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The use of di-2-pyridyl ketone [(2-py)2CO]/dicyanamide
“blend” in cobalt(II), manganese(II) and nickel acetate
chemistry has yielded neutral cubane clusters. The prepara-
tion of [Mn4(O2CMe)2{N(CN)2}2{(2-py)2C(OH)O}4]·2(2-py)2-
CO·4H2O (1) and [M4(O2CMe)2{N(CN)2}2{(2-py)2C(OH)
O}4]·10H2O [M = Ni (2), Co (3)] was achieved by the reaction
of [M(O2CMe)2]·4H2O with (2-py)2CO and Na[N(CN)2] in
MeOH/H2O (1:5, v/v) at room temperature. The metal(II)-me-
diated hydrolysis of (2-py)2CO to give the coordinated
monoanion of the hydrate gem-diol form involves a nucleo-
philic attack of H2O on the carbonyl group. In the case of
the cobalt reaction system, there is a second product. Upon
employing an excess of (2-py)2CO, long reaction times, reflux
conditions and high dilution, slow oxidation of CoII takes
place leading to the isolation of the mononuclear cobalt(III)
complex [Co{(2-py)2C(OH)O}2][N(CN)2]·4H2O (4) in yields
higher than 70%. The structures of 1, 2 and 4 have been
solved by single-crystal X-ray diffraction studies, while a

Introduction

There continues to be great interest in the synthesis and
study of polynuclear metal complexes (clusters) containing
paramagnetic 3d-metals in intermediate oxidation states.[1]

There are various reasons for this, not least of which is the
aesthetically pleasing nature of some of these species.[2]

From an applications point of view, however, efforts in this
area are part of the continuing search for new examples of
molecular species which can function as nanoscale magnetic
particles or so-called single-molecule magnets (SMMs).[3]

These zero-dimensional (0D) systems display slow relax-
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unit-cell determination indicated that complex 3 is iso-
structural with 2. The tetranuclear cluster molecules of 1 and
2 have cubane [M4(µ3-OR)4]4+ cores with divalent metal
atoms and deprotonated oxygen atoms [originating from the
(2-py)2C(OH)O– ligands] occupying alternate vertices. The
centrosymmetric [Co{(2-py)2C(OH)O}2]+ cation of complex 4
has an octahedral structure with the (2-py)2C(OH)O– ligands
adopting the tridentate N,O,N�-chelating coordination mode.
The magnetic properties of 1–3 have been studied by vari-
able-temperature dc magnetic susceptibility techniques. The
studies indicate weak antiferromagnetic coupling for 1 and
ferromagnetic behaviour for 2 and 3. A three-J model was
found to be adequate for describing the thermal variation of
the molar magnetic susceptibilities of 1 and 2. The magne-
tochemical results have been compared with literature data.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

ation of their magnetisation vectors as a result of the com-
bination of a large ground state (S) and an Ising (or easy-
axis) type of magnetoanisotropy.[3] Thus, such molecules ex-
hibit magnetisation hysteresis loops, i.e. the classical behav-
iour of a magnet. The unusual quantum phenomena[4] such
molecules display have also led researchers to propose that
the molecules could be used as Qbits in quantum comput-
ers.[5] The most studied examples of SMMs are the
[Mn12O12(O2CR)16(H2O)4] compounds with S = 10.[3] An-
other compound which has been intensely investigated for
its SMM behaviour is [{Fe8O2(OH)12(tacn)6}Br7(H2O)]
Br·8H2O (tacn = 1,4,7-triazacyclononane),[3] characterised
by an S = 10 ground state. Since these first discoveries,
other oxidation levels[6] in the Mn12 family and other
Mnx

[2a,2d,3,7] and Mx (M = VIII,[8] FeII,[9] FeIII,[10] CoII,[11]

NiII[12]) SMMs, including mixed-metal systems,[13] have
been prepared with S values ranging from 3 to 51/2.

The future health of the field of high-spin molecules and
the chances of identifying new SMMs will both benefit
from the development of new synthetic methodologies for
3d-metal clusters. With this in mind, our group[9b,14,15] and
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others[16] have been exploring “binary ligand blend” reac-
tions involving (i) the monoanion (2-py)2C(OH)O– or the
dianion (2-py)2CO2

2– of the gem-diol form of di-2-pyridyl
ketone (2-py)2CO (the formulae of these ligands are shown
in Figure 1) and carboxylates, and (ii) the monoanion (2-
py)2C(OR)O– of the hemiacetal form of (2-py)2CO (Fig-
ure 1) and carboxylates, with the belief that they might fos-
ter formation of discrete polynuclear metal systems. The re-
actions of (2-py)2CO with metal ions have been well studied
over the years.[15–17] Water and alcohols (ROH) have been
shown to add to the carbonyl group upon coordination of
the 2-pyridyl ring to the ligands forming the ligands (2-py)2-
C(OH)2 [the gem-diol form of (2-py)2CO] and (2-py)2C(O-
R)(OH) [the hemiacetal form of (2-py)2CO], respectively.
The neutral ligands (2-py)2C(OH)2 and (2-py)2C(OR)(OH)
coordinate to the metal centres as tridentate N,N�,O che-
lates, with the M–O bond often being weak. Therefore, both
neutral ligands do not hold much interest from the cluster
formation point of view.[14] Completely different and much
more interesting (for cluster chemistry) coordination modes
are seen when the ligands (2-py)2C(OH)2 and (2-py)2C(O-
R)(OH) are deprotonated. Upon deprotonation the latter
becomes monoanionic, while the former can exist either as
monoanionic or dianionic. The presence of deprotonated
hydroxyl group(s) leads to a great coordinative flexibility
due to the well known ability of the negatively charged oxy-
gen atom to bridge two or three metal ions. The immense
structural diversity displayed by the complexes reported
stems in part from the ability of (2-py)2C(OH)O–, (2-py)2-
CO2

2– and (2-py)2C(OR)O– to exhibit no less than nine
distinct bridging coordination modes ranging from µ2 to
µ5.[14] Carboxylates are employed for two reasons in the
above mentioned “ligand blends”. Firstly, they are able to
deprotonate the hydroxyl group(s) of (2-py)2C(OH)2 and (2-
py)2C(OR)(OH) under mild conditions (the use of hydrox-
ides often complicates the reactions). Secondly, they are
flexible ligands, a consequence of their ability to adopt a
number of different ligation modes, both terminal and
bridging as well as both monodentate and bidentate. Thus,
the (2-py)2C(OH)O–/R�CO2

–, (2-py)2CO2
2–/R�CO2

– and (2-
py)2C(OR)O–/R�CO2

– “blends” (R = Me, Et; R� = Me,
CF3, Ph) have led to a variety of Mn, Fe, Co, Ni and Cu
clusters with nuclearities ranging from three to fourteen and
with interesting magnetic properties.[14–16]

Three years ago we decided to incorporate azido ligands,
N3

–, into the 3d-metal carboxylate chemistry of (2-py)
CO2

2–, (2-py)2C(OH)O– and (2-py)2C(OR)O–, i.e. to study
the “ternary ligand blend” reaction systems (2-py)2C(OH)
O–, (2-py)2CO2

2– or (2-py)2C(OR)O–/R�CO2
–/N3

–, as a me-
ans of introducing specifically ferromagnetic components
into the superexchange schemes, thus increasing the ground
state S values of the clusters.[9b,18] For example, we report-
ed[9b,18b,18c] that the reactions of M(O2CMe)2·xH2O (M =
Co, Ni, x = 4; M = Fe, x = 0) with (2-py)CO and N3

– in
DMF or MeCN with heating led to the nonanuclear cages
[M9(N3)2(O2CMe)8{(2-py)2CO2}] in which the nine MII

ions adopt a topology of two square pyramids sharing a
common apex. Salient features of the similar structures are

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 879–893880

Figure 1. Some of the ligands discussed in the text. Note that the
anionic ligands do not exist as free species, they exist only in metal
complexes.

the unique η1:µ4 coordination mode of the azido ligands,
the µ5 coordination mode of (2-py)2CO2

2– and the ex-
tremely rare coordination number 8 for the central MII ion
lying at the common apex of the pyramids. Magnetic stud-
ies revealed ferromagnetic coupling mediated by the azido
bridges, giving a ground state total S value of seven times
the local spin in the case of cobalt(ii),[18c] 9 in the case of
nickel(ii)[18b] and 14 for the iron(ii) cluster.[9b] It should be
mentioned at this point that MnII, CoII and NiII clusters
containing only various anionic forms of (2-py)2CO and
N3

– ligands, i.e. non-carboxylate species, are also known.[19]

Very recently we began a program which can be consid-
ered as a modification of the above “ternary ligand blend”
approach. We have been exploring the use of the dicyan-
amido ligands, N(CN)2

– (Figure 2) instead of the azido li-
gands. The great coordinative flexibility and versatility of
the (2-py)2CO-based anionic ligands and carboxylates, as
well as the µ2, µ3, µ4 or µ5 potential of N(CN)2

–,[20]

prompted us to combine the three ligands to aim for new
types of clusters and/or supramolecular architectures in-
volving repeating cluster units. Our belief was that the si-
multaneous employment of the three classes of ligands in
high-nuclearity 3d-metal chemistry would give extraordi-
nary structural flexibility in the mixed (2-py)2C(OH)O–, (2-
py)2CO2

2– or (2-py)2C(OR)O–/R�CO2
–/N(CN)2

– ligand sys-
tems (“blends”). The loss of some degree of synthetic con-
trol[1b] may be more than compensated for by the vast diver-
sity of structures expected using the combination of the
three ligands. The advantages of using N(CN)2

– in place of
N3

– include (i) the possibility of triggering aggregation of
preformed species into new, higher-nuclearity products and
(ii) the possible diversion of known reaction systems devel-
oped using azides to new species as a result of the different
flexibility of dicyanamides.

