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Abstract - A series of aromatic aldehydes have successfully been 
reduced by K-mthylacridan (AcH2) in the presence of perchloric 
acid (HClO4) in a mixture of acetonitrile and acetic acid 
(HeCN/WeCOOH, I:1 v/v) at 323 K. The effects of HClO4 as well 
as Hg(ClO412 on hydride-transfer reactions from AcH2 t‘o a series 
of p-benxoquinone derivatives (Q) in NeCN have also been examined. 
Perchloric acid shows both accelerating and retarding effects 
on the hydride-transfer reactions depending on the p-benaoquinone 
derivative. It is shown that AcH2 forms a 1 : 1 complex with 
HClO4 and the protonated species AcH3+ is inactive for the reduc- 
tion of p-benxoquinone derivativea. Thus, for p-bengoquinone 
derivatives being weak oxidants such as p-benxoquinone which have 
the redox potentials EO(Q/Q;) < 0, HClO4 shows an overall accelerat- 
ing effect on the reduction which proceeds through the acid- 
catalysed reaction of free AcH2 with Q, while for those being the 
stronger oxidants_such as 2,3-dichloro-5,6-dicyano-p-benzoquinone 
which have Eo(Q/Q*) > 0, HClO4 shows an overall retarding effect 
on the reduction where HClOq has hardly catalysed the reaction of 
free AcH2 with Q. A proposed reaction mechanism involving electron 
tranmfer from AcH2 to Q followed by proton transfer from AcH2+ to 
Q. in the rate-determining step of the hydride-transfer reactions 
provides a quantitative evaluation of the single and unified 
correlation of the logarithm of the rate constant for the hydride- 
transfer reactions from free AcH2 to Q with the redox potential 
of Q in the absence and presence of Mg(ClO4)2 or HC104. The 
electronic substituent effects on the rate of acid-catalyaed 
reduction of aromatic aldehydes by AcH2 are shown to be very 
small, as being compatible with those observed for liver alcohol 
dehydrogenase (LADH)-catalysed reduction of the corresponding 
aldehydes by NADH. Moreover, the absolute value of the rate 
constant for the hydride-transfer step from free AcH2 to the 
protonated benzaldehyde in our model system is also shown to be 
compatible with that in the LADH-enzyme system. 

Liver alcohol dehydrogenase (LADH) catalyses the reduction of carbonyl 

compounds to the corresponding alcohols by NADH [equation (111, where acid 

NADH + >o + B+zNAD+ + +OB (1) 

catalysis is known to play an important role as indicated by small substituent 

effects on the enzyme-catalysed reduction of substituted benxaldehydes by NADH 

because of the polarization of the carbonyl function by xinc ion on the enzyme 

surface acting as a strong Lewis acid.lm3 In order to understand the mechanism 

of the LADH-catalysed reactions of NADH with substrates, the mechanisms of non- 

enaymatic hydride-transfer reactions from NADH or its model compounds to 

substrates have been extensively studied.l However, there is still controversy 

concerning whether hydride transfer occurs in one-step 5-13 or consists of over- 

all transfer of two electrons and a proton in a e-- H+-e- sequence through an 

intermediate charge-transfer (CT) complex. 14-19 

We have recently reported definitive proofs of the existence of an inter- 
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mediate CT complex formed between an NADH model compound, l-benxyl-l,I-dihydro- 

nicotinamide (BNAH), and p-benroquinone derivatives Q by the isolation of the CT 

complexes as well as the detection of the transient CT spectra during the hydride- 

transfer reactions from BNAH to Q. 
20 

In these reactions, the mechanistic distinc- 

tion between a one-step or multistep besides the formation of an intermediate CT 

complex has been shown to depend on the lifetime of the radical ion pair 

[BNAHt Q;] formed by the first electron transfer from BNAH to Q in the CT complex 

IBNAH 01.~' We have also shown that the effects of Mg2+ ion on the hydride- 

transfer reactions from BNAH to a series of p-benxoquinone derivatives in HeCN 

can be evaluated quantitatively by the change of the redox potentials of BNAH and 

Q in the presence of Mg2+ i0n.l' Rowever, NADH (or its model compounds) alone, 

or in the presence of Mg 
2+ 

or Zn2+ ion, can reduce only activated carbonyl 

compounds that are much stronger oxidants than benzaldehyde, a typical substrate 

for the LADH-catalysed reaction of NADH."ll As such, the accelerating effect of 

ng2+ or Zn2+ ion is too small to compare not only the absolute values of the rate 

constants but also the relative reactivities of substrates in nonenzymatic reac- 

tions of NADH or its model compounds with thone in the LADH-catalyeed reactions of 

NADH. Thus, in order to understand the huge reactivities in the LADH-enzyme system, 

it seems to be of significant interest to study the acid-catalyned reactions of 

NADH model compounds with nonactivated carbonyl compounds such as bsnxaldehyde, 

comparing the reactivities with those in the LADH-catalysed reactions. such 

studies on the acid-catalysed reduction of non-activated carbonyl compounds by NADH 

model compounds have so far been limited to only a few cases, 
22 and thus, no 

comparison of the reactivitfes of substrates in a model system with those in the 

LADH-enzyme system has been performed since most NADH model compounds are known 

to decompose in the presence of acids. 
23 

In this study, we report successful reduction of a series of aromatic 

aldehydes by a simple acid-stable NADH model compound, R-methylacridan (AcH2), in 

the presence of perchloric acid (HC104) in a mixture of acetonitrile and acetic 

acid (MeCN/UeCOOH, 4:1 v/v), which enables us to compare the reactivities of the 

model system with those in the LADH-enzyme system for the first time. The 

effect8 of HC104 or Mg(ClO,), on the hydride transfer reactions from AcH2 to a 

series of p-benaoquinone derivatives in UeCN are also examined and the reaction 

mechanism will be discussed based on the correlations between the observed rate 

constants and the redox potentials of Q in the absence and presence of HC104 or 

Mg(C104)2 in MeCN. 

