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A New Class of Bipyridine-ligated Metal Carboxylate Complexes: Characterization of
the Triply-bridged Ferromagnetically-coupled Complexes [Cu,(OAc)3;(bpy).](CIO,4) and
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George Christou,*2 Spiros P. Perlepes,? Kirsten Folting,a John C. Huffman,2 Robert J. Webb,? and David N.

Hendrickson*b

a Department of Chemistry and the Molecular Structure Centre, Indiana University, Bloomington, IN 47405, USA
b Department of Chemistry, University of California, San Diego, CA 92093, USA

Treatment of Cux(OAc)s2H,0 with 2,2’-bipyridine (bpy) and NaClO,4 in EtOH yields [Cux(OAc)s(bpy)2]1{ClIO,) (1)
whereas the same reaction in hot water yields [Cu(OH)(H,0)(OAc)(bpy).1{Cl0,), (2); the novel structures of the
complexes are described, together with the results of magnetic susceptibility studies which show that both

complexes possess intramolecular ferromagnetic coupling.

In recent years, we have been reporting our progress towards
developing 3d transition metal carboxylate chemistry employ-
ing 2,2’-bipyridine (bpy) as a terminal ligand, seeking models
for the various Mn biomolecules being identified.! Most of our
efforts have hitherto been concentrated in Mn, and a growing
family of complexes of various nuclearities has been
obtained.! We recently reported preliminary extension of our
work to Fe.2 We have now extended our efforts still further to
Cu, and we wish to report our first successes in this area, the
preparation of two new dinuclear Cull complexes with novel
bridging units.

Treatment of a stirred slurry of Cu,(OAc)4-2H,0 (1.00 g,
2.5 mmol) in EtOH (70 cm?) with solid bpy (0.78 g, 5.0 mmol)
gave a clear blue solution. Addition of NaClO, (0.61 g, 5.0
mmol) in EtOH (10 cm3) rapidly precipitated sky-blue
microcrystalline [Cuy(OAc);(bpy),}(ClO,) (1) in 95% yield
that can be recrystallized from hot MeCN or MeCN/Et,O. ¥

In a similar fashion, a slurry of Cu,(OAc)4-2H,0O (1.00 g,
2.5 mmol) and NaClO, (0.61 g, 5.0 mmol) in H,O (65 cm?)
was treated with bpy (0.78 g, 5.0 mmol) dissolved in EtOH (10
cm?). The resulting slurry was heated to 75 °C and all solids
dissolved to give a deep-blue solution. The solution was left to
cool slowly overnight to ambient temperature to produce
well-formed  dark-blue crystals of [Cu(OH)(H,0)-
(OAC)(bpy):J(ClOy); (2) in 69% yield. The product can be
recrystallized from hot water.t

The structuresi of the two cations are shown in Figures 1
and 2. The structure of (1) consists of two Cull centres bridged
by three AcO~ groups, two in the familiar n!: n!: p, mode and
the third in the rarer mono-atomic bridging mode,3—5 with
C(36)-O(35) [1.319(4) A] significantly longer than C(36)-

1 The analytical data for (1) and (2) (C, H, N, Cu) were satisfactory.

} Crystal data for (1): CogHosN4O1CICu;, M = 716.05, triclinic, P1, a
= 11.973(2), b = 18.576(4), ¢ = 7.745(1) A, o = 103.96(1), B =
65.92(1); y = 119.58(1)°, U = 1365.95 A3, Z =2, D, = 1.741 gcm~3,
=0.71069 A, T = —145°C, 6° < 26 < 45°, R(R,,) = 2.57 (2.91)% for
3271 unique reflections with F > 2.330(F). For (2):
CxH»N,0,CLCuy, M = 732.43, triclinic, PT, a = 11.286(2), b =
16.414(4), c = 8.047(2) A, o« = 97.31(1), B = 103.78(1), y = 72.59(1)°,
U=1378.77 A3, Z = 2, D, = 1.764 g cm~3, A = 0.71069 A, T =
-160°C, 6° < 28 < 45°, R(R,) = 4.67 (4.86) for 3079 unique
reflections with F > 3.00(F). Both structures were solved by
MULTAN and Fourier techniques, and refined by full-matrix
least-squares. All non-hydrogen atoms were refined anisotropically.
Essentially all hydrogen atoms were located in difference Fourier
maps (including those of bridging OH- and H,O groups) and all
refined in the final cycles with isotropic thermal parameters. Atomic
co-ordinates, bond lengths and angles, and thermal parameters, have
been deposited at the Cambridge Crystallographic Data Centre. See
Notice to Authors, Issue No. 1.

