Marquette University

e-Publications@Marquette

Chemistry Faculty Research and Publications Chemistry, Department of

9-2009

Decarbonylation Reaction of [0s3(C0)10(u-H)(u-SN2C4H5s)]: X-ray
Structures of the Two Isomers of

[0s3(CO)o(u-H) (3-n>-SN2C4Hs)]

Shishir Ghosh
Jahangirnagar University

Shariff E. Kabir
Jahangirnagar University

Mansura Khatun
Jahangirnagar University

Daniel T. Haworth
Marquette University

Sergey V. Lindeman
Marquette University, sergey.lindeman@marquette.edu

See next page for additional authors

Follow this and additional works at: https://epublications.marquette.edu/chem_fac

6‘ Part of the Chemistry Commons

Recommended Citation

Ghosh, Shishir; Kabir, Shariff E.; Khatun, Mansura; Haworth, Daniel T.; Lindeman, Sergey V.; Siddiquee,
Tasneem; and Bennett, Dennis W., "Decarbonylation Reaction of [0s3(C0)10(u-H)(u-SN2C4Hs)]: X-ray

Structures of the Two Isomers of [OS3(CO)9(/J-H)(/.13-I‘)2-SN2C4H5)]" (2009). Chemistry Faculty Research

and Publications. 604.
https://epublications.marquette.edu/chem_fac/604


https://epublications.marquette.edu/
https://epublications.marquette.edu/chem_fac
https://epublications.marquette.edu/chemistry
https://epublications.marquette.edu/chem_fac?utm_source=epublications.marquette.edu%2Fchem_fac%2F604&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/131?utm_source=epublications.marquette.edu%2Fchem_fac%2F604&utm_medium=PDF&utm_campaign=PDFCoverPages
https://epublications.marquette.edu/chem_fac/604?utm_source=epublications.marquette.edu%2Fchem_fac%2F604&utm_medium=PDF&utm_campaign=PDFCoverPages

Authors

Shishir Ghosh, Shariff E. Kabir, Mansura Khatun, Daniel T. Haworth, Sergey V. Lindeman, Tasneem
Siddiquee, and Dennis W. Bennett

This article is available at e-Publications@Marquette: https://epublications.marquette.edu/chem_fac/604


https://epublications.marquette.edu/chem_fac/604

Marquette University

e-Publications@Marquette

Chemistry Faculty Research and Publications/Department of
Chemistry

This paper is NOT THE PUBLISHED VERSION; but the author’s final, peer-reviewed manuscript.
The published version may be accessed by following the link in th citation below.

Journal of Chemical Crystallography, Vol. 39, No. 9 (September 2009): 632-637. DOI. This article
is © Springer and permission has been granted for this version to appear in e-
Publications@Marquette. Springer does not grant permission for this article to be further
copied/distributed or hosted elsewhere without the express permission from Springer.

Decarbonylation Reaction of [Os:(CO).o(p-H)(u-
SN,C:H:)]: X-ray Structures of the Two Isomers of
[Os3(CO)o(u-H)(pt 5-n 2-SN,C.H:)]

Shishir Ghosh

Department of Chemistry, Jahangirnagar University, Savar, Dhaka, Bangladesh

Shariff E. Kabir

Department of Chemistry, Jahangirnagar University, Savar, Dhaka, Bangladesh
Mansura Khatun
Department of Chemistry, Jahangirnagar University, Savar, Dhaka, Bangladesh

Daniel T. Haworth

Department of Chemistry, Marquette University, Milwaukee, WI

Sergey V. Lindeman

Department of Chemistry, Marquette University, Milwaukee, WI

Tasneem A. Siddiquee

Department of Chemistry, University of Wisconsin-Milwaukee, Milwaukee, WI

Dennis W. Bennett
Department of Chemistry, University of Wisconsin-Milwaukee, Milwaukee, WI


http://dx.doi.org/10.1007/s10870-009-9550-z
http://epublications.marquette.edu/
http://epublications.marquette.edu/

Abstract

The thermal reaction of [Os3(CO)10(u-H)(u-SN2C4Hs)] (1) at 110 °C afforded the new compound
[0s3(CO)o(u-H) (1 3-n 2-SN2C4Hs)] (2) in 84% yield. Compound 2 exists as two isomers, which
differ in the disposition of the bridging hydride ligand. Both of the isomers of 2 have been
characterized by a combination of elemental analysis, infrared and 'H NMR spectroscopic data
together with single crystal X-ray crystallography. The isomers crystallize together in the triclinic
space group P-1

with a = 10.4775(2), b = 13.3056(3), ¢ = 15.0325(3) A, a = 110.8890(10), 8 = 99.3880(10), y = 96.
1620(10)°, Z=2 and V = 1900.31(7) A3.

Index Abstract

The synthesis and the molecular structures of the two isomers of [0s3(CO)o(u-H)(u 3-n -

SN,C4Hs)] are described. The isomers differ in the disposition of the hydride ligand.
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Introduction

In recent years, the reactions of transition metal carbonyl clusters with heterocyclic ligands
containing more than one hetero-atoms have been widely
investigated.22345678210,11,12,13,14,1516,1718 Thege reactions are markedly influenced by the
structure of the heterocyclic ring, starting clusters and also by the reaction conditions
employed. Trinuclear osmium clusters have proved to be useful system for modeling
heterogeneous catalytic processes such as hydrodesulfurization (HDS) and
hydrodenitrogenation (HDN) which are associated with the cleavage of C—X bonds (X =S,
N).1234567810,121319,20,21,22,23 The presence of heteroatom’s such as sulfurz42>25 gnd
nitrogen22-2822 not only stabilizes the metal cluster framework with respect to degradational
fragmentation in drastic conditions but also provide new types of reactivities and increase the
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coordination potential towards multi-metal centers. Many of the resultant complexes are
biologically important as they can be used as models for metal-centers in
metalloproteins3231.323334 gnd also possess different industrial applications such as
anticorrosion and as accelerators in the rubber vulcanization process.32

