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Abstract

Treatment of the lightly stabilized cluster [Os3(CO)10(MeCN)2] with excess imidazo(1,2-a)pyridine at 25°C yields [(m-
H)Os3(CO)10(m-1,2-h2-C7H5N2)] (7) and [(m-H)Os3(CO)10(m-1,7-h2-C7H5N2)] (8) in 30 and 40% yields, respectively. The structures
of 7 and 8 reveal that in the former the heterocyclic ligand is coordinated via the imino nitrogen and C(2) carbon atoms, whereas
in the latter the ligand is coordinated via the imino nitrogen and C(7) carbon atoms. The reaction of [Os3(CO)11(MeCN)] with
excess imidazo(1,2-a)pyridine at 25°C gives the N-coordinated imidazo(1,2-a)pyridine compound [Os3(CO)11(h1-C7H6N2)] (9),
which on refluxing in octane undergoes both C(2)�H and C(7)�H bond activation, producing 7 and 8 in 32 and 15% yields,
respectively. Compound 9 is similar to [Os3(CO)11(MeCN)] in that its N-coordinated ligand is labile and can easily be replaced
by various two-electron donors L yielding [Os3(CO)11(L)] {L=PPh3; P(OMe)3 or tBuNC}. Compounds 7 and 8 further react with
imidazo(1,2-a)pyridine to afford [(m-H)2Os3(CO)8(m-1,2-h2-C7H5N2)2] (10) and [(m-H)2Os3(CO)8(m-1,7-h2-C7H5N2)(m-1,2-h2-
C7H5N2] (11), respectively. Compound 11 contains two imidazo(1,2-a)pyridine-derived ligands formed by activation of C(2)�H
and C(7)�H bonds, whereas both the heterocyclic ligands in 10 are formed by activation of C(2)�H bonds. Both compounds 7 and
8 react with PPh3 at 110°C to yield the monosubstituted products [(m-H)Os3(CO)9(m-1,2-h2-C7H5N2)(PPh3)] (12) and [(m-
H)Os3(CO)9(m-1,7-h2-C7H5N2)(PPh3)] (13). The structures of 7, 8, 9 and 11 have been established by X-ray crystallography.
© 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Intramolecular activation of C�H, N�H and C�N
bonds of nitrogen-containing aromatic heterocycles by
transition metals has been widely investigated [1–20],
yet there is still considerable interest in such studies
because of the relevance of the complexes obtained in
understanding the catalytically important hydrodenitro-
genation (HDN) process. We have recently reported the

ambient temperature reactions of dinitrogen heterocy-
cles such as imidazoles and pyrazoles [21] and nitrogen-
and sulfur-containing heterocycles such as thiazole
[22,23] and 4-methylthiazole [24] with [Ru3(CO)12] and
the lightly stabilized cluster [Os3(CO)10(MeCN)2]. How-
ever, there are very few studies of the interaction of
trimetallic clusters of osmium and ruthenium with
polynuclear heteroaromatic nitrogen heterocycles. The
direct reactions of [M3(CO)12] (M=Os, Ru) with
quinolines have previously been examined at elevated
temperatures and gave mono- and bis(quinoline) com-
plexes [(m-H)M3(CO)10(m-1,2-h2-C9H6N)] (1, M=Os; 2,
M=Ru) and [(m-H)2M3(CO)8(m-h2-C9H6N)2] (3, M=
Os; 4, M=Ru) (Scheme 1) in which the C(2) car-
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Scheme 1.

compound 1 [1]. Compound 5 was decarbonylated to
give the highly reactive 46e− cluster [(m-H)Os3(CO)9(m3-
1,8-h2-C9H6N)] (6) (Scheme 2), in which the quinoline
ring is bound to the trimetallic core by a three-center–
one-electron bond with the C(8) carbon bridging two
metal atoms along with coordination of the nitrogen
lone pair to the third osmium [25].

As a part of our on-going work in the field, we
investigated the reactions of imidazo(1,2-a)pyridine
with the lightly stabilized cluster [Os3(CO)10(MeCN)2].
It was expected that such a cluster would favor
oxidative addition of the C(7)�H bond of imidazo-
(1,2-a)pyridine resulting in the formation of [(m-
H)Os3(CO)10(m-1,7-h2-C7H5N2)] which, in turn, would
give the 46e− cluster [(m-H)Os3(CO)9(m3-1,7-h2-
C7H5N2)] as it does for quinoline and substituted
quinolines. We also investigated the reactions of
[Os3(CO)11(MeCN)] with imidazo(1,2-a)pyridine to
gain an insight into the initial mode of bonding of the
N-heterocycle and its subsequent conversion to the
C�H-activated products. The results of these studies are
presented herein.

2. Results and discussion

Treatment of the lightly stabilized cluster
[Os3(CO)10(MeCN)2] with imidazo(1,2-a)pyridine at
ambient temperature afforded two major compounds
[(m-H)Os3(CO)10(m-1,2-h2-C7H5N2)] (7) and [(m-
H)Os3(CO)10(m-1,7-h2-C7H5N2)] (8) in 30 and 40%
yields, respectively (Scheme 3).

bon�hydrogen bond of the quinoline ring has been
oxidatively added to the cluster [1,2].

It was reported recently [25] that the ambient temper-
ature reaction of quinoline with [Os3(CO)10(MeCN)2]
yields the compound [(m-H)Os3(CO)10(m-1,8-h2-
C9H6N)] (5) as the major product, in which the C(8)
carbon�hydrogen bond has been oxidatively added to
the cluster, along with a small amount of the known

Scheme 2.
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Scheme 3.

Table 1
Selected bond lengths (A, ) and angles (°) for [Os3(CO)10(H)(C7H5N2)]
(7)

Bond lengths (A, )
2.8898(11)Os(1)�Os(3)Os(1)�Os(2) 2.8644(10)

2.9736(10) Os(2)�N(1) 2.134(11)Os(2)�Os(3)
2.10(2) Os(2)�H(23) 1.73 aOs(3)�C(11)

1.909 b1.61 a Os–C(CO)Os(3)�H(23)
C–O 1.154 b

Bond angles (°)
100.7(6)94.3(6) C(1)�Os(1)�C(2)C(1)�Os(1)�C(3)
91.9(6)C(1)�Os(1)�C(4)C(3)�Os(1)�C(2) 93.3(6)

C(3)�Os(1)�C(4) 171.7(6) C(2)�Os(1)�C(4) 91.0(6)
C(1)�Os(1)�Os(2) 154.6(5) C(3)�Os(1)�Os(2) 84.8(4)

C(4)�Os(1)�Os(2)104.7(4) 87.3(4)C(2)�Os(1)�Os(2)
92.4(5) 85.7(5)C(3)�Os(1)�Os(3)C(1)�Os(1)�Os(3)

