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Optical resolution of N-formylphenylalanine succeeds by
crystal growth rate differences of diastereomeric salts
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Abstract—Optical resolution of racemic-phenylalanine through its N-formyl derivative with a 1-phenylethylamine resolving agent is an
effective procedure. Differential scanning calorimetry, single crystal X-ray diffraction and optical microscopy were used in the investiga-
tion of the resolution process. It was found that the thermodynamic properties of the given system would not allow the efficient enan-
tiomer separation. Kinetic effects during the crystal formation have been discovered by the comparison of the crystal morphologies of the
two diastereomers. The crystal structure of the less soluble diastereomer (S)-(�)-1-phenylethylammonium (S)-(+)-N-formylphenylalan-
inate salt has been determined and discussed.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

A classical approach tends to treat optical resolution via
diastereomeric salt formation as a thermodynamically
controlled process. The thermodynamic approach was, in
several cases, proven to be an incomplete view of the
phenomenon. A characteristic example for the appearance
of kinetic effects is the Dutch resolution, when the nucle-
ation inhibition of the simultaneously applied resolving
agents1,2 can be exploited to provide improved enantiomer
separation compared to the thermodynamic potentials of
the process. Beyond this particular resolution method, in
some instances, the outcome of classical resolution pro-
cesses is determined by the time left for crystallization.3,4

In these cases, the effect is quite similar to that caused by
the change in reaction time and conditions in kinetically
controlled organic reactions.

Herein, we report a novel example for the appearance of
kinetic control in optical resolutions by diastereomeric salt
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formation. The optical resolution of phenylalanine through
its N-formyl derivative 1 by 1-phenylethylamine 2 resolving
agent (Fig. 1) is known from the literature,5 the enantiomer
separation is carried out with high efficiency.

Investigation of the thermodynamic background of the
process resulted in the realization that the thermodynamic
relations of the given system do not make the effective opti-
cal resolution possible. Kinetic effects during the crystalli-
zation were found to have an important role in the
enantiomer separation. Kinetic differences in the formation
of the crystalline phases give the determinant contribution
to the potential of the resolution process, as previously
suggested by Leclerq and Jacques.6
2. Results and discussion

2.1. Binary melting phase diagram of the (S)-(�)-1-phenyl-
ethylammonium (S)-(+)- and (R)-(�)-N-formylphenylalani-
nate diastereomeric salt pair

The efficiency of the optical resolution of N-formylphenyl-
alanine 1 by (S)-1-phenylethylamine (S)-2 (Fig. 1) is high,
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Figure 1. Optical resolution of N-formylphenylalanine by an (S)-(�)-1-phenylethylamine resolving agent.
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the attainable enantiomeric excess is 98%,5 and the yield is
45%5 for the (S)-2–(S)-1 diastereomer.

The melting points and enthalpies of the two diastereomers
formed during the resolution process have been determined
by the DSC (differential scanning calorimetry) method.
433.7 K and 48.3 kJ/mol were obtained for (S)-2–(R)-1,
and 436.3 K and 53.6 kJ/mol for (S)-2–(S)-1. The differ-
ences between the thermoanalytical data of the two diaste-
reomers are small (the differences in the melting points and
enthalpies are 2.8 K and 5.3 kJ/mol). Using the DSC re-
sults, the solid-melt phase diagram of the two diastereo-
mers was constructed (Fig. 2) and the expected efficiency
estimated.7,8 The melting phase diagram of the system
investigated is almost symmetric (eutectic composition:
xeu = 0.54, eutectic temperature: Teu = 417.3 K). Accord-
ing to this, the attainable maximum calculated efficiency
of the enantiomer separation�,8 would be low (0.148).
However, the efficiency on the basis of the experimental
results�,8 in the literature5 is high (0.441).
Figure 2. Calculated solid–liquid phase diagram of (S)-(�)-1-phenylethyl-
ammonium (S)-(+)- and (R)-(�)-N-formylphenylalaninate [(S)-2–(S)-1
and -(R)-1] diastereomeric salt pair and measured control points.
2.2. Kinetic aspects in the resolution process

A direct consequence of the near symmetrical binary phase
diagram is that the high efficiency of the resolution exper-
�S ¼ 2xeu�1
xeu

