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The Electrochemical Behaviour of Organonickel Complexes: Mono-, Di- and
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The redox properties of organometallic nickel complexes of
the type [(o-diimine)Ni(Mes)Br], [(a-diimine)Ni(Mes),] and
the complexes trans-[(PPhs),Ni(Mes)Br] and trans-[(PPh3),-
Ni(Fmes)Br] [Mes = mesityl (2,4,6-trimethylphenyl); Fmes =
tris(2,4,6-trifluoromethyl)phenyl] have been studied in detail
by various electrochemical and spectroelectrochemical (UV/
Vis/NIR and EPR) methods. Upon electrochemical reduction,
the bromido mesityl derivatives undergo cleavage of the bro-

mide ligand. The resulting reactive species and their prod-
ucts from follow-up reactions are investigated. Electrochemi-
cal oxidation leads to formally trivalent nickel species. The
metal contribution to the unpaired electron for the formally
monovalent and trivalent nickel species can be estimated
from EPR spectroscopy.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Organonickel(II) complexes are widely used in organo-
metallic catalysis. One of the first benchmarks in that field
were the nickel phosphane complexes used in the Shell
higher olefin process (SHOP).[! In the last decade the inter-
est in organonickel catalysts has mainly focused on nickel
diimine complexes. Highly reactive catalysts for olefin poly-
merisation have been developed on the basis of methyl-
nickel complexes of various diimine ligands, mainly by
Brookhart.”) The active catalyst species were found to be
mainly cationic complexes of the type [(NN)Ni(R)L]"
(NN = ¢-diimine; L = easily replaceable ligand). Further-
more, nickel diimine complexes have gained an enormous
interest in electrocatalytic applicationst! such as electro-
catalytic C—C or C-P coupling reactions with various aryl,
vinyl or alkyl halides R-X (see Scheme 1),*71 homogen-
eous electromediated reduction (HEMR) of olefins, ketones
or alkyl halides,®'% electrochemical carboxylation of
bromostyrenest!!l or aziridines,!'? electroreductive carbon-
ylation of organic halides!!’! and electroreductive coupling
of olefins and polyhalo compounds.['#!

A mechanism for the C-C coupling reactions was ini-
tially proposed by Amatore and Jutand!'3! for the corre-
sponding diphosphane (dppe) complexes and was sub-
sequently established for 2,2’-bipyridine-containing systems
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Scheme 1. Electrocatalytic C-C or C-P coupling reactions of aryl,
vinyl or alkyl halides.

mainly based on kinetic investigations.[®!%!71 For a system
starting from [(bpy)NiX,] (X = halide) pre-catalysts it can
be depicted as in Scheme 2.

In addition to these kinetic investigations, the oxidative
addition reaction of ArBr to zero-valent nickel species
formed in situ as the first part of the catalytic cycle has been
proved by preparative electrochemistry. Thus, the oxidative
addition of aryl halides to species formed upon electro-
chemical reduction of [(bpy),NiX,] (n = 1-3; X = Br, BF,)
leads to the nickel(IT) complexes [(bpy)Ni(Ar)Br] in rea-
sonably high yields.['8!°] The complex [(bpy)Ni(Mes)Br],
which is an excellent catalyst precursor for the oligomeri-
sation of ethylene, is obtained from [(bpy)NiBr,] and MesBr
in 87% yield.!'8

The subsequent steps of the proposed catalytic cycle
comprise a single electron transfer and subsequent scission
of the bromide ligand to give the monovalent species [(bpy)-
Ni'(Ar)]. Oxidative addition of RX then leads to trivalent
pentacoordinate [(bpy)Ni"(Ar)(R)X], which finally elimin-
ates the coupling product ArR. The resulting nickel(I) spe-
cies is then reduced to the aforementioned nickel(0) catalyst
[(bpy)Ni’]. So far very little preparative or spectroscopic
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Scheme 2. Proposed mechanism for the C—C coupling reactions.

evidence has been published for this part. The NMR spec-
troscopic data of the proposed nickel(IIl) species [(bpy)-
Ni(Mes),Br] have been reported,!'” but these data do not
show any sign of paramagnetic shifts, and the characterisa-
tion of these species by EPR spectroscopy was not per-
formed. No spectroscopic evidence has been found so far
for the nickel(I) species in the next catalytic step.

To explore the mechanism of this interesting electrocata-
lytic reaction in further details we have started an investiga-
tion on the electrochemistry of a number of mesitylnickel
complexes of various a-diimine ligands [(NN)Ni(Mes)Br],
thus starting at the point of the proposed cycle which has
remained largely unclear so far. We have used spectroelec-
trochemical methods (UV/Vis/NIR and EPR) to character-
ise the resulting species as these techniques allow the in situ
generation and spectroscopic characterisation of labile or
even transient species.!

The complexes [(N~N)Ni(Mes)Br] used in this investiga-
tion, with the a-diimine ligands depicted in Scheme 3, have
been described in preliminary detailed studies using optical
spectroscopy, XRD and EXAFS spectroscopy in combina-
tion with quantum chemical calculations.?'"231 It was
shown that the LUMOs were mainly localised in the di-
imine ©* levels, which means that the diimine ligands
should be largely involved in electrochemical reduction of
these complexes. Since the splitting of the bromide ligand
is presumed from the reduced states of these complexes, the
related dimesityl complexes [(NN)Ni(Mes),], which have
been described recently,?!>31 were also included in this
study. For further comparison we also incorporated the
complex trans-[(PPhs),Ni(Mes)Br], which usually serves as
a precursor to the title complexes,*?>23! and the perfluori-
nated derivatives trans-[(PPh;),Ni(Fmes)Br] and [(bpy)-
Ni(Fmes)Br] [Fmes = nonafluoromesityl = 2,4,6-tris(tri-
fluoromethyl)phenyl], the preparation and analytical data
of which are given in the Experimental Section.

[(bpy)Ni'(Ar)]

RX

[opyNanmx) |

[(bpy)Ni'X]

ArR

5~ N E
5 X B

r4

bpm iPr-DAB

Scheme 3. Diimine ligands (N”N). tmphen = 3,4,7,8-tetramethyl-
1,10-phenanthroline, dmbpy = 4,4’-dimethyl-2,2’-bipyridine, bpy =
2,2'-bipyridine, terpy = 2,2',6'"'-terpyridine, bpym = 2,2'-bipyrim-
idine, bpz = 2,2'-bipyrazine, bpm = 4,4’-bipyrimidine, iPr-DAB =
N,N'-diisopropyl-1,2-ethanediimine (N,N'-diisopropyl-1,4-diazabu-
tadiene).

