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ABSTRACT The reduction of the N-C triple bond of benzonitriles promoted by OsHs(P'Pr3)2 (1)
has been studied. Complex 1 releases a H2 molecule and coordinates 2,6-dimethylbenzonitrile to
afford the tetrahydride OsH4{x'-N-(N=CCsHsMez2) } (P'Pr3)2 (2), which is thermally stable towards
the insertion of the nitrile into one of the Os-H bonds. In contrast to 2,6-dimethylbenzonitrile,
benzonitrile and 2-methylbenzonitrile undergo insertion, via Os(7>-N=CR) intermediates, to give
the azavinylidene derivatives OsH3(=N=CCsH4R)(P'Pr3)2 (R = H (3), Me (4)). The analysis by
means of computational tools (EDA-NOCV) of the bonding situation in these compounds
suggests that the donor-acceptor nature of the osmium azavinylidene bond dominates over the
mixed electron-sharing/donor-acceptor and pure electron-sharing bonding modes. The N atom is
strongly nucleophilic whereas one of the hydrides is electrophilic. In spite of the different nature
of these centers, the migration of the latter to the N atom is kinetically prevented. However, the
use of water as a proton shuttle allows the hydride migration, as a consequence of a significant
decrease of the activation barrier. The resulting phenylaldimine intermediates evolve by means
of orthometalation to give OsH3{x*-N,C-(NH=CHCsH:R)}(P'Pr3): (R = H (5), Me (6)). The
presence of electrophilic and nucleophilic centers in 3 confers it ability to activate c-bonds,
including Hz and pinacolborane (HBpin). The reaction with the latter gives OsH3{x’-N,C-

[N(Bpin)=CHCsHz4]} (PPr3): (7).

INTRODUCTION

Hydrogenations of multiple bonds of organic molecules are thermodynamically favored.
However, these processes require the presence of catalysts that significantly decrease the
activation energy of the reactions. In the homogeneous processes promoted by transition metal

complexes, the formation of a LiaMH2( A=B) dihydride intermediate is usually required. These



species subsequently evolve by means of the sequential transfer of both hydrides from the metal
to the A and B atoms involved in the multiple bond. When these atoms have no free electron
pairs, the molecule coordinates to the metal center through the multiple bond and both transfers,
known as insertion and reductive elimination, are necessarily concerted processes, which occur

via four- and three-centers transition states, respectively (Schemel).'

Scheme 1. Hydrogenation of A-B Multiple Bonds Promoted by Dihydride Species

Hydrogenation of nitriles is a significant process because of the wide use of imines and amines
for agrochemicals and pharmaceuticals.” The presence of a lone pair at the nitrogen atom
determines the «x'-N-coordination of the nitrile,’ although some complexes showing the
coordination of the N-C triple bond have been also isolated and even characterized by X-ray
diffraction analysis." The existence of two different coordination modes for these substrates
makes possible two different paths for the hydride transfer from the metal to the Csp-atom, which
generates an azavinylidene intermediate:’ a 1,3-hydrogen shift, similar to that proposed for the
vinylidenes formation from hydride-metal-alkynyl species,® and a direct migration of the hydride

to the carbon atom of the coordinated triple bond.’

Azavinylidenes are usually viewed as a-nitrogen-counterparts of vinylidenes. However, they
compare better with carbynes. Vinylidenes are 2e-donor ligands with a standardized reactivity,

which is dominated by the addition of nucleophiles at the a-carbon whereas the electrophiles



attack at the B-carbon atom.® In contrast, both azavinylidenes and carbynes are 3e donors. Their
chemical behavior depends on the electronic nature of the metal fragment, although the
differences between nitrogen and carbon give rise to significant differences in reactivity.
Carbynes coordinated to electron rich metal centers (doublet carbynes) add nucleophiles at the
carbyne-carbon atom while carbynes stabilized by electron poorer metal fragments (quartet
carbynes) undergo electrophilic attacks at the carbyne-carbon atom.” There are also two different
behaviors in the azavinylidene chemistry.' Some complexes are nucleophilic at the nitrogen
atom,'' while an efficient nucleophilicity transfer from the nitrogen atom to the Csp2-carbon atom

appears to take place in others, which add electrophiles at this position.'*

The nature of the hydride-azavinylidene species, which are the key to the formation of the
hydrogenation product imine, has been scarcely studied mainly because they are very rare. An
overwhelming evidence of this is the fact that from the 39 azavinylidene derivatives
characterized by X-ray diffraction analysis," only three of them belong to this class: the osmium
compounds OsHCl(=N=CCsHio)(P'Pr3)"* and [OsHCI(=N=CMe:)(H20)(P'Pr3):]BFs"” and the
tungsten  derivative =~ WH(=N=CHTol)(x*-P4) (Tol = p-MeCsHs, P4 = meso-o-
CsHa(PPhCH2CH:PPh2)2)!® (Chart 1). The reluctance of these hydride-osmium-azavinylidene
complexes to undergo reductive elimination of imine has allowed to develop a rich
organometallic chemistry, centered in C-N coupling processes.'” The tungsten derivative has
been prepared by insertion of p-tolunitrile into one of the hydride ligands of the tetrahydride
WHoa(x*-P4) and, in contrast to the osmium compounds, is highly unstable evolving by means of
1,3-hydrogen shift from the metal center to the Csx2 atom of the azavinylidene ligand (Scheme

2);'® reductive elimination of imine is not observed in this case either.



Chart 1. Hydride-Metal-Azavinylidene Species Previously Characterized by X-Ray

Diffraction Analysis
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Hexahydride OsHs(P'Pr3): is a significant polyhydride in the chemistry of the platinum group
metals, which has demonstrated a noticeable ability to activate a wide range of c-bonds."™
However, its capacity to act as a hydrogenation reagent has not been investigated so far; although
due to its high hydride content, one should keep it in mind as a hydrogen reservoir. In the search
for understanding the hydrogenation of the triple bond of aromatic nitriles, we have investigated
the reactions of the polyhydride with these substrates. In this paper, we report the insertion of
benzonitriles in one of the metal-hydride bonds including the characterization of novel
polyhydride-metal-azavinylidenes, the mechanism of the insertion, and the analysis of the
osmium-azavinylidene bonding situation. In addition, we have studied the imine formation from

both experimental and theoretical points of views.



RESULTS AND DISCUSSION

Insertion of Benzonitriles into a M—H bond of OsHs(P'Pr3): (1). Complex 1 is a saturated
compound. However, it easily releases a hydrogen molecule to afford the unsaturated species
OsHa(P'Pr3)2, which has been previously trapped with diphenylphosphine,” pyridines, and
boranes."*® 2,6-Dimethylbenzonitrile is also able to capture this species. Thus, in toluene,
complex 1 reacts with the nitrile to give the saturated tetrahydride-osmium(IV) derivative
OsHa{x'-N-(N=CCsH:Me2) } (P'Pr3)2 (2), which was isolated as an orange solid in 70% yield

(Scheme 3).

Scheme 3. Reaction of 1 with 2,6-Dimethylbenzonitrile
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Complex 2 was characterized by X-ray diffraction analysis. The structure (Figure 1) proves the
k'-N coordination of the nitrile to the metal center. The geometry around the osmium atom is the
expected one for a saturated d’-species; i. e., a distorted pentagonal bipyramid with axial
phosphines (P(1)-Os-P(2) = 173.64(7)°). The coordination sphere is completed by the hydrides
and the nitrile, which lies between H(01) and H(04). The classical nature of the OsH4 unit was
confirmed by means of the DFT-optimized structure (B3LYP-D3/SDD/6-31G**), which yields a
separation between the hydrides longer than 1.70 A. Despite that, in solution, the hydrides
exchange their positions with a low activation energy. Thus, although two hydride resonances
should be expected in the "H NMR spectrum according to Figure 1, only one signal at -9.90 ppm

is observed between 298 and 173 K, in toluene-ds, which displays a 400 MHz T min) value of



190+3 ms at 203 K. In agreement with equivalent phosphine ligands, the *'P{'H} NMR spectrum

shows a singlet at 44.2 ppm.

Figure 1. Molecular diagram of complex 2 with 50% probability ellipsoids. Hydrogen atoms
(except hydrides) are omitted for clarity. Selected bond lengths (A) for the X-ray and DFT
optimized (in square brackets) structures: Os—H(01) = 1.583(13) [1.685], Os—H(02) = 1.584(13)
[1.626], Os—H(03) = 1.583(13) [1.626], Os—H(04) =1.586(13) [1.687], Os—P(1) = 2.3193(18)
[2.365], Os—P(2) = 2.3164(19) [2.364], Os—N(1) = 2.080(5) [2.081], C(1)-N(1) = 1.136(7)
[1.163], H(01)-H(02) = [1.87], H(02)-H(03) = [1.70], H(03)-H(04) = [1.84]. Selected bond
angles (deg) for the X-ray and optimized (in square brackets) structures: P(1)-Os—P(2) =
173.64(7) [174.7], H(01)-Os-H(02) = 61(3) [68.8], H(02)-Os—-H(03) = 61(3) [63.2], H(03)-Os—
H(04) = 57(3) [67.0], H(01)-Os—H(04) = 175(3) [160.6], H(01)-Os—N(1) = 86(2) [79.1], H(04)—

0s-N(1) = 94(2) [81.5], Os-N(1)-C(1) = 177.7(5) [178.1].

Complex 2 is thermally stable towards the insertion of the nitrile into one of the Os—H bonds,
for at least 3 days, in toluene at 120 °C. In contrast to 2,6-dimethylbenzonitrile, benzonitrile and

2-methylbenzonitrile undergo insertion. Thus, the treatment of toluene or tetrahydrofuran



solutions of 1 with both nitriles, at 80 °C, leads to the quantitative formation of the azavinylidene
derivatives OsH3(=N=CHCsH4R)(P'Pr:)2 (R = H (3), Me (4)), which were isolated as yellow

solids (Scheme 4).