:
�Efficiency = yield Æenantiomeric excess.
iment cannot be explained solely on the basis of thermo-
dynamic considerations. The binary and ternary solubility
equilibria of a given diastereomeric system are closely
related,7,8 the chiral recognition processes during the reso-
lution are directly determined by the distribution of the
diastereomers between the solid and liquid phases. It was
assumed that the kinetic effects became significant in the
present case during phase separation. In our search of an
explanation for our results, we investigated the resolution
process as a function of the time left for crystallization.
We found that in a hermetically closed vessel after one
week, the enantiomeric excess of the product decreased
from 91.9% to 64.9% while the yield increased from
45.0% to 58.2% (S decreased from 0.414 to 0.378). When
more time was left for the crystallization the more soluble
diastereomer (S)-2–(R)-1 would precipitate together with
(S)-2–(S)-1, the solution was supersaturated also for the
less soluble diastereomer. The amount of (S)-2–(R)-1 in
the solid phase increased five-fold in one week, while the
amount of the less soluble salt only increased slightly (with
ca. 10%).

An explanation can be given to the initially high experi-
mental yield considering that the starting concentration
of the solution used in the resolution experiment was quite
high, it got in the range where the solution was saturated
for both diastereomers. In this concentration interval both
diastereomers should precipitate, resulting in decreased
enantiomeric excess. However, with prompt workup only
(S)-2–(S)-1 was present in the crystalline phase with high
selectivity, the enantiomeric excess was high. We assume
that the formation of (S)-2–(S)-1 crystalline phase has a
remarkable kinetic advantage over (S)-2–(R)-1, the crystal
growth rate of (S)-2–(S)-1 notably exceeds that of its dia-
stereomer. When the reaction mixture is worked up imme-
diately, (S)-2–(R)-1 remains in the mother liquor
notwithstanding that the solution is saturated for both
diastereomers.

Investigation of the crystal morphology of the two diaste-
reomers (Figs. 3a and 3b) gives a greater insight into the
kinetics of the process. Crystals of the two diastereomers
were prepared from enantiomerically pure acid and base
under similar crystallization conditions. Both diastereo-
mers gave needle-like crystals, however, a large difference
was observed in the crystal growth rate of the diastereo-
mers in perpendicular directions to the longitudinal direc-
tion of the crystals. While (S)-2–(S)-1 crystallized as large
single crystals, (S)-2–(R)-1 formed thin thread-like crystals,
the crystal growth of the latter being strongly inhibited in
transversal directions. Figures 3a and 3b show a clear pic-
ture of the difference in crystal morphology in the case of
the two diastereomers.



Figure 3b. Crystal morphology of the more soluble (S)-2–(R)-1
diastereomer.

Figure 3a. Crystal morphology of the less soluble (S)-2–(S)-1
diastereomer.
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2.3. Molecular and crystal structure (S)-(�)-1-phenylethyl-
ammonium (S)-(+)-N-formylphenylalaninate

One cation and one anion of the salt can be found in the
asymmetric unit (Fig. 4) of (S)-(�)-1-phenylethylammo-
nium (S)-(+)-N-formylphenylalaninate (S)-2–(S)-1.
Figure 4. The ORTEP9 diagram of the salt (S)-2–(S)-1 shows the content
of the asymmetric unit at 50% probability level. N–H� � �O type inter-
molecular interactions are drawn by dotted line.
Figure 5 shows the solid-state molecular and crystal
packing arrangement determined by single crystal X-ray
diffraction of (S)-(�)-1-phenylethylammonium (S)-(+)-N-
formylphenylalaninate (S)-2–(S)-1 salt.
Figure 5. (a) The infinite inner hydrophilic, outer hydrophobic column
organized along the 21 axis in the direction of the ‘a’ crystallographic axis
in the crystal structure of (S)-2–(S)-1.9 The hydrogen bond loops of the
extensive hydrogen bond system are indicated with numbers in the middle
of the column. (b) Placement of the outer hydrophobic columns in the
crystal structure viewed along the ‘a’ crystallographic axis.
In the crystal of (S)-2–(S)-1 the organic cations and anions
are arranged in columns. There is an infinite column in the
‘a’ crystallographic direction along the twofold screw (21)
axis. These columns are hydrophilic inside and hydropho-
bic outside. An extended strong N–H� � �O type hydrogen
bond system organizes the column10 (Table 1). Two cations
and two anions form a ‘turn’ of the column (Fig. 5a). The
N–H� � �O hydrogen bonds form two loops: loop (1) on the
side of the hydrogen bond system connecting one cation
and two anions is R2

3ð9Þ, while (2) in the core connecting
two cations and two anions is R3

4ð10Þ by the graph set
descriptor.11–13 Three of the four N–H� � �O hydrogen
bonds are parts of two loops: N21–H21B� � �O2 and N21–
H21A� � �O1 can be found in both (1) and (2), respectively,



