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Binuclear Oxidative Addition of Sb-Cl Bonds: A Facile Synthetic

Route to Main Group-Transition Element Clusters and Rings

Ying-Zhou Li, Rakesh Ganguly and Weng Kee Leong*

Division of Chemistry & Biological Chemistry, Nanyang Technological University, 21 Nanyang

Link, Singapore, 637371

ABSTRACT: Binuclear oxidative addition of Sb-Cl bonds with the clusters
0s3(CO) 11 (NCCH3), 1, or Os3(CO)10(NCCHs),, 2, was found to be an effective synthetic
route to organometallic clusters and rings containing z5-SbPh, or £5-SbPh moieties. Thus the
reaction of SbPh,Cl with 1 afforded the tetranuclear ring Os;(CO)1:1(Cl) (z-SbPh,), 3, while its
reaction with 2 afforded the pentanuclear ring Os3(CO)10(Cl)2(z+-SbPh,),, 6. In each case, two
or three isomeric products were isolated depending on the reaction conditions. The analogous
reaction of SbPhCl, with 1, on the other hand, afforded the spiked triangular cluster
Os3(CO)11(Cl)2(45-SbPh), 7, which also existed as two isomers. Pathways for these reactions
have been proposed, and the experimental and computational evidence presented.

Introduction

Organometallic clusters containing heavier main group and transition metal elements
are of interest because of their distinct structural and reactivity patterns, which are unlike those
of their homometallic analogues.' For many years now, we have been interested in the

preparation and reactivity studies of osmium-antimony clusters; these show different reactivity



patterns from those containing its lighter congeners, phosphorus and arsenic.> One aspect of
interest is that of synthesis — there is a general lack of readily available antimony ligands and
efficient synthetic methodologies, and the predictability of products in many of these, for
example, thermolytic reactions, are poor. In a recent paper, we reported the oxidative addition of
osmium clusters across the Sb-H and Sb-Sb bonds of SbPh,H and Sb,Phs, respectively, as an
efficient method to prepare osmium-antimony clusters containing the £4-SbPh, moiety.’ Of
particular interest was that these binuclear oxidative addition reactions resulted in the cleavage
of a metal-metal bond to form an Os;Sb ring. Such metal-metal bonded ring compounds are
relatively rare.* We thus became interested in exploring the possibility of utilizing binuclear

oxidative addition as a synthetic route to this class of compounds.

The halostibines are attractive as antimony precursors since they are among the more
readily available organoantimony compounds. For instance, they are more stable than the
hydrostibines. Even so, the antimony-halogen bond is expected to be susceptible to oxidative
addition, and the halogen substituent also increases the Lewis acidicity of the Sb center.® Only a
relatively small number of organotransition metal complexes containing halostibine ligands have
been synthesized and characterized spectroscopically and crystallographically, all of which were
mono- or di-nuclear transition metal carbonyls in which the halostibine acted as terminal
ligands.® We therefore decided to explore the reactions of halostibines with trinuclear osmium
carbonyls as a possible synthetic route to metal-metal bonded ring compounds. The results of

our investigations are reported here.



Results and discussion

In contrast to the hydrostibines (SbPh,H) and distibines (Sb,Phy), the reaction of the
halostibines (SbPh,Cl and SbPhCL) with the lightly-stabilised triosmium carbonyl clusters
Os;(CO)1(NCCH3), 1, and Os3(CO)1(NCCHs),, 2, proceeded at a slower rate and the
products obtained were more stable. Thus the reaction of 1 and SbPh,Cl in DCM afforded a
compound A which could not be separated on silica gel. A comparison of its IR spectroscopic
characteristics with those of the known compound Os;(CO)1:1(SbPhs),” suggested that it was
the substitution product Os;(CO)1:(SbPh,Cl) (Figure S1). In a more polar solvent such as
acetone, A converted to a pair of isomeric ring clusters Os;(CO)1:(Cl)(z-SbPh,), 3a and 3b, in
which the Cl atom occupies an equatorial and axial position, respectively (Scheme 1). The yields
for the two products totaled > 80%. Both these clusters have been characterized
crystallographically, and the ORTEP diagrams depicting their molecular structures are given in

Figures 1 and 2, respectively.
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The trans geometry of the Cl and SbPh, moieties is similar to that observed in some
other structurally characterised products resulting from oxidative addition across Si-CL® Sn-Cl
or B-Cl bonds. '* Compared to the large number of examples known for the oxidative addition of
C-X, Si-X (X = halide), Ge-Cl,"* and Sn-Cl,'> bonds to transition metals, the oxidative addition of
pnictogen-halogen bonds to transition metals are very rare. The few examples known include
the oxidative addition of a P-CI bond to a dimolybdenum carbonyl,"* and of a Bi-Cl bond to
Pt(0).!* To the best of our knowledge, this is the first example of oxidative addition of the Sb-Cl

bond to a transition metal.
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Figure 1. ORTEP diagram of the molecular structure of 3a. Hydrogen atoms have been omitted

and the thermal ellipsoids are drawn at the 50% probability level.
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Figure 2. ORTEP diagram of the molecular structure of 3b. Hydrogen atoms have been omitted

and the thermal ellipsoids are drawn at the 50% probability level.

