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its concentration. Its adaptation for use in DAS is rendered
difficult by the insufficiently known association equilibria
of the mostly ionic reagents, by their enhanced basicity,
and by the possible reactivity of their ion pairs.

Ion Pairs as Possible Direct Substrates in E2C Reac-
tions. Once it is accepted that ion pairs are more likely to
undergo nucleophilic attack than the undissociated sub-
strate, it may be expected that, at least in some cases, they
are preferred to the latter in elimination reactions also.
One might wonder if the prevalence of DAS as media for
E2C reactions should not be ascribed to their proficiency at
generating ion pairs. Some of the most notable characteris-
tics of E2C,36 such as the absolute trans elimination and a
“loose” transition state, become self-explanatory, when ion
pairs are considered as the direct substrates.3”2® Research
in progress in our laboratory indicates that the E2 reaction
of tertiary alkyl bromides with bromide ion is competitive-
ly inhibited by added azide ion.
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Oxidative cleavage of a-phenylbenzoins [Ar!Ar2C(OH)COAr3] by hypobromous acid to give benzophenones and
benzoic acids has been studied kinetically in alkaline 50 vol. % aqueous dioxane. The effect of ring substituents on
the rate at 25° gives p values of +2.8 for the o values on Ar2 and +2.3 for the sum of ¢ values on Ar! and Ar? A
mechanism is postulated, which involves the formation of hypobromite ester of substrate followed by a rate-de-
termining attack of hydroxide ion on the carbonyl carbon to give the products.

Several papers were published on the oxidation of alco-
hols by halogen to carbonyl compounds.2-4 The workers in
the mechanistic studies of these reactions were interested
mainly in speculation of the transition state, attacking
agents, and their relative reactivities. There are a number
of evidences? that the halogen oxidation of alcohol in acidic
solutions occurs via a rate-determining abstraction of «-

hydride ion by molecular halogen. On the other hand, for
the oxidation by alkaline hypohalite, the intermediacy of
hypohalite ester of substrate was postulated in some oxida-
tions of alcohols, i.e., the oxidation of alcohols® and the oxi-
dative decarboxylation of a-hydroxycarboxylic acids.*

The oxidative decarboxylation of a-hydroxycarboxylic
acids by alkaline hypohalite in an aqueous solution was re-
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Tablel
Pseudo-First-Order Rate Constant kgpsa for the
Reaction of «-Phenylbenzoin with Bromine in Alkaline
Aqueous Dioxane (50 vol. %) at 25°

(Brpl, " INaOHI,®  10%%0psa, (Brlp® INaOHIg® 10frineg

M M sec™t M M sec”l
0.100 0.100 6.04 0.100 0.350 13.0
0.100 0.110 7.11 0.100 0.500 13.2
0.100 0.125 10.1 0.200 0.200 12.4
0.100 0.150 13.6 0.500 0.500 31.2
0.100 0.200 12.8

2 Added concentration.
Table I1

Relative Rate (k1) of the Reaction of Substituted
a-Phenylbenzoins [(p-Y-Ce¢H, ) (p-Z-CeH4)C(OH)-
CO(CgHy-W-p)] with Bromine in Alkaline
Aqueous Dioxane (50 vol. %) at 25°

Substituents

Registry no. Y z W el
4237-46-1 H H H 1
53432-76-1 Cl H H 3.73
53432 -77 -2 c1 cl Cl 37.9
53500-16-6 H cl Cl 14.0
53432-78-3 Cl Cl MeO 1.78
53432-79-4 H Cl MeO 0.460
53432-80-7 H MeO Cl 0.987
4338-69 -6 H H MeO 0.178
53432-81-8 H Me Me 0.121

@ krel = ka(substituted) /ka(unsubstituted). See eq 2.

ported? to have a mechanism*t-d which involves an inter-
mediate such as A.

