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Oxidative transformations using molecular oxygen are widespread in nature but remain a major challenge in chemical
synthesis. Limited mechanistic understanding presents the main obstacle to exploiting O2 in “bioinspired” industrial
processes. Isotopic methods are presently being applied to characterize reactions of natural abundance O2 including
its coordination to reduced transition metals and cleavage of the O-O bond. This review describes the application of
competitive oxygen-18 isotope effects, together with Density Functional Theory, to examine O2 reductive activation
under catalytically relevant conditions. The approach should be generally useful for probing small-molecule activation
by transition-metal complexes.

1. Introduction

The activation of a small molecule at a transition-metal
center1,2 is a critical step in numerous biological processes
thatmaintain the world’s energy reserves, from the oxidation
ofwater during photosynthesis (2H2OfO2þ 4Hþþ 4e-) to
the fixation of atmospheric nitrogen (N2 þ 6Hþ þ 6e- f
2NH3). Also included is the subject of this Inorganic Chem-
istry Forum, the reduction and activation of molecular
oxygen. Electron transfer to O2 controls energy balance
within the cell during aerobic respiration, biosynthetic reac-
tions, and catabolic processes. Although thermodynamically
less challenging than the other examples of small-molecule
activation, the selective utilization of oxygen atom equiva-
lents from O2 is kinetically demanding, often employing
multiple metal ions, organic cofactors, and exogenous
reductants.
The “reductive activation” of molecular oxygen typically

refers to its coordination by a metal complex. Bond forma-
tion concomitant with electron transfer results in ametal-O2

adduct, where the oxygen is formally reduced to the level of
superoxide (O2

I-) or peroxide (O2
II-). Such species are often

weakly basic3 and/or nucleophilic.4 Protonation resulting
in metal hydroperoxide structures can engender electrophili-

city and give rise to oxidants, as proposed in some heme
enzymes.5,6

Thoughmetalloproteins use an array of strategies to effect
oxidations of strong chemical bonds using O2, the analogous
transformations appear to be more difficult for inorganic
compounds in solution. Delineating intrinsic influences from
thermodynamic influences upon reaction barriers is essential
to progress in this area and the future development of
bioinspired catalysts. New experimental approaches are
needed to identify metal-activated oxygen intermediates
and theirmechanismsunder catalytically relevant conditions.
This review focuses on the competitive isotope fractiona-

tion of natural abundance oxygen as a probe of metal-
mediated O2 reactivity in biological and chemical environ-
ments. Although the competitive isotope effect has long been
appreciated in physical chemistry,7-10 the technique is more
commonly employed as an analytical tool in the food,11

environmental,12 and geological sciences.13,14 There has been
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a resurgence of interest in heavy-atom isotope effect
measurements, however, because of their utility in compar-
ing reactions of enzymes to those of structurally defined,
biomimetic compounds.Themeasurements also complement
theoretical calculations of structure and mechanism. Such
combined experimental/computational approaches are in-
creasingly being applied to study transition-metal-mediated
small-molecule activation.
Measurements on reactions of O2 provide unprecedented

insights when interpreted using the appropriate level of
theory.15-18 The derived oxygen isotopic effects have been
used to (i) differentiate inner-sphere from outer-sphere elec-
tron transfer,19-21 (ii) identify metal-O2 intermediates,22

and (iii) assess mechanisms of O-O bond-breaking/making
reactions.23 Implementing density functional theory (DFT)
calibrated for the determination of relevant vibrational
frequencies has expanded the scope of structures and
mechanisms that can be explored.

2. Competitive Isotope Fractionation

The apparatus and methodology used to measure oxygen
kinetic isotope effects (18O KIEs) and equilibrium isotope
effects (18O EIEs) on reactions that consume or produce O2

have been described elsewhere.15,16,24 A brief outline is
provided below to give a sense of the problems that can be
addressed using this natural abundance, competitive oxygen
isotope fractionation technique. The basic approach to
determining 18O KIEs and 18O EIEs, defined according to
eqs 1 and 2, involves the creation of an intermolecular
competition between 16O16O and 16O18O. 18O in air is
only ∼0.20%, making the reaction of 18O18O negligible.
Determining the 16O16O versus 18O18O effect requires the
use of 18O-enriched materials25 and an appropriately cali-
brated stable isotope mass spectrometer. 17O enrichment of
O2 has also been employed in competitive experiments
aiming to detect magnetic isotope effects,26 which have been
proposed to account for deviations from the normal mass-
dependent values.14

18O KIE ¼ kð16O16OÞ
kð16O18OÞ ð1Þ

18O EIE ¼ Kð16O16OÞ
Kð16O18OÞ ð2Þ

The precision of 18O KIE and 18O EIE measurements is
limited by systematic errors in the preparation of samples
rather than the analytical technique. Isotope ratio mass
spectrometry (IRMS) typically gives the 18O/16O accurate
to (0.0001-0.0002 or (0.1-0.2 per mil (%). Errors are
larger in laboratory experiments employing vacuum-line
manipulations ((0.0005-0.0015) but still significantly
smaller than the isotope effects themselves, thus allowing
for physical interpretations.16

Themanipulations required to prepare samples for oxygen
(18O/16O) isotope effect measurements are outlined below.
Following the removal of a fixed volume of the reaction
solution using a high-vacuum apparatus, O2 is displaced
from the solution by sparging with helium and then passed
through a series of cold traps for purification. The O2 seeded
in the helium carrier gas, free of condensables such as CO2

and water vapor, is quantitatively collected in a liquid
N2-cooled trap containing 5 Å molecular sieves. Following
the removal of helium, O2 is recovered from the molecular
sieves by heating.
O2 is typically combusted to CO2 for ease of sample

handling prior to IRMS analysis.16 Conversion is achieved
in a recirculating furnace equipped with a graphite rod
wrapped in platinum wire and heated to ∼1100 K. The
combustion proceeds in quantitative yield to affordCO2with
the same 18O/16O composition as the O2. The pressure of
CO2 is precisely determined, and then the gas is transferred
into a dry glass tube that is flame-sealed for later analysis by
IRMS. Independent experiments are performed to confirm
the amount of O2 consumed or produced following the
addition of the reactant to a gas-saturated solution. This
quantity is directly related to the ratio of CO2 pressures before
and after a reaction and used to calculate the isotope effect.
IRMS analysis of the CO2 samples is used to monitor

oxygen isotope composition as a reaction progresses. Con-
versions are typically from 0 to 50%. The 18O/16O is deter-
mined for each sample versus an internal standard, and the
ratio is reported relative to standard mean ocean water
(SMOW). The error in the isotope ratio is derived from
measurements on unfractionated O2 performed on the same
day in duplicate or triplicate.

A. Competitive
18
OKIEs. Methods andAnalysis.The

18O KIE can be determined on a reaction that is either
stoichiometric or catalytic. A major requirement is
that all O2 remains in solution rather than partitioning
into the headspace of the reaction chamber. Experiments
in aqueous solutions are therefore conducted with a glass
chamber sealed by amovable piston,15 and experiments in
organic solvents are conducted using a solvent-imper-
vious, collapsible bag.16,41 Both reaction vessels are
equipped with injection ports, through which a solution
can be introduced to initiate the reaction. An additional
requirement is that the amount of O2 consumed can be
precisely determined along with the change in the
18O/16O.
The precision of the competitively determined 18OKIE

on reactions of 16O16O and 16O18O comes from its
formulation in terms of a ratio of isotopic ratios (Rf/R0)
according to eq 3. Multiple measurements are performed
to determineR0, the initial

18O/16O in the unreactedO2, as
well as the pressure corresponding to the O2 concentra-
tion in solution. Rf is the

18O/16O of the O2 that remains
in solution following a reaction. The 1 - f term is
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extracted from molar ratios, with f representing the frac-
tional conversion of O2.

18O KIE ¼ 1þ lnðRf=R0Þ
lnð1-f Þ

� �-1

ð3Þ
18O KIEs can be determined on reactions where O2 is

consumed or produced fromO2
•-, H2O2, or H2O. Accor-

ding to eq 4, the isotopic composition of the reactant,
defined as Rf, is related to that of the product, Rp, when
no other forms of oxygen are present. This relationship
has been used to determine 18O KIEs on reactions of
superoxide, which was stable in solution on the time scale
of the experiments.20,21

R0 ¼ Rfðf ÞþRpð1-f Þ ð4Þ
A key advantage of the competitive 18O KIE is its

precision. The small errors are conservatively reported
as 1 standard deviation about the mean rather than the
error in the nonlinear curve fitted data. This precision
allows for measurements in the presence of small quan-
tities of tracer molecules. Though most stable isotope
mass spectrometers are not tuned for the analysis of
enrichedmaterials, careful calibration over the prescribed
range can be used to determine the effect of adding
18O-enriched O2, H2O2, or H2O to a reaction with a
characteristic isotope fractionation pattern.23,27 Such
experiments have been used to probe reaction reversibil-
ity via isotope exchange.23

Interpretation of 18O KIEs. The first 18O KIEs on
reactions of isolated metalloenzymes with O2 were mea-
sured more than half a century ago by Feldman et al.28 At
the time, little was known about the structures of enzyme
active sites and, as a result, the significance of the findings
concentrated on the observation that living organismswere
capable of fractionating oxygen isotopes in the atmosphere,
causing the 18O/16O to differ from that of ocean water.
Later measurements from the plant biology community
suggested that oxygen isotope fractionation patterns could
be characteristic ofO2 reductionby theRuBisCoenzymes.29

Although the foundation for using heavy-atom isotope
effects had been in place for some time,30 it was not until
the early 1990s that attempts were made to associate 18O
KIEs with the distinct mechanisms used by enzymes that
reductively activate O2.

