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Cis and trans isomeric 5-methoxy-o-quinone a-phenylethides were generated by flash photolysis of o-hydroxybenzyl
alcohol and o-hydroxystyrene precursors and their rates of decay were measured in aqueous solutions of perchloric
acid, sodium hydroxide, and biphosphate (dihydrogen phosphate) ion and carbonate ion buffers. The data so
obtained gave two parallel rate profiles displaced from one another by about an order of magnitude, the faster of
which could be assigned to the cis isomer and the slower to the frans isomer. Both rate profiles showed acid catalyzed,
uncatalyzed, and hydroxide ion catalyzed portions, with acid catalysis becoming saturated at the high acidity end of
the range investigated. This saturation implies a pre-equilibrium mechanism involving quinone ethide protonation
on carbonyl oxygen for the acid catalyzed process, and analysis of the data shows the zrans isomer to be a slightly
stronger base than the cis isomer. The fact that two separate rate profiles are observed implies that the cationic
intermediates formed by substrate protonation in these acid catalyzed processes do not interconvert on the

time scale of the quinone ethide decay reactions, and that in turn indicates that the former ethide bonds

of the cationic intermediates have substantial double-bond character; a lower limit of 10 kcal mol™!

may be estimated for the barrier to rotation about this bond.

Introduction

Quinone methides are synthetically useful reactive inter-
mediates that also show pronounced biological activity; they
have, for example, been implicated as the ultimate cytotoxins
responsible for the effects of agents such as antitumor drugs,
antibiotics and DNA alkylators.! In biological systems where
water is the ubiquitous medium this biological activity must
operate against a background of wasteful quinone methide
hydration reactions. In order to provide information about
these hydrations, we have undertaken a detailed investigation of
their kinetics and reaction mechanisms.

We have found that hydration of the parent o-quinone
methide, 1, occurs by an acid-catalyzed process in which rapid,
pre-equilibrium protonation of the quinone methide on its
carbonyl oxygen atom is followed by rate-determining nucleo-
philic capture of the ensuing o-hydroxybenzyl cation, 2, by a
water molecule to give the o-hydroxybenzyl alcohol product, 3.2
We have also found that this acid catalysis can be saturated in
the hydrolysis of more basic substrates such as o-quinone
a-phenylmethide, 4, and o-quinone o-anisylmethide, 5, where
increasing the hydronium ion concentration shifts the position
of the pre-equilibrium protonation from quinone methide to

benzyl cation.?
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In this paper we report the results of our investigation of
5-methoxy-o-quinone o-phenylethide. This quinone ethide can

+ The IUPAC name for a quinone alkide is alkylidenecyclohexadienone.
i Electronic supplementary information (ESI) available: Tables S1-S4.
See http://www.rsc.org/suppdata/pp/b1/b107860g/
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exist in cis, 6, and trans, 7, isomeric forms; we have generated
and studied both and in so doing have provided a comparison
of cis and trans isomer reactivity. We produced these quinone
ethides for the most part by photoelimination of water from
the corresponding o-hydroxybenzyl alcohol, 1-(2-hydroxy-4-
methoxyphenyl)-1-phenylethanol, 8; this is a process well
known to be a good source of quinone methides* that we and
others have employed before. We also generated the present
quinone ethides in a few instances through photo-induced intra-
molecular proton transfer of 2-hydroxy-4-methoxy-a-phenyl-
styrene, 9, a process for which there is also precedent in other
systems.®

Ph Ph

Med OH Me(y OH

8 9

It was once believed that quinone methide formation by
photoelimination of o-hydroxybenzyl alcohols was facilitated
by the markedly enhanced excited state acidity of phenols, and
that the photoelimination occurred by excited state ionization
of the phenolic group followed by expulsion of hydroxide ion
from the benzyl alcohol moiety.* The evidence upon which that
view was based, however, has recently been discredited,*” and
the mechanism of this reaction is consequently now not clear.

The reactions of the presently studied quinone ethides were
fast, and we therefore employed flash photolytic techniques to
follow their course.
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Experimental
Materials