966 www.eurjic.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2007, 965-976



Mono-, Di- and Trivalent Organonickel Complexes

FULL PAPER

Results and Discussion
Electrochemistry

Reduction Reactions

The bromido mesityl complexes [(N*N)Ni(Mes)Br] exhi-
bit rather complex electrochemical behaviour at 298 K, as
shown in Figure 1 (data summarised in Table 1).

After a first irreversible reduction wave (Eg;) we observe
a reversible wave E, (Ero/Eqg,) for the more basic ligands
tmphen, dmbpy and bpy. The cathodic peak potentials Er;
and Eg, increase (shift positively) along the series tmphen
> dmbpy > bpy > bpym > bpz > iPr-DAB > bpm. Since
the values for Ey, increase more rapidly, Er; and Er, over-
lap partially at the lower end of the series, starting from
bpym. Here, square-wave voltammetry helped to determine
the individual values. This series represents the decreasing
basicity or increasing m-accepting ability (in accordance
with the low-lying n* LUMOs) of the diimine ligand. On
the reverse scan a re-oxidation wave (FEq;-) is observed at
around —1 V. The two reduction waves are followed by fur-
ther waves that are partly reversible (Eg3) for the less basic
ligands. An exception for this complex behaviour can be
observed for the terpy complex [(terpy)Ni(Mes)]*, for which
two reversible reduction waves are found. The correspond-
ing dimesityl complexes [(NN)Ni(Mes),] also exhibit full
reversibility of the first two reduction processes (Figure 2,
Table 2). Since no bromide co-ligand is present in these sys-
tems a first strong evidence emerges that the splitting of the
bromide from the complexes [(NN)Ni(Mes)Br] after the
first reduction reaction is the reason for their complicated
behaviour. This splitting reaction has been proposed before
by others,['%!8:191 but no convincing proof was provided.

At low temperature (213 K) the situation is altered. For
the dmbpy complex a re-oxidation Eq; to the first electro-
chemical process (E) is observed. At normal scan rates the
ratio I/l is less than 1, although it reaches unity when

-1.0 -15

00 -05

-2.0
E[V] vs. FeCp,/FeCp,”
Figure 1. Cyclic voltammograms of [(tmphen)Ni(Mes)Br],

[(dmbpy)Ni(Mes)Br], [(bpym)Ni(Mes)Br] (in thf), [(bpz)Ni(Mes)-
Br] and [(terpy)Ni(Mes)]* (from top to bottom), in dmf/BuyNPF
solution at 298 K; * marks the redox waves of the ferrocene/ferro-
cenium standard.

scanned at rates above 500 mVs~!. For the complexes with
bpy (Figure 3), bpym, iPr-DAB and bpm the process E,
(Er1/Eoy) 1s fully reversible even at normal scan rates. Com-

Table 1. Electrochemical data of the bromido(mesityl)nickel complexes [(N""N)Ni(Mes)Br].[a]

(NAN) Eos Eoy Eg, (irr.) OT E; Ex> (irr.) OT E, Ego (irr.) OT Eg; (irr.) OT Eg, - T [K]
(AEpp) (AEpp) E3 (AEpp) E3 (AEpp) ERI(L)
tmphen 0.16 —~1.51 —1.94 irr. -2.18 (78) - —2.84 irr. 0.72 298
tmphen 0.27 -1.27 -2.00 irr -2.16 (64) - -2.90 irr. 0.54 213
dmbpy 0.18 -1.47 —1.86 irr. -2.08 (76) - —2.85 irr. 0.80 298
dmbpy 0.42 — —1.87 (76) -2.10 irr. —2.58 irr. -2.85 (91) 0.79 213
bpy 0.25 —1.45 —1.85 irr. -2.00 (71) - -2.61 irr. 0.74 298
bpy 0.45 — -1.79 (73) —1.94 irr. -2.65 (91) -2.83 irr. 0.80 213
bpym 0.31 -1.04 —1.49 irr. —1.58 irr. - -2.42 (96) 0.77 298
bpym 0.52 — —1.47 (60) —1.53 (81) -2.22 (83) —2.46 irr. 0.79 213
iPr-DAB 0.30 -0.93 —1.34 irr. —1.46 irr. - —2.10 irr. 1.30 298
iPr-DAB 0.43 — -1.37 (74) —1.56 irr. - —2.45 irr. 1.27 213
bpz 0.29 -0.87 —1.31 irr. —1.36 irr. - —2.02 irr. 0.77 298
bpz 0.37 — —1.34 (75) — —1.88 (86) —2.11 irr. 0.74 213
bpm 0.30 -0.67 —1.25 irr. — - -1.91 (88) 0.61 298
bpm 0.29 — —1.20 (66) — -1.82 (92) -1.92 (92) 0.66 213
terpy 0.28 — —1.45 (78) -2.03 (81) - -2.79 (99) 1.04 298

[a] From cyclic voltammetry or square-wave voltammetry in 0.1 M dmf/Bu,NPF, solutions. Scan rate: 100 mVs!. Potentials (E) in V vs.
ferrocene/ferrocenium. Reduction potentials Egr;, Eg> and Ers are cathodic peak potentials for irreversible waves. E; and E, are half-
wave potentials for reversible waves, with the peak-to-peak separation AE,, in mV given in parentheses. Oxidation potentials are given

as anodic peak potentials.
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Figure 2. Cyclic voltammograms of [(bpy)Ni(Mes),] in thf/
BusNPF; scan rate: 100 mVs! at 298 K.

pared to measurements at 298 K, the peaks Egr, and Ers
are much smaller and further small reduction waves, for ex-
ample Eg,, are observed. We can therefore conclude that
E, and Ej5 are processes that are due to products emerging
from the first electrochemical reduction (E) followed by a
chemical reaction (C; EC mechanism). Evidence that the C
process is the cleavage of Br thus comes from the reversible
behaviour of the terpy complex, the dimesityl complexes
(Figure 2, Table 2) and, as tested subsequently, from the in-
creasing reversibility of the E; process upon addition of an
excess of BuyNBr. Such an EC mechanism has been estab-
lished for a number of diimine complexes of other transi-
tion metals such as Ru, Os, Rh, Ir or Re with halide co-
ligands,[20%-24-261 and also for related phosphane complexes
of Pd and Ni.l”7]

