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CONSPECTUS

Hydrogen atom transfer (HAT), a key step in many chemical, environ-
mental, and biological processes, is one of the fundamental chemical
reactions: A—H + B — A + H—B. Traditional HAT involves p-block radi-
cals such as tert-BuQ abstracting H* from organic molecules. More recently,
the recognition that transition metal species undergo HAT has led to a
broader perspective, with HAT viewed as a type of proton-coupled elec-
tron transfer (PCET).

When transition metal complexes oxidize substrates by removing H* (e~ +
H™), typically the electron transfers to the metal and the proton to a ligand.
Examples with iron-imidazolinate, vanadium-oxo, and many other complexes
are discussed. Although these complexes may not “look like” main group rad-
icals, they have the same pattern of reactivity. For instance, their HAT rate con-
stants parallel the A—H bond strengths within a series of similar reactions. Like
main group radicals, they abstract H* much faster from O—H bonds than from
C—H bonds of the same strength, showing that driving force is not the only determinant of reactivity.

This Account describes our development of a conceptual framework for HAT with a Marcus theory approach. In the simplest
model, the cross relation uses the self-exchange rate constants (ks for AH + A) and the equilibrium constant to predict the rate
constant for AH + B: Ky = (KawaksnsKeqf)'"2. For a variety of transition metal oxidants, kuys is predicted within one or two orders
of magnitude with only a few exceptions. For 36 organic reactions of oxyl radicals, Ky is predicted with an average deviation
of a factor of 3.8, and within a factor of 5 for all but six of the reactions. These reactions involve both 0—H or C—H bonds, occur
in either water or organic solvents, and occur over a range of 102 in K,q and 10" in kyys. The treatment of organic reactions
indudes the well-established kinetic solvent effect on HAT reactions. This is one of a number of secondary effects that the simple
cross relation does not indude, such as hydrogen tunneling and the involvement of precursor and successor complexes. This Account
indudes a number of case studies to illustrate these and various other issues.

The success of the cross relation, despite its simplicity, shows that the Marcus approach based on free energies and intrin-
sic barriers captures much of the essential chemistry of HAT reactions. Among the insights derived from the analysis is that
reactions correlate with free energies, not with bond enthalpies. Moreover, the radical character or spin state of an oxi-
dant is not a primary determinant of HAT abstracting ability. The intrinsic barriers for HAT reactions can be understood, at
least in part, as Marcus-type inner-sphere reorganization energies. The intrinsic barriers for diverse cross reactions are accu-
rately obtained from the HAT self-exchange rate constants, a remarkable and unprecedented result for any type of chem-
ical reaction other than electron transfer. The Marcus cross relation thus provides a valuable new framework for
understanding and predicting HAT reactivity.

I. Introduction A-H+B—A-+H-B (1)

Hydrogen atom transfer (HAT, eq 1) is the most ~ HAT is a fundamental step in a wide range of pro-
common reaction that involves the transfer of cesses, from combustion and aerobic oxidations to
two elementary particles, a proton and an enzymatic catalysis and the destructive effects of
electron. reactive oxygen species in vivo.' Organic HAT reac-
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tions have been studied for over a century. More recently, met-
alloenzyme active sites have been shown to oxidize substrates
by HAT, which has stimulated explorations of transition metal
mediated HAT. This Account describes studies from our labora-
tory that have allowed us to develop a conceptual framework for
all of HAT. We begin with an overview of the reactions and their
characteristics, and then develop a model based on Marcus the-
ory that gives quantitative predictions of rate constants and a
new understanding of HAT reactions.

Classical organic HAT reactions have an abstracting group that
is a p-block radical X* such as t-butoxyl (eq 2). In contrast, tran-
sition metal complexes that abstract H* (= H* + ") typically have
an oxidizing metal center to accept the electron and a basic
ligand to accept the proton (eq 3).

X"+ H-R -» X-H + R* 2)
e
M™*+(L:) + H-Y = M(™D+(LH) + Y (3)
VH"

These are sometimes described as proton-coupled electron trans-
fer (PCET) reactions because of the possible separation of the e~
and H*.2 Our results show that these disparate-looking reactions are
actually very similar. Thus, in our view, the same terminology
should be used (HAT) for essentially all reactions in which H* + e~
are transferred in one kinetic step from one group to another.