O(37) |1.224(4) A] as a result. A terminal bpy group
completes five-co-ordination at each metal. As is sometimes*
(but not alwaysS) observed for mono-atomic bridging RCO,~
groups, there is evidence for an additional weak interaction
between Cu(1l) and O(37). The Cu(l)---O(37) distance is
only 2.716(2) A, and the AcO~ group is clearly tilted towards
Cu(l) as manifested in the Cu(1)-O(35)-C(36) angle
[108.4(2)°] being significantly smaller than Cu(2)-O(35)-
C(36) [127.3(2)°]. Also, the Cu(1)~O(35) bridging distance
[1.977(2) A] is noticeably shorter than the Cu(2)-O(35)
distance [2.169(2) A]. Further, the co-ordination geometries
of the two Cu atoms are significantly different, and we assign
this as also due to the Cu(1) - - - O(37) interaction. Thus, Cu(2)
is intermediate between square pyramidal and trigonal bipyr-
amidal whereas Cu(1) is approximately square pyramidal with
O(31) at the apex. Indeed, this places O(37) approximately at
the vacant sixth position of the Cu(l) square pyramid
[O(31)-Cu(1)-0(37), 149.4(2)°].
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Figure 1. The structure of the cation of complex (1). Selected
distances (A) and angles (deg). Cu(1)---Cu(2), 3.392(1): Cu(1)-
0(27), 1.939(2); Cu(1)-O(31), 2.238(2); Cu(1)-O(35), 1.977(2);
Cu(1)-N(3), 2.001(2); Cu(l)-N(14), 2.019(2); Cu(2)-0(29),
1.930(2); Cu(2)-0(33), 1.974(2); Cu(2)-O(35), 2.169(2); Cu(2)-
N(15), 1.992(2); Cu(2)-N(26), 2.033(2); C(36)-O(35), 1.319(4);
C(36)-0O(37), 1.224(4); C(32)-0(31), 1.245(3): C(32)-0(33),
1.270(3); C(28)-0(27), 1.255(3); C(28)-0(29), 1.259(4); O(27)-
Cu(1)-0(31), 97.4(1); O(27)-Cu(1)-0(35), 93.6(1); O(31)-Cu(1)-
0(35), 96.5(1); O(27)-Cu(1)-N(3), 168.8(1); O(27)-Cu(1)-N(14),
88.3(1); O(31)-Cu(1)-N(3), 87.6(1); O(31)-Cu(1)-N(14), 102.4(1);
O(31)-Cu(1)-0(37), 149.4(2); O(35)-Cu(1)-N(3), 95.9(1); O(35)-
Cu(1)-N(14), 160.6(1); N(3)-Cu(1)-N(14), 80.8(1); Cu(1)-O(35)-
C(36), 108.4(2); Cu(1)-O(35)-Cu(2), 109.8(1): O(29)-Cu(2)~-0(33),
94.9(1); O(29)-Cu(2)-0(35), 96.0(1); O(29)-Cu(2)-N(15), 168.3(1);
0(29)-Cu(2)-N(26), 88.6(1); O(33)-Cu(2)-0(35), 96.7(1); O(33)~
Cu(2)-N(15), 90.6(1); O(33)-Cu(2)-N(26), 140.1(1); O(35)-Cu(2)-
N(15), 93.7(1); O(35)-Cu(2)-N(26), 122.6(1); N(15)~Cu(2)-N(26),
80.6(1); Cu(2)-0O(35)-C(36), 127.3(2).



J. CHEM. SOC., CHEM. COMMUN., 1990

c(18)
C(19) 5\
/J/ \_0(17) 0(29)“!'\
/Y
ceo /Nw y (28)\3
ci1s) ¥ A\ : / e
C(14) pé/ Cu(1) _‘/)(’3/)\1; C
coma—"\ N ] N\
/ 7NE) 8, P06 \
N R I
(i) Fee C(;;)

