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In an effort to investigate the cooperative activation of boranes, we have designed Os(i) based
paramagnetic mono- and bis-k?-1,3-N,Se-chelated complexes, [Os(PPhs),(k?-N,Se-L)Cl,], 1 and
[Os(PPhs)(k?-N,Se-L),(L')l, 2-3 (L = CsH4NSe; 2: L' = Cl and 3: L' = k!-Se-L). These complexes were
synthesised by the thermolysis of [Os(PPhz)sCl,] with the potassium salt of 2-selenopyridine, which also
afforded a diamagnetic species, [Os(PPhs),(k>-N,Se-L),], 4. A comprehensive study utilizing EPR
spectroscopy, DFT calculations, and both photochemical and electrochemical analyses has elucidated
the distinctive electronic characteristics of these complexes. To probe the electronic influence on
hemilability, the OsNCSe osmaheterocycle-based paramagnetic complexes featuring a hard Os(i) centre
and a soft Se donor were studied for B—H activation, highlighting synergistic hemilability and metal-
ligand cooperativity. Treatment of 2 with [BHz-SMe;] yielded the
Os(dihydridoborate)(octatrihydridoborate) complex, [Os(PPhs)(k®-H,H,N-BH3L)(x2-H,Se-BsH,L)] (5) via
ring opening of both Os—Se and Os—N bonds and the Os—borallyl complex, [(PPhs)(H),Os(n°-BsHsL,)]
(6) through cleavage of the Os—-N bonds. To further assess steric effects on cooperative borane
activation, 2 was treated with the bulky aryl-substituted borane BH,R (R = (CF3),CgHs), which afforded
[(PPh3)Os{ic-H,Se,Se’-(NHRBSeBHRN)(SeCsHa),}, 7 via dual Os—N bond cleavage and insertion of two
BHR units followed by B-Se bond formation. Interestingly, we have isolated a unique vertex-fused
metallaborane cluster, 8 from the reaction of 6 with an excess of borane. In stark contrast, the
diamagnetic bis-k?-1,3-N,Se-chelated complex [Os(PPhs)s(k>-N,Se-L),], 4 exhibited no tendency to
activate sterically demanding boranes. However, using an electronically distinct ligand framework in
[Os(PPhs),(k?-N,5-C7H4NS,)5] (4™P%), we observed notable B—H activation patterns of BHR; that led to
the isolation of the Os(s-borate) complex, [Os(PPhs),(k?-N,5-C7HaNS,)(k3-H,S,5'-HBR,(C7H4NS))] (11),
where the steric hindrance from the aryl substituents prevented dual-site activation. The bonding
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Introduction basic ligand that cooperatively cleave the E-H bond in a syner-
gistic fashion;** (b) employing the inverse arrangement, where
Metal-ligand cooperativity (MLC) has experienced immense Lewis acidic ligands abstract electrons from the donor site of
growth over the past few decades as a powerful mechanistic the substrate, with the metal acting as a Lewis base to cooper-
strategy in the field of bond activation and catalysis. It serves as ~ atively facilitate bond activation;*” (c) using complexes con-
an alternative to conventional catalysis due to the synergistic ~taining aromatic chelating ligand frameworks, which can
interaction between the metal and ligand, which plays a crucial ~undergo dearomatization through deprotonation to provide
role in facilitating both bond breaking and bond formation a reactive site for cooperative bond activation;** (d) incorpo-
processes.* In particular, MLC has been widely investigated in ~ rating redox non-innocent ligands'® that either directly mediate
the activation of various E-H (E = H, B, C, N, O or Si) bonds**® the bond activation process or act as electron reservoirs within
and has subsequently been employed in a range of catalytic the catalytic cycle.
reactions.”™ In the context of MLC, several strategies have In the context of type (a), the predominant class of Lewis
been developed to promote the E-H bond activation process: (a)  basic ligands are typically found in a multidentate framework.
utilizing a combination of a Lewis acidic metal and a Lewis Notably, metal complexes featuring hemilabile 1,3-chelating
homo and hetero bidentate ligands have garnered significant
Department of Chemistry, Indian Institute of Technology Madras, Chennai 600036, interest in small molecule activation, as a key attribute of these
India. E-mail: sghosh@iitm.ac.in; pradeep@iitm.ac.in ligands is their ability to provide coordinative unsaturation at
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the metal centre. For instance, Yamaguchi proposed an Ir(im)
complex (I),"* featuring a Kk>-N,O-pyridionate ligand as an
intermediate species in the oxidant-free catalytic oxidation of
alcohols.™* Subsequently, Rauchfuss demonstrated that
complex I functioned as a more efficient catalyst in the same
context.'” Schafer and Love developed group-9 phosphor-
amidate complexes with different ancillary ligands (I and III,
Chart 1), which promote B-H and C-H activation processes."
These complexes were subsequently utilized in catalytic che-
moselective hydroboration of aldehydes and anti-Markovnikov
O-phosphoramidation of alkynes. Interestingly, a proton
responsive bifunctional ruthenium complex, IV promoted the
facile E-H bond activation in H, and HBPin across the Ru-O
bond.*® Beyond traditional hemilabile ligands, Gessner and co-
workers designed a ruthenium-based 1,3-chelated complex (V)
with a carbene ligating centre, where substrate activation
induces a transition between a carbene and an alkyl ligand
without complete cleavage of the M=C bond.**

