FULL PAPER

DOI: 10.1002/ejic.200700004

Bis-p-pyrazolate-Bridged Dinickel(II) and Dicopper(II) Complexes: An
Example of Stereoelectronic Preference of Metal Ions and Stabilization of
Mixed-Valence Ni'""Ni'! Species
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New dimeric nickel(Il) and copper(ll) complexes [(L)Ni(u-
L)]o[C104], 1 and [(L)Cu(u-L')]2[C1O4l, 2, [2-[3-(2'-pyridyl)-
pyrazol-1-ylmethyl|pyridine (L) and 3-(2-pyridyl)pyrazole
(HL')] have been synthesized, structurally characterized, and
their absorption, magnetic, EPR and redox properties investi-
gated. The crystal structure of 1-MeCN reveals a planar
{Ni,(u-L'),}2* core [Ni-Ni separation: 4.0765(10) A] in which
each distorted octahedral Ni" ions is terminally coordinated
by a tridentate ligand L and bridged by two HL' units, in
their deprotonated form. The structural analysis of 2:2MeCN
reveals two five-coordinate Cu' ions, each terminally coordi-
nated by adopting only a bidentate coordination mode of L,
in which the -CH,py arm remains uncoordinated. A similar
bridging [Cu---Cu separation: 3.9382(24) A] as in 1-MeCN is
observed. Thus stereoelectronic preferences of Ni'' and Cu'!
are clearly revealed. Closer inspection of crystal packing dia-
gram of 1-MeCN reveals the formation of 2-D network struc-
ture assembled solely via C-H---n interaction [pyridyl C-H
(4-position) of pyridylpyrazole unit of L and n cloud of pyri-

dine of bridging deprotonated L’ unit]. In 2:2MeCN, how-
ever, n---1 interactions between uncoordinated pyridyl arms
are observed. Variable-temperature magnetic studies on
both complexes indicate the existence of strong antiferro-
magnetic coupling between the two metal ions (singlet-trip-
let energy separation, J = -20 cm™! for 1 and —200 cm™! for 2).
When investigated by cyclic voltammetry complex 1 displays
two quasi-reversible electron-transfer reactions at Ej, =
1.36 V (AE, = 110 mV) and 1.79V (AE, = 120 mV) vs. SCE,
due to Ni'Ni'/Ni, and Ni',/Ni'INi' redox processes,
respectively. Constant potential electrolysis at 1.50 V vs. SCE
leads to the generation of dark green mixed-valence Ni'!Ni!!
species, which is stable enough to be subjected to characteri-
zation by UV/Vis and EPR spectroscopy. Compound 2 exhib-
its only irreversible reductions (cathodic peak potential, E,.
=-0.28 V and -0.50 V vs. SCE).

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

Introduction

There has been continuing interest in the investigation of
the magneto-structural properties of symmetrical dibridged
metal(Il) dimers.['l As part of our continued involvement
in the exploration of interesting coordination chemistry of
pyridyl/pyrazole-based chelating ligands,””! we have investi-
gated the magneto-structural properties of a large variety
of dinuclear/trinuclear/polymeric complexes with a varied
combinations of endogenous/exogenous and solely exoge-
nous bridging ligands (alkoxo/pyrazolato,®! acetato/pyrazo-
lato, carbonato,®! diacetato,*®! dichloro,!”? dihydroxo,*#!
monohydroxo,”! oxo/bis-acetato,l'®!'l phenoxo/chloro,?!
phenoxo/hydroxo,® 131 diphenoxol'#).
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Among the diverse bridging ligands/ligand frameworks
that have been employed in holding two metal centers for
efficient mediation of magnetic exchange interactions, pyra-
zolates are extensively explored, due to their coordination
flexibility, versatility and potential to fine-tune metal-metal
distance over a wide range of 2.4-4.6 A affording oligo- and
polymetallic compounds.['!

This work finds impetus from the fact that a combination
of carefully designed chelating ligands and judicious choice
of metal ions with stereoelectronic preference can lead to
the synthesis of metal complexes with interesting molecular
and electronic structural properties.'®!71 The choice of ter-
minal ligands of this work stems from our continued ac-
tivity in the coordination chemistry of nonplanar pyridyl/
pyrazole ligands toward transition metal ions.[>#67.18.19]
Specifically, in the present work our target has been to syn-
thesize and structurally characterize dimetal(I) complexes,
satisfying the following requirements. (i) The metal ions
should show stereoelectronic preference in their coordina-
tion. (ii) The terminal coordination of the metal ions should
be provided by tridentate ligand L and bridging coordina-
tion by deprotonated form of 3-(2-pyridyl)pyrazole
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(HL").['6:17:29 (iii) The magneto-structural behavior should
be investigated. Thus we report here the synthesis, crystal
structure of bis-pu-pyrazolate-bridged dimetal(I) complexes
[(LYMY(u-L")]5[ClO4], (M = Ni 1, Cu 2), and investigation
of their spectroscopic, magnetic, and redox properties.

