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Several mono- and bis-cyclometalated compounds have been prepared and characterized from the thermal
reaction of dirhodium(II) tetraacetate and tris(2-thienyl)phosphine, P(2-C4H3S)3 (1), in toluene/acetic acid
mixtures. In refluxing acetic acid, the mono-cyclometalated compound Rh2(O2CCH3)3[(2-C4H2S)P(2-
C4H3S)2] (CH3CO2H)2 (2A) isomerizes to Rh2(O2CCH3)3[(3-C4H2S)P(2-C4H3S)2](CH3CO2H)2 (2B), which
results from the selective rearrangement of the metalated ring from a 2-thienyl to a 3-thienyl structure.
In the same conditions, the bis-cyclometalated compounds of formula Rh2(O2CCH3)2[(2-C4H2S)P(2-
C4H3S)2]2(CH3CO2H)2 and with head-to-tail (3AA) or head-to-head (4AA) configuration of the phosphines
undergo similar rearrangement, yielding compounds Rh2(O2CCH3)2[(3-C4H2S)P(2-C4H3S)2]2(CH3CO2H)2,
3BB and4BB, respectively. Compounds with only one ring of the thienyl phosphine rearranged, Rh2(O2-
CCH3)2[(3-C4H2S)P(2-C4H3S)2][(2-C4H2S)P(2-C4H3S)2](CH3CO2H)2, 3AB and 4AB, have also been
isolated. The fastest rearrangement occurs in2A and the slowest in3AA. Isotopic labeling experiments
show that the rearrangement of the metalated rings in compounds2A, 3AA, and4AA and the electrophilic
Rh-C bond cleavage occur with different rates, indicating that they are independent processes. All the
synthesized compounds have been structurally characterized by multinuclear NMR spectroscopy, and
some representative compounds were also analyzed by X-ray methods. The free ligand1 does not
experience isomerization under the conditions that metalated phosphines do. DFT calculations confirm
that the observed rearrangement is driven by enthalpy.

Introduction

Cyclometalation of aryl phosphines is a well-known and often
used reaction for the preparation of organometallic compounds.1-3

The first dirhodium (II) compound of this type,cis-Rh2(O2-
CCH3)2[(C6H4)PPh2)2](CH3CO2H)2, was reported by Cotton et
al. in 1985.4 Later on, many compounds of the general formula
Rh2(PC)2(O2CR)2, PC representing a metalated aryl phosphine,
have been prepared by direct thermal reaction of the corre-
sponding phosphine with dirhodium(II) tetracarboxylate.5,6

These compounds show activity and chemoselectivity in the
catalytic transformation ofR-diazocarbonyl compounds.7 These
compounds with head-to-tail arrangement of the metalated
phosphines are inherently chiral. The use of enantiomerically
pure compounds has been exploited for enantioselective

reactions.8-11

We were interested in preparing a new family of metalated
dirhodium(II) compounds with thienyl phosphines, to test the
influence of these heteroaromatic rings in the catalytic behavior
of the new compounds. In a previous communication, we have
reported that a rearranged compound was obtained by serendip-
ity in the workup of the reaction of dirhodium(II) tetraacetate
with tris(2-thienyl)phosphine (1).12 Such rearrangement, from
structureA to B (Scheme 1), affected only the metalated rings,
while the remaining substituents retained their original structure.
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Scheme 1. Schematic Drawing of the Thienyl Ring
Arrangement

3156 Organometallics2006,25, 3156-3165

10.1021/om0601697 CCC: $33.50 © 2006 American Chemical Society
Publication on Web 05/16/2006



Herein, we wish to report our results in full, including
additional experiments and theoretical studies performed to gain
a deeper insight into this unusual rearrangement. The synthesis
and characterization of three cyclometalated dirhodium(II)
compounds, Rh2(O2CCH3)3[(2-C4H2S)P(2-C4H3S)2](CH3CO2H)2

(2A), (H-T)Rh2(O2CCH3)2[(2-C4H2S)P(2-C4H3S)2]2(CH3CO2H)2

(3AA), and (H-H)Rh2(O2CCH3)2[(2-C4H2S)P(2-C4H3S)2]2(CH3-
CO2H)2 (4AA), is described. The preparation and structural
characterization of new cyclometalated compounds with the
metalated thienyl rings having structureB is also described
(Scheme 2). The numbering scheme used includes one or two
letters that refer to the structure of the metalated ring(s) in mono-
and bis-cyclometalated compounds, respectively. Some mecha-
nistic information is obtained by reacting the compounds in
deuterated acetic acid. The relative energies of all the com-
pounds were established by DFT calculations.

Results and Discussion

Reactions of Rhodium Tetraacetate and Tris(2-thienyl)-
phosphine (1). Synthesis of Compounds 2A, 3AA, and 4AA.

The thermal reaction of dirhodium(II) tetraacetate and1 (1:0.8
molar ratio) for 2 h in refluxing (9:1) toluene/acetic acid
produced the mono-cyclometalated compound Rh2(O2CCH3)3-
[(2-C4H2S)P(2-C4H3S)2](CH3CO2H)2 (2A) as the main product,
which was isolated in 60% yield (Scheme 2). The bis-
cyclometalated compounds (H-T)Rh2(O2CCH3)2[(2-C4H2S)P-
(2-C4H3S)2]2(CH3CO2H)2 (3AA) and (H-H)Rh2(O2CCH3)2[(2-
C4H2S)P(2-C4H3S)2]2(CH3CO2H)2 (4AA), also present in solution
(ca. 10% each), were prepared in better yields by reaction of
dirhodium(II) tetraacetate and1 (1:2.15 molar ratio) in toluene/
acetic acid mixtures of different composition. The reaction time
was an important variable, as evolution of4AA to 3AA was
observed after extended heating in a 9:1 toluene/acetic acid
mixture (see Figure S5 and Table S1 in the Supporting
Information). All the efforts to selectively produce only one of
these two products by thermal reactions were unsuccessful. The
relative amount in which these two compounds were prepared
depended also on the amount of acid used in the reaction. The
best yield of4AA, 75%, was obtained using a 2:1 toluene/acetic
acid mixture as reaction solvent.

Scheme 2. Mono- and Bis-cyclometalated Compounds Obtained from Phosphine 1
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Irradiation (mercury lamp, Pyrex filter, 2.5 h) of a solution
of dirhodium(II) tetraacetate and1 (Rh2:1 ratios from 1:1 to
1:2) in a 9:1 CH2Cl2/acetic acid mixture led only to3AA, which
was isolated in high yield. Alternatively, short irradiation (15
min) of a mixture of the mono-cyclometalated compound2A
and1 produced3AA. This rapid photoinduced metalation has
no precedent in related studies with triarylphosphines.13,14

All the isolated compounds were characterized by multi-
nuclear NMR spectroscopy. The molecular structure of com-
pounds2A (Figure 1) and3AA (Figure S9 in SI), as adducts
with two molecules of acetic acid, were obtained by X-ray
methods. Compound4AA was characterized by NMR spec-
troscopy (see Figure S4a in SI), but all the attempts to obtain
single crystals of4AA failed. However, it was crystallized as
an adduct with pyridine or tris(2-thienyl)phosphine (4AA‚py
and4AA‚1) (see Figures S10 and S11 in SI). In both structures,
the two cyclometalated phosphines were in a head-to-head (H-
H) disposition, and the axial pyridine or phosphine ligands
coordinate the less sterically hindered rhodium atom in the
binuclear unit, namely, the one having a RhO2C2 environment.

Synthesis of 2B.The chemical evolution of2A in refluxing
acetic acid was easily monitored by31P NMR spectroscopy,
following the disappearance of the signal at 0.6 ppm (due to
2A) and the appearance of a new signal at-3.0 ppm (due to
2B) (see Figure S6 in SI). No other species were observed in
solution. The transformation was completed after 20 h; Rh2(O2-
CCH3)3[(3-C4H2S)P(2-C4H3S)2](CH3CO2H)2 (2B) was isolated
in high yield. 2D NMR experiments (Figure S2 in SI), as well
as X-ray crystal structure determination (Figure 2), support the
structure assignment for2B (Scheme 2).

