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ABSTRACT: Complex [OsHCI(=CPh)(IPr)(P'Pr3)]OTf (1; IPr = 1,3-bis(2,6-diisopropylphenyl)imidazolylidene, OTf = CF;SO;)
replaces the chloride ligand by a hydroxo group to give [OsH(OH)(=CPh)(IPr)(P'Pr;)]OTf (2), which undergoes hydroboration and
hydrogenation of its metal-carbon triple bond. The hydroboration products depend upon the used reagent. Treatment of 2 with
Na[BH,] leads to the bis-c-borane complex Ost(nz, nz—HzBCHzPh)(IPr)(P'Pn) (3), whereas pinacolborane (HBPin) affords the
arene compound [Os(n’-C¢HsCH,Bpin)H(IPr)(P'Pr3)]OTf (4). The hydrogenation of the triple bond of 2 occurs under 4 atm of H,
and yields the toluene derivative [Os(n(’-C(,H5CH3)H(IPr)(P'Pr3)]OTf (5).

Isolobality' often relates organometallics to organic func-
tionalities. Hydlroboration2 and related processes, such as
hydrogenation,” of carbon-carbon multiple bonds are powerful
tools in organic synthesis. Analogous reactions with the or-
ganometallics counterparts, where a unit of the multiple car-
bon-carbon bond has been replaced by a transition metal and
its associated ligands, are also known and represent a relevant
group of transformations with exceptional possibilities in
organometallic chemistry. However, in contrast to the purely
organic processes, they have received scarce attention.* This is
due in a part to their high complexity which is associated not
only with the variety of transition metal and metal ions but
also with the wide range of known co-ligands. These Lewis
bases subtly govern the electron density of the metal center.
Thus, they determine the behavior of a particular complex,’
although they do not participate directly in its reactions.

It is well established that the first step for the cleavage of a
o-bond is its coordination to an unsaturated transition metal
compound to form a c-complex. Thus, o-B-H species are
considered the key intermediates in the metal promoted B-H
bond cleavage and have been therefore prepared by direct
coordination to the metal center.’ In contrast to the large num-
ber of dihydrogen derivatives and silane compounds, which
have been studied, few examples of B-H complexes have been
isolated and characterized, in particular those having most
electrophilic B-alkyl moieties’ and third row metals such as
osmium.® In this communication, we demonstrate that o-
derivatives of the type Os(n’,n’-H,Balkyl) can be prepared by
hydroboration of Os-alkylidene complexes, when the co-
ligands of the starting compound and the hydroboration rea-
gent are appropriately selected.

Hydride ligands of cationic complexes show protic charac-
ter.” Thus, they generally undergo deprotonation.'® In agree-
ment with this, the hydride-alkylidyne cations [Os(n’-
CsH5)H(=CPh)(PR;)]" react with Bronsted bases to afford the
corresponding neutral derivatives Os(n’-CsH;)(ZCPh)(PRs)

(PR; = P'Pr;,"! P'Pr[C(CH;)=CH,]"). The five-coordinate
hydride-alkylidyne derivative [OsHCI(=CPh)(IPr)(P'Pr;)]JOTf
(1; IPr = 1,3-bis(2,6-diisopropylphenyl)imidazolylidene, OTf
= CF;S0;)" does not follow the general trend in spite of that
square-planar neutral complexes of the type Os(X)(Y)L, are
well known since several years ago.'* In contrast to the cyclo-
pentadienyl compounds, its hydride ligand is not removed
from the metal coordination sphere in the presence of strong
Bronsted bases. Instead of it, the replacement of the chloride
ligand by a hydroxo group takes place as a result from the
treatment of water suspensions of 1 with 2.0 equiv of NaOH,
at room  temperature  (eq 1). The  resulting
[OsH(OH)(=CPh)(IPr)(P'Pr;)]OTT (2) was isolated as a yellow
solid in 89% yield and characterized by X-ray diffraction
analysis.
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Figure 1 shows a view of the cation. The geometry around
the osmium atom can be rationalized as a distorted trigonal
bipyramid with the phosphine and NHC ligands in apical
positions (P(1)-Os-C(8) = 164.5(16)°) and inequivalent angles
of 144.7(2)° (C(1)-0s-O(1)), 83(2)° (C(1)-Os-H(01)) and
132(2)° (O(1)-Os-H(01)) within the Y-shaped equatorial plane.
The Os-C(1) bond length of 1.705(6) A supports the osmium-
carbon triple bond formulation,"” whereas the Os-O(1) dis-
tance of 2.049(5) A suggests some multiple-bond character for
the osmium-oxygen bond.'® The n-donation from the oxygen
atom into the metal is also supported by the Os-O(1)-H(1)
angle of 125(5)°. The most noticeable resonances of the 'H
NMR spectrum, in dichloromethane-d,, at room temperature
are those due to the hydride and hydroxo ligands, which ap-



