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A mechanistic dichotomy in concerted versus
stepwise pathways in hydride and hydrogen
transfer reactions of NADH analogues

Junpei Yuasa® and Shunichi Fukuzumi®”

A mechanistic dichotomy of one-step versus stepwise pathways in hydride and hydrogen transfer reactions of NADH
analogues is discussed including the relation between two pathways: a continuous change versus a discontinuous
change of the mechanism. Examples of stepwise electron-proton-electron transfer through a charge transfer (CT)
complex in hydride transfer from NADH analogues to hydride acceptors are presented including the detection and the
reactivity of the intermediate, that is, radical cations of NADH analogues. The relation between stepwise versus
one-step mechanisms of hydride and hydrogen transfer reaction of NADH analogues is also clarified by showing
examples of the change of the mechanism including the borderline. Copyright © 2008 John Wiley & Sons, Ltd.
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INTRODUCTION

Hydride (H™) transfer, which is equivalent to two e~ and a H"
transfer, is essential for many biological redox processes. The
biological equivalent of hydride transfer reagents is nicotinamide
adenine dinucleotide (NADH) and its phosphorelated analogue,
NADPH.""! The main mechanistic issue in hydride transfer from
NADH to hydride acceptor (A) is whether hydride transfer occurs
in a stepwise manner by sequential electron-proton-electron
transfer (e~ +H"' +e7) or a one-step transfer of hydride ion (H™)
by a concerted pathway.2>! The mechanistic borderline between
one-step and multistep reactions has always been of a significant
general interest to chemists. There has been long standing
ambiguity as to the mechanistic borderline in the hydride transfer
reactions of NADH and analogues (Scheme 1), although hydride
transfer reaction mechanisms of NADH analogues have so far
been extensively studied in reactions with various inorganic®='"
and organic'®=*! substrates. The effects of metal ion on the
mechanistic borderline in the hydride transfer reactions of NADH
and analogues have also attracted interest because of the
essential role of metal ions in the redox reactions of nicotinamide
coenzymes in the native enzymatic system.2>**? NADH can act
both as a hydrogen donor and as a hydride donor in hydrogen
transfer reactions.'>*% There has also been a long standing
ambiguity as to the mechanistic borderline where a one-step
hydrogen transfer pathway is changed to a sequential electron
and proton transfer pathway or vice versa.**>"" A more delicate
question is how two mechanisms (one-step vs. stepwise
pathways) in hydride and hydrogen transfer reactions
merge at the borderline: is there a mechanistic continuity or
are both pathways employed simultaneously?

This review intends to answer these questions by focusing on a
mechanistic dichotomy of one-step versus stepwise pathways in
hydride and hydrogen transfer reactions of NADH analogues
including the relation between two pathways: a continuous
change versus a discontinuous change of the mechanism. First, a
stepwise pathway via electron transfer through a charge transfer

complex in hydride transfer from NADH analogues to hydride
acceptors is delineated, including the detection and the reactivity
of the intermediate, that is, radical cations of NADH analogues.
Then, the relation between stepwise versus one-step mechanisms
of hydride and hydrogen transfer reaction of NADH analogues is
clarified by showing examples of the change of the mechanism.

STEPWISE ET PATHWAYS
IN HYDRIDE TRANSFER

Hydride transfer reactions from NADH analogues, 10-methyl-9,
10-dihydroacridine (AcrH,) as well as 1-benzyl-1,4-dihydronico-
tinamide (BNAH), to hydride acceptors (A) such as p-benzoqui-
none derivatives®>?7°>>3 and tetracyanoethylene (TCNE)!"*
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Stepwise Hydride Transfer via Electron Transfer
Followed by Proton-Electron Transfer

Scheme 1.

occur efficiently (Egn (1)) followed by a subsequent fast electron
transfer from the reduced product (AH™) to A (Eqn (2)) and the
disproportionation of the resulting radical (Eqn (3)).

The reactivity of 9-substituted 10-methyl-9,10-dihydroacridine
(AcrHR) in the reactions with hydride acceptors (A) such as
p-benzoquinone derivatives and TCNE in acetonitrile (MeCN)
varies significantly, spanning a range of 10 starting from R=H
to Bu' and CMe,COOMe, although the electron donor ability is not
significantly affected by the substituent R.”* Comparison of the
large variation in the rate constant of the hydride transfer reaction
(kobs) With the rate constant (ky) of the deprotonation of the radical
cation (AcrHR' ") determined independently®™® is shown as linear
correlations between log ks and log kq in Fig. 1a. Such linear
correlations indicate that the large variation in the reactivity
is attributed mainly to that of proton transfer from AcrHR™* to A™~
following the initial electron transfer from AcrHR to A.">*3 The
overall hydride transfer reaction from AcrHR to A, therefore,
proceeds via sequential electron—proton-electron transfer, in
which the initial electron transfer to give the radical ion pair
(AcrHR™™ A7) is in equilibrium and the proton transfer from
AcrHR™ to A"~ is the rate-determining step (Scheme 2).5%°3!