A solution of 3a gradually converted to 3b on standing (Figure S2), suggesting that the
former was the initial product and the latter the thermodynamically more stable product; 3b has
a fac arrangement of the Os(CO); moiety, which avoids having a mutually trans arrangement of
two strong m-accepting CO ligands, as opposed to a less favourable mer arrangement in 3a. The
isomerisation presumably proceeded via a “turnstile” mechanism. The computed free energies,
based on DFT calculations at the BALYP/LANL2DZ level of theory, also showed that 3b was
more stable by ~3S KJ/mol. Monitoring the reaction of 1 and SbPh,Cl by 'H NMR

spectroscopy showed only the presence of resonances attributable to Ph,SbCl, A, 3a and 3b



(Figures S3 and S4). Thus although 3b is the Cl analogue of the previously reported cluster
Os3(CO) 1 (H) (u-SbPh,), 3’, which was obtained from the reaction of 1 with SbPh,H,? this
observation suggested that the formation of 3a/b followed a different pathway. In that study, the

formation of 3’ was shown to proceed through an intramolecular rearrangement from the
intermediate Os3(CO)11(z+H)(SbPh,), which was trapped with W(CO)s(NCCHs). In the
reaction with SbPh,Cl, however, no such analogue, viz., Os3(CO)11(z+Cl) (SbPh,), was trapped
using the same strategy.

That the conversion of A to 3a/b was accelerated in a more polar solvent was also
inconsistent with an intramolecular rearrangement. The conversion was also accelerated by the
addition of one equivalent of Et;NCl to the reaction (with either DCM or THF as solvent),
while an analogous reaction without the addition of salt remained as unconverted A even after a
long time. The bromo analogue of 3b, viz, Os;(CO)11(Br)(x-SbPh,), 3¢, could be isolated if
Et,NBr was used as the additive; 3¢ has also been fully characterized, including by a single crystal
X-ray diffraction analysis. We therefore propose that the reaction proceeded via an Sx2-type bi-
nuclear oxidative addition mechanism (Scheme 1), i.e., involving a cationic cluster species. This
oxidative addition pathway is usually adopted for polarized substrates such as alkyl halides and
halogens.” The observed geometries of 3a and 3¢, with the halogen and SbPh, moieties
adopting a mutually trans arrangement, are also consistent with the proposed mechanism.

Selected bond parameters for clusters 3a-c are collected in Table 1, with the common

atom labeling scheme shown.



Table 1. Selected bond parameters and common atom labeling scheme for 3a-c.

/QSS
Y
OSZ\OL;i/SbPhZ
X7 | “co()

Cco(1)

3a 3b 3c
Bondlengh ®) 3200 |yoa |vomr
Os1-0s2 2.9833(2) |2.9696(5) | 2.9849(3)
0s2-0s3 3.0021(3) | 3.0254(5) | 3.0264(4)
Osl...0s3 4.275 4.330 4.342
Os1-Sb 2.6002(3) | 2.6406(6) | 2.6455(6)
Os3-Sb 2.6714(3) | 2.6731(6) | 2.6887(5)
Os1-X 2.4466(14) | 3.084* 3.093*
Osl-Y 3.076* 2.467(2) |2.5981(7)
0s1-CO(1)* 3.073 3.009 3.027
0s1-CO(2)* 3.025 3.067 3.052
Dihedral angle' (°) 146.8 150.8 150.6

*The values given are sum of the Os-C and C-O bond lengths.

f Between the Os10s20s3 and Os10s3Sb planes.

The Os;Sb ring is puckered, the dihedral angle between the Os10s20s3 and Os10s3Sb
planes being ~150°. In 3b and 3c, the Sb atom lies off the Os; plane on the side away from Y.
The reason for this is not clear, especially for 3a, but in all three clusters, the Os(CO),(X)(Y)
moiety is rotated so that, for instance, Y is no more clearly axially orientated with respect to the
Os; plane. This suggests that the presence of the halide ligand on Os1 has a significant electronic
effect on that Os atom, as is also apparent from the observation that both the Os1-Os2 and Os1-
Sb bond lengths are shorter than the corresponding bonds to Os3. The Os1-Sb bond, which is
trans to X = Cl, is the shortest of the Os-Sb bond lengths; this can be attributed to the reduced

trans influence of Cl compared to a CO for the others. This, however, cannot explain the same



shortening, albeit to a smaller extent, in 3b and 3c. The reduced trans influence of Cl is also
apparent in the effect it has on the sum of Os-C and C-O bond lengths for Os1-CO(1) in 3b and
3c, which are very short (~3.01 and 3.03 A, respectively); we had advocated the use of this sum
of bond lengths rather than either of the individual bond parameters as a more reliable measure
2,416

of the metal-carbonyl bonding interaction.

Thermolysis of 3b (refluxing DCE) led to decarbonylation to afford the chloro-bridged
cluster Os3(CO)10(1+-Cl)(1-SbPhy), 4. This cluster has also been characterized by a single
crystal X-ray diffraction analysis, and an ORTEP diagram of its molecular structure, together
with selected bond parameters, is shown in Figure 3. The long Os(1) ... Os(3) vector (3.557 A)
shows that there is no bond between Os(1) and Os(3). Treatment of cluster 3b with Na,CO; in
a THF/H,O solvent mixture afforded the known hydride-bridged cluster Os;(CO)10(z-H) (1
SbPh,), S, as the sole separable product, in a moderate yield."””® Attempts to optimize this
reaction using other bases, such as NaOH and KOH, gave no significant improvement in yield.

Cluster § was presumably formed via the Hieber base reaction.



Figure 3. ORTEP diagram of the molecular structure of 4. Hydrogen atoms have been omitted
and the thermal ellipsoids are drawn at the S0% probability level. Selected bond distances (A):
Os(1)-Sb(1) = 2.6558(4), Os(2)-Sb(1) = 2.6613(5), Os(1)-0s(3) = 2.9083(3), Os(2)-0s(3)

=2.9085(3), Os(1)-CI(2) =2.500(1), Os(2)-ClI(2) =2.515(1).



