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Probability Distribution of Enantiomorphous Forms in 

Spontaneous Generation of Optically Active Substances 

Abstract. The crystallization of 1,1'-binaphthyl from its racemic melt is an 
example of spontaneous generation of optical activity. Th? distribution of specific 
rotations in 200 individual samples varied from [a]D= -218 degrees to [a]D 

= 206 degrees with a mean of +0.14 degree and standard deviation of 86.4 
degrees. This resolution into enantiomers is determined by chance development, 
with equal probability, of right- or left-handed crystallites; it can bz controlled 
and made stereospecific by addition of dissymmetric compounds at low con- 
centrations. 

The spontaneous generation of op- 
tically active material in a closed race- 
mic system in the absence of any dis- 
symmetric agent has never been dem- 
onstrated. We now describe briefly the 
genesis of optically- active substances 
and present our results in the case of a 
racemic mixture that undergoes totally 
spontaneous development of optical ac- 
tivity. This example is the first syste- 
matic and statistically meaningful study 
of the probability distribution of enanti- 
omorphs in the spontaneous generation 
of optically active substances. The sys- 
tem supplies a simple case of autocata- 
lytic development of enantiomers ac- 
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cording to a recent suggestion of Calvin 
(1). 

The possibility of synthesizing op- 
tically active material without the direct 
action of living material (that is, dis- 
symmetric compounds) or without use 
of dissymmetric compounds obtained 
from living material was at one time 
denied with considerable authority (2). 
However there have been many at- 
tempts and some well-established suc- 
cesses in producing optically active 
samples from racemic materials by 
dissymmetric agents in the absence of 
other dissymmetric compounds (3-6). 
Bias in the production or destruction of 

one enantiomorph has been demon- 
strated under the influence of polarized 
light (7), catalysis by dissymmetric 
solid surfaces (3), selective decompo- 
sition with beta rays (8), and crystalli- 
zation of racemic mixtures initiated by 
foreign dissymmetric seeds (3, 9). Such 
experiments can involve the transference 
of dissymmetry from an inanimate 
source to a single enantiomer of a nat- 
ural substance and they provide models 
for the so-called "inorganic" genesis of 
optical activity in natural materials (4). 
However, these experiments all involve 
the action of an external dissymmetric 
influence and as such they are not ex- 
amples of truly spontaneous genesis of 
optical activity. There are only a few 
experiments where generation of opti- 
cal activity has occurred during pur- 
poseful exclusion of all external dissym- 
metric influences. 

The experiments where no dissym- 
metric influences would seem to be 
present involve the spontaneous de- 
position of symmetric species into 
dissymetric crystals such as quartz or 
NaC104, the spontaneous crystalliza- 
tion of one of two rapidly interconvert- 
ing enantiomers from solutions [that is, 
tri-o-thymotide (10) and methylethyl- 
allylanilinium iodide (11)], and the 
spontaneous resolution of various 
racemic mixtures (3) such as the un- 
initiated crystallization of part of a 
racemic D,L-tartrate solution (12). The 
latter example is the only one that has 
been looked at with more than a few 
individual samples in order to deter- 
mine whether the optical activity pro- 
duced was determined by chance. 
Surprisingly, it seems to be nearly im- 
possible to eliminate trace sources of 
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Fig. I (left). Percentage of binaphthyl samples giving specific 
rotations between ?240. Two hundred samples were crystallized 
from the pure melt at 150?. The curve shows the Gaussian nor- 
mal distribution calculated from the mean of +0.14 and standard 
deviation of 86.4. Fig. 2 (right). Ratio of samples having 
positive (+) rotations to the total number of samples of binaph- 
thyl crystallized at 150?. The 200 samples are treated as two sets 
of 100 each. The curves are confidence limits calculated for a 
0.99 degree of confidence and a probability of 50 percent posi- 
tive (+) and 50 percent negative (-) for each sample. 
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dissymmetry and obtain the conditions 
required for the perfectly symmetrical 
experiment. 