The reactions of trimetallic clusters with nitrogen and sulfur containing heterocycles such as
4-methylthiazole,2 2,4,5-trimethylthiazole,2 thiazole,1316 thiomorpholine,4 thiazolidine, 2-
methyl-2-thiazoline,X2 benzothiazole,2 pyrimidine-2-thioli2 and pyridine-2-thiol:! have been
demonstrated by us. The neutral ligand 2-mercapto-1-methylimidazole can in principle
coordinates both in the ‘thione’ and in the tautomeric ‘thiol’ form
(-NH-C=S=-N=C-SH-NH-C=S=-N=C-SH) which gives rise to a wide range of coordination
compounds with considerable structural diversity.2>3637.3839 Recently, we reported the
reactions of 2-mercapto-1-methylimidazole with a series of trimetallic clusters,
[Os3(C0O)10(MeCN)z2], [Ruz(CO)12], [Os3(CO)s(u-H){Ph2PCH2P(Ph)CeHa}], [Os3(CO)10(u-dppm)] and
[Ru3(CO)10(u-dppm)].22 The reaction of [Ruz(CO)12] with 2-mercapto-1-methylimidazole at

68 °C afforded [Rus(CO)o(u-H)(u 3-n 2-SN2CaHs)]; whereas, the lightly stabilized cluster
[Os3(C0O)10(MeCN);] gave [Os3(CO)10(u-H)(u 3-SN2C4Hs)] (1) at 25 °C (Scheme 1).
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Scheme 1

As a continuation of our previous work, we investigated the thermal reaction [Os3(CO)1o(u-
H)(u-SN2C4Hs)] at 110 °Cin an attempt to synthesize the osmium analog of [Rus(CO)q(u-H)(u 3-
n 2-SN2C4Hs)] and the results of this study are reported herein.

Experimental

All the reactions were performed under a dry oxygen-free nitrogen atmosphere using
standard Schlenk techniques. Reagent grade solvents were freshly distilled from appropriate
drying agents prior to use. Infrared spectra were recorded on a Shimadzu FTIR 8101
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spectrophotometer. NMR spectra were recorded on a Bruker DPX 400 instrument. Elemental
analysis was performed by BCSIR Laboratories, Dhaka. [Os3(C0O)12] was purchased from Strem
Chemicals Inc. and used without further purification. 2-Mercapto-1-methylimidazole was
purchased from Sigma—Aldrich Chemical Company and used as received. [0s3(CO)1o(u-H)(u-
SN2C4Hs)]42 (1) was prepared according to the published method. Preparative thin layer
chromatography was carried out on 1 mm plates prepared from silica gel GF254 (type 60, E.
Merck) at Jahangirnagar University.

Decarbonylation of [Os3(CO)10(p-H)(u-SN2CsHs)] (1)

A toluene solution (10 mL) of [Os3(CO)10(u-H)(u 3-SN2C4Hs)] (1) (50 mg, 0.052 mmol) was
heated to reflux for 5 h. The solvent was removed under reduced pressure and the residue
chromatographed by TLC on silica gel. Elution with hexane/CHCl; (7:3, v/v) developed a
single band which afforded [Os3(CO)s(u-H)(u 3-n 2-SN2CaHs)] (2) (41 mg, 84%) as orange
crystals after recrystallization from hexane/CH,Cl; at -4 °C. Anal. Calcd. for C13HsN2090s3S: C,
16.66; H, 0.65. Found: C, 16.81; H, 0.83%. IR(v co, CH2Cl;): 2086 m, 2054 s, 2026 vs, 1997s,
1985s, 1951 m cm™. *H NMR (CDCl3): 6§ 6.99 (d, J = 1.5 Hz, 1H), 6.87 (d, J = 1.5 Hz, 1H), 6.53
(d,J=1.4 Hz, 1H), 6.44 (d, J = 1.4 Hz, 1H), 3.62 (s, 3H), 3.60 (s, 3H), -12.47 (s, 1H), -14.70 (s,
1H); mass spectrum: m/z 938 (M*), 910 (M*-CO), 882 (M*-2C0), 854 (M*-3C0), 826 (M*-4C0O),
798 (M*-5C0), 770 (M*-6CQ), 742 (M*-7CO), 714 (M*-8CO), 686 (M*-9CO).

X-ray Crystallography

Crystals of 2 suitable for X-ray diffraction were obtained by recrystallization from
hexane/CHCl; at 4 °C and mounted on a nylon fiber with a mineral oil. Diffraction data were
collected at 100(2) K on a Bruker AXS SMART diffractometer equipped with an APEX CCD
detector using graphite-monochromated Cu Ka radiation (A = 1.54178 A). Integration of
intensities and data reduction was performed using SAINT program.2! Multi-scan absorption
correction was applied using SADABS procedure.?2

The structures were solved by direct methods*2 and refined by full-matrix least squares

on F 2.2 All non-hydrogen atoms were refined anisotropically. Positions of hydrogen atoms
were calculated geometrically and were included into refinement with U(iso) = 1.2 U(iso/eq)
of an adjacent carbon atom using a riding model. All pertinent crystal data and other
experimental conditions and refinement details are summarized in Table 1.

Table 1
Crystal and structural refinement data for [Os3(CO)s(u-H)(u 3-n 2-SN2C4Hs)] (2)
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Empirical formula
CCDC deposit no.
Formula weight
Temperature (K)
Wavelength (A)
Crystal system

Space group

Unit cell dimensions

a(A)
b (A)
c(A)

a(®)

v ()
Volume (A3)

z

Density (calculated) (Mg/m?3)

Absorption coefficient (mm™)

F(000)

Crystal size (mm?3)

¥ range for data collection (°)

Index ranges

Reflections collected

Independent reflections

C26H12N4018056S2
669,776

1,873.72

100(2)

1.54178

Triclinic

P-1

10.4775(2)
13.3056(3)
15.0325(3)
110.8890(10)
99.3880(10)
96.1620(10)
1,900.31(7)

2

3.275

38.567

1,656
0.46x0.30x0.12
3.22-67.10
-12<h212
-15<k2>14
0</217

15,782

6,267 [R(int) = 0.0368]



Completeness to ¥ = 67.10°
Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F 2

Final R indices [/ > 20(/)]

R indices (all data)

Largest diff. peak and hole (e A™3)

