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An efficient and high yield protocol for the synthesis and separation’-o&r®d/or 5-protectedo.-2'-
deoxynucleosides has been developed through regioselective acylation/deacylation processes catalyzed
by enzymesPseudomonas cepacigase (PSL-C) was found to be highly chemo- and regioselective
toward the 3position of theS-2'-deoxynucleoside derivatives, whereas PSL-C displayed opposite
selectivity toward the Sposition for the corresponding-anomer. The successful application of this
protocol was demonstrated by a convenient separation of @mixture of thymidine derivatives from

an industrial waste stream. Furthermore, this technique was also applied for the separation of an anomeric
mixture of 2-deoxy-2-fluoro-a/s-arabinonucleosides that are useful building blocks for the antisense
constructs.

Introduction assembled fromB-nucleosides. The principal reason for the use

] o -~ ] ) of B-nucleosides lies in their availability from the natural sources
Therapeutic applications of modified oligonucleotides and g well-established synthetic routes. On the contrary, the use
nucleoside analogues is a promising area of research withgf o-nycleosides in therapeutics has been limited because they
numerous possibilities to treat human diseds&snajority of are unnatural and difficult to synthesize in the pure state. Despite

these products arg-nucleoside analogues or oligonucleotides hese |imitationsp-nucleosides continue to be of general interest

because of their unique properties. For example, dh&-
T Universidad de Oviedo. deoxythioguanosine analogue has notable antitumor activity but
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substrate/inhibitor properties toward various enzymatic systems. SCHEME 12
Recently o-thymidine analogues were shown to possess potent

Gardn et al.

M. tuberculosisthymidylate kinase inhibitor actitivit§.
Furthermore, thei-oligonucleotides and their derivatives have

been found as attractive agents for diagnostic applications via

the antisense or antigene mode of acfidimese oligonuclotides
have shown good hybridization properties toward DNA or RNA
with stability against nuclease degradatfoBecause of the
ongoing interest in the utilization af-nucleosides for thera-
peutic applications, we believe that development of efficient
methods for the synthesis a@f-nucleoside monomers is an

important endeavor. Several methods have been reported in the

literature for the synthesis of-nucleoside$.For example, the
C1'-epimerization of commercially availabfedeoxynucleosides
is a straightforward route to-deoxynucleoside¥’ However,
this method often results in a mixture of the blockedand

p-anomers, which are tedious to separate. The separation o

synthetically derived/3-nucleosides remains an underexplored
area of research.

Because of od# ongoing interest in the chemoenzymatic

Lipase

HO LevO
O _N O
+  LevO Y
B THF, 30 °C B

HO HO

Lev= }j\/\[(
O

a,B=T; b, B= C5% ¢, B= AP? d, B= G

1a-d 2a-d

2 See Table 1 for details.

of an anomeric mixture of peracetylated3-thymidinel3 and

the separation af/3-L-2',3 -dideoxynucleosides using cytidine
deaminase (CDAY We have also described a general chemoen-
zymatic synthesis of monolevulinyl protected nucleosides using

T;:ommercial lipases and its application in the resolution/of

mixtures!® Herein, we describe a new strategy for the separation
of a/B-anomeric nucleosides using enzymatic acylation/hy-
drolysis protocols. We also provide two examples from the
therapeutic industry where we applied the new separation

transformations, we elected to explore the possibilities of using technique for the isolation af-nucleosides from a mixture of

lipases for the separation af-anomeric nucleosides. Our prior
experience with the selective acylation @fthymidine using
acetonoxime butyrate catalyzed Bgeudomonas cepadipase
(PSL) andCandida antarcticdipase B (CAL-B) prompted us
to further investigate this methddAdditional examples in the

o/f-anomeric products.

