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ABSTRACT: The photochromic dithionite complex Cp*2Rh2(μ-
CH2)2(μ-O2SSO2) (Cp* = η5-Me5C5) is of interest because it
undergoes an unusual fully reversible unimolecular photochemical
rearrangement to the isodithionite complex Cp*2Rh2(μ-CH2)2(μ-
O2SOSO). In order to obtain more insight into these systems, a
comprehensive density functional theory study has been carried out
on isomeric Cp2M2(CH2)2(SO2)2 (M = Rh, Ir) derivatives. The
experimentally observed rhodium complexes with coupled sulfur
dioxide (SO2) units to give dithionite or isodithionite ligands are surprisingly high-energy kinetic isomers in our analysis,
reflecting the need for dithionite rather than SO2 for their synthesis. Many isomeric structures containing two separate SO2
ligands are found to lie at lower energies than these dithionite and isodithionite complexes. In the lowest-energy
Cp2M2(CH2)2(SO2)2 isomers, the two methylene groups couple to form an ethylene ligand that can be either terminal or
bridging. In slightly higher energy structures, a formal hydrogen shift is predicted to occur within the ethylene ligand to give a
methylcarbene CH3CH ligand. Isomers with a bridging methylcarbene ligand are energetically preferred over isomers with a
terminal methylcarbene ligand. Generation of the lower-energy Cp2Rh2(CH2)2(SO2)2 isomers containing separate SO2 ligands
should be achievable through reactions of SO2 with more highly reduced cyclopentadienylrhodium methylene complexes such as
Cp*2Rh2(μ-CH2)2.

1. INTRODUCTION
Sulfur dioxide (SO2) is of interest as a very versatile amphoteric
ligand behaving as either a Lewis acid or base depending upon
the circumstances.1,2 As a Lewis base in transition-metal
chemistry, SO2 can bind to a metal through its sulfur atom,
through an oxygen atom, or through an SO π bond (Figure
1).3,4 In addition, SO2 can behave as a mild oxidant or

reductant as well as an oxygen donor or acceptor. Reductive
coupling of SO2 generates the dithionite dianion S2O4

2−.
Normally dithionite is synthesized by the reduction of a sulfite
ion with zinc dust or by the reduction of NaHSO3 with sodium
borohydride. The formation of dithionite from the reduction of
sulfur dioxide or sulfites involves coupling of the sulfur dioxide
radical anion SO2

−. The structure of the dithionite anion

[O2SSO2]
2− has the two SO2 units joined by a relatively long

2.39 Å S−S bond.5,6

The dithionite anion only rarely serves as a ligand in
transition-metal chemistry. However, it functions as a chelating
ligand through its sulfur atoms in the cyclopentadienylrhodium
complexes Cp2Rh2(μ-CH2)2(μ-S2O4) [Cp = η5-Me5C5 (=Cp*)
or η5-EtMe4C5 (=Cp

Et); Figure 2].7−10 These species exhibit an
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Figure 1. Modes of bonding an SO2 ligand to a transition-metal atom.

Figure 2. Different bonding modes of an S2O4 unit in a Cp2M2(μ-
CH2)2(S2O4) (M = Rh, Ir) compound. Substituents on the
cyclopentadienyl rings are omitted for clarity.
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unusual type of photochromism involving rearrangement of the
coordinated dithionite ligand [O2SSO2]

2− into an isomeric
[O2SOSO]

2− “isodithionite” ligand in which a terminal oxygen
atom is inserted into the S−S bond of the original dithionite
ligand. Such an “isodithionite” ligand is unknown in the
uncomplexed form. A driving force behind this reaction would
be expansion of the four-membered Rh2S2 chelate ring in the
dithionite complex into a less strained five-membered Rh2S2O
chelate ring in the isodithionite complex without apparently
disturbing the two Rh−S bonds in these complexes.
Experimentally, the red-brown dithionite complex
Cp*2Rh2(μ-CH2)2(μ-O2SSO2) converts to the yellow-orange
isodithionite complex Cp*2Rh(μ-CH2)2(μ-O2SOSO) upon
exposure to the light of a xenon lamp, thereby indicating a
photochromic system. The isodithionite complex reverts
quantitatively back to the dithionite complex in the dark for
3 weeks at room temperature. Both isomers are stable enough
for structure determination by X-ray crystallography. The S−S
bond length of 2.330 Å in the dirhodium dithionite complex is
significantly shorter than the 2.39 Å S−S bond in the free
dithionite dianion possibly because of Coulombic repulsion
between the sulfur atoms in the free dianion. The Rh−Rh
distance of 2.622 Å in the dithionite complex undergoes
essentially no change to 2.626 Å in the isodithionite complex.
The dithionite complex Cp*2Rh2(μ-CH2)2(μ-S2O4) is

