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The induction of strain in carbocycles, thereby increasing the amount of s-character in the C-H
bonds and the acidity of these protons, has been probed with regard to its effect on the rate constants
for the enolization of cyclobutanone. The second-order rate constants for the general base-catalyzed
enolization of cyclobutanone have been determined for a series of 3-substituted quinuclidine buffers
in D2O at 25 �C, I= 1.0 M (KCl). The rate constants for enolization were determined by following
the extent of deuterium incorporation (up to ∼30% of the first R-proton) into the R-position, as a
function of time. The observed pseudo-first-order rate constants correlated to the [basic form] of the
buffer and yielded the second-order rate constants for the general base-catalyzed enolization of
cyclobutanone for four tertiary amine buffers. A Brønsted β-value of 0.59 was determined from
the second-order rate constants determined. Comparison of the results for cyclobutanone to those
previously reported for acetone and a 1-phenylacetone derivative, under similar conditions, indicated
that the ring strain of the carbocycle appeared to have only a small effect on the general base-
catalyzed rate constants for enolization. The similarity of the rate constants for the general base-
catalyzed enolization of cyclobutanone to those determined for acetone allowed for an estimation of
the limits of the rate constant for protonation of the enolate intermediate of cyclobutanone by the
conjugate acid of 3-quinuclidinone (kBH=5� 108- 2� 109M-1 s-1). Combining the rate constants
for deprotonation of cyclobutanone (kB) and protonation of the enolate of cyclobutanone (kBH) by
3-quinuclidinone and its conjugate acid, the pKa of the R-protons of cyclobutanone has been
estimated to be pKa = 19.7-20.2.

Introduction

The generation of enolates as intermediates in the formation
of carbon-carbonbondsandotherprocesses, is fundamentally

important both biologically1-10 and synthetically.11-16 Chemists’
attempts to understand the factors involved in their generation,
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stabilization, and eventual reaction have led to extensive
studies probing the nature of this reactive intermediate.17-38

A primary theme of the work completed to date has been the
determination of the effect of substituents in positions R1

and R2 (see Structure 1) on the rate constants of enolate
production, and these results have led to a general under-
standing of the substituent effects. One area that has proved
more difficult to investigate has been the effect of ring strain
on the generation and reactivity of enolates in cyclic ketones.
Such a system is of fundamental interest as it incorporates
structural features that are often invoked to help explain
some of the catalysis achieved by enzymes.39,40 Two factors
that are often discussed as possible contributors in the
observed efficiency of some enzymes are the induction of
strain and restriction of mobility (both conformational and
rotational).39,40 For example, bond angle strain in a carbo-
cycle is alleviated by an increase in the s-character of the
carbon component of the C-H bonds leading to an increase
in the acidity of these hydrogen.41 Also, in carbocyclic
compounds, the rotational degrees of freedom of the R-
carbon are reduced, decreasing entropic considerations for
alignment of orbitals during proton removal.42-44 In fact,

two prior studies have investigated a series of cyclic ketones, and
both studies concluded that cyclobutanone was significantly
more reactive than the other cyclic ketones.45,46 In contrast to
these earlier results, our studies showed that sensitivity of
cyclobutanone to a general base catalyst was similar to that
found for acetone and a phenylacetone derivative.47 These
results47 pointed to a conclusion that ring strain did not have an
apparent effect on the reactivity of cyclobutanone vs that of
other ketones, contradicting the results of other studies.45,46

The question of why cyclobutanone (2) has not been as
thoroughly investigated as other ketones was not due to a
lack of interest in the compound itself but rather to experi-
mental limitations of the halogenation technique that was
the primary method used to follow enolate generation in
solution.27 Problems, such as relative rates of enolate gen-
eration vs halogenation and enhanced reactivity of the
halogenated product relative to that of starting material
which led to byproducts that further consumed halogen,
restricted the structural diversity of the carbonyl derivatives
that could be studied.27 However, the development of methods
and procedures for the investigation of reactive intermedi-
ates has broadened the spectrum of compounds that can
now be studied. One procedure, developed by Richard and
co-workers, utilizing 1H NMR as a means of following
enolate generation for a variety of carbon acids, has proven
to be quite versatile.19-22,24,25,36,37,48-51 In general, these
experiments were performed in deuterated solvents with
the progress of the reaction being measured by the fraction
of deuterium incorporation into the R-position of the start-
ing material (or loss of deuterium). Themethod is predicated
upon the idea that if the carbanion is stable enough to
separate from the conjugate acid of the base that removed
the proton (free intermediate in solution), then the proton
removed from the carbon acid will mix with the bulk
deuterated solvent. As a result, when the carbanion/enolate
reacts with an acid source, a deuteron will be added (see
Scheme 1). A major advantage to this method was that it
did not lead to significant modification of the reactivity of
the substrate, relative to that of its protonated state, making
the method ideal for the investigation of compounds with
more complex reactivity patterns. Also, by comparing the
rate constants for deprotonation between structurally simi-
lar compounds whose pKa’s are well established, Richard
and co-workers were able to estimate the rate constant for

SCHEME 1. General Base-Catalyzed Enolization in D2O

(17) Urwyler, B. D.; Wirz, J. Angew. Chem., Int. Ed. Engl. 1990, 29,
790–792.

(18) Toullec, J. In Adv. Phys. Org. Chem.; Gold, V., Bethell, D., Eds.;
Academic Press: New York, 1982; Vol. 18, pp 1-77.

(19) Rios, A.; Richard, J. P.; Amyes, T. L. J. Am. Chem. Soc. 2002, 124,
8251–8259.

(20) Rios, A.; Richard, J. P. J. Am. Chem. Soc. 1997, 119, 8375–8376.
(21) Rios, A.; Amyes, T. L.; Richard, J. P. J. Am. Chem. Soc. 2000, 122,

9373–9385.
(22) Richard, J. P.; Williams, G.; O’Donoghue, A.; Amyes, T. L. J. Am.

Chem. Soc. 2002, 124, 2957–2968.
(23) Richard, J. P.; Nagorski, R. W. J. Am. Chem. Soc. 1999, 121, 4763–

4770.
(24) Nagorski, R.W.;Mizerski, T.; Richard, J. P. J. Am.Chem. Soc. 1995,

117, 4718–4719.
(25) Nagorski, R.W.; DeAtley, A. D.; Broadus, K.M. J. Am. Chem. Soc.

2001, 123, 8428–8429.
(26) Lamaty, G. In Isotopes in Organic Chemistry; Buncel, E., Lee, C. C.,

Eds.; Elsevier Scientific Publishing Company: Amsterdam, 1976; Vol. 2, pp
33-88.

(27) Keeffe, J. R.; Kresge, A. J. InTheChemistry of Enols; Rappoport, Z.,
Ed.; Wiley: Chichester, UK, 1990, pp 399-480.

(28) Chiang, Y.; Kresge, A. J.; Schepp, N. P.; Xie, R. Q. J. Org. Chem.
2000, 65, 1175–1180.

(29) Chiang, Y.; Kresge, A. J.; Pruszynski, P.; Schepp, N. P.; Wirz, J.
Angew. Chem., Int. Ed. Engl. 1991, 30, 1366–1368.

(30) Chiang, Y.; Kresge, A. J.; Pruszynski, P.; Schepp, N. P.; Wirz, J.
Angew. Chem., Int. Ed. Engl. 1990, 29, 792–794.

(31) Chiang, Y.; Kresge, A. J.; Popik, V. V.; Schepp, N. P. J. Am. Chem.
Soc. 1997, 119, 10203–10212.

(32) Chiang, Y.; Kresge, A. J.; Meng, Q.; Morita, Y.; Yamamoto, Y.
J. Am. Chem. Soc. 1999, 121, 8345–8351.