Scheme 4. Insertion of Benzonitriles into an Os—H Bond of 1
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The identity of these novel compounds was confirmed by means of the X-ray analysis of a
single crystal of 3. Figure 2 shows a view of the molecule. The structure with Cs symmetry
resembles those of complexes OsH:X(PR3): (PR3 = P'BuzMe, X = Cl; PRs = P'Pr3, X = Cl, Br,
D),>' OsH3(OR#)(P'Pr3)2 (ORt = OCH2CFs, OCH(CF5)2),* OsH3(OPh)(P'Pr3)2,> OsHsCI(IPr)(P'Prs)
(IPr = 1,3-bis(diisopropylphenyl)imidazolylidene)** and OsH(Bcat):CI(P'Pr;)2 (Bcat =
catecholboryl).”® The phosphines are disposed mutually trans (P(1)-Os-P(2) = 170.62(3)°),
whereas the hydrides and azavinylidene lie in the perpendicular plane to the P-Os-P direction.
The most noticeable features of this species are the angles in this plane of 116.4(14)° (N(1)-Os-
H(01)), 57.0(18)° (H(01)-Os-H(02)), 76.0(19)° (H(02)-Os-H(03)), and 111.0(14)° (H(03)-Os-
N(1)), which markedly deviate from 90°. These six-coordinate osmium(IV) species undergo
distortion to destabilize one of the #2; set orbitals and to stabilize the other two, resulting to be
diamagnetic. Surprisingly, in contrast to 3, complexes OsHCL(=N=CCsHio)(P'Prs)2,
OsCl3(=N=CCsHi0)(P'Pr3)2,'* and [OsHCI(=N=CMe2)(H20)(P'Pr3)2]* " display octahedral
structures with angles in the perpendicular plane to the P-Os-P direction closer to the ideal value
of 90°, despite they are also six-coordinated osmium(IV)-azavinylidene species. The structures of

the latter resemble those of the hydride-osmium-carbyne derivatives OsHCL:(CR)(P'Pr3).*® and



[OsH(CR)(NCCHs)2(P'Pr3)2]**.*” There are also significant differences between the bond lengths
in 3 and those previously reported osmium-azavinylidene compounds. Thus, the osmium-
azavinylidene distance of 1.880(3) A (Os-N(1)) in 3 is between 0.11 and 0.05 A longer than in
the previously reported complexes, while the osmium-phosphorous bonds in 3 (Os-P(1) =
2.3476(8) and Os-P(2) = 2.3366(8)) are between 0.14 and 0.07 A shorter. These facts suggest

noticeable differences in the osmium-azavinylidene bonding situation (vide infra).

Figure 2. Molecular diagram of complex 3 with 50% probability ellipsoids. Hydrogen atoms
(except hydrides) are omitted for clarity. Selected bond lengths (A) for the X-ray and DFT
optimized (in square brackets) structures: Os—H(01) = 1.583(10) [1.609], Os—H(02) =1.587(10)
[1.676], Os—H(03) = 1.580(10) [1.627], Os—N(1) = 1.880(3) [1.884], Os—P(1) = 2.3476(8)
[2.377], Os—P(2) = 2.3366(8) [2.386], N(1)-C(1) = 1.283(5) [1.272]. Selected bond angles (deg)
for the X-ray and optimized (in square brackets) structures: P(1)-Os—P(2) = 170.62(3) [174.7],
H(01)-Os-H(02) = 57.0(18) [64.1], H(02)-Os-H(03) = 76.0(19) [61.6], N(1)-Os-H(01) =
116.4(14) [123.6], N(1)-Os-H(02) = 172.7(14) [174.8], N(1)-Os-H(03) = 111.0(14) [123.6],

Os-N(1)-C(1) = 175.9(3) [169.6].



The 'H, “C{'H}, and *'P{'H} NMR spectra of 3 and 4 are consistent with the structure shown
in Figure 2. In agreement with the presence of three inequivalent hydride ligands in these
molecules, the '"H NMR spectra, in benzene-ds, at room temperature contain three high field
resonances between -10.0 and -11.5 ppm. Two of them are broad. This is not surprising since the
activation barrier for the rotation of the azavinylidene ligand around the Os-N-C axis in this type
of compounds is consistent with a slow process.'* The signal corresponding to the CH-hydrogen
atom of the azavinylidene function is observed at about 5 ppm. In the *C{'H} NMR spectra, the
resonance due to the Cy2-atom of the azavinylidene moiety appears as a triplet (Jcr = 4.1 Hz) at
146.1 ppm for 3 and at 142.0 ppm for 4. Singlets at about 38 ppm in the *'P{'"H} NMR spectra,

corresponding to the equivalent phosphines, are also characteristic features of these complexes.

Mechanism of the Insertion. To gain mechanistic insight about the insertion of the nitriles
into one of the Os-H bonds of 1, we have carried out DFT calculations (B3LYP-D3/SDD/6-
31G**) on the reaction with benzonitrile, starting from the tetrahydride OsHa(x'-N-
N=CPh)(P'Pr3)2 (2to), the benzonitrile counterpart of 2. The changes in free energy (AG) were

calculated in toluene at 298.15 K.

The formation of 3 from 2t via a 1,3-hydrogen shift from the metal center to the Csp-atom of
the nitrile has an activation energy of 64.4 kcal mol', which is not consistent with the
experimental observations (see Figure S5). After this finding, we decided to investigate the

migration through an Os(5°-N=CR) intermediate (Figure 3).
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Figure 3. Computed energy profile for the nitrile insertion into one of the Os-H bonds.

First, the isomerization of 2to to afford the #*-N=CR derivative OsH4(#>-N=CPh)(P'Pr3)2 (2t1)
takes place. This transformation has an activation energy of 16.4 kcal mol' (TSi1) and is
endergonic by 14.9 kcal mol”. The change in the coordination mode gives rise to the elongation
of both bonds: C-N, from 1.163 A in 2to to 1.212 A in 2t1, and Os-N, from 2.080 A in 2to to
2.236 A in 2t1. The Os-C bond of 2t displays a length of 2.209 A. The subsequent hydride
migration from the metal to the coordinated carbon is the rate determining step for the formation
of 3. It takes place with an activation energy of 17.2 kcal mol" (TS2); i. e., 0.8 kcal mol" higher
than the previous isomerization. The migration gives rise to the intermediate 2t2, which is 1.0
kcal mol" more stable than 2ti. It can be described as a benzylideneamido complex, which
saturates the electron deficiency of the metal center with an Os-H-C agostic interaction. The
rupture of the latter and the opening of the Os-N-C bond angle from 83.0° to 169.6° finally give
the much more stable azavinylidene 3 with a barrier of only 1.7 kcal mol” (TSs). The computed
high exergonicity of the process (-23.2 kcal mol') compensates the previous endergonic

isomerization step and drives the complete migration reaction forward.
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Osmium-Azavinylidene Bonding Situation. The bonding situation in 3 was analyzed and
compared with those of the previously reported compounds OsCl3(=N=CCsHio)(P'Pr3). and
OsHCl2(=N=CCsHi0)(P'Pr3)2'* by means of the Energy Decomposition Analysis coupled to
Natural Orbitals for Chemical Valence method (EDA-NOCV).” To this end, we explored the
nature of the Os—N bond using two different bonding schemes: the donor-acceptor bonding in
their electronic singlet state, with charged fragments ([OsHs(P'Pr3)2]*, [OsCls(P'Pr3)2]",
[OsHCI2(P'Pr3)2]* and [N=CHPh]"), and the electron-sharing mixed with donor-acceptor bonding,
where the metal fragments ([OsH3(P'Pr3)2]°, [OsCl(P'Pr3)2]°, and [OsHCl(P'Pr3)2]*) and the
azavinylidene ligand ([N=CHPh]*), were calculated in their doublet state (Table 1). As shown
previously, the calculation that gives the smallest orbital term AFEow and therefore the smallest
change in the electronic structure of the fragments, as a result of the bond formation, indicates
the most faithful description of the type of binding.” According to the data collected in Table 1,%
it becomes evident that the donor-acceptor description of the Os—N bond dominates over the
mixed electron-sharing/dative bonding in 3. This situation is markedly different in the related
complexes having chloride ligands OsCl3(=N=CHPh)(P'Pr3) and OsHCl2(=N=CHPh)(P'Pr3)..
For them, the mixed electron-sharing/donor-acceptor bonding better describes the Os—N
interaction. In this context, it should be mentioned that quantum chemical calculations using
density functional theory at the BP86-D3(BJ)/def2-TZVPP level of theory have previously
revealed that electrophilic carbyne ligands also engage in a mixture of dative bonding (o-
donation and w-backdonation) and one electron-sharing m-bond. The EDA-NOCV calculations
of nucleophilic carbynes using open-shell species in their quartet electronic state gave similar

AEon values as neutral fragments in their electronic doublet state.’'
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Table 1. Results of the EDA-NOCV computed at the ZORA-BP86-D3/TZ2P//BP86-

D3/def2-SVP Level. Energy values are given in kcal mol™.

PiPrs P'Prs P'Prs
H, P Cla,, el Clu, |
H—Os=N=" 3 “0sX “0s 3
) o NP o™ | SN P
P'Prs P'Pry P'Pry
D Electron- D Electron- D Electron-
onor- sharing/Donor- onor- sharing/Donor- onor- sharing/Donor-
acceptor acceptor acceptor acceptor acceptor acceptor
Fragments [Os]? [Os]® (d) [Os]* [Os]” (d) [Os]” [Os]” (d)
[N=CHPh]"  [N=CHPh]’(d) [N=CHPh]" [N=CHPh]'(d) [N=CHPh]" [N=CHPh]'(d)
AFEin -202.2 -112.0 -251.1 -104.4 -258.5 -117.4
AEpauii 244.2 210.0 350.1 285.2 347.1 293.6
AEeista -277.4 (62.2) -1459 (45.3)  -333.8(55.5) -188.8(48.5) -313.0 (52.4) -189.5 (46.1)
AFEon! -154.7 (34.6) -161.9 (50.3) -251.2(41.8) -184.5(47.4) -268.9 (45.0) -205.8 (50.1)
AFEqisp” -14.3 (3.2) -14.3 (4.4) -16.2 (2.7) -16.2 (4.1) -15.7 (2.6) -15.7 (3.8)

AEon(py)’ -50.9 (32.9) -81.9 (50.6) -104.5 (41.6) -67.5 (36.6) -127.0 (47.2) -92.5 (44.9)
AEor(p)’ -27.7 (17.9) -28.5 (17.6) -33.1(13.2) -36.5 (19.8) -35.0 (13.5) -37.6 (18.3)
AEon(ps3)’ -47.0 (30.4) -36.9 (22.8) -75.2(29.9) -63.3 (34.4) -69.5 (7.9) -57.3 (27.9)
AEon(rest)”  -29.1 (18.8) -14.6 (9.0) -38.4 (15.3) -17.0 (9.2) -37.4 (13.9) -18.4 (8.9)

“The values in parentheses indicate the percentage to the total attractive interaction energy:
AEesa + AEo + AEaisp. "The values in parentheses give the percentage contribution to the total
orbital interactions AE .

