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CONSPECTUS

ompetitively determined oxygen ('20) isotope effects can be power-

ful probes of chemical and biological transformations involving molec-
ular oxygen as well as superoxide and hydrogen peroxide. They play a
complementary role to crystallography and spectroscopy in the study of t
activated oxygen intermediates by forging a link between electronic/vi- .;','16'"5 —1,5116 "
brational structure and the bonding that occurs within ground and tran- v“%a -1'i-§-1-;'
sition states along the reaction coordinate. Such analyses can be used to '
assess the plausibility of intermediates and their catalytic relevance in oxi-
dative processes.

This Account describes efforts to advance oxygen Kinetic isotope effects
(*80 KIEs) and equilibrium isotope effects (*30 EIEs) as mechanistic probes of reactive, oxygen-derived species. We focus
primarily on transition metal mediated oxidations, outlining both advances over the past five years and current limitations
of this approach. Computational methods are now being developed to probe transition states and the accompanying kinetic
isotope effects. In particular, we describe the importance of using a full-frequency model to accurately predict the magni-
tudes as well as the temperature dependence of the isotope effects. Earlier studies have used a “cut-off model,” which employs
only a few isotopic vibrational modes, and such models tend to overestimate '20 EIEs.

Researchers in mechanistic biological inorganic chemistry would like to differentiate “inner-sphere” from “outer-sphere”
reactivity of O,, a designation that describes the extent of the bonding interaction between metal and oxygen in the tran-
sition state. Though this problem remains unsolved, we expect that this isotopic approach will help differentiate these pro-
cesses. For example, comparisons of '80 KIEs to 80 EIEs provide benchmarks that allow us to calibrate computationally
derived reaction coordinates. Once the physical origins of heavy atom isotope effects are better understood, researchers will
be able to apply the competitive isotope fractionation technique to a wide range of pressing problems in small molecule
chemistry and biochemistry.

Product = MO,

Reactant = O,

E

Heavy atom coordinate

plement the above approaches by forging a link
between electronic/vibrational structure and the
bonding changes that occur along the reaction
coordinate.

The analysis of oxygen isotope effects has a

I. Introduction

Reactive intermediates generated from O, are
among the most challenging to study due to their
propensity to react by low-energy pathways. Pro-
tein crystallographic and spectroscopic methods

have provided valuable insights in systems where
metal-activated oxygen intermediates are pro-
posed. Yet with regard to static measurements, it
is often difficult to assess whether the observed
species are catalytically relevant. Heavy atom iso-
tope effects,' specifically on reactions of O,, com-
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long history highlighted by Dole’s discovery that
'80 is more abundant in the atmosphere (%'80 =
0.2030) than in seawater (%'80 = 0.1999).2 This
observation, known as the “Dole effect’, reflects a
multitude of mass-dependent and mass-indepen-
dent processes. Exposing the origins of both phe-
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TABLE 1. 80 EIEs upon Binding of O, to Proteins and Inorganic Compounds

Reactant + O, Product

0 ElEey,”

0 EIEcac”

Fe'-hemoglobin,

1.0039 + 0.0002 ©

0.995 (singlet)

B c
myoglobin, 1.0054 + 0.0006 1.0041 (triplet) ef
P450cam 1.0048 + 0.0006 °
Co'Por(l) 1.0028 + 0.0014 1.0039
(MeTHF 248 K) f (THF, 248 K)°
1.0072 + 0.0014 " 1.0069
- CHs e
(‘ N (DMF, 294 K) (DMF, 294 K)
3
H 'g;CO-;‘zQ 1.0034 + 0.0021 1.0027
Co'(SMDPT) \ S .
0. (DMF, 218 K) (DMF, 218 K)
0 1.0056 + 0.0025 1.0043
(MeTHF, 249 K) (THF 249 K)°
\ +
T ?\1 \(N\“ g g
= 1.0149 + 0.0012 1.0128
Oy N
[CU(TMG;Tren]" /4’7 T“ >N~N/
NN 4N (DMF, 261 K) (DMF, 261K)
AN
o]
O—H
o 5 NHis
Fe'-hemerythrin HisNrr b N —mHis 1.0113 £ 0.0005 © 1.0115"
7\ Asp / "NHis
HisN O\C/
Glu
. o b 2o 10199 + 0.0017 1.0178°
[Rh'(dppe).] 2R ] ,
PhR™ | o (DMF, 298 K)
_PPh,
PPh, 1.0226 + 0.0013
I'(PPh3),(CO)CNO oC,,,| w0 1.0176°
ONcrr\(‘J (DMF, 298 K) '
PPh,
PPh 1.0305 + 0.0023
| 3 e
I'(PPh3),(CO)CI 0Cs,, | O 1.0169
Cl;ir”\(\) (DMF, 208 K) f
PPhs

