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computational preference for
phosphine regioselectivity and stereoselective
tripodal rotation in HOs3(CO)8(PPh3)2(m-1,2-N,C-
h1,k1-C7H4NS)†

Shahin A. Begum,a Md. Arshad H. Chowdhury,a Shishir Ghosh, a

Derek A. Tocher, b Michael G. Richmond, c Li Yang,c K. I. Hardcastle,d

Edward Rosenberge and Shariff E. Kabir*a

The site preference for ligand substitution in the benzothiazolate-bridged cluster HOs3(CO)10(m-1,2-N,C-

h1,k1-C7H4NS) (1) has been investigated using PPh3. 1 reacts with PPh3 in the presence of Me3NO to

afford the mono- and bisphosphine substituted clusters HOs3(CO)9(PPh3)(m-1,2-N,C-h1,k1-C7H4NS) (2)

and HOs3(CO)8(PPh3)2(m-1,2-N,C-h1,k1-C7H4NS) (3), respectively. 2 exists as a pair of non-interconverting

isomers where the PPh3 ligand is situated at one of the equatorial sites syn to the edge-bridging hydride

that shares a common Os–Os bond with the metalated heterocycle. The solid-state structure of the

major isomer establishes the PPh3 regiochemistry at the N-substituted osmium center. DFT calculations

confirm the thermodynamic preference for this particular isomer relative to the minor isomer whose

phosphine ligand is located at the adjacent C-metalated osmium center. 2 also reacts with PPh3 to give

3. The locus of the second substitution occurs at one of the two equatorial sites at the Os(CO)4 moiety

in 2 and gives rise to a pair of fluxional stereoisomers where the new phosphine ligand is scrambled

between the two equatorial sites at the Os(CO)3P moiety. The molecular structure of the major isomer

has been determined by X-ray diffraction analysis and found to represent the lowest energy structure of

the different stereoisomers computed for HOs3(CO)8(PPh3)2(m-1,2-N,C-h1,k1-C7H4NS). The fluxional

behavior displayed by 3 has been examined by VT NMR spectroscopy, and DFT calculations provide

evidence for stereoselective tripodal rotation at the Os(CO)3P moiety that serves to equilibrate the

second phosphine between the two available equatorial sites.
Introduction

The activation and value-added functionalization of benzoan-
nulated heterocycles containing a pyridyl nitrogen by low-valent
trimetallic clusters, M3(CO)12�n(NCMe)n (M ¼ Os, Ru; n ¼ 0, 1,
2), have been extensively studied over the past few decades.1–11

While the early impetus involved industrial considerations with
respect to hydrotreatment of nitrogen-contaminated fuel
iversity, Savar, Dhaka-1342, Bangladesh.

791099

ege London, 20 Gordon Street, London

th Texas, Denton, TX 76209, USA

, Atlanta, GA 30322, USA

ntana, Missoula, MT 59812, USA

ESI) available: Atomic coordinates of all
raw pictures, and spectroscopic data.
e supplementary crystallographic data
ESI and crystallographic data in CIF or
c8ra07400c

3

stocks,1,3,12,13 current interests remain focused on the ability to
use the cluster as a templating agent to help guide the selective
functionalization of the bound benzoheterocycle.6,7 Recently, we
have also reported our data on the biological applications of
such complexes and their ability to serve as potential bio-
organometallic conjugates in enzyme and telomerase inhibition
studies, as well as tagging agents for use in protein
crystallography.2,9

The ligation of benzoheterocycles at trimetallic clusters is
readily achieved via the direct reaction of a suitably activated
cluster with the corresponding benzoheterocycle. For example,
the labile cluster 1,2-Os3(CO)10(NCMe)2 reacts with quinoline
(C9H7N) to afford isomeric products with the formula HOs3(-
CO)10(m-h

1,k1-C9H6N) which differ in the coordination mode
adopted by the activated heterocycle.6a Here the quinolate
residue bridges one of the three metal–metal edges via the
pyridyl nitrogen and either a metalated aryl C-8 or C-2 carbon
atom (Scheme 1). The 1,8 isomer has been extensively examined
by us and it undergoes CO loss during controlled thermolysis or
photolysis to give the face-capped cluster HOs3(CO)9(m3-h

1,k1-
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Reaction of quinoline with 1,2-Os3(CO)10(MeCN)2 to give
the 1,8- and 1,2-metalated isomers of HOs3(CO)10(m-h

1,k1-C9H6N).
Scheme 3 Reaction of benzothiazole with 1,2-Os3(CO)10(MeCN)2 to
give the 1,7- and 1,2-N,C metalated isomers of HOs3(CO)10(m-h

1,k1-
C7H4NS).
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C9H6N). The nonacarbonyl product reacts with so pnictogen
nucleophiles at an osmium center to yield HOs3(CO)9P(m-h

1,k1-
C9H6N) (where P ¼ phosphine, phosphite) and with hard
nucleophiles (RLi and RMgX) at the heterocycle to give HOs3(-
CO)10(m-h

1,k1-RC9H7N).4a,6 The latter product, which may be
isolated aer protonation, provides the basis for many of our
reported heterocyclic functionalizations (Scheme 2).6c In
comparison to numerous studies involving the 1,8 isomer, the
corresponding 1,2 isomer has received relatively little
attention.14

