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Exploration of the middle ground between simple molec-
ular species and infinite arrays has led to the discovery of
novel, nanoscale materials in the field of molecular magnet-
ism. Single Molecule Magnets (SMM)[1] offer the possibility of
information storage at the molecular level, and have provided
the first examples in which novel phenomena such as
quantum-mechanical tunneling of magnetization can be
observed.[2] It is now understood that a large spin ground
state (S) and a negative axial anisotropy (D) are a prereq-
uisite.

However, there is a perceived need to develop synthetic
approaches to larger, more complex molecules to establish
further the relationship between structure and molecular
properties. By utilizing simple organic ligands, such as
carboxylates, it has been possible to isolate clusters containing
up to 24 transition metal ions.[3] The use of more complex
ligands such as polycarboxylates[4] or polyalcohols,[5] has been
more limited. Polydentate ligands should produce new cluster
topologies by virtue of their coordinative flexibility.

We have chosen to investigate the proligand citric acid
(HOC(CO2H)(CH2CO2H)2; H4cit) which has been little
employed in cluster synthesis; only two high nuclearity
(N� 6) transition metal citrate complexes are structurally
characterized.[6] Nevertheless, we have found that citrate
displays a rich solution chemistry with NiII units and herein
report our first success in isolation of two new citrate clusters
containing seven and an unprecedented 21 NiII ions, respec-
tively.

The reaction of NiII with citrate in basic aqueous solution in
the presence of Na� and NMe4

� ions, followed by the addition
of ethanol as cosolvent gives the {Ni7} cluster 1 (see
Experimental Section). The high solubility of such species in
aqueous solution makes crystallization by slow evaporation
difficult, as previously noted.[6a] We have addressed this
problem by adjusting solvent polarity to effect crystallization,
thus removing the need for crystallization from highly
concentrated, and often viscous solutions. The single crystal
X-ray structure of 1 (Figure 1) shows a cluster containing two
{Ni3} trimers related by a pseudo two-fold axis passing through
the central Ni (Ni4).[7] The coordination sites at the nickel
centers are occupied by the oxygen atoms from the six citrate
ligands, apart from a site on both Ni3 and Ni5, which is filled

(6); MS (ESI�): m/z (relative intensity): 873.5 (10) [M�H�], 813.5 (100)
[M�H�ÿCH3COOH]. MS (DCI/NH3

�): m/z : (relative intensity) 873 (2)
[M�H�], 816 (6), 815 (20), 814 (52), 813 (100) [M�H�ÿCH3COOH], 812
(4); 1H NMR (400.13 MHz, CDCl3, for clarity, the signals of the porphyrin
moiety are described first, and then those of the artemisinin fragment): d�
10.23, 10.17, 10.14, 10.07, 10.05, 10.01, 9.96, 9.90, 9.82 (9� s, 3H, meso-H),
8.29, 8.24, 8.18, 8.16, 8.05, 8.07 (6�m, 2 H, Hc), 6.39, 6.30, 6.31, 6.20, 6.16,
5.94 (4 H, Ha and Hb), 4.37 (m, 4H, H2C-C13' and H2C-C17'), 3.75 ± 3.57
(18 H, H3C-C2', H3C-C7', H3C-C12', H3C-C18', and COOCH3), 3.25 (m,
4H, H2CCOOCH3), ÿ2.79 (2 H, NH), 5.45 and 5.15 (2�m, 2�H, H2C4),
2.07, 1.77, 1.56 (H2C5), 1.11 and 0.58 (H5a), 1.28 (m, 1 H, H6), 0.92 (d, 3H,
3J� 6 Hz, H3C-C6), 1.98 and 1.51 (H2C7), 1.93 and 0.98 (H2C8), 2.06 (H8a),
3.21 (m, 1 H, H9), 1.22 (d, 3H, 3J� 7 Hz, H3C-C9), 5.60 (s, 1 H, H12), 1.59 (s,
3H, H3CCOO-C12), 1.53 (HO-C12a).

Analytical HPLC conditions: column: C8 on Lichrosorb 10 mm (Inter-
chrom, France); eluent A: 0.1 vol% aqueous trifluoracetic acid, eluent B:
CH3CN; gradient program: linear from 40% to 70% of eluent B for
50 min, then linear from 70% to 100 % of B for the following 15 min,
1 mL minÿ1; products were detected at l� 420 nm to follow the modifica-
tions of the porphyrin chromophore. To monitor the reaction, aliquots
(50 mL) were evaporated to dryness, dissolved in a mixture (1 mL, 1:1, v/v)
of acetonitrile and aqueous trifluoroacetic acid (0.1 vol%), and analyzed
(injected volume: 100 mL). After 20 ± 30 min of reaction time, the
conversion of starting hemin (retention time� 26.6 min) was 85 ± 90%.
Two broad peaks of modified hemin derivatives were detected (retention
time� 32.3, 33.1 min, respectively; ESI-MS: m/z : 926.5 [M�] for this
mixture and for each of the two broad peaks recovered after semi-
preparative HPLC.
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Figure 1. The molecular structure of 1, H atoms have been omitted for
clarity (Ni� black sphere; O� gray sphere; C� rods). Bond length
ranges [�; average esd 0.003 �] NiÿO: 1.981 ± 2.059 (citrate Oÿ), 1.998 ±
2.258 (citrate CO2

