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ABSTRACT

A 1H NMR study of the acid-catalyzed, intramolecular trans-esterification between isomeric 2-exo-3-exo-dihydroxybornane
monoacrylate esters has afforded insights into the reaction mechanism and permitted the determination of kinetic and thermody-
namic parameters for the pseudo-first-order processes.
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The Baylis-Hillman reaction has attracted considerable attention1

and, in our own laboratories, has been used to construct various
benzannulated heterocyclic systems.2 A number of asymmetric
Baylis-Hillman syntheses have been reported3 and, as part of an
ongoing asymmetric synthesis programme,4 we decided to
explore the possibility of using 2-exo-3-exo-dihydroxybornane
monoacrylate esters as chiral Baylis-Hillman substrates. It was
anticipated that the title compounds would provide: i) a rigid
scaffold to minimize conformational flexibility; ii) a proximate
asymmetric moiety to induce diastereofacial selectivity; and iii) a
hydroxyl group to increase the reaction rate5 and enhance transi-
tion state rigidity via intramolecular hydrogen bonding, as illus-
trated in Fig. 1.

The synthesis of the title compounds is outlined in Scheme 1.
Thus, SeO2 oxidation of camphor 1 afforded camphorquinone 2
(84 %),6 LAH reduction of which gave 2-exo-3-exo-dihydroxy-
bornane 3 in excellent yield (96 %). Treatment of the
dihydroxybornane 3 with BuLi, followed by acryloyl chloride at
0 °C, afforded a mixture of mono- and diester products (4: 34 %;
5: 47.8 %; and 6: 10.8 %). However, while chromatographic sepa-
ration of the products could be achieved, the tendency of either
monoester to undergo equilibration (see Fig. 2) in CDCl3 soon
became apparent, prompting a detailed investigation of the
kinetics of this unexpected, and apparently spontaneous, trans-
esterification.

At 400 MHz, the 1H NMR 2-H and 3-H signals for both mono-
esters are well resolved and proved to be excellent probes to
monitor the trans-esterification (Fig. 2). In order to establish the
final equilibrium concentrations of the isomeric esters, the
NMR tube, containing the mixture was kept in a constant
temperature (323 K) water bath and further 1H NMR spectra
were recorded at regular intervals until the relative concentrations
remained essentially unchanged for ca. 12 h. While the possible
intermediacy of transient species such as the 2-exo-hydroxy
species 7 (and/or the 2-endo-diastereomer 7’; Scheme 2) was
recognized, there was no experimental evidence for their exis-
tence.

Consequently, it may be assumed that (k1<< k2; Scheme 2) and

(k3 << k4),7 and the overall process can be treated as the reversible
first-order reaction:

5 � 4

where k+1 and k–1 are the overall rate constants for the forward
and reverse reactions respectively, and the overall rate coeffi-
cient is the sum of the rate constants for the opposing reactions.

The integrated rate equation for such a reversible first-order
reaction can be expressed in the form of Equation 1,7 in terms of
which a plot of ln ([5] – [5]eq) vs. t affords a straight line of slope
– (k+1 + k–1). Equations 2 and 3 can then be used to determine the
individual rate constants.

ln ([5] – [5]eq.) = – (k+1 + k–1)t + ln ([5]o – [5]eq) , (1)

where [5]o is the initial concentration and [5]eq the equilibrium
concentration.

k+1 = (k+1 + k–1) ÷ (1 + [5]eq/[4] eq) (2)

and k–1 = k+1 ([5]eq /[4]eq) . (3)

Thus, a plot of the data for the isomerization of compound 5 in
unpurified CDCl3 at 338.5 K affords a straight line (e.g. Fig. 3;
R2 = 0.9998), from the slope (–4.91 × 10–5) of which the forward
and reverse rate constants could be determined [k+1 = 2.58
(±0.08) × 10–5 s–1 and K–1 = 2.33 (±0.05) × 10–5 s–1, respectively].
When the kinetic study was repeated at 338.5 K using the iso-
meric substrate 4, a variation of <1 % from the mean of the k+1