Synthesis of 3AB and 3BB.Compound3AA was heated in
refluxing acetic acid for 18 h. The31P NMR spectrum of the
reaction mixture confirmed the presence of two new products.
One, Rh2(O2CCH3)2[(2-C4H2S)P(2-C4H3S)2][(3-C4H2S)P(2-
C4H3S)2](CH3CO2H)2 (3AB), resulted from the rearrangement
of one metalated ring, while the second product, Rh2(O2CCH3)2-
[(3-C4H2S)P(2-C4H3S)2]2(CH3CO2H)2 (3BB), contained both
metalated rings rearranged (Scheme 2 and Figure S7 and Table
S2 in SI). The spectroscopic yields prior to isolation were 25%
(3AA), 48% (3AB), and 12% (3BB). Signals belonging to

phosphine oxide and2B were also detected in the spectrum in
smaller amounts. From this reaction mixtures,3AB was isolated
with moderate yields and spectroscopically characterized.
Longer heating (>150 h) increased the relative amount of3BB,
though simultaneously decomposition was observed. From this
reaction mixture,3BB was isolated in a 30% yield and
spectroscopically characterized.

Alternatively, these two compounds,3AB and 3BB, were
obtained in 20-30% yield from the reaction of dirhodium(II)
tetraacetate with1 (1:2 molar ratio) in pure acetic acid.

Two experimental observations support that3AB is the
intermediate in the transformation of3AA to 3BB. Thus,3AB
shows two different phosphorus environments in the31P NMR
spectra, while both3AA and 3BB exhibit single phosphorus
environments. Also, the relative intensities of the signals due
to the three compounds3AA, 3AB, and 3BB were time-
dependent and fully agreed with an evolution from3AA to 3AB
to 3BB. Besides,3AB was the only spectroscopically detected
product when 2B reacted with 1 in the above-described
photochemical conditions.

2D NMR experiments on3BB confirmed the structural
assignment for this compound (see Figure S3 in SI).

Synthesis of 4AB and 4BB.We have observed that, in acetic
acid,4AA undergoes rearrangement of the metalated rings much
faster than3AA. Taking advantage of this observation, we
heated a 1:3 mixture of3AA and4AA in acetic acid at 105°C.
A new species, identified as Rh2(O2CCH3)2[(2-C4H2S)P(2-
C4H3S)2][(3-C4H2S)P(2-C4H3S)2](CH3CO2H)2 (4AB), was formed
with simultaneous disappearance of4AA (Figure S8 and Table
S3 in SI). After 10 h of heating,4AB was present in solution
in a 50% spectroscopic yield, though after the chromatographic
isolation only 30% of the product was obtained. During this
time the amount of3AA in solution remained unchanged.

Extended heating produced the appearance of a new species,
Rh2(O2CCH3)2[(3-C4H2S)P(2-C4H3S)2]2(CH3CO2H)2 (4BB), that
finally became the major product in solution. However, this
reaction yielded4BB only in moderate yield due to extensive
decomposition. Alternatively, compound4BB was best prepared
by direct reaction of dirhodium(II) tetraacetate and1 in refluxing
acetic acid.

Multinuclear NMR studies confirmed the structural charac-
terization made for these two compounds (see Figure S4b in SI
for 4BB). All the efforts to obtained single crystals of4AB
failed. Compound4BB had been previously characterized by
X-ray methods.12 4AB and 4BB form adducts with tris(2-
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Figure 1. ORTEP view of compound2A with ellipsoids represent-
ing 30% probability and H atoms omitted for clarity. Selected bond
distances (Å) and angles (deg): Rh(1)-Rh(2), 2.4385(8); Rh(1)-
P(1), 2.204(2); Rh(2)-C(12), 1.957(7); P(1)-Rh(1)-Rh(2), 92.32-
(5); Rh(1)-Rh(2)-C(12), 94.53(18).

Figure 2. ORTEP view of compound2B with ellipsoids represent-
ing 30% probability and H atoms omitted for clarity. Selected bond
distances (Å) and angles (deg): Rh(1)-Rh(2), 2.4341(7); Rh(1)-
P(1), 2.206(2); Rh(2)-C(12), 1.971(7); P(1)-Rh(1)-Rh(2), 92.86-
(5); Rh(1)-Rh(2)-C(12), 92.9(2).
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thienyl)phosphine,4AB‚1 and 4BB‚1. Some crystallographic
results related to these adducts were obtained (see later).

Structural Characterization. Structures of Compounds 2A
and 2B.These compounds crystallize in the monoclinic system,
space groupsP2(1)/n andP2(1), respectively. Both structures
are depicted in Figures 1 and 2, together with selected bond
distances and bond angles. Each compound is composed of one
dirhodium unit that contains one cyclometalated [(C4H2S)P(2-
C4H3S)2] ligand and three carboxylate groups. The two identical
axial ligands are identified as acetic acid molecules.

The Rh-Rh bond distances of 2.4385(8) and 2.4341(7) Å
for 2A and2B, respectively, are similar to those found in other
monometalated dirhodium complexes with a rhodium-rhodium
bond.6 The Rh-P, Rh-C, and Rh-O distances are also within
the expected range of values for this type of compound.6 In
each compound, the Rh-O bond distancetrans to C [2.192(5)
Å in 2A and 2.172(6) Å in2B] is slightly longer than thattrans
to P [2.154(5) Å in2A and 2.142(6) Å in2B], and both are
also longer than the remaining four Rh-O bond distancestrans
to O (average value 2.04 Å). The Rh-C bond distance in
compounds2A and2B [1.957(7) Å in 2A and 1.971(7) Å in
2B] is slightly shorter than the values observed for the compound
with triphenylphosphine [1.999(5) Å].4 All the remaining
structural parameters are very similar, and the differences are
not significant.

The metalated thienyl rings are essentially planar. The location
of the sulfur atom, unambiguously defined in each case and in
complete agreement with the 2D NMR results (see later), was
the main structural difference between these two compounds.
In 2A the sulfur atom is close to the carbon atom attached to
phosphorus (structure typeA), while in 2B it is close to the
carbon atom attached to rhodium (structure typeB). The rings
are not regular due to the C-S bond distances (average value
1.71 Å), which are much longer than the C-C bond distances,
which follow the short-long-short trend expected for a diene
system (average values of 1.36-1.45-1.37 Å). Some disorder
was observed in2A, due to the existence of two different
orientations in the nonmetalated rings, related by a 180° rotation
around the P-C bond. As that information was not relevant,
the structure was refined locating the sulfur atom in the position
that gave the best refinement. As usual, the axial acetic acid
molecules have the OH group oriented toward an oxygen atom
of one of the bridging carboxylate ligands. However, while in
2A both OH groups are interacting with the carboxylatetrans
to the metalated phosphine, in2B the two OH groups interact
with two carboxylate groups that are mutuallycis.

The metalated phosphine is significantly less twisted than in
the analogous mono-metalated compounds with triaryl phos-
phines. Thus, the P-Rh-Rh-C torsion angles for2A and2B
are in the range 6.3-7.2°, while the reported values for the
compounds with triaryl phosphines are in the range 11.1-18.9°.

Structures of Bis-cyclometalated Compounds.The main
structural features described for the mono-cyclometalated
compounds apply for the bis-cyclometalated compounds struc-
turally characterized. The metalated rings are planar and retain
the sequence of short-long-short C-C bond distances. In all
cases, the sulfur atoms in the metalated rings were unambigu-
ously located. Some nonmetalated thienyl rings presented
disorder and were refined as previously described for2A and
2B.

As expected, in the bis-cyclometalated compounds the
rhodium-rhodium bond distances are longer than for mono-
metalated compounds [3AA, 2.5155(5) Å] and increase when
replacing acetic acid by pyridine in axial positions in the case

of 4AA‚py [2.5413(6) Å] or by one phosphine in4AA‚1
[2.5845(9) Å]. In addition, the head-to-head compound with
axial ligands,4AA‚py, presents distorted metalocycles, with
P-Rh-Rh-C torsion angles of 15.2(2)° and 21.4(2)° and
O-Rh-Rh-O of 16.2(2) Å. The ORTEP drawing for these
bis-cyclometalated compounds are included in the Supporting
Information (Figures S9-S11).

