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Flash photolysis of 4-diazoisochroman-3-one in aqueous
solution. Hydration of the carbene produced by loss of
nitrogen and ketonization of the enol hydration product
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epoc ABSTRACT: Flash photolysis of 4-diazoisochroman-3-one in aqueous solution resulted in loss of nitrogen and
transient production of the-carbonylcarbene 3-ketoisochroman-4-ylidene, the hydration of which generated a short-
lived species that was identified as the enol isomer of the lactone, 4-hydroxyisochroman-3-one. This assignment is
supported by x-ray crystallographic determination of the structure of the final lactone product, by the shape of the rate
profile for ketonization of the enol intermediate to the lactone, and by solvent isotope effects on, and the form of acid—
base catalysis of, the ketonization reaction. Copyrigt2000 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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INTRODUCTION This difference in behavior undoubtedly stems from
the poor migratory aptitude of oxyg@mnd the strong
We discovered several years ago that flash photolysis ofability of sulfur to promote neighboring group displace-
methyl phenyldiazoacetatel, in aqueous solution ment? These effects, however, might also be augmented
produces methyl mandelatd, through two short-lived by a stereochemical factor. Calculations indicate that
intermediates, which we identified as phenylcarbo- methyl phenyldiazoacetate exits predominantly in she
methoxycarbene2, and the enol of methyl mandelate, trans configuration of diazo and carbonyl groups shown
3, Egn. (1)} in 1,° but it is believed that the photo-Wolff rearrange-
This behavior stands in marked contrast to that of ment occurs more readily from thecis configuration,
Smethyl phenyldiazothioacetaté, which, under the  shown in9, where the leaving and migrating groups are
same conditions, undergoes a photo-Wolff rearrangementtransto one anothe?.This suggests that 4-diazoisochro-
and produces-(methylthio)phenylacetic aci@, through man-3-one10, whose cyclic structure enforces artis

ketene,6, and enol7, intermediates, Eqn. (2). configuration, will have a stronger tendency to undergo
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the Wolff rearrangement and that rearrangement might monitored in separate experiments and the data were

actually be the favored process in this case.
We have found, however, that this is not so: our

analyzed by least-squares fitting of single exponential
functions. When the rates were too similar to allow such

investigation has shown that this cyclic substrate reactsseparation, both reactions were monitored in the same

by the same route as its acyclic analog and gives 4-

hydroxyisochromane-3-onel3, as a final product
through 3-ketoisochroman-4-ylidené&]l, and 4-hydro-
xyisochroman-3-one enoll2, intermediates, Eqn. (3).

This reaction route has nevertheless given us the

opportunity of studying the chemistry of en@P and
thereby contributing to the so far meager store of
quantitative information about enols of carboxylic acid
esters.

Some of this work has been published in preliminary
form.’

EXPERIMENTAL

Materials. 4-Diazoisochroman-3-one was prepared from
3-isochromanone by diazo transfer wighacetamido-
benzenesulfonyl azide as the diazo sodrits; spectral
properties were consistent with literature vald@s.
4-Hydroxyisochroman-3-one was obtained by photo-
lysis of 4-diazoisochroman-3-one. A solution of the diazo
compound (100 mg) in 3.0 ml of water containing 10%
acetonitrile was irradiated for 30 min in a Rayonet

experiment and the data were analyzed by least-squares
fitting of either a single exponential plus linear function
or a double exponential function.

RESULTS
Product determination

If flash photolysis of 4-diazoisochroman-3-one had led to
a photo-Wolff rearrangement, the final product would
have been 1,3-dihydrobenzjfuran-1-carboxylic acid,

16, produced by hydration of 1,3-dihydrobeneffiran-
1-ylideneketenel4, and ketonization of the subsequent
enol, 15, as shown in Eqgn. (4). This carboxylic acid is an
isomer of the other possible flash photolysis product, 4-
hydroxyisochroman-3-one [Egn. (3)3], and these two
substances cannot therefore be distinguished by high-
resolution mass spectrometry. The NMR spectral proper-
ties of the two substances might also be expected to be
similar. We consequently identified the reaction product
by x-ray crystallography, which showed unequivocally
that it is 2-hydroxyisochroman-3-oriéThis is consistent
with a recent report that 4-methoxyisochroman-3-one is

apparatus operating at 300 nm. The solvent was thenthe principal product formed by photolysis of 4-

removed by rotary evaporation, giving a solid residue
whose 'H NMR spectrum contained only signals
expected for 4-hydroxyisochroman-3-oife.