Results and Discussion 

Reduction of Benraldehyde and p-Benxoquinone Derivatives by AcHZl 

An acid-stable NADH model compound AcH2 reacts readily with benxaldehyde in 

the presence of HC104 (5.0 x 10m2 mol dmm3) in a mixture of acetonitrile and 

acetic acid (CD3CN/MeCOOH, 4:l v/v) under degaosed conditions at 323 K to form 

A-methylacridinfum ion (AcH+) and benzyl alcohol; the latter further reacts with 

acetic acid in the presence of HC104 to yield benzylacetate as ohown in Figure 1 

(Scheme 1). In fact, it was confirmed that benxyl alcohol is readily converted 

AcH2 t PhCRO + H+ - AcH 
+ 

t PhCH20H 
I 

Scheme 1. 

I MeCOOH/HC104 
PhCB20COHe 
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to benryl ecetate in the presence of HClO4 

(5.0 x lo-* mol dmm3) in CD3CN/MeCQQH 

(4:l v/v) (Scheme 1). The pryducts were 

identified by electronic and Ii nmr spectra 

as well aa CC (Bee Experimental). The acid- 

catalysed reduction of benzaldehyde by AcH2 

occurred also by using a mixture of CD3CN 

and CF3COOH aB a Bolvent, when PhCH20H was 

converted to PhCH2CCQCF3. 
24 No reduction 

of benxaldehyde has been obeerved in the 

abeence of HC104. 

Colter et al. 
25 has reported that 

AcH2 can reduce p-bsnxoquinone derivatives 

Q with electron-withdrawing eubstituente 

such as 2,3-dicyano-p-benxoquinone and p- 
chloranil in the absence of protons in 

?leCN by the hydride-transfer reactions 

from AcH2 to Q [equation (2)I. The 

AcH2 + Q-AcH 
+ 

+ QH- (2) 

hydroquinone anion QH- is known to be 

converted immediately to Q: and QH2 in 

limo I h 

Figure 1. Acid-catalysed reduction 

of benzaldehyde (0.10 mol dmm3) by 

AcH2 (0.10 mol da~-~) in the presence 

of HClO, (0.20 mol dmB3) in CD3CN 

/HeCQOH (4:l v/v) at 323 K; AcH2 

( 0 ), AcH+ ( l ), PhCH2QCOMe ( A ),, 

PhCH20H ( A 1. 

7n 32 
MeCN [equation (3) 1.“‘” For p-benzoquinone derivatives which are weaker oxidants 

ZQH- + Q - 290 + QH2 (3) 

than chloro-p-benxoquinone (p-benrcquinone, methyl-, 2,6-dimethyl-, trimethyl-, 

and tetramethyl-p-benxoquinone), the hydride-transfer reaction [equation (2)1 has 

not been observed probably because of the occurrence of the back hydride transfer 

from QH- to AcH+. In the presence of Mg(C104)2 or HClO,, however, the hydride- 

transfer reactions (equation (2)I occurred for all the p-banroquinone derivatives 

described above. 

Kinetics. 
The kinetics of the reduction of benzaldehyde and P-benZOqUinone derivatives 

were studied by observing the increase in absorbance due to AcH+ in the visible 

region (Amax 358 nm, E 2.00 x lo4 dm3 mol-l cm-l). The reactions were carried . 
out under pseudo-firet-order conditione with at least lo-fold excees of a 

substrate, vhere plots of In [(A, - A,)/(A, - A01 1 v8. tine (Ao, At, and A_ are 

the absorbances at time 0, t, and at the completion of the reaction, respectively) 

were linear over more than Beveral half-livee. By varying the concentration of 

the excesB substrate, the pseudo-first-order rate constants were found to be 

proportional to the substrate concentrations. ThuB, the rate of the formation 

of AcH + in the presence of an excess substrate S ie given by equation (4). The 

d [AcH+] 

dt - kobB _(tAcE+J, - [AcH+])(s] (4) 

second-order rate constantB kobB . for the reduction of p-benzoquinone derivatives 

by AcH2 [equation (*)I are listed in Table 1, 

E'(Q/Q;).*' 

together with the redox potentiala 

When HClO, is added to the AcH2-p-benroquinone derivative Bystem, the kobs 
. 

value increases or decreases depending on the p-benxoquinone derivative aB shown 

in Figure 2, where the kobB . value in the cane of a weak oxidant Buch as p-benzo- 
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Table 1. F&to constants kob, (dm3 sol-' s-l 1 . for the reduction of p-benzoquinone 

derivative8 Q by AcH2 in the absence and presence of HClO, or HgfC10,)2 at 298 I( and 

the redox potentialr of Q E'(Q/Q;) (VI. x.c.e.1 in MeCN 

k obxb in the pre8ence of . 

