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Different cooperative binding modes of nitriles within the bi-
metallic pocket of a pyrazolate-based compartmental di-
nickel(II) site have been studied. The H3O2-bridged dinuc-
lear complex 1 reacts with cyanamide to yield 4, in which a
secondary hydrogencyanamido(1–) bridge spans the two
metal centers at an unusually short metal–metal distance im-
posed by the primary ligand matrix. In 5, a single 2-cyanogu-
anidine (cnge) molecule is N-bound to one nickel(II) ion
through its nitrile part and is coordinated to the adjacent
metal site through an amido nitrogen. The characteristics of
the coordination spheres of the metal centers suggest an ad-
ditional side-on π-bonding interaction of the nitrile moiety
with the second high-spin nickel(II) ion. This unusual inter-
action is corroborated by comparing the IR bands for the
ν(C;N) stretching vibration of 5 with those of complex 6,
which has two end-on bound cnge molecules, and those of
the related mononuclear complex 7, which lacks a second
nickel(II) ion. The nature of the π-bonding interaction in 5

Introduction

The current interest in multinuclear transition metal
complexes is often inspired by the occurrence of multimetal-
lic sites within the active centers of various natural metallo-
enzymes.[1] The importance of such sites stems not only
from their fascinating structural diversity but predomin-
antly from their potential to enable synergetic reactivity of
the adjacent metal centers.[2,3] This facilitates the generation
of unusual coordination modes of small substrate molecules
as well as unique organic transformations at the multimetal-
lic framework which are often otherwise not accessible at
monometallic centers. Consequently much effort has been
devoted to the search for dinucleating ligand matrices that
provide two (or more) coordination compartments in close
proximity, in order to favor such sought-after cooperativity
within the resulting bimetallic complexes.[4] With this inten-
tion in mind we recently investigated a class of pyrazolate-
based dinuclear systems whose reactivity patterns can be
selectively altered by appropriate changes of the chelating
donor side-arms attached to the bridging hetero-
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is further analyzed by DFT calculations on relevant model
systems. Even though the π-bonding is found to be very
weak, it does include some backbonding from occupied 3d
MOs at the second high-spin nickel(II) ion to the π* MOs of
the nitrile. Such an unconventional π-interaction is suggested
to be enforced by the constrained fixation of the nitrile unit
within the highly organized coordination pocket of the bi-
metallic framework. In contrast, the bifunctional 2-hydroxyb-
enzonitrile is accommodated by the distinct binding of the
nitrile and phenolate functions to the different metal centers
in 8, which confirms that the simultaneous binding of both
an OR-function and an end-on bound nitrile is indeed feas-
ible within the active site pocket. Such a situation is reminis-
cent of the bimetallic effect that has been assumed to enable
the cooperative hydration of nitriles at the dinickel(II) site of
1. Complexes 4⋅(ClO4)2, 5⋅(ClO4)2, 6⋅(ClO4)3, 7⋅(ClO4)(BPh4),
and 8⋅(ClO4)2 have been characterized structurally by X-ray
crystallography.

cycle,[5] and which proved to allow novel binding modes
and transformations of small molecules within the bimetal-
lic pocket.[6,7] Among these, the dinickel(II) complex 1
(Scheme 1) has turned out to be a valuable system for the
modeling of hydrolytic reactions at cooperative dinuclear
sites, and, in particular, for investigating functional aspects
of the metalloenzyme urease.[7]

Scheme 1. Active dinickel(II) complex 1 (see ref.[7])

The hydration of nitriles by 1 was assumed to proceed via
intermediates such as 2 (Scheme 2), in which the N-bound
substrate has replaced a water molecule of the former intra-
molecular H3O2 bridge and undergoes subsequent nucleo-
philic attack by the adjacent hydroxide function to finally
form a secondary N,O-amidato bridge. Alternatively, 1 may
exhibit basic rather than nucleophilic behavior, as exempli-
fied by its reaction with urea, which yields an N,O-bridging
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Scheme 2. Proposed intermediate 2 for reaction of 1 with nitriles
(see ref.[7]) and urea-bridged dinickel(II) complex 3 (see ref.[6])

coordination mode of the deprotonated substrate within the
bimetallic pocket (3).

In pursuit of studying such transformations mediated by
1, we now set out to examine whether 3 would also be ac-
cessible by hydration of the appropriate nitrile, i.e. cyanam-
ide, according to the situation depicted in 2. Interest in this
study also arose from the fact that cyanamide itself has
been recognized as a substrate for both urease (yielding car-
bon dioxide and ammonia)[8] and Mo-nitrogenase,[9] imply-
ing its as-yet-unresolved binding to these multimetallic en-
zyme active sites. Unexpectedly however, several different
binding modes of nitrile moieties at the bimetallic core were
found in the course of these investigations, among them an
intriguing coordination of cyanoguanidine (the dimeric
form of cyanamide) within the clamp of the two metal ions.
The present contribution describes the structural and spec-
troscopic characterization as well as a theoretical study of
this novel system. In addition, further structural support
for the postulated nitrile hydration intermediate 2 could
be obtained.

Results and Discussion

When a solution of 1⋅(ClO4)2 in acetone was treated with
cyanamide, a crystalline green product 4⋅(ClO4)2 (Scheme 3)
was isolated. This compound has a strong IR absorption of
the ν̃(C;N) stretch at 2149 cm–1 and a single ν(N–H) band
at 3282 cm–1. An X-ray diffraction study showed that a hy-
drogencyanamido(1–) bridging ligand spans the two metal
centers and occupies the accessible coordination sites within
the pocket of the bimetallic framework (Scheme 3, Fig-
ure 1).
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Scheme 3. Schematic drawing of 4

Figure 1. Molecular structure of 4; in the interests of clarity all
hydrogen atoms except H200 have been omitted; selected in-
teratomic distances (Å) and bond angles (°): Ni1–N1 2.012(5), Ni1–
N2 2.084(5), Ni1–N3 2.204(5), Ni1–N4 2.163(6), Ni1–N200
1.996(6), Ni2–N101 2.041(5), Ni2–N102 2.091(5), Ni2–N103
2.128(5), Ni2–N104 2.162(5), Ni2–N201 2.016(5), N1–N101
1.386(8), N200–C200 1.286(9), N201–C200 1.176(9), Ni1⋅⋅⋅Ni2
4.458; N200–C200–N201 172.2(7), Ni1–N200–C200 115.3(5), Ni2–
N201–C200 125.9(5)

The hydrogen atom of this secondary bridge could be
located close to N200, which is consistent with the pro-
nounced difference in bond lengths [d(C200–N200) 5
1.286(9) Å; d(C200–N201) 5 1.176(9) Å] and confirms
N200 as the amido-nitrogen. Furthermore, the µ-NCN(H)
proton seems to form a weak hydrogen bond with one of
the oxygen atoms of a perchlorate counteranion
[d(N200⋅⋅⋅O6) 5 3.035 Å].