If we examine the details further we find that in compari-
son to the dimesityl complexes the first reduction potentials
of the bromido mesityl complexes are shifted to less nega-
tive values and that within the series of complexes the po-
tentials depend strongly on the nature of the diimine ligand.
Quantitative measurements using the Baranski method[®®!
revealed two successive one-electron reductions for the di-
mesityl complexes. Polarographic measurements on the bro-
mido mesityl complexes also confirmed the uptake of one
electron for the Er; process. Other studies have shown that
in the presence of additional MesBr the first reduction wave
of [(bpy)Ni(Mes)Br] comprises two electrons and the
complex [(bpy)Ni(Mes),] is formed under these condi-
tions.[1618:191 Corresponding experiments by us confirm
these results. However, without additional MesBr only
small amounts of the dimesityl complexes are formed dur-

15 -20 -25 -3.0

E [V] vs. FeCp,/FeCp,’

-1.0

Figure 3. Cyclic voltammograms of [(bpy)Ni(Mes)Br] in thf/
BuyNPFy solution at 298 K (top), in dmf/BuyNPF¢ solution at
238 K (middle), and dmf/BuyNPF¢ solution at temperatures vary-
ing between 238 and 278 K (bottom); * marks the redox waves of
the ferrocene/ferrocenium standard.

ing the reduction, therefore these species cannot account
for the reversible waves E,.

The reductive electrochemistry of the perfluorinated de-
rivative [(bpy)Ni(Fmes)Br] occurs at much less negative po-
tential, as expected due to the presence of the electron-with-
drawing F substituents (Table 3). Under normal experimen-
tal conditions (scan rate: 100 mVs™! at 298 K) the first wave
appears almost reversible (AE,, = 66 mV; peak-current ra-
tio = 0.91). This is interesting, since the use of very poor
bases like iPr-DAB or bpz also increases the reduction po-
tential but does not lead to reversible behaviour to the same
extent. Obviously, the rate of bromide splitting depends on
the net electron density on the nickel atom, which is not

Table 2. Electrochemical data of dimesitylnickel complexes [(N*N)Ni(Mes),].[!

(NAN) Eo] E] (AEpp) E2 (AEpp) ER3 AE] - E2 AE] - E](L) Solvent
tmphen -0.23 —2.42 (75) —-3.11 (105) -3.40 0.69 0.26 thf
tmphen -0.25 —2.22 (73) -2.97 irr. -3.33 0.75 0.46 dmf
bpy 0.14 2219 (87) 2297 (99) - 0.78 0.58 thf
bpy ~0.19 2202 (71) 2,89 (89) 3.08 0.87 0.55 dmf
bpz 0.09 _1.61 (72) 253 (92) 3.08 0.92 0.61 thf
bpz 0.05 _1.48 (78) 236 (81) 283 0.88 0.60 dmf

[a] From cyclic voltammetry or square-wave voltammetry at 298 K in 0.1 M solvent/BuyNPF solutions. Scan rate: 100 mVs . Potentials
(E) in V vs. ferrocene/ferrocenium. Reduction potentials are given as half-wave potentials (E; or E), with peak-to-peak separation AE,,
in mV given in parentheses, or cathodic peak potentials (Er3). Oxidation potentials are given as anodic peak potentials (Egy).
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Compound E (oxID)®! Ejpp (oxI) (AE,,) Ejpp (redl) (AE,)  Eyp (redll) (AE,,)E!  Solvent/T [K]
[(bpy)Ni(Fmes)Br] - 0.86 irr.[®! -1.68 (66) -2.13 (85) thf/298
[(bpy)Ni(Fmes)Br] 1.89 0.92 irr.[b! - . CH,C1,/298
[(bpy)Ni(Fmes)Br] 1.90 0.81 (83) - - CH,Cl1,/258
[(PPh3),Ni(Mes)Br] 1.62 0.58 irr.[®! ~2.55 irr.ldl - CH,Cl1,/298
[(PPh3),Ni(Fmes)Br] 1.66 0.85(79) ~2.18 irr.ldl ~2.44 irr.1dl CH,Cl1,/298
[(PPh3),Ni(Fmes)Br] - 0.93 (76) ~1.99 irr.ldl ~2.92 irr.ldl thf/298

[a] From cyclic voltammetry in 0.1 M solvent/BuyNPF, solutions at 100 mV's! scan rate. Potentials (£) in V vs. ferrocene/ferrocenium

couple. [b] Anodic pedk potentials (£,

o) for irreversible oxidation steps. [c] Half-wave potentials E},,, with peak potential differences AE,,

= Ep, — E,c in mV in parentheses. [d] Cathodic peak potentials (E,,) for irreversible reduction steps.

adequately reflected by the reduction potential. For the
phosphane complexes [(PPh;),Ni(Mes)Br] and [(PPh;),Ni-
(Fmes)Br] the reductions occur at rather negative potentials
and are irreversible even at low temperatures and in the
presence of excess bromide.

For the diimine complexes [(NN)Ni(Mes)Br] we can
now draw a reaction scheme (Scheme 4) to illustrate the
proposed EC mechanism as well as further feasible electro-
chemical or chemical reactions.

The first reduction (E;) is followed by a rapid cleavage
of bromide (C;). The transient 15 VE species can be stabi-
lised by coordinating a solvent molecule (C,) or by dimeri-
sation (C,). Coordinatively unsaturated species have been
observed for other late transition metal complexes?®! but
can be ruled out for our investigation since thf or dmf
should have sufficient donor capacity to act as a ligand.
The solvent complexes can be described by two different
canonical forms [(NAN7)Ni'!(Mes)(solv)] <> [(N N)Nil-
(Mes)(solv)], which have either a reduced diimine ligand or
monovalent nickel. The dimerisation occurs upon forma-

tion of a nickel-nickel bond with a formal Ni'-Ni' unit.
Examples of this type of reaction have been found, for ex-
ample, in the Ru'-Ru' dimers that are formed after electro-
chemical reduction of the Ru'' complexes [(bpy)Ru(CO),-
X,],24 or in the formation of Re®~Re® dimers [(L)(CO);Re—
Re(CO);(L)] from [Re(CO);(L)X] (L = bpy or phen; X =
Cl or CN).2%1 Both are formal d’-d” systems. Examples for
related d°-d° dimers are the Pd'-Pd' systems [(phen)-
(MeCN)Pd-Pd(MeCN)(phen)]**, formed from a compro-
portionation reaction of Pd!" and Pd® precursors,*® and
[(LY(RNC)Pd—Pd(RNC)(L)]** (L = bpy, phen or dmphen;
RNC = 2,4,6-Me;C¢H,NC).B1 A bpy-bridged Pt'-Pt! di-
mer is present in [Pty(bpy)s]**, which is formed upon elec-
troreduction of [Pt(bpy),]>*.3%

