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Enantioselective Synthesis without Discrete Optically Active Additives
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Absolute asymmetric syntheiighe formation of optically active o] OzZni-Pr OH
materials from achiral starting materials in the absence of optically N How NXATNer H20 NS TP
active rea ' I § L J"

gents or catalyst3All successful approaches to absolute P N )\N/ /J\Nz
asymmetric synthesis have either involved crystallization or have 1 2 3 4
used the photons of circularly polarized light as chiral reagents.

Chemists often believe that the formation of optically active 1+2 1+2 1+2
materials from only achiral starting materials in a closed hom + sovent + solvent + solvent

aterials from only achiral starting materials in a closed homoge- ‘ 2.5% or 10% 2.5% or 10% oto. unil
neous reaction is impossible. It is rfoity fact, any synthesis of a of product solution | of product solution measurable
racemic mixture will by random chance produce an average excess | | Scptt,:ﬁf;,
of n2 molecules of one enantiomer out of ammolecule
“racemate.?2 However, absolute asymmetric synthesis is only AN AN
meaningful if the optical activity is observable, and this has never . W \ (\ ®
been achieved in a homogeneous closed system. fx K "

We have been attempting absolute asymmetric synthesis by the = =

repeated asymmetric amplification of the small enantiomeric excess Figure 1. Process for replicative asymmetric amplification.

(ee) generated by chance in an initial racemate. These experiments

have failed, thus far, but in a way that we did not anticipate. We in an experiment where the process of Figure 1 was carried out at
are reporting our results because they provide focus for problems(.1 M in toluene at 0C, an ee of 22% of the R enantiomer &f

in absolute asymmetric synthesis, because they involve novelwas observed at the end of the fourth generation. These trials
experimental challenges and probes, and because the results havgtorded optical activity despite considerable effort to purify
implications toward both asymmetric amplification reactions and yeagents and avoid experimental contamination with dust. The

the origin of biological homochirality. _ _ presence versus absence of ambient room light and the use of Teflon
We have adapted the remarkable asymmetric autocatalysisreaction vessels made no apparent difference in these reactions.
reactions of Sodito achieve replicative growth in enantiomeric However, there is substantial evidence that most (and likely all)

excess. For the reaction of 2-methylpyrimidine-5-carboxaldehyde
(2) with diisopropyl zinc ), series of reactions on the same scale
were carried out by taking either 2.5 or 10% of the product mixture
containing3 from each completed reaction and adding it to a new
flask along with onlyl, 2, and the solvent (toluene, benzene, or
diethyl ether). Thus, the ee formed in an initial reaction (the “first
generation”) is used as catalyst for a second reaction, the ee forme
in this second generation is used as catalyst for the third reaction,
and so on (Figure 1). In this way, small enantiomeric excesses may
be quickly multiplied to an arbitrary extent. For example, when 10
mol % of nearly racemic pyrimidylcarbind, prepared with an ee

of the R enantiomer of only 0.00003%, was added to the initial
reaction, the product ee grows to 71% of fRenantiomer by the

of these reactions are not true examples of absolute asymmetric
synthesis. When series of reactions were carried out using the same
batches of starting materials and solvent, they almost invariably
afforded the same enantiomer. Indeed, the first nine trials all
afforded theS enantiomer ofl. These results strongly suggest that
Jhe ultimate optical activity arises from optically active impurities.
Although efforts to detect the optically active impurities in these
reactions were not successful, their nature can be probed experi-
mentally. For example, a key question was whether the major
optically active impurities were homogeneous contaminants of the
starting materials and solvent or else heterogeneous contaminants
arising from dust or the reaction flask surfaces or introduced from
end of the fourth generation. syringes. This was tested repeatedly by running pairs of trials side
We reasoned that the replicative process should ultimately lead PY Side using the same batches of reagents and solvent for the pair.
to observable optical activity even when no additives are included. !N 12 out of 15 pairs of trials under various conditions (Table 1),
For the first nanomolen(= 6 x 1014) of “racemic” product formed ~ the same enantiomer was formed at the same generation, usually
from an uncatalyzed process at the beginning of a new reaction, With approximately the same ee. This suggests that the major source
there will by random chance be an average of 207 molecules of optical activity is homogeneous in the starting materials. In other
(n*?) excess of one enantiomer (0.000004% ee). Due to the €xperiments, pairs of reactions used different batches of one reagent
asymmetric autocatalysis, such excesses should increase with tim@vhile leaving the others unchanged (e.g., trials 6/7). The general
and with each generation, just as in the experiment above whereobservation has been that changing the batch of solvent makes a
enantiomeric excess was added discretely. difference between pairs of trials, while changing the batchaf
Indeed, in 48 trials of this process, each one has ultimately 2 makes little or no difference. This supports the conclusion that
afforded substantial optical activity in the product. For example, the major optically active impurities arise from the solvent.
Spiking reactions with trace amounts of terpenol or amino acid
* Corresponding author. E-mail: singleton@mail.chem.tamu.edu. contaminants resulted in the rapid onset of product optical activity.

