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At pH ) 1 and 25 °C, the Fenton-like reactions of Feaq
2+ with hydroperoxorhodium complexes LRhIIIOOH2+ (L )

(H2O)(NH3)4, k ) 30 M-1 s-1, and L ) L2 ) (H2O)(meso-Me6-[14]aneN4), k ) 31 M-1 s-1) generate short-lived,
reactive intermediates, believed to be the rhodium(IV) species LRhIVO2+. In the rapid follow-up steps, these transients
oxidize Feaq

2+, and the overall reaction has the standard 2:1 [Feaq
2+]/[LRhOOH2+] stoichiometry. Added substrates,

such as alcohols, aldehydes, and (NH3)4(H2O)RhH2+, compete with Feaq
2+ for LRhIVO2+, causing the stoichiometry

to change to <2:1. Such competition data were used to determine relative reactivities of (NH3)4RhO2+ toward
CH3OH (1), CD3OH (0.2), C2H5OH (2.7), 2-C3H7OH (3.4), 2-C3D7OH (1.0), CH2O (12.5), C2H5CHO (45), and (NH3)4-
RhH2+ (125). The kinetics and products suggest hydrogen atom abstraction for (NH3)4RhO2+/alcohol reactions. A
short chain reaction observed with C2H5CHO is consistent with both hydrogen atom and hydride transfer. The rate
constant for the reaction between Tlaq

III and L2Rh2+ is 2.25 × 105 M-1 s-1.

Introduction

Compounds containing rhodium in the+4 oxidation state
are rare but not completely unknown.1,2 Examples include
anionic polyhalogeno complexes, which readily hydrolyze
in water,3-6 and cationic polyhydroxo species.7-15 The Rh-
(OH)3+ ion, for example, can be produced in concentrated

mineral acids, where it acts as a mild oxidant toward nitrous
acid, hydroxylamine, hydrogen peroxide, Fe(II), and other
substrates.8-10,13 Several organometallic rhodium(IV) com-
pounds have also been reported,2 but a class of complexes
such as Claus Blue, produced by oxidation of Rh(III) and
initially believed to contain rhodium(IV), have been shown
to be in fact mononuclear or binuclear superoxorhod-
ium(III) ions.16,17

Despite the limited data on well-defined, stable Rh(IV)
compounds, several reports have provided evidence for
Rh(IV) species as intermediates in chemical18 and electro-
chemical transformations.19-21 Some of our own data on the
reaction between (H2O)(meso-Me6-[14]aneN4)RhOO2+ (here-
after L2RhOO2+) and NO also support the involvement of a
transient L2Rh(IV).22,23 This finding encouraged us to look
for ways to generate L2Rh(IV) and related species indepen-

* Corresponding author. E-mail: bakac@ameslab.gov.
(1) Levason, W.Stud. Inorg. Chem.1991, 11, 470-529.
(2) Cotton, F. A.; Wilkinson, G.AdVanced Inorganic Chemistry,5th ed.;

Wiley-Interscience: New York, 1988; Chapter 19.
(3) Zemskov, S. V.; Nadolinnyi, V. A.; Shipachev, V. A.; Levchenko, L.

M. Koord. Khim.1986, 12, 1256-1261.
(4) Ellison, I. J.; Gillard, R. D.Polyhedron1996, 15, 339-348.
(5) Usmanov, I. B.; Kazbanov, V. I.MendeleeV Commun.1992, 81-82.
(6) Pastukhova, D. D.; Cheremisina, I. M.; Zemskov, S. V.IzV. Sib. Otd.

Akad. Nauk SSSR, Ser. Khim. Nauk1972, 67-70.
(7) Komozin, P. N.; Zakharchenko, E. A.Zh. Neorg. Khim.1997, 42,

1297-1299.
(8) Khaperskaya, A. V.; Koltunov, V. S.Radiochemistry (Moscow)

(Transl. of Radiokhimiya)1997, 39, 332-336.
(9) Khaperskaya, A. V.; Koltunov, V. S.Radiochemistry (Moscow)

(Transl. of Radiokhimiya)1997, 39, 337-340.
(10) Koltunov, V. S.; Khaperskaya, A. V.Radiokhimiya1994, 36, 243-

246.
(11) Koltunov, V. S.; Khaperskaya, A. V.; Shapovalov, M. P.Radiokhimiya

1995, 37, 33-37.
(12) Koltunov, V. S.; Khaperskaya, A. V.Radiokhimiya1992, 34, 35-41.
(13) Koltunov, V. S.; Khaperskaya, A. V.Radiokhimiya1993, 35, 93-99.
(14) Sidorov, A. A.; Komozin, N. N.; Pichkov, V. N.; Miroshnichenko, I.

V.; Golovin, K. A.; Sinitsyn, N. M.Zh. Neorg. Khim.1985, 30, 2595-
2599.

(15) Kalinina, V. E.; Lyakushina, V. M.IzV. Vyssh. Uchebn. ZaVed., Khim.
Khim. Tekhnol.1976, 19, 1287-1288.

(16) Ellison, I. J.; Gillard, R. D.J. Chem. Soc., Chem. Commun.1992,
851-853.

(17) Miroshnichenko, I. V.; Sidorov, A. A.; Komozin, P. N.; Pichkov, V.
N.; Sinitsyn, N. M.Zh. Neorg. Khim.1986, 31, 2883-2891.

(18) Ghosh, S. P.; Gelerinter, E.; Pyrka, G.; Gould, E. S.Inorg. Chem.
1993, 32, 4780-4784.