0 )
| -
O/J = o/ \\o A
= AC
\ox \
Br H---Br
A B

Donnelly and O’Donnell® reported that some a-ketols
reacted with bromine in acetic acid to give the correspond-
ing ketones and postulated a mechanism involving a six-
membered cyclic transition state such as B because of the
suppression of reaction by acetylation of hydroxy group
and the necessity of the a-carbonyl group for the reaction.

The authors found that the bromine oxidation of a-ke-
tols (a-phenylbenzoins) occurs also in alkaline solutions
and is base catalyzed. The present paper describes our ki-
netic studies by means of glc and analysis,of the reactant or
product to speculate a mechanism for this reaction.

Results

Products. The reaction of a-phenylbenzoins [Ar!Ar2C-
(OH)COAY3, 1] with bromine in alkaline agqueous dioxane
at 25° gives the corresponding benzophenones (ArlAr2-
C=0) and benzoic acids (Ar3COOH) in good yields. Simi-
lar results were obtained with the oxidation of «-phenyl-
benzoin by tert-butyl hypochlorite in tert-butyl alcohol
containing sodium tert-butoxide at 25°, while the treat-
ment of a-phenylbenzoin with molecular bromine in dry
benzene gives no benzophenone.

Rate. The rates of the reaction of a-phenylbenzoins with
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Figure 1. The effect of [NaOH], on the rate of oxidative cleavage
of a-phenylbenzoin by hypobromous acid in 50 vol. % aqueous di-
oxane at 25°; [Brg]s = 0.100 M. Subscript a means added concen-
tration. .

log Kyet

A .

3 03 01 0 o1 02

Figure 2. The plot of log k. against ¢(Ard) for the oxidative
cleavage of a-phenylbenzoins [Ar'!Ar2C(OH)-COAr?®] by hypobro-
mous acid in 50 vol. % aqueous dioxane at 25°; ¢, Ar! = Ar? = p-
Cl-CgHy; A, Art = Ph, Ar? = p-Cl-CgHy; @, Ar! = Ar?2 = Ph; v,
Arl = Ph, Ar? = p-Me-CeHy; O, Ar! = Ph, Ar? = p- MeO-CgHy.
Open circle values were obtained from the intercepts in Figure 3.

a mixture of bromine and sodium hydroxide in 50 vol. %
aqueous dioxarie (1 vol. of dioxane mixed with 1 vol. of
water) at 25° were measured by following a-phenylben-
zoins or benzophenones by means of glc. Bromine (0.1-0.5
M) and sodium hydroxide (0.1-0.5 M) are much more in
excess to the equivalent amount of substrate (0.005 M) so
that the pseudo-first-order plots were linear up to 50-75%
conversion.

v = Ryl 1] (1)

The kinetic data are listed in Table I. The value of & gpsq
is proportional to the added concentration of bromine,
[Bro]s,, when added sodium hydroxide concentration,
[NaOH],, was equal to [Brs],.

v = ky[1][Br,], @)

As shown in Figure 1, the rate constant increases with in-
creasing concentration of added sodium hydroxide at lower
basicity, while it holds constancy at higher basicity.

Substituent Effects. The rates for some para-substitut-
ed «-phenylbenzoins [Ar'Ar2C(OH)-COAr3] were mea-
sured in 50 vol. % agueous dioxane at 25°. The results are
summarized in Table II. Relative rates [k, (substituted)/
k2 (unsubstituted)] are plotted against Hammett’s ¢. The
effect of substituents on the acyl side [o(Ar?)] is shown in
Figure 2; the plot which uses the sum of ¢’s for substituents
on the carbinol side (Ar! and Ar?) is shown in Figure 3. As-
suming that the effect of substituent in Ar! and Ar2 on
p(Ar®) is negligible, the lines in Figure 2 were drawn to
have the same slope. The lines in Figure 3 were drawn on
the similar assumption. The intercept values at ¢ = 0 in
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Figure 3. The plot of log k re1 against o(Ar!) + o(Ar?) for the oxi-
dative cleavage of a-phenylbenzoins [ArAr?C(OH)-COAr?] by hy-
pobromous acid in 50 vol. % aqueous dioxane at 25°: ¢, Ar® = p-
Cl-CsHy; @, Ar® = Ph; A, Ar® = p-Me-CgHy; O, Ar3 = p- MeO-
CgHy. Open circle values were obtained from the intercepts in Fig-
ure 2,

