Inorg. Chem.1997,36, 1265-1267

Crystal Structures of the Isomorphous Prototypic
Oxo-Centered Trinuclear Complexes
[Cr30(O0OCCH3)6(H20)3]Cl-6H,0 and
[FesO(OOCCH3)6(H20)3]Cl-6H,0

C. E. Anson, J. P. Bourke, R. D. Cannon,*
U. A. Jayasooriya, M. Molinier, and A. K. Powell

School of Chemical Sciences, University of East Anglia,
Norwich NR4 7TJ, U.K.

Receied August 8, 1996

Introduction

The two compounds [GD(OOCCH)s(H20)3]Cl-6H,0 and
[FesO(OOCCH;)s(H20)s]Cl-6H,0, “CRAC” and “FEAC” (1,
2), are prototypes of the general class of trinuclear “basic

carboxylates” whose physical properties have been intensively final Ry (Fo = 40(Fo))

studied for over 50 years. They are fundamental to our

understanding of magnetic interactions in exchange-coupled
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Table 1. Crystallographic Data
1(CRAC) 2 (FEAC)

empirical formula GoH3eCICr30;,, C12H36CIF&0,,
fw 723.86 735.41
space group P2:2,2 P2,2,2
a, 13.700(2) 13.724(3)
b, A 23.230(2) 23.359(5)
c A 9.167(2) 9.177(2)
Vv, A3 2917.4(8) 2942.0(11)
4 4 4
Pealce Mg M3 1.65 1.66
T,°C 25 25
diffractometer used Rikagu Siemens P3/V
A(Mo Ka), A 0.710 73 0.710 73
u(Mo Ko), mm? 1.27 1.64
crystal size, mm 0.6& 0.25x 0.05 0.89x 0.35x 0.31
color bottle green orange-red
transm coeff n.a. 0.2580.137
final wRx (all data) 0.1296 0.1414
o(F? (all data) 1.096 1.182

0.0403 0.0529
Flack parameter —0.07(3) —0.03(3)

aWeightedR factors WR, from refinement orF2 usingall reflections.

systems. This is partly because the triangular structure raises’ The criterion is only used for calculation of the conventiofal
questions in its own right and because it can be viewed as thefollowing refinement.

essential building block in larger structures, leading ultimately

to extended lattices in the solid state and biological materials molecules, and particularly the central metakygen clusters,

such as ferritins. It is firmly established that the metal ions in

the oxo-centered units are antiferromagnetically coupled, but

all recent measuremeft$ indicate that the three magnetic

from idealized trigonal geometry.

Experimental Section

coupling constants are not equal. Whether the inequalities are  preparations. The compounds [GB(OOCCH)s(OH,)s]Cl-6H,0%

due to differences in metametal bond distances, metal

and [FgO(OOCCH)s(OH,)3]CI-6H,08 crystallized as dark green

oxygen distances, or bond angles is a question that cannot bepseudohexagonal prisms and red-brown blocks, respectively. It was
discussed without more accurate structural data. Attempts toalso noted that when CRAC was recrystallized rapidly from dilute

rationalize vibrational spectfa® and measurements of proton
tunnelling®!! have been similarly frustrated. The crystal
structure of CRAC was first reported by Figgis and Robert3on,
and lattice parameters for FEAC were also givéiater the
CRAC structure was reported in more detail by Chang and
Jeffreyl® But the determination was of low accuracy, and

aqueous HCI, a varying proportion of monoclinic-appearing crystals
could also be seen among the more familiar hexagonal prisms. They
could also be distinguished by different IR spectra, particularly in the
O—H stretching region, but were not investigated further.

Structure Analysis and Refinement. Experimental details and
significant parameters are listed in Table 1. Analysis proceeded in
closely similar stages for both materials. Unit cell dimensions were

among other anomalies, it was thought that the noncoordinatedgetermined by least-squares fitting of the setting angles (25 for CRAC,
water molecules and the counteranions were extensively andi4 for FEAC). Intensity data were collected by thescan method

mutually disordered. We now report complete structure deter-

minations of both CRAC and FEAC. We find that the two
compounds are indeed strictly isomorphous, with little disorder,
and that it is possible to quantify the extent of distortion of the
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and corrected for Lorentz, polarization, and absorption effects, except
that, in the case of CRAC, no absorption correction was applied; an
attempted correction led to high&factors than for the uncorrected
data. Metal atoms were located from Patterson maps, and the remaining
non-H atoms were located from difference Fourier maps. After
isotropic refinement, it was found that some of the oxygen atoms of
the water molecules of hydration (O(43), O(44), and O(45)) showed
2- or 3-fold disorder. After the atoms of the complexes had been refined
anisotropically, site occupancies of the disordered oxygens were refined,
with the components of each oxygen assigned a common isotropic
temperature factor. These occupancies were then fixed while the water
oxygens and the chloride were also refined anisotropically. Further
difference Fourier maps showed the H atoms of the three aquo ligands;
those on O(10) and O(20) were refined with, set at 1.8 for the
respective oxygen atoms, while those on O(30) did not refine
satisfactorily and their positions were fixed. Two difference peaks were
observed close (i.eca. 0.9 A) to O(40), suggesting H atoms, but no
attempt was made to include these in the final refinement. The
structures were shown to be the correct enantiomer from refinement
of the Flack parameter. Atomic coordinates and temperature factors
are listed in Tables S.1 and S.2 (Supporting Information), and selected
bond distances and angles are listed in Table 2. The molecular structure
is shown in Figure 1.

