Characterization of two conformers in the co-ordination chemistry
of 3,4-bis(cyanamido)cyclobutane-1,2-dione dianion:
syntheses, crystal structures, and electrochemical

study of nickel(i1) complexes

d3dvd 11N4

Anne Marie Galibert,” Olivier Cortadellas,” Brigitte Soula,” Bruno Donnadieu® and

Paul-Louis Fabre **

NOLIVC

“ Laboratoire de Chimie Inorganique, EA 807, Université Paul Sabatier, 118 route de Narbonne,
31062 Toulouse, Cedex 04, France. E-mail: fabre@chimie.ups-tlse.fr
b Laboratoire de Chimie de Coordination, UPR CNRS 8241, 205 route de Narbonne,

31077 Toulouse, Cedex 04, France

Received 27th February 2002, Accepted 23rd July 2002

First published as an Advance Article on the web 4th September 2002

Three complexes [Ni(Him),(3,4-NCNsq)(H,0)]-H,O 1, {[Ni,(Him),(3,4-NCNsq),(H,0)¢]-8H,0}, 2 and [Ni(tren)-
(3,4-NCNsq)], 3, where 3,4-NCNsq*™ = 3,4-bis(cyanamido)cyclobutane-1,2-dione dianion and Him = imidazole,
have been synthesized and characterized by electronic absorption and IR spectroscopies. The structures of the three
complexes have been determined by X-ray crystallography and, for the first time, two conformations of the ligand
3,4-NCNsq*” have been evidenced. Complex 1 consists of mononuclear entities and complexes 2 and 3 are made of
infinite chains with nickel(1r) atoms bridged by the bis monodentate 3,4-NCNsq>~ ions. The magnetic properties of
the three complexes have been investigated in the 2-300 K temperature range (u.,=2.84 to 3.12 pg for 1, pe=2.32 to
3.46 ug for 2 and = 2.74 to 3.13 g for 3). Their redox properties are discussed and compared to those of the free

3,4-NCNsq?” dianion.

In the course of studies on polymeric co-ordination com-
pounds, complexes of nickel() with the squarate dianion
C,0,> have been investigated. The magnetic behaviour of
the nickel squarate complex Ni(C,0,)(H,0), was studied by
Gerstein and Habenschuss ' in 1972 and revealed ferromagnetic
interactions at very low temperatures. Two years later, these
authors proposed a polymeric structure for this complex on
the basis of X-ray powder patterns and magnetic data.”> The
structure consists of layers of squarato-O',0%,0%,0* bridged
nickel(11) ions and the octahedral co-ordination of the metal
atom is completed by two water molecules in trans positions.
This structure was confirmed in 1986 by the X-ray resolution
of [Ni(C,0,)(H,0),];-CH;CO,H-H,0, a three-dimensional
polymer complex.® Other structural data reported on squarato
nickel(11) complexes have revealed that this particularly interest-
ing ligand may also co-ordinate in a bidentate mode, O',0%-
or O',0%-squarato bridged nickel(ir) atoms leading to chains or
dimeric compounds.*” Nevertheless, magnetic measurements
reported on squarato-bridged nickel(i1) dimers or chains show
that no or only weak antiferromagnetic interactions occur
between paramagnetic centres.

New ligands derived from oxocarbons (the C,0,>” family)
may be obtained by substituting one or more of the oxygen
atoms by other atoms or groups (sulfur, selenium, nitrogen,
dicyanomethylene, cyanamido,. . .). These pseudo-oxocarbons,?
characterized by extensive © electrons delocalisation associated
with interesting redox behaviour and strong colours (some of
them being considered as cyclobutenediylium dyes),>'® may
present a new challenge in co-ordination chemistry. Herein,
our interest is focused on pseudo-oxocarbons containing the
cyanamido group NCN, such as 3.4-bis(cyanamido)cyclo-
butane-1,2-dione dianion derived from the squarate dianion."

An analogy may be pointed out between cyanamido-squarate
ligands and 1,4-dicyanamidobenzene dianion (dicyd®”), the
reduced form of N,N’-dicyanoquinodiimine (DCNQI).
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The complex Cu(2,5-DM-DCNQI), (DM = dimethyl), that
incorporates the radical anion of the DCNQI derivative, has
been shown to possess metallic properties and conductivity
which increase with decreasing temperature reaching a maxi-
mum of 5 x 105 S cm™" at 3.5 K.'> These properties are largely
the result of the planarity of the radical anion of DCNQI and
of its ability to form = stacks in the solid state.”* These results
have given a new impetus to the co-ordination chemistry of
cyanamide ligands, largely investigated by Crutchley et al*
essentially with ruthenium, copper and nickel using a large
number of ligands of the dicyd*~ family.

In our exploration of transition metal co-ordination
chemistry with cyanamido-squarate ligands, we have recently
reported on copper complexes containing 3,4-bis(cyanamido)-
cyclobutane-1,2-dione dianion (3,4-NCNsq®>~ or L*") and dis-
cussed the co-ordination properties of the cyanamido moiety.'
In this present study, we examine the nature of the Ni-NCN
bond in three nickel(ir) complexes of the dianion L.
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Experimental
Materials

All solvents and chemicals were reagent grade or better and
used as received unless otherwise noted. The compounds
squaric acid, cyanamide, imidazole (Him), tris(2-aminoethyl)-
amine (tren), nickel(ir) perchlorate hexahydrate and nickel(1r)
nitrate hexahydrate were purchased from Acros. The Na*
and Ph,P* salts of [3,4-bis(cyanamido)cyclobutane-1,2-dione
dianion, L*7], i.e. Na,L-:2H,0 and (PPh,),L-4H,0O have been
prepared according to a method adapted from Sprenger and
Ziegenbein ' and previously described.'®

IR data (KBr disc))em™" for Na,L:2H,0: 3500-3260m,
2210m, 2163vs, 2120w (sh), 1790m, 1630s, 1557s, 1529s, 1450vs,
1215w, 1186w, 1022w, 1000w, 866w, 569m; for (Ph,P),L-4H,0:
3434w (br), 3057w, 2167m (sh), 2120vs, 1768m, 1634s, 1585m,
1512vs, 1434vs, 1186w, 1162w, 1108vs, 994m, 852w, 761m,
723vs, 688s, 526vs. These values agree with those reported by
Lunelli and Monari."’

