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Abstract: The rate constant (ky) of hydride transfer from an NADH analogue, 9,10-dihydro-10-methylacridine
(AcrH,), to 1-(p-tolylsulfinyl)-2,5-benzoquinone (TolSQ) increases with increasing Sc®* concentration ([Sc3*])
to reach a constant value, when all TolSQ molecules form the TolSQ—Sc3* complex. When AcrH; is replaced
by the dideuterated compound (AcrD;), however, the rate constant (kp) increases linearly with an increase
in [Sc®"] without exhibiting a saturation behavior. In such a case, the primary kinetic deuterium isotope
effect (ku/kp) decreases with increasing [Sc®']. On the other hand, the rate constant of Sc®"-promoted
electron transfer from tris(2-phenylpyridine)iridium [Ir(ppy)s] to TolSQ also increases linearly with increasing
[Sc3*] at high concentrations of Sc3* due to formation of a 1:2 complex between TolSQ*~ and Sc3*, [TolSQ*™—
(Sc®"),], which was detected by ESR. The significant difference with regard to dependence of the rate
constant of hydride transfer on [Sc®*] between AcrH, and AcrD, in comparison with that of Sc®"-promoted
electron transfer indicates that the reaction pathway is changed from one-step hydride transfer from AcrH,
to the TolSQ—Sc®* complex to Sci*-promoted electron transfer from AcrD; to the TolSQ—Sc3®* complex,
followed by proton and electron transfer. Such a change between two reaction pathways, which are employed
simultaneously, is also observed by simple changes of temperature and concentration of Sc3*.

Introduction has been a long standing ambiguity as to the mechanistic

Dihydronicotinamide adenine dinucleotide (NADH) acts as borderline in the hydride-transfer reactions of NADH and
an important source of two electrons and a proton (equivalent 2alogues (Scheme %)°
to a hydride ion) in biological redox systerhsThere is a
mechanistic dichotomy whether hydride transfer from NADH
and analogues to a hydride acceptor (A) occurs via one-step (€
hydride transfer (H) or electron transfer followed by proten _
electron transfer (e+ H* + e7) as shown in Scheme 218 fﬂv}’ﬁ?gcg( koc,‘f,,"‘;?/‘;‘ﬂg",ou Rice, ghé%y\g’g‘é&;g*ﬁ%“’el'gfi;fa“’
The mechanistic borderline between one-step and multistep(10) (a) Pestovsky, O.; Bakac, A.; Espenson, JJHAm. Chem. Sod 998
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simultaneously? Mechanisms of hydride-transfer reactions of 673.
K . . (13) Lee, 1.-S. H.; Jeoung, E. H.; Kreevoy, M. M. Am. Chem. Sod.997,
NADH analogues have so far been extensively studied in the 119, 2722.
reactions with various inorgarTlClZ and Organi@724 sub- (14) (a) Powell, M. F.; Bruice, T. CJ. Am. Chem. S0d.983 105, 1014. (b)

Chipman, D. M.; Yaniv, R.; van Eikeren, B. Am. Chem. Sod.98Q 102

strates including the effect of metal ioffs3! However, there

(1) Stryer, L.Biochemistry 3rd ed; Freeman: New York, 1988; Chapter 17.

(2) Gebicki, J.; Marcinek, A.; Zielonka, Acc. Chem. Re2004 37, 379.

(3) (a) Fukuzumi, S. IPAdvances in Electron-Transfer Chemistiyariano,
P. S., Ed.; JAI Press: Greenwich, CT, 1992; pp-&75. (b) Fukuzumi,
S.; Tanaka, T. IrPhotoinduced Electron TransfeFox, M. A., Chanon,
M., Eds.; Elsevier: Amsterdam, 1988; Part C, Chapter 10.

(4) (a) Eisner, U.; Kuthan, hem. Re. 1972 72, 1. (b) Stout, D. M.; Meyers,
A.l. Chem. Re. 1982 82, 223.
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The effects of the metal ion on the mechanistic borderline in radical anions (§) derived fromp-benzoquinones form not
the hydride-transfer reactions of NADH and analogues have only simple 1:1 complexes (Q—M"") with M"* but also more
particularly attracted interest because of the essential role ofintricate complexes with B, i.e., 1:2 complexes [Q—(M"");]
metal ions in the redox reactions of nicotinamide coenzymes as shown in Scheme 2&32In such a case, the rate constants

in the native enzymatic systetn>25-31 Metal ions (M'") acting

of M"-promoted electron-transfer reactions increase with

as a Lewis acid are known to promote hydride-transfer reactionsincreasing M concentration ([N*]), exhibiting a second-order

of NADH analogue® 3! as well as electron transfer from
electron donors (D) to electron acceptors, suchpdmenzo-

dependence on [M] at high concentrations due to formation
of the 1:2 complexes [Q—(M""),] (Scheme 2a3%32Virtually

quinones (Q), which have been commonly used in the hydride- the same second-order dependence is observeftipMdmoted
transfer and electron-transfer reactions of NADH analogues, hydride-transfer reactions of NADH analogues, such as 1-ben-

where M bind to the product radical anigf- 4! Semiquinone

(21) Fukuzumi, S.; Ohkubo, K.; Tokuda, Y.; Suenobu,JTAm. Chem. Soc.
200Q 122 4286.

(22) (a) Fukuzumi, S.; Ishikawa, M.; Tanaka, J.Chem. Soc., Perkin Trans.
21989 1037. (b) Fukuzumi, S.; Mochizuki, S.; Tanaka,JT Am. Chem.
Soc.1989 111, 1497. (c) Fukuzumi, S.; Kitano, T.; Ishikawa, M. Am.
Chem. Soc199Q 112 5631.
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A. K.; Plank, P.; Bergsma, J. P.; Lahti, R.; Quesnel, A. A.; Parsons, A. G.
Can. J. Chem1984 62, 1780.

(24) (a) Coleman, C. A.; Rose, J. G.; Murray, CJJAm. Chem. Sod.992
114, 9755. (b) Murray, C. J.; Webb, T. Am. Chem. So4991, 113, 7426.

(25) (a) Sund, HPyridine-Nucleotide Dependent Dehydrogenadélter de
Gruyer: West Berlin, 1977. (b) Kellog, R. Mlop. Curr. Chem1982
101, 111. (c) Bunting, J. WBioorg. Chem1991, 19, 456. (d) He, G.-X;
Blasko, A.; Bruice, T. CBioorg. Chem.1993 21, 423. (e) Ohno, AJ.
Phys. Org. Chem1995 8, 567.

(26) (a) Sigman, D. S.; Hajdu, J.; Creighton, D. J.Bimorganic Chemistry
van Tamelen, E. E., Ed.; Academic Press: New York, 1978; Vol. IV, p
385. (b) Gase, R. A,; Pandit, U. K. Am. Chem. Sod.979 101, 7059.

(27) Fukuzumi, S.; Koumitsu, S.; Hironaka, K.; TanakaJTAm. Chem. Soc
1987 109 305.

(28) (a) Ishikawa, M.; Fukuzumi, S. Chem. Soc., Faraday Trank99Q 86,
3531. (b) Fukuzumi, S.; Nishizawa, N.; Tanaka, JT Chem. Soc., Perkin
Trans. 21985 371.

(29) (a) Fukuzumi, S.; Ohkubo, K.; Okamoto, J.Am. Chem. So€002 124,
14147. (b) Fukuzumi, S.; Fujii, Y.; Suenobu, I.Am. Chem. So2001,
123 10191.

