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Polynuclear complexes of copper(I) halides: coordination chemistry
and catalytic transformations of alkynes

B M Mykhalichko, O N Temkin, M G Mys’kiv

Contents
I. Introduction 957
II. Complexes of copper(l) halides in solutions and in the crystalline state 958
III. Organocopper compounds 963
IV. Catalytic conversions of acetylenic compounds in solutions of copper(I) chloride complexes 975
V. Conclusion 981

Abstract. Characteristic features of the coordination chemistry of
Cu(I) and mechanisms of catalytic conversions of alkynes in the
CuCl-MCl-H;0—-HC=CR system (MCI is alkali metal or
ammonium chloride or amine hydrochloride; R = H, CH,OH,
CH =CHay, etc.) are analysed based on studies of the compositions
and structures of copper(I) chloride (bromide) complexes, alkyne
n-complexes and ethynyl organometallic polynuclear compounds
formed in this system in solutions and in the crystalline state. The
role of polynuclear complexes in various reactions of alkynes is
discussed. The bibliography includes 149 references.

I. Introduction

Copper(I) complexes occupy a significant place in the chemistry of
coordination compounds and in the development and evolution of
homogeneous metal-complex catalysis. Copper(I) salts in quino-
line were the first catalysts used in homogeneous hydrogena-
tion.!»2 Copper(l) chloride was among the first commercial
homogeneous metal-complex catalysts (dimerisation of acety-
lene).># Acetylenic complexes of copper(I) were prepared for the
first time by Chavastelon as early as 1898 in studies of the
reactions of CuCl with CoH; in aqueous solutions of KC1.5-¢ The
compositions 2KCl-8CuCl-C,H,, KCI-4CuCl-C,H,, KCl-
-2CuCl- C,H; and 2CuCl- C;H; were assigned to the crystalline
adducts isolated.>~7 However, interest in the reactions of acety-
lene with CuCl and in catalysis by copper(l) complexes has
particularly increased >4 8.9 after brilliant studies on catalysis of
dimerisation and hydrochlorination of acetylene by copper(l)
chloride complexes performed by Nieuwland 3 10 and the develop-
ment of the commercial synthesis of chloroprene and synthetic
rubber neoprene by Carothers (Du Pont de Nemours; see the
monograph 3). Thus, Nieuwland and coworkers ° (in 1929 —-1931)
were the first to perform the catalytic synthesis of linear oligomers
of C2H> by the reaction of a concentrated solution of NH4Cl and
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CuCl in water (the molar ratio NH4Cl: CuCl: H,O = 2:3:7)
with acetylene.

NH,4Cl, CuCl, HO
_ >

2HC=CH H,C=CHC=CH
pH ~ 4, ~80 °C
NH,4Cl, CuCl, HO
3HC=CH — > H,C=CHC=CCH=CH;

~20°C

Conversions of acetylene in these systems are accompanied by
a sharp decrease in pH of the medium (from ~ 4 to 1.1 at 80 °C).
Alkali metal chlorides!! or amine hydrochlorides (hereinafter,
MCI) 2 can be used instead of NH4Cl as a component of the
catalytic Nieuwland system. Concentrated solutions of MCI and
CuCl proved to be also very efficient catalysts of other catalytic
reactions of acetylene (for example, the addition of H,O, HCI,
HCN, RSH and CsHg; see Refs 1 and 13), dienes and dichloro-
butenes. !4

The major proposals for the mechanisms of various reactions
of alkynes catalysed by copper(I) chloride complexes, including
oxidation processes with the participation of the Cu(I)— Cu(ll)
system, were developed in 1960—1990.13-14 Certain specific fea-
tures of copper(I) halide complexes are of most interest in their
coordination chemistry and catalysis, among which are the
pronounced tendency to form polynuclear complexes and, con-
sequently, the possibility of the occurrence of multielectron
processes, the formation of polynuclear t-complexes and c-orga-
nometallic compounds with p»- and ps-bridging groups, the
formation of heterovalent polynuclear complexes!> and the
ability to activate alkynes, alkenes and dienes in various addition,
substitution and oxidation reactions.

The distinguishing feature of concentrated solutions of MCl
and CuCl in water is the formation of a large number of
polynuclear (Cu,,Cl,)" ="~ complexes, which can participate to
a variable extent in the same catalytic process and react with
acetylene and its derivatives giving rise to intermediate ©- and
o-complexes with different compositions and structures and of
different nature. The understanding of the mechanism of catalytic
reactions depends substantially on the available information on
the structures of possible intermediates. Until recently, investiga-
tions of these intermediates were restricted to isolation of adducts
and determination of their chemical compositions. During the last
15 years, a series of studies has been aimed at synthesising copper-
containing complexes both of chloride (inorganic) and n- and
c-organocopper compounds and establishing their crystal struc-
tures.16-19
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In this review, the data on the coordination chemistry, syn-
thesis and structures of complex compounds of CuCl (CuBr) with
acetylene and its derivatives and on catalysis with the participa-
tion of copper(I) chloride (bromide) complexes and alkynes are
generalised and systematised and the possible mechanisms of
oligomerisation of acetylene and other processes catalysed by
copper complexes are discussed. In this connection, particular
attention will be given to catalytic reactions of acetylene and its
derivatives proceeding in highly concentrated aqueous solutions
of MCl and CuCl because it is in these homogeneous systems that
copper(I) chloride complexes exhibit the highest catalytic activ-
ity.13

Researchers from the former Soviet Union and the Commun-
ity of Independent States (primarily, from Russia and Ukraine)
have made a significant contribution to these investigations. In the
present review, these studies are considered in detail.

I1. Complexes of copper(I) halides in solutions and
in the crystalline state

Systems of copper(I) chloride with aqueous solutions of alkali
metal chlorides, ammonium chloride or amine hydrochlorides are
of such great interest that studies of the state of copper in these
solutions and mechanisms of their catalytic reactions, which were
started late in the 19th century, are being continued. Investiga-
tions of the solubility ® and other physicochemical properties of
concentrated solutions of MCl and CuCl in water and isolation of
the products obtained in the reaction of acetylene with CuCl,
which incorporate one, two, three or even six CuCl molecules per
C,H, molecule,*7-11-20 provided evidence that these solutions
contained  polynuclear  complexes  with  composition
(Cunz(:lrl)(n —m- .

1. Physicochemical properties of concentrated

MCI - CuCl-H,O solutions

The abundant data on the solubility of CuCl in aqueous solutions
of MCI have been reported in a monograph.* The
NH4Cl-CuCl-H,0 system has been studied extensively.?!-2?
The solubility of CuCl increases sharply as the concentration of
NH4Cl increases and the mole fraction of water decreases (Figs 1
and 2). The [CuCl]: [NH4CI] ratio is noticeably larger than unity
at 80 and 100 °C, which is indicative of the formation of
polynuclear copper(I) chloride complexes. This is also evident
from calculations of the Bjerrum formation function 7" (or the
Sillén function Z) based on the results of the potentiometric
determination of the equilibrium concentration of the ligand

([cn-:

[ -[cr]
[CuClly

[CuCl]/ [NH4CI]
1.5

0.5

0 10 20 30 40 50 [NH4CI](n)

Figure 1. Dependence of the [CuCl]/[NH4Cl] molar ratio on the molal
concentration of NH4Cl at different temperatures.?! T (°C): (1) 25; (2) 50;
(3) 80; (4) 100.

H>O

NH.4CI CuCl

Figure 2. Triangular phase diagram of the solubility of CuCl (mole
fractions).?! T (°C): (1) 25; (2) 80; (3) 100.

At the overall concentration of NH4Cl and NH4NOj; of 10 m1
(m is the molal concentration), the 7' value changes from 2.80 to
1.73 as the concentration of CuCl changes from 0.5 to 10 7 and
the concentration of NH4Cl changes from 1.5 to 10 71 (80 °C).
The dependence of 77 on [CuCl] also indicates the existence of
polynuclear complexes.??

Dissolution of CuCl in solutions of NH4Cl is a slightly
endothermic process (AH® changes from 16.7 to 4.18 kJ mol !
as the concentration of NH4Cl changes from 1.5 to 15 1) and is
accompanied by an increase in the entropy (AS s changes from
36 to 45 J mol—! K—1).21-23 Dissolution of CuCl is accompanied
by dehydration of chloride ions resulting in an increase in pm,o
and the activity of water (ap,0).2* In the range of CuCl concen-
trations from 0 to 10 m ([NH4Cl] = 8.84 1), the ap,o value
increases from ~ 0.74 to 0.83 (55 °C) and 0.88 (85 °C).

mCuClyoiia + p Cl(H20);, === [CuClyy+ o(H:0),4 .17~ + x H:0.

Studies of concentrated solutions of copper(l) chloride in
NH,4CI by electronic spectroscopy ?* (Amax were 200, 235 and
273-400 nm) demonstrated that these solutions contain two
groups of complexes because the optical density of the solution
increases in the region of 250 - 290 nm and decreases in the region
of 340—370 nm as the concentration of NH4Cl increases. The
absorption band in the region of 340—370 nm is the sum of
absorption bands of different polynuclear complexes.

A comparison of the absorption spectra of chloride and
bromide complexes in solutions in KX (5 717, X = CI or Br) in
the regions of 273 and 300—330 nm at the CuX concentrations of
0.01 and 0.4 m demonstrated 2? that the shifts of the absorption
maxima to the long-wavelength region are no larger than 5—8 nm
on going from Cl— to Br—. It was assumed ?*2° that the longer-
wavelength bands (4 ~ 320 nm, &g, ~ 150) belong to the for-
bidden transitions 3d'° — 3d%4s' and the bands at 200 and
273 nm belong to the transitions 3d'0 — 3d°4p’.

2. Complexation equilibria in the MCl - CuCl-H,O and
NH4Cl - CuCl-H;O catalytic systems

The equilibria of the formation of copper(I) chloride complexes in
rather dilute solutions have been studied in detail.2® The concen-
tration stability constants (f,,) for the complexes
(Cu,,ClL,)" =™~ in the NaClO4—NaCl-HCI-CuCl system with
an ionic strength of the solution /= 5mollitre~! and
[HCI] = 0.1 mol litre=' (25 °C) were determined by two methods.
The potentiometric method was used for [NaCl]=0.2—
0.88 mol litre=! and [CuCl] < 0.012 mol litre~! and for
[NaCl] = 0.2—4.268 mol litre~! and [CuCl] < 0.047 mol litre .
The solubility method was used for [NaCl] < 5.0 mol litre ! and
[CuCl] < 1.16 mol litre~!. In the latter case, polynuclear com-
plexes were revealed and the . 4 value for Cu,Cl3™ was evaluated
(Table 1). The constant pKs = 6.73 was also determined by
Andrews and Keefer.3?
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Table 1. Stability constants ([?m‘,,) for selected (Cu,,,Cl,,)?~"~ complexes.

Table 2. Stability constants (f,,,) for the reaction mCu® + nCl— =
(Cu,,,Cl,)" ="~ at different temperatures and molal concentrations (1)

Temper- Ionic logfio loghis logha loghas pKe Ref. of NHj (see Ref. 31).
ature /°C strength
of the Complex 25 °C 50 °C 80 °C
solution anion
Jmol litre—! [NHf] = 6.5 [NHf]=14.0 [NHj]=10.0 [NH;]= 10.0
25 0 5.31 6.50 27,28  CuCly 1.1x10° 2.0 x 10° 7.0 x 10 48x10°
20 0 530 570 29 CuCl~ 9.6x 103 1.2 106 2.8% 103 1.0x 105
25 50 6.00 599 <47 13202 738 26 CuCE~  40x105  50x10° 73 %10 2.0 104
ig 1:61'3; g'gg 2'32 23 E; 6.73 3(1) Cu,Cl;  20x102  75x102  1.6x 102 13x 1011
' ' ‘ : : Cu,Cli™  L5x102  64x102  7.0x 10" 5.0x 1010
Note: K is the solubility product for CuClsoria. * The equilibrium constant ~ Cu,CI3~ 1.0 x 1012 5.5% 1012 4.0x 10! 2.8 x 1010
Bin = Bynltmn; the constant sum of the concentrations (m) of Cu2C12’ 43 %101 1.5% 1012 2.0x 10! 1.0x 1010
NH.CI + NH4NOs. Cu,Cly  3.6x1018  1.7x10°  1.5x10'8 3.0% 1016
Cu;CIE 40x108  23x101 1.1x 1018 3.0x 1016
1 the aim of establishing (0 - ; Cu;CE™ 2.8x1018  1.7x 10" 5.0% 1017 7.0% 1015
Wlt the aim o esta lishing the comp051't10ns of copper(I) CusCIE 1.8 x 1018 15101 30% 1017 _
chloride complexes in solutions concentrated with respect to CuCl . )
. . ‘ . has  CuCls  20x10%  24x10%  3.0x10% 6.0 x 10!
and NH4Cl, which were used in catalytic reactions of alkynes,* % 3 s . 5 .
the equilibria in the NH4Cl— CuCl - H,O system were examined at Cu4Cl§7 2.0x10% 1.2x10 1.8x 107 3.0x10
25, 50 and 80 °C at the concentrations of CuCl varying from 0.03 ~ CusCl3 50x10%  8.0x10% 1.0x 102 -
to 10 /7 (at 80 °C) and at different constant concentrations of the ~ Cu,Cl{™  5.0x10*  — - -
supporting electrolyte, viz., NH4Cl + NH4NO3 (6.5, 10 and  CusClg 1.0x10%  8.0x10%* - —
14 171).30-31.33 The activities of the Cu* (acy+) and Cl~ (aci-)  CusCE~  5.0x 103" 8.0x 1032
ions used in the cited studies were calculated based on the  cy,c-  3.0x 10 —
potentials of copper and silver-chloride electrodes measured in Cu:.—,le;" 2.0 x 1031

chains with transference (with respect to a standard hydrogen
electrode). For the standard conditions (pm, = 1 atm, ap+ = 1,
acw = 1, aagcl,, = 1, aag = 1), these activities are directly pro-
portional to the thermodynamic activities of individual Cu* and
Cl~ ions and are taken as equal to these values at Ep = 0 (Ep i
the diffusion potential). Under the conditions of
Ep = const,3%-31.33 the proportionality coefficient (which is close
to unity) remains constant throughout the concentration ranges of
CuCl and NH4CI, which made it possible to obtain reliable data
on the compositions of the complexes. The activity coefficient of
Cl~ (yc1-) was found to remain constant at the constant concen-
tration of NHJ ions throughout the concentration ranges of CuCl
and NH4Cl. It was assumed that ycu,c1yn-=- also remains
constant under these conditions. The compositions of polynuclear
complexes were determined and the stability constants were
estimated using the Sillen—Hedstrém method.3435 When using
the acy+ and acy- values, the stability constants f,,,, differ from
the thermodynamic constants f3;,,, by the activity coefficient ,,,.5.

ﬁ*
_ Pmn

ﬁm,n - .
’ym.n

The B, values for 19 (Cu,,Cl,)"*—"— complexes are given in
Table 2. It should be taken into account that the f3,,,., constants for
complexes with large m (4 or 5) and n (7, 8 or 9) values calculated
by this method can exhibit an error of up to one order of
magnitude. Hence, it can only be said with assurance that single-,
double- and triple-charged anions containing from one to four
copper atoms exist in solution. The discrepancy between the
experimental and calculated concentrations of CuCl at all temper-
atures is no higher than 10%.22 It can be seen from Table 2 that
the multiply-charged complexes (n—m = 4) and complexes with
m = 5 disappear as the temperature increases, the compositions of
the complexes being virtually independent of the increase in
[NHJ]. The possibility of the determination of a large number of
complexes and their compositions by the Sillen—Hedstréom
method follows primarily from the independent determination of
the acy- and ac- values. Calculations of the activity (and
concentration) of Cl~ ions by the Hedstrom equation with the
use of the acy-, [CuCl]s and [Cl~]s values demonstrated that the
calculated and experimental ac- values coincide only up to the
CuCl concentrations of 0.5 71. At higher concentrations, the

discrepancy increases due to the low accuracy of the graphical
method of solution of the Hedstrém equation.3?

Analysis of the distribution of the complexes (Fig. 3) demon-
strated that polynuclear complexes appear in noticeable amounts
starting with a CuCl concentration of 3—4 1. The total concen-
tration of the (Cu,,Cl,)"—"~ complexes with m =2, 3 and 4
reaches ~ 30% of the sum of the concentrations of all complexes.
Based on the f3,,,, values (Table 2) determined at / = 6.5 and with
the acy+ and ac- values, which were measured 2° for the max-
imum concentrations of NaCl and CuCl, it can be demonstrated
that the mole fraction of complexes with m > 2 is smaller than

[(Cu,,,CL,)*=™~] /mol litre —!

12

1.0

0.6

04

[CuCl] (m)

Figure 3. Distribution of the (Cu,,Cl,)"~"~ complexes in the
CuCl-NH4Cl-H>O system depending on the concentration of CuCl
(80 °C, [NH;] = 10 m).
(I) CuCl3; (2) CuxCly ; (3) CuCl3~; (4) CunClL3~; (5) CusCLE~; (6) CusCly;
(7) CusCIZ™; (8) CuyCls5 .
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Table 3. Enthalpy of the reaction m Cu* + nCl— =(Cu,,Cl,)"—"—.

