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Introduction

The incorporation of cobalt into elaborate inorganic archi-
tectures is an active area of research due to the interest in
magnetic materials.[1] The starting materials used in these in-
vestigations are often CoII halides. Cobalt alkoxides repre-
sent alternative Co-containing starting materials for these
investigations, with the advantage of their solubility in or-
ganic solvents. The preparation of cobalt alkoxides is
straightforward and the synthesis of a range of homoleptic
CoII alkoxides containing bulky organic substituents was
achieved by alcoholysis reactions of Co(NSiMe3)2.

[2,3] A dif-

ferent method commonly used for the preparation of alkox-
ides are metathesis reactions.[4] The reactions of CoII halides
and alkali metal alkoxides, however, give heterometallic alk-
oxides of the general formula [M2Co2(m3-OtBu)2(m2-OtBu)4]
(M=alkali metal).[5] The alkali metal atoms in these CoII

complexes are coordinated by etheral solvent molecules.[5]

In the absence of donor solvents (e.g., ethers, amines), alkali
metal atoms in general can undergo cation–p interactions
with aromatic solvents or be stabilized by what is sometimes
described as agostic interactions.[6–9] In contrast to the classi-
cal agostic M···H�C bonds in transition metals which are
well-understood,[10] C�CH3···alkali metal interactions are dif-
ficult to quantify and it is not clear if they exist at all. As a
contribution to this area we report here the synthesis of a
series of CoII complexes and describe a DFT case study on
C�CH3···K

+ interactions in [K2Co2(m3-OtBu)2(m2-OtBu)4].

Results and Discussion

As part of a project to investigate the reactivity of hetero-
metallic alkoxides we prepared a series of Co/alkali metal
alkoxide starting materials of the type [M2Co2(m3-OtBu)2(m2-
OtBu)4(thf)n] (M=Na, K, Rb).[11] The synthetic approach to
the complexes involved the reactions of three equivalents of
MOtBu (M=Na, K, Rb) with CoBr2 in thf at ambient tem-
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perature (Scheme 1). Removal of the solvent and recrystalli-
sation of the solid blue residues from pentane produced
[Na2Co2(m3-OtBu)2(m2-OtBu)4(thf)2] (1), [K2Co2(m3-OtBu)2-
(m2-OtBu)4] (2) and [Rb2Co2(m3-OtBu)2(m2-OtBu)4(thf)] (3)
in good yield.

An X-ray crystallographic study of 1–3 revealed that all
complexes consist of a central [M2Co2(m3-OtBu)2(m2-OtBu)4]
core. The structure of 1 is shown in Figure 1.

The size of the alkali metal ion in 1–3 has little influence
on the bond lengths and angles within the [Co2(OtBu)6]
units in 1–3. The dimeric [M2Co2(m3-OtBu)2(m2-OtBu)4] units
form a centrosymmetric arrangement in which the Co atoms
are tetrahedrally coordinated by two m2- and two m3-tert-
butoxy groups. The exterior O-Co-O angles O(2)-Co(1)-
O(1) 144.69(6) (1), O(2A)-Co(1)-O(3) 135.55(7) (2) and
O(3)-Co(1)-O(1) 132.56(18) (3) are the largest change ob-
served in the [Co2(m3-OtBu)2(m2-OtBu)4] frameworks of 1–3.
The M�OtBu bond lengths increase with the size of the
alkali metal atom (av M�O 2.3 (1), 2.5 (2), 2.8 M (3)). Simi-

lar structural motifs were observed in the closely related
heterometallic transition-metal alkoxides [K2Zn2(m3-OtBu)2-
(m2-OtBu)4] and [Na2Fe2(m3-OtBu)2(m2-OtBu)4(thf)2].

[12,13]

In 1, both of the Na+ ions are additionally ligated by thf
molecules, which could not be removed even by exposing
the solid to dynamic vacuum. In compound 3, however, only
one of the Rb+ ions is ligated by a thf molecule (Figure 2).