1-(2-Hydroxy-4-methoxyphenyl)-1-phenylethanol (8) was pre-
pared by treating 2-hydroxy-4-methoxybenzophenone (Aldrich)
with methylmagnesium chloride in anhydrous THF solution.
The product, a colorless solid, mp 89-91 °C, was purified by
recrystallization from pentane. The yield of pure material was
82%; it was characterized by its NMR and mass spectra: 'H
NMR (200 MHz, CDCl;) é(ppm) = 8.59 (s, 1H), 7.32-7.24
(m, 5H), 6.88-6.83 (m, 1H), 6.36-6.33 (m, 2H), 3.68 (s, 3H),
3.37 (s, 1H), 1.86 (s, 3H); *C NMR (75 MHz, CDCL,): é(ppm) =
160.64, 156.97, 146.30, 128.50, 128.00, 127.72, 125.71, 123.32,
105.73, 102.96, 79.12, 55.56, 31.44; HRMS: m/z = 244.1099
(calc), 244.1100 (found).
2-Hydroxy-4-methoxy-a-phenylstyrene (9) was prepared by
treating 2-hydroxy-4-methoxybenzophenone with the Wittig
reagent made by dehydrohalogenating methyltriphenylphos-
phonium bromide with phenyllithium in THF solution. The
product was purified by chromatography on silica gel using
hexane as the eluent. This gave a 66% yield of purified material
as a colorless, viscous liquid: '"H NMR (200 MHz, CDCl,):
o(ppm) = 7.33-7.30 (m, 5H), 7.03-6.99 (m, 1H), 6.50-6.46
(m, 2H), 5.76 (s, 1H), 5.36-5.34 (m, 2H), 3.76 (s, 3H); *C NMR
(75 MHz, CDCl,): d(ppm) = 160.89, 154.44, 145.34, 140.08,
131.32, 128.84, 128.75, 127.42, 120.32, 116.25, 106.98, 101.38,
55.66; HRMS: m/z (M — 1) =225.0916 (calc), 225.0916 (found).

Kinetics

Rate measurements were made using microsecond® and nano-
second’ (A, = 248 nm) flash photolysis systems that have
already been described.®” Photolysis substrates were supplied at
concentrations of the order of 10™* M, and the temperature of
all reacting solutions was controlled at 25.0 £ 0.05 °C. Reac-
tions were monitored by following the decay of quinone
methide absorbance at 4 = 400 nm. The decay traces were
biphasic, and the data were therefore analyzed by least squares
fitting of double exponential expressions.

Product analysis

Product analysis was conducted by HPLC using a Varian Vista
5500 instrument with a NovoPak C,g reverse-phase column
and methanol-water (70 : 30 = v/v) as the eluent. Reaction sol-
utions, containing substrate at the concentration used for rate
measurements, were subjected to a single flash from our micro-
second flash system, and the compositions of these solutions
were then determined by comparing retention times and UV
spectra with those of authentic samples. The temperature of the
reacting solutions was controlled at 25.0 £ 0.05 °C.

Results

Photoelimination

Flash photolysis of 1-(2-hydroxy-4-methoxyphenyl)-1-phenyl-
ethanol (8) produced transient species with strong absorbance
at 4 = 400 nm, whose decay was biphasic and, as Fig. 1 illus-
trates, conformed to a double exponential rate law with good
precision. Rates of this decay were measured in aqueous per-
chloric acid and sodium hydroxide solutions and in biphos-
phate ion and bicarbonate ion buffers. The data so obtained are
summarized in Tables S1-S3. {

The measurements in buffers were made using series of sol-
utions of constant buffer ratio and constant ionic strength
(0.10 M), and therefore constant hydronium ion concentration,
but varying total buffer concentration. The data were analyzed
by least squares fitting of the buffer dilution expression shown
in eqn. (2).
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Fig. 1 Decay of the transient absorbance formed upon flash photo-
lysis of 1-(2-hydroxy-4-methoxyphenyl)-1-phenylethanol in 0.25 M
aqueous perchloric acid at 25 °C. Least squares analysis using a double
exponential rate law produced the rate constants k; = (7.12 + 0.22) x
10*s™" and k, = (5.14 £ 0.05) x 107",

kobs = kint + kcat[buﬁer] (2)

Buffer catalysis was very weak and in most cases good values
of buffer catalytic coefficients, k., could not be obtained. Zero
buffer concentration intercepts, k,, on the other hand, were
well defined, and these, together with the rate constants meas-
ured in perchloric acid and sodium hydroxide solutions, were
used to construct the rate profiles shown in Fig. 2. Hydronium
ion concentrations of the buffer solutions needed for this pur-
pose were obtained by calculation, using literature pK, values
of the buffer acids and activity coefficients recommended by
Bates.?

Photo-induced proton transfer

Flash photolysis of 2-hydroxy-4-methoxy-a-phenylstyrene (9)
also gave transient species absorbing at 4 =400 nm whose decay
was biphasic and conformed to a double exponential rate law
well, just like the transients formed by flash photolysis of 1-(2-
hydroxy-4-methoxyphenyl)-1-phenylethanol (8). Rates of decay
of these transients obtained from the styrene were measured in
perchloric acid solutions; the data so obtained are summarized
in Table S4 and are displayed in Fig. 3.