(33) Chiang, Y.; Eustace, S. J.; Jefferson, E. A.; Kresge, A. J.; Popik,
V. V.; Xie, R. Q. J. Phys. Org. Chem. 2000, 13, 461–467.

(34) Andraos, J.; Chiang, Y.; Kresge, A. J.; Popik, V. V. J. Am. Chem.
Soc. 1997, 119, 8417–8424.

(35) Andraos, J.; Chiang, Y.; Kresge, A. J.; Pojarlieff, I. G.; Schepp,
N. P.; Wirz, J. J. Am. Chem. Soc. 1994, 116, 73–81.

(36) Amyes, T. L.; Richard, J. P. J. Am. Chem. Soc. 1996, 118, 3129–3141.
(37) Amyes, T. L.; Richard, J. P. J. Am. Chem. Soc. 1992, 114, 10297–

10302.
(38) Almstead, J. I. K.; Urwyler, B.;Wirz, J. J. Am. Chem. Soc. 1994, 116,

954–960.
(39) Jencks,W.P.Catalysis inChemistryandEnzymology;DoverPublications

Inc.: Mineola, NY, 1975.
(40) Fersht, A.EnzymeStructure andMechanism; 2nd ed.;W.H.Freeman

& Company: New York, 1985.
(41) Lowry, T. H.; Richardson, K. S. Mechanism and Theory in Organic

Chemistry; 3rd ed.; Harper & Row: New York, 1987.
(42) Pranata, J. J. Phys. Org. Chem. 1996, 9, 711–716.
(43) Perakyla, M. J. Phys. Chem. 1996, 100, 3441–3447.
(44) Behnam, S.M.; Behnam, S. E.; Ando, K.; Green, N. S.; Houk, K. N.

J. Org. Chem. 2000, 65, 8970–8978.

(45) Shechter, H.; Collis, M. J.; Dessy, R.; Okuzumi, Y.; Chen, A. J. Am.
Chem. Soc. 1962, 84, 2905–2910.

(46) Schriesheim, A.; Muller, R. J.; Rowe, C. A. J. Am. Chem. Soc. 1962,
84, 3164–3168.

(47) Cantlin, R. J.; Drake, J.; Nagorski, R.W.Org. Lett. 2002, 4, 2433–2436.
(48) Richard, J. P.; Williams, G.; Gao, J. J. Am. Chem. Soc. 1999, 121,

715–726.
(49) O’Donoghue, A.; Amyes, T. L.; Richard, J. P.Biochemistry 2005, 44,

2610–2621.
(50) Crugeiras, J.; Rios, A.; Riveiros, E.; Richard, J. P. J. Am. Chem. Soc.

2009, 131, 15815–15824.
(51) Crugeiras, J.; Rios, A.; Riveiros, E.; Amyes, T. L.; Richard, J. P.

J. Am. Chem. Soc. 2008, 130, 2041–2050.



382 J. Org. Chem. Vol. 76, No. 2, 2011

JOCArticle Cope et al.

protonation of the enolate (kBH) and, using eq 1, to predict
the pKa for a variety of compounds.22,24,36,37,48

pKa ¼ pKBH þ logðkBH=kBÞ ð1Þ
This technique has proven to be well-suited for a wide

range of carbonyl derivatives including strained-ring ketones
where initial studies focusing on benzocyclobutenone found
the hydroxide-catalyzed enolate formation to be kHO =
7.1 � 10-5 M-1 s-1 as compared kHO = 0.22 M-1 s-1 for
acetone (3).25,52 This was the first direct evidence that the
enolate of benzocyclobutenone could be generated in aque-
ous solution as a free intermediate with no significant
precautions. (The enolate had been previously generated
and trapped with chlorotrimethylsilane and as the aldol
product at-78 �C inTHF.)53,54 The large difference between
the rate constants for the enolization of benzocyclobutenone
vs acetone was attributed to two primary effects (a) antiar-
omaticity of the enolate generated upon deprotonation and
(b) ring strain that occurs upon rehybridization of the
R-methylene group to sp2-hybridization, both of which
would lead to a higher-energy transition state relative to that
of acetone.25

Wanting to probe the effect of ring strain on the rate con-
stant for enolate generation, the 3-quinuclidinone-catalyzed
enolization of the cyclobutanone (2) was investigated (kB =
3.3 � 10-4 M-1 s-1, D2O, 25 �C, I = 1.0 M (KCl)), and
this rate constant was comparable to that determined for
acetone (kB=5.2 � 10-4 M-1 s-1), under the same condi-
tions. The similarity of these rate constants indicated that the
barriers to the formation of the enolates for both 2 and 3were
similar but differences in the structure of the two compounds
precluded a direct estimate of the protonation rate constant
(kBH) for 2-E (see Scheme 2). More information concerning
the nature of the transition state leading to the formation of
2-E was required before a value for kBH could be proposed.
Presented here are the results of the study of the general base-
catalyzed deuterium incorporation of cyclobutanone using a
structurally similar series of tertiary amine buffers whose
pKa’s span∼4 pKa units. The second-order rate constants for
the general base-catalyzed reaction have been determined
and correlated to the pKa of the buffers in a Brønsted plot
which led to an estimate of the pKa of cyclobutanone.

Results

The general base-catalyzed deuterium incorporation
studies were performed by injecting neat cyclobutanone
(final concentration was ∼10 mM) into a D2O solution at
25 �C, I= 1M (KCl). A series of 3-substituted quinuclidine

buffers were used to both maintain the pD of the solu-
tion and act as general base catalysts. After initiation of
the reaction, at timed intervals, an aliquot was removed,
quenched and the organics extracted with CDCl3. Deuterium
exchange of theR-protons of cyclobutanonewas followed by
monitoring the disappearance of the R-CH2 group and the
appearance of the upfield shiftedR-CHDpeak using a 400 or
500 MHz 1H NMR. Due to coupling of the R-protons
(C2 and C4) to the C3 methylene group, the protons on the
C3 position were subjected to inverse gated homonuclear
decoupling during acquisition, resulting in the R-CH2 signal
simplifying to a singlet.48,55 The course of deuterium incor-
poration was followed by measuring the decrease in the area
of the peak for the R-CH2 position at 3.11 ppm and the
increase in the peak at 3.09 ppm (JHD= 2.2 Hz) for the
R-CHD. During the exchange studies no evidence, by
1H NMR, for the buildup of enolate addition products was
observed.

RCH2
¼ ACH2

ACH2
þACHD

ð2Þ

ln RCH2
¼ -kobsdt

4
ð3Þ

The deuterium incorporation experiments were followed
up to ∼30% of the first proton of the R-CH2 group with the
progress of the reaction (RCH2) calculated as shown in
eq 2.56,57 Incomplete resolution of the singlet of the R-CH2

group and the upfield shiftedR-CHDrequired that theACHD

be calculated by multiplying the most upfield shifted peak of
the R-CHD triplet by three. The ACH2 was then determined
by measuring the area of the peaks for the R-CH2 and the
R-CHD groups and subtracting the calculated ACHD. The
observed pseudo-first-order rate constants for the exchange
reaction were determined by plotting the natural log of
the progress of the deuterium incorporation (RCH2) vs time,
according to eq 3.56,57 The observed rate constants were
corrected by a factor of 4 as kobsd, in eq 3, is the observed rate
constant for the loss of a single R-proton in the total popula-
tion and the rate constant must be statistically corrected for
the presence of two equivalent R-methylene units.56,57 A
representative plot of the natural log of RCH2 vs time at a
series of [buffer] is shown in Figure 1. All the kobsd values
determined as a function of [buffer] can be found in Tables
1S-5S of the Supporting Information.

kobsd ¼ kDO½DO- � þ ðkBÞobsd½Buffer� ð4Þ

kobsd - kDO½DO- � ¼ kB½B� ð5Þ
For the studies discussed here, plots of kobsd vs the total

[Buffer] (see Figure 2) showed nonzero intercepts indicating,
that at the pD at which the experiments were performed,
there was a general base-catalyzed, as well as, a deuteroxide-
catalyzed enolization (kDO[DO-]). Plots of kobsd vs [Buffer]
(total buffer concentration in solution) were linear, with the
y-intercept being kDO[DO-], and the slope being (kB)obsd, the

SCHEME 2. Base-Catalyzed Enolization of Cyclobutanone

in D2O

(52) Chiang, Y.; Kresge, A. J.; Tang, Y. S.; Wirz, J. J. Am. Chem. Soc.
1984, 106, 460–462.

