
Tctmhaimn Vol. 35. pp. 1737 lo 1741 

@ Pcrgamon Press Ltd., l97!3. Printed in Gnat Britain 

TRANSFER HYDROGENATION AND TRANSFER 
HYDROGENOLYSIS-21 

DEHYDROGENATION OF ALCOHOLS BY QUINONES 

AURA OHKI, TAKESHI NISHIGUCHI* and KAZUO F~KUZUMI 

Department of Applied Chemistry, Faculty of Engineering, Nagoya University, Chikusa-ku, Nagoya 464. Japan 

(Recehed in Japan 22 November 1978) 

Ahztraet-Dehydrogenation of henzyl-type alcohols and hydroaromatic compounds by 2,3dichloro-5,64cyano-p- 
benzoquinone (DDQ) and tetrachloro-p-benzoquinone were examined, and the hydrogen transfer from I-phenyl-l- 
propanol to DDQ was investigated in detail. The yield of the propiophenone increased when solvents which would 
be expected to increase the concentration of the charge transfer complex between the alcohol and DDQ were used. 
Initial rates of the reaction in dioxane were proportional to the concentration of the hydrogen donor and that of the 
hydrogen acceptor. In the dehydrogenation of several pam- or meta-substituted I-phenyl-1-propanols at 6tP, -3.30 
was obtained as a value of reaction constant. Relative rates of the reaction of PhCH(OH)Et, PhCH(OD)Et, 
PhCDfOH)Et. and PhCDfOD)Et were 8.9.9.1, 1.0 and I, respectively. This result suggests that the transfer of the 
H atom attached to the o-carbon of the alcohol is the rate-determining step. This and some other results support a 
two-step ionic mechanism for the dehydrogenation of alcohols. 

The thermal hydrogen transfer from dihydrobenzenes 
and steroids to high potential quinones has been studied.’ 
However, the reports of the hydrogen transfer from 
alcohols to quinones are relatively scarce’ and the 
mechanisms of this reaction seems to have been in- 
vestigated but little.‘* 

In a previous paper, we reported the hydrogen transfer 
from benzyl-type alcohols to tetracyanoethylene 
(TCNE)” and this study was undertaken to compare the 
dehydrogenation of alcohols by quinones with that by 
TCNE. 

REwLrn AND DiscusJoN 
Hydrogen-donating ability. As representatives of 

quinones, 2.3 - dichloro - 5.6 - dicyano - p - ben- 
zoquinone (DDQ) and tetrachloro-p-benzoquinone 
(chloranil) were chosen, and dehydrogenations by them 
were investigated. At first, the susceptibility of organic 
compounds to the dehydrogenation by DDQ was 
examined under the following conditions: a hydrogen 
donor (0.05 M) and DDQ (0.05 M) were heated at 60” for 
2 hr in dioxane. This was used as a solvent for dehy- 
drogenation by DDQ.‘b In these dehydrogenations, DDQ 
was reduced to S3_dichloro_S,~cyanohydroquinone 
which was isolated as a white crystalline compound and 
identified by m.p. and IR spectrum. Quinones, including 
DDQ, have been reported to undergo side reactions such 
as Diels-Alder, addition, and substitution reactions.’ In 
some cases extensive side reactions occur. We have 
de&mined not only the yield of dehydrogenation 
product but also the amount of starbng material that 
remains. Several hydroaromatic compounds and alcohols 
were examined as hydrogen douors. They all gave 
the dehydrogenated products, aromatic or carbonyl com- 
pounds, respectively. 

As shown in Table 1, the yield of dehydrogeuation 
products decreased in the following order: 9,1Odibydro- 
authracene > l&dIIydronaphthalene > iudoliue > ciu- 
namyl alcohol > 1,2,3, > 1,2- 
dihydronaphthalene > YdIhydrofurau > l-pheuyl-l- 
propauol. Side reactions were extensive in the reaction 

of indoline and cinnamyl alcohol. 
When a hydrogen donor (0.2 M) and chloranil (0.2 M) 

