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Speeding up Viedma Deracemization through Water-
catalyzed and Reactant Self-catalyzed Racemization

Carola Tortora,”” Christina Mai,”’ Francesca Cascella,” ¢ Michael Mauksch,*
Andreas Seidel-Morgenstern,” < Heike Lorenz,™ and Svetlana B. Tsogoeva*®

Viedma deracemization is based on solution phase racemiza-
tion, dissolution of racemic or scalemic conglomerates and
crystal growth through autocatalytic cluster formation. With
rate limiting racemization, its acceleration by appropriate
catalysts may result in speeding up deracemization. A conglom-
erate-forming chiral compound may principally racemize di-
rectly, or via reverse of its formation reaction. For a hydrazine
derivative, we investigated available racemization pathways in
presence of pyrrolidine or thiourea amine as base catalysts: via
Mannich or aza-Michael reaction steps and their reverse, or by

1. Introduction

Demand of enantiomerically pure compounds significantly rose
lately." Chiral compounds are widely used for several applica-
tions, in cosmetic and agrochemical industry, fine chemicals
production, as well as pharmaceuticals.”’ It is estimated that,
among drugs produced and sold in last decades,”™ percentage
of those approved as single enantiomer grew rapidly from 40 to
almost 70% between 1991 and 2010."7 Development of
processes that generate single enantiomers of chiral drugs
which have been previously developed, approved and mar-
keted as racemic mixtures, is driven partly by due expiration of
intellectual property rights, seeing that routes to enantiopure
compounds are usually more expensive and time consuming.””
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enolization. Racemization by enolization was computationally
found to dominate, both under water-free conditions and in
presence of water, involving a multitude of different pathways.
Faster racemization in presence of water resulted indeed in
more rapid deracemization, when the base was pyrrolidine.
Under water-free conditions, the role of water as enolization
catalyst is assumed by chiral hydrazine itself - in autocatalytic
racemization and in which both reactant and product are
catalysts.

Moreover,” demand for enantiopure products is supposed
to increase dramatically in near future, due to inherent chirality
of the biological environment.*® Enantiopure drugs may have
better pharmacodynamic or pharmacokinetic properties, less
side effects or allow for an improved therapeutic width.
Therefore, several methods have been already discovered and
developed to obtain chiral compounds as single enantiomers.
Besides asymmetric synthesis,” chiral resolution is still nowa-
days largely used, especially for industrial applications.®'?
These methods are usually easy, fast and cheap ways to obtain
enantiopure compounds, but highest affordable yields are 50 %.
Hence, a way to convert continuously one enantiomer into the
other is needed. Combination of chiral resolution techniques
with racemization methods allows to obtain up to quantitative
yields.

A rather recent such methodology to quantitatively derace-
mize enantiomeric pairs of conglomerate-forming chiral com-
pounds is Viedma ripening. Viedma first reported in 2005
complete deracemization of racemic conglomerates of
NaCl0,."* In this particular case, racemization is unnecessary,
since starting material is already achiral in solution. Process of
deracemization is a combination of non-linear autocatalysis
during crystal growth and recycling through dissolution of
crystallites spawned off from mother crystals by grinding.">'¥
When an intrinsically chiral molecule crystallizing as conglom-
erate is involved, racemization - usually an unwanted process
in organic chemistry — is necessary here to obtain a completely
homochiral final state.

In 2009, we reported deracemization of a nearly racemic
Mannich product, when its slurry was vigorously ground in
presence of an appropriate achiral catalyst, based on our earlier
observation of gradually increasing ee value in that Mannich
product during an asymmetric synthesis from achiral
precursors."® As was pointed out by us, such a combination of
stereoselective reactions, starting from achiral reactants, with
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Viedma deracemization could therefore effectively allow abso-
lute asymmetric synthesis."® We proposed that racemization
occurs via catalytic forward and reverse steps of the CC bond
forming reaction, rather than by direct racemization of the
centrally chiral product. Afterwards, we found that raising
temperatures dramatically accelerated deracemization, which
indicated that racemization is rate limiting in the whole
process,"” in contrast to other reports,*' in which racemiza-
tion was not considered rate limiting. In analogy to asymmetric
autocatalysis by chiral monomers in solution,"® we also
surmised that racemization could be autocatalyzed by the
conglomerates’ crystal surface, due to observation that race-
mization time in solution is much longer than deracemization
took under grinding conditions."”!