The Eg»> and ER; processes might thus correspond to the
reduction of the solvent complexes or dimers, respectively.
From the observation that the reduction wave Eg, is domi-
nant in the case of the more basic ligands like bpy, whereas
for the good acceptor ligands like bpz or bpm the second
electron is accepted predominantly in the more negative

Br
Solv
16 VE
E, +e” 16 VE —e Egyp
E, -
/N +e— /N
A / AN / -—
2 \ 17 VE Neonv N / Nty
17 VE 18 VE
C, -Br— /N +e— /N
i
X /NI / Sy
15 VE 16 VE
E, /N\
/N - ;
+_e> S
/ N / -
N )
30 VE 31 VE

Scheme 4. Proposed mechanism for the electrochemical (E) and chemical reactions (C).
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wave Egsz, we can assume a higher tendency of the com-
plexes with basic diimine ligands to form dimeric species
(30 VE) and a higher preference for the monomer radicals
(17 VE) in the case of complexes with good acceptor li-
gands. Support for this assumption comes from the fact
that using dmf instead of thf shifts the equilibrium between
monomeric and dimeric species towards the monomeric sol-
vent-stabilised species. At low temperatures the chemical
processes are hampered and therefore we can partially ob-
serve the second reduction wave of the parent complexes
ERrs.

Oxidation Reactions

When measured at 298 K the nickel diimine complexes
all exhibit irreversible oxidation waves (Tables 1, 2 and 3),
which can be attributed to Ni'/Ni'' couples. The potentials
are quite low and vary according to the expected influence
of the chelate ligand. For rather basic ligands like tmphen
they occur at the least positive potentials. The bromido
mesityl complexes generally show higher potentials than the
dimesityl derivatives. The precursor complex [(PPhs),Ni-
(Mes)Br] exhibits a far higher potential than the corre-
sponding diimine complexes and the Fmes co-ligand shifts
the oxidation potentials to higher values. At lower tempera-
tures the dimesitylnickel complexes exhibit some degree of
reversibility for the first oxidation wave, which is in agree-
ment with observations for related platinum(II)P*¥ or palla-
dium(ID)P*¥ complexes where sterically shielding mesityl li-
gands have allowed the observation of trivalent states. How-
ever, the latter exhibit reversible waves already at 298 K,
whereas the nickel analogues are not fully reversible even at
213 K. The phosphane complex [(PPhs),Ni(Mes)Br] shows
irreversible oxidation behaviour even at 213 K. A remark-
able difference is observed for the oxidation waves of the
Fmes derivatives. [(bpy)Ni(Fmes)Br] exhibits a fully revers-
ible first oxidation at 243 K and [(PPh;),Ni(Fmes)Br]
shows full reversibility at 298 K. Since a stabilisation of the
trivalent nickel species for the non-fluorinated derivatives
cannot be achieved even with two shielding mesityl groups,
we assume that this enhancement is not only due to the
better steric shielding by the CF; groups but also to the
electron-withdrawing effect. Furthermore, we assume that
C—H activation of the axial methyl groups plays an essential
role in the decomposition of the corresponding mesityl de-
rivatives. The superior stability of the CF; analogues might
thus be due to the hampering of this pathway. Future in-
vestigations will therefore focus on the follow-up products
of these oxidation reactions.

Bulk Reductive Electrolysis

To support the assumptions depicted in Scheme 4 we
tried to isolate defined products from solutions of [(bpy)-
Ni(Mes)Br] in thf/BuyNPF¢ that had been submitted to
bulk electrolysis (see Experimental Section). When the elec-
trolysis was not driven to completeness, the main species
isolated was the starting material together with the free bpy
ligand as by-product. After exhaustive electrolysis mainly
970
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free bpy ligand and traces of the dimesityl complex [(bpy)-
Ni(Mes),] were found, as already mentioned above.

Spectroelectrochemistry

In order to support the above assignments we studied the
products of the electrochemical or chemical reactions by
controlled electrolyses combined with in situ spectroscopy
(UV/Vis/NIR or EPR).

Reductive UVIVisINIR Spectroelectrochemistry

Optical spectroscopy was used to study the products gen-
erated in situ from the reductive electrochemistry as this
should allow us to answer the question whether the chelate
ligand or the metal is hosting the odd electron in the re-
duced species and furthermore help to discriminate between
the formation of solvent complexes [(N/*N)Ni(Mes)(solv)]
or dimers [(N/N)(Mes)Ni-Ni(Mes)(N/N)] and allow us to
characterise them. Figures 4, 5 and 6 show some represen-
tative spectra, and Tables 4 and 5 summarise the obtained
data.

absorbance (a.u.)

400 600 800 1000 1200 1400

wavelength (nm)

1600

Figure 4. Absorption spectra of [(bpy)Ni(Mes),]" (n = 0: solid line;
—1: dotted; —2: dashed) from UV/Vis/NIR spectroelectrochemistry
in dmf/BuyNPF¢ solution. Note that in the last spectrum there is
some residual absorption around 900 nm, which is due to an in-
complete second reduction.

absorbance (a.u.)

wavelength (nm)

Figure 5. UV/Vis/NIR spectroelectrochemistry of [(bpy)Ni(Mes)-
Br] in dmf/BuyNPF¢ solution. Absorption spectra of the parent
compound (solid) and after one-electron reduction, spectrum at
higher concentration (about 5X 102 m, dotted) and dilute solution
(about 10# M, dashed).
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absorbance (a.u.)

400 600 800 1000 1200 1400 1600 1800 2000 2200
wavelength (nm)

Figure 6. UV/Vis/NIR absorption spectra of [(bpy)Ni(Mes)Br] dur-
ing the second reduction in dmf/BuyNPF{ solution.