Compound4BB had been previously characterized.12 All the
efforts to obtain single crystals from4BB‚1 failed. Surprisingly,
crystals from a solution that contained a mixture of4AB‚1 and
4BB‚1 were obtained by serendipity. To confirm the ability of
the X-ray methods to detect disorder in the positions of sulfur
atoms, we measured and solved the crystal structure of one of
those crystals (Figure S12 in SI). One of the metalated rings
refined well, assuming only a structure of typeB, but some
disorder in the metalated ring was clearly detected in the second
phosphine. The best refinement was obtained assuming structure
of type B in one of the rings, while the second ring refined
better for 53% occupancy as structure of typeA and 47% as
structure of typeB. That product distribution was roughly
confirmed by a31P NMR spectrum collected on the measured
single crystal.

NMR Studies. All the isolated compounds were studied by
multinuclear 1H, 31P, and13C NMR spectroscopy. The data
allowed us to establish the stoichiometry of each compound as
mono- or bis-cyclometalated. Compounds with phosphines in
a head-to-tail configuration (3AA or 3BB) show a second-order
AA ′XX ′ spectrum in the31P NMR spectrum, while those with
head-to-head structure (like4AA or 4BB) have a simpler A2-
XX ′ pattern of signals. As expected, nonsymmetrical compounds
with two different phosphines (3AB or 4AB) exhibit two set of
signals in their 31P NMR spectrum (Table 1). All these
compounds exhibit chemical shift values in a narrow range, the
signal due to phosphines in structure typeB shielded by ca.
3-5 ppm compared with those signals in structure typeA.

The spectroscopic location of the sulfur atoms within the
thienyl rings is not straightforward. In the following, we will
describe the case of the simple mono-cyclometalated compounds
2A and 2B. They have five different protons in the aromatic
region, and COSY experiments allowed an unambiguous
assignment of them. The structural identification of the com-
pounds, as having structureA or B, has been done on the basis
that in the metalated rings compounds with structureB have a
proton at three bonds from phosphorus, while in compounds
with structure A the minimum separation is four bonds.
However, the nonmetalated rings always have protons at three
bonds from phosphorus in both situations. Therefore, structural

Table 1. 31P{1H} NMR Data for the Mono- and
Bis-cyclometalated Dirhodium(II) Compounds

com-
pound

δP1(1JRh1-P1;
2JRh2-P1)b

δP2(1JRh2-P2; 2JRh1-P2;
3JP1-P2)b

δP3(1JRh2-P2; 2JRh1-P2;
3JP1-P3)c

2A 0.6 (158.0; 6.0)
2B -3.0 (154.0; 3.1)
3AAa 4.4 (177.0;-7.0)
3AB 1.1 (171.5; 7.2) -2.3 (171.6; 6.7;-)
3BBa -0.5 (165.5;-9.5)
4AA 2.4 (158.0; 7.5)
4AB 4.4 (158.7; 7.6) -2.3 (156.4; 6.9; 44.7)
4BB -1.0 (156.0; 7.0)
4AA‚1 4.9 (160.5; 2.0) -15.3 (138.0; 32.0; 8.9)
4AB‚1 5.1 (161.0; 3.0) 2.0 (158.0; 2.5; 43.3)-25.5 (114.0;36.8;10.0)
4BB‚1 2.3 (159.0; 2.5) -25.6 (124.0; 37.2; 9.1)

a Coupling constantsJ were obtained by spectra simulation using gNMR
software (for3JP1-P2 and 1JRh1-Rh2 values see the Experimental Section).
b Signals due to the metalated phosphines.c Signals due to the axial
phosphine.
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differentiation was successfully performed by a combination
of COSY experiments (to assign the signals due to the protons
in the metalated and nonmetalated rings) and HMBC1H-31P
spectra. By this procedure, we have been able to structurally
identify those compounds that did not allow X-ray crystal
structure determination. The method was successfully tested with
compounds2A/2B and4AA/4BB, whose structure were deter-
mined by X-ray analysis. The results for the bis-cyclometalated
compounds support the structural assignment made for these
compounds (see Figures S3 and S4 in SI).

Thermal Treatment with CD 3CO2D. Compound 2A.
Aiming to have more information about this particular ring
rearrangement process, the transformation from2A to 2B was
monitored by1H NMR spectroscopy, using CD3CO2D as solvent
(Scheme 3). We first observed a rapid exchange of CH3CO2 by
CD3CO2 groups that was complete in 15 min at 70°C. Such
particular exchange has been previously reported for an
analogous dirhodium(II) compound with metalated triphe-
nylphosphine, Rh2(O2CCH3)3[(C6H4)PPh2](CH3CO2H)2.15

After 2.5 h under the above-described conditions, compound
2A experienced selective and complete H/D exchange at the
carbon atom C-3 in the two nonmetalated rings of the phosphine,
yielding species2A(d2) (Scheme 3). This exchange, already
observed for other cyclometalated rhodium(II) compounds,15

was explained by electrophilic cleavage of the Rh-C bond of
the metalated phosphine followed by carbon-hydrogen bond
activation. Rapid rotation around the Rh-P bond in the
demetalated species would allow deuteration of all the thienyl
rings at the C-3 position.

We confirmed that for compound2A H/D exchange and ring
rearrangement occurred with very different rates, the later being
considerably slower. Thus, while the H/D exchange was
complete in 2A after 2.5 h to give2A(d2), the complete
rearrangement of2A to 2B required more than 35 h of reaction
at the same temperature (70°C). The resulting species was2B-
(d3) (Scheme 3), which incorporated one additional deuterium
atom at the metalated ring.

The incorporation of the deuterium into the metalated ring is
not associated with the rearrangement process itself, but it occurs
on the rearranged product. Thus, after heating a solution of2B
in CD3CO2D at 70 °C for 2 h, selective H/D exchange was
observed by1H NMR spectroscopy, yielding compound2B-
(d1) as the only species in solution.

This particular H/D exchange in the metalated ring of2B
can be explained by electrophilic cleavage of the Rh-C bond,
followed by cyclometalation reaction. The 3-thienyl ring has
two carbon atoms that can experience cyclometalation, and
consequently, compounds with structure typeB or C (Scheme
1) can be generated. The last type of metalocycle, not detected
in solution, must be responsible for the H/D exchange observed
in 2B. The fact that only2B(d1) was observed in solution is in
agreement with the lower energy (-24 kJ/mol) calculated for
this compound compared to the isomer with structure typeC,
not detected in these conditions. The incorporation of deuterium
in all the thienyl rings, from2B(d1) to 2B(d3), was also possible,
but required more than 50 h of thermal treatment.

It is remarkable that H/D exchange at the nonmetalated thienyl
rings is considerably slower in2B than in2A. Although there
is not a simple explanation for that, the higher facility to
experience C-H activation in 3-thienyl rings, compared to
2-thienyl rings, could be invoked to explain this observation.

Compounds 3AA and 4AA.We also studied the chemical
evolution of compound3AA in CD3CO2D. In addition to rapid
exchange of CH3CO2 by CD3CO2 groups, selective H/D
exchange was observed, which takes place at a much slower
rate than for2A. Signals assignable to3AB and3BB were also
observed in the spectrum before a significant H/D was detected.
Under the same conditions, compound4AA led to the evolution
of 4BB, with the intermediate4AB also being detected. That
process is faster than for3AA. However, the spectra at the
intermediate states were too complicated, and because of that,
the H/D exchange could not be monitored.

From these experiments we can establish that in3AA the
rearrangement is considerably slower than in the two other
compounds. We can also conclude that, at least in2A and3AA,
the rearrangement and the Rh-C bond cleavage follow different
rates, suggesting that the rearrangement does not involve
cleavage of the Rh-C bond at the rate-determining step.

We should finally mention that the uncoordinated ligand1
does not experience any rearrangement under the same condi-
tions in which the metalated compounds do.

Computational Results

Density functional theoretical (DFT) calculations were per-
formed to determine the relative energies for the above-described
thienyl compounds. The energy values calculated for the
optimized structures of key compounds are shown in Table 2.(15) Lahuerta, P.; Peris, E.Inorg. Chem.1992, 31, 4547.