The analogous reaction of 2 and one equivalent of SbPh,Cl in DCM at room
temperature led to 4, but the use of two equivalents of SbPh,Cl afforded a series of isomeric
five-membered rings 6a, 6b and 6c, depending on the reaction conditions. These rings are the
result of two consective binuclear oxidative additions, and are in distinct contrast to the
corresponding reaction with SbPh,H which furnished a complex mixture and a trace amount of
the cluster Os3(CO)10(1-SbPh,),.2! We have found that all the three ring compounds 6 were
formed via 4 (Figures S9). The major isomer formed at room temperature was 6a, together with
a small amount of 6b, whereas at elevated temperature (85 °C), 6b and 6c were the major

products; the results are summarised in Scheme 2.
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All three rings have been fully characterised, including by single crystal X-ray
crystallographic studies; their ORTEP diagrams, and selected bond parameters, are given in
Figures 4-6, respectively. Such pentanuclear Os;Sb, rings have previously been obtained via
nucleophilic addition that resulted in metal-metal bond opening of a complex and not readily
available osmium-antimony cluster.'”® The isomers 6a-c differ in the relative stereochemistry
about the two Os(CO);Cl moieties; they have a facmer, mer,fac and fac,fac arrangement of the
carbonyls, respectively, where the first designates the CO arrangement on the isolated
Os(CO);Cl unit. In addition, it was found that the isolated TLC band corresponding to 6b
actually comprised two stereoisomers, labelled as 6b-1 and 6b-2. This was apparent from the 'H
NMR spectrum, which showed two sets of resonances with an integration ratio of ca. 6:4 (Figure
S17). The crystal used in the crystallographic study exhibited disorder, which was interpreted as
comprising mainly one stereoisomer (6b-1). In contrast, the 'H NMR spectra of 6a and 6¢ both
showed four doublets and one multiplet signals in the aromatic region, corresponding to the

four chemically nonequivalent Ph rings and consistent with the solid-state structures.
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Figure 4. ORTEP diagram of the molecular structure of 6a. Hydrogen atoms have been omitted
and the thermal ellipsoids are drawn at the 50% probability level. Selected bond distances (A):
Os(1)-0s(2) =2.9615(5), Os(1)-Sb(1) = 2.6585(7), Os(2)-Sb(2) = 2.6956(8), Os(3)-Sb(1)

=2.7010(9), Os(3)-Sb(2) = 2.7028(8), Os(3)-Cl(2) = 2.437(3), Os(1)-CI(1) = 2.456(3).
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Figure 5. ORTEP diagram of the molecular structure of 6b. Hydrogen atoms have been omitted
and the thermal ellipsoids are drawn at the S0% probability level. Selected bond distances (A):
Os(1)-0s(2) =2.9563(4), Os(1)-Sb(S) = 2.7060(6), Os(2)-Sb(4) = 2.7099(5), Os(3)-Sb(4)

=2.6901(5), 0s(3)-Sb(5) = 2.6659(5), Os(3)-CI(34) = 2.447(3), Os(2)-Cl(23) = 2.433(4).
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Figure 6. ORTEP diagram of the molecular structure of 6¢. Hydrogen atoms have been omitted
and the thermal ellipsoids are drawn at the 50% probability level. Selected bond distances (A):
0s(2)-0s(3) =2.956(1), Os(1)-Sb(4) = 2.6981(9), Os(1)-Sb(5) = 2.695(1), Os(2)-Sb(4) =
2.706(1), Os(3)-Sb(5) =2.7058(9), 0s(2)-Cl1(21) = 2.414 (5), Os(1)-CI(13) = 2.433(5).

The presence of two stereoisomers in 6b was also corroborated by a similar observation
with the p-tolyl analogue, Tolyl-6b, which was prepared from the reaction of 2 and (p-
tolyl),SbCl; the analogue of 6c, viz., Tolyl-6¢, was similarly obtained from the reaction carried
out at 85 °C. Both these clusters have also been characterised crystallographically (Figure S22

and S$24). The '"H NMR spectrum of Tolyl-6b also suggested the presence of two isomers,



although the expected eight methyl resonances were not well separated. Nevertheless, the crystal
chosen for X-ray crystallographic analysis exhibited disorder which could be interpreted as due
to the presence of the two corresponding stereoisomers, Tolyl-6b-1 and Tolyl-6b-2, in the
same ratio (4:6) as was found in the NMR spectrum. An EXSY spectrum taken of Tolyl-6b did

not show any interconversion on the NMR timescale (Figure S21).

While the reaction at elevated temperature (80 °C) did favour the formation of 6b over
6a, standing a solution (DCM, DCE or THF) of 6a led to its conversion to an unidentified
species B, which quickly converted (essentially quantitatively) upon heating, to 6¢ (Figure S10).
In contrast, the conversion of 6b to 6c was found to be solvent dependent; there was hardly any
conversion in DCM or DCE (85 °C for 12h) while the conversion was nearly quantitative in
THEF. The latter is also consistent with the observation that only 6¢ was obtained in the reaction
of 2 and Ph,SbCI in THF at 85 °C. The solvent dependence suggests that a dissociative
mechanism for the isomerisation of 6b to 6¢ may be operative. All these interconversions are
consistent with the computed free energies, which show that 6c¢ is the most stable, with 6b-1 at
30.2 KJ/mol above it, followed by 6b-2 (a further 0.6 KJ/mol) and finally 6a (another 1.6
KJ/mol).