Dicyanamide is currently a ligand of great interest,[20,21]

mainly due to the observation of long-range magnetic or-
dering in the binary α-[{M[N(CN)2]2}n] (M = Cr, Mn, Fe,
Co, Ni) compounds.[20] Also of particular interest is the
generation of new MII-N(CN)2

– architectures through the
introduction of coligands into the structures. These ternary
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Figure 2. The dicyanamide ion and its crystallographically established coordination modes.

systems exhibit a wide variety of topologies and in a few
cases long-range magnetic ordering has been observed at
low temperatures.[20] This anion is a versatile ligand[20,22]

which has been shown, by crystallography, to coordinate to
metal ions in various modes (Figure 2), namely monodent-
ate bonding through a nitrile nitrogen, end-to-end bridging
through the two nitrile nitrogen atoms, bidentate bridging
through one nitrile and the amide nitrogens or by strong
coordination of one nitrile nitrogen and semicoordination
of the amide nitrogen, tris(monodentate) bridging (µ3), end-
to-end µ3 bridging with one nitrile nitrogen atom forming
a monoatomic bridge as well as an unusual µ4 mode where
one nitrile nitrogen binds to two metal ions and an ex-
tremely rare µ5 mode where each nitrile nitrogen binds to
two metal ions. More generally, however, N(CN)2

– is also a
very interesting ligand in the wider context of coordination
chemistry due to its ability to undergo metal ion-assisted
nucleophilic addition reactions with alcohols and pyrazole
generating interesting polydentate ligands.[23]

The N(CN)2
– ligand has been used extensively in the syn-

thesis of coordination polymers[20–22] but has been infre-
quently used for the synthesis of discrete 3d-metal clusters.
We herein report the first use of N(CN)2

– in 3d-metal car-
boxylate/(2-py)2CO chemistry which leads to neutral cub-
ane manganese(ii), cobalt(ii) and nickel(ii) clusters. The
syntheses, structures, spectroscopic and magnetic properties
of these species are described. A synthetically relevant co-
balt(iii) complex is also reported.

Results and Discussion

Synthesis

Our general synthetic approach for the isolation of
heteroleptic (2-py)2CO2

2– or (2-py)2C(OH)O– or (2-py)2-
C(OR)O–/MeCO2

–/N(CN)2
– 3d-metal clusters was to treat

an excess of the metal acetate with (2-py)2CO and

4 M(O2CMe)2·4H2O + (4 + n) (2-py)2CO + 2 Na[N(CN)2] + mH2O –––––––�
MeOH/H2O

20 °C

[M4(O2CMe)2{N(CN)2}2{(2-py)2C(OH)O}4]·n(2-py)2CO·mH2O + 2 NaO2CMe + 4 MeCO2H + 12 H2O (1)
1: M = MnII, n = 2, m = 4
2: M = NiII, n = 0, m = 10
3: M = CoII, n = 0, m = 10

Eur. J. Inorg. Chem. 2005, 879–893 www.eurjic.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 881

N(CN)2
– in various solvents. Obviously “(2-py)2C(OH)2”

and “(2-py)2C(OR)(OH)” can be fully/partially deproton-
ated by the basic acetate groups and polynuclear MII/
(2-py)2CO2

2–, (2-py)2C(OH)O– or (2-py)2C(OR)O–/
MeCO2

–/N(CN)2
– complexes may result from the reactions

as long as the MeCO2
– to (2-py)2CO ratio is high enough

to leave an amount of MeCO2
– in the reaction mixture,

given the fact that the anionic forms of (2-py)2CO, acetate
and dicyanamide ligands can adopt a variety of terminal
and bridging modes.

The preparation of compounds 1, 2 and 3 can be
achieved by the reaction of M(O2CMe)2·4H2O with
(2-py)2CO and Na[N(CN)2] in MeOH/H2O (� 1:5, v/v) at
room temperature. The preparation of these complexes can
be summarised by the general balanced Equation (1).

The metal(ii)-mediated hydrolysis of (2-py)2CO to give
the monoanion of the hydrate gem-diol form involves a nu-
cleophilic attack of H2O on the carbonyl group. In such
reactions it might not be necessary for the carbonyl atom
to be coordinated to the metal centre. The induced polaris-
ation from the pyridyl nitrogen atoms might be suf-
ficient.[14]

A few features of the general chemical Equation (1) de-
serve comments. First, the incorporation of uncoordinated
(2-py)2CO molecules in 1 is not common and could not
be predicted. Presumably, the presence of these molecules
satisfies the requirements of the crystal lattice. However, the
existence of ligand molecules in their ketone forms can be
explained by the fact that the (2-py)2C(OH)2 molecules do
not exist as free species but exist only within the coordina-
tion sphere of metal ions.[14] The presence of lattice
(2-py)2CO has been established crystallographically[24] only
in complexes [Cu2{(2-py)2C(OMe)O}2(phen)2]X2·2(2-py)2-
CO, where phen = 1,10-phenanthroline and X = PF6

– or
ClO4

–. Secondly, the presence of MeOH in the solvent mix-
ture might imply the presence of the monoanion of the
hemiacetal form of di-2-pyridyl ketone, i.e. (2-py)2C(OMe)-
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O– in the complexes. This is a common synthetic feature in
(2-py)2CO-based coordination chemistry.[14,17j–17l,19a,19c,19d]

However, only (2-py)2C(OH)O– ligands are present in com-
plexes 1–3. This can be rationalised on the basis of the crys-
tallisation method used. The complexes were crystallised by
slow evaporation at room temperature of a solvent mixture
consisting of MeOH and H2O in a 1:5 volume ratio. This
means that precipitation/crystallisation of the clusters was
effected from essentially aqueous media (i.e., MeOH-free)
and, thus, the coordination of only (2-py)2C(OH)O– might
be expected. Thirdly, the “wrong” stoichiometry, i.e.
M(O2CMe)2·4H2O/(2-py)2CO/Na[N(CN)2] = 2:1:1, em-
ployed for the preparation of 1, 2 and 3 (see Exp. Sect.)
compared with that required by Equation (1) was due to
our desire to doubly deprotonate the gem-diol form of (2-
py)2CO and to prepare complexes of (2-py)2CO2

2–. How-
ever, such efforts were in vain. Complexes 1–3 were isolated
from MeOH/H2O or MeCN/H2O even employing a
M(O2CMe)2·4H2O/(2-py)CO ratio of 3:1. With the identit-
ies of 1–3 established, the “correct” stoichiometries, i.e.
Mn(O2CMe)2·4H2O/(2-py)2CO/Na[N(CN)2] = 1:1.5:0.5
and M(O2CMe)2·4H2O/(2-py)2CO/Na[N(CN)2] = 1:1:0.5
(M = Co, Ni), were employed and led to pure 1 and 2 but
not to pure 3 (vide infra). It is worth mentioning that (2-
py)2CO2

2– complexes are known in MII/(2-py)2CO/N3
–

chemistry.[18b,18c] Since these complexes contain η1:µ4-azido
ligands, the failure to isolate analogous dicyanamide com-
plexes may be in part due to the inability of the N(CN)2

–

anion to adopt an η1:µ4 ligation mode. Lastly, in the case
of the cobalt reaction systems only, there is a second pro-
duct. The chemical and structural identity of the product
depends on the CoII/(2-py)2CO ratio, reaction time, tem-
perature and solution concentration. Upon employing an
excess of (2-py)2CO, i.e. CoII/(2-py)2CO = 1:2, long reaction
times, reflux conditions and high dilution (to avoid precipi-
tation of the more insoluble tetranuclear CoII cluster), slow
oxidation of CoII takes place under the normal laboratory
atmosphere leading to the pure mononuclear complex
[CoIII{(2-py)C(OH)O}2]{N(CN)2}·4H2O (4) in very good
yields (� 70%). The source of the oxidising agent is oxygen
from the air, facilitated by the mild reducing nature of CoII

in a nitrogen-rich environment. It is likely, as with other
reactions in Co chemistry, that the reaction solution con-
tains a mixture of two or more species in equilibrium, with
factors such as relative solubility, reaction ratio, lattice en-
ergy, crystallisation kinetics and other factors determining
the identity of the isolated product. Somewhat to our sur-
prise, an analogous MnIII complex (or a mixed-valent
MnII/III species) was not formed under the conditions em-
ployed.

Description of Structures

[Mn4(O2CMe)2{N(CN)2}2{(2-py)2C(OH)O}4]·2(2-py)2-
CO·4H2O (1)

A partially labelled plot of the tetranuclear molecule
[Mn4(O2CMe)2{N(CN)2}2{(2-py)2C(OH)O}4] present in

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 879–893882

compound 1 is shown in Figure 3. Selected interatomic
distances and angles are listed in Table 1. The solvate
(2-py)2CO and H2O molecules will not be further discussed.

Figure 3. A partially labelled plot of the tetranuclear cluster mole-
cule present in complex 1. Many carbon atoms of the (2-py)2-
C(OH)O– ligands have been omitted for clarity. The intracubane
hydrogen bonds are also shown.