(30) Fukuzumi, S.; Yuasa, J.; SuenobuJTAm. Chem. So@002 124, 12566.

(31) Reichenbach-Klinke, R.; Kruppa, M.;"Ki, B. J. Am. Chem. So2002
124,12999.

(32) (a) Fukuzumi, SBull. Chem. Soc. Jprl997, 70, 1. (b) Fukuzumi, S. In
Electron Transfer in ChemistrBalzani, V., Ed.; Wiley-VCH: Weinheim,
2001; Vol. 4, pp 3-67. (c) Fukuzumi, SBull. Chem. Soc. Jpr200§ 79,
177.

(33) Fukuzumi, S.; Yuasa, J.; Satoh, N.; Suenobu]. Am. Chem. So2004
126, 7585.

(34) (a) Fukuzumi, S.; Itoh, S. IAdvances in PhotochemistriNeckers, D. C.,
Volman, D. H., von Bmau, G., Eds.; Wiley: New York, 1998; Vol. 25,
pp 107172. (b) Fukuzumi, SOrg. Biomol. Chem2003 1, 609.

(35) Yuasa, J.; Suenobu, T.; Ohkubo, K.; FukuzumiC8em. Commur2003
1070.

zyl-1,4-dihydronicotinamide (BNAH), when the hydride-transfer
reactions proceed via an electron-transfer pathway, which is
promoted by the formation of 1:2 complexes*{@(M"");]
(Scheme 2b§2:321n contrast to the case of an electron-transfer
pathway, a one-step hydride-transfer pathway is not promoted
by M, because NI* has generally no interaction with €32

If a hydride acceptor (A) has a metal ion-binding site, the
complex formation of A with M* (A—M"*), which results in
enhancement of both electrophilicity and electron-acceptor
ability of A, would provide a delicate balance between the two
reaction pathway® However, the mechanistic borderline
between the two reaction pathways ifffivpromoted hydride-
transfer reactions of NADH analogues has yet to be clarified,
despite the important role of NADH in biological redox systems.

(36) (a) Yuasa, J.; Suenobu, T.; Fukuzumi,JSAm. Chem. SoQ003 125,
12090. (b) Yuasa, J.; Suenobu, T.; FukuzumiC8emPhysCher200§ 7,
942.

(37) (a) Itoh, S.; Kawakami, H.; Fukuzumi, $. Am. Chem. Sod.998 120,
7271. (b) Itoh, S.; Kawakami, H.; Fukuzumi, &.Am. Chem. S0d.997,
119 439. (c) ltoh, S.; Kawakami, H.; Fukuzumi, Biochemistry1998
37, 6562.

(38) (a) Fukuzumi, S.; Okamoto, T.; Otera,JJ.Am. Chem. Sod.994 116,
5503. (b) Fukuzumi, S.; Okamoto, J.Am. Chem. S04993 115, 11600.

(39) Okamoto, K.; Imahori, H.; Fukuzumi, S. Am. Chem. SoQ003 125,
7014

(40) The example of metal ion complexes @semiquinone radical anions;
see: (a) Ernst, S.; Hieel, P.; Jordanov, J.; Kaim, W.; Kasack, V.; Roth, E.

J. Am Chem Soc 1989 111, 1733. (b) Rall, J.; Wanner, M.; Albrecht,

M.; Hornung, F. M.; Kaim, W.Chem—Eur. J. 1999 5, 2802. (c)
Schwederski, B.; Kasack, V.; Kaim, W.; Roth, E.; JordanovAdgew.
Chem., Int. Ed. Engl199Q 29, 78.

Contact and separated ion pairs of alkali-metal salts of a nitrobenzene radical
anion have been isolated and characterized by X-ray crystallography; see:
(a) LU, J.-M.; Rosokha, S. V.; Lindeman, S. V.; Neretin, I. S.; Kochi, J. K.

J. Am. Chem. So005 127, 1797. (b) Davlieva, M. G.; LuJ.-M;
Lindeman, S. V.; Kochi, J. KJ. Am. Chem. So@004 126, 4557.

(41)
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Scheme 2
(a) M™-Promoted Electron Transfer
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In this paper, we demonstrate the delicate balance betweerfrom ethanol® Synthesis of dideuterated 9,10-dihydro-10-methylacri-
one-step hydride-transfer and electron-transfer pathways in adine (AcrD;) was described previousty Tris(2-phenylpyridine)iridium

scandium ion (St)-promoted hydride-transfer reaction of an
NADH analogue, 9,10-dihydro-10-methylacridine (AgjHis
changed by deuterium substitution of Aerbly AcrD, and also
by simple changes of temperature and'Smncentratiort> We
have introduced a metal ion-binding site iggdenzoquinone
to employ 1-p-tolylsulfinyl)-2,5-benzoquinone (TolSQ) as a
hydride acceptor. St, which is one of the strongest Lewis acids
among metal ion& can form a complex with TolSQ, and this
is the reason we chose Bcto increase both electron- and
hydride-acceptor abilities of TolS¢.The TolSQ-Sc™ com-
plex is a common reactive intermediate in boti¥'Spromoted
hydride transfer from Acrkl to TolSQ and St'-promoted
electron transfer from tris(2-phenylpyridine)iridium [Ir(pgl*

to TolSQ. The direct ESR detection of Sccomplexes of a
semiquinone radical anion (Tol$Q, combined with the kinetic
analysis of S¢"-promoted electron-transfer and hydride-transfer

[Ir(ppy)s] was prepared according to the literaté¥&Scandium triflate
[Sc(OTf)] (99%) was purchased from Pacific Metals Co., Ltd.
(Taiheiyo Kinzoku). 10,18Dimethyl-9,9-biacridine [(AcrH}] was
prepared by the one-electron reduction of 10-methylacridinium per-
chlorate by hexamethylditiff2 Acetonitrile (MeCN) used as a solvent
was purified and dried according to the standard procedure.
[?Hs]Acetonitrile (CD;CN) was obtained from EURI SO-TOP, CEA,
France. fH;]Water (D,O) was purchased from Cambridge Isotope
Laboratories. Tetra-butylammonium perchlorate (TBAP) was pur-
chased from Fluka Chemical Co., twice recrystallized from absolute
ethanol, and dried in a vacuum at 46 prior to use.

Reaction Procedures and AnalysisTypically, AcrH; (2.8 x 1072
M) was added to an NMR tube that contained #iyJacetonitrile (CQ-
CN) solution (0.6 mL) of TolSQ (1.0< 1072 M) in the presence of
Sc* (3.0 x 102 M) under an atmospheric pressure of argon. Then
the solution was deaerated with argon gas for 5 min, and the NMR
tube was sealed with a rubber septum. The reaction was complete in 1
min under these conditions. The product of the hydride reduction of

reactions, provides valuable insight into the mechanistic bor- TolSQ, 1-p-tolylsulfinyl)-2,5-benzohydroquinone (TolSQH was
derline between one-step hydride-transfer and electron-transferidentified by comparing theH NMR spectra with those in the

pathways as well as the mechanistic changeover in3i-Sc
promoted hydride-transfer reaction of an NADH analogue for
the first time.