ÿ); bond angle ranges [8 ; average esd 0.18]: cis at Ni
71.0 ± 104.3, trans at Ni 161.4 ± 178.1.

by a water molecule. Geometric constraints imposed by the
citrate ligands lead to a distorted octahedral nickel coordina-
tion environment. The three independent citrate ligands are
tetradeprotonated, each utilizing all four binding groups,
bridging two (e.g. Ni1 and Ni2), three (e.g. Ni1, Ni2, and Ni3),
and five (e.g. Ni1, Ni3, Ni4, Ni5, and Ni7) metal centers. The
Na� and NMe4

� ions in the lattice provide charge balance of
the decanionic cluster.

[Ni7(cit)6(H2O)2]Na5(NMe4)5 1

The magnetic properties of 1 are interesting: a plot of cT
versus T reveals an overall weak ferromagnetic coupling
within the {Ni7} cluster (Figure 2; the spin Hamiltonian is given

Figure 2. Temperature dependence of cT for 1. The solid line represents a
model using the two different parameters JA and JB as follows: JA� J12�
J13� J34� J45� J56� J67 and JB� J23� J57. Inset shows the field dependence
of the magnetization at 1.8 K.

in Equation (1)).[8] Curie ± Weiss behavior is observed above
100 K with a Weiss constant q� 21.8 K. We attempted to
model the data using the simplest possible coupling scheme.
Using only one J parameter is clearly inadequate, and two
exchange parameters are required to model the data satisfac-
torily yielding values of JA� 10 and JB�ÿ4.5 cmÿ1 with g�
2.2 (see Figure 2).[9] The signs of JA and JB can be correlated
with the Ni-OÃ -Ni bridging angles; the bridging angle for the
interaction JB is 1198 while the remaining angles correspond-

ing to JA are all less than 1028, consistent with antiferro- and
ferromagnetic exchange, respectively.[10] The magnitude of the
exchange parameters is consistent with that observed for
other polynuclear oxo-bridged NiII complexes.[10b] Further-
more, the model shows good agreement to low temperature
without the inclusion of anisotropy, suggesting that any zero-
field splitting effects are small.

h �ÿ 2JA(SÃ1SÃ2 �SÃ1SÃ3 �SÃ3SÃ4� SÃ4SÃ5� SÃ5SÃ6 �SÃ6SÃ7)ÿ 2JB(SÃ2SÃ3� SÃ5SÃ7) (1)

The spin ground state is confirmed as S� 7 by magnet-
ization measurements at 1.8 K in fields up to 5 T; the
magnetization is not saturated at 5 T giving a value of
M/NmB� 14.2 (calculated 15.4 for S� 7 and g� 2.2). The
simple model used above shows a small exchange splitting of
around 1 K between the S� 7 energy level and the lowest
lying S� 6 level. Therefore, at 1.8 K the available thermal
energy is significant compared with the exchange splitting and
the ground state is not energetically isolated. No out of phase
alternating current (ac) signal is observed between 1.8 and
10 K; although 1 has a large spin ground state it possesses
nonaxial symmetry, which is not ideal for the observation of
SMM properties.

We have found that it is possible to selectively crystallize a
further cluster from the reaction mixture by adjusting the
amount of cosolvent. Using less ethanol, 1 appears sufficiently
soluble to prevent its crystallization, permitting isolation of
pure samples of 2. Single crystal X-ray analysis (Figure 3)

Figure 3. The structure of 2 (polyhedral representation) the H atoms have
been omitted for clarity (Ni�black spheres; O� gray spheres; C� rods).
Bond length ranges [�; average esd 0.003 �] NiÿO: 1.969 ± 2.128 (citrate
Oÿ), 1.997 ± 2.210 (citrate CO2

ÿ). Bond angle ranges [8 ; average esd 0.18]:
cis at Ni 76.1 ± 106.1, trans at Ni 158.65 ± 180.0.

reveals an unusual complex containing 21 NiII ions; the
molecule possesses a center of symmetry at the Ni8 position.[7]

Nickel ions have been assigned as NiII centers and the
10 bridging oxygen atoms as hydroxides (calculated valence
1.09 ± 1.13), on the basis of bond valence sum analysis.[11] The
central {Ni7(m3-OH)6} core possesses a hexagonal close-
packed layer structure as found for Ni(OH)2. This is similar
to the {Fe7(m3-OH)6} core seen in {Fe17} and {Fe19} clusters[4a]

and portions of a {Co24} cluster.[3a] Four of the six edges of the
{Ni7(m3-OH)6} core are bridged by citrate carboxylate groups;
additional ligand binding sites permit cluster growth outside
the core. As constraints imposed by the ligands begin to
dictate the structure the Ni(OH)2 lattice is no longer
preserved leading to the unusual structure in Figure 3. Five
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different ligand binding modes are seen with four of these
previously unobserved in nickel citrate chemistry.