Results and Discussion

The two complexes are confirmed to be closely isomorphous,
with four symmetry-related formula units per unit cell. Contrary
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Table 3. Site Occupancies for Disordered Waters of Solvation
H(102) H(101)
1 (CRAC) 2 (FEAC)
0n0) 0(43a) 0.502(11) 0.515(13)
O(43b) 0.498(14) 0.485(13)
O(44a) 0.693(20) 0.730(21)
O(44b) 0.307(20) 0.270(20)
O(45a) 0.454(11) 0.499(13)
O(45b) 0.280(17) 0.230(17)
O(45c) 0.266(14) 0.271(17)

significantly different, the majority did not, and longer-©O
distances were not particularly associated with oxygens involved
in hydrogen bonding.

The central £3-O)M3(OHy)s units deviate from planarity to
a slight but significant extent. Full details are given in Table
S.3 (Supporting Information). In both complexes, the central
oxygen is displaced from the plane of the three metal atoms,
Oﬁ by 0.013(4) A in FEAC and by 0.023(3) A in CRAC. The

) three aquo oxygens, on the other hand, are all displaced toward

the opposite face of the Mriangle, resulting in a “dishlike”

\0(24) 0(33_)/

DA Dhisa

Figure 1. View of molecular structure and numbering scheme for

complex cations of the salts B®(OOCCH)s(OH,)3]Cl-6H;O. distortion towardCs, symmetry. However the deviations are
much less than that found in the pivalate-bridged iron complex
Table 2. Selected Bond Distances (A) and Angles (deg) [FesO(OOCCMe)s(MeOH)]|CI, where the displacement is 0.24
1(CRAC) 2 (FEAC) A% and the thermal ellipsoids of the central oxygens in the
M(1)--M(2) 3.281(1) 3.285(1) two present compounds are not strqngly elongated in directions
M(1)-+-M(3) 3.288(1) 3.295(1) perpendicular to the RO plane, confirming that the observed
M(2)---M(3) 3.279(1) 3.291(1) near-planar structures of the central cores do not result from
M(1)—O(1) 1.902(4) 1.894(3) disorder of the central oxygens above and below th@lsines.
M(2)—0(1) 1.885(3) 1.906(4) Data of comparable accuracy are available for only two other
M(3)-0(1) 1.899(4) 1.899(3) complexes containing the central [O(EDH,)3] unit: [Cr30-
M(1)—O(1)-M(2) 120.05(18) 119.66(17) (OOCGH5)s(OH,)3INO3+2H,0™ and [CEO(OOCCH)s(OHy)3]-
M(1)—O(1)-M(3) 119.78(18) 120.61(19) CIl-3SC(NH)2-2H,0.16 In both of these, two of the three
M(2)—-0(1)-M(3) 120.13(18) 119.71(17) chromium sites are equivalent by crystallographic symmetry,
M(1)—0(10) 2.050(4) 2.075(4) but in the propionate complex, at least it is possible that
M(2)—0(20) 2.037(4) 2.059(4) molecular asymmetry is concealed by disorder. What the three
M(3)—0(30) 2.008(4) 2.047(4) structures can show is that the mean-Cr, O—Cr, and Ctr-
M(1)—0O(11) 1.990(4) 2.030(4) OH, distances all vary from one complex to another, again by
mgﬂ_ggg i-ggggzg %-882% amounts which exceed experimental error. This suggests a
M(1)—O(14) 1.971(4) 1.901(5) certain degree of plasticity in the cluster framework, such that

changes in the crystal environment of the complex can lead to

m%:ggg i'gszgig g'géggg changes in the geometry of thes® core. However it is clear
M(2)—0(23) 1.978(4) 2.024(4) in these systems that the-MDH, distances are all greater than
M(2)—0(24) 1.961(4) 2.097(4) those found in the analogous mononuclear complexes
M(3)—0(31) 1.979(4) 2.020(4) [M(OH)¢]3 .17 This confirms that M-OH; bonds in the oxo-
M(3)—0(32) 1.952(4) 1.990(5) centered trimer complexes are weakened, as suggested previ-
M(3)—0O(33) 1.933(4) 2.054(4) ously on the basis of vibrational spectrosctpand reaction
M(3)—0(34) 1.963(4) 2.006(5) kinetics!®