The reaction of 1 with SbPhCL, in DCM over 48h at room temperature afforded mer-
Os3(CO)11(Cl)2(45-SbPh), 7a. A prolonged reaction time (>10 d) led to isomerisation of 7a
into fac-Os3(CO)11(Cl)2(15-SbPh), 7b (Figure S11), together with the formation of another
product mer-Os;(CO)11(Cl) (Ph)(z4-SbPh), 8, in minor amounts. The observed isomerization

is consistent with a DFT calculation which shows that 7a lies about 45 KJ/mol above 7b. All



three clusters have been fully characterized, including by single crystal X-ray crystallography.
The ORTEP diagrams depicting their molecular geometry are given in Figures 7-9, respectively,
and selected bond parameters are collected in Table 2, together with a common atom labeling

scheme.

Table 2. Common atom labeling scheme together with selected bond lengths (A) and angles (°)

for 7a, 7b and 8.
Plh
Sb CO(1)
osi— / | 0@
/Osl
x| >y
0s2 Cl
7a 7b* 8*
X=CO;Y=Cl | X=CY=CO |X=CO;Y=Ph

0s2-0s3 2.9638(4) 2.9612(6) 2.9611(3); 2.9659(3)
Os1-Sb 2.6356(6) 2.6795(8) 2.7029(4); 2.7053(4)
0s2-Sb 2.6554(5) 2.6512(7) 2.6860(4); 2.6766(4)
Os3-Sb 2.6644(6) 2.6500(8) 2.6664(4);2.6915(4)
Os1-X 3.097* 2.411(2) 3.086; 3.099*
Osl-Y 2.438(2) 3.094* -
Os1-Cl 2.4315(19) 2.421(2) 2.4367(15);2.4448(12)
Os1-CO(1)* | 3.021 3.033 3.030; 3.022
Os1-CO(2)* | 3.105 3.023 3.069; 3.082
0s2-Sb-0Os3 67.713(15) 67.917(19) 67.177(11); 67.078(11)

"Two molecules in the asymmetric unit. Only bond parameters for ordered molecule given here.
# Two molecules in the asymmetric unit. Values given are for molecules A and B, respectively.
*The values given are sum of the Os-C and C-O bond lengths.

The three clusters are closely related structurally; they comprise a spiked triangular

Os,Sb cluster, i.e.,, two Os-Os bonds have been cleaved. The spike in 7a and 7b comprise an



Os(CO);Cl, moiety; they are isomers differing in the coordination geometry about the spike
(mer vs fac arrangements, respectively, of the carbonyls.) Cluster 8 is structurally similar to 7a,
with the Cl trans to the Sb replaced by a phenyl group. The Os1-CO(1) sum of bond lengths are

short (~3.03 A) for all the clusters as CO(1) is trans to a Cl, which is also the case for CO(2) in
7b. Only two other osmium-antimony clusters, viz., Oss(£45-SbR) (£65,7*-CsH4) (CO )20 (R=Ph or
Me), containing a £45-SbR fragment have previously been reported; both were obtained as minor
products.*¢ Other related clusters containing a #-ER fragment include the osmium-bismuth
cluster Os,(CO)s(z4-BiPh), obtained in low yield from the reaction of 1 with BiPhs," and the

osmium-tin cluster Os3(CO)1,(Ph)(z5-SnPh).2°

THF solutions of 7a and 7b were found to decompose slowly, presumably via
substitution by THF at the Os(CO);CL fragment. This is presumably due to the presence of the
two Cl ligands which increased the electrophilicity of the Os centre.”! Consistent with this was
the observation that 7 and 8 were not formed if THF was the reaction fsolvent. The structural
similarity of 8 to 7a also suggests that the former may have resulted from further reaction of the
latter with SbPhCL. This would also be consistent with a stronger tendency towards cleavage of
the phenyl group from the more electropositive Sb centre in SbPhClL, compared to SbPh,Cl.
Similar cleavage of a phenyl group from SbPh; has also been observed previously.”” The reaction
of 7b and SbPhCL, under the similar conditions failed to give 8 even after a prolonged reaction
time, however. Cluster 8 was also found not to show isomerisation analogous to that of 7a to 7b,

even at an elevated temperature (55 °C).
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Figure 7. ORTEP diagram of the molecular structure of 7a. Hydrogen atoms have been omitted

and the thermal ellipsoids are drawn at the 50% probability level.
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Figure 8. ORTEP diagram of the molecular structure of 7b. Hydrogen atoms have been omitted

and the thermal ellipsoids are drawn at the 50% probability level.
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Figure 9. ORTEP diagram of the molecular structure of 8. Hydrogen atoms have been omitted

and the thermal ellipsoids are drawn at the 50% probability level.

The reaction pathway leading to these clusters is presumably similar to that for the
reaction with SbPh,Cl, i.e., via the substituted derivative Os;(CO),;(SbPhCL) to a cationic
intermediate by nucleophilic displacement of a chloride (Scheme 3). Displacement of each
chloride from antimony leads to cleavage of an Os-Os bond, thus resulting in the metal cores

observed.
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Concluding remarks

In this work, we have described a facile approach to osmium-antimony clusters and rings
via the binuclear oxidative addition of halostibines, exemplified by SbPh,Cl and SbPhCL. The
binuclear oxidative addition of each Sb-Cl bond led directly to cleavage of an Os-Os bond. The
pathways for these reactions have been studied to various levels of detail, and the evidence
suggested an ionic pathway. Compared to the hydrostibines (SbPh,H) and distibines (Sb,Ph,),
the halostibines were more readily available and stable, and the products from their reactions
described here were not air- sensitive and thus easily separated by TLC. The halostibines would

therefore serve as a more general synthetic route to such main group-transition element clusters



and rings. As these products carry halide ligands, they should also be amenable to further

derivatisation, and expected to modify the reactivity of the metal centres.
Experimental section

General Data. All manipulations were carried out in an argon atmosphere with standard schlenk
techniques. Reagent grade solvents were dried by the standard procedures and were freshly
distilled prior to use. The clusters 1 and 2,% and the halostibines SbPh,Cl, Sb(p-tolyl),Cl and
SbPhCL,** were prepared as described in the literature. TLC separations were carried out on 20
x 20 cm? plates coated with silica gel 60 F254, from Merck. NMR spectra were recorded on a
400 MHz NMR spectrometer; all chemical shifts were referenced to the residual proton
resonance of the respective deuterated solvents. Mass spectra were recorded in ESI-ToF mode.