were heated at 140” for 3 hr in dioxane, tetrachlorohydro- 
quinone was isolated along with the dehydrogenation 
products anticipated. As shown in Table 1. the hydrogen- 
donating ability of organic compounds decreased in the 
following order: 9,lOdihydroanthracene > indoline > 
cinnamyl alcohol > 14diiydronaphthalene > 1,2,3,4- 
tetrahydroquinoline > 1,2,3&tetrahydrocarbazole > 
2,5 - dihydrofuran > I.2 - dihydronaphthalene > I.2 - 
dihydro - 1.1 - dimethylnaphenalene > I - phenyl - 1 - 
propanol. Side reactions were considerable in the reaction 
of tetrahydrocarbazoie, I ,4 - and 1,2 - dihydronaphthalene 
and 1,2 - dihydro - 1,l - dimethylnaphthalene. In the 
reaction of the dimethyl compound rearrangement of a Me 
group occured and 1,2_dimethylnaphthalene was formed as 
in the dehydrogenation by DDQ’ and TCNE.3 This fact 
suggests that an electron deficient species is formed by the 1 
hydride abstraction at the 2position of the hydrogen 
donor.’ Taking into account of the steric hindrance of the 
two Me groups, the reactivity of 1,1-dimethyl derivative is 
not much less than that of 1,2dihydronaphthalene. There- 
fore, it is suggested that these two compounds were 
dehydrogenated by the same mechanism and that the 
hydrogen abstraction from the 2-position of the l,2- 
dihydronaphthalenes is the rate-determining step. 

DDQ was used as a representative of quinones in the 
experiments described because it has been used most 
widely in dehydrogenations by quinones. 1-Phenyl-l- 
propanol was employed as a hydrogen donor because (1) 
mechanistic studies of thermal hydrogen transfer from 
alcohols seem to be relatively scarce,la (2) the alcohol 
undergoes few side reactions and (3) ring-substituted 
I-phenyl-l-propanols are easy to be obtained. 

Reaction solvents. Solvent effects were investigated to 
discuss the mechanism of the dehydrogenation. Solvents 
that dissolved DDQ well and did not cause observable 
side reactions were chosen, and the results are sum- 
marized in Table 2. 

It has been proposed that the &hydrogenation by 
quiuones occurs via the formation of charge-transfer 
(CT) compkxes.’ Therefore, the influence of solvents 
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Table 2. EffMt of solvents’ 

Solvent Yield of Recovery of hCTb log (IO/I)C ETd 

ketone ($1 alcohol ($) (m) (kcal mol-1) 

Chlorof om 51 41 625 1.43 39.1 

Mohloromethane 33 59 623 1.42 41.1 

Cblorobeneane 26 61 619 1.24 37.5 

Ethyl acetate 20 77 583 0.29 38.1 

Tetrahydrofuran 16 74 589 0.24 37.4 

Dioxane 15 79 587 0.18 36.0 

Baeene 15 67 608 0.68 34.5 

Phenetole 15 80 e e 

a DDQ (0.05 M) aad 1-phenyl-1-propanol (0.05 I) were heated at 60°C for 2 h. 

b wavelength of the absorption merlna of the band orine to the CT complex 

between DDQ (1 a@) and hexamethylbewene (1 a). 

’ Absorbance of the bend deeoribed above. 

d Molar tranaltlon enera of pyrldinlum A-phenolbetaine in the designated 

solvents. 

e The band wae covered by abeorption of the oomplex between DDQ and the 

solvent. 

the dehydrogenation by quinones the mechanism involv- 
ing radical process has been proposed.’ Therefore, the 
validity of the radical mechanisms was examined in our 
system. p-tButylphenol, which is an inhibitor of radical 
reactions, did not retard the dehydrogenation. However, 
hydroquinone and pyrocatechol hindered it. The blocking 
effect of the latter two radical inhibitors may be due to 
side reactions because they reacted with DDQ to give 
precipitates even in the absence of l-phenyl-1-propanol. 
The addition of a,a’-axobisisobutyronitrile (AIBN) and 
benxoyl peroxide did not promote markedly the reaction 
even at 110”. A large negative value for the activation 
entropy (as seen later) also suggests that a radical 
process is not likely? although the existence of some 
radical intermediates is not completely ruled out. 

It has been reported that the dehydrogenation of 1.4 
dihydronaphthalenes by quinones is catalyzed by acids? 
However, in our system the addition of acetic and di- 
chloroacetic acid did not raise the yield of the ketone but 
lowered it. This effect of the acids may be interpreted by 
side reactions involving the acids and/or by the pro- 
tonation on I-phenyl-1-propanol which would reduce the 
hydrogen-donating power of the alcohol. 

ZButanol promoted the dehydrogenation but propio- 
phenone retarded it. 

40 

20 
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Measurement of zcactiOn mtes. In Fi. I a plot Of the 
yield of propiophenone against the reaction time is 
shown. At the initial stage of the reaction the yield of the 
ketone was proportional to the time up to about 3096 in 
this case. The initial rate of the reaction was derived 
from the linear part of the plot. 

fig. 1. Plots of the yield of ketone (0) and ratexonstant (0) vs 
reaction time. DDQ (0.05 M) and I-phenyl-I-propanol (0.05 M) 

were heated at 60” in dioxane. 