Results and Discussion

We chose to use the levulinyl group for our studies due to

literature are the lipase-catalyzed diastereoselective deacetylationhe following reasons. First, the levulinyl grojis very useful

(5) (a) Kierdaszuk, B.; Krawiec, K.; Kazimierczuk, Z.; Jacobsson, U.;
Johansson, N. G.; Munch-Petersen, B.; Eriksson, S.; Shugbiudeosides
Nucleotidesl999 18, 1883-1903. (b) Armstrong, V. W.; Sternbach, H.;
Eckstein, F.Biochemistryl976 15, 2086-2091.

(6) Van Daele, I.; Munier-Lehmann, H.; Vandamme, S.; Bultinck, P.;
Van Calenbergh, S. IRT-XVII Nucleosides, Nucleotides and Nucleic Acids,
September 37, 2006, Bern, Switzerland, PO124.

(7) (&) Michel, T.; Debart, F.; Heitz, F.; Vasseur, J€hemBioChem
2005 6, 1254-1262. (b) Michel, T.; Martinand-Mari, C.; Debart, F.; Lebleu,
B.; Robbins, I.; Vasseur, J.-Blucleic Acids Res2003 31, 5282-5290.

(c) Laurent, A.; Naval, M.; Debart, F.; Vasseur, J.-J.; RayneN8cleic
Acids Res1999 27, 4151-4159. (d) Abdel Aleem, A. A. H.; Larsen, E.;
Pedersen, E. Bletrahedrornl995 51, 7867-7876. (e) Rayner, B.; Malvy,
C.; Paoletti, J.; Lebleu, B.; Paoletti, C.; Imbach, J.-LTbpics in Molecular
and Structural BiologyCohen, J. S., Ed.; MacMillan Press: London, 1989;
Vol. 12, pp 119-136.
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17, 2199-2210. (b) Shinozuka, K.; Yamada, N.; Nakamura, A.; Ozaki,
H.; Sawai, H.Bioorg. Med. Chem. Letfl996 6, 1843-1848. (c) Sawai,
H.; Nakamura, A.; Hayashi, H.; Shinozuka, Kucleosides Nucleotides
1994 13, 1647-1654. (d) Janardhanam, S.; Nambiar, K. Tetrahedron
Lett. 1994 35, 3657-3660. (e) Sugimura, H.; Sujino, K.; Osumi, Kucleic
Acids Symp. Serl992 27, 111-112. (f) Aoyama, H.Bull. Chem. Soc.
Jpn. 1987 60, 2073-2077.

(10) (a) Sato, Y.; Tateno, G.; Seio, K.; Sekine, Eur. J. Org. Chem.
2002 87-93. (b) Sato, Y.; Tateno, G.; Seio, K.; Sekine, Wetrahedron
Lett.2002 43, 3251-3254. (c) Yamaguchi, T.; Saneyoshi, Bhem. Pharm.
Bull. 1984 32, 1441-1450. (d) Vorbiggen, H.; Krolikiewicz, K.; Bennua,
B. Chem. Ber1981 114, 1234-1255.

(11) (a) Lavandera, |.; Fefndez, S.; Magdalena, J.; Ferrero, M.; Jarjap,
H.; Savile, C. K.; Kazlauskas, R. J.; Gotor, @hemBioCher2006 7, 693—
698. (b) Daz-Rodfguez, A.; Ferhadez, S.; Sanghvi, Y. S.; Ferrero, M.;
Gotor, V.Org. Process Res. De2006 10, 581-587. (c) Lavandera, |.;
Fernaadez, S.; Magdalena, J.; Ferrero, M.; Kazlauskas, R. J.; Gotor, V.
ChemBioChen2005 6, 1381-1390. (d) Daz-Rodrguez, A.; Ferhadez,
S.; Lavandera, |.; Ferrero, M.; Gotor, Vetrahedron Lett2005 46, 5835
5838. (e) Gara, J.; Ferfadez, S.; Ferrero, M.; Sanghvi, Y. S.; Gotor, V.
Tetrahedron Lett.2004 45, 1709-1712. (f) Garca, J.; Ferhadez, S.;
Ferrero, M.; Sanghvi, Y. S.; Gotor, \l.etrahedron: Asymmet003 14,
3533-3540. (g) Gara, J.; Ferhadez, S.; Ferrero, M.; Sanghvi, Y. S.; Gotor,
V. J. Org. Chem2002 67, 4513-4519.

