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The di†erences in the geometries of (X\ H, Cl ; Ph), where X andOs(X)(CHR)(Cl)(CO)L2 L\ PPr3i ; R\SiMe3 ,
CHR are mutually trans, have been studied through ab initio MP2 calculations R\ H). The optimized(L\PH3 ,
structures are in good agreement with the experimental data (PwOswP\ 141.4¡ for X \ H; 167.5¡ for X \ Cl)
and show the electronic origin of the distortion. A molecular orbital analysis explains why the PwOswP angle is
small for X\ H and larger, but not 180¡, for X \ Cl. For X\ H, the isomer in which H and are mutually cisCH2
is shown to be more stable than the corresponding experimental isomer in which they are mutually trans. However,
the 16-electron product resulting from insertion of the carbene into the OswH bond is shown to be considerably
more stable than the 18-electron hydrido-carbene parent compound. Thus, the isolated metastable isomer is
kinetically protected by a high barrier for site exchange in d6 hexacoordinated complexes. Recent experimental
observations by Caulton et al. have shown that transforms into whenOs(H)(CH2)(Cl)(CO)L2 Os(CH3)(Cl)(CO)L2
the kinetic barrier is removed by loss of phosphine.

It is commonly believed that 18-electron hexa-coordinated
complexes have a ““ regular ÏÏ octahedral geometry with ligandÈ
metalÈligand angles that deviate only slightly from 90¡. While
the electronic origin of small distortions has been discussed,1
any large geometrical distortion is surprising and the di†er-
ences between the structures of the recently reported complex-
es (X \ H and 1H ; X\ ClOs(X)(CHR)(Cl)(CO)L2 R\SiMe3and R \ Ph 1Cl ; by Werner et al., in which X andL\ PPr3i ),CHR are mutually trans, are therefore remarkable.2 The X-ray
structures of these complexes show that the two phosphine
ligands are bent toward X (PwOswP\ 167.5¡ for X\ Cl
and 141.4¡ for X\ H, Scheme 1). While the distortion is slight
in the case of Cl, this is not the case for X \ H. Steric e†ects
cannot explain this distortion since the plane of the carbene is
perpendicular to the PwOswP plane and therefore an elec-
tronic origin seems possible.

The formation of the carbene complex for X\ H is also
surprising since the reaction of diazomethane with the 16-
electron unsaturated complex wasOsH(Cl)(CO)(PPr3i )2expected to give 2, and notOs(CH3)(Cl)(CO)(PPr3i )2 ,
OsH(Cl)(CH2)(CO)(PPr3i ).2In this work we have used ab initio MP2 calculations to
analyse the origin of the geometrical distortion. We also
discuss the relative stabilities of saturated 1H and unsaturated
2. We thus obtain insights concerning some limitations of the
commonly accepted ideas that hexa-coordinated 18-electron

Scheme 1

species are octahedral and more stable than the corresponding
16-electron isomers.

Computational details
All the calculations were performed with the Gaussian 94 set
of programs.3 Osmium was represented with the HayÈWadt
relativistic core potential (ECP) for the 60 innermost electrons
and its associated double-f basis set.4 Cl, P and Si were also
described with Los Alamos ECPs and their associated double-
f basis set augmented by a d polarization function.5,6 A 6-
31G(d,p) basis set7 was used for all other atoms except the
hydrogen atoms of the phosphine ligands and(PH3 PMe3)and the carbon atoms of the phosphine ligands for(PMe3)which a minimal STO-3G basis set was used.8 Full geometry
optimizations without any symmetry constraints have been
carried out at the MP2 level.

Results
Non-octahedral geometry

Before moving on to the quantitative calculations, we Ðrst
show how a simple molecular orbital analysis can predict the
orientation of the carbene ligand as well as the possibility for
distortion to occur. An interaction diagram between andCH2the fragment (3X) for an ideal octahedralOs(X)(Cl)(CO)(PH3)2geometry shows a preference for the plane of the carbene to be
perpendicular to the PwOswP direction. The three occupied
non-bonding d orbitals of 3H, calculated at the EHT level, are
shown in Fig. 1. The highest occupied orbital, has thed

xz
,

proper symmetry to interact with the empty p orbital of the
carbene when the carbene ligand is coplanar with OswCl and
OswCO. Rotating the carbene by 90¡ makes the empty
carbene p orbital interact with which is stabilized by ad

yz
,

pushÈpull e†ect9 and is thus a less efficient electron donor. The
orbital does not have the proper symmetry to interact withd

xythe carbene p orbital for any orientation of the carbene ligand.
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Fig. 1 Occupied non-bonding d orbitals of 3H calculated at the
EHT level. (The EHT program was downloaded from the web site
http ://overlap.chem.cornell.edu :8080/yaehmop.html)

The interaction between the occupied r orbital of the carbene
and the LUMO of 3H, which is responsible for the OswC r
bond, is independent of the orientation of the carbene plane.
A similar analysis was carried out for the orientation of inH2OsH(Cl)(CO)(PH3)2(H2).10This back-donation from to the carbene creates a partiald

xzdouble bond between the metal and the carbon.11 Decreasing
the PwOswP angle a causes the phosphine ligands to bend

Fig. 2 Optimized structure for 4H and 4Cl (distances in angles inA� ,
degrees). Experimental values for 1H and 1Cl are reported in parenth-
esis for comparison.

