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’ INTRODUCTION

Reactions that involve transfer of proton(s) and electron(s) are
important in a wide variety of chemical and biological systems,
from enzymatic reactions to electrocatalysts for important energy
processes such as water oxidation to dioxygen.1�4 The most stud-
ied class of such proton-coupled electron transfer (PCET) reac-
tions involve the transfer of one electron and one proton in the
same kinetic step, called concerted proton�electron transfer
(CPET).5 Understanding the parameters which affect CPET and
other hydrogen transfer reactivity will be broadly valuable. Studies of
CPET have been aided by parallels with the Marcus theory of
outer-sphere electron transfer (ET), which relates reaction rates
with driving force.6 Marcus-type treatments have been used by
experimentalists to explain CPET results,1,7 and most of the
more extensive theoretical treatments have used a Marcus-type
approach as their starting point.8

The greater mass of the proton relative to the electron requires
that hydrogen transfers occur over much smaller distances than
ET, making the proton transfer (PT) distance a key parameter in
CPET. Nuclear tunneling is often important in these processes
and is highly dependent on the distance the protonmust transfer.
One simple tunneling model predicts that an increase of 0.1 Å
should lead to a 30-fold decrease in rate.9 Kinetic isotope effects

(KIEs) of deuterium (and tritium) substitution are valuable tools
in the study of these processes. To a first approximation, the
more massive nuclei have a steeper distance dependence of
tunneling probabilities.

The PT distance has received particular attention in the study
of biological hydrogen atom transfer (HAT), which is one type of
CPET process. For example, HAT in lipoxygenase enzymes,
from an allylic C�H bond to the iron(III)-hydroxo active site,
has been of interest since the discovery of hydrogen/deuterium
kinetic isotope effects (KIEs) as large as 81.10 This large value
indicates that nuclear tunneling is important.10,11 The tempera-
ture dependence of the KIE and other data indicate that vibra-
tions which modulate the PT distance are crucial to the action
of the enzyme.12 In a series of detailed computational studies,
Hammes-Schiffer and co-workers have found that HAT occurs
primarily from configurations in which the proton donor�accep-
tor distance has been compressed to 2.69 Å, substantially shorter
than the equilibrium distance of 2.88 Å.13 Optimization of these
motions in the protein and the resulting effects on proton tun-
neling have been suggested to be key factors in enzyme catalysis.2,3,13,14
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ABSTRACT: To test the effect of varying the proton do-
nor�acceptor distance in proton-coupled electron transfer
(PCET) reactions, the oxidation of a bicyclic amino-indanol
(2) is compared with that of a closely related phenol with an
ortho CPh2NH2 substituent (1). Spectroscopic, structural,
thermochemical, and computational studies show that the two
amino-phenols are very similar, except that the O 3 3 3Ndistance
(dON) is >0.1 Å longer in 2 than in 1. The difference in dON is
0.13( 0.03 Å from X-ray crystallography and 0.165 Å fromDFT calculations. Oxidations of these phenols by outer-sphere oxidants
yield distonic radical cations •OAr�NH3

+ by concerted proton�electron transfer (CPET). Simple tunneling and classical kinetic
models both predict that the longer donor�acceptor distance in 2 should lead to slower reactions, by ca. 2 orders of magnitude, as
well as larger H/D kinetic isotope effects (KIEs). However, kinetic studies show that the compound with the longer proton-transfer
distance, 2, exhibits smaller KIEs and has rate constants that are quite close to those of 1. For example, the oxidation of 2 by the
triarylamminium radical cation N(C6H4OMe)3

•+ (3a+) occurs at (1.4 ( 0.1) � 104 M�1 s�1, only a factor of 2 slower than the
closely related reaction of 1 with N(C6H4OMe)2(C6H4Br)

•+ (3b+). This difference in rate constants is well accounted for by the
slightly different free energies of reaction: ΔG� (2 + 3a+) = +0.078 V versus ΔG� (1 + 3b+) = +0.04 V. The two phenol-amines do
display some subtle kinetic differences: for instance, compound 2 has a shallower dependence of CPET rate constants on driving
force (Brønsted α,Δ ln(k)/Δ ln(Keq)). These results show that the simple tunneling model is not a good predictor of the effect of
proton donor�acceptor distance on concerted-electron transfer reactions involving strongly hydrogen-bonded systems. Computa-
tional analysis of the observed similarity of the two phenols emphasizes the importance of the highly anharmonic O 3 3 3H 3 3 3N
potential energy surface and the influence of proton vibrational excited states.
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Small molecule phenol-base compounds have proven to be
valuable model systems for the systematic investigation of
the importance of various parameters on CPET, in addition to
models for the key tyrosine-histidine pair in photosystem II.15�20

Removal of an electron from these compounds proceeds with
concomitant transfer of the phenolic proton to the base. These
are not HAT reactions because the electron and proton are
separated in the products, so these have been termed separated
CPET (or multiple site, bidirectional, or orthogonal EPT).1

In our ongoing studies of phenols with a pendant nitrogen base,
the PT transfer distance (dON) has been a parameter of interest,
but the kinetic effects of this parameter have been convoluted
with changes in other variables. For example, in our study of
oxidations of a series of phenol-imidazole compounds, we found
that intrinsic barriers to CPET were fairly constant despite
variations in ground state dON spanning 0.113(3) Å, as deter-
mined by X-ray crystallography.21 However, we concluded that
crystal packing forces were likely a major cause of this variation,
as computed gas phase values varied by only 0.04 Å with poor
correlation to X-ray values. Comparing two phenol-pyridines, we
found that the presence of a methylene unit between the phenol
and pyridine moieties leads to a longer proton-transfer distance
as well as substantially increased intrinsic barriers to CPET.22

This kinetic effect was ascribed to changes in the hydrogen bond,
specifically, the disruption of the strong, resonance-assisted
hydrogen bond in the fully conjugated case, rather than specifically
to the distance.22 This explanation is consistent with kinetic data
obtained with phenol-imidazoles which have lower CPET barriers
despite longer dON.

19b,21

Herein, we describe a detailed experimental study to probe
the importance of proton transfer distance on separated CPET,
comparing the oxidations of two closely related phenol-
amine compounds. Reactions of 2,4-di-tert-butyl-6-(diphenylamino-
methyl)phenol (1) (Scheme 1) with one-electron, outer-sphere
oxidants such as substituted triarylamminium radical cations pro-
ceed via CPET to yield the distonic, proton-transferred cation.19a

The bicyclic compound 2, 1-amino-4,6-di-tert-butyl-7-hydroxyin-
dan, is an analogue of 1 in which the fused five-membered ring leads

to an increase in dON. The kinetic, thermodynamic, structural,
and spectroscopic properties of 1 and 2 are compared below,
using both experiment and DFT calculations. The results are not
what is predicted by simple theoretical tunneling models, and
contrast with those of a paper that appeared just as this one
was undergoing final revisions.23 This study can serve as a test
case for more sophisticated theories of CPET, and it illustrates
the importance of combining experimental and theoretical
analyses of PCET.