(12) Moris, F.; Gotor, V.Tetrahedron1993 49, 10089-10098.
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for orthogonal protection during the solution-phase synthesis
of oligonucleotided19 Second, we have had prior experience
with the lipase-mediated levulinylation Gfnucleosided’ Third,

the levulinyl group is small, atom-efficient, and inexpensive to
use. To interpret the outcome of levulinylation reactions clearly,
first we decided to perform the study on pw€'-deoxynucleo-
sidesla—d.!8 These results were then applied to the acylation
reaction of the mixture oéu/-anomeric nucleosides.

Based on our experience with acylattd® of various
pB-nucleosides, ther-nucleosidesla—d were subjected to the
enzymatic reaction with CAL-B at 30C in THF using
O-levulinyl acetonoxime as an acylating agent (Scheme 1).
Under these conditions, facile regioselectiv«Bacylation was
observed in 2 h furnishing 5O-levulinyl derivatives2a—d
(B =T, CB, ABz and @) in excellent yields (entries 1, 3, 5,
and 7, Table 1). Importantly, théd NMR data of2a—d were
devoid of 3-O-levulinyl and/or diacy! derivatives.

The exceptionally fast reaction rate observed with CAL-B
may not be ideal for the separation of a mixturexj$-anomeric
products. Therefore, we investigated another alternative such

(13) Damkjaer, D. L.; Petersen, M.; WengelNucleosides Nucleotides
1994 13, 1801-1807.

(14) Van Draanen, N. A.; Koszalka, G. \Mucleosides Nucleotidd994
13, 1679-1693.

(15) Garca, J.; Ferhadez, S.; Ferrero, M.; Sanghvi, Y. S.; Gotor, V.
Org. Lett.2004 6, 3759-3762.

(16) (a) Protecting GroupsKocienski, P. J., Ed.; Thieme: New York,
2000; p 338. (b)Protectve Groups in Organic Synthesi&reen, T. W.,
Wuts, P. G. M., Eds.; John Wiley: New York, 1999; p 168. (c) For
comprehensive literature, se€urrent Protocols in Nucleic Acid Chemisiry
Beaucage, S. L., Bergstrom, D. E., Glick, G. D., Jones, R. A., Eds.; John
Wiley: New York, 1999; Chapter 2.

(17) Lavandera, |.; Garaj J.; Ferhadez, S.; Ferrero, M.; Gotor, V.;
Sanghvi, Y. S. IrCurrent Protocols in Nucleic Acid Chemistigeaucage,

S. L., Bergstrom, D. E., Glick, G. D., Jones, R. A,, Eds.; John Wiley: New
York, 2005; Chapters 2.11-12.11.36.

(18) The a-2'-deoxynucleosides were Purchased from ChemGenes

Corporation, Wilmington, MA.
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TABLE 1. Enzymatic Acylation of a-p-Nucleosides la-d?

entry substrate lipase t (h) 1 (%)P° product yield (%)¢
1 la CAL-B 1.5 nd 2a >97 (92)
2 1a PSL-C 4 nd 2a >97 (90)
3 1b CAL-B 1 nd 2b >97 (94)
4 1b PSL-C 3 nd 2b >97 (94)
5 1c CAL-B 2 nd 2c >97 (92)
6 1c PSL-C 9.5 nd 2c >97 (94)
7 1d CAL-B 15 nd 2d >97 (86)
8 1d PSL-C 72 10 2d 60

a3 equiv ofO-levulinyl acetonoximéy ratio 1:CAL-B is 1:1 (w/w); ratiol:PSL-C is 1:3 (w/w); 0.1 M concentratiod Based orfH NMR signal integration.
Percentages indicated a97% 3% by NMR analysis) signify that only one compound was detected even at high spectrum ampherdmntages of
isolated yields are given in parenthes€also, 30% of 3,5-di-O-levulinyl-dG?" was isolated. né= not detected byH NMR.