(53) Matsumoto, T.; Hamura, T.; Kuriyama, Y.; Suzuki, K. Tetrahedron
Lett. 1997, 38, 8985–8988.

(54) Broadus, K. M.; Kass, S. R. J. Chem. Soc., Perkin Trans. 2 1999,
2389–2396.

(55) Sanders, J. K. M.; Hunter, B. K. Modern NMR Spectroscopy;
2nd ed.; Oxford University Press: Toronto, 1993.

(56) Tobin, J. B.; Frey, P. A. J. Am. Chem. Soc. 1996, 118, 12253–12260.
(57) Halkides, C. J.; Frey, P. A.; Tobin, J. B. J. Am. Chem. Soc. 1993, 115,

3332–3333.



J. Org. Chem. Vol. 76, No. 2, 2011 383

Cope et al. JOCArticle

second-order rate constant for the buffer-catalyzed exchange
for the [Buffer] (see eq 4). (At the pD of the experiments
performed, the kDOD rate constant for the water reaction
would be very slow compared to kDO[DO-].) However, plots
of kobsd vs [Buffer] led to intercepts that varied significantly,
which, in turn, led togreater error in thedetermineddeuteroxide-
catalyzed rate constant than was acceptable.

To determine the second-order rate constant for the gen-
eral base-catalyzed reaction (kB, see eq 5) plots of kobsd vs the
concentration of the basic form of the base catalyst ([B])
required a reliable kDO rate constant to correct kobsd for small
variations in pD that occur upon dilution (see Tables in
Supporting Information). As a result, competition experi-
ments were performed wherein acetone and cyclobutanone
were allowed to react in a phosphate buffered solution at the
same time and the relative rate constants for enolization
determined in D2O, at 25 �C, I = 1.0 M (KCl) at the pD of

solution. The observed rate constants for deuterium incor-
poration were linearly dependent upon [phosphate] with the
second-order rate constant for the phosphate-catalyzed
reaction for acetone being kphos = 4.1 � 10-2 M-1 s-1 and
for cyclobutanone kphos = 4.2 � 10-2 M-1 s-1. Figure 3
shows a plot of kobsd vs [phosphate] (basic form) where kobsd
values for 2 were determined according to eqs 2 and 3 and
those for 3 were determined using eqs 6 and 7.56,57 The
y-intercept yielded the background reaction (kDO[DO-] for the
ketones studied) at the pD atwhich the studywas performed.
In all cases 2 reactedmore slowly than 3 over the [phosphate]
studiedwith the second-order rate constants for the deuteroxide-
catalyzed reactions determined by dividing y-intercept, from
the phosphate experiments, by the [DO-] (determined from
the pD of the solution58 according to eq 8, using Kw= 10-14.87

FIGURE 1. Representative natural logarithmic plots of RCH2 vs time (s) for the exchange of protium for deuterium at the R-position of
cyclobutanone catalyzed by 3-chloroquinuclidine at pD = 9.84 in D2O at 25 �C and I = 1.0 M (KCl). (b) 0.0090 M basic form of buffer,
(2) 0.0240 M basic form of buffer, (1) 0.0367 M basic form of buffer, and (9) 0.0588 M basic form of the buffer.

FIGURE 2. Representative plots of the observed rate constants (kobsd) for buffer-catalyzed deuterium incorporation into the R-position of
cyclobutanone vs total buffer concentration inD2O, at 25 �C, I=1.0M (KCl). (b) Quinuclidine at pD=11.98; (9) quinuclidine at pD=11.16; (2)
3-quinuclidinol at pD= 10.36.

(58) Glascoe, P. K.; Long, F. A. J. Phys. Chem. 1960, 64, 188–190.
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and γOL = 0.79).36 The second-order rate constants for the
deuteroxide-catalyzed enolate formation established in this
manner from three phosphate experiments were then aver-
aged to yield kDO=0.21( 0.02M-1 s-1 and kDO=0.051(
0.005 M-1 s-1 for acetone and cyclobutanone, respectively.

RCH3
¼ ACH3

ACH3
þACH2D=2

ð6Þ

ln RCH3
¼ - kobsdt

6
ð7Þ

½DO- � ¼ 10pD- pKw

γOL

ð8Þ

The second-order rate constants for the general base-
catalyzed enolization of 2 were determined according to
eq 5, using kDO = 0.051 M-1 s-1 with the [DO-] calculated
on the basis of the measured pD of the reaction solution, vs

the [basic formof 3-substitutedquinuclidine buffer] (seeFigure 4
for a representative plot). The concentration of the basic formof
the 3-substituted quinuclidine buffer was calculated on the basis
of the known total [buffer], the measured pD of the reaction
solution, and the apparent pKBD’s of the quinuclidine buffers in
D2O at 25 �C and I = 1.0 M (KCl) (see Table 1).36 The plots
were linear over the [3-substituted quinuclidine] studied and,
after kobsd had been corrected according to eq 5, the rate
constants for the general base-catalyzed reactions performed at
different buffer ratios fell on the same correlation line.This result
indicated that it was the basic form of the 3-substituted quin-
uclidine (B) that was the primary catalyst in the reaction and the
acidic form of the tertiary amine (BHþ) had no significant
contribution (see Figure 4) at the pD that the studies were
performed.The remainderof theplots for theother 3-substituted
quinuclidine buffers (kobsd - kDO[DO-]) vs [B] plots can be
viewed in theSupporting Information.Thesecond-order ratecon-
stants for the exchange studies at the pD of the study are listed
in Table 1 as kB

obs and the kB values, in Table 1, are the average
of the observed values in those cases where multiple pD values
for the same general base-catalyst were investigated.

Discussion

Deuterium Incorporation and Mechanism of Exchange

Studies. Deuterium exchange proceeded smoothly, with no
evidence for the formation of aldol products over the time
scale of the experiments. Studies that were allowed to
proceed for extended periods of time did show the presence
of new 1H NMR peaks that were presumably due to enolate
addition. The identity of these new peaks in the 1H NMR
spectrum were not investigated.

Another concern, early in these studies, was the degree of
hydration of cyclobutanone in aqueous solution as formal-
dehyde and aliphatic aldehydes are well-known to be signifi-
cantlyhydrated inaqueous solution.59For example, formaldehyde,

FIGURE 3. Plot of kobsd vs [basic form of the phosphate buffer] for the phosphate-catalyzed deuterium incorporation into acetone (9) and
cyclobutanone (b) at pD 12.5, in D2O, at 25 �C, I = 1.0 M (KCl).

FIGURE 4. Plots of kobsd - kDO[DO-] for the deuterium incor-
poration of the first alpha-proton of cyclobutanone vs the concen-
tration of the basic form of the 3-substituted quinuclidine buffer in
D2O, at 25 �C, I=1.0 M (KCl); for (1) 3-quinuclidinol, pD=
10.36; (9) quinuclidine, pD= 11.15; (b) quinuclidine, pD= 11.67.