All other materials were best-available commercial
grades.

Kinetics. Rates of reaction were measured using conven-

tional (flash lamp) and laser X=248 nm}° flash

diazoisochromanone in methanol solutign.

This identification of 2-hydroxyisochroman-3-one as
the reaction product establishes the sequence of reactions
shown in Egn. (3) as the process under observation. It
also shows that the-carbonylcarben&l and the enol 2
are the two successively formed transient species
observed and that hydration of the carbene and ketoniza-
tion of the enol are the two reactions that were monitored.

photolysis systems that have already been described.

The temperature of all solutions upon which rate
measurements were made was controlled

at Kinetics: carbene hydration
2.50+ 0.05°C. Two transient species were observed as

a rise followed by a decay of absorbance in the region Rates of hydration of 3-ketoisochroman-4-ylidene were
315-340nm. When the rates of reaction of these measured in dilute aqueous perchloric acid and sodium
transients were sufficiently different, each reaction was hydroxide solutions. A range of concentrations was

CopyrightO 2000 John Wiley & Sons, Ltd.
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Table 1. Summary of rate and equilibrium constants®

Process Constant

ky- = 2.30x 10 Imol 1 st

k,c=1.90x 10° st

Kno- = 1.09% 10 I mol~t st

k. =1.31x 10° Imol~ts™?

Kyt=193x 10°Imol~ts™?

Ko=3.65x 10* Imol~ts?

Q.F=2.05x 10 Imol~* pQ.F=5.69

& Aqueous solution, 25C, ionic strength = 0.161.

employed for each kind of solution, and replicate _
measurements were made at each concentration; the ‘08§
ionic strength was maintained at 0.0 The data so L
obtained are summarized as supplementary Tables S1
and S2 at the epoc website http://www.wiley.com/epoc. ]
Rate measurements were also made in aqueous 3
biphosphate ion, tris(hydroxymethyl)methylammonium g ;4
ion, tert-butylphosphonate monoanion and ammonium k
ion buffers. Series of solutions of constant buffer ratio :
and constant ionic strength (0.8Q but varying buffer 10%E
concentration were used. These data are also summarized i
in supplementary Table S3 at the epoc website.
Observed first-order rate constants determined in

6L

L ! Hm huger L PR PRSI 1 P ATTI W Py L
- > ! alths ! 104 10 10® 10" 10" 10
buffer solutions increased linearly with increasing buffer (LM

concentration, and the data were therefore analyzed by,

100 :‘ L & I STEI
10 102

. e ) Figure 1. Rate profiles for the hydration of 3-ketoisochro-
least-squares fitting of the buffer dilution expression 3 4 iidene in H,O solution (A) and the ketonization of

shown in Egn. (5). The zero-buffer concentration the enol of 4-hydroxyisochroman-3-one in H,O solution (O)
intercepts,ko, obtained in this way, together with the and D,0 solution (@), all at 25°C
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rate constants measured in perchloric acid and sodiumdata gaveky. = (2.30+ 0.10)x 10" Imol™* s7%, k.=
hydroxide solutions, are displayed as the uppermost rate(1.90+ 0.16)x 10° s * and kyo- = (1.90+ 0.05)x
profile in Fig. 1. Hydronium ion concentrations of the 10 Imol~ts™

buffer solutions needed for this purpose were obtained by

calculation, using literature values of the buffer acidity Kobs = ki [HT] + kuc + ko [HO™] (6)
constants and activity coefficients recommended by
Bates™? These rate constants are similar to the results obtained
for phenylcarboxycarben® and phenylcarbomethoxy-
Kobs = Ko + Keafbuffer] (5) carbené’® The lifetimes of all three of these carbenes in