In the crystal structure of 3, the [Rb2Co2(m3-OtBu)2(m2-
OtBu)4] units form infinite chains and the thf molecules are
situated between adjacent pairs of complex units, disordered
over an inversion centre. Within each chain, the molecules
are presumed to be largely ordered, arranged such that each
uncoordinated Rb+ ion faces the -C2H4- moiety of a thf
ligand coordinated to a Rb+ ion in the next molecule.

Despite repeated attempts we were unable to obtain the
Na and Rb complexes 1 and 3 solvent-free as single crystal-
line material. Having characterized the cobalt complexes
[Na2Co2(m3-OtBu)2(m2-OtBu)4(thf)2] (1), [K2Co2(m3-OtBu)2-
(m2-OtBu)4] (2), and [Rb2Co2(m3-OtBu)2(m2-OtBu)4(thf)] (3)
our attention now focussed on 2, in which the potassium
atoms are solely coordinated by O atoms of tert-butoxy li-
gands and surrounded by tBu groups of adjacent molecules,
with no additional ligation by thf. The [K2Co2(m3-OtBu)2(m2-
OtBu)4] units form a one-dimensional polymeric arrange-
ment in which tert-butoxy ligands of adjacent [Co2(m3-
OtBu)2(m2-OtBu)4]

2� ion units form cavities containing po-
tassium ions (Figure 3). Since these appeared to involve
close C�H··K contacts, the positions of all the hydrogen
atoms in 2 were refined in the structure. This refinement
readily yielded satisfactory tetrahedral geometries around
the methyl carbon atoms.

A closer look at the environment of the K atoms in 2 is
presented in Figure 4 and shows that up to eight of the
K···H distances in 2 (Table 1) are within the range of agostic

Scheme 1. Synthesis of 1–3.

Figure 1. Structure of 1 in the solid state (hydrogen atoms have been
omitted for clarity). Symmetry transformation: A=�x, �y, �z+1. Se-
lected bond lengths [M] and angles [8]: Na(1)�O(1) 2.2883(15), Na(1)�
O(2A) 2.2885(15), Na(1)�O(4) 2.3366(17), Na(1)�O(3A) 2.4258(14),
Co(1)�O(2) 1.8926(13), Co(1)�O(1) 1.9001(13), Co(1)�O(3A)
2.0043(12), Co(1)�O(3) 2.0297(11), Co(1)�Na(1A) 3.0282(9); O(1)-
Na(1)-O(2 A) 133.48(6), O(1)-Na(1)-O(4) 108.95(6), O(2A)-Na(1)-O(4)
116.66(6), O(1)-Na(1)-O(3A) 76.25(5), O(2A)-Na(1)-O(3A) 75.62(5),
O(4)-Na(1)-O(3A) 138.88(7), O(2)-Co(1)-O(1) 144.69(6), O(2)-Co(1)-O-
(3 A) 112.40(5), O(1)-Co(1)-O(3 A) 96.44(5), O(2)-Co(1)-O(3) 94.95(5),
O(1)-Co(1)-O(3) 109.65(6), O(3A)-Co(1)-O(3) 81.39(5), Co(1)-O(1)-
Na(1) 92.05(5), Co(1)-O(2)-Na(1A) 92.33(5), Co(1 A)-O(3)-Co(1)
98.61(5), Co(1A)-O(3)-Na(1A) 85.61(5), Co(1)-O(3)-Na(1A) 85.14(4).