10010 = J. AM. CHEM. SOC. 2002, 124, 10010—10011 10.1021/ja0271290 CCC: $22.00 © 2002 American Chemical Society



COMMUNICATIONS

Table 1. Results from Trials of Replicative Asymmetric
Amplification without Discrete Optically Active Additives

trial® % eeb trial® % ee? trial® % eeb

1c 16 S 170 653"  3Fsu 218

20t 11,789 1894 708" 348su 81R

3ed 18 19eiru 859 35ehu 298

4ed 16 S 200iru 869 36hu 298

5eel 323 219:hi 488 37ihru 189 549"
6e:f 223 2200 523 38uiu 118,429
7efhi 30R™ 23whiu 489 39uiu 5%, 483
geehitu 80 24g:i.u 378 408:uv 3%, 439
geeitu 753 250 hi 329 41eiu 189,48
10ehu 26R 26° 21R 42eiu 89", 323
170U 548 27 679" 43Fihu 43,189
12¢hu 22R 2gisu 25R 4geiu 22,4531
13¢u 23R 2%eisu 329 45U 59,21
14ch 48 R™ 30eisu 26R 462 49,24
158 219,709  31eisu 189 47ehiu 89,26
168 138 32t 34R 4geiu 139,218

aThe trials employed the procedure of Figure 1, transferring 10% of the
product solution at each generation unless otherwise nbfeetermined
by NMR using Eu(hfc). ¢ Toluene solvent, reagent grade or purified as
noted.d Solvent distilled from BOs. € Solvent distilled from Na/benzophe-
none.f Solvent treated with k8O, followed by distillation.9 Solvent
purified by repeated crystallizatiohNew batch of solvent, relative to
previous otherwise identical trialsBenzene solvent, reagent grade or
purified as noted. Reaction in Teflon flaskk After second generatidmfter
third generation™ After fourth generation? After fifth generation.° After
sixth generation? After seventh generatiof.After eighth generation.
" Transferring 2.5% of the product solution at each generatigthyl ether
solvent, reagent grade or purified as noteleaction used a Teflon septum.
U The pairs of trials 8/9, 12/13, 17/18, 19/20, 23/24, 28/29, 30/31, 33/34,
35/36, 37/38, 39/40, 41/42, 43/44, 45/46, and 47/48 were carried out side-
by-side using identical reagentsAbsence of light.

The addition of 5 ppm of-()- or (+)-menthol to the first generation
resulted in 35% e® and 41% e product, respectively, after the
third generation. The addition of 10 ppm af){ or (L)-FMOC-
phenylalanine to the first generation resulted in 42%seaad 39%
eeR product, respectively, after the third generation. If the unknown
contaminants in the unspiked reactions are similarly effective in
inducing optical activity, they are present in lower amounts. For
trials such as 43 and 44 where optical activity was not observed
until the seventh generation, the concentration of optically active
contaminants must be extremely low.

Presumably, multiple optically active impurities are present in
these reactions, with some favoring formation of one enantiomer
of 4 and others favoring the opposite enantiomer. The ability of

one enantiomer to “take over” was studied in the apparatus of Figure

2. A tube was filled with glass beads to elongate the path length
between ends, and opposite ends of the tube were initialized with
opposite enantiomers of FMOC-alanine (250 ppm). A series of
reactions ofl with 2 were then carried out in the tube, removing

~90% of the reaction mixture after each generation. For the

example experiment shown, samples removed from opposite ends

of the tube afforded opposite enantiomersddfor the first four

generations. However, asymmetric autocatalysis makes the produc-

tion of both enantiomers intrinsically unstable. The enantiomeric
excess at one end by chance grows faster, and diffusional mixing
is ultimately unavoidable. By the sixth generation, one enantiomer
predominated throughout the tube.

It is an adage in chemistry that “purity is a matter of degree.”
Thus, it is not clear to us how any macroscopic solution reaction
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Figure 2. Competition between enantiomers in asymmetric autocatalysis.

amounts of optically active materials may dominate the outcome
of reactions, and this suggests caution in interpreting reactions
involving large asymmetric amplifications.

More generally, our results support Soai’'s suggestion that
asymmetric autocatalysis may be relevant to biological homo-
chirality.*2 Many origins have been proposed for initial optical
activity on a prebiotic Earth. Possibilities include asymmetric
crystallizations’ circularly polarized ligh€” meteorites the weak
nuclear forcé,or just random chance in the formation of a racemic
mixture, as described above. However, any complete theory on the
origin of biological homochirality also requires a mechanism for
asymmetric amplification, a mechanism for maintenance of optical
activity despite decomposition and racemization, a mechanism for
dispersal of optical activity from localized areas, and a mechanism
by which one enantiomer can take over in areas where the opposite
enantiomer is in excess. If, on a prebiotic Earth, appropriate achiral
precursors were continually generated, then asymmetric autoca-
talysis could intrinsically provide both asymmetric amplification
and maintenance of optical activity. The impact of trace optical
activity here suggests that dispersal of optical activity would be
inevitable$ Homochirality could then occur prior to any biological
activity. We are currently exploring this hypothesis in both
mathematical and experimental models.
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may be carried out in the biosphere in the complete absence of
optically active materials. The results here demonstrate that trace
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