31

The use of structurally defined inorganic molecules that
undergo defined reactions has led to important progress in
understanding the physical origins of 18O KIEs. With
regard to O2 reductive activation, the competitive 18O
KIE is comprised of all steps beginning with O2 encounter
and leading up to and including the first irreversible step. It
follows that the competitive 18O KIE reflects the ratio of
bimolecular rate constants for reactions of O2 (kO2

), eq 1.
In cases where kO2

encompasses multiple microscopic
rate constants, more than one step along the reaction

pathway can be isotopically sensitive and, therefore,
contribute to the competitive 18O KIE. Consider the
two-step reactions proposed to result in the formation
ofmetal-O2adducts.Outer-sphere electron transfer from
the metal to O2 in a preequilibrium step is shown in eq 5,
where formation of the oxidized metal and O2

•- occurs
rapidly prior to combination of the oppositely charged
species in the first irreversible step. This mechanism
has been the subject of debate in certain O2-activating
metalloenzymes17,32 including the copper-containing amine
oxidases.19,33,34 A different type of sequential electron trans-
fer is depicted in eq 6, where O2 binds reversibly, forming an
η1-superoxide complex before rate-limiting reorganization
to the η2-peroxide product. In both cases, the observed 18O
KIE is theproductofan 18OEIEon the rapidpreequilibrium
and an 18O KIE on the first irreversible step.

By virtue of being a competitive measurement, the 18O
KIE is less obscured by kinetic complexity than an
isotope effect derived from absolute rate measurements.
In eq 7, for example, the 18O KIE reflects capture of the
reactive species in a single, kinetically irreversible step.
Thus, information about O2 reductive activation can be
obtained that would otherwise be obscured by ligand
dissociation in a noncompetitive measurement. More-
over, the determination of heavy-atom kinetic isotope
effects on the basis of absolute rates is exceedingly
difficult. Such analyses have been reported for experi-
ments with 16,16O2 and 18,18O2 as well as 14,14N2 and
15,15N2.

35,36 In these instances, the size of the isotope
effect is comparable to the limits of error.

B. Competitive 18O EIEs. Methods and Analysis.The
18O EIE is defined in terms of the equilibrium constants
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for the reversible binding of 16O16O and 16O18O (eq 2). It
can be determined using the same apparatus as that
designed for 18OKIEmeasurements with slight modifica-
tion.15,16,24 Instead of a closed system, an open reaction
chamber is employed to allow rapid equilibration of O2

dissolved in solution and O2 in the atmosphere.
The addition of a reduced carrier causes uptake such

that the total concentration of O2 increases, [O2]
total =

[O2]
bound þ [O2]

unbound, and exceeds that defined by the
solubility of the freely dissolved gas in solution i.e.
[O2]

unbound. It follows that the measurement of the 18O
EIE relies on both the pressure and the isotope composi-
tion of O2 engaged in covalent interaction with a metal,
i.e. O2

bound.
The 18OEIE is derived by analyzing the isotope ratio of

O2
total (Rt) upon collection of all O2 from a preequili-

brated solution. Thus, the carrier molecule must readily
release O2 when placed under vacuum. Rt is corrected for
the isotope ratio of the freely dissolved O2

unbound (Ru)
measured independently in the absence of the carrier
molecule. The 18O EIE is straightforwardly calculated
fromRu/Rt and f, defined here as the fraction of unbound
O2 divided by the total O2, using eq 8.

18O EIE ¼ 1-f

ðRt=RuÞ-f
ð8Þ

Interpretation of 18O EIEs. Klinman and co-workers
were the first to determine 18O EIEs on the reversible
binding of O2 to metalloproteins and formation of the
oxygenated species in Table 1.24,37 These reactions
involved reductive activation ofO2 by Fe

II protoporphyr-
in IX in hemoglobin (Hb) and myoglobin (Mb), a single
FeII in the bridged diiron site of hemerythrin (Hr), and
two neighboring CuI sites in hemocyanin (Hc).
The results from this early study were interpreted by

considering the bond order change at oxygen. The ana-
lysis was based upon the assumption that force constant
change is the primary determinant of the 18O EIE.38 To
make the problem tractable, coordination of O2 to a
reduced metal was likened to the addition of an electron
and a proton. It was, therefore, reasoned that the 18OEIE
upon Fe(η1-O2)Mb formation should resemble the 18O
EIE=1.010 computed for O2 þ e- þHþ hHO2

•, where
reduction of the oxygen bond order upon the addition of
the electron is partially offset by protonation.
The 18O EIE on HO2

• formation was calculated from
the reactant and product vibrational frequencies per the
well-known formalism of Bigeleisen and Goeppert-
Mayer39 described in earlier works.18,24,42,44 While intui-
tive, the treatment of a reduced metal as a H• equivalent

neglects the isotope sensitivity of metal-O bonds as well
as the entropic isotope effect associated with losing mass-
dependent rotations and translations upon coordinating
O2 to a much heavier metal fragment.
“Cut-off” models40 based on truncated molecular

structures consisting of three atoms and three vibrational
modes have been used to more accurately define the 18O
EIEs than the metal/H• analogy. Experimental vibrational
frequencies corresponding to the isotopic O-O and
metal;O bonds can give reasonable results when applied
in this way.41 The cut-off approach was utilized in the
first studies of O2 binding to synthetic transition-metal
complexes41,42 where there seemed to be better agree-
ment between measured and calculated 18O EIEs for
η2-peroxide structures than for η1-superoxide structures.43
18O EIEcalc values from 1.026 to 1.031 were calculated for
structurally defined, late-transition-metal η2-peroxide
complexes. Using the same cut-off approximation, the
18O EIEcalc for η1-superoxide structures was on average
found to be smaller, ranging from 1.011-1.017.21,43,44

The cut-off approximation appears to inflate 18O EIEs
such that the predicted values differ from experimental
observations.21,44

In a recent study, the cut-off approach was used to
compute the 18O EIE for a CuII(η1-OOH) structure in an
enzyme active site.45 A comparison to FeIII(η1-OOH) in
oxyHr in Table 124 suggests that the 18O EIEcalc=1.0258
may be overestimated by a factor of 2. The discrepancy is
supported by DFT calculations on CuII(η1-OOH)(L)3
where L= imidazole or methylimidazole, and the 18O
EIEcalc varies from 1.011 to 1.014.19 In general, the use of
energy-minimized structures together with all vibrational
frequencies associated with the molecule gives a more

Table 1. Measured and Calculated 18O EIEs on Reversible O2 Binding to
Metalloproteins

aExperimental data are from ref 24. b Gaussian03 calculations per-
formed as outlined in ref 46. cThe range is for unrestricted singlet-
to-triplet states. dComputed for an antiferromagnetically coupled low-
spin state in refs 18 and 23. e o=hypothetical bis(μ-oxo) structure. f p=
experimental side-on peroxo structure. gThe results are identical for the
restricted and unrestricted singlet states.
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in ref 28.
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realistic estimate of the oxygen isotope effect on O2

reductive activation than the cut-off model.
Applications of DFT to computing structures and the

accompanying vibrational frequencies have superseded
the use of cut-off models in predicting 18O EIEs. The
DFT approach more reliably reproduces not only
experimental 18O EIEs on reversible O2 binding to transi-
tion metals but also the temperature dependence of these
effects.42 Using the DFT-based method, we have calcu-
lated 18O EIEs for the oxygenated metalloprotein models
in Table 1.46

In two out of the three structures, calculated
and measured 18O EIEs agree well. The exception is
oxyHc, a molecule that may present a unique challenge
because O2 is covalently bound between two copper
centers. Incidentally, this is one case in which the effi-
ciency of O2 release was undetermined.24 Errors in the
18O EIEexp can arise when measurements are performed
on solutions that are not completely equilibrated and/
or O2 is not completely recovered from the metal-O2

complex.
Several calculations were performed on μ-η2,η2-peroxo

and bis(μ-oxo) structures as models for oxyHc. Pre-
viously published starting geometries with three imida-
zole ligands to each copper47 were used and reoptimized
with the prescribed DFT method.46 Calculations on the
restricted and unrestricted (broken symmetry) singlet states
gave indistinguishable results for the μ-η2,η2-peroxo
structure, where d(Cu1---Cu2)= 3.74 Å and d(O-O)=
1.43 Å, as well as the bis(μ-oxo) structure, where d(Cu1---
Cu2) = 2.84 Å and d(O---O) = 2.30 Å. Starting from
coordination geometries with two or three ligands to each
copper and changing imidazole to methylimidazole did
not alter the results.48

OxyHc from various sources has been characterized49

as a μ-η2,η2-peroxide bonded to two antiferromagneti-
cally coupled, tricoordinate CuII centers.50 Although the
DFT calculations reproduce the metrical data and elec-
tronic ground state, the 18O EIEcalc=1.0284 from full-
frequency analysis is significantly larger than the reported
18O EIEcalc=1.0184(23). Interestingly, the μ-oxo struc-
ture is computed to have a smaller 18O EIEcalc=1.0200,
closer to the experimental value.
As mentioned above, oxyHc is the only structure

examined where O2 is activated by bonding to two
transition-metal centers. It is possible that the DFT
calculations underestimate the number of isotopically

sensitive, low-frequency modes in this case. Including addi-
tional isotopic modes in the calculations would cause the
18O EIE to decrease because of an increased isotope shift of
vibrations within the oxygenated product relative to O2.