’RESULTS

Synthesis of Bicyclic Amine 2. The hydrochloride salt of
compound 2, 4,6-di-tert-butyl-7-hydroxy-1-aminoindan hydro-
chloride, has been reported by Oshiro et al.24 The oxime reduc-
tion in that report proved problematic in our hands, perhaps a
result of the formation of byproducts via ortho-quinone methide
intermediates.25 However, 2 was successfully prepared via re-
ductive amination of 7-hydoxy-1-indanone25 followed by alkyla-
tion in tert-butanol/H2SO4(aq) in the presence of urea.26 The
resulting salt was deprotonated to the neutral amine, 2, which has
been characterized by IR, NMR, and mass spectrometry (see
Experimental Section). In addition, single crystals of 2 were
obtained from a solution in hexanes and were characterized by
X-ray diffraction.
Structural and Spectroscopic Comparisons of 1 and 2.

Compound 2 crystallizes in an orthorhombic space group with
one independent molecule per unit cell, with the enantiomers
related by symmetry. The triclinic unit cell of 1, however, has two
independent molecules;19 the comparisons below either use the
average or give the parameters for both molecules explicitly.
Figure 1 presents ORTEPs of 2 and one of the independent
molecules of 1, as well as the atom labeling used.
The structures of 1 and 2 are similar in many ways. The C�O

distances and comparable bond lengths in the phenol rings of the
two compounds are the same within less than 0.02 Å. In both
cases, the aliphatic carbon that holds the amino group (Cα) is
essentially in the phenol plane, but the amine nitrogen lies out of

Scheme 1. Phenol-amines 1 and 2 and Their Concerted Proton-Electron Transfer Oxidations by Triarylamminium Cations (3+)
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the plane of the phenol by 0.827 Å (2) and 0.832, 0.998 Å (1).
The twisting of the nitrogen out of the plane is also indicated
by the C1�C2�Cα�N torsion angles of 35.1(4)� (2) and
33.6(3)�, 41.9(3)� (1). In addition, the O�H�N angles of the
hydrogen bonds are the same within uncertainty for 2 (153(3)�)
and 1 (152(2)� and 155(2)�).
There are also significant differences between the structures.

The critical O 3 3 3N distance (dON) in 2, 2.711(4) Å, is 0.13 (
0.03 Å longer than in the two independent molecules in the
structure of 1, 2.550(2), 2.613(3) Å. The dON in 2 is comparable
to that reported for a closely related 7-hydroxy-1-aminoindan
derivative, 2.747 ( 0.013 Å (this is the average of two indepen-
dent molecules in the unit cell).24,27 The longer dON in 2 is due in
part to Cα being constrained away by the cyclopentane ring, as
indicated by the larger C1�C2�Cα angle in 2 (113.8(3)�) than
in 1 (107.3(2)� and 107.4(2)�). In addition, the N�Cα�C2
angle is 113.8(3)� in 2, larger than the tetrahedral angle and
larger than the 107.4(3)� in 1. The C2�Cα and Cα�N bonds
are shorter in 2 than 1, by 0.035(6) Å (C2�Cα) and 0.061(5) Å
(Cα�N). These differencesmay be the result of steric effects in 1
and increased sp2 character at the α-carbon in 2, which is dis-
torted from a tetrahedral geometry; the sum of the three angles,
excluding the hydrogen, around Cα is 336.6(5)�.28
We focus on the O 3 3 3N distance rather than the O�H and

H 3 3 3N distances because the broad vibrational wave function
means that the proton does not have a well-defined position.
Electron density for the H1 was observed in the structures of 1
and 2 in the difference Fourier map and its position was refined
isotropically, but it is not straightforward to interpret this position.29

The crystallographic structures can be significantly influenced
by packing forces, as indicated by the 0.063(4) Å difference in
dON between the two independent molecules in crystalline 1.
Therefore, gas-phase geometries have been computed usingDensity
Functional Theory (DFT), specifically B3LYP/6-31G(d,p). For
computational studies, tert-butyl and phenyl groups have been
replaced by CH3, with little effect on the value of dON.

30 The gas-
phase DFT structures have longer dON than the crystallographic
values, 2.808 Å for 2 and 2.643 Å for 1, but the difference between
the two (0.165 Å) is similar to the value obtained from X-ray struc-
tures. Additionally, geometry optimizations for 1 and 2 using five
expanded basis sets in conjunction with four additional density
functionals or the inclusion of a solvent model gave similar results
(see Supporting Information). More specifically, in geometries
calculated using the largest basis set (aug-cc-pVTZ), dON varies

by <0.05 Å for both 2 (2.797�2.846 Å) and 1 (2.626�2.670 Å).
In each, these ranges contain the B3LYP/6-31G(d,p) values. The
differences in dON between 1 and 2 were somewhat increased:
0.168�0.182 Å depending on the functional, suggesting that the
crystallographic values may provide an underestimate of the
difference in this coordinate. Also in line with the crystallographic
structures, the B3LYP/6-31G(d,p) O�H�N angles are very
similar for 2 (146.4�) and 1 (147.9�), indicating that the proton
donor�acceptor distance here is a good proxy for the proton
transfer distance (see Supporting Information) which is not
necessarily the case in other studies of the kinetic effects of
increased distance.31,32 DFT calculations have also been used to
estimate the energies required to reduce dON, as described in the
Discussion.
The IR and NMR spectra of 1 and 2 also indicate significant

differences in their hydrogen bonds. The IR spectra both show a
very broad νOH band, underneath the sharper C�H stretching
modes at 2800�3000 cm�1 (Figure 2). Broad νOH bands are
typical of strongly hydrogen bonded systems.33 Compound 1
was deuterated via exchange withMeOD, causing decrease in the
broad band assigned to νOH and the appearance of new broad
band centered at 2200 cm�1 (in CHCl3 solution), corresponding
to the νOD stretch (Figure S3, Supporting Information). While
quantitative analysis is difficult, νOH in 2 does appear to be
higher in energy than the νOH in 1, consistent with a longer and
weaker hydrogen bonding interaction.34,35

The 1H NMR spectrum of 2 in dried CD3CN ([2] = 5 mM)
shows a single broad peak for the diastereotopic amino protons,
δ(NH2) = 2.10 ppm, which overlaps with trace water, and a very
broad downfield peak for the phenolic proton: δ(OH) = 11.14
ppm, fwhm = 71 Hz. These two resonances in the spectrum of 2
sharpen at lower concentrations, and sharpen and shift at lower
temperatures. Exchange between these sites is indicated by a
cross peak in the two-dimensional EXSY experiment (Figure S1,
Supporting Information). Analysis of the EXSY spectrum, with
the perhaps overly simple assumption of purely intramolecular
exchange, gives a rough estimate of the rate constant for the
exchange process at 298 K of 0.6 s�1. In contrast, the 1H NMR
spectrum of 1 (CD3CN, [1] = 5 mM) has sharp singlets for the
OH and NH2 protons, both downfield of the corresponding
signals for 2 (OH: δ12.32 ppm, fwhm = 4 Hz; δNH23.34 ppm).

Figure 2. IR spectra of 1 (blue) and 2 (red) collected as KBr pellets.
The lines from the drawings to the spectra indicate the broad νOH band
in each spectrum.

