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Proline is a remarkably effective solu-
ble catalyst for enantioselective aldol
and Mannich reactions, aminoxylations,
and other reactions.[1] Interest remains
intense with regards to how and why
proline and structurally related systems
function,[2] and new applications are
reported regularly.[3] Four papers recent-
ly appeared that give remarkable insight
into the behavior of enantiomerically
enriched proline and other amino acids
under heterogeneous conditions. These
may provide an explanation for the
nonlinear effects sometimes observed.[4]

The immediate implications for asym-
metric catalysis are appreciable, and the
findings could have a bearing on other
aspects of enantioenrichment, including
the origin of homochirality in nature.

The story begins chronologically
with a report by Blackmond and co-
workers.[5] In DMSO with a small
amount of water, the l-proline-cata-
lyzed aldol reaction of acetone with 2-
chlorobenzaldehyde carried out under
heterogeneous conditions (l-proline is
poorly soluble in DMSO/H2O) using l-
proline with 20–80% ee afforded prod-
uct with a fairly constant enantiomeric
excess of around 35% (Scheme 1).

There was no nonlinear effect in
solution despite the nonlinearity of the
solid-state composition. The aldol reac-
tion occurs, as far known, only in

solution. On using enantiopure proline
in solution, the enantiomeric excess of
the aldol product was around 70% ee.
That the ee value of the product ob-
tained is only half of the maximum value
for a large range of enantiomeric com-
positions of the solid state was shown to
be the result of the fact that the eutectic
composition (see below) for proline lies
at 50% ee, as determined from the
solubility behavior of a saturated solu-
tion of proline in equilibrium with
racemic and enantiopure crystalline
phases.

These observations bear on a subse-
quent and independent report by Ha-
yashi et al.,[6] who studied the behavior
of enantioenriched solid proline under
heterogeneous conditions in CHCl3 as
solvent. Neither racemic nor enantio-
pure proline dissolves well in pure, dry
CHCl3. However, enantiopure proline
becomes more soluble if a small amount
of ethanol is added. The racemate has a
solubility of only approximately 4.3 8
10�4 molL�1 in CHCl3/EtOH (99:1),
whereas the pure enantiomers are over
100 times more soluble (5.4 8
10�2 molL�1). Hayashi et al. prepared a
solid sample of proline of 1–10% ee by
mixing well-ground enantiopure materi-
als. For the case of proline with 1% ee,
after equilibrium had been reached in
the presence of solvent (CHCl3), a
saturated solution with 97–99% ee of

proline was obtained! Solutions of pro-
line with 85–99% eewere obtained from
an initial solid of 10% ee. The solid that
was recovered after equilibrium had
been reached consisted of crystals of
racemic proline (see below) rather than
crystals of the pure enantiomers used to
make the original solid. Over time, as
equilibrium is reached, enough enantio-
pure proline eventually dissolves to
allow the less-soluble racemate to crys-
tallize out. A highly enantioenriched
solution remains behind. The low solu-
bility of the racemate is rationalized on
the basis of the more closely packed
crystal structure (almost identical to that
already published[7]) compared to that
of enantiopure proline. (This, however,
is not the end of the story (see below).)

The enantioenriched solution was
filtered to remove the solid and used
to carry out aminoxylation reactions
(Scheme 2). Clearly, the ee value of the

product formed in a solution reaction is
not linked linearly to the ee of the initial
solid. Nearly enantiopure proline selec-
tively goes into solution relatively inde-
pendently of the initial enantiomeric
excess of the solid.

An initial explanation for these ob-
servations was offered by Blackmond
and co-workers, who carefully con-
structed a ternary phase diagram for
proline in DMSO and determined the
eutectic compositions for eight other

Scheme 1. l-proline-catalyzed aldol reaction of
acetone with 2-chlorobenzaldehyde.[5]

DMSO=dimethyl sulfoxide.