In the dehydrogenations of dihydrobenzenes by 
quinones’ and steroid alcohols by DDQ,= second-o&r 
kjnc*s has been reported. In our system also. the initial 

-rate was found to be prop&ional to the concentration of 
DDQ and I-phenyl-l-propanol up to 0.05 M, as shown in 

Fig. 2. When the cqncentration of DDQ was 0.05 M and 
that of the alcohol was higher than 0.07 M, the initial rate 
deviated upward from the linear line and this 
phenomeaon might be explained by the promoting effect 
of alcohols shown by the addition of 2-butanol (Table 3). 
TheiaitialratedidaotdeviatefromtbelinearityinhiBher 
concentration of the reactants than 0.05 M. Therefore, 

1739 
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Table 3. Effect of additives” 
-. 

Additive Yield of Recovery of 

ketone ($1 alcohol ($1 

Rone 15 79 

P-Buten 19 17 

p-tert-Butyluhenol 16 01 

El,&Dimeth?lacetamide 12 02 

Benzoyl peroxideb 9 85 

Acetic acid a a4 

Dlchloroaoetic acid a IO 

Propiophenone 2 17 

ProplophenoneC 9 80 

Hydroqulnone 0 100 

Pyrocatechol 0 100 

Roned 9 92 

AIBAd 12 92 

Benzorl peroxided a 90 

DDQ (0.05 Y), 1-phen#-1-p‘ropanol (0.05 M), and 

QI~ additive (0.1 H) were heated at 60-C for 2 h 

in dioxane. 

The mount of this additive was 0.05 M. 

The amount of this additive rae 0.025 M. 

DDQ (0.025 H), 1-phen@-1-propanol (0.05 M), and 

an additive (O.OlY) "ore heated at 110'C for 

9 min. 

0 0.04 0.00 0.12 

IDDQI or Cl-Phenyl-I-propclnoll, M 

FI. 2. Plots of initial rate vs the concentration of DDQ (0) and 
I-phenyl-I-propanol (A); the concentration of the other reactant 
was O.OSM, the temperature was 60”. and the solvent was 

dioxane. 

the concentration of the DDQ/l-phenyl-l-propanol 
complex would not be so high because the formation of 
the complex in hi concentration would lead to devia- 
tion from linearity. 

As already mentioned, the rate is inferred to be cor- 
related to the concentration of the CT complex. There- 
fore, the reaction scheme and the rate may be expressed 
as follows: 

DDQ + A&&omplexAproducts 

Rate = ~,L.JDDQI[AI = k[complex] = M[DDQ][A] 

where A, K, k and k,,,,,,, represent I-phenyl-l-propanol, 
the equilibrium constant between the reactants and the 
CT complex, the rate constant of the rate-determining 
step, and tbe observed second-order rate constant, res- 
pectively. 

The value of the observed rate constants were found 
to be almost unchanged up to 55% conversion as shown 
in Fig. 1. This result imjicates that side reactions and 
autocatalysis by the reaction products are not importanl 
in the initial stage of the reaction. 

Initial rates were measured at temperatures ranging 
from 50 to 90” in dioxane. A plot of the logarithms of 
&- against the reciprocal of the reaction temperatures 
(X) showed a good linear relationship indicating that the 
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kinetics of this system are not complicated. From the 
plot, 14.6 kcal mol-‘, 13.9 kcal mol-’ and -35.0 eu were 
obtained for the Arrhenius energy of activation, the 
activation enthalpy and the activation entropy at 70”, 
respectively The values of these kinetic parameters ap- 
proximately are comparable to those in the hydrogen 
transfer from l&dihydronaphthalenes to quinones9 and 
in the one from I-phenyl-I-propanol to TCNE.’ Such a 
similarity of the values would suggest a resemblance 
between the reaction mechanisms. The large negative 
value of activation entropy may show that the transition 
state of the rate-determining step is highly ordered and 
does not involve free radical species. 