According to Scheme 2, the observed rate constant (ko) of the
overall hydride transfer is given by Eqn (4), where Kq = ket/kp,
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provided that the electron transfer from AcrR" to AH" in the final
step in Scheme 2 is much faster than the proton transfer from
AcrHR™™ to A"~.>% The fast electron transfer from AcrH" to AH" is
well supported by

kobs = kaet (4)

The highly negative one-electron oxidation potential of AcrH"
(Eox=—0.46V, and this is equivalent to the one-electron
reduction potential of AcrH")™* is much more negative than
the one-electron reduction potential of A (E,eq vs. SCE=0.51V
and 0.22V for DDQ and TCNE, respectively).?”>® However, the
equilibrium constant for electron transfer from AcrHR to A (Key) to
produce free AcrHR™* and A"~ can be obtained from the E, value
of AcrHR and the E,.q value of A by Egn (5). When the difference in
the K, values for the AcrHR-DDQ and AcrHR-TCNE systems,

Kot = exp[—F(Eox — Ered)/RT] (5)
is taken into account in the plots between log ks and log kq, the
two separate linear correlations and deviation from the linear
lines in Fig. 1a are remarkably merged into a single line with a
slope of unity in plots of log kops versus log kqKe: (Fig. 1b).54 Such
a merged single linear correlation in Fig. 1b clearly demonstrates
that the hydride transfer from AcrHR to A proceeds via sequential
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Figure 1. (a) Plots of k., for the reaction of AcrHR with DDQ (O) and TCNE (@) versus kq for deprotonation of AcrHR™* in MeCN at 298 K. (b) Plots of
kops for the reaction of AcrHR with DDQ (O) and TCNE (@) versus kgKe""
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electron-proton—electron transfer in which the initial electron
transfer is in equilibrium and the proton transfer from AcrHR™
to A"~ is the rate-determining step (Scheme 2).°%

The observed primary kinetic isotope effects (ku/kp) of the
overall hydride transfer from AcrH, and the 9,9'-dideuterated
compound (AcrD,) to p-benzoquinone derivatives (Q) can be
attributed to those of the proton transfer step from AcrH, ™ and
AcrD, * to Q' since the variation of ky/kp with p-benzoquinone
derivatives has been well correlated with the difference in the pK,
values between AcrH, ™ and QH" (pK,), and the maximum value
(ku/kp = 10.4) is obtained at ApK,=0.>"

In the course of hydride transfer reactions, an additional
intermediate, that is, a CT complex is formed prior to the electron
transfer step as indicated by the appearance of broad CT
absorption band of the CT complex formed between AcrHR
and AP A negative temperature dependence was observed for
the rates of hydride transfer reactions from AcrHR (R=H, Me,
and CH,Ph) to DDQ in chloroform (the lower the temperature the
faster the rate) as shown in the Arrhenius plots (Fig. 2) to afford
the negative activation enthalpy (AH?bS =—-32, —4,and —13kJ
mol~", respectively).®¥ Such a negative AH7,_ value indicates
clearly that the CT complex lies along the reaction pathway of the
hydride transfer reaction via sequential electron—-proton-electron
transfer and does not enter merely through a side reaction that
has nothing to do with the hydride transfer reaction. The
observed negative AH? values, which should be equal to

obs

AHcr + AHf (kobs = k1Kct), could arise only when the CT complex
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Figure 2. Arrhenius plots of ks for the reaction of AcrHCH,Ph (1.1 x
107> M) with DDQ (2.0 x 10~*M) in (a) CHCls, (b) CH,CICH,CI, (c) PhCN,
and (d) MeCNB#

fast

k
(AcrHR™ A=) —F= (AcrR" AH') — AcrR* + AH-

lies along the reaction pathway. The heat of the formation of the
CT complex (AHcr < 0) may be of greater magnitude than the
activation enthalpy for the passage of the CT complex to the
transition state (AHf >0, ie, —AHCT>AHT), when the AHf’fbs
values (AHZfbs =AHc+ AHf) become negative. As demonstrated
by a single correlation between log k,ns and log kgKe: in
Fig. 1b, the AH7 value for the hydride transfer reaction consists of
the sum of the activation enthalpies for electron transfer from
AcrHR to DDQ in the CT complex and proton transfer from
AcrHR™" to DDQ" ™ in the radical ion pair in Scheme 2.4 Thus, the
largest negative AH(’fIDS value (—32kJ mol™") is obtained for the
reaction of AcrH, with DDQ when both electron transfer and
proton transfer are fastest among the examined AcrHR and
p-benzoquinone derivatives and the AH?é value is therefore
minimized.”*