(Cu,,CL)m=m=  AHS (Cu,y,Cl,)=m = AH S0g

/kJ mol—! /kJ mol—!
CuCly —17.1+2 Cu,Cl¢~ —70.6+4
CuCl3~ —363+2 Cu,Cly —89.5+6
CuCl3~ —48.5+2 Cu,CIE~ —93.6+6
Cu,Cly —55.6+4 Cu;CI3~ —111.5+6
Cu,Cl3~ —66.9+4 Cu,Cl3s —139.6+10
Cu,CI3~ —73.6+4 Cu,CIZ —147.1£10

Note. [NH;*] = 10 7.

5%. Because of this, these complexes were not determined
experimentally.?® Interestingly, the different approaches gave
close values of the stability constants f3,,,, and f,,, for CuCly
and CuClL3~ (see Table 1).

Since the activity coefficients of different chlorides (KClI,
NaCl and NH4CIl) in aqueous solutions are virtually independent
of the temperature, it was assumed that dy,,,/dT ~ 0. This
assumption was used for the estimation of the AH values of the
reactions 33 (Table 3)

mCu*t + nCl- === (Cu,,Cl,)"—m—,

The f,,.» values change in parallel with the temperature (the
dependence of logf,,,, on 1/T is linear).33 The B,,, , values at 25 °C
and at [NHJ] = 10 m were determined by the linear interpolation
of the values given in Table 2. The addition of each successive
CuCl molecule to the (Cu,,Cl,)" "~ complex causes a decrease
in the AH value, on the average, by 30—42 kJ mol~!. According
to the estimates obtained, the formation of polynuclear complexes
from smaller complexes is also accompanied by a decrease in the
enthalpy (Table 4). However, the equilibria are noticeably shifted
to the right at rather low temperatures (below 50—60 °C) due to a
large decrease in the entropy. An increase in the f3,,, values as the
concentration of the cations increases may be associated both with
the decrease in 7,,, and with the formation of outer-sphere
complexes with the NH; ion. The effect of the anionic complexes
with n—m > 2 on the ionic strength of the solution was assessed '3
with the use of the Moiseev — Flid equation,3® 37 which describes
the dependence of the acidity function of HCI (— Hy) on the ionic
strength of the solution (7).

—Hp = logcn,o+ + LI —logan,o,

where L is a constant dependent on the nature of the salt and the
solvent (L = 0.051 m —!' = 0.063 mol—! litre at 40—80 °C and
[HCI] = 0.18-0.8 ).

The measurements demonstrated3® that the H, value
remained unchanged over a wide range of CuCl concentrations
at [HCI] = 0.16 m (80 °C) (Fig. 4).!3 Taking into account the
change in the am,0 value, the ionic strength increases by no more
than 0.5 for [NH4Cl]=12m on going from the
NH4Cl-HCI-H,O system to the NH4Cl-CuCl-HCI-H,O
system. Hence it follows that multiply-charged anions have
virtually no effect on the ionic strength due to their low concen-
trations (calculated from the data in Table 2) as well as due to

Table 4. Thermodynamic parameters for the association reactions.

Reactions AH 504 AS o5

/kJ mol—! /J mol—! K—!
CuCl; + CuCl; == Cu,CI}~ —31.8 —100.3
CuCl; + Cu,Cl; == Cu;CLZ~ =209 —62.7
CuCl; + Cu;Cl; == Cu,CIZ~  —40.5 —121.2
Cu,Cl; + Cu,Cl; == Cu,Cl>~ —35.9 —112.8

Hy

0.4l—0-0—o—l

0262 8 o o o

10 [CuCl] (m)

Figure 4. Effect of the concentration of CuCl on the acidity function Hy
at 80 °C and at different concentrations of NH4CI ((HCI] = 0.16 1).'?
[NH4CI]: (1) 5 m; (2) 9 m; (3) 12 ma.

their interactions with NHj ions. Therefore, the f8,,,., value (taking
into account the coordination of water) should be represented by
the following equation:3!

*
— ﬁm.n P q
ﬁm,n - aNH:aHZO.
P q

Ymn X

The presence of various polynuclear complexes and their
participation in catalytic reactions were confirmed in subsequent
studies of ethynyl complexes of copper in solution, research on the
synthesis and isolation of crystalline complexes and investigations
on the kinetics of the reactions catalysed by copper(I) complexes.

3. Crystal chemistry of (Cu,,X,)" "~ anionic complexes
Analysis of the available information on the compositions and
crystal structures of complexes isolated from copper halide
systems is necessary for an understanding of the mechanisms of
catalytic processes and reasons for high catalytic activities of
concentrated solutions containing polynuclear copper complexes.
In this section, we analyse the structures of the (Cu,,X,)" "™~
anions and consider the effect of the outer-sphere M* cation on
the structures of the complexes.

All types of (Cu,,,X,)” ="~ anions found in the structures of
copper(I) halide complexes can be divided into four groups, viz.,
island, chain (including ribbon), layered and framework struc-
tures. The structural classification of the (Cu,,,X,;)" ~"~ anions is
given in Table 5.

Crystal-chemical analysis of the complexes demonstrated that
the copper atoms in the (Cu,X,)”~")~ anionic fragments
(X = Cl or Br) are most often located in a tetrahedral environ-
ment (the coordination number is 4) formed by the Cl or Br atoms.
The vertices of the tetrahedra are generally located at different
distances from the central atom. The X — Cu bond lengths depend
on the coordination number of the X atom, i.e., on the degree of
association of the Cu(I) coordination polyhedra. On the whole,
the X atoms characterised by larger coordination numbers are
located at larger distances from the central atom (see Table 5).

Planar-trigonal coordination (the coordination number is 3)
about the Cu atoms was also found in copper(I) halide complexes.
The angular or linear environments (the coordination number is 2)
occur more rarely. Among the structurally characterised copper(I)
halide complexes, no isolated tetrahedral CuX;}f anions were
found. Apparently, discrete CuX3~ anions containing the metal
atom in a planar-trigonal environment also do not exist.

In the (Cu,,X,)” "~ anions containing two or more Cu
atoms, the coordination polyhedra can be linked to each other in
different fashions, viz., through vertices, edges or faces. The
coordination polyhedra are more often linked in a combined
mode simultaneously through vertices and edges, which in some
cases gives rise to (Cu,,,X,,)” ")~ anions with zeolite-like struc-
tures. The numerous cavities of the latter structures can be
occupied by small molecules (HC=CH, H,O, CuC=CH, etc.)
and even complexes [for example, the Cu(Il) complexes in com-



Table 5. Structural characteristics of the (Cu,,,X,,)” ="~ anions in copper(I) halide complexes.

Compound Anion Structural type Coordination  Interatomic distances /A Ref.
number of Cu
Cl—Cu? 2-Cl—Cu u3-Cl—Cu ps-Cl—Cu Cu---Cu

(PyH)CuCl, (1) CuXs5 chain 4,3 2.269(4),2.269(4)  2.353(4),2.433(4) 2.803(5) 39
KCuBr;-1/2H,0 (2a)® CuX5 layered 4 2.44(1), 2.545(8) 2.891(8) 40
NH4CuBr;-1/2 H,0 (2b) P CuX5 " 4 2.44(1), 2.545(8) 2.891(8) 18
K>CuCl; (3a) CuX3~ chain 4 2.34(2), 2.35(2) 2.44(2), 2.48(2) 4.08(1) 41
K>CuBr; (3b)® CuX} " 4 234(2),2.352)  2.44(2),2.48(2) 4.08(1) 41
(NH4)>CuBr3 (3¢) ® Cux}™ " 4 2.34(2), 2.35(2) 2.44(2), 2.48(2) 4.08(1) 42,43
(NH4)>CuCl; (4) CuX3~ " 4 2.34(2), 2.35(2) 2.44(2), 2.48(2) 4.08(1) 43
CsCu,Cl; (5) Cu, X3 chain (IT) 4 2.37(1), 2.37(1) 2.45(1), 2.45(1) 2.81(1) 44
(ImH)Cu,Cl; (6) ¢ Cu, X3 chain (I) 4,3 2.283(4),2.366(4)  2.375(3),2.513(4) 2.743(3) 45
Cs3CuxCls (7) Cu, X3~ chain 4 2.262(5), 2.262(5) 2.34(1), 2.881(8) 2911(8) 46
(MesN);Cu,Brs (8)° Cu, X3~ island 3 2.38(1), 2.38(1) 2.40(1), 2.40(1) - 47
(NH4)>CusCls- 1/3H>0- 1/15 CuCl (9a) Cuy X% framework 4,3+1 2.25(1), 2.30(1) 2.30(1), 2.71(1) 2.40(1), 2.68(1) 2.98(1) 48
(NH4),CusCls- 4/9 H>O - 1/9 CoH, (9b) ¢ Cu; X3~ " 4,3+1 2.25(1),2.30(1)  2.30(1), 2.71(1) 2.40(1), 2.68(1) 298(1) 49
(NH4)>CusCls- 4/9 H,0 - 4/9 C,H, (9¢) ¢ Cu; X3 " 4,3+ 1 2.25(1),2.30(1)  2.30(1), 2.71(1) 2.40(1), 2.68(1) 298(1) 49
RbyCu3Cly - (H30* Cl17) (9d) Cus X3~ " 4,3+1 2.25(1), 2.30(1) 2.30(1), 2.71(1) 2.40(1), 2.68(1) 2.98(1) 48
NH4CuyCl3(I,Cl), (10) Cuy X5 chain 4 2.29(2), 2.39(2) 2.60(2), 2.74(2) 2.43(2) 50
(C6HsNH3);CusCly (11) Cu, X3~ " 4,3 2.549(7),2.549(7)  2.240(8), 2.41(1)  2.56(1), 2.631(8) 2.801(9) 51
(PyH)>CusCl; - 1/5 H0 (12) CusX3™ framework 4,3 231(2),2.31(2)  2.24(2),2.64(2)  2.48(2), 2.63(2) 2742) 18
Rb4CusCly (13) CusX$~ chain (ribbon) 4 2.196(5), 2.578(5)  2.299(6), 2.652(5) 3.092(4) 52
(MeEt3N);CugBro (14) ® CugXy™ island 4,2 2.386(3), 2.528(2) 2.697(3), 2.697(3) 2.650(3) 53
Rb;Cu;sCliBre(Cul'Clg)- CuC=CH (15a)  Cu;sXo; layered 4,2 2.287(7), 2.340(7)  2.305(7), 2.63(1) 3.006(6) 54
Rb;1Cu;5CligBrg(Cul'Clg) (15b) CuysXor " 4,2 2.287(7), 2.340(7)  2.305(7), 2.63(1) 3.006(6) 54
{Rb;[Cux(H20),]} Cu;5Clag(Cul'Clg) (16) Cu;sX57 " 4,2 2.287(7), 2.340(7)  2.305(7), 2.63(1) 3.006(6) 55

Notes. For the Cu— Cl bonds, the first and second figures correspond to the minimum and maximum values, respectively; for the Cu— Cu bonds, the shortest distances are given. The complexes 2a and 2b, the complexes
3a—c and 4, the complexes 9a—d and the complexes 15a,b and 16 are isostructural. 2 The distances from the Cu atom to the nonbridging Cl atom;  the Cu— Br bond lengths are given; ¢ ImH is the imidazolium cation;
dacetylene is adsorbed and does not occupy particular crystallographic positions.
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pounds 15a,b and 16; see Table 5] to form ‘guest—host’ systems.
The fact that the coordination polyhedra about the Cu atoms are
linked via edges (faces) results in short Cu - - - Cu contacts typical of
cluster compounds (see Table 5).

Let us consider the types of the (Cu,,X,)" ="~ anions found
in the structures of copper(I) halide complexes in detail. Two types
of mononuclear anions, viz., CuX; and CuX%f, are known. The
CuX, anion serves as an independent unit of the (CuX;),
polymeric anions, which exist as chains or layers in complexes 1
and 2a,b, respectively (see Table 5). In both case, the coordination
polyhedra about the Cu atoms are linked to each other both
through vertices and edges.

In isostructural compounds 3a (or 3b,c) and 4, the (CuX3 ),
chain fragments of identical structure are formed based on the
CuX%f anion. In these compounds, the coordination tetrahedra
about the Cu(I) atoms are linked only through vertices.

The binuclear Cu,X3 anion can produce two types of
(CuxCl3), chain fragments. Fragments of the first type are
observed in complex 6 and are formed by the Cu(I) coordination
tetrahedra and triangles linked to each other simultaneously
through vertices and edges. The second type (complex 5) is formed
by the Cu(I) coordination tetrahedra linked to each other exclu-
sively through edges.

For yet another binuclear Cu, X3~ anion, both the island and
chain modes of arrangement of the anionic fragments are
observed. Complex 8 contains the Cu,Bri~ anion of the island
type. In this complex, two coordination triangles about the Cu(I)
atoms are linked via a shared vertex. In complex 7, the (Cu,CI27),
chain anion consists only of the Cu(I) coordination tetrahedra,
which are linked to each other both through vertices and edges.

The trinuclear CuszX?™ anion was found in isotypic com-
pounds 9a—c with the zeolite-like framework structures formed
by the Cu(I) coordination polyhedra linked to each other both
through vertices and edges. The (CusCI3™), framework anion was
also found in complex 9d whose composition can be represented as
Rb,Cus_,Cls_,-(2/9H30"Cl~) (x = 0.1) by analogy with the
compounds 9a —c. Crystals of these four compounds were isolated
from the catalytic MCl-CuCl-H,O system (M = NH4" or
Rb*) in the presence of which oligomerisation of C,H, was
performed. The compounds 9a—d can be considered as stable
stoichiometric points in the region of a phase with the variable
composition  M>CusCls-x-(yCoHz), where x = 3/9H,0O-
-1/15CuCl and (2/9H;0*Cl~) at y = 0 for M = NH; and Rb™,
respectively, and x = 4/9H,0 at y = 1/9 or 4/9 for M = NHJ .

The tetranuclear CusX5 anion forms an unusual [from the
viewpoint of the mode in which the coordination polyhedra about
the Cu(l) atoms are linked] (CusX5), chain fragment. In complex
10, these fragments exist as the Cu(l) coordination tetrahedra
linked to each other via edges and faces.

The tetranuclear CusX3~ anion is observed in complex 11.
These anions form (Cu4C1%7),, chains in which the coordination
tetrahedra and triangles about Cu(l) are linked to each other
through vertices and edges.

In the structurally characterised copper(I) halide complexes,
two types of pentanuclear anions, viz., CusX5~ and CusXg~, were
found. In complex 12, the (CusCl37), anions are built of the
coordination tetrahedra and triangles about the Cu(I) atoms,
which are successively linked to each other through vertices and
edges to form a zeolite-like framework structure.

The CusX4™ anions in complex 13 are linked in a ribbon-like
(CusX37), fragment in which the Cu(I) coordination polyhedra
are linked to each other both through vertices and edges.

The island Cu¢Bri~ fragment is an example of a hexanuclear
anion. In complex 14, this anion consists of four Cu(I) coordina-
tion tetrahedra linked to each other exclusively through edges.
Two opposite vertices of this fragment are additionally coordi-
nated by two Cu atoms with the coordination number 2.

Finally, the polynuclear CujsX3; anion was found in the
zeolite-like structure 16. The anions form a [Cu;sCl4(CuClg)],
layer in which the coordination polyhedra about Cu(l) are linked

(Cu,,Cl,)n—m =

Cu;5Cly
Cu;CI§~

Cu;sCl3~
Cu,CLI~

Cu,Cl5
Cu,CIE~
Cu,CIE~

11-Cu,Cl;
I-Cu,Cl;

CuCl}~ |
11-CuCl;y |

I-CuCly |
1 1 1 1

1 2 3 4

Figure 5. Relationship between the degree of association of the coordi-
nation polyhedra about the metal atoms and the number of nuclei () for
the (Cu,,Cl,)”—"~ anion; (/) terminal Cl; (2), (3) and (4) pa-, p3- and
Ha-Cl, respectively.

to each other through vertices and edges. The ‘guest—host’-type
structures of 15a,b contain the structurally similar
[Cu;5Cl16Brg(Cu''Clg)], anionic layers in which some crystallo-
graphic positions are partially occupied by Cl atoms.

For a range of the above-described structural fragments in
copper(I) chloride complexes, a marked trend is observed toward
their complication as the number of nuclei in the (Cu,,Cl,)" "™~
anions increases. The relationship between the number of nuclei in
the (Cu,,,Cl,)" "~ fragment (m) and the character of the bridg-
ing Cl atom (u,, where n =2, 3 or 4) can be represented by a
diagram (Fig. 5). It can be readily seen from Fig. 5 that an
increase in m is accompanied by an increase in the ability of the
chlorine atoms to act as bridging ligands. Thus, the very low
degree of association of the Cu(I) coordination polyhedra is
characteristic of the anionic fragments at m = 1, whereas complex
structural forms of anions appear at m = 2, 3 or 4. For m > 4,
though the ability of the bridging chlorine atoms to undergo
association is somewhat lower, the structural fragments are, on
the whole, complex.

This regularity agrees well with the results of studies of the
equilibria in the CuCl-MCI system.!3-30-31.33 Thus among the
(Cu,,Cl,)" ="~ complexes (m = 1-5 and n = 2-7), which are
present in concentrated solutions of NH4Cl and CuCl, the com-
plexes with m = 2, 3 and 4 prevail. Therefore, the ability of the
Cu(1) coordination polyhedra to form complex (Cu,,Cl,)" ="~
associates at m > 2, 3 or 4is, apparently, one of the major reasons
for the high catalytic activity of concentrated solutions of MCI
and CuCl.

