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Treatment of hydroquinone with [Cp*M(solvent)3][OTf]2 (M ) Rh, Ir) in acetone afforded
the π-bonded complexes {[Cp*M(η5-semiquinone)][OTf]}n (M ) Rh (1a), M ) Ir (1b)) in 95%
yield. The 1H NMR spectra of 1a,b recorded in CD3OD indicate strong hydrogen bonding in
solution. The crystal structures of 1a and 1b were determined and exhibit strong
intermolecular hydrogen bonding, forming organometallic polymers in which the integrity
of the system is maintained by hydrogen bonding between metal-semiquinone subunits.
Deprotonation of 1a produced the related η4-quinone complex [Cp*Rh(η4-quinone)] (2a), which
was fully characterized and its X-ray molecular structure determined. Furthermore, the
electrochemical behavior of these η4-quinone π-complexes [Cp*M(η4-quinone)] (M ) Rh (2a),
M ) Ir (2b)) was investigated and compared to that of the well-known couple quinone/
hydroquinone. The latter are important species in chemistry and biology; their biological
action is often linked to their electron-transfer rates and redox behavior.

Introduction

Quinones are considered a prominent class of com-
pounds and play an important role in chemistry and
biology.1 For instance, vitamin K possesses a quinone
function in its structure.2 Their biological action is often
linked to their electron-transfer rates and redox behav-
ior.3 Quinone/hydroquinone redox couples have been
widely used in electrochemical studies because they are
readily available and exhibit “well behaved” electro-
chemistry.4 Surprisingly, examples of metal complexes
where hydroquinone or quinone acts as a π-bonded
ligand are few.5,6 For instance, we note that Sweigart

and co-workers reported7 the synthesis of η4-quinone
complexes of manganese tricarbonyl and the related η5-
semiquinones; however, the chromium analogue Cr-
(CO)3(η6-hydroquinone) was reported to be thermally
unstable and air sensitive and, hence, could not be
isolated.8 Therefore, the nature of the metal and the
auxiliary ligands plays an important role in stabilizing
these quinone/hydroquinone complexes. In 1998 we
reported the synthesis of the first stable iridium hyd-
roquinone complex, [Cp*Ir(η6-hydroquinone)]2+.9 Sub-
sequent deprotonation gave the related η5-semiquinone
and η4-quinone compounds. The latter can be protonated
to give the starting material (Schemes 1 and 2).
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In this paper we extend our research investigations
to the preparation of the related compounds of the
rhodium congener not reported before. Interestingly the
synthetic procedure used here differs from that de-
scribed for the synthesis of [Cp*Ir(η6-hydroquinone)]2+.
Thus, upon treatment of hydroquinone with [Cp*Rh-
(solvent)3][CF3SO3]2 prepared in situ in acetone10 the
compound {[Cp*Rh(η5-semiquinone)][CF3SO3]}n (1a) was
obtained and fully characterized. The related iridium
complex {[Cp*Ir(η5-semiquinone)][CF3SO3]}n (1b) was
also prepared. The X-ray molecular structures of 1a,b
are reported and show the formation of 1D polymers,
where the integrity of the system is maintained through
strong hydrogen bonding. Deprotonation of 1a provided
in good yield the rhodium-quinone complex [Cp*Rh-
(η4-quinone)] (2a). The X-ray molecular structure was
determined and confirmed the formation of 2a. The
solution behavior and stability of these novel rhodium
compounds are compared to those of the iridium family;
furthermore, the electrochemistry of both rhodium and
iridium compounds was studied and provided us with
valuable information about their behavior in solution
relative to the free ligand.

Results and Discussion

Preparation and X-ray Molecular Structures of
the Semiquinone Complexes 1a,b. Treatment of
hydroquinone with [Cp*Rh(solvent)3][CF3SO3]2 pre-

pared in situ in acetone from the rhodium dimer
[Cp*Rh(µ-Cl)Cl]2 and AgOTf immediately gave a yellow
solution. The latter was stirred for 15 min, and subse-
quent workup provided a yellow microcrystalline prod-
uct in 95% yield, identified by spectroscopic data and
microanalysis as {[Cp*Rh(η5-semiquinone)][CF3SO3]}n
(1a) (Scheme 3).

