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The reaction between molecular oxygen and rhodium hydrides L(OH)RhHþ (L = (NH3)4, trans-L
1, and cis-L1, where

L1 = cyclam) in basic aqueous solutions rapidly produces the corresponding hydroperoxo complexes. Over the pH range
8 < pH < 12, the kinetics exhibit a first order dependence on [OH-]. The dependence on [O2] is less than first order and
approaches saturation at the highest concentrations used. These data suggest an attack byOH- at the hydride with k = (1.45
( 0.25)� 103M-1 s-1 for trans-L1(OH)RhHþ at 25 �C, resulting in heterolytic cleavage of theRh-Hbond and formation of
a reactive Rh(I) intermediate. A competition between O2 and H2O for Rh(I) is the source of the observed dependence on
O2. In support of this mechanism, there is a significant kinetic isotope effect for the initial step, L1(OH(D))RhH(D)þ þ
OH(D)-sfrs

k1
k-1

L1(OH(D))RhI þ H(D)2O, k1H/k1D = 1.7, and k-1H/k-1D = 3.0. The activation parameters for k1 for
trans-L1(OH)RhHþ are ΔH‡ = 64.6 ( 1.3 kJ mol-1 and ΔS‡ = 40 (4 J mol-1 K-1.

Introduction

Dioxygen reacts with transition metal hydrides in both
aqueous and organic solvents to yield hydroperoxo metal
complexes. Such reactions have been directly observed for the
hydrides of, for example, platinum,1,2 palladium,3,4 cobalt,5

and rhodium.6-10 Several mechanisms have been proposed,
including direct insertion3 by hydrogen atom abstraction and
intramolecular rearrangement of the metal-HOO entity,11

radical chain reactions,1,2,9,12,13 reductive elimination of HX
from Pd(II) to generate Pd(0) followed by the reaction with
O2,

4 and several variants of these and related mechanisms, as
recently summarized.4,14

This type of chemistry plays an important mechanistic role
in aerobic oxidation of organic substrates catalyzed by transi-
tion metal complexes.4,6,14-17 In oxidations catalyzed by
palladium,18,19 oxygen insertion into the metal hydride bond
has been postulated as a key step that generates the hydro-
peroxide. Iridium(III)-catalyzed oxidation of alcohols with
molecular oxygen also generates an Ir(III) hydroperoxide as
intermediate.20 Hydroperoxides have been proposed to be
involved in the oxidation of cyclopentene to cyclopentanone
catalyzed by dichlorobis(N,N-diethylacetamide)palladium-
(II)18 and in palladium(II) acetate-catalyzed oxidation of
terminal alkenes.21 Palladium peroxides have been shown to
transfer an oxygen atom to terminal alkenes through a five-
membered intermediate in peroxy-palladation,22 again sup-
porting the involvement of metal hydroperoxides in the
catalytic oxidation of olefins with O2.
The reaction of rhodium hydrides with dioxygen has been

used in our laboratory in the past as a convenient prepara-
tive route to rhodium hydroperoxides.23-25 At pH g 11 in
O2-saturated solutions, the reaction is instantaneous and
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produces the hydroperoxidesL(OH)RhOOHþ (L= (NH3)4,
trans-L1, and cis-L1) in∼80%yield. The ligand structures are
shown in Chart 1. The complexes (CN)4(H2O)RhH2- and
trans-(OH)(en)2RhHþ (en=ethylenediamine) also have been
reported to engage in similar reactions.7,8 Qualitative obser-
vations suggested8 an attack by hydroxide ion at the hydride
to generate rhodium(I) followed by the reaction with dioxy-
gen and water to form the final product. Although plausible,
this mechanism has never been confirmed.
In addition to the thermal reactions, hydroperoxides also can

begenerated from thehydrides byphotochemical oxidation.9,13

UV irradiation of (NH3)4(H2O)RhH
2þ in oxygen-saturated

acidic aqueous solutions9 yielded (NH3)4(H2O)RhOOH
2þ bya

free radical mechanism utilizing Rh(II) and superoxorhodium-
(III) ions as chain carriers. Once the reaction was initiated
photolytically, the growth of (NH3)4(H2O)RhOOH