The tetranuclear cluster molecule of 1 has a cubane
[Mn4(µ3-OR)4]4+ core with MnII and oxygen atoms occupy-
ing alternate vertices. Thus, the molecule consists of two
interpenetrating tetrahedra, one of four MnII atoms and
one of four µ3-oxygen atoms originating form the (2-py)2-
C(OH)O– ligands. In addition to three µ3 oxygen atoms,
each MnII atom is coordinated to two N atoms belonging
to two different (2-py)2C(OH)O– ligands and a single anion
to complete an octahedral coordination environment. For
Mn(1) and Mn(4), the anion is a monodentate N(CN)2

–

group bonded through a nitrile nitrogen atom, whereas a
monodentate acetate ligand completes the sixth coordina-
tion position at Mn(2) and Mn(3). Thus, the chromophores
are Mn(1,4)O3N3 and Mn(2,3)O4N2. One octahedral face
of each MnII atom is occupied by the three alkoxide-type
oxygen atoms and the other contains the remaining donor
atoms.

One oxygen atom of each (2-py)2C(OH)O– remains pro-
tonated and unbound to the metal ions. The resultant
monoanion functions as an η1:η3:η1:µ3 ligand (or as a 3.311
ligand using the Harris notation[25]) forming two five-mem-
bered MnNCCO chelating rings with two different metals
(these rings share a common C–O edge) and an alkoxide-
type bond to a third MnII atom (Figure 4). This ligation
mode is common in the coordination chemistry of hydrated
di-2-pyridyl ketone.[14] The large number of ligands in-
volved results in a structure devoid of any point-group sym-
metry elements.[26]

There are two types for Mn–O (alkoxide-type) bonds for
each metal ion: one bond is rather elongated to an average
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Table 1. Selected interatomic distances [Å] and angles [°] for
[Mn4(O2CMe)2{N(CN)2}2{(2-py)2C(OH)O}4]·2(2-py)2CO·4H2O (1).

Mn(1)···Mn(2) 3.274(1) Mn(3)–O(51) 2.137(3)
Mn(1)···Mn(3) 3.432(2) Mn(3)–N(11) 2.223(3)
Mn(1)···Mn(4) 3.447(2) Mn(3)–N(32) 2.271(3)
Mn(2)···Mn(3) 3.385(2) Mn(4)–O(1) 2.308(3)
Mn(2)···Mn(4) 3.455(2) Mn(4)–O(21) 2.170(3)
Mn(3)···Mn(4) 3.310(2) Mn(4)–O(31) 2.186(3)
Mn(1)–O(1) 2.162(3) Mn(4)–N(2) 2.213(4)
Mn(1)–O(11) 2.168(3) Mn(4)–N(21) 2.276(4)
Mn(1)–O(21) 2.324(3) Mn(4)–N(51) 2.171(4)
Mn(1)–N(1) 2.289(4) C(92)–O(41) 1.274(5)
Mn(1)–N(22) 2.198(4) C(92)–O(42) 1.237(5)
Mn(1)–N(41) 2.146(4) C(94)–O(51) 1.269(5)
Mn(2)–O(1) 2.206(3) C(94)–O(52) 1.227(6)
Mn(2)–O(11) 2.251(3) N(43)–C(74) 1.123(8)
Mn(2)–O(31) 2.165(2) N(42)–C(74) 1.294(8)
Mn(2)–O(41) 2.088(3) C(73)–N(42) 1.284(7)
Mn(2)–N(12) 2.240(3) N(41)–C(73) 1.133(6)
Mn(2)–N(31) 2.243(3) C(76)–N(53) 1.115(8)
Mn(3)–O(11) 2.196(3) N(52)–C(76) 1.281(8)
Mn(3)–O(21) 2.180(3) N(52)–C(75) 1.284(6)
Mn(3)–O(31) 2.273(3) C(75)–N(51) 1.135(6)
O(1)–Mn(1)–O(11) 83.3(1) O(31)–Mn(3)–N(11) 100.8(1)
O(1)–Mn(1)–O(21) 78.7(1) O(31)–Mn(3)–N(32) 70.6(1)
O(1)–Mn(1)–N(1) 72.1(1) O(51)–Mn(3)–N(11) 97.9(1)
O(1)–Mn(1)–N(22) 146.2(1) O(51)–Mn(3)–N(32) 91.9(1)
O(1)–Mn(1)–N(41) 111.2(1) N(11)–Mn(3)–N(32) 96.9(1)
O(11)–Mn(1)–O(21) 77.0(1) O(1)–Mn(3)–O(21) 78.9(1)
O(11)–Mn(1)–N(1) 155.2(1) O(1)–Mn(3)–O(31) 75.9(1)
O(11)–Mn(1)–N(22) 106.4(1) O(1)–Mn(4)–N(2) 72.4(1)
O(11)–Mn(1)–N(41) 98.1(1) O(1)–Mn(4)–N(21) 99.9(1)
O(21)–Mn(1)–N(1) 100.9(1) O(1)–Mn(4)–N(51) 164.8(1)
O(21)–Mn(1)–N(22) 72.4(1) O(21)–Mn(4)–O(31) 81.7(1)
O(21)–Mn(1)–N(41) 168.6(1) O(21)–Mn(4)–N(2) 146.3(1)
N(1)–Mn(1)–N(22) 96.2(1) O(21)–Mn(4)–N(21) 72.3(1)
N(1)–Mn(1)–N(41) 87.9(1) O(21)–Mn(4)–N(51) 115.0(1)
N(22)–Mn(1)–N(41) 99.6(1) O(31)–Mn(4)–N(2) 107.4(1)
O(1)–Mn(2)–O(11) 80.4(1) O(31)–Mn(4)–N(21) 154.0(1)
O(1)–Mn(2)–O(31) 78.5(1) O(31)–Mn(4)–N(51) 99.2(1)
O(1)–Mn(2)–O(41) 89.0(1) N(2)–Mn(4)–N(21) 95.3(1)
O(1)–Mn(2)–N(12) 112.4(1) N(2)–Mn(4)–N(51) 95.9(1)
O(1)–Mn(2)–N(31) 150.9(1) N(21)–Mn(4)–N(51) 90.8(1)
O(11)–Mn(2)–O(31) 80.4(1) Mn(1)–O(1)–Mn(2) 97.1(1)
O(11)–Mn(2)–O(41) 154.8(1) Mn(1)–O(1)–Mn(4) 100.9(1)
O(11)–Mn(2)–N(12) 72.5(1) Mn(1)–O(11)–Mn(2) 95.6(1)
O(11)–Mn(2)–N(31) 103.1(1) Mn(1)–O(11)–Mn(3) 103.7(1)
O(31)–Mn(2)–O(41) 120.0(1) Mn(1)–O(21)–Mn(4) 100.1(1)
O(31)–Mn(2)–N(12) 148.0(1) Mn(1)–O(21)–Mn(3) 99.2(1)
O(31)–Mn(2)–N(31) 73.8(1) Mn(2)–O(1)–Mn(4) 99.8(1)
O(41)–Mn(2)–N(12) 91.0(1) Mn(2)–O(11)–Mn(3) 99.1(1)
O(41)–Mn(2)–N(31) 97.3(1) Mn(2)–O(31)–Mn(3) 99.4(1)
N(12)–Mn(2)–N(31) 95.9(1) Mn(2)–O(31)–Mn(4) 105.1(1)
O(11)–Mn(3)–O(21) 79.5(1) Mn(3)–O(21)–Mn(4) 99.1(1)
O(11)–Mn(3)–O(31) 79.3(1) Mn(3)–O(31)–Mn(4) 95.8(1)
O(11)–Mn(3)–O(51) 121.3(1) O(41)–C(92)–O(51) 124.4(4)
O(11)–Mn(3)–N(11) 73.1(1) O(51)–C(94)–O(52) 125.6(4)
O(11)–Mn(3)–N(32) 146.1(1) N(43)–C(74)–N(42) 171.0(8)
O(21)–Mn(3)–O(31) 79.5(1) C(74)–N(42)–C(73) 122.7(6)
O(21)–Mn(3)–O(51) 91.1(1) N(42)–C(73)–N(41) 171.7(6)
O(21)–Mn(3)–N(11) 151.9(1) N(53)–C(76)–N(52) 171.2(7)
O(21)–Mn(3)–N(32) 109.4(1) C(76)–N(52)–C(75) 127.0(5)
O(31)–Mn(3)–O(51) 155.8(1) N(52)–C(75)–N(51) 172.2(6)

distance of 2.289 Å, whereas the two other bonds are
shorter (average distance 2.179 Å). The cube deviates from
the ideal geometry. The internal cube angles (RO–Mn–OR)
at the metal vertices average 79.4°, whereas the comparable
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Figure 4. The crystallographically established coordination modes
of the ligand (2-py)2C(OH)O– present in complexes 1–4 and the
Harris notation[25] which describes these modes (M = MnII, CoII,
NiII).

angles at the alkoxide corners (Mn–OR–Mn) are much
larger averaging 99.6°. The Mn···Mn vectors in the complex
reflect the different Mn–O (alkoxide-type) bond lengths,
with the two Mn(1)···Mn(2) and Mn(3)···Mn(4) [3.274(1)
and 3.310(2), respectively] cube face diagonals being shorter
than the four other face diagonal vectors [3.385(2)–3.455(2)
Å]. The bond distances around the MnII atoms are typical
of those found in octahedrally coordinated high-spin man-
ganese(ii) complexes with O- and N-ligation.[16a,19d,27–29] A
few MnII cubane structures containing [Mn4(µ3-OR4)]4+

cores have been reported previously.[16a,28,29]

[Ni4(O2CMe)2{N(CN)2}2{(2-py)2C(OH)O}4]·10H2O (2)

A partially labelled plot of the tetranuclear molecule
present in compound 2 is shown in Figure 5. Selected in-
teratomic distances and angles are listed in Table 2. Com-
plex 2 crystallises in the triclinic space group P1̄. Its struc-
ture consists of the tetranuclear [Ni4(O2CMe)2{N(CN)2}2-
{(2-py)2C(OH)O}4] moiety and solvate H2O molecules. The
latter will not be further discussed.

