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Abstract

The catalytic efficiency of Ni(0) complexes in coupling reactions of organic and organoelemental halides is shown to be determined
by the degree of charge transfer, the value of the electrochemical gap, and the availability or absence of competitive redox reactions.
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1. Introduction

The elaboration of highly selective reactions leading
to formation of carbon—carbon and carbon—element
bonds is amongst the most important problems in the
rapidly expanding area of metallocomplex catalysis.
Organic halide functionalization can be achieved by the
use of some organometallic compounds; however, tradi-
tional chemical methods of catalyst regeneration are
inconvenient because they demand stoichiometric
amounts of reductants like zinc dust or Grignard
reagents. Electrochemical methods for generation and
regeneration of catalysts may work very productive in
this respect, and in some instances one can obtain
cross-coupling products from various halogen-contain-
ing compounds or mercaptans and to carboxylate aryl-
halides [1-6], and the like.

Presently, one of the most important problems is to
elucidate the factors determining catalyst reactivity and
their quantitative evaluation. However, the mechanism
of these reactions is not absolutely clear, causing trou-
ble in the choices of optimal conditions and catalyst.

We present here a brief overview of our recent work
on electrochemical metallocomplex catalysis. We have
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succeeded in recent years in expanding the application
area of familiar reactions of organic halide coupling on
the basis of oxidative addition reactions. Thus, prelimi-
nary data show that one can perform phosphorylation of
some organic halides under the action of electrochemi-
cally generated Ni complexes(0) with m-acceptor lig-
ands using phosphorus chlorides [7,8] or white phospho-
rus as phosphorylating agents. Nickel complexes are
very attractive catalysts because of their availability and
ability to yield stable forms in low oxidation states (0,
+1.

The main objective of this paper is to find factors
determining the reactivity of Ni(0) complexes in oxida-
tive addition reactions and to use the information ob-
tained to make an informed choice of the catalyst when
performing the synthesis on a large scale.

Among the other metals of the platinum group, nickel
is noted for the least atomic size and d-orbital filling,
resulting in a more effective display of electronic inter-
actions between metal and ligand determining in many
respects the catalytic ability of the complex. However,
an analysis of the reduction process having regard to
competitive homogeneous redox equilibria, limiting
stages, calculation of rate and equilibrium constants is,
in general, insufficient. Undoubtedly, a more compre-
hensive concept of the complex reduction mechanism,
its redox properties and electron interactions between
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metal and ligand can be useful for evaluating the possi-
ble catalytic properties of intermediates with respect to
different substrates. This paper presents our recent re-
sults on electrochemical reduction of organic and orga-
noelemental halides under the action of Ni(0) com-
plexes, the elucidation of the interrelation between the
complex reduction mechanism, electron effects and lig-
and nature, and also some functions of the electrochem-
ical potentials of complexes and substrates and complex
catalytic activity in coupling reactions of C—Hal and
E—Hal compounds. Attempts to elucidate the possibili-
ties of phosphorylating organic halides electrochemi-
cally in the presence of chlorophosphines or white
phosphorus under the action of Ni(0) complexes were
also made. The electrochemical approach to using Ni(0)
complex generation opens up some possibilities. Firstly,
one can use catalytic rather stoichiometric amounts of
complex which will be regenerated at the electrode and
thereby reprocessing significant amounts of various sub-
strates. Secondly, it is possible to evaluate quantitatively
the rate of the catalytic reaction by electrochemical
methods, and it was possible in some instances to divide
an overall process into separate stages and to evaluate
the reactivity of intermediates, and the stability of the
metallocomplex in various forms.

2. Results and discussion

2.1. Analysis of the mechanism of electrochemical re-
duction of Ni{Il) complexes with m-acceptor ligands

The overall morphology of polarization reduction
curves of Ni complexes with 7r-acceptor is rather di-
verse. This is not only because of the multistage charac-
ter of the reduction process itself, but also due to the
different experimental conditions used in various publi-
cations. According to the tasks of this investigation, we
have believed that it would be profitable to perform a
correlation analysis of the separate factors in the reduc-
tion mechanism and catalytic activity in similar condi-
tions, whenever possible.