Eflecr of substituents. In a review, Jackman has repor- 
ted that in the dehydrogenation of a series of 6- and 
7-substituted 1,2diiydronaphthalenes by a quinone, the 
rates are correlated with the Hammett u, or still better 
with the u+ values of the substituents, and a huge 
negative p value obtained (-2.7) is indicative of a fairly 
high sensitivity of the reaction toward the changes in 
substituents.‘” 

In order to discuss the electronic effect in the dehy- 
drogenation of alcohols by quinones, initial rates of the 
reaction of DDQ with m- or p-substituted l-phenyl-l- 
propanol were measured. Using least squares, the 
logarithms of the second-order rate constants were cor- 
related to u to give p value of -3.30, and a correlation 
coefficient, t of -0.952, while correlating to u+ gave 
p = -2.76 and r = -0.952 (Fig. 3). It is inferred from the 
fairly large negative p values that the transition state of 
the rate-limiting step has a greater charge separation than 
the species which lie before the rate determining step. 
These p values are comparable to the value reported by 
Jackmanta and to the ones obtained in the reaction 
between TCNE and 1-phenyl-l-propanols.’ The resem- 
blance of the p values suggests that the mechanisms of 
the dehydrogenation of alcohols by quinones and TCNE 
and that of 1,2_dihydronaphthalenes by quinones are 
mutually similar. 

Kinetic isotope efect. Milller has found that the rate of 
the dehydrogenation of l+cyclohexadiene by DDQ is 
ten times higher than that of l&cyclohexadiene&, and 
based on such an enormously large isotope effect, 
assumed that the cleavages of Cl-H and G-H bonds 
occur simultaneously at the rate-determining step.” 
Burstain and Ringold have also reported a primary 
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Fig. 3. Plots of koM vs (T (-0-) and u+ (-A--). DDQ (0.05 h4) 
and a para- or meta-substituted I-phenyl-1-propanol (0.05 h4) 

were heated at 60” in dioxane. 

kinetic isotope effect (ca. five hold) in the dehy- 
drogenation of 3crdeuterio-A’-3-hydroxy steroids by 
DDQ.% However, Hashish and Hoodless observed no 
primary isotope effect in the hydrogen transfer from 
14dihydronaphthalene (RI-Id to chloranile (Q) in 
phenetole, and concluded that the ratedetermining step 
is not at the hydrogen transfer steps (3 and 4) but at the 
electron-transfer step between the CT complexes (2)” 

+QH-4.R+QHz 

We measured the initial rates of the reaction of 
PhCH(OH)Et, PhCH(OD)Et. PhCD(OH)Et and 
PhCD(OD)Et with DDQ at 60” in dioxane and. found that 
the relative rates of them were 8.9, 9.1, 1.0 and 1, 
respectively. This result shows that a primary isotope 
effect was observed in the transfer of the. hydrogen 
attached to the a-carbon of the alcohol while no effect 
was detected in that of the H atom of the OH group. This 
means that the cleavage of the C,-H bond is of primary 
importance in the ratedetermlnll step while that of the 
O-H bond is only of secondary importance or is not 
involved in the step. 

Analogous result was also obtained in the dehy- 
drogenation by TCNE, although the values of the pri- 
mary kinetic isotope effect were smaller.3 

MEcIIANlsFIC DIWUSSION 
As for the hydrogen transfer from 1Pcyclohexadienes 

to p-quinones. four reaction mechanisms have been 
proposed. Braude ef 01. came to the conclusion that the 
dehydrogenation consists of a rate-limiting hydride 
anion transfer from the hydrogen donor to the hydrogen 
acceptors, leading to the formation of a delocalized 
caibonium ion which loses a proton in a subsequent 
rapid step (two-step ionic mechanism).‘” They con- 
sidered the possibility of forming benxenes in a single- 
step .reaction in which two cis H atoms attached to C, 
and C4 of l&cyclohexadienes are transferred to the 0 
atoms of pquinones (concerted 1,6-reduction). 
However, they rejected this cyclic mechanism on the 
basis of the observation that the dehydrogenation rates 
for 1,2- and l&lihydronaphthalenes by 1.2- and 1,4-’ 
quinones are insensitive to the internuclear distance of 
the H atoms undergoing transfer and to that of the two 
quinone 0 atom.‘* Further, they considered a one-step 
mechanism involving solvents as proton acceptors (con- 
certed solventmechanism). but they denied it also, when 
they found that the rate of the dehydrogenation shows 
little dependency on the basicity of solvents.‘3 Stoos and 
Rocek found that the dehydrogenation by DDQ of 1,4- 
cyclohexadienes, which can form aromatic hydrocarbons 
in a one step dehydrogenation, is about three orders of 
magnitude faster than that of 1,4dienes, which cannot 
form aromatics in a single-step reaction.14 They con- 
cluded that the dehydrogenation must involve the 
synchronous cleavage of the G-H and C.-H bonds of 
l&cyclohexadienes. They considered the possibility’ of. 
concerted 1,4-reduction mechanism in which one of the 
two H atoms of the. donors transfers to one of the 
carbonyl oxygens of pquinones and the other hydrogen 
to the &m&ion of cr.&unsaturated carbonyl unit of 
pquinones in a single-step and the 4 - hydroxy - 2,4 - 
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cyclohexadien - 1 - ones that form isomerixe rapidly to 
hydroquinones (concerted 1 J-reduction mechauism). 
They preferred this mechanism to the concerted 1,6- 
reduction mechanism because the former is symmetry 
allowed while the latter is symmetry forbidden.” Later, 
Miller supported most strongly the concerted solvent 
mechanism by comparing the rates of dehydrogenation 
of various hydrogen donors by DDQ.” As for 
mechanisms of the dehydrogenation of alcohols by 
quinones, Braude et al., have proposed two-step ionic 
mechanism on the basis of the analogy of the dehy- 
drogenation of alcohols by tetrachloro-o-benxoquinone 
to that of hydroaromatic compounds by quinones? 
Burstain and Rinnold have supported it in the reaction of 
A’-3-hydroxy .&oids with DDQ, basing mainly on the 
kinetic isotone effect descrii before.% 