Figure 5. Partially labelled representation of the tetranuclear cluster
molecule present in complex 2 emphasising its cubane structure.

The molecular structure of [Ni4(O2CMe)2{N(CN)2}2{(2-
py)2C(OH)O}4] is very similar to that of the tetranuclear
cluster of complex 1. Clearly, the replacement of MnII by
NiII has little structural effect. The [Ni4(µ3-OR)4]4+ core in
2 has almost all the geometric features found in the core of
1, except that three Ni–O (alkoxide-type) distances are real-
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Table 2. Selected interatomic distances [Å] and angles [°] for [Ni4-
(O2CMe)2{N(CN)2}2{(2-py)2C(OH)O}4]·10H2O (2).

Ni(1)···Ni(2) 3.278(2) Ni(3)–O(51) 2.039(4)
Ni(1)···Ni(3) 3.185(1) Ni(3)–N(11) 2.068(4)
Ni(1)···Ni(4) 3.104(1) Ni(3)–N(32) 2.076(5)
Ni(2)···Ni(3) 3.104(1) Ni(4)–O(1) 2.018(3)
Ni(2)···Ni(4) 3.185(2) Ni(4)–O(21) 2.150(3)
Ni(3)···Ni(4) 3.249(2) Ni(4)–O(31) 2.094(3)
Ni(1)–O(1) 2.179(3) Ni(4)–N(2) 2.122(4)
Ni(1)–O(11) 2.094(3) Ni(4)–N(21) 2.019(4)
Ni(1)–O(21) 2.021(3) Ni(4)–N(51) 2.026(5)
Ni(1)–N(1) 2.042(4) C(81)–O(41) 1.264(6)
Ni(1)–N(22) 2.107(4) C(81)–O(42) 1.255(7)
Ni(1)–N(41) 2.041(5) C(91)–O(51) 1.264(7)
Ni(2)–O(1) 2.105(3) C(91)–O(52) 1.252(8)
Ni(2)–O(11) 2.022(3) N(43)–C(94) 1.148(9)
Ni(2)–O(31) 2.167(3) C(94)–N(42) 1.323(10)
Ni(2)–O(41) 2.037(4) N(42)–C(93) 1.309(8)
Ni(2)–N(12) 2.085(4) C(93)–N(41) 1.137(7)
Ni(2)–N(31) 2.057(4) N(53)–C(96) 1.152(13)
Ni(3)–O(11) 2.159(3) C(96)–N(52) 1.304(13)
Ni(3)–O(21) 2.093(3) N(52)–C(95) 1.301(8)
Ni(3)–O(31) 2.028(3) C(95)–N(51) 1.130(7)
O(1)–Ni(1)–O(11) 75.6(1) O(31)–Ni(3)–N(11) 156.5(2)
O(1)–Ni(1)–O(21) 82.0(1) O(31)–Ni(3)–N(32) 78.3(2)
O(1)–Ni(1)–N(1) 77.3(2) O(51)–Ni(3)–N(11) 91.6(2)
O(1)–Ni(1)–N(22) 104.8(1) O(51)–Ni(3)–N(32) 92.4(2)
O(1)–Ni(1)–N(41) 169.3(2) N(11)–Ni(3)–N(32) 96.8(2)
O(11)–Ni(1)–O(21) 81.5(1) O(1)–Ni(4)–O(21) 82.8(1)
O(11)–Ni(1)–N(1) 103.7(2) O(1)–Ni(4)–O(31) 82.2(1)
O(11)–Ni(1)–N(22) 158.3(2) O(1)–Ni(4)–N(2) 77.1(2)
O(11)–Ni(1)–N(41) 95.3(2) O(1)–Ni(4)–N(21) 158.0(2)
O(21)–Ni(1)–N(1) 156.5(2) O(1)–Ni(4)–N(51) 102.9(2)
O(21)–Ni(1)–N(22) 77.2(2) O(21)–Ni(4)–O(31) 76.6(1)
O(21)–Ni(1)–N(41) 102.5(2) O(21)–Ni(4)–N(2) 102.9(1)
N(1)–Ni(1)–N(22) 97.5(2) O(21)–Ni(4)–N(21) 77.9(1)
N(1)–Ni(1)–N(41) 99.2(2) O(21)–Ni(4)–N(51) 169.0 (2)
N(22)–Ni(1)–N(41) 85.7(2) O(31)–Ni(4)–N(2) 159.1(2)
O(1)–Ni(2)–O(11) 78.8(1) O(31)–Ni(4)–N(21) 103.2(2)
O(1)–Ni(2)–O(31) 78.5(1) O(31)–Ni(4)–N(51) 94.7(2)
O(1)–Ni(2)–O(41) 88.7(1) N(2)–Ni(4)–N(21) 97.0(2)
O(1)–Ni(2)–N(12) 156.2(1) N(2)–Ni(4)–N(51) 87.6(2)
O(11)–Ni(2)–N(31) 107.9(2) N(21)–Ni(4)–N(51) 97.9(2)
O(11)–Ni(2)–O(31) 82.3(1) Ni(1)–O(1)–Ni(2) 99.8(1)
O(11)–Ni(2)–O(41) 112.2(1) Ni(1)–O(1)–Ni(4) 95.3(1)
O(11)–Ni(2)–N(12) 78.3(1) Ni(1)–O(11)–Ni(2) 105.6(1)
O(11)–Ni(2)–N(31) 156.1(2) Ni(1)–O(11)–Ni(3) 97.0(1)
O(31)–Ni(2)–O(41) 158.7(1) Ni(1)–O(21)–Ni(3) 101.5(1)
O(31)–Ni(2)–N(12) 104.3(1) Ni(1)–O(21)–Ni(4) 96.1(1)
O(31)–Ni(2)–N(31) 76.9(2) Ni(2)–O(1)–Ni(4) 101.1(1)
O(41)–Ni(2)–N(12) 94.3(2) Ni(2)–O(11)–Ni(3) 95.8(1)
O(41)–Ni(2)–N(31) 91.2(2) Ni(2)–O(31)–Ni(3) 95.4(1)
N(12)–Ni(2)–N(31) 95.6(2) Ni(2)–O(31)–Ni(4) 96.7(1)
O(11)–Ni(3)–O(21) 78.3(1) Ni(3)–O(21)–Ni(4) 99.9(1)
O(11)–Ni(3)–O(31) 82.3(1) Ni(3)–O(31)–Ni(4) 104.0(2)
O(11)–Ni(3)–O(51) 160.1(2) O(41)–C(81)–O(42) 123.0(5)
O(11)–Ni(3)–N(11) 76.6(1) O(51)–C(91)–O(52) 125.1(6)
O(11)–Ni(3)–N(32) 104.8(2) N(43)–C(94)–N(42) 172.4(8)
O(21)–Ni(3)–O(31) 79.3(1) C(94)–N(42)–C(93) 121.7(6)
O(21)–Ni(3)–O(51) 90.0(2) N(42)–C(93)–N(41) 172.0(6)
O(21)–Ni(3)–N(11) 106.3(2) N(53)–C(96)–N(52) 172.3(1)
O(21)–Ni(3)–N(32) 156.7(1) C(96)–N(52)–C(95) 121.7(8)
O(31)–Ni(3)–O(51) 111.5(1) N(52)–C(95)–N(51) 173.2(8)

ised for each metal ion. One bond is short with an average
distance of 2.022 Å, one bond is relatively long with an
average distance of 2.164 Å, while the third bond is of inter-
mediate strength (average Ni–O distance of 2.097 Å). As in
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1, there are two chemically distinct metal sites in 2. Two of
them [Ni(1), Ni(4)] involve monodentate dicyanamides,
while the other two [Ni(2), Ni(3)] are each bound to one
monodentate acetate. The {Ni4O4} cube also deviates from
ideal geometry. The internal cube angles at the metal (OR–
Ni–OR) average 80.0° whereas the analogous angles at the
alkoxide-type corners (Ni–OR–Ni) are much larger averag-
ing 99.0°. The Ni···Ni distances on opposite cubic faces are
very similar, the pairs with the shortest distances being
Ni(1)/Ni(4) and Ni(2)/Ni(3) (both distances are 3.104 Å).
Average Ni–N and Ni–O bond lengths of 2.06 and 2.09 Å,
respectively, lie well within the range of reported values for
the corresponding bond lengths of other tetranuclear cub-
ane NiII clusters.[2e,12b,12d,16a,26,29–31]