CAUTION! Perchlorate salts of metal complexes with
organic ligands are potentially explosive. Only a small amount
of material should be prepared and handled with care.

Syntheses

[Ni(Him),L(H,0)]-H,O 1. An aqueous solution (10 cm®) of a
mixture of Na,L-2H,0 (0.242 g, 1 mmol) and imidazole (Him)
(1.36 g, 20 mmol) was added drop-wise to a water solution
(10 cm® of Ni(NO,),-6H,0 (0.291 g, 1 mmol). The yellow
precipitate obtained was dissolved in 100 cm® of water. From
slow evaporation of this solution, green crystals of 1 were
obtained. (Found: C, 40.73; H, 3.64; N, 31.92. Calc. for
C,sH0N,O,Ni: C, 41.01; H, 3.82; N, 31.89%). IR data (KBr
disc)/em™": 3350 (br), 3144 (br), 2960w, 2864w, 2209s, 2188s,
2165 (sh), 2147vs, 1776m, 1645m, 1636m, 1541 (sh), 1522 (sh),
1502s, 1427s (br), 1329m.

{[Ni,(Him),L,(H,0),]-8H,0}, 2. To prevent immediate form-
ation of an insoluble precipitate, the synthesis was conducted
in very dilute conditions. An aqueous solution (200 cm®) of a
mixture of Ni(NO;),-6H,0 (0.145 g, 0.5 mmol) and imidazole
(0.068 g, 1 mmol) was added to an aqueous solution (100 cm?®)
of Na,L-2H,0 (0.242 g, 1 mmol). Green crystals of 2 were
obtained. (Found: C, 26.24; H, 4.30; N, 20.52. Calc. for
CoH, sNcOoNi: C, 26.18; H, 4.39; N, 20.35%). IR data (KBr
disc)/em™": 3377-3128 (br), 2242 (sh), 2202s, 2178s, 2139 (sh)
1778m, 1649 (sh), 1631m, 1546 (sh), 1528s (br), 1461s (br), 1442
(sh), 1333m.

[Ni(tren)L], 3. An aqueous solution (25 cm?) of [Ni(tren)]-
[ClO,], was obtained from nickel(mr) perchlorate hexahydrate
(0.366 g, 1 mmol) and tren (0.146 g, 1 mmol). To this solution
was added a solution of Na,L-2H,0 (0.484 g, 2 mmol) in water
(10 cm?®): the blue solution turned brown. A small amount of
brown precipitate appeared and, after filtration, violet crystals
of 3 were obtained by slow evaporation at room temperature.
(Found: C, 39.34; H, 4.66; N, 29.25. Calc. for C,,H4NzO,Ni: C,
39.49; H, 4.97; N, 30.70%). IR data (KBr disc) cm™": 3311s,
2919w, 2228s, 2194s, 2175 (sh), 2163vs, 2130 (sh), 1777m,
1655m, 1622m, 1515s (br), 1440s (br).

Physical measurements

The complexes were isolated as air-stable crystals. Complexes 1
and 2 are soluble in dmf. Conductivity measurements showed
that 3 (insoluble in dmf) is dissociated in water, the dissociation
being associated with the fragmentation of the polymeric chain.
UV-Visible spectra have been performed in dmf solution on a
Cary 1E spectrophotometer. IR spectra were recorded in the
solid state in KBr pellets using a 1760-X Perkin-Elmer Infrared
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Fourier Transform spectrometer. In the 2-300 K temperature
range, magnetic susceptibility measurements were collected for
powdered samples using a SQUID-based sample magnetometer
on a QUANTUM Design Model MPMS instrument.
Hg[Co(NCS),] was used as a calibrant (susceptibility at
20 °C, 16.44 x 107¢ cm® mol'). The molar susceptibilities were
corrected for diamagnetism using Pascal’s constants. Correc-
tions were estimated at —241.90 x 107°, —375.84 x 10~® and
—168.28 x 107% cm® mol™! for all the atoms of 1, 2 and 3
respectively. ESR spectra were recorded on a 9 GHz Bruker
(ESP 300 E) instrument at ambient temperature for crystals
and at 100 K for frozen solutions of dmf. Electrochemical
measurements were carried out at room temperature with a
home-made potentiostat controlled by a PC computer. The
electrochemical cell (10 cm?®) was a conventional one with three
electrodes: working electrodes, Pt (diameter 2 mm, EDI Tacus-
sel) for rotating disk electrode experiments (LSV, linear sweep
voltammetry), Pt (disk diameter: 0.5 mm and 50 pm) for cyclic
voltammetry experiments (CV), different disk ultramicro-
electrodes (Pt 10 um Tacussel, glassy carbon 10 um PAR, gold
25 um) for steady-state experiments; counter electrode, Pt wire;
and reference electrode, double junction SCE. The potential
of the ferricinium ion/ferrocene couple is 0.486 V versus this
reference™® or 0.400 V versus the standard hydrogen electrode
SHE." The experiments were carried out in dmf-Bu,NPF;
0.1 M under an argon atmosphere; dmf (Acros, spectrosol)
and Bu,NPF; (Fluka, electrochemical grade) were used without
further purification. The cyclic voltammetry was performed
with the ohmic drop correction by positive feedback. The
ohmic term R, (uncompensated resistance) was first deter-
minated by the current interrupt method.?