/

N
| XN =N /N\NH
= \ 7/ =

L HL'

Results and Discussion

Synthesis and General Characterization

The designed synthesis of two complexes [{(L)M"(pu-
L")},][ClO4), (M = Ni 1, Cu 2) are based on the following
considerations: (i) L is a potential tridentate ligand,['84 (ii)
3-(2-pyridyl)pyrazole (HL')Y can assume several coordi-
nation modes and the one adopted in the complex forma-
tion is governed by the reaction conditions.”!l Notably, it
can act as a terdentate bridging ligand via deprotonation of
the pyrazolyl NH group and coordination of the pyrazolyl
N atom to a second metal ion, and (iii) The Cu' ion is
well-known to produce variable and distorted coordination
geometries??! and the Ni'l ion is expected to produce six-
coordinate geometry with the given combination of ligands
L and deprotonated L’. Keeping these points in mind a
common synthetic strategy was followed for preparing the
two complexes. The metal salt Ni(OAc),4H,O/[Cu(H,0)¢]-
[C104), and L (1:1) were allowed initially to react in MeOH,
addition of 1 equiv. of HL', followed by addition of Et;N
led to the formation/isolation of the complexes.

As expected, both complexes behave as 1:2 electrolytes
in MeCN solution.?3 IR spectra show the characteristic
bands at ca. 1100 cm™! and ca. 620 cm™! for ionic perchlo-
rate vibrations. Elemental analysis, IR, and solution electri-
cal conductivity data are in excellent agreement with the
above formulations of the two new complexes.

Crystal Structure of [{(L)Ni(u-L')},][ClO4], (1:MeCN)

A perspective view of the cation of 1:-MeCN with atom
numbering scheme is shown in Figure 1 and selected metric
parameters are given in Table 1. Each Ni'l ion is in six-
coordinate geometry with coordination by two bridging py-
razolate nitrogen atoms [N(6) and N(14) to Nil; N(7) and
N(13) to Ni2], a terminal pyridyl coordination from 3-(2-
pyridyl)pyrazole units N(5) to Nil and N(12) to Ni2. Two
additional coordinations are achieved by pyrazole nitrogen
of ligand L: N(2) to Nil and N(9) to Ni2. Two long axial
coordinations are achieved by the pyridyl nitrogen atoms of
L: N(1) and N(4) for Nil; N(8) and N(11) for Ni2. Both
2162
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Ni' ions are bridged by the deprotonated 3-(2-pyridyl)pyr-
azole unit, leading to a Ni--Ni separation of 4.0765(10) A.
In essence, it is a bis(u-pyrazolate)-bridged six-coordinate
dinickel(IT) complex. Metric parameters indicate that the
coordination geometry deviates from regular octahedron.
While the trans angles vary in the range 160-175° the cis
angle variation is in the range 77-101° (Table 1).

Figure 1. View of the dication [(L),Niy(u-L'),]** in complex
1-MeCN, showing the atom numbering scheme. Atoms are drawn
at 30% probability level. All hydrogen atoms are excluded for clar-
1ty.

The two nickel(II) ions deviate from the mean plane
passing through bridging pyrazolate units by only 0.1482 A
and 0.0765 A (Nil and Ni2, respectively). Dihedral angle
between the plane of pyrazolate ring of {Nil(u-L’)} unit
and {Ni2(pu-L")} is 5.529(172)°. In this structure there are
three types of donor atoms: pyrazole nitrogen and two
types of pyridyl nitrogen atoms. Average distances for Ni—
N, (directly attached pyridyl ring), Ni-N, (pyridyl ring
with CHy-spacer), and Ni-N,, (pyrazole ring) are
2.1575(4), 2.173(4) and 2.0333(4) A, respectively. It is found
that pyrazole rings from terminal ligands are more strongly
bonded to the Ni'l ions than the bridging ones. In fact, the
observed Ni-N,,, (N5/N12) (bridging pyrazolate) distances
are shorter than Ni-N,, (N1/N8) bond lengths from ter-
minally coordinated L ligand [2.128(4) and 2.152(4) A vs.
2.160(4) and 2.189(4) A]. The present complex is amongst
relatively few structurally characterized bis(pu-pyrazolate)-
bridged dinickel(Il) complexes.[?*-24-23]

Crystal Structure of [{(L)Cu(p-L')},][ClO4],:2MeCN
(2-:2MeCN)

A perspective view of the cation of 2-2MeCN is displayed
in Figure 2, along with the atom-numbering scheme. The
structural analysis reveals that crystallographic asymmetric
unit consists of a binuclear dipyrazolate-bridged copper(IT)
cation, two perchlorate ions, and two MeCN molecules.
The dication sits on a crystallographically imposed inver-
sion center and hence only half of the dimeric unit is unique
and the other half is symmetry-related. Each Cu'! ion is in
five-coordinate geometry with coordination by two bridg-
ing pyrazolate nitrogen atoms [N(6) and N(7) for Cul;
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Table 1. Selected bond lengths [A] and angles [°] of 1-MeCN and
2-2MeCN.