(19) Kim, M. Y.; Seok, W. K.; Dong, Y.; Yun, H.Inorg. Chim. Acta2001,
319, 194-198.

(20) Kiseleva, I. N.; Ezerskaya, N. A.; Afanas'eva, M. V.; Shubochkin, L.
K. Zh. Anal. Khim.1988, 43, 2235-2239.

(21) Kalinina, V. E.; Zhigalova, G. Y.IzV. Vyssh. Uchebn. ZaVed., Khim.
Khim. Tekhnol.1981, 24, 935-940.

(22) Pestovsky, O.; Bakac, A.J. Am. Chem. Soc.2002, 124, 1698-1703.
(23) Pestovsky, O.; Bakac, A.Inorg. Chem.2002, 41, 901-905.

Inorg. Chem. 2002, 41, 3975−3982

10.1021/ic0256415 CCC: $22.00 © 2002 American Chemical Society Inorganic Chemistry, Vol. 41, No. 15, 2002 3975
Published on Web 06/17/2002



dently, and to study their reactivity, especially in the context
of O2 activation by transition metal complexes.

Previously, we have examined the reactivity of CraqOO2+

and CraqO2+ as H-atom abstracting agents.24 The chromyl
ion was found to be about 102 times more reactive than Craq-
OO2+. By way of comparison, an organic analogue, tert-
BuO•, is 107 times more reactive than tert-BuOO•. This
kinetic difference parallels the trend in thermodynamic
driving forces for the two sets of reactions.24

In search of other examples of LMO/LMOO pairs (L)
ligand) for our mechanistic studies, we decided to explore
the tetraammine and macrocyclic rhodium complexes. The
superoxo, LRhOO2+, and hydroperoxo, LRhOOH2+, com-
pounds are known and reasonably stable and might provide
access to Rh(IV). Guided by our earlier findings on the
reduction of hydroperoxometal complexes with Feaq

2+,25 we
expected LRhOOH2+ to react with Feaq

2+ in a Fenton-type
reaction of eq 1 to generate LRh(IV). The results of these
studies, both in the presence and absence of potential
substrates for LRh(IV), are presented in this report.

The hydroperoxo complexes in this work are believed to
be six-coordinate, but the sixth ligand, a molecule of water,
is omitted in our notation.

Experimental Section

Materials. Perchloric acid, sodium hydroxide, zinc metal,
mercury(II) chloride (all Fisher), hexaammineruthenium(III) chlo-
ride, thallium(III) sulfate, diammonium 2,2′-azinobis(3-ethylben-
zothiazoline-6-sulfonate) (ABTS2-), methanol, ethanol, 2-propanol,
propionaldehyde, and paraformaldehyde (all Aldrich) were reagent
grade or better and were used as received. Solutions of Feaq

2+ and
Ru(NH3)6

2+ were prepared by Zn/Hg reduction of the respective
3+ ions under anaerobic conditions.

Solid [(NH3)5CoBr](ClO4)2, trans-[(H2O)(NH3)4RhH](ClO4)2,
meso-[(Me6-[14]aneN4)(H2O)RhH](CF3SO3)2, and [([14]aneN4)Ni]-
(ClO4)2 were available from our previous work.24,26 Solutions of
formaldehyde were prepared by dissolving a known amount of
paraformaldehyde in warm 1 M HClO4. Deionized water was further
purified by passage through a Millipore Milli-Q water purification
system.

Oxygen saturated solutions of CraqOO2+ (0.1-0.3 mM) were
prepared as described previously24 and standardized spectrophoto-
metrically (ε293 ) 3.0× 103 M-1 cm-1). Kinetic solutions of Craq-
OOH2+ (35-50µM) were prepared by reducing deaerated solutions
of CraqOO2+ with Ru(NH3)6

2+. Such solutions contained 9 mM
methanol that was left over from the preparation of superoxochro-
mium(III).

Solutions of (meso-Me6-[14]aneN4)(H2O)RhOO2+ (hereafter L2-
RhOO2+) were prepared as described earlier.22 The hydroperoxide
(NH3)4RhOOH2+ 26,27(ε241 ) 4.0× 103 M-1 cm-1, ε320 ) 258 M-1

cm-1) was generated by the reaction of the corresponding hydride
with O2 in the presence of traces of the superoxo complex. This
chemistry is described by the following equations.28

Typically, a 0.3 mM solution of (NH3)4RhH2+ in 4.8 mM HClO4

was saturated with oxygen and photolyzed in a Rayonet UV photo
reactor for 40 s, after which time∼40 µM (NH3)4RhOO2+ was
detected (ε268 ) 1.0 × 104 M-1 cm-1). After the injection of an
additional 0.74 mM (NH3)4RhH2+, the reaction was allowed to
proceed in the dark for 65 min under O2 bubbling. The product
was diluted 10-fold, and the yield (75%) was determined spectro-
photometrically. In an alternative procedure, the reaction between
oxygen and (NH3)4RhH2+ was carried out at pH) 11.2, where the
generation of (NH3)4RhOOH2+ is instantaneous. After reacidifica-
tion to pH ) 2.3, the yield of the hydroperoxorhodium complex
was typically 76%. Attempts to improve the yield by varying O2

and base concentrations, reaction time, and temperature were
unsuccessful. The samples of (NH3)4RhOOH2+

, prepared by the
two methods, yielded identical kinetic results in the reactions with
Feaq