X-Ray data collection and structure determinations for 1, 2 and 3

The data were collected* at low temperature (7 = 160 K) on a
Stoe Imaging Plate Diffractometer System (IPDS), equipped
with an Oxford Cryosystems cooler device, using graphite
monochromated Mo-Ka radiation (4 = 0.71073 A). For the
three complexes, the data were collected with a crystal-to-
detector distance of 70 mm, in the 26 range of 3.3-52.1° with
a ¢ oscillation movement (¢ = 0.0-249.6°, Agp = 1.3°for 1, ¢ =
0.0-250.9°, A¢ = 1.3° for 2 and ¢ = 0.0-200.2°, A¢ = 1.4° for 3).
The structures were solved using direct methods?? and refined **
by full-matrix least-squares using the program SHELXL-97.
Hydrogen atoms were introduced in calculated positions using
a riding model (except those bonded to water molecules which
were allowed to vary) with U, fixed at 20% higher than those
of the connected atoms.

All non-hydrogen atoms were anisotropically refined. Refine-
ments on F,> were made for all reflections. Conventional R
factors were based on F, [F, > 4a(F,)], with F, set to zero for
negative F,2. The atomic scattering factors and anomalous
dispersion terms were taken from the standard compilation.?*

Crystallographic data are summarized in Table 1.

CCDC reference numbers 181062—-181064.

See http://www.rsc.org/suppdata/dt/b2/b202085h/ for crystal-
lographic data in CIF or other electronic format.

Results and discussion

The most characteristic feature of the cyanamido compounds
is a m electron system extended over the three NCN atoms (or
more when this group is linked to an unsaturated moiety),
which results in such stable anionic forms that cyanamido
derivatives such as thio- and seleno-cyanates may be viewed as
pseudo-halide ions. It is agreed that the m electron delocalis-
ation results in a linear geometry of the NCN group and also in
the planarity of the amido nitrogen surrounding. Two potential
co-ordination sites may be viewed: the nitrile-nitrogen lone pair
(end-on co-ordination)??¢ or/and the amido nitrogen atom?’



Table 1 Crystallographic data for [Ni(Him),L(H,0)]-H,O 1, {[Ni,(Him),L,(H,0)s]-8H,0}, 2 and [Ni(tren)L], 3
Compound 1 2 3
Formula C,sHyN;,O,Ni CyH,sNsOoNi C,,HsNzO,Ni
M 527.17 413.00 365.02
Colour Green Yellow—green Purple
Crystal form Rod Parallelepiped Rod
Crystal size/mm 0.65 % 0.22 x 0.10 0.50 x 0.35 x 0.20 0.75 % 0.25 x 0.25
Crystal system, space group Triclinic, P1 Triclinic, P Orthorhombic, P2,2,2,
al 8.994(2) 6.966(5) 9.6957(7)
blIA 10.836(2) 10.812(5) 11.3628(8)
clA 12.353(2) 11.699(5) 13.834(2)
al® 70.39(2) 99.044(5)
pr 84.46(2) 90.794(5)
y° 74.84(2) 105.502(5)
UIA? 1094.6(2) 837.1(8) 1524.1(2)
VA 2 2 4
F(000) 544 428 736
T/IK 160(2) 160(2) 160(2)
No. of measured reflections 10615 6228 9782
No. of independent reflections 3925 2273 2972
Final R indices [I > 20(1)] R1=0.0268 R1=0.0380 R1=0.0252
wR2 =0.0681 wR2 =0.0836 wR2 =0.0676

(only a few cases of side-on co-ordination generating ® com-
plexes are known ). The majority of the cyanamido complexes
involve end-on co-ordination and the bond angle between the
cyanamido group and the metal ion is largely determined by the
two resonance structures:
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However, the contribution from both structures a and B occurs
and experimental co-ordination angle values lie between 120
and 180°. We have recently described three cyanamido copper
complexes,’® two of them presenting an end-on co-ordination
while in the third one, [Cu(tren)(3,4-NCNsq)], the co-
ordination unusually occurs via the amido nitrogen atom with
angles at this atom close to 120° as expected.

Lunelli et al® have provided evidence, by means of IR
spectroscopy, that the two conformers A and B of the dianion
L*" coexist in solution with the predominant form being A. In
the solid state, the form B will be predominant in small cation
salts while the form A is obtained with the bulkier T1* or PPh,*.
The IR spectra of a metallic complex may allow differentiation
of forms A from B in the co-ordinated ligand. To date, only the
form A of L*" has been identified by crystallography as well in
salts'” as in copper complexes.'
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Selected bond lengths and angles from the structural
determinations of [Ni(Him),L(H,0)]-H,O 1, {[Niy,(Him),L,-
(H,0)]-8H,0}, 2 and [Ni(tren)L], 3 are given in Tables 2, 3 and
4 respectively.