Motivated by these early observations, we reasoned that
with rate limiting racemization,”” it should be possible to speed
up deracemization itself by faster racemization! To elucidate
mechanistic details of racemization under original water free
conditions, we carried out DFT computations, phase diagram
studies of the chiral Mannich product, racemization and
deracemization experiments in a joint experimental and
theoretical approach to investigate the racemization mecha-
nisms of 1 (Scheme 1) and how they could be accelerated. We
demonstrate herein that faster racemization indeed results in
faster deracemization, when pyrrolidine is the base catalyst and
in presence of water. To explain racemization of Mannich
product under water free conditions, we also conceptually
develop herein an autocatalytic racemization model and in
which both reactant and product catalyze their respective
transformation in a process, which extends, hence, the concept
of (asymmetric) catalysis.

2. Results and Discussion

Melt phase diagram of the chiral system was determined via
Differential Scanning Calorimetry (DSC) studies supported by
coupled thermogravimetry-DSC (TG-DSC), Hot Stage Microscopy
(HTM) and X-Ray Powder Diffraction (XRPD) measurements.
Therefore, (R)-1, rac-1 (Scheme 1) and molecular disperse
mixtures of both were subjected to a DSC heating run to obtain
respective melting DSC curves. Solidus and liquidus temper-
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Br O  Toluene, rt Br )
(R-1 rac-1
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Scheme 1. Racemization experiments, carried out at room temperature on
(R)-1, varying catalyst 2 and 3 loading.
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atures were determined from corresponding melting peak
onsets or dissolution peak maximum temperatures."

Figure 1 shows the melt phase diagram of chiral compound
1 with rac-1 on the left and (R)-1 on the right side of the
composition axis. That is, only half of the phase diagram is
given, as mirror image symmetry is implied in chiral systems.
The steady course of the liquidus line connecting higher
melting pure enantiomer (R)-1 with significantly lower melting
rac-1 provides evidence of conglomerate behavior. This is also
confirmed by identical XRPD patterns (see Sl 1). The melting
temperatures are found to be 142.4°C for (R)-1 and 125.8°C for
rac-1, respectively which well corresponds with HSM studies
(see SI 2 and SI 3). It should be noted that melting of (R)-1 and
rac-1 is accompanied by partial decomposition expressed by a
mass loss of ca. 2.3% and 0.8% until the respective melting
peak maximum. At the final heating temperature of 170°C, ca.
9.9% and 11.1% mass loss were recorded for (R)-1 and rac-1,
respectively.

In addition, as shown in the Tammann plot (Figure 2), no
miscibility in solid state is present in the system, which means
that enantiomers do not form mixed crystals (or solid solutions),
which is a desirable property with respect to any crystallization-
based enantiomer separation. Initially, we focused our efforts
on optimizing the racemization conditions in solution, at room
temperature (Scheme 1).
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Figure 1. Melt phase diagram of rac-1 and (R)-1. Symbols denote measured
solidus and liquidus temperatures (diamonds and circles, respectively). Lines
represent solidus and liquidus lines, with the latter as guide to the eye and
the solidus line derived from averaged solidus (eutectic) data.
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Figure 2. Tammann plot of heats of fusion of eutectic peak, A¢H,,, as a
function of composition. Data points are linearly related and the extended
straight line intersects with pure enantiomers’ composition."”!
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We intended to use same catalytic systems as we have
employed in our earlier works on deracemization.'®'” The use
of 0.5eq rac-3 and 0.25eq pyrrolidine 2 proved to be a
compromise between ensuring sufficiently fast racemization
and low enough degree of decomposition, since using 1.0 eq of
pyrrolidine caused decomposition of (R)-1 after only 1.5 hours.

First, we evaluated effect of rac-3 on racemization of (R)-1,
varying temperature and catalyst loading. Figure 3 shows
measured ee values. Each reaction was sampled every 24 hours
and directly analyzed without any further purification. Racemi-
zation occurred in all runs, albeit slowly at room temperature.
Trend lines are not linear, indicating that racemization in
toluene does not follow a first order kinetic. Under isothermal
heating to 40°C, racemization was considerably faster, and an
ee value of 60.1% was reached after 96 hours, when (R)-1
eventually decomposed.

