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Abstract—The phenomenon of unusual heterochiral crystallization tendency of several 3-arylphthalide compounds in non-racemic
solution was observed. With this finding, a range of highly enantiomerically enriched 3-arylphthalides were easily accessed through
heterochiral crystallization. In addition, the previously reported nickel-catalyzed tandem reaction to asymmetric synthesis of chiral
phthalides was reinvestigated and partial data were corrected.
� 2007 Elsevier Ltd. All rights reserved.
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Phthalides represent a large class of naturally occurring
and biologically active compounds.1 They are important
pharmacological molecules as well as useful building
blocks.2 Enantiopure compounds substituted at C-3
are particularly valuable. The asymmetric synthesis of
chiral 3-substituted phthalides have thus attracted much
attention from organic chemists.3 However, examples of
highly efficient enantioselective synthesis remain few.
Previously, we reported a nickel-catalyzed tandem reac-
tion for the asymmetric synthesis of chiral 3-arylphtha-
lides.4 The products were obtained with moderate to
high enantiomeric excesses. In our continuous work to
further improve the reaction enantioselectivity, we ob-
served a unique and interesting crystallization behavior
of chiral 3-arylphthalide products. A range of highly
enantiomerically enriched 3-arylphthalides could be eas-
ily accessed through unusual heterochiral crystallization
method. Herein, we wish to describe these findings and
at the same time present a correction of our former
work.

In the previous work,4 we reported that phthalide 2a
was produced by Ni–BINAP catalyzed tandem reaction
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of o-bromobenzaldehyde 1a in good yield and with 43%
ee (Scheme 1). During the further investigation, we
noticed a very strange phenomenon that the reaction
result, particularly the enantioselectivity, varied upon
the same reaction conditions. The ee value of the same
reaction product 2a tested at different times by chiral
HPLC even differentiated with each other most of the
time. After a more careful examination, we assumed
the possible reason of solubility factor of 2a in HPLC
eluent. Solid 2a has relatively poor solubility in the
mixed HPLC solvent of hexane and 2-propanol. By add-
ing very small amount of CH2Cl2 to the HPLC solution,
2a could be entirely dissolved, the ees remeasured then
are reproducible. These results suggest that the ee deter-
mination from a completely dissolved 2a solution is very
important. To obtain the accurate enantioselectivity, all
product 2a isolated from the reaction was dissolved in
Zn (3 eq), toluene, 90 C
OMe OMe

OMeMeO

1a 2a

Scheme 1.
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Figure 3. The 3-D crystalline packing arrangement of heterochiral 2a

(top) and homochiral 2a (bottom).
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CH2Cl2, and a small part of this 2a solution was used for
HPLC analysis. After several attempts, a reproducible
71% ee was observed instead of 43% ee reported
previously.

With the above unique experience, we realized that the
enantiomeric composition of the solid and solution
may be different. To further confirm this, we did crystal-
lization (one time) of phthalide 2a (71% ee) and mea-
sured the ees of both crystal and mother liquor.
Surprisingly, the HPLC showed that the crystal was
almost racemic (<5% ee), while in mother liquor a 97%
ee was obtained! This is different with the common situ-
ation of recrystallization that enantiomerically enriched
crystals are usually formed. The X-ray crystallographic
analysis demonstrated that the crystal is a heterochiral
one that contains both (R) and (S)-enantiomers with
symmetric space group P21/c.5 In this particular case,
it turns out that the formation of a heterochiral crystal
is much more preferential than that of a homochiral
crystal.6 As a result, enantiomerically enriched 2a (97%
ee) in mother liquor was thus afforded through rapid
crystallization (Fig. 1).

To gain some insight into this unusual heterochiral crys-
tallization tendency, the structural X-ray investigation
of homochiral 2a was also proceeded. Phthalide 2a with
high enantiomeric excess of 97% was carefully crystal-
lized in EtOH to give homochiral crystal (Fig. 2). Unlike
heterochiral 2a, homochiral 2a was found crystallized in
a nonsymmetric P21 space group.7 In the structure of
heterochiral 2a (Fig. 3, the top one), two opposite enan-
tiomers each forms homochiral chains, and such chains
form layers stacked with each other possibly by van der
Waals forces such as weak hydrogen bondings between
oxygen and C–H. For example, C(15)–H(15B)� � �O(3),
C(15)–H(15A)� � �O(2), C(8)–H(8)� � �O(4), and C(20)–
crystallization

heterochiral crystal
mother liquor

2a solution
71% ee
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Figure 1. Heterochiral crystallization process of phthalide 2a.

Figure 2. X-ray crystal structure of homochiral 2a.
H(20C)� � �O(7), et al. In contrast, in the structure of
homochiral crystal 2a (Fig. 3, the bottom one), a single
chiral packing arrangement was observed. Although the
exact understanding of homochiral and heterochiral
organizations is difficult at this time,8 the preferred for-
mation of heterochiral over homochiral crystal suggests
lower packing discrimination energy and better packing
efficiency of racemic forms compared with chiral
conglomerates.

In our previous report,4 the stereochemistry of the
obtained reaction product was not clear. With X-ray
crystal structure of homochiral 2a, illustrated in Figure
2, the absolute configuration of the newly formed
carbon center was determined to be (R)7 when
(S)-BINAP was chosen as a ligand in the reaction.

