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The reactivity of 2,2 -bipyridine complexes
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Nickel(0) complexes coordinatively unsaturated with 2,2 -bipyridine (bpy) are more
reactive in the oxidative addition to organic halides than the saturated analogs. c-Organonickel
complexes formed as intermediates of catalytic cycles were prepared in high yields using
nickel complexes coordinatively unsaturated with bpy and aromatic halides containing a

methyl group in the ortho-position of the ring.
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The nature of the key steps involved in the reduction
of organic halides (RX) in the presence of electrochemi-
cally generated complexes of transition metals in low
oxidation states,! in particular, Ni complexes with
2,2 -bipyridine (bpy) is little studied. It appears perti-
nent to study in detail the pathways of transformation of
organic halides and to elucidate the nature of intermedi-
ates formed in these reactions.

The purpose of this work is to investigate the reactiv-
ity of nickel complexes containing nickel in low oxida-
tion states and different numbers of bpy ligands in the
electroreduction (ER) of RX, to elucidate more pre-
cisely the mechanism of the catalytic process, and to
identify the nature of the intermediates. In order to de-
termine the potentials of catalytic regeneration of nickel
complexes in the presence of RX and the reduction po-
tentials for the products of oxidative addition of RX to
Ni’ complexes and to estimate the reactivity of Ni’bpy,
complexes (n = 1, 2) with respect to various substrates
and the stability of intermediates formed in the cata-
Iytic cycle, we studied the electrochemical behavior
of Nibpy,X, complexes (n = 1, 3; X = Br, BF,) in
the presence of various RX (R = Prl, Am!, Ph, Tol,
Mes; X =1, Br).

Experimental

When recording the cyclic voltammetry (CV) curves, a sta-
tionary glass-carbon (GC) disc electrode with a working sur-
face area of 3.14 mm? was used as the working electrode. The

CV curves were recorded using a PI-50-1 potentiostat with a
PR-49 programming unit with an electrochemical cell included
in a three-electrode circuit. An XY-recorder was used; the rate
of linear potential sweep was 50 mV s~!. The CV curves were
recorded in DMF using Et,NBF, (0.1 mol L~!) as the support-
ing electrolyte. The Ag/0.01 M AgNO; system in MeCN was
used as the reference electrode. A Pt wire 1 mm in diameter
was the auxiliary electrode. The measurements were carried
out in a cell maintained at a constant temperature (25 °C)
under argon. Alkyl or aryl halide RX was added to a solution of
the nickel complex (1-10~2 mol L~!) with a 10-pL chromato-
graphic syringe.

Electrolysis was carried out using a B5-49 dc source in a
40-mL three-electrode cell in DMF solution with Et;NBF, or
Et,NBr as the supporting electrolyte. The working electrode
potential was checked by a Shch 50-1 dc voltmeter vs. the
Ag/0.01 M AgNOj reference electrode in MeCN. The working
surface area of the cylindrical Pt cathode was 20.0 cm?. In
experiments with a divided cell, tracing paper was used as the
diaphragm, a GC plate with a working surface area of 4 cm?
served as the anode, and a saturated DMF solution of the
supporting electrolyte used in the catholyte served as the anolyte.
In electrolysis in an undivided cell, Zn, Al, or Mg rods were
employed as anodes. Prior to electrolysis, the working surface
of the electrodes was conditions by grinding with emery paper.
During electrolysis, the electrolyte was stirred with a magnetic
stirrer and a argon continuous stream was passed through
the cell.

I'H NMR spectra were recorded on a Varian T-60 instru-
ment (60 MHz) in CDCl; with Me,Si as the internal standard.
The ESR signals were recorded on an SE/X-2544 Radiopan
electronic spectrometer using diphenylpycrylhydrazyl (DPPH,
g= 2.0036) as the internal standard. GLC analyses of reac-
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tion mixtures and prepared compounds were carried out
on a Chrom-5 chromatograph (Czechoslovakia), using
helium as the carrier gas, a heat conductivity detector, a
120x0.3 cm glass column, and 5% SE-30 on Chromaton N-AW
(0.125—0.160 mm).