Obviously the characteristic property of the Ni-bound
H3O2 unit in 1 to act as a base, which also became apparent
in the deprotonation of urea to yield 3,[6] has caused depro-
tonation of the cyanamide, with concomitant incorporation
of the resulting HNCN– in a bridging position. The coor-
dination chemistry of the monoanionic cyanamido(1–) li-
gand has attracted some attention,[10] but only one structur-
ally characterized example of bridging parent HNCN– has
hitherto been reported.[11] In that particular case, a bis(µ-
hydrogencyanamido)dicopper(II) core was shown to exhibit
a large metal–metal separation of 5.16 Å in conjunction
with a slightly shorter C;N bond length of 1.15(1) Å and
larger angles Cu–N;C of 146.6(8)/144.6(8)°,[11] as com-
pared to d(C200–N201) 5 1.176(9) Å and Ni2–N201–
C200 5 125.9(5)° for 4. This lends support for the descrip-
tion of the hydrogencyanamido bridge by a significant con-
tribution of limiting form B (Scheme 4) at the expense of
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Scheme 4. Limiting forms of the hydrogencyanamido(1–) bridge

form A in the present case 4, this apparently being imposed
by the rigid pyrazolate-based ligand matrix constraining a
relatively short Ni⋅⋅⋅Ni distance of 4.458 Å. The drastic de-
crease of ν̃(C;N) (2149 cm–1 versus 2256 cm–1 for free cy-
anamide) is in accord with this view.

2-Cyanoguanidine within the Bimetallic Pocket

Besides the main product 4⋅(ClO4)2, a few crystals of a
different product 5⋅(ClO4)2 were collected from the reaction
of 1⋅(ClO4)2 with cyanamide. An IR spectrum indicated the
presence of a nitrile unit [major absorption for ν̃(C;N) at
2154(s) cm–1] as well as a series of N–H groups (several
bands in the range 3200–3450 cm–1) for 5, and the elemental
analysis suggested that two equivalents of the substrate
were incorporated in this compound. It thus appeared that
the property of the Ni-bound H3O2 unit in 1 to act as a
base had also induced some dimerization of excess cyanam-
ide to form dicyandiamide (2-cyanoguanidine, cnge), a pro-
cess that is known to occur readily with cyanamide at pH
8–9.5 in aqueous solution.[12] Accordingly, complex
5⋅(ClO4)2 can be obtained in somewhat better yields by dir-
ectly treating 1⋅(ClO4)2 with cnge. The overall molecular
structure of 5 (Scheme 5) was resolved by X-ray crystallo-
graphy, the result of which is depicted in Figure 2 and Fig-
ure 3.

Scheme 5. Schematic drawing of 5

The 2-cyanoguanidine in its deprotonated form, which is
planar within 0.023 Å, is found to be coordinated to the
bimetallic site in an unprecedented fashion. Its nitrile func-
tion is bound end-on to Ni2 and completes the five-coor-
dination of the latter, which thus displays a ligation sphere
intermediate between TB-5 and SPY-5, similar to the metal
centers of a variety of previously characterized dinickel(II)
complexes with this particular pyrazolate-based ligand
framework.[5–7] On the other side the amido nitrogen atom
N11 of the deprotonated cnge is coordinated to Ni1. The
remaining three N-bound hydrogen atoms of the cnge moi-
ety have been located as weak hydrogen bonds to oxygen
atoms of the perchlorate counteranions [d(N11⋅⋅⋅O2) 5
3.098 Å; d(N12⋅⋅⋅O3) 5 2.973 Å; d(N12⋅⋅⋅O8) 5 3.030 Å]
with one of the latter acting as a twofold hydrogen-bond
acceptor towards both N11 and N12. The equivalence of
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Figure 2. Molecular structure of 5; in the interests of clarity all
hydrogen atoms except those of the cnge moiety have been omitted;
selected interatomic distances (Å) and bond angles (°): Ni1–N1
1.918(2), Ni1–N3 2.089(2), Ni1–N4 2.089(2), Ni1–N11 1.952(2),
Ni2–N2 1.971(2), Ni2–N6 2.092(2), Ni2–N7 2.154(2), Ni2–N8
2.134(2), N2–N9 2.016(2), N1–N2 1.362(3), N9–C30 1.166(3),
C30–N10 1.294(3), N10–C31 1.368(3), C31–N11 1.320(3), C31–
N12 1.333(3), Ni1⋅⋅⋅Ni2 3.985; Ni2–N9–C30 171.2(2), N9–C30–
N10 175.1(3), C30–N10–C31 117.8(2)

Figure 3. Representation of the central bimetallic core of 5

the three CN bond lengths of the guanidine moiety (C31–
N10/N11/N12), however, suggests the likely presence of
other tautomers carrying one of the hydrogen atoms at the
central N10 atom.