Although racemization occurs in homogenous solution,
none of the performed experiments exhibited a rate consistent
with the speed of deracemization observed previously."s"”
During Viedma deracemization processes, a slurry is ground at
high stirring rates (up to 1300rpm), i.e. the system is
heterogenous with a crystal-solution interface present, and

100
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—a—-0.5eqrac-3, rt
60 ——0.25eqrac-3, rt
——0.5eqrac-3,40 °C
40
0 1 2 3 4 5

Time (d)

Figure 3. Racemization of (R)-1 using rac-3 as catalyst. ee values are
measured from samples taken every 24 hours. Reaction conditions: (R)-1 in
toluene (0.022 M) with 0.5 eq rac-3 at rt ([J), 0.25 eq of rac-3 at rt (A), and
at 40°C using 0.5 eq rac-3 (O).

Q H rac-3 (0.5 eq) QY
NN~ COE 124 (32 eq) NN~ -COzE
H H
5 0} Toluene 5 0}
r (R Temperature r rac-1

(96.8-99.9% ee)
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H,N CO,Et
0}
ON rac-4

"product mimic"
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Scheme 2. Racemization in heterogeneous reaction mixture, using “mimic”
rac-4 as solid phase [3.2 eq with respect to (R)-1].
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concentration of the target compound is much higher, thanks
to supersaturation. Hence, we wondered if during Viedma
deracemization, presence of a crystal-solution interface could
result in higher racemization rates than those observed in more
diluted - and homogenous - (gleiche wie oben) solutions.””

Hence, we tried to investigate effect of presence of a
racemic crystal phase on racemization rate. In order to assess
degree of racemization, we used a “mimic” of 1, namely rac-4
(Scheme 2),2" bearing a nitro substituent instead of bromine in
para position of the aromatic ring, seeing that enantiomers of 1
and 4 are well separable in chiral HPLC. Figure 4 shows
somewhat faster racemization compared to results observed in
homogeneous solution. After 48 hours, even starting from
enantiopurity, 60% ee was reached, while after the same time,
without presence of a mimic solid phase, ee was still above
90%, even though starting ee value was lower. Using (S)-4 as
solid phase, with opposite absolute configuration at the stereo-
center with respect to that in (R)-1, racemization was only a
little bit faster than in homogenous solution - which could well
be in range of experimental error (note that initial ee was
higher, though). These findings lend some support to the idea
that racemization may be positively influenced through a
crystal-solution interface, whereas it does not mean that it
occurs there exclusively, instead of deep in solution phase. Note
also that it appears to be exactly the same (rather than
oppositely) configured (quasi-)enantiomer, which has the larg-
est effect in the heterogenous system.

Reversible Mannich type reaction proposed in our previous
works,"*"”! was supposed to involve activation of acetone via
enamine formation by nitrogen containing bases thiourea
amine rac-3 or pyrrolidine and subsequent attack of this
stronger nucleophile on aminoalkylating hydrazone substrate 5
(Figure 5). Conceivably, this reaction could also proceed in

100
80
S
3
rac-4, rt
60 -s—rac-4, 40 °C
——(S)-4,rt
-s—homogeneous conditions, rac-3, rt
40
0 1 2 3 4 5 6 7

Time (d)

Figure 4. Racemization of (R)-1 using rac-3 as catalyst in presence of a
racemic or homochiral (S) crystal phase of mimic 4. ee values of (R)-1 are
measured from samples taken every 24 hours. Solution and crystalline
phases of each sample were separated, and values reported correspond to
solution phase analyses. Reaction conditions: (R)-1 in toluene (0.224 M) with
rac-4 as racemic solid phase (3.2 eq with respect to 1) at room temperature
(¢) and at 40°C (O), and with (S)-4 as solid phase (3.2 eq with respect to 1)
at room temperature (A). For comparison, we included a control experiment
in homogenous solution [(R)-1 0.022 M in toluene] at room temperature
((m))
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Figure 5. Mannich reaction steps, proposed to be involved in racemization
mechanism of 1, proceeding via enamine formation between rac-3 a) or
pyrrolidine b) and acetone, followed by attack on hydrazone.

reverse order to reproduce either enamine or acetone together
with prochiral substrate, resulting in racemization via reverse
reaction. Mass balance is only 25.8% yield of 1 (at 85.3% ee for
a batch size of 86.6 mg), retrieved after deracemization, which
indicates that many side reactions occur, reducing achievable
yields of deracemized product after the grinding process.
Hence, we wanted to understand in detail available racemiza-
tion pathways.