The MeCN solvent was purified by three fractional distilla-
tions over P,O5 with the addition of potassium permanganate.
The concentration of the residual water was 1.8+1073%. DMF
was purified by threefold vacuum distillation with intermediate
drying over calcined potassium carbonate and molecular sieves.
The salts used as supporting electrolytes were twice recrystal-
lized (Et4yNBr, from MeCN and Et{4;NBF,, from EtOH) and
dried in a vacuum drying chamber for 2 days at 100 °C. The
alcohols were refluxed for 5 h over freshly prepared barium
oxide and then distilled. Benzene and ether were dried by dis-
tillation over Na; chloroform was dried by refluxing over P,0Oj5
with subsequent distillation.

The NiBr,bpy and Ni(BF,),bpy; complexes were prepared
from the corresponding nickel salt and the required amount of
bpy in EtOH with stirring for 5 h. The precipitates formed were
filtered off and dried in a vacuum chamber at 30 °C for 24 h.
The organic halides (RX) used were chemically pure grade
commercial reagents, which were purified by distillation until
constant physical parameters were attained. The (BuO);PO
used as the label was purified by heating with metallic Na for
4 h at 100 °C followed by three vacuum distillations.

Processing of the results of voltammetric studies. The error
of the peak potential measurements was <10 mV. The number
of electrons transferred from an electrode to the nickel com-
plex was determined by comparing the peak currents of the
compound under study with the current of the first diffusion
peak of benzophenone reduction (1le) under similar conditions.

The apparent rate constants (kapp) for catalyst regeneration
were calculated by the Saveant method? using the approximat-
ing equation that relates the /,%/1,9 ratio to k,, (I, and 1,9 are
the catalytic (kinetic) and diffusion currents, respectively).

The rate constants (k) for the oxidative addition of organic
halides to s-organonickel complex (mediator) were calculated
by a previously described procedure? using the calibrating curves
for different excess factors Cg%/C,° (C¥ is the substrate bulk
concentration, CA0 is the mediator concentration) and the plot
for the ]pk/lpd ratio vs. logyk, where yk is the kinetic parameter
equal to k;C\ORT/(FV).

Electrochemical reduction of NiBr,bpy in the presence of
alkyl iodides. The working solution (30 mL) was prepared
by dissolving NiBr,bpy (18.75-10~2 g, 5-10~*mol), RI
(5-1073 mol; 0.5 mL of Pril or 0.65 mL of Amil), and Et,NBF,
(1.085 g, 5-10~3 mol) in DMF. Electrolyses were carried out in
both divided and undivided electrochemical cells. During elec-
trolysis, 0.27 A h~! of electricity was passed at a controlled
potential (—1.55 V). The reaction mixture was stirred under a
continuous argon stream and analyzed by GLC when the elec-
trolysis had been completed.

Electrochemical reduction of NiBr,bpy in the presence of
aryl bromides. In the case of preparative reduction, a 30-mL
working solutions was prepared by dissolving NiBr,bpy
(0.1875 g, 5-10~* mol), Et,NBr (1.05 g, 5+ 10~3 mol), and RBr
(1-1073 mol; 0.1 mL of PhBr or 0.12 mL of 2-BrTol) in DMF.
The complexes Tol,NiBrbpy, MesNiBrbpy, and Mes,Nibpy
were prepared using 2-BrTol (0.12 mL, 1-10~3 mol), MesBr
(0.075 mL, 5-10~* mol), or MesBr (0.15 mL, 1-10~3 mol),

respectively. Electrolysis was carried out in the potentiostatic
mode at a working electrode potential of —1.52 V vs. Ag/0.01 M
AgNOj; in MeCN. Electricity (27 mA h~!) was passed through
the electrolyte. The amounts of electricity passed for the prepa-
ration of Tol,NiBrbpy, MesNiBrbpy, and Mes,Nibpy were 40.5,
27, and 54 mA h~!, respectively. After completion of electroly-
sis, the solvent was distilled off, and the products were ex-
tracted from the residue into ether. Then the ether was evapo-
rated and the products were dried in a vacuum chamber at 30 °C.