the central uncatalyzed region of the rate profiles are 2—

5us, which is considerably longer than the ca 1ns
Kinetics: enol ketonization lifetimes recently reported for othes-carbonylcar-

benest” Those short lifetimes, however, refer to reac-
Rates of ketonization of the enol of 4-hydroxyisochro- tions performed in non-polar organic solvents, unlike the
man-3-one were measured in aqueous perchloric acid andvholly aqueous medium used in the present study. The
sodium hydroxide solutions and in acetic acid, bipho- short-lived carbenes also lacked a phenyl substituent next
sphate ion and tris(hydroxymethyl)methylammonium ion to the carbenic center. Such a phenyl substituent might be
buffers. Again, a range of concentrations was employed, expected to stabilize the carbene, and microsecond
replicate measurements were made and the ionic strengthifetimes have in fact been reported for phenylcarbo-
was maintained at 0.1, except in perchloric acid over methoxycarbene and 2-naphthylcarbomethoxycarbene in
the concentration range [HCIP=0.10-1.0m, where organic solvents®
ionic strength =[HCIQ]. These data are summarized  Strong catalysis of the hydration of 3-ketoisochroman-
Tables S4-S6, at the epoc website 4-ylidene by buffer species was found for all of the

The measurements in buffers were made in series ofbuffers examined in the present study, consistent with the
solutions of constant buffer ratio but varying buffer strong buffer catalysis found before for the hydration of
concentration, and once again the observed first-orderphenylcarboxycarbed®and phenylcarbomethoxycarbe-
rate constants were found to increase linearly with nelPInthe present case, measurements at different buffer
increase in buffer concentration. The data were thereforeratios were made for two of the buffers used, and the form
also analyzed using Eqn. (5). The zero-buffer concentra- of catalysis— general acid and/or general base— could
tion intercepts so obtained, together with the rate consequently be determined. This was done with the aid
constants measured in perchloric acid and sodiumof Eqgn. (7):
hydroxide solutions, were used to construct the middle
rate profile shown in Fig. 1. keat = kg + (kna — kg )fa (7)
Some ketonization rate measurements were also made

in D,O solutions of perchloric acid, sodium hydroxide, Wherek4is the slope of the buffer dilution expression of
and acetic acid buffers. These data are summarized inEqn. (5) kg andk 4 are the general base and general acid
Tables S4-S6 at the epoc website and the rate profile thatatalytic coefficients and, is the fraction of buffer
they provide is shown as the bottom curve in Fig. 1. This present in the acid form. Least-squares analysis gave
profile was constructed using literature values of the Kua =(1.2840.38)x 10° Imol™* s " and kg = (3.57+
solvent isotope effects on the ionization of acetic &tid 0.63)x 10° Imol™* s™* for biphosphate ion buffers

and the autoprotolysis of watér. and kga =(9.13+2.00)x 10’ Imol™* s and kg =
(2.28+0.02)x 10° Imol™! s™* for ammonium ion
buffers.

DISCUSSION

Carbene hydration

Enol ketonization: rate profile
The rate profile for hydration of 3-ketoisochroman-4-
ylidene shown in Fig. 1 is similar to the rate profiles for The rate profile for ketonization of the enol of 4-
the analogous hydration of phenylcarboxycar3émad hydroxyisochroman-3-one shown in Fig. 1 is typical of
phenylcarbomethoxycarben®. Al three rate profiles rate profiles for ketonization of enols of carboxylic acids
show strong catalysis by hydronium and hydroxide ions and esterd®6°|t is also consistent with the known
in addition to an appreciable uncatalyzed reaction. mechanism for enol ketonization, which consists of rate-
Although the detailed mechanisms of these reactionsdetermining proton transfer from any available acid to the
are not known, the data may nevertheless be analyzeds-carbon atom of the enol or its enolate {8Hn aqueous
using the general rate law given in Eqn. (6). Least- solution at zero buffer concentration the available acids
squares fitting of this expression with the present will be the hydronium ion (written here as'fland water

CopyrightO 2000 John Wiley & Sons, Ltd. J. Phys. Org. Chen2000;13: 461-467
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itself, and the reaction scheme may therefore be written
as shown in Eqn. (8)

