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Abstract: The reactivity of 9-substituted 10-methyl-9,10-dihydroacridine (AcrHR) in the reactions with hydride
acceptors (A) such ap-benzoquinone derivatives and tetracyanoethylene (TCNE) in acetonitrile varies
significantly spanning a range of 16tarting from R= H to Bu' and CMeCOOMe. Comparison of the large
variation in the reactivity of the hydride transfer reaction with that of the deprotonation of the radical cation
(AcrHR'*) determined independently indicates 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. The
overall hydride transfer reaction from AcrHR to A therefore proceeds via sequential eteptaion—electron
transfer in which the initial electron transfer to give the radical ion pair (AcfHR*") is in equilibrium and

the proton transfer from AcrHR to A*~ is the rate-determining step. Charge-transfer complexes are shown
to be formed in the course of the hydride transfer reactions from AcrHRKdenzoquinone derivatives. A
negative temperature dependence was observed for the rates of hydride transfer reactions from AerHR (R
H, Me, and CHPh) to 2,3-dichloro-5,6-dicyanp-benzoquinone (DDQ) in chloroformthe lower the
temperature, the faster the rateo afford the negative activation enthalpgH*ons = —32, —4, and—13 kJ
mol~%, respectively). Such a negatived*,psvalue indicates clearly that the CT complex lies along the reaction
pathway of the hydride transfer reaction via sequential eleetppoton—electron transfer and does not enter
merely through a side reaction that is indifferent to the hydride transfer reactiom\Aihgs value increases

with increasing solvent polarity from a negative valuel@ kJ mot?) in chloroform to a positive value (13

kJ mol?) in benzonitrile as the proton-transfer rate from Acriio DDQ~ may be slower.

Introduction discussed concerning two main possibilities, i.e., concerted
hydride transfer or sequential electrgoroton—electron (equiva-
#ent to a hydride ion) transfer. Since both processes involve the
ormation of a formal positive charge in the transition state, it
has been difficult to differentiate between the mechanisms based
on the classical approach of electronic and substitution effeéts.

We have previously reported that the distinction between the

Dihydronicotinamide adenine dinucleotide (NADH) and
analogues act as the source of two electrons and a proton, thu
formally transferring a hydride ion to a suitable substfafée
mechanism of the hydride transfer has so far been extensively
studied by using NADH analogues in the reactions with various
substrated:12 In these investigations, the mechanism has been
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two mechanisms can be made by comparing the reactivities of > 0) in eq 1, i.e.—AHct > AH/*. However, it is difficult to

different types of NADH analogues which have different donor
abilities in the initial and second electron transfer in the
electronr-proton—electron sequencdaNamely, the one-electron
donor ability between 1-benzyl-1,4-dihydronicotinamide (BNAH)
and 10-methyl-9,10-dihydroacridine (AcgHis rather similar,

as compared to the large difference in the one-electron donor

ability between the corresponding radicals, i.e., BN&ad
AcrH+8 In such a case, the energetics of the initial electron
transfer is similar, while the energetics of overall hydride transfer
is quite different between the two NADH analogues. We have
shown clearly that the activation barrier is mainly determined
by the energetics of initial electron transfer rather than the
energetics of overall hydride transfer.

The mechanistic discussion is further complicated by forma-
tion of charge-transfer (CT) complexes in the course of hydride-
transfer reactions from NADH analogues pebenzoquinone
derivatives and tetracyanoethylene (TCN&)Y The CT com-

examine the kinetics in such a system, since formation of strong
CT complexes, which is prerequisite to observe negafidé,ps
values, is usually too fast to follow the reactions. Fine-tuning
of the strength of the CT complex and the reactivity seems
essential to observe the negatitel*o,s values?*25

We have previously shown that 9-substituted 10-methyl-9,10-
dihydroacridines (AcrHR) have similar one-electron donor
properties but quite different proton donor abilities in the
corresponding radical cations formed by the electron-transfer
oxidation of AcrHR with F&" and that the deprotonation rate
varies significantly depending on the substituer@®®.

In this study we have examined the change in the reactivities
of AcrHR having a variety of substituents R in the reactions
with hydride acceptors. The present study provides an excellent
opportunity to compare the reactivities of AcrHR in the hydride-
transfer reactions with those in the deprotonation of the
corresponding radical cations. By the proper choice of alkyl

plexes have been implicated as intermediates in a variety of (or phenyl) substituents in AcrHR the electron donor property
reactions between electron donors (D) and acceptors (A), eqof AcrHR and the acid property of AcrHR can be systemati-

1.18-20 However, the mechanistic involvement of CT complexes

KCT kl
D + A==(D A) = products (1)

cally varied and finely tuned to cover a wide range of subtle
molecular effects. Such fine-tuning of the electron donor and
acid properties has enabled us to observe negative activation
enthalpies for the hydride-transfer reactions of AcrHR, which

has always been questioned by an alternative mechanism inindicates unequivocally that the CT complex is a true intermedi-

which the CT complex is merely an innocent bystander in an
otherwise dead-end equilibrium, e?2The two pathways in
egs 1 and 2 are kinetically indistinguishaPA¢lowever, Kiselev

Ker? ky
(D A) ==D + A = products (2)

and Miller?® have shown that the two pathways in eqs 1 and 2

ate for the hydride-transfer reaction, lying on the reaction
pathway?8

Experimental Section

Materials. 9,10-Dihydro-10-methylacridine (Actjiwas prepared
from 10-methylacridinium iodide (AcrH ) by reduction with NaBH
in methanol and purified by recrystallization from ethaffoAcrH*1~

can be distinguishable by the temperature dependence of thevas prepared by the reaction of acridine with methyl iodide in acetone

observed second-order rate constdpiy if one can observe a

negative temperature dependence. A negative activation enthalp)f’

could only arise when the CT complex lies along the reaction
pathway (eq 1), since for such a pathwkyss = kiKct[AH¥obs

