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ABSTRACT: The reaction of [NiBr,(bpy),] (bpy = 2,2"-bipyridine) with organic
phosphinic acids ArP(O)(OH)H [Ar = Ph, 2,4,6-trimethylphenyl (Mes), 9-anthryl
(Ant)] leads to the formation of binuclear nickel(II) complexes with bridging
ArP(H)O, ligands. Crystal structures of the binuclear complexes [Ni,(u-O,P-
(H)Ar),(bpy)4]Br, (Ar = Ph, Mes, Ant) have been determined. In each structure,
the metal ions have distorted octahedral coordination and are doubly bridged by two
arylphosphinato ligands. Magnetic susceptibility measurements have shown that
these complexes display strong antiferromagnetic coupling between the two nickel
atoms at low temperatures, apparently similar to binuclear nickel(II) complexes with
bridging carboxylato ligands. Cyclic voltammetry and in situ EPR spectroelectro-
chemistry show that these complexes can be electrochemically reduced and oxidized

with the formation of Ni(I),Ni(0)/Ni(III) derivatives.

B INTRODUCTION

Since the pioneering work of Tomic' in 1965 and Hoskins and
Robson” in the 1990s on a new class of solid polymeric materials,
currently known as metal—organic frameworks (MOF) or coordi-
nation polymers, mono- and polynuclear coordination compounds
in which metal centers are connected by or§anic linkers have
become important in various research areas.” Currently, these
compounds are of great interest due to their potential practical
applications.* Binuclear organometallic complexes of nickel(II),
zinc(II), cobalt(Il), and manganese(II) were found to be important
intermediates in biological systems which catalyze the hydrolysis of a
range of peptide and phosphate ester bonds via the formation of
O—P—O bridged organometallic derivatives.” These species play a
central role in biological processes of oxidative phosphorylation,®
oxidative decarboxylation,” and energy transduction.” From the
viewpoint of materials chemistry, organic—inorganic hybrids are
an important class of compounds in advanced materials design.’
Some nickel diphosphonates' and nickel pyrophosphates'" showed
antiferromagnetic properties and slow relaxation behavior. As a
variant of polymetallic nickel complexes with O—P—O bridges,
some nickel phosphonate—carboxylate cages bearing 12 nickel
centers were synthesized."> Interestingly, a number of pentacoordi-
nate nickel(II) complexes doubly bridged by phosphate ester or
phosphinate ligands were synthesized and investigated."> However,
currently, no examples of dinuclear nickel phosphinate complexes
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(i, formed by bridging RP(H)O, ligands containing a PH group)
are known. Only one dinuclear complex, formed by aluminum
cations and bridging RP(H)O, ligands, is currently known.'* The
presence of a P—H bond in the bridging ligand creates the possibility
of direct functionalization of the obtained polymer at phosphorus
and thus allows the properties of the material to be modified.

Here, we describe the synthesis, structure, magnetic, and
electrochemical properties of new dinuclear nickel complexes
with bridging ArP(H)O, ligands [Ar = Ph, 2,4,6-trimethylphenyl
(Mes), 9-anthryl (Ant)] bearing a PH group.

B EXPERIMENTAL SECTION

All reactions and manipulations were carried out under dry, pure
nitrogen in a standard Schlenk apparatus. THF and n-hexane were
distilled from sodium/benzophenone and stored under nitrogen before
use. CCly and ethanol were purified by distillation. DMF was dried by
stirring with calcium hydride (10 g/L) for 2 h and then distilled at a low
pressure. After purification, all solvents were stored under an atmo-
sphere of dry nitrogen. 2,2’-Bipyridine (99%, Alfa Aesar), NiBr, - 3H,0
(Fluka), (NBu,)BF, (Acros Organics), and PhPCl, (Acros Organics)
are commercially available and were used without additional purification.
The electrolyte (NBu,)BF, was dried by melting in a vacuum before use.
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Table 1. Crystallographic Data for Complexes 3a—c

complex

empirical formula
fw

temp

wavelength

cryst syst

space group

a

<

<X ™R "

N

o (calculated)

abs coeff

F(000)

cryst size

0 range for data collection

index ranges

reflns collected
independent reflns
completeness to

abs correction

max./min transmission
refinement method
data/restraints/params
goodness-of-fit on F>
final R indices [I > 20(1)]
R indices (all data)
largest diff. peak and hole