2þ contin-
ued even in the dark as long as sufficient amounts of oxygen
were available.
We carried out an independent kinetic andmechanistic study

of the thermal reaction between L0(H2O)MOO2þ (L0 =
(NH3)4, trans-L

1, cis-L1, (H2O)5; M = RhIII, CrIII) and L00-
(H2O)RhH

2þ (L00 =(NH3)4, trans-L
1, ormeso-Me6-cyclam).12

In that work, hydrogen atom transfer from rhodium hydrides
to the superoxo complexes has been unambiguously established
on the basis of reaction products and large kinetic isotope
effects, kRhH/kRhD=7.6. The activation parameters, especially
the large negative entropies of activation, are also consistent
with the bimolecular process shown in eq 1, followed by rapid
capture of L00(H2O)Rh

2þ with O2, eq 2. For the L1(H2O)-
RhH2þ/(H2O)5CrOO

2þ reaction, the values areΔH‡=20.3 kJ
mol-1 and ΔS‡ = -136 J K-1 mol-1. The chemistry in eqs 1
and 2 becomes catalytic when L0 =L00.

L0ðH2OÞMOO2þ þL00ðH2OÞRhH2þ

f L0ðH2OÞMOOH2þ þL00ðH2OÞRh2þ ð1Þ

L00ðH2OÞRh2þ þO2 f L00ðH2OÞMOO2þ ð2Þ
In an earlier NMR study of the dynamics of the Rh-H

bond26 in L1(H2O)RhH
2þ, we have established a first order

kinetic dependenceonhydroxide concentration for the exchange
of hydrogen between rhodium hydride and solvent water. That
work was carried out in D2O at pD 8-9. The attack by OD-

was proposed to take place at the hydride and to lead to aRh(I)
species, followed by fast reaction with D2O, as in eqs 3 and 4.

L1ðODÞRhIIIHþ þOD- sf
k3

L1ðODÞRhI þHOD ð3Þ

L1ðODÞRhI þD2O sf
fast

L1ðODÞRhDþ þOD- ð4Þ

OH- catalysis in both H-exchange and oxygen insertion
into Rh-H bond suggested to us that similar intermediates
might be involved in the two reactions. To address this
possibility and to resolve themechanism of oxygen insertion,
we have now undertaken a detailed kinetic and mechanistic
study of the reaction of O2 with several rhodium hydrides.
Our findings are presented herein.

Experimental Section

Perchlorate or trifluoromethanesulfonate salts of the
hydrides (NH3)4(H2O)RhH2þ, trans-(cyclam)(H2O)RhH2þ

(hereafter trans-L1(H2O)RhH2þ), and cis-L1(H2O)RhH2þ,
as well as the deuterated analogues trans-L1(D2O)RhD2þ

and cis-L1(D2O)RhD2þ were prepared according to pub-
lished procedures.12,27,28NaClO4,NaOH (both fromFisher),
D2O (99.9%,Aldrich), piperazine-N,N0-bis(4-butanesulfonic
acid) (PIPBS), and 2-(N-morpholino)-butanesulfonic acid
(MOBS) (both from GFS Chemicals) were used as received.
The pH was adjusted with buffers (MOBS, PIPBS, pH 8-9)
and NaOH (pH 11-13) and was measured with Accumet
AP71 pH meter after completion of each experiment. The
ionic strength was maintained with NaClO4 at 0.10 M. In-
house distilled water was further purified with a Barnstead
EASY pure II system. UV-vis spectral and some kinetic
measurements utilized a Shimadzu 3101 PC spectrophot-
ometer at 25.0 ( 0.2 �C. Reactions with half-lives shorter
than10 swere studiedwithanAppliedPhotophysics stopped-
flow instrument.
Kinetics of oxygen insertion were studiedwith [O2] in large

