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Abstract—Protease catalysed hydrolysis of N-Boc-amino acid esters allows us to obtain N-Boc L-acids and p-esters of amino butanoic
acid, nor-leucine, nor-valine, leucine and t-leucine in excellent ee. The reaction occurs in short reaction times and high concentrations.
When a biphasic system (buffer—MTBE) is employed, a strong solvent effect is observed. This method could be of significance for the
preparation of p-t-leucine, for which a practical method is currently unavailable.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Nonnatural amino acids are compounds of growing inter-
est for incorporation in nonribosomal peptides (NRPs), a
class of microbial natural products which includes several
valuable small molecule therapeutics, such as antibiotics
and immunosuppressants, for the preparation of new cyclic
and linear peptidic drugs, for the synthesis of peptide seg-
ments with predictable folding properties and compounds
not subject to protease action.'* Among them, C-4 to C-6
hydrophobic amino acids have found several applications
in both enantiomeric forms in the synthesis of peptidomi-
metics, !¢  protease inhibitors,”> conformationally re-
stricted cyclosporine B-turn analogues,® and in the total
synthesis of compounds with pharmacological activity.*”’

In research towards new drugs, both enantiomeric forms of
these compounds are usually needed. Biocatalysis is prob-
ably the synthetic methodology more suited for the prepa-
ration of nonnatural AAs in both enantiomeric forms. This
can be achieved by asymmetric synthesis for the p-forms
(hydantoinases, amino transferases, etc.) and for the L-
forms, although kinetic resolution remains the more often
applied method: the advantages of this approach are the
wide library of hydrolytic enzymes available and the ease
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of racemisation of the eventually unwanted enantiomer.
Racemic AAs esters have often been used as starting mate-
rials for this procedure: the recovery of both enantiomers
in the case of aliphatic AAs can be effected by solvent
extraction.® N-protected esters have the advantage of
affording compounds ready for further synthetic manipula-
tion and improved solvent solubility.

Herein, we report the kinetic resolution of N-Boc esters of
hydrophobic amino acids in water or biphasic systems
using subtilisin and other proteases as biocatalysts. Appro-
priate reaction conditions allow the obtention of both
enantiomers with high yields and enantiomeric excesses.
A strong solvent effect, influencing reaction rate and selec-
tivity, was observed.

2. Results and discussion
2.1. General procedure

N-Boc AAs-esters 1-5 (Fig. 1) were prepared by standard
procedures.'® Ester hydrolysis was performed in either
water suspensions or in biphasic mixtures with water/
immiscible organic solvents (Tol, MTBE). Formal concen-
trations were 10-300 mM, pH 7.7, 36 °C. The reaction was
titrated with NaOH solution and extracted at around 48—
52% conversion. Solvent extraction allowed the separation
of the unreacted p-ester from the N-Boc-AA in the L-form.
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Figure 1.

The latter was then extracted after acidification. Subtilisin
from commercial sources, either free or immobilised, was
used in a ratio of 200 U/g of derivatised AA. Several com-
mercial proteases are available on a large scale at low costs.
Alcalase from Novozymes, Pronase-N-, Proleather, from
Amano can be used for this work; results are reported
using protease from Bacillus licheniformis from Fluka
catalogue, unless specified.

2.2. p- and L-Aminobutanoic acid

N-Boc-amino butanoic acid in either the L- or p-form is
incorporated in peptides and peptidomimetics with phar-
macological activity.’

A number of derivatives of D,L-amino butanoic acid were
tested as substrates of proteases and D,L-N-Boc-aminobu-
tanoic acid OMe 1a proved to be the most convenient sub-
strate for protease hydrolysis. Racemic 1a was suspended/
dissolved at a concentration of up to 60 g/L at 30 °C in
phosphate buffer at pH 7.5 and the mixture kept at this
pH value with the automatic addition of 1M NaOH.
The protease was then added (200 U/g substrate) and the
hydrolysis followed from the titration curve.