BO(Q/Q;)' HClO, (a01 &l-3) WJ(C10,)2 

Cntry p-Benrcquinone derivative V 0 1.0 x 1o-2 0.10 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

2,3-Dichloro-5,6-dicyano- 

p-knroquinone 

2,3-Dicyano-p-benxoquinone 

p-Chloranil 

p-Bromanil 

2,6-Dicbloro-p-bentoquinone 

Chloro-p-banzoquinone 

p-Benxoquinone 

Methyl-p-benxoquinone 

2,6-Dimethyl-p-benroquinone 

Trixmthyl-p-benxoquinone 

Tetramethyl-p-benroquinone 

0.51 

0.28 

0.01 

0 

-0.18 

-0.34 

-0.50 

-0.58 

-0.67 

-0.75 

-0.84 

1.5 x lo6 

1.1 x 10' 

1.2 x 10 

9.0 

1.5 x 10-l 

7.8 x 1O-3 

2.3 x lo5 1.4 x lo6 

7.3 x lo3 1.9 x 10' 

6.3 1.7 x 10 

8.0 1.5 x 10 

2.7 x 10 8.1 x 10-l 

2.3 x 10 1.2 x 10-l 

9.9 x 10 1.6 x 1O-2 

7.3 x 10 4.4 x 1o-3 

6.1 9.11 x lo-' 

1.7 2.6 x 10" 

6.7 x 1O-2 

"Taken from ref. 20. bThe experimental errors are within 95%. 

quinone increases to reach a plateau 

value k max with increasing HC104 

concentration, while the koba_ value 

in the case of stronger oxidants such 

as 2,3-dichloro-5,6-dicyano-p-benxo- 

quinone decreases. Such a saturation 

behavior of kobs as a function of 

[HClO,] in the case of p-benzoquinone 

(Q) may be explained by assuming the 

following reactions, where AcH2 forms 

a complex with H+ (equation (511 and 

K 
AcH2 + H + _ AcH3+ (5) 

AcH3 ' is inactive for the reduction 

of Q which proceeds through the acid- 

catalysed reaction of free AcHZ with 

Q [equation (6)]. Accrding to equa- 

k[H+l 
AcHZ +Q+H+- AcH+ t QH2 (6) 

tions (5) and (61, kobs. is expressed 

as a function of (HClO,I by equation 

(7), which agrees with the observed 

k 
k[HClO,l 

oba. * 1 t K[HC10,1 

2 

0 0 
0 1 2 3 4 

IO’ C HCIO, 3 I mol dm-3 

Figure 2. Plots of kobs va. the X10, . 
concentration for the reduction of (a) 

p-benzoquinone and (b) 2,3-dichloro- 

5,6-dicyano-p-benxoquinone by AcH2 in 

the presence of various concentrations 

of HClO, at 298 K. 

(7) 
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dependence of k,bs . on [HClO,j (Figure 2a). On the other hand, in the case of 

2,3-dichloro-5,6-dicyano-p-benzoquinone (Q'), the prasence of HClO, may cause no 

accelerating effect on the reaction of free AcH2 with Q' which is known to have 

no interaction with HClO, under the conditions in Figure 2b [equation (8)].26 

k' 
AcH2 + Q' + H+'AcH 

+ 
+ Q’H2 

Thus, in this case, k vba. 
decreases with increasing (tiClO,] because of the forma- 

tion of inactive AcH3 [equation (5)] as expressed by equation (91, agreeing with 

k' 
k 
obs. * 1 + KlHC10,l 

the result in Figure 2b. 

The complex formation 

AcH2 and H+ [equation (511 

confirmed by the downfield 

(9) 

between 

ill 

shifts 

of the proton resonances of 'H nmr 

spectra of AcH2 in the presence of 

various concentrations of HC104 in 

CD3CN as shown in Figure 3, where 

the chemical shifts referenced to 

free AcH2 6 - 6f are increased 

with increasing [HC1041/[AcH21 

value up to a plateau value 

corresponding to the completion of 

the complex formation. The etoi- 

chiometry of the complex formation 

is shown to be 1 : 1 as indicated 

by the abscissa of the intercept 

of the initial linear branch of 

the curve with the extrapolated 

plateau line (Figure 3). The 

proton may interact with the N _- 

0 1 2 3 4 s 6 

Figure 3. Plots of the chemical shifts of 

AcH2 proton resonances in the presence of 

various concentrations of HC104 referenced 

to those in the absence of HC104 (6 - bf) 

as a function of the ratio of the initial 

concentration of HC104 to that of AcH2 

(5.0 x 10m2 mol dmW3) in CD3CN. 

atom of AcH2 since only the 13C resonance of the methyl car&n which is bonded 

to N atom of AcH2 was shifted significantly from 33.8 ppm in the absence of 

HClO, to 51.5 ppm in the presence of HClO, (0.3 mol dmV3) in CD3CN. The formation 

constant I( [equation (511 was determined by the change in absorbance due to AcH2 

(A max 285 nm, c 1.46 x 10' dm3 mol-' cm-' 

tions-of HClO, (A0 

) in the presence of various concentra- 

- A)/(Ao - A,) which is expressed as a function of [HC1041 

by equation (lo), 

A0 - A 
-I 

K[HClO,] 
(10) 

A0 - A, 1 + K[HClO,] 

where A o, A, and Am are the absorb- 

antes at 285 run in the absence and 

presence of a certain concentration 

of HClO,, and the presence of a 

large excess HClO, such that all 

AcH2 molecules form the 1 : 1 

complex with H+, respectively. The 

K value was determined as 1.1 x 10' 

Table 2. Formation constants K of AcH3+ 

in the presence of different concentra- 

tions of H20 in HeCN at 298 K 

H2° K 

moldm 
-3 

dm3 mo1-l 

cl.0 x 1o-2 1.1 x 10' 

2.8 x 1o-2 1.1 x lo3 

1.0 x 10-l 2.4 x lo2 
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dm3 mol -1 from the alope of the plot of 

'*O - A-)/(A, - A) 08. [HC104)-1 and it 

decreases by the addition of H20 as shown 

in Table 2. 

