3% yellow lll, 8% HOs;Cu(CH=
CCgH5)(CO)g, and four other unidentified products. The reaction gives after 3.5 h at —30 °C
69% 1 and 13% Il [48].

<CH6H5 H\C§C<CH6H5
/ \ /o
(oc [(C5H5)3P](OC)205/££05(C0)3
cU Cu
L(C5H5)3 F|>(c5H5)3
[ I
05(co
(oc) 405/

~ Cu[P(CgHs)3]

Form E is prepared when a ““solution of Form A is stirred for several days . An “insoluble
fluorescent yellow-green compound ... separates (melting point and analysis unchanged) .
It is not clear whether it is a solution in benzene:benzyl alcohol=1:1 or a benzene/benzyl
alcohol/hexane solution. The melting point is not given for Form E or for Form A [52].

No structural data are said to be available, but it is believed to be polymeric. It is
supposed that the compound may contain differently bonded phenylacetylide ligands (i.e.,
n- and o-bonded) with substantial ligand-to-metal n-donation (which has been excluded
for Form A), possibly similar to the situation found in [53] for [(CH;C=C),BeN(CHj,),], [47, 52].

Form E was characterized by X-ray photoelectron spectroscopy (XPES) and by Auger
spectroscopy. The core level photoelectron spectra (Cu2p,,=933.0 eV; P2p=131.5 eV), the
Cu(L3VV) Auger line (a kinetic energy of 915.7 eV corresponds to that line), and the Auger
parameters are discussed in terms of both the different coordination environments and
of the polarizability of the ligands [47].

On refluxing in CH;CN it gives Form A [52].

Two further products cannot be assigned to any of the forms mentioned before. From
C¢HsC=CCu and Pt(P(C¢Hs)s), a compound ‘‘CgHsC=CCu - P(CgHs);” and further tertiary
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phosphine-copper complexes are formed (no conditions given) [23]. ** CgHsC=CCu - P(CzHg),"”
can also be formed by decarboxylation of CgH;C=CCO,Cu - P(CgH;)5, but only in equilibrium.
At ordinary pressure and 35 °C in dimethylformamide under CO, at least 17% can be recar-
boxylated [22].

C,H,CuP; (Table 23, No.40). The reaction with R'H in tetrahydrofuran gives
R'Cu{(C¢Hs),PCH,},CCH;, where R'H is 4-CH,C¢H,OH (40% at room temperature),
4-CH,CO,C¢H,CN (46% at 0 °C), and 4-CH;CO,C4H,NO, (33% at 0 °C) [34].

The reaction with CH,(CN), yields a yellow powder (structure not revealed). No reaction
occurs with CH;CN, CH,(CO,C;Hs),, or CH3NO, in boiling tetrahydrofuran [34].
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1.1.2.5 Complexes of RC=CCu with Cu, Au, Zn, or Hg Compounds

The complexes are given in Table 24. Some of the products are very poorly characterized.
Compounds with known stoichiometry are formulated with a point (like CgHsC=CCu-
CH,CO,Cu); a probable complex formation with unknown stoichiometry is indicated by a
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comma (like n-CzH,,C=CCu,ZnCl,) as explained in “Organocopper Compounds’ 1, 1985,
p. 6.

C,B,0H,,C=CCu (C,B,4H;=1,2-dicarba-closo-dodecaboran(12)-1-yl) and HgX, (X=ha-
logen) do not form complexes. This is possibly a question of a polarization of the C=C
bond different from that of the typical RC=CCu for electronic and steric reasons [8].

Table 24
Complexes of RC=CCu with Cu, Au, Zn, or Hg Compounds.
For abbreviations and dimensions see p. X.

No. compound preparation, properties, and remarks Ref.

complexes with Cu or Au compounds

1 CH=CCu - CuCl at certain acidities intermediate formation [11t0 13]

assumed from C,H, in CuCl/HCU/NH,Cl/H,O
from emf measurements [12]; also without
NH,CL [11], and similarly in Cu'/Cu''/Cl,
(green solution) [13]

dissociates in weakly acidic solutions to give
“[ClCu,C=C]— "

gives Cu,C, in neutral or alkaline solutions

2 CH=CCu - CuOH from dilute aqueous solutions of C,H,and Cu'  [2]

salt, neutralized by NH; or NaOH; precipi-
tates from more conc. solutions or after dry-
ing in air contain more C than corresponds
to the formula

white or red-brownish, explosive after drying
over P,0g in vacuum

soluble in cold dilute HCl or HNO4 and in
warm conc. H,80,

gives C,H, with NH;, CH,CO,H, or H,S

3 C,H3SC=CCu- CH,;CO,Cu structure derived only from analogy [4]
(C4H3S =thien-2-yl) from solutions of C,H;SC=CCu in boiling
CH,CO,H, precipitation with ice-water
‘““amorphous’’, oxidation gives
C,H;S(C=C),C,H;S

4 n-CzH,CH(OH)CH,C=CCu - CuCl [5]
from n-C;H,CH(OH)CH,C=CH and a
CuCl-[C,HsNH;]Cl complex in CH;OH/
C,HsNH,
can be converted to n-C3;H,CH(OH)CH,C=CH
in 2 97% vyield (no details)

5 CgHsC=CCu - CH,CO,Cu from CgH;C=CCu and CH;CO,H; crystallizes [1,3]
from concentrated solutions after boiling
under CO,, precipitation with ice-water
also possible

References on p. 178 Gmelin Handbook
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No. compound

preparation, properties, and remarks

Ref.

CgH5C=CCu - CH,CO,Cu
[continued]

6 CgH;C=CCu- CuBr

[N(P(CsHs))2]"

[N(P(CeHs)3)2]"

Gmelin Handbook
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orange-yellow, soluble in organic solvents
except petroleum ether

gives on boiling in CH3;CO,H in presence of
air CgH;C=CCH=CHCgH; (ct. the so-called
‘“Straus reaction’’, Section 1.1.2.1.2; the
title compound is possibly an intermediate
of this reaction)

from (i-C3H;),NCH,C=CCgH; and 2 mol CuBr
in CH4CN at 25°, then 65°/30 min,
[CH,=N(C3H,-i),]Br also obtained

yellow after washing with dilute HCl and then
H,O

m.p. 270° (dec.)

IR (KBr): 1930 (C=C)

gives 25% (C4H;C=C), with excess 30% H,0,
after 20 h stirring at room temperature

C=CCgHs

4-CH3CgH4C=CCu~— Au— AuC=CCgHs

|
C=CCgHs

- or
CeHsC=Cy, C=CCeHs
u

!

Au
4-CH3CgHCE=CCu”  “C=CCgHs

from excess 4-CH;C¢H,C=CCu in acetone and
- 1-
CCeHs

Il

i

?\U""AUCECCb Hs
C

Il

CCeHs

[N(P(CgHs)3)2 ]*

in moderate yields

stable yellow solid

IR:2070+2110 (C=C)

from the molecular weight of 854 (theor. 1413)
the 1:1 electrolytic character is supported

References on p. 178
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Table 24 [continued]
No. compound preparation, properties, and remarks Ref.
complexes with Zn or Hg compounds
8 n-CzH,,C=CCu,ZnCl, the formation of a complex from n-CgH, - [7]
C=CCu and ZnCl, in hexamethylphosphoric
triamide is supposed from the enhanced
reactivity towards CH,=CHCH,Br,
compared with n-C;H,,C=CCu; n-C4H,;-
C=CCH,CH=CH, is formed in a 32% yield
9 2GC4zH;C=CCu - HgBr, from CgHs;C=CCu and HgBr, in THF, dioxane,  [6]
or C,H;OH at 25°; lower yields in water
yellow, insoluble in organic solvents and in
H,0, dissolves in pyridine with decomposi-
tion
gives CgH;C=CCu with Kl in C,H;OH/H,0 and
(CgH5C=C),Hg with aqueous NH,4
10 2C4H;C=CCu - HgCl, preparation like No. 9 from HgClL, [6]
colorless
IR : 2000, 2040
gives (C4H;C=C),Hg with aqueous NH,
in boiling dioxane slowly forms (C4H;C=C),Hg
11 2C4H;C=CCu - [CH,CO,],Hg preparation like No. 9 from [CH;CO,],Hg, low  [6]
yield
12 2CgHz;FeC;H,C=CCu- HgCl, preparation notgiven [9]
decomposes in H,S0,/30% H,0,
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[4] A. Vaitiekunas, F. F. Nord (J. Org. Chem. 19 [1954] 902/6).
[5] M. Gaudemar (Compt. Rend. 258 [1964] 4803/4).
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1.1.2.6 Compounds of the Type [RC=CCuH]Li

The structure of these reagents has not yet been determined exactly. In this sec-
tion the formulation [RC=CCuH]Li is preferred, but in the literature *“RC=CLi- CuH” and
“HLiCuC=CR"” are also common. A similar product with a Cu:Li ratio of about 3 exists
too [2, 3].

[RC=CCuH]Li has only been prepared in solution from RC=CLi and (CuH), in ether or
tetrahydrofuran at —40 to —78 °C. This red or brown solution is a useful means for reducing
the structural unit C=CC=0 to give CHCHC=0O with high regiospecifity and high functional
selectivity (comparable to that of the hydrogenation). The reaction is usually applied to
cyclic enones. In cases where the f-carbon is highly substituted, added hexamethylphos-
phoric triamide appears to facilitate somewhat the reduction of the double bond. Other
normally reducible functionalities are unaffected. Usually the molar ratio of substrate to
complex is 1:6 [1to 3].

[n-C;H,C=CCuH]Li is formed from n-C4H,C=CLi and (CuH), at —40°C in ether or in
tetrahydrofuran [1, 2]. The ethereal solution and 2-bromononane react to form 40% (at
25°C) or 5% (at 0 °C) n-nonane and 4% nonene with second-order kinetics. This reaction
does not occur in tetrahydrofuran [2].

The following enones were selectively hydrogenated at the C=C double bond; generally
an antiparallel entry of the hydride is observed.

enone yield, temperature (in °C) Ref.

reactions in THF

CH,=C(CH;)COC,H; 85% at —20° [1]
CH,=CH(CH,);CO,CHj,4 42% at —120° [1]
0 70% at —20° [1]
CHs
CHO 86% at —78° (1
0 90% at —20° (cis:trans=9:1) [1]
H3C CH3
0 R'=H in ether 30% at —40°, 90% at 0°; THF [2]
retards this reaction and causes side-reactions
w Ri=2-CH, 64% at —20° [1]
R R'=6-CH, 50% at —20° [1]
R'=6-CH(CH,), 95% at —20° [1]
R'=2-CH,CH,0,CCH, 76% at —20° [1]
Gmelin Handbook References on p. 181
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enone yield, temperature (in °C) Ref.

[::::]‘js\\cozcsz 47% at —20° [1]

reactions in THF in the presence of 10% OP(N(CH),),

0
f (CH2)2CH=C(CH3),
CH3 O

74% at —20°, no hydrogenation of the side chain [1]

85% at —20° [1]

67% at —20° (cis:trans=7:3) [1]

CH3
CH; 9 22% at —20° (1]
f:: f
CHs3
&:: ::

[n-C,H,C=CCuH]Li is formed from n-C,H,C=CLi and (CuH), in tetrahydrofuran at 0 °C;
no further conditions or subsequent reactions are reported [3].

[(CH;);CC=CCuH]Li. The literature data are contradictory. There has been reported,
(CuH), “does not dissolve, when treated in ether with (CH,),CC=CLi" [3]; otherwise was
stated, “diethylether is definitely superior to tetrahydrofuran” [2]. When (CuH),, is treated
in tetrahydrofuran with (CH,);CC=CLi, it dissolves at a Cu:Li ratic of 3:1. The analysis
of the brown solution gives 2.6:1, which is probably due to the pyridine content of the
(CuH), prepared according to [4]. With an excess of this solution (corresponding to (CH,;);CC=
CLi-3CuH) 3,5,5-trimethylcyclohex-2-enone is reduced at —27 °C in a 48% yield to give
3,5,5-trimethylcyclohexanone. Under the same conditions | (R'=H or CH,;) gives a mixture
of Il and Ill, where the cis isomer is predominant (77:23 with R'=H) [3].

R1 R1 R1
H H

With a Cu:Li ratio of 1:1 (corresponding to [(CH,),CC=CCuH]Li) in tetrahydrofuran the
yield is lowered and higher boiling byproducts are formed [3]. From [(CH,),CC=CCuH]Li
or “LiCuHC=CC(CH,;);” and cyclohex-2-enone after 1 h in ether (reagent:substrate ratio=

Gmelin Handbook
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6:1) at —40°C 50% and at 0°C 90% cyclohexanone is formed. At a reagent:substrate
ratio of 4:1 the yields are somewhat lower. Using tetrahydrofuran instead of ether retards
the reaction and causes more byproducts. Hexamethylphosphoric triamide does not influ-
ence the reaction. The reactivity of [(CH;);CC=CCuH]Li is higher than that of [n-C4;H,C=
CCuH]Li [2].
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[3] H. O. House, J. C. DuBose (J. Org. Chem. 40 [1975] 788/90).
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1.1.2.7 Salts of the Anions [(RC=C),Cu']~ and [R'C=CCu'C=CR2]~

The bonding schema resembles that of the complex anion [{(RC=C);Cu]?~; see Section
1.1.2.8. The cations in these salts are often complexes, e.g., [Ni(NH;)g]?*. Depending on
the preparation method, these compounds sometimes contain stoichiometric amounts of
NH;. For examples see Table 25.

The asymmetric complexes [(RC=C)R’Cu]M (R’=alkyl, alkenyl, aryl) transfer the group
R” more easily, whereas RC=C is strongly bonded. They are dealt with therefore in *“Organo-
copper Compounds’ 2, 1983, in Sections 1.1.1.2.4 (M=Li) and 1.1.1.2.6 (M =MgX’) with exam-
ples in Tables 12 on p. 175ff. and 17 on p. 228ff.

The symmetric complexes in Table 25 are prepared by the following methods. If not
stated otherwise, they have not been isolated from the preparation mixture.

Method I: RC=CCu+RC=CM — [(RC=C),Cu]M, M=Li or K, in liquid NH; or in an ether.

Method II: 2RC=CM +Cul — [(RC=C),Cu]M+MI, M=Li or Na, in liquid NH; or in an ether.
In liquid NH; complexes of NH,; can be formed.

Method Il [(RC=C),CulK,+Cul — [(RC=C),CulK +RC=CCu+KI in liquid NH,.

Method IV: 4RC=CM +2Cu?* — [(RC=C),Cu]~ +R(C=C),R+Cu+ +4M+, M=alkali metal, in
liquid NH,. Cu2* is probably first reduced by RC=CM.

[(RC=C),Cu]Li and bicyclic enones yield bicyclic or tricyclic products, respectively, depen-
dent on the substitution type of the enone. [(n-C;H,C=C),Cu]Li (No. 3 in Table 25) reacts
with 1 (R'=CH,SO; or 4-CH,C¢H,SO;) at —78°C in ether/CH,Cl, to give 83% 1
(1RS,5RS,6RS compound). Under the same conditions [{(CH;);CC=C},Cu]Li (No. 6 in Ta-
ble 25) gives with | (R'=4-CH,;C¢H,SO;) no 1I, but 50% Il (R=(CH;),C and R'=4-
CH;C¢H,SO,). This structure is only “tentatively assigned” to the reaction product. In ether
at —78 °C [(n-C3H,;C=C),Cu]Li and IV give 38% lll (R=n-C;H, and R'=H). In both cases
the stereochemistry of 11l is unclear. All reactions are complete after 1 h [9].

R R'
CHs3 CH3 CHj CHj
6,
/J/i\/,@ RC=C m
0 0 HO 0]
| Il 1l v
Gmelin Handbook References on p. 184

Cu-Org. Comp. 3



182 1.1.27

Table 25
Salts of the Anions [(RC=C),Cu]
For abbreviations and dimensions see p. X.

No. salt method of preparation (solvent, yield) Ref.
properties, remarks, reactions

1 [(CH=C),Cu]K I (liquid NH,) [2, 3]
yields metallic Cu with K, see also ‘' Kupfer”’
B3, 1965, p. 1044

2 [(CH;C=C),Cu]K I, 111 (100%) [2, 3]
yellow solid, very slightly soluble in liquid NHg4
reacts with K like No. 1, yields with Cul
CH,C=CCu
3  [(n-C4H,C=C),CulLi Il (ether) [9]
gives n-C,H,(C=C),C;H,-n with
(E)-CgH5;CH=CHCOGCgH;
for the reaction with bicyclic enones see p. 181

4 [{(CH,);SiC=C},Cu]Li I (THF/Cg¢H,,4, with CuBr instead of Cul) [11]
gives 70% (CH,);SiC=CC(CH;)=C=C(CHjy)-
CH,OH with 2-(prop-1-ynyl)-2-methyl-
oxirane at 25°in THF, but only in presence
of PA[P(CgHs)3l4

5 [(n-C,H4C=C),Cu]Li Il (ether/THF) [8]
reacts with (E)-C,H;CH=C(CH;)CHO to give
(E)-C,H5;CH=C(CH4)CH(OH)C=CC Hqy-n

6 [{(CH,),CC=C},Cu]Li 11 (ether) [9]
for the reaction with bicyclic enones see p. 181
7 [(n-CgH,,C=C),CulLi | (ether) [5]

reacts with CH,COCl to give 33%
n-C4H,,C=CCOCH,

8 [(C4H5C=C),Cu]Li 11 (ether or THF with [ICuP(C4H,y-n);], instead [4,7,
of Cul) 10]
yields C4Hg(C=C),C¢H; with O, at —78°and
CH,=C(C=CCgH;)CH,SO,C¢H,CH;-4 with
CH,=C=CHSO,C¢H,CH;-4
yields C¢H;CH,CN, obviously via CgH;C=CNH,,
with (C¢Hs),P(O)ONH, at —20°in THF

9 [(CgH;C=C),CulNa - 2NH, 11(25%) [1,2]
colorless crystals, stable under NH; atmos-
phere
reacts with Gul in liquid NH; to give 80%
C¢H5C=CCu - NH, (see Section 1.1.2.4) and
with [Ni(NH3)g](SCN), in liquid NH; to give

No. 11
10 [(CgH5C=C),CulK Il (liquid NH,) [2, 3]
yields metallic Cu with K
References on p. 184 Gmelin Handbook

Cu-Org. Comp. 3



1127 183

Table 25 [continued]

No. salt method of preparation (solvent, yield) Ref.
properties, remarks, reactions

11 [(CgH5C=C),Cul,[Ni(NH;)s] - 2NH,4 [2]
for preparation see under No. 9
brownish violet solid, yields after 3 h atroom
temperature in high vacuum 60% of No. 12

12 [(CgH5C=C),Cul,Ni - 4NH, for preparation see under No. 11 [2]
formulated as ' NiCu,(C=CCg¢Hg), - 4NH;”
black solid, soluble in benzene

13 [(CgH5C=C),CuU'],[CU"(NH;),] - xNH, [2]
IV (liquid NHj)
x not estimated, upon evaporation of all NH,
CgHsC=CCu and C4Hg(C=C),C¢H; are formed

14 [(C¢H5C=C),Cu'l,[Cu(H,;N(CH,),NH,),] - 2NH, [2]
for preparation see under No. 15
green-yellow solid
yields C4H;C=CCu and C¢H;(C=C),C¢H; on ex-
posure to high vacuum

15 [(CHsC=C),Cu'l,ICUM(H,N(CH,),NH,),] - 12NH, 2]

IV (in presence of H,N(CH,),NH,)
violet crystals after drying in high vacuum at

—78°
yields No. 14 at —30° in high vacuum
16 [(CgHsC=C),Cu']IN(P(CgHs)s),]  prepared from Nos. 9 or 10 (?) [12]

more stable than Nos. 9 and 10
gives [(C4HsC=C),Au] ~ and CgH;C=CCu
- P(CgH5)3 with CgH;C=CAu - P(CgHs)4
in CH,Cl, at room temperature (see
Section 1.1.2.4)
gives besides C4H;C=CCu and C4H;C=CCu
- P(CgHs)5 (see Section 1.1.2.4) also [(C¢Hs-
C=C),Au]~ with AuCL - P(CgHg); in CH,CL,
gives [(CgH5;C=C),Au]~ and C4H;C=CCu with
CgHsC=CAu or [CgH;C=CAuUCL]~ in CH,CL,

[4-C¢H,C,H,NHCOCH,C=CCuC=CCH-CHC,H,0CH,,]Li (see IV)

The asymmetric complex acetylide is obtained from 4-C¢H;C;H,NHCOCH,C=CCu and
V in tetrahydrofuran/hexamethylphosphoric triamide. Oxidation with iodine in the same sol-

vent mixture gives V1 in a 44% yield [6].
=
\/V\CSH,”_" Li
0

4- CgHsCgH4NHCOCH2C=CCUC=C

v
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_ 4-C5H5C5H‘NHCOCH2(CEC)2%\
\/W\CSH“_n CSH"—n

0

LiC=C

References:

[1] R. Nast (Z. Naturforsch. 8b [1953] 381/3).

