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Abstract: Carbon-acid ionization constants, QE (concentration quotient at ionic strength = 0.10 M), were
determined by spectrophotometric titration in aqueous solution for benzo[b]-2,3-dihydrofuran-2-one (3,
pQ§ = 11.87), benzo[b]-2,3-dihydrothiophene-2-one (2, pQE = 8.85), and benzo[b]-2,3-dihydrofuran-2-
thione (1, pQZ = 2.81). Rates of approach to keto—enol equilibrium were also measured for the latter two
substrates in perchloric acid, sodium hydroxide, and buffer solutions, and the rate profiles constructed
from these data gave the ionization constants of the enols ionizing as oxygen or sulfur acids pQE =5.23
for 2 and pQE = 2.69 for 1. Combination of these acidity constants with the carbon-acid ionization
constants according to the relationship Q§/Q§ = Kg then gave the keto—enol equilibrium constants pKe =
3.62 for 2 and pKe = 0.12 for 1. The fourth, all-sulfur, member of this series, benzo[b]-2,3-dihydrothiophene-
2-thione (4), proved to exist solely as the enol in aqueous solution, and only the enol ionization constant
pQE = 3.44 could be determined for this substance; the limits pKg < 1.3 and sz < 2.1, however, could
be set. The unusually high acidities and enol contents of these substances are discussed, as are also the
relative values of the ketonization and enolization rate constants measured; in the latter cases, Marcus
rate theory is used to determine intrinsic kinetic reactivities, free of thermodynamic effects.

Enol isomers of simple carboxylic acid esters and their enolate have also been determined by combining very slow rates of
anions are essential intermediates in many important chemicalenolization with estimates of rate constants for the reverse
and biological reactions. These enols and enolates, howeverreactions
are also quite unstable, both kinetically and thermodynamiéally, =~ Enols of simple carboxylic acid amides can be expected to
and relatively little hard quantitative information on the rate be as unstable as simple ester efdlée have recently found,
and equilibrium constants of their reactions is consequently however, that amide enols can be stabilized, sufficiently to allow
available. Some of what is known has been determined throughexamination by stopped-flow techniques, through benzene-ring
the study of systems in which the enol is stabilized by some annelation plus replacement of carbonyl oxygen by sulfur, as
special structural feature,notably the presence of bulky intheN-methylindoline-2-thione system, eq Enol formation
substituents in th@-position?2 Such substituents block access
to the enol double bond, through whose protonation reversion @3:5 — @, 0
of the enol to its keto isomer must take pl&®ome ester enols N - N
have also been observed using flash photolytic fast reaction \ \
techniqued. Carbon-acid ionization constants for enolate ion
formation from some acetic acid esters and their derivatives Neére produces a new aromatic ring, and the enol also gains

stabilization through the well-known greater enol content of
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chem.utoronto.ca. cently found to be 6 orders of magnitude in a simple ketone
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We have now extended this method to carboxylic acid esters
by examining the benzb]-2,3-dihydrofuran-2-thionel, keto—
enol system. To compare the effects of sulfur and oxygen at
the carbonyl and ether positions, we have also investigated
benzop]-2,3-dihydrothiophene-2-one2, as well as the all-
oxygen and all-sulfur substrates, bertge?,3-dihydrofuran-2-
one, 3, and benzdj]-2,3-dihydrothiophene-2-thiond,

(o] S o] S
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Our investigative method involves determining the acidity
constants of the substrates ionizing as carbon aQ(js,eq 2,
by spectrophotometric titration. Acidity constants of the enols

K
O & QD= v o
X X

ionizing as oxygen acidQE, eq 3, are then determined from
the rate profiles for keteenol equilibration, and these two
acidity constants are combined to provide ketmol equilibrium
constantsKg, according to the relationshige = QX/QE. We

X

were able in this way to obtain all three of these equilibrium
constants for the mixed sulfur and oxygen substrates, benzo-
[b]-2,3-dihydrofuran-2-thione 1) and benzdj]-2,3-dihydro-
thiophene-2-one2). Rates of kete-enol equilibration for benzo-
[b]-2,3-dihydrofuran-2-oned) in the acidic solutions needed
to determineQZ, however, proved to be too fast for our
stopped-flow techniques, and or@Z could be obtained for
this substrate. Rates of equilibration for the fourth system,
benzop]-2,3-dihydrothiophene-2-thionet), could also not be
measured because the enol, bebitbhjophene-2-thiol, was the
stable isomer here, and onl@f was determined for this
substrate.

&)}

Experimental Section

Materials. Benzop]-2,3-dihydrothiophen-2-one2f was prepared
from benzop]-2,3-dihydrothiophene by a published procediii@enzo-
[b]-2,3-dihydrofuran-2-thionel) was prepared from benzgfuran, also
by a published procedufé.lts 'H NMR spectrum in CDGl solution
was consistent with that reported in the literatéend showed it to be
a 60:40 mixture of keto and enol isomers in that solvent. Beébjzo[
thiophene-2-thiol was prepared by a published procedure from benzo-
[b]thiophene® Its *H NMR spectrum, which agreed with a literature
report}? showed the presence of only the enol isomer in GBGlution.

All other materials were of the best available commercial grades.

Spectrophotometric Titrations. Acidity constants were determined
by monitoring the reversible UV spectral changes that the substrates
underwent upon ionization. Absorban@ (Measurements were made
in perchloric acid, sodium hydroxide, and buffer solutions at wave-
lengths in the rangd = 275-310 nm, using a Cary Model 2200
spectrometer whose cell compartment was thermostated at-25.06
°C. Constant stoichiometric substrate concentrations {8-° M) were

(10) Bordwell, F. G.; Fried, H. EJ. Org. Chem1991], 56, 4218-4223.