Scheme 2. a-Aminoxylation of propanal cata-
lyzed by proline.[6]
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amino acids (threonine, valine, alanine,
phenylalanine, methionine, leucine, his-
tidine, and serine) in H2O.[5] To under-
stand the significance of their report, a
simplified discussion of the properties of
phase diagrams is helpful. First, some
basic principles of the solid-state prop-
erties of chiral compounds must be
considered. Racemic proline crystallizes
as a racemic compound and not as a
conglomerate. Awell-known example of
the latter is sodium ammonium tartrate,
the enantiomeric forms of which crys-
tallize separately and can, in principle,
be separated by visual inspection of the
crystals. In practice, twinning and other
complications frustrate such efforts with
most conglomerates. Conglomerates are
relatively rare. Of the coded amino
acids, threonine and asparagine crystal-
lize as conglomerates. However, many
derivatives of amino acids are conglom-
erates, and Lahav and co-workers have
made brilliant use of these phenomena
in the use of tailor-made additives.[8]

In racemic compounds, such as pro-
line, a racemic crystalline solid (enan-
tiomers are paired) is preferred for
mixtures of enantiomers within a certain
ee range over the crystal polymorphs for
the separate enantiomers. Racemic
compounds are most frequently encoun-
tered. The third, and again relatively
rare, major class of crystalline chiral
compounds is a solid solution in which
there is essentially no mutual recogni-
tion of the enantiomers in the crystal.

The term “racemic compound” with
reference to the nature of the crystals
has led to more than a little confusion in
the organic chemistry community. The
confusion is compounded by the fact
that there is unfortunately no practical
method to predict whether a given
compound will form crystals of a race-
mic compound, conglomerate, or solid
solution. An excellent, mathematically
sound, discussion of the properties of
racemates and enantiomers in the solid
and solution can be found in the seminal
work by Jacques, Collet, and Wilen.[9]

The study of melting-point behavior,
provided that the compounds have read-
ily measurable melting points, is a com-
mon method to identify conglomerates
tentatively. For conglomerates, the melt-
ing points of the pure enantiomers are
always significantly higher than those of
the racemate, with the difference being

usually some 25–30 8C. In contrast, the
melting-point differences for racemic
compounds are less pronounced and
often the melting point of the racemate
is higher than that of the pure enantio-
mer. Idealized binary phase diagrams
(melting-point behavior as a function of
enantiomer composition) for conglom-
erates and racemic compounds are
shown in Figure 1a–c. The minima ob-

served in the curves correspond to the
eutectic compositions.

More complicated (but at the same
time more informative) phase diagrams
can be constructed from solubility data
(at constant temperature). The ternary
solubility phase diagram for proline
(only illustrative) is shown in Fig-
ure 2b.[5] The three components include
the two enantiomers (base of triangle)
and the solvent (apex). Concentrations
are generally expressed in mole frac-
tions. Because proline is poorly soluble,

solvent dominates the total phase dia-
gram; thus, only the small, and interest-
ing, area at the apex is shown in detail in
Figure 2a.

The eutectic behavior observed in
the usually more easily measured and
understood binary phase diagrams often
agrees with that found in ternary phase
diagrams.[9] This extrapolation should,
however, be made with reserve because,
for example, the formation of solvates
and/or polymorphs can lead to pro-
foundly different eutectic behavior (see
below).

Figure 1. a) The idealized binary phase dia-
gram for a conglomerate: the melting point
(Tm) of the enantiomers is higher than that of
the racemate, and the eutectic lies at 0%
enantiomeric excess. b) A binary phase dia-
gram for a racemic compound with eutectic
points (E and E’, with a mirror-image relation-
ship) at reasonably high enantiomeric excess
values: the melting point of the pure enantio-
mers is lower than of the racemate. c) The
eutectic points represent considerably lower
enantiomeric excesses, and the melting points
of the pure enantiomers are higher than that
of the racemate.

Figure 2. a) Simplified ternary phase diagram
for proline in DMSO. b) The full phase dia-
gram is clearly dominated by DMSO owing to
the poor solubility of proline; the interesting
small congruent triangle at the top is shown
in more detail in part (a). The enantiomeric
excess for l-proline at the eutectic point E’ is
(z y�E’ y) (zy)�1 C100%=50% ee. The small
unlabeled triangles under the eutectic points
E and E’ (which are the top parts of the
largest areas of the total phase diagram)
contain solvent, d,l-configured solid, and d-