Complex associates in solution are formed from coordination
polyhedra of layered, chain, island or framework types upon
cleavage of the bridging p,-Cl bonds by water molecules or Cl1—
anions, which occupy the coordination vacancies in
(Cu,,,Cl,)"—"—= complexes in solutions.

Let us consider the effect of the nature of the outer-sphere M *
cation involved in the MCI—CuCl-H,O system on the crystal
structures of the anionic copper(I) halide complexes.

As mentioned above, dissolution of CuCl and formation of
anionic complexes in aqueous solutions of MCl proceed according
to the reaction

mCuClygig + pCI(H-0); === [CuCly+ p(H20)pg 17~ + xH0.
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It is known that copper chloride is a salt, which contains
covalent polar Cu— Cl bonds and is characterised by a framework
sphalerite-like structure.>® Dissolution of CuCl in aqueous solu-
tions of ionic salts MCl involves destruction of the crystal lattice of
CuCl under the action of adsorbed Cl— anions with the simulta-
neous cleavage of some Cu—Cl bonds and the appearance of
individual (Cu,,Cl,)” ="~ fragments resulting in the establish-
ment of the equilibria between these fragments. Both processes are
accompanied by dehydration of Cl~ ions present in the solution.
Apparently, the structures of the anions (as well as the stoichiom-
etry of the equilibria) are determined to a large extent by the
nature of the M ™" cations. The crystal structures of the complexes
isolated from solutions also depend on the type (the size, symme-
try, configuration, charge density and other characteristics) of the
outer-sphere cation involved in complexation.

Analysis of the structural data demonstrated that NHj
cations can form crystalline complexes with extremely complex
zeolite-like structures, such as the complexes 9a—c, due to the
tetrahedral form of the ammonium cations. The latter interact
with Cl— ions through N(H)---Cl hydrogen bonds >’ imparting
the directed character to the M* --- Cl~ ionic bonding, which is
responsible for the ‘code’ of the structure construction of the
complex as a whole. The skeleton structures 1, 6, 11 and 12
containing planar PyH*, ImH™* (Im is imidazole) and CsHsNH7
cations are also formed through (N)H --- Cl hydrogen bonds. The
replacement of NH4ClI by KCI gives rise to the complexes 2a, 3a
and 3b in which K * cations cannot form directed bonds with C1—
ions, and, consequently, no complex combinations of the Cu(I)
coordination polyhedra are observed.

Apparently, the ability of NHj cations and protonated
amines to generate complex structural forms of (Cu,,Cl,)"—"™—
anions through spatially oriented M™* --- Cl~ interactions giving
rise to outer-sphere complexes in solution is one of the reasons for
the fact that catalytic activities in systems containing NH; and
amine hydrochlorides are higher than those in the
KCl-CuCl-H,0 systems.

I1I. Organocopper compounds

In the previous section, we considered M, _,,,Cu,,,X,, complexes,
which were formed in concentrated aqueous solutions of MCl and
CuCl and isolated from solutions in the crystalline state. The
compositions and structures of these complexes give an idea of the
state of the initial catalytic system. In the course of the reaction of
the MCIl— CuCl-H-O system with acetylene (for example, under
conditions of the oligomerisation according to Nieuwland),
acetylene molecules and then products of their conversions
(mono- and disubstituted derivatives) form n- and c-organo-
copper compounds with (Cu,,,Cl,)" "~ anions.* 13

In the first stage, t-complexes form. Then these complexes are
converted into compounds of the mono- and diacetylenide types
depending on pH of the medium.>® In the initially weakly acidic
medium, organometallic compounds exist predominantly as ace-
tylenide (ethynyl) derivatives, which can be reversibly converted
into m-complexes as pH decreases. The latter complexes are the
major products of the reactions of alkynes with Cu(I) in acidic
solutions. In this section, we will consider n- and G-organocopper
complexes, which are formed in the course of the reactions of
acetylenic compounds with concentrated aqueous solutions of
MCI and CuCl. Analysis of the structural features of polynuclear
ethynyl complexes of copper(1) is required for an understanding of
their role in catalytic processes (provided that the structures of the
major fragments of the crystalline compounds are retained in
solution). Selected structural characteristics of the compounds
under consideration are given in Tables 6—9. For simplicity, the
types (modes) of coordination of the C=C group (n' or n?) are
denoted by o or m, respectively (or o,m-mode if both modes of
coordination occur).

Examination of the data given in Tables 6—9 allows one to
judge the efficiency of m-interactions in copper(I) T-complexes, to
estimate the degree of activation of the triple bond and the alkyne
molecule by the metal ion, to follow the possible pathways of
conversions of n-complexes into acetylenide (ethynyl) complexes

Table 6. Mode of coordination of the C=C group and the geometric characteristics of the n-coordinated Cu(I) units in the structures of m-complexes of

copper(I) halides with acetylene and its monosubstituted derivatives.

Complex Mode of Cu—C* Sum of LCuL Cu—X,x Difference C=C Ref.
coordination distance angles in the bond inCu—C  bond
of the C=C /A base of the poly- length distances length
group hedron /deg /A /A /A
Cu,ClL(HC=CH) (17) p-nzn? 2.01(8) 356.1 2.75(3)  0.00(8) 1.18(14) 20
1.76(8) 359.4 3.08(4)  0.00(8)
2.12(7) 356.5 3.07(4)  0.11(7) 1.26(13)
1.9909) 350.5 2.67(3)  0.07(9)
2.16(9) 348.9 2.99(5)  0.0009) 0.94(24) 2
2.29(9) 351.5 2.74(4)  0.00(9)
Cu;Cl3(HC=CH) (18) p-nzn? 2.01(3) 352.8 2.663(6) 0.08(3) 1.12(4)* 20
2.01(3) 352.8 2.663(6) 0.08(3)
1.97(2) 349.4 2.596(7) 0.02(2) 1.32(5)
1.97(2) 349.4 2.596(7)  0.02(2)
CusClg(HC=CH) (19) ® p-nzn? — — - — — 17
KCusCly(HC =CH) (20) pn2n? 1.9404) 3592 3.177(2)  0.011(4) 126(1) 20
1.940(4) 359.2 3.177(2) 0.011(4)
1.947(4) 359.5 3.462(2) 0.004(4) 1.28(1)
1.947(4) 359.5 3.462(2) 0.004(4)
NH4CusCly(HC=CH) (21a) p-nzn? 1.94(1) 359.3 3.664(5) 0.00(1) 1.32(2) 59
1.94(1) 359.4 3.583(5) 0.00(1)
1.93(1) 359.0 3.256(5) 0.03(1) 1.25(1)
1.93(1) 359.0 3.256(5) 0.03(1)
RbCu;Cly(HC=CH) (21b) p-nzn? 2.03(3) 359.5 3.674(9) 0.00(3) 1.333) 60
1.93(3) 359.9 3.596(9)  0.00(3)
1.89(2) 358.5 3.307(9) 0.04(2) 1.27(3)
1.89(2) 358.5 3.307(9)  0.04(2)
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Table 6 (continued).
Complex Mode of Cu—C* Sum of LCuL Cu—X.x Difference C=C Ref.
coordination distance  angles in the bond inCu—C  bond
of the C=C /A base of the poly- length distances length
group hedron /deg /A /A /A
KCugClo(HC=CH)4" 1/2 HCu,Cl;- H,0 (22) pu-nzn? 1.948(4) 356.7 2.832(2)  0.000(4) 1.23(1) 20
1.948(4) 356.7 2.832(2) 0.000(4)
NH4CusClo(HC =CH)4-2/5 {{Cu(H20),] - [CuCly]-  p-n?n? 1.957(5) 356.9 2.846(4)  0.000(5) 1.23309) ol
-H»0} (23) 1.957(5) 356.9 2.846(4)  0.000(5)
CuCI(HC=CPh) (24) n? 1.941(4) 358.8 3.037(1) 0.067(4) 1.213(5) 62
CuCl(HC=CCHCI) (25) n? 1.912(4) 358.6 3.102(1)  0.000(4) 1.204(5) 62
CuCl(HC=CCH,0H) (26) n? 1.92(1) 358.7 3.078(4) 0.012(9) 1.20(1) 62
Cu,ClL(HC=C(CH»)4C=CH) (27) n%n2 1.946(6) 359.7 3.134(2)  0.024(6) 1.196(9) 63
CuxClL,(HC=CCH,OH) (28) p-nzn? 1.94(1) 357.5 2.467(9)¢ 0.00(1) 1.26(2) 64
1.98(1) 354.7 2.725(5)  0.02(1)
1.95(1) 358.7 3.303(6) 0.03(1) 1.24(2)
1.99(1) 349.1 2.604(5) 0.04(1)
1.91(1) 359.8 3.730(6) 0.01(1) 1.25(2)
2.10(1) 3413 2.416(6)  0.08(1)
(C6HsNH3)Cu,Cly3(HC=CCH,0H) (29) p-nzn? 1.93(1) 359.8 3.058(7)  0.006(9) 1.27(1) 65
1.964(9) 354.8 2.830(7) 0.027(9)

Note. Hereinafter, Cu— C* is the distance from the copper atom to the midpoint of the multiple bond. @ The positions of the C atoms in the acetylene
fragment were not refined because of the low stability of the complexes; P the first stage of X-ray diffraction analysis; ¢ X,y is the O atom of the alcoholic
group.

Table 7. Mode of coordination of the C=C group and the geometric characteristics of the n-coordinated Cu(I) units in the structures of n-complexes of
copper(1) halides with alkenynes.

Complex Mode of Cu—C* Sum of LCuL Cu—Xax Difference C=C Ref.
coordina- distance angles in the bond inCu—C bond
tionof the /A base of the length distances length
C=C group polyhedron /deg /A /A /A
Cu;Cly;(HC=CCH = CH,); (30) p-nzn? 1.98(1) 354.2 2.643(6) 0.03(1) 1.26(2) 66
1.96(2) 353.8 2.647(6) 0.02(2)
CuCl(CH,=CHCH,C=CCH,0H) (31) n? 1.92(2) 359.5 3.516(7) 0.10(2) 1.14(3)2 67
Cu,Cly(CH, = CHCH,C=CPh) (32) n? 1.953(7)® 357.1 29302)  0.063(7) 1.35(1) 68
1.937(7) 359.1 2.924(2) 0.010(7) 1.23(1)
Cu,Br(CH,=CHCH,C =CPh) (33) n? 1.85(12)® 357.5 2.63(3) 0.03(12) 1.3(1) 69
1.94(9) 358.4 3.04(3) 0.03(9) 1.2(1)
Cu,Cly(CH,=CHC=CCH =CH>) (34) n? 1.961(4)® 355.5 2.705(1) 0.050(4) 1.361(6) 70
Cu;Cl3(CH, =CHC=CCH =CH) (35) n? 1.951(7)® 359.8 3.147(2) 0.034(6) 1.34(1) 70
1.962(7)® 357.2 2.881(2) 0.008(6) 1.36(1)
1.910(6) 359.9 3.380(2) 0.002(5) 1.225(8)
Cu3Cl3(CH,=CHCH,C=CCH,CH=CH») (36) 1?2 1.97(1)® 350.5 2.627(3) 0.07(1) 1.35(2) 71
1.86(1) 360.0 3.742(3) 0.00(1) 1.18(2)
Cu3Br3(CH,=CHCH,C=CCH,CH=CH) (37a) n? 2.00(4)° 358.2 3.028(7) 0.12(4) 1.45(5) 71
(modification A) 1.99(4)® 353.1 2.895(6) 0.24(3) 1.36(5)
2.05(4) 359.5 3.450(6) 0.07(3) 1.21(5)
Cu3Br3(CH, = CHCH>C=CCH,CH=CH,) 37b) n? 1.99(3)® 359.6 3.36(3) 0.00(3) 1.37(4) 72
(modification B) 1.98(3)® 358.6 3.05(2) 0.10(3) 1.36(4)
1.92(3) 359.9 3.33(3) 0.03(2) 1.18(3)

2 The positions of the corresponding C atoms were not refined because of the disorder of the C = C groups in the crystal; P the Cu(1) atom is coordinated by
the C=C bond.

and to analyse the characteristic structural features of polynuclear
ethynyl compounds.

1. Complexes of CuX with acetylene and its derivatives

The triple bond consists (in addition to the o-bond) of two
mutually orthogonal m-bonds, which are potentially able to
interact with Cu(I). In the structures of copper(I) chloride com-
plexes, acetylene always acts as a bridging n-ligand and is

coordinated simultaneously by two metal atoms (Fig. 6). In this
respect, the acetylene ligand is isolobal to the bridging p2-Cl
ligand. Some monosubstituted acetylene derivatives in m-com-
plexes with CuCl behave analogously (for example, 28 —30; see
Tables 6 and 7). However, the C=C bond in n-complexes of a
series of alkynes and alkenynes, for example, of disubstituted
acetylene derivatives (like the alkene bond), is coordinated exclu-
sively by one copper atom [compounds 24—27, 38—42 and 3137
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Table 8. Mode of coordination of the C=C group and the geometric characteristics of the n-coordinated Cu(l) units in the structures of n-complexes of
copper(1) halides with disubstituted acetylenes.

Complex Mode of Cu—C* Sum of LCuL Cu—Xaux Difference C=C Ref.
coordina- distance angles in the bond inCu—C bond
tion of the /A base of the length distances length
C=C group polyhedron /deg /A /A /A
CuCl(MesSiC =CSiMejs) (38) n? 1.923(3) 360.0 — 0.003(3) 1.227(5) 73
CuCl(HOCH,C=CCH,0H) (39a) n? 1.928(3) 359.3 3.183(1) 0.024(3) 1.219(4) 40
CuBr(HOCH,C=CCH,0H) (39b)? n? — — - - - 40
KCuBr,(HOCH,C = CCH,OH) (40a) n? 1.923(7) 359.9 — 0.000(7) 1.24(1) 40
KCuClp,(HOCH,C = CCH,0H) (40b)? n? — — — - — 40
Cu,ClL(ButC=CSC=CBu') (41) n%n? 1.886(4) 360.0 3.550(3) 0.029(4) 1.232(4) 74
1.916(4) 359.8 3.501(3) 0.36(4) 1.071(5)®
[CuxCly(Bu'C=CSC=CBu")], (42) n%n? 1.88(2) 359.4 — 0.04(2) 1.25(2) 74
1.87(2) 358.8 3.01(1) 0.12(2) 1.132)°
1.91(2) 359.3 3.34(1) 0.02(2) 1.24(2)
1.88(2) 359.3 — 0.09(2) 1.23(2)

aThe first stage of X-ray diffraction analysis. ® The positions of the corresponding C atoms were not refined because of the disorder of the C = C groups in
the crystal.

Table 9. Mode of coordination of the C = C group and the geometric characteristics of the t-coordinated Cu(I) units in the structures of o,n-complexes of
copper(I) halides.

Complex Mode of Cu—C* Sum of LCuL Cu—Xax Difference C=C Ref.
coordination di}tance angles in the bond inCu—C bond
ofthe C=C /A base of the poly- lqngth distances  length
group hedron /deg /A /A /A
(ImH)4CuyCl;1(C=CH); (43) p-nln! - 1.21(2) 45
(PyH)4CuyCli(C=CH) (44) p-n'n! — 1.19(7) 39
(NH4)sCuz9Clag(C=C)4-7H0 (45) w-n'nin!, 2.18(3) 159.12 0.34(3) — 75
u-nzn2, 2.01(2) 3584 2.980(9) 0.01(2) 1.27(5)®
w-n'nin! 2.01(2) 358.4 2.980(9) 0.01(2) —
p-ntnl!, 2.06(2)  359.1 2.79(1) 0.06(2) 1.23(5)
w-n2n2n3, 2.06(2)  359.1 2.79(1) 0.06(2) —
pntntn! - - -
(ImH)Cu4Cly(C=CCH,0H) - H,O (46) p-nhn', p-nzn? 2.01(1) 3539 2.773(5) 0.01(1) 1.29(2) 45
2.01(1) 3539 2.730(5) 0.01(1)
NH4CuyCly(C=CCH,OH) - H,O (47) ¢ p-n'nl, p-nzn? — — — — — 18
(NH4)2,Cu4Cls(C=CCH,0H)-H,0 (48) p-nin!, p-nzn? 1.986(8) 3559 2.850(3) 0.028(8) 1.29(1) 76
2.005(8) 358.0 2.9793)  0.028(8)
(C¢H35NH3),CusCls(C=CCH,0H) (49) p-nin!, p-nzn? 2.002) 3548 2.93709) 0.04(2) 1.254) 77
201(2) 3575 2.944(0)  0.03(3)
Cs,CusClg(C=CCH,0H) (50) p-nin', p-nzn? 1.94(3)  359.1 3.061(7) 0.08(2) 1.22(3) 78
1.98(2) 3588 3.23(1) 0.03(2)
Rb3Cu;Cly(C=CCH,0H) - H,O (51) w-ntnint,pnZn? 2.092) 3589 3.558(7) 0.00(2) 1.23(3) 52
1.97(2)  359.9 3.489(6)  0.02(2)
(PyH)»CusClsg(C=CCH,0H),-H,0 (52) w-ntninl,pnZn?  1.974(5) 356.6 2.973(3) 0.024(5) 1.258(6) 39
p-ntnl, p-nzn? 1.994(5) 3559 2.754(3) 0.009(5)
1.989(5) 352.8 2.728(3) 0.127(5) 1.267(6)
2.020(5) 358.8 2.931(3) 0.009(5)
(C¢H35NH3)3CusCl;o(C=CCH,0H) 2 H,0 (53) p-ntn', p-nzn? 1.97(1)  360.0 3.392(9) 0.04(1) 1.25(2) 51
1.98(1)  355.8 2.858(9) 0.02(1)
HO(CH2)2NH;CuoClg(C=CCH,0H),* (H20)2 (54)  p3-n'm'n',p-n2n?  1.988(6) 356.1 2.778(3) 0.012(7) 1.259(8) 79
1.965(6) 358.7 2.979(3) 0.069(6)
Cu,5Cl172(C=CCH =CH)s - 14 H>0 (55) p-ntn!, 1.934) 3577 - 0.03(3) 1.21(5) 66

p-n>n? 2.003) 3572 - 0.033)

aThe coordination number of Cu is 2; P the n2-mode of coordination of the C = C group to three Cu(I) atoms; © the first stage of X-ray diffraction analysis.