Figure 2. Structure of 3 in the solid state. Symmetry transformation: A=

�x�2, �y�1, �z�2. Selected bond lengths [M] and angles [8]: Rb(1)�
O(1) 2.746(5), Rb(1)�O(3A) 2.756(4), Rb(1)�O(4) 2.870(15), Rb(1)�
O(2) 2.894(4), Co(1)�O(3) 1.911(5), Co(1)�O(1) 1.917(5), Co(1)�O(2A)
2.025(3), Co(1)�O(2) 2.030(3); O(1)-Rb(1)-O(3 A) 114.95(15), O(1)-
Rb(1)-O(4) 108.8(4), O(3A)-Rb(1)-O(4) 108.2(4), O(1)-Rb(1)-O(2)
65.00(11), O(3A)-Rb(1)-O(2) 64.45(11), O(4)-Rb(1)-O(2) 163.5(4), O(3)-
Co(1)-O(1) 132.56(18), O(3)-Co(1)-O(2 A) 99.96(19), O(1)-Co(1)-O(2A)
115.89(17), O(3)-Co(1)-O(2) 116.09(16), O(1)-Co(1)-O(2) 100.40(19),
O(2A)-Co(1)-O(2) 80.30(14), Co(1A)-O(2)-Co(1) 99.70(14), Co(1A)-
O(2)-Rb(1) 89.78(12), Co(1)-O(2)-Rb(1) 89.36(12).
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interactions (commonly discussed close Si�CH3···alkali
metal contacts of about 3 M are observed in solid-state
structures).[6,7,14] Similar short C�CH3···K (instead of Si�
CH3···alkali metal) contacts are present in 2. Five of these
can be described as intramolecular, while one is intermolec-
ular. More intriguingly, the remaining two close contacts,
those involving H(112) and its symmetry equivalent, appa-
rently constitute the first example of a bridging agostic inter-
action between two M+ ions. This prompted us to investi-
gate their nature and evaluate possible interactions using
DFT methods (Figure 4, Table 2).

Ab initio calculations : In the crystal structure of [K2Co2(m3-
OtBu)2(m2-OtBu)4] (2), the positions of the hydrogen atoms
were all freely refined. To investigate the nature of the C�
CH3···K contacts, which could either be weak electrostatic
or simply the result of crystal packing, density-functional
theory (DFT) calculations using the TURBOMOLE pro-
gram were performed at various levels (using the functionals
BP86, B3LYP and TPSS with the basis sets SV(P), TZVP
and TZVPP).[15] In the following, we shall discuss the results
of the calculations with the TPSS functional in the TZVPP
basis, which we regard as the most reliable. First, the geome-
try of the dimer of 2 was optimised. In this optimised geom-
etry, of course, the tert-butoxy group that is coordinated
with O(3) to Co(1) adopts its energetically most favourable
position. Second, the energy profile was computed for rota-
tion of this tert-butoxy group about the axis through its
C(9)�O(3) bond. The rotation was performed in such a
manner that the methyl group with carbon atom C(11)
moved away from the potassium atom K(1b). Accordingly,
the K(1b)�H(112) distance increased from 3.16 M to 5.11 M

on rotation from 08 to 608
(Table 2).

At the same time, the
methyl group with the carbon
atom C(12) moved towards
K(1b). While the -OtBu group
acts as a bidentate ligand with
its C(11) and C(12) methyl
groups at 08, it becomes a
monodentate ligand after rota-
tion by about 608, with only
the C(12) methyl group point-
ing towards the potassium
atom K(1b). In this rotated ge-

Figure 3. Structure of two molecules of 2 in the solid state. Symmetry
transformation: A=�x+1, �y+1, �z+1. Selected bond lengths [M]
and angles [8]: Co(1)�O(2A) 1.9004(14), Co(1)�O(3) 1.9079(14), Co(1)�
O(1A) 2.0233(13), Co(1)�O(1) 2.0239(14), K(1)�O(2) 2.5796(17), K(1)�
O(3) 2.5948(17), K(1)�O(1) 2.7337(14); O(2A)-Co(1)-O(3) 135.55(7),
O(2A)-Co(1)-O(1A) 99.05(6), O(3)-Co(1)-O(1A) 114.31(6), O(2A)-
Co(1)-O(1) 115.47(6), O(3)-Co(1)-O(1) 99.11(6), O(1A)-Co(1)-O(1)
80.18(6), O(2)-K(1)-O(3) 122.50(5), O(2)-K(1)-O(1) 68.31(4), O(3)-K(1)-
O(1) 68.29(5), Co(1A)-O(1)-Co(1) 99.82(6), Co(1A)-O(1)-K(1) 87.21(4),
Co(1)-O(1)-K(1) 87.80(5).