Crystal structure of [Ni(Him),L(H,0)]-H,O0 1

A view of the molecule, along with the numbering scheme, is
shown in Fig. 1 (see Table 2 for selected bond lengths and
angles). The compound consists of discrete [Ni(Him),(3,4-NC-

Table 2 Selected bond lengths (A) and angles (°) for [Ni(Him),-
L(H,0)]-H,O0 1 with e.s.d.s in parentheses

Ni-N41 2.081(2) Ni-N11 2.091(2)
Ni-N21 2.099(2) Ni-N31 2.11102)
Ni-NI1 2.119(2) Ni-Olw 2.125(2)
NI1-Cl 1.157(2) CI-N2 1.314(2)
N2-C2 1.344(2) N4-C6 1.163(2)
C6-N3 1.309(2) N3-C3 1.334(2)
C2-C3 1.414(2) C2-C5 1.453(2)
C4-Cs5 1.498(2) C4-C3 1.469(2)
C5-01 1.239(2) C4-02 1.229(2)
N41-Ni-N21 91.87(6) N11-Ni-N21 92.63(6)
N41-Ni-N31 90.11(6) N11-Ni-N31 91.28(6)
N21-Ni-N31 91.89(6) N41-Ni-N1 90.43(6)
NI11-Ni-NI 87.97(6) N21-Ni N1 90.80(6)
N41-Ni-Olw 86.35(6) N11-Ni-Olw 89.16(6)
N31-Ni-Olw 88.05(6) NI-Ni-Olw 89.29(6)
Ni-N1-C1 176.8(2) NI-C1-N2 172.5(2)
CI-N2-C2 118.5(2) N2-C2-C3 132.12)
N2-C2-C5 136.0(2) N4-C6-N3 173.4(2)
C6-N3-C3 117.32) N3-C3-C2 132.8(2)
N3-C3-C4 135.8(2) C4-C5-C2 88.7(2)
C5-C2-C3 91.9(2) C2-C3-C4 91.3(2)
C3-C4-C5 88.1(2)

Nsq)(H,0)] mononuclear molecules and one water molecule in
the lattice. The geometry around the nickel(1r) atom is slightly
distorted octahedral with the co-ordination polyhedron defined
by four nitrogen atoms of four Him molecules, a water molecule
and one nitrogen atom of one nitrile group of the L?~ ion. The
best equatorial plane is comprised of atoms N11, N21, N41 of
three Him molecules and O1w of the water molecule. The metal
atom only exhibits a 0.0132(2) A deviation from this plane.
The Ni-N (Him) distances are practically equivalent [from
2.081(2) to 2.111(2) A]. Concerning the ligand L?>~which lies as
the A conformer, only one of the NCN groups is co-ordinated
to the metal. Free anionic cyanamide ligands are expected to be
planar because of the important © delocalised system; in the
complex, the squarate ring including oxygen atoms is almost
planar and the co-ordinated and unco-ordinated NCN groups
lie approximately in this plane (the maximum dihedral angle
being 3° between the squarate ring and N3C6N4). The
co-ordinated cyanamido group adopts an almost linear co-
ordination mode with an angle Ni-N1-C1 of 176.8(2)°. Associ-
ated with this linkage, the C—N (nitrile) bond length [1.157(2)
A] is shorter than the unco-ordinated one [1.163(2) A]. This
corresponds, as expected, to an increase of the nitrile bond

J. Chem. Soc., Dalton Trans., 2002, 3743-3750 3745



Table 3 Selected bond lengths (A) and angles (°) for {[Niy(Him),L,-
(H,0)4]:8H,0},, 2 with e.s.d.s in parentheses

Nil-N5 2.059(3) Nil-Olw 2.105(3)
Nil-N2 2.080(4) Ni2-02w 2.049(3)
Ni2-03w 2.080(3) Ni2-N4 2.019(4)
Ccl1-C2 1.444(6) C2-C3 1.482(6)
C3-C4 1.474(6) Cc4-Cl 1.425(6)
C2-01 1.247(5) C3-02 1.240(5)
CI-N1 1.332(5) N1-C5 1.322(5)
C5-N2 1.155(5) C4-N3 1.314(5)
N3-C6 1.316(7) C6-N4 1.187(7)
N2-Nil-N5 90.0(2) N2-Nil-N5! 90.0(2)
N2-Nil-Olw 90.1(2) N2-Nil-Olw! 89.9(2)
N5-Nil-Olw 90.3(2) N5-Nil-Olw! 89.7(2)
N4-Ni2-02w 92.3(2) N4-Ni2-02w? 87.7(2)
N4-Ni2-O3w 91.6(2) N4-Ni2-O3w? 88.4(2)
02w-Ni2-03w 88.4(2) 02w-Ni2-03w? 91.6(2)
Nil-N2-C5 164.1(3) N2-C5-N1 170.8(4)
C5-N1-CI 119.8(4) NI-C1-C2 131.2(4)
NI-C1-C4 137.4(4) C1-C2-C3 89.8(3)
C1-C2-01 134.4(4) C2-C3-C4 88.0(3)
C2-C3-02 136.5(4) C3-C4-Cl 90.8(3)
C3-C4-N3 138.2(4) C4-N3-C6 122.6(4)
N3-C6-N4 171.8(5) C6-N4-Ni2 160.6(4)

Symmetry operations: ' —x, —y +1, —z;2 —x, =y +2, —z — 1.

H22

Fig. 1 Molecular structure of [Ni(Him),L(H,0)]-H,O 1.

character for the co-ordinated nitrile group. The end-on co-
ordination mode of the ligand L*” in complex 1 may be com-
pared to that of the ligand 2-Clpcyd ™ obtained in the monomer
complex [Ni(imd)(2-Clpcyd)] where imd™ = 1,3-bis(2-pyridyl-
imino)isoindolinato anion and 2-Clpcyd™ = 2-chlorophenyl-
cyanamido anion.”® While the C-N (nitrile) bond lengths are
similar in the two complexes, the co-ordination is stronger in
[Ni(imd)(2-Clpeyd)] [Ni-N = 1.874(10) A instead of 2.119(2) A
in 1] associated with a Ni-N-C angle value of 161.8(10)°.

The C-C distances in the squarate ring, in the range
1.414(2)-1.498(2) A, are indicative of a m delocalised system,
the shortest one being located between the two NCN groups.

The geometry of the imidazole ligand is similar to previously
reported data * and will therefore not be discussed in detail.

A large hydrogen bond network involves hydrogen atoms of
the water molecules and the NH group of the Him rings with
the oxygen and nitrogen atoms of the ligand L*~ (excepted N1
which is bonded to the nickel atom) and the oxygen atom of the
unco-ordinated water molecule.