= AH;*(>0) + AHct(<0)], whereas for the other pathway (eq
2), kobs= K[ AH¥ops= AH5*(>0)]. Thus, the necessary condition
to observe a negative activation enthalpy for reactions involving
CT complexes is that the heat of formation of the CT complex
(AHct < 0) is of greater magnitude than the activation enthalpy
for the passage of the CT complex to the transition staké;{
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and was converted to the perchlorate salt (AdZHD,~) by the addition

f magnesium perchlorate to the iodide salt (AtrH and purified by
recrystallization from methané19-Alkyl (or phenyl)-9,10-dihydro-10-
methylacridine (AcrHR; R= Me, Et, CHPh, and Ph) was prepared
by the reduction of AcrHl~ with the corresponding Grignard reagents
(RMgX).?” AcrHR (R = P, Bui, CHPh, and 1-CHC;0H-) was prepared
by the photoreduction of AcrHCIO,~ with RCOOH in the presence
of NaOH in HbO-MeCN as described previousiyAcrHR (R= CH-
COOEt, CMe(H)COOEt, and CMEOOMe) was prepared by the
reduction of AcrHCIO,~ with the corresponding ketene silyl acetals
(CH,=C(OEt)OSiE$, CMe(H=C(OEt)OSiEs, and MeC=C(OMe)-
OSiMe;, respectively$! 9-Substituted 10-methylacridinium perchlorate
(AcrR*CIO,~: R = Me, Et, Pt, Bu, CHPh, and Ph) was prepared by
the reaction of 10-methylacridone in dichloromethane with the corre-
sponding Grignard reagents (RMgX) and purified by recrystallization
from ethanot-diethyl ethe? p-Benzoquinone derivatives (2,3-dichloro-
5,6-dicyanop-benzoquinone (DDQ)p-chloranil, 2,6-dichlorgg-ben-
zoquinone, and chlorp-benzoquinone) and tetracyanoethylene (TCNE)
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were obtained commercially and purified by the standard metffods. Ag™") were converted to values vs SCE by adding 0.29¢\All
Acetonitrile and benzonitrile used as a solvent were purified and dried electrochemical measurements were carried out under an atmospheric
by the standard procedute.Chloroform and 1,2-dichloroethane  pressure of argon.
(spectral grade) were obtained commercially from Wako Pure Chemi-  Theoretical Calculations. Theoretical calculations were performed
cals and used without further purification. using the MOPAC program (Ver. 6) which is incorporated in the
Reaction Procedure.Typically, AcrHR (4.0x 1072 M) and DDQ MOLMOLIS program (Ver. 2.8) by Daikin Industries, Co. Ltd. The
(6.0 x 1072 M) were added to an NMR tube that contained deaerated PM3 Hamiltonian was used for the semiempirical MO calculati@ns.
CD4CN solution (0.60 crf) under an atmospheric pressure of argon. Final geometries and energetics were obtained by optimizing the total
The oxidized products of AcrHR were identified by t&€NMR spectra molecular energy with respect to all structural variables. The heats of
by comparing with those of authentic samples. TH&NMR measure- formation (AH) were calculated with the restricted Hartreleock
ments were performed using a JNM-GSX-400 (400 MHz) NMR (RHF) formalism using a key word “PRECISE".
spectrometetH NMR (CDsCN): AcrMe™ClO,, 0 3.48 (s, 3H), 4.74
(s, 3H), 7.9-8.9 (m, 8H); AcrEtCIO,~, 0 1.52 (t, 3H J = 7.5 Hz),
3.95 (q, 2H), 4.71 (s, 3H), 7:98.9 (m, 8H); AcrPHCIO,, 6 4.83 (s,
3H), 7.5-8.6 (m, 13H); AcrCHPh"CIO,~, 6 4.79 (s, 3H), 5.35 (s,
2H), 7.5-8.9 (m, 13H); AcrCHPACIO,~, 6 4.70 (s, 3H), 5.96 (s,
1H), 7.5-8.9 (m, 18H); Acr(1-CHCyH;)*CIO,~, d 4.80 (s, 3H), 5.72
(s, 2H), 7.5-8.9 (m, 15H); AcrCHCOOQEtCIO,~, 6 1.09 (t, 3H,J =
8.0 Hz), 2.41 (g, 2HJ = 8.0 Hz), 4.76 (s, 3H), 5.02 (s, 2H), 7-B.7

Results and Discussion

Reactions of AcrHR with Hydride Acceptors. It has
previously been reported that hydride transfer reactions from
10-methyl-9,10-dihydroacridine (Acedas well as 1-benzyl-
1,4-dihydronicotinamide (BNAH) to hydride acceptors (A) such
as p-benzoquinone derivative® and tetracyanoethylene
(m, 8H). (TCNE)"38 occur efficiently (eq 1) followed by a subsequent

Spectral and Kinetic MeasurementsThe reactions of AcrHR with fast electron transfer from the reduced product (Akb A (eq
DDQ and TCNE in deaerated MeCN were monitored with a Shimadzu 2) and the disproportionation of the resulting radical (eq 3).
UV-2200, 160A spectrophotometer or a Hewlett-Packard 8453 diode
array spectrophotometer when the rates were slow enough to be

H
determined accurately. The rates were determined from appearance of A M
the absorbance due to ActRAmax= 358 nM,emax = 1.80 x 10 M~? | ' +A—> | \ + AH- (1)
cm™) or the radical anion (DDQ: Amax = 585 NM,emax = 5.6 x 10° N ,\j/
I
Me Me