(59) Bell, R. P. Adv. Phys. Org. Chem. 1966, 4, 1–29.
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acetaldehyde, and acetone are ∼98%,60 ∼55%61 and
∼0.1%59,62,63 hydrated in aqueous solution, respectively.
The degree of hydration of the carbonyl compound diminishes
the apparent reactivity of the carbonyl compound under
investigation by reducing the concentration of the reactive
form of the carbonyl precursor.64 However, previous studies
investigating rate constants for the enolization of acetone did
not correct for this minor amount of acetone in the hydrate
form.37,65 Control experiments, performed by 1H NMR,
wherein 2 was dissolved in 1 M KCl in D2O showed no
evidence for the presence of significant amounts of hydrated
cyclobutanone and this result was in accord with 1H NMR
studies performed by Wiberg et al. who found that 2 was
∼0.2% hydrated in D2O.62 As with the previous studies
investigating the enolization of acetone,37 no correction for
the small amount of 2 in the hydrated form was performed.

The exchange of an R-proton on cyclobutanone was
followed by monitoring the disappearance of the R-CH2

group and the appearance of the R-CHD group by 1H NMR.
This modest structural change to cyclobutanone could be
followed due to the 2H perturbation of the 1H resonances
that leads toanupfield shift of the signal forR-CHD(3.09ppm)
relative to R-CH2 (3.11 ppm). The reaction was followed for
approximately 7.5% of the total R-protons available in 2,
and no products due to enolate addition were observed by
1H NMR over the time scale of the exchange studies.

Initial studies of deuterium incorporation into theR-position
of cyclobutanone showed that coupling by the protons in the
C-3 position to those in the C-2 and C-4 positions complicated
the resonances for the R-protons. To simplify the observed
spectrum, the protons in the C-3 position were subjected to
inverse gated homonuclear decoupling.55 This simplified the
observed resonance for the R-protons and the progress of
the reaction could be followed by comparing the singlet at
3.11 ppm for the R-CH2 group to the upfield shifted triplet at
3.09 ppm for the R-CHD group having a coupling constant of
2.2 Hz. Reactions followed in this manner and treated accord-
ing to eq 2 and eq 3, led to plots like that seen in Figure 1.

The plots of kobsd vs the [3-substituted quinuclidine]
having nonzero intercepts indicated that, at the pD of the
experiments, both deuteroxide and the tertiary amine were
capable of leading to deuterium incorporation. Shown in
Scheme 3 are the possible mechanisms by which exchange of
an R-proton of 2 could occur. The observation that the rate
constant for deuterium exchange into the R-position was
dependent on [basic form of the 3-substituted quinuclidine]
was good evidence that the enolate intermediate generated
upon removal of the R-proton had a significant lifetime in
solution. If the enolate that was generated upon deprotona-
tion were highly unstable, the intimate ion pair complex
(enolate/conjugate acid) would not exist long enough to
diffuse apart. Thus, the principle of microscopic reversibility
dictates that the same proton that was removed by the
general base catalyst would be returned to the R-position
(kBH and kDOH in Scheme 3). In such a case, catalysis of
deuterium incorporation by deuteroxide may be observed
through relaxation of the intimate ion pairs and delivery of a
deuteron, but buffer catalysis of deuterium incorporation
would not be observed. Alternatively, protium/deuterium
exchange between the solvent and tertiary amine buffer
could occur, thus leading to deuterium incorporation in the
intimate ion pair (kiip in Scheme 3). This mechanism seems
unlikely as proton exchange between protonated quinucli-
dine buffers and solvent is slow (kexc < 103 s-1)66 when
compared to diffusional separation of the ions from the ion-
pair (ksep = ∼1.6 � 1010 s-1).67,68 Once the ions have sepa-
rated (ksep in Scheme 3), forming the solvent equilibrated
enolate intermediate, ketonization occurs through reaction

TABLE 1. Second-Order Rate Constants for the General Base-Catalyzed Exchange of the First R-Proton with Deuterium for Cyclobutanone Using a

Series of 3-SubstitutedQuinuclidineBuffers inD2O, at 25 �C, I=1.0M (KCl) andPreviouslyDetermined Second-OrderRateConstants for theEnolization

of 2-(20-Oxopropyl)benzaldehyde by the Same Series of Buffers in H2O, at 25 �C, I = 1.0 M (KCl)

buffer/base pKBH
a pKBD

b pD kB
obs (M-1 s-1)c kB (M-1 s-1)d kB (M-1 s-1) for 4e

quinuclidine 11.5 12.1 11.15 5.3� 10-2 (5.4( 0.5)� 10-2 9.3� 10-2

11.60 5.5� 10-2

3-quinuclidinol 10.0 10.7 10.36 1.3� 10-2 (1.6( 0.2)� 10-2 2.1� 10-2

11.01 1.9� 10-2

3-chloroquinuclidine 9.0 9.7 9.84 3.1� 10-3 (3.1( 0.3)� 10-3 5.7� 10-3

3-quinuclidinonef 7.5 8.3 8.33 3.3� 10-4 (3.3( 0.3)� 10-4 5.8� 10-4

apKa’s measured inH2O, at 25 �C, I=1.0M (KCl), seeGresser,M.J.; Jencks,W.P. J. Am.Chem. Soc. 1977, 99, 6963-6970. bApparent pKa’s inD2O,
at 25 �C, I=1.0M (KCl), see ref 36. cSecond-order rate constants for the general base-catalyzed exchange of theR-proton of cyclobutanone observed at
the pD that the experiment was performed. dSecond-order rate constant for the general base-catalyzed exchange of the R-proton of cyclobutanone
averaged where multiple experiments with the same buffer were performed but at differ pD’s. eSecond-order rate constant for general base-catalyzed
deprotonation of 2-(2-oxopropyl)benzaldehyde (4) from ref 23, in H2O, at 25 �C, I = 1.0 M (KCl). fPreviously reported in ref 47.

SCHEME 3. PotentialRoutesLeading toDeuteriumIncorporation

(60) Lewis, C. A., Jr.; Wolfenden, R. J. Am. Chem. Soc. 1973, 95, 6685–
6688.

(61) Kurz, J. L. J. Am. Chem. Soc. 1967, 89, 3524–3528.
(62) Wiberg, K. B.; Morgan, K. M.; Maltz, H. J. Am. Chem. Soc. 1994,

116, 11067–11077.
(63) Hine, J.; Redding, R. W. J. Org. Chem. 1970, 35, 2769–2772.
(64) Ankem, R. V.; Murphy, J. L.; Nagorski, R. W. Tetrahedron Lett.

2008, 49, 6547–6549.
(65) Chiang, Y.; Kresge, A. J.; Morimoto, H.; Williams, P. G. J. Am.

Chem. Soc. 1992, 114, 3981–3982.

(66) Berg, U.; Jencks, W. P. J. Am. Chem. Soc. 1991, 113, 6997–7002.
(67) Richard, J. P.; Jencks,W. P. J.Am.Chem. Soc. 1984, 106, 1373–1383.
(68) Finneman, J. I.; Fishbein, J. C. J. Am. Chem. Soc. 1995, 117, 4228–

4239.
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with D2O (kDOD) or with a deuterated form of the tertiary
amine acid (kBD[BD]). (Previous studies investigating rela-
tive rate constants for the deprotonation and aldol conden-
sation reactions showed that these acids are very effective at
protonation of enolate intermediates.)23,24

For deprotonation by deuteroxide, reorganization within
the solvent shell could be hypothesized as a reasonablemech-
anism for the incorporation of deuterium into 2. Deproto-
nation of 2 by deuteroxide leads to DOH 3 2-E complex
which, through relaxation within the solvent shell and reorga-
nization, generates a DOD 3 2-E complex (kexc ≈ 1011 s-1)69-71

which could now lead to 2-D. While this mechanism cannot
be ruled out as a pathway for the incorporation of deuterium
into 2, ksep (ksep=∼1.6� 1010 s-1)67,68 is substantially faster
than the reaction of 2-E with D2O (upper limit for kDOD =
∼6� 104 s-1 based upon estimated pKa for 2, see explanation
below) suggesting that 2-E separates from the conjugate acid
of the base that removed the proton.