excess over the concentration of rhodium hydrides (0.020 to
0.10mM).Typically, anaqueous solution containing0.020M
bufferwas placed in aUV-vis cell and saturatedwith oxygen
or air at the reaction temperature. The appropriate amount
(usually 20μL)ofL(H2O)RhH2þ stock solutionwasadded to
initiate the reaction. The kinetics were monitored at 241 nm,
the maximum absorbance of all three hydroperoxides.
For the stopped-flow experiments, two solutions were

prepared. One contained 0.040 mM L(H2O)RhH2þ and the
other appropriate concentrations of NaOH and NaClO4.
The desired concentration of O2 in both solutions was
achieved by mixing stock solutions that were saturated with
air, O2, or Ar at the temperature of the kinetic experiment
(between 278 and 308 K). The kinetic solutions were loaded
into the stopped-flow syringes and thermostatted for an
additional 10 min at the desired temperature before the
reaction was initiated. Kinetic analyses were performed with
KaleidaGraph 4.0 PC software.

Results

The complexes L(OH)RhHþ (L=(NH3)4, cis-L
1, and trans-

L1) in alkaline solutions react rapidly with dioxygen to give
L(OH)RhOOHþ, as shown in eq 5. Figure 1 presents UV-vis
spectra of the reactants and products of the (NH3)4(OH)-
RhHþ/O2 reaction. At the 241-nm maximum, the molar ab-
sorptivity of (NH3)4(H2O)RhOOH2þ/(NH3)4(HO)RhOOHþ

varies from 4000 M-1cm-1 to 4600 M-1cm-1, depending on
pH.29

LðOHÞRhHþ þO2sf
OH-

LðOHÞRhOOHþ ð5Þ

Chart 1. Structures of Some Hydridorhodium Dications Used in This
Work
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In strongly basic solution, the coordinated water molecule
in the hydroperoxorhodium complexes is deprotonated
(pKa = 7.8 for (NH3)4(H2O)RhOOH2þ).29 The correspond-
ing pKa for the hydrido complexes is not known, but most
likely thehydroxo formpredominates at pHg8.The expected
similarity in the pKa of the coordinated water in hydrido and
hydroperoxo complexes comes from the general similarity in
their chemical structures and identical overall charge (2þ). It
has been established before that the pKa of coordinatedwaters
for superoxo and hydroperoxo complexes in similar chemical
environments are also almost identical, that is, pKa = 6.6
for L2(H2O)RhOOH2þ and 6.9 for L2(H2O)RhOO2þ (L2 =
meso-hexamethylcyclam).29

With [O2] present in large excess over the hydride, the
kinetic traces were exponential and yielded the observed
pseudo-first order rate constants kobs. These were indepen-
dent of (NH3)4(OH)RhHþ concentration in the range
0.020-0.10 mM, which confirms the first order dependence
on [(NH3)4(OH)RhHþ].
The rate increased with an increase in pH. The plot of log

kobs against log [OH
-] is linear over awide range of pHvalues,

as shown in Figure 2 at two concentrations ofO2. The slope of
the line drawn through the linear portion of the curve (pH
range 8-12) is 0.93 in O2-saturated solutions, and 0.97 in air,
confirming the first-order dependence on [OH-]. Slight cur-
vature is noticed at the highest OH- concentrations (pH >
12) at both O2 concentrations. We have not been able to
establish the source of this deviation. A possibility of partial
deprotonation of either anN-HorO-Hsite inL(OH)RhHþ

(L=L1 or (NH3)4), which would make the Rh-H less acidic
and less reactive towardOH-, is considered unlikely in viewof

the low acidity of themore highly charged rhodium complexes
(NH3)4Rh(OH)(O2)Rh(NH3)4

4þ (pKa=14) and (NH3)4Rh-
(OH)(O2)Rh(NH3)4

3þ (pKa>14).30Another possibility is that
the final step in the proposed mechanism of eqs 6-8, see
below, is not much faster than the rest of the chemistry at the
highest pH and becomes a kinetic step under those conditions.
The dependence on [O2] for the reaction with (NH3)4-