Experimental Section

Materials. 1-(p-Tolylsulfinyl)-2,5-benzoquinone (TolSQ) was pre-
pared according to the literatute.9,10-Dihydro-10-methylacridine
(AcrH) was synthesized by the reduction of 10-methylacridinium iodide
(AcrH*17) with NaBH, in methanol and purified by recrystallization

(42) We have previously demonstrated that an electrophilicity of the carbonyl
compound methyl vinyl ketone (MVK) is significantly increased by the
complex formation with a scandium ion &8¢, which enhances both the
Diels—Alder reaction of anthracenes with MVK and photoinduced electron
transfer from electron donors to MVK; see: Fukuzumi, S.; Yuasa, J.;
Miyagawa, T.; Suenobu, ©. Phys. Chem. 2005 109 3174.

(43) The formation constants of other metal ion complexes of TolSQ were not
large enough to be employed in this work.

(44) Cyclometalated Ir(lll) complexes such as Ir(ppyave been used as
outstanding phosphorescent materials for a wide variety of applications;
see: (a) Holder, E.; Langeveld, B. M. W.; Schubert, UA8v. Mater.
2005 17, 1109. (b) Wang, X.-Y.; Prabhu, R. N.; Schmehl, R. H.; Weck,
M. Macromolecule2006 39, 3140.

(45) (a) Grennberg, H.; Gogoll, A.; Bavall, J.-E.J. Org. Chem.1991, 56,
5808. (b) Carréo, M. C.; Garta Ruano, J. L.; Urbano, ATetrahedron
Lett. 1989 30, 4003.
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literatures®* The total yield of TolSQH was determined to be 99%
from the'H NMR spectra in comparison with the internal standard,
1,4-dioxane (7.1x 102 M). *H NMR measurements were performed
with a JMN-AL-300 (300 MHz) NMR spectrometer at 298 K.
TolSQH: *H NMR (300 MHz, CXCN) in the presence of St (3.0
x 1072 M):52 ¢ (ppm) 7.58 (dJ = 8.3 Hz, 2H), 7.33 (dJ = 8.3 Hz,
2H), 6.96 (dJ = 2.9 Hz, 1H), 6.80 (dd) = 2.9 Hz, 8.4 Hz, 1H), 6.71
(d, J = 8.4 Hz, 1H), 2.37 (s, 3H).

Spectral Measurements.Formation of S&" complexes of TolSQ
[TolSQ—-Sc*"] was examined from the U¥vis spectral change of

(46) Roberts, R. M. G.; Ostovic, D.; Kreevoy, M. Maraday Discuss. Chem.
Soc.1982 74, 257.

(47) Fukuzumi, S.; Tokuda, Y.; Kitano, T.; Okamoto, T.; Oteral.Am. Chem.
Soc.1993 115, 8960.

(48) Dedeian, K.; Djurovich, P. I.; Garces, F. O.; Carlson, G.; Watts, Rodg.
Chem.1991, 30, 1685.

(49) (a) Fukuzumi, S.; Kitano, T.; Mochida, K. Am. Chem. Sod.990 112
3246. (b) Fukuzumi, S.; Tokuda, Y. Phys. Chem1992 96, 8409.

(50) Armarego, W. L. F.; Perrin, D. CRurification of Laboratory Chemicals
4th ed.; Butterworth-Heinemann: Boston, 1996.

(51) (a) Garca Ruano, J. L.; Alemparte, Q. Org. Chem2004 69, 1405. (b)
Carréio, M. C.; Garéa Ruano, J. L.; Toledo, M. A.; Urbano, Aetrahedron
Lett. 1994 35, 9759. (c) Carréo, M. C.; Garta Ruano, J. L.; Lafuente,
C.; Toledo, M. A.Tetrahedron: Asymmetr{999 10, 1119.

(52) Small amount of BD [in D,O/CD;CN (1:10, v/v)] was added to the GD
CN solution of TolSQH in order to avoid the coordination of Scto
TolSQH.
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TolSQ (1.0x 10% M) at A = 343 nm in the presence of various 12

concentrations of St [(0—5.7) x 1073 M] by using a Hewlett-Packard K=(25%0.1) x10° M~

8453 diode array spectrophotometer. 15
Kinetic Measurements.Kinetic measurements were performed by T l

using a UNISOKU RSP-601 stopped-flow spectrophotometer with an

MOS-type high sensitive photodiode array. Rates of electron transfer

from Ir(ppy) (2.5 x 107° M) to TolSQ [(0-2.5) x 107 M] in the

presence of S¢ [(0—5.0) x 10°2 M] were monitored by the rise and

decay of the absorption band at 580 and 380 nm due to [Ir§ppsihd

Ir(ppy)s, respectively, in deaerated MeCN at 298 K. Rates of hydride

transfer from AcrH and AcrD; (3.0 x 10°° M) to TolSQ [(0—1.0) x

1073 M] in the presence of St [(0—5.0) x 10~* M] were monitored

by an increase in the absorption band due to a 10-methylacridinium

ion (AcrH™: Amax= 358 NM,€ max= 1.80x 10* M~ cm?) in deaerated

MeCN at 233-333 K in the dark. All kinetic measurements were carried

out under pseudo-first-order conditions where the concentrations of 0 200

TolSQ were maintained at more than 10-fold excess of the concentra-

tions of Ir(ppy} and Acrk at 298 K. Pseudo-first-order rate constants Wavelength, nm

were determined by least-squares curve fits using a personal computerFigure 1. UV —vis absorption spectra of TolSQ (1:0 10-3 M) in the
Cyclic Voltammetry. Cyclic voltammetry measurements were Presence of S¢ [(0—5.7) x 10-3 M] in MeCN at 298 K. Inset: Plot ofA

performed on a ALS 630 A electrochemical analyzer in deaerated — A0/(A» — A) vs [SE'] — o[TolSQlo, wherea. = (A — Ag)/(A. — Ad) at

(¢)

1.0

(A-A)(A,— A)

[}
3]
c
<
o
S
o
7}
o
<

0 . . .
0 1 2 3 4

10° (ISc®] - a[TolSQ]y), M

0.5 -

500 600

MeCN containing 0.1 M TBAP as a supporting electrolyte at 298 K. A =343 nm.

A conventional three-electrode cell was used with a platinum working Sc¥
electrode (surface area of 0.3 frand a platinum wire as the counter o o o "o
electrode. The Pt working electrode (BAS) was routinely polished with E\ K g\

a BAS polishing alumina suspension and rinsed with acetone before PTol | ged =—= pTol (1)
use. The measured potentials were recorded with respect to the Ag/

AgNO; (0.01 M) reference electrode. All potentials (vs AglfAgvere o] (o]

converted to values vs SCE by adding 0.283\All electrochemical TolSQ TolSQ-Sc3*

measurements were carried out under an atmospheric pressure of argon. ) )
ESR Measurements.TolSQ (1.6 x 10! M) was dissolved in 10 the complex formation between TolSQ and"Se expressed

deaerated MeCN and purged with argon for 10 min. Sc(QBR x by eq 2, whereA, and A, are absorbance due to TolSQ and
102M in 1.0 mL) was dissolved in deaerated MeCN. The TolSQ (200 absorbance due to the TolS@c* complex at 343 nm, and
ul) and Sé*" (200 uL) solutions were introduced into an ESR cell [TolSQ], denotes the initial concentration of TolSQ. The
(1.8 mm i.d.) containing (AcrH)(1.6 x 10-2M) and mixed by bubbling formation constantK) is determined as (2% 0.1) x 10® M1

with an Ar gas through a syringe with a long needle. The ESR spectra from a linear plot of & — Ag)/(A. — A) vs ([SE*] — o[TolSQ]o)
of the S&" complexes with the semiquinone radical anion of TolSQ [0 = (A — A)/(A= — AJ)]; see inset of Figure 1.

