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Reactions of diphosphine-stabilized Os3 clusters
with triphenylantimony: syntheses and structures
of new antimony-containing Osz clusters via Sb—Ph
bond cleavagef
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The reactivity of the trimetallic clusters [Os3(CO);o(n-dppm)] [dppm = bis(diphenylphosphino)methane] and
[HOs3(CO)gfps-PhoPCH2PPh(CeHa-po, ot with (SbPhs) has
[Os3(CO)10(p-dppm)] reacts with SbPhs in refluxing toluene to yield three new triosmium clusters
[Os3(CO)g(SbPh3)(n-dppm)] ). [HOs35(CO);(SbPhs){uiz-Ph,PCH,PPh(CeHa-po, o) ), and
[HOs5(CO),(SbPhs)(11-CgH.) (1-SbPhy) (1-dppm)] (3). [HOs3(CO)gipz-PhoPCHLPPh(CeHa-pz,0%)} reacts with
SbPhs (excess) at room temperature to afford [Os3(CO)g(SbPhs)(nt-Ph)(1i-SbPh,)(n-dppm)] (4) as the sole
product. A series of control experiments have also been conducted to establish the relationship between

triphenylantimony been examined.

the different products. The molecular structure of each product has been determined by single-crystal
X-ray diffraction analysis, and the bonding in these new clusters has been investigated by electronic

rsc.li/rsc-advances structure calculations.

1. Introduction

Transition metal clusters containing oxophilic Sn, Sb, and Bi
elements can serve as single-source precursors for nanoscale
heterogeneous catalysts of commercial interest, especially
hydrogenation, dehydrogenation, and oxidation reactions.”™ A
popular method to incorporate tin and antimony ligands into
the coordination sphere of low-valent transition metal clusters
is to use organotin hydrides (HSnR;3) and triorganostibines
(SbR3). The resulting organotin ligands generated by Sn-H
oxidative addition of the tin reactant are strong donors and
readily survive the calcination process. In comparison, metal
cluster-SbR; bonds are relatively weak, and the SbRj ligand
readily dissociates during calcinations to furnish composites
with high metal : Sb ratios.® As a result, the reactivity of orga-
nostibines towards low-valent transition-metal clusters remains
relatively unexplored,®*® although a large number of antimony-
containing metal clusters have been reported over the years
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using Sb-Cl, Sb-H, or Sb-Sb bond cleavage reactions, as
exemplified by the work of Leong and coworkers.'***

We have been interested in the reactions of low-valent
transition-metal clusters that contain oxophilic main group
elements such as tin and antimony for over a decade.'*'*'
Recently, we have reported our results on several di- and trir-
henium complexes containing up to three antimony donor
ligands from the reactions of [Re,(CO)o(NCMe)] and [HzRe;(-
CO);1(NCMe)] with SbPh;." In continuation of our work on the
reactivity of triorganostibines with transition metal clusters, we
have examined the reactions of the diphosphine-substituted
triosmium clusters [Os3(CO)yo(pn-dppm)] and [HOs;3(CO)g{ps-
Ph,PCH,PPh(CcH,-11,,6")}] with SbPh;. We have isolated and
characterized four new triosmium clusters containing Sb-based
ligands from these reactions, which are discussed herein. The
solid-state structures for products 1-4 have been determined by
X-ray crystallography, and the bonding in these clusters has
been explored by electronic structure calculations.

2. Experimental section

2.1. General remarks

All reactions were carried out under an inert atmosphere of
nitrogen using standard Schlenk techniques unless otherwise
noted. Reagent-grade solvents were dried by standard methods
and freshly distilled before use. [Os3(CO);,] was purchased from
Strem Chemical Inc. and used without further purification.
Bis(diphenylphosphino)methane (dppm) and triphenylstibine
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(SbPh;) were purchased from Sigma-Aldrich and used as
received. The starting clusters [Os;(CO)qo(n-dppm)] and
[HOs3(CO)g{us-Ph,PCH,PPh(CeHy-11,,0')}]  were  prepared
according to the published procedures.’® IR spectra were
recorded on a Shimadzu FTIR Prestige 21 spectrophotometer,
while 'H and *'P{"H} NMR spectra were recorded on a Bruker
Avance III HD (400 MHz) instrument. All chemical shifts are
reported in ppm units and are referenced to the residual
protons of the deuterated solvents (*H) and external 85% H;PO,
(*'P). Elemental analyses were performed by the Microanalytical
Laboratories of the Wazed Miah Science Research Center at
Jahangirnagar University. All products reported herein were
separated in the air by TLC plates coated with 0.25 mm silica gel
(HF,s54-type 60, E. Merck, Germany).

2.2. Reaction of [0s;(CO),(p-dppm)] with SbPh; at 110 °C

SbPh; (57 mg, 0.16 mmol) was added to a toluene solution (30 mL)
of [0s3(CO);(n-dppm)] (0.10 g, 0.081 mmol) and the mixture was
heated at reflux for 3 h. The solution was then allowed to cool at
room temperature. The solvent was removed under vacuum, and
the residue was separated by TLC on silica gel. Elution with
cyclohexane/CH,Cl, (3:2, v/v) developed seven bands. The first
and fourth bands were unreacted SbPh; (trace) and [Os3(CO);0(p-
dppm)] (18 mg). The sixth, seventh, and fifth bands afforded the
following compounds in order of elution: [Os;(CO)o(SbPhy)(p-
dppm)] (1) (36 mg, 29%) isolated as orange crystals, [HOs;3(CO),(-
SbPh;){u;-Ph,PCH,PPh(CeH11,,6")}] (2) (23 mg, 19%) isolated as
green crystals, and [HOs3(CO),(SbPh;)(u-CeH,4)(1-SbPh,)(1-dppm))]
(3) (38 mg, 25%) isolated as yellow crystals after recrystallization
from n-hexane/CH,CIl, at 4 °C. The contents of the second and
third bands were too small for complete characterization. Analyt-
ical and spectroscopic data for 1: anal. caled for Cs,H3,050s3P,Sb:
C, 40.03; H, 2.39. Found: C, 40.31; H, 2.51. IR (vco, CH,Cl,): 2060 w,
1998 m, 1977 vs, 1958 w, 1934 w cm . "H NMR (CDCl,): 7.58-7.31
(m, 35H), 5.01 (t,J 10.8 Hz, 2H). *'P{'"H} NMR (CDCl;): —27.1 (d, Jpp
60 Hz, 1P), —29.1 (d, Jpp 60 Hz, 1P). Analytical and spectroscopic
data for 2: anal. caled for CsoHj;,0,0s3P,Sb: C, 39.92; H, 2.48.
Found: C, 40.20; H, 2.61. IR (vco, CH,CL,): 2029 s, 1983 vs, 1956 w,
1919 m cm . 'H NMR (CD,Cl,): 8.32 (d, J 6.8 Hz, 1H), 7.99 (t, J
8.8 Hz, 2H), 7.76 (m, 2H), 7.65 (m, 5H), 7.58-7.46 (m, 17H), 7.06 (m,
1H), 6.99 (m, 2H), 6.59 (t, J 7.4 Hz, 1H), 6.31 (m, 2H), 5.99 (t, J
7.2 Hz, 1H), 4.97 (m, 1H), 3.87 (m, 1H), —12.51 (dd, Jpy 34.0,
11.6 Hz, 1H). *'P{"H} NMR (CDCl;): —17.7 (d, J 74 Hz, 1P), —20.9
(m, 1P). Analytical and spectroscopic data for 3: anal. calcd for
CesHs20,0583P,Sby: C, 43.97; H, 2.82. Found: C, 44.25; H, 2.91. IR
(vco, CH,Cl,): 2046 m, 2000 vs, 1988 sh, 1971 vs, 1938 w, 1925
w em ™. "H NMR (CDCly): 7.43 (m, 4H), 7.30 (m, 14H), 7.17 (m,
8H), 7.08 (m, 8H), 6.95 (m, 8H), 6.80 (t, J 7.2 Hz, 2H), 6.73 (t, J
7.2 Hz, 1H), 6.33 (d, J 7.2 Hz, 2H), 6.23 (t, ] 6.8 Hz, 1H), 5.85 (d, J
6.8 Hz, 1H), 2.28 (m, 1H), 2.05 (m, 1H), —18.70 (t, 9.6 Hz, 1H). *'P
{"H} NMR (CDCl,): 11.9 (d, Jpp 55 Hz, 1P), 2.2 (d, Jpp 55 Hz, 1P).

