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Mechanism for the Autocatalytic Formation of

Optically Active Compounds under Abiotic Conditions

Abstract. The bromination of chiral crystalline samples of 4,4'-dimethyl-
chalcone was reinvestigated. In the presence of the optically active reaction
product, (+)- or (—)-chalcone dibromide, crystallization from solutions of the
achiral chalcone is specifically directed toward one-handedness. A feedback
mechanism can thus be envisaged where optically active compounds are formed,
generate additional mdterial of the same chirality, and communicate this chirality
to other regions, simply by cycles of solidification, reaction, and liquefaction.

Crystals of 4,4’-dimethylchalcone, 1,
space group P2,2,2,, belong to the class
of chiral (enantiomorphic, dissymmet-
ric, optically active) crystals. In solu-
tion or in the melt, rotation about single
bonds causes rapid interconversion be-
tween the right- and left-handed con-
formations, R and S. In the crystal,
however, the conformations are locked
in and cannot interconvert; further, as
a result of the chiral crystal structure,
all of the molecules in any single crys-
tal have the same chiral conforma-
tion (). Penzien and Schmidt found
that the addition of bromine to mono-
crystals of 1 afforded optically active
dibromide, 2, some crystals yielding
(+)-2 and some yielding (—)-2 in ex-
cess (2).

Penzien and Schmidt also noted inoc-
ulation effects. As a result of the more
rapid growth of the initially formed
precursors of (+) or precursors of (—)
nuclei of 1 and their subsequent nuclea-
tion effects, polycrystalline samples of 1
also afforded 2 with varying degrees of
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optical activity. The spontaneous gen-
eration of optical activity by crystalli-
zation, of which this is a striking ex-
ample, has been reported in other,
widely different chemical systems (3,
4).

When solutions of 1 in ethyl acetate
were slowly evaporated, the resulting
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polycrystalline samples yielded, on
treatment with bromine vapor, optically
active dibromide, 2 (5). Both dextroro-
tary (4) and levorotary (—) material
were formed (Fig. la) and, although
the data show bias in favor of (+)
material, this is most likely a result of
the relatively small number of samples
(6).

When solutions containing 1 and 3.97
mole percent of optically active (+)-
dibromide [(+)-2] were evaporated,
polycrystalline samples of 1 (contain-
ing some 2) again resulted. But bromi-
nation of these samples as above now
gave only levorotary [(—)-2] material
(Fig. 1b) (7). The dibromide initially
added was 62 percent optically pure,
so that the solution contained only
0.025 mole of excess pure (+)-enan-
tiomer per mole of 1 [or 0.042 g of
pure (+)-enantiomer per gram of 1]
prior to crystallization.

The same experiment was repeated
with (—)-2 to induce crystallization of
1. Twelve solutions of 1 and (—)-2
(3.97 mole percent) in ethyl acetate
were evaporated, and the resulting
solids were powdered and brominated
(8). All afforded (+)-2 (Fig. 1c). In
this experiment the (—)-2 used to
induce chirality was only 17 percent
optically pure so that only 0.0067 mole
of excess pure enantiomer was present
per mole of dimethylchalcone, 1.

In order to show that the presence
of racemic (==)-2 cannot direct the
chirality of the crystallization of 1, we
evaporated and brominated solutions of
the chalcone containing 5.2 mole per-
cent of (*)-2. As we expected, both
(+)- and (—)-dibromide were produced
during the gas-solid reaction (Fig. 1d).

Another example illustrating that the
crystallization of compounds which
appear in chiral crystal structures can
be profoundly affected by the presence
of chiral materials is provided by Pin-
cock et al., who have found that the
crystallization of a racemic melt of
1,1"-binaphthyl is directed toward the
formation of (—)-samples in the pres-
ence of [-mandelic acid, while d-man-
delic acid induces the crystallization
of (+)-material (6). The resolution of
racemates by chiral solvents is a related
phenomenon (9). Our results indicate
that the influence of even small quanti-
ties of optically active material in di-
recting the chirality of crystals may be
general. Further, the possibility of a
feedback mechanism leading to the
autocatalytic formation of optical ac-
tivity is raised.
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Fig. 1. Specific rota-
tion of the dibromide, 30°—
2, obtained by the

bromination of 4,4'- 20°=
dimethylchalcone, 1,
after evaporation of
an ethyl acetate solu-
tion containing (a)
no additive; (b) 3.97
mole percent (4)-2;
(c) 3.97 mole percent
(—)-2; and (d) 5.2
mole percent racemic
(%)-2.
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Fig. 2. Scheme illustrating one
cycle of crystallization, solid
state reaction, and liquefaction
leading to the spontaneous gen-
eration of optically active prod-
uct, r, in the presence of which
the crystallization step of the
second cycle is stereospecifically
directed toward the formation
of excess R crystals.

