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Dirhodium complexes have been received great attention
due to the catalytic utilization in C-H insertion, cyclopro-
panation, allylic oxidations, and oxidative Mannich reaction1

as well as the biological activity of dirhodium complexes.2

To improve the activity of dirhodium complexes in the
catalytic reactions or biological reactions, a variety of
ligands can be employed not only at the axial position but
also at the bridging position of dirhodium complexes. Since
ligands at either bridging or axial positions vary the electronic
and steric properties of dirhodium complexes, investigations
on appropriate ligands through the electrochemical analysis
have been demanded. The electrochemical analysis of
dirhodium complexes bearing electronically different ligands
has been reported to account for the different catalytic
activity of dirhodium complexes.3 As one of the symbolic
examples, Doyle’s Rh(II)-catalyzed allylic oxidation shows
that replacing four acetate ligands (Rh2(OAc)4) to four
caprolactamate ligands (Rh2(cap)4) at the bridging position
lowers the oxidation potential of the dirhodium complex
spawning successful catalytic allylic oxidations.4 

In contrast to quite a few reports on dirhodium complexes
involving various bridging ligands, it is infrequent to conduct
electrochemical studies of Rh2(OAc)4 with axial ligands to
understand the catalytic behavior of Rh2(OAc)4Ln in organic
reactions. Recently, we have reported Rh2(OAc)4NHC
(NHC = N-heterocyclic carbene) catalyzed allylic oxidation,
where the NHC ligand is located at the axial position and
affects the catalytic activity of the dirhodium complex.
Based on the electrochemical data of Rh2(OAc)4 and
Rh2(OAc)4NHC, the different catalytic activity in the allylic
oxidation was interpreted as the electron donating effect of
the NHC ligand.5 By employing a good σ-donor, NHC
ligand at the axial position of Rh2(OAc)4, the reversible
oxidation of Rh2

4+ and its reduction become facile, accelerating
the yield of the allylic oxidation. As continuation of this
work, in this account, we report the electrochemical study of
Rh2(OAc)4 with a variety of phosphine ligands (L = P(Ph-
pOMe)3, PPh3, P(Ph-pCF3)3) and pursue the correlation
between the catalytic activity and the electrochemical
properties of dirhodium complexes involving phosphine
ligands at the axial position of the dirhodium complex. 

Cyclic voltammograms of Rh2(OAc)4, shown in Figure
1a, were obtained in the solution containing 100 equivalents
of the phosphine ligand, L (L = P(Ph-pOMe)3, PPh3, P(Ph-
pCF3)3) with nBu4NClO4 (TBAP) as a supporting electrolyte

in tetrahydrofuran (THF). In the presence of 100 equivalents
of phosphine, both axial positions of Rh2(OAc)4 are
expected to be coordinated by phosphine ligands, forming
Rh2(OAc)4L2 and excluding either the complex with one
phosphine ligand coordinated at one of axial positions
(Rh2(OAc)4L) or no phosphine ligand coordinated Rh2(OAc)4.
Phosphines are well known to coordinate to the metal ion,
changing the electronic and steric properties of metal
complexes. With regard to the electronic effect of phosphine,
phosphine can act as a σ-donor and π*-acceptor to the metal
ion depending on substituents of phosphine.6,7 Phosphines
possessing electron donating groups provide electron
density toward the metal ion, forming the electron rich metal
complex. Phosphines with electron withdrawing groups
might pull electron density from the metal ion, resulting in
the low electron density around the metal ion. Accordingly,
in the solutions of Rh2(OAc)4 with P(Ph-pOMe)3, phosphines
are presumabley coordinated at the axial positions of
Rh2(OAc)4, affording electron rich dirhodium complexes.
Rh2(OAc)4 with P(Ph- pCF3)3 is expected to be the electron
deficient complex due to the electron withdrawing ability of
CF3. The electronic property of PPh3 is considered to be
between those of P(Ph-pOMe)3 and P(Ph-pCF3)3. 

