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Abstract We examined the activity of a series of L-
hydroxyproline derivatives in enantioselectiveα-amination reac-
tion between diethyl azodicarboxylate and propanal both in or-
ganic and aqueous media. In organic media most of the catalysts
showed high activity and enantioselectivities comparable to that
accessible with L-proline that is among the best catalysts in the
reaction. The catalysts showed good activity under aqueous con-
ditions as well; however, only low enantioselectivities were ob-
tained in this case, primarily due to the racemisation of the prod-
uct under the reaction conditions. Thus, the attempted achiral
acid/base additive-driven stereocontrol was not feasible on a
practical level.
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Introduction

Among L-proline-catalysed stereoselective reactions, α-
amination (Fig. 1) has emerged as an important C–N bond for-
mation reaction leading to valuable optically active amino acid
and amino alcohol-type building blocks [1–4]. It was also among
the first organocatalytic reactions where dual stereocontrol [5, 6]
was systematically studied [7–15]. Initially, Jørgensen and co-
workers observed that using α,α-diarylprolinol silyl ether-type
catalysts, an inversion of the product enantioselectivity occurs
compared to that obtained with L-proline catalysis [7]. Later,
the groups of Blackmond and Armstrong reported stereocontrol
in the reaction using L-proline in combination with an appropri-
ate achiral base additive [9]. In the inversion cases the lack of the
acidic proton in the catalyst was rationalized as a key factor for
the altered stereochemistry (Fig. 2). In the case of Jørgensen’s
catalyst the steric shielding by the bulky substituent on the pyr-
rolidine ring was responsible for promoting the si-face attack
while in the L-Pro/DBU catalytic system of Blackmond and
Armstrong the same shielding effect was provided by the car-
boxylate group of L-Pro originating from the deprotonation of
the carboxylic acid by DBU.

The concept of controlling enantioselectivity through con-
trolling L-proline protonation state was extended to the field of
aldol reactions as well, where several authors reported inversion
of enantioselectivity in proline-based systems where deproton-
ation of the carboxylic acid moiety could occur [16–19].

Recently, we have shown that in aldol reactions of water-
miscible acetone with aromatic aldehydes catalysed by hydroxy-
proline derivatives, product enantioselectivity could be controlled
in the presence of a large amount of water, as an environmentally
benign reaction media [20, 21]. The reactions occurred in a bi-
phasic micellar system which is generated due to the presence of
salting-out additives. The catalyst had the role of stabilizing the
micellar system on the one hand and to catalyse the reaction on
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the other hand in which the protonation state of the amino acid
catalyst was controlled by the nature of the salting-out additives.
Addition of NH4Cl rendered the reactionmedium slightly acidic,
thus Bclassical^ proline catalysis could occur within the
acetoneous micelles leading to the (R)-product. On the other
hand, in the presence of NaOAc the aqueous medium was
basic where the enamine carboxylate played a key role in
delivering the (S)-enantiomer in excess.

Based on our findings on the importance of catalyst structure
in performing aldol reactions in aqueous environment, we
wanted to investigate whether our observations could be extend-
ed to amination reactions as well. Furthermore, performing α-
amination reactions in the presence of water is scarcely reported
in the literature [22, 23], in contrast to recent efforts towards
environmentally benign asymmetric synthesis [24, 25].

Materials and methods

Experimental methods

Commercial reagents (Aldrich, Alfa Aesar, Fluka) were pur-
chased as reagent-grade and used without further purification.

Solvents for extraction or column chromatography were of
technical quality. Organic solutions were concentrated by rotary
evaporation at 25–40 °C. Thin layer chromatography was car-
ried out on SiO2-layered aluminium plates (60778-25EA,
Fluka). Flash column chromatography was performed using
SiO2–60 (230–400 mesh ASTM, 0.040–0.063 mm from
Merck) at 25 °C. 1H NMR spectra were recorded on a Bruker
AVANCE DRX 400 spectrometer. All spectra were recorded at
25 °C. The residual solvent peaks were used as the internal
reference (CDCl3: δH = 7.26 ppm).1H NMR spectra are report-
ed as follows: chemical shift δ in parts per million relative to
TMS (δ = 0 ppm), multiplicity, coupling constant (J in Hz),
number of protons. The resonance multiplicity is described as
s (singlet), d (doublet), t (triplet), q (quartet), combinations
thereof, or m (multiplet). Broad signals are described with br.
(broad). Quantitative analysis was carried out using gas chro-
matograph (GC) with a flame ionization detector (FID): Agilent
Techn. 6890 N or YL6100 GC-FID and Cyclosil-B
30 m × 0.25 mm i.d. or HP CHIRAL 30 m × 0.25 mm i.d.
chiral capillary column. Mass spectra (MS) were recorded on a
Agilent 5973 GC-MSD.