(Fig. 7)]. Moreover, the C=C bond of the alkenyne ligand (i.e, C=C bond to be involved in the n-interaction with copper(I) is
the more sterically hindered bond) successfully competes with the  higher than that of the C=C bond.

peripheral vinyl groups even in conjugated systems (complex 35). According to the Dewar — Chatt — Duncanson concept, !3-8081
In the case of the CuCl complex with allylpropargyl alcohol (31),  the formation of acetylene complexes with Cu(I) compounds
the C=C bond of the allyl group, unlike the C=C bond, is not  (3d'%45%4p?) is accompanied by interactions between the frontier
coordinated to the copper atom. Therefore, the ability of the  molecular orbitals (MO) of acetylene and the metal complex [for
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Figure 6. Projection of the structure of Cu,Cl,(HC=CH) (17) onto the xy plane.

Figure 7. Projection of the structure of CuCy(HOCH,C=CH,OH)
(39a) onto the xy plane.

example, (Cu,,Cl,)"—"~] giving rise to two three-centre MOs.
One of them is formed by the overlap of the unoccupied sp3-
hybridised orbital of Cu(I) with the bonding n-MO of acetylene
(the donor-acceptor component of the M « L bond, where M is
metal and L is alkyne), whereas the second MO is formed due to
overlapping of one of the symmetry-suitable occupied d orbitals of
the metal atom and the antibonding n*-MO of acetylene (the
dative component of the M — L bond). Both three-centre bonds
contribute to the increase in the strength of the Cu—n-ligand
bond; however, they have different effects on the properties of the
n-ligand. For example, the occupation of the antibonding n*-MO
of acetylene with the electrons of the metal atom (the dative
component) in Cu(I) m-complexes leads to a change in the
C=C—R angle (cis distortion) and elongation of the C=C
bond. In turn, donation of electrons from n-MO of acetylene to
one of the sp3-hybridised orbitals of Cu(l) (the donor-acceptor
component) results in a decrease in the electron density on the
C=C bond due to which the carbon atoms acquire positive
charges (6+) and this n-coordinated acetylene group acts as a
soft electrophile. The transfer of the electron density from the
ligand to Cu(l) leads also to a decrease in the distance from the
Cu(I) atom to the midpoint of the C=C bond.

In essence, the above-considered model of the bond in the
metal (M) m-complex with alkyne is synergistic because an
increase in the M « L component leads to an increase in the
back M — L transfer.®? However, these components make differ-

ent contributions to m-interactions. Calculations of the energies of
the Cu(1) —acetylene bond [or the Cu(I) —ethylene bond] demon-
strated 83 that the contribution of the donor-acceptor electron
transfer to the bond energy is approximately three times larger
than that of the dative interaction. Hence, the specificity of
activation of the acetylene bond on the metal centre in Cu(I)—
n-complexes is primarily determined by interactions of the M « L
type. High-level quantum-chemical calculations$*8> of the
Cu(CyH2) ™" complex (taking into account the low-lying excited
states) demonstrated that the Cu™ — C,H, bond is predominantly
ionic in character and the Coulomb Cu(I) ion—mr-ligand interac-
tion makes the major contribution (the C=C bond length is
1.242 A, the C=CH angle is 168.7 °). This is consistent with the
conclusion 83 that the electron transfer to the metal atom prevails.
The ionic character of the bonds was also revealed in bisalkyne
complexes Cl,X(C=CH), - CuMe (X = C, Si or Ti).% In these
complexes, CuMe even donates electrons to the n-ligand.

The Cu(I)—(C=C) [or Cu(I)—(C=C)] bonding in copper(I)
chloride m-complexes leads to deformation of the tetrahedral
environment about the metal atom characteristic of Cu(I) 6-com-
pounds toward the trigonal pyramid and even toward the planar
triangle.87-8% Deformation of coordination polyhedra is associ-
ated with the appearance of a deficiency of electron density in the
dy>- - orbital T due to its interaction with antibonding MOs of the
multiple carbon —carbon bond. In contrast, the d.- orbital, which
is directed toward the axial ligand (for example, Cl.x), possesses
residual electron density. Hence, the interaction of Cu(l) with the
multiple carbon—carbon bond is accompanied both by short-
ening of the bonds between the copper atom and the ligands
located in the base of the pyramid and by elongation of the
Cu— L,k bond, i.e., the Cu(I) atom moves toward the base of the
polyhedron. The more efficient the dative component of the
n-bond, the more substantial the deformation, the distance from
the Cu atom to the midpoint of the multiple carbon —carbon bond
(Cu— C¥*) being also shorter due to the synergism of the Cu(I) < L
and Cu(I) » L components. Knowing the parameters of the
coordination unit, such as the Cu—C* distance, the Cu—X,x
bond length (X, is the axial Cl or Br atom), the sum of the LCuL
angles (3 ) in the base of the polyhedron, which characterises
the deviation of the metal atom from the equatorial plane,* and

+The d\»— ,» and d.. orbitals in the initial tetrahedral ligand field after the
removal of degeneracy are characterised by lower energies than the
remaining three orbitals of d, symmetry.8°

1 The sums of the LCuL angles equal to 329.5° and 360 ° correspond to
two limiting cases, viz., to the ideal tetrahedron and planar triangle.
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Figure 8. Modes of coordination in the nt-complexes of CuCl and CuBr;

(a) the trigonal pyramid typical of the Cu(I) atom m-coordinated by the
C=C bond; (b) the planar-trigonal environment of Cu(I) in n-complexes
with disubstituted acetylene derivatives; (¢) the bridging n-coordination of
the C=C bond to the Cu atoms in m-complexes of C,H, and its
monosubstituted derivatives.

the length of the m-coordinated multiple carbon —carbon bond,
one can assess the state of the C=C (or C=C) group m-activated
on the metal centre and the efficiency of the Cu(l)—(C=C)
[Cu(1)—(C=C)] interaction. The above-mentioned parameters
for a series of molecular and anionic copper(I) chloride m-com-
plexes are given in Tables 6—8.

To reveal the differences in the behaviour of the C=C and
C =C bonds with respect to Cu(I), let us consider the data on the
alkenyne m-complexes of CuCl and CuBr (Table 7). In the
structures of alkenyne complexes 30—37, the coordination envi-
ronment about the Cu(I) atom, which is n-coordinated to the
C=C bond, is most often a tetrahedron slightly deformed toward
the trigonal pyramid (Fig. 8 @). The complexes 34 and 35 contain
conjugated alkenyne ligands. However, the Cu(I) coordination
polyhedron in the complex 34 is more similar to the tetrahedron
than that in the complex 35. In the structure of 35, the C=C
groups interact more efficiently with Cu(I) due to the involvement
of the C=C bond in m-coordination of the metal atom. The
distances from the copper atom to the midpoint of the C=C
(Cu—C*) bond in the complexes 30—37 are in the range of
1.951(7)—2.00(4) A, which indicates that the efficiency of the
n-bonding is smaller than that of Cu—(C=C). In particular, the
Cu—C*(C=C) distances in the complex 35 are 1.951(7) and
1.962(7) A, whereas the Cu—C*(C=C) contact is substantially
shorter [1.910(6) A]. More substantial differences are observed in
the structure of 36 in which the multiple bonds of the ligand are
isolated [the Cu—C*({C=C) and Cu—C*(C=C) bonds are
1.97(1) and 1.86(1) A, respectively]. In this complex, the metal
atom coordinated by the C=C bond is in a planar-trigonal
environment (Fig. 8 ), whereas the Cu atoms coordinated by
the C=C bond are in a trigonal-pyramidal environment. In the
copper(I) bromide complexes 33 and 37a,b, the corresponding
geometric parameters of the coordination w-units differ only
slightly from each other due to steric hindrances caused by the
bulkier bromine atoms. In the complex 32, the geometric charac-
teristics of the Cu(I) polyhedra formed with the participation of
the C=C or C=C groups are also only slightly different, which
suggests that the w-interactions of these bonds with the metal atom
are virtually identical in efficiency. To put it differenlty, the
efficiency of m-coordination of the C=C bond decreases due to

the presence of the phenyl substituent giving rise to steric
hindrances. On the whole, the Cu(I) atoms in alkenyne m-com-
plexes tend to interact predominantly with the C=C bond.

The affinity of alkyne ligands for Cu(l) is particularly pro-
nounced both in molecular and anionic copper(l) halide t-com-
plexes (24—27 and 38—42; Tables 6 and 8). If the C=C group of
the alkyne is coordinated only to one Cu atom, the environment of
the latter is exclusively planar-trigonal (Fig. 8 b). In this case, very
short Cu—C*(C=C) distances [1.886(4)—1.92(1) Al are
observed, which is indicative of efficient interactions (compounds
25, 26 and 38-42). In the compounds 24 and 27, the
Cu—C*(C=C) distances are 1.941(4) and 1.946(6) A, respec-
tively. Efficient m-interactions in the complexes 24 and 27 are
hindered by the phenyl group at the C=C bond and the bridging
character of the octadiyne molecule, respectively.

The propargyl alcohol molecules in the molecular (28) and
anionic (29) n-complexes and the vinylacetylene molecule in the
compound 30 whose terminal C=C group acts as a bridging
n-ligand simultaneously coordinated to two metal atoms
(Fig. 8 ¢), exhibit peculiar behaviour with respect to Cu(l). One
of two copper atoms of the Cu(l) — (C=C)—Cu(I) unit is always
located somewhat closer to the midpoint of the triple bond. If the
coordination polyhedra of Cu(l) in the the complexes 28—30 are
arranged in order of increasing Cu—L,x distances, it can be
readily seen that the deformation of the Cu coordination poly-
hedra from the virtually regular tetrahedron [Cu—Lay,
2.416(2) A] to the trigonal pyramid [Cu—Lax,
2.605(5)—3.058(7) A] and then to planar-trigonal coordination
[Cu—Lax, 3.738(6) A] is accompanied by a corresponding short-
ening of the Cu— C*(C=C) distance, which indicates an increase
in the efficiency of m-bonding in the series under consideration.

The triple bond in the m-complexes of acetylene (17-23;
Table 6), as in the above-considered complexes 28 —30, is coordi-
nated simultaneously to two metal atoms (Fig. 8 ¢). This coordi-
nation is retained both in molecular and anionic compounds. In
the structures of the compounds 17—23, the Cu— C* distances are
noticeably longer than those in alkyne and alkenyne m-complexes
and are similar to the Cu(l)—(C=C) distances. The average
Cu—C* distance in the molecular m-complexes of acetylene 17
(see Fig. 6) and 18 [1.97(2)—2.29(9) A] are noticeably larger that
those in the anionic compounds 20—23[1.89(2) - 1.957(5) A]. The
latter compounds are characterised by virtually planar-trigonal
environments about the metal atom.

Therefore, the C=C group is more prone to interaction with
Cu(1) than the C=C group even if the former occupies a position
inside the ligand, which is less favourable for coordination to the
metal atom. To account for this fact, let us use the data on the
electron-donating and electron-withdrawing properties of the
ethylene and acetylene molecules and the C,H, molecule n-coor-
dinated to Cu(I).

It is known that acetylene in the ground state exhibits the
weaker electron-donating properties (two HOMOs have lower
energies) and the weaker electron-withdrawing properties (two
LUMOs have higher energies) compared to ethylene.!>°0 How-
ever, in the case of cis-distortion of the alkyne molecule in the
coordination sphere about the metal atom, the degeneracy of the
MOs is removed. As a result, the energies and geometric param-
eters of the frontier MOs of the alkyne change and it becomes both
a better electron-acceptor and electron-donor than alkene. There-
fore, the more efficient Cu(I) — (C = C) m-interaction results from
the presence of two t-MOs in the alkyne molecule, which are split
into MOs with different energies (r) and m ), as well as from the
stronger cis-distortion of the molecule compared to that of
alkenes.

Due to the presence of two MOs in the alkyne, it can interact
with Cu(I) and other metals as a bridging ligand and can
coordinate two Cu(I) atoms. In this case, as mentioned above,
the Cu— C* distances in the Cu(I) — (C = C) m-units are noticeably
shorter than those in the Cu(l) —(C=C)—Cu(l) m-units, which
indicates that the efficiency of the m-interaction in the first case is
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higher. This fact is in agreement with the general regularities of
coordination chemistry according to which the bond between a
bridging p-L ligand and the metal atom is always weaker than that
with the participation of the terminal ligand. This also takes place
in the cases of p-Cl, p-Me, p-CO and p-CsH». In particular, this
fact can be explained as follows: if each n-MO of alkyne acts
independently (as alkene), two =m-MOs, which are weaker
n-donors than the highest m;-MO of acetylene in the nonbridging
n-complex, are involved in bonding. It is also possible that m-MO
as well as j-MO and n", -MO are involved in the formation of the
coordination bond in the Cu(I)—(C=C) units.’! However, this
question calls for special investigation.

The efficiency of the interaction between Cu(I) and the multi-
ple carbon —carbon bond affects not only the distance from Cu(I)
to the midpoint of the Cu— C* bond, which is determined by the
contribution of the donor-acceptor component, but also the
length of the coordinated bond determined predominantly by
the dative component. The data in Tables 6 —8 demonstrate that
the smaller the difference in the Cu— C distances (J), the longer the
C=C or C=C bond. Thus, two crystallographically independent
C,H; ligands in the crystal of the compound 21a (Fig. 9) differ in
the C=C bond length [1.25(1) and 1.32(2) A]. This is indicative of
the higher and lower efficiency of the correspodning dative
components of the Cu(l) —(C=C) n-interactions. In the second
case [the coordination unit with the participation of the
C(1)=C(1) bond], the asymmetry of the Cu—C bonds is absent,
whereas the less elongated C(2)=C(2) bond is located somewhat
asymmetrically with respect to the Cu atom [0 = 0.03(1) A], which
decreases the efficiency of the dative Cu(I)—C(2)=C(2)’ inter-
action. This tendency was revealed for a rather large number of
examples. However, the C=C bond in the Cu(I) — (C=C) m-unit
of the compound 36 is not elongated [1.18(2) A] in spite of the
total symmetry of the Cu—C distances (6 = 0 A), although the

Figure 9. Projection of the structure of NH4Cu;Cly(HC=CH) (21a)
onto the xy plane.

Cu— C* distance [1.86(1) Al is indicative of a substantial charge
transfer M « L increasing the degree of ionicity of the bond.

In most of the structurally studied Cu(I) m-complexes, the
terminal carbon atom of the terminal C=C bond is generally
located somewhat closer to the Cu atom, whereas the coordinated
inner C=C bond in alkyne and alkenyne ligands is most often
symmetrical with respect to the Cu atom. Apparently, the inner
C=C bond is more stable to the shift with respect to the Cu—C*
axis than the C = C bond due to the presence of two t-MOs in the
former case. However, the C=C group in CuCl n-complexes with
terminal alkynes is characterised by a high tendency to form the
asymmetrical Cu(I) —(C=C) n-unit primarily due to the forma-
tion of =C—H--- Cl hydrogen bonds with the participation of the
terminal H atom.

