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ABSTRACT: We have thoroughly investigated oxidation of benzyl alcohol (BA) derivatives by a Ru™(O) complex (Ru™(O)) in the absence
or presence of Bronsted acids in order to elucidate the proton-coupled electron-transfer (PCET) mechanisms in C-H oxidation on the basis of
kinetic analysis. Oxidation of BA derivatives by Ru™(O) without acids proceeded through concerted proton-electron transfer (CPET) with a
large kinetic isotope effect (KIE). In contrast, oxidation of 3,4,5-trimethoxy-BA ((MeQ)s-BA) by Ru™(O) was accelerated by addition of acids,
in which the KIE value was reached to 1.1 with TFA (550 mM), indicating an alteration of the PCET mechanism from CPET to stepwise
electron transfer (ET) followed by proton transfer (PT). Although the oxidized products of BA derivatives were confirmed to be the corre-
sponding benzaldehydes in the range of acid concentrations (0 — 550 mM), a one-electron reduction potential of Ru™{(O) was positively shifted
with increasing the concentrations of acids. The elevated reduction potential of Ru™(O) strongly influenced the PCET mechanisms in oxida-
tion of (MeO)s-BA, changing the mechanism from CPET to ET/PT, as evidenced by driving-force dependence of logarithms of reaction rate
constants in light of the Marcus theory of ET. In addition, dependence of activation parameters on acid concentrations suggested that an oxi-
dative asynchronous CPET, which is not admixture of the CPET and ET /PT mechanisms, is probably operative in the boundary region (0 mM
< [TFA] < 50 mM) involving a one-proton-interacted Ru™"(0)«++H" as a dominant reactive species.

INTRODUCTION [M(0)] ET IMO=D+(O)]-
Hydrogen-atom transfer (HAT) from X-H bonds to high-valent > | R—H+

metal-oxo complexes (M**(Q)) is a fundamental step for oxidative +R-H

O,
%
transformation of organic substrates in both biological and artificial \\ 4‘?1,006/%%’
", (S
PT

systems."® So far, HAT reactions from C-H bonds of organic sub-
strates to M™(QO) have been extensively investigated to understand

; s CPET PT
the controlling factors and mechanisms.** In the course of HAT re- ‘?k/) Qs
actions, M™(Q) is capable of accepting a net hydrogen atom (H. = o 0/},.0 G
e + H") directly via proton-coupled electron transfer (PCET), in A@ o,

. : r %
which an electron is accepted by the metal center and a proton by \ _
i in Fi MP+(OH)I* > [M=D*+(OH)]

the oxo ligand, respectively.®® As shown in Figure 1, PCET mecha- [M+(OH)] >
nisms in oxidation of substrates have been categorized into several +R- ET +Re

pathways such as concerted proton-electron transfer (CPET), and
stepwise pathways (electron transfer (ET) followed by proton trans-
fer (PT), ET/PT, or PT followed by ET, PT/ET), depending on the
characteristics of M™ (O) and substrates.® Therefore, the scrutiny of
controlling factors in PCET is indispensable for elucidating the re-
activity of M™(QO) because CPET reactions are thermodynamically

favorable as compared to stepwise ET/PT or PT/ET from sub- substrates are determinants for the reaction kinetics of HAT.® As
strates to M™(O). depicted in Figure 1, another pathway of asynchronous CPET is an

oxidative asynchronous CPET, in which redox potentials of sub-
strates or oxidants, which act as hydrogen-atom acceptors such as
M**(0), rather than those pX. values are responsible for the HAT
kinetics. The asynchronous CPET is defined as an intermediate
pathway through a transition state bearing an ET or PT character
between CPET and stepwise mechanisms (ET/PT or PT/ET) as
shown in Figure 1.""* As mentioned above, although a basic asyn-
chronous CPET pathway has been demonstrated using the Co™(O)

Figure 1. PCET mechanisms in oxidation of substrates (R-H) by
metal-oxo complexes (M**(Q))

asynchronous CPET mechanism (Figure 1) in oxidation of C-H
bonds by a Co™-o0xo complex, in which pX: values of C-H bonds in