Since kobs /kmax which is derived . . 
from equation (7) should have the same 

dependence on [HClO,) as (A0 - A)/(*, 

- A,) in equation (lo), the validity of 

equation (7) is tested by comparing 

between kobm_/kmax and (A0 - *)/(A0 . 
- A,) as a function of [HClO4) in the 

presence of different concentrations of 

H20 as shown in Figure 4, which confirms 

that both of them have the name depend- 

ence on [HC104). 

The kobs values for the reduction . 
of a seriem of p-benroquinone derivatives 

by AcH2 in the presence of 1.0 x 10m2 

moldm -3 HClO, in MeCN at 298 K are 

listed in Table 1. The effects of 

Mg(ClO4)2 on the reduction of Q by AcH2 

were also investigated and the kobs 

values in the presence of 0.10 mol &II-~ 

ng2+ ion in J4eCN at 298 K are tabulated 

together in Table 1. 

The addition of acetic acid 

enhances significantly the rate of the 

reduction of p-benzoquinone by AcH2 in 

the presence of 1.0 x 10m2 mo1dm-3 

HClO4 in MeCN as shown in Figure 5a, 

where the koba value increases with . 
increasing volume t of MeCOOH in a 

mixture of MeCN and MeCOOH. Thus, by 

using a mixture of HeCN and MeCOOH as 

a solvent, it is possible to reduce 

benzladehyde by AcH2 with appreciable 

rates in the presence of HClO4 (5.0 

x 10 
-2 

mol dm -3) (Figure 5b). The 

dependence of kobs on IHClO4) for . 
the acid-catalysed reduction of benz- 

aldehyde by AcH2 in MeCN/KeCOOH (411 

v/v) at 323 K also obeyed equation 

(7) as shown in Figure 6, fran which 

the K value is determined a8 2.0 

x lo2 dm3 mol . -1 The kobs values . 
for the reduction of a series of 

aromatic aldehydes by AcH2 in the 

presence of 5.0 x 10m2 mol dm -3 HClO, 

in MeCN/MeCOOH (4rl v/v) at 323 I( are 

listed in Table 3. 

Pigure 4. Plots of (A0 - *)/(A0 - A_) 

for AcH2 and kobs./kmax for the . 
reduction of p-benzoquinone by AcH2 in 

the presence of HClO, in MeCN contain- 

ing H20 06. the HClO, concentration; 

(A0 - *)/(A0 - A-) ( 0 ) and kobs 

lkmax $ 0 1 at (HZ01 < 1.0 x lo-* 
~101 &- , (A -A) (A) and 

k obe./kmax. 

mol dmm3. 

: : ;)b:A;H20)W= 0.10 

01 ’ ’ ’ ’ ’ ’ ’ ’ ’ 1 
0 m loo” 

MWZN MocooH 

( NoCOOt I MeCN + MeCOOl ) , Volvnr *I 

Figure 5. Plots of kobs for the reduc- 

tion of (a) p-benaoquinoie and (b) 

benzaldehvde bv AcH.. in the oresence of 

1.0 x 10 
-2 - 

and 5.0 : 10 -2 - 
mol dm 

-3 

HClO, in HeCN/lkCOOH at 298 and 323 I(, 

respectively, as a function of the 

volume A of HeCOOH. 

Mechanism of Hydride-transfer Reaction from AcH2 to Q. 

In Figure 7, the logarithms of rate constants kobo in Table 1 are plotted . 
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against the redox potentials of Q 

BO(Q/Q;) in HeCN. The log k,bs value 

in the absence of HClO, or ng(CiO,)2 

shows an approximately linear correlation 

with the k'(Q/Q;) value, while the 

log kobe values in the presence of 

HClO, (1:o x 10-2 mol dmm3) are either 

larger or somewhat smaller than those in 

its absence for p-benzoquinone deriva- 

tives having lower redox potentials 

E'(Q/Q;) < 0 and higher redox potentials 

E'(Q/Q;] ' 0, respectively (Figure 7). 

Thus, X10, shows both accelerating and 

retarding effects depending on the 

electron-acceptor ability of p-beneo- 

quinone derivative. On the other hand, 

Mg(C10,)2 shows only an accelerating 

effect for p-benzoquinone derivatives 

having lower redox potentials E'(Q/Q;) 

0 !I 10 

10zCHCIO~l I mol dm 
-3 

Figure 6. Plot of kobs va. the HClO, . 
concentration for the reduction of 

bensaldehyde by AcH2 in the presence 

of HC104 (5.0 x 10-2 mol dmm3) in 

MeCN/HeCOOH (4:l v/v) at 323 K. 