The partitioning of the AEow term by means of the NOCV method indicates that in 3 there are
three main orbital interactions between the metal fragment and the azavinylidene ligand, which
dominate the total orbital attractions (see Table 1). As depicted in Figure 4, AE(p1) and AE(p3)
correspond to the donation of electron density from two nitrogen lone-pairs to the transition
metal fragment, w(in plane)-donation and c-donation, respectively, whereas AE(p2) corresponds
to the w-backdonation from the transition metal to the 7*(IN=C) molecular orbital. As shown in
Figure 4 and Table 1, this m-backdonation orbital interaction is significantly weaker than the in-

plane (i.e. o-bonding and m-donation) interactions, the latter contributing in rather similar extent.
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AE(p4) = -50.9 kcal mol AE(p,) = -27.7 kcal mol AE(p3) = -47.0 kcal mol
LP(N) to [Os]" z(in plane)-donation r-backdonation LP(N) to [Os]" c-donation

Figure 4. Deformation densities Ap associated with the strongest pairwise orbital interactions for

the Os—N bond in compound 3. The direction of the charge flow is red—blue.

The differences in the osmium-azavinylidene bonding situation are also reflected in the
charges on the atoms of the C=N bond and in the hydride ligands (Chart 2). The N atom of the
azavinylidene ligand of 3 supports a negative charge which is about twice those on the N atom of
the chloride derivatives. On the other hand, while the C atom of the azavinylidene of 3 is slightly
positive, those of the chloride counterparts are slightly negative. Interestingly, one of the hydride
ligands of the trihydride is slightly positive, whereas the other two and that of the hydride-

osmium-dichloride complex are slightly negative.

Chart 2. Computed (BP86-D3/def2-SVP level) NBO Partial Charges
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Imine Formation. Azavinylide complexes 3 and 4 are stable in tetrahydrofuran, at 80 °C, for
at least 24 h. Under the same conditions, in toluene, they evolve into the orthometalated
phenylmethanimine derivatives OsHs{x*-N,C-(NH=CHCsH:R)}(P'Pr3)2 (R = H (5), Me (6)) in a
25%. The transformation is quantitative in the presence of 1.0 equiv of water, after 2 h in
tetrahydrofuran and after 10 min in toluene (Scheme 5). The participation of water in the
isomerization process was confirmed by means of the reaction of 3 with D20 in tetrahydrofuran,
which affords selectively and quantitatively OsH3{x*-N,C-(ND=CHC¢H4) } (P'Pr3)2 (5-d).

Scheme 5. Azavinilydene Isomerization: Formation of Orthometalated Aldimines

P'Prs Prsp  H
H, | WH H,0 H, | N
H—Os=N=C_ R

nd B H” | @R
P'Prs PryP

R=H (3) Me (4 R = H (5), Me (6)

Complexes 5 and 6 were isolated as red solids in 86% and 80% yield, respectively. The
isomerization of their precursors was confirmed by means of the X-ray diffraction analysis of the
structure of 5. Figure 5 shows a view of the molecule. The geometry around the osmium atom
can be rationalized as a distorted pentagonal bipyramid with the phosphines in axial positions
(P(1)-Os-P(2) = 165.12(4)°). The hydride ligands and the chelate group (N(1)-Os-C(1) =
74.74(16)°) lie in the perpendicular plane to the P-Os-P axis. The Os-N(1) and Os-C(1) bond
lengths of 2.121(4) and 2.123(5) A are consistent with single bonds, whereas the N(1)-C(7)
distance of 1.298(6) A supports a double bond. All of them compare well with those previously

reported for other osmium compounds bearing orthometalated imines.****
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Figure 5. Molecular diagram of complex 5 with 50% probability ellipsoids. Hydrogen atoms
(except hydrides and those of the NH=CH unit) are omitted for clarity. Selected bond lengths (A)
for the X-ray and DFT optimized (in square brackets) structures: Os—H(01) = 1.590(10) [1.666],
Os—H(02) =1.585(10) [1.627], Os—H(03) = 1.571(10) [1.615], Os—P(1) = 2.3400(10) [2.375],
Os—P(2) = 2.3357(10) [2.379], Os—N(1) = 2.121(4) [2.154], Os—C1 = 2.123(5) [2.146], N(1)-C7
= 1.298(6) [1.301]. Selected bond angles (deg) for the X-ray and optimized (in square brackets)
structures: P(1)-Os)-P(2) = 165.12(4) [169.0], H(01)-Os-H(02) = 66(2) [64.7], H(02)-Os—

H(03) = 64(2) [62.4], and N(1)-Os—C(1) = 74.74(16) [74.6].

The 'H, "C{'H}, and *'P{'H} NMR spectra of 5 and 6 are consistent with the structure shown
in Figure 5. According to the presence of three inequivalent hydride ligands in these molecules,
their '"H NMR spectra in toluene-ds, at 198 K, contain three high field resonances at -7.44, -10.44
and -11.06 ppm for § and -7.44, -9.91 and -10.82 ppm for 6. In the low field region of the
spectra, the most noticeable features are the NH- and CH-imine signals, which appear at 9.88 and
8.06 for of 5 and at 9.97 and 8.41 ppm for 6, respectively. In the "C{'H} NMR spectra, the

signal corresponding to the metalated phenyl carbon atom is observed at 193.4 ppm for 5 and at
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194.9 ppm for 6, whereas the imine-C resonance appears at 171.7 ppm for § and at 169.0 ppm
for 6. Both signals display triplets with *Jc» coupling constants of about 6 Hz and *Jc» coupling
constants of about 3 Hz, respectively. The *'P{'H} NMR spectra show singlets at about 26 ppm

for the equivalent phosphines.

Mechanism of the Isomerization. The formation of S and 6 as the result of the isomerization
of the respective azavinylidene precursors 3 and 4 involves the electrophilic hydride migration
from the metal center to the nucleophilic N atom of the azavinylidene group to afford
unsaturated dihydride-osmium-aldimine intermediates, which evolve by oxidative addition of an
ortho-CH bond of the phenyl substituent of the aldimine. According to the generation of 5-d, the
hydride migration is promoted by water, which acts as a proton shuttle. In order to confirm this
and to understand the intimate details of the process, we carried out DFT calculations (B3LYP-
D3/SDD/6-31G**). The changes in free energy (AG) were computed in toluene at room
temperature. We firstly studied the process without water participation to subsequently compare

the results with those obtained in the presence of water.

Figure 6 summarizes the energy profile of the isomerization in the absence of water. The direct
migration of the hydride to the nitrogen atom takes place through the expected three-center
transition state TSs4 with an activation energy of 31.4 kcal mol’, which is indeed high. The
migration gives rise to the dihydride-osmium-aldimine intermediate 3t:, which is 13.6 kcal mol™
less stable than the starting azavinylidene complex. Intermediate 3ti saturates the metal center by
means of an agostic interaction between the latter and an ortho-CH bond of the phenyl
substituent of the imine. The agostic interaction is supported by the computed Os-H, Os-C, and
C-H distances of 1.822, 2.355, and 1.169 A, respectively, which compare well with those

reported for Os-H-C agostic interactions characterized by X-ray diffraction analysis.'®* The
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rupture of the coordinated C-H bond takes place with an activation energy of 2.5 kcal mol™ (TSs)

and affords the reaction product.

Pr.
!
08 =g
H/I C
AG PiPrs @
(kcal mol™) TS, PryP

Figure 6. Computed energy profile for the isomerization of 3 into 5.

The proton shuttle, formed by three water molecules consecutively associated by means of
hydrogen bonds, significantly reduces the barrier for the hydride migration to 19.6 kcal mol’
when the central water molecule coordinates to the osmium atom (Figure 7). The coordination
has an activation energy of 5.6 kcal mol” (TSe) and affords the intermediate 3t2, which bears a
hydrogen atom of another water molecule in close proximity to the N-atom and the oxygen atom
of the third water molecule close to the electrophilic hydride. After the coordination, the hydride
migration assisted by the shuttle takes place in two stages. Although a concerted migration in one
step also displays a lower barrier than in the absence of water (28.7 vs 31.4 kcal mol™), this
reduction is significantly smaller (2.4 vs 11.8 kcal mol™). The first stage involves the concerted
transfer of a hydrogen atom from the coordinated water molecule to the N-atom, assisted by the

closest water molecule to this atom. The process has a very low activation energy of only 0.1
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kcal mol” (TS7) and generates the hydroxo-osmium-imine intermediate 3t3, where the hydroxo
ligand is stabilized by means of hydrogen bonds between the latter and the water molecules at
the ends of the carrier. Intermediate 3ts is 3.3 kcal. mol"' more stable than the initial system
formed by the azavinylidene complex 3 and three water molecules. The second stage is the
regeneration of the coordinated water molecule as a result of the concerted migration of the
electrophilic hydride to the hydroxo group via the water molecule close to that hydride, to give
the aquo dihydride-osmium-imine intermediate 3ts. Its activation energy of 22.9 kcal mol™ (TSs)
is the highest of the entire process. The dissociation of the water molecule from the metal center
leads to the dihydride-osmium-imine derivative 3t1, surrounded by three water molecules, which

finally gives 5. This dissociation occurs with a low barrier of 2.8 kcal mol™ (TSo).