obtained by the reaction of Cp*2Rh2(μ-CH2)2Cl2 with sodium
dithionite in methanol.7 However, it can also be formally

derived from the rearrangement of a hypothetical SO2 complex
Cp*2Rh2(μ-CH2)2(SO2)2 by the formation of a S−S bond. This
SO2 complex is of interest because it contains two types of
ligands that can dimerize on the metal (M) atom. Thus, the two
methylene ligands can dimerize to form coordinated ethylene,
and/or the two SO2 ligands can dimerize to form coordinated
dithionite. In order to obtain more information on this type of
system, we have used density functional theory (DFT) to
explore the geometries and relative energies of Cp2M2(μ-
CH2)2(SO2)2 (M = Rh, Ir) and their isomers with coupled CH2
and/or SO2 ligands. In order to facilitate the study of a wide
variety of isomeric structures, we have used the unsubstituted
cyclopentadienyl ligand, η5-C5H5, rather than the peralkylated
cyclopentadienyl ligand.

2. THEORETICAL METHODS
DFT methods have evolved as a practical and effective computational
tool, especially for organometallic compounds.11−17 Three DFT
methods were used in this paper. The first method is the hybrid
ωB97X-D method, which adds long-range exchange, short-range exact
exchange, and empirical dispersion correction to the B97 exchange-
correlation functional.18,19 The second method is the BP86 method
using Becke’s 1988 exchange functional (B) with Perdew’s 1986
gradient-corrected correlation functional (P86).20,21 The third DFT
method used is MPW1PW91. This combines the modified Perdew−
Wang exchange functional with the Perdew−Wang 91 correlation
functional.22,23

Dunning’s triple-ζ (TZ) correlation-consistent basis sets cc-pVTZ,
for the hydrogen, carbon, sulfur, and oxygen atoms,24,25 and cc-pVTZ-

Figure 3. Cp2M2(SO2)2(CH2)2 (M = Rh, Ir) structures with the methylene groups coupled to give coordinated ethylene optimized by the ωB97X-D
method. The distances (in Å) for M = Rh are on the top, and those for M = Ir are on the bottom.
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PP with relativistic effective core potential (ECP), for the rhodium and
iridium atoms,26,27 were used in the ωB97X-D method. Huzinaga−
Dunning’s contracted double-ζ (DZ) contraction sets28−30 were used
for the BP86 and MPW1PW91 methods by adding a set of spherical
harmonic d polarization functions with orbital exponents αd(C) =
0.75, αd(O) = 0.85, and αd(S) = 0.70 for the carbon, oxygen, and
sulfur atoms, as well as a set of p polarization functions, αp(H) = 0.75,
for the hydrogen atoms. The Stuttgart−Dresden ECP plus DZ (SDD)
and relativistic ECP basis sets were used for the rhodium and iridium
atoms in the BP86 and MPW1PW91 methods.31

The geometries of the structures were fully optimized. The
vibrational frequencies and the corresponding IR intensities were
evaluated analytically. All of the computations were performed using
the Gaussian 09 program.32 The ultrafine grid (99, 590) for the
ωB97X-D method and fine grid (75, 302) for the BP86 and
MPW1PW91 methods were used for evaluating integrals numerically.
In order to investigate the small imaginary vibrational frequencies, the
finer (120, 974) grid was used.33 These three DFT methods generally
predict consistent geometries and relative energies for the present
studies. For the sake of brevity, we only report the ωB97X-D/(cc-
pVTZ and cc-pVTZ-PP) results in the text. The other results at the
BP86 (DZP and SDD) and MPW1PW91/(DZP and SDD) levels are
included in the Supporting Information.