M™Lem™% TCNE™: Amax= 457 NM,emax= 5.67 x 10* M~ cm1).3435 (
The kinetic measurements for faster reactions such as the reaction of
AcrH; or AcrHCH,Ph with DDQ were carried out with a Union RA-

103 stopped-flow spectrophotometer which was thermostated at 298

K under deaerated conditions. The concentration of AcrHR or a hydride
acceptor was maintained at more than 15-fold excess of the other oH-
reactant to attain pseudo-first-order conditions. Pseudo-first-order rate
constants were determined by a least-squares curve fit using an NEC
microcomputer. The first-order plots of i — A) vs time A, andA

are the final absorbance and the absorbance at the reaction time,

AcrH, AcrH*

+ A AH  + A (2)

2AH° ——= A+ AH, 3)

respectively) were linear for three or more half-lives with the correlation
coefficientp > 0.999. In each case, it was confirmed that the rate

When Acrh is replaced by 9-substituted analogues (AcrHR),

constants derived from at least five independent measurements agreegssentially the same reactions (egs3). occur to give the overall

within an experimental error a£5%.

The transient CT spectra of complexes formed between AcrHR and

p-benzoquinone derivatives with half-lives10 s were obtained by
plotting the initial rise of the absorbance against the wavelength with

such as the AcrHCHPh—chlorop-benzoquinone complex were mea-

sured with a Hewlett-Packard 8452 or a Hewlett-Packard 8453 diode

stoichiometry as given by eq 4. A typical example of the-V

HO R C i CN
a stopped flow spectrophotometer. The CT spectra of stable complexes2 | | + 3
N C CN
Me 0

array spectrophotometer. The formation constist)of the AcrHCH-
Ph—chlorop-benzoquinone complex was determined from the depen-
dence of the initial rise of the absorbancé.atc = 530 nm due to the
CT complex on the concentration of chlopebenzoquinone in MeCN

at various temperatures.

The ESR spectra of DDQ and TCNE~ formed as final products
in the reactions of AcrHR with DDQ and TCNE, respectively, were
measured with a JEOL X-band spectrometer (JES-RE1XE). The
values and the hyperfine coupling constants were calibrated witi?a Mn
marker.

Cyclic Voltammetry. Cyclic voltammetry measurements were
performed at 298 K on a BAS 100 W electrochemical analyzer in
deaerated MeCN containing 0.1 M BNCIO, (TBAP) as supporting
electrolyte. A conventional three-electrode cell was used with a platinum
working electrode (surface area of 0.3 Aimand a platinum wire as
the counter electrode. The Pt working electrode (BAS) was routinely
polished with a BAS polishing alumina suspension and rinsed with

AcrHR DDQ
H (o} OH
N Cl CN ClI CN
N ClI CN CI CN
e 0" OH
AcrR* DDQ™ DDQH,

vis spectral change in the reaction of AcrHgHh with DDQ

is shown in Figure 1. The spectral titration shown in Figure 2
where [DDQ~)/[DDQ]o is plotted against [AcrHR]/[DDQ]
confirms the stoichiometry in eq 4 where 2 equiv of AcrHR
reacts with 3 equiv of DDQ to yield 2 equiv of DDQ(67%
yield). The formation of DDQ was also confirmed by the ESR

acetone before use. The measured potentials were recorded with respe@pectrum ¢ = 2.0054), which showed the hyperfine structure

to the Ag/AgNQ (0.01 M) reference electrode. All potentials (vs Ag/

(33) Perrin, D. D.; Armarego, W. L. FPurification of Laboratory
Chemicals Butterworth-Heinemann: Oxford, 1988.

(34) lida, Y. Bull. Chem. Soc. Jprl971, 44, 1777.

(35) Webster, O. W.; Mahler, W.; Benson, R.EAm. Chem. So2962
84, 3678.

(36) Mann, C. K.; Barnes, K. KElectrochemical Reactions in Non-
aqueous SystemMlarcel Dekker: New York, 1990.
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Figure 1. Electronic absorption spectra observed in the reaction of
AcrHCH,Ph (0, 9.3x 10°%, 2.8 x 1075, 3.7 x 1075, 4.7 x 1075, 5.6

x 1075, 6.5 x 1075, and 7.5x 1075 M) with DDQ (8.3 x 1075 M) in
deaerated MeCN at 298 K.
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Figure 2. Plot of the ratio of the DD® concentration to the initial
concentration of DDQ (1.6< 104 M), [DDQ*")/[DDQ], vs the ratio
of the initial concentration of AcrHR to DDQ, and [AcrHR]/[DD@)]
for the reaction of AcrHR (R= Me (O), CH,COOEt @), 1-CH,C;cH7
(»), and CMe(H)COOEtHN)) with DDQ.

due to two equivalent nitrogenay = 0.058 mT) in agreement
with the literature valué® The same 2:3 stoichiometry was
obtained for the reaction of AcrHR with TCNE to yield TCNE
the formation of which was confirmed by the absorption
spectrum as well as the ESR spectrififb40

The rates of formation of the radical anion*(A in the

J. Am. Chem. Soc., Vol. 122, No. 18, 228®
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Figure 3. Plots of the pseudo-first-order rate constark®))(vs
[AcrHMe] (O) or [DDQ] (®) for formation of DDQ™ in the reaction
of AcrHMe with DDQ in MeCN at 298 K. Either AcrHMe or DDQ is
used in a large excess.