Case Study 1: Examples of Metal-Mediated HAT.
Throughout this Account, we will use “case studies” of particular
systems to motivate and illustrate various features of HAT. This
first “case” provides four examples of HAT reactions involving
metal species (eqs 4—7).*~7 The first two are abstractions from
C—H bonds and are the first steps in multistep reactions (as indi-
cated by the “—). The latter two are abstractions from O—H
bonds to form stable oxyl radicals. All of these occur by formal
transfer of H, with transfer of e~ to the metal and H* to a ligand.
Thermochemical arguments show that the two particles must
transfer in a single kinetic step.>>®

In egs 4 and 6, a metal-oxo group is the abstracting agent, but
in egs 5 and 7 it is not easy to identify a functional group that
abstracts H". In eq 7, the transferred H* is separated into the pro-
ton that is added to the carboxylate and the electron that is
added to the Ru" 11 A away, and there is very little communi-
cation between these sites.” Reaction 7 does not “look like” HAT;
it is perhaps more comfortable to describe it as “concerted
proton—electron transfer” (CPET).° However, all of these reac-
tions are fundamentally similar to each other and to organic HAT
reactions. The large majority of cases have the same pattern of
reactivity and are well described by the Marcus theory approach
described below.
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II. Correlation of HAT Rate Constants with
Bond Strengths

In 1938, Evans and Polanyi suggested'® that, within a set of
atom transfer reactions, the log of the rate constants should
parallel the reaction energy. Many sets of HAT reactions
involving one type of oxidant X* reacting with various sub-
strates R—H follow this correlation. The differences in reac-
tion energies are usually taken as the differences in the bond
dissociation enthalpies (BDEs) of R—H (although free energies
should be used; see Case Study 6 below).

Case Study 2: Evans—Polanyi Correlation for HAT to a
Ruthenium—0xo Complex. [Ru(O)(bpy).pyl*" oxidizes C—H
bonds in organic compounds by HAT (i.e., eq 4 above). The
rate constants for the initial HAT step correlate very well with
the C—H BDEs (Figure 1)."" A plot of Eyring barrier versus
enthalpic driving force, AG/AAH®, has a Brgnsted slope o =
0.47. A slope of close to 1/2 is predicted by the Marcus treat-
ment below and by most rate/driving force relations for reac-
tions that are not too exo- or endoergic.'? In such reactions,
the transition state usually occurs near the midpoint of the
reaction coordinate, following the Hammond postulate, and
changes in AG° are partially reflected in AG*. A value of a
close to 1/2 is typical of sets of similar HAT reactions with
small |[AG°|.""!

ILA. Correlations between Different Oxidants. The
Evans—Polanyi analysis can be applied not only to one
abstractor with a series of substrates (as is typically done) but
also to one substrate with a series of “similar” abstractors.
Within organic HAT, it is clear what “similar” means: oxyl rad-
icals are one class, and halogen radicals another. The metal
complexes do not look similar to these radicals, so we were
surprised when initial studies showed a good log k versus driv-
ing force correlation for oxyl radicals and metal oxidants.3
This correlation involved H* abstraction from dihydroan-
thracene by ‘BuOr, BuOO”, [Ru(O)(bpy)2pyl>*, MnNO,4~, [Mn(u-
0)2(phen)?*, [Mn,(u-O)(u—OH)(phen),]**, and Fe!'(Hbim). More
recently, however, we have found metal complexes that devi-
ate from this correlation (cf. Case Studies 5 and 7 below).
These results provided an incentive to explore the Marcus
model (section Ill), to address what makes H-atom abstrac-
tors “similar’ such that they correlate on the same
Evans—Polanyi line.

IL.B. Reactivity and Spin State. There is a long-held intu-
ition that H-atom abstractors are radicals, and that radical char-
acter at the abstracting atom is critical to HAT. The
Evans—Polanyi correlation with different oxidants presented
above shows that this intuition is incorrect. The correlation
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FIGURE 1. Plot of rate constants (statistically corrected) for HAT
from alkylaromatic compounds to [Ru(O)(bpy)pyl*™.""

includes oxyl radicals with doublet spin states, an S = 5/2 iro-
n(lll) complex, antiferromagnetically coupled manganese
dimers (with both integer and half-integer spin states), and dia-
magnetic (d° permanganate. There are other examples of
H-atom abstractors that have no unpaired spins, or no appar-
ent spin density at the abstracting atom, including d° Cr"' com-
pounds,'? the ruthenium complex in eq 7, and even (in the
elegant work by Riichart et al.) organic compounds such as
a-methylstyrene.’® Conversely, O, and the nitroxyl radical
TEMPO are very poor H-atom abstractors despite their
unpaired spins. The presence of unpaired spin density at the
abstracting atom is not a requirement for, or a predictor of, HAT
reactivity.