Elemental analyses were carried out inhouse.
Reaction of 1 with SbPh,Cl:

a) In Acetone: A sample of 1 (40 mg, 44 umol) was dissolved in dry acetone (15 ml). To this
was added SbPh,Cl (14 mg, 45 pmol). The resulting yellow mixture was stirred at room
temperature for 48 h. The solvent was removed under reduced pressure and the residue

separated by TLC with DCM/hexane (2:1,v/v) as the eluent to give two light yellow bands.

The first band was identified as Os;(CO)11(Cl)(4-SbPhy), 3b (R; = 0.65; yield = 20 mg, 38%).
IR (CH,CL): v(CO) 2125m, 2087vs, 2063w, 2043vs, 2025m, 2013m, 1988w, 1970w cm’; 'H
NMR (C¢Ds) & 7.66 (d, 2H, PhH), 7.55 (d, 2H, PhH), 6.88-7.06 (m, 6H, PhH). *C{'H} NMR
(CDCl): 6 179.45 (1C, CO), 176.38 (1C, CO), 175.59 (1C, CO), 175.42(1C, CO), 174.09

(1C, C0O), 173.95 (1C, CO), 173.63 (1C, CO), 172.16 (1C, CO), 168.76 (1C, CO), 168.19



(1C, C0), 164.79 (1C, CO), 136.61 (Ph), 135.06 (Ph), 130.30 (Ph), 129.54 (Ph), 129.28 (Ph),
128.41 (Ph), 126.27 (Ph), 125.47 (Ph). Anal. Calcd for C,3H,001,ClOs;Sb: C 23.2, H 0.9.
Found: C 23.6, H 0.8. ESI-MS* (m/z): 1210 [M+H,O+H]*, 1165 [M+H-CO]J*, 1126

[M+H,0+H-3CO]* 1979 [M+H-4CO]*, 1057 [M+H-5CO]*.

The second band was an isomer 3a (R; = 0.40; yield = 25 mg, 48%). IR (CH,CL): v(CO)
2125m, 2088vs, 2066s, 2040vs, 2022w, 2009w, 1989w cm’;'H NMR (CsDs¢) 8 7.35 (dd, 4H,
PhH), 6.86-6.95 (m, 6H, PhH). Anal. Calcd for C»3H;001:ClOs;Sb: C 23.2, H 0.9. Found: C
23.1, H 0.6. ESLMS* (m/z): 1210 [M+H,0+H]*, 1165 [M+H-COJ*, 1126 [M+H,O+H-
3COJ*% 1057 [M+H-5CO]*.

b) In DCM in the presence of Et,NCI: A sample of 1 (30 mg, 32 umol) and SbPh,ClI (10 mg,
32 pmol) were dissolved in dry DCM (15 ml). The yellow mixture was stirred at room
temperature for 12 h, resulting in the nearly full conversion into A, as determined from the IR
spectrum. EtNCI (12 mg, 64pumol) was added and the resulting mixture was stirred at room
temperature for another 36 h. The solvent was removed by rotary evaporation and the residue
separated by TLC with DCM/hexane (2:1, v/v) as the eluent to give 3b (R; = 0.65; yield = 10
mg, 26%) and 3a (R;= 0.45; yield = 12 mg, 31%).

c) In DCM in the presence of Et;NBr: Following a similar procedure as b) above, after the
formation of A, Et;NBr (7.0 mg, 33 umol) was added and the mixture was stirred for another 4 h,
leading to the complete consumption of A (by IR spectroscopy). After removal of the solvent
followed by TLC separation with DCM/hexane (2:1, v/v) as the eluent, three bands were

obtained.



The first band was identified as Os3(CO)11(Br) (1-SbPhy), 3¢ (R = 0.75; yield = 18 mg, 46%).
IR (CH,CL): v(CO) 2124m, 2086vs, 2063w, 2043vs, 2025m, 2013m, 1988w, 1970w cm'; 'H
NMR (CsDs) 8 7.63 (d, 2H, PhH), 7.51 (d, 2H, PhH), 6.89-7.04 (m, 6H, PhH). ESI-MS* (m/z):
1254 [M+H;0]*, 1152 [M-Br]*, 1079 [M+2H,0-4CO-Br]*, 1023 [M+2H,0-6CO-Br]".

The other two bands were 3b (R = 0.65; yield = 4.0 mg, 10%) and 3a (R;= 0.45; yield = 3.0 mg,
7.5%).