Figure 2 were plotted as open circles in Figure 3; they were
linear and justify the above assumption. The intercept
‘values in Figure 3 were plotted in Figure 2 similarly and
gave a straight line. These correlations give p values of +2.8
for ¢ values on Ar3 and +2.3 for the sum of ¢ values on Ar!

and Ar2 [o(Ar!) + ¢(Ar?)].
Discussion

The oxidative cleavage of a-phenylbenzoin is favored by
the presence of base. Added bromine can exist, e.g., in the
forms Brg, HOBr, OBr—, and Brs~, whose contents depend
on the basicity of the solution.

K
Br, + OH" == HOBr + Br- (3)
K4
HOBr + OH- == OBr- + H,0 )
K5
Br, + Br~ == Br, (5)

The equilibrium constants K3 ([HOBr][Br~]/[Brg][OH"]
= 9.6 X 10%408 and K, ([OBr~]/[HOBr][OH-] = 2.1 X
105)#b8 are large and the constant K5 ([Brs~]/[Bry][Br~] =
16) is fairly small, so that added bromine should be miost
converted to hypobromous acid (HOBr), when [Brs], is
nearly equal to [NaOH],, and HOBr should be converted to
OBr~ when [Brg], < [NaOH],.

Bell-shaped pH-rate profiles were reported in the oxida-
tive decarboxylation of a-hydroxycarboxylic acids by hypo-
bromous acid.* Barker*d and Pink*b< interpretated these
phenomena by assuming that HOBr is a sole effective oxi-
dant; i.e., the rate increases with increasing concentration
of HOBFr at lower pH and decreases with increasing conver-
sion of HOBr to inert OBr~ at higher pH.

Our results on the oxidation of a-phenylbenzoin by hy-
pobromous acid in alkaline aqueous dioxane (Figure 1) are
different from the case of «-hydroxycarboxylic acids; i.e.,
the rate constant increases with increasing concentration of
added NaOH at lower basic solution, while it holds con-
stancy at higher basic solution. This suggests that the rate
should be proportional to [OBr~]; i.e., [OBr~] increases
with increasing added NaOH at lower basicity and becomes
constant at higher basicity.

However, hypobromous acid, but not OBr—, should be a
more effective oxidant for this reaction of a-phenylbenzoin
because of the following reasons: (i) the oxidative cleavage
of a-ketols proceeds by tert-butyl hypochlorite in tert-
butyl alcohol containing sodium tert-butoxide or by acetyl
hypobromite in acetic acid,® where hypohalite ion (0X~)
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cannot be formed; (ii) ions of Brs~ and OBr~ are inert in
the oxidation of alcohols®® and a-hydroxycarboxylic acids;*
(iii) the treatment of a-phenylbenzoin with molecular bro-
mine in dry benzene does not yield the cleavage products.
Consequently, the rate should be expressed as

k[1][OBr-]
kK,[1)[HOBr][OH"] (8)

il

v

i

This suggests that the mechanism involves the participa-
tion of one molecule each of 1 and HOBr and of OH~ in a
rate-determining step. These facts can be explained by a
mechanism such as Scheme 1.

Scheme I
K

Ar'Ar?C(OH)COAr® + HOBr

1 fast

Ar!ArC(OBr)COAr® + H,0 (D
2

k
2 + OH — Ar'Ar’C=0 + Ar’CO,H + Br- (8

slow

Hypobromite ester 2 formed by equilibrium 7 of sub-
strate 1 with hypobromous acid4 is attacked by hydroxide
ion on the carbonyl carbon to give products. In this scheme,
if eq 8 is a slow step, the rate should be expressed as

v = (keK,;/[H,O)[1)[HOBr][OH"] (9)

which is consistent with our observation (eq 6).