1-MeCN 2:2MeCN

Ni(1)-N(1) 2.160(4) Cu(1)-N(1) 2.040(6)
Ni(1)-N() 2.014(4) Cu(1)-N(Q) 2.302(7)
Ni(1)-N(4) 2.178(4) Cu(1)-N(5) 2.054(6)
Ni(1)-N(5) 2.128(4) Cu(1)-N(6) 1.940(6)
Ni(1)-N(6) 2.033(3) Cu(1)-N(7)i 1.971(6)
Ni(1)-N(14) 2.064(4)

Ni(2)-N(7) 2.037(4)

Ni(2)-N(8) 2.189(4)

Ni(2)-N(9) 2.017(4)

Ni(2)-N(11) 2.168(4)

Ni(2)-N(12) 2.152(4)

Ni(2)-N(13) 2.035(3)

N(I)-Ni(1)"N@2)  77.16(15) NQ2)-Cu(1)-N(1)  76.52)
N(I)-Ni(1)'N@4)  162.53(14)  N@2)-Cu(1)-N(5) 91.9(2)
N(I)-Ni(1)"N(5)  89.26(13) N@2)-Cu(1)-N(6)  108.8(2)
N(1)-Ni(1)"N(6)  97.80(14) NQ2)-Cu(1)-N(7)|  96.1(2)
N(1)-Ni(1)-N(14) ~ 91.58(14) N(D)-Cu(1)-N(5)  90.7(2)
NQ2)-Ni(1)"N@4)  85.38(15) N(I)-Cu(1)-N(6)  169.8(2)
NQ)-Ni(1)-N(5)  92.11(15) N(D)-Cu(1)-N(7)'  89.9(2)
NQ)-Ni(1)-N@©6)  169.96(16)  N(5)-Cu(1)-N(6)  80.6(3)
N(Q2)-Ni(1)-N(14)  92.47(15) NG)-Cu(1)-N(7)'  171.9(3)
N(@4)-Ni(1)"N(5)  91.92(14) N(6)-Cu(1)-N(7)i  98.0(2)
N@)-Ni(1)"N(@6)  99.54(14)

N(4)-Ni(1)-N(14)  88.62(14)

NG)-Ni(1)-N(6)  79.04(14)

N(5)-Ni(1)-N(14)  175.42(14)

N(6)-Ni(1)-N(14)  96.38(14)

N(7)-Ni(2)-N@®8)  96.22(14)

N(7)-Ni(2)-N(©)  93.04(15)

N(7)-Ni(2)-N(11) ~ 92.87(15)

N(7)-Ni(2)-N(12)  175.12(14)

N(7)-Ni(2)-N(13)  96.42(14)

N(8)-Ni(2)-N(©)  77.66(15)

N(8)-Ni(2)-N(11)  160.88(14)

N(8)-Ni(2)-N(12)  83.01(14)

N(8)-Ni(2)-N(13)  94.52(14)

N(9)-Ni(2)-N(11)  85.11(15)

N(9)-Ni(2)-N(12)  91.50(15)

N(9)-Ni(2)-N(13)  168.34(16)

N(11)-Ni(2)-N(12) 89.29(15)

N(11)-Ni(2)-N(13) 101.16(14)

N(12)-Ni(2)-N(13)  78.86(15)

Symmetry code: (i) = —x+2, -y +1,—=z+ 1

N(6") and N(7’) for Cul’], a terminal pyridyl coordination
N(5)/N(5") from 3-(2-pyridyl)pyrazole units, and a pyridyl
nitrogen atom N(1)/N(1") from the ligand L in the equato-
rial plane. Axial coordination is achieved by the pyrazole
nitrogen atom [Cu-N(2): 2.302(7) A] of ligand L. A note-
worthy feature of this structure is that in each ligand L the
methyl pyridine arm remains uncoordinated. Thus the Cu'!
center has square-pyramidal geometry [precisely it is
slightly distorted (z = 0.035)],*°! which is achieved by hav-
ing the two potentially tridentate chelating units of L acting
as bidentate ligands. The preference of the Cu'! ion for five-
coordination over six, is a consequence of Jahn-Teller dis-
tortion.['8! The Cu(1) atom lies above the equatorial plane
by 0.118 A towards pyrazole nitrogen N(2) of terminally
coordinated L. The sum of four angles provided by the
equatorial nitrogen donors is 359.2°, consistent with a small
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displacement of the copper atom from the equatorial plane.
The two Cu'! ions are bridged by the deprotonated 3-(2-
pyridyl)pyrazole unit, leading to a Cu---Cu separation of
3.9382(24) A. In essence, it is a bis(p-pyrazolate)-bridged
dicopper(II) complex in which a planar {Cu,(u-L'),}>* core
is terminally coordinated by two L ligands, in which methyl-
pyridine arms remain uncoordinated. The Cu-+-Cu distance
is on the higher end of distances reported for complexes
with similar structural motif.[>2!-27-29]

C13

Figure 2. View of the dication [(L),Cu,(u-L'),]** in complex
2-2MeCN, showing the atom numbering scheme. Atoms are drawn
at 30% probability level. All hydrogen atoms are excluded for clar-

ity.

Noncovalent Interactions

A closer inspection of the crystal packing diagram of
1-MeCN reveals that the cations are engaged in an extensive
intermolecular C—H+r interactionst!3-3023%I inyolving para-
C-H of coordinating pyridine ring of pyridylpyrazole unit
of L with the m-electron cloud of pyridine ring of bridging
3-(2-pyridylpyrazole) unit. Interaction parameters are given
in Table 2. These C—H-**n interactions led to the formation
of linear one-dimensional chains (Figure 3, a). These chains
are interconnected via neighboring molecules of adjacent
chain through another C—H--n interaction involving para-
C-H of pyridine ring of bridging 3-(2-pyridyl)pyrazole unit
with the m-electron cloud of coordinating pyridine ring of
pyridylpyrazole unit of L. This resulted in the formation of
2D network (Figure 3, b). This is rather interesting that

Table 2. Hydrogen-bonding (C-H--t) parameters for [(L),Niy(p-
L"),]** in 1-MeCN.