[TolSQ~—(ScE)] and [TolSQ~—(Sct),] were recorded on a JEOL

JES-RE1XE spectrometer under irradiation of a high-pressure mercury _ A — 3+
lamp (USH-1005D) focusing at the sample cell in the ESR cavity at (A= AJI(A, = A) = K{[Sc™] — ofToISQl} @)

298 K. The magnitude of modulation was chosen to optimize the . .
resolution and signal-to-nois&N) ratio of the observed spectra under Hydride transfer from an NADH analogue, 9,10-dihydro-10-

nonsaturating microwave power conditions. Thealues were cali- ~ Methylacridine (AcrH), to TolSQ is expected to be accelerated

brated using a Mit marker. Computer simulation of the ESR spectra by the complex formation of TolSQ with St In fact, hydride

was carried out by using Calleo ESR version 1.2 (Calleo Scientific transfer from AcrH to TolSQ occurs efficiently in the presence

Publisher) on a personal computer. of SA* to yield the 10-methylacridinium ion (Acrd and 1-¢-

tolylsulfinyl)-2,5-benzohydroquinone (TolSQHin deaerated

MeCN at 298 K (eq 3; for the product analysis, see Experimental
Scé*-Promoted Hydride Transfer from AcrH , to TolSQ. Section), whereas no hydride-transfer reaction has occurred in

1-(p-Tolylsulfinyl)-2,5-benzoquinone (TolSQ) forms a 1:1 the absence of St. The spectral titration of Acrkiby TolSQ

complex with the scandium ion (eq 1) as indicated by-tiNs

spectral changes of TolSQ in the presence of various concentra- "\ i E\

tions of Sc(OTf) [OTf = OSQ,CF] in acetonitrile (MeCN) at + ¢/ P aser_

298 K as shown in Figure ¥.Such an absorbance change due ,’;e 1

Results

OH ?I,
AcrH, TolSQ N Sptal ()
+
(53) Mann, C. K.; Barnes, K. KElectrochemical Reactions in Nonaqueous l ;/
SystemsMarcel Dekker: New York, 1990. oH
(54) The complex formation between TolSQ (X002 M) and Sé* was also AM"H* TolSQH
confirmed by the'H and3C NMR. *H NMR (300 MHz, CR:CN) in the or 2

absence of S¢: 6 (ppm) 7.65 (dJ = 8.1 Hz, 2H), 7.35 (dJ = 8.1 Hz,

2H), 7.24 (d,J = 2.4 Hz, 1H), 6.82 (dd) = 2.4 Hz, 10.1 Hz, 1H), 6.73 i i 1 ichi i

(@5 2701 Hz, 1), 238 (5, 3HIH NMR (300 Mz, CDCN) in the qu examined in Qrder to confirm the st0|9hlometry .|n. gq 3
presence of S¢ (6.0 x 102 M): 6 (ppm) 7.77 (dJ = 8.7 Hz, 2H), 7.52 (Figure 2). The ratio of the AcrHconcentration to the initial
(d,J= 2.2 Hz, 1H), 7.44 (dJ = 8.7 Hz, 2H), 6.92 (ddJ = 2.2 Hz, 10.1 i + i i

M2 1H), 6.82 ()= 10.1 iz, 1H), 242 (2. 3HYEC NMR (300 MHz, concentratlon of Acrhl ([AcrH ]/[AcrH 2lo) is p!otted agalnst.
CD:CN) in the absence of St 6 (ppm) 186.6, 185.2, 155.8, 144.3, 140.1,  the ratio of the TolSQ concentration to the initial concentration

138.7, 137.5, 132.9, 131.2, 127.3, 211% NMR (300 MHz, CQCN) in )
ihe presence of 86 (6.0 x 10-2M). & (ppm) 185 5, 184 1. 147.6, 147.6,  OF AcrH2 ([TOISQJ/[AcrHz]o). All AcrH> molecules are con
139.3, 137.1, 135.0, 132.4, 131.9, 129.4, 21.8. sumed by the addition of 1 equiv of TolSQ to yield 1 equiv of
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Figure 2. Absorption spectral changes observed upon addition of TolSQ
[(0—1.5) x 107* M] to a deaerated MeCN solution of AcsH1.0 x 10~*

M) in the presence of St (1.0 x 1072 M) at 298 K. Inset: Plot of the
ratio of the AcrH™ concentration to the initial concentration of Acrd.0

x 1074 M), [AcrH*]/[AcrH 3]0, vs the ratio of the TolSQ concentration to
the initial concentration of Acrb} [TolSQJ/[AcrHz]o.

—
o
—

ACrH™ (Amax= 358 NnM,emax= 1.80 x 10* M~1 cm1) as shown
in the inset of Figure 2556
Rates of hydride transfer from AcpHto TolSQ in the
presence of S¢ were determined by monitoring an increase
in the absorption band due to ActHin deaerated MeCN. The
rates obeyed pseudo-first-order kinetics in the presence of a large
excess of TolSQ and Strelative to the concentration of AcgH
(see the first-order plots in Supporting Information S1). The
observed pseudo-first-order rate constakgsg(increase pro- 0 ' L
portionally with TolSQ concentration (see Supporting Informa- 0 1 2 3
tion S2). Thus, the rate exhibits a second-order kinetics showing 10 [Sc3*], M
a first-order dependence on each reactant concentration. Figure 3. Dependence df; (red closed circle) ankb (blue closed circle)
The dependence of the observed second-order rate constarn [5053+] for hydride transfer from Acrkl(3.0 x 1075 M) and AcrD; (3.0
(ki) on [SE*] was examined for hydride transfer from ActH ¢ ;gd ('\é')) tz%’;o}lSQ in the presence of Scin deaerated MeCN at (a) 298
to TolSQ at various concentrations of3$@s shown in Figure '

3a (red closed circles). THey value increases with increasing primary kinetic deuterium isotope effedt{ko = 2.6 + 0.2)

Sc* concentration to reach a constant valkg € 1.4 x 10° irrespective of St concentration as shown in Figure 3b (red
M~1s™1). The rates of hydride transfer exhibit a large primary and blue closed circles, respectively).

kinetic deuterium isotope effeck(/kp = 5.3 + 0.1) at low
concentrations ([S¢] < 1.0 x 1072 M) when AcrH; is replaced

by the dideuterated compound (Ac)DIn contrast to the case
of AcrH,, the observed second-order rate consta)tiicreases
linearly with an increase in [St] without exhibiting a saturation
behavior at high concentrations (B8t > 1.0 x 1072 M) as
shown in Figure 3a (blue closed circles). The primary kinetic
deuterium isotope effectkg/kp) therefore decreases with
increasing [S&'] at high concentrations ([8¢] > 1.0 x 1072
M).5” The dependence of the observed second-order rate
constantsKy andkp) on [SE™] are changed drastically when
the temperature is lowered to 233 K, where b&thand kp
values increase linearly with increasing S exhibiting a

102 ky (@) and kp (@), M1 s

The remarkable change with regard to the dependence of the
rate constant of hydride transfer on St by deuterium
substitution of AcrH by AcrD,, and also by simple change of
temperature indicates a mechanistic changeover in the hydride-
transfer reaction. In such a case, a temperature dependence of
rates of the hydride-transfer reactions would provide valuable
insight into the mechanistic changeover in the hydride-transfer
reaction: one-step hydride transfer and electron transfer fol-
lowed by proton-electron transfer. Thus, we examined the
temperature dependence of rates of hydride-transfer reactions
of AcrH, and Acry in the presence of high and low concentra-
tions of Sé* (2.5 x 1071 M and 1.0x 102 M, respectivelyp?