[2] R. Nast, W. Pfab (Chem. Ber. 89 [1956] 415/21).

[3] R. Nast, P.-G. Kirst, G. Beck, J. Gremm (Chem. Ber. 96 [1963] 3302/5).

[4] M. L. H. Green (Organometallic Compounds Il: The Transition Elements, 3rd Ed.,

Methuen, London 1968, pp. 271/6).

[5] M. Bourgain, J. F. Normant (Bull. Soc. Chim. France 1973 2137/42).

[6] E. J. Corey, G. W. J. Fleet, M. Karo (Tetrahedron Letters 1973 3963/6).

[7] K. Koosha, J. Berlan, M.-L. Capmau (Compt. Rend. C 276 [1973] 1633/6).

[8] C. Chuit, J. P. Foulon, J. F. Normant (Tetrahedron 37 [1980] 1385/9).

[9] D. J. Hannah, R. A. J. Smith, I. Teoh, R. T. Weavers (Australian J. Chem. 34 [1981] 181/8).
[10] G. Boche, M. Bernheim, W. Schrott (Tetrahedron Letters 1982 5399/402).

[11] H. Kleijn, J. Meijer, G. C. Overbeek, P. Vermeer (Recueil J. Roy. Neth. Chem. Soc. 101
[1982] 97/101).
[12] O. M. Abu-Salah, A. R. Al-Ohaly (J. Organometal. Chem. 255 [1983] C39/C 40).

1.1.2.8 Salts of the Anions [(RC=C),Cu']~

The small volume taken up by the acetylide group in the region of the valence orbitals
of copper makes anions [(RC=C),Cu']("~ "~ possible. Probably a considerable back-donation
occurs from the filled d-orbitals on the metal into antibonding ©*-orbitals of the acetylide.
The bonding scheme is like that for N, complexes, but the anionic acetylide ligands seem
to be better c-donors than N,. In this respect acetylides resemble cyanide ion.

Salts of the anions [(RC=C),Cu]?~ can be prepared from copper acetylides and alkali
metal acetylides, or from alkali metal acetylides and copper halides or complexes thereof.
Ethers and liquid NH; are suitable solvents. With the latter, NH, complexes can be formed.
In Table 26 the preparation procedure is indicated by the following methods:

Method I: RC=CCu+2RC=CM — [(RC=C),Cu]M,, M=Li or K (cf. Method| in Section
1.1.2.7).

Method II: 3RC=CM+CuX — [(RC=C);CulM, +MX, M=Lior K; X=Br, |, or CN (cf. Method I
in Section 1.1.2.7).

Method 111 3RC=CLi+ CuBr - S(CHj), — [(RC=C)3Cu]Li, +LiBr +S(CH),.

[(RC=C);Cu]Li, have become interesting for the preparation of alkynylamines according
to the equation [(RC=C);CulLi,+2(CHg),NX — 2RC=CN(CHg), + RC=CCu+2LiX, where X=
PO,(CgHs), or SO,CHj, [9].

[(n-CgH,C=C),Cul]Li, reacts with Ia, Ib, or Ic in ether in the presence of hexamethylphos-
phoric triamide to give lla, IIb, or llc (R=n-C;H;), respectively. Analogously, [(n-C,H,-
C=C);CulLi, and la or Ic give lla or llc under the same conditions. In all cases, the regio-
specificity is high and the yields are between 85 and 95% [7].

References on p. 187 Gmelin Handbook
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0 _
HO C=CR
R2 R2 a:R1=R2=R3=H
R R b:R'=R3=H;R%=CH;
R‘l R3 R‘l R3

c:R'=R3=CH3 ,R?=H

[(n-C4H,C=C),CulLi, and 1l give under the conditions outlined before IV (yields 85%
at R'=H, 95% at R'=CH,=CHCH,) [7].

[(n-C4HyC=C),Cu]Li, and V in dioxane (only partly dissolved) at 30 °C give 62% VI.
[(CgH5C=C);Cu]Li, and V in ethereal solution at 30 °C also yield VI (no yield given), C4H;C=CH,
and two higher molecular products of unknown structure [5].

0 CH3 CH3
HO C=CR CH3 CH3 cy
R' R! :
CHj
0 0
1] v 0
v Vi
Table 26
Salts of the Anions [(RC=C),Cu]>~.
For abbreviations and dimensions see p. X.
No. compound method of preparation (solvent) Ref.

properties, reactions

1 [(CH=C)4;Cu]K, I, 11 (X=I, yield 75% ; both in NH,) [1to 3]
white, diamagnetic, not shock-sensitive, sparingly
soluble in liquid NH4
susceptibility yg= —0.7 x 10-%cm3- g~ (cylinder
method)
reacts with H,O to give Cu,C, and C,H,, with K
in liquid NH, to give metallic Cu
see also "“Kupfer’’ B3, 1965, p. 1044

2 [(CH4;C=C),Cu]K, I, 11 (X=1; both in NH,) [1to 3]
white, diamagnetic, not shock-sensitive, sparingly
soluble in liquid NH,4
reacts with H,O to give CH3C=CCu, with K'in liquid
NH, to give metallic Cu
gives [(CH4C=C),Cu]K (see Section 1.1.2.7) with
Culin liquid NH,

3 [(n-C4H,C=C),;Cul]Li, only prepared in solution: 1, lll (both in ether), [7,9]
Il (X=1; ether :hexamethylphosphoric
triamide =4:1)

for reactions with cyclic enones see above
reacts with (CH),NX (X=PO,(CgHs), or SO,CH,)
to give 69 to 87% n-C3H,C=CN(CH;),

Gmelin Handbook References on p. 187
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Table 26 [continued]

No. compound method of preparation (solvent) Ref.
properties, reactions

4 [{{CH,);SiC=C},Cul]Li, only prepared in ethereal solution: Il (X=Br), llI [9]
gives 67% (CH,);SiC=CN(CH,), with
(CH3),NPO,(CgH;), at —20°

5 [(n-C4H4C=C),;CulLi, only prepared in sotution: | (ether), Il (X=1; [5,7,
dioxane), Il (X=CN; ether), lll (ether) 9]
for reactions with cyclic enones see p. 185
reacts with (CH;),NX (X=PO,(CgH;), or SO,CH;)
to give 78% n-C,Hy,C=CN(CH;),

6 [{(CH;);CC=C},;CulLi, only prepared in ethereal solution: Il (X=CN), Il [9]
reacts with (CH3),NPO,(CgH;), at —20°to give 71%
{CH;);CC=CN(CH,),

7 [(CgHsC=C),CulLi, only prepared in solution: | (ether), Il (X=Br; [5, 6,
ether), Il (X=1; ether or dioxane), Il (X=CN; 8,9]
ether), lll (ether)

reacts with n-CgH,,1 to give <1% CgH;C=CCzH,,-n
gives 79% (E)-CH3CH=CHCH(OSIi(CH;)3)C=CC¢H;
with (E)-CH;CH=CHCHO and (CH,),SiCl
reacts with (CHy),NX (X =PO,(CgH;), or SO,CH,)
to give up to 83% CzH;C=CN(CH,),

8 [(C4H5C=C)5CuUlK, for preparation see under No. 9 [2to 4]
yetlowish powder
reacts with Ba(SCN), in liquid NH; to give No. 10
yields with K or Li in liquid NH; a red solution
containing [(CgH;C=C);CuP®~ with precipitation
of LiNH,; in presence of Ba?+ the [(C¢H;C=
C),Cu®),Ba, is precipitated (see Section 1.1.2.9)

9 [(CgHsC=C)3CulK, - 2NH; 1 (X =1, liquid NH;) [2]
yellowish needles, stable in an NH; atmosphere
yields No. 8 after 3 h at room temperature in high
vacuum

10 [(CgHs5C=C);CulBa from [(CgH;C=C);Cu®],Ba, (see Section 1.1.2.9) and  [3]
O,:seealsoNo. 8
yellowish crystals
IR (KBr): 690, 750 (both CH), 900 to 1200 (CH aro-
matic), 1440, 1480, 1575, 1592 (all C-C), 2045 (C=
C), 3030 (CH aromatic)

11 [(C4H5SC=C),;Cul]Li, only prepared in ethereal solution: Il (X=CN), llI [9]
gives 17 to 45% C4HgSC=CN(CH,), with
(CH3),NPO,(CgH;), at —20°
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Table 26 [continued]

No. compound method of preparation (solvent) Ref.
properties, reactions

12 [(cyclo-CgH,,C=C);Cu]Li, only prepared in ethereal solution: 11 (X=CN), IlI [9]
gives cyclo-CgH,,C=CN(CHj,), with
(CH3),NPO,(CgH5), at —20°

13  [(n-C¢H,,C=C),Cul]Li, only prepared in ethereal solution: 1, Il (X=CN) [9]
gives n-CgH,3C=CN(CHj3), with (CH;),NPO,(C¢H;),
at —20°
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[9] G. Boche, M. Bernheim, M. NieBner (Angew. Chem. Suppl. 1983 34/8; Angew. Chem.
95 [1983] 48).

1.1.2.9 Salts of the Anion [(C;H,C=C),Cu’]®~

Compounds containing the anion [(C;H;C=C),Cu®]®3~ are very strong reductants and ex-
tremely sensitive towards air and humidity. Ignition, fog formation, and carbonization have
been observed upon sudden contact with air. Ignition occurs also upon contact with NO.

[(C¢H;C=C),CuIK, is prepared as a red solution on the treatment of [(CsH;C=C),Cu'lK,
(see Section 1.1.2.8) with metallic K or Li in liquid NH,. Li is preferable because after
reduction the insoluble LiNH, can be removed [1].

[(C¢H;C=C),Cu’],Ba, is prepared from a solution of [(C¢HsC=C),Cu’]K, (see above) in
liquid NH, with Ba2+ [1] or from [(CgH;C=C),Cu'lK,, metallic Li, and Ba2+ in liquid NH, [2].
It is orange-brown and forms chocolate-colored crystals after drying in high vacuum. It
is sparingly soluble in liquid NH;, but soluble in absolute tetrahydrofuran. It is not explosive
[1,2].

Possibly the actual structure of this compound is [(CgHsC=C);Cu-Cu(C=CC¢-Hs),]Ba,
because of its diamagnetic character [1, 2]. The IR spectrum in a Nujol mull under nitrogen
shows the bands 690, 750 (both CH), 900 to 1200 (aromatic CH), 1440, 1480, 1575, 1590
(all C-C), 2045 (C=C), 3030 (aromatic CH) cm—"' [1]. ““Handling” for more than two or three
minutes (air contact?) produces decomposition products, which show IR bands at 1390 cm—1
and at 3450 cm~' (OH). The reaction with traces of oxygen produces CeHsC=CCu and
[(CgHsC=C),Cu'lBa [1, 2].

References:
[1] R. Nast, P.-G. Kirst, G. Beck, J. Gremm (Chem. Ber. 96 [1963] 3302/5).
[2] R. Nast (Angew. Chem. 77 [1965] 352).
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1.1.3 Carbonyls
1.1.3.1 Compounds with One CO Ligand

The literature up to 1949 is described in “‘Kupfer’” B1, 1958, on pp. 240/1, 362, 410,
and B2, 1961, on p. 678.

The following Table 27 contains compounds with one CO group. Those with an uncertain
composition, like (CO)CuX yNH; where X=ClO;, NOz, and 103 and y=2.8 to 3.6 [5],
or postulated intermediates, like [(CO)CuD,]* (D can be several amines) [22] and
[(CO)Cu(CsH,(NH),]CL (CzH,(NH = piperidine) [11], are not included. Compounds of formula
(CO)CuX (X=HSOy, ClO;, O,CH™, and O,CCH3, Table 27, Nos. 10, 13, 15, and 16} are formu-
lated in [29]. CO stabilizes Cu! phenoxides by formation of carbonyl complexes [96].

The penta-coordinate complexes [(CO)Cu'D]"* (Nos. 55 to 63) with tetradentate ligands
D are accessible from the [Cu'D]"* complexes and CO in (CH,),NCHO. The equilibrium
constants K=[(CO)Cu'D"+]/[Cu'D"*]-[CO] given in the Table 27 can be calculated from the
influence of CO on the redox potential [Cu'D]"+/[Cu''D]("+ D+ [57].

In CH,CN solution, Cu' complexes with tri- and tetradentate Schiff bases D={RN=
C(CHj;)},C5H;N derived from 2,6-diacetylpyridine and amines RNH, absorb CO reversibly
with a color change from red or brown to yellow or yellow-brown, R=n-C;H;, n-C,H,,
CH,=CHCH,, CH,=CHCH,CH,, C,H;SCH,CH,. The IR spectra of the solutions indicate that
the CO is terminally bonded to the Cu atom. At 0 °C the molar ratio CO:Cu never exceeded
0.6:1, being largest for R=n-C;H; and smallest for R=C,H;SCH,CH,. The variation of the
stability constants K=[(CO)CuD*]/[CuD*]-[CO] for the different complexes can be related
to the degree of competition between CO and the side-arm donor groups in R for the
fourth coordination site on the Cu' according to Scheme |. For complexes with R=alkyl
there is, of course, no competition. The difference in K between R=n-C;H, and n-C,Hq
probably lies in the greater steric effect of the longer side chain. The K value with R=CH,=
CHCH, indicates only a minor degree of competition from the pendant alkenyl group. With
R=CH,=CHCH,CH,, the competition is much greater, as also concluded from both 'H NMR
and UV spectra in solution and consistent with the solid state structure of dimeric
[Cu,D,][B(CgHs)4], which reveals the attachment of one alkenyl group per Cu'. Stability con-
stants K of [(CO)Cu{RN=C(CH,)},CsH;N]* [90] are as follows:

R KinM~Tato°C v (CO) incm~'at 20 °C
n-C4H, 32.1 2085
n-C,Hg 24.1 2085
CH,=CHCH, 27.4 2085
CH,=CHCH,CH, 1.6 2083
C,H;SCH,CH, too low for measurement 2095
CH /E@\ CH CH /@j\ CH CH /@j\ CH
3\C N c” 3 . B\C N c” 3 4C0_ 3\c N c” 3
ol Ll =l
— Cu
/ AN
N7 R R” R R ¢o R

As in the dinuclear complexes [(CO)CujZ,D]"* (Nos. 65 to 74) only one Cu atom is coor-
dinated by CO; they are also treated in this section. The most likely geometries around
the Cu' atoms are square pyramidal and tetrahedral. The equilibrium constants
K=[(CO)Cu,Z,D,]/[Cu,Z,D,]-[CO] have been determined spectrophotometrically at 440 nm
[70, 87].

For luminescing tripod Cu carbonyls (not in Table 27), see [95].
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* Further information:

(CO)Cu (Table 27, No. 1) is obtained by cocondensation of Cu, CO, and Ar (<1:2:1000)
at 10 to 15K and identified by its IR isotopic spectra. Upon warming to 35K it produces
IR absorptions of (CO),Cu and (CO);Cu (see Section 1.1.3.2) [26, 91]. From the v(CO) of
the 83Cu, 85Cu, 12C'60, 13C160Q, and 2C80 isotopic species the Cotton-Kraihanzel force con-
stant {(CO)=16.33 mdyn - A—' has been derived [26].

In contrast, cocondensation of Cu atoms from a Knudsen cell with 1/600 of CO/Ar onto
a Csl plate cooled to 10 K yields Cu cluster monocarbonyls (CO)Cu, with n=1 to 4 [31].

Earlier results from cocondensation of Cu atoms from a Knudsen cell with a large excess
of pure CO onto a Csl plate cooled to 20 K are given in [20]. But no evidence for the
composition of the reported ‘‘copper carbonyl” is given. The reported IR data are very
similar to those of (CO),;Cu, as given in [26].

An analysis of the ESR data for (CO)Cu indicates that the odd electron is almost entirely
localized in a pure 4s orbital [33]. g and hfc tensors of (CO)83Cu:g, =1.998(1), A (63Cu)=
4174(2) MHz, g, =1.995(1), A (83Cu) =4126(2) MHz [92], see also [91].

From ab initio restricted Hartree-Fock MO calculations of linear (CO)Cu a binding energy
between Cu and CO of —1.64 eV is derived [50, 76].