Table 4. Long-wavelength absorption maxima of reduced nickel
complexes [(NN)Ni(Mes),]” (NN = bpy, bpz or tmphen).[]

1 (&) 2 () 73 (8) 74 (&) 75 (8)
bpy/n =0 298 (15.1) 367 (3.2) 564 (3.1) - -
n=1 - 355 (14.9) 530 (6.0) 940 (1.7) -
n=2 - - 392 (7.4) 530 (2.6) -
bpz/n =0 - 394 sh 632 - -
n=1 449 sh 493 sh 642 1055 1200
n=2 355 493 589 sh 1070 sh 1258
tmphen/n =0 278 341 sh 521 - -
n=1 345 sh 369 sh 534 617 sh 820 sh
n=2 381 489 604 843 962

[a] Generated and measured in dmf/BuyNPF solution, absorption
maxima in nm with extinction coefficients & (X1000 M 'cm™) in
parentheses.

Figure 4 shows the optical spectra of [(bpy)Ni(Mes),] in
the parent, singly reduced and doubly reduced state. The
long-wavelength absorption bands of the reduced species
can be assigned to intra-ligand transition from the singly
(or doubly) occupied former LUMO,?3-31 which has been
calculated recently to be 96% centred on the bpy ligand, !
thus clearly showing the mainly bpy-centred character of
the reductions. The same assignments can be made for the
bpz and tmphen derivatives (see Table 4).

When performing the same spectroelectrochemical ex-
periment for the bromido mesityl derivative (Figure 5 and
Table 5) we found that the observed absorption bands of
the one-electron-reduced complex were concentration de-
pendent. At high concentrations (about 5X 1072 Mm) the
spectrum is characterised by a weak broad long-wavelength
band around 1300 nm, two medium strong bands around
600 and 350 nm and a very strong band at 300 nm. In dilute
solutions (<10#m) two structured band systems around
900 and 500 nm are visible together with a UV band at
around 350 nm. At 1300 nm there is only a very weak resid-
ual absorption. Medium concentrated solutions show all
the above-described band systems simultaneously. In view
of the dimesityl system (Figure 4) and the corresponding
spectra of the free ligands,®>! we can ascribe the spectral
features of dilute solutions to a species containing a reduced
bipyridine ligand and we assume this to be the radical com-
plex [(bpy )Ni(Mes)(solv)]. Apart from the 1300-nm band,
the spectra of concentrated solutions resemble those of the
starting complex. We tentatively assign this species to the
dimer [(bpy)(Mes)Ni—Ni(Mes)(bpy)] since the observed spe-
cies does not seem to contain a reduced bpy ligand. The
1300-nm band might be ascribed to a transition arising
from the nickel-nickel bond (probably a c—c* transition).

Table 5. Long-wavelength absorption maxima of parent complexes and species resulting from reductive electrolysis of bromido mesityl

complexes [(NN)Ni(Mes)Br] + n electrons.!

(N"N) n Species A (e)

tmphen

n=20 parent 281 409 - -
n=1 dimer 285, 345 516 637 sh -
n=2 dimer 292 385, 490, 608 852, 921 -
dmbpy

n=0 parent 301 439, 470 - -
n=1 monomer 363 518, 550 788 -
n=1 dimer 300 524 779 1410
n=2 dimer 352 352, 512, 527 794 1512
bpy

n=0 parent 308 (17.2) 465 (2.3) - -
n=1 monomer 361 (14) 500 (5.0), 532 (5.4) 945 (1.2) -
n=1 dimer 310 (17.8) 370 (4.5) 580 (4.4) 1305 (1.0)
n=2 dimer 372 (15.5) 500 (6.1), 530 (6.3) 942 (1.3) 1448 (1.0)
bpz

n=20 parent 325 538 - -
n=1 monomer 333, 382 530 1092 -
n=2 monomer 344, 385 780 - -
bpm

n=0 parent 275 340 sh, 530 - -
n=1 monomer 355 460, 482 635 -
n=2 monomer 345 585 - -

[a] Generated and measured in dmf/BuyNPF, solution, absorption maxima in nm with the extinction coefficients & (X1000 M 'ecm™!) in

parentheses.
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Furthermore, the spectra exhibit two broad medium-strong
bands in the visible and a strong band in the UV region.
From comparison with the mononuclear dimesityl and bro-
mido mesityl complexesl?!! the first two are assigned to
mixed MLCT/L'LCT and the latter to m—r* transitions.
Careful inspection of the depicted spectra reveals that all
spectra exhibit both of the species in varying amounts,
which is in line with the assumed equilibrium in Scheme 4.
Comparison of all the studied systems (Table 5) shows that
after one-electron reduction the spectra of complexes with
more basic diimine ligands preferably show the broad band
systems indicative for dimeric species. In the extreme case
of the tmphen derivative we assign the spectral features to
solely the dimeric species. In contrast to this, for the good
m-acceptor ligands bpz or bpm no dimer formation is ob-
served, and instead only the monomeric radical complexes
are detected (several structured band systems). Further-
more, in systems where both monomeric and dimeric spe-
cies are observed we found an influence of the solvent on
the equilibrium. In thf solution a higher tendency to form
dimeric species is observed, whereas in dmf the monomeric
radicals (solvent stabilised) are favoured; this is due to the
better donor behaviour of the latter solvent.

Figure 6 shows the addition of a second electron to a
solution of [(bpy)Ni(Mes)Br] in dmf. We assume that the
starting spectrum represents a mixture of the mononuclear
species [(bpy )Ni(Mes)Br] and the dimer [(bpy)(Mes)Ni—
Ni(Mes)(bpy)]. At the potential applied behind the peak
Eg» the dimer is reduced to form the radical [(bpy )(Mes)-
Ni—Ni(Mes)(bpy)]~ whereas the monomeric species does
not undergo any change. This consideration is based on the
red-shift of the long-wavelength band and the increase of
the structured band systems around 500 and 350 nm. The
two latter bands are indicative of a mono-reduced bipyri-
dine ligand (in the dimeric complex); no evidence is found
for a doubly reduced ligand.

For the good m-acceptor ligands bpz and bpm all spectral
features clearly represent the reduced ligand and no long-
wavelength band indicative of the dimer formation can be
detected. Therefore, we assign the two observed reduction
processes to the sequence E;—C,—C,—Ej.

Oxidative UVIVisINIR Spectroelectrochemistry

Oxidation of the diimine nickel(IT) complexes [(N/N)-
Ni(Mes)Br] or [(NN)Ni(Mes),] leads to rapid decomposi-
tion of the complexes at 298 K under the conditions of our
spectroelectrochemical experiments, therefore we cannot
present any spectroscopic data for the generated trivalent
species. Spectroelectrochemical experiments at low tempera-
ture might help but are not possible for us at present.