Unexpectedly the nitrogen donor N5 of one ligand side
arm – formerly bound to Ni1 – is now found uncoordinated
and dangling in 5, which leaves the respective nickel(II) ion
in a peculiar fourfold coordination environment of N-
donors [angle N1–Ni1–N11 5 154.19(9)°] with a remaining
open coordination space directed towards the inside of the
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bimetallic pocket. Closer inspection of the central core of 5
(Figure 3) reveals that the nitrile moiety of the cnge – al-
ready bound end-on to Ni(2) – appears to be suitably loc-
ated within the bimetallic pocket between the two nickel(II)
ions to additionally interact with the low-coordinate Ni1 in
a side-on fashion, even though the distances d(Ni1–N9) 5
2.963 Å and d(Ni1–C30) 5 2.864 Å are rather long. Some
nickel complexes featuring side-on coordination of a nitrile
unit have previously been structurally characterized, but
these generally involve low-valent nickel(0).[13,14] Consistent
with the π-backbonding ability of such low-valent nickel(0)
species, the CN bonds of the η2-bound nitriles are signific-
antly lengthened in most of these cases, and their ν(C;N)
stretching frequencies are drastically lowered (to about 1750
cm–1) relative to the free nitriles.[13] The same is also valid
for nitriles bound in an η2- or a µ-η1,η2(σ,π)-mode to other
transition metals.[15] Cnge itself has repeatedly been used as
a ligand towards transition metal ions,[16–20] in particular
in copper chemistry,[18–20] and has hitherto been shown to
coordinate either in a monodentate form (nitrile N-donor,
C, Scheme 6) or as a bidentate bridging ligand through

Scheme 6. Common binding modes of cnge

both the nitrile and imino-N atoms (D, Scheme 6), but not
through the nitrile-N and a terminal amido-N as is ob-
served in 5 for the first time.

The IR spectrum of cnge (both free and in coordination
compounds) exhibits a characteristic doublet for the
ν(C;N) stretching vibration which has been attributed to
the co-existence of different tautomeric forms of the guani-
dine moiety; the low-frequency component corresponds to
the tautomer with conjugated C;N and C5N bonds[21]

(this single tautomer is depicted in all schemes of the pre-
sent work and is used for the DFT calculations, see below).
IR spectroscopic investigations of those cnge complexes of
type C and D studied previously indicated that the ν(C;N)
doublet is generally shifted to slightly higher wavenumbers
than free cnge (ν̃ 5 2205 and 2160 cm–1), but that these
features can hardly be used to differentiate between differ-
ent binding modes of cnge.[19] It was furthermore noted that
the perturbation of the IR spectra of cnge upon coordina-
tion depends more on the strength of its coordination to
the metal than on the coordination type, i.e. a strongly bon-

Table 1. IR spectroscopic bands for the ν(C;N) stretch [cm–1]

KBr pellet Acetone

4⋅(ClO4)2 2149(vs) 2146
5⋅(ClO4)2 2229(w), 2180(w), 2154(s) 2225(m), 2184(s), 2140(sh)
cnge 2205(s), 2160(s) 2184(s), 2144(w)
6⋅(ClO4)3 2233(s), 2186(s) 2231(m), 2184(s), 2150(sh)
7⋅(ClO4)⋅(BPh4) 2227(s), 2183(s) 2228(s), 2184(m)
8⋅(ClO4)2 2237(s) 2241
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ded cnge showing a M–N–C angle close to 180° is expected
to exhibit the most pronounced shift of the ν(C;N) doub-
let to higher energy.[19] In the present compound 5 the angle
Ni2–N9–C30 amounts to 171.2(2)°, but the main absorp-
tion for the ν(C;N) stretch is found at 2154 cm–1 (Table 1).
(Two further weak bands occur at somewhat higher energy,
i.e. 2180 and 2229 cm–1; it remains speculative whether
these bands originate from different tautomers of the cnge
fragment.) We tentatively assign the most intense band at
lowest energy (2154 cm–1) to the tautomer with conjugated
C;N and C5N bonds. This band exhibits a slight low-
frequency shift with respect to free cnge (2160 cm–1), but it
is uncertain at this stage whether such a shift is to be attrib-
uted to a weak additional side-on interaction of the nitrile
moiety with the second Ni1 ion. However, the observed
bond length d(N9–C30) 5 1.166(3) Å in 5 is typical for a
CN triple bond and is virtually identical to the value of
free cnge [1.1694(3) Å],[22] as is the angle N9–C30–N10 5
175.1(3)° in 5 [vs. 175.1(2)° in free cnge],[22] and hence there
is no geometric indication of such an interaction. It should
be noted, however, that geometrical changes of the N–C;N
unit upon weak side-on interaction with a high-spin
nickel(II) ion should be much less distinct than in the case
of a nickel(0) center due to the lower π-backbonding ability
of the nickel(II) ion. Furthermore, a short atom distance
for the CN triple bond (1.13 Å) has also been observed in
the early crystallographic study of a substituted cyanamide
π-bonded to a (carbonyl)nickel(0) fragment.[14]

In the case of two copper(I) complexes containing the
cation [Cu2(cnge)4]21 with three-coordinate metal ions, the
dimeric cations were found to stack in the crystal lattice in
such a way that the nitrile function of a unidentate cnge
molecule is located close to the axial position of a sym-
metry-related copper atom of a neighboring molecule.[18,19]

However, the observed CuI⋅⋅⋅nitrile contacts [d(Cu⋅⋅⋅N) 5
3.27–3.58 Å and d(Cu⋅⋅⋅C) 5 3.50–3.65 Å][19] are much
longer than those found for the present complex 5 and, con-
sequently, any side-on binding has been judged unlikely for
this copper system.[17]

Magnetic measurements performed on a powdered
sample of 5⋅(ClO4)2 confirm the presence of two high-spin
nickel(II) ions with µeff 5 3.25 µB per nickel ion at 297 K.
The temperature dependence of the molar magnetic sus-
ceptibility χ and of its inverse 1/χ, as well as of the effective
magnetic moment, over the range 297–5.3 K is shown in
Figure 4. It reveals the absence of any significant coupling
between the two metal ions (the values |J| , 1 cm–1 and
g 5 2.27 result from a fit of the experimental data to the
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Figure 4. Temperature dependence of the molar magnetic suscept-
ibility χ (filled circles), its inverse 1/χ (open circles), and the mag-
netic moment per nickel ion (filled squares) for 5⋅(ClO4)2; the solid
lines represent the calculated curve fits (Curie-Weiss)

standard expression for the isotropic spin-Hamiltonian
H 5 –2JŜ1,Ŝ2 with S1 5 S2 5 1;[23] a Curie-Weiss analysis
gives C 5 2.71 and ϕ 5 –3.30).

Analogous Complexes with cnge Purely End-On Bound

In order to shed some more light on a possible contribu-
tion of the Ni1 ion to the binding of the C;N moiety in 5,
two further complexes were investigated for comparison.
The first, 6⋅(ClO4)3, was obtained by treating 1⋅(ClO4)2 with
a large excess of cnge (Scheme 7). The molecular structure
of the cation 6 as elucidated by X-ray crystallography is
depicted in Figure 5.