91n H,0 at 298 K unless noted; THF = tetrahydrofuran, MeTHF = methyltetrahydrofuran, DMF = N,N-dimethylformamide.  Calculated using a full frequency
model at the experimental temperature in the gas phase unless noted. < Reference 6. “ Reference 38. ¢ Reference 26.” Reference 24. Calculated for structure with

R = H. 9 Reference 27. " Reference 31.

nomena remains an important challenge. Defici-
encies in our understanding impose limitations on the value
of isotope effects in fields ranging from chemistry to the atmo-
spheric, environmental, and biological sciences.
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The methodology for determining competitive isotope
effects on enzymatic reactions of O, has been in place for
some time,® and there are measurements that date from the
1950s.* Early analyses were performed on “water splitting”
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during photosynthesis as well as the oxygenase activity of the
enzyme rubisco.”> Mechanistic insights were limited, however,
in the absence of benchmarks for differentiating “inner-sphere”
and “outer-sphere” electron transfer. These terms refer to the
extent to which a bonding interaction develops between a
redox metal or organic moiety and O, in the transition state.

An early indication that measurements of '®0 isotope
effects could be useful in probing structures came from the
laboratories of Klinman, who applied the technique to the
reversible binding of O, to metalloproteins.® Later studies
afforded '80 Kinetic isotope effects (KIEs) on reactions of met-
alloenzymes and more recently on reactions of inorganic
molecules.”® Originally, "0 KIEs were used to simply assess
the involvement of O, in the rate-determining step.'®~'# In
later works, comparisons of '80 KIEs to equilibrium isotope
effects (EIEs) were used to infer identities of O,-derived
intermediates.'>~'® Similar methods have recently been
extended to probe reactions of O,"~ and H,0,.'%2%2!

Much progress toward understanding the origins of '®0 EIEs
and KIEs has occurred over the past five years, in part due to
efforts by the author to study biological and inorganic reactions
in parallel.2? Since early works by Bigeleisen? and Wolfsberg?>
computational methods for interpreting isotope effects have
become more tractable. As will be shown here, density functional
theory (DFT) methods have been refined to the point that they
can be used to reliably predict 'O EIEs on reactions of O-.

Il. Equilibrium Isotope Effects

A. Experimentation. The first measurements of '®0 EIEs were
performed on O,-carrier proteins® and followed by proof-of-con-
cept studies using synthetic inorganic compounds.?* Together
these works exposed a correlation between the magnitudes of
'80 EIEs and structures containing O, bound as an end-on super-
oxide (O, ) and side-on peroxide (O, ") ligand. The technique
used in these experiments involves analyzing competitive iso-
tope fractionation, that is, the change in '#0/'°0 within the O,
released from equilibrated solutions. A brief description is pro-
vided below with the reader referred elsewhere”® for details con-
cerning instrumentation and methodology.

The parameters determined experimentally include the
amount of O, taken up by the reduced carrier and the change
n '80/'°0 from natural abundance. For ease of sample han-
dling, O, is quantitatively combusted to CO, prior to pres-
sure determination and isotope ratio mass spectrometry. The
resulting "0 EIE is defined according to eq 1 for the revers-
ible addition of O, to form an oxygenated product as in Table
1. The f reflects the fractional change in freely dissolved O,
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concentration upon binding to the reduced O,-carrier. R, and
R, correspond to the ratios (*80/'®0) in the O5"°°“"¢ and O™,
respectively. After equilibration with the atmosphere, [0,]**
— [Oz]unbound + [Ozlbound'

1-f
K(160180) (1)

18
OEIE= =
(R/RY) —f

B. Calculation of Oxygen Equilibrium Isotope Effects.
The formalism of Bigeleisen and Goeppert—Mayer (eq 2)?? is
used to calculate "0 EIEs from gas-phase partition functions
corresponding to zero point energy (ZPE), vibrational excita-
tion energy (EXC), and the mass and moments of inertia (MMI).
ZPE is typically associated with the isotope effect upon AH®
whereas EXC x MMI is associated with the isotope effect upon
AS°2° An isotope exchange reaction (eq 3) is used to define
the partition functions (eqs 4—6) in terms of vibrational fre-
quencies of the reactant and product states; here k is Boltz-
mann’s constant, h is Planck’s constant, and T is temperature.
A is the O,, and B is the oxygen-derived product. The aster-
isk designates the site of the '80.