When DDQ is replaced by a much weaker electron acceptor
such as 1-(p-tolylsulfinyl)-2,5-benzoquinone (TolSQ), no reaction
occurs between AcrH, and TolSQ in MeCN. In the presence of
HClIO,, however, an efficient reduction of TolSQ by AcrH, occurs
to yield AcrH* and TolSQH, (Eqn (6)).°® The promoting effect of
HCIO, on the reduction of TolSQ by AcrH, results from
protonation of TolSQ (TolSQ+H™ — TolSQH™), which is con-
firmed by UV-Vis spectral changes of TolSQ in the presence of
various concentrations of HClO,.>®!

H H o} E OH (ISI)
~ H"' \ ~
sseNegulonclon.
+z
b N
Me AcrH, 0 TolsQ Me AcrH* OH TolSQH,
(6)

In the course of H"-promoted hydride transfer from AcrH, to
TolSQ, the formation of AcrH, ™ is directly detected as a transient
absorption band at . =640nm (red line in Fig. 3a).*® The
formation of AcrH,* was also confirmed by applying a
rapid-mixing ESR technique, and the resulting ESR spectrum
(Fig. 3b) agrees well with the computer simulation spectrum
(Fig. 3c) of AcrH, ™ with the hyperfine coupling constant (hfc)
values [ay (C-9) =24.2, ay (N—CH3) =14.0, a4 (N—CH3) =104,
ay (C-2,7) =34, and ay (C-4,5)=1.0G]1.>>*%> The hfc assign-
ment in Fig. 3c was further confirmed by the deuterium
substitution of two hydrogen atoms at the C-9 position of AcrH,
because the observed ESR spectrum (Fig. 3d) agrees well with the
computer simulation spectrum (Fig. 3e) using the same hfc values
except for the value of the deuterium (/=1) [ap (C-9) =3.7G],
which is reduced by the magnetogyric ratio of proton to
deuterium (0.153).°>°8 The complete assignments of the ESR
spectrum due to AcrH, ™ observed in the thermal oxidation of
AcrH, with TolSQH™ strongly support the formation of AcrH, ™+ in
the two-electron reduction of TolSQH" by AcrH, (Scheme 3).58
However, there is no ESR signal due to TolSQH" resulting from the
electron transfer oxidation of AcrH, by TolSQH™ (Fig. 3b),
suggesting the rapid disproportionation of TolSQH" (green arrow
in Scheme 3).58
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Figure 3. (a) Differential spectral changes in the reduction of TolSQ (4.6 x 107*M) by AcrH, (6.0 x 1073 M) in the presence of HCIO, (4.9 x 1072 M) in

deaerated MeCN at 298 K. Inset: Time course of the absorption change at 1 =

640 nm (red) and 4 =420 nm (blue and green) for the reduction of TolSQ by

AcrH, (red and blue circles) and AcrD, (green triangles), where Ay is the initial absorbance.”® (b) ESR spectrum of AcrH'Z+ generated by oxidation of AcrH,

(2.9 x 1073 M) with TolSQ (2.8 x 10> M) in the presence of HCIO, (7.0 x 10~
generated by oxidation of AcrD, (2.9 x 1073 M) with TolSQ (2.8 x 107> M) in the presence of HCIO,

with the hfc values.”® (d) ESR spectrum of AcrD, "

(7.0 x 1072 M) in deaerated MeCN at 298K and (e) the computer simulation spectrum with the hfc values

In the absence of HCIO, electron transfer from AcrH,
(Eox=0.81V vs. SCE)® to TolSQ (Freq=—0.26V vs. SCE)P¥ is
highly endergonic because of the highly positive free energy
change of electron transfer (AGe,=1.07eV), and thereby no
electron transfer reaction occurs. In the presence of HClO,
(5.0 x 1072 M), however, the one-electron reduction potential of
TolSQ is shifted to 0.69V versus SCE due to protonation of
TolSQ.*® The free energy change of electron transfer from AcrH,
to TolSQH™ is still slightly positive (AGe; = 0.12 eV). In such a case,
the efficient electron transfer from AcrH, to TolSQH™ may be

2M) in deaerated MeCN at 298 K and (c) the computer simulation spectrum

[58,59]

followed by rapid disproportionation of TolSQH" (green arrow in
Scheme 3), which makes the electron transfer reduction of
TolSQH™ exergonic.*® The absorption at 640 nm due to AcrH;"
decays accompanied by the rise in absorption at 420 nm due to
AcrH™ as shown in Fig. 3a (red line-blue line).”® The decay
dynamics of AcrH;" coincides with the rise dynamics of AcrH™,
exhibiting first-order and second-order processes (red and blue
circles in Fig. 3a, inset), which correspond to the deprotonation
and disproportionation of AcrH;" as shown by blue and red solid
arrows in Scheme 3, respectively.*® Both first-order and