In the course of our recent studies, we have synthesized
a group of early- and late-transition metal-based mono- and bis-
k?-1,3-N,S-chelated complexes and investigated their role in the
cooperative activation of E-H (E = B, C or Si) bonds in small
molecules.”™ The hemilability of four-membered metalla-
heterocycles, arising from the coexistence of hard (N) and soft
(S) donor sites within polydentate ligands, was pivotal in facil-
itating E-H bond activation. For instance, we have developed
Ru- and Os-based bis-k?-1,3-N,S-chelated species featuring non-
innocent ligands (VI, Chart 1), which upon activation of the
simplest borane, [BH3-SMe,], resulted in the formation of
unique o-borate complexes.’”? However, in the field of MLC,
the influence of concerted modulation of electronic properties
in both metal and ligand scaffolds remains uncharted. In
pursuit of this objective, we have designed different osmahe-
terocycles by fine-tuning the hardness of both the metal and
ligand components. In this study, we synthesised a series of k-
N,Se-chelated Os(m) complexes such as [Os(PPh;),(k*-N,Se-
CsH4NSe)Cl,] (1), [Os(PPhj)(k*-N,Se-CsH4NSe),Cl] (2) and
[Os(PPh;)(k*-N,Se-CsH,4NSe),(k'-Se-CsH,NSe)] (3), and engaged
them in the cooperative activation of boranes. The perturbed
hemilability of the OsNCSe heterocycle led to the cleavage of the
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Chart 1 Various TM complexes featuring 1,3-chelated hemilabile
ligands (M = Rh and Ir for Il and Ill; M = Ru and Os for VI).
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Os-N and Os-Se bonds, which facilitated the cooperative acti-
vation of free borane. Furthermore, a comparative study was
conducted to evaluate the impact of steric and electronic factors
by employing both substituted and unsubstituted hydroborane
reagents in the cooperative activation process. The activation of
sterically encumbered boranes enabled the successful isolation
of unique Os—(o-borate) complexes, utilizing a series of both
paramagnetic and diamagnetic Os-N,E-chelated complexes (E
=S or Se).

Results and discussion

Recently, we successfully synthesised Cp* based k>-N,Se-
chelated group-6 complexes from the reaction of [Cp*M(CO);Cl]
(M = Mo, W) and [K'L™] (L = Cs;H,NSe).”” With the objective of
synthesizing chelated osmium complexes containing a heavier
chalcogen atom, we performed the thermolysis of [Os(PPh;),-
Cl,], with excess [KL] at 60 °C. The reaction yielded complexes 1,
2, 3 and 4 which were further isolated in their purest forms by
chromatographic techniques (Scheme 1). The complexes were
characterized by different spectroscopic methods, mass spec-
trometry and X-ray diffraction studies. The "H NMR spectra for
complexes 1, 2, and 3 showed several broad resonance peaks in
the upfield region, while the *'P{'"H} NMR spectra did not reveal
any noteworthy signals. In contrast, the 'H NMR spectrum of 4
displayed aromatic signals within the chemical shift range of
0 = 8.00-6.25 ppm. Furthermore, species 4 exhibited a single
resonance peak at = —6.3 ppm in the *'P{"H} NMR spectrum.
This detailed analysis suggested that complexes 1, 2, and 3
exhibit paramagnetic behavior, whereas complex 4 appears to
be diamagnetic in nature. Mass spectrometric analysis of 1, 2, 3,
and 4 indicated that their respective molecular formulae are
[Os(PPhy),(L)Cl,],  [Os(PPh;)(L),CI],  [Os(PPh;)(L);], and
[Os(PPh;),(L),]. However, a clear assignment could not be done
until the single-crystal X-ray diffraction analysis of these species
was carried out.

As illustrated in Fig. 1 (left), the molecular structure of
complex 1 can be classified as a mono-k*-N,Se-chelated complex
of Os(m), represented as [Os(PPh;),(>-N,Se-L)Cl,]. The molecule
exhibited approximately Cgs symmetry, with the o-plane con-
taining the bidentate ligand and two chlorine atoms. On the
other hand, the solid-state structure of complex 2 was identified
as a bis-k>-N,Se-chelated Os(m) complex, where the osmium
centre is coordinated to two bidentate selenopyridinyl ligands,
one chloride, and one PPh; ligand (Fig. 1, middle). The Os—Cl
bond lengths and the bite angles of the osmaheterocycles in
complexes 1 and 2 are comparable. The mono-k>-N,Se-chelated
complex 1 was formed through the release of one PPh; ligand
from [Os(PPh;);Cl,], followed by the coordination of a seleno-
pyridinyl ligand (Scheme 1). The subsequent dissociation of
another PPh; ligand from complex 1 and the binding of an
additional unit of ligand (L) with concomitant elimination of
KCl afforded complex 2. Although we were unable to obtain any
suitable crystals for the XRD analysis of 3, it can be identified as
[Os(PPh;)(k*-N,Se-L),(k'-Se-L)] based on mass spectrometry and
preliminary spectroscopic data.'’” The primary distinction
between complexes 2 and 3 stems from the substitution of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Syntheses of Os(i) and Os(i)—N,Se-chelated complexes, 1-4.

chloride ligand with a non-innocent ligand. The formation of
complex 3 can be rationalized by the monodentate coordination
of the selenopyridinyl ligand subsequent to the elimination of
KCI. The X-ray diffraction analysis of a suitable orange crystal of
complex 4 revealed an octahedral geometry around the Os
centre, which includes two k>-1,3-N,Se-chelated rings and two
triphenylphosphine ligands (Fig. 1, right). This complex was
formed by the dissociation of one PPh; ligand from
[Os(PPhj;);Cl,], followed by coordination of two selenopyridinyl
ligands with concurrent KCI elimination.

To verify the monophasic nature of complexes 1 and 2,
powder X-ray diffraction (PXRD) patterns were compared with
those simulated from their single-crystal X-ray diffraction
(SCXRD) data. The powder XRD patterns of both complexes
showed reasonable agreement with the simulated patterns
based on their single-crystal structures, confirming the homo-
geneity of the bulk samples (Fig. S6 and S9). However, a few
unidentified low-intensity reflections were observed in both
cases, which do not significantly affect the overall bulk phase
purity. These results support that the synthesized complexes are
largely monophasic and homogeneous.