(2,2"-Bipyridine)bromobis(2-tolyl)nickel, m.p. 145°C
(decomp.). Found (%): C, 60.34; H, 5.23; Br, 16.58; N, 6.03;
Ni, 12.37. C,4H,,NiN,;Br. Calculated (%): C, 60.38; H, 4.61;
Br, 16.77; N, 5.87; Ni, 12.37. 'TH NMR, &: 8.56—8.57 (m, 2 H);
8.33—8.37(d, 2 H); 7.79—7.82, 7.28—7.31 (both m, each 2 H);
7.10—7.14 (m, 6 H, CgHy); 6.92 (m, 2 H, C¢Hy); 1.91
(s, 6 H, Me).

(2,27 -Bipyridine)bromo(mesityl)nickel(1i1), m.p. 149 °C
(decomp.). Found (%): C, 55.03; H, 4.60; Br, 18.90; N, 6.03;
Ni, 14.16. C;gH9NiN,Br. Calculated (%): C, 55.14; H, 4.59;
Br, 19.31; N, 6.77; Ni, 14.18. 'TH NMR, &: 8.56—8.57 (m, 2 H);
8.33—8.37(d, 2 H); 7.79—7.82, 7.28—7.31 (both m, each 2 H);
6.45 (m, 2 H, C¢H,); 2.59 (s, 6 H, Me); 2.17 (s, 3 H, Me).

(2,27 -Bipyridine)bis(mesityl)nickel, m.p. 215 °C (decomp.).
Found (%): C, 74.08; H, 6.83; N, 6.28; Ni, 12.37. C,4H3,NiN,.
Calculated (%): C, 74.19; H, 6.62; N, 6.18; Ni, 12.96. 'H NMR,
5. 8.56—8.57 (m, 2 H); 8.33—8.37 (d, 2 H); 7.79—7.82,
7.28—7.31 (both m, each 2 H); 6.45 (m, 4 H, C4H,); 2.59 (s,
12 H, Me); 2.17 (s, 6 H, Me).

Results and Discussion

Reduction of aliphatic halides by nickel(0) bpy com-
plexes. When RI (R = Pri, Am') is added to a solution of
Nillbpy, (n = 1 or 3), the reduction current at the first-
peak potential (Ni'l/Ni%) substantially increases, while
the anodic component disappears (Fig. 1).

When the NiBr,bpy is used as the initial complex, a
new peak (Red,) appears in the presence of RI. The peak
occurs at more cathodic potentials (Table 1) and cor-
responds apparently to the reduction of RNilllbpy,
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Fig. 1. CV curves for Nillbpy (0.01 mol L~1) in the absence (7)
and in the presence (2, 3) of Pril in a concentration of 0.01 (2)
and 0.1 mol L~! (3).
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Table 1. Peak potentials (£/V) in the CV curves of nickel complexes with 2,2 -bipyridine in the

presence of aliphatic iodides (RI)?

Complex RI® —Eg; Peak potentials (—Ep)
Redl Red2 Red3 R€d4 OXl OX2 OX3
Nillbpy, Pril 1.95 1.62 2.32 1.95 — 1.49 2.22 1.16
Amil 2.09 1.62 2.32 2.09 — 1.49 2.22 0.87
Nillbpy Pril 1.95 1.55 2.23 1.95 1.65 1.38 2.12 1.16
Amil 2.09 1.55 2.23 2.09 1.68 1.38 2.12 0.87

a Experimental conditions: DMF, 0.1 M Et,NBF,, GC, vs. Ag/0.01 M AgNO; in MeCN.
b The concentration of RI was 1+10~2 mol L.