Figure 2 shows the course of the hydrolysis of compound
1a in a water suspension and in a biphasic system. A blank
reaction shows that there is no competing chemical hydro-
lysis at the same pH, temperature and concentration. When
the reaction was run in water, the obtention of the L-acid in
its enantiomerically pure form was only possible at limited
conversions (40%), while the p-form could be obtained at
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Figure 2. Protease catalysed hydrolysis of compound la in a water
suspension and in a biphasic system.

higher conversion. As can be easily seen from curve A,
the hydrolysis continued even at a conversion higher than
50%. Curve B describes the course of hydrolysis of com-
pound 1la at the same water concentrations, in the presence
of an immiscible solvent (MTBE). Under these conditions,
the hydrolysis completely stopped at 50% conversion,
allowing the obtention of both enantiomers in ee higher
than 98%. A similar effect was also observed with other sol-
vents. The effect of a (co)-solvent has been shown to influ-
ence both the rate of conversion and selectivity when
hydrolytic enzymes are used in kinetic resolutions.'® In
the (almost) complete absence of water, solvent effects have
been attributed to substrate diffusional limitations or to
protein structural modifications,!! while in the presence
of bulk water, solvent effects have been related to the de-
gree of preferential solvation of different parts of the mol-
ecule and hence with solvent log P.'?

In the case of crude enzyme preparations, a solvent effect is
usually attributed to selective deactivation of iso-forms.
Since the observed change in selectivity was not observed
with all the substrates tested, this hypothesis should be dis-
carded. Since we compare a hydrophobic substrate in water
solution and a biphasic system with the substrate soluble in
the organic phase, we believe that the different selectivity
can be related to mass transport limitations.

2.3. p- and L- nor-Valine and nor-Leucine

D,L-N-Boc nor-valine-OMe 3a was submitted to enzymatic
hydrolysis in a water solution and in a biphasic system.
E-values were calculated under both conditions. When the
protease from B. licheniformis in water was used, an E-va-
lue of 12 was calculated, while in a biphasic system (water/
MTBE) E = 113 was observed. The solvent effect is similar
when protease N (Amano) was used on the same substrate
(Ewater Was 44 while Epiphasic = 170). The resolution of the
N-Boc-methyl esters allowed us to obtain both the p-ester
and r-acid in high ee and short reaction times (2 h). A sim-
ilar procedure was also applied to the resolution of D,L-N-
Boc-nor-leucine-OMe 2a. In this case, the best results in
terms of reaction rates and ee were obtained with a 2:1
water—-MTBE ratio. The reaction is considerably slower
than with compounds 1 and 3 (50% conversion in 15 h).

2.4. p-Leucine

In order to obtain the p-enantiomer from the racemic com-
pound, a specific solution was found for this AA: com-
pounds rac-4a, rac-4b and rac-4d were hydrolysed with
proteases in water and the biphasic system, but the reaction
rates proved much slower for all compounds than for the
previous ones. However, the N-tosyl derivative rac-dc was
readily hydrolysed leaving behind the bp-methyl ester
>99% ee in 5 h.

2.5. p- and L-t-Leucine

Due to its bulky and hydrophobic terz-butyl side chain, L-t-
leucine has found increased use as a building block for the
synthesis of chiral auxiliaries and biologically active
compounds.'?
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Several preparative methods have been reported, both by
resolution of racemic mixtures and by enantioselective syn-
thesis using the most useful enzymatic systems available for
kinetic resolution, namely hydantoinases, penicillin acy-
lases and lipases.!* However, L-t-leucine is prepared on an
industrial scale by enzymatic reductive amination of the
corresponding keto-acid via a coupled enzyme system.!?

This method cannot be extended to the preparation of the
D-enantiomer due to the lack of enzymes with an opposite
selectivity. The hydantoinase process is the privileged sys-
tem for p-amino acid production, but has the main limita-
tion of requiring a carbamoylase for the complete
hydrolysis. These second enzymes often have a substrate
specificity different from the preceding one. The production
of D-t-leucine with this method suffers from this limitation.

Recently, a chemoenzymatic approach to synthesise D-t-
leucine has been described'? utilizing the enantioselective
cleavage of N-acetyl-t-leucine esters by a B. licheniformis
protease, allowing the obtention of D-N-Ac-t-leucine-OH
of high ee. Although the method has been applied on a
multikilogram scale,'#®14¢ the utility is hampered by the
low reaction rates (5 days) and from the fact that the acetyl
group is not a useful protective group in peptide synthesis.
rac-N-Boc-t-leucine-OMe is an excellent substrate for the
protease catalysed hydrolysis in water. The reaction is rel-
atively fast, requiring reaction times of 18 h and giving ac-
cess to D-N-Boc-t-leucine-OH in high yield and excellent ee
after separation from the L-acid and chemical hydrolysis.
The resolution process was possible in a water suspension
at a formal concentration of >50 g/L. Thus the method
seems appropriate for a large scale preparation of D-t-leu-
cine. The use of an immiscible solvent was of no advantage
in this case requiring much longer reaction times (Table 1).