The reduction of Ni(Il) complexes with such ligands
as PPh,, (PhO),P, PhP(OBu),, 2,2'-dipyridyl (dipy) and
1,10-phenanthroline (phen) at a glassy carbon electrode
in acetonitrile with 0.1 M Et,NBF, as supporting elec-
trolyte is a two-electron process [1-9]. An appropriate
peak of product oxidation in the cathodic process is
observed during inverse scanning. This is evident from
quantum-chemical concepts: the electron affinity in con-
secutive electron transfers to a molecule in the absence
of profound chemical transformations is noticeably dis-
tinct, i.e. values of standard redox potentials for each
subsequent stage became increasingly negative. Kinetic
complications (overvoltage or charge transfer) can ap-
pear at each stage of electron transfer to some extent.

We use the approach elaborated in Ref. [10] in order to
elucidate the most probable scheme of complex reduc-
tion. It is assumed that the two-electron process of
initial complex reduction generally includes two stages
of heterogeneous electron transfer and a homogeneous
redox stage:

A+e 2B E k(1)
B+e 2C Ej, k(2)

K K., =ki/k,=exp(AE’F/RT)
A+C22B
ky AE'=E) - E]

The following parameters were chosen as diagnostic
criteria: the ratio of the peak currents i /i, and the
difference between the peak potentials A E® = EJ, — E}}
on forward and reverse scans and its dependence on
complex concentration and potential scan rate. It should
be noted that, in chemical reactions, the complexes
change conformation from an octahedron for Ni(ID) to a
tetrahedron for Ni(I) and Ni(0) and the reaction of
ligand elimination under changes of metal oxidation
state is also possible.

It was shown, as a result of these experiments [11],
that the reduction process for Ni(II) complex with dipy
included only two single-electron stages, and the stage
of second electron transfer was the limiting one, whereas
competitive stages were absent, AE” = —60 to 70mV.
When the Ni(Il) complex with phen is reduced, the
process of first electron transfer is slowed down, A E°
= —30 to 60mV, and redox reactions are also absent.
In the case of reduction of Ni(II) complexes with phos-
phites, (‘PrO),P, PhP(OBu),, (PhO),P, the stage of first
electron transfer is slowed down and the process is
accompanied by chemical reactions of comproportiona-
tion (PPh,, AE®°=90mV) and disproportionation
(phosphites, A E® < 0).

2.2. Kinetic regularities in reduction of organic halides
under the action of Ni(0) complexes

As proved, nickel complexes in low oxidation states
with 7r-acceptor ligands exhibit high efficiency in reac-
tions of oxidative addition to compounds with carbon—
halogen and element—halogen bonds. We have used
cyclic voltammetry to investigate the kinetic regularities
of this process and have followed the dynamics of the
characteristic changes for reduction waves of complexes
on addition of halogen-containing substrates C—Hal and
E-Hal (E = element) in various solvents.

Three types of catalytic wave can be distinguished
qualitatively in the voltammograms for the systems
Ni% + /Ni’,L (L = PPh,, dipy) in the presence of in-
creasing amounts of halogen-containing substrate.
Firstly, a wave of catalytic reduction of the initial
complex, Ni*"L, (Fig. 1(a)); secondly, a wave corre-
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Fig. 1. Sketch of different types of voltammogram: (1) Ni(IDL,
complexes; (2) Ni(IDL, complexes plus increasing amounts of or-
ganic or organoelemental halides (see text).
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sponding tentatively to the reduction of a more compli-
cated complex including the substrate as a ligand (Fig.
1(b)); thirdly, a wave of catalytic reduction of the
organometallic compound, a product of the interaction
between the reduced form of the initial complex and the
substrate (Fig. 1(c)). The reduction voltammogram de-
pends on the nature of the substrate, the ligand and the
solvent. Probably, the following ligand—substrate—
solvent systems can be assigned to the first type: dipy—
Ph,PCI-THF:-HMPA, dipy—PhJ-THF:HMPA, dipy—
Me,SiCl;-DMF, Ph,P-Me,SiCl-CH,CN, Ph,P-
Me,SiCI-THF:HMPA. Generally, the voltammogram
observed may be considered as a classic one (with some
differences) and the current increase can be used to
calculate k,,,, the catalyst regeneration rate constant in
these systems. The systems dipy—Ph,PCI-CH,CN,
dipy-Me;SiCl-CH,CN, Ph,P-Ph,PCI-CH,CN can
be assigned to be of the second type. The third type is
described in considerable detail in the literature where a
new more cathodic catalytic wave was attributed to the
reduction of product of Ni(0) interaction with iodoben-
zene; this is the system Ph,P-PhJ-CH,CN [12-16].
The voltammetric results may be considered not only
from the curve morphology viewpoint, but also from the
catalytic reaction kinetics viewpoint. The nickel com-
plex with dipy was found to be the most efficient and
universal catalyst because a significant catalytic effect
was observed with various substrates. In all cases a
single wave with current characteristics related to the
rate of the overall process of catalyst regeneration in-
cluding several stages is observed. A catalytic current
increase can be used to evaluate the apparent rate
constant of the overall process and to divide the overall

process into separate stages by concentration relation-
ships, with some modifications.