In order to investigate PCET from substrates to M™(Q), a bor-
derline of PCET mechanisms should be clarified by changing the pa-
rameters of M*"(O) or substrates. For example, Fukuzumi and co-
workers have reported acid-promoted substrate oxidation by Fe™-
oxo complexes, in which the PCET mechanism is altered from
CPET to stepwise ET/PT in the presence of acids by changing the
one-electron reduction potential (Z.a) of Fe™-oxo complexes.” Re-
cently, Anderson and co-workers have demonstrated a basic
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complex as well as other compounds,™ an oxidative asynchronous
CPET pathway has yet to be argued in detail. Judging from reported
C-H oxidation by M*(0Q), the PCET mechanisms depend on un-
derlying characteristics of both M™(Q) and substrates, which in-
clude pX: of the oxo ligand and a C-H bond of a substrate, their re-
dox potentials (£) to determine a driving force of ET (-AGk) from
a substrate to M*"(O) and especially reorganization energy (4) of
ET for M™*(Q).*>*** Ag reported previously, interaction of a proton
with M™*(Q) elevates the redox potential of M**(Q) to increase the
driving force of ET from a substrate. Thus, it is expected that the in-
teraction of a proton with M*"{O) should enhance the ET character
in the transition state of a CPET process in C-H oxidation.

Among a series of M™(O) complexes, high-valent Ru-oxo com-
plexes have also been intensively investigated as active species in
substrate oxidation reactions including C-H oxidation."*® It has
been revealed that C-H oxidation of cumene by Ru'Y(O) complexes
is initiated by hydrogen atom abstraction, followed by an oxygen-re-
bound process to afford cumyl alcohol in CH;CN."***® In the course
of HAT from the C-H bond to a Ru™(Q) complex, the CPET path-
way has been accepted in light of arguments based on the Bell-Evans-
Polanyi principle;** however, influence of protons on the asynchro-
nicity of CPET from a C-H bond to aRu™(O) complex has yet to be
scrutinized.

Here, we report mechanistic insights into oxidation reactions of
benzyl alcohol (BA) derivatives by an isolated Ru™(Q) complex,
[Ru™(O)(MeBPA)(bpy)]** (Ru™(0O)) (MeBPA = Ncmethyl- N, N-
bis(2-pyridyl methyl)amine, bpy = 2,2"-bipyridyl),” in CH;CN in
the absence or presence of Brensted acids. We also discuss on the
controlling factors of the PCET mechanism in C-H oxidation. The
manipulation of PCET mechanisms in C-H oxidation by Ru™¥(O)
on the basis of proton concentrations provides a good viewpoint to
shed light on a boundary region around a mechanistic borderline of
PCET mechanisms based on ET properties of Ru™(O) including
the A value of PCET. In this paper, we would like to discuss on an
oxidative asynchronous CPET mechanism in C-H oxidation by
Ru™(O) in the presence of Bronsted acids.

RESULTS AND DISCUSSION

Oxidation reactions of BA derivatives by Ru"(0). An oxida-
tion reaction of benzyl alcohol (BA) showing a one-electron oxida-
tion potential { £) 0£2.33 V (vs SCE)* by Ru™(O) was performed
in acetonitrile {CHsCN) at 298 K. The oxidized product of BA was

Q NeCH; 2+

[o}
H
2
~N

T

[
50 100 150/ < 0.02
Time, s

Absorbance

0 1 n L 1 L
300 400 500 600 700 0 30 60 90 120
Wavelength, nm [BA], mM

Pigure 2. (a) Areaction scheme for BA oxidation by Ru™(0). (b) UV-vis spec-
tral changes at 298 K observed after addition of BA (30 mM) to a CH3CN solu-

tion containing Ru™V(0) (0.10 mM). Inset: The time profile at 434 nm. (c) Plots
of kobs vs [BA] (blue) or [BA-] (red).