The observed large p value of +2.8 for the substituents
on Ar? is consistent with a nucleophilic attack of a base on
the carbonyl carbon. Similar results (p = +2-3) were re-
ported in the nucleophilic reactions of benzoyl com-
pounds.” Electron-attracting groups on Ar! and Ar? should
facilitate the formation of 2 (step 7) and an attack of hy-
droxide ion on the carbonyl group. The large p value of
+2.3 for the substituents on Ar! and Ar2 suggests that step
8 involves a transition state as 5 in Scheme II, where the «

Scheme I1
1Tr2 (OH_ Trz oH |
Arl——( — O — Ay (™o 'L_ 3
/C C\ Ar — Ar 5} C\ Ar .
0 0 0. 0
\
Br Br
5
Ar? (I)H
Arl—(nf + lC--—Ara + Br
0 0
3 4

carbon is carbanion-like. Hydroxide ion attacks the carbon-
yl carbon to give complex 5, which has a carbanion-like
property at the o carbon, and then bromide ion and benzo-
ic acid are eliminated to give benzophenone. The transition
states may be more polarized forming species ArlAr?C-OBr
and Ar3COOH. But it is difficult at present to decide which
is the transition state.

An alternative transition state is the one involving a cy-
clic intermediate 6, which should give a p(Ar!, Ar2) value
lower than the observed p because of the decrease of the
carbanion-like property of the « carbon.
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Table ITI
Physical Properties of o-Phenylbenzoins [(p-Y-CgHs)(p-Z-C¢H4)C(OH)-CO(CgH-W-p)] and
Elemental Analyses of New Compounds

Substituents % caled % found
Y z w Mp, °C C H o Cl Mol formula C H o Cl1
H H H 84.0-85.2 (lit. 192 83-85)
Cl H H 83.5-85.0 (1it.10% 84)
cl cl Cl 139-140 61.33 3.35 8.17 27.15 CyHy30,Cl; 61.67 3.37 9.78 26.41
H Cl Cl 114-116 67.24 3.95 8.96 19.85 CyHy,0,Cl, 67.33 3.97 8.72 19.24
cl cl MeO 130-133 65.13 4.16 12.39 18,31 CyH.0O,Cl, 65.02 4.08 11.83 18.15
H Me Me Lig 83,51 6.37 10.11 CyoHyyOy 83.27 6.39  9.83
H H MeO 105-107 79.22 5.70 15.08 CyyHy05 79.30 5.81 14.93
H Cl MeO Liq 71.49 4.80 13,60 10.05 CyH;O,C1 71.48 4.98 13.54 9.78
H MeO Cl 93-94 71.49 4.80 13.60 10.05 CnHyO,Cl 7122 4.80 13.42  9.88

Scheme II is similar to E2 elimination. The substituent
effect on the rate of E2 elimination of HBr from g-arylethyl
bromides (p = +2.14)8 is fairly close to the observed values
(+2.3). Further, a similar mechanism was suggested in the
alkali cleavage of a-hydroperoxy ketone.%2

Ar*  OH

Other mechanisms, which involve the formation of inter-
mediates such as 7a and 7b formed by the equilibrium of 1

(I)H
Ar1Ar2(’I—COAr3 Ar1Ar2C(OH)—(l3——Ar3
O. 0.

Ta o

with hydroxide ion followed by an attack of hypobromous
acid, cannot explain the observed substituent effects de-
scribed below, although they may lead to the observed rate
eq 6. The observed p values are much larger than those pre-
dicted from the correlation of pK, of substrate with o,
where K, is an equilibrium constant for 1 == 7a + H*. An
electrophilic attack of hypobromous acid would decrease
further the p values. Moreover, the mechanism involving an
intermediate 7a would require that p(Arl + Ar2) > p(Ar?).
The mechanism involving an intermediate 7b which is
formed by the OH~ attack on the carbonyl carbon would
require also a smaller p(Ar! + Ar?) value than observed be-
cause of the insulation of Ar! and Ar? from the carbonyl
group by the o carbon and an electrophilic attack of hypo-
bromous acid.