Discussion

Irradiation of 1-(2-hydroxy-4-methoxyphenyl)-1-phenylethanol
(8) can be expected to lead to photoelimination of water giving
two isomeric o-quinone ethides (6 and 7), which differ only
in the disposition of methyl and phenyl groups about the
ethide double bond, eqn. (3), and should consequently show

Ph Ph
OH
hv 2> Ph =
H,0 +
Mc€) OH - MeO ) MeO 0
8 6 7 (3)

similar but not exactly the same reactivity. This expectation
is borne out by the present flash photolysis experiments, which
produced transient species that decayed according to a
double exponential rate law and gave the two closely similar
rate profiles shown in Fig. 2.

These two rate profiles, moreover, are characteristic of quin-
one methide decay. Just like the rate profiles for other quinone
methides that we have studied,>* they have acid-catalyzed por-
tions, attributable to reaction by the pre-equilibrium proton-
ation mechanism of eqn. (1), and uncatalyzed and hydroxide-ion
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Fig. 2 Rate profiles for the decay of cis-5-methoxy-o-quinone a-
phenylethide, O, and frans-5-methoxy-o-quinone a-phenylethide, A, in
aqueous solution at 25 °C.
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Fig. 3 Comparison of the rates of decay of the two transients
produced by flash photolytic intramolecular photoprotonation of 2-
hydroxy-4-methoxy-a-phenylstyrene (O and A) with the rates of decay
of the two transients produced by flash photolytic photoelimination of
1-(2-hydroxy-4-methoxyphenyl)-1-phenylethanol, — and ---. These
lines represent the relevant portions of the rate profiles shown in Fig. 2.

catalyzed portions, attributable to reaction of the quinone
methide with water and hydroxide ion.

Fig. 2 shows that acid catalysis of the present reactions
becomes saturated at the high acidity end of the range investi-
gated. This, too, is characteristic of the reactions of the more
basic quinone methides,® such as the present substrates, and is
caused by a shift of the position of the pre-equilibrium from
unprotonated to protonated substrate.®* Fig. 2 shows further
that saturation of acid catalysis is followed by mild inhibition at
the very highest acidities examined. This again has been
observed in the reaction of other quinone methides® and is
caused by ion-pair formation between the carbocation reaction
intermediates and perchlorate ion, supplied by the fully ionized
perchloric acid catalyst, which shifts some of the carbo-
cation into a less reactive ion pair form (R"ClO,”). Such
ion-pair formation has been well documented in other systems.’

The reaction scheme that incorporates all of these features is
shown in eqn. (4), and the rate law that applies relating
observed rates of quinone methide decay, ks, to the micro-
scopic constants of eqn. (4) is given in eqn. (5). Least squares
fitting of this expression gave the results listed in Table 1. These
results were used to draw the rate profile lines shown in Fig. 2; it
may be seen that the experimental data conform to the reaction
model of eqns. (4) and (5) with good precision.

We found in our study of the parent unsubstituted o-quinone
methide, 1, that substrate protonation was followed by nucleo-
philic capture of the ensuing carbocation by water to give a

View Article Online

Table 1 Rate and equilibrium constants involved in the hydration of
cis- and trans-5-methoxy-o-quinone o-phenylethide

cis trans cisltrans
kJ10%s7! 2.71 £0.54 0.118 £ 0.012 23.0
kyls™! 13.1£0.9 0.459 +0.28 28.6
kuo/12 M~ 's7! 3.26 £0.21 0.320 £ 0.014 10.2
Kg/107'M 5.51£1.21 2.30 £0.27 2.40
pPKsu 0.26 £ 0.10 0.64 £ 0.05
Kp/M™! 2.90 £0.89 2.21+041 1.31

“The constants are defined by the reaction scheme of eqn. (4).

Ph Ph
J | : 4)
H* HO
MeO 0 7 on Kk

Koy McO W
H,0 ' ke clo,” T
HO y kuo Kp v
kJH']

= +k 4k [HO™ 5
T Kg + H T+ Kp[HT) " i

benzyl alcohol product, eqn. (1). In the present case, however,
the carbocation formed, 10, has an a-methyl substituent, and
that makes available another reaction channel involving proton
elimination to give a styrene product, 9, eqn. (6). Examination

Ph Ph
) (©)
_H*
]
MeO OH MeO OH
10 9

of spent reaction mixtures by HPLC analysis shows that this
does in fact take place. The corresponding benzyl alcohol, 8,
however, is formed as well, in a roughly comparable amount.
The rate constant, k,, for reaction of the carbocation with
water is therefore the sum of individual rate constants for the
two parallel elimination and nucleophilic capture processes.
Further support for the interpretation of our experimental
data according to the reaction scheme of eqn. (4) comes from
flash photolysis experiments done using 2-hydroxy-4-methoxy-
a-phenylstyrene, 9, as the substrate. Irradiation of an o-hydroxy-
styrene such as this is known to increase the basicity of the
B-carbon atom of its ethylenic group markedly," to the point
where proton transfer from the hydroxy group to this carbon
atom readily takes place, producing an o-quinone ethide.® As
eqn. (7) demonstrates, this reaction with the present styrene