C(2)�Os(1)�Os(3) 166.9(4) C(4)�Os(1)�Os(3) 88.5(5)
C(5)�Os(2)�C(7) 91.6(6)62.23(2)Os(2)�Os(1)�Os(3)

C(5)�Os(2)�C(6) 96.4(7) C(7)�Os(2)�C(6) 92.2(6)
95.6(6) 172.7(6)C(7)�Os(2)�N(1)C(5)�Os(2)�N(1)

C(6)�Os(2)�N(1) 86.7(5) C(5)�Os(2)�Os(1) 86.7(5)
175.0(4)C(6)�Os(2)�Os(1)91.7(4)C(7)�Os(2)�Os(1)

89.0(3) 140.6(5)C(5)�Os(2)�Os(3)N(1)�Os(2)�Os(1)
116.4(5)C(6)�Os(2)�Os(3)C(7)�Os(2)�Os(3) 107.4(4)

N(1)�Os(2)�Os(3) 66.9(4) Os(1)�Os(2)�Os(3) 59.30(3)
C(8)�Os(3)�C(9) 92.1(7) C(8)�Os(3)�C(10) 96.4(7)

C(8)�Os(3)�C(11)96.0(6) 88.3(6)C(9)�Os(3)�C(10)
C(9)�Os(3)�C(11) 174.4(6) C(10)�Os(3)�C(11) 89.5(6)

88.9(5)C(9)�Os(3)�Os(1)C(8)�Os(3)�Os(1) 175.4(5)
87.9(5) 90.2(4)C(11)�Os(3)�Os(1)C(10)�Os(3)�Os(1)

117.0(5) 106.2(5)C(9)�Os(3)�Os(2)C(8)�Os(3)�Os(2)
C(10)�Os(3)�Os(2) 138.4(5) C(11)�Os(3)�Os(2) 68.7(4)

58.47(2) Os(2)�H(23)�Os(3)Os(1)�Os(3)�Os(2) 125.5 a

176.8 b C(17)�N(1)�C(11) 106.6(12)Os�C�O
112.8(9)C(11)�N(1)�Os(2)C(17)�N(1)�Os(2) 140.1(12)

111.0(14) N(1)�C(11)�Os(3) 111.6(10)N(1)�C(11)�C(12)
137.0(14)C(12)�C(11)�Os(3)

a The dimensions involving the hydride ligand are only approxi-
mate.

b Average values.

The IR spectrum of 7 in the carbonyl stretching
region is similar to that of 1 [1], suggesting that they
have structural similarities. The 1H-NMR spectrum of
7 contains a singlet hydride resonance at d −15.10 and
two doublets at d 7.92 and 7.01, two triplets at d 7.28
and 6.70 and a singlet at d 7.10, each integrating as one
hydrogen atom. The doublets at d 7.92 and 7.01 have
been assigned to the C(4) and C(7) ring protons and the
triplets at d 7.28 and 6.70 have been assigned to the
C(6) and C(5) ring protons, while the singlet at d 7.10
is attributed to the C(3) ring proton. These assignments
are consistent with the COSY correlations in 2D 1H-

Fig. 1. Molecular structure of [(m-H)Os3(CO)10(m-1,2-h2-C7H5N2)] (7)
showing the atom labeling scheme. Thermal ellipsoids are drawn at
40% probability level.

NMR spectrum. The 1H-NMR spectrum showed the
absence of the C(2) proton that appears as a doublet at
d 7.48 in the spectrum of free imidazo(1,2-a)pyridine.
Spectroscopic data indicated 7 as the most probable
structure for this compound, and this was confirmed by
an X-ray structure determination.

The molecular structure of 7 is shown in Fig. 1 with
selected bond distances and angles in Table 1. The
molecule consists of a triangular cluster of three os-
mium atoms with ten terminal carbonyl ligands dis-
tributed so that three are attached to each of Os(2)
and Os(3) and four to Os(1). The three Os�Os distances
are distinctly different [Os(2)�Os(3)=2.9736(10),
Os(1)�Os(2)=2.8644(10) and Os(1)�Os(3)=2.8898(11)
A, ] with the longest bond being associated with that
spanned simultaneously by the hydride and the imi-
dazo(1,2-a)pyridine ligand. The average Os�Os separa-
tion of 2.9093 A, is somewhat longer than the average
Os�Os distances of 2.877(3) A, found in [Os3(CO)12]
[26]. The arrangements of the ligands around the metal
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triangle in 7 are similar to those found in the related
quinoline (C9H7N) and phenanthridine (C13H9N) clus-
ters [(m-H)Os3(CO)10(m-1,2-h2-C9H6N)] [1], [(m-
H)Ru3(CO)10(m-,2-h2-C9H6N)] [27] and [(m-H)Ru3-
(CO)10(m-1,2-h2-C13H8N)] [2]. As in these complexes,
the molecular plane containing the imidazo(1,2-
a)pyridine ligand in 7 is also nearly perpendicular to
the osmium triangle as shown by the values of 89.0(3)
and 90.2(4)° for the angles N(1)�Os(2)�Os(1) and
C(11)�Os(3)�Os(1), respectively. The C(11)�N(1) bond
length of 1.37(2) A, is within the range found for other
related compounds with coordinated heterocycles, e.g.
1.367–1.383 A, in [(m-H)2Os3(CO)8(m-1,2-h2-C9H6N)2

[1], 1.329 A, in [(m-H)Os3(CO)10(m-1,2-h2-C9H6N)] [1],
and 1.38(2) A, in [(m-H)Ru3(CO)10(m-1,2-h2-C9H6N)]
[27]. The Os(3)�C(11) and Os(2)�N(1) distances of
2.10(2) and 2.134(11) A, , respectively are similar to the
corresponding values in the above quinoline and
phenanthridine complexes.

The n(CO) stretches of 8 are very similar to those of
the recently reported quinoline analog 5 [25], suggesting
that the two compounds have similar structural ar-
rangements. The 1H-NMR spectrum of 8 contains two
doublets and a triplet at d 7.71, 7.66 and 6.64 due to
the C(6), C(5) and C(4) protons of the pyridine ring,
two singlets at d 7.35 and 7.34 due to the C(3) and C(2)
protons of the imidazole ring and a singlet resonance at
d −14.24 due to the bridging hydride ligand. The
1H-NMR spectrum does not contain the expected reso-
nance for the C(7) proton of the pyridyl ring which
leads to the suggestion that it has the structure 8. These
assignments are based on the correlation pattern in the
2D COSY 1H-NMR spectrum of 8. There are very few
examples of decacarbonyl triosmium complexes con-

Table 2
Selected bond lengths (A, ) and angles (°) for [Os3(CO)10(H)(C7H5N2)]
(8)

Bond lengths (A, )
2.9001(8)Os(1)�Os(3)2.8794(7)Os(1)�Os(2)