Fig. 3 Top: Variation of and (in kcal mol~1, see text for*E1 *E2deÐnition) as a function of the PwOswP angle. Solid lines : X\ H;
dashed lines : X\ Cl. Bottom: Variation of (in*Et(a)\*E1] *E2kcal mol~1, see text for deÐnition) as a function of the PwOswP
angle. Solid lines : X\ H; dashed lines : X\ Cl.

away from the carbene. This leads to a larger mixing between
and on Os and thus to an increase in its ability tod

xz
p
xback-donate into the carbene p orbital.12 Thus, this improved

back-donation is in competition with the increase in energy of
fragment 3X (through destabilization of as a decreases.d

xz
)

Quantitative calculations are thus necessary to determine the
Ðnal result, which is a compromise between these two e†ects.

The MP2-optimized geometries of the model systems
4X, for X\ H and Cl are shownOs(X)(CH2)(Cl)(CO)(PH3)2 ,

in Fig. 2. Experimental values for 1H and 1Cl are reported in
parenthesis for comparison. The metalÈligand bond lengths
are in good agreement with the experimental values. The
OswC bond length for the carbene is signiÐcantly longer for
X\ H (1.90 than for X\ Cl (1.86 as expected from theA� ) A� ),
stronger trans inÑuence of H. Direct comparison with the
experimental values is made difficult by the presence of sub-
stituents on the carbene that inÑuence the OswC bond
length.13 The OswH distance, not accurately determined in
the X-ray structure, is close to that calculated in other OsII
complexes.14 The carbene is coplanar with the OswCl and
OswCO bonds in 4H and 4Cl, as observed in experimental
structures of 1H and 1Cl. The trend in the PwOswP angle is
properly reproduced : a \ 147.9¡ in 4H (141.4¡ in 1H) and
157.6¡ in 4Cl (167.5¡ in 1Cl).

The key actors in these complexes are the phosphine and
carbene ligands, but in both cases we have used a simpliÐed
model for the experimental ligands. It is thus necessary to
determine the dependence of the optimized geometry on the
nature of both the phosphine and carbene substituents. Repla-
cing by (4Xº) and keeping as the modelPH3 PMe3 CH2carbene leads, suprisingly, to a marginal increase (\3¡) of the
PwOswP angle for both X\ H and Cl. Increasing the bulk
of the phosphine maintains the distortion, which shows that
the electronic e†ects are not overwhelmed by steric repulsions
between Cl and phosphine ligands. Replacing byCH2and keeping as the phosphine, to give 4HA,CH(SiH3) PH3does not lead to any signiÐcant change in the value of a
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Table 1 NPA population of the orbital (see Fig. 1) for the carbenep
xcarbon atom as a function of the PwOswP angle

a/¡ 180 170 160 150 140

X\ H 0.670 0.676 0.695 0.724 0.761
X\ Cl 0.761 0.754 0.761 0.779 0.809

(147.9¡ for 4H and 147.4¡ for 4HA). The OswC(carbene) bond
is still shorter (1.91 than the experimental value (1.96A� ) A� ).
Our results show that the signiÐcant decrease of the
PwOswP angle and its dependence on the nature of X is well
reproduced with the simplest model and(L\ PH3 ,

and we will use this model for the followingcarbene\CH2)quantitative analysis.
Starting from an idealized geometry close to the optimized

4X,15 the PwOswP angle a was varied from 180¡ to 140¡ in
10¡ steps and the total energy was computed at the MP2Et(a)
level. The complex 4X was then considered to be formed of
two interacting fragments : a carbene ligand (constantCH2energy and a 16-electron fragmentEc) OsX(Cl)(CO)(PH3)2with variable energy The interaction energyEm(a). Ei(a)
between the two fragments is deÐned in eqn. (1) :

Ei(a)\ Et(a)[ [Em(a)] Ec] (1)

Using a \ 180¡ as a reference angle, the variation in the
interaction energy and the variation*E1(a)\ Ei(a) [ Ei(180)
in the energy of the 16-electron fragment *E2(a)\ Em(a)

are plotted as a function of a [Fig. 3(a)] for X\ Cl[ Em(180)
and H. The sum of and is the total energy*E1(a) *E2(a)

of the complex relative to its value at 180¡, [Fig.*Et(a) Et(180)
3(b)]. The two functions, (X\ H, Cl) in Fig. 3(b)*Et(a)
present a minimum for which is smaller for X\ Hamin ,

than for X\ Cl These numbers(amin\ 149¡) (amin\ 160¡).
compare well with the optimized values for 4X and validate
the choice made to vary only a and freeze all other structural
parameters.