2.3. Reaction of [0s;(CO),o(p-dppm)] with SbPh; in the
presence of Me;NO at room temperature

To a CH,Cl, solution (15 mL) of [Os3(CO);o(p-dppm)] (0.10 g,
0.081 mmol) and SbPh; (43 mg, 0.12 mmol) was added Me;NO
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(11 mg, 0.15 mmol), and the reaction mixture was stirred at
room temperature for 5 h. The solvent was removed under
reduced pressure and the crude product was chromatographed
by TLC on silica gel. Elution with cyclohexane/CH,Cl, (3 : 2 v/v)
developed six bands. The first and second bands were SbPh;
(trace) and [Os;3(CO);0(p-dppm)] (3 mg), while the third and fifth
bands afforded 1 (60 mg, 48%) and 3 (5.0 mg, 3.0%). The
contents of the other bands were too small for complete
characterization.

2.4. Thermolysis of [Os;(CO)o(SbPh;)(n-dppm)] (1) at 110 °C

A toluene solution (15 mL) of 1 (30 mg, 0.019 mmol) was heated
at 110 °C for 2.5 h. Upon cooling, the solvent was removed by
rotary evaporation, after which the residue was separated by
TLC on silica gel. Elution with cyclohexane/CH,Cl, (3:2 v/v)
developed four bands. The first and second band gave [HOs;(-
CO)g{p5-Ph,PCH,PPh(CeH,y-15,6")}] (5.0 mg, 22%) and [HOs;(-
CO),(SbPh;){u3-Ph,PCH,PPh(CeH,-115,6')}] (2) (18 mg, 62%),
both of were isolated as green crystals after recrystallization
from n-hexane/CH,CI, at 4 °C. The contents of the other bands
were too small for complete characterization.

2.5. Reaction of [HOS3(CO)8{”3'Ph2PCH2PPh(C§H4'H2,Gl)}]
with SbPh,

SbPh; (30 mg, 0.085 mmol) was added to a CH,Cl, (15 mL)
solution of [HOs;(CO)g{us-Ph,PCH,PPh(CsH4-115,0)}] (50 mg,
0.042 mmol) and the mixture was stirred at room temperature
for 28 h. The initial green-colored solution slowly turned a light
yellow-orange in color by the end of the reaction. The solvent
was removed by rotary evaporation under reduced pressure, and
the residue was subjected to TLC on silica gel. Elution with
cyclohexane/CH,Cl, (7 : 3, v/v) developed three bands. The first
band was unreacted [HOs;(CO)g{it3-Ph,PCH,PPh(CgH,115,6")}]
(10 mg) and the third band furnished [Os;(CO)g(SbPhs)(n'-
Ph)(u-SbPh,)(n-dppm)] (4) (61 mg, 75%), which was isolated as
orange crystals after recrystallization from ethanol/acetone at
room temperature. The contents of the second band were too
small for complete characterization. Analytical and spectro-
scopic data for 4: anal. caled for Cs9Hs5,050s3P,Sb,: C, 43.96; H,
2.78. Found: C, 44.12; H, 2.87. IR (o, CH,CL,): 2052 w, 2012 w,
1985 vs, 1969 s, 1935 m, 1921 m, 1900 w cm '. 'H NMR
(CD,Cl,): aromatic region: both isomers: 7.63 (m, 5H), 7.57 (m,
9H), 7.45 (m, 2H), 7.39 (m, 9H), 7.31 (m, 10H), 7.21 (m, 6H), 7.14
(m, 4H), 6.90 (m, 1H), 6.67 (m, 3H); aliphatic region: major
isomer: 4.01 (t, J 10.4 Hz, 2H), minor isomer: 3.94 (t, J 10.4 Hz).
31p{'"H} NMR (CD,Cl,): major isomer: 13.8 (Jpp 66 Hz), 0.2 (d, Jpp
66 Hz, 1P); minor isomer: 15.1 (d, Jpp 66 Hz, 1P), 1.6 (d, Jpp
66 Hz, 1P).

2.6. Thermolysis of [0s;(CO)s(SbPh;)(n'-Ph)(1-SbPh,)(jt-
dppm)] (4)

A toluene solution (15 mL) of 4 (30 mg, 0.016 mmol) was heated
at reflux for 3 h, after which the solution was then allowed to
cool at room temperature. The solvent was removed under
reduced pressure and the residue was purified by TLC chro-
matography over silica gel. Elution with cyclohexane/CH,Cl,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(7:3 v/v) developed four bands. The second band afforded
[HOs;(CO),(SbPh;){us-Ph,PCH,PPh(CsH,115,6')}] (2) (15 mg,
63%) and third band yielded [HOs;(CO),(SbPh;)(1-CeH,)(p-
SbPh,)(r-dppm)] (3) (9 mg, 30%). The contents of the first and
fourth bands were too small for complete characterization.

2.7. Reaction of [HOs;3(CO),(SbPh;){p;-Ph,PCH,PPh(CcH,-
12,6")}] (2) with SbPh;: formation of 4

To a CH,Cl, solution (10 mL) of 2 (10 mg, 0.007 mmol) was
added SbPh; (3 mg, 0.007 mmol) and the solution was stirred at
25 °C for 12 h during which time the color changed from green
to yellow. The solvent was removed under reduced pressure and
the residue chromatographed by TLC on silica gel. Elution with
cyclohexane/CH,Cl, (7:3, v/v) gave two bands. The faster-
moving band gave unreacted ligand and the second band
afforded [0s3(CO)s(SbPhs)(n'-Ph)(-SbPh,)(u-dppm)] (4) (8 mg,
95%). The identity of compound 4 was confirmed by IR.
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2.8. Thermolysis of [Os;(CO),(SbPh;)(n-CeH,)(pr-SbPh,)(p-
dppm)] (3)

A toluene solution (5 mL) of 3 (5 mg, 0.003 mmol) was heated at
110 °C for 3 h. The solvent was removed by rotary evaporation
and the residue separated by TLC on silica gel. Elution with
cyclohexane/CH,Cl, (3:2, v/v) gave four bands. The first band
gave unconsumed 3 and the second band afforded [Os3(CO)g(-
SbPh;)(n'-Ph)(u-SbPh,)(u-dppm)] (4) (3 mg, 50%). The contents
of other bands were too small for complete characterization.

