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ABSTRACT

Highly enantioselective enzymatic kinetic resolution (EKR) of racemic lisofylline is presented for the first time. A
comprehensive optimization of the key parameters of lipase-catalyzed transesterification of racemic lisofylline
revealed that optimal biocatalytic system consisted of immobilized lipase type B from Candida antarctica
(Chirazyme L-2, C-3) suspended in a mixture of 3 equiv of vinyl acetate as an acetyl donor and ethyl acetate as a
solvent. Under optimal reaction conditions, the 1 g-scale (Chirazyme L-2, C-3)-catalyzed kinetic resolution of
racemic lisofylline furnished both the EKR products in a homochiral form (>99 % ee) with the 50 % conv., and
the highest possible enantioselectivity. The best results in terms of the reaction yields (47-50 %) and enantio-
meric purity of the kinetically-resolved optically active products were achieved when the preparative-scale EKR
was carried out for 2 h at 60 °C. In addition, stereoinversion of the less biologically-relevant (S)-lisofylline into its
(R)-enantiomer was successfully achieved via acetolysis of the respective optically pure (S)-mesylate by using 2
equiv of ceasium acetate and catalytic amount of 18-Crown-6 in dry toluene, followed by K;COs-mediated
methanolysis of (R)-acetate. The elaborated EKR methodology together with enantioconvergent strategy pro-
vided a useful chemoenzymatic protocol for the synthesis of complementary enantiomers of titled API. Moreover,
we report on the first single-crystal X-ray diffraction (XRD) analyses performed for the synthesized lisofylline
enantiomers. Insight into the source of CAL-B stereoselectivity toward racemic lisofylline was gained by mo-
lecular docking experiments. In silico theoretical predictions matched very well with experimental results.

1. Introduction

immunomodulatory agents, respectively. Several pharmaceutically
relevant compounds possessing xanthine moiety, mostly approved for

The most common methylxanthines are secondary plant metabolites the treatment of chronic pulmonary disorders and/or coronary, cere-

derived from purine nucleotides, among which caffeine I, theobromine
II, theophylline III, 7-methylxanthine IV, and paraxanthine V can be
found in plant tissues in the highest concentrations (Fig. 1A). Due to the
versatility of biological and pharmaceutical activities [i.e. inhibitory
activity against tissue phosphodiesterases (PDEs), antagonistic proper-
ties toward adenosine receptors (A, Aga, Agg and Ag), potential of
reducing intracellular calcium ions release, activation of histone
deacetylases (HDACs)] [1] methylxanthines are consensually identified
nowadays as one of the major important structural motifs used in drug
development. Methylxanthines are especially appreciated for being very
efficient broncho- and vaso-dilators as well as anti-inflammatory and
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brovascular and peripheral arterial diseases, are as follows: proxyphyl-
line VI, enprophylline VII, aminophylline VIII, diprophylline IX,
xanthinol X, reproterol XI, acebrophylline XII, doxofylline XIII, penti-
fylline XIV, bamifylline XV, furafylline XVI, arofylline XVII, dasantafil
XVIII, and dimenhydrinate XIX (Fig. 1B). The other xanthine-like
pharmaceutically active molecules with various clinical indications
and only few side effects include: propentofylline XX, pentoxifylline
XXI, and lisofylline XXII (Fig. 1C).

The prominent example among the above-mentioned derivatives of
the methylxanthine theobromine is lisofylline [LSF, namely 1-(5R-
hydroxyhexyl)-3,7-dimethyl-3,7-dihydro-1H-purine-2,6-dione or 1-(5R-
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hydroxyhexyl)-3,7-dimethylxanthine], which constitutes a unique
pharmacologically active metabolite of pentoxifylline [2,3]. Lisofylline
was originally developed by Cell Therapeutics, Inc. (Seattle, WA) to
prevent the onset of experimental autoimmune encephalomyelitis (EAE)
[4] as well as to eliminate incidence of graft-versus-host disease (GVHD)
[5]. LSF is a powerful molecule exhibiting strong anti-inflammatory and
immunomodulatory properties by inhibiting PDE (mainly PDE4B and
PDE7 isoenzymes) [6,7] as well as blocking interleukin-12 (IL-12)
signaling pathways [i.e. IL-12-induced T helper 1 (Th1) differentiation]
and the activation of the signal transducer and activator of transcription
4 (STAT-4) gene associated with the production of immune-dependent
proteins [8].

Moreover, anti-inflammatory action of lisofylline additionally stems
from suppressing the production of several other pro-inflammatory cy-
tokines, including interleukin-1 (IL-1), interferon-gamma (IFN-y) or
tumor necrosis factor-alpha (TNF-a). Therefore, it has been investigated
as a promising drug candidate for acute respiratory distress syndrome
(RDS), oxidative acute lung injury, mucositis, septic shock, severe sepsis,
hemorrhagic organ injury (i.e. hepatic injury), ischemic reperfusion, and
hypoxia [9-12]. Recent studies on biological activities of lisofylline have
revealed that it promotes hematopoiesis after chronic blood cell
depression following high-dose chemotherapy of tumors, and thus it
might be useful in attenuating the side effects (i.e. neutropenic in-
fections) of cytotoxic cancer treatment in general [13,14]. Lisofylline
has been shown to inhibit activity of myeloperoxidase (MPO) and
interleukin-18 (IL-18) proteins, both involved in inflammatory bowel
disease (i.e. Crohn’s disease) responsible for the colitis fibrogenesis [15].
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Lisofylline has also shown beneficial effects in protecting pancreatic
p-cells and islets of the Langerhans from multiple (pro-inflammatory
cytokine)-mediated damages due to its ability to restore both the insulin
secretion capability and INS-1 cell viability [16]. The above-mentioned
features of lisofylline may result from promotion of mitochondrial
metabolism of INS-1 cells as well as efficient inhibition of nuclear DNA
breakage under influence of inflammatory cytokines, and in this context
it is envisioned to constitute high therapeutic potency in effective pre-
vention and treatment of insulin-dependent Type 1 diabetes mellitus
and/or after islet cell transplantation [17,18].

The pharmacokinetic and pharmacodynamic studies conducted with
both the enantiomers of lisofylline have revealed that only the (R)-
enantiomer is responsible for desired pharmacological activity, whereas
its antipode remains inactive. Moreover, (R)-configurated lisofylline is
several hundred-fold more potent at inhibiting the activity of inflam-
matory cytokines than its parent molecule, pentoxifylline [19]. Finally,
biotransformation of pentoxifylline to lisofylline in vitro and in vivo in
humans is unfortunately highly stereoselective in favor of the
(S)-enantiomer formation [20]. Undesired metabolism of pentoxifylline
can be converted by administration of this drug together with cipro-
floxacin [21]. Nevertheless, such a therapeutic tactic seems to be highly
disadvantageous.

Given its useful pharmaceutical properties, (R)-lisofylline has
attracted a great deal of attention from synthetic laboratories. Therefore,
in the last two decades several chemical methods have been developed
for the synthesis of enantiomerically enriched (R)-lisofylline using
commercially available chiral building blocks {i.e. (S)-lactic acid ethyl
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Fig. 1. Examples of natural products (I-V) and pharmaceuticals (VI-XXII) containing xanthine moiety.
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ester [22] or 5-(R)-acetoxy-1-chlorohexane [23]} or chiral auxiliaries {i.
e. (-)-pinane diol obtained from natural (-)-B-pinene [24]}. One of the
few strategies used to synthesize this molecule in enantioselective
fashion involves an asymmetric catalytic hydrogenation of racemic ethyl
5-hydroxyhexanoate into (R)-hexane-1,5-diol (91 % ee) using chiral
iridium-complexes [Ir-(R)-SpiroPAP] under kinetically-controlled con-
ditions [25,26]. Disappointingly, the authors of this publication did not
provide any data concerning optical purity of the desired enantiomeric
drug. The other synthetic method reported on the employment of the
Jacobsen hydrolytic kinetic resolution (J-HKT) of racemic 2-(4-bromo-
butyl)oxirane in the presence of (R,R)-(—)-N,N'-bis(3,5-di-tert-butylsa-
licylidene)-1,2-cyclohexanediaminocobalt(Il) [27]. In this case,
J-HKT-based strategy allowed to obtain (S)-6-bromohexane-1,2-diol,
which after one-pot boron-catalyzed regioselective
mono-deoxygenation/silylation procedure using B(CgFs)3/Et3SiH/Phy.
SiHy-system, followed by the alkylation of theobromine, yielded enan-
tiomerically pure (R)-lisofylline (>99 % ee).

In addition to chemical methods, alternative biocatalytic approaches
have also been developed. In fact, bioreduction of pentoxifylline to LSF
was firstly reported with Rhodotorula rubra (ATCC 20,129) [28],
although this process proceeded under low reaction rates (92 % conv.
after 144 h) in moderate 40 % yield and with an unknown stereo-
chemistry outcome. More recent studies with Rhodotorula rubra DSM
5436 [29,30] have shown the production of (S)-lisofylline (>98 % ee),
which then had to be converted into its antipode using Mitsunobu re-
action. Among highly (R)-stereoselective bioreductions particularly
noteworthy are microbial whole-cell systems consisting of Lactobacillus
kefiri DSM 20,587 [31,32] and Saccharomyces cerevisiae (wine yeast)
[33], respectively. Both these methods yielded (R)-lisofylline in 98 % ee
and very high 95-100 % conv. within 24 h or 72 h, respectively.
Nevertheless, it is somewhat surprising that the isolated yields of the
biotransformation products were omitted. On the other hand, some
promising biocatalytic methods were reported that employ isolated
enzymes such as (R)-specific alcohol dehydrogenase from Lactobacillus
kefiri (LKADH) [34] leading to (R)-lisofylline in 98 % ee and total >99 %
conv. (again with only ‘HPLC yield’ given). Last but not least, mutated
human cytochrome P450 3A4 monooxygenases [35,36] was verified as a
potential biocatalysts for chemo- and stereo-selective hydroxylation of
1-hexyl-3,7-dimethyl-3,7-dihydro-1H-purine-2,6-dione (namely,
1-N-hexyl-theobromine). However, this strategy suffers from low 40 %
ee of (R)-lisofylline isolated in 63 % yield.

Although considerable attention has been devoted to the develop-
ment of efficient methods for the enantioselective synthesis of optically
active (R)-lisofylline in recent decades, this task still remains an open
challenge for organic chemists as the traditional synthetic routes are
rather complex and time-consuming, while chemocatalytic procedures
relying on metalocatalysts, even if consisting of less reaction steps, still
suffer from serious limitations, such as harsh reaction conditions (i.e.
high pressures of Hy gas) and significant implications for the environ-
ment due to their high toxicity. In turn, despite the many advantages
that biocatalytic methods offer in the synthesis of (R)-lisofylline, certain
drawbacks including low substrate loading and relatively low volu-
metric productivity as well as complicated downstream processing,
make their industrial application is significantly constrained. In order to
circumvent the above-mentioned limitations as well as to augment
biocatalytic toolbox for the synthesis of enantiomeric (R)-lisofylline,
here we elaborate on a simple and straightforward preparative-scale
chemoenzymatic synthesis of both enantiomers of titled API using li-
pases as biocatalysts for kinetic resolution of the respective racemate
coupled with optical inversion of the waste (S)-stereoisomer.

2. Experimental
2.1. General experimental methods

Reagents and solvents were purchased from various commercial
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sources (Sigma Aldrich, Alfa Aesar, POCH) and were used without
further purification. High-performance liquid chromatography HPLC-
grade solvents (n-hexane and 2-PrOH) were purchased from POCH
(Poland). Evaporation of the solvent residues was performed at reduced
pressure by means of Biichi rotary evaporator and high-vacuum oil
pump at p = 0.05 mmHg. Melting points, uncorrected, were determined
with a commercial apparatus (Thomas-Hoover "UNI-MELT" capillary
melting point apparatus) on samples contained in rotating glass capil-
lary tubes open on one side (1.35 mm inner diam. and 80 mm length).
Analytical thin-layer chromatography was carried on TLC aluminum
plates (Merck) covered with silica gel of 0.2 mm thickness film con-
taining a fluorescence indicator green 254 nm (F2s54) and using UV light
as a visualizing agent. Preparative separations were carried out by: (i)
column chromatography using thick-walled glass columns and silica gel
(230-400 mesh) with grain size 40-63 pm purchased from Merck,
Germany. The chromatographic analyses (GC) were performed with a
Agilent Technologies 6890 N instrument equipped with a flame ioni-
zation detector (FID) and fitted with HP-50+ (30 m) semipolar column
(50 % phenyl — 50 % methylpolysiloxane); Helium (2 mL/min) was used
as carrier gas; retention times (tg) are given in minutes under these
conditions. The enantiomeric excesses (% ee) of kinetic resolution
products were determined by HPLC analysis performed on Shimadzu
CTO-10ASV chromatograph equipped with STD-20A UV detector and
Chiralcel OD—H chiral column (4.6 mm x 250 mm, 5 pm grain size from
Daicel Chemical Ind., Ltd.) or Chiralpak AD—H (4.6 mm x 250 mm, 5
pm grain size from Daicel Chemical Ind., Ltd.) both equipped with a pre-
column (4 mm x 10 mm, 5 pm) using mixtures of n-hexane/2-PrOH as
mobile phase in the appropriate ratios given in experimental section
[both the mobile phase composition as well as the flow rate were fine
tuned for each analysis (see Supporting Information, Table S4)]; the
wavelength of UV detection was set at 273 nm; the HPLC analyses were
executed in an isocratic and isothermal (30 °C) manner. Optical rota-
tions ([a]) were measured with a PolAAr 32 polarimeter in a 2 dm long
cuvette using the sodium D line (A = 589 nm); the units of the specific
rotation are: (deg x mL)/(g x dm). H NMR (500 MHz) and 13¢ NMR
(126 MHz) spectra were recorded on a Varian NMR System 500 MHz
spectrometer; 'H and '3C chemical shifts (5) are reported in parts per
million (ppm) relative to the solvent signals [CDCls, 6y (residual CHCl3)
7.26 ppm, S¢c 77.16 ppm]. Chemical shifts are quoted as s (singlet),
d (doublet), dd (doublet of doublets), t (triplet), q (quartet), m (multi-
plet), and br s (broad singlet); coupling constants (J) are reported in
Hertz. Mass spectrometry was recorded on Micro-mass ESI Q-TOF
spectrometer with MSI concept 1H (EI, 70 eV ionization) for MS analysis
and on Q Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer, ESI
source: electrospray with spray voltage 4.00 kV for FTMS analysis; all
samples were prepared by dilution of MeOH (0.5 mL) and additives of
mixtures of CH3CN/MeOH/H50 (50:25:25, v/v/v) + 0.5 % formic acid
(HCO,H) each.

