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A series of oxo-centered metal carboxylate triangles have been
heated to 200+4003C under a stream of N2. The products of this
treatment depend on the metal, carboxylate, and counterion
present. Heating [Cr3O(O2CC6H4Cl)6(H2O)3][NO3]to 2003C
gives a compound that crystallizes as [Cr(OH)(O2CC6H4Cl)2]8

[Cr3O(O2CC6H4Cl)6]2[O2CC6H4Cl], indicating incomplete de-
hydration of [Cr3O(O2CC6H4Cl)6(H2O)3][NO3] at this temper-
ature. For [Cr3O(O2CCMe3)6][O2CCMe3] heating to 4003C
gives a new salt containing the hexanuclear cages [Cr6O2(OH)2
(O2CCMe3)11] [Cr6O4(O2CCMe3)11]. For [Mn3O(O2CPh)6
(NC5H5)2(H2O)] a reduction of the metal occurs and a polymeric
complex [Mn4(O2CPh)8(EtOH)6]n can be crystallized from
EtOH. ( 2001 Academic Press

Key Words: chromium; manganese; cage complexes; X-ray
crystallography.

INTRODUCTION

One of the major goals of scientists studying &&molecular
magnetism'' is to discover new routes to molecular objects
with new magnetic properties (1). We have been investigat-
ing transformations of coordination complexes at
200}4003C in the solid state (2}4). While such temperatures
are moderate in solid state chemistry, they are abnormally
high for metal-organic chemistry. We have previously found
that oxo-centered chromium carboxylate triangles
oligomerize at these temperatures, giving a range of cages
depending on the carboxylate used. For example, using
pivalate (O

2
CCMe

3
) gave a dodecanuclear cage

[Cr
12

O
9
(OH)

3
(O

2
CCMe

3
)
15

], which has an S"6 spin
ground state (3). Here we report investigations of others
aspects of this reaction.
1To whom correspondence should be addressed. E-mail: richard.win-
penny@man.ac.uk.
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EXPERIMENTAL

All reagents, metal salts, and ligands were used as ob-
tained from Aldrich.

[Mn
3
O(O

2
CPh)

6
(py)

2
(H

2
O)] was synthesized by a litera-

ture procedure (5). Analytical data were obtained on
a Perkin}Elmer 2400 Elemental Analyzer by the University
of Edinburgh Microanalytical Service. Electrospray mass
spectra were obtained on a sample dissolved in
MeOH/CH

2
Cl

2
1:10 using a Micromass Platform Mass

Spectrometer.

Preparation of Compounds

[Cr
3
O(O

2
CC

6
H

4
Cl)

6
(H

2
O)

3
](NO

3
). KOH (105.0 mmol,

5.89 g) was dissolved in H
2
O (125 ml) and ClC

6
H

4
CO

2
H

(105.0 mmol, 16.44 g) added. The mixture was heated to
803C with stirring and CH

3
OH (30 ml) added to aid dissolu-

tion of ClC
6
H

4
CO

2
H. Cr(NO

3
)
3
)9H

2
O (50.0 mmol, 20.00 g)

was then added to this solution, resulting in a light blue
precipitate forming. This precipitate was "ltered o! and
dried in vacuo. The yield of this crude product was 19.293 g
(94.77%).

[Cr
3
O (O

2
CC

6
H

4
Cl )

6
(EtOH)

2
(H

2
O)]

2
[Cr

8
(OH)

8
(O

2
CC

6
H

4
Cl)

16
][O

2
CC

6
H

4
Cl] 1. [Cr

3
O(O

2
CC

6
H

4
Cl)

6
(H

2
O)

3
]

[NO
3
] (1.712 g, 1.4 mmol) was heated from room temper-

ature to 2003C in a tube furnace under a continuous stream
of N

2
. After 5 min. at 2003C, the reaction was allowed to

cool. The dark green solid that resulted was extracted with
EtOH (50 ml), the solution "ltered and allowed to stand at
room temperature. After repeated "ltration of the solution,
dichromic blue/purple crystals of 1 grew after 4 months
in 2% yield. Insu$cient material was formed for elemental
analysis.

[Cr
3
O(O

2
CC(CH

3
)
3
)
6
(H

2
O)

3
](O

2
CC(CH

3
)
3
). (CH

3
)
3
C

CO
2
H (100.0 mmol, 10)21 g) was heated to 1003C with
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TABLE 1
Experimental Data for the X-Ray Di!raction Studies of

Compounds1+3

Compound 1 2 3

Formula C
112

H
72

Cl
16

Cr
8

O
48
)2C

46
H

38
Cl

6
Cr

3
O

16
)1.3C

7
H

5
ClO

2
)

2NO
3
)19 EtOH)2.1 H

2
O

C
55

H
100

Cr
6
O

26
)

3C
2
H

3
N

C
72

H
82

Mn
4
O

24
)