Conversion of 3b to 4: Cluster 3b (20 mg, 17 umol) was dissolved in 1, 2-dichloroethane (10
ml). The solution was heated to reflux for 12 h. After cooling, the solvent was removed under
reduced pressure, and the product was then separated by TLC using DCM/hexane (1:2, v/v) as
the eluent to yield a yellow band of Os3(CO)10(4-Cl)(2-SbPhy), 4 (Ry = 0.65; yield = 15 mg,
77%). IR (Hexane): v(CO) 2103s, 2064vs, 2055w, 2020s, 2014s, 1997s, 1983m cm™. 'H NMR
(CDCL) 6 7.69-7.71 (q, 2H, PhH), 7.52-7.54 (q, 2H, PhH), 7.44-7.49 (m, 3H, PhH), 7.34-7.38
(m, 3H, PhH).“C{'H} NMR (CDCl;): 184.68 (2C, CO), 177.40 (1C, CO), 176.54 (1C, CO),
175.51 (2C, CO), 175.30 (2C, CO), 168.86 (2C, CO), 138.03 (Ph), 134.23 (Ph), 130.57 (Ph),
130.34 (Ph), 129.93 (Ph), 129.78 (Ph), 128.90 (Ph), 123.15 (Ph). Anal. Calcd for
C»H10010ClOs;3Sb: C 22.7, H 0.9. Found: C 22.7, H 0.6. ESI-MS* (m/z): 1223 [M+3H,O+H*,

1168 [M+H]*, 1139 [M+H-CO]*, 1057 [M+3H,0+H-4CO]*, 1001 [M+3H,0+H-6CO]*.
Conversion of 3b to 5: To cluster 3b (24 mg, 20 pmol) dissolved in dry THF (10 ml) was
added Na,CO; (3.6 mg, 34 pmol) and deionized H,O (0.5 ml). The resulting mixture was

stirred at room temperature for 72 h to give an orange solution. The solvent was removed and

the residue separated by TLC, with DCM/hexane (1:4, v/v) as the eluent, to give the known



cluster Os3(CO)10(1+-H)(1+SbPhy), S, as the only product (R = 0.40; yield = 16 mg, 69%),

which was identified by its IR and 'H NMR characteristics.?*"

Reaction of 2 with SbPh,Cl:

a) With one equivalent of SbPh,Cl: To a sample of 2 (50 mg, 54 pmol) and SbPh,Cl (17 mg,
54 umol) placed in a carius tube was added dry DCM (10 ml). The solution was degassed by
three cycles of freeze-pump-thaw and then heated at 55 °C for 36 h. TLC separation after
removal of the solvent, with DCM/hexane (1:2, v/v) as the eluent, afforded a dark yellow band
of 4 (Ry=0.70; yield = 36 mg, 58%).

b) With two equivalents of SbPh,Cl: A sample of 2 (50 mg, 54 umol) and SbPh,Cl (40 mg,
0.13 mmol) were dissolved in dry DCM (10 ml). The yellow mixture was stirred at room
temperature for 72 h. The solvent was removed by rotary evaporation and the residue separated
by TLC, with DCM/hexane (1:1, v/v) as the eluent, to give three bands. These were identified,
in order of elution, to be yellow 4 (R;= 0.90; yield = 4.0 mg, 6.5%), colorless Os;(CO)10( Cl)2(2+-
SbPh;),, 6b (R = 0.35; yield = 3.0 mg, 4.0%) and colorless 6a (R;= 0.25; yield = 18 mg, 22%).

A similar reaction in which the mixture was heated at 85 °C for 24 h gave, after TLC separation,
colorless 6¢ (R;=0.75; yield = 12.0 mg, 15%) and 6b (R;= 0.65; yield = 16 mg, 20%).

When the solvent was changed to dry THF (10 ml), and the mixture heated at 85 °C for 24 h,
the product isolated was 6¢ (R;= 0.75; yield = 24.0 mg, 30%).

Cluster 6a: IR (CH,Cl): v(CO) 2119m, 2101vs, 2073m, 2057s, 2035s, 2024s, 2008s cm™'; 'H
NMR (CeDs) & 7.91 (dd, 2H, PhH), 7.74 (dd, 2H, PhH), 7.58 (dd, 2H, PhH), 7.53 (dd, 2H,

PhH), 6.96-7.07 (m, 12H, PhH). *C{'"H} NMR (CDCl): & 186.13 (1C, CO), 183.57 (1C,



CO), 181.50 (1C, CO), 179.54 (1C, CO), 170.03 (1C, CO), 169.85 (1C, CO), 169.29 (1C,
C0O), 169.21 (1C, CO), 168.50 (1C, CO), 168.00 (1C, CO), 137.04 (Ph), 136.73 (Ph), 135.86
(Ph), 135.30 (Ph), 130.45 (Ph), 130.43 (Ph), 130.30 (Ph), 130.10 (Ph), 129.99 (Ph), 129.33
(Ph), 129.01 (Ph), 128.58 (Ph), 128.44 (Ph), 128.40 (Ph), 128.34 (Ph), 128.06 (Ph). Anal
Calcd for C34Hz00,0CLOs3Sb,: C 27.7, H 1.4. Found: C 27.7, H 1.4. ESI-MS* (m/z): 1492
[M+H;0]", 1439 [M-Cl]*, 1412 [M-CI-CO]*.

Cluster 6b: IR (CH,Cl,, mixture of two isomers): v(CO) 2118w, 2107vs, 2074s, 2050s, 2037s,
20165, 1984m cm’; 'H NMR (CsDs, mixture of two isomers) & 8.27 (d, PhH), 7.98 (d, PhH),
7.93 (d, PhH), 7.72 (t, PhH), 7.63 (d, PhH), 7.57 (d, PhH), 6.92-7.25 (m, PhH). Anal. Calcd
for C34H200,0CLOs3Sb,: C 27.7, H 1.4. Found: C 27.5, H 1.0. ESI-MS* (m/z): 1439 [M-Cl]*,
1411 [M-CI-CO]J*, 1383 [M-Cl-2CO]".