3a

CsgHs6BraNgNi; O4P,

1268.29

198(2) K

0.71073 A

monoclinic

P2,/c

11.908(1) A

15.051(1) A

16.906(1) A

90°

109.31(1)°

90°

2859.6(3) A®

2

1.473 Mg/m®

2.165 mm™ '

1296

0.70 x 0.67 x 0.38 mm

3.26 to 25°

—13=<h=<14,-17<k=17
—19=<1=20

38540

4915 [R(int) = 0.0378]

97.8% (25°)

semiempirical from equivalents

0.4934/0.3126

full-matrix least-squares on F?

4915/0/349

1.076

R1 =0.0272, wR2 = 0.0598

R1 = 0.0427, wR2 = 0.0657

0.518 and —0.364 e-A™>

3b-2DMF

C74Hgs.84Br2.17N10Ni, OP2

1543.57

130(2) K

0.71073 A

monoclinic

P2,/c

13.5067(5) A

21.2589(6) A

12.1901(4) A

90°

103.476(4)°

90°

3403.9(2) A®

2

1.506 Mg/m®

1.933 mm ™"

1579

0.35 X 0.14 X 0.07 mm

3.10 to 30.51°

—19 < h <18, —30 < k < 30,
—14=<1=17

39248

10353 [R(int) = 0.0382]

99.8% (30.51°)

semiempirical from equivalents

1/0.88668

full-matrix least-squares on F?

10353/51/492

0.851

R1 =0.0305, wR2 = 0.0618

R1 = 0.0601, wR2 = 0.0646

0.619 and —0.593 e-A™>

3c

Cs2HyyBryNgNi O4P,

1184.13

130(2) K

0.71073 A

triclinic

P1

8.5586(2) A

11.2437(3) A

13.7659(4) A

67.180(3)°

86.841(2)°

87.092(2)°

1218.53(6) A®

1

1.614 Mg/m’

2.534 mm~'

600

0.4 x 0.2 x 0.04 mm

2.93 to 30.51°

—12<h=<12—-16<k<16
-19=<1=<19

27084

7437 [R(int) = 0.0345]

99.9% (30.51°)

semiempirical from equivalents

1/0.6132

full-matrix least-squares on F?

7437/0/403

0.951

R1 =0.0300, wR2 = 0.0696

R1 = 0.0468, wR2 = 0.0724

1.335 and —0.495 e-A™>

Cyclic voltammograms were recorded at a glassy carbon (working
surface 3.14 mm®) in a thermostatically controlled (20 °C) three-electrode
electrochemical cell under N, in the presence of (NBu,)BF, (0.1 M) with a
PI-50-1 potentiostat/galvanostat (USSR). The substrate concentration was
5 x 107> M. An Ag/AgNO; (0.01 mol-L ™" solution in CH;CN) was used
as a reference electrode and a platinum wire as an auxiliary electrode. Curves
were recorded at a constant potential scan rate of S0 mV s~ .

The NMR spectra were recorded on a Bruker MSL-400 (‘H 400 MHz,
3P 161.9 MHz). SiMe, was used as an internal reference for '"H NMR
chemical shifts and 85% H3PO, as an external reference for >'P. IR spectra
were recorded on a Bruker Vector-22 in the range 4000—400 cm™ ' at a
resolution of 4 cm™ . Elemental analysis was performed on a EuroVector
CHNS-O Elemental Analyzer EA3000. The nickel and phosphorus con-
tents of the obtained compounds were determined by inductively coupled
plasma mass spectrometry (ICP-MS) on a Perkin-Elmer Elan DRC II mass
spectrometer (USA) and atomic absorption spectroscopy (AAS) on a Carl
Zeiss AAS1 spectrometer. Static magnetic susceptibility was measured with
a superconducting quantum interference device vibrating sample magnet-
ometer (SQUID-VSM) from Quantum Design. The EPR measurements
were performed with an X-Band (10 GHz) Bruker EMX spectrometer.

X-Ray Structure Determination. Crystallographic data for com-
pounds 3a—care given in Table 1. The experimental details are provided
in the Supporting Information.