Metal cluster activation of heterocycles such as benzothia-
zole is accompanied by added complexity in the form of
potential sulfur versus nitrogen coordination. We have
demonstrated that benzothiazole reacts with 1,2-Os3(CO)10-
(NCMe)2 to furnish the metalated products HOs3(CO)10(m-1,7-
N,C-h1,k1-C7H4NS) and HOs3(CO)10(m-1,2-N,C-h

1,k1-C7H4NS)
where the metalation occurs with coordination of the nitrogen
and carbon atoms (Scheme 3).6c,15 The benzothiazolate-
substituted clusters are formed in comparable yields and may
be isolated by column chromatography, albeit with material
loss in the case of the 1,2 derivative. This complication in the
isolation of the 1,2 isomer, coupled with its limited thermal
stability vis-à-vis the 1,7 isomer, has hampered meaningful
reactivity studies designed to exploit this cluster-activated
heterocycle. Systematic reactivity studies are important if we
are to gain a better understanding of such systems, especially in
light of our earlier observations that have demonstrated that the
outcome of such functionalizations is known to be sensitive to
the presence of ring substituents and the ligand environment at
the metal cluster.

Given the signicant inuence the heterocyclic auxiliary has
on the reactivity in this genre of metal clusters, we have initiated
reactivity studies on HOs3(CO)10(m-1,2-N,C-h

1,k1-C7H4NS) that
will allow us to better understand the observed chemistry as
a function of themetalated heterocycle and its control on ligand
Scheme 2 Decarbonylation in HOs3(CO)10(m-1,8-C9H6N) and the
different reaction pathways exhibited by HOs3(CO)9(m3-h

1,k1-C9H6N).

This journal is © The Royal Society of Chemistry 2018
substitution and value-added functionalizations. The cluster
HOs3(CO)10(m-1,7-N,C-h

1,k1-C7H4NS), whose benzothiazolate
bridging ligand has a larger backbone, has received greater
attention than its smaller ring orthometalated analogue.
Accordingly, we wished to study the reactivity of HOs3(CO)10(m-
1,2-N,C-h1,k1-C7H4NS) with added ligand in order to establish
the regiochemistry and thermodynamic stability of the resulting
products. The effect of the 1,7-N,C ring in HOs3(CO)10(m-1,7-
N,C-h1,k1-C7H4NS) in ligand addition and alkyne insertion
reactions has recently been reported by us.5c,e,16 To our knowl-
edge, only one reactivity report exists for the 1,2-N,C isomer to
date and this involves the cyclometalation of thiourea at cluster
1.17 Herein we present our data on the regiochemical preference
for PPh3 substitution in cluster 1, along with the results of
electronic structure calculations that help place the observed
outcome in each substitution step in context with the NMR
properties and the solid-state structures determined for 2 and 3.
Results and discussion
Metalation selectivity in the reaction of benzothiazole with
1,2-Os3(CO)10(MeCN)2

Wishing to reconcile the thermodynamic stability of the 1,2-
and 1,7-N,C metalated isomers from the reaction of benzo-
thiazole with 1,2-Os3(CO)10(MeCN)2 relative to their reaction
yields, along with the relative energies of the corresponding S,C-
bridging isomers, we have performed DFT calculations. The
input data for 1,7-N,C isomer was taken from our earlier study,5e

while the 1,2 isomer was modeled using the structure of the
thiazolide derivative HOs3(CO)10(1,2-N,C-C3H2NS-3-Me) aer
the coordinated heterocycle was converted to a benzothiazolate
ligand.18 The unknown S,C isomers were modeled by assuming
a bridging motif similar to the N,C-ligated clusters. Fig. 1 shows
the optimized structures C1–C4 for the isomeric N,C- and S,C-
metalated clusters and the energy ordering of these products
(plus the release of two MeCN) relative to 1,2-Os3(CO)10(MeCN)2
(A) and benzothiazole (B). The N,C-metalated isomers C1 and
C2 are thermodynamically favored compared to the S,C deriv-
atives C3 and C4. The 1,2-N,C isomer C1 is themost stable of the
four isomers and it lies 17.3 kcal mol�1 below the reactants. The
1,7-N,C isomer C2 is 16.1 kcal mol�1 less stable than C1 and its
formation is exergonic by 1.2 kcal mol�1. The experimental
observation and isolation of these two isomers in comparable
yields suggest that these products are produced in a kinetically
controlled sequence and their formation is not subject to
thermodynamic control. The optimized structures of C1 and C2
RSC Adv., 2018, 8, 32672–32683 | 32673
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Fig. 1 Optimized metalation products C1–C4 from the reaction of
1,2-Os3(CO)10(MeCN)2 (A) with benzothiazole (B). Energy values (DG)
are in kcal mol�1 relative to A and B. The optimized structures for A, B,
and free MeCN are not shown.

