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Generation of 6-methylene-2,4-cyclohexadienyli-
deneketene by flash photolysis of benzocyclo-
butenone in aqueous solution and study of the
reactions of this ketene in that medium

Y. Chiang, A.J. Kresge, and H.-Q. Zhan

Abstract: Flash photolysis of benzocyclobutenone in agueous solution produced a transient species with a microsecond
lifetime whose rates of decay were measured in perchloric acid, sodium hydroxide, and buffer solutions over the acid-
ity range [H*] 1 x 10723 — 10° M. This produced a rate profile, isotope effects, and buffer behaviour typical of ketene
reactions, and that, together with product identification, served to identify this transient as 6-methylene-2,4-cyclohexa-
dienylideneketene, formed by electrocyclic opening of the four-membered ring of benzocyclobutenone. Comparison of
rates of reaction of this ketene with those of its saturated analog, pentamethyleneketene, produced some expected as
well as some unexpected results.
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Résumé : La photolyse éclair de la benzocyclobuténone en solution aqueuse produit une entité transitoire de temps de
vie de la microseconde dont on a mesuré les vitesses de décroissance dans I’ acide perchlorique, I"hydroxyde de sodium
et des solutions tampons dont I’acidité [H*] s éale de 1 x 102 & 10° Sur la base de ces données, on a établi que le
profil de vitesse de réaction, les effets isotopiques et le comportement vis-a-vis des tampons sont typiques des réactions
des cétenes et, en les combinant a I'identification du produit, on a pu établir que cette entité transitoire est le 6-méthy-

lénecyclohexa-2,4-diénylidénecéténe qui se forme par une ouverture électrocyclique du cycle a quatre chainons de la
benzocyclobuténone. Une comparaison des vitesses de réaction de ce céténe avec celles de son analogue saturé, penta-
méthylénecétene, a conduit a des résultats dont quelques-uns étaient attendus alors que d autres étaient inattendus.

Mots clés : chimie de la cyclobuténone, ouverture éectrocyclique de cycle, hydratation d'un cétene, profil de vitesse de

réaction, effets isotopiques de solvant.

[Traduit par la Rédaction]

Introduction

Three decades ago, Don Arnold, studying the photo-
chemistry of benzocyclobutenone (1) (1) corroborated an
earlier observation (2) that irradiation of this ketone in meth-
anol solution produced methyl 2-methylbenzoate (3). He
then postulated that this reaction occured through electro-
cyclic opening of the four-membered ring to give 6-
methylene-2,4-cyclohexadienylideneketene (2) followed by
the well-known addition of alcohols to ketenes to form the
ester product (eg. [1]).
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Support for this hypothesis was provided by subsequent
observations (3) that irradiation of benzocyclobutenone in
low-temperature hydrocarbon matrices converts it into an
unstable but observable substance with UV and IR spectra
properties expected of 6-methylene-2,4-cyclohexadienyli-
deneketene. Additional evidence for this structural assign-
ment came from a room-temperature flash photolytic study
of benzocyclobutenone in ether solution that showed genera-
tion and decay of a transient species whose pattern of reac-
tivity with added reagents agreed with expectation for this
ketene (4).

We now add to these previous investigations a flash
photolytic study of benzocyclobutenone in aqueous solution.
This has allowed comparison of rates of hydration of 6-
methylene-2,4-cyclohexadienylideneketene with those of
other ketenes, and that has revealed some interesting features
concerning the reactivity of this substance.
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Experimental section

Materials

Benzocyclobutenone, a gift from Dr. P. Schiess, was made
by flash vacuum pyrolysis of 2-methylbenzoyl chloride (5).
2-Methylbenzamide was prepared by treating 2-methyl-
benzoyl chloride (6) with concentrated aqueous ammonia
(7). All other materials were the best available commercial
grades.