2+ and organic substrates. Unfortunately, this convenient and
fast method is not suitable for the preparation of L2RhOOH2+,
because an additional, unidentified species was produced which
reacted with Feaq

2+ more slowly than the authentic L2RhOOH2+.
For this reason, kinetic solutions of L2RhOOH2+ were prepared
by controlled reduction of L2RhOO2+ by Ru(NH3)6

2+.22

Most of the kinetic and spectral measurements were carried out
by conventional UV-vis spectrophotometry with the use of a
Shimadzu 3101 PC spectrophotometer. In some cases, when fast
mixing was required, an Applied Photophysics DX-17MV stopped-
flow apparatus was employed. Most of the experiments were
conducted at 25( 0.5 °C and 0.10 M ionic strength, maintained
with HClO4. Nonlinear least-squares fittings of kinetic data were
performed with the use of Kaleidagraph 3.09 for PC software.
Kinetic simulations were carried out with Chemical Kinetics
Simulator 1.01 (IBM) and Kinsim 4.029 software.

Results

Reactions of LRhOOH2+ with Feaq
2+ (L ) (NH3)4 and

L2). The kinetics, monitored atλ 240 nm (εFe(III) ) 4160
M-1 cm-1), obeyed a pseudo-first-order rate law. Plots of
the pseudo-first-order rate constants against [Feaq

2+] yielded
k ) 30.0 ( 0.4 M-1 s-1 for (NH3)4RhOOH2+ and 31.0(
0.6 M-1 s-1 for L2RhOOH2+. The molar absorptivity
changes, defined as∆ε ) (Abs∞ - Abs0)/[LRhOOH2+]0 )
∆Abs/[LRhOOH2+]0, where Abs∞ and Abs0 represent final
and initial absorbancies, increased somewhat with [Feaq

2+]
and reached saturation at 0.15 mM for the tetraammine and
at 1.0 mM for the macrocyclic hydroperoxo complex, Figure
1. At the saturation limit, the values of∆ε were 5.0× 103

M-1 cm-1 in the (NH3)4RhOOH2+/Feaq
2+ reaction and 1.0

× 104 M-1 cm-1 in the L2RhOOH2+/Feaq
2+ reaction.

Effect of Alcohols, Formaldehyde, and (NH3)4RhH2+

on (NH3)4RhOOH2+/Feaq
2+ Reaction. These experiments

had a large excess of Feaq
2+ over (NH3)4RhOOH2+ to ensure
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pseudo-first-order conditions, and an excess (0.10 mM) of
externally added Feaq

3+ to capture potential reducing tran-
sients. Kinetic traces were exponential, and the rate constants
matched those obtained in the absence of substrates, but the
amplitude and sign of the absorbance changes varied with
the concentrations of the reducing substrates and Feaq

2+.
Figure 2 shows a plot of∆ε against the ratio [2-propanol]/
[Feaq

2+]. The data were fitted to eq 2, wherem1 represents
∆ε at [RH]/[Feaq

2+] approaching infinity,εFe is the molar
absorptivity of Feaq

3+ at 240 nm, andm2 is the ratio of
appropriate rate constants, as discussed later.

The numerical values of parametersm1 andm2 for different
substrates are summarized in Table 1. The effect of alcohol
deuteration was estimated in single-point experiments for
CD3OH and 2-C3D7OH in H2O.

(NH3)4RhOOH2+/Feaq
2+ Reaction in the Presence of

Propionaldehyde.Kinetics were pseudo-first-order and had
negative absorbance changes at 240 nm. The rate constants
were 2-9 times greater than in the absence of propional-
dehyde, suggesting a chain mechanism. Feaq

3+ showed a mild

inhibiting effect; the rate constant decreased from 0.029 to
0.024 s-1 as [Feaq

3+] increased from 0.16 to 0.32 mM
([(NH3)4RhOOH2+] ) 22 µM, [C2H5CHO] ) 44 mM,
[Feaq

2+] ) 0.16 mM). The large molar absorptivity of Feaq
3+

at the monitoring wavelength prevented us from increasing
[Feaq

3+] to the saturation limit (provided one existed), and
all consecutive kinetic runs were carried out without added
Feaq

3+.
At a constant concentration of C2H5CHO, the rate first

increased with Feaq
2+, and then decreased, as shown in Figure

3. The dependence on [C2H5CHO] was approximately linear.
A plot of kobs against [C2H5CHO] at 0.16 mM Feaq

2+ had a
slope of 0.39( 0.07 M-1 s-1 and an intercept of 0.005 s-1.
The intercept is in excellent agreement with the value
calculated for the A4RhOOH2+/Feaq

2+ reaction in the absence
of substrates.

High concentrations of (NH3)5CoBr2+ (1 mM) stabilized
the rates of the (NH3)4RhOOH2+/Feaq

2+/C2H5CHO reaction
at values close to those obtained in the absence of the
aldehyde (30 M-1 s-1). This observation suggests that one
or more of the chain carriers were scavenged by (NH3)5-
CoBr2+. The amount of (NH3)5CoBr2+ consumed in a given
kinetic run was calculated from the absorbance changes at
320 nm, where only (NH3)5CoBr2+ and (NH3)4RhOOH2+

absorb. It was assumed that all of the hydroperoxorhodium
was consumed and that no other highly absorbing products
were formed. The quantity∆[(NH3)5CoBr2+]/[(NH 3)4-
RhOOH2+]0 is plotted against the ratioy ≡ [C2H5CHO]/

Figure 1. Plot of ∆ε at 240 nm against [Feaq
2+] for the reaction of 22-

30 µM L2RhOOH2+ with Feaq
2+ in air-saturated solutions at pH) 1 and

25 °C. Data were fitted to eq 15. L2 ) (meso-Me6-[14]aneN4).