180 EIE = ZPE x EXC x MMI 2)

0, + MOy* =— 0,* + MO,

. ) i )
A + B* A*+ B

it exp(hv;/(2KT))

Isw—s exp(hvF*/(2KT))
ZPE=

~ avs exp(hv*/(2KT)) @
il exp(hv?/(2kT)
-6 1 — exp{ — (VP kT))}]
. B B
Exc— b 1 — exp{—(hv;/(kT)} 5
3N-5 1 — exp{ — (hv}*/(kT)}
it 1 —exp{—(v}/ (kD) l
3N—
‘ ( }B/V]B*)
MMI=VP= — (6)
[T )

When full sets of vibrational frequencies are available,
application of the Redlich—Teller product rule allows MMI to
be calculated as a vibrational product, VP (eq 6). Theoretically,
the result should be the same when computed from the clas-
sical expression (eq 7), which contains molecular masses (M)
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Product = MO, Product = MO,

T Reactant = O, :
16,16

E /16,16 16,16 | !
16,18 I I
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Heavy atom coordinate

FIGURE 1. Inverse zero point energy effect upon binding of O, to
a metal center.

and rotational moments of inertia (/). Deviations occur when
a truncated set of frequencies is used in the calculations.?®

[(M16—16)3/2 ~ (li,16—16)]/2
MMI = M16—18 m Ii,16—18 B (7)
[(Mm—]a)” Mot (lue_—m)m]
M16—18 m Ii,16—18 A

In Table 1, mostly normal '80 EIEs (>1) are observed
reflecting enrichment of 80 in freely dissolved O, relative to
the product. The apparent trend between the magnitude of
'80 EIEs and formal level of O—0 bond reduction can be mis-
leading, however, since calculations reveal extensive entropy/
enthalpy compensation.?®27 In this Account, all '80 EIE
were derived using a full frequency model affording excel-
lent agreement with the experiments, to within ~0.2% (Table
1).

The ZPE calculated from eq 4 is inverse (<1) when O, coor-
dinates to a metal. This is somewhat surprising in view of the
resultant O—O bond reduction. ZPE becomes more inverse
when the total isotopic shift of vibrations within the product,
YO0 — 1018, exceeds the shift of the single stretch in
0,, v'®16 — 1818 n contrast, normal (> 1) ZPE terms are
computed for simple O, reduction to O,"~, HO,® and H,0,
(3.4%, 1.0%, and 0.3%); the "80 EIEs vary accordingly from
3.3% to 1.0% to 0.9%. This behavior is opposite to metal—0,
coordination depicted in Figure 1, where an increased force
constant relative to O, derives from consideration of the O—0
stretch, metal—oxygen vibrations, and any other modes sen-
sitive to '80 substitution within the product.

The new isotopic bonds formed upon coordinating O, to a
metal center also give rise to an inverse EXC. In general, the
EXC (eq 5) is more inverse for end-on superoxide structures
than for side-on peroxide structures, while the opposite is true
for the ZPE. For exact values, the reader is referred to the pri-
mary literature.'>2%27 The inverse EXC is attributed to the
greater population of vibrational energy levels, which are
more closely spaced in the heavier isotopologue than in the
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FIGURE 2. Calculated '80 EIEs for formation of a Cu(y'-
0,)TMG;Tren.?”

light one. EXC becomes more inverse approaching 1/MMI at
the limit of infinite temperature. At this limit, all vibrational lev-
els are equally populated and EXC x MMI = 1. Under the
same conditions of increasing temperature the ZPE varies as
a negative exponential approaching 1.

For small molecule activation, the inverse EXC is offset by
a large normal MMI (~1.15). The temperature independent
MMI term reflects loss of mass-dependent rotational and trans-
lational modes when O, binds to the heavy metal fragment.
This effect is offset by the formation of new low-frequency
bonds. The product, EXC x MM, reflecting the isotope effect
on AS° is large and normal as opposed to the inverse ZPE,
representing the isotope effect on AH°. Similar behavior has
been noted by Parkin et al. for addition of H, to transition
metal complexes, > where the isotope effect upon AS°® causes
deviation from a normal linear van't Hoff plot. Such behavior
is depicted for O, binding to copper(l) in Figure 2 where the
'80 EIE arises from compensating enthalpic (ZPE) and entropic
(EXC x MMI) effects.