pear at -12.00 and 5.48 ppm, respectively. In the “C{'H}
NMR spectrum, the signal corresponding to the C(sp) alkyli-
dyne atom is observed at 275.9 ppm. In accordance with the
trans disposition of the phosphine and NHC ligands, the meta-
lated carbon atom of the latter displays a doublet with a C-P
coupling constant of 85.4 Hz at 184.3 ppm.
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Figure 1. Molecular diagram of 2. Selected bond lengths (A) and
angles (deg): Os-O(1) = 2.049(5), Os-C(1) = 1.705(6), Os-H(01)
= 1.578(10); P(1)-0s-C(8) = 164.5(16), C(1)-0s-O(1) = 144.7(2),
O(1)-0s-H(01) = 132(2), Os-O(1)-H(1) = 125(5), C(1)-0s-H(01)
= 83(2). Displacement ellipsoids are given at the 50% probability
level.

Treatment of toluene solutions of 2 with 15 equiv of
Na[BH,], in the presence of methanol (6% in volume), for 30
min, at room temperature leads to the formation of the alkyl-
borane derivative Ost(nz, nz—HzBCHzPh)(IPr)(P'Pr3) 3,
which was isolated as a yellow solid in 51% yield (eq 2)
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Complex 3, which is the first bis-c-borane in the osmium
chemistry, was also characterized by X-ray diffraction analy-
sis. The structure (Figure 2) proves the replacement of the
hydroxo group of 2 by a hydride and the hydroboration of the
metal-carbon triple bond to form the alkylborane, which is
bonded to the metal center in a symmetrical manner through
both B-H bonds. Thus, the coordination around the osmium
atom can be rationalized as a distorted octahedron with the
phosphine and NHC ligands transoid disposed (P-Os-C(8) =
155.80(8)°). The coordinated alkylborane features a nearly
linear linkage with an Os-B-C(1) angle of 176.6(3)°. The sepa-
ration between the metal center and the boron atom is
1.913(4)A, whereas the angles around the boron atom are
122.5(18)° (H(01)-B-C(1)), 128.2(16)° (H(02)-B-C(1)) and
106(2)° (H(01)-B-H(02)) in agreement with its sp>-
hybridization. Moreover, the computed hybridizations of the
boron atom in the B-H and B-C bonds are sp™** and sp"®,
respectively, much higher than the respective values computed
for the previously rgported borinium complex OsH,Cl(n’-H-

BCH,Ph)(IPr)(P'Pr3)" of sp'~* and sp' .
The 'H, “C{'H}, *'P{'H}, and "B{'H} NMR spectra, in
benzene-ds, at room temperature are consistent with the struc-

ture shown in figure 2. The 'H NMR spectrum in the high field
region exhibits the expected set of two signals in a 1:1 ratio: at
-8.26 ppm a broad resonance that sharpens upon boron decou-
pling, and thus assigned to the hydrogen atoms attached to
boron, and at -9.40 ppm a doublet (Jyp = 28.4 Hz) that be-
comes singlet upon phosphorous decoupling corresponding to
the terminal hydrides. In the *C{'"H} NMR spectrum, the most
noticeable resonance is a doublet (Jop = 63.8 Hz) at 189.1 ppm
due to the NHC carbon atom C(8). The *'P{'H} NMR spec-
trum displays a sharp singlet at 58.4 ppm, whereas the ''B{'H}
NMR spectrum shows a broad resonance at 81 ppm.
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Figure 2. Molecular diagram of 3. Selected bond lengths (A) and
angles (deg): Os-B = 1.913(4), Os-H(01) = 1.62(4), Os-H(02) =
1.58(4), Os-H(03) = 1.50(3), Os-H(04) = 1.46(4), B-H(02) =
1.44(4), B-H(01) = 1.32(4); Os-B-C(1) = 176.6(3), P-Os-C(8) =
155.80(8), H(02)-B-C(1) = 128.2(16), H(01)-B-C(1) = 122.5(18),
H(01)-B-H(02) = 106(2), H(03)-Os-H(04) = 91.9(19), H(02)-Os-
H(01) = 88(2). Displacement ellipsoids are given at the 50%
probability level.