Case Study 3: Reactions of O—H versus C—H Bonds. It
has long been known that O—H bonds undergo HAT more
quickly than C—H bonds of equal strength, so these substrates
fall on different Evans—Polanyi correlation lines."'> A classic
comparison is that BuOO* abstracts H* ~10° faster from phe-
nol than from toluene (eq 8). Their small difference in their
BDEs (PhOH, 88.0; PhCH3, 89.8 kcal mol~")® accounts for only
one of this five-order-of-magnitude difference in k. The same
~10% intrinsic difference in k is seen for Fe"(Hbim) abstract-
ing H* from diethylhydroxylamine versus xanthene, which
have equal Y—H bond strengths (eq 9).2'3'® Another exam-
ple of the similar reactivity of organic radicals and transition
metal complexes is that both are remarkably unreactive with
acetonitrile,'” even though the H—CH,CN bond is relatively
weak. These comparisons show that bond strengths are not the



only determinant of HAT reactivity. We will return to the greater
Kinetic facility of O—H versus C—H bonds in section IV.A
below.

'BuOO" + PhOH -» BUOOH + PhO"

+4 kcal mol™!

=28x 100 Mls! AG =

(8)
BuOO' + PhCH; - ‘BuOOH + PhCH,'
k=17x102M!s! AG® = +6 keal mol
Fe'(Hbim) + Etz,NO-H = k=43 x 10! M's! | both have
HH AL +2 (9
Fe'l(Hbim) + “ - k=30x103M!g! e
ame

l1l. Introduction to Marcus Theory and the
Cross Relation

Marcus—Hush theory and its extensions have been remark-
ably successful in understanding a wide range of electron
transfer (ET) processes.'® The simplest (adiabatic) form of the
Marcus equation (eq 10) predicts the reaction barrier (AG?)
from the reaction driving force (AG°) and the intrinsic barrier
(2). A is the energy required to reorganize the reactants and
their surrounding solvent to the structure of the product with-
out the electron transferring, so it is often called the reorga-
nization energy. With a few additional assumptions, the
Marcus equation can be rearranged to the Marcus cross rela-
tion, eq 11."® We were attracted to this approach because all
of the parameters are independently measurable. This con-
trasts with the Evans—Polanyi correlation and related linear
free energy relations (LFERs), where the parameters are
defined only within the context of the LFER. In addition, the
cross relation had been successfully applied to limited sets of
other atom and group transfer reactions, although not to
HAT."'® There is, however, not much theoretical basis for using
eq 11 for reactions other than ET.2° We have therefore been
surprised to find that the cross relation holds very well for a
wide range of HAT reactions, with only a few outliers.

s (AG° +2)°
G Y]

Kanp = \jkAH/AkBH/Bkeqf (11)

The cross relation, as applied to HAT, predicts the rate con-
stant for a cross reaction kauss (€q 1). The purely Kinetic infor-
mation is predominantly in the two rate constants for the
respective hydrogen-atom self-exchange reactions, one of
which is shown in eq 12. The equilibrium constant Keq derives
from the AG®° in eq 10 and is analogous to the driving force
in the Evans—Polanyi correlation. The factor f is close to 1 for

A (10)
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many of the reactions discussed here, when |AG°| < 21."'8 In
this limit and within a series of reactions with similar self-ex-
change rate constants, kawsg varies with the square root of Kaws
(Brgnsted o = 1/2).

k
AH+A AHA, A+ H-A (12)

IV. HAT Self-Exchange Reactions

Case Study 4: HAT Self-Exchange between Ru'(py-
imH)(acac), and Ru"(py-im)(acac),. Self-exchange rate con-
stants play a central role in the cross relation, so we have
measured them in a number of systems. The rate of HAT self-
exchange between Ru'(py-imH)(acac), and Ru"(py-im)(acac),
was determined by 'H NMR, observing the broadening of the
resonances of the diamagnetic Ru" complex upon addition of
increasing amounts of the paramagnetic oxidized form (Fig-
ure 2).2' The derived Kypy-mry Of (3.2 £ 0.3) x 10° M~ ' 57!
is in the range that is convenient to study by this technique
(ca. 102—10° M~" s71).