2.2. General procedure for the synthesis of racemic lisofylline (rac-2)

To a solution of pentoxifylline (1, 2 g, 7.19 mmol) in MeOH (40 mL)
and CH,Cl, (6 mL) cooled to 0-5 °C, NaBH,4 (816 mg, 21.56 mmol) was
added portionwise over 40 min. The reaction mixture was stirred in the
cold for 2.5 h, and afterwards, it was stopped by evaporation the solvent
to dryness under reduced pressure. The residual slurry was diluted with
H50 (200 mL) and extracted with EtOAc (3 x 150 mL). The combined
extracts were rinsed with brine (100 mL), dried with anhydrous MgSO4,
the drying agent was filtered off, and the permeate was condensed under
reduced pressure to give product rac-2 (1.69 g, 6.03 mmol, 84 %) as a
white solid. Mp 123-125 °C (EtOAc) [lit. [25] 123-125 °C (EtOAc)]; R¢
[CHCl3/MeOH (95:5, v/v)] 0.27; 'H NMR (500 MHz, CDCls3): §1.16 (d, J
=6.1 Hz, 3H), 1.31-1.56 (m, 4 H), 1.58-1.71 (m, 2 H), 1.82 (br. s., 1 H),
3.55 (s, 3H), 3.74-3.83 (m, 1 H), 3.96 (s, 3H), 3.99 (t, J = 7.5 Hz, 2 H),
7.49 (s, 1 H); 13C NMR (126 MHz, CDCl3): § 23.0, 23.6, 28.0, 29.8, 33.7,
38.9, 41.3, 67.9, 107.8, 141.5, 148.9, 151.6, 155.5; IR (nujol): vmax =
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3364, 3112, 1697, 1656, 1601, 1548, 1449, 1410, 1318, 1283, 1232,
1185,1159, 1132, 1080, 1060, 1000, 978, 936, 882, 841, 812, 764, 752;
MS (ESI-TOF) m/z: [M+H]' Caled for Ci3H1N403 m/z: 281.1609,
Found 281.1387, [2M+H]' CosHsiNgO¢ m/z: 561.3144, Found
561.3820; MS (ESI-TOF) m/z: [M—H]  Calcd for C;3H19N4O3 m/z:
279.1462, Not Found, [M+2Na-H]  Caled for C;3H;9N4NayO3 m/z:
325.1258, Found 325.1687, [2M+2Na-H]~ Calcd for CygH39NgNayOg
m/z: 605.2793, Found 605.3885; FTMS (ESI-TOF) m/z: [M+H]" Caled
for C13H21N403 m/z: 281.1609, Found 281.1605; GC [240-260 (10
°C/min)]: tg =11.99 min or GC [260 (const.)]: tg = 8.77 min; UV/VIS:
Amax = 273 nm (EtOH); HPLC [n-hexane-EtOH (90:10, v/v); f = 0.3
mL/min; A = 273 nm; T = 25 °C (Chiralcel OD-H)]: tg = 112.23
(R-isomer) and 119.04 min (S-isomer); HPLC [n-hexane-2-PrOH (78:22,
v/v); f = 1.0 mL/min; A = 273 nm; T = 25 °C (Chiralpak AD-H)]: tg =
30.59 (R-isomer) and 33.37 min (S-isomer).

2.3. General procedure for the synthesis of racemic esters of lisofylline
rac-3a—d

To a solution of lisofylline (rac-2, 100 mg, 0.36 mmol) in CH»Cl; (5
mL), Et3N (54 mg, 0.54 mmol, 75 pL, 1.5 equiv) and DMAP (10 mg) were
added. The mixture was cooled to 0-5 °C in ice bath. Next, one of the
appropriate acyl chlorides (1.5 equiv) was dissolved in dry CHCl; (2.5
mL) and added dropwise to the reaction mixture by using syringe. Af-
terwards, the resulting mixture was continuously stirred at cooling bath
temperature and left to warm at room temperature for next 24 h. The
crude mixture was diluted with CH,Cly (10 mL), subsequently quenched
with HyO (20 mL), the water phase was extracted with CHyCl, (3 x 10
mL), and the combined organic layer was washed with saturated
aqueous solution of NaHCO3 (40 mL), brine (40 mL), and dried over
anhydrous MgSO,. After filtration of the drying agent under suction and
subsequent evaporation of the residuals of solvent under reduced pres-
sure the crude product was purified by column chromatography on silica
gel, using gradient of CHCl3/MeOH (99:1, 98:2, 95:5 v/v) mixture, thus
obtaining desired esters rac-3a-d.

2.3.1. 6-(3,7-Dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-1-yl)
hexan-2-yl acetate (lisofylline acetate, rac-3a)

Yield 40 % (46 mg); colorless oil (rac-3a); white solid [(R)-(+)-3a]:
Mp 82-85 °C (CHCl3/MeOH); R¢ [CHCl3/MeOH (95:5, v/v)] 0.51; Bii
NMR (500 MHz, CDCl3): §1.20 (d, J = 5.9 Hz, 3 H), 1.30-1.47 (m, 2 H),
1.49-1.69 (m, 4 H), 2.01 (s, 3 H), 3.56 (s, 3 H), 3.92-4.06 (m, 5 H),
4.79-4.97 (m, 1 H), 7.49 (s, 1 H); '3C NMR (126 MHz, CDCls): § 20.0,
21.5,22.9, 28.0, 29.8, 33.7,35.7,41.3,71.0,110.2, 141.5, 148.9, 151.6,
155.4, 170.9; IR (nujol): vmax = 3507, 3112, 2948, 2867, 1729, 1706,
1657, 1604, 1552, 1487, 1456, 1417, 1372, 1321, 1248, 1191, 1130,
1086, 1019, 952, 764; MS (ESI-TOF) m/z: [M-+H]" Caled for
Ci5H23N404 m/z: 323.1714, Found 323.1614; FTMS (ESI-TOF) m/z:
[M+H]" Caled for C;5H,3N404 m/z: 323.17138, Found 323.17089; GC
[240-260 (10 °C/min)]: tg = 11.99 min or GC [260 (const.)]: tg = 8.77
min; UV/VIS: Aax = 273 nm (EtOH); HPLC [n-hexane-2-PrOH (78:22,
v/v); f = 1.0 mL/min; A = 273 nm; T = 25 °C (Chiralpak AD-H)]: tg =
13.98 (S-isomer) and 17.26 min (R-isomer).

2.3.2. 6-(3,7-Dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-1-yl)
hexan-2-yl butanoate (lisofylline butanoate, rac-3b)

Yield 43 % (54 mg); colorless oil; Rf [CHCl3/MeOH (95:5, v/v)] 0.45;
1H NMR (500 MHz, CDCl3): 6 0.92 (t,J = 7.5 Hz, 3H), 1.18 (d, J = 6.4
Hz, 3 H), 1.30-1.46 (m, 2 H), 1.49-1.71 (m, 6 H), 2.23 (t,J = 7.5 Hz, 2
H), 3.55 (s, 3 H), 3.93-4.02 (m, 5 H), 4.88 (dd, J = 12.7, 6.1 Hz, 1 H),
7.49 (s, 1 H); 13C NMR (126 MHz, CDCl5): 5 13.8, 18.7, 20.1, 23.0, 28.0,
29.8, 33.7, 35.8, 36.7, 41.3, 70.7, 107.8, 141.5, 148.9, 151.6, 155.4,
173.5; IR (nujol): vmax = 3113, 2960, 2867, 1709, 1656, 1605, 1548,
1485, 1453, 1352, 1241, 1187, 1140, 1089, 1007, 982, 950, 881, 849,
802, 760, 653; FTMS (ESI-TOF) m/z: [M+H]" Caled for C,7Ha7N40F m/
2: 351.20268, Found 351.20213; GC [260 (const.)]: tg = 15.84 min; UV/
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VIS: Amax = 274 nm (EtOH); HPLC [n-hexane-2-PrOH (78:22, v/v); f =
1.0 mL/min; A = 273 nm; T = 25 °C (Chiralpak AD-H)]: tg=10.12 (S-
isomer) and 12.99 min (R-isomer).

2.3.3. 6-(3,7-Dimethyl-2,6-dioxo0-2,3,6,7-tetrahydro-1H-purin-1-yl)
hexan-2-yl decanoate (lisofylline decanoate, rac-3c)

Yield 36 % (56 mg); yellowish oil; R¢ [CHCl3/MeOH (95:5, v/v)]
0.47; 1H NMR (500 MHz, CDCl3): 6 0.82-0.92 (m, 3 H), 1.17-1.21 (m, 3
H), 1.23-1.31 (m, 12 H), 1.32-1.47 (m, 2 H), 1.51-1.70 (m, 6 H),
2.21-2.29 (m, 2 H), 3.57 (s, 3 H), 3.96-4.02 (m, 5 H), 4.89 (dd, J = 12.8,
6.2 Hz, 1 H), 7.50 (s, 1 H); 13¢ NMR (126 MHz, CDCls3): § 14.2, 20.1,
22.8, 23.0, 25.2, 28.0, 29.3, 29.4, 29.6, 29.8, 32.0, 33.7, 34.9, 35.8,
41.3, 44.8, 70.7, 107.8, 141.5, 148.9, 151.6, 155.4, 173.7; IR (nujol):
Umax = 3513, 3116, 1706, 1664, 1604, 1548, 1490, 1414, 1360, 1328,
1280, 1239, 1181, 1127, 1111, 764, 752; FTMS (ESI-TOF) m/z: [M+H]"
Caled for CpsH3oN4OF m/z: 435.29658, Found 435.29607; GC [260
(const.)]: Not Found; UV/VIS: Apax = 273 nm (EtOH); HPLC [n-hexane-
2-PrOH (78:22, v/v); f = 1.0 mL/min; A = 273 nm; T = 25 °C (Chiralpak
AD-H)]: tg=7.75 (S-isomer) and 9.70 min (R-isomer).

2.3.4. 6-(3,7-Dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-1-yl)
hexan-2-yl hexadecanoate (lisofylline palmitate, rac-3d)

Yield 48 % (89 mg); yellowish oil (rac-3d); white solid [(R)-(+)-3d]:
Mp 39-42 °C (CHCl3/MeOH); R¢ [CHCl3/MeOH (95:5, v/v)] 0.49; 'H
NMR (500 MHz, CDCl3): 6 0.83-0.90 (m, 3 H), 1.19 (d, J = 6.1 Hz, 3 H),
1.21-1.32 (m, 24 H), 1.32-1.46 (m, 2 H), 1.49-1.69 (m, 6 H), 2.24 (t,J =
7.6 Hz, 2 H), 3.56 (s, 3 H), 3.92-4.03 (m, 5 H), 4.88 (d, J = 6.6 Hz, 1 H),
7.49 (s, 1 H); 13C NMR (126 MHz, CDCls): § 14.2, 20.1, 22.8, 23.0, 25.2,
28.0, 29.3, 29.4, 29.5, 29.6, 29.7, 29.8 (6C), 32.0, 33.7, 34.9, 35.8, 41.3,
70.7,107.8, 141.5, 148.9, 151.6, 155.4, 173.7; IR (nujol): vmax = 3405,
1735, 1712, 1668, 1554, 1538; FTMS (ESI-TOF) m/z: [M+H] " Calcd for
Ca9H51N404 m/z: 519.39048, Found 519.38994; GC [260 (const.)]: Not
Found; UV/VIS: Apax = 273 nm (EtOH); HPLC [n-hexane-2-PrOH (78:22,
v/v); f =1.0 mL/min; A = 273 nm; T = 25 °C (Chiralpak AD-H)]: tz=5.86
(S-isomer) and 7.06 min (R-isomer).