confirmed to be benzaldehyde as the sole two-electron oxidized
product (77% yield based on [Ru™(O)]) by GC-MS and ‘H NMR
measurements (Figure 2a; see also Figure S1 and S2 in Supporting
Information). In the 'H NMR spectrum, the formation of
[Ru"(MeBPA)(bpy)(NCCD:)]** (Ru"(NCCD:s)) was observed
together with the '"H NMR signals derived from benzaldehyde. To
elucidate the kinetics of BA oxidation, UV-vis spectral changes were
monitored after addition of BA to an CH:;CN solution containing
Ru™(0O) as shown in Figure 2b. The increased absorption band at
434 nm is assigned to that of Ru"(NCCHS) in comparison with the
absorption band of independently prepared Ru"(NCCHa) (Figure
§3). It should be noted that the ligand-exchange reaction from
[Ru"(MeBPA)(bpy)(OH.) ]** to Ru"(NCCHs) in CH5CN is rela-
tively slow even in the presence of Bronsted acids (Figure $3).” The
time profile at 434 nm, which obeyed pseudo-first-order kinetics in
the presence of excess BA, was selected for determination of BA ox-
idation rate. The pseudo-first-order rate constants (%) increased
linearly with increasing concentrations of BA (Figure 2c). Thus, the
second-order rate constant (%) was determined to be (5.7 £0.2) x
107 M s from the slope of the linear plot. When BA was replaced
by deuterated BA at the benzylic position (BA-), the second-order
rate constant (%») was determined to be (2.0 +0.1) x 107" M's7),
which was smaller than 4, demonstrating a kinetic isotope effect
(KIE = ku/ ko =2.8). These results indicate that the rate-determining
step of BA oxidation by Ru™(0) is CPET from BA to Ru™(0O).

When we employed 3,4,5-trimethoxybenzyl alcohol ((MeO)s-
BA) as a substrate showing a lower oxidation potential (Fux=1.22V
vs SCE)” than that of BA, formation of the corresponding benzalde-
hyde was confirmed as the sole product in 96% yield based on
[Ru™(0)], together with the observation of similar UV-vis spectral
changes as shown in Figure 3. The second-order rate constants for
oxidation reactions of (MeQ )s-BA and (MeQ )s-BA- & were also de-
termined tobe ki =14+ 01 M s and o = (6.0+ 0.1) x 10> M
s, showing alarge KIE (ku/ kb = 23). Suchalarge KIE suggested the
involvement of H-tunneling in CPET from (MeO):-BA to
Ru™(0). Similarly, & values for other BA derivatives were deter-
mined (Figure S4) and listed in Table 1. Judging from these results,
oxidation of a series of BA derivatives by Ru™(O) proceeded
through a CPET mechanism with comparable 4u values in the ab-
sence of Bronsted acids. The reason for the fact is that ET oxidation
of BA derivatives by Ru™(0O) is thermodynamically unfavorable in
terms of the driving force of ET (~AGx:) calculated on the basis of

(@
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Pigure 3. () A reaction scheme for (MeO)3-BA oxidation by Ru™(0). (b)
UV-vis spectral changes at 298 K observed after addition of (MeO)s-BA (15
mM) to a CHsCN solution containing Ru¥(0) (0.10 mM). Inset: The time pro-
file at 434 nm. (c) Plots of kobs vs [(MeO)s-BA] (blue) or [(MeO)s-BA- ] (red).

[(MeO)5;-BA], mM
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Table 1. One-electron oxidation potentials ( Box) of BA derivatives, driv-
ing forces of ET (~AG), and rate constants { &, &o) with KIE values in

oxidation of BA derivatives by Ru(0) in CH:CN at 298 K

substrate Eox, | -AGe, | ks, M-1s1 kp, M1 51
ya eV (KIE)?
BA 233 | =232 | (5.7+02) | (20£0.1)x 10
x 10-1 (KIE = 2.8)
4-Me-BA 2.05 | -2.04 | (9.0+0.7) n.de
x 10-1
3,5-(MeO)>- | 149 | -148 | 12201 nde
BA
(MeQ):-BA 122 | -1.21 | 14201 | (6.0+0.1)x102
(KIE = 23)
2,5-(MeQ):- | 1.20 | -1.19 | 14:01 n.d.c
BA

?ys SCE ?KIE values are shown in parentheses “not determined

the one-electron reduction potential (F.a = 0.01 V vs SCE)* of
Ru™(0) and E.. of BA derivatives as summarized in Table 1.