A plot of In ky vs T~ for the hydride-transfer reaction of

(55) There is no isosbestic point in the spectral titration of Acby TolSQ AcrH in the presence of a high concentration OfHS(Q-S X

after the 1:1 ratio oéJoISQ to Acriisince the absorption band due to an  10-1 M) is shown in Figure 4a (red open circles), where there
f Tol i | ith the i ic points (2 .
g’l‘ge,fﬁqf oISQSE is overlapped with the isosbestic points (269 and o0 1y segments in the temperature range-2%8 K and

(56) Thet S_ougce (K/If acrr\ilroton in eq 3 is a small amount of water (6.5 mM) 298-333 K with clearly different slopes. In contrast, a single
contained in MeCN.

(57) Thekp values at higher concentrations ofS¢Sc*] > 0.5 M) could not
be determined because Sc(QTfyas not soluble in MeCN at higher (58) Almost all TolSQ molecules form the TolSct complex under these
concentrations. conditions.
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Figure 4. (@) Plots of Inky vs T~ for hydride transfer from Acrbi(3.0 x
107° M) to TolSQ in the presence of Sc(O%f)1.0 x 1072 M: red closed
square, 2.5< 101 M: red open circle) in deaerated MeCN. (b) Plots of In
ko vs T~1 for hydride transfer from Acrp(3.0 x 1075 M) to TolSQ in the
presence of Sc(OT) (1.0 x 1072 M: blue closed square, 2.5 10°1 M:
blue open circle) in deaerated MeCN.

linear correlation is observed betweenkm and T-* for the
hydride-transfer reaction of AcrHin the presence of a low
concentration of S¢ (1.0 x 1072 M: red closed squares in
Figure 4a). In consequence, the value in the presence of a
high concentration of S¢ (2.5 x 107t M: red open circles)
increases with increasing temperature to merge intgthalues

in the presence of a low concentration 0fS¢1.0 x 1072 M:

red closed squares). Thus, even though khevalue in the
presence of a high concentration of§¢2.5 x 1071 M: ky =

3.1 x 10* M1 s71) is 23 times larger than thie; value in the
presence of a low concentration of38¢1.0 x 102 M: ky =

1.4 x 10t M1 s71) at 233 K, theky values in the presence of
high and low concentrations of 8c(2.5 x 101 M: red open
circles and 1.0< 1072 M: closed squares, respectively) become
virtually the same in the temperature range 2983 K (see
the first-order plots at 333 and 233 K in Supporting Information
S1). In contrast with the case kf in Figure 4a, single linear
correlations are observed betweekdrand T~ for the hydride-
transfer reactions of AcrPin the presence of both low and
high concentrations of 8¢ (1.0 x 102M and 2.5x 1071 M)
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Figure 5. Absorption spectral changes observed in electron transfer from
Ir(ppy)s (5.0 x 10> M) to TolSQ (5.0x 105 M) in the presence of St

(3.0 x 10™* M) in deaerated MeCN at 298 K. Inset: Time course of
absorption changes at= 380 nm Q) and 580 nm @).

iridium [Ir(ppy)s],*® which is used as an electron donor, no
electron transfer from Ir(ppy)E°ox vs SCE= 0.71 V) to TolSQ
(E°req Vs SCE= —0.26 V) occurs in the absence of 3S¢
because the free energy change of electron transfer is largely
positive AGe; = 0.97 eV). TheE°y« value of Ir(ppy} and the
E°q value of TolSQ were determined by cyclic voltammetry
measurements (see Supporting Information S3).

Upon addition of Sc(OT§ (3.0 x 104 M) to a deaerated
MeCN solution of Ir(ppy3 (5.0 x 105> M) and TolSQ (5.0x
1075 M), however, electron transfer from Ir(ppyMmax = 380
nm) to TolSQ occurs efficiently to yield [Ir(ppy)" (Amax =
580 nm) as shown in Figure 5 (eq 4). The one-electron reduction

[o] Q
Il

N k,
Tol et
Ir(ppy)s  + pio grecres
0 TolSQ
[Ir(ppy)sl*  + TolSQ™—(Sc?), (4)

(n=1,2)

potential of TolSQ Eg) in the presence of St is shifted to

the positive direction due to the complex formation of TolSQ
with S&* according to the Nernst equation (ecPByyhereE eq

is the one-electron reduction potential of TolSQ in the absence
of S&*, andK; andK; are the formation constant of TolSG-

Sc* and TolSQ —(SA™),, respectively.

E,oq= E° o+ (2.3RTF)
log{ (1 + K,[SS* (L + K,[SS /(1 + K[SS*])} (5)

For example, the reduction potential of TolSQ is shifted to 0.70
V in the presence of 1.0 M St (see Supporting Information
S4)80

The rates obeyed pseudo-first-order kinetics in the presence
of a large excess TolSQ and®aelative to the concentration

as shown in Figure 4b (blue closed squares and open circles,Of Ir(ppy)s (see the first-order plot in Supporting Information

respectively). Such differences in the temperature dependence85 The observed pseudo-first-order rate const
of ky andkp depending on concentrations of3$gesult from ) P 3ok (

the changeover of the reaction pathways as discussed later. (59) Bard, A. J.; Faulkner, L. RElectrochemical Methods, Fundamentals and

Scandium lon-Promoted Electron Transfer from Ir(ppy) s Applications John Wile & Sons: New York, 1980.
to TolSQ. When Acrh is replaced by tris(2-phenylpyridine)-

(60) In contrast to the one-electron reduction of TolSQ, the one-electron oxidation
potential of Ir(ppy) was hardly affected by the presence of'Sc
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Figure 6. Dependence df.;on [SE*] for electron transfer from Ir(ppy)
(2.5 x 1075 M) to TolSQ in the presence of &cin deaerated MeCN at
298 K.

increases proportionally with increasing TolSQ concentration

(see Supporting Information S6). The second-order rate constant

of electron transferkg) exhibits a saturated dependence on
[Sc™] at low concentrations of S¢ ([SAt] < 1.0 x 1072 M)

as shown in Figure 6. The saturated dependenkg oh [SE]

is changed to a first-order dependence on®{at high
concentrations ([S¢] > 1.0 x 1072 M) as in the case of
the hydride-transfer reaction of Acs¥blue closed circles in
Figure 3a).

ESR Detection of the S&" Complex of TolSQ~. A Sc&*
complex of the semiquinone radical anion of TolSQ (TolSQ
should be a key intermediate in3epromoted electron transfer
from Ir(ppy)s to TolSQ as well as S¢-promoted hydride
transfer from AcrH to TolSQ. The TolS® and the S&"
complex were detected by ESR as follows.

TolS@~ was produced by photoinduced electron transfer
from the 10,10dimethyl-9,9-biacridine [(AcrH}] to TolSQ in
deaerated MeCN at 298 K (Scheme 3). The (Agrid)known
to act as an electron donor in contrast with the case of the
monomer, AcrH, which is a hydride dondf The ESR spectrum
of TolSQ~ is shown in Figure 7a together with the computer
simulation spectrum with the hyperfine coupling constahts [

a(H) = 2.00 G,a(H) = 2.20 G, anda(H) = 3.35 G] in Figure
7b.