2.9654(9) 2.126(9)Os(2)�Os(3) Os(2)�N(1)
Os(2)�H(23) Os(3)�C(16)1.72 a 2.120(11)

1.93 a Os�C(CO) 1.898 bOs(3)�H(23)
C–O 1.155 b

Bond angles (°)
C(2)�Os(1)�C(1)C(3)�Os(1)�C(1) 102.4(6)91.5(5)

91.4(5)C(2)�Os(1)�C(3) C(1)�Os(1)�C(4) 90.3(5)
C(3)�Os(1)�C(4) 89.9(5)C(2)�Os(1)�C(4)177.5(5)

C(3)�Os(1)�Os(2) 88.5(4)158.8(4)C(1)�Os(1)�Os(2)
C(2)�Os(1)�Os(2) 98.8(4) C(4)�Os(1)�Os(2) 89.2(3)

C(3)�Os(1)�Os(3)C(2)�Os(1)�Os(3) 87.7(4)160.5(4)
97.0(4)C(1)�Os(1)�Os(3) C(4)�Os(1)�Os(3) 90.4(3)

Os(2)�Os(1)�Os(3) 61.74(2) C(5)�Os(2)�C(7) 92.6(5)
C(5)�Os(2)�C(6) 96.4(5) C(7)�Os(2)�C(6) 91.0(5)

89.8(4)C(5)�Os(2)�N(1) C(7)�Os(2)�N(1) 177.3(5)
85.6(3)C(5)�Os(2)�Os(1)C(6)�Os(2)�N(1) 87.5(5)

89.6(4)C(7)�Os(2)�Os(1) C(6)�Os(2)�Os(1) 177.9(4)
N(1)�Os(2)�Os(1) 91.8(3) C(5)�Os(2)�Os(3) 143.9(4)
C(7)�Os(2)�Os(3) 118.5(4)C(6)�Os(2)�Os(3)95.5(3)

83.2(3)N(1)�Os(2)�Os(3) Os(1)�Os(2)�Os(3) 59.47(2)
C(8)�Os(3)�C(10) 97.7(6) C(8)�Os(3)�C(9) 95.3(5)

92.3(5)C(10)�Os(3)�C(9) C(8)�Os(3)�C(16) 84.2(5)
C(10)�Os(3)�C(16) 86.7(5) C(9)�Os(3)�C(16) 178.8(5)
C(8)�Os(3)�Os(1) 86.1(4)C(10)�Os(3)�Os(1)175.8(4)

94.3(3)C(16)�Os(3)�Os(1)C(9)�Os(3)�Os(1) 86.2(4)
C(8)�Os(3)�Os(2) 117.1(4) C(10)�Os(3)�Os(2) 142.8(4)
C(9)�Os(3)�Os(2) 84.4(3)96.8(4) C(16)�Os(3)�Os(2)

Os(2)�H(23)�Os(3) 108.7 a58.79(2)Os(1)�Os(3)�Os(2)
C(11)�N(1)�Os(2)C(17)�N(1)�Os(2) 123.0(8) 130.0(9)

127.9(9)C(17)�N(1)�C(11) 107.0(10) C(15)�C(16)�Os(3)
C(15)�C(16)�C(17)120.4(8) 111.7(10)C(17)�C(16)�Os(3)

176.4 bOs�C�O

a The dimensions involving the hydride ligand are only approxi-
mate.

b Average values.

Fig. 2. Molecular structure of [(m-H)Os3(CO)10(m-1,7-h2-C7H5N2)] (8)
showing the atom labeling scheme. Thermal ellipsoids are drawn at
40% probability level.

taining bicyclic heterocyclic ligands in which both the
rings of the heterocycle are coordinated as in 8. One
recent example is the quinoline derivative 5 but this
compound has not been structurally characterized. Un-
ambiguous proof of the structure of 8 has now been
obtained from a single-crystal X-ray diffraction study.

The molecular structure of 8 is shown in Fig. 2 and
selected bond distances and angles are presented in
Table 2. The structure consists of a triangular metal
core with three distinct metal�metal bond distances
[Os(2)�Os(3)=2.9654(9), Os(1)�Os(3)=2.9001(8) and
Os(1)�Os(2)=2.8794(7) A, ] with ten terminal carbonyl
groups distributed as in 7. The doubly bridged
Os(2)�Os(3) bond is again significantly longer than the
unbridged Os(1)�Os(2) and Os(1)�Os(3) bonds, a pat-
tern also observed in 7. The average Os�Os distance of
2.9150 A, is slightly longer than that in 7. The hetero-
cyclic ligand in 8 donates three electrons to the cluster
via a two-electron donor bond from N(1) to Os(2)
[Os(2)�N(1)=2.126(9) A, ] and one-electron s bond
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Scheme 4.

[Os3(CO)11(h1-CH�NCH�CHNH)] [21] suggests that
the compounds are structurally analogous. The 1H-
NMR spectrum of 9 in the d 0–10 region contains six
well-separated resonances, each integrating for one hy-
drogen atom. These data are consistent with the results
of an X-ray study.

The X-ray structure of 9 is shown in Fig. 3 and
selected bond distances and angles are given in Table 3.
The molecule consists of a triangular cluster of three
osmium atoms without any bridging ligands. The 11
carbonyl groups and the imidazo(1,2-a)pyridine ligand
are all terminally bonded. The metal�metal bonds
[Os(1)�Os(2)=2.8802(10), Os(1)�Os(3)=2.8906(11)
and Os(2)�Os(3)=2.8722(11) A, ] are nearly equal and
the average value (2.8810 A, ) is comparable to that in
[Os3(CO)12] (2.877 A, ) [26]. The organic ligand is coordi-
nated to Os(3) through the imino nitrogen atom and
occupies an axial coordination site. The Os(1)�N(1)
distance at 2.25(2) A, is significantly longer than the
values in 7, 8, 11 and also [Os3(CO)11(MeCN)]
(2.074(22) A, ) [29], but comparable to those in
[Os3(CO)11(h1-CH�NCH�CHNH)] (2.23(2) A, ) [21] and
[(m-H)2Os5(CO)14(h1-C5H5N)] (2.214(22) A, ) [30].

from C(16) to Os(3) [Os(3)�C(16)=2.120(11) A, ]. The
basic structure of this compound is similar to that
adopted by 7 with the activation of the C(7)�H bond
instead of the C(2)�H bond of the imidazole ring as in
7. These two compounds reveal an interesting example
of ‘linkage isomerism’, where the modes of bonding of
the imidazo(1,2-a)pyridine heterocyle are totally
different.