Deviations from 3-fold symmetry are small but statistically
significant. To define them, we take any set of distances which
would be identical in the symmetrical case and compare the

to the earlier report on CRAE, the chloride ions are well-
defined, though they have anisotropic temperature factors,
indicating either librational movement or unresolved static S .
disorder between two closely spaced sites: there is no evidences'[and‘?lrd deviation of tbe setr, with the average of the
that they are disordered over the same sites as the waters OFxperlmental errors (esds) for.the_set. Frc')&m the thrge mgtal
crystallization. The number of such water molecules is .”‘Eta' dls_tances_, in CRAC we find = 0'.004 » and Wh'le:é\h'.s
confirmed as 6 in agreement with the earliest empirical formulas, IS small n relation to the mean ECr distance of 3.283 A, it .
M3(OH),(OOCCH)e-8H,0.> The molecules with atoms O(40), is approximately 4 times the average esd. For FEAC, the ratio
0O(41), and O(42) do not appear to be significant!y disordered. 14) Blake A B.- Frazer L R0, Chem. Soc.. Dalion Trans975 193

The cher three (O(43), .0(44)* and O(45)) are _dlsordered, l?Ut Elsg Antsyéhkina,’ A.S; If;orai-Koshits, M. A; Arkhangel’skii, I \? Diallo,
this disorder could readily be modeled. The site occupancies I. N.; Zh. Neorg. Khim1987, 32, 2928;Russ. J. Inorg. Chem. (Engl.
are very similar in the two isomorphous structures (Table 3), Transl.) 1987 32, 1700. _

confirming that, although disordered, these waters are nonethe-16) AKa}r(”' AE&aA”CSr?/Z’taﬁb;';lggg’gTé Fi'gzDé; Jayasooriya, U. A.; Powell,
less well-defined. The earlier suggestion of a regular alternation (17) Armstrong, R. S.; Beattie, J. K.; Best, S. P.; Braithwaite, G. P.; Del
of carboxylate C-O distances around the molecule (in effect, Favero, P.; Skelton, B. W.; White, A. Hust. J. Chem199Q 43,

that the bridging ligands might better be described as acetic a8) i?]:"‘s-on C E- chaiSaard. N Bourke. J. P- Cannon R. D-
acid molecules rather than acetate ions) is also not confirmed.™ ™ jayasooriya, U. A.; Powell, A. Kinorg. Chem1993 32, 1502.
While some acetate ligands showed QG distances that were  (19) Bourke, J. P.; Karu, E.; Cannon, R. Rorg. Chem.1996 35, 1577.
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olesd for the Fe Fe distances is also about 4. For the distances distances are almost the same in the two compounds. Evidently,
from metal to waterg/esd is 4.6 for CRAC and 4.0 for FEAC. the Fé" ions, although larger than &, interact more strongly
For metal to central oxygen distances, the asymmetry is lesstwith the central oxide ion. There is much evidence that, in
but still real, witho/esd being~2 for CRAC and 1.5 for FEAC. compounds of this type, the oxide ion provides the principal
Given the extreme sensitivity of metainetal electronic interac-  magnetic superexchange pathw&y! and the difference in
tions to local coordination geometry, it is not surprising that all magnetic coupling constants is also large; typicallfze—Fe)
compounds of this type examined so far have shown magnetic= —35 cnT! andJ(Cr—Cr) = —9.5 cnT1.1:50.6 A question now
and thermodynamic properties significantly different from those arise as to whether the closer distances are the result of stronger
predicted from 3-fold symmetry.® electronic interactions between the neighboring ions or whether

Thedifferencein symmetry between the two complex cations it is the other way round and they are driven by the constraint
can be expressed most concisely by saying that the chromiumof the carboxylate-bridged framework. But before such ques-
complex appears very close to an “isosceles” geometry, while tions can be dealt with, it will be necessary to obtain low-
the iron complex has no such tendency and can best be describetemperature data and to take into account any structural phase
as “scalene”. That is, in the chromium complex, the distances transitions.
Cr(1)-Cr(2) and Cr(2)Cr(3) are almost equal and significantly  Acknowledgment. This work was supported by the EPSRC
shorter than C(31)Cr(3), while Cr(1)}-O(1) and Cr(3)-0(1) (U.K.).
?hrg ﬁlonr]]o(?ct)gglljeaxl a;}ldtrsw:%glf:gs:nél):jilsotra],?]?::e;hg:e%ﬁ%?e%?ﬁtlgn d Su_ppOrting_Information Available: Tables S.1 and S.2, Iisti_ng

. Y . : ) atomic coordinates of CRAC and FEAC, and Table S.3, giving

there '? no obvious pattern. The differences in m.ellgbnd deviations of oxygen atoms from thesMlanes (5 pages). Ordering
atom distances are also revealing. The mearQW, distances information is given on any current masthead page.
differ by an amount which is very close to the difference
between M-OH, distances in the mononuclear ions [M(¥F*: IC960960F
0.028 A in the present complexes and 0.025 A in the isomor- (20) Blake, A. B.; Yavari, A.; Hatfield, W.; Sethulekshmi, C. Bl.Chem.
phous salts CsM(Sef2-12H,0."" The difference in mean ), %%CrunDasltolr\]AT rﬁg;t?gészégr?brg. Chem.1991, 30, 1625. Cornia,
metal-carboxylate oxygen distances is considerably more than A.; Hegetschweiler, K.; Hausherr-Primo, L.; Gramlich, Worg.
this, i.e. 0.046 A. On the other hand mean, metantral oxide Chem.1996 35, 4414 and references cited therein.