Synthesis of Phosphinic Acids. MesP(H)(O)OH (1a). A total of
821 g (37 mmol) of MesPCl,, obtained by using a described procedure,"
was slowly added to 13.3 mL (0.74 mol, 13.3 g) of distilled water cooled to
+5 °C with vigorous stirring. After 15 min of stirring, a large amount of
white precipitate was formed. After 4 h of stirring at room temperature, the
solid was filtered off and dried in a vacuum (10 ° bar). Yield: 80.8% (5.5 ).

"H NMR (C¢Dg): 0 1.94 (s, 3H, p-CHs), 2.51 (s, 6H, 0-CH3), 6.51
(d, “Jpys = 4.4 Hz, 2H, m-H), 8.06 (d, 'Jpy; = 557 Hz, 1H, P—H), 11.52
(br, 1H, P—OH).

3P NMR (C¢Dg): 0 23.6 (Jpy = 557 Hz).

Anal. Caled for CoH;50,P (184.17): C, 58.69; H, 7.11; P, 16.82.
Found: C, 59.05; H, 7.26; P, 16.94.

IR (KBr, cm ™ '): 2974 (m, C—Hyes), 2922 (m, C—Hyeo), 2854
(m, C—Hy), 2600 (br, s, P—OH), 2409 (m, P—H), 2272 (s, C—Hyes),
2163 (s, C—Hpes), 1656 (s, C=Cpre,), 1453 (m), 1415 (m), 1200
(S; P=O)) 630 (S) C_HMes); 558 (Sr C_HMes)'

AntP(H)(O)OH (1b). A total of 6.4 mL (356 mmol) of freshly distilled
and degassed water was added to a solution of 1.45 g (5.2 mmol) of
AntPCl,"® in 30 mL of dichloromethane. After 3 h of stirring, the formed
light yellow precipitate was filtered off and washed with two portions of
cold dichloromethane (2 x 15 mL). After drying the formed precipitate
in a vacuum, 0.75 g (63%) of 1b was obtained. Compound 1b is insoluble
in dichloromethane, benzene, acetone, and water.
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Figure 1. ORTEP drawings of the complex cations in 3a—c with 50% probability displacement ellipsoids of non-H atoms.

'H NMR (DMSO-d6): 6 3.83 (s, 1H, OH), 7.59 (t, Juua = 7.6 Hz,
2H, 3,6-H), 7.67 (t, “Juu = 7.6 Hz, 2H, 2,7-H), 7.90 (s, 1H, 10-H), 8.19
(d, Jeuu = 7.6 Hz, 2H, 4,5-H), 8.60 (d, 'Jpy; = 560 Hz, 1H, P—H), 9.01
(d, Yy = 7.6 Hz, 2H, 1,8-H).

3P NMR (DMS0-d6): 6 13.8 (VJpy = 560 Hz).

Anal. Caled for C,4H,,0,P (242.21): C, 69.42; H, 4.58; P, 12.79.
Found: C, 69.05; H, 4.96; P, 12.64.

PhP(H)(O)OH (1c). Phenylphosphinic acid has been prepared accord-
ing to a modified literature procedure. 17 A total of 26.8 ¢ (150 mmol) of
PhPCl, was slowly added with vigorous stirring to 80.0 mL of distilled
and degassed water cooled to +S5 °C. After S min a large amount of white
precipitate formed. Stirring was continued for 4 h at room temperature.
Then the solid was isolated by filtration, washed with water (2 x 100
mL) and diethyl ether (2 X S0 mL) and dried in vacuum ( 10~° bar).
Yield: 54.9% (11.7 g). "H NMR (C¢Dg): 0 6.93—7.04 (m, 3H, m-H,
p-H), 747 (d, o = 567 Hz, 1H, P—H), 7.63—7.69 (m, 2H,
o-H), 12.86 (br, 1H, P—OH). *'P NMR (C¢Dy): 6 20.5 (*Jpy = 567
Hz).'® Anal. Calcd for C4H,0,P (142.09): C, 50.72; H, 4.97; P, 21.80.
Found: C, 50.28; H, 4.90; P, 21.48. IR (KBr, cm_l): 2925 (w, C—H),
2848 (w, C—H), 2587 (br, s, P—OH), 2407 (m, P—H), 2165 (m,
P(O)H), 1676 (w, C=C), 1439 (s, P—C¢Hs), 1198 (s, P=0), 988 (w),
751 (w, C—H), 693 (w, P—C), 534 (w, C—H).