The interaction of the Cu atom with CO was investigated by MO calculations. Coupling
occurs mainly through the HOMO 5¢ level of CO with the 4 s and 3d,. orbital of the metal
atom. The HOMO level is lowered in energy due to donor-type interaction with the metal
[55, 73].

From detailed SCF-X -SW calculations a satisfactory interpretation for the thermal lability
of the complex in terms of predominant o-bonding Cu-C interaction with some prn-pn*
and minimal dn-dn* charge transfer from the metal to the CO ligand is possible [72].

The nature of the Cu-CO bonding in (CO)Cu has also been analyzed by the constrained-
space-orbital-variation technique [88, 89, 93].

[(CO)Cu]* (Table 27, No. 2) is formed by absorption of CO in mixtures of Cu,O and
strong acids like H,SO,, BF;-H,0, FSO3H, CF;SO;H, and HF. [(CO);Cu]*+ and [(CO),Cu]*
(see Section 1.1.3.2) exist in equilibrium with [(CO)Cu]* [29]. In dilute H,SO,, the monocar-
bonyl cation is comparatively stable [14, 15].

Carbonyl stretching frequencies and '3C NMR chemical shifts in acid solvents [29]:

solvent IR 13 C NMR
v(CO) incm~? S in ppm at 30 °C

H,S0, 2140 168.5
FSO,H/H,SO, (1/0.3) 2150 —

CF,SO,H 2150 168.3
FSO,H 2152 169.2
HF 2156 -

BF, - H,0 2160 169.0
H,S0,/FSO,H (1/0.3) - 169.0
HCI/H,O (36%) - 170.7

For the significance of [(CO)Cu]* as an intermediate in the Cu' catalyzed oxidation
of CO by O,, see [9, 10, 13, 18].
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(CO)CuCl (Table 27, No. 3). IR absorptions at 2112 and 2069 cm—' were obtained from
aqueous or pyridine solutions. But the composition of these compounds is not clear [16].
At 25.0 °C the equilibrium pressure p. of CO over solid (CO)CuCl/CuCl is 436.6+1 Torr.
Thermodynamic data for the reaction CO (g) +CuCl (s)=(CO)CuCl (s) are obtained from the
temperature dependence ln p,=1In (436.6/760.0) —5481.2 (1/T —1/298.15) of p,, the standard
equilibrium pressure of CO in Torr: AGSgs= —1.374+0.006, AHS,; = —45.58+0.11 kJ - mol—1,
ASSgs=—148.31+0.4 J- mol~'- K~ [46].

Furthermore, (CO)CuCl is an intermediate in the carbonylation of [Cu(OCH,)Cl] to give
dimethyl carbonate [25]. For the chemical behavior of (CO)CuCl, see Table 27, Nos. 26,
27, 29, 51. With [(CH;),N=CH,CuCl]Br (see Section 1.1.5) in THF above 15 °C (CO)Cu,(CH,=
N(CH,),)CL,Br is assumed to be formed [19]. With Na phenoxides, labile dinuclear complexes
are formed [96].

(CO)CuCl - 2H,0 (Table 27, No. 4) has been postulated as an intermediate in the carbony-
lation of aryldiazonium compounds to give the corresponding carboxylic acids [7].

[(CO)CuCL,]~ (Table 27, No. 21). Further investigations have been made by gas solubility
measurements [3]. The stability constant f=2x 106 M—2-atm~1 is estimated from potentio-
metric measurements in aqueous solutions under the assumption that no other carbonyl
complex is formed [44].

[(CO)Cu(NH,),]*, [(CO)Cu(NH;);]* (Table 27, Nos. 22, 23). At a CO pressure of 0.02 to
0.9 atm below 11 °C, No. 23 is more stable than No. 22. The converse is true above 11 °C.
For the formation of No. 22 AH=8.7 kcal - mol—' and AS= —16.4cal-mol—1-K~1, for No. 23
AH=15.3 kcal - mol—' and AS= —38.4 cal- mol—'-K~1[34].

Nonempirical LCAO-MO-SCF computations were carried out on the ground and core
hole states of Nos. 22 and 23. For No. 22, the computations show that a linear Cu-C-O

Fig. 7. Molecular structure of [(CO)CuC,HgN,][B(C4Hs),] (No. 27) with selected bond lengths
(in i) and angles.
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arrangement is preferred, the computed coordination energy for CO being —8.1 kcal - mol—.
The bond overlap populations showed that for Nos. 22 and 23 the CO bond length should
be somewhat shorter than for the free ligand [71].

[(CO)CuC,HgN,]ICl (Table 27, No. 26). When the methanolic solution is evaporated to dry-
ness at —20 °C [C,HgN,Cu(CO),CuC,HgN,JCL, is obtained. it has been shown that both com-
plexes exist in CH;OH in a temperature dependent equilibrium [17].

[(CO)CuC,HgN,][B(C-H;),] (Table 27, No. 27) crystallizes in the monoclinic space group
P2,/c -C3,, (No. 14) with a=10.301(1), b=12.234(1), c=18.390(2) A, and B=91.11(1)°; Z=4,
d.=1.350 g cm~3. The structure is shown in Fig. 7, p. 203. A rather distant but significant
interaction with two carbon atoms of one of the phenyl rings completes the pseudo-trigonal
pyramidal coordination around the Cu atom. It is displaced by 0.26 A from the plane defined
by the two N atoms and the C atom of CO toward the coordinated CgHg [40, 64].

The CO can be replaced by P(OC,H;);. With H,NCH,CH,NH, compound No. 27 yields
[(CO),Cu,(C,HgN,)3][B(CgHs) 4], [40].

[(CO)CuCHgN;I[B(CcH:),] (Table 27, No.29). A mixture with [(CO),Cu,(C5HgN;)4)-
[B(CgHs),4], is obtained after CO absorption of a methanolic suspension of Cul with histamine
(molar ratio <1.0) and NaB(CgH;), [45]. The polymeric structure Il has been proposed. CO
was displaced by P(OC,H;); [63].

[(CO)CuC,H,;N;][B(C:H;).] (Table 27, No. 30) crystallizes in the monoclinic space group
P2,/n (P2,/c)-C§, (No. 14) with a=14.832(1), b=18.737(3), c =9.599(1) A, B=90.07(2)°; z=4,
d.,=1.280g-cm~3.

As Fig. 8 shows, Cu is coordinated by the tridentate diethylene triamine and CO. The
bond from Cu to the central N is significantly longer than those to the terminal nitrogens.
Two intramolecular N-Cu-N angles are considerably less than the ideal tetrahedral angle.

Fig. 8. Molecular structure of the cation in [(CO)Cu(C,H;3N5)1[B(CgHs)s] (No. 30) with se-
lected bond tlengths (in A) and angles.
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This is due to a combination of the constraints within the ligand and the requirements
for normal Cu-N bond distances [42].

The electrochemical behavior has been studied in (CH;),SO solution at Pt electrodes
by voltammetry and controlled potential coulometry. The Cu! center undergoes one-electron
charge transfers in both anodic and cathodic processes. Anodic oxidation leads to decarbon-
ylated Cu' species [86].

The compound is quite stable in air. It is slightly soluble in THF or acetone without
decomposition. The solid does not lose CO in vacuum or by heating to 100 °C, but it is
easily hydrolyzed when [B(C¢H;),]~ is replaced by CL~ [42].

(CO)CuHB(C;H;N,), (Table 27, No. 42) crystallizes in the space group R3c-C§, (No. 161)
with a=13.8616(21) i a=91.37(1)°, Z=8, d,=1.520, and d,,=1.45(5) g-cm~—3.

The structure is shown in Fig. 9. There are two crystallographically distinct types of
molecule within the unit cell. Two molecules of Type 1 (Fig. 5a) have precise C; symmetry
with O, C, Cu, B, and H atoms lying along the [111] directions. Six molecules of Type 2
(Fig. 5b) are in a distorted C,, symmetry [27].

The air-stable complex is very soluble in light petroleum ether. It reacts with many
ligands, e.g., P(C¢Hs)3, CH3P(CgHs),, P(OCH,)5, P(OCgH:)5, (CgHs),MCH,CH,M(CgH), (M =P,
As), As(CgHs)s, Sb(CgHj)s, t-C4HgNC, with evolution of CO to give the derivatives [20, 21,
59].

The reaction with pure norbornadiene yields C,HgCuHB(C4H3N,), [61, 62]. It also reacts
with (CgH;),MoH, to give the Cu-Mo cluster (C;Hg),Mo(H,)CuHB(C;H;N,)4 [37].
As (CO)CuHB(C4H;N.), is effective in sensitizing the light-induced quadricyclene produc-

tion from dilute norbornadiene solutions (0.1 M in C,H;OH, quantum yield ~0.2) a solar
energy storage system has been proposed [52, 54, 60].

Fig. 9. Molecular structure of (CO)CuHB(C;H;N,); (No. 42) with selected bond lengths (in
A) and angles.

[(CO)CuC, H,N,]ClO, (Table 27, No. 44) crystallizes in the triclinic space group P1-C!
(No. 2) with a=8.922(1), b=10.755(1), c=7.379(1) A, a =91.51(1)°, p=99.24(1)°, y=81.25(1)°,
Z=2. The molecular structure is shown in Fig. 10, p. 206 [81].
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Fig. 10. Molecular structure of [(CO)CuC,;HyN;]CLO, (No. 44) with selected bond lengths
(in A) and angles.

(CO)CuB(C;H;N,), (Table 27, No. 48). 1t is not possible for all pyrazolyl groups in the
ligand to coordinate to one Cu atom. In conjunction with the monomeric osmometric molecu-
lar weight and low temperature NMR studies, the authors suggest that the complex is flux-
ional in solution [28].

[(CO)CuC ¢H ;N,]I (Table 27, No. 54) crystallizes in the monoclinic space group P2,/n
(P2,/c)-C8§,, (No. 14) with a=7.113(2), b=17.204(4), c=14.794(4) A, and B=97.87(3)°; Z=4,
d.=1.68 g-cm~3. The structure is given in Fig. 11 [85].

Fig. 11. Molecular structure of [(CO)CuC,gHgN,]l (No. 54) with selected bond lengths (in
) and angles.

(CO)CuC,,H ;BF,N,0, (Table 27, No. 60) crystallizes in the space group Pbca-DJ%, (No. 61)
with a=13.926(1), b=14.209(1), c=16.297(1) A, Z=8, d,=1.56, and d,, = 1.55(3) g - cm 3.

The molecular structure is shown in Fig. 12. The Cu atom is situated in an asymmetrical
square pyramid and is displaced 0.96 A from the basal plane of the four N atoms. Two
significantly different sets of Cu-N bond lengths, 2.164 and 2.104 A, characterize the equatori-
al asymmetry. The carbonyl ligand coordinates at the apex of the square pyramid with
a Cu-CO distance of 1.780(3) A and a Cu-C-0 angle of 177.5(3)° [36].
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From molecular orbital calculations it is found that upon CO coordination, the x2—y?
metal orbital has lower energy than the ligand =n* orbitals. CO is attached to the metal
largely by interactions between ligand o orbitals and metal 4s and 4p orbitals, augmented
by stabilization via unoccupied COn* orbitals of two metal d orbitals. The contribution of
the metal d orbitals to the Cu-CO o linkage is zero [67].

Fig. 12. Molecular structure of (CO)CuC,,H,sBF,N,O, (No. 60) with selected bond lengths
(in A) and angles.

[N(C,H;),I[(CO)CuCH,,B.,F,N,0,] (Table 27, No. 64) crystallizes in the monoclinic space
group P2,/c-C§,, (No. 14) with a=13.681(1), b=25.634(3), c=15.687(2) A, B=115.35(3)°, Z=8,
and d=1.463 g - cm—3. The structure of the anion is shown in Fig. 13 [69].

Fig. 13. Structure of the [(CO)CuCgH,,B,F,N,O,]~ anion of No. 64 with selected bond lengths
(in A) and angles.

[(CO)Cu'Cu''C,,H,;N,0,]ClO, (Table 27, No. 77). The unusual coordination number of 5
is expected for Cu'. The four line ESR spectrum in CH,CI, at 25 °C indicates the localization
of the odd electron on a single Cu, at least on the ESR time scale. The electronic absorption
spectrum shows a weak band at ~600 mm, which is assigned to a ligand field — Cu' transi-
tion [51].
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Cu(p-CO)(n-C(n-(CgH;),PCH,P(C-H;),),W(CO), (Table 27, No. 82) shows an AA’XX’ type
3P {'H} NMR pattern for the P nuclei bonded to W. Eight of the ten lines possible have
been observed. For the P nuclei bonded to Cu the resonance is broad at 20 °C but sharpens
when the temperature is lowered and is of the AA’XX’ type below — 60 °C [82].

The compound crystallizes in the monoclinic space group P2,/c-C3, (No.14) with
a=10.760(2), b=25.132(4), ¢ =20.675(3) A and B=112.62(1)°, Z=4,d,=1.57g-cm~3[82]. The
molecular structure is shown in Fig. 14.

Fig. 14. Molecular structure of Cu(u-CO)(u-Cl)(i-(CsHs);PCH,P(CeHs),),W(CO), (No. 82)

with selected bond lengths (in A) and angles.
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1.1.3.2 Compounds with More Than One CO Ligand
Only a few unstable compounds are known for this group.

(CO),Cu is prepared by cocondensation of Cu, CO, and Ar(=<1:12.5:1000) at 10 to 15 K.
The existence of (CO),Cu in addition to that of (CO)Cu and (CO),Cu is shown by IR spectros-
copy together with CO mixed isotope experiments. The v(CO) of (12C160),(13C'60),_,Cu (n=0
to 2) are given for two different matrix sites, v(CO)=1891.5 and 1976.1 cm~" for ('2C'%0),Cu.
The Cotton-Kraihanzel force constants are f(CO)=15.41 and 15.29, f(CO,C0O)=0.97 and
1.08 mdyn/A for the two sites [17, 38].

MO calculations by the self-consistent-field X, scattered-wave method have been carried
out for (CO),Cu. As for (CO)Cu, major bonding interaction arise from o donation of charge
density from the 3o orbital of the CO ligands to the metal [31]. For extended Hiickel MO
calculations see [28].

[(CO),Cu(C;H,NH),]CL, is believed to be an intermediate in the carbonylation of piperi-
dine with CO in the presence of CuCl, - 2H,0 [15].

[(CO),CuC, HgN,ICLO, (CgHgN, =2,2"-bipyridine) is formed from [(Cu(CH3;CN),]ClO, and
C1oHgN; in (CD,),CO under CO atmosphere at 25 °C. TH NMR (acetone-dg, 25 °C): 7.89 (H-5),
8.35(H-4), 8.67 (H-3), 9.13(H-6) ppm. '3C NMR (acetone-dg, 31 °C): 123.31(C-5), 127.89(C-3),
141.47 (C-4), 151.66(C-6), 152.65(C-2) ppm [33].

(CO),Cu is prepared by cocondensation of Cu with CO (1:1000 to 100000) at 10 to 15K
[17]; see also [3]. It is also formed when Cu atoms and CO are allowed to react on adaman-
tane or cyclohexane at 77 K in a rotating cryostat. The compound is remarkably stable,
surviving up to 253 K in adamantane [34, 37, 40].

The IR spectrum shows two CO stretching modes of approximately equal intensity at
1976.8 and 1990.0 cm~! together with two modes at 323 and 376 cm—'. From IR frequencies
of (12C'0),(13C®0), ,Cu (n=0 to 3) in Ar matrices the force constants f(CO)=16.51 and
16.43, f(CO,CO)=0.59 and 0.66 mdyn/A are calculated for two different matrix sites. The
electronic spectrum shows absorptions at 375 and 562 nm assigned to A}’ — 2E”" and 2A}’ —
2A;, weak shoulders at 344 and 495 nm, as well as a weak feature at 262 nm. A qualitative
molecular orbital energy level scheme for (CO);Cu has been given for Dy, symmetry [17,
38]. The mean metal-carbon bond dissociation energy has been estimated from the Cotton-
Kraihanzel force constants to be 36 kcal - (mol CO)—1 [25].

At 4 to 100 K the EPR spectrum of (12C0)4%3Cu in cyclo-C¢D,, or adamantane consisted
of four equally spaced (80G) lines centered at g=2.0010. The hyperfine structure was that
of 8Cu (1=3/2). In addition there was a central asymmetric triplet at g=2.0028 to 2.0029
which carried no 8Cu hyperfine structure. On warming a 3C containing sample to 250 K,
a dramatic change occurred which revealed immediately the number of carbon atoms in
the molecule, the spectrum consisted of four 1:3:3:1 quartets. On recooling to 77 K the
main features were regenerated, proving that the two spectra are associated with the same
molecule. EPR parameters [37, 40], see also [34]:

matrix temperature axis ol a(%3Cu) a('3C)
(K) (MHz) (MHz)
cyclo-CgD,, 100 X, ¥ 2.0028(2) 0(10) 29(2)
z (threefold) 2.0010(2) 225(5) 8(2)
adamantane 250 isotropic 2.0014(2) 93.9(5) 22.0(5)
Gmelin Handbook References on pp. 213/4
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The low isotropic 83Cu hyperfine interaction seems to indicate a planar, trigonal = radical
whose ground state is 2A) in D,, symmetry. The unpaired electron occupies an orbital
which is largely Cu4p, (z=threefold axis) and which is bonding in each Cu-C distance
[19, 34, 37, 40]. Other authors [17, 39] regard the unpaired electron as residing mostly
at the C atoms.

SCF —X,-SW calculations indicate that, as for (CO)Cu and (CO),Cu, the major interaction
arises from the 3 o orbital of the CO ligand with the metal [31]. For extended Hiickel MO
calculations see [28].

[(CO),Cul*. For formation see [(CO)Cu]+ in Section 1.1.3.2. The equilibrium between
[(CO);Cu]* and [(CO)Cu]* depends on the concentration of acid, the temperature, and the
CO pressure. The [(CO),Cu]*/[(CO)Cu]* ratio gradually increases with an increase in the
H,80, concentration above 80%. [(CO),Cu]™* ist not formed in H,S0O, concentrations below
80% [7, 91]. At —10°C and a CO pressure of 7 atm the mole ratio of CO/Cu* reaches
3 in 100% H,SO, [1, 7]. By addition of a small amount of another solvent, such as H,0,
CH30OH, C,H;OH, acetic anhydride, or ether, the ratio rapidly becomes 1 [2].

The carbonyl stretching frequency appears at 2175 cm~" in H,SO,. A 3C NMR chemical
shift of 169.2 ppm is obtained from H,SO,/FSO4H (1.0/0.3) solutions [18].