The infrared spectrum recorded from KBr disks
showed two strong absorptions at 1234 and 1024 cm-1

assigned to the triflate anion, and we also note a broad
band centered at 3361 cm-1 attributed to -OH- - -O
hydrogen bonding. The 1H NMR of 1a recorded in CD3-
OD showed two singlets at δ 6.13 ppm assigned to the
ring protons and at δ 2.09 ppm attributed to the methyl
protons of the Cp*Rh unit. We also note the presence
of a singlet at δ 6.61 ppm that by integration corre-
sponds to 1H, which we attribute to intermolecular
hydrogen bonding. In fact, upon addition of D2O to the
NMR sample tube of 1a, a gradual disappearance of this
signal was observed, indicating that indeed this signal
corresponds to intermolecular hydrogen bonding.

To ascertain the structure of this novel species 1a,
crystals were grown from MeOH/ether solution. Com-
plex 1a crystallizes in a monoclinic unit cell, with space
group P21/n. There are two independent molecules in
the asymmetric unit. Refinement details are discussed
in the Experimental Section. Crystallographic data for
1a are given in Table 1. The structure (Figure 1) shows
the formation of a 1D infinite chain, where simple “η5-
semiquinone-Cp*Rh” subunits are connected through

(10) (a) White, C.; Thompson, S. J.; Maitlis, P. M. J. Chem. Soc.,
Dalton Trans. 1977, 1654. (b) White, C.; Thompson, S. J.; Maitlis, P.
M. J. Organomet. Chem. 1977, 127, 415. (c) Amouri, H.; Guyard-
Duhayon, C.; Vaissermann, J.; Rager, M. N. Inorg. Chem. 2002, 41,
1397.

Scheme 1

Scheme 2

Scheme 3

Table 1. Crystal Data and Structure Refinement
Details for 1a,b and 2a

1a 1b 2a

formula C16H20O2Rh‚
CF3SO3

C16H20O2Ir‚
CF3SO3

C16H19O2Rh‚
2H2O

fw 496.31 584.62 382.26
space group P21/n P21/n Pcab
a (Å) 8.492(1) 8.5212 13.9281(8)
b (Å) 13.463(2) 13.493(1) 14.398(3)
c (Å) 33.527(5) 33.614(3) 15.554(4)
R (deg) 90
â (deg) 92.94(1) 93.464 90
γ (deg) 90
V (Å3) 3827.9(9) 3858.0(5) 3119(1)
Z 8 8 8
Fcalcd (g cm-3) 1.72 2.013 1.63
temp (K) 295 295 295
λ(Mo KR) (Å) 0.710 73 0.710 73 0.710 73
µ (cm-1) 10.55 70.8 11.1
R(Fo)a 0.0518 0.0412 0.0309
Rw(Fo)b 0.0562 0.0465 0.0324

a R ) [∑(|Fo| - |Fc|)/∑Fo. b Rw ) [∑w(|Fo| - |Fc|)2/∑wFo
2 ]1/2.

6232 Organometallics, Vol. 23, No. 26, 2004 Moussa et al.
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strong intermolecular hydrogen bonding. This is the
first Cp*M-η5-semiquinone structure reported in the
literature and the second of its type; we note that
Sweigart and co-workers reported the structure of the
neutral (η5-semiquinone)Mn(CO)3 complex prepared by
a completely different method.7 The hydrogen-bonded
O(2)- - -O(101) distance of 2.46 Å (average) is remark-
ably short and can be compared to the O- - -O distance
of 2.74 Å reported for the quinhydrone, where an infinite
molecular chain is formed through hydrogen bonding
between the hydroquinone and the quinone units.11

The phenolic carbon atoms of the rhodio-semiquinone
unit are bent out of the diene plane by the small angles
of 7.2 and 8.2°, respectively. The latter dihedral angle
is less than those seen in typical [Cp*Rh(η5-cyclohexa-
dienyl)]+ complexes.12 This implies that the Rh1- - -C(1)/
Rh2- - -C(101) and Rh1- - -C(4)/Rh2- - -C(104) bond dis-
tances (average) of 2.35 and 2.33 Å are short enough to
indicate some bonding interaction at the CdO and
C-OH ends of the ring. These results indicate that the
coordination of the arene ring is highly symmetric,
suggesting a major contribution from the η6 resonance
form II (Figure 2). Indeed, the 1H and 13C NMR data of
1a support these observations; for instance, the 1H NMR
data show only one aromatic C-H signal and the 13C
NMR data show only two aromatic carbon signals. This
phenomenon illustrates dynamic strong hydrogen-bond-

ing interactions that equilibrate the -CdO and the
C-OH ends of the rhodio-semiquinone subunits in
polymer 1a.