Crystal structure of {[Ni,(Him),L,(H,0)]-8H,0}, 2

A view of the compound, along with the numbering scheme, is
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Fig.2 Molecular structure of {[Ni,(Him),L,(H,0)¢]-8H,0}, 2.

shown in Fig. 2 (see Table 3 for selected bond lengths and
angles). The structure of 2 consists of two different square-
planar Ni(1) units [Ni(Him),(H,0),] and [Ni(H,0),] linked by
L*" bridges to form infinite chains and eight water molecules
in the lattice. In each chain, the two different nickel atoms Nil
and Ni2 lie in approximate octahedral co-ordination geometry
and provide two crystallographic inversion centres. Nil is co-
ordinated to two water molecules, two nitrogen atoms of two
Him ligands and two nitrogen atoms of two L*~ ions. The other
metal atom Ni2 is co-ordinated to four water molecules and
two nitrogen atoms of two L*” ions. So, each L*~ ion bridges
the metal atoms Nil and Ni2 by its two cyanamido functions,
and for the first time, the B conformer is identified by X-ray
crystallography. In this conformer, two different NCN groups
can be labelled as NCN(1) and NCN(2).

i
NCN()  C
|
N N-=C=N NCN(2)
N>
c—c”
ie]
7N
o~ 0

It can be noted that the Nil atom is co-ordinated to two
NCN(1) groups when the Ni2 atom is co-ordinated to two
NCN(2) groups but this characteristic has no effect on the
Ni-N distance values. The two NCN groups are end-on co-
ordinated by the nitrile nitrogen with angles deviating from the
linear mode ideal angle [Ni2-N4-C6 = 160.6(4) and Nil-N2-
C5 = 164.1(3)°]. As expected, the C-N (nitrile) bonds lengths
[C6-N4 = 1.187(7) and C5-N2 = 1.155(5) A] are shorter than
those of the free dianion. The squarate ring including the
oxygen atoms is almost planar, however the two NCN groups
deviate significantly from this plane and are twisted in opposite
directions, the deviations being 14.69° for NIC5N2 and
—11.08° for N3C6N4. The C-C distances in the squarate ring
are in the range 1.425(6)—1.482(6) A, characteristic values for a
delocalised © system. The shortest distance corresponds to the
C-C bond located between the two NCN groups. The C-O
distances are normal for carbonyl groups.

The hydrogen bond network involves as donor groups, all
the water molecules (bonded and non-bonded) and the N-H
groups of the imidazole ligands, and as acceptors, the oxygen
atoms and the amido nitrogen atoms of the ligand L*~ and the
oxygen atoms of the water molecules.

The geometry of the imidazole ligand is similar to previously
reported data.*

Crystal structure of [Ni(tren)L], 3

A view of the molecule, along with the numbering scheme, is
shown in Fig. 3 (see Table 4 for selected bond lengths and



Table 4 Selected bond lengths (A) and angles (°) for [Ni(tren)L], 3
with e.s.d.s in parentheses

Ni-N2 2.039(2) Ni-N4 2.151(2)
Ni-N5 2.108(2) Ni-N6 2.131(2)
Ni-N7 2.098(2) Ni-N8 2.098(2)
N2-C5 1.151(3) C5-N1 1.317(3)
NI-Cl 1.336(3) N4-C6 1.161(3)
C6-N3 1.314(3) N3-C4! 1.326(3)
Cl1-C2 1.461(3) C2-C3 1.496(3)
C3-C4 1.477(3) Cl-C4 1.424(3)
C2-01 1.233(3) C3-02 1.223(3)
N5-C7 1.479(3) C7-C8 1.520(3)
C8-N6 1.490(3) N5-C9 1.483(3)
C9-C10 1.518(3) C10-N7 1.485(3)
N5-Cl11 1.486(3) Cl1-C12 1.521(4)
CI2-N8 1.479(3)

N2-Ni-N7 92.60(8) N2-Ni-N8 89.59(8)
N7-Ni-N§ 95.77(8) N7-Ni-N5 83.90(8)
N8-Ni-N5 83.28(8) N2-Ni-N6 101.98(8)
N8-Ni-N6 93.75(7) N5-Ni-N6 82.81(7)
Ni-N2-C5 162.2(2) N2-C5-NI1 170.8(3)
Ni-N4-C6 153.0(2) N4-C6-N3 174.12)
C5-N1-Cl 120.4(2) C6-N3-C4! 116.1(2)
C1-C4-N3? 132.9(2) C3-C4-N3? 136.1(2)
C4-C1-N1 139.6(2) C2-CI-N1 128.6(2)
Cl1-C4-C3 91.02) C4-C3-C2 88.2(2)
C3-C2-Cl 88.8(2) C2-Cl-C4 91.7(2)

Symmetry operations: ' x — 1/2, —y + 1/2, —z + 1;2x + 1/2, —y + 1/2,
—z+ 1.