(C¢H5s);PCu(CO);Mo(C;H;N,),GaCH,, [(C;H;N,);GaCH,]~ =tridentate methyltris(pyrazol-
1-yl)gallate, has been prepared from [CuP(C4H;);Cll, and Na*[(CO);Mo(C,H;N,),GaCH,]~
(1:4) in THF in form of golden-yellow air-stable crystals (~60% yield). 'TH NMR (acetone-dg):
0,58 (s, CH,), 6.31 (t, H-4 in C3H3N,), 7.55 (m, C¢H;), 7.81 (d, H-5 in CzH;N,), 7.98 (d, H-3
in C3H3N,) ppm. IR: v(CO)=1798, 1898 in CH,Cl,; 1780, 1805, 1890 in Nujol. The X-ray
crystallographic analysis shows semibridging CO groups with mean bond angles Mo-C-0O
of 170.1(5)°, 170.7(1)°, and 172.1(6)°, Cu-C-0 of 117.0(1)°, 117.5(3)°, and 118.5(1)°, and mean
bond lengths Mo-C of 1.973(7), 1.964(6), and 1.966(6)A, Cu-C of 2.247(13), 2.298(23), and
2.415(5)A for two crystallographically independent molecules. The exact nature of the Cu-CO
interaction is not clear [36].

[(CO),Cu]* has been formed by CO absorption of Cu,0 in BF;-H,0 [10, 18], FSO,H
[18], FSO4H - SbF [23], CF,SO,H [18], and HF [18] solutions.

IR and '3C NMR spectra in strong acids:

solvent IR 13C NMR Ref.
v(CO) incm—1! 4 in ppm at —30 to —60 °C

BF, - H,0 2186 169.5 [18]

2190 - [10]
FSO,H 2183 171.1 [18]
FSO,H/SbF, 2183 - [23]
CF,SO,H 2180 168.4 [18]
HF 2184 - [18]

Raman (FSO4H, —50 °C):2181 cm~1 (t,) [30].

[(CO),Cul?*. The Hartree-Fock-Roothan method in the CNDO/2 approximation has been
used to carry out calculations for the octahedral complexes of the ions Fe?+, Co2*, Ni2+,
Cu2*, and Zn2+ with the ligands F~, H,CO, H,0, NH,;, CH,CN, and CO [35].
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Catalytical Use of [(CO),Cul* (n=3, 4). The [(CO),Cu]*are active intermediates for car-
boxylation of alcohols [5, 9, 11, 16, 22, 26, 27], olefins [4, 6, 7, 11, 13, 14, 22, 24, 26, 29],
Cg to C,, dienes and diols [21], and saturated hydrocarbons without [23] or with alcohols
or olefins [8] as sources of alkyl cations in strong acids like H,SO,, BF;/H,0, BF,;/H;PO,,
BF3/H,S0,, HF/H,0, HF/H,0/BF;, H,S0,/HSO4F, and HSO4F/SbF,. The rate constant for the
carbonylation of CH,0 by CO was increased 30 times by [(CO),Cu]*t [32]. The reuse of
the catalytic solutions has been tested [20]. They are stabilized by metallic Cu [12].
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1.1.4 Isocyanide Compounds
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Most of the copper isocyanide compounds contain one, two, three, or four isocyanides
and ligands like halogens or pseudohalogens. Others contain N, P, or As donor ligands.
Some have halides, BF,, B(CgH;),, or PFg as counterions. The number of the isocyanide
ligands depends on the nature of the additional ligands or counterions, X, and for a particular
X two or more complexes with different numbers of isocyanides can often be synthesized.
While complexes of the [(RNC),Cu]X type are readily formed from Cu' halides and excess
isocyanide, they have not been isolated for X=CN. And although (t-C,H NC),CuBr has been
isolated, (t-C,HyNC),CuCN has not [2].

The compounds RNCCuX most likely are polymeric; see Chapter 1.1.4.1.1.

Copper isocyanides (RNC),Cu have not yet been isolated. However, their existence is
indicated by IR and ESR data. Metallic copper dissolves in cyclo-C4H,;NC. The solution
has an IR band at 2180 cm~', which can be assigned to a coordinated isocyanide, in addition
to the band at 2140 cm~" for the free ligand [4, 5]. Its ESR spectrum exhibits a g value
of 2.0041, which was tentatively assigned to a zero valent copper isocyanide complex [6,
7, 9]. A soluble complex of unknown composition which forms from Cu,O and cyclo-C4H,,NC
also has an IR band at 2181 cm—1 [5].

Complexes of metallic Cu or Cu,O and t-C,HgNC, not fully characterized, show Av (NC)=
+40cm~" from free t-C,HyNC. They react in CgHg with 1,3,5-C¢H,(NO,); to give unstable
crystalline products with the molar proportions Cu:t-C,HNC:CH4(NO),:CcHg=1:5:1:0.33
and Cuy0:t-C4HgNC: CgH,(NO,);: CgHg =1:8:2:0.66 [15]. Solutions of 2,3,4,6-tetra-O-acetyl-
B-D-glucopyranos-1-ylisocyanide in CH,Cl, or CH,CN show Av (NC) = +46 to 47 cm~ 1 after
addition of Cu, CuO, Cu,0, or CuCl [19].
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Catalytic systems like RNC/Cu, RNC/Cu,0, and RNC/CuCl are frequently used very effi-
ciently for the syntheses of a great variety of organic compounds because the copper
isocyanide complexes so prepared are soluble in organic solvents. Reactions occur with
activated C-H bonds or alkyl halides followed by additions to C=C and C=0 double bonds
and concomitant cyclizations as well as insertions of the isocyanide ligand into the hetero-
atom H-bond of amines, alcohols, thiols, phosphanes, and silanes. In all these reactions
Cu isocyanide complexes are formed as byproducts [8]. The system cyclo-CgH,,/Cu exhibits
mono-electronic reducing character and catalyzes the dimerization of alkyl halides with
excellent yields [13], cf. [14]. The formation of radical anions by electron transfer from the
systems t-C,HgNC/Cu or t-C,HNC/Cu,0O to m substrates such as C4H;NO,, m- and p-
CeH4(NO,),, benzoquinone, fluorenone, and (NC),C=C(CN), is shown by ESR spectros-
copy [18].

Nonstoichiometric (t-C,H;NC) Cu,CO, is prepared by hydrolysis of (t-C,HgNC),CuO-
CO,C Hq-t (see 1.1.4.3) with H,O (mole ratio 2:1) in THF at 0°C (94% yield) or from
(t-C4HgNC);CuOCO,H (see 1.1.4.3) with proton abstractors such as CuOC,Hg-t in THF at
0°C. It is colorless and extremely sensitive to H,O. IR (Nujol): 1511 (CO), 2164 +2189 (NC).
The reaction with C,Hgl in (CH,),NCHO at room temperature yields 57% (C,H;0),CO, 12%
CO,, and 5% C,H;OH. Treatment with t-C,H,;NC, CO,, and H,0O (mole ratio 1:3:1.5:1.2)
gives (t-C4HgNC),CuOCO,H [16].

The nonstoichiometric product (t-C,H;NC), CuNCO (n=2.5 by iodometry, 2.7 from NMR),
possibly a mixture of different isocyanide complexes, is prepared either from t-C,HgNC,
Cu,0, and RNHCO,C,H; in 93% (R=H) and 90% (R=(CH,);Si) yield [10], or from t-C,HgNC,
[(CH3);Si],NCu, and CO, with 91% yield of the additionally formed [(CH,),Si],O in toluene
at 0 °C [11]. The product forms colorless crystals, m.p. 103 °C [10]. IR: 610 (3,yNCO), 1350
(v¢NCO), 2175 (v, NCO), and 2225 (NC) cm 1, suggesting that the NCO group may be coordi-
nated to Cu through N [11], cf. [10]. "H NMR (CDCl;): 1.20 ppm (CHj) [10]. It is soluble in
most organic solvents, not very sensitive to air in solid state, but readily oxidized in solu-
tion [10]. In benzene its degree of association of 1.3 was measured by cryoscopy [11]. When
treated with aqueous H,S0,, it evolves CO, [11]. With C,H;OH/HCI it yields NH,CO,C,H,
[10]; with alkyl bromides in the presence of alcohol it produces N-alkylcarbamates [10, 11].
However, with n-C,Hgl [11] or with acyl chlorides [10] the corresponding isocyanides are
formed. Addition of n-C,HgNH, to the reaction mixture with n-C,Hgl vyields (n-
C,HgNH),CO [11].

Nonstoichiometric carbamato complexes (t-C,H,;NC),CuO,CNRR’ (n=1.4 for R=R’'=
C,Hs; n=1.6 for R=H, R"=C¢H;) were isolated by evaporation of the CzHg solution of
CuOC Hy-t, 1-C HgNC (1:3), HNRR’, and CO, under reduced pressure and identified by their
Cu content, CO, evolution on acidolysis, and IR spectra (not given). Complexes of this
type are the key intermediates in the copper/isocyanide-promoted formation of urethanes
from CO,, amines, and alkyl halides [12], cf. [17].

A complex of C,H;NC with the copper protein hemocyanin, obtained from the hemolymph
of the whelk Murex trunculus, seems to be formed by the reversible displacement of O,
in oxyhemocyanin, as was indicated by UV spectroscopy [3].
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1.1.4.1 Compounds Containing One Isocyanide Ligand

Cu' semiquinolato complexes of the type RNCCuO,C¢H,R’ (R =t-C,Hy; nature and position
of R” not given) have been found in equilibrium with (RNC),Cu0,C¢H,R’ and CuO,C¢H,R’
on dilution of (RNC),CuQ,C¢H;R’ solutions.

Reference:

G. A. Abakumov, A. V. Lobanov, K. K. Cherkasov (Abstr. 2nd All-Union Conf. Organometal.
Chem., Gorkii 1982, p. 168) from E. A. Kashtanov, V. K. Cherkasov, L. V. Gorbunova,
G. A. Abakumov (lzv. Akad. Nauk SSSR Ser. Khim. 1983 2121/5; Bull. Acad. Sci. USSR
Div. Chem. Sci. 1983 1917/20).

1.1.4.1.1 Compounds of the Type RNCCuX

In this chapter the compounds RNCCuX are described for R=alkyl or aryl and X=Cl,
Br, 1, CN, alkoxy, or acyloxy. Most of the compounds in Table 28 are prepared from CuX
and the corresponding isocyanide.

Method I: In an exothermic reaction without solvent.

Method I1: In CH4CN (boiling or at room temperature) or at room temperature in CgHg,
CHCl,, or aqueous C,H;OH.

Another method is the alkylation of HCN with olefins like isobutene in the presence
of CuBr. Although t-C,H;NCCuCN was obtained in this manner, no t-C,H4NCCuBr could
be detected in the reaction products. Because the isocyanide is easily liberated from
RNCCuX with KCN, this method can be used for preparing t-alkyl isocyanides from ole-
fins [6]. An X-ray crystallographic study of CH;NCCul (Table 28, No. 2) revealed a polymeric
structure, and it is very likely that other compounds are also polymeric in the solid state.
However, for compounds No. 17 and 18 a monomeric structure in solution was inferred
from the osmometric molecular mass in dimethylformamide. Since only one v(NC) was
observed in the solid state IR spectra for Nos. 17 to 19, they are assumed to be two-coordi-
nate [9].

References on p. 219 Gmelin Handbook
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Compounds of the Type RNCCuX.
Further information on compounds preceded by an asterisk is given at the end of the table.
For abbreviations and dimensions see p. X.
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No. RNCCuX method of preparation (solvent, yield) Ref.
R X remarks
1 CH;, Br I (CH;CN) [4]
colorless crystals
2 CH, | according to X-ray studies polymeric, therefore [2,4,5]
reported in the corresponding chapter
*3 CHj, CN light gray solid [4]
4 C,Hg | 11 (CH;CN) [4]
colorless needles
5 CyHy CN | [1]
colorless prisms from ethanol
loss of isocyanide at room temperature
6 n-CzH, ] 11 (CH4CN, low) [4]
dirty white needles
7 n-C4H; CN ] [1]
colorless rhombic plates from ethanol
loss of isocyanide at room temperature
8 (CH,),CHCH, CN I (1l
colorless rhombic prisms from ethanol
loss of isocyanide at room temperature
9 t-C,Hy Cl preparation not given [11,13]
IR: 2189
*10 t-C4Hg CN colorless prisms from CH,CN, m.p. 196 to 198° [6]
IR (Nujol): 2140 (CN, cyanide), 2182 (NC, isocyan-
ide)
*11 t-C,Hq OC, H,-t 11 (CgHg) [11,13]
yellow crystals, sublimes at 90°/1 Torr
TH NMR (C¢Dg) : 0.99 (t-C,HgN), 1.90 (t-C,Hg0)
IR (Nujol): 945 (t-C,H40), 1195+ 1220 (t-C,HgN),
2102 (NC)
12 t-C,Hq 0O,CCH,4 colorless crystals from benzene [10]
H NMR (CD,CN}): 1.49 (O,CCH; +1t-C H,)
IR (KBr): 121041235 (t-C,Hg), 1410+ 1560 + 1585
(0,C), 2169 (NC)
13 t-C4Hqg 0,CC4H;5 preparation similar to No. 12 [10]

Gmelin Handbook
Cu-Org. Comp. 3
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IR (KBr): 1570+ 1600 (C4Hs +0,C), 2168 (NC), 3060
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Table 28 [continued]

No. RNCCuX method of preparation (solvent, yield) Ref.
R X remarks
14 t-C,H, 0OCO,C,Hy-t from No. 11+ CO,, (CgHg) [13]

exists according to IR studies in CgHg at room tem-
perature in equilibrium with No. 11 and CO,; at-
tempted isolation even at 0° gives only No. 11

15 CgH; Cl Il (ether, almost quantitative) ; or from [3]
(CgHsNC),CuCl (boiling CH,OH, 96%)
colorless needles, m.p. 184 to 185°
insoluble in ordinary solvents

16 cyclo-CgH;; Cl I [7.8]
colorless crystals from CHCly/ether, m.p. 95 to 96°
IR: 2192 (NC)

17 4-CH3OC¢H, Cl Ii (CHCL;, 85%) [9]

colorless crystals from CHCly, m.p. 188 to 190°
stable in air, even in solution
IR (Nujol): 2155 (NC)

18 4-CH;OC¢H, Br 11 (CHCL,) [9]
colorless crystals from CHCl,, m.p. 190 to 193°
stable in air, even in solution
IR (Nujol): 2173 (NC)

19 4-CH OC¢H, | It (H,0/C,H;0H, 40%) [9]
colorless crystals from CHCL;, m.p. 148 to 150°
stable in air, even in solution
IR (Nujol): 2158 (NC)

20 Cg¢HsCO,CH,NC 11 (CH4CN, 25°, 41%) [14]
Cl m.p. 147 to 148° (dec.)
H NMR (acetone-dg): 6.02 (CH,)

*Further information:

CH;NCCuCN (Table 28, No. 3) is probably obtained as a noncrystalline solid if CH4l and
CuCN in CH,CN are heated at 100 °C for less than 12 h. It is insoluble in water and all
common solvents. According to the elemental analysis it seemed to be contaminated with
CuCN. When warmed with aqueous KCN, it releases CH;NC [4].

t-C,H,;NCCuCN (Table 28, No. 10) is prepared from (t-C,HyNC),CuBr (Table 32, No. 2)
in boiling water in 84% yield; in benzene the yield is very low. It is also formed by repeated
recrystallization of (t-C,HgNC),CuCN (Table 30, No. 2) from CHCl,/ether and by reaction of
CuX (X=Cl, Br), HCN, and isobutene either without a solvent or in water, tetrahydrofuran,
and benzene. It is insoluble in hydrocarbons, alcohols, and ether, and only slightly soluble
in hot acetonitrile. The v(NC) of the isocyanide ligand is 39 cm~"' higher than that of the
free ligand; the v(CN) of the cyano group is 32 cm~' lower than for CuCN. On treatment
with aqueous KCN the isocyanide is liberated [6].

t-C,H,;NCCuOC H,-t (Table 28, No. 11) is also prepared from t-C,H,NC and Cu(OC,Hq-t),
(33%) or (CO)CuOC H,-t (Table 27, No. 19) [11]. It is soluble in most organic solvents. In
4Mg
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cyclohexane it has a degree of association of about 4 or 5[13]. That the t-C,HgNC ligand
functions as a good n acceptor is inferred from the 36 cm~ ' lowering of v(NC) upon complex-
ation [11, 13].

Reaction with cyclopentadiene gives n-C;H;CuCNC,H,y-t in good yield. For the reaction
with fluorene followed by treatment with CH,l in tetrahydrofuran at 90 °C the proposed
mechanism is shown in Scheme | [11]. The compound is further assumed to be an intermedi-
ate in the formation of CgH;CO,CH,C¢Hy from C¢H;CHO in the presence of t-C,H,NC and

CuOC,H,-t [12].

C=NC;Hg-t
|
Cu
—OL0 |=0_0
Cu  CH=NC4Hg-t CH3 CH=NC4Hg-t

t-C,H;NCCuO,CCH, (Table 28, No. 12) is obtained by heating Cu,0, t-C,H¢NC, and
CH3CO,H (1:2:2 mole ratio) in benzene in 53% vyield. It is air-sensitive, especially in benzene
solution. In the presence of t-C,HyNC it is readily soluble in benzene even at room tempera-
ture. The compound reacts with alkyl halides such as (+)-(R)-C¢H;CHBrCH,, to give the
corresponding acetates. The reaction proceeds quantitatively with 75% inversion of configu-
ration. The isocyanide ligand greatly influences the stereochemistry because with
CH4CO,Cu, subjected to the same conditions, racemization takes place [10].
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1.1.4.1.2

1.1.4.1.2 Compounds of the Type RNCCu"D X Including lonic Compounds

Complexes of the Type [RNCCu'8DJ"+. Binding constants K=[RNCCu'8D"+]/[RNC] -
[Cu'8D"+] in (CH,),NCHO at 22 +1 °C are calculated from the influence of RNC on the polaro-
graphic half-wave potentials of the redox couples [Ci!8D]+/[Cult8D](n+ 1+ [6]:

RNC 8D n K[M-1]
p-NCCgH,NC C,4H;gBF,N,0, (see ) 0 1.9(4) x 107
p-0,NCH,NC C,1H,sBF,N,O, (see I) 0 1.7(2) x 107
p-O,NC¢H,NC C,4H4gN,O, (see II) 0 8.2(8) x 103
p-O,NCgH,NC Cy4HoN, (see l1l) 1 7.6(7) x 10*

[ R LT

@clj \(IJ @(I),r’ \(I) (\‘
CH3]:/N N\:[CHg CngN N\ICHg CH3I/N N\ICHg
TR N CH3 CHy \N NZ “CH; CHy XN N7 CHy

| 1l I
Most of the compounds in Table 29 are prepared by the following methods:

Method I: From (CgH;s)3PCuCl and RNC (1:1 mole ratio) in CHCL;. After precipitation with
light petroleum, the compound is recrystallized from CHCL;.