On the basis of these arguments, it was concluded that the
intermediate 2-E, generated upon deprotonation of 2, is a free
solvent-equilibrated intermediate with a significant lifetime in
solution. Thus, the kDO and kB values reported are the rate
constants for the deprotonation of 2 yielding intermediate 2-E.

Determination of the Rate Constant for the Deuteroxide-

Catalyzed Enolization of Cyclobutanone. Plots of kobsd vs
[Buffer] for experiments performed with quinuclidine,
3-chloroquinuclidine, and 3-quinuclidinol did not have zero-
intercepts (see Figure 2), indicating that both the tertiary
amines and deuteroxide were catalyzing the enolization of 2
(eq 4). Previous studies, investigating the reactivity of other
carbonyl derivatives, were able to obtain a second-order rate
constant for the deuteroxide-catalyzed enolization reaction
by plotting the rate of the background reaction (y-intercepts
of the tertiary amine-catalyzed incorporation studies) vs the
[DO-] at which the experiments were performed.25,36,37

However, in the current study, plots of the type described
above led to a second-order rate constant for the deuterium-
catalyzed deprotonation of cyclobutanone with significant
error (plot not shown). A more dependable value for the
deuteroxide-catalyzed deprotonation of 2 became necessary
when small variations in pD occurred, due to dilution of
stock buffered solutions. These variations led to error in the
kobsd value for the buffer-catalyzed reaction (see eq 5).

To determine the deuteroxide-catalyzed enolization of
cyclobutanone under the conditions of our studies, a series
of competition experiments were performed where both
acetone and cyclobutanone were reacted concurrently. The
studies were performed in the same manner as described for
the general base-catalyzed deuterium incorporation but
using a series of phosphate concentrations, with experiments
being performed at three different pD’s. The observed rate
constants for the phosphate-catalyzed enolization of acetone
and cyclobutanone, at each of the pD’s studied, are shown in
Table 2 and the results show that the kphos

acetone/kphos
cyclobutanone

ratiowas∼1. This could be compared to kDO
acetone/kDO

cyclobutanone

of∼4 (see below), and kB for the 3-quinuclidinone-catalyzed
reaction under similar conditions (kB

acetone/kB
cyclobutanone =

1.6)37,47 As previously noted, these results illustrate the

similarity in the reactivity of acetone and cyclobutanone
over a wide range of general base catalyst.47 The second-
order rate constant for the deuteroxide-catalyzed enolate
formation for acetone (kDO = 0.21 M-1 s-1, determined in
D2O, at 25 �C, I = 1.0 M (KCl)), was approximately the
same as the value reported for the hydroxide-catalyzed
enolization of acetone (kHO = 0.22 M-1 s-1) in H2O, at
25 �C, I = 0.1 (NaCl).52 This result was somewhat un-
expected as a kDO for acetone has been estimated to be
kDO = 0.32 M-1 s-1 based upon a solvent isotope effect of
kDO/kHO= 1.4.36 The origin of this apparent lack of solvent
isotope effect was not investigated but the observation could
be due to error in the rate constant determined by themethod
utilized anddue to the limited pDoverwhich the studies were
investigated. Regardless of the potential error in the absolute
value of the kDO for both compounds, the differences in the
kDO values for acetone (kDO = 0.21 M-1 s-1) vs cyclobuta-
none (kDO = 0.051 M-1 s-1) and the differences in the kobsd
values for the phosphate-catalyzed reactions (see Figure 3)
clearly indicate that cyclobutanone reactedmore slowly than
acetone under the same conditions.

The rate constant ratios presented above generate a con-
fusing picture of the reactivity of cyclobutanone, especially
when considered in the light of other base/general base-
catalyzed enolization studies of cyclobutanone. For exam-
ple, Dessy et al. studied the generation of the enolates for a
series of ketones in DMF with 1 M triethylamine and 5 M
D2Oat 40 �C.45 In these studies, Dessy et al. reported that the
relative reactivity for the series of ketones studied was C4 >
C5 > C6 > C7 > 4-heptanone (number indicates the size
of the carbocycle), where the ratio of rate constants of
cyclobutanone/4-heptanone was 290 and cyclobutanone/
cyclohexanone was 25.45 (As a reference point, the ratio for
the hydroxide-catalyzed enolization (kHO) of acetone/cyclo-
hexanone is ∼2.)27,52 Similarly, Schriesheim et al. found the
relative reactivity of a series of cyclic ketones in H2O, at 0 �C
and catalyzed by hydroxide to be C4>C5>C8>C7>C6

with the relative rate constants for cyclobutanone/cyclohex-
anone to be 15.5.46 More recent acetate-catalyzed enoliza-
tion studies for series of ketones in aqueous solution, at
25 �C, I = 2.0M, found the relative reactivities to be C5 >
C6 > C4 = acetone >3-pentanone > C7 where the relative
reactivity of cyclobutanone/cyclohexanone was 0.50 and
cyclobutanone/3-pentanone was 1.8.72 The results presented
here are in agreement with the Hegarty et al. work,72 and it

TABLE 2. Second-Order Rate Constants for the Phosphate-Catalyzed

Exchange of the First R-Proton with Deuterium for Cyclobutanone and

Acetone in D2O, at 25 �C, I = 1.0 M (KCl)

ketone pDa kPhos
obs (M-1 s-1)b kPhos (M

-1 s-1)c

acetone 12.3 3.6� 10-2

12.2 2.8� 10-2 (4.1( 0.5)� 10-2

12.5 6.0� 10-2

cyclobutanone 12.3 2.3� 10-2

12.2 3.9� 10-2 (4.2( 0.5)� 10-2

12.5 6.4� 10-2

apD’s determined by adding 0.4 to measured pH, see ref 58. bSecond-
order rate constants for the general base-catalyzed exchange of the
R-proton of ketone observed at the pD that the experiment was performed.
cSecond-order rate constant for the phosphate-catalyzed exchangeof the
R-proton of the ketone for the three pD’s studied.

(69) Kaatze, U.; Pottel, R.; Schumacher, A. J. Phys. Chem. 1992, 96,
6017–6020.

(70) Kaatze, U. J. Chem. Eng. Data 1989, 34, 371–374.
(71) Giese, K.; Kaatze, U.; Pottel, R. J. Phys. Chem. 1970, 74, 3718–3725.

(72) Hegarty, A. F.; Dowling, J. P.; Eustace, S. J.; McGarraghy, M.
J. Am. Chem. Soc. 1998, 120, 2290–2296.
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would appear as though the earlier studies45,46 had over-
estimated the reactivity of cyclobutanone in some way dur-
ing the course of their investigations. These observations
suggest that the increased ring strain in 2 leads to an overall
decrease in the rate constant of the general base-catalyzed
enolization relative to larger cyclic ketones.