Synthesis of the Complexes. [NiBr,(bpy),] (2). [NiBr,(bpy),]
was prepared according to a modified procedure.' Solid NiBr, - 3H,0 (1.50
g 5.5 mmol) was added to an ethanolic solution (90 mL) containing 1.72 g
(11.0 mmol) of 2,2"-bipyridine. The solution was stirred for 3 h, and then the
solvent was evaporated and the residue washed with diethyl ether (3 mL)
and dried in a vacuum at 30 °C for S h. The yield of 2 was 2.45 g (84%).

IR (KBr, cm™'): 1601 (s, C=N), 1573 (s, C=C), 1564 (m), 1493
(m), 1473 (m), 1441 (s), 1024 (m), 770 (s, C—Hypy), 735 (5, C—Hppy).

[Ni>(u-O-P(H)Mes),(bpy)4iBr; (3a). A total of 30 mL of a DMF
solution containing 1.47 g (8.0 mmol) of MesP(H)(O)OH was added
to a solution containing 4.25 g (8.0 mmol) of [NiBr,(bpy),] in 20 mL of
DMEF under continuous stirring. The color of the solution changed from
light green to blue-green. The addition of diethyl ether resulted in the
formation of dark-green crystals of 3a suitable for X-ray crystal structure
analysis. Yield: 3.60 g (71%).

Anal. Calcd for CsgHssBr,NgNi,O,4P, (1268.26): C, 54.93; H, 4.45;
Br, 12.60; N, 8.84; Ni, 9.26; P, 4.88. Found: C, 55.09; H, 4.64; Br, 12.98;
N, 8.98; Ni, 9.17; P, 4.42.

IR (KBr, cm ™ ): 3096 (w, C—Hyyeo), 3042 (w, C—Hyeo), 3018 (w,
C—Hpes), 2975 (w, C—Hppes), 2393 (w, P—H), 1657 (s, C=Cpes), 1597
(s, C=Nyyy), 1562 (m, C=Cy,,), 1490 (w), 1468 (m), 1439 (s), 1310 (m,
PO,), 1016 (m), 904 (w), 776 (s, C—Hyyy), 733 (m, C—Hy,y).

[Ni>(u-O5P(H)ANnt),(bpy)4JBry (3b). A total of 7 mL of a DMF
solution containing 0.19 g (0.8 mmol) of AntP(H)(O)OH was slowly
added to a solution containing 0.42 g (0.8 mmol) of [NiBr,(bpy),] in 8 mL

of DMF with continuous stirring. After 8 days at room temperature, blue
crystals of 3b-2DMF had formed in solution. Yield: 0.28 g (46%).

Anal. Caled for Cr;HgeBroN;oNisOgPs (1530.52): C, 58.07; H, 4.35;
Br, 10.44; N, 9.15; Ni, 7.67; P, 4.05. Found: C, 57.69; H, 4.48; Br, 10.35;
N, 9.21; Ni, 7.38; P, 4.02.

IR (KBr, cm™}): 3013 (m), 2410 (m, P—H), 1664 (s, C=N), 1598
(s, C=C), 1443 (s), 1453 (m), 1171 (s, PO,), 1046 (s, P—C), 1022 (m),
765 (s), 459 (s, Ni—O).

Crystals for X-ray analysis were obtained from a different batch of
AntP(H)(O)OH that contained 10-Br-substituted Ant as an impurity
(3b-2DMF, C,4Hgs g4Brs.17N1oNi, OgP,, 1543.57) and showed the pre-
sence of anthracene/bromoanthracene disordered in a ratio 0.92/0.08.

[Ni>(u-O5P(H)Ph)5(bpy) 4]Br> (3¢). A total of 2 mL of a DMF solution
containing 0.12 g (0.85 mmol) of PhP(H)(O)OH was slowly added to a
solution containing 0.45 g (0.85 mmol) of [NiBr,(bpy),] in 4.5 mL of
DMF under continuous stirring. After one day at room temperature,
blue-green crystals of 3¢ had formed. Yield: 2.18 g (71%).