2.4. General procedure for the synthesis of racemic lisofylline levulinate
(rac-3e)

To a solution of lisofylline (rac-2, 100 mg, 0.36 mmol), levulinic acid
(83 mg, 0.72 mmol), and DMAP (15 mg) in CH2Cl;, (5 mL), EDCI hy-
drochloride (150 mg, 0.78 mmol) was added in one portion at 0-5 °C.
Next, the reaction mixture was slowly warmed to room temperature and
stirred for additional 48 h. After this time, content of the flask was
diluted with CH5Cly (5 mL), washed with HoO (4 x 10 mL), and the
aqueous layer was back-extracted with CHyCly (3 x 15 mL). The com-
bined organic phases were washed again with H,O (20 mL) and brine
(20 mL), dried over anhydrous MgSO,, filtered, and the permeate was
concentrated in vacuo. The residue was purified by silica gel column
chromatography using gradient of mixture of CHCl3/MeOH (100:0,
98:2, 95:5, v/v) to provide the corresponding lisofylline levulinate (rac-
3e, 53 mg, 0.14 mmol, 40 %) as a colorless oil. Rf [CHCl3/MeOH (95:5,
v/v)] 0.44; 'H NMR (500 MHz, CDCls): § 1.19 (d, J = 6.4 Hz, 3 H),
1.28-1.45 (m, 2 H), 1.49-1.57 (m, 1 H), 1.58-1.69 (m, 3 H), 2.17 (s, 3 H)
2.50-2.56 (m, 2 H), 2.72 (td, J = 6.6, 3.4 Hz, 2 H), 3.56 (s, 3 H),
3.94-4.02 (m, 5 H), 4.82-4.93 (m, 1 H), 7.49 (d, J = 0.5 Hz, 1 H); '3C
NMR (126 MHz, CDCls3): 6 20.0, 22.9, 28.0, 28.5, 29.8, 30.0, 33.7, 35.7,
38.2,41.3,71.4,107.8,110.2,141.5, 148.9, 151.6, 155.4, 172.5, 206.8;
IR (nujol): vmax = 3513, 3109, 2940, 2867, 1706, 1656, 1601, 1552,
1464, 1360, 1229, 1188, 1159, 1124, 1083, 1019, 978, 940, 847, 812,
764, 746, 656; FTMS (ESI-TOF) m/z: [M+H] " Calcd for C,gH27N403 m/
2: 379.19760, Found 379.19692; GC [260 (const.)]: tg = 39.88 min; UV/
VIS: Anax = 274 nm (EtOH); HPLC [n-hexane-2-PrOH (78:22, v/v); f =
1.0 mL/min; A = 273 nm; T = 25 °C (Chiralpak AD-H)]: tg=22.98 (S-
isomer) and 29.28 min (R-isomer).
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2.5. General procedure for analytical-scale lipase-catalyzed KR of rac-2 —
Enzyme screening

To a solution of racemic lisofylline (rac-2, 25 mg, 0.09 mmol) in
PhCH3 (2 mL) both vinyl acetate (959 mg, 11.15 mmol, 1 mL) and the
respective enzyme preparation [25 mg, 100 %, w/w (catalyst/substrate
rac-2)] were added at once. (Caution! Care must be taken to obtain
homogenous solution of rac-2 in PhCHgs; therefore, an intensive ultra-
sound irradiation of the suspension was conducted with additional
heating of water bath at 50 °C for 15 min). The thus composed reaction
mixture was stirred in thermo-stated glass vials (V = 4 mL) placed in
anodized aluminum reaction block at 40 °C and 800 rpm for the time
indicated in Table 1. The progress of EKR process was monitored by GC
analysis for which the samples were prepared by withdrawing the sus-
pension (50 pL) from the reaction mixture, dilution with a portion of
CHyCl; (1 mL), and centrifugation of the enzyme using laboratory
centrifuge (2 min, 6000 rpm). The enzymatic reaction was stopped by
filtering off the enzyme under suction and rinsing the filtrate cake of
exploited enzyme with PhCHgz (2 mL). After evaporation of the volatiles
from the permeate, the crude oil was subjected to SiO» column chro-
matography using gradient of CHCls/MeOH (98:2, 95:5 v/v) mixture
yielding desired optically active (S)-(+)-2 and (R)-(+)-3a.

2.6. General procedure for CAL-B-catalyzed KR of rac-2 — Kinetics of the
EKR reactions

The reaction mixture composed of racemic lisofylline (rac-2, 25 mg,
0.09 mmol), PhCH3 (2 mL), vinyl acetate (959 mg, 11.15 mmol, 1 mL)
and the respective immobilized CAL-B biocatalyst [5 mg, 20 %, w/w
(catalyst/substrate rac-2)] was stirred in thermo-stated sealed glass vial
(V = 4 mL) placed in anodized aluminum reaction block at 40 °C and
800 rpm for the subsequent time-scale: 1 h, 1.5h,2h, 2.5h, 3h and 3.5
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h (for Novozym 435 and Lipozyme 435) or for 1 h,2h,3h,4h,5hand 8
h (for Chirazyme L-2, C-2 and Chirazyme L-2, C-3), respectively. Each of
the enzymatic reaction was stopped by filtering off the enzyme on Schott
funnel under vacuum, washing it with a portion of PhCHs (2 mL), and
after evaporation of the volatiles from the filtrate, the crude oil was
purified by column chromatography packed with a silica gel using
gradient of CHCl3/MeOH (98:2, 95:5 v/v) mixture as an eluent thus
yielding desired optically active products (S)-(+)-2 and (R)-(+)-3a. For
additional data, see Table 2.

2.7. General procedure for (Chirazyme L-2, C-3)-catalyzed KR of rac-2 —
Acyl donor screening

The reaction mixture containing racemic lisofylline (rac-2, 25 mg,
0.09 mmol), PhCH3 (2 mL), the corresponding acylating agent (0.27
mmol, 3 equiv), and Chirazyme L-2, C-3 [5 mg, 20 % w/w (catalyst/
substrate rac-2)] was stirred using a magnetic stirrer (800 rpm, IKA RCT
basic) in thermo-stated sealed glass vial (V = 4 mL) at 40 °C for: 8 h [in
the case of: vinyl acetate (23 mg, 25 pL), vinyl butyrate (31 mg, 33 pL),
vinyl decanoate (53 mg, 61 pL) and vinyl palmitate (76 mg, 88 uL)] or
168 h [in case of: methyl levulinate (35 mg, 33 pL)], respectively.
Further manipulations were carried out by analogy with the previous
procedures for the enzyme screening, the investigations on the reaction
kinetics and solvent screening. For additional data, see also Table 3.

2.8. General procedure for (Chirazyme L-2, C-3)-catalyzed KR of rac-2 —
Solvent screening

The reaction mixture containing racemic lisofylline (rac-2, 25 mg,
0.09 mmol), the appropriate organic solvent (2 mL), vinyl acetate (23
mg, 0.27 mmol, 25 pL), and Chirazyme L-2, C-3 [5 mg, 20 % w/w
(catalyst/substrate rac-2)] was stirred using a magnetic stirrer (800 rpm,

Table 1
Enzyme screening for enantioselective transesterification of rac-2 under KR-conditions in PhCHj3.
o
OH ’ Enzyme oH o /lko o
A~ N o (100%, WW) {5~ NN N MN N
o NIN)*)I\O/\W OZ\NINQ+ NIN/>
rac-2 l 11.15 mmol (S)-(+)-2 l (R)-(+)-3a I
(89 umol) (125 equiv)
Entry Enzyme preparation” t [h] Conv.” [%] ee," [%)]/conf." ee,’ [%]/conf." E°
1 Novozym 435 5 53 >99/(S) 88/(R) 82
2 Lipozyme 435 5 54 >99/(S) 86/(R) 69
3 Chirazyme -2, C-2 5 51 >99/(S) 95/(R) >200
4 Chirazyme -2, C-3 5 51 >99/(S) 96/(R) >200
5 TL-Immobead 150 96 <10 N.D.' N.D.' N.D.f
6 Lipozyme TL IM 24 40 36/(S) 55/(R) 5
7 Lipozyme RM IM 96 <5 N.D. N.D. N.D.
8 PS-Immobead 150 96 33 44/(S) 90/(R) 29
9 Amano PS-IM 5 42 69/(S) 95/(R) 81
10 Amano PS 96 46 75/(S) 87/(R) 32
11 Chirazyme 1-10 5 58 93/(S) 68/(R) 17
12 Chirazyme L-5 24 63 76/(S) 44/(R) 6
13 Chirazyme -8 144 27 21/(S) 58/(R) 5
14 Chirazyme L-3 144 31 11/(R) 24/(S) 2
15 Amano AK 96 52 77/(S) 72/(R) 14
16 Amano 10 Lipase M 96 <5 N.D. N.D. N.D.
17 Amano M 96 <10 N.D.' N.D. N.D.
18 Amano Lipase F-AP15 96 <5 N.D.! N.D.f N.D.f
19 Lipase AY Amano 30 96 <10 N.D.f N.D.! N.D.f
20 PLE 96 <5 N.D. N.D. N.D.

# Conditions: rac-2 25 mg, enzyme 25 mg, PhCH3 2 mL, vinyl acetate 959 mg, 1 mL (125 equiv), 40 °C, 800 rpm (magnetic stirrer).
b Based on GC, for confirmation the % conversion was calculated from the enantiomeric excess of the unreacted alcohol (ee,) and the product (ee;,) according to the

formula conv. = eey/(ee; + eep).
¢ Determined by chiral HPLC analysis by using a Chiralpak AD-H column.
4 Absolute configuration.

¢ Calculated according to Chen et al. [82], using the equation: E = {In[(1 — conv.)(1 — ees)]1}/{In[(1 - conv.)(1 + ees)]}.

f Not determined.
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Table 2
Lipase screening for enantioselective transesterification of rac-2 under KR-conditions in PhCH3.
o
OH o CAL-B OH )l\o o
)\/\/\N N o (20%, WW) G5 SN N 4'.‘.)\/\/\,\, N
[+ Ao~ oo 1 I+ [
e | PhCHj, 40 °C 0P NN N~N
| Reaction time | |
rac-2 11.15 mmol (S)-(+)-2 (R)-(+)-3a
(89 umol) (125 equiv)

Entry Lipase preparation” t [h] Conv.” [%] ees” [%] ee,” [%] E!

1 1 28 38 99 >200
2 1.5 38 60 99 >200
3 2 43 74 929 >200
4 Novozym 435 2.5 48 90 99 >200
5 3 48 91 98 >200
6 3.5 49 96 98 >200
7 1 33 48 99 >200
8 1.5 37 58 99 >200
9 . 2 43 76 99 >200
10 Lipozyme 435 2.5 47 87 98 >200
11 3 48 89 98 >200
12 3.5 48 91 98 >200
13 1 31 45 99 >200
14 2 39 64 99 >200
15 . 3 48 92 99 >200
16 Chirazyme L2, C-2 4 49 94 99 >200
17 5 49 95 99 >200
18 8 50 >99 98 >200
19 1 32 47 >99 >200
20 2 42 71 >99 >200
21 . 3 48 90 >99 >200
22 Chirazyme -2, C-3 4 48 93 >99 >200
23 5 50 98 99 >200
24 8 50 >99 99 >200

@ Conditions: rac-2 25 mg, lipase 5 mg, PhCH3 2 mL, vinyl acetate 959 mg, 1 mL (124 equiv), 40 °C, 800 rpm (magnetic stirrer).
> Based on GG, for confirmation the % conversion was calculated from the enantiomeric excess of the unreacted alcohol (ee,) and the product (eep) according to the

formula conv. = ee/(ee; + eep).
¢ Determined by chiral HPLC analysis by using a Chiralpak AD-H column.

d Calculated according to Chen et al. [82], using the equation: E = {In[(1 — conv.)(1 - ees)]1}/{In[(1 — conv.)(1 + eey)]}.

Table 3
Acyl donor screening for (Chirazyme L-2, C-3)-catalyzed KR of rac-2 in PhCH3 after 8-168 h.
X
OH . OH o R o
/ Chirazyme L-2, C-3 H / /
)\/\/\N N (20%, wiw) TSN N M N N
| ) + Acyldonor ————— | )+ | )
07N N PhCHj 40 °C 07N N 07N N
| I |
rac-2 0.27 mmol (S)-(+)-2 (R)-(+)-3a-e
(89 umol) (3 equiv)
Entry Acyl donor® t [h] Conv.” [%] ee,” [%] ee,’ [%] E
1 Vinyl acetate (R = CH3) 8 50 99 98 >200
2 Vinyl butyrate (R = C3Hy) 8 53 99 88 82
3 Vinyl decanoate (R = CoHjg) 8 51 98 93 127
4 Vinyl palmitate (R = Cy5H31) 8 52 99 93 145
5 Methyl levulinate [R = (CH3),(CO)CH3] 168 32 46 >99 N.D.¢

2 Conditions: rac-2 25 mg, Chirazyme L-2, C-3 5 mg, PhCH; 2 mL, acyl donor (3 equiv), 40 °C, 800 rpm (magnetic stirrer).
b Calculated from the enantiomeric excess of the unreacted alcohol (ees) and the ester (eep,) according to the formula conv. = eey/(ees + eep).

¢ Determined by chiral HPLC analysis by using a Chiralpak AD-H column.

4 Calculated according to Chen et al. [82], using the equation: E = {In[(1 — conv.)(1 - eeg)]}/{In[(1 - conv.)(1 + eey)]}.
¢ Not determined. Since the reaction with methyl levulinate is not irreversible, hence the approximation cannot be used to calculate the E-value.

IKA RCT basic) in thermo-stated sealed glass vial (V =4 mL) at 40 °C for
8 h. Further manipulations were carried out by analogy with the pre-
vious procedures for the enzyme screening and the investigations on the
reaction kinetics. For additional data, see Table 4.