(11) Anisimov, A. V.; Babaitsev, V. S.; Kolosova, E. &£hem. Heterocycl.
Compd.1982 18, 1335-1337.

(12) Montevecchi, P. C.; Nevacchia, M. . Org. Chem1995 60, 6455—
6459

(13) Chapman, N. B.; Hughes, C. G.; Scrowston, R.JMChem. Sacl97q
2431-2435.
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used, and the data were analyzed by nonlinear least-squares fitting of
the titration curve expression shown as eq 4, whgsds the acid
ionization constant of the substrate, afsgland Aya are the limiting
absorbances of its basic and acidic forms, respectively.
A= (AgQ, + AuaH DI(Q, + [H™]) (4)

Kinetics. Rates of approach to ket@nol/enolate equilibrium were
measured using a Hi-Tech Scientific Model SF-S1 stopped-flow
spectrometer operating at 25:00.05°C. For studies on solutions more
basic than the carbon-acid dissociation constant of the subsiréte,
kinetic runs were initiated by mixing a solution of substrate in 0.0002
M HCIO, contained in one syringe with a solution of sodium hydroxide
or buffer contained in the other syringe, and, for studies on solutions
more acidic thang, runs were initiated by mixing a solution of
initially deprotonated substrate in 0.0002 M NaOH in one syringe with
a solution of perchloric acid or buffer in the other syringe. Reactions
were monitored by following changes in either enol absorbange=at
230-255 nm or enolate ion absorbancelat 290—-305. Substrate
concentrations in the reaction mixtures were ca>2. The rate data
conformed to the first-order rate law well, and observed first-order rate
constants were obtained by least-squares fitting of an exponential
expression.

Rates of hydrolysis of benzof2,3-dihydrofuran-2-one in sodium
hydroxide solutions were determined by monitoring the decrease in
enolate ion absorbance/at= 275 nm. Measurements were made using
the Hi-Tech stopped-flow spectrometer again operating at23M5
°C. These rate data also conformed to the first-order rate law well, and
observed first-order rate constants were obtained by least-squares fitting
of an exponential function.

Results

Benzop]-2,3-dihydrofuran-2-one (3). The absorbance of this
substrate at = 275 nm in aqueous sodium hydroxide solutions
underwent a rapid increase followed by a slower decay. This
behavior has been noted before and has been interpreted as
reversible formation of the strongly absorbing enolate Bn,
in competition with slower, nonreversible hydrolysis of the
lactone function of the keto forn3, to give a less strongly
absorbing carboxylate-phenolate ion prod&tas shown in

eq 514
Q-

3
khl H,0

S
)

6
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We found that rates of hydrolysis were always at least 2
orders of magnitude slower than ketenol equilibration. On a
time scale convenient for measuring rates of ketnol equili-
bration, hydrolysis could therefore be well represented by a
simple linear absorbance decay, and the data were therefore
fitted using the exponential plus linear function shown as eq 6.

(6)

Measurements were made in agueous sodium hydroxide solu-

absorbance= A, + A, exp(—k,.d) + St

(14) Heathcote, D. M.; DeBoos, G. A.; Atherton, J. H.; Page, M. IChem.
Soc, Perkin Trans. 21998 535-540.
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Figure 1. Relationship between sodium hydroxide concentration and rates
of keto—enol equilibration of benzaj-2,3-dihydrofuran-2-one in aqueous
solution at 25°C.

0.12

tions over the concentration range [NaOH]0.001-0.08 M
at a constant ionic strength of 0.10 M. The data so obtained are
summarized in Table S%.

Figure 1 shows that observed first-order rate const&ggs,
obtained in this way increase linearly with increasing sodium
hydroxide concentration, as expected for hydroxide-ion pro-
moted enolization. The data also give a finite zero-concentration
intercept, which represents the reverse reaction: ketonization
of the enolate ion by proton transfer from a water molecule.
The ratio of the slopekf,, , to the interceptk’, of this plot
gives an estimate of the equilibrium constant for the enolization
process, which is also equal to the acidity constant of the keto
form ionizing as a carbon acid;)g, divided by the ionization
constant of waterk;, /K5 = QX/Qy. Least-squares analysis
gaveki, = (2.24+ 0.02) x 18 M1 standk = (2.65+
0.02) x10' s%, and these results led @% = (1.34+ 0.10) x
1012 M, pQ¥ = 11.87+ 0.01167

Another estimate oQ§ may be obtained from the param-
eter A, of eq 6, which represents the absorbance change
produced by keteenol equilibration corrected for the change
caused by lactone hydrolysis. Values A&f are also listed in
Table S1%° Figure 2 shows that these data describe the sigmoid

curve expected of a spectrophotometric titration. Least-squares

analysis using eq 4 gav@X = (1.56 & 0.103) x 10712 M,
pQX = 11.81 4 0.0126 which is consistent with the value
obtained from rates of keteenol equilibration as described
above.

Rates of lactone hydrolysis were also measured in sodium
hydroxide solutions using a longer time scale than that employed
for the keto-enol equilibration, and these data could conse-
quently be fitted well using a single-exponential function.

Measurements were made over the concentration range [NaOH]S

= 0.002-0.1 M, again at a constant ionic strength of 0.10 M.
The data so obtained are summarized in Tablé>S2.

Figure 3 shows that observed first-order rate constants for
this hydrolysis reaction increase with increasing sodium hy-

(15) Supporting Information; see paragraph at the end of this paper regarding
availability.