(n =1, 2), which has formed in the reaction of RI with
the Ni® complex generated at the Red; potentials. The
c-alkylnickel complexes AIkNi''XL, are known*3 to be
thermodynamically unstable; they decompose with re-
generation of the initial catalyst. However, the rate of
this reaction is relatively low because the above-noted
peak of RNi'XL, reduction (E,Red) is still detectable.
Therefore, it is assumed that this complex can be re-
duced competitively at the ERedi potentials under the
action of Ni%py, (n = 1, 2). If we assume that the
intermediate RNi”XL, complex participates in three com-
peting reactions and that for different R and X, the pro-
cess steps are the same, only the rates being different,
the following scheme of catalyst regeneration with RX
can be proposed as the most probable (Scheme 1).

Scheme 1

Red,

> Nillopy, + 2 e Ni%py, + bpy

Xy

[—
_—

Ni®bpy,, + RI RNi'"'lbpy,

RNi''lbpy, — Products + Ni''bpy,

(R,, RH) |

bpy

RI

a Red, [
RNi''lbpy, + e ? RNi'bpy, —

— R, + Ni'bpy, + I”

RNi"'lbpy, + Ni°bpy, —  RNi'bpy, + Ni'lopy,

RNi'bpy, + Rl — R,Nilbpy —>

— R, + Nilbpy, + 21~

¢,bpy

R = Alk

Curve I (see Fig. 1) confirms the reversibility of the
Ni'l/Ni® redox pair; the potential difference between the
anodic and cathodic peaks (130 mV) is exceeded be-
cause the bulk resistance of the solution is not counter-
balanced. The GLC analysis of the reaction mixture ob-
tained by exhaustive electrolysis of a mixture of NiBr,bpy
with Pril (1 : 10) at £= —1.52 V showed the formation of
2,3-dimethylbutane (Pri)z as the major product.

The catalytic efficiency of the nickel(0) complex
whose Nill precursor contains one bpy ligand in the co-
ordination sphere is higher than the efficiency of the
catalyst formed from the nickel complex with three bpy
ligands (Table 2). This fact is indicative of the substan-
tial influence of the complex dissociation—association
steps on the rate of the whole process. The considerable
current growth observed at the reduction potentials of
Nillbpy, complexes (n = 1, 3) in the presence of RI and
the simultaneous disappearance of the anodic compo-
nent of the Red; wave allows one to calculate the effec-
tive rate constant for catalyst regeneration kapp (sce
Table 2) using the Saveant method.2

The dependence of the number of electrons (#,) trans-
ferred at the potentials of the first reduction step (Red,),
which implies Ni!l to Ni® transition, on the square root
of the concentration of the [RI] substrate added (Fig. 2)
is linear for a relatively small excess of RI, i.e., the over-
all process obeys the first order kinetics with respect to
the substrate and the reaction rate is determined by the
oxidative addition step (see Scheme 1). For high sub-

Table 2. Effective rate constants for catalyst regeneration
(kapp) (1-1072 mol L~1) in the presence of RI at the poten-
tial EpRedl

Complex  RI [RI]-102  L}/L* ko -107)
/mol L1 /L mol~!s!
Nipry3 Pril 10.8 2.09 2.8
Amil 11.1 2.09 3.0
Nillbpy Pril 10.8 2.65 5.0
Am'l 9.2 2.40 4.9

* Ratio of the catalytic (kinetic) and diffusion currents.
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Fig. 2. Number of electrons (n,) transferred at potentials of the
first step of reduction (Red;) of Ni'lbpy (7, 1) and Nillbpy,
(2, 2%) (0.01 mol L) in the presence of Pril (7, 2) and Amil
(17, 27) vs. [RI].

strate concentrations, the Red; peak current does not
depend on the concentration. This implies saturation
at which the reaction follows a zero order with re-
spect to the substrate and a subsequent reaction, for
example reductive elimination, is the rate-determin-
ing step.

The addition of aliphatic bromides does not induce
catalytic increase in the current at the first-peak Red,
potentials, and the process reversibility is not deterio-
rated (Fig. 3). Apparently, in these cases, the key steps
responsible for the catalyst regeneration are too slow;
this hampers detection of these steps under CV con-
ditions.