Table 3. Rate constants kobs for the acid-catalysed . 
reduction of aromatic aldehydes by AcH2 in the presence 

of HClO, (5.0 x 1O-2 mol dmm3] in HeCN/HeCOOH (4:l v/v) 

and kh for the LABH-catalysed reduction by NABH 

103kobs 10-'k a . h 

Aromatic aldehyde 

p-Nirobenraldehyde 

p-Chlorobensaldehyde 

Eenaaldehyde 

p-Methylbenzaldehyde 

p-Methoxybenraldehyde 

B-Naphthaldehyde 

'Taken from ref. 1. 

dm3m01-l s-l s-1 

1.8 

1.0 4.1 

0.80 3.4 

1.1 

2.1 2.5 

1.9 4.2 

< 0 (Figure 7). In the following discussion, we show how such complex effects of 

HClO, and Mg(C10,]2 on the reduction of Q by AcH2 can be evaluated quantitatively 

based on the reaction mechanism. 

First, the correlation between log kobs and E'(Q/Q;) in the absence of . 
HClO, or Mg(C10,)2 in Figure 7 is discussed by applying the reaction mechanism for 

the hydride-transfer reactions from an NAM model compound BNAH to Q reported 

previously 20'21 to the present system [equation (ll]]. According to equation (ll), 

K 
AcH2 + Q &[AcH2t Qz] kH fast 

+[A&- OH'] - AcH+ + QH- (11) 

the observed rate constant kobs for the overall hydride-transfer reaction from 

AcH2 to Q is given by equation il2), 

k obs. - kEKet (12) 
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. 
. 

. 

tEo(alQ:) vs.s.re.1 I v 

Figure 7. Plots of log kobs for the hydride-transfer reactions . 
from AcH2 to p-benzoquinone derivatives Q in the absence ( o ) 

and the presence of 0.10 mol dmm3 Hg(C10,)2 ( 0 ), and in the 

presence of 1.0 x 10m2 moldm -3 HClO, ( A ) at 298 K #a. the 

redox potential of Q E'(Q/Q;) in HeCN. The solid line is drawn 

by the simulation in the absence of Mg(C10,)2 or HClO, based 

on the reaction mechanism [equation (ll)], see text. The 

numbers refer to p-benxoquinone derivatives in Table 1. 

where Ket corresponds to the formation constant of the radical ion pair 

[AcH2? QY], and kH is the rate constant of the proton transfer from AcH2f to Q; 

in the radical ion pair. The rate constant for the electron transfer from AcH* 

to QH* following the proton transfer is not included in kobs since the electron . 
transfer, being highly exothermic [the oxidation potential of AcH* (-0.43 V vs. 

8.c.e.) 27 is much more negative than the reduction potential of QH* 28) , may be 

very rapid. 

The log Ket value is related to the Gibbs energy change of the electron 

transfer (AcH2 t Q + AcH2f t Q;) AGzt by equation (13),20'21 

log Ket - - bG$2.3RT + Cl (13) 

where Cl corresponds to the work term required to bring the products AcHZ? and 0; 

to their mean separation in the activated complex, which has been determined as 
5 3 20,21,29 . . The AGEt value is obtained from the redox potentials of AcH2 (0.80 

v vs. s.c.e.)27 and Q (the values are listed in Table 1) by equation (14). By 

AGzt/F = E” (AcE~?/AcH~) - E'(Q/Q;) (14) 

combining equations (13) and (14), log Ket is given as a linear function of 

E'(Q/Q;) with a slope of F/2.3RT corresponding to 16.9 at 298 K [equation (15)]. 

log Ket 0 FE'(Q/Q;)/ (2.3RT) - 8.2 (15) 

On the other hand, the activation Gibbs energy of the proton transfer from 

AcH2t to Q:(ACi) can ba expressed as a function of the Gibbs energy change of the 

proton transfer bGH by using the Marcus formalism [equations (16)-(18)],20'21*30 
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AG;: = AGiO(l + (AG,/4AG;o)]2 
l 

when -4AGBo ( AGB 
$ 

< 4AGBo 

A,; ‘2 0 
l 

when AGH ( -4AGHo 

AG; a AGB when AGH > 4AGio 

f where AGHO is the intrinsic barrier for the proton transfer 

the activation Gibbs energy when AGH = 0. The Gibbs energy 

transfer AGB is known to be related to that of the electron 

equation (19),*O'*l 

AGH = -0.58 AG8, + C2 

-1 21 where the constant C2 has been determined as 57 kJ x101 . 

(161 

(171 

(16) 

which corresponds to 

change of the proton 

tranefer AGZ, by 

(19) 

Thus, the proton- 

transfer rate constant kH [= (rT/h)exp(-AGi/RT)] can be evaluated as a function 

of AGE, by using equations (16)-(19) provided that the AGzo value is given. 

Taken altogether, the observed rate constants kobs for the hydride-transfer 

reactions from AcH2 to Q have been calculated from equaiions (12) and (14)-(19) 

as a function of EO(Q/Q~) by using the value of AGzo = 12.6 kJ mol-' which is a 

typical value as the intrinsic barrier of proton-transfer reactions found in the 

literature. 
31 

The results are shown ae the solid line in Figure 7, where the 

calculated line agrees well with the experimental plot in the absence of HCIOq or 

Mg(C104)2 in MeCN, supporting strongly the reaction mechanism [equation (11)). 