SCHEME 2 ence of PSL-C furnished a mixture of'-6-levulinyl-o-
HO thymidine @a) and 3-O-levulinyl-5-p-thymidine @a) after 4
0 h. As anticipated, thex-anomerl was acylated at the'b

o B hydroxyl group, whereas the same lipase PSL-C exhibited an

opposite selectivity for thg-anomer3, catalyzing the acylation

1 PSL-C Levo o HO o il of the 3-hydroxyl group. It is noteworthy that the mixture of
+ (1) T 30°C i + la and 3a showed almost identicalR; values on _the TLC,
HO B ' HO LevO whereas the two acylated produ@sand4ashow different;
N . . L
o} LevO” %|/ 2 4 values. This marked difference in tRevalues enabled an easy
chromatographic separation of the two produasand4a in
HO a,B=T  97% yield 95% yield 97% and 95% vyields (based on the amount.oéndf-starting
3 R~ 0.3 R 0.4 materials), respectively. The structure 8a and 4a was
¢.B=ABZ 91% yield 88% yield confirmed by analytical dat®.
R= 0.3 R 0.5 After the successful separation of a mixturexd$-pyrimidine

*TLC eluent: 10% 'PrOH/CH,Cl, (v/v)

as PSL-C, which is immobilized on ceramic beads, com-
mercially available in bulk, and easy to recycle. Repeating the
same process with PSL-C resulted in total selectivity toward
the B-hydroxyl group ofla—c 2'-deoxynucleosides (entries 2,
4, and 6, Table 1). The acylation reaction catalyzed by PSL-C
on N 2-isobutyryl-a-p-2'-deoxyguanosinel@) was found to be
significantly slower as compared to that éa—c. A mixture

of 5'-O-levulinyl 2d and 3,5-di-O-levulinyl derivatives and
unreacted nucleosidel were obtained after 72 h (entry 8, Table
1). Nevertheless, we were able to méavia acylation with
CAL-B in good yield (entry 7, Table 1). We were pleased to
note that the PSL-C exhibited the same regiospecificity as
CAL-B at the 3-hydroxyl group ofa-nucleosided.a—c during

the acylation reaction. In addition, the overall rate of the
acylation reaction with PSL-C was slower as compared to the
CAL-B process, which is desirable for the separatiorof-

nucleosides. In recent past, we observed that PSL-C catalyze

the acylation at the'shydroxy group of3-nucleosides with high
selectivity!f We envisioned that this remarkable difference in
the observed regioselectivity toward acylation af and

B-nucleosides with PSL-C could become the cornerstone of the

desired separation process fof3-anomeric nucleosides.

Considering the opposite acylation preference exhibited by
PSL-C ina- and -nucleosides independently, the stage was
set for the separation of a mixture a@f$-nucleosides (Scheme
2). We challenged the ability of PSL-C to recognize bath

andf-2'-deoxynucleosides present in one reaction at the same

time and selectively acylate the appropriate hydroxyl groups
of the two nucleosides. Therefore, treatment of a 1:1 mikture
of a/f-b-thymidine with O-levulinyl acetonoxime in the pres-

(19) The equimolar mixture of the two nucleosides was prepared by
mixing the equal weight ofi-p-thymidine ands-p-thymidine. A mixture
of 1c and3c was prepared in a similar manner.

nucleoside, we decided to evaluate the same process for the
separation of a mixture af/B-purine nucleoside. A mixtuté

of N-benzoyle/-p-2'-deoxyadenosinel ¢ and3c) was acylated

in a similar manner using PSL-C. After 4 h, the reaction was
complete, furnishingN-benzoyl-5-O-levulinyl-o.-p-2'-deoxy-
adenosine Zc) and N-benzoyl-3-O-levulinyl-3-p-2'-deoxy-
adenosine4c). Again, the separation of acylated produ2ts
and4c was straightforward due to a large difference in thir
values as compared to the starting materfalsand 3c. Both
products were isolated in high yield after silica gel column
chromatography, and their structure was corroborated by
analytical dat&?