In order to isolate the N-coordinated intermediate
(before the cyclometalation occurs) we decided to ex-
plore the reactivity of imidazo(1,2-a)pyridine with
[Os3(CO)11(MeCN)]. It was observed that the monoace-
tonitrile compound reacts smoothly with imidazo(1,2-
a)pyridine at 25°C to afford [Os3(CO)11(h1-C7H6N2)]
(9) in 58% yield (Scheme 4). The same compound was
also obtained in similar yield starting the reaction from
[Os3(CO)12] and imidazo(1,2-a)pyridine in the presence
of Me3NO at 60°C.

Compound 9 has been characterized by elemental
analysis, IR and 1H-NMR spectroscopy and X-ray
diffraction analysis. The close similarity of the n(CO)
stretching frequencies of 9 to those of [Os3(CO)11(h1-
C5H5N)] [28], [Os3(CO)11(MeCN)] [29] and

Table 3
Selected bond lengths (A, ) and angles (°) for [Os3(CO)11(C7H6N2)] (9)

Bond lengths (A, )
Os(1)�Os(3) 2.8906(11)Os(1)�Os(2) 2.8802(10)

Os(2)�Os(3) 2.8722(11) Os(3)�N(1) 2.25(2)
Os�C(CO) 1.924 a 1.143 aC�O

Bond angles (°)
Os(2)�Os(1)�Os(3) 60.33(3)Os(3)�Os(2)�Os(1)59.70(3)

105.4(7)C(3)�Os(1)�C(4)Os(2)�Os(3)�Os(1) 59.97(3)
88.4(8)C(3)�Os(1)�C(1) 91.8(7) C(4)�Os(1)�C(1)

92.6(7) 90.8(7)C(4)�Os(1)�C(2)C(3)�Os(1)�C(2)
C(1)�Os(1)�C(2) 156.0(5)C(3)�Os(1)�Os(2)175.6(6)

C(1)�Os(1)�Os(2) 88.3(5)98.5(5)C(4)�Os(1)�Os(2)
87.6(5) 96.4(5)C(3)�Os(1)�Os(3)C(2)�Os(1)�Os(2)

91.6(6)C(1)�Os(1)�Os(3)C(4)�Os(1)�Os(3) 158.2(5)
C(2)�Os(1)�Os(3) 87.5(5) C(5)�Os(2)�C(7) 106.2(7)
C(5)�Os(2)�C(6) 88.6(7) C(7)�Os(2)�C(6) 91.9(8)

88.8(7)C(7)�Os(2)�C(8)C(5)�Os(2)�C(8) 90.3(7)
C(5)�Os(2)�Os(3)178.8(7) 93.1(5)C(6)�Os(2)�C(8)

C(7)�Os(2)�Os(3) 160.7(5) C(6)�Os(2)�Os(3) 89.3(5)
90.3(5) C(5)�Os(2)�Os(1) 153.4(5)C(8)�Os(2)�Os(3)

C(7)�Os(2)�Os(1) 100.4(5) C(6)�Os(2)�Os(1) 90.9(5)
88.3(8)C(11)�Os(3)�C(10)C(8)�Os(2)�Os(1) 89.9(4)

C(10)�Os(3)�C(9)89.7(9) 100.7(8)C(11)�Os(3)�C(9)
C(11)�Os(3)�N(1) 174.7(7) 91.1(7)C(10)�Os(3)�N(1)

85.2(7) C(11)�Os(3)�Os(2) 90.5(6)C(9)�Os(3)�N(1)
C(10)�Os(3)�Os(2) 97.8(5)C(9)�Os(3)�Os(2)161.5(6)

C(11)�Os(3)�Os(1) 87.8(7)91.7(4)N(1)�Os(3)�Os(2)
101.5(6) 157.6(6)C(9)�Os(3)�Os(1)C(10)�Os(3)�Os(1)
97.5(4) C(18)�N(1)�Os(3) 129.1(12)N(1)�Os(3)�Os(1)

123.9(13) 106(2)C(18)�N(1)�C(12)C(12)�N(1)�Os(3)
176.2 aOs�C�O

a Average value.

Fig. 3. Molecular structure of [Os3(CO)11(h1-C7H6N2)] (9) showing
the atom labeling scheme. Thermal ellipsoids are drawn at 40%
probability level.
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Scheme 5.

Fig. 4. Molecular structure of [(m-H)2Os3(CO)8(m-1,7-h2-C7H5N2)(m-
1,2-h2-C7H5N2] (11) showing the atom labeling scheme. Thermal
ellipsoids are drawn at 40% probability level.

As expected, thermolysis of 9 in octane at 128°C
gives the isomeric decacarbonyl compounds 7 and 8 in
32 and 15% yields, respectively. The major product is
formed by activation of the C(2)�H bond of the
pyridine ring, while the minor product is formed by
C(7)�H bond activation of the imidazole ring. These
results show that the formation of 7 and 8 from the
reaction shown in Scheme 3 most probably proceeds
via initial formation of the N-coordinated intermediate
followed by activation of the C(2)�H or C(7)�H bonds
with the metal and subsequent hydride transfer to the
metal. We explored the substitution reactions of 9 with
two-electron donor ligands such as PPh3, P(OMe)3, and
tBuNC. Treatment of a dichloromethane solution of 9
with excess L (L=PPh3, P(OMe)3 or tBuNC) results in
the formation of the known compounds [Os3(CO)11(L)]
in high yields (L=PPh3, 85%; L=P(OMe)3, 82%; L=
tBuNC=83%) by displacement of the imidazo(1,2-
a)pyridine ligand [28]. These results demonstrate that
the coordinated imidazo(1,2-a)pyridine ligand in 9 is
labile and easily displaced by two-electron donor lig-
ands exhibiting behavior similar to [Os3(CO)11(MeCN)]
[28], [Os3(CO)10(MeCN)2] [28], [Os3(CO)11{h1-
SC(NMe2)2] [31] and [Os3(CO)9-(m-OH)(m-MeOCO){h1-
SC(NMe2)2}] [32].

In contrast to the quinoline compound 5, which
decarbonylates both thermally and photochemically to
6, compound 8 is surprisingly stable to thermal and
photochemical decarbonylation without showing any
further reactivity towards nucleophiles at ambient tem-
peratures. However, a further reaction of 8 with imi-
dazo(1,2-a)pyridine affords [(m-H)2Os3(CO)8(m-1,7-h2-
C7H5N2)(m-1,2-h2-C7H5N2)] (11) (Scheme 5), containing
two heterocyclic ligands, in a 45% yield. Compound 11
has been characterized by elemental analysis, IR and
1H-NMR spectroscopic data and single-crystal diffrac-
tion analysis.