(16) This is aconcentratiorequilibrium constant, applicable at the ionic strength
of the present measurements, 0.10 M.

(17) The thermodynamic ionization constant of wateK,p= 14.00, was
converted into the concentration quotier@®p= 13.80 using activity
coefficients for H and HO recommended by Batés.
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Figure 2. Spectrophotometric titration curve for the ionization of benzo-
[b]-2,3-dihydrofuran-2-one in aqueous solution at°Z5
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Figure 3. Relationship between sodium hydroxide concentration and rates
of hydrolysis of benzdj]-2,3-dihydrofuran-2-one in agueous solution at
25°C.

0.12

droxide concentration at low [NaOH] but that the effect becomes
saturated at higher [NaOH], as expected when the reactive keto
form of the substrate becomes depleted through enolate ion
formation. The rate law that applies to this situation is shown
in eq 7, in whichk, is the hydroxide-ion catalyzed hydrolysis
rate constant. Least-squares analysis of the data using this

Kops = KiQu/(QK +[H']) (7)

function gavek, = (7.34=+ 0.03) x 10* M~1 s1 and QX
(1.16+ 0.01) x 10712 M, pQK = 11.944 0.0126 This value

of k, agrees well withk, = 7.24 x 10 M~1 s reported
beforel4 and the value ofQ¥ is consistent with results
obtained from rates of keteenol equilibration and from
pectrophotometric titration described above. The average of
all three determinations @Y is QX = (1.35+ 0.20) x 10712

M, pQK = 11.87+ 0.06.

The acidity constant of benzgf2,3-dihydrofuran-2-one was
determined before, as was done here, by measuring rates of
hydrolysis of this substance in aqueous sodium hydroxide
solutions at an ionic strength of 0.10 M. The result reported,
pKa = 12.25, is somewhat greater than the values determined
here. It seems likely, however, that in the previous work
hydroxide ion concentrations were converted to hydronium ion

J. AM. CHEM. SOC. = VOL. 124, NO. 31, 2002 9191
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concentrations using the thermodynamic ionization constant of E
water, Ky, = 14.00, rather than the concentration quotientused o4 [
here, [ = 13.80. Making allowance for this difference lowers 3
the previously reported value t(Qé = 12.05, which puts it E
more in line with our result. 102 |
Both the present results and the previously reported value W -
show benzdj]-2,3-dihydrofuran-2-one to be a moderately =
stronger acid in KO than in DMSO solution, for whichio, = 10° |
13.5 has been determin&tThis difference is consistent with
the relatively small acid-weakening effect expected in going g
from water to DMSO solution for acids whose ionization 102
produces delocalized anioHs.
Benzop]-2,3-dihydrothiophene-2-one (2).This substrate

also underwent reversible ionization to its enolate anion in basic 9 W et 1o

b By Bowee s dens s o o L ! L

. ) 10°  10®% 107
solutions, as evidenced by the appearance of a strong new [H*YM
absorpt_|0n band Wl.tblmax = 290 nm, that could be removed_ Figure 4. Rate profile for kete-enol/enolate equilibration in the benzo-
by making the solution acidic. In this case, however, hydrolysis [b]-2,3-dihydrothiophene-2-one system in aqueous solution &E26ircles

of the thiolactone keto form did not compete with ketmnolate and solid line, observed rate of approach to equilibrium; dashed line, rate

I by

Lot
10712 10

equilibration, and a spectrophotometric titration curve could be ©f enolization; dotted line, rate of ketonization.

constructed by straightforward measurement of the absorbance.cyjation, using thermodynamic acidity constants of the buffer
at4 = 290 nm at different hydronium ion concentrations. This 545 and activity coefficients recommended by Bates.

was done in aqueous sodium hydroxide solutions and in aqueous  Tis rate profile describes the rate of approach toketwol/

bicarbonate ion, ammonium ion, tris-(hydroxymethy)methy- o qjate equilibrium catalyzed by solvent-related acidic and basic
lammonium ion, biphosphate ion, and acetic acid buffers. The gqqies |t can be analyzed as the sum of rate constants for
ionic strength of these solutions was kept constant at 0.10 M, ggization occurring through rate-determining proton removal
and the stoichiometric sub_strate concentratl_on was fixedbat 2 f0m the keto isomer by either hydroxide ion or a water molecule
10°° M. The data so obtained are summarized in Tablé°S3. to give an equilibrium mixture of enol and enolate, eq 9, plus

These data gave the expected sigmoid titration curve, and ae constants for ketonization occurring through rate-determin-
least-squares analysis with the aid of eq 4 produced the carbons, g carhon protonation of enolate ion, in equilibrium with enol,

; Py K _ K
acid acidity constanQ, = (1.42+ 0.04) x 10° M, pQ, = by either hydronium ion or a water molecule, eq 10. This
8.85+ 0.0116 This result makes benzif2,3-dehydrothiophene-

2-one a somewhat stronger acid igdHthan in DMSO solution, 1 E HO™
for which pKa = 10.7 has been reporté@ithe difference is @0 +{gzoo} ﬁ"*@i}'o *lgjg} Zm"”*{“zo} @
similar to that found for benzb]-2,3-dihydrofuran-2-one (vide °
supra) and is again consistent with expectatfon. wol A {HZC_)}