Figure 1. ORTEPs, with crystallographic O 3 3 3N distances, for phenols
119 and 2; ellipsoids drawn at 75% probability. For 1, the O 3 3 3Ndistance
listed is the average of the two independent molecules in the unit cell,
which have distances that differ by 0.06Å. Atom labels for relevant carbons
used for the geometry discussion are given on the drawings.
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These results support the conclusion of a weaker O�H 3 3 3N
hydrogen bonding interaction in 2 than in 1.
Thermodynamics of Oxidations. Cyclic voltammograms

(CVs) of 2 in MeCN (Figure 3) showed a chemically reversible
wave at E1/2 = 0.244 ( 0.006 V (all potentials are reported vs
Cp2Fe

0/+ internal standard). This is somewhat lower than that of
1 (E1/2 = 0.36( 0.02 V).19 The CVs of 1 and 2 are not, however,
electrochemically reversible. As is evident from Figure 3, the peak
separations, ΔEp, are a function of scan rate. An earlier study
modeled the CV waves for 1 in terms of slow electron transfer
kinetics, and extracted a rate constant that was consistent with
homogeneous ET rate constants.19b CVs of 1 and 2 have similar
ΔEp values, 110 for 2 versus 140 mV for 1 at 0.2 V s�1; both are
larger than that observed for ferrocene (ca. 80 mV) under the same
conditions. The low potential (compared with 2,4,6-tBu3ArOH
and related phenols) and the quasi-reversible behavior are evidence
that electrochemical oxidations proceed via CPET.1e,18,19b,36

The reaction of 2 with the triarylamminium radical cation
oxidant N(p-C6H4OMe)3

+• (3a+), is thermodynamically uphill
and reaches equilibrium, 2 + 3a+ h 2+ + 3a0 (where 2+ is the
phenoxyl radical cation and 3a0 is the neutral triarylamine, see eq 2
below). These experiments were done using stopped-flow mixing
and on this time scale the equilibrium mixtures are stable. The
change in the position of the equilibrium with varying amounts of
excess phenol was used to determine the equilibrium constant,
K2 = 0.049(8) (see Supporting Information). This value, and the
E1/2 for 3a

+/0 of 0.16( 0.02V,19 corresponds toE1/2(2) = 0.24(
0.02 V in excellent agreement with the value determined electro-
chemically. Stopped-flow equilibrium measurements were obtained
at various temperatures, T = 288�328 K. Over this temperature
range, K2 increases monotonically from 0.043(6) to 0.064(9),
a change in ΔG of less than 1 mV, yielding ΔH2

�= 1.8 (
0.8 kcal mol�1 andΔS2

�= 0.0( 2.7 cal K�1 mol�1 (all errors are
listed as 2σ).
We have reported previously that cyclic voltammograms of 1

and 3c at T = 275 and 322 K indicated the potentials did not shift
within our experimental uncertainty ((30 mV) indicating a
small entropy of reaction.19b Sav�eant and co-workers later perfor-
med similar variable temperature CVs on 3c and a synthetically
simpler analogue of 1 (a pyrrolidine-derived Mannich base) and
obtained results consistent with our earlier measurements.18b

While their data are quite scattered (R2∼ 0.6), they reported18b,c

that the reaction of 1 with 3c+ has a variation in Erxn of ca. 12 mV
over the temperature range 260�294 K, with ΔH�= 2.4 (
1.4 kcal mol�1 and ΔS�= 9.6( 4.8 cal K�1 mol�1. This ΔS� for
an analogue of reaction 1 is similar, but significantly higher than
those reported above for 2 + 3a+. Even these modest entropic

contributions to the driving force, at the limits of what can be
determined electrochemically, can have large effects on the
analysis of rate versus temperature data.18b,c

Kinetics of Oxidations of Phenol-amines by Amminium
Ions. Reactions 1 + 3b+ and 2 + 3a+ allow for comparison of
reactivity of the two phenol-amines at comparable driving force
using similar oxidants. Equation 1 has Erxn = �0.04 ( 0.03 V19

and eq 2 has Erxn =�0.078( 0.011 V. The kinetics were studied
in dry anaerobic MeCN using stopped-flow techniques, mon-
itoring the disappearance of the intense blue color of the oxidant
(Figure 4). The spectral data are fitted globally to an approach-
to-equilibrium kinetic model.

The forward rate constant for reaction 2, k2, was found to
be (1.4 ( 0.1) � 104 M�1 s�1. This is roughly half the
value determined previously for reaction 1, k1 = (2.7 ( 0.3) �
104M�1 s�1.19 These are quite similar, with the slower reaction 2
also having the less favorable thermodynamics. The difference in
driving force (0.038 ( 0.030 V) corresponds to a difference in
equilibrium constant of a factor of 4.4, which would very closely
account for the factor of 2 in rate given the dependence of k on
Keq for these reactions (see below). Thus, in this case, increased PT
distance has little effect on reaction rates. As discussed below, this
contrasts with first-order proton tunneling models that predict
changes of ca. 2 orders of magnitude.
The rates of reactions 1 and 2 have been determined as a fun-

ction of temperature over the range T = 288�328 K. Arrhenius
analysis of this data, Figure 4b, yields log A = 9.8( 0.8 and Ea =
7.4( 1.2 kcal mol�1 for reaction 1 and log A = 8.8( 0.8 and Ea =
6.3 ( 1.2 kcal mol�1 for reaction 2 (Table 1). Similar values
were reported previously for the related reaction 1 + 3c+.19b,37

While the error bars on these Arrhenius parameters are large, we
note that reaction 2, with the larger PT distance, appears to have a
lower A factor. Changes in nuclear quantum effects such as

Figure 3. Cyclic voltammograms of 2 with scan rates of 12, 25, 50, 100,
200, and 500 mV s�1 (red, orange, gold, green, blue, and black lines
respectively).

Figure 4. (a) Representative stopped flow data for reaction 2 showing
decay of the amminium oxidant. The inset is the time trace of absorbance
at λmax (718 nm) fit to an approach to equilibrium kinetic model.
(b) Arrhenius plots for reaction 1 (red circles) and reaction 2 (blue
squares).
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decreased tunneling probabilities would, to a first approximation,
be expected to appear as a lowerA factor. In the comparison here,
the lower A factor for reaction 2 appears to be compensated by a
smaller Ea to give similar rate constants at 298 K.
To determine the deuterium kinetic isotope effect (KIE, kH/kD)

in reactions 1 and 2, stopped-flow experiments have been perfor-
med in the presence of 0.5�1% CD3OD in CH3CN solvent.
Under these conditions, the exchangeable N�H and O�H
protons are replaced by deuterons from the large molar excess
of CD3OD, yielding 1-d3 and 2-d3. Control experiments in the
presence of CH3OH at these concentrations gave rate constants
within the experimental uncertainty of experiments performed in
pure MeCN19 (for reaction 2, k2H in the presence of CH3OH =
(1.6( 0.2)� 104 M�1 s�1). Studies of reaction 2 in the presence
of CD3OD gave the forward reaction rate constant k2D = (1.2 (
0.1)� 104M�1 s�1, corresponding to a KIE (kH/kD) = 1.3( 0.2.
Varying the amount of (d4-)methanol from 0.1�5.0% gave
variations in kH/kD (from 1.22 to 1.32) that are within experi-
mental uncertainty and did not follow a simple trend. By com-
parison, reaction 1was found tohave k1D= (1.3( 0.1)� 104M�1 s�1,
and KIE = 2.1 ( 0.3. Thus, under otherwise similar reaction
conditions, phenol-amine 2, with the larger proton transfer dis-
tance, displays a smaller kinetic isotope effect. This result is in
sharp contrast with predictions based on a simple tunneling
model that predict that deuterium tunneling probabilities should
be much more sensitive to changes in distance than protium.
Potentially, the smaller KIE observed for reaction 2 could be in