Scheme 4 Reaction of 1 with PPh3 to give 2 and 3. Only the major
product in each substitution step is shown.
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exhibit good agreement with related crystallographically deter-
mined structures. Compared to the N,C isomers, both S,C
isomers are less stable and lie 9.0 kcal mol�1 (C3) and
24.2 kcal mol�1 (C4) higher in energy than the reactants.
Fig. 2 ORTEP drawing of the molecular structure of 2 (left) showing 50%
(right). Selected interatomic distances (Å) and angles (�) for 2: Os(1)–Os(
2.138(4), Os(2)–C(10) 2.086(5), Os(1)–P(1) 2.3888(12), N(1)–C(10) 1.331(6
N(1) 90.49(10), Os(1)–N(1)–C(10) 109.6(3), C(16)–N(1)–C(10) 113.7(4), N(1

32674 | RSC Adv., 2018, 8, 32672–32683
Whereas the 1,2-N,C isomer is more stable than the 1,7-N,C
species, the reverse trend is found for the S,C isomers. The least
stable of these S,C isomers is the 1,2-S,C species (C4). Both C3
and C4 display a highly pyramidalized sulfur atom that results
from sulfur coordination at the osmium center, and this
perturbation induces a signicant loss in the overall aromaticity
in the cluster-bound heterocycle. Similar sulfur pyramidaliza-
tion has been observed in organic alkylation reactions involving
sulfur-containing heterocycles19 and serves as a sufficient
driving force that prevents the formation of the two S,C isomers
in the reaction of 1,2-Os3(CO)10(MeCN)2 with benzothiazole.
Fig. S1† shows the ChemDraw pictures of C1–C4.
Regioselective PPh3 addition and DFT evaluation of the
different isomers of 2

Treatment of HOs3(CO)10(m-1,2-N,C-h
1,k1-C7H4NS) (1) with

Me3NO (one equivalent) at room temperature in the presence of
PPh3 affords the monosubstituted cluster HOs3(CO)9(PPh3)(m-
1,2-N,C-h1,k1-C7H4NS) (2) in crude yields on the order of 80%.
Accompanying this reaction is the disubstituted cluster HOs3(-
CO)8(PPh3)2(m-1,2-N,C-h

1,k1-C7H4NS) (3) in 5–10% yield.
Control experiments using pure 2 conrm the stepwise nature
of the substitution with 3 produced in high yield (>85% crude)
when equimolar amounts of 2 and PPh3 are treated with Me3NO
(one equivalent). Scheme 4 outlines the course of these reac-
tions where the depicted products of 2 and 3 are based on the
crystallographically determined structures (vide infra). Both new
clusters were isolated by chromatography over silica gel and
characterized in solution by IR and NMR spectroscopy, and the
solid-state structure of each product was established by single-
crystal X-ray diffraction analysis.

The asymmetric unit of 2 contains two independent Os3
clusters along with a molecule of CH2Cl2 and water. Since the
two structures do not show any signicant structural differ-
ences, we will discuss only one of these crystallographically
independent molecules whose structure is depicted in Fig. 2.
probability thermal ellipsoids and the DFT-optimized structure of D1
2) 2.9843(3), Os(2)–Os(3) 2.8795(3), Os(1)–Os(3) 2.8533(3), Os(1)–N(1)
), P(1)–Os(1)–Os(2) 105.08(3), P(1)–Os(1)–Os(3) 163.06(3), P(1)–Os(1)–
)–C(10)–Os(2) 116.6(3), C(5)–Os(2)–Os(1) 114.99(13).

This journal is © The Royal Society of Chemistry 2018
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Selected bond distances and angles are listed in the gure
caption. The molecular core consists of an approximate isos-
celes triangle of osmium atoms [Os(1)–Os(2) 2.9843(2), Os(2)–
Os(3) 2.8795(3) and Os(1)–Os(3) 2.8533(3) Å] ligated by nine
carbonyls and a PPh3 ligand, along with an edge-bridging
hydride that shares the same Os(1)–Os(2) vector as the meta-
lated benzothiazolate ligand. The edge-bridged Os–Os bond is
the longest of the three metal–metal bonds. The phosphine
ligand occupies an equatorial coordination site at the nitrogen-
bound osmium and lies cis to the bridging hydride. The Os(1)–
P(1) [2.3888(11) Å], Os(1)–N(1) [2.138(4) Å], and Os(2)–C(10)
[2.086(5) Å] bond distances involving the ancillary ligands are
similar to those reported by us in related trisosmium clus-
ters.14,18,20 However, the locus of PPh3 substitution in 2 is quite
different from that displayed in the 4-methylquinolinate
analogues HOs3(CO)9(PPh3)[m-1,2-h

1,k1-C9H5(CH3)N] and
HOs3(CO)9[P(OMe)3][m-1,2-h

1,k1-C9H5(CH3)N].14 The pnictogen
ligand in these latter derivatives occupies an equatorial site at
the non-metalated osmium atom. The different regiochemistry
for phosphine substitution in the current cluster that contains
a p-excessive heterocycle versus our earlier report on the Os3
cluster with a p-decient heterocycle is striking and under-
scores the importance of the metalated platform in controlling
the outcome of the reaction. We examined the bonding in 2 by
DFT, and the optimized structure (D1) is shown alongside the
experimentally determined structure in Fig. 2. The computed
structure of D1 shows good agreement with the solid-state
structure.

The 1H and 31P NMR spectra recorded for 2 indicate the
presence of two clusters with the dominant species present in
>95% yield; the amount of the minor species varies but never
exceeds 5%. The major product shows a high-eld hydride at
d �14.21 (J 11.6) and a 31P singlet d 11.8 at room temperature,
Fig. 3 DFT-optimized structures and energy ordering for the different
h1,k1-C7H4NS) (D1–D6). Energy values are DG in kcal mol�1 relative to D

This journal is © The Royal Society of Chemistry 2018
while the minor species reveals a hydride doublet and 31P
singlet at d �15.80 (J 12.0) and d 1.98, respectively. VT NMR
measurements over the temperature range 298–223 K showed
no change in the relative intensities of these species, allowing
us to rule out a dynamic exchange of the hydride and PPh3

ligand between the two species on the NMR time scale. This
latter premise was further corroborated by 1H and 31P EXSY
NMR experiments conducted at 253 K.