Acetylene and its monosubstituted derivatives are character-
ised by high CH-acidity.?® The dipole moment () of the C—H
bond in acetylene is 1.0 D. The positive charge of the dipole is
localised on the H atom (the same direction of the dipole of the
=C—H bond is observed in alkenes; however, u for alkenes is
approximately 0.6 D). The acidity of the C—H bond in alkynes
increases upon the formation of t-complexes with Cu(1) and some
other metals. Due to polarisation of the C3~ —H?®* bond, n-com-
plexes become strong acids, which can dissociate to form acetyle-
nide compounds depending on pH of the solution. The tendency
for dissociation is associated not only with polarisation of the
C—H bond, but also with the high stability of coordination
products of the resulting RC=C~ anions with Cu(I).* 3 At the
same time, polarisation of the C—H bond in m-complexes is
favourable for hydrogen bonding with the chloride ion or the
coordinated chloride ligand. Thus, acetylene or its monosubsti-
tuted derivatives in strongly acidic media form n-complexes with
CuCl. In these complexes, =C—H---Cl hydrogen bonds exert a
stabilising effect on the structures of the compounds.®>%3 The
energies of the hydrogen bonds of this type are comparable with
that of the m-interaction [Ec_n..c1~ 20 kJ mol—!;
Ecumy—(c=c) ~ 50 kJ mol~']. In structures of n-complexes with
acetylene, the =C—H---Cl contacts cause additional polarisa-
tion of the Cu— Cl bonds, thus being favourable for strengthening
of the m-bonding in the Cu(l) — (C = C) — Cu(I) unit,'” which is, in
turn, reflected in the geometry of the n-coordinated C=C bond.
Moreover, there is a particular relationship between elongation of
the coordinated C=C bond and the length of the =C—H---Cl
hydrogen bond. Thus elongation of the triple bond is accompa-
nied by weakening of the corresponding C(H)---Cl contact. An
increase in the C=C bond length due to weakening of the donor-
acceptor interaction and strengthening of the dative interaction
leads to a decrease in polarisation of the C—H bond and
weakening of the hydrogen bond. On the contrary, a smaller
elongation of the triple bond due to the stronger donor-acceptor
interaction and an increase in polarisation of the C—H bond
results in a stronger hydrogen bond and shortening of the H--- Cl
distance. The electron-withdrawing chlorine atoms, in turn, can
substantially affect polarisation of the C—H bonds of the =-
coordinated acetylene molecule due to the C(H)--- Cl interaction.
Thus the stronger the C(H)--- Cl hydrogen bond, the higher the
degree of polarisation of the =C3~ —H3* bond. In other words,
the formation of the C—H---Cl hydrogen bond enhances the
donor-acceptor interaction, which, in turn, strengthens the hydro-
gen bond. The scheme of action of the =C—H:--Cl hydrogen
bonds in the structures of copper(I) chloride n-complexes of C2H»
is shown in Fig. 10.

The characteristics of the =C H--- Cl hydrogen bonds in the
structures of CuCl n-complexes with acetylene and its monosub-
stituted derivatives are graphically represented in Fig. 11. Accord-
ing to the criteria reported in a study,®* the C—Cl distances
indicate the existence of a hydrogen bond. It can be seen from the
plot that there is a linear correlation between the elongation of the
n-coordinated C =C bond and the H - - - Cl distance. However, this
is true only for m-complexes (anionic and molecular) in the
structures of which the C=C bond of the ligand molecule acts a
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Figure 10. Scheme of =C H---Cl hydrogen bonds in the structures of
copper(I) chloride n-complexes of acetylene.

dion.-c /A

21b
025
30
2.8 |
26 24
26
24
1 1 1
1.20 1.24 1.28 1.32 lc=c /A

Figure 11. Correlation between the (C)H:--Cl distance and the C=C
bond lengths in CuCl t-complexes with acetylene and its monosubstituted
derivatives (the linear correlation coefficient r = 0.85).

bridge to form the Cu(I) — (C=C)— Cu(I) m-unit. The complexes
2426 are exceptional (see Fig. 11) due to the formation of the
Cu(I) — (C=C) m-unit in which the m-interaction characteristic of
nonbridging m-complexes prevails. Against its background, the
polarising effect of the =C H--- Cl contact is less significant.
Hydrogen bonds play an important role in the structures of
the anionic m-complexes 20 and 21a. In the complex 20, the lengths
of the hydrogen bonds between the hydrogen atoms of two
crystallographically independent C;H, molecules and the chlorine
atoms are virtually equal [2.85(8) and 2.80(9) A]. In the structure
of 21a, these bonds are substantially different [2.98(12) and
2.55(12) A] due to which the n-coordinated triple bond of one
C,H> molecule is substantially elongated [1.32(2) A] compared to
the second bond [1.25(1) A]. In the structure of 20, the parameters
of the m-coordinated triple bond are virtually identical [1.28(1) A]
and correspond to the average value for the two limiting C=C
bond lengths in the structure of 21a. In these isostoichiometric
complexes, the differences are observed not only in the geometric
parameters of the crystallographically independent n-coordinated
units, but also in the symmetry of their unit cells due to the
different effect of the =C—H---Cl hydrogen bonds. The struc-
tures of the complexes 20 and 21a contain structurally similar (but
not identical) (CusCly), chain fragments (Fig. 12). Thus, all units
of the chain in the structure of 20 have the symmetry 2 (Fig. 12 5),
whereas the CusCly units in the chains of the structure of 21a are
characterised by the symmetry 2 and m (Fig. 12 a). Apparently,
this effect caused by the replacement of the K™ ions by the NH
ions results from the NHj ---CI~ interaction. Thus the ammo-
nium cation’s adopting the tetrahedral configuration forms
(N)H - Cl hydrogen bonds [2.20—2.87(9) A], which is favourable
for the formation of the crystal structure of the complex 21a,
which differs from the crystal structure of the complex 20. There-
fore, the competition of two interactions, viz., M™ ---Cl— and
=C—H:--Cl, rather than the =C—H---Cl hydrogen bond
affects the geometry of the m-coordinated C=C bond in the
C,H, molecule in the anionic complexes. In the anionic CuCl
n-complexes with acetylene and its monosubstituted derivatives,
the efficiency of the Cu(I) — (C=C) n-interaction depends on the

Figure 12. Chain fragments (CusCly), in the structures of the complexes
NH4Cu;Cly(HC =CH) 21a (a) and KCusCly(HC=CH) 20 (b).

efficiency of =C—H--Cl hydrogen bonding whose strength is
determined by the type of the outer-sphere M * cation (cations of
alkali metals, ammonium or protonated amines). In the case of
soluble anionic m-complexes, hydrogen bonding can also occur if
the bridging or terminal chlorine atoms forming the coordination
polyhedra occupy convenient positions. Weak hydrogen bonds
between the NHJ ion and the terminal Cl atoms can also exist.
The possibility of hydrogen bonding with the participation of
water molecules is also beyond question

Cu

l

C=C—H---OH,.

In this connection, the role of the M cations as a component
of the Nieuwland catalyst (MCl—CuCl—H>0) becomes appa-
rent.

2. Acetylenide (ethynyl) complexes of copper(I)

As mentioned above, the formation of ethynyl compounds (com-
pounds possessing at least one M —C= bond) in protophilic
media (or in the presence of bases) is a characteristic feature of
the reactions of acetylene and monosubstituted alkynes with Cu(I)
complexes. The polarisation of the =C—H bond in Cu(I) n-com-
plexes is substantial and the strength of the resulting Cu—C=
bond is so high that the Cu™ ion reacts with Co;H, to form
CuC=CH even in strongly acidic media in the CuxSO4—H2SO4
system (up to [HaSO4] = 20% —25%). This reaction is accompa-
nied by the formation of vinylacetylene in small amounts.®>

Cu(CyHz)" + H,O === CuC;H + H;0*

Studies of the formation of the so-called ‘yellow’ complexes in
the reactions of CoH» with solutions of (Cu,,Cl,)”~"?~ polynu-
clear anions by spectrophotometric and potentiometric methods
demonstrated that the following equilibria occur in solutions at
25-80 °C depending on the acidity of the medium 8

(Cup)
(Cum)(C2H2) -~ (Cum)CZH - (Cum +p)C2-
—H* —H"



970

B M Mykhalichko, O N Temkin, M G Mys’kiv

By increasing the acidity of the medium, one can go from
symmetrical acetylenide (Cuy,+ ,,)(C%‘) to unsymmetrical
(Cu,,,)(Co:H ™) and again to the (Cu,,)(C2H») m-complex.

The formation of solid acetylenide complexes containing
Cu,Cs has been thoroughly studied by Vestin.”¢ In particular,
the equilibrium constant of the formation of the ‘violet’ complex
56 (K = aIZ{Cl/pcsz = 4 at 25 °C) was measured

K
CH, + (x + 2) CuClsolig == C2CU.2(CU.C1)X(;0]id) + 2HCI
56

and the composition of the ‘yellow’ solid complex 57 was
established

C>H, + 8CuClgoiig + 2K+ —= KzCz(CuCl)g(solid) +2H".
57

It was concluded °¢ that the solution of the CuCl— K Cl—H,0
system contains the [C(CuCl),]*>~ anion. Unsymmetrical ethynyl
complexes in solutions > {[HCI] = 0.05—-0.6 1, the acidity of the
medium (/) is 0.2—5, pH = 1.1-0.0} have predominantly the
compositions [CusClg(C=CH)]~ and [CusCls(C=CH)]>~.

Recently, ethynyl complexes and acetylenide complexes of
copper(I) chloride have been synthesised and their structures have
been studied (see Table 9 and references therein). These studies
provided convincing evidence that unsymmetrical polynuclear
ethynyl complexes [Cu,,Cl,(C=CR)]|”"—7*D= do exist. New
structures, which have not been described previously for non-
halide complexes, were revealed.®’—11¢

In the case of acetylene, the (ImH)4CuyCl;;(C=CH), (43)4°
and (PyH)4CuyCl;2(C=CH) (44) ** compounds were obtained as
insoluble (crystalline) acetylenide complexes. In these complexes,
the C=CH group is bridging and is coordinated to the copper
atoms only through one a-carbon atom (the p-n'-, n'-C =CH- or
o,0-modes of coordination) (Fig. 13). The C=C bond lengths in
these complexes are 1.21(2) and 1.19(7) A, respectively, and the
Cu—C bond lengths are 1.97(1) and 1.92(3) A, respectively. This
type of the ligand is rather often observed in ethynyl complexes of
the Cuy(C=CR),Ls (L = PR3) type.’” For simplicity, these

X

CcQ)
z
Cu(4) (HCM)

N
Cu(2) —
12

!

Figure 13. Projection of the structure of (PyH)sCuoClio(C=CH) (44)
onto the xz plane (one layer is shown).

ethynyl compounds will be called o-complexes. The complex 43
contains the CuyCls(CoH)?>~ anion. In the acetylenide complex
(NHy4)sCuz9Clag(C=C)4- 7TH,O (45), the C5;~ anion, unlike the
C,H~ anion, is coordinated both in the n'- and n2-modes (c,n-
mode) and serves as a bridge between eight copper atoms
(Fig. 14). In the structure of 45, two crystallographically inde-
pendent C3~ species are present. Each of these species acts as a

Figure 14. Fragment of the structure of the (NH4)sCu29Clag(C = C)4 - TH20 complex (45). The distances from the Cu(3) and Cu(5) atoms to the midpoint

of the C(1)— C(2) bond are 2.18(3) and 2.01(2) A, respectively.
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a b
Cu Cu
Cu 106° Cu Cu
/C(S)_C(4)
Cu / Cu \\Cu
Cu Cu Cu

Figure 15. n,0-Coordination units in the structure of the

(NH4)3CU29C129(C = C)4 ‘ 7H20 complex (45)

bridging o,m,c-ligand, which coordinates simultaneously eight
metal atoms. Noteworthy are the modes of coordination of the
Cu(I) atoms by two independent C3~ species. Each of two carbon
atoms of the C(3)=C(4) group forms o-bonds with three copper
atoms (Fig. 15 a). Therefore, the C(3)=C(4) group is coordinated
in the p3-n',n',nLu-n2n%us-n'nl,n'-mode, i.e., this group acts
as the o,m,0-ligand. The effect of six copper(l) atoms n!-coordi-
nated to the C3~ ion and two copper atoms n2-coordinated to
the same ion on the C=C bond is so high that the geometry of the
1?-unit changes and the Cu— C* — Cu angle reaches 106 °. In this
case, the C(1)=C(2) bond can additionally coordinate the third
copper atom (Fig. 155). Apparently, the unusual mode of coor-
dination to the copper(I) atoms is the characteristic feature of the
C%f anion. Thus the perfectly planar coordination o,n,7,c-unit

Cu

T

Cu—C=C—-Cu,

Cu

was found in  the structure of the complex
[Cug(Ph,PCH,PPh,)4(C=C)]|(BF4),-4Me,CO.""7 In this unit,
the Cu—C* —Cu angle is 180 °. Apparently, the structure of the
‘yellow” complex studied by Vestin ¢ also contains the fragments
(a) and (b) (see Fig. 15). The o,n-coordination of several copper
atoms by the C3~ group gives rise to clusters in which the shortest
Cu---Cu distance is 2.452(6) A. Coordination of the ethynyl
ligand to three copper(l) atoms (u3-n',n',n!'-C=C) to form the
trinuclear cluster is also very typical of ethynyl complexes.®” The
question about the nature of the m2-bonds between the C=C
group and three metal atoms deserves special analysis.

Structural motifs found in ethynyl complexes containing
RC=C groups are widely diversified. The efficiency of n-coor-
dination of the Cu(I) atom by the RC=C group depends on the
n!-mode of coordination. The geometric parameters of the
n-coordination units in the structures of the CuCl o,n-complexes
with acetylene and its terminal derivatives [which, according to the
criteria used in the previous section of this chapter, characterise
the efficiency of the Cu(l)—(n?>-C=CR) bonding] are given in
Tables 9 and 10. It can be readily seen that two metal atoms in the
coordination m-unit (u-n2n>-C=CR) in cluster ethynyl com-
plexes of copper(I) are located at somewhat different distances
from the midpoint of the C=C bond, as in the CuCl n-complexes
with HC=CCH>OH and HC=CCH = CH; [compounds 28 and
29 (see Table 6) and 30 (see Table 7)]. However, shortening of the
Cu— C* distance in ,mt-complexes, which is determined primarily
by the donor-acceptor component of the m-interaction, unlike
that in CuCl mw-complexes with HC=CCH,OH and
HC=CCH = CHa, is not accompanied by an increase in the dative
transfer, i.e., it does not cause additional deformation of the
trigonal-pyramidal environment about the Cu(I) atom. Moreover,
the o,m-complexes are characterised by the following effect: the
smaller elongation of the Cu— X, distance in the coordination
n-unit (u-n2n%-C=CR) corresponds to the shorter Cu—C*
distance due, apparently, to the synergism of the Cu(I)—(n'-
C=CR) and Cu(l)—(n%-C=CR) interactions. Such mutual

Table 10. The CuC*Cu angles in the m-coordinated Cu(l) units in the
structures of m,c-complexes of CuCl with acetylene and its terminal
derivatives.

Complex CuC*Cu angle /deg Cluster type Ref.
45 125(1) — 75
125(1) -

107(1) —

106(1) —
46 93.5(6) 11 45
48 95(1) 11 76
49 93.6(9) 11 77
50 97(1) I 78
51 90.4(7) v 52
52 96.9(2) 1 39

89.8(2) v
53 96.9(6) 111 51
54 98.1(3) v 79
55 98(2) 111 66

strengthening of the n'- and n?-bonds is manifested to a greater
or lesser extent depending on the number of the o-coordinated Cu
atoms and their arrangement with respect to the C=C group.

In this connection, it is worthwhile to consider the stereo-
chemistry of the [Cus(C=CR)] and [Cus(C=CR)] clusters found
in the structures of copper(l) chloride o,nt-complexes with termi-
nal derivatives of acetylene. Four major types of cluster were
distinguished (see Table 10). The differences in their structures are
determined by the difference in the orientation of two mutually
perpendicular t-MOs of the ethynyl group of the 6,m-coordinated
C=CR ligand with respect to the plane P passing through the
C=C bond (Fig. 16). In the structures of the complexes contain-
ing clusters of type I, the plane of one of the ©-MOs of the C=C
group (for example, m) coincides with the plane P, i.e., the
n-coordinated C(2) atom and the C=C bond together with two
o-bonded Cu(3) and Cu(4) atoms are in a single plane, whereas the
normal mn to this plane coincides with the axis of another 7, -MO
[the Cu(1)—C* axis] (Fig. 16 ). Both 1-MOs of the C=C group
(m and mr 1) in clusters of the types II - IV, unlike those in clusters
of type I, are located at an angle of 45 ° to the normal mn (as well as
to the plane P). [In the case of clusters of the types III and IV
(Fig. 16 ¢,d), the plane P passes perpendicularly to the normal mn
to retain the spatial orientation of the m-coordinated copper(l)
atoms analogous to that in clusters I1 (Fig. 16 5).] The clusters II,
IIT and 1V differ primarily in the orientation of the o-coordinated
Cu atoms. Thus, the o-coordinated Cu(3) and Cu(4) atoms in
clusters of the type II lie in the plane P (Fig. 16 b). The rotation of
these o-coordinated Cu(3) and Cu(4) atoms about the C=C axis
by 90° in such a way that they form a new plane (Q) with the
normal mn leads to clusters of the type III (Fig. 16¢). The
replacement of one o-coordinated Cu(4) atom by two atoms
[Cu(4) and Cu(5)] in such a way that these atoms are no longer
located in the plane Q [the Cu(4) and Cu(5) atoms are located
behind and in front of the plane Q, respectively; the
Cu(4)C(1)Cu(5) angle ~ 80°] gives rise to a cluster of the type
IV (Fig. 16 d). In addition to the above-considered four cluster
types, combined types of clusters are also observed in the
structures of Cu(I) o,mt-complexes. An example is the [Cug] cluster
in the structure of 52, which consists of clusters of the types I and
1V linked to one another through the bridging Cu atom (Fig. 17).
The [Cuo] cluster in the structure of 54 is composed of two clusters
of the type IV (Fig. 18). Clusters of the types I -1V were found for
the first time in ethynyl complexes of copper(I) chloride.