Oxidation reactions of BA derivatives by Ru"(O) in the
presence of a Brdnsted Acid. In the presence of trifluoroacetic
acid (TFA) as a Bronsted acid, the E.a values of Ru™(O) exhibited
alarge positive shift depending on the concentration of TFA* If ox-
idation of BA derivatives by Ru™(O) is accelerated by the presence
of TFA, proton-promoted oxidation is expected to proceed through
atransition state bearing enhanced ET-character due to the elevated
redox potential of Ru™(0O). According to this hypothesis, we per-
formed oxidation of BA derivatives by Ru™(0O) in the presence of
TFA. The oxidized products of BA derivatives with TFA were con-
firmed to be the corresponding benzaldehyde derivatives by GC-MS
measurements (69% for BA and 38% for (MeO):-BA) as shown in
Figure S5 in SI In order to evaluate the effect of TFA on oxidation
rates of BA derivatives, second-order rate constants (') of the re-
actions in the presence of TFA were determined by the same proce-
dure as mentioned above (Figures S6 and $7). In the case of BA ox-
idation by Ru™(0O) in the presence of TFA, we could observe only
slight acceleration of &’ even in the presence of 250 mM TFA (4’
= (7.7 £0.1) x 107 M s7') in comparison with & ((5.7 + 0.2) x
10" M™ s7') in the absence of TFA. Similar &’ values in BA oxida-
tion with or without TFA indicate no change in PCET mechanisms
regardless of E.avalues of Ru™(0). In sharp contrast, significant ac-
celeration of (MeQ)s-BA oxidation by Ru™(O) was observed in the
presence of TFA (2.5 — 5§50 mM) as shown in Figure 4. The deter-
mined & values of (MeQ):-BA were plotted vs [TFA], which
showed a first-order relationship in the range of 0mM < [TFA] < 50

mM and a second-order one above 50 mM of TFA. Such a mixed
first- and second-order dependence of 4" on [TFA] can be given by
eq I,

ki’ = k' + k'[TFA] + &’ [TFAT? (1

where &', &’ and &’ are the zero-, first-, and second-order rate con-
stants of the {MeQ);-BA oxidation depending on [TFA], respec-
tively. The first- and second-order dependence of &’ on [TFA] in-
dicates that (MeQ)-BA is oxidized not only by a one-proton-inter-
acted Ru™(0) (Ru™(0)...H") but also by a two-proton-interacted
Ru™(0) (Ru™(0)...2H') as shown in Scheme 1, whereas the
amount of these proton-interacted Ru™(O) species is too small to
be spectroscopically detected under the reaction conditions.” The
individual &’ and &’ values were determined to be 240 M~ s and
3400 M 57, respectively, by extraction from fitting &’ vs [TFA]
plots. Therefore, the contribution of the term (4’[TFA])ineq I to
the 4u’ value is calculated according to eq 2.

contribution of &’[ TFA] to u’ (%)
=100 x &’[TFA]/(&’ + &’[TFA] + &’ [TFA]) )

The contributions of the other fractions, &’ and &’ TFA]?, were also
calculated accordingly. Each fraction (&', &’[ TFA], and &’ [TFA]?)
obtained was plotted as a function of [TFA] to clarify the range of an
intermediate region involving Ru™(0)««.H* (0 mM < [TFA] < 50
mM) as shown in Figure 5.
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Pigure S. Plots of contribution of each fraction (4’ (black), &'[TFA] (orange),
and &’[TFA]* (red)) to the composite rate constant (4’) against [ TFA].
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Pigure 4. Plots of ki’ vs [TFA] in (MeO)s-BA oxidation by Ru¥(O) in the
presence of (a) 0-50 mM TFA and (b) 0-550 mM TFA.