The identity of the two species in the NMR spectra of 2 and
the relative stability of the two products were addressed through
electronic structure calculations on the likely monophosphine
derivatives of 2. We restricted our calculations to products
where the two edge-bridging ligands share a common Os–Os
vector due to their enhanced stability compared to isomers that
contain two Os–Os bonds with a single edge-bridging ligand.5e,21

And concerning the disposition of the PPh3 group in HOs3(-
CO)9(PPh3)(m-1,2-N,C-h

1,k1-C7H4NS), we have examined only
those isomers that possess an equatorial phosphine since
axially disposed phosphine ligands experience an energetic
penalty of 10–15 kcal mol�1 due to unfavorable van der Waals
interactions between the phosphine and the pair of axial
ligands on the adjacent osmium centers.22 Not counting species
D1, ve additional structures exist with an equatorial PPh3

ligand, and these are depicted in Fig. 3. The structure for D2 is
2.5 kcal mol�1 less stable than D1 and the PPh3 ligand is situ-
ated cis to the hydride at the C-metalated osmium atom. Species
D3 and D4 represent a pair of stereoisomers where the PPh3

occupies one of the two equatorial sites at the Os(CO)3P moiety.
The energy difference between D3 and D4 is negligible, and
both species lie at least 3.5 kcal mol�1 above the thermody-
namically favored species D1. Phosphine substitution at the
alternative equatorial sites associated with the hydride-bridged
Os–Os bond furnishes species D5 and D6. The ancillary PPh3
equatorial-substituted PPh3 isomers of HOs3(CO)9(PPh3)(m-1,2-N,C-
1. Fig. S2† shows the ChemDraw pictures of species D1–D6.

RSC Adv., 2018, 8, 32672–32683 | 32675
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ligand in these two species adopts a distal orientation with
respect to the edge-bridging hydride and each species exhibits
a nearly linear P–Os–H arrangement of atoms based on the
computed bond angles of 167� (D5) and 175� (D6).

The origin for the computed energy difference in the D1 and
D6 stereoisomers undoubtedly derives from a combination of
steric and electronic effects at each Os3 product. The observed
substitution pattern adopted by the ancillary benzothiazolate,
phosphine, and hydride groups largely governs the relative
stability of the different isomers D1–D6. Adverse interactions
emanating from the phosphine and the heterocyclic auxiliary in
D6 vis-à-vis D1 shape the forces that energetically differentiate
this pair of stereoisomers. The site of PPh3 substitution in D6
places the pnictogen ligand near the benzoannulated portion of
the heterocyclic moiety, which promotes a 0.043 Å elongation of
the –N bond in D6; coupled with this perturbation, is
a canting of the CO, the one trans to the heterocyclic nitrogen,
away from the PPh3 ligand. The van der Waals interactions serve
to reduce the OC– –N bond angle from 176� in D1 to 166� in
D6. Accompanying this perturbation is an increase in the

– –CO bond angle from 89� (D1) to 93� (D6) and a 0.1 Å
increase in the – bond distance in D6. The dening color
labels associated with these structural changes are illustrated in
Scheme 5. Analysis of the D2 and D5 stereoisomers reveals
similar trends at the C-metalated osmium atom.

In terms of an operational electronic effect in D1 and D6, the
geometrical arrangement of the participant P, Os, and H atoms
will inuence the net stability of the orbitals involved in the
four-centered, four-electron (4c,4e) interaction here. Within this
delocalized bonding model, the hydride may be treated as
proton that remains associated with the electron-rich Os–Os
bond. The “proton” will experience enhanced stabilization if it
can interact with additional electron density in an orbital of
suitable energy and proper symmetry. The orbital interactions
between a hydride(s) and a metal–metal bond in polynuclear
systems have been successfully analyzed within a 3c,2e bonding
model.23 And we build on this concept by conrming the ther-
modynamic preference for products that have the phosphine
positioned syn to the bridging hydrogen. Here electron density
contributed by the P–Os bond helps stabilize the bridging
hydrogen when the phosphine adopts a site syn to the hydride-
bridged Os–Os vector. In this scenario, the P– –Os atoms
display an obtuse angle, a feature underscored by numerous
structural studies involving related trimetallic clusters where
Scheme 5 Color code used in the discussion of the steric perturbation
of the PPh3 group on the cluster core in D1 and D6.

32676 | RSC Adv., 2018, 8, 32672–32683
the P– –Os bond angle ranges from 105–117�.14,16–18,24 The
computed P– –Os bond angle in D1 is 109�. Assuming a xed
cluster polyhedron, expansion of the P– –Os bond angle in D1
effectively permutes the PPh3 ligand to the other equatorial site
at the nitrogen-substituted osmium center. This progression
yields D6 and is accompanied by a 100� increase in the P– –Os
bond angle. The nearly linear arrangement of the P– –Os
atoms in D6 effectively eliminates any through-bond P–
interaction with the bridging hydrogen that remains tethered to
the original –Os vector. The stabilizing orbital effect
promulgated by the ancillary phosphine when syn disposed to
the bridging hydride in D1 is not unlike many organic reactions
where secondary orbital interactions serve to govern the reac-
tion outcome.25 Syn positioning of the phosphine to the
hydride-bridged metal–metal bond in other clusters does not
always represent the thermodynamically favored regiochemistry
for this pair of ligands.14 We suspect that in such cases any
benecial orbital effect involving the hydrogen and the elec-
trons in the P–Os bond is counterbalanced by extant steric
perturbations within the molecule. The hydride regiochemistry
displayed in this genre of metal clusters cannot be generalized
with certainty at this time and must be evaluated on a case by
case basis.