The molecular structure of 11 is shown in Fig. 4 and
selected bond distances and angles data are presented in
Table 4. The cluster consists of an Os3 triangle with two
imidazo(1,2-a)pyridine derived ligands forming bridges
between two different Os�Os edges and with different
coordination modes; one is coordinated via the imino
nitrogen and C(2) carbon atoms giving dimetallaazacy-
clopentene, whereas the other coordinates via the imino

nitrogen and C(7) carbon atoms providing a dimetal-
laazacyclobutene. The two coordination modes of the
imidazo(1,2-a)pyridyl ligands are similar to those ob-
served in 7 and 8, respectively. Atom Os(3) is coordi-
nated to two heterocyclic ligands and two CO ligands,
whereas the atoms Os(1) and Os(2) are each bonded to
one heterocyclic ligand and three CO ligands. The two
Os�Os edges accommodating the C7H5N2 and the hy-
dride bridges [Os(2)�Os(3)=3.0242(11), Os(1)�Os(3)=
3.0352(12) A, ] are longer than the nonbridged edge
[Os(1)�Os(2)=2.8642(11) A, ]. These Os�Os distances
are close to the respective values reported for [(m-
H)2Os3(CO)8(m-h2-C6H4CH2C�N)2] (2.950(1) and
2.956(1) A, for the doubly bridged edges and 2.861(1) A,
for the nonbridged edge) [20]. The organic ligands lie,
respectively above and below the metal plane, as do the
hydride ligands, each opposite its corresponding or-
ganic ligand. The Os–N [Os(2)�N(1)=2.14(2),
Os(3)�N(3)=2.113(13) A, ] and Os�C [Os(3)�C(14)=
2.08(2), Os(1)�C(16)=2.10(2) A, ] bond distances are
comparable to the corresponding values in 7 and 8, but
are shorter than those in 11. The geometry parameters
associated with the imidazo(1,2-a)pyridyl units in the
four compounds reported here are as expected for this
type of ligand, with only minor differences in some
angles at the atoms involved in coordination with the
metal centers. The dimensions of the Os�C�O units in
all the complexes are also very similar. It may be noted
that only a few trimetallic clusters containing two N-
heterocyclic derived ligands have been structurally char-
acterized and reported in the literature. Examples of
these type of complexes include [(m-H)2Ru3(CO)8(m-h2-



J. Akther et al. / Journal of Organometallic Chemistry 588 (1999) 211–221 217

Table 4
Selected bond lengths (A, ) and angles (°) for [Os3(CO)8(H)2(C7H5N2)2]
(11)

Bond lengths (A, )
Os(1)�Os(2) 2.8642(11) Os(1)�Os(3) 3.0352(12)

Os(1)�C(16)3.0242(12) 2.10(2)Os(2)�Os(3)
1.79 aOs(1)�H(31) Os(2)�N(1) 2.14(2)

Os(2)�H(32) Os(3)�C(14)1.68 a 2.08(2)
Os(3)�H(31)2.113(13) 1.63 aOs(3)�N(3)
Os�C(CO)Os(3)�H(32) 1.903 b1.72 a

1.14 bC�O

Bond angles (°)
C(3)�Os(1)�C(1) C(3)�Os(1)�C(2)97.2(7) 93.9(7)
C(1)�Os(1)�C(2) 96.0(7) C(3)�Os(1)�C(16) 88.9(7)

C(2)�Os(1)�C(16) 173.9(5)C(1)�Os(1)�C(16) 89.0(6)
C(1)�Os(1)�Os(2)95.1(5) 167.5(4)C(3)�Os(1)�Os(2)
C(16)�Os(1)�Os(2)C(2)�Os(1)�Os(2) 89.0(3)85.4(4)
C(1)�Os(1)�Os(3)145.7(6) 106.3(4)C(3)�Os(1)�Os(3)

107.8(4)C(2)�Os(1)�Os(3) C(16)�Os(1)�Os(3) 67.4(3)
C(6)�Os(2)�C(5)61.60(3) 92.3(7)Os(2)�Os(1)�Os(3)

99.1(6)C(6)�Os(2)�C(4) C(5)�Os(2)�C(4) 94.7(8)
C(5)�Os(2)�N(1)C(6)�Os(2)�N(1) 175.6(6)91.3(6)
C(6)�Os(2)�Os(1)87.3(7) 82.8(4)C(4)�Os(2)�N(1)
C(4)�Os(2)�Os(1)C(5)�Os(2)�Os(1) 178.0(5)85.8(5)
C(6)�Os(2)�Os(3)92.1(3) 142.9(4)N(1)�Os(2)�Os(1)

96.2(5)C(5)�Os(2)�Os(3) C(4)�Os(2)�Os(3) 116.0(5)
Os(1)�Os(2)�Os(3)79.4(3) 61.98(3)N(1)�Os(2)�Os(3)

90.2(6)C(8)�Os(3)�C(7) C(8)�Os(3)�C(14) 91.3(6)
C(8)�Os(3)�N(3)C(7)�Os(3)�C(14) 95.0(6)87.6(7)
C(14)�Os(3)�N(3)101.0(6) 169.3(5)C(7)�Os(3)�N(3)
C(7)�Os(3)�Os(2)C(8)�Os(3)�Os(2) 111.4(4)157.9(4)
N(3)�Os(3)�Os(2)85.1(4) 85.8(3)C(14)�Os(3)�Os(2)
C(7)�Os(3)�Os(1)C(8)�Os(3)�Os(1) 162.1(5)103.7(4)
N(3)�Os(3)�Os(1)103.2(4) 66.9(3)C(14)�Os(3)�Os(1)
Os(1)�H(31)�Os(3)Os(2)�Os(3)�Os(1) 125.3 a56.42(2)
C(15)�N(1)�C(9)125.7 a 107(2)Os(2)�H(32)�Os(3)

C(15)�N(1)�Os(2) 124.8(11) C(9)�N(1)�Os(2) 127.1(12)
C(16)�N(3)�Os(3)107.3(12) 113.0(11)C(16)�N(3)�C(22)
C(13)�C(14)�C(15)C(22)�N(3)�Os(3) 111(2)139.5(10)
C(15)�C(14)�Os(3)129.4(12) 119.3(12)C(13)�C(14)�Os(3)

C(17)�C(16)�N(3) 108.6(14) C(17)�C(16)�Os(1) 138.6(10)
112.7(11)N(3)�C(16)�Os(1)

a The parameters involving the hydride ligands are only approxi-
mate.

b Average values.

(Scheme 6) in a 34% yield. It is proposed that the two
heterocyclic ligands bridge through the imino nitrogen
and C(2) carbon.

