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Lamellar Twinning Explains the Nearly Racemic Composition

of Chiral, Single Crystals of Hexahelicene

Abstract. Solvent etching of single crystals of hexahelicene grown from a racemic
solution reveals an unusual layer-like pattern in which pure (+)- and pure (- )-layers
alternate through the crystal; this arrangement results in a nearly racemic composi-
tion although the crystal is ostensibly chiral, space group P2,2,2,. Etched crystals of
enantiomerically pure hexahelicene display no such pattern. The two kinds of crystal

are indistinguishable by x-ray diffraction.

Crystals of hexahelicene grown from
racemic solution show an unusual behav-
ior: although the crystals are apparently
chiral [*‘spontaneously resolved’’; enan-
tiomorphic space group P2;2:2; (I),
structure refined to R = 4 percent (2)],
dissolved single crystals display optical
rotations corresponding to enantiomeric
excesses of only ~ 2 percent instead of

Fig. 1 (left). Stereodrawings of enantiomers of
hexahelicene: (a) P-(+)-hexahelicene; (b) M-
(—)-hexahelicene. Fig. 2 (right). (a) Crys-

100 percent expected for chiral, single
crystals. Similar results have also been
obtained with other, related materials
(3). This puzzling phenomenon is rele-
vant to the general problem of spontane-
ous resolution (¢) and to the use of
crystal-state reactions for asymmetric
synthesis (5) and may be of fundamental
importance for understanding the nature

of chiral interactions. We have therefore
examined the situation in more detail.

Substitutional solid solutions of (+)-
and (—)-enantiomers seemed unlikely on
the basis of the packing arrangement of
the molecules (2), their marked steric
differences (Fig. 1), and the significant
difference in the melting points of race-
mic (231° to 233°C) and optically pure
(265° to 267°C) material (6). The x-ray
study showed no evidence of molecular
disorder.

Ordinary twinning (7) along a growth
direction was initially considered but re-
jected on the basis of the following ex-
periment. A large single crystal grown
from a racemic solution was cleaved in
two, each half was further cleaved in
two, and the four fragments were al-
lowed to partially dissolve in n-hexane
until small crystals, each ~. 10 percent of
the original crystal, remained. Each of
these crystals contained the same, ~ 2
percent, enantiomeric excess and had
the same sign of rotation as the original
crystal (8). Had the fragments contained
opposite enantiomers in excess, ordinary
twinning along a growth direction would
have been indicated.

However, when single crystals were
allowed to dissolve only slightly in n-
hexane or in carbon tetrachloride, an
interesting lamellar pattern was readily
discerned under the light microscope
(Fig. 2). The layers, 10 to 30 um thick,
could be carefully cleaved from the crys-
tal, and individual layers were now
found to display optical purities of ~ 100
percent (9). When adjacent layers in the
same crystal were examined, the signs of
rotation alternated. Although all crystals
grown from racemic hexahelicene dis-

tal of nearly racemic hexahelicene (measured enantiomeric excess 2 percent), grown from an ether-n-hexane solution of racemic hexahelicene,

after partial solution (etching) in n-hexane. (b) Crystal of optically pure hexahelicene (measured enantiomeric excess > 99 percent) grown from
ether-n-hexane solution after etching in n-hexane.
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played this layer structure on etching,
when single crystals of optically pure
hexahelicene were similarly etched no
such pattern was observed (Fig. 2).
Thus, the observed nearly racemic com-
position of ostensibly chiral hexaheli-
cene crystals is due to ‘“‘lamellar twin-

ning,”” an alternation of layers of optical-
ly pure material of opposite sign.

One might have expected that the x-
ray patterns would differentiate crystals
containing optically pure material from
those displaying lamellar twinning, or
that this twinning would complicate the

Table 1. Intermolecular contacts in optically pure and twinned hexahelicene crystals through a
plane perpendicular to ¢ at x = ':. Distances are given which, in either of the two crystals, are
less than the sum of the van der Waals radii plus 0.2 A. Atom 1 belongs to an M-(—)-molecule in
the reference asymmetric unit; atom 2 belongs to an M-(—)-molecule in the optically pure
crystal or a P-(+)-molecule in the twinned crystal. Symmetry operations that relate atom 2 to
the corresponding atom in the reference asymmetric unit are identified by the following code:
Ml -x,+y,Ya-zQn+x,Y2a—y,1 =231 —x,-Ya+y,Y2—z;H1 - x, % + vy,
Bh+z;,00%+x,b-y,2,06) 1 —x,-%+y ¥b+z;and (D1 —x, % —y, ¥~ z. Atoms

are numbered as in (2).

