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Theoretical calculations at the B3LYP level of density functional theory have been carried
out to study the stability of osmabenzyne complexes. Isodesmic reactions have been designed
to analyze the ring strain and conjugation energies of the complexes. The ring strain energy
was found to be small, primarily because of the relatively small angle of bending at the
carbyne carbon. The conjugation energy is comparable to those of benzene and osmabenzene.
The effect of substituents at the ring carbons on the stabilities has also been examined.
Through molecular orbital analyses, we found that the effect of substituents on the energies
of π orbitals in the six-membered ring play important roles in determining the relative
stabilities.

Introduction

The chemistry of transition-metal-containing met-
allabenzenes, which can be considered as species ob-
tained by formally replacing one of the CH groups in
benzene by a 15-electron transition-metal fragment, has
attracted considerable attention.1,2 The metallabenzenes
were studied theoretically by Hoffmann et al. as early
as 1979.3 The first isolated metallabenzene was reported
by Roper et al. in 1982.4 Over the following 20 years,
impressive progress has been made in the synthesis,
characterization, and studies of the properties of this
interesting class of compounds. A number of metalla-
benzenes have now been synthesized.1,2 Interesting
properties, including aromatic electrophilic substitution
reactions,2e have been revealed in recent years.

Closely related to metallabenzenes are metallaben-
zynes, which can be considered as species obtained by
replacing one of the C or CH groups in benzyne by a
14-electron or 15-electron transition-metal fragment.
Benzynes are important compounds in organic and
organometallic chemistry. Many experimental and theo-
retical studies have been carried out on benzyne sys-
tems.5 Benzyne has high chemical reactivity and low
thermal stability because it has a large ring strain due

to the presence of a formal C-C triple bond in the six-
membered ring. Indeed, six-membered-ring organic
compounds with a triple bond in the six-membered ring
such as benzynes and cyclohexyne cannot be isolated
in the free state at room temperature, and they can only
be detected at low temperature.6

In comparison to metallabenzenes, metallabenzynes
have been much less studied. At first sight, one might
expect that metallabenzynes may be, like benzynes and
cyclohexyne, also too unstable to be isolated at room
temperature, because the presence of a formal triple
bond in the ring is expected to create a considerable ring
strain. Contrary to this expectation, the first metalla-
benzyne (1) was recently obtained from the reaction of

OsCl2(PPh3)3 with HCtCSiMe3 in wet dichloromethane.7
Three new examples of osmabenzynes, including 2, were
also made from the reactions of 1 with acid and Br2.8
In the osmabenzynes 1 and 2, the angles at the carbyne
atoms are 148.7(3) and 148.3(6)°, respectively. Since the
angles at the carbyne atom in metal-carbyne complexes

(1) Bleeke, J. R. Chem. Rev. 2001, 101, 1205.
(2) Examples of recent work: (a) Effertz, U.; Englert, U.; Podewils,

F.; Salzer, A.; Wagner, T.; Kaupp, M. Organometallics 2003, 22, 264.
(b) Iron, M. A.; Martin, J. M. L.; van der Boom, M. E. Chem. Commun.
2003, 132. (c) Jacob, V.; Weakley, T. J. R.; Haley, M. M. Angew. Chem.,
Int. Ed. 2002, 41, 3470. (d) Liu, S. H.; Ng, W. S.; Chu, H. S.; Wen, T.
B.; Xia, H.; Zhou, Z. Y.; Lau, C. P.; Jia, G. Angew. Chem., Int. Ed.
2002, 41, 1589. (e) Rickard, C. E. F.; Roper, W. R.; Woodgate, S. D.;
Wright, L. J. Angew. Chem., Int. Ed. 2000, 39, 750. (f) Rickard, C. E.
F.; Roper, W. R.; Woodgate, S. D.; Wright, L. J. J. Organomet. Chem.
2001, 623, 109. (g) Wu, H. P.; Lanza, S.; Weakley, T. J.; Haley, M. M.
Organometallics 2002, 21, 2824. (h) Gilbertson, R. D.; Weakley, T. J.
R.; Haley, M. M. J. Am. Chem. Soc. 1999, 121, 2597. (i) Englert, U.;
Podewils, F.; Schiffers, I.; Salzer, A. Angew. Chem., Int. Ed. 1998, 37,
2134. (j) Bleeke, J. R.; Behm, R. J. Am. Chem. Soc. 1997, 119, 8503.
(k) Bleeke, J. R.; Behm, R.; Xie, Y. F.; Chiang, M. Y.; Robinson, K. D.;
Beatty, A. M. Organometallics 1997, 16, 606 and references therein.