and k–1 values was observed.
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Figure 1 Expected Baylis-Hillman transition state interactions involving
the 2-exo-hydroxy-3-exo-bornanyl enolate species.
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Data for the isomerization of the monoester 4 were obtained at
eight different temperatures in the range, 302–338.5 K, and an
Arrhenius plot (R2 = 0.9422) permitted determination of the
activation energy (Ea = 77 ± 7 kJ mol–1). Similar treatment of the
data (R2 = 0.9458) for the reverse reaction (using monoester 5)
gave Ea = 78 (± 7) kJmol–1. The calculated8values for the enthalpy
(aH‡), entropy (aS‡) and Gibbs free energy (aG‡) of activation
for the forward and reverse reactions at 298 K are summarized
in Table 1 (Entries 1 and 2). At all temperatures, the rate of the
forward reaction is slightly greater than that of the reverse
reaction – a result consistent with the observed equilibrium
concentrations. The large negative entropy changes for the
formation of the transition state are, at least, consistent with the
formation of a transient cyclic intermediate such as 7 (and/or 7’;
Scheme 2).

Acidic impurities are known to develop on exposure of CDCl3

to atmospheric conditions,9 and attention was given to the possi-
ble role of acid catalysis in the trans-esterification process
(Scheme 3). Consequently, isomerization of the monoesters 4
and 5 was explored under dry N2, at different temperatures,
using CDCl3, which had been purified by passage through
activated alumina and crushed 4Å molecular sieves to remove
practically all traces of HCl and H2O.9 While the rate of the
forward reaction was still ca. 10 % faster than the reverse reac-
tion (Table 1; Entries 3 and 4), both processes were of the order of
25 times slower than those in unpurified CDCl3. Moreover, the
activation energies (Ea) and the free energies (aG‡) and
enthalpies of activation (aH‡) were >100 kJ higher than the cor-
responding values in unpurified CDCl3. These increases
in Ea, aH‡ and aG‡ clearly reflect the absence of significant acid
catalysis in the reactions conducted in purified CDCl3. On the
other hand, the entropies of activation (aS‡) for both sets
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Scheme 1
Reagents and conditions: i) SeO2, Ac2O, 30 °C; ii) LiAlH4, THF, 60 °C; iii) NaH, THF, 0 °C then acryloyl chloride; iv) BuLi, THF, 0 °C,

then acryloyl chloride.

Figure 2 Stack-plot of partial 400 MHz 1H NMR spectra recorded over 42 h, showing equilibration commencing with monoester 4 in unpurified
CDCl3 at 338.5 K.



of reactions are indistinguishable within the limits of error,
suggesting that, even in the absence of the acid catalyst, the
activated complexes possess a similar degree of order. Attempts
to quantify the concentration of acid in CDCl3 proved frustrat-
ingly difficult, while addition of a small volume of HCl to purified
CDCl3 resulted in rapid isomerization and concomitant conjugate
addition of HCl to the acrylate moiety. When the experiments
were conducted using purified CDCl3 in air, the reactions
proceeded, initially, at rates comparable to those observed using
purified CDCl3 under N2. However, the rates then gradually
increased becoming comparable to those for reactions in
unpurified CDCl3, the general trend being the higher the reaction
temperature, the sooner the increase in the rate – an observation
consistent with the degradation of the CDCl3 in air in these cases.
However, the linearity of the pseudo-first-order kinetic plots
(e.g. Fig. 3; R2 = 0.9998) is consistent with negligible variation of
the acid concentration during kinetic runs using unpurified
CDCl3. These observations have led us to conclude that trans-

esterification in these systems is catalyzed by trace, but seem-
ingly stable concentrations of acid in the stored (unpurified)
CDCl3.

The use of purified10 DMSO-d6 as solvent was expected to
obviate the acidic complications observed with CDCl3, and
trans-esterification under N2 in this medium was exceedingly
slow (<1 % change in the integral ratios over 12 h at 325.2 K and
<5 % over 11 h at 348.5K), but the addition of p-toluenesulfonic
acid catalyzed the transformation. Not surprisingly, introduc-
tion of a catalytic quantity of conc. H2SO4 accelerated the
trans-esterification in purified DMSO-d6 but resulted in concom-
itant degradation of the sample.