The Bane correlation between log k,bs. and E'(Q/Q;) has been applied to the hydride 

transfer reactions from BNAH to Q, 20 when the difference in the redox potentials 

between AcH2 (0.80 VI and BNAH (0.57 V)27 is taken account. Thus, the difference 

in the reactivity between AcH2 and BNAH can be ascribed to the difference in 

their redox potentials in the correaltion of log kobe 

The effect of Hgzt 
. 
with AGzt/F.32 

ion on the reduction of Q by AcH2 (Figure 7) as well can 

be evaluated based on the reaction mechanism (equation (1111 as follows. In the 

presence of Ug2+ ion (0.10 a101 dmS3), the redox potentials of p-benxoquinone 

derivatives having E'(Q/Q;) < 0 in the absence of Mg*+ ion are known to be shifted 

to the positive direction due to the complex formation between Q and Hg *+ ion 

[equation (20)1,21 while those of p-benxoquinone derivatives having E'(Q/Q;) > 0 

Q + Ug 
2t 

= [Q Bg*+l (20) 

are unaffected by the presence of Mg *+ ion,*l agreeing with the results shown by 

the closed circles in Figure 7, where the acceleration effect of Mg *+ ion is 

observed only for the reduction of Q in the former case (i.e., E"(Q/QS) < 01. 

In fact, the plot of log kobs in the presence of Mg*+ Ion (0.10 mol dmm3) VB. . 
the redox potential of Q in the presence of the same concentration of Mg *+ ion 

E(Q/Q; .g*+)*l (closed circles in Figure 6) shows a reasonable agreement with that 

in the absence of Mg*+ ion (open circles in Figure 7 which are also shown in 

Figure 8). Thus, the effect of Mg2+ ion on the reduction of Q by AcH2 has been 

evaluated quatitatively by the change of the redox potentials of Q in the presence 

of Mg*+ ion due to the complex formation with Mg*+ ion [equation (2011, which 

causes the change of the formation constant of the radical ion pair [MHz? Q; Ugztl 

a8 a function of AGzt [equations (13)-(15) I ae well ae the rate constant of the 

subsequent proton transfer which is also the function of AGzt [equations (16)-(1911, 

since the redox potential of AcH2 which has no carbonyl group to interact with 

ng2+ ion is unaffected by the presence of Mg *+ ion.27 

The effect of HC104 on the reduction of Q by AcH2 is more complicated than 
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that of Hg(c10,)2 Since AcH2 form an I 
inactive complex with A+ [equation (5)]. 

In order to discriminate the contrfbu- 

tion due to the complex formation, the 
l 

rate constants kobs for the reactions . 
of free AcH2 with Q in the,preaence of 

HC104 (1.0 x 1o-2 mol dmw3) in MeCN 

have been determined by multiplying 

k obe by 1 + K[HClO,) from equations 

(7) and (9) , where the K value is 

taken as 1.1 x lo3 dm3 mol-' which is 

the value in the presence of 2.8 x 10 -2 

moldm -3 H20 (Table 2), since an MeCN 

solution containing 1.0 x 10m2 mol dm -3 

HClO, is prepared by adding an aqueous 

solution of 60# HClO, to MeCN which 

contains 2.8 x 10 
-2 -3 

moldm . 
The effect of HC104 on the redox 

potential of Q may be evaluated from 

the effect of HClO, on the electron- 

transfer reactions from cis-diethyl- 

cobalt(m) complex, cis-(Et2Co(bpy)2)+ 

(bpy = 2,2 *-bipyridine), to Q in MeCN 

[equation (21)J,26 as follows. The 

k 
obs. 

&-(Et2Co(bpy)21+ + Q - 

CiS- [Et2Co(bpy)2)2+ t Q; 

(21) 

logarithm of the observed second-order 

rate constant in the absence of HClO, 

in MeCN at 298 K is expressed as a 

linear function of E'(Q/Q;) tequation 

(22) I? In the presence of HC104, 

log kobs 
- 15.3E"(Q/Q:, - 2.5 (22) . 

the koba 
value increased linearly . 

with increasing HClO, concentration in 

the case of p-benzoquinone derivatives 

Figure 8. Plots of log kobs and 
l . 

log kobs for the hydride-transfer reac- . 
tiona from AcH2 to p-benroquinone 

derivatives Q in the absence ( o ) and 

the presence of 0.10 mol dmm3 Mg(C104)2 

( 0 1; and in the presence of 1.0 

x 10 moldm -3 HCIOq ( A ) at 298 K 

VB. the redox potential of Q E'(Q/Q;), 

E(Q/Q; Hg2+) and E (Q/QH*) in the 

absence and the presence of 0.10 mol 

dm-3 xg(c104)2, and in the presence of 

1.0 x 10-2 mol dm -3 HCIOq, reapective- 

ly, in MeCN. The kEbs values which . 
correspond to the rate constants for 

the reactions of free AcH2 with Q in 

the presence of HCIOa have been 

evaluated by multiplying kobs by . 
1 t K(HClO,), see text. The solid line 

shows the simulation curve which is 

the same as that in Figure 7. 

having E"(Q/Q;) ( 0 in the absence of HClO, in MeCN, while the kobe. value in the 

case of a strong oxidant such as 2,3-dichloro-5,6-dicyano-p-benzoquinone has not 

been affected by the presence of HC10,.26 Thus, the redox potentials of Q in the 

presence of HC104 (1.0 x 10m2 mol dm-3) in MeCN E(Q/QH*) may be evaluated from 

equation (22) by comparing the kobs values for the electron-transfer reactions 

from cis-IEt2Co(bpy)2)+ 
. 

to Q in the presence of HCIOg (1.0 x 10 
-2 mol dm-3)34 

with those in its absence. The evaluated values of E(Q/QH*) are shifted to the 

positive direction in the presence of HClOq due to the partial protonation of Q 

[equation (23) 1. Similarly, the redox potential of AcH2 may also be shifted to 

Q t H+ e OH+ (23) 

the positive direction in the presence of HClO, due to the complex formation with 
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HIXO~ (equation (5)1, and thereby, AcR3 + is much less reactive than Acti towards 

the reduction of 0. 

