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Abstract

The use of oxygen ('80) isotope fractionation as a mechanistic probe of chemical and biological oxidation reactions, particularly those which
involve metal-O, adducts, is currently being explored. Summarized here are reactions of enzymes and inorganic compounds for which competitive
isotope effect measurements have been performed using natural abundance molecular oxygen and isotope ratio mass spectrometry. The derived
180 equilibrium isotope effects (EIEs) and kinetic isotope effects (KIEs) reflect the ground state and transition state structures, respectively, for
reactions of '°0-'°0 and '80-'°0. Normal isotope effects (>1) characterize the binding of O, to transition metal centers. The magnitudes, which
are primarily determined by the decrease in the O—O force constant accompanying formal electron transfer from the metal to O,, suggest that metal
superoxo complexes can be distinguished from metal peroxo complexes. Because 'O isotope effects can be measured during catalytic turnover,
they complement existing approaches to elucidating the structures of activated oxygen intermediates based on low-temperature spectroscopy and

crystallographic analysis of inorganic model compounds.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

‘Bio-inspired’ approaches in catalysis have aimed to repro-
duce the strategies used by enzymes to carry out intrinsically
difficult reactions, such as the activation of O, for the selec-
tive oxidation of hydrocarbon substrates [1]. Enzymes that
accomplish this transformation include the oxygenases, which
mediate the insertion of one or both atoms from O into the
substrate C—H [2,3], and the oxidases, which use O, simply
as an electron sink [4]. Advances in the crystallographic and
spectroscopic characterization of active sites have provided
important information concerning the static structures of pro-
teins [5,6]. However, the determination of enzyme mechanisms
as well as the factors which control rates and selectivity has
remained a challenge. New probes are needed to examine
reactions under conditions relevant to catalysis where transient
intermediates are often difficult to detect. We are, therefore,
developing methods to relate oxygen ('30) isotope effects to
activated oxygen intermediates characterized by vibrational
spectroscopy as well as the nature of such intermediates in
enzymes to those derived from synthetic inorganic compounds.

Lack of mechanistic understanding concerning O, reactivity
in chemical and biological systems has limited the development
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of new classes of oxidation catalysts that can function with the
efficiency and selectivity of enzymes. In fact, an enormous effort
has been directed towards the synthesis and characterization of
inorganic compounds as enzyme models [7,8]. While very few
of these compounds are functional catalysts, they have been used
widely to illuminate the structures of enzyme active sites. Pre-
sented here is an overview of the 130 isotope effects that have
been determined upon related reactions of metalloproteins and
inorganic compounds as well as the interpretations of the results
in the context of structure and mechanism. These studies illus-
trate how isotopic probes can provide new insights which would
be very difficult to obtain using conventional spectroscopic tech-
niques. Because the 80 isotope effects reflect the change in
bonding along the reaction coordinate, they provide information
which can be used to evaluate the nature of reaction barriers. It
must be emphasized, however, that the isotope effect is only one
piece of a complex puzzle. Its interpretation requires study of
the reaction kinetics, the analysis of the vibrational frequencies
and the application of the appropriate level of theory, which in
some cases has not been established.

2. Overview of instrumentation and methodology

The measurement of competitive isotope effects is performed
using an apparatus which consists of two adjoined high-vacuum
manifolds (Fig. 1) [9]. One manifold is interfaced with a


mailto:jproth@jhu.edu
dx.doi.org/10.1016/j.molcata.2006.02.026

V.V. Smirnov et al. / Journal of Molecular Catalysis A: Chemical 251 (2006) 100-107 101

He in to pump 2

|
we
R

to pump 1

1- collapsible reaction vessel
4 2- bubbler

3- cold traps

4- molecular sieve trap for Op
5- combustion furnace

6- capacitance manometer
7- sample tube

Fig. 1. Vacuum apparatus for the measurement of competitive '30 isotope
effects.

reaction chamber from which constant volumes of Oj-
containing solution are withdrawn prior and subsequent to the
addition of an enzyme or inorganic compound. At varying per-
centages of conversion, the O, which has not reacted is isolated
from the solution and purified by passage through a series of
cold traps under vacuum. The O, collected in a liquid nitrogen-
cooled trap containing 5 A molecular sieves is subsequently
released into a second manifold where it is quantitatively con-
verted to CO,. Combustion is achieved by re-circulating the O,
through a graphite furnace at 900 °C and condensation of the
CO, produced. The pressure of the CO, is determined using a
capacitance manometer and related back to the amount of Oy
consumed in the reaction. The CO; samples are then transferred
to evacuated tubes, flame-sealed and later analyzed by isotope
ratio mass spectrometry.