3. Theoretical Basis of 18O EIEs

The formalism of Bigeleisen and Goeppert-Mayer39 is
commonly used to compute 18O EIEs. The fundamental
equation is derived for an isotope exchange reaction in the
gas phase, i.e., eq 9, where the asterisk designates the site of
the heavy isotope. The isotope exchange is the difference of
two equilibria, M þ O2 h MO2 and M þ O2* h MO2*,
and results in the ratio of equilibrium constants given above
in eq 2.

O2
� þM-O2 h O2 þM-O2

� ð9Þ
The 18O EIE is computed for isotope exchange in terms of

reduced gas-phase partition functions (eq 10). Terms include
the zero-point energy (ZPE), the energy of excited vibrational
states (EXC), and the mass and moments of inertia (MMI).
Each partition function invokes all vibrational frequencies of
the isotopologues in the reactant and product states. Alter-
natively, the mass and moments of inertia can be computed
using a classical expression that depends only on molecular
masses and rotational constants. We designate this partition
function as MMIrot to distinguish it from the one computed
from vibrations. Agreement between the MMI and MMIrot
establishes the validity of eq 10 as well as the quality of DFT-
optimized structures.51 In general, solvent corrections ap-
plied to the DFT-derived structures result in negligible
variation of the isotopic partition functions (see below).

18O EIE ¼ ZPE� EXC�MMI ð10Þ
ZPE derives from the change in the force constant that

occurs upon conversion of the reactant state into the product
state. The contribution is dominant for 18O EIEs upon
reduction of O2 in the absence of concomitant bond forma-
tion to a metal. A normal (>1) isotope effect on the zero
point energy level splitting (given in parentheses) arises from
weakening of the bonding interactions such that there is a
decrease in the molecular force constant. Examples include
the conversion of O2 to O2

•- (1.034) and HO2
• (1.010). The

situation is different for O2 reductive activation by a transi-
tion-metal complex.Upon coordination ofO2, the formation
of metal-Obonds causes an inverse (<1) ZPE as depicted in
Figure 1. The overall bonding within the product is strength-
ened in spite of reducing the O-O bond.52 Opposite to
intuition based on the metal/H• analogy, the increase in the
force constant and attendant increase in the zero point energy
level splitting (4) are consistent with the favorable enthalpies
associated with O2 binding to transition-metal complexes.43

TheEXCpartition function reflects the relative population
of vibrational energy levels associated with the light and
heavy isotopes. Inverse EXC terms are observed when there
is an increase in the number of bondingmodeswithin the pro-
duct from that in the reactant.The closer spacing of the vibra-
tional energy levels associated with the heavier isotopologue

(46) The following atomic orbital basis functions were used: Ni, Co, Fe,
and Cl (the compact relativistic effective core potential basis CEP-31G), Pd
and Rh (LANL2DZ), N and O (6-311G*), P (6-311G**), C (6-31G), and H
(STO-3G). The stability of the final wave function solution was confirmed
for each optimized structure. Molecular geometries were fully optimized
using mPWPW91 as implemented in Gaussian03:Frisch, M. J.; et al.
Gaussian03, revision C.02; Gaussian, Inc.: Pittsburgh, PA, 2003.

(47) Cramer, C. J.; Wloch, M.; Piecuch, P.; Puzzarini, C.; Gagliardi, L.
J. Phys. Chem. A 2006, 110, 1991–2004.

(48) The μ-η2,η2-peroxo structure with three methylimidazole ligands at
one copper and two at the other gave 18O EIEcalc=1.0284, while a bis(μ-oxo)
structure with twomethylimidazole ligands at each copper gave 18OEIEcalc=
1.0168.

(49) Ling, J.; Nestor, L. P.; Czernuszewicz, R. S.; Spiro, T.G.; Fraczkiewicz,
R.; Sharma, K. D.; Loehr, T. M.; Sanders-Loehr, J. J. Am. Chem. Soc. 1994,
116, 7682–7691.

(50) Henson,M. J.;Mahadevan, V.; Stack, T. D. P.; Solomon, E. I. Inorg.
Chem. 2001, 40, 5068–5069.

(51) Wolfsberg, M. In Isotopes in Chemistry and Biology; Kohen, A.,
Limbach, H.-H., Eds.; CRC Press: Boca Raton, FL, 2006; pp 89-117.

(52) In contrast, weakening of the O-O force constant was proposed to
be the primary determinant of 18O EIE in refs 24 and 25.
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results in a greater population than in the lighter one. A
normal EXC would arise in the opposite situation, if pro-
duct formation were associated with a decrease in bonding
modes, as expected when small molecules dissociate from
metal complexes.
TheMMI represents the isotopic partition function deriving

from changes in mass-dependent rotations and translations.
This classical effect is temperature-independent and falls with-
in the range of 1.14-1.15 for the competitive binding of
16O 16O versus 16O 18O. The size of MMI makes it the largest
contributor among the isotopic partition functions in eq 10.
Analyzing the MMI term alone can be misleading, however.
WhenO2 coordinates to ametal, themolecule’s rotational and
translational degrees of freedom are converted into new low-
frequency bonding modes. It follows that the large normal
MMI is partially offset by the inverse EXC.
EXC � MMI is the equivalent of the isotope effect on the

reaction entropy, while ZPE is the equivalent of the isotope
effect on the reaction enthalpy. The EXC � MMI value is
large and normal for all metal-mediated O2 reductive activa-
tions when determined by full-frequency analysis, indica-
ting that this contribution dominates the inverse ZPE at
most temperatures. Entropy-enthalpy compensation, as
revealed by the changing contributions of the calculated
partition functions, leads to a nonlinear temperature depen-
dence of the 18O EIEs and deviations from van’t Hoff
behavior.42

4. DFT in Isotope Effect Calculations

Analysis of the full complement of isotopic vibrations is
required to “correctly” apply Bigeleisen and Goeppert-
Mayer’s formalism. The reason is that eq 10 is defined on
the basis of the Redlich-Teller product rule, which relates
frequency to mass and allows the reduced partition functions
to be expressed exclusively in terms of vibrations.51

The vibrations used in the calculations described here are
obtained from DFT-derived minimum-energy structures.
Each mode of the reactant and product is treated as a
harmonic oscillator and its frequency considered without
scaling. While the impact of anharmonicity is difficult to
assess, it is anticipated that such behavior should be most
important for the lowest frequency modes. Yet isotopic
vibrational frequencies are typically greater than 200 cm-1

for metal-O2 complexes, resulting in insignificant popula-
tions of these modes.
Consistent with the absence of complications due to

anharmonicity, 18O EIEs have been calculated to within a
few tenths of a percent ((0.0003) and used to discriminate
between metal-O2 complexes of the same structural
type. For example, average isotope effects for Co(η1-O2)

complexes (18O EIEave ∼ 1.005) are calculated and observed
to be significantly smaller than those for Cu(η1-O2) com-
plexes (18O EIEave ∼ 1.012). In addition, experiments have
corroborated the unique temperature profiles of 18O EIEs
predicted for η1-superoxide and η2-peroxide complexes
(see below).
There appears to be greater uncertainty when analyzing

experimentally assigned vibrations within the cut-off
model than when making the harmonic approximation in
full-frequency analyses. When using the minimum number
of three isotopic vibrational frequencies for a metal-O2

complex, the net isotope shift is often underestimated due
to the presence of modemixing, resulting in an inflated 18O
EIE. A discrepancy of a few cm-1 (∼8.5 cal mol-1)
translates into an error of (0.0005, which is comparable
to the magnitude of some 18O EIEs. The cut-off model is
also characterized by anomalies in the reduced partition
functions. MMI can be 5 times smaller than MMIrot when
the term is calculated from a truncated set of vibrations. It
follows that EXC � MMI is minimized by the cut-off
model while ZPE is rendered less inverse and sometimes
slightly normal. Clearly, the physical meanings are com-
promised as are the predicted temperature profiles of
the 18O EIEs.
The DFT method used for the calculation of oxygen

isotope effects was originally optimized by Cramer and
co-workers to reproduce isotopic vibrational frequencies of
Cu-O2 complexes.53 With respect to 18O EIE calculations,
the importance of using a local functional (mPWPW91),
together with sufficiently large basis sets to describe oxygen
and the transition-metal center, has since been demonstrated.
Inmost if not all cases where the optimized protocol has been
applied to O2 activation at a first- or second-row transition-
metal center, the 18O EIEcalc agrees well with the 18O EIEexp.
Treating the solvationof themetal-O2 complex andO2using
the polarized continuum model can give slightly better
agreement at the expense of significant computing time.42,44