Many {Ni4O4} cubanes have been reported previous-
ly.[2e,12b,12d,16a,26,29–31] Several[2e,29,30] have simple µ3-alkox-
ides (CH3O–, C2H5O–, ...) which provide the four oxygen
centres. The first example which we were aware of involves
terminal salicylaldehyde and ethanol ligands.[30a] Since that
date, terminal ligands attached to the [Ni4(µ3-OR)4]4+ core
have included acetylacetonate,[30b] dibenzoylmethan-
ate[30c,30d] and 6-chloro-2-pyridonate.[30e]

[Co4(O2CMe)2{N(CN)2}2{(2-py)2C(OH)O}4]·10H2O(3)

As mentioned in the Experimental Section, the unit-cell
determination along with IR and elemental analysis data
proved that complex 3 is isostructural with 2. A full data
set was therefore not collected for the cobalt(ii) cluster.
Compound 3 is a new member of the family containing
tetranuclear cobalt(ii) cubanes with the [Co4(µ3-OR)4]4+

core.[11b,15c,16a,29,31b,32]

Intracubane Hydrogen Bonding in 1 and 2

There is a large amount of hydrogen bonding in 1 and 2.
We will briefly comment on the intracubane hydrogen
bonds because they reinforce the framework of the
cubes.[28a] Details of these bonds are listed in Table 3. Each
(2-py)2C(OH)O– hydroxyl group is strongly intramolecu-
larly hydrogen bonded to an O atom from an acetate ligand.
A notable feature here is that both uncoordinated and coor-
dinated oxygen atoms of the terminal acetate ligands par-
ticipate in one intracubane hydrogen bond. The intracubane

Table 3. Intracubane hydrogen bonding details for complexes 1 and
2.[a,b]

Complex D-H···A D···A H···A DHA
[Å] [Å] [°]

1 O(2)–H(O2)···O(41)c 2.756(1) 1.999(1) 161.5(1)
O(12)–H(O12)···O(52) 2.704(1) 1.946(1) 177.2(1)
O(22)–H(O22)···O(51)c 2.801(2) 2.044(1) 154.6(1)
O(32)–H(O32)···O(42) 2.842(1) 2.183(1) 167.6(1)

2 O(2)–H(O2)···O(41) 2.821(2) 2.190(1) 163.2(1)
O(12)–H(O12)···O(42) 2.671(1) 1.955(1) 177.0(1)
O(22)–H(O22)···O(51) 2.842(1) 2.168(1) 154.9(1)
O(32)–H(O32)···O(52) 2.695(1) 2.044(1) 170.0(1)

[a] A = acceptor; D = donor. [b] The subscript c denotes a coordi-
nated acetate oxygen.
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hydrogen bonds have the effect of lowering the symmetry
of the [M4(µ3-OR)4]4+ core.

Other (2-py)2C(OH)O–-Based MnII, CoII and NiII

Cubanes

Although several (2-py)C(OH)O–-based, tetranuclear
MnII, CoII and NiII clusters have been reported,[14] only few
have cubane structures in which the four µ3-oxygen atoms
originate from four deprotonated ligands. This group of
compounds currently includes [Co4(O2CMe)4{(2-py)2-
C(OH)O}4],[15c] [Mn4Cl4{(2-py)2C(OH)O}4],[16a] [Mn4-
(O2CMe)3(H2O){(2-py)2C(OH)O}4](ClO4),[16a] [Co4(O2-
CMe)3(H2O){(2-py)2C(OH)O}4](ClO4),[16a] [Ni4(O2CMe)3-
(H2O){(2-py)2C(OH)O}4](ClO4)[16a] as well as 1, 2 and 3.

General Information on the Cubane 3d-Metal Clusters

The arrangement of four metal ions and four bridging
ligands at alternating corners of a cube is a well-pre-
cedented unit in inorganic chemistry.[28d] There is great
interest in the synthesis and study of cubanes featuring the
first-row transition-metals.[30c,31b] Among the most thor-
oughly studied members of this class are {Fe4S4}n+ clusters,
many of which were prepared and characterised as models
for the active site of iron-sulfur proteins.[33] Later, following
the proposal of a cubic arrangement of Mn ions and bridg-
ing ligands for the oxygen evolving centre (OEC) of pho-
tosystem II (PS II),[34] several {Mn4X4}n+ complexes with
bridging oxo, chloro or alkoxo ligands were synthesised as
models for this postulated unit.[35] More recently,[36] crystal-
lographic data for a cyanobacterial PS II complex at 3.5 Å
resolution strongly suggested that the OEC contains a cub-
ane-like {Mn3CaO4} cluster linked to a fourth Mn by a
mono-µ-oxo bridge. However, higher resolution data are re-
quired to investigate whether some of the bridging oxygen
atoms are protonated. It has also been suggested[31b,37] that
these cubanes offer a way to model, and so better under-
stand, the properties of extended networks which are often
based on a cubane repeat unit.

[Co{(2-py)C(OH)O}2]{N(CN)2}·4H2O (4)

A labelled plot of the structure of the mononuclear cat-
ion [Co{(2-py)C(OH)O}2]+ present in complex 4 is shown
in Figure 6. Selected bond lengths, angles and hydrogen
bonding details are listed in Table 4 and Table 5, respec-
tively. The structure consists of the above mentioned mono-
nuclear cation, one disordered N(CN)2

– anion and H2O
solvate molecules; the latter two will not be further dis-
cussed. The CoIII ion sits on a crystallographic inversion
centre.

The geometry of the trans-CoIIIN4O2 chromophore is
nearly octahedral, as would be expected for a CoIII species,
with the (2-py)2C(OH)O– anions adopting the tridentate
chelating coordination mode η1:η1:η1 (or, 1.111 using Har-
ris notation[25]) shown in Figure 4. The angle subtended by
the off-axis coordination of the oxygen atom [O(1)] with the
line normal to the equatorial N4 plane is very small, with a
value of 13.8° The Co–O and Co–N bond lengths agree
well with values expected for low-spin CoIII in octahedral
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Figure 6. Partially labelled ORTEP plot of the mononuclear cation
present in complex 4 with thermal ellipsoids at the 40% probability
level. The primed atoms are related to the nonprimed ones by the
crystallographic inversion centre.

Table 4. Selected bond lengths [Å] and angles [°] for [Co{(2-py)2-
C(OH)O}2]{N(CN)2}·4H2O (4).[a]

Co(1)–O(1) 1.887(2) C(6)–O(1) 1.400(3)
Co(1)–N(1) 1.922(2) C(6)–O(2) 1.376(3)
Co(1)–N(2) 1.915(2)

O(1)–Co(1)–N(1) 82.84(7) N(1)–Co(1)–N(2) 88.69(9)
O(1)–Co(1)–N(2) 83.31(8) N(1)–Co(1)–N(2�) 91.32(9)
O(1)–Co(1)–N(1�) 97.16(7) O(1)–C(6)–O(2) 114.0(2)
O(1)–Co(1)–N(2�) 96.69(8)

[a] Primed atoms are related to the unprimed ones by the symmetry
transformation –x, 1 – y, 1 – z.

Table 5. Hydrogen bonding details for complex [Co{(2-py)2-
C(OH)O}2]{N(CN)2}·4H2O (4).[a,b]

D···A H···A DHA Symmetry operator of
D–H···A

[Å] [Å] [°] A

O(2)–H(2A)···O(3) 2.669(3) 1.854 172.1 x, y – 1, z
O(3)–H(31)···O(1) 2.730(3) 1.927 172.1 –x, –y + 1, –z + 1
O(3)–H(32)···O(4) 2.949(9) 2.136 170.2 x – 1, y + 1, z
O(4)–H(41)···N(11) 2.904(1) 2.062 179.3 –x + 1, –y + 1, –z + 2
O(4)–H(42)···N(15) 2.903(1) 2.089 178.4 –x + 1, –y, –z + 2

[a] A = acceptor; D = donor. [b] Atoms O(3) and O(4) [not shown in
Figure 6] belong to lattice water molecules, while N(11) and N(15) be-
long to the N(CN)2

– counterion. Only the highest occupancy atoms
appear.

environments.[17b] There is a hydrogen bonding network
among the H2O molecules, the N(CN)2

– counterion and
both protonated and deprotonated hydroxyl groups of (2-
py)2C(OH)O– leading to a 2D assembly (Figure 7).

The structure of the cation of 4, as detailed in the short
discussion above and in Table 4, shows remarkable similar-
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Figure 7. A view of the 2D network formed by hydrogen bonding in complex [Co{(2-py)2C(OH)O}2][N(CN)2]·4H2O (4).

ity to the structures of the cations in [Co{(2-py)-
C(OH)O}2](NO3)·2H2O,[38a] [Co{(2-py)C(OH)O}2](ClO4)·
3H2O[38b] and [Co{(2-py)C(OH)O}2](MeO)·MeOH.[38c]

The latter was obtained from a reaction involving the oxi-
dative degradation of bis[di(2-pyridyl)ethyl]amine in the
presence of CoII.

IR Spectra

Complexes 1 and 4 exhibit medium to strong intensity
IR bands at 3419 (1) and 3500 (4) cm–1, and 3329 (1) and
ca. 3440 (4) cm–1, assignable to ν(OH) vibrations for the (2-
py)2C(OH)O– and H2O groups, respectively.[15e] The broad-
ness and relatively low frequencies of these bands are both
indicative of hydrogen bonding. These two modes coincide
at ca. 3450 cm–1 in the spectra of the isostructural com-
pounds 2 and 3.