Scheme 7. Schematic drawing of 6

Compound 6 features two neutral cnge ligands within the
coordination pocket of the bimetallic framework, each cnge
being coordinated to one of the nickel ions in a purely end-
on fashion (type C, Scheme 6). The angles Ni–N–C
[171.3(2) and 172.2(2)°] are basically identical to that in 5
[171.2(2)°], and, likewise, all geometric parameters of the
cnge ligands in 6 are very similar to those of the cnge frag-
ment in 5. The cnge-bound hydrogen atoms form several
weak hydrogen bonds to perchlorate counteranions or to
an acetone solvent molecule included in the crystal lattice
(distances N⋅⋅⋅O in the range 2.9–3.1 Å). Due to the obvious
congestion caused by the binding of the two cnge molecules
within the bimetallic pocket, the Ni⋅⋅⋅Ni separation is quite
large (4.586 Å) and the metal ions are forced to displace
rather drastically out of the plane defined by the pyrazolate
heterocycle [10.784 Å (Ni1) and –0.647 Å (Ni2)]. The exact
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Figure 5. Molecular structure of 6; selected interatomic distances
(Å) and bond angles (°): Ni1–N1 2.035(2), Ni1–N3 2.097(2), Ni1–
N4 2.125(2), Ni1–N5 2.158(2), Ni1–N20 1.983(2), Ni2–N2
2.030(2), Ni2–N103 2.097(2), Ni2–N104 2.154(2), Ni2–N105
2.137(2), N2–N120 2.000(2), N1–N2 1.389(3), N20–C20 1.162(3),
C20–N21 1.295(3), N21–C21 1.334(3), C21–N22 1.325(3), C21–
N23 1.329(3), N120–C120 1.152(3), C120–N121 1.304(3), N121–
C121 1.338(3), C121–N122 1.331(3), C121–N123 1.331(3),
Ni1⋅⋅⋅Ni2 4.586; Ni1–N20–C20 171.3(2), N20–C20–N21 170.8(3),
Ni2–N120–C120 172.2(2), N120–C120–N121 172.3(3)

process leading to the formation of the tricationic complex
6 from the dicationic precursor 1 remains speculative, as no
other products of the reaction could be unambiguously
identified.

In order to definitely exclude any effects on the crucial
ν(C;N) vibrational frequencies caused by the distortion of
the crowded bimetallic core in 6, we prepared the corres-
ponding mononuclear complex 7 for comparison

Scheme 8. Synthesis of the mononuclear complex 7⋅(ClO4)(BPh4)

(Scheme 8). The compound 7⋅(ClO4)(BPh4) was obtained in
crystalline form by treating the respective mononucleating
ligand HL (that provides a single coordination compart-
ment only)[7] with one equivalent each of [Ni(H2O)6]-
(ClO4)2, cnge and NaBPh4. An X-ray crystallographic ana-
lysis unequivocally confirmed the constitution of 7 as de-
picted in Figure 6.
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Figure 6. Molecular structure of 7 (only the major position of the
disordered cnge moiety is shown); in the interests of clarity all hy-
drogen atoms except the pyrazole-bound H2 have been omitted;
selected interatomic distances (Å) and bond angles (°): Ni–N1
1.991(3), Ni–N3 2.100(3), Ni–N4 2.105(3), Ni–N5 2.153(3), Ni–
N100 1.988(4), N100–C100 1.157(7), C100–N101 1.305(7), N101–
C101 1.353(7), C101–N102 1.332(7), C101–N103(7), N1–N2
1.362(4); Ni–N100–C100 163.3(4), N100–C100–N101 173.0(6),
C100–N101–C101 120.8(5).

The nickel atom is nested in the tran-type coordination
compartment [tran 5 tris(aminoalkyl)amine] and accom-
modates the end-on bonded cnge ligand in the remaining
axial site (type C, Scheme 6). As anticipated, the intimate
structural details of this situation closely resemble the ones
observed for the nickel ions in 6 and for the Ni2 ion in 5.
The pyrazole-bound proton H2 could be located as a hy-
drogen bond to one of the O-atoms of the perchlorate coun-
teranion [d(N2⋅⋅⋅O3) 5 2.880 Å], where the perchlorate also
forms hydrogen bonds to the terminal amino groups of the
cnge [d(N103⋅⋅⋅O2) 5 2.926 Å, d(N102⋅⋅⋅O4) 5 2.935 Å].
Unfortunately, however, the cnge ligand was found to be
disordered over two positions (ratio 85:15), and due to the
moderate overall quality of the crystallographic analysis we
abstain from any detailed discussion of the pivotal metric
parameters of the cnge ligand.

Nevertheless, the isolation of 7 now allowed a more con-
clusive comparison of the ν(C;N) stretching frequencies of
free cnge with those of cnge N-bound to nickel(II) ions
either with (5) or without (6, 7) an adjacent second
nickel(II) center, where the primary nickel(II) ions in all
cases are embedded in identical pyrazolate-derived tran-
type coordination environments. These values are listed in
Table 1.

The complexes 6 and 7, which feature purely end-on
bound cnge, display similar IR bands both in acetone solu-
tion and in the solid state. As expected, their characteristic
doublet for ν(C;N) is shifted to higher wavenumbers than
for free cnge. The overall differences for the low-energy
component of the ν(C;N) stretch (assigned to the tauto-
mer with conjugated C;N and C5N bonds[21]) are small
but nonnegligible, and in the solid state a trend of decreas-
ing frequencies in the order 6 ø 7 . free cnge . 5 is found.
This experimental result in fact gives evidence for the pres-
ence of some (albeit very weak) side-on π-bonding interac-
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tion between the nitrile part of the 2-cyanoguanidine ligand
and the proximate Ni1 ion in solid 5. When dissolved in
acetone, IR spectra in the region characteristic for ν(C;N)
are quite similar for 5 and 6, suggesting identical structures
in solution that differ from the structure observed for 5 in
the solid state.

Theoretical Investigations

With the aim of further substantiating these findings, and
in order to describe the electronic structure of complex 5
and to gain deeper insight into the nature of the assumed
π-interaction, we have carried out DFT calculations on the
simplified complexes 5a, 7a, and on the free ligand cnge. In
5a and 7a the substituents at the ligand side-arm nitrogen
atoms of the parent complexes 5 and 7 have been replaced
by hydrogen atoms. We started our investigations with
single point calculations for the singlet, triplet, and quintu-
plet states of 5a with bond lengths and bond angles taken
from the X-ray data of compound 5. Some selected results
are summarized in Table 2.