Figure 2. Plot of∆ε against the ratio [2-propanol]/[Feaq
2+] for the reaction

between (NH3)4RhOOH2+ (44 µM) and Feaq
2+ (0.16-0.43 mM) in the

presence of 2-propanol (0.42-1.68 M) and Feaq
3+ (97 µM). Conditions:

oxygen-free atmosphere, pH 1, 25°C.

Abs∞ - Abs0

[LRhOOH2+]0

) ∆ε ) m1 +
2εFe

1 + m2

[RH]

[Feaq
2+]

(2)

Table 1. Parametersm1
a andm2

b for the Reactions between LMOOH2+

and Feaq
2+ in the Presence of RH and Feaq

3+ at 25°C, pH 1, and 0.10
M Ionic Strength

LMOOH ) (NH3)4RhOOH2+ CraqOOH2+

RH
m1/103

M-1 cm-1 m2/10-4
m1/103

M-1 cm-1 m2/10-4

CH3OH -3.0( 0.5 2.0( 0.6 -0.86( 0.5 170( 60
CD3OH 0.39
C2H5OH -3.1( 0.2 5.4( 0.7 -0.88( 0.1 270( 40
i-C3H7OH -3.1( 0.2 6.8( 0.8 -0.66( 0.3 17( 4
i-C3D7OH 2.1
CH2O -3.4( 0.4 25( 6
(NH3)4RhH2+ -2.9 250
C2H5CHO 89( 0.5

a m1 ) (Abs∞ - Abs0)/[LMOOH2+]0 ) ∆ε at [RH]/[Feaq
2+] approaching

infinity. b m2 ) kRH/kT1, see Scheme 1.

Figure 3. Plot of kobs against [Feaq
2+] for the Feaq

2+/(NH3)4RhOOH2+

reaction at 0.044 M C2H5CHO.

Rh(IV) Complexes in Aqueous Solution
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[Feaq
2+] in Figure 4. A fit of the experimental data to eq 3

yieldedm4 ) (8.9 ( 0.05)× 10-3.

The CraqOOH2+/Feaq
2+ reaction in the presence of

alcohols was used to confirm the methodology applied to
the reactions of hydroperoxorhodium(III) ions. It was shown
earlier that the Feaq

2+/CraqOOH2+ reaction generates CraqO2+,
and the kinetics of the reactions of CraqO2+ with a number
of substrates are known independently.30 The comparison
between the ratios of directly measured rate constants and
the data obtained in the competition experiments described
later will thus allow us to estimate the reliability of the
approach used in the LRhOOH/Feaq

2+/substrate reactions.
A solution of 50µM CraqOOH2+ was allowed to react with

0.63-1.45 mM Feaq
2+ in the presence of 0.23 mM Feaq

3+

and variable amounts of methanol, ethanol, or 2-propanol.
The reactions were followed spectrophotometrically at 240
nm. The kinetic behavior of the CraqOOH2+ system was
qualitatively the same as that of the hydroperoxorhodium
complexes, but the precision and reproducibility of the data
depended severely on experimental conditions, probably
because both CraqOO2+ and CraqOOH2+ are significantly less
stable than the rhodium analogues. The data treatment
according to eq 2 yielded parametersm1 andm2 in Table 1.

The L2Rh2+/Tl(III) reaction was examined briefly as a
potential source of L2RhO2+ for direct kinetic studies. The
two-electron oxidation of Craq

2+ by Tl(III) successfully
produced CraqO2+ in our earlier work.30 A spectrophotometric
titration of 0.34 mM L2Rh2+ with a 6.5 mM solution of Tl-
(III) at pH 1 afforded a 1.6:1 [L2Rh2+]/[Tl(III)] stoichiometry,
suggesting that the oxidation proceeded beyond the Rh(III)
stage.

The reaction of L2Rh2+ with excess Tl(III) was also studied
by stopped-flow at pH 1. The absorbance decrease at 280
nm obeyed first-order kinetics. A plot ofkobs against
[Tl(III)] was linear with a zero intercept and a slope of (2.25
( 0.08) × 105 M-1 s-1. In a sequential stopped-flow

experiment at pH 0.52, Feaq
2+ (1.6-2.0 mM) was introduced

10-500 ms after L2Rh2+ (0.075-0.15 mM) had been mixed
with Tlaq

3+ (2.5 mM). No Feaq
3+ could be detected, indicating

that any potential intermediates in the L2Rh2+/Tl(III) reaction
are exceedingly short-lived. The same conclusion was
reached when ABTS2- or L1Ni2+ was added immediately
after the manual mixing of Tl(III) and L2Rh2+.

Discussion

A reasonable mechanism for the CraqOOH2+/Feaq
2+ reac-

tion in the presence of alcohols is shown in eqs 4-7, all of
which are known independently. The CraqO2+ ion, produced
in eq 4 (k4 ) 48 M-1 s-1)25a reacts with the alcohol by
hydride transfer, eq 5, and with Feaq

2+ by electron transfer,
k7 ) 3.8 × 103 M-1 s-1.25b The Craq

2+ produced in eq 5 is
oxidized to Craq

3+ by Feaq
3+, eq 6. From the data at 1.0 M

ionic strength,31 the value ofk6 at 0.10 M ionic strength is
estimated as∼3 × 104 M-1 s-1.