Rates of kete-enol/enolate equilibration of this substrate were @"“ *{:59}:’@0' *{Hzo} 5 Q:?zo e
slow enough to be measured by stopped-flow techniques. Such
measurements were made in aqueous perchloric acid and sodiunnterpretation is consistent with the established reaction mech-
hydroxide solutions and also in aqueous acetic acid, biphosphateanisms for enolization and ketonizatidand it is supported in
ion, tris-(hydroxymethyl)methylammonium ion, and ammonium the present instance by isotope effects and the form of-acid
ion buffers. The ionic strength of these solutions was maintained base catalysis by buffer species (vide infra).
constant at 0.10 M. The data so obtained are summarized in The rate law for this reaction scheme is shown in eq 11,
Tables S4S61° whose rate constants are defined by eqs 9 and 10Qdnis

The measurements in buffers were done in series of solutionsthe acidity constant of the enol ionizing as an oxygen acid.
of constant buffer ratio but varying total buffer concentration;
because ionic strength was constant, hydrogen ion concentration , .= kE + kEo—[HO_] +
were constant as well. Pronounced buffer catalysis was found, K K L+ E/r~E +
with observed first-order rate constants increasing linearly with (ko +Ku:[H'DIQAQa +[H'D} (11)
increasing buffer concentration. The data were therefore ana-
lyzed by least-squares fitting of the buffer dilution expression
shown as eq 8. The zero-concentration intercepts obtained in
this way, ko, together with the rate constants measured in
perchloric acid and sodium hydroxide solutions, are displayed

Analysis of the data using this rate law by a method that has
been described in detail beféreproduced the following
results: ks = (5.41+ 0.44) x 103571, k, = (9.55+ 0.18)
x 1M 1s L K = (7.944 0.93)x 10257, K, = (5.10+
0.36)x 1°M1s1 andQ: = (5.94+ 0.47)x 106 M, pQ%
Kops = K, + Ky qlbuffer] (8) = 5.234+ 0.036 Combination of the latter constant wit,
determined by spectrophotometric titration (vide supra), ac-
as circles in the rate profile shown in Figure 4. Hydronium ion cording to the relationshng/QS = Kg then led to the keto
concentrations needed for this purpose were obtained byenol equilibrium constane = (2.39+ 0.20) x 104, pKg =

3.62+ 0.04.
(18) E;;%.S'pRAQGDeterm'”a“O” of pH Theory and Practicéfiley: New York, These results provide complete rate laws for the enolization
(19) Bordwell, F. GAcc. Chem. Re<.98§ 21, 456-463. and ketonization reactions over the entire range of acidity
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Table 1. General Acid and General Base Catalytic Coefficients for Enolization and Ketonization in the Benzo[b]-2,3-dihydrothiophene-2-one
and Benzo[b]-2,3-dihydrofuran-2-thione Systems in Aqueous Solution at 25 °C?

catalyst benzo[b]-2,3-dihydrothiophene-2-one (2) benzo[b]-2,3-dihydrofuran-2-thione (1)
acid PKa Kh/102 M-1s k§/102 M1 st ki /102 M1 571 k§/102M-1s7t
CH3zCOH 4.76 264. 1.09
HoPOy~ 7.20 29.1 9.44
(CHzOH)sCNHz"™ 8.07 3.23 0.660 18.7
NH4" 9.25 0.140 0.506 9.92

alonic strength= 0.10 M.

studied. Observed rates of ketenol/enolate equilibration may

ammonium ion give Q§ = 8.73 £ 0.05, both of which are

consequently be separated into rates of enolization and rates otonsistent with @2 = 8.85+ 0.01 obtained by spectrophoto-

ketonization, as illustrated in Figure 4. Such dissection shows
that ketonization dominates the equilibration process in acidic
solutions down to about [H 108 M and enolization
dominates in basic solutions beginning at about][H 107°

M

These dominances are consistent with the nature of buffer

catalysis in the buffer solutions examined. The buffer catalytic
coefficients,kyur, Of €9 8 may be separated into general acid,
kua, and general baség, contributions with the aid of eq 12,
in which fa is the fraction of buffer present in the acid form.

Koutt = Kg T (Kua — Kp)fa

The data obtained obeyed this relationship well, and least-

(12)

squares analysis gave the results listed in Table 1. This analySiSdetermining step

shows that only general acid catalysis is significant in acetic
acid and biphosphate ion buffers, which is consistent with the
fact that these buffers gave solutions in the regiof][H 1 x
107*to 6 x 10°8 M where ketonization is the dominant reaction;
ketonization, being a rate-determining proton transfer from acid
catalyst to substrate, can be expected to show only general aci
catalysis. Tris(hydroxymethyl)methylammonium ion and am-
monium ion buffers, on the other hand, showed both general

metric titration.

Further support for the interpretation given in eqs 9 and 10
comes from the solvent isotope effect determined in the plateau
region of the acid portion of the rate profile. This is based upon
rate measurements made insolutions of perchloric acid
over the concentration range fP= 0.0004-0.05 M. These
data, summarized in Table S4, when combined with the® H
counterparts, provide the rate ratiH,0)/k(D2O) = 8.37 +
0.03. Only ketonization makes a significant contribution to
observed rates in this profile region, and, because acid concen-
trations are greater than the enol acidity constant, the reaction
starts with un-ionized enol as the initial state. Ketonization thus
proceeds with the enol first ionizing to the more reactive enolate
ion, and this ion then undergoes carbon protonation in the rate-
as shown in eq 15. Observed rate constants