The performance ofmPWPW91 in calculating 18O EIEs is
superior to the more common hybrid functional B3LYP;
this is likely because the systems of interest exhibit substantial
multiconfigurational character.54 Yet even for O2 the per-
formance of B3LYP is poor. When mPWPW91 is applied
along with the 6-311G* basis set on oxygen, the O-O
stretching frequencies are in good agreement with the experi-
mental results: 16,16ωexp = 1556.3 cm-1 versus 16,16ωcalc =
1548.9 and 16,184exp=-43.8 cm-1 versus 16,184calc =-43.7
cm-1.42 Larger deviations are seen with B3LYP
and the 6-31þG* basis (16,16ωcalc = 1641.2 cm-1 and
16,184calc=-46.3 cm-1) as well as BP86 and the TZVP basis
(16,16ωcalc=1522.5 cm-1 and 16,184calc=-43.0 cm-1), both of
which have been used to compute 18O EIEs published in the
literature.55,56

DFT calculations offer better agreement between mea-
sured and calculated 18OEIEs thanmatching of experimental
O-O and metal-O stretching frequencies. This point is

Figure 1. Origin of the inverse ZPE effect uponO2 binding to a reduced
transition metal.

(53) Kinsinger, C. R.; Gherman, B. F.; Gagliardi, L.; Cramer, C. J.
J. Biol. Inorg. Chem. 2005, 10, 778–789.

(54) Cramer, C. J.; Gour, J. R.; Kinal, A.; Wloch, M.; Piecuch, P.; Shahi,
A.; Rehaman, M.; Gagliardi, L. J. Phys. Chem. A 2008, 112, 3754–3767.

(55) Popp, B. V.; Wendlandt, J. E.; Landis, C. R.; Stahl, S. S. Angew.
Chem., Int. Ed. 2007, 46, 601–604.

(56) Mirica, L. M.; McCusker, K. P.; Munos, J. W.; Liu, H.; Klinman,
J. P. J. Am. Chem. Soc. 2008, 130, 8122–8123.
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illustrated by the simple reaction O2 þ 2e- þ 2Hþ h H2O2.
In earlier studies, an 18O EIEcalc=1.0089 was extracted from
experimental data57 and H2O2 force constants derived from
normal mode analysis (16,16ω1=3606.4 cm-1, 16,1841=-0.1
cm-1, 16,16ω2=3606.4 cm-1, 16,1842=-11.3 cm-1, 16,16ω3=
1396.7 cm-1, 16,1843=-2.5 cm-1, 16,16ω4= 1264.9 cm-1,
16,1844=-2.5 cm-1, 16,16ω5=863.3 cm-1, 16,1845=-24.0 cm-1,
16,16ω6 =320.2 cm-1, 16,1846=-0.4 cm-1).24 Here the net
isotope shift is Σ(16,184) = -40.8, resulting in ZPE =
1.0029, EXC=0.9976, and MMI=1.008 37. The latter
is somewhat smaller than MMIrot = 1.0100 computed
independently, suggesting small errors in the normal
mode analysis.
There is reasonable agreement with the 18O EIEcalc =

1.0070 when mPWPW91 is used together with 6-311G* on
O and STO-3G on H although the vibrational frequencies
differ (16,16ω1=3432.0 cm-1, 16,1841=-1.8 cm-1, 16,16ω2=
3427.8 cm-1, 16,1842=-9.8 cm-1, 16,16ω3= 1432.7 cm-1,
16,1843=-3.3 cm-1, 16,16ω4=1283.7 cm-1, 16,1844=-3.1
cm-1, 16,16ω5=899.6 cm-1, 16,1845=-25.3 cm-1, 16,16ω6=
319.7 cm-1, 16,1846=-0.6 cm-1) along with the net isotope
shift Σ(16,184)=-43.9, ZPE=0.9993, EXC=0.9975, and
MMI=1.0102.
Increasing the size of the basis on H to 6-31G affords

better agreement with certain vibrational frequencies and
poorer agreement with others: (16,16ω1 = 3613.5 cm-1,
16,1841=-1.4 cm-1, 16,16ω2=3610.3 cm-1, 16,1842=-10.9
cm-1, 16,16ω3=1449.7 cm-1, 16,1843=-3.3 cm-1, 16,16ω4=
1288.8 cm-1, 16,1844 = -2.9 cm-1, 16,16ω5 = 900.5 cm-1,
16,1845=-25.3 cm-1, 16,16ω6=325.3 cm-1, 16,1846=-0.7).
The net isotope shift of Σ(16,184)=-44.5, ZPE=0.9998,
EXC=0.9975, and MMI=1.0101 results in a decrease in
the 18O EIEcalc=1.0055.
To probe the sensitivity to the functional and basis sets, we

have recalculated the 18O EIE on O2 þ 2e- þ 2Hþ h H2O2

using the other published methods.55,56 Consistent with the
somewhat poorer quality of these calculations, larger devia-
tions from the experimental vibrational frequencies are ob-
served. Using B3LYP together with 6-31þG* gives a net
isotope shift of Σ(16,184) =-44.5, ZPE= 1.0047, EXC=
0.9976, and MMI= 1.0101 resulting in an 18O EIEcalc =
1.0124, while using BP86, the TZVP basis onO and 6-31G or
6-31G* on H gives a net isotope shift of Σ(16,184)=-44.0,
ZPE=0.9978, EXC=0.9975, andMMI=1.0101 resulting in
an 18O EIEcalc=1.0053.
Lower isotope sensitivity of the modes extracted from

experimental data is the cause of the variation in the com-
puted 18O EIEs. All of the DFT calculations using the local
functionals indicate a greater isotope shift and an 18OEIEcalc=
1.0053-1.0055, in good agreement with an earlier solution-
phase value of 1.0054 estimatedbyDole et al.9Analysis of the
spectroscopic data for H2O2 has since employed anharmonic
corrections.58 Although it is tempting to attribute part of the
discrepancy in the calculations to anharmonic behavior, this
case is not without ambiguity. Experiments have shown the

vibrational frequencies of H2O2 to be both matrix- and
phase-dependent,59,60 calling into question some of the force
constants from the early studies.

A. Characterization of Metal-O2 Complexes. Coor-
dination Modes and Formal Oxidation States. The impor-
tance of predicting 18O EIEs on the basis of carefully
optimized structures and full sets of isotopic vibrational
frequencies is clear. The point has been convincingly de-
monstrated by full-frequency analyses that have repro-
duced measured 18O EIEs for a variety of η1-superoxide
structures (1.004-1.015) and η2-peroxide structures
(1.020-1.030) as well as their characteristic temperature
dependences.18,42-44 The distinctive ranges are attributed
to entropic contributions represented by the EXC�MMI
in full-frequency models. Because MMI is ∼1.15 for reac-
tions where there is competitive binding of 16O16O and
16O18O, the variation ismostly due to the EXC term, which
reflects the different populations of isotopic low-frequency
modes. The predictability of the 18O EIEs bodes well for
applications that involve identifying reactive intermediates,
which cannot be isolated and are often spectroscopically
undetectable under catalytic conditions.

18O EIEs intermediate of those associated with η1-
superoxide and η2-peroxide coordination modes are
expected for formally η1-peroxide or η2-superoxide struc-
tures. This hypothesis is consistent with 18O EIE calcula-
tions on a cationic CrIII η2-superoxide complex with
tBu,Me-Tp= hydrotris(3-tert-butyl-5-methylpyrazolyl)-
borate and Pz0H = 3-tert-butyl-5-methylpyrazole sup-
porting ligands.61 Structural andmagnetic measurements
by Theopold and co-workers indicate strong antiferro-
magnetic coupling between the d3 metal ion and O2

•-,
resulting in a triplet ground state.
The CrIII(η2-O2) species has subsequently been character-

izedusing theDFTprotocoloutlinedabove.46,62Agreement is
observed between crystallographically determined bond
lengths and those extracted from the computationally opti-
mized structure: d(O-O)exp=1.327(5) Å and d(Cr-O)exp
1.861(4)-1.903(4) Å versus d(O-O)calc = 1.35 Å and
d(Cr-O)calc = 1.90 Å. The experimental O-O stretching
frequency, 16,16ωexp=1072 cm-1 is reproduced reasonably
well by thegas-phase calculation.Althoughcoupling to ligand
modes obscures the O-O vibration at 16,16ωcalc = 1018.5
cm-1, the shift upon double isotope substitution is as ex-
pected, 18,18ωcalc=960.6 cm-1.46 Binding of O2 is kineti-
cally irreversible in this system, precluding experimental
verification of the 18O EIEcalc=1.0157 which falls just
outside the ranges associated with η1-superoxide and
η2-peroxide structures.
Intermediate values of 18O EIEs are also predicted for

Cu-O2 complexeswith hybrid electronic structures. Such
descriptions have been proposed for Cu(η2-O2)

tBu-Tp
and Cu(η2-O2)(βDK) in Figure 2.63 In the absence
of experimental data, calculations performed on the
unstable [Cu(η1-O2)TMPA]þ and [Cu(η1-O2)TEPA]þ

assumed singlet ground states. Spectroscopic resem-
blance of the former complex to [Cu(η1-O2)TMG3tren]

þ
(57) Gigu�ere, P. A.; Srinivasan, T. K. K. J. Raman Spectrosc. 1974, 2,

125–132.
(58) Dorofeeva, O. V.; Iorish, V. S.; Novikov, V. P.; Neumann, D. B.