2.9. Crystal structure determinations

Single crystals of 1-4 suitable for X-ray diffraction study were
grown by slow diffusion of n-hexane into a CH,Cl, solution
containing each compound. Suitable crystals were mounted on
a Bruker D8 Venture diffractometer equipped with a PHOTON II
CPAD detector using a Nylon loop and Paratone oil. The
diffraction data were collected at 193(1) K for 4 and 230(1) K for
clusters 1, 2, and 3 using Mo-Ka radiation (4 = 0.71073). Data

Table 1 Crystal data and structure refinement details for compounds 1-4

Compound 1 2 3 4

CCDC 2152363 2152364 2152366 2152367
Empirical formula Cs5,H;3,040s;P,Sb Cs5oHj3,0,0s;P,Sb-CH,Cl, CesH5,0,0s;P,Sb, CgoHj5,05058;P,Sb,
Formula weight 1560.10 1589.01 1857.13 1885.14
Temperature (K) 210(1) 210(1) 210(1) 193(1)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Orthorhombic Triclinic
Space group C2/c P24/c P2,2,2, P1

Unit cell dimensions

a(A) 42.6814(13) 19.6929(10) 15.1736(4) 11.9842(5)
b (4) 11.4302(3) 13.9599(7) 20.3459(6) 12.2615(4)
¢ (A) 19.9930(6) 20.1424(10) 21.9689(6) 22.7266(9)
a (0) 90 90 90 101.908(2)
8 () 90.434(2) 113.6390(10) 90 98.475(2)
v (©) 90 90 90 94.176(2)
Volume (A%) 9753.4(5) 5072.7(4) 6782.3(3) 3213.6(2)
zZ 8 4 4 2

Density (calculated) — 2.125 2.081 1.819 1.948

(mgm )

Absorption coefficient 8.461 8.235 6.482 6.843
(mm )

F(000) 5840 2976 3504 1780

0.321 x 0.188 x 0.127
4.486 to 54.48

Crystal size (mm?)
20 range for data
collection (°)
Index ranges

4.516 to 56.762

=[l=26
115314

—25=1[=25

Reflections collected 144 691

Independent 10 838 [Rin = 0.0548] 12614 [Rin = 0.0611]
reflections [Rin]

Data/restraints/ 10 838/0/604 12 614/0/599
parameters

Goodness of fit on F> 1.029 1.025

Final R indices [I >
20(1)]

Rindices (all data)  R; = 0.0296, WR, = 0.0479
Largest diff. peak and 0.79 and —0.93

hole (e A™?)

R, = 0.0215, WR, = 0.0448

1.13 and —1.05

© 2023 The Author(s). Published by the Royal Society of Chemistry

0.221 x 0.188 x 0.079

R, = 0.0290, WR, = 0.0498

R, = 0.0522, WR, = 0.0559

0.398 x 0.305 x 0.108
4.412 to 54.466

0.225 x 0.108 x 0.038
4.458 to 56.692

—54=h=54,-14=k=14, 26 =h=26,-18=k=18,-26 -19=h =19, -26=k=26, -15=h=15,—-16 < k= 16,

-30=1=30
74 004
15929 [Rine = 0.0447]

—28=1[1=28

197 248

15130 [Rine = 0.0490]
15130/0/743 15929/0/757

1.116
R, = 0.0265, WR, = 0.0596

1.026
R; = 0.0298, WR, = 0.0589

R, = 0.0286, WR, = 0.0603
0.98 and —1.39

Ry = 0.0482, WR, = 0.0642
1.14 and —0.90

RSC Adv, 2023, 13, 2841-2851 | 2843
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reduction and integration were carried out with SAINT","” and
absorption corrections were applied using the program
SADABS."® The structures were solved with the ShelXT" struc-
ture solution program using intrinsic phasing and refined with
the XL* refinement package using least-squares minimization
within the OLEX2 (ref. 21) graphical user interface. All non-
hydrogen atoms were refined anisotropically, and the
hydrogen atoms were included using a riding model. Pertinent
crystallographic parameters are given in Table 1, and selected
bond distances and bond angles for clusters 1-4 may be found
in Table S1 (ESI).t

2.10. Computational modeling details

All calculations were performed with the hybrid meta exchange-
correlation functional M06,>* as implemented by the Gaussian
09 program package.>® The osmium and antimony atoms were
described by Stuttgart-Dresden effective core potentials (ECP)
and an SDD basis set,?* while a 6-31G(d’) basis set was employed
for the remaining atoms.* All calculations included Grimme's
dispersion correction.>®

The input data for the optimizations were taken from the
coordinates of the experimental structures, and the Hessian
matrix for each geometry-optimized structure displayed only
positive eigenvalues. The natural charges (Q) and Wiberg bond
indices (WBIs) were computed using Weinhold's natural bond
orbital (NBO) program (NBO version 3.1).>”*® Table 2 summa-
rizes the NBO data. The geometry-optimized structures pre-
sented here have been drawn with the JIMP2 molecular
visualization and manipulation program.>

3. Results

3.1. Reaction of [Os3(CO);o(p-dppm)] with SbPh;

[0s3(CO)1o(p-dppm)] reacts with SbPh; (2 equiv.) in refluxing
toluene to give the new clusters [Os3(CO)q(SbPh;)(n-dppm)] (1),
[HOs;(CO),(SbPh;){13-Ph,PCH,PPh(CeH, 115,6")}]  (2), and

[HOs;(CO),(SbPhy)(1-CeH,)(1-SbPh,)(u-dppm)] (3) in
a combined yield of 73%, after chromatographic separation and
new products

recrystallization. The three have been
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characterized by analytical and spectroscopic methods, and
their molecular structures have been determined by single-
crystal X-ray diffraction analyses.

The molecular structure of 1 is depicted in Fig. 1. The
product contains a triosmium core ligated by nine carbonyls,
and dppm and SbPh; ligands. The three pnictogen donors lie in
the equatorial plane defined by the three osmium atoms with
the gross structural features of 1 similar to those of the struc-
turally related phosphine-substituted triosmium clusters
[Os;(CO)y(PR;)(n-dppm)] [PR; = PPh;, P(C,H,;S);, PPh,H].>**
The bridging diphosphine ligates the Os(1) and Os(2) atoms,
while the SbPh; ligand is bonded to the Os(3) atom. The Os-P
[mean 2.3299 A] and Os-Sb [2.5921(3) A] bond distances are
similar to those distances reported in the literature for related
clusters.*'**> The SbPh; substitution has no effect on the Os;-
triangle as the average Os-Os distance in 1 (2.887 A) is identical
to the Os-Os bond distances in [0s;(CO);o(u-dppm)] (2.885 A).3
The solution spectroscopic data of 1 are in accord with the solid-
state structure. The *'P{'H} NMR spectrum displays two
doublets at —27.1 and —29.1 ppm (/pp 60 Hz) for the two ineq-
uivalent dppm phosphorus atoms, while the '"H NMR spectrum
reveals a virtual triplet at 5.01 ppm (J 10.8 Hz) attributed to the
methylene protons of the dppm ligand together with a series of
aromatic multiplets due to phenyl protons of the SbPh; and
dppm ligands.