A key feature of the method is that it is performed using
natural abundance O,. Thus, isotope effects are determined
for the reactions of the abundant isotopologues: '°0-100 and
180_160 present in the same solution, i.e. under conditions of
intermolecular competition. Aside from the obvious advantage
of not requiring isotope enrichment, the approach avoids error
which could arise from dilution of !'80-enriched material
by ambient air. Since the natural abundance of 80 is low
(0.205£0.014%) sample sizes are typically greater than
5 wmol. In principle, the O, could be analyzed directly, but
since the CO, is easier to manipulate the combustion step
is performed. Because combustion is carried out to 100%
completion, the CO, has exactly the same oxygen isotope
composition as the O, from which it is prepared.

Generally, experiments involve determining the change in
the 180/190 ratio due to a catalytic or stoichiometric reaction
which consumes O;. This quantity is determined using a fixed
field isotope ratio mass spectrometer equipped with dual inlet
for referencing against a standardized sample of CO; gas. The
technique gives '80/!90 ratios relative to a standard, which are
precise to approximately 0.1-0.2 parts per thousand (3'30 in
per mille notation). Errors are compounded by manipulations
of samples on the vacuum apparatus resulting in precisions that
are approximately 10 times lower. Repeated measurements on

samples of O, from the air have indicated 8'80=23.5 4 1.5%o
versus standard mean ocean water (SMOW).

Two types of competitive '80 fractionation measurements
have been performed, those that give equilibrium isotope effects
(80 EIEs) and those that give kinetic isotope effects (180 KIEs)
[10]. The '80 EIEs (abbreviated '8K) correspond to a ratio
of equilibrium constants: K(16O—16O)/K(180—16O) and the 180
KIEs (abbreviated '8k) correspond to a ratio of second order
rate constants: k(1°0-100)/k(180-1°0). Both isotope effects are
defined as aratio of ratios (see below). Very small 2o errors, aver-
aging 5-10% of the isotope effect, are typically obtained from
six or more independent measurements.

The approaches used to study EIEs and KIEs differ with
respect to the experimental setup and methodology used. EIEs
for species in equilibrium with O, are obtained using an open
reaction vessel that allows rapid exchange between the atmo-
sphere and solution. Experiments are performed by adding a
sufficient amount of the reduced species to a solution such that
the change in total O, concentration (i.e. Ognbound + Og‘“‘nd)
can be accurately determined. The isotope composition of the
O; freely dissolved in the solution remains constant because of
its rapid exchange with the atmosphere. Yet the Oy bound to
a transition-metal complex or metalloprotein contains a differ-
ent '30/1°0. The EIE is determined from Eq. (1) where terms
include R, and R for the 130/'°0 of the unbound and total
O, (bound +unbound), respectively, and f for the fraction of
unbound O in solution.

) G A (1)
(R/Rw) —

In contrast to EIE measurements, the determination of 30
KIEs upon reactions which irreversibly consume O, requires a
sealed reaction vessel. The use of a glass chamber with amovable
piston or a collapsible, solvent impervious bag keeps all of the
unreacted O, dissolved in the solution. The number of moles
consumed in the reaction can, therefore, be accurately quantified.
At varying stages, samples of unreacted O; are collected and the
1807160 determined. The 18O KIE is derived from Eq. (2), where
terms include Ry for the '80/'°0 composition at 0% conversion
and Ry for the 1807160 ratio at f fractional conversion.
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3. Equilibrium isotope effects on O, binding to
metalloproteins