Ph Ph

— +
MeO OH MeO O MeO (6]
9 6 7 (D

would be expected to generate the same isomeric cis and
trans quinone ethides as photoelimination of water from 1-(2-
hydroxy-4-methoxyphenyl)-1-phenylethanol, eqn. (3). Flash
photolysis of this styrene does in fact produce two transient
species, which, as Fig. 3 demonstrates, decay at the same
rates as do the transients generated by flash photolysis of
1-(2-hydroxy-4-methoxyphenyl)-1-phenylethanol (8). This close
correspondence of reaction rates shows that the transients
produced by photo-induced proton transfer of 2-hydroxy-4-
methoxy-o-phenylstyrene are the same as those generated by
photoelimination of 1-(2-hydroxy-4-methoxyphenyl)-1-phenyl-
ethanol, and that reinforces identification of these transients
as the cis and trans 5-methoxy-o-quinone o-phenylethides, 6
and 7.
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Protonation of these quinone ethides on oxygen in the first
step of their acid-catalyzed decay reactions produces cations in
which the former ethide bonds have lost some of their double-
bond character, and rotation about these bonds might therefore
make these cations interconvertible. Because the protonation
reactions are rapidly reversible, such cation interconversion
would provide a mechanism for interconversion of the quin-
one ethides themselves, and that, by the Curtin—-Hammett
Winstein—-Holness principle,!’ would produce a single rather
than a double rate profile. The fact that a double rate profile is
observed, therefore, is evidence that such interconversion does
not take place. The rate constant for bond rotation in the less
stable of the two cations must therefore be smaller than the rate
constant for capture of this cation by water, &, < k,, (= 2.7 X
10° s7!). This corresponds to a cation rotational barrier greater
than 10 kcal mol™". This is consistent with the expectation that
the positive charge of this cation will be stabilized by delocal-
ization into the hydroxy and methoxy groups of the former
quinoid ring, and that, as the resonance scheme of eqn. (8)
demonstrates, confers double bond character on the former
ethide bond.

®)

Ph Ph rh

¥
Kf‘
R S ol -
MeO OH MeO OH* MO OH

This positive charge will, of course, be stabilized by delocal-
ization into the unsubstituted phenyl group of these cations,
as well. Because of steric crowding, such stabilization will be
less effective in the cis cation, 6, than in the frans cation, 7, and
that will make the cis isomer more reactive than the trans. The
two values of k, determined from the profiles may thus be
assigned to the two isomers on this basis: k,, = 2.71 x 10°s™! for
product formation from the cis cation and k,, = 1.18 x 10*s™!
for product formation from the frans cation.

This assignment of rate constants also determines distri-
bution of the remaining profile parameters, inasmuch as all of
the parameters determined from a given profile must belong to
the same isomer. That means that all of the rate and equi-
librium constants derived from the upper profile of Fig. 2 with
the larger value of k, refer to the cis quinone ethide and all of
the constants derived from the lower profile refer to the trans
quinone ethide. These assignments are detailed in Table 1.

These results show the cis cation to be a stronger oxygen-acid
than the trans cation; i.e., (Kgg).s > (Ksp)yans- Lhis 1s consistent
with the assignment of a lower stability to the cis cation made
above: this cation will be less easily formed and therefore more
easily ionized. The ratio of equilibrium constants, however,
(Ks) eid (Kst) yrans = 2.4, 1s considerably less than the ratio of
product formation rate constants (ky)./(kw)yms = 23, which
means that there must be an offsetting stability difference in the
quinone ethide products of the cation ionization reactions gov-
erned by Kgy, i.e., that the cis quinone ethide must be less stable
than the frans quinone ethide. This is consistent with the fact
that steric crowding between the unsubstituted phenyl group
and the carbonyl oxygen atom in the cis quinone ethide can be
expected to be more severe, and therefore more destabiliz-
ing, than the steric crowding between the methyl group and the
carbonyl oxygen atom in the trans quinone ethide.

This lesser stability of the cis quinone methide makes it the
more reactive isomer in the non-acid-catalyzed reactions of
these quinone ethides with water and hydroxide ion, i.e., (ky)../
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(kue)urans = 28.6 and (kyo)../ (Kuo)wans = 10.2. The greater ratio for
the uncatalyzed reaction than for the hydroxide-ion-catalyzed
process is also consistent with the fact that the uncatalyzed
reaction is the slower process with a later, more product-like
transition state in which more of the initial state steric crowding
of the cis cation is relieved.

The ion pair formation constants for the two cations, on the
other hand, are much the same: (Kp),./(Kip) s = 1.31. These
constants are very probably determined only by the shapes and
overall charges of the species involved, and these are not very
different for the cis and trans cations.
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