2.0

Table 1. Rate Constantsk§) for Deprotonation of AcrHR,
One-Electron Oxidation PotentialE%,) of AcrHR, and Rate
Constants K,ng of Hydride Transfer Reactions from AcrHR to DDQ
and TCNE in MeCN at 298 K

AcrHR, ki  E%(vs SCER Kobs M~1s7t

R= s Y, DDQ TCNE
H 6.4 0.81 15<10°  1.0x 1
Me 11 0.84 11x 106 7.0
Ph 4.1 0.88 6.5 100 7.9x 107!
Et 0.49 0.84 4.0¢10° 3.0
CH.Ph 0.17 0.84 11x 10¢ 5.4x 10
CH:CiH7 c 0.85 6.9x 10°  3.3x 10
CH.COOEt ¢ 0.89 6.9x 10° 2.3x 10
CHPh, c 0.84 53x 1 1.5x 102
Pi c 0.84 45x 10  7.0x 10
CMe(H)COOEt ¢ 0.92 20x10  3.4x 107
B c 0.86 13x 101 <5x 10°5
CMeCOOMe ¢ 0.92 13x 10t <1x 10

aTaken from ref 27° The deprotonation rate constant separated from
the rate constant for the-&C bond cleavage of AcrHCiPh; see ref
43.°Too small to be separated from the rate constant for theC
bond cleavage of AcrHR accurately.

plot of k® vs [A] gives the rate constankdpy of the hydride

transfer from AcrHR to A (eq 5), and the slope k) vs
[AcrHR] gives (3/2kqps (€q 6).

(5)
(6)

KY = kpdAl

k® = (3/2)k,,JAcrHR]

presence of a large excess of AcrHR or the hydride acceptor

(A) obeyed the pseudo-first-order kinetitsThe value of the
pseudo-first-order rate constar) in an excess of AcrHR
(eq 5) is 1.5-fold larger than théY value in an excess of A at

the same concentration (eq 6). A typical example is shown in

Figure 3, where th&® values are plotted against [AcrHMe] or

[DDQ]. This agrees with the stoichiometry in eq 4 used in excess

for the reaction of AcrHMe with DDQ. Thus, the slope of the

(39) (a) Gordon, D.; Hove, M. Jl. Chem. Phys1973 59, 3419. (b)
Corvaja, C.; Pasimeni, L.; Brustalon, NCchem. Phys1976 14, 177. (c)
Grampp, G.; Landgraf, S.; Rasmussen, JKChem. Soc., Perkin Trans. 2
1999 1897.

(40) Phillips, W. D.; Powell, J. C.; Weissman, SJI.Chem. Physl960
33, 626.

(41) It was confirmed that the rates were not affected by the room light.

The kops values for the reactions of a series of AcrHR with
hydride acceptors (DDQ and TCNE) are listed in Table 1. The
kobs Values for the reactions of AcrHR with DDQ vary
significantly depending on the substituent R in AcrHR. The
magnitude spans a range of’ Hlarting from R= H to But and
CMe,COOMe. Similar change in the reactivity with R is
observed for the reactions of AcrHR with TCNE (Table 1). Such
a significant decrease in the reactivity by the introduction of a
substituent at the C-9 position can hardly be reconciled by a
concerted hydride transfer mechanism. The alkyl or phenyl
group at the C-9 position is known to be in a boat axial
conformation, and thereby the hydrogen at the C-9 position is
located at the equatorial position, where steric hindrance due
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Scheme 1

CHCleavage
+ H*
H_ R ’]‘
Me AcrR’
'+| \ 2.0
C-C Cleavage .
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6.0}

4.0} o

CH,Ph CH,COOEt

log (Kobss M~'s™")

l +
Me AcrH 20 . .

-1.0 -0.5 0 0.5 1.0
to the axial substituent is minimized in the hydride transfer log (kg, s7)
reactions. Moreover, the introduction of an electron-donating
substituent such as R But would activate the release of a @

negatively charged hydride ion if the concerted hydride transfer
should take place. The remarkable decrease in the reactivity
with the increasing electron-donor ability of R (Table 1) rather
indicates that the reactivity is determined by the process in which
a positive charge is released.

Comparison of the Reactivities in Hydride Transfer
Reactions of AcrHR and Deprotonation of AcrHR*". We
have previously succeeded in detecting transient absorption and
ESR spectra of AcrHR produced by the electron-transfer
oxidation of AcrHR with [Fe(phenr)®" (phen= 1,10-phenan-
throline)?” It has been found based on the product analysis that
there are two pathways for the decay of AcrfiRone is the
C(9)—H bond cleavage (deprotonation) to give Aced H, . ; ‘
and the other is the C(9)C bond cleavage to give AcrHand -15 -10 '5_, 1 0
R* as shown in Scheme?1:#*?In the case of R= H, Me, Et, log (kaK’et, M~'s™")
Ph, and CHCOOEt, the C(9)H bond is cleaved exclusively  Figure 4. (a) Plots ofkess for the reaction of AcrHR with DDQQ)
to yield only AcrR".27 In such a case the decay rate constant of and TCNE ®) vsk, for deprotonation of AcrHR in MeCN at 298 K.
AcrHR*+ corresponds to the deprotonation rate constet ( (b) Plots ofkqps for the reaction of AcrHR with DDQ®) and TCNE
Theky values thus determined from the decay of AcriH&re (®) vs koK%t
also listed in Table 1. In contrast, the C{3} bond of AcrHR* Scheme 2
is cleaved selectively in the case ofRBu! and CMeCOOMe
when the deprotonation rates were too slow to be deter-
mined?”42n the case of R= CH,Ph, 1-CHCyoH7, CMe(H)-
COOEt, Pt and CHPh, both the G-H and G-C bonds of
AcrHR'* are cleaved to yield two types of products shown in fast
Scheme 27 In this case the decay rate constant of ActHR (Ach’ AH') — ActR* + AH™
includes the rate constants of two pathways. In the case=of R
CHPh, the deprotonation rate constakyj Could be separated  electron transfer from AcrHR to A, followed by proton transfer
from the rate constant of the-€C bond cleavage based on the  from AcrHR"* to A*~ in the radical ion pair and the subsequent
reaction of AcrHCHPh* with a base? The ky value of electron transfer from AcrRo AH*, and that the proton-transfer
AcrHCH,Pht* is also listed in Table 1. step may be involved as a rate-determining 4fepuch a