(OH)RhHþ at a constant pH is nonlinear as shown for pH 11
and pH 13 in Figure 3. The rate increases with [O2] at low
concentrations but levels off at the high end of [O2].
The kinetic behavior of two other complexes, trans- and

cis-L1(OH)RhHþ, closely parallels that of (NH3)4(OH)-
RhHþ. As shown in Figures S1-S4 (Supporting Informa-
tion), these reactions are also first order in [rhodium hydride]
and [OH-] and exhibit saturation in [O2].
A mechanism consistent with all the data is presented in

eqs 6-8. The OH--assisted removal of Hþ from the hydride
generates a Rh(I) intermediate that can react with eitherH2O
to return to the starting complex or O2 to generate a
peroxorhodium(III) species that rapidly acquires a proton
fromH2O and generates the observed hydroperoxo product.
The competition between steps -1 and 2 is the source of
kinetic saturation at high [O2], as is obvious from the rate law
in eq 9, which was derived by applying the steady state
approximation to the concentration of Rh(I). At high [O2],
the term k2[O2] becomes much greater than k-1, and the rate
law reduces to kobs = k1[OH-].

LðOHÞRhIIIHþ þOH-sfrs
k1

k-1

LRhI þH2O ð6Þ

LRhI þO2 sf
k2

LðOHÞRhIIIOO ð7Þ

LðOHÞRhIIIOOþH2O sf
fast

LðOHÞRhIIIOOHþ þOH-

ð8Þ

Figure 1. UV-vis spectra of (NH3)4(OH)RhHþ (a) and (NH3)4(OH)-
RhOOHþ (b) obtainedbyoxidationof (NH3)4(OH)RhHþwithO2atpH11.

Figure 2. Plot of the logarithm of the pseudofirst order rate constant vs
log [OH-] for the reaction between (NH3)4(OH)RhHþ and O2 in solu-
tions saturated with O2 (main figure) or air (inset) at 25 �C.

Figure 3. Plot of kobs vs [O2] for the reaction with (NH3)4(OH)RhHþ

(0.02 mM) at pH 11 (a) and pH 13 (b) at 25 �C. Data were fitted to eq 9.

(30) Springborg, J.; Zehnder, M. Acta Chem. Scand., Ser. A 1987, A41,
484–495.
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Rate ¼ kobs½LðOHÞRhHþ�

¼ k1k2½OH-�½O2�
k -1 þ k2½O2� ½LðOHÞRhHþ� ð9Þ

The kinetics were studied as a function of temperature in
the range 278-308 K at pH 11. The fit to eq 9 yielded
the values of k1 and k-1/k2 at four different temperatures,
as shown in Table 1. The activation parameters were
obtained by fitting the data to the Eyring equation. The fit,
shown in Figure 4, yielded ΔH1

‡ = 64.6( 1.3 kJ mol-1 and
ΔS1

‡ = 40( 4 J mol-1K-1. The ratio k-1/k2 is temperature
independent within the error of determination.
Kinetic data were also obtained for the deuterated com-

plexes trans-L1(OD)RhDþ and cis- L1(OD)RhDþ in D2O at
25 �C. These results are also shown in Table 1 and yielded the
kinetic isotope effects k1H/k1D=1.7 for both trans-L1(OH)-
RhHþ and cis-L1(OH)RhHþ. The corresponding isotope
effects for the ratios k-1/k2 are 3.0 and 3.3.