The spectrum of 1 shows a medium band at 1685 cm–1,
suggesting that a certain amount of the organic ligand is
present in its ketone form.[17e] This mode is situated at the
same wavenumber (1684 cm–1) in the spectrum of free (2-
py)2CO, confirming the nonparticipation of the ketone
group in the coordination in complex 1. The spectra of 2–
4 do not exhibit bands in the region expected for ν(C=O)
absorptions, with the nearest strong IR absorptions at 1602
(2, 3) and 1610 (4) cm–1 which can be assigned as 2-pyridyl
stretching modes raised from 1582 cm–1 on coordination, as
observed earlier[15e,19d] upon complex formation involving
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hydration of di-2-pyridyl ketone. The strong and rather
broad band at 1602 cm–1 in 2 and 3 has νas(CO2) charac-
ter[39] since no other strong band can be observed in the
1600–1515 cm–1 region. The νs(CO2) modes are difficult to
assign due to the presence of 2-pyridyl stretching bands at
1440–1415 cm–1 and, thus, the application of the spectro-
scopic criterion of Deacon and Phillips[39] is extremely diffi-
cult.

The dicyanamide free anion in Na[N(CN)2] shows three
sharp and medium to strong characteristic stretching bands
in the 2290 to 2170 cm–1 region attributable to a νas(C–N)
+ νs(C–N) combination mode (2286 cm–1), νas(C�N)
(2232 cm–1) and νs(C�N) (2179 cm–1).[22d] Monodentate
coordination has been reported to have a minor effect on
these features, whereas the bridging modes of N(CN)2

–

cause a displacement of these bands towards higher fre-
quencies, the effect increasing as one goes from bidentate
to tridentate bonding.[22a] In compounds 1–3 the three
bands occur at 2270–2279, 2210–2231 and 2156–2164 cm–1.
These features are indicative of terminal monodentate coor-
dination and are consistent with the X-ray structures of 1
and 2 where N(CN)2

– was found to coordinate to the metal
ions through one of its cyano nitrogen atoms. The νas(C–
N) + νs(C–N) (2275 cm–1), νas(C�N) (2238 cm–1) and
νs(C�N) (2191 cm–1) vibrations of 4 appear almost at the
same frequencies as the corresponding ones in Na[N-
(CN)2], confirming the ionic nature of dicyanamide in the
CoIII complex. The bands at ca. 1350 and 900–950 cm–1 in
the spectra of 1–4 can be assigned to the νas(C–N) and
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νs(C–N) vibrations, respectively, with a satisfactory degree
of certainty.[22a,22g,22i]

Magnetic Studies

Solid-state dc magnetic-susceptibility measurements were
performed on polycrystalline samples of 1–3 in a 0.1 T field
in the range 2.0–300 K. The χMT vs. T and χM vs. T plots
for 1 are shown in Figure 8. The χMT value is
18.6 cm3 mol–1 K at room temperature, close to the expected
value of 17.5 cm3 mol–1 K for four S = 5/2 uncoupled spins
with g = 2. The χMT value decreases slightly in the 300–
40 K range and then decreases sharply, reaching a value of
1.0 cm3 mol–1 K at 2.0 K, whereas a maximum of
0.649 cm3 mol–1 in the χM vs. T plot is observed at 9 K. The
data suggest that the complex appears to possess intramol-
ecular antiferromagnetic interactions. Inspection of the
molecular structure (Table 1) reveals that the Mn–O–Mn
bond angles in the six faces of the cube are all different.
However, if we divide the six faces into three pairs of oppo-
site faces, each member of a given pair has a similar mean
Mn–O–Mn bond angle with the other member of the same
pair. Thus, the mean Mn–O–Mn bond angles for the faces
Mn(1)O(1)Mn(2)O(11), Mn(3)O(21)Mn(4)O(31), Mn(1)
O(11)Mn(3)O(21), Mn(2)O(1)Mn(4)O(31), Mn(1)O(1)
Mn(4)O(21) and Mn(2)O(11)Mn(3)O(31) are 96.4, 97.5,
101.5, 102.5, 100.5 and 99.3°, respectively. Due to similari-
ties of the mean Mn–O–Mn angles in opposite faces of the
cubane motif, the experimental data were fitted using the
expression derived from the isotropic Heisenberg Hamilto-
nian given by Equation (2). The fit of the scheme shown in
Figure 9 was performed on χMvs. T data by means of the
computer program CLUMAG which uses the irreducible
tensor operator formalism (ITO).[40] The best fit parameters
were J1 = –1.71 cm–1, J2 = –0.81 cm–1, J3 = –0.27 cm–1 and
g = 2.10.

H = –J1(S1S4 + S2S3) – J2(S1S2+ S3S4) – J3(S1S3+ S2S4) (2)

Figure 8. χMT vs. T and χM vs. T plots for complex 1. The solid lines represent the best fit to the data as described in the text.
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Figure 9. Assignments of J values to M···M interactions for the
magnetic model with three coupling constants used for complexs 1
and 2 (M = Mn, Ni).

The J values of 1 are well within the narrow antiferro-
magnetic range (–0.22 to –4.11 cm–1) reported for other
cubane complexes containing the [Mn4(µ3-OR)4]4+

core.[16a,28a,29]

The χMT vs. T and χMvs. T plots for 2 are shown in
Figure 10. The χMT value at 300 K is 5.70 cm3 mol–1 K. As
the temperature is lowered, χMT experiences a very slight
increase, reaching a maximum value of 5.79 cm3 mol–1 K at
50 K followed by a much sharper decline at lower tempera-
tures down to 0.84 cm3 mol–1 K at 2 K. On lowering the
temperature, χM increases without a maximum to a value
of 0.42 cm3 mol–1 at 2 K. The overall behaviour of 2 seems
to have a ferromagnetic component. The structural parame-
ters of 2 strongly suggest a lower symmetry than Td for the
molecule. As in compound 1, if we divide the faces of the
cube into three pairs of opposite faces, each face of a given
pair has a similar mean Ni–O–Ni bond angle with the other
member of the same pair. Thus, the mean Ni–O–Ni bond
angles for the faces Ni(1)O(1)Ni(2)O(11), Ni(3)O21)Ni(4)
O(31), Ni(1)O(11)Ni(3)O(21), Ni(2)O(1)Ni(4(O31), Ni(2)
O(11)Ni(3)O(31) and Ni(1)O(1)Ni(4)O(21) are 102.7, 102.0,
99.3, 98.9, 95.6 and 95.7°, respectively. Again, as in 1, the
experimental data were fit using the expression derived
from the isotropic Heisenberg Hamiltonian given by Equa-
tion (2). The fit on the scheme of Figure 9 was performed
on χMT vs. T data by means of the computer program
CLUMAG.[40] The best fit parameters were J1 = 8.63 cm–1,
J2 = –4.43 cm–1, J3 = –0.53 cm–1 and g = 2.10.
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Figure 10. χMT vs. T and χM vs. T plots for complex 2. The solid
line represents the best theoretical fit of the data (see text for de-
tails).

It should be stressed at this point that the most important
parameter in the magnetostructural correlation of tetranu-
clear nickel(ii) complexes possessing the [Ni4(µ3-OR)4]4+

cubane core has been reported[2e,26,29,30c,31a,41] to be the
average Ni–O–Ni angle of a cubane face. A ferromagnetic
exchange interaction can be observed for Ni–O–Ni angles
lower than 99° and the J value increases as the angle de-
creases. On the other hand, Ni–O–Ni angles in the vicinity
of, and larger than, 99° lead to an antiferromagnetic inter-
action and the |J| value increases as the angle increases. Ac-
cordingly, a linear correlation between J and the Ni–O–Ni
angle has been reported.[30c] The differences in sign and in
absolute values among the J1, J2 and J3 superexchange in-
teractions are in good agreement with the three different
types of faces present in the cubane core of 2 and support
the 3-J model used which takes into account the reduced
symmetry of the core observed in the X-ray structure of
the complex. In 2, the average Ni–O–Ni angles in the three
different sets of faces are 102.4, 99.1 and 95.7°. Thus, the
ferromagnetic coupling J1 = 8.63 cm–1 should be associated

Table 6. J [cm–1] as a function of the mean Ni–O–Ni angles [°] for selected [Ni4(µ3-OR)4]4+-type cubanes the magnetic interpretation of
which necessitated the employment of 3-J models.[a]

Complex[b] mean Ni–O–Ni J Ref.

[Ni4(µ3-OH)2(pypentO)(O2CMe)2(pym)(NCS)2(H2O] 89.9 15.0 [26]

92.9 6.7
100.5 –3.1

[Ni4(µ3-OMe)2(LH)2(O2CMe)2(MeOH)2] 95.9 8.0 [31a]

97.9 0.9
99.0 –3.9

[Ni4(µ3-OMe)4(LSe)2(MeOH)2(MeCN)2] 96.2 5.5 [2e]

97.2 1.0
101.3 –4.1

[Ni4(O2CMe)2{N(CN)2}2{(2-py)2C(OH)O}4] 95.7 8.6 this work
99.1 –0.5

102.4 –4.4

[a] The 3-J models employed are not necessarily the same. [b] LH = the dianion of a Schiff base ligand derived from the [1+2] condensation
of 2,6-diformyl-4-methylphenol and 6-amino-2,4-di-tert-butylphenol. LSe = the dianion of 2,2�-selenobis(4,6-di-tert-butylphenol). Pym =
the monoanion of 2-pyridylmethanol. PypentO = the monoanion of 1,5-bis[(2-pyridylmethyl)amino]pentan-3-ol.
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with the faces [Ni(2)O(11)Ni(3)O(31), Ni(1)O(1)Ni(4)-
O(21)] characterised by the mean angle of 95.7°. The J2

value of –4.43 cm–1 can be assigned to the faces [Ni(1)O(1)-
Ni(2)O(11), Ni(3)O(21)Ni(4)O(31)] with the mean angle of
102.4°, while the very weak antiferromagnetic coupling J3

= –0.53 cm–1 should be assigned to the remaining two faces
with the mean angle of 99.1°. The variable-temperature
magnetic susceptibilities for most cubane NiII complexes
have been interpreted on the basis of 1-J or 2-J mod-
els.[16a,29,30c,31b] Since the magnetic properties of only few
[Ni4(µ3-OR)4]4+ cubanes have necessitated a 3-J interpret-
ation, Table 6 conveniently summarises some recent mem-
bers of this small family.