Figure 4. Coordination environment of the K atoms in two molecules of
2. Symmetry labels: a=�x+1, �y+1, �z+1; b=�x+1, �y, �z+1. See
also Table 2.

Table 1. List of experimental (solid state of 2) and calculated (dimer of 2) C···K, H···K distances [M] and
C�H···K angles [8] in two molecules of 2.

C···K H···K C�H···K
exptl calcd exptl calcd exptl calcd

C(2)�H(21)···K(1) 3.786(3) 3.78 3.14(3) 3.16 123(2) 116
C(3)�H(32)···K(1) 3.677(3) 3.79 3.08(3) 3.16 120(2) 117
C(4a)�H(43a)···K(1) 3.802(3) 3.82 3.32(3) 3.31 112(2) 110
C(6)�H(61)···K(1) 3.413(3) 3.51 2.99(5) 3.21 109(3) 97
C(6)�H(62)···K(1) 3.413(3) 3.51 3.10(5) 3.21 101(3) 97
C(11)�H(112)···K(1) 3.588(3) 3.66 3.19(4) 3.23 106(2) 105
C(11)�H(112)···K(1b) 3.640(3) 3.79 3.07(4) 3.16 116(3) 118
C(C12b)�H(121b)···K(1) 3.631(3) 3.82 4.38(5) 4.74 32(2) 28
C(C12b)�H(122b)···K(1) 3.631(3) 3.82 3.42(5) 3.48 96(4) 100
C(C12b)�H(123b)···K(1) 3.631(3) 3.82 3.13(4) 3.26 119(3) 113

Table 2. List of calculated H···K distances [M] in two molecules of 2 after
rotation of an angle a about the C(9)�O(3) bond.

a H(112)�K(1b) H(121)�K(1b) H(122)�K(1b) H(123)�K(1b)

0 3.16 4.74 3.48 3.26
10 3.46 4.41 3.22 2.99
20 3.79 4.07 2.99 2.79
30 4.13 3.73 2.80 2.66
40 4.47 3.40 2.65 2.64
50 4.80 3.09 2.57 2.71
60 5.11 2.83 2.56 2.88
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ometry, the three H atoms of the methyl group are rather
close to K(1b), at distances of 2.83 M, 2.56 M and 2.88 M (cf.
Table 2). Rotating further from 608 to 1208 approximately
rotates back the tert-butoxy group into its original position
(not exactly, because there is no exact local C3 axis). It was
therefore sufficient to investigate the rotation from 08 to
1208, from a bidentate via a monodentate back to a biden-
tate tert-butoxy group. The results of these calculations are
depicted by the curve with a solid line in Figure 5.

First, we observe that the structure at 08 is indeed a mini-
mal-energy structure, and that a very similar structure (only
ca. 4.0 kJmol�1 above the minimum) is obtained after rota-
tion by about 1208. The energy profile shows a plateau at
50–808, at which one of the methyl groups points toward the
potassium atom of the neighbouring monomer at a rather
short distance (2.56–2.88 M). The maximum at about 608 is
found to be about 21.6 kJmol�1 above the minimum. Thus,
we conclude that there is a repulsive interaction after rotat-
ing the -OtBu group by about 608. To quantify this repulsive
interaction more accurately, one has to compare the com-
puted energy profile of the barrier to rotation about the
C(9)�O(3) bond in the dimer of 2 with the energy profile
that one would obtain in the monomer 2 alone, without
neighbour. Corresponding calculations of the monomer (but
in the geometry of the optimised dimer using all of the
dimer TZVPP basis functions, that is, in the framework of a
full counterpoise calculation) yielded the dashed curve in
Figure 5. Except for the height of the barrier, the energy
profile of the monomer is almost identical with that of the
dimer. Most importantly, the optimal angle in the dimer is
the same as in the monomer. Thus, in the dimer, the neigh-
bouring cluster has no effect on the orientation of -OtBu
group. In the monomer, the barrier to rotation has its maxi-
mum also at about 608, but it is not as high as in the dimer.
From this, we conclude that the barrier in the dimer is
higher by roughly 10 kJmol�1 due to steric hindrance of the