part a result of a thermodynamic isotope effect (KH/KD).
Analyses of the equilibrium mixtures of reaction 2D, as above,
yieldsK2D = 0.08(2), somewhat larger than the value of 0.053(8)
obtained in the presence of CH3OH. The KH/KD of 0.7(2) is an
inverse isotope effect, which is not expected for conversion of an
O�H bond to an N�H one based on standard zero-point-
energy arguments.38 However, the modes involved are highly
anharmonic and mixed (see Figure 2, Figure 7 below, and
reference 35b, Chapter 4). The inverse thermodynamic isotope
effect may be causing a small (∼20%) decrease in the observed
kinetic isotope effect kH/kD.
For both reactions 1 and 2, the KIE did not vary significantly

over the temperature range studied and Arrhenius analysis does

not give a strong indication of tunneling effects.3,39 Arrhenius
parameters derived from the variation of kD with T analysis were
found to be well within error of those stated above for the proteo
analogues: Ea,D � Ea,H = 0 ( 1.7 kcal mol�1 (reaction 2) and
�0.1( 1.7 kcal mol�1 (reaction 1) while log (AH/AD) = 0.1 (
1.1 (reaction 2) and 0.3 ( 1.1 (reaction 1).
Variation of Rate Constants with Driving Force. Rate

constants have also been determined for the oxidation of 2 by
four other amminium oxidants 3b+�3e+. The potentials of the
five oxidants vary by 0.51 V, so these constitute a series of very
similar reactions with a systematic variation in driving force. In
the series of reactions, 2 + 3a+�3e+, Keq varies from 4� 10�2 to
2� 107 and the bimolecular forward reaction rate constants vary
monotonically from (1.4( 0.1)� 104 for 2 + 3a+ to (4.9( 1.5)�
107 M�1 s�1 for 2 + 3e+ (Table 2). The last rate constant is near
the upper limit of what can be measured with our apparatus,
hence the greater uncertainty in the rate constant. As illustrated
in Figure 5, ln(k) correlates linearly with ln(Keq) with a slope of
0.38(3) (R2 = 0.982). This is the Brønsted α, the dependence of
rate constant on driving force, for this set of reactions.
A similar Brønsted plot of our previously reported data for

1 + 3a+�3e+ yields a line with a slope of 0.53(3), R2 = 0.999
(Figure 5).19a Given the differences in α for reactions of 1 and 2,
the kinetic differences between the two reactions (k1/k2) are a
function of driving force. At the same driving force, 2 is predicted
to react faster than 1 when Erxn < �0.05 V, despite the longer
dON. The similarity in rate constants noted for reactions 1 and 2 is
a consequence of the reactions falling near the crossing point of
the lines in Figure 5. However, over the 0.39 V range for which
direct comparison is available, rates are predicted to differ by no
more than a factor of 13 (k1+3/k2+3 = 0.4�13).
KIEs have been determined for reactions of 2 with four of the

amminium oxidants (3+), Table 2. The values increase mono-
tonically with Erxn, from 1.3 ( 0.2 (for 2 + 3a+) to 3.7 ( 1.3
(for 2 + 3e+). The same behavior is seen in the oxidations of 1 by
3+ (1 + 3a+, KIE = 1.6 ( 0.2, Erxn = �0.20;19b 1 + 3b+, KIE =
2.1( 0.3,Erxn =�0.04 and 1+ 3c+, KIE = 2.5( 0.3,Erxn = 0.02

19b).
This is in contrast with the semiclassical prediction that the KIE
should be at a maximum whenΔGrxn = 0.38 Full quantum mech-
anical/deep tunneling models of hydrogen transfer also predict

Table 1. Kinetic Parameters for Reactions 1 and 2

reaction Erxn, V k, M�1 s�1 log A Ea, kcal mol�1 KIE

(1) 1 + 3b+ �0.04 ( 0.03 (2.7 ( 0.3) � 104 9.8 ( 0.8 7.4 ( 1.2 2.1 ( 0.3

(2) 2 + 3a+ �0.078 ( 0.011 (1.4 ( 0.2) � 104 8.8 ( 0.8 6.3 ( 1.2 1.3 ( 0.2

Table 2. Rate Constants for Reactions of 2 with Various Oxidants

oxidanta Erxn, V kH, M
�1 s�1 kD, M

�1 s�1 KIEb

[N(p-C6H4OMe)3]
+ (3a+) �0.08 (1.4 ( 0.1) � 104 (1.1 ( 0.2) � 105 1.3 ( 0.2

[N(p-C6H4OMe)2(p-C6H4Br)]
+ (3b+) 0.08 (2.4 ( 0.2) � 105 -c

[N(p-C6H4Me)3]
+ (3c+) 0.14 (4.3 ( 0.4) � 105 (1.9 ( 0.2) � 105 2.4 ( 0.3

[N(p-C6H4Br)2(p-C6H4OMe)]+ (3d+) 0.24 (1.4 ( 0.1) � 106 (5.0 ( 0.5) � 105 2.6 ( 0.4

[N(p-C6H4Br)3]
+ (3e+) 0.43 (4.9 ( 1.5) � 107 (1.5 ( 0.3) � 107 3.7 ( 1.3

[Fe(Me4phen)3]
3+d 0.22 (3.0 ( 0.3) � 105 -c

[Fe(Me2phen)3]
3+e 0.31 (2.1 ( 0.2) � 106 -c

[Fe(Me2bpy)3]
3+f 0.36 (4.3 ( 0.4) � 105 -c

aAll oxidants are PF6
� salts. bKIE is the ratio of the rates in the presence of CH3OH and CD3OD.

cNot determined. dMe4phen = 3,4,7,8-Me4phen.
eMe2phen = 4,7-Me2phen.

fMe2bpy = 5,50-Me2bpy.
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that the KIE will generally peak when ΔGrxn is near zero, but
deviations are predicted.40,41 Plotting ln(k) versus ln(Keq) for the
reactions of 2-d3 + 3+ gives α2,D = 0.33(2), R2 = 0.98 (Figure 5),
which is lower than the value of 0.38(3) obtained for the proteo
analogues. Similarly, α1,D = 0.48(4), R2 = 0.9997, again smaller
than α1,H. The point in Figure 5 corresponding to the reaction of
2-d3 + 3e

+, the most downhill reaction, lies above the best fit line
by a factor of 2, potentially indicating curvature or a discontinuity
in the relationship due to contributions of stepwise ET/PT
pathways which would be favored over CPET by the KIE.42

Overall, it should be emphasized that at the same reaction driving
force, the KIE is always smaller for the oxidations of 2 than for the
oxidations of 1, despite the longer dON in 2.
Kinetics of Oxidations of Phenol-Amines by Iron Oxi-

dants.Rate constants have also been determined for the reactions
of 2 with several iron(III)-tris-bipyridyl or tris-phenanthroline
oxidants (Table 2, ln(k) versus ln(Keq) in Figure S4). As has been
observed with all of the phenol-base compounds we have studied,
the variation of k with driving force has shown more scatter with
these iron(III)-tris-diimine oxidants19b,22 than is observed in the
reactions of the triarylamminium oxidants 3a+�3e+, making a
detailed analysis more complex. Still, it is clear that the rate
constants are generally similar for 1 and 2 at comparable driving
force, as found for the amminium oxidations.