'80 EIEs can be similar for intermediates derived from inor-
ganic compounds and metalloproteins. The primary influences
are electron density at the metal and its propensity to form
strong bonds to O,. As a result, 80 EIEs have been observed
to be up to a factor of 8 (!) larger for side-on (%) peroxide
structures than for end-on (') superoxide structures.>* The
larger '80 EIEs associated with 5?-peroxide comes from a less
inverse EXC contribution reflecting stronger, higher frequency
metal—oxygen bonds. The MM is relatively constant for all O,
binding reactions making EXC x MMI larger than that for the
n'-superoxide structures. As described above, EXC x MM off-
sets the ZPE, which is more inverse for - peroxide than
n'-superoxide structures.'>'7:2¢ Since EXC x MMI actually
makes the '80 EIE > 1, this contribution may be viewed as
the primary determinant of the normal 80 isotope effect,
which would be inverse if based solely on ZPE considerations.
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Differences in '80 EIEs are less clear-cut when comparing
0O, complexes of different metals with variable coordination
geometries. These factors impact the strength of the
metal—oxygen bonds. This observation is in line with the
bonding interactions appearing similar for six-coordinate
Fe(n'-0,) and Co(y'-O,) complexes where calculated and
experimental '80 EIEs are ca. 0.5% at 298 K. We note that in
the former, it is difficult to accurately calculate the relevant
spin state.?®2” Though the Fe(;'-O,) porphyrin species in
globins engage in hydrogen bonding, this effect does not
appear to significantly perturb the "0 EIE as suggested by cal-
culations?® and experiments with a biomimetic cobalt ana-
logue.* The '80 EIEs for Cu(;'-0,) species, some of which are
only calculated and not shown in Table 1, are typically larger
(0.9—1.3%)'>27 than those for Fe(;'-O,) and Co(;;'-O-), which
imply more dioxygen-like structures.

Earlier estimates of 80 EIEs for Cu(;'-O,) species as large
as 1.6% should be viewed as conservative upper limits. This
situation derives from the uncertainty in extracting '®0 EIEs
from multistep mechanisms where the KIE contribution from
the rate-limiting step is ambiguous.>® Moreover, CuO, spe-
cies with the same formal oxidation states have been
described in terms of a valence bond continuum,?® with struc-
tures ranging from oxygen-like to superoxide-like to peroxide-
like. The computed '80 EIEs of 2.3—3.1% reproduce these
trends expected for the Cu(y?—0,) coordination
geometry.'>27 The larger '®0 EIEs again be traced to less
inverse EXC terms, which result in a larger entropic contribu-
tion to the 80 EIE through MMI x EXC.

Stretching frequencies have often been used to indicate the
level of 0—O0 reduction within metal—0, complexes.?? The
Voo values for superoxide structures invariably fall within
1100—1300 cm ™', while vo_, values for peroxide structures
are within 800—950 cm™". Since the 80 EIE is determined by
all isotopic vibrations of the product, it complements the spec-
troscopic observation of a few specific modes above 300
cm~ . In addition to the magnitude of the '20 EIE, its temper-
ature dependence is also a distinguishing factor. Maxima
occur at higher temperatures for 5'-superoxide structures than
for ?-peroxide structures, due to differing contributions from
low frequency modes (cf. Figure 2).2527

C. Full Frequency versus Cut-off Models. In earlier stud-
ies, heavy atom EIEs were interpreted in terms of bond order
changes by analogy with secondary isotope effects. Since
methods for calculating optimized geometries and molecular
force fields were not readily available, '®0 EIEs on reactions
of O, were estimated using “cut-off” models.”?3 In these mod-
els, only a few, sometimes arbitrarily chosen, isotopic vibra-
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tions were analyzed. Stern and Wolfsberg3® originally
proposed this type of analysis for “large molecules” in the
high-temperature limit. It was further noted that the requisite
cancellation of terms would be most reliable when similar
vibratonal frequencies were omitted in the reactant and prod-
uct states. With regard to O,-binding, the omissions are nec-
essarily dissimilar with only the product frequencies being left
out of the calculations. It follows that the application of cut-
off models to reactions of O, may be inherently flawed.
Within this approach, the '80 EIEs are overestimated, as dis-
cussed in a recent review,? and should be viewed as upper
limits.

