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The kinetics of reduction of benzoquinone (Q) to hydroquinone
(H2Q) by the Os(1V) hydrazido (trans-[Os'(tpy)(Cl)2(N(H)N(CH2),0)]-
PFs = [1]PFs, tpy = 2,2":6’,2"-terpyridine), sulfilimido (trans-[Os'V-
(tpy)(C1)2(NS(H)-4-CsHaMe)]PFs = [2]PFg), and phosphoraniminato
(trans-[0sV(Tp)(CI)2(NP(H)(Et)2)] = [3], Tp~ = tris(pyrazolyl)-
borate) complexes have been studied in 1:1 (vol/vol) CH;CN/H,O
and CH3CN/D;O (1.0 M in NH4PFs/KNO3 at 25.0 + 0.1°C). The
reactions are first order in both [Q] and Os(IV) complex and occur
by parallel pH-independent (k1) and pH-dependent (k;) pathways
that can be separated by pH-dependent measurements. Saturation
kinetics are observed for the acid-independent pathway, consis-
tent with formation of a H-bonded intermediate (Ka) followed by
a redox step (kreq). For the pH-independent pathway, k1(H.0)/
k1(D20) kinetic isotope effects are 455 + 8 for [1+], 198 =+ 6 for [2*],
and 178 = 5 for [3]. These results provide an example of colossal
kinetic isotope effects for proton-coupled electron transfer reac-
tions involving nitrogen, sulfur, and phosphorus as proton-donor
atoms.

roton-coupled electron transfer (PCET) reactions are at the

heart of important biological processes, including photosyn-
thesis and respiration (1-4). These reactions avoid high-energy
intermediates through the concerted transfer of an electron and
a proton. PCET is distinguished from H-atom transfer (HAT) in
that the transferring electron and proton come from different
sites in the reducing agent rather than from a single chemical
bond (5-10). Nuclear quantum effects often play an important
role, as evidenced experimentally by the kinetic isotope effect
(KIE), the ratio of rate constants for the hydrogen and deute-
rium forms of the reducing agent. Large ky/kp KIEs have been
observed in other reactions, including H-abstraction by methyl
radicals in low-temperature glasses (11), the photoenolization of
ortho-methyl aryl ketones in rigid media (12), and in certain
enzymatic reactions (13-15). For PCET reactions, values of up
to 30 have been observed in solution (16) and >70 on an oxide
surface (17).

In earlier work, we described a PCET reaction with a
k1(H20)/k1(D20) KIE of 175 at room temperature based on the
reduction of benzoquinone (Q) by an osmium complex contain-
ing a phosphorus—hydrogen bond (18). We report here values of
198 and 455 for PCET reactions from sulfur and nitrogen—
hydrogen bonds based on an extended analysis of reactions
reported earlier in preliminary accounts.

Methods

UV-visible kinetic traces were acquired by use of Hewlett—
Packard 8452A and 8453 diode array spectrophotometers inter-
faced with an IBM-compatible personal computer. The mea-
surements were made in standard quartz 1-cm pathlength
cuvettes. All kinetics were studied by conventional mixing and
U V-visible monitoring in 1:1 (vol/vol) mixtures of H,O or D,O
and CH3CN at 25.0 = 0.1°C with a pseudo-first-order excess of
Q. The concentration of Os(IV) reductant was varied from 3.0 X
107 M to 5.0 X 107> M, and [Q] was varied from 1.5 X 107 M
to 1.0 X 1072 M. The concentration of Os(V) oxidant was varied
from 2.0 X 1075 M to 2.0 X 10~* M, and [H,Q] was varied from
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3.0 X 107* M to 8.0 X 10~2 M. The temperature of solutions
during the kinetic studies was maintained to within +0.1°C with
use of Lauda RM6 and Thermo Neslab RTE 7 circulating water
baths and monitored with an Omega HH-51 thermocouple
probe. All rate constants cited in this work are reported as the
averages of at least three or more independent experiments.
Cyclic voltammetric experiments were measured with the use
of Princeton Applied Research (PAR) models 263A and 273
potentiostats, and bulk electrolyses were performed with a PAR
model 173 potentiostat/galvanostat. All measurements were
conducted in a three-compartment cell in 1:1 (vol/vol) CH3CN/
H,0 with 1.0 M NH4PF; as the supporting electrolyte. A glassy
carbon working electrode was used for aqueous measurements.
All potentials are referenced to the saturated sodium chloride/
calomel electrode (SSCE, 0.236 V vs. the normal hydrogen
electrode) at room temperature and are uncorrected for junction
potentials. In all cases, the auxiliary electrode was a platinum
wire. The solution in the working compartment was deoxygen-
ated by N, or argon bubbling. All redox couple potentials are the
average of four independent measurements and are =2 mV.