Other potential competing reactions, shown in eqs 8-10,
can be ignored under our experimental conditions. Reaction
8, for which a rate constant of 108 M-1 s-1 was estimated
earlier from the yields of CraqOO2+ in the CraqO2+/CH3OH/
O2 reaction, involves two transient species, and reactions 9
(assumed to havek ∼ 104-105 M-1 s-1, comparable to the
Craq

2+/H2O2 reaction)32 and 10 (k10 ) 1.3 × 103 M-1 s-1)30

have a concentration disadvantage relative to eqs 5-7 at the
large excesses of alcohols, Feaq

3+, and Feaq
2+ used.

In the absence of alcohols, the reaction yields 2 equiv of
Feaq

3+, eq 11. At high alcohol concentrations, reaction 5
dominates over reaction 7, the net result being the Fenton-
like, Feaq

2+-catalyzed oxidation of the alcohols by Craq-
OOH2+, eq 12.

(30) Bakac, A.Prog. Inorg. Chem.1995, 43, 267-351.

Figure 4. Plot of ∆[(NH3)5CoBr2+]/[(NH3)4RhOOH2+]0 against [C2H5-
CHO]/[Feaq

2+] for the reaction between 60µM (NH3)4RhOOH2+ and 0.62
mM Feaq

2+ in the presence of 0-0.21 M C2H5CHO and 1 mM (NH3)5-
CoBr2+. Monitoring wavelength 320 nm, oxygen-free atmosphere, pH)
1, 25 °C. Data were fitted to eq 3.

∆[(NH3)5CoBr2+]/[(NH3)4RhOOH2+]0 )
m4y

m4y + 1
(3)

CraqOOH2+ + Feaq
2+ (+H+) f CraqO

2+ + Feaq
3+ + H2O

(4)

CraqO
2+ + R2CHOH f Craq

2+ + R2CO + H2O kROH (5)

Craq
2+ + Feaq

3+ f Craq
3+ + Feaq

2+ (6)

CraqO
2+ + Feaq

2+ (+2H+) f Craq
3+ + Feaq

3+ + H2O kFe

(7)

Craq
2+ + CraqO

2+ (+2H+) f 2Craq
3+ + H2O (8)

Craq
2+ + CraqOOH2+ (+H+) f Craq

3+ + CraqO
2+ + H2O

(9)

CraqO
2+ + CraqOOH2+ (+H+) f

Craq
3+ + CraqOO2+ + H2O (10)

CraqOOH2+ + 2Feaq
2+ (+3H+) f

Craq
3+ + 2Feaq

3+ + 2H2O (11)

CraqOOH2+ + R2CHOH (+H+)98
Feaq

2+

Craq
3+ + R2CO + 2H2O (12)

Pestovsky and Bakac
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The amount of Feaq
3+ produced should depend on the

relative proportion of the reactions in eqs 7 and 5. Because
only Feaq

3+ and CraqOOH2+ absorb significantly at 240 nm,
the molar absorptivity change can be expressed as in eq 13,
whereεCr is the molar absorptivity of CraqOOH2+, and the
rate constantskROH andkFe are defined in eq 5 and 7.

Rearrangement yields the expression in eq 14.

Comparison with eq 2 identifiesm1 as -εCr and m2 as
kROH/kFe. By substituting the known value forkFe (3.8× 103

M-1 s-1),25b we calculated the absolute rate constantskROH

in Table 2, which also lists the values measured directly in
our previous work.30 The two sets of data agree reasonably
well with each other, considering that widely different
methods were used in the two studies. The absolute rate
constants measured in the earlier work relied on the formation
of Craq

2+ by hydride transfer, and quantitative capture of
Craq

2+ by O2 to generate CraqOO2+, a species used to monitor
the progress of the reaction. The present work uses absor-
bance changes at 240 nm and the scheme based on eqs 4-7
to determine the ratios of rate constantsk5 andk7. In addition,
kROH in this work is probably subject to a systematic error
caused by traces of hydrogen peroxide (from slow hydrolysis
of CraqOOH2+) and chromate(VI) (from preparation and
decomposition of CraqOO2+ during the degassing step), both
of which would react with Feaq

2+ and alter the amount of
Feaq

3+ produced. No correction for these side reactions was
attempted because the exact amounts of interfering species
could not be estimated with confidence, but they had to be
small to yield the agreement within the estimated error in
the best case (2-C3H7OH) and to within less than a factor of
3 in the worst case (C2H5OH).

Hydroperoxorhodium(III) complexes also react with Feaq
2+

to produce intermediates that discriminate between Feaq
2+

and various substrates. It is reasonable to assume that the
rhodium complexes, like their chromium counterparts, react
with Feaq

2+ in Fenton-type chemistry. This assumption is
further supported by the similarity in rate constants, 48 M-1

s-1 for CraqOOH2+, 30 for (NH3)4RhOOH2+, and 31 for L2-
RhOOH2+. We have shown earlier that one-electron, that
is, Fenton-type, reactions of H2O2 and metal hydroperoxides
occur with similar rate constants for a given reductant.30 The
two-electron (O-atom transfer) reactions, on the other hand,
show much greater kinetic selectivity and span a wide range
of rate constants.30

On the basis of these considerations, we suggest that major
mechanistic features of the CraqOOH2+/Feaq

2+ reaction are
reproduced in the LRhOOH2+/Feaq

2+ reaction. The more
complicated behavior in the rhodium case is attributed to
the short lifetime and complex chemistry of the intermediate
LRhO2+ species. The proposed mechanism is presented in
Scheme 1, where L represents L2 or (NH3)4.