Table 2. Relative energies (kcal/mol), ,S2. values, atomic spin
densities (ρ) and NPA charge (q) of the nickel atoms for the singlet,
triplet and quintuplet states of 5a

State Erel ,S2. ρNi1 ρNi2 qNi1 qNi2

55a 0.0 6.00 1.733 1.726 11.454 11.477
35a 111.2 2.01 1.733 0.020 11.455 11.422
15a 191.1 0.00 0.000 0.000 11.252 11.309

The quintuplet state of 5a was found to be the ground
state, and the states 35a and 15a lie above 55a by 11.2 kcal/
mol and 91.1 kcal/mol, respectively. In the case of 55a the
calculated atomic spin densities ρ as well as the NPA
charges q of the nickel atoms clearly show the high-spin
NiII structures. In the triplet state 35a the Ni2 atom adopts
a low-spin configuration (ρNi2 5 0.02), while the spin den-
sity at Ni1 (1.733) remains unchanged with respect to 55a.
The MO shapes of the metal-centered singly occupied MOs
of 55a are shown in Figure 7.

It turns out that the singly occupied MOs of Ni1 have
dz2 and dxy character, and consequently its three doubly oc-
cupied MOs are of dx2

2y2, dyz, and dxz character. The two
latter MOs [dyz, dxz] are well adapted to give side-on back-
bonding interactions with the in-plane πi* and with the out-
of plane π'* MOs of the nitrile π system (Figure 8). At the
same time the doubly occupied 3dyz and 3dxz MOs of Ni2
can give end-on backbonding interactions with the nitrogen
p-component of the nitrile π* system (Figure 8). Evidently,
the spatial requirements for an effective MRL backbonding
in 55a are fulfilled and are similar to those found for Ni(0)
moieties complexed to multiple π systems,[24] i.e. an electron
density shift from the nickel atoms to the nitrile π* system
should indeed be possible.

In order to further explore the nature and the extent of
such possible backbonding interactions in complex 5 we
have carried out geometry optimizations on 55a, 37a, and
on the singlet state of the free cnge ligand. The optimized
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Figure 7. Shapes of the metal-centered singly occupied MOs of 55a

Figure 8. Possible Ni-nitrile backbonding interactions in 55a

Figure 9. Optimized structures of free cnge, 37a and 55a; bond lengths are given in (Å) and bond angles in (°)
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structures are shown in Figure 9. According to the vibra-
tional analyses there are no imaginary modes, and con-
sequently these structures represent minima on the poten-
tial energy surfaces.

The optimized parameters of the free cnge molecule agree
well with the known experimental data.[22] Due to the sim-
plified nature of 5a and 7a some of the optimized bond
lengths and bond angles differ from those determined by
X-ray crystallography for the parent complexes 5 and 7
(Figures 2, 6 and 9). We ascribe these discrepancies to the
spatial constraints imposed by the chelate framework of the
multidentate ligands in 5 and 7, which are not effective in
the model systems 5a and 7a. In the case of 5a the most
striking difference is observed for the optimized Ni2–N;C
bond angle, which is 157.5° (vs. 171.2° in complex 5). As a
result, in 5a the Ni1 atom and the N and C atoms of the
C;N unit come much closer together [d(Ni1–C) 5 2.650
Å, d(Ni1–N) 5 2.448 Å]. We notice, however, that the
optimized Ni–N;C bond angle of 7a (163.9°) nicely repro-
duces the experimental value of the mononuclear complex
7 (163.3°). It thus seems that, in 5a, the nitrile moiety ap-
proaches the Ni1 atom in order to enforce the side-on π-
bonding interaction, while this is being prevented by the
rigid dinucleating ligand matrix in the parent compound 5.

Upon going from the free cnge ligand to 7a and 5a, the
optimized C;N distance increases from 1.163 Å to 1.178
Å and 1.187 Å, respectively. At the same time the calculated
stretching frequency, ν(C;N), decreases from 2209 cm–1

(free cnge ) to 2189 cm–1 (7a) and 2143 cm–1 (5a). The trend
of decreasing ν(C;N) frequencies determined theoretically
(free cnge . 7a . 5a) differs from that observed experi-
mentally (7a . free cnge . 5a). The calculation (for the
gas phase) obviously fails to reproduce the well-known[25]

increase in ν(C;N) that occurs upon end-on binding of the
nitrile (in the solid state or in solution), but it suggests that
in 7a the nitrile part of the cnge ligand receives some back-
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Table 3. Results of NBO and NPA population analyses, optimized
C;N bond lengths and calculated wavenumbers for the ν(C;N)
stretch of cnge, 7a, and 5a

NBO occupation numbers

cnge 7a 5a

σ(C;N) 1.995 1.990 1.989
π(C;N) 3.962 3.966 3.935
σ*(C;N) 0.023 0.029 0.025
π*(C;N) 0.224 0.456 0.542

NPA charge

Ni2 11.495 11.477
Ni1 11.481
–C;N –0.023 –0.176 –0.244
d(C;N) [Å] 1.163 1.178 1.187

ν̃(C;N) [cm–1] 2209 2189 2143

bonding from occupied MOs of the nickel ion (see Fig-
ure 8). The calculated NPA charge of the nitrile moiety
changes from –0.023 (free cnge) to –0.176 (7a), and the
population of the nitrile π* MOs increases from 0.224e (free
cnge) to 0.456e (7a) (Table 3). We suppose that in the ex-
perimental complex 7 the end-on Ni–nitrile interactions
may have a slightly different character, obviously affecting
the observed ν(C;N) stretching frequencies.

Upon going from 7a to 5a, an additional increase of the
population of the nitrile π* MOs is discernible (Table 3),
while any side-on LRM donation is negligible. With respect
to 7a, the population of the nitrile π* MOs of 5a is greater
by 0.086e. Since in the optimized structure of 5a the Ni1
atom and the nitrile moiety come closer together than in
the parent complex 5, we also carried out NPA and NBO
population analyses using the experimentally determined
geometrical parameters of 5. In this case we observe an in-
crease of the nitrile π* MOs population by 0.049e, sug-
gesting that in 5 the Ni1–nitrile π-bonding has to compete
with the structural constraints imposed by the chelate li-
gands, where these constraints are enforcing a larger nickel–
nickel distance and a concomitant weakening of the side-
on π-interaction.