’DISCUSSION

Mechanism of the Oxidations. The mechanism of the
phenol oxidations could, in principle, be either concerted pro-
ton�electron transfer (CPET) or a sequence of discrete electron
transfer and proton-transfer steps with either the ET or PT
occurring first (ET/PT or PT/ET, respectively). As we have
described in detail previously, the stepwise pathways are ruled
out for the reactions of 1 based on thermodynamic arguments:
the observed Eyring barriers (ΔGq) for the oxidations are much
higher than theΔG� for the initial ET or PT steps of the stepwise
mechanisms. The stepwise paths yield either the phenol radical
cation +•HOAr�NH2 by initial ET, or the zwitterion

�OAr�NH3
+

by initial PT, and the ΔG� for these steps is estimated from E�
and pKa values of related compounds.

43 Because of the similar rates,
as well as the structural similarities, these arguments also hold for
the reactions of 2with the amminium oxidants (3+). For the PT/
ET mechanism, the additional alkyl substituent on phenol 2
should increase its pKa, making this pathway even less likely. The
ET/PT pathway is ruled out by the estimated ΔG�ET for initial

ET being much larger than the Eyring barriers ΔGq (with the
possible exception of 2 + 3e+).42c These thermodynamic argu-
ments are further supported by the variation of rates with driving
force (α ∼ 1/2) which is only consistent with the CPET
mechanism.19b,44This argument is not as strong for the reactions
of the iron tris-diimine oxidants, but CPET pathways are still
indicated (see Supporting Information). The relatively small
primary isotope effects for these reactions (Table 2) are typical of
CPET reactions of this kind.1e,15a,18,19b

Comparison of Reactions 1 and 2: Distance Has Little
Effect. Compounds 1 and 2 are very similar molecules, phenols
with a saturated carbon in the 2-position bearing an NH2 group.
In broad terms, the twomolecules have closely related structures,
spectroscopy, thermochemistry, and reactivity. The primary dif-
ference between them is that the bicyclic phenol 2 has a longer
OH 3 3 3N hydrogen bond. Crystallographically, the O 3 3 3N
distance (dON) is 0.13 ( 0.03 Å longer in 2 (2.711(4) Å) than
in 1 (2.550(2), 2.613(3) Å for the two independent molecules in
its unit cell). Gas-phase DFT calculations give a 0.165 Å dif-
ference between the two dON values, at the larger end of the
crystallographic range. Given the otherwise similar hydrogen
bond geometries, these two phenols thus present a clear test of
the effect of hydrogen donor�acceptor distance on proton-
coupled electron transfer (PCET) reactivity.
The proton transfer distance is a key parameter in the devel-

oping theories that describe the concerted transfer of a proton
and an electron.2,8,45 These hydrogen transfer reactions are
important in the action of a variety of proteins. In a number of
cases, kinetic isotope effects of unusual magnitude and tempera-
ture dependence have been observed.46 They present intriguing
challenges for theoretical description because of the interplay of
classical energetic barriers, nuclear tunneling, and dynamical
effects. As such, the theory continues to develop. A decade ago,
Krishtalik provided an overview of proton transfer reactions and
presented some typical cases.9 In the simplest model, using
ground state vibrational wave functions in Morse potentials for
the X�H bond and assuming weak interactions between the
donor and acceptor, the rate of proton tunneling is predicted to
vary exponentially with distance. Quantitatively, rate constants in
this model vary with distance by e�βΔR with β = 30�40 Å�1, in
other words decreasing by a factor of e for an increased distance
of 0.025�0.033 Å. However, as Krishtalik noted, this simple
model does not hold for strongly hydrogen bonded systems such
as 1 and 2, which should show a shallower dependence on
distance.9 Still, the simple model provides one crude estimate of
the effect of different donor�acceptor distances in the reactions
of 1 and 2. Using the 0.13 Å crystallographic difference in dON,
the simple model predicts that 2 should have a 50- to 200-fold
slower rate constant than 1 for similar reactions. With the larger
ΔdON of 0.165 Å from the DFT-calculated ground state struc-
tures, this difference rises to 140�700 times.
The experimental results show that the CPET reactions of 1

and 2 are much more similar than this simple theoretical model
would predict. Reactions 1 and 2 provide the simplest compar-
ison, because they use similar triarylamminium oxidants and have
driving forces that differ by only 38( 30 mV. The rate constants
for these reactions differ by a factor of 1.9, much less than
predicted by the weak-coupling tunneling model. More quanti-
tatively, the 38 mV less favorable Erxn for reaction 2 corresponds
to a difference in equilibrium constants of a factor of 4.4. Given
the dependence of k on Keq discussed above (Figure 5), with
a Brønsted α of 0.46, this difference in Keq’s would predict a

Figure 5. Variation of ln(k) with ln(Keq) for reactions of 3a
+�3e+ with

1 (blue squares and line), 1-d3 (open squares, dotted line), 2 (red circles
and line), 2-d3 (open circles, dotted line). Lines are linear fits where the
slope is the parameter α.
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difference in rate constants of a factor of 2.0. The more detailed
discussion below indicates that this remarkably close agreement
with the observed factor of 1.9 is somewhat fortuitous, but the
general conclusion is clear. Compounds 1 and 2 have very similar
CPET reactivity. The same conclusion is evident from the
reactions with iron(III) tris(diimine) oxidants (Figure S4).
There are only subtle differences in the reactivity of the two
phenols, despite the substantial difference in ground-state do-
nor�acceptor distance.
These results contrast with those of a paper that appeared as

the final version of this report was being submitted.23 That study
concluded that intrinsic rates strongly correlate with distance.
Its conclusions are based on crystallographic distances which,
as shown above, can be misleading,47 and on comparisons of
compounds with planar, conjugated (resonance assisted) hydro-
gen bonds with those of nonconjugated analogues. As we have
presented previously,22 the different PCET rates between these
classes of molecules is more likely due to differences in
hydrogen bonding, as indicated by different OH 3 3 3N stretch-
ing frequencies and 1H NMR chemical shifts, or possibly to
differences in tunneling distances or donor�acceptor
vibrations.32 The spectroscopic differences indicate different
proton potential energy surfaces and vibrational wave func-
tions, which play an important role in PCET as described below
and in detail elsewhere.48

Variation of CPET Rates with Driving force. The CPET
kinetics of reactions of 1 and 2 with 3a+�3e+ as a function of
driving force show subtle but important differences (Figure 5).
This dependence is best summarized by the Brønsted α, the
slope of a line correlating ln k with ln Keq, or equivalently the
changes in free energy barrier with changes in driving force
ΔΔG*/ΔΔG�. The rate constants for oxidations of 1 + 3a+�3e+

have α(1) = 0.53(3), which is very near the value of 1/2
predicted by the Marcus equation (eqs 3 and 4)49 in the limit
of |ΔG�|, 2λ appropriate for these reactions.19b However, the
reactions 2 + 3a+�3e+ show a more shallow dependence, α(2) =
0.38(3). For both 1 and 2, deuterium substitution leads to a
decrease in α: α(1-d3) = 0.48 and α(2-d3) = 0.33. Differences in
α for proteo and deutero analogues result in KIEs which increase
with Erxn. An increase in KIE with driving force is also evident in
theCPET reactions of a phenol-pyridinewith two [Fe(R2bpy)3]