The structure proposed for 10 is based on elemental
analysis, IR and 1H-NMR spectroscopy, but could not
be confirmed by X-ray studies due to the lack of
suitable single crystals. The IR spectrum of this com-
pound is very similar to those for the structurally
characterized compounds [(m-H)2Os3(CO)8(m-h2-
C6H4CH2C�N)2] [20], [(m-H)2Os3(CO)8(m-h2-C�NCH2-
CH2CH2)2] [34] and [(m-H)2Os3(CO)8(m-h2-NC5H4)2]
[35]. The 1H-NMR spectrum of 10 contains two hy-
dride resonances at d −11.66 and −13.18 with an
integrated ratio of 1:1 and three multiplets at d 7.78,
7.57 and 6.68, two singlets at d 7.15 and 7.07 and a
doublet at d 7.95 in a 3:2:2:1:1:1 intensity ratio, respec-
tively. The singlets at d 7.15 and 7.07, assigned to the
C(3)�H protons of the heterocyclic ligands, may be
compared with that at d 7.10 found in 7. The reso-
nances of the remaining protons overlap and, therefore,
have not been assigned. Spectroscopic data do suggest
that each C7H5N2 ligand is doubly bridging and is
bonded to the osmium through a s Os�C bond adja-
cent to the coordinated imino nitrogen atom as in the
three compounds mentioned above.

Both 7 and 8 react with PPh3 at 110°C to give the
mono-substituted derivatives [(m-H)Os3(CO)9(m-1,2-h2-
C7H5N2)(PPh3)] (12) and [(m-H)Os3(CO)9(m-1,7-h2-
C7H5N2)(PPh3)] (13) (Scheme 7) in 47 and 45% yields,
respectively. These compounds have been characterized
by 1H- and 31P-NMR, IR and elemental analysis. The
n(CO) stretches of 12 and 13 are very close to those
reported for the structurally characterized compound
[(m-H)Os3(CO)9(m-h2-C�NCH2CH2CH2)(PPh3)] [36],
suggesting that they adopt very similar structures. In
the 1H-NMR spectra, in addition to the well-separated
resonances for the phenyl protons of the PPh3 ligands
and ring protons of the heterocyclic ligands, each of 12
and 13 contains a doublet resonance for the hydride (d
−14.71, J=11.8 Hz for 12; d −13.85, J=15.3 Hz for
13), which becomes a singlet in the phosphorus-decou-
pling spectrum and is consistent with the proposedC5H4N)2] [33], [(m-H)2Os3(CO)8(m-h2-C�NCH2CH2-

CH2)2] [34], [(m-H)2Os3(CO)8(m-h2-C6H4CH2-C�N)2]
[20] and [(m-H)2Os3(CO)8(m-h2-C9H6N)2] [1]. All these
compounds contain the two heterocyclic ligands in the
same bond- ing mode unlike compound 11, where the
two heterocyclic ligands involve different coordination
modes. The 1H-NMR spectrum of 11 contains two
equal intensity hydride resonances at d −11.49 and
−13.66 as well-separated resonances for the ten pro-
tons of the two heterocyclic ligands, which is consistent
with the X-ray structure.

The reaction of 7 with excess imidazo(1,2-a)pyridine
at 110°C yields the bis{imidazo(1,2-a)pyridine} com-
pound [(m-H)2Os3(CO)8(m-1,2-h2-C7H5N2)2] (10) Scheme 6.
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Scheme 7.

mmol) and stirred for 12 h. The solvent was then
removed in vacuo and the residue chromatogaphed by
TLC on silica gel. Elution with hexane–CH2Cl2 (3:1,
v/v) gave one major band which yielded [Os3(CO)11(h1-
C7H6N2)] (9) (0.077g, 58%) as yellow crystals after
recrystallization from hexane–CH2Cl2 at −20°C.
(Found: C, 21.74; H, 0.62; N, 2.80. C18H6N2O11Os3

requires: C, 21.69; H, 0.61; N, 2.81%). IR (n(CO),
CH2Cl2): 2104s, 2049s, 2033s, 2008vs, 1992sh, 1971m,
1957sh cm−1; 1H-NMR (CDCl3): d 8.13 (d, 1H, J=6.4
Hz), 7.71 (d, 1H, J=6.4 Hz), 7.64 (s, 1H), 7.53 (s, 1H),
7.50 (t, 1H, J=6.4 Hz), 6.79 (t, 1H, J=6.4 Hz).

3.2. Reaction of [Os3(CO)12] with
imidazo(1,2-a)pyridine

[Os3(CO)12] (0.105 g, 0.116 mmol), imidazo(1,2-
a)pyridine (0.065 g, 0.55 mmol) and benzene (60 cm3)
were mixed in a three-necked round-bottom flask. The
resulting suspension was heated to 60°C and a methano-
lic solution (2 cm3) of Me3NO (0.010 g, 0.113 mmol)
was added dropwise. The reaction mixture was heated
to 60°C for an additional 2 h. The solvent was removed
under reduced pressure and the residue chro-
matographed by TLC on silica gel. Elution with hex-
ane–CH2Cl2 (3:1, v/v) gave one major band, which
yielded 9 (0.069 g, 60%) as yellow crystals after recrys-
tallization from hexane–CH2Cl2 at −20°C.

3.3. Reaction of [Os3(CO)10(MeCN)2] with
imidazo(1,2-a)pyridine

A solution of [Os3(CO)10(MeCN)2] (0.185 g, 0.198
mmol) and imidazo(1,2-a)pyridine (0.130 g, 1.10 mmol)
in CH2Cl2 (30 cm3) was stirred for 24 h. The solvent was
removed under reduced pressure and the residue chro-
matographed by TLC on silica gel. Elution with hex-
ane–CH2Cl2 (3.1, v/v) gave two bands. The faster
moving band afforded [(m-H)Os3(CO)10(m-1,2-h2-
C7H5N2)] (7) (0.058 g, 30%) as yellow crystals after
recrystallization from hexane–CH2Cl2 at −20°C.
(Found: C, 20.20; H, 0.59; N, 2.99. C17H6N2O10Os3

requires: C, 21.08; H, 0.62; N, 2.89%). IR (n(CO),
hexane): 2103m, 2063vs, 2052vs, 2021vs, 2008vs, 2000m,
1990s, 1974w cm−1; 1H-NMR (CDCl3): d 7.92 (d, 1H,
J=6.7 Hz), 7.28 (t, 1H, J=6.4 Hz), 7.10 (s, 1H), 7.01
(d, 1H, J=6.7 Hz), 6.70 (t, 1H, J=6.7 Hz), −15.10 (s,
1H). The slower moving band gave [(m-H)Os3(CO)10(m-
1,7-h2-C7H5N2)] (8) (0.077 g, 40%) as yellow crystals
after recrystallization from hexane–CH2Cl2 at −20°C.
(Found: C, 21.15; H, 0.63; N, 2.93. C17H6N2O10Os3

requires: C, 21.08; H, 0.62; N, 2.89%). IR (n(CO),
hexane): 2103m, 2062vs, 2052vs, 2021vs, 2005vs, 1991s,
1973w cm−1; 1H-NMR (CDCl3): d 7.71 (d, 1H, J=6.4
Hz), 7.66 (d, 1H, J=6.4 Hz), 7.35 (s, 1H), 7.34 (s, 1H),
6.64 (t, 1H, J=6.4 Hz), −14.24 (s, 1H).

structures. The 31P{1H}-NMR spectra of both 12 and 13
contain a singlet (d 9.5 for 12; d 11.4 for 13) and accord
with the proposed structures. The 1H- and 31P{1H)-
NMR spectroscopic data and the magnitude of the
phosphorus hydrogen couplings are very similar to
those observed for the related phosphine substituted
clusters [(m-H)Os3(CO)9(m-h2-C�NCH2CH2CH2CH2)-
(PPh3)] [12] and [(m-H)Os3(CO)9(m-h2-C�NCH2CH2-
CH2)(PPh3)] [36] in which the phosphine and the hy-
dride ligands are coordinated to the same metal.