Similarly, the iridium congener {[Cp*Ir(η5-semi-
quinone)][CF3SO3]}n (1b) was prepared by treating the
solvated iridium species [Cp*Ir(solvent)3][CF3SO3]2,
prepared in situ, with hydroquinone in acetone for 15
min (Scheme 3). The iridium 1D polymer 1b was
obtained as an off-white microcrystalline substance in
94% yield. The spectroscopic data for 1b were close to
those described for the rhodium congener {[Cp*Rh(η5-
semiquinone)][CF3SO3]}n (1a). For instance, the 1H
NMR of 1b recorded in CD3OD showed the presence of
two singlets at δ 6.03 ppm, assigned to the ring protons,
and at δ 2.19 ppm, attributed to the methyl protons of
the Cp*Ir unit. In a way similar to that observed for
1a, we note the presence of a singlet at δ 6.61 ppm,
which integrates for 1H, that we attribute to the
intermolecular hydrogen bonding. In a way similar to
that observed for 1a, addition of D2O to an NMR sample
of 1b in CD3OD showed a gradual disappearance of this
signal. Furthermore, the infrared spectrum of 1b also
showed the presence of a large band at 3400 cm-1 that
we attribute to intermolecular hydrogen bonding. The
X-ray molecular structure of 1b was determined. Crys-
tallographic data for 1b are given in Table 1. Complex
1b crystallizes in a monoclinic unit cell, space group P21/
n, which is similar to that observed for 1a. There are
two independent molecules in the asymmetric unit.
Complex 1b is isostructural with 1a. A view of the
complex and selected bond distances and angles are
given in Figure 3. The structure of 1b shows the
formation of a 1D polymer where simple “η5-semi-
quinone-Cp*Ir” subunits are connected through strong
intermolecular hydrogen bonding.

The structure of 1b appears to be identical with that
of 1a: for instance, the hydrogen-bonded O(2)- - -O(101)
distance is, at 2.44 Å, analogous to that observed for
the rhodium polymer 1a. The phenolic carbon atoms of

(11) Sakurai, T. Acta Crystallogr. 1968, B24, 403.
(12) (a) Le Bras, J. Amouri, H.; Vaissermann, J. J. Organomet.

Chem. 1998, 567, 57 and references therein. (b) Amouri, H.; Le Bras,
J. Acc. Chem. Res. 2002, 35, 501 and references therein.

Figure 1. X-ray molecular structure of [Cp*Rh(η5-semiquinone)] (1a) with the atom-numbering system. Selected bond
distances (Å) and angles (deg): molecule A, Rh1-C1 ) 2.349(7), Rh1-C2 ) 2.218(6), Rh1-C3 ) 2.219(6), Rh1-C4 )
2.318(6), Rh1-C5 ) 2.221(5), Rh1-C6 ) 2.219(6), C1-O1 ) 1.279(9), C2-C1-C6 ) 115.1(6), C3-C4-C5 ) 115.7(6);
molecule B, Rh2-C101 ) 2.358(7), Rh2-C102 ) 2.220(6), Rh2-C103 ) 2.217(6), Rh2-C104 ) 2.335(7), Rh2-C105 )
2.236(7), Rh2-C106 ) 2.221(6), C101-O101 ) 1.272(9), C102-C101-C106 ) 114.7(6), C103-C104-C105 ) 116.6(6).

Figure 2.
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the irido-semiquinone unit are bent out of the diene
plane by small angles of 9.2 and 11.6°, respectively.
These values are slightly higher than those observed
for the rhodio-semiquinone species (θ ) 7.2 and 8.2°)
but are much smaller than those seen in typical [Cp*Ir-
(η5-cyclohexadienyl)]+ complexes.12 This implies that the
Ir- - -C(1) and Ir- - -C(4) bond distances of 2.34(1) and
2.396(9) Å are short enough to indicate some bonding
interaction at the CdO and C-OH ends of the ring. All
of these results suggest that the coordination of the
arene ring in 1b is highly symmetric and isostructural
with that observed for complex 1a (Figure 2).