Qz? \ kK+
@—OH —_— o +H _H', D)
S N

Jor this reaction are therefore the product of the acidity constant

QE, times the rate constahﬁﬂ and the observed isotope effect
is consequently the product of isotope effects on each of these

acid and general base catalysis, which is consistent with thequantities. Solvent isotope effects on the equilibrium ionization

fact that these buffers gave solutions in the regiof][H 3 x
108to 1 x 10710 M, where both enolization and ketonization
make significant contributions to observed rates; enolization,
being a reaction that involves rate-determining proton removal

from the substrate by a basic catalyst, will show general base

catalysis.

of oxygen acids, such as this enol, usually lie in the ralige
(H20)/K4(D20) = 3—4,2°which leaves an isotope effect on the
rate process of,/kS, = 2—3. This is a reasonable value for a
reaction involving rate-determining protonation by hydronium
ion of an activated carbercarbon double bond such as that in
the present substratéand it is consistent as well with isotope

The numerical values of these last two sets of general acid effects on the ketonization of other enols catalyzed by the

and general base catalytic coefficients provide further support

for the mechanistic interpretation of the rate profile given in
egs 9 and 10. The equilibrium constant for keamolate
interconversion catalyzed by a general adidse pair, shown

in eq 13, has the valu®X/Q;*A, in which QA is the acidity
constant of the catalyzing acid. This equilibrium constant is also

kE A
§ kA

equal to the rate constant ratiks®/kpaK, and equating these
two values leads to eq 14

Q! = QUAKEIKS,

which shows that an estimate @ may be obtained from the
rate constant pair anQ;'A. The data for tris(hydroxymethyl)-
methylammonium ion give©§ = 8.78+ 0.04 and those for

(14)

hydronium ion?

Benzopp]-2,3-dihydrofuran-2-thione (1). Rates of kete-
enol/enolate equilibration of this substrate could also be
measured by stopped-flow techniques, and determinations were
consequently made in aqueous perchloric acid and sodium
hydroxide solutions and in acetic acid, biphosphate tas;
(hydroxymethyl)methylammonium ion, and ammonium ion
buffers. The ionic strength of these solutions was maintained
constant at 0.10 M. The data so obtained are summarized in
Tables S7#S915

The measurements in buffers were once again done in series
of solutions of constant buffer ratio and therefore constant
hydrogen ion concentrations, and the data were analyzed by
least-squares fitting of eq 8. The zero-concentration intercepts
obtained in this way, together with the rate constants determined

(20) Laughton, P. M.; Robertson, R. E.$olute-Sobent InteractionsCoetzee,
J. F., Ritchie, C. D., Eds.; Marcel Dekker: New York, 1969; Chapter 7.
(21) Kresge, A. J.; Sagatys, D. S.; Chen, H.JL.Am. Chem. Sod 977, 99,
7228-7233.
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o [EIHT]
2= [KH] + [EH] (17)
2= Q/Ke + 1) (18)

- which can be derived from eq 17 and shows tQgf = Q§
L e only whenKg is very much less than unity.

£l A value of Kg may nevertheless be derived fro@f® and
F L Q% igasmuch as replacement@f in eq 18 by its equivalent,
07 F KeQ,, and rearrangement of the resulting expression lead to
3 eq 19.
r ------------ — eq, E__ e
1078 o b b b L [P NP PTIPES PP PPV TP T KE - Qa /(Qa Qaq) (19)
10° 102 10 10®  10® 1070 10" o™ ) ) .
[H'YM Insertion of the known values 0Q3* and QE into this

. . . . 1 _
Figure 5. Rate profile for kete-enol/enolate equilibration in the benzo- relationship then givele - (7.62+ 1'33)% 1077, pKe E 0.12
[b]-2,3-dihydrofuran-2-thione system in aqueous solution at@scircles + 0.07, and use of that in the expressl@fﬁ = KeQ, then
and solid line, observed rate of approach to equilibrium; dashed line, rate |eads to the further resu@g = (1.55+ 0.31) x 1073 M, pQZ

of enolization; dotted line, rate of ketonization. =281+ 0.0916

Our results provide complete rate laws for the enolization

n pgrtchlorlctacmtl t?\nd stodlun;_lhydhromdt_e slglutlonz, _\I/_vr:ere tr:jert\ and ketonization reactions in the bentze?,3-dihydrofuran-2-
used to construct the raté profile shown In Figure 5. These datay,; ,q system over the entire range of acidity investigated.

were once more interpreted in terms of the reaction schemes of bserved rates of keteenol/enolate equilibration may conse-
€qs 9 and 10, and least-squares analysis using the rate law o uently once again be separated into their enolization and

eq 11 gave the following re:siLiltlel,'f = (154 + 0.093) 57, ketonization components, as is illustrated in Figure 5. It may
kHo; :_1(8-I§2i 0.12)x 10*M~*s 'I_(f i (5'10iE1'51) X be seen that enolization dominates this equilibration process
10 7s % ke = (1-66:‘:E0-15)X 1M~ s™, andQ, = (2.04 strongly and that ketonization makes the greater contribution
+0.20) x 107° M, pQ; = 2.694 0.04!° to observed rates only at acidities above [H= 1073 M; even
Benzop]-2,3-dihydrofuran-2-thione also underwent reversible here, however, the contribution made by ketonization is only 3
ionization to its enolate anion, and a spectrophotometric acidity times that made by enolization. This stands in striking contrast
constant determination was made by measuring the enolate ionto the behavior of benzb]-2,3-dihydrothiophene-2-one, shown
absorbance at = 305 nm. Measurements were performed at in Figure 4, and is a consequence of the much greater acidity
constant ionic strength (0.10 M) in perchloric acid solutions of benzop]-2,3-dihydrofuran-2-thione: @g = 2.81 versus
and in acetic acid, biphosphate ion, tris-(hydroxymethyl)- 8.85.
methylammonium ion, and ammonium ion buffers. The data,  This dominance of enolization is reflected in the nature of
summarized in Table S1¥8,conformed to the titration curve  the buffer catalysis observed in the buffer solutions investigated.
expression of eq 4 well, and least-squares analysis gave the resulseparation of the buffer catalytic coefficientg., obtained