Rate Constants for the General Base-Catalyzed Deproto-

nation of 2 and Brønsted Correlation.Listed in Table 1 are the
second-order rate constants for the general base-catalyzed
deprotonation of 2 for a series of tertiary amine bases in
D2O, at 25 �Cand I=1.0M (KCl). The original observation
of general base-catalyzed deuterium incorporation into cyclo-
butanone found the second-order rate constant for the
3-quinuclidinone-catalyzed reaction to be kB = 3.3 �
10-4M-1 s-1 inD2O, at 25 �Cand I=1.0M (KCl).47 Under
similar conditions, the 3-quinuclidinone-catalyzed rate con-
stants have been determined for acetone (3) (kB = 5.2 �
10-4M-1 s-1) and for the methyl group of 2-(20-oxopropyl)-
benzaldehyde (4) (kB = 3.4 � 10-4 M-1 s-1). Statistical
correction of the rate constant for 4 yields a rate constant
very close to that observed for acetone suggesting that the
methyl group of 4 was very acetone-like. If the rate con-
stants listed above are corrected for the number of ionizable
R-protons (p), the second-order rate constants for the general
base-catalyzed deprotonation of 2, 3 and 4, by 3-quinuclidinone,
are kB/p=8.3� 10-5 M-1 s-1, kB/p=8.7� 10-5 M-1 s-1,
and kB/p=1.1� 10-4M-1 s-1, respectively. These compar-
isons lead to the general conclusion that the barriers to
deprotonation, for these three compounds under the same
conditions, are similar to one another. This comparison can
be extended as the rate constants for the general base-
catalyzed deprotonation of 4, for the tertiary amine bases
listed in Table 1, have been determined in H2O, at 25 �C, I=
1.0 M (KCl). If the potential for secondary solvent isotope
effects are ignored, the second-order rate constants reported
in ref 23 are similar inmagnitude to those reported in Table 1
for cyclobutanone (see Table 1).

The similarity of these rate constants leads to the conclu-
sion that the barrier to deprotonation (ΔG*) is similar for all
three compounds. Previous studies used the similarity of the
rate constants for the general base-catalyzed deprotonation
coupled with the structural similarity of the substrates
themselves, tomake the assumption that the relative energies
of the transition state and the enolate intermediate to the
keto-form are similar.22,24,36,37,48 With this assumption in
place, it was possible to estimate rate constants for the
protonation of the enolate by the conjugate acid of the
general base catalyst (kBH, see eq 1) by comparison to
systems with known pKa’s.

22,24,36,37,48 The complication,
with an analysis of this type, occurs when the compounds
being compared are no longer structurally similar. Thus,
while the barrier to deprotonation was similar for all three
compounds, no information about the nature of the transi-
tion state leading to the enolate intermediate and the relative
energy of the enolate intermediate to the keto-form can be
necessarily inferred from the data.

Richard and co-workers have, in part, addressed this issue
by determining the second-order rate constant for the general
base-catalyzed enolization for a series of tertiary amine bases,
and plotting these rate constants in a Brønsted correlation.36

With the β-value in hand, Richard et al. were able to make
conclusions about changes in the nature of the transition state
during proton removal in ethyl acetate, by a general base
catalyst, and estimate the rate constant for the protonation of
the enolate intermediate by the conjugate acid of the general
base catalyst. The Brønsted correlation for the deprotonation
of cyclobutanone by a series of substituted quinuclidine deriv-
atives in D2O, at 25 �C and I = 1.0 M (KCl), is shown in
Figure 5. A linear correlation resulted, having a slope β=0.59
for the deprotonation of cyclobutanone. This value can be
compared to the β-value for the methyl group of 4 (β = 0.55,
H2O, at 25 �C, I=1.0M(KCl))23 and for the deprotonationof
hydroxymethyl group of dihydroxyacetone phosphate (β=
0.48; H2O, at 37 �C, I = 1.0 M (KCl)) for the same series of
general base catalysts.73 Also, Amyes and Richard estimated
the β-value for acetone to be β = 0.5 for the series of
quinuclidine derivatives used, based upon literature values for
several compounds.36Theβ-valueof 0.59, determined fromour
general base-catalyzed deprotonation studies of cyclobuta-
none, suggests more advanced C-H bond cleavage in the
transition state leading to the enolate, relative to acetone and
the methyl group of 4.

In addition, in the Brønsted plot shown in Figure 5, the
point for the deuteroxide-catalyzed deprotonation of cyclo-
butanone has been included. As has been previously noted
for other compounds,23,36 the second-order rate constant for
the lyoxide-catalyzed deprotonation of 2 does not correlate
with the second-order rate constants determined for the tertiary
aminebases.This lyoxide ionanomaly74,75 is thought to result, in
part, from the need for the strongly basic deuteroxide ion to
partially desolvate in order to react.74,76,77

Nature of the Enolate of Cyclobutanone. In a paper dis-
cussing the concept of strain as it pertains to organic molec-
ules, Wiberg78 showed that the strain energy in cyclobutene

FIGURE 5. Brønsted correlation for the deprotonation of cyclo-
butanone by a series of substituted quinuclidine bases in D2O, at
25 �C, I = 1.0 M (KCl). The deuteroxide (9, pKBD = 16.6, not
included in determination of Brønsted correlation) rate constant for
deprotonation of cyclobutanone under the same conditions.

(73) Richard, J. P. J. Am. Chem. Soc. 1984, 106, 4926–4936.
(74) Washabaugh, M. W.; Jencks, W. P. J. Am. Chem. Soc. 1989, 111,

683–692.
(75) Kresge, A. J. Chem. Soc. Rev. 1973, 2, 475–503.
(76) Jencks,W. P.; Brant, S. R.; Gandler, J. R.; Fendrich, G.; Nakamura,

C. J. Am. Chem. Soc. 1982, 104, 7045–7051.
(77) Hupe, D. J.; Wu, D. J. Am. Chem. Soc. 1977, 99, 7653–7659.
(78) Wiberg, K. B. Angew. Chem., Int. Ed. Engl. 1986, 25, 312–322.



388 J. Org. Chem. Vol. 76, No. 2, 2011

JOCArticle Cope et al.

(strain energy compared to cyclohexenewas 28.8 kcal/mol) is
slightly larger than the strain energy in exomethylenecyclo-
butane (strain energy compared to exomethylenecyclo-
hexane was 28 kcal/mol). A similar comparison between
cyclobutane (strain energy is 26.5 kcal/mol) and cyclo-
hexane78 leads to the conclusion that the incorporation of
the double bond into the ring results in relatively small
differences in energy due to strain. A later ab initio study
determined the difference in strain energies between cyclo-
butene and cyclobutane to be∼5.75 kcal/mol as compared to
cyclohexene and cyclohexane, respectively.79 These results
indicate that while the incorporation of the alkene into the
4-membered ring does destabilize the system relative to the
6-membered ring, the increase in strain energy does not
appear to be significantly increased.

Acidity of r-Protons of Cyclobutanone. It is difficult to
critically analyze the observed differences in the β-values and
fully understand what these differences meanwith regards to
the transition state of the general base-catalyzed deproton-
ation and the relative energy of the enolate intermediate. It is
well understood that a β-value of 0 indicates that there is no
proton transfer in the transition state of the rate determining
step of the reaction and a β-value of 1.0 indicates com-
plete proton transfer in the transition state.41 In the case of
β-values approaching 1.0, it is thought that it is the separa-
tion of the ion pair (enolate/conjugate acid of the base) that is
rate limiting.36 Therefore, under these circumstances, pro-
tonation of the enolate would be a diffusion limited process
or occur from a reorganization of solvent shell. Factoring
these arguments together, it is not surprising that people
have used the β-value as a measure of the degree of proton
transfer in the transition state of the reaction.80 (Such an
analysis has been questioned,76,77,81-83 however the use of
β-values in this manner has continued.)