The relative destabilization of the metal fragment(*E2 [ 0)
3X, upon decreasing a is identical forOs(X)(Cl)(CO)(PH3)2 ,

X\ H and Cl [Fig. 3(a)], which shows that X plays no role in
determining this quantity. In contrast, the absolute value of
the relative stabilization energy increases more(*E1 \ 0)
rapidly for 4H than for 4Cl as a diminishes and leads to a
larger distortion for H. The Os-to-carbene r and p bonds
both participate in but only the p bonding varies strong-*E1,ly with a because of the large change in overlap between d

xzand the phosphine ligands. A numerical evaluation of the
importance of this back-donation has been carried out with
the natural population analysis (NPA) method of Weinhold
and co-workers.16 The p orbital is empty in free but1CH2partially occupied after coordination to the 16-electron metal
fragment. The population in the orbital on the carbenep

xcarbon atom is thus a measure of the back-donation from the
metal and is given as a function of the PwOswP angle (Table

Fig. 4 Optimized structure for 5H (distances in angles in degrees).A� ,

1). In agreement with the earlier MO analysis, it increases
with decreasing a. It is also more important for 4Cl than for
4H at any value of a angle since the Cl lone pair raises thep

xenergy of the orbital responsible for back-donation (Fig.d
xz1).17 However, the back-donation increases by 13.6% in the

case of X \ H while it increases only by 6.3% for X\ Cl
when a goes from 180¡ to 140¡ (Table 1). For X \ Cl, addi-
tional diminuation of a is thus not necessary to achieve effi-
cient back-donation.

Isomeric structures

As mentioned earlier, the addition of diazomethane to the
unsaturated unsaturated species gives theOsH(Cl)(CO)(PPr3i )218-electron trans hydrido-carbene complex and not the 16-
electron methyl complex resulting from insertion of the reac-
tive carbene group into the OswH bond. To understand this
result, the model complex 5, wasOs(CH3)(Cl)(CO)(PH3)2 ,
optimized (Fig. 4). Complex 5 was found to be 25.7 kcal
mol~1 more stable than 4H. Another isomer of

with H and cis, was found toOsH(CH2)(Cl)(CO)PH3)2 , CH2be slightly more stable (2.5 kcal mol~1) than 4H. The magni-
tude of the energy preference for the unsaturated species 5 is
thus surprising. The formation of 4H is in agreement with the
shape of the LUMO of pointing awayOsH(Cl)(CO)(PH3)2from the hydride.

Coordination of trans to H is thus kinetically pre-CH2ferred. Access to a structure where H and would beCH2mutually cis is prevented by the high energy barrier for site
exchange in 18-electron hexa-coordinated complexes. Recent
experiments have shown that methylene transfer to the OswH
bond is made possible by the presence of bulky phosphines
like in place of Loss of results in thePBu2t Me PPr3i . PBu2t Me
production of a highly Ñuxional 5-coordinated species favour-
ing close proximity of H and and thus insertion ofCH2 CH2into OswH.18

Discussion and Conclusions

The general belief that hexa-coordinated 18-electron com-
plexes should have a geometry close to that of an ideal octa-
hedron has some limitations. Similar distortions, in general of
lesser magnitude, have been observed in a number of com-
plexes containing MÈligand multiple bonds.1 Carbene groups
need to be stabilized by p-electron-donor groups.19 This
donation can originate from a p-donor substituent like OR or

as in Fischer carbene complexes. The donation can alsoNR2originate from the occupied metal d orbitals and efficient dona-
tion is achieved by early transition metals like Ta (Schrock
carbene complexes). In the present case, the carbene does not
have any signiÐcant p-donor ligands and OsII, although being
a 5d metal, is not by itself a strong electron donor to the
carbene. It is therefore of interest that a structural deforma-
tion becomes a key factor to stabilize the carbene ligand.

The greater stability of the 16-electron unsaturated isomer
with respect to the 18-electron hydrido-carbene illustrates the
caution that needs to be taken in the blind use of the 18-
electron rule. In the presence of twoOs(X)(CH2)(CO)(Cl)L2 ,
p-acceptor ligands (carbene and CO) in the hexacoordinated
complex is an unfavourable factor. However, the leading

New J. Chem., 1999, 23, 495È498 497



factors responsible for the greater stability of a 16-electron
versus an 18-electron isomeric form are still to be clearly
revealed and we are currently working in this direction.
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