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bstract

A set of 3-deazauridine and 6-azauridine peracylated derivatives were regioselectively deacylated through Candida antarctica B lipase (CAL
) catalysed alcoholysis. This biotransformation provided an access to six new 2′,3′-di-O-acylated derivatives of 3-deazauridine and 6-azauridine
arrying acetyl, butanoyl or hexanoyl moieties, which were obtained in 80–99% yield. The regioselectivity displayed by CAL B towards 5′-O-

cyl group removal agrees with the previously reported behavior of this enzyme in the acylation and deacylation of nucleosides. Log P, aqueous
olubility and aqueous stability of these new diacylated compounds were determined, suggesting that the dibutanoylated and the dihexanoylated
erivatives of 3-deazauridine and 6-azauridine could potentially act as prodrugs of the parent pharmacological active nucleosides.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Nucleoside analogues are recognised pharmacological agents
or the treatment of different diseases, finding important appli-
ations in antiviral [1–3] and anticancer [4] therapies. Among
harmacological active analogues of uridine, 3-deazauridine (1,
cheme 1) is a potent and specific CTP synthetase inhibitor
howing antitumor activity [5], while 6-azauridine (2, Scheme 1)
xhibits antiviral activity against a wide range of viruses respon-
ible for diseases such as dengue [6] and is also used as an
nti-psoriasis and anti-neoplastic agent [7]. In the latter case,
′,3′,5′-tri-O-acetyl-6-azauridine (6a, azaribine, Scheme 2) was
mployed since nucleosides are polar molecules and more
ipophilic derivatives can act as prodrugs with improved
harmacokinetic profile and therapeutic efficacy [8–13]. The
reparation of such prodrugs may involve the regioselective

erivatization of the furanosic hydroxyls; although this goal is
ot achieved satisfactorily through traditional synthetic transfor-
ations, monoacylated or alkoxycarbonylated nucleosides have
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een obtained by hydrolase-catalysed regioselective biotransfor-
ations [14,15].
In our laboratory, we have been applying the Candida

ntarctica B lipase (CAL B) catalysed alcoholysis to acy-
ated nucleosides [16–19] and this procedure has shown to
e a regioselective, simple and efficient access to 2′,3′-di-O-
cylnucleosides [16–18]. Since some diacylated nucleosides
ave been described as prodrugs and their synthesis using tradi-
ional acylating agents usually yields poor regioselectivity and
onsequently, mixtures of partially acylated compounds [8], we
ecided to extend the study of the CAL B-catalysed alcoholysis
n order to obtain a new set of potential prodrugs of 1 and 2
3–8b, Scheme 2).

. Experimental

.1. General

Lipase B from C. antarctica (CAL B, Novozym 435,

0,000 propyl laurate units (PLU)/mg solid) was a generous gift
rom Novozymes (Brazil). The enzyme was used straight with-
ut any further treatment or purification. Enzymatic reactions
ere carried out in a temperature-controlled incubator shaker

mailto:leiglesias@unq.edu.ar
dx.doi.org/10.1016/j.molcatb.2007.04.005
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Table 1
Candida antarctica B lipase (CAL B)-catalysed alcoholysis of 3-deazauridine
and 6-azauridine peracylated derivatives 3–8aa (Scheme 2)

Entry Substrate Product 3–8b (%)b t (h) Alcohol A/Sc

1 3a 78 24 Ethanol 1000
2 3a 80 8 Ethanol 260
3 3a 80 48 1-Butanol 1000
4 4a 90 24 Ethanol 1000
5 4a 99 7 Ethanol 260
6 4a 92 24 1-Butanol 1000
7 5a 75 24 Ethanol 1000
8 5a 90 6 Ethanol 260
9 5a 80 24 1-Butanol 1000

10 6a 77 24 Ethanol 1000
11 6a 96 0.5 Ethanol 260
12 6a 99 3.5 1-Butanol 1000
13 7a 78 24 Ethanol 1000
14 7a 88 7 Ethanol 260
15 7a 66 48 1-Butanol 1000
16 8a 50 24 Ethanol 1000
17 8a 80 4 Ethanol 260
18 8a 65 24 1-Butanol 1000
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Scheme 1.

Sontec OS 11, Argentina) at 250 rpm and 30 ◦C. No conversion
ook place in absence of lipase.

All employed reagents and solvents were of analytical grade
nd obtained from commercial sources.

TLC was performed on Silicagel 60 F254 plates (Merck) and
olumn chromatography was carried out using silicagel Merck
0.