Distance in Distance
Symmetry Symmetry . . :
At?m At; m in optically in twinned pl?rl?lccray”s)éal mctrv;l;::fd
pure crystal crystal (A) (&)
Cy Cp» (€)) @ 3.62 3.64
Hyg Cp (1 4) 2.71 2.69
Cy Cs (2) 5) 4.14 3.66
Cy H, ) (&) 3.72 2.93
Cy Cis e} “4) 3.56 4.73
Co Cu €3] (7) 3.64 4,59
Cyy Cq 3) (6) 3.62 3.64
Cy» Hy (3 6 2.71 2.69
Ci Co 3 (6) 3.56 4,73
Cyy Co 3) (6) 3.64 4.59
Cx H, (2) (5) 3.21 2.81
Cx C, ) 5) 3.90 3.68
a

A

N/
o
,.x?f,#
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Fig. 3. Stereodrawings of
the packing of optically
pure and twinned hexaheli-
cene crystals. The unit cell

is plotted. The axial direc-

Ph- || TR

Tty
==
2Ny

FL,

Tl
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per. (a) Packing of M-(-)-
hexahelicene; (b) packing
of P-(+)-hexahelicene; (c)
twinned crystal; the two
left-hand columns of mole-
cules are M-(—)-hexaheli-
cene as in (a); the two
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(+)-hexahelicene, but here
the two middle columns of
P-(+)-hexahelicene in (b)
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crystal structure determination. This is
not the case; because of the absence of
observable anomalous dispersion for
hexahelicene with the use of Cu Ka
radiation, the x-ray patterns of enantio-
morphic crystals are identical. In the x-
ray diffraction experiment the entire
crystal is sampled, but, as long as the
adjacent lamellae are aligned to the pre-
cision of a usual mosaic crystal, there is
no distinction between such a racemic
crystal and an enantiomerically pure
one. It has been noted (/0) that in space
group P2,2,2; such conservation of ori-
entation among enantiomeric crystals
can occur. Indeed, in the case of hexahe-
licene, x-ray rotation or Weissenberg
photographs of optically pure and nearly
racemic crystals were found to be indis-
tinguishable.

A rationale for this behavior was
sought in the molecular packing of hexa-
helicene. When the structure is exam-
ined for possible twin planes, which
would involve minimal change in inter-
molecular contacts, one sees that planes
perpendicular to the g-axis may be
drawn which divide the crystal but in-
duce no disorder (Fig. 3, a and b). Other
planes through the structure invariably
pass through zones of high electron den-
sity and thus ‘‘cut through’ hexaheli-
cene molecules. The (1,0,0) plane is thus
the natural candidate for a twin plane
which will allow P and M molecules to
coexist in a crystal (Fig. 3¢). This struc-
ture will have the same density as an
optically pure crystal. Of course, inter-
molecular contacts between heterochiral
molecules across this plane differ slightly
from those between homochiral species,
but these differences are not major (Ta-
ble 1). The only atom-to-atom separation
that is less than the normal van der
Waals distance (/7) in the optically pure
crystal (Cyy . . Hg, 2.71 A) remains al-
most unchanged in the twinned crystal
(2.69 A). No additional shorter-than-nor-
mal van der Waals contacts are present
in the twinned crystal. This analysis was
corroborated by the observation that the
lamellae of an etched, racemic hexaheli-
cene crystal were indeed oriented per-
pendicular to the a-axis of the crystal
12, 13).

We cannot yet present a quantitative
explanation for this twinning phenome-
non, but it is evidently a consequence of
the weak ‘‘enantiomer discrimination”’
across the twin planes and the resulting
low-energy difference between an opti-
cally pure crystal and a twinned one; as
the crystal grows, the probability of
chiral turnover is relatively high (/4).
The phenomenon may also occur in oth-
er helicene-type materials (3) and may be
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dependent on crystallization conditions.