Preparation and X-ray Molecular Structure of
the p-Benzoquinone Rhodium Complex (2a). In
1998 we reported the synthesis of the X-ray molecular
structure of the iridium benzoquinone complex [Cp*Ir-
(η4-benzoquinone)] (2b) by double deprotonation of
[Cp*Ir(η6-hydroquinone)][BF4]2.9 Since the related rhod-
ium hydroquinone complex was not stable and could not
be isolated, we sought other methods to prepare the
rhodium benzoquinone complex [Cp*Rh(η4-benzoqui-
none)] (2a). In this context we have found that the
rhodium and iridium polymers {[Cp*M(η5-semiquinone)]-
[CF3SO3]}n (M ) Rh (1a), M ) Ir (1b)) are good
precursors for the preparation of the related metal
benzoquinone complexes [Cp*M(η4-benzoquinone)] (M
) Rh (2a), M ) Ir (2b)). Thus, treatment of 1a with 3
equiv of t-BuOK in CH2Cl2 for 3 h produced a yellow
solution. Reaction workup furnished the benzoquinone
rhodium complex in 60% yield as a yellow microcrys-
talline material. The 1H and 13C NMR data recorded
for 2a in CD3CN are consistent with the proposed
formula: for instance, two singlets are visible at δ 1.92
and 4.82 ppm and are assigned to the methyl protons
of the “Cp*Rh” moiety and to the diene protons of the
π-bonded η4-benzoquinone. The structure of [Cp*Rh(η4-
benzoquinone)] (2a) was confirmed by a single-crystal
X-ray diffraction study. Complex 2a crystallizes in an
orthorhombic unit cell, with space group Pcab. Crystal-
lographic data for 2a are given in Table 1. A view of
the complex and selected bond distances and angles are
shown in Figure 4.

As expected, the Cp*Rh moiety is coordinated to only
four carbons of the π-quinone ligand, whereby the
distance from the metal to the centers of the π-bonded
carbons is 1.70 Å for the quinone and 1.80 Å for η5-Cp*.

Further, the quinone ligand acquires a boat-like con-
formation with the quinoid carbons bent out of the diene
plane by about 12°, which is smaller than the angle
reported for the iridium congener (16°).9

While η4-duroquinone complexes are well-known, 13

we note in contrast that X-ray structures of metal η4-
p-quinone compounds are rare; for instance, Stone and
co-workers reported the structure of the substituted η4-
quinone platinum complex [(COD)Pt(η4-C6H2O2(But

2-
2,6))].14 Furthermore, the structure of the anionic
manganese o-quinone complex [Mn(CO)3(η4-o-benzo-
quinone)][Na] has been described.7 Having prepared
these compounds, we then decided to investigate their
electrochemical behavior in solution.

Electochemistry of Rhodium and Iridium p-
Benzoquinone Complexes 2a,b. Quinone/hydroqui-
none redox couples have been widely used in electro-
chemical studies because they are readily available and
exhibit “well behaved” electrochemistry.4 However, their
related metal complexes have attracted less attention.15a

(13) (a) Sternberg, H.; Markby, R.; Wender, I. J. Am. Chem. Soc.
1958, 80, 1009. (b) Fairhurst, G.; White, C. J. Organomet. Chem. 1978,
25, 243. (c) Fairhurst, G.; White, C. J. Chem. Soc., Dalton Trans. 1979,
1531.

(14) Chetcuti, M. J.; Howard, J. A. K.; Pfeffer, M.; Spenser, J. L.;
Stone, F. G. A. J. Chem. Soc., Dalton Trans. 1981, 276.

Figure 3. X-ray molecular structure of [Cp*Ir(η5-semiquinone)] (1b) with the atom-numbering system. Selected bond
distances (Å) and angles (deg): molecule A, Ir1-C1 ) 2.339(1), Ir1-C2 ) 2.210(9), Ir1-C3 ) 2.213(9), Ir1-C4 ) 2.396(1),
Ir1-C5 ) 2.228(9), Ir1-C6 ) 2.232(9), C1-O1 ) 1.315(1), C2-C1-C6 ) 116.5(9), C3-C4-C5 ) 113.9(9); molecule B,
Ir2-C101 ) 2.334(8), Ir2-C102 ) 2.214(9), Ir2-C103 ) 2.21(1), Ir2-C104 ) 2.379(1), Ir2-C105 ) 2.220(9), Ir2-C106 )
2.217(8), C101-O101 ) 1.29(1), C102-C101-C106 ) 116.5(8), C103-C104-C105 ) 113.8(9).

Figure 4. X-ray molecular structure of [Cp*Rh(η4-benzo-
quinone)] (2a) with the atom-numbering system. Selected
bond distances (Å) and angles (deg): Rh1-C1 ) 2.403(4),
Rh1-C2 ) 2.207(4), Rh1-C3 ) 2.195(4), Rh1-C4 ) 2.366-
(4), Rh1-C5 ) 2.187(4), Rh1-C6 ) 2.202(4), C1-O1 )
1.251(5), C4-O2 ) 1.259(5), C2-C1-C6 ) 112.8(4), C3-
C4-C5 ) 112.6(4).