In a racemic system it is expected 
that the crystallization of right- and 
left-handed enantiomorphs would be 
equally probable. Wald (4) has pointed 
out that the available data indicate 
that the elimination of obscure sources 
of dissymmetric influence is very dif- 
ficult. Thus experiments (12) on the 
unseeded crystallization of racemic 
sodium ammonium tartrate solutions 
have led to a predominance of cases 
giving the dextrorotatory enantiomer 
even under controlled conditions (66 
times out of 86). A recent series of ex- 
periments has given a set of ten runs 
with negative rotation in the precipi- 
tates (13). If all dissymmetric in- 
fluences were truly eliminated, and the 
probabilities of each enantiomer pre- 
cipitating were really equal, the chance 
that this set of ten minus rotations 
would occur is one in 256. It has been 
suggested (4, 6) that a reason for such 
results is contamination by omnipresent 
dissymmetric materials such as opti- 
cally active dust. Harada (6) has re- 
ported that, even with precautions 
taken to avoid contamination by dust 
and with different sources of materials, 
spontaneous crystallization of a D,L- 

aspartic acid copper complex led to 
only the dextrorotatory enantiomer in 
three different laboratories (in Japan 
and in Florida). Wald suggests that 
dissymmetric contamination may come 
from experimenters themselves, and 
that "in a world contaminated with 
life, dissymmetric materials may no 
longer be free to crystallize at ran- 
dom" (4). A small energy difference 
(of unspecified origin) between en- 
antiomeric crystal structures has also 
been suggested (13). Possibly the 
world has an innate dissymmetry which 
might impose a weak bias in chemical 
reactions where no more direct dis- 
symmetric influence is present (14). 
The spontaneous resolution of racemic 
1,1'-binaphthyl (15) provides an op- 
portunity to test, with a large number 
of samples, whether a bias in pro- 
duction of one enantiomorph is present. 

1,1-Binaphthyl is a dissymmetric 
molecule by virtue of its twisted con- 
formation of two adjoining naphthalene 
rings. In the melted phase (above 
159?C) the equilibration of (+) and 
(-) enantiomers is very rapid (half- 
life less than 0.5 second). The binaph- 
thyl melt may be supercooled indefinite- 
ly to temperatures as low as 120?C, 
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but when a sealed ampule containing 
this metastable melt is held momentarily 
against a piece of Dry Ice and then re- 
placed in a constant temperature bath, 
crystallization is induced. The binaph- 
thyl can thus be seeded by suddenly 
cooling a small portion of the bulk of 
the melt. There are no dissymmetric 
agents involved in this crystallization, 
only the chance formation of crystals of 
one or the other enantiomer. Weighed 
samples of 20 mg each from many 
different batches of racemic binaphthyl 
were sealed in individual glass am- 
pules, were melted at 170? to 185?C, 
and then were equilibrated at 1500C. 
Crystallization was initiated in each 
ampule, and after 3 hours at 150?C 
the samples were dissolved in 3 ml 
of benzene and analyzed for optical 
activity (16). The material obtained 
was almost always optically active, al- 
though excessive application of the 
cooling Dry Ice resulted in no activity. 
These few cases of specific rotations 
less than + 2 degrees were not con- 
sidered in the following statistical 
analysis. 

The distribution of the specific rota- 
tion, [aiD, for 200 separate samples, is 
shown in Fig. 1, which is a presenta- 
tion of percentage of observations fall- 
ing within various specific rotations. 
The experimental extremes of optical 
rotation were -218 and +206 degrees 
?-optically pure binaphthyl has [a]D = 

?245 degrees (15); however, as shown, 
samples of low rotation of + 2 to ? 48 
degrees were most common. The ob- 
served rotations fit a Gaussian distribu- 
tion with a mean of [a]D = +0.14 de- 
gree and standard deviation of 86.4. 
From this distribution it is apparent that 
obtaining binaphthyl with an optical 
purity above 90 percent by this method 
would be a very exceptional event (ob- 
servable about once in 150 trys). 