2.9. General procedure for (Chirazyme L-2, C-3)-catalyzed KR of rac-2 —
Effect of temperature

The reaction mixture containing racemic lisofylline (rac-2, 25 mg,
0.09 mmol), EtOAc (2 mL), vinyl acetate (23 mg, 0.27 mmol, 25 pL), and

Chirazyme L-2, C-3 [5 mg, 20 % w/w (catalyst/substrate rac-2)] was
stirred (800 rpm, IKA RCT basic) in a thermo-stated sealed glass vial (V
=4 mL) for 3 h at 40 °C, 50 °C and 60 °C, respectively. After this time,
the reaction was stopped by filtering off the enzyme on a Schott funnel
under vacuum, washing it with a portion of EtOAc (2 mL), and after
evaporation of the volatiles from the filtrate using a high-vacuum oil
pump, the crude oil was transferred to an HPLC vial, re-dissolved in
HPLC-grade 2-PrOH, and the samples were analyzed directly by HPLC
equipped with chiral column. For additional data, see Table 5.
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Table 4
Solvent screening for (Chirazyme L-2, C-3)-catalyzed KR of rac-2 with vinyl acetate after 8 h.

o
OH o )]\o o

OH o )
Chirazyme L-2, C-3
/é\/\/\N)tN/ )oj\ (20%, wiw) WNJ&N/ /('R)\/\/\N N/
+ - - +
O)\N ‘ N/> o™ Organic solvent O)\N l N/> 0P N I N/>
| 40°C,8h | |
rac-2 0.27 mmol (S)-(+)-2 (R)-(+)-3a
(89 umol) (3 equiv)

Entry Solvent® (log P)" Conv.© [%] ee,d [%] eepd [%] E°
1 1,4-Dioxane (-0.31) 49 96 99 >200
2 CH3CN (0.17) 40 65 >99 >200
3 Acetone (0.20) 49 94 99 >200
4 EtOAc (0.29) 50 >99 99 >200
5 THF (0.40) 49 926 99 >200
6 Vinyl Acetate (0.54) 49 96 >99 >200
7 CH,Cl, (1.01) 43 75 99 >200
8 tert-Amyl alcohol (1.09) 50 99 99 >200
9 CHCl;3 (1.67) 43 74 >99 >200
10 PhCH3 (2.52) 50 >99 99 >200

# Conditions: rac-2 25 mg, Chirazyme L-2, C-3 5 mg, organic solvent 2 mL, vinyl acetate 23 mg, 25 pL (3 equiv), 40 °C, 800 rpm (magnetic stirrer).

b Logarithm of the partition coefficient of a given solvent between n-octanol and water according to ChemBioDraw Ultra 13.0 software indications.

¢ Based on GC, for confirmation the % conversion was calculated from the enantiomeric excess of the unreacted alcohol (ee;) and the product (eep) according to the
formula conv. = eey/(ee; + eep).

4 Determined by chiral HPLG analysis by using a Chiralpak AD-H column.

¢ Calculated according to Chen et al. [82], using the equation: E = {In[(1 — conv.)(1 - ees)]1}/{In[(1 - conv.)(1 + ees)]}.

Table 5
Temperature effect on (Chirazyme L-2, C-3)-catalyzed KR of rac-2 with vinyl acetate in EtOAc after 3 h.
o
OH . OH o o o
/ Chirazyme L-2, C-3 H / /
)\/\AN | N> i (20%, wiw) /(S,\/\/\NJEN> )(R)\N\N I N>
+ +
0PN o EtOAc, 3h OZ\N N O)\N N
| Reaction | |
rac-2 0.27 mmol temperature (S)-(+)-2 (R)-(+)-3a
(89 umol) (3 equiv)
Entry Temp.” (° C) Conv.” [%] ees” [%] eep” [%] E
1 40 44 79 >99 >200
2 50 49 95 929 >200
3 60 50 97 99 >200

# Conditions: rac-2 25 mg, Chirazyme L-2, C-3 5 mg, EtOAc 2 mL, vinyl acetate 23 mg, 25 pL (3 equiv), 800 rpm (magnetic stirrer).

b Calculated from the enantiomeric excess of the unreacted alcohol (ees) and the acetate (ee,) according to the formula conv. = ee,/(ees + eep).
¢ Determined by chiral HPLC analysis by using a Chiralpak AD-H column.

4 Calculated according to Chen et al. [82], using the equation: E = {In[(1 - conv.)(1 - eey)]}/{In[(1 — conv.)(1 + ees)1}.

Table 6
Studies on the reaction time-course of the preparative-scale (Chirazyme L-2, C-3)-catalyzed KR of rac-2 with vinyl acetate in EtOAc at 60 °C.
X
OH o ! OH o o o
Chirazyme L-2, C-3 -4
/é\/\/\N)tN/ )0]\ (20%, wiw) AN N/ MN N/
+ +
O)\N l N’> 0" 7 EtOAc, 60°C o)\N ] N/> PN I N/>
| Reaction time | |
N ;.ac-2 - 3 equiv (S)-(+)-2 (R)-(+)-3a
eaction scale

Entry Scale t [h] Conv.” [%)] ees” [%] ee,” [%] E

1 1 47 89 99 >200
2 d 2 50 98 99 >200
3 250 mg 3 50 99 98 >200
4 4 50 >99 98 >200
5 1 47 89 99 >200
6 1.0 ¢° 2 50 >99 >99 >200
7 08 3 50 99 98 >200
8 4 50 99 98 >200

2 Based on GC, for confirmation the % conversion was calculated from the enantiomeric excess of the unreacted alcohol (ee;) and the product (eep) according to the
formula conv. = eey/(ee; + eep).

b Determined by chiral HPLC analysis by using a Chiralpak AD-H column.

¢ Calculated according to Chen et al. [82], using the equation: E = {In[(1 — conv.)(1 — ees)1}/{In[(1 — conv.)(1 + eey)]}.

4 Conditions: rac-2 250 mg, Chirazyme L-2, C-3 50 mg, EtOAc 20 mL, vinyl acetate 230 mg, 250 pL (3 equiv), 800 rpm (magnetic stirrer).

¢ Conditions: rac-2 1 g, Chirazyme L-2, C-3 200 mg, EtOAc 80 mL, vinyl acetate 920 mg, 1 mL (3 equiv), 800 rpm (magnetic stirrer).
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2.10. General procedure for (Chirazyme L-2, C-3)-catalyzed KR of rac-2
— 250 mg-scale

The reaction mixture containing racemic lisofylline (rac-2, 250 mg,
0.89 mmol), EtOAc (20 mL), vinyl acetate (230 mg, 2.68 mmol, 250 pL),
and Chirazyme L-2, C-3 [50 mg, 20 % w/w (catalyst/substrate rac-2)]
was stirred (800 rpm, IKA RCT basic, stirring bar: 2.0 cm, 3.38 g) in a
tightly sealed round-bottomed flask (V = 100 mL) for 1 or 4 h at 60 °C,
respectively. Next, the reaction was stopped by filtering off the enzyme
on a Schott funnel under vacuum, washing it with a portion of EtOAc (20
mL), and after evaporation of the volatiles the crude oil was purified by
silica gel column chromatography using gradient of mixture of CHCls/
MeOH (98:2, 95:5, 90:10, 50:50 v/v) to provide the corresponding EKR
products as follows: (S)-(+)-2 (117 mg, 0.42 mmol, 47 %, 89 % ee for 1
h-reaction and 117 mg, 0.42 mmol, 47 %, 89 % ee for 4 h-reaction) and
(R)-(+)-3a (130 mg, 0.40 mmol, 45 %, 99 % ee for 1 h-reaction and 144
mg, 0.45 mmol, 50 %, 98 % ee for 4 h- reaction). For additional data, see
Tables 6 and 7.

2.11. General procedure for (Chirazyme L-2, C-3)-catalyzed KR of rac-2
— 1 g-scale

To a solution of racemic lisofylline (rac-2, 1 g, 3.57 mmol) in EtOAc
(80 mL), vinyl acetate (920 mg, 10.70 mmol, 1 mL), and Chirazyme L-2,
C-3 [200 mg, 20 % w/w (catalyst/substrate rac-2)] was stirred (800
rpm, IKA RCT basic; a stirring bar: 2.5 cm, 6.29 g) in a tightly sealed
round-bottomed flask (V = 250 mL) for 2 or 4 h at 60 °C, respectively.
After removal of the enzyme by filtration on a Schott funnel, washing it
with portion of EtOAc (80 mL), and evaporation of the solvent under
vacuum, the crude reaction mixture was purified by column chroma-
tography on SiO; (ca. 55 g) using gradient of mixture of CHCl3/MeOH
(98:2, 95:5, 90:10, 50:50 v/v) as an eluent to afford the respective EKR
products as follows: (S)-(+)-2 (482 mg, 1.72 mmol, 48 %, 99 % ee for 2
h-reaction and 455 mg, 1.62 mmol, 46 %, >99 % ee for 4 h-reaction) and
(R)-(+)-3a (546 mg, 1.69 mmol, 47 %, 97 % ee for 2 h-reaction and 540
mg, 1.68 mmol, 47 %, 97 % ee for 4 h-reaction). The results of specific
rotation values for the EKR products are collected in Table S3 (see
Supporting Information). For additional data, see Tables 6 and 7.

2.12. General procedure for analytical-scale lipase-catalyzed KR of rac-
3a — Enzyme screening

Methanol (50 mg, 1.55 mmol, 63 pL) and the appropriate lipase [10
mg, 20 % w/w (catalyst/substrate)] were added to the solution of rac-3a

(50 mg, 0.16 mmol) in CH3CN (1 mL) and stirred (500 rpm) in a

Table 7
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thermostated screw-capped test glass vial (V = 4 mL) at 25 °C for 48 h.
Further manipulations were carried out by analogy with the previously
described procedure for the enzyme screening (see section 2.2.); how-
ever, the EKR products were not purified by using column chromatog-
raphy but analyzed directly as a crude reaction mixtures. For additional
data, see Table 8.

2.13. Chemical K2COgz-mediated methanolysis of lisofylline acetate (R)-
(+)-3a as the method for the synthesis of (R)-lisofylline [(R)-(—)-2]

To a solution of optically active lisofylline acetate [(R)-(+)-3a, 100
mg, 0.31 mmol, >99 % ee] in MeOH (10 mL) anhydrous K3COs3 (86 mg,
0.62 mmol) was added in one portion. The resulting mixture was stirred
for 18 h at 22 °C. Next, the volatiles were evaporated under vacuum, and
the crude oil was diluted with CH5Cl, (10 mL) and rinsed with H5O (2 x
10 mL). The combined organic phase was dried over anhydrous MgSO,
the drying agent was filtered off, and the permeate was concentrated
under vacuum. Finally, the remaining crude oil was subjected to a short-
pad SiO2 column chromatography and purified using gradient of
mixture of CHCl3/MeOH (98:2, 95:5 v/v) as an eluent yielding enan-
tiomeric (R)-(-)-2 (51 mg, 0.18 mmol, 59 %, 99 % ee) as colorless oil.

2.14. General procedure for the inversion of the absolute configuration in
(S)-(+)-2 (see Step 1 and Step 2 below)

2.14.1. Step 1 {Synthesis of 6-(3,7-dimethyl-2,6-dioxo-2,3,6,7-tetrahydro-
1H-purin-1-yl)hexan-2-yl methanesulfonate [(S)-(+)-4]}

To a stirred solution of optically active (S)-lisofylline [(S)-(+)-2, 100
mg, 0.36 mmol, >99 % ee] in dry CH,Cl, (5 mL) cooled to 0-5 °C were
added methanesulfonyl chloride (MsCl, 61 mg, 0.54 mmol, 41 pL) and
EtsN (54 mg, 0.54 mmol, 75 pL) in one portion. After 10 min of stirring
the reaction mixture was warmed to room temperature and stirred for
additional 1 h. Afterwards, the reaction mixture was diluted with CH,Cly
(5 mL), and the organic phase was washed with saturated NaHCOs (3 x
10 mL), and back-extracted with CH5Cly (3 x 10 mL). The combined
organic layer was quenched with brine (10 mL), dried over anhydrous
MgS04, concentrated and the residue was purified by silica gel column
chromatography using gradient of mixture of CHCl3/MeOH (98:2, 95:5
v/v) as an eluent to afford corresponding optically active mesylate (S)-
(+)-4 {175 mg, 0.49 mmol, 68 %, 99 % ee, [a]3® = +3.5 (c 1.00, CHCl3)}
as white solid. Mp 80-82 °C (CHCl3/MeOH); R¢ [CHCl3/MeOH (95:5, v/
v)] 0.60; 'H NMR (500 MHz, CDCl3): 6 1.41 (d, J = 6.4 Hz, 3 H)
1.43-1.55 (m, 2 H), 1.62-1.81 (m, 4 H), 2.99 (s, 3 H), 3.56 (s, 3 H),
3.91-4.07 (m, 5 H), 4.72-4.84 (m, 1 H), 7.50 (s, 1 H); 13C NMR (126
MHz, CDCly): § 21.4, 22.7, 27.7, 29.8, 33.7, 36.3, 38.7, 41.0, 80.2,

Preparative-scale (Chirazyme L-2, C-3)-catalyzed KR of rac-2 with vinyl acetate in EtOAc at 60 °C.

OH o " OH o )ko o
/ Chirazyme L-2, C-3 H / /
)\/\/\N N )OJ\ (20%, wiw) TSN N M\N N
+ B —————— +
oA l N/> o7 EtOAc oA | N/> oA : N/>
| 60°C, 1-4h | |
rac-2 3 equiv (S)-(+)-2 (R)-(+)-3a
(Reaction scale)
Entry Scale t [h] Conv.” [%] ee,” [%]/Yield" [%] ee,” [%]/Yield® [%] E
1 250 me® 1 47 89/47 99/45 >200
2 & 4 48 89/47 98/50 >200
3 1.0 ¢ 2 51 99/48 97/47 >200
4 Ve 4 51 >99/46 97/47 >200

 Based on GC, for confirmation the % conversion was calculated from the enantiomeric excess of the unreacted alcohol (ees) and the product (eep) according to the

formula conv. = eey/(ees + eep).
b Determined by chiral HPLG analysis by using a Chiralpak AD-H column.

¢ Isolated yield after column chromatography eluted with gradient of CHCl3/MeOH (98:2, 95:5, 90:10, 50:50, v/v) mixture.

4 Calculated according to Chen et al. [82], using the equation: E = {In[(1 - conv.)(1 - eey)]}/{In[(1 — conv.)(1 + ees)1}.

¢ Conditions: rac-2 250 mg, Chirazyme L-2, C-3 50 mg, EtOAc 20 mL, vinyl acetate 230 mg, 250 pL (3 equiv), 800 rpm (magnetic stirrer).
f Conditions: rac-2 1 g, Chirazyme L-2, C-3 200 mg, EtOAc 80 mL, vinyl acetate 920 mg, 1 mL (3 equiv), 800 rpm (magnetic stirrer).
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Table 8
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Enzyme screening for enantioselective methanolysis of rac-3a under KR-conditions in CH3CN.