In addition, dependence of KIE values of (MeQ):-BA on [TFA]
was also investigated in the same range of [TFA] as shown in Figure
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$9. At [TFA] = 0 mM, the KIE value (4'/ k"), corresponding to
k'(H)/&'(D), was 23 as mentioned above. The KIE value de-
creased down to 1.1 ([TFA] = 550 mM) with increasing [TFA], as
summarized in Figure 6. According to the procedure mentioned in
eq 2, the KIE value for each pathway was determined to be 15 for &’
and 1.1 for &' based on the individual &’ (240 M2 s~ for &’(H) and
36 M2 57! for &'(D)) and &’ values (3400 M~ s for &'(H) and
3100 M3 57! for &'(D)). The obtained KIE value (15) for &’ of the
pathway involving Ru™(0)...H' is larger than KIEs (3.1-8.4, 2.5
mM < [TFA] < 50 mM) determined from &’ values {eq 1), because
the contribution of each fraction (&', &'[TFA], and &'[TFAT*) de-
pends on [TFA] in the range to the KIE values for k.

The increase of kinetic orders and the decrease of KIE values
with increase of [TFA] clearly suggest a sequential change of PCET
mechanisms from CPET (KIE = 23) to an intermediate mechanism
involving Ru™¥(0)«+«H* (KIE = 15), and to stepwise ET/PT (KIE
=1.1) as shown in Figure 6. In other words, the gradual alteration of
PCET mechanisms, as reflected on Figure $, is mainly governed by
the enhanced electron-acceptability of Ru™(O) due to enhanced in-
teraction with TFA to raise Eeq values in accordance with increase of
[TFA]. The formation of proton-interacted Ru™(O) species having
one lone pair or none at the oxo ligand (Ru™(O)«seH* or
Ru™(0)...2H", respectively) should be related to the alteration of
CPET mechanisms and KIE values. As shown in Scheme 1, in the
cases of Ru™(0) and Ru™(0)...H" that have two and one lone
pairs at the oxo ligand, respectively, HAT occurs through CPET in-
volving PT from a C-H bond to a lone pair of the oxo ligand con-
comitant with ET from the C-H bond to the Ru" center. In contrast,
Ru™(O) interacting two protons with the two lone pairs cannot ac-
cepta proton from a C-H bond and can only accept an electron from
the substrate C-H bond.

30

25}
$ 23
20t

L
215

10-8

4
5| 38
Peat 1s 1.1
nd °
0

700 200 300 400 500 600
[TFAL, mM

Figure 6. Plots of KIE vs [TFA] in (MeO);-BA oxidation by RuV(O) in the
presence of TFA.

1

So far, there are several discussions on the alteration of PCET
mechanisms in C-H oxidation by M™(Q) complexes, which suggest
an borderline between CPET and stepwise ET/PT is nearby ~AGi
=-0.5 eV.”>” According to previous reports, evaluation of the reac-
tivity of Ru™¥(O) in light of the Marcus theory of ET would be indis-
pensable for revealing the alteration of PCET mechanisms. We have
already determined the A value in PCET {4 =1.26 V) in PCET re-
actions from electron donors to Ru™(O) in the presence of TFA.2
It should be noted that the A value in PCET was almost same in the
presence of TFA (2.5, 20, 50, and 250 mM) (Figure S10 in SI).
Therefore, logku and logk’ values in oxidation of a series of BA

derivatives were plotted against ~AGi values that are the driving
forces of ET from the substrates to Ru™(O) as defined in eq 2. We
applied the Marcus equation for adiabatic ET to the analysis as given
in eq 3, where k. is defined as a rate constant of ET, & as diffusion
constant (2.0 x 10*° M~ s in CHsCN), Zas the collision frequency
(1x 10" M™s™), and % as the Boltzman constant.