Next, we embarked on the synthesis dfCBlevulinyl
protecteda-nucleosides for two reasons. First, we wanted to
prepare an authentic reference sample-@-8evulinyl protected
o-thymidine 6a for comparison with its regio-isomer'-®&-
levulinyl-a-thymidine @a&). This exercise will enable us to
conclusively demonstrate that the acylatiomethymidine using

PsL-c produced onla and none obawas formed. Second,

3'-O-levulinyl protectedn-nucleosides are key building blocks
for the synthesis ofi-oligonucleotided:® Therefore, we pro-
posed a two-step protocol for the unequivocal synthesis-of 3
O-levulinylated nucleosides6 in the following manner
(Scheme 3).

Treatment ofa-2'-deoxynucleosided with 5.2 equiv of
levulinic acid (LevOH) and DCC in the presence of DMAP
furnished 35'-di-O-levulinyl-a-D-2'-deoxynucleosidess in
>93% isolated yield. For the hydrolysis & we selected
CAL-B and PSL-C as catalysts, due to its well-demonstrated
selectivity with a variety of modified nucleosidés.When
diestersba and5b were treated individually with CAL-B at 30
°C in 0.15 M phosphate buffer (pH 7) containing 18% of 1,4-
dioxane, total regioselectivity toward the hydrolysis of the 5

(20) See Supporting Information for details.
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SCHEME 32
HO LevO HO
o) a o b o
B B
HO LevO LevO
1 5a, 93% yield 6

a,B=T; b, B= CB? 5b, 94% yield

(a) LevOH, DCC, Et3N, DMAP, 1,4-dioxane, rt; (b) 0.15 M KPi (pH 7),
1,4-dioxane, 30 °C, lipase

aSee Table 2 for details.

O-levulinyl group was observed, furnishing-Q-levulinyl-
o-D-thymidine 6a) andN-benzoyl-3-O-levulinyl-a-p-2'-deoxy-

cytidine (6b) in 91% and 96% yield, respectively (entries 1 and
3, Table 2). Similarly, PSL-C also exhibited high selectivity

toward the hydrolysis of '50-levulinyl group ina-nucleosides

5 (entries 2 and 4, Table 2) albeit with a significantly slower
rate as compared to the hydrolysis with CAL-B. The reaction
with PSL-C was incomplete even after 8 days with the formation

of a small amount ofl as completely hydrolyzed product

detected by HPLC of the mixture. Nevertheless, we were able

to synthesizeba and compared its analytical data wifta,

confirming that these two compounds are indeed regio-isomers.

Application 1: Separation of a/#-Thymidine Nucleosides.

With the foregoing insight into acylation and the hydrolysis
reaction pattern ofti-nucleosides, we were poised to apply this
knowledge to a project of significant importance. One such

project is the synthesis gkthymidine that is performed ir 100

metric tons/year quantities. The large demand for the productio

Gardn et al.

noteworthy that both anomers have identigavalues by TLC
and are inseparable by traditional chromatography.

