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Resolution of 2-substituted 1,4-benzodioxanes by entrainment
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Abstract—The methyl ester of 1,4-benzodioxane-2-carboxylic acid 1 and the mesylate of 2-hydroxymethyl-1,4-benzodioxane 2 are syn-
thetic intermediates whose enantiomers can be advantageously used to prepare a number of enantiopure 2-substituted 1,4-benzodioxanes
from readily accessible (±)-1,4-benzodioxane-2-carboxilic acid. We have previously demonstrated the conglomerate nature of the enan-
tiomeric systems of 1 and 2. Herein, we report the resolution of their racemates by preferential crystallization according to an entrain-
ment procedure. In particular, the entrainment resolution of 1 showed good efficiency, which makes the present method a competitive
alternative to the classical resolutions of 1,4-benzodioxane-2-carboxylic acid with dehydroabietylamine and para-substituted 1-phenyl-
ethylamines that we have recently reported.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The chiral 2-substituted 1,4-benzodioxane system is a
recurrent substructure in therapeutic agents while the abso-
lute configuration of its stereogenic C2 often strongly influ-
ences the biological activity of molecules containing such a
system. This is the main reason why a number of methods
have been developed over the last 30 years for the prepara-
tion of enantiopure 1,4-benzodioxanes bearing, at the 2-po-
sition, substituents easily susceptible to further synthetic
transformations, such as carboxyl, alkoxycarbonyl, vinyl
or suitably functionalized methyl. These methods are based
on resolution of the respective racemates, catalyzed by en-
zymes1,2 or accomplished after conversion into diastereo-
meric mixtures,3,4 or on syntheses, which utilize
asymmetric catalysts or start from non-racemic precursors
belonging to the ‘chiral pool’, such as glycerol or glycidol
derivatives.5–8 The most recent examples, reported after
2000, are the palladium-catalyzed asymmetric cyclization
of benzene-1,2-diol with allylic biscarbonates,9 the palla-
dium-catalyzed intramolecular cyclization of non-racemic
1-(2-bromophenyl)glycerol10 and the enzymatic resolutions
of 1,4-benzodioxane-2-carboxylic acid,11 its ethyl ester12

and 2-hydroxymethyl-1,4-benzodioxane.13 In 2003, we
developed some efficient resolution methods for 1,4-benzo-
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dioxane-2-carboxylic acid with (+)-dehydroabietylamine,
giving access to both enantiopure (R)- and (S)-acids.14

Two years later, we reported two new resolution proce-
dures, which were more efficient, of the same acid using
1-(p-nitrophenyl)ethylamine and 1-(p-methylphenyl)ethyl-
amine.15 Over the course of our studies on the resolution
with (+)-dehydroabietylamine, we were able to demon-
strate by DSC and IR analyses that 1,4-benzodioxane-2-
carboxylic acid and 2-hydroxymethyl-1,4-benzodioxane
are racemic compounds, whereas the respective methyl
ester 1 and mesylate 2 form conglomerates.14
On the basis of this latter observation, and of our previous
successful experiences in resolving conglomerates16–18 by
entrainment, we planned to apply this resolution method
to 1 and 2. In fact, we consider that preferential crystalliza-
tion represents, among the stereotechnologies, an addi-
tional option, which is not as familiar to researchers,
since conglomerates are relatively rare, and neglected,
because the process needs optimization and careful con-
trol of conditions. This notwithstanding, the fact that chi-
ral auxiliaries are not required makes such a procedure
attractive and really advantageous. Here, we report the
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entrainment resolution of 1 and 2, supported by solubility
characterization and enantiomeric excess analysis of the
two substrates. The results are compared with those of
our previous classical resolutions via diastereomeric salts
of 1,4-benzodioxane-2-carboxylic acid.
2. Results and discussion

We prepared (±)-1 and small quantities of its enantiomers
according to previously reported methods.14 Solubility
tests of (±)-1 in various solvents indicated 2-propanol as
a good candidate for the preferential crystallization by
entrainment considering its reasonable dissolving ability
for (±)-1 (51 mg/mL) at room temperature (21 �C). Before
performing the crystallization experiments, we determined
the ternary solubility phase diagram for the system (S)-
(�)-1/(R)-(+)-1/2-propanol at 21 �C. The triangular dia-
gram was constructed using values of 6.12% (51 mg/mL)
and 2.67% (21.5 mg/mL), namely, the solubilities expressed
as weight/weight percentages, which we had previously
measured for (±)-1 and (S)-(�)-1 in 2-propanol at 21 �C,
respectively (see Fig. 1).