In other interpretations of '0 EIEs and KIEs, the analogy
has been made between a metal and a proton. For example,
equating the heme-derived Fe(;'-O) to HO,* emphasizes the
contribution from the change in O—O force constant.® This
type of analysis is clearly an oversimplification because it
neglects the compensating enthalpic and entropic effects,
which, as described above, are characteristic of small mole-
cule binding to transition metals.

More recent studies'®2%27 have focused on refining DFT
methods such that they provide full sets of reliable vibrational
frequencies for the reactant as well as product states; the lat-
ter are unavailable from even the best spectroscopic expeti-
ments. Surprisingly, some common DFT methods fail to
reproduce the bond length and stretching frequency associ-
ated with the isotopologues of O,. Thus, care must be taken
to choose the appropriate basis sets and functional. As dem-
onstrated in Table 1, agreement with experimental "0 EIEs
at varying temperatures is excellent (+£0.2%) when the cali-
brated mPWPW91 functional is applied to O, as well as first
and second row transition metal complexes.®2” Solvent cor-
rections can enhance the agreement within the limits of error.
Poorer performance is noted for third row transition metals;
this is likely due to insufficient basis functions and the diffi-
culty in obtaining optimized structures with accurate force
fields.

Full frequency calculations, which employ isotopic vibra-
tions from appropriately calibrated DFT methods yield results
that are more reliable than the cut-off models. A case in point
is oxyhemerythrin where the 80 EIE is grossly overestimated
when only the observed stretching frequencies associated with
the v(Fe—0), v,,(Fe—0), v(Fe—0O,H), and »(O—OH) are used in
the calculations.® Yet when the DFT method is employed with
tight constraints on geometry optimization, the calculated
vibrational frequencies predict an '80 EIE,. of 1.15%.3" This
value is in excellent agreement with the experimental "0 EIE
of 1.13%.° Notably the DFT calculations predict the frequency
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TABLE 2. Analysis of the Oxygen Isotope Effect for O, Binding to Hemerythrin

Low spin oxyhemerythrin model® | Fe"O"OHvs. | ZPE | EXC | MMI® | ElEc.
Fe'®0"0OH 0.9308 | 0.9401 | 1.1523 | 1.0084

Fe'®0'®0OH 0.9618 | 0.9158 | 1.1519 | 1.0147

Ave 0.9461 |0.9278 | 1.1521 | 1.0115

9 Acetate was used for aspartate and glutamate and methylimidazole for histidine; S = 0 arises from antiferromagnetic coupling of the iron centers. ” Equation

6.

of the hydrogen-bonded terminal O—H for the low-spin state
(»('®0—H) = 2564.0, v('®0—H) = 2555.4) to be significantly
down-shifted relative to an isolated v('®*0—H) = 3539,
v('80—H) = 3527,'7 thus making a significant difference in
the computed '80 EIE. The analysis in Table 2 indicates no
need for scaling frequencies or making allowance for the
intramolecular isotope effect reflecting preferential coordina-
tion of '®0 to Fe or '°0 to H.

Ill. Competitive Oxygen Kinetic Isotope
Effects (30 KIEs)

Similar to "0 EIEs, '80 KIEs can be determined to high pre-
cision using competitive methodology and natural abundance
0,.”® Catalytic and stoichiometric reactions are analyzed
according to eq 8 where the KIE is derived from the ratio of
oxygen isotopes in the residual O,, that is, '®0/'°O(R), rela-
tive to the initial '0/'®0O(R,) in the starting material. The frac-
tional conversion (f) also factors into the expression, which has
two familiar forms:

k(160160)

18
OKIE= —/—/——= [1 +
k(160180)

ln(Rf/RO)]l (1 -
In(1=A] — In(1 = AR/R,)

(8)

The experimental methodology developed for O, has since
been extended to superoxide (O,°")?%2' and hydrogen per-
oxide (H,0,)."® Comparative measurements can be informa-
tive when similar intermediates are generated from different
oxidants. The observed 80 KIEs can be related by consider-
ing the theoretical '80 EIEs (quoted above for reduction of O,
to O, or H,0,). The competitive 80 KIE is by definition an
isotope effect on a second-order process, reflecting all steps
beginning with encounter leading up to and including the first
kinetically irreversible step. Thus, measurements where com-

404 = ACCOUNTS OF CHEMICAL RESEARCH = 399-408 = March 2009 = Vol. 42, No. 3

mon reactive intermediates are generated from H,O, and O,
may complement one another or expose Kinetic complexity
that would otherwise be difficult to detect.