The χMT vs. T plot for 3 is shown in Figure 11. The tetra-
nuclear cluster exhibits a χMT value of 11.85 cm3 mol–1 K at
300 K which is higher than the spin-only value expected
(7.5 cm3 mol–1 K) for four uncoupled CoII centres in the 4T1

ground state (S = 3/2) with g = 2. One reason for this is that
the orbital degeneracy of this state is not quenched and,
consequently, there is a significant orbital contribution to
the magnetic moment.[31b] As the temperature is lowered,
χMT slightly increases to reach a broad maximum of
12.35 cm3 mol–1 K at 45 K, then decreases reaching a local
minimum at about 25 K and below this temperature it
sharply increases to a maximum value of 13.67 cm3 mol–1 K
at 6 K, before dropping sharply to 11.58 cm3 mol–1 K at
2 K. χM increases continuously upon cooling from a value
of 0.0395 cm3 mol–1 at room temperature to a value of
5.79 cm3 mol–1 at 2 K. The overall behaviour of 3 indicates
a moderately weak ferromagnetic interaction. The shape of
the χMT vs. T plot is probably due to the mixing of phe-
nomena such as the ferromagnetic interaction with the de-
population of the S = 3/2 spin levels due to zero-field split-
ting. The uncommon shape of the χMT vs. T plot is quite
reproducible and was confirmed by measurements on dif-
ferent samples (microcrystalline powder, ground crystals,
different batches). Analysis of the coupling constants for a
high-spin rhombic cobalt(ii) tetramer is not possible by me-
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ans of an effective Hamiltonian based on four S = 3/2 spins
due to the large anisotropy of this ion.[19c,19d,29] Thus, se-
veral measurements were performed in order to characterise
the ground state and the sign of the dominant interactions.
To rule out any kind of long-range ordering phenomena,
ac susceptibility measurements were performed. No out-of-
phase response was obtained and dc susceptibility data
were also collected under variable external fields (0.3, 0.1
and 0.02 T). The measurements revealed that the low tem-
perature χMT values are field independent indicating a
strictly molecular response. Magnetisation experiments
show an increase of magnetisation at low fields (M is 6 in
Nβ units at 1 T), reaching an Nβ value of 8.3 under the
maximum external field of 5 T and clearly indicating a fer-
romagnetic interaction. Finally, the EPR spectrum of 3 at
4 K shows the typical transition between the ± 2 ms levels
at low fields (g = 15.5).

Figure 11. χMT (open circles) vs. T and χM (open squares) vs. T
plot for complex 3.

Based on the above data, the ground state of compound
3 can be adequately described as an effective, largely aniso-
tropic, S� = 2 system, obtained from the ferromagnetic
coupling of the four low-temperature local spins of the four
CoII (S = ½) ions. Complex 3 joins a handful of ferromag-
netically coupled tetranuclear complexes consisting of a cu-
bane [Co4(µ3-OR)4]4+ core.[11b,15c,16a,29,42]

Conclusion and Perspectives

The first use of the dicyanamido ligand in manganese(ii),
cobalt(ii) and nickel(ii) acetate chemistry of (2-py)2C(OH)-
O–, i.e. the study of the coordination chemistry of the (2-
py)2C(OH)O–/MeCO2

–/N(CN)2
– “ternary ligand blend”

has provided access to three new neutral cubane clusters
and one mononuclear CoIII complex. The three {M4(OR)4}
cubes described are valuable additions to the chemistry of
tetranuclear MnII, CoII and NiII clusters. With the charac-
terisation of 1–3, the cubane geometry known for the 3d-
metal/RCO2

–/(2-py)2C(OH)O– systems can now be consid-
ered a feature of 3d-metal/RCO2

–/pseudohalide/(2-py)2-
C(OH)O– chemistry as well. Complexes 1–3 contain low-
symmetry cubane cores with different M···M distances and
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M–O–M angles, resulting in three types of {M2O2} faces.
The lower symmetry of the cubanes has necessitated the use
of three discrete exchange parameters for the interpretation
of the magnetic properties of 1 and 2, a fact which is rare
in the magnetochemical literature of 3d-metal cubanes. For
NiII, it has recently been emphasised by Chaudhuri, Wiegh-
ardt and coworkers[31a] that other structural parameters
such as Ni···Ni and Ni···O distances may be important in
the magnetostructural correlation for the low-symmetry
[Ni4(µ3-OR)4]4+ cubane core. Thus, more such distorted cu-
bane-type NiII complexes are needed to resolve this open
question.

Analogues of compounds 1–3 with other pseudohalides,
e.g. N3

– and NCO–, are not known, at least to date, and it
is currently not evident whether the preparation and sta-
bility of these MnII, CoII and NiII cubanes are dependent
on the particular nature of the pseudohalide ligand. Work
is in progress to clarify this matter. The dicyanamido and/
or acetate terminal ligands present in 1–3 could have future
utility as sites for facile incorporation of other monodentate
ligands by metathesis or as a means of accessing higher-
nuclearity cationic species by using bis(monodentate) bridg-
ing aromatic heterocycles. Finally, since the intended bridg-
ing behaviour of N(CN)2

– has not been achieved in 1–3, we
are intensively continuing our synthetic efforts to realise the
bridging (µ2-µ5) potential of N(CN)2

– in the 3d-metal car-
boxylate/di-2-pyridyl ketone chemistry.

Experimental Section
Materials and Physical Measurements:All manipulations were per-
formed under aerobic conditions using reagents and solvents
(Merck, Aldrich) as received. Elemental analyses (C,H,N) were per-
formed by the University of Ioannina (Greece) Microanalytical
Service using an EA 108 Carlo–Erba analyser. IR spectra (400–
450 cm–1) were recorded in KBr pellets on Nicolet 520 and Perkin–
Elmer PC 16 FTIR spectrometers. Magnetic susceptibility mea-
surements under magnetic fields of approximately 0.1 T in the
range 2–300 K and magnetisation measurements (only for complex
3) in the field range of 1–5 T were performed with a Quantum
Design MPMS-XL SQUID magnetometer at the Magnetochemis-
try Service of the University of Barcelona. All measurements were
performed on polycrystalline samples. Pascal’s constants were used
to estimate the diamagnetic corrections which were subtracted from
the experimental susceptibilities to give the corrected molar mag-
netic susceptibilities. EPR spectra were recorded on a Bruker
ES200 spectrometer at X-band frequency.

[Mn4(O2CMe)2{N(CN)2}2{(2-py)2C(OH)O}4]·2(2-py)2CO·4H2O
(1): A solution of (2-py)2CO (0.099 g, 0.54 mmol) in MeOH (5 mL)
was added to a stirred pale yellow aqueous solution (25 mL) of
Mn(O2CMe)2·4H2O (0.270 g, 1.10 mmol) and Na[N(CN)2]
(0.049 g, 0.55 mmol). The resultant yellow solution was stirred for
about 10 min and was then allowed to slowly become more concen-
trated by evaporation at room temperature for a period of 10 days.
Well-formed yellow crystals appeared which were collected by fil-
tration, washed with MeOH (5 mL), Et2O (3 mL) and dried in air.
Yield (based on di-2-pyridyl ketone): 0.085 g (55%).
C74H66Mn4N18O18 (1715.21): calcd. C 51.8, H 3.9, N 14.7; found
C 53.3, H 3.8, N 14.6. IR data (KBR pellet): ν̃ = 3419 (s), 3329 (s,
broad), 3070 (w), 2926 (w), 2270 (m), 2210 (m), 2156 (s), 1685 (m),



S. P. Perlepes, R. Vicente et al.FULL PAPER
1635 (w), 1600 (s), 1583 (s), 1474 (m), 1435 (m), 1386 (m), 1346
(m), 1320 (m), 1295 (w), 1247 (w), 1222 (m), 1155 (w), 1111 (m),
1080 (s), 1056 (s), 1016 (m), 995 (w), 946 (m), 908 (w), 828 (w), 804
(w), 781 (m), 751 (m), 694 (w), 678 (m), 663 (w), 652 (w), 638 (w),
616 (w), 589 (w), 524 (w), 484 (w), 453 (w) cm–1.

