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The characterization of intermediates in oxidation reactions of
transition metals is a common goal in biological and inorganic chem-
istry1 needed to guide the development of new industrial catalysts
that can use O2 as a sacrificial oxidant. Such advances require im-
proved capabilities for identifying metal-O2 adducts as well as
the mechanisms by which these species are formed. In this paper,
we examine oxygen equilibrium isotope effects (18O EIEs) on
reversible reactions that give rise to peroxide (O2

2-) and superoxide
(O2

1-) compounds. The EIEs reported here provide benchmarks
for interpreting intermediates during transition-metal-mediated O2

activation in a variety of natural and synthetic systems.2-4

Classic compounds with defined structures (Chart 1)5 were
chosen to examine how18O EIEs reflect the reduction of O2 as
well as the mode by which it coordinates to a metal center. The
observation of O-O stretching frequencies,ν(O-O) ) 800-930
cm-1 for side-on peroxide compounds and 1050-1200 cm-1 for
end-on superoxide compounds, has typically served this purpose,
although intermediate structures, such as those assigned to side-on
superoxide species, have challenged this simple means of clas-
sification.6 In principle,18O EIEs complement existing spectroscopic
techniques by reporting on changes in O-O bonding together with
the formation of new metal-O bonds.

In this work,18O EIEs were determined from the oxygen isotope
composition of metal-O2 adducts that had been pre-equilibrated
with natural abundance O2 from air. A detailed description of the
high vacuum apparatus and methodology used for preparing samples
has been published.2,3b,7 Samples were analyzed by isotope ratio
mass spectrometry (IRMS) which gives18O:16O to precisions of
(0.0002. The18O EIEs were calculated according to eq 1 where
Rt is the 18O:16O in the “total” O2 isolated from air-saturated
solutions containing the metal-O2 adduct;Ru is the18O:16O in the
“unbound” O2 from solutions containing only air and 1- f is the
fraction of metal-bound O2 in the air-saturated solutions.

Reversibility of O2 binding is a key requirement for accurate and
reproducible determinations of18O EIEs. Spurious results occur when
metal-O2 adduct decomposition leads to irreversible consumption of
O2 on the time scale of sample collection. In most experiments, the
recovery of O2 was nearly quantitative atg22°C; yields were deter-
mined by manometry and based on concentrations of the metal-O2

adducts detected by multinuclear NMR and UV-vis spectroscopy.7

Using the same methods, equilibrium constants for O2 binding (KO2)
under 1 atm of dry air were evaluated as a function of temperature
in chlorobenzene (ClBz) or dimethylformamide (DMF) (Table 1).7

The metal-O2 adducts in this study are derived from group IX
transition metals. Binding of O2 to square planar RhI or IrI precursors
gives products with side-on peroxide ligands.8 These structures are
characterized by18O EIEs of 2-3% in DMF at 22°C: 1.0199(
0.0017 (Rh), 1.0226( 0.0013 (IrNCO), and 1.0305( 0.0023 (IrCl).

Binding of O2 to five-coordinate CoII precursors gives products with
end-on superoxide ligands.9 Here, lower temperatures were neces-
sary to determine the18O EIEs, which are considerably smaller
than those quoted above: 1.0041( 0.0011 (Cosal) in DMF at -14
°C, 1.0053( 0.0017 (Cosal) in ClBz at -28 °C, and 1.0066(
0.0013 (Copor) in ClBz at-28 °C. Change in the18O EIE for Cosal

was undetectable from-28 to 0°C.7

The results for the diverse compounds in solvents of widely vary-
ing polarity10 provide strong evidence that18O EIEs are character-
istic of the level of O2 reduction together with the mode by which
O2 binds to the metal (Figure 1). The variation in the observed18O
EIEs is large considering that the range of calculated18O EIEs is
1.00-1.05 for reactions (where O2 is reduced to HO2, H2O2, H2O,
O2

1-, and O2
2-).11 Further, the distinctive18O EIEs for side-on perox-

ide and end-on superoxide structures are in contrast to the expecta-
tion of similar18O EIEs (∼1.01) based on an earlier model.11 This
model assumed analogous bonding within a metal superoxide spe-
cies and HO2 as well as within a metal peroxide species and H2O2.

The formalism of Bigeleisen and Goeppert-Mayer12 is generally
used to calculate heavy atom isotope effects in terms of the change
in force constants in proceeding from a reactant to a product state.
Using this approach,18O EIEs of 1.049 (O2 f O2

2-) and 1.033
(O2 f O2

1-) are predicted for the reduction of O2 in the absence
of concomitant bond formation (Figure 2). Here the size of the18O

18O EIE )
K(16O16O)

K(18O16O)
) 1 - f

Rt/Ru - f
(1)

Chart 1. Structures and Abbreviations of the Compounds
Examined

Table 1. Parameters Describing the Reversibility of O2 Binding

% yield
O2

a

KO2 × 10-3

(M-1)a

∆He

(kcal mol-1)
∆Se

(e.u.)