EtOH

M 6712.5 1611.5 1551.1
Crystal

system
Monoclinic monoclinic triclinic

Space group P 2/c P 2
1
/n P!1

a (As ) 27.323(3) 17.871(15) 12.841(8)
b (As ) 17.499(2) 19.524(16) 13.398(7)
c (As ) 35.991(4) 24.253(19) 13.416(8)
a (3) 90 90 66.92(3)
b (3) 104.506(3) 93.109(18) 67.97(2)
c (3) 90 90 72.47(2)
; (As 3) 16660(4) 8450(12) 1935.9(19)
¹ (K) 150.0(2) 150.0(2) 220.0(2)
Z 2 4 1c

D
#
(g cm~3) 1.338 1.267 1.330

Crystal shape
and color

Dichromic purple/
blue rod

Green needle Colorless rod

Crystal size
(mm) 0.17]0.10]0.09 0.21]0.06]0.06 0.38]0.08]0.08

k (mm~1) 0.749 0.812 0.710
Unique data 34,036 17,100 3603
Unique data

with
F
0
'4p

(F
0
)

11,649 8233 1245

Parameters 1352 784 458
Restraints 63 0 72
Max. */p

ratio
0.001 0.053 0.001

R1, wR2a 0.0862, 0.2682 0.0654, 0.1728 0.0924, 0.2210
Weighting

schemeb
(w~1)

p2(F2
0
)#

(0.1199P)2
p2(F2

0
)#

(0.0812P)2
p2(F2

0
)#

(0.0597P)2

Goodness
of "t

0.944 0.921 0.960

Largest
residuals
(e As ~3)

#0.852, !0.647 #0.638, !0.270 #0.406, !0.405

aR1 based on observed data, wR2 on all unique data.
bP"1/3[max(F2

0
.0)#2F

0
].

cThe compound is polymeric: z is quoted for the repeat unit.

TABLE 2
Selected BondLengths (As ) for 1

Octanuclear wheel
Cr(1)}O(12W) 1.926(4) Cr(1)}O(21) 1.965(5)
Cr(1)}O(11) 1.973(40) Cr(2)}O(12W) 1.912(4)
Cr(2)}O(22) 1.962(5) Cr(2)}O(12) 1.985(4)
Cr(2)}(23W) 1.919(4) Cr(2)}O(42) 1.973(4)
Cr(2)}O(32) 1.982(5) Cr(3)}O(23W) 1.916(4)
Cr(3)}O(33) 1.954(5) Cr(3)}O(43) 1.978(4)
Cr(3)}O(34W) 1.924(4) Cr(3)}O(63) 1.968(5)
Cr(3)}O(53) 1.982(4) Cr(4)}O(34W) 1.920(4)
Cr(4)}O(54) 1.982(4) Cr(4)}O(64) 1.949(15)
Cr(4)}O(45W) 1.923(4) Cr(4)}O(74) 1.954(5)
Cr(4)}O(84) 1.960(4) Cr(5)}O(45W) 1.926(4)
Cr(5)}O(85) 1.981(4) Cr(5)}O(75) 1.963(5)

Oxo-centered triangle
Cr(1T)}O(123) 1.876(5) Cr(1T)}O(1B) 1.952(7)
Cr(1T)}O(1A) 1.954(6) Cr(1T)}O(1E) 1.968(6)
Cr(1T)}O(1F) 1.973(7) Cr(1T)}O(1T) 2.103(7)
Cr(2T)}O(123) 1.913(5) Cr(2T)}O(2D) 1.949(5)
Cr(2T)}O(2B) 1.955(6) Cr(2T)}O(2C) 1.960(5)
Cr(2T)}O(2A) 1.971(6) Cr(2T)}O(2T) 2.049(5)
Cr(3T)}O(123) 1.918(5) Cr(3T)}O(3C) 1.944(5)
Cr(3T)}O(3F) 1.958(6) Cr(3T)}O(3E) 1.963(6)
Cr(3T)}O(3D) 1.973(5) Cr(3T)}O(3T) 2.040(5)
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stirring and Cr(NO
3
)
3
)9H

2
O (25.0 mmol, 10.0 g) added.

This mixture was re#uxed for an hour and the temperature
was then raised to 1503C for 15 min., or until the evolution
of NO

2
ceased. The resulting mixture was cooled to room

temperature. The product was dissolved in 4:1 EtOH/H
2
O

and heated to 803C, the solution was "ltered hot, and green
crystals formed on cooling. The yield was 3.407 g (43.8%).

[Cr
6
O

2
(OH)

2
(O

2
CCMe

3
)
11

][Cr
6
O

4
(O

2
CCMe

3
)
11

] 2.
[Cr

3
O(O

2
CCMe

3
)
6
(H

2
O)

3
][O

2
CCMe

3
] (2.56 g, 2.74 mmol)
was heated from room temperature to 3003C in a tube
furnace under a continuous stream of N

2
. After 30 min. at

3003C, the reaction was allowed to cool. The dark green
solid which resulted was extracted with MeCN (30 ml), the
solution "ltered and allowed to stand at room temperature.
Dark green crystals of 2 grew after 2 months in 65% yield.
Elemental analysis: found, C, 42.9%; H, 6.7%. Calculated
for 2, C, 44.4%; H, 6.8%.