3. RESULTS AND DISCUSSION

In the present paper, the Cp2M2(SO2)2(CH2)2 (M = Rh, Ir)
structures are designated as M-n, where M stands for the
transition metals (Rh or Ir) and n orders the relative energies of
the structures. Thus, Rh-1 and Ir-1 denote the lowest-energy
Cp2Rh2(SO2)2(CH2)2 and Cp2Ir2(SO2)2(CH2)2 structures,
respectively. Because the energy ordering for the
Cp2Rh2(SO2)2(CH2)2 structures is not always the same as
those for their iridium analogues, Rh-n and Ir-n may not always
have analogous geometries. For example, the geometry of Rh-2
corresponds to that of Ir-3 rather than Ir-2.
We have found 24 low-energy Cp2M2(SO2)2(CH2)2 (M =

Rh, Ir) structures for each metal using the DFT methods.
These include structures with separate SO2 ligands as well as
structures in which the SO2 groups have coupled to form
dithionite or isodithionite S2O4 ligands. All of the low-energy
Cp2M2(SO2)2(CH2)2 structures are singlet-state structures. We
have also investigated the corresponding triplet-state structures.
However, the rhodium and iridium triplet-state structures were
found to lie at least ∼28 kcal/mol (M = Rh) or ∼40 kcal/mol
(M = Ir) in energy above the corresponding global minima.
Thus, only the singlet-state structures are reported in the
present paper.
The Cp2M2(SO2)2(CH2)2 structures can be classified into

three categories. The first structure category has the two CH2
groups coupled to form a coordinated ethylene ligand. The
second structure category has the CH2 groups coupled with
hydrogen transfer to give a methylcarbene ligand. In these two
categories, the two SO2 groups are not coupled and are bonded
to one metal atom (for the terminal SO2 groups) or both metal
atoms (for the bridging SO2 groups) as separate units
exclusively through their sulfur atoms. The third structure
category has two SO2 groups coupled to form either a
dithionite (O2SSO2) or an isodithionite (OSOSO2) ligand
bridging the central M2 unit through two M−S bonds.
3.1. Cp2M2(SO2)2(C2H4) Structures Exhibiting Coupling

of the Methylene Ligands to a Coordinated Ethylene
Ligand. Most of the Cp2M2(SO2)2(CH2)2 (M = Rh, Ir)
structures in this category are relatively low-energy structures
(Figure 3). The lowest-energy Cp2Rh2(SO2)2(CH2)2 structure,
Rh-1, has two terminal Cp ligands, one terminal SO2 ligand,

one bridging SO2 ligand, and one terminal ethylene ligand. The
ethylene ligand acts as a π-electron donor, providing two
electrons from its π orbital to the “right” rhodium atom in
Figure 3. The two SO2 groups are both two-electron donors.
The Rh−Rh distance in Rh-1 of 2.821 Å suggests a formal
single bond. Thus, each rhodium atom in Rh-1 has the favored
18 - e l e c t r o n c onfi gu r a t i o n . Th e l owe s t - e n e r g y
Cp2Ir2(SO2)2(CH2)2 structure Ir-1 has a geometry very similar
to that of Rh-1. The Ir−Ir distance in Ir-1 of 2.815 Å indicates
a formal single bond so that each iridium atom in Ir-1 also has
the favored 18-electron configuration. The cyclopentadienyl
rings in Rh-1 and Ir-1 have a trans configuration around the
M−M bond.
Structures Rh-2 and Ir-3 have geometries similar to those of

Rh-1 and Ir-1, differing only by an internal rotation around the
M−M axis (Figure 3). They thus correspond to the cis isomers
of Rh-1 and Ir-1, respectively. Structures Rh-2 and Ir-3 are
relatively low-energy structures, lying only 1.7 and 3.1 kcal/mol,
respectively, in energy above Rh-1 and Ir-1. Similar to Rh-1
and Ir-1, each metal atom (Rh and Ir) in Rh-2 and Ir-3 also has
the favored 18-electron configuration.
Structures Rh-3 and Rh-5 are another pair of cis/trans