D-H-n H-n /A Dm /A D-H-nt
C3-H3--Ctl 2.4737 3.47866(3)! 173.2°
C16-H16---Ct2 2.7767¢ 3.6668(3)" 147.4°1
C25-H25---Ct3 2.5490 3.5127(3)' 159.96¢i
1) =%, 1y 1 -z (i) —x, 1 -y, —z (i) —x, -, 2 -z

www.eurjic.org 2163
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(a)

Figure 3. (a) A perspective view of the formation of a linear chain and (b) Formation of 2D-network solely via C-H-*-1 interactions in
the dication [(L),Niy(u-L"),]** of complex 1:-MeCN. All hydrogen atoms except those involved in hydrogen-bonding are excluded for

clarity.

such 2D architecture has formed solely via C-H-+r interac-
tions.

The molecular packing in the crystal structure of
2-2MeCN does not reveal C—H---1t interactions, as observed
for 1-MeCN. However, it is realized that uncoordinated pyr-
idine arm of L is involved in intermolecular m-m stack-
ing,[194.3%] Jeading to the formation of staircase-like ar-
rangement of molecules (see Figure S1 in the electronic
Supporting Information). The n--*x stacking parameters are
as follows: centroid—centroid distance: 3.9570(17) A; per-
pendicular distance between two CH,-py arm: 3.5682 A; di-
hedral angle between the planes is 0.0°; displacement angle
B = 25.60°.1185301 The difference in the nature of noncoval-
ent interactions observed for 1-MeCN and 2-2MeCN must
have originated from dissimilar nature of metal coordina-
tion mode of ligand L. While for the former complex the
potential tridentate ligand L acts as a tridentate ligand in
the case of the latter complex it acts as a bidentate ligand
leaving the CH,py arm uncoordinated. This effect caused
by stereoelectronic geometric preference of metal ions is
manifested in the observed noncovalent interactions for
these two structures.

2164
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We present here a rationalization of observed secondary
interactions. C—H-+'7 interactions observed in 1:-MeCN is
facilitated due to meridional coordination of L which forces
the ligand L to attain planar and perpendicular orientation
to the bridging 3-(2-pyridylpyrazole) unit (Figure 1). Hence
we believe that the relative disposition of L and bridging 3-
(2-pyridylpyrazole) unit in 1-MeCN favors the formation
of 2D network via extensive C—H-**n interactions. Such a
situation is absent in 2:2MeCN due to uncoordinated CH,-
py arm of L (Figure 2) and therefore C-H-*nt interaction
is not observed in 2:2MeCN. In 2:2MeCN, however, the
uncoordinated CH,-py arms are suitably placed away from
the metal center and remains almost parallel to the pyridine
ring of the bridging 3-(2-pyridylpyrazole) unit. This in turn
triggers to engage in weak intermolecular m-m stacking
interactions (Figure S1) involving CH,-py arm of L.

Absorption Spectra

Absorption spectra for both complexes in MeCN are dis-
played in Figure S2. Purplish-green solutions of complex 1

Eur. J. Inorg. Chem. 2007, 2161-2170
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exhibit crystal-field transitions at 966 nm and 526 nm,
which could be assigned as *A,,—*T», and *A,,—>T), (in
octahedral coordination environment), respectively. A spin
forbidden transition could be identified at 800 nm
(*Ay—"'E,).B Compound 2 exhibits a crystal-field transi-
tion at 640 nm with a shoulder at 850 nm, typical of square-
pyramidal Cu'! stereochemistry.??! An intense transition oc-
curs as a shoulder at ca. 300 nm probably due to pyrazolate
—Cu'! charge-transfer. Absorptions at higher energy origi-
nate in the intraligand.

Magnetic Properties

Complexes 1 and 2 have the same planar [M"(u-L")], (M
= Ni and Cu) binuclear entities, with the Ni'f ion having
distorted octahedral and Cu'! ion assuming square-pyrami-
dal geometry. From the magnetic point of view these com-
plexes are clearly of interest and give us a unique opportu-
nity to compare their magnetostructural behavior. The
magnetic behavior of 1 (Figure 4) deserves special attention
owing to the status of this complex as one among very few
examples of bis(u-pyrazolate)-bridged Ni'' dimers.[?8:24:25]
The temperature-dependence of the magnetic behavior is
shown in Figure 4 in the form of y,,T and y,, vs. T plots.
The observed y,,T value of 2.16 cm*mol 'K (2.94 ug/Ni)
at room temperature is indicative of S = 1 system. The value
of yuT decreases very smoothly when cooling and it is
1.87 cm®*mol 'K at 100 K (2.73 ug/Ni). Below this tempera-
ture y,,T decreases rapidly and it vanishes when 7 tends to
zero. The y,, curve shows a maximum at 30 K. It clearly
reveals the presence of antiferromagnetically coupled Nill
ions in 1. According to the dinuclear nature of the complex,
the experimental data were modeled through the Hamilto-
nian H = —JS,S> + D(S..2 + S.,2) (with S, = S, = )32 in
the range from 298 K to 2.1 K. In this case, the magnetic
susceptibility for a Ni'! dimer is given by Equation (1).

