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Figure 1. Brgnsted-type correlations of log ks vs. pK, for the reaction
of oxygen nucleophiles with p-nitrophenyl acetate: (a) O, meta- and
para-substituted peroxobenzoic acids, @, ortho-substituted peroxo-
benzoic acids; (b) - - —, data described in this work; ~ - -, data of ref
6 for phenoxides and alkoxides; ¢, HOO~ (ref 3); O, CH;00~ (ref
3).

Table I. Nucleophilic Reactivities of Peroxobenzoate
Anions (PBA) toward p-Nitrophenyl Acetate®

Registry ko,
Anion no. pK.? L mol-1 g1

p-OMe-PBA 64235-66-1 7.93 92.4
PBA 35683-46-6 7.64 74.7
p-Cl-PBA 64235-65-0 7.60 67.9
p-SO3~-PBA 64235-73-0 7.56 67.1
m-Cl-PBA 64235-64-9 7.53 62.6
m-NOy-PBA 64235-63-8 7.23 51.5
p-NOs-PBA 64235-62- 7.14 471
0-CO2~-PBA 7770-90-3 8.08 68.3
0-Cl-PBA 64235-61-6 7.48 60.0
0-NO2-PBA 64235-60-5 7.10 38.7

@ Registry no.: p-nitrophenyl acetate, 830-03-5. ® Measured
at ionic strength 0.1 mol =1 (sodium nitrate as added electrolyte),
25 °C. ¢ At 25 °C, ionic strength 0.1 mol L=, pH 10 (NaHCOs/
NasCOs; buffers).

o-carboxyperoxobenzoate, which may exhibit steric effects
and pK, values influenced by intramolecular H bonding, show
experimental values below the line. Comparison of the pK,
values of the meta- and para-substituted peroxobenzoic acids
with those of their parent benzoic acids gives a Hammett p
value of 0.67.

The Brgnsted correlation may be extrapolated to compre-
hend the activities of hydroperoxide and methyl hydroper-
oxide anions (Figure 1, b). Jencks and Gilchrist” have shown
that, when data for “normal” oxygen anion nucleophiles over
a wide range of basicity are considered, the Brgnsted plots are
nonlinear, the slope varying from 1.0 for nucleophiles which
are less basic than the leaving group to a limiting value of
about 0.3 for nucleophiles of high basicity. They have classi-
fied the reactions into two limiting types on the basis of this
behavior. In these terms, the sensitivity to basicity of peroxo
anion nucleophiles approaches limiting type 1 behavior, al-
though normal nucleophiles show a much greater sensitivity
in this range of basicity.

A variety of bases for quantitation of the « effect have been
employed. In most recent experimental and theoretical work,2
the comparison is made between an « nucleophile and a nor-
mal nucleophile of similar basicity (phenoxides and alkoxides
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in the case of oxygen anion nucleophiles). As shown in Figure
1 (b), this basis of comparison yields o effects of 102-103,
increasing with decreasing nucleophile basicity in accord
with the general decrease in the « effect with increasing
pK, of oxime nucleophiles in alkylation, acylation, and
phosphorylation, as noted by Hudson.?
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Although benzyl hydroperoxide (BHP) was synthesized
a number of years ago,! very little data on its stability in so-
lution have been reported.2 Therefore, we report here the re-
sults of a study of BHP, including its rate of decomposition
in an inert solvent and in styrene, the rate of polymerization
of styrene initiated by benzyl hydroperoxide, and the chain-
transfer constant of BHP in styrene.

@—CHQOOH

BHP

-

MCH

Our interest in BHP derives from a study underway in our
laboratory of the chemistry of 5-methylene-1,3-cyclohexa-
diene (MCH). We are studying MCH as a model for the
Diels-Alder dimer of styrene, AH, a molecule that is postu-
lated? to be responsible for the initiation of the polymerization
of styrene by a molecule-assisted homolysis* of a C-H bond
(eq 1-3).3> We have studied the initiation of polymerization

7
9PhCH=CH, —> | (1)
M H
Ph
AH

AH + M — A- + HM- (2)
A-HM) + M — M, - 3

of styrene by MCH,? and, since benzyl hydroperoxide is a
potential impurity in MCH, we found it necessary to measure
the dependence of the rate of polymerization of styrene on
BHP as well.