Cyclic voltammogram of Rh2(OAc)4 obtained in the
electrolyte solution with no phosphine ligand shows a
quasireversible redox potential wave with peak potential of
Epa = 1.10 V and Epc = 0.95 V. The quasireversible redox
potential waves of Rh2(OAc)4 in the solution containing
high concentration of P(Ph-pOMe)3 and PPh3 appear in a
range of 0.8 to 1.2 V with noticeable peak potential shifts.
As listed in Figure 1b, the anodic and cathodic peak
potentials vary depending on the electronic property of
phosphine ligands. The anodic peak potential of Rh2(OAc)4

with P(Ph-pOMe)3 is Epa = 1.00 V. In comparison to the
anodic peak potential of Rh2(OAc)4 in the absence of
phosphine in the solution, the peak potential of Rh2(OAc)4

with P(Ph-pOMe)3 was cathodically shifted, which verified
the strong electron donating ability of the P(Ph-pOMe)3

ligand in the complex. The electron rich phosphine is known
to behave as a strong σ-donor and weak π*-acceptor upon
the coordination to the metal ion. Similar electronic effect of
electron rich phosphine ligands on the metal complex was
previously demonstrated.6,7 In the case of another phosphine
ligand, PPh3, due to the σ-donor ability of PPh3, the anodic
peak potential of Rh2(OAc)4 in the solution containing high
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concentration of PPh3 is also expected to be lower than that
of Rh2(OAc)4. However, the anodic peak potential of
Rh2(OAc)4 in the solution containing PPh3 was observed at
1.18V, that was 0.08 V anodically shifted than that of
Rh2(OAc)4, which was attributed to the strong π*-accepting
ability of the phosphine ligand. 

Cyclic voltammogram of Rh2(OAc)4 in the solution con-
taining high concentration of electron deficient P(Ph-pCF3)3

ligand was obtained in the far anodically shifted potential
region, with the oxidation peak potential at ca. 1.50 V.
Presumably, the electrochemical oxidation of Rh2(OAc)4

possessing P(Ph-pCF3)3 is harder than other complexes since
the coordination of electron deficient phosphine ligands to
Rh2(OAc)4 makes the dirhodium complex difficult to be
oxidized. Rh2(OAc)4 with electron deficient P(Ph-pCF3)3

also underwent the oxidation irreversibly. The irreversible
redox behavior of Rh2(OAc)4 solution containing P(Ph-pCF3)3

is attributed to the low stability of the cationic radicals
stemming from the oxidation of Rh2(OAc)4-P(Ph-pCF3)3. 

The reversibility of potential waves of dirhodium complexes
seems to be correlated with the electron density of the rhodium
ion with electron rich phosphine ligands around it. The
separations between the anodic and the cathodic peak of
Rh2(OAc)4 containing P(Ph-pOMe)3 and PPh3 are ca. 0.14 V
and 0.13 V, respectively, which are smaller than that of
Rh2(OAc)4 without phosphine ligand. Based on above data, the
reversible oxidation/reduction of dirhodium complexes

becomes more facile in the presence of PPh3 and P(Ph-
pOMe)3. The reversible oxidation/reduction is closely
associated with the generation of catalytically competent Rh2

5+

and regeneration of Rh2
4+ during catalytic cycle. Dirhodium

complexes with PPh3 and P(Ph-pOMe)3 exhibiting the low
oxidation potential or the reversibility are presumed to
display higher catalytic activity than dirhodium complexes
without phosphine and with P(Ph-pCF3)3.

Subsequent to the electrochemical studies of Rh2(OAc)4

with phosphine ligands, the allylic oxidation of 1-
phenylcyclohexene 1 was carried out using these dirhodium
complexes as catalysts. Initially, in the absence of phosphine
ligand, compound 1 was exposed to the mixture of 2 mol%
of Rh2(OAc)4, 500 mol% of tert-Butylhydroperoxide (TBHP)
in dichloromethane at 40 oC. The desired product was
formed in 26% yield. In light of electrochemical studies of
Rh2(OAc)4 with phosphines, we envision that the dirhodium
complex involving electron rich phosphine ligands facilitates
the reversible oxidation of Rh2

4+ and the reduction of Rh2
5+,

enhancing the yield of the allylic oxidation. In accordance
with the electrochemical data, the combination of Rh2(OAc)4

and P(Ph-pOMe)3 showing both the increased reversible
behavior and the lowest oxidation peak potential provided
the oxidation product 2 in 31% yield under the conditions of
2 mol% of Rh2(OAc)4 and 2 mol% of P(Ph-pOMe)3 (entry 2,
Table 1). In contrast to the electrochemical studies using 100
equivalents of phosphine ligands with resepect to Rh2(OAc)4,
1 equivalent of phosphine was utilized in the catalytic
reaction, allowing one of axial positions of Rh2(OAc)4 to
participate in the allylic oxidation through the coordination
of the substrate. The Rh2(OAc)4 containing PPh3 catalyzed
allylic oxidation to afford the product 2 in 32% yield (entry 3
in Table 1), highest yield for the reaction. Even if the redox
potential wave Rh2(OAc)4 with PPh3 is shifted to the anodic
direction compared to that of Rh2(OAc)4 without PPh3

ligand, the reversibility of the redox behavior of dirhodium
complex (Rh2

4+ ↔ Rh2
5+) is expressed by the redox peak

separation (ΔEp) in the cyclic voltammograms. The redox
peak separation is smallest (ΔEp = 0.13 V) for Rh2(OAc)4 in
the presence of PPh3 among the tested phosphine ligands. The
best reversibility of Rh2(OAc)4-PPh3 is related to the highest
comparable catalytic activity, although the oxidation peak
potential of Rh2(OAc)4 with PPh3 is higher than that of