HPLC analyses were carried out using a C-18 column
ith detection at 254 nm; in all cases, the mobile phase was
ater/acetonitrile 75:25 (v/v) at a flow rate of 1 ml min−1.
NMR spectra were recorded on a Bruker AC-500 spectrom-

ter in CDCl3, at 500 MHz for 1H and 125 MHz for 13C using
MS and CDCl3 as internal standards, respectively.

.2. Preparation of the substrates 3–8a

As a general procedure, peracylated derivatives of 1 and 2
3–5a for 1; 6–8a for 2, Scheme 2) were prepared by reaction
f the free nucleoside (1 mmol) with the corresponding acid
nhydride (4 mmol) in acetonitrile (15 ml) containing triethy-
amine (4 mmol) and 4-dimethylaminopyridine (0.12 mmol),
ccording to a previously reported protocol [20]. Under these
onditions, no acylation of 3-deazauridine enolic hydroxyl took
lace; this can be explained considering the lesser nucleophic-
ty of this aromatic hydroxyl if compared with the ribosidic
ydroxyls. In all cases, products 1–8 were purified by sil-

cagel column chromatography, affording satisfactory NMR
ata.

Scheme 2.
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a Typical procedure (see Section 2.3).
b Determined by HPLC (see Section 2.1).
c A/S = alcohol/substrate molar ratio.

.3. General procedure for the enzymatic alcoholysis of
–8a

Typically, experiments of enzymatic alcoholyses were per-
ormed by adding CAL (10 mg) to a suspension of 3–8a
0.030 mmol) in the alcohol (7.80 mmol for A/S = 260 or
0 mmol for A/S = 1000) and shaking the resulting mixtures at
00 rpm and 30 ◦C. Aliquots from the biotransformations were
ithdrawn at different times, dissolved in acetonitrile and after

emoval of the enzyme, analysed by TLC and HPLC.
For preparative purposes, the above-described protocol

as followed using 3–8a (0.5 mmol) and ethanol (130 mmol,
/S = 260). When times reported in Table 1 were reached, the
iotransformations were stopped by filtering off the enzyme
nd washing it with methanol. For each case, vacuum evapo-
ation of the filtrate gave a crude residue that was subsequently
urified by silicagel column chromatography (elution solvent
nd yield are given between brackets) to afford 2′,3′-di-O-
cylated products 3–8b: 3b (dichloromethane–methanol 96:4,
/v, 71%), 4b (dichloromethane–methanol 96:4, v/v, 85%),
b (dichloromethane–methanol 94:6, v/v, 70%), 6b (dichloro-
ethane–methanol 95:5, v/v, 75%), 7b (dichloromethane–
ethanol 95:5, v/v, 65%), 8b (dichloromethane–methanol 95:5,

/v, 50%).

.4. Determination of the aqueous solubility of compounds
, 2, 3–8a, 3–8b

An excess of each compound (3–12 mg for 4a, 5a–b, 7a and

a; 25–75 mg for 3a–b, 4b, 6a–b, 7b, and 8b) was shaken in
hosphate buffer 30 mM pH 7 (2 ml) at 37 ◦C for 2 h. The result-
ng mixtures were then centrifuged for 10 min at 10,000 rpm, and
he supernatants filtered through 0.2-�m cellulose filtres. The
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Table 2
1H NMR of 3-deazauridine acylated derivativesa (Scheme 2)

Compound H6 H5 H3 H1′ H2′ H3′ H4′ H5′
a H5′

b Acyl moieties

3a 7.45 (d, J = 8 Hz) 6.10 (dd, J1 = 8 Hz,
J2 = 2 Hz)

5.96 (d, J = 2 Hz) 6.26 (d, J = 4 Hz) 5.29–5.32 (m, 2H) 4.33–4.41 (m, 3H) 2.14 (s, 3H), 2.09 (s, 3H),
2.08 (s, 3H)

3b 7.58 (d, J = 8 Hz) 6.05 (dd, J1 = 8 Hz,
J2 = 2 Hz)

5.83 (d, J = 2 Hz) 6.09 (d, J = 5 Hz) 5.53 (t, J = 5 Hz) 5.46 (t, J = 5 Hz) 4.21 (m) 3.96 (dd, J1 = 12 Hz,
J2 = 2 Hz)

3.79 (dd, J1 = 12 Hz,
J2 = 2 Hz)

2.09 (s, 3H), 2.08 (s, 3H)

4a 7.47 (d, J = 8 Hz) 6.09 (dd, J1 = 8 Hz,
J2 = 2 Hz)

6.00 (d, J = 2 Hz) 6.31 (d, J = 4 Hz) 5.30–5.36 (m, 2H) 4.34–4.38 (m, 3H) 2.34 (m, 6H), 1.65 (m, 6H),
0.93 (m, 9H)