[e] o

/lko / Enzyme OH o / )J\Q /
N N> (20%, wiw) MN I N> AN | N>
+ MeOH —— +
O)\N N © CHyCN OZ\N N OZ\N N
| 48 hat25°C | |
rac-3a 1.55 mmol (R)-(-)-2 (S)-(-)-3a
(155 umol) (10 equiv)
Entry Enzyme preparation® Conv.” [%] ees" [%]/conf." eep” [%]/conf." E°
1 Novozym 435 37 58/(S) >99/(R) >200
2 Lipozyme 435 42 72/(S) >99/(R) >200
3 Chirazyme L-2, C-2 32 46/(S) >99/(R) >200
4 Chirazyme L-2, C-3 28 38/(S) >99/(R) >200
5 TL-Immobead 150 0 N.D.! N.D.! N.D.!
6 Lipozyme TL IM <5 N.D.' N.D.' N.D.!
7 Lipozyme RM IM <5 N.D.! N.D.' N.D.!
8 PS-Immobead 150 0 N.D.f N.D.| N.D.f
9 Amano PS-IM <5 N.D.! N.D.! N.D.!
10 Amano PS <5 N.D. N.D. N.D.!
11 Chirazyme L-10 <5 N.D.! N.D.! N.D.!
12 Chirazyme L-5 0 N.D.! N.D.! N.D.
13 Chirazyme L-8 <5 N.D.' N.D.' N.D.
14 Chirazyme L-3 0 N.D.f N.D.f N.D.f
15 Amano AK 0 N.D.! N.D.! N.D.f
16 Amano 10 Lipase M 0 N.D.! N.D.' N.D.
17 Amano M 0 N.D.! N.D.! N.D.!
18 Amano Lipase F-AP15 0 N.D. N.D.f N.D.f
19 Lipase AY Amano 30 <5 N.D.' N.D.! N.D.
20 PLE 0 N.D.! N.D.! N.D.!

# Conditions: rac-3a 50 mg, enzyme 10 mg, CH3CN 1 mL, MeOH 50 mg, 63 pL (10 equiv), 25 °C, 500 rpm (magnetic stirrer).
b Based on GC, for confirmation the % conversion was calculated from the enantiomeric excess of the unreacted ester (ees) and the product (ee,) according to the

formula conv. = eey/(ees + eep).
¢ Determined by chiral HPLC analysis by using a Chiralpak AD-H column.
4 Absolute configuration.

¢ Calculated according to Chen et al. [82], using the equation: E = {In[(1 — conv.)(1 — ees)]1}/{In[(1 - conv.)(1 + ees)]}.

f Not determined.

107.8, 141.6, 148.9, 151.6, 155.4; IR (nujol): vmax = 3437, 1694, 1660,
1544, 1452, 1176, 978, 912, 761; HRMS (ESI-TOF) m/z: [M+H] " Calcd
for C14H3N4058" m/z: 359.1384, Found 359.1380; GC [260 (const.)]:
tg = 12.35 min; UV/VIS: Apax = 207 nm (EtOH); HPLC [n-hexane-2-
PrOH (78:22, v/v); f = 1.0 mL/min; A = 273 nm; T = 25 °C (Chiralpak
AD-H)]: tg=33.937 (S-isomer) and 49.346 min (R-isomer).

2.14.2. Step 2 [Synthesis of (R)-(+)-3a from methanesulfonate (S)-(+)-4]

To a solution of mesylate (S)-(+)-4 (10 mg, 27.9 pmol) in dry PhCH3
(2 mL) CsOAc (11 mg, 55.8 pmol) and catalytic amount of 18-Crown-6
(5 mg) were added in one portion. The reaction mixture was stirred
for 18 hat 110 °C, and afterwards poured into HoO (5 mL) and extracted
with EtOAc (3 x 2 mL). The collected organic phases were dried over
anhydrous MgSO4 and after evaporation of the volatiles under reduced
pressure the crude product was purified by column chromatography on
silica gel using pure EtOAc as an eluent to afford optically active acetate
(R)-(+)-3a (4.5 mg, 14 pmol, 50 %, 96 % ee) as white solid. All the
analyses were consistent with rac-3a.

2.15. XRD analyses

2.15.1. Conditions for crystal growth of (S)-lisofylline [(S)-(+)-2] and
(R)-lisofylline [(R)-(-)-2]

Colorless single crystal of sufficient quality for a structure analysis
with conventional X-ray diffraction (XRD) method was prepared by
dissolving (S)-(+)-2 (30 mg, >99 % ee) in boiling EtOAc (2 mL). After
refluxing the content of the flask for additional 2-3 min, the hot solution
was slightly cooled, then transferred into open-neck glass vial (V = 4
mL), closed with the cap, left to cool to room temperature, then opened
and placed in a larger bottle that contained hexane. The outer vessel was
sealed, and thus composed system was stored at room temperature, and
crystal growth was proceeded for 2 days by slow vapor diffusion of the

precipitant (hexane) into saturated EtOAc solution of (S)-(+)-2. The
monocrystals of (R)-(-)-2 were grown exactly in the same manner as for
its counterpart (S)-(+)-2.

2.15.2. Crystal structure determination

Selected crystals were measured with mirror monochromated CuKy
radiation on an Oxford Diffraction k-CCD Gemini A Ultra diffractometer.
Cell refinement and data collection as well as data reduction and anal-
ysis were performed with the Rigaku Oxford CRYSALISTRO software.
Using Olex2 [37], the structure was solved with the ShelXT [38] struc-
ture solution program using Intrinsic Phasing and refined with the
ShelXL [39] refinement package using Least Squares minimisation. All
non-hydrogen atoms were refined with anisotropic displacement pa-
rameters. Hydrogen atoms attached to carbon atoms were added to the
structure model at geometrically idealized coordinates and refined as
riding atoms. An absolute configuration for the molecules were suc-
cessfully determined using anomalous dispersion effects. Flack param-
eters were calculated from selected quotients (Parsons’ method) [40].
Further analysis of the absolute structure was performed using likeli-
hood methods with PLATON [41] using Bijvoet pairs to obtain the Hooft
parameters [42]. CCDC 2023424-2023425 contains the supplementary
crystallographic data for both enantiomeric compounds (S)-(+)-2 and
(R)-(-)-2. This can be obtained free of charge on application to CDC, 12
Union Road, Cambridge CB21EZ, UK (Fax: (+44)1223-336-033; email:
deposit@ccdc.cam.ac.uk).

2.15.2.1. Crystal data for (S)-(+)-2. C13HoN4O3 (M = 280.33 g/mol):
monoclinic, space group P2; (no. 4), a = 10.1581(2) A, b =13.1633(2)
A, c=11.6783(2) A, = 112.436(2)°, V = 1443.35(55) A%, Z = 4, T =
293.15 K, p(CuKy) = 0.772 mm’l, crystal size = 0.438 x 0.305 x 0.242
mm3, Dcalc = 1.290 g/cm3, 71,878 reflections measured (8.19° < 20 <
134.134°), 5140 unique (Rjy = 0.0524, Rsigma = 0.0163) which were
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used in all calculations. The final R; was 0.0430 (I > 26(I)) and wR5 was
0.1134 (all data), GoF = 1.045, largest diff. peak/hole = 0.13/-0.17/
e-1°\'3, Flack parameter = 0.01(15), Hooft parameter = 0.05(12) from
2446 pairs (100 % coverage).

2.15.2.2. Crystal data for (r)-(-)-2. C13HoN4O3 (M = 280.33 g/mol):
monoclinic, space group P2; (no. 4), a = 10.1566(2) 10\, b=13.1561(2)
A, c=11.6737(2) A, p = 112.441(2)°, V= 1441.7355) A%, Z =4, T =
293.15 K, u(CuK,) = 0.773 mm’l, crystal size = 0.461 x 0.344 x 0.327
mm?, Dcalc = 1.291 g/cmg, 39,430 reflections measured (8.194° < 20 <
134.134°), 5129 unique (Rint = 0.0742, Rsigma = 0.0306) which were
used in all calculations. The final R, was 0.0422 (I > 26(I)) and wR, was
0.1204 (all data), GoF = 1.037, largest diff. peak/hole = 0.18/-0.16/
e-/gx'?’, Flack parameter = 0.01(12), Hooft parameter = 0.03(10) from
2437 pairs (100 % coverage).

2.16. Molecular docking experiments

Molecular docking studies to establish favorable ligand binding ge-
ometries for both enantiomers of 1-(5-hydroxyhexyl)-3,7-dimethyl-3,7-
dihydro-1H-purine-2,6-dione [(S)-(+)-2 and (R)-(-)-2] were carried out
on a 4 CPUs-based desktop PC computer equipped with AMD Phenom™
11 X4 965 Processor 3.40 GHz and 32 GB of RAM on a Microsoft Windows
10 Professional 64-bit operating system using AutoDock Vina vs. 1.1.2
program for Windows (http://autodock.scripps.edu/) [43]. The
respective ligand molecules (S)-(+)-2 and (R)-(-)-2 were prepared at
first with ChemAxon MarvinSketch vs. 14.9.1.0 (http://www.chemaxo
n.com/marvin/) using general ‘Cleaning in 3D’ option and calculating
conformers with MMFF94 force field parameters. To obtain the mini-
mum energy conformation for docking studies, the geometries of the
afore-pretreated ligands were additionally optimized in Avogadro
version 1.2.0. (http://avogadro.cc/), after adding all the hydrogens, and
saved as mol2 files. The minimum energies were obtained for each
ligand: (S)-(+)-2 (Ecale. = —491.888 kJ/mol) and (R)-(-)-2 (Ecale. =
—491.567 kJ/mol). The visualization of the optimized geometries were
performed using molecular visualization software, POV-Ray for Win-
dows v3.7.0.msvc10.win64 licensed under the terms of the GNU Affero
General Public License (AGPL3) (Fig. 2). The Gasteiger partial charges
were calculated with AutoDock Tools vs. 1.5.6 (ADT, S3 http://mg
ltools.scripps.edu/) [44], whereas all torsion angles for each enan-
tiomer of 2 were considered flexible, and all the possible rotatable
bonds, non-polar hydrogens were determined, and the final ligands’ files
were prepared in PDBQT format, respectively.

The crystallographic structure of lipase type B from Candida
antarctica (PDB code: 1TCA) [45] were downloaded from Brookhaven
RCSB Protein Data Bank (PDB, http://www.rcsb.org/pdb/). To avoid
steric clashes within model the crude protein. pdb file was prepared by
UCSF Chimera vs. 1.11.2 package (http://www.cgl.ucsf.edu/chimera/)
[46] by removing all nonstandard (non-protein) molecules including

A B
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conserved crystal waters (HOH) and N-acetyl-p-glucosamine (NAG),
respectively. The polar hydrogen atoms were added and Gasteiger
charges were calculated with AutoDock Tools 1.5.6 package using its
standard utility scripts, and then the final protein file was saved as
PDBQT file. Next, a searching ‘grid box’ was set by using AutoGrid
function to perform docking in a (40 x 40 x 40 A)-unit grid box,
centered on catalytic Ser105 of CAL-B as target coordinate (center x =
—3.144; center_.y = 21.093; center z = 12.736) with a grid spacing of
0.325 A. In addition, construction of the acetyl-lipase structure (with
modified side chain hydroxyl group of the Ser105 of CAL-B) was pre-
pared by standard ‘Build’ options available in Maestro Schrodinger
Version 12.6.144, MMshare Version 5.2.144, Release 2020—4, Platform
Windows-x64 (https://www.schrodinger.com/maestro). Then, the en-
ergy of this system was further minimized by executing 1000 Conjugate
Gradient steps, with a fix constraint applied to the protein backbone.

Docking was performed into a rigid protein as well as using advanced
protein flexibility by specifying flexible sidechains. Each docking was
performed with an exhaustiveness level of 48. For each ligand molecule
100 independent runs were performed using the Lamarckian Genetic
Algorithm (GA) with at most 106 energy evaluations and a maximum
number of generations of >27 000 A3 (the search space volume). The
rest of the docking parameters including the remaining Lamarckian GA
parameters were set as default using the standard values for genetic Vina
algorithms (the posed dockings were below 5.00 A rmsd). The docking
modes of each ligand (S)-(+)-2 and (R)-(-)-2 were clustered and ranked
based on a mutual ligand-protein affinity expressed as absolute free
binding energies [AGcalc (kcal/mol)] as well as the values of root mean
square deviation (rmsd) in both modes regarding rmsd lower bound (l.
b.), and rmsd upper bound (u.b.), respectively. The rmsd were computed
referring to the input structure submitted to docking simulations. For
(S)-(+)-2 the used random seed amounted to 1962309292, whereas for
(R)-(-)-2: 447232740. The results generated by AutoDock Vina
including optimized binding poses of substrates (S)-(+)-2 and (R)-(-)-2
in both hypothetical CAL-B-enantiomers’ complexes as well as critical
polar contacts between the respective atoms of ligands (S)-(+)-2 and
(R)-(-)-2 and receptor molecule (CAL-B, 1TCA) were visualized using
The PyMOL Molecular Graphics System software, version 1.3,
Schrodinger, LLC (https://www.pymol.org/).

3. Results and discussion

Herein, we report on devising enantioselective and stereoconvergent
route toward enantiomeric (R)-lisofylline [(R)-(-)-2]. In this regard, the
synthetic pathway of chemoenzymatic asymmetric preparation of non-
racemic title API consisting of a classical enzymatic kinetic resolution
(EKR) methodology as a key-step is outlined in Scheme 1.