The bonding in 1 was investigated by DFT. The MO6-
optimized structure of species A is depicted alongside the
solid-state structure in Fig. 1. Excellent agreement between the
two structures is noted. The three osmium atoms exhibit
a negative charge that ranges from —1.44 [Os(2)] to —1.59 [Os(3)]
and display a mean Q value (measure of charge) of —1.51. The
osmium charges are unremarkable compared to those values
reported by us for related osmium clusters.***** The charge on
the antimony atom is 1.89 and is similar in magnitude to that
reported for the related cluster [Ruz(CO)o(SbPh;)(n-dppm)].**
The mean Wiberg bond index (WBI), which serves a measure of
bond strength, for the three Os-Os bonds is 0.44, 0.80 for the
Os-Sb bond, and 0.80 for the two Os-P bonds in A. These values
are comparable in magnitude to other polynuclear osmium

Fig.1 Molecular structure (left, 1) and M06-optimized structure (right, species A) of [Os3(CO)g(SbPhz)(i-dppm)] showing 50% probability atomic
displacement ellipsoids. Hydrogen atoms in the crystallographic structure are omitted for clarity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Molecular structure (left, 2) and MO6-optimized structure (right, species B) of [HOs3(CO)7(SbPhs){ps-Ph,PCHLPPh(CeHa- o, 1)} showing
50% probability atomic displacement ellipsoids. Hydrogen atoms, except the hydride, are omitted for clarity in the crystallographic structure.

clusters investigated by us.'*** We also optimized the cluster
with an axial SbPh; ligand (species A _alt; not shown) and
confirmed the thermodynamic preference for A, which is more
stable by 2.4 kcal mol ™" (AG).

The molecular structure of compound 2 is depicted in Fig. 2.
The overall structure of 2 is similar to that of [HOs;(CO)g{1s-
Ph,PCH,PPh(C¢H,t15,6')}],**  which is prepared from
[0s3(CO)10(p-dppm)] via decarbonylation at 110 °C. The cluster
core consists of an approximate isosceles triangle of osmium
atoms where the Os-Os bond distances range from 2.7720(3) A
[0s(1)-0s(3)] to 2.8249(3) A [0s(1)-Os(2)]. The metalated phenyl
group, which may be viewed as a benzylidene moiety, asym-
metrically bridges the shortest Os-Os bond [Os(1)-Os(3)
2.7720(3) A] using the C(10) atom [0s(1)-C(10) 2.232(4) A and
0s(3)-C(10) 2.399(4) A]. The phosphorus atom associated with
the metalated aryl ring occupies an axial coordination site to
facilitate this orthometalation. The hydride ligand, which was
located and refined crystallographically, spans the same Os-Os
vector as the benzylidene-bridged Os(1)-Os(3) edge except that
it lies below the metallic polyhedron opposite the bridging
benzylidene ligand. The SbPh; ligand is bound to Os(3) atom
and occupies the equatorial site trans to the Os(2) atom. The
mean Os-P bond distance in 2 (2.3302 A) is almost identical to
that found in [HOs3(CO)g{t3-Ph,PCH,PPh(CeH 1,6 )}]2
(2.3265 A), while the Os-Sb bond distance of 2.6343(4) A is
similar in magnitude to that observed in 1 and other related
clusters.>**?

The optimized structure of species B is shown to the right of
cluster 2 in Fig. 2. All of the important structural features in 2
are reproduced in species B. The Q values for the three osmium
atoms range from —1.19 [Os(3)] to —1.49 [Os(2)], with a mean
value of —1.35. The pnictogen atoms exhibit a positive charge of
0.79 (mean) and 1.83 for the P and Sb atoms, respectively. The Q
values for the bridging hydride (0.13) and benzylidene carbon
(—0.19) are consistent with earlier values reported by us for
related clusters.*® The mean Wiberg bond index for the Os-Os
bonds is 0.43, supporting the single-bond designation ascribed
to these bonds in cluster 2. The WBIs for the Os-P [0.79 mean]
and Os-Sb [0.76] bonds are unremarkable compared to species
A. The asymmetry observed in the bridging of the Os(1)-Os(3)

2846 | RSC Adv, 2023, 13, 2841-285]

vector by the benzylidene and hydride ligands in 2 is repro-
duced in B. This trend is attributed to the ancillary SbPh; group,
which lengthens (weakens) the proximal Os;—C(benzylidene)
and Os;-H bonds relative to their distal Os;-C(benzylidene) and
Os;-H counterparts. The larger (stronger) WBI for the Os-
C(benzylidene) (0.56 versus 0.32) and the Os-H (0.45 versus 0.31)
bonds are associated with the Os(1) atom.?®

The solution spectroscopic data of 2 indicate that the solid-
state structure persists in solution. The IR spectrum exhibits
four absorption bands between 2029-1919 cm™ ", while the *'P
{'"H} NMR spectrum shows a doublet at —17.7 ppm (J 74 Hz) and
a multiplet at —20.9 ppm for the inequivalent phosphorus
atoms of the diphosphine ligand. In addition to a series of
multiplets in the aromatic region for the phenyl protons, the "H
NMR spectrum also displays two multiplets at 4.97 and
3.87 ppm attributed to the methylene protons of the diphos-
phine ligand, and the upfield doublet of doublets at
—12.51 ppm (Jpy 34.0, 11.6 Hz) for the bridging hydride
consistent with the solid-state structure.

The ORTEP diagram in Fig. 3 shows the molecular structure
of 3. The molecule contains 50 valence electrons and exhibits an
expanded metallic polyhedron with two Os-Os single bonds
[0s(1)-0s(2) 3.1729(4) A; Os(2)-0s(3) 2.9725(4) A]. The >4.30 A
internuclear Os(1)---Os(3) distance precludes any significant
bonding interaction between these osmium atoms. The p,-sti-
bene moiety [Sb(1) atom], which serves as a 3e donor, tethers
the two non-bonding Os(1) and Os(3) centers. The Sb(2) atom
associated with the SbPh; ligand is bound by the Os(3) atom
and functions as a 2e ligand. The bridging dppm, C¢H, (ben-
zyne), and hydride ligands all span the Os(1)-Os(2) vector and
collectively serve to donate 5e to the total electron count. The p-
CeH, ligand is bound to the Os(1) and Os(2) atoms via the C(8)
and C(9) carbon atoms, respectively, and the plane containing
the benzyne ligand is almost perpendicular to the Os; plane
based on the dihedral angle of ca. 81°. This bonding mode
exhibited by the benzyne ligand is unremarkable in comparison
to the triosmium clusters [H;Os3(CO)g(p,m*HC=NC¢H;)(u-
CeH,)]” and [HOs;3(CO)o(L)(n-SbPh,)(n-C¢Hy)] [L = PPhg,
PMe,Ph, P(C¢H,Me-0);].*” The Os-C(benzyne) bond distances of
2.134(7) A [0s(1)-C(8)] and 2.128(7) A [0s(2)-C(9)] in 3 are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Molecular structure (left, 3) and M06-optimized structure (right, species C) of [HOs3(CO),(SbPhz)(i-CgH4)(n-SbPhy)(u-dppm)] showing
50% probability atomic displacement ellipsoids. Hydrogen atoms, except the hydride, are omitted for clarity in the crystallographic structure.