EPR Spectroelectrochemistry

Since many of the proposed species are radicals, EPR
spectroscopy should give some evidence for the proposed
mechanisms for the reductive electrochemistry. EPR data
can also provide conclusive information on the metal or
ligand contribution to the singly occupied molecular orbital
(SOMO)2Y for species from both reductive and oxidative
electrochemistry.

Reductive EPR Spectroelectrochemistry

The EPR spectra of the anion radicals of the dimesityl-
nickel complexes [(N~N)Ni(Mes),]~ all exhibit relatively
narrow resonances with hyperfine splitting (HFS) in the
range of 0.1-0.5 mT. Such HFS constants are typical for
couplings of the unpaired electron to the protons and nitro-
gen atoms of the diimine ligand. Together with the g values,
which are close to the free-electron value of 2.0023, this is
a strong indication for an almost pure n*(diimine) character
of the singly occupied molecular orbital (SOMO). For bpy
a simulation of the spectrum gave 0.335mT for N,
0.408 mT for H5, 0.150 mT for H3, 0.081 mT for H4 and
0.065 mT for H6.2*

At low temperatures in glassy frozen solutions a rhom-
bic-type spectrum was obtained for [(bpy)Ni(Mes),]~ with
g1 = 2.014, g, = 2.004 and gz = 1.996. The averaged value
is in agreement with gj,, = 2.0049. The small g anisotropy
(Ag = 0.018) is indicative of a quite small metal contri-
bution to the radical anion, in agreement with the g, and
the HFS signal found at 298 K. Therefore, and in agreement
with the findings from UV/Vis/NIR spectroelectrochemistry
and from previous studies on the frontier orbitals of these
complexes,”!l we can conclude that the first reduction of
the dimesityl complexes occurs into orbitals with mainly
n*(diimine) character. Very similar spectra were obtained
for the tmphen and bpz derivatives (Table 6). The corre-
sponding radicals are best described as reduced diimine li-
gands bound to a nickel(II) centre [(NN-)Ni''(Mes),]".

The first signal observed during reductive electrolysis of
[(bpy)Ni(Mes)Br] in thf/BusNPFg solution at the first re-
duction wave is rather narrow, shows partial HFS and has
a g value of 2.0016 (Figure 7, top). Electrolysis at more
negative potential (second wave) first leads to an increase
of the intensity of this signal and, after a few minutes, an
additional, comparably broad signal appears (Figure 7, bot-
tom left) which lies at far higher g (2.140) and does not
show any HFS. Measurements of this solution at 110 K
(glassy frozen solution) reveal that the high-g species now
exhibits a rhombic-type spectrum, whereas the low-g spe-
cies remains isotropic and narrow (Figure 8).

Table 6. EPR data from reductive spectroelectrochemistry of dimesitylnickel complexes.[!

Complex T [K] gisolgav &1 &2 83 Ag (o] AH [mT]
[(tmphen)Ni(Mes),] 298 2.0067 2.8
[(bpy)Ni(Mes)] 298 2.0049 3.1
[(bpy)Ni(Mes),]" 110 2.0047 2.014 2.004 1.996 0.018 -
[(bpz)Ni(Mes),] - 298 2.0063 4.0

[a] Generated and measured in thf/BuyNPF¢ solution. [b] g anisotropy Ag = g; — g3. [c] Signal width.
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Figure 7. EPR spectra obtained during electrochemical reduction
of [(bpy)Ni(Mes)Br] in thf/BuyNPF¢ at 298 K. Signals obtained
upon first (top) and second reduction (bottom).

9 A

l‘f g

Figure 8. EPR spectrum of a solution obtained at the second re-
duction wave of [(bpy)Ni(Mes)Br] in thf/BuyNPF¢, measured at
110 K (glassy frozen solution). The isotropic spectrum (with HFS)
of the monomeric complex is overlapping with the g3 component
of the main signal (see text and Table 7).

No signal was observed for tmphen at 298 K, although
freezing the electrolysed solutions to 110 K allowed the ob-
servation of an unresolved narrow signal at g = 1.9999 that
is comparable to the low-g signal of the bpy derivative. For
bpym, bpz, bpm and iPr-DAB we obtained narrow signals
with HFS and g values of about 2. For the bpm derivative
the solution frozen at 110 K yielded an axial signal with
very small g anisotropy. Summarising the data collected in
Table 7 we can make the following assignments and conclu-
sions. The signals with g values around the value of the free
electron (2.0023) and with detectable HFS were assigned to
monomeric nickel(IT) complexes containing reduced di-
imine ligands [(NN")Ni'"(Mes)L] (L = Br or solvent).
These are the only signals obtained for most of the com-
plexes, which is in line with the observation from UV/Vis/
NIR absorption spectroscopy for the good acceptor ligands
(vide supra). A second signal was observed for bpy after
the reduction at more negative potential, with no HFS, a
far higher isotropic g value and a rather high g anisotropy.
The two latter parameters point to a far higher nickel con-
tribution to the unpaired electron in this species, which is
in line with the assumption that the corresponding species
is the proposed dimer in its reduced state [(bpy )(Mes)Ni'-
Ni'(Mes)(bpy)]~. For tmphen the observation of such di-
meric species would be also expected from the trend of
monomer—dimer equilibrium discussed in the electrochem-
istry section. So far we do not understand the reason why
we did not observe any signal at 298 K. At low tempera-
tures we observed only a narrow signal indicative of a mo-
nomeric radical.

It is also noteworthy that the EPR results did not give
any evidence for the corresponding radicals [(NN-)Ni'-
(Mes),]~. This confirms our conclusion from the electro-
chemistry that no large amounts of the dimesityl complexes
are formed during reductive electrolysis on the first two re-
duction waves.