Proof-of-concept studies, which illuminate the physical ori-
gins of '80 KIEs on reactions of O,, are needed to progress
further toward identification of reactive intermediates. This is
a challenging problem due to the largely entropic nature of
the reaction barrier. At present, constructing boundary condi-
tions for '80 KIEs is precluded by uncertainties concerning
transition state structure, reaction coordinate frequency and,
more generally, the mechanism of electron transfer (ET) to O,.
Inner-sphere and outer-sphere ET mechanisms are defined
with regard to the presence of a bond to O, in the transition
state.

While '80 EIEs have often been assumed to represent
upper limits for "0 KIEs in mechanistic studies,” 2" this rela-
tionship has not been rigorously examined for a variety of
reactions. For instance, it is unknown to what extent the reac-
tion coordinate depends on oxygen isotope in reactions where
a metal—0, adduct is reduced by electron or hydrogen atom
transfer. Cases illustrating current limitations in understand-
ing these issues are presented below.

A. Outer-Sphere Electron Transfer (ET). '®0 KIEs upon
outer-sphere ET to O, have been described within the con-
text of Marcus theory.'® Isotope substitution can influence
AG®, estimated from redox potentials, as well as the O—0
bond reorganization energy, defined classically as 4;, or in
terms of quantum mechanical Franck—Condon overlap
factors.3233 Isotope effects on these parameters have been
estimated for the self-exchange reaction: "O, + O,"~ — "0,""
+ 0,."? Since the normal mode stretching frequencies (vo_o)
of O, and O, exceed thermal energy (>4KkT), the reaction is
more correctly treated within the quantum limit, in terms of
Franck—Condon overlap factors. These overlap factors,
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0 + O =—= *0; + 0,
Reactant Product

E
X ]GITEY
+ r(0-—0) —=

classical reaction coordinate —»
FIGURE 3. Quantum mechanical model for the 80 KIE on 0,/0,"~
self-exchange.

denoted Y, are defined from the isotopic v5_o, reduced
masses and bond lengths, r(O—0), of the reactant and prod-
uct (Figure 3).

80 KIEs upon outer-sphere ET to O, have been found to
fall within a narrow range of 2.6—2.8% when AG® is close to
0.'® Experiments have been performed using glucose oxidase,
a flavoenzyme where only an outer-sphere pathway is plau-
sible.'® The observed "0 KIEs are in agreement with the
quantum mechanical formalism of Jortner, which attributes the
isotope effect to differences in vibrational wave function over-
lap at the classically defined transition state (Figure 3) rather
than the effects of AG°.3%33

A shortcoming of the above approach is that it assumes an
averaged force constant for the reactant (O,) and product
(O5°7) states and thus, does not account simultaneously for
the change in force constant, i.e. the '®0 EIE. Another uncer-
tainty concerns the variation in 80 KIE with AG®. It follows
from the basic Marcus equation, AG* = A/4(14+ AG°/A)?, and
the definition "0 KIE = exp[('®'8AG* — "®'5AGY)/(RT)] that
the maximum "80 KIE should occur at AG® = 0 kcal mol ™"
and should vary parabolically to a minimum of 1 when |AG®|
= A

Though the Jortner model has been applied in mechanis-
tic studies of ET to O,,2" more advanced descriptions are
needed to predict the behavior of '80 KIEs when AG® is very
favorable or very unfavorable. In these cases, excited-state
vibrations are likely to contribute differently to the rates of the
two isotopologues. A vibronic model derived from Marcus the-
ory and popularized for proton-coupled electron transfer*
may be useful in this respect because it explicitly considers the
'80 EIE as well as contributions from ground and excited
vibrational energy levels.

B. Inner-Sphere Electron Transfer. The interpretation of
80 KIEs is perhaps most challenging for reactions where O,
coordinates to a reduced metal center. In these cases, defin-
ing a stable saddle point along the reaction coordinate is crit-
ical. It follows from transition-state theory (TST), that the '#0
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KIE can be expressed according to eq 9. The vy is the reac-
tion coordinate frequency and K+ is a pseudoequilibrium con-
stant for interconverting the reactant and transition state.
Isotopic partition functions associated with K5 are defined
analogously to the 80 EIE (eq 10) with the exception that VP
(cf. eq 6) has one less mode due to converting a translation
to a vibration in the transition state.