3. Conclusions

N-Boc-esters of rac-hydrophobic amino acids can be re-
solved into the enantiomeric forms with commercially
available proteases. The control of the conversion allows
us to obtain both enantiomers in excellent ee. The enzyme
catalysed reaction in a biphasic system allows us to limit
the hydrolysis at 50% of the L-forms of compounds 1-4.
The improved selectivity derived from the solvent effect
can be attributed to the control of substrate concentration
in the water phase. The solvent addition is however not re-
quired in the resolution of compound 4. In fact p,L-N-Boc-
t-Leu-esters can be resolved in a reasonable reaction time
with excellent selectivity in a water suspension with a for-
mal concentration of 50 g/L. This constitutes as a valuable
approach to p-N-Boc-t-Leu-OH, a compound currently
unavailable with a more convenient approach.

Table 1. Subtilisin catalysed resolution of D,L-N-Boc-t-Leu-OMe

Substrate Conversion ¢ (h) ee*L (%) ee” D (%)
(0 0)

D,L-N-Boc-t-Leu-OMe 58 18 91 (90) 99 (77)

D,L-N-Boc-t-Leu-OMe 49 15 96 (91) 78 (86)

* As free amino acid.

4. Experimental

Protease type VIII from B. licheniformis was from Sigma.
Protease N and pronase were from Amano.

"H NMR analyses were carried out on a 400 MHz Varian
EMX instrument. EI-MS were recorded on a TSQ mass
spectrometer. Optical rotation data were measured with a
Propol automatic digital polarimeter.

4.1. Resolution of p,L-/N-Boc-aminobutanoic acid-OMe

D,L-N-Boc-aminobutanoic acid-OMe (2 g, 9.2 mmol) was
suspended in 15 mL of water and 15 mL of MTBE, and
the mixture was then stirred at 30 °C. The aqueous phase
was adjusted to pH 7.5 and 400 U of protease was added.
The pH was kept at the initial value with the automatic
addition of 1 M NaOH. After 4 h the reaction was com-
plete. The pH was adjusted with NaHCO; to 8.4 and the
unreacted substrate recovered by phase separation. Drying
over sodium sulfate and evaporation of the solvent gave
970 mg of p-methyl ester as a pale oil (yields 97%).

'"H NMR (CDCl3): 6 0.93 (t, J=7.5Hz, 3H): 6 1.45 (s,
9H), 6 1.59-1.91 (m, 2H), 6 3.74 (s, 3H), 6 4.26 (br s,
1H), 6 5.01 (br s, 1H). [a]p="+39 (¢ 2.22 g/100 mL;
25 °C; 589 nm; MeOH).

The acidic product was recovered by extraction of the
water phase with ethyl acetate (3 x 15 mL) at pH 3. Drying
and evaporation of the solvent gave 920 mg of L-acid as a
pale oil (yields 96%). '"H NMR (2:1 rotamer ratio, the
asterisk denotes minor rotamer peaks, CDCl;): ¢ 0.98
(t, J="7.4Hz, 3H), 6 1.45 (s, 9H), § 1.64-1.96 (m, 2H), ¢
4.09" (br s, 1H), 6 4.28 (br s, 1H), § 5.05 (br s, 1H), ¢
6.19" (br s, 1H). [o]p = —17.8; (¢ 2.00 g/100 mL; 25 °C;
589 nm; MeOH): (lit. —18.8'7).