4b 7.56 (d, J = 8 Hz) 6.04 (dd, J1 = 8 Hz,
J2 = 2 Hz)

5.83 (d, J = 2 Hz) 6.07 (d, J = 5 Hz) 5.54 (t, J = 5 Hz) 5.47 (t, J = 5 Hz) 4.20 (m) 3.96 (dd, J1 = 12 Hz,
J2 = 2 Hz)

3.80 (dd, J1 = 12 Hz,
J2 = 2 Hz)

2.30 (m, 4H), 1.62 (m, 4H),
0.92 (m, 6H)

5a 7.47 (d, J = 8 Hz) 6.07–6.09 (m, 2H) 6.31 (d, J = 4 Hz) 5.30–5.35 (m, 2H) 4.34–4.37 (m, 3H) 2.36 (m, 6H), 1.63 (m, 6H),
1.31 (m, 12H), 0.89 (m, 9H)

5b 7.53 (d, J = 8 Hz) 6.05 (dd, J1 = 8 Hz,
J2 = 2 Hz)

5.86 (d, J = 2 Hz) 6.27 (d, J = 5 Hz) 5.55 (t, J = 5 Hz) 5.48 (t, J = 5 Hz) 4.20 (m) 3.98 (dd, J1 = 12 Hz,
J2 = 2 Hz)

3.81 (dd, J1 = 12 Hz,
J2 = 2 Hz)

2.33 (m, 4H), 1.60 (m, 4H),
1.29 (m, 8H), 0.91 (m, 6H)

a 500 MHz, CDCl3; chemical shifts (δ) are expressed in ppm.

Table 3
1H NMR of 6-azauridine acylated derivativesa (Scheme 2)

Compound H3 H5 H1′ H2′ H3′ H4′ H5′
a H5′

b Acyl moieties

6a n.o.b 7.47 (s) 6.29 (d, J = 4 Hz) 5.63 (dd, J1 = 6 Hz,
J2 = 4 Hz)

5.42 (t, J = 6 Hz) 4.33 (dt, J1 = 6 Hz,
J2 = 4 Hz)

4.17 (dd, J1 = 12 Hz, J2 = 6 Hz) 4.37 (dd, J1 = 12 Hz, J2 = 4 Hz) 2.10 (s, 3H), 2.08 (s, 3H),
2.07 (s, 3H)

6b 9.70 (s) 7.51 (s) 6.25 (d, J = 4 Hz) 5.65 (dd, J1 = 5 Hz,
J2 = 4 Hz)

5.48 (t, J = 5 Hz) 4.23 (dt, J1 = 5 Hz,
J2 = 3 Hz)

3.87 (dd, J1 = 13 Hz, J2 = 3 Hz) 3.72 (dd, J1 = 13 Hz, J2 = 3 Hz) 2.10 (s, 3H), 2.09 (s, 3H)

7a n.o.b 7.49 (s) 6.23 (d, J = 5 Hz) 5.66 (t, J = 5 Hz) 5.48 (t, J = 5 Hz) 4.21 (m) 3.87 (dd, J1 = 13 Hz, J2 = 3 Hz) 3.72 (dd, J1 = 13 Hz, J2 = 3 Hz) 2.31 (m, 6H), 1.64 (m, 6H),
0.95 (m, 9H)

7b 9.72 (s) 7.45 (s) 6.23 (d, J = 5 Hz) 5.66 (t, 5Hz) 5.49 (t, J = 5 Hz) 4.22 (m) 3.72 (dd, J1 = 13 Hz) J2 = 3 Hz) 3.87 (dd, J1 = 13 Hz, J2 = 3 Hz) 2.32 (m, 4H), 1.65 (m, 4H),
0.95 (m, 6H)

8a 9.48 (s) 7.48 (s) 6.26 (d, J = 4 Hz) 5.63 (dd, J1 = 6 Hz,
J2 = 4 Hz))

5.39 (t, J = 6 Hz) 4.32 (m) 4.36 (dd, J1 = 12 Hz, J2 = 4 Hz) 4.17 (dd, J1 = 12 Hz, J2 = 4 Hz) 2.36 (m, 6H), 1.63 (m, 6 H),
1.31 (m, 12 H), 0.89 (m, 9H)