Results and Discussion

The kinetics of the reactions shown in Egs. 1-3 were studied in
1:1 (vol/vol) CH3CN/H,O mixtures at 25.0 = 0.1°C in 1.0 M
NH4PFs/HPFs mixtures. The details of the reaction in Eq. 2 with
phosphorus as the proton-donor atom were reported in ref. 18,
and preliminary accounts with S and N were reported in refs. 19
and 20. The structures of the Os(V) nitrogen-based electron—
proton acceptor and Os(IV) sulfur-based electron—proton donor
are shown in Fig. 1.

2 trans-[Os"V (tpy) (C),(N(H)N(CH,),0)]* + Q

— 2 trans-[OsV(tpy) (Cl),(NN(CH,),0)]* + H,Q  [1]
2 trans-[Os"V(Tp) (Cl)»,(NP(H)Et,)] + Q

— 2 trans-[0sY(Tp)(Cl),(NPEL,)] + H,Q (2]
2 trans-[Os"V(tpy) (Cl)»(NS(H) C¢H,Me) ]+ + Q

— 2 trans-[OsY(tpy) (Cl),(NSNCsH,Me) 1™ + H,Q  [3]

tpy = 2,2":6',2"-terpyridine and Tp~ = tris(pyrazol-1-yl)borate.

All three reactions in Eqgs. 1-3 occur with small driving forces
with AG°® = —0.05, +0.08, and +0.06 eV, respectively, based on
electrochemical measurements. Kinetic studies with UV-visible
monitoring under conditions where the reactions essentially go
to completion as written in Eqs. 1-3 reveal that over the pH
range 0.0-2.9, all three are first-order in Os complex and
first-order in Q in the forward direction. All three reactions are
pH-dependent in this pH range, with the dependence consistent

Abbreviations: PCET-X, proton-coupled electron transfer involving X as the donor atom;
KIE, kinetic isotope effect; Q, benzoquinone; tpy, 2,2":6',2"-terpyridine; Tp~, tris(pyrazol-
1-yl)borate.

5To whom correspondence should be addressed. E-mail: timeyer@lanl.gov.

www.pnas.org/cgi/doi/10.1073/pnas.0405086101



z
/|
~ |

Fig. 1.

with the rate law in Eq. 4 and contributions from acid-dependent
and acid-independent pathways (18-20).

2k [H*] + 2k,K,

(H 1<K, ) [Os™][Q] [4]

Rate = (

Using the reaction in Eq. 1 as the example, the acid-
independent pathway (k) involves initial deprotonation with K,
= 6.3 X 107* M, to give trans-[Os"V(tpy)(Cl)2(NN(CH,),0)],
followed by outer-sphere electron transfer. The initial electron
transfer products are trans-[OsV(tpy)(Cl)2(NN(CH,),0)]* and

Q°~, Egs. 5 and 6.
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Electron transfer is followed by a series of rapid electron/proton
transfer steps to give the final products, Eq. 7.
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The pH-independent pathway is far more interesting for all
three cases because it occurs with a high H,O/D,O kinetic
isotope effect. A detectable intermediate (presumably H-
bonded) intervenes in these reactions as shown by spectral
measurements and the appearance of saturation kinetics in
added Q, Eq. 12.
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Structures of osmium complexes. (A) trans-[OsV(tpy)(Cl)2(NN(CH;)40)]1*. (B) trans-[Os"(tpy)(Cl)2(NS(H)CgHsMe)] *
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A proposed mechanism is shown in Eqs. 8-11 for the nitrogen
proton-donor case. The key steps are intermediate formation
followed by electron transfer. The association constant, K, and
the rate constant for the redox step, k.q, Were separated by
analysis of the dependence of &y on [Q] according to Eq. 12 (18).
Similar mechanisms were identified for the acid-independent
pathways for PCET-P and PCET-S.