Anal. Caled for Cg,H,BrNgNi,O,P, (1184.10): C, 52.75; H, 3.75;
Br, 13.50; N, 9.46; Ni, 9.91; P, 5.23. Found: C, 52.01; H, 3.94; Br, 13.98;
N, 9.98; Ni, 9.36; D, 4.88.

IR (KBr, cm™'): 3197 (w), 3099 (w), 3015 (w), 2975 (w), 2323
(s, P—H), 1596 (s, C=C), 1572 (m, bpy), 1437 s, P—C4Hs), 1305 (s),
1201 (s), 1056 (s, PO,), 773 (s, P—C), 564 (m, Ni—O).

B RESULTS AND DISCUSSION

Syntheses. Complexes 3a—c were prepared from aromatic
phosphinic acids MesP(H)(O)OH (Mes = 2,4,6-trimethylphe-
nyl, 1a), AntP(H)(O)OH (Ant = 9-anthryl, 1b), and PhP(H)-
(O)OH and [NiBr,(bpy),] (2, bpy = 2,2'-bipyridine) in di-
methylformamide (DMF) solution (eq 1).

I N Ar = l BT
oA
/N\"/O '_I' O\|/N\

2[NiBry(bpy),] + 2ArP(H)Y0)OH —= Ni i

N N M
2HBr \N/‘\O T o ‘ N7
2 la-c | o \P/ |
~ & | /N, x
2 Ar N

Ar = Mes (a), Ant (b), Ph (c) s

These complexes are the first examples of dinuclear nickel
complexes with bridging ArP(H)O, ligands, whereas the first
examples of related dinuclear organoaluminum complexes were
published in 2002."* The major interest in systems containing
PH groups lies in the possibility of direct functionalization of
their corresponding coordination polymers by modification of
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Table 2. Selected Bond Lengths (A) and Angles (deg) for Complexes 3a—c

3a

Ni(1)—0(2) 2.039(2)

Ni(1)—0(1) 2.049(2)

P(1)—0(2) 1.505(2)

P(1)—O(1) 1.504(2)

P(1)—C(1) 1.809(2)
0(1)—Ni(1)—0(2) 91.36(7)
0(1)—P(1)—0(2) 116.4(1)
Ni(1)—O(1)—P(1) 135.4(1)
Ni(1)—0(2)—P(1) 125.7(1)
0(1)—Ni(1)—0(2)—P(1) —18.9(1)
Ni(1)—O(1)—P(1)—0(2) 134.1(1)
Ni(1)—0(2)—P(1)—0(1) —79.7(1)

3b

Ni(1)—0(2) 2.057(1)

Ni(1)—0(1) 2.068(1)

P(1)—0(2) 1.506(1)

P(1)—O(1) 1.504(1)

P(1)—C(1) 1.819(2)
0(1)—Ni(1)—0(2) 90.51(4)
0(1)—P(1)—0(2) 117.12(7)
Ni(1)—0(1)—P(1) 120.85(7)
Ni(1)—0(2)—P(1) 132.38(7)
0(1)—Ni(1)—0(2)—P(1) 84.5(1)
Ni(1)—0(1)—P(1)—0(2) 77.20(9)
Ni(1)—0(2)—P(1)—0(1) 142.95(8)

3c

Ni(1)—0(2) 2.059(1)
Ni(1)—O(1) 2.050(1)

P(1)—0(2) 1.503(1)

P(1)—O(1) 1.499(1)

P(1)—C(1) 1.799(2)
0(1)—Ni(1)—0(2) 95.25(5)
0(1)—P(1)—0(2) 117.97(8)
Ni(1)—0(1)—P(1) 136.60(8)
Ni(1)—0(2)—P(1) 135.93(8)
O(1)—Ni(1)—0(2)—P(1) 51.0(1)
Ni(1)—O(1)—P(1)—0(2) 92.8(1)
Ni(1)—0(2)—P(1)—0(1) 104.1(1)

the PH bond, which may lead to new types of catalysts and
magnetoactive materials.”