16,16

16,16
V, K
18 RC TS
OKIE_, .= 9)
calc (16,18VRC)(]6,18KTS)

Kys = VP x EXC x ZPE (10)

Transition states for bimolecular reactions of O, can be dif-
ficult to calculate because of the large contribution from
entropy to the free energy barrier.>> For this reason, varia-
tional TST methods may be worth investigating. Some com-
putational studies of bimolecular O, reactions have reported
stable saddle-point structures, which correspond to unimo-
lecular rearrangements subsequent to O, coordination to the
metal.® Such rearrangements have been proposed to accom-
pany spin-state change,® as well as ligand dissociation.3> The
analyses of '80 KIEs on such irreversible O, binding reactions
have the added complexity that combination metal—0O and
O—0 vibrational modes may define the reaction coordinate.
A major question, therefore, concerns the isotope sensitivity of
vge and its contribution to the overall "0 KIE in eq 9. A sig-
nificant isotope effect on vgc could negate the commonly
made assumption that the '80 EIE is the upper limit to the '®0
KIE.7_]5’]7_20’37’38

Experiments have been conducted on irreversible O, bind-
ing reactions, which form side-on peroxide compounds anal-
ogous to those in Table 1. In this study,?” the '80 KIEs were
found to vary from 0.69% to 2.68%, all falling within the '®0
EIEs estimated from cut-off models. Though further work is
needed to corroborate the '80 EIEs through experiment and
with DFT methods,?® a large vy contribution, in excess of
0.6% would be difficult to reconcile with the results.®3” In
addition, different reactions should be analyzed to determine
the generality of these observations. There are bound to be
cases where O, reduction occurs by a multistep process° pos-
sibly resulting in a significant contribution of the O—O stretch
to vge. For instance, recent studies of '®0 EIEs on H,0, acti-
vation suggest large isotope effects deriving from the vgc.'®

C. Implications for Enzymatic Reactions. A deeper
understanding of '20 isotope effects has important ramifica-
tions for understanding oxidation mechanisms in chemistry
and biology. In order to better utilize these mechanistic
probes, some issues still need to be resolved including: (i) the
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FIGURE 4. Proposed mechanisms for ET in cytochrome P450_,,,.

& outer-sphere ET
HO o+ HO
0O, +
NH, Ilgand association
(|)H OH

+.cu!'OH ’Cu"OH
/Cu\ 2 ~ 2

/Cu;,

N OH

FIGURE 5. Inner- and outer-sphere ET in copper amine oxidase.

relationship of the '80 KIE to EIE for different types of O, acti-
vation reactions and (ii) the influences of AG® on transition
state structures.

In recent studies of a cytochrome P450 enzyme, P450 .,
the 80 KIE upon O, consumption during catalysis was com-
pared with the 80 EIE upon reversible O, binding to the
reduced enzyme. The studies aimed to address the mecha-
nism by which the reduced heme was reoxidized during catal-
ysis.*® Purdy et al. demonstrated an 'O KIE of 1.47%, which
significantly exceeded the '80 EIE of 0.48% corresponding to
formation of the Fe(i'-O) complex. On the basis of this com-
parison and the assumption that the 80 KIE is limited by the
80 EIE, an inner-sphere mechanism was rejected and a rate-
determining outer-sphere ET mechanism was proposed. This
step was suggested to precede rapid binding of O,"~ to the
ferric enzyme. An alternative mechanism where O, binds fol-
lowed by rate-determining interprotein ET from reduced puti-
daredoxin could not be excluded, however, in light of the 80
KIE. The mechanisms predict rate-determining formation of
different intermediates, as depicted in Figure 4. Yet the mag-
nitude of the 80 KIE does not distinguish one from the other.
399-408
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intra-protein ET

S+
NH,

A similar argument is encountered in studies of copper
amine oxidases. These enzymes use Cu" and a tyrosine-de-
rived topaquinone cofactor to convert primary amines
(RCH,NH,) to aldehydes (RCHO) and NH; while reducing O,
to H,0,. During the oxidative half-reaction, 80 KIEs similar in
magnitude to those seen in cytochrome P450,,,, are observed
and have been tentatively attributed to rate-determining outer-
sphere ET. This proposal''# has been challenged on the
basis of experimental/computational studies, which found that
formation of a Cu(;'-O,) intermediate is also consistent with
observations.'® Assignment of the O,-reactive species in the
copper amine oxidases is complicated due to a rapid inter-
nal proton coupled electron transfer (PCET), which intercon-
verts Cu" and Cu' together with the fully reduced aminoquinol
(TPQ/eq) and the semiquinone (TPQ,) in Figure 5. The Cu'/
TPQg, is predisposed to react by an inner-sphere ET pathway
whereas the Cu"/TPQ,.q may react by outer-sphere ET.