Discussion

The mechanism in eqs 6-8 features a bimolecular reaction
between rhodium hydrides and OH- as the rate determining
step. The same step has been observed earlier in hydrogen
exchange between trans-L1(OH)RhHþ and solvent water.26

The rate constant obtained in that earlier work from experi-
ments at pD8-9 inD2O, eq 3, was k3=1.42� 103M-1 s-1.26

The reverse reaction was prevented by working in D2O,
which made the concentrations of HOD negligible in com-
parison.
The value ofk1 obtained in thiswork from [O2] dependence

at pH 11, k1=(1.45( 0.25)� 103 M-1 s-1, is identical to k3,
strongly supporting the idea of common rate determining
step in the two reactions. Even though the attacking species is
OH- in eq 6 and OD- in eq 3, the same Rh-H bond is

cleaved in the two reactions and replaced with anO-Hbond
in water. One would thus expect the rate constants to be very
close, the only difference being a small secondary isotope
effect.
The k1 values for the three rhodium complexes in Table 1

fall within a narrow range, (1.45-3.68) � 103 M-1 s-1. This
result, and especially the similarity of the values for cis- and
trans-cyclam complexes, also supports the proposed acid-
-base chemistry in the rate determining step which should
not favor either isomer.
A variation of the mechanism in eqs 6-8, shown in eqs 10

and 11, features an unassisted deprotonation of the hydride
followed by the reaction ofRh(I) withO2 in competitionwith
the reverse reaction with Hþ. This mechanism yields a rate
law in eq 12 (where Kw= 10-14 M2), which in the limit-
ing cases reduces to kobs = k1

0 (when k2[O2]. k-1
0[Hþ]) and

kobs = k1
0k2[O2]/k-1

0[Hþ] (when k2[O2] , k-1
0[Hþ]). These

limits have the same general form as those indicated by eq 9.
In the intermediate regime, the two rate laws are different in
that both [O2] and [OH-] contribute to the denominator in
eq 12, unlike the straight first-order dependence on [OH-] in
eq 9.

LðOHÞRhIIIHþsfrs
k1

0

k-1
0

LRhI þHþ ð10Þ

LRhI þO2 sf
k2

LðOHÞRhIIIOO sf
fast

H2O
LðOHÞRhIIIOOHþ þOH-

ð11Þ

kobs ¼ k1
0k2½O2�

k -1
0½Hþ�þ k2½O2� ¼

k1
0k2½O2�½OH-�

k -1
0Kw þ k2½O2�½OH-� ð12Þ

The mechanism in eqs 10 and 11 can be discarded on
several grounds. Most importantly, it requires a pH-inde-
pendent limiting first-order rate constant at high [O2]. This
contradicts the experimental data which yielded a saturation
rate constant that is clearly [OH-]-dependent, as shown in
Figure 3. The limiting value at pH 13 is 50 times greater than
that at pH 11. A factor less than 102 simply confirms the less
than first order dependence on [OH-] at pH> 12, as shown
in Figure 2. In addition, the mechanism in eq 10-11 would
require an unreasonably acidic hydride (pKae 8) for all three
complexes studied. There is no experimental evidence for a
pKa in this range, except for that attributed to coordinated
water.29 A literature estimate for the hydride acidity in

Table 1. Summary of Kinetic Data for the Reactions of Rhodium Hydrides with O2
a

complex temp, K k1, 10
3 M-1 s-1 k-1/k2, 10

-3 M-1

(NH3)4(OH)RhHþ 278 0.608 ( 0.009 1.03 ( 0.03
(NH3)4(OH)RhHþ 288 1.52 ( 0.09 0.92 ( 0.10
(NH3)4(OH)RhHþ 298 3.68 ( 0.30 0.82 ( 0.13

1.83 ( 0.06b 0.962 ( 0.08b

(NH3)4(OH)RhHþ 308 9.06 ( 0.52 0.93 ( 0.09
trans-L1(OH)RhHþ 298 1.45 ( 0.25 1.18 ( 0.35 k1H/k1D = 1.7
trans-L1(OD)RhDþ 298 0.857 ( 0.034 0.401 ( 0.044 k-1H/k-1D = 3.0
cis-L1(OH)RhHþ 298 2.68 ( 0.33 4.08 ( 0.63 k1H/k1D = 1.7
cis-L1(OD)RhDþ 298 1.56 ( 0.07 1.23 ( 0.10 k-1H/k-1D = 3.3

a Solvent is H2O for hydrides and D2O for deuterides. Rate constants k1 and k-1/k2 were obtained from the dependence of kobs on [O2] at pH 11.
bObtained at pH 13, see text.