ToISGHz -|-|+,/'A°er +[AcrH'|

Electron ﬁ\
Transfer Tl
/' 2 fast m
2AcrH, + 2TolSQH* AGer TOISGH 2AcrH’
X sy TOIECH, 2ToISQH" | fast
a'y +
+ 2TolSOH, anert + 2TolSQH’

Scheme 3.
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Figure 4. Electrostatic potential maps for (a) TolSQ and (b) TolSQH*
calculated by using DFT at the BLYP/6-31G***8

second-order processes exhibit the primary kinetic isotope
effects (kn/kp=3.2 and 10, respectively) when AcrH, is replaced
by the dideuterated compound (AcrD,) (green triangles in
Fig. 3a, inset).”® Since AcrH’ produced by deprotonation of
AcrH;™ is @ much stronger reductant than AcrH,, the rapid
electron transfer from AcrH" (Eqx = —0.46 V vs. SCE)®¥ to TolSQH™
occurs to produce AcrH' and TolSQH" (black solid arrow in
Scheme 3).¥

The reason why ET from AcrH, to TolSQH™ occurs instead of the
one-step hydride transfer is understood by examining the
electrostatic potential map for TolSQH™ (Fig. 4), which indicates
that the positive charges (blue) due to protonation of TolSQ are
fully delocalized over the entire ring systems (Fig. 4b) compared
to TolSQ (Fig. 4a).%¥ In such a case, the delocalization of positive
charges (due to H™) in TolSQH™ results in a decrease in the
electrophilicity of TolSQH™, leading to deceleration of the
one-step hydride transfer pathway. On the contrary, the electron
transfer pathway is promoted by the protonation as indicated by
the significant positive shift of the E,.4 value (vide supra).

DISCONTINUOUS CHANGE IN
MECHANISMS BETWEEN ONE-STEP
HYDRIDE TRANSFER AND STEPWISE
ELECTRON TRANSFER PATHWAYS

Hydride transfer from AcrH, to TolSQ occurs efficiently both in the
presence of Sc>* and in the presence of H™ (vide supra) to yield
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AcrH™ and TolSQH, in deaerated MeCN at 298 K (Eqn (7)).5%! The
dependence of the observed second-order rate constant (k) on

H_ H o 90 OH O
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" o )
Me [o] Me OH
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7)

[Sc3*] is shown in Fig. 5a (red closed circles).”® The ky value
increases with increasing Sc>* concentration to reach a constant
value (ky=14x10*M"s7"). The rates of hydride transfer
exhibit a large primary kinetic isotope effect (ky/kp =5.3 £0.1) at
low concentrations ([SccT]<1.0x1072M) when AcrH, is
replaced by the dideuterated compound (AcrD,).?! In contrast
to the case of AcrH,, the observed second-order rate constant (kp)
increases linearly with an increase in [Sc*™] without exhibiting a
saturation behavior at high concentrations (I53*1>1.0
x1072M) as shown in Fig. 5a (blue closed circles).®® The
primary kinetic isotope effect (kp/kp) therefore decreases with
increasing [Sc®] at high concentrations ([Sc>™1> 1.0 x 1072 M).
The dependence of the observed second-order rate constants (ky
and kp) on [Sc3'] is changed drastically when temperature is
lowered to 233K, where both ky and kp values increase linearly
with increasing [Sc®'], exhibiting a primary kinetic isotope effect
(ku/kp = 2.6 £ 0.2) irrespective of Sc3* concentration as shown in
Fig. 5b (red and blue closed circles, respectively).>%!

The saturated dependence of ky of hydride transfer from AcrH,
to TolSQ (red closed circles in Fig. 5a) on [Sc> '] is ascribed to the
1:1 complex formation between TolSQ and Sc** (TolSQ-5c®™).>?!
When hydride transfer from AcrH, to TolSQ proceeds via the
TolSQ-Sc*™ complex, as shown in Scheme 4, the dependence of
ky on [Sc'] is expressed by Eqn (8), which agrees with the
experimental results in Fig. 5a (red line).