4.2. Resolution of p,L-N-Boc-nor-valine-OMe

D,L-N-Boc-nor-valine-OMe (2 g, 8.65 mmol) was dissolved
in 10 mL of water and 10 mL of MTBE and the mixture
was stirred at 30 °C. The aqueous phase was adjusted at
pH 7.5 and 400 U of protease was added. The pH was kept
at the initial value with automatic addition of 1 M NaOH.
After 4 h, the reaction was complete (50% of hydrolysis
was reached). After this time, the pH was adjusted with
NaHCO; to 8.4 and the unreacted substrate recovered by
phase separation. The aqueous phase was again extracted
with diethyl ether (3 x 10 mL). The combined organic lay-
ers were dried over sodium sulfate and evaporation of the
solvent gave 853 mg of D-methyl ester as a pale oil (yield
85% of p-enantiomer). 'H NMR (CDCli): § 0.93 (t,
J=7.2Hz, 3H), 6 1.29-1.41 (m, 2H), § 1.44 (s, 9H), ¢
1.54-1.82 (m, 2H), 6 3.73 (s, 3H), 0 4.28 (br s, 1H), ¢
498 (br s, 1H). [a]p=+32 (¢ 1.01 g/100 mL; 25 °C;
589 nm; MeOH) (lit. +32%/). Ee p-N-Boc-nor-valine-OMe
>99.9%. (HPLC: Chiralcel OD, esano-IPA 99-1, flow
1 mL/min, 210 nm.)

The acidic product was recovered by extraction of the
water phase with ethyl acetate (3 x 15 mL) at pH 3. Drying
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and evaporation of the solvent gave 935 mg of L-acid as a
pale oil (98% yield). "H NMR (4:1 rotamer ratio, the aster-
isk denotes minor rotamer peaks, CDCl3): § 0.95 (t,
J="17.37Hz, 3H), 6 1.35-1.45 (m, 2H), 6 1.44 (s, 9H),
1.59-1.89 (m, 2H), 6 4.15" (br s, 1H), § 4.30 (br s, 1H), §
4.99 (br s, 1H), 6 5.95" (br s, 1H). [a]p = —14.1 (¢ 2.1 g/
100 mL; 25°C; 589 nm; MeOH) (lit. —14%): Ee of L-N-
Boc-nor-valine-OH 97% (the sample was treated with dia-
zomethane to obtain the methyl ester derivative: HPLC:
Chiralcel OD, esano-IPA 99-1, flow 1 mL/min, 210 nm).

4.3. Resolution of p,L-/N-Boc-nor-leucine-OMe

To a solution of 70g of bD,L-N-Boc-nor-leucine-OMe
(0.26 mol) in 150 mL of MTBE, 300 mL of distilled water
was added. The pH was then adjusted up to 8.0 with
NaOH (1 M) and 1300 U of protease was added. The reac-
tion was kept at pH 8.0 by the automatic addition of
NaOH (1 M), at 37 °C, under a vigorous mechanical stir-
rer. After 15h, the reaction was complete and the p-N-
Boc-nor-leucine-OMe recovered by phase separation
(pH 8). The water phase was extracted with MTBE
(2x200mL). The combined organic layers were washed
with 300 mL of distilled water and after drying on sodium
sulfate and evaporation of the solvent, 30.3 g of a green oil
was isolated (yield 95%). '"H NMR (CDCly): ¢ 0.9 (t,
J=69Hz, 3H), 6 1.24-1.37 (m, 4H), 6 1.44 (s, 9H),
1.54-1.84 (m, 2H), ¢ 3.73 (s, 3H), ¢ 4.27 (br s, 1H), ¢
4.98 (br s, 1H).

The acidic product (L-N-Boc-nor-Leu-OH) was recovered
by extraction of the water phase with ethyl acetate
(3x200 mL) to pH 3. Drying and evaporation of the sol-
vent gave 27.2 g of the L-N-Boc-nor-Leu-OH as a yellow
oil (yield 90%).

'"H NMR (1:2 rotamer ratio, the asterisk denotes minor
rotamer peaks, CDCl3): 6 0.90 (t, J=6.94 Hz, 3H), ¢
1.28-1.41 (m, 4H), 6 1.45 (s, 9H), 6 1.60-1.93 (m, 2H),
4.1% (br s, 1H), § 4.3 (br s, 1H), 6 5.0 (br s, 1H), é 6.09"
(br s, 1H). The ee value was calculated by HPLC (Chirobi-
otic T, H,O-MeOH 80-20, 1 mL/min, 25 °C, 210 nm) on
free amino acid after standard deprotection of the isolated
end products: L-nor-leu >99.9; [a]p = +23.2 (¢ 5% in HCI
6 M; 25 °C; 589 nm).

Ee p-nor-Leu >99.9, [a]p = —23.1 (¢ 5% in HCI 6 M;
25 °C; 589 nm).