As stated above, the similarity of the rate constants (kB)
for acetone and 2, indicates that the barriers to deprotona-
tion, under the conditions of these studies, are very similar
but the β-values indicates greater C-Hbond breaking in the
transition state for 2 and therefore a later transition state for 2
relative to acetone. If it were assumed that the potential
energy surface leading to the transition state for the depro-
tonation of acetone is similar to that for the deprotonation of 2,
then the difference in β-values could be due to the difference
in the relative energy of the enolates generated in these
processes (see Figure 6). The enolate of cyclobutanone being
slightly less stable than the enolate generated by deprotona-
tion of acetone could explain the greater C-Hbond cleavage
in the transition leading to the enolate of 2 relative to that
observed for acetone. The rate constant for the protonation
of the enolate of acetone has been estimated to be kBH =
1.7� 108 M-1 s-1 by the conjugate acid of 3-quinuclidinone
in H2O.37 Whereas, a process with no barrier for the pro-
tonation of an enolate would be expected to be diffusion
limited where values in the range of (5-7) � 109 M-1 s-1

have been determined for the reaction of azide with a variety

of benzylic carbocations.84-86 On the basis of the larger
β-value and the strain analysis in the previous section, we
conclude that the enolate of cyclobutanone is less stable,
relative to the keto-form, than is the enolate of acetone.
Thus, the kBH value for the protonation of the enolate of 2
must lie between kBH = 1.7� 108 M-1 s-1 and the diffusion
limit. If a linear correlation between the β-values and these
rate constants are assumed, limits for the rate constant for
the protonation of the enolate of 2 by the conjugate acid
of 3-quinuclidinone can be estimated for kBH to be between
5 � 108 to 2 � 109 M-1 s-1.

An estimate for the pKa of cyclobutanone can then be
generated using eq 1. The fact that kBwas determined inD2O
rather than in H2O has been acknowledged, however a small
solvent isotope effect of kB

HOH/kB
DOD = 1.1 has been

previously determined73 for a similar system and a similarly
small effect would be expected in these studies. When kB,
for the 3-quinuclidinone-catalyzed deprotonation of cyclo-
butanone, and the kBH values from above are substituted
into eq 1, the acidity of cyclobutanone in H2O can be
estimated to be pKa= 19.7 - 20.2. This can be compared to
the pKa of 19.3 for acetone27 and a pKa of 19.6 for the
methyl group of 4.24

The lifetime of 2-E in solution can be estimated on the
basis of Scheme 4 and eq 9, where kHO = 0.036 M-1 s-1

(using kDO/kHO = 1.4)36 and a pKa for 2 of 20.2, the upper
limit of the reactivity of 2-E. The rate constant for proton-
ation of the enolate of 2 by water kHOH = 6 � 104 s-1, at
25 �C. Thus, the lifetime of 2-E in solution is approximately

FIGURE 6. Reaction coordinate for the general base-catalyzed
deprotonation of the cyclobutanone and acetone in D2O where
the barrier to deprotonation is similar for both ketones. The enolate
of cyclobutanone lying in a more shallow energy well than the
enolate of acetone leads to changes in the pKa of the carbon acid.

SCHEME 4. Equilibrium for the ionization of cyclobutanone

(79) Dudev, T.; Lim, C. J. Am. Chem. Soc. 1998, 120, 4450–4458.
(80) Leffler, J. E. Science 1953, 117, 340.
(81) Streitwieser, A.; Kaufman, M. J.; Bors, D. A.; Murdoch, J. R.;

MacArthur, C. A.; Murphy, J. T.; Shen, C. C. J. Am. Chem. Soc. 1985, 107,
6983–6986.

(82) Pross, A. J. Org. Chem. 1984, 49, 1811–1818.
(83) Hupe, D. J.; Pohl, E. R. J. Am. Chem. Soc. 1984, 106, 5634–5640.

(84) McClelland, R. A.; Kanagasabapathy, V. M.; Steenken, S. J. Am.
Chem. Soc. 1988, 110, 6913–6914.

(85) McClelland, R. A.; Kanagasabapathy, V. M.; Banait, N. S.; Steenken,
S. J. Am. Chem. Soc. 1991, 113, 1009–1014.

(86) McClelland, R. A.; Cozrns, F. L.; Steenken, S.; Amyes, T. L.;
Richard, J. P. J. Chem. Soc., Perkin Trans. 2 1993, 1717–1722.
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1.6 � 10-5 s as compared to acetone whose approximate
lifetime in aqueous solution is 2� 10-5 s (based upon pKa of
19.327 and kHO = 0.22 M-1 s-1).52

Keq ¼ kHO½HOH�=kHOH ¼ Ka
k=Ka

HOH ð9Þ

Conclusions

The rate constants for the 3-substituted quinuclidine-
catalyzed deuterium incorporation into the R-position of
cyclobutanone have been determined in D2O, I = 1.0 M
(KCl) at 25 �C. The observation of general base catalysis of
deuterium incorporation, in addition to other factors, sup-
ported the conclusion that the enolate of 2 was a free
intermediate in solution. In all cases, the second-order rate
constants determined for 2 were slower than those found for
a 1-phenylacetone derivative (4),23 whose reactivity is com-
parable to that of acetone. The second-order rate constant
for deuteroxide-catalyzed deuterium incorporation into 2

was found to kDO = 0.051 M-1 s-1 compared to kDO =
0.21 M-1 s-1 for acetone, under the same conditions (D2O,
I = 1.0 M (KCl) at 25 �C). The similarity of the rate
constants of base-catalyzed enolate formation indicated that
the barrier to the deprotonation of cyclobutanone is similar
to those of acetone and 4. The β-value determined for
cyclobutanone (β = 0.59) using a series of substituted
quinuclidine bases indicated greater C-H bond breaking
in the transition state relative to the β-value observed for 423

and, potentially, a later transition state. A pKa for cyclo-
butanone of 19.7-20.2 was predicted based upon the com-
parison of the general base-catalyzed rate constants for the
enolization and β-values of 2, 3, and 4.

Effect of Ring Strain? It is well-known that the induction
of strain, like that found in small carbocycles, leads to greater
s-character in the carbon contribution to the C-H bonds
and an associated rise in the acidity of the hydrogens.41 The
results of prior studies determining the reactivity of cyclo-
butanone45,46 generated outcomes that indicated 2was signi-
ficantly more reactive, with respect to enolization, than
structural analogues. These results could be rationalized as
an effect of the increased bond angle strain in the carbocycle,
leading to an associated increase in the acidity/reactivity of
the R-protons.

In contrast, we and others47,72 have found the reactivity of
the R-protons of cyclobutanone to be similar to that found
for the R-protons of acetone and the methyl group of the
phenylacetone derivative 4. The results presented here
clearly show that, over a range of pD and for a structurally
similar series of tertiary amine bases, the barrier to the
deprotonation of cyclobutanone is essentially the same as
that found for acetone. That acetone, a strain-free system,
would react with a rate constant similar to that observed for
cyclobutanone suggests that ring strain is having no signifi-
cant effect on the acidity of the R-protons. While this idea
cannot be correct, as it has been well established that
increases in ring strain have a significant effect on the acidity
of the C-H bonds,41 it is possible that strain may not be as
significant in cyclobutanone as might be anticipated. For
example, the similarity in the degree of hydration of acetone
and cyclobutanone62 suggests that any strain present in 2

does not have a significant effect on electrophilicity of the
carbonyl group of 2 vs acetone.

Another factor that may lead to changes in the barrier to
deprotonation is the alignment of the C-H bond on the
R-carbonwith theπ-bondof the carbonyl. Such orbital overlap
has been cited as central to decreasing the barrier to deproton-
ation both experimentally87-92 and computationally.42-44

While the entropic factors in cyclobutanone would be
expected to be smaller compared to those of the comforma-
tionally unrestricted methyl group in acetone, the actual
alignment of the R-protons with the carbonyl group in
cyclobutanone is unknown. Does torsional strain between
the R- and β-hydrogens have to be increased in 2 to provide
better orbital alignment? If so, this would increase the barrier
to deprotonation.