Tian and Klinman were the first to measure '80 EIEs on
reversible reactions of O, with hemoglobin (Hb), myoglobin
(Mb), hemerythrin (Hr) and hemocyanin (Hc) [11]. These pro-
teins bind O, with dissociation constants in the micromolar
range. The oxygenated species produced have been character-
ized via a range of spectroscopic methods [4] and the proposed
structures are shown in Table 1. In the “end-on” m'-superoxo
structures of oxyHb and oxyMb, the extent of O, reduction is
less than in oxyHr, which has an ! -peroxo ligand stabilized by
hydrogen bonding, and oxyHc, which has a “side-on” p-n2:m?-
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Table 1
Equilibrium isotope effects (\8K) determined for O, carrier proteins [11]
Reduced protein Oxygenated form 18k
O
o
Mb » 1.0039 + 0.0002
Hb 1.0054 £ 0.0006
NHis
H-
H o, 0O 1.0113 + 0.0005
' i” NeZ
Fe Fe
II/O Il
He Cu_ O/C” 1.0184 + 0.0023

0=0 0=0"" o—o

16,16 g
y 16,16 :
“ 16,16
18,16 : 3
18,16 \/ 1818 \/

V("®0-10) = 1065 om’!
v("#0-1%0) = 1035 om!

v(180-160) = 1556 cm’!
v(180-160) = 1512 cm™!

v(*%0-1%0) = 800 cm!
v(*®0-"%0) =777 em’!

Fig. 2. Changes in O-O force constant and zero point energy level splitting for
the light and heavy isotopes upon reduction of O5.

peroxo ligand bound to two copper ions. The reported 80 EIEs
ranging from 1.0039 (Hb) to 1.0184 (Hc) have been attributed
to a decrease in total bond order about oxygen [11].

In the absence of a redox metal, addition of electrons to Oy
reduces the bond order at oxygen. As shown in Fig. 2, as the
bond order is reduced the O—O force constant also decreases.
The attendant decrease in splitting of the isotopic zero point
energy levels is believed to be the origin of most heavy atom
isotope effects [12]. This simple picture becomes more compli-
cated when bonds formed between oxygen and the redox metal
center result in a compensating increase in isotopically sensi-
tive modes. When O, binds in an ' -manner, there is an isotope
effect due to the preferred binding of '°0-'0 over 180-1°0
and a much smaller contribution from the thermodynamic pref-
erence for Fe—'°0-!30 over Fe-!180-1°0.

In the original studies, simple calculations of 30 EIEs were
performed to provide a frame of reference for the bonding
changes that occur within the O; carrier proteins (Table 2)
[10,11]. The assumption was made that the protonated reduced
O, species (e.g. HO,*) could serve as a model for iron and cop-
per bound O,. In addition, the preference for H-1°0-180 over
H-'30-1°0 was neglected by averaging the EIEs for the two
isotopologues. In the case of complete reduction of O; to water,
the isotope effect was calculated for two molecules of H,'®0
relative to one molecule of H,'°O and one molecule of H,!30.

The only input data for the calculation of the isotope effects
were the stretching frequencies of the reactant and product
states, in accord with the formalism developed by Bigeleisen

and Goeppert-Mayer [13]. The EIE is defined according to Eq.
(3) as the product of isotopic gas phase partition functions cor-
responding to zero point energy (ZPE), excited state vibrational
energy (EXC) and mass and moments of inertia (MMI) rep-
resenting translational and rotational degrees of freedom [14].
The partition functions are given by Egs. (4)—(6), where v is
a normal mode stretching frequency and T is the temperature.
In all equations: % is Planck’s constant, k is Boltzmann’s con-
stant, N is the number of atoms in the reactant (A = O5) or the
metal-bound product (B) and the asterisk designates the site con-
taining '80. The reduced MMI partition function is expressed
as a vibrational product (VP) according to the Redlich—Teller
product rule [13,14].

EIE = ZPE x EXC x MMI 3)
3N—6___ (hvB*12kT) (hvB12kT)
. €X J €X J
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— Ax A
H?N SCXp(hUi /2kT)/eXp(hUi 12kT)

1Y% - exp—(huf*/kr))/(l _ exp—(huf/kr))
J

— _ Asx _ A
H?N 5(1 — exp (hv; /kT))/(l — exp (hv; /kT))
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Calculations of isotope effects on reactions of natural abun-
dance O; require the normal mode stretching frequencies for
the 100-190 and 180-100 (16-16) and 18:16y). These values were
obtained directly from the literature or estimated from known
force constants. The results in Table 2 show that, in most cases,
ZPE is the dominant contributor to the '80 EIE. In addition,
the ZPE accounts for the trend of increasing '80 EIE due to
the decrease of the O-O force constant in the reduced oxygen
species relative to that in O,. The contribution from protonation
appears to partially offset this effect.