We decided to choose lipases as the biocatalysts for routine EKR of
rac-2 since these enzymes, although considered as ‘old-fashioned’, still
remain unsurpassed in specificity and scope of action, which features are
especially useful in pharmaceutical applications [47-51]. The major

Fig. 2. The geometries of (S)-(+)-2 (A) and (R)-(-)-2 (B) optimized in Avogadro — Version 1.2.0. The figures were prepared by rendering them by using molecular

visualization software, POV-Ray — Version 3.7.0.
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rac-3a-e a: R = CH3(40%);

b: R = C3H; (43%);
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- 28.8% total yield after
5-steps convergent route;
19.9% total vyield after
3-steps synthesis.
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(S)-(+)-4, 99% ee, 68%
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Scheme 1. Chemoenzymatic synthesis of lisofylline enantiomers (2). Reagents and conditions: (i) NaBHy4 (3 equiv), MeOH/CH.Cl, (40:6, v/v), 2.5 h at 0-5 °C; (ii)
acetyl chloride (1.5 equiv), Et3N (1.5 equiv), DMAP (cat.), dry CH,Cly, 10 min at 0-5 °C, then 12 h at RT; (iii) levulinic acid (2 equiv), EDCI hydrochloride (2.2
equiv), DMAP (cat.), dry CH,Cl,, 10 min at 0-5 °C, then 48 h at RT; (iv) vinyl acetate (3.0 equiv), Chirazyme L-2, C-3 (20 % w/w), EtOAc (80 mL/1 g of substrate),
1-4 h at 60 °C, 800 rpm (magnetic stirrer); (v) K;CO3 anh. (2 equiv), MeOH, 18 h at 22 °C; (vi) MsCl (1.5 equiv), Et3N (1.5 equiv), dry CH5Cl,, 10 min at 0-5 °C 10
min, then 1 h at RT; (vii) CsOAc (2 equiv), dry PhCH3, 18-Crown-6 (cat.), 18 h at 110 °C.

advantages of using lipases, aside their ability to transform a plethora of
diverse xenobiotics provided with mostly high chemo-, regio-, and
stereo-selectivity under mild reaction conditions (pH 5-8, 20-40 °C,
standard pressure) [52], are their low cost, great operational stability
and ease of handling. Immense potential of using lipases also stems from
a very distinct feature, namely that they remain catalytically active
without a need for costly external acceptors and cofactors [i.e. NAD(P)
H, FADH, etc.] present in the reaction system, and what is even more
important, that they are able to catalyze reactions under
non-physiological conditions in nearly non-aqueous media, including
organic solvents [53,54], neoteric solvents [i.e. ionic liquids (ILs), su-
percritical carbon dioxide (scCOs3), fluorous solvents (FSs), and liquid
polymers (LPs)] [55-58], deep eutectic solvents (DESs) [59-62] as well
as in solvent-free systems [63-66] or even under mechanochemical
conditions [67,68]. The great organic solvent tolerance of lipases (pre-
destining them to perform with high concentrations of water-insoluble
substrates) together with adaptability to various technological condi-
tions without necessity to follow the restrictions imposed on
metal-based catalysts make these enzymes willingly applied by industry
[69]. In addition, tailoring and optimizing catalytic functions of lipases
via enzyme engineering is becoming faster and more efficient [70-73].

Moreover, development of a highly efficient gram-scale EKR syn-
thetic strategy to access lisofylline in both enantiomeric forms is critical
for exploring their structure-activity relationships (SAR) and assisting
further pharmacological studies for better understanding of their bio-
logical effects and potential mechanisms of action at the molecular level.

3.1. Synthesis of Racemic Compounds rac-2 and rac-3a—e

Our synthesis commenced with the preparation of racemic substrate
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rac-2 and the reference esters rac-3a—e required for biocatalytic studies
and analytical purposes. This task was achieved using standard synthetic
methodology starting with the corresponding commercially available
pentoxifylline (1, 3,7-dimethyl-1-(5-oxohexyl)-3,7-dihydro-1H-purine-
2,6-dione). In the first step, racemic lisofylline (rac-2) was prepared
following a slightly modified literature procedure reported by Peterson
et al. [9]. For this purpose, prochiral ketone 1 was subjected to a
non-selective chemical reduction with 3 equiv of sodium borohydride
(NaBH4) as the reducing agent suspended in a cold mixture of
MeOH/CH,Cl, (46 mL; 40:6, v/v). The reaction proceeded smoothly and
was completed in a 2.5-h time span, thus affording rac-2 in high 84 %
yield after recrystallization. Next, the respective racemic esters rac-3a-d
were obtained through a simple esterification procedure of catalysis by
N,N-dimethylpyridin-4-amine (DMAP) using 1.5 equiv of the appro-
priate acyl chloride in the presence of 1.5 equiv of triethylamine (Et3N)
in dry CH2Cly. In turn, racemic levulinate rac-3e was synthesized by the
treatment of rac-2 with 2 equiv. of levulinic acid in the presence of 2.2
equiv. of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride (EDCxHCI) as the coupling reagent and a catalytic amount of DMAP
diluted in anhydrous CHCl, at ambient temperature. The
above-mentioned acylations of rac-2 led to obtaining desired esters
rac-3a—e in a 36-48 % yield range, respectively (Scheme 1).

Next, with the racemic compounds in hand rac-2 and rac-3a-e, the
HPLC separation conditions of the respective enantiomers were estab-
lished. Fortunately, the chromatographic base-line resolutions of the
enantiomers of all the examined racemates rac-2 and rac-3a-e were
achieved within a suitable time using only one HPLC column packed
with amylose-type chiral stationary phase (Chiralpak AD-H) and a single
analytical method (Supporting Information). This allowed to investigate
the stereoselectivity of the biocatalytic reactions involving racemic
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lisofylline (rac-2) in a relatively rapid way without any analytical
obstruction.

3.2. Lipase-catalyzed KR of racemic lisofylline (rac-2)

At the outset of biocatalytic investigations our major task was to find
an enzyme with reasonable catalytic activity and high enantioselectivity
in kinetic resolution of racemic lisofylline (rac-2). Taking an advantage
of our experience in the field of enzyme catalysis [74,75] and especially
the expertise in the chemoenzymatic syntheses of various chiral APIs
[76,77] including proxyphylline enantiomers [78] as well as enantio-
merically enriched diprophylline and xanthinol nicotinate [79], we
turned our attention to studying the lipase-catalyzed enantioselective
transesterification of racemic lisofylline (rac-2) using vinyl acetate (VA)
as an acetyl donor in neat organic solvents. This methodology is highly
preferable from the industrial point of view since ‘irrever-
sible-acetylation mode’ assured by activated enol esters does not hinder
the isolation and purification process as liquid-liquid extraction workup
is redundant and the volatile by-products are easily removable under
reduced pressure, whilst the insoluble enzyme can be simply filtered off
under suction [80,81].

For this reason, the analytical-scale enantioselective lipase-catalyzed
acetylation of rac-2 was firstly investigated using a huge excess of vinyl
acetate (1 mL, 125 equiv) and a set of 19 various native and/or immo-
bilized commercial lipases as well as single esterase from porcine liver
(Table 1). The EKR of rac-2 were carried out in the presence of 100 %
(w/w) loading of the respective enzyme preparation with respect to the
employed substrate rac-2 in toluene (PhCH3) as a model co-solvent. The
enzymatic reactions were stirred at 40 °C, regularly traced by GC
analysis and terminated either upon achieving 50 % conv., or in case of
the less active enzymes, until 144 h had passed. The conversion and the
enantiomeric excesses of the chromatographically purified EKR prod-
ucts were measured by HPLC on a chiral phase. The enzyme screening
showed that most of the tested biocatalysts exhibited low enantiose-
lectivities (E = 2-82) and activities or were active in a non-selective
manner. The best results were obtained only with lipases B from
Candida antarctica (CAL-B), which catalyzed EKR of rac-2 with 51-54 %
conv. after 5 h (Table 1, entries 1-4). Interestingly, among CAL-B
preparations two of them, namely Novozym 435 and Lipozyme 435,
catalyzed acetylation of the racemic lisofylline (rac-2) with moderate
enantioselectivity (E = 69-82), while both Chirazyme L-2, C-2 and
Chirazyme L-2, C-3 proved to be significantly more efficient in the res-
olution of rac-2 enantiomers (E>200) providing homochiral unreacted
(8)-(+)-2 (>99 % ee) and enantiomerically-enriched acetate (R)-(+)-3a
in a 95-96 % ee range with E>200, respectively.

These results clearly indicate that for desired catalytic behavior of
biocatalysts not only the enzymes’ origin (source) is critical, but even
negligible differences in the utility form. As in the example, the method
of immobilization and/or the type of the enzyme’s carrier might affect
functions of particular preparations isolated from the same microor-
ganism. Almost all the enzymatic reactions followed the empirical rule
proposed by Kazlauskas [83] and in each case, the (R)-enantiomer was
acylated faster by the enzymes. Surprisingly, after detailed examination
of the performed EKR attempts one native lipase from Candida rugosa
(Chirazyme L-3) revealed reversed (S)-stereopreferance toward rac-2
(Table 1, entry 14). Nevertheless, this unique ‘anti-Kazlauskas’ type
lipase preparation was omitted in further studies since it catalyzed the
KR of rac-2 very sluggishly and without promising enantioselectivity.

Taking into account that a single random EKR result would have
been insufficient to select a suitable biocatalyst for efficient EKR as well
as the fact that preliminary experiments showed that the highest cata-
lytic activity and enantioselectivity discrimination during the trans-
esterification of rac-2 was observed in the case of C. albicans lipases B, in
the next step of optimization studies a comprehensive kinetic analyses
were assessed for all CAL-B preparations (Table 2). The evaluation of the
effect of the reaction time on the conversion degree of rac-2 would
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provide a better insight into the reaction progress as well as a stereo-
chemical outcome of the overall process. The EKR’s assays were arbi-
trarily terminated at periodic time intervals adjusted to the respective
enzyme and its activity. Since the rates of both (Novozym 435)- and
(Lipozyme 435)-catalyzed reactions were slightly higher when
compared with Chirazymes-mediated processes, the EKR progress in
those cases was assessed in 1-3.5 h time span within more frequent 30
min. intervals, respectively. After isolation and subsequent chromato-
graphic purification of the resolution products the evaluation of their
enantiomeric excesses (% ee) as well as the reactions’ E-values was
made.

From a series of kinetic experiments data, it was concluded that the
most outstanding results in terms of enantioselectivity toward lisofylline
(rac-2) enantiomers was shown by Chirazyme L-2, C-3, which allowed to
obtain both optically pure EKR products (S)-(+)-2 and (R)-(+)-3a
depending on the moment of terminating the reaction. In turn, CAL-B
immobilized on acrylic resins (Novozym 435 and Lipozyme 435) tran-
spired to catalyze rac-2 enantiomers resolution with mostly excellent
enantioselectivity (E>200) resulting in the formation of almost enan-
tiomerically pure acetate (R)-(+)-3a (99 % ee). Nevertheless, the
remaining slower-reacting enantiomer (S)-(+)-2 barely reached 96 % ee.
Elongation of the time of EKR would definitely lead to more optically
pure (S)-(+)-2 as had been shown in previous experiments (Table 1),
although this came at the expense of the purity of the second enantiomer
(R)-(+)-3a. As it was clear that proceeding the EKR of rac-2 with Chir-
azyme L-2, C-3 as the biocatalyst for 8 h allowed to afford superb
enantioselectivity (E>200) leading to isolation of enantiomerically pure
stereoisomers (S)-(+)-2 and (R)-(+)-3a (99-99.9 % ee), the subsequent
optimization steps were conducted using this biocatalytic system.

Another variable parameter, which exerts a significant impact on the
rate and enantioselectivity of enzymatic reactions is the type of the acyl
donor. Since i.e. triglycerides (TAGs), cholesteryl esters and/or wax
esters constitute the major physiological substrates of the lipases in vivo,
it is rather obvious that these hydrolytic enzymes show preference to-
ward acyl donors, which possess long-chain fatty acids in their struc-
tures. The conversion of alcohol mostly improves on increase in the acid
chain length. This is probably because of the interfacial activation of
lipases is more efficient in the presence of more hydrophobic compounds
and/or the hydrophobic pocket of the binding site (so-called ‘acyl site’)
stabilizes better the longer acyl chains [84-87]. As a matter of fact,
Candida antarctica lipase B behaves more like a solvent-stable esterase
and does not display interfacial activation due to the absence of a lid that
regulates the access to the active site [88]. Nevertheless, the enantio-
selectivity of CAL-B can also be strongly influenced by the chain length
of the achiral acyl donor employed in the transesterification [89].
Hence, the influence of the nature of acyl donor on the course of the
lisofylline (rac-2) acylation was examined using 4 different vinyl esters
with various chain lengths and one alkyl ester possessing terminal
methyl ketone moiety (Table 3). Furthermore, to minimize the costs of
the overall enzymatic process the reduction of biocatalyst loading (from
100 % to 20 % w/w in respect to rac-2) as well as the decrease in the
molar excess of the appropriate acyl donor reagent (from 125 equiv to 3
equiv) were investigated under optimal EKR conditions. Moreover, the
reduction in amounts of the employed vinyl acetate at this stage seems to
be reasonable since this compound generates very toxic, irritating,
highly volatile, flammable and explosive acetaldehyde. Moreover,
acetaldehyde is responsible for enzyme inhibition due to formation of
stable Schiff base-type adducts with the side chain -NH group of pe-
ripheral lysine residues [90,91], while the synthesis of vinyl acetate is
hazardous in fact. Therefore, eliminating the need of using huge molar
excess of vinyl acetate as well as other acylating agents should allow to
safely scale-up the reaction.