Then, the logarithm8 of the rate constants for the reactions Of free ACH 

with Q in the presence of 1.0 x 10m2 
.2 

moldm -3 HCIOq in MeCN at 298 K (log kobs.) 

are plotted against the E(Q/QE*) values as shown by the open triangles in Figure 

0, where the plot of log kzbs vs. E(Q/QH*) agrees well with those of log kobs. 

vs. E(Q/Q; Mg2+) in the prese;ce of 0.10 mol dmm3 Rg2+ ion (cloeed circles) and 

log kobs vu. E'(Q/Q;) in its absence (open circles). Thus, the retarding and 

acceleraiing effects of X10, depending on p-benzoquinone derivatives (Figure 7) 

are well explained by the combination of the contributions from the formation of 

an inactive complex AcH3 
+ 

and the acid-catalysed reactions of free AcH2 with Q, 

where the magnitudes of the catalytic effect depending on Q have been evaluated 

quantitatively by the change of the redox potential of Q in the presence of 

HClO,. The single and unified correlation of log kIbs with E(Q/QH*) as well as . 

log kobe with E'(Q/Q;) and E(Q/Q; Mg2+) (Figure 8) supports uniformly the reac- 

tion mechanism [equation (ll)]. 

Comparison between the Acid-catalysed Reduction of Aromatic Aldehydes bv AcH2_ and 

the LADH-catalysed Reduction by NADH. 

A very small electronic substituent effect on the observed rate constant kobs . 
for the reduction of a series of aromatic aldehydes by AcH2 (e.g., the ratio for 

p-nitrobenzaldehyde and p-methoxybenzaldehyde is 0.9) is compatible with that on 

the rate constant kh for the hydride-transfer step in the IADH-catalysed reduction 

of the corresponding aldehydes which were determined by using a transient kinetics 

under a single turnover condition' as shown in Table 3. Such a small electronic 

substituent effect is observed also on the kobs values for the acid-catalysed . 
reduction of p-benzoquinone derivatives in Table 1 (e.g., the ratio for p-ChlOranil 

and 2,6-dimethyl-p-benzoquinone is l.O), and may be ascribed to the much lowered 

sensitivity of the redox potential of Q in the presence of HClO, E(Q/QH*) to the 

electron-withdrawing or -donating substituents as shown by the open triangles in 

Figure 8. The E(Q/QH*) value consists of E'(Q/Q;) in the absence of HC104 and 

the positive shift due to the partial protonation of Q by HCIOq [equation (23)), 

when the reduced species Q; is protonated to yield QH=, 35 and therefore the 

electronic substituent effect on the former E'(Q/Q;) may bs cancelled out largely 

by the opposite effect on the latter (e.g., the electron-withdrawing substituent 

causes the positive shift of E'(Q/Q;), while at the same time decreases the 

magnitude of the positive shift due to the protonation because of the weaker 

interaction of Q with H+). Thus, similar insensitive substituent effects between 

the model system and the LADH-enzyme system (Table 3) suggest that the acceptor 

ability of aromatic aldehydes (irrespective of an electron or a hydride) may 

remain constant, because of such a cancellation effect of the substituent on the 

intrinsic acceptor ability of aromatic aldehydes in the absence of a catalyst and 

on the magnitude of the enhancement of the acceptor ability due to either protona- 

tion in the model system or coordination of zinc ion to the aldehyde on the enzyme 

surface acting as a strong Lewis acid. 

The kobs value in Table 3 approximately corresponds to k/K (see equation 

(7)], where k'is the third-order rate constant for the acid-catalyeed reduction 

of aromatic aldehydes by AcH2 

(5)) (K = 2.0 x lo2 dm3 mol- 

and K is the formation constant of AcH3+ [equation 

1 in HeCN/HeCOOH at 323 K as described above), while 

kh in the LADH-enzyme system is the first-order rate constant for the hydride- 

transfer step in the enzyme-bound ternary complex. Thus, in order to compare the 

absolute value of the reactivity in our model system with that in the LADH-enzyme 
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system, it is necessary to evaluate the rate constant 

step from free AcH2 to the protonated bensaldehyde in 

[equation (24)). The concentration of the protonated 

kh for the hydride-transfer 

the encounter complex 

benzaldehyde PhCHOH+ may be 

AcH2 + PhCHOH+ _diff,[AcR2 PhCHOH+] kh cAcH+ + PhCH20H (24) 

evaluated from the H 

= -7.1)36 

o acidity function and the pXBH+ value of PhCHO (pKBH+ 

by using equation (25).37 The H8 value of a mixture of MeCN and MeCCOH 

log( [PhCHOH+)/[PhCHOJ) = pKBH+ - Ho (25) 

(4:l v/v) containing 5.0 x low2 mol dmm3 HC104 was determined as -2.7 by indicator 

methods37 (see Experimental). Then, the first-order rate constant kh for the 

hydride-transfer step from free AcH2 to PhCHOH+ in the encounter complex Iequa- 

tion (24)) has been determined as 6.9 x lo2 s -' by multiplying the k value 

(8.0 x 1o-4 dm3 mol-l 0b81 4 (= 10 * ), and 

Kdiff -l (= 3.1)38. 