The paramagnetic properties of complexes 1, 2 and 3 were
examined using electron paramagnetic resonance (EPR) spec-
troscopy at both room temperature and low temperature. While

the room temperature EPR spectra of these species in CH,Cl, (1
and 2) and toluene (3) solution were inconclusive, the X-band
frozen glass EPR spectra provided valuable insights. As shown
in Fig. 2(a) and (c), the EPR spectra of complexes 1 and 2
exhibited a rhombic pattern with three distinct g values. For
both complexes, the g, values (1: 2.724; 2: 2.851) and g, values (1:
2.227; 2: 2.052) were clearly resolved, whereas the g, signal
appeared broadened and was observed over a range of 1.2-1.7.
The line broadening and reduced spectral resolution of these
EPR signals are attributed to the pronounced spin-orbit
coupling observed in heavy transition metals such as osmium.
Furthermore, density functional theory (DFT) calculations
revealed that the Mulliken spin density of the unpaired electron
in 1 and 2 is predominantly localized on the Os atom (1: +0.87;
2: +0.71) (Fig. 2(b) and (d)). Notably, a substantial spin density
was also detected on the Cl atom in 2, which suggests that
coupling with the chloride ligand may have contributed to the
observed broadening of the EPR signal. To complement these
findings, an Evans NMR study was carried out to determine the
solution-state magnetic susceptibility. The experimentally
determined magnetic moments (tiexp) of 1 (1.68 uB) and 2 (1.80
uB) are in good agreement with the theoretically expected value
(1.73 pB). This indicated that both complexes exhibit a low-spin
Os(m) (5d°) electronic configuration, consistent with previously
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Fig. 1 Molecular structure and labelling diagram of 1 (left), 2 (middle) and 4 (right). Selected bond lengths (A) and bond angles (°) of 1: Os1-N1
2.093(4), Os1-Sel 2.5518(6), Os1-Cl1 2.3672(13), Os1-Cl2 2.3840(13), Sel-Os1-N1 68.31(13); 2: Os1-N1 2.110(3), Os1-N2 2.098(2), Osl-Sel

2.4510(3), Os1-Se2 2.5351(4), Os1-Cl1 2.3676(8), Sel-0Os1-N170.16(7),

Se2-0s1-N2 68.56(7); 4: Os1-N1 2.154(8), Os1-Sel 2.5494(11), Sel-

Os1-N168.3(2), and Se2-0s1-N2 68.1(2) (aromatic hydrogens are not shown for better clarity).
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Fig. 2 EPR spectra of 1 (a), 2 (c) and 3 (e); spin density plots of 1 (b), 2 (d) and 3 (f).

reported Os(m) systems.?® Furthermore, the EPR spectrum of 3
exhibited a rhombic pattern with a relatively lower g, value
(2.324) compared to 1 and 2 (Fig. 2(e)). In this context, spin
density analysis revealed a significant accumulation of spin
density on the Se atom of k*-Se-L, accompanied by a decrease in
spin density on the metal atom (Fig. 2(f)). Thus, complex 3 can
be described as a superposition of two resonating forms: [(L™)
0s™] and [(L")0s"], similar to [M(PPh;)(k*-N,S-CsH4NS),(k'-S-
CsH,NS)| (M = Ru, 0s).””>¢ Due to the pronounced spin-orbit
coupling in predominantly metal-centred spin systems like 1
and 2, a higher degree of anisotropy was observed in compar-
ison to 3.

Owing to the distinct ligand environments around the Os(i)
centre in these paramagnetic complexes, we were interested in
exploring their redox properties. Redox potentials were
measured by cyclic voltammetry, with all values referenced to
the Fc'/Fc couple, as summarized in Table S1. The cyclic vol-
tammograms of complexes 1 and 2 revealed two quasi-
reversible redox processes each (1: E;, = —0.727 V and
0.737 V; 2: Eq;, = —0.850 V and 0.621 V), well-separated within
the electrochemical window (Fig. 3(a) and (b)). The cathodic and
anodic waves are attributed to the 0s"™'/0s" reduction and 0s"'/
0s" oxidation processes, respectively. Similar redox behaviour
and assignments have been reported for other Os(m)
complexes.”** Furthermore, the cyclic voltammogram of
complex 3 yielded three quasi-reversible redox processes where
signals at E;,, = —0.948 V and 1.123 V correspond to the Os"/
0s™ and 0s"/0s™ couples, respectively (Table S1). In addition
to this, another quasi-reversible wave at 0.148 V is associated
with a redox event centred on the dangling heterocyclic ligand,
assigned to the 0s"(L")/0s™ (L") redox couple. This behaviour

closely resembles that observed in redox non-innocent ligand-
based Ru and Os complexes, [M(PPh;)(k>-N,S-L/),(k'-S-1/)] (M
= Ru, Os; L' = C;H,NS, C,H,NS,) which was recently reported
by our group.'”>¢ Furthermore, the cyclic voltammogram of the
diamagnetic k>-N,Se chelated complex, 4 exhibited character-
istic redox events associated with the Os(u)/Os(u) and Os(wv)/
Os(m1) couples, which is consistent with the electrochemical
behaviour observed for its sulfur analogue.'”