3+

oxidants.19b The rates of reactions 1 and 2 are similar because
they fall in the range of Erxn where the two lines in Figure 5 cross.
When Erxn = 0.31 V, the linear fits in that figure predict that 1
should react 8.5 times faster than 2. On the other hand, in
reactions more endoergic than 1 and 2, reactions of 2 are pre-
dicted to have higher rate constants than comparable reactions
of 1. The various effects of increased proton donor�acceptor
distance on rates and isotope effects is thus much more complex
than the simple models outlined above would predict.

k ¼ kν expð�ΔG�=RTÞΔG� ¼ ðλ þ ΔG�Þ2=4λ ð3Þ

α = ∂ΔG�=∂ΔG� ¼ 1
2
þ ΔG�=2λ ð4Þ

The small α(2) = 0.38(3) and even smaller α(2-d3) = 0.33 are
surprising both in light of the Marcus equation prediction and by
comparison with the α = 1/2 found for other phenol-amine
oxidations (0.5319 for 1 and a (2-pyridylmethyl)phenol22,50 and
0.51 for phenol-imidazoles21). Equation 4 predicts that Brønsted
plots such asFigure 5 should be curved,withα=1/2when |ΔG�|,2λ

and decreasing as ΔG� approaches �2λ. Our analysis of the
reactions of 1 + 3a+�3e+ using the adiabatic Marcus equation
(eq 3 with kν = 1011 M�1 s�1) yielded a large value of λ (1.5 V),
consistent with its α = 0.53. Sav�eant and co-workers have
reinterpreted our variable temperature kinetic data for 1 using
a linearized nonadiabatic model that assumes α = 1/2 and has
a nonzero ΔS�CPET (and has poorer agreement with our data),
obtaining λ = 0.79 ( 0.12 V.18b,51 While the latter value would
predict some curvature in the Brønsted plot for 2, there is no
indication of curvature over the experimental +0.08 to �0.43 V
range ofΔG� (Figure 5). In addition, the rate constants with the
highest driving force fall above the best fit line, rather than below
as would be predicted by a smaller λ. In sum, the small α for
the reactions of 2 is not due to the Marcus dependence of α on
ΔG�/2λ.
Current theories of CPET go well beyond Marcus theory, for

instance including pathways that give X�H vibrationally excited
states in the product.8 Such pathways are more endoergic and
therefore increase the value of α.52 Meyer and co-workers
recently invoked this effect to explain their measured α of 0.6
for CPET oxidations of aqueous tyrosine, in which the driving
force was varied by changing either the oxidant or buffer.53

Like Meyer’s system, our computational studies (see below)
indicate that vibrational excited states are more important for the
product than the reactant, which should raise α above 1/2.
This is therefore not the origin of the small α observed for the
reactions of 2. Hammes-Schiffer recently attributed a value of
α = 0.47 observed for proton-coupled electrochemical oxida-
tion of an osmium(II) aquo complex54 to the increase in the
proton donor�acceptor distance upon oxidation.55 While a
similar analysis is beyond the scope of this study, gas-phase
DFT calculations predict the dON in 1 and 2 will instead
decrease, by 0.164 and 0.123 Å, upon oxidation. Thus, this
analysis would also seem to predict α > 1/2, the opposite of the
observed trend.
A change in αmight also indicate a change in the nature of the

classical transition structure in the reactions of 2.56,57 For
example, if the transition structure involved mostly proton
transfer with little electron transfer, the barrier would be less
sensitive to the redox potential of the oxidant and α should be
less than 1/2 when ΔG� is varied by changing the outersphere
oxidant. This kind of asynchrony has been discussed by Lee,
Kreevoy, et al. in the context of hydride transfer reactions,58 and
more generally by Bernasconi and others.55,56,59 It is not clear,
however, why this would be favored with longer dON or with
deuterium substitution. Still, this work and that of Meyer and
others indicate that the value of α may provide valuable insight
into the nature of the CPET processes and may serve as a
benchmark for computational studies.16�18,53

Motion along the Proton Donor�Acceptor Coordinate.
The role of ‘promoting’ or ‘gating’ vibrations in hydrogen transfer
reactions—motions which compress the proton transfer distance
and thereby facilitate the transfer—has received considerable
attention in the literature.1,12�15,31,41 The energetics of such
motion in compounds 1 and 2 has been examined computation-
ally, using a series of partial geometry optimizations. In each gas-
phase DFT calculation, dON was fixed and the positions of all of
the other atoms were optimized, as described in the Experimental
Section. The energies as a function of dON, as shown in Figure 6,
are a slice through the multidimentional potential energy surface
that describes the CPET reactions. This analysis ignores solvent
effects and the presence of the oxidant, but these should be very
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similar for the two phenol-amines reacting with closely related
oxidants.
Parabolic fits of the points corresponding to compression

along dON (Figure 6) give effective force constants of 148 and 92
kcal mol�1 Å�2 for 1 and 2, respectively.60 Fits to Morse
potentials give smaller values in roughly the same ratio (76 and
53 kcal mol�1 Å�2). We were initially surprised that 2 is easier to
compress along the dON coordinate because the bicyclic structure
would appear more rigid. However, the dominant factor in
determining the magnitude of this force constant appears to be
O 3 3 3N steric repulsion. Still, despite the difference in force
constants, it is always more energetically costly for 2 to reach a
compressed value of dON than it is for 1. To distort 2 to the
calculated dON of ground state 1 requires 1.2 kcal mol�1, and to
reduce its dON, an additional 0.1 Å requires an additional 1.3 kcal
mol�1. In a model in which 1 and 2 have to reach the same value
of dON to undergo CPET, these energies imply that 2would react
1 or 2 orders of magnitude slower than 1. This simple calculation
applies both to a classical over-the-barrier model and to a proton
tunnelingmodel, but only if all of the other parameters important
to CPET are equal for 1 and 2. In sum, the similarity of their
CPET reactivity of 1 and 2 does not follow in a straightforward
manner from ground state dON and changes in the donor�accep-
tor motions.
ADeeper Look: Proton Vibrational Wave Functions. In the

multistate continuum theory for PCET developed by Hammes-
Schiffer and co-workers, one set of significant kinetic parameters
is the overlaps of reactant and product vibrational wave functions
(Franck�Condon factors). As part of a more extensive study,48

we have calculated these wave functions (with certain assumptions)
for 1 and 2, as shown in Figure 7. Multistate continuum theory is
conceptually related toMarcus theory, in which the nontransferring
atoms and solvent reorganize to a surface crossing point where the
electron/proton tunneling occurs. Our calculations fixed all of the
atoms at a structure halfway between the phenol and the product
radical cation, termed the TS geometry, then determined the energy
as a function of proton position between the O and the N.
The derived surface was fitted to a sixth-order polynomial, which
was used to derive the proton wave functions (see Experimental
Section).
The neutral phenols at the TS geometry have a single-well,

distorted harmonic potential for the proton bound to the phenol
oxygen (Figure 7, bottom). The zwitterionic form with the
proton bound to the nitrogen, �OAr�NH3