(3) Thorn, D, L.; Hoffman, R. Nouv. J. Chim. 1979, 3, 39.
(4) Elliott, G. P.; Roper, W. R.; Waters, J. M. J. Chem. Soc., Chem.

Commun. 1982, 811.

(5) (a) Gohier, F.; Mortier, J. J. Org. Chem. 2003, 68, 2030. (b)
Reinecke, M.; Mazza, D. D.; Obeng, M. J. Org. Chem. 2003, 68, 70. (c)
Hughes. R. P.; Laritchev, R. B.; Williamson, A.; Incarvito, C. D.;
Zakharov, L. N.; Rheingold, A. L. Organometallics 2002, 21, 4873. (d)
Proft, F. D.; Schleyer, P. v. R.; Lenthe, J. H. van, Stahl, F.; Geerlings,
P. Chem. Eur. J. 2002, 8, 3402. (e) Retbøll, M.; Edwards, A. J.; Rae,
A. D.; Willis, A. C.; Bennett, M. A.; Wenger, E. J. Am. Chem. Soc. 2002,
124, 8348.

(6) Sander, W. Angew. Chem., Int. Ed. Engl. 1994, 33, 1455.
(7) Wen, T. B.; Zhou, Z. Y.; Jia, G. Angew. Chem., Int. Ed. 2001, 40,

1951.
(8) Wen, T. B.; Ng, S. M.; Hung, W. Y.; Zhou, Z. Y.; Lo, M. F.; Shek,

L. Y.; Williams, I. D.; Lin, Z.; Jia. G. J. Am. Chem. Soc. 2003, 125,
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are usually near 180°,9 the large angle of bending in
the metallabenzyne complexes is expected to cause a
considerable ring strain and low thermal stability of
osmabenzynes. However, the reported osmabenzynes
appear to be thermally much more stable than benzyne
and can be conveniently characterized by IR and NMR
spectroscopy and X-ray diffraction. There are several
possible explanations for the higher thermal stability
of osmabenzynes. For example, the ring strain might
not be as high as expected, the ring might have
substantially large conjugation energy, or the large
substituents or ligands might protect the ring from
further reactions. The purpose of this work is to
investigate the dominant factors responsible for the high
thermal stability of metallabenzynes.

Computational Method

Full geometry optimizations of all the osmabenzyne model
complexes were done at the Becke3LYP (B3LYP) level of
density functional theory.10 The effective core potentials (ECPs)
of Hay and Wadt with double-ú valence basis sets (LanL2DZ)11

were used to describe Os, Cl, P, Br, I, and Si. Polarization
functions were also added for Cl (úd ) 0.514), P (úd ) 0.340),
Br (úd ) 0.389), I (úd ) 0.266), and Si (úd ) 0.262).12 The 6-31G
basis set was used for all other atoms.13 All the calculations
were performed with the Gaussian 9814 software package.
Molecular orbitals obtained from the B3LYP calculations were
plotted using the Molden v3.5 program written by Schaftenaar.15

Results and Discussion

Electronic Structures of Osmabenzyne Com-
plexes. As mentioned in the Introduction, the main
purpose of this work is to investigate why metallaben-
zynes are thermally more stable than benzynes. Before
the discussion of the stability of metallabenzynes, it
would be useful to briefly describe the electronic struc-
ture of metallabenzynes.