180 EIEs on the reversible formation of the oxygenated
molecules in Table 1 have been interpreted in terms of the calcu-
lated values in Table 2 [10,11]. It was assumed that the change
in the O-O force constant is the major determinant of the iso-
tope effect and, therefore, the 180 EIE should be insensitive
to whether the oxygen is bound to a metal or to a proton [11].
Using this simplified model, the '80 EIEs determined for the fer-
ric superoxo species (Fel'-0,71) in oxyHb (1.0039 £ 0.0002)
and oxyMb (1.0054 % 0.0006) were compared to the calculated
value for protonated superoxide (HO,*, 1.010). The smaller 80
EIEs in the proteins have been suggested to arise from hydrogen
bonding of the terminal oxygen to a distal histidine residue. The

EXC = &)

MMI = VP = (©)

Table 2

Partition functions and '30 EIEs calculated from stretching frequencies [11]
Reaction ZPE EXC MMI 8k
02 +2e~ — 0,2~ 1.051 0.998 1.001 1.050
Oy+1le” >0y~ 1.034 0.999 1.000 1.033
Oy +1H" +2e~ — HO, ™ 1.033 0.997 1.004 1.034
Oy + 1H" + le~ — HO,* 1.010 0.999 1.001 1.010
0, +2H* +2e~ — HO,H 1.003 0.998 1.008 1.009
O, +4H* +4e~ — 2H,0 1.041 1.000 0.982 1.023
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Fel_0,~I_H*His interaction would increase the bond order to
oxygen and, therefore, decrease the 80 EIE. The physical expla-
nation of the effect is that the stiffening of the potential energy
well causes an increase in the zero-point energy level splitting
in the product state, making it more like the zero-point energy
level splitting in O, (cf. Fig. 2).

It has been difficult to evaluate the accuracy of the simplified
model in light of the results obtained for the other O,-carrier
proteins. In the case of oxyHr, the 30 EIE (1.0113 £ 0.0005) is
close to the calculated effect for O, reduction to HyO, (1.009).
This result would appear consistent with the structure where
O, is reduced by two electrons and a hydrogen bond is formed
between Fe!'-0, I and a hydroxide which bridges the di-iron
site. It is more difficult to explain the larger '80 EIE measured for
oxyHc (1.0184 £ 0.0023) in the context of the values in Table 2.
The binding of O; to two copper centers in a w-n2:m? fashion
reduces the 130 EIE relative to that calculated for 022~ (1.050)
but not to the extent observed for H,O,.

4. Equilibrium isotope effects on inorganic peroxide
compounds

In an effort to better understand how 80 EIEs reflect bond-
ing within metal-O, adducts, we have undertaken studies of
inorganic compounds with established vibrational structures.
Solomon and coworkers [15] have reported a normal mode
analysis of the Hc model compound: p-nZ:m2-Cu[HB(3,5-
Rypz)3]202 (HB(3,5-Rypz)s =tris(pyrazolyl)borate ligand and
R=isopropyl or phenyl). This compound was originally
reported by Kitajima and co-workers to adopt the same side-on
structure as the protein [16]. Using two different assignments of
stretching frequencies for the Cu, O, core, we estimate 80 EIEs
of 1.017 and 1.021, in excellent agreement with the experimen-
tal result for oxyHc. Calculations performed using stretching
frequencies from a normal mode analysis of the protein [17]
predict an '30 EIE of ~1.023.

While the agreement between the !0 EIE measured for
oxyHc and that calculated for pﬁqz:nz—Cu[HB(3,5—R2pz)3]202
may be fortuitous, the comparison illustrates a new way to
use inorganic compounds for the structural characterization of
protein active sites. Before applying the technique further, the
180 EIE for Kitajima’s model compound will be experimen-
tally determined and compared to the predicted value. It will
be also of interest to compare the results to those obtained
for the end-on peroxo compound: trans-w-1,2-[Cu(TMPA)]>, O,
(TMPA = tris(2-pyridylmethyl)amine) prepared by Karlin and
co-workers [18]. Based on the normal mode assignments [19],
the 180 EIE is predicted to be ~1.023. Given the small errors
in the competitive measurements, it may be possible to exper-
imentally distinguish the 30 EIEs for the end-on and side-on
structures.