The experiments show that the primary products of
the oxidative addition of AlkNiXbpy, (n = 1, 2) are
relatively unstable under the experimental conditions,
which precludes using them as model compounds to study
cross-coupling reactions.

The reaction of aromatic halides with electrochemi-
cally generated nickel(0) bpy complexes. As model aryl
halides (ArX), we chose PhBr, Phl, 2-BrTol, and MesBr.
By using this series of substrates, one can model and
compare the reaction pathways involving intermediates

—i/uA
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Fig. 3. CV curves for Ni(BF,)bpy; (0.01 mol L) in the ab-
sence (7) and in the presence of BuBr (0.01 mol L~1) (2).

Fig. 4. CV curves for Ni(BF,),bpy; (0.01 mol L~!) in the ab-
sence (/) and in the presence of PhI (0.02 mol L) (2).

differing in stability, due to the presence of the Me group
in the ortho-position of the benzene ring.

In the CV curves recorded for the Ni(BF,),bpy; com-
plex in the presence of Phl, the Ox; anodic peak disap-
pears, while two new cathodic peaks (Red; and Red,)
appear at more negative potentials (Fig. 4), the latter of
the two being reversible (has an anodic component, Oxy).
The total current of the Red; and Red, peaks is directly
proportional to [Phl] (Fig. 5), which attests to a cata-
Iytic nature of the process that takes place at the poten-
tials of these peaks.? In the case of NiBr,bpy, which is
coordinatively unsaturated with respect to bpy, the in-
crease in the current of the Red; and Red, peaks upon
the addition of the corresponding amounts of PhI is
more pronounced. Thus, the regeneration rates of the
Ni%py catalyst and of the catalytic cycle intermediates
are much higher, indicating that the dehalogenation by
the Nillbpy complex is more efficient than that by the
Nillbpy; complex (see Fig. 5).

When ArBr is added to the Nillbpy; complex, the
Red, peak (reduction of Ni!l to Ni’) remains unchanged
and retain its reversibility, and no other peaks indicating
reduction of the oxidative addition products at more
cathodic potentials can be detected (Fig. 6, a). Thus, the

10 20 JIPhlI]-10%/mol®5 .05

Fig. 5. Total current of the Red; and Red, reduction peaks of
Nillbpy (1) and Ni'lbpy; (2) vs. [PhI].
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Fig. 6. CV curves for Ni(BF,),bpy; (a) and NiBr,bpy (b)
(0.01 mol L) in the absence (/) and in the presence of PhBr
(0.01 mol L=1) (2).

Ni’bpy, complex (n = 1, 2) obtained from Nillbpy; does
not exhibit catalytic activity under CV conditions. A
catalytic gain in the current can be observed only at the
potential of the second peak Red, (see Fig. 6, a), corre-
sponding to the formation of Ni’bpy,*~ (Scheme 2).

The effective rate constants for regeneration of the
catalyst of this process are presented in Table 3. The
highest k,,,, is observed in the case of PhBr; the presence
of ortho-substituents decreases this value.

The NiBr,bpy complex, coordinatively unsaturated
with respect to bpy, proved to be much more active in
electrochemical dehalogenation. When NiBr,bpy is re-

Table 3. Effective rate constants (k,,,) for regeneration of the
Nillbpy; catalyst (1+-10=2 mol L~!) in the presence of ArBr at
the potential E,Red2

ArBr [ArBr]- 102 [K/I 0 Kypp 107!
/mol L1 /L mol~1s~!
PhBr 12.0 3.24 4.0
2-BrTol 12.0 2.22 1.6
MesBr 11.7 1.38 0.6

* Ratio of the catalytic (kinetic) and diffusion currents.