AG (kcal mol™)

o} N
N .0, — N
O\ 3t, + 3 H,0
H H O—H H H/[Os{ H\\ H 1 2
——-H—
3+3H,0 O—n- - ©

W

[Os] = [Os(P'Pr3),] 3t;

Figure 7. Computed energy profile for the water-assisted hydride migration.
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Dual Electrophilic and Nucleophilic Character of the Trihydride-Osmium-Azavinylidene
Complexes. Complexes 3 and 4 bear an electrophilic hydride and a nucleophilic N-atom. They
are therefore combinations of a Lewis acid and a Lewis base that are kinetically deterred from
the imine formation and in this way prevent the evolution of 3 and 4 into the orthometalated

aldimine derivatives S and 6 (Figure 6).

The presence of both centers in 3 and 4 should grant reactivity of frustrated Lewis pair to these
compounds. Since the most noticeable characteristic of a frustrated Lewis pair is their ability to

34,35

activate c-bonds, we decided to study the reactions of 3 with pinacolborane (HBpin) and

molecular hydrogen, in order to confirm such character.

The results prove what expected. The pair formed by the electrophilic hydride and the nitrogen
atom of the azavinylidene produces the heterolytic rupture of the sigma H-B bond of the borane
in toluene, at 80 °C. The reaction affords molecular hydrogen and a dihydride-osmium-aldimime
species, which undergo the oxidative addition of an ortho-CH bond of the phenyl substituent of
the imine to give to OsH3{x*-N,C-[N(Bpin)=CHCeH4] }(P'Pr3)2 (7 in Scheme 6). In agreement

with the formation of 7, complex 3 isomerizes into § under 1 atm of Ho.

Scheme 6. Reaction of 3 with HBpin

PiPr3 PraP ?pln IPI':;F) ‘Bpln
H, | H HBpin | H A N\\C/H H, | NQC/H
H—O0s=N=C S H H—Os
d “en H | HT | o H | @
P'Prs iPryP PryP
3 7

The 'H, "C{'H}, *'P{'"H} NMR spectra of 7, in toluene-ds, agree well with those of 5 and 6.

Thus, at 183 K, the '"H NMR spectrum shows the hydride resonances at -6.25, -10.60, and -11.10
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ppm whereas the signal due to the imine CH-hydrogen is observed at 9.49 ppm. In the "C{'H}
NMR spectrum, the resonances corresponding to the metalated and imine C-atoms appear at
204.0 (*Jcr = 5.6 Hz) and 181.1 (*Jce = 3.3 Hz) ppm. The *'P{'H} NMR spectrum displays a
singlet at 26.0 ppm for the equivalent phosphines. A broad signal at 26 ppm, in the ''B{'H}

NMR spectrum, due to the Bpin substituent attached to N-atom is other feature of this species.

CONCLUDING REMARKS

This study shows the reduction of the C-N triple bond of benzonitriles promoted by the
hexahydride OsHs(P'Pr3)2 and the subsequent orthometalation of the resulting phenyl-aldimines.
Furthermore, it analyzes the intimate details of the transfer processes of the two hydride ligands

from the metal center to the atoms involved in the triple bond.

The insertion of the substrates into one of the Os-H bond of the polyhydride takes place via an
Os(n*-N=CR) intermediate in spite that the x'-coordination of the nitriles leads to more stable
species. The hydride migration to the C-atom of the coordinated triple bond generates novel
trihydride-osmium-azavinylidene complexes, which show significant differences in structure and
reactivity with the scarce compounds of this class previously reported. The EDA-NOCYV analysis
has revealed that, in contrast to the previously reported hydride-osmium-azavinylidene and
hydride-osmium-carbyne complexes, the donor-acceptor nature of the osmium-azavinylidene
bond dominates over the electron-sharing bonding. The N atom of the azavinylidene, strongly
nucleophilic, supports a negative charge which is about twice as high as those on the N atoms of
the azavinylidenes coordinated to other osmium fragments. Furthermore, one of the three

hydrides of the metal fragment is electrophilic, supporting a slightly positive charge.
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The migration of the electrophilic hydride to the N atom of the azavinylidene is kinetically
prevented in spite of the different nature of both centers. However, water acts as a proton shuttle
by significantly decreasing the activation barrier for the migration of the electrophilic hydride.
Thus in the presence of water the trihydride-osmium-azavinylidene complexes evolve into
dihydride-osmium-phenylaldimines species, which finally undergo orthometalation. The
presence of both electrophilic and nucleophilic centers in the trihydride-osmium-azavinylidene
compounds confers them reactivity of frustrated Lewis pairs as confirmed by the observed

activation of 6-bonds including molecular hydrogen and boranes.

In summary, the insertion of benzonitriles into an Os-H bond of OsHs(P'Pr3)2, via Os(*-
N=CR) intermediates, leads to trihydride-osmium-azavinylidene complexes bearing an
electrophilic hydride and a nucleophilic N atom. These centers, which are kinetically deterred
from the imine formation, confer them the ability to heterolytically activate sigma bonds. The
use of water as a proton shuttle allows the migration of the electrophilic hydride to the N atom to

afford the phenylaldimine, which subsequently undergoes orthometalation.

EXPERIMENTAL SECTION

All manipulations were performed under argon using standard Schlenk-tube or glovebox
techniques and dried solvents. All reactions were carried out in Schlenk flasks equipped with a
Teflon stopcock. Benzonitrile and o-tolunitrile were dried over CaH: and distilled prior to use.
2,6-Dimethylbenzonitrile and pinacolborane (HBpin = 4,4,5,5-tetramethyl-1,3,2-dioxaborolane)
were purchased from commercial sources and used without further purification. Complex
OsHes(P'Pr3)2 (1) was prepared according to the published method.” Instrumental methods used
for characterization, X-ray information, and computational details are given in the Supporting

Information. Chemical shifts (in ppm) are referenced to residual solvent peaks (‘H, "C{'H}),
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external HsPOs ('P{'H}), or BF:-OEt2 (''B). Coupling constants, J, and N (N = *Jur + Jur for
'H or 'Jer + *Jer for PC) are given in Hertz.

Preparation of OsH4{x'-N-(N=CCsHsMe2)}(P'Pr3)2 (2). 2,6-dimethylbenzonitrile (52.4 mg, 0.4
mmol) was added to a solution of 1 (200 mg, 0.4 mmol) in 3 mL of toluene and it was heated at
120 °C for 3 days. After cooling at room temperature, the solvent was removed under reduced
pressure to afford a dark orange oil. The oil was dissolved in pentane and concentrated to
dryness several times (4 x 2 mL) until it afforded an orange solid that was washed at -78 °C with
further portions of pentane (2 x 2 mL) and dried in vacuo. Dark orange single crystals suitable
for X-ray diffraction analysis were grown from a solution of 2 in pentane at -30 °C. Yield: 182
mg (70%). Anal. Calcd for Cy7HssNOsP,: C, 50.21; H, 8.58; N, 2.17. Found: C, 50.62; H, 8.42;
N, 1.89. IR (ATR, cm™): v(CN) 2360, v(Os—H) 1740. "H NMR (300.13 MHz, THE-ds, 298 K):
§7.28 (m, 1H, CHa,), 7.11 (m, 2H, CHy,), 2.43 (s, 6H, CaCH3), 1.92 (m, 6H, CH 'Pr), 1.21 (dvt,
3 = 7.0, N =12.4, 36H, CHs 'Pr3), -9.90 (t, *Jup = 13.4, 4H, OsH,). *'P{'"H} NMR (121.4
MHz, THF-ds, 298 K): & 44.2 (s). C{'H} APT NMR (75.48 MHz, THF-djs, 298 K): & 140.2 (s,
C,*® Ar), 129.8 (s, C*Ha, ), 126.3 (s, C*°Ha,), 122.9 (s, C4' Ar), 113.0 (s, CN), 25.9 (vt, N =

23.8, CH 'Pr), 18.7 (s, CH; 'Pr and C,CH;). T} min) (OsHa, 400 MHz, C7Dg, 203 K): 190 + 3 ms.

Preparation of OsH;(=N=CHPh)(P'Pr3), (3). Benzonitrile (41.2 uL, 0.4 mmol) was added to a
solution of 1 (200 mg, 0.4 mmol) in 3 mL of toluene. The resulting solution was heated at 80 °C
for 15 min.”” The reaction crude was concentrated to dryness under reduced pressure giving a
dark yellow oil. The addition of pentane (2 mL) at -78 °C afforded a yellow solid which was
washed with further portions of pentane (2 x 2 mL) and dried in vacuo. Yield: 200 mg (81%).
Orange single crystals suitable for X-ray diffraction analysis were grown from a solution of 1 in

pentane at -30 °C. Anal. Calcd for C,sHsNOsP;: C, 48.60; H, 8.32; N, 2.27. Found: C, 48.93; H,
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8.64; N, 2.30. IR (ATR, cm’™): v(Os—H) 2113, 2097, 1977. "H NMR (300.13 MHz, C¢Ds, 298
K): §7.52 (m, 2H, 0-CH Ph), 7.26 (m, 2H, m-CH Ph), 6.96 (m, 1H, p-CH Ph), 4.70 (br, 1H,
NCH), 1.95 (m, 6H, CH 'Pr), 1.18 (m, 36H, CH; 'Pr), -10.56 (br, 1H, OsH), -11.10 (br, 1H,
OsH), -11.41 (brt, *Jy.p= 13.1, 1H, OsH). *'P{'"H} NMR (121.4 MHz, C¢Ds, 298 K): & 37.9 (s).
PC{'H} APT NMR (75.48 MHz, C¢Ds, 298 K): § 146.1 (t, *Jep = 4.1, NCH), 130.7 (s, C, Ph),
128.0 (s, m-CH Ph), 126.7 (s, p-CH Ph), 125.0 (s, o-CH Ph), 26.8 (vt, N = 25.2, CH 'Pr), 20.4,

20.3 (both s, CH; 'Pr).