We have successfully analyzed the course of hydride addition
to the metalated heterocycle in a series of heterocyclic-bridged
Os3 clusters earlier by taking into account the charge distribu-
tion in the starting material.7b,11a–c Accordingly, we have exam-
ined the charge distribution in C1 to help shed light on the
isomeric products formed in the reaction that gives cluster 2.
Scheme 6 shows the NPA atomic charges for the osmium atoms
in C1. The three osmium atoms carry a net negative charge and
the nitrogen-substituted osmium is the least electron rich of the
three osmium atoms (Q ¼ �1.02), followed by the C-metalated
osmium center whose Q was computed as �1.21. The metal
center in the Os(CO)4 moiety exhibits the greatest negative
charge (�1.38). The data from the NPA calculations support,
insomuch as charge control is responsible, the formation of D1
as the major monophosphine product. The presence of D2 as
the other computed component in the reaction mixture is in
keeping with PPh3 association with the second most electro-
positive osmium center in C1. Finally, the NPA charge for the
edge-bridging hydride was positive with a Q of 0.096.26
Scheme 6 Natural population analysis (NPA) charges for the osmiums
and bridging hydride in C1.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 ORTEP drawing of the molecular structure of 3 (left) showing 50% probability thermal ellipsoids and the DFT-optimized structure of E1
(right). Selected interatomic distances (Å) and angles (�) for 3: Os(1)–Os(2) 2.9638(2), Os(2)–Os(3) 2.9066(2), Os(1)–Os(3) 2.8651(2), Os(1)–N(1)
2.143(4), Os(2)–C(9) 2.076(5), Os(3)–P(2) 2.3550(11), Os(1)–P(1) 2.3578(11), N(1)–C(10) 1.408(6), N(1)–C(9) 1.310(6), C(9)–S(1) 1.739(5),
Os(2)–Os(1)–Os(3) 59.793(6), Os(1)–Os(2)–Os(3) 58.414(6), Os(1)–Os(3)–Os(2) 61.791(6), P(1)–Os(1)–Os(3) 166.31(3), P(1)–Os(1)–Os(2) 107.16(3),
P(1)–Os(1)–N(1) 91.29(10), P(2)–Os(3)–Os(1) 175.57(3), P(2)–Os(3)–Os(2) 116.74(3), N(1)–C(9)–Os(2) 117.3(3), C(9)–Os(2)–Os(1) 66.21(13), C(9)–
Os(2)–Os(3) 86.24(12), Os(1)–N(1)–C(9) 108.9(3).
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Formation of HOs3(CO)8(PPh3)2(m-1,2-N,C-h
1,k1-C7H4NS) (3)

and stereoselective tripodal rotation at the Os(CO)3P moiety

The reaction of PPh3 with 2 in the presence of Me3NO affords 3,
which exists as a pair of discernible isomers in solution (298 K)
by NMR spectroscopy. The structure of the major isomer was
established by X-ray diffraction analysis. Fig. 4 displays the
ORTEP diagram of the molecular structure of 3 with selected
bond distances and angles listed in the gure caption. 3
consists of a triangular array of osmium atoms [Os(1)–Os(2)
2.9638(2), Os(2)–Os(3) 2.9066(2), and Os(1)–Os(3) 2.8651(2) Å]
where the mean Os–Os bond distance is 2.9118 Å. The Os(1)–
Os(2) vector is the longest edge and it is bridged by the hydride
and benzothiazolate ligands. Eight carbonyls and two PPh3

ligands complete the coordination sphere of this cluster. As in
2, one of the two PPh3 ligands is bound to the nitrogen-bound
osmium [Os(1)] while the second phosphine [P(2)] is coordi-
nated to the Os(3) atom at an equatorial site syn to the Os(2)
center. The mean Os–P bond distance in 3 is 2.3564 Å and not
unlike that Os–P distance found in 2 [2.3888(11) Å]. The Os–N
[2.143(4) Å] and Os–C(9) [2.076(5) Å] bond distances are unre-
markable compared with those bond lengths reported in 1 and
related clusters.4a,14,17,18

The 1H and 31P NMR spectra of the major species in solution
are consistent with the solid-state structure. Here a diagnostic
hydride doublet at d�13.74 (J 11.6) conrms the coupling of the
edge-bridging hydride to one of the two phosphine groups in
the major isomer of 3. The magnitude of the 2JPH is similar to
that recorded in 2, allowing us to condently assign the
coupling to the geminal phosphine dened by the P(1) atom in
Fig. 4. The 31P{1H} NMR spectrum exhibits two broad singlets at
d 8.9 and 3.9 for the PPh3 ligands. At room temperature, the
minor species (<3%) shows a weak hydride at d �15.38 (J 12.5)
while the 31P resonances were not visible. In order to probe the
This journal is © The Royal Society of Chemistry 2018
relationship between the two isomers, we examined 3 by VT
NMR spectroscopy over the temperature range 323–223 K.
Lowering the temperature to 223 K reveals the presence of four
hydride doublets centered at d �13.73, �13.80, �13.90, and
�15.45 in the 1H NMR spectrum (Fig. S3†). Consistent with this
change in the 1H NMR spectrum is the observation of eight
broad singlets at d 2.6, 3.5, 4.2, 4.5, 6.3, 6.8, 8.8, and 10.2 in the
31P NMR spectrum (Fig. S3 and S4†). Collectively, these data
conrm the existence of four isomeric products for 3 whose
relationship was established by EXSY measurements at 223 K.
The EXSY data conrm the dynamical exchange between the
two hydrides representing the minor species (d �13.73 with
d �15.45); hydride interconversion between the two species (d
�13.80 with d �13.90) associated with the major isomer was
also veried. No hydride exchange between the major and
minor hydride species was observed. Similar exchange behavior
for the pair of 31P resonances at d 10.2 and 4.2 with those at d 6.8
and 3.5 for the major species was found. The pairwise exchange
of the 31P resonances at d 8.8 and 4.5 with those at d 6.6 and 2.6
dene the exchanging pairs of resonances in the minor
isomeric species.