With an objective to gain more insightful information about
the electronic transitions and structural characteristics of these
Os-N,Se chelated complexes, UV-vis absorption spectroscopy
was performed on complexes 1, 2, 3 and 4 in CH,Cl,. All these
complexes exhibited intense absorption in the UV region and
a notably distinct absorption pattern in the visible region. The
strong absorption in the high-energy region appeared due to the
m-1* transitions in ligand moieties. In addition, relatively
weaker bands observed in the 300-400 nm range for both Os(1)
and Os(m) species were ascribed to ligand-to-metal charge
transfer (LMCT) transitions (Fig. 3(d) and S15). Notably, the
paramagnetic Os(u1)-N,Se chelated complexes exhibited broad
absorptions extending into the lower-energy visible region,
which can be assigned to the d(0s™) — m*(ligand) metal-to-
ligand charge transfer (MLCT). The introduction of an addi-
tional k*-N,Se-L ligand in complex 2 caused a hypsochromic
shift of this peak compared to complex 1. Furthermore, a bath-
ochromic shift in the lower-energy absorption band was
observed when going from complex 2 to 3, attributed to the
presence of a different monodentate anionic ligand. Time-
dependent DFT (TD-DFT) analysis shows that the transitions
calculated at longer wavelengths for these complexes corre-
spond to specific electronic excitations (Table S2). In complex 3,
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Cyclic voltammograms of 1 (a), 2 (b) and 3 (c) collected at 100 mV s™%; (d) combined UV-vis spectra of 1, 2 and 3.
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the transition at longer wavelength mainly arises from the
excitations from B-HOMO-—1 to B-LUMO, while in complex 2,
analogous transitions from B-HOMO-2 and B-HOMO-3 to -
LUMO are observed in a relatively higher energy region.

It is worth noting that 2 can be regarded as electronically
analogous to the [(L)0s™] tautomer of VI®® (vide supra, Chart 1)
17c due to the absence of a non-innocent ligand. As a result, the
osmium centre in 2 exhibits enhanced hardness associated with
its higher oxidation state, while the sulfur atom in the osma-
heterocycle of VI®® is replaced by a relatively softer selenium
atom in 2. To examine the hemilability of the OsNCSe hetero-
cycle in 2, its reactivity with free borane was investigated under
various conditions. Thermolysis of 2 with four equivalents of
[BH;-SMe,] at 60 °C changed its colour from deep green to
orange and yielded 5 and 6 along with some air and moisture
sensitive products (Scheme 2). The *'P{'"H} NMR spectrum of 5
displayed a singlet at 6 = 27.9 ppm which suggested the
retention of the PPh; unit. The appearance of four chemical
shifts at 6 = 59.9, 14.2, 4.6 and —15.2 ppm in the "'B{"H} NMR
spectrum was attributed to the presence of four different boron
environments. In addition to the aromatic region peaks, the
room temperature '"H NMR spectrum of 5 unveiled three types
of broad signals at 6 = —11.66, —11.61 and —7.65 ppm in the
upfield region. Additionally, mass spectrometry revealed
isotopic distribution patterns at m/z 818.0868, consistent with
the molecular formula [C,sH;:PN,Se,B,0s]. However,
a comprehensive understanding could not be achieved until
single-crystal X-ray diffraction analysis of complex 5 was
performed.

The X-ray diffraction study of 5 was carried out on an orange
crystal obtained from the slow evaporation of hexane layered
CH,CI, solution. As illustrated in Fig. 4, the osmium centre is
coordinated to a substituted octatrihydridoborate unit, B;HL,
where its interaction with the metal fragment appears to differ
from that observed in conventional TM-octatrihydridoborate
complexes.”*** Interestingly, the B2 atom is coordinated to
osmium through an Os-H-B interaction, while a selenopyr-
idinyl group bridges between Os1 and B1. The Os1-B1 bond
length is shorter than that of Os1-B2, likely due to a secondary
interaction mediated by the selenopyridinyl unit. In this
context, the broad shielded "H chemical shifts at 6 = —7.65 ppm
can be attributed to the presence of the Os-H-B unit. However,
a definitive upfield signal characteristic of a B-H-B unit was not
observed in the room-temperature "H NMR spectrum. To probe
this further, variable-temperature (VT) 'H NMR studies were
performed. Upon lowering the temperature, two broad upfield
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Fig. 4 Molecular structure and labelling diagram of 5. Selected bond
lengths (A) of 5: Os1-B1 2.223(8), Os1-B2 2.306(8), Os1-B4 2.056(8),
Os1-N2 2.132(5); B1-B2 1.758(12), B2-B3 1.771(13), B3-B1 1.862(12),
and Se2-B4 2.001(8) (aromatic hydrogens are not shown for better
clarity).

resonances at 6 = —0.39 and —2.64 ppm emerged, which can be
attributed to two distinct B-H-B units. These findings indicate
rapid exchange between the B-H-B and terminal B-H protons
at room temperature. Note that a similar dynamic behaviour
has also been reported for rhodatetraborane dihydride, [Rh(n>-
B3H,)(H),(PPh;),].>*

On the other hand, the remaining coordination sites in
complex 5 were occupied by one PPh; ligand and a chelating
ligand, [H;BL]™ in a «*-H,H,N bonding mode, leading to the
formation of an Os-dihydridoborate moiety. The formation of
this Os-dihydridoborate entity is proposed to result from the
insertion of BH; into the Os-Se bond of the k*-N,Se-chelated
ring in complex 5. The Os1-B4 separation aligns well with that
observed in the Os-dihydridoborate complex, [Os(PPh;)(k*-N,S-
CsH,NS){i*>-H,H,S-H;BO(CsH,NS)}],"7¢ but it is significantly
shorter than the bond lengths typically found in TM—(c-borane/
borate) species.>*** The bond separations of B4-Se2 and C12-
Se2 are consistent with the typical ranges for B-Se and C-Se
single bonds, respectively.>” Thus, complex 5 can be designated
as an Os(dihydridoborate)(octatrihydridoborate) species, with
the formulation [Os(PPh;)(k*-H,H,N-BH;L)}{k>-H,Se-B;H,L)}.
The formation of 5 likely proceeds via two concurrent steps: (i)

s H-BZ-H
\
- H
5, 15% 6, 35%

Scheme 2 Cooperative borane activation utilizing Os(i)—N,Se-chelated complex 2.
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the insertion of a preformed triborane fragment into the Os-N
bond, resulting in the formation of the Os-octahydridotriborate
unit, and (ii) the cooperative activation of two B-H bonds from
BH; through the cleavage of the Os-Se bond in another hemi-
labile OsNCSe metallacycle, which eventually furnishes the
Os(dihydridoborate) unit. It is worth noting that this process
constitutes a rare example of cooperative activation of borane in
which both types of M-E bonds (E = N, Se) in hemilabile
metallaheterocycle undergo cleavage.