~AGa=—&(Ey — Eed) )
1/ ke=1/kag+ { Zexp[—~(A/4)(1 + AGa/ A)/ ke T]} (3)

The logku values for BA derivatives in the absence of TFA are
almost the same without dependence on the ~AG.: values (Figure
S10). This indicates that CPET from BA derivatives to Ru™(O)
should be mainly governed by the BDEs of benzylic C-H bonds of
substrates and the Ru™(OH) complex rather than ~AG.. Although
logks’ values of BA in the presence of TFA are also intact relative to
the ~AG.: values, the plots of logk’ [TFA]" (n = 0,1,2) of (MeQO)s-
BA are converging on the Marcus parabola of PCET reactions from
electron donors to Ru™(O) with TFA (A = 1.26 ¢V*') as shown in
Figure 7. These results strongly suggest that the PCET mechanism
in (MeQ)s-BA oxidation is switched from CPET to stepwise ET /PT
as discussed before. The borderline of PCET mechanisms was esti-
mated to be in the range of the boundary region involving
Ru™(0)...H" as illustrated in orange color in Figure 7, which is the
same range in Figure 5 (0 mM < [TFA] < 50 mM). Therefore, this
result indicates the Ru™(O)«..H" species correlates with the ap-
pearance of a different mechanism of PCET in the region. Although
the borderline of PCET mechanisms between CPET and stepwise
ET/PT by M™(O) complexes has been reported to be in the range
of -0.5 eV < ~AGu < -0.3 eV,>” our result suggests another mecha-
nism in the boundary region involving a proton-interacted high-va-
lent M*"(O) complex, probably an oxidative asynchronous CPET.

PCET
6 ;u=1(;26 eV
g /'
o))
o
S 4 Ac
5 i
£, s
g s
E "o/ ET/PT
x 2T
(@) 6‘\a
o 4 @
- CPET 5
kI 0} [ ]
e AN
-25 20 -15 10 -05 0 05
_AGet’ eV

Figure 7. Plots of logki’, log(k’[TFA]") (n = 0,1,2), or logke: against driving
forces of ET (~AGx). The filled circles show the logk’[ TFA]" of the oxidation
reaction of (MeO)s—BA in CH3CN at 298 K in various concentrations of TFA.
The numbers of data points (1 - 8) correspond to those listed in Table 2. The
squares show log k™ of the oxidation reaction of BAin CH3;CN at 298 K in various
concentrations of TFA[(1') TFA 0mM, (2') 2.5mM, (3') 50mM, (4') 250 mM ].
The triangles represent the log e values of the ET reactions from electron donors
to Ru™(0) in CH3CN at 243 K in the presence of TFA (2.5 mM) [(a) (MeO)s-
Ph, (b) PhaN, (c) Br:Fc, (d) BrFc]. The grey line is the Marcus parabola with 4
=1.26 eV obtained for PCET reactions from various electron donors to Ru™V(O)
in CH;CN.”
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Table 2. One-clectron oxidation potentials (Eea) of Ru™(0), -AGe,
logk’[TFA]® (n = 1,2) in (MeO)s-BA oxidation by RuV(O)

no- [T;S]’ Evd 'AE‘G;" logks'[TFA] | logk2’[TFAJ?
1 0 0.01 -1.21

2 25 | 069 -0.53 0.16

3 10 | 082 -0.40 0.18

4 20 | 085 -0.37 0.62

S 50 | 0.89 -0.33 0.89 0.93

6 100 | 0.94 -0.28 14 1.5

7 250 | 0.99 -0.23 - 2.3

8 550 | 1.04 -0.18 - 3.0

? Bea values of Ru¥(0) (V vs SCE)

