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A B,B-dimethyl-substituted ketene silyl acetal reduces p-chloranil to produce the
carbon-oxygen adduct, the hydrolysis of which yields the corresponding hydro-quinone
ether (3). The structure of 3 has been determined by the X-ray crystal analysis. On the
other hand, the reaction of a nonsubstituted ketene silyl acetal with p-fluoranil yields the
carbon-carbon adduct selectively. The mechanistic difference between the C-O and C-C
bond formation is elucidated based on the kinetic study.

We have recently reported that B-methyl-substitution of ketene silyl acetals increases the electron-donor
ability to be becoming more susceptible to the electron-transfer oxidation, although it generally increases the
steric hindrance of the reaction center, thereby reducing the reactivity of the nucleophilic attack toward electro-
philes.1,2) Extension of these two reverse effects leads us to expect the mechanistic change from ubiquitous
SN2 processes to novel electron-transfer pathways. Such electron transfer vs. nucleophilic alternative has been
one of the central proposition in reaction mechanism.3) Moreover, the electron-transfer oxidation of ketene silyl
acetals and enol silyl ethers has been receiving increased attention recently because of its synthetic utility.4) In
this context, an electron-transfer mechanism has recently been reported for the reduction of 2,3-dichloro-5,6-
dicyano-p-benzoquinone (DDQ), which is known as a strong organic one-electron oxidant, by silyl enol ethers,
although a nucleophilic attack of the silyl enol ether on DDQ cannot be ruled out.5) This study reports that the
electron transfer or nucleophilic pathway is changed drastically depending on the -methyl-substitution of ketene
silyl acetals in the addition reactions with relatively mild oxidants as compared to DDQ, i.e., halogenated p-
benzoquinone derivatives to yield different products, carbon-oxygen and carbon-carbon adducts, respectively.6)

p-Chloranil is readily reduced by a B,B-dimethyl-substituted ketene silyl acetal (1) to yield the carbon-
oxygen adduct (2), the hydrolysis of which yields the corresponding hydroquinone ether (3), Eq.1.  The
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carbon-oxygen bond formation has been confirmed by the X-ray crystal analysis of 3 (Fig. 1).7)  The carbon-
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oxygen adducts are also obtained by the reactions of 1 with
other halogenated p-benzoquinone derivatives, p-bromanil, p-
fluoranil, and dichloro-p-benzoquinone. In contrast, the
reaction of a nonsubstituted ketene silyl acetal (4) with p-
fluoranil yields selectively the carbon-carbon adduct (5), which
is identified by the 14, 13C, and 19F NMR spectra (Eq. 2).8)
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Rates of the reactions of p-benzoquinone derivatives

with large excess amounts of ketene silyl acetals were
followed by the disappearance of the absorbance dueto p-

benzoquinone derivatives, obeying the ordinary pseudo-first- Fig. 1. ORTEP drawing of 3.

order kinetics. = The pseudo-first-order rate constant (kf)

increases linearly with an increase in the concentration of ketene silyl acetal [1] at the low concentrations but
exhibits a curvature from the linear dependence at the high concentration region. Such a curved dependence of kf
on [1] is consistent with the independent, spectroscopic evidence for the formation of charge-transfer (CT)
complexes in benzene, which must be accommodated in any mechanistic formulation for the addition of ketene
silyl acetal to p-benzoquinone derivatives. If the CT complex is a precursor for the reduction of p-chloranil by 1,
the dependence of kf on [1] may be expressed by Eq. 3, in which k1 is the first-order rate constant for the
reaction through the CT complex and KCT is the formation constant of the CT complex. Equation 3 is rewritten
by Eq. 4, which predicts a linear correlation between kf1 and [1]-1. In fact, the plots of kf'1 vs. [1]1 for the

kf = k1KcTi1]1/(1 + KCTI1]) A3) kel = k1-1[1 + KTl )

reactions of 1 with p-chloranil and other p-benzoquinone derivatives gave the linear correlation. From the
intercepts and slopes are obtained the k1 and K¢t values which are listed in Table 1 together with the one-
electron reduction potentials (EQpeq) of quinones?) and the CT absorption maxima (\CT). The observed second-
order rate constant (kobsd = k1KCT) generally decreases with a decrease in the one-electron reduction potential
(EOreq) of quinones. As such the highest reactivity is achieved for o-chloranil (EOred = 0.14 V), but no reaction
takes place for chloro-p-benzoquinone (EOed = -0.34 V) and p-benzoquinone (EOred = -0.50 V). Such a strong
dependence of kghsd on EQpeq indicates that electron transfer from 1 to quinones may be the rate-determining
step for addition of 1 to quinones as shown representatively for the 1-p-chloranil system in Scheme 1. The rate
constant of intracomplex electron-transfer in the CT complex may be evaluated based on the Rehm-Weller Gibbs
energy relation for electron-transfer processes in Eq. 5,1,10)  where AGOet is the Gibbs energy change of

electron transfer in the CT complex and AG¥( is the intrinsic barrier of the electron-transfer reactions of 1. The