Let us consider the qualitative picture of the Ni**
complex of dipy reduction in CH,CN in more detail.
The addition of substrates capable of manifesting them-
selves as ligands due to the availability of unshared
electron pairs or vacant dm-orbitals (P—Cl and Si—Cl)
leads to the appearance of less cathodic wave with
current varying in direct proportion to the substrate
concentration. A linear relationship between the cat-
alytic wave current and the substrate concentration usu-
ally shows a second-order reaction on the substrate.

Catalytic increments for phen as a ligand were ob-
served only with organic dihalides PhPCl, and MePh-
SiCl, and the value of k,,, was somewhat lower than
with the dipy complex.

The voltammetric results obtained for the Ni com-
plex with triphenylphosphine were rather complicated
and could not be interpreted simply in some cases.
However, they can be utilized for the qualitative and
quantitative investigation of the catalysis mechanism in
the most simple cases by means of literature ap-
proaches, with some allowances. If there are no addi-
tional waves in the presence of the substrate, and the
complex wave grows in height with a decrease in the
anodic component i,, it is believed that the observed
rate constant k. calculated from the catalytic effec-
tiveness i, /i, will describe the overall process includ-
ing the series of successive stages where the electro-
chemical stage is followed by an irreversible chemical
reaction.

P+e 2Q k,
Q+ A - [QA] &,
[QA] =P+ B k,, rapidly

It is supposed in the case under investigation, on the
basis of many literature data, that the & -stage of oxida-
tive addition is the limiting one, and all other stages,
including the stages of reductive elimination and suc-
cessive chemical reactions, proceed rapidly. Although
the scheme presented is an approximate one, various
catalytic systems can be compared on this basis. As the
mechanism of the catalytic reduction process of sub-
strates with P—Cl and Si—Cl bonds is different from the
classical mechanism to some degree, quantitative data
on their reactivity are brought close together to a greater
extent. In any case more complicated systems can be
simplified under some conditions. For example, in the
system

2e”
Ni2* + nPPh, & Ni?* (Ph,P), 2 Ni°(Ph,P), 2 - -
E,

in the presence of Ph,PCI(L') there is good reason to
believe (based on the relative complex stability and the
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equilibrium constant [17,18]) that a new wave shifted to
more positive potentials which may be related to the
process

Ni’*LL +2e~ 2 Ni’LL

Ep

will appear in the voltammogram. It is important for
quantitative evaluation that the ligand environment in
the concentration range under consideration was not
changed; in this case the wave at E, should disappear
and a new wave E should appear instead [12].

The results show that because a wave of the initial

complex does not grow in height and essentially merges

Table 1
Apparent rate constants k
action of NiL, complexes

app OF substrate (RX) reduction under the

L Solvent RX,CX10° i\ /iy ko, X 1077
) M™'s™")
dipy CH,CN Ph,PCl
3.46 1.35 1.63
5.63 2.90 4.63
7.79 4.45 7.88
Me; SiCl
1.58 1.04 2.12
3.16 2.40 5.65
6.32 468 1074
9.49 6.72  14.75
THF:HMPA Ph,PCl
9.74 5.00 7.96
19.48 10.50  17.54
28.58 13.00 1832
38.32 1750 2477
Me, SiCl
3.16 1.25 1.53
9.49 513 8.58
15.81 813 12.94
28.47 1458 1881
PhI
22.33 1.10 0.17
45.21 1.46 0.15
68.09 1.87 0.16
DMF Me, SiCl
3.16 1.24 1.50
9.49 171 0.96
18.98 2.50 1.02
47.45 4.55 135
Phi
5.00 2.99 5.00
10.00 529 8.60
15.00 8.02  12.90
20.00 1148  19.00
PPh; CH,CN Me,SiCl
1.58 1.60 5.02
3.80 2.00 3.27
9.17 4.80 7.79
20.88 6.25 5.80
THF:HMPA Me, SiCl
3.16 1.10 1.19
9.49 1.35 0.60
23.73 1.70 0.38
50.93 1.85 0.21