Results and Discussion

92.2%

0.0904 and 0.0202

Full-matrix least-squares on F 2
6267/0/516

1.142

R1=0.0262, wR > =0.0642
R1=0.0278, wR 2 =0.0651

1.189 and -1.726

It was previously reported by us that the cluster [Os3(CO)10(MeCN)2] reacts with 2-mercapto-
1-methylimidazole to give [0s3(CO)10(u-H)(u 3-SN2CaHs)] (1) at 25 °C whereas [Rusz(CO)12] gives
[Rus(CO)s(u-H)(u 3-n 2-SN2C4Hs)] at 68 °C.42 With this in mind, we investigated the thermal
reaction of 1 in toluene. The thermolysis of 1 in refluxing toluene for 5 h affords [Os3(CO)s(u-
H)(u 3-n 2-SN2C4Hs)] (2), as orange crystals in 84% yield (Scheme 2).
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Scheme 2

Several compounds of this type, [0s3(CO)s(u-H)L], were previously reported?32 but they were
characterized by spectroscopic methods only. However, we have successfully grown X-ray
quality crystals of 2 and have undertaken a solid-state structural investigation to establish the
ligand arrangement in 2.

Compound 2 exists as two independent isomers in the asymmetric unit. The solid-state
structures of the two molecules of 2 are shown in Fig. 1, crystallographic data are collected in
Table 1, and selected bond lengths and angles are listed in Table 2. The crystallographic atom
numbers given for the two molecules are the same, with those in molecule 2 being
designated by an additional A. The structure of each molecule consists of an irregular triangle
of osmium atoms, each of which is coordinated by three carbonyl ligands. A triply bridging 2-
mercapto-1-methylimidazole ligand and a bridging hydrido ligand complete the coordination
sphere of the cluster. The molecules differ in the relative disposition of the hydrido ligand
within the cluster. In molecule 1, it is located across the Os(1)—0s(3) edge and this is
consistent with the observation that this edge is significantly elongated {Os(1)—

0s(3) = 2.9973(4) A} compared with the other two metal-metal bonds {Os(1)-

Os(2) = 2.8526(4) A and 0s(2)-0s(3) = 2.7316(4) A}. Every metal center, Os(1), Os(2) and
Os(3), is bounded to three terminal carbonyl ligands. The positions of the carbonyl ligands
once again confirm the position of the hydride ligand. The CO groups are opened out away
from the Os(1)-0s(3) bond as expected by the presence of the hydride {Os(3)—0s(1)-

C(2) =116.4(2)° and Os(1)—0s(3)—C(9) = 117.4(2)°}. However, in molecule 2 the hydride ligand
bridges the Os(2A)—0s(3A) edge which is also consistent with the observation as this edge is
slightly elongated {Os(2A)-0s(3A) = 2.8550(4) A} compared with the other two metal-metal
distances {Os(1A)-0s(2A) = 2.8213(4) A and 0s(1A)—0s(3A) = 2.8373(4) A} but all the three
Os—Os distances are shorter than those reported for [Os3(CO)12] {2.877(3) A}. As expected the
location of the hydride ligand across the Os(2A)—0s(3A) edge is also consistent with the
opening out of the CO groups along this edge, {Os(3A)-0s(2A)—C(6A) = 118.5(2)° and Os(2A)-
Os(3A)—C(8A) = 115.7(2)°} Molecule 2 contains a noncrystallographic mirror plane of
symmetry passing through the plane of the heterocyclic ring of the ligand and also containing
Os(1A), H(1HA), C(1A) and O(1A) atoms. Another important difference between the two
molecules is that in molecule 1 the three metal-metal bond distances are significantly
different; whereas, in molecule 2 the three osmium atoms define an approximate isosceles
triangle. However, in both molecules the u 3-SN2CsHs ligand, which acts as a five-electron
donor, is coordinated through the nitrogen atom in axial position to Os(1) and to Os(2) and
Os(3) through the bridging exocyclic sulfur atom. This type of ligand arrangement has also
been observed in [Rus(CO)o(u-H) (1 3-n 2-SN2C4Hs)],22 [Rus(CO)s(p-H)(u 3-n 2-SN2C4H3)]%2 and
[Ru3(CO)o(u-H)(u 3-n 2-SN2C7Hs)].22 In molecule 1, the sulfur atom asymmetrically bridges the
0s(2)-0s(3) edge {Os(2)-S(1) = 2.4133(15) A and Os(3)-S(1) = 2.4442(16) A} whereas it
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bridges the Os(2A)—0s(3A) edge almost symmetrically {Os(2A)-S(1A) = 2.4467(16) and
Os(3A)-S(1A) = 2.4365(16) A} in molecule 2 and the Os—S bond distances in both the
molecules are comparable to those observed in 1 and the other u-SR triosmium clusters.23440
The Os—N bond distances in both molecules are comparable {Os(1)-N(1) = 2.144(6) A in
molecule 1 and Os(1A)-N(1A) = 2.139(5) A in molecule 2} and are quite similar with those
found in other triosmium clusters.1!
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Molecule 2

Fig. 1
X-ray structure of [0s3(CO)o(u-H)(u 3-n 2-SN2C4Hs)] (2) showing the atom labeling scheme
used. Thermal ellipsoid are drawn at 50% probability level
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Table 2
Selected bond distances (A) and angles (°) for [0s3(CO)o(u-H) (1 3-n 2-SN2C4Hs)] (2)

Molecule 1 Molecule 2

Bond distances (A)

0s(1)-0s(2) 2.8526(4) Os(1A)-0s(2A) 2.8213(4)
0s(1)-0s(3) 2.9973(4) Os(1A)-0s(3A) 2.8373(4)
0s(2)-0s(3) 2.7316(4) 0s(2A)-0s(3A) 2.8550(4)
0s(2)-5(1) 2.4133(15) 0s(2A)-S(1A) 2.4467(16)
0s(3)-5(1) 2.4442(16) Os(3A)-S(1A) 2.4365(16)
Os(1)-N(1) 2.144(6) Os(1A)-N(1A) 2.139(5)
C(10)-5(1) 1.742(7) C(10A)-S(1A) 1.750(7)
C(10)-N(1) 1.326(9) C(10A)-N(1A) 1.315(9)
C(11)-N(1) 1.377(9) C(11A)-N(1A) 1.366(9)
C(10)-N(2) 1.355(9) C(10A)-N(2A) 1.358(8)
C(12)-N(2) 1.372(9) C(12A)-N(2A) 1.386(9)
C(13)-N(2) 1.462(9) C(13A)-N(2A) 1.465(9)
C(11)-C(12) 1.340(11) C(11A)-C(12A) 1.359(10)
Os(1)-H(1H) 1.94(8) Os(2A)-H(1HA) 1.83(8)
Os(3)-H(1H) 1.99(8) Os(3A)-H(1HA) 1.66(8)
c-0° 1.913(9) c-0° 1.915(5)
Bond angles (°)