DFT computations have been carried out only with more
tractable pyrrolidine as organic base. At first, we studied
computationally pyrrolidine assisted Mannich reaction, giving 1
from hydrazone 5 and enamine 6 (Figure 6). This reaction
proceeds smoothly in forward direction with an activation
barrier of 16.9 kcalmol™' for CC bond forming and configuration
determining step. Resulting intermediate is acetidine 7, which
reacts further in proton transfer steps to recover pyrrolidine to
give carbinolamine 8, which finally tautomerizes under ring
opening to hydrazine derivative product 1. Barriers for proton
transfer steps via T.S.7 and T.S.8 appear to be exceedingly
high. However, exactly these transition state structures are
supposed to profit most from stabilization by hydrogen
bonding, when additional molecules with both hydrogen bond
donor and acceptor capabilities were involved in the activated
complex, as, e.g. pyrrolidine or water. As can be seen, reverse
Mannich step from rather low energy acetidine towards
reactant 5 and 6 level has a rather high barrier of
41.4 kcalmol™, and is hence unlikely to contribute much to the
racemization process, at least deep in solution phase.

Alternatively, it is also conceivable that minority enol form
of acetone is attacking hydrazone directly in an uncatalyzed
reaction (see Figure Sl 6 in the Supporting Information).
However, acetone enol is even more endothermal (by
6.2 kcalmol™") than enamine 6. Consequently, activation barrier
for CC bond forming step is, with respect to level of separated
reactants, 15.9 kcalmol™" higher in energy than process shown
in Figure 6. As also an intermediate in acetone enol involving
Mannich reaction, a hydroxyl ether, is even 22.9 kcalmol™
higher in energy than carbinolamine 8, such an acetone enol
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Figure 6. Computed M06-2X/6-31G* structures on reaction pathway for
Mannich type reaction of hydrazone 5 with enamine 6 to give eventually
chiral hydrazine 1 (see also Fig. 5b). Solvent effects have been included by
polarizable continuum (PCM) model with electric permittivity of toluene.
Selected bond lengths and distances are given in pm. Relative energies (in
kcalmol™") are in italics.

mechanism can here almost safely be ruled out. A third, related,
possibility (which we have not computed) and avoiding
formation of hydroxyl ether, is non-covalently organocatalyzed
attack of acetone enolate after deprotonation by pyrrolidine
and eventual protonation of hydrazide anion after CC bond
forming step.

Another conceivable possibility to racemize 1 via a combi-
nation of forward and reverse reaction steps could be the aza-
Michael reaction (Scheme 3b). Indeed, in 2014 a Viedma
deracemization experiment was reported, where base catalyzed
racemization of a non-enolizable aza-Michael product in
solution was proposed to proceed via a sequence of forward
and reverse aza-Michael reaction steps,?? similar to our earlier

3 2w, 0 0
N,N‘, CO,Et NH,
H _— N |
(0] H +
Br Br CO,Et
(R)-1 9 10
b) (o}
Catalyst N’N\ X COsEt
9 + 10 —— rac1 + H
Toluene, rt Br 12

Scheme 3. a) Envisaged retro-synthetic pathway for racemization of (R)-1 via
forward and reverse aza-Michael reaction steps. b) Aza-Michael reaction
between 9 and 10, performed under same conditions as in racemization
experiments (with 0.25 eq pyrrolidine or 0.5 eq thiourea amine in toluene at
room temperature). For results, see text.
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proposal for the Mannich reaction."® Even though the reactant
was a primary amine, non-nucleophilic base 1,8-Diazabicyclo
[5.4.0]undec-7-ene (DBU) was used as catalyst, as priorily it was
reported that this base could assist in more sluggish aza-
Michael reactions with secondary amines as substrates.”®
Therefore, we envisaged in a retro-synthetic manner, that 1
undergoes a reverse aza-Michael reaction to give Michael donor
9 and Michael acceptor 10 (Scheme 3, a).

DFT computations on mechanism of reverse aza-Michael
reaction step starting from hydrazine derivative 1, is shown in
Figure 7. Similar to situation for Mannich reaction (Figure 6),
reverse step of CC bond forming 1,4-addition has a high
activation barrier and proceeds via T.S.10 to give separated
Michael donor and acceptor, 9 and 10, respectively. Organic
base is obviously not necessary to catalyze CC bond forming
step due to sufficiently high nucleophilicity of the primary
amine, and forward reaction requires an activation energy of
only 10 kcalmol™ with respect to reactant level. Hence, it
appears that an aza-Michael/reverse aza-Michael sequence
(albeit a little bit more favorable than the Mannich/reverse
Mannich process above) is also not a promising candidate for
rapid solution phase racemization, even though reverse Man-
nich or reverse aza-Michael reaction steps could, in principle,
also contribute to racemization to some small extent.