+, is high in energy,
>15 kcal mol�1 for both compounds 1 (left) and 2 (right). In
contrast, the distonic radical cations 1•+ and 2•+ have the proton
potential energy surfaces at the TS geometry that are double
minima (top plots). The ground vibrational states (blue lines)
are localized on the nitrogen, on the right, but the first excited

states (red) have more O�H bond character. The bicyclic com-
pound 2•+ has an especially pronounced double minimum due to
its longer O�N distance, and the ν = 1 state is almost fully
localized at oxygen. The Franck�Condon overlap between the
ground ν = 0 state in 2 and the ν = 1 state in 2•+ is almost unity,
S0,1

2 = Æϕ0(2)|ϕ1(2•+)æ2 = 0.90. In addition, this first vibrational
excited state is calculated to be only 1.3 kcal mol�1 or 450 cm�1

above the ground state, so the energetic cost to access this state is
small. For compound 1 at its TS geometry, the first excited state is
two times higher (935 cm�1) and the overlap is smaller, S0,1

2 = 0.54.
This vibrational analysis suggests a possible explanation for the

similarity of the CPET reactions of compounds 1 and 2. The
higher classical barrier for CPET in 2 due to the longer distance
could be balanced by the facility of reaction from the ν = 0 state in
2 to the ν = 1 state in 2•+, ϕ0(2)f ϕ1(2

•+). This is more facile for
2 because the longer distance makes the ϕ1(2

•+) lower in energy
andmore localized on the oxygen. However, structures with smaller
dON probably contribute significantly to the rate constants, and a
complete study including the vibrational overlaps for structures with
a range of O 3 3 3N distances will be required to indicate if these
trends are indeed key factors in the kinetics of 1 and 2.
Vibrational excited states should be even more important in

deuterium transfers, so this analysis also provides a qualitative
rationalization for the counterintuitive lower KIEs for compound
2. While the magnitude of the KIE differences vary with driving
force, the trend remains unchanged, KIE(1) > KIE(2). This is
opposite to the prediction of a simple tunneling model, in which
the X�D vibrational wave functions penetrate less into the
forbidden region so that at longer distances tunneling is less
favored and KIEs are larger. As Hammes-Schiffer et al. state in
their analysis of KIEs for CPET reactions, “typically the KIE will
increase with increasing equilibrium proton donor�acceptor
distance if all other parameters remain fixed.”40 That study

Figure 6. Relative potential energy for partially optimized structures of
1 (blue circles) and 2 (red diamonds) with varied dON. Lines are
parabolic fits of the points with dON e dON (optimized).60.

Figure 7. Proton transfer potential energy surfaces (black lines)
calculated for neutrals (bottom) and distonic radical cations (top) of
1 and 2, with heavy atoms fixed at the average “TS0” geometry,
dON = 2.59 Å (1) and 2.67 Å (2). Proton vibrational wave functions
are shown: ν = 0 (blue) and ν = 1 (red); higher vibrational wave
functions (dotted lines) are minor contributors to the CPET reaction.
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shows, however, that there are a number of situations where an
inverse relationship of KIE and PT distance can occur, for instance
when the species with a longer distance has a lower frequency for
the vibration along the proton donor�acceptor coordinate.40

Experimental support for this case has been provided by high
pressure stopped flow and site directed mutagenesis studies on
hydride transfer reactivity of morphinone reductase by Scrutton
and co-workers.14c,d For the phenols presented here, the effective
frequency of this motion is lower in 2 than in 1 (Figure 6), so this
effect could also be a cause of the decreased KIEs observed in
reactions of 2.
The involvement of vibrational excited states and the differ-

ences in effective dON vibrational frequencies are likely to also be
the origins of the unusual effects of driving force on the reactions
of 1 and 2. For instance, the KIEs increase with ΔG�CPET, in
contrast with the semiclassical prediction that the KIE should be
a maximum at ΔGreaction = 0. Reactions of 2 show an unusually
shallow dependence of rate constant on driving force, with the
Brønsted α [Δln(k)/Δln(Keq)] = 0.38(3). The reactions of
deuterated 2 show an even lower α of 0.33. These values are
significantly below the typical α = 1/2 found for 1 and related
phenol-base compounds.19,21,22,35b As discussed above, the de-
viation of α from 1/2 does not come from the parabolic
dependence of rate on driving force from the Marcus equation
(eq 4). It must instead come from a more subtle dependence of
other vibrational and quantum coupling factors, unique to
CPET, on ΔG�CPET.

’CONCLUSIONS

This study compares CPET oxidations of two closely related
phenol-amines, phenol-amine 1 and bicyclic amino-indanol 2, in
which the proton donor�acceptor distance varies by roughly 0.15
Å. The difference in distances is shown to be more accurately
determined by computational studies rather than crystallographic
results, because of the effects of crystal packing on the low-
frequency donor�acceptor mode. These results provide valuable
new test cases for the development of theory, which, in turn, will
guide new experiments and the interpretation of kinetic and
structural chemical and biochemical data.

In contrast with the results of both classical and simple tun-
neling models, the kinetic effects of the different donor�acceptor
distances in 1 and 2 are small. For reactions with similar oxidants
whenΔG�CPET is near zero, the rate constants for 1 and 2 are very
similar, within a factor of ca. 2. The H/D kinetic isotope effects for
the reactions of 2, with the longer proton-transfer distance, are
smaller than those observed for 1, and increase with increasing
ΔG�CPET. Reactions of 2 and 2-d3 show an unusually shallow
dependence of rate on driving force, with Brønsted α [Δln(k)/
Δln(Keq)] values of 0.38(3) and 0.33, respectively. These results
contrast with the conclusions of a very recent report, that phenol-
base compounds with (crystallographically) shorter, conjugated
hydrogen bonds react faster than those with nonconjugated
H-bonds.23 Future studies will determine whether that conclusion
is biased by comparing compounds with conjugated versus non-
conjugated hydrogen bonds (as suggested by earlier studies22,31)
or whether the phenol-amine compounds 1 and 2 compared here
are atypical for some reason.

Classical, over-the-barrier models predict much slower rates
for 2 due to the larger barrier to proton transfer at larger distances
and to the larger energetic costs to reach shorter proton donor�
acceptor distances. First-order tunneling models also predict

slower rates and higher kinetic isotope effects for 2 because of the
longer tunneling distance. Simple tunneling models assume
(1) tunneling from ν = 0 in the reactant to ν = 0 in the product,
(2) small overlap between the vibrational wave functions, and
(3) Morse-like potentials for the protons. The vibrational
analysis summarized in Figure 7 shows that none of these three
assumptions hold for 1 and 2. Simple tunneling models are not
appropriate for strongly hydrogen-bonded systems such as these
because the proton potential surfaces are highly anharmonic and
often exhibit double minima. The surfaces also change substan-
tially at shorter donor�acceptor distances,61 structures which
often contribute significantly to the CPET rate constant.62

The experimental and computational comparison of 1 and 2
indicates that changing the proton-donor acceptor distance in
hydrogen bonded systems affects multiple parameters that are
important to CPET. Changing the distance strongly affects the
shape of the proton potential energy surface and therefore the
vibrational overlaps involving vibronic excited states. Com-
pounds with a longer donor�acceptor distance are also likely
to have lower effective force constants for distortion along this
coordinate. These effects are not evident from simple tunneling
models and illustrate the complexity of CPET processes.