[Ni4(O2CMe)2{N(CN)2}2{(2-py)2C(OH)O}4]·10H2O (2): This com-
plex was prepared in a manner completely similar to complex 1 but
using Ni(O2CMe)2·4H2O (0.269 g, 1.08 mmol) in place of
Mn(O2CMe)2·4H2O. Green crystals of the product were isolated.
Yield (based on di-2-pyridyl ketone): 0.099 g (50%).
C52H62Ni4N14O22 (1470.00): calcd. C 42.5, H 4.3, N 13.3; found C
42.4, H 4.3, N 13.4. IR data (KBr pellet): ν̃ = 3448 (s, broad), 2859
(w), 2279 (m), 2231 (m), 2164 (s), 1602 (s), 1511 (w), 1472 (m),
1438 (m), 1418 (m), 1338 (m), 1292 (w), 1260 (w), 1223 (m), 1157
(w), 1123 (m), 1086 (s), 1062 (m), 1048 (m), 1023 (m), 952 (w), 904
(w), 804 (w), 775 (m), 764 (m), 683 (m), 658 (m), 642 (m), 595 (w),
520 (m), 479 (w) cm–1.

[Co4(O2CMe)2{N(CN)2}2{(2-py)2C(OH)O}4]·10H2O (3): A solution
of (2-py)2CO (0.099 g, 0.54 mmol) in MeOH (4 mL) was added to
a stirred pink aqueous solution (20 mL) of Co(O2CMe)2·4H2O
(0.269 g, 1.08 mmol) and Na[N(CN)2] (0.049 g, 0.55 mmol). The
resultant red solution was allowed to slowly concentrate at room
temperature for a period of 2 days only. X-ray quality reddish-pink
crystals formed which were collected by filtration, washed with cold
MeOH (3 mL), Et2O (3 mL) and dried in air. Yield (based on di-
2-pyridyl ketone): 0.069 g (35%). C52H62Co4N14O22 (1471.00):
calcd. C 42.5, H 4.3, N 13.3; found C 42.6, H 4.2, N 13.3. IR data

Table 7. Crystal data and structure refinements for [Mn4(O2CMe)2{N(CN)2}2{(2-py)2C(OH)O}4]·2(2-py)2CO·4H2O (1), [Ni4(O2CMe)2-
{N(CN)2}2{(2-py)2C(OH)O}4]·10H2O (2) and [Co{(2-py)2C(OH)O}2]{N(CN)2}·4H2O (4).

1 2 4

Empirical formula C74H66Mn4N18O18 C52H62Ni4N14O22 C24H26CoN7O8

Mol. mass 1715.21 1470.00 599.45
Colour and habit yellow prisms green prisms reddish-pink prisms
Crystal size [mm] 0.15×0.30×0.50 0.10×0.25×0.45 0.15×0.16×0.18
Crystal system triclinic triclinic triclinic
Space group P1̄ P1̄ P1̄
a [Å] 18.00(1) 13.316(8) 8.148(4)
b [Å] 15.409(9) 19.31(1) 8.866(3)
c [Å] 14.913(9) 13.186(7) 10.316(3)
α [°] 86.26(2) 96.17(2) 70.23(2)
β [°] 66.89(2) 111.65(2) 71.84(3)
γ [°] 85.93(2) 98.35(2) 76.20(3)
V [Å3] 3791(4) 3070(3) 658.9(4)
Z 2 2 1
ρcalcd. [Mgm–3] 1.503 1.590 1.511
T [°C] 25 25 20
λ (Mo-Kα) [Å] 0.71073 0.71073 0.71069
µ [mm–1] 0.734 1.297 0.713
F (000) 1760 1520 306
2θmax [°] 47.0 47.5 53.0
Index ranges –20 � h � 18 0 � h � 15 –9 � h � 9

–17 � k � 17 –21 � k � 21 –11 � k � 10
–16 � l � 0 –14 � l � 13 –12 � l � 12

No. of reflections collected 11718 9816 2978
No. of indep. refls./Rint 11213/0.0414 9330/0.0280 2645/0.033
Data with I � 2σ(I) 9082 7009 2465
Parameters refined 1239 977 191
[∆/σ]max 0.001 0.068 0.005
GOF (on F2) 1.123 1.083 1.051
R1

[a] 0.0492 0.0463 0.0383
wR2

[b] 0.1246 0.1130 0.1046
Residuals [eÅ–3] 0.938/-0.422 0.756/-0.420 0.48/-0.56

[a] R1 = Σ(|Fo| – |Fc|)/Σ(|Fo|). [b] wR2 = {Σw[(Fo
2 – Fc

2)2]/Σ[w(Fo
2)2]}1/2.
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(KBr pellet): ν̃ = 3448 (s, broad), 2858 (w), 2279 (m), 2223 (m),
2162 (s), 1602 (s), 1511 (m), 1472 (m), 1436 (m), 1352 (m), 1338
(m), 1292 (w), 1260 (w), 1218 (m), 1157 (w), 1115 (m), 1093 (s),
1065 (m), 1045 (m), 1027 (m), 991 (m), 952 (w), 904 (w), 804 (w),
793 (m), 774 (m), 762 (m), 686 (m), 658 (m), 642 (m), 595 (w), 520
(m), 479 (w) cm–1. In an attempt to obtain a second crop of the
reddish-pink crystals of 3 (and thus to increase the yield), the fil-
trate obtained after separation of 3 was again allowed to slowly
become more concentrated at room temperature. A gradual colour
change to orange occurred over the course of 2–3 days. After se-
veral days reddish-pink and orange crystals were formed. They
were carefully collected by filtration and rinsed with a small
amount of cold MeOH. The two products were readily separable
manually and the reddish-pink and orange crystals proved to be 3
and [CoIII{(2-py)2C(OH)O}2]{N(CN)2}·4H2O (4), respectively, by
IR spectroscopy (3) and crystallography (4).

[Co{(2-py)2C(OH)O}2]{N(CN)2}·4H2O (4): A solution of Co-
(O2CMe)2·4H2O (0.112 g, 0.45 mmol) in H2O (30 mL) was slowly
added to a stirred solution of (2-py)2CO (0.184 g, 1.00 mmol) in a
mixture of MeOH and H2O (30 mL, 1:3 v/v). The pink solution
obtained was stirred while an aqueous solution (5 mL) of
Na[N(CN)2] (0.049 g, 0.50 mmol) was added. The resultant pink
solution was stirred overnight under reflux and during this time a
noticeable colour change to orange occurred. Slow concentration
of this solution at room temperature gave orange crystals suitable
for crystallography. When precipitation was judged to be complete,
the crystals were collected by filtration, washed with cold MeOH
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(1 mL), Et2O (2×3 mL) and dried in air. Yields (based on Co) as
high as 0.19 g (� 70%) were obtained. C24H26CoN7O8 (599.46):
calcd. C 48.1, H 4.4, N 16.4; found C 47.4, H 4.2, N 16.2. IR data
(KBr pellet): ν̃ = 3500 (s, broad), 3442 (m, broad), 3120 (w), 2821
(w), 2275 (m), 2238 (s), 2191 (m), 1642 (sh), 1610 (m), 1470 (sh),
1454 (m), 1390 (w), 1343 (w), 1312 (s), 1249 (s), 1233 (m), 1170
(m), 1029 (s), 950 (w), 903 (w), 824 (m), 762 (s), 699 (m), 683 (m),
573 (m), 525 (w), 494 (w), 479 (w), 455 (w) cm–1.

X-ray Crystallographic Studies: Crystals of 1 and 2 were mounted
in capillaries filled with drops of mother liquor while a crystal of
4 was mounted on a glass fibre. Diffraction measurements for 1
and 2 were made on a Crystal Logic Dual Goniometer dif-
fractometer using graphite-monochromated Mo-Kα radiation. Data
for 4 were collected on a modified STOE 4-circle diffractometer
also with graphite-monochromated Mo-Kα radiation. Complete
crystal data and parameters for data collection and refinements are
listed in Table 7. Unit-cell dimensions were determined and refined
using the angular settings of 25 (for 1 and 2) or 36 (for 4) automati-
cally centred reflections in the ranges 11 � 2θ � 23° (for 1 and 2)
or 10 � 2θ � 15° (for 4). Three standard reflections monitored
every 97 (for 1 and 2) or 100 (for 4) reflections showed less than
3% variation and no decay. For 1 and 2, Lorentz, polarisation and
Ψ-scan absorption corrections were applied using the Crystal Logic
software package whereas for 4 the data were processed without an
absorption correction. The structures were solved by direct meth-
ods using SHELXS-86[43a] and refined by full-matrix least-squares
techniques on F2 with SHELXL-93[43b] or using the SHELXTL/
PC program package[43c] (for 4). For all three structures the ordered
non-hydrogen atoms were refined anisotropically. In the case of 4,
disordered lattice water molecules containing O(4) and O(5) were
refined anisotropically with split occupancies of 0.60(2) and
0.40(2), respectively. Further isotropic displacement parameters,
split occupancies of 0.50 and geometrical constraints were applied
to N(11), C(12), N(13), C(14) and N(15) of the disordered dicyana-
mide anion. For 1 and 2, all hydrogen atoms [except those of the
acetate ligands which were introduced in calculated positions as
riding on their parent carbon atoms] were located from difference
maps and refined isotropically. No hydrogen atoms of the solvate
molecules were introduced in the refinements. In the case of 4, hy-
drogen atoms of water molecules were fixed in positions located
from difference maps. The remaining hydrogen atoms were intro-
duced in calculated positions as riding on their parent atoms. Unit-
cell determination (at 25 °C) proved that complex 3 is isostructural
with 2. The unit-cell dimensions of 3 are: a = 13.54, b = 19.13, c
= 13.16 Å, α = 95.21, β = 111.09, γ = 98.07°, V = 3110 Å3.

CCDC-246277 (for 1), 246278 (for 2) and 246279 (for 4) 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.
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