methyl group by the neighbouring cluster, that is, the potas-
sium atom. Indeed, the binding energy of the dimer with re-
spect to dissociation into two isolated monomers amounts to
11.7 kJmol�1 at the counterpoise corrected TPSS/TZVPP
level, which is reduced to only 1.1 kJmol�1 after rotation of
the -OtBu group by about 608. All of the calculations were
repeated with ethoxy ligands in place of tert-butoxy li-
gands—giving a compound that we have so far failed to syn-
thesize—and similar profiles of the barriers to rotation were
obtained for both monomer and dimer. In fact, the energy
profiles of the barriers to rotation were identical for the
[K2Co2(m3-OEt)2(m2-OEt)4] cluster and its dimer, except that
the energy profile of the dimer showed an extra barrier (at
about 130–1408, cf. Figure 6) due to the strong steric hin-
drance between the ethoxy group that was rotated and an
ethoxy group of the neighbouring cluster. No C�
CH3···potassium interactions were found in this compound.

Since the computed barriers to rotation did not support a
type of C�CH3···K interaction that we would dare to charac-
terise as an agostic interaction, we decided to compute
atomic charges and bond orders to obtain insight into the
bonding electron density of the C�CH3···K moiety. With the
TURBOMOLE program, we computed the Mulliken and
Roby–Davidson atomic charges as implemented by Ehr-
hardt and Ahlrichs,[16, 17] and with the Gaussian 03 and NBO
5.G programs, we computed natural populations, Wiberg
bond orders (Wiberg bond indices) and atom–atom overlap
weighted NAO bond orders in the framework of a natural
bond order (NBO) analysis.[18,19] The TPSS functional was
used with both programs, but the TZVPP basis was used
with TURBOMOLE and the 6–31G** basis with Gaussian
03. All calculations were single-point calculations of the
TPSS/TZVPP-optimised structure of the dimer of 2, and the
relevant C�C and C�H distances of the C�CH3···K moiety
in this structure are given in Table 3 (cf. Figure 4).

Figure 5. Energy profile for the barrier to rotation of the -OtBu group in
one monomer of the dimer of 2 about its C�O bond.

Figure 6. Energy profile for the barrier to rotation of the -OEt group in
one monomer of the dimer of the virtual compound K2[Co2(OEt)6] about
its C�O bond.
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We observe in Table 3 that we can distinguish between
two classes of C�H bonds. Bonds in the range 1.097–1.099 M
are observed for the C�H bonds that are directed towards
the K atom, and shorter bonds of 1.093–1.095 M are found
for the remaining C�H bonds. Although the C(11)�H(112)
distance (1.099 M) is the longest C�H distance, even though
H(112) is the H atom closest to K(1b), it is only 0.001–
0.002 M longer than three other C�H bonds. Mulliken and
Roby–Davidson atomic charges are displayed in Table 4 for

the dimer of 2 before and after rotation, and for the mono-
mer of 2 using all of the basis functions of the dimer. We
can thus investigate how the atomic charges change when
the neighbouring cluster is taken away or when the -OtBu
group is rotated by about 608.

In the dimer (not rotated), we find atomic charges on H-
(112) of �0.015 e (Mulliken) and 0.003 e (Roby–Davidson),
which are significantly smaller than on the other H atoms
listed in Table 4. Indeed, the atom H(112) is the H atom
that is closest to the K atom of the neighbouring cluster. If
we remove the neighbouring cluster, however, the atomic
charges are still much smaller than those on the other hy-
drogen atoms.

After rotation by about 608, the charge on H(122), which
is now closest to K(1b), is the smallest atomic charge. Natu-
ral populations as computed by the NBO 5.G program are
given in Table 5.