8b 9.70 (s) 7.50 (s) 6.22 (d, J = 5 Hz) 5.65 (t, J = 5 Hz) 5.47 (t, J = 5 Hz)) 4.21 (m) 3.72 (dd, J1 = 12 Hz, J2 = 3 Hz) 3.87 (dd, J1 = 12 Hz, J2 = 3 Hz) 2.33 (m, 4H), 1.61 (m, 4H),
1.31 (m, 8H), 0.88 (m, 6H)

a 500 MHz, CDCl3; chemical shifts (δ) are expressed in ppm.
b n.o.: unobserved.
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Table 4
13C MNR of 3-deazauridine acylated derivativesa (Scheme 2)

Compound C2 C3 C4 C5 C6 C1′ C

3a 169.06 99.27 164.68 103.77 133.09 87.63 7

3b 168.92 99.36 164.97 103.63 135.20 89.36 7
4a 169.03 99.32 164.66 103.76 132.97 87.42 7

4b 168.95 99.03 164.95 103.67 135.13 89.72 7

5a 168.81 99.50 164.60 103.66 133.55 87.44 7

5b 168.96 99.15 164.92 103.68 134.15 87.55 7
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a 125 MHz, CDCl3; chemical shifts (δ) are expressed in ppm.

V spectra of the filtrates were recorded and the absorbance
t the λmax employed to determine the concentration of the
aturated solution. Measurements were carried out by triplicate.

.5. Determination of log P of compounds 1, 2, 3–8a, 3–8b

The octanol–water partition coefficients (log P) were deter-
ined by the shake flask method. Solutions of each compound

0.05–0.08 mM) in phosphate buffer 30 mM pH 7 (5 ml) were
haken at 200 rpm and 37 ◦C for 2 h. Then, the same volume of 1-
ctanol was added and the mixture further shaken for 24 h under
he same experimental conditions. The two layers were separated
nd the amount of the compound in the aqueous layer determined
y UV absorbance, taking into account the absorbance values
reviously determined in buffer. Log P was determined from the
ormula: [ ]

og P = −log

A0 − Af

Af

here A0 is the initial absorbance of the aqueous layer and Af
he absorbance of the aqueous layer after equilibration.

able 5
3C RMN of 6-azauridine acylated derivativesa (Scheme 2)

Compound C2 C4 C5 C1′ C2′

6a 148.06 156.02 136.60 88.35 72.70

6b 147.81 155.51 136.85 88.72 72.89
7a 148.05 156.01 136.70 88.92 72.74

7b 147.72 155.45 136.72 88.97 72.76

8a 148.07 156.02 136.66 88.57 72.75

8b 147.73 155.55 136.74 88.99 72.77

a 125 MHz, CDCl3; chemical shifts (δ) are expressed in ppm.
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2′ C3′ C4′ C5′ Acyl moieties

4.04 69.70 79.41 62.88 170.38, 169.68, 169.60 (COs), 20.80,
20.53, 20.48

4.01 70.38 82.96 61.30 170.28, 170.04, (COs) 20.65, 20.55
3.93 69.52 79.64 62.75 173.00, 172.26, 172.13 (COs), 36.00,

35.72, 35.66, 18.36, 18.31, 18.25,
13.68, 13.62, 13.59

3.91 70.14 83.07 61.38 172.85, 172.52 (COs), 35.86, 35.74,
18.29, 18.26, 13.65, 13.59

3.92 69.58 79.66 62.80 173.20, 172.43, 172.29 (COs), 34.12,
34.01, 33.85, 33.78, 31.29, 31.25,
31.24, 31.20, 24.55, 24.46, 24.43,
24.42, 22.33, 22.30,13.90, 13.89

3.87 70.08 83.08 61.43 172.99, 172.60 (COs), 33.96, 33.89,
31.26, 31.20, 24.49, 24.46, 22.32,
22.30

. Results and discussion

First, the enzymatic alcoholysis of 3–8a was studied (Table 1)
mploying a large alcohol/substrate molar ratio (A/S = 1000),
ince in previous experiments of CAL B-catalysed alcoholysis
f nucleosides we found that a high excess of the alcohol gave
egioselectively diacylated products in good yields. Moreover,
n A/S = 260 was also assayed taking into account that this ratio,
alculated from a experimental design methodology, improved
he yield of 2′,3′-di-O-hexanoyluridine obtained through enzy-

atic alcoholysis [21]. Data presented in Table 1 show that
iacylated products 3–8b could be obtained in 80–99% yield; in
ost cases, the best results were reached by using ethanol at an
/S = 260.