Scheme 3. H/D Exchange by Thermal Treatment of 2A or 2B in Deuterated Acetic Acid
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Bis-cyclometalated compounds with phosphines in a head-
to-tail arrangement are about 25 kJ/mol more stable than the
corresponding head-to-head compounds. These results are in
agreement with the observed thermal evolution from the head-
to-head to the head-to-tail isomers.

Data in Table 2 also indicate that the first change in the
metalated thienyl ring, from structureA to B, represents a
stabilization of ca. 16 kJ/mol per ring for the mono-cyclom-
etalated or bis-cyclometalated pairs (2A/2B, 3AA/3AB, 4AA/
4AB). The rearrangement of the second metalated ring in the
bis-cyclometalated compounds produced similar stabilization
(compare energies in3AB/3BB, 4AB/4BB pairs). These cal-
culations confirmed that the thermal evolution observed for some
of these compounds in strong acid medium is driven by
thermodynamic factors, meanwhile kinetic factors make these
processes take place with quite different rates.

Also, the calculated interatomic distances in compounds2A
and2B were in good agreement with those obtained by X-ray
analysis. Only the calculated Rh-P bond distances were longer
(1.6 to 1.8%) than those determined by X-ray analysis (see Table
S4 in SI).

The energy differences are rather small, as they often are
when considering isomerization reactions. However, the trends
they present are consistent with the experiments. Although the
reported energies have been calculated without any temperature
corrections, we have performed free energy calculations on the
key steps of the mechanism (323 K). The results do not show
any change in the obtained trend; the free energy differences
are a few kJ/mol larger than the total energy differences, which
only makes the conclusions more clear. Therefore, thermody-
namic calculations at elevated temperature were not repeated
for all the compounds.

Conclusions

We have studied the reactivity of dirhodium(II) tetraacetate
with tris(2-thienyl)phosphine.16-22 We have characterized sev-
eral species with the phosphine acting as a cyclometalated
bridging ligand. No species with the phosphine acting as a P,S

donor ligand have been observed, although in some cases this
particular coordination has been found.20

On the other hand, when coordinated to a metal, the 2-thienyl
group is considered to be more electron-donating toward P than
the phenyl group.16 All the results confirm that1, in the presence
of dirhodium(II) tetraacetate, experiences metalation reaction
more readily than triaryl phosphines. This is in good agreement
with the electron-rich character of the thienyl compared to
phenyl groups. Moreover, the ability to undergo such reactions
under photochemical conditions is also remarkable.

For all the isolated compounds, a selective ring rearrangement
was observed from cyclometalated structureA to B. This
process, which requires the presence of concentrated acetic acid,
is favored in the order3AA , 4AA ∼ 2A. DFT calculations
support that the rearrangement is enthalpy controlled. The role
of the metal is apparently important, as no evidence of this
process was observed in the free ligand under the same
conditions.

In addition, experiments with deuterated acetic acid evidenced
that rearrangement does not require a previous Rh-C bond
cleavage.

The available data do not allow to make a detailed mecha-
nistic proposal for this isomerization. However, according to
natural population analysis (NPA), the highest electron density
is located at the carbon atom bonded to phosphorus in the
metalocycle. These data suggest protonation of this particular
carbon atom as the promoting step of the process yielding
structureI in Scheme 4. The fact that the negative charge value
in this particular carbon atom increases in the order3AA ,
4AA ∼ 2A, as the reactivity order, supports this preliminary
assumption. Later on, 1,2-P migration concerted with ring
aromatization would lead to structureIII , able to give rise to
structure typeB after metalation.

Experimental Section

Commercially available Rh2(O2CCH3)4(CH3OH)2 was purchased
from Pressure Chemical Co. P(2-SC4H3)3 was prepared by nucleo-
philic displacement on phosphorus trichloride by the organolithium
reagent.23

All solvents were of analytical grade. All the irradiations were
made with a 125 W mercury lamp with Pyrex filter.1H, 13C, and
31P NMR spectra were recorded on a Bruker Avance 400 MHz
spectrometer as solutions in CDCl3 at 25 °C. 1H and 13C NMR
spectra were referenced to residual solvent peaks.31P were
referenced with an external H3PO4 sample. Chemical shifts are
reported in ppm. The coupling constants (J) are in hertz (Hz).
Coupling constant values for AA′XX ′ systems were obtained from
simulated spectra. Analyses were provided by Centro de Mi-
croanálisis Elemental, Universidad Complutense de Madrid. Column
chromatography was performed on silica gel (35-70 mesh). Solvent
mixtures are volume/volume mixtures, unless specified otherwise.
All reactions were carried out in oven-dried glassware under argon
atmosphere, although the isolated solids are air-stable.

Synthesis of Rh2(O2CCH3)3[(2-C4H2S)P(2-C4H3S)2](CH3CO2H)2

(2A). A solution of Rh2(O2CCH3)4(MeOH)2 (251 mg, 0.5 mmol)
and1 (112 mg, 0.4 mmol) in a mixture of toluene/acetic acid (48
mL, 9:1) was refluxed for 2 h. After cooling, the solvent was
evaporated under reduced pressure and the resulting purple solid
was dissolved in CH2Cl2/AcOEt (2 mL; 1:1). The product was
transferred to a chromatography column packed with silica gel on
hexanes. Elution with CH2Cl2/hexanes/AcOEt (1:2:2) afforded a
green band of dirhodium(II) tetraacetate followed by a gray band,
which was collected. Crystallization from CH2Cl2/hexanes and few

(16) Allen, D. W.; Ashford, D. F.J. Inorg. Nucl. Chem.1976, 38, 1953.
(17) Allen, D. W.; Bell, N. A.; Fong, S. T.; March, L. A.; Nowell, I. W.

Inorg. Chim. Acta1985, 99, 157.
(18) Barral, M. C.; Jimenezaparicio, R.; Kramolowsky, R.; Wagner, I.

Polyhedron1993, 12, 903.
(19) Bodensieck, U.; Vahrenkamp, H.; Rheinwald, G.; Stoecklievans,

H. J. Organomet. Chem.1995, 488, 85.
(20) Deeming, A. J.; Jayasuriya, S. N.; Arce, A. J.; DeSanctis, Y.

Organometallics1996, 15, 786.
(21) Monkowius, U.; Nogai, S.; Schmidbaur, H.Z. Naturforsch. B2003,

58, 751.
(22) Rasanen, T. M.; Jaaskelainen, S.; Pakkanen, T. A.J. Org. Chem.

1998, 553, 453. (23) Isslieb, K. B., A.Z. Anorg. Allg. Chem.1957, 292, 245.

Table 2. Calculated Relative Energies for Selected
Dirhodium(II) Complexesa

compound ∆E (kJ/mol)

Mono-cyclometalated
2A 0
2B -15.8

Bis-cyclometalated
3AA -24.9
3AB -41.8
3BB -57.5
4AA 0
4AB -15.9
4BB -33.6

a The energies (kJ/mol) are referenced to the underlined compound in
each series.

Dirhodium(II) Complexes with Thienyl Phosphine Ligands Organometallics, Vol. 25, No. 13, 20063161



drops of acetic acid gave2: yield 188 mg (60%) as a gray
crystalline product.1H NMR: δ 1.49 (s, 6H; CH3 cis), 2.34 (s,
6H; CH3 axial), 2.41 (s, 3H; CH3 trans), 7.07 (ddd,J ) 1 Hz,J )
3.5 Hz,J ) 5.0 Hz, 2H; C4H3S), 7.46 (ddd,J ) 1 Hz,J ) 3.5 Hz,
J ) 7.8 Hz, 2H; C4H3S), 7.62 (ddd,J ) 1 Hz,J ) 3.5 Hz,J ) 4.1
Hz, 2H; C4H3S), 7.82 (dd,J ) 2.0 Hz,J ) 5.0 Hz, 1H; C4H2S),
8.08 ppm (dd,J ) 3.0 Hz, J ) 5.0 Hz, 1H; C4H2S). 13C{1H}
NMR: δ 21.69 (s), 23.73 (s), 23.85 (d,J ) 3 Hz), 127.71 (d,J )
13 Hz), 130.47 (s), 132.75 (d,J ) 3 Hz), 133.68 (d,J ) 59 Hz),
134.38 (d,J ) 29 Hz), 136.05 (d,J ) 5 Hz), 165.58 (m, metalated),
179.62 (s), 182.86 (s), 190.101 ppm (s).31P{1H} NMR: δ 0.6 ppm
(dd, 1J(P-Rh) ) 158.0 Hz,2J(P-Rh) ) 6.0 Hz). Anal. Calcd (%)
for C22H25O10PRh2S3 (782.4): C 33.76, H 3.20. Found: C 33.90,
H 3.35.