Again we observe that the H···K(1b) distances correlate
with the atomic charge on the hydrogen atoms. At 08, H-
(112) has the smallest charge, at 608, H(122) has the smallest
charge. We observe some effects of the neighbouring cluster
on the atomic charges, and some correlation between con-
tact and charge, but the effects are small. Also the changes

that occur when the tert-butoxy ligand is rotated by about
608 are small. Finally, the atomic charges, in particular the
Roby–Davidson charges (+0.99 e), also provide strong evi-
dence that the potassium is present in 2 as the cation K+ .

The computed K(1b)···H
bond orders are perhaps the
most interesting quantities for
our analysis of the bonding
electron density (Table 6). Al-
though the bond orders are ex-
tremely small (they do not
point at significant agostic in-
teractions), we find again cor-
relations between the
K(1b)···H bond length and the
computed property. The
Wiberg bond indices are larg-
est for the short K(1b)···H
bonds (0.0018 and 0.0016 for
H(112) and H(123), cf.

Figure 4), and the same is true for the NAO bond orders
(0.0100 and 0.0116, respectively). After rotation by about
608, the K(1b)···H bonds are short for the atoms H(121), H-
(122) and H(123), and in this structure, these bonds show
the largest bond orders. The computed bond orders corre-
late with the bond lengths, but we do not feel that the com-
puted values hint at significant agostic interactions. On the
contrary, the NBO analysis identifies the K(1b) atoms as an
isolated molecular unit with doubly occupied 1s, 2s, 2p, 3s
and 3p orbitals, that is, an atom without bonds. In the NBO
analysis, it is present in 2 as a K+ counterion.

Table 4. Mulliken and Roby–Davidson atomic charges [e] in one and two molecules of 2 as obtained from a
TPSS/TZVPP population analysis, before (08) and after (608) rotation of the -OtBu group.

Mulliken Roby–Davidson
Rotation angle 08 608 08 608
molecules of 2 one two one two one two one two

K(1b) – 0.783 – 0.817 – 0.989 – 0.994
C(11) �0.230 �0.262 �0.158 �0.159 �0.102 �0.105 �0.109 �0.112
C(12) �0.187 �0.236 �0.136 �0.266 �0.113 �0.123 �0.104 �0.190
H(111) 0.053 0.064 0.048 0.053 0.031 0.030 0.040 0.037
H(112) �0.001 �0.015 0.026 0.034 0.009 0.003 0.029 0.024
H(113) 0.040 0.046 0.035 0.037 0.025 0.022 0.018 0.010
H(121) 0.042 0.055 0.054 0.090 0.026 0.028 0.043 0.044
H(122) 0.037 0.045 0.058 0.015 0.028 0.024 0.038 0.003
H(123) 0.048 0.040 �0.029 0.023 0.035 0.020 0.004 0.028

Table 5. NBO natural populations [e] in two molecules of 2 as obtained
from a TPSS/6–31G** population analysis, before (08) and after (608) ro-
tation of the -OtBu group.

Rotation angle 08 608

K(1b) 0.921 0.917
C(11) �0.694 �0.690
C(12) �0.688 �0.707
H(111) 0.234 0.233
H(112) 0.204 0.219
H(113) 0.223 0.226
H(121) 0.239 0.228
H(122) 0.213 0.209
H(123) 0.215 0.218

Table 6. Wiberg bond indices and atom–atom overlap weighted NAO
bond orders of the six K(1b)···H contacts between two molecules of 2 as
obtained from a TPSS/6–31G** natural bond order analysis, before (08)
and after (608) rotation of the -OtBu group.

Rotation angle 08 608
Bond order Wiberg NAO Wiberg NAO

H(111) 0.0001 �0.0006 0.0001 �0.0007
H(112) 0.0018 0.0100 0.0001 0.0004
H(113) 0.0008 0.0055 0.0001 0.0016
H(121) 0.0002 0.0002 0.0017 0.0113
H(122) 0.0010 0.0073 0.0028 0.0148
H(123) 0.0016 0.0116 0.0013 0.0074

Table 3. List of calculated C�C and C�H distances [M] in two molecules
of 2 (TPSS/TZVPP level).

