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Flash photolytic generation and study of ketenes: acid-
catalysed hydration in aqueous solution?
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Abstract

Flash photolysis was used to generate CH,=C=0 by fragmentation of cyclobutanone and
(CH;);CCH=C=0, (CH,);C=C=0 and PhC(CH;)=C=0O by the photo-Wolff reaction
of the corresponding diazoketones; the rates of hydration of these ketenes were measured
in wholly agueous solutions of sodium perchlorate, perchloric acid and phosphoric and
acetic acid buffers. Uncatalysed and acid-catalysed reactions were observed for the aliphatic
ketenes, but only an uncatalysed reaction was observed for the aromatic derivative. A
mechanism for the acid-catalysed process, involving rate-determining proton transfer from
the catalyst to the terminai carbon atom of the ketene functional group, is indicated by
the occurrence of general acid catalysis and hydronium ion isotope effects in the range
ky+/lkp+ =2.7-3.3. The absence of acid catalysis in the hydration of PhC(CH,)=C=0 is
explained in terms of a phenyl-substituent effect that retards the acid-catalysed process
but accelerates the uncatalysed reaction.

1. Introduction

Flash photolysis has played an important role in elucidating the chemistry of
ketenes in aqueous solution. Ketenes are useful substances that undergo a wide variety
of important reactions [1]. They are also quite reactive, and kinetic studies of their
hydration to produce carboxylic acids

R,C=C=0+H,0 — R,CHCO,H (1)

have usually been carried out in non-hydroxylic solvents containing only small con-
centrations of water; this has had the effect of slowing the hydration reaction and
rendering it observable by conventional kinetic methods [2]. With flash photolytic
techniques, however, direct observation of the reaction in wholly aqueous solution is
possible.

The first flash photolyiic investigations of ketene hydration in wholly aqueous
solution used the photo-Wolff reaction of diazoketones to generate a series of aryl
ketenes [3]

O
Ar (2)
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and the photolysis of cyclobutane to prepare ketene itself [4]
O

a4

3)

b o CH,=C=O + CH,=CH;

These studies employed conductimetric detection to monitor the hydration reaction:
the carboxylic acid products are partly ionized in aqueous solution and the process
is consequently accompanied by an increase in solution conductivity. This technique
is limited to media which themselves do not conduct strongly, and it could not be
applied to solutions more acidic than pH 4 or more basic than pH 11. It consequently
established the presence of an uncatalysed ketene hydration reaction, but it did not
pick up either acid or base catalysis of the process.

A more recent flash photolytic investigation of this reaction in aqueous solution
used spectrophotometric detection, based on the strong UV absorbance of ketenes,
to monitor the process [5]. This method has no pH range limitations, and both acid
and base catalysis were detected.

The present study extends this work, focusing its attention on acid catalysis in
the reactions of four ketenes: ketene itself (1), i-butylketene (2), pentamethylencketene
(3) and phenylmethylketene (4).

CH,=C=0 (CHZ);CCH=C=0 <}c=o PhC(CH,)=C=0

1 2 3 4

2. Experimental details

2.1. Materials

Ketene was generated by the photofragmentation of cyclobutanone (eqn. (3)) [3].
t-Butylketene, pentamethylencketene and phenylmethylketene were prepared by the
photo-Wolff reaction of the corresponding diazoketones (a-diazopinacolone [6], «-
diazocyclohexanone [7] and a-diazopropiophenone [8] respectively). All other materials
were best available commercial grades and were used as received.

2.2. Kinetics

Flash photolysis was carried out using a system of conventional design described
previously [5]. Measurements were recorded at 25.0+0.05 °C on wholly aqueous
solutions, using the decrease in absorbance which accompanies ketene hydration to
monitor the reaction; the wavelengths employed were A =210-215 nm for the aliphatic
ketenes and A =260 nm for the aromatic derivative. The concentration of diazoketone
used to prepare the substituted ketenes was 0.0004-0.001 M and the concentration
of cyclobutanone used to produce ketene itself was 0.03 M. The kinetic data conformed
accurately to the first-order rate law, and observed first-order rate constants were
evaluated by least-squares fitting to an exponential function.