In the structures of o,m-complexes containing clusters of the
type I, the coplanar arrangement of the m- and o-coordinated
metal atoms [for example, the n-coordinated Cu(3) atom and the
o-coordinated Cu(l) and Cu(2) atoms in the structure of 50
(Fig. 19)] and the C=C bond leads to the mutual strengthening
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Cu(4)

Cc@3)

n no_ 0
Cul3 Cu(l) ;\4)(:11(2)
71 cu) u3) ;1

................. R o H LT AT S
C(3
./ O ./Cu(S) o/\i' ()

Figure 16. Types of clusters observed in the structures of ethynyl copper chloride complexes: (@) type I {the [Cu4(C = CCH,OH)] cluster}; (b) type II {the
[Cuy(C=CCH,0H)] cluster}; (c) type III {the [Cus(C = CR)] cluster, where R = CH = CH, or CH,OH}; (d) type IV {the [Cus(C = CCH,OH)] cluster};
mn is the normal to the plane P.

Cl(4) cs(l)

Cs(2)  CI(5) O

Figure 17. Cluster fragment [Cug(C=CCH,OH),] in the structure of
(PyH)zCUgClg(C = CCHzOH)z - Hzo (52)

Figure 19. Fragment of the structure of Cs>CusClg(C =CCH,OH) (50).

of two individual types of interactions, viz., the acetylenide and
n-interactions. This process becomes so efficient that the coordi-
nation polyhedra about the 6- and n-coordinated copper(I) atoms
become planar-trigonal (see Tables 9 and 10). Apparently, this
synergism occurs due to the angular overlapping simultaneously
of three orbitals, viz., the occupied d.._ > orbitals of the o- [Cu(1)]
and m-coordinated [Cu(3)] metal atoms, and the antibonding
unoccupied MO (for example, TET‘) of the acetylene bond. It should
be noted that there are spatial prerequisites for this ‘three-centre’
overlapping in the structure of 50 [the Cu(2)C(1)Cu(l),
Figure 18. Cluster  fragment  [Cug(C=CCH,OH),] in  the Cu(1)C(1)Cu(3) and Cu(2)C(1)Cu(4) angles are 81.3(9)°,
[HO(CH>),NH3]CuoClg(C = CCH,0H), - 2H,0 complex (54). 84.2(9) ° and 89.9(9) °, respectively]. However, mutual strengthen-
ing of the Cu(l)—(n'-C=CR) and Cu(l)—(n>-C=CR) interac-
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C(2) C(3)

C(1) cl4)

Figure 20. Anion [CusCls(C=CCH,OH)?>~], in the structure of the
(NH4)>Cu4Cls(C=CCH,0H) - H>O complex (48).

tions does not cause the expected substantial elongation of the
C=C bond in the complex 50 [1.22(3) A] because the above-
described angular dative process causes polarisation of the
C(1)®>==C(2)** bond. Quite a different situation is observed in
the case of formation of the cluster of the type II (see Fig. 16 5). In
this cluster, strengthening of two types of interactions (¢ and ) is
less efficient for geometric reasons because two m-MOs of the
alkyne are located at an angle of 45 ° to the normal mn. As a result,
the coordination polyhedra about the o-coordinated Cu(l) atoms
in the structures of 46, 48 (Fig. 20) and 49 remain tetrahedral,
whereas the n-coordinated Cu(l) atoms are characterised by the
trigonal-pyramidal environment. In this case, the C=C bond is
substantially elongated [1.29(1) A] due to lower polarisation. The
considerable synergism of the ¢ and m interactions is also observed
in the complexes 54 (Fig. 21), 53 and 55 (Fig. 22), which contain
clusters of the types III and IV (see Figs 16 c¢,d). Their n- and
o-coordinated Cu(l) atoms are characterised predominantly by
the planar-trigonal environment and the C=C bond is virtually
not elongated (see Tables 9 and 10).

/
Cu(5) ‘

Figure 21. Cluster fragment [Cus(C=CCH>OH)] in the structure of
Rb3Cl.l7C19(C = CCHon) . Hzo (51)

Cu(5)

Figure 22. Cluster fragment [Cuy(C=CCH=CH>))] in the structure of
CU.25C117(C =CCH= CH2)g - 14H20 (55)

3. Structural aspects of formation of some n-complexes and

o-ethynyl derivatives

Structures of m-complexes and products of their reversible con-
versions (o-complexes) are determined both by the structures of
the (Cu,,Cl,)”"~"— anions in solution and the stability of the
products, i.e., by the favourable formation of a particular struc-

ture. However, the structures of compounds isolated from sol-
ution may not be directly associated with the mechanism of their
formation because conversions of the initial intermediates of any
type lead to the formation of more stable structures, but the least
soluble compounds are isolated from solution. Thus, the ethynyl
compound with composition Cu,,(C>H) can be formed by the
reaction of Cu,(C,H) with Cuy (p + ¢ = m) in solution. At the
same time, it is of interest to analyse possible ‘genetic’ relations
between the structures of the initial copper chloride anions and the
products formed in the reactions of the latter with RC=CH.

Let us consider the group of crystalline compounds formed in
the (C¢HsNH3)Cl-CuCl-H>,O-HC=CCH,OH system. Col-
ourless crystals of (C¢HsNH3)CuyCly (11), which precipitated
from a concentrated almost neutral solution of CuCl (4 mol) and
(C¢HsNH3)CI (3 mol) in H,O (20 mol), rapidly dissolved after
addition of propargyl alcohol to give yellow crystals of the ethynyl
complex 53.

2(C6H5NH3)3CU4C17(5011‘1) + HC=CCH,OH + 2H,0O —>
11

e (C6H5NH3)3CUSC]10(C = CCHzOH) *2H>0401id +
53
+ 3(CsHsNH;)Cl + HCL.

The reaction was accompanied by a decrease in pH to ~ 1.5.
Under analogous conditions [but when CuCl and (CsHsNH3)Cl
were taken in the molar ratio of 2:1], the complex 49 was
obtained.

4CuCl + 2C¢HsNH;3Cl + HC=CCH,OH —>

—_—> (CsHSNH3)2Cu4C15(CECCH2OH)501M + HCI.
49

Unlike the complex 53, the ethynyl complex 49 was converted
into the m-complex 29 upon storage in the mother liquor (pH < 1).
This fact indicates that the process is non-equilibrium in charac-
ter.

(C6H5NH3)2CU4C15(CECCHon)solid + HCl —>
49

—_—> (C(,H5NH3)CU2C]3(HCECCHzOH)SOlid + (C6H5NH3)CUQC13 .
29

Let us consider the relationship between the stereochemistry
of compounds 11 and 53 and the possible mechanism of formation
of the latter in the solid-phase process (Fig. 23). The subunit of the
(Cu4CLE7), anion in the structure of 11, which consists of the Cu
coordination polyhedra linked to each other, is shown in Fig. 23 a.
The molecule of propargyl alcohol can replace the p-Cl atom
(which is hatched in Fig. 23 @) in 11 and can be incorporated into
the initial macropolyhedron to form the m-complex
(n?>-RC=CH). In this case, the octahedral cavity in the macro-
polyhedron is transformed into a square-pyramidal cavity. Sub-
sequent deprotonation of the m-ligand with the H>O molecule
affords the expected m-complex with the ~C=CR ligand giving
rise to the bridging p-n?,p-n2-C=CCH,OH ligand (Fig. 23 b).
The formation of the m-complex leads to weakening of some
Cu—Cl bonds (indicated by dashed lines in Fig. 23 ») and to their
cleavage accompanied by the formation of two new Cu—C= n'-
bonds (Fig. 23 ¢) in the [Cusy(C=CCH,OH)] cluster, which is a
component of the complex 53. In the structure of the latter, the
[CugClio(C=CCH,OH)?*~], anions form layers in which the
o,n-coordinated C=CR group of each propargylium anion is
clamped between four Cu atoms inside the square-pyramidal
cavity. Due to steric hindrance to the penetration of the H;O™"
ion into the cavity toward the a-carbon atom of the C=CCH,OH
ligand and the high strength of bonding of the - and m-coor-
dinated anion [in the structure of 53, the length of one of the
Cu—C bonds of the acetylenide type is 1.89(2) A and the Cu—C*
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Figure 23. Conversion of the (C¢HsNH3)3CusCl; complex (11) into the (C¢HsNH3)3CugClio(C=CCH,OH)2H,0 complex (53) in the presence of

HC =CCH,OH (the stereochemical aspect).

distance is 1.97(1) A], the complex 53 is very resistant to decom-
position or conversion into the m-complex under the action of
HCIL

The formation of the complex 49 differs from the above-
considered complex in the structural features. Judging from the
stoichiometry of the formation of the complex 29, the Cu,Cl3
anion is involved in the formation of the complex 49. This anion
was revealed for the first time in the CsCu,Cls complex (5)
(Fig. 24) and its structure differs fundamentally from that of the
(CusCL7), anion. The Cu,C3 anion is characterised by the fact
that the coordination polyhedra about the Cu atoms are linked to
each other exclusively through edges to form infinite (Cu,Cl3),
chain fragments within which all metal atoms are virtually in a
single plane. In this case, a peculiar sequence of planar (approx-
imately square) n[Cug] matrices with Cu - - - Cu contacts [2.81(1) A]

Figure 24. Anion in the structure of the CsCu,Cl; complex (5).

appears. In solution, the complex 5 (Fig. 24) produces the Cu,Cl3
anions (A), which interact with alkyne to form the m-complex

Figure 25. Scheme of formation and conversions of the

‘eb- D) O A‘

crystals of the

[CuxCl3(RC:H)]~ (B).
o O
N O

~
./ O " O
\\ / \\
\\ 4 \\

(C6HsNH3)>CuyCls(C=CCH>,OH) complex (49) into

(CeHsNH3),CuzCly(HC = CCH,OH) (29): (a) the [CusCls(C2R)?~1, anion; (b) the [Cu>Cly(RC2H) ], anion.




Polynuclear complexes of copper(1) halides: coordination chemistry and catalytic transformations of alkynes 975

29

HC(,H5NH§r

_ RGH Cu,Cl; (—HCl)
CsCu,Cly == Cu,Cl; ——= [Cu,CL(RCH)]~ e

5 A B
C¢HsNHT

HCI (— Cu,CI7)

== [Cu,Cl5(C,R)2~ 49

C

R = CH,OH.

The formation of the complex 49 is a non-equilibrium process
and is, most likely, determined by the kinetics of its crystallisation.
As a consequence, the t-complex B rapidly reacts with the Cu,Cly
ion in solution to yield the ethynyl complex C, which precipitates
as the compound 49. The slow reaction of the complex 49 (through
the soluble form C) with HCI followed by elimination of Cu,Cl3
to form (through the complex B) gives rise to the complex 29,
which is thermodynamically more stable under these conditions.

In the [CusCls(C=CCH,OH)?>~], anion of the compound 49
(Fig. 25 a), the a-carbon atom of the ~C=CCH,OH fragment is
accessible to attack by the proton. In addition, the bonds between
the o-coordinated Cu atoms and the o-carbon atom in the
structure 49 are weaker [the Cu—C= bonds are in the range of
1.95(2)-2.00(2) A] than those in the complex 53. Hence, the
possibility of the conversion of the [CusCls(C=CCH,OH)?>~],
anion in crystals of the complex 49 accompanied by elimination of
the CuxCl3 fragments to form the [Cu,Clz(HC=CCH,OH) ],
anion of the complex 29 must not be ruled out (Fig. 25 b). Crystals
of the complex 29 appear in the mother liquor (pH < 1) immedi-
ately after the disappearance of crystals of the complex 49.

IV. Catalytic conversions of acetylenic compounds
in solutions of copper(I) chloride complexes

Studies of the physicochemical properties of the NH4Cl-
CuCl—-H;0O system provided the basis for the development of
the procedure for investigation of the kinetics of reactions in
concentrated aqueous solutions.!3 ! The principal results of
these investigations are considered below.

1. Kinetics of catalytic reactions of acetylene and its
derivatives in concentrated aqueous solutions of MCIl— CuCl
In studies of the kinetics of various reactions of acetylene (and its
derivatives) in concentrated aqueous solutions of MCl and CuCl,
kinetic models are generally constructed !* with the use of an
empirical dependence of the following type:

r = @ (pc,n, [HCl]z, [CuCl]s, [NH4Cl]s),

where r is the reaction rate and p is the partial pressure.

If the solution contains polynuclear complexes and does not
contain an excess of chloride anions with respect to metal, there is
no way to express the concentration of free catalytically active
complexes (one or several) in terms of [CuCl]x (i.e., to account for
the material balance with respect to the catalyst in the kinetic
equation). Hence, the only approach to a theoretically justified
adequate kinetic model and to the elucidation of the reaction
mechanism in these systems consists in measuring the concen-
trations (or activities) of the free reagents and components of the
solution (Cu™ and Cl~) under stationary conditions of catalytic
reactions and in maintaining constant conditions, the partial
pressures and concentrations of the reagents being varied, i.e., in
maintaining the [CuCl]z:[Cu™] and [Cl~]x:[Cl~] ratios and,
consequently, [(Cu,,,Cl,)”—"~]. In other words, it is necessary
to add the initial catalyst (CuCl and, if required, MCl) as the
catalyst is trapped by the reagent. The values, which are directly
proportional to the activities (and concentrations) of the Cu™,
Cl— and H30™" ions (see Section II), can be determined by the
potentiometric method (under the conditions of constant cationic
content).2230. 118

Table 11. Catalytic reactions in the CuCl—NH4CI—-H>O system.

Catalytic reaction Catalytic [CuCl] Ref.

system (1)

CH, + HCl—» CH, = CHCI (1) o 5-12 119
C3Hy + HCl—» MeC(Cl)=CHs (2) b 0.6-12 120
C3H, + HCl—»> MeCH = CHCI (3) ¢ 4-12 120
C4Hs + HCl—»> CH,=CHC(Cl)=CH, (4) d 0.5-8 121
C>H, + H0 —» MeCHO (5) e 5-12 119
fa 5-12 122

C3Hy + H20 —» MesCO (6) e 0-12 120
hb 4-12 123

C3Ha + H20 —» MeCH>CHO (7) i 4-12 123
2 C,H, —» HC=CCH = CHs (8) j 5-12 95
3CoH,—» CHo=CHC=CCH=CH, (9) & 512 124
3C,H,—» CH,=CHCH=CHC=CH (10) ! 512 125
C>H, + HCN —» CH, = CHCN (/1) m 5-10 126
C.H, + @ _’m(”) 7-12 13
721 13

Note. In the reactions (/—71) [NH4CI] = 12 m; in the reaction (12)
[NH4CI] = 21 7. 2 In addition to NH4Cl, CusSsoiia is present; P in addition
to NH4Cl, RSH is present.

This procedure was used for studying 12 reactions of acety-
lenic compounds in 15 catalytic systems (Table 11). The kinetic
equations obtained under conditions of the constant content of
NH] and at the constant ac,+ and ac- values are given in
Table 12. It was found that the type of equation is independent
of the concentration of CuCl (in the kinetic equations, only the
observed k;; values are a function of this concentration, where i is
the number of the reaction and j is the catalytic system) (see
Table 12). In essence, k;; is the function of the stationary concen-
trations of the (Cu,,Cl,)"—"— complexes and Cl— ions or of the
stationary activities of Cu™ and Cl—

kij :f(acu iy ale).

In the simplest case (the compositions of the initial copper(I)
complex and the intermediate of the first irreversible stage are
identical in the C1~ component), the equation is as follows:

kg = ) ketitma[(Cu, CL) =], (1

Table 12. Kinetic equations for the reactions of acetylenic compounds in
the CuCl—-NH4Cl-H,O0 system.

Kinetic equation Ref.
F1a = kiapcn, [HCI] 119
126 = kap pcyn, [HCI] + k pe,n, aci- 120
3¢ = ksepeyn, [HCI] 120
raa = ksapen, [HCI + k pe i, [HCI (a¢y- ar,0) 121
rse = kse pe,n, [H3OT]/(1 + k[H307] 119
rsp=ksypc,u, [H3O ] + kpe,n, 122
g = KegPc,H, 120
eh = KenpciH, 123
rzi = k7ip(‘3H4 123
rsy = ksipe,n, [(kpen, + [H30 7)) 95
rok = Kok peom, pesn,/(k pon, + [H30 7)) 124
r101 = kiorpe,n, [H3O T ]/(k pen, + [H30 7)) 125
Fiim = Kiimpen, pren/[HzO 7] 126
T 12n(0) = K12n(0) PCoH, Pesh, [[H30 7] 13

Note. The subscript in the kinetic equation denotes the number of the
reaction and the letter denotes the catalytic system (see Table 11).
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The kefron,ny values can be determined only if all complexes
present in the system are taken into account, i.e., by solving the
system of equations of the same type (1). However, taking into
account the presence of a large number of complexes in solution,
the large error in the determination of k; (10% —15%) and the
errors in the determination of the total set of complexes, one
cannot expect that the coefficients of this system thus obtained
reflect the true contributions of individual complexes to the
reaction rate. In this connection, the average composition of the
complexes, which make the major contribution to k; both due to
the large Kefrgnn values and the high concentrations of
(Cu,,Cl,)" ="~ was estimated. From Eqn (1) it follows:

ki/ = Z Z keff(mAn) Bmg’)a gu‘a %l’ = Z Z km,na I(’?’u* a nC]’ . (2)

m n m n

The ac)- value decreases as [CuCl]s increases, because acy+
and acy- are interdependent:

[CuClls = > > mB,alyaly

[Clls = [CI71+ > > B, ,alaly

due to which the independent determination of m and n is
impossible. It was demonstrated 120127 that the acy,- and acr-
values determined by the potentiometric method are related to
each other by the empirical dependence throughout the ac,+ range
met in the systems under consideration (ac,: = 10=8-10-9):

0
acr-

acl- =7—g - 3)

ba Cu™

The b and g coefficients were determined experimentally for
each case represented in Table 12. From Eqns (2) and (3) it can be
shown that

0 \n
o k m no_ km.n(aCl’) m—ng __
y= Y Y baaty =350 e
n

m n m
= kpal 4
- k4 oyt - ( )
k

The average observed order (f ) with respect to acy+ can be
determined by approximating Eqn (4) by Eqn (5)

kij = kettij) d by » ©®)

where / = m—rig is the weighted-mean value, which accounts for
the /x values for each complex and the fraction of the reaction rate
(0r) determined by the participation of the kth complex

d Ink; s
m_1_ zk:/ke,(. (6)

From Eqn (6) it follows that the # and m values are also
weighted-mean. In the general case, the / value should be variable
because 0, can change as the [CuCl]x changes. The fact that the /
value for all processes is constant throughout the range of CuCl
concentrations under study indicates that the n(n) values for the
complexes, which make the major contribution to kj, are similar.
To estimate the m and n values and the compositions of the initial
(Cu,,Cl,)0 =™~ complexes (y #n upon elimination or addition of
Cl— ions in the individual stages of the reaction), the following
equation was used:

PRSI S %)

I-g
where ¢ = n—nm.