Molecular Structures. According to single-crystal X-ray dif-
fraction crystallographic data given in Table 1, nickel complexes
3a—c form centrosymmetric dimers in which the two Ni atoms are
bridged by two O,P(H)Ar ligands (Figure 1). The P—O—
Ni-containing eight-membered heterocycles adopt a chair confor-
mation in 3a and 3b and a long chair conformation in 3c. The
flattening of the heterocycle in 3c results in larger endocyclic
O—Ni—O bond angles of up to 95.2° as opposed to 91.4° in 3a and
90.5° in 3b. More pronounced changes are observed for the angles
at oxygen (Ni—O—P): 135.9 and 136.6° in 3¢, 125.7 and 135.4° in
3a, and 120.9 and 132.4° in 3b (selected geometrical parameters
are given in Table 2). Phosphorus coordination is very similar in all
compounds. The nickel atoms have slightly distorted octahedral
coordination with a cis arrangement of the oxygen atoms. A
drastically different orientation of aromatic substituents at phos-
phorus is observed depending on their volume. The smallest Ph
substituent in 3c is nearly eclipsed with the phosphorus—oxygen
bonds, while the bulky Mes and Ant substituents in 3a and 3b adopt
an almost perpendicular orientation. The Ant substituents slightly
deviate from ideal bisector orientation, so that a parallel arrange-
ment of Ant and bpy ligands is realized to promote intramolecular
JT—7T interaction with an interplanar distance of 3.3 A.

Magnetic Measurements. The static magnetic susceptibility
 of powder samples of 3a and 3b was measured in a magnetic
field of 1 T at 2—300 K. The two samples show very similar
behavior. The experimental data for 3a, which are representative
for both samples, are shown in Figure 2. Except for the low-
temperature region, the data can be very well fitted with the
Curie—Weiss law y = yo + C/(T — 6), were C is the Curie
constant, 0 is the Curie—Weiss temperature, and y, is the
temperature-independent contribution to the susceptibility.
From C, one can calculate the effective magnetic moment
Ueir= gl (Seg+ 1)S] 172 which amounts to 3.21 ug per Ni ion. This
value corresponds to a spin of S =1.14 (assuming the g factor
of 2.052 obtained from ESR measurements; see below). The
obtained Curie—Weiss temperature of 6 = 1.4 K indicates a weak
antiferromagnetic (AFM) interaction between two nickel ions
within the molecule. A strong deviation of the experimental data
from the Curie—Weiss law in the low-temperature regime (T < 10
K) is also suggestive of an AFM coupling of the nickel ions, which
significantly decreases the susceptibility of the complex at low
temperatures (Figure 2, upper inset). Finally, the AFM coupling

0.30 -
0.25 |-

0.20 -

x (ergG”mole™)
o
>
T
x" (erg” G’mole)

% s 45 67

I poH (T)
0.00 | 1 1 1 1 1 17 0
0 50 100 150 200 250 300

T(K)

Figure 2. Temperature dependence of the magnetic susceptibility y(T)
and of the reciprocal susceptibility '(T) for 3a. The black line
represents the Curie—Weiss fit to the experimental data at T > 100 K.
The upper inset shows an enlarged view of x(T) and  '(T) in the
temperature range 2—12 K. The lower inset shows the magnetic field
dependence of the static magnetization of 3a at T = 1.8 K.

was confirmed by measurements of the magnetic field depen-
dence of the static magnetization M(H) at T = 1.8 K (Figure 2,
lower inset). The observed S-shaped bending of the magnetiza-
tion curve at about 3.3 T indicates breaking of the AFM coupling
with increasing magnetic field. With a further increase of the field
strength, the magnetization tends to saturate at a value of about
4.4 up somewhat above 7 T. The saturation magnetization Mg =
g5 ~ 4.4 uy corresponds to an effective total spin of the
molecule of S.¢°* & 2 and, thus, provides evidence for a parallel
alignment of the spins of the nickel ions in the magnetic field.
Electrochemical and EPR Studies. The electrochemical pro-
perties of complexes 3a—c were investigated by cyclic voltam-
metry (CV). All investigated complexes display the same elec-
trochemical behavior with identical CV curves. Two reversible
reduction peaks are present in the CV curve of dinuclear complex
3a (Figure 3). The first reduction peak C, (EPred =—170 Vvs
Ag/Ag") corresponds to the reduction of nickel (Ni''/Ni’ eq 2)
and the second peak C, (EPred = —230 V vs Ag/Ag") to
reduction of the coordinated 2,2'-bipyridine ligand (eq 3).