In an effort to illuminate the more subtle factors which influ-
ence 180 EIEs, we have undertaken calculations on the classic
"r]z—peroxide compounds: [rO, C1(CO)(PPhj3),, [IrO,(dppe)2 ICl,
[RhOz(dppe)2]Cl, PtO2(PPh3);, PdO,(PPh3),, NiO»(PPhs),
and NiO(CN'Bu), (PPhj =triphenylphosphine, dppe=1,2-

T

M/(|)
\o

l N N

Fig. 3. Tsotopically sensitive modes used in the calculation of 30 equilibrium
isotope effects on the reversible formation of m2-peroxo compounds from Os.

~

bis(diphenylphosphino)ethane, CN’Bu = fert-n-butylisocyan-
ide) [20-24]. We have applied Bigeleisen’s formalism [14]
considering the vo_o, the symmetric vy_o and the asymmetric
vM-o Vibrational modes (Fig. 3). Most of the stretching fre-
quencies used in the calculations were available from previous
experimental studies and normal mode analysis [25-28].

Interestingly, the calculations suggest a small contribution
from ZPE and a dominant contribution from the MMI in Eq. (3).
The physical basis of this result is unclear at the present time. The
dominance of the MMI contribution may indicate that the origin
of the isotope effect is partially entropic, possibly the loss of
isotopically sensitive rotational modes upon binding of O to the
heavy metal fragment. The use of gas-phase partition functions
to describe translational, rotational and vibrational degrees of
freedom for molecules in solution has been previously discussed
[12]. In such cases, the isotope effects calculated from Eq. (3)
may be accurate although the specific contribution from each
partition function cannot be resolved.

180 EIEs on the formation of mononuclear peroxo com-
pounds containing different metals and ligands as well as having
different coordination geometries are predicted to fall within a
narrow range of 1.026—1.031. This is the result of similar stretch-
ing frequencies (vo_o = 827-897 em™ ! vyv_o =470-595 cm’l)
and shifts upon substituting 160160 for 180-160 (Avo_o =23-
25cm™!, Avpvio=9-10cm™!) [37]. The values are approxi-
mately three times greater than the EIE upon reducing O; to
H;0; (1.009) which has been previously used as a benchmark
for identifying metal peroxide intermediates in enzymes.

The calculations on m?-peroxo compounds are consistent
with the experimental result for oxyHc. Coordination of a sec-
ond metal center would be expected to decrease the %0 EIE
from a value of ca. 1.03. As discussed above, the 180 EIE in
the dimer would be reduced relative to a monomer because of
the greater splitting of zero-point energy levels associated with
the increased number of metal-oxygen bonds. Further studies of
180 EIEs for spectroscopically defined structures are ongoing. In
the future, these values can serve as benchmarks for interpreting
180 KIEs on metal-mediated O, activation reactions.

5. Kinetic isotope effects on enzymatic activation of O,

Much progress has been made towards understanding O»
reactivity of enzymes during the last 10 years. In part, this is
due to the development of methods for precisely determining
competitive 180 KIEs. It appears that in a number of cases these
values can be distinguished from one another and used to infer
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Table 3
180 kinetic isotope effects (18k) for reactions of O,-utilizing enzymes [10]
Enzyme Proposed reaction 18f

g

N\_/O N /NYO
+ 0y - + 0

GO N NH 1.0279 £ 0.0006

H o

HO

CAO 1.0101 £ 0.0009

NH

cu ---Cu” OH
H N._NH NH NH
2 2 2
CYY [ e _,.[ &
NH + O =—
TH N 1.0175 £ 0.0019
0
Fe” | Fe” ] F(-'L“
:O 2 PO

MMO Fe' Fel+0, == |Fe Fe'|—>= Fe”L\(I)/Fe'” 1.0152 + 0.0007
DM ?2 o ?2'* 1.0197 + 0.0003
PHM Cula Culsg + 0, == cCuy Cug — cuy cCu'lg 1.0173 £ 0.0009

the nature of reactive species. In addition, complex catalytic
mechanisms can be simplified since the competitive !0 KIE
probes only the steps beginning with the encounter of O up
to the first kinetically irreversible step. Table 3 summarizes the
reported '80 KIEs as well as the mechanisms which have been
proposed for enzymes that activate O, prior to the selective oxi-
dation of their substrates [10].