[Mn
4
(O

2
CPh)

8
(EtOH)

6
] 3. [Mn

3
O(O

2
CPh)

6
(py)

2
(H

2
O)]

(5) (1.53 g, 1.41 mmol) was heated from room temperature to
3003C in a tube furnace under a continuous stream of N

2
.

After 5 min at 3003C, the reaction was allowed to cool. The
dark brown solid that resulted was extracted with EtOH
(25 ml), the solution "ltered and allowed to stand at room
temperature. Very light beige crystals of 3 grew after 20 days
in 60% yield. Elemental analysis: found, C, 54.5%, H; 4.9%.
Calculated for 3, C, 55.4%; H, 5.2%.

Crystallography. Crystal data and data collection and
re"nement parameters for compounds 1}3 are given in
Table 1, selected bond lengths and angles in Tables 2}6.

Data collection and processing. Data for 1 and 2 were
collected on a Bruker Smart APEX CCD area detector and
for 3 on a Stoe Stadi-4 four-circle di!ractometer. Both
di!ractometers were equipped with an Oxford Cryosystems
low-temperature device (6), and used graphite-mono-
chromated MoKa radiation, with /}u scans for 1 and 2,
and u}h scans for 3. Data were corrected for Lorentz and



TABLE 3
Selected BondAngles (3) for 1

Octanuclear wheel
O(12W)}Cr(1)}O(12W)@ 88.1(2) O(12W)}Cr(1)}O(21)@ 90.34(17)
O(12W)}Cr(1)}O(21) 93.38(18) O(21)}Cr(1)}O(21)@ 174.8(2)
O(12W)}Cr(1)}O(11)@ 179.4(2) O(12W)}Cr(1)}O(11) 91.42(17)
O(21)}Cr(1)}O(11) 90.15(18) O(21)}Cr(1)}O(11)@ 86.16(18)
O(11)}Cr(1)}O(11)@ 89.0(2) O(12W)}Cr(2)}O(23W) 90.29(16)
O(12W)}Cr(2)}O(22) 92.66(19) O(23W)}Cr(2)}O(22) 88.17(18)
O(12W)}Cr(2)}O(42) 174.49(17) O(22)}Cr(2)}O(42) 87.61(19)
O(23W)}Cr(2)}O(42) 95.22(17) O(12W)}Cr(2)}O(32) 91.47(19)
O(22)}Cr(2)}O(32) 175.23(19) O(23W)}Cr(2)}O(32) 89.41(18)
O(42)}Cr(2)}O(32) 88.5(2) O(12W)}Cr(2)}O(12) 89.63(17)
O(22)}Cr(2)}O(12) 91.96(19) O(23W)}Cr(2)}O(12) 179.8(2)
O(42)}Cr(2)}O(12) 84.86(17) O(32)}Cr(2)}O(12) 90.5(2)
O(23W)}Cr(3)}O(34W) 90.07(16) O(23W)}Cr(3)}O(33) 88.59(18)
O(34W)}Cr(3)}O(33) 91.57(18) O(23W)}Cr(3)}O(63) 89.94(19)
O(33)}Cr(3)}O(63) 178.5(2) O(34W)}Cr(3)}O(63) 88.62(18)
O(23W)}Cr(3)}O(43) 93.09(16) O(33)}Cr(3)}O(43) 91.6(2)
O(34W)}Cr(3)}O(43) 174.00(17) O(63)}Cr(3)}O(43) 88.3(2)
O(23W)}Cr(3)}O(53) 175.03(17) O(33)}Cr(3)}O(53) 88.7(2)
O(34W)}Cr(3)}O(53) 92.17(16) O(63)}Cr(3)}O(53) 92.8(2)
O(43)}Cr(3)}O(53) 82.83(17) O(34W)}Cr(4)}O(45W) 91.81(16)
O(34W)}Cr(4)}O(64) 90.23(18) O(45W)}Cr(4)}O(64) 89.6(2)
O(34W)}Cr(4)}O(74) 88.82(18) O(64)}Cr(4)}O(74) 178.1(2)
O(45W)}Cr(4)}O(74) 92.10(19) O(34W)}Cr(4)}O(84) 176.99(19)
O(64)}Cr(4)}O(84) 87.9(2) O(45W)}Cr(4)}O(84) 90.50(18)
O(74)}Cr(4)}O(84) 93.0(2) O(34W)}Cr(4)}O(54) 93.51(17)
O(64)}Cr(4)}O(54) 90.2(2) O(45W)}Cr(4)}O(54) 174.67(17)
O(74)}Cr(4)}O(54) 88.2(2) O(54)}Cr(4)}O(84) 84.17(18)
O(45W)}Cr(5)}O(45W) 86.6(2) O(45W)}Cr(5)}O(75) 92.93(18)
O(45W)}Cr(5)}O(75) 89.86(18) O(45W)}Cr(5)}O(85) 92.74(17)
O(75)}Cr(5)}O(75)@ 176.2(2) O(45W)}Cr(5)}O(85)@ 179.32(19)
O(75)}Cr(5)}O(85) 90.31(19) O(85)}Cr(5)}O(85)@ 87.9(2)
O(75)}Cr(5)}O(85)@ 86.93(18)