with a wave of the new complex Ni**LL, it is possible
to investigate this process on the basis of k,, calcula-
tion from the value i, /i, (Table 1). A linear depen-
dence of k,,, for disappearance of Ni(0) complexes on
substrate R~X concentration was observed. That is, the
overall process should be second order on R—X. When
it is proposed that coordinatively saturated complex
Ni’dipy (or Ni’(Ph,P), ) is a reactive particle in relation
to R-X, this process may be divided into two stages, in
view of the pre-equilibrium

kl
Ni’(dipy), 2 Ni’dipy + dipy (1)
k

ky
Ni‘dipy + 2RX — products

On the assumption that the equilibrium in Eq. (1) is fast
and the concentration of [Ni’dipy] is constant, a
second-order rate constant can be obtained k, =
k k,[RX]/k_,[L], w= koppNIiL, IRX] [12].
Consequently, the rate constant of the overall reac-
tion with the participation of the Ni(0) complex should
be dependent linearly, to a first approximation, on the
substrate concentration, as observed in the experiment
(Fig. 2). It is seen that the angular coefficient of plots in
coordinates k., — Cry depends on solvent nature and
does not depend on substrate nature. It was found that
the ratio of the angular coefficients a in equations of
the type k,,, = aCpx + b in different solvents is equal
to the reciprocal ratio of their donor numbers (L = dipy):

Solvent Substrate a X 10° D (SbC1,)[19]
CH,CN Ph,PCl 14 14.0
Me,SiCl 1.5
THF:HMPA Ph,PC1  0.59 29.4
Me,SiCl  0.62
DMF PhI 1.0 26.6

An average donor number (D (THF) = 20.0,
D(HMPA) = 38.8) was determined for the mixture of
the two solvents THF:HMPA (1:1).

Thus, for the solvent range:

CH,CN DMF THE:HMPA
a 24 1.7 1.0
Dy 1.0 1.9 24

The lower is the donor number, the steeper is the
slope of the plot to the abscissa and the more efficient is
the catalytic process.

2.3. The relation between electrochemical redox proper-
ties of some nickel complexes and their reactivity in
coupling processes of organic and organoelemental
halides

The interesting possibility of using redox potentials
of organometallic compounds as starting characteristics
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Fig. 2. The dependence of apparent rate constant k,

Crx ., M

on substrate concentration: (1) Me,SiCl in CH,CN; (2) Ph,PCl in CH,CN; (3) Phl in

DMF; (4) Ph,PCl in THF:HMPA; (5) Me,SiCl in THF:HMPA. The complex Ni(II) (10~* M) of dipy (10~ M) is the mediator.

for prediction of reactivity and mechanisms of reaction
of organometallic compounds was found in recent years
[20]. Such an approach is based on an evaluation of
some redox potential functions, and well-defined physi-
cal meanings are attached to them. It is believed that
such parameters as electrochemical gap G, electrochem-
ical negativity y, and the degree of charge transfer AN
would be useful in investigation of reactions of various
types involving a wider range of substances. Thus, the
parameters G, x and AN characterizing a Ni(0) com-

onNi(O) ©
— Ni(O)L,, d=

plex with various ligands can probably be used to
evaluate the reactivity of this complex in reactions of
oxidative addition to organic halides (substrates):

Ni’L, +R-Hal - R-Ni"HalL,

It may be suggested that the parameters characteriz-
ing the Ni(II) complex can be used to evaluate interac-
tions between this complex and other ligands and sub-
strates to obtain information on complexing properties,
and donor—acceptor interactions between complex and

Er Ni(0)

E.NiD E...Niah
0X . red
S&=<=<——— Ni(DL, =—=—
N
/o
- / 1
EredM(u) ; , / E
/ 1 |
1} |
S —— :
' |
! !
onNi(II) x I;
| e '
3 ;
| Ni(0 Ni(0 L
: on © Ered © Ered

Fig. 3. Electrochemical potentials E,, and E,

for Ni(II) and Ni(0) complexes with ligands L.
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substrate. This is especially of current interest in rela-
tion to organophosphorus substrates capable of exhibit-
ing o-donor and r-acceptor properties in interactions
with transition metals.