a = (8.81+ 0.26) x 10 M, pQ."= 3.05+ 0.011¢ through the application of eq 8, into general acid and general
Use of this acidity constant to evaluatg according to the ~ base contributions with the acid of eq 12 shows only general
relationshipKe = QX/QS, under the assumption thgS® = base catalysis in all four buffers examined, as is expected for
Qg, leads to a result that givég a value close to unityKg = an enolization-dominated process involving rate-determining

0.4. This is consistent with thitH NMR spectrum of benzo- ~ proton removal from the substrate by the catalyst. The results
[b]-2,3-dihydrofuran-2-thione in CD@holution, which shows  obtained are listed in Table 1.

the presence of comparable amounts of keto and enol forms Benzop]-thiophene-2-thiol (4). Neither the IR nor théH

(vide supra), and it indicates that the initial state of the ionization NMR spectra of this substrate shows any sign of the keto isomer,
process monitored in the spectrophotometric titration was a Which indicates that this substance exists essentially completely
mixture of keto (KH) and enol (EH) isomers, as shown in eq in the enol form. The reversible UV spectral change that this

16. The ionization constant determined was therefore an apparengubstance undergoes, frathax = 275 nm in 0.1 M HCI to
Amax = 305 in 0.1 M NaOH, may therefore be attributed to

ionization of the enol to its enolate ion, eq 20.

eq E
X l T L, @\/\>vs* +H  (16) @:\>—m L, ms- +H* (20)
E - o S -~ o

N—su
©\/0>— This spectral change was monitored by measuring the
absorbance &t = 305 nm in aqueous perchloric acid solutions
or “equilibrium” acidity constant as defined by eq 17. The and in acetic acid and biphosphate ion buffers, all at a constant
assumption tha@Q:% = Q§ is consequently unwarranted. This ion strength of 0.10 M. The data so obtained, summarized in
is apparent, for example, from eq 18 Table S1115 conformed to the titration curve expression of eq

9194 J. AM. CHEM. SOC. = VOL. 124, NO. 31, 2002



Keto—Enol Chemistry in Benzolactone Systems ARTICLES

Table 2. Summary of Rate and Equilibrium Constants?

Process 3 (X=0, Y=0) 2 (X=0, Y=5) 1 (X=S, Y=0) 4 (X=S, Y=S)

HO" N x-
mx - @X KE M s 2.24x10° 9.55%10° 8.32x10° -
Y Y HO
H,0 AN _
X = N - 5.41x10° 1.54x10° -
Y Y ©
> - Q-
_— X K SN 6 3 -
@L/}’ N ke M s - 5.10x10 1.66x10
\_.. HO
@(}’X —— ¥ X Ky 2.65%10' 7.94x107 5.10x107 -
mx - @E}’Xﬂ K - 2.39x107 7.62x10™ -

pK: - 162 0.12 <-13
@:}\rmz @j}”“w oFmM: . 5.94%107 2.04x10° 3.62x107
pOE: - 523 2.69 3.44
@(}:XZ ? X oKm: 1.35x10°2 1.42x10° 1.55%10° -
poXk: 11.87 8.85 2.81 <21

a25 °C, aqueous solution, ionic strength0.10 M.

4 well. Least-squares analysis gave the reQJit= (3.62 + its acyclic analogue, ethyl thioaceta8e for which K, = 21.0
0.19) x 1074 M, pQ5 = 3.44+ 0.0216 has been estimatéd.These striking differences may be at-
Because the present system exists essentially completely agributed to formation of the new aromatic furan and thiophene
the enol isomer, a carbon-acid acidity constant for ionization rings generated upon ionization of the present substrates. This
starting with the keto form as the initial sta@g, could not be newly formed aromaticity will stabilize the ionization products
measured, and a ket@nol equilibrium constanig, could not and thus make these substances stronger acids than their acyclic
be determined. A lower limit forke can nevertheless be counterparts, whose ionization does not benefit from such
estimated on the assumption that 5% of the keto isomer would aromatic stabilization.
have produced a detectable signal in tHeNMR spectrum of It is significant that benzdjf-2,3-dihydrothiophene-2-ong,
the enol form. Because no such signal was sé&gnmnust be with pQ§ = 8.85 is more acidic than benzi}{2,3-dihydrofu-
greater than 20, which makesKp less than—1.3. The ran-2-one,3, with pQX = 11.87, because the thiophene ring

relationshipQX = KeQS then leads tQX > 7.2 x 103 M, formed upon ionization o2 is considered to be more aromatic,
pQg <21 and therefore more strongly stabilizing, than the furan ring
Discussion formed upon the ionization 08.22 This comparison of acid

Benzop]-2,3-dihydrofuran-2-one 3), for example, is more

acidic by 14 X units than its simple acyclic analogue ethyl

acetate,7, whose acidity constant for ionization as a carbon pQE: 8.85 11.87 1570
acid has been estimated as,p= 25.6° A similar, if slightly