Furthermore, complex 6 was obtained as a yellow crystalline
solid after chromatographic separation. Notably, 6 could also be
isolated in improved yield when [BH;-SMe,]| was treated with
the non-innocent ligand based Os-N,Se-chelated complex, 3
(Scheme 3). The "'B{"H} NMR spectrum of 6 displayed two
distinct resonance signals at 6 = 17.0 and —39.0 ppm, indi-
cating the existence of two different boron environments.
Furthermore, single phosphorus and selenium environments
were identified by the singlet resonance at 6 = 16.1 ppm in the
*'P{'H} NMR spectrum and at 6 = 234.8 ppm in the ’Se NMR
spectrum, respectively. In the upfield region of the "H NMR
spectrum of 6, two non-equivalent hydride signals were detec-
ted at 6 = —13.40 and —1.41 ppm, which presumably arise due
to the presence of M-H and B-H-B protons, respectively. The
ESI-MS data of 6 exhibited an isotopic pattern at m/z 805.0319
that aligns with the molecular formula [C,sH;5PN,Se;B30s].
Although spectroscopic data in combination with mass spec-
trometry indicated the formation of an osmium borallyl species,
structural confirmation was obtained by X-ray diffraction anal-
ysis of 6. The molecular structure of 6 reveals an Os-borallyl
complex characterized by a primary n*-borallyl coordination of
the [BsHsL,]*~ fragment, along with secondary interactions
involving the selenidopyridinyl selenium atom (Fig. S1). The
spectroscopic and structural characteristics of 6 are consistent
with those of a recently reported Os-borallyl complex,
[(PPh3)(H),0s(n’-B3H;5(CsH4NS),)].?® Similar to the analogous
complex, the presence of two hydride ligands in 6 was
confirmed by the sharp upfield resonance signal at 6 =

PPhs
H, | H
[BH3+SMe;], 1:3 eqv. C\%Se—fosif—s:eﬁ/j
o, 1 \
: :O f 4Ch|, Tolu1e;e : \ N\B/ \B/N P
when L' = Cl or x'-Se-| B B_
HOONLAG T H
\
o H
< =%e o 0,
N | N ) 6, 35%
0s _/ ] =H
PhsP” | Se
L
2 3 PPh,

—|————"— | [BH,R*SMey], 1:2 eqv. \

60 °C, 4 h, Toluene CSrzsgj;ds:j%Sea(j
N N\é/ \‘B/N 7

(when L'=Cl)

R= Q RN R

7,12%

Scheme 3 Cooperative activation of free and substituted boranes
utilizing paramagnetic Os(i)—N,Se-chelated species, 2-3.
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—13.40 ppm in the "H NMR spectrum. The formation of 6 can
be attributed to the insertion of the triborane unit facilitated by
the ring opening of two osma-heterocycles.

As part of our ongoing research, we have studied the
unconventional dual-site activation of both free and bulky
boranes by the redox-active species, VI®". (vide supra, Chart 1)./?
Strikingly, the activation of free boranes led to the formation of
[Ru(PPh;){k*-H,S,5'-(NH,BSBH,N)(S,C,H,),}], while a unique
Ru-bis(dihydridoborate) complex was obtained from the coop-
erative activation of BH,Mes (Mes = (CH;);C¢H3)."”” To inves-
tigate the influence of steric and electronic characteristics of
substituted aryl groups of boranes on the cooperative activation
process, we carried out reactions of complexes 2 and 3 with
[BH,R-SMe;] and [BHR,-SMe,] (R = (CF3),CeH3) (Scheme 3).
Thermolysis of 2 with two equivalents of [BH,R-SMe,] gener-
ated 7 in 12% yield along with a few air-sensitive products,
whereas complex 3 underwent decomposition under the same
reaction conditions. The *'P{"H} NMR spectrum of 7 revealed
a sharp singlet at 6 = 22.3 ppm which suggested the retention of
the PPh; group. Similar to the *'P{'"H} NMR spectrum, a single
resonance was observed at 6 = 27.8 ppm in the ''B{"H} NMR
spectrum and at 6 = —62.2 ppm in the "’F{'"H} NMR spectrum.
This suggested the presence of a highly symmetric geometry
with chemically equivalent phosphorus, boron, and fluorine
environments. Furthermore, the "H NMR spectrum of 7 showed
a broad upfield resonance at 6 = —9.72 ppm, likely arising from
the presence of an Os-H-B unit. Notably, no characteristic
broad resonance corresponding to a terminal B-H proton was
observed in the 'H NMR spectrum. However, the precise
structure of 7 remained unresolved until solid-state X-ray
diffraction analysis was performed on orange, needle-like crys-
tals grown from a CH,Cl, : hexane mixture at —5 °C.

As depicted in Fig. 5, complex 7 adopts a symmetrical core
geometry featuring a mirror plane passing through the Se3-
Os1-P1 fragment, which allows us to classify the molecule
under Cs point group. The molecular structure of 7 consists of
two five-membered {OsBNCSe} osmacycles fused via a single
{OsB,Se} butterfly unit, where osmium and selenium were
positioned at the hinge tips and boron atoms were located at the
wing tips. Although we were unable to find any proper mecha-
nistic evidence, we believe that the Se atom in the butterfly core
is presumably generated from the C-Se bond cleavage of the
selenopyridinyl moiety. Interestingly, complex 7 can be viewed
as a tetraborane derivative, exhibiting structural and electronic
resemblance with the Os-borallyl species, 6 and [(PPh;)(H),-
0s(n°-B;H;5(C5H,NS),)].>® The average Os-B distance (2.263 A) is
elongated in comparison to the average Ru-B bond length of the
analogous species, [(PPh;)Ru{k*-H,S,s'-(NH,BSBH,N)(S,C-
H,),}],"7 yet it aligns well with the typical distances observed in
osmium-based o-borane/borate species.” Moreover, the
average B-Se distance of 2.103 A is slightly higher than that
found in typical borane-selenate species.>” The formation of 7
can be described by the insertion of two BHR units via ring
opening of both the Os-N bonds and subsequent formation of
B-Se bonds.