The combination of structural and dynamic factors that
leads to the outcome discussed herein is not clear. However,
for the enolization of cyclobutanone, ring strain does not
apparently have a substantial effect on the velocity of reac-
tion. We have postulated, based upon thermodynamic78 and
computational data,79 that the ring size does destabilize the
enolate generated upon deprotonation of cyclobutanone.
Such destabilization results in a lower barrier to protonation
of the enolate and a decrease in the acidity of cyclobutanone
relative to that of acetone.

Experimental Section

Materials and Methods. The tertiary amines used were quin-
uclidine hydrochloride (97%), 3-quinuclidinone hydrochloride
(99%), 3-quinuclidinol (99%), and 3-chloroquinuclidine hydro-
chloride (98%) which were purchased from commercial sources
and purified by recrystallization as previously described.23

Cyclobutanone (98þ%), reagent grade acetone, deuterium
oxide (99.9% D), potassium deuteroxide (40 wt % in D2O,
98% D), potassium chloride, magnesium sulfate, potassium
phosphate (tribasic), and deuterium chloride (35 wt % in
D2O, 99.5% D) were all purchased from commercial sources
and used without further purification.

The reported pD’s of all prepared solutions and those of the
reaction solutions, after all the kinetic runs were completed,
were obtained by adding 0.4 to the observed pH readings.58 The
[deuteroxide] was determined according to eq 8, using Kw =
10-14.87, γOL = 0.79 as the apparent activity coefficient of
lyoxide for these experimental conditions.36

Solution Preparation. Standard solutions of KOD and DCl
were prepared by dilution, with D2O, of concentrated stock
solutions, where the concentration of theKODorDCl had been
determined by titration to the phenolphthalein end point using
standard solutions.

The solutions used in the deuterium incorporation experi-
ments were all prepared using the same general procedure, and
as a result, themethodwill be described once, without individual
detail. The quinuclidine buffers were recrystallized and dried
prior to utilization. Before the solutions were prepared, all labile
protons on the tertiary amines were exchanged by three succes-
sive washes with D2O followed by removal of the solvent under
vacuum, with final solvent removal performed under high

(87) Werstiuk, N.H.; Yeroushlami, S.; Guan-Lin,H.Can. J. Chem. 1992,
70, 974.

(88) Werstiuk, N. H.; Andrews, P. Can. J. Chem. 1978, 56, 2605.
(89) Stille, J. K.; Feld, W. A.; Freeburger, M. E. J. Am. Chem. Soc. 1972,

94, 8485–8489.
(90) Lajunen, M.; Ihantola, A.; Tallgren, J. Acta Chem. Scand. 1979, 33,

365.
(91) Buncel, E.; Davey, J. P. J. Chem. Soc., Perkin Trans. 2 1990, 169.
(92) Brown, H. C.; Kawakami, J. H.; Ikegami, S. J. Am. Chem. Soc. 1970,

92, 6914–6917.
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vacuum at room temperature for at least 24 h. Solution prep-
aration involved dissolving the deuterated amine in D2O with
additions of standardizedDCl orKOD (depending on the amine
used) added to reach the desired pD. The ionic strengths of all
solutions were maintained at I = 1.0 M using KCl. The total
concentration of all forms of the buffer in each of the standard
solutions was 0.5 M, which was the solubility limit for most of
the buffers used in these studies. The exceptionwas the 3-chloro-
quinuclidine solution where the solubility of the amine limited
the total buffer concentration to 0.1M.The phosphate solutions
also contained a total [phosphate] of 0.1 M.

Deuterium Incorporation Studies. All reactions were per-
formed in D2O in the presence of general base catalysts at
25 �C and I = 1.0 M (KCl). Prior to the initiation of any
incorporation experiment, the kinetic solution was equilibrated
in a water bath set to 25 �C for at least 15 min. An experiment
was initiated by injecting neat cyclobutanone (10 mM final
concentration) into the D2O solution at zero time. At timed
intervals a 1- or 1.5-mL aliquot of the reaction mixture was
removed and acidified using DCl. A small excess of DCl was
usually added to ensure that all the general base catalyst was in
its conjugate acid form; otherwise, the tertiary amine would be
extracted during the next stage. The resulting acidified solution
was immediately extracted with ∼1 mL of CDCl3; after separa-
tion from the aqueous layer, the organic layer was dried by
passage through a short column ofMgSO4 and stored in a sealed
vial. The samples, so obtained, were stored at 4 �Cuntil analyzed
by 1H NMR spectroscopy, without any apparent degradation
over time. At least five and usually six time-dependent kinetic
samples were collected and analyzed for each general base
concentration studied. After the final sample was collected,
the pD of the remaining reaction solution was measured to
determine if the pD had changed during the course of the
experiment.

Those experiments performed in the phosphate solutions
were performed in the same manner as described above with
both cyclobutanone and acetone having final concentrations of
5-7 mM.

1HNMRSpectroscopy.The 1HNMRanalysis of each sample
was performed using a 400 or 500 MHz spectrometer with the
probe temperature maintained at 25 �C with all spectral data
referenced to CHCl3 at 7.27 ppm. The resonances for the
R-protons of cyclobutanone were coupled to the β-protons yield-
ing a set of peaks that became more complex upon deuterium
incorporation. To simplify the resonance of the R-protons
(3.11 ppm), the protons on the β-carbon (at 2 ppm) were
subjected to inverse gated homonuclear decoupling during
acquistion.48,55 The spectrum simplified to yield a singlet at
3.11 ppm for the R-CH2 and an upfield shifted triplet at 3.09 ppm
(JDH = 2.2 Hz) for the deuterated form of 2. The relaxation
times for the protons undergoing exchange were found to be
approximatelyT1= 5 s, and thus, the delay time between pulses
was set to 60 s to ensure a uniform population with each pulse.

The exchange of protium for deuterium in the R-position of
cyclobutanone in D2O was followed by monitoring the dis-
appearance of the singlet at 3.11 ppm due to the R-CH2’s groups
and the appearance of an upfield shifted triplet at 3.09 ppm for
the R-CHD group. The progress of the reaction (RCH2) was
determined using eq 2,56,57 where ACH2 and ACHD are the
integrated areas for the singlet and triplet peaks for the R-CH2

and R-CHD peaks, respectively. Line broadening due to long-
range couplingbetween theCHDgroup (C2position) and theCH2

group (C4 position) resulted in overlap between the observed
singlet for the equivalent R-CH2 positions and the triplet for the
CHD group which resulted in only the area of the final peak of
the triplet for the R-CHD group being accurately measured.
Thus,ACHD was determined bymultiplying the area of the most
upfield shifted triplet by 3. The area of ACH2 was determined
by taking the total area of the singlet and triplet for ACH2 and
ACHD and then subtracting the ACHD determined as described
above.

The observed rate constants for deuterium exchange for a
specific concentration of general base catalyst were determined
by the slope of the linear correlation between the natural log of
the reaction progress (RCH2) vs time (according to eq 3). These
plots were linear for exchange of up to 30%of the first proton of
the R-CH2 groups.

For the deuterium incorporation studies involving acetone
and cyclobutanone, the amount of deuterium exchange into
cyclobutanone was determined as described above. Deuterium
exchange into acetone was performed as previously described37

by following the disappearance of the singlet at 2.33 ppm (ACH3)
and the appearance of the upfield shifted triplet at 2.31 ppm
(ACH2D). The singlet and triplet peaks for the R-CH3 and
R-CH2D were well resolved, and the areas of the peaks could be
directly measured. The observed rate constants for deuterium
incorporation were determined as shown in eqs 6 and 7, and
plots of the natural log of reaction progress (RCH3) were linear
for exchange of up to ∼30% of the first proton of the R-CH3

groups.
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