isomers, lying 6.2 and 8.3 kcal/mol, respectively, in energy
above Rh-1 (Figure 3). Different from the Rh-1/Rh-2 pair, the
Rh-3/Rh-5 pair has two semibridging SO2 groups, with shorter
Rh−S distances of ∼2.2 Å and longer Rh−S distances of 2.4−
2.5 Å. The higher energy of structure Rh-5 relative to Rh-3 may
arise from the steric effect of the closer Cp group adjacent to
the two semibridging SO2 groups. The iridium analogues,
namely, Ir-7 and Ir-8, have geometries similar to those of Rh-3
and Rh-5 and lie 11.5 and 13.6 kcal/mol, respectively, in energy
above Ir-1. The M−M distances of ∼2.8 Å in these structures
correspond to formal single bonds, thereby giving each metal
atom the favored 18-electron configuration.
The C2v structures Rh-6 and Ir-4 have analogous geometries

(Figure 3). Note that structure Rh-6 has a tiny imaginary
vibrational frequency (∼10i cm−1), which can be removed by
using the finer grid (120, 974). Thus, Rh-6 is confirmed to be a
genuine minimum on the potential surface. Structures Rh-6 and
Ir-4 lie 12.3 and 10.8 kcal/mol, respectively, above their
corresponding global minima M-1 (M = Rh, Ir). Similar to Rh-
3 and Ir-7, there are two bridging SO2 groups in Rh-6 and Ir-4.
However, unlike Rh-3 and Ir-7, the ethylene ligand in Rh-6 and
Ir-4 is no longer terminal but bridges the two metal atoms by
donating one electron to each metal atom. The M−M distances
of ∼2.8 Å in Rh-6 and Ir-4 correspond to formal single bonds,
thereby giving each metal atom the favored 18-electron
configuration.
Another trans/cis-Cp2Rh2(SO2)2(CH2)2 isomer pair Rh-9/

Rh-15 has two terminal SO2 groups, with the ethylene ligand
bridging the two rhodium atoms (Figure 3). Structures Rh-9
and Rh-15 lie 15.5 and 24.0 kcal/mol, respectively, in energy
above Rh-1. The iridium analogues Ir-5/Ir-18, lying 11.4 and
21.0 kcal/mol, respectively, in energy above Ir-1, have
geometries similar to Rh-9/Rh-15. The M−M distances in
these structures of ∼2.7 Å are ∼0.1 Å shorter than the M−M
distances in the lower-energy Cp2M2(SO2)2(C2H4) structures
with terminal ethylene ligands. However, the M−M distances
can still be considered to be formal single bonds, thereby giving
each metal atom the favored 18-electron configuration.
The last pair of trans/cis-Cp2Rh2(SO2)2(C2H4) isomers in

this category, namely, Rh-7 and Rh-14, lies 15.0 and 23.4 kcal/
mol, respectively, in energy above Rh-1 (Figure 3). Structures
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Rh-7/Rh-14 differ from Rh-9/Rh-15 in the nature of the
ethylene bridge between the two CpRh(SO2) units. Thus, in
Rh-7/Rh-14, the Rh···Rh distances of 4.311 and 4.305 Å,
respectively, are too long for a direct Rh−Rh bond. Instead, the
two CpRh(SO2) units are linked by an ethylene ligand
perpendicular to the Rh−Rh axis so that the π orbital can
provide two electrons to each CpRh(SO2) unit through
multicenter Rh2C2 bonding. As a result, each rhodium atom
in Rh-7 and Rh-14 still has the favored 18-electron
configuration, even with the lack of an Rh−Rh bond. The
Cp2Ir2(SO2)2(C2H4) structures Ir-22 and Ir-24 have geo-
metries similar to those of Rh-7 and Rh-14, respectively, so
their iridium atoms have the favored 18-electron configuration.
However, Ir-22 and Ir-24 are much higher-energy structures
than their rhodium analogues, lying 29.0 and 40.1 kcal/mol,
respectively, in energy above Ir-1.
3.2. Cp2M2(SO2)2(CHCH3) Structures Exhibiting Cou-