The logkebs values of the hydride transfer from AcrHR to a  sequential electronproton—electron transfer leads to the overall
hydride acceptor (A: DDQ or TCNE in eq 4) are plotted against hydride transfer to yield AcrRand AH™ (Scheme 2).
the logkq values of the deprotonation of AcrMRin Figure Since the one-electron reduction potential of DOEYd4(vs
4a, where a reasonably good linear correlation between themsCE)= 0.51 V) or TCNE E%e(vs SCE)= 0.22 VY5 is less
is observed except for R Ph and CHCOOEt. Such alinear  positive than the one-electron oxidation potential of examined
correlation indicates that the hydride transfer proceeds via AcrHR (E%y(vs SCE)= 0.81-0.92 V in Table 146the back

electron transfer from & to AcrHR* may be much faster than

eleﬁfg&lfnigé?tgdgggg o(f:lz{;l:\r/g%?hzg al;“scor%?egn ?:F?(;errtgtje:dAz%et,hi.; the proton transfer from AcrHR to A*~ (k, > ky in Scheme
Fraoua, S.; Moiroux, J.; Saaat, J.-M.J. Am. Chem. So¢996 118, 3938. 1). In such a case, the observed rate constag) 6f the overall

(43) Theky value of AcrHCHPh* was determined from thie value of hydride transfer is given by eq 9, whekg; = kefks, provided

AcrHMe*" and the ratio of the observed second-order rate constant for the . . .
proton transfer from AcrHCEPH" to 3,5-dichloropyridine to that from  that an electron transfer from Acri AH* in the final step in

log (kops, M~'s™)

o (AcrHR™ A™) o

AcrHR + A

Ky

AcrHMe'*; see ref 27. Theky values of AcrHR" in which the C(9)-C Scheme 1 is much faster than the proton transfer from A¢tHR
bond is cleaved exclusively have not been determined accurately. to A
(44) The proton transfer cannot precede the initial electron transfer from
AcrHR to DDQ, since no deprotonation of AcrHR occurs in the presence ko — ka (9)
bs et

of pyridine which is a much stronger base than DDQ.

45) Fukuzumi, S.; Tokuda, Yd. Phys. Chem1992 96, 8409. .
§463 Hapiot, P.; Moiroux, J.; Séﬂﬂz J-M.J. Am.Z Chem. Sod99Q The fast electron transfer from Acritb AH* is well supported

112, 1337. by the highly negative one-electron oxidation potential of AcrH
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Figure 5. Cyclic voltammograms of (a) AcrPrCIO,~ (1.0 x 1073
M) and (b) AcrCHPh™CIO;~ (1.0 x 1073 M) in deaerated MeCN

containing TBAP (0.10 M) with a Pt electrode at 298 K; sweep rate
50 mV st

-0.2

Table 2. One-Electron Reduction PotentiaEl¢y of AcrR™CIO,~
Determined by the Cyclic Voltammograms in MeCN at 298 K and
the Sweep Rates

AcrR", E%dVvs SCE), sweep rate,
= Y, Vst

H —0.46 15000

PhCH —0.50 0.05

Ph —0.55 0.05

Et —0.57 1

But —0.59 1

P -0.63 0.05

aTaken from ref 46.

(E%x = —0.46 V) which is much more negative than the one-
electron reduction potential of AEPe(vs SCE)= 0.51 and
0.22 V for DDQ and TCNE, respectively), and thé&Sg4values
are even less positive than the reduction potential of the
protonated form of the radical anion (AX#7 The E%y values
of 9-substituted 10-methylacridinyl radicals (AcrRR = Ph,
Et, CH,Ph, Pi, and BU) are readily determined from the cyclic
voltammograms of AcrR, since AcrR is much more stable
than AcrH (R = H). The typical cyclic voltammograms are
shown in Figure 5 and thE%, values of AcrR are listed in
Table 2. TheE% value of AcrR is more negative than the
value of AcrH. Thus, electron transfer from AcrRo AH* is
highly exergonic irrespective of the type of R (e.4G%: <
—97 kJ mot for the AcrCHPhlt—DDQH" system). On the other
hand, the proton transfer from Acstt to DDQ~ is known to
be endergonic (27 kJ mol).6 The K, value of AcrHBU*"
may be slightly larger than thekp value of Acrb**, since the
difference in the calculated heat of formation between AérBu
and AcrHBU*" is slightly (2.3 kJ mot?) larger than that
between Acridand Acrb+.48 Thus, the proton transfer from
AcrHR'* to A*~ should be rate determining as compared to fast
electron transfer from AcrRo AH* as shown in Scheme 2.
According to eq 9, deviation from linear correlations between
log kons @and logky may be ascribed to the difference in kg
value, since the proton-transfer rate constégtifi Scheme 2
may be in parallel with the deprotonation rate constégtit
Scheme 1. The equilibrium constant for electron transfer from
AcrHR to A (K% to produce free AcrHR and A~ can be

(47) Rich, P. R.; Bendall, D. Biochim. Biophys. Acta98Q 592, 506.
(48) The heats of formation of AcrRand AcrHR™ (R = H and BU)
were calculated by the PM3 method.