Cluster 6¢: IR (CH,CL): v(CO) 2117s, 2099vs, 2072vs, 2048sh, 2038vs, 2009m, 1985w cm;
'H NMR (C¢Ds) & 8.31 (d, 2H, PhH), 7.97 (d, 2H, PhH), 7.77 (d, 2H, PhH), 7.56 (d, 2H,
PhH), 6.96-7.16 (m, 12H, PhH). *C{'H} NMR (CDCL): § 180.39 (1C, CO), 178.43 (1C,
CO), 174.69 (1C, CO), 174.10 (1C, CO), 172.85 (1C, CO), 170.73 (1C, CO), 170.33 (1C,
C0),170.23 (1C, CO), 169.56 (2C, CO), 137.91 (Ph), 137.55 (Ph), 137.09 (Ph), 135.32 (Ph),
134.39 (Ph), 133.45 (Ph), 129.94 (Ph), 129.85 (Ph), 129.42 (Ph), 129.36 (Ph), 129.26 (Ph),
128.81 (Ph), 128.56 (Ph), 12845 (Ph), 127.47 (Ph), 127.21 (Ph). Anal. Calcd for
C34H20010CLOs;3Sby: C 27.7, H 1.4. Found: C 27.7, H 1.2. ESI-MS* (m/z): 1492 [M+H;0]*,

1439 [M-C1]*, 1410 [M-CL-CO]", 1382 [M-Cl-2CO]".



c) Synthesis of Tolyl-6b and Tolyl-6¢: A mixture of 2 (50 mg, 54 umol) and Sb(Tolyl),ClI (40
mg, 0.12 mmol) placed in a carius tube was dissolved in dry DCM (10 ml). After degassing with
three cycles of freeze-pump-thaw, the mixture was heated at 85 °C for 24 h. The solvent was then
removed and the residue separated by TLC, with DCM/hexane (1:1, v/v) as the eluent, to give

two colorless bands.

The first band afforded Os3;(CO)10(Cl),[-Sb(Tolyl),],, Tolyl-6¢ (R; = 0.85; yield = 10 mg,
12%). IR (CH,CL): v(CO) 211Ss, 2097vs, 2071vs, 2047sh, 2037vs, 2007m, 1984w cm’'; 'H
NMR (C¢Ds) 8 8.27 (d, 2H, PhH), 7.94 (d, 2H, PhH), 7.75 (d, 2H, PhH), 7.55 (d, 2H, PhH),
7.05 (d, 2H, PhH), 6.92-7.00 (m, 6H, PhH), 2.04 (s, 3H, MeH), 2.03 (s, 3H, MeH), 2.02 (s, 3H,
MeH), 1.97(s, 3H, MeH).

The second band afforded Tolyl-6b (R; = 0.80; yield = 16 mg, 17%). IR (CH,CL): v(CO)
2117w, 2106vs, 2072s, 2048s, 2036s, 2015s, 1983m cm; 'H NMR (CsDs, mixture of two
isomers) § 8.22 (d, PhH), 7.95 (d, PhH), 7.90 (d, PhH), 7.69-7.71 (dd, PhH), 7.60 (d, PhH),
7.56 (d, PhH), 7.24 (d, PhH), 7.06 (d, PhH), 6.84-6.98 (m, PhH), 2.01-2.03 (m, MeH), 1.96(s,
3H,MeH) .

Conversion of 6b to 6¢: Cluster 6b (20 mg, 14 pumol) dissolved in dry THF (10 ml) was
degassed (three freeze-pump-thaw cycles) and the solution heated at 85 °C for 12 h. After the

solvent was removed under reduced pressure, TLC separation with DCM/hexane (2/1, v/v) as

the eluent yield 6¢ as the only separable product (Ry= 0.75; yield = 17 mg, 85%).



Reaction of 1 with SbPhCl,:

a) Synthesis of 7a: A sample of 1 (40 mg, 44 umol) was dissolved in dry DCM (10 ml). To this
was added SbPhCL, (12 mg, 44 pmol). The resulting yellow mixture was stirred at room
temperature for 48 h. After removing the solvent, the residue was separated by TLC with DCM
as the eluent, to give one major light yellow band of mer-Os;(CO)11(Cl)2(£5-SbPh), 7a (Rs =
0.60; yield = 18 mg, 35%). IR (CH,CL): v(CO) 2142w, 2128s, 2101s, 2064vs, 2044w, 2035w,
2020w cm. 'H NMR (CDCL) & 7.43-7.46 (q, 2H, PhH), 7.29-7.39 (m, 3H, PhH).2C{'H}
NMR (CDClL): 8 173.28 (2C, CO), 173.05 (2C, CO), 172.35 (2C, CO), 169.11 (2C, CO),
168.53 (2C, C0O), 167.28 (1C, CO), 135.24 (Ph), 130.76 (Ph), 129.61 (Ph), 127.45 (Ph). Anal.
Calcd for C;;H;01,CLOs;Sb: C 17.8, H 0.4. Found: C 17.6, H 0.4. ESI-MS* (m/z): 1168

[M+H,O+H]*, 1140 [M+H,O+H-CO]*, 1085 [M+H,0+H-3CO]*, 1057 [M+H,O+H-4CO]*.

b) Synthsis of 7b and 8: TLC separation of a similar reaction as above, with 1 (120 mg, 0.13

mmol) and SbPhCL (36 mg, 0.13 mmol) in dry DCM (30 ml) for 10 days, afforded two bands:

The first, colorless, band was mer-Os;(CO)1:1(Cl) (Ph)(z5-SbPh), 8 (R = 0.75; yield = 6.0 mg,
7.7%). IR (CH,CL): v(CO) 2135m, 2112m, 2095s, 2053vs, 2042w, 2031w, 1989w cm™. 'H
NMR (CD,CL,) & 7.75 (dd, 2H, PhH), 7.51 (dd, 2H, PhH), 7.26-7.34 (m, 3H, PhH), 7.00-7.09
(m, 3H, PhH). *C{'H} NMR (CD.,CL): 8 182.22 (1C, CO), 179.43 (2C, CO), 174.47 (2C,
CO), 174.18 (2C, CO), 172.44 (2C, CO), 170.13 (1C, CO), 141.72 (Ph), 136.0S (Ph), 129.55
(Ph). 128.98 (Ph), 128.36 (Ph), 127.36 (Ph), 126.32 (Ph), 124.08 (Ph). Anal. Calcd for
C23H1001,ClOs;Sb: C 23.2, H 0.9. Found: C 23.10, H 0.6. ESI-MS* (m/z): 1210 [M+H,O+H]*,

1128 [M+H,0+H-3CO]*, 1087 [M+H-Ph-CO]*, 1057 [M+H-Ph-2CO]".