[Ni(bpy),]*" = [Ni’(bpy),] (2)

4556 dx.doi.org/10.1021/ic2002546 |Inorg. Chem. 2011, 50, 4553-4558
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E,*"=-2.30V

E,*=-224V

Ay
E, = +0.33V

E, "% =151V

E, " = +0.82 V

* Reference electrode Ag/AgNO3 0.01M in MeCN, Scan rate 50 mV/s

Figure 3. Cyclic voltammogram of 3a in DMF (room temperature).

Electroreduction (Cy)

g=2.140
(50 Gauss)

[Ni(bpy)]”

[Ni(bpy),]** +2¢ [Ni’py)]

[Ni(bpy),J** + [Ni%(bpy)y] === 2[Ni(bpy),]*

Electroreduction (Cz)

g =2.001

[Ni(bpy)a]"

[Ni(bpy)] ™~

[Ni%(bpy),] +e === [Ni(bpy),] -

Figure 4. EPR spectra of 3a in solution (DMF) at room temperature
after 2F (top curve) and after 4F (bottom curve).

[N (bpy),]*" +e = [Ni(bpy),] (3)

Monitoring of the electrochemical process by in situ EPR
spectroelectrochemistry allowed us to make some conclusions
concerning the mechanism of reduction. The EPR powder
spectrum of the complex displays one very broad signal (g =
2.052, broadness about S00 G) corresponding to paramagnetic
nickel(II) with S = 1. However, no signals were observed in DMF
solution at room temperature.

A new signal with g = 2.140 (broadness 50 G) appears when
the cathodic potential is applied (Figure 4). This signal corre-
sponds to the reduced form of the metal center with a d” electron
configuration, i.e., nickel(I). Interestingly, after passing 2F, i.e.,
two e~ per molecule of dinuclear complex 3a, only the signal
corresponding to the reduced nickel(I) form is observed in the
EPR spectra (Figure 4, top curve).

However, this signal disappears upon exhaustive electrolysis,
resulting in the formation of the nickel(0) complex (after 4F),
and a new anionic radical form of the complex containing a
coordinated bpy radical anion (g =2.001, Figure 4) is formed due
to electroreduction at peak C, (Epredz —2.30 V vs Ag/Agt;
Figure 4, bottom curve). Monitoring the electroreduction

Electroreduction
(higher cathodic potentials than C;)

[Ni(bpy)] g =2.001

g =2.003

Figure 5. EPR spectra of DMF solution containing 3a at room
temperature (exhaustive electroreduction).

process at high cathodic potentials (greater than —2.50 V vs
Ag/Ag") leads to the decomposition of complex 3a, and the
signal of the free bpy radical anion (g = 2.003) is observed in the
EPR spectrum of the reaction mixture (Figure 5). This g factor is
also observed for the free bpy radical anion in acetonitrile.” The
well-resolved hyperfine structure of the signal is another reason
to assign it to the uncoordinated bpy anion radical.

The electrochemical oxidation of complexes 3a—c involves
two quasi-reversible one-electron processes A; (E,”* = +0.33 V
vs Ag/Ag") and A, (E,"™ = +0.82 V vs Ag/Ag"). The first
oxidation peak A; corresponds to oxidation of the bromide
counterions of dicationic binuclear nickel complexes 3a—c.
The same oxidation peak is observed in the CV curve of a
DMEF solution containing n-BuyNBr (5 x 10~> M) and support-
ing electrolyte n-Bu,NBF, (0.1 M). The second oxidation peak
A, corresponds to the oxidation of nickel(II) to nickel(III).
These electrochemical processes are quasi-reversible one-elec-
tron oxidation couples with the formation of Ni"Ni"' and
Ni""Ni"" complexes, as has been shown for related dinuclear
nickel complexes with bridging anionic carboxylato groups.”>**

B CONCLUSIONS

New dimetallic nickel(II) complexes with bridging phosphi-
nato ligands (O,P(H)Ar , Ar = Ph, 2,4,6-trimethylpheny],
9-anthryl) display strong antiferromagnetic coupling between
the two nickel atoms at low temperatures. Furthermore, the spin
state of the nickel centers can be easily changed by electroche-
mical reduction/oxidation in solution, leading to new nickel
complexes in different oxidation states, and this can be regarded
as a new tool for tuning the magnetic properties of these
dinuclear nickel complexes.
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