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Summary: The majority of six-coordinate d4 osmium/
ruthenium(IV) porphyrin complexes [M(por)X2] have
been found to be paramagnetic and have linear X-M-X
structural units. However, an exception is found for [Os-
(por)R2] and [Os(por)(SR)2] (R ) alkyl), which are
diamagnetic. While the S-Os-S unit in [Os(por)(SR)2]
is linear, the R-Os-R unit in [Os(por)R2] is found to
be significantly bent. In this note, the geometric features
and electronic structures of the dialkyl and dithiolate
complexes of osmium(IV) porphyrins have been investi-
gated by density functional calculations.

Transition-metal porphyrin complexes have attracted
considerable interest because of their relevance to
biological systems as well as their catalytic activities
in organic oxidations.1-3 Osmium and ruthenium por-
phyrin complexes represent a unique class showing the
catalytic properties and have been well-studied experi-
mentally.1-6 In 1994, one of us reported the crystal
structure of a dialkylosmium(IV) porphyrin complex,
[Os(TTP)(CH2SiMe3)2] (TTP ) 5,10,15,20-tetra-p-tolylpor-
phyrin dianion), which shows a significantly bent
C-Os-C unit with an angle of ca. 140° (see I; Chart
1).7 Like other dialkylruthenium(IV) porphyrin ana-
logues,8-9 this complex was found to be diamagnetic.

In contrast, numerous other six-coordinated d4 osmium/
ruthenium porphyrin complexes, [M(por)X2] (M ) Os,
Ru; por ) porphyrinato dianion; X ) monovalent ligands
such as alkoxide and halide), do not show the structural
distortion and the X-M-X unit in each of these
complexes is approximately linear.10-14 The majority of
these approximately linear d4 metalloporphyrins (see II)
are found to be paramagnetic, except for [Os(TTP)-
(SC6F4H)2]10 and [Os(OEP)(SC6H5)2]15 (OEP ) 2,3,7,8,-
12,13,17,18-octaethylporphyrinato dianion), which have
exactly linear S-Os-S units and are diamagnetic (see
III).

The structural distortion found in the dialkylosmium-
(IV) complex and the diamagnetism observed in the
dithiolate complexes are quite unique in comparison
with the majority of six-coordinated d4 Os/Ru porphyrin
complexes, which are paramagnetic and have approxi-
mately linear X-M-X units. In this note, the electronic
reason for the structural distortion in the dialkylos-
mium(IV) porphyrin complex will be studied through
the aid of density functional theory (DFT) calculations.
The diamagnetic properties of the dithiolato-osmium-
(IV) porphyrin complexes will be investigated as well.

Geometry optimizations have been performed on the
model complexes [Os(por)(CH3)2] and [Os(por)(SCH3)2]
at the Becke3LYP (B3LYP) level16 of density functional
theory. For simplicity, the unsubstituted porphyrinato
dianion was used in the model calculations. In the
B3LYP calculations, LANL2DZ effective core potentials
and basis sets17 were used to describe Os and S, while

(1) (a) Jasat, A.; Dolphin, D. Chem. Rev. 1997, 97, 2267. (b) Brothers,
P. J.; Collman, J. P. Acc. Chem. Res. 1986, 19, 209. (c) Guilard, R.;
Kadish, K. M. Chem. Rev. 1988, 88, 1121.

(2) The Porphyrin Handbook; Kadish, K. M., Smith, K. M., Guilard,
R., Eds.; Academic Press: New York, 2000; Vol. 3.

(3) (a) Metalloporphyrins in Catalytic Oxidations; Sheldon, R. A.,
Ed.; Marcel Dekker: New York, 1994. (b) Metalloporphyrin Catalyzed
Oxidations; Montanari, F., Casella, L., Eds.; Kluwer: Dordrecht, The
Netherlands, 1994.

(4) (a) Groves, J. T.; Quinn, R. J. Am. Chem. Soc. 1985, 107, 5790.
(b) Groves, J. T.; Bonchio, M.; Carofiglio, T.; Shalyaev, K. J. Am. Chem.
Soc. 1996, 118, 8961.

