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ABSTRACT: The redox-assisted C(sp)—C(sp®) bond activation of alkylnitriles coordinated to osmium(ll)-dihydride fragments has
been performed with an osmium(V1)-polyhydride to liberate alkanes and generate dinuclear complexes formed by two osmium(1V)-
polyhydride moieties linked by only one CN-bridge. In addition, the bonding situation in these novel dinuclear species has been

computationally studied.

The high directionality of the c-orbital of the C—C single bond,
constrained straightway along the axis, prevents its interaction
with transition metals.! As a consequence, although a variety
of approaches have been used in order to solve the issue,? the
C-C cleavage is the least frequent among the transition metal
mediated o-bond activation processes.® In this context, the
development of procedures and complexes for promoting the
C—CN bond rupture is of particular interest since this bond is
present in many organic molecules and their decyanation is
crucial in organic synthesis.* Thus, a number of complexes,®
mainly of groups 9 and 10, have been employed to activate C—
CN bonds. Two strategies have been vastly followed (Scheme
1): i) oxidative addition of the C—-CN bond® to Rh(-I),” Co(1),®
Rh(1),° Ni(0),° Pd(0),!* Pt(0)!? and ii) insertion of the C-N
triple bond into M-SiR; (Fe,** Rh'%) or Rh-BR,* bonds fol-
lowed by a-carbon elimination. In this communication, we
wish to report on a different procedure which applies to osmi-
um (iii in Scheme 1).

Addition reactions are visualized as processes where double
or triple bonds are fully or partially broken in order to accom-
modate additional atoms or group of atoms thus forming a
larger molecule. Sometimes the addition is accompanied by
the loss of a small fragment. Then, the process is known as an
addition-elimination reaction. The coordination of an organic
molecule to a transition metal changes the chemical behavior
of both the organic molecule and the metal center. In agree-
ment with this, we have observed an unusual 1,3-addition-4-
elimination reaction, which takes places between alkylnitriles
coordinated to an osmium(Il) center and a osmium(VI) poly-
hydride. The reaction produces the elimination of alkane as a
result of the C(sp®)—~C(sp) bond activation of the nitrile and the
comproportionation of the metal centers to osmium(IV). To-

gether, both processes yield dinuclear polyhydrides with a
CN-bridge, in addition to the saturated hydrocarbon.

Scheme 1. C(sp)-C(sp®) Bond Activation of Alkylnitriles
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Hexahydride complex OsHs(P'Prs), (1) loses two hydrogen
molecules in acetonitrile:toluene (1:1) at 130 °C. The resulting
14e metal fragment OsH(P'Pr3), is trapped by the nitrile to
form the cis-dihydride-bis(acetonitrile) derivative
OsHa(MeCN),(P'Prs), (2). The coordination of the nitrogen
atom of the nitrile to the osmium atom enhances the electro-
philicity of the C(sp)-atom, which increases its susceptibility
towards the nucleophilic attack of a new hexahydride mole-
cule. The addition facilitates a double hydrogen transfer from



the osmium(VI1) center, which undergoes reduction to osmi-
um(IV). One of the hydrogen transfers takes place to the os-
mium(Il) center of the dihydride, which is oxidized to osmi-
um(lV), whereas the other one has the methyl substituent of
the nitrile as a hydrogen acceptor, which is liberated as me-
thane. Thus, the treatment of toluene solutions of 1 with 1.0
equiv. of 2, at 60 °C, for 24h leads to the dinuclear polyhy-
dride (PPr3);H4Os(u-CN)OsH3(MeCN)(PPr3), (3) and me-
thane, in almost quantitative yield according to the 3P{*H}
NMR spectrum of the reaction crude. Its formation is the
result of the comproportionation of the metal centers and the
C-C bond activation of one of the coordinated nitriles
(Scheme 2).

