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ABSTRACT

The 3-quinuclidinone-catalyzed (pKBH ) 7.5) enolization of cyclobutanone (1) in D2O at 25 °C, I ) 1.0 (KCl) was followed by deuterium
incorporation, which was determined by 1H NMR. The second-order rate constant for the buffer-catalyzed deprotonation of 1 was found to be
kB ) 3.3 × 10-4 M-1 s-1, which is compared to rates for acetone and 2-(2′-oxopropyl)benzaldehyde under similar conditions. The data shows
that ring strain has very little effect on the energy barrier to deprotonation of 1 vs the unstrained systems.

Strained ring systems have long been of interest to chemists,1

and for some this interest has focused on the hybridization
and reactivity changes in the carbon-hydrogen bonds that
are induced by ring strain.2 Prior studies have established
that as ring strain increases there is a resultant rise in the
amount of s-character in the exocyclic bonds, which, when
the substituents are hydrogen, leads to greater acidity.2a Only
one study has specifically investigated the effect of ring strain
on the reactivity of theR-protons of cyclic carbonyl systems
that lead to endocyclic enolates and this study was performed
in DMF.3 Presented here are the results of our investigations
of the rate of 3-quinuclidinone-catalyzed enolization of
cyclobutanone (1) under aqueous conditions.

Our interest in the effects of ring strain on the reactivity
of the R-protons in cyclic carbonyl systems stems from

studies involving benzocyclobutenone (2). TheR-protons of
2 were found4,5 to be much less reactive than compounds
with similar structure.5c The lack of reactivity observed in2
was rationalized on the basis of the generation of a carbanion
wherein formation of the enolate increases the ring strain in
the carbocycle and creates an antiaromaticπ-system.5c Both
factors would destabilize the transition state relative to the
ground state, slowing the rate of deprotonation. In an attempt
to dissect the relative importance of ring strain vs antiaro-
maticity as destabilizing factors in the rate of enolate
production, we began our studies with cyclobutanone, which
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is structurally similar to acetone (3), a well studied enolate
source.6

Proton transfer at theR position of1 (see Scheme 1) was
followed by measurement of the amount of deuterium
incorporation into1 using an NMR technique developed by
Richard and co-workers.7 Deuterium incorporation studies
were performed in D2O at 25 °C, I ) 1.0 (KCl)8 in the
presence of the general-base catalyst 3-quinuclidinone (pKBD

) 8.37c), with deuterium incorporation being monitored by
1H NMR using a 400 MHz instrument.9 Control experiments
provided no evidence, by1H NMR, for significant formation
of hydrated cyclobutanone when1 was dissolved in 1 M
KCl in D2O.9 This observation was in accord with studies
by Wiberg and co-workers, who found the equilibrium
constant for hydration of1 to beK ) 2.18× 10-3 in D2O
at 25 °C10 as compared toK ) 1.4 × 10-3 for acetone in
H2O at 33°C.11 In addition, no evidence for formation of
enolate addition products was observed during the course
of the incorporation studies.

Deuterium incorporation at theR position of1 results in
a decrease in the intensity of the singlet for theR-methylene
signals at 3.11 ppm9 and the appearance of an upfield shifted
triplet at 3.09 ppm (J ) 2.2 Hz) for the CHD group for1-D
(Scheme 1).12 The relative amount of proton exchange was
determined by comparing the areas of theR-CHD andR-CH2

peak according to eq 1.12,13 The observed rate of deuterium

incorporation was determined by plottingRH according to
eq 2 (see Figure 1).

The second-order rate constant for 3-quinuclidinone-
catalyzed deprotonation was determined by plottingkobsd

(from Figure 1) vs the concentration of the basic form of
3-quinuclidinone (Figure 2). Experiments performed at a
different buffer ratio (pD) 9.3, see Figure 2) fall on the
same correlation line as those performed at pD) 8.3. This
observation leads to the conclusion that it is the basic form
of the buffer that catalyzes deprotonation of1 and also that
kDO, at the pD’s of our experiments, is small compared to
kB (see eq 3). IfkDO were significant at the pD’s of our
experiments, thenkobsdvalues performed at other pD’s would
have to be corrected for the deuterioxide reaction, and from
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Scheme 1

Figure 1. Representative natural logarithmic plot ofRH vs time
(s) for the exchange of protium for deuterium at theR position of
cyclobutanone, as catalyzed by 3-quinuclidinone buffer ([B+ BH+]
) 0.5 M, pD ) 8.33) in D2O at 25°C andI ) 1.0 (KCl).

RH )
ACH2

ACH2
+ ACHD

(1)

ln RH )
-kobsdt
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(2)

kobsd) kDO[DO-] + kB[B] (3)
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Figure 2 this is clearly not necessary. The second-order rate
constant for the 3-quinuclidinone-catalyzed deprotonation of
1, from Figure 2, was found to bekB ) 3.3× 10-4 M-1 s-1.