’EXPERIMENTAL SECTION

General Considerations. Unless otherwise noted, reagents were
purchased from Aldrich, solvents from Fisher, and deuterated solvents
from Cambridge Isotope. MeCN was used as obtained from Burdick
and Jackson (low-water brand) and stored in an argon-pressurized
stainless steel drum plumbed directly into a glovebox. CD3CN was
dried by stirring over CaH2 overnight, then distilled onto P2O5,
followed by another distillation from CaH2 and stored in a glovebox.
Ammonium acetate was dissolved in methanol and evaporated to
dryness (�3) and the residue was dried in vacuo at 40 �C for 24 h.
nBu4NPF6 was recrystallized three times from EtOH and dried in
vacuo for 2 days at 110 �C prior to use. The iron-bipyridyl and
phenanthroline complexes were synthesized according to literature
procedures63 and were used as PF6

� salts. Triarylamminium salts were
prepared from the corresponding amines as described previously.19b
1H NMR and 13C NMR spectra were recorded on Bruker AV300,
AV301, DRX499, or AV500 spectrometers at ambient temperatures;
chemical shifts are reported relative to TMS in ppm by referencing to
the residual solvent signals. The UV�vis spectra were obtained on a
Hewlett-Packard 8453 diode array spectrophotometer. Infrared spectra
(Figure 2) were obtained from KBr pellets on a Bruker Vector 33. Mass
spectrometry was performed on a Kratos Profile HV-3 direct inlet,
electron impact mass spectrometer.
Calculations.Unless stated otherwise, all calculations were performed

using Gaussian 03.64 In these computational studies, tert-butyl groups were
replaced by CH3. Geometry optimizations, IR frequency calculations, and
potential energy scans of the ON coordinate utilized B3LYP/6-31G(d,p)
level of theory. Calculation of the proton transfer surfaces utilized the
(U)B3LYP functional with 6-31G(d) basis set used for all atoms with the
exception of the transferring proton, for which a set of p polarization
functions were included, that is, 6-31G(d,p). All calculations were per-
formed in the gas phase. PCMmodels ofMeCNsolvent with ε= εop appear
to have relativelyminor effects on the shape of the hydrogenbondpotentials
for the neutral and cation. Proton vibrational energy levels and wave
functions were calculated numerically for these one-dimensional potential
energy wells using a basis set of 200 harmonic oscillator functions.65

Synthesis. 1-Amino-4,6-di-tert-butyl-7-hydroxyindan (2). tert-
Butanol (4 mL) was added to a stirred solution of 1-amino-7-hydro-
xyindan hydrochloride24,25 (0.409 g, 2.28 mmol) and urea (0.398 g) in
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75% H2SO4 (aq). Beige solids formed as the reaction mixture was stirred
at ambient temperatures for 52 h. Ice (15 g) was added and the suspension
was filtered while cold. The solids were washed with cold water (15 mL)
and dried thoroughly in vacuo. The residue was suspended in 15% aqueous
methanol and the pH was adjusted to 9 with the addition of NaOH(aq).
This solution was extracted with methylene chloride (3� 30 mL) and the
combined organic layers were washedwith water and brine, then dried over
MgSO4. Removal of solvent on the rotary evaporator gave a beige solid
(0.55 g). Recrystallization from boiling hexanes gave 2 as a pale yellow
crystalline solid (0.348 g, 61%). 1H NMR (CD3CN) (using IUPAC indan
numbering): 1.30 (9 H, s, C(CH3)3), 1.37 (9 H, s, C(CH3)3), 1.60 (1 H,
m, 2-H), 2.10 (2H, br, NH2), 2.46 (1H,m, 2-H), 2.74 (1H,m, 3-H), 3.10
(1H,m, 3-H), 4.36 (1H,m, 1-H), 7.08 (1H, s, 5-H), 11.14 (1H, br,OH).
MS (m/z): 261 (M+). The rate constant for OH/NH2 exchange was
determined from theEXSY spectra using the relation:k= tm

�1 ln(r+1/r� 1),
where tm is the mixing time and the term r is related to the intensity of the
cross and diagonal peaks (IAB, IAA, and IBB), r = 4XAXB(IAA + IBB)/2IAB�
(XA� XB)

2, where X is the mole fraction population of a given site.66 No
correction for an NOE was made.
Cyclic Voltammetry. Cyclic voltammograms were taken on an E2

Epsilon electrochemical analyzer (Bioanalytical Systems) at ca. 5 mM
substrate in anaerobic 0.1 M nBu4NPF6 acetonitrile solution. The
electrodes were as follows: working, Pt disc; auxiliary, platinum wire;
and reference, Ag/AgNO3 (0.01M) in electrolyte solution. The working
electrode was polished with alumina, then rinsed with water, dilute
HNO3(aq), water, and ethanol following each scan. All potentials are
reported versus a Cp2Fe

+/0 internal standard.
Kinetics.Kinetics experiments were performed using anOLIS RSM-

1000 stopped-flow in anaerobic MeCN. The data were analyzed with
SpecFit global analysis software.67 For the reaction of 2 + 3e+, rates were
also obtained by fitting the absorbance at a single wavelength using
Microsoft Excel as was done for the reaction of 1 + 3e+.19 The rates
obtained via these two methods were the same within error. Kinetics
were fit to pseudo-first-order, second-order, or opposing second-order
kinetics as appropriate. Kinetics for the reactions utilizing iron(III)
oxidants were obtained at 0.1 M nBu4NPF6 as the potentials for these
compounds vary with ionic strength due to ion pairing.68 Typical
conditions used for reactions 1 and 2 were [3]i ≈ 1.5 � 10�5 M and
4�40 equiv of 2 or 3�30 equiv of 1.

The variation of the optical extinction coefficients (ε with temperature
of 3a+ and 3b+ was determined. Two solutions each of 3a+ and 3b+ were
taken up in temperature from ca. 299 to 327 K and the absorbance at the
λmax (718 nm for 3a+ and 748 nm for 3b+) was recorded at six
temperatures. At each temperature, ε at λmax of the amminium was taken
as the slope of the best fit line in plots of absorbance versus [3], with the
inclusion of zero as a point. For each amminium, the variation of
ε (M�1 cm�1) versus T (K) is linear. For 3a+, ε = �102T + 31 300
(R2 = 0.998); for 3b+, ε = �103T + 59 400 (R2 = 0.994).
Crystal Structure of 2.A colorless block 0.12� 0.10� 0.04mm in

size was mounted on a Cryoloop with Paratone oil. Data were collected
in a nitrogen gas stream at 208(2) K using phi and omega scans. Crystal-
to-detector distance was 60 mm and exposure time was 30 s per frame
using a scan width of 0.5�. Data collection was 99.7% complete to 25.00�
in θ. A total of 19 339 reflections were collected covering the indices,
�11e he 10,�11e ke 14,�32e le 31. In total, 2794 reflections
were found to be symmetry independent, with an Rint of 0.1033.
Indexing and unit cell refinement indicated a primitive, orthorhombic
lattice. The space group was found to be Pbca (No. 61). The data were
integrated using the Bruker SAINT software program and scaled using
the SADABS software program. Solution by direct methods (SIR-2004)
produced a complete heavy-atom phasing model consistent with the
proposed structure. All non-hydrogen atoms were refined anisotropi-
cally by full-matrix least-squares (SHELXL-97). All hydrogen atoms,
with the exception of the hydroxyl hydrogen H1, were placed using a

riding model. Their positions were constrained relative to their parent
atom using the appropriate HFIX command in SHELXL-97. The
hydroxyl hydrogen H1 was located from the difference map and its
position was refined isotropically.
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