J. Phys. Chem. Ref. Data 2003, 32, 879–894.
(59) Pettersson, M.; Tuominen, S.; R€as€anen, M. J. Phys. Chem. A 1997,

101, 1166–1171.
(60) Rauhut, G.; Knizia, G.; Werner, H.-J. J. Chem. Phys. 2009, 130,

054105/1–054105/5.

(61) Qin, K.; Incarvito, C. D.; Rheingold, A. L.; Theopold, K. H. Angew.
Chem., Int. Ed. 2002, 41, 2333–2335.

(62) Cramer, C. J.; Tolman, W. B.; Theopold, K. H.; Rheingold, A. L.
Proc. Natl. Acad. Sci. U.S.A. 2003, 100, 3635–3640.
(63) Sarangi, R.; Aboelella, N.; Fujisawa, K.; Tolman, W. B.; Hedman,

B.; Hodgson, K. O.; Solomon, E. I. J. Am. Chem. Soc. 2006, 128, 8286–8296.
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suggests that a triplet ground state due to ferromagnetic
coupling of spins on CuII and O2

•- is also possible.44

For the purposes of comparison, 18O EIEs in Figure 2
are given at a characteristic Tmax, the temperature where
the isotope effect is a maximum. Further details are
provided in Table 2. The determination of the maximum
18OEIEs andTmax required consideration of the partition

functions in eq 10. The gas-phase geometries and, conse-
quently, the vibrational frequencies were assumed to be
temperature independent. The results reveal that 18O
EIEs are largely determined by the O2 coordina-
tion mode. Interestingly, there is no trend in the ZPE
contribution. Instead, EXC � MMI is the primary
determinant of the 18O EIE. The latter entropic isotope

Figure 2. Maximum 18OEIEs onCu-O2 formation derived fromDFT calculations.Ranges are given for the electronic ground states indicated inTable 2
(below).44

Table 2. 18O EIEs and Partition Functions for the Reactions in Figure 244

product (spin state)a Tmax(K)b EIE ZPE EXC MMI MMIrot
c

[Cu(η1-O2)TEPA]þ (s) 301 1.0103 0.9572 0.9211 1.1458 1.1460
[Cu(η1-O2)TEPA]þ (bs) 243 1.0107 0.9597 0.9192 1.1457 1.1452
[Cu(η1-O2)TMPA]þ (s) 266 1.0120 0.9671 0.9167 1.1415 1.1423
[Cu(η1-O2)TMPA]þ (bs) 222 1.0128 0.9644 0.9207 1.1406 1.1420
[Cu(η1-O2)TMG3tren]

þ (s) 255 1.0144 0.9581 0.9214 1.1492 1.1508
[Cu(η1-O2)TMG3tren]

þ (bs) 247 1.0134 0.9588 0.9182 1.1512 1.1510
[Cu(η1-O2)TMG3tren]

þ (t) 243 1.0129 0.9589 0.9174 1.1515 1.1509
Cu(η2-O2)

tBu-Tp (bs) 173 1.0239 0.9529 0.9367 1.1472 1.1485
Cu(η2-O2)βDK (s) 259 1.0184 0.9556 0.9273 1.1493 1.1508
Cu(η2-O2)βDK (bs) 197 1.0251 0.9558 0.9337 1.1487 1.1507

aCalculations were constrained to s = restricted singlet, bs = unrestricted/broken symmetry singlet, and t = triplet spin states. bTemperature
associated with the maximum 18O EIE computed from vibrational frequencies using eq 10 in ref 44. cMMIrot calculated independently frommasses and
rotational constants.
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effect is 1.5-2 times greater for η2 coordination than for
η1 coordination regardless of the electronic ground state.
The larger 18O EIEs and lower Tmax’s parallel the

stability of the Cu-O2 complexes with respect to O2

dissociation. In general, the η2 complexes are thermo-
dynamically stabilized relative to the η1 complexes
because of the additional Cu-O bond, which is formed
at the expense of weakening the O-O bond. As discussed
in the following section, the enhanced stability is asso-
ciated with smaller numbers of low-frequency vibra-
tions and larger contributions to the 18O EIE from
EXC � MMI.

Temperature Considerations. The temperature depen-
dence of 18O EIEs arises from entropy-enthalpy com-
pensation. This phenomenon, anticipated from the
physical description of reduced gas-phase partition func-
tions, is depicted in Figure 3. The predicted temperature
profiles for the η1-superoxide and η2-peroxide structures
are distinguished by variations in the magnitude of the
18O EIE as well as Tmax, defined above. Experimental
studies of oxygenation reactions that give rise to CoIII(η1-
O2)(sal) and [RhIII(η2-O2)(dppe)2]

þ, where sal = bis-
[3-(salicylideneamino)propylmethylamine] and dppe =
1,2-bis(diphenylphosphino)ethane, have corroborated
the theoretical predictions over a range of temperatures.42

Tmax is expected to be lower for the η2- coordination
geometry than the η1-coordination geometry because of
differences in the number of isotopic low-frequency vibr-
ational modes.
Basic trends appear to characterize reversible O2 bind-

ing reactions. Similar trends have been obser-
ved by Parkin and coworkers for H2 activation (i.e.,
the formation of σ-bound complexes) and contrasted
to the behavior associated with H2 oxidative addition

involving reversible cleavage of the H-H bond.64 18O
EIEs on O2 reductive activation to the level of superoxide
or peroxide begin inverse at the lowest temperature and
increase through a normalmaximumbefore decreasing to
1 as the temperature approaches infinity. This is the result
of a decrease in the entropic isotope effect (EXC�MMI)
and an increase in the enthalpic isotope effect (ZPE).
Understanding the temperature dependence of 18O EIEs

requires analysis of the isotopic partition functions. As the
temperature increases, EXC approaches the constant
1/MMI term. This effect reflects the changing populations
of vibrational energy levels associated with the light and
heavy isotopologues. At the limit of infinite temperature,
there is no difference in the Boltzmann distributions and
EXC�MMIisunity. Starting fromthe lowest temperature,
as EXC � MMI decreases, ZPE becomes less inverse and
approaches 1 at the high-temperature limit. When the
change in ZPE with temperature dominates the change in
EXC�MMI, the 18OEIE increases. This is the origin of the
increasing isotope effectobserved for theη1-O2 complexes.42

The opposite trend is observed for η2-O2 complexes, when
thedecrease inEXC�MMIdominates the increase inZPE.
The transition from inverse to normal 18O EIE arises from
a crossover from a dominant ZPE contribution at low
temperatures to a dominant EXC � MMI contribution at
higher temperatures.
One additional point concerns the assumptions made

when computing temperature dependent 18O EIEs for
reactions in solution. Although vibrations are inherently
temperature independent, the dielectric constant exhibits
variation in a manner unique to the solvent. Thus,
changing the temperature can influence solvated struc-
tures and indirectly affect the vibrational frequencies
of a metal-O2 adduct. Small deviations between calcu-
lated and measured 18O EIEs have been indicated in
some cases and reduced by including solvent dielectric
corrections in the DFT calculations.42,44 Agreement with
the experimental O-Ovibrational frequencies can also be
improved to within 80 cm-1 when solvation is treated
explicitly.

B.
18O EIEs as Boundary Conditions of 18O KIEs.

Computational methods have recently been applied in
an effort to illuminate the physical relationship between
heavy-atom equilibrium isotope effects and the constitu-
ent kinetic isotope effects.18,19,23,42,54,55,65,66 Experimen-
tal studies of kinetically irreversible O2 coordination
reactions have indicated that 18O KIEs are less than the
corresponding 18O EIEs,41 although the underlying phy-
sical explanation for this behavior is obscure. The reason-
ing originated from interpretations of 18O KIEs by
analogy with secondary isotope effects. The equilibrium
isotope effects reflecting bond rehybridization were
taken to be upper limits.15,24 Though the relationship
18OKIE<18OEIE has been corroborated for single-step
O2 binding, there is no experimental evidence to evaluate
the assumption for other types of O2 reductive activation
reactions, most ostensibly those involving O-O bond
cleavage.