Oxo-centered triangle
O(123)}Cr(1T)}O(1B) 93.2(2) O(123)}Cr(1T)}O(1A) 96.4(2)
O(1B)}Cr(1T)}O(1A) 96.4(2) O(123)}Cr(1T)}O(1E) 94.6(2)
O(1A)}Cr(1T)}O(1E) 87.9(2) O(1B)}Cr(1T)}O(1E) 172.3(3)
O(123)}Cr(1T)}O(1F) 94.2(2) O(1A)}Cr(1T)}O(1F) 169.3(3)
O(1B)}Cr(1T)}O(1F) 87.3(3) O(1E)}Cr(1T)}O(1F) 92.4(2)
O(123)}Cr(1T)}O(1T) 178.6(3) O(1A)}Cr(1T)}O(1T) 85.0(3)
O(1B)}Cr(1T)}O(1T) 86.9(3) O(1E)}Cr(1T)}O(1T) 85.4(3)
O(1F)}Cr(1T)}O(1T) 84.4(3) O(123)}Cr(2T)}O(2D) 97.2(2)
O(123)}Cr(2T)}O(2B) 94.2(2) O(2D)}Cr(2T)}O(2B) 89.1(2)
O(123)}Cr(2T)}O(2C) 92.6(2) O(2B)}Cr(2T)}O(2C) 173.0(2)
O(2D)}Cr(2T)}O(2C) 92.0(2) O(123)}Cr(2T)}O(2A) 96.6(2)
O(2B)}Cr(2T)}O(2A) 90.0(2) O(2D)}Cr(2T)}O(2A) 166.1(2)
O(2C)}Cr(2T)}O(2A) 87.3(2) O(123)}Cr(2T)}O(2T) 178.7(2)
O(2B)}Cr(2T)}O(2T) 84.6(2) O(2D)}Cr(2T)}O(2T) 83.1(2)
O(2C)}Cr(2T)}O(2T) 88.8(2) O(2A)}Cr(2T)}O(2T) 83.0(2)
O(123)}Cr(3T)}O(3C) 92.9(2) O(123)}Cr(3T)}O(3F) 95.0(2)
O(3C)}Cr(3T)}O(3F) 171.8(2) O(123)}Cr(3T)}O(3E) 94.4(2)
O(3F)}Cr(3T)}O(3E) 90.9(2) O(3C)}Cr(3T)}O(3E) 86.5(2)
O(123)}Cr(3T)}O(3D) 95.3(2) O(3F)}Cr(3T)}O(3D) 88.2(2)
O(3C)}Cr(3T)}O(3D) 93.1(2) O(3E)}Cr(3T)}O(3D) 170.3(2)
O(123)}Cr(3T)}O(3T) 178.6(2) O(3F)}Cr(3T)}O(3T) 86.3(2)
O(3C)}Cr(3T)}O(3T) 85.7(2) O(3E)}Cr(3T)}O(3T) 85.5(2)
O(3D)}Cr(3T)}O(3T) 84.8(2)

TABLE 4
Selected BondLengths (As ) for 2

Cr(1)}O(1D) 1.943(3) Cr(1)}O(123) 1.950(3)
Cr(1)}O(124) 1.962(3) Cr(1)}O(1A) 1.993(3)
Cr(1)}O(1C) 1.995(3) Cr(1)}O(1) 2.036(3)
Cr(2)}O(124) 1.941(3) Cr(2)}O(1G) 1.950(3)
Cr(2)}O(123) 1.956(3) Cr(2)}O(1B) 0.1981(3)
Cr(2)}O(2A) 2.001(3) Cr(2)}O(2) 2.028(3)
Cr(3)}O(123) 1.951(3) Cr(3)}O(1H) 1.961(3)
Cr(3)}O(1E) 1.968(4) Cr(3)}O(1) 1.970(3)
Cr(3)}O(2C) 1.976(3) Cr(3)}O(2) 2.042(3)
Cr(4)}O(124) 1.954(3) Cr(4)}O(1F) 1.960(3)
Cr(4)}O(2) 1.977(3) Cr(4)}O(1I) 1.977(3)
Cr(4)}O(2B) 1.983(3) Cr(4)}O(1) 2.031(3)
Cr(5)}O(1) 1.960(3) Cr(5)}O(2D) 1.964(3)
Cr(5)}O(2F) 1.968(4) Cr(5)}O(2E) 1.976(4)
Cr(5)}O(2J) 2.012(3) Cr(5)}O(1J) 2.047(4)
Cr(6)}O(2) 1.956(3) Cr(6)}O(2I) 1.959(4)
Cr(6)}O(2H) 1.967(4) Cr(6)}O(2G) 1.974(3)
Cr(6)}O(2K) 2.006(3) Cr(6)}O(1K) 2.043(4)
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polarization factors. Absorption corrections were applied to
all data, using Sadabs (7) for 1 and 2, and by Gaussian
integration following re"nement of the crystal shape and
dimensions against a set of t-scans for 3.