similar in magnitude to those distances reported for [HOs;(-
CO)o(PPh;)(u-SbPh,)(1-CsH4)] [2.123(10) A and 2.159(9) AJ** and
[H305;(CO)s(1,n*-HC=NCeH;)(n-C¢H4)] [2.133(7) A and
2.145(6) A].*” The non-bonding Os(1):--Os(3) edge is asymmet-
rically bridged by the SbPh, ligand [Os(1)-Sb(1) 2.6400(6) A and
0s(3)-Sb(1) 2.7081(5) A], and the SbPh; ligand is coordinated to
0s(3) [0s(3)-Sb(2) 2.6137(6) A], occupying an equatorial site cis
to the bridging SbPh, ligand.

The MO6-optimized structure of species C appears to the
right of the X-ray diffraction structure of cluster 3. The Q values
for C parallel those data reported for species A and B. The
charges on the osmium atoms range from —1.18 [Os(2)] to
—1.94 [0s(3)], with an average Q value of —1.58. The charge on
the antimony atoms is sensitive to the nature of the ligand, with
the stibine [Sb(2) = 1.88] donor ca. 11% larger than the stibene
[Sb(1) = 1.67] bridging moiety. The computed Sb charges for
species C are similar in magnitude to those values recently re-
ported by us for a series of ruthenium clusters containing sti-
bine and stibene ligands.** The bridging hydride is essentially
neutral based on a Q value of 0.07, while the mean Q value for
the metalated benzyne carbons is —0.16. The mean charge for
P(1) and P(2) atoms is 1.44. The mean WBI for the two Os-Os
bonds is 0.30, which is ca. 98% larger (stronger) than the WBI
for the non-bonding Os(1)---Os(3) atoms. The WBIs for the three
Os-Sb and Os-P vectors are similar in magnitude and exhibit
a mean index of 0.76 and 0.79, respectively. Finally, the mean
index for the Os-C(benzyne) and the Os-H bonds is 0.71
and 0.39.

The spectroscopic data indicate that cluster 3 retains its
solid-state structure in solution. The IR spectrum exhibits six
»(CO) bands within the range 2029-1919 cm™ ", consistent with
a product containing terminal CO ligands. The "H NMR spec-
trum displays an upfield virtual triplet at —18.70 ppm (t, J 9.6
Hz) for the bridging hydride ligand, and the two multiplets at
2.28 and 2.05 ppm, each integrating to 1H, are attributed to the
methylene protons of the dppm ligand. The remaining forty-
nine hydrogens associated with the five aryl groups and

© 2023 The Author(s). Published by the Royal Society of Chemistry

benzyne moiety are found from 7.43 to 5.85 ppm. Finally, the
pair of inequivalent phosphorus resonances appear as two
doublets centered at 11.9 and 2.2 ppm (/pp 55 Hz) in the *"P{'H}
NMR spectrum.

3.2. Reaction of [HOs;(CO)s{jt;-Ph,PCH,PPh(CeH  -11,,6V)}]
with SbPh;

The labile cluster [HOs;(CO)g{u3-Ph,PCH,PPh(CHy-115,6M)},
whose ligand addition chemistry with CO and various phos-
phine donors is well-established,***** also reacts with two
molar equivalents of SbPh; at room temperature to afford
[0s;(CO)s(SbPh;)(n'-Ph)(u-SbPh,)(n-dppm)] (4) in high yield
(75%). When the reaction is repeated using a 1:1 ratio of
starting cluster and SbPhj;, cluster 4 was obtained in 45%.
Cluster 4 has also been characterized by analytical and spec-
troscopic methods, and its molecular structure has been
established by single-crystal X-ray diffraction analysis.

The molecular structure of 4 is depicted in Fig. 4. Cluster 4
contains 50 valence electrons, assuming the stibine and stibene
ligands collectively contribute 5e to the total electron count. The
molecule contains an open triosmium core with two almost
equal osmium-osmium edges [Os(1)-Os(2) 3.0211(3) A and
0s(2)-0s(3) 3.0024(3) A]. The dppm ligand bridges the Os(1)-
Os(2) edge, while the non-bonding Os(1)---Os(3) edge is
symmetrically bridged by the stibene ligand, exhibiting a mean
0s-Sb(1) bond distance of 2.6587 A. The distance between the
non-bonding Os(1)---Os(3) atoms is 4.3501(5) A which precludes
any significant bonding interaction between these osmium
atoms. The SbPh; ligand is coordinated to Os(3) [Os(3)-Sb(2)
2.6468(4) A] and is situated trans to the bridging SbPh, ligand.
The n'-phenyl ligand is coordinated to the Os(1) atom and
resides in the equatorial plane defined by three osmium atoms.
The DFT-optimized structure of species D is depicted alongside
the solid-state structure in Fig. 4. The computed charges and
WBIs parallel the data reported for species A-C. These data are
included in Table 2.

RSC Adv, 2023, 13, 2841-2851 | 2847


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra07284j

Open Access Article. Published on 18 January 2023. Downloaded on 12/4/2025 7:20:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Fig. 4 Molecular structure (left, 4) and M06-optimized structure (right, species D) of [Os3(CO)g(SbPhs) (n*-Ph)(1-SbPh.)(u-dppm)] showing 50%
probability atomic displacement ellipsoids. Hydrogen atoms are omitted for clarity.

The NMR spectra of 4 indicate the presence of a pair of
stereoisomers in solution. The *'P{'H} NMR spectrum displays
two sets of resonances in a 10 : 1 ratio. The doublets at 13.8 and
0.2 ppm (/pp 66 Hz) are attributed to the major isomer, while the
doublets at 15.1 and 1.6 ppm (Jpp 66 Hz) are assigned to the
minor isomer. Likewise, the aliphatic region of the 'H NMR
spectrum shows two sets of resonances for the methylene
protons of the dppm ligand. The virtual triplets at 4.01 ppm (J
10.4 Hz) and 3.94 ppm (J 10.4 Hz) are assigned to the major and
minor isomers, respectively. Several possibilities may be
proposed for the minor stereoisomer in 4. For example, the
minor isomer may arise from a two-site exchange of an axial CO
ligand and the c'-Ph group at the Os(CO),(SbPh;) moiety to
yield a stereoisomer having an axial 6'-Ph ligand. Alternatively,
a tripodal rotation involving two CO ligands and the SbPh;
donor at the Os(CO)3(SbPh;) moiety (Scheme 1) would afford
a stereoisomer where the SbPh; ligand is situated cis the
bridging stibene ligand. Of the three stereoisomers in Scheme
1, the crystallographic structure is the most stable (species D)
and is assigned as the major species in solution. The minor
stereoisomer is attributed to the cluster containing an axial c'-
Ph ligand (D_alt1), lying 1.0 keal mol™" above species D. The
other isomer (D_alt2) exhibits an equatorial SbPh; ligand
oriented cis to the bridging stibene ligand. D_alt2 lies
3.9 keal mol ™! above D_alt1.