Preparation of OsH;3;(=N=CHC¢H;sMe)(P'Pr;); (4). The same procedure described for 3 was
followed starting from o-tolunitrile (23.7 pL, 0.2 mmol) and 1 (100 mg, 0.2 mmol). A yellow
solid was obtained. Yield: 42 mg (33%).”® Anal. Calcd for CosHs3sNOsPy: C, 49.42; H, 8.45; N,
2.22. Found: C, 49.78; H, 8.03; N, 2.32. '"H NMR (300.13 MHz, C¢Ds, 298 K): & 8.19 (m, 1H,
CHar), 7.34 (m, 1H, CHa,), 6.98-6.99 (m, 2H, CHa,), 4.89 (br, 1H, NCH), 2.26 (s, 3H, CaCH3),
1.97 (m, 6H, CH 'Pr), 1.19 (m, 36H, CH3 'Pr), -10.33 (br, 1H, OsH), -11.05 (br, 1H, OsH), -11.20
(br t, *Jip=13.0, 1H, OsH). *'P{'"H} NMR (121.4 MHz, C¢Ds, 298 K): 5 37.7 (s). *C{'H} APT
NMR (75.48 MHz, C¢Ds, 298 K): 5 142.0 (t, *Je.p = 4.1, NCH), 132.4 (s, C4 Ar), 130.3 (s, CHa,),
127.9 (s, Cq Ar), 126.1, 125.5, 125.4 (all s, CHa,), 26.9 (vt, N=25.2, CH 'Pr), 20.4 (s, CH; 'Pr),

18.4 (s, Ca;CHs).

Preparation of OsHi{x’-C,N-(NH=CHC¢H4)}(P'Pr3), (5). Water (1.4 pL, 0.08 mmol) was
added to a solution of 3 (50 mg, 0.08 mmol) in 2 mL of tetrahydrofuran and was heated at 80 °C
for 2 h. After cooling at room temperature, the solvent was removed under reduced pressure to
afford a red oil. The addition of pentane (2 mL) at -78 °C afforded a red solid that was dried in
vacuo. Yield: 43 mg (86%). Red single crystals suitable for X-ray diffraction analysis were

grown from a solution of 5 in pentane at -30 °C. Anal. Calcd for C,sHsNOsP,: C, 48.60; H,
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8.32; N, 2.27. Found: C, 48.84; H, 8.63; N, 2.16. IR (ATR, cm™): v(N-H) 3345, w(Os-H) 2163,
2124, 1941. "H NMR (300.13 MHz, C;Ds, 298 K): & 9.88 (br, 1H, NH), 8.73 (m, 1H, CHa,),
8.06 (dt, *Jip = 10.1, Jpp = 2.2, 1H, CHimine), 7.53 (m, 1H, CHy,), 6.90 (m, 1H, CHy,), 6.87 (m,
1H, CHa,), 6.96-6,87 (m, 2H, CHa,), 1.73 (m, 6H, CH 'Pr), 0.95 (m, 36H, CH; 'Pr), -9,75 (br,
3H, OsH3). '"H NMR (400.13 MHz, C;Ds, 193 K): 8 9.58 (br, 1H, NH), 8.97 (m, 1H, CHa,), 7.97
(br d, *Jin = 10.1, 1H, CHimine), 7.72 (m, 1H, CHy,), 7.10 (m, 2H, CHa,), 1.65 (m, 6H, CH 'Pr),
0.98 (m, 36H, CH; 'Pr3), -7.44, -10.44, -11.06 (all br, 1H each, OsH3). >'P{'"H} NMR (121.4
MHz, C/Ds, 298 K): 6 26.0 (s). "C{'H} APT NMR (75.48 MHz, C;Ds, 298 K): & 193.4 (t, *Jc.p
= 5.8, 0s—Ca,), 171.7 (t, *Jep = 2.3, CHimine), 146.5 (s, CHy,), 144.4 (s, Cq Ar), 128.9, 127.9,
118.1 (all s, CHy,), 27.3 (vt, N=25.2, CH 'Pr), 19.7, 19.6 (both s, CH; ‘Pr). T}min) (ms, OsH, 400

MHz, C;Dg, 223 K): 88 £5 (—=7.48 ppm), 130 £5 (—10.01 ppm), 105 = 5 (—10.89 ppm).

Formation of OSH3{ICZ-C,]V-(ND=CHC6H4)}(PiPl‘g.)z (5-d). Two NMR tubes were charged with
3 (31 mg, 0.05 mmol) and 0.5 mL of THF (tube A) or 0.5 mL of THF-dg (tube B), respectively.
D,0 (0.9 puL, 0.05 mmol) was added to both NMR tubes and then they were heated at 80 °C for 2
h. Spectroscopic data for tube A: ’H NMR (46.07 MHz, THF, 298 K): 6 11.45 (br, 1H, ND).
Tube B: the "H NMR (300.13 MHz, THF-ds, 298 K) data were identical to those reported for 5
with the exception of signal at d 8.63 (imine CH), which appears as a s instead of a d, and the

intensity of the signal at 6 11.45 (0.1H, NH).

Preparation of OsH;{(x*-C,N-(NH=CHC¢H3Me)}(P'Pr3); (6). The same procedure described
for 5 was followed starting from 4 (50 mg, 0.08 mmol). A red solid was obtained. Yield: 40 mg
(80%). Anal. Calcd for CysHs3NOsP;: C, 49.42; H, 8.45; N, 2.22. Found: C, 49.73; H, 7.98; N,

2.29. IR (ATR, cm™): v (N-H) 3345, v (Os—H) 2163, 2123, 1941. 'H NMR (300.13 MHz, C¢Ds,
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298 K): 8 9.97 (br, 1H, NH), 8.71 (m, 1H, CHy,), 8.41 (Jiy = 10.5, 1H, CHiminc), 6.92 (m, 1H,
CHa,), 6.72 (m, 1H, CHay,), 2.48 (s, 3H, Ca,CHs), 1.80 (m, 6H, CH 'Pr), 1.00 (m, 36H, CH; 'Pr3),
-9,34 (br, 3H, OsHs). "H NMR (400.13 MHz, C;Ds, 193 K): 8 9.75 (br, 1H, NH), 8.92 (m, 1H,
CHyy), 8.17 (m, 1H, CHipine), 7.10 (m, 1H, CHy,), 6.86 (m, 1H, CHy,), 2.68 (s, 3H, Ca.CH3),
1.73 (m, 6H, CH 'Pr), 1.05 (m, 36H, CH; 'Pr3), -7.44, -9.91, -10.82 (all br, 1H each, OsHs).
S'p{'H} NMR (121.4 MHz, C¢D-, 298 K): & 26.3 (s). *C{'H} APT NMR (75.48 MHz, C¢Ds,
298 K): & 194.9 (t, 2Jep = 5.6, Os—Cay), 169.0 (t, *Jep = 2.6, CHimine), 145.0 (s, CHa,), 143.2 (s,
Cq Ar), 137.4 (s, CaCHs), 128.7 (CHa,), 119.8 (s, CHay), 27.4 (vt, N = 25.2, CH 'Pr), 20.3 (s,

Ca:CH3), 19.8, 19.8 (both, s, CH; 'Pr).

Preparation of OsH3{1c2-N,C-[N (Bpin)=CHPh]}(PiPr3)2 (7) Pinacolborane (4.5 pL, 0.045
mmol) was added to a solution of 3 (20 mg, 0.03 mmol) in 0.5 mL of toluene-ds and it was
heated at 80 °C for 18 h. After this time, the NMR spectra showed quantitative formation of 7;
however, all attempts to isolate this compound as a solid were unsuccessful due to partial
hydrolysis of the B-N bond. "H NMR (400.13 MHz, C;Ds, 298 K): 8 9.32 (s, 1H, CHjninc), 8.79
(m, 1H, CHarom), 7.73 (m, 1H, CHarom), 6.92 (m, 1H, CHarom), 6.85 (m, 1H, CHarom), 1.95 (m, 6H,
CH 'Pr), 1.21 (s, 12H, CH; Bpin), 1.06 (m, 36H, CH; 'Pr3), -8.82 (br, 2H, OsH), -10.92 (br, 1H,
OsH). '"H NMR (400.13 MHz, C;Ds, 183 K): 8 9.49 (s, 1H, CHimine), 8.93 (m, 1H, CHgrom), 7.72
(m, 1H, CHarom), 7.10 (m, 1H, CHarom), 6.92 (m, 1H, CHarom), 1.76 (m, 6H, CH 'Pr), 1.06 (s, 12H,
CH; Bpin), 0.99 (m, 36H, CH; 'Pr3), -6.25 (br, 1H, OsH), -10.60 (br, 1H, OsH), -11.10 (br, 1H,
OsH). *'P{'H} NMR (121.4 MHz, C;Ds, 298 K): 8 26.0 (s). ''B NMR (128.38 MHz, C;Ds, 298
K): & 26 (br). C{'"H} APT NMR (75.48 MHz, C;Ds, 298 K): & 204.0 (t, “Jcp = 5.6, Os—Ca,),
181.1 (t, *Jep = 3.3, CHimine), 147.3 (s, Cq Ar), 146.1, 131.9, 128.4, 118.1 (all s, CHy,), 83.3 (s,

Cq Bpin), 27.5 (vt, N =24.2, CH 'Pr), 24.5 (s, CH; Bpin), 20.1, 19.9 (both s, CH; 'Pr).

26



ASSOCIATED CONTENT

Supporting Information. The following files are available free of charge.
General information, crystallographic data, computational details, NMR and IR spectra (PDF)

Cartesian coordinates of calculated structures (XYZ)

Accession Codes

CCDC 1907065-1907067 contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_ request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre,

12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

AUTHOR INFORMATION

Corresponding Author

*E-mail: maester @unizar.es.

ACKNOWLEDGMENT

Financial support from the Spanish MINECO (Projects CTQ2017-82935-P, CTQ2016-78205-
P, and Red de Excelencia Consolider (CTQ2016-81797-REDC), Gobierno de Aragdén

(E06_17R), FEDER, and the European Social Fund (FSE) is acknowledged.

27



REFERENCES

(1) Chaloner, P. A. Esteruelas, M. A.; Joo, F.; Oro, L. A. Homogeneus Hydrogenation; Ugo,

R., James, B. R. Eds.; Kluwer Academic Publishers: Dortrecht, The Netherlands, 1994.