Structure analysis and re,nement. Structures 1 and
3 were solved by direct methods using SHELXS-97 (8),
while 2 was solved by the heavy atom method using DIR-
DIF (9). All structures were completed by iterative cycles of
*F syntheses and full-matrix least-squares re"nement
against F2 (SHELXL-97) (8). All non-H atoms within the
metal complexes were re"ned anisotropically. H atoms were
included in calculated positions, and were assigned isotropic
thermal parameters (;(H)"1.5 ;

%2
(C) for methyl and

methylene H atoms; ;(H)"1.2 ;
%2

(C) for aromatic proto-
ns). Methyl groups in 3 were treated as rigid rotating
groups. For 1 and 2 the lattice solvent was treated in the
manner described by van der Sluis and Spek (10) (1080 e/cell
for 1 and 238 e/cell for 2). In the case of 1 this density was
assumed to comprise the nitrate counterions and solvent
(EtOH) of crystallization; in 2 it was taken to be MeCN of
crystallization. Densities, values of F (000), and absorption
coe$cients have been calculated to take this into account.

Additional material available from the Cambridge Crys-
tallographic Data Centre comprises atom coordinates, ther-
mal parameters, and remaining bond lengths and angles.

RESULTS AND DISCUSSION

In previous studies of the thermally induced oligomeriz-
ation of oxo-centered chromium carboxylate triangles, we
have shown that the resulting product can be in#uenced by
the choice of carboxylate (2}4). We have proposed (4) that
this control is related to whether water or carboxylic acid or
both are eliminated on heating. Thus, reaction of
[Cr

3
O(O

2
CPh)

6
(H

2
O)

2
(OH)] at 4003C produces a tet-

racapped heterocubane [Cr
8
O

4
(O

2
CPh)

16
] 4, which

involves loss of water only, while reaction of
[Cr

3
O(O

2
CCMe

3
)
6
(H

2
O)

3
][NO

3
] leads to a centered pen-

tacapped trigonal prism, [Cr
12

O
9
(OH)

3
(O

2
CCMe

3
)
15

] 5,
which involves loss of carboxylic acid. Here we discuss
structural results for a number of other variations.

Use of para-chlorobenzoate as the carboxylate within the
oxo-centered triangle gives a reactivity similar to that of