Scheme 2

il LTI
Ni%bpy,; + 2 e T Ni*bpy, + bpy

He ﬂh He! .—
Ni®bpy, + e ox, [Ni*bpy,]

[Ni%py,] "~ + ArBr . Ni%bpy, + 0.5 Ar, + Br~
|

duced in the presence of ArBr, the reversibility of the
first Red; peak disappears (Fig. 6, b). This implies a
rather high rate of the oxidative addition step, decreas-
ing in the series of substrates PhBr > 2-BrTol > MesBr.

Ni%bpy + ArBr — ArNi!'Brbpy.

The published data® suggest that the Red; and Red,
peaks (Table 4) correspond to the reduction of the oxi-
dative addition products, c-aryl nickel complexes; how-
ever, the structure of these complexes is unknown. We
attempted to elucidate their nature by using preparative
electrolysis and CV methods.

After passing 2 F of electricity (per Ni atom) at the po-
tential ERed1 through an electrolyte containing NiBr,bpy
and PhBr (1 : 2) in DMF in an undivided cell with a Mg

Table 4. Peak potentials (£,) in the CV curves for Nillbpy; and Nillbpyin the presence of ArX

Complex ArX —E,/V
Redl Red2 Red3 R€d4 OXl OX2 OX3 OX4
Nillbpy, PhI 162 232 176 198 149 222 — 1.77
PhBr 1.62 2.32 — — 1.49 2.22 — —
2-BrTol 1.62 2.32 — — 1.49 2.22 — —
MesBr 1.62 2.32 — — 1.49 2.22 — —
Nillbpy Phl 1.55 2.28 1.74 1.95 1.38 2.16 — —
PhBr 1.55 2.28 1.76 1.96 1.38 2.16 1.63 1.82
2-BrTol 1.55 2.28 1.77 1.96 1.38 2.16 1.65 1.83
MesBr 1.55 2.28 1.80 2.01 1.38 2.16 1.77 1.90

Note. Experimental conditions: DMF, 0.1 M Et,NBF,, GC, vs. Ag/0.01 M AgNO; in MeCN.
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Fig. 7. CV curves for NiBr,bpy (0.01 mol L~") in the presence
of PhBr (0.02 mol L~!) before electrolysis (/) and after passing
of 2 F of electricity (2).

anode, the CV curve exhibits the same peaks, Red;, Red,
and Red,. The current of the Red; peak somewhat de-
creases, while the height of the peaks at £,%¢d3 and E,Red4
increases with respect to the values observed prior to
electrolysis, so that the three peaks have identical heights
(Fig. 7). GLC analysis of the reaction mixture after elec-
trolysis showed the presence of biphenyl. Thus, the prod-
uct of oxidative addition of PhNiBrbpy is insufficiently
stable under the given conditions and the catalyst is gen-
erated at the potential ERed1,

To identify the limiting steps of the process, we stud-
ied the dependences of the heights of the Red; and Red,
cathodic peaks on the ArBr concentration (Fig. 8). The
total current of the peaks observed at E,R¢d3 and E,Reds
increases in proportion to [PhBr] and does not depend
on the concentration of the complex. These dependences
are typical of catalytic processes involving regeneration
of the active form of the catalyst;2 this prompts the fol-
lowing scheme for the given process (Scheme 3).

Scheme 3
~ PhNillBrbpy + ¢ == PhNilbpy + Br~ N

PhNi'Brbpy + PhBr —» Ph,NiBrbpy + Br— (2)

Ph NiBrbpy =~ — Ph, + NiBrbpy 3)
Ni'lbpy +e == Nibpy 4)

— PhNi''Brbpy 3)

Ni°bpy + PhBr

10 20 |l ArBr|-10%/mol®5 L0

Fig. 8. Total number of electrons (#,) transferred at the poten-
tials of the Red; and Red, cathodic peaks of Ni'lbpy u Nillbpy;
in the presence of PhBr (7), 2-BrTol (2), and MesBr (3)
vs. [ArBr].