Fig.3 Molecular structure of [Ni(tren)L], 3.

angles). It may be underlined here that we have recently
obtained a copper(i1) complex with a similar raw formula
[Cu(tren)L],"> but these two complexes are not isostructural.
The copper complex is a monomer and the metal atom is penta-
co-ordinated to the four nitrogen atoms of the tren ligand and
to one amido nitrogen atom of the L~ ligand. The structure of
3 is made of infinite chains of [Ni(tren)(3,4-NCNsq)] units. The
nickel(1r) ions lie in an approximate octahedral co-ordination
geometry, each of them being co-ordinated to the four nitrogen
atoms of the tren ligand and to two nitrogen atoms of two
different L~ ions. So, the L*~ ion provides a bridge between the
metal atoms by way of its two cyanamido moieties. The best
equatorial plane around the metal atom is constituted by the
two nitrogen atoms of the two L?  ions (N2, N4) and by
two nitrogen atoms of the tren ligand (N5, N8). The angles at
the metal atom by the tetradentate tren ligand are in the
range 82.81(7)-95.77(8)°. The Ni—N,mina (tren) bonds are in
the range 2.098(2)-2.131(2) A. Most often, the Ni—Neperal (tren)
bond has been found to be either the longest or the shortest of
the Ni-N bonds.’! But, in this case, this bond has an inter-

mediate length [2.108(2) A]. At the same metal atom, the two
Ni-N (nitrile) distances are strongly different, the shortest
being 2.039(2) A for Ni-N2 and the largest being 2.151(2) A for
Ni—N4. So, one ligand is strongly co-ordinated by N2 and the
other one is poorly co-ordinated by N4. Associated with these
distances, the Ni-N2-C5 angle is closer to 180° [162.2(2)°] than
the Ni-N4-C6 one [153.0(2)°].

In this complex, the ligand L*" is also observed in the B
conformation. It is affected by complexation and one may
notice a shortening of the terminal C-N bond [1.21(4) A in the
free dianion and 1.151(3) A and 1.161(3) A in the complex]
which corresponds to an increase of the nitrile bond-character.
The squarate ring including oxygen atoms is almost planar,
however the two NCN groups deviate very significantly from
this plane and are twisted in the same direction, the deviation
being 17.6° for CIN1C5N2 and 19.9° for C4AN3C6N4. The C-C
distances in the squarate ring, in the range 1.424(3)-1.496(3) A,
are indicative of a  delocalised system, the shortest one being
situated between the two NCN groups.

The hydrogen bond network involves the nitrogen atom N6
of the tren ligand, the co-ordinated nitrogen atom of one of
the nitrile groups N4, the two amido nitrogen atoms N1 and N3
and the oxygen atom Ol of the ligand 12",

IR and electronic spectroscopies
32-35
1

The IR spectra of cyanamides and related diimides present
an absorption band in the range 2150-2100 cm™' assigned
to N=C=N stretching. For the cyanamido squarate ions, the
Y(N=C=N) is also observed in this area. The work of Lunelli
et al® associated with our recent results® show that the
solid state spectra of L*>~ largely depend on the nature of the
prevalent conformer A or B. For the form A, the v(N=C=N)
band is observed at 2120 cm ™! according to the spectra of T1*
and PPh," salts.®® In form B, the characteristic peak is found at
2160 cm™" according to the spectra of the Na™ salt.'***

In the three nickel(r) complexes, co-ordination of the
cyanamido ligand occurs via the nitrogen atom of the nitrile
group (end-on co-ordination). This may be associated, as for
nitrile ligands, with a positive shift Av(N=C=N) from 20 to
40 cm™'.% In 1, the ligand takes up the A conformation with
only one of the NCN groups co-ordinated to the metal
atom. The main v(N=C=N) band is observed at 2147 cm ' with
a positive shift in comparison with the free dianion (Av =
+ 27 cm™"). A continuous absorption at 3600-3200 cm ™' with a
sharp maximum at 3350 cm ™! is attributable to the presence of
an aqua ligand with extensive hydrogen bonding. In complexes
2 and 3, the ligand is present as the B conformer. In the spectra
of 2, two strong bands are observed at 2202 and 2178 cm™!
with shoulders at 2242 and 2139 cm™'; a positive average shift
may be calculated versus the free dianion frequency (Av,, =
+ 27 cm™!). In the spectra of 3, the main absorption is observed
at 2163 cm™!, an unexpected value for a co-ordinated ligand.
The large hydrogen bond network implies that the nitrogen
atoms of the NCN groups may be responsible for this large area
overlap.

Absorptions at 1776 (1), 1778 (2) and 1777 (3) cm™' corre-
spond to v(C=0) bands of the squarate ring. These bands are
affected by complexation (1790 cm™' in form A, 1768 cm™' in
form B for the free ligand), however they are not related to the
occurrence of the different conformers observed in the com-
plexes. The bands at ca. 1630 cm ™' associated with the strong
and broad absorptions centred at 1502 (1), 1528 (2) and 1515
(3) cm™! are assigned to a combination of C=0 and C=C
stretching vibrations. This last band is observed at 1529 cm™!
in L*" and is characteristic of C,0,2” salts since it was found at
ca. 1500 cm™" in the spectrum of K,C,0,.%

The m—m* absorption band in the spectra of the dianion
L*" has already been reported by Kohler et al.*’ (316 nm in
methanol for the disodium salt), and Lunelli et a/* (in dmf,
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385 nm for the disodium and 323 nm for the dithallium salts).
These last authors ascribe these two different values to the
presence, even in solution, of the two conformers A and B.
However, we have obtained, for dmf solution measurements,
the same value of 324 nm (log ¢ = 4.52) for the Na* and PPh,"
salts. This result is not surprising since the electronic spectra are
performed at very low concentration (107> mol L™"), so only the
predominant form A is observed.

The electronic spectra of complexes 1 and 2 are dominated
by the n—r* transition of the ligand and the /,,,, is not affected
by complexation. The low energy bands, arising from a ligand
field transition (d—d) are at 445, 612 and 1077 nm for 1, 657 and
1113 nm for 2 (the first band is hidden by the broad n—n*
absorption band) with ¢ values from 10 to 30. These values are
consistent with a quasi-octahedral geometry around the nickel
atom. On the basis of O, symmetry, the maxima are assigned
to transitions from the *A,, ground state to *T,,, *T,(F) and
*T,4(P) excited states.

Magnetic data

The py; vs. temperature data for complexes 1, 2 and 3 are shown
in Fig. 4.
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Fig. 4 Plots of uy; vs. temperature for complexes 1, 2 and 3.