IV.A. Magnitudes of kxu/a. We have found similar val-
ues of self-exchange rate constants for the Fe(Hbim) and
Ru=0 complexes in eqs 4 and 5, (5.8 £ 0.6) x 103 and ~8
x 10* M~" 571, respectively.*?® Estimates of Kaya for ‘BuO”
(~3 x 10* M~ s7)22 and ‘BuOO* (5 x 102 M~' s71)23 have
been derived from pseudo-self-exchange reactions, such as
BuUOO* + sBUOOH. These four reagents have log(kanna) = 3.8
+ 1.1. Thus, to address the issue raised above, the key simi-
larity of these reagents (what makes them lie on the same Pola-
nyi correlation line) is their self-exchange rate constant. In
contrast, H-transfer from a C—H bond to a carbon radical is
dramatically slower: k(PhCHy* + PhCHs) = ~4 x 107> M™!
57124 This kaya is ~ 708 slower than those for the RO—H + OR
reactions above.” This difference of ~108 and the dependence
in the cross relation correctly predicts the ~10* higher rate
constants for O—H versus C—H bonds at the same driving
force (egs 8, 9 above). The reasons for the greater kinetic facil-
ity of O—H bonds have been discussed, but no simple pic-
ture has emerged; we note here only the striking similarity
with proton transfer reactions (kono > kcnic) and the lack of
dependence on the X—H bond strengths.*2>

Case Study 5: Large Reorganization Energy for a
Vanadium—0Oxo/Hydroxo Self-Exchange Reaction. With
the emerging collection of self-exchange rate constants of
~10* M~' s~ for reactions of O—H and N—H bonds, we were
surprised to find that vanadium oxo/hydroxo complexes have
a Kawa that is a million times slower.* The reaction is too slow
to measure by 'H NMR line broadening, so we studied a pseu-
do-self-exchange reaction using substituted bipyridine ligands,
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FIGURE 2. Stack plot of 'TH NMR spectra (in CD3CN) of Ru'(py-imH)(acac), (top) with increasing amounts of added Ru"(py-im)(acac),.?’
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FIGURE 3. Concentration versus time for the reaction of
[VIVO(OH)(Buxbpy)-]* and [VY(0)x(Mexbpy)-]* in CD;CN, monitored by
"H NMR.

[VVO(OH)(Buybpy)a]t + [VY(O)2(Mesbpy),]t. Three of the four
species present in the reaction could be monitored by 'H
NMR, and the approach to equilibrium is shown in Figure 3.

The very slow self-exchange rate constant of 1.3 x 1072
M~1 s~ for [VVO(OH)(BBu,bpy),] " is remarkable, particularly in
comparison to that of the related ruthenium complex
[RU"(OH)(bpy)2pyl>*, ~8 x 10* M~ s~1.426 Both reactions
involve HAT from MOH to M=O0, and both have bis(bipyri-
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dine) supporting ligands. The ruthenium complexes have a
higher charge and are more sterically encumbered, yet react
~6 x 108 times faster. The origin of this contrast was uncov-
ered computationally, comparing [VO(O/H)(bpy).]* with [Ru(O/
H)(X)(bpy).]* (X = fluoride or pyrrolate, to compare
compounds of equal charge).® As described in Figure 4, the
passage from the hydrogen-bonded MOH - --OM “precursor
complex” to the transition structure was divided into three
steps for each reaction. The higher barrier in the V system is
due to the energy required to change the V-0 and V—N
bonds from their lengths in the precursor complex to their
lengths in the transition structure (step b — @). In particular, the
VV—OH single bond becomes a much shorter vanadium(V)-
oxo bond with a bond order of 2.5. In the Marcus theory of
electron transfer, such a large change in a strong bond would
be a classic example of a large inner-sphere reorganization
energy, 4. Thus, the conceptual picture of A; from ET carries
over to the intrinsic barriers of metal-mediated HAT reactions.
IV.B. Spin and HAT Intrinsic Barriers. The hydrogen
abstracting agent in the case above, d° [VVO,(bpy),]*, has no
unpaired electrons. Its self-exchange reaction can be written
schematically as V=0 + HOV". It therefore does not resem-
ble a typical organic HAT reaction R* + H—R, where the rad-
ical center and H-atom are on different molecules. Instead,
V=0 + HOV" is similar to the reaction of a ketone with a ketyl
radical, R,C=0 + H—OCR,. However, this “opposite” electronic
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FIGURE 4. Relative gas-phase electronic energies (AE/kcal mol™"), for [(bpy).VYO,]" + [(bpy).VVO(OH)I*, for [(bpy)(pyrMRUVO]* +
[(bpy)2(pyrrRu™(OH)]*, and for [(bpy)-(FRUVO]* + [(bpy)(F)RU™(OH)]*, of (a) the optimized hydrogen bonded precursor complexes (E = 0); (b)
the O--- O distances constrained to those in the transition structures, with all other geometrical parameters optimized; (c) all of the atoms
moved to their positions in the transition structures, except for the transferring proton, whose position was optimized; and (d) the optimized