Kinetics

Rate measurements were made using a nanosecond,
eximer laser flash photolysis system operating at Age =
248 nm that has already been described (8), and reactions
were followed by monitoring absorbance decay at A =
400 nm. Initial substrate (benzocyclobutenone) concentra-
tions were ca. 1 x 10 M, and the temperature of all react-
ing solutions was controlled at 25.0 + 0.05°C. The rate data
so obtained conformed to the first-order rate law well, and
observed first-order rate constants were obtained by least-
squares fitting of a single exponential function.

Product analyses

Product compositions were determined by HPLC using a
Varian Vista 5500 instrument with a NovoPak C,g reverse-
phase column and methanol-water (50:50, v/v) as the eluent.
Reaction solutions containing substrate at similar concentra-
tions as used for the kinetic measurements (ca. 1 x 10° M)
were subjected to a single pulse from a microsecond flash
photolysis system (9), and products were identified by com-
paring retention times and UV spectra with those of authen-
tic samples.

Results and discussion

Reaction identification

Flash photolysis of benzocyclobutenone in agueous solu-
tion produced a transient species with strong absorbance at
A =400 nm. This is the wavelength at which 6-methylene-
2,4-cyclohexadienylideneketene showed a strong absorption
band when generated in low-temperature matrices (3) or in
ether solution at room temperature (4), which indicates that
this ketene is generated by irradiation of this precursor in an
aqueous solvent just as in these other media. Additional sup-
port for this conclusion comes from the fact that 2-methyl-
benzoic acid (4) was found to be the only product formed by
flash photolysis of benzocyclobutenone in unbuffered water
and in 0.001 M aqueous perchloric acid solution (eg. [2])
consistent with the known proclivity of ketenes to react with
water giving carboxylic acid products (10a).
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In agueous ammonium ion — ammonia buffers, 2-methyl-
benzamide (5) was formed as well (eg. [3]) which again is
consistent with the known reaction of ketenes with ammonia
and amines to give amide products (10b, 11).

Rate profile

Rates of decay of 6-methylene-2,4-cyclohexadienylidene-
ketene were measured in aqueous perchloric acid and so-
dium hydroxide solutions and in acetic acid, biphosphate
ion, tris-(hydroxymethyl)methylammonium ion, and ammo-
nium ion buffers. The ionic strength of these solutions was
maintained at 0.10 M through the addition of sodium per-
chlorate as required, except in the case of perchloric acid so-
lutions at concentrations greater than 0.1 M, where the ionic
strength was equal to the acid concentration. These data are
summarized in Tables S1-S3.2

The measurements in buffers were made using series of
solutions of varying buffer concentration but constant buffer
ratio and therefore, because the ionic strength was constant,
constant hydronium ion concentration. In each solution se-
ries, observed first-order rate constants proved to be linear
functions of buffer concentration, and the data were there-
fore analyzed by least-squares fitting of the buffer dilution
expression shown as eg. [4]. The zero-buffer-

[4] kobs

concentration intercepts obtained in this way (Kiyep), to-
gether with the rate constants obtained in perchloric acid and
sodium hydroxide solutions, are displayed as the rate profile
shown in Fig. 1. Hydronium ion concentrations of the buffer
solutions needed for this purpose were obtained by calcula-
tion using acidity constants of the buffer acids from the liter-
ature and activity coefficients recommended by Bates (12).

This rate profile shows a long uncatalyzed portion extend-
ing from [H*] = 1 x 10 to [H*] = 1 x 107%, with weak hy-
droxide ion catalysis and even weaker hydronium ion
catalysis. Such behavior is typical of ketene hydrations,
where the hydroxide ion reaction is only moderately faster
than uncatalyzed hydration and acid catalysis is often not
observed.® This profile therefore provides further evidence
that the transient species observed is a ketene.