TABLE 5
Selected Bond Lengths (3) for 2

O(1D)}Cr(1)}O(123) 176.36(12) O(1D)}Cr(1)}O(124) 96.37(14)
O(123)}Cr(1)}O(124) 83.73(13) O(1D)}Cr(1)}O(1A) 89.55(12)
O(124)}Cr(1)}O(1A) 89.26(12) O(123)}Cr(1)}O(1A) 86.81(11)
O(1D)}Cr(1)}O(1C) 91.87(15) O(124)}Cr(1)}O(1C) 169.52(13)
O(123)}Cr(1)}O(1C) 88.46(14) O(1A)}Cr(1)}O(1C) 97.28(13)
O(1D)}Cr(1)}O(1) 97.68(12) O(124)}Cr(1)}O(1) 79.54(12)
O(123)}Cr(1)}O(1) 85.92(11) O(1A)}Cr(1)}O(1) 167.25(12)
O(1C)}Cr(1)}O(1) 92.98(12) O(124)}Cr(2)}O(1G) 176.45(12)
O(124)}Cr(2)}O(123) 84.10(13) O(1G)}Cr(2)}O(123) 96.32(14)
O(124)}Cr(2)}O(1B) 88.35(14) O(123)}Cr(2)}O(1B) 169.77(13)
O(1G)}Cr(2)}O(1B) 91.65(15) O(124)}Cr(2)}O(2A) 87.53(12)
O(123)}Cr(2)}O(2A) 89.11(12) O(1G)}Cr(2)}O(2A) 88.96(12)
O(1B)}Cr(2)}O(2A) 97.46(13) O(124)}Cr(2)}O(2) 86.15(11)
O(123)}Cr(2)}O(2) 79.80(11) O(1G)}Cr(2)}O(2) 97.39(12)
O(1B)}Cr(2)}O(2) 92.86(12) O(2A)}Cr(2)}O(2) 167.73(12)
O(123)}Cr(3)}O(1H) 91.72(12) O(123)}Cr(3)}O(1E) 179.60(14)
O(1H)}Cr(3)}O(1E) 87.92(13) O(123)}Cr(3)}O(1) 87.72(12)
O(1E)}Cr(3)}O(1) 92.65(13) O(1H)}Cr(3)}O(1) 179.43(13)
O(123)}Cr(3)}O(2C) 89.44(12) O(1E)}Cr(3)}O(2C) 90.37(14)
O(1H)}Cr(3)}O(2C) 87.61(14) O(1)}Cr(3)}O(2C) 92.31(14)
O(123)}Cr(3)}O(2) 79.56(11) O(1E)}Cr(3)}O(2) 90.37(14)
O(1H)}Cr(3)}O(2) 95.52(14) O(1)}Cr(3)}O(2) 92.31(14)
O(2C)}Cr(3)}O(2) 168.63(13) O(124)}Cr(4)}O(1F) 91.83(13)
O(124)}Cr(4)}O(2) 87.25(12) O(1F)}Cr(4)}O(2) 179.07(13)
O(124)}Cr(4)}O(1I) 178.94(13) O(2)}Cr(4)}O(1I) 92.13(13)
O(1F)}Cr(4)}O(1I) 88.79(13) O(124)}Cr(4)}O(2B) 89.14(13)
O(2)}Cr(4)}O(2B) 91.79(14) O(1F)}Cr(4)}O(2B) 88.08(14)
O(1I)}Cr(4)}O(2B) 90.02(14) O(124)}Cr(4)}O(1) 79.86(12)
O(2)}Cr(4)}O(1) 84.57(13) O(1F)}Cr(4)}O(1) 95.39(14)
O(1I)}Cr(4)}O(1) 100.94(13) O(2B)}Cr(4)}O(1) 168.56(13)
O(1)}Cr(5)}O(2D) 94.67(14) O(1)}Cr(5)}O(2F) 88.27(16)
O(2D)}Cr(5)}O(2F) 88.27(16) O(1)}Cr(5)}O(2E) 92.80(14)
O(2F)}Cr(5)}O(2E) 93.27(16) O(2D)}Cr(5)}O(2E) 172.15(14)
O(1)}Cr(5)}O(2J) 172.34(16) O(2F)}Cr(5)}O(2J) 91.07(16)
O(2D)}Cr(5)}O(2J) 86.18(15) O(2E)}Cr(5)}O(2J) 86.09(15)
O(1)}Cr(5)}O(1J) 107.61(14) O(2F)}Cr(5)}O(1J) 155.72(14)
O(2D)}Cr(5)}O(1J) 87.55(15) O(2E)}Cr(5)}O(1J) 87.90(16)
O(2J)}Cr(5)}O(1J) 64.79(15) O(2)}Cr(6)}O(2I) 93.13(14)
O(2)}Cr(6)}O(2H) 97.35(14) O(2I)}Cr(6)}O(2H) 92.79(17)
O(2)}Cr(6)}O(2G) 94.90(13) O(2H)}Cr(6)}O(2G) 88.95(15)
O(2I)}Cr(6)}O(2G) 171.51(14) O(2)}Cr(6)}O(2K) 171.71(17)
O(2H)}Cr(6)}O(2K) 90.91(17) O(2I)}Cr(6)}O(2K) 85.82(15)
O(2G)}Cr(6)}O(2K) 85.84(14) O(2)}Cr(6)}O(1K) 107.37(15)
O(2H)}Cr(6)}O(1K) 155.25(15) O(2I)}Cr(6)}O(1K) 87.05(17)
O(2G)}Cr(6)}O(1K) 87.90(15) O(2K)}Cr(6)}O(1K) 64.38(17)

TABLE 6
Selected BondLengths (As ) and Angles (3) for 3

Mn(1)}O(1) 2.153(13) Mn(1)}O(5) 2.177(13)
Mn(1)}O(3) 2.194(12) Mn(2)}O(7) 2.048(12)
Mn(2)}O(2)@ 2.073(13) Mn(2)}O(4) 2.109(13)
Mn(2)}O(9) 2.165(15) Mn(2)}O(6) 2.289(14)
Mn(2)}O(5) 2.322(11) Mn(3)}O(8) 2.104(15)
Mn(3)}O(10) 2.159(14) Mn(3)}O(11) 2.179(13)

O(1)}Mn(1)}O(5) 91.8(5) O(1)}Mn(1)}O(3) 85.6(5)
O(3)}Mn(1)}O(5) 93.0(4) O(7)}Mn(2)}O(2)@ 107.7(6)
O(7)}Mn(2)}O(4) 91.2(6) O(2)@}Mn(2)}O(4) 92.8(5)
O(7)}Mn(2)}O(9) 92.1(6) O(2)@}Mn(2)}O(9) 86.8(5)
O(4)}Mn(2)}O(9) 176.7(6) O(7)}Mn(2)}O(6) 97.8(5)
O(2)@}Mn(2)}O(6) 154.4(5) O(4)}Mn(2)}O(6) 88.6(5)
O(9)}Mn(2)}O(6) 90.4(5) O(7)}Mn(2)}O(5) 154.9(5)
O(2)@}Mn(2)}O(5) 97.0(5) O(4)}Mn(2)}O(5) 91.7(4)
O(9)}Mn(2)}O(5) 85.2(5) O(6)}Mn(2)}O(5) 57.4(4)
O(8)}Mn(3)}O(10) 92.6(6) O(8)}Mn(3)}O(11) 86.4(5)
O(10)}Mn(3)}O(11) 93.6(5)