The identity of the isomers present in the NMR spectra of 3 is
best addressed by electronic structure calculations, and here we
employed the solid-state structure of 3 as the starting point for
our studies. The geometry-optimized structure of species E1,
which is depicted alongside the X-ray diffraction structure in
Fig. 4, exhibits good agreement with the experimental structure.
Fig. 5 shows the ground-state energy ordering for the different
species based on 3 that possess equatorial phosphines and
where one of the PPh3 ligands is positioned cis to the edge-
bridging hydride. The latter structural feature is required in
order to reproduce the 2JPH coupling of �12 Hz in the 1H NMR
spectra displayed in Fig. S3.† As with cluster 2, the optimized
RSC Adv., 2018, 8, 32672–32683 | 32677
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Scheme 7 Endo and exo tripodal rotation pathways in E1.

Fig. 5 DFT-optimized structures and energy ordering for selected isomers based on cluster 3. Energy values are DG in kcal mol�1 relative to E1.
Fig. S5† shows the ChemDraw pictures of E1–E6.

Fig. 6 Free-energy profile for the E1 # E2 isomerization through
endo (TSE1E2) and exo (TSE1E2_alt) tripodal rotations. Energy values
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structure based on the X-ray diffraction structure of 3 (species
E1) represents the thermodynamically favored isomer. E2 is
a stereoisomer of E1, and it lies 0.9 kcal mol�1 above the latter
species. The principal difference between E1 and E2 concerns
the disposition of the newly added phosphine relative to the two
available equatorial sites at the Os(CO)3P moiety. In the case of
E1, the two phosphine groups display a synclinal orientation
about the Os–Os bond common to both ligands, while they
exhibit an anticlinal arrangement in E2.27 Species E3 and E4 are
stereoisomers that originate from D2 and exhibit a substitution
pattern similar to that found in species E1 and E2, with
synclinal E3 1.6 kcal mol�1 more stable than anticlinal E4.
Species E5 and E6 are isomers of E1–E4, and they may be viewed
as the products of hydride migration from its common locus in
E1 and E2 to the adjacent Os–Os bond in E5 and E6, respec-
tively. The hydride migration that gives E5 and E6 is accompa-
nied by a 7.4 and 9.1 kcal mol�1 loss in energy, respectively.28

The dynamic NMR behavior exhibited by the major compo-
nent of 3 may be rationalized by an intramolecular exchange
32678 | RSC Adv., 2018, 8, 32672–32683
between E1 # E2. The equilibration of these stereoisomers is
rapid at room temperature and proceeds via a tripodal permu-
tation involving the PPh3 ligand and two CO groups at the
Os(CO)3P center. Scheme 7 shows the rotational direction
available to the two fragment rotors capable of promoting
isomerization. Two of the three rotor substituents in both
fragments include the equatorial CO and PPh3 groups. When
the axial CO trans to the benzothiazolate ligand is used as the
third rotor group (endo route), a stereoselective clockwise
rotation of the fragment rotor was computationally conrmed.
In this process the syn the heterocycle remains unchanged.
The participation of the in the tripodal rotation proceeds via
a counterclockwise manner (exo route) and this leads to
unfavourable van der Waals interactions between the hetero-
cycle and the two migrating carbonyls ( and ). In both
tripodal rotations, the PPh3 group avoids the bridging benzo-
thiazolate ligand by adopting an orientation coincident to the
plane dened by the three metals. No evidence for a turnstile
rotation involving the Os(CO)3P moiety was found, and these
data are consistent with our earlier NMR studies that have
demonstrated facile tripodal rotation at the Os(CO)3L vertices in
a variety of heterocyclic-bridged clusters.8d,29
are in kcal mol relative to E1.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 DFT-optimized structure for TSE1E5.
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The optimized transition structures for TSE1E2 and
TSE1E2_alt and the computed barriers for the tripodal rotation
that promote the E1# E2 exchange are displayed in Fig. 6. Both
activation barriers are low and in concert with the VT NMR
behavior recorded for 3. The endo tripodal rotation is favored by
1.2 kcal mol�1 over the exo rotation process. Fig. S6† provides
a detailed view of the permutation process as a function of the
ancillary ligands at the Os(CO)3P moiety.

The dynamical exchange between the minor stereoisomers
E3 # E4 follows a similar sequence with the endo tripodal
rotation again favored over the exo rotation (Fig. S7†). The
computed DDG‡ for the TSE3E4 and TSE3E4_alt is
2.0 kcal mol�1 (Fig. S8†). Here the endo rotation proceeds from
E3 by a counterclockwise rotation of groups associated with the
fragment rotor. The change in the rotation direction in E3# E4
from that found in E1 # E2 is dictated by the synclinal
disposition of the phosphines in E3.