The procedure of E,, and E,, measurements for
Ni(Il) and Ni(0) complexes has been described fully
previously [9]. For every Ni(Il) and Ni(0) complexes
there are inherent values of oxidation and reduction
potentials and electrochemical gaps (Fig. 3):

GNI(O)L,) = EN© - ENOG(NI(II)L,,)
= Egii(ll) _ Erl‘:(ij(ll)

In order to solve the tasks to be sought, we experi-
mentally evaluate the necessary values of potentials and
electrochemical gaps G = E,, — E., and electrochemi-
cal negativity y = (E,, + E,,;)/2 for the range of Ni(II)
and Ni(0) complexes under investigation [9] (Table 2).
The complex of Ni(ID) with dipy has the largest value of
electrochemical gap, characterized as the degree of
‘rigidity’. This value is appreciably less for phosphine
and phosphite complexes of Ni(II). The opposite depen-
dence is observed in the case of Ni(0) complexes, i.e.
the least value of electrochemical gap G, and therefore
the greatest donor ability and polarizability, are charac-
teristic of Ni(0) complexes with dipy (0.60 V); next are
Ni(0) complexes with phen (0.72V) and with PPh,
(1.04 V).

The values of charge transfer degree between the two
complexes and substratess AN =Ay/YG = (y, —
x.)/(G, + G,), were calculated on the basis of G and

Table 2
Redox potentials, and electrochemical functions G and x for the
complexes of Ni(II) and Ni(0) and substrates

Ligands, -Eq (V) E, (V) G -x
substrates
Ni(II) or [Ni(0)] complex
dipy 1.68 1.66 3.34 0.01
[2.20] [— 1.60] [0.60] [1.90]
Ph,P 111 0.96 2.07 0.08
[2.05] [~1.01] [1.04] {1.53]
(PhO),P 1.35 1.10 245 0.12
[2.89] [-095]  [1.85] [1.92]
PhP(OBu), 0.89 112 2.01 -0.12
[2.20] [-0551  [1.65] [1.38]
(‘Pro),P 1.14 1.12 2.26 0.01
[3.18] [—0.62] [2.56] [1.90]
(Me,N),P 1.80 0.80 2.60 0.50
[3.47] [-1.50] [1.97] [2.49]
phen 0.84 1.37 221 0.27
[1.54] [-082]  [0.72] [1.18]
Substrates
PhBr 2.83 2.18 5.01 0.33
Ph,PCl 227 1.50 3.77 0.39
PhPCl, 1.10 1.67 2.77 —0.29
PCl, 1.26 1.74 3.00 —0.24
CeH 1 2.30 1.90 4.20 0.20
CH, Br, 2.72 1.89 461 0.42

Table 3

Charge transfer degree between the complexes of Ni(II) and Ni(0)
(given in brackets) and the substrates PhBr, Ph,PCl PhPCl, and
PCl,

Ligand AN x10?
PhBr Ph,PCI PhPCI, PCl,

dipy —4128] -5[37 5[71] 4[60]
Ph,P —4[20] -5 [27] 7551 6[44]
phen —1[15] —3[18] 0142] —
(PhO),P -3[23] —4(33] 8 [60] 7 [45]
PhP(OBu), —6[16] -38[22] 4 [46] 3[33]
('PrO),P —4[21] ~17[30] 6 [54] 538]
(Me,N),P 2[31] 2 [44] 1[74] 1[55]

x assuming that the Ni (I or 0) complex is a donor (d)
and the substrate is an acceptor (a) of electrons (Table
3). The results show that bromobenzene has a very large
electrochemical gap, i.e. its molecule is hard to polarize
and has weak electron donor properties. In this case, the
degree of charge transfer for Ni(Il} complexes with
substrates is small and for Ni(0) complexes is one order
of magnitude greater, thus pointing to the occurrence of
oxidative addition in the latter case. The sign of the
charge transfer degree shows that the Ni(0) complex
manifests pronounced donor properties with all sub-
strates (AN >> 0). Phosphorus chlorides, PCl, and
PhPCI,, exhibit acceptor properties in relation to all
Ni(I) complexes, and Ph,PCl has more distinct donor
properties. One can use the foregoing data of voltam-
metric measurements, quantum-chemical calculations
and evaluated values of G, y and AN to explain the
observed reactivity of nickel complexes in catalytic
processes. The catalytic current increase on voltammo-
grams of complexes on addition of substrates was ob-
served only in the case of nickel complexes with dipy,
phen and PPh,. That is, catalyst regeneration in this
case is sufficiently fast on the time scale of the method
used. However, complex Ni’(phen) has a lesser AN
value than the dipy and PPh, complexes and, therefore,
the rate constant must be less, as is observed in the
experiment. Probably, this could be due to the large
difference of reduction potentials E°, and, therefore,
standard potentials E of complex and substrate A E° =
Egmaex — pubiate, (LUMO is the lowest unoccupied
molecular orbital; HOMO 1is the highest occupied
molecular orbital).