Based on. these studies, the following five reaction 
mechanisms (Schemes l-5) may be considered for the 
hydrogen transfer from alcohols to pquinones. schemes 

1-3 and 5 correspond to the two-step ionic mechanism, 
the concerted Weduction mechanism, the concerted 
U-reduction mechanism, and the concerted solvent 
mechanism in the dehydrogenatioo of Wlihydroben- 
xenes by pquinones, respectively. Among these 
schemes, Scheme 1 is most likely because (1) a highly 
chargeseparated transition state should be considered 
from the fairly huge negative values of pi (2) a primary 
kinetic isotope effect was observed in the L-H bond 
cleavage of 1-phenyl-l-propauol and was not in the (FH 
bond cleavage, (3) no phenomenon which conflicts with 
this scheme was observed. In this scheme, possibility of 
the solvent participation in the subsequent rapid proton 
transfer step is not ruled out. In the concerted cyclic 
mechanisms, Schemes 2 and 4 are symmetry allowed 
although Scheme 3 is not. However, these scheme are 
not likely because no primary kinetic isotope effect has 
been observed in the transfer of the OH hydrogen of 
I-phenyl-l-propanol, and that the transition state of the 

OH OH 

-C-L 

I 
O-H * 

Scheme I. 

- products 

Scheme 2. 

Scheme 3. 

products 

Scheme 4. 

S - solvent 
Scheme 5. 
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rate-determining step is considered to be much more 
pohWized than those for these collcected processes. 
Scheme 5 is a two-step ~~srn in which the rate 
limiting step is at a cowxted process involving a &vent 
(S) as a proton acceptor. This scheme is presumed not to 
be reason&k because of the same reasons as in 
Schemes 2-4. Fm, Schame 5 would be less 
consistent with the fact that the basicity of soiveats was 
hardly correlated with the yield of propiopheaoae. 

In conclusion, the mechaaism of the dehy~~nati~ 
of I-pheayl-l-propaaol by DDQ seems to be similar to 
that by TCNE. 

-AL 

hfrate~ia. l~-~y&~l,l~~~h~~~ and p- 
methyl,” p-chloro,” nchlom.‘5 p-broa# and m-bromo” 
derivatives of l-pheayl-1-propaaol were prepsmd by the methods 
r~~~~~ti~.~~~p~of~ 
de-u&rated 1.p~yl-1~s we& desciibed in the previous 
paper.’ All the reageats purchased were puritied by distillation or 
i&rystallii. - 

An mtnpk of d~yd~~ by DDQ. DDQ (llAla& 
0.05 nunol) aad I-pbenyi-l-propaaol(6.9 p&O.05 mmol) were put 
into a Pyrex glass tube which had beeo sealed at one cad. 
~X~W~~,~~~V~Of~~W~~ 
tol.Onrl.T6c!ntbcwasseakdaa~vecuumafterafncze- 
pump-thaw cyck usiq~ a vacuum line and a liquid N2 bath. The 
sealedtubewas~~inawoter~Leptat60~OJ”for2br. 
The mixture was submit&d to glc analysis, which was performed 
usiw 5 pi of ~ny~yel~x~ ns an internal standard aad a 
1 m x 6 mm stainless column packed with 1296 diethykne glycoi 
succinate on DiasoM L. 

Tbe other dehy~~ons were carried out in a similar way. 
An example of kktic ~msnwmt. Five se&d tubes prc- 

parcdbytbemctboddescllbtdabovGwmhcat#lat6o~O.5ofor 
b&l, 115.2 and 2.5 hr, respretively. Each mixture was s&n&ted 
to the gk aaalysis. Initial rate was &wived from the gradient of 
the yield of propiophenone against time plot. 
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