The addition of a small amount of Sc(OT{)L.6 x 102 M)
to the (AcrH)—TolSQ system results in a drastic change in
the hyperfine pattern of TolSQdue to the complexation with
Sc&* (Scheme 3) as shown in Figure 7c. The ESR spectrum is
well reproduced by the computer simulation spectrum with the
hfcvalues ofa(2H) = 1.85, 0.69 G and superhyperfine splitting
due to one St ion [a(ScE™) = 1.69 G] (Figure 7d). The

superhyperfine splitting due to an additionafSion is observed
(Figure 7e)f? This indicates that the TolSQ-ScE* complex
is converted to a 1:2 complex with 8¢[TolSQ~—(Sc"),] at

a high concentration of St (4.6 x 101 M) as shown in
Scheme 3.

The g values of the TolSQ —(ScE), complex (2.0045) is
smaller than that of the TolSQ-Sc&* complex (2.0048) and
free TolSQ™ (2.0057). The smalleg value of the TolSQ —
(SE%), complex than that of the TolSQ-ScAt complex
(2.0048) and free TolSQ (2.0057) indicates that the spin
density on oxygen nuclei in TolSQis significantly decreased
by the binding with two St" ions.

Discussion

We wish to discuss how the mechanistic changeover, i.e.,
one-step hydride transfer (Hvs electron transfer followed by
proton—electron transfer (e+ H™ + ) in the Sé"-promoted
hydride-transfer reactions of AcgHand AcrD; with TolSQ,
results in the change in the dependenc&pindkp on [SET]
with temperature (Figure 3 and Figure 4) by comparing tfé-Sc
promoted hydride-transfer reaction with the3Spromoted
electron transfer from Ir(ppy)to TolSQ (Figure 6).

Reactive Intermediate in Sé*-Promoted Hydride Transfer
from AcrH , to TolSQ. The saturated dependencelgfof a
hydride transfer from Acrkito TolSQ (red closed circles in
Figure 3a) on [S¥] is ascribed to the 1:1 complex formation
between TolSQ and 8t (TolSQ-Sc&"). Formation of the
TolSQ-Sc™ complex is confirmed by UVvis spectral changes
of TolSQ in the presence of various concentrations of"Sc
(Figure 1). When hydride transfer from AcsHo TolSQ
proceeds via the TolS@SET complex as shown in Scheme
4 83the dependence &f; on [SE] is expressed by eq 6, which
is rewritten by a linear relation betwedq ! and [Sét]~1
(eq 7).

ky = k°yKI[SC* /(1 + K[Sc*)) (6)

ky "= {kouKISC T} ke (7)
From the slope and intercepts of the linear plotkaf! vs
[Sc3] 71 (see Supporting Information S7) are obtained khe
andK values of 1.4x 108 M~1s1and (2.3 0.1) x 1M,
respectively. TheK values derived from the St-promoted
hydride-transfer reaction of AcgH(2.3 & 0.1) x 108 M~
agrees with that determined from WWis spectral changes of
TolSQ in the presence of various concentrations of"Sc
[K = (25 % 0.1) x 10® M~ at 298 K. Such agreement
indicates that the TolSQSc* complex is indeed a reactive
intermediate in the S¢-promoted hydride transfer from AcgH

to TolSQ as shown in Scheme 4. In contrast with the case of
AcrHa, thekp value of AcrD; increases linearly with increasing

with the computer simulation spectrum (Figure 7d) indicates at 298 K, although most TolSQ molecules form the*'Sc

that TolSQ~ forms a 1:1 complex with S¢ (TolSQ~—Sc™)

in the presence of low concentrations ofS¢1.6 x 1072
M).6L.62 Upon addition of a large amount of Sc(OF{¢.6 x
1071 M) to the (AcrHL—TolSQ—-Sc" system, a drastic change
in the hyperfine pattern of TolSQ-Sc&* due to further

(61) Examples of the 1:1 complex formation between semiquinone radical anions
with metal ions; see: ref 36b.
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(62) A small amount of water was added to a deaerated MeCN solution of the
(AcrH),—TolSQ system to obtain the high-resolution hyperfine structures
of the TolSQ~—Sc** and TolSQ —(S¢t), complexes, when self-exchange
electron transfer with neutral TolSQ, which results in an increase in the
line width, is slowed; see: ref 36b.

(63) TolSQH and TolSQH may interact with St", because even TolSQ (the
oxidized form) that is less electron rich than TolSQ&hd TolSQH can
form a complex with St (Scheme 4) via a metal-ion binding site (carbonyl
oxygen or sulfinyl oxygen). However, the complex formation of TolISQH
and TolSQH with Sc* has yet to be confirmed.
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complex in the high concentration range in Figure 3a (blue
closed circles). At a lower temperature (233 K), both khe
andkp values increase linearly with increasing Scwithout
exhibiting any saturation behavior (Figure 3b), although the
formation constant of the TolSE5E" complex becomes much
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Figure 7. (a) ESR spectrum of TolSQproduced by photoinduced electron
transfer from (AcrH) (1.6 x 1072 M) to TolSQ (1.0x 1073 M) in deaerated
MeCN at 298 K and (b) the computer simulation spectrum. (c) ESR
spectrum of TolSQ —Sc* produced by photoinduced electron transfer from
(AcrH)z (1.6 x 1072 M) to TolSQ (8.0x 1072 M) in the presence of S¢

(1.6 x 102 M) and HO (2.2 M) in deaerated MeCN at 298 K and (d) the
computer simulation spectrum. (e) ESR spectrum of ToISQSEH),
produced by photoinduced electron transfer from (Agrf1)6 x 1072 M)

to TolSQ (4.6x 1072 M) in the presence of St (4.6 x 10-1 M) and H,O
(4.4 M) in deaerated MeCN at 298 K and (f) the computer simulation
spectrum.

TolSQ~-Sc3 TolSQ—(Sc?),

larger at 233 KK = (9.7 & 0.1) x 10®* M~%; see Supporting
Information S8]. Such a linear dependencekagfand kp on
[ScT] cannot be explained by one-step hydride transfer from
AcrH; and AcrD; to the TolSQ-ScEt complex in Scheme 4.

In the case of S¢-promoted electron transfer, however, the
rate of electron transfer increases linearly with increasingSc
as discussed below.

Mechanism of Sé*-Promoted Electron Transfer from
Ir(ppy) 3 to TolSQ. The saturated dependence kf; of
Sc*-promoted electron transfer from Ir(pgy)o TolSQ on
[ScT] at low concentrations of S¢ ([SE'] < 1.0 x 1072 M)
in Figure 6 indicates that the electron-transfer proceeds
via the TolSG-Sc™ complex to produce the TolSQ-Sc*™
complex®* The TolSQ —Sc" complex was detected by
ESR (Figure 7c). The first-order dependencégbn [SE1] at
high concentrations ([St] > 1.0 x 1072 M) in Figure 6
indicates that an additional 8cion is involved in the electron
transfer to produce a 1:2 complex of TolSQwith S¢S+
[TolSQ~—(Sc™),] as shown in Scheme 5. The produced
TolSQ~—(Sc), complex was also directly detected by ESR
(Figure 7e).