On addition of Ph,PCI to the solution of Ni(Il)
complex with dipy or PPh, a catalytic wave at less
negative potentials than E of the initial complex was
observed. In the case of PhPCl, and PCl,, E values of
complexes are more negative than the corresponding
values of the substrates, and the waves of phosphorus
chlorides in the presence of substrate excess are super-
imposed on the complex wave.

When considering the redox properties of complexes,
account must be taken of some factors related to the
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electron transfer kinetics and subsequent chemical reac-
tions. As both initial compounds and reduction products
are nickel complexes in different oxidation states, and
the overall reduction process is close to reversible or
quasi-reversible, the direction and shift value of the
wave is bound to depend on the relative stability of the
components of this redox pair, the difference between
their coordination numbers and the equilibrium con-
stant. Quantum-chemical calculations of the electron
structure of Ni(0) complexes with organophosphorus
ligands show that the Ni—~P bond is more stable if a
halogen rather than a phenyl group is the substituent at
the phosphorus atom; this is explained by the greater
additive 7-binding between the filled o-orbital of the
metal and the loose orbital of phosphorus (which is a
combination of 3d and 3p orbitals with the 3p orbital
predominating) and a greater population of the molecu-
lar orbital in the ligand complex. Steric factors are of
little influence on the stability of the metal-ligand bond
because the van der oWaals [21] roadii of Ph and Cl are
close together (1.7A and 1.8A respectively); thus,
changing Ph to Cl will not elongate the Ni-P bond as,
for example, in the case of the bulky butyl substituent.

The low oxidation state of the metal and the strong
electronegative substituents in the phosphine ligand are
favourable for m-binding. The anodic shift of the
nickel(II) wave on addition of PPh; described previ-
ously [22] suggests that a reduced form of metal gives a
more stable complex than its oxidized form. In addition,
a second factor, the removal of the overvoltage for
nickel ion reduction on phosphine addition is in opera-
tion. Ph,PCI as a ligand behaved in a similar manner,
though the shift AE /Alog C; on its addition to a
solution of the nickel salt was much greater (about
40mV for PPh, and 65mV for PhPClz). Thus, the
following conclusion can be drawn: Ph,PCl gives a
more stable complex with the reduced nickel form than
Ph,P, and complexes of Ph,P and Ph,PCl are more
stable with Ni(0) than with Ni(II). The question of bond
stability of these ligands with Ni(II) remains open. In
this case, mr-donation is not a determining and character-
istic factor. The stability of the complex will depend on
the o-donor ability of ligand. It is assumed that the
o-donor ability depends on the basicity, and more basic
ligands form more stable bonds. The basicity of Ph,P is
somewhat lower than the basicity of Ph,PCl, and, as a
consequence, the complex Ni**—Ph,P will be slightly
more stable (in the context of a hard—soft acid—base
principle this is an interaction of a medium power acid
Ni(ID) with a soft base Ph,P).

Thus, a wave appearing at less negative potentials on
addition of Ph,PCl to the solution of Ni?**—Ph,P can be
explained by Ph,PCI complexation and the ratio of the
complex stability constants to components of the system
NiZ* /Ni®

It is just complex Ph,PCl with nickel in various

oxidation states (I and 0) which takes part in the
catalytic cycle.

The behaviour of the system Ni?*/Ni—dipy in the
presence of Ph,PCl is of a complicated character.
Though data on competitive ability to complexation
with nickel in various oxidation states for these ligands
are absent in the literature, some analogies may be
given. According to ligand field theory, both dipyridyl
and Ph,P are ligands with great field force splitting
levels [23]. Calculated degrees of charge transfer be-
tween these complexes and Ph, PCl (Table 3) are close
to each other. Unoccupied 7-orbitals are favourable for
a-binding and transfer of d-electrons from metal to
ligand. However, m-donation in this case is possible
with the Ni*T ion too; nevertheless, o-donor bonds are
dominant. Probably, the Ni—~dipy complex is more sta-
ble than the Ni(0)-dipy complex because ligand addi-
tion shifts the nickel wave to a more cathodic region
[12]. A larger wave shift in the Ni(II) reduction to less
cathodic potentials on addition of Ph,PCl is also ex-
plained by the formation of a more stable Ph,PCIl
complex with Ni(0) than with Ni(II).