Figure 3. Temperature profiles for O2 binding to CoII(sal) and
[RhI(dppe)2]Cl to form CoIII(η1-O2)(sal) and [RhIII(η2-O2)(dppe)2]Cl.
Full-frequency analysis of gas-phase-optimized structures was used to
compute the 18O EIEs (;), ZPE (--), EXC (- - -), MMI (- 3 -), EXC �
MMI ( 3 3 3 ), and Tmax (f).

(64) Janak, K. E.; Parkin, G. J. Am. Chem. Soc. 2003, 125, 13219–13224.

(65) Ralph, E. C.; Hirschi, J. S.; Anderson, M. A.; Cleland, W. W.;
Singleton, D. A.; Fitzpatrick, P. F. Biochemistry 2007, 46, 7655–7664.

(66) Kelly, K. K.; Hirschi, J. S.; Singleton, D. A. J. Am. Chem. Soc. 2009,
131, 8382–8383.
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Considering an inner-sphere electron transfer toO2, the
magnitude of the 18O KIE is assumed to be influenced by
isotopic bond reorganization in the transition state. The
Hammond postulate, which envisages the transition state
as resembling the structure of the closest energy species,
predicts the largest kinetic isotope effect for a product-
like transition state in an endothermic reaction. In con-
trast, Marcus Theory places the maximum isotope effect
at 4G�=0 kcal mol-1, where the transition state has
been described as most symmetric.30 At this point, the
intrinsic contribution to the 18O KIE is unabated by the
reaction thermodynamics.15-17 Experiments to deter-
mine 18O KIEs and 18O EIEs over a range of positive
and negative 4G� values are needed to test the models
above. Incidentally, all reactions examined to date reflect
O2 coordination in the thermodynamically favorable
direction.

5. Calculating 18O KIEs

The calculation of 18O KIEs is more challenging than the
calculation of 18O EIEs because of uncertainty regarding the
reaction coordinate and transition-state structure. In addi-
tion, 18O KIEs may reflect reactions involving multiple
isotopically sensitive microscopic steps. This complication
was mentioned above in relation to eqs 5 and 6 and will be
elaborated upon in the discussion below.
Though a significant portion of the metal-O2 binding

affinity derives from covalent interaction, there are cases
where the formation of an unbound superoxide or peroxide
intermediate is proposed to occur in a preequilibrium step.
Considering outer-sphere electron transfer followed by the
rapid combination of O2

•- and oxidized metal species (eq 5),
an intermediate might not be detectable. Such a reaction
would still exhibit a characteristic 18O KIE.17,32,33 In some
instances, outer-sphere electron-transfer mechanisms can
be excluded on the basis of redox potentials, assuming
appropriate electrostatic corrections for stabilization of
O2

•- by a nearby point charge.67,68 In cases where the
thermodynamics is not prohibitive, the 18O KIE should be
the product of the 18O EIE on outer-sphere electron transfer
(∼1.03) and the subsequent rate-limiting step. To account for
18O KIEs , 1.03, a significant inverse 18O KIE must
characterize O2

•- binding to the oxidized metal.17,20,21

Another issue concerns the constraints of spin conserva-
tion. It has been reasoned that a concerted reaction where
triplet O2 reacts with a metal complex in the singlet state to
afford a ground state singlet product is spin-forbidden and,
therefore, should be kinetically disfavored. Sequential inner-
sphere electron transfer involving a transient η1-superoxide
intermediate prior to rate-limiting η1 to η2 reorganization
(eq 6) has been proposed to explain the rapid rates of
reactions where η2-peroxide complexes are formed from
O2.

55 Activation barriers for such reactions have been located
by finding theminimumenergy crossing points along theDFT
calculated singlet and triplet surfaces.69-71 The accurate

computation of the spin-state energies can be a complicating
factor,72 and additional problems derive from the difficulty
in defining contributions from the activation entropy,
i.e., identifying centrifugal barriers and the accompanying
saddle-point structures.73

We have recently initiated DFT calculations to evaluate
18OKIEs on irreversibleO2 coordination reactionswithin the
context of Transition State Theory (TST). In accordance
with TST, the 18O KIE can be calculated from eq 11. This
expression considers isotopic contributions from both the
reaction coordinate frequency (νRC), the mode that converts
a translation into a vibration at the transition state, and the
pseudoequilibrium constant defined according to eq 12 for
attaining the transition state from separated reactants (KTS).

18O KIE ¼ ð16;16νRC=
16;18νRCÞð16;16KTS=

16;18KTSÞ ð11Þ
16;16KTS=

16, 18KTS ¼ ZPE� EXC� VP ð12Þ
Theexpression for the isotope effect onKTS resembles that of

the 18O EIE (eq 10), except the vibration corresponding to the
reaction coordinate has been removed from theMMIpartition
functionnowreferred toas the vibrational product (VP).When
νRC is isotope independent, the 18OKIE is fully determined by
the isotope effect onKTS. In this limiting case, the 18OEIE is an
upper limit to the 18OKIEand the relationship 18OKIE<18O
EIE should hold as long as the transition state structure is
intermediate of the reactant and product structures.

6. Implications of 18O KIEs

A. Mechanisms of Metal-Mediated O2 Activation.
Measurements of 18O KIEs on the irreversible formation
of a number of η2-peroxide compounds have been con-
ducted and are summarized in Figure 4.41,74 The reactions
appear to exhibit 18O KIEs that are less than the 18O
EIEcalc or

18OEIEexp, although calculations involving the
third-row transition metals have not yet been mastered.46

Some of the results are further analyzed inFigure 5,where
the ratio of the kinetic isotope effect to the equilibrium
isotope effect (18O KIE/18O EIE) is taken as an indicator
of the transition state structure. This parameter correlates
to the second-order rate constants for O2 binding (kO2

)
over a remarkable 7 orders of magnitude.
All of the reactions are thermodynamicallydownhill,with

the increasingly favorable 4G� believed to decrease 4Gq

and, consequently, increase kO2
. Interestingly, the slowest

reaction of O2 with IrICl(CO)(PPh3)2 exhibits largest
18O

KIE/18O EIE ∼ 0.9. Yet a late transition state would seem
difficult to justify in view of the favorable 4G�(295 K)=
-2.8 kcal mol-1.43

Until measurements become available in the endergo-
nic regime, the question as to which theory best describes

(67) Taube, H. Prog. Inorg. Chem. 1986, 34, 607–625.
(68) Roth, J. P.; Klinman, J. P. Proc. Natl. Acad. Sci. U.S.A. 2003, 100,

62–67.
(69) Landis, C. R.; Morales, C. M.; Stahl, S. S. J. Am. Chem. Soc. 2004,

126, 16302–16303.
(70) Yu, H.; Fu, Y.; Guo, Q.; Lin, Z. Organometallics 2009, 28, 4443–

4451.
(71) Strickland, N.; Harvey, J. N. J. Phys. Chem. B 2007, 111, 841–852.

(72) De la Lande, A.; Moliner, V.; Parisel, O. J. Chem. Phys. 2007, 126,
035102/1–035102/7.

(73) Aboelella, N. W.; Kryatov, S. V.; Gherman, B. F.; Brennessel,
W. W.; Young, V. G., Jr.; Sarangi, R.; Rybak-Akimova, E. V.; Hodgson,
K. O.; Hedman, B.; Solomon, E. I.; Cramer, C. J.; Tolman, W. B. J. Am.
Chem. Soc. 2004, 126, 16896–16911.

(74) The half-life for O2 binding to CuI(βDK) in DMF is estimated to be
<10 ms at 218 K on the basis of absorbance changes detected by rapid-
mixing, stopped-flow spectrophotometry. The identity of the product under
these conditions has been confirmed by 1H NMR and resonance Raman
spectroscopy. Roth, J. P.; Rybak-Akimova, E.; Tolman, W. B. Unpublished
results.
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the 18OKIE to 18O EIE relationship will remain open. As
mentioned above, Marcus Theory75 predicts that kinetic
isotope effects should decrease as 4G� deviates from
thermoneutrality, while Hammond’s postulate, on the
basis of TSTwith anO-Ostretching reaction coordinate,
anticipates the maximum 18O KIE as the reaction be-
comes increasingly unfavorable.