We first consider the case of L2RhOOH2+. In addition to
the bimolecular reactions with Feaq

2+ and RH, LRhO2+ may
(and, as shown later, does) undergo rapid decay, probably
by intramolecular electron transfer to generate a RhIII-(ligand
radical) complex, which decays further to stable products.
Similar chemistry has been reported for high-valent macro-
cyclic complexes of cobalt, nickel, and iron.25c,33-35

In the absence of added substrates, the reaction with Feaq
2+

should have a 2:1 stoichiometry, provided the excess of
Feaq

2+ is large enough to avoid the loss of L2RhO2+ in the
decomposition reaction. This was confirmed by the data
shown in Figure 1. At low [Feaq

2+], the molar absorptivity
change,∆ε, increased with increasing [Feaq

2+] until it reached
a plateau. At [Feaq

2+] approaching zero, the molar absorp-
tivity change in the reaction, where decomposition of L2-
RhO2+ is the only possible outcome, is∆ε0 ) (εFe + ε(L′Rh)

- ε(L2RhOOH)). At [Feaq
2+] approaching infinity,∆ε∞ ) (2εFe

+ ε(L2Rh3+) - ε(L2RhOOH)). We define the difference in the
molar absorptivity change caused by the decomposition of
L2RhO2+ as ∆ε(decomp) ) ∆ε∞ - ∆ε0 ) (εFe + ε(L2Rh3+) -
ε(L′Rh)), where L′ is the modified macrocyclic ligand. A
derivation, similar to that for eq 14, results in an expression

(31) Carlyle, D. W.; Espenson, J. H.J. Am. Chem. Soc.1969, 91, 599-
606.

(32) Bakac, A.; Espenson, J. H.Inorg. Chem.1983, 22, 779-783.

(33) Barefield, E. K.; Mocella, M. T.J. Am. Chem. Soc.1975, 97, 4238-
4246.

(34) McAuley, A.; Xu, C.Inorg. Chem.1992, 31, 5549-5554.
(35) Goedken, V. L.; Busch, D. H.J. Am. Chem. Soc.1972, 94, 7355-

7363.

Table 2. Rate Constants for the Reaction between CraqO2+ and
Alcohols Obtained in This Work and by Direct Measurement at 25°C,
pH 1, and 0.10 M Ionic Strength

R2CHOH kROH/M-1 s-1 a kROH/M-1 s-1 b

CH3OH 60( 23 22.7( 0.6
C2H5OH 104( 17 ∼40c

i-C3H7OH 6.6( 1.6 5.2( 0.2

a This work. b From ref 30.c Estimated from the rate constant atµ )
1.0 M.

∆ε ) -εCr + 2εFe

kFe[Feaq
2+]

kFe[Feaq
2+] + kROH[R2CHOH]

(13)

∆ε ) -εCr +
2εFe

1 +
kROH

kFe

[R2CHOH]

[Feaq
2+]

(14)

Scheme 1

LRhOOH2+ + Feaq
2+ (+H+) 98

kI
LRhO2+ + Feaq

3+ + H2O

LRhO2+ 98
kd

L′RhIII

LRhO2+ + Feaq
2+ (+2H+) 98

kT1
LRh3+ + Feaq

3+ + H2O

LRhO2+ + R2CHOH98
kRH

LRh2+ + R2CO + H2O (or LRhOH2+ + R2C
•OH)

LRh2+ + Feaq
3+ 98

kT2
LRh3+ + Feaq

2+

R2C
•OH + Feaq

3+ 98
kT3

R2CO + Feaq
2+ + H+
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for ∆ε in terms of [Feaq
2+], ∆ε0, and∆εdecomp, eq 15. A fit

of the experimental data to eq 15, see Figure 1, afforded
kd/kT1 ) (8 ( 4) × 10-5 M.

Scheme 1 is also applicable to the reactions of (NH3)4-
RhOOH2+, except for the chemistry of the decomposition
step(s). An intramolecular electron transfer to generate a
RhIII-(ammine radical) complex is considered unlikely for
this purely inorganic ion. Instead, (NH3)4RhO2+ probably
undergoes disproportionation and/or hydrolysis to stable
products. Surprisingly, (NH3)4RhO2+ does not appear to be
more persistent than L2RhO2+. The somewhat lower con-
centrations of Feaq

2+ required for the stoichiometry of (NH3)4-
RhOOH2+/Feaq

2+ reaction to reach saturation can probably
be accounted for by the larger rate constant for the capture
of the Rh(IV) intermediate compared to that formed in the
L2Rh2+/Feaq

2+ reaction. Here, we assume that the reactivity
difference is caused mostly by steric effects and is thus
similar to that observed in the reactions of L1Rh2+ and L2-
Rh2+ with Feaq

3+.28 In those reactions, the rate constant for
the L1 complex, which we believe to be a good approxima-
tion for the tetraammine complex, was∼6 times larger than
that for the L2 compound. This result is comparable to the
∼7 times smaller amount of Feaq

2+ required to scavenge
(NH3)4RhO2+ in this work.