(5) (a) Ohtake, H.; Higuchi, T.; Hirobe, H. J. Am. Chem. Soc. 1992,
114, 10660. (b) Mlodnika, T.; James, B. R. In Metalloporphyrin
Catalyzed Oxidations; Montanari, F., Casella, L., Eds.; Kluwer: Dor-
drecht, The Netherlands, 1994; p 121. (c) Cenini, S.; Tollari, S.; Penoni,
A.; Cereda, C. J. Mol. Catal. A: Chem. 1999, 137, 135.

(6) Che, C. M.; Yu, W. Y. Pure Appl. Chem. 1999, 71, 281 and
references therein.

(7) Leung, W. H.; Hun, T. S. M.; Wong, K. Y.; Wong, W. T. J. Chem.
Soc., Dalton Trans. 1994, 2713.

(8) (a) Sishta, C.; Ke, M.; James, B. R.; Dolphin, D. J. Chem. Soc.,
Chem. Commun. 1986, 787. (b) Collman, J. P.; Rose, E.; Venburg, G.
D. J. Chem. Soc., Chem. Commun. 1994, 11.

(9) The structure of Ru(OEP)Ph2 with a bent C-Ru-C unit has been
determined: James, B. R. Private communication.

(10) Collman, J. P.; Bohle, D. S.; Powell, A. K. Inorg. Chem. 1993,
32, 4004.

(11) Che, C. M.; Huang, J. S.; Li, Z. Y.; Poon, C. K.; Tong, W. F.;
Lai, T. F.; Cheng, M. C.; Wang, C. C.; Wang, Y. Inorg. Chem. 1992,
31, 5220.

(12) (a) Smieja, J. A.; Omberg, K. M.; Busuego, L. N.; Breneman,
G. L. Polyhedron 1994, 13, 339. (b) Gross, Z.; Mahammed, A. Inorg.
Chem. 1996, 35, 7260. (c) Gross, Z.; Mahammed, A.; Barzilay, C. M.
Chem. Commun. 1998, 1105.

(13) Cheng, S. Y. S.; Rajapakse, N.; Rettig, S. J.; James, B. R. J.
Chem. Soc., Chem. Commun. 1994, 2669.

(14) Ke, M.; Sishta, C.; James, B. R.; Dolphin, D.; Sparapany, J.
W.; Ibers, J. A. Inorg. Chem. 1991, 30, 4766.

(15) Chen, L.; Khan, M. A.; Richter-Addo, G. B. Inorg. Chem. 1998,
37, 533.

(16) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (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.

(17) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299.

3198 Organometallics 2001, 20, 3198-3201

10.1021/om010149z CCC: $20.00 © 2001 American Chemical Society
Publication on Web 06/15/2001

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 2
9,

 2
00

9
Pu

bl
is

he
d 

on
 J

un
e 

15
, 2

00
1 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

01
01

49
z



the standard 6-31G basis set18 was used for C and H.
Polarization functions were added for atoms directly
bonded to the metal center for each model complex: i.e.,
êd(S) ) 0.421 and 6-31G* for carbon and nitrogen. All
the above calculations were performed with the Gauss-
ian 98 software package.19 One of the reviewers was
concerned that the method used for calculations neglects
spin-orbit coupling effects. While the spin-orbit coup-
ling effects have some impact on the spectroscopic
properties for compounds containing sixth-row ele-
ments, the impact on the bonding and structural aspects
is generally very limited.20 In view of the facts, which
will be discussed below, that the experimental struc-
tures were well reproduced theoretically and that the
predicted ground states are singlet, consistent with the
experimental observations for the systems studied here,
the spin-orbit coupling effects should not change the
qualitative conclusions made in this paper.