This second-order rate constant for the deprotonation of
1 is in good agreement with second-order rate constants
found for the 3-quinuclidinone-catalyzed deprotonation of
acetone (kB ) 5.2 × 10-4 M-1 s-1)7a and the methyl group
of 2-(2′-oxopropyl)benzaldehyde (4) (kB ) 3.4× 10-4 M-1

s-1).7b However, the similarity of these results (rates are
uncorrected for the number of ionizable protons) contrast
the previous study that investigated the effects of ring strain
on deprotonation leading to enolates.3 Dessy and co-workers
found the relative rate of deprotonation of cyclobutanone/
4-heptanone waskrel ) 290 in DMF with 1 M triethylamine
and 5 M D2O at 40 °C.3

What are the factors that, when combined, generate this
observed similarity in 3-quinuclidinone-catalyzed deproto-
nation rate constants of1, 3, and4?

(A) Hybridization Considerations. The bond angles that
are required by a four-membered carbon ring (especially
where one of the carbons must be sp2-hybridized to accom-
modate the carbonyl carbon) will lead to greater s-character
in the C-H bonds. The usual observation upon increasing
the s-character in a C-H bond is an associated drop in the
pKa of these hydrogen, and this has been observed for
cyclobutane (pKa ) 50) vs cyclohexane (pKa ) 52).2b,14The

result of this greater s-character in1 will be an R-carbon
that is more able to support the developing negative charge
that occurs during the early stages of deprotonation vs the
R-carbon in3. The greater ability of theR-carbon in1 to
stabilize the developing negative charge should result in a
decrease in the barrier to the deprotonation of1 vs acetone.

(B) Entropic Differences. Computational studies of the
deprotonation of acetaldehyde have found a transition state
for proton abstraction wherein the orbitals of the proton being
abstracted are parallel with the orbitals of the carbonyl
π-system.15 This alignment allows for distribution of the
developing negative charge into the carbonyl group via
resonance. Similarly, the coplanarity of the orbitals and lack
of conformational freedom has been used to explain the rate
difference of the hydroxide-catalyzed deprotonation of 2-in-
danone (kHO ) 220 M-1 s-1)16 vs 2-benzosuberone (kHO )
3.7 M-1 s-1).16a,cThe carbocycle in1 restricts the rotational
freedom of theR-carbons, and as a result theR-protons are
better aligned with the carbonylπ-system as compared to3,
which has complete rotational freedom. Assuming that the
solvation effects are the same for these two structurally
similar systems, the lack of conformational mobility in1
could lead to lower entropic requirements for proton removal
relative to acetone and hence a lowering of the barrier to
deprotonation of1 vs 3.

(C) Ring Strain in the Transition State. As the negative
charge is generated on theR-carbon during deprotonation,
stabilization of the developing charge via resonance into
carbonyl group requires that theR-carbon reconfigure to sp2

hybridization. In the case of1, such rehybridization would
increase the ring strain within the system by creating two
sp2-hybridized carbons in1-E vs one sp2-hybridized carbon
in 1. This would result in destabilization of the enolate
intermediate and, depending on the degree of rehybridization
and orbital overlap with the carbonylπ-system in the
transition state,15,17increase the energy of the transition state
relative to the ground state and thus slow the deprotonation
of 1 relative to3.

We have shown that the rate of 3-quinuclidinone-catalyzed
deprotonation of cyclobutanone in D2O, I ) 1.0 (KCl), at
25 °C is similar to those observed for the deprotonation of
acetone (3) and 2-(2′-oxopropyl)benzaldehyde (4) under the
same conditions. The similarities of these second-order rate
constants indicate that there is no significant difference
between the barriers for deprotonation of the unstrained
systems vs cyclobutanone in our experiments, indicating that
the predominant effect in2 may be the destabilization due
to antiaromaticity.5c A qualitative explanation of our observa-
tion involves the destabilizing effect of ring strain on the
enolate intermediate being compensated by the increased
s-character in the C-H bonds and possible entropic advan-
tages due to the carbocycle. The apparent contradiction
between our observations and those found by Shechter and
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Figure 2. Dependence of the observed rate constant for deuterium
exchange into theR position of cyclobutanone (kobsd) on the
concentration of the basic form of 3-quinuclidinone in D2O at 25
°C andI ) 1.0 (KCl). (b) kobsddetermined at pD) 8.3 ([B]/[BH+]
) 1.0); (9) kobsd determined at pD) 9.3 ([B]/[BH+] ) 10).
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co-workers3 can be rationalized by possible differences in
the Bronstedâ slope between1 and 3, where1 would be
anticipated to have a slope larger than that observed for3
as a result of destabilization of the enolate via ring strain (â
) 0.55 for methyl group of 2-(2′-oxopropyl)benzaldehyde).18
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