Some of the intermediates produced during the self-decay,
such as partially hydrolyzed Rh(IV) and transient Rh(V)
species, may themselves react with added substrates and,
thus, affect the outcome of competition experiments. To
avoid these complications, the self-decay was prevented by
using>0.2 mM Feaq

2+, an amount that is even larger than
that required for the 2:1 ([Feaq

2+]/[(NH3)4RhOOH2+]) stoi-
chiometry in the absence of added substrates. Thus, the data
in Table 1 and Figure 2 are believed to represent the
competition ratio for the first intermediate formed, which
we suggest is (NH3)4RhO2+.

As one might expect, alcohols are the weakest, and (NH3)4-
RhH2+ is the strongest, competitor for Rh(IV), as shown by
the data in Table 1. The kinetic isotope effect,kH/kD, for the
reaction with methanol (5.0) and 2-propanol (3.2) clearly
indicates the involvement of the alcohol C-H bonds in the
transition state.

The relative reactivities of various substrates toward
(NH3)4RhO2+ and CraqO2+, calculated from the data in Tables
1 and 2, are summarized in Table 3. In the rhodium series,
the reactivity increases smoothly within the series of alcohols.
In the chromium case, all of the organic materials have
similar rate constants, and only (NH3)4RhH2+ is significantly
faster than the rest of the substrates. We note that all of the
substrates in Table 3, except (NH3)4RhH2+ and propional-
dehyde, react with CraqO2+ by hydride transfer.30 It is
tempting to suggest that the different reactivity pattern for
(NH3)4RhO2+ reflects a different mechanism, such as hy-

drogen atom transfer, but the data are insufficient for such
a conclusion.

Of all the substrates in Table 1, only C2H5CHO exhibited
a significant effect on the kinetics of (NH3)4RhOOH2+

disappearance, clearly signaling a mechanistic change. Two
of the most likely possibilities are discussed here.

In one scenario, the (NH3)4RhO2+/substrate reaction takes
place by H-atom abstraction for all the substrates except
C2H5CHO, which reacts by hydride transfer. Even the lowest
concentrations of Feaq

3+ are capable of scavenging alcohol-
derived radicals (k ) 108 M-1 s-1)36 produced by H-atom
abstraction, and Scheme 1 holds for the alcohols. No (NH3)4-
Rh2+ is produced by this mechanism.

In contrast, the hydride transfer from C2H5CHO would
generate (NH3)4Rh2+, which reacts with Feaq

3+ more slowly37

than reducing carbon radicals do. At the low concentrations
of Feaq

3+ present in C2H5CHO experiments, the (NH3)4Rh2+/
(NH3)4RhOOH2+ reaction becomes important (k ) 4 × 105

M-1 s-1 for L1Rh2+/tert-BuOOH reaction)26 and creates a
chain, Scheme 2. The competing (NH3)4RhO2+/Feaq

2+ reac-
tion is responsible for the modest chain length observed.

The efficiency of the chain reaction (and hence the chain
length and absolute rates) strongly depends on the degree
of competition between the propagating (NH3)4RhO2+/C2H5-
CHO reaction and the termination steps T1 and T2. At low

∆ε ) ∆ε0 +
∆ε(decomp)

1 +
kd

kT1[Feaq
2+]

(15)

Table 3. Relative Reactivities of (NH3)4RhO2+ and CraqO2+ toward
Substrates X at pH 1 and 25°C

kX/kMeOH

X (NH3)4RhO2+ a CraqO2+ b

CH3OH 1 1
C2H5OH 2.7 1.7
i-C3H7OH 3.4 0.23
CH2O 12.5 1.8
C2H5CHO 45
C(CH3)3CHO 0.71
(NH3)4RhH2+ 125
([14]-aneN4]RhH2+ 430a,c

a Ionic strength) 0.10 M. b Ionic strength) 1.0 M. Data from ref 30.
c From ref 24.

Scheme 2

(NH3)4RhOOH2+ + Feaq
2+ (+H+) 98

kI

(NH3)4RhO2+ + Feaq
3+

(NH3)4Rh2+ + (NH3)4RhOOH2+ 98
kP1

(NH3)4RhOH2+ + (NH3)4RhO2+

(NH3)4RhO2+ + C2H5CHO98
kP2

(NH3)4Rh2+ + C2H5C(O)OH

(NH3)4RhO2+ + Feaq
2+ (+2H+)98

kT1

(NH3)4Rh3+ + Feaq
3+ + H2O

(NH3)4Rh2+ + Feaq
3+ 98

kT2
(NH3)4Rh3+ + Feaq

2+
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[Feaq
2+], the main chain-terminating step is probably T2, so

that the overall rate constant is proportional to [Feaq
2+]. At

higher [Feaq
2+], termination by step T1 becomes important,

and the overall rate decreases. Both phenomena were
qualitatively reproduced in our kinetic simulations, and the
results at low [Feaq

2+] (0.08-0.24 mM) were in excellent
quantitative agreement with experimental data.

Clearly, the long chain approximation is not strictly
applicable in this case, but such a treatment does provide
some insight and allows a reasonable analysis of the kinetic
data. Ignoring reaction T2 at the low [Feaq

3+] used, the
sequence of steps I, P1, P2, and T1 yields the rate law in eq
16.

After substitution forkI ) 30 M-1 s-1, one obtains the ratio
kP2/kT1 ) 0.013, which is shown in Table 1 as parameter
m2.