J. Am. Chem. Soc., Vol. 122, No. 18, 228D

obtained from theE%y value of AcrHR and thé&eq value of
A by eq 10. When the difference in tH&%; values for the

Koet = EXD[—F(EOOX - EOred)/RT.l (10)
AcrHR—DDQ and AcrHR-TCNE systems is included in the
plots between logkss and log kg, the two separate linear
correlations and deviation from the linear lines in Figure 4a
are remarkably merged into a single line with a slope of unity
as shown in Figure 4b where the ldg,s values are plotted
against the lodKC%; values? Thus, it can be concluded that
the overall hydride transfer from AcrHR to A proceeds via
sequential electrerproton—electron transfer in which the initial
electron transfer to produce the radical ion pair is in equilibrium
and the proton transfer from AcrMRto A*~ is the rate-
determining step (Scheme 2). The observed primary kinetic
isotope effectsky/kp) of the overall hydride transfer from AcgH
and the 9,9dideuterated compound (Acspto p-benzoquinone
derivatives (Q¥° can be attributed to those of the proton-transfer
step from Acrb*™ and AcrD* to @, since the variation of
ku/kp with p-benzoquinone derivatives has been well correlated
with the difference in the Ig, values between Acryt™ and QH
(ApKjy) and the maximum valuek/kp = 10.4) is obtained at
ApKa = 050

It should be noted that *A is formed as a final product by
the subsequent fast reaction of Ahvith A (eq 2) and the
disproportionation reaction of AH(eq 3) after the overall
hydride transfer reaction (eq 1). Such fast reactions following
the hydride transfer to produceAhave precluded the detection
of A*~ in the course of the hydride-transfer reaction. Conversely
the detection of radical ions in hydride-transfer reactions does
not necessarily mean the involvement of an electron-transfer
step in the hydride-transfer reactions.

CT Complex Formed between AcrHR and p-Benzo-
quinone Derivatives.Although there is an excellent single linear
correlation between lokspsand logkgK%%;, thekopsvalues, which
correspond to thkKe; values in eq 9, are 2@imes larger than
the correspondingqKC; values (Figure 4). The reason for such
a huge difference in the absolute values may be 2-fold. First,
the rate constant of proton transfer from AcrfiRo A*~ (k)
may be much larger than the spontaneous deprotonation rate
constant of AcrHR" (kg), since A~ acts as a base. This may
be the reason why the proton transfer from Acrti8uo A*~
preceded the cleavage of the C{®) bond of AcrHBU**
leading to the overall hydride transfer reaction (eq 4). Second,
the K¢t value for the radical ion pair formation in Scheme 2
may also be larger than th€%, value for formation of free
radical ions (AcrHR™ and A~), since there may be a significant
Coulombic interaction between AcriiRand A~ in the radical
ion pair®

Formation of a radical ion pair is usually preceded by
formation of a charge-transfer (CT) complex between an electron
donor and acceptdf 2251 The observation of CT complexes
is difficult in fast reactions such as hydride transfer from AcrH
to DDQ because of the instability of the CT complex. When

(49) Thekops values are about 1®times larger than the corresponding
kqKC%; values (Figure 4b). Such a large difference may originate from the
much larger rate constant of proton transfer from AcrHf® a strong base
(A*") than the spontaneous deprotonation rate con&abmbined with
the largerKet value for the radical ion pair formation, in which the large
work term is included,than thek%; value for the free radical ion formation.

(50) Ishikawa, M.; Fukuzumi, S1. Chem. Soc., Faraday Trank990
86, 3531.

(51) (a) Fukuzumi, S.; Kochi, J. Kl. Am. Chem. S0d.98Q 102, 7290.
(b) Fukuzumi, S.; Wong, C. L.; Kochi, J. K. Am. Chem. S0d98Q 102,
2928. (¢) Fukuzumi, S.; Kochi, J. K. Am. Chem. S0d.982 104, 7599.
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Figure 6. Electron?c absorption spectra_of CT complexes of (a) AcrH Figure 7. Plot of CT transition energiesh¢cr) of AcrHR—Q
(5.9 x 102 M) with chloro-benzoquinone (6.0« 102 M), (b) complexes @) and other known CT complexes of @) vs E% —
AcrHCH,Ph (1.2x 1072 M) with chloro-p-benzoquinone (6.& 102 E%q The hwer and E%y — EVq values are given in the Supporting

M), (c) AcrHCH,Ph (1.2x 102 M) with 2,6-dichlorop-benzoquinone Information.

(6.0 x 1072 M), (d) AcrH, (5.9 x 1072 M) with p-chloranil (1.0 x

1072 M), (e) AcrHBU (6.0 x 1072 M) with p-chloranil (1.0x 10_‘2 the free energy change of electron transf@%%/F = E%, —

M), and (f) AcrHBU (6.0 x 10°° M) with DDQ (1.0 x 1072 M) in E%q The hvmax values of the examined AcrHRp-benzo-
MeCN at 298 K. quinone derivative complexes are consistent with those of other
known CT complexes in the correlation withG%%/F values
(Figure 7). Thus, the observed CT complexes in the course of
hydride-transfer reactions from AcrHR tp-benzoquinone
derivatives (Q) are classified as dor@cceptor complexes of

a quite general kind as shown in eq 11.