Scheme 2. C(sp)-C(sp®) Bond Activation of Coordinated
Acetonitrile Promoted by 1
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Complex 3 was characterized by X-ray diffraction analysis.
Figure 1 gives a view of the molecule. The structure proves
the formation of the cyano ligand, which affords a linear
Os(1)-N(1)-C(1)-0Os(2) bridge with Os(1)-N(1)-C(1) and
N(1)-C(1)-Os(2) angles of 176.9(4)° and 178.1(4)°, respec-
tively, and a N(1)-C(1) distance of 1.152(6) A. In agreement
with the +4 oxidation state of both metal centers, the coordina-
tion polyhedra around the osmium atoms can be rationalized
as distorted pentagonal bipyramids with axial phosphines
(P(1)-Os-P(2) = 167.99(5)° and P(3)-Os-P(4) = 167.68(5)°).
The metal coordination sphere around Os(1) is completed by
three hydride ligands, an acetonitrile molecule, and the nitro-
gen atom of the cyano group, whereas the metal coordination
sphere around Os(2) is completed by four hydride ligands and
the carbon atom of the cyano group. The equatorial planes
form an angle of 53.12°. In the *C{*H} NMR spectrum, the
C(1) atom gives rise to a triplet (3Jc p = 7.7 Hz) at 141.2 ppm.
According to the presence of the OsH4P, and OsH3P, moieties,
the 'H NMR spectrum contains two hydride resonances at -
11.03 (t, 3Jnp = 14.5 Hz) and -12.41 (t, 3Ju.p = 12.4 Hz) ppm
in a 4:3 intensity ratio and the 3P{*H} NMR spectrum shows
two signals at 42.4 and 26.0 ppm.

Figure 1. Molecular diagram of complex 3 with 50% probability
ellipsoids. Hydrogen atoms (except hydrides) are omitted for
clarity. Selected bond lengths (A) and angles (deg): Os(1)-N(1) =

2.134(4), Os(1)-N(2) = 2.138(4), 0s(2)-C(1) = 2.074(5), N(1)-
C(1) = 1.152(6), N(2)-C(2) = 1.122(7); Os(1)-N(1)-C(1) =
176.9(4), N(1)-C(1)-Os(2) = 178.1(4), P(1)-Os(1)-P(2)
167.99(5), P(3)-Os(2)-P(4) = 167.68(5).

The bonding situation in complex 3 was analyzed by DFT
calculations using the Atoms in Molecules (AIM), Natural
Bond Orbital (NBO), and Energy Decomposition Analysis-
Natural Orbital for Chemical Valence (EDA-NOCV) meth-
ods.Y

Figure 2 shows the Laplacian distribution in the Os—C—N—
OsHjs plane. As expected, the AIM method locates bond criti-
cal points (BCPs) together with the associated bond paths
(BPs) between the transition metals and the carbon and nitro-
gen atoms. Both Os—N and Os—C bonds show areas of charge
concentration (V?p(r) < 0, dashed lines) at the nitrogen and
carbon ends, which have the shape of a droplet-like appendix
directed toward the osmium atom, a topology which is typical
for a closed-shell donor acceptor interaction.® The C-N bond
of the cyano group is weaker than that of the acetonitrile lig-
and, as revealed by the computed respective NBO-Wiberg
Bond Indexes (WBI) of 2.49 and 2.63. Not surprinsingly, both
C-N bonds are weaker than that computed for free MeCN
(WBI = 2.88), which nicely reflects the effect of the coordina-
tion into the C—N bond strength. Bond critical points and bond
paths were not located between the hydride ligands, in agree-
ment with their classical nature.

Figure 2. Contour line diagrams V?p(r) for complex 3 in the
Os—C-N-OsHs plane computed at the BP86-D3/def2-SVP level.
Solid lines indicate areas of charge depletion (V2p(r) > 0) while
dashed lines show areas of charge concentration (V2p(r) < 0). The
solid lines connecting the atomic nuclei are the bond paths while
the small green spheres indicate the corresponding bond critical
points.