The important structural parameters for the two
calculated model complexes are shown in Figure 1,
together with those from the experimentally character-
ized [Os(TTP)(CH2SiMe3)2] and [Os(TTP)(SC6F4H)2]
complexes. For the dialkyl complex, the bending feature
is well reproduced theoretically. For the dithiolate
complex, the S-Os-S unit is calculated to be linear,
consistent with the experimental observation. Clearly,
the theoretical calculations well reproduce the experi-
mental results.

The calculated model complex [Os(por)(CH3)2] repro-
duces the bent structural feature observed in [Os(TTP)-
(CH2SiMe3)2], indicating that the distortion is due to
electronic factors rather than steric bulk of the
-CH2SiMe3 groups. For an idealized D4h [M(por)X2]

complex, the “t2g” set of orbitals, commonly found for
pseudooctahedral complexes, are expected to split into
two levels, in which dxz and dyz are degenerate and
higher in energy than the dxy orbital (see Figure 2a)
based on the concept of orbital interactions.21 Complexes
with a d4 electron configuration for the metal centers
in such an idealized D4h structure possess a high-spin
triplet (S ) 1) state, having two unpaired d electrons.
The dihalo-12,14 or dialkoxy-11,13 Ru/Os porphyrin com-
plexes are typical examples of having such an idealized
situation. The dialkylosmium complex we are dealing
with in this paper is experimentally found to be dia-
magnetic.7 In order that [Os(por)R2] species be diamag-
netic, the degenerate pair (dxz, dyz) should split further.
The splitting can be achieved only through the bending
of the two axial ligands, a kind of first-order Jahn-
Teller distortion.21,22 Figure 2a schematically illustrates
the orbital splitting resulted from the axial bending.
Various modes of the first-order Jahn-Teller distortion
have also been found in many other pseudooctahedral
d4 metal complexes.23,24 The unique bending mode found
in the dialkylosmium(IV) porphyrin complex is due to
the rigidity of the porphyrin ring. Figure 2b shows the
spatial plots25 of the highest occupied and the third
lowest unoccupied molecular orbitals (HOMO and 3rd
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Chart 1

Figure 1. Calculated structures for the model complexes
Os(por)(CH3)2 (left) and Os(por)(SCH3)2 (right) together
with selected experimental structural parameters of
Os(ttp)(CH2SiMe3)2 and Os(ttp)(SC6F4H)2 (given in paren-
theses). The equatorial porphyrinato dianion (por) planes
are represented by ellipses for clarity.
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LUMO) derived from the B3LYP calculations on the
[Os(por)(CH3)2] model complex. The HOMO corresponds
to the dxz orbital, while the third LUMO is the dyz orbi-
tal, having an antibonding interaction with the two axial
methyl ligands. The calculated molecular orbitals are
closely related to the qualitative scheme proposed in
Figure 2a.

A question arises: why does the dialkylosmium(IV)
porphyrin complex not adopt a linear structure and have
paramagnetic properties? Calculations on the triplet
model complex [Os(por)(CH3)2] give substantially longer
Os-C distances (2.186 Å) and a bent C-Os-C unit with
an angle of 160°. The triplet state is calculated to be
16.3 kcal/mol higher in energy than the diamagnetic
ground state. These data suggest a strong trans influ-
ence of the alkyl ligands. Clearly, we believe that the
strong trans influence of the alkyl ligands prevents the
adoption of a linear structure for the dialkylosmium-
(IV) complex. In addition, the strong metal-alkyl bond-
ing interaction can cause an appreciable splitting

between the dxz and dyz orbitals through the bending
distortion. In the dihalo- or dialkoxyosmium(IV) ana-
logues, the metal (d)-ligand (p) π interactions are
comparatively weaker, and thus the bending distortion
is expected to cause only a marginal splitting.