Single crystals of2A suitable for X-ray diffraction were obtained
by slow evaporation of a solution of the compound in CH2Cl2/
hexane containing two drops of acetic acid.

X-ray Crystal Structure Data for Rh 2(O2CCH3)3[(2-C4H2S)P-
(2-C4H3S)2](CH3CO2H)2 (2A). C44H50O20P2Rh4S6: monoclinic,
space groupP2(1)/n, a ) 16.692(3) Å,b ) 10.384(2) Å,c )
33.224(7) Å,â ) 97.73(3)°, V ) 5706(2) Å3, Z ) 4, Fcalcd) 1.821
g cm-3, crystal dimensions 0.28× 0.25× 0.25 mm3; Kappa CCD
diffractometer; Mo KR radiation, 293(2) K; 20 296 reflections,
12 319 independent (µ ) 1.483 mm-1); refinement (onF2) with
SHELXTL (version 6.1), 699 parameters, 0 restraints,R1 ) 0.0593
(I > 2σ) andwR2 (all data)) 0.1917, GOF) 0.950, max./min.
residual electron density 1.547/-1.482 e Å-3. There are two
independent molecules per asymmetric unit. CCDC-290536 contains
the supplementary crystallographic data.

Synthesis of Rh2(O2CCH3)2[(2-C4H2S)P(2-C4H3S)2]2(CH3CO2-
H)2 (3AA). Method A. A solution of Rh2(O2CCH3)4‚2MeOH (101
mg, 0.2 mmol) and1 (120 mg, 0.43 mmol) in CH2Cl2/acetic acid
(100 mL, 9:1) was irradiated for 2.5 h. The solvent was evaporated
under reduced pressure, and the resulting purple solid was washed
with Et2O (3 × 2 mL). The remaining solid was crystallized by
dissolving in the minimum amount of CH2Cl2 and layering with a
mixture of Et2O/hexanes. A red microcrystalline red solid was
separated. Yield: 183 mg (90%).

Method B. A solution of Rh2(O2CCH3)4(MeOH)2 (100 mg, 0.2
mmol) and1 (120 mg, 0.43 mmol) in a mixture of toluene/acetic
acid (40 mL, 9:1) was refluxed for 20 h. After cooling, the solvent
was evaporated under reduced pressure and the resulting red solid
was dissolved in CH2Cl2/Et2O (1 mL, 9:1). The solution was
transferred to a chromatography column packed with silica gel on
hexanes. After very slow elution with CH2Cl2/Et2O/AcOH (90:10:
0.5) a minor red band was discarded followed by a larger red band,
which was collected. After evaporation of the solvent the residue
was crystallized from Et2O/hexanes to give a crystalline red solid.
Yield: 140 mg (68%).1H NMR: δ 1.63 (s, 6H; CH3 equatorial),
2.38 (s, 6H; CH3 axial), 6.65 (dd,J ) 2.8 Hz, J ) 4.9 Hz, 2H;
C4H2S), 6.95 (m, 2H; C4H3S), 7.05 (m, 4H; C4H3S), 7.30 (m, 2H;
C4H2S), 7.41 (dd,J ) 3.3 Hz,J ) 7.0 Hz, 2H; C4H3S), 7.47 ppm
(m, 2H; C4H3S), 7.60 (m, 2H; C4H3S). 13C{1H} NMR: δ 22.3 (s),
23.3 (d,J ) 3 Hz), 125.7 (d,J ) 81 Hz), 126.1 (m), 127.2 (d,J )
11.3 Hz), 127.4 (d,J ) 12.0 Hz), 131.4 (dd,J ) 2.4 Hz,J ) 34.5
Hz), 133.8 (d,J ) 18.8 Hz), 134.2 (d,J ) 9.2 Hz), 134.9 (d,J )
9.9 Hz), 135.8 (d,J ) 55 Hz); 136.3 (d,J ) 40.7 Hz), 166.2 (m),

181.0 (s), 181.9 ppm (d,J ) 2.7 Hz).31P{1H} NMR: δ 4.4 ppm
(1J(P-Rh) ) 177.0 Hz,1J(Rh-Rh′) ) 1.5 Hz,2J(P-Rh) ) -7.0
Hz, 3J(P-P′) ) 1.5 Hz; AA′XX ′ system). Anal. Calcd (%) for
C32H30O8P2Rh2S6 (1014.7): C 38.33, H 3.02. Found: C 38.28, H
3.16.

Single crystals suitable for X-ray diffraction were collected by
layering a concentrated solution of3A in CH2Cl2, containing one
drop of acetic acid, with a mixture of Et2O/hexanes (10 mL, 4:1).

X-ray Crystal Structure Data for Rh 2(O2CCH3)2[(2-C4H2S)P-
(2-C4H3S)2](CH3CO2H)2 (3AA). C32H29O8P2Rh2S6: monoclinic,
space groupP2(1)/n, a ) 10.18100(10) Å,b ) 35.7520(4) Å,c )
12.84600(10) Å,â ) 124.2391(6)°, V ) 3865.49(6) Å3, Z ) 4,
Fcalcd) 1.721 g‚cm-3, crystal dimensions 0.32× 0.30× 0.30 mm3;
Kappa CCD diffractometer; Mo KR radiation, 293(2) K; 15 192
reflections, 9868 independent; (µ ) 1.308 mm-1); refinement (on
F2) with SHELXTL (version 6.1), 494 parameters, 375 restraints,
R1 ) 0.0543 (I > 2σ) andwR2 (all data)) 0.1715, GOF) 1.043,
max./min. residual electron density 1.711/-1.614 e Å-3. One of
the thienyl rings is disordered over two sites, which were refined
with a common C position. CCDC-290538 contains the supple-
mentary crystallographic data.

Synthesis of Rh2(O2CCH3)2[(2-C4H2S)P(2-C4H3S)2]2(CH3CO2-
H)2 (4AA). A solution of Rh2(O2CCH3)4‚2MeOH (100 mg, 0.2
mmol) and1 (120 mg, 0.43 mmol) in a mixture of toluene/acetic
acid (50 mL, 2:1) was heated under reflux for 2.5 h. After cooling,
the solvent was evaporated under reduced pressure and the resulting
red solid was dissolved in CH2Cl2/Et2O (1 mL, 9:1). The solution
was transferred to a chromatography column packed with silica
gel on hexanes. After very slow elution with CH2Cl2/Et2O/AcOH
(90:10:0.5) a red band was collected. Evaporation of the solvent
and crystallization from Et2O/hexanes gave a red solid. Yield: 136
mg (67%).1H NMR: δ 1.60 (s, 6H; CH3 equatorial), 2.31 (s, 6H;
CH3 axial), 6.61 (t,J ) 4.2 Hz, 2H; C4H3S), 6.82 (d,J ) 3.3 Hz,
2H; C4H3S), 7.05 (t,J ) 4.1 Hz, 2H; C4H3S), 7.22 (d,J ) 4.0 Hz,
2H; C4H3S), 7.44 (m, 4H; C4H2S and C4H3S), 7.56 ppm (d,J )
5.1 Hz, 2H; C4H2S), 7.62 (d,J ) 5.0 Hz, 2H; C4H3S). 13C{1H}
NMR: δ 22.61 (s), 23.39 (s), 124.39-124.35 (m), 127.26-127.41
(m), 128.87 (s), 129.64 (s), 131.72-131.78 (d,J ) 2 Hz), 133.72
(t, J ) 8 Hz), 135.28 (t,J ) 8 Hz), 135.52 (t,J ) 5 Hz), 135.16-
137.04 (m), 165.65 (m, metalated), 181.79 ppm (s).31P{1H}
NMR: δ 2.4 ppm (dd,1J(P-Rh) ) 158.0 Hz,2J(P-Rh) ) 7.5
Hz). Anal. Calcd (%) for C32H30O8P2Rh2S6 (1002.7): C 38.33, H
3.02. Found: C 38.41, H 3.12.