In the experiments we describe, the
chiral reaction product 2 induces crys-
tallization of 1, which finally affords 2
of the opposite chirality. However, this
situation occurs by chance; it was
a priori equally possible for (4)-2
to have induced crystallization of 1,
which would have led to more (+)-2.
A mechanism is thereby suggested for
absolute asymmetric synthesis which
has several attractive features. The
pathways are illustrated in Fig. 2.

When a solution or melt containing
equal numbers of enantiomers, R and
S, or right- and left-handed conforma-
tions, =R; and X, crystallizes, the num-
ber of R crystals and S crystals may
not be equal (as is typically observed
with 4,4’-dimethylchalcone). If a solid
state reaction now takes place (the
reaction is R—r and §—s), to pro-
duce a chiral product, the product will
be optically active, r ¥~ s. Although the
first crystallization can produce R or §
crystals with equal probability, subse-
quent crystallization is now predeter-
mined to produce only R crystals (as-
suming r, produced in excess, induces
crystallization of R). A small enantio-
meric excess formed in the first crys-
tallization can be enormously ampli-
fied by partial reaction followed by
crystallization and further reaction;
the results in Fig. 1c were obtained
with about seven molecules of excess
optically pure enantiomer for every
1000 molecules to be crystallized.

Two additional aspects of this
scheme should be noted. First, once a
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chiral product is produced it can, by
transfer to other regions, induce crys-
tallization which will lead to -addi-
tional material of the same chirality.
Second, if r is being produced in ex-
cess in one region and s predominates
in a different region, once these two
regions come into contact with one an-
other, that region with the larger
quantity of pure enantiomer will “neu-
tralize” the second region, forming a
quantity of (r,s) racemic material, and
now both regions will be under the
influence of the same excess enantio-
mer and both will favor the future
formation of this enantiomer alone.

The requirements for the scheme
shown in Fig. 2 are a molecular
species (R,S) which (i) is racemized
in the liquid state, (ii) crystallizes in a
chiral crystal structure, (iii) can un-
dergo a solid state reaction to yield a
chiral product, (iv) is not racemized
under the conditions which racemize
R,S; and (v) where the dissymmetric
product formed induces the crystalliza-
tion of the reactant in that chirality
which gives rise to more product of
the same handedness (r induces the
crystallization of R).

One immediate conclusion of this
work is the following: although the
presence of optical activity in meteor-
ites and other nonterrestrial material
has been carefully sought, with the as-
sumption that it would imply the in-
volvement of living material, optically
active compounds may clearly be pro-
duced under abiotic conditions.

Finally, although dissymmetric crys-
tallization processes have often been
considered as sources for the origin of
optical activity in living systems, (/0)
they have generally been dismissed be-
cause the required conditions appeared
oo demanding (4): (i) crystal-
lization is necessary; (ii) although
crystallization in any given area may
show predominance of one type of
handedness, the overall result from
crystallization in many areas will in-
evitably be racemic; and (iii) crystalliza-
tion of substances in enantiomorphic
crystal structures is very rare. Our data
indicates that the second argument is
not valid. The crystallization require-
ment is certainly not a demanding one:
perhaps the most common geochemical
phenomenon is melting and solidifica-
tion, solution and crystallization. Typi-
cal of the possibilities would be cool
evenings (or winters) when moisture
condenses, thus dissolving the sample,
followed by hot days (or summers)
when the water evaporates leaving
behind crystals that can now undergo
thermal or photochemical solid state
reactions. Last, crystallization in chiral
space groups, especially of molecules
that lack chiral centers and are thus
most relevant for consideration, is a
common phenomenon among inorganic
and organic substances; perhaps 15
percent of the crystals investigated
thus far are dissymmetric (/7).

BERNARD S. GREEN
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Rehovot, Israel
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5-Hydroxyindoleacetic Acid in the Lumbar Fluid:

A Specific Indicator of Spinal Cord Injury

Abstract. In cats, 19 days after the lower thoracic cord was injured, the concen-
trations of S5-hydroxytryptamine and its metabolite 5-hydroxyindoleacetic acid in
the lumbosacral cord and that of 5-hydroxyindoleacetic acid in the lumbar fluid
decreased. At the same time the concentrations of these substances in the cord
above the lesion and that of 5-hydroxyindoleacetic acid in the cisternal fluid was
not significantly altered. Since high concentrations of 5-hydroxytryptamine and
5-hydroxyindoleacetic acid are present in the human lumbosacral cord, it appears
that the concentration of 5-hydroxyindoleacetic acid in the lumbar fluid of ani-
mals and man reflects the biochemical changes of 5-hydroxytryptamine in the

normal and injured spinal cord.