(2) See for example (a) Reguillo, R.; Grellier, M.; Vautravers, N.; Vendier, L.; Sabo-Etienne,
S. Ruthenium-Catalyzed Hydrogenation of Nitriles: Insights into the Mechanism. J. Am. Chem.
Soc. 2010, 132, 7854-7855. (b) Chakraborty, S.; Berke, H. Homogeneous Hydrogenation of
Nitriles Catalyzed by Molybdenum and Tungsten Amides. ACS Catal. 2014, 4, 2191-2194. (c)
Bagal, D. B.; Bhanage, B. M. Recent Advances in Transition Metal-Catalyzed Hydrogenation of
Nitriles. Adv. Synth. Catal. 2015, 357, 883-900. (d) Sato, Y.; Kayaki, Y.; Ikariya, T. Cationic
Iridium and Rhodium Complexes with C-N Chelating Primary Benzylic Amine Ligands as
Potent Catalysts for Hydrogenation of Unsaturated Carbon-Nitrogen Bonds. Organometallics
2016, 35, 1257-1264. (e) Adam, R.; Bheeter, C. B.; Cabrero-Antonino, J. R.; Junge, K.; Jackstell,
R.; Beller, M. Selective Hydrogenation of Nitriles to Primary Amines by using a Cobalt
Phosphine Catalyst. Chemsuschem 2017, 10, 842-846. (f) Mai, V. H.; Lee, S.-H.; Nikonov, G. L.
Transfer Hydrogenation of Unsaturated Substrates by Half-sandwich Ruthenium Catalysts using
Ammonium Formate as Reducing Reagent. Chem. Select 2017, 2, 7751-7757. (g) Chakraborty,
S.; Milstein, D. Selective Hydrogenation of Nitriles to Secondary Imines Catalyzed by an Iron

Pincer Complex. ACS Catal. 2017, 7, 3968-3972.

(3) (a) Michelin, R. A.; Mozzon, M.; Bertani, R. Reactions of transition metal-coordinated
nitriles. Coord. Chem. Rev. 1996, 147, 299-338. (b) Pombeiro, A. J. L.; Kukushkin, V. Y.

Reactivity of Coordinated Nitriles. In Comprehensive Coordination Chemistry II, from Biology

28



to Nanotechnology, 1st edition, Vol. 1, pp 639-660; Lever, A. B. P., Vol. Ed.; McCleverty, J. A.;

Meyer, T. J., Eds.; Elsevier: Oxford, 2004.

(4) (a) Shin, J. H.; Savage, W.; Murphy, V. J.; Bonanno, J. B.; Churchill, D. G.; Parkin, G. The
syntheses, structures and reactivity of bis(tert-butylcyclopentadienyl)molybdenum derivatives:
nitrogen alkylation of an n’*-acetonitrile ligand and influence of the chalcogen on the barrier to
inversion of chalcogenoether adducts. J. Chem. Soc., Dalton Trans. 2001, 1732-1753. (b) Lis, E.
C.; Delafuente, D. A.; Lin, Y.; Mocella, C. J.; Todd, M. A.; Liu, W.; Sabat, M.; Myers, W. H.;
Harman, W. D. The Uncommon Reactivity of Dihapto-Coordinated Nitrile, Ketone, and Alkene
Ligands When Bound to a Powerful n-Base. Organometallics 2006, 25, 5051-5058. (c¢) Jackson,
A. B.; Schauer, C. K.; White, P. S.; Templeton, J. L. Tungsten(I) Monocarbonyl
Bis(acetylacetonate): A Fourteen-Electron Docking site for n°> Four-Electron Donor Ligands. J.
Am. Chem. Soc. 2007, 129, 10628-10629. (d) Khosla, C.; Jackson, A. B.; White, P. S.;
Templeton, J. L., Bis(acetylacetonate) Tungsten(IV) Complexes Containing a w-Basic
Diazoalkane or Oxo Ligand. Organometallics 2012, 31, 987-994. (e) Brendel, M.; Braun, C.;
Rominger, F.; Hofmann, P. Bis-NHC Chelate Complexes of Nickel(0) and Platinum(0). Angew.
Chem., Int. Ed. 2014, 53, 8741-8745. (f) Green, R. A.; Hartwig, J. F., Nickel-Catalyzed
Amination of Aryl Chlorides with Ammonia or Ammonium Salts. Angew. Chem., Int. Ed. 2015,

54, 3768-3772.

(5) (a) Erker, G.; Fromberg, W.; Atwood, J. L.; Hunter, W. E. Hydrozirconation of Nitriles:
Proof of a Linear Heteroallene Structure in (Benzylideneamido)zirconocene Chloride. Angew.
Chem., Int. Ed. Engl. 1984, 23, 68-69. (b) Fromberg, W.; Erker, G. Hydrozirconierung von

nitrilen: Die bildung ein- und zweikerniger (alkylidenamido)zirconocen-komplexe. J.

29



Organomet. Chem. 1985, 280, 343-354. (c) Jordan, R. F.; Bajgur, C. S.; Dasher, W. E.;
Rheingold, A. L. Hydrogenation of Cationic Dicyclopentadienyl Zirconium(IV) Alkyl
Complexes. Characterization of Cationic Zirconium(IV) Hydrides. Organometallics 1987, 6,
1041-1051. (d) Roskamp, E. J.; Pedersen, S. F. Convenient Routes to Vicinal Diamines.
Coupling of Nitriles or N-(Trimethylsilyl)Imines Promoted by NbCls(THF).. J. Am. Chem. Soc.
1987, 109, 3152-3154. (e) Debad, J. D.; Legzdins, P.; Batchelor, R. J.; Einstein, F. W. B. New
Synthetic Methodology Leading to 16-Electron Asymmetric Complexes of Tungsten:
Cp*W(NO)(CH2SiMes)R (R = Alkyl or Aryl). Organometallics 1992, 11, 6-8. (f) Debad, J. D.;
Legzdins, P.; Lumb, S. A. Generation and Reactivity of Cp*W(NO)(CH:SiMes)H, a 16-Valence-
Electron Alkyl Hydride Complex. Organometallics 1995, 14, 2543-2555 (g) Figueroa, J. S.;
Cummins, C. C., The Niobaziridine-Hydride Functional Group: Synthesis and Divergent
Reactivity. J. Am. Chem. Soc. 2003, 125, 4020-4021. (h) Temprado, M.; McDonough, J. E.;
Mendiratta, A.; Tsai, Y.-C.; Fortman, G. C.; Cummins, C. C.; Rybak-Akimova, E. V.; Hoff, C.
D. Thermodynamic and Kinetic Studies of H Atom Transfer from HMo(CO)s(77-CsHs) to
Mo(N[#-Bu]Ar); and (PhCN)Mo(N|[t-Bu]Ar)s: Direct Insertion of Benzonitrile into the Mo-H
Bond of HMo(N[t-Bu]Ar); forming (Ph(H)C=N)Mo(N[t-Bu]Ar)s. Inorg. Chem. 2008, 47, 9380-
9389. (i) Khalimon, A. Y.; Farha, P.; Kuzmina, L. G.; Nikonov, G. I. Catalytic hydroboration by

an imido-hydrido complex of Mo(IV). Chem. Commun. 2012, 48, 455-457.

(6) (a) Pérez-Carreiio, E.; Paoli, P.; Ienco, A.; Mealli, C, Roles of n-Alkyne, Hydride-Alkyny],
and Vinylidene Metal Species in the Conversion of Alkynes into Vinylidene: New Theoretical
Insights. Eur. J. Inorg. Chem. 1999, 1315-1324. (b) Grotjahn, D. B.; Zeng, X.; Cooksy, A. L.
Alkyne-to-Vinylidene Transformation on frans-(CI)Rh(phosphine).: Acceleration by a

Heterocyclic Ligand and Absence of Bimolecular Mechanism. J. Am. Chem. Soc. 2006, 128,

30



2798-2799. (c) Grotjahn, D. B.; Zeng, X.; Cooksy, A. L.; Kassel, W. S.; DiPasquale, A. G.;
Zakharov, L. N.; Rheingold, A. L., Experimental and Computational Study of the
Transformation of Terminal Alkynes to Vinylidene Ligands on trans-(Chloro)bis(phosphine)Rh
Fragments and Effects of Phosphine Substituents. Organometallics 2007, 26, 3385-3402. (d) De
Angelis, F.; Sgamellotti, A.; Re, N. Full Quantum Mechanical Investigation of the Unimolecular
versus Bimolecular Acetylene to Vinylidene Rearrangement in the Prototype trans-Cl-Rh(P'Pr3):
complex. Organometallics 2007, 26, 5285-5288. (e) Cowley, M. J.; Lynam, J. M.; Slattery, J.
M., A mechanistic study into the interconversion of rhodium alkyne, alkynyl hydride and
vinylidene complexes. Dalton Trans. 2008, 4552-4554. (f) Vastine, B. A.; Hall, M. B. Density
Functional Theory Investigation into the Mechanism for 77-Alkyne to Vinylidene Isomerization
by the Addition of Phenylacetylene to [(77-C3Hs)Rh(PiPr3)2]. Organometallics 2008, 27, 4325-
4333. (g) Buil, M. L.; Esteruelas, M. A.; Garcés, K.; Onate, E. From Tetrahydroborate- to
Aminoborylvinylidene-Osmium Complexes via Alkynyl-Aminoboryl Intermediates. J. Am.

Chem. Soc. 2011, 133, 2250-2263.

(7) (a) Toti, A.; Frediani, P.; Salvini, A.; Rosi, L.; Giolli, C.; Giannelli, C. Activation of single
and multiple C-N bonds by Ru(II) catalysts in homogeneous phase. C. R. Chimie 2004, 7, 769-
778. (b) Gunanathan, C.; Holscher, M.; Leitner, W. Reduction of Nitriles to Amines with H>
Catalyzed by Nonclassical Ruthenium Hydrides - Water-Promoted Selectivity for Primary
Amines and Mechanistic Investigations. Eur. J. Inorg. Chem. 2011, 3381-3386. (c) Song, C. Y ;
Qu, S. L.; Tao, Y.; Dang, Y.; Wang, Z.-X. DFT Mechanistic Study of Ru"-Catalyzed Amide
Synthesis from Alcohol and Nitrile Unveils a Different Mechanism for Borrowing Hydrogen.