For the monomer complex 1, the variation of the reciprocal
molar magnetic susceptibility data versus temperature is
described by a Curie-Weiss law, i.e. yy = C/ (T — 6) with 0 =
—1.29 K and C=1.22 cm® K mol™'. The magnetic moment fi.;
was found to be 3.12 uy at 300 K, slightly higher than the spin
only value (2.83 ug) as usually observed for octahedral Ni(1r)
due to the second order spin-orbit coupling.*® This value
slightly increases to a maximum of 3.20 uz at 11 K and
decreases rapidly at lower temperatures down to 2.84 g due to
the zero-field splitting effects of the Ni(11) ion. The increase in
Hege Values from room temperature down to 11 K may be related
to a weak ferromagnetic interaction as found between the Ni**
ions in dinuclear units.**' This unexpected result for a mono-
mer complex was checked by the use of several samples. ESR
measurements on crystals of 1 are consistent with the presence
of an S =1 isolated Ni(m) ion (g, =2.42, g, =2.15, g;=1.92). So,
the observed magnetic behaviour may be related to a ferro-
magnetic coupling with a small amount of isolated Ni** even if
the possibility of an intermolecular interaction must not be
discarded.

For the polymeric complexes 2 and 3, the magnetic moments
(3.46 pp for 2, 3.13 ug for 3 at 300 K) correspond to that usually
observed for octahedral Ni(11) and are higher than the spin only
value usually observed. In a first approximation, the variation
of the effective magnetic moment within the 2-300 K domain
agrees with that expected for essentially non-interacting

3748 J. Chem. Soc., Dalton Trans., 2002, 3743-3750

nickel(11) ions with zero-field splitting effects.” The high tem-
perature data obeyed the Curie-Weiss law, yielding C=1.51 cm®
K mol!'and 0=—-10.37K for 2, C=1.23 cm® K mol 'and 0 =
—2.96 K for 3.The temperature dependence of the suscepti-
bility of infinite isotropic Heisenberg chains, in the case S =1,
may be fitted by the following analytical expression [eqn. (1)]*
which is only valid for an antiferromagnetic coupling (J < 0):

Zerain = (NB@IKD(2 + 0.0194X + 0.777X2)/
(3 + 4.346X + 323202 + 5.834X%)] (1)

with X = |J|/kT. The least-squares fitting of the experimental
data led to the exchange coupling constants J = —2.98 cm™' for
2and —1.17 cm™' for 3.

A fit with unique spin Hamiltonian parameters D, g, and
g, is difficult to obtain; so the zero-field splitting parameter D
was calculated from the very low temperature limit equation

[eqn. (2)].*
Am = 4Nﬁ2gL2/3D (kT < D) 2)

To a first approximation we assumed g, = g, since octahedrally
surrounded Ni(1) ions generally show isotropic g values. From
the high temperature limit equation [eqn. (3)]

sy = 2NBG3KT (kT > D) 3)

we calculated g = 2.4 for 2 and 2.2 for 3 ~ g,. When these values
for g, were substituted in eqn. (2), the D values were found to be
+2.8 cm™! for 2 and +4.0 cm™! for 3. This indicates that weak
couplings occur between the nickel atoms in complexes 2 and 3,
in agreement with the X-ray structural data giving 6.966 A for
the Ni-Ni shortest distances in 2 and 7.144 A in 3.

Electrochemistry

In the electroactivity domain of dmf-Bu,NPF, the cyclic
voltammograms of the two complexes 1 and 2 present the
same shape (Figs. 5 and 6) and are compared to those of the
free ligand L*". As already mentioned, the voltammogram
of the free ligand shows two successive monoelectronic
oxidations: ? The first step corresponds to the oxidation of the
dianion into the radical-anion (E;, = 0.43 V),

1/uA
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Fig.5 Cyclic voltammograms at a Pt disk electrode (diameter 0.5 mm)
in 0.1 M dmf-Bu,NPF;, potential scan speeds 0.1 Vs™'in A and 100 V
s~'in B (potential scanning starting at 0 V towards anodic potential and
back to 0 V): (—) and (---) L*", 1.0 mM; (+-+) complex 1, 1.0 mM;
(---) complex 2, 1.0 mM.
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Fig.6 Voltammograms at a rotating Pt disk electrode (diameter 2 mm)
in 0.1 M dmf-Bu,NPF, electrode rotation speed 2000 r.p.m. (—) L>",
1.0 mM; (- ++) complex 1, 1.0 mM; (---) complex 2, 1.0 mM.

L* =L "+ e  system I

The second step corresponds to the oxidation of the radical-
anion into the neutral form (£, =1.13 V),

L”"=L+e  system2

Moreover, an irreversible reduction process is observed (E, =
—1.78 V for a potential scan speed of 0.1 V s™"). Taking into
account the monoelectronic oxidation transfer, the reduction
peak current is twice the oxidation peak current which means
that the reduction process is bielectronic and yields a tetra-
anion:
L* + 2" =L* system3

This irreversible process is still present in the voltammograms
of the complexes but badly defined. No evidence of Ni** reduc-
tion is given. The study has been restricted to the oxidation
phenomena.

The electrooxidation of the ligand is not so simple (Fig. 5).
The voltammograms show the two redox systems 1 and 2 which
are complicated by chemical reactions.