pling of Coordinated Methylene Followed by Hydrogen

Migration to Coordinated Methylcarbene. A total of 10
Cp2M2(SO2)2(CHCH3) (M = Rh, Ir) structures are found to
have a methylcarbene ligand (Figure 4). Most of these
structures correspond to structures with an ethylene ligand
discussed in the previous section. They thus are potentially
derived from the ethylene complexes by hydrogen migration
within the ethylene ligand to give a methylcarbene ligand. The
Cp2M2(SO2)2(CHCH3) structures with bridging methylcar-
bene ligands are of lower energy than those with terminal
methylcarbene ligands.
The trans/cis pair of structures Rh-12/Rh-13 is related to the

trans/cis pair Rh-1/Rh-2, with two terminal Cp ligands, one
terminal SO2 ligand, and one bridging SO2 ligand (Figure 4).
However, they are higher-energy structures, with Rh-12 and
Rh-13 lying 20.9 and 22.1 kcal/mol, respectively, in energy
above Rh-1. The terminal methylcarbene ligand is a two-
electron donor through its carbene carbon atom. The iridium
analogues Ir-9 and Ir-11, lying 14.5 and 17.0 kcal/mol,

Figure 4. Cp2M2(SO2)2(CHCH3) (M = Rh, Ir) structures with the coordinated methylcarbene ligands optimized by the ωB97X-D method. The
distances (in Å) for M = Rh are on the top, and those for M = Ir are on the bottom.
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respectively, in energy above Ir-1, have the same geometries as
Rh-12 and Rh-13. The M−M distances of ∼2.8 Å in these
complexes correspond to formal single bonds, thereby giving
each metal atom the favored 18-electron configuration.
The trans/cis pair of structures Rh-16 and Rh-17, lying 24.1

and 27.2 kcal/mol, respectively, in energy above Rh-1, has
geometries very similar to those of Rh-12 and Rh-13, differing
only by the orientation of the methylcarbene ligand (Figure 4).
The endo pair Rh-16/Rh-17 has higher energies than the exo
pair Rh-12/Rh-13 because of the steric effect. The iridium
analogues Ir-12 and Ir-19, lying 17.5 and 22.2 kcal/mol,
respectively, in energy above Ir-1, have essentially the same
geometries as Rh-16 and Rh-17. The M−M distances of ∼2.8
Å in these complexes correspond to the formal single bonds
required to give each metal atom the favored 18-electron
configuration.
Structures Rh-19 and Rh-21, lying 28.2 and 30.9 kcal/mol,

respectively, in energy above Rh-1, are related to the cis
structure Rh-3 by replacing the ethylene ligand with a terminal
methylcarbene ligand (Figure 4). Both Rh-19 and Rh-21 have
cis configurations of the Cp rings around the Rh−Rh axis.
However, Rh-21 differs from Rh-19 in the orientation of the
methylcarbene ligand. In addition, structure Rh-19 has one
small imaginary vibrational frequency (<20i cm−1) and
collapses to Rh-13 after following the corresponding normal
mode. The corresponding iridium structures Ir-21 and Ir-23 lie
27.0 and 29.2 kcal/mol, respectively, in energy above Ir-1.
Similar to Rh-19, structure Ir-21 also has one small imaginary
vibrational frequency (∼20i cm−1) and collapses to Ir-11 after
following the corresponding normal mode. The trans isomers
corresponding to Rh-19/Rh-21 and Ir-21/Ir-23 have high
energies (>35 kcal/mol). They are also not local minima
because they have one or two large imaginary vibrational
frequencies (∼100i cm−1). They collapse to Rh-12/Rh-16 and
Ir-9/Ir-12, respectively, after, following the corresponding
normal modes. The M−M distances of ∼2.8 Å in these
structures correspond to the formal single bonds required to
give each metal atom the favored 18-electron configuration.

The trans/cis pair of Rh-4 and Rh-8, lying 8.2 and 15.1 kcal/
mol, respectively, in energy above Rh-1, is related to Rh-9 and
Rh-15, respectively, with a bridging methylcarbene ligand
replacing the bridging ethylene ligand (Figure 4). The iridium
analogues Ir-2 and Ir-6 lie 1.9 and 11.4 kcal/mol, respectively,
in energy above Ir-1. The methylcarbene ligand in Rh-4/Rh-8
bridges the two rhodium atoms using only the carbene carbon
atom, donating its lone-pair electrons. This is different from the
bridging ethylene molecule in Rh-9/Rh-15, in which the
ethylene ligand bridges the two rhodium atoms using both
carbon atoms, with one carbon atom for each rhodium atom.
The M−M distances in these structures of ∼2.7 Å are ∼0.1 Å
shorter than the M−M distances in the Cp2M2(SO2)2(C2H4)
and Cp2M2(SO2)2(CHCH3) structures with terminal hydro-
carbon ligands. However, these M−M distances can still be
considered formal single bonds, thereby giving each metal atom
the favored 18-electron configuration.
Structures Rh-11 and Ir-10, lying 17.7 and 14.7 kcal/mol,