TM-borallyl complexes and their analogues are often
unreactive due to the strong bonding between the borallyl entity

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Molecular structure and labelling diagram of 7. Selected bond
lengths (A) and bond angles (°) of 7: Osl-Sel 2.4771(7), Osl1-Se2
2.4705(7), Os1-Se3 2.5612(7), Os1-B1 2.289(7), Os1-B2 2.237(7), B1-
Se3 2.113(7); B2-Se3 2.093(7) (aromatic hydrogens are not shown for
better clarity).

and the metal centre. Additionally, these complexes typically
feature strongly m-acidic or m-basic ligands, which further
restrict their reactivity.”®*® However, in the case of complex 6,
the osmium centre is coordinated to two hydride ligands and
one PPh; ligand which are relatively labile. To examine their
lability, we performed prolonged thermolysis of 6 with an excess
of [BH;-SMe,| that yielded complex 8 in moderate yield
(Scheme 4). The *'P {'"H} NMR analysis of 8 revealed no reso-
nance peaks, indicating the loss of the PPh; unit from 6. The 'H
NMR spectrum of 8 at room temperature displayed broad
resonance signals in the upfield region at § = —9.83, —4.19,
—2.79, —1.44, —1.29 and —0.54 ppm. These broad signals are
due to the presence of either M—-H-B or B-H-B protons. Addi-
tionally, in the "H NMR spectrum, multiple sets of broad signals
were observed in the range of 6 = 3.74-2.66 ppm that corre-
spond to terminal B-H protons while the ''B{"H} NMR spec-
trum shows peaks at 6 = 12.2, 10.4, 8.9, —2.6, 2, —10.3,
—11.5, —21.3, —22.4, and —28.1 ppm. The mass spectrometric

PPh, /\ 3
H, | H l;//B
C\/(Se -Os )Seﬁ (B Shios] \
N _[BHg*oMe,]
Nehs B/ \B/ 7 T90°C, 12h, ~Se— Os——Se\
\B/ H Toluene s N 2
‘ :
b H o\ /
6 H
8, 30%

Scheme 4 Pyrolysis of Os—borallyl species [(PPhs)(H),Os(n>-BsHs(-
CsH4NSe),)], 6 with excess borane.
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data revealed an isotopic distribution pattern at m/z 593.0291.
The comprehensive spectroscopic analysis suggests a highly
asymmetrical nature of the complex. However, a definitive
structure could not be established until X-ray diffraction anal-
ysis was conducted.

The X-ray diffraction study was carried out on a suitable
yellow crystal obtained from the slow evaporation of a 9/1 DCM/
hexane solution of 8 at —4 °C. The solid-state X-ray diffraction
study of 8 revealed an unusual geometry surrounding the
osmium centre (Fig. 6). One part of the structure can be
described as an Os-borallyl entity, wherein the triborane ligand
[B;H5(CsH4NSe),]*~ coordinates to the osmium centre in an 1
fashion. The other part of the molecule resembles a penta-
borane derivative, where the osmium atom occupies one of the
vertices in the basal plane of a square pyramidal geometry. The
core geometry of 8 can be best described as a fusion of
a butterfly {OsB;} unit with a square pyramidal {OsB,} unit, with
the osmium centre serving as the common vertex. The B-B and
Os-B bond lengths in 8 fall within the range reported for
metallaborane clusters.>*> Notably, the average B-B bond
length in the tetraborane analogue(1.83 A) is slightly longer as
compared to that of the pentaborane analogue (1.73 A).
However, the Os-B bond lengths in the osmatetraborane unit
are comparatively longer than those in the osmatriborane unit.
The formation of 8 probably proceeds via a two-step pathway:
initial dissociation of PPh; from complex 6, followed by the
formation of {OsB,Hg} via monoborane pyrolysis.*>** Notably,
a careful assessment of the crystallographic data revealed the
presence of two different isomeric forms of 8 (Fig. S2 and S3).
The primary distinction between these isomers lies in the
relative orientation of the square-pyramidal {OsB,} unit with
respect to the butterfly {OsB;} one. The co-existence of these
isomers in solution accounts for the complexity observed in the
'H and "'B NMR spectra (Fig. S36-S40). Similar instances of
isomeric co-existence have also been well observed in TM-
complexes and metallaborane clusters.**

Notably, both complexes 6 and 8 feature a borallyl entity
stabilized by heterocyclic ligand assisted secondary interactions
involving the selenopyridinyl selenium atom. However, the

Fig. 6 Molecular structure and labelling diagram of 8. Selected bond
lengths (A) of 8: Os1-B1 2.416(3), Os1-B2 2.210(3), Os1-B3 2.268(3),
B1-B2 1.713(4), and B1-B4 1.788(4) (aromatic hydrogens are not
shown for better clarity).
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(b)

(c) (d)

Fig.7 (a) HOMO—-37 of 6 (b) HOMO—26 of 8; (c) HOMO—27 of 6; (d)
HOMO-14 of 8 (isovalue 0.004 [e per bohr®]*/?).