C(1)-0s(1)-0s(2) 92.6(2) N(1A)-Os(1A)-0s(2A) 84.71(16)
C(3)-0s(1)-0s(2) 85.2(2) C(1A)-0s(1A)-Os(3A) 88.9(2)
C(2)-0s(1)-0s(2) 170.1(2) C(3A)-0s(1A)-0s(3A) 155.4(2)

N(1)-0s(1)-0s(2) 86.85(15) C(2A)-0s(1A)-Os(3A) 106.0(2)



Molecule 1

C(1)-0s(1)-0s(3)

C(3)-0s(1)-0s(3)

C(2)-0s(1)-0s(3)

N(1)-Os(1)-Os(3)

Os(2)-0s(1)-0s(3)

S(1)-0s(2)-0s(3)

C(4)-0s(2)-0s(1)

C(5)-0s(2)-0s(1)

C(6)-0s(2)-0s(1)

S(1)-0s(2)-0s(1)

Os(3)-0s(2)-0s(1)

C(7)-0s(3)-0s(2)

C(8)-0s(3)-0s(2)

C(9)-0s(3)-0s(2)

S(1)-0s(3)-0s(2)

C(7)-0s(3)-0s(1)

C(8)-0s(3)-0s(1)

C(9)-0s(3)-0s(1)

S(1)-0s(3)-0s(1)

0Os(2)-0s(3)-0s(1)

05(2)-5(1)-0s(3)

C(10)-N(1)-0s(1)

C(11)-N(1)-0s(1)

91.6(2)

140.8(2)

116.4(2)

86.76(15)

55.606(9)

56.32(4)

89.8(2)

96.7(2)

164.56(19)

82.00(4)

64.883(10)

101.10(19)

89.5(2)

159.7(2)

55.25(4)

89.24(19)

148.2(2)

117.4(2)

78.54(4)

59.511(10)

68.43(4)

122.6(4)

130.5(5)

Molecule 2

N(1A)-Os(1A)-0s(3A)

0s(2A)-0s(1A)-0s(3A)

C(4A)-0s(2A)-0s(1A)

C(5A)-0s(2A)-0s(1A)

C(6A)-Os(2A)-0s(1A)

S(1A)-0s(2A)-0s(1A)

C(4A)-0s(2A)-0s(3A)

C(5A)-0s(2A)-0s(3A)

C(6A)-0s(2A)-0s(3A)

S(1A)-0s(2A)-0s(3A)

Os(1A)—0s(2A)—0s(3A)

C(7A)-0s(3A)-0s(2A)

C(8A)-0s(3A)-0s(2A)

C(9A)-0s(3A)-0s(2A)

S(1A)-0s(3A)-0s(2A)

C(7A)-0s(3A)-Os(1A)

C(8A)-Os(3A)-0s(1A)

C(9A)-0s(3A)-0s(1A)

S(1A)-0s(3A)-0s(1A)

0s(1A)-0s(3A)-0s(2A)

0s(3A)-S(1A)-0s(2A)

C(10A)-N(1A)-Os(1A)

C(11A)-N(1A)-Os(1A)

87.43(16)

60.601(10)

86.0(2)

84.8(2)

177.3(2)

81.70(4)

109.0(2)

135.2(2)

118.5(2)

54.06(4)

59.976(10)

112.8(2)

115.7(2)

133.7(2)

54.39(4)

93.6(2)

172.1(2)

80.6(2)

81.55(4)

59.423(10)

71.56(4)

123.0(5)

130.0(5)



Molecule 1 Molecule 2

0s—-C-0° 177.9(1) 0s—-C-0° 176.4(2)

aAverage values

Within the heterocyclic ligand, the exocyclic C=S bond distances {C(10)-S(1) = 1.742(7) A in
molecule 1 and C(10A)-S(1A) = 1.750(7) A in molecule 2} are close to that expected for a C-S
single bond.114245 The C—C bond distances {C(11)-C(12) = 1.340(11) A in molecule 1 and
C(11A)-C(12A) = 1.359(10) A in molecule 2} are very similar to C—C double bond distances.
The C(13)-N(2) and C(13A)-N(2A) bond distances in molecule 1 {1.462(9) A} and molecule 2
{1.465(9) A} are similar to that observed for a C-N single bond whereas the other C-N
distances {C(10)-N(1) = 1.326(9) A, C(11)-N(1) = 1.377(9) A, C(10)-N(2) = 1.355(9) A, C(12)-
N(1) = 1.372(9) A in molecule 1 and C(10A)-N(1A) = 1.315(9) A, C(11A)-N(1A) = 1.366(9) A,
C(10A)-N(2A) = 1.358(8) A, C(12A)-N(1A) = 1.386(9) A in molecule 2} are in between the C-N
single and double bond distances which indicate appreciable double bond character 2101145

All other structural features of both molecules are within the expected range. The Os—C
distances {1.893(7) - 1.942(7) A, average 1.913(9) A (molecule 1); 1.892(7) - 1.944(8) A,
average 1.915(5) A (molecule 2)} and Os—C—0 angles {175.5(6) - 179.3(7)°, average 177.9(1)°
(molecule 1); 172.4(7) - 178.6(8)°, average 176.4(2)° (molecule 2)} are comparable to the
corresponding values in the related triosmium nonacarbonyl compounds containing a 3,3,3-
carbonyl ligand distribution and in which the hydride and the heterocyclic ligand bridge the
same Os—0s edge (corresponds to molecule 1) or the different Os—Os edge (corresponds to
molecule 2).218