4. Discussion

Scheme 2 shows the relationships between clusters 1-4 starting
from [Os3(CO);o(p-dppm)].

CO substitution in [Os;(CO)qo(1-dppm)] by SbPh; gives
cluster 1 using either thermal activation or oxidative decar-
bonylation using Me;NO. Control experiments using cluster 1
were conducted to confirm its relationship to clusters 2 and 3.
Thermolysis of 1 in refluxing toluene afforded 2 as the major
product (62%), together with a minor amount (22%) of the
known benzylidene-bridged cluster [HOs;(CO)g{ps-Ph,PCH,-
PPh(CgH,-115,G")}].** These results confirm 1 as a precursor to 2
through loss of CO (2 equiv.), coupled with concomitant
orthometalation of one of the phenyl rings of the dppm ligand.
In the absence of added SbPhj;, [HOs3(CO)g{ps-Ph,PCH,-
PPh(C¢H,-115,6")}] forms as a minor product from the compet-
itive loss of SbPh; versus CO in 1, followed by orthometalation of
one of the aryl rings on the dppm ligand. [HOs;(CO)g{p5-Ph,-
PCH,PPh(C¢H,-1,,6")}] was not observed when [Os;(CO);o(pt-
dppm)] was treated with SbPh; in refluxing toluene. The
competitive pathway involving the loss of SbPh; in the ther-
molysis of 1 is efficiently suppressed in the presence of SbPh; (2
equiv.). In a separate experiment that was monitored by TLC, we
confirmed that the reaction between 1 and SbPh; at 110 °C also
furnished clusters 2 (14%) and 3 (20%) without a trace of
[HOs3(CO)g{u3-Ph,PCH,PPh(CeH 411,61}

Ph, /© Ph, Ph, @
PhSb_ | _-Sb ]| ~J S~ | < s~
/Os Os\ —~ /Os Os\ ~ _Os Os\
| |/ | ~eph, Physt”” | \I | ~~rPh, Phast” | \|/ [ ~~rpn,
/TS\F‘ migration of /TS\D) migration of /(l)s\h/,
Ph, SbPh; h, o'-CgHs Ph,

minor isomer major isomer minor isomer
species D_alt2 species D species D_alt1

Scheme 1 Different stereoisomers for [Os3(CO)g(SbPhs)(nt-Ph)(1i-SbPh,)(n-dppm)] (4).
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Scheme 2 Pathways leading to clusters 1-4 staring from [Os3(CO)1o(n-dppm)] and SbPhs.
Control experiments confirmed that cluster 4 is converted
into 2 (63%) and 3 (30%) in moderate yield in refluxing toluene. 0 Phy
The n'-C¢H; ligand in 4 undergoes reductive elimination with ~, PRoP™\ . 2SbPh \CI) /Sb\c! ;: o
S. S’ S

the bridging stibene ligand, followed by metalation of an aryl - I \\\ // | CH.Cl Physb”” | \1 | J :
. . . H——0s
ring on the dppm ligand and release of one SbPh; ligand to \\ /Ols P

ultimately give 2. Competitive with this route is the loss of one
CO from 4, followed by orthometalation of the n'-C¢H; ligand,
to give 3. The formation of 4 from [Os;(CO),o(p-dppm)] and
SbPh; (excess) at 110 °C is short-lived, and it transforms into
clusters 2 and 3. Independent experiments on purified samples
of 2 and 3 in toluene (110 °C) also afforded 4 with significant
material loss noted. These results are understood within
a kinetic framework where the rates of decomposition of clus-
ters 2 and 3 are faster than cluster 4.

Facile Sb-Ph bond cleavage was observed in the control
reaction involving 1 and SbPh; at room temperature. Here
cluster 4 is produced in nearly quantitative yield. We have
evaluated the thermodynamics for the conversion of 4 — 2
(plus CO and SbPh;) and 3 (plus CO), and electronic structure
calculations confirmed 4 as thermodynamically more stable.
The formation of 2 along with the liberated CO and SbPh;
ligands from 4 is endergonic by 28.3 kcal mol™", while the
formation of 3 and CO lies 33.1 kcal mol * above species D
(cluster 4). The formation of these products is driven, in part, by
entropic contributions involving the release of CO.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Scheme 3 Formation of 4 from [HOs3(CO)g{usz-Ph,PCH,PPh(CgH4-
12,09} and SbPhs,

The reactivity of the labile cluster [HOs3(CO)g{p3-Ph,PCH,-
PPh(C¢H,-115,6")}] with SbPh; was also investigated. The reac-
tion proceeds rapidly at room temperature to give cluster 4 as
the major product. Scheme 3 illustrates this reaction. Reductive
coupling of the hydride and benzylidene moieties regenerates
the dppm ligand, followed by stibine coordination and oxida-
tive Sb-Ph bond cleavage.

5. Conclusions

Four new triosmium clusters containing Sb-donor ligands,
namely [Os3(CO)o(SbPhs)(u-dppm)] (1), [HOs3(CO),(SbPhs){ps-
Ph,PCH,PPh(CcH,11,,6)}] (2), [HOs;(CO),(SbPhy)(p-CeH,)(1t-
SbPh,)(u-dppm)] (3) and [Os3(CO)s(n'-Ph)(SbPhs)(x-SbPh,)(1-
dppm)] (4) have been isolated and characterized from the
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reactions of SbPh; with [Os;(CO);0(n-dppm)] and [HOs;(CO)g{-
15-Ph,PCH,PPh(C¢H4-11y,6")}]. The molecular structure of each
new cluster has been determined by single-crystal X-ray
diffraction analysis. The reaction of [Os3(CO);(n-dppm)] with
SbPh; at 110 °C gives 1-3, with the simple substitution product
1 acting as a direct precursor to clusters 2 and 3. Cluster 3
represents a rare example of triosmium complexes containing
a bridging CcH, (benzyne) group with ancillary stibine and sti-
bene ligands. In contrast, the reaction between [HOs;(CO)g{115-
Ph,PCH,PPh(CH,-11,,6")}] and SbPh; occurs at room temper-
ature and furnishes 4, which contains a n'-C¢H; ligand gener-
ated via Sb-Ph bond cleavage of one SbPh; ligand. Control
experiments revealed that 4 is converted to clusters 2 and 3 in
refluxing toluene. Kinetic studies on the reactions reported here
are planned for the future. These results will be published in
due course.

Conflicts of interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This research has been sponsored by the Ministry of Science
and Technology, Government of the People's Republic of Ban-
gladesh. MGR thanks the Robert A. Welch Foundation (Grant B-
1093) for funding. Part of this work has been carried out by SEK
at the University of Gottingen, and SEK gratefully acknowledges
the Alexander von Humboldt Foundation for Fellowship
Support while at the University of Gottingen. We also thank the
Wazed Miah Science Research Center, Jahangirnagar Univer-
sity, Bangladesh, for providing the required instrumental
facilities. The DFT calculations were performed at UNT and are
supported by the NSF (CHE-1531468).