The bonding situation in 3 was studied by means of Density
Functional Theory (DFT) calculations at the BP86/def2-SVP
level.”” From the molecular orbitals depicted in Figure 3, it
becomes clear that the interaction between the neutral
OsH,(IPr)(P'Pr;) and H,BCH,Ph fragments consists of two
main contributions namely the o- and ©- components repre-
sented by HOMO-1 and HOMO-2, respectively. The nature of
both contributions to the bonding has been analyzed in detail
with the help of the Natural Bond Orbital (NBO) method.
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Figure 3. Molecular orbitals computed for compound 3 (isosur-
face value of 0.05 au).

The Second-Order Perturbation Theory (SOPT) of the NBO
method describes the o-bonding as the result of two significant



donor-acceptor interactions from both doubly-occupied o-
(BH) orbitals into an unoccupied osmium orbital whose asso-
ciated SOPT energies, AE® are -257.0 and -279.0 kcal'mol ™.
As a consequence, the computed electron population of the o-
(BH) orbitals are markedly lower than in the free benzyl-
borane (1.62 e versus 1.99 e). The n-contribution is the result
of a remarkable m-backdonation (AE® = -71.4 kcal'mol™)
from a d, atomic orbital of the osmium to the vacant p, atomic
orbital of the boron. Consequently, the computed electron
population at the latter atomic orbital is clearly higher than in
the free borane (0.84 e versus 0.08 e). This n-backdonation is
even higher than in the borinium derivative OsH,Cl(n’*-H-
BCH,Ph)(IPr)(P'Pr;) (AE® = -55.8 kcal'mol™), which features
a genuine Os-B covalent bond.” As a result, the computed Os-
B Wiberg bond indices for both species are comparable (1.02
versus 1.17) despite the rather different bonding situations.

The NBO study has been complemented with the analysis of
the topology of the electron density through the Atoms in
Molecules (AIM) method. The Laplacian in the Os-H-B plane
exhibits a significant Os-B interaction as revealed by the oc-
currence of a bond critical point (BCP) located between the
transition metal and the boron atom, which is associated with a
bond path running between both atoms (Figure 4). However,
no Os-H(B) bond critical points or bond paths were observed.
This appears to be a direct consequence of the strong Os—B
n-backdonation” which gives rise to the buildup of electron-
density (0.13 e bohr™) in this direction, resulting in the for-
mation of the Os-B BCP and the rupture of the fragile Os-H
(1,2) bond paths. A similar situation has been described in the
cationic complex [Cp*(P'Prs)Ru(n’, n’-H,BMes)]™ and
RuHX(n?’, n”-H,BNMe,)(P'Pr3), (X = H, CI)."

Figure 4. Contour line diagrams V?p(r) for complex 3 in the
Os—H-B. Dashed lines indicate areas of charge concentration
(V?p(r) < 0) while solid lines show areas of charge depletion
(V?p(r) > 0). The solid lines connecting the atomic nuclei are the
bond paths while the small green spheres indicate the correspond-
ing bond critical points.

The replacement of the chloride ligand of 1 by a hydroxo
group has certainly a noticeable influence on the nature of the
hydroboration product. Thus, in contrast to 2, the reaction of
its precursor 1 with Na[BH,] affords the borinium derivative
OsH,Cl(n*-H-BCH,Ph)(IPr)(P'Pr3)." Not only the co-ligands
of the alkylidyne complex determine the hydroboration prod-
ucts but also the hydroboration reagent. Opposing Na[BH,],
pinacolborane hydroborates the osmium-carbon triple bond of
2 to form a benzylpinacolborane, which coordinates to the
osmium atom through the aromatic ring (Scheme 1). Thus, the
treatment of tetrahydrofurane solutions of the hydroxo com-