Layered crystals were only obtained
from racemic, or close to racemic, solu-
tions. Solutions that contained an appre-
ciable enantiomeric excess, ~ 20 per-
cent, deposited optically pure hexaheli-
cene crystals. This result is due to the
well-documented (15) ‘solubility differ-
ence between pure enantiomers and ra-
cemic mixtures of conglomerates, a dif-
ference that is of practical use in the
preparative resolution of hexahelicene
by repeated crystallization after use of
TAPA (6).

It has usually been taken for granted
that crystallization in a chiral space
group is sufficient to allow resolution of
enantiomers if the crystals are sorted
according to a chirality observation such
as sign of optical rotation. The hexaheli-
cene case exemplifies a situation that
may have been overlooked in other sys-
tems as well, where crystals grow as
nearly racemic mixtures of enantiomers
and are indistinguishable from genuinely
chiral material as measured by standard
x-ray diffractometry.

BERNARD S. GREEN
Department of Structural Chemistry,
Weizmann Institute of Science;
Rehovet, Israel, and Institute for
Biological Research, Ness Ziona, Israel
MARCEL KNOssOwW
Laboratoire de Physique,
Centre Pharmaceutique,
92290 Chatenay-Malabry, France

References and Notes

1. T. Hahn, Acta Crystallogr. 11, 825 (1958).

2. C. de Rango, G. Tsoucaris, J. P. Declercq, G.
Germain, J. P. Putzeys, Cryst Struct. Commun.
2,189 (1973)

3. R. H. Martin and M. Deblecker, Tetrahedron
Lert. 1969, 3597 (1969); H. Wynberg, Acc.
Chem. Res. 4, 65 (1971); R. H. Martin and M. 1.
Marchant, Tetrahedron 30, 343 (1974).

4. A. Collet, J. Jacques, S. Wilen, Racemates,

* Enantiomers and Resolution (Wiley, New York,
in press); A. Collet, M J Brienne, J. Jacques,
Chem. Rev. 80, 215( 80).

5. B. S. Green, M. Lahav, D. Rabinovich, Acc.
Chem. Res. 12 '191 (1979).

6. M. S. Newman and D. Lednicer, J. Am. Chem.
Soc. 78, 4765 (1956).

7. Crystals of the same substance often occur in
aggregates; when individuals are in a definite
geometric relation to each other, such crystals
are said to be twinned. The term is used when
two or a symmetry-dependent number of indi-
viduals are aggregated.

8. We determingd the enantiomeric purmcs of hex--
ahelicene by polarimetry, using known weights,
or by high-performance liquid chromatography,
using the TAPA columns developed by Gil-Av
and his co-workers [F. Mikes, G. Boshart, E.
Gil-Av, J. Chromatogr. 122, 205 (1976); Y. H.
Kim, A. Tishbee, E. Gil-Av, in preparation].

9. Layers were cleaved under a light microscope
with 'an ordinary surgical blade after partial
dissolution of the crystals. The brittleness of
hexahelicene made it difficult to cleave many
consecutive layers.

10. S. Furberg and O. Hassel, Acta Chem. Scand.
4, 1020 (1950); E. Heller and G. M. J. Schmidt,
Isr. J. Chem. 9, 449 (1971), and reference 6
therein.

11. A. Bondi, J. Phys. Chem. 68, 441 (1964).

12. In the only case, to the best of ouir knowledge, of
lamellar twinning that has been described in the
literature (/0), a similar rationale can be made
on the basis of molecular packing. In the crystal
structure of B-phenylglyceric acid (13), planes

SCIENCE, VOL. 214, 13 NOVEMBER 1981

parallel to (0,0,1) separate the molecules into
stacks; the *‘chiral interactions’’ dre only be-
tween molecules in the same stack. The twin
plane is indeed (0,0,1) (/0). [Different conven-
tions have been chosen in(/0)and (I3) to define
a- and c-axes.]

13. M. Cesario and J. Guilhem, Cryst. Struct. Com-
mun. 4, 193 (1975):

14. Recent calculations by S. Ramdas, J. M. Thom-
as, and C. J. Eckardt (personal communication)
on the hexahelicene crystals demonstrate that
the interfacial energy associated with twinning

across the (1,0,0) plane is much lower than the
energy for twinning across the (0,1,0), (0,0,1),
(1,1,0), (1,0,1), or (0,1,1) planes.