It is apparent that the reaction rates are strongly influenced by
the medium and increase in the order: purified DMSO-d6 <
purified CDCl3 < purified DMSO-d6 with p-TsOH < unpurified
CDCl3. The activation energies (Ea) for both monoesters, in a
given medium, are very similar, as are the activation parameters,
aH‡, aG‡ and aS‡. Irrespective of the medium, however, the
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Scheme 2

Table 1 Summary of kinetic data for the pseudo-first-order equilibration of the monoesters 4 and 5 at 298 K.

Entry Rn. Solvent system -Ea/R Ea aH‡ kf
a

aS ‡
aG‡

(kJ mol–1) (kJ mol–1) (kJ) (s–1) (J mol–1) (kJ mol–1)

1 5 Ã 4 Unpurified CDCl3 –5876 (±563) 48.9 (±4.7) 46.4 (±4.4 ) 2.12 (±0.35) × 10–6 –361.8 (±24.8) 154.2 (±4.2)
2 4 Ã 5 Unpurified CDCl3 –5937 (±546) 49.4 (±4.5) 46.9 (±4.3) 1.91 (±0.30) × 10–6 –362.7 (±23.4) 155.0 (±4.3)
3 5 Ã 4 Purified CDCl3 –14493 (±3469) 120.5 (±28.8) 118.0 (±28.2) 9.08 (±0.95) × 10–8 –387.8 (±52.5) 233.6 (±87.5)
4 4 Ã 5 Purified CDCl3 –14432 (±3385) 120.0 (±28.1) 117.5 (±27.6) 8.14 (±0.85) × 10–8 –388.7 (±50.8) 233.3 (±85.2)

akf = rate constant for the forward reaction in the given experiment (column 2).

Figure 3 Plot of ln ([4]-[4]eq) against time for the equilibration of the monoesters 4 and 5 at 338.5 K in unpurified CDCl3.



entropies of activation (aS‡) are all negative and comparable in
magnitude. We thus conclude that the observed trans-
esterification proceeds via concurrent, acid-catalyzed, pseudo-
first-order, forward and reverse reactions, involving ordered
transition-state species. These conclusions are accommodated
by the mechanistic proposals outlined in Scheme 3.

Experimental
NMR spectra were recorded on a Bruker AVANCE 400 MHz

spectrometer at 305 K. Low-resolution (EI) mass spectra were
obtained on a Finnigan-Mat GCQ mass spectrometer and high-
resolution (EI) mass spectra on a VG70-SEQ double-focusing
magnetic sector spectrometer (Department of Chemistry,
University of the Witwatersrand). Optically pure compounds
were derived from commercially available, homochiral,
(1R)-(+)-camphor. Compounds 211 and 312 are known.

2-exo-3-exo-Bornanyl diacrylate 6, 2-exo-hydroxy-3-exo-bornanyl
acrylate 4 and 3-exo-hydroxy-2-exo-bornanyl acrylate 5:
Butyllithium (1.6 M solution in hexane; 9.62 mL, 15.4 mmol) was
added dropwise over 20 min, under dry N2 to a stirred solution
of bornane-2,3-diol 3 (2.02 g, 11.8 mmol) in dry THF (25 mL) at
–5 °C. After 1.5 h, acryloyl chloride (1.41 g, 15.6 mmol) was added
dropwise, the mixture was stirred at 0 °C for 1 h and then allowed
to warm to room temperature over 14 h. The THF was removed
in vacuo and the residue was treated with satd. aq. NaHCO3

(10 mL), extracted with Et2O (3 × 10 mL) and dried over anhy-
drous MgSO4. Concentration under reduced pressure gave an
oil, which was chromatographed [radial chromatography, using
silica gel, 4 mm plate; elution with hexane-EtOAc (9:1)] to afford
the following three products.

2-exo-3-exo-Bornanyl diacrylate 6, as white crystals (0.36 g, 11 %)
(Found: M+, 278.15199. C16H22O4 requires M, 278.15181); ÇH

(400 MHz; CDCl3) 0.85, 0.88 and 1.15 (9H, 3 × s, 8-, 9- and 10-Me),
1.19–1.83 (4H, complex of multiplets, 5- and 6-CH2), 1.91 (1H, d, J
4.9 Hz, 4-H), 4.91 (2H, s, 2-H and 3-H), 5.77 and 6.03 (4H, 2 × m,
3’- and 3”-CH2) and 6.30 (2H, m, 2’ and 2”-H); ÇC (100 MHz;
CDCl3) 10.9, 20.4 and 20.9 (C-8, C-9 and C-10), 23.8 (C-6), 32.9
(C-5), 47.5 and 48.8 (C-1 and C-7), 49.6 (C-4), 77.1 (C-2), 79.8 (C-3),
128.4 (C-2’), 128.5 (C-2”), 130.47(C-3’), 130.54 (C-3”), 164.89 (C-1’)
and 165.00 (C-1”); m/z 278 (M+, 0.4  %) and 206 (100).