Method II: From RNCCuX and D (1:1 mole ratio, 1:3 for No. 5) in CHCl; or/and dimethyl-
formamide.

All compounds except for No. 8 are crystalline materials. The complexes No. 1, 2, and
9 to 16 are air-stable in the solid state and in solution, soluble to some extent in CHCl,,
and apparently stable with respect to disproportionation [1].

The solid state structures for Nos. 9 to 12 are assumed to be dimeric halogen-bridged
cis structures in accordance with the two v(NC) bands in the IR spectra. For Nos. 2 and
13 to 16 four-coordinate Cu atoms are presumed. Osmometric molecular weights for Nos. 9,
11, and 15 in CHCl, correspond to the monomeric formulations, whereas No. 2 in CHCl,
and No. 16 in (CH,),CO are ionized. Conductivity data in CH3NO, indicate Nos. 9 and 12
to be only slightly ionized, Nos. 13 to 15 to be partly ionized, and Nos. 2 and 16 to be
extensively ionized [1].

In Table 29 all IR data except those for Nos. 10, 11, and 12 (no details given) are measured
in Nujol, v(NC)=2094 to 2184 cm— .
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Table 29
Compounds of the Type RNCCu"D_ X Including lonic Compounds.
Further information on compounds preceded by an asterisk is given at the end of the table.

For abbreviations and dimensions see p. X.
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No. compound method of preparation (yield) Ref.
remarks
IR: v(NC)
1 C,Hz;NCCuP(C4H;);ClL 1(90%) [1]
colorless, m.p. 191 to 195°
IR: 2168, 2184
reacts with P(C¢H;); +AgPF4 to give
No. 2
2 [C,HgNCCuU(P(CgHg)3)51PFg see No. 1(89%) [1]
m.p. 161 to 165°
IR: 2193
*3 t-C4HgNCCu(CzH;N,),B(CgH;), colorless, m.p. >280° [5]
(C3H;3N, =2-n-pyrazol-1-yl) IR: 2180
"H NMR (CDCly) : 1.46 (t-C,Hy),
6.97+7.50+7.70 (2H each, pyrazol-
yl), 7.27 (CgHs)
*4 t-C4HgNCCu(C4H;3N,),BC;H;N, colorless, m.p. 137 to 138° [5]
(C3H3N, =pyrazol-1-yl-, IR:2140
three of them 2-n-coordinated to Cu) TH NMR (CDCl;): 1.57 (t-C,Hy),
6.344-7.34+7.80 (4H each, pyrazolyl)
*5 t-C4HgNCCu(C3H;N,),BH colorless, m.p. 156 to 158° [2]
(CaH3N, =2-n-pyrazol-1-yl) IR: 2155 (NC}), 2480 (BH)
H NMR: 1.60 (s, t-C,Hy),
5.94+7.3147.38(t, d, d, C3H;N,)
*6 [cyclo-CgH;{NCCu(NH,CH,CH,),NH]B(CgH,), [3]
colorless, air stable
IR: 2150
*7  4-CHZCgH,/,NCCu(CgH;CH=NCH,),! yellow crystals [7]
IR: 1630 (C=N), 2135 (NC of isocyanide)
CgHsCHNC
CH3/ CH3
7 /\
N\ /IN——O\
*8 pa BF2 (?) not isolated [4]
N N—0
\ /
CH3 CH3
9 4-CHZ30CH,NCCuU(NC;H;)ClL 11(95%) [1]
(NCgH; = pyridine) colorless, m.p. 131 to 137°
IR: 2098, 2133
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Table 29 [continued]

No. compound method of preparation (yield) Ref.
remarks
IR: v(NC)
10 4-CH30CgH,NCCuP(CgH;),ClL 1,11 (82%) [1]
colorless, m.p. 192 to 195°
IR: 2094, 2130
11 4-CHZ;OCgH,NCCuP(CgHs);Br 1 [1]
colorless, m.p. 201 to 205°
IR: 2096, 2133
12 4-CH30C¢H,NCCuAs(CgHs);Br ] [1]
colorless, m.p. 175to0 177°
IR: 2099, 2138
13 4-CHZOCgH/,NCCu(N,C,,Hg)ClL 11(90%) [1]
(N,C,,Hg=1,10-phenanthroline}) yellow, m.p. 202 to 205°
IR: 2127
reacts with P(C4H;); + AgPF to give
No. 16
14 4-CH30CgH,NCCu(N,C,,Hg)Br | [1]
(N,C,,Hg =1,10-phenanthroline) yellow, m.p. 206 to 211°
IR: 2131
15 4-CH30C¢H,NCCu(CH,P(CH,),),Br | [1]
yellow, m.p. 230 to 235°
IR: 2138
16 [4-CH;0CH,NCCu(N,C,,Hg)P(CgHs),1PFg see No. 13 (73%) [1]
(N,C,,Hg =1,10-phenanthroline) yellow, m.p. 255 to 260° (dec.)
IR: 2161

*Further information:

t-C,HyNCCu(C;H;N,),B(C¢H;), (Table 29, No. 3) is prepared from t-C,HyNC, CuCl, and
Na[(C3H3N,),B(CgHs),] (2:1:1 mole ratio) in ether with 36% yield [5].

t-C,H;NCCu(C;H;N,);BC;H;N, (Table 29, No. 4) is prepared from t-C,H,NC, CuCl, and
K[B(C3H3N,),] in an aqueous 2M KI solution with 47% yield [5].

t-C,H,;NCCu(C;H;N,),BH (Table 29, No. 5) is prepared by the reaction of t-C,HyNC either
with OCCu(N,C3H3)BH in benzene in 85% yield or with [Cu(N,C3H;),BH], in 66% yield. It
is recrystallized from petroleum ether [2].

[cyclo-C4H,,NCCu(NH,CH,CH,),NH]IB(C;H;), (Table 29, No.6) is prepared from [OC-
Cu(NH,CH,CH,),NH]B(C¢Hs), and cyclo-CgH;NC in THF [3].

4-CH,;CH,NCCu(C;H,CH-NCH,),I (Table 29, No. 7). A THF solution of CgH;CH=NCH,-
CH,N=CHC4H; was reacted with nearly equimolar amounts of Cul and 4-CH;CgH,NC. After
10 h, the title compound precipitated in a 37% yield. Triclinic, space group P1-C! (No. 2);
a=10.139(7), b=13.427(9), c=9.830(4) A, 0 =91.56(5)°, BP=111.31(5)°, Y=108.54(5)°; Z=4,
d.=1.55 g cm~3. The structure with selected bond lengths and angles is given in Fig. 15 [7].
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Fig. 15. Molecular structure of 4-CH,CgH,NCCu(CgHsCH=NCH,),I (No. 9) with selected bond
lengths (in A) and angles.

CH;CH,NCCu'C,,H,;N,O,BF, (Table 29, No. 8) seems to be formed from [Cu''C,HgN,O,-
BF,]ClO, - H,O and an excess of C;H;CH,NC by electrochemical reduction in CH;0(CH,),0OH
at 25°C. The formation constant K=[RNCCu(D-X)]/[RNC] - [Cu(D-X)] is estimated to be
3x 106 M—1 and to be much greater than the K of the corresponding Cu' species [4].

References:

[1] J. Bailey, M. J. Mays (J. Organometal. Chem. 47 [1973] 217/24).

[2] M. 1. Bruce, A. P. P. Ostazewski (J. Chem. Soc. Dalton Trans. 1973 2433/6; see also J.
Chem. Soc. Chem. Commun. 1972 1124/5).

[38] M. Pasquali, F. Marchetti, C. Floriani (Inorg. Chem. 17 [1978] 1684/8).

[4] A. W. Addison, M. Carpenter, L. K.-M. Lau, M. Wicholas (Inorg. Chem. 17 [1978] 1545/52).

[5] O. M. Abu Salah, M. I. Bruce, J. D. Walsh (Australian J. Chem. 32 [1979] 1209/18).

[6] R. R. Gagné, J. L. Allison, D. M. Ingle (Inorg. Chem. 18 [1979] 2767/74).

[7]1 A. Toth, C. Floriani, M. Pasquali, A. Chiesi-Villa, A. Gaetani-Manfredotti, C. Guastini (In-
org. Chem. 24 [1985] 648/53).

1.1.4.1.3 Compounds of the Types RNCCuR’ and RNCCuC=CR’(‘D)
Two compounds have been described:

cyclo-C4H,,NCCuC(=NC¢H,,-cyclo)CsH;(CH,-5)CH,N(CH,),-2 (see Formula I). The red-
brown solid is formed by a 1:1 reaction of CuC(=NCgH,,-cyclo)CgH3(CH3-5)CH,N(CHy),-2
with cyclo-C¢H,NC in C4H, at 60 °C in 75% yield. IR (Nujol): 2146 cm—"' (NC) [1].

(CHa)2N

)
o
CH3

cyclo-C4H,,NCCuC=CCO,C,H;(N,C,H,(CH,),) (N,C,,H,(CHs),=3,4,7,8-tetramethyl-1,10-
phenanthroline) has been prepared from [C,H50,CC=CCuN,C,,H,(CH,),], - H,O (see Section
1.1.2.4) and cyclo-C¢H,sNC in GCgH; as well as from [cyclo-CgH,{NCCuC=
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CCO,C,H5(P(CgHs)3)l, and N,Cy,H,(CHj), in CgHg. The pale yellow solid melts at 130 °C.
IR (Nujol}: 1670 (C=0), 2055 (C=C), 2145 (NC of isocyanide) cm~'[2].

References:

[1] G. van Koten, J. G. Noltes (J. Chem. Soc. Chem. Commun. 1972 59).
[2] G. la Monica, G. Ardizzoia, S. Cenini, F. Porta (J. Organometal. Chem. 273 [1984] 263/73).

1.1.4.2 Compounds Containing Two Isocyanide Ligands
1.1.4.2.1 Compounds of the Types (RNC),CuX and [(RNC),Cu"D_]X

In Table 30 the compounds (RNC),CuX, [(RNC),Cu?D,]X, and [(RNC),Cu®D]X are de-
scribed. Most of them are prepared by the following methods:

Method I:  From CuX or CuX, and an excess of RNC (usually 1:3 mole ratio). The solvents
are given in parentheses in the table.

Method IlI: A suspension of (RNC),CuX, such as Nos. 7 or 8, and AgPF; in acetone is treated
with the equivalent amount of D. The compound is isolated by adding ether
or petroleum ether [4].

Method lll: A suspension of Cul in CH;OH/(CH,NR,), is reacted first with CO, then with
RNC and Na[B(C4H5),l-

Method IV: From [(RNC),CulX and an excess of *D by refluxing in n-C;H,OH or C,H;OH
for 2 to 5d. After cooling to 0 °C, [(RNC),Cu®D]X precipitates in good vyields.
Even with a large excess of 4D, only two isocyanides are replaced.

Method V: From [Cu(NCCHj;),]X, D, and RNC (1:1:2) in C,H;OH. Because good yields have
been obtained after only 30 min at room temperature, this method is superior
to Method IV.

The (RNC),CuX compounds No.7 and 8 are probably dimeric and halogen-bridged in
the solid state as there are two v(NC) bands in the IR spectrum. In CHCL;, their osmometric
molecular masses are very close to those required for the monomer. However, in CH;NO,
conductivity measurements show some ionization [4].

The [(RNC),Cu"D,]PFs; compounds No. 9 to 13 and 17 to 19 are stable against air [4, 9].
Nos. 9 to 13 and 20 are not affected by moisture and light [9]. Nos. 18 and 19 exist in CHCI,
as ion pairs, but in acetone they are fully ionized according to osmometric measurements.
Also conductivity data on Nos. 17 to 19 in CH;NO, indicate extensive ionization [4].

References on p. 228 Gmelin Handbook
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Table 30

Compounds of the Types (RNC),CuX, [(RNC),Cu?D,]X, or [(RNC),Cu*D]X.

Further information on compounds preceded by an asterisk is given at the end of the table.
For abbreviations and dimensions see p. X.

No. compound method of preparation (yield) Ref.
remarks
IR: v(NC)

compounds of the type (RNC),CuX:

1 (C,H5NC),CuCN | (ether) [1]
unstable, gradual loss of C,H;NC
*2 (t-C4HgNC),CuCN I [3]
m.p. 173 to 175°
*3 (t-C4HgNC),CuOCO,C H,y-t exists only in benzene solution [5]
*4  (CegH5NC),CuCl I (CHCl,/ether, 92%) [2]
colorless needles, m.p. 128°
5 (CgHsNC),CuCN addition of ether to (C;H;NC);CuCN in [2]
CHCl, (74%)
colorless flakes from CHClj/ether, m.p.
158 to 162°
*6 (4-CH3C4H,NC),CuOCyH;(C4Hy-1),-2,6  CuCL+RNC+ NaX in THF (~40%) (8,
IR (Nujol): 2145, 2170 10]
7 (4-CHZ;0C¢H,NC),CuCl 1 (ether, 72%) [4]

colorless, m.p. 139 to 142°
IR (Nujol): 2141, 2163

8 (4-CH,;0C4zH,/NC),CuBr | [4]
m.p. 129 to 131°
IR (Nujol): 2143, 2161

compounds of the type [(RNC),Cu"D_]X:

9 [(CH3NC),CuN,CHs]PFg IV (86%), V (91%) [9]
(N,C4oHg =2,2"-bipyridyl) pale yellow needles
'H NMR (acetone-dg): 3.40 (s, CH,),
7.80(td) +8.21(td) +8.54(d)
+8.96 (d; each 2H of N,C,Hg)
IR (Nujol): 2164 (sh), 2193, 2213

10 [(t-C4HgNC),Cu(t-C,HN=CHCH=NC H,-t)]PFg [9]
IV (80%)
orange-yellow
THNMR (acetone-dg): 1.42 (s, CH; of
RNC), 1.49 (s, CH; of 4D), 8.30 (**NH ")
IR (Nujol): 2176, 2197
(CH,CL,): 2168, 2190
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Table 30 [continued]

No. compound method of preparation (yield) Ref.
remarks
IR: v(NC)
11 [(t-C,HgNC),CuN,C, Hg]PFg 1V (82%) [9]
(N,C,oHg =2,2"-bipyridyl) yellow
TH NMR (acetone-dg): 1.40 (s, CH,),
7.70(td) +8.15(td) +8.50(d)
+8.88 (d; each 2H of D)
IR (Nujol): 2138, 2168, 2188
UV (CH,CL,): 383(sh)
12 [(t-C4HgNC),CuN,C,,Hg1PFg IV (85%) [9]
(N,C,,Hg=1,10-phenanthroline) pale yellow
'H NMR (acetone-dg): 1.48 (s, CH,),
8.12(m) +8.17(s) +8.78(dd)
+9.32 (dd; each 2H of 4D)
IR (Nujol): 2170, 2189
13 [(t-C4HgNC),Cu(CH,P(CgHs),),1PFg IV (75% in presence of KF) [9]
colorless
IR (Nujol): 2188
14 [(cyclo-CgH{NC),Cu(CH,NH,),1[B(CgHs)4] [6]
111 (52%)
colorless solid, sensitive to O, and H,0
IR (Nujol): 2143, 2177 suggests pseudo-
tetrahedral coordination around Cu
*15 [(cyclo-CgH4{NC),Cu(CH,N(CHj;),),1[B(CgHs) 4] [6]
11 (53%)
IR (Nujol): 2160, 2180
*16 [(cyclo-CgH,4NC),CuN,C,;HgICLO, not isolated [71
(N,CyoHg=2,2"bipyridyl)
17 [(4-CH30CgH,NC),Cu(P(CgHs)3),1PFg 11 (65%) [4]
colorless, m.p. 93 to 95°
IR: 2156, 2168
18 [(4-CH30CH,NC),Cu(CH,P(CyH;),),1PFg 11 (4]
colorless, m.p. 176 to 179°
IR: 2152, 2162
19 [(4-CH30CgH,NC),CuN,C o Hg]PFg 11(93%) [4]
(N,C,gHg=2,2"-bipyridyl) yellow, m.p. 131 to 138°
IR: 2142, 2166
20 [(2,6-(CHj;),CgH3NC),CuN,C,Hg(CH,),1PFg
(N,C,,Hg(CH,3), =2,9-dimethyl-1,10- IV (78%) [9]
phenanthroline) off-white

H NMR (acetone-dg): 2.39 (s, CH, of

RNC), 3.32 (s, CH, of D)

IR (Nujol): 2135, 2147 (CH,Cl,): 2143

References on p. 228
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*Further information:

(t-C,H NC),CuCN (Table 30, No. 2) is also formed in low yield from CuCl, HCN, and
isobutene (1:20:5 mole ratio) at 100 °C, if the ethanol soluble products of the reaction
are repeatedly recrystallized from CH3;CN/ether. Upon treatment with hot CHCls/ether or
water, the compound is readily transformed into the more stable complex t-C,H;NCCuCN
(see 1.1.4.1.1) [3].

(t-C,H NC),CuOCO,C,H,-t (Table 30, No. 3) is formed by treating t-C,H;NCCuOC,Hq-t
(see 1.1.4.1.1) with 1 mol t-C,HgNC and CO, or by treating CuOC,H4-t with 2 mol t-C,HNC
and CO, in benzene. The presence of the compound is suggested from IR studies. Although
No. 3 is stable in benzene at room temperature, removal of the solvent causes partial decar-
boxylation and disproportionation to produce an equimolar mixture of t-C,HsNCCuOC H,-t
(see 1.1.4.1.1) and (t-C4HNC);CuOCO,C H,-t (see 1.1.4.3), from which it can be regenerated
by carboxylation in benzene [5].

(C;H;NC),CuCl (Table 30, No. 4) is also formed by treating [(C;HsNC),Cu]Cl (see 1.1.4.4.1)
with boiling water or by the disproportionation of (C4HsNC);CuCl (see 1.1.4.3) in hot water.
In boiling methanol the compound is transformed to C;H;NCCuCl (see 1.1.4.1.1) [2].

(4-CH,C,H,NC),CuOC,H,(C,H,-1),-2,6 (Table 30, No. 6) is monoclinic, space group P2,/n
(P2,/c)-C3,, (No. 14); a=23.179(4), b=9.456(1), c=12.509(2) A, B=94.02(2)°; Z2=4, d.=
1.22 g-cm—3. The structure is shown in Fig. 16. The complex is monomeric with Cu' in
a trigonal planar coordination [8, 10].