transition structures.

structure does not appear to affect the rate of HAT: ketyl-rad-
ical/ketone reactions occur at (3.7—8.6) x 103 M~ s7' 2 typ-
ical of RO* + H—OR reactions. Large self-exchange rate
constants are estimated for MnO;~ (~2 x 10° M~' s') and
for CrO,Cl; (~2 x 103 M~" s7") using the cross relation, even
though they are also (d° M=0 + (d') HOM" reactions.* The
vanadium system has slow HAT not because of its electronic
structure but because of its high reorganization energy.

These data confirm the conclusion above that “radical char-
acter” at the abstracting atom is not a primary determinant of
HAT reactivity. Spin states can, however, play an indirect role,
as molecules in different spin states have different free ener-
gies, intrinsic barriers, and activation barriers for HAT. This is
perhaps most evident in Shaik’s two-state reactivity model for
reactions of first-row metal-oxo species.?” Our laboratory
found an example in the HAT self-exchange reaction
Fe'(H,bip) + Fe"(Hbip), both of which are present in solution
as mixtures of high-spin and low-spin forms (see eq 13 for
compound drawings).?® Kawa is slightly faster at lower tem-
peratures, where the low-spin forms are more prevalent. The
low-spin forms have lower HAT intrinsic barriers, opposite to
the common intuition, because they have smaller changes in
Fe—N bond lengths than their high-spin counterparts. In a very
interesting recent example, Que et al. have suggested that the
much higher reactivity of an S = 2 di-iron oxo species versus
an S = 1 is in part due to its higher spin state.?® In our view,
given the success of the Marcus model as described in the
next two sections, these differences in reactivity are likely not
a direct effect of the spin, but are rather indirect effects result-
ing from differences in AG°nar and/or Auar between the spin
isomers.

10
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FIGURE 5. Tests of the Marcus cross relation for HAT: log/log plot
of observed versus calculated HAT rate constant for a number of
metal complexes reacting with various substrates. The diagonal line
illustrates Kops = Keaie. The estimated errors on ke are typically +1
log unit; they are larger for MeCN reactions of Ru(O)bpy,py>*
because the BDFE is only available in H>O, and smaller in three
cases where Kag Was measured directly.

V. Tests of the Cross Relation for HAT:
Metal Complexes

In 2001, we had sufficient data in hand to show that the cross
relation predicts HAT reaction rate constants quite well for a
variety of reactions.'® An updated summary of all of our tests
of the cross relation with transition metal systems is shown in
Figure 5, as a plot of observed versus calculated cross rate
constants. The diagonal line indicates what would be perfect
agreement. In each case, Kaws, Kana, Kens, and Kaps are all
available from independent measurements. The measured
cross rate constants are known to high accuracy on this scale,
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FIGURE 6. Combined Eyring and van't Hoff plot for reaction 13:
self-exchange rate constants Fe/s.e. and TEMPO/s.e. (left axis), Ki3
(right axis), and the rate constants measured (k;30ps, blue diamonds)
and calculated from the cross relation (ki red line) (left axis).°

but most of the calculated values have significant uncertain-
ties due to the limited accuracy of Kans. While some reac-
tions deviate from the predictions, the cross relation captures
the general sweep of the HAT rate constants over the range
of almost 10" in kays. The generally good agreement over
such a wide range of reactions, involving different metals, spin
states, and O—H, N—H, and C—H bonds is remarkable, espe-
cially since this analysis does not include important factors
such as solvent effects and precursor complexes (as discussed
in section VI and Case Study 6).