Formation of main product 12 from aza-Michael precursors
9 and 10 showed the initial product being a carbinolamine 11
(Figure 7), giving condensation product 12 after removal of
water, following a second tautomerization step. Barriers for
proton transfer steps via T.S.11 and T.S. 12 are rather high,
without further catalytic assistance. Obviously and deplorably,
pyrrolidine (and rac-3) are able to catalyze these steps, resulting
in sufficiently low energy activation barriers for these proton
transfers, which explains experimentally observed low yields in
aza-Michael reaction, because unsaturated hydrazone 12 pre-

+ \#\#\%
9 l 10
+29.8

140.2

133.2
T.S. 10

+61.4 l
140.1

148.5

+17.2 11

+769 TS. 11

Figure 7. Computed M06-2X/6-31G* structures for reverse aza-Michael
reaction of (R)-1, giving 9 and 10, and their competing side reaction towards
achiral condensation product 12 via carbinolamine intermediate 11 (see also
Scheme 3a). Solvent effects have been included by polarizable continuum
(PCM) model with electric permittivity of toluene. Selected bond lengths and
distances are given in pm. Relative energies (in kcalmol™') are in italics.
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cipitates in the reaction medium and disrupts solution phase
equilibria (Scheme 4). Indeed, carrying out aza-Michael reaction
on precursors 9 and 10, applying conditions as used in
racemization experiments in presence of pyrrolidine or rac-3
(Scheme 3b), rac-1 was obtained in both cases with only low
yields of 26.4% with 2 and of 8.3 % with rac-3, respectively.
Therefore, we had to look for a different and faster pathway
to explain experimentally observed racemization and deracem-
ization. Probably fastest way to invert configuration at a chiral
carbon center is pyramidal inversion of a carbanion, resulting
from deprotonation (with a barrier of about 2-3 kcal mol~").24
On the other hand, deprotonation itself might take some time,
depending on base and solvent.*” Note the need for reversi-
bility here, which precludes e.g. metal hydrides as deprotonat-
ing agents. Another possibility, albeit much slower than
carbanion inversion, is base catalyzed enolization, which also
involves initial deprotonation, giving first a mesomerism-
stabilized enolate, unless enolization is concerted, yielding
directly the enol. When an enolizable group is present, as in (R)-
1 the ester carbonyl group in a-position with respect to chiral
center, initial (catalytic) deprotonation at the chiral center
results in immediate and smooth formation of an achiral
enolate instead of a carbanion - tantamount to tautomeriza-
tion, after enolate protonation.” The base should be strong
enough to deprotonate a CH bond, which is often rate
determining. Second step is protonation of carbonyl oxygen,
giving the enol. Intriguingly, concerted enolization with a single
pyrrolidine molecule involved, is disfavoured energetically by
6.2 kcalmol™" with respect to a stepwise process. Preference for
a step-wise process holds even when solvent is assumed being
polar water, despite intermittent formation of an ion pair in
step-wise enolization, probably because with protic base

Reversible Mannich reaction
o 4—Br—BzHN\N
a |
A 5 kcozEt
/ Enolization \
4-Br-BzNH PP, @ 4-Br-BZNH
HN.__CO,Et NH,,H--"N\H EtO,C.__NH
_— 3 /‘0\ A ES
Lo L [T
1s.137 0 OHt
(R Aty
Reversible aza-Michael reaction
-Br-| 0. X CO,Et
4-Br BZHN‘NHZ " ?A/
9 10

(R)-1 H (S
solid o solid

N,NY\/COQEt

H

Br
12

Scheme 4. Graphical representation of competing and conceivable base-
catalyzed racemization pathways in deracemization of chiral hydrazine
derivative 1 (cf. Figures 6-8). Reverse aza-Michael reaction favours formation
of insoluble hydrazone 12, thereby reducing achievable yield.
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pyrrolidine, step-wise processes are always favoured and
transition state structure comprises non-polar groups, that
screen effectively the charge dipole in its center.