In summary, the Ni1–nitrile π-backbonding in 5 can only
be characterized as a weak interaction, and this is not sur-
prising when taking into account the large charge of the
nickel(II) ion and the contracted character of its 3d shell.
The positioning of the nitrile unit within the bimetallic
pocket and the resulting weak Ni1–nitrile interaction in 55a
apparently block the fifth coordination site of the Ni1
center that otherwise is occupied by an additional donor
ligand in all related pyrazolate-based NiII compounds.[5–7]

Binding of 2-Hydroxybenzonitrile

The question arose as to whether the unusual binding of
the C;N moiety within the bimetallic pocket of 5 is a sin-
gular phenomenon and therefore unique to the particular
nitrile cnge. We thus reacted 1⋅(ClO4)2 with 2-hydroxyben-
zonitrile, which in its phenolate form provides a bifunc-
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Scheme 9. Schematic drawing of 8

Figure 10. Molecular structure of 8; selected interatomic distances
(Å) and bond angles (°): Ni1–N1 2.050(2), Ni1–N3 2.100(2), Ni1–
N4 2.172(2), Ni1–N5 2.111(2), Ni1–N10 1.988(2), Ni2–N2
2.054(2), Ni2–N6 2.087(3), Ni2–N7 2.216(2), Ni2–N8 2.208(2),
N2–O1 1.934(2), N1–N2 1.386(3), N10–C50 1.135(4), Ni1⋅⋅⋅Ni2
4.587; Ni1–N10–C50 167.6(2), N10–C50–C51 176.5(3)

tional ligand of geometric characteristics quite similar to
deprotonated cnge. The resulting green complex 8⋅(ClO4)2

(Scheme 9) was obtained in crystalline form, and the mo-
lecular structure of the cation as elucidated by X-ray crys-
tallography is depicted in Figure 10.

Obviously, the structure of 8 differs fundamentally from
those of 5. Both nickel(II) ions have retained their usual
five-coordination with all the ligand side arms of the pyra-
zolate framework attached to the metal centers; the bifunc-
tional 2-oxybenzonitrile(1–) ligand simply occupies the re-
maining active coordination sites within the bimetallic
pocket. The nitrile unit exhibits plain end-on binding
through its N-atom [angle N1–N10–C50 5 167.6(2)°] and
its ν(C;N) stretching vibration is found to be unchanged
relative to those of free 2-hydroxybenzonitrile [ν̃ 5 2237
cm–1]. These findings emphasize that particular conditions
have to prevail in order to favor the weak π-bonding inter-
action of a nitrile unit with a nearby nickel(II) ion at the
expense of the detachment of a ligand N-donor from the
metal site, as uniquely observed for 5.

It should finally be noted that the structure of 8 is of
interest with respect to the previously proposed cooperative
mechanism for the nitrile hydration mediated by 1, which
was assumed to proceed via initial end-on coordination of
the nitrile to one of the nickel ions and subsequent nucleo-
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philic attack by the adjacent hydroxide as shown for 2
(Scheme 2). Considering the close analogy between a metal-
bound hydroxide and the metal-bound phenolate in 8, the
structure found for 8 is reminiscent of this postulated mech-
anism and at least demonstrates that the simultaneous bind-
ing of such an OR-function and a nitrile should, in prin-
ciple, be feasible within the active site pocket of the dinuc-
lear framework.

Conclusion

Various different binding modes of nitrile moieties at a
dinuclear nickel(II) site have been characterized and studied
in the present work, where the basic bimetallic framework
of 1 once again proved to induce cooperative action of the
two proximate metal ions. Cyanamide is incorporated as a
hydrogencyanamido(1–) secondary bridge with an unusu-
ally short metal–metal separation imposed by the compart-
mental ligand matrix, representing only the second structur-
ally characterized example of bridging parent HNCN–. The
distinct binding of a nitrile and a phenolate function at the
adjacent metal centers, as observed in 8, lends further sup-
port for the bimetallic effect that was assumed to enable the
cooperative hydration of nitriles at the bimetallic site of 1:
it demonstrates that the simultaneous accommodation of
both an OR-function and an end-on-bound nitrile is indeed
feasible within the active site pocket of the dinuclear frame-
work.

2-Cyanoguanidine exhibits an unprecedented binding
mode within the grip of the two metal ions in 5: while its
nitrile-N exhibits the common end-on binding to one nickel
atom, and a terminal amido-N is coordinated to the other
metal site, the structural features suggest an additional side-
on interaction of the nitrile unit with the second nickel(II)
ion. Combined experimental and theoretical evidence, in
particular the trend of decreasing ν(C;N) stretching fre-
quencies in the series 6 ø 7 . free cnge . 5, as well as the
proper spatial arrangement of the crucial molecular or-
bitals, confirm the presence of a nonnegligible (albeit weak)
π-bonding of the nitrile part of the cnge ligand with the
adjacent high-spin nickel(II) atom in 5. This mainly consists
of backbonding from the doubly occupied 3dyz and 3dxz

MOs at Ni1 to the π* MOs of the nitrile. We assume that
this peculiar π-bonding interaction, which is quite unusual
for a high-spin nickel(II) ion nested in a purely N-donor
environment, and which is expectedly weak, is imposed by
the dinuclear pincer effect, i.e. by the seizing of the nitrile
within the bimetallic pocket. Apparently, particular geomet-
ric conditions have to prevail in order to favor such side-on
interaction, and this once again demonstrates the ability of
two cooperating metal ions to enable unusual coordination
modes by their synergetic action. One could imagine that
similar interactions between π-systems and hard metal ions
like high-spin nickel(II) might well play a role if enforced
within highly organized and constrained substrate binding
pockets, e.g. in the protein active site pockets of natural
metalloenzymes.
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Experimental Section

General Procedures and Methods: All manipulations were carried
out under an atmosphere of dry nitrogen with standard Schlenk
techniques. Solvents were dried according to established proced-
ures. Compound 1⋅(ClO4)2 and HL were synthesized according to
published procedures.[7] – Microanalyses: Mikroanalytische Labor-
atorien des Organisch-Chemischen Instituts der Universität Heidel-
berg. 2 IR spectra: Perkin–Elmer 983G, recorded either as KBr
pellets or in acetone solution. 2 FAB-MS spectra: Finnigan MAT
8230. 2 Magnetic measurement: Bruker Magnet B-E 15 C8, field-
controller B-H 15, variable temperature unit ER4111VT, Sartorius
microbalance M 25 D-S. Experimental susceptibility data were cor-
rected for the underlying diamagnetism and temperature-independ-
ent paramagnetism [100 3 10–6 cm3mol–1 per nickel(II) ion].[23]

Caution! Although no problems were encountered in this work,
transition metal perchlorate complexes are potentially explosive
and should be handled with proper precautions.