In order to clarify the borderlines of sequential alteration of
PCET mechanisms as shown in Scheme 1, dependence of activation
parameters on [TFA] in both BA and (MeO):-BA oxidation by
Ru™(0O) was scrutinized at several temperatures (Figures S11 and
§12). Although there is no difference in BA oxidation with or with-
out TFA, Eyring plots of &’ for (MeQ)s-BA oxidation are clearly de-
pending on [ TFA] as shown in Figure S12. In order to evaluate acti-
vation parameters (AH, AS* and AG') for individual &’ (n=0,1,2)
values, extractions of &’ at each [TFA] were performed on the basis
of the Eyring plot and contribution of each fraction to &’ (Figure
S13 and egs s1-4). In the absence of TFA (& = &’; eq 2 in the SI),
AH and AS* values in (MeO ):-BA oxidation were determined to be
5.1 kecal mol™ and 41 cal mol™ K™, which are comparable with
those of bimolecular oxidation reactions by a reported Ru™¥(O)
complex via CPET."** In the presence of 550 mM TFA (k' =
&’'[TFAJ% eq s4 in the SI), the AH and A values for &' were de-
termined to be 5.4 kcal mol™ and -25 cal mol™ K™, respectively, on
the basis of the Eyring plot (Figure S13) with approximation accord-
ing to eq s4 in the SI. Finally, according to eq s3 in the SI, we calcu-
lated the &’ values in the range of 10 mM < [TFA] < 50 mM on the
basis of the contribution of the fraction (&'[TFA]) to 4’ as shown
in Figure 5. Using the &’ values obtained, an Eyring plot was pro-
vided as shown in Figure 8 (orange line). The AZ and AS' values
for &’ were obtained from the Eyring plot (Figure 8), affording the
activation parameters, AH* = 3.4 £ 0.2 kcal mol™, AS = -37 £ 2 cal
mol™ K™, and AG* = 14 £ 1 kcal mol™ at 298 K, respectively. The
Eyring plot for &’ is shown in Figure 8 together with those for &’ and
k’; the plot for &’ lies in between the two lines with a smaller slope.
The activation parameters obtained for &’ {n = 0,1,2) are listed in
Table 3, in which the smallest A A value for &’ could be a critical
factor to suggest the existence of another mechanism in the bound-
ary region involving Ru™(0O)+ «+H" rather than the admixture of the
CPET and ET/PT mechanisms as two extremes.

In the range of 0 mM < [TFA] < 50 mM, the decrease of AHF
values contribute to lowering the AG' values to accelerate the
(MeQ)s-BA oxidation by Ru™(0O)essH* with a first-order depend-
ence of ki’ on [TFA] and smaller KIE values. In contrast, in the
range of [ TFA] > SO mM, the increase of AS* values should cause the
decrease of AG values to enhance the (MeQ)s-BA oxidation by
Ru™(0).«2H"* despite the increase of AZ'. The two-step change
of activation parameters depending on [TFA] can be attributed to
the involvement of Ru™(O).«+H" in the range of 0 mM < [TFA] <

50 mM and Ru™(0)...2H" in the range of [TFA] > 50 mM, as the
main reactive species, as depicted in Scheme 2. Therefore, the
switching of activation parameters depending on [TFA] clearly in-
dicate that the PCET mechanisms alter around [TFA] = 50 mM
from CPET to a boundary region involving one-proton-interacted
Ru™(0)...H*, and to ET/PT involving Ra™(0).«.2H". In the
boundary region, the reaction is assumed to proceed vzz oxidative
asynchronous CPET as shown in Figure 1, as suggested by the ki-
netic analysis.

4
k,’ at TFA 550 mM
ol
ol
&
~ 2t
£

ky at TFAO mM

4.0

3.5
1000/T, K-

3.0 4.5

Pigure 8. Eyring plots of &’ (n=0,1,2) in eq 1 for the oxidation of (MeO)s-BA
by Ru™(O) at various temperatures in CH;CN.

Table 3. Individual activation parameters (A H, AS', and AG") determined for
each rate constant &’ (n = 0,1,2) in (MeO)s-BA oxidation by Ru™(0O) in the
presence of TFA

rate AH%, ASH, AG#3,
constant kcal mol-t cal mol! K1 kecal mol-!
&' 51 —41 17
&' 34+02 3742 141
k' 5.4 -25 13
*at 298 K
Scheme 2
[TFA] —AG,, RUVO] —__, [RUO)I
(mM) ev) QoﬁrH =R +RH +RH+
allv [RuMOH)I* K [Ru'” OH
25 =05 -0
[RuV(O)]--H* [Ru™(O)]---H+
H H+R +R-H +R-H+
| !
[RUIV(OH)]+..H+ [RUIII(OH)]..H+
+R- +R
50 -0.3
[RuV(O)]--2H* [RuU'(O)]-+~2H*
- H+H_R +R-H +R-H+
m..ﬁ.rA/ i ¢ iPT
RUV <" [[RUV(OH)]-2H* [Ru"(OH)J-+2H|
550 +R- +R’
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Insight into the Transition States of CPET in the Presence
of TFA on the Basis of DFT Calculations.