or l-configured solid. Starting with sufficient
material, with a small excess of l-proline, in
the presence of insufficient solvent (indicated
by point S in the full phase diagram), the
concentration of l-proline in solution will go
to the eutectic composition (50% ee) as indi-
cated by the dotted line. The same is true
starting from a large excess of l-proline
(point S’). Note that in contrast to the behav-
ior observed when CHCl3 was used as solvent
by Hayashi et al.,[6] in DMSO the pure enan-
tiomers are slightly less soluble than the race-
mate.
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The phase rule, that is, the number of
degrees of freedom in the phase dia-
gram, dictates that under equilibrium
conditions, provided sufficient material
is available, the solution composition
will be that of the eutectic as long as
three phases (racemate, excess enantio-
mer, and solvent) are present.[9] De-
pending on the starting point in the
phase diagram, the end result in solution
can be either an increase or a decrease
in the enantiomeric excess relative to
that of the solid. This powerful restric-
tion is not generally appreciated by
organic chemists. From simple (with a
little practice) geometrical considera-
tions, the composition of solid and
solution at various points in the ternary
phase diagram can readily be deter-
mined.

Eutectic values for racemic com-
pounds vary tremendously. For con-
glomerates, the eutectic value should
ideally be 0% ee. For the extremely
important case of amino acids that form
racemic compounds, eutectic values are
apparently not available through the
open literature. Blackmond and co-
workers determined the eutectic com-
position for threonine to be 0% ee (in
H2O), which is expected because threo-
nine is a conglomerate.[5] On the other
hand, for serine, a racemic compound,
the eutectic composition lies at over
99% ee (histidine: 93% ee ; leucine:
87% ee ; phenylalanine: 83% ee ; valine:
46% ee). As an illustration of the con-
sequences, Blackmond and co-workers[5]

reported that a mixture of solid serine
with overall 1% ee leads at equilibrium
in H2O to a solution of more than
99% ee. Breslow and Levine recently
showed that slow evaporation of a
solution of phenylalanine with 1% en-
antiomeric enrichment of the l enan-
tiomer in water leads to a solution with
40% ee of l-phenylalanine and racemic
solid.[10] Most likely, the solution ee had
not reached the eutectic value of
83% ee.

Why is there an inconsistency be-
tween the results reported by Hayashi
et al. and those reported by Blackmond
and co-workers, with regard to the
magnitude of the enantiomeric excess
of proline found in solution under con-
ditions of equilibrium? For 10% enan-
tioenriched proline in DMSO, Black-
mond and co-workers observed 41% ee

in solution (approach to eutectic value
of 50%; see Figure 2 caption) whereas
Hayashi et al. reported values of up to
99% ee when CHCl3/EtOH was used as
solvent. The explanation was provided
in another recent article from Black-
mondGs group.[11] However, to under-
stand it, we must first return to the
solubility properties of conglomerates
and racemic compounds.

In 1904, Meyerhoffer suggested that
the solubility of the racemate of a
conglomerate should be twice that of
the pure enantiomers.[12] A simplified
explanation given by Jacques, Collet,
and Wilen[9] proceeds as follows: The
vapor pressure of an ideal gas is the sum
of its components. If solid enantiomers
in a neutral solvent are considered in a
similar fashion, then in analogy one
would expect the solubility of the con-
glomerate to be equal to the sum of its
components, namely the enantiomers.
This is known as the “double solubility”
rule, and it works remarkably well for
neutral conglomerates, in particular.[9]

Reported values of a, the ratio (on a
molar basis) of the solubilities of race-
mate to enantiomers [Eq. (1)], lie re-
markably close to the ideal value of 2.

a ¼ solubility of racemate
solubility of pure enantiomer

ð1Þ

In their second article, Blackmond
and co-workers extended this concept to
the considerably more complicated sit-
uation of racemic compounds.[11] With
the assumption of ideal behavior and
use of the authorsG empirical observa-
tion that the concentration of the major
enantiomer at the eutectic is essentially
equal to the solubility of the pure
enantiomer, they arrived at Equa-
tion (2) to predict the enantiomeric
composition of the eutectic (eeeut). For
an ideal conglomerate (a= 2), the limit-
ing ee value for the eutectic is the
expected 0%. If a> 2, the model does
not work owing to assumptions in the
derivation.

eeeut ¼
1�ða2=4Þ
1þ ða2=4Þ � 100% ð2Þ

This is a useful equation that can
readily be applied in the laboratory.
From relatively simple solubility meas-
urements on racemate and pure enan-

tiomers (assuming that these are avail-
able), the eutectic point can quickly be
estimated without the time-consuming
construction of a full ternary phase
diagram. It was shown that the approx-
imation of Equation (2) works very well
for amino acids in water and many other
compounds including binol, binap, and
taddol ligands. Measured values of a

range from 10�2 to 2. There are a few
failures, of course; for example, the
values reported in the literature for
mandelic acid and benzylidene camphor
fail to fit the theoretical curve.