Oxidative EPR Spectroelectrochemistry

As outlined above the UV/Vis/NIR spectroelectrochem-
ical experiments did not allow the observation of nickel(I1I)
species due to rapid decomposition at 298 K. Since the
spectroelectrochemical cell used for EPR studies allows
electrolysis at lower temperature we tried to study the oxi-

Table 7. EPR data from species observed during reductive spectroelectrochemistry of bromido(mesityl )nickel complexes [(N"*N)Ni(Mes)

Br].[al
(N N) Proposed species  Solvent T [K] ZisolLuv g1 & 5 Agl®! AH® [mT]
tmphen monomer dmf 110 1.9999 8.0
bpy monomer thf 298 2.0016 3.1
dimer thf 298 2.140 15.0
dimer thf 110 2.139 2.214 2.198 2.007 0.207 -
dimer dmf 110 2.1311 2.2635 2.0785  2.0449  0.2186 -
bpym monomer thf 298 2.0038 3.0
monomer dmf 298 2.0038 3.0
bpz monomer thf 298 2.0112 3.8
bpm monomer thf 298 2.0039 32
monomer thf 110 1.9969 2.0024 2.0024 1.9854  0.0165 -
iPr-DAB monomer thf 298 2.0038 3.0

[a] Generated and measured in solvent/BuyNPF solutions. [b] g anisotropy Ag = g; — gs. [c] Signal width.
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dation process of selected nickel(Il) complexes and the gen-
erated nickel(III) species by EPR spectroscopy. Although
we examined a number of compounds, only the complex
trans-[(PPhs),Ni(Fmes)Br] gave a reasonable EPR signal
(Figure 9). This is not unexpected in view of its promising
reversible cyclic voltammetric behaviour (Table 3).

10 mT

|

V

Figure 9. X-band EPR spectrum obtained during electrochemical
oxidation of trans-[(PPh;),Ni(Fmes)Br] in CH,Cl,/BuyNPFy at
258 K. Measured at 4 K in a glassy frozen solution.

No signal was observed at the corresponding electrolysis
temperature of 258 K. At 4 K a rhombic signal (Figure 9)
was obtained with very large anisotropy and high averaged
g value (g, = 2.825, g, = 2.453, g3 = 1.947, Ag = 0.878, ga..
= 2.435). The g3 component shows a partial HFS of about
5-6 mT and g; also shows some signs of HFS, whereas the
g» component is sharp and unstructured. In view of the
rather high g anisotropy we assign this signal to a radical
with a very high nickel contribution to the unpaired elec-
tron, and thus to a “real” nickel(I11) complex [(PPh;),Ni'l-
(Fmes)Br]* with square-planar geometry, a d’ low-spin
configuration and S = 1/2 spin state. There are only very
few comparable monomolecular organonickel(IIT) species
reported so far. EPR measurements at low-temperature for
the homoleptic complex [Ni(C¢Cls),] gave an axial signal
with g, = 2.84, gy = 1.92 and a g anisotropy of 0.92,5¢
which is comparable to the value found for our species. For
the arylnickel(II) species [(NCN)NiCl,], which contains a
bis(dimethylamino)phenyl pincer ligand, a g anisotropy of
0.345 has been found.” For non-organometallic, formally
nickel(IIT) species the g anisotropy is usually much lower,
for example Ag = 0.486 for [Ni(emi)] [Hyemi = N,N-ethyl-
enebis(2-mercaptoisobutyramide)],’® Ag = 0.372 for the re-
lated tetramidonickel complex [Ni(L)]" (H4L = 6,6-diethyl-
3,3,9,9,12,12,14,14-octamethyl-1,4,8,11-tetraazacyclotetra-
decane-2,5,7,10,13-pentaone; see Scheme 5),31 or Ag =
0.247 for the oxamato complex [Ni(L")]~ (H4L' = N-[2-
(oxalylamino)phenyljoxalamic acid).[*”) Whereas for many
species formally described as nickel(IIT) an appropriate li-
gand contribution to the unpaired electron from non-inno-
cent ligands such as imines, oxamates or thiolates must be
assumed, the [Ni(L)]~ system contains an innocent tet-
ramido ligand, thus an almost pure metal-centred SOMO
can be supposed.?®! Comparing its g anisotropy with the
values obtained for the two organonickel systems discussed
above, it seems that organo ligands lead to distinctly higher
g anisotropy and thus highly metal-centred radical states.
However, the very small number of examples allows only
974
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very tentative conclusions and it would be worthwhile to
synthesise further examples of trivalent organonickel com-
plexes.

Q =
NH
N
o)§<
H,L
OINH NH Io
0% SOH OH™ =0
H,L’

Scheme 5. Drawings of macrocyclic ligands H4L and HyL'.

Conclusions

Electrochemical reduction of the organometallic nickel(IT)
complexes [(NN)Ni(Mes)Br] leads to highly reactive radi-
cals which undergo follow-up chemical reactions. The na-
ture of the products could not be established unambigu-
ously, but strong evidence was found from optical and EPR
spectroelectrochemistry that radical solvent complexes
[(NN)NiMes(Solv)]" with a mainly diimine ligand centred
SOMO are formed in processes that start with a ligand-
centred one-electron reduction, followed by a splitting of
the bromide ligand (EC process). Strong evidence for this
comes from various electrochemical experiments and com-
parison with UV/Vis/NIR absorption and EPR spectra of
the corresponding dimesityl radical complexes [(N/N)-
Ni(Mes),] . For both dimesityl and bromido mesityl com-
plexes a description as monovalent nickel species is not ap-
propriate.

In the case of the comparably basic ligands tmphen,
dmbpy or bpy additional spectroscopic features were as-
signed to the formation of dimers [(N/N)(Mes)Ni-Ni-
(Mes)(N/N)] with monovalent nickel after the splitting of
the bromide ligand. Evidence comes from long-wavelength
bands in the corresponding UV/Vis/NIR spectra and from
the EPR signals of the corresponding reduced species at
more negative potentials (second reduction) with compara-
bly high g values and g anisotropy in the solid state. Unfor-
tunately, attempts to isolate the proposed dimer complexes
using preparative electrochemical reduction (bulk electroly-
sis) have failed so far, which is a pity in view of catalytic
applications.
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Oxidation of the nickel(IT) complexes leads to very short-
lived trivalent nickel species that have been characterised by
EPR spectroscopy for the perfluorinated complex [(PPhj),-
Ni(Fmes)Br]™. An almost pure metal-centred character for
the SOMO can be concluded from the very high g aniso-
tropy of the rhombic signal obtained at 4 K.