K — kﬂK[ScS;“}

1+ K[Sc]
The K values derived from Sc>*-promoted hydride transfer
reaction of AcrH, [(2340.1)x10°M~"] agrees with that
determined independently from UV-Vis spectral changes of
TolSQ in the presence of various concentrations of Sc3*
[K=(2.5+0.1) x 10 M~ "] at 298 K.°% Such agreement indicates

(8)

233 K

4 =
5 o

=

ha bt -y
(=] = o

1072 ky, (@) and kg, (@), M-
=

10 [Sc™], M

Figure 5. Dependence of ky; (@) and kp (@) on [Sc® '] for hydride transfer from AcrH, (3.0 x 107> M) and AcrD, (3.0 x 10~> M) to TolSQ in the presence

of S in deaerated MeCN at (a) 298 K and (b) 233 KPP
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that the TolSQ-Sc>* complex is indeed a reactive intermediate
in Sc3*-promoted hydride transfer from AcrH, to TolSQ, as shown
in Scheme 4. In this case, hydride transfer from AcrH, to the
TolSQ-Sc* complex occurs in a one-step pathway.

In contrast to the case of AcrH,, the kp value of AcrD, increases
linearly with increasing Sc* concentration without exhibiting
any saturation behavior at 298 K, although most TolSQ molecules
form the Sc*" complex in the high concentration range in
Fig. 5a (blue closed circles)."?! At a lower temperature (233K),
both ky and kp values increase linearly with increasing [Sc*]
without exhibiting any saturation behavior (Fig. 5b). Such
dependence of kp on [Sc*'] in Fig. 5a is virtually the same as
that observed in Sc>"-promoted electron transfer reduction of
TolSQ by tris(2-phenylpyridine)iridium [Ir(ppy)s].”* Thus, the
hydride transfer mechanism is changed from one-step hydride
transfer from AcrH, to the TolSQ-Sc3"  complex
to Sc>*-promoted electron transfer from AcrD, to the TolSQ-5Sc>"
complex, as shown in Scheme 5. The mechanistic changeover
from the one-step hydride transfer to the electron transfer
pathway by the deuterium substitution of AcrH, by AcrD; (Fig. 5a)
results from a significant primary kinetic deuterium isotope effect
in the direct one-step hydride transfer from AcrD, to the
TolSQ-Sc" complex, when the rate constant of direct one-step
hydride transfer from AcrD, becomes much smaller than that of
the Sc*"-promoted electron transfer from AcrD, to the
TolSQ-5c* complex.>”!

The electron transfer pathway in Scheme 5b is accelerated by
the formation of Sc3* complexes of semiquinone radical anion of
TolSQ (TolSQ™ ™). A 1:1 complex with St (TolsSQ ~-Sc3") is
detected by ESR in photoinduced electron transfer from
10,10"-dimethyl-9,9'-biacridine [(AcrH),]*” to the TolSQ-Sc>*
complex in deaerated MeCN at 298 K, as shown in Fig. 6a.° The
ESR spectrum is well reproduced by the computer simulation
spectrum with the hfc values of a(2H)=1.85 0.69G and

(a) One-Step Hydride Transfer

[AcrH®*+««HS~+«-ToISQ-Sc%*]
TolSQ
K

+AcrH,

TolSQ-Sc3*

AcrH* + ToISQH™ + Sc3*

Scheme 5.

3 —Ged+
+S¢ *lT Sc +AcrD,
+8c%

Y
Me
AcrH
2 AcrH* + TolSQH=Sc3*
Ky
AcrD* + TolSQD -Sc®*
D, D

superhyperfine splitting due to one Sc3* ion [a(Sc®") = 1.69 G]
(Fig. 60).°% The 1:1 complex (TolSQ ~-Sc>*) is converted to the
1:2 complex of TolSQ~ with S* [TolsQ —(Sc3*),] at high
concentration of Sc3* as shown in Fig. 6¢, where a drastic change
in the hyperfine pattern is seen to exhibit further superhyperfine
splitting due to additional Sc3* ion (Fig. 6d).5?

The temperature dependence of the hydride transfer reaction
rates provides valuable insight into the mechanistic changeover
in the hydride transfer reaction: one-step hydride transfer and
electron transfer followed by proton—electron transfer. A plot of
In ky versus T~ for the hydride transfer reaction of AcrH, in the
presence of high concentration of Sc3™ (2.5 x 107" M) is shown in
Fig. 7a (open circles), where there are two segments in the
temperature range of 233-298K and 298-333K with clearly
different slopes.®® In contrast, a single linear correlation is
observed between In ky and T~ for the hydride transfer reaction
of AcrH, in the presence of low concentration of Sc3*
(1.0 x 1072M: closed squares in Fig. 7a).>" In consequence,
the ky value in the presence of high concentration of Sc3*
(2.5 x 107" M: open circles) increases with increasing tempera-
ture to merge into the ky values in the presence of low
concentration of S (1.0 x 1072 M: closed squares). In contrast
to the case of ky in Fig. 7a, single linear correlations are observed
between In kp and T for the hydride transfer reactions of AcrD,
in the presence of both low and high concentrations of Sc**
(1.0 x 107 2and 2.5 x 10~ M), as shown in Fig. 7b (closed squares
and open circles, respectively). Such differences in the
temperature dependence of ky and kp on concentrations
of ScT result from the changeover of the reaction pathways
between the one-step and multistep mechanisms.