We have observed that BHP is formed by air oxidation of
MCH at room temperature in CHCl; solvent. Although we
have not studied this process in detail, the mechanism may
proceed with an initiation reaction involving MCH and oxygen
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Table 1. Modes of Decomposition of Benzyl Hydroperoxide in 8.35 M Styrene at 60 °C
Fraction consumed

[PhCH;00H] kq X 105,¢ R; X 1092 By chain By other
X 103 g~1 M/s By initiation transfer? reactions
7.83 0.9 5.0 0.04 0.03 0.93
3.76 14 2.7 0.03 0.01 0.96
2.50 1.8 2.0 0.02 0.01 0.97

a Calculated from Figure 1 and eq 1. ¢ Rate of transfer equals C[PhCH,;OOH]Rp/[M]. ¢ The reaction is assumed to be first order
in BHP. The correlation coefficients of the three runs listed here for plots of log [BHP] vs. time are 0.96, 0.99, and 0.99. Correlation
coefficients of these data plotted for second-order kinetics in BHP are 0.97, 0.99, and 0.98. See discussion in the text.

(eq 4), followed by a chain sequence (eq 5 and 6).%

MCH + O, — PhCH; + HO; (4)
PhCH,» + 0; — PhCH,00- (5)

PhCH,00- + MCH — PhCH,00H + PhCHy (6)
BHP

A number of reports on other hydroperoxides demonstrate
that hydroperoxides undergo a decomposition in olefins like
styrene at a rate that is greatly accelerated over that observed
in “inert” solvents such as alkanes.” The rate of polymeriza-
tion of monomers like styrene also is greater than would be
predicted from the rate of decomposition of hydroperoxides
measured in nonolefin solvents. Several proposals that ra-
tionalize these accelerated rates have been published,”>-4:8

We observed that the rate of decomposition of an ap-
proximately 0.02 M solution of BHP in octane is slow at 100
°C. The apparent first-order rate constant is 5.4 X 10=7s71,
corresponding to a half-life of 15 days. The rates of decom-
position of hydroperoxides are often reported to be of a kinetic
order in hydroperoxide greater than unity.” However, first-
order kinetic plots of the logarithm of the BHP concentration
vs. time for our data have correlation coefficients greater than
0.99, whereas second-order plots show slight but noticeable
curvature. Thus, our data do not require the postulation of a
decomposition that is more complex than first order for BHP
in octane.

As expected, the rate of decomposition of BHP in styrene
is accelerated over that observed in octane. The data could be
plotted with virtually equal precision in plots that are either
first or second order in BHP.? (Data in styrene were less pre-
cise than in octane because the polystyrene precipitates during
the iodometric titration.) From analogy with our results in
octane, we have assumed that the decomposition of BHP in
styrene is first order in BHP, and Table I shows the rate
constants calculated in this way at 60 °C. The rate constant
of approximately 1 X 105 s~1 at 60 °C is approximately 20
times faster than the rate in octane at 100 °C.

Benzyl hydroperoxide initiates the polymerization of sty-
rene. The rate of polymerization, Ry, due to an initiator I is
given by eq 7,810

_ Ep[MIR®5 _ ky[M](kaf[1])°
P (2k,)05 k.05

where k4 is the rate constant for decomposition of I and f is
the efficiency of the decomposition in producing free radicals.
Figure 1 shows a plot of the rate of polymerization vs. the
square root of the BHP concentration, and it can be seen that
eq 7 is obeyed. If the value of 2ky/k? is taken as 1722 at 60
°C,!! then the value of R; for BHP is calculated to be 5.1 X
1079 M s~1for 8 X 103 M BHP. The value of k4f, therefore,
i86.4 X 1077 571 at 60 °C.

In styrene, BHP decomposes partly by an induced process
in which polystyryl radicals attack the peroxide (eq 8).

M,,- + PhCH,O0H — M, H + PhCH,00- (8)
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Figure 1. A plot of the rate of polymerization vs. the square root of
the concentration of benzyl hydroperoxide at 60 °C.

The rate constant for this process can be obtained from the
chain-transfer constant, C = ky/k,. Using standard tech-
niques,'? we have determined the transfer constant of BHP
to be 0.15 at 60 °C in styrene, a value that is consistent with
values reported for other hydroperoxides.!3 Despite the large
transfer constant, only a small fraction of the BHP decom-
poses by chain transfer (see Table I).

By comparing the total rate of decomposition of BHP in
styrene (determined by iodometric titration) with values of
R;, the efficiency of initiation can be determined; our data give
f, the efficiency, as 0.04. Thus only about 4% of BHP disap-
pears in styrene to give free radicals that initiate polymer-
ization. The majority of the BHP decomposes by other than
radical pathways or by cage processes that do not produce free
radicals.” Table I summarizes the importance of various modes
of decomposition observed for BHP in styrene.