Typical experimental procedure for the aqueous
α-amination reactions

Basic conditions Sodium acetate (500 mg, 6.1 mmol) was dis-
solved in water (2 mL), then propionaldehyde (0.107 mL,
1.5 mmol), trans-4-hydroxy-L-proline (19.7 mg, 0.15 mmol) and
diethyl azodicarboxylate (DEAD) (0.078 mL, 0.5 mmol) was
added. The reaction mixture was stirred at 0 °C for 2 h then sat.
NaClaq solution was added. The aqueous mixture was extracted
with EtOAc and dried (MgSO4), then analysed by GC-FID
(Table 1) and 1H NMR. 1H NMR (400 MHz, CDCl3) δH = 1.27
(t, J = 7.1 Hz, 6 h), 1.38 (d, J = 7.3 Hz, 3 h), 4.12–4.28 (m, 4 h),
4.67 (br. s, 1 h), 7.10 (br. s, 1 h), and 9.66 (s, 1 h) ppm.

A B C

Fig. 2 Stereoselectivity in
asymmetric α-amination
reactions. In proline catalysis the
reaction is directed to the (R)-
product via H bonding with the
carboxylic acid moiety of the
catalyst (complex A). When no
acidic proton is available in the
catalyst, the (S)-product forms in
excess directed by steric shielding
(complexes B and C)

Fig. 1 Catalytic asymmetric α-amination reaction

416 Struct Chem (2017) 28:415–421



Acidic conditions Ammonium chloride (100 mg, 1.9 mmol)
was dissolved in water (1.7 mL), then propionaldehyde
(0.107 mL, 1.5 mmol), trans-4-hydroxy-L-proline (19.7 mg,
0.15mmol) and DEAD (0.078mL, 0.5 mmol) was added. The
reaction mixture was stirred at 0 °C for 2 h then sat. NaCl
solution was added. The aqueous mixture was extracted with
EtOAc and dried (MgSO4), then analysed by GC-FID
(Table 1).

Typical experimental procedure for the α-amination
reactions in DCM

Propionaldehyde (0.107 mL, 1.5 mmol) was dissolved in di-
chloromethane (2.5 mL), then O-(4-tert-butylbenzoyl)-trans-
4-hydroxy-L-proline (29.1 mg 0.1 mmol) and DEAD
(0.078 mL, 0.5 mmol) was added. The reaction mixture was
stirred at 0 °C for 2 h then sat. NaCl solution was added. The
aqueous mixture was extracted with EtOAc and dried
(MgSO4), then analysed by GC-FID (Table 1).

Typical experimental procedure for the preparation
of cyclic N-amino oxazolidinone derivative 4

L-proline (34.5 mg, 0.3 mmol) was suspended in DCM
(4 mL) and cooled to 0 °C, then propanal (0.214 ml, 3 mmol)
and DEAD (0.156 mL, 1 mmol) was added. The reaction
mixture was stirred at 0 °C for 2 h followed by the addition
of abs. ethanol (4 mL) and NaBH4 (100 mg, 2.64 mmol). The

mixture was stirred at 0 °C for 40 min, then 1 M NaOH
(10 mL) was added, and the stirring was continued for 2 h.
The organic solvent was evaporated and the mixture was ex-
tracted with Et2O (2 × 10 mL) and dried (Na2SO4). The crude
mixture was purified by flash column chromatography (SiO2,
hexanes/EtOAc 1:1) to afford compound (R ) -3-
ethoxycarbonylamino-4-methyl-2-oxazolidinone (4) as a
colourless oil (62 mg, 33 %). GC-MSD m/z (%) = 188 (1,
[M]+), 143 (16), 116 (70), 100 (29), 57 (49), and 29 (100).