3. Results

The rates of hydration of the four ketenes were determined in aqueous solutions
whose ionic strength was maintained at 0.10 M through the addition of sodium
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perchlorate as required. Measurements were made using solutions with no other
additives and also with solutions containing various acid catalysts. The results obtained
in the absence of acids are summarized in Table 1; each of the rate constants listed
is the average of 10-20 separate determinations. The value for ketene itself (k=37
s~ 1) is consistent with k=44 s~! reported earlier for this substance [4], but the value
determined here for t-butylketene (k=15 s~ !) is considerably less than the rate constant
(k=38 s~ ') estimated for this ketene by extrapolation of measurements made in
acetonitrile—water mixtures [9].

The rates of hydration of the four ketenes were also determined in dilute perchloric
acid solutions. Acid concentrations were varied for each substrate by factors of 5-50.
The rates of reaction of three of the ketenes proved to be sensitive to acid concentration,
with first-order rate constants increasing in direct proportion to acid concentration
(see Fig. 1). Linear least-squares analysis provided the catalytic coefficients listed in
Table 2 and gave zero acid concentration intercepts which agreed well with the rate
constants for uncatalysed hydration measured directly in the absence of added acid
(Table 1).

First-order rate constants for the fourth substrate, phenylmethylketene, were
independent of acid concentration over the range investigated (Fig. 2); linear least-
squares analysis gave a catalytic coeflicient whose uncertainty exceeded its value by
a considerable margin: ki« = —34+139 M~ s~ The intercept of this relationship,
k=51.0+£0.9 s~ ! is consistent with the directly-measured uncatalysed rate constant
for this substrate (k=55.7+0.6 s™1).

The rates of hydration of two ketenes were alsc measured in buffer solutions: ¢-
butylketene in phosphoric acid buffer and pentamethyleneketene in acetic acid buffer.
A series of solutions of constant buffer ratio and constant ionic strength, but varying
buffer concentration, was used. This served to hold the hydronium ion concentrations
constant along a series of solutions for the acetic acid buffers, but not for the phospheric
acid buffer; significant buffer failure [10] occurred in the latter case causing hydronium
ion concentrations to drop systematically as the buffer was diluted; this produced
corresponding changes in the hydronium ion contributions to the observed rate constants.
These changes were compensated for by adjusting the observed rate constants for a
given series of solutions to a common hydronium ion concentration; this was performed
using the known hydronium ion catalytic coefficient (Table 2) plus the hydronium ion
concentrations obtained by calculation (employing pX,=2.146 for H5PO, [11] and
activity coefficients recommended by Bates [12]).

The observed rate constants adjusted in this way proved to be linear functions
of phosphoric acid concentration (see Fig. 3), and least-squares analysis gave the

TABLE 1

Summary of rate data for the uncatalysed hydration of ketenes in aqueous solution at 25 °C*

Substrate kyo (79 kpo (s71) ku.o’kpro
CH,=C=0 36.51+0.4 23.01+0.3 1.59+0.02
(CH,;);CCH=C=0 14.6 +0.1 7.28£0.09 2.01 £0.03
C=0 23.0+05 11.31+02 2.04 +0.06
PhC(CH,)=C=0 55.740.6 360413 1.55 +0.06

*Ionic strength=0.10 M.
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Fig. 1. Relationship between perchloric acid concentration and the observed first-order rate
constants for the hydration of CH,=C=0 in aqueocus solution at 25 °C.
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Fig. 2. Relationship between perchloric acid concentration and the observed first-order rate
constants for the hydration of PhC(CH,;)=C=0 in aqueous solution at 25 °C.
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TABLE 2

Summary of rate data for the hydration of ketenes in dilute aqueous perchloric acid solutions
at 25 °C?

Substrate ky- (1P M1 s™h kp. (10° M1 s kys+tkp .
CH.=C=0 10.1+0.3 3.11+0.10 3.25+0.14
(CH;):CCH=C=0 4.77+0.04 1.80+0.03 2.65+4+0.05

O=C=O 2.78 £0.09 0.997 +0.043 2.79+0.15

PhC(CH;)=C=0 - - -

*Ionic strength=0.10 M.
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Fig. 3. Relationship between phosphoric acid concentration and the adjusted first-order rate
constants for the hydration of (CH3);CCH=C=Q in aqueous H,PO,/H,PO,~ buffer solutions
at 25 °C.

catalytic coeflicients listed in Table 3. It may be seen that these catalytic coefficients
remain reasonably constant as the buffer ratio is varied; this indicates that the catalysis
is of the general acid type. In contrast, the analysis of the data on the assumption
of general base catalysis produced catalytic coefficients which changed with buffer
ratio.