0.04 2.5
F2.0
0.034
i M
e <
£ F1.5 "g
ME ] m
o3 10 =
=
A =
0.014
'y 0.5
0.00 0.0

T/K

Figure 4. Temperature-dependence of the y,, and y,,T product for
powdered sample of [(L),Niy(p-L"),][ClO4], (1). The solid lines rep-
resent the best theoretical fit using the equation described in the
text.
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To reduce the number of variables the D (zero-field split-
ting parameter) and g values were considered to be identical
for the two nickel(IT) ions. A satisfactory fit was obtained
with the set of parameters J = —20.6cm™!, |[D| = 1.2 cm™!
and g = 2.15 [R = 1.3X1075, R = Z((u°> — a4
(0 2.°%%)?], confirming the intramolecular antiferromagnetic
coupling between nickel(IT) centers. The temperature-inde-
pendent paramagnetism, TIP, was observed to be
90 cm?*mol ! for each Ni'l ion, which was corrected on the
magnetic curve of Figure 4. No paramagnetic impurities
were observed. The magnitude of the exchange interaction
is comparable to that observed for closely similar com-
pounds.[>3]

Generally, the dicopper(Il) complexes with pyrazolate-
bridge show a very strong antiferromagnetic coup-
ling [>21:27-291  Variable-temperature (5-300 K) magnetic
studies were done on powdered samples in order to deter-
mine the magnitude of the magnetic coupling of 2. In fact,
compound 2 shows a subnormal magnetic moment at room
temperature (uei/Cu = 1.58 pg). The y,,T value decreases
gradually upon cooling and it reaches a plateau below
50 K. A plot of y,,T vs. T for 2 (Figure 5) is typical of a
moderate antiferromagnetically coupled dicopper(Il) com-
plex. The experimentally observed y,, values (per dimer)
were fitted to the modified!>*85%-12-141 Bleaney—Bowers
equation based on the Heisenberg spin Hamiltonian,
H = -JS,-S, [Equation (2)], allowing for the presence of
monomeric copper(Il) impurity behaving as a Curie para-
magnet, where p is the mole fraction of such an impurity
and N, is the temperature-independent paramagnetism per
Cu! ion; other symbols have their usual meaning. Keeping
g and N, fixed at 2.1 [obtained from the EPR spectrum of
the complex, Figure S3 {typical value for a tetragonal
Cu'™] and 60X 10° cm®*mol™!, the J and p parameters
2165
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were determined by minimizing R = Z(yp,°% — )%

(¥ 1°%)? using Equation (2) gave good data fits. As shown
by the trace in Figure 5, an excellent simulation (non-linear
regression analyses) of the data could be attained with the
following parameters: J = 200 cm ! and p = 0.86%. R =
1.84 %1077 for 2. The magnitude of the exchange interac-
tion is similar to that observed for other bis(u-pyrazolate)-
bridged®®?1  and the related bis(u-N',N?)triazole-
bridged®3! dinuclear Cu'™ complexes. Solution-state z/Cu
value for 2 at 298 K is 1.4 pp, slightly lower than that ob-
tained as a solid.

I = 2NBP3KT 1 + 173 exp (<JIkD)] '(1 - p) + (N*g*2kT)p + 2Na.

()

0.7

0.6+

0.5

0.4-

0.3+

1T/ em’ Kmal ™'

0.2 -

0.1

0.0+ L T T T 1
0 50 100 150 200 250 300

T/K

Figure 5. Temperature dependence of the y,,7" product for pow-
dered samples of [(L),Cu,(u-L")]5[ClOg4], (2). The solid lines repre-
sent the best theoretical fit using the equation described in the text.

In these complexes the pathway for magnetic exchange is
propagated through the bridging pyrazolate ligands. From
the molecular structure of 2, one can conclude that the un-
paired electron in each metal center is clearly described by
d,> ,» magnetic orbital, which is coplanar with the pyrazol-
ate skeleton (see part a of Scheme 1). The significant over-
lap between these magnetic orbitals accounts for the strong
antiferromagnetic coupling observed

(a)
Tt & m

Spp- o3

(c)

Spa- o

Nl‘\..ﬁ = l)

Scheme 1.

It is interesting to observe that the value of J for Ni'!
dimer (ca. —20 cm ') is much lower than the corresponding
value for the Cu' dimer (ca. —200 cm™!).34 In 1, the Nil!
ion has two magnetic orbitals, d,» ,» and d.- (see Scheme 1).
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In order to evaluate both magnetic exchange pathways, we
can describe the unpaired electrons on each Nil ion by the
orbitals W and Wy [Equations (3) and (4)], where &nni;p
is the orbital of the bridging ligand.[*3 The participation of
the peripheral ligands is neglected and the same energy for
both metal orbitals was assumed (the same mixing coeffi-
cient a).

\PA N(dx_f}_ a(])]_) (3)

Wy = N(d.: - % o1) @)

In the frame of Kahn’s orbital model®® it is found that
J varies as S,,,? (S,,, being the overlap integral between the
magnetic orbitals # and v). The values of §,,, can be ap-

proximated to be S, 4 = (PalPa) * ¢ and Spp =
2

a
(Pp|¥p) = 3 where the prime refers to the second mag-

netic orbital in the dimer. In this approach, our prediction
concerning the relative magnitudes of both pathways is
J(\,zfyz’xzfyz SA,A,Z

Jop  Spw
change through the d .. . pathway.l**!