Case Study 6: The Cross Relation Predicts and
Explains an Unusual Temperature Dependence; the
Importance of Using Free Energies. HAT from Fe'(H,bip) to
the stable nitroxyl radical TEMPO (eq 13) is very unusual in
that it becomes faster at lower temperatures, with AH* = —2.7
+ 0.4 kcal mol~".3° We measured the rates in both directions,
determined K3 from both Kinetic and static measurements,
and measured the self-exchange rate constants, all from 277
to 328 K. Together, these allowed an application of the cross
relation over a range of temperatures. As shown in Figure 6,
the cross relation quantitatively predicts the cross rate con-
stants and the negative temperature dependence (AH*c =
—3.5 + 0.5 kcal mol~").2° The cross relation not only pre-
dicts the rate constants, it also shows why reaction 13
becomes faster at low temperatures. The most temperature
dependent parameter in the analysis is the equilibrium con-
stant. The reaction is thermodynamically more favorable at
low temperatures, and this is the primary contributor to the
temperature dependence of k3. Marcus and Sutin analyzed a
related situation in 1975, for an ET reaction with AH¥ < 0.3
This reaction thus shows both the applicability and the value
of the cross relation for HAT.
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Fe''(H,bip) + TEMPO (eq 13) is a very unusual HAT reac-
tion because it has a substantial ground state entropy
change: AS°;3 = —30 + 2 cal mol~' K™' (from both van't
Hoff and calorimetric measurements).3%33 HAT reactions
typically have |AS°| = 0 because there is no change in the
charges of the species involved and little change in their
sizes. The unusual large |AS°;3| is primarily a result of vibra-
tional entropy differences between the Fe' and Fe'" com-
plexes,? and it means that AH®;s is very different from
AG®13. The close agreement in Figure 6 requires use of free
energies (K;3); if AH were used, kqscc would deviate by a
factor of ~103 at 298 K.

This example shows that analyses of HAT rate constants
should use free energies, despite the widespread Polanyi cor-
relations with AH®. In fact, Evans and Polanyi’s 1938 anal-
ysis was in terms of AG®, but made the simplifying
assumption that log(Keq) “varies approximately in propor-
tion to the reaction heat.”'® For most organic HAT pro-
cesses, |AS°| = 0 and AH® = AG®, so this distinction is not
significant. However, HAT reactions of high-spin transition
metal complexes often have large entropy changes,?3 and
free energies must be used. More generally, given the
importance of linear free energy relationships in reaction
chemistry, we encourage practitioners to switch from bond
dissociation enthalpies (BDEs) to bond dissociation free
energies (BDFEs).®

Case Study 7: Precursor and Successor Complexes,
and Spin-Forbidden HAT Involving Cobalt Complexes.
The application of Marcus theory to bimolecular reactions
assumes that the reactants diffuse together to form a pre-
cursor complex (PC), which undergoes reaction to form a
successor complex (SC) that dissociates to products.'® In ET
reactions, the PC and SC are nonspecifically associated and
the often significant energies to form these complexes can
be estimated by simple electrostatic models.'® In HAT reac-
tions, however, electrostatic contributions are typically small
because no net charge is transferred and often one of the
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FIGURE 7. Schematic free energy surface for the reaction 14.3%

reactants is neutral. More significantly, PCs for HAT reac-
tions must have specific orientations because the proton
transfers only over a very short distance. When H* trans-
fers between electronegative elements, the HAT precursor
complex most likely involves a hydrogen bond. Even in
reactions of C—H bonds where hydrogen bonding should
be minor, steric effects can play a major role.3*

HAT from TEMPOH to Co"(Hbim) (Figure 7) is a case
where the energetics of precursor and successor complexes
are significant.>> A scheme showing the precursor and suc-
cessor complexes in the reaction of Co"(Hbim) with
TEMPOH is presented as eq 14. The forward reaction exhib-
its saturation kinetics at high [TEMPOH], indicating the pre-
equilibrium formation of an intermediate, which was
identified as a weakly hydrogen bonded PC (Kp = 61.3 £
0.8 M~"). No saturation is observed in the reverse direc-
tion (0.16 < Ks < 2.6 M™1). Incorporating these values into
a schematic free energy surface (Figure 7) shows that while
the overall reaction has AG°;4 = —3.0 £+ 0.4 kcal mol~', the
actual unimolecular HAT step has AG*'1, = —0.3 £+ 0.9 kcal
mol~'. (The AG* terminology follows that used in the ET lit-
erature.'®) The 2.7 + 1.0 kcal mol~" difference between
AG®14 and AG®4 corresponds to a difference of about 2
orders of magnitude in Kays and 1 order of magnitude in
the predicted rate constant. In the applications of the cross
relation summarized in Figure 5 above, the energetics of
the PC and SC were not known and were therefore not
included in the analyses. This can introduce uncertainty into
the calculated cross rate constant, particularly when the
hydrogen bonding is different in the PC and SC. This is
therefore a limitation in the analysis.