6234 Organometallics, Vol. 23, No. 26, 2004 Moussa et al.
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We note, however, that recently Adams and co-workers
reported15b the electrochemical behavior of a bimetallic
carbonyl derivative of 1,4-quinone. In this compound the
bonding (µ-η1:η1) and the nature of the compound differ
completely from those of our π-bonded organometallic
quinone complexes. Therefore, to the best of our knowl-
edge this is the first electrochemical study performed
on the η4-π-metalated p-benzoquinone complexes 2a,b.

The cyclic voltammetry was performed at room tem-
perature, on a solution of 2a,b (2 mM) in dry and
degassed acetonitrile, containing nBu4NBF4 (0.3 M) as
the supporting electrolyte. At a stationary gold-disk
electrode (d ) 0.5 mm) with a scan rate of 0.5 V s-1,
the RhI complex 2a exhibited a reduction peak R1 at
Ep

R1 ) -1.73 V vs SCE, which was partly reversible
(Figure 5a), and an irreversible oxidation peak O1 at
Ep

O1 ) +1.04 V vs SCE (Figure 5b).
The oxidation peak current of O1 was ca. twice that

of the reduction current of R1. At higher scan rate (20
V s-1), the peak R1 became more reversible (Figure 5d),
indicating the transfer of one electron. The oxidation
peak O1 was still irreversible (Figure 5c), with a current
peak twice that of R1, attesting to the transfer of two
electrons at the potential of O1. At the scan rate of 0.5
V s-1, we can then assume that the oxidation of 2a
involves two electrons at the potential of O1, whereas
the reduction of 2a involves one electron (or slightly
more than one electron if an ECE mechanism process
is involved).16

At a stationary gold-disk electrode (d ) 0.5 mm) with
a scan rate of 0.5 V s-1, the IrI complex 2b exhibited an
irreversible reduction peak R′1 at Ep

R′1 ) -2.23 V vs
SCE (Figure 6a) and an irreversible oxidation peak O′1
at Ep

O′1 ) +1.26 V vs SCE (Figure 6b).
Both peaks were irreversible with similar peak cur-

rents. They remained irreversible for scan rates up to
200 V s-1. Consequently, we can assume, by comparison
with the electrochemical behavior of complex 2a, that
the oxidation and reduction of 2b is an overall two-
electron transfer at the potentials of O′1 and R′1,
respectively.

Electrochemical Oxidation of 2a,b. After the
oxidation of 2b at O′1, one observes on the reverse scan
two tiny reduction peaks at -0.42 V (R′2) and -0.89 V
(R′3) (Figure 6b), which characterize the reduction of the
species generated in the oxidation of 2b at O′1. To
identify the reduction process occurring at R′2 and R′3,
cyclic voltammetry of the benzoquinone was performed
under similar conditions. One reversible reduction peak
was observed at -0.47 V/-0.40 V (quinone + 1e f
[quinone]•-), followed by a quasi-reversible process at
-1.44V/-1.40VvsSCE([quinone]•-+1ef[hydroquinone]2-).4
When the oxidation of 2b was performed in the presence
of a small amount of benzoquinone, the reduction peak
current at -0.42 V (R′2) increased on the reverse scan,
confirming that the benzoquinone was indeed released
in the overall two-electron oxidation of complex 2b. The
oxidation of complex 2b results then in the oxidation of
the IrI center to IrIII with release of the free benzo-
quinone (Figure 7). Since the oxidation peak could not
be made reversible, the intimate mechanism of the
overall oxidation is not available. One can only assume

(15) (a) Hiramatsu, M.; Nakano, H.; Fujinami, T.; Sakai, S. J.
Organomet. Chem. 1982, 236, 131. (b) Adams, R. D.; Miao, S. J. Am.
Chem. Soc. 2004, 126, 5056.

(16) The reduction involves one electron for an EC process. If a
second electron transfer is involved in an ECE process, at a potential
less negative than that of the first electron transfer, then the process
involves a second electron transfer at R1. In the present case, the
number of electrons would be slightly higher than 1, since the peak
R1 was partially reversible at low scan rates.

Figure 5. Cyclic voltammetry of the RhI complex 2a (2
mM) in acetonitrile containing nBu4NBF4 (0.3 M) at a
stationary gold-disk electrode (diameter 0.5 mm). With a
scan rate of 0.5 V s-1: (a) reduction first; (b) oxidation first.
With a scan rate of 20 V s-1: (c) oxidation first; (d)
reduction first.