As concerns system 2, it appears that the ratio of the oxid-
ation peak currents I, /I, is always higher than 1 but decreases
when the potential scan speed is enhanced and this system does
not, at present, lookto be a reversible process. Taking into
account the first monoelectron process, system 2 consists of a
monoelectron transfer followed by a chemical reaction and
a further electrooxidation to yield an apparent electron
exchange higher than 1. At a potential scan speed of 100 V s™!
(Fig. 5B), the voltammograms present the shape of a simple EE
mechanism in which the first step is rapid and the second step is
slower with a dissymmetric transfer coefficient around 0.3.*4°
The second electron transfer on the ligand induces a loss of
7 delocalisation as in the electrooxidation of the squarate
dianion C,0,* into the instable tetraacetone C,0,.** This
structural change results in a slow heterogeneous rate constant
and a dissymmetric transfer coefficient. At low potential scan
speed, the unstable neutral compound L is further oxidized
which gives to the voltammogram a shape of an irreversible
process.

Concerning system 1 (Fig. 5), the shape of the voltammo-
gram depends on the potential scan speed and on the potential
scan. When the potential scan is restricted to system 1 (Fig. SA,
curve - - -), the first electron transfer appears reversible whatever
the potential scan speed is. On the contrary, when scanning the
potential between 0 and 1.5 V, the backward peak of the first
system is split into two peaks (Fig. SA, curve —). By increasing
the potential scan speed (>9 V s™'), the voltammogram has the
look of a reversible system (Fig. 5B). This was interpreted by
the presence of the two conformers A and B engaged in a
square scheme mechanism: %

L>" (form A) L™ "(form A)

L% (form B) L™ "(form B)

Under the dianion state, A is predominant while under the
radical anion state the ratio form A/form B is around 70/30, as
obtained by ESR measurements.”

The electrochemical behaviour of this ligand is similar that
of the 1,4-dicyanamidobenzene dianion (dicyd®")." It can be
pointed out that the potential domain of the radical anion
states are of the same order (around 0.7 V) but the ligand L*~
requires more anodic potentials to be oxidized.

The voltammograms of the complexes 1 and 2 (Fig. 5 and 6)
are different from the ones of the free ligand. The first electron
transfer (system 1) is split into two processes: by cyclic voltam-
metry, two oxidation peaks are observed (E, ~ 0.5 and 0.65 V)
and under hydrodynamic conditions, two waves replace the
oxidation wave of system 1. Around 1 V, the oxidation process
(system 2) is still present for the two complexes, only a slight
displacement of the peak potentials is observed. At a rotating
electrode, electrode fouling is noticeable when the potential
goes beyond 1 V.

When the potential scan speed is increased (Fig. 5B), the
peak corresponding to system 1 (free ligand) vanishes while the
peak corresponding to system 2 is little affected. Taking into
account the variations of the cyclic voltammograms with the
potential scan speed (from 0.01 up to 1000 V s™') and with the
help of digital simulations,* the oxidation of the Ni complexes
(named NiL) may be represented by a square scheme:

El E2

NiL —_— NiLT* =—= NiL*
e e

lCl 1 C2 lc3
E'l E2

Ni?* + L7 =——= N¥+L " === N¥+1L
5 e

According to conductimetric measurements, the complexes
in solution are under their neutral undissociated form NiL. The
electrochemical oxidation of the complexes follows two path-
ways, which depends on the time scale of the experiment
(potential scan speed). Using a low potential scan speed, the
main pathway is C1-E’1-E’2: dissociation of the ligand and
then oxidation. When the potential scan speed is increased,
reaction Cl1 is frozen and the pathway E1-C2-E’2 is observed:
direct oxidation of the ligand bound to the nickel. Reaction C1
is also frozen by decreasing the temperature: the signal at
potential El is increased versus the one at E’'l. Whatever the
potential scan speed is, no backward peak has been observed
for El transfer (Fig. 5): reaction C2 is very fast. The oxidized
form NiL*" is unstable because the unpaired electron is mainly
located on the NCN moiety? which loses its co-ordinating
ability. The anodic potential displacement from E’1 to El is
in agreement with the effect of high complexation of the
L*" dianion* but also with a poorer complexation of the
radical anion. Moreover, after electrolysis on the first step,
ESR spectra on a frozen dmf solution showed the signal of
the radical anion L™". This was not the case in complexes of
copper or cobalt with croconate violet in which co-ordination
involves the oxygen atoms.*®* The radical anion of croconate
violet presents an unpaired electron more or less located on the
dicyanomethylene groups and is still co-ordinated to the metal
by the oxygen atoms.

Taking into account these results, the electrochemical
behaviour of the two complexes may be compared. The voltam-

J. Chem. Soc., Dalton Trans., 2002, 3743-3750 3749



mograms under stationary conditions present the same shape
(Fig. 6). Assuming a total exchange of one electron for the first
two steps, the currents are lower than in the free ligand. This is
consistent with the lower diffusion coefficients of the complexes
than the one of L?~ dianion. Moreover, the currents of the two
complexes are of the same order of magnitude. This implies
that the polymer (complex 2) is dissociated in neutral species,
because its null conductivity, with a diffusion coefficient
close to that of complex 1: that is monomers or dimers. Cyclic
voltammetry shows that reaction Cl is faster in complex 1 than
in complex 2: reaction C1 becomes frozen at 4 V s™' in complex
2 and at 16 V s7! in complex 1. This may be explained by the
number of imidazole ligands in the co-ordination sphere of
Ni?*,

Because of electrode fouling occurring on the second oxida-
tion, it is difficult to compare the two complexes. At the
potential scan speed used, no backward peak was found for the
reverse El electron transfer which means that the occurrence of
E2 electron transfer is uncertain. However that may be, the
radicalar complexes NiL™" are unstable and cannot be isolated.
According to the square scheme of NiL complex electro-
oxidation, it appears that the L*~ dianion belongs to the family
of electrochemically switchable molecules.®*® Under the dianion
state, the ligand is co-ordinated to the Ni** ion while upon
oxidation into the L™ radical anion Ni** is released. So the
cation binding of this ligand L?~ can be electromodulated and
work is in progress for specific cation recognition.
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