Computational analysis of hydride migration in the species
E1 # E5 and E2 # E6

Hydride mobility in metal clusters is a well-established
phenomenon, and the dynamical exchange of a hydride(s)
between different metal–metal bonds can occur rapidly on the
NMR time scale.29b,30 Since hydride migration in E1 to the
adjacent Os–Os bond in E5 could account for the NMR behavior
displayed by 3, we investigated this scenario by DFT. Indeed,
a suitable transition structure (TSE1E5) was found for the
concerted migration of hydride through the interior of the
cluster core by way of an interstitial-like hydride.31,32 The opti-
mized structure for TSE1E5 is depicted in Fig. 7. The barrier
computed for this process is 19.4 kcal mol�1, conrming that
this hydride migration is not competitive to the tripodal rota-
tion associated with TSE1E2 that lies 3.3 kcal mol�1 lower in
energy.29a The migration of the hydride in E2 to give E6 was also
examined through a series of step-scan calculations. Multiple
attempts were made to nd a suitable transition structure, but
we were unable to successfully model this transformation with
a species possessing an acceptable imaginary frequency and
reasonable energy.

Conclusions

DFT calculations on the possible metalated heterocycles from
the reaction of benzothiazole and 1,2-Os3(CO)10(MeCN)2 have
conrmed the greater stability of the 1,2- and 1,7-N,C
This journal is © The Royal Society of Chemistry 2018
coordination isomers over the corresponding S,C-
functionalized species. The reactivity of the 1,2-N,C isomer,
HOs3(CO)10(m-1,2-N,C-h

1,k1-C7H4NS) (1), in PPh3 substitution
has been examined through a combined experimental/
computational approach. The high regioselectivity experimen-
tally found in each substitution step site has been successfully
analyzed by electronic structure calculations. DFT calculations
on the uxional NMR behavior exhibited by 3 reveal a stereo-
selective tripodal rotation at the Os(CO)3(PPh3) moiety where
rotation of the fragment rotor proceeds distal to the metalated
heterocycle. The relative stabilities of the different isomers of 2
and 3 have been determined by DFT, and the computed species
reconciled with those products observed in solution by NMR
spectroscopy. The ability to functionalize the benzothiazolate
ligand in 1 with so organic nucleophiles and hydride ligand
are planned. These studies will allow us to chart the directing
effect that the 1,2-N,C coordination mode of the benzothiazo-
late group in 1 has, if any, versus our earlier studies based on the
1,7-N,C isomer.
Experimental
General and instrumentation

All the reactions were carried out under a nitrogen atmosphere
using standard Schlenk techniques unless otherwise stated.
Reagent grade solvents were dried by the standard methods and
freshly distilled prior to use. The benzothiazole, PPh3, and Me3-
NO$2H2O used in these studies were purchased from Aldrich
Chemical Co.; the former chemicals were used as received. Me3-
NO$2H2O was dried by azeotropic distillation using benzene and
a Dean–Stark distillation unit. HOs3(CO)10(m-1,2-N,C-h

1,k1-
C7H4NS) (1) was prepared from 1,2-Os3(CO)10(MeCN)2 and ben-
zothiazole according to literature procedures.6c,15 The separation
of clusters 2 and 3 were performed by TLC in the air on 0.5 mm
silica gel 60 Å F254 glass plates. Infrared spectra were recorded on
a Shimadzu IR Prestige-21 spectrophotometer, and the VT 1H and
31P NMR spectra were recorded on a Bruker DPX 400 spectrom-
eter. All NMR chemical shi and coupling constant data are re-
ported in d units and Hz, respectively. Elemental analyses were
performed by the Microanalytical Laboratory of Wazed Miah
Research Centre at Jahangirnagar University.
Reaction of HOs3(CO)10(m-1,2-N,C-h
1,k1-C7H4NS) (1) with

PPh3

To a CH2Cl2 solution (20 mL) of HOs3(CO)10(m-1,2-N,C-h
1,k1-

C7H4NS) (1) (100 mg, 0.101 mmol) and PPh3 (27 mg, 0.101
mmol) was added 7 mL of CH2Cl2 containing Me3NO (8 mg,
0.106 mmol) dropwise over a period of 30 min. The resultant
solution was stirred for another 30 min, during which time the
solution color changed from yellow to deep orange. The reac-
tion mixture was then ltered through a short silica column (4
cm) to remove any excess Me3NO, and the solvent was removed
under reduced pressure. The residue was puried by chroma-
tography over silica gel using a mixture of cyclohexane/CH2Cl2
(7 : 3, v/v) as the eluent. Five bands were isolated, the rst of
which corresponded to unreacted 1 (12 mg). The second and
RSC Adv., 2018, 8, 32672–32683 | 32679
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third bands afforded HOs3(CO)9(PPh3)(m-1,2-N,C-h
1,k1-C7H4NS)