ACS Catal. 2014, 4, 2854-2865.( d) Beguerie, M.; Dinoi, C.; del Rosal, 1.; Faradji, C.; Alcaraz,

31



G.; Vendier, L.; Sabo-Etienne, S. Mechanistic Studies on the Catalytic Synthesis of BN

Heterocycles (1H-2,1-Benzazaboroles) at Ruthenium. ACS Catal. 2018, 8, 939-948.

(8) (a) Bruce, M. 1., Organometallic Chemistry of Vinylidene and Related Unsaturated
Carbenes. Chem. Rev. 1991, 91, 197-257. (b) Puerta, M. C.; Valerga, P., Ruthenium and osmium
vinylidene complexes and some related compounds. Coord. Chem. Rev. 1999, 193-195, 977-
1025. (c) Esteruelas, M. A.; Lopez, A. M. C-C coupling and C-H Bond Activation Reactions of
Cyclopentadienyl-Osmium Compounds: The Rich and Varied Chemistry of Os(n’-
CsHs)CI(P'Pr3)2 and Its Major Derivatives. Organometallics 2005, 24, 3584-3613. (d) Esteruelas,
M. A.; Lépez, A. M.; Olivan, M. Osmium—carbon double bonds: Formation and reactions.
Coord. Chem. Rev. 2007, 251, 795-840. (e) Lynam, J. M. Recent Mechanistic and Synthetic
Developments in the Chemistry of Transition-Metal Vinylidene Complexes. Chem. Eur. J. 2010,

16, 8238-8247.

(9) Crabtree, R. H, The Organometallic Chemistry of the Transition Metals; 6th edition; Wiley:

New York, 2014.

(10) Beattie, R. J.; White, P. S.; Templeton, J. L. Regioselectivity of Addition to the
Azavinylidene Ligand in Tp’W(CO)(n*-HC=CH)(N=CHMe): Electrophilic Addition versus

Oxidation and Radical Coupling. Organometallics 2016, 35, 32-38.

(11) (a) Daniel, T.; Miiller, M.; Werner, H. New Synthetic Routes to Azavinylidene Half-
Sandwich Type Complexes. Inorg. Chem. 1991, 30, 3118-3120. (b) Daniel, T.; Werner, H.
Synthese und Reaktivitit eines Azavinyliden(hydrido)osmium-Komplexes / Synthesis and
Reactivity of a Azavinylidene(hydrido)osmium Complex. Z. Naturforsch., B: Chem. Sci. 1992,

47, 1707-1710. (c) Feng, S. G.; Templeton, J. L. Stereoselective Stepwise Reduction of

32



Coordinated Acetonitrile with Chiral Tp'(CO)(RCZER")W* Templates. Organometallics 1992,

11,1295-1303.

(12) (a) Feng, S. G.; White, P. S.; Templeton, J. L. Conversion of Nitriles to Nitrenes Via
Azavinylidenes in Low-Valent Tungsten Carbonyl-Complexes. J. Am. Chem. Soc. 1994, 116,
8613-8620. (b) Vogeley, N. J.; Templeton, J. L. Interconversions of simple monodentate

nitrogen donor ligands bound to Tp’ tungsten fragments. Polyhedron 2004, 23, 311-321.

(13) Cambridge Structural Database. The searches were conducted using the ConQuest

package (CSD version 5.40; November 2018).

(14) Castarlenas, R.; Esteruelas, M. A.; Gutiérrez-Puebla, E.; Jean, Y.; Lledos, A.; Martin, M.;
Onate, E.; Tomas, J. Synthesis, Characterization, and Theoretical Study of Stable Hydride-

Azavinylidene Osmium(IV) Complexes. Organometallics 2000, 19, 3100-3108.

(15) Castarlenas, R.; Esteruelas, M. A.; Jean, Y.; Lledds, A.; Onate, E.; Tomas, J. Formation
and Stereochemistry of Octahedral Cationic Hydride-Azavinylidene Osmium(IV) Complexes.

Eur. J. Inorg. Chem. 2001, 2871-2883.

(16) Dai, Q. X.; Seino, H.; Mizobe, Y. Tungsten(Il) Alkylimido Complexes from Insertion of
Nitriles into Tungsten Hydride: Alkylideneamido Intermediate Stage and Nitrene Group Transfer

to Isocyanide. Organometallics 2012, 31, 4933-4936.

(17) (a) Castarlenas, R.; Esteruelas, M. A.; Ofate, E. Formation of Imine-Vinylidene-
Osmium(Il) Derivatives by Hydrogen Transfer from Alkenyl Ligands to Azavinylidene Groups
in Alkenyl-Azavinylidene-Osmium(IV) complexes. Organometallics 2000, 19, 5454-5463. (b)

Castarlenas, R.; Esteruelas, M. A.; Gutiérrez-Puebla, E.; Ofate, E. Reactivity of the Imine-

33



Vinylidene Complexes OsCl(=C=CHPh)(NH=CR2)(PPr3)» [CR: = CMe2, C(CH:):CHa].
Organometallics 2001, 20, 1545-1554. (c) Castarlenas, R.; Esteruelas, M. A.; Ofiate, E. A*- and
A’-Azaosmetine Complexes as Intermediates in the Stoichiometric Imination of Phenylacetylene
with Oximes. Organometallics 2001, 20, 2294-2302. (d) Castarlenas, R.; Esteruelas, M. A.;
Onate, E. One-Pot Synthesis for Osmium(Il) Azavinylidene-Carbyne and Azavinylidene-

Alkenylcarbyne Complexes Starting from an Osmium(II) Hydride-Azavinylidene Compound.

Organometallics 2001, 20, 3283-3292.

(18) (a) Esteruelas, M. A.; Lopez, A. M.; Olivan, M. Polyhydrides of Platinum Group Metals:
Nonclassical Interactions and o-Bond Activation Reactions. Chem. Rev. 2016, 116, 8770-8847.
(b) Alabau, R. G.; Esteruelas, M. A.; Olivan, M.; Onate, E.; Palacios, A. U.; Tsai, J.-Y.; Xia, C.
Osmium(II) Complexes Containing a Dianionic CCCC-Donor Tetradentate Ligand.
Organometallics 2016, 35, 3981-3995. (c) Eguillor, B.; Esteruelas, M. A.; Lezaun, V.; Olivan,
M.; Onate, E. Elongated Dihydrogen versus Compressed Dihydride in Osmium Complexes.
Chem. Eur. J. 2017, 23, 1526-1530. (d) Alabau, R. G.; Esteruelas, M. A.; Olivan, M.; Onate, E.
Preparation of Phosphorescent Osmium(IV) Complexes with N,N’,C-and C,N,C’-Pincer
Ligands. Organometallics 2017, 36, 1848-1859. (e) Esteruelas, M. A.; Lezaun, V.; Martinez, A.;
Olivan, M.; Onate, E. Osmium Hydride Acetylacetonate Complexes and Their Application in
Acceptorless Dehydrogenative Coupling of Alcohols and Amines and for the Dehydrogenation
of Cyclic Amines. Organometallics 2017, 36, 2996-3004. (f) Buil, M. L.; Esteruelas, M. A.;
Gay, M. P.; Goémez-Gallego, M.; Nicasio, A. I.; Oiiate, E.; Santiago, A.; Sierra, M. A. Osmium
Catalysts for Acceptorless and Base-Free Dehydrogenation of Alcohols and Amines: Unusual
Coordination Modes of a BPI Anion. Organometallics 2018, 37, 603-617. (g) Babén, J. C.;

Esteruelas, M. A.; Fernandez, 1.; Lopez, A. M.; Onate, E. Evidence for a Bis(Elongated o)-

34



Dihydrideborate Coordinated to Osmium. Inorg. Chem. 2018, 57, 4482-4491. (h) Babon, J. C;
Esteruelas, M. A.; Fernandez, 1.; Lopez, A. M.; Onate, E. Redox-Assisted Osmium-Promoted C-

C Bond Activation of Alkylnitriles. Organometallics 2018, 37, 2014-2017.

(19) Esteruelas, M. A.; Lledés, A.; Martin, M.; Maseras, F.; Osés, R.; Ruiz, N.; Tomas, J.
Synthesis and Characterization of Mixed-Phosphine Osmium Polyhydrides: Hydrogen

Delocalization in [OsHsPs]" Systems. Organometallics 2001, 20, 5297-5309.

(20) Eguillor, B.; Esteruelas, M. A.; Garcia-Raboso, J.; Olivan, M.; Onate, E. Stoichiometric
and Catalytic Deuteration of Pyridine and Methylpyridines by H/D Exchange with Benzene-ds
Promoted by an Unsaturated Osmium Tetrahydride Species. Organometallics 2009, 28, 3700-

3700.

(21) Gusev, D. G.; Kuhlman, R.; Sini, G.; Eisenstein, O.; Caulton, K. G. Distinct Structures for
Ruthenium and Osmium Hydrido Halides: OsH3:X(P'Pr3): (X = CI, Br, I) Are Nonoctahedral

Classical Trihydrides with Exchange Coupling. J. Am. Chem. Soc. 1994, 116, 2685-2686.

(22) Kuhlman, R.; Clot, E.; Leforestier, C.; Streib, W. E.; Eisenstein, O.; Caulton, K. G.
Quantum Exchange Coupling: A Hypersensitive Indicator of Weak Interactions. J. Am. Chem.

Soc. 1997, 119, 10153-10169.

(23) Esteruelas, M. A.; Garcia-Raboso, J.; Olivdn, M. Preparation of Half-Sandwich Osmium
Complexes by Deprotonation of Aromatic and Pro-aromatic Acids with a Hexahydride Bronsted

Base. Organometallics 2011, 30, 3844-3852.

(24) Buil, M. L.; Cardo, J. J. F.; Esteruelas, M. A.; Fernandez, I.; Ofiate, E. An Entry to Stable

Mixed Phosphine-Osmium-NHC Polyhydrides. Inorg. Chem. 2016, 55, 5062-5070.