Fig. 16. Molecular structure of (4-CH,CzH,NC),CuOC;H,(C,H,-1),-2,6 (No. 6) with selected
bond lengths (in K) and angles.

[(cyclo-CgH,,NC),Cu(CH,N(CH,),),J[B(C¢H;),] (Table 30, No. 15). Monoclinic, space group
P2,/n(P2,/c)-C3, (No. 14); a=15.626(2), b=14.753(3), c=18.024(4) A, B=97.47(2)°;, Z=4,
d.=1.157 g- cm~3. The crystals show discrete cations and anions; the structure of the cation
is shown in Fig. 17, p. 228. A pseudotetrahedral Cu coordination is provided by the two
C-bonded isocyanides and the chelating diamine. The CgH,, ring of one isocyanide shows
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statistical distribution between two conformations. The five-membered CuN,C, ring with
the diamine has practically a gauche conformation [6].

Fig. 17. Cation structure of [(cyclo-CgzH,{NC),Cu(CH,N(CH,),),1[B(CgH5)4] (No. 7) with se-

lected bond length (in A) and angles.

[(cycto-CiH,NC),CuN,C,,H;]IClO, (Table 16, No. 16). Formation in (CD);CO solution from
cyclo-CgH,{NC, [Cu(CH,CN),]ClO,, and 2,2’-bipyridyl (2:1:1) is indicated by 'H and 13C NMR
of the N,C,qHs group. 'H NMR (acetone-dg): §=7.81 (H-5,5"), 8.27 (H-4,4’), 8.63 (H-3,3'),
8.98 (H-6,6') ppm. '3C NMR (acetone-dg): §=122.99 (C-5,5), 127.04 (C-3,3'), 139.72 (C-4,4"),
150.64 (C-6,6") ppm, signals of C-2,2" were hardly detected due to low signal/noise ratio [7].

References:

(1]
(2]
(3]
(4]
(8]
(6]

(7]
(8]

)
(10]

K. A. Hofmann, G. Bugge (Ber. Deut. Chem. Ges. 40 [1907] 1772/8, 1777).

F. Klages, K. Ménkemeyer, R. Heinle (Chem. Ber. 85 [1952] 109/22).

S. Otsuka, K. Mori, K. Yamagami (J. Org. Chem. 31 [1966] 4170/4).

J. Bailey, M. J. Mays (J. Organometal. Chem. 47 [1973] 217/24).

T. Tsuda, S. Sanada, K. Ueda, T. Saegusa (Inorg. Chem. 15 [1976] 2329/32).

M. Pasquali, C. Floriani, A. Gaetani-Manfredotti, A. Chiesi-Villa (Inorg. Chem. 18 [1979]
3535/42), cf. M. Pasquali, C. Floriani, A. Gaetani-Manfredotti (9th Intern. Conf. Organo-
metal. Chem., Dijon 1979, Abstr. D42).

S. Kitagawa, M. Munakata, N. Miyaji (Inorg. Chem. 21 [1982] 3842/3).

P. Fiaschi, C. Floriani, M. Pasquali, A. Chiesi-Villa, C. Guastini (J. Chem. Soc. Chem.
Commun. 1984 888/90).

A. Bell, R. A. Walton, D. E. Edwards, M. A. Poulter (Inorg. Chim. Acta 104 [1985] 171/8).
P. Fiaschi, C. Floriani, M. Pasquali, A. Chiesi-Villa, C. Guastini (Inorg. Chem. 25 [1986]
462/9).

1.1.4.2.2 Compounds of the Type (RNC),Cu(X-2D) or (RNC),CuR’

The compounds in Table 31 are mainly prepared by the following methods:

Method |: By reaction of Cu,0, RNC, and the neutral ligand (1:4:2 mole ratio) in benzene

at 50 °C and precipitation with ether in almost quantitative yield. Use of metallic
Cu instead of Cu,0 decreases the yield.
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Method II: From Cu,O, RNC, and R’"CONHX (1:8:2 mole ratio) in refluxing C4H, according
to reaction Scheme |,

a: with X=H and removal of H,O by azeotropic distillation,

b: with X=S8i(CHg);, which results in a shorter reaction time than with X=H
and avoids any hydrolysis.

2 0_ _N
Cuz0 + 3RNC + R'CONHX —X22. Seg R

For o-semiquinolato Cu' complexes of the type (RNC),Cu0,CgH;R’ (R=t-C Hy; nature
and position of R’ not given), the dissociation equilibria (RNC),Cu0O,C4H;R" =
RNCCu0O,C¢H;R"+RNC = CuO,C¢H;R’ +2RNC have been observed on dilution of solu-
tions [4].

For most compounds in Table 31 coordination by a chelating X-2D ligand via O and
N atoms is possible as is a direct metal-C bond by substitution of the acidic H. The latter
has been demonstrated for Au' acetylacetonates, see ‘‘Organogold Compounds”, 1980,
Section 1.1.1.4. On the basis of the IR and 'H NMR data for compounds Nos. 1 and 6 to
10 chelate structures are assumed [1 to 3].

All compounds are sensitive to air, but stable under N, [1to 3]. Compounds No. 1 to 5
are colorless crystalline solids, which decompose at about 150 °C to deposit metallic Cu [2].
They are soluble in most organic solvents [2], as is No. 10 [1]. Nos. 1 to 4 react with excess
RNC to give enamines via insertion, (RNC),CuCHR'R2+nRNC — [(RNC), . CuC(=NR)-

CHR'R?] 0, RNHCH-=CRIR? [2]. 1, causes oxidative coupling of Nos.1 and2,
{RNC),CuCHRJ} +1, — RICHCHR] + 2(RNC),Cul [2]. Treatment of No. 7 with C,H;OH/HCI gives
CH;CONHCH=NC,Hq-t in 43% yield. Compounds No. 6 to 9 react with alkylating agents R'X
to furnish RCONR'CH=NC,Hy-t and isomeric N-alkyl products. For the alkylation it is not
necessary to isolate the complexes. They can be generated in situ [3].

Table 31
Compounds of the Type (RNC),Cu(X-2D) or (RNC),CuR’.
For abbreviations and dimensions see p. X.

No. R X-2D or R’ method of remarks Ref.
preparation
(% yield)
1 t-C,Hy CH(COCH,), I IR (Nujol): 1525, 1610, 2142, 2166 [2]
TH NMR (CDCly): 1.42 (s, 18H), 1.87 (s, 6H),
5.18 (s, 1H)
2 t-C,Hy CH(CO,C,Hy), | IR (Nujol): 1580, 1690, 2172 [2]
TH NMR (CgDg): 1.25 (t, 6H), 1.47 (s, 18H),
4.19 (q, 4H)
Gmelin Handbook References on p. 230
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Table 31 [continued]

1.1.4.22

No. R X-2D or R’ method of remarks Ref.
preparation
(% vyield)
3 t-C4Hy CH;COCHCO,C,H5 IR (Nujol): 1520, 1580, 1655, 1690, 2144, 2167 [2]
| H NMR (CDCl): 1.21 (1, 3H), 1.43 (s, 18H),
1.87 (s, 3H), 4.06 (q, 2H)
4 t-C,Hy NCCHCO,C,H; 1| IR (Nujol): 1620, 1640, 2175 [2]
TH NMR (C¢Dg): 1.20 (s, 18H), 3.18 (s, 3H)
5 t-C,Hy C,H;C(CO,C,H;), IR (Nujol): 1585, 1690, 2172 [2]
I TH NMR (C¢Dg): 0.94 (s, 18H), 1.21 (t, 6H),
1.40 (t, 3H), 1.60/1.80 (2H), 4.30 (g, 4H)
6 t-C,H; OCHNCHNC,H,-t IR (KBr): 1200, 1270, 1595, 2150 [3]
(see reaction lla (70) "H NMR (C¢Dg): 1.10 (s, 18H), 1.50 (s, 9H),
Scheme 1) 8.30 (s, 1H), 9.30 (s, 1H, not exchangeable
in D,0)
7 t-C,Hy CH3;CONCHNC, Hy-t IR (KBr): 1295, 1362, 1590, 1630, 2150 [3]
(see reaction Ilb (90) TH NMR (C¢Dg): 1.45 (s, 9H), 1.78 (s, 18H),
Scheme |) 2.48 (s, 3H),9.26 (s, 1H)
8 t-C,Hy C4zH;CONCHNC Hy-t IR (KBr): 1200, 1550, 1590, 1640, 2150 [3]
(see reaction Ila (80), "H NMR (CD4CN): 7.20 to 7.57 (m, 3H), 8.05
Scheme I) I1b (83) to0 8.30 (m, 2H), 8.52 (s, 18H), 8.70 (s, 9H),
8.78 (s, 1H)
9 t-C4,Hy C,H;OCONCHNC,H,-t not isolated [3]
(see reaction Iib
Scheme |,
C,4Hz0="fur-2-yl)
10 CgH; CH(COCH,), — from CuC4H,0, - 2.5NH;+ CH;NC [1]
in THF (40%)
slightly yellow, sinters at 107°, m.p. 132°
(dec.)
IR (Csl): 1535 (CO), 1600 (CC), 2120+2150
(NC); C,, symmetry proposed
Xmot= —92.0 x 10~6 cm3 - mol !
References:

[1] R. Wast, W. H. Lepel (Chem. Ber. 102 [1969] 3224/8).
[2] Y. Ito, T. Konoike, T. Saegusa (J. Organometal. Chem. 85 [1975] 395/401), see also Y. Ito,
T. Saegusa (Organotransition Met. Chem. Proc. 1st Japan. Am. Semin., Honolulu 1974
[1975], pp. 49/55 from C.A. 85 [1976] No. 160272).

[3] Y. Ito, Y. Inobushi, T. Sugaya, T. Saegusa (J. Organometal. Chem. 137 [1977] 1/9).

[4] G. A. Abakumov, A. V. Lobanov, V. K. Cherkasov (Abstr. 2nd All-Union Conf. Organome-
tal. Chem., Gorkii 1982, p. 168) from E. A. Kashtanov, V. K. Cherkasov, L. V. Gorbunova,
G. A. Abakumov (lzv. Akad. Nauk SSSR Ser. Khim. 1983 2121/5; Bull. Acad. Sci. USSR
Div. Chem. Sci. 1983 1917/20).
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1.1.4.3 Compounds Containing Three Isocyanide Ligands
Most of the compounds in Table 32 are prepared by the following methods:
Method I: From CuX or CuR’ and RNC
a: without a solvent [1, 2]; in [2] cooling is recommended,
b: in C,H;OH/H,O/NH; [2],
c: in pyridine/ether at —10 °C [2].

Method II: A solution of [(RNC),CulX (see 1.1.4.4.1) in CHCL, is treated with ether to give
(RNC),;CuX in good yield [2].

(RNC)3;CuX is also formed by alkylation of HCN with olefins like CH,=C(CH,), in the
presence of CuX, c¢f. compound No. 2. This reaction can be used for preparing t-alkyl isocyan-
ides from olefins and HCN because of the easy elimination in aqueous KCN of the isocyanide
from the complex, which can be regenerated in situ [3].

Table 32

Compounds Containing Three Isocyanide Ligands.

Further information on compounds preceded by an asterisk is given at the end of the table.
For abbreviations and dimensions see p. X.

No. compound method of remarks Ref.
preparation IR (Nujol): v(NC)
(% yield)

compounds of the (RNC),CuX type

1 (C,H;NC),CuCN la brown crystals; air-sensitive ; soluble 1]
in C,H5OH, low solubility in other
common solvents

*2 (t-C4HgNC),CuBr 1 colorless needles, m.p. 151 to 153° [3]
IR: 2182

*3 (t-C4HgNC)3CuOCO,H see No.4  colorless, soluble in H,0 and organic [8]
solvents
IR (Nujol): 1618 (CO), 2162 (NC), 2602
(OH)

*4 (t-C4HgNC)3CuOCO,C Hy-t — colorless solid [6,7]
IR: 2160
"H NMR (CgDg) : 0.95 (s, t-C,HgNC), 1.75
(CO,C4Hq-t)

5 (n-CgzH4,NC);CuCN la properties similar to No. 1 [1]
6 {(CH,),CH(CH,),NC};CuCN
la properties similar to No. 1 [1]
7 (CgH5NC);CuCl 11 (96) colorless, m.p. 156° [2, 5]

13C NMR (CHCl;): 125.9+129.1+129.5
(C¢Hs), 148.0 (NC), J(1*N,13C) =12.9

disproportionates in hot H,0 into
(RNC),CuCl and [(RNC),Cu]Cl
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Table 32 [continued]

No. compound method of remarks Ref.
preparation IR (Nujol): v(NC)
(% yield)
8 (CgHsNC);CuCN la (99), colorless, m.p. 126 to 128°; properties [1,2]
Ib similar to No. 1

loss of 1 isocyanide during attempted
recrystallization

9 (4-CH3CgH,4NC);CuCl I, colorless needles, m.p. 170 to 172° [2]
see also forms a 1:1 adduct with C,H;OH
No. 11

compounds of the (RNC),CuR’ type

*10  (t-C4HgNC);CuCgH, — greenish yellow solid [4]
(CgH; =inden-1-yl) TH NMR (CgDg) : A;B,X,Y pattern for
CgH;, 0.9 (s, C,Hy), 6.50 (d, H-1,3),
7.0(q, H-5,6),7.35(t, H-2), 7.78 (q,
H-4,7), J(H-1,3, H-2)=3

*11 (4-CH;3C4H,4NC);CuC=CCxH, colorless needles, dec. 100°; air-sensi- [2]
Ic (high) tive

*Further information:

(t-C,HyNC),CuBr (Table 32, No. 2) is also synthesized from CuBr, HCN, and (CH,),C=CH,
in moderate yield in C,H;OH, and in lower yields in other solvents or without a solvent.
It is soluble in most organic solvents and is monomeric in CH;NO, according to cryoscopic
measurements. Upon treatment with agueous KCN the isocyanide ligand is easily released.
The reaction with (CH,),CO and HBr gives t-C,H,;NHCOC(CH,),OH [3].

The reaction with (t-C4,HgNC),M0o(SC,Hg-t), or with Mo(SC,Hy-t), in acetone gives
(t-C4HgNC) ,Mo(p-SC Hg-t),CuBr, in which (t-C,HgNC),Mo(SC,H,-t), acts as a bidentate li-
gand through bridging S atoms [9, 10]. It exists in two conformational isomers in the solid
state [10].

(t-C,HyNC);CuOCO_H (Table 32, No. 3) is also formed in the reaction of t-C,H;NC and
CO, at room temperature, either with CuOH in (CH;),NCHO (mole ratio 3:1:1) or with
“(t-C,HgNC),Cu,CO,” (see 1.1.4, p. 215) and H,0 in THF (mole ratio 3:1.5:1:1.2). Its thermal
decarboxylation yields Cu, CO,, and CO. The last is formed by Cu-induced reaction of
CO, with t-C,HgNC. At 120 °C in mesitylene formation of CO is quantitative. Acidolysis gives
quantitative amounts of CO,. It reacts with equimolar amounts of C,H;l in (CH,),NCHO
at room temperature to give C,H;OH (57% yield), (C,H;0),CO (16%), and CO, (80%). The
title compound is suitable for carboxylation reactions such as reaction 1 (82% yield at 130 °C).
Proton abstraction by CuOC,Hg-t in THF at 0 °C gives the " (t-C,HgNC),Cu,CO," mentioned
above and t-C,HyOH; with LiC4Hg-n in THF n-butane is formed [8].

CH CH;
W/ 3 (t-C4HgNC)3CuOCO,;H (No.3) X
0 (CH3);NCHO 0 0
| hid
0
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(t-C,HyNC),CuOCO,C H,-t (Table 32, No. 4) is synthesized by treating t-C,HyNCCuOC Hq-t
(see 1.1.4.1.1) or CuOC Hg-t and t-C,HgNC in CzH, with an excess of CO, at 10°C. The
complex is soluble in common organic solvents; in C4H, the cryoscopic degree of association
is 0.90. It is air-sensitive but stable under N, at 10 °C. At 30 °C slight decarboxylation occurs.
Acidolysis in 18N H,SO, releases CO, completely. In boiling CgH; decomposition into t-
C,HgNCCuOC,Hq-t (see 1.1.4.1.1) takes place [6]. By heating in mesitylene or tetraline to
130 °C t-C4HNCO and CO are slowly produced, representing a deoxygenation of CO, by
t-C,HgNC, whereas at 150 °C metallic Cu, CO, and CO, are formed [7]. Hydrolysis with
H,O in THF at 0 °C produces a 94% vyield of ** (t-C,H,NC),Cu,CO,” (see 1.1.4, p. 215) and
t-C4HyOH at mole ratio 2:1, but quantitative amounts of (t-C,HgNC),CuOCO,H (Table 32,
No. 3) at mole ratio 1:1[8]. Reaction with CH,=CHCH,Br yields CH,=CHCH,0CO,C,H,-t [6].
The v(NC) indicates that the RNC ligand acts as a o-donor in the title compound, unlike
in t-C,Hy,NCCuOC,H,-t (see 1.1.4.1.1) where its m-acceptor character is dominating [6].

(t-C,HyNC),CuC.H; (Table 32, No. 10) is synthesized in 30% vyield from Cu,0, t-C,H,NC,
and indene (1:10:10 mole ratio). It is sensitive to air and heat and decomposes in polar
solvents. Compared with n-CsH;CuCNC,Hy-t its instability is notable. A o-bond structure
with rapid interconversion between bonding through C-1 and C-3 of indenyl is assumed
on the basis of the 'THNMR spectrum and a D,O quenching experiment. The compound
loses indene upon treatment with dilute acids. It catalyzes the reaction of indene with acetone
to give 1-isopropylidene indene [4].

(4-CH,C,H,NC),CuC=CCH; (Table 32, No.11) reacts with CHCl, in ether to give
(4-CH4C4H,NC),CuCl (Table 32, No. 9). If washed several times with ether, it dissociates
into the initial reactants. If treated with aqueous pyridine, CgH;C=CCu, CO, and 4-CH;C¢H,-
N=CHNHC4zH,CH;-4 - HCl are formed [2].
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1.1.4.4 Compounds Containing Four Isocyanide Ligands
1.1.4.4.1 Compounds of the Type [(RNC),Cu]X

Most compounds described in this section have been formed only for 3C or 83Cu NMR
investigations, but not isolated.

The compounds listed in Table 33 are obtained by the following two methods:

Method I: An excess [10, 14, 15] or exactly 4 equivalents [6] of RNC are added to
[(CH,CN),CulX; without a solvent yields are up to 60%, but in a solvent (not
reported) quantitative yields are obtained [6]. CH;OH and (CH,),CO are suitable
solvents [15].
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Method li: RNC in C,H;OH is added to an ammoniacal solution of CuCl containing NH,ClL
to give the compounds in almost quantitative yield [1].