Molecular orbital calculations of the model complex
(3) have been previously reported by Yang et al.16 The

π-donating properties of the chloride ligands have been
found to be important in enhancing the Os(d)tC(p) π
bonding interactions. The current paper mainly deals
with the questions regarding the ring strain and con-
jugation energies of the osmabenzyne complexes. For
the purpose of this study, we performed calculations on

the model complexes Os(tCC(R)dC(R′)C(R)dCH)Cl2-
(PH3)2. Figure 1 shows the optimized structure of 4. The
calculated structural parameters compare well with
those from the experimentally determined X-ray struc-
ture of complex 2.8 The differences in the bond lengths
are within 0.05 Å and those in the bond angles within
1°. For example, the angle at the triply bonded carbon
in the crystal structure of 2 is 148.3(6)°, and the
calculated angle is 149.3°. The OstC bond distance in
2 is 1.805(7) Å, while the calculated distance is
1.793 Å. Clearly, these two important structural pa-
rameters are well reproduced in the theoretical calcula-
tions. The structural features are also similar to those
of 1.

The delocalization of the π-electrons in the osmaben-
zyne ring can be represented by the resonance contribu-
tors 4A and 4B or by the resonance hybrid 4C (Scheme
1). The structural parameters (Figure 1) suggest that
the most dominant resonance contributor of the osma-
benzyne is 4A, which has one triple bond and two double
bonds in the six-membered ring.

The osmabenzyne complexes considered here can be
described as octahedral. It is therefore useful to consider
a schematic orbital interaction between the metal
fragment [Os(PH3)2Cl2] and a carbon fragment consist-
ing of five ring-carbon atoms (C5R4) (Figure 2). Figure
2 shows an MO diagram for π interactions between the
“t2g” orbitals of the metal fragment and the π orbitals
of the C5R4 unit. The metal-carbon σ bonding MOs are

(9) (a) Esteruelas, M. A.; González López, A. M.; Onate, E. Orga-
nometallics 2003, 22, 414. (b) Castarlenas, R.; Esteruelas, M. A.; Onate,
E. Organometallics 2001, 20, 3283. (c) Wen, T. B.; Yang, S.-Y.; Zhou,
Z. Y.; Lin, Z., Lau, C. P.; Jia. G. Organometallics 2000, 19, 3757.

(10) (a) Becke, A. D. Phys. Rev. A 1988, 38, 3098. (b) Miehlich, B.;
Savin, A.; Stoll, H.; Preuss, H. Chem. Phys. Lett. 1989, 157, 200. (c)
Lee, C.; Yang, W.; Parr, G. Phys. Rev. B 1988, 37, 785.

(11) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1995, 82, 299.
(12) Andzelm, J.; Huzinaga, S. Gaussian Basis Sets for Molecular

Calculations; Elsevier: New York, 1984.
(13) (a) Gordon, M. S. Chem. Phys. Lett. 1980, 76, 163. (b) Hariha-

ran, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 28, 213. (c) Binning,
R. C., Jr.; Curtiss, L. A. J. Comput. Chem. 1990, 11, 1206.

(14) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen,
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. A. Gaussian 98, revision A.9; Gaussian, Inc.: Pittsburgh, PA,
1998.

(15) Schaftenaar, G. Molden v3.5; CAOS/CAMM Center Nijmegen:
Toernooiveld, Nijmegen, The Netherlands, 1999.

(16) Yang, S.-Y.; Li, X.-Y.; Huang, Y.-Z. J. Organomet. Chem. 2002,
658, 9.