[Ni21(cit)12(OH)10(H2O)10]Na8(NMe4)8 2

A preliminary investigation of the magnetic properties of 2
has been performed; a plot of cT versus T reveals a dominant
antiferromagnetic interaction within the cluster (Figure 4).

Figure 4. Temperature dependence of cT for 2. Inset shows the field
dependence of the magnetization at 1.8 K.

Curie ± Weiss behavior is observed above 100 K with a Weiss
constant q�ÿ24.2 K. Below 100 K the shape of the curve
implies a complicated energy-level scheme although the size
of the cluster prevents modeling of the data. The exact nature
of the spin ground state is difficult to obtain; the value of cT at
1.8 K suggests a spin ground state of around S� 3, whereas
magnetization data at 1.8 K in a field of 5 T suggest that Ms

levels of higher spin states are populated (Figure 4 inset).
The chemistry of citrate with NiII units in basic aqueous

solution appears both fascinating and highly complicated.
This study represents only a small reaction parameter space
and, by careful modification of the crystallization process, has
already yielded two new complexes displaying different
structural and completely different magnetic properties. The
ligand cit4ÿ shows a binding flexibility towards NiII centers,
displaying seven different coordination modes across the two
complexes, bridging up to five metal centers.

Neither of the clusters isolated exhibits SMM properties;
even in 1 where a large spin ground state is present the cluster
symmetry is nonaxial, reducing the possibility of observing
SMM behavior. Nonetheless, it is entirely possible that further
clusters are present in such solutions with their formation and
crystallization governed by a number of variables. We are
currently widening this study in the hope of understanding the
factors that dictate the cluster assembly process.

Experimental Section

Addition of an aqueous solution (15 mL) of NaOH (3.520 g, 88.0 mmol) to
an aqueous solution (25 mL) of NiSO4 ´ 6 H2O (10.907 g, 41.5 mmol) gave a
pale green precipitate, which was collected by filtration and washed with
distilled water (3� 100 mL). Dissolution of this solid in an aqueous solution
(20 mL) of citric acid monohydrate (7.985 g, 38.0 mmol) gave a solution of
pH 2.94. The pH was raised to 9.20 by the addition of NMe4OH ´ 5H2O
(12.50 g, 69.0 mmol) and the aqueous solution concentrated to a volume of

35 mL. Aliquots of this solution were taken, mixed with EtOH, and kept in
sealed sample tubes (the volumes of EtOH given below permit isolation of
pure samples of either 1 or 2). After one week, well-formed rod-like
crystals of 1 could be isolated from solutions of composition: aqueous
solution (0.4 mL) and EtOH (either 0.9, 1.0, or 1.1 mL). The crystals were
dried under vacuum. Yield per 0.4 mL: 30 mg (17 % based on Ni);
elemental analysis calcd (%) for C56H148N5Na5Ni7O74 (1 ´ 30 H2O): C 25.85,
H 5.73, N 2.69; found: C 25.84, H 5.54, N 2.65. After one month, rhomboid
crystals of 2 could be isolated from solutions of composition: aqueous
solution (0.4 mL) and EtOH (either 0.7 or 0.8 mL). The crystals were dried
under vacuum. Yield per 0.4 mL: 10 mg (3 % based on Ni); elemental
analysis calcd (%) for C108H250N8Na8Ni21O138 (2 ´ 32H2O ´ 2EtOH): C 24.54,
H 4.77, N 2.12; found: C 24.43, H 4.83, N 2.24.
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13.3224(10), b� 14.5053(11), c� 32.328(2) �, a� 78.118(9), b�
87.006(9), g� 70.951(8)8, V� 5777.8(8) �3, Z� 2, 1calcd� 1.578 gcmÿ3,
T� 153(2) K, 2.058< q< 25.908 ; F(000)� 2884. Refinement by full-
matrix least-squares methods gave final R1(Fo)� 0.0478, wR2(F 2