3. Experimental

All the reactions were carried out under an atmo-
sphere of purified nitrogen using standard Schlenk tech-
niques. Solvents were distilled from the appropriate
drying agents and stored under nitrogen. IR spectra
were recorded on a Shimadzu 8101 spectrophotometer.
1H- and 31P{1H}-NMR spectra were recorded on a
Bruker AC 200 or Bruker AC 250 or Varian Unity Plus
400 spectrometer and calibrated against internal
Me4Si{1H} or external H3PO4{31P}. Elemental analyses
were performed in the Analytical Laboratories of the
University of Freiburg. [Os3(CO)11(MeCN)] and
[Os3(CO)10(MeCN)2] were prepared according to
published methods [28]. Imidazo(1,2-a)pyridine,
triphenylphosphine, trimethyl phosphite and tert-butyl
isocanide were purchased from Aldrich.

3.1. Reaction of [Os3(CO)11(MeCN)] with
imidazo(1,2-a) pyridine

A CH2Cl2 solution (2 cm3) of imidazo(1,2-a)pyridine
(0.051 g, 0.432 mmol) was added dropwise to a CH2Cl2
solution (30 cm3) of [Os3(CO)11(MeCN)] (0.130 g, 0.140
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3.4. Reaction of 9 with PPh3

To a CH2Cl2 solution (20 cm3) of 9 (0.040 g, 0.040
mmol) was added PPh3 (0.021 g, 0.080 mmol) and the
reaction mixture was stirred for 12 h. The solvent was
rotary evaporated and the residue chromatographed by
TLC on silica gel. Elution with hexane–CH2Cl2 (5:1,
v/v) gave one major band which yielded [Os3(CO)11-
(PPh3)] (0.039 g, 85%).

3.5. Reaction of 9 with tBuNC

Treatment of 9 (0.05 g, 0.050 mmol) with tBuCN
(0.012 g, 0.144 mmol) in CH2Cl2 (20 cm3) followed by
chromatography as above gave [Os3(CO)11(tBuNC)]
(0.040 g, 83%).

3.6. Reaction of 9 with P(OMe)3

A similar reaction of 9 (0.025 g, 0.025 mmol) with
P(OMe)3 (0.009 g, 0.073 mmol) followed by a similar
work up gave [Os3(CO)11{P(OMe)3] (0.021 g, 82%).

3.7. Thermolysis of 9

An octane solution (40 cm3) of 9 (0.200 g, 0.200
mmol) was refluxed for 5 h. The solvent was removed
under reduced pressure and the residue chro-
matographed by TLC on silica gel. Elution with hex-
ane–CH2Cl2 (10:3, v/v) gave two bands. The first band
yielded 7 (0.062 g, 32%) while the second band gave 8
(0.029 g, 15%).

3.8. Reaction of 7 with PPh3

A similar reaction to that above of 7 (0.110 g, 0.114
mmol) with PPh3 (0.089 g, 0.339 mmol) in heptane (30
cm3) at 98°C followed by a similar chromatographic
separation gave unconsumed 7 (0.022 g) and [(m-
H)Os3(CO)9(m-1,2-h2-C7H5N2)(PPh3)] (12) (0.065 g,
47%) as yellow micro-crystals from hexane–CH2Cl2 at
−20°C. (Found: C, 34.12; H, 1.75; N, 2.42.
C34H21N2O9Os3P requires: C, 33.94; H, 1.76; N, 2.33).
IR (n(CO), CH2Cl2): 2085s, 2044vs, 2014vs, 2000s,
1998m, 1986m, 1965w cm−1; 1H-NMR (CDCl3): d 7.71
(dd, 1H, J=6.8, 1.0 Hz), 6.97 (s, 1H), 6.66 (ddd, 1H,
J=9.3, 6.8, 1.0 Hz), 6.31 (dq, 2H, J=6.8, 1.0 Hz)
−14.71 (d, 1H, J=11.8Hz). 31P{1H}-NMR (CDCl3): d

9.5.

3.9. Reaction of 8 with PPh3

A mixture of 8 (0.150 g, 0.154 mmol) and PPh3

(0.081 g, 0.309 mmol) in 30 cm3 of heptane was refluxed
for 5 h, the solvent was removed under reduced pres-
sure and the residue chromatographed by TLC on silica

gel. Elution with hexane–CH2Cl2 (3:1, v/v) gave two
bands. The faster moving band gave unconsumed 8
(0.23 g), while the slow band yielded [(m-H)Os3(CO)9-
(m-1,7-h2-C7H5N2)(PPh3)] (13) (0.084 g, 45%) as yellow
micro-crystals after recrystallization from hexane–
CH2Cl2 at −20°C. (Found: C, 34.15; H, 1.89; N, 2.45.
C34H21N2O9Os3P requires: C, 33.94; H, 1.76; N, 2.33).
IR (n(CO), CH2Cl2): 2083s, 2042s, 2006vs, 1993m,
1984m, 1968w cm−1; 1H-NMR (CDCl3): d 7.65
(dd, 1H, J=6.8, 1.1 Hz), 7.45 (dd, 1H, J=6.8 and
1.1 Hz), 7.33–7.20 (m, 15H), 6.72 (d, 1H, J=1.5 Hz),
6.54 (d, 1H, J=1.5 Hz), 6.49 (t, 1H, J=6.8 Hz),
−13.85 (d, 1H, J=15.3 Hz); 31P{1H}-NMR (CDCl3):
d 11.4(s).