4.4. Resolution of p,L-/NV-tosyl-leucine-OMe 4c

rac-4c¢ (4 g) was dissolved in 100 mL of a 3:2 water—acetone
mixture at 39 °C. Protease (400 U) was added and the pH
kept at 7.8 with the automatic addition of 1 M NaOH.
The reaction was complete after 5h reaction time. The
unreacted ester was extracted with ethyl acetate giving 2 g
of crude material. HPLC on Chiralcel OD proved the com-
pound to be >99% ee.

The L-acid was precipitated from the aqueous solution and
esterified with diazomethane to give a product of 88% ee by
HPLC.

4.5. Resolution of p,L-N-Boc-t-leucine-OMe

4.5.1. General procedure. A suspension of the substrate in
phosphate buffer at pH 7.5 was heated at 35 °C. The prote-
ase was then added and the reaction mixture kept at pH 7.5
by automatic titration with 0.5 M NaOH. When the con-
sumption of NaOH reached about 50% (less or more to iso-
late L-N-Boc-t-leucine-OH or p-N-Boc-t-leucine-OMe), the
reaction was stopped and the unreacted substrate recov-
ered by extraction with ethyl acetate at pH 7.5. The acidic
product could be recovered by extraction with ethyl acetate
at pH 3.

4.5.2. p-t-Leucine. D,L-N-Boc-t-leucine-OMe (2 g) was
dissolved in 100 mL of phosphate buffer. Protease (9 kU)
was added and the pH kept at 7.8. The reaction was
stopped after 18 h (58% of sodium hydroxide consump-
tion). After extraction, 820 mg of D-N-Boc-t-leucine-OMe
was obtained as a pale oil (yield 82%). "H NMR (CDCls):
0 0.96 (s, 9H), 0 1.45 (s, 9H), o6 3.71 (s, 3H), 6 4.05 (d br,
1H, J=7.2Hz,), ¢ 5.08 (br s, 1H).

To a solution of 500 mg of p-N-Boc-t-leucine-OMe in
5mL of distilled water, 2 mL of NaOH (1 M) was added.
After 12 h, the p-N-Boc-t-leucine-OH was extracted to af-
ford 440 mg (yield 89%) of pale oil, which was immediately
deprotected with dioxane saturated with HCI. After evap-
oration of the solvent, the p-t-leucine was purified with io-
nic exchange resin (Dowex 50 W x8). 240 mg of b-t-
leucine was obtained as a white solid (yield 96%). 'H
NMR (DMSO + TFA) § 1.02 (s, 9H), & 3.6 (s, 1H), &
8.17 (br s, 2H). Ee p-t-leucine >99% (HPLC: Chirobiotic
Tag, TEAA:MeOH 7-3, flow 0.5mL/min, 215nm).
[«]p = —31.1 (¢ 1.01 g/100 mL; 25 °C; 589 nm); acetic acid:
(lit.: [o¢]p = +31.2 for the L-enantiomer).'®

4.5.3. L-t-Leucine. D,L-N-Boc-t-leucine-OMe (2.5 g) was
dissolved in 50 mL of phosphate buffer. Protease (9 kU)
was added and the reaction stopped after 23 h (49% of so-
dium hydroxide consumption). After extraction of the
acidic product, 1.1 g of L-N-Boc-t-leucine-OH was ob-
tained as a pale oil (yield 93%).

'H NMR (CDCly): 5 1.02 (s, 9H),  1.44 (s, 9H), 5 5.12 (br
s, 1H).

L-N-Boc-t-leucine-OH (1.0 g) was deprotected with diox-
ane saturated with HCI. After evaporation of the solvent,
L-t-leucine was purified with ionic exchange resin (Dowex
50 W x 8). L-t-leucine (560 mg) was obtained as a white so-
lid (yield 98%). '"H NMR (DMSO + TFA) 6 1.02 (s, 9H), 6
3.6 (s, 1H), 0 8.17 (br s, 2H). Ee L-t-leucine 97% (HPLC:
Chirobiotic Tag, TEAA:MeOH 7-3, flow 0.5 mL/min,
215nm) [o]p =+31.4 (¢ 1.01 g/100 mL; 25 °C; 589 nm;
acetic acid) (lit.: [o]p = +31.2).!8
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