Computational methods

Initial three-dimensional structures of C1 and C7were built up
by means of MOE program [26]. In order to identify their
global minimum (GM) structure, the sampling of the confor-
mation space was carried out with a stochastic conformational
search protocol, using the MMFF94x force field [27] and an
improved (GB/VI) Generalized Born (GB) implicit solvent
[28] for surrounding media. The static dielectric constant
was set to 78.36 and 8.93 for water and DCM, respectively.
In this protocol, 10,000 initial structures were generated for
each molecule and optimized. After optimization, the new
conformer is judged to be equal with one of the previously
obtained individual conformers if the optimal heavy atom root
mean square superposition distance is less than the tolerance
limit (0.25 Å). After failure of the consecutive 1000 trials for
new conformer, the procedure is terminated. These conforma-
tional searches were conducted using MOE program [26]. In

Table 1 Chromatographic
conditions for the separation of
the enantiomers of the α-
amination products

Product Column temperature He head pressure (psi) Retention times (min)

3a 110 °C 10 min, 1 °C/min 165 °C

95 min, 10 °C/min 185 °C

22 58 (R) 59.1 (S)

4b 165 °C 60 min 20 53.0 (R) 54.5 (S)

a Agilent Techn. 6890 N GC-FID and Cyclosil-B 30 m × 0.25 mm i.d. chiral capillary column
bYL6100 and HP CHIRAL 30 m × 0.25 mm i.d. chiral capillary column
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Fig. 3 L-Hydroxyproline
derivatives used in this study
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order to obtain molecular properties for the global minimum
structure, each force field GM geometries were re-optimized
by density functional B3LYP/6-31G(d) level of theory [29,
30] applying a tight convergence criterion as implemented in
Gaussian09 program package [31]. Here, the integral equation
formalism of the polarizable continuum model (PCM) with
the radii and non-electrostatic terms of Truhlar and co-
workers (SMD) [32] was used to mimic the surrounding en-
vironment. The normal mode analysis was carried out on
structures optimized at the B3LYP/6-31G(d) level of theory
to ensure the structure corresponds to energy minimum.

Results and discussion

The 4-hyroxyproline-derived catalysts that were used in this
study are shown in Fig. 3 and were synthesized according to a
previously described procedure [33].

As a first step we evaluated the performance of our cata-
lysts compared to L-proline that is still among the best cata-
lysts for asymmetricα-aminations, by performing the reaction

under conditions that are previously optimized by other au-
thors [1–4]. In CH2Cl2 at 0 °C with one exception, all of the
acyloxyprolines delivered comparable or even higher
enantioselectivities than that obtained with L-proline. In terms
of conversions only catalyst C5 performed weaker than L-Pro,
likely due to solubility reasons. It has to be noted that we
found this catalyst inefficient in asymmetric aldol reactions
as well both under aqueous conditions and in acetone as sol-
vent [21]. In line with previous reports, after prolonged reac-
tion times a drop in enantioselectivity was observed, as a result
of product racemisation (Table 2, entry 9 vs 10) [2, 34].
Racemisation occurred not only under the reaction conditions
but also in the isolated sample of product; however, it took
longer time (about 1 week for an ee decrease from 94% (R) to
14 % (R)). To prevent racemisation of the stereochemically
sensitive amination product, we converted compound 3 to its
cyclicN-amino oxazolidinone derivative 4 (Fig. 4). This com-
pound was isolated showing the same ee values as measured
for compound 3 if the reduction step was performed at sub-
zero temperatures. Performing the reduction step at ambient
conditions resulted in the decrease of ee in the cyclic product.
Furthermore, in the amination reaction we also observed slight
dependence of the enantioselectivity on the catalyst loading;
higher amount giving somewhat higher values without chang-
es in conversion and selectivity (Table 2, entry 10 vs. 11).
Using D-proline instead of L-proline the product with oppo-
site enantioselectivity was detected. Interestingly, L-
hydroxyproline was completely inactive in the reaction under
these conditions as no product could be detected in this case
(Table 2, entry 8). In fact, there are only two examples in the
literature where hydroxyproline was used as catalyst—in ionic
liquids and under microwave irradiation—in α-amination re-
actions, in both cases giving low or moderate yields and mod-
erate enantioselectivities [35, 36].