Figure 1. Selected structural parameters for the model
complex 4 and its experimental complex 2 (in parentheses).
All distances are in Å, and angles are in degrees.
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not shown in the figure for the purpose of clarity. The
π orbitals of the C5R4 unit (see the right-hand column
in Figure 2) are the πin-plane atomic orbital from the
triply bonded carbon and the linear combinations of the
five pπ atomic orbitals, perpendicular to the six-
membered planar ring, from the five carbons in the ring.
The central column in the figure gives the resulting
molecular orbitals derived from the orbital interactions.
The rectangular box shown in the central column
represents orbitals which accommodate the lone-pair
electrons from the chloride ligands of the metal frag-
ment. For the purpose of clarity, the relevant details
are omitted.

In the central column, MO1, MO4, and MO6 (LUMO)
are orbitals derived from the orbital interactions among
1π, 3π, and 5π* of C5R4 and dxz from the “t2g” orbitals.

MO2 and MO5 (HOMO) are derived from the inter-
actions among 2π, 4π*, and dyz. MO3 corresponds to the
in-plane π bonding orbital in the OstC triple bond.
Figure 3 shows the spatial plots of these π molecular
orbitals calculated for 4. The HOMO, similar to that
reported previously for 3 in a communication,8 has
significant contribution from the p(π) orbitals at C(1)
and C(3), in addition to the contribution from the metal
d orbital and the chloride p(π) orbitals. The character-
istics of the HOMO have been used to explain the
experimental observations that electrophilic substitu-
tions occur preferentially at the two ring carbons.8

Stabilities of the Osmabenzyne Complexes. (a)
Stability of Osmabenzyne Complex 4 from Isodes-
mic Reactions. The stability of cyclic compounds can
be studied by calculating reaction energies of isodesmic
reactions.17 By consideration of different bonding envi-
ronments of atoms in a cyclic compound, subclasses of
isodesmic reactions, such as homodesmic18-20 and group
equivalent reactions,21,22 have also been proposed to
study ring stability.23

On the basis of the definition of homodesmic reac-
tions, reaction 1 shown in Scheme 2 was designed to
investigate the stability of the model osmabenzyne
complex 4. In the designed isodesmic reaction, the
osmabenzyne complex is broken up into six fragments,
including one Os fragment, one sp-carbon fragment, and
four sp2-carbon fragments. The reaction energy of reac-
tion 1 was found to be 34.78 kcal/mol, indicating that a
large amount of energy is needed to break the ring.
Since the osmabenzyne complex 4 displays extensive π
delocalization, the reaction energy of the designed
reaction includes both the strain energy and the con-
jugation energy.

For comparison, we have calculated the reaction
energies of similarly designed reactions for some typical
molecules, such as benzene, cyclohexane, benzyne, and
cyclohexyne. The corresponding designed reactions for
the four molecules are given in Scheme 2. The calculated
reaction energies are listed in Table 1. Figure 4 shows
selected structural parameters calculated for the four
molecules.

From Table 1, we can see that benzene has large
positive values in the ∆E reaction energy because it is
a very stable and highly conjugated compound. A large
amount of energy is needed to break the benzene ring.
The ∆E value (46.66 kcal/mol) based on reaction 2 can
be considered as the conjugation energy, consistent with
the previously reported values by George et al. (42.7 (
3.0 kcal/mol, from a homodesmic reaction using 1,3-
butadiene, where the two olefin π bonds are orthogonal
to each other as the reference)24 and Mo et al. (44.48
kcal/mol, based on valence bond theory).25 The ∆E
reaction energies of cyclohexane are close to zero,

(17) Hehre, W. J.; Ditchfield, R.; Radom, L.; Pople, J. A. J. Am.
Chem. Soc. 1970, 92, 4796.

(18) George, P.; Trachtman, M.; Bock, C. W.; Brett, A. M. Tetrahe-
dron 1976, 32, 317.

(19) George, P.; Trachtman, M.; Bock, C. W.; Brent A. M. J. Chem.
Soc., Perkin Trans. 2 1977, 1036.