35



(25) Esteruelas, M. A.; Fernandez, I.; Lépez, A. M.; Mora, M.; Oiate, E. Preparation,
Structure, Bonding, and Preliminary Reactivity of a Six-Coordinate d* Osmium-Boryl Complex.

Organometallics 2012, 31, 4646-4649.

(26) (a) Espuelas, J.; Esteruelas, M. A.; Lahoz, F. J.; Oro, L. A.; Ruiz, N. Synthesis of New
Hydride-Carbyne and Hydride-Vinylcarbyne Complexes of Osmium(II) by Reaction of
OsH2Cl2(P'Pr3): with Terminal Alkynes. J. Am. Chem. Soc. 1993, 115, 4683-4689. (b) Casanova,
N.; Esteruelas, M. A.; Gulias, M.; Larramona, C.; Mascarefas, J. L.; Onate, E. Amide-Directed
Formation of Five-Coordinate Osmium Alkylidenes from Alkynes. Organometallics 2016, 35,

91-99.

(27) (a) Bolafo, T.; Castarlenas, R.; Esteruelas, M. A.; Modrego, F. J.; Onate, E. Hydride-
Alkenylcarbyne to Alkenylcarbene Transformation in Bisphosphine-Osmium Complexes. J. Am.
Chem. Soc. 2005, 127, 11184-11195. (b) Bolano, T.; Esteruelas, M. A.; Ofate, E. Osmium-
carbon multiple bonds: Reduction and C-C coupling reactions. J. Organomet. Chem. 2011, 696,

3911-3923.

(28) The cyclohexylidene unit of the azavinylidene ligand was replaced by benzylidene in

order to homogenize the calculations. See computational details in the Supporting Information.

(29) See for instance: (a) Hermann, M.; Frenking G. Carbones as Ligands in Novel Main-
Group Compounds E[C(NHC):]2 (E = Be, B*, C**, N**, Mg, Al', Si**, P**): A Theoretical Study.
Chem. Eur. J. 2017, 23, 3347-3356. (b) Wu, Z.; Xu, J.; Sokolenko, L.; Yagupolskii, Y. L.; Feng,
R.; Liu, Q., Lu, Y., Zhao, L.; Fernandez, I.; Frenking, G.; Trabelsi, T.; Francisco, J. S.; Zeng, X.
Parent Thioketene S-Oxide H2.CCSO: Gas-Phase Generation, Structure, and Bonding Analysis.

Chem. Eur. J. 2017, 23, 16566-16573. (c¢) Foroutan-Nejad, C.; Straka, M.; Fernindez, I.;

36



Frenking, G. Buckyball Difluoride F2@Ceo™-A Single-Molecule Crystal. Angew. Chem. Int. Ed.

2018, 57, 13931-13934.

(30) A pure electron-sharing bonding with the fragments in quartet state, using PMes as model
of the phosphine ligands, was initially also considered. However, it afforded the highest AEow

and was therefore discarded (See Table S1).

(31) Jerabek, P.; Schwerdtfeger, P.; Frenking, G. Dative and Electron-Sharing Bonding in

Transition Metal Compounds. J. Comput. Chem. 2019, 40, 247-264.

(32) (a) Gallop, M. A.; Rickard, C. E. F.; Roper, W. R. Synthesis and structure of an ortho-
metalated ketazine complex of osmium, OsH(CO):[(CsHs-p-Me)(p-tolyl) CNNC(p-tolyl)2](PPhs).
J. Organomet. Chem. 1990, 395, 333-340. (b) Werner, H.; Daniel, T.; Braun, T.; Niirnberg, O.
Five-Membered OsC:N Heterocycles from osmium azavinylidenes as precursors. J. Organomet.
Chem. 1994, 480, 145-153. (c) Esteruelas, M. A.; Lahoz, F. J.; Lépez, A. M.; Oiate, E.; Oro, L.
A. Synthesis, X-Ray Structure, and Protonation of [Os(C2Ph){NH=C(Ph)CsH4}(CO)(P'Pr3)2].
Organometallics 1995, 14, 2496-2500. (d) Barea, G.; Esteruelas, M. A.; Lledos, A.; Lopez, A.
M.; Oiiate, E.; Tolosa, J. I. Synthesis and Characterization of OsX{NH=C(Ph)CsHa}H2)(P'Pr3):
(X =H, Cl, Br, I): Nature of the Hz unit and Its Behavior in Solution. Organometallics 1998, 17,
4065-4076. (e) Esteruelas, M. A.; Gutiérrez-Puebla, E.; Lopez, A. M.; Oiate, E.; Tolosa, J. L.
Reactions of Os(3°-CsHs)CI(P'Pr3)2 with NH=CPh: and PPhs: The Unit Os(;’-CsHs)(PPrs) as
Support for the Study of the Competitive Alkane-Arene Intramolecular C-H Activation.
Organometallics 2000, 19, 275-284. (f) Esteruelas, M. A.; Lledés, A.; Olivan, M.; Onate, E.;

Tajada, M. A.; Ujaque, G. Ortho-CH activation of Aromatic Ketones, Partially Fluorinated

37



Aromatic Ketones, and Aromatic Imines by a Trihydride-Stannyl-Osmium(IV) Complex.

Organometallics 2003, 22, 3753-3765.

(33) (a) Esteruelas, M. A.; Lahoz, F. J.; Oiate, E.; Oro, L. A.; Sola, E. Carbon-Carbon
Coupling and Carbon-Hydrogen Activation Reactions in Bis(triisopropylphosphine)osmium
Complexes. J. Am. Chem. Soc. 1996, 118, 89-99. (b) Wen, T. B.; Zhou, Z. Y.; Lau, C.-P.; Jia, G.
Isomerization of CH3C=CPh to Phenylallene Promoted by an Osmium Hydride Complex.
Organometallics 2000, 19, 3466-3468. (c) Castro-Rodrigo, R.; Esteruelas, M. A.; Lopez, A. M.;
Onate, E. Reactions of a Dihydrogen Complex with Terminal Alkynes: Formation of Osmium-
Carbyne and -Carbene Derivatives with the Hydridotris(pyrazolyl)borate Ligand.
Organometallics 2008, 27, 3547-3555. (d) Eguillor, B.; Esteruelas, M. A.; Fernandez, 1.; G6mez-
Gallego, M.; Lledds, A.; Martin-Ortiz, M.; Olivan, M.; Onate, E.; Sierra, M. A. Azole Assisted
C-H Bond Activation Promoted by an Osmium-Polyhydride: Discerning between N and NH.
Organometallics 2015, 34, 1898-1910. (e) Eguillor, B.; Esteruelas, M. A.; Lezaun, V.; Olivan,
M.; Onate, E.; Tsai, J.-Y.; Xia, C. A Capped Octahedral MHCs Compound of a Platinum Group

Metal. Chem. Eur. J. 2016, 22, 9106-9110.

(34) (a) Stephan, D. W.; Erker, G. Frustrated Lewis Pairs: Metal-free Hydrogen Activation and
More. Angew. Chem., Int. Edit. 2010, 49, 46-76. (b) Stephan, D. W.; Erker, G. Frustrated Lewis
pair chemistry of carbon, nitrogen and sulfur oxides. Chem. Sci. 2014, 5, 2625-2641. (c) Stephan,
D. W.; Erker, G. Frustrated Lewis Pair Chemistry: Development and Perspectives. Angew.
Chem., Int. Edit. 2015, 54, 6400-6441. (d) Stephan, D. W. Frustrated Lewis Pairs: From Concept
to Catalysis. Acc. Chem. Res. 2015, 48, 306-316. (e) Stephan, D. W. Frustrated Lewis Pairs. J.

Am. Chem. Soc. 2015, 137, 10018-10032. (f) Scott, D. J.; Fuchter, M. J.; Ashley, A. E.

38



Designing effective 'frustrated Lewis pair' hydrogenation catalysts. Chem. Soc. Rev. 2017, 46,

5689-5700.

(35) See also, (a) Yepes, D.; Jaque, P.; Fernindez, 1. Deeper Insight into the Factors
Controlling H> Activation by Geminal Aminoborane-Based Frustrated Lewis Pairs. Chem. Eur.
J. 2016, 22, 18801-18809. (b) Yepes, D.; Jaque, P.; Fernandez, I. Hydrogenation of Multiple
Bonds by Geminal Aminoborane-Based Frustrated Lewis Pairs. Chem. Eur. J. 2018, 24, 8833-
8840. (c) Cabrera-Trujillo, J. J.; Ferndndez, 1. Influence of the Lewis Acid/Base Pairs on the
Reactivity of Geminal E-CH2-E’ Frustrated Lewis Pairs. Chem. Eur. J. 2018, 24, 17823-17831.
(d) Cabrera-Trujillo, J. J.; Fernandez, 1. Aromaticity can enhance the reactivity of P-donor/borole

frustrated Lewis pairs. Chem. Commun. 2019, 55, 675-678.

(36) Aracama, M.; Esteruelas, M. A.; Lahoz, F. J.; Lo pez, J. A.; Meyer, U.; Oro, L. A.;
Werner, H. Synthesis, Reactivity, Molecular Structure, and Catalytic Activity of the Novel
Dichlorodihydridoosmium(IV) Complexes OsH2Cl2(PR3): (PR3 = P-i-Pr3, PMe--Bw). Inorg.

Chem. 1991, 30, 288-293.

(37) Under the same conditions, in THF, the reaction completes in 1 h.

(38) The high solubility of 4 in usual organic solvents is responsible for the low isolated yield.

39



SYNOPSIS

The insertion of benzonitriles into an Os-H bond of OsHe(P'Pr3)., via Os(n-N=CR)
intermediates, leads to trihydride-osmium-azavinylidene complexes bearing an electrophilic
hydride and a nucleophilic N atom. These centers, which are kinetically deterred from the imine
formation, confer them the ability to heterolytically activate sigma bonds. The use of water as a
proton shuttle allows the migration of the electrophilic hydride to the N atom to afford

phenylaldimines, which subsequently undergoes orthometalation.
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