Figure 6. Cyclic voltammetry of the IrI complex 2b (2 mM)
in acetonitrile containing nBu4NBF4 (0.3 M) at a stationary
gold-disk electrode (diameter 0.5 mm) with a scan rate of
0.5 V s-1: (a) reduction first; (b) oxidation first.

Figure 7. Oxidation of the RhI complex 2a and the IrI

complex 2b.
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that the first electron loss generates the complex [2b]•+,
which, after fast decoordination of the quinone, gives a
cationic IrII complex that is more easily oxidized than
complex 2b.

Since an IrIII complex must be released in the two-
electron oxidation of complex 2b (Figure 7), the cyclic
voltammetry of [Cp*Ir(CH3CN)3][OTf]2

10a (2 mM) in
acetonitrile was also performed. It was reduced with an
irreversible peak at -1.13 V: i.e., at a potential which
was too far from +1.26 V (at which it is generated by
the oxidation of 2b) to be detected, due to the diffusion
process at the electrode.

The mechanism of the oxidation of the RhI complex
2a, which involves two electrons at O1, is then similar
to that of the IrI complex 2b (Figure 7). On the reverse
scan (Figure 5b) a reduction peak was observed at -0.41
V (R′2) and assigned to the reduction of the benzo-
quinone released in the oxidation process. However, one
notes that the second reduction peak of the benzo-
quinone was not detected. An authentic sample of the
complex [Cp*Rh(CH3CN)3][OTf]2

10a (2 mM) in acetoni-
trile was reduced in a quasi-reversible peak at -0.53
V/-0.40 V. It should then be detected on the reverse
scan just after the reduction peak of the released
quinone, except if a fast reaction took place in the
diffusion layer, between the radical anion [quinone]•-

generated at R′2 and [Cp*Rh(CH3CN)3]2+.10a The ab-
sence of the second reduction peak of the released
benzoquinone is indicative of such a reaction.

Electrochemical Reduction of 2a,b. After the
overall two-electron reduction of the IrI complex 2b at

R′1, one observes on the reverse scan two tiny oxidation
peaks at O′2 ) -0.66 V and O′3 ) -0.34 V (Figure 6a),
which characterize the oxidation of the species gener-
ated in the reduction of 2b at R′1. The same oxidation
peaks were detected on the reversible scan after reduc-
tion of the RhI complex 2a at R1 (Figure 6a), but at trace
levels because of the partial reversibility of the reduction
peak R1. This suggests that a common species was
generated by the reduction of 2a or 2b: i.e., the dianion
[hydroquinone]2- (Figure 8).

A one-electron process was found for complex 2a at a
higher scan rate. We may assume that, in these 18-
electron complexes 2a,b, the first electron transfer
generates the radical anion [2a]•- or [2b]•- with the
electron located on the ligand (Figure 9); [2a]•- is more
stable than [2b]•- within the time scale of the cyclic
voltammetry investigated here. The radical anion [2b]•-

undergoes a fast rearrangement which results in the
reorganization of the reduced ligand to generate the new
complex [Cp*Ir(η4-benzoquinone)]•- (Figure 9). The
subsequent evolution of the latter complex, by either
route A or route B, is speculative. Indeed, the second
electron transfer may occur either on the [quinone]•-

ligand in the intermediate complex (route A), which
would be more easily reduced than 2b, or on the free
[quinone]•- (route B), which is immediately reduced to
[hydroquinone]2- at the potential of R′1. This explains
the transfer of two electrons at the potential of R′1.

As far as the Rh complex 2a is concerned, the
mechanism of its reduction is the same, except that the
complex [2a]•- generated in the first electron transfer
is more stable than [2b]•-, indicated by the partial
reversibility of its reduction peak. As a consequence, the
two successive oxidation peaks O′2 and O′3 of the
released dianionic [hydroquinone]2- were present at
trace levels on the reverse scan (Figure 5a).

Concluding Remarks

In conclusion we report the high-yield synthesis of the
π-bonded semiquinone complexes {[Cp*M(η5-semiqui-
none)][OTf]}n (M ) Rh (1a), M ) Ir (1b)). The latter
complexes exhibit a hydrogen-bonding interaction in

Figure 8. Reduction of the RhI complex 2a and the IrI

complex 2b.