When deprotonation transition state involves two pyrroli-
dine molecules, it is 4.6 kcalmol™' higher in energy than with
one pyrrolidine and one water molecule. Water is obviously the
better co-catalyst in enolization than pyrrolidine itselfl Most
strikingly, a single-pyrrolidine stepwise enolization mechanism
is disfavoured by 23.0 kcalmol™'1 with respect to the most
preferred mechanism (Figure 8), involving one pyrrolidine and
one water molecule in the transition state.

Hence we envisioned, that adding a “stoichiometric”
amount of water (with a tentative 4:1 ratio with respect to base
catalyst) should accelerate racemization of (R)-1, and, because
of rate limiting nature of the racemization process, should allow
to speed up deracemization, as well. Results of DFT computa-
tions for this racemization pathway are shown in Figure 8.
Enolization begins with deprotonation by pyrrolidine at chiral
carbon in a-position to carbonyl group of the ethyl ester moeity
in 1 via T.S. 13 (Figure 8). This reaction step has a rather low
energy barrier and proceeds readily to give a close ion pair of
enolate and protonated pyrrolidine, 13, rather than a carbanion,
because negative charge flows immediately to more electro-
negative oxygen atom of the carbonyl group instead of
remaining localised at carbon. Activation barrier to form 13
from 1 is only seemingly negative (Figure8), and is
20.3 kcalmol™" with respect to a hydrogen bonded encounter
complex, because reference level for reported relative energies
is entry channel of separated reactants. In the second step,
proceeding via T.S. 14, a proton is relayed from pyrrolidine to
water and a second one from water back to enolate to give an
achiral enol 14 as a rather unstable intermediate. Racemization
results, when reprotonation at a-carbon takes place on the
other (i.e. Si) face of the enol group, giving (S)-1.

Note that this reprotonation is principally possible by either
conjugate acid of pyrrolidine or by a hydronium ion, generated

Lx
A, , * .
+ pyrrolidine -0
“ﬁl +H0 o

1 T.S. 13 13
0.0 -6.8 -10.2
- pyrrolidine
-H,0
- -~
14 T.S. 14
+23.1 -7.0

Figure 8. Computed M06-2X/6-31G* structures for step-wise enolization of
(R)-1, catalyzed by a single pyrrolidine and a single water molecule (cf.
Scheme 4, middle pathway). Solvent effects have been included by polar-
izable continuum (PCM) model with electric permittivity of toluene. Selected
bond lengths are given in pm. Relative energies (in kcalmol™) are in italics
and with respect to separated reactants.
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by deprotonation of enol oxygen, again by either water or
pyrrolidine. However, if any alternative pathway to that shown
in Figure 8 would be energetically more favorable, microscopic
reversibility demanded that the very same pathway must be
followed preferably and in reverse order of steps, leading back
to reactants. As concerted tautomerization is high in energy,
enol formation occurs preferably by tautomerization steps as
shown in Figure 8, and this holds, of course, also for the way
back to either enantiomer of hydrazine derivative 1.

Please note, that enol 14 is conformationally chiral, despite
absence of any chirality elements. Hence, racemization will only
occur if free 14 is available in the reaction medium (i.e. after
complex with base dissociated), because otherwise, tracing
back the same pathway as shown in Figure 8 will result in
rentention at chiral carbon of 1 through a “memory of chirality”
effect.””

Seeking experimental confirmation of these insights, we
performed experiments using pyrrolidine 2 as racemization
catalyst with water as co-catalyst and compared the collected
data with a similar control experiment without water (Table 1
and Figure 9). Additionally, presuming that a similar effect could
actually occur also using thiourea amine rac-3 as catalyst, we
performed similar comparative experiments with rac-3, too. The
reaction conditions are summarized in Table 1.

These experiments confirmed that addition of 1 eq of H,0O
has a positive (i.e. accelerating) effect on racemization rate.

Table 1. Reaction conditions for experiments of base catalyzed racemiza-
tion of (R)-1 in homogenous solution, with and without water.