References

1 (@) S. Hermans, R. Raja, J. M. Thomas, B. F. G. Johnson,
G. Sankar and D. Gleeson, Angew. Chem., Int. Ed., 2001, 40,
1211-1215; (b) J. M. Thomas, B. F. G. Johnson, R. Raja,
G. Sankar and P. A. Midgley, Acc. Chem. Res., 2003, 36, 20-30.

2 (@) R. D. Adams and E. Trufan, Philos. Trans. R. Soc., A, 2010,
368, 1473-1493; (b) R. D. Adams, E. M. Boswell, B. Captain,
A. B. Hungria, P. A. Midgley, R. Raja and J. M. Thomas,
Angew. Chem., Int. Ed., 2007, 46, 8182-8185; (c)
A. B. Hungria, R. Raja, R. D. Adams, B. Captain,
J. M. Thomas, P. A. Midgley, V. Golvenko and
B. F. G. Johnson, Angew. Chem., Int. Ed., 2006, 45, 4782-4785.

3 (@) R. D. Adams, D. A. Blom, B. Captain, R. Raja,
J. M. Thomas and E. Trufan, Langmuir, 2008, 24, 9223-
9226; (b) J. M. Thomas, R. D. Adams, E. M. Boswell,
B. Captain, H. Gronbeck and R. Raja, Faraday Discuss.,
2008, 138, 301-315.

4 (a) R. Raja, R. D. Adams, D. A. Blom, W. C. Pearl, E. Gianotti
and J. M. Thomas, Langmuir, 2009, 25, 7200-7204; (b)

2850 | RSC Adv, 2023, 13, 2841-285]

View Article Online

Paper

R. D. Adams, M. Chen, G. Elpitiya, M. E. Potter and
R. Raja, ACS Catal., 2013, 3, 3106-3110; (c) R. D. Adams,
G. Elpitiya, K. Khivantsev, D. Blom, O. S. Alexeev and
M. D. Amiridis, Appl. Catal., A, 2015, 501, 10-16.

5 W. Levason and G. Reid, Coord. Chem. Rev., 2006, 250, 2565—
2594.

6 (@) H. W. Chan, W. K. Leong and K. H. G. Mak,
Organometallics, 2006, 25, 250-259; (b) W. K. Leong and
G. Chen, Organometallics, 2001, 20, 2280-2287; (c) Y. Liu,
W. K. Leong and R. K. Pomeroy, Organometallics, 1998, 17,
3387-3389; (d) H. G. Ang, C. H. Koh, L. L. Koh and
W. L. Kwik, J. Organomet. Chem., 1993, 452, 181-184.

7 (@) J. B. Keister and J. R. Shapley, Inorg. Chem., 1982, 21,
3304-3310; (b) T. M. Layer, ]. Lewis, A. Martin,
P. R. Raithby and W.-T. Wong, J. Chem. Soc., Dalton Trans.,
1992, 3411-3417; (¢) L. J. Pereira and W. K. Leong, J.
Organomet. Chem., 2006, 691, 2448-2456; (d) E. J. Forbes,
D. L. Jones, K. Paxton and T. A. Hamor, J. Chem. Soc.,
Dalton Trans., 1979, 879-882; (e) L. J. Pereira and
W. K. Leong, Polyhedron, 2006, 25, 2392-2400.

8 (@) O. bin Shawkataly, K. Ramalingam, H. K. Fun,

A. A. Rahman and L. A. Razak, J. Cluster Sci., 2004, 15, 387-

394; (b) G. Chen, M. Deng, C. K. Lee and W. K. Leong,

Organometallics, 2002, 21, 1227-1234; (¢) O. bin Shawkataly,

I. A. Khan, C. S. Yeap and H.-K. Fun, Acta Crystallogr., Sect.

E: Struct. Rep. Online, 2010, 66, m94-m95; (d) O. bin

Shawkataly, I. A. Khan, S. S. Sirat, C. S. Yeap and

H.-K. Fun, Acta Crystallogr., Sect. E: Struct. Rep. Online,

2011, 67, m177-m178.

(@) N. J. Holmes, W. Levason and M. Webster, J. Organomet.

Chem., 1998, 568, 213-223; (b) R. D. Adams, B. Captain and

W. C. Pearl Jr, J. Organomet. Chem., 2008, 693, 1636-1644.

10 M. A. A. Mamun, S. Rajbangshi, S. Ghosh, M. G. Richmond
and S. E. Kabir, J. Organomet. Chem., 2021, 953, 122034.

11 (a) Y.-Z. Li, R. Ganguly, D. B. Rajaratnam and W. K. Leong, /.
Organomet. Chem., 2018, 858, 53-61; (b) Y.-Z. Li, R. Ganguly
and W. K. Leong, Eur. J. Inorg. Chem., 2017, 2541-2546; (c)
Y.-Z. Li, R. Ganguly and W. K. Leong, J. Organomet. Chem.,
2016, 820, 46-54; (d) Y.-Z. Li and W. K. Leong, J.
Organomet. Chem., 2016, 812, 217-225.

12 (a) W. K. Leong and G. Chen, J. Chem. Soc., Dalton Trans.,
1998, 2489-2492; (b) Y.-Z. Li, R. Ganguly and W. K. Leong,
Organometallics, 2014, 33, 3867-3876; (¢) G. Chen and
W. K. Leong, J. Cluster Sci., 2006, 17, 111-118.

13 (a) Y.-Z. Li, R. Ganguly and W. K. Leong, Organometallics,
2014, 33, 823-828; (b) Y.-Z. Li, R. Ganguly and
W. K. Leong, J. Organomet. Chem., 2016, 811, 66-73; (c)
W. K. Leong and G. Chen, J. Chem. Soc., Dalton Trans.,
2000, 4442-4445; (d) Y.-Z. Li, R. Ganguly, W. K. Leong and
Y. Liu, Eur. J. Inorg. Chem., 2015, 3861-3872.

14 (@) M. R. Hassan, G. Hogarth, G. M. G. Hossain, S. E. Kabir,
A. K. Raha, M. S. Saha and D. A. Tocher, Organometallics,
2007, 26, 6473-6480; (b) J. C. Sarker, K. M. Uddin,
M. S. Rahman, S. Ghosh, T. A. Siddiquee, D. A. Tocher,
M. G. Richmond, G. Hogarth and S. E. Kabir, Inorg. Chim.
Acta, 2014, 409, 320-329; (¢) S. E. Kabir, A. K. Raha,
M. R. Hassan, B. K. Nicholson, E. Rosenberg, A. Sharmin

o

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra07284j

Open Access Article. Published on 18 January 2023. Downloaded on 12/4/2025 7:20:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

and L. Salassa, Dalton Trans., 2008, 32, 4212-4219; (d)
M. T. R. Joy, M. M. Uddin, N. C. Bhoumik, S. Ghosh and
S. E. Kabir, Transition Met. Chem., 2021, 46, 149-157.