After establishing the structure-activity relationship within
the catalyst series in organic media, we turned our attention to
basic aqueous environment (NaOAc additive) to test whether
the sense of enantioselectivitiy could be altered from (R) to (S)
similarly to aldol systems. From the results (Table 3) it is clear
that the protonation state of the catalyst is influencing the
stereochemistry as in the presence of aqueous NaOAc solution
the (S) amination product formed in excess in several cases
(Table 3, entries 5–10), however, with poor enantioslectivities.
Temperature had an effect on both the ee and selectivity
values. Using catalyst C1 at 25 °C moderate selectivity was

Table 2 The effect of catalyst structure on the reaction of propanal with
DEAD in DCM as solvent (reaction conditions: 1.5 mmol propanal,
0.5 mmol DEAD, 20 mol% catalyst, 2.5 mL CH2Cl2, 0 °C, 2 h)

Entry Catalyst Conversiona (%) Selectivitya,b (%) ee (%)a

1 C1 99 86 80 (R)

2 C2 99 87 57 (R)

3 C3 99 90 91 (R)

4 C4 99 91 90 (R)

5 C5 44 99 86 (R)

6 C6 99 90 88 (R)

7 C7 99 89 88 (R)

8 C8 0 – –

9c,d C9 99 62 52 (R)

10d C9 99 96 94 (R)

11 C9 99 98 83 (R)

12e C9 99 96 86 (S)

a Determined by chiral GC-FID analyses
b Selectivity of the amination product
c 24 h reaction time
d 60 mol% catalyst was used
e D-Pro was used as catalyst

Fig. 4 Formation of N-amino
oxazolidinone following the
amination step
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obtained and low ee (Table 3, entry 1) without inversion com-
pared to the value in organic media. The addition of poly(pro-
pylene glycol) (PPG-425) under the same conditions helped to
improve the selectivity, while the ee remained low but
inverted (Table 3, entry 2). The effect of PPG-425 in improv-
ing selectivity is in line with our earlier findings in aldol reac-
tions [20]. The selectivity value obtained at 0 °C (without
PPG-425 additive) exceeded the room temperature value
(Table 3, entry 3) while the ee remained the same as obtained
with PPG additive. In most of the cases conversion of the
startingmaterial (DEAD) was close to completion as indicated

by the disappearance of its characteristic orange colour. In the
case of lower selectivities, we cannot exclude that the com-
petitive hydroacylation reaction route was also operating be-
tween propanal and DEAD reactants [37]. This is also sup-
ported by the observation that some conversion was obtained
when no amine catalyst was used in the NaOAc/H2O system;
however, the formation of the desired product was not
detected.

Looking at the results in comparison to that obtained in the
aldol reactions between acetone and 2-nitrobenzaldehyde
(Table 3), it can be noticed that the conversions in the
amination reaction were higher in every case compared to
the aldol reaction performed with the same catalysts.
Regarding the ees the results show that catalysts C1 and C2
(Table 3, entries 3 and 4) that performed better in aldol reac-
tions delivered poorer values in the amination reaction, while
with catalysts C4–C9 that were weaker asymmetric catalysts
in aldol reactions, comparably higher ees were obtained in the
amination reactions.

These findings could be explained considering that in
aqueous aldol reactions only acetone, a water miscible
ketone was a liquid, while the aromatic aldehydes were
all solid materials [20, 21]. As a first step of the aqueous
aldol reaction, acetoneous micelles had to be formed due
to the presence of salting-out additives and the stabiliza-
tion effect of the hydroxyproline-based catalysts in which

Table 3 Effect of catalyst
structure in asymmetric α-
amination reaction in the presence
of water under basic conditions
and comparison with results
obtained in aldol reactions

Entry Catalyst Amination reactiona Aldol reactionb

Conversionc

(%)
Selectivityc,d

(%)
eec

(%)
Conversionc

(%)
Selectivityc,e

(%)
eec

(%)

1f C1 99 59 4 (R)