For the Os(IV) dithiolate model complex [Os(por)-
(SCH3)2], the calculated structure clearly shows a linear
S-Os-S unit and the coplanar arrangement of the two
dithiolate ligands (see Figure 1). An examination of the
molecular orbitals of the model complex in the HOMO-
LUMO region shows that the unoccupied d orbital
corresponds to dxz instead of dyz found for [Os(por)-
(CH3)2]. This unoccupied dxz orbital has significant π*
antibonding character with respect to the Os-SR bonds.
This result suggests that the orbital splitting in [Os-
(por)(SR)2] is due to the metal (dxz)-thiolate (p) π in-
teractions instead of the first-order Jahn-Teller distor-
tion observed for [Os(por)R2]. Similar to the splitting
shown in Figure 2a, a schematic orbital splitting can

Figure 2. (a) Schematic orbital splitting of the “t2g” set
from octahedral (left), to D4h (central), to its axial bending
distortion (right). (b) Spatial plots of the dyz (third LUMO)
and dxz (HOMO) orbitals for the model complex Os(por)-
(CH3)2. The molecular orbitals were obtained from the
B3LYP calculations.

Figure 3. (a) Schematic orbital splitting of the “t2g” set
from Os(por)X2 (X ) halide) (left) to Os(por)(SR)2 (right).
(b) Spatial plots of the dxz (LUMO) and dyz (second HOMO)
orbitals for the model complex Os(por)(SCH3)2. The molec-
ular orbitals were obtained from the B3LYP calculations.
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be proposed for the π* antibonding interaction for [Os-
(por)(SR)2] (see Figure 3a). The dxz orbital is destabilized
through a π* antibonding interaction with the thiolate
ligands. Figure 3b gives the spatial plots25 of the dyz
(occupied) and dxz (unoccupied) molecular orbitals de-
rived from the B3LYP calculations. The dyz orbital
corresponds to the second HOMO, while the unoccupied
dxz orbital is the LUMO. The destabilization of dxz is a
result of the single-faced π-donor properties of thiolate
ligands. The dxz orbital can be considered as stabilizing
the p orbitals that accommodate the p lone pairs on SR-

through a d-p π-bonding interaction. Such a π-bonding
interaction is further enhanced with the coplanar ar-
rangement of the two SR- ligands. In other words, the
coplanar arrangement causes a big dxz-dyz splitting,
resulting in the diamagnetism for [Os(por)(SR)2]. The
diamagnetism of diamido osmium(IV)/ruthenium(IV)
porphyrins has also been related to metal (d)-nitrogen
(p) π bonding interactions.26

As mentioned in the Introduction, unlike the dithi-
olate analogues, [Os(por)(OR)2] species are paramag-
netic with linear RO-Os-OR units. The difference
between the two complexes can be conveniently related
to the weaker Os-OR π-bonding interaction compared
with that of Os-SR. The strong Os-SR π interaction
is due to the diffuse nature of the 3p orbitals of sulfur.
In addition, the angle flexibility of the Os-O-C unit

observed for [Os(por)(OR)2] contributes to the small
splitting between the dxz and dyz orbitals. In an extreme
case when the Os-O-R linkage is linear, the dxz and
dyz orbitals remain degenerate and no splitting occurs.
The majority of [Os(por)(OR)2] species have Os-O-C
angles greater than 126°, whereas the Os-S-C angles
in [Os(por)(SR)2] are found to be around 107°.10,11,15

In summary, we have demonstrated that simple MO
analyses, which are well covered in textbooks,21 can be
used to explain the electronic structures of complicated
organometallic systems. The bent structural feature
found in the dialkylosmium(IV) porphyrin complex is a
result of first-order Jahn-Teller distortion. The insta-
bility of a paramagnetic (triplet) [Os(por)R2] with a
linear C-Os-C unit is related to the strong trans in-
fluence of the alkyl ligands. For the osmium(IV) di-
thiolate complexes [Os(por)(SR)2], the stronger
Os(d)-S(p) π interactions cause a large splitting be-
tween two of the three “t2g” orbitals when the two
dithiolate ligands are coplanar. The large splitting
between the d orbitals results in diamagnetic properties
for the complexes. For the dialkoxyosmium(IV) ana-
logues, the weak Os-OR π interactions as well as large
Os-O-C angles result in a relatively small d orbital
splitting, and therefore, paramagnetic properties are
observed.
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