The formation of a 1:2 complex between a radical anion
and S also plays an important role in the electron transfer
pathway for Sc>*-catalyzed hydride transfer from AcrH, to
3,6-diphenyl-1,2,4,5-tetrazine (Ph,Tz), which contains N=N

(b) Sc3*-Promoted Electron Transfer

(AcrD,™ [TolSQ«Sc*),]) —= AcrD’ + TolSQD" + 2S¢

Proton Transfer

Electron Transter | fast

AcrD* + TolSQD~

J. Phys. Org. Chem. 2008, 21 886-896

Copyright © 2008 John Wiley & Sons, Ltd.

www.interscience.wiley.com/journal/poc




Journal of Physical
Organic Chemistry

J. YUASA AND S. FUKUZUMI

sc3+ 169G

v
’

on c">
H )

“p-Tol
0.69G H H 1.85G
0.

AHmer = 0.60 G
$q3+ 2.02 G
o '?
0.42GH S.
p-Tol
0.72GH H 154G
0.
Sc3* 0.53G
AHpg =0.20 G

Figure 6. (a) ESR spectrum of TolSQ =S+ produced by photoinduced electron transfer from (AcrH), (1.6 x 1072 M) to TolSQ (8.0 x 1072 M) in the

presence of Sc>* (1.6 x 1072M) and H,0 (2.2M) in deaerated MeCN at 298K. (b) The computer simulation spectrum.

B9 (c) ESR spectrum of

TolSQ —(Sc3*), produced by photoinduced electron transfer from (AcrH), (1.6 x 1072M) to TolSQ (4.6 x 1072M) in the presence of Sc>*
(4.6 x 107" M) and H,0 (4.4 M) in deaerated MeCN at 298K. (d) The computer simulation spectrum®

double bond (Eqn (9)).527%* The formation of 1:2 complex was
confirmed by the

H H Ph Ph
NJ\N Sc(0Tt), N NJ\NH

A h e LU - wi b

X H* Z Z

N hd N b
Me Ph Me Ph
AcrH, Ph,Tz AcrH* Ph,TzH,

)

ESR spectrum in which the hyperfine structure is totally
different from that of free Ph,Tz"~ as shown in Fig. 8.°" Electron
transfer from AcrH, to Ph,Tz is highly endergonic judging from
the Eo, value of AcrH, (0.81V)®” and the E,q value
of Ph,Tz (—091V)®" and thus no reaction occurs between
AcrH, and Ph,Tz. In the presence of Sc(OTf)s;, however, the
reduction potential of Ph,Tz is shifted to a positive direction
when electron transfer from AcrH, to Ph,Tz becomes thermo-
dynamically more feasible.®"

CONTINUOUS CHANGE BETWEEN
ONE-STEP AND STEPWISE PATHWAYS IN
HYDROGEN TRANSFER REACTIONS OF
NADH ANALOGUES

There is a mechanistic dichotomy of one-step versus stepwise
pathways in hydrogen and hydride transfer reactions of NADH
analogues (vide supra)*>" In the one-step mechanism,
hydrogen transfer reaction occurs without an intermediate

when electron and proton are transferred at the same time. Such
reactions are generally regarded as proton-coupled electron
transfer (PCET), and the definition of PCET encompasses both
hydrogen atom transfer (HAT) and concerted electron and proton
transfer®>" A stepwise pathway consists of mechanistically
distinct electron transfer and proton transfer steps involving a
detectable intermediate. There has also been long standing
ambiguity as to the mechanistic borderline where a one-step
hydrogen transfer pathway is changed to a stepwise pathway or
vice versa 445"

The continuous change of mechanisms between a one-step
hydrogen transfer pathway and a stepwise pathway has been
delineated in the hydrogen transfer reactions of NADH analogues
with the triplet excited states of tetrazines depending on the
type of NADH analogues and tetrazines.”? The triplet exited
states of 3,6-disubstituted-tetrazines [R,Tzz R=Ph (Ph,Tz),
2-chlorophenyl [(CIPh),Tz], 2-pyridyl (Py,Tz)] are produced by
efficient energy transfer from [Ru(bpy)3*1* (bpy = 2,2'-bipyridine,
* denotes the excited state) to RyTz."? Whether formal hydrogen
transfer from NADH analogues to *R,Tz* proceeds via a one-step
or a stepwise pathway is changed by subtle difference in the
electron donor ability and the deprotonation reactivity of the
radical cations of NADH analogues as well as the electro-
n-acceptor ability of 3R,Tz* and the protonation reactivity
of R,Tz .72