FIG. 1. The structure of the oxo-centered triangle in 1. O atoms, dotted
spheres; C atoms, cross-hatched spheres. Top-right to bottom-left hatched
spheres; Cl atoms.
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benzoate itself. Heating [Cr
3
O(O

2
CC

6
H

4
Cl)

6
(H

2
O)

3
]

[NO
3
] to 2003C gives blue/purple crystals, which structural

analysis reveals to contain two cages. The "rst is a oxo-
centered triangle similar to the starting material (Fig. 1),
where the oxo-centered triangular array of Cr atoms each
has a Cr2Cr vector bridges by a para-chlorobenzoate
ligand, and the three terminal sites on the Cr centers are
occupied by one water and two EtOH molecules. The
second molecule is an octanuclear wheel,
[Cr

8
(OH)

8
(O

2
CC

6
H

4
Cl)

16
] (Fig. 2), which lies on a crystal-

lographic twofold axis passing through Cr(1) and Cr(5).
Within the cyclic structure each Cr2Cr vector is bridged
by one hydroxide and two carboxylate ligands. Similar Cr
wheels have been reported with benzoate as the bridging
carboxylate (2), and a related wheel has been found where
the single-atom bridge is #uoride and the carboxylate is
pivalate (11). A molecule of para-chlorobenzoate is found
H-bonded to the OH protons of the wheel. Cr}O bond
lengths lie in the expected range for this metal and oxidation
state. The Cr2Cr contacts within the triangle vary from
3.292(3) to 3.299(3) As , while those within the wheel vary
from 3.391(3) to 3.414(3) As .



FIG. 2. The structure of the octanuclear chromium wheel in 1. Shading
is as described in the legend to Fig. 1.

FIG. 3. The structure of the hexanuclear bicapped-heterocubane in 2.
O atoms, dotted spheres; C atoms, hatched spheres.
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As the octanuclear wheel lies on a twofold axis there are
two trimers for each octamer within the crystal lattice,
giving a stoichiometry of [Cr

3
O(O

2
CC

6
H

4
Cl)

6
(EtOH)

2
(H

2
O)]

2
[Cr

8
(OH)

8
(O

2
CC

6
H

4
Cl)

16
][O

2
CC

6
H

4
Cl] 1. This

creates an apparent complication, as there are two cations
for every anion. This can be explained in two ways. Firstly,
it is not certain that the coordinated water within the
trinuclear units is always water, and not hydroxide. Second-
ly, there is a very large amount of disordered &&solvent'' in the
crystal lattice (approx. 1080 electrons per unit cell), which
could not be re"ned but which may contain hydroxide or
nitrate counterions. There is no question of chromium being
present in any oxidation state other than #3, and therefore
the apparent absence of an anion does not create any
ambiguities in interpreting the coordination chemistry.

The formation of the octanuclear wheel is a dehydration
of the oxo-centered triangle. The fact that the triangle co-
crystallizes with the wheel indicates that this reaction is
incomplete at 2003. The yield of 1 is poor at present. Heating
to higher temperatures (53003C) causes greater dehydra-
tion, and formation of a species that we believe to be
[Cr

8
O

4
(O

2
CC

6
H

4
Cl)

16
] (12), but which we have not yet

been able to crystallize. Similar reactivity is shown by the
benzoate trimer. We hope that extended heating times, and
possibly the presence of a dehydrating agent may allow the
wheels to be synthesized in higher yield.

Investigation of the in#uence of the anion led us to
examine the thermally induced oligomerization of [Cr

3
O

(O
2
CCMe

3
)
6
(H

2
O)

3
][O

2
CCMe

3
]. Heating this salt to

3003C, followed by recrystallization from MeCN, gives
a hexanuclear cage [Cr

6
O

4
(O

2
CCMe

3
)
11

] (Fig. 3). The
structure consists of a Cr

4
O

4
heterocubane, with two addi-
tional Cr atoms attached to two of the four O atoms of the
cube. This is related to 4, where all four O atoms bridge to
further Cr centers. Each Cr2Cr vector is further bridged
by a 1,3-bridging pivalate. Cr}O bond lengths lie in the
expected range for this metal and oxidation state. The
Cr2Cr contacts within the heterocubane vary from
2.833(2) to 3.061(2) As , while the contacts between Cr atoms
within the cubane and Cr(5) and Cr(6) are longer, varying
from 3.417(2) to 3.509(2) As .