Table 1. Intermolecular interactions in the crystal structure of (S)-(�)-1-phenylethylammonium (S)-(+)-N-formylphenylalaninate (S)-2–(S)-1

D–H� � �A D–H [Å] H� � �A [Å] D� � �A [Å] D–H� � �A [Å] Symm. op. Loop

N11–H11� � �O1 0.91(2) 2.16(2) 2.862(2) 134(2) 1 + x, y, z 1
N21–H21A� � �O1 0.98(2) 1.82(2) 2.782(2) 169(2) 1 + x, y, z 1&2
N21–H21B� � �O2 0.98(2) 1.80(2) 2.767(2) 170(2) 1&2
N21–H21C� � �O2 0.93(2) 1.93(2) 2.857(2) 175(2) 1/2 + x, 1/2 � y, 1 � z 2&2 0

C10–H10� � �O1 1.02(2) 2.55(2) 3.106(2) 114(1) 1 + x, y, z 1
C12–H12C� � �O3 0.99(2) 2.57(2) 3.164(2) 119(1) 1/2 + x, 1/2 � y, 1 � z

C13–H13� � �O3 1.00(2) 2.54(2) 3.215(2) 125(1) 1/2 + x, 1/2 � y, 1 � z

C18–H18� � �O3 0.96(2) 2.53(2) 3.440(2) 158(1) 1/2 � x, �y, 1/2 + z
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furthermore N21–H21C� � �O2 takes part in two connecting
(2) and (2 0) rings. O3 is ill placed for a strong hydrogen
bond, as well as forming weak C–H� � �O type interactions
within the column with C12–H12C and C13–H13, while
the only intercolumn hydrogen bond keeping the columns
together is the weak C18–H18� � �O3 interaction (Fig. 5b).

This unique hydrogen bond system constructing the col-
umn and keeping the columns parallel by hydrogen bonds
can only be realized by this particular configuration of the
organic ions, which explains the capability of the diastereo-
mer separation. The placement of the O3 atom is deter-
mined by the chirality of C2 in (S)-1. O3 takes part in
the intercolumn hydrogen bond in (S)-2–(S)-1 but there
may be hindrance of O3 hydrogen bond formation, thus
causing transversal crystal growth because of the different
chirality of C2 in (S)-2–(R)-1 resulting in enhanced optical
resolution by diastereomeric salt formation.

Single crystals grown from (S)-2–(R)-1 were not suitable
for X-ray diffraction studies since their transversal dimen-
sions were about 0.01 mm. The crystal growth of (S)-2–
(R)-1 is kinetically inhibited in transversal directions.

We have verified that the powder diffractogram measured
of the (S)-2–(S)-1 sample used for the thermal investiga-
tions was in agreement with that generated from the single
crystal X-ray data.
3. Conclusion

Optical resolution by diastereomeric salt formation is gen-
erally considered as a thermodynamically controlled pro-
cess since kinetic effects are rarely determining factors. In
the presented example however, the great difference in the
crystal growth kinetics of the diastereomers made success-
ful optical resolution possible. In this case, thermoanalyti-
cal data turned our attention towards the kinetic aspects of
the process.

Selective crystallization of one diastereomer in the resolu-
tion experiment is due to the larger stability of its crystal-
line phase under the given conditions. It can be observed
in the presented example that apart from influencing the
thermodynamic stability of the diastereomeric structures,
the efficiency of the resolution can be improved also by
exploiting kinetic potentials. The presented unique struc-
ture that was made up of inner hydrophilic, outer hydro-
phobic columns was ideal to let kinetic effects be
expressed, since the junction of the molecular columns that
is strongly dependent on weaker second order interactions
determined the rate of crystal growth. Thermodynamic dif-
ferences between the diastereomeric structures were small,
whereas the kinetic differences quite expressed, that
allowed an estimate of the importance of a possible crystal
growth kinetic effect in an optical resolution via diastereo-
meric salt formation. This effect was found to have signif-
icant practical importance from the point of view of the
resolution efficiency.
4. Experimental

4.1. Materials and methods

The chemicals used in this paper were purchased from
Aldrich. Optical rotations were determined on a Perkin–
Elmer 241 polarimeter. X-ray powder diffractograms were
taken on a Freiburger Prazisionsmechanik (Carl Zeiss)
HZG4 X-ray diffractometer. The measurements were car-
ried out in the 2H = 2–44� range at the CuKa line at room
temperature. The accelerator voltage was 30 kV, the cur-
rent 25 mA. DSC measurements were performed with TA
Instruments DSC 2920. Visual investigations were carried
out by a Leica MZ6 polarizing microscope. The crystalliza-
tion processes were recorded with a JVC GCX3 digital
camera.