In the case of 3Ph,Tz*, which is a weaker electron acceptor than
the other tetrazine derivatives [(CIPh),Tz Py,Tz], direct one-step
hydrogen transfer occurs from 10-methyl-9,10-dihydroacridine
(AcrH,) to 3Ph,Tz* without the formation of the radical cation
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Figure 7. (a) Plots of In ky versus T~ for hydride transfer from AcrH,
(3.0 x 107>M) to TolSQ in the presence of Sc(OTf); (1.0x 107>M: M,
2.5 % 107" M: () in deaerated MeCN.* (b) Plots of In kp versus T~ for
hydride transfer from AcrD, (3.0 x 107> M) to TolSQ in the presence of
Sc(OTf); (1.0 x 1072 M: |, 2.5 x 10~ M: (D) in deaerated MeCNP!

(AcrH;H).”? The laser flash photolysis of a deaerated MeCN
solution of Ru(bpy)3*™ (4.6 x 107> M) at 450 nm in the presence
of PhyTz (9.6 x 107> M) and AcrH, (1.1 x 10~*M) with 450 nm
laser light results in the appearance of new absorption bands due
to AcrH (Zmax=360 and 520nm)7374 with a concomitant
decrease in the absorption band due to 3Ph,Tz* (Amax = 535 nm),
as shown in Fig. 9, whereas no absorption band due to the AcrH;"
(Zmax = 640 nm)®*! is observed. Whether hydrogen transfer from
AcrH, to 3Ph,Tz* occurs via a one-step hydrogen transfer or a
rate-determining electron transfer followed by fast proton
transfer can be explained by examining the deuterium kinetic
isotope effects. The one-step hydrogen transfer would afford a
significant deuterium kinetic isotope effect, whereas the rate-
determining electron transfer followed by fast proton transfer
would exhibit no deuterium kinetic isotope effect. In fact, no
deuterium kinetic isotope effect is observed in the emission
quenching of Ru(bpy)3** by AcrH,, where electron transfer from
AcrH, to Ru(bpy)ﬁ** occurs as shown in Scheme 6a.”? In contrast
to the case of Ru(bpy)?** the hydrogen transfer to *Ph,Tz*
exhibits a significant primary deuterium kinetic isotope effect (ky/
kp=1.80+£0.20; Fig. 10a,b)."? In such a case, the hydrogen
transfer from AcrH, to 3Ph,Tz* occurs via a one-step process as

o oe—

10G

I ——

Figure 8. ESR spectrum of an MeCN solution containing (BNA),
(2.0 x 1072 M) and Ph,Tz (5.0 x 107*M) in the absence (a) and presence
(b) of Sc(OTf); (4.4 x 10°2M) under irradiation with a high-pressure
mercury lamp at 233 K11 (o) Computer simulation spectrum for (b) with
a2N) =50 G,

g=20041, a@2N")=66 G, a@H)=50 G, and

AHng =040 G©V

350 400 450 500 550 600 650
Wavelength, nm

Figure 9. Transient absorption spectra observed by laser flash photolysis
of a deaerated MeCN solution of Ru(bpy)2"™ (4.6 x 107> M) in the presence
of AcrH, (1.1 x 107*M) and Ph,Tz (9.6 x 10~*M) at 1.6-9.0 s after laser
excitation at A=450nm at 298K. Inset: Time profile of the decay of
absorbance at 535 nm due to 3Ph,Tz* (black closed circles) and the rise of
absorbance at 360 nm due to AcrH" (red closed circles)”?
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Scheme 6.

shown in Scheme 3b, which should be faster than electron
transfer from AcrH, to 3Ph,Tz* 7374

When 3Ph,Tz* (Freq®=1.09 4+ 0.04V vs. SCE) is replaced by a
tetrazine derivative that has a slightly higher reduction potential
of *(CIPh),TZ* (Eeq*=1.114005V vs. SCE), AcrH" is also
generated by hydrogen transfer from AcrH, to 3(CIPh),TZ*
without the formation of AcrH;".”? In contrast to the case of
3Ph,Tz, a small primary kinetic isotope effect (ky/
ko=1.11-+0.08) is observed (Fig. 10c,d).”? This indicates that
the one-step hydrogen transfer process is changed continuously
to the stepwise pathway via electron transfer with a positive shift
in the one-electron reduction potential of a tetrazine derivative.
In fact, no deuterium kinetic isotope effect is observed (Fig. 10e),
when 3(CIPh),Tz* (Ereq” =1.11+0.05V vs. SCE) is replaced by a
tetrazine derivative, 3Py,Tz* (E,eq® = 1.25 £ 0.04 V vs. SCE), which
has a stronger oxidizing ability than 3(CIPh),Tz*."?