The slightly higher than 2 ratio (a) of racemate solubility to
enantiomer solubility is typical for conglomerates, whose
molecules are not dissociable in solution as is the case for
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Figure 1. Solubility diagram of 1 in 2-propanol at 21 �C. The concentra-
tions of the components are expressed as weight percentages. The
magnified upper part of the diagram shows the composition of the
saturated solution of racemate [point E: 93.88% 2-propanol and 3.06% · 2
(±)-1] and of single enantiomer [97.33% 2-propanol and 2.67% (S)-1 or
(R)-1].
those of 1.19 As can be seen from Figure 1, such an a value
results in an unsaturation area, which is not represented by
a parallelogram, that is a rhomb (a = 2), but by a quadri-
lateral, where the solubility curve is made up of two seg-
ments (the red lines) not parallel to the sides of the
triangle, and intersecting to form a <60� angle. In this tri-
angular phase diagram, we defined the region in which the
resolution by entrainment is favourable; in other words,
the more suitable conditions of supersaturation for an effi-
cient resolution by preferential crystallization (see Fig. 2).
A 13 wt % of (±)-1 [117 mg of (±)-1 per millilitre of 2-pro-
panol, that is, more than twice its solubility, which is
51 mg/mL] was empirically established as a concentration
corresponding to a sufficiently high, but nevertheless even
metastable supersaturation, since without seeding, no crys-
tallization took place in a solution with such a concentra-
tion during several hours at room temperature. The area
of the ternary diagram useful for entrainment resulting
from this limit of metastable saturation is a parallelogram
(see Fig. 2) whose sides are formed by the prolongations of
the two segments of the solubility curve and by the respec-
tive parallel lines intersecting at the point corresponding to
Figure 2. Area (red quadrilateral) of the solubility diagram of (±)-1 usable
for the entrainment and, in the magnified part, the third cycle of resolution
of (±)-1 (see Table 1). A and C are the ternary compositions of the
supersaturated solutions of (±)-1, (S) and (R)-enriched, respectively,
where the crystallization takes place; B and D those of the mother liquors
remaining from the crystallizations of (S)-(�)- and (R)-(+)-1, respectively.
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13% of (±)-1 [ternary composition: 87% 2-propanol, 6.5%
(S)-(�)-1, 6.5% (R)-(+)-1].20 Within this area, we drew five
consecutive crystallization cycles. Figure 2 shows a clear
view of the ternary compositions (points A–D) assumed
by the system over the course of the third cycle.

In the first cycle, (±)-1 (4 g), enriched with a slight excess of
(S)-(�)-1 (0.2 g), was dissolved in 2-propanol (40.95 g),
(ternary composition almost identical to the starting com-
position A of the third cycle, shown in Fig. 2) and slowly
cooled to 25 �C while stirring. The resulting supersaturated
solution was seeded with crystals of (S)-(�)-1, cooled fur-
ther to 21 �C and, after 10 min, filtered to isolate a laevoro-
tatory precipitate, containing an excess of (S)-(�)-1, which
was almost twice the initial (S)-enrichment. The filtrated
mother liquors, now having a composition similar to B
but with the specific rotation changed to a positive value
because of the (R)-enrichment, were added with (±)-1 to re-
store the initial supersaturation (composition � C) and the
procedure was repeated for the (R)-enantiomer. Again, we
isolated a crystalline, but now, destrorotatory precipitate
containing an almost double excess of (R)-(+)-1 to the ini-
tial (S)-enrichment, from mother liquors, which had now
assumed a composition similar to D. As shown in Table
1, two or a little more than two times the amount of the ini-
tial excess of the enantiomerically pure compound was sep-
arated for each of the subsequent eight crystallizations;
after five cycles, we obtained 2.3 g of (R)-(+)-1 with
92.2% enantiomeric excess and 3.1 g of (S)-(�)-1 with
68.3% enantiomeric excess. Finally, these two quantities
were recrystallized from 2-propanol to yield about 2 g of
each enantiomer, 10 times the amount of the initial invest-
ment in (S)-(�)-1, with >99% enantiomeric excess. All the
enantiomeric compositions were determined by HPLC on
chiral stationary phase according to our previously
reported method.14

Prompted by the successful resolution of (±)-1 by preferen-
tial crystallization, we considered mesyloxymethylbenzodi-
oxane 2, the second conglomerate occurring in the 2-
substituted benzodioxane synthetic sequence ‘carboxylic
Table 1. Resolution of (±)-1 by entrainment

Cycle 1 Added (mg) Recov

(±) (�) (�)