DDQ is replaced by a weaker electron acceptor such as chloro-
p-benzoquinone, a new broad absorption band, which is
characteristic of an intermolecular CT transition, is readily
observed upon mixing an MeCN solution of Acriith that

of chlorop-benzoquinone as shown in Figure 6a. When AcrH

is replaced by AcrHCEPh, a broad absorption band with the Ker W o
same absorption maximuni{ax= 540 nm) is observed (Figure AcrHR + Q== (AcrHR Q)—— (AcrHR™ Q") (11)
6b). Thelnax values are shifted to longer wavelengths when )
chiorop-benzoquinone is replaced by 2,6-dichlgrdenzo- The formation constanKcr of the CT complex formed

quinone ancb-chloranil which are stronger electron acceptors Petween AcrHCHPh and chlorg-benzoguinone (CIQ) in
than chlorop-benzoquinone as shown in Figure 6, lines ¢ and MeCN was determined from an increase in the CT absorbance

d, respectively. A stopped-flow technique was used for the (A) @t4maxWith an increase in the quinone concentration [Q]
detection of an unstable CT complex formed between AcrbiCH ~ according to the BenesHildebrand equation (eq 12jwhere
Ph andp-chloranil (see the Experimental Section). The CT €S thg extinction coefficient. ThKcr values were determined
complex is significantly stabilized when AcrHBis employed ~ at various temperatures. From the plot oKigr vs T~* shown
as an electron donor which has the least reactivity toward
hydride acceptors (Table 1). Thus, the CT spectra of AcfHBuU
p-chloranil and AcrHB&-DDQ complexes are readily observed
as shown in Figure 6, lines e and f, respectivi@ly.

The CT transition energie$n(may observed in Figure 6 are
compared with those of other known CT complexes formed
between a variety of electron donors apebenzoquinone
derivatived618:53in Figure 7 where théwmax values are plotted
against the difference between the one-electron oxidation
potentials of electron dondf$*55and the one-electron reduction
potential of p-benzoquinone derivativéswhich is related to

A= eKJACTHR][CIQI(L + KICIQ])  (12)

in Figure 8 is determined the heat of formation of the CT
complex AHct = —29 kJ mot?).

Negative Temperature Dependence of the Rates of Hy-
dride Transfer. The decay of the transient CT band observed
in the course of the hydride transfer from Aerté p-chloranil
in Figure 6d coincides completely with the rise of the absorption
band due to the product (see the Supporting Information).
However, such a coincidence does not necessarily mean that
the CT complex is an intermediate for the hydride transfer

(52) The examined concentration of AcrH§6.0 x 103 M) was smaller reaction as discussed in the Introduction. Whether the observed
than the AcrH concentration (5.% 102 M) because of the lower solubility CT complex is a real intermediate for the hydride transfer

of AcrHBU,, when the CT absorbances of the AcrHHpechloranil and . . . .
AcrHBU-DDQ complexes in Figure 6, lines e and f, respectively, are smaller réaction or a merely innocent bystander in an otherwise dead-

than that of the Acrb—p-chloranil complex (Figure 6d). end equilibrium could only be distinguishable by the temperature
(53) (a) Foster, R.; Thomson, T.Trans. Faraday Socl962 58, 860. i ;
(b) Zweig, A: Lancaster. J. E- Neglia, M. T.: Jura, W. H.Am, Chem. dependence dof thz rate if one can observe the negative
Soc 1964 86, 4130, temperature dependence. . .
(54) Fukuzumi, S.; Hironaka, K.; Nishizawa, N.; TanakaBiill. Chem. The kops values for the hydride transfer reaction from
Soc. Jpn1983 56, 2220. AcrHCH,Ph to DDQ in different solvents were determined at

Noﬁ:géggu'\s/'asng's'teiﬁ};jcgaggii’ef' NKeﬂegtg?lfhfg“;ga'(gegggonEs T various temperatures and they are listed in Table 3. From the

Nelsonm, R. F.; Fritsch, J. M.; Marcoux, L. S.; Leedy, D. W.; Adams, R. Arrhenius plOtS shown in Figure 9 are obtained the activation

N. J. Am. Chem. Socl966 84, 3498. (c) Bock, C. R.; Connor, J. A.;  enthalpies AH%g, and the activation entropieAS o9 as also
Gutierrez, A. R.; Meyer, T. J.; Whitten, D. G.; Sullivan, B. P.; Nagle, J. K.
J. Am. Chem. Sod 979 101, 4815. (56) Benesi, H. A.; Hildebrand, J. H. Am. Chem. Sod949 71, 2703.
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Table 3. Rate Constants of Hydride Transfer Reaction from AcrHEiito DDQ in Various Solvents at Different Temperatures, Dielectric

Constants, and Activation Parameters

kobs M_l S_l AHtobs- AStobs-
solvent € 298 K 308 K 318 K 328 K kJ mol? JK1mol™?
CHCl; 4.8 1.3x 10° 1.1x 1P 9.8 x 10* 8.0x 10 -13 —160
CH.CICH.CI 10 5.5x 10 5.8x 10* 6.1x 10* 6.4x 10¢ 4 —110
PhCN 25 1.0x 10 1.2x 10¢ 14x 10¢ 1.7 x 10¢ 13 -89
MeCN 38 1.1x 10 1.2x 10* 1.4x 10¢ 1.4 x 10 7 —110
aThe experimental errors are withih5%.
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Figure 8. Plot of In Kcr vs T2 for the temperature dependence of 3.0 3.1 3.2 3.3 34

Kcr of the CT complex formed between AcrH@Ph and chlorgs-
benzoquinone in MeCN.
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Figure 9. Arrhenius plots okqps for the reaction of AcrHCKLPh (1.1
x 1075 M) with DDQ (2.0 x 104 M) in (a) CHCLk, (b) CH.CICH.CI,
(c) PhCN, and (d) MeCN.

listed in Table 3. Thekyps Value in CHC4, which is the least

10° 7, K™
Figure 10. Arrhenius plots ok for the reaction of AcrHR [R= (a)
H, (b) Me, (c) Et, and (d) CkPh; 1.1x 1075 M] with DDQ (2.0 x
104 M) in CHCls.