When the PhBr concentration is high, the number of
electrons corresponding to the Red; and Red, steps tends
to a definite limit and no longer depends on the PhBr
concentration. This proves that the overall rate of the
process described by this scheme (see Scheme 3) is now
controlled by a step having a zero order with respect to
the substrate and the first order with respect to nickel.
Indeed, the reduction of Ni!Brbpy is highly exoergic at
potentials of the Red; peak because the reduction poten-
tial of Nill to Ni’ is much more positive. Step (5) is
rather fast compared to other steps,’? so that it cannot
be responsible for the kinetic control of the whole se-
quence (see Scheme 3). Thus, for low PhBr concen-
trations, oxidative addition is the limiting step (see
Scheme 3, reaction (2)) and the reaction has the first
orders with respect to PhBr and nickel.

When the PhBr concentration is high, this step be-
comes rather fast, so that the process is limited by reduc-
tive elimination (see Scheme 3, reaction (3)). The pro-
posed sequence (see Scheme 3) is in qualitative agree-
ment with the concentration dependences of the reduc-
tion currents at £ ,Red3 and E Reds,

Thus, the stability of o-phenyl nickel complexes is
low, so they cannot be used to model more complex
cross-coupling reactions involving RX. In this case, the
homocoupling product, viz., biphenyl, is formed in each
step, viz., Red;, Reds, and Red,.

The stability of the transition metal aryl c-complexes
having a Me group in the ortho-position of the aromatic
nucleus is caused by steric factors, which hamper the
rotation about the Ar—metal o-bond and the axial attack
of the reagents on the nickel atom.1® Let us consider
ER of the NillbpyBr, complex in the presence of
2-BrTol (Fig. 9).

After electrolysis of the working solution containing
Nil'lbpyBr, and 2-BrTol (1 :2) at the potential E,Redi,
the Red; peak disappears from the CV curve, whereas
the Red; and Red, peaks whose total current corresponds
to the participation of two electrons are retained (see
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Fig. 9. CV curves for NiBr,bpy (0.01 mol L~") in the presence
of 2-BrTol (0.01 mol L-!) before electrolysis (7) and after
passing of 2 F (2) and 3 F (3) of electricity per nickel complex
molecule.

Fig. 9). Both peaks are reversible but for Red,, the an-
odic component is undoubtedly more pronounced. The
solution acquires a red color corresponding to the
TolNiBrbpy o-complex, which is formed, in our opin-
ion, upon oxidative addition (reaction (7)).

Red,

NiBrybpy + 2 e Ni%bpy + 2 Br-, 6)

X
Ni%py + 2-BrTol — TolNiBrbpy. 7)

Upon the addition of 2-BrTol to a solution of
ToINiBrbpy, the height of the Red; peak does not change,
while the current of the Red, peak is directly propor-
tional to [2-BrTol]. However, the Tol, dimer is not
formed in the solution, i.e., the addition of TolNiBrbpy
to TolBr does not take place. Thus, the c-complex pre-
pared from 2-BrTol by reaction (7) is rather stable in
solution and can be used to study the mechanism of RX
cross-coupling or other reactions involving these sub-
strates.

The CV curves for the NiBr,bpy complex in the pres-
ence of increasing amounts of 2-BrTol display a slight
gain in the current at the potentials of the Red; and Red,
peaks. At higher concentrations, the total current of the
Red; and Red, peaks tends to a limit corresponding to
the addition of approximately two electrons per nickel
complex.

After electrolysis of a solution of TolNiBrbpy at
E,Reds = 1.77 V (1 F mol~! per Ni atom), the CV

—i/pA
S0F Red,
251
0=
1 2 —EN

Fig. 10. CV curve for Tol,NiBrbpy (0.01 mol L™).

curve of the solution exhibits one reversible Red, peak
(E,Red4 = —1.96 V). The solution has an intense vinous-
lilac color. The new nickel complex was isolated and
characterized by spectroscopy and elemental analysis as
Tol,NiBrbpy. The CV curve of this compound exhib-
its one reversible single-electron reduction peak with
E,Reds = —1.96 V and one single-electron oxidation peak
(Br™) at a potential of +0.12 V (Fig. 10). The complex
slowly decomposes in air, and after 6—7 h, the electro-
lyte solution develops a green color, typical of NiBr,bpy
(this was confirmed by CV), and the content of ditolyl in
the solution increases 20-fold. The following scheme
can be proposed for the formation of o-ditolyl nickel
complex during electrolysis at £ Reds:

EpRed3
ToINilIBrbpy + e =====2= TolINilbpy + Br-,

TolNilbpy + TolBr — Tol,NiBrbpy.