Rh2(O2CCH3)2[(2-C4H2S)P(2-C4H3S)2]2(C5H5N) (4AA‚py). This
adduct was formed in high yield by adding two drops of pyridine
to a solution of4AA in dichloromethane. After stirring for 10
minutes, the solution was layered with a mixture of hexanes and
was allowed to diffuse. Pale red crystals were separated in a
quantitative amount and were dried under vacuum.

Single crystals of4AA‚py suitable for X-ray diffraction methods
were obtained by diffusing hexanes into a dichloromethane solution
of the product.

X-ray Crystal Structure Data for Rh 2(O2CCH3)2[(2-C4H2S)P-
(2-C4H3S)2]2(C5H5N) (4AA‚py). C33H27NO4P2Rh2S6: monoclinic,
space groupP2(1), a ) 10.4500(2) Å,b ) 17.7820(4) Å,c )
10.7120(2) Å,â ) 117.1070(7)°, V ) 1771.88(6) Å3, Z ) 2, Fcalcd

) 1.802 g cm-3, crystal dimensions 0.28× 0.25 × 0.23 mm3;

Scheme 4. Possible Mechanistic Explanation for the Rearrangement from Structures Type A to Type B in Acetic Acid
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Kappa CCD diffractometer; Mo KR radiation, 293(2) K; 7348
reflections, 6611 independent; (µ ) 1.415 mm-1); refinement (on
F2) with SHELXTL-NT (version 6.1), 435 parameters, 1 restraint,
R1 ) 0.0417 (I > 2σ) andwR2 (all data)) 0.1240, GOF) 1.171,
max./min. residual electron density 0.648/-1.002 e Å-3. The
absolute configuration was established by anomalous dispersion
effects in diffraction measurements on the crystal, Flack parameter
-0.05(4). CCDC-290539 contains the supplementary crystal-
lographic data.

Rh2(O2CCH3)2[(2-C4H2S)P(2-C4H3S)2]2(P(2-C4H3S)3) (4AA‚
1). This adduct was formed in high yield by adding 2 equiv of1 to
a solution of4AA in dichloromethane. After stirring for 10 minutes,
the solution was layered with a mixture of hexanes and was allowed
to diffuse. Orange crystals were separated and were dried under
vacuum.1H NMR: δ 1.42 (s, 6H; CH3 equatorial), 6.58 (m, 2H;
C4H2S), 6.62 (m, 2H; C4H2S), 6.66 (m, 2H; C4H3S), 7.06 (m, 2H;
C4H3S), 7.14 (m, 3H; C4H3S), 7.22 (m, 4H; C4H3S), 7.55 (d,J )
6 Hz, 2H; C4H3S), 7.62 (m, 3H; C4H3S), 7.66 (m, 2H; C4H3S),
7.87 ppm (m, 3H; C4H3S). 31P{1H} NMR: δ 4.9 (ddd,1J(Pmet-
Rh) ) 160.5 Hz,2J(Pmet-Rh) ) 2.0 Hz, 3J(Pmet-Pax) ) 8.9 Hz;
Pmet), -15.3 ppm (ddt,1J(Pax-Rh) ) 138 Hz, 2J(Pax-Rh) ) 32
Hz, 3J(Pax-Pmet) ) 8.9 Hz; Pax).

Single crystals of4AA‚1 suitable for X-ray diffraction methods
were obtained by diffusing hexanes into a dichloromethane solution
of the product.

X-ray Crystal Structure Data for Rh 2(O2CCH3)2[(2-C4H2S)P-
(2-C4H3S)2]2(P(2-C4H3S)3) (4AA‚1). C40H31O4P3Rh2S9: triclinic,
space groupP1h, a ) 10.0120(2) Å,b ) 13.6760(2) Å,c ) 18.4170-
(3) Å, R ) 94.5960(9)°, â ) 96.8350(11)°, γ ) 101.3200(9)°, V
) 2441.19(7) Å3, Z ) 2, Fcalcd) 1.669 g cm-3, crystal dimensions
0.35 × 0.32 × 0.25 mm3; Kappa 2000 diffractometer; Cu KR
radiation, 293(2) K; 7733 reflections, 5475 independent (µ ) 10.389
mm-1); refinement (onF2) with SHELXTL (version 6.1), 571
parameters, 12 restraints,R1 ) 0.0829 (I > 2σ) andwR2 (all data)
) 0.2295, GOF) 1.024, max./min. residual electron density
1.484/-1.230 e Å-3. Hydrogen atoms of water molecules were not
found. One of the thienyl rings is disordered over two sites, which
were refined with a common C position. All C atoms belonging to
both disorder components were refined isotropically. CCDC-290540
contains the supplementary crystallographic data.

Synthesis of Rh2(O2CCH3)3[(3-C4H2S)P(2-C4H3S)2](CH3CO2H)2

(2B). A solution of 2A (100 mg, 0.13 mmol) in acetic acid (10
mL) was refluxed for 20 h. After cooling, the solution was
concentrated under reduced pressure and the concentrated solution
was layered with 5 mL of Et2O. A green microcrystalline solid
was separated: Yield: 85 mg (85%).1H NMR: δ 1.59 (s, 6H;
CH3 equatorial-cis), 2.15 (s, 3H; CH3 equatorial-trans), 2.20 (s,
6H; CH3 axial), 7.07 (m, 2H; C4H3S), 7.34 (m, 1H; C4H2S), 7.45
(m, 1H; C4H2S), 7.48 (m, 2H; C4H3S), 7.61 ppm (m, 2H; C4H3S).
13C{1H} NMR: δ 20.76 (s), 23.64 (s), 23.74 (m), 126.31 (d,J )
13 Hz), 127.72 (d,J ) 13 Hz), 127.80 (d,J ) 12 Hz), 128.37 (d,
J ) 11 Hz), 132.42 (d,J ) 3 Hz), 133.37 (d,J ) 56 Hz), 135.73
(d, J ) 10 Hz), 136.52 (s), 168.57 (m, metalated), 177.78 (s), 183.43
(s), 190.32 ppm (s).31P{1H} NMR: δ -3.0 (dd,1J(P-Rh)) 154.0
Hz, 2J(P-Rh) ) 3.1 Hz). Anal. Calcd (%) for C22H25O10PRh2S3

(782.4): C 33.76, H 3.20. Found: C 33.83, H, 3.28.
Single crystals of2B suitable for X-ray diffraction were obtained

by slow evaporation of a concentrated solution of the product in
acetic acid.

X-ray Crystal Structure Data for Rh 2(O2CCH3)3[(2-C4H2S)P-
(2-C4H3S)2] (CH3CO2H)2 (2B). C22H25O10PRh2S3: monoclinic,
space groupP2(1),a ) 8.5790(2) Å,b ) 18.2770(5) Å,c ) 9.3080-
(3) Å, â ) 93.8070(11)°, V ) 1456.26(7) Å3, Z ) 2, Fcalcd) 1.773
g cm-3, crystal dimensions 0.30× 0.27× 0.25 mm3; Kappa CCD
diffractometer; Mo KR radiation, 293(2) K; 5567 reflections, 4832
independent (µ ) 1.453 mm-1); refinement (onF2) with SHELXTL
(version 6.1), 347 parameters, 1 restraint,R1 ) 0.0434 (I > 2σ)

and wR2 (all data)) 0.1059, GOF) 1.082, max./min. residual
electron density 0.705/-0.884 e Å-3. The absolute configuration
was established by anomalous dispersion effects in diffraction
measurements on the crystal, Flack parameter 0.02(5). CCDC-
290537 contains the supplementary crystallographic data.