8-l) by 1 + K[HC104) (= ll), 10IPKBH+ - HO) 

The kh value is the same order of magnitude as that in the 

LADH-enzyme system (kh - 3.4 x lo2 s -l), although the kobs value is apparently . 
much smaller than the kh value because of the formation of an inactive canplex 

AcH3+ and the small concentration of the reactive species PhCHOH+. Thus, the 

present study has demonstrated for the first time that the huge reactivity of the 

LADH-enzyme system which has often created some mysterioum image of the enzyme is 

compatible with that in a simple nonenzymatic system where the enormous enhance- 

ment of the reactivity is caused by the protonation of a substrate. 

Experimental 

Materials.-N-methylacridan was prepared according to the literature. 10 N-methyl- 
acridinium perchlorate was prepared bv the addition of masnesium oerchlorate to 
N-methylacridfnium iodide in H20. Most p-bcnzoquinone derivativei (2,3-dichloro- 
5,6-dicyano-p-bensoquinone, p-chloranil, p-bromanil, 2,6-dichloro-p-benxcquinone, 
p-benxoquinone, methyl-, Z,C-dimethyl- ,and tetramethyl-p-benxoquinone), aromatic 
aldehydes (p-nitrobenzaldehyde, p-chlorobenxaldehyde, benzaldehyde, p-methylbenz- 
aldehyde, p-methoxybenxaldehyde and f3-naphthaldehyde) and the correspondin 
alcohols were obtained commercially and purified by the standard methods. 38 
Chloro-p-benzoquinone, 2,3-dicyano-p-benxoquinone and trimethyl-p-benzoquinone 4. 
were prepared from the corresoondino hvdroauinones according to the literature. 
Anhydroui magnesium perchlorate and-perchloric acid (60%) w&e obtained from 
Nakarai Chemicals and Wako Pure Chemicals, respectively. Acetonitrile which was 
also obtained commercially was purified and dried with-calcium hydride by the 
standard procedure,39 and stored under nitrogen atomosphere. 

Acid-catalysed Reduction of Aromatic Aldehydes by AcH2.-Typically, a mixture of 
CD3CN and MeCOOH (4:l v/v, 0.50 cm3) containing benealaehyde (0.10 mol dm-3) and 
HClO4 (0.20 mol dm-3) was introduced into a Schlenk tube which was connected to 
an nmr tube. The Schlenk tube was equipped also with a side arm where 9.8 mg 
(0.05 mmol) AcH2 was placed. After the solution in the nmr tube was thoroughly 
degassed in vacuum by the successive freer-pump-thaw cycles, the solution was 
mixed with AcH2 in the side arm, and the nmr tube containing the reactant solution 
was sealed in vacuum. Such a rigorous deaeration was required in order to avoid 
the acid-catalysed oxidation of AcH2 by oxygen. Then, the nmr tube was immersed 
in a water bath which was thermostated at 323 K. The progress of the reaction 
was monitored by measuring the nmr spectra periodically. After the completion of 
the reaction, the products were identified also by a GC analysis using a gascro- 
pack 54 column. 

Spectral Measurements.-lH and 13 C Nor spectra of AcH in the presence of varioum 
concentrations of HClO4 in CD3CN were recorded on JE02 JNM-PS-100 and JNWFX60S 
speatrometer, respectively. The electronic absorption spectra of AcH2 in the 
presence of various concentrations of HClO4 in MeCN were measured using a Union 
SM-401 spectrophotometer with a quartz cell (1 cm i.d.) placed in a compartment 
which was thermostated at 298 K. The H value of a mixture of MeCN and MeCOaH 
(I:1 v/v) containing 5.0 x 10-2 moldm- + 
nitroaniline (~KBH+ 

HClO4 was determined as -2.7 by usifqg O- 
= -0.29)37 and o-nitro-p-chloroaniline (~KBH+ - -1.03) as 

indicators. 
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Kinetic Uea6urements. -Kinetic measurements were performed using a Union RA-103 
stopped flow spectrophotometer and a Union SU-401 spectrophotometer for the reduc- 
tion of p-benzoquinone derivatives by AcH2 under deaerated conditions with half- 
lives < 10 8 and >> 10 s, respectively. Reaction rates were followed by the 
increase in absorbance due to AC@ in the visible region (1, 
x 10' dm3 rlo1-1 

358 nm, E 2.00 
cm-11 under pseudo-first-order conditions usf",g more than lo-fbld 

excess of substrates in the presence of Ug(ClO4)2 or X104, and in its absence at 
298 K. Pseudo-first-order rate constants were determined by least-squares curve 
fitting using a Union System 77 microcomputer. In the case of the reaction of 
AcH2 with chloro-p-benzoquinone in the absence of Hg(ClO4)2 or HClO4 in MeCN at 
298 K, more than SOO-fold excess of the quinone was used in order to avoid the 
contribution of the back reaction. Rates of the acid-catalysed reduction of 
aromatic aldehydes by AcH2 in MeCN/HeCOOH in the presence of HClO4 at 323 K were 
followed under degassed conditions by sealing a Pyrex tube which was connected to 
a square cuvette (1 ran 1.d.) in vacuum. 
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