In order to lend credence to the involvement of the
Ru™(0O)...H* species in the putative oxidative asynchronous
CPET, we performed DFT calculations to analyze the potential en-
ergy surface along the reaction coordinate by changing an intera-
tomic distance between a benzylic hydrogen atom of (MeO):-BA
and the oxo ligand of Ru™(0).«.H" in CPET from (MeO):-BA to
Ru™(O)...H". As described in the experimental section, we exam-
ined two models by fixing the position of H* of TFA for understand-
ing the HAT mechanism. When the position of H' was fixed at 1.05
A from the Orra atom of the carboxyl group of TFA (Figure 9A), the
oxidation state of Ru™(O) was intact. Under this condition, change
of atomic distance between the benzylic hydrogen and the oxo lig-
and afforded a potential surface as a blue trace in Figure 9C. On the
other hand, the position of H" was fixed nearby the oxo moiety of
Ru™(0) to be Ru™(0)++.H" at 1.04 A resulted in stabilization of
Ru"(OH) and (MeO)s-BA™, involving a product of ET from
(MeO):-BA to Ru™(0)...H" (Figure 9B). In this case, change of
atomic distance between the benzylic hydrogen and the oxo ligand
afforded a potential surface as ared trace in Figure 9C. As can be seen
in Figure 9C, in the range of 1.2 — 1.55 A of the (C-)Hs+-O(-Ru)
distance, the potential surface of the ET-product state (red trace)
lies below that of Ra™{(0O)«+«H* (blue trace). Thus, in the range of
the (C-)Hes+O(-Ru) distance, the ET products are more favored
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C—H <+ O-Ru interatomic distance, A
Figure 9. DFT calculations for two models by fixing the position of H* ((A) the
position of H* was fixed at 1.05 A from the O-atom of TFA, (B) the position of

H* was fixed at 1.04 A from the oxo moiety of Ru™(0)). (C) The potential en-
ergy surfaces along the reaction coordinate of the two models.

than the Ru¥(0).« .H(TFA) and (MeQ):-BA; in other words, the
access of the substrate to the Ru™(O) moiety induces ET from the
substrate to the Ru™(Q)es«H*(TFA). This result indicates that, un-
der the conditions, oxidative asynchronous CPET is considered to
be a preferable reaction pathway in terms of the lower activation bar-
rier. Therefore, we concluded that Ru™(O).««H" species is capable
of oxidizing (MeQ)s-BA via oxidative asynchronous CPET in the
boundary region involving Ra™(0)s«.H",

CONCLUSION

In this work, we have discussed the PCET mechanisms in oxida-
tion of benzyl alcohol derivatives by an isolated Ru™(O) complexin
the absence or presence of TFA as a proton source. The reaction
mechanism was scrutinized on the basis of kinetic analysis and eluci-
dated in light of Marcus theory of ET to reveal the borderline of al-
teration of PCET mechanisms from CPET to stepwise ET/PT. The
Marcus plot shows a clear crossing point involving Ru™(0)«ssH*
between CPET and ET/PT, which is a general aspect for alteration
of PCET mechanisms in the range of 0.5 eV < ~AGi < -0.3 eV by
several metal-oxo species.” > The kinetic analyses are suggestive of
another CPET mechanism, probably an oxidative asynchronous
CPET, involving Ru™(0)s«sH" as a reactive species in the bound-
ary region of proton concentration mentioned above. As presented
in this work, a mechanistic insight into PCET reactions depending
on concentrations of Bronsted acids will provide a new avenue for
novel reactivity of a transition-metal-oxo complex in substrate oxi-
dation toward selective oxidation of substrates bearing lower oxida-
tion potentials.
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No apparent spectroscopic change was observed to indicate
the formation of proton-interacted Ru™(O) even in the ex-
cess amount of TFA (Figure S8). See also ref. 9b, c.
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