Synthesis of Rh2(O2CCH3)2[(2-C4H2S)P(2-C4H3S)2][(3-C4H2S)P-
(2-C4H3S)2] (CH3CO2H)2 (3AB). Method A. A solution of Rh2(O2-
CCH3)4‚2MeOH (100 mg, 0.2 mmol) and1 (120 mg, 0.43 mmol)
in acetic acid (50 mL) was refluxed for 20 h. The31P{1H} NMR
spectrum of the reaction mixture showed the presence in solution
of compounds2B, 3AA, 3AB, 3BB, and4BB with spectroscopic
yields of 8, 20, 40, 10, and 12%, respectively, plus 10% of
phosphine oxide. After cooling, the solvent was evaporated under
reduced pressure and the resulting red solid was dissolved in CH2-
Cl2/Et2O (1 mL, 9:1). The solution was transferred to a chroma-
tography column packed with silica gel on hexanes. After very slow
elution with CH2Cl2/Et2O/AcOH (90:10:0.5) a red band, mainly
containing compound4BB, was discarded. Subsequently, a red band
was collected and the residue after concentration under reduced
pressure was transferred to a chromatography column packed with
silica gel on hexanes. After very slow elution with CH2Cl2/Et2O/
AcOH (90:10:0.5) this sample, mainly containing3AB, was purified
from a small amount of3BB. After evaporation of the solvent the
residue was crystallized from diethyl ether/hexanes to give a red
crystalline solid. Yield: 60 mg (30%). No other bands were
collected from this experiment.

Method B. A solution of3AA (100 mg, 0.1 mmol) in neat acetic
acid (10 mL) was refluxed for 20 h. The31P{1H} NMR spectrum
of the reaction mixture showed the presence in solution of
compounds3AA, 3AB, and3BB with spectroscopic yields of 26,
48, and 12%, respectively, plus 9% of compound2B and 5% of
phosphine oxide. After cooling, the solvent was evaporated under
reduced pressure and the resulting red solid was dissolved in CH2-
Cl2/Et2O (1 mL, 9:1). The solution was transferred to a chroma-
tography column packed with silica gel on hexanes. After very slow
elution with CH2Cl2/Et2O/AcOH (90:10:0.5) a main red band was
collected containing an impure sample of3AB. A complete
purification required a second chromatography under the same
conditions. After evaporation of the solvent the residue was
crystallized from diethyl ether/hexanes to give a red crystalline solid.
Yield: 40 mg (40%). No other bands were collected from this
experiment.

Method C. A solution of2B (50 mg, 0.064 mmol) and1 (18.5
mg, 0.066 mmol) in CH2Cl2/acetic acid (10 mL, 9:1) was irradiated
for 20 min. The solvent was evaporated under reduced pressure,
and the resulting purple solid was washed with Et2O (3 × 2 mL).
The remaining solid was crystallized by dissolving in the minimum
amount of CH2Cl2 and layering with a mixture of Et2O/hexanes. A
red solid was separated. Yield: 53 mg (80%).1H NMR: δ 1.64
(s, 3H, CH3 equatorial), 1.68 (s, 3H, CH3 equatorial), 2.44 (s, 6H,
CH3 axial), 6.24 (m, 1H, C4H2S), 6.34 (d,J ) 2.5 Hz, 1H, C4H3S),
6.60 (m, 4H), 6.73 (m, 5H), 6.81 (m, 2H), 7.17 (m, 2H), 7.31 (dd,
J ) 7.5 Hz,J ) 3.5 Hz, 1H).31P{1H} NMR: δ 1.1 (dd,1J(PA-
Rh) ) 171 Hz,2J(PA-Rh) ) 7 Hz, PA), -2.3 (dd,1J(PB-Rh) )
172 Hz,2J(PB-Rh)) 6.7 Hz, PB). Anal. Calcd (%) for C32H30O8P2S6-
Rh2 (1002.7): C 38.33, H 3.02. Found: C 38.23, H 3.22.

All the efforts to obtain single crystals of3AB suitable for X-ray
diffraction failed.

Synthesis of Rh2(O2CCH3)2[(3-C4H2S)P(2-C4H3S)2]2(CH3CO2-
H)2 (3BB). Method A. A solution of Rh2(O2CCH3)4‚2MeOH (100
mg, 0.2 mmol) and1 (120 mg, 0.43 mmol) in acetic acid (50 mL)
was refluxed for 170 h. The31P{1H} NMR spectrum of the reaction
mixture showed the presence in solution of compounds3AB and
3BB in a 1:4 ratio. After cooling, the solvent was evaporated under
reduced pressure, and the resulting red solid was dissolved in CH2-
Cl2/Et2O (1 mL, 9:1). The solution was transferred to a column of
chromatography packed with silica gel on hexanes. After very slow
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elution with CH2Cl2/Et2O/AcOH (90:10:0.5) a red band was
discarded followed by a red band that was collected. After
evaporation of the solvent, the residue was crystallized from diethyl
ether/hexanes to give a red crystalline solid. Yield: 40 mg (20%).

Method B. A solution of 3AA (100 mg, 0.1 mmol) in acetic
acid (10 mL) was refluxed for 150 h. The31P{1H} NMR spectrum
of the reaction mixture showed the presence in solution of
compounds3AB and3BB with spectroscopic yields of 15% and
48%, respectively. The presence of other not characterized com-
pounds and phosphine oxide was also detected. After cooling, the
solvent was evaporated under reduced pressure and the resulting
red solid was dissolved in CH2Cl2/Et2O (1 mL, 9:1). The solution
was transferred to a chromatography column packed with silica
gel on hexanes. After very slow elution with CH2Cl2/Et2O/AcOH
(90:10:0.5), a red band was discarded followed by a second red
band that was collected. After evaporation of the solvent the residue
was crystallized from diethyl ether/hexanes to give a red crystalline
solid. Yield: 30 mg (30%).1H NMR: δ 1.22 (s, 6H; CH3
equatorial), 2.14 (s, 6H; CH3 axial), 6.98 (m, 2H; C4H3S), 7.00 (d,
J ) 5.1 Hz, 2H; C4H2S), 7.03 (d,J ) 7.3 Hz, 2H; C4H3S), 7.08
(m, 2H; C4H3S), 7.13 (d,J ) 4.9 Hz, 2H; C4H2S), 7.52-7.45 (m,
4H; C4H2S and C4H3S), 7.56 ppm (m, 2H; C4H3S). 13C{1H}
NMR: δ 20.97 (s), 26.92 (s), 127.06 (d,J ) 13 Hz), 127.48 (m),
128.72 (m), 131.20 (t,J ) 2.5 Hz), 134.09 (d,J ) 9 Hz), 135.00
(d, J ) 71 Hz), 135.02 (d,J ) 10 Hz), 135.23 (d,J ) 12 Hz),
135.42 (d,J ) 59 Hz), 136.40 (d,J ) 79 Hz), (169.15 (m,
metalated), 178.06 (s), 182.35 ppm (s).31P{1H} NMR: δ -0.5
ppm (1J(P-Rh) ) 165.5 Hz,1J(Rh-Rh′) ) 18 Hz, 2J(P-Rh) )
-9.5 Hz,3J(P-P′) ) 4.5 Hz; AA′XX ′ system). Anal. Calcd (%)
for C32H30O8P2Rh2S6 (1002,7): C 38.33, H 3.02. Found: C 38.15,
H, 3.22.

All the efforts to obtain single crystals of3BB suitable for X-ray
diffraction failed.