respectively, in energy above Rh-1 and Ir-1, are also similar to
Rh-8 and Ir-6, differing only by the orientation of the bridging
methylcarbene ligand. The Rh−Rh distance in Rh-11 and the
Ir−Ir distance in Ir-10 are 2.688 and 2.708 Å, respectively,
which can still be considered formal single bonds, thereby
giving each metal atom the favored 18-electron configuration.
Structure Rh-10, lying 16.3 kcal/mol in energy above Rh-1,

has two bridging SO2 ligands and one bridging methylcarbene
ligand (Figure 4). Structure Rh-10 is thus related to Rh-6 by
replacing the bridging ethylene ligand with a bridging
methylcarbene ligand. The M−M distances of ∼2.7 Å in Rh-
10 and Ir-15 suggest the formal single bonds required to give
each metal atom the favored 18-electron configuration. Rh-10
has Cs symmetry (Figure 4), but the corresponding Cs structure
for Ir-15 has one very small imaginary vibrational frequency
(<20i cm−1). Following the corresponding normal mode to give
the C1 minimum for Ir-15 lowers the energy by only ∼0.02
kcal/mol.
The Cp2M2(SO2)2(C2H4) structures Rh-7/Rh-14 and Ir-22/

Ir-24 with a bridging ethylene ligand perpendicular to the M−

Figure 5. Cp2M2(S2O4)(CH2)2 (M = Rh, Ir) structures with SO2 coupling to give coordinated dithionite or isodithionite, optimized by the ωB97X-
D method. The distances (in Å) for M = Rh are on the top, and those for M = Ir are on the bottom.
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M axis discussed in section 3.1 do not have analogues with a
bridging methylcarbene ligand. This is because a methylcarbene
ligand cannot donate four electrons to the two metal atoms in
the manner of ethylene in Rh-7/Rh-14 and Ir-22/Ir-24.
3.3. Cp2M2(S2O4)(CH2)2 Structures Exhibiting Coupling

of Coordinated SO2. Five Cp2M2(S2O4)(CH2)2 structures are
found with the two SO2 ligands coupled to form either a
bridging dithionite (O2SSO2) or a bridging isodithionite
(OSOSO2) ligand (Figure 5). The rhodium Cp2Rh2(S2O4)-
(CH2)2 structures are rather high-energy structures, lying 28−
40 kcal/mol above Rh-1. The corresponding iridium structures
Cp2Ir2(S2O4)(CH2)2 have more moderate energies, lying 18−
23 kcal/mol in energy above Ir-1.
The Cp2Rh2(S2O4)(CH2)2 structures Rh-18 and Rh-20,

lying 28.1 and 30.6 kcal/mol in energy above Rh-1, are two
stereoisomers, both containing terminal Cp ligands, a bridging
isodithionite (OSOSO2) ligand, a bridging three-electron donor
methylcarbyne (CH3C) ligand, and a bridging hydride ligand
(Figure 5). The OSOSO2 ligand is bonded to each rhodium
atom through a sulfur atom and thus is a two-electron donor.
The corresponding iridium structures Ir-13 and Ir-17 lie 18.5
and 20.4 kcal/mol, respectively, above Ir-1. The M−M
distances of ∼2.7 Å in these structures suggest formal single
bonds, thereby giving each metal atom the favored 18-electron
configuration.
Structures Rh-23 and Ir-14, lying 36.4 and 19.3 kcal/mol in