Entry® ee, Cat H,0 -

[%][b] [eq][c] [eq][c] [%] [d]
a 94.7 2 (0.25) 1.0 72,3
b 93.2 2 (0.25) - 89,9
C 94.8 rac-3 (0.5) 1.0 72.2
d 94.8 rac-3 (0.5) - 87,7

[a] Entries in table correspond to lines in Figure 9. [b] Measured from pure
(R)-1 by chiral HPLC. [c] With respect to (R)-1. [d] Indicates lowest (and final)
ee measured, after an evaluation time of nine days.
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Figure 9. Corresponding ee values measured during racemization experi-
ments in homogenous solution with and without H,O as additive. Reaction
conditions are reported in Table 1 (runs a-d).
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Comparing lines a and b (Figure 9), corresponding to use of
pyrrolidine either with and without water, respectively, ee-value
measured after four days is already lower than in the
corresponding experiment without additive, and at the end of
the evaluation time it was possible to reach 72,3 % ee, whereas
without water, only a decrease to 89,9% ee was measured.

As expected, the effect hypothesized with pyrrolidine, was
observed also using thiourea amine catalyst. As line ¢ shows
(Figure 9), effect of adding 1 eq of water is surprisingly strong
(e.g. after nine days measured ee-value is already 72,2%, while
without water, enantiomeric excess does not reach a lower
value than 87.7% after the same time), seeing that thiourea
possesses more than one basic site, and could, in principle,
assist in enolization of 1 even without water.

While we have not sought here to optimize the ratio of
water to base, we found that addition of, e.g., 10 eq of water
does not result in any further acceleration of racemization,
indicating that too large an excess of water may destroy the
intricate hydrogen bonding network involved in the proposed
enolization transition state (Figure 8), thereby blocking the
fastest available racemization pathway. Water molecules may,

4-Br-Bz NH 4-Br-Bz NH
HN._CO,Et o 4BrBzHN. EtO,C._NH
ESl )k + t _
0 CO,Et o
rac-1
or 5
(R)-1(18.4-21.0% ee) (S)-1
“ Catalysts: “
S
(R / \ (-1
solid N N)kN solid
H NH, H H
2 rac-3

Scheme 5. Deracemization experiments with proposed racemization via
forward and reverse steps,'®'” starting from racemic or scalemic (18.4-
21.0% ee) conglomerate mixtures of 1.
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Figure 10. Deracemization experiments, starting from rac-1 in presence of
rac-3 with ([J) and without (A) added glass beads, and with H,O as further
additive (O).
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for instance, more frequently replace much stronger base
pyrrolidine in the transition state structure, resulting in less
effective Ca deprotonation.

Next, we were curious whether an accelerated racemization
will indeed also result in a more speedy deracemization process
under Viedma deracemization conditions (Scheme 5).

We first evaluated deracemization starting from fully
symmetric initial conditions, i.e. a racemic slurry of 1 in
presence of rac-3, with and without water as additive (Fig-
ure 10). Glass beads were added in one run in the hope that
they may assist crystal crushing (and hence dissolution) during
stirring with a magnetic bar, and hence, accelerate deracemiza-
tion. They had, though, no noticeable effect. Slow deracemiza-
tion was observed, in a matter of weeks. At the beginning,
composition stays nearly racemic in presence of thiourea amine
for several days, before ee begins to rise gradually, indicating a
prolonged lifetime of the metastable racemic non-equilibrium
steady state.”® Obviously, initiation time necessary for autocata-
lytic crystallization process to become effective is rather long
under these conditions, resulting in delayed symmetry break-
ing. Once symmetry breaking starts, however, the system enters
a dynamic state of constantly increasing ee, until eventually a
new, ideally homochiral, and kinetically stable non-equilibrium
steady state could be reached.™

Intriguingly, in all deracemization experiments, we recog-
nized that a peak with retention time different from other
known reaction components is growing at the expense of the
peak pertaining to 1 in HPLC analysis of the reactions’ crudes
(Figure 11).

We were able to isolate a white precipitate that corresponds
to that peak. By 1H-, 13C-NMR and mass analysis we were able
to identify it as unsaturated hydrazone 12, product of
condensation reaction between hydrazide 9 and ketone 10
(Figure 7 and Scheme 4), because it was also obtained as main
product in aza-Michael reactions of 9 and 10 in presence of
organic base in 70.3% (with 2) and 64.6% yield (with rac-3),
respectively (Scheme 3b). Appearance of this condensation
product at least demonstrates that reverse aza-Michael reaction
step must have occurred in the reaction mixture, despite its
high computed activation energy barrier.
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Figure 11. Comparison of HPLC chromatograms from samples taken every
24 hours during deracemization experiments in presence of rac-3 performed
at 40°C and 1300 rpm on (R)-1 with 20.4 % initial ee.
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This finding also explains not only the low mass balance (or
retrieval rate) in 1, but also why we were always unable to
reach a fully homochiral state in deracemization runs, because
decomposition of 1 through side reactions dominates, when
organic bases are allowed to act for several days on the reaction
mixtures, especially at elevated temperatures (Figure 12).