The compounds No. 2, 3, 17, and 30 are stable with respect to oxidation and decomposi-
tion in light and air at room temperature. With an excess of chelating ligands 4D such
as 2,2’-bipyridyl, t-C,HsN=CHCH=NC,H,-t, 1,10-phenanthroline, 2,9-dimethyl-1,10-phen-
anthroline, and (CgHs),PCH,CH,P(CgH;), even in refluxing n-C,;H,OH only two isocyanides
are replaced in Nos. 3, 17, and 30, giving [(RNC),Cu*D]PFg complexes; see 1.1.4.2.1 [15].

The aryl isocyanide compounds No. 18, 20, 24, and 28 catalyze the insertion of RNC
into C,H;OH to give RN=CHOC,H5. A reaction mechanism was proposed from kinetic data.
Aliphatic isocyanides do not react [8].

3C NMR Spectra. At room temperature the resonance of the NC group is extremely
weak and broad [7, 10]. For some complexes, however, the 1:1:1 triplet from N coupling
can be obtained either by adding small amounts of [(CH;CN),Cu]BF, or by running the
spectra in (CH;),SO (=DMSO in Table 33) at higher temperatures. No fine structure from
Cu-C coupling could be observed at any temperature [10].

The spectra of the alkenyl and aryl isocyanide complexes are measured at lower temper-
atures to avoid decomposition [10].

On coordination of the RNC ligands, the NC resonances shifts upfield 15 to 20 ppm
and J('N'3C) shows an almost threefold increase. The linewidth of the NC resonance is
found to be mainly due to ligand exchange and possibly in terms of quadrupole N and
Cu relaxation [10]. In Table 33 counting of the C atoms of R begins at the N-bonded C;
the isocyanide C is designed by C-0. On coordination C-1 shows a 1 to 3 ppm shift to
lower fields for saturated isocyanides, but a 0.3 to 3 ppm upfield shift for unsaturated isocyan-
ides, probably due to conjugation effects. The linewidth of C-1 is found to be controlled
by the N relaxation [10].

63Cu NMR spectra at 25 °C exhibit a single resonance line with shifts of 450 to 550 ppm
downfield from a 0.05 M CH;CN solution of [Cu(NCCH,),]CIlO, ; see Table 33. The linewidth
Av,,; ranges from 230 to 320 Hz for the complexes No. 19, 22, and 26 with aryl isocyanides.
For [(C,H,NC),Cu]ClO, (No. 14), however, it amounts to 4000 Hz. Compared with other tetra-
hedral Cu' complexes, the 83Cu downfield shift increases in the order of ligands RCN <
pyridine <CN~ = RNC. This order corresponds well with that in T-acceptor capability, which
is obtained from IR spectra of mixed-ligand metal complexes [14].

Secondary ion mass spectra of [(RNC),Cu]PF; (R=CH,, t-C,H,, cyclo-C¢H,,; Table 33,
Nos. 3, 17, 23). The absence of [(RNC),Cu]* and [(RNC);Cu]* — except for the CH,NC
complex No. 3 — and the presence of [(RNC),Cu]™* ions attest to the gas phase stability
of two-coordinate Cul. Cluster ion formation as well as a-cleavage have been observed.
Ligand exchange occurs when mixtures are examined. Cross labeling and isotopic labeling
studies have provided insights into the fragmentation mechanisms [16].
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Table 33

Compounds of the Type [(RNC),Cu]X.

Further information on compounds preceded by an asterisk is given at the end of the table.
For abbreviations and dimensions see p. X.

No. compound method of preparation (yield) Ref.
remarks (for NMR see p. 234)

*1 [(CH,NC),Cu]BF, I [10]
13C NMR (DMSO, 125°): 28.5 (C-1), 140.7 (NC),
J(*N,13C-1)=7.3, J(**N,13C-0) = 15.5,
1J(13C-1,'H)=146.8

*2 [(CH3NC),Cu]ClO, 1 (85%) [15]
colorless needles
slightly soluble in polar solvents such as CHCL;,
CH,CL,, CH3;CN, (CH,),CO, CH,0H, C,H,OH
"H NMR (CDCl,): 3.35(s)
IR (Nujol): 2181 (sh)+2212 (NC)
(CH,CL,): 2210 (NC)

3 [(CH3NC),Cu]PF, [ (90 to 95%) [15]
colorless crystals
H NMR (acetone-dg): 3.44(t), 3J (1*NH)=2.4
IR (Nujol): 2176 +2213 (NC)
(CH,CL,): 2176 +2211 (NC)

4 [(CH,=CHNC),Cu]BF, I [10]
13C NMR (CDCl,): 119.0 (C-1), 124.2 (C-2), 145.6 (NC),
J(1N,18C-1) = 12.4, J(*N,3C-0) = 16.5 upon
addition of [(CH,CN),Cu]BF,
5 [(C,HsNC),Cu]BF, I [10]
13C NMR (DMSO, 125%: 14.2 (C-2), 38.1 (C-1),
140.4 (NC), J(**N,8C-1) =5.9, J(*N,13C-0)=14.4

*6 [(CH,=C=CHNC),Cu]BF, I [6]
m.p. 58 to 61° (dec.)
"H NMR (CD,CN): 5.67 (d, CH,), 6.33 (t, CH),
4J(H,H)=6.5
IR (Nujol): 1975 (C=C=C), 2170 (NC), 3045 (CH,)
*7 [(CH,=C=CHNC),CulClO, I [6,7]

m.p. 79 to 82° (dec.)
3C NMR (CCl,/CD,CN): 86.4 (C-1), 87.3 (C-3),

210.7 (C-2)
H NMR (CD,CN): 5.65 (d, CH,), 6.32 (t, CH),
4J(H,H)=6.5
IR (Nujol): 1975 (C=C=C), 2167.8 (NC), 3040 (CH,)
*8 [(CH=CCH,NC),Cu]BF, I (6]

m.p. 83 to 86° (dec.)

"H NMR (CD,CN): 2.88 (t, CH), 4.55 (d, CH,),
4J(H,H)=2.5

IR (Nujol): 2140 (C=C), 2202.3 (NC), 3260 (HC=)
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Table 33 [continued]

No. compound method of preparation (yield) Ref.
remarks (for NMR see p. 234)

*8 [(CH=CCH,NC),Cu]ClO, | [6]
m.p. 91 to 97° (dec.)
'H NMR (CD,CN}): 2.87 (t, CH), 4.55 (d, CH,),
4J(H,H)=25
IR (Nujol): 2140 (C=C), 2199.7 (NC), 3260 (HC=)

10 [(CH,=CHCH,NC),CulBF, | [10]
13C NMR (DMSO0, 125°): 45.0 (C-1), 117.8 (C-3),
128.7 (C-2), 141.8 (NC), J(1*N,13C-1) =6.5,
J(4N,18C-0) = 14.4

11 [{(2)-CH,CH=CHNC},Cu]BF,

1 [10]
13C NMR (DMSO, 90°): 12.9 (C-3), 112.9 (C-1),
135.7 (C-2), 148.3 (NC), J(**N,3C-1) =117,
J(N,'8C-0)=16.5
12 [(n-C4H,NC),Cu]BF, I [10]

13C NMR (DMSO0, 125°%: 10.2 (C-3), 21.6 (C-2), 44.5
(C-1), 140.6 (NC), J (N, 3C-1) =5.2,
J(4N,13C-0)=14.3

13 [(i-C4H,NC),Cu]BF, | [10]
3C NMR (DMSO, 125°):22.8 (C-2), 47.4 (C-1),
139.5 (NC), J ("N, °C-0) = 12.5

14 [(C,HgNC),Cu]CtO, I [14]
63Cu NMR (C4HgNC): 451 (Av,,, =4000)
15 [(t-C,H,NC),Cu]BF, 1 [7,9,
13C NMR (DMSO, 125°):29.7 (C-2), 57.1 (C-1), 10]
139.2 (NC)
IR (CCl,/CD4CN): 2177.4
16 [(t-C,HgNC),Cu]ClLO, from [(t-C,HgNC),Cu(H,0),][ClO,], in C,H;OH at [4]
45° (79%)
colorless crystals, m.p. 129° (dec.), insoluble in
water

'H NMR (acetone-dg): 1.54
IR (Nujol): 2180.6 (NC)

17 [(t-C4HgNC),Cu]PFg 1 (90 to 95%) [15]
colorless crystals
H NMR (acetone-dg): 1.51(s)
IR (Nujol): 2147 (sh) +2182 (NC)
(CH,CL,): 2144 (sh)+2180 (NC)
18 [(4-CICzgH,NC),Cu]BF, I [10]
13C NMR (DMSO): 123.9 (C-1), 128.9 (C-2,6), 130.1
(C-3,5), 135.8 (C-4), 147.6 (NC)
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No.

compound

method of preparation (yield)
remarks (for NMR see p. 234)

Ref.

19

20

21

22

23

24

25

*26

27

28

*29

[(4-CIC¢H,NC),Cu]ClO,

[(CgHsNC),Cu]BF,

[(CgHsNC),Cu]ClL- 6H,0

[(C4HsNC),CulCLO,

[(cyclo-CgH,;NC),Cu]ClO,

[(4-CH,4C¢H,NC),Cu]BF,

[
83Cu NMR (CH,Cl,/4CICH,NC): 553 (Av,,, =
230 Hz)

1

BC NMR: 126.7 (C-2,6), 129.8 (C-3,5), 130.8 (C-4),
146.1 (NC) in DMSO at 105°, similar with 125.4
(C-1)in CDCl,

ionization constant K, = (2.8 +0.5) x 10—2 M (con-
ductometrically)

1

needles, m.p. 102°

4N NMR (CHCl;): 198 (aqueous NaNO, as external
standard)

IR: 2170

ionized according to conductivity in H,O

|
83Cu NMR (C4HsNC): 549 (A v, , =300 Hz)

|
83Cu NMR (CgHy,NC): 468 (Av,, =880 Hz)

I
13C NMR (DMSO): 21.0 (CHg), 122.5 (C-1), 126.7
(C-2,6), 130.5 (C-3,5), 141.4 (C-4), 146.5 (NC)

[(4-CH,CgH,NC),Cu]CL - H,0 Ii

[(4-CH4C4H,NC),Cu]ClO,

[(CeH5CH,NC),,CulCl

[(4-CH;0CgH,NC),Cu]BF,

[(4-CH30C¢H,NC) ,Cu]PF

Gmelin Handbook
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m.p. 127°

1[14]; from No. 254+ HCIO, in C,H;OH [2]

colorless needles, m.p. 175°[2]

soluble in CHCL; and CgH;NO,, insoluble in CgHg
(2

83Cu NMR (4-CH3CgH,NC): 547 (Av,,, =320 Hz) [14]

from CuCL+RNC (1:7) in pyridine/24 h

refluxing in piperidine yields CgH;CH,N=
CHNCgH,; tetrahydropterines give no analo-
gous reactions

|
8C NMR (DMSO): 55.8 (CH,4), 115.2 (C-3,5), 117.5
(C-1), 128.6 (C-2,6), 145.9 (NC), 160.7 (C-4)

m.p. 183 to 184°
IR (Nujol): 2144, 2169
fully ionized according to conductivity in CH;NO,
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Table 33 [continued]

No. compound method of preparation (yield) Ref.
remarks (for NMR see p. 234)

30 [(2,6-(CH,),CeHsNC),CulPFg | (15]
colorless crystals
TH NMR (acetone-dg): 2.56 (s, CH3), 7.40 (s, CgHg)
IR (Nujol): 2157 (NC)(CH,Cl,): 2163 (NC)

*Further information:

[(CH,NC),Cu]BF, (Table 33, No. 1). Orthorhombic, space group Pna2,-C3, (No. 33); a=
24.05(1), b=8.401(5), c=20.72(1) A;2=12,d,=1.497 g- cm—3. The Cu atom is tetrahedrally
coordinated by four almost linear CH,NC molecules via C atoms; bond distances Cu«C
are 1.94 to 2.01 A. A comparison of the bond distances and angles with corresponding
values of the acetonitrile complex [(CH;CN),CulBF, did not reveal significant differences
between the two essentially isomorphous structures [12].

[(CH,NC),Cu]ClO, (Table 33, No. 2). Solid state IR and Raman spectra have been assigned
by comparison with those of the analogous CH;CN and CD;CN complexes [15]:

class description IR Raman class description IR Raman
(cm~") {cm—1) (cm—1) (cm—1)
ClO7 fundamentals (Ty): (C-N=C),Cu fundamentals (T):
A, ClO sym. str. inactive 928 (38) A, N=C str. inactive  2205(100)
E OCIO deg. def. inactive 452(7) A, CCu str. inactive 236(2)
T, ClO deg. str. 1089 vs, br 1091 (3) A, C-N str. inactive 906(5)
T, OCILO deg. def. 622 vs 619(9) E NCCu def. inactive 377(2)
. CCuC def. inactive  not
CH, fundamentals (C;,): observed
A, CHg sym. str. 2950 s 2948 (52) T, N=C str. 2213 vs 2224(6)
A, CH; sym. bend 1402 m 1398(19) 2182 sh
CH; asym. str.  3010s 3014(5) T, CCu str. 258m 257(12)
E CH; asym. bend 1430 m 1431(3) T, NCCu def. 367 w not
1415 m 1408(20) 325w observed
E CH, rock hidden by A, CIO str. T, CCuC def. not observed
T, C-N=Cdef. 200s not
observed
T, C-N str. 948 sh hidden
934 m by A,
ClO str.
E C-N=C def. inactive not
observed
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[(CH,=C=CHNC),CulX and [(CH=CCH,NC),Cu]X (X=BF,, ClO,; Table 33, Nos. 6 to 9) are
odorless, cream white microcrystalline compounds, soluble in CH,Cl, and CH;CN but insolu-
ble in most other organic solvents. The propargyl compounds No. 8 and 9 are air-stable
at room temperature, whereas the allenyl compounds No. 6 and 7 decompose slowly at
room temperature but are stable at —40 °C. The perchlorates No. 7 and 9 detonate violently
when exposed to a heavy shock. Nos. 8 and 9 are readily isomerized to Nos. 6 and 7 in
the presence of a base like 1,5-diazabicyclo[4.3.0]non-5-en in CH,CN. If treated with aque-
ous NaCN, Nos. 6 to 9 release the corresponding isocyanides quantitatively [6].

[(C¢H;NC),CulClL-6H,0 (Table 33, No.21) is transformed by boiling water into
(CgHsNC),CuCl. Treating a chloroform solution of No.21 with dry ether produces
(CgHsNC);CuClL [1].

[(4-CH,C;H,NC),Cu]ClO, (Table 33, No. 26) is also prepared from bis(2-nitropropandio-
lato-0,0’)copper by treatment first with 4-CHzCgH,NC in C,H;OH, then with LiClO,, and
recrystallization from water-free C,H;OH (70% vyield). IR (solid): 2168 cm~—'; IR (CH,Cl,):
2156, 2172 cm~"'. 'H NMR (CH,Cl,): 8 =2.42 and 2.17 ppm, the latter supposedly due to de-
composition products [11].

[(4-CH,O0C;H,NC),Cu]PF, (Table 33, No. 29) is prepared by treating a suspension of
(4-CH;OC4H,NC),CuBr and AgPFg; (1:1 mole ratio) in acetone with two moles of 4-
CH,OC¢H,NC. It is air-stable in the solid state and in solution. The IR spectrum reveals
two bands in the v(N=C) region rather than the one band expected for T, symmetry. There-
fore, the isocyanide ligands are assumed to be bent at the N atom [5].
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1.1.4.4.2 Compounds of the Type [(RNC),Cu(H,0),1X,

The compounds in Table 34 are prepared from Cu(ClO,), - 6H,0 and aqueous Cu(BF,),,
preferably in ethanol/ether at —15 to 0 °C, and must be separated immediately. Compounds
No. 1 and 2 decompose on standing at room temperature, but they can be stored at —40 °C
for several months. Compounds No. 3 and 4 liquefy to a brown syrup within a few hours
at room temperature. All are insoluble in nonpolar organic solvents and decompose rapidly
in polar solvents. Upon aging, they are transformed into Cu' derivatives, as indicated from
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the change in the IR and ESR spectra. An X-ray powder pattern of compound No. 1, which
is isomorphous with No. 2, revealed a tetragonal or pseudotetragonal unit cell with a=15.9,
c=236A; d,,=1.30g-cm~3, Z=8. The ESR spectra indicate a complex structure for Nos. 3
and 4. This is also supported by their lower stability in the solid state. There is only one
v(NC) frequency in the IR spectrum for each compound. This suggests an octahedral struc-
ture with 4 equivalent RNC in the x-y plane and 2H,0 along the z axis. Compounds No. 1
and 2 have differing g values and v(OH), which suggests some interaction between the
Cu" orbitals and the anions through the H,0 ligand.

Table 34
Compounds of the Type [(RNC),Cu(H,0),]X,.
For abbreviations and dimensions see p. X.

No. R X yield; remarks

1 t-C4Hg Clo, 93% ; pink-purple, m.p. 79 to 80° (dec.)
IR (Nujol): 2233.2 (NC), 3480 + 3560 (OH)
ESR: g=2.074

2 t-C,Hq BF, 87% ; pink-purple, m.p. 77 to 78° (dec.)
IR (Nujol): 2234.8 (NC), 3520 +3610 (OH)
ESR: g=2.040

3 t-C4HyCH,C(CHj), Clo, 80% ; brown-purple, m.p. 52 to 53° (dec.)
IR (Nujol): 2244.7 (NC}), ca. 3400 (OH)
ESR: g=~2.04

4 t-C,H4CH,C(CH,), BF, 39% ; brown-purple, m.p. 57 to 59° (dec.)
IR (Nujol): 2237.2 (NC), 3500 + 3580 (OH)
ESR: g=~2.04

Reference:

R. W. Stephany, W. Drenth (Rec. Trav. Chim. 89 [1970] 305/12).

1.1.5 Compounds with Carbenes and Other Ligands Bonded by One C Atom
Carbene and Vinylidene Complexes

Complexes of the types (CH,;);PCH,CuR and | with phosphane-stabilized carbenes are
treated in ‘*Organocopper Compounds” 2, 1983, p. 3 (type (CH4)3PCH,CuR), or will be treated
in *“Organocopper Compounds” 4 (type |, M=Ag or Cu).