There are three chemically distinct Cr sites within the
cage. The "rst pair of sites, Cr(1) and Cr(2), are each bound
to one k

4
- and two k

3
-oxygen atoms within the hetero-

cubane, one O atom from a pivalate ligand that spans the
top face of the cube, bridging Cr(1) and Cr(2), one O atom
from a pivalate that bridges to another vertex of the hetero-
cubane, and a "nal pivalate oxygen where the carboxylate
bridges to a capping Cr center. The second pair, Cr(3) and
Cr(4), are the remaining vertices of the cubane, and are each
bound to one k

3
- and two k

4
-oxygen atoms, an O atom that

forms part of a pivalate that bridges to Cr(1) or Cr(2)
respectively, and two O atoms from pivalates that bridge to
the capping chromium sites. The third pair, Cr(5) and Cr(6),
cap the cubane, and bind to one k

4
-oxygen atom from the

cubane, three O atoms from pivalates that bridge to the
cube, and two O donors from a chelating pivalate ligand.

As for 1, there appears to be a problem with charge
balance, which cannot be resolved by X-ray di!raction.
However, electrospray mass spectrometry is extremely in-
formative. In the negative ion spectrum the only strong
multiplet is found centered at m/z 1488, while in the positive
ion spectrum the multiplet is found at m/z 1490. These two
multiplets are due to [Cr

6
O

4
(O

2
CCMe

3
)
11

]~ and



FIG. 4. A section of the one-dimensional polymer in 3. O atoms, dotted spheres; C atoms, hatched spheres.
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[Cr
6
O

2
(OH)

2
(O

2
CCMe

3
)
11

]` respectively, and therefore
we believe the crystal contains species where the k

3
-oxygen

atoms [O(123) and O(124) in Fig. 3] are deprotonated
and species where both k

3
-O atoms are protonated,

and 2 should be written [Cr
6
O

2
(OH)

2
(O

2
CCMe

3
)
11

]
[Cr

6
O

4
(O

2
CCMe

3
)
11

]. We cannot exclude the possibility
that the neutral species [Cr

6
O

3
(OH)(O

2
CCMe

3
)
11

] is also
present in the lattice.

Therefore [Cr
3
O(O

2
CCMe

3
)
6
(H

2
O)

3
][O

2
CCMe

3
] ap-

pears to react very di!erently to [Cr
3
O(O

2
CCMe

3
)
6

(H
2
O)

3
][NO

3
] (3). With the nitrate counterion, pivalic acid

was lost on heating at 4003C, to give 5, while with a pivalate
counterion the salt 2 is formed. The pivalate:Cr ratio is
markedly lower in 5 (15:12) than in 2 (22:12), and this may be
due to the additional pivalate present as counterion in the
starting material for 2. Compound 2 is also an additional
member of a growing family of chromium heterocubane
cages, which now contain hexa-, octa- (2), and dodeca-
nuclear (4) members.

Varying the metal present in the initial oxo-centered
triangle has more dramatic results. Heating the mixed-
valent compound [Mn

3
O(O

2
CPh)

6
(py)

2
(H

2
O)] (7) to

3003C under N
2

leads to an oxidation state change from
Mn(III) to Mn(II), presumably accompanied by loss of O

2
.

Cyrstallization of the resulting solid from EtOH gives a one-
dimensional polymeric complex [Mn

4
(O

2
CPh)

8
(EtOH)

6
]

3 (Fig. 4). The structure is best considered as linear trinuc-
lear [Mn

3
(O

2
CPh)

6
(EtOH)

2
] cages linked through trans-

[Mn(O
2
CPh)

2
(EtOH)

4
] mononuclear units. Within the
trinuclear &&bricks,'' each Mn2Mn vector is bridged by two
1,3-bridging benzoates and the O atom of a third benzoate
that acts as a chelating ligand to the external Mn site of the
trinuclear block. The central Mn site [Mn(1)] is bound
exclusively to benzoate O atoms acting in a monodentate
fashion to this site. The external Mn site [Mn(2)] is bound
to two O atoms from a chelating benzoate, two O atoms
from benzoates that bridge to Mn(1), one terminal
EtOH molecule, and a benzoate that bridges to the mono-
nuclear fragment containing Mn(3). The Mn(3) site is bound
to four EtOH molecules and two bridging benzoates, with
the bridging ligands arranged in a trans geometry with
respect to each other. The Mn}O bond lengths are unexcep-
tional.

The formation of 3, while clearly dependent on the crys-
tallization solvent, does suggest that the reactivity of the
oxo-centered triangles will prove markedly di!erent for
redox active metal centers than for Cr(III). The results
reported here indicate that a very large body of polynuclear
cage complexes can be made by these routes, and raise the
possibility of in#uencing the complexes formed by choice of
ligand, anion, and metal, and probably also temperature,
reaction time, and heating rate.
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