According to Scheme 5, the dependence&®bn [SE™] is
expressed by eq 8, which is rewritten by a linear correlation
betweenke(1 + K[SSH)/(K[Sc3']) and [SET] (eq 9),

(8)
(9)

ke = (K, + K[SC KIS (L + K[SE™])
ko1 + K[SSTDIKISET]) = k; + k[SCT]

wherek; and k; are the rate constant of electron transfer to
produce TolS@ —Sc&+ and TolSQ —(ScE),, respectively.
From the intercept and slope, tkeandk; values are determined
as (1.2 0.1) x 1B M1stand (4.5+ 0.4) x 10* M2s7],
respectively (Supporting Information S9). The dependence of
keton [SE*] can be fitted by eq 8 using tHe andk, values as
shown in Figure 6 (solid line). Such dependenckspdn [SET]

is diagnostic of St™-promoted electron-transfer reduction of
TolSQ to produce not only the 1:1 complex (TolSQSc™)

but also the 1:2 complex [TolSQ—(Sc"),]. The ko/k; ratio is

38 £ 6 Mt that corresponds to the formation constant of

(64) TheK value could not be determined actually by the dependenkg of
[Sc3t], because theke value increases linearly with increasing3Sc
concentration at high concentrations ofSc
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TolSQ~—(SAM) (Kyp) from TolSQ~—Sc*. The logK; value 3a). Such dependence ki on [SE&'] in Figure 3a is virtually

for the TolSQ™—Sc*" complex is determined as 18.1 from the the same as that observed in thé'Sgromoted electron-transfer
positive shift of theEq value (0.96 V) in the presence of 1.0 reduction of TolSQ (Figure 6). Thus, the hydride-transfer
M Sc* using eq 5 with theK value (2.5x 10° M7?) for the mechanism may be changed from one-step hydride transfer from
TolSQ-Sc" complex andK; value (38+ 6 M™Y) for the AcrH; to the TolSG-S&* complex to S&"-promoted electron
TolSQ~—(Sc*), complex®® The Ereq value in the presence of  transfer from AcrD to the TolSGQ-S&* complex as shown in

3.0 x 104 M Sc3' is estimated as 0.59 V using eq 5 wkh Scheme 6a.

K1, andK; values. In such a case, electron transfer from Ir- e dependence of the rate constant of*Swomoted
(PPY)s (Eox = 0.71 V) t0 ToISQ Ereqa = 0.59 V) is expected 10 gjaciron transferi,) from AcrD; to the TolSQ-Sc&* complex

be slightly uphill. However, the follow-up disproportionatign can be estimated from the dependenc&.pbf SS+-promoted
of the TolSQ~—Sc* complex makes the one-electron oxidation electron transfer from Ir(ppyYo the TolSQ-SE*+ complex in

of Ir(ppy)s undergo to completion (Figure 5). Thgvaluesin g 1o 6 1y taking into account the difference in fag values

Figur.e. 6 have been determineg under the pseudo-firs.'[-orderbetween AcrB(0.81 Vtand Ir(ppy} (0.71 V). If the difference

conditions such that concentrations of TolSQ and'Swe in in the free energy change of electron transfer is directly reflected

large excess”co_mpared t(.) that of Ir(ppyivhen the electron- in the ket value, theke value of AcrD» would be smaller than

transfer equmbrlqm may lie toward the products. that of Ir(ppy) by exp(0.16/RT) in which F is the Faraday
One-Step Hydride Transfer vs Electron Transfer Followed constantRis the gas constant, aif= 298 K. The exp(0.18/

by Proton—Electron Transfer. The hydride transfer from RT) value is obtained as 48i Figure 8 sﬁows the e.stimated

AcrH, to the TolSQ-Sc™ complex at 298 K may occur via "
one-step hydride transfer as indicated by the saturated depenE:I ependence d&;0f Sc**-promated electron transfer from AczD

" : o
dence ofky on [SE'] (red closed circles in Figure 3a). In to the ToISQ-Sc™ complex (dashed line), which is simply

. o +
contrast, thés value of AcrDy increases linearly with increasing ;)btal?edf by dllv'dmgtthti(et fll_alllée O;ésf prorTotebd ilsec_trrrc]) "
[Sc™] at high concentrations ([S€] > 1.0 x 1072 M) without ransfer from Ir(ppyj to the TolSQ- compiexy 4c. 1he

S . - : PR lope of the observed linear correlation betwkeand [Sé1],
exhibiting any saturation behavior (blue closed circles in Figure S .
gany ( g (9.54+ 0.1) x 1 M~2s71, agrees well with that expected from

(65) It should be noted, hg\{:vever, uncertainty of the determinaticE;egf/algg the electron-transfer reaction, (#30.1) x 10* M~?s™L. Such
in the presence of (+0.05 V) due to the instability of the indi i
complexes of TolS@ results in a relatively large errof-0.8) in terms of agreement strongly indicates that the hyd”de_ transfer from
log K; value. AcrD; to the TolSG-Sc* complex proceeds via the Se

14946 J. AM. CHEM. SOC. = VOL. 128, NO. 46, 2006



Sc lon-Promoted Hydride Transfer of NADH Analogue ARTICLES

Scheme 6. Hydride-Transfer Mechanism at 298 K
(a) One-Step Hydride Transfer

(b) Sc3*—Promoted Electron Transfer
[AcrH3*«+:H% - ToISQ-Sc3*]

TolSQ . _ s ) . s
K (AcrD,* [TolSQ™—(Sc’*),]) —— AcrD’ + TolSQD" + 2Sc°*
3+ || _gg3+ Proton Transfer
+AcrH, +Se H +ActD,

TolSQ-Sc3* +Sc3 Electron Transfer | fast

+ _
AcrH* + TolSQH™ + Sc3* AcrD* + TolSQD

promoted electron-transfer pathway (Scheme 6b) rather than thela%%e . f}%ti\%igg ?nnfﬁgi?r e(sEngé '(')'%"gcigf (Tlr%nifelrof[gTAg%rglz
one-step hydride-transfer pathway (Scheme 6a). 2.5 x 10~ M) in Deaerated MeCN '