The spectroscopic data of the two isomers of 2 are consistent with the solid-state structures
being maintained in solution. The infrared spectrum in the carbonyl stretching region is very
similar to that of [0s3(CO)s(u-H)(us-n 2-SN2CsHs)],t indicating that they have very similar
distribution of the carbonyl ligands. The *H NMR spectrum (Fig. 2) clearly indicates the
presence of two isomers in solution, the asymmetric form (2a) and the symmetric form (2b),
in 1:1 ratio. In addition to two equal intensity singlets at 6 -12.47 and -14.70 due to the
hydride ligand, the aromatic region of the *H NMR spectrum shows four doublets at § 6.99
(/=1.5Hz),6.87 (J=1.5Hz),6.53 (/=1.4 Hz), 6.44 (J = 1.4 Hz) in a relative intensity of 1:1:1:1
indicating the presence two equally populated isomers. Consistent with this the aliphatic
region of the spectrum shows two singlets at § 3.62 and 3.60 (each integrating for 3 H),
attributed to the methyl protons of the heterocyclic ligand. The mass spectrum of 2 exhibits a
molecular ion peak at m/z 938, which agrees with the molecular formula with ion peaks
corresponding to 9 CO loses.
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Fig. 2
'H NMR spectrum of [0s3(CO)o(u-H)(u 3-n 2-SN2CsHs)] (2): a hydride region; b aromatic region

Supplementary Material

Crystallographic data for the structure reported in this article have been deposited with the
Cambridge Crystallographic Data Center as supplementary publication number 669776 (space
group P-1). Copies of this information can be obtained free of charge on application to the
Director, CCDC, 12 Union Road, Cambridge, CB2 1 EZ, UK (fax: +44-1223-336033; e-mail:
deposit@ccdc.cam.ac.uk or www: http://www.ccdc.ac.uk).
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	Abstract
	The thermal reaction of [Os3(CO)10(μ-H)(μ-SN2C4H5)] (1) at 110 °C afforded the new compound [Os3(CO)9(μ-H)(μ 3-η 2-SN2C4H5)] (2) in 84% yield. Compound 2 exists as two isomers, which differ in the disposition of the bridging hydride ligand. Both of the isomers of 2 have been characterized by a combination of elemental analysis, infrared and 1H NMR spectroscopic data together with single crystal X-ray crystallography. The isomers crystallize together in the triclinic space group P-1 with a = 10.4775(2), b = 13.3056(3), c = 15.0325(3) Å, α = 110.8890(10), β = 99.3880(10), γ = 96.1620(10)°, Z = 2 and V = 1900.31(7) Å3.
	Index Abstract
	The synthesis and the molecular structures of the two isomers of [Os3(CO)9(μ-H)(μ 3-η 2-SN2C4H5)] are described. The isomers differ in the disposition of the hydride ligand.
	/
	Keywords
	Decarbonylation, Triosmium cluster. 2-Mercapto-1-methylimidazole, X-ray structure 
	Introduction
	In recent years, the reactions of transition metal carbonyl clusters with heterocyclic ligands containing more than one hetero-atoms have been widely investigated.1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18 These reactions are markedly influenced by the structure of the heterocyclic ring, starting clusters and also by the reaction conditions employed. Trinuclear osmium clusters have proved to be useful system for modeling heterogeneous catalytic processes such as hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) which are associated with the cleavage of C–X bonds (X = S, N).1,2,3,4,5,6,7,8,10,12,13,19,20,21,22,23 The presence of heteroatom’s such as sulfur24,25,26 and nitrogen27,28,29 not only stabilizes the metal cluster framework with respect to degradational fragmentation in drastic conditions but also provide new types of reactivities and increase the coordination potential towards multi-metal centers. Many of the resultant complexes are biologically important as they can be used as models for metal-centers in metalloproteins30,31,32,33,34 and also possess different industrial applications such as anticorrosion and as accelerators in the rubber vulcanization process.35
	The reactions of trimetallic clusters with nitrogen and sulfur containing heterocycles such as 4-methylthiazole,12 2,4,5-trimethylthiazole,9 thiazole,13,16 thiomorpholine,14 thiazolidine,14 2-methyl-2-thiazoline,10 benzothiazole,15 pyrimidine-2-thiol15 and pyridine-2-thiol11 have been demonstrated by us. The neutral ligand 2-mercapto-1-methylimidazole can in principle coordinates both in the ‘thione’ and in the tautomeric ‘thiol’ form (−NH−C=S⇌−N=C−SH−NH−C=S⇌−N=C−SH) which gives rise to a wide range of coordination compounds with considerable structural diversity.35,36,37,38,39 Recently, we reported the reactions of 2-mercapto-1-methylimidazole with a series of trimetallic clusters, [Os3(CO)10(MeCN)2], [Ru3(CO)12], [Os3(CO)8(μ-H){Ph2PCH2P(Ph)C6H4}], [Os3(CO)10(μ-dppm)] and [Ru3(CO)10(μ-dppm)].40 The reaction of [Ru3(CO)12] with 2-mercapto-1-methylimidazole at 68 °C afforded [Ru3(CO)9(μ-H)(μ 3-η 2-SN2C4H5)]; whereas, the lightly stabilized cluster [Os3(CO)10(MeCN)2] gave [Os3(CO)10(μ-H)(μ 3-SN2C4H5)] (1) at 25 °C (Scheme 1).
	/
	Scheme 1
	 
	As a continuation of our previous work, we investigated the thermal reaction [Os3(CO)10(μ-H)(μ-SN2C4H5)] at 110 °C in an attempt to synthesize the osmium analog of [Ru3(CO)9(μ-H)(μ 3-η 2-SN2C4H5)] and the results of this study are reported herein.
	Experimental
	Decarbonylation of [Os3(CO)10(μ-H)(μ-SN2C4H5)] (1)
	X-ray Crystallography