It was assumed that multiply-charged complexes, which are
formed in insignificant amounts in concentrated CuCl solu-
tions,?2-3%:31.33 are not involved in the reactions with acetylenic
compounds, and hence analysis of the compositions of the
(Cu,Cly)0=™= complexes was restricted to y—m =1 or 2. In
addition, it was assumed that acetylene replaces the water mole-
cule upon the formation of a t-complex, thus retaining the charge
of the complex. Then the parameter ¢ in Eqn (7) can take the
values 0, 1, 2 and 3 depending on the presence of stages of
elimination of one Cl~ ion (y =n + 1, ¢ = 0 or 1) and stages of
conversion of intermediates with the participation of one Cl~ ion
(y = n—1, ¢ = 2 or 3) as well as on the presence of mechanisms in
which y = n (¢ = 1 or 2). In this case, the m values change from
Mmin (¢ = 0) to Mmin + 3g/(1 —g). On these assumptions, m > 1
and n > m have a physical meaning.

The dependence of k; on [CuCl]s is shown in Fig. 26.
Although the k; value increases as [CuCl] increases in all cases,
the character of k;; = f{CuCl] is substantially different for different
reactions (see Table 11). For dimerisation (8) of acetylene, hydro-
cyanation (/1) of acetylene, hydration of methylacetylene (6/1 and
7i) and acetylene (5f) and the reactions with cyclopentadiene (12),
the k;; value sharply increases only at [CuCl]s > 5 71, i.e., in the
concentration range in which polynuclear complexes (CusCly,
CusCLE™, CusCls, Cu4Clé7, etc.) appear in noticeable amounts.
The observed order with respect to [CuCl]s is smaller than unity
only for the reaction with HCI (4d). The observed orders with
respect to acy-+ (/) are given in Table 13.

The (Cu,,Cl,CN)"=" + D= and [Cu,,Cl,(C=CH)|—» + D—
complexes are involved in hydrocyanation (/7) and diene con-
densation (/2) of acetylene possessing rate-determining stages.
These complexes are formed due to the replacement of the Cl—
ion.

b c
kj]‘
9
3F 10
8
6
N 12
2 13
5
7 Lr
11
1 1 1 M

8§ 10 12 0 2 4 6 8 10 [CuClls(m)

Figure 26. Dependence of k;; on the concentration of CuCl: (1) k4 x 10%; (2) k2 x 103; (3) k3e % 107; (4) kgax 0.5 x 10%; (5) kse % 10%; (6) ksyx 102; (7) kogs
(8) ko x 0.5 x 105 (9) k7 x 0.5 x 10%; (10) kesy x 10% (1) koge x 107; (12) k1 s (13) k12 % 106
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Table 13. The 7 values and the probable compositions of the initial (Cu,,Cl,)’~"?~ complexes.

ky [ g Nimin m (Cu,,,Cl,)—m— m (Cu,,Cl,)o—m~= "
(=0 (G="1 (G="1 (@=2) @=2) G@=3)

kia 0.73 0.29 1.03 1.85 CuCl;, Cu,Cly 2.25

ko 0.88 0.33 1.31 2.30 Cu,Cly, Cu;Cly 2.79

k3e 1.10 0.33 1.64 2.65 Cu,Cly, CusCly 3.12

kqa 0.71 0.33 1.06 2.26 Cu,Cly, CusCly 2.54

kse 0.63 0.32 — 1.49 CuCl;, Cu,Cl3y 1.96 Cu,Cl3~

ksy 1.16 0.29 1.64 2.04 Cu,Cljy 2.45 Cu,Cl3~, Cu,CI2~

keg 0.67 0.33 1.00 1.49 CuCl,, Cu,Cly 1.99 Cu,Cl3~

kesn 0.77 0.47 1.45 2.34 Cu,Cl3y, Cu;Cly 3.23 Cu;CIE, Cu,CI2~

ki 0.99 0.47 1.87 2.75 Cu,Cly, CusCly 3.04 Cu;CI2™, Cu,CI2~

ks; 2.60 0.32 3.83 4.30 CuyCly, CusClg 4.76 Cu,CI™, CusCI3~

ko 0.13 0.33 — — — 1.18 CuCl3~, Cu,Cl3™

k101 0.64 0.33 - 1.45 Cu,Cly, CuCly 1.94 Cu,Clz~

kitm 221 0.39 3.62 4.26 Cu,CI2~, CusCI2~

ki 1.52 0.60 3.80 5.30 Cu;sCI3~, CusCI2~

k120 2.02 0.60 5.05 6.55 Cu,CI3~

Note. At ¢ = 0, the (Cu,,Cl,)~ complexes with m = 3 and 4 (catalytic systems m and n) and m = 5 (catalytic system o) are involved in the reactions (/1)

and (/2), respectively.

(Cu,Cl)0=m= + HC=CH ==

—= [Cu,CL(C=CH)"—"*+D= + H;0* + Cl-.

Hence, y =n + 1 (at ¢ = 0 or 1) and #iin = 3.6 5.0 for the
reactions (/7) and (/2). In the reactions (8)—(/0), which proceed
without rate-determining stages, g reflects the composition of the
transition state (y = n). Polynuclear complexes with m = 3—7 are
involved in the reactions (8), (9) and (12) (see Table 3).

The participation of polynuclear Cu(I) complexes in the
dimerisation of acetylene (8) was confirmed by spectrophotomet-
ric studies of the dependence of the dimerisation rate on the
concentration of the ‘yellow” complexes [CusCly(C=CH)~ and
CuyCls(C=CH)?>~] and on their compositions as a function of
acu+, aci-, pcu, and [H3O ]38 (see Section I1I) and was addi-
tionally supported by isolation of crystalline copper chloride and
ethynyl complexes formed in the catalytic Nieuwland system (the
structures of these complexes are considered in Sections II
and III).

2. Kinetics and crystal-chemical aspects of the mechanism of
Nieuwland oligomerisation of acetylene

Comprehensive investigations of the kinetics of dimerisa-
tion 38.93.125. 128131 4nd trimerisation '2* 125 of acetylene made it
possible to state the major features of the mechanism of these
reactions. Let us consider dimerisation of acetylene (&) (see
Table 11) giving rise to vinylacetylene (VA) in detail. At constant
activities of Cu™ and Cl—, i.e., at constant concentrations of
catalytically active complexes, the reaction rate rya is described by
the equation

2
ky PC,H,

—_ 8
kpc,n, + [H;07] ®

'va =

A two-stage mechanism without a rate-determining stage
corresponds to this equation, where the copper chloride complex
is denoted by [Cu]

(1)[Cu] + C2Hs == [Cu]C;H~ + H;0+,

k
(2)[CulC.H™ + CH, —> X,

k
(3)X; + H;0+ —> [Cu] + C4H..

The stages 1 and 2, which follow unambiguously from the
kinetics, are supplemented by the stage 3, which is required to
obtain the final stoichiometric equation for the catalytic reaction
(8). It was also found that the £ constant in the denominator is
independent of [CuCl]z (and acy-), but depends on aci-
(k = K'Jacy-). This fact leads to the equation

- k/HPczH2
VA k'pc,u, + [H3OT][CI]”

©)

according to which Cl— and H3;O™" are eliminated in the same
stage (the stage 1 or the following quasi-equilibrium stage).

Data on the composition of the intermediate Xy (and to some
extent on its nature) were obtained in studies of the kinetics of the
preparation of vinylacetylene and 2-chlorovinylacetylene (CVA)
in systems containing additionally small concentrations
(~ 103 mol litre =) of CuCl,.13%133 In the presence of CuCl,,
the conversion of the intermediate X; takes two competitive paths,
viz., the stages 3 and 4

k CuCl
@)Xy + CuCly = X, 2% CH,=C(Cl)—C=CH + 2CuCl.

Under these conditions, the sum of the rates ry, and rcya is
equal to the rate of formation of Xj (i.e., rva). The rate ratio is
described by the equation

A _ o [H;07] (10)
rcva [CuCl,]”

where K = k3/k4.

As a result, the equation for the rate of formation of vinyl-
acetylene includes the concentration of the H3O* ion, which is
involved in the stage 3 after the irreversible stage 2

P ka%sz ) k[H3O+]
YA kpes, + [H;07]  K[H,07] + [CuClL)”

(1

As a consequence, the rate of formation of vinylacetylene
(rya) passes through a maximum as [H3O]" changes. It was
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suggested that the intermediate X; with composition [Cu]C4H3
was formed due to the insertion of acetylene at the Cu—C=CH
bond, i.e., this intermediate is the B-ethynylvinyl derivative of
copper (CuCH=CHC=CH). The reaction of X; (successively
with two CuCl, molecules) afforded only chlorovinylacetylene.
An analogous process took place in the reaction of CuCH = CHCI
with two CuCl, molecules to form CH, = CCl; (acidolysis yielding
CH,=CHCI was the competitive process).!3* 135 The formation
of chlorovinylacetylene from the intermediate Xy (it is the inter-
mediate common to vinyl- and chlorovinylacetylenes) is also
confirmed by the fact that none of such compounds as vinyl-
acetylene, diacetylene, vinylidene chloride or vinyl chloride in
these systems is converted into chlorovinylacetylene under the
above-mentioned conditions.!3% 133 Investigation of the effect of
the addition of HgCl, on the synthesis of vinylacetylene demon-
strated 13! that an increase in the acidity of the
CuCl-NH4Cl-H;0 systems upon the addition of HgCl, is
associated with an exchange reaction giving rise to the organo-
mercury derivative ClIHgCH = CHC = CH, which is stable to HCI.
Vinylacetylene can be isolated from this derivative only under the
action of concentrated HCI.

Let us consider the stages 1 -3 in more detail. Activation of
acetylene resulting in its deprotonation (stage 1) occurs, most
likely, in the course of several reactions the first of which involves
the formation of n-complexes B

(CumCIH)(nim)i + CZHZ(aqueous) —-_— [Cun1C1n(C2H2)](n7m)7 + HZO
A B

Kinetic studies demonstrated that replacement of Cl~ in this
stage is contradictory to Eqn (9). The formation of the m-complex
can occur either in the course of the replacement of the coordi-
nated water molecule or as a result of the cleavage of the u-Cl bond
without the replacement of Cl~. The replacement of the bridging
chlorine atom accompanied by its migration to other coordination
vacancies can also occur. Based on the assumption that the short-
range order of complexes dissolved in concentrated solutions
(which is similar to that in a melt), for example, of CuzCI2~ (see
Refs 48 and 49), corresponds to the structure of the complex 9a in
the crystalline state (7Tm.p. & 80 °C), the process of replacement of
the water molecules can be represented by the scheme shown in
Fig. 27. In this process, the formation of the intermediate B is
accompanied by the migration of the bridging chlorine atom in the
complex A to the coordination site, which was previously occu-

pied by the water molecule of crystallisation (this molecule is
hatched in Fig. 27). The intermediate B (more precisely, the
coordination m-unit) is structurally similar to one of the m-com-
plexes (20, 21a,b, 22 or 23).

The reaction of the m-complex (B) with a water molecule
affords the acetylenide (ethynyl) intermediate C. In this case, the
Cl~ ion can be eliminated simultaneously with H;O*, but it can
also be eliminated in the following quasi-equilibrium stage, the
type of the kinetic equation being the same

[CumCL(CoH)J ™~ + HyO0 =—=
B
= [CuuCl,_ (C:H)]"—™~ + H30* + Cl-.
C

Among a wide diversity of the structures of ethynyl com-
pounds (see Section III), the complexes 43 and 44 (see Fig. 13)
correspond to the intermediate C whose existence was suggested in
the study °¢ without convincing reasons.

As mentioned above, variations in the partial pressure of
acetylene (pc,n,) and [H3O "] with the maintenance of constant
acy+ and acy -, i.e., the concentrations of the active copper chloride
complex, allows one to solve the question as to what particular
c-organometallic compound, which is present in the solution,
serves as an intermediate in the catalytic reaction. In the synthesis
of vinylacetylene, an unsymmetrical ethynyl complex serves as
such an intermediate. In solution, other ‘yellow’ complexes,
for example, the symmetrical acetylenide complex
[(CuzCr)Cu,pCly)]@ =P~  existing in equilibrium with the
[(Cu,,Cl,_1)(CoH)]* ="~ ion, are present in solution depending
on pH. The above-mentioned inactive complex enters into the
material balance with respect to [CuCl]s. Hence, the reaction rate
of the formation of vinylacetylene passes through a maximum as
the concentration of HCI changes if the concentration of
(Cu,,Cl,)” ="~ is not maintained constant.'?® The maximum
rate is observed in the range pH =15-09 (HCI] =
0.05-0.15 7). In this case, an increase in the acidity of the
solution (pH < 1.5) leads to destruction of symmetrical acetyle-
nide and to an increase in the concentration of unsymmetrical
[Cu]CyH acetylenide. A further increase in the acidity leads to the
disappearance of this intermediate and to a decrease in the rate to
zero. The formation of a complex containing the Cu,C, fragment
of the type 45 at pH = 4 and low temperature is in complete
agreement with the above reasoning and observations.

D D*

J—

C>H»

(/ ~ H;0* N
—_ — —> VA
/
X1 E

Q H,0
|

Figure 27. Structural changes in the course of catalytic oligomerisation of acetylene.
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Evidently, the subsequent stage of the Nieuwland process
(stage 2) giving rise to the intermediate Xy involves the insertion of
acetylene at the Cu— C,H bond to form the CuCH=CHC=CH
fragment whose acidolysis affords C4Ha4. Below are represented
the stages of the conversion of the intermediate C into the
intermediate X1 (see Fig. 27).

[CupmCly_ (CH)J == + CoHy ===

C
- [Cu/nClnf I(CZHZ)(CZH)](Him)i + H,0,
D
[CumCI,,,1(C2H2)(C2H)]‘"*’”)* +H20 e [CumCIn,l(C4H3)]("_”’)_.
D X1

The stage of acidolysis of the intermediate X; (the electrophilic
replacement of the Cu atom by the H™ ion in the Cu— CH = frag-
ment) is beyond question. This stage was confirmed by the kinetic
data [Eqn (11)]. The reaction proceeds very readily even with
water.!3% 137 Stages of this type were also observed in hydration,
hydrochlorination and hydrocyanation of acetylene.'?

[CumCl,,,1(C4H3)](”*’”)* + 1‘13,0Jr e
X
—> [Cu,,Cl,_(CH,=CHC=CH)]""— "+,
E

The intermediate E decomposes to form vinylacetylene (it can
be replaced by acetylene) or is involved in trimerisation of
acetylene to give hexa-1,5-dien-3-yne [divinylacetylene (DVA)].

The insertion of acetylene giving rise to the intermediate Xy is
the most important and intricate stage of the process. The fact of
insertion is beyond a doubt because the reactions of cuprates
R,Cu-MgX and RCu-MgX, with alkynes are well known 136137
and proceed stereoselectively (100% syn-addition) under mild
conditions. However, the question about the mechanism of the
process of insertion remains open. In the mononuclear case, the
stage of insertion

HC=CH —» CuCH=CHR

Cu—R

is not an elementary concerted process because it is symmetry-
forbidden due to the d'° configuration and sp* hybridisation of
the atomic orbitals of Cu(1).!® Three alternative paths are
formally possible.

1. The formation of the metallocarbenium ion (F) followed by
the rapid migration of the ethynyl group giving rise to the
intermediate X; in the first irreversible stage.

H\ N
C=CH
=/
D — | Cu_ — Xi
C=CH
Cu

F

2. Dissociation of the [Cu](u-n'-C=C) bond to form the
contact ionic pair followed by the addition of the carbanion to
the n2-coordinated acetylene.

Cu*

o | Lc C=CH
/ T AN
H Y H

— Xy

3. Dissociation of the bridging [Cu](u-n'-C=C) bond accom-
panied by the conversion of the ethynyl group into the n2-state

followed by the addition of the n>HC=C~ carbanion to
n%-alkyne.