Consideration of the results summarized in Table 3 leads to the
conclusion that the highest enantioselectivity (E>200) was observed in
the transesterification of rac-2 with vinyl acetate as an acyl donor. When
the reaction was arbitrarily arrested after 8 h, the optically active
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lisofylline acetate (R)-(+)-3a was isolated in very high enantiomeric
purity (98 % ee) leaving thereby slower reacting stereoisomer (S)-(+)-2
in homochiral form (>99 % ee). To our disappointment, no impressive
enhancement of the catalytic activity and stereoselectivity of Chirazyme
L-2, C-3 lipase in the presence of fatty acids vinyl esters were observed
since the reaction rates were almost the same reaching approx. 50 %
conv. The biotransformations of rac-2 using vinyl esters with longer
aliphatic chains (i.e. vinyl decanoate and vinyl palmitate) akin to acid
moiety present in typical natural lipases’ substrates were slightly
improved in terms of E-values compared to vinyl butyrate, but worse
than those conducted with vinyl acetate and methyl levulinate, respec-
tively. In turn, the EKR of rac-2 carried out with methyl levulinate
required a substantially longer reaction time (168 h) to achieve
reasonable conversions (Table 3, entry 5). The sluggish reactivity of rac-
2 with methyl levulinate might be 2-fold: additional methyl ketone
moiety interacts with nucleophilic amino-acid residues present in the
CAL-B active site thus affecting the enzymatic activity and/or unfavor-
able equilibrium of the (R)-(+)-3e formation due to reversible nature of
the acyl donor and possible inhibition by the released methanol. To
drive this reaction to 50 % completion, removal of the forming alcohol
by evaporation, azeotropic distillation and/or addition of molecular
sieves is necessary.

The conversion of acylation of rac-2 using vinyl acetate was slightly
retarded when compared to fatty acid acyl donors as evidenced by GC
and HPLC analyses. However, it can be seen that reduction in the lipase
loading and acyl transfer reagent concentration did not decrease the rate
of the reaction at all. Moreover, vinyl acetate is much less expensive than
the rest of the employed esters. On the other hand, vinyl acetate and its
by-products are more volatile, causing less chromatographic interfer-
ence. Considering all the above-mentioned facts, we decide to employ
vinyl acetate for the rest of the EKR studies.

The influence of solvent on the rate and selectivity of enzymatic
reactions still lacks a rational explanation. However, there is a clear
empirical evidence that the nature of the organic solvent wields strong
influence on the stability and catalytic performance of the hydrolytic
enzymes [92]. The polarity or hydrophobicity of the solvents play a key
role in the solvent effects [93]. Since the solvation of the enzyme-sub-
strate complex significantly differs in different solvents leading to
changes in the conformational rigidity of the enzymes [94-96], pene-
tration and occupation of the enzyme active site [97,98] as well as
alteration of the solvation of the transition state [99-101], then it is
obvious that the enzyme catalytic behavior can change drastically as
well. It has been also shown that varying the solvent composition in
binary mixtures of solvents had a profound impact on the enantiomeric
ratio due to change in the equilibrium constant Keq for thermodynami-
cally distinct physical states [102]. Interestingly, in rare cases, an
organic solvent can even alter the stereopreferance of the enzyme [103].

Application of so-called ‘solvent strategy’ or ‘medium engineering’
often assists an increase in the activity and selectivity of the lipase-
catalyzed reactions. Therefore, in this study, various organic solvents
with different log P values were selected to investigate the effect of the
reaction medium on the substrate conversion, optical purity of EKR
products and the E-values (Table 4), respectively. In this context, we
attempted (Chirazyme L-2, C-3)-catalyzed transesterification experi-
ments by screening polar (i.e. 1,4-dioxane, CH3CN, acetone, EtOAc),
semi-polar [i.e. THF, vinyl acetate (VA), CHyCl,, 2-methyl-2-butanol
(tert-amyl alcohol), CHCl3], and relatively hydrophobic (i.e. PhCHs)
organic solvents, within which rac-2 formed a homogenous solution.
Probably the most frequently used organic solvents for lipase-catalyzed
reactions, such as tert-butyl methyl ketone (TBME) and diisopropyl ether
(DIPE), were omitted from these studies due to poor solubility of the
substrate rac-2. The results shown in Table 4 indicated that the best
catalytic efficiency of Chirazyme L-2, C-3 was observed when ethyl ac-
etate (EtOAc), tert-amyl alcohol and PhCH3 were used as the respective
reaction media. Only these solvents favor ultra-selective transformation
of rac-2 (E>200) yielding enantiomerically enriched (S)-(+)-2 and (R)-
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(+)-3a in a 99-99.9 % ee range with 50 % conv. (Table 4, entries 4, 8
and 10). These results are somewhat surprising, because all the three
mentioned solvents are characterized rather by different logP values
(0.29-2.52) suggesting that the polarity was not a decisive factor in this
case. On the other hand, although EtOAc may act also as a reversible
acetyl donor the enantioselectivity was not affected. Following the
recommendations given by various solvent sustainability guides
assessing environmental-risk of using organic solvents [104-111], it was
clear that EtOAc is the best candidate for a reaction medium.

Another parameter that should have been taken into account is the
reaction temperature. It is known that the enzyme activity and enan-
tioselectivity are dependent on the reaction temperature. Simple
elevation of the temperature by 10 °C can significantly boost the rate of
lipase-catalyzed reactions; however, deterioration in enzyme enantio-
selectivity may also occur. Since the thermal stability of biocatalysts is
one of the most important criteria for industrial applications, the effect
of temperature on EKR of rac-2 was also studied. Using the aforemen-
tioned optimal conditions found for the resolution of rac-2, the enan-
tioselective transesterification in the presence of Chirazyme L-2, C-3
suspended in a mixture of vinyl acetate and EtOAc was investigated at
40, 50 and 60 °C (Table 5), respectively. The EKR reactions were
terminated deliberately after 3 h. The conversion increased from 40 % to
49 % with an increase of temperature from 40 °C to 50 °C, and from 40
% to 50 % when the reaction was carried out at 60 °C. To our delight, the
enantioselectivity has not only not deteriorated with the increase in the
temperature, but it also improved significantly. As a matter of fact, the
observation that the lipase selectivity increases at higher temperatures is
very rare. Regrettably, we are unable to give an explanation for this
phenomenon; however, Hult and co-workers [112] suggested that the
unusual behavior of an increasing enantioselectivity with temperature
can be explained by a strong entropy contribution on the free enthalpy
difference between the transitions states of both enantiomers of the
resolved racemate. Yet, since enzyme activity was found to be the
highest at 60 °C, while maintaining excellent enantioselectivity
(E>200), 60 °C was selected as the optimal temperature for this
reaction.

To demonstrate the usefulness of the enzymatic protocol 250 mg and
1 g of the substrate rac-2 was used for each EKR (Table 6). Of course, the
up-scaling procedure assumed the linear (proportional) enlargement of
all the previously set parameters including the amounts of lipase and
vinyl acetate as well as the solvent volume to remain reagents/catalysts
at the same concentrations as previously. Since two parameters of EKR
of rac-2 were changed after preliminary kinetics analyses, a series of
additional time-course experiments were conducted to gain insights into
the reactions carried out at preparative scales in EtOAc at 60 °C. It is
important to mention that in the present optimization study, HPLC an-
alyses were performed simultaneously in one run using aliquots with-
drawn directly from the crude reaction mixtures after the stipulated
period of time (1-4 h) and in a one-hour intervals. This was done arbi-
trarily in order to save the consumption of both the lipase and substrate
rac-2. The performed experiments revealed that excellent E-values can
be reached regardless of the reaction scale, and what is even more
spectacular, that in both cases the results provided evidence of the high
repeatability of the developed process. It turned out that the optimal
time after which the reactions should be terminated/arrested in order to
obtain E>200 and 50 % conv. is about 2 h. More importantly, the
astonishing enantiomeric resolution of the racemate rac-2 resulting in
pure enantiomers (S)-(+)-2 and (R)-(+)-3a was observed in a 1g-scale
EKR attempt (Table 6, entry 6).

In order to further evaluate the feasibility of the optimized EKR
process for the synthesis of both enantiomers of lisofylline (2), the
preparative-scale reactions were conducted again followed this time by
a chromatographic purification step to establish the isolated yield of the
optically active products (Table 7). Surprisingly, this time the EKRs of
rac-2 revealed some inconsistencies with the previously obtained results
showing that the kinetic control had to be performed with greater
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accuracy and caution especially when the reaction rates are relatively
high as for a routine enantiomers resolution bioprocess. As a matter of
fact, this showed that it might be reasonable to slightly elongate the
reaction time by decreasing enzyme loading and/or lowering tempera-
ture. Nevertheless, EKR products (S)-(+)-2 and (R)-(+)-3a were isolated
in high 46-50 % yields with E>200 at 47-51 % conv., respectively.

In order to enlighten the capacity of lipase B from Candida antarctica
to catalyze enantioselective lisofylline (rac-2) acetylation, molecular
docking simulations were performed using freely available for
noncommercial use open-source AutoDock Vina vs. 1.1.2 software [43].
For docking calculations, the X-ray crystal structure of CAL-B (PDB code:
1TCA) [45] was utilized as the receptor molecule. However, since the
mechanism of lipase-catalyzed transesterification of alcohols involves
the preceding acetylation of the catalytic serine by the acetyl donor
(vinyl acetate in this case) [113], the side chain hydroxyl of the Ser105
of CAL-B was replaced by an acetate to mimic the formation of the
acetyl-lipase intermediate. Only then, the resulting acetyl-lipase struc-
ture was taken as a target for the docking of both enantiomers of liso-
fylline substrate [(R)-(-)-2 and (S)-(+)-2]. The energetically favorable
poses in terms of binding energies [expressed as AG (kcal/mol)] of the
substrates (R)-(-)-2 and (S)-(+)-2 binding to the active site of the
acetyl-CAL-B were extracted and optimized from the results obtained by
using the hybrid Lamarckian Genetic Algorithm (GA). After detail
docking conformational search and examination of all the productive
and unproductive binding poses for both the CAL-B-enantiomers’ com-
plexes it was clear which stereoisomer was able to form stable confor-
mations compatible with the attack of the activated nucleophilic
hydroxyl group of the substrate molecule 2 at the electrophilic carbon
atom of the acetyl group of the catalytic serine-bound acetate. The
preferred binding poses for both enantiomers are shown in Fig. 3. It is
worth to note that near attack conformations (NACs) are conformers in
which the atoms involved in the bond formation are at van der Waals
distance (up to 4.0 A) and the angle of approach is +15° of the angle of
the bond formed in the transition state (TS) [114—-117]. Moreover, NACs
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are turnstiles through which the reactants must pass to reach the
appropriate TS desired for successful catalysis. A higher population of
the NACs indicates a lower free energy change required to reach the TS,
thus the population of NACs is indicative of the reaction rate and the
reactivities of conformations of both lisofylline enantiomers (R)-(-)-2
and (S)-(+)-2 in this case. Concerning CAL-B-catalyzed biotransforma-
tion of lisofylline (rac-2), the OH group of the favored substrate (R)-(-)-2
is located close to the catalytic triad, with distances of 4.1 A to elec-
trophilic carbon atom of Ser105-acetyl. In this binding mode, all the
hydrogen bonds required for catalysis including the normal stabilization
of the oxyanion can occur as (R)-(-)-2 is additionally stabilized by strong
H-bond of 2.1 A distance formed between hydrogen atom of the hy-
droxyl moiety of the ligand and the oxygen atom of the OH group of
Thr40 residue, respectively. More specifically, hydrophobic CH—CH
interactions between terminal methyl group of acetate moiety present in
Ser105-acetyl residue and the methyl group directly bounded to a chiral
stereogenic center of (R)-(-)-2 were observed. Moreover, to avoid steric
clashes the bulky substituent (3,9-dimethylxanthine ring) of the favored
enantiomer (R)-(-)-2 is readily accommodated in the larger hydrophobic
cavity surrounded by the subsequent aliphatic amino acids: 11e285,
GInl157, Leul40, and Alal4l. In sharp contrast, the slow-reacting
enantiomer (S)-(+)-2 cannot undergo any favorable stabilization of
the oxyanion tetrahedral intermediate due to steric reasons, suggesting
that acylation on its OH group cannot occur. In addition, optimized
binding mode of (S)-(+)-2 in CAL-B catalytic cavity revealed that the
alkyl side chain with the hydroxyl moiety is pulled far away from both
the catalytic triad and the oxyanion hole. In this case, unproductive
conformation of (S)-(+)-2 is additionally persisted by strong 2.7 A-long
hydrogen bond interaction involving ligand’s hydroxyl group and the
oxygen atom of the carboxylic moiety of Leul40 residue located at the
cavity bottom. In this case, CH—CH interactions between both methyl
groups of acetate moiety in SerlO5-acetyl residue and the one
substituting N-3 atom of xanthine ring were also found. In conclusion, as
the stereochemical architecture of the CAL-B catalytic pocket forces the

Fig. 3. Three-dimensional model of predomi-
nant conformations of (R)-(-)-2 (yellow sticks)
(see A-B) and (S)-(+)-2 (light-orange sticks)
(see C-D) in the active site of CAL-B (PDB code:
1TCA; shown as a gray-colored cartoon diagram
with transparency set at 50 %). The residues
constituting the catalytic triad (Ser105-acetyl-
His224-Asp187) of CAL-B are shown in green
sticks representation. The oxyanionic Thr40
and GInl06 residues are shown in cyan. The
rest of the most significant residues contrib-
uting to the stabilization of rac-2 enantiomers
by polar interactions (yellow dashed lines) and
by CH—CH van der Waals (vdW) interactions
are shown in gray sticks representation. Nitro-
gen atoms are presented with blue colour,
whereas the oxygen atoms with red colour. The
selected mutual distances between the respec-
tive amino acid residues, and the ligands’ atoms
are given in Angstrom. The different orientation
of the enantiomers (R)-(-)-2 and (S)-(+)-2 to-
ward acetyl-Ser105 and Thr40/GIn106 residues
is clearly visible. In optimized poses of both
substrates only the faster-reacting (R)-enan-
tiomer (see A-B) is near the carbonyl oxygen
atom of the serine bound acetate (acetyl-
Ser105, 4.1 10\; the distances are indicated by
magenta dashed lines) and additionally stabi-
lized through the formation of hydrogen bond
(yellow dashes) with the Thr40 residue (2.1 108)
(For interpretation of the references to colour in
this figure legend, the reader is referred to the
web version of this article.).
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enantiomers of lisofylline (rac-2) to accommodate in two alternate ori-
entations within both the catalytic triad and the oxyanion hole residues,
thus a remarkable difference in the reaction rates of the enzymatic
transformation of rac-2 might be rationalized.