Complex 4⋅(ClO4)2: A solution of 1⋅(ClO4)2 (0.44 g, 0.50 mmol) in
EtOH/THF (1:1, 25 mL) was treated with two equivalents of cyan-
amide and stirred at room temperature for 2 h. All volatile material
was then evaporated under reduced pressure, the residue taken up
in acetone and the solution layered with light petroleum to gradu-
ally yield 0.35 g (0.40 mmol, 80%) green crystals of the product
4⋅(ClO4)2. – IR (KBr): ν̃ 5 3282 (s), 2965 (s), 2933 (s), 2873 (m),
2149 (vs), 1467 (s), 1380 (s), 1089 (vs), 622 (s) cm–1. – MS (FAB,
nibeol); m/z (%): 779 (100) [4⋅(ClO4)1], 677/679 (98) [(4 – 1)/(4 1

1)1]. – C30H62Cl2N10Ni2O8 (879.2): calcd. C 40.99, H 7.11, N
15.93; found C 41.02, H 7.13, N 15.96.

Complex 5⋅(ClO4)2: A solution of 1⋅(ClO4)2 (0.78 g, 0.89 mmol) in
EtOH/THF (1:1, 25 mL) was treated with 1.2 equivalents of cnge
and stirred at room temperature for 2 h. All volatile material was
then evaporated under reduced pressure and the oily residue taken
up in EtOH/Et2O (1:4, 25 mL). The green precipitate that formed
was separated by filtration and dried under vacuum to afford a
light green powder. This was dissolved in acetone and the solution
layered with light petroleum to yield 0.16 g (0.17 mmol, 19%) of
green crystals of the product 5⋅(ClO4)2. – IR (KBr): ν̃ 5 3432 (m),
3343 (m), 3307 (w), 3232 (w), 2968 (m), 2878 (w), 2229 (w), 2180
(sh), 2154 (s), 1632 (s), 1529 (s), 1478 (s), 1468 (m), 1312 (m), 1096
(vs), 623 (s) cm–1. – C31H64Cl2N12Ni2O8 (921.2): calcd. C 40.42, H
7.00, N 18.25; found C 39.95, H 7.07, N 17.40.

Complex 6⋅(ClO4)2: A solution of 1⋅(ClO4)2 (0.44 g, 0.50 mmol) in
EtOH/THF (1:1, 25 mL) was treated with five equivalents of cnge
and stirred at room temperature for 2 h. All volatile material was
then evaporated under reduced pressure, the residue taken up in
acetone and again treated with three equivalents of cnge. Layering
the resulting solution with light petroleum gradually afforded green
crystals of the product 6⋅(ClO4)3⋅acetone (0.11 g, 0.09 mmol,
19%). – IR (KBr): ν̃ 5 3433 (m), 3343 (m), 3238 (m), 2963 (m),
2877 (w), 2233 (s), 2186(s), 1699 (m, acetone), 1641 (s), 1565 (s),
1464 (m), 1259 (m), 1086 (vs), 796 (m), 623 (s) cm–1. –
C33H69Cl3N16Ni2O12⋅acetone (1163.8): calcd. C 37.15, H 6.50, N
19.26; found C 37.45, H 6.49, N 20.03.

Complex 7⋅(ClO4)⋅(BPh4): A solution of HL (0.17 g, 0.54 mmol) in
EtOH/THF (20 mL, 1:1) was treated with [Ni(H2O)6](ClO4)2

(0.20 g, 0.54 mmol) and cnge (0.05 g, 0.60 mmol) and the reaction
mixture stirred for 1 h at room temperature. Then NaBPh4 (0.19 g,
0.56 mmol) was added and the resulting solution layered with light
petroleum. Green crystals of 7⋅(ClO4)⋅(BPh4)⋅0.5thf⋅0.18EtOH
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Table 4. Crystal data and refinement details for complexes 4⋅(ClO4)2, 5⋅(ClO4)2, 6⋅(ClO4)3, 7⋅(ClO4)⋅(BPh4) and 8⋅(ClO4)2

4⋅(ClO4)2 5⋅(ClO4)2 6⋅(ClO4)3 7⋅(ClO4)(BPh4) 8⋅(ClO4)2

Formula C30H62Cl2N10Ni2O8 C31H63Cl2N12Ni2O8 C33H69Cl3N16Ni2O12 C36H65Cl2N9Ni2O9⋅ C36H65Cl2N9Ni2O9
⋅acetone 0.5thf⋅0.18EtOH

Mr 879.2 921.2 1163.9 915.3 956.3
crystal size [mm] 0.03 3 0.15 3 0.30 0.20 3 0.15 3 0.08 0.30 3 0.20 3 0.20 0.08 3 0.30 3 0.30 0.30 3 0.30 3 0.40
crystal system monoclinic triclinic monoclinic triclinic monoclinic
space group Cc P1̄ P21/n P1̄ C2/c
a [Å] 8.473(2) 11.474(2) 21.046(4) 10.714(2) 34.338(7)
b [Å] 23.895(5) 12.391(3) 11.178(2) 11.484(2) 9.989(2)
c [Å] 19.412(4) 15.839(3) 24.241(5) 21.713(4) 26.357(5)
α [°] 90 106.40(3) 90 81.06(3) 90
β [°] 90.86(3) 90.77(3) 110.77(3) 89.50(3) 105.40(3)
γ [°] 90 102.27(3) 90 76.35(3) 90
V [Å3] 3930(1) 2104(1) 5332(1) 2564(1) 8716(3)
ρcalcd. [g⋅cm–3] 1.486 1.454 1.450 1.184 1.458
Z 4 2 4 2 8
F(000) [e] 1864 976 2456 971 4048
T [K] 200 200 200 200 200
µ (Mo-Kα) [mm–1] 1.154 1.082 0.928 0.479 1.048
hkl range ±10, ±29, ±23 ±14, ±15, ±19 –27 to 28, –15 to 14, ±14, ±15, ±29 ±42, ±12, ±32