C +
H _T_” /H

C==C
1 <

~—\
Cu A\ CH

— X

Path 1 was considered ! for the reactions of cationic Pt(II)
complexes with alkynes. This path was assumed!? for reactions
with the participation of Hg?™", but it is less probable for Cu(T)
halides. Path 3 is more interesting because a softer nucleophile and
a weak base (n>-HC=C~) are involved in the reaction. In
addition, paths 2 and 3 provide a more adequate explanation for
the high stereoselectivity of the insertion of alkynes. To discuss
these alternatives, let us use the data on the structures of the
complexes  (PyH)4CuoCl;2(C=CH) (44) and NH4Cus.
.Cloy(HC=CH)4-2/5{[Cu(H>0),] - [CuCl,]- H,O} (23). Crystal-
chemical analysis demonstrated that these compounds are genet-
ically related (Fig. 28). The subunit CugCly (Fig. 28 b) is common
to both complexes. This subunit contains four pairs of [Cuy]
‘matrices’ with the Cu---Cu distance of ~ 2.8 A. The n%n?-
coordination of one C,H, molecule at the [Cuz] matrix each
affords the structural fragment shown in Fig. 28 ¢. The coordina-
tion of the n!,n'-C = CH ligand at the [Cu,] matrix gives rise to the
fragment shown in Fig. 28 a. The relation between the fragments
(a) and (c) suggests the possible stereochemistry of the second and
third paths of conversions of the intermediate D into X;. Prob-
ably, the intermediate D is formed by the replacement of the
o-coordinated p4-Cl ligand in the complex with acetylene
(u-n2.n%-CyH;,). The resulting complex D (see Fig. 27) contains
simultaneously several ligands coordinated at the [Cus] matrix,
viz., n',n'-C=CH and n%n?CyH,. The intermediate D can be
converted into X; via two paths. From the viewpoint of the
stereochemistry, the path 2 is the most favourable and involves
the cleavage of the Cu—C n!-bond to form the contact ionic pair
D* (see Fig. 27). The ~C,H ion rapidly attacks one of the C®™
atoms of the n-bonded C>H» molecule. In the case of the path 3,
the m',n'-C=CH ligand should be converted into the
n',n>-C=CH ligand. Then the Cu—C n'-bond can be cleaved
followed by the attack of the m2-coordinated anion on the
n?-acetylene. Protolysis of the intermediate Xy affords r-coordi-
nated vinylacetylene (Fig. 27, the intermediate E).

Figure 28. Structural fragment of the (PyH)4CuyCl;2(C=CH) complex
(44) (a), the CugCly subunit (b) and the structural fragment of the
NH4CusClo(HC=CH)4 - 2/5{[Cu(H20)] - [CuCl,]- H,O} complex (23)(c¢).
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The [Cu,,Cl,(C4H4)]” ="~ complex (E) can be deprotonated
to form the intermediate G (of the type 55, see Fig. 22). Judging
from the kinetic data, the latter is converted into divinylacetylene.

C>H,»
[Cu,Cl(C = CCH = CH,)|(i—m— —>
G
1‘1304r
—> [CumCl,,(C4H3)C2H2)]<”*’”)* — X35 —>
H
— > CusCly(CHa = CHC =CCH = CHa) + (Cuyy_2Cl,_2)—m—

1

Protolysis of the intermediate X3 (an analogue of Xy) yields the
intermediate I (complex 34).

The intermediate X; can interact with yet another acetylene
molecule (through the n-complex), which can be inserted at the
Cu—CH= bond, because the insertion of alkynes at the
Cu(1)—alkenyl bond occurs rather readily.!3” As a result, hexa-
1,3-dien-5-yne (the isomer of divinylacetylene) is formed. On
certain assumptions, the scheme of its formation agrees with the
kinetic data.!?

3. Addition of cyclopentadiene and HCN to acetylene

The Diels— Alder reaction (12) of acetylene with cyclopentadiene
to form norbornadiene J proceeds efficiently in highly concen-
trated solutions of CuCl.

emcrn + ) ﬁﬂg

The polynuclear complexes Cus, Cug and Cuy also participate in
this reaction. The process involves the rate-determining stage
because the reaction

H;0™"
[CulC=CH + CsHg —> X4 —— C;7Hs + [Cu]

proceeds more slowly than the reaction of the ethynyl intermedi-
ate with CyH,. Two possible mechanisms of formation and
conversion of X4 should be considered.

1. The classical diene synthesis, viz., [4 + 2]-cycloaddition,
with the participation of an active (polarised) dienophile.

[(liu] Cu
H}C)Jr
ﬁli + @ —_—> — [Cu] +J

CH

2. The insertion of diene at the Cu—C bond to form the
n3-allylic intermediate followed by the repeated intramolecular
insertion of C=CH at the Cu—C bond.

HC
\\éz /ﬁH
[Cu] &S Cu
HoRet B e
I /
CH

Hydrocyanation of acetylene (//, see Table 12) to form
acrylonitrile proceeded in more acidic solutions of CuCl (the
HCIl content was up to 3 mass %). The process involves the rate-
determining stage. At constant acy,+ and acy-, the process is
described by the equation

K 11m PC,H, PHCN

Figm = ———2 2~~~ 12
11m [H3O+] ( )
If the concentrations of the active components are not main-
tained constant, the reaction rate passes through a maximum both

as pucn and the concentration of H3O ™ change.!?¢ Although the
conclusion about the participation of the free CN~ ion or a
complex containing the ~CuCN fragment cannot be made
because of the presence of the rate-determining stage, the exper-
imental data give grounds to suggest that the the mechanism is
analogous to that of dimerisation of acetylene. The concentration
of free cyanide ions in acidic solutions of CuCl cannot be higher
than 10=°-10~1° mol litre ! due to which the attack of the free
cyanide ion present in solution on the m-coordinated acetylene
ligand is improbable, as in the case of the HC=C~ anion in the
dimerisation of acetylene.

Catalysis of hydrocyanation of acetylene in concentrated
solutions makes it possible to achieve high concentrations of the
copper cyanide complex ~CuC=N. Thus the concentration of
dissolved CuCN in the CuCl-NH4Cl-H>O system can reach
15 mass %. If HCN is passed through these systems, different
mono- and polycyanide complexes of copper, viz.,
[Cu,,ClL, _ 1(CN)]*—"™~ and [Cu,,Cl,_«(CN),]”~"—, can be
formed depending on the concentration of HCI. High reactivities
of polynuclear cyanide complexes are also associated with their
bridging structures analogous to those of the complex
NH4C112(CN)3 -H,O 139 (Flg 29 a) or KCUZ(CN)3 . HzOAMO In
addition, due to the bridging structure, CN~ can be held as an
anion in the coordination sphere of the (Cu™C~ =NCu) complex
in the course of insertion of acetylene at the Cu—CN bond.
Acrylonitrile formed after acidolysis of the intermediate
CuCH =CHC=NCu can be coordinated to form the m-complex
of the type 2CuCl- CH, = CHCN.'#! In the latter, the acrylonitrile
molecule serves as the bridging n2- (at the C=C bond) and n'- (at
the N atom) ligand. Interestingly, the CN~ ion can be replaced in
the structure of the cyanide complex KCus(CN)s - H,O by the C3~

anions in the structure of the

Figure 29. The
NH4Cuy(CN)3 - H,0 complex 139 (a) and the [Cuy(CN)y(C=C)>~], anions
in the structure of the [K(H30) " ]Cux(CN)»(C =C) complex!® (b).

[Cux(CN)3 ],
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dianion (Fig. 29b) to
‘[Cux(CN)(C=C)].18

form the complex [K(H30")]-

4. Participation of ethynyl copper complexes in homogeneous
oxidative conversions of alkynes in the CuCl-MCI- CuCl,
systems

Many oxidative conversions of acetylene and alkynes proceed in
concentrated solutions of CuCl in the presence of CuCl,.!3 142 As
mentioned above, 2-chlorobut-1-en-3-yne,'3%133  trans-1,2-
dichloroethylene and 1,1-dichloroethylene 134135 formed from
acetylene in these systems. Soluble c-ethynyl derivatives are also
involved in oxidative dehydrocondensation of alkynes yielding
substituted diacetylenes K'3-143 and in substituting oxidative
chlorination giving rise to chloroalkynes L.144~ 147

RC=CC=CR
2 CuCly K
~CuC=CR

CIC=CR
L

The CuCl-CuCl; catalytic systems (CuCl, is a catalyst in the
presence of O; or in an electrochemical system) are characterised
by the formation of heterovalent polynuclear complexes very
typical of copper.'#® The structure of the simplest representative
of these complexes, viz., [(CoHs)4N]Cu,Cly, has been described.!®
The Cu(1) and Cu(I1) centres in the polynuclear chain (CuyCly),
differ in symmetry.

Concentrated solutions, which enable one to achieve high
concentrations of intermediates (~CuC=CR, ~CuCN or
~CuCH =CHX), play an important role in the catalysis of
addition at the C=C bonds of the HC=CH, HCI, HOH, HCN
and CsHe molecules. In oxidative conversions of alkynes, electron
transfer from CuR to CuCl; in mixed complexes occurs so rapidly
(k= 0.5x10% mol~! litre s—')!*° that the reaction rates are high
even in solutions dilute with respect to CuCl (for example, at the
concentrations of LiCl, CuCl and CuCl; equal to 5, 0.2 and
0.5 mol litre—!, respectively). The kinetic equations for some
reactions proceeeding in these systems under conditions of con-
stant high concentration of the cations (Li*) {when [CuCl]s oc
[(CuCl,)»=D~] and [CuCly]s oc [(CuCl,)*—»~]} were obtained.
Thus, the rate of oxidative dimerisation of methylacetylene (MA)
is described by the equation 142

_ kppa Pma[CuCly] [CuCl)?
[H;0%] ’

(13)

'DDA

where DDA is dimethyldiacetylene.

The process occurs through the intermediate CuC=CMe and
involves the rate-determining stage whose transition state includes
Cu(1) and Cu(11) ions [2Cu(I)- Cu(In)(—C=CR)J*. It should be
noted that two CuCl molecules enter into in the reaction even in
rather dilute solutions. Apparently, these molecules are required
for stabilisation of the assumed intermediate, viz., the ethynyl
complex of copper(1l) (CICuC = CMe). The kinetic data !> dem-
onstrate that two molecules of the intermediate decompose to
form dialkyne

2 CICuC=CMe-2CuCl —» MeC=CC=CMe + 6 CuCl.
M

It may be suggested that the ethynyl group in the M complex
acts as the p3-n',n2%n?2-ligand. It is also conceivable that two CuCl
molecules act as catalysts in the formation of CICu'"C=CMe

ClICuC=CMe 2CuCl — CICuC=CMe + 2CuCl,

2CICuC=CMe —> MeC=CC=CMe + 2CuCl.

The reaction of ~Cu!C=CMe with two CuCl, molecules
affords 1-chloroprop-1-yne (CP). The latter is formed in two
stages the first of which is rate-determining.

CuC=CMe + 2CuCl, —> CuCly(CICu''C=CMe) + CuCl,

CuCly(CICu''C=CMe) —» CIC=CMe + 2 CuCl.

The reaction rate is described by the equation

_ kcppma [CuCl,]*[CuCl]

[H,07]

(14)

It should be noted that heterovalent copper complexes with
organic ligands (of the o- and m-types) are as yet unknown
although the complex 15 may be assigned to heterovalent organo-
metallic complexes because its structure contains Cu?>* ions
occupying octahedral cavities and CuC=CH species as ‘guests’
along with the ‘host’ complexes.

V. Conclusion

Analysis of the experimental data obtained in studies of the
compositions and structures of the complexes M, ,)Cu,,,Cl, in
solutions and in the solid phase, copper(I) m-complexes with
acetylene and its derivatives and o-ethynyl compounds, and
information gained from investigations of the kinetics of the
catalytic conversions of alkynes in the MCl-CuCl-H,O and
MCI-CuCl-CuCl,—H;0 systems reveals the specific features of
the coordination chemistry of copper(l) halide complexes and the
peculiarities of the behaviour of copper(I) as a catalyst of
conversions of acetylenic compounds.

The formation of coordination polyhedra through bridging
chloride (bromide) ligands in which Cl— acts as the p»-, ps- or
pa-ligand gives rise to low-charged polynuclear associates
(Cu,,Cl,)" == which can efficiently interact with acetylene
and alkynes to form various n- and c-organometallic compounds.

The geometric characteristics of the n-coordination polyhedra
about the Cu(I) atoms and of the triple C=C bond n-activated at
the metal centre in the CuCl n-complexes with acetylene and its
derivatives and the higher efficiency of the Cu(I) — (C =C) n-inter-
action compared to that of Cu(I) — (C = C) are consistent with the
statement that two degenerate n-MOs are split into two MOs with
different energies (m) and n1) in the course of n-bonding with
Cu(I) due to which the reactivities of alkynes increase. Using the
copper(I) halide m-complexes of organic compounds containing
the C=C bond as an example, two qualitatively different modes
of m-coordination of the C=C groups to the Cu(I) atoms were
revealed. These modes differ in the efficiency of the m-interaction.
Thus, the first mode of coordination occurs in the case of the
probable simultaneous participation of -, nj and n*, -MOs to
form the Cu(I) — (C = C) n-unit. The second mode of coordination
occurs if two individual n-MOs of the C = C bond interact with the
Cu(1) atom idependently of one another giving rise to the bridging
Cu(I) — (C=C) — Cu(I) n-unit (n2,n>-HC = CR). In the latter case,
each m-MO of the acetylene group behaves analogously to that of
the ethylene group and is independently coordinated to one metal
atom. The participation of the higher ©-MO and two n*-MOs is
favourable for an increase in the contribution both of the donor-
acceptor and dative components of the bond due to which
Cu(1) —alkyne bonding in the first case is more efficient.

In the crystalline anionic t-complexes of CuCl with acetylene
and its monosubstituted derivatives, the efficiency of the
Cu(I) — (C=C) m-interaction, which is manifested in the elonga-
tion of the m-coordinated C=C bond, is substantially affected by
=C H:--Cl hydrogen bonds (the length of the m-coordinated
C=C bond depends linearly on the H--- Cl distance). The reason
is that the Cl atoms whose electron-withdrawing properties
depend substantially on the strength of the M™* ---Cl— ionic
interaction can affect the polarisation of the =C—H bond of the
n-coordinated molecule of terminal alkyne through the C(H)--- Cl
contact due to which the electron density on the carbon atoms can
increase or decrease resulting in the corresponding decrease or
increase of the contribution of the dative transfer
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Cu(l) » (HC=CR). In this case, the C = C bond is subjected to an
insignificant or substantial elongation, respectively.

The high efficiency of n-interactions in copper(I) complexes of
the ethynyl type (o,m-complexes) whose formation in the
MCI1-CuCl-H;0 systems (according to the kinetic data) plays
a decisive role in many conversions of C;H, and alkynes is
associated with the mutual strengthening of individual types of
interactions, viz., of Cu(l)—(n'-C=CR) and Cu(l)—
(n2-C=CR). This effect of mutual strengthening (synergism) of
acetylenide and m-types of interactions, which was revealed in
cluster acetylenides and ethynyl complexes of Cu(l), is often
accompanied by unusual structural manifestations and by the
appearance of qualitatively new properties of the C=C group
n-activated at the metal centre [the ~C=C~ dianion in the
compound 45 can be m-coordinated simultaneously to three
Cu(I) atoms].

In addition to the modes of coordination of ethynyl groups
(C=CR) to the copper(l) atom (A, B, C and D) known in
organometallic chemistry,’®~117 new types of clusters (E and F)
were found in the case of copper chloride complexes.

) R )

I & i
/C\ /C/\M /C\
M M M M | M

M
p-ntn' (A) p-n'n*(B) p-ntntn! (0)
)
< 4 <
A Y/
/C/VM M~ t~m _C M
M }VIM M | M

us-n'n?n* (D) mem',n'n?n? (E) usn'nin'nin? (F)

The polydentate character of coordination of acetylene in
n-complexes and of ethynyl ligands in c-organometallic com-
pounds (as well as of cyanide groups) is the governing factor
responsible for the catalytic activity of polynuclear Cu(I) com-
plexes, which is characterised by the following features.

1. The high rate of cleavage of the bridging Cu— CI (i, u3,p4-
Cl)-bonds to form the initial T-complexes (in some cases, the p-Cl
atom is isolobally replaced by alkyne).

2. The high solubility of such molecules as Cu=CH,
CuC=CR and CuCN due to reactions with polynuclear
(Cu,,,Cl,)” ="~ anions and, consequently, the high concentration
of intermediates in solutions (the concentration of ‘yellow’ acety-
lenide complexes in the Nieuwland reaction reaches
0.1 mol litre ).

3. The bridging nature of the coordinated ethynyl and cyanide
groups provides various stereochemical possibilities for the
appearance of carbanionic (RC=C~) and cyanide (N=C~)
nucleophiles in the complex.

4. The tendency for cluster-formation in polynuclear o,n-
ethynyl complexes has a particular effect on the course of catalytic
processes.

5. All stages of the process, including coordination of the
products, can occur on the ‘matrix’ of one complex formed from
the [Cu,] cluster.

6. The formation of polynuclear heterovalent complexes in
oxidation reactions is favourable for the electron transfer in
multiple-electron processes.

7. Hydration and hydrochlorination of alkynes in which the o-
organometallic intermediate is formed in the course of the attack
of the nucleophile (C1~ or H,O), which is present in the solution of
the copper(I) T-complex, can also occur without the participation
of polynuclear complexes and, correspondingly, need not be
catalysed by concentrated solutions.
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