(20) Johnson, R. P.; Daoust, K. J. J. Am. Chem. Soc. 1995, 117, 362.
(21) Bachrach, S. M. J. Chem. Educ. 1990, 67, 907.
(22) Gilbert, T. M. Organometallics 2000, 19, 1160.
(23) Dudev, T.; Lim, C. J. Am. Chem. Soc. 1998, 120, 4450.
(24) George, P.; Trachtman, M.; Bock, C. W.; Brett, A. M. Tetrahe-

dron 1976, 32, 1357.
(25) Mo, Y.; Wu, W.; Zhang, Q. J. Phys. Chem. 1994, 98, 10048.

Scheme 1

Figure 2. Schematic orbital correlation diagram showing
the π interactions between the “t2g” orbitals of the OsCl2-
(PH3)2 metal fragment and the π orbitals of the C5H4 unit

for Os(tCCHdCHCHdCH)Cl2(PH3)2. The rectangular box
in the central column represents orbitals that accommodate
the Cl lone pair electrons of the metal fragment.

3900 Organometallics, Vol. 22, No. 19, 2003 Ng et al.
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validating the designed reactions, because cyclohexane
contains no structural strain and no conjugation energy.
Cyclohexyne gives a negative ∆E reaction energy (-45.51
kcal/mol), which can be considered as the angle strain
energy. The value is close to the previously reported
values by Johnson et al. (-41.2 ( 3.0 kcal/mol).20

Benzyne also shows a negative but much smaller ∆E
reaction energy (-16.13 kcal/mol). This is because the
π electrons of benzyne are extensively delocalized and
the conjugation energy offsets parts of the considerable
ring strain energy. If we employ the reported angle
strain energy of benzynes (53.6 kcal/mol),26 we can

easily obtain a conjugation energy of 37.47 kcal/mol
()53.60 kcal/mol - 16.13 kcal/mol) for benzyne.

It should be noted that different values of ∆E can be
obtained from different isodesmic reactions. In the
isodesmic reactions that we designed, we purposely
break the studied cyclic molecules into smaller ones
which contain no more conjugate moieties. In the
literature, certain isodesmic reactions were designed in
such a way that the resulting smaller molecules also
contain significant conjugation. Therefore, the calcu-
lated values of ∆E based on such isodesmic reactions
are expected to be smaller than those we obtained. For
example, the conjugate energies of benzene and benzyne
with respect to a trans-butadiene reference were calcu-

(26) Jiao, H.; Schleyer, P. v. R.; Beno, B. R.; Houk, K. N.; Warmuth,
R. Angew. Chem., Int. Ed. 1997, 36, 2761.

Figure 3. Spatial plots of the HOMO (MO5), LUMO (MO6), and the MO’s MO1-MO4 for the model complex 4. The
molecular orbitals were obtained from the B3LYP calculations.

Stablilities of Metallabenzynes Organometallics, Vol. 22, No. 19, 2003 3901
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lated to be 21.80 kcal/mol18 and 18.60 kcal/mol,26

respectively.
(b) Angle Strain and Conjugation Energy of

Osmabenzyne Complex 4. As mentioned above, the
reaction energies of the designed reactions shown in
Scheme 2 include both strain energy and conjugation
energies. The angle at the carbyne atom of the osma-
benzyne 2 is 148.3(6)°. The calculated angles at the two
carbyne atoms in benzyne are 127.0°. It is interesting
to investigate how this unfavorable angle destabilizes
the complex. To estimate the angle bending energies,
we performed partial geometry optimizations for CH3Ct
CCH3 and Os(tCCH3)(CH3)Cl2(PH3)2 with predefined
angles on the carbyne atoms. The predefined angles,
given in boldface and shown in Scheme 3, are based on

the X-ray-characterized osmabenzyne 2 and calculated
angles of the benzyne molecule. The results of calcula-
tions show that the energy needed for the angle bending
of CH3CtCCH3 is 51.77 kcal/mol and that for the angle
bending of Os(tCCH3)(CH3)Cl2(PH3)2 is only 9.57 kcal/
mol.