Equilibria. The present results, summarized in Table 2, show
the substances investigated to be remarkably strong carbon acids. @:}:0 @(}:O @hz:o
2 3 9

strength with aromatic character may be extendeN-toneth-
/ﬁ’\ i ylindoline-2-one9, for which a similar enhancement of acidity
OEt SEt attributable to the formation of an aromatic pyrrole ring has
7 8 been observel.The acidity of9, however, at @§ = 15.70

makes this substance less acidic than either 3, and yet the
less, difference of 12K units exists between the carbon-acid

acidity constant of benzb]-2,3-dihydrothiophene-2-on&)and (22) Bird, C. W.Tetrahedron1985 41, 1409-1414.
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Scheme 1 Scheme 3
b oo LG G- O
o N\ § 8 2 1 4
10 11 12 PKE: 132 3.62 0.12 <-13
pK,: 13.22 11.28 9.93

The data summarized in Scheme 3 show the enol contents of
Scheme 2 benzop]-2,3-dihydrofuran-2-thionel, and benzdj]-2,3-dihy-
@:\>’°H mSH mm dryothiophene-2-thiong4, to be even greater than that &f
S § g The stabilization provided by generation of new aromatic
13 14 15 rings upon enol formation must be a major factor responsible
for the large enol contents &, 1, and4. The presence of
thiocarbonyl groups il and4, however, must also play a role:
o ) ) ) thiocarbonyl compounds are well known to have greater enol
arpmaﬂcﬂy of pyrrole is believed to lie between that of .,nients than their oxygercarbonyl counterparf&? a phe-
thiophene and furaf nomenon that has been attributed to the weakness of the bonding
This deviation from a parallelism between acid strength and in the G=S group relative to €0, which is not quite

aromaticity suggests that another effect must be operating, andcompensated for by the difference in-S and S-H bond

that effect can be identified as conjugation between the strengths relative to those of-@ and O-H.28

endocyclic heteroatom and the carbonyl group in the initial state  Sulfur in the ether position of esters also raises enol contents
of the acid ionization reaction. This conjugation will stabilize re|ative to those of oxygen analogues, through its lower ability
the initial state, thereby making the substrate a weaker acid, into conjugate with the carbonyl group and its consequent lower
opposition to the effect of aromaticity, which makes the substrate stapilization of the keto form. The fact that the enol content of
a stronger acid. Such conjugation will be strongest in the case? js |ess than that of, however, shows that the enol-content
of a nitrogen heteroatom and will fall off going to oxygen and enhancing effect of sulfur in the ether position is smaller than
sulfur, as evidenced, for example, by the resonance substituenthat of sulfur in the carbony! position. Both of these effects are
constants R = —1.85 for NMe, R" = —1.07 for OMe, and  of course present ia, which is reflected in the very high enol
Rt = —0.83 for SMe?3 This effect will make3 a weaker acid content of this substance.

than 2, reinforcing the acidity order imposed by aromaticity ~ Reaction Rates.The rate constants determined here and
there. The effect will also weaken the acid strengt oélative summarized in Table 2 show that ketonization of the enolate
to 2, and apparently it does so strongly enough to invert the jon derived from benzdj-2,3-dihydrothiophene-2-onds, in
aromaticity'induced order here. This rationalization is substanti- which oxygen bears the negative Charge’ through rate-determin-

ated by the acid strengths of bentzleP,3-dihydrofuran-3-one,  ing -carbon protonation by the hydronium ion, eq 21, is some
10, N-methylindoline-3-one,11, and benzdj]-2,3-dihydro-

thiophene-3-onel2, shown in Scheme %, which fall in the
order expected from the aromaticity of the furan, pyrrole, and @:\>—0- +H,0* —> @:}:o +H,0 (21)
thiophene rings; the carbonyl group in these substrates is § 5

separated from the endocyclic heteroatom by a methylene
spacer, and initial state conjugation, opposing the effect of

aromaticity, therefore cannot operate. . . . .
Th ity i its al h P int tina diff . _denolate ion derived from benzg{2,3-dihydrofuran-2-thione,
€ present resulis aiso show interesting differences in act 17, in which sulfur bears the negative charge, eq 22. The

strengths of the enol isomers. The data summarized in Scheme
2, for example, maké&4 a substantially stronger acid thas,

which is consistent with the commonly found greater acidity @\/\>—s— +H,00 — @L/>=s +H,0 (22)
o o
1

pQE: 5.23 3.44 2.69

16

3.1 x 10° times faster than the corresponding reaction of the

of S—H bonds than ©H bonds: simple thiols are stronger

acids than their simple alcohol counterpdPtand the thioenols, 17

triphenylethenethiol, and 2-(#',6'-trimethylphenyl)ethenethiol

are stronger acids than their oxygen enol analogties. analogous reaction pair in which water rather than the hydro-
The present results also show the substances investigated heréium ion is the proton donor gives the even greater rate ratio

to have remarkably high enol contents. The ketool equi- 1.6 x 1P, again with the enolate ion that bears the negative

librium constant for benzb]-2,3-dihydrothiophene-2-ong, for charge on oxygeri6, being the more reactive substrate. The

example, at g = 3.62, is nearly 10 orders of magnitude greater greater rate ratio for the more slowly reacting pair with water
than the kete-enol equilibrium constant for its acyclic analogue, as the proton donor is of course consistent with the reactivity-
ethyl thioacetates, for which Ke = 13.2 has been estimatéd.  Selectivity principle®

This reactivity order is reversed in the enolization reaction,
(23) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165-195. with benzop]-2,3-dihydrofuran-2-thionel, reacting to give the
ggg ggar\l/egr’t,BF'z’TKhvéollf”rc'J:t'c;(rl::lﬁprgiicgagi%rr?é ?c?%?ggn}cl]éﬁgri?;tfgcsa?demic anion17 more rapldly than bensz—2,3-d|hydroth|ophene-2-