When the metal ion has more than one unpaired elec-
tron, the experimental J parameter must be decomposed
into a sum of individual contributions, J,,, concerning each
pair of magnetic orbitals involved in the exchange phenom-
enon [Equation (5)], where n, and ng are the number of
unpaired electrons associated with the transition metal ions
A and B, respectively.[3%-371 Equations (5), (6), and (7) show
how the magnitude of the antiferromagnetic interaction is
not properly described by J but by nangJ. In the present
case ca. -80 cm™!' for Ni'l (ny, = ng = 2) respect to ca.
—200 cm™! for Cu" dimer (ny = ng = 1), values which are
still too different.

=~ 9, showing the greater magnetic ex-

1 A g
2 2w ©)

NANB u=1v=1
Jeuweu = J, Pyt 2 = —200 cm! (6)
‘]NINI ( x2p?x2y? + Jzz 72 + J 2y 2) ~-20 Cm71 (7)

The low value for the Nil! dimer can be attributed to
the existence of ferromagnetic terms between the magnetic
orbitals d,» ,» and d.. (strict orthogonality, Scheme I, c),
which can be important when the distance between para-
magnetic centers is short (cases of mono- and diatomic
bridges).*8 Assuming a similar energy and bond lengths
for Ni'" and Cu"' complexes and taking into account that
Jo ooy = 90 2 = =200 cm ! (see above), a rough value
of J, eyt = +70 cm ! can be inferred from Equation (7),
which is of the same order as that observed for diatomic
bridges such as oximes.l7]
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Redox Properties

The redox behavior of these complexes has been investi-
gated by cyclic voltammetry (CV) in MeCN at a platinum
electrode (scan rate 100 mVs™!). Complex 1 exhibits both
oxidative as well as reductive redox behavior. In the poten-
tial range 0.0 to 2.0 V it undergoes two one-electron quasi-
reversible oxidations (Figure 6) at [Ey, = +1.36 V (AE, =
110 mV)] and [Ey;, = +1.79V (AE, = 120 mV) vs. SCE],
respectively. The two processes are tentatively assigned to
the formation of Ni"™Ni" and Ni™Ni"" species. During
negative scan 0.0 to —2.0 V it exhibits an irreversible re-
sponse at —1.52 V vs. SCE. Such oxidative redox behavior
is similar to other dinickel(Il) complexes reported in the
literature.®®! Notably, the difference between the successive
redox processes in 1 is sufficient (ca. 450 mV) to stabilize
the mixed-valence Ni"™Ni" species. Controlled-potential
electrolysis of 1 at an applied potential of +1.50 V vs. SCE
in MeCN solution consumed n = 0.95%*0.02 e /complex
(mean value of three independent measurements) and pro-
duced dark green solutions. Such solutions display the same
CV response as that of Ni"'Ni! species. However, this time
the response at 1.36 V is reductive, as expected (Figure S4).
Re-reduction of such solutions at 0.0 V caused a transfer of
85% of the charge that passed during oxidation, attesting
reasonable stability of the oxidized mixed-valence Ni"Ni!l
species. Absorption spectra of dark green solutions (Fig-
ure 7) display a characteristic broad band at 755 nm (¢ =
930 m'cm ™). No other absorption is noted. In more likeli-
hood this has happened either due to superposition of the
spectra of individual Ni'! and Ni'! ions or due to strong
delocalization (X-ray structure of 1-MeCN), properties of
the component species have been replaced by a new delocal-
ized species. However, the high molar extinction coefficient
value than that expected for a d-d band indicates it to be
an IVCT band. The dark green color of the oxidized solu-
tion is similar to those of similar Ni"™-Ni'! mixed-valence
species reported in the literature.%!

131

1.73

1.42
1.85

Figure 6. Cyclic voltammogram (100 mVs™!) of [(L),Ni, (u-L’)5]-
[ClO4], (1) at a Pt electrode in MeCN (ca. 0.1 dm*mol™! in TBAP).
Indicated potentials (in V) are vs. SCE.

To throw more light on the nature of this supposedly
mixed-valence species the dark green solution has been fur-
ther characterized by EPR spectral measurements. The
EPR spectrum of coulometrically generated solutions re-
corded at 120 K is shown in Figure 8. The spectrum is char-
acteristics of S = 3/2 system with g values 2.08, 3.20, and
5.29, arising out of spin-exchange coupling between S = 1
Nill state and S = 1/2 Ni'l state.*®! The Ni'! ion is consid-
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Figure 7. UV/Vis spectra in the range 400-1100 nm (in MeCN) of
(a) [{(L)>Niy(u-L")},][ClO4)> (1) and (b) coulometrically oxidized
green solution (1.67 mm) at 1.50 V vs. SCE.

ered to be low-spin since all known Ni''! complexes to date

are low-spin.®!! To strengthen our hypothesis we measured
solution-state magnetic susceptibility of the green solution.
The perr value of 4.33 pg at 293 K (Evans method),[*? for
two independent measurements, confirm our claim that it
isa S = 3/2 system.

5.29

T T T T
1000 2000 3000 4000
Magnetic Field (G)

Figure 8. EPR spectrum at 120 K of coulometrically generated
green solution of [(L),Niy(pu-L"),]** in MeCN.