The number of injuries of the spinal
cord in man is increasing. Efforts are
being made to advance the care and
study of injuries to the spinal cord in
humans (7).

In an effort to develop a method for
studying the biochemical changes in the
injured spinal cord in animals and
potentially in man in vivo, we consid-
ered two relevant findings on animals.
(i) After transection of the spinal cord,
the degeneration of the descending se-
rotonergic nerve fibers takes place in
the cord below the lesion with simulta-
neous decrease of 5-hydroxytryptamine
(5-HT, serotonin) and its metabolite
5-hydroxyindoleacetic acid (5-HIAA)
(2). (ii) The concentration of 5-HIAA
in the spinal fluid of lumbosacral re-
gion (lumbar fluid) reflects the metab-
olism of 5-HT in the spinal cord (3, 4).
Thus, after injury of the serotonergic
fibers, a decrease of 5-HT and 5-HIAA
in the spinal cord below the lesion fol-
lowed by a similar decrease of 5-HIAA
in the lumbar fluid might be expected.
If so, this would open the possibility of
studying the metabolism of 5-HT in the
injured spinal cord by analysis of the
lumbar fluid, which can be obtained
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by lumbar puncture in man in. vivo.
We now report that the concentration
of 5-HIAA in the lumbar fluid reflects
the changes of 5-HT metabolism in the
injured spinal cord of cats.

Adult cats were anesthetized with
thiopental sodium, and a partial lami-
nectomy at T,; vertebraec was per-
formed. The exposed spinal cord of
each cat was squeezed epidurally with
a fine dissecting forceps for 10 minutes.

‘Control animals underwent laminecto-

my, but their spinal cords were left
intact. The wound in each animal was
sprinkled with xanthocillin and sewed
up. The animals with injury of the
cord developed clinical evidence of
complete loss of function below the
lesion (paraplegia, urine retention, and

loss of sensitivity). After the operation
the cats were treated daily with procaine
penicillin (200,000 international units),
and urine retention was relieved by
manual expression. There was no evi-
dence of blockage of communication
between spinal fluid above and below
the site of injury (5).

Nineteen days after the operation,
the spinal cord (about 2 g) below the
lesion (lumbosacral cord), part of tho-
racic cord (about 1 g) above the lesion,
and samples of cisternal (about 1 ml)
and lumbar (about 0.3 ml) fluid were
taken for analysis in animals under
thiopental anesthesia (3, 4); the sam-
ples were then frozen (— 20°C). De-
terminations of 5-HT (6), 5-HIAA (6),
and norepinephrine (7) in the spinal
cord and of 5-HIAA in the cerebro-
spinal fluid (8) were performed the
next day. The concentration of 5-HT
and 5-HIAA in the lumbosacral cord
in humans was also measured.

Nineteen days after injury to the
cat’s spinal cord, there was a 75 per-
cent decrease of 5-HT in the cord be-
low the lesion (lumbosacral cord),
while the concentration of 5-HT in the
thoracic cord above the lesion was not
changed. The concentration of 5-HIAA
in the lumbosacral cord and in the lum-
bar fluid was lowered (by 80 and 68
percent, respectively; P < .001), while
the concentration in the thoracic cord
as well as in the cisternal fluid was not
significantly altered (P > .05) (Fig.
1). Since the decrease of 5-HT and
5-HIAA in the injured lumbosacral
cord was followed by a corresponding
decrease of S-HIAA in the lumbar
fluid (Fig. 1), it appears that by mea-
suring the concentration of 5-HIAA in
the lumbar fluid we can obtain a better
understanding of the metabolism of 5-
HT in the injured spinal cord. Further,
after blockage of the active transport
of 5-HIAA from the spinal cord and
spinal fluid by probenecid (4, 9), we
found a greater increase of 5-HIAA
in the lumbosacral cord and lumbar
fluid in control as compared to -in-
jured animals. This indicates that the

Table 1. Concentration of 5-HT and 5-HIAA in the human lumbosacral cord.

Time from

Sub- S-HT 5-HIAA
ject Age Sex Cause of death death( htc())u';t:)topsy (ng/g) (ng/g)
S.M. 78 Female  Auto accident 23 454 371
T.Z. 35 Female  Cerebral edema 17 557 491
P.L. 77 Male Pulmonary embolism 10 454 673
D.Z. 27 Female  Auto accident 3 650 617
S.M. 84 Male Pneumonia 9 563 799
Mean = S.E.M. 536 =37 590*+74
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