The replacement of the C(9)-H hydrogen of AcrH, by isopropyl
group (AcrHPr) is known to retard deprotonation from AcrHPr -+
because of the steric hindrance of the Pr' group,® leading to the
detection of AcrHPr " in the stepwise electron and proton
transfer”? The laser flash excitation (450 nm) of a deaerated
MeCN solution of Ru(bpy)?® (4.6x10°M) and AcrHPY
(8.8 x 10°*M) in the presence of (CIPh),Tz (9.6 x 10~*M) results
in the formation of AcrHPr ™+ (Jmax=680nm)>! as shown in
Fig. 11a.”? The time profiles of the transient absorption at
530 nm due to 3(CIPh),Tz*, at 680 nm due to AcrHPr' *+, and at

10_5 kobS! 5_1

0 I ] I I
0 0.2 0.4 0.6 0.8

10% [AcrH, and AcrD,], M

1.0

510 nm due to AcrPr’ * are shown in Fig. 11b.”? The absorption at
530 nm due to 3(CIPh),Tz* decays immediately within 2 ps after
laser excitation, accompanied by the rise in absorption at 680 nm
due to AcrHPY *T. The decay of absorbance at 680 nm due to
AcrHPr * coincides with the rise in absorbance at 510 nm due to
AcrPr'* (Fig. 11b). This indicates that electron transfer from AcrHPr’
to 3(CIPh),Tz" occurs rapidly to produce AcrHPr' ™ and (CIPh),Tz"~
within 2 s, followed by the slower proton transfer from AcrHPr' *
* to (CIPh),Tz~ to produce AcrPr * (Fig. 11a) as shown in
Scheme 7.2

When AcrH, is replaced by BNAH that is a stronger electron
donor than AcrH,,2”! the one-step hydrogen transfer pathway in
Scheme 6b is also changed to the stepwise electron transfer
pathway: electron transfer from BNAH to 3Ph,Tz* to produce
BNAH™* and Ph,Tz"~, followed by proton transfer from BNAH™"
to Ph,Tz"~ to yield BNA".”? Each step can be followed by the laser
flash photolysis measurements in comparison with the transient
absorption spectrum of BNAH", which was produced by the
ET oxidation of BNAH with Ru(bpy)s>* ). In this case, there is no
primary isotope effect (ku/kp=1.0+£0.1) in the quenching
process of 3R,Tz* by BNAH when BNAH is replaced by
BNAH-4,4'-d,.”2

Thus, the reactions of NADH analogues with 3R,TZ* occur via
one-step hydrogen transfer, the rate-limiting electron transfer
followed by fast proton transfer or sequential electron—proton
transfer depending on the electron-donor ability of NADH
analogues as well as the electron-acceptor ability of *R,Tz* and

the protonation reactivity of R,Tz" .72

SUMMARY AND CONCLUSIONS

As demonstrated in this review, hydride transfer reactions from
NADH analogues, 10-methyl-9,10-dihydroacridine (AcrH,) as well
as 1-benzyl-1,4-dihydronicotinamide (BNAH), to hydride accep-
tors (A) that are strong electron acceptors such as TCNE and DDQ
occur via sequential electron—proton-electron transfer through
CT complexes formed between NADH analogues and acceptors.
Enhancement of the electron-acceptor ability of TolSQ by
protonation results in electron transfer from NADH analogues
to TolSQH™ in preference to one-step hydride transfer, because
the delocalization of the positive charges (due to H™) in TolSQH™
leads to a decrease in the electrophilicity of TolSQH™. The one-step

1075 Kype, S~

N

0 02 04 0.6 0.8
10* [AcrH, and AcrD,], M

Figure 10. Plots of kps Versus [AcrH,] and [AcrD,] for the reactions of 3ph,Tz* with (a) AcrH, (O) and (b) AcrD, (@), the reactions of 3(CIPh),Tz* with
(c) AcrH, () and (d) AcrD, (M), and (e) the reactions of >Py,Tz* with AcrH, (v7) and AcrD, (W) in deaerated MeCN at 298 K72
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hydride transfer pathway in the Sc3*-promoted hydride transfer
from AcrH, to TolSQ is changed to the stepwise electron transfer
pathway by deuterium substitution of AcrH, with AcrD, and also
by decreasing temperature. The borderline between the one-step
hydride transfer and electron transfer pathways is shown as a
break in the Arrhenius plot. In this case, one-step hydride transfer
and electron transfer pathways are employed simultaneously. In
contrast to this, a one-step hydrogen transfer pathway is changed
continuously to the rate-limiting electron transfer followed by fast
proton transfer in hydrogen transfer from an NADH analogue to
the triplet excited state of tetrazine derivatives with increasing
electron-acceptor ability of tetrazine derivatives. The scope and
the applications of fine control on the mechanisms of hydride and
hydrogen transfer reactions of NADH analogues are expected to
expand much further in the future.
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