As is often the case for acid-catalyzed reactions in con-
centrated acid solutions, rates of hydration of 6-methylene-
2,4-cyclohexadienylideneketene in perchloric acid solutions
more concentrated than 0.1 M increased more steeply than
in direct linear proportion to acid concentration. The data
were therefore treated by the Cox—Yates method using the
X, excess acidity function (14). The analysis was done by
least-squares fitting of eq. [5], where H*

[5] kobs = kuc + kH+[H+]10mX°

= Kintopt + Koure[buffer]

2Tables of rate data (Tables S1-S4) have been deposited and may be purchased from the Depository of Unpublished Data, Document Deliv-
ery, CISTI, National Research Council Canada, Ottawa ON, K1A OS2, Canada (http://www.nrc.ca/cisti/irm/unpub_e.shtml for information

on ordering €electronically).
3See, for example, ref. (13).
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Fig. 1. Rate profile for the hydration of 6-methylene-2,4-
cyclohexadienylideneketene in aqueous solution at 25°C.
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represents the hydronium ion, with [H*] and X, as independ-
ent variables, and k., k-, and m as parameters to be deter-
mined by the fit. This gave k,. = (1.35 + 0.01) x 10° s},
ky+ = (1.45+ 0.03) x 10°M~* s, and m = 1.20 + 0.03. This
value of mwas then used to calculate the quantity [H*]10™,
which was used as the abscissa for the rate profile of Fig. 1.
Because X, becomes equal to zero at hydronium ion concen-
trations less than 0.1 M, and 10™ consequently becomes
equal to unity, [H*]10™- differs from [H*] only at [H*'] >
0.1

With this definition of the abscissa, the rate law that
applies to the rate profile of Fig. 1 is the expression shown
in eg. [6]. Least-squares fitting of this expression gave
ki = (144 £ 0.01) x 10° M7 s?, k, = (1.35 + 0.01) x
10° s, and k- = (9.26 £ 0.06) x 10° M s, It is

[6] kobs = kH*[H+]1OmX° + kuc + kHO‘[HO_]

gratifying that the values of k,,. and k. obtained in this way
are in excellent agreement with those produced by the Cox—
Yates analysis of the perchloric acid data.

It has been observed that substituent effects on the rates of
uncatalyzed ketene hydration (k,.) are remarkably similar to
those on the rates of hydroxide-ion catalyzed hydration
(ko) and this similarlity has been used to support a com-
mon nucleophilic reaction mechanism for both processes
(10a). It has also led to the good correlaton of rate constants
for these two reactions illustrated in Fig. 2 (15). This figure
also shows that the presently determined data fit this correla-
tion well, thus substantiating identification of the presently
observed transient species as 6-methylene-2,4-cyclohexadi-
enylideneketene.

| sotope effects

Rates of hydration of 6-methylene-2,4-cyclohexadi-
enylideneketene were also measured in moderately concen-
trated solutions of HCI in HEO and DCl in D,O. These data
are summarized in Table $4° and are displayed in Fig. 3.

Once again, observed rate constants increased more
steeply than in direct proportion to acid concentration, and
the Cox—Yates method (14) using the X, scale for HCl (16)
was used to analyze the data. The X, scale has not been de-
termined for DCl in D,O solution, but other acidity func-
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Fig. 2. Correlation of rates of uncatalyzed (k,.) and hydroxide-
ion-catalyzed (k,o-) ketene hydration; 6-methylene-2,4-cyclo-
hexadienylideneketene (@), other ketenes (O).
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Fig. 3. Reaction of 6-methylene-2,4-cyclohexadienylideneketene
in aq HCI-H,0 (O) and DCI-D,O (&) solutions at 25°C.
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tions are known to be the same for D,0 as for H,O solutions
of hydrochloric (17) and perchloric (18) acids when the
comparison is made at the same molar acid concentration. It
seems reasonable to assume that the same would be true for
the X, scale, and values of X, for HCI in H,O were therefore
used for the D,O solutions.

Least-squares analysis using eg. [5] gave k, = (1.37
0.02) x 10° s?, k= (1.39 + 0.09) x 10° M s, and m =
(1.64 £ 0.17) for the H,O solutions and k. = (9.35 + 0.01) x
10% s, k. = (4.66 £ 0.02) x 10° Mt s, and m= (1.40 +
0.10) for the D,O solutions. These values of k. and k-
agree well with those determined for H,O solutions of
HCIO, (vide supra). The difference between the HCI and
HCIO, values of m, on the other hand, is somewhat greater
than their combined standard deviations, suggesting that me-
dium effects are not quite the same in concd HCI asin concd
HCIO, solutions.