	All the reactions were performed under a dry oxygen-free nitrogen atmosphere using standard Schlenk techniques. Reagent grade solvents were freshly distilled from appropriate drying agents prior to use. Infrared spectra were recorded on a Shimadzu FTIR 8101 spectrophotometer. NMR spectra were recorded on a Bruker DPX 400 instrument. Elemental analysis was performed by BCSIR Laboratories, Dhaka. [Os3(CO)12] was purchased from Strem Chemicals Inc. and used without further purification. 2-Mercapto-1-methylimidazole was purchased from Sigma–Aldrich Chemical Company and used as received. [Os3(CO)10(μ-H)(μ-SN2C4H5)]40 (1) was prepared according to the published method. Preparative thin layer chromatography was carried out on 1 mm plates prepared from silica gel GF254 (type 60, E. Merck) at Jahangirnagar University.
	A toluene solution (10 mL) of [Os3(CO)10(μ-H)(μ 3-SN2C4H5)] (1) (50 mg, 0.052 mmol) was heated to reflux for 5 h. The solvent was removed under reduced pressure and the residue chromatographed by TLC on silica gel. Elution with hexane/CH2Cl2 (7:3, v/v) developed a single band which afforded [Os3(CO)9(μ-H)(μ 3-η 2-SN2C4H5)] (2) (41 mg, 84%) as orange crystals after recrystallization from hexane/CH2Cl2 at −4 °C. Anal. Calcd. for C13H6N2O9Os3S: C, 16.66; H, 0.65. Found: C, 16.81; H, 0.83%. IR(ν CO, CH2Cl2): 2086 m, 2054 s, 2026 vs, 1997s, 1985s, 1951 m cm−1. 1H NMR (CDCl3): δ 6.99 (d, J = 1.5 Hz, 1H), 6.87 (d, J = 1.5 Hz, 1H), 6.53 (d, J = 1.4 Hz, 1H), 6.44 (d, J = 1.4 Hz, 1H), 3.62 (s, 3H), 3.60 (s, 3H), −12.47 (s, 1H), −14.70 (s, 1H); mass spectrum: m/z 938 (M+), 910 (M+-CO), 882 (M+-2CO), 854 (M+-3CO), 826 (M+-4CO), 798 (M+-5CO), 770 (M+-6CO), 742 (M+-7CO), 714 (M+-8CO), 686 (M+-9CO).
	Crystals of 2 suitable for X-ray diffraction were obtained by recrystallization from hexane/CH2Cl2 at 4 °C and mounted on a nylon fiber with a mineral oil. Diffraction data were collected at 100(2) K on a Bruker AXS SMART diffractometer equipped with an APEX CCD detector using graphite-monochromated Cu Kα radiation (λ = 1.54178 Å). Integration of intensities and data reduction was performed using SAINT program.41 Multi-scan absorption correction was applied using SADABS procedure.42
	The structures were solved by direct methods43 and refined by full-matrix least squares on F 2.44 All non-hydrogen atoms were refined anisotropically. Positions of hydrogen atoms were calculated geometrically and were included into refinement with U(iso) = 1.2 U(iso/eq) of an adjacent carbon atom using a riding model. All pertinent crystal data and other experimental conditions and refinement details are summarized in Table 1.
	Table 1
	Crystal and structural refinement data for [Os3(CO)9(μ-H)(μ 3-η 2-SN2C4H5)] (2)
	C26H12N4O18Os6S2
	Empirical formula
	669,776
	CCDC deposit no.
	1,873.72
	Formula weight
	100(2)
	Temperature (K)
	1.54178
	Wavelength (Å)
	Triclinic
	Crystal system
	P-1
	Space group
	Unit cell dimensions
	10.4775(2)
	    a (Å)
	13.3056(3)
	    b (Å)
	15.0325(3)
	    c (Å)
	110.8890(10)
	    α (°)
	99.3880(10)
	    β (°)
	96.1620(10)
	    γ (°)
	1,900.31(7)
	Volume (Å3)
	2
	Z
	3.275
	Density (calculated) (Mg/m3)
	38.567
	Absorption coefficient (mm−1)
	1,656
	F(000)
	0.46 × 0.30 × 0.12
	Crystal size (mm3)
	3.22–67.10
	θ range for data collection (°)
	−12 ≤ h ≥ 12
	Index ranges
	−15 ≤ k ≥ 14
	0 ≤ l ≥ 17
	15,782
	Reflections collected
	6,267 [R(int) = 0.0368]
	Independent reflections
	92.2%
	Completeness to θ = 67.10°
	0.0904 and 0.0202
	Max. and min. transmission
	Full-matrix least-squares on F 2
	Refinement method
	6267/0/516
	Data/restraints/parameters
	1.142
	Goodness-of-fit on F 2
	R 1 = 0.0262, wR 2 = 0.0642
	Final R indices [I > 2σ(I)]
	R 1 = 0.0278, wR 2 = 0.0651
	R indices (all data)
	1.189 and −1.726
	Largest diff. peak and hole (e Å−3)
	Results and Discussion
	It was previously reported by us that the cluster [Os3(CO)10(MeCN)2] reacts with 2-mercapto-1-methylimidazole to give [Os3(CO)10(μ-H)(μ 3-SN2C4H5)] (1) at 25 °C whereas [Ru3(CO)12] gives [Ru3(CO)9(μ-H)(μ 3-η 2-SN2C4H5)] at 68 °C.40 With this in mind, we investigated the thermal reaction of 1 in toluene. The thermolysis of 1 in refluxing toluene for 5 h affords [Os3(CO)9(μ-H)(μ 3-η 2-SN2C4H5)] (2), as orange crystals in 84% yield (Scheme 2).
	/
	Scheme 2
	Several compounds of this type, [Os3(CO)9(μ-H)L], were previously reported2,3,4 but they were characterized by spectroscopic methods only. However, we have successfully grown X-ray quality crystals of 2 and have undertaken a solid-state structural investigation to establish the ligand arrangement in 2.