In contrast with this behaviour in phosphoric acid buffers, no buffer catalysis was
observed in acetic acid buffer solutions; the rates of hydration of pentamethyleneketene
remained constant as the buffer concentration was varied. Moreover, the magnitude
of these rates was consistent with expectation for the operation of hydronium ion
catalysis plus an uncatalysed reaction.
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TABLE 3

Phosphoric acid catalytic coefficients for the hydration of z-butylketene in aqueous H,PO,/H,PO,~
buffer solutions at 25 °C?

[H;PO,)/[H,PO, "] kya (10° M1 s7Y)
5.03 2.73+0.08
2.01 2.53+0.08
1.00 2.52+0.05

2Ionic strength=0.10 M.
4. Discussion

4.1. Reaction mechanism

Two different reaction mechanisms can be postulated for the acid-catalysed hydration
of ketenes, each derived from the different mechanisms by which the constituents of
the ketene functional group (the carbon—carbon double bond and the carbonyl group)
undergo acid-catalysed reactions. The first of these mechanisms involves rate-determining
proton transfer from the catalyst to the terminal carbon atom of the ketene group,
followed by rapid hydration of the ensuing cationic intermediate

CH,=C=0+HA % CH,C =0 +A~ @
CH,C =0 +H,0 —» CH,CO,H+H"

This is the analogue of the acid-catalysed hydration of simple carbon—carbon double
bonds. The other mechanism begins with rapid pre-equilibrium protonation of the
oxygen atom of the carbonyl group, followed by the addition of water to the central
carbon of the ketene

fast

CH,=C=0+HA — CH,=C=OH" + A~

r.d. (5)
CH,=C=O0OH" + H,0 — CH,=C(OH), + H*

This produces a carboxylic acid enol, which will then ketonize rapidly
CH,=C(OH), — CH,CO,H (6)

The first part of this second mechanism, production of the enol (eqn. (§)), is the
analogue of the acid-catalysed addition of nucleophiles to carbonyl groups.

These two mechanisms may be distinguished by the form of their acid catalysis.
The rate-determining transition state of the first mechanism (eqn. (4)) contains the
substrate plus a general acid; reaction by this mechanism will therefore show general
acid catalysis. However, the rate-determining transition state of the second mechanism
(eqn. (5)) contains the substrate and only a proton (in addition to a water molecule);
rates of reaction by this route will therefore be proportional to hydronium ion
concentration only, and the process will consequently show specific hydronium ion
catalysis.

The two mechanisms of eqns. (4) and (5) plus (6) may also be distinguished by
the direction of their hydronium ion isotope effects: rate-determining proton transfer
reactions, such as that of eqn. (4), generally give hydronium ion isotope effects in the
normal direction (ki +/kp+ > 1), whereas those involving pre-equilibrium proton transfer,
such as eqn. (5), usually give inverse isotope effects (ku-/kp+ <1) [10, 13].
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Both of these criteria, on the basis of the evidence obtained here, point to the
operation of the first mechanism (eqn. (4)) for the acid-catalysed hydration of ketenes:
general acid catalysis, not specific hydronium ion catalysis, was observed in the hydration
of z-butylketene, and all of the hydronium ion isotope effects determined here are
normal (see Table 2). This mechanistic assignment is consistent with previous observations
of general acid catalysis and normal hydronium ion isotope effects in the hydration
of other ketenes [14], and it is supported by theoretical calculations [15].

4.2. Occurrence of acid catalysis

The hydration of one of the ketenes investigated (phenylmethylketene (4)) was
not catalysed by acids. A similar lack of acid catalysis has been observed previously
in the aqueous solution hydration of phenylketene (5) and diphenylketene (6) [5].
This behaviour contrasts with the acid catalysis found for hydration of ketenes without
phenyl substituents, such as the other ketenes examined here and other aliphatic
ketenes [5, 9, 14].