In order to reduce observation time necessary in these
experiments, we have henceforth used scalemic, rather than
racemic, mixtures of 1 from the beginning of deracemization
runs (Figures 12 and 13).

Surprisingly, we found high stirring rates to have an
unexpected adverse effect on speed of deracemization (Fig-
ure 12). Apparently, acceleration of dissolution/crystallization
process through high stirring rates may not be favorable, when
racemization in solution phase is rate limiting, i.e. comparably
slow. In further experiments, the higher stirring rate was kept
nonetheless, in order to allow easy comparison of deracemiza-
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Figure 12. Deracemization experiments carried out on scalemic (R)-1 (start-
ing ee 21.0%) using rac-3 (0.5 eq). Reaction conditions: a) room temperature
and 1300 rpm (o) or b) 200 rpm (Q) stirring rate; or ¢) 40°C and 1300 rpm
(/) or d) 200 rpm (1) stirring rate.
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Figure 13. Deracemization experiments with ee values measured over ten
days (rac-3) and six days (pyrrolidine 2) in presence and in absence of H,0,
at rt and a stirring rate of 1300 rpm. Reaction conditions for runs a-d are
reported in Table 2.
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tion rate with that reported in other works and in which
racemization was not rate limiting."

To our delight, addition of water and in presence of
pyrrolidine as organic base results in significant (approximately
2-fold) increase in deracemization rate (Figure 13). Table 2
summarizes final ee values obtained after ten days (for rac-3)
and after six days (for pyrrolidine), reflecting the fact that
pyrrolidine was found to be the more active base in deracem-
ization experiments. Following our computational predictions
(Figure 8), water acts as co-catalyst to pyrrolidine in enolization,
and because racemization is rate limiting when it is sufficiently
slow, we experience an acceleration of deracemization. In
presence of pyrrolidine and water (line d, Figure 13) we
achieved 82.2% enantiomeric excess after six days, whereas we
measured only 49.1% ee without water (line ¢) after the same
time.

Curiously, and despite similarly observed acceleration of
racemization by addition of water, when rac-3 is used as organic
base, we found that behaviour of 2 and 3 in presence of water
is opposite, with water acting as positive co-catalyst together
with pyrrolidine, but as negative catalyst for the deracemization
process in presence of thiourea amine, i.e. it slows it down.
Except for higher concentration of 1 in deracemization experi-
ments, as compared to that in racemization runs (Table 1), due
to supersaturation, the only difference between racemizations
in homogenous solution and our deracemization experiments is
that the latter are carried out in a heterogenous system with a
crystal-solution interface. Could water somehow interfere with
the deracemization process, that is occurring at the crystal-
solution interface? But if yes, why would it do so with thiourea,
but not with pyrrolidine?

To explain this puzzling result, another riddle may come to
our rescue: when Mannich and aza-Michael reactions are both
viable but less favorable pathways for racemization, because of
high barriers for their reverse steps, how is it possible that we
could have earlier observed deracemization, requiring racemiza-
tion, under water-free conditions at all?!'¢"”

As we have earlier seen, enolization would prevail even
under water-free conditions, but only when two pyrrolidine
molecules co-act in the transition state. Much more likely would
be to employ other organic bases, available in the reaction
mixture, as enolization catalyst. Among them, hydrazine
derivative 1 has certainly highest concentration in deracemiza-
tion runs. Proton relay involved in energetically preferred step-
wise enolization, assisted by two other molecules, requires a co-

Table 2. Reaction conditions in deracemization experiments with rac-3 or
pyrrolidine 2, with and without added water as co-catalyst.

Entry® ee, Cat H,0 Chigh
[%][b] [eq][(] [eq][d [%][d]
a 21.0 rac-3 (0.5) - 80.0
b 21.0 rac-3 (0.5) 1.0 42.9
C 21.0 2(0.25) - 49.1
d 18.9 2 (0.25) 1.0 82.2

[a] Entries in table correspond to lines in Figure 13. [b] Measured from pure
scalemic 1 by chiral HPLC. [c] With respect to 1. [d] Indicates highest final
ee reached over evaluation time.
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