It is believed that the highest reactivity of Ni(0)
complexes with dipy and Ph,P (compared with the
other complexes investigated) in coupling reactions
(with large k,,,) is related, in a way, to the small value
of the electrochemical gap G. The smaller is the G
value, the greater are the donor properties and polariz-
ability of the complex. This is, probably, the deciding
factor in this case.

Catalytic properties of complexes with organophos-
phorus ligands can be determined generally by the
electron and steric effects of these ligands. The complex
with Ph,P having the lowest value of the electron
parameter and the maximum cone angle 6 characteriz-
ing the large steric effect is the most efficient catalyst
among the complexes investigated. The steric effect
determines the equilibrium of the complex dissociation

o Ka o
Ni"'L, & Ni"L, + 2L

As the coordinatively unsaturated complex Ni’L,
operates as a direct catalyst in dehalogenation reactions,
spatially loaded ligands will determine a large part of
the value of the dissociation constant K. The same is
true for dissociation rates: phosphines dissociate faster
from Ni(0) complexes than similar-sized phosphites.
Probably, an equilibrium of ligand exchange, for exam-
ple Ph,P for Ph,PCl (substrate and ligand), must play
some part in reactions of oxidative addition to the Ni(0)
complex. The greater is this equilibrium shifted to the
substrate side, then the easier the reaction runs. In this
respect, phosphites bonding more rigidly with Ni(0)
adversely affect the catalytic properties of the latter.

Redox reactions of disproportionation and compro-
portionation are likely to be characteristic for Ni(II)
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complexes having greater polarizability, and softness
due to small values of the electrochemical gap (phos-
phines and phosphites). The performance of competitive
reactions must have an adverse effect on the catalytic
efficiency of these complexes in dehalogenation reac-
tions, since the concentration of the active catalyst form
in the reaction zone diminishes, and the faster the
reaction the higher is the rate of these redox reactions.
In addition, the results of preparative reductive electrol-
ysis of Ni[(PhO),Pl;* revealed that, in this case, the
reaction of electron transfer with rupture of the P—OPh
bond in the inner sphere of the complex and formation
of phenylphosphonite took place.

The catalytic efficiency in a series of phosphine and
phosphite complexes with nickel will be determined by
the rate ratio of the separate stages in the overall
process-target reactions leading to formation of the
terminal desired product, and competitive processes.
The complex with dipy, in the reduction of which
competitive redox reactions are absent, has the best
catalytic efficiency. This factor is also favourable for
the sufficiently high catalytic efficiency of the complex
with phen. However, the reaction rate must be lower
due to the lower value (compared with Ph,P and dipy
complexes) of the degree of charge transfer AN (which
is as observed). Thus, the following factors are of
importance in evaluation of the catalytic activity of the
Ni(0) complex in reactions of oxidative addition: the
value of the electrochemical gap G, the degree of
charge transfer AN, the stability of the Ni—P bond,
electronic and steric effects of the ligands, the availabil-
ity or absence of homogeneous redox reactions; consid-
eration of only one of these individual factors prevents
one from drawing the correct conclusions.

3. Experimental section
3.1. Apparatus

Cyclic voltammograms were registered at a glassy
carbon electrode with 1.5 mm diameter in a thermostati-
cally controlled cell in an argon atmosphere. A silver
electrode Ag/AgNO, (0.01M solution in CH,CN)
served as a reference electrode. Curve registration was
made using a PI-50-1 (USSR) potentiostat.

3.2. Voltammetric measurements

In order to obtain the kinetic characteristics of the
process, the voltammograms were recorded for each

system consisted of the substrate and the nickel com-
plex. The concentration of Ni(BF,),, first dried in a
vacuum at 40°C over 2days, was 5 X 107 M, and the
concentration of ligands was (1.5~2.0) X 1072 M. All
substrates were freshly distilled in vacuum and were
added to the electrochemical cell which was deoxy-
genated by argon bubbling. The calculation of the rate
constant of catalyst regeneration k,,, was performed by

P
the method in Ref. [24].
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