3.10. Reaction of 8 with imidazo(1,2-a)pyridine

A toluene solution (20 cm3) of 8 (0.205 g, 0.212 mml)
and imidazo(1,2-a)pyridine (0.075 g, 0.635 mmol) was
refluxed for 5 h. The solvent was removed in vacuo and
the residue chromatographed by TLC on silica gel.
Elution with hexane–CH2Cl2 (3:1, v/v) gave two bands.
The faster moving band gave unconsumed 8 (0.050 g),
while the slower moving band yielded [(m-H)2Os3(CO)8

(m-1,7-h2-C7H5N2) (m-1,2-h2-C7H5N2)] (11) (0.098 g,
45%) as pale yellow crystals from hexane–CH2Cl2 at
−20°C. (Found: C, 25.69; H, 1.13; N, 5.46.
C22H12N4O8Os3 requires: C, 25.63; H, 1.17; N, 5.44%).
IR (n(CO), CH2Cl2): 2080m, 2047vs, 2027s, 1993vs,
1974m, 1962m cm−1; 1H-NMR (CDCl3): d 7.89 (d, 1H,
J=6.6 Hz), 7.69 (d, 2H, J=6.6 Hz), 7.30 (d, 2H,
J=7.3Hz), 7.21 (d, 1H, J=7.3 Hz), 7.19 (d, 1H,
J=6.3 Hz), 7.01 (s, 1H), 6.59 (overlapping d, 2H,
J=6.5 Hz), −11.49 (s, 1H), −13.66 (s, 1H).

3.11. Reaction of 7 with imidazo(1,2-a)pyridine

A similar reaction to that above of 7 (0.155 g, 0.166
mmol) and imidazo(1,2-a)pyridine (0.059 g, 0.498
mmol) in refluxing toluene (15 cm3) for 5 h followed by
chromatographic separation yielded unreacted 7 (0.015
g) and [(m-H)2Os3(CO)8(m-1,2-h2-C7H5N2)2] (10) (0.056
g, 34%) after recrystallization from hexane–CH2Cl2 at
−20°C. (Found: C, 2.92; H, 1.45; N, 5.52.
C22H12N4O8Os3 requires: C, 25.63; H, 1.17; N, 5.44%).
IR (n(CO), CH2Cl2): 2078m, 2045vs, 2027s, 1990vs,
1971m, 1960m cm−1; 1H-NMR (CDCl3): d 7.95 (d, 1H,
J=6.8 Hz), 7.78 (m, 3H) 7.57 (m, 2H), 7.15 (s, 1H),
7.07 (s, 1H), 6.68 (m, 2H), −11.66 (s, 1H), −13.18 (s,
1H).

3.12. X-ray crystallography

Crystallographic measurements for 7, 8, 9 and 11
were made on a Delft Instruments FAST TV area
detector diffractometer positioned at the window of a
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Table 5
Crystal data and details of data collection and structure refinement for [(m-H)Os3(CO)10(m-1,2-h2-C7H5N2)] (7), [(m-H)Os3(CO)10(m-1,7-h2-
C7H5N2)] (8), [Os3(CO)11(h1-C7H6N2)] (9) and [(m-H)2Os3(CO)8(m-1,7-h2-C7H5N2)(m-1,2-h2-C7H5N2] (11) a

Compound 7 Compound 8 Compound 9 Compound 11

C17H6N2O10Os3Chemical formula C18H6N2O11Os3C17H6N2O10Os3 C22H12N4O8Os3

968.84Formula weight 996.85968.84 1030.96
Monoclinic TriclinicMonoclinic MonoclinicCrystal system

P21/c (no. 14)Space group C2/c (no. 15) P1( (no. 2) P21/c (no. 14)
9.507(2)a (A, ) 30.836(7) 8.974(2) 16.672(5)

7.6749(9) 10.011(2)12.322(3) 9.093(3)b (A, )
17.428(3)c (A, ) 12.665(3)18.653(3) 16.766(6)
90 101.97(2)90 90a (°)

103.278(2)b (°) 95.33(2) 94.07(2) 101.24(2)
90g (°) 90 100.91(2) 90

4106.6(13) 1085.7(4)2126.8(8) 2493.0(14)V (A, 3)
8 2Z 44
0.22×0.16×0.14 0.22×0.16×0.100.18×0.15×0.10 0.30×0.15×0.08Crystal size (mm)

3.026Dc (g cm−3) 3.134 3.049 2.747
179.36m(Mo–Ka) (cm−1) 185.78 175.75 153.07

0.779–1.173 0.792–1.0210.823–1.149 0.766–1.242Absorption correction factors
2.35–24.97 2.13–24.88u range for data collection (°) 2.48–25.082.00–24.99
−345h533 −95h510−85h511 −175h518Index ranges

−145k513 −85k58 −115k511 −105k58
−215l521 −205l516 −95l514 −195l519

8437 47618299 9565Reflections collected
3182 3061Unique reflections 37443225
0.0794 0.08150.0785 0.0809Rint

0.805Goodness-of-fit on F2 0.887 1.169 0.898
3225/289Data/parameters in the refinement 3440/289 3061/307 3744/334

R1=0.0475 (0.0351) R1=0.0696 (0.0664)R1=0.0617 (0.0361) R1=0.0685 (0.0418)Final R b indices
wR2=0.0836 (0.0803)wR2=0.0735wR2=0.0730 wR2=0.1707

(0.0.0693) (0.1687)(0.0713)
2.903 and −2.013 1.560 and −1.441 1.792 and −1.386Largest difference peak and hole (e A, −3) 2.068 and −2.012

a Details in common: FAST area detector diffractometer; l=0.71069 A, ; T=150 K; crystal colour: yellow; refinement method: full-matrix
least-squares on F2.

b R1=�(Fo−Fc)/�(Fo); wR2= [�{w(Fo
2−Fc

2)2}/�{w(Fo
2)2}]1/2; w=1/[s2(Fo

2)+(aP)2], where P= [(Fo
2)+2Fc

2]/3 with a=0.0114 (7), 0.0181 (8),
0.1184 (9) and 0.0202 (11). R-values calculated for data with I\2s(I) are given in parentheses.

rotating anode generator, using Mo–Ka radiation
(l=0.71069 A, ) in a manner described previously [37].
In all cases the unit cell parameters were obtained by
least-squares refinement of the diffractometer angles
for 250 reflections. All data sets were corrected for
absorption using DIFFABS [38]. The structures were
solved by direct methods (SHELXS-86) [39], developed
via difference syntheses, and refined on F2 by full-ma-
trix least-squares (SHELXL-93) [40] using all unique
data with intensities greater than 0. The non-H atoms
were treated anisotropically, but it was necessary to
refine the C(2) and C(6) atoms in 7, and C(1), C(4),
C(7), C(8) and C(16) atoms in 8 with ISOR con-
straints of 0.002 and 0.007, respectively. The bridging
hydrides were experimentally located but not refined.
The ring hydrogen atoms were included in calculated
positions (riding model). Crystallographic data and
the refinement details together with the final R-values
are presented in Table 5.

4. Supplementary material

Crystallographic data for the structural analyses
have been deposited with the Cambridge Crystallo-
graphic Data Centre, CCDC nos. 118278 (7), 118277
(8), 118279 (9) and 118280 (11). Copies of this infor-
mation may be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (Fax: +44-1222-336-0333) or e-mail: de-
posit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).
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