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Summary: Os(H)2Cl2L2 (L ) PiPr3) reacts with propylene
or styrene to give equimolar amounts of OsHCl2(CCH2R)-
L2 and the hydrogenated olefin; these molecules are
isomeric with the ruthenium carbenes RuCl2[C(H)CH2R]-
L2, yet these distinct redox alternatives are thermo-
dynamically preferred. Ab initio (B3LYP) calculations
show that the unsaturated five-coordinate MCl2(CHMe)-
(PH3)2 is more stable than the saturated hexacoordinate
MCl2H(CMe)(PH3)2 for M ) Ru, while the two species
are almost isoenergetic in the case of Os; computation-
ally, it is found that the osmium hydrido carbyne
involves a large activation energy (27.2 kcal/mol) to
transform unimolecularly to its carbene isomer.

The great redox flexibility of the transition elements
permits the possible existence of redox tautomers, or
isomers, and the question of the comparative stabilities
of these. Conceivable alternative structures (i.e., in-
volving significant movement of atoms) in a number of
cases include M(η2-EE′) vs M(E)(E′), where E, E′ ) O,
S, NR, PR, CR2. Some particularly striking examples
of redox isomers are represented by dihydride/dihydro-
gen tautomers existing in thermal equilibrium (eq 1).1

Equally remarkable are the examples where change of
solvent alters the stable form from LnCu2(µ-O2) to Ln-
Cu2(µ-O)2.2 Isomers which differ by hydrogen migration
represent fundamental transformations of organome-
tallic chemistry (eq 2 and 3), and a hydrogen migration
to N2 (eq 4) has been reported with conversion from
solution to the solid phase.3 Conversion from a hydride/
vinylidene complex to a carbyne has been reported on

changing from MeNO2 solvent to the solid phase.4 We
report here a unique situation: a case where changing
from a 4d (M) to a 5d (M′) metal completely changes
the ground-state structure, with concomitant change in
valence electron count (eq 5). One related oxidation

state reversal5 is that of (HBpz3)Rh(C2H4)(CO) vs
(HBpz3)IrH(CHdCH2)(CO), but here both alternatives
have the same electron count. Similarly, RuHI(H2)L2
is a dihydrogen complex, while Os(H)3IL2 contains
Os(IV).6
Reaction (eq 6) of Os(H)2Cl2L2 (L ) PiPr3) with

terminal olefins (mole ratio 1:(2-3)) occurs at conve-
nient rates above 85 °C (in toluene) to produce equimo-
lar amounts of alkane (i.e., the hydrogen abstraction
product) and (e.g., from styrene) OsHCl2(CCH2Ph)L2.7,8
The latter product has the elemental composition
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OsCl2L2‚olefin, but the olefin has been transformed into
a carbyne ligand by abstraction of both CH2 hydrogens;
one migrates to the metal, and the second migrates to
Câ. An analogous product is derived, in quantitative
yield, from propene.9 All have spectroscopic properties
consistent with trans phosphines and mutually cis
chlorides. Examples of this structural type have been
reported earlier,10 but synthesized from terminal alkynes,
not olefins.
In octahedral, saturated OsHCl2(CR)L2, the hydride

is cis to the carbyne ligand, a feature which raises the
question of why the olefin metathesis catalyst11 RuCl2-
(CHR)L2 is five-coordinate and unsaturated. That is,
the Os and Ru complexes are isomeric, not isostructural,
each at 25 °C and in the same solvent (e.g., arenes).12
We have considered the possibility that one of these
isolated species is merely a kinetic product and that
both the 4d and 5d metals in reality have the same
thermodynamic structural preference. In fact, OsHCl2-
(CCH2Ph)L2 is unchanged on reflux in benzene for 30
h. The analogous carbene RuCl2(CHPh)(PCy3)213 is not
isomerized to a carbyne complex after 20 h at 70 °C in
toluene. In addition, 1H and 31P NMR spectra of the
ruthenium complex recorded at 70 °C show no evidence
for population of a hydrido carbyne isomer.
Although these attempted thermolyses suggest that

the isomeric compounds are thermodynamic products,
we turned to a computational approach for an indepen-
dent measure of thermodynamic stability. The model
species MHCl2(C-CH3)(PH3)2 and MCl2(CHCH3)(PH3)2
for M ) Ru, Os have been optimized by ab initio

calculations at the DFT (B3LYP) level.14 For both
metals, the five-coordinate complex is a square pyramid
with apical carbene coplanar with the MP2 plane (Figure
1a). This maximizes interaction between the empty p
orbital of the carbene and the metal d orbital destabi-
lized by the Cl lone pairs. The six-coordinate complex
has a slightly distorted octahedral geometry (Figure 1b).
While the carbene isomer is 27.8 kcal mol-1 more stable
than the hydrido carbyne for M ) Ru, the difference is
reduced to 6.4 kcal mol-1 for M ) Os (the carbene is
still calculated to be more stable for M ) Os). The
striking result is that, while the preference for carbene
isomer is significant for Ru, the difference in energy is
over 20 kcal mol-1 smaller in the case of Os. The
electronically preferred orientation of the carbene ligand
in MCl2(CHCH3)(PH3)2 has maximal steric hindrance
between the bulky phosphines and the carbene substit-
uents. This is why, in the three observed structures,13,15
the carbene is rotated away from this ideal position; the
calculated rotational barrier in the PH3 model is only
4.6 kcal/mol. In contrast, the hydrido carbyne complex
has less steric hindrance between the R group of the
linear MCR and the phosphines. Thus, the PH3-based
calculations underestimate the stability of the hydrido
carbyne with respect to the carbene isomer. This should
play a role only in the case of Os, where the isomer
energies are similar. This accounts for the greater
stability observed for the Os hydrido carbyne complex,
yet it leaves the carbene isomer close in energy.
OsHCl2(CEt)L2 reacts with CO within 14 h at 0.036