Distance [M] Distance [M]

C(9)�C(11) 1.544 C(9)�C(12) 1.544
C(11)�H(111) 1.095 C(11)�H(112) 1.099
C(11)�H(113) 1.098 C(12)�H(121) 1.093
C(12)�H(122) 1.098 C(12)�H(123) 1.097
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The computational study of the high-spin CoII clusters
was partly performed to investigate the TPSS functional,
which had been implemented recently in the TURBO-
MOLE program. On the compounds studied here, the per-
formance of the modern TPSS functional was very similar to
that of the popular B3LYP functional, but since the TPSS
functional allowed us to use the (multipole-accelerated) RI-
J approximation, the calculations with the TPSS functional
were much faster than those with the B3LYP functional.
Indeed the MARI-J approach was used in all of the calcula-
tions with the BP86 and TPSS functionals and allowed us to
use the rather large TZVPP basis with 3636 contracted func-
tions on the dimer of 2.

Conclusion

Solvent-free alkali metal complexes can contain low-coordi-
nate alkali metal atoms embedded in cavities formed by or-
ganic groups. Although C�CH3···K distances found in the
heterometallic alkoxide [K2Co2(m3-OtBu)2(m2-OtBu)4] (2) are
similar to short Si�CH3···K distances observed in numerous
compounds and often described as agostic interactions, a
computational study has shown that in 2 close contacts are
the result of steric requirements rather than of weak bond-
ing interactions. Scherer and McGrady note in their recent
and comprehensive review article on agostic interactions
that such interactions have proved remarkably difficult to
pin down and characterise in many alkyl systems.[20] For in-
stance, these authors write: “Although the location of a hy-
drogen atom close to the metal center and the consequent
reorganization of bonding electron density should result in
major structural and spectroscopic changes in the M···HC
moiety, characterization of the interaction is often fraught
with difficulty.” In the heterometallic alkoxide [K2Co2(m3-
OtBu)2(m2-OtBu)4] (2), we neither see major structural
changes nor major changes in bonding electron density or
atomic charges. Therefore, in this particular system, we fail
to characterise the interaction as agostic. We believe that
the DFT investigation of rotational barriers in tBu or SiMe3
groups of similar systems represents a useful tool to supple-
ment calculations of atomic charges and bond orders for the
theoretical analysis of weak metal···H···C interactions.

Experimental Section

All operations were carried out in an atmosphere of purified argon. Sol-
vents were dried over sodium/benzophenone. Metal salts were purchased
from Aldrich.

Preparation of 1–3 : A solution of MOtBu (M=Na, K, Rb) (3.00 mmol)
in THF (10 mL) was added to a solution of CoBr2 (0.22 g, 1.00 mmol) in
THF (10 mL). The solution was stirred at room temperature for 24 h. A
colorless precipitate of MBr was filtered off. The solvent of the filtrate
was removed under reduced pressure and the blue residue was dried
under high vacuum for 1 h at room temperature. The solid was extracted
with pentane (20 mL) and filtered. Concentration of the filtrate to about
3 mL and storage of the solution for two days produced blue crystals.

1: Yield 0.3 g, 80%; decomposition at 298 8C into green solid; elemental
analysis calcd (%) for C28H62Co2Na2O7: C 49.8, H 9.2; found: C 49.7, H
9.1 (one thf ligand was removed during isolation); UV/Vis (thf): lmax (e):
511 (118), 601 (139), 684 (82) nm; IR (KBr): ñ=1201, 1094 (C�O), 475
(metal�O) cm�1.

2 : Yield 0.2 g, 63%; m.p. 260 8C; elemental analysis calcd (%) for
C24H54Co2K2O6·0.5 thf: C 46.6, H 8.7; found: C 46.9, H 8.7; UV/Vis (thf):
lmax (e)=510 (115), 610 (130), 670 (150) nm; IR (CsI, Nujol): ñ=1202,
1077, (C�O), 464, 398 (metal�O) cm�1.