Ph\ Ph Ph
C=—C—0 C=C=—=0 C=C=—=0
Me/ H Ph
4 5 6

The lack of acid catalysis in the hydration of phenyl-substituted ketenes may be
understood in terms of a differential effect of the phenyl substituent on the rates of
the acid-catalysed and uncatalysed reactions. This substituent retards the acid-catalysed
process, but speeds up the uncatalysed reaction, and as a result acid catalysis is no
longer visible against a background of uncatalysed hydration.

It is well known that phenyl groups stabilize carbon—carbon double bonds ap-
preciably; the effect has been estimated at 4.9 kcal mol ™! per phenyl group [16]. This
effect will lower the free energies of the initial and transition states of the acid-
catalysed hydration reactions of phenyl-substituted ketenes; however, its influence on
the initial state will be greater than on the transition state because, in the initial state
the substrate has a full carbon—carbon double bond, whereas in the transition state
this bond is on its way to becoming a single bond. This difference will have the effect
of increasing the free energy of activation and retarding the reaction rate. Rate
retardations of this kind have been observed previously in the acid-catalysed hydration
of olefins [17], the acid-catalysed hydrolysis of vinyl ethers [18] and the acid-catalysed
ketonization of enols [19]; all of these occur by a reaction mechanism (rate-determining
proton transfer from catalyst to substrate) which is similar to that established for acid-
catalysed ketene hydration.

The uncatalysed hydration of ketenes occurs by a different mechanism: the rate-
determining conversion of the ketene to a carboxylic acid enol followed by rapid
ketonization of the enol [2, 5, 9, 14, 20]

CH,=C=0 + H,O —%> CH, = C(OH), — CH,CO,H (7)

The carbon—carbon double bond remains intact in the rate-determining stage of this
process, and phenyl substitution will consequently not have a retarding effect on its
rate. A phenyl substituent will have an accelerating effect, since the attack of water
on the carbonyl carbon atom of the ketene in the rate-determining stage of this process
gives negative charge to the substrate, and this charge can be stabilized by phenyl
substitution [2, 3].
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These arguments can be put on a quantitative basis to show that the differential
effect of phenyl substitution on acid-catalysed and uncatalysed ketene hydration is
sufficiently large to render the acid-catalysed reaction invisible. 8-Phenyl substitution
retards the rate of vinyl ether hydrolysis by a factor of 285 in the case of cis-8-
methoxystryene (7) and by a factor of 1090 in the case of frans-B-methoxystyrene (8)
[18]. By applying the average of these rate reductions to the rate constant determined
here for ketene (kg =1.01x10* M~! s71) leads to a prediction of ky+ =15 M~ 1 s~!
for phenylketene. A similar calculation based on the SB-phenyl effects shown by the
ketonization of the cis and trans encls of phenylacetaldehyde [19] (9 and 10) gives
ku+=33 M~ s7'. Both of these estimates are sufficiently small to make the rate of
hydronium ion catalysed hydration of phenylketene, even in moderately concentrated
acid solutions, considerably less than the rate of the uncatalysed process, for which
k=4770 s~! [5]. Similar conclusions concerning the non-observability of acid catalysis
may be reached for phenylmethylketene, using the additional rate retardation observed
for B-methyl substitution in vinyl ether hydrolysis [21], and also for diphenylketene,
using the rate retardation observed for B,B-diphenyl substitution in the enol of
diphenylacetaldehyde (11) [19].

P

Ph OMe OMe  pj, OH OH pj OH
Ph Ph Ph‘.
10 11

7 8 |

Although the hydration of the aliphatic ketenes investigated here showed acid
catalysis in perchloric acid solutions, and z-butylketene gave acid catalysis in phosphoric
acid buffer, no acid catalysis was found for pentamethyleneketene in acetic acid buffer.
This is the consequence of an overwhelming uncatalysed reaction. Acid catalysis
occurred in phosphoric acid buffer because phosphoric acid is a fairly strong acid and
its buffer has a fairly high hydronium ion concentration. Acetic acid buffer, on the
other hand, is much more weakly acidic, and it consequently cannot provide sufficiently
large acid-catalysed rates to compete successfully with a strong uncatalysed reaction.
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