bonding characterstics of other counterparts differ significantly
from each other. To understand how this variation influences
the bonding mode of the borallyl entity, we conducted DFT
calculations. Molecular orbital (MO) analysis revealed that
HOMO-37 of 6 exhibits extended bonding interaction across
the triborane fragment (Fig. 7(a)), similar to the related complex
[(PPh3)(H),0s(n’-B3H5(CsH,4NS),)].2® Similarly, HOMO—26 of 8
displays a comparable interaction but with enhanced energy
stabilization (Fig. 7(b)). The bonding interaction between
osmium and the triborane unit is particularly pronounced in
HOMO-27 of 6 (Fig. 7(c)) and HOMO—14 of 8 (Fig. 7(d)), with
greater stabilization observed in the case of 6. This highlights
the increased stability of the osmium borallyl framework in the
presence of the PPh; counterpart. This observation is also
consistent with the lower charge accumulation on the wing-tip
boron atoms of the borallyl unit in species 6. Moreover,
HOMO-21 and HOMO-25 of 8 indicate the presence of
substantial multi-centred bonding interactions within the
{OsB,} square pyramidal core.

Furthermore, we shifted our attention to the diamagnetic
bis-k*>-N,Se-chelated species 4, which is analogous to recently
reported [Os(PPh;),(k*-N,S-CsH,NS),], 45.77° Notably, complex 4°
undergoes cooperative borane activation, where two inequiva-
lent B-H activation events led to the formation of an Os(oc-
borate)hydride species, 9 (Scheme 5)."”* The primary difference
between complexes 4 and 4° lies in the identity of their chal-
cogen atoms. Additionally, complex 4 is distinct from
complexes 2 and 3 due to the different oxidation state of the
osmium centre. To evaluate the impact of these electronic
factors on metal-ligand cooperativity (MLC), complex 4 was
subjected to the cooperative activation of both free and
substituted borane. Treatment of 4 with one equivalent of
[BH;-SMe,] led to the formation of complex 10 (Scheme 5).
Interestingly, the ''B NMR spectrum of 10 displayed two signals
at 6 = 0.6 and —21.0 ppm, indicating the presence of two
inequivalent boron environments. Likewise, the upfield region
of the "H NMR spectrum exhibited two broad signals at 6 =
—14.14 and —11.17 ppm, corresponding to two distinct Os-H-B
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Scheme 5 Cooperative activation of free borane utilizing diamagnetic
Os()—N,E-chelated complexes (E =S, Se).

units. Following the reaction, the appearance of two well-
separated *'P{"H} NMR signals implied the emergence of an
asymmetric phosphorus environment. Nonetheless, a detailed
interpretation remained elusive until single-crystal X-ray
diffraction analysis of complex 10 was conducted.

As depicted in Fig. 8, the molecular structure of complex 10
reveals an octahedral geometry around the osmium centre, in
which two PPh; ligands, two bridging hydride ligands, and two
selenium atoms are each positioned cis to one another. Similar
to complex 7, complex 10 also contains a butterfly-shaped
{OsB,Se} core and can thus be classified as a tetraborane
derivative. The dihedral angle across the butterfly-shaped core
in complex 10 (103.8°) is considerably smaller than that
observed in the analogous complex 7 (112.2°) and the Os-bor-
allyl species 6 (111.7°). This difference may be attributed to the
presence of two inequivalent tetracoordinate borate moieties in
complex 10, wherein one of the boron centres (B2) lacks coor-
dination to a selenopyridinyl unit. Furthermore, the Os-Se and
average B-Se bond distances are comparable in both complexes
7 and 10. Notably, the average Os-B bond length in complex 10
(2.376 A) is significantly longer than that in complex 7 (2.263 A),

Fig. 8 Molecular structure and labelling diagram of 10. Selected bond
lengths (A) of 10: Osl1-Sel 2.4950(5), Osl-Se2 2.529(2), Os1-B1
2.375(6), Os1-B2 2.380(5), Bl-Se2 2.053(7); B2-Se2 2.078(6)
(aromatic hydrogens and carbons are not shown for better clarity).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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likely due to the presence of electron-withdrawing substituents
in complex 7.

The presence of the {OsB,Se} butterfly core with distinct
ligand environments in both 7 and 10 prompted us to explore
their bonding scenario. Molecular orbital (MO) analysis
demonstrates that the HOMOs in both complexes are predom-
inantly localized on the osmium centre and the selenium atom
within the selenopyridinyl ring, whereas the LUMOs exhibit -
orbital delocalization across the pyridinyl ring. Importantly, the
HOMO-LUMO energy gaps (AExomo-rumo) are nearly identical
for both complexes. Similarly, variations in ligand environ-
ments do not significantly influence the interaction between the
osmium atom and the free selenium atom, as reflected by their
similar bond distances and Wiberg bond index (WBI) values
(Table S2). Natural bonding orbital (NBO) analysis further
revealed the presence of three-centre two-electron (3c—2e)
bonding interactions along the Os-H-B moieties (Fig. 9). In
complex 7, the two boron atoms exhibit comparable natural
charges, whereas in complex 10, the B1 atom shows higher
charge accumulation than B2. This suggests that B1 possesses
a more pronounced borate character, likely due to differences in
its electronic environment.