2-exo-Hydroxy-3-exo-bornanyl acrylate 4, as an oil (0.90 g, 34 %)
(Found: M+, 224.14161. C13H20O3 requires M, 224.14124); ÇH

(400 MHz; CDCl3) 0.82 (3H, s, 9-Me), 0.93 (3H, s, 8-Me), 1.02–1.84
(4H, complex of multiplets, 5- and 6-CH2), 1.12 (3H, s, 10-Me),
1.84 (1H, d, J 5.0 Hz, 2-OH), 1.88 (1H, d, J 4.9 Hz, 4-H), 3.81 (1H,
dd, J 5.2 and 6.2 Hz, 2-Hendo), 4.68 (1H, d, J 6.8 Hz, 3-Hendo), 5.83 (1H,
dd, J 1.4 and 10.4 Hz, 3’-HZ), 6.13 (1H, dd, J 10.4 and 17.3 Hz, 2’-H)
and 6.39 (1H, dd, J 1.4 and 17.3 Hz, 3-HE); ÇC (100 MHz; CDCl3)
11.0 (C-8), 20.7 (C-10), 21.1 (C-9), 23.9 (C-5), 33.2 (C-6), 46.9 (C-7),
49.0 (C-1), 49.2 (C-4), 79.6 (C-2), 80.0 (C-3), 128.4 (C-2’), 130.7
(C-3’) and 166.2 (C-1’).

3-exo-Hydroxy-2-exo-bornanyl acrylate 5, as an oil (1.27 g, 48 %)
(Found: M+, 224.14161. C13H20O3 requires M, 224.14124); ÇH

(400 MHz; CDCl3) 0.82 (3H, s, 9-Me), 0.90 (3H, s, 8-Me), 1.01–1.75
(4H, complex of multiplets, 5- and 6-CH2), 1.15 (3H, s, 10-Me),
1.79 (1H, d, J 4.8 Hz, 4-H), 1.87 (1H, d, J 4.1 Hz, 3-OH), 4.02 (1H,
dd, J 3.7 and 6.2 Hz, 3-Hendo), 4.54 (1H, d, J 6.7 Hz, 2-Hendo), 5.84 (1H,
dd, J 0.9 and 10.4 Hz, 3’-HZ), 6.15 (1H, dd, J 10.4 and 17.3 Hz, 2’-H)
and 6.40 (1H, dd, J 1.4 and 17.3 Hz, 3-HE); ÇC (100 MHz; CDCl3)
11.2 (C-8), 20.6 (C-10), 21.1 (C-9), 24.1 (C-5), 33.1 (C-6), 47.0 (C-7),
48.3 (C-1), 51.6 (C-4), 76.7 (C-3), 82.9 (C-2), 128.4 (C-3’), 130.7
(C-2’) and 166.4 (C-1’).

Kinetic studies: the monoesters 4 and 5 were purified by
HPLC [elution with hexane-EtOAc (7:3)]. The solvent was removed
from each fraction under reduced pressure and the purified
compounds were stored under N2 at –78 °C. Aliquots (0.5 mL) of
solutions of 4 or 5 in deuterated solvent were used for NMR
spectroscopic analysis. Data were acquired using an automated
programme to obtain spectra at regular time intervals. Final
equilibrium concentrations were determined by monitoring the
samples, kept in sealed NMR tubes at constant temperature
(±0.5 K) for periods of 7–30 days until the product ratios were
constant. The NMR data sets were analyzed using a specially
developed program13 to process the F.I.D. data and integrate
the selected signals. Corrected NMR probe temperatures were
used to calculate the kinetic parameters summarized in Table 1.
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Scheme 3
Proposed acid-catalyzed transesterification of the acrylate monoesters 4 and 5 via the 2-exo-hydroxy species 7 and/or the 2-endo-diastereomer 7’.
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