Figure 9. Proposed mechanism for the reduction of 2b.
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solution, as indicated by their NMR spectra. X-ray
structures of 1a,b support these findings and show the
formation of organometallic polymers where the integ-
rity of the system is maintained by strong hydrogen
bonding (O- - -O, d ) 2.45 Å) between π-metalated
semiquinone subunits. Deprotonation of 1a provides the
related η4-quinone complex [Cp*Rh(η4-quinone)] (2a)
completely characterized, including its X-ray structure.
The electrochemistry of these π-bonded quinone com-
plexes [Cp*M(η4-quinone)] (M ) Rh (2a), M ) Ir (2b))
carried out for the first time provide us with valuable
information concerning their behavior relative to the
free quinone ligand, an important species in chemistry
and biology. Thus, the electrochemical oxidation of
complexes 2a,b is an overall two-electron uptake, which
results in the oxidation of the metal(I) center to a metal-
(III) complex with release of the free quinone. The
electroreduction of both complexes affects the η4 ligand.
It proceeds in one overall two-electron step for the IrI

complex 2b, leading to the dianionic [hydroquinone]2-,
whereas the 19-electron intermediate RhI complex [2a]•-

generated after the first electron transfer on the RhI

complex 2a was more stable. As a result, the oxidation
process generates the free quinone, whereas the reduc-
tion process generates the reduced form of the quinone.
It is worthwhile to note that the η4-ligated benzoquinone
was reduced in both complexes 2a,b, at much more
negative potentials than for the free benzoquinone,
which is in agreement with the nonconjugated character
of the carbonyl groups in the η4 complexation mode. It
also indicates that π-metalated benzoquinone complexes
2a,b are more stable than the free benzoquinone.

Experimental Section

General Considerations. All manipulations were carried
out under an argon atmosphere using Schlenk techniques.
Solvents were purified and dried prior to use by conventional
distillation techniques. Acetone was distilled over K2CO3,
diethyl ether was distilled over Na, and CH2Cl2 was distilled
over CaH2. All reagents obtained from commercial sources
were used without further purification. 1H NMR spectra were
recorded on Bruker AM 300 MHz and Avance 400 MHz
instruments. 1H NMR chemical shifts are reported in parts
per million referenced to a residual solvent proton resonance.

General Procedure for Cyclic Voltammetry. Cyclic
voltammetry was performed in a three-electrode cell connected
to a Schlenk line, at room temperature. The counter electrode
was a platinum wire of ca. 1 cm2 apparent surface area. The
reference was a saturated calomel electrode (Radiometer
Analytical) separated from the solution by a bridge filled with
3 mL of acetonitrile containing nBu4NBF4 (0.3 M). The working
electrode was a stationary gold disk (0.5 mm diameter).
Complex 2a (10.4 mg, 0.03 mmol) was introduced into 15 mL
of acetonitrile containing nBu4NBF4 (0.3 M), and the cyclic
voltammetry was performed at various scan rates. The same
experiments were carried out with complex 2b (14.1 mg, 0.03
mmol).

Synthesis of {[Cp*Rh(η5-semiquinone)][CF3SO3]}n (1a).
A solution of AgCF3SO3 (175 mg, 0.68 mmol) in acetone (10
mL) was added to [(η5-C5Me5)Rh(µ-Cl)Cl]2 (100 mg, 0.17 mmol)
in acetone (15 mL), to rapidly give a white precipitate of AgCl.
The reaction mixture was stirred for 10 min, and then the
resulting orange solution of [(η5-C5Me5)Rh(acetone)3][CF3SO3]2

was filtered into a dry Schlenk tube kept under argon. To this
orange solution was then added hydroquinone (112 mg, 1.0
mmol) in acetone (10 mL). The solution immediately became
yellow, and the mixture was stirred for 15 min; then the

solvent was removed under vacuum and the volume was
reduced. Subsequent addition of Et2O (20 mL) afforded a
yellow precipitate. This compound was separated and washed
several times with Et2O and dried under vacuum, leaving 1a
(158 mg, 95%,). Mp: 195 °C dec. Spectroscopic data for 1a are
as follows. IR (KBr disk, cm-1): ν(CdO) 1500, ν(CF3SO3

-)
1234, 1024, ν(-OH) 3361. 1H NMR (CD3OD, 400 MHz): δ 2.09
(s, 15H, η5-C5Me5), 6.13 (s, 4H dienyl CH), 6.61 (s, 1H, OH).
13C{1H} NMR (100.62 MHz, CD3OD): δ 145.39 (s, CdO),
116.79 (s, C-OH), 108.09 (d, JRh-C ) 7.6 Hz, C5(CH3)5, -Cd
C-), 92.27(d, JRh-C ) 6 Hz, -CdC-, semiquinone), 9.68 (s,
C5(CH3)5, -CH3). Anal. Calcd for C17H20O5F3SRh‚2CH2Cl2: C,
34.26; H, 3.63. Found: C, 34.12; H, 3.62.