On the other hand, complex 4 underwent decomposition
when reacted with substituted boranes, [BH,R-SMe,] and
[BHR,-SMe;,]. To facilitate the cooperative activation of bulkier
aryl-substituted boranes, we employed an alternative diamag-
netic bis-k>-N,S-chelated species, [Os(PPh;),(k*-N,S-C,H,NS,),]
(4™"%) in which the heterocyclic ligands impart a distinct elec-
tronic environment compared to its analogous species. Similar
to the case of 4%, the cooperative B-H activation of free borane
utilizing 4™* resulted in the formation of the Os(o-borate)
hydride species, 9™~ Building on this finding, the reaction of
4™Y% with one equivalent of [BHR,-SMe,] at room temperature

Fig. 9 3c-2e bonding interaction along the Os—H-B unit of 7 (a and
b) and 10 (c and d) (isovalue 0.004 [e per bohr®]¥?).
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Scheme 6 Cooperative activation of free and substituted boranes
utilizing diamagnetic Os(i)—N,S-chelated complex 4™°,

afforded complex 11 (Scheme 6). In contrast, reaction with
[BH,R-SMe,] generated air and moisture-sensitive products in
low yield. Complex 11 was isolated in 15% yield after chro-
matographic separation and further characterized by multinu-
clear spectroscopy, mass spectrometry and solid-state X-ray
diffraction. The "'B{'"H} NMR spectrum revealed a resonance
peak at 6 = 2.2 ppm that suggested the presence of a tetra-
coordinated boron atom in a single environment. Further-
more, the "H NMR spectrum of 11 exhibited a broad signal in
the shielded region at 6 = —5.51 ppm, which appeared relatively
downfield compared to that in 10. The observed chemical shift
is presumably due to the electron-withdrawing effect of the aryl
substituents attached to boron. Notably, the appearance of two
separate sharp signals in the *'P{'H} NMR spectrum implies
that 4™ experiences a reduction in symmetry following the
reaction. Although the spectroscopic data suggested a probable
activation of the B-H bond of BHR,, a detailed understanding of
the structural characteristics of 11 could only be obtained
through solid-state X-ray diffraction analysis.

As shown in Fig. 10, complex 11 can be identified as a k*-N,S-
chelated Os(o-borate) complex which can be formulated as
[Os(PPh;),(k*-N,S-C,H,NS,)(k*-H,S,S'-HBR,(C,H,NS,))].  The
molecular structure of 11 exhibited a distorted octahedral
geometry around the osmium centre with the retention of two
PPh; units and one OsNCS metallacycle from 4™, Additionally,
the formation of a nonplanar six-membered osma-heterocycle
(OsHBNCS) can be attributed to the hemilabile ring opening
of an Os-N bond, followed by the capture of a B-H bond of
BHR,. The Os-B separation in complex 11 is considerably larger
than that found in reported Os(c-borane) complexes® as well as
other o-borate complexes of group-8 TM.'*** It is noteworthy
that one of the osma-heterocycles (OsNCS) remained intact after
the reaction, and its bite angle is comparable to that of other
OsNCS metallacycles.”” However, we believe that the steric
hindrance caused by the two aryl groups on the boron atom
prevented the B-H activation of the second BHR, unit. Indeed,
this can be considered as one of the rarest examples of coop-
erative activation involving a sterically demanding di-
substituted borane.
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Fig.10 Molecular structure and labelling diagram of 11. Selected bond
lengths (A) and bond angles (°) of 11: Os1-51 2.441(3), Os1-53 2.339(3),
Os1-P1 2.309(3), Os1-P2 2.314(3), Os1-B1 3.001, and N1-Os1-S1
67.3(2) (aromatic hydrogens are not shown for better clarity).

DFT calculations offered valuable insights into the ener-
getics of the cooperative B-H activation of BR,H as well as the
bonding nature in complex 11. The observed negative Gibbs
free energy change (AG = —12.6 kcal mol ') for this reaction
indicates that the sterically hindered borane activation by 4™"*
is thermodynamically favourable. Molecular orbital (MO) anal-
ysis revealed that HOMO is primarily localized on the metal
centre and the mercaptobenzothiazolyl sulphur atoms, while
the LUMO is mainly delocalized over the aryl substituents of
boron with only marginal involvement of the metal centre. A
notable HOMO-LUMO energy gap of 3.379 eV was identified for
11. Natural bonding orbital (NBO) analysis further confirmed
a strong donor-acceptor interaction between the o(B-H) orbital
and the Os centre in 11 (Fig. 11, left). Second-order perturbation
theory estimated a substantial stabilization energy of 43.9 kcal
mol ', emphasizing the strength of this interaction. Addition-
ally, the o-borate unit in 11 was found to exhibit bond critical
points (BCPs) along the Os-H and B-H bonds (Fig. 11, right).
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o
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S « w
&
<

Fig. 11 Donor—acceptor interaction among the o(B—H) orbital and Os
centre in 11 (left); contour-line diagram of the Laplacian of the electron
density along Os—H-B planes in 11 (right).
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Conclusions

In this study, we have developed various Os(m)-based 1,3-N,Se-
chelated complexes as model systems for investigating metal-
ligand cooperativity. By systematically tuning the electronic
characteristics of both the metal and the ligand frameworks, we
modulated the hemilability of osma-heterocycle motifs. The
modes of electron localization within these paramagnetic
species were thoroughly characterized using spectroscopic,
electrochemical, and photophysical techniques. To evaluate the
impact of these tailored electronic characteristics, we investi-
gated the cooperative activation of free borane. The cooperative
activation of free borane employing the bis-1,3-N,Se-chelated
Os(m) complex (2) resulted in the formation of a unique Os(di-
hydridoborate)(octatrihydridoborate) complex. This trans-
formation proceeds via cleavage of both the Os-Se and Os-N
bonds of two different metallacycles. In contrast, when
employing complex 3, the activation was dominated by selective
Os-N bond cleavage, highlighting the sensitivity of the coop-
erative activation pathway to the electronic environment of the
complex. We further examined the distinct activation pattern of
sterically hindered boranes using various paramagnetic and
diamagnetic bis-1,3-N,E-chelated complexes (E = S, Se). The
mono- and di-substituted hydroboranes led to the formation of
Os(o-borate) species through cooperative B-H bond activation.
Interestingly, with a sterically demanding di-aryl substituted
borane, only one metallacycle unit underwent activation, while
the second osma-heterocycle remained intact, presumably due
to steric hindrance of aryl substituents. This study provides
valuable insights into metal-ligand cooperativity and opens the
way for the development of unique transition metal-boron
complexes with potential applications in catalysis.
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