H,0

The acid-catalyzed region of this rate profile at high
acidity then represents reaction of unionized enol through
carbon protonation by H(with rate constark.). This is
followed by an uncatalyzed plateau extending from
[H"]~ 10 *to 10 M, which could be caused either by
carbon protonation of enol by J@ (k) or by rapid
equilibrium ionization of enol to the much more
reactivé**?enolate ion(QE),followed by rate-determin-
ing carbon protonation of the enolate ion by KK'\+);
this latter route produces Hin its first step and then

465
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Figure 3. Separation of buffer catalysis into its general acid
and general base components for the ketonization of 4-
hydroxyisochroman-3-one enol in biphosphate ion buffers

consumes it in its second step, giving an overall processdependent on [HO]. This appears as a rising profile

independent of [H]. The first of these two alternatives

segment extending down to [}~ 10 ° M. Beyond that

may be rejected because acid catalysis of the enolthe position of the enol-enolate equilibrium shifts over to

reaction does not set in until [ ~ 0.1M, which means
that, if this uncatalyzed plateau were to be assignédg,to
carbon protonation of the enol by'Hand HO would be
occurring at not very different rates; enol ketonization,
however, obeys the Brgnsted relafibA®> and that
requires proton transfer from acids of such widely
different strengths as Hand HO to occur at different

enolate, and the advantage of converting the less reactive
enol to the more reactive enolate ion is lost; that produces
the final horizontal plateau, representing simple carbon
protonation of the enolate ion by,B.

The rate law that applies to this reaction scheme is
shown in Egn. 9, whose rate and equilibrium constants
are defined by Egn. (8). Least-squares fitting of this

rates. The rate constant for reaction in this uncatalyzedexpression using the rate profile data obtained y®H

plateau may therefore be written @§k/,. .

At acidities below [H] ~ 102 m, carbon protonation
of the enolate ion by KD begins to compete with carbon
protonation by H. The H" produced by equilibrium
formation of enolate is then not consumed in the
following step, and the rate of the overall reaction
becomes inversely dependent on "JHor directly

1.5 10°

1.0 10% |

ko bs/ s

5.0 10* [

P | il 1

0.025

0.0 10°

0.000 0.005 0.010 0.015

{Butferl/M
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Figure 2. Buffer dilution plot for the ketonization of 4-
hydroxyisochroman-3-one enol in aqueous biphosphate ion
buffers at at 25°C; [H,PO, J[HPO4~] =2.00

CopyrightO 2000 John Wiley & Sons, Ltd.

solution gaveky+ = (1.314+ 0.03)x 10° Imol™* s7%,
Ky+=(1.93+0.99)x 1B Imol™* s, Ko=(3.65+
0.03)x10%s™*, andQE = (2.054 0.08) x 10 %Imol?,
pQk = 5.694 0.02. (This is aconcentrationacid dis-
sociation constant, applicable at the ionic strength
(0.10Mm) at which it was determined.) Similar treatment
of the data obtained in J® gave kp+ =(2.84+
0.156)x 10? Imol™* s Kp+=(1.64+0.10)x 10°
Imol™! s% Ko=(4.694+0.05)x 10*> s and QF
(6.0340.33) x 107 Imol~%, pE = 6.224 0.22. (This

is a concentrationacid dissociation constant, applicable
at the ionic strength (0.11@) at which it was determined.)

Kobs = ke [HT] + (Ky [HT] + ko) {QE/(QF + [H™])} (9)

Enol ketonzation: isotope effects

These results give isotope effects that provide good
support for the interpretation of the rate profile given
above. The isotope effect on the portion of the rate profile
assigned to carbon protonation of unionized enol by the
hydronium ion, ky./kp. =4.61+ 0.25, is large. Such
isotope effects contain an inverde{kp < 1) secondary

J. Phys. Org. Chen2000;13: 461-467
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10 have been found for the carbon protonation by water of
isobutyrophenone enolate iork djn,o/(K'o)p,0 = 7.48+
0.23%° mandelic acid enolate ion,K§)n,0/(Ko)p,0 =
6.90+ 0.541° and methyl mandelate enolate ion,
(Ko)n,0/(K'o)p,0 = 7.74+ 0.40°