The reduced copper amine oxidase from Hansenula poly-
morpha (HPAO) is dominated by the Cu"/TPQ,.4 enzyme form.
It has been shown that Co" can be substituted for Cu" with k.,
remaining unchanged.?® This behavior implies that O, reduc-
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tion is mediated by the TPQ,.4 and that the metal has a spec-
tator or electrostatic role. An outer-sphere ET mechanism was
proposed and later substantiated by studies of the single-turn-
over reaction.*® These stopped-flow experiments revealed sat-
uration kinetics, which was attributed to noncovalent binding
of O, to the protein. Further, the steady-state k., was sug-
gested to be ~30% rate limited by the initial ET step. HPAO
exhibits an '®0 KIE = 1.0%, which decreases to 0.75% in a
faster reacting D630N mutant where more of the Cu'/TPQ,
accumulates, suggesting the possibility of kinetic complexi-
ty.*! As observed with cytochrome P450,,,,,, the deviation of
80 KIEs from values of 2.6—2.8% expected for outer-sphere
electron transfer'® have been difficult to explain.®

In contrast to HPAO, the amine oxidase from pea seedling
(PSAO) exists predominantly (~80%) in the Cu'/TPQ, form."”
Rapid PCET equilibrates the Cu' and Cu" forms making either
kinetically competent for catalysis.*? Analysis of the thermo-
dynamics for inner- and outer-sphere ET pathways (Figure 5)
indicates that the Cu'/T PQ,q should react with O, more readily
than the Cu'/TPQ,.q, the latter cofactor in its neutral state. On
the basis of steady-state experiments, which implicate an inter-
mediate prior to the first irreversible step in O, consumption,
PSAO has been proposed to react by rate-limiting reduction of
a Cu(n'-0,) complex.'®

Consistent with the proposed mechanism, the '80 KIE =
1.36% in PSAO is larger than the computed '80 EIE of
0.92-0.95% for pre-equilibrium formation of the structur-
ally relevant Cu(y'-0,)** and smaller than '80 EIEs of
2.14—1.78% calculated for the expected copper(ll) peroxide
or hydroperoxide product.' Further, the '®0 KIE is likely an
intrinsic value as there are no signs of kinetic complexity upon
varying the reaction temperature or pH nor is there an observ-
able solvent KIE indicating the absence of proton transfer. The
magnitude of the '80 KIE, therefore, should reflect the posi-
tion of the transition state for electron transfer between super-
oxo- and peroxo-like, as determined by the reaction driving
force. For large reorganization energies small variations in KIE
may result.

For copper amine oxidases, there is still debate regarding
the mechanism of ET and whether the formation of the Cu(;'-
0,) intermediate occurs in one or two steps.? This problem of
differentiating inner-sphere from outer-sphere ET mechanisms
is analogous to that in cytochrome P450,,,,,. The issue can be
traced back to the importance of understanding how AG®
affects transition state structure in all types of electron trans-
fer and consequently the magnitude of the intrinsic '#0 KIE.
Once this problem is sorted out, the mechanistic ambiguities
are likely to disappear.

Oxygen Isotope Effects Roth

IV. Summary and Future Directions

Competitive isotope fractionation measurements can be per-
formed in different types of laboratories to study mechanisms
of small molecule activation. A number of experimental meth-
ods are in place for the study of O, activation as well as reac-
tions of O,°~ and H,0,. The basic methods can be extended
to other small molecules including NO, N,, CO,, ethylene, etc.

Over the past few years, the physical origins of isotope
effects upon metal-mediated O, activation have become
clearer due to studies of structurally defined inorganic mole-
cules and benchmarked DFT calculations. Computational
methods are now being developed to probe transition states
and the accompanying kinetic isotope effects.

To advance further in this field, it will be essential to elu-
cidate the relationship between Kinetic and equilibrium iso-
tope effects upon different types of O, activation reactions as
well as the influences of driving force on transition state struc-
ture. Once these issues are resolved, "0 KIEs can be used
more effectively to probe the reactivity of O,-derived inter-
mediates in chemical and biological catalysis.
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