Equation (2) provides a smooth
curve with limits of 0% ee for the
eutectic solution (a= 2, ideal conglom-
erate) and 100% ee for the eutectic
solution as a approaches zero. In other
words, the enantiomeric excess of the
eutectic solution (for racemic com-
pounds) will increase as the solubilities
of the pure enantiomers increase rela-
tive to that of the racemates. This can be
a useful rule of thumb to establish
whether or not one has a conglomerate
or a racemic compound.

Now we return to proline and the
discrepancy in the results of Hayashi
et al. (99% ee in CHCl3/EtOH) and
Blackmond and co-workers (40% ee in
DMSO). Blackmond and co-workers
found that the eutectic value of proline
in CHCl3 is indeed 99% and not 50% ee
as found in DMSO or in water, and
provided a demonstration of the cause.
On crystallization of racemic proline
from CHCl3/EtOH, they were able to
isolate a solvate that contains one
CHCl3 molecule with each racemate
pair of proline molecules. Hydrogen-
bonding effects in this solvate effectively
reduce the solubility of the racemate
relative to enantiopure proline, which
crystallizes from CHCl3 without incor-
poration of solvent. The authors empha-
sized the exciting prospect of engineer-
ing the eutectic position by judicious
choice of a small achiral molecule that
can influence solubility behavior, for
example, by means of hydrogen-bond-
ing interactions.

It is clear that both Blackmond and
Hayashi have shown through use of
enantioenriched solid proline (as well
as other amino acids) in a heterogene-
ous system that the enantiomeric excess
in solution may differ dramatically from
that in the solid. As Blackmond and co-
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workers demonstrate, there are perfect-
ly reasonable thermodynamic explana-
tions for this.[13]

What about kinetic effects? How
quickly is equilibrium established and
how does the enantiomeric excess
change on the way there? Data from
Hayashi et al. for enantioenriched pro-
line indicate that over a period of
several hours the ee in solution changes
from very low to the ultimate very high
value found. In a third paper, Black-
mond and co-workers have studied this
phenomenon carefully and provide a
rationalization and explanation why
nonlinear behavior in proline-catalyzed
reactions is sometimes observed.[14] If
one begins with unequal amounts of
enantiopure solid proline, the ee value in
DMSO solution rises over a period of 3–
4 h from 0% to the final eutectic value
of 50%. They confirm that for a proline-
catalyzed aldol reaction, the enantio-
meric excess of the condensation prod-
uct even for strongly enriched solid
proline can be very low during the
equilibration period. The authors sug-
gest that a “kinetic conglomerate” is
involved. In other words, solid, enantio-
merically pure prolines mixed together
in the beginning stages of dissolution in
effect form a conglomerate, and, as
expected, the eutectic composition (the
situation towards which the system first
tends) is 0% ee. As equilibrium is
reached, the poorly soluble racemate
of proline (a racemic compound) begins
to precipitate and the system proceeds
then towards the final eutectic compo-
sition of 50% ee in DMSO. This is a
fascinating idea that invites further ex-
periments in the engineering of solution
enantiomeric excesses in heterogeneous
catalysis.

Blackmond and Hayashi both point
out that their results can have implica-

tions for the generation of homochiral-
ity in nature. Highly enantioenriched
solutions can be obtained from slightly
enantioenriched solids. Catalytic asym-
metric synthesis could then lead to a
variety of homochiral biomolecules. The
suggestion is certainly plausible.

Further application of these obser-
vations in heterogeneous catalysis and
other areas such as enantiomeric sepa-
rations or kinetic resolutions should be
possible. Combination of thermodynam-
ic and kinetic considerations may lead to
even better models for the generation of
homochirality during evolution. Perhaps
interactions of chiral molecules are in-
deed stronger in the solid state. If
communication between solid and liquid
can be established, the possibilities are
limited only by the imagination of the
chemist.

In 1981, Jacques, Collet, and Wilen[9]

observed in the introduction to their
treatise that “If there is one central
theme to this book, it is that the proper-
ties of mixtures of enantiomers, partic-
ularly those affecting the solid state, are
special and even different from those of
achiral molecules”. How true this obser-
vation is.
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