Under CV conditions, this complex is reversibly re-
duced (see Fig. 10):

E Redy

By analogy with the data published previously,!! one
can suggest that in the radical anion formed, the elec-
tron is concentrated on the ligand. The radical anion
would apparently reduce 2-BrTol, as an outer-sphere
electron transporter, to give toluene, whose presence in
the reaction mixture was confirmed by GLC analysis.
Slow decomposition of [Tol,NiBrbpy]*~ in the solution
to give ditolyl might be a competing process.

The fact that the ER products formed at this step
contain no Nibpy?" derivatives was confirmed by CV
curves, specifically, the Red, peak gradually disappears
and the cathodic region contains no peaks up to reduc-
tion of the supporting electrolyte.

The use of MesBr instead of 2-BrTol results in the
more stable o-complex, MesNi'Brbpy, which can be
used subsequently as a model compound to study cross-
coupling of RX in the absence of the primary substrate
(2-TolBr or MesBr).
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Fig. 11. CV curves for NiBr,bpy (0.01 mol L~!) in the presence
of MesBr (0.01 mol L) before electrolysis (/) and after pass-
ing of 1 F(2) and 2 F (3) of electricity.

Now we consider the reduction of NiBr,bpy in
the presence of MesBr. In the electrolysis of a solu-
tion containing NiTbpy (1+10=2 mol L~!) and MesBr
(1-1072mol L") at ERedi (—1.55 V), the CV curve
recorded after passing 2 F of electricity exhibits (Fig. 11,
curve 3) one reversible single-electron Red; peak, which
corresponds most likely to the reduction of the o-complex
(Scheme 4).

Scheme 4

Nillbpy + 2 e % Ni%py

Ni%py + MesBr — MesNiBrbpy

E Red3

MesNiBrbpy + e [MesNiBrbpy]"~ =—

== MesNilbpy + Br-

When the MesNiBrbpy complex is reduced in the
presence of some excess of bpy (this is necessary to sup-
press dimerization of the MesNilbpy species in the
absence of RX), the formation of the paramagnetic
MesNilbpy complex was detected by ESR, i.e., revers-
ible nickel-centered electron transfer takes place.

The presence of two Me groups in the ortho-position
retards not only the reductive elimination but also the
oxidative addition involving nickel c-mesityl complexes.
Let us consider the reduction of a solution of Nillbpy

Fig. 12. CV curves for NiBr,bpy (0.01 mol L) in the presence
of MesBr (0.02 mol L) before electrolysis (/) and after pass-
ing of 2 F (2) and 4 F (3) of electricity.

and MesBr (1:2) in DMF in a divided cell. After pass-
ing 2 F of electricity at E,R*1 = —1.55V, the CV curve
has two reversible single-electron peaks, Red; and Red,,
which resembles the situation with 2-BrTol. The four-
electron reduction of Nillbpy in the presence of MesBr
(1:2) results in the selective formation of the nickel
dimesityl complex Mes,Nibpy, which is reduced at the
potential ERed4 (Fig. 12, curve 3). This complex was
isolated from the solution and characterized by spectros-
copy and elemental analysis. Thus, the rate constant for
the oxidative addition (k;)

k
ArNi'bpy + ArBr —-» Ar,NiBrbpy

is lowerfor MesBr than that for 2-BrTol. The product of
reduction of Ar,NiBrbpy at the potential ER®% is more
stable in the case of MesBr; this product is the diaryl
nickel complex, Mes,Nibpy, formed by the reaction

edy

R
Mes,NiBrbpy + e =——== Mes,Nibpy + Br~.
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