Dicopper(II) complex 2 displays two cathodic responses
with £, values of —0.28 V and —0.50 V vs. SCE (Figure S5),
due to Cu',/Cu'Cu! and Cu'Cu'/Cul, redox processes,
respectively. On reversal scan, only one anodic response at
0.24 V vs. SCE was observed. This behavior is indicative of
an unstable mixed-valence Cu"'Cu' and Cu', species. Given
the planarity of the {Cu(u-L")},2* unit, this result is under-
standable, as Cu® would prefer to assume tetrahedral geom-
etry.

Concluding Remarks

In this report designed synthesis of bis(u-pyrazolate)-
bridged dinickel(IT) and dicopper(IT) complexes has been
achieved with a simple potentially tridentate ligand L and
bridging ligand 3-(2-pyridyl)pyrazole. Structural proof for
the complexes illustrates a neat example of stereoelectronic
geometric requirement of M ion: Nil! preferring six- and
Cu'! preferring five-coordination. The outcome of stereo-
electronic preference is manifested in the observed nonco-
valent interactions: C—H-m in the case of 1-MeCN and
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w1t for 2:MeCN, dictated by the spatial disposition of L
around M" ion. Temperature-dependent magnetic studies
reveal the presence of antiferromagnetic coupling in both,
the extent of coupling is more in the case Cu!' dimer than
in the case of Ni'' dimer. Generation and stabilization of
mixed-valence Ni'"-Ni'l species presented in this work en-
courage the synthesis of other variety of pyrazolate-bridged
nickel(IT) complexes in order to gain a better understanding
of redox chemistry of dinickel(IT) systems.

Experimental Section

General: All chemicals were obtained from commercial sources and
used as received. Solvents were purified/dried following standard
procedures.* ' The ligand L was prepared as before.['8d] 3-(2-pyr-
idyl)pyrazole (HL') was synthesized following a reported pro-
cedure.?®! Tetra-n-butylammonium perchlorate (TBAP), was pre-
pared/purified as before.l'!]

Syntheses

Preparation of [{(L)Ni(u-L")},][ClO4), (1): To a stirred solution of
Ni(OAc¢),*4H,O (0.052 g, 0.212mmol) in MeOH (3cm?), L
(0.050 g, 0.212 mmol) was added in small portions. After stirring
for 30 min, HL" (0.031 g, 0.212 mmol) was added and the resulting
mixture was stirred for 5min, followed by addition of Et;N
(0.021 g, 0.212 mmol). The reaction mixture was then allowed to
stir for a further 30 min. Solid sodium perchlorate (0.052 g,
0.424 mmol) was added to it and the mixture was kept in air for
slow evaporation, which led to the precipitation of a purple micro-
crystalline solid. It was filtered, washed with MeOH and dried in
vacuo (yield: 0.052 g, ca. 45%). Cy4H36CLN4Ni,Og (1077.98):
caled. C 49.02, H 3.36, N 18.19%; found C 48.95, H 3.41, N
17.83%. Molar conductance, Ay (MeCN, 298K) =
240 Q 'cm?mol! (expected range®¥ for 1:2 electrolytes: 220-
300 Q 'em?mol'). UV/Vis (MeCN), Ayax/nm (¢/M 'em™): 966
(65), 800 (sh) (48), 526 (93), 315 (sh) (20 000), 290 (sh) (33 200),
254 (44 729). ptegr INI: 2.94 py (solid, 298 K) and 3.20 pp (in MeCN,
298 K). Diffraction quality single crystals containing a molecule of
MeCN as a solvent of crystallization (1:MeCN) were grown by
diffusion of diethyl ether into a MeCN solution of the complex.

Preparation of [{(L)Cu(p-L’')},][ClO4], (2): To a stirred solution of
L (0.050¢g, 0.212mmol) in MeOH (3 cm?) [Cu(H,0)6][ClO4],
(0.079 g, 0.212 mmol) was added in small portions. After stirring
for 30 min, HL' (0.031 g, 0.212 mmol) was added and the resulting
mixture was refluxed for one and half hour. Addition of Et;N
(0.021 g, 0.212 mmol) led to the precipitation of a bluish green
microcrystalline solid. It was filtered, washed with a minimum
amount of MeOH and dried in vacuo. Recrystallization was
achieved by diffusion of diethyl ether (5 cm?) into a MeCN solution
(Bcem®)  of the complex (yield: 0.052g, ca. 45%).
Cy4H36CLCu,N14Og (1086.84): caled. C 48.62, H 3.34, N 18.04%;
found C 48.95, H 3.41, N 17.83%. Molar conductance, Ay (MeCN,
298 K) = 226 Q 'cm’mol'. UV/Vis (MeCN), Ayna/nm (e/
M em1): 770 (sh) (70), 640 (120), 300 (sh) (19 400), 290 (sh) (22
700), 253 (46 550). pegr /Cu: 1.58 pg (solid, 299 K) and 1.40 pp (in
MeCN, 298 K). Diffraction quality single crystals containing two
molecules of MeCN as solvent of crystallization (2:2MeCN) were
grown by diffusion of diethyl ether into a MeCN solution of the
complex.