AG#et = (AGY%¢/2) + [(AG%0)2 + (AGOgy2)2]1/2 )
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Table 1. Rate Constants for the Addition Reactions of 1 and 4 with p-Benzoquinone Derivatives in
CH2ClIy at 298 K, the Absorption Maxima (ACT) of the CT Bands of Complexes of 1 with p-
Benzoquinone Derivatives in Benzene, and the One-Electron Reduction Potentials (Eored) of p-

Benzoquinone Derivatives in MeCN at 298 K

EOred ACT kobsd® k1
Benzoquinone Vvs. SCE nm dm3 mol-1 s-1 s-1
o-Chloranil 0.14 b) 5.4 x 102 b)
p-Fluoranil -0.04 495 44x10°1 (58) 4.0x 101
p-Chloranil 0.01 510 35x102 26x102) 44x102
p-Bromanil 0.00 500 74x10°3 12x102) 14x10-2
2,6-Dichloro-p-benzoquinone  -0.18 477 1.0x 102 1.4 x 10-2
2,5-Dichloro-p-benzoquinone ~ -0.18 472 1.9 x 10-3 c)
Chloro-p-benzoquinone -0.34 440 d) d)
p-Benzoquinone -0.50 e) d) d)

a) The values in parentheses are those for the reactions of 4. b) The reaction was too fast to determine
the value accurately. c) Not determined. d) No reaction or the rate was too slow to be determined
accurately. e) Not determined because of the overlap with the absorption band of p-benzoquinone.
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Scheme 1.
AGOet value may be given by Eq. 6, where the Eoox value of 1 (0.90 V)l) and the Eol-ed values of quinones
AGO¢t = F(EOx - EOred) + wp ©)

(Table 1)9) are known, and wp is the work term which is required to bring the radical cation of 1 and the
quinone radical anion to the mean separation distance of the transition state. The wp value for such a radical ion
pair with opposite charge may be evaluated as ca. 0.1 eV although the wb value is sensitive to the steric
effect.11) The AG#( value of 1 has previously been reported as 5.2 kcal mol-1 1) By using these values the
AG#¢t value can be evaluated as 19.6 kcal mol-! for the 1-p-chloranil system, which is converted to the rate
constant of intracomplex electron transfer (ket) by ket = (kT/h) exp(-AGZet/RT). The ket value thus evaluated
is 2.7 x 102 s-1 which agrees well with the observed ki value (4.4 x 10-2 s-1) in Table 1. Such agreement
supports strongly the electron-transfer pathway in Scheme 1, since no significant interaction is required for the
electron-transfer process as compared to an alternative nucleophilic process.

The reactivities of a nonsubstituted ketene silyl acetal (4) towards p-fluoranil, p-chloranil, and p-bromanil
are compared in Table 1 (the values in parentheses). The one-electron oxidation potential of 4 (1.30 V) is
significantly higher than that of 1 (0.90 V).) Thus, the reactivity of 4 would be reduced by 108 times as
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compared to 1 based on Eq. 5. However, the kohsd values of 4 are even much larger than those of 1 except for
the case of p-chloranil. In such a case the nucleophilic attack of 4, which is less sterically hindered than 1, may
dominate as compared to the electron-transfer pathway, yielding the carbon-carbon adduct (Eq. 2). The 1,2-
addition may take place in a concerted manner, which may be energetically more favorable than alternative
electron-transfer pathway. Such a concerted nucleophilic process is retarded in the case of the sterically hindered
ketene silyl acetal (1), which can in turn transfer an electron to p-benzoquinone derivatives to yield the carbon-
oxygen adduct (Scheme 1). Thus, the B,B-dimethyl-substitution of ketene silyl acetals results in the drastic
mechanistic change from ubiquitous SN2 processes to a novel electron-transfer pathway.
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