New compounds 3–8b were identified as the 2′,3′-di-O-
cylated derivatives of the corresponding nucleosides, according
o NMR data. 1H NMR spectra (Tables 2 and 3) showed for
C3′ C4′ C5′ Acyl moieties

70.68 79.57 63.27 170.53, 169.65, 169.57 (COs), 20.72,
20.49, 20.47

70.89 83.33 62.02 170.01, 169.82 (COs), 20.64, 20.52
70.78 79.48 64.11 172.78, 172.56 (COs), 35.82, 35.69,

30.89, 18.31, 18.23, 13.62, 13.55
70.75 83.47 62.10 172.58, 172.38 (COs), 35.83, 35.7,

18.32, 18.24, 13.63, 13.57
70.76 79.37 63.32 172.52, 172.25 (COs), 34.22, 34.11,

33.85, 33.68, 31.29, 31.25, 31.24,
31.20, 24.55, 24.46, 24.43, 24.42,
22.33, 22.30,13.90, 13.89

70.73 83.43 62.07 172.75, 172.54 (COs), 33.94, 33.83,
31.25, 31.18, 24.50, 24.41, 22.29,
22.25, 13.86, 13.84

ach product two signals at 3.7–3.9 ppm, a chemical shift con-
istent with methylene hydrogens of primary alcohols (H5′

a
nd 5′

b). Moreover, 13C NMR (Tables 4 and 5) revealed that
hile C5′ chemical shift did not show a significant difference
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Table 6
Maximal wavelength, partition coefficient (log P) and aqueous solubility of
compounds 1, 2, 3–8a and 3–8b (Scheme 2)

Entry Compound λmax
a, nm

(ε, cm−1 mM−1)
Log Pb Solubilityc

(mg/ml)

1 1 258.0 (5.82) −1.75 34.98
2 3a 257.6 (11.76) 0.12 12.55
3 3b 252.7 (6.51) −1.32 22.89
4 4a 257.6 (16.33) 3.15 0.44
5 4b 256.5 (7.52) 0.7 9.38
6 5a 252.7 (1.14) 4.01 0.13
7 5b 256.5 (6.21) 1.77 5.02
8 2 255.6 (7.69) −2.37 198.75
9 6a 255.8 (2.08) −0.05 21.15

10 6b 254.9 (6.83) −1.09 32.24
11 7a 255.0 (5.77) 2.57 1.08
12 7b 256.1 (7.11) 1.05 14.44
13 8a 256.9 (1.02) 3.08 0.59
14 8b 253.3 (4.83) 1.97 8.39

a In 30 mM phosphate buffer (see Section 2.4).
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b The 1-octanol/water partition coefficient was determined using the shake
ask method (see Section 2.5).
c Determined in 30 mM phosphate buffer (pH 7) at 37 ◦C (see Section 2.4).

n comparison with C5′ of the triacylated compounds 3–8a (ca.
.5 ppm), a shift towards lower fields was observed for C4′ in
he 2′,3′-di-O-acylated derivatives (ca. 3.5 ppm).

The regioselectivity displayed in these experiments by CAL
towards 5′-O-acyl group removal agrees with the behavior pre-

iously observed in the acylation and deacylation of nucleosides
sing this lipase [14–19].

In order to characterize some properties of 3–8b as potential
rodrugs, their aqueous solubility (Section 2.4) and their par-
ition coefficient (Section 2.5) were determined and compared
ith those of 1, 2 and 3–8a (Table 6). The obtained data suggest
hat the 2′,3′-di-O-butanoylated (4b, Entry 5; 7b, Entry 12) and
he 2′,3′-di-O-hexanoylated derivatives (5b, Entry 7; 8b, Entry
4) could be considered as potential prodrugs for enteral and
ntramuscular preparations.

able 7
queous stability of nucleosides 3–8a and 3–8ba (Scheme 2)

ompound Recovery (%)b after
45 days at 4 ◦C

Recovery (%)b after
24 h at 37 ◦C

a 99 98
b 98 94
a 97 95
b 97 98
a 97 96
b 97 94
a 98 98
b 98 96
a 97 99
b 98 97
a 96 96
b 97 95

a In 30 mM phosphate buffer (pH 7).
b Determined by HPLC (see Section 2.1).
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Moreover, the stability of these acylated compounds in aque-
us medium was studied at 4 and 37 ◦C (Table 7). In the former
ase, only losses below 4% of the potential prodrugs were found
fter 45 days of incubation and in the latter one, no more than
% of the compound was hydrolysed after 24 h of incubation.
his behavior indicates that these compounds have appropriate
torage stability and do not undergo appreciable spontaneous
hemical hydrolysis.

In summary, in this work we have prepared in high yields a set
f new 3-deazauridine and 6-azauridine diacylated derivatives
hrough the application of a regioselective enzymatic alco-
olysis. Some of these diacylated nucleosides have aqueous
olubilities and lipophilicity that could render them useful as
otential prodrugs of the parent drugs.
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