Individual crystals of the high melt- 
ing form (15) of binaphthyl are com- 
posed of either (+) or (-) enantio- 
mers. The predominate nucleation and 
growth of an enantiomorph, supplied by 
the rapid interconversion of (+) ~ (-) 

in the melt, results in optically active 
samples. This is an example of auto- 
catalytic selection of an enantiomer 
from a pool of racemic material (1). 
Although an individual sample of bi- 
naphthyl may reach quite a high opti- 
cal purity, a low optical activity is 
more probable. As far as overall re- 
sults are concerned, in contrast to the 
spontaneous crystallization of tartrates 
or aspartic acid complexes mentioned 
above, the nucleation of many samples 
of binaphthyl does not show predomi- 
nant formation of one enantiomer. 
Nucleation occurs in a random manner 
and a symmetrical distribution of both 
(+) and (-) optical activities, with a 
mean close to [a]D = 0.0, is produced. 

The symmetry of the distribution is 
also shown in Fig. 2 by the ratio of 
number of (+) samples to total num- 
ber of samples plotted for two runs of 
100 samples each. As the total number 
of samples increases, the ratio tends 
toward 0.5 and it falls at all points 
within the 99 percent confidence limits 
calculated for a probability of 50 per- 
cent (+) and 50 percent (-) samples. 
After two hundred crystallizations in 
individual sealed vials, the number of 
dextrorotatory samples obtained (95) 
is insignificantly different from the num- 
ber of levorotatory samples obtained 
(105). Although we cannot eliminate, 
even with many more samples, the pos- 
sibility of a very small bias in produc- 
tion of one enantiomorph, this experi- 
ment seems to be the first to illustrate 
an essentially equal probability for 
spontaneous generation of enantio- 
morphs. Generation of optical activity 
in a racemic melt of binaphthyl pro- 
ceeds without an external dissymmetric 
agent; the molecular dissymmetry of 
binaphthyl is itself sufficient to cause 
the production with equal probability of 
either (+) or (-) crystallites which 
then grow autocatalytically. An individ- 
ual sample of racemic binaphthyl can 
develop a high optical rotation: the 
symmetrical distribution with many 
samples proves that no external agent 
contributes to this spontaneous genera- 
tion of optical activity. 

From these results it is clear that the 
spontaneous resolution of binaphthyl 
is not highly sensitive to trace contami- 
nants such as dust, or to any less well- 
defined dissymmetric forces. However, 
dissymmetric compounds do greatly ef- 
fect the distribution of optical activi- 
ties. The presence of 5 percent by 
weight of d-mandelic acid in experi- 
ments at 130?C similar to those de- 
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scribed above produced binaphthyl with 
excess (+) rotation in 18 out of 19 
samples. On the other hand, 5 percent 
l-mandelic acid in binaphthyl gave 
samples with (-) rotations (after cor- 
rection for the small rotation arising 
from mandelic acid) in 17 trys out of 
17. These distributions fall well outside 
those expected for a 50-50 probability 
and they indicate that the configura- 
tion of mandelic acid essentially com- 

pletely controls the configuration of 

binaphthyl obtained. Such specificity in 
the case of binaphthyl, combined with 
the largely stereospecific results with 
tartrates (12, 13) and aspartates (6), 
lends support to the suggestion of Wald 
that contamination by the ubiquitous 
dissymmetric compounds of life may 
prevent other dissymmetric materials 
from crystallizing at random. Binaph- 
thyl is a relatively unnatural compound 
compared to tartaric and aspartic acids 
and its nucleation and crystallization 
may therefore be less sensitive to dis- 

symmetric impurities. 
RICHARD E. PINCOCK 
ROBERT R. PERKINS 

ALAN S. MA 
KEITH R. WILSON 

Department of Chemistry, 
University of British Columbia, 
Vancouver 8, Canada 
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Crystal Structure of a Naturally Occurring Dinucleoside 