To demonstrate the utility of our separation method, we
carried out the enzymatic hydrolysis of the mother liquor
collected from the commercial-scale synthesigdhymidine
(Scheme 4). We chose PSL-C as biocatalyst because this lipase
had shown desired opposite regioselectivity toward the hydroly-
sis of a- and -nucleosides. We were pleased to see that the
hydrolysis reaction took place with excellent selectivity toward
the B-p-chlorobenzoate group of the-anomer?, furnishing
3'-O-(p-chlorobenzoyle-b-thymidine @) as an exclusive prod-
uct without a detectable amount of completely hydrolyzed
o-thymidine 1a. Despite the long reaction time, tifieanomer
8 was recovered unchanged. Interestingly, nucleosBdasd 9
have a large difference in thé# values and are easily separated
by traditional silica-based column chromatography. The pure
o-nucleoside was isolated in 67% yield after chromatography.
Next, we tried the hydrolysis reaction with CAL-B for two
reasons. First, we demonstrated that CAL-B could be recycled
several times to reduce the overall cost of the lipase. Second,
CAL-B is available at a reasonable price in commercial
quantity?> The hydrolysis of a mixture of and8 with CAL-B
under similar conditions was found to be faster than PSL-C-
mediated reaction and afforded us the same products. We
observed a complete conversion of starting materialo
nucleoside with CAL-B in 104 h instead of the 164 h required
for the reaction with PSL-C. The faster reaction rate with CAL-B
was expected to reduce the overall cycle time in the plant for
the hydrolysis process and assist us in meeting our lower cost

nobjectives. After chromatographic separation, the conventional

of B-thymidine is due to its use as the key raw material for the Pase hydrolysis 08 and9 furnished/s-thymidine anda.thy-

synthesis of widely prescribed anti-HIV drug Zidovudine (AZT).

Currently several Asian companies are manufactufirthy-
midine following a well-established glycosylation rodte.
Although this protocol for the synthesis @thymidine is
efficient, it produces a mixture ef- andS-thymidine analogues.
Fortunately, a majority of the protect@dnucleosideB prefer-

midine, respectively, in excellent yields.

The waste mother liquor represents approximately 5% of the
total S-thymidine production via the glycosylation procedure.
Our protocol permits the environmentally benign biodegradation
of industrial waste and transforms it into two valuable prod-
ucts: (i) o-thymidine, which is the key raw material for the

entially crystallizes out from the solution, but it leaves behind synthesis ofa-nucleosides and oligonucleotide analogues as

an inseparable mixture ofi- and $-nucleosides7 and 8,

therapeutics, and (ijp-thymidine, which is a starting material

respectively, as mother liquor. Because of the inseparable naturefor the synthesis of AZT.

of these two products, Asian companies are discarding this

Application 2: Separation of 2-Deoxy-2-fluoro-a/f-p-

mixture of nucleosides as an industrial waste. The traditional arabinofuranosylthymine Nucleosides.Recently, antisense
methods of separations such as crystallization or Chromatographyoligonucleotides containing -2leoxy-2-fluoro-3-p-arabinofura-

have failed to provide meaningful results. Our ongoing inté¥est

nosyl-residues (FANA) have shown high affinity for the target

in the development of “Green Chemistry” inspired us to apply RNA and stability in various nucleases and plagfia.Fur-

our knowledge of lipase-mediated chemistry for harvesting the

valuablé? a-thymidine from the waste stream.

thermore, FANA antisense oligonucleotides cause a reduction
in target RNA levels in vivo via RNaseH mechanigfdThese

We were able to get a real sample of this waste stream from ¢5ts combined have triggered testing of the FANA oligonucle-

IDB, a Korean compans/ The thymidine manufactured at IDB
utilizes the gylcosylation protocol to produce a mixtureosf
andg-anomers, from whicl-thymidine is isolated by selective
crystallization. The waste stream after removgbahymidine
contained am/3 mixture of p-chlorobenzoyl protected nucleo-
sides7 and 8 in an 8:2 ratio determined byH NMR. It is

(21) Czernecki, S.; Valg, J.-M. Synthesisl991 239-240.

(22) (a) Prasad, A. K.; Kumar, V.; Malhotra, S.; Ravikumar, V. T.;
Sanghvi, Y. S.; Parmar, V. Rioorg. Med. Chem2005 13, 4467-4472.
(b) Uzagare, