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Self-Assembly of the Octanuclear Cluster [Cug(OH),o(NH,(CH,),CH,),,]°"
and the One-Dimensional N-Propylcarbamate-Linked Coordination Polymer
{[Cu(O,CNH(CH,),CH;)(NH,(CH;),CH;);](C10)},**

Fabienne Bramsen,'” Andrew D. Bond,'®! Christine J. McKenzie,**! Rita G. Hazell,™
Boujemaa Moubaraki,'! and Keith S. Murray!*

Abstract: The reaction of Cu(ClO,),6-
H,O and n-propylamine in methanol
gives two high-nuclearity products of
well-defined compositions. At amine
concentrations greater than seven
equivalents compared to copper ion
concentration, the system fixes carbon
dioxide from air to form the one-di-

the self-assembly of an octanuclear
copper-amine-hydroxide cluster
[Cug(OH)o(NH,(CH,),CH;),,]**  (2).
Both compounds exhibit unique struc-
tures: {1-ClO,}, is the first p,-O,0'-
mono-N-alkylcarbamate-linked coordi-
nation polymer and 2 is the largest
copper-hydroxide-monodentate amine

cluster identified to date. The crystal
structures indicate that the size of the
n-propyl group is probably crucial for
directing the formation of these com-
pounds. Magnetic susceptibility studies
indicate very weak antiferromagnetic
coupling for 1. The octanuclear cluster
2 displays slightly stronger net antifer-

mensional carbamate-bridged coordi-
nation polymer, {[Cu(w,-0,0'-
0,CNH(CH,),CH,)(NH,(CH,),CH,)}-
(C10,)}, ({1-ClOy4},). Lower relative
amine concentrations lead to
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Introduction

In their seminal work of over half a century ago, the Danish
chemist Bjerrum and his co-workers described in some
detail the aqueous complexation chemistry of Cu** with
simple alkyl amines and ammonia.'! Using predominantly
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romagnetic coupling, despite the pres-
ence of a number of Cu-O(H)-Cu
angles below the value of about 97°
that would normally be expected to
yield ferromagnetic coupling.

magnetic

solution spectroscopic techniques, Bjerrum and co-workers
identified the dinuclear diol species [Cu,(OH),(am-
(m)ine),]** at low amine concentrations and the mononu-
clear species [Cu(am(m)ine)s]** and [Cu(am(m)ine),(OH)]*
at higher amine concentrations. Between these extremes of
concentration, the more familiar [Cu(am(m)ine),** and
[Cu(am(m)ine),(H,0),]** are probably also present.”! Sur-
prisingly, there is a relative paucity of solid-state data for
these simple ammonia and mono-N-alkylamine (aquo/hy-
droxo) complexes. One plausible explanation for this is a
difficulty associated with the preparation of single-phase
crystalline products; in many cases, mixtures are isolated
that contain very closely related compounds, indistinguish-
able by sight and routine solid-state spectroscopy. In the
course of other research, we have had reason to revisit the
chemistry of simple copper—-amine systems under predomi-
nantly nonaqueous conditions and have been surprised to
discover chemistry somewhat more complex than that de-
scribed for the aqueous environment. We report here the
formation and isolation of two quite unexpected products
generated from simple mixtures of Cu(ClO,),6H,0 and n-
propylamine in methanol. At high amine concentrations, the
system fixes carbon dioxide from air to form the one-dimen-
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sional (1D) N-propylcarbamate-bridged coordination poly-
mer, {[Cu(u,-0,0’-O,CNH(CH,),CH;)(NH,(CH,),CH;);]-
(C10,)}, ({1-ClOy},), while lower amine concentrations lead
to the self-assembly of an octanuclear copper-amine-hydrox-
ide cluster [Cug(OH),o(NH,(CH,),CH;),,]°* (2).

Results and Discussion

Preparation and characterization of {1-ClO,},: Reaction of
Cu(ClO,),'6H,0 with 1-20 equivalents of n-propylamine in
dry methanol under air gives blue precipitates of variable
composition (indicated by powder X-ray diffraction
(PXRD) and elemental analyses; the products are effective-
ly indistinguishable by IR spectroscopy). When this reaction
is performed with 20 or more equivalents of amine, howev-
er, PXRD analysis of the product suggests the presence of
only a single phase. Evaporation of this reaction mixture
over four days yielded thin, fragile crystals that were shown
by single-crystal X-ray diffraction to be the perchlorate salt
of the 1D coordination polymer, catena(n-propylcarbama-
to)tripropylaminecopper(m),  {[Cu(p,-O,0’-O,CNH(CH,),-
CH;)(NH,(CH,),CH;);](ClO,)}, ({1-C10,},).") The homoge-
neity of the bulk product was confirmed by comparison of
its PXRD profile with that simulated from the crystal struc-
ture of {1-ClO,},. Identical reaction mixtures under an N, at-
mosphere yield only the tetra-primary amine copper(1)
complex, Cu(NH,(CH,),CH,),(ClO,), (3-(Cl0,),),*! demon-
strating that atmospheric CO, is required for carboxylation
of the primary amine.

The crystal structure of {1-ClO,}, contains 1D polymeric
chains of copper(i) ions linked by CH;CH,CH,NHCO,"
groups in a syn-anti p,-O,0’ coordination mode (Figure 1a).
The perchlorate counteranions adopt positions between the
polymeric chains, accepting hydrogen bonds from the N—H
groups of the coordinated n-propylamine ligands (Fig-
ure 1b). Each counteranion is surrounded by a set of eight
NH, groups from two adjacent polymers at the vertices of a
monoclinic prism with (N--N) dimensions about 2.9x4.9x
6.5 A (Figure 1c). The anions display orientational disorder
within this N—H donor-rich environment. The polymer {1-
ClO,}, is of some chemical interest since to the best of our
knowledge it is the first example of a carbamate-bridged co-
ordination polymer in which the carbamate moiety is de-
rived from a primary amine (i.e. one H atom remains bound
to N). Structurally characterised coordination complexes
with mono-N-alkylated carbamates are rare in general,””! the
vast majority containing di-N-alkylated carbamate moiet-
ies.® Amongst the dialkylated carbamates, there is only one
example of a polymeric complex, namely {[Ag(us-O,0'-
0O,CN(CH;),)]},,, containing N,N’-dimethylcarbamate in a ;-
bridging mode."

The formation of carbamate-bridged metal complexes via
fixing of CO, is well known in biology: metalloenzymes
such as dinickel(u) urease,'” dizinc phosphotriesterase!'!]
and dihydropyrimidinases™® contain dinuclear sites in which
metal(11) ions are bridged by carboxylated lysine, formed by
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Figure 1. a) Section of the carbamate-bridged polymer in {1-ClO,}, (H
atoms bound to C omitted). The Cul--Cul’ distance within the polymer
is 4.867(2) A. The O atoms of the carbamate occupy one axial coordina-
tion site (O1) and one equatorial coordination site (O2) on each square-
pyramidal Cu centre; b) view of the structure approximately along the di-
rection of polymer propagation (the crystallographic a axis) showing dis-
ordered perchlorate anions sited between polymer chains; c) the environ-
ment of one perchlorate anion illustrated by the monoclinic prism de-
scribed in the text. The solid and dashed lines illustrate two orientations
modelled for the perchlorate moiety.

fixing of CO,. In synthetic metal-containing systems, fixing
of CO, is relatively common for secondary amines,”®! but
rather more rare for primary amines. Two examples have
been reported recently: carboxylation of propylenediamine
by CO, has been shown to occur in the presence of Fe',
Al"™ and Ga™ complexes of the dinucleating ligand hpdta®~
(hpdta =2-hydroxypropane-1,3-diamine-N,N,N',N'-tetraace-

tate), and a calixarene-encapsulated di-uranyl site has been
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shown to trap CO,-carboxylated n-butylamine.”! The car-
boxylation of n-propylamine in 1 differs from these exam-
ples in two respects. Firstly, the existing literature cases!” in-
volve strongly Lewis acidic and oxophilic M™ and M"! cat-
ions. Secondly, the formation of 1 proceeds in the absence
of any pre-organising dinucleating or macrocylic ligand. The
presence of borderline soft metal(1) ions in the present case
is more closely comparable to the dimetal sites (Ni, Zn) in
metalloenzymes, although the degree to which the formation
of the carbamate bridging group is metal-assisted has not
yet been established in either the chemical or biological en-
vironments.

Preparation and characterization of 2-(ClO4)2H,0: From
a methanol solution of Cu(ClO,),-6H,0 and n-propylamine
in 1:6 proportions under air, the cluster 2 crystallises repro-
ducibly as a hydrated perchlorate salt 2-(ClO,)s2H,0. The
structure of the octanuclear cation core (Figure2 and
Table 1), elucidated by single-crystal X-ray diffraction,!"
comprises a trinuclear—dinuclear—trinuclear stack topology
that approximates a distorted face-sharing double cubane
flanked with “wings” on two opposing cube vertices. The
[Cug(OH),o(NH,(CH,),CH5;),,]** cluster is close to centro-
symmetric, although its environment in the solid state is not
so. Each of the Cu atoms adopt tetragonally distorted octa-
hedral coordination geometries typical of Cu®*. In the cen-
tral dinuclear unit, [Cu,(OH),(NH,(CH,),CH,),], both axial
sites of Cu4 and Cu5 are occupied by O atoms of trinuclear
units, [Cuy(OH),(NH,(CH,),CHj;),]. For the central atoms in
each trinuclear unit, Cu2 and Cu7, one axial coordination
site is occupied by an O atom of a dinuclear unit, and the
second is occupied at a somewhat greater distance by an O
atom of a lattice water molecule. For the outer Cu atoms of
the trinuclear units, two (Cu3 and Cu8) have both axial sites
occupied by O atoms of perchlorate anions, whereas two
(Cul and Cu6) have one axial site occupied by the O atom

Table 1. Selected bond lengths [A] and angles [°] for 2-(ClO,)¢2H,0
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Figure 2. Octanuclear cluster in the crystal structure of 2-(ClO,)s2H,0,
showing the complete coordination environments of the Cu atoms. O100
and O101 are lattice water molecules. H atoms and two non-coordinated
perchlorate moieties (containing CI2 and Cl5) are omitted for clarity.
Primed atoms are related to unprimed atoms by the symmetry operation:
x,1.54y,0.5+z.

of a perchlorate anion and one occupied by a lattice water
molecule. The lattice water molecule O100 might be consid-
ered to provide a loose p,-bridge between Cul and Cu2.
The two perchlorate anions (containing CI1 and Cl4) sand-
wiched between the trinuclear units “push apart” the Cu
atoms so that the double cubane arrangement is significantly
elongated at the Cul-+O6 and Cu6--O5 edges. Indeed, the
perchlorate moieties clearly occupy the axial coordination
sites of Cul and Cu6, so that the cubane edges might be
considered to lie in a “second coordination sphere”. On ac-

count of poor crystal quality,

the precision of the structure is

relatively low so that the de-

rived bond distances and angles

Cul-01 1.88(2) Cu5-02 2.61(2) Cul-0O1-Cu2 93.8(9) '
Cul-02 1.94(3) Cu5-05 1.96(2) Cul-02-Cu2 92.1(11) cannot support conclusively the
Cul-06 3.82(2) Cu5-06 1.94(2) Cu2-03-Cu3 98.7(11)  assignment of hydroxide
Cu2-01 1.94(2) Cu5-07 2.64(2) Cu2-04-Cu3 980(11)  bridges rather than oxo or
Cu2-02 1.93(2) Cu6-05 3.68(2) Cu4-05-Cu5 99709) L oier bridees. However. charge
Cu2-03 1.86(2) Cu6-07 1.96(2) Cu4-06-Cu5 100.4(9) '8CS. » charg
Cu2-04 1.94(2) Cu6-08 1.91(2) Cu6-O7-Cu7 95.6(10) balance within the structure ne-
Cu2-05 2.24(2) Cu7-06 2.28(2) Cu6-08-Cu7 97.5(11) cessitates that any oxo bridge
Cu3—03 196(2) Cu7-07 192(2) Cu7-09-Cu8 988(12) Would require the presence Of
Cu3-04 1.90(2 Cu7-08 1.92(2 Cu7-010-Cu8 98.8(11 . 3 .
Cud—01 2558 CuT—09 1928 D an accompanying Cu’* cation,
Cud—05 1.97(2) Cu7-010 1.96(2) whereas any water bridge
Cud—06 1.97(2) Cu8—09 1.95(3) would require the presence of
Cud—08 2.61(2) Cus—010 1.90(2) Cu', both cases being unlikely.
The characterisation of 2 is
Cul—0100%! 3.17(4) Cu6—0101 3.22(5) C .
Cul-O1A 276(2) Cu6-04D 279(1) significant in several respects.
Cu2-0100 3.02(4) Cu7-0100 3.66(4) 1) It is by some margin the
Cu3—04A 2.62(2) Cu8-O1B 3.08(3) largest Cu-am(m)ine-(hydr)ox-
Cu3-03B 3.11(2) Cu8-06D 2.64(2) ide cluster containing monoden-
[a] Symmetry code: x, 1.5+, 0.54z. tate amine ligands that has
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been identified to date. A surprisingly small number of
these simple compounds are present in the Cambridge
Structural Database. Two tetranuclear species exist:
{[Cuz(OH)z(NH2C6H11)4](CIO4)2}2[14] and {[Cuy(OH),-
(NH,CH,),]SO,-H,0},.% In both cases, the authors describe
these systems as dinuclear, although further Cu--O contacts
of 2.61 A and 2.40 A in the two cases, respectively, suggest
that a tetranuclear description is more appropriate. Three
genuine dinuclear species are also found: in two of
these, [Cu,(OH),(CsH;N;),](ClO,)," and [Cu,(OH),-
(C4HN,),](C10,),2H,0," perchlorate anions provide an
additional bridge across the two Cu atoms, whereas in the
third, [Cuy(OH),(C,HsN;),](F5CSO;),-2 (C,HN,),M triflate
anions are bound to each Cu atom in a fifth coordination
site. 2) The wing-tipped double cubane arrangement of 2
represents a new topology for multinuclear copper-(hy-
dr)oxo clusters. The most closely related existing copper-hy-
droxide species with nuclearities higher than four are the
heptanuclear vertex-sharing double cubane found in {[Cus-
(bipym);(OH,)(p1-OH),[,Cu}(NO3)!"”!  (bipym =2,2"-bipyri-
midine),  [Cu,(OH),Cl(pn)s(H,0),](C(CN);),CL,*  and
{[Cus(HpzBu),(us-C1)(u3-OH);],Cu}(CH* (pn=1,3-diami-
nopropane; HpztBu=tert-butyl-1-pyrazolyl), and the other
is the octanuclear ring-shaped molecule [Cug(dmpz)s-
(OH);]* (dmpz=3,5-dimethylpyrazol), in which dmpz-
ligands bridge between copper atoms. Several heterometallic
Cu-lanthanide-hydroxide species have also been described,
each based on a cuboctahedron of 12 Cu’* ions, bridged by
24 OH groups in a ps-bridging mode: [Cu;,Lag(OH),s-
(NO;3)»n(MeLH)3(H,0)s** (MeLH = 6-methyl-2-hydroxypyr-
idine) includes La** ions capping the eight triangular faces
of the Cuy, cuboctahedron,™ and [Cu,Lng(OH),,(ClO,)-
(pyb)12(H,0)45]"* (pyb=pyridine betaine, Ln=Gd, Y or
Nd) includes Ln*" ions capping the six square faces of the
Cu,, cuboctahedron.” We have found no homometallic
copper-hydroxide cluster with nuclearity higher than four in
the absence of auxillary multidentate ligands. 3) Compound
2 does not contain multidentate ligands, and its formation
requires the self-assembly of at least 30 discrete components
(12 n-propylamine, 10 hydroxide, 8 Cu** cations, plus coun-
ter anions™), itself a record for copper-(hydr)oxo clusters.
4) Finally, and perhaps most remarkably, the formation of 2
is reproducible and quite controllable.

Controlled isolation of {1-C10,}, and 2-(Cl0,)¢2H,0: Semi-
quantitative PXRD analyses were performed for the prod-
ucts of the reactions with Cu®*:n-propylamine ratios in the
range 1-20 (Figure 3).”°! As mentioned previously, a pure
phase of {1-ClO,}, may be obtained at Cu**:n-propylamine
ratios of 1:20 and higher. At amine concentrations between
6 and 20 equivalents, the products are a mixture of {1-C10,},
and 2-(ClO,)¢2H,0. A pure phase of 2-(ClO,),2H,0 is ob-
tained with a Cu?*:n-propylamine ratio of 1:6. Reducing the
amine concentration below this level leads to increasing pre-
cipitation of amorphous Cu(OH),. The PXRD analyses
reveal a relatively narrow window of composition available
for production of a pure phase of 2-(ClO,)s2H,0; increas-
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Figure 3. Relative proportions of the carbamate polymer {1-ClO,}, and
octanuclear cluster 2-(ClO,)¢2H,0 as a function of n-propylamine con-
centration, determined from semi-quantitative PXRD analyses of the
bulk solids obtained from the reaction mixtures (see Supporting Informa-
tion). Error bars are shown at a fixed estimate of +10% and the solid
lines are sketched to provide a guide to the eye. Mixtures of 2-
(ClO,)s2H,0 and amorphous Cu(OH), are obtained below six equiva-
lents of n-propylamine.

ing the Cu’":n-propylamine ratio from 1:6 to 1:7 leads to
formation of about 90 % of the carbamate {1-CI1O,},,.

The controlled isolation of 2-(ClO,)¢2H,0O is perhaps
somewhat surprising given the vast number of possible prod-
ucts that might be envisaged from combining primary rn-al-
kylamines and hydroxide ions with Cu?' in multinuclear
clusters. Indeed, this complexity is likely to be one contribu-
tor to the paucity of pure phases of simple copper (hydrox-
ide) amines that was alluded to previously. One approach
often employed to impart some degree of synthetic control
in such systems is the incorporation of multidentate chelat-
ing ligands that cap and thereby block uncontrolled forma-
tion of polymeric metal (hydr)oxides. In the formation of 2,
the key factor appears to be something different. Inspection
of the gross crystal structure highlights one notable feature:
interactions between the charged and hydrophobic regions
of the clusters are segregated (Figure 4). The clusters them-
selves lie in columns running along the crystallographic ¢
axis, with the trinuclear and dinuclear moieties of the clus-
ters lying in the perpendicular planes (110) and (220). The
perchlorate anions also lie exclusively in these planes, so
that the charged regions of the structure form a channel-
type (4%) network that appears square in projection along
the channel direction. The water molecules included within
the lattice lie close to the charged regions (loosely coordi-
nated to Cu atoms and also hydrogen-bonded to each other
and to the perchlorate moieties) so that the channels are oc-
cupied exclusively by the hydrophobic n-propyl chains.
Clearly, the dimensions of the n-propyl chain are significant:
shorter alkyl chains would leave voids within such a struc-
ture, whereas longer chains would disrupt the network
formed by the clusters and the perchlorate moieties. This
suggests that the thermodynamic stability associated with
the crystal lattice controls the formation and crystallisation
of 2-(ClO,)s2H,0, and that the stabilisation of 2 is specific
to n-propylamine ligands. It is possible that systematic ex-
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Figure 4. Projection of the crystal structure of 2-(ClO,),2H,O along the
¢ direction (approximately along the stacking direction of the double
cubane units), highlighting segregation of the interactions between the
charged components and the hydrophobic n-propyl chains (H atoms
omitted for clarity). The charged components form a (4*) square network
in the (110) and (220) planes and the n-propyl chains lie in channels be-
tween them.

ploitation of other n-alkyl amines and metal hydr(oxo) sys-
tems may provide an elegant means to the controlled forma-
tion of other novel multinuclear clusters, although our at-
tempts to prepare characterisable analogues of 2 using other
n-alkylamines have been unsuccessful to date.

Magnetic properties of 1 and 2: The O atoms of the bridging
carbamate groups in {1-ClO,}, occupy one axial coordina-
tion site (O1) and one equatorial coordination site (O2) on
each square-pyramidal Cu centre; thus, they interact with
orthogonal d orbitals on adjacent Cu" ions in the 1D chain
(Figure 1a). This arrangement has been predicted to provide
a ferromagnetic superexchange pathway,”” and intrachain
ferromagnetic coupling has indeed been observed previously
in the structurally similar carbonate-bridged polymer {[Cu-
(u-0,0’-CO;)(4-aminopyridine),]H,0},.”*! Magnetic meas-
urements for {1-ClO,},, however, indicate only very weak
antiferromagnetic interactions (see Supporting Information).
The magnetic moment per Cu remains constant at 1.85 g
between 300 and 25K, then decreases to reach 1.57 py at
2 K. The intrachain Cu--Cu distance in 1 is large (ca. 4.9 A)
and the four-bond superexchange pathway of the —O—C—
O-— bridge is probably too long for significant magnetic cou-
pling. Alternatively, it is possible that the weak antiferro-
magnetic interaction could also be inter-chain in its origin
and that this may conceal any weaker intra-chain ferromag-
netism.

The magnetic moment of the octanuclear cluster 2 per
Cug decreases gradually from 4.49 py (x7=2.52 cm*mol ™' K)
at 300 K to reach 2.75 pug at 2 K with the moment still de-
creasing rapidly (Figure 5). This is indicative of net antifer-
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Figure 5. A plot of p.; per Cug versus temperature for 2-(Cl10,),2H,O in
a field of 1 T. The solid line is not calculated, but provides a guide to the
eye.

romagnetic coupling. There is no field dependence in p; at
all temperatures for H=20, 100, 1000 and 10000 Oe thus
ruling out any long-range effects or field dependent Zeeman
mixing of levels.”! Eight uncoupled S=1/, Cu" centres
would lead to p.;=4.89 pz (g=2.0) at 300 K and thus the
coupling is weak. There is no levelling off in the magnetic
moment (or ¥7) at low temperatures which would indicate
an isolated coupled ground state. This is also borne out in
the magnetisation versus field data (at 2, 3, 4, 5.5, 10 and
20 K) which show a linear dependence of M at 20 K and
gradual curvature at temperatures down to 2 K, without sat-
uration being achieved in the highest field of 5 T (Figure 6).
The M value of 2.38 Nyg in the 5T field at 2 K is possibly
indicative of an S=1 ground state. The magnetisation data
are generally in agreement with weak antiferromagnetic
coupling, probably with low lying S levels being close in
energy. From the structural details of the bridging interac-
tions (Figure 2 and Table 1), the full exchange calculations
would require a 256 matrix. This could conceivably be re-
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Figure 6. Plots of magnetisation per Cug vs. applied field for 2-
(ClO,)s2H,0. The solid lines provide a guide to the eye.
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duced to a four-/ model assuming, for instance, J,=Jy;=
Ja=Js=Ja; J3=Js=Jp; Ju=Jos=Jyy=J57=J; Jys=Jp with
all other Js equal to zero. These assumptions are limited,
however. Past experience with Cu,(OH), dimers,”” for ex-
ample, suggests that the dihedral angles of about 40° and
30° formed across the O1-+-O2 and O7--O8 edges, respec-
tively, will lead to different (less negative) J values com-
pared to the almost planar Cu—O(H)—Cu pathways across
0304 and 09--010. The Cu—O(H)—Cu bond angles—
available only to limited precision from the crystal structure
of 2-(ClO,)¢2H,0—vary from 92.1(11)° to 100.4(9)°, close
to the angle of about 97.5° expected for changeover from
antiferromagnetic to ferromagnetic coupling in planar dihy-
droxo-bridged systems.’”) Out-of-plane pathways such as J
will also play some part. Full treatment of such a complex
problem would require numerical analyses using irreducible
tensor operator methods®'! or density functional theory/
broken symmetry techniques;®” we have not undertaken
these studies to date.

Conclusions

The results described here demonstrate that “simple” reac-
tions of Cu?* with monodentate amines can lead to a multi-
tude of feasible products, including not only the well-known
binary compounds and dimeric diols reported 50 years ago
by Bjerrum and co-workers, but also higher-nuclearity hy-
droxo-bridged clusters, and products derived from fixing of
CO, (i.e. carbamates and carbonates). The composition pro-
files obtained via PXRD analyses indicate that the composi-
tion window available for isolating products such as 2-
(ClO,)s2H,0 can be extremely narrow. Given this observa-
tion, together with the more or less identical colours of the
Cu:amine complexes and lack of salient spectroscopic signa-
tures, it is not surprising that these more complex multinu-
clear structures have not been discovered earlier. It might
reasonably be concluded that related species can potentially
be formed for most copper-am(m)ine systems, and that
these have rarely been recognised.

Experimental Section

Synthetic procedure: Caution: while we have not experienced any difficul-
ties, perchlorate salts of metallo-organic complexes are potentially explo-
sive and should be handled with care in small quantities.

{{Cu(0,CNH(CH,),CH;)(NH,(CH,),CH;);](C10,)},, {1-(Cl0y)},: With
vigorous stirring, n-propylamine (4.6 mL, 55.9 mmol) was added dropwise
to Cu(ClO,),,6H,O (1.034 g, 2.79 mmol) dissolved in methanol (10 mL)
in an open flask until the pH reached about 11.3 to give a dark blue so-
lution. On standing in the open flask at room temperature blue needles
suitable for single-crystal X-ray diffraction appeared over several days.
On evaporation to dryness, the homogeneity of the bulk sample was con-
firmed by powder X-ray diffraction (PXRD) analysis. Elemental analysis
caled (%) for {1-ClO,},, C;3H;5CICuN,O¢: C35.30, H7.97, N12.67; found:
C34.59,H7.75, N12.13.

[Cug(OH),(NH,(CH,),CH;),,1(C10,)s2H,0, 2-(C10,)s2H,0: With vigo-
rous stirring, n-propylamine (1.5 mL, 18.6 mmol) was added dropwise to
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Cu(Cl0,4),-6H,0 (1.150 g, 3.1 mmol) dissolved in methanol (10 mL) in an
open flask until the pH reached about 9.9-10 to give a dark blue solution.
On standing in the open flask at room temperature, violet-tinged plates
suitable for single-crystal X-ray diffraction appeared over several days.
On evaporation to dryness, the homogeneity of the bulk sample was con-
firmed by PXRD analysis. Elemental analysis caled (%) for 2-
(Cl0,)s2H,0, Ci6H,,CliCugN,05: C21.40, H6.08, N8.32; found:
C21.68, H5.88, N8.22.

[Cu(NH,(CH,),CH;),1(C10,),, 3-(Cl0,),: With vigorous stirring under
N,, n-propylamine (4.6 mL, 55.9 mmol) was added dropwise to Cu-
(Cl10,),.6H,0O (1.034 g, 2.79 mmol) dissolved in methanol (10 mL) until
the pH reached about 11.3 to give a dark blue solution. On standing at
room temperature, violet crystals of 3-(ClO,), appeared over several
days. On evaporation to dryness, the homogeneity of the bulk sample
was confirmed by PXRD analysis. Elemental analysis calcd (%) for 3-
(Cl0y),, C;,H3CLCuN,Og: C28.89, H7.27, N11.23; found: C28.04,
H7.04, N10.67.

Magnetic measurements: These were made using a Quantum Design
MPMS 5 Squid magnetometer, in a field of 1T, with the sample (ca.
20 mg) contained in gel capsule fixed to the end of the sample rod. The
field was calibrated by use of a standard palladium sample obtained from
Quantum Design and checked by use of chemical calibrants such as
CuSO,5H,0. Diamagnetic corrections for the ligands were calculated
from Pascal’s constants. The field-dependent magnetisation data were ob-
tained using fields of 0-5 T.
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