Synthesis of {[Cp*Ir(η5-semiquinone)][CF3SO3]}n (1b).
This compound was prepared in a way similar to that for 1a
and was obtained as a white microcrystalline substance in 94%
yield (137 mg). Mp: 180 °C dec. Spectroscopic data for 1b are
as follows. IR (KBr disk, cm-1): ν(CdO) 1503, ν(CF3SO3

-)
1234, 1029, ν(-OH) 3400. 1H NMR (CD3OD, 400 MHz): δ 2.19
(s, 15H, η5-C5Me5), 6.03 (s, 4H dienyl CH), 6.61 (s, 1H, OH).
13C{1H} NMR (100.62 MHz, CD3OD): δ 145.31 (s, CdO),
116.79 (s, C-OH), 101.39 (s, C5(CH3)5, -CdC-), 81.60 (s, -Cd
C-, semiquinone), 9.41 (s, C5(CH3)5, -CH3). Anal. Calcd for
C17H20O5F3SIr‚2CH2Cl2: C, 30.21; H, 3.20. Found: C, 30.55;
H, 3.24.

Synthesis of [Cp*Rh(η4-benzoquinone)] (2a). A suspen-
sion of t-BuOK (144 mg, 1.2 mmol) in CH2Cl2 (10 mL) was
added to a suspension of {[Cp*Rh(η5-semiquinone)][CF3SO3]}n

(1a; 200 mg, 0.4 mmol) in CH2Cl2 (10 mL). The mixture was
left for 3 h, during which time the solution became yellow-
orange. The mixture was filtered to give a bright yellow-orange
solution. The solvent was removed under vacuum, and the
yellow microcrystalline material was dried (95 mg, 65%). Mp:
280 °C dec. Spectroscopic data for 2a are as follows. IR (KBr
disk, cm-1): ν(CdO) 1535, 1565. 1H NMR (CD3CN, 400
MHz): δ 1.92 (s, 15H, η5-C5Me5), 4.82 (s, 4H dienyl C-H). 13C-
{1H} NMR (100.62 MHz, CD3CN): δ 157.39 (s, CdO), 101.78
(d, JRh-C ) 7 Hz, C5(CH3)5, -CdC-), 86.59 (d, JRh-C ) 7.5 Hz,
-CdC-, benzoquinone), 9.81 (s, C5(CH3)5, -CH3). Anal. Calcd
for C16H19O2Rh‚2H2O: C, 50.27; H, 6.06. Found: C, 49.66; H,
6.30.

X-ray Crystal Structure Determination for 1a,b and
2a. Suitable crystals of {[Cp*Rh(η5-semiquinone)][CF3SO3]}n

(1a) and {[Cp*Ir(η5-semiquinone)][CF3SO3]}n (1b) were ob-
tained using slow-diffusion techniques from MeOH/ether solu-
tion, while those of [Cp*Rh(η4-benzoquinone)] (2a) were ob-
tained at room temperature by slow diffusion of ether into a
saturated solution of 2a in CH2Cl2. The selected crystals of
complexes 1a,b and 2a were protected by Paratone oil and
Araldite and then mounted on the top of a glass rod. The data
were collected at room temperature on a Nonius KappaCCD
diffractometer with graphite-monochromated Mo KR radiation.
The Nonius Supergui program package was used for cell
refinement and data collection. The structure was solved by
direct methods and subsequent difference Fourier treatment
and refined by full-matrix least squares on F using the
programs of the PC version of CRYSTALS.17 All non-solvent
molecules and non-hydrogen atoms were refined anisotropi-
cally. In 1a, one of the triflate anions was refined isotropically,
and in 1b both anions were refined isotropically, while in 2a
all atoms were refined anisotropically. Hydrogen atoms were
introduced in calculated positions in the last refinements and
were allocated overall refinable isotropic thermal parameters.
Fractional parameters, anisotropic thermal parameters, and

(17) Watkin, D. J.; Prout, C. K.; Carruthers, R. J.; Betteridge, P.
W. CRYSTALS Issue 10; Chemical Crystallography Laboratory, Ox-
ford, U.K., 1996.
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all bond lengths and angles are given in the Supporting
Information for complexes 1a,b and 2a.
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