(
HsC CHZ——Cu—CHz\(E’)/CHg

~H)-

PN

=)
H3C CH;—M —CH2”" ™SCHj

Other stable copper carbene complexes are not known. However, Cu' and/or Cu" based
carbenoids are generally assumed as crucial intermediates in the copper-catalyzed decom-
position and carbene transfer reactions involving diazo compounds, e.g., of the types R,CN,
{1, 4, 21, 29], RO,CCHN, [2, 19, 22, 52], RO,CCOCHN, [52], RO,CC(N,)COR’ [52], (RO,C),CN,
{10, 52}, or XC4H,COCHN, [3, 5 to 7, 14, 19]. In most cases, bis(acetylacetonato)copper
has been used as the Cu component giving intermediate carbene complexes of the
R’R””CCu(CH;COCHCOCH,), type. However, other soluble Cu complexes [2, 4, 10] including
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undefined isocyanide complexes [9, 11] and salts such as CuCl or CuSO, [19] have been
used as well. The reactions have been critically reviewed by Wulfman et al. [30 to 33].
For details see the references cites there and [1to 7, 10, 14, 19, 21, 29].

Similar transient carbene complexes are assumed in the copper-catalyzed biosynthesis
of cyclopropane rings by methylene transfer from the methyl group of S-adenosylmethionine
to an unactivated alkene such as oleic esters [20]. They may also play a role in the catalysis
of cyclopropyl — vinylcarbene isomerization by (CgH;0);PCuCl or CuCl [41].

The isomerization of benzvalene Il, benzobenzvalene lll, and their deuterated analogues
in the presence of Cu® indicates intermediate formation of carbenoids such as IV and V [26].

7 e o- B-

The energy of the vinylidene complex [CH,=CCu]* has been calculated by the
MO LCAO SCF method and compared to the isomeric ethyne t-complex [CH=CHCu]*. The
latter is more stable. The [CH,=CCu]*+ — [CH=CHCu]* isomerization barrier is 89.9 kJ - mol~1
[47].

Carbon Dioxide Complexes

The ion [CuCO,]* forms under electron impact from Cu' or Cu'' carboxylates in the gas
phase. Mass spectrometric data in combination with calculations by the virial statistic method
indicate the existence of a Cu-C bond. Based on these calculations, the structural stability
decreases according to Scheme VI [45].

0 0 0,
- - /7 \
Cu\(l: > Cu—C\O > > Cu—O\C,O > Cu\ /C
\ o}
6]
Vi

For the ion [CuCO,(PH;),]1*, however, side-on or C coordination of CO, is excluded from
ab initio MO calculations and energy decomposition analyses. End-on coordination should
be favorable because of the strong electrostatic interaction between Cu and the negatively
charged O of CO, [40].

A side-on coordination of bent CO, to Cu had been proposed [35] for complexes formed
from CO, and Cu" chelates with ephedrine and similar ligands [15, 24, 35]. Later investiga-
tions, however, indicated that unstable carbamato structures are formed in these reactions
[23, 37].

The CO, fixation of RCu in the presence of phosphines D has been explained by intermedi-
ate formation of CO, complexes of the type RCO,Cu(CO,)D, (no further data given) [12,
13, 16 to 18, 25, 27, 28].

Alkenyl and Allyl Radicals

CH,CH=CHCu radicals form by cocondensation of Cu atoms, CgH;C=CH, and cyclohexane
at 77 K in a rotating cryostat. There is no evidence for the formation of an alkyne complex.
In contrast, from similar reactions of Cu and C,H, only the complexes C,H,Cu and (C,H,),Cu
have been obtained. The ESR spectrum of C4H;°CH=PBCH®3Cu gives the expected quartet
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of doublets with a(Cu)=133.7 G, a(H)=45.1 G, and g=2.0019. This is very similar to a(H) =
41.5G of the B-hydrogen coupling constant for u-styryl and indicates that Cu adds to the
unsubstituted end of the alkyne. Therefore a planar structure is assumed with the unpaired
electron located in the Py orbital on the a-carbon. By comparison with the value found
for free Cu atoms in an inert hydrocarbon matrix, a 6 to 7% 4 s spin density has been
estimated for the Cu atom in the title product [42].

CH,C(Cu)CH, radicals (see VHl). Bombardment of CH,=C=CH, onto isolated Cu atoms
trapped on the surface of an inert matrix in a rotating cryostat at 77 K gives Cu-substituted
allyl radicals, but not the substituted vinyls CH,=CCH,Cu. The main ESR absorptions are
in the accordance with the proposed allyl structure: g=2.0020, a(63Cu)=13+0.5G and two
a(H) values of 14+0.5 and 15+0.5G. Less intense residual lines fit reasonably well with
the same g and a(H) values, but a(83Cu)=8+40.5G. The latter are interpreted by another
trapping site of the same radical [48].

. \ QO O

—C— H—C=N
CH, (I: CH; OD / D ]
Cu Cu Cu
il Vi IX X

Iminyl Radicals -N=-CRCu and 1j2-Complexes RC=NCu

‘N=CRCu (R=H, CH;, t-C,Hy, C¢H;) and n2-RC=NCu (R=H, t-C,Hy, C¢H;). Cu atoms are
condensed in an adamantane matrix at 77 K and bombarded with RCN (R=H, D, CH,,
CH,=CH, t-C,Hq, CgH;). The ESR spectra show the existence of three types of Cu-containing
species. They have been assigned, by comparison with the analogous species obtained
with Ag and Au, to the iminyl radicals -N=CRCu (cis and trans isomers Vili and IX presumed,
but not assigned) and to the n2-complexes X. End-on coordinated radicals or complexes
with more than one ligand could not be detected. The types of species formed depend
on R:

R cis-iminyl VIii trans-iminyl IX n2-complex X Ref.
H, D + + + [43, 44]
CH, + + - [49]
CH,=CH — — — [49]
t-C,Hq + + + [49]
CgHs possibly (poorly resolved) + [49]
ESR parameters of the species formed (a values in G, a(N) and a(C) not resolved):
g factor a(Cu) 2(Cu) Ref.
-N=CHCu 2.001 479 0.22 [43, 44, 49]
(one of the three species 2.001 280 0.13 [43, 44, 49]
not identified [44]) 1.998 372 0.17 [43, 44, 49]
HC=NCu 2.01to0 2.02 1386 to 1505  0.68 [44, 49]
‘N=C(CH;)Cu 2.0044 350.2 0.16 [49]
2.0025 293.2 0.14 [49]
‘N=C(C,H,-t)Cu 2.0022 419.5 0.2 [49]
1.9984 339.4 0.16 [49]
The species ‘N=CHCu and HC=NCu decompose slowly at 77 and rapidly at 100 K [43, 44].
References on pp. 246/7 Gmelin Handbook
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Intermediates Formed from Cu?* and Radicals

The reaction of -CH,CO; radicals with Cu2*(aq) has been studied by pulse radiolysis
of NO-saturated aqueous CH4;CO;/CuSO, solutions at pH=6.0. The effect of Cu?+ on the
kinetics of disappearance of the -CH,CO; radicals indicates the intermediate formation
of [0,CCH,Cu]* and 0,CCH,Cu0,CCH,, which decompose in first-order reactions accord-
ing to 0,CCH,Cu0,CCH; —»[0,CCH,Cul* +CO,+-CH; (k=90s-") and [0,CCH,Cu]*

o, Cu*(aq) +HOCH,CO; +H;0+ (k=2.8 s~ ) [34]. The formation of similar intermediates
is indicated in the reactions of Cu?* (aq) with -CH,CO5 or -CH,C(CH,),OH in the presence
of triglycine NH,(CH,CONH),CH,CO,H [36] and, according to preliminary results, with
CHZCHCO3, -CHCl,, or -CCl, but not with R,COH or -COj radicals [34].

Azaalkene 12-Complexes

[(CH3),N=CH,Cu(CO)CL]Br is formed from [(CH;),N=CH,]*[Cu,CL,Br]~ and CO in THF at
—40 °C. IR spectrum (THF, —60 °C): 2080 (CO), 1610 and 1640 (NC) cm—!. At —15°C the
pale yellow solid releases CO quantitatively to give [(CH;),N=CH,CuCl]Br. In both compounds
the Cu atom is assumed to be n-bonded to the N=C double bond. An equimolar amount
of CO is evolved above —15°C from (CO)CuCl in the presence of [(CH;),N=CH,CuCl]Br;
the dinuclear (CH;),N=CH,Cu,(CO)CL,Br is formed [8].

Bimetallic Clusters

(C¢H5)3P(CF;S0,)Cu(n-CC-H,CH,;-4)W(CO),CH; (see XI) has been prepared by successive
1:1:1 addition of CF3S0;Cu-0.5CzHg and 4-CH,CgH,C=W(CO),C:Hs in CH,CL, to P(CgHs)s
in CH,Cl, with a 73% vyield in the form of orange microcrystals, m.p. 113 to 115 °C. 'H NMR
(CDCl,): 2.21 (s, CHy), 5.77 (s, C5H5), 7.00 to 7.43 (m, C4H,+CgHs) ppm. 3C{'H} NMR (CDCl,):
22.0 (CH,), 93.0 (GgHs), 120.2 (q, CF5, J(FC)=319 Hz), 128.9 to 149.8 (C¢H,+C¢Hs). 215.5
(CO), 292.3 (u-C) ppm. IR (CH,CL,): 1941 and 2016 (both CO)cm~'. From the NMR and
IR spectra structure Xl has been proposed [51].

CH3

(o4
(C5H5)3P\ /\ /CO

Ty
0
W\ 0 €O
CFg—ﬁ/
0
Xl

[(C4H5)sP(CHZCN)Cu(p-CCgH,CH,-4)W(CO),C-H;JPF, has been prepared by successive
1:1:1 addition of P(C4H;); and 4-CH;CgH,C=W(CO),CsH; in CH,Cl, to a suspension of
[Cu(NCCHj,)4]PFg in CH,CL, with a 83% vyield. In the presence of two equivalents of P(CgHs);.,
or of one equivalent of (C¢H;),PCH,P(C¢Hs),, no reaction occurred with the W carbyne.
Not surprisingly, the W carbyne is regenerated by treatment of the title compound with
P(CgHs)s. Evidently, only [CH,CNCuP(Cg¢H;);] " is able to give a stable adduct with the car-
byne [51].

Orange microcrystals, m.p. 100 to 102 °C. 'H NMR (CDCl,): 2.11 (s, CH;CN), 2.28 (s, 4-
CH,), 5.71 (s, CsHs), 7.17 to 7.49 (m, CgH,+C¢Hs) ppm. BC{'H} NMR (CDCl;): 2.2 (CH; of

Gmelin Handbook References on pp. 246/7
Cu-Org. Comp. 3



244 1.1.5

CH,4CN), 22.1 (4-CHjy), 92.7 (CH;), 119.8 (CN), 129.1 to 149.8 (C4H, + C¢Hs), 213.6 (CO), 294.9
(1-C) ppm. ¥'P{'H} NMR (CDCl,): —144.2 (sept, PFq, J(PF)=713 Hz), +0.2 (P(C4Hs)5) ppm.
IR (CH,CL,): 1946 and 2014 (both CO) cm~'. Based upon the NMR and IR spectra, a cationic
structure analogous to Xl (see p. 243) with CH,CN instead of CF;SO; has been proposed.
The absence of a 31P-"3C coupling on the bridging carbyne resonance suggests that CH,CN
is transoid and P(Cg4H;); is cisoid to the p-C atom [51].

Treatment with Cl—, 1=, or CN~ in CH,Cl, led to the release of 4-CH,C,H,C=W(CO),CsHs.
Similar decompositions occurred with SR—, BH;, or H—, or with Na naphthalenide in the
presence of CO [51].

(C¢H5);PCu(p;-CC-H,CH,-4)(W(CO),CH;), - CH,CL,. Treatment of [(CgHs);PCuH]s with 4-
CH3CH,C=W(CO),CH; (1:5) in CH;CH; at room temperature affords a mixture of the title
compound (55% from CH,CL,) and 27% CgzH;W(n3-CH,CsH,CH;4-4)(CO), [51].

Purple crystals. '"H NMR (CD,Cl,): 2.12 (s, 4-CH,), 5.23 (s, CgH;), 6.80 (m, CgH,), 7.29
(m, CgHs) ppm. 18C{H} NMR (CD,Cl,): 22.1 (4-CH,), 90.7 (C5Hs), 123.2 to 135.8 (CgHy+CgHs5),
168.4 (C-1 of CgH,), 222.1 (CO, J(WC)=171 Hz), 235.9 (CO, J(WC)=181Hz), 339.6 (d, p,-C,
J(PC)=7 Hz, J(WC) =94 Hz) ppm. 3'P{'H} NMR (CD,Cl,): 23.3 ppm. The 3C{'H} and 'H NMR
spectra show one CgHy environment and two CO sites present in solution. In view of the
X-ray diffraction results (see below) this implies that the titte compound is fluxional in
solution, undergoing a rearrangement which brings about time-averaged C, symmetry on
the NMR timescale and racemizing the chiral structure in the solid state [51].

Monoclinic, space group P2,/c—C3, (No. 14), a=10.034(4), b=21.514(8), c=17.964(6) A,
B=91.73(3)°; Z=4, d,;=1.93, d,,=1.94 g -cm~—3. The structure is given in Fig. 18 (CH,Cl,,

Fig. 18. Molecular structure of (Cg4Hs);PCu(u;-CCsH,CH,-4)(W(CO),CoH5), - CH,CL, with se-
lected bond lengths (in A) and angles (CH,CL, omitted).
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isolated by normal van der Waals distances, is omitted). The compound contains one Cu
and two W atoms arranged nearly in an isosceles triangle, which is asymmetrically capped
by the p,;-CC;H,CH;3-4 ligand. The Cu is also weakly coordinated by two of the CO groups
in a semi-bridging manner, and very weakly attached to a third. The coordination of the
CO ligands to W is nonlinear; the degree of nonlinearity correlates with the Cu-C dis-
tances [51].

[Cu{(n-CC4zH,CH;-4)W(CO),CH;},IPF; (see Xll) has been prepared from [Cu(NCCH,),]PFg
and 4-CH,C¢H,C=W(CO),CsH; in CH,Cl,. After addition of light petroleum ether, orange
crystals are formed in a 82% yield. IR (CH,Cl,): 1942 and 2021 (both CO) cm~—1 [51].

- -+

QL
o W (CO);CgHg

~N. 7 -
_cu’ |l PFg

CHj

Xl

.

[N{=P(C¢H;);},]1T[(CO),,Fe,CuC(NCCH;)]} [39] and [N(C,H;),11[(CO),,Fe;CuC(NCCH;)] [39,
50] with the anion skeletons (CO omitted) XIll and X1V have been described in **Organoiron
Compounds’ C7, 1986, pp. 261 and 360.

/Fe /Fe
Fe- —X 4— _\
/ S /Fe / \\ _ /Fe
Fe/\c\cu/\ Fe=—1 \Cu</
NCCH3 \ | / NCCH3
Xlil Fe XIvV

CH,=CCu(CL)Rh(C;H;)P(C;H,-i); (see XV) has been prepared from the vinylidene complex
CH,=C=Rh(C4H;)P(C3H,-i); and CuCl at room temperature with a yield of 71%. The orange-
red crystals are air-stable for a short time. '"H NMR (CDCl,, 25 °C): 1.26 (dd, J (PH)=14.6 Hz,
J(HH)=7.0 Hz) and 1.31 (dd, J(PH)=13.9 Hz, J(HH)=7.0 Hz; both for CH,), 2.21 (m, PCH),
410 (dd, CH,=, J(PH)=2.3 Hz, J(RhH)=2.3 Hz), 5.32 (dd, CsHs, J(PH)=1.1Hz, J(RhH)=
0.6 Hz) ppm [46].

CHp=CTLu=Cl CH3—©—C—Cu—I
Rh

- \W4
@/ P(C3H7-i)3 (C5H5)3P——/Os\—P(C5H5)3
co ct

XV XVl

4-CH,C-H,CCu(1)0s(CO)(P(C-H;),),Cl (see XVI) has been prepared from the carbyne com-
plex 4-CH;C¢H,C=0s(CO)(P(C¢H;)3),Cl and Cul in CgHg at room temperature as a green
solid. IR (Nujol): 255 (OsCl), 1912 (CO) cm~"'. The proposed structure is based on the X-ray
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structure determination of the analogous AgCl complex which has a very similar IR spec-
trum [38].
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Table of Conversion Factors
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Key to the Gmelin System
of Elements and Compounds

l System | Symbol Element System | Symbol Element
Number Number
1 Noble Gases 37 In Indium
2 H Hydrogen 38 Ti Thallium
3 (0] Oxygen 39 Sc, Y | Rare Earth
4 N Nitrogen La—Lu Elements
5 F Fluorine 40 Ac Actinium
6 Cl Chlorine 41 Ti Titanium
7 Br Bromine E::rClZ] 42 zr ercoplum
) 43 Hf Hafnium
8 | lodine 44 Th )
8a At Astatine Thonum
45 Ge Germanium
9 S Sulfur .
. [zZnCro,| 46 Sn Tin
10 Se Selenium 47 Pb
11 Te | Tellurium i v Lead
12 Po Polonium V;nafilum
49 Nb Niobium
13 B Boron 50 T T |
14 c Carbon o1 Pa P"“‘a um
15 si Silicon a rotactinium
16 P Phosphorus y A 52 Cr Chromium
17 As Arsenic
18 Sb Antimony 2‘31 \’:AVO QAolybdenum
19 Bi Bismuth ungsten
) o 55 U Uranium
20 Li Lithium
. 56 Mn Manganese
21 Na Sodium . }
. 57 Ni Nickel
22 K Potassium 58 c Cobal
23 NH, | Ammonium o SO obalt
24 Rb | Rubidium 50 ce é°"
25 Cs Caesium 61 Au opper
25a Fr Francium 62 Ag 2'(')‘{3'
26 Be Beryllium ]
E(’:T_zl 27 Mg Magnesium 63 Ru Ruthgmum
. 64 Rh Rhodium
28 Ca Calcium 65 P ;
29 Sr Strontium d Palla.duum
30 Ba Barium gg IOs Io.sdm'um
Radi r ridium
31 Ra '? um 68 Pt Platinum
32 Zn Zinc 69 Te Technetium'
33 Cd Cadmium 70 Re Rhenium
34 Hg Mercury 7 Np,Pu. .. | Transuranium
35 Al Aluminium Elements
36 Ga Gallium
' L

Material presented under each Gmelin System Number includes all information concerning the element(s)
listed for that number plus the compounds with elements of lower System Number.

Forexample, zinc (System Number 32) as well as all zinc compounds with elements numbered from 1 to 31
are classified under number 32.

' A Gmelin volume titled "Masurium’ was published with this System Number in 1941,

A Periodic Table of the Elements with the Gmelin System Numbers is given on the Inside
Front Cover