The reaction of Co"(Hbim) with TEMPOH is also interest-
ing because it is formally spin-forbidden. Both Co"(Hbim) and
TEMPOH are diamagnetic, so the reactant state is S = 0. The
cobalt product Co'"(Hbim) is S = 3/, (high-spin d?) so its com-
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bination with the S = '/, TEMPO radical can give S= 1 or §S
= 2 product states. While there have been many discussions
of the relevance of the spin state of the oxidant on HAT, this
is to our knowledge the first clear example of a spin-forbid-
den HAT reaction. This spin issue, and the large difference in
Co—N distances between low-spin Co"(Hbim) and high-spin
Co"(H,bim) (large Anat), are probably the reasons for the cobalt
reaction being very slow. For instance, HAT from Co"H,bim to
TEMPO is more than 10° times slower than the related HAT
from the iron complex Fe"(H,bip) to TEMPO (eq 13).3° The iron
reaction is ~2.7 kcal mol~' more favorable, but this likely
accounts for only a factor of 10 difference in the rate
constants.

Case Study 8: Osmium and Ruthenium Reactions
That Show Poorer Agreement with the Cross Relation.
The osmium—aniline complex shown in eq 15 slowly trans-
fers H* to the nitroxyl radical TEMPO [ki5s = (4 = 1) x 1072
M~' s71].3° This is 80 times slower than the value predicted
by the cross relation. (The original report gave the discrep-
ancy as 300x, but it is recalculated here using our new mea-
surement of Krempon/rempo i MeCN rather than a literature
value in CCl,.32?) The reason for this deviation is not known,
although it could arise from the substantial steric crowding in
both the cross and self-exchange reactions, or from difficul-
ties in estimating the osmium self-exchange rate constant. In
this system, ET and PT self-exchanges are much more facile
than HAT self-exchange, and therefore, the HAT reactions
were plagued with catalysis by trace acids, bases, oxidants,
and reductants.3® Still, the very low self-exchange rate con-
stant [(3 £ 2) x 1073 M~' s '] is qualitatively consistent with
the low cross rate constants.

The Ru'(py-imH)-+TEMPO reaction (eq 16) has a H/D kinetic
isotope effect (KIE) of 23 + 3 at 298 K, and the temperature
dependence of this KIE indicates a significant contribution
from proton tunneling.?" Surprisingly, the ruthenium self-ex-
change reaction (Figure 2 above?') has a KIE of only 1.5 +
0.2,2" while the TEMPO/H reaction (estimated from a pseudo-
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self-exchange reaction) has a KIE of 23.37 Large KIEs are fre-
quently observed in metal-mediated HAT reactions, but there
is little intuitive understanding of why a particular system
might give a large value while another does not. Semiclassi-
cal tunneling models emphasize the role of barrier height and
width, while recent theoretical treatments of PCET provide a
more detailed view and suggest that most H-transfers involve
significant tunneling.3®

Using these rate constants, the cross relation predicts kien
and kiep that are 31 £+ 4 and 140 + 20 times, respectively,
faster than those observed. The predictions are relatively pre-
cise because K was measured directly.>' The cross relation
is essentially a classical model, so it is not surprising that there
could be significant deviations when tunneling contributes
substantially to the rates.

VI. More Tests of the Cross Relation:

Organic Reactions of Oxyl Radicals and
Solvent Effects

HAT reactions of oxyl radicals and hydroxyl compounds are
important in processes from autoxidations to aging. Ingold, Lit-
winienko, and co-workers have shown that abstractions from
RO—H bonds are very solvent dependent while abstractions
from C—H bonds are not.3° This is because hydrogen-bonded
species ROH - - - solvent are unreactive toward HAT; they must
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FIGURE 8. Comparison between HAT rate constants measured
experimentally (Kops) Versus those determined from the CR/KSE
model (Keid, involving oxyl radicals + O—H bonds (®) or C—H
bonds (0).*" The line indicates perfect agreement.

dissociate the solvent prior to reaction. The Ingold Kinetic sol-
vent effect (KSE) model quantitatively predicts HAT rate con-
stants as a function of solvent, by estimating H-bond
equilibrium constants using Abraham’s empirical parame-
ters.*® This model is separate from the precursor/successor
complexes discussed above, because ROH - - - solvent must dis-
sociate prior to forming the precursor complex.