4.2. Optical resolution of N-formylphenylalanine by (S)-(�)-
1-phenylethylamine (prompt workup)

A mixture of racemic 1 (0.986 g, 5.1 mmol) and (S)-(�)-2
(0.619 g, 5.1 mmol) was dissolved in water (2 cm3) under
heating. The solution was cooled down to room tempera-
ture and formation of a crystalline precipitate occurred
upon scratching. The crystalline phase was filtered off
and washed with water (2 · 0.5 cm3) to give 0.313 g of
crystalline product (19.5%), which was dissolved in water
(0.6 cm3) under heating. Concentrated HCl (0.6 cm3) was
then added and the solution cooled down in a refrigera-
tor. After 2 h it was filtered and washed with water
(3 · 0.5 cm3). The process yielded 0.222 g (S)-(+)-1,
½a�20

D = +69.1 (c 2, ethanol), (½a�20
D (100%) = +75.2).5

4.3. Optical resolution of N-formylphenylalanine by (S)-(�)-
1-phenylethylamine (workup after one week)

A mixture of racemic 1 (0.982 g, 5.1 mmol) and (S)-(�)-2
(0.616 g, 5.1 mmol) was dissolved in water (2 cm3) under
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heating. The crystallization was started by scraping the re-
cipient with a glass stick. The solution was cooled down
and left at room temperature for one week. The crystalline
phase was filtered out and washed with water (2 · 0.5 cm3)
to give 0.417 g of a crystalline product (26.1%). This was
dissolved in water (0.6 cm3) under heating after which cc.
HCl (0.6 cm3) was added, and the solution cooled down
in a refrigerator. After 1 h, the solution was filtered and
washed with water (3 · 0.5 cm3). The process yielded
0.286 g (S)-(+)-1, ½a�20

D = +48.8 (c 2, ethanol).
4.4. X-ray crystallography

Single crystals of (S)-1–(S)-2 were gained by salt formation
from (S)-(�)-1-phenylethylamine and (S)-(+)-N-formyl-
phenylalanine in water. A crystal of (S)-2–(S)-1 salt was
mounted on a loop.

Cell parameters were determined by least-squares of the
setting angles of 2693 reflections. Empirical formula:
C10H10NO3

�C8H12Nþ, formula weight: 314.38, colourless,
needle crystals, size: 0.40 · 0.20 · 0.20 mm, crystal system:
orthorombic, space group P212121, unit cell dimensions:
a = 6.1105(4) Å, b = 16.2543(8) Å, c = 16.8035(8) Å, V =
1668.9(2) Å3, T = 93(2) K, Z = 4, F(000) = 672, Dx =
1.253 g/cm3, l = 0.694 mm�1.

Intensity data were collected on a Rigaku R-AXIS RAPID
image plate diffractometer (graphite monochromator;
CuKa radiation, k = 1.54180 Å) at 93(2) K in the range
2.6316 6 h 6 72.1250�. A total of 22952 reflections were
collected of which 2964 were unique (R(int) = 0.030).

The initial structure model was obtained by direct meth-
ods14 and subsequent difference synthesis. Numerical
absorption correction was performed (Tmin = 0.853,
Tmax = 0.922). Anisotropic full-matrix least-squares refine-
ment15 on F2 for all non-hydrogen atoms yielded R1 =
0.0303 and wR2 = 0.0607 for 2762 [I > 2r(I)] and R1 =
0.0345 and wR2 = 0.0627 for all intensity data (number
of parameters = 297, goodness-of-fit = 1.176, absolute
structure parameter x = �0.2(2)). This organic salt does
not contain a centre, which has significant anomalous
X-ray dispersion. Therefore, the absolute structure para-
meter16 as determined by single crystal diffraction has large
esd. Crystals were prepared from enantiomerically pure
starting compounds. The configuration of the single crystal
structure is in agreement with the known absolute
structure.

The maximum and mean shift/esd is 0.000 and 0.000. The
maximum and minimum residual electron density in the
final difference map was 0.15 and �0.15 e/Å3. The applied
weighting scheme was w ¼ 1=½r2ðF 2

oÞ þ ð0:0179PÞ2þ
0:4161P � where P ¼ ðF 2

o þ 2F 2
cÞ=3. Hydrogen atomic posi-

tions were found on the difference Fourier maps.

Crystallographic data (excluding structure factors) for the
above crystal structure have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary
publication number CCDC 627510.
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