Figure 1. (a) Cyclic voltammograms of Rh2(OAc)4 with 100 equi-
valent of L (L = P(Ph-pOMe)3, no phosphine, PPh3, P(Ph-pCF3)3)
obtained in THF solution with TBAP (0.1 M) at a scan rate of 100
mV/s. (b) Peak potentials (Epa, Epc) of Rh2(OAc)4 with 100 equi-
valent of L (L = P(Ph-pOMe)3, no phosphine, PPh3, P(Ph-pCF3)3)
in THF solution containing TBAP as a supporting electrolyte.

Table 1. Allylic oxidation of compound 1 catalyzed by Rh2(OAc)4

with various phosphine ligands 

Entry Ligand Yield

1 no ligand 26%
2 P(Ph-pOMe)3 31%
3 PPh3 32%
4 P(Ph-pCF3)3 19%
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Rh2(OAc)4-P(Ph-pOMe)3. The catalytic system involving
electron deficient phosphine P(Ph-pCF3)3, showing the
irreversible redox potential wave, afforded product 2 in the
lowest yield 19% (entry 4, Table 1). Overall, the electro-
chemical data of dirhodium complexes possessing various
phosphine ligands can be correlated with the catalytic
activity in the allylic oxidation. In the presence of P(Ph-
pOMe)3 and PPh3, Rh2(OAc)4 catalyzed allylic oxidation
generated desired products in higher yield than Rh2(OAc)4

catalyzed reaction conditions without ligands and with
electron poor ligand P(Ph-pCF3)3. 

In summation, the electrochemical properties of Rh2(OAc)4

involving electronically different phosphines, P(Ph-pOMe)3,
PPh3, P(Ph-pCF3)3, assuming the axial substitution of
phosphines on Rh2(OAc)4, were investigated via cyclic
voltammetry. The electrochemical data of each dirhodium
complex were compared to the catalytic activity, showing
that the rhodium complex with PPh3 provided the highest
yield in the allylic oxidation. Introducing electronically
different ligands to the axial position of dirhodium complexes
induced the modest changes in the electrochemical reversibility
of the dirhodium complex, oxidation potentials and chemical
yield in the allylic oxidation. Hence, this account has shown
the possibility of the cyclic voltammetry of metal complexes
as a tool to speculate the catalytic activity of metal
complexes in the organic reactions. 

Experimental

Anhydrous solvents were transferred by an oven dried
syringe. Flasks were flame-dried and cooled under a stream
of nitrogen. Dichloromethane was distilled from calcium
hydride. THF was distilled from benzophenone ketyl. Electro-
chemical data were recorded on a potentiostat/galvanostat
(PARC (Princeton Applied Research), model 263) with
Electrochemistry Power Suite Module and Cyclic voltam-
metry software. The three-electrode cell consisting of Pt disc
(the working electrode, 2 nm dia.), Ag wire (the pseudo
reference electrode), and Pt wire (the auxiliary electrode)
was employed. Rh2(OAc)4 (5 × 10−4 M) was dissolved in
THF solution containing 0.1 M TBAP. The resulting solu-
tions were subject to cyclic voltammetry experiments at a
scan rate of 100 mV/s. Compound 24b exhibited spectral
properties consistent with previous literature reports. 

Representative procedure for the allylic oxidation. To a
stirred mixture of Rh2(OAc)4 (10 mg, 0.024 mmol), PPh3 (8
mg, 0.024 mmol) crashed potassium carbonate (83 mg, 0.6
mmol) and 1-phenyl cyclohexene (190 mg, 1.2 mmol) in
dichloromethane (4.4 mL) was added a solution of TBHP
(1.1 mL, 5.0-6.0 M in decane solution) slowly at 40 oC. The
resulting mixture was stirred overnight. The solvent was
removed with a rotary evaporator to produce a residue which
was purified by column chromatography on a silica gel
eluting with hexane and ethyl acetate (v/v, 10:1). 
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