These data provide the isotope effects k,./ky- = 2.98 +
0.25 and (K,on,d/(Kidp,0 = 146 = 0.03. Acid-catalyzed
hydration of ketenes is known to occur by rate-determining
protonation of the 3-carbon atom of the ketene, followed by
rapid reaction of the acylium ion thus formed with water
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(10c, 19). In the present case, protonation is more likely to
occur on the exo-carbon atom of the methylene group, be-
cause that will regenerate a benzene ring and benefit from a
gain of benzene resonance energy (eq. [7]). In any event,
there will be a hydron in flight in

o
~° A0
rd —H* OH
[7] +H,0" —S— +H,0 ———>

the rate-determining step of this reaction and the isotope ef-
fect will consequently have a primary component. It will,
however, have an inverse secondary component as well, pro-
duced by tightening of the hydrogen—oxygen bonds of the
transition state moiety on its way to becoming a water mole-
cule. The isotope effect observed (k,+/ky- = 2.98) isin fact a
typical value for such a process (20).

Uncatalyzed hydration of ketenes, on the other hand, oc-
curs through nucleophilic attack of a water molecule on the
carbon atom of the ketene carbonyl group, generating an
enol intermediate, which then ketonizes in a fast subsequent
step (10a, 15) (eq. [8]). Formation of the

(o OH o]
=0 P
OH,* 7 3 OH
81 <I +H,0 14 i S OH fast

enol could occur either through a zwitterion, or the
zwitterion could be avoided by simultaneous proton shuf-
fling. In either case, the solvent isotope effect would be
small because there would be no primary component; in
zwitterion formation because no hydron transfer takes place,
and in simultaneous proton shuffling because the hydron
transfer here is between oxygen atoms with the hydron lying
in a stable potential well at the transition state and conse-
quently not being in flight (21). The isotope effect observed
(ku/kp = 1.46) is a typical value for such a process (15).

Reaction in buffers

The rate measurements in acetic acid and ammonium ion
buffers were each made at four different buffer ratios, which
allowed separation of the buffer-dependent rate constants of
eq. [4] (Ky) into their buffer base (kg) and buffer acid (kya)
components. This was done through the use of eq. [9], in
which f, is the fraction of buffer present in the acid form.

(9] Kpuit = Kg + (Kna — kg)fa

Least-squares fitting of this equation gave ky = (1.23 +
0.07) x 10° M s and ky, = <(8.84 + 5.26) x 10* M s for
the acetic acid buffers, and kg = (1.72 = 0.11) x 10° M st
and ks = (1.76 + 8.99) x 10* M~ s for the ammonium ion
buffers. In both cases, therefore, the buffer-dependent reaction
was wholly of the basic type.

A similar anaysis could not be carried out for the
biphosphate and tris-(hydroxymethyl)methylammonium ion
buffers because measurements here were made at only one
buffer ratio. It seems fair to assume, however, that the
buffer-dependent reaction here was also wholly of the basic
type, inasmuch as the acid and base strengths of the compo-
nents of these buffers lie between those (acetic acid and am-
monium ion) for which analysis using eg. [9] showed only a
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Table 1. Buffer base rate constants (kg) for the reaction of 6-
methylene-2,4-cyclohexadienylideneketene in aqueous solution at
25°C.2

Base pK, (BH) ks (10° Mt s
CHLO; 4.76 1.23

HPO3~ 7.20 1.01
(CH,OH);CNH, 8.07 0.283

NH,4 9.25 1.72

®lonic strength = 0.10 M (NaClO,).

Table 2. Comparison of rates of hydration of 6-methylene-2,4-
cyclohexadienylideneketene with those of an analogous ketene
not having a cyclohexadienyl structure.?