kre dK A

Rate = k,[Os'™V][Q] = KAO] + 1

[Os'™V][Q]  [12]

Because AG° ~ 0, it is possible to study the kinetics of these
reactions in both the forward and reverse directions. Concen-
tration-dependence studies reveal the rate law for the reverse
reaction, shown in Eq. 13, for the nitrogen-donor case. Satura-
tion kinetics were observed, and spectroscopic evidence for an
intermediate, illustrated in Eqs. 9 and 10 as the semiquinone
adduct OsV=N(N(CH,),0)~-H-Q"".

R % [OSV- NN( CHQ) 40+]2
ate = 21 OsV-N(H)N(CH,),0"]

[13]

k,1 _ k—red'KlKA [HZQ] [14]
KA'[HQ] + 1

All of these observations are consistent with the mechanism
in Egs. 8-11. In the reverse direction, k—_,eq is the rate-limiting
step and K; = 3.6 X 107 from redox potential measurements.
Analysis of the kinetics data in 1:1 (vol/vol) CH;CN/H,O in
both directions gave kyeq = (6.19 = 0.05) X 1073 s71, K5 =
(4.43 = 0.18) X 10° M ™! for the forward reaction and k—req =
(1.03 = 0.02) X 1073 s, K = (2.06 = 0.06) X 103 M~ for the
reverse reaction, all for the N proton-donor case.

The free energy change for the proton-coupled electron
transfer step in Eq. 9, AG°(PCET), is available by using elec-
trochemical measurements to determine AG® for the reaction in
Eq. 15,

PNAS | September7,2004 | vol.101 | no.36 | 13139

CHEMISTRY



480
360
Q
g
240
120 A
0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Zp
Fig. 2. Plot of kx/kp versus xp for the reaction between Q and trans-

[OsV(tpy)(Cl)2(N(H)N(CH2)40)]PFg in 1:1 (vol /vol) CH3CN/H,0-D,0 mixtures at
25.0 + 0.1°C at [Q] < 2.80 X 1073 M.
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and K and K by using the relationship

Ka
KA) . [16]

AG°(PCET) = AG° + RTln(

From the experimental data for PCET-N, the correction
factor RT In(Ka/K}) is negligible. Assuming this to be the case
for the other two reactions, AG°(PCET) = 18 kcal/mol for
PCET-N, 22 kcal/mol for PCET-P, and 21 kcal/mol for PCET-S
under the conditions of the kinetics experiments."

Kinetic studies for all three reactions in the forward direction
were extended to CH3CN/D,O-H,O mixtures varying from
pure H>O to “pure” D,O with the actual mole fraction of
protium in the latter determined by '"H NMR. Rate constants k;
and k, in Eq. 4 were separated by acid-dependent measurements
and kr.q and K by concentration-dependent measurements and
Eq. 12. In Fig. 2 is shown a plot of the rate constant ratio kx/kp
versus mole fraction yp with k = kg for the N-proton donor with

TThe free energy changes were calculated from the reduction potentials for the OsV/Os!V
and Q/HQ* couples by the relationship

[El/z(Q/HQ.) - El/z(osv/osw)]

AG°(PCET), eV = F

+ RTIN(KA/K)) ,

with F the Faraday constant.

Table 1. Isotope effects

xp varied from 0 to 0.996. The linearity of these plots for all three
reactions points to a solvent isotope effect dominated by transfer
of a single proton. It also suggests that a single pathway
dominates reactivity over the entire mole fraction range.