2f,g C1 99 76 2 (S)

3 C1 99 93 2 (S) 91 83 20 (S)

4 C2 99 82 4 (S) 71 84 16 (S)

5 C3 99 99 10 (S) 26 63 8 (S)

6 C4 99 95 10 (S) 37 94 2 (R)

7 C5 99 75 8 (S) 9 89 0

8 C6 99 97 6 (S) 56 99 3 (R)

9 C7 99 34 18 (S) 3 99 2 (S)

10 C8 43 94 16 (S) 21 65 2 (S)

11 C9 20 99 8 (S) 19 75 2 (S)

a Reaction conditions: 1.5 mmol propanal, 0.5 mmol DEAD, 30 mol% catalyst, 6.1 mmol NaOAc, 2 mL H2O,
0 °C, 2 h
b Reaction conditions: 0.5 mmol 2-nitrobenzaldehyde, 2 mmol acetone, 30 mol% catalyst, 6.1 mmol NaOAc,
2 mL H2O, rt., 6 h
c Determined by chiral GC-FID analyses
d Selectivity of the amination product
e Selectivity of the aldol product
f Reaction performed at 25 °C
g PPG-425 (0.95 mmol) was used as additive

C1 C7

Fig. 5 Calculated structures of catalysts C1 and C7 (B3LYP/6-31G(d)
level of theory)
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the solid aldehydes could dissolve. In this way both the
catalyst and the two reactants were present in the confined
space of the micelle. Different aggregation properties of
catalysts bearing different acyl substituents might also
play a role (Fig. 5). In case of the catalyst was not effi-
cient in stabilizing the two-phase system, no reaction oc-
curred (as in the case of C5 or C7, Table 3 entries 7 and
9). Contrary to the aldol system, under amination conditions
both the propanal and the DEAD reagents are liquids (with
limited solubility in water) providing a larger organic volume
to dissolve the catalyst; hence, micelle formation may not be
prerequisite for all components to be in proximity for reaction.
In fact, the better solubility of L-Pro C8 and L-hydroxyproline
C9 in water compared to the organic phase explains the low
conversions obtained by these catalyst under aqueous
conditions.

We also performed the amination reaction under acidic
aqueous conditions using NH4Cl as additive to show that
both enantiomers of the product can be accessed in water as
reaction medium using a single chiral catalyst. The reaction
was carried out using L-hydroxyproline C8 as we obtained
high selectivity and comparably higher ees with this catalyst
under basic (NaOAc additive) conditions (Table 3, entry 10).
Although good enantioselectivity (83 % (R)) was obtained
with inversion of ee compared to the basic conditions, the
selectivity was low with pronounced amount of diverse
side-product formation. It is noted, that a previous attempt
ondeveloping asymmetricα-amination reactions in thepres-
ence of water and Brønsted acids as additives resulted in low
to moderate yields and enantioselectivities after long reac-
tion times [23].

As the product aldehyde 3 is prone to racemisation in the
presence of a base, we performed control experiments to find
out the effect of the basic aqueous conditions on the obtained
low enantioselectivities (Fig. 6). We performed the amination
reaction in DCM under L-Pro catalysis and submitted the
enantioenriched (ee 85 % R) product to basic aqueous condi-
tions. Upon stirring compound 3 at 0 °C for 2 h the ee was
found to decrease to 60 % (R). The same control was per-
formed using aqueous NH4Cl solution, which did not cause
any decrease in the enantioselectivity value.

From the results it is clear that the basicity of theNaOAc is
responsible for the low enantioselectivities obtained under
aqueous basic conditions. Although the described

methodology could potentially be used to favour the
amination reaction over the hydroacylation reaction that
has been described to operate under aqueous conditions
[37], the observed racemisation diminishing its usefulness
in aqueous asymmetric synthesis of products of type 3.

In summary we have showed that α-amination reactions
can be performed under both organic and aqueous condi-
tions using L-hydroxyproline-based amine catalysts.
Attempts to control the enantioselectivity of the product by
controlling the acid/base properties of the aqueous media,
however, turned out to be unfeasible on a practical level as
poor ee values or racemic mixtures were obtained under
basic conditions due to the racemisation of the product.
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