energy above the corresponding M-1 structures, have similar
geometries with two separate methylene groups bridging the
two metal atoms, each acting as a two-electron donor (Figure
5). The isodithionite (OSOSO2) ligand also bridges the two
metal atoms as a two-electron donor, with each sulfur atom
donating one electron to one metal atom. The M−M distances
in Rh-23 and Ir-14 are shortened to ∼2.6 Å, apparently
because of the effect of the two bridging methylene groups.
However, the M−M bonds can still be interpreted as formal
single bonds to give each metal atom the favored 18-electron
configuration.
The two structures Rh-22 and Rh-24, lying 31.6 and 39.6

kcal/mol, respectively, in energy above Rh-1, have a bridging
dithionite (O2SSO2) ligand with a long S−S distance (∼2.3 Å),
which can be considered as a two-electron donor (Figure 5). In
Rh-22, the two methylene groups couple with hydrogen
migration to form a three-electron-donor bridging methyl-
carbyne (CH3C) ligand and a bridging hydride ligand similar to
Rh-18 and Rh-20 discussed above. This combination of
bridging ligands donates four electrons to the central Rh2
unit. In Rh-24, the two methylene groups are not coupled but
separately bridge the two rhodium atoms. They also donate a
total of four electrons to the central Rh2 unit. The Rh−Rh
distance in Rh-22 is 2.720 Å, which is shortened to 2.602 Å in
Rh-24, apparently because of the two bridging methylene
groups. In both Rh-22 and Rh-24, the Rh−Rh distances

suggest the formal single bonds required to give each rhodium
atom the favored 18-electron configuration. The Rh−Rh
distance of 2.602 Å in Rh-24 is very close to the experimental
value9 of 2.622 Å in the permethylated derivative Cp*2Rh2(μ-
CH2)2(S2O4). The iridium structures Ir-16 and Ir-20, lying
20.3 and 22.5 kcal/mol, respectively, in energy above Ir-1, are
the analogues of Rh-22 and Rh-24, respectively.
The Rh-23 and Rh-24 structures are similar to those in the

experimentally observed permethylated photochromic system
Cp*2Rh2(μ-CH2)2(OSOSO2)/Cp*2Rh2(μ-CH2)2(S2O4) (Cp*
= η5-Me5C5). We performed time-dependent DFT calculations
to examine the excited states of Rh-23 and Rh-24 structures at
the same level as the structure optimization. The unscaled
calculated λmax values, both corresponding to the highest
occupied molecular orbital (HOMO)−lowest unoccupied
molecular orbital (LUMO) transition for the Rh-23 and Rh-
24 structures, are 415 and 477 nm, respectively. These λmax
values are close to those of their corresponding experimental
permethylated derivative structures, 475 and 510 nm,
respectively.9 Furthermore, we checked the orbitals in the
transitions and assigned the absorption as a charge-transfer
(CT) band from the σ(Rh−SO) (HOMO) to the σ*(Rh−Rh)
(LUMO) orbitals for Rh-23 and a CT band from the σ(S−S)
and σ(Rh−S) (HOMO) to the σ*(S−S) and σ*(Rh−Rh)
(LUMO) orbitals for Rh-24 (Figure 6). These transitions of
Rh-23 and Rh-24 are also similar to those of their
permethylated derivatives.9 This indicates that the Rh-23 and
Rh-24 structures can convert to each other through the
photochromic process as their permethylated derivatives.
The thermodynamic conversion between Rh-23 and Rh-24

was also investigated. The transition-state structure of this
conversion was found and confirmed by IRC calculation at the
ωB97X-D/cc-pVDZ (for H, C, O, S)24,25 and cc-pVDZ-PP
(including ECP for Rh)26 levels. The energy barriers for the
forward (Rh-23 to Rh-24)/reverse (Rh-24 to Rh-23) reactions
of this conversion were found to be 32.3/23.7 kcal/mol. Such
high barriers indicate that the thermodynamic conversion
would not occur very fast. As reported, the related
permethylated derivative of Rh-23 needs 3 weeks to convert
to the permethylated Rh-24 completely.7 It can be inferred that
the experimentally observed structures Rh-23 and Rh-24 need
to overcome higher barriers to convert to other isomers after
more complicated isomerizations. Therefore, they can be
kinetically stable due to the high isomerization barrier.