1 4000 200 890
890

2 405 760
760

3 430 440
440

4 430 470
470

5 530 510
510

Total 8865 200 3070b

(68.3% eea

Residued 3650

a Enantiomeric excess determined by HPLC (Chiralcel OD column; hexane/2-
b 2060 mg f½a�25

D ¼ �57 (c 1, CHCl3); ee >99%} after recrystallization from 2-
c 2050 mg f½a�25

D ¼ þ57 (c 1, CHCl3); ee >99%} after recrystallization from 2-p
d Recovered, with 5.4% ee [(S) enriched], by concentration of the mother liquo
acid–methyl ester–alcohol–mesylate’, where racemic com-
pounds and conglomerates are in alternate succession.14

The racemate and small quantities of the two enantiomers
were synthesized from racemic and enantiopure 1, respec-
tively, as previously described.14 Solubility tests indicated
ethanol as the most suitable solvent for the entrainment
procedure due to its moderate ability at dissolving both
(±)-2 (56.3 mg/mL at 30 �C; 31.5 mg/mL at 21 �C) and
its enantiomers (22.0 mg/mL at 30 �C; 14.5 mg/mL at
21 �C). Again, as expected since 2 is not a dissociable com-
pound, little higher than 2 ratios of racemate solubility to
enantiomer solubility were found. An analytical method
using chiral HPLC (Chiralcel OJ column; water saturated
hexane/ethanol 60:40; 0.8 mL/min; (S)-2: k 0 = 5.13; (R)-2:
k 0 = 4.63) was developed for the enantiomeric excess deter-
mination before performing the resolution experiments.
These succeeded under the following conditions: (a) solu-
tion of (±)-2 (3 g) and (R)-(�)-2 (0.15 g) in ethanol
(25.6 g) at 40 �C; (b) cooling to 35 �C and seeding with
crystals of (R)-(�)-2 at this temperature, (c) further cooling
to 30 �C while stirring and, after 15 min at this tempera-
ture, recovery of the precipitate by filtration. Such a precip-
itate (0.36 g) was laevorotatory and showed a 75.0%
enantiomeric excess, thus containing an excess of (R)-(�)-2
(0.27 g), which was almost twice the initial (R)-enrich-
ment. The successive specular procedure, accomplished
by seeding the filtrate with crystals of (S)-(+)-2 after restor-
ing the initial supersaturation by addition of (±)-2 (0.36 g),
afforded a destrorotatory precipitate (0.38 g) with a 54.0%
enantiomeric excess. These results demonstrated that (±)-2
can be resolved by entrainment and the process carried out
in a cyclic manner.
3. Conclusion

The resolution of (±)-1 was accomplished by preferen-
tial crystallization applying an entrainment procedure
under conditions optimized and validated through five
consecutive crystallization cycles, which showed an
18–25% efficiency (chemical yield, relative to half of the
ery of resolved 1 (mg) ee of recovered precipitatea

(+)

41.3
405 89.3

52.8
430 88.9

92.2
430 93.6

94.7
530 93.2

93.4
480 86.8

2275c

) (92.2% eea)

propanol 85:15; 1.2 mL/min; (R)-1: k 0 = 3.17; (S)-1: k0 = 2.19).
propanol.
ropanol.
rs remaining from the last crystallization.
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starting racemate, of each crystallization · enantiomeric
excess), an excellent value compared to the other known
resolutions of non-dissociable racemates by entrainment.
The same technique was employed to resolve (±)-2, com-
pleting only one crystallization cycle. In this latter case,
the efficiency was slightly lower, but the conditions should
be susceptible to optimization. This notwithstanding, the
experiments conducted on (±)-2 demonstrated that the ini-
tial enantiomeric enrichment, which is the driving force of
the entrainment, was preserved after the whole crystalliza-
tion cycle and thus the cyclic alternate crystallizations of
the two enantiomers, could in theory, be repeated an
unlimited number of times.

Our previous methods of resolution of benzodioxane-2-
carboxylic acid with dehydroabietylamine showed efficien-
cies ranging between 54% and 75%14 while those with para-
substituted phenylethylamines showed values between 79%
and 92%.15 It is evident that at least three crystallization
cycles of (±)-1 by entrainment are necessary to achieve sim-
ilar resolution efficiencies. However, in spite of such a num-
ber of crystallizations, the entrainment resolution of the
methyl ester could still be convenient in comparison with
the classical resolutions of the carboxylic acid, considering
that the work-up is extremely simple and the chiral auxilia-
ries are not needed in preferential crystallization, whose
most interesting feature remains in the fact that the enantio-
mers themselves are their own resolving agents.
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