Press: New York, 1985; pp 4516.
(26) Chiang, Y.; Kresge, A. J.; Schepp, N. P.; Popik, V. V.; Rappoport, Z.; (28) Sklenak, S.; Apeloig, Y.; Rappoport, 4. Chem. Soc., Perkin Trans. 2

Selzer, T.Can. J. Chem1998 76, 657-661. Kresge, A. J.; Meng, Q. 200Q 2269-2279. The bond energy of-€S was mistakenly given in this
Am. Chem. Sod998 120, 11830-11831. paper as 41 instead of 61 kcal mal

(27) Richard, J. P.; Williams, G.; O'Donoghue, A. C.; Amyes,JTAm. Chem. (29) Lowry, T. H.; Richardson, K. SMechanism and Theory in Organic
S0c.2002 124, 2957-2968. Chemistry Harper and Row: New York, 1987; p 148.
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Table 3. Energetics of the Ketonization and Enolization Reactions in the Benzo[b]-2,3-dihydrothiophene-2-one and the
Benzo[b]-2,3-dihydrofuran-2-thione Systems?

Entry Reaction AGH AG® AGiF

0 +HO0" —= @:>=0 +H,0 8.3 122 13.7
S S

2

2 ms T p— ms +H,0 13.1 4.1 15.1
o] o

3 @E§=O +H,0 —>= @—o— + O 205 122 137
S S

4 @}:5 +H,0 —= @\/\>—s- +H,0* 17.2 4.1 15.1
(o] (0]

5 @i\>70‘ +HO — ©i>:0 T HO 19.0 6.9 153
S S

6 @\/\>—5- +H,0 — ©f>=s +HO™ 26.0 15.3 17.6
(o] (o]

7 @:>:o FHO —m N>o ino 12.0 6.9 153
S S

8 @\/>=S +HO — @\/\>—s- +H,0 10.7 -153 17.6
(o] (o]

a25 °C, aqueous solution, ionic strength0.10 M; energies are in kcal mol

one, 2, to give anionl6 in both the hydroxide ion- and the any given benzothiophene and benzofuran reaction pair has the
water-promoted reactions. This reversal of reactivity order, more favorable value oAG®; for example, entry 1 withAG*
however, may be an artifact stemming from the use in these = 8.3 kcal mot! is faster than entry 2 withG* = 13.1 kcal
comparisons of rate constants for systems in which the free mol~1, and entry 1 also has the stronger thermodynamic drive
energy of reactionAG®, is not zero. Such rate constants contain with AG® = —12.2 kcal mot?® versusAG® = —4.1 kcal mot?
a thermodynamic component in addition to intrinsic kinetic for entry 2. This reactivity order is reversed in entries 3 and 4,
factors; that is, exoergic reactions benefit from an “extra drive” which are the reverse enolization reactions of ketonization
that their exoergicity provides, and endoergic reactions suffer entries 1 and 2, and yet the faster reaction, entry 4, again benefits
from an impediment provided by their endoergicintrinsic from a better thermodynamic situation with its much lower free
reactivity orders should therefore be assessed by comparingenergy impedimentAG°® = 4.1 kcal mot?, thanAG® = 12.2
systems for which the free energy of reaction is zero and where kcal mol! for entry 3. The same holds true for the pairs 5 with
the thermodynamic factors are thus eliminated. 6, and 7 with 8.

This may be done by applying Marcus rate thédip the

g k - This close correspondence of relative reactivity of ben-
form of eq 2332 In this expressionAG* is the free energy of

zothiophene and benzofuran systems with thermodynamic drive
or impediment, coupled with the reversal of observed reactivity

AG*= (1+ AG°/4AG;)’AG, (23) order in going from ketonization to enolization, implies that
one or the other of these reactions is governed by thermody-
activation,AG® is the free energy of reaction, afds” is the namics and that the measured rate constants are consequently
intrinsic barrier that applies wheAG® = 0. Use of this not reflecting true intrinsic reactivity. The intrinsic barriers listed
expression to determinAGﬁ requires knowledge oAG°, in Table 3 indicate that it is the enolization reaction whose

which is not always available. In the present case, however, intrinsic reactivity is masked by thermodynamic effects: in each
because rate constants for the reaction under discussion in botlenolization reaction, the more slowly reacting member of a given

forward and reverse directions have been determingf, is pair, that is, the one with the greater value\@s*, has the lower
available from the ratio of forwardk;, to reverse)k, rate  value of AG} and is consequently the intrinsically more
constants:AG® = —RT In(k/k;).33 reactive substrate. For the ketonization reactions, on the other

The values ofAG® obtained in this way are listed in Table hand, it is the more rap|d|y reacting member of a given pair
3, together with values oAG* representing the various rate

constants. It may be seen that in all cases the faster reaction 0{s3) values 0fAG°> may also be obtained from the substrate acidity constants
Q§ determined here. Because of experimental uncertainties, however,

(30) Kresge, A. JAcc. Chem. Red975 8, 354-360. these are slightly different from those derived from rate constants and
(31) Marcus, R. AJ. Phys. Chem1968 72, 891—899. consequently do not form a wholly self-consistent set with the free energies
(32) Kresge, A. JChem. Soc. Re 1973 2, 475-503. of activation.
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that has the lower value oAG’, and observed relative with an exocyclic sulfur, implies that it is easier to move
reactivity and intrinsic reactivity here consequently go hand in negative charge to and from oxygen than to and from sulfur.
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