Figure 4. Plot of k1 vs temperature for (NH3)4(OH)RhHþ reacting with
O2 at pH 11. The line is a fit to Eyring equation.
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Rh(NH3)4(H2O)H2þ is pKa > 14.31 Our data and the fit to
the mechanism in eqs 6-8 place that pKa in the range 14 <
pKa < 17.
The kinetic isotope effect, KIE= kRhH/kRhD, wasmeasured

for the trans- and cis-L1(OH)RhHþ complexes at pH 11.
Because of the similar kinetics for O2 insertion and hydrogen
exchange, the hydrogen in the rhodium complex and solvent
were always matched, that is, L(OH)RhHþ was studied in
H2O, and L(OD)RhDþ in D2O. The change in solvent is not
expected to have a significant effect, based onour earlier studies
of L(H2O)RhH

2þ/L(H2O)RhOO
2þ reactions, which did not

exhibit a solvent isotope effect, kH2O/kD2O = 1.0.
Kinetic isotope effects in Table 1 further support the pro-

posed mechanism. The value of 1.7 for k1 is significant and
consistentwith thebreakingof theRh-Hbond.Themaximum
calculated KIE for this bond is 4.2, although values close to 8
have been obtained earlier for hydrogen abstraction from the
hydrides by a superoxochromium complex.12 According to the
mechanism in eqs 6-8, step k2 should not be affected by
isotopic substitution in either the hydride or solvent. Conse-
quently, the KIEs of 3.0 and 3.3 for the two L1(OH)RhHþ

complexes applies to k-1 alone, that is, to the breaking of
H-OH and D-OD bonds in the reaction with LRhI.
The activation parameters, particularly the activation

entropy for the (NH3)4(OH)RhHþ/OH- reaction, 40 ( 4 J
mol-1 K-1, are consistent with the proposed reaction be-
tween oppositely charged reactants. The decrease in entropy
expected for a bimolecular reaction is counteracted by
entropy increase that accompanies charge neutralization
and the reduction of rhodium from 3þ to 1þ. Both of these
effects cause the solvation in the transition state to relax, and
the entropy to increase.
The exact nature of the peroxorhodium product of eq 7 is

not known. It may be the side-on species, as is commonly
assumed in this type of reactions, but it might be difficult to

accommodate such geometry around Rh(III), especially in the
trans-L1 complex.As shown recently, the side-on arrangement is
not a requirement for hydroperoxo formation.14 A peroxide
bound end-on to palladium and hydrogen-bonded to the
coordinated carboxylic acid has been proposed as a low-energy
intermediate in the reaction between (py)(AcOH)Pd0 and O2 to
generate (py)(κ2-OAc)PdII(OOH), where AcOH is acetic acid.
Similarly stabilized end-onperoxide byhydrogen bonding to the
amine hydrogens could be envisaged in the present work,
although the five-membered ring implied in suchan intermediate
presents a geometry that is far from ideal for hydrogen bonding.
This work provides strong evidence for a previously

proposed,8 but unconfirmed bimolecular, OH--induced O2

insertion into a metal hydrogen bond, and extends the
already impressive array4 of mechanisms established for this
type of reactions. Interestingly, the opposite end of the
spectrum, that is, an acid-catalyzed O2 insertion into a
metal-hydrogen bond, has also been observed.32 The source
of the beneficial effect of benzoic acid on the kinetics of the
reaction between Pd(II) hydride and O2 in benzene appears,
however, to be the stabilization of the transition state for
reductive elimination,4 and not the direct acid-Pd(H) inter-
action.
Finally, the L(OH)RhHþ reaction in eq 6 is a convenient

source or Rh(I) for reactivity studies with substrates other
than oxygen. We are currently exploring several such reac-
tions.
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