In another option, it is the strongly reducing nature of acyl
radicals that is responsible for the chain. This possibility is
shown in Scheme 3, which retains the one-electron mech-
anism of the alcohol reactions but uses acyl radicals as chain
carriers. The chemistry shown has a precedent in the
reactions of H2O2 with hydroxyalkyl38 and hydrated acyl
radicals.39 In the present work, the chain was observed only
in the propionaldehyde reaction, presumably because (hy-
drated)40 acyl radicals are more reactive thanR-hydroxyalkyl
radicals in reaction P3, and also because the reactions with
alcohols and CH2O were carried out in the presence of added
Feaq

3+, which would readily terminate the chain.

If chain propagation takes place by reactions P3 and P4,
then the observed rate constant iskIkP4/kT1, which giveskP4/
kT1 ) 0.013.

To confirm the validity of this data analysis, we conducted
the Feaq

2+/(NH3)4RhOOH2+/C2H5CHO reaction in the pres-
ence of (NH3)5CoBr2+, which reacts rapidly with both Rh-

(II) complexes and hydrated acyl radicals.24 Under these
conditions, there is no chain reaction, and the amount of
(NH3)5CoBr2+ consumed is a function of the competition
between reactions T1 and P2 (and/or P4), eq 17, which upon
rearrangement gives eq 18.

Comparison with eq 3 identifies parameterm4 as the ratio
kP2/kT1 ) 8.9× 10-3. The agreement with the value obtained
under the chain conditions (1.3× 10-2) is satisfactory and
supports our approach.

Both possibilities presented here adequately explain the
faster reaction with the aldehyde, but it is not clear why either
possibility should apply. The sudden switch from H-atom
transfer to hydride transfer for C2H5CHO is difficult to
justify. If anything, the opposite might be expected; that is,
alcohols and formaldehyde would appear more likely to react
by hydride transfer, and higher aldehydes by hydrogen atom
transfer, as observed for CraqO2+. However, our kinetic
simulations show that such an explanation would require that
all of the substratesexceptC2H5CHO exhibit chain kinetics,
contrary to the observations. At this stage, it is reasonable
to suggest that (NH3)4RhO2+ reacts by hydrogen atom
abstraction in most cases, but no clear distinction can be
made for propionaldehyde.

In the absence of absolute rate constants for the reactions
of Rh(IV) species in this work, a direct comparison with
CraqO2+ is not feasible, but some interesting points have
emerged. The relative rate constants in Table 3 for rhodium
reactions show a clear trend, as opposed to the CraqO2+ case.
One feature that separates CraqO2+ from the rhodium
complexes is the presence of water ligands in equatorial
positions. Normally, one would not expect equatorial ligands
to play a major role in hydrogen atom or hydride transfer to
the axial site, but the cis-aqua ligands may participate in
hydrogen-bonded transition-state structures and attenuate the
effects of other rate-influencing factors. The dramatic role
of hydrogen bonding in hydrogen transfer reactions has been
demonstrated.41

The observed 1.6:1 stoichiometry for the L2RhH2+/Tlaq
3+

reaction shows that it is not a clean two-electron oxidation
of the rhodium. It is not clear whether the reaction occurs in
one- or two-electron steps and what kind of intermediates
are involved. The inability to oxidize Feaq

2+, L1Ni2+, and
ABTS2- immediately after mixing L2Rh2+ with Tlaq

3+ clearly
shows that L2RhO2+ either was not produced or it decayed

(36) Neta, P.; Grodkowski, J.; Ross, A. B.J. Phys. Chem. Ref. Data1996,
25, 709-1050.

(37) The oxidation of the closely related L1Rh2+ by Feaq
3+ hask ∼ 105

M-1 s-1.26

(38) Burchill, C. E.; Ginns, I. S.Can. J. Chem.1970, 48, 2628-2632.
(39) McElroy, W. J.; Waygood, S. J.J. Chem. Soc., Faraday Trans.1991,

87, 1513-1521.
(40) Schuchmann, M. N.; von Sonntag, C.J. Am. Chem. Soc.1988, 110,

5698-5701.
(41) Avila, D. V.; Ingold, K. U.; Lusztyk, J.; Green, W. H.; Procopio, D.

R. J. Am. Chem. Soc.1995, 117, 2929-2930.

∆[(NH3)5CoBr2+] )

[(NH3)4RhOOH2+]0

kP2[C2H5CHO]

kP2[C2H5CHO] + kT1[Feaq
2+]

(17)

∆[(NH3)5CoBr2+]

[(NH3)4RhOOH2+]0

)

kP2

kT1

[C2H5CHO]

[Feaq
2+]

kP2

kT1

[C2H5CHO]

[Feaq
2+]

+ 1

(18)

rate)
kIkP2

kT1
[(NH3)4RhOOH2+][C2H5CHO] (16)
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rapidly on its own or in reactions with the rhodium and/or
thallium species in solution. If the latter is true, and a
reasonable upper limit of∼108 M-1 s-1 is placed on all the
potential competing bimolecular reactions of L2RhO2+, the
sequential stopped-flow data provide an estimate ofkd >
100 s-1. Obviously, this analysis assumes that the L2Rh2+/
Tlaq

3+ reaction involves the same intermediate as the L2-
RhOOH2+/Feaq

2+ reaction. From thekd/kT1 value previously
described, we then calculatekT1(L2RhO2+) > 106 M-1 s-1.
This rate constant is rather large for electron-transfer
involving Feaq

2+, showing that either the oxidizing power
of L2RhO2+ is comparable to those of Tlaq

2+ 42 or Br2•-,43 or
our analysis does not apply because the two types of

experiments yielded different intermediates. Further work is
needed to resolve this issue.
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