There is an obvious difference in the magnitudes of the 80
KIEs determined for enzymes which reduce O, without the for-
mation of new bonds (outer-sphere electron transfer) and those
which reduce O, by forming metal superoxo and peroxo species
(inner-sphere electron transfer). Glucose oxidase (GO), which
does not contain a redox metal but a flavin adenine dinucleotide
cofactor, falls into the first category [29]. A number of iron and
copper enzymes which exhibit oxygenase and oxidase activities
appear to fall into the second category [30-34].

Extensive mechanistic studies have demonstrated that GO
reacts with O; by an outer-sphere electron transfer mechanism
[29,35]. 180 KIEs determined for GO containing native and
chemically modified flavin cofactors range from 1.0266 £ 0.005
to 1.028 £ 0.004. These values approach the '80 EIE of 1.033
estimated for the reduction of O to O,°*~. This value has been
suggested as an upper limit based on the application of quan-
tum mechanical Marcus theory which takes into consideration
the changes in bond length and bond frequency in the transition
state [29]. The 80 KIE is surprisingly insensitive to variations
in the reaction driving-force as well as to the O, reduction rate
constants over three orders of magnitude. This behavior has been

explained in terms of a dominant contribution to classical reac-
tion coordinate from reorganization of the protein surroundings.
In this model, the isotope effect originates from the quantum
mechanical reorganization of the high frequency O—O bond
rather than differences in activation barrier height.

Different behavior is expected for inner-sphere electron
transfer reactions where the classical reaction coordinate is
approximated by a low frequency metal-oxygen stretching
mode. For this mechanism, '80 KIEs significantly smaller
than those observed for GO have been determined for the
iron enzymes: tyrosine hydroxylase (TH, 1.0175 + 0.0019) and
soluble methane monooxygenase (sMMO, 1.0152 % 0.0007)
as well as the copper enzymes: dopamine 3-monooxygenase
(DBM, 1.0197 £0.0003) and peptidylglycine o-hydroxylating
monooxygenase (PHM, 1.0173 £0.0009) and copper amine
oxidase (CAO, 1.0101 £ 0.0009).

180 KIEs on the inner-sphere electron transfer reactions
would be expected to exhibit trends similar to those described for

he 180 EIEs on reactions of the O, carrier proteins (see Section
3). Assuming the 80 EIE is an upper limit, an 80 KIE < 1.005
is expected to characterize the transition state for forming an iron
superoxo species. The smallest 180 KIE is seen for CAO which
has been attributed to the interaction of the active site copper(Il)
ion with O*™ as it is formed during the reduction of O, by
the topaquinol cofactor. In contrast to a simple one step electron
transfer reaction, the structurally homologous copper monooxy-
genases, PHM and D3M, have been proposed to reversibly form
a copper(Il) superoxo species which subsequently abstracts a
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Table 4
Partition functions and '30 EIEs calculated from stretching frequencies of inor-
ganic peroxide compounds [25-28] and O, [11]

Product? ZPE EXC MMI 8g

1r0,CI(CO)(PPh3), 1.004 0.993 1.031 1.028
[IrOx(dppe)2 1* 1.002 0.991 1.036 1.028
[RhO(dppe), ]+ 1.004 0.987 1.040 1.031
PtO,(PPhs ), 1.002 0.987 1.043 1.031
PdO,(PPhs ) 1.002 0.988 1.040 1.030
NiO,(CN'Bu), 1.000 0.991 1.036 1.026

& Abbreviations: PPhjz =triphenylphosphine, dppe = 1,2-bis(diphenylphos-
phino)ethane, CN’Bu = tert-n-butylisocyanide.

hydrogen atom from the substrate C—H bond. In support of this
mechanism, an end-on superoxo species has been recently char-
acterized in PHM by X-ray crystallography [36]. Consistent with
formation of a copper hydroperoxo species (Cu'-O,H™T) in the
kinetically irreversible step, the 80 KIEs for PHM and DM
increase to 1.0212 4+ 0.0018 and 1.0256 £ 0.0003 when the sub-
strates are deuterium-labeled [33].