Following the observed results in our previous work for the CAL-B-
catalyzed resolutions of racemic proxyphyline esters [78], we assumed
that lisofylline acetate rac-3a could also constitute a perfect substrate for
lipases, and what is even more optimistic, that the performed hydrolytic
approach toward rac-3a might allow furnishing desired (R)-lisofylline
[(R)-(-)-2] directly, without need for additional base-mediated deace-
tylation of the respective ester. Since solubility of acetate rac-3a in water
turned out to be highly limited as well as considering the common fact
that enzyme hydrolytic processes performed in aqueous solutions are
rather harmful for scalability and potential industrialization (due to
relatively low concentration of substrates/products, tedious product
isolation and purification procedures including liquid-liquid extraction
work up with frequently accompanying stable emulsions etc.), we
decided to employ methanolytic approach using homophasic
CH3CN/MeOH mixture as the reaction system. The results of pre-
liminary investigations are presented in Table 8.

However, our high expectations for the lipase-catalyzed meth-
anolysis of rac-3a were disappointed when lower reaction rates as well
deteriorated enantioselectivities were found in terms of the observed E-
values when compared to transesterification approach. In consequence,
enantiomeric purities of the slower-reacting enantiomer (S)-(-)-3a were
obviously far from optimal (38-72 % ee). It is worth to note that enzyme
screening for enantioselective methanolysis of rac-3a revealed that only
CAL-B preparations proved to be potent to catalyze the reactions;
however, with only 28-42 % conv. achievable within a 48-h time span.
Other tested enzymes remained inactive toward rac-3a or catalyzed
methanolytic EKR with residual substrate conversions. Nevertheless,
this protocol might be considered as stereo-complementary toward
lipase-catalyzed (trans)esterification since it allowed to obtain homo-
chiral (R)-(-)-2 (>99 % ee).

3.3. Approaches to the Preparation of (R)-Lisofylline [(R)-(-)-2]

In order to obtain pharmacologically active (R)-lisofylline [(R)-
(-)-2], our next goal was to find optimal reaction conditions for hy-
drolysis of optically pure acetate (R)-(+)-3a (Table 9). Although
deacetylation of (R)-(+)-3a with aqueous HCI had already been reported
[22], we found this method defective as it yielded a partially racemized

Table 9
Optimization of the reaction conditions for the K;CO3-mediated methanolysis of
(R)-(+)-3a.

)J\o o OH
/ anh. K,CO3 /
MN N (equiv) %)\/\/\N N
W | »
0” >N~ N MeOH 07NN
| temp., time |
(R)-(+)-3a (R-(-)-2
Entry K>CO3 [equiv] t [h] T [°C] Conv.” [%]/Yield” [%] ee” [%]
1 4¢ 24 25 >99/N.D.¢ 70
2 2¢ 24 25 >99/N.D.¢ 98
3 14 24 20 84/N.D.° 98
4 2f 18 22 >99/59 99

@ Determined by GC.

b Isolated yield after column chromatography eluted with gradient of CHCls/
MeOH (98:2, 95:5 v/v) mixture.

¢ Enantiomeric excess of (R)-(-)-2 determined by chiral HPLC analysis using a
Chiralpak AD-H column.

d Conditions: (R)-(+)-3a (20 mg, 62 pmol, 99 % ee), anhydrous K,CO3 (1-4
equiv.), MeOH (2 mL).

¢ Not determined.

f Conditions: (R)-(+)-3a (100 mg, 0.31 mmol, 99 % ee), anhydrous K>CO3 (2
equiv.), MeOH (10 mL).
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(R)-(-)-2. Therefore, acidic conditions were replaced by relatively mild
basic conditions employing anhydrous potassium carbonate suspended
in methanol. The K;COs-mediated methanolysis strategy toward
(R)-(+)-3a showed that all three reaction parameters, including the
amount of base, reaction time and temperature, were crucial for suc-
cessful deprotection of the acetyl group from hydroxyl moiety without
affecting enantiomeric purity of the product (R)-(-)-2. When 4 equiv of
KoCO3 were applied in the reaction mixture stirred at 25 °C, total con-
sumption of the starting material (R)-(+)-3a was achieved after 24 h;
however, desired (R)-(-)-2 was obtained with 70 % ee. In the next
experiment, the amount of base was reduced by half leading to >99 %
conv., and hardly any racemization was observed. To eliminate a drop in
enantiomeric excess of (R)-(-)-2 further reduction in base concentration
as well as reaction temperature were executed. The optical purity of
(R)-(-)-2 still testified of a negligible racemization of the title APL In
addition, only 84 % conv. was detected under the applied conditions.
Fortunately, shortening the reaction time to 18 h at 22 °C and leaving
KoCO3 at 2 equiv level in respect to substrate (R)-(+)-3a furnished
(R)-(-)-2 in total enantiopurity and conversion, while the isolated yield
reached 59 %. Relatively low isolated yield when compared with
quantitative conversion values is probably due to the loss of the product
(R)-(-)-2 during column chromatography.

In the project continuation we searched for optimal reaction condi-
tions for the inversion of the absolute configuration of the remaining (S)-
(+)-2. Despite the fact that optical inversion of (S)-(+)-2 had already
been reported using Mitsunobu esterification with benzoic acid, tri-
phenylphosphine (Ph3P) and diethyl azodicarboxylate (DEAD) in THF
[29,30], in order to avoid troublesome separation of the formed tri-
phenylphosphine oxide from the reaction product an alternative meth-
odology was elaborated.

In the first step, the hydroxyl moiety in (S)-(4)-2 was converted into
a better leaving group, that is a methanesulfonate. The mesylation of (S)-
(+)-2 was accomplished with 1.5 equiv of mesyl chloride and 1.5 equiv
of Et3N as a base in dry CHyCl, at ambient temperature. After a 1-h
reaction the optically pure mesylate (S)-(+)-4 (>99 % ee) was isolated
in 68 % yield. Next, the ability of stereoselective acetolysis of (S)-(+)-4
was examined by using cesium acetate (CsOAc) as a nucleophile in the
presence of catalytic amount of crown ether (18-crown-6) (Table 10).
The screening of the reaction conditions for substitution of mesyl group
via a direct Sy2-like displacement by acetate ion was initiated in dry
PhCHj3 as a solvent. The optimal reaction conditions were obtained
when mesyl derivative (S)-(+)-4 was exposed to 2 equiv of CsOAc in dry
PhCH3 while heating the mixture at 110 °C for 18 h. The high selectivity
achieved with this system allowed to obtain (R)-(+)-3a (96 % ee) in 50

Table 10
Optimization of the stereoinversion reaction conditions for the optically active
mesylate (S)-(+)-4.

o o

¢ PN
g2 / CsOAc 5 o
AN | N (equiv) /'(,7,\/\/\,\,)EN>
OZ\N N/ 18-Crown-6 (cat.) OA\N N/
| Organic solvent |
(S)-(+)-4 temp., time (R)y-(-)-3a
(99% ee)
Entry  CsOAc Solvent  t T Conv." [%]/Yield® ee’
[equiv]® [h] [°C] [%] [%]
1 2 PhCHj3 24 RT <20/N.D.° N.D.“
2 1 PhCH3 48 110 >99/19 86
3 2 PhCH3 18 110 >99/50 96
4 2 DMF 18 50 >99/40 95

% Conditions: (S)-(+)-4 (10 mg, 27.9 pmol, 99 % ee), CsOAc (1-2 equiv.), 18-
Crown-6 (cat.), dry solvent (2 mL).

b Determined by GC.

¢ Isolated yield after column chromatography eluted with pure EtOAc.

4 Enantiomeric excess of (R)-(-)-2 determined by chiral HPLC analysis using a
Chiralpak AD-H column.

¢ Not determined.
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% yield with only partial loss of optical purity (A% ee = 3) and without
detecting of elimination by-product (Table 10, entry 3). In dry DMF,
ester formation was facilitated even at 50 °C (>99 % conv.); however,
transformation of (S)-(4)-4 resulted in a slightly less selective manner
and in a lower yield. The resulting acetate (R)-(+)-3a was then con-
verted back to the free alcohol (R)-(-)-2 via previously elaborated
saponification of the ester with K,CO3 in methanol.

3.4. Determination of absolute configuration of lisofylline enantiomers

&)

The absolute configuration assignment of both lisofylline enantio-
mers (2) was done by simple comparison of the experimental results
concerning the specific signs of optical rotation with literature data (see
Supporting Information) as well as peaks’ elution order of chiral high-
performance liquid chromatography (C-HPLC) analyses (Fig. 4).

In addition to polarimetric and LC chromatographic correlative
studies, the absolute configuration of non-racemic API 2 was undeniably
established by solving X-ray crystal structures for the respective single
crystals obtained for each enantiomer (R)-(-)-2 (Fig. 5) and (S)-(+)-2
(Fig. 6). The crystals with sufficient quality for single-crystal X-ray
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diffraction analyses were obtained using a conventional vapor diffusion
crystallization technique (VDCT) employing EtOAc as the solvent and n-
hexane as the precipitant (see paragraph 2.15.1. in Experimental sec-
tion). To the best of our knowledge, the crystal structures of neither
racemic nor enantiomeric lisofylline (2) obtained from single-crystal X-
ray experiments have been reported until now. Therefore, these studies
may pave the way for further analyses of i.e. the polymorphic behavior
of racemic and enantiopure lisofylline (2), which is a crucial factor from
the point of view of bioavailability, biological activity and safety of
medication. The ORTEP drawings of both lisofylline enantiomers (R)-
(-)-2 and (S)-(+)-2 were prepared using freeware crystallographic
software (ORTEP-3 for Windows) developed by Louis J. Farrugia [118].

4. Conclusions

The present study reports on the first example of concise, highly
enantioselective, and stereoconvergent chemoenzymatic syntheses of
lisofylline enantiomers achieved in 3 and 5 reaction steps, respectively.
The key transformation was classical enzymatic kinetic resolution of
racemic lisofylline. For this purpose, a set of commercially available
lipase preparations were screened and extensively manipulated in a
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Fig. 4. HPLC chiral analyses of racemic lisofylline (rac-2), and its single enantiomers (R)-(-)-2 and (S)-(+)-2. Chromatographic conditions are shown in Supporting

Information.
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Fig. 5. An ORTEP plot of (R)-lisofylline [(R)-(-)-2]. Thermal ellipsoids were
drawn at 50 % probability (C black, H gray, N blue, O red). The following
crystal structure was deposited at the Cambridge Crystallographic Data Centre
and allocated the deposition number CCDC-2023424 (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.).

Fig. 6. An ORTEP plot of (S)-lisofylline [(S)-(+)-2]. Thermal ellipsoids were
drawn at 50 % probability (C black, H gray, N blue, O red). The following
crystal structure was deposited at the Cambridge Crystallographic Data Centre
and allocated the deposition number CCDC-2023425 (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.).

transesterification mode using different acyl donors and organic solvents
as well as various reaction temperatures. The most enantioselective
lipase-catalyzed KR protocol, yielding both resolution products in
homochiral form (>99 % ee), was accomplished with the biocatalytic
system composed of commercial Chirazyme L-2, C-3 preparation and 3
equiv of vinyl acetate in EtOAc at 60 °C. In further experiments, an
enzymatic ultra-selective stereochemical discrimination of lisofylline
enantiomers was successfully scaled up to a 1-gram of racemic substrate
thus affording both optically pure EKR products in 47-50 % yield range,
respectively. Further chemical functionalization of the slower-reacting
(S)-(+)-enantiomer of lisofylline (>99 % ee) into the respective (S)-
(+)-mesylate (99 % ee) followed by nucleophilic substitution using 2
equiv of CsOAc in the presence of 18-Crown-6 in boiling PhCH3 and the
subsequent K2COs-mediated methanolysis of the formed (R)-acetate (98
% ee) resulted in the formation of (R)-(-)-lisofylline (96 % ee) isolated in
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20 % overall yield after 3 steps. The total yield of enantioenriched (R)-
configurated lisofylline using this convergent route was 28.8 %,
including 8.9 % overall yield for synthesis consisting of linear sequence
of 5 steps and 19.9 % overall yield for 3 reaction steps synthesis, and
thus seems to be slightly improved when compared with the procedure
reported by Drosos et al. [27] (21.8 % overall yield after 4 steps) making
it a promising and competitive for practical application. Moreover, XRD
crystal structures of both enantiomers of titled lisofylline have never
been accessed before and will be of great importance with respect to
future investigation into this pharmaceutical. In addition, in order to
better understand the observed stereochemical outcome of
CAL-B-catalyzed enantioselective transesterification of rac-2, we
generated a binding mode proposal for the lowest binding potential
energy complexes of the SerlO5-acetylated CAL-B active-site with
(R)-(-)-2 and (S)-(+)-2, respectively, based on X-ray crystal structure of
the employed lipase and computational docking simulations. The close
distance between the catalytic acetylated-serine in the active site and the
hydroxyl function of the ligand molecule as well as necessary H-bonding
stabilizing the formation of oxyanion for effective catalysis occur only in
the complex of CAL-B and (R)-(-)-2. In contrary, oxyanion-stabilizing
H-bonds in the non-productive complex of CAL-B and (S)-(+)-2 are
lost, and the distance between catalytically active acylated serine and
the hydroxyl function is too long to obtain the formation of the second
tetrahedral intermediate and overall effective catalysis.
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