Monophosphate: Uridylyl (3',5') Adenosine Hemihydrate 

Abstract. The crystal structure of uridylyl (3',5') adenosine hemihydrate has 
been analyzed by x-ray diffraction. The two independent molecules found in the 
asymmetric unit exhibit conformations that differ significantly from those found 
in double-helical RNA. The conformational information obtained from this anal- 
ysis provides considerable insight into the possible conformations of nonhelical 
"loop" regions of transfer RNA, as well as single-stranded regions of nucleic acids 
in general. 
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X-ray crystallographic determinations 
of the structures of nucleic acid constit- 
uents have formed the basis for the 
construction of molecular models of 
nucleic acids and polynucleotides. Many 
of the solid-state conformations have 
been confirmed by spectroscopic studies 
of nucleic acid constituents in solu- 
tion. Until the present time, crystallo- 
graphic data on the constituents of 
nucleic acids have been derived mainly 
from mononucleoside and mononucleo- 
tide structures (1). The present deter- 
mination of the structure of a naturally 
occurring dinucleoside monophosphate, 
uridylyl (3', 5') adenosine hemihydrate 
(UpA), provides the first direct in- 
formation on possible conformations 
about the 3',5' phosphodiester bonds 
(2). 

The compound UpA crystallized 
readily from aqueous methanol solu- 
tions (pH 3.5) and formed large mono- 
clinic crystals of space group P21 and 
unit cell dimensions a= 16.96 A, b = 
12.35 A, and c = 11.24 A; 3 = 95.9?. 
Comparison of the observed (1.625 g 
cm-3) and calculated (1.651 g cm-3) 
crystal densities indicated the pres- 
ence of four molecules of UpA 
(C19H24NO712P) in the unit cell; the 
structure analysis revealed also the pres- 
ence of two water molecules. Thus, there 
are two independent molecules of UpA 
and one molecule of water in the asym- 
metric unit of the structure; this gives 
a total of 79 nonhydrogen atoms and 
50 hydrogen atoms. X-ray intensity data 
were collected on an automated four- 
circle diffractometer; the 0-20 scan 
technique and CuKa radiation (X = 
1.5418 A) were used. Lorentz and 
polarization corrections were applied 
to the data, and a total of 3635 ob- 
served reflections were used in the 
structure determination. 

The heavy atom method in combi- 
nation with phase refinement by the 
tangent formula (3) provided the solu- 
tion to the crystal structure. The posi- 
tions of the phosphorus atoms were de- 
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nation with phase refinement by the 
tangent formula (3) provided the solu- 
tion to the crystal structure. The posi- 
tions of the phosphorus atoms were de- 

termined by Patterson methods. Tan- 
gent refinement of the phases of 511 
reflections based on the phosphorus 
atoms indicated the positions of the 
two independent adenine bases in the 
structure. Repeated cycles of structure 
factor, Fourier, and block-diagonal 
least squares calculations revealed the 
entire structure of the two indepen- 
dent UpA molecules, as well as the po- 
sition of the water of crystallization. 
The agreement index R (4) after iso- 
tropic refinement is 0.12. 

The sugar-phosphate "backbone" 
conformations (Fig. 1) observed for 
the two independent molecules differ 
'markedly 'from the conformations 
found for double-helical RNA (5). A 
comparison of the torsion angles of the 
two independent molecules of UpA 
with those of double-helical RNA is 
given in Table 1. The largest differences 
among the three structures occur in 
the torsion angles involving O(5')-P 
and P--0(3') phosphodiester bonds. 
Molecule 1 (Fig. la) is in the ex- 
tended or open conformation with the 
phosphodiester bonds exhibiting the 
(-) gauche-trans conformation (1, 
6, 7). Molecule 2 (Fig. lb) is in the 
closed (inverted) conformation with 
the (+)gauche-(+)gauche conforma- 
tion about the phosphodiester bonds. 

Table 1. A comparison of the backbone con- 
formations in UpA and double-helical RNA. 
The torsion angles are about the backbone 
bonds; A is the adenine part and U the uri- 
dine part. The torsion angles for RNA (1) 
are for eleven-fold viral RNA (5). Molecule 
1 is in the open conformation and molecule 
2 is in the closed (inverted) conformation. 

Torsion angles 
Bond Mole- Mole- RNA cule 1 cule 2 

AC(3')-(4') 94? 83? 83? 
AC(4')-C(5') 52 57 74 
AC(5')-O(5') - 167 - 159 165 
0(5')--P - 88 84 - 78 
P-0(3') 164 84 - 87 
UO(3')-C(3') - 138 - 159 - 134 
UC(3')-C(4') 81 87 83 
UC(4')-C(5') 54 49 74 
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