Caution: Perchlorate salts of compounds containing organic ligands

are potentially explosive!
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Physical Measurements: Elemental analyses (C, H, N) were ob-
tained at the Microanalytical Laboratory at this Department. In-
frared spectra were recorded on a Bruker Vector 22 spectrophotom-
eter using KBr discs. Electronic spectra were recorded using Ag-
ilent 8453 diode-array spectrophotometer. '"H NMR spectral mea-
surements were performed on a Bruker WP 80 (80 MHz) NMR
spectrometer. Solution electrical conductivity measurements
(298 K) were carried out with an Elico (Hyderabad, India) Type
CM-82 T conductivity bridge. X-band EPR were obtained on a
Bruker EMX 1444 EPR spectrometer operating at 9.455 GHz (fit-
ted with a quartz Dewar for measurements at 120 K). The spectra
were calibrated with diphenylpicrylhydrazyl, DPPH (g = 2.0037).

Magnetism: Magnetic susceptibility measurements on polycrystal-
line sample of 1 were performed in the temperature range of 2—
298 K with a Quantum Design SQUID magnetometer [(Model
MPMSXL-5) Valencia, Spain]. For 2 variable temperature mag-
netic susceptibility measurements in the range 5-300 K was ob-
tained in the solid state using a Quantum Design (Model
MPMSXL-5) SQUID (Kanpur, India) magnetic susceptometer op-
erating at a magnetic field of 0.5 T. Magnetic susceptibility mea-
surements in MeCN solution were obtained by Evans’s method*?!
using a PMX-60 JEOL (60 MHz) NMR spectrometer. Suscep-
tibilities were corrected for diamagnetic contributions, by using lit-
erature values.’?l Effective magnetic moments were calculated from
Ueir = 2.828 [14,T1", where y,, is the corrected molar susceptibility.

Cyclic Voltammetry: Cyclic voltammograms were recorded at 298 K
on PAR model 370 electrochemistry system consisting of model
174A polarographic analyzer and model 175 universal programmer.
A standard three-electrode cell was employed with a Beckman M-
39273 platinum-inlay working electrode, a platinum-wire auxiliary
electrode and a saturated calomel electrode (SCE) as reference; no
correction was made for junction potentials.

Crystallography: For complex 1-MeCN diftracted intensities were
collected on a Bruker SMART APEX CCD diffractometer, with
graphite-monochromated Mo-K, (4 = 0.71073 A) radiation at
100(2) K. For data reduction ‘Bruker Saint Plus’ program was used.
Data for 2:2MeCN were collected at 293 K on a Enraf Nonius
MACH?2 diffractometer, equipped with graphite-monochromated
Mo-K,, radiation (/. = 0.71073 A). Data were corrected for absorp-
tion and the Lorentz and polarization effects. The structures were
solved with SIR-92 and refined with the SHELXL-97 package in-
corporated in WinGX 1.64 crystallographic collective package.*’]
Anisotropic refinements were performed by full-matrix least-
squares procedure on F2. The positions of the hydrogen atoms were
calculated assuming ideal geometries, but not refined. The data-set
of 1:-MeCN was treated with the SQUEEZE filter of PLATONI*4
due to the presence of severely disordered solvent molecule(s)
(probably acetonitrile, water) which could not be modeled satisfac-
torily. PLATON estimated the electron count to be 15 electron/cell
in a volume of 398.0 A3 out of a unit volume of 4307.0 A3 (9.2%).
Pertinent crystallographic parameters are summarized in Table 3.
Intermolecular contacts of the C-H-**1 and r***7t stacking were ex-
amined with the DIAMOND package.*’] C-H distances were nor-
malized along the same vectors to the neutron derived values of
1.083 A.1461

CCDC-632189 (for 1:-MeCN) and -240140 (for 2:2MeCN) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Figure S1 presents the intermolecular m-n stacking
leading to the formation of staircase-like arrangement of molecules
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Table 3. Data collection and structure refinement parameters for
1-MeCN and 2:2MeCN.

1-MeCN 2:2MeCN
Molecular formula C46H39C12N12N1508 C48H42C12CUZN1608
M, 1118.24 1168.96
Temperature /K 100(2) 293(2)
Radiation used (4 /A) Mo-K, (0.71073) Mo-K, (0.71073)
Crystal system triclinic triclinic
Space group P1 (no. 2) P1 (no. 2)
alA 12.6720(12) 10.630(9)
bIA 15.1890(14) 11.689(2)
clA 16.1269(15) 12.510(4)
al® 69.082(2) 109.78(2)
pr° 83.528(2) 102.64(5)
y1° 69.395(2) 110.46(3)
VIA 2713.7(4) 1266.3(12)
VA 2 1
D, /gcm3 1.369 1.533
4 /mm! 0.855 1.016
Crystal size /mm 0.20 < 0.10x0.10 0.20x0.10x0.10
Unique reflections, R;,, 12895, 0.0328 3315, 0.0329
Observed reflections 6959 2457
[I>20(])]
Refined parameters 662 344
REI(R,,)b] 0.0767 (0.1837) 0.0768 (0.2208)

REN(R,)! (all data) 0.1364 (0.2068) 0.1182 (0.2407)
Goodness-of-fit on F? 0.950 1.050

[a] R(F) = Z(|F| — |FIVZIF). [b] R(F?) = {Z[w(F|* — [F»))
E[w(|Fo?)?]3 2.

in complex 2:2MeCN. Figure S2 shows absorption spectral features
for both complexes in MeCN. Figure S3 shows the EPR spectra of
complex 2 at 293 K and Figure S4 the CV response of electrochem-
ically generated green solution from complex 1. Figure S5 deals
with the CV response of complex 2.
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