(2) (55 mg, 41%) and HOs3(CO)8(PPh3)2(m-1,2-N,C-h
1,k1-

C7H4NS) (3) (15 mg, 10%) as orange crystals aer recrystalliza-
tion from n-hexane/CH2Cl2 at �4 �C. The contents of the fourth
and h bands were too small for complete characterization.
Data for 2: anal. calcd for C34H20NO9Os3PS: C, 33.47; H, 1.65; N,
1.15. Found: C, 33.21; H, 1.79; N, 1.13%. IR (n(CO), CH2Cl2):
2090s, 2051s, 201s, 1998s, 1979sh, 1967m, 1940w cm�1. 1H
NMR (CDCl3, 25 �C): d 7.49 (d, J 6.8, 1H), 7.23 (m, 15H), 6.94 (m,
2H), 6.80 (d, J 7.6, 1H), �14.21 (d, J 11.6, 1H). 31P{1H} NMR
(CDCl3, 25 �C): d 11.8 (s). Data for 3: anal. calcd for C51H35-
NO8Os3P2S$CH2Cl2: C, 40.57; H, 2.42; N, 0.91. Found: C, 41.16;
H, 2.48; N, 1.03. IR (n(CO), CH2Cl2): 2065m, 2060m, 2023s,
1993s, 1967m, 1952s cm�1. 1H NMR (CDCl3, 25 �C): d 7.50 (m,
8H), 7.37 (m, 11H), 7.25 (m, 12H), 6.92 (m, 3H), �13.74 (d, J
11.6, 1H). 31P{1H} NMR (CDCl3, 25 �C): d 8.9 (s), 3.9 (s).
Conversion of 2 to 3

To a Schlenk tube containing 2 (30 mg, 0.024 mmol) and PPh3

(7 mg, 0.027 mmol) in 20 mL of CH2Cl2 was added a CH2Cl2
solution (5 mL) of Me3NO (2 mg, 0.027 mmol) over a period of
15 min with the aid of a dropping funnel. The reaction mixture
was then stirred at room temperature for 2 h, aer which time
TLC analysis conrmed the consumption of the starting cluster
and the presence of desired product 3. Chromatographic
workup, followed by recrystallization, afforded 3 (26 mg, 75%).
Table 1 Crystallographic data and structure refinement details for
clusters 2 and 3

2 3

CCDC entry no 1833188 1833187
Cryst system Triclinic Monolinic
Space group P�1 P�1
a, Å 11.0561(2) 18.8799(6)
b, Å 16.0438(3) 15.0410(3)
c, Å 21.7248(5) 18.7314(5)
a, deg 100.9456(19) 90
b, deg 92.7106(19) 117.376(4)
g, deg 90.9327(17) 90
V, Å3 3777.99(15) 4723.5(3)
Mol formula C69H42Cl2N2O19Os6P2S2 C51H35NO8Os3P2S
Fw 2541.20 1454.40
Formula units per cell (Z) 2 4
Dcalcd (mg m�3) 2.234 2.045
l (Mo Ka), Å 0.71073 0.71073
m (mm�1) 10.287 8.218
F (000) 2348 2744
Total reections 61 519 74 577
Independent reections 14 819 9274
Data/res/paras 14 819/0/936 9274/0/599
GOF on F2 1.076 1.071
R1

a [I $ 2s(I)] 0.0234 0.0242
wR2

b (all data) 0.0569 0.0592
Dr(max), Dr(min) (e �A

�3) 1.79, �1.52 2.60, �1.89

a R1 ¼ S||Fo| � |Fc||/S|Fo|.
b wR2 ¼ {S[w(Fo

2 � Fc
2)2]/S[w(Fo

2)2]}1/2.

32680 | RSC Adv., 2018, 8, 32672–32683
X-ray crystallography

Single crystals of 2 and 3 suitable for single crystal X-ray diffrac-
tion analysis were grown by slow diffusion of hexane into
a CH2Cl2 solution containing each product. A suitable single
crystal of each cluster wasmounted on an Agilent SuperNova dual
diffractometer (Agilent Technologies Inc., Santa Clara, CA) using
a Nylon Loop and the diffraction data were collected at 150(2) K
using Mo-Ka radiation (l ¼ 0.71073). Unit cell determination,
data reduction, and absorption corrections were carried out using
CrysAlisPro.33 The structures were solved with the ShelXS34

structure solution program using Direct Method and rened with
the ShelXL34 renement package using Least Squares minimiza-
tion within the Olex2 (ref. 35) graphical user interface. Non-
hydrogen atoms were rened anisotropically, and hydrogen
atoms (except those directly bonded to metals) were included
using a riding model. The bridging hydride ligand in 2 and 3 was
found in the difference map and freely rened. Additional details
of data collection and structure renement are given in Table 1.
Computational methodology and modeling details

All DFT calculations were performedwith the Gaussian 09 package
of programs36 using the B3LYP hybrid functional. This functional
is comprised of Becke's three-parameter hybrid exchange func-
tional (B3)37 and the correlation functional of Lee, Yang, and Parr
(LYP).38 Each osmium atom was described with the Stuttgart–
Dresden effective core potential and SDD basis set,39 and the 6-
31G(d’) basis set40 was employed for all remaining atoms.

All reported geometries were fully optimized, and analytical
Hessian was evaluated at each stationary point to determine
whether the geometry was an energy minimum (no negative
eigenvalues) or a transition structure (one negative eigenvalue).
Unscaled vibrational frequencies were used to make zero-point
and thermal corrections to the electronic energies, and the
resulting free energies are reported in kcal mol�1 relative to the
specied standard. Intrinsic reaction coordinate (IRC) calcula-
tions were performed on all transition-state structures in order
to establish the reactant and product species associated with
each transition-state structure. The geometry-optimized struc-
tures have been drawn with the JIMP2 molecular visualization
and manipulation program.41
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