The ionization of oxygen acids, such as the present
enol, gives solvent isotope effects in the normal direction,
and the value determined heréQ%), /(Q5)p,0 =
3.41+ 0.23, is of the magnitude expected for an acid of
the strength of the present erfdlSimilar values have
been obtained for the ionization of the enol of mandelic

; acid, (QaE)HZO/(QE)DZE = 4.47+ 0.55'° and the enol of
2 b w w L t methyl mandelate(Q}),o/ (Q5)p,0 = 4.34+ 0.481°

-20 -15 -10 -5 0 5
log(ak /p)

Figure 4. Bransted plot for the ketonization of 4-hydro- Enol ketonization: buffer catalysis
xyisochroman-3-one enolate ion in aqueous solution at 25°C

log(k,,,/p)

The ketonization of enols, being a rate-determining
proton transfer reaction, will show catalysis by acid—base

component that offsets the norm#d(kp > 1) primary buffer species, and this proved to be the case for the
component, and the result obtained here is in fact a nearprocess assigned as ketonization of 4-hydroxyisochro-
maximum value?? man-3-one enol in all of the buffers examined here. An

The isotope effect attributed to protonation of the example of such catalysis is shown in the buffer dilution
enolate ion by hydronium ion, on the other hand, is much plot of Fig. 2.
smaller:k'y+/k'p+ =1.184 0.09. This is consistent with Buffer catalytic coefficients.,, were evaluated using
the fact that the enolate ion reaction is a very fast, nearly Egn. (5) and these were then separated into their general
diffusion-controlled process, and it should consequently acid, kya, and general baskg, components with the aid
have an early, reactant-like transition state in which the of Eqn. (7) as is illustrated in Fig. 3. Least-squares
extent of proton transfer is still rather sm&flPrimary analysis of the acetic acid buffer data showed significant
isotope effects are known to vary in magnitude with general base catalysikg = (6.63+ 0.44)x 10° | mol~*
transition state structure, passing through a maximums*, but produced no general acid catalyska =
value for symmetrical transition states in which the atom —(2.42+ 4.74)x 10* Imol™* s, whereas the bipho-
in flight is half-transferred, and falling off from this sphate ion and tris(hydroxymethyl)methylammonium
maximum for reactant-like and product-like transition ion data gave general acid catalysiga = (7.23+
states>* The primary component of the isotope effect on 0.23)x 10° Imol~* s™* and kya = (1.694 0.15)x 10°
the enolate ion reaction can thus be expected to be smalll mol~* s™%, respectively, but no general base catalysis,
and the secondary component will also be only poorly kg = (2.39+ 2.89)x 10° Imol~* st and kg = —(0.79+
developed, producing an overall value close to unity. 1.14)x 10°| mol~*s™*. These results are consistent with
Similar small isotope effects have been observed beforethe fact that the hydronium ion concentrations of the
for the very rapid hydronium-ion protonation of iso- biphosphate ion and tris(hydroxymethyl)methylammo-
butyrophenone enolate iork'(+/Kp+ = 1.00+ 0.21¥° nium ion buffers were less than the ionization constant of
and of methyl mandelate enolate ok {-/kKp+ = the enol, and enolate ion was consequently the principal
1.14+0.13)° substrate form present in these solutions. Ketonization

The process attributed to carbon protonation of the therefore occurred by simple rate-determining carbon
enolate ion by water, on the other hand, is a much slower protonation of the enolate ion by the buffer acids, which
reaction, and its isotope effect is correspondingly larger: of course would be a general-acid-catalyzed process. The
(Ko)m,0/(K'o)p,0 = 7.78+ 0.09. This isotope effect also hydronium ion concentrations of the acetic acid buffers,
has a secondary component, this time in the normal on the other hand, were greater than the enol ionization
direction, produced by solvation of the hydroxide ion constant, and non-ionized enol was therefore the
formed by removal of a proton fromJ@,2° and that will principal substrate form present in these solutions. The
augment its value further. Similarly large isotope effects enolate ion, however, being much more reactive than the

o Kua o (i0)

K Xy
+OAC = | +HOAC i 5

OH

0]
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