Having observed the phenomenon of unusual heterochi-
ral crystallization tendency of 2a, we decided to reinves-
tigate the Ni-catalyzed tandem reaction to check the
validity of other previously reported data, and mean-
while to see the crystallization behavior of other phtha-
lide products. As shown in Table 1, the reactions of
various o-halobenzaldehydes 1b–e were carried out at
90 �C using (S)-BINAP as ligand, and chiral phthalide
products 2b–e were accordingly produced.9 Although
the reactions were carefully proceeded, the yields were
found not to be as high as those reported previously
due to the inevitable formation of dehalophthalides
(usually in 20–30% isolated yield).10 The new results
are provided in Table 1. For the reaction enantioselec-
tivities, the same ee values were detected in the cases
of products 2b and 2c (entries 2 and 3). The difference
of ee in the case of 2d was corrected after repeated mea-
surement (entry 4). A new substrate 1e was also em-
ployed in the reaction to give phthalide 2e (entry 5).12

In all the cases, solid products with moderate reaction
enantioselectivities (63–71%) were obtained.



Table 1. Reinvestigation of nickel-catalyzed reaction of iodo-and bromo-substituted aromatic aldehydesa
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Entry Sub 1 X R1 R2 T (h) Yieldb,d (%) eec,d (%)

1 1a Br OMe OMe 1.5 75 (85) 71 (43)
2 1b I OMe OMe 0.5 45 (92) 71 (71)
3 1c I H OMe 3.5 35 (48) 70 (71)
4 1d Br OMe H 2 49 (97) 63 (81)
5 1e Br H OMe 3 52 64

a The reactions were carried out with aldehydes 1a–e (0.8–1 mmol), NiCl2(PPh3)2 (20 mol %), (S)-BINAP (20 mol %) and Zn (3 equiv) in freshly
distilled dry toluene at 90 �C under argon for several hours as indicated in Table 1.

b Isolated yield.
c Determined by chiral HPLC, see Ref. 11.
d The data in parenthesis are inaccurate data reported before.
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With various solid phthalide products in hand, we
attempted their recrystallization to see the potential of
ee improvement as in the case of 2a.13 They were con-
sequently subjected to one time recrystallization. Inter-
estingly, similar heterochiral crystallization tendency
was found in the cases of 2c–e, phthalide in the mother
liquor was collected in very high optical purity after
crystallization process. In all examples, only phthalide
2b that bears an iodo group and six methoxy groups fa-
vors the homochiral type of crystallization. Fortunately,
as indicated in Table 2, all excellent enantioselectivities
up to 98% ee were achieved. Thus, starting from a solu-
tion containing a moderate enantiomeric excess, a dra-
matic ee increase of the final phthalide can be reached
after rapid one time crystallization.

We have also investigated the physical property such as
melting point difference between racemic forms (hetero-
chiral) and enantiomeric forms (homochiral). In all het-
erochiral preferential crystallization cases, racemic
crystals have a higher melting point. These results may
suggest that the heterochiral crystals are thermodynam-
Table 2. Heterochiral/homochiral crystallization for improving the
enantiomeric excesses of chiral phthalides

Entry Product 2 ee beforea (%) ee afterb (%) Yieldc (%)

1 2a 71 97 64
2 2bd 71 98e 64
3 2c 70 96 65
4 2d 63 91 50
5 2e 64 97 62

a The ee measured before recrystallization as indicated in Table 1.
b The ee of mother liquor after heterochiral crystallization, unless

otherwise noted.
c The isolated yield of enantiomerically enriched phthalide after

recrystallization.
d The compound is subjected to homochiral crystallization.
e The ee of chiral crystals.
ically more stable than the homochiral ones due to the
more tighter crystal packing8b,14 (2a, 2c–e). However,
for the enantiomorphous crystal 2b, the melting point
was observed to be 31 �C higher than its racemate, indi-
cating a better crystal structure stability of homochiral
forms (see Table 3).

In summary, we have described an unusual heterochiral
crystallization phenomenon of a series of 3-arylphtha-
lide compounds. In these cases, the heterochiral crystal
(racemic) formed highly preferentially to the homochiral
crystal (enantiomorphous). The X-ray crystal structures
of both heterochiral and homochiral 2a were investi-
gated. These findings provide interesting examples of
chiral discrimination in molecular crystals and can be
expected to be useful in understanding chiral organiza-
tion. In addition, we have reinvestigated the previously
reported nickel-catalyzed tandem reaction to asymmet-
ric synthesis of chiral 3-arylphthalides and made a
correction on some results. Using heterochiral crystalli-
zation process, a range of highly enantioenriched 3-aryl-
phthalides (91–98% ee) were easily accessed.
Table 3. The Melting points of racemic forms and enantiomeric forms
of phthalide 2

Entry 2 Melting point (�C)

Racemic formsa Enantiomeric formsb (ee)

1 2a 130–131 121–122 (97% ee)
2 2bc 129–131 160–162 (98% ee)
3 2c 146–148 132–134 (96% ee)
4 2d 194–195 133–134 (91% ee)
5 2e 161–163 124–126 (97% ee)

a Heterochiral crystals except 2b, ee <5%.
b (R)-Enantiomers that were obtained from mother liquor after

heterochiral crystallization except 2b.
c The compound is subjected to homochiral crystallization.
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b = 38.382(4) Å, b = 98.159 (2)�, c = 7.6178(8) Å, c =
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