3 : Yield 0.15 g, 57%; various color changes occur when solid samples are
heated, 315 8C green solid, 339 8C blue solid; elemental analysis calcd
(%) for C24H54Co2O6Rb2·0.5 thf (i.e. loss of 0.5 thf per Rb2{Co2(OtBu)6}
entity): C 40.9, H 7.6; found: C 40.9, H 7.6; UV/Vis (thf): lmax (e): 503
(151), 604 (220), 670 (330) nm; IR (KBr): ñ=1195, 1003 (C�O), 490
(metal�O) cm�1.

Crystallographic details : Data for 1 (Stoe STADI IV), 2 (Stoe IPDS I on
a Schneider rotary anode X-ray generator), 3 and 3a (Stoe IPDS II)
were collected by using graphite-monochromated MoKa radiation (l=
0.71073 M). The structures were solved by direct methods and refined by
full-matrix least-squares on F2 (all data) using the SHELXTL program
package.[21] Hydrogen atoms in 2 were located, and their coordinates re-
fined; non-hydrogen atoms were assigned anisotropic thermal parame-
ters. In 1 and 3 hydrogen atoms were placed in idealized positions. In the
structure of 3, the thf ligands are situated between the complex mole-
cules, disordered over inversion centres. It was necessary to refine the
carbon atoms with full-occupancy, and the oxygen atoms as half-occupan-
cy atoms. Within a chain of molecules there is probably long-range
order; but attempts to refine the structure in lower-symmetry space
groups were unsuccessful, indicating that there is little or no ordering be-
tween the chains. In 3a one heavily disordered molecule of THF is pres-
ent per cluster. Because the solvent molecule could not be refined
squeeze was applied.[22]

Crystal data for 1: C32H70Co2Na2O8; Mr=746.72; orthorhombic, space
group Pbca, Z=4; a=15.166(3), b=15.301(3), c=17.863(4) M; V=

4145.2(14) M3; T=200(2) K; F(000)=1608; 1calcd=1.197 gcm�3. A total of
26890 reflections measured, of which 5441 were unique (Rint=0.0379);
199 parameters; final wR2=0.1311 (all data); R1=0.0411 {I>2s(I)}; larg-
est difference peak and hole 0.884 and �0.405 eM�3.

Crystal data for 2 : C24H54Co2K2O6; Mr=634.73; triclinic, space group P1̄,
Z=1; a=9.9044(12), b=10.0457(13), c=10.2887(13) M, a=61.879(13),
b=65.459(13), g=80.717(15)8 ; V=820.53(18) M3; T=203(2) K; F(000)=
338; 1calcd=1.285 gcm�3. A total of 5322 reflections measured, of which
2954 were unique (Rint=0.0297); 235 parameters; final wR2=0.0777 (all
data); R1=0.0297 {I>2s(I)}; largest difference peak and hole 0.310 and
�0.333 eM�3.

Crystal data for 3 : C28H62Co2O7Rb2; Mr=799.58; monoclinic, space group
P21/n, Z=1; a=10.837(2), b=12.684(3), c=13.937(3) M, b=93.55(3)8 ;
V=1912.0(7) M3; T=150(2) K; F(000)=828; 1calcd=3.432 gcm�3. A total
of 4775 reflections measured, of which 2720 were unique (Rint=0.0473);
179 parameters; final wR2=0.1319 (all data); R1=0.0522 {I>2s(I)}; larg-
est difference peak and hole 0.679 and �0.507 eM�3.

Crystal data for 3a : C28H62Co2O7Rb2; Mr=799.58; monoclinic, space
group C2/m, Z=2; a=16.993(3), b=12.8646(15), c=10.873(2) M, b=

126.250(13)8 ; V=1916.9(5) M3; T=100(2) K; F(000)=828; 1calcd=

3.423 gcm�3. A total of 6325 reflections measured, of which 2344 were
unique (Rint=0.0691); 82 parameters; final wR2=0.2221 (all data); R1=

0.0754 {I>2s(I)}; largest difference peak and hole 0.975 and
�0.969 eM�3.

CCDC-285839–CCDC-285842 contain the supplementary crystallograph-
ic data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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