6. Kinetic isotope effects on reactions of O, with
inorganic compounds

Given the ambiguous natures of oxidizing intermediates in
enzymes and the complexities associated with the kinetics of
catalysis, we have performed studies to evaluate whether bench-
mark '80 KIEs can be used to characterize specific types
of electron transfer reactions. For example, we have reported
180 KIEs on O, activation by classic inorganic compounds
[37]. The products of these reactions are the m>-peroxo com-
pounds: IrO,CI(CO)(PPh3),, [IrOz(dppe)2]Cl, PtO,(PPh3),,
PdO,(PPh3),, NiO2(PPh3)2 and NiOy(CNtBu), for which we
have calculated 30 EIEs (Table 4). Measurements of the 30
KIEs and rates were performed using experimental conditions
under which O; binding was determined to be kinetically irre-
versible. The results are summarized together with the rate
constants for O, binding (ko,) in Table 5.

Table 5
Isotope effects and O, binding rate constants for the formation of transition
metal peroxide compounds

Product? ko, M~1s71) 18k (Bk—1y
(IRK _ 1)
IrO,CI(CO)(PPh3), 0.17 £ 0.02 1.0268 & 0.0037°  0.96
[IrO>(dppe)2 |* 2.8 + 04 1.0205 £ 0.0036°  0.73
PtO,(PPh3), 32+7 1.0251 £ 0.0051°  0.81
NiO(PPhs),4 3000 =+ 80¢ 10113 £ 0.0027° 040
NiO>(CN'Bu), 3300 + 150" 1.0069 + 0.0016°  0.27
PdO,(PPh3), 41100 = 300 1.0093 & 0.0029°  0.31

? Analysis of products as well as reaction kinetics is described in the original
report [37].

® Measured in DMF and DMSO at 25 +2°C.

¢ Measured in DMF at 25 +2°C.

4 The peroxo compound forms transiently and decomposes to PPhs, OPPh;,
and a Ni''solvento complex.

¢ Measured in DMSO at 25 +£2°C.

f In the presence of added [CN'Bu] =0-0.088 M.

A wide range of normal 80 KIEs from 1.0069 to 1.0268 have
been obtained for reactions in which m?-peroxo compounds are
formed from O,. All of the KIEs are less than the calculated 130
EIEs suggesting that the latter values can be viewed as upper
limits. As explained above, the '30 KIE is likely to be deter-
mined by the weakening of the O—O bond and to a lesser extent
the compensating metal-O bond formation. The measured 80
KIEs exhibit a systematic decrease from 1.0268 = 0.0037 to
1.0069 £ 0.0016 as ko, increases by approximately five orders
of magnitude [37]. These observations suggest that the '30 KIEs
reveal variations in the degree of reductive O, activation in the
transition state.

Reactions where bonds are formed simultaneously with elec-
tron transfer are commonly referred to as oxidative additions
in organometallic chemistry. Several well-established examples
have been reported for Hy and alkyl halides [38]. However,
oxidative addition of O is unique in that the reaction involves
converting 30, and a closed shell (singlet) reactant to a product
which is a singlet in the ground state. This reaction is for-
mally spin forbidden [39]. Mechanistic pathways, which involve
sequential one electron transfer steps, would circumvent the
spin conservation problem. One possibility is outer-sphere elec-
tron transfer. This type of reaction is characterized by large 80
KIEs of ~1.028, which appear to be relatively independent of
reaction rates and thermodynamics (see discussion of glucose
oxidase in Section 5). IrO,C1(CO)(PPh3), exhibits an 180 KIE
in this range, yet an outer-sphere electron transfer mechanism
can be ruled out based on the large positive redox potential of
the Ir-compound and large negative redox potential of O, [37].
An inner-sphere mechanism involving a superoxo intermediate
cannot be rigorously excluded for the compounds which exhibit
small 180 KIEs. Some of these values are only slightly larger
than the '30 EIEs observed for oxyHb and oxyMb. However,
the rough trend (Fig. 4) between ko, and 18k argues against such
a changeover in mechanism.