IrCl DMF 82(13) 16(1.9)b -8.4(0.5) -9.3(3.3)
IrNCO DMF 93(10) 1.3(0.30) -7.3(0.5) -10(2)
Rh DMF 90(6) 0.47(0.11) -15.1(0.8) -37(3)
Cosal DMF 97(5)c 0.32(0.02)c -13.1(1.0) -39(7)
Cosal ClBz 110(19)d 0.26(0.05)d -12.4(1.9) -40(7)
Copor ClBz 94(14)d 0.63(0.21)d -8.9(1.0)f -26(4)f

a Measured at 22( 2 °C under 1 atm of dry air unless noted;(1σ errors
are in parentheses.b Estimated from∆H and ∆S at 22 °C. c At -14 °C.
d At -28 °C. e Determined over the following ranges: 40 to 70°C (IrCl),
30 to 60°C (IrNCO), 15 to 40°C (Rh), 0 to-28 °C (Cosal). f From ref 5d
with errors(2σ; determined in toluene from-35 to -80 °C.
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EIE is largely determined by the O-O force constant of the product
relative to that of O2.2

The18O EIEs measured for side-on peroxide compounds roughly
agree with those calculated using stretching frequencies for the
O-O and metal-O normal modes in the above-mentioned ap-
proach.3 We have encountered more difficulty matching the experi-
mental results for Cosal and Copor, where calculated18O EIEs are
1.006-1.017. The variations appear to reflect uncertainties in the low-
frequency modes.7 The observed18O EIEs are, however, close to val-
ues reported for end-on FeIII superoxide species in heme proteins
(1.0039-1.0056). In this original work, the small size of the18O
EIEs was attributed to hydrogen bonding of the terminal oxygen to
a nearby amino acid.11 Such effects are unlikely in the present study
since the18O EIEs for Cosal and Copor are indistinguishable in DMF
and ClBz, yet only DMF has the ability to form hydrogen bonds.

18O EIEs which characterize the metal-O2 adducts are likely the
result of competing enthalpic and entropic isotope effects,13 making
Figure 2 an oversimplified view. Weakening of the O-O bond
contributes to a normal (>1) isotope effect upon∆H. Loss of mass-
dependent translational and rotational modes when O2 coordinates
to a metal contributes to a normal isotope effect upon∆S. Offsetting
these effects is the formation of new, low-frequency vibrational
and rotational modes in the product. The large differences seen for
side-on peroxide and end-on superoxide structures suggest that these
new modes reduce the18O EIEs from the values estimated for O2

2-

and O2
1- yet do not affect the difference due to the change in O-O

force constant. This result would seem counterintuitive because the
metal-O modes are also expected to influence the18O EIE.

The physical origin of18O EIEs as well as how they relate to18O
kinetic isotope effects (KIEs) will be the subject of future investi-
gations. At this stage, some insight may be gleaned from a compar-
ison of the reactions examined here. If it is assumed that the18O
EIEs for each of the cobalt compounds is the same at 25°C and
the lower experimental temperatures, a trend is observed where
the18O EIE increases as∆G for O2 binding becomes more favorable
(Figure 1). The result is in contrast to expectations based upon net
bonding changes; the formation of two metal-O bonds stabilizes
peroxide compounds relative to superoxide compounds. Instead,
the trend seems to indicate that the magnitudes of the18O EIEs are
largely determined by changes in the O-O force constant, that is,
decreases inν(O-O). Studies of O2 adducts derived from different

metals and having different bonding geometries are currently in
progress to further address this interesting observation.

Insofar as18O EIEs can be taken as upper limits to18O KIEs upon
unidirectional O2 binding, the present results support previous stud-
ies of O2 activation by group IX and X metal compounds.3a In this
work, we reported18O KIEs of 1.0069-1.0268 on reactions leading
to metal peroxide products. On the grounds that (i) KIEs decreased
in proportion to the barriers to O2 binding and (ii) no intermediate
was detectable in any of the reactions, we proposed a single-step
mechanism involving a transition state with peroxide rather than
superoxide character. Assuming the above18O EIEs as boundary
conditions, a KIE< 1.007 would be expected for a transition state
leading to a superoxide intermediate and a KIE< 1.03 would be
expected for a transition state leading to a peroxide product. Thus,
the observed KIEs appear more consistent with a concerted 2e-

mechanism. Of course, a sequential mechanism involving the
reorganization of a high-energy superoxide intermediate to a
peroxide product in the rate-limiting step cannot be excluded.

In summary, oxygen isotope effects upon reversible O2 binding to
synthetic transition-metal compounds have been determined for the
first time. Using defined systems, we have found that the isotope ef-
fect is distinctly different when O2 is bound as a side-on peroxide
ligand versus an end-on superoxide ligand to a group IX metal. We
suggest the ranges of isotope effects for these compounds can serve
as benchmarks for identifying transient metal-O2 adducts. For exam-
ple, in cases where outer-sphere electron transfer to O2 can be ruled
out,18O KIEs of∼1% may signal the intermediacy of end-on super-
oxide species,2,4 whereas values of 2-3% are consistent with perox-
ide intermediates. This type of analysis provides a new approach
to characterizing intermediates in catalytic oxidation reactions.
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Figure 1. Left: 18O equilibrium isotope effects upon forming the
compounds in Chart 1. Right:18O EIE versus∆G calculated at 25°C.

Figure 2. Oxygen isotope effect due to a change in O-O force constant;
16,16 and 18,16 designate zero-point energies of the oxygen isotopologues.
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