Figure 2. The structure of the cation of complex (2); OH~ and H-O
hydrogen atoms depicted as spheres of arbitrary size. Selected
distances (A) and angles (deg). Cu(l)---Cu(2), 3.035(2); Cu(l)-
0(3). 1.927(4): Cu(1)-0O(4), 2.405(4): Cu(1)-O(7), 1.931(4): Cu(1)-
N(9), 2.006(5): Cu(1)-N(16), 2.008(5): Cu(2)-0O(3), 1.930(4): Cu(2)-
0(4),2.379(4): Cu(2)-0(5), 1.944(4): Cu(2)-N(21),2.010(5): Cu(2)~
N(28), 2.009(4): C(6)-O(7), 1.267(7): C(6)-O(5), 1.264(7): Cu(1)-
0O(3)-Cu(2). 103.8(2); Cu(l)-O(4)-Cu(2), 78.7(1); O(3)-Cu(l)-
O@4), 80.3(1); O(3)-Cu(1)-0(7). 95.2(2): O(3)-Cu(1)-N(9),
175.0(2); O(3)-Cu(1)-N(16), 93.9(2); O(4)-Cu(1)-O(7), 98.2(2):
O(4)-Cu(1)-N(9). 100.5(2); O(4)-Cu(1)-N(l16), 92.9(2): O(7)-
Cu(1)-N(9). 89.6(2): O(7)-Cu(1)-N(16). 166.7(2). N(9)-Cu(1)-
N(16), 81.2(2): O@3)-Cu(2)-0(4), 80.9(2): O(3)-Cu(2)-0(5).
94.2(2); O(3)-Cu(2)-N(21), 176.3(2); O(3)-Cu(2)-N(28), 95.4(2):
O(4)-Cu(2)-0(5). 98.7(2): O(4)-Cu(2)-N(21), 99.4(2): O(4)-Cu(2)-
N(28). 98.2(2); O(5)-Cu(2)-N(21), 89.4(2); O(5)-Cu(2)-N(28),
161.6(2): N(21)-Cu(2)-N(28). 80.9(2); Cu(2)-O(5)-C(6), 129.6(4);
Cu(1)-O(7)-C(6). 129.4(4).

The structure of complex (2) again consists of a triply-
bridged pair of five-co-ordinate Cu atoms, but only one of the
bridging ligands is an AcO-, the others being an OH- and a
H,O molecule. As a result of more mono-atomic bridges, the
Cu - - - Cu separation in (2) [3.035(2) A] is shorter than that in
(1) [3.392(1) A]. The metal co-ordination geometries are
square pyramidal with the Cu atoms lying in the basal planes§
and the H,O molecule [O(4)] occupying the apical positions
for both metals; the apical Cu(1)-O(4) and Cu(2)-O(4)
distances are both quite long [2.405(4) and 2.379(4) A,
respectively] as expected. We are unaware of another
structurally-characterized example of a triply-bridged dinu-
clear Cu complex possessing both OH- and H,O bridging
groups.t’

The only difference in the synthetic procedures to (1) and
(2) is the identity of the solvents, complex (2) forming in the
predominantly aqueous medium. We thus reasoned that (1)
might convert to (2} in H>O, and recrystallization of (1) from
hot water does indeed yield (2), in essentially quantitative
vield if the required extra ClO4~ is added [equation (1)].

[Cux(OAC):(bpy),](ClO,4) + NaClO4 + 2 H,O —
(1)
[Cuz(OH)(HzO)((OZAC)(bPY)z](C104)z
+ NaOAc + AcOH (1)

Variable temperature magnetic susceptibility data were
collected on powdered samples of (1) and (2) in the

§ The largest deviation from the least-squares plane Cu(l), O(3).
O(7), N(9), N(16) is 0.093 A by N(16), and from the plane Cu(2),
O(3). O(5). N(21). N(28) it is 0.159 A by N(28). The dihedral angle
between these planes is 61.7°.
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temperature range 5—300 K. The data were least-squares fit
to the Bleaney—Bowers equation® replacing T with (7T — 8)
where 8 is the Weiss constant. For complex (1), the effective
magnetic moment, p.s., per Cu, decreases gradually from 2.96
g at 295.0 K to a minimum of 2.69 up at 60.0 K and then rises
to 2.87 ug at 5.0 K. The behaviour is clearly characteristic of
intramolecular ferromagnetic coupling, and the fitting
parameters were J = +3.6 cm~!, g = 2.1 and 6 = 0.20 K.

Complex (2) is also ferromagnetically-coupled: e /Cus
rises from 2.64 u; at 200 K to 2.93 ug at 50.0 K and then is
relatively constant with a value of 2.95 ug at 5.0 K. However,
the low-temperature plateau could not be modelled satisfac-
torily, and we believe the cause to be weak intermolecular
antiferromagnetic interactions mediated by the hydrogen
bonds between the bridging OH~ and H,O groups and the
ClO,4~ anions which give one-dimensional H-bonded chains.{
Therefore, only the higher temperature data were fit to
provide an estimate of J, and the fitting parameters were J =
+19.3cm~!, g = 2.1 and 6 = 4.5 K. Although antiferromag-
netically-coupled Cu dimers are by far the more common,
ferromagnetic coupling is frequently seen and the values
obtained for (1) and (2) fall in the typical range observed.”

This work was supported by the National Science Founda-
ton.
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Y The one-dimensional chain of Cu- cations is formed by an O atom of
one ClO,~ being H-bonded both to the OH~ hydrogen of one Cu,
cation and one of the H,O hydrogens of an adjacent Cu, cation. The
other ClO,~ is H-bonded to the second H-O hydrogen but does not
bridge to a neighbouring Cu, cation.