	Compound 2 exists as two independent isomers in the asymmetric unit. The solid-state structures of the two molecules of 2 are shown in Fig. 1, crystallographic data are collected in Table 1, and selected bond lengths and angles are listed in Table 2. The crystallographic atom numbers given for the two molecules are the same, with those in molecule 2 being designated by an additional A. The structure of each molecule consists of an irregular triangle of osmium atoms, each of which is coordinated by three carbonyl ligands. A triply bridging 2-mercapto-1-methylimidazole ligand and a bridging hydrido ligand complete the coordination sphere of the cluster. The molecules differ in the relative disposition of the hydrido ligand within the cluster. In molecule 1, it is located across the Os(1)–Os(3) edge and this is consistent with the observation that this edge is significantly elongated {Os(1)–Os(3) = 2.9973(4) Å} compared with the other two metal–metal bonds {Os(1)–Os(2) = 2.8526(4) Å and Os(2)–Os(3) = 2.7316(4) Å}. Every metal center, Os(1), Os(2) and Os(3), is bounded to three terminal carbonyl ligands. The positions of the carbonyl ligands once again confirm the position of the hydride ligand. The CO groups are opened out away from the Os(1)–Os(3) bond as expected by the presence of the hydride {Os(3)–Os(1)–C(2) = 116.4(2)° and Os(1)–Os(3)–C(9) = 117.4(2)°}. However, in molecule 2 the hydride ligand bridges the Os(2A)–Os(3A) edge which is also consistent with the observation as this edge is slightly elongated {Os(2A)–Os(3A) = 2.8550(4) Å} compared with the other two metal–metal distances {Os(1A)–Os(2A) = 2.8213(4) Å and Os(1A)–Os(3A) = 2.8373(4) Å} but all the three Os–Os distances are shorter than those reported for [Os3(CO)12] {2.877(3) Å}. As expected the location of the hydride ligand across the Os(2A)–Os(3A) edge is also consistent with the opening out of the CO groups along this edge, {Os(3A)–Os(2A)–C(6A) = 118.5(2)° and Os(2A)–Os(3A)–C(8A) = 115.7(2)°}.Molecule 2 contains a noncrystallographic mirror plane of symmetry passing through the plane of the heterocyclic ring of the ligand and also containing Os(1A), H(1HA), C(1A) and O(1A) atoms. Another important difference between the two molecules is that in molecule 1 the three metal–metal bond distances are significantly different; whereas, in molecule 2 the three osmium atoms define an approximate isosceles triangle. However, in both molecules the μ 3-SN2C4H5 ligand, which acts as a five-electron donor, is coordinated through the nitrogen atom in axial position to Os(1) and to Os(2) and Os(3) through the bridging exocyclic sulfur atom. This type of ligand arrangement has also been observed in [Ru3(CO)9(μ-H)(μ 3-η 2-SN2C4H5)],40 [Ru3(CO)9(μ-H)(μ 3-η 2-SN2C4H3)]15 and [Ru3(CO)9(μ-H)(μ 3-η 2-SN2C7H5)].15 In molecule 1, the sulfur atom asymmetrically bridges the Os(2)–Os(3) edge {Os(2)–S(1) = 2.4133(15) Å and Os(3)–S(1) = 2.4442(16) Å} whereas it bridges the Os(2A)–Os(3A) edge almost symmetrically {Os(2A)–S(1A) = 2.4467(16) and Os(3A)–S(1A) = 2.4365(16) Å} in molecule 2 and the Os–S bond distances in both the molecules are comparable to those observed in 1 and the other μ-SR triosmium clusters.2,3,4,40 The Os–N bond distances in both molecules are comparable {Os(1)–N(1) = 2.144(6) Å in molecule 1 and Os(1A)–N(1A) = 2.139(5) Å in molecule 2} and are quite similar with those found in other triosmium clusters.11
	/
	Fig. 1
	X-ray structure of [Os3(CO)9(μ-H)(μ 3-η 2-SN2C4H5)] (2) showing the atom labeling scheme used. Thermal ellipsoid are drawn at 50% probability level
	Table 2
	Selected bond distances (Å) and angles (°) for [Os3(CO)9(μ-H) (μ 3-η 2-SN2C4H5)] (2)
	Molecule 2
	Molecule 1
	Bond distances (Å)
	2.8213(4)
	Os(1A)–Os(2A)
	2.8526(4)
	Os(1)–Os(2)
	2.8373(4)
	Os(1A)–Os(3A)
	2.9973(4)
	Os(1)–Os(3)
	2.8550(4)
	Os(2A)–Os(3A)
	2.7316(4)
	Os(2)–Os(3)
	2.4467(16)
	Os(2A)–S(1A)
	2.4133(15)
	Os(2)–S(1)
	2.4365(16)
	Os(3A)–S(1A)
	2.4442(16)
	Os(3)–S(1)
	2.139(5)
	Os(1A)–N(1A)
	2.144(6)
	Os(1)–N(1)
	1.750(7)
	C(10A)–S(1A)
	1.742(7)
	C(10)–S(1)
	1.315(9)
	C(10A)–N(1A)
	1.326(9)
	C(10)–N(1)
	1.366(9)
	C(11A)–N(1A)
	1.377(9)
	C(11)–N(1)
	1.358(8)
	C(10A)–N(2A)
	1.355(9)
	C(10)–N(2)
	1.386(9)
	C(12A)–N(2A)
	1.372(9)
	C(12)–N(2)
	1.465(9)
	C(13A)–N(2A)
	1.462(9)
	C(13)–N(2)
	1.359(10)
	C(11A)–C(12A)
	1.340(11)
	C(11)–C(12)
	1.83(8)
	Os(2A)–H(1HA)
	1.94(8)
	Os(1)–H(1H)
	1.66(8)
	Os(3A)–H(1HA)
	1.99(8)
	Os(3)–H(1H)
	1.915(5)
	C–Oa
	1.913(9)
	C–Oa
	Bond angles (°)
	84.71(16)
	N(1A)–Os(1A)–Os(2A)
	92.6(2)
	C(1)–Os(1)–Os(2)
	88.9(2)
	C(1A)–Os(1A)–Os(3A)
	85.2(2)
	C(3)–Os(1)–Os(2)
	155.4(2)
	C(3A)–Os(1A)–Os(3A)
	170.1(2)
	C(2)–Os(1)–Os(2)
	106.0(2)
	C(2A)–Os(1A)–Os(3A)
	86.85(15)
	N(1)–Os(1)–Os(2)
	87.43(16)
	N(1A)–Os(1A)–Os(3A)