Table 4. Rate Constants of Hydride Transfer Reaction from
AcrHR to DDQ in CHC} at Different Temperatures and the
Activation Parameters

—-1lg1
AcrHR, Kops® M7 s AH¥ops  ASops
R= 298 K 308 K 318 K 328 K kJmol?! JK mol?
H b 23x 10" 1.6x 107 1.1x 10/ —-32 —-170
Me 2.0x10° 1.8x 10°F 1.8x 1Cf 1.7x 10° -4 —-100
Et 75x 1P 7.6x 10°P 7.7x 1P 7.8x 1(° 1 —95

2The experimental errors d¢6ps are within45%. ® Too fast to be
determined accurately.

The AH*o,s value of AcrHR increases in the following order:
R=H (—-32kdJmof!) <R=Me (-4 kImol) <R=Et(1
kJ mol?), as listed in Table 4.

The observed negativeH*,ps values, which should be equal
to AHct + AH¥; (Kops = kaKcT), could only arise when the CT
complex lies along the reaction pathway (vide supra, eq 1). The
AHcr values for the AcrHR-DDQ complexes may be more
negative than the observedHcr value (—29 kJ moi™) for the
AcrH, complex with chlorop-benzoquinone, which is a weaker
electron acceptor than DDQ. Thus, the heat of formation of the
CT complex AHct < 0) may be of greater magnitude than the
activation enthalpy for the passage of the CT complex to the

polar solvent among the examined solvents, is the largest. Thetransition stateAH;* > 0) in eq 1, i.e.~AHct > AH;¥ when

negativeAH¥,ps value (—13 kJ mof?) is obtained in CHG),

the AH¥ops values AH*ops = AHcT + AH¥)) become negative.

and this meanthe lower the temperature, the faster the rate of As demonstrated by a single correlation betweenkggand

hydride transfer The AH*o,sand ASFops values of other AcrHR

derivatives (R= H, Me, and Et) were also determined from
the temperature dependencelgfs The Arrhenius plots are

log(kdKCy in Figure 4b, theAH*; 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

shown in Figure 10, where a negative temperature dependenceproton transfer from AcrHR to DDQ~ in the radical ion pair

is clearly observed for the hydride transfer reaction of AcrH

in Scheme 2. Thus, the largest negatiMd* s value (—32 kJ
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mol~?) is obtained for the reaction of AcgHvith DDQ when correlated with the large variation in the deprotonation rate
both electron transfer and proton transfer are fastest amongconstant of AcrHR" combined with the small variation in the
examined AcrHR ang-benzoquinone derivatives and thei*; electron-transfer reactivity of AcrHR. On the basis of these
value is therefore minimized. An increase in thel*,,s value results it is concluded that the overall hydride transfer proceeds

of AcrHR in the order R= H (=32 kJ mof'!) < R= Me (—4 via a CT complex formed between AcrHR and the hydride
kJ mol!) < R = Et (1 kJ mof?) in Table 4 can be well acceptor (A), electron transfer from AcrHR to A in the CT
accounted for by an increase in the activation enthalpy for the complex, proton transfer from AcrHRto A*~, and electron
proton-transfer step from AcrHRto DDQ ™, since the depro-  transfer from AcrR to AH* to yield AcrR™ and AH". The
tonation rate constant of AcrHRdecreased in the same order overall reactivity is determined by the three consecutive steps,
(Table 1). The solvent effects akH*y,sare more complicated  i.e., the CT complex formation, the electron-transfer, and the
than the substituent effects. The more polar the solvent, the moreproton-transfer steps, since the electron transfer in the final step
favorable the charge transfer and electron-transfer steps, but theés much faster than the previous proton-transfer step. The initial
less favorable the proton-transfer step following the electron- electron-transfer step in the CT complex may be facilitated by
transfer stef3’ These two opposite effects may be optimized in the charge-transfer interaction in the CT complex, since such
CHCIl; so as to achieve the smallesH*; value resulting in charge-transfer interaction should result in a decrease in the
the successful observation of the negathé¥,ps value in this difference of nuclear configurations before and after the electron-

solvent (Table 2). transfer step. Thus, this study has provided the first compre-
_ hensive and confirmative understanding of the mechanism of
Summary and Conclusions sequential electronproton—electron transfer via CT com-

The observed negative temperature dependence of the rat®lexes®
of hydride transfer from Acrklto DDQ gave unequivocal ) )
evidence for the role of the observed CT complex as an actual _ Acknowledgment. This work was partially supported by a
intermediate in the hydride-transfer reaction. The magnitude of Grant-in-Aid for Scientific Research Priority Area (Nos.
the observed rate constant for the reactions of AcrHR with a 11228205, 11166241, 11136229, and 11555230) from the
hydride acceptor (DDQ or TCNE) varies significantly depending Ministry of Education, Science, Culture and Sports, Japan.
on the type of substituent R in AcrHR at the C-9 position and
spans a range of 1Gtarting from R= H to But and CMe-
COOMe. Such large variation in the rate constant is well

Supporting Information Available: Decay and the rise of
absorbances at 710 and 550 nm due to the AegHchloranil
complex andp-chloranil radical anion, respectively, in the

(g;) [\rﬂﬁnrin%, LI- E; fl?etei_s, K'fs‘:LH Am. tChethl_- 80%983'_107. 6‘152- reaction of AcrH with p-chloranil (Figure S1) and a table of
real ntormediate has recently been reported for the Biskder reaction .~ VeT and E%c — E%q values plotted in Figure 7 (Table S1)
of anthracene with TCNE in which an electron-transfer process following (PDF). This material is available free of charge via the Internet

the CT complex formation plays an important role in determining the overall at http://pubs.acs.org.
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