15. 1. Jacques and J. Gabard Bull. Soc. Chim. Fr.
1972, 342 (1972).

16. We thank G. Tsoucaris and E. Gil-Av for invalu-
able interest, F. Villain and A. Jakob for assist-
ance, Y. H. Kim for generous help, A. Meshorer
for photographing the crystals, and F. L. Hirsh-
feld for many constructive’ comments.

10 December 1980; revised 11 June 1981 -

Incorporation of 4-Amino-3- Hydroxymethylpyrlmldlne into

Thiamine by Mlcroorganlsms

Abstract. One possible route for the biosynthesis of the (4-amino-2-methyl-5-
pyrimidyl)-methyl moiety of thiamine would involve the formation of a methyl group
on the demethylated pyrimidine, 4-amino-5- hydroxymethylpyrimidihe before its in-
corporation into thiamine. This posszbzlzty was tested by preparing the 4-amino-5-
hydroxymethylpyrimidine and feeding it to Escherichia coli, Bacillus subtilis, and
Saccharomyces cerevisiae. Analygis of the thiamine produced by these organisms
showed that 4-amino-S-hydroxyméthylpyrimidine was readily incorporated into thi-
amine without the addition of a“methyl group, and no evidence was found for the
conversion of this pyrimidine into normal methylated pyrimidine. Substitution of the
demethylated thiamine for thiamine had no effect on the growth rate or the yield of
E. coli cells. Complete substitution of the thiamine wiih the (4-amino-5-pyrimidyl)-
methyl moiety was possible in an E. coli pur I mutant. The extent of incorporation of
the demethylated pyrimidine decreased in some organisms and increased in others
by the addition of adenine to the growth medium; this difference led to a simple test
to separate organisms that use S-aminoimidazole ribonucleotide for the biosynthesis
of thiamine pyrimidine from those that do not.

Early studies on the incorporation of
radioactive precursors into the pyrimi-
dine moiety of thiamine showed that this
pyrimidine was formed by a pathway
different from that of other pyrimidines
(1, 2). Studies of microbial genetics and

PRPP

Purine
\ biosynthesis

y

Rlbose P
C 1 of glycine

/! <\ l——c 2 of glycine
Formate

\ N of glycine

5-Aminoimidazole ribonucleotide

i :
C-1 of glycine
N4 OH, OH

NH,
Formate —— 3
J{x

]
8 1 8 C~-2 of glycine
CHsz N e

4-Amino-5-hydroxymethyl-2-methylpyrimidine

N of glycine

Fig. 1. Biosynthesis of the pyrimidine moiety
of thiamine starting from phosphonbosyl py-
rophosphate (PRPP).

of certain types of purine toxicity found
in microorganisms have shown a connec-
tion between purine métabolism and the
biosynthesis of thiamine (3, 4).

Newell and Tucker (5) showed that, in
Salmonella typhimurium, 5-aminoimid-
azole ribonucleotide, an intermediate in
purine metabolism, is converted into the
pyrimidine moiety of thiamine. Labora-
tory studies with stable isotope-labeled
glycine confirmed these results (6) and
showed how the conversion takes place
in enteric bacteria (Fig. 1).

The problem in relation to 4-amino-5-
hydroxymethyl-2-methylpyrimidine bio-
synthesis is to understand how the meth-
yl group is formed at C-2 of the pyrimi-
dine and how the two-carbon unit is
inserted into the imidazole ring. One
possible pathway is for the imidazole
ring to expand to a pyrimidine, with the
methyl group introduced as'a last step. If
this pathway is correct then 4-amino-5-
hydroxymethylpyrimidine might func-
tion as a precursor; it is clear, however,
from other work that if this pathway is
correct, the introduced methyl group
does not come from methionine (I, 7, 8).
This hypothesis was tested by growing
organisms with 4-amino-5-hydroxydi-
deuteromethylpyrimidine.  Conversion
into the pyrimidine of thiamine was de-
termined by gas chromatographic-mass
spectrometric analysis of ~ deuterium
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