Thus, we can add some new evidence to the proposed
mechanism for the electrochemical C-C coupling reactions
catalysed by nickel diimine complexes. The mechanism has
so far been explored in detail up to the catalytically active
species [(NAN)Ni(aryl)X]. We can conclude from our work
that: i) the assumption of nickel(I) species after the first
electrochemical reduction must be corrected towards a
mainly diimine ligand centred reduction. Nevertheless, the
splitting of the bromide occurs very rapidly, regardless of
the character of the SOMO; ii) the diaryl complexes
[(N~N)Ni(aryl),] are formed in only very small quantities
from decomposed material during reductive electrolysis; the
formation of nickel(I)-nickel(I) dimers [(N”N)(aryl)Ni-Ni-
(aryl)(NAN)], which might have an impact on the catalysis,
seems to be more important; iii) the proposed monomeric
nickel(IIT) species after oxidative addition of aryl halides
have gained some evidence as plausible transient states from
our investigations. It seems that organo ligands favour
nickel-centred radical states; although this has been demon-
strated for a complex containing phosphane instead of di-
imine ligands. The trivalent diimine nickel species generated
upon one-electron oxidation of [(N~N)Ni(Mes)(L)] (L =
Mes or Br] are highly unstable even at low temperatures
and could not be detected by us.

Experimental Section

Instrumentation: 'H NMR spectra were recorded with Bruker
Avance300 or AC250 spectrometers. UV/Vis/NIR absorption spec-
tra were recorded with a Bruins Instruments Omega 10 photospec-
trometer. Cyclic voltammetry and square-wave voltammetry were
carried out in 0.1 M BuyNPF solutions using a three-electrode con-
figuration (glassy-carbon working electrode, Pt counter electrode,
Ag/AgCl reference) and a PAR 273 potentiostat and function gen-
erator. Half-wave (E;;), anionic (E,,) or cationic peak potentials
(Ep) are given with respect to the ferrocene/ferrocenium couple,
which also serves as internal reference. Polarographic measure-
ments were carried out with a PAR Model 263A device. EPR spec-
tra at X-band frequency (ca. 9.5 GHz) were obtained with a Bruker
ESP300 spectrometer equipped with a Bruker ER035M gaussmeter
and a HP 5350B microwave counter. Spectral simulations were per-
formed with Bruker SimFonia V1.25. UV/Vis/NIR spectroelectro-
chemical measurements were performed with an optically trans-
parent thin-layer electrode (OTTLE) cell.'1 EPR spectroelectro-
chemical studies were performed with a platinum two-electrode
cell.

Materials and Procedures: The preparation of the complex [(PPhj),-
Ni(Mes)Br] and the diimine complexes [(N*N)Ni(Mes)Br] and
[(N~N)Ni(Mes)] has been reported recently.?! 23 All preparations
and physical measurements in this work were carried out in dry
solvents under argon, using Schlenk techniques.

Preparation of trans-|(PPh;z),Ni(Fmes)Br]: NiBr, (218 mg, 1 mmol)
was suspended in 200 mL of thf. After addition of PPh; (524 mg,
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2 mmol) the solution turned green. After refluxing for 2 h the reac-
tion mixture was cooled to 298 K and Li(Fmes) (374 mg, 1.3 mmol)
in 100 mL of diethyl ether was added. The mixture was stirred for
18 h then 10 mL of aqueous saturated NH,Cl solution was slowly
added to give orange precipitate in the aqueous phase. After sepa-
ration of the phases and washing the aqueous phase with three 10-
mL portions of thf the combined thf solutions were dried with
anhydrous Na,SOy, (1 h) then filtered and the solvents evaporated
to dryness. The resulting orange material was recrystallised twice
from thf to give red crystals. Yield: 651 mg (0.69 mmol, 69%).
C,4sH3,BrFgNiP, (944.30): caled. C 57.24, H 3.42; found C 57.28,
H 3.46. '"H NMR ([D¢lacetone): 6 = 7.9-7.3 (m, 30 H, Ph-P), 7.03
(s, 2 H, Fmes) ppm. '"H NMR (CDCls): 6 = 8.2-7.1 (m, 30 H, Ph—
P), 6.93 (s, 2 H, Fmes) ppm. '3C NMR ([DgJacetone): 6 = 137.1
(C'-P), 136.4 (C'Fmes), 133.6 (C>°P), 131.5 (C*Fmes), 131.0
(C>*Fmes), 128.6 (C*-P), 128.4 (C3>-P), 125.0 (C*Fmes) ppm.
3IP NMR (CDCl3): 6 = 15.55 ppm (s). '’F NMR (CDCly): § =
~56.59 (t, >Jpr = 5.9 Hz, 3 F, 0-CF3), -63.13 (s, 3 F, p-CF;) ppm.

Preparation of [(bpy)Ni(Fmes)Br|: The compound was prepared by
stirring a solution of trans-[(PPhs3),Ni(Fmes)Br] (110 mg,
0.116 mmol) together with bpy (28 mg, 0.18 mmol) in diethyl ether
overnight. After evaporation to dryness, the resulting orange-
brown solid was washed with n-heptane to remove the PPhs and
excess bpy. It was then recrystallised from acetone to give orange
needles. Yield: 57 mg (0.1 mmol, 85%). Ci9HoBrFoN,Ni (575.91):
caled. C 39.63, H 1.75, N 4.87; found C 39.61, H 1.78, N 4.88. 'H
NMR ([Dglacetone): 6 = 9.07 (d, 3Js5 = 5.62 Hz, 2 H, bpy-H6),
8.42 (d, 3J34 = 8.1 Hz, 2 H, bpy-H3), 8.40 (d, 3J3 4 = 7.86 Hz, 2
H, bpy-H3'), 8.28 (dd, 3J45 = 6.23 Hz, 2 H, bpy-H4), 8.25 (dd,
3Jy.s = 5.62 Hz, 2 H, bpy-H4"), 7.80 (s, 2 H, Fmes), 7.75 (ddd, 2
H, bpy-H5), 7.40 (ddd, 3J¢ s = 5.72 Hz, 2 H, bpy-H5'), 7.18 (d, 2
H, bpy-H6’) ppm. ’F NMR ([DgJacetone): 6 = —58.1 (s, 6 F, o-
CF3), —62.97 (s, 3 F, p-CF;) ppm.

Bulk Reductive Electrolysis: Electrolysis experiments were carried
out with solutions of [(bpy)Ni(Mes)Br] in thf/BuyNPF¢ using a Pt
grid working electrode (total surface are of about 10 cm?), a Pt
counter electrode in a separate compartment (separated by a G4
glass frit) and an Ag/AgCl reference electrode. A PAR 273 po-
tentiostat and function generator served to perform the electrolysis
and allowed the control of electrons passed into the solution. Cyclic
voltammograms were taken from time to time during the electroly-
sis and after electrolysis the solutions were evaporated to dryness.
"H NMR spectra were either recorded for [Dglacetone solutions of
the obtained residues or recrystallised material (from thf/diethyl
ether, 1:5).
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