The correlation in Figure 5 is most readily attributable
to single-step, inner-sphere electron transfer, contrary to
the predictions of some recent DFT computational stu-
dies.55,70 Figure 6 depicts this associative mechanism for
η1-superoxide and η2-peroxide complexes. In the reaction
coordinate diagrams, the position of the transition state is
expected to vary smoothly with the driving force of
the rate-determining step. To be consistent with the
trend in Figure 5, all reactions should have similar
intrinsic barriers, i.e., the λ/4 term in Marcus Theory
reflecting reorganization of intramolecular bond lengths
and angles as well as the solvent. When the isotope
effect on the reaction coordinate frequency is negligible,
the 18O KIE may derive mostly from the isotopically
sensitive λ. The 18O EIE could dictate the limit of the
isotope effect on λ, with values falling into different
ranges for the η1-superoxide (<1.015) and η2-peroxide
(1.020-1.030) structures. In addition to the magnitude
of the 18O KIE, the correlation of 18O KIE/18O EIE
to kO2

is also a distinguishing factor arising from the
differences in λ.
As mentioned above, sequential inner-sphere electron

transfer has been proposed as an alternative to the con-
certed mechanism for η2-peroxide formation shown in
Figure 6b.55,70 Awide range of 18OKIEs, from 1.0069(16)
to 1.0268(37), has been determined for such reactions
(Figure 4), with no intermediate being detectable in any
case.16,41,73,74 The size of the 18OKIEs on the reactions in
Figure 7 would be expected to differ depending upon
whether the first or second transition state is the highest
point along the reaction coordinate. If the η1-superoxide
intermediate were formed irreversibly in the initial O2

association step (Figure 7a), the 18OKIE could be smaller
than the accompanying 18O EIE. This is clearly not the
case for η2-peroxide-forming reactions, where 18O KIEs
are between 1.0205(36) and 1.0268(37) cf. Figure 4.41 A
different scenario is shown in Figure 7b, where the second
step is rate-limiting. The observed 18O KIE is expected to
be larger than the 18O EIE for η1-superoxide formation
and smaller than the 18O EIE expected for η2-peroxide
formation. Most experimental data appear to be incon-
sistent with these limits, although 18O EIEs have yet to
be determined for some of the late-transition-metal
η1-superoxide structures.
It can be difficult to exclude the formation of an

η1-superoxide intermediate when this species is signifi-
cantly higher in energy than the separated reactants.
Such a mechanism is, however, unlikely in view of the

Figure 4. 18O EIEs and 18O KIEs determined at ambient and low
temperature.41,74

Figure 5. Variation of the transition state structure parameter (18O
KIE/18O EIE) in response to the bimolecular rate constant for O2

association (kO2
).

Figure 6. Single-step reactions resulting in the formation of η1 and η2

metal-O2 adducts.

(75) Kresge, A. J. J. Am. Chem. Soc. 1980, 102, 7797–7798.
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correlation been 18O KIE/18O EIE and kO2
for η2-peroxide

formation. The increase in kO2
and concomitant decrease

in 18OKIE/18OEIE are attributed to4G� becomingmore
favorable. In the mechanism where the second step is
rate-determining, 4Gq can be lowered by stabilizing the
product or destabilizing the η1-superoxide interme-
diate. Because destabilization of the intermediate also
raises the barrier to its formation, at some point over the
several orders of magnitude variation in kO2

, the rate-
limiting step would be expected to change from η1 f η2

reorganization (Figure 7b) to rate-limiting O2 association
(Figure 7a).
The absence of spectrophotometrically detectable inter-

mediates further argues against the two-stepmechanism for
forming η2-peroxide complexes. Calculations by Stahl,
Landis, and co-workers55 have slightly favored the sequen-
tial inner-sphere mechanism over concerted two-electron
transfer for reactions of Pd0 complexes with O2 reaction.
The former would involve a PdI(η1-O2

I-) intermediate
predicted to be enthalpically stabilized relative to the reac-
tants by -7.5 kcal mol-1. Accounting for the reaction
entropy would result in 4G�298 K ∼ 0.7 kcal mol-1. The
energetics suggests that accumulation of the η1-superoxide
intermediate prior to the rate-limiting step could be observed
at sufficientlyhighO2concentrationsor at low temperatures.

B. Superoxide Oxidation: Examining O2 Activation in
Reverse? The mechanism of metal-mediated O2

•- oxida-
tion has been examined in an effort to evaluate the
possibility of preequilibrium outer-sphere electron trans-
fer during O2 reductive activation (eq 5). Studies of
18O KIEs have been conducted on the reactions of
copper(II) tris(pyridylamine) complexes with KO2 in
polar organic solvents. These rapid reactions have been
proposed to form [CuII(η1-O2)(TEPA)]þ and [CuII(η1-O2)-
(TMPA)]þ (cf. Figure 2) as intermediates prior to the
release of O2.

21

Rapid-mixing stopped-flow studies at 193 K21 pro-
vided further evidence of [CuII(η1-O2)(TMPA)]þ. The
optical absorbance spectrum was identical with that
observed upon oxygenation of [CuI(TMPA)]þ under the
same experimental conditions and similar to that re-
ported in earlier studies.76 The absorbance spectrum
resembles the crystallographically characterized [Cu(η1-
O2)TMG3tren]

þ, generated upon reacting O2 with

[CuI(TMG3tren)]
þ at low temperature44,77 and differs

from those reported for copper-derived η2-superoxide/
peroxide complexes.63 Similar to the results for transi-
tion-metal complexes from groupsVIII-X, themeasured
and calculated 18O EIEs associated with the Cu(η1-O2)
and Cu(η2-O2) structures also fall within discernibly
different ranges.
The CuII complexes have been proposed to react with

O2
•- by a sequential mechanism involving a Cu-O2

intermediate rather than direct, outer-sphere electron
transfer (Figure 8). This conclusion was reached largely
on the basis of the inverse 18O KIEs observed to fall
within a relatively narrow range of 0.984(6)-0.989(8) in
spite of the large variation in the effectiveΔG� from-6 to
-19 kcal mol-1.21 In addition, the 18OKIEs are indepen-
dent of whether an additional coordinating ligand (N3

-)
is present. The presence of N3

- would be expected to
influence the barrier to O2

•- oxidation.
The observation of inverse 18O KIEs which are insen-

sitive to large changes in ΔG� suggests that bonding
changes occur in a preequilibrium step. This proposal
also explains the insensitivity to the change in the complex
coordination geometry. 18O KIEs between 1 and the
limiting 18O EIEcalc of 0.968 for O2

•- oxidation to O2

are expected for the reversible binding of O2
•- to CuII,

followed by dissociation of O2 in the rate-limiting step.
Resemblance of the intermediate and transition state to
the Cu-O2 structures in Figure 2 has been attributed to
the very favorable thermodynamics of the second step.21

Isotopic measurements have also provided evidence of
Cu-O2 intermediates in enzymatic reactions of O2

•-. An
inverse 18O KIE=0.9722(16) was determined for O2

•-

oxidation by CuIIZn superoxide dismutase (SOD).20 The
mechanism of SOD appears to be similar to that of the
synthetic copper(II) complexes, although the 18O KIE
implicates a more CuI-O2

0-like transition state. In sup-
port of this proposal, the nonenzymatic reaction of O2

with CuIZnSOD exhibits an 18O KIE=1.0044(16). This
small effect is consistent with an inner-sphere pathway
and incompatible with the larger 18OKIEs, from 1.025 to
1.030, that characterize outer-sphere electron transfers.68,78

The electrostatically bound Cu-O2 intermediate appa-
rently forms via an O2

•- association barrier that is lower
than that of the redox reaction facilitating the release of
O2. The latter requires intramolecular bond reorganiza-
tion and changes in the coordination geometry about the

Figure 7. Alternate sequential mechanisms for the formation of the η2

metal-O2 adduct.

Figure 8. Proposed mechanism of O2
•- oxidation by copper(II) tris-

(pyridylamine) complexes.

(76) Zhang, C. X.; Kaderli, S.; Costas, M.; Kim, E.-I.; Neuhold, Y.-M.;
Karlin, K. D.; Zuberbuhler, A. D. Inorg. Chem. 2003, 42, 1807–1824.

(77) Wuertele, C.; Gaoutchenova, E.; Harms, K.; Holthausen, M. C.;
Sundermeyer, J.; Schindler, S. Angew. Chem., Int. Ed. 2006, 45, 3867–3869.