	91.6(2)
	C(1)–Os(1)–Os(3)
	60.601(10)
	Os(2A)–Os(1A)–Os(3A)
	140.8(2)
	C(3)–Os(1)–Os(3)
	86.0(2)
	C(4A)–Os(2A)–Os(1A)
	116.4(2)
	C(2)–Os(1)–Os(3)
	84.8(2)
	C(5A)–Os(2A)–Os(1A)
	86.76(15)
	N(1)–Os(1)–Os(3)
	177.3(2)
	C(6A)–Os(2A)–Os(1A)
	55.606(9)
	Os(2)–Os(1)–Os(3)
	81.70(4)
	S(1A)–Os(2A)–Os(1A)
	56.32(4)
	S(1)–Os(2)–Os(3)
	109.0(2)
	C(4A)–Os(2A)–Os(3A)
	89.8(2)
	C(4)–Os(2)–Os(1)
	135.2(2)
	C(5A)–Os(2A)–Os(3A)
	96.7(2)
	C(5)–Os(2)–Os(1)
	118.5(2)
	C(6A)–Os(2A)–Os(3A)
	164.56(19)
	C(6)–Os(2)–Os(1)
	54.06(4)
	S(1A)–Os(2A)–Os(3A)
	82.00(4)
	S(1)–Os(2)–Os(1)
	59.976(10)
	Os(1A)–Os(2A)–Os(3A)
	64.883(10)
	Os(3)–Os(2)–Os(1)
	112.8(2)
	C(7A)–Os(3A)–Os(2A)
	101.10(19)
	C(7)–Os(3)–Os(2)
	115.7(2)
	C(8A)–Os(3A)–Os(2A)
	89.5(2)
	C(8)–Os(3)–Os(2)
	133.7(2)
	C(9A)–Os(3A)–Os(2A)
	159.7(2)
	C(9)–Os(3)–Os(2)
	54.39(4)
	S(1A)–Os(3A)–Os(2A)
	55.25(4)
	S(1)–Os(3)–Os(2)
	93.6(2)
	C(7A)–Os(3A)–Os(1A)
	89.24(19)
	C(7)–Os(3)–Os(1)
	172.1(2)
	C(8A)–Os(3A)–Os(1A)
	148.2(2)
	C(8)–Os(3)–Os(1)
	80.6(2)
	C(9A)–Os(3A)–Os(1A)
	117.4(2)
	C(9)–Os(3)–Os(1)
	81.55(4)
	S(1A)–Os(3A)–Os(1A)
	78.54(4)
	S(1)–Os(3)–Os(1)
	59.423(10)
	Os(1A)–Os(3A)–Os(2A)
	59.511(10)
	Os(2)–Os(3)–Os(1)
	71.56(4)
	Os(3A)–S(1A)–Os(2A)
	68.43(4)
	Os(2)–S(1)–Os(3)
	123.0(5)
	C(10A)–N(1A)–Os(1A)
	122.6(4)
	C(10)–N(1)–Os(1)
	130.0(5)
	C(11A)–N(1A)–Os(1A)
	130.5(5)
	C(11)–N(1)–Os(1)
	176.4(2)
	Os–C–Oa
	177.9(1)
	Os–C–Oa
	aAverage values
	Within the heterocyclic ligand, the exocyclic C–S bond distances {C(10)–S(1) = 1.742(7) Å in molecule 1 and C(10A)–S(1A) = 1.750(7) Å in molecule 2} are close to that expected for a C–S single bond.11,40,45 The C–C bond distances {C(11)–C(12) = 1.340(11) Å in molecule 1 and C(11A)–C(12A) = 1.359(10) Å in molecule 2} are very similar to C–C double bond distances. The C(13)–N(2) and C(13A)–N(2A) bond distances in molecule 1 {1.462(9) Å} and molecule 2 {1.465(9) Å} are similar to that observed for a C–N single bond whereas the other C–N distances {C(10)–N(1) = 1.326(9) Å, C(11)–N(1) = 1.377(9) Å, C(10)–N(2) = 1.355(9) Å, C(12)–N(1) = 1.372(9) Å in molecule 1 and C(10A)–N(1A) = 1.315(9) Å, C(11A)–N(1A) = 1.366(9) Å, C(10A)–N(2A) = 1.358(8) Å, C(12A)–N(1A) = 1.386(9) Å in molecule 2} are in between the C–N single and double bond distances which indicate appreciable double bond character.9,10,11,45
	All other structural features of both molecules are within the expected range. The Os–C distances {1.893(7) − 1.942(7) Å, average 1.913(9) Å (molecule 1); 1.892(7) − 1.944(8) Å, average 1.915(5) Å (molecule 2)} and Os–C–O angles {175.5(6) − 179.3(7)°, average 177.9(1)° (molecule 1); 172.4(7) − 178.6(8)°, average 176.4(2)° (molecule 2)} are comparable to the corresponding values in the related triosmium nonacarbonyl compounds containing a 3,3,3-carbonyl ligand distribution and in which the hydride and the heterocyclic ligand bridge the same Os–Os edge (corresponds to molecule 1) or the different Os–Os edge (corresponds to molecule 2).9,18
	The spectroscopic data of the two isomers of 2 are consistent with the solid-state structures being maintained in solution. The infrared spectrum in the carbonyl stretching region is very similar to that of [Os3(CO)9(μ-H)(μ3-η 2-SN2C3H3)],1 indicating that they have very similar distribution of the carbonyl ligands. The 1H NMR spectrum (Fig. 2) clearly indicates the presence of two isomers in solution, the asymmetric form (2a) and the symmetric form (2b), in 1:1 ratio. In addition to two equal intensity singlets at δ −12.47 and −14.70 due to the hydride ligand, the aromatic region of the 1H NMR spectrum shows four doublets at δ 6.99 (J = 1.5 Hz), 6.87 (J = 1.5 Hz), 6.53 (J = 1.4 Hz), 6.44 (J = 1.4 Hz) in a relative intensity of 1:1:1:1 indicating the presence two equally populated isomers. Consistent with this the aliphatic region of the spectrum shows two singlets at δ 3.62 and 3.60 (each integrating for 3 H), attributed to the methyl protons of the heterocyclic ligand. The mass spectrum of 2 exhibits a molecular ion peak at m/z 938, which agrees with the molecular formula with ion peaks corresponding to 9 CO loses.
	/
	Fig. 2
	1H NMR spectrum of [Os3(CO)9(μ-H)(μ 3-η 2-SN2C4H5)] (2): a hydride region; b aromatic region
	Supplementary Material
	Crystallographic data for the structure reported in this article have been deposited with the Cambridge Crystallographic Data Center as supplementary publication number 669776 (space group P-1). Copies of this information can be obtained free of charge on application to the Director, CCDC, 12 Union Road, Cambridge, CB2 1 EZ, UK (fax: +44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.ac.uk).
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