Substrate Kio- MTsh ke (59 ki (MLs?
O 9.26 x 10° 135 x 10° 144 x 10°
P 6.24 x 10° 2.30 x 10t 2.78 x 10°

~

#Aqueous solution, 25°C; data for pentamethyleneketene from ref. (15).

base reaction. Using this reasonable assumption, the buffer-
dependent rate constants for the biphosphate and tris-
(hydroxymethyl)methylammonium buffers (ki) were trans-
formed into buffer base rate constants. The results, together
with the buffer base rate constants obtained from acetic acid
and ammonium ion buffers, are listed in Table 1.
Inspection of Table 1 shows that the reactivity of the buffer
bases does not increase regularily with buffer base strength, as
it would if the buffer bases were acting as proton transfer
agents. Tris-(hydroxymethyl)methylamine, for example, is a
stronger base than either acetate or hydrogen phosphate ions,
and yet its rate of reaction is only a quarter of that of the ions.
The reactivity order shown by Table 1, on the other hand, is
what might be expected if the buffer bases were reacting as
nucleophiles: tris-(hydroxymethly)methylamine, with its large
bulk, should be a poorer nucleophile than the other smaller
bases of this table. Bases, of course, react with ketenes as
nucleophiles and not as proton transfer agents (11), and the
data in Table 1, therefore, provide still more evidence that the
substance produced by photolysis of benzocyclobutenone is
6-methylene-2,4-cyclohexadienylideneketene.

Reactivity

Rates of hydration of the presently studied ketene are con-
siderably faster than those of other ketenes whose reactions
do not convert a cyclohexadienyl structure into an aromatic
benzene ring. The data assembled in Table 2 provide a com-
parison with pentamethyleneketene (15), a substrate also
possessing a six-membered carbocyclic ring. It may be seen
that the present ketene is the much more reactive substance,
by afactor of 1500, corresponding to a free energy of activa-
tion difference of 8G* = 4.3 kca mol™, for the hydroxide-
ion-catalyzed process and by a factor of 5900 or dAG* =
5.1 kcal mol™ for the uncatalyzed reaction. The greater dif-
ference for the slower uncatalyzed hydration is of course
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understandable as operation of the reactivity—selectivity
principle.

The hydronium-ion-catalyzed reaction of 6-methylene-
2,4-cyclohexadienylideneketene is also faster than that of
pentamethyleneketene, but now the difference, a factor of 52
or 3AG* = 2.3 kcal mol™, is much less than those for the hy-
droxide ion and uncatalyzed processes. This is surprising,
because the hydronium ion catalysis of 6-methylene-2,3-
cyclohexadienylideneketene hydration presumably takes
place by rate-determining proton transfer to the exo-carbon
atom of the methylene group, as shown in eg. [7]. This im-
mediately converts a cyclohexadienyl structure into an aro-
matic ring and profits from a gain in benzene resonance
energy. The hydroxide-ion-catalyzed and uncatalyzed reac-
tions, on the other hand, occur by nucleophilic attack on the
ketene's carbonyl carbon atom (10a, 15), as illustrated for
the uncatalyzed process in eq. [8]. Because this nucleophilic
attack occurs in the ketene molecular plane (4), it puts nega-
tive charge into an orbital that is orthogonal to the cyclo-
hexadienyl 1tsystem. Delocalization of this charge into the 1t
system therefore does not occur, and this suggests that
aromatization of the cyclohexadienyl ring in the reaction’s
rate-determining transition state does not take place; the re-
action therefore does not benefit from a gain in benzene res-
onance energy.

These arguments lead to the expectation that hydronium-
ion-catalyzed hydration of 6-methylene-2,4-cyclohexadi-
enylideneketene should be faster than that of pentamethyl-
eneketene by an amount greater than those for the
hydroxide-ion-catalyzed and uncatalyzed reactions, contrary
to the data presented in Table 2. The reason for this unex-
pected difference is not clear.
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