The second, very light yellow, band was fac-Os;(CO)11(Cl)>(15-SbPh), 7b (Ry = 0.50; yield = 70
mg, 47%), an isomer of 7a. IR (CH,CL): v(CO) 2139w, 2113s, 2103s, 2056vs, 2030w, 2016w
cm, 'H NMR (CDCl) 8 7.53-7.55 (q, 2H, PhH), 7.29-7.36 (m, 3H, PhH)."*C{'H} NMR
(CDCL): 6 173.70 (2C, CO), 170.71 (2C, CO), 170.19 (2C, CO), 168.71 (2C, CO), 167.94
(2C, C0O), 164.84 (1C, CO), 136.31 (Ph), 130.14 (Ph), 129.34 (Ph), 127.53 (Ph). Anal. Calcd
for C;H;01,CLOs:Sb: C 17.8, H 0.4. Found: C 17.6, H 0.2. ESI-MS* (m/z): 1168

[M+H,O+H]*, 1140 [M+H,O+H-CO]*, 1085 [M+H,0O+H-3CO]*, 1057 [M+H,O+H-4CO]*.

Crystallographic analyses. Light yellow crystals of 3b, 3¢, 4, 6a, 6b, Tolyl-6b, 6¢, Tolyl-6¢, 7b
and 8, suitable for X-ray diffraction analyses were obtained by slow evaporation of solvent from
solutions in hexane/methylene chloride solvent mixtures at room temperature; Light yellow
crystals of metastable 3a were obtained by directly evaporating the mixture of 1 and SbPh,CI
(1:1 mole ratio) in THF at -30 °C under an inert atmosphere, and light yellow crystals of
metastable 7a were obtained by slow evaporation from a dichloromethane solution at -30 °C.
Each crystal was glued onto the end of a thin glass fibre. For clusters 3b, 4, 6a, 6b, Tolyl-6b, 6c,
Tolyl-6¢, 7a and 7b, the X-ray diffraction intensity data were collected on a Bruker Kappa
diffractometer equipped with a CCD detector, employing Mo Ka radiation (A = 0.71073 A),
with the SMART suite of programs; all the data were processed and corrected for Lorentz and
polarization effects with SAINT and for absorption effects with SADABS.* For clusters 3a, 3¢
and 8, the intensity data were collected on a SuperNova (Dual source) Agilent diffractometer
using Mo Ka radiation (A = 0.71073 A); the data were processed and corrected for absorption

effects with CrysAlisPro.”” All the structural solutions and refinements were carried out with the



SHELXTL suite of programs.’® All non-hydrogen atoms were refined with anisotropic thermal

parameters. Crystal data, data collection parameters, and refinement data are summarized in

Table S1.

Two crystallographically independent molecules were found in the crystals of 7b and 8.
There were disorder observed for 6b, Tolyl-6b, 6c, Tolyl-6¢ and one molecule in 7b. For 6b,
this was interpreted as comprising two stereoisomers, with one of them exhibiting disorder
about a two-fold rotation axis that passes through the unique Os. The disorder in Tolyl-6b was
also interpreted as comprising two stereoisomers present in a ratio of about 2:3; this was
consistent with the '"H NMR data. The disorder in 6c, andTolyl-6¢ were about a two-fold
rotation axis that passes through the unique Os, with occupancy ratios of 3:2 and 1:1,
respectively. The disorder in 7b was of the phenyl and the ClI ligands, which were modeled with
two sites each of occupancies 55:45. A THF solvate was found in the crystal of 3a, and DCM in
the crystals of 6a, 6¢ and Tolyl-6¢. The DCM solvates were disordered and modeled as about a

centre of inversion in 6a, and with four orientations in the other two.

Computational details. DFT calculations were performed with the Gaussian 09W suite of
programs,” utilizing Becke’s three-parameter hybrid function and Lee-Yang-Parr’s gradient-
corrected correlation function (B3LYP).** The LanL2DZ (Los Alamos effective core potential
double-C) basis set, together with d- or f-type polarization functions,’ is employed for the Os
and Sb atoms while the 6-311+G(2d, p) basis set is used for the remaining atoms. Spin-

restricted calculations were used for geometry optimization. Harmonic frequencies were then



calculated to characterize the stationary points as equilibrium structures with all real frequencies,

and to evaluate zero-point energy (ZPE) corrections.

Supporting Information

Tables and CIF files containing the crystallographic data of all the new structures; 'H, *C{'H}
NMR, IR and MS spectra of all the new structures; the IR comparison spectra between A and
Os3(CO)1:(SbPhs); the IR comparison spectra between 3b and 3¢; the 'H NMR monitoring
spectra of the conversion of 3a to 3b, 7a to 7b, 6a to 6¢; the 'H EXSY spectrum for Tolyl-6b;
the monitoring reactions of 1 and 4 with SbPh,Cl, respectively; all the computationally
optimized structures of 3a, 3b, 6a, 6b-1, 6b-2, 6¢, 7a and 7b, with the corresponding optimized
coordinates and free energies. This material is available free of charge via the Internet at

http://pubs.acs.org.”
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