Synthesis of Rh2(O2CCH3)2[(2-C4H2S)P(2-C4H3S)2][(3-C4H2S)P-
(2-C4H3S)2](CH3CO2H)2 (4AB). A solution of Rh2(O2CCH3)4‚
2MeOH (300 mg, 0.59 mmol) and1 (360 mg, 1.27 mmol) in a
mixture of toluene/acetic acid (75 mL, 2:1) was heated under reflux
for 2.5 h. After cooling, the solvent was evaporated under reduced
pressure and the resulting red solid was dissolved in CH2Cl2/Et2O
(1 mL, 90:10:0.5). The solution was transferred to a chromatography
column packed with silica gel on hexanes. After very fast elution
with the same mixture of solvents a red band containing3AA and
4AA was collected (spectroscopic yield 25% and 75%, respec-
tively). The mixture was dissolved in acetic acid (10 mL) and heated
to 110°C for 10 h. After cooling, the solvent was evaporated under
reduced pressure and the resulting red solid was dissolved in CH2-
Cl2/Et2O (1 mL, 9:1). The solution was transferred to a chroma-
tography column packed with silica gel on hexanes. After very slow
elution with CH2Cl2/Et2O/AcOH (90:10:0.5) the first red band was
collected. After concentration, the residue was transferred again to
a column and was eluted with the same solvent mixture. The first
eluted band was discarded and the second red band was collected.
After evaporation of the solvent, the residue was crystallized from
diethyl ether/hexanes to give a red crystalline solid. Yield: 178
mg (30%).1H NMR: δ 1.58 (s, 3H; CH3 equatorial-trans PB),
1.72 (s, 3H; CH3 equatorial-transPA), 2.2 (s, 6H; CH3 axial), 6.52
(m, 1H; ring 1, PB C4H3S), 6.61 (m, 1H; ring 1, PB C4H3S), 6.69
(m, 1H; ring 2, PA C4H3S), 6.92-6.97 (m, 1H+1H; (ring 4, PA

C4H3S) + (ring 3, PB C4H2S)), 7.09 (m, 1H; ring 5, PB C4H3S),
7.11-7.15 (m, 1H+1H; (ring 1, PB C4H3S) + (ring 4, PA C4H3S)),
7.17 (m, 1H; ring 3, PB C4H2S), 7.20 (m, 1H, ring 2; PA C4H3S),
7.30 (m, 1H; ring 2, PA C4H3S), 7.51 (m, 1H; ring 4, PA C4H3S),
7.55 (m, 2H; ring 5, PB C4H3S), 7.62 ppm (m, 2H; ring 6, PA
C4H2S). 13C{1H} NMR: δ 20.87 (b), 124.17 (m), 124.71 (d,J )
13 Hz), 125.0-125.2 (m), 127.1-127.6 (m), 129.05 (m), 129.25
(m), 129.41 (m), 129.56 (m), 131.18 (d,J ) 2 Hz), 131.43 (s),
131.60 (s), 131.79-131-90 (m), 134.01 (s), 134.21 (s), 134.54-

134.80 (m), 135.19 (d,J ) 10 Hz), 135.55-136.03 (m), 136.30
(s), 137.11 (s), 137.76 (s), 138.29 (s), 166.50 (m, metalated) 169.95
(m, metalated), 177.86 (s), 181.99 (s), 182.50 ppm (m).31P{1H}
NMR: δ 4.4 (ddd,1J(PA-Rh) ) 158.7 Hz,2J(PA-Rh) ) 8 Hz,
3J(PA-PB) ) 45 Hz; PA), -2.3 ppm (ddd,1J(PB-Rh) ) 156 Hz,
2J(PB-Rh) ) 7 Hz, 3J(PB-PA) ) 45 Hz; PB). Anal. Calcd (%) for
C32H30O8P2S6Rh2 (1002,7): C 38.33, H 3.02. Found: C 38.28, H
3.16.

All the efforts to obtain single crystals of4AB suitable for X-ray
diffraction failed. The only single crystals suitable for X-ray
diffraction were obtained from a solution containing a mixture of
4AB‚1 and 4BB‚1.

Synthesis of Rh2(O2CCH3)2[(3-C4H2S)P(2-C4H3S)2]2(CH3CO2-
H)2 (4BB). A solution of Rh2(O2CCH3)4‚2MeOH (100 mg, 0.2
mmol) and1 (120 mg, 0.43 mmol) in acetic acid (50 mL) was
refluxed for 4.5 h. After cooling, the solvent was evaporated under
reduced pressure and the resulting red solid was dissolved in CH2-
Cl2/Et2O (1 mL, 9:1). The solution was transferred to a chroma-
tography column packed with silica gel on hexanes. After very slow
elution with CH2Cl2/ Et2O/AcOH (90:10:0.5) a red band was
collected followed closely by a red band that was discarded. After
evaporation of the solvent the residue was crystallized from diethyl
ether/hexanes to give a red crystalline solid. Yield: 50 mg (25%).
The remaining bands were discarded.1H NMR: δ 1.60 (s, 6H;
CH3 equatorial), 2.10 (s, 6H; CH3 axial), 6.58 (t,J ) 4 Hz 2H),
6.87 (m, 2H), 6.99 (m, 4H), 7.19 (m, 4H), 7.24 (m, 2H), 7.43 ppm
(m, 2H).13C{1H} NMR: δ 14.91 (s), 20.67 (s), 125.1 (m), 127.20-
127.45 (m), 128.87-129.00 (m), 131.437 (s), 131.62 (s), 131.51
(d, J ) 18 Hz), 134.33 (d,J ) 27 Hz), 134.68 (t,J ) 5 Hz),
135.10-135.53 (m), 135.86 (t,J ) 6 Hz), 136.16 (s), 136.57 (s),
136.93 (d,J ) 14 Hz), 177.66 (s), 182.63 ppm (s).31P{1H} NMR:
δ -1.0 ppm (dd,1J(P-Rh) ) 156 Hz,2J(P-Rh) ) 7 Hz). Anal.
Calcd (%) for C32H30O8P2Rh2S6 (1002.7): C 38.29, H 3.08.
Found: C 38.28, H 3.16.

Rh2(O2CCH3)2[(3-C4H2S)P(2-C4H3S)2]2(P(2-C4H3S)3) (4BB‚1).
This adduct was formed in high yield by adding 2 equiv of1 to a
solution of4BB in dichloromethane. After stirring for 10 min, the
solution was layered with a mixture of hexanes and allowed to
diffuse. Orange crystals were separated and dried in a vacuum.1H
NMR: δ 1.30 (s, 6H, CH3 equatorial), 6.53 (m, 4H), 6.80 (m, 1H),
6.96 (m, 4H), 7.05 (m, 2H), 7.11 (m, 4H), 7.32 (m, 1H), 7.45 (m,
2H), 7.53 (m, 4H), 7.70 (m, 1H) 7.74 (m, 4H).31P{1H} NMR: δ
2.3 ppm (ddd,1J(Pmet-Rh) ) 159 Hz, 2J(Pmet-Rh) ) 2 Hz,
3J(Pmet-Pax) ) 9 Hz, Pmet), -25.6 ppm (ddt,1J(Pax-Rh) ) 124
Hz, 2J(Pax-Rh) ) 37 Hz, 3J(Pax-Pmet) ) 9 Hz, Pax).

Single crystals of4BB‚1 suitable for X-ray diffraction methods
were directly obtained by the above-described synthetic method.

X-ray Crystal Structure Data for 4BB ‚1. C43H36Cl2O6P3-
Rh2S9: triclinic, space groupP1h, a ) 11.4950(2) Å,b ) 13.4730-
(3) Å, c ) 18.2790(4) Å,R ) 86.7570(12)°, â ) 78.4940(11)°, γ
) 67.1740(11)°, V ) 2556.10(9) Å3, Z ) 2, Fcalcd) 1.698 g cm-3,
crystal dimensions 0.27× 0.25 × 0.24 mm3; Kappa CCD
diffractometer; Mo KR radiation, 293(2) K; 14 914 reflections, 8096
independent (µ ) 1.257 mm-1); refinement (onF2) with SHELXTL
(version 6.1), 692 parameters, 618 restraints,R1 ) 0.0754 (I >
2σ) andwR2 (all data)) 0.1984, GOF) 1.036, max./min. residual
electron density 1.148/-1.152 e Å-3. Three of the thienyl rings
are disordered over two sites, which were refined with a common
C position, in the case of free rings and two C positions in the
metalated ring. All the atoms belonging to the disorder components
were also refined anisotropically. CCDC-290541 contains the
supplementary crystallographic data.
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Computational Details. All calculations were carried out with
the Gaussian98 program package.24 The DFT level of theory with
the nonlocal density functional B3PW9125,26 was selected for the
quantum chemical studies. The basis set was comprised of the
Stuttgart-Dresden effective small core potential27 augmented with
an extra p-polarization function for rhodium (SDD(p)), and a
standard all-electron basis set 6-31G* for other atoms. Frequency
analysis with no scaling was performed to ensure ground-state
optimization. The structures were calculated as adducts with two
molecules of water in axial positions. For compound2, no important
energy differences were found when using either acetic acid or water
as axial ligands.

Crystal structure data for2A, 2B, 3AA, 4AA‚1, 4AA‚py, 4BB‚
1, and 4AB‚1/4BB‚1 can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam. ac.uk/
data_request/cif.
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