The results are more easily explained within the context of a
single type of oxidative addition mechanism where there is a con-
certed transfer of two electrons upon binding of O in a side-on
manner. This observation has important implications for the use
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Fig. 4. Correlation of 180 KIEs (13k) to O, binding rate constants (ko, ). Data
are from Reference [37].
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of 130 isotope effects as mechanistic probes, exposing the need
for a theoretical framework to explain how a wide range of KIEs
can be observed for single class of reactions. We have suggested
that the structures of transition states for m2-peroxo forma-
tion can be characterized by the ratio of kinetic to equilibrium
isotope effects: (8% — /(8K — 1) [37]. When this parameter
approaches one, the transition state occurs ‘late’ along the reac-
tion coordinate and structurally resembles the peroxide product.
Values approaching zero suggest an ‘early’ transition state with
a reactant-like (O;-like) structure. Consistent with this view,
("k—1)/(18K — 1) is closest to 1 for IrCI(CO)(PPh3), which
exhibits the least thermodynamically favorable reaction with Oy
and the lowest ko, . The (lgk — 1)/(181( — 1) decreases systemat-
ically to between 0.2 and 0.3 as the reactions become more ther-
modynamically favorable and the ko, values increase (Table 5).
The inverse correlation between 80 KIE and ko, indicates
that the barrier to Oy activation involves extensive reorganiza-
tion of the O—O bond. Because oxidative addition is a form of
electron transfer, Marcus theory is a useful starting point for
the quantitative description of how KIEs may vary as a function
of driving-force. Eqgs. (7) and (8) express the free energy bar-
rier and 180 KIE in terms of an isotope-dependent, inner-sphere
reorganization energy (1) and the reaction free energy (AG°®).
Provided the magnitude of }; is relatively constant for the series
of reactions examined, the equations predict a maximum '80
KIE at AG° ~0 and a decrease in the KIEs as the reactions
become more and less thermodynamically favorable [40].

AGi= M 1+A—GO2 )
! 4 A

; i1 (AG®)* (M6 — Aig

AGlg AG]@ = 4()%8 A6) + 4 ( Mehie ) 3

Consistent with this description, O, binding to IrCl-
(CO)(PPh3), is close to thermoneutral (AG® = —5.6 kcal mol !
in DMF at 25 °C) and exhibits an 30 KIE (1.0268) approach-
ing the assumed maximum (1.031). All of the other reactions
examined, which are faster and ostensibly more exothermic,
exhibit smaller '80 KIEs. A complete analysis of the driving-
force dependence of the 80 KIEs will require additional studies
of endothermic O, binding reactions. The results obtained thus
far indicate that thermodynamics is a very important factor to
consider when interpreting '80 KIEs on inner-sphere electron
transfer reactions, which are the proposed mechanisms in a num-
ber of Oy-activating metalloenzymes.

7. Conclusions

Competitive 80 isotope effects can be used to understand
metal-mediated O; activation at the level of bonding changes
along the reaction coordinate. Normal 30 equilibrium iso-
tope effects characterize the formation of superoxo and peroxo
compounds from O,. The magnitudes primarily reflect weak-
ening of the O—O bond and, to a lesser extent, compensating
metal-oxygen bond formation. Recent results suggest that 180
kinetic isotope effects on reactions which form nZ-peroxo com-

pounds reveal intimate details about transition state structure. A
simplified version of Marcus theory is being tested as a model for
the dependence of these isotope effects on the reaction thermo-
dynamics. In this formalism, the contribution of isotope depen-
dent nuclear reorganization to the free energy barrier changes
is moderated by the overall reaction driving force. Thus, the
thermodynamics associated with inner-sphere electron transfer
to O, is important to consider when interpreting 80 KIEs on
reactions of metalloenzymes and inorganic compounds. Based
on these early studies, we are optimistic about future applications
of 180 isotope effects as mechanistic probes of O, activation in
chemical and biological catalysis.

8. General experimental

The compounds described in this paper were prepared fol-
lowing published procedures [41-45]. Their purities were con-
firmed by elemental analysis, multinuclear NMR and compari-
son with published molar extinction coefficients. “Anhydrous”
brand DMF and DMSO solvents from Burdick and Jackson
were used as received. All isotope effects and rate constants
are reported at 25 £2°C with +20 errors. Kinetic data were
obtained using an Agilent 8453 UV-vis spectrophotometer or
an OLIS RSM1000 stopped-flow spectrophotometer. Isotope
ratio analysis of CO, samples was performed using a Micromass
Isoprime stable isotope mass spectrometer equipped with dual-
inlet system (Johns Hopkins University, Department of Earth
and Planetary Sciences).
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