The free energy change of electron transfer from Aci®
TolSQ is highly positive judging from thEo, value of AcrD,
(Eox Vs SCE= 0.81 VY! and theEeq value of TolSQ Ereq Vs
SCE= —0.26 V), and electron transfer from Acslfo TolSQ AcrH, 9.9+£0.2 4.3+ 0.3 (9.8+ 0.2
. . ) AcrD; 9.440.2 46+0.3
is thermodynamically unlikely to occur. In the presence &fSc
however, theEreq value is significantly shifted according to eq a Determined by the Arrhenius plots of the rate constants of the hydride-
5 (vide supra). Although the free energy change of electron trlartlsg?rlnriic‘t/ié)r_;ﬂ(iimaintté?ntiOgrgtf iééaanthgggdKfrggeg?mlmggr
transfer is still slightly positive, electron transfer is followed P2 6 1 Y8 plot of Irky v P e temgperature range 29833 K.
by proton transfer from AcrP" to the Sé" complexes of
TolSQ". If proton transfer from AcrB™ to TolSQ™ is much because of the low oxidation potential of Acr{Eox = —0.43
faster than the initial electron transfer from Acrkbd TolSQ, V)23 to yield AcrD* and TolSQD (Scheme 6b). Thus, the
the rate-determining step would be the electron transfer when o ar4| hydride-transfer reaction may also be highly exergonic.
there should be no kinetic isotope effect. In the presence of The mechanistic changeover from the one-step hydride-
Sc*, however, the basicity of TolSQis reduced significantly  ransfer to the electron-transfer pathway by the deuterium
by the complex formation with St [TolSQ~—Sc** and substitution of AcrH by AcrD; (Figure 3a) may result from a
TolSQ~—(ScE1),). In such a case, proton transfer from AgrD significant primary kinetic deuterium isotope effect in the direct
to the TolSQ™—S¢* and TolSQ —(S¢*), complexes may be  gne.step hydride transfer from AcsDo the TolSQ-SE*
slow enough to be involved in the rate-determining step. Thus, complex, when the rate constant of direct one-step hydride
the observation of a kinetic isotope effekifko = 2.5+ 0.3)  yransfer from AcrD becomes much smaller than that of the
indicates that the proton-transfer step is at least partially involved g+ promoted electron transfer from Acso the TolSQ-
in the rate-determining step when the electron-transfer step isg@+ complex.
coupled with the proton-transfer step. The subsequent electron \jechanistic Changeover by Simple Changes of Temper-
transfer from AcrD to TolSQD may be highly exergonic  ayyre and S@* Concentration. An Arrhenius plot for the St-
promoted hydride transfer from AcgHo the TolSQ-ScS*
complex in the presence of a high concentration 6f$2.5 x
101 M) in Figure 4a (red open circles) showed two distinct
regions (233-298 K and 298333 K) with different slopes,
indicating the occurrence of the mechanistic changeover. The
break in the Arrhenius plot corresponds to a temperature (298
K) to be related to the borderline between the one-step hydride-
transfer and electron-transfer pathways. The activation energies
(Ea) derived from the slopes of Arrhenius plots for the*Sc
promoted hydride transfer from AcgHand AcrD» to the
TolSQ-Sc* complex in the presence of a low concentration
of St (1.0 x 1072 M) and a high concentration of 8c(2.5
x 1071 M) are summarized in Table 1. There are two types of
E, values: one is 9.6 0.5 kcal mot for the Sé*-promoted
hydride transfer from Acrkland AcrD; to the TolSQ-Sc+
complex in the presence of a low concentration of'gd.0 x

10 [Sc**], M 1072 M), and the other is 4.5 0.5 kcal mot? for the Sé+-
Figure 8. Dependence dé (@) on [SE*] for hydride transfer from Acr promoted hydride transfer from AcgHand AcrD; to the
(3.0 x 1075 M) to TolSQ in the presence of Stin deaerated MeCN at  TolSQ-Sc*+ complex in the presence of a high concentration

298 K. The dashed line shows the second-order rate constants of electro + 1 ;
transfer from AcrD to TolSQ in the presence of Scexpected from the of S& (2.5 10" M). The higherg, value (9.6 0.5 kcal

dependence of the second-order rate constaptan [SS*] for electron mol~?) corresponds to that of the one-step hydride-transfer
transfer from Ir(ppy) to TolSQ in the presence of St pathway, and the smalleg, value (4.5+ 0.5 kcal mol?)

E;? (kcal mol™t)

NADH analogue 1.0 x 1072 MP 25x 10"t Mb

1.0

1073 kp, M1 71
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corresponds to that of the electron-transfer pathway. In the casg(TolSQ) occurs efficiently in the presence offScwhereas no

of the Sé+-promoted hydride transfer from AcpHto the hydride-transfer reaction occurs in the absence &f Sthe
TolSQ-Sc* complex in the presence of a high concentration hydride-transfer reaction of AceHoccurs via direct one-step
of SE* (2.5 x 10-1 M), the changeover of the pathways occurs hydride transfer from Acrhl to the TolSG-Sc™ complex

at 298 K from the electron transfer (23298 K) with E; = formed between TolSQ and 8cat 298 K. In such a case, the
4.5 + 0.5 kcal mot? to the one-step hydride transfer (298 ky value increases exhibiting a saturated behavior with respect
333 K) with Ey = 9.6 & 0.5 kcal mof'l. The changeover of the  to S&* concentration ([St]), when almost all TolSQ molecules
reaction pathways results from tg and A (pre-exponential form the TolSG-Sc* complex. The one-step hydride-transfer
factor) values of the one-step hydride-transfer pathway being mechanism is changed to electron transfer followed by proton
larger than those of the electron-transfer pathway. The smallerand electron transfer by deuterium substitution of Aciky
Eavalue of the electron-transfer pathway is ascribed to the strong AcrD,. The kp value increases linearly with an increase in
binding of Sé* ions in the 1:2 complex of TolSQ with Sc* [Sc3]. Similarly, the rate constant of electron transfieg)(from
[TolSQ~—(Sc™),], which results in stabilization of the transi-  the electron donor tris(2-phenylpyridine)iridium [Ir(pgly}Xo

tion state as well as the electron-transfer product. TolSQ increases linearly with increasing fSE Such a first-

The smallerA value of the electron-transfer pathway may order dependence &f; andke;on [SE] is ascribed to formation
also result from the formation of TolSQ-(Sc"), where a of a 1:2 complex between Tol3Q and Sé" [TolSQ ™ —
higher degree of organization of Scions is required as  (Sc)z], which was detected by ESR. The one-step hydride-
compared with that the 1:1 TolSE€SE+ complex involved in transfer pathway is also changed to the electron-transfer pathway
the one-step hydride-transfer pathway. with decreasing temperature due to the lafggandA values

With regard to the kinetic deuterium isotope effeli/kp), of the one-step hydride-transfer pathway than those of the
the ka/kp value of the one-step hydride-transfer pathway is electron-transfer pathway. A break is observed in the Arrhenius
nearly temperature independehi/io = 4.5+ 0.5), because  plot for the S&*-promoted hydride-transfer reaction of AgrH
the E, values of Acrk and AcrDy are virtually the same (Table  corresponding to the borderline between the one-step hydride-
1). Such a temperature independent kinetic deuterium isotopetransfer and electron-transfer pathways.
effect suggests that the transition state of the one-step hydride-
transfer pathway is nonlinear when the amplitudes of H vibration
are considerably less restricted in a bent transition state as
discussed by Kwaf In contrast with the largky/kp value for
the one-step hydride-transfer pathway, o value of the Supporting Information Available: First-order plots for
electron-transf_er path\(vay, followed by proton transler/_ Ko hydride transfer from Acrbito TolSQ in the presence of 8t
= 2.5_:1: Q.S), is S|_gn|f|<_:antly smaller, put the observation of (S1), dependence &fyson [TolSQ] (S2), cyclic voltammograms
the klnetl_c Qeuterlum isotope effect in the electron-transfer ¢ TolSQ and Ir(ppy) (S3), cyclic voltammogram of TolSQ in
pathway |nd|(+:ates that the proion transfer from AgtHto the presence of St (S4), first-order plot for St-promoted
ToISQ™—(S¢); following the SE*-promoted electron transfer  gjactron transfer from Ir(ppy)to TolSQ (S5), dependence of
is also involved in the rate-determining step (vide supra). Kobs ON [TOISQ] (S6), plot oy vs [SEH] L (S7), absorption
Summary and Conclusions spectra of TolSQ in the presence of various concentrations of

. ) S¢St (S8), plot ofke(1l + K[SST/(K[SSEH]) vs [SST] (S9).

Hydride transfer from an NADH analogue, 9,10-dihydro-10-  Thjs material is available free of charge via the Internet at

methylacridine (AcrH) to 1-(p-tolylsulfinyl)-2,5-benzoquinone http://pubs.acs.org.
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