We have combined the cross relation, the KSE approach,
and Abraham parameters to give a CR/KSE model that can
predict HAT rate constants using equilibrium constants and
self-exchange rate constants from different solvents.*' The
KSE model and Abraham parameters are used to obtain equi-
librium and rate constants in a given solvent, which are then
used in the cross relation. This model has been tested for 36
organic reactions involving RO* abstracting from O—H or C—H
bonds, in water or organic solvents. The reactions range from
2,4,6-BusCgH,0° + TEMPOH to ‘BuOO* + PhCHs, and span a
range of 1028 in Keq and 10'2 in kaws. As shown in Figure 8,
the agreement is excellent. The overall correlation coefficient
is 0.97, and the average deviation is a factor of 3.8. For all but
6 of the 36 reactions, the deviation is less than a factor of 5.

VIl. Conclusions: Insights, Oversights, and
Questions from the Marcus Analysis

The success of the cross relation in predicting HAT rate con-
stants (Figures 5, 6, and 8) is remarkable and informative. Typ-
ically, linear free energy relationships hold only over a narrow
set of similar reactions, but the cross relation accurately pre-
dicts rate constants for the large majority of organic and tran-
sition metal HAT reactions, including substrates with C—H,
N—H, and O—H bonds and in solvents from water to hydro-



carbons. The reactions cover huge ranges of driving forces and
rate constants.

The most remarkable aspect of this agreement is that HAT
intrinsic barriers can be independently determined from self-
exchange reactions. This derives from the “additivity postu-
late” that 4 for the cross reaction is the mean of the self-
exchange 1's. For outer-sphere ET reactions, the additivity
postulate is intuitively reasonable because no chemical bonds
are made or broken and the precursor and successor com-
plexes are nonspecifically associated.'® However, this is quite
surprising for HAT reactions. In reactions of RO* with C—H
bonds, for instance, the transition structure of one of the self-
exchange reactions is stabilized by a hydrogen bond
(ROH- - -*OR),** but those for the other self-exchange reac-
tion and the cross reaction are not. Steric effects on the self-
exchange and cross reactions can be quite different. More
generally, organic reactions often involve an electrophile and
a nucleophile so that self-reactions do not provide good
insight into the Kinetic barriers. HAT reactions that have such
“polar effects” are known,"® and these will likely not follow the
cross relation.

The accuracy of the simple Marcus model is also surpris-
ing because it ignores many of the insights of modern theo-
ries of proton-coupled electron transfer.?® These theories
suggest that many HAT reactions are electronically and vibra-
tionally nonadiabatic and involve substantial proton tunnel-
ing. The modern theories do not simply reduce to the cross
relation, so there is little2° theoretical basis for its application.
It should be emphasized that we have defined “success” of the
cross relation as agreement to within ca. an order of magni-
tude. The more sophisticated treatments are clearly neces-
sary to analyze the finer details of reactivity, such as kinetic
isotope effects and their temperature dependence.

The success of the cross relation indicates that HAT rate
constants are primarily determined by two parameters: the
free energy of reaction (AG°) and the intrinsic barriers 1. The
AG® is for transfer of H*, so the reactions appear to involve rel-
atively synchronous transfer of e~ and H*. If, for instance, the
electron were to “go first” such that the transition structure
involved much more ET than PT, deviations from the cross
relation would be expected and rate constants might corre-
late better with E°’s than with BDFEs. The factors that influ-
ence 1 are less understood, but it appears that much of the
intuition from PT and ET applies to HAT. Reagents that have
large intrinsic barriers to PT, such as C—H bonds, or large Agr,
such as high-spin Co"/low-spin Co" couples, also have large
Anat. In sum, AG®, 4, and the cross relation provide a concep-
tual and predictive model for a wide range of HAT reactions.
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Ongoing work is exploring the application of these ideas to
reactions in which the H" and e~ are quite separated, as in
reaction 7 above.
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