The value of 51.77 kcal/mol is similar to that reported
for the ring strain of benzyne calculated from the
difference (53.60 kcal/mol) in the energies of optimized
and partially optimized CH2dCHCHdCHCtCCHd
CHCHdCH2.26 On the basis of the reaction energy

Scheme 2

Figure 4. Selected structural parameters calculated for benzene, cyclohexane, benzyne, and cyclohexyne. All distances
are in Å, and angles are in degrees.

Table 1. Reaction Energies with Zero-Point
Energy Corrections, Reaction Energies (in

Brackets), and Free Energies (in Parentheses) of
Benzene, Cyclohexane, Benzyne, Cyclohexyne, and

Osmabenzyne (4)a

∆E

benzene 46.66 [48.14] (54.17)
cyclohexane 0.03 [-1.26] (8.51)
cyclohexyne -45.51 [-47.30] (-37.98)
benzyne -16.13 [-15.96] (-9.84)
osmabenzyne (4) 34.78 [34.88] (41.36)

a The energies are calculated on the basis of the isodesmic
reactions shown in Scheme 2. The energies ∆E are given in units
of kcal/mol.

Scheme 3a

a The angles given in boldface are fixed in the partial
geometry optimizations.

3902 Organometallics, Vol. 22, No. 19, 2003 Ng et al.
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(-16.13 kcal/mol) calculated for benzyne, we can con-
veniently derive the conjugation energy (51.77 kcal/mol
- 16.13 kcal/mol ) 35.64 kcal/mol) for benzyne if we
take 51.77 kcal/mol approximately as the angle strain
energy. This value is comparable to that (37.47 kcal/
mol) mentioned above. Similarly, if the strain energy
of osmabenzyne 4 was taken as 9.57 kcal/mol, then the
conjugation energy of 4 should be 44.35 kcal/mol ()9.57
kcal/mol + 34.78 kcal/mol), which is very close to that
of benzene (46.66 kcal/mol).

For comparison, we also designed the reaction shown
in Scheme 4 to get the conjugation energy of 5, a model
complex of Roper’s osmabenzene 6.2e

The reaction energy of the reaction shown in Scheme
4 was calculated to be 43.52 kcal/mol. The osmaben-
zenes are expected to have small ring strain. Therefore,
the reaction energy (43.52 kcal/mol) can be considered
as the conjugation energy. Interestingly, the conjugation
energies calculated for benzene, osmabenzyne (4), and
osmabenzene (5) are close to each other, indicating the
extensive delocalization feature in their π systems. In
contrast, benzyne has a smaller conjugation energy.

The discussion above indicated that the stability of
osmabenzyne is due to the fact that bending of both the
OstC-R (from 180 to 148.3°) and Me-OstC(R) angles
(from 93.8 to 79.8°) costs only ca. 10 kcal/mol. In
contrast, bending of both of the CtC-R angles (180°)
in 2-butyne to the angles (127°) in benzyne costs as
much as 52 kcal/mol in energy. In the literature, several
complexes with an MtC-R angle close to 160° are
reported.27,28 In one case, the angle is as small as
148.7°.28

The question of why osmabenzynes have much smaller
strain energies than benzyne requires further comment.