o��
0.1340 for 15 974 reflections with I> 2s(I) and 1061 parameters; R1�
0.0639 (all data); max./min. residual electron density 1.193/
ÿ0.922 e�ÿ3. Crystal data for 2 : Crystal dimensions 0.45� 0.40�
0.30 mm; C128H396N6Na2Ni21O200, Mr� 6499.40; triclinic, space group
P1Å, a� 19.2254(14), b� 19.5486(14), c� 20.8916(16) �, a� 67.350(8),
b� 79.186(9), g� 64.164(8)8, V� 6497.5(8) �3, Z� 1, 1calcd�
1.661 g cmÿ3, T� 153(2) K, 2.058< q< 25.908 ; F(000)� 3416. Refine-
ment by full-matrix least-squares methods gave final R1(Fo)� 0.0546,
wR2(F 2

o�� 0.1499 for 23 446 reflections with I> 2s(I) and 1053
parameters; R1� 0.0810 (all data); max./min. residual electron
density 1.101/ÿ 1.276 e�ÿ3. Intensity data were collected on a Stoe
Image Plate Diffraction system using graphite-monochromated MoKa

radiation (l� 0.71073 �). Image plate distance 70 mm, f oscillation
scans 0 ± 2008, step Df� 18, 2q range 3.27 ± 52.18, dmax-dmin� 12.45 ±
0.81 �. Structures were solved by direct methods using the pro-
gramme SHELXS-97. The refinement and all further calculations
were carried out using SHELXL-97. The hydrogen atoms were
included in calculated positions and treated as riding atoms using
SHELXL-97 default parameters. The non-hydrogen atoms were
refined anisotropically, using weighted full-matrix least-squares on
F 2. For 1, because of a large amount of disordered solvent it was
impossible to locate correctly entire molecules of ethanol. Hence, it
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Ceramide is a biologically relevant sphingolipid, which is
intracellularly generated by either the breakdown of glyco-
sphingolipids, the hydrolysis of sphingomyelin (sphingomye-
lin pathway), or the de novo biosynthesis (Scheme 1).[1]

Despite the general acceptance of ceramide as a key second
messenger, some aspects of ceramide-mediated signal trans-
duction are controversial. The selective inhibition of the
different enzymes involved in the biosynthesis and metabo-
lism of ceramide can help solve such discrepancies and to
better understand the precise role of ceramide in cell biology.
This fact has led to the discovery of several inhibitors of these
enzymes.[1±3]

The de novo biosynthetic pathway of ceramide (Scheme 1)
is initiated with the condensation of palmitoyl CoA with
serine to give 3-ketosphinganine, which is transformed into
dihydroceramide upon reduction and acylation. The last step
involves the introduction of the C4ÿC5 trans double bond into

C13H27

OH

NH

OH

C15H31

C13H27

OH

NH

OH

C15H31

O

O

C13H27

OH

NH2

C13H27

OH

NH2

O

OH

Dihydrosphingosine

Serine palmitoyltransferase

Ceramide

PalmitoylCoA

3-Ketosphinganine

Acyl CoA : dihydrosphingosine
N-acyltransferase

Dihydroceramide desaturase

3-Ketosphinganine reductase

Dihydroceramide

Scheme 1. De novo biosynthesis of ceramide.

dihydroceramide to give ceramide. This reaction is catalyzed
by dihydroceramide desaturase, for which no inhibitor has
been reported previously.[4]

Although little information is available about dihydrocer-
amide desaturase,[5±10] it appears to be similar to the better
known fatty acyl desaturases. After early reports on the
activity of sterculic acid (9,10-methyleneoctadec-9-enoic acid)
as a potent inhibitor of the D9 stearoyl-CoA desaturase,[11] the
inhibitory effect of cyclopropene fatty acids on different acyl-
CoA desaturases has been the subject of several publica-
tions.[12] Although the mechanism of inhibition is still con-
troversial,[12] it is well established that a) sterculic acid inhibits
the D9 desaturation of different aliphatic acids, regardless of
the chain length;[13] b) among several synthetic cyclopropene
fatty acids, only those compounds with the ring at C9 and/or
C10 are effective inhibitors of the D9 desaturase;[14] and c) a
structural analogue of sterculic acid with an exocyclic double
bond does not inhibit the desaturation of stearic to oleic
acid.[15]

In light of these reports, the cyclopropene-containing
ceramide erythro-1 was designed as a putative inhibitor of
dihydroceramide desaturation. We describe herein the syn-
thesis of cyclopropene ceramide analogue erythro-1, as well as
inhibition experiments that show that erythro-1 is a potent
inhibitor of dihydroceramide desaturase.

was assumed that there were 39.5 water molecules present in all, which
filled the space available for solvent. For both 1 and 2 it was not
possible to locate all cations because of the large amount of disordered
solvent present. Charge balance requires a total of ten cations for 1
and sixteen for 2 ; the relative proportions of missing Na� and NMe4

�

have been assigned on the basis of microanalysis results. Crystallo-
graphic data (excluding structure factors) for the structures reported
in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-155973
(1) and -155972 (2). Copies of the data can be obtained free of charge
on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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