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Hydrogen atom transfer is one of the fundamental reactions of
organic radical chemistry and is being increasingly implicated in
reactions of transition-metal complexes and metalloenzymes. It is
a key step in a variety of metal-mediated oxidatidnishese
reactions can also be termed proton-coupled electron transfer

(PCET) because there is concerted movement of a proton and an

electron? We have previously shown that the rate constants of a
number of metal-mediated and organic H-atom transfer reactions
can be understood and predicted using Marcus theory, specifically
the Marcus cross relatiotiThis report describes studies of H-atom
transfer between iron complexes with 2¥(tetrahydropyrimidine)
(Hzbip) ligands and the stable nitroxyl radical TEMPO or its
corresponding hydroxylamine, TEMP& (eq 1; N-N = Hbip)#
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The forward reaction has a very unusual temperature dependenceFigure 1. Eyring plots of PCET between (blu#®) Fe' (H,bip) + TEMPO

slowing as the temperature is raised. This result is predicted by the
Marcus cross relation on the basis of the temperature dependence
of the driving force and self-exchange rates.
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[Fe(Hbip)s]2t (Fe'(H2bip))® reacts rapidly with TEMPO in
anaerobic MeCN solution to give an equilibrium mixture with
TEMPO-H and [Fe(Hbip)(Hbip),]>" (Fe" (Hbip)).>¢ All four
species are isolabfeThe kinetics in both directions have been
studied by stopped-flow rapid-scanning BVis spectrophotometry
under pseudo-first-order conditiof$n the forward reaction, with

(k1) and (red®) F€'' (Hbip) + TEMPO—H (k—1) in MeCN.

S . .
precursor complex for electron transfer, or spin invergidre-

equilibrium isomerization of-€' (Hbip) from high- to low-spin
was suggested as the origin AH," of —1.5 4+ 0.5 kcal mot?
(260-300 K) for the hydrogen atom self-exchange between
Fe' (H,bip) andFée'" (Hbip) (eq 2)3°

Il

Fe'"(H,bip) + Fe"(Hbip)

2 Fe"(Hbip) + Fe"(H,bip) 2

In 1975, Marcus and Sutin showed that Marcus Theory, the
classical Marcus equatiohG* = Y,4(1 + AG°/A)?, predictsAH*
< 0 for electron-transfer reactions that have&s® ~ 0 and
substantially negativdH® and AS® values® In the case of eq 1,
the quadratic term in the Marcus equation can be ignored because
|AG®| is much less thai (JAG°| < 1.1 kcal mof?, 1 = 56 kcal

mol~1). Also ignored here, for simplicity, are work terms and

an excess of TEMPO, the spectra show a decrease in concentratiomgnadiabatic effects? Under these conditions, the Marcus cross

of Fe'(Hbip) (Amax 510 nm) and a concomitant increase in the
concentration ofe" (Hbip) (Amax 636 nm). The derived second-
order rate constants at 298 K de= 260+ 30 M1 standk_;
=150+ 20 M~1s71. Remarkably, the rate constants for the forward
reaction show a small but definite decrease with increasing
temperature. Eyring analysis of rate constants from 277 to 328 K
(Figure 1) givesAH;* = —2.7 4+ 0.4 kcal mot! andAS* = =57
4+ 8 cal mort K1, AH_;* = 6.7 & 0.4 kcal mot! andAS_;
—26 =+ 2 cal mol'! K~1. From the ratio ok; andk-1, Keq= 1.7 £
0.3 at 298 K; a van't Hoff plot (Figure Keq givesAH® = —9.4
+ 0.6 kcal mof! and AS = —30 4+ 2 cal moft K™1 The
equilibrium constants have been confirmed in independent experi-
ments over a similar temperature range, by-tié determinations
of the [F€' (H,bip)J/[FE€" (Hbip)] ratio in the presence of excess
TEMPO and TEMPG-H.5