15 (a) S. Ghosh, R. Pervin, A. K. Raha, S. E. Kabir and
B. K. Nicholson, Inorg. Chim. Acta, 2009, 362, 4226-4230;
() A. K. Raha, S. Ghosh, I. Hossain, S. E. Kabir,
B. K. Nicholson, G. Hogarth and L. Salassa, J. Organomet.
Chem., 2011, 696, 2153-2160; (c) M. M. M. Khan, S. Ghosh,
G. Hogarth, D. A. Tocher, M. G. Richmond, S. E. Kabir and
H. W. Roesky, J. Organomet. Chem., 2017, 840, 47-55; (d)
M. T. R. Joy, S. Ghosh and S. E. Kabir, J. Chem. Crystallogr.,
2021, 51, 257-264.

16 J. A. Clucas, D. F. Foster, M. M. Harding and A. K. Smith, J.
Chem. Soc., Chem. Commun., 1984, 949-950.

17 Bruker, SAINT (8.37A), Bruker AXS Inc., Madison, Wisconsin,
USA, 2015.

18 Bruker, SADABS-2014/5,
Wisconsin, USA, 2014.

19 G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Adv., 2015,
71, 3-8.

20 G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Crystallogr.,
2008, 64, 112-122.

21 O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard
and H. Puschmann, J. Appl. Crystallogr., 2009, 42, 339-341.

22 Y. Zhao and D. G. Truhlar, Theor. Chem. Acc., 2008, 120, 215-
241.

23 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato,
A. Marenich, J. Bloino, B. G. Janesko, R. Gomperts,
B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov,
J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini,
F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson,
D. Ranasinghe, V. G. Zakrzewski, ]J. Gao, N. Rega,
G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, K. Throssell,
J. A. Montgomery Jr, J. E. Peralta, F. Ogliaro, M. Bearpark,
J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov,
T. Keith, R. Kobayashi, J. Normand, K. Raghavachari,
A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi,
J. M. Millam, M. Klene, C. Adamo, R. Cammi,
J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas,
J. B. Foresman and D. J. Fox, Gaussian 09, Revision E.01,
Gaussian, Inc., Wallingford, CT, USA, 2009.

24 D. Andrae, U. Haeussermann, M. Dolg, H. Stoll and
H. Preuss, Theor. Chim. Acta, 1990, 77, 123-141.

25 (@) G. A. Petersson, A. Bennett, T. G. Tensfeldt, M. A. Al-
Laham, W. A. Shirley and J. Mantzaris, J. Chem. Phys.,
1988, 89, 2193-2218; (b) G. A. Petersson and M. A. Al-
Laham, J. Chem. Phys., 1991, 94, 6081-6090.

26 S. Grimme, S. Ehrlich and L. Goerigk, J. Comput. Chem.,
2011, 32, 1456-1465.

Bruker AXS Inc., Madison,

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

27 (@) E. D. Glendening, A. E. Reed, ]J. E. Carpenter and
F. Weinhold, NBO Version 3.1; (b) A. E. Reed, L. A. Curtiss
and F. Weinhold, Chem. Rev., 1988, 88, 899-926.

28 K. B. Wiberg, Tetrahedron, 1968, 24, 1083-1096.

29 (@) JIMP2, version 0.091, a free program for the visualization
and manipulation of molecules: M. B. Hall and R. F. Fenske,
Inorg. Chem., 1972, 11, 768-775; (b) J. Manson, C. E. Webster
and M. B. Hall, Texas A&M University, College Station, TX,
2006, https://www.chem.tamu.edu/jimp2/index.html.

30 A. K. Raha, M. N. Uddin, S. Ghosh, A. R. Miah,
M. G. Richmond, D. A. Tocher, E. Nordlander, G. Hogarth
and S. E. Kabir, J. Organomet. Chem., 2014, 751, 399-411.

31 K. A. Azam, M. B. Hursthouse, M. R. Islam, S. E. Kabir,
K. M. A. Malik, R. Miah, C. Sudbrake and H. Vahrenkamp,
J. Chem. Soc., Dalton Trans., 1998, 1097-1105.

32 K. A. Azam, M. B. Hursthouse, S. E. Kabir, K. M. A. Malik and
M. A. Mottalib, J. Chem. Crystallogr., 1999, 29, 813-818.

33 (a) D. A. Hrovat, E. Nordlander and M. G. Richmond,
Organometallics, 2012, 31, 6608-6613; (b) L. Yang,
V. N. Nesterov, X. Wang and M. G. Richmond, J. Cluster
Sci., 2012, 23, 685-702; (¢) C.-H. Lin, V. N. Nesterov and
M. G. Richmond, J. Organomet. Chem., 2013, 744, 24-34.

34 M. L. Bhowmik, M. A. A. Mamun, S. Ghosh, V. N. Nesterov,
M. G. Richmond, S. E. Kabir and H. W. Roesky, J.
Organomet. Chem., 2023, 984, 122574.

35 (@)]. Y. Jung, D. K. Kempe, S. H. Yoon, N. Gwini, A. G. Fikes,
D. M. Marolf, M. L. Parker, J. E. Johnstone, G. L. Powell,
L. Yang, V. N. Nesterov and M. G. Richmond, J. Organomet.
Chem., 2016, 813, 15-25; (b) S. A. Begum,
M. A. H. Chowdhury, S. Ghosh, D. A. Tocher,
M. G. Richmond, L. Yang, K. I. Hardcastle, E. Rosenberg
and S. E. Kabir, RSC Adv., 2018, 8, 32672-32683; (c)
N. C. Bhoumik, M. T. R. Joy, S. Ghosh, M. G. Richmond
and S. E. Kabir, Inorg. Chim. Acta, 2020, 510, 119733-
119743; (d) N. C. Bhoumik, T. K. Saha, S. Ghosh,
V. N. Nesterov, M. G. Richmond and S. E. Kabir, J.
Organomet. Chem., 2020, 911, 121133-121143; (e)
M. T. R. Joy, Roknuzzaman, M. E. Hossain, S. Ghosh,
D. A. Tocher, M. G. Richmond and S. E. Kabir, RSC Adv.,
2020, 10, 30671-30682.

36 (@) DFT calculations on  [HOs;(CO),(SbPh;){us-
Ph,PCH,PPh(C¢H,11,,6")}] reveal a relative symmetric
environment about the benzylidene- and hydride-bridged
Os-Os edge. Here the mean WBI for the Os-C(benzylidene)
and Os-H bonds is 0.44 and 0.38, respectively.; (b) For
a report on the topological analysis of the electron density
in Os; clusters, see: J. F. Van der Maelen, S. Garcia-Granda
and J. A. Cabeza, Comput. Theor. Chem., 2011, 968, 55-63.

37 R. D. Adams and N. M. Golembeski, J. Organomet. Chem.,
1979, 172, 239-249.

38 S. E. Kabir and G. Hogarth, Coord. Chem. Rev., 2009, 253,
1285-1315.

39 S.-H. Huang, J. M. Keith, M. B. Hall and M. G. Richmond,
Organometallics, 2010, 29, 4041-4057.

RSC Adv, 2023, 13, 2841-2851 | 2851


https://www.chem.tamu.edu/jimp2/index.html
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra07284j

	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...
	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...
	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...
	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...
	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...
	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...
	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...
	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...
	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...
	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...
	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...
	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...
	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...

	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...
	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...
	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...

	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...
	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...
	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...
	Reactions of diphosphine-stabilized Os3 clusters with triphenylantimony: syntheses and structures of new antimony-containing Os3 clusters via Sbtnqh_x...