plex with 2.0 equiv of the boron hydride, at room temperature,
leads to [Os(n(’-CGHSCHzBpin)H(IPr)(P'Pr3)]OTf (4). The
hydroboration reaction is supported by the ''B{'H} NMR
spectrum of the obtained solid, in dichloromethane-d,, at room
temperature that shows a broad singlet at 31.8 ppm. In the 'H
NMR spectrum, the most noticeable signals are a doublet (Jyp
=41.0 Hz) at -11.06 ppm, corresponding to the hydride ligand,
and an AB spin system centered at 2.21 ppm and defined by
Av 58.7 Hz and J .5 = 16.0 Hz, due to the CH,B substituent of
the arene. In agreement with the n® coordination of the ben-
zylic aromatic ring, the “C{'H} NMR spectrum contains six
aromatic resonances between 102.8 and 79.4 ppm. As ex-
pected for the cis disposition of the phosphine and NHC lig-
ands, the metalated carbon atom of the latter displays a dou-
blet with a C-P coupling constant of 9.8 Hz, at 160.4 ppm.
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The hydroboration reaction with pinacolborane is extremely
sensitive to the dampness of the solvents and the presence of
OH groups in the waste pinBOH and/or in the glassware. As a
consequence, in agreement with the boron oxophilicity, the
boron hydride undergoes hydrolysis. The generated molecular
hydrogen reduces the osmium-carbon triple bond to generate
the toluene derivative [Os(n’-CsHsCH3)H(IPr)(P'Pr;)OTS (5),
which contaminates the formation of 4. The hydrogenation of
the osmium-carbon triple bond was confirmed by stirring a
dichloromethane solution of the hydroxo complex under 4 atm
of molecular hydrogen, for 14 h, at 50°C. Under these condi-
tions, complex 5 was obtained as a red solid in 75% yield
(Scheme 1) and characterized by X-ray diffraction analysis.
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Figure 5. Molecular diagram of 5. Molecular diagram of 2. Se-
lected bond lengths (A) and angles (deg):' Os(1)-P(1) =
2.3642(12), 2.3692(11), Os(1)-C(1) = 2.080(4), 2.080(4), Os(1)-
H(01) = 1.64(4), 1.46(4); C(1)-Os(1)-P(1) = 96.80(12), 97.24(12),
C(1)-Os(1)-H(01) = 81.1(15), 84.5(17), P(1)-Os(1)-H(01) =
79.4(16), 78.7(17). Displacement ellipsoids are given at the 50%
probability level.

The structure (Figure 5)'° proves the reduction of the triple
bond and the formation of toluene, which coordinates to the
metal center in its typical n’-fashion. Thus, the geometry



around the osmium atom is close to octahedral, with the arene
occupying three sites of a face and the monodentated groups in
the opposed one. The latter undergoes a strong distortion re-
sulting from the mutual cis disposition of the phosphine and
NHC ligands, which experience a large steric hindrance, and
the small size of the hydride. Thus, the angles C(1)-Os-P(1)
(96.80(12)°, 97.24(12)°), C(1)-Os-H(01) (81.1(15)°, 84.5(17)°),
and P(1)-Os-H(01) (79.4(16)°, 78.7(17)°) strongly deviate
from the ideal value of 90°. The NMR spectra of the red solid,
in dichloromethane-d,, at room temperature are consistent
with Figure 5. The hydride ligand displays a doublet (J;.p = 41
Hz) at -11.02 ppm in the 'H NMR spectrum, whereas the
toluene methyl resonance is observed at 2.42 ppm as a singlet.
In agreement with 4, the "C{'H} NMR spectrum shows at
160.5 ppm a doublet with a C-P coupling constant of 9.8 Hz
for the metalated IPr carbon atom.

In conclusion, the hydroboration and hydrogenation of met-
al-carbon triple bonds of unsaturated transition metal com-
plexes are reactions of utility in organometallic synthesis, in
spite of their complexity. As a proof of concept, in this com-
munication, we show the preparation of the first bis-c-borane
complex in the osmium chemistry and novel mixed R;P-Os-
NHC arene derivatives. The complexity of the processes is a
consequence of the dependence of the reaction products on
both the co-ligands of the starting complex and the nature of
the reagents.
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