The negative enthalpy of activation is unusual for solution
reactions but not unprecedentdin most previous exampleAH*
< O s attributed to the presence of a low-concentration intermediate
(AG® > 0) that is enthalpically favoredAH°® < 0). This pre-
equilibrium can involve, for instance, a charge-transfer complex, a
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relation applied to eq 1 (eq 3) héa= 1° and can be written in free
energy terms as in eq 4. The subscripts Fe/s.e. and TEMPO/s.e.
refer to the self-exchange reactions involving iron (eq 2) or TEMPO
(eq 6). (The self-exchange barriers provide the intrinsic badrier
according to the additivity postula®.Equation 4 implies an
equivalent relation in enthalpic terms (e®),5whend(AH)/0T =

0, as is assumed in the Eyring and van't Hoff treatments.

ky = \/ kFe/s.ekTEMPO/s.eKeqf 3)

AGcalcd Z(AGIﬁe/s.e.—i_ AG‘f’EMPO/s.e."‘ AGlo) (4)
¥ o

AHcalcd 1/2(AHFe/s e. + AHTEMPOIs.e.+ AHl ) (5)

Direct measurement of the rate of hydrogen atom self-exchange
between TEMPO and TEMP€H (eq 6) by dynamic NMR line
broadening has proven problematic, as multiple relaxation mech-
anisms are indicated. As an alternative, the pseudo-self-exchange
H-atom transfer reaction between TEMP& and 4-oxo-TEMPO
has been examined (eq 7). Equilibrium constants for eq 7 from

10.1021/ja049246k CCC: $27.50 © 2004 American Chemical Society
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Figure 2. Comparison of measured second-order rate constantsefor
(Hzbip) + TEMPO (@, k; obsd) to rate constants calculated frém=
(Keess.e. Krempors.e. Ke¥? (€q 3) (—, ki calcd). The calculation uses the
illustrated equilibrium constants= - —, Keq) and the iron and TEMPO
self-exchange (s.e.) rate constants{ — and— - —).

278 to 328 K were determined by integration'sf NMR spectra,
using Lorentzian line-shape analy$iKcq values are smallAH;°

—2 + 2 kcal mol?, AS;° = —3 4 4 cal mol! K—1), indicating
that this is a good approximation for TEMPO/TEMP@ self-
exchange. The optical spectra of TEMPO and 4-oxo-TEMPO are
sufficiently resolved to allow monitoring of the hydrogen atom
transfer kinetics. Global fitting of the spectra using SPECFIT and
second-order approach to equilibrium kine¥agivesk; = 10+ 1
M-1slandk ;=2.2+ 0.2 M1s!at 298 K, with activation
parametersAH;* = 3.0 £ 0.5 kcal mot! andAS; = —43 & 20

cal mort K-1(278-318 K). TEMPO self-exchange rate constants
(eq 6) are estimated as the geometric meak; @hdk_7.11

TEMPO + TEMPO-H = TEMPO-H + TEMPO (6)
o* OH OH o’
0 1 kg 0 I
N + N . N . NN
(J U . U U )
0 o

4-0xo-TEMPO TEMPO-H 4-0xo-TEMPO-H TEMPO

Application of the Marcus cross relation (eq 3) to eq 1 uses the
equilibrium constants and the rate constants for iron and TEMPO

self-exchange (egs 2, 6). The calculated rate constants are the same

small values ofAS’|.13 The large entropy in this case results in
parf (~60%) from conversion of mostly high-spiee' (H,bip) to
largely low-spinFe' (Hbip) .5°

In conclusion, hydrogen atom transfer (PCET) freefl (Hbip)
to TEMPO has a negative enthalpy of activation: the rate constants
decrease with increasing temperature. The dominant contribution
to this effect is the large enthalpic driving force, even thol/§B°|
= 0. Using independently measured equilibrium constants and self-
exchange rates, Marcus theory quantitatively predicts the rate
constants and the unusual temperature dependence. This result, part
of ongoing work in our laborator§35°14shows the applicability
of Marcus theory to hydrogen-atom transfer/proton-coupled electron
transfer. This study also raises interesting questions about entropic
contributions and spin-state changes in H-atom transfer and PCET
reactions in chemistry and biology. For example, the widely used
determination of bond dissociation enthalpies from redox potential
and K, measurements assumes small entropic differences between
the reagent3315For Fe(H,bip), this assumption introduces an error
of 9 kcal molt. Studies are currently underway to probe the
significance of this issue in other systems.
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