M and 25 °C in CD2Cl2 to form OsCl2(CHEt)(CO)L2.16
A stereochemistry with trans phosphines and cis chlo-
rides is established by the observation of two (diaste-
reotopic) iPr methyl groups, each as a (doublet of) virtual
triplets.17 A reaction of this rate cannot occur by a
mechanism in which an equilibrium amount of pre-
formed unsaturated carbene OsCl2(CHEt)L2 is attacked
by CO, since DFT calculation of the energy of the
optimized structure of the transition state for unimo-

(8) Synthesis of [OsHCl2(CCH2Ph)(P-i-Pr3)2]. To a suspension
of [OsH2Cl2(P-i-Pr3)2] (0.0500 g, 0.0857 mmol) in toluene (10 mL), was
added CH2dCHPh (0.257 mmol, 29.4 µL). Refluxing the suspension
(110-115 °C) for 24 h yielded a dark brown solution. The solution was
cooled to room temperature and concentrated to approximately 1-2
mL under reduced pressure. The remaining solution was cooled to 0
°C, and excess pentane (25 mL) was added, yielding a brown precipitate
after 1 h. The precipitate was collected, washed with pentane (10 mL),
and dried under reduced pressure. Yield: 0.0216 g (41%). The
spectroscopic data (NMR) for the product were the same as those cited
previously. 1H NMR (300 MHz, C6D6): δ -6.59 (t, J(PH) ) 16.2 Hz, 1
H, Os-H), 1.32 (dvt, N ) 14.1, J(HH) ) 7.5 Hz, 18 H, PCHCH3), 1.42
(dvt, N ) 13.2, J(HH) ) 7.2 Hz, 18 H, PCHCH3), 2.07 (s, 2H, OsCCH2-
Ph), 2.57 (m, 6 H, PCHCH3), 6.98-7.32 (m, 5 H, Ph). 31P{1H} NMR
(121.4 MHz, C6D6): δ 19.80 (s, P-i-Pr3).

(9) 1H NMR (300 MHz, C6D6): δ -7.00 (t, J(PH) ) 16.5 Hz, 1 H,
Os-H), 1.29 (dvt, N ) 14.1, J(HH) ) 7.2 Hz, 18 H, PCHCH3), 1.41
(dvt, N ) 13.5, J(HH) ) 7.2 Hz, 18 H, PCHCH3), 2.59 (m, 6 H,
PCHCH3); the CH2 and CH3 resonances of the ethyl group were
obscured by the P-i-Pr3 proton signals. 13C{1H} NMR (75.4 MHz,
C6D6): 6.58 (s, OsCCH2CH3), 19.84 (s, PCHCH3), 19.97 (s, PCHCH3),
27.01 (vt,N ) 26.1, PCHCH3), 45.11 (s, OsCCH2). 31P{1H} NMR (121.4
MHz, C6D6): 20.68 (s, P-i-Pr3).
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Figure 1. Optimized (B3LYP) structures of (a) RuCl2-
[C(H)CH3](PH3)2 and (b) OsHCl2(CCH3)(PH3)2.
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lecular rearrangement between hydride/carbyne and
carbene (Figure 2) gives an energy of 27.2 kcal mol-1,
above the carbyne, which is too large to be consistent
with the observed reaction rate to form the carbonyla-
tion product. Therefore, the mechanism of this reaction
must involve nucleophilic assistance of the hydrido-to-
carbyne-carbon migration; Os-CO bond making will
lower the activation energy from its unimolecular value.

These results are more than a simple curiosity. Since
the osmium isomer is saturated, it may not be a good
olefin metathesis catalyst unless the R-H migration in
the actual complex (not the PH3 species shown in the
Figures) is only mildly endergonic.
The greater stability of the carbyne isomer for osmium

may be due to the 5d metal preferring a higher oxidation
state (i.e., carbyne is more oxidizing than carbene) and
having a stronger desire for an 18-valence electron
count. This can explain the contrasting structures of
Cp*2Nb[η2-H2B(catecholate)] and endo-Cp2Ta(H)2[B-
(catecholate)], which contain NbIII and TaV.18 It is also
true that metal-ligand bond strength is generally
stronger for 5d vs 4d metals,19 and the hydrido carbyne
has more metal-ligand bonds.
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(16) Synthesis of [OsCl2(CO)(CHCH2CH3)(P-i-Pr3)2]. In an NMR
tube with a Teflon valve, [OsHCl2(CCH2CH3)(P-i-Pr3)2] (0.0100 g,
0.0181 mmol) was dissolved in approximately 0.5 mL of CD2Cl2 under
Ar to give an orange solution. The solution was frozen in liquid N2,
evacuated on a vacuum line, and refilled with 1 atm of CO. The solution
was thawed and mixed (tumbling) for 14 h, after which time it had
turned pale yellow. 31P and 1H NMR spectroscopy both indicated that
all of [OsHCl2(CCH2CH3)(P-i-Pr3)2] had reacted and revealed the
presence of a new species formulated as [OsCl2(CO)(CHCH2CH3)(P-i-
Pr3)2]. Diagnostic spectra: 1H NMR (300 MHz, CD2Cl2) δ 18.62 (tt,
J(HH) ) 6.0 Hz, J(PH) ) 1.2 Hz, OsCHCH2CH3); 31P NMR (121.4 MHz,
CD2Cl2) δ 12.08 (s, P-i-Pr3). No hydride signal was present in the 1H
NMR spectrum.
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Figure 2. Optimized transition state for the unimolecular
rearrangement of OsHCl2[CCH3](PH3)2 into OsCl2[C(H)-
CH3](PH3)2.
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