Finally, some comment seems appropriate concerning our
observation of the rapid oxidation of 5-methylene-1,3-cyclo-
hexadiene (MCH) to benzyl hydroperoxide. We have not
optimized the conditions for this oxidation, but it is dependent
both on the solvent, being much faster in chloroform than in
octane or benzene, and on the method of preparation (and
presumably the impurities) in MCH.! It is clear that the
oxygenation reaction occurs with MCH and not toluene, since
attempts to prepare BHP by autoxidation of toluene have
failed.!® The secondary hydrogens in MCH are very labile,*
and it seems reasonable that reaction 4 would be fast for MCH
if it occurs at all.516

Experimental Section

Solvents. Heptane and octane were first washed with a mixture of
concentrated HaSO4 and HNOj3, dried, distilled, and passed through
a silica gel column. Styrene was commercial material which was pu-
rified by first washing with 109% NaOH to remove inhibitor, frac-
tionating under reduced pressure, and then refractionating and fil-
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tering through alumina just before use: bp 46-47 °C (15 mmHg).

Benzyl hydroperoxide (BHP) was prepared in low yield by the
method of Walling and Buckler! and purified by column chroma-
tography (silica gel, CHyCly) and vacuum transfer to give material 96%
pure by iodometric titration.!” The NMR spectrum in CDCl3 is 5 4.83
(s,2 H, CHy), 7.28 (m, 5 H, phenyl), 8.6 (br s, variable with tempera-
ture, 1 H, OOH).!8 The BHP prepared in this way is identical in all
respects with the product of oxidation of 5-methylene-1,3-cyclohex-
adiene.

Samples were prepared in 10-mL drying ampules fitted with “O”
ring seals for attachment to a vacuum line. The ampules were cleaned
by soaking in concentrated HNOj, washing thoroughly with water,
and drying at 110 °C. The appropriate amount of hydroperoxide was
dissolved in solvent and samples were pipetted into the reaction
vessels, The ampules were degassed by at least three freeze-thaw
cycles and then sealed at 5 X 10~5 mmHg.

Decomposition in octane was carried out by immersion of ampules
containing 1-mL samples in a 100.2 °C oil bath. Concentration of
hydroperoxide was followed through 80% reaction by titration!? of
samples removed at regular intervals.

Decomposition in styrene was carried out as above on 5-mL
samples through 40% reaction at 60.0 °C. Due to the increase in vis-
cosity of the styrene solutions and probably the trapping of hydro-
peroxide in the polymer (which precipitates during analysis), the
precision is less than in cctane.

Polymerization rates at 60.0 °C were determined gravimetrically
by precipitation of the polymer in cold methanol. The styrene solution
(5 mL) was first diluted with a small amount of toluene (2-3 mL) and
then very slowly pipetted into 400 mL of reagent-grade methanol at
10 °C. The precipitated polymer was filtered on a sintered glass funnel
and brought to constant weight under vacuum. Rates were determined
for the first 5% conversion of monomer.

Chain-transfer constant of benzyl hydroperoxide was determined
by standard methods!2 from the intrinsic viscosity of polymer solu-
tions in benzene. Concentrations of hydroperoxide from 9 X 10~4 to
8 X 10-3 M were used.
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The destabilization exerted by juxtaposed oxygen atoms
on carbanionic centers is well recognized.? This effect is most
dramatically accentuated in the side-chain metalation of
thioanisole vs. ring metalation of anisole by n-butyllithium.3
A powerful synthetic utilization has been the Corey—Seebach
reagent,* prepared by direct metalation of 1,3-dithiane with
n-butyllithium, conditions which fail to produce the corre-
sponding 2-carbanion from 1,3-dioxane.?2 However, allylic
ethers were recently®? converted efficiently into allyloxy
carbanions with sec-butyllithium, and «-alkoxynitrile carb-
anions® have been used as synthons, showing that the desta-
bilizing influence of the a-oxygen atom can be moderated by
conjugation. In fact the enolate ion of 2-carbomethoxy-1,3-
dioxolane was formed only fivefold slower than that of the
carbocyclic analogue, i.e., 2-carbomethoxycyclopentane, in
the methoxide-catalyzed deuterium exchange.”

These facts suggested that it should be possible to prepare
stable solutions of the hitherto unknown enolate 2 by meta-
lation of phenoxyacetic acid with strong bases such as n-
butyllithium or lithium diisopropylamide (LDA).2 The po-
tential usefulness of such a a-lithiocarboxylate 2 as synthon
encouraged us to explore the direct lithiation of phenoxyacetic
acid (1). Presently we report our successful generation of this
enolate and its reaction with electrophiles.

Treatment of phenoxyacetic acid (1) in THF with stoi-
chiometric amounts (2 mol) of n-BulLi at —78 °C generated

0
PhO—CH——IC‘——OH
H
LDAl‘::BuLi
0
PhO-—CH—-—g—OLi

Li

Rxl lmf

0

I
" PhO—CH—C—OH
PhO—CH—C—OH R—C—OH

R R’
3a,R = CH, 3¢,R=H;R'=Ph
b, R = PhCH, 4R = R'=CH,
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