The EDA-NOCV method was applied next in order to con-
firm the donor-acceptor nature of the Os—N and Os—C bonds
and to gain more quantitative insight into the bonding situation
of the novel dinuclear species. The bonds were analyzed in
two different partitioning schemes using either neutral or
charged fragments. The calculation that gives the smallest
orbital form AEyy (i.e. involving the smallest change in the
electronic structure of the fragments by the bond formation)
indicates the most reasonable description of the bond. Accord-
ing to the results collected in Table 1, both Os—-N and Os-C
bonds are best described using closed-shell fragments, charged
fragments for the Os-N bond ([(P'Prs),HsOs]CN- and
[OsH3(MeCN)(P'Pr3).]*) and neutral fragments for the Os—C
bond ([(P'Prs).H.0s] and CN[OsHz(MeCN)(P'Prs),]), which
confirms their dative nature. Interestingly, for both bonds, the
electrostatic form AEeisa: becomes the major contributor to the
total interaction, indicating the highly polar nature of the Os—C



Table 1. EDA-NOCYV Results (in kcal/mol) Computed at the ZORA-BP86-D3/TZ2P+//BP86-D3/def2-SVP Level

Os—N bond Os-C bond
Electron-sharing Dative bond Electron-sharing Dative bond
Fragments [(PiPr3)2H4Os]F:N' [(P‘Pr3)2H4Os]_CN* [(P‘Prs)szaos]"+ [(P‘Pr3)2H4Os]_
[OsH3(MeCN)(P'Pra)2]* [OsH3(MeCN)(P'Prs)2]*  CN[OsH3(MeCN)(P'Prs)z]*~ CN[OsH3(MeCN)(P'Prs)z]

AEint -104.4 -136.1 -233.4 -83.7

AEpauii 238.8 140.9 213.7 200.0
AEelstat® -129.1 (37.6%) -163.0 (58.9%) -223.7 (49.9%) -159.2 (56.1%)
AEon? -176.3 (51.4%) -76.1 (27.5%) -188.6 (42.1%) -88.7 (31.3%)
AEgisp? -37.8 (11.0%) -37.8 (13.6%) -35.8 (8.0%) -35.8 (12.6%)
AEom(p1)P —-37.5 (49.3%) -47.9 (54.0%)
AEor(p2)P —6.1 (8.0%) -12.6 (14.3%)

@The values within parentheses indicate the percentage to the total attractive interaction energy, AEint = AEpauli + AEeistat + AEorb + AEdisp.
bThe values in parentheses give the percentage contribution to the total orbital interactions AEorb.

and Os—N interactions. Moreover, the orbital interactions can
be visualized and quantified by means of the NOCV method.

Figure 3 shows the main computed deformation densities
Ap (the charge flow takes place in the direction red — blue)
for both bonds. The Os—C bond (Fig. 3a) can be viewed as a -
bond, which involves the donation of electron density from the
LP(C) to a vacant 6* molecular orbital of the transition metal
fragment [(P'Pr3),H,0s], having a small n-backbonding to the
vacant p,(C) atomic orbital. A similar bonding description is
found for the Os—N bond (Fig. 3b).

(@)

AE(p4) = —47.9 kcal/mol

(b)

AE(p4) =-37.5 kcal/mol

AE(py) = 6.1 keal/mol

Figure 3. NOCV-deformation densities for bond Os-C (a) and
Os—N (b) in complex 3. The charge flow takes place in the direc-
tion red — blue.

Complex 3 can be also obtained in a one-pot synthesis pro-
cedure at 60 °C, starting from 1 and acetonitrile. Thus, treat-
ment of the hexahydride with 2.0 equiv. of the nitrile at this
temperature affords the dinuclear species in about 50% yield,
after 48h, according to the P{*H} NMR spectrum of the
reaction mixture. Under similar reaction conditions, complex 1
also activates the C(sp)-C(sp®) bond of propionitrile to release
ethane and yield the dinuclear compound (P'Prs),HsOs(p-
CN)OsH3(EtCN)(P'Prs), (4), containing a propionitrile mole-

cule in the analogous position to the acetonitrile ligand in
complex 3 (Scheme 3).

Scheme 3. One-Pot Synthesis of the Dinuclear Complexes 3
and 4 Starting from 1 and Nitriles
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In conclusion, a novel procedure to perform the C(sp)-—
C(sp®) bond activation of alkylnitriles has been discovered. It
applies to the d?-hexahydride OsHs(P'Prs), complex and has
afforded the first transition metal dinuclear complexes formed
by two polyhydride moieties linked by a CN-bridge.
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