(78) Roth, J. P.; Wincek, R.; Nodet, G.; Edmondson, D. E.; McIntire, W.
S.; Klinman, J. P. J. Am. Chem. Soc. 2004, 126, 15120–15131.
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metal. Considering the microscopic reverse of O2
•-

oxidation by CuII, from right to left in Figure 8, O2

reduction is thermodynamically unfavorable and likely
involves formation of a Cu(η1-O2) intermediate in the
rate-limiting step. This proposal is in direct contrast to the
sequential outer-sphere electron transfermechanism in eq
5, where O2

•- forms before binding to the oxidized metal
cofactor.32,33

7. O-O Bond Rupture and the Microscopic Reverse:
O-O Bond Formation

Combined experimental and computational studies have
recently been applied to analyze oxygen isotope effects on
the activation of H2O2 and thereby elucidate the mecha-
nism of heme peroxidases. Significantly, these studies have
drawn attention to the isotope sensitivity of the reaction
coordinate previously proposed to be an important contri-
butor to heavy-atom kinetic isotope effects.30 Recent DFT
studies have not, addressed this issue, although it is likely to
be important for metal-mediated small-molecule activation
reactions that result in bond cleavage.56,67,69-71,79-81

In horseradish peroxidase (HRP), the enzyme’s prosthetic
group, FeIII(Por) (Por = protoporphyrin IX), reacts with
H2O2 to produce FeIVO(Por•þ) and H2O. Largely on the
basis of intuition concerning the stability of the products,
Poulos and Kraut proposed a single-step O-O heterolysis
mechanism.82 During catalysis, exogenous reductants react
with the FeIVO(Por•þ) as well as the subsequently formed
FeIVO(Por) to regenerate FeIIIHRP.
HRP has now been examined in greater depth using

oxygen isotope fractionation as a mechanistic probe of
H2O2 activation during enzyme turnover.23 The reaction of
FeIIIHRP with H2O2 in the presence of the reducing agent
2-methoxyphenol is characterized by an 18O KIE=1.0127(
0.0008. This value is slightly larger than the theoretical 18O
EIEcalc=1.0105 for O-O heterolysis but much smaller than
the 18O EIEcalc=1.0300 for O-O homolysis, which could
produce FeIVO(Por) and •OH prior to FeIVO(Por•þ) and
H2O. That the 18O KIE is much less than the latter 18O
EIEcalc excludes homolysis as a reversible, preequilibrium
step.
DFT calculations were performed to find the transition

states associated with the one- and two-electron O-O
bond cleavage reactions. The starting point was a higher
energy FeIIIOOH(Por) intermediate hydrogen-bonded
through the β-O to a distal imidazole side chain.83 The
transition state for homolysis could not be located, con-
sistent with a prohibitively high energy pathway. In con-
trast, the transition state for heterolysis was found to be
slightly higher in energy than the hydrogen-bonded inter-
mediate (Ea = þ2.4 kcal mol-1). This transition state,
designated as #2 in Figure 9, is situated above the barrier
preceding the rate-limiting step.
Transition state vibrational frequencies and imaginary

modes for each isotopologue were used to compute the 18O

KIE for O-O heterolysis. A theoretical 18OKIEcalc=1.0320
significantly exceeding the 18O EIEcalc=1.0105 was derived
from isotope-dependent νRC and KTS terms in eq 11. The
isotope effect on the reaction coordinate frequency, 18νRC=
1.020, arises from imaginary frequencies of 226.5i and 222.0i
cm-1 for the light and heavy isotopologues. The calculation
involved statistical averaging of the 224.1i cm-1 mode
associated with Fe-16O-18O-H and the 220.0i cm-1 mode
associated with Fe-18O-16O-H, as previously described.42

The isotope effect on the pseudoequilibrium constant,
18KTS=1.0117, was calculated similarly using only the stable
vibrations.
Disagreement between the 18O KIEcalc=1.0320 and the

measured 18O KIE of 1.0127 suggests that O-O cleavage is
not rate-limiting. Instead, O-O heterolysis is proposed to be
a preequilibrium step before a weakly isotope-sensitive ferryl
reduction or protein conformational change. The reversible
second step in Figure 9 is consistent with the com-
puted ΔG�=-4.9 kcal mol-1 as well as the lower limit of
18O EIEcalc=1.0105 for O-O heterolysis.
More compelling evidence for reversibleO-Obondbreak-

ing/making during HRP catalysis comes from tracer experi-
ments in conjunction withmeasurements of theH2O2 isotope
fractionation. The reaction in 1.2% 18O-labeled water re-
vealed a striking increase in the 18O/16O of the unreacted
H2O2 relative to its composition in natural abundance water
as the reaction progressed. Thus, the 18O KIE was dramati-
cally altered in a manner consistent with rapid exchange of
the 18O label from H2O into the unreacted H2O2 on the time
scale of the peroxidase reaction.
The reversible O-O bond making/breaking proposed for

HRP has little precedent in the literature,84,85 although there

Figure 9. Proposed mechanism of reversible O-O heterolysis in HRP.

(79) Slaughter, L. M.; Wolczanski, P. T.; Klinckman, T. R.; Cundari,
T. R. J. Am. Chem. Soc. 2000, 122, 7953–7975.

(80) Abu-Hasanayn, F.; Goldman, A. S.; Krogh-Jespersen, K. J. Phys.
Chem. 1993, 97, 5890–5896.

(81) Nowlan, D. T.; Gregg, T. M.; Davies, H. M. L.; Singleton, D. A. J.
Am. Chem. Soc. 2003, 125, 15902–15911.
(82) Poulos, T. L.; Kraut, J. J. Biol. Chem. 1980, 255, 8199–8205.
(83) Zazza, C.; Amadei, A.; Palma, A.; Sanna, N.; Tatoli, S.; Aschi, M. J.

Phys. Chem. B 2008, 112, 3184–3192.

(84) Marquez, L. A.; Huang, J. T.; Dunford, H. B. Biochemistry 1994, 33,
1447–1454.

(85) Halfen, J. A.; Mahapatra, S.; Wilkinson, E. C.; Kaderli, S.; Young,
V. G., Jr.; Que, L., Jr.; Zuberbuehler, A. D.; Tolman, W. B. Science 1996,
271, 1397–1400.
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are examples of related reactions involving nucleophilic
attack upon electrophilic metal-oxo species.86-88 Such me-
chanisms are commonly accepted for halide oxidation
by mammalian heme peroxidases.89 Isotope fractiona-
tion studies of HRP are unique in providing evidence of
reversible O-O bond formation/cleavage by a two-electron
pathway.
Findings from the studies of H2O2 activation raise new

questions concerning the isotope sensitivity of reaction co-
ordinates and the implications this has on the boundary
conditions used to interpret 18OKIEs. There are a few studies
which have assumed that 18O EIEs provide upper limits to
18O KIEs regardless of the reaction mechanism.25,56,90 The
18O KIEs reported in the cited works are associated with the
formation of an iron(IV) oxo species from O2. The mechan-
istic interpretations may need to be revised pending experi-
mental studies that address the relationship of 18O KIEs to
18OEIEs on defined reactions whereO2 activation progresses
to the level of O-O bond breaking.

8. Future Directions: Isotopic Studies of Water Oxidation

Several years ago, Babcock et al.91 proposed that O-O
bond cleavage by heme peroxidases could be thought of as
the microscopic reverse of O-O bond formation. Therefore,
O-Oheterolysis couldbe related to thenucleophilic attack of
water or hydroxide upon an electrophilic metal-oxo species,
as proposed for the reactive manganyl (MnVdO) in
the oxygen-evolving complex of photosystem II (PSII;
Figure 10).
Though the Kok cycle in Figure 10 has been the subject of

numerous biochemical, biophysical, and biomimetic studies,
the mechanism of O-O formation within the O2-evolving
complex remains obscure. Evidence for a manganese-bound
intermediate with an O-O bond intact has recently been
obtained from kinetic studies at high pressures of O2.

92 This
result suggests that S0 and S4 might interconvert via an
intermediate designated as S4

0 in a kinetically accessible
equilibrium.
Competitive oxygen isotope fractionation has been ap-

plied to study the O2 evolved during photosynthesis93

using an apparatus that is the prototype for the one
described in this review. Though only a slight difference
in the oxygen isotope composition from natural abun-
dance H2O was detectable, follow-up studies performed
using different experimental strategies have uncovered
significantly inverse 18O KIE.94,95 The reason for the

inconsistent results has remained unresolved in part
because of the absence of benchmarks and uncertainties
regarding theoretical interpretations.96

We have begun to apply oxygen isotope fractionation to
study reactions of synthetic inorganic compounds proposed
to effect water oxidation via high-valent metal-oxo species.
The goal is to use competitive 18O KIEs to differentiate
mechanisms of O-O bond formation that involve intramo-
lecular radical coupling from those involving nucleophilic
attack. Models for one- and two-electron transfer reactions
will provide a much needed framework for illuminating the
mechanism of PSII and may facilitate the design of new
synthetic catalysts capable of photochemicalwater oxidation.
Structurally characterized manganese, ruthenium, and

iridium complexes,97 proposed to mediate O-O bond for-
mation, will be systematically investigated. The steps involv-
ing H2O activation and release of O2 will be addressed.
Measurements of competitive 18O KIEs are being performed
in conjunction with DFT calculations. In light of the results
obtained from studies of peroxidase reactivity,23 significant
differences in the magnitudes of 18O KIEs and 18O EIEs are
anticipated for O-O bond formation by one- electron and
two-electron pathways.
Future studies of O-O bond activation during water

oxidation will complement our understanding of metal-
mediated O2 reductive activation. Although much progress
has beenmade by examining reactions of structurally defined
inorganic molecules, physical insights as to the origins of
oxygen isotope effects on specific types of reactions, e.g.,
O-O homolysis and heterolysis, are still needed. In the end,
the marriage of theory and experiment will be required
to establish mechanisms of small-molecule activation and

Figure 10. Reactions proposed to accompany photonic S0 f S4 transi-
tions in PSII.
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parlay our predictive understanding into the production of
clean fuels and commodity chemicals.
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