–34 to 31
2θ range [°] 3.4252.2 3.5252.2 3.6–61.1 3.9257.4 3.2252.0
Measured refl. 7791 41676 49853 25867 66921
Unique refl. (Rint) 7677 (0.084) 8285 (0.069) 14533 (0.089) 13198 (0.079) 8549 (0.088)
Obs. refl. I . 2σ(I) 6024 5598 7878 6505 6165
refined parameters 505 519 663 664 534
resid. electron 0.503/–0.437 0.435/–0.354 0.529/–0.460 0.800/–0.398 1.034/–0.505
dens. [eÅ–3]
R1 0.062 0.039 0.046 0.068 0.042
wR2 (refinement 0.142 0.077 0.112 0.230 0.106
on F2)
Goodness-of-fit 1.029 0.961 0.967 1.016 1.039

gradually formed (0.33 g, 0.36 mmol, 67%). – IR (KBr): ν̃ 5 3421
(s), 3343 (s), 3234 (m), 3046 (m), 2976 (m), 2874 (w), 2227 (s), 2183
(s), 1636 (s), 1550 (s), 1472 (m), 1095 (s), 734 (s), 706 (s) cm–1. –
MS (FAB, nibeol); m/z (%): 466 (44) [LNi(ClO4)1], 450 (17) [71],
366 (100) [LNi1]. – C43H59BClN9NiO4⋅0.5thf⋅0.18EtOH (915.3):
calcd. C 59.52, H 7.06, N 13.77; found C 58.52, H 7.42, N 13.86.

Complex 8⋅(ClO4)2: A solution of 1⋅(ClO4)2 (0.35 g, 0.40 mmol) in
EtOH/THF (1:1, 15 mL) was treated with one equivalent of 2-hy-
droxybenzonitrile (0.048 g, 0.40 mmol) and stirred at room temper-
ature for 1 h. All volatile material was then evaporated under re-
duced pressure and the residue taken up in acetone and layered
with light petroleum. Green crystals of the product 8⋅(ClO4)2

gradually formed (0.31 g, 0.32 mmol, 81%). – IR (KBr): ν̃ 5 2972
(m), 2875 (m), 2237 (s), 1594 (s), 1527 (w), 1476 (s), 1379 (w), 1092
(vs) cm–1. – MS (FAB, nibeol); m/z (%): 857 (100) [8⋅(ClO4)1], 755
(90) [81], 378 (65) [821]. – C36H65Cl2N9Ni2O9 (956.3): calcd. C
45.22, H 6.85, N 13.18; found C 44.84, H 6.92, N 12.95.

Calculation Details: The calculations were carried out with the den-
sity functional theory method (DFT) known in the literature by its
synonym B3LYP.[26] A single extended all-electron basis set was
applied in our studies. For Ni we have chosen Wachters (14s,9p,5d)
basis set[27] augmented with a 4f polarization function (αf 5 1.29).
The contraction scheme of [9s,5p,3d,1f] corresponds to a double-
and triple-ζ basis for the core and valence electrons, respectively.
The 6–311G basis[28] was used for C, N, and H. The basis set of C
and N was augmented by a single 3d polarization function (αC 5

0.626, αN 5 0.913). The geometry optimizations were carried out
by using analytical gradient procedures. The presented structures
correspond to fully converged geometries with gradients and dis-
placements below the thresholds implemented in Gaussian 98. Vi-
brational frequencies were obtained from analytic calculations of
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the Hessian matrices. The calculated frequencies have been scaled
by a factor of 0.96. The nature and extent of charge reorganizations
was characterized with the help of the natural population analysis
(NPA) and natural bond orbital (NBO) methods.[29] The calcula-
tions have been carried out with the Gaussian 98 program[30] in-
stalled on the IBM RS/6000 workstations of the Universitätsrech-
enzentrum Heidelberg. For graphical displays we have used the
Molek-9000,[31] and GaussView[32] programs.

X-ray Crystallography: The measurements were carried out on a
Nonius Kappa CCD diffractometer using graphite-monochrom-
ated Mo-Kα radiation. All calculations were performed using the
SHELXT PLUS software package. Structures were solved by direct
methods with SHELXS-97 and refined with the SHELXL-97 pro-
gram.[33] The program XPMA[34] was used for graphical handling
of the data. Atomic coordinates and thermal parameters of the
nonhydrogen atoms were refined in fully or partially anisotropic
models by full-matrix least-squares calculation based on F2. In gen-
eral the hydrogen atoms were placed at calculated positions and
allowed to ride on the atoms they are attached to. The structure of
4⋅(ClO4)2 was treated as a racemic twin. The hydrogen atom H200
of the HNCN– bridge was located in the difference Fourier syn-
thesis and refined isotropically. In the case of 5⋅(ClO4)2 all hydrogen
atoms of the monodeprotonated cnge ligand (H50 – H52) were
located and refined. Likewise, for 6⋅(ClO4)3 the protons H22 – H25
and H122 – H125 of the two cnge ligands were located in the differ-
ence Fourier map, refined once and then held fixed. One of the
terminal ethyl groups (C10 and C14) of 6⋅(ClO4)3 was found to be
disordered over two positions (ratio 50:50). In the case of
7⋅(ClO4)(BPh)4 the cnge ligand was found to be partly disordered
over two positions (ratio 85:15). The pyrazol-H2 could be found
and refined; hydrogen atoms H102, H112, H103, H113 correspond-
ing to the major part of the disordered cnge were located, refined



Cooperative Binding of Nitrile Moieties Within a Bimetallic Pocket FULL PAPER
once and then held fixed. Table 4 compiles the data for the struc-
ture determinations. Crystallographic data (excluding structure
factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre
as supplementary publication no. CCDC 127490 – CCDC-
127493 and CCDC-133913. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK [Fax: (internat.) 1 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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