Examining the structures of benzyne in Figure 4 and
the osmabenzyne in Figure 1, we can see that significant
angle bending (from 180°, an optimal angle for an sp-
hybridized carbon, to 127° calculated for the two formal
triple-bonded carbons) can be found with benzyne,
whereas the angles of bending are relatively smaller
(from 180 to 148.3° for OstC-R and from 93.8 to 79.8°
for CH3-OstCR) with the osmabenzyne. An angle
bending from 180 to 150° at one sp-hybridized carbon
of 2-butyne costs approximately 7 kcal/mol on the basis
of our calculations. Therefore, most of the total cost in
energy associated with bending in the osmabenzyne
(9.57 kcal/mol) probably arises from bending at Ost
C-R and the significant difference between the strain
energies for benzyne and osmabenzyne can be related
to the different magnitudes of the bending angles in the
two ring systems. The reasons for the small angle of
bending at the carbyne atom in the osmabenzyne ring
can be traced back to the naturally longer osmium to
carbon bonds compared to the corresponding carbon to
carbon bonds and to the small ring angle at the metal
center. In metal complexes, ligand-metal-ligand angles
of ca. 80° are quite common, and therefore in this case
it is expected that reducing the ring angle at osmium
from 93.8 to 79.8° will only make a minor contribution
to the total strain energy of the osmabenzyne.

One of the reviewers was concerned that angles at
the remaining ring sp2 carbons vary from 115 to 132°
(Figure 1). The deviation from the optimal angle (120°)
might also contribute significantly to the ring strain
energy. We performed calculations on H2CdCH(Me) by
varying the C-C-Me angle from 115 to 132°. The
maximum energy difference between the lowest energy
structure (C-C-Me ) 125°) and the highest energy
structure (C-C-Me ) 115°) is smaller than 2.5 kcal/
mol. Clearly, the (10° deviation from the optimal angle
does not cost much energy. The deviation at the
remaining ring sp2 carbons is a result of maximizing
the OstC and Os-C bonding interactions in the ring.

(c) Substituent Effect on the Stabilities of the
Model Complexes. The first experimentally character-
ized osmabenzyne complex had silyl substituents on
C(1) and C(3). There is a question as to whether the
silyl substituents have a stabilizing effect on the met-
allabenzyne. To investigate the stabilizing effect, we
calculated model complexes in which the substituents
on C(1) and C(3) were varied and the substituents on
C(2) and C(4) were the same as the experimental ones,
methyl and hydrogen, respectively. The calculated reac-
tion energies (∆E) based on the general isodesmic
reaction shown in Scheme 5 are listed in Table 2.

From Table 2, we can see that the largest ∆E reaction
energies are calculated for complexes in which the

(27) (a) Scheer, M.; Krug, J. Z. Anorg. Allg. Chem. 1998, 624, 399.
(b) LaPointe, A. M.; Schrock, R. R.; Davis, W. M. J. Am. Chem. Soc.
1995, 117, 4802. (c) Weber, L.; Dembeck, G.; Stammler, H.-G.;
Neumann, B.; Schmidtmann, M.; Muller, A. Organometallics 1998, 17,
5254. (d) Protasiewicz, J. D.; Masschelein, A.; Lippard, S. J. J. Am.
Chem. Soc. 1993, 115, 808. (e) Johnson, A. R.; Davis, W. M.; Cummins,
C. C.; Serron, S.; Nolan, S. P.; Musaev, D. G.; Morokuma, K. J. Am.
Chem. Soc. 1998, 120, 2071. (f) Wadepohl, H.; Arnold, U.; Pritzkow,
H.; Calhorda, M. J.; Veiros, L. F. J. Organomet. Chem. 1999, 587, 233.
(g) Xue, W.-M.; Wang, Y.; Chan, M. C.-W.; Su, Z.-M.; Cheung, K.-K.;
Che, C.-M. Organometallics 1998, 17, 1946.

(28) Giannini, L.; Solari, E.; Dovesi, S.; Floriani, C.; Re, N.; Chiesi-
Villa, A.; Rizzoli, C. J. Am. Chem. Soc. 1999, 121, 2784.

Scheme 4a

a [Os] ) Os(PH3)2(CO)I.