Rate constants and K values for the three reactions involving
N, S, and P proton donors in both 1:1 (vol/vol) CH3CN/H,0 and
CH;3CN/D;O0 are given in Table 1. They were obtained by using
the kinetic analysis described above with kp obtained by extrap-
olation of plots of kx/kp versus yp. As shown by the data in Table
1, all three reactions occur with colossal H/D kinetic isotope
effects in the forward direction. Within experimental error, the
isotope effect appears solely in the redox step. To put the
magnitudes of the isotope effects in perspective, the ratios
k2(H20)/k2(D20) for the outer-sphere electron transfer reac-
tions illustrated by the reaction in Egs. 1, 3, and 2 are 2.8, 2.0,
and 3.4 for the N, S, and P-based complexes, respectively.

Electron transfer from Os(IV) to Q in these reactions is
coupled to transfer of the N-H, S-H, or P-H protons. These are
proton-coupled electron transfer reactions with electron transfer
occurring from a largely dm orbital on Os(IV) to the lowest 7*
acceptor orbital on Q and proton transfer occurring from a
o(N-H), o(S-H), or o(P-H) molecular orbital to a o(sp?)
acceptor orbital on Q. Hydrogen atom transfer from the
N-H, S-H, or P-H bonds would result in high-energy interme-
diates containing ligand-based radicals such as trans-
[Os™V(tpy)(Cl)2("NN(CHz)40)]". Although the three reactions
are closely related microscopically, it is worth noting that the
proton-donor atom is directly bonded to Os(IV) in the N case
and is one atom removed in the other two.

Coupled electron—proton transfer has been treated theoretically
by a number of authors (21-28). The reactions studied here have
been examined theoretically by use of a multistate continuum
theory that treats the transferring H-atom quantum mechanically
(29), developed by Hammes-Schiffer and coworkers (25-28). Im-
portant elements in this theory are the extent of electronic coupling
between the electron transfer donor and acceptor, coupling with
the solvent, and the extent of vibrational overlap for the transferring
proton between the largely vn.p, vs.1, and vp.p vibrational levels in
the initial state to vo.y levels in the final state; note the reaction in
Eq. 9. Based on the results in ref. 29, the colossal kpy/kp KIEs result
from a relatively small overlap between the reactant and product H
or D vibrational wavefunctions arising from large hydrogen transfer
distances. The pattern of isotope effects within the N-H, S-H, and
P-H series is a balance of factors: (i) the proton transfer distance,
which increases in the order NH < SH < PH decreasing overlap;
(if) the (X-H) frequency, which increases in the order PH < SH <
NH also decreasing overlap; (iif) Boltzmann population of levels
above v = ( in the reactants where overlap is greater, the impor-
tance of which increases in the order PH > SH > NH; and (iv) the
driving force AG°. Even though the proton transfer distance is
longest for PH, it has the lowest KIE because of a favorable thermal
population above v = 0 in »(P-H)/»(P-D).

Reaction*

Rate constant PCET-N

PCET-P PCET-S

kredKA(HZO): M-T.s1
kredKa(D20), M~ 1511
KA(Hzo), \Y
KA(DzO), M-
kreda(H20), 571
kred(DZO): s !
kred(HZO)/kred(DZO)

(2.74 = 0.04) x 107

(6.02 = 0.03) X 102

(4.43 = 0.18) x 103

(4.28 = 0.04) x 103

(6.19 = 0.05) x 103

(1.41 = 0.04) X 10>
439 = 8

(1.48 £ 0.01) x 107
(8.30 = 0.07) X 102
(2.15 £ 0.02) x 103
(2.10 = 0.02) x 103
(6.94 = 0.06) X 103
(3.97 £ 0.05) X 10>
1755

(6.77 = 0.01) X 1071

(3.42 = 0.05) X 102

(1.33 = 0.10) x 103

(1.27 = 0.08) x 103

(5.09 = 0.02) x 103

(2.69 = 0.02) X 10>
189 =6

*Conditions: 25.0 = 0.1°Cin 1:1 (vol/vol) CH3CN/H,0 or 1:1 (vol/vol) CH3CN/D,0.
TObtained by extrapolation of plots of ky/k, versus xp to xp = 1.
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