4. CONCLUSIONS

The potential energy surfaces for the Cp2M2(CH2)2(SO2)2 (M
= Rh, Ir) systems predict isomers arising from two possible
ligands that can couple, namely, methylene units coupling to
form an ethylene ligand and SO2 coupling to form a dithionite
ligand. Furthermore, hydrogen migration can occur in ethylene
ligands (CH2CH2) to form methylcarbene ligands (CH3CH).

Figure 6. Related orbitals (isovalue = 0.05) in the main transition for Rh-23 and Rh-24.
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Similarly, dithionite ligands (O2SSO2) are predicted to
isomerize to give isodithionite ligands (O2SOSO). This last
process well describes what occurs in the experimentally
observed7,8 photoconversion of Cp*2Rh2(μ-CH2)2(μ-O2SSO2)
to the isodithionite complex Cp*2Rh(μ-CH2)2(μ-O2SOSO).
Finally ethylene, methylcarbene, and SO2 can function as either
terminal or bridging ligands. However, the dithionite and
isodithionite ligands are only found in bridging positions in the
low-energy structures.
The lowest-energy structures for the Cp2M2(CH2)2(SO2)2

(M = Rh, Ir) systems are predicted to be the
Cp2M2(CH2CH2)(SO2)2 structures with separate SO2 ligands
but with coupling of the methylene groups to give an ethylene
ligand (Figure 3). We find that next comes the
Cp2M2(CH3CH)(SO2)2 structures in which hydrogen migra-
tion has occurred to convert the ethylene ligand into a
methylcarbene ligand (Figure 4). Among this group of
structures, those with bridging methylcarbene ligands are
energetically preferred over those with terminal methylcarbene
ligands. Structures in which the two SO2 units have coupled to
form a dithionite or isodithionite ligand (Figure 5) are
predicted to be the highest-energy structures. These structures
with a dithionite or isothionite ligand include Cp2M2(μ-H)(μ-
CH3C)(μ-S2O4) structures in which the M2 unit has formally
inserted into a C−H bond of a methylcarbene ligand to give
separate bridging hydride and bridging methylcarbyne ligands.
The limited known experimental chemistry of these systems

involves dithionite and isodithionite structures that are
relatively high-energy structures related to Rh-24/Ir-20 and
Rh-23/Ir-14, respectively (Figure 5). These structures,
predicted here to be high-energy structures, are clearly
kinetically favored Cp*2Rh2(CH2)2(S2O4) structures, with the
two bridging CH2 ligands and one bridging S2O4 ligand
reflecting the method of synthesis rather than the thermody-
namically favored lowest-energy structure with a terminal
CH2CH2 ligand and two separate SO2 units. Formation of these
high-energy isomers occurs because the entry into the
experimental chemistry uses the Cp*2Rh2(CH2)2(S2O4) isomer
obtained from the metathesis of Cp*2Rh2(μ-CH2)2(μ-Cl)2 with
sodium dithionite. The use of dithionite in the synthesis of
these species starts with coupled SO2 groups and thus
selectively leads initially to a kinetically favored relatively
high-energy structure related to Rh-24 with an intact bridging
dithionite ligand. The relatively high isomerization barrier (>20
kcal/mol) kinetically stabilizes both experimentally related
isomers as viable species that can be individually structurally
characterized by X-ray crystallography.
Synthesis of the lower-energy Cp*2Rh2(CH2)2(SO2)2

isomers with separate SO2 ligands should be feasible using
the reaction of free SO2 with a more highly reduced rhodium
spec ies such as Cp* 2Rh2(CH2)2 . However , th is
Cp*2Rh2(CH2)2 precursor supposedly obtained from the
sodium metal reduction of Cp*2Rh2(μ-CH2)2(μ-Cl)2 is in the
literature only as a claim in a Japanese patent.34 It is not clear
from the literature whether Cp*2Rh2(CH2)2 has actually been
synthesized or is described in the patent only to broaden its
scope. However, the iridium analogue Cp*2Ir2(CH2)2 has been
reported.35 Hopefully, our prediction of lower-energy
Cp*2Rh2(CH2)2(SO2)2 isomers than the currently known
dithionite and isodithionite isomers will stimulate successful
experimental efforts to synthesize Cp*2Rh2(CH2)2 and study its
reaction with SO2.
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