Scheme 5a

a [Os] ) OsCl2(PH3)2.
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substituents (R(1) and R(3)) on C(1) and C(3) are silyl
and boryl groups. Both silyl and boryl groups are
considered as strongly σ-donating. The BH2 group is a
also very strongly π-accepting. The silyl group is a
relatively weaker π-accepting species. Smaller reaction
energies are calculated for complexes in which the
substituents (R(1) and R(3)) on C(1) and C(3) are
π-donating. For complexes having the substituents H
and CH3, which are strongly σ-donating, the corre-
sponding reaction energies are found to have values in
between. If the complex in which R(1) ) R(3) ) H is
taken as the reference, methyl substituents at C(1) and
C(3) are found to be slightly destabilizing.

To understand how the substituents in C(1) and C(3)
affect the stabilities of the studied osmabenzyne com-
plexes, we have carefully examined how the structural
parameters in the six-membered ring varied as a result
of the different substituents. The variation was found
to be within 0.05 Å in the bond distances and within 6°
in the bond angles. We could not observe any correlation
between the structural variations and the electronic
properties of the R(1) and R(3) substituents. However,
the calculated HOMO-LUMO gaps (see Table 2) pro-
vide an interesting correlation with the relative stability
(∆E). Larger HOMO-LUMO gaps are calculated for
those complexes having larger reaction energies (∆E).
On the basis of the spatial plots of the HOMO’s (MO5
in Figure 3), we expected that the π-accepting substit-
uents (silyl and boryl) on C(1) and C(3) are able to
stabilize the HOMO (MO5 in Figure 3) and give larger
HOMO-LUMO gaps, leading to greater stabilities for

the corresponding complexes. For complexes which have
π-donating substituents on C(1) and C(3), the HOMOs
are expected to be destabilized, giving smaller HOMO-
LUMO gaps. The stabilization and destabilization ap-
parently affected the conjugation energy and therefore
the stability of the ring.

Conclusion

The electronic structures and stabilities of osmaben-
zyne complexes have been investigated using density
functional calculations. Calculating reaction energies of
isodesmic reactions, we have been able to examine the
strain energies as well as the conjugation energies of
the complexes. In comparison with benzyne, osmaben-
zyne complexes have much smaller strain energies (ca.
10 kcal/mol), primarily because of the relatively small
angle bending at the carbyne carbon. The reason for the
small bending angle at the carbyne atom while the ring
structure of the osmabenzyne is maintained can be
traced back to the small ring angle at the metal center.
The deviation from the optimal angle of 120° observed
at the four sp2 carbons does not contribute much to the
strain energy and is a result of maximizing the OstC
and Os-C bonding interactions in the ring. The conju-
gation energy for the model osmabenzyne (4) is esti-
mated to be ca. 44 kcal/mol, almost identical with that
estimated for the model osmabenzene (5), a model
complex of Roper’s osmabenzene (6).

The relative stabilities of different osmabenzyne
complexes with different substituents on the ring are
related to the properties of the HOMO and LUMO
orbitals. π-Electron accepting groups at C(1) and C(3)
are found to increase the HOMO-LUMO gaps and are
good stabilizing substituents.
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Table 2. Reaction Energies with Zero-Point
Energy Corrections, Reaction Energies (in

Brackets), Free Energies (in Parentheses), and
HOMO-LUMO Gaps of Different Substituted

Osmabenzynes in Which R(2) ) CH3 and R(4) ) Ha

R(1), R(3) ∆E HOMO-LUMO gap

BH2 39.17 [39.43] (44.54) 0.1281
SiH3 38.11 [38.19] (44.36) 0.1242
H 34.78 [34.88] (41.36) 0.1273
CH3 34.03 [34.18] (41.41) 0.1216
Cl 25.78 [25.13] (30.95) 0.1183
NH2 21.05 [20.49] (26.83) 0.0954

a The energies are calculated on the basis of the isodesmic
reactions shown in Scheme 5. The energies are given in units of
kcal/mol for ∆E and in units of au for the HOMO-LUMO gaps.
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