Sharp and Miller® reported on the alkali cleavage of -
substituted benzoins in aqueous methanol at ca. 60°,
suggesting the mechanism

OHO OH
Ph— G Ceh —» Bh(* + PhCOH ——
% <.OH X
8 PhCHOH + PhCO,H
&
9

Carbanion 8 or benzhydrol (R = Ar, 9) should not be an in-
termediate in the oxidative cleavage by hypobromous acid

because of the following reasons. (i) The cleavage with al-
kali alone, which proceeds at ca. 60°, cannot occur in our
conditions (at 25°). (ii) The reaction of 8 with HOBr would
be fast, while the observed rate depends on the concentra-
tion of HOBr. If the reaction of HOBr with 8, which is in a
mobile equilibrium with 7b, were a slow step, the rate
would be suppressed by produced Ar3COOH in the equilib-
rium. (ili) No abnormal product (RCOOH) was detected,
which was obtained in a considerable yield in the case of
the cleavage with alkali alone.®?

Donnelly’s mechanism should be excluded at least in an
alkaline solution, since it cannot explain the rate law and
substituent effect.

Experimental Section

Materials. Para-substituted «-phenylbenzoins were prepared
by treatment!® of phenyl- and p- chlorophenylmagnesium bromide
with ‘corresponding substituted benzils (p-Z-CgH~CO-CO-
CgH4~W-p). They were purified by recrystallizations from n- hex-
ane when they were solid and by column chromatography (silica
gel-benzene) when they were liquid. The substituents, melting
points, and elemental analyses for new compounds of a-phenyl-
benzoins  [(p- Y-C¢Hy)(p -Z-CeH4)C(OH)-CO(CeH4~W-p)| are
listed in Table IIT. They were identified by ir spectra.

Products. a-Phenylbenzoin (0.6 g) was treated with a mixture
of bromine (0.1 M) and sodium hydroxide (0.1 M) in 50 vol. %
aqueous dioxane (1 vol. of dioxane mixed with 1 vol. of water) (100
ml) at 25° for 3 hr. The reaction mixture was extracted with ben-
zene and washed with aqueous NagS;03 and water. Benzophenone
(0.3 g, 80%; mp 160-161°) was obtained from the organic layer and
was Identified by melting point, glc, and ir spectra which were con-
sistent with those of the authentic sample. A Hitachi K-53 gas
chromatograph with a flame ionization detector was used with a
column packed with DEGS (13%) on Chromosorb W at the tem-
perature increasing by 10°/min from 140 to 225° or SE-30 (3%) on
Chromosorb W at the temperature increasing by 10°/min from 200
to 280° with Ny as a carrier gas in a flow rate of 45-50 ¢m®/min.
Benzoic acid (0.07 g,-30%) was obtained from the agqueous layer by
extraction with benzene after acidifying with aqueous HCl; mp
122°.  Other para-substituted «-phenylbenzoins (ArlAr2C-
(OH)COAr3) yielded corresponding benzophenones (Ar'Ar2C=0)
by the similar treatments. The products were identified by gle
analysis in comparison with the authentic samples which were of
commercial source or were prepared from the corresponding ben-
zhydrols.

Similar results have been obtained with the oxidative cleavage
of a-phenylbenzoin with {-BuOCl in ¢-BuOH containing t-BuONa
at 25°. Products were benzophenone and tert-butyl benzoate. On
the other hand, the treatment of a-phenylbenzoin (0.1 g) with mo-
lecular bromine (0.3 g) in dry benzene (5 ml) gave no benzophene
but two other products (ca. 5%, unknown).

Kineties. The rate of oxidation of a-phenylbenzoins (3.0-4.0 X
10~% M) by a mixture of excess bromine (0.1-0.5 M) and NaOH
(0.1-0.5 M) at [NaOH]}, > [Brg]a > [substrate]o was measured by
means of glc analysis of the remaining a-phenylbenzoins or pro-
duced benzophenones, where subscripts a and 0 mean added and
initial concentrations, respectively.

A kinetic procedure was as follows. A mixture of appropriate
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amounts of NaOH and Bry was thermostated at 25°. The reaction
was started by addition of a-phenylbenzoin. At appropriate time
intervals, aliquots were taken out and extracted with benzene. The
contents of a-phenylbenzoin and benzophenone were measured by
gle with a column packed with SE-30 as stated above. The plot of
log ([substrate]o/[substrate]) against time gives a straight line up
to 50~75% conversion. The data were reproducible to within 5%.
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A kinetic study of the substituent effect on the diene reactivity of 1-(substituted phenyl)-8,4-dimethylene-
pyrrolidines in the Diels-Alder reaction was carried out. It was found that electron-withdrawing groups increased
the rate of reaction and electron-donating groups decreased the rate. Hammett correlations of this substituent ef-
fect were-obtained with ¢ n values in three solvents: methylene chloride, dimethyl sulfoxide, and tetrahydrofuran.
A determination of the relative frontier orbital energies of these exocyclic dienes indicated that the effect of the
substituent on the rate of the Diels—Alder reaction was primarily through a homoconjugative interaction. This in-
teraction altered the LUMO energies of the diene causing a novel substituent effect on the reaction rate.

The effect of spiroconjugation and homoconjugation on
the chemical reactivity and the electronic spectrum of spir-
arenes is currently of considerable interest.1"# It has been
found that two seemingly independent = systems with a
specific stereochemical relationship interact through a spa-
tial mode such that the energies of the respective HOMO’s
and LUMO’s are influenced. It is well known®-10 that the
HOMO and LUMO energies of the reactants in the Diels—
Alder reaction can be used to predict both the reactivity
and regioselectivity of this reaction. Recently Semmelhack,
et al., 't have attempted to explain diene reactivity in the
Diels~Alder reaction through spiroconjugative effects. In
this paper, we have investigated the effect of homoconjuga-
tion on the diene reactivity of 1-(substituted phenyl)-3,4-
dimethylenepyrrolidines in the Diels—Alder reaction.

Kinetic Study

The 1-(substituted phenyl)-3,4-dimethylenepyrrolidines
(1) were allowed to react with acrolein (2) to give the corre-
sponding Diels—Alder adducts (3) in quantitative yield (de-
termined by nmr). The concentrations of the reactants at
any given time during the reaction of the exocyclic dienes
with acrolein were determined by means of nmr spectrosco-
py. The reaction which is shown below is uncomplicated by
side reactions. The rate of reaction was usually followed by

O~CL +( o O~y -
—
) S \
2
1 3

observing the change in chemical shift of the aldehyde pro-
ton in going from acrolein to the Diels-Alder product.!?
This change in chemical shift was 4-8 Hz depending on the
solvent used and afforded distinct integrations of the area
of each peak. In the cases where the change in chemical
shift was not large enough to give a complete separation of
the reactant and product aldehyde proton peaks, the reac-
tion was followed by the disappearance of the vinyl peaks
(6 5.55) of the diene and the aldehyde proton peaks were
used as the internal standard.

It was found that a plot of log ([acrolein],/[diene];) vs.
time for all dienes used yielded a straight line. This linear
relationship indicates that the reaction is second order
overall, first order with respect to acrolein and the diene.
The rate constant of the reaction was determined from the
slope of the straight line as follows.

2,303 % slope X 60 sec/min
[acrolein],., — |diene],,

rate constant (&) =

Hydroquinone was used as an inhibitor of the polymer-
ization of the reactants in the reaction. The concentration
of hydroquinone used was usually 0.01-0.02 M. It was
found that the concentration of hydroquinone had no ef-
fect on the observed rate constant of this reaction.

The possibility that charge-transfer interaction between
the aryl group of the diene and acrolein could have an ef-
fect on the observed rate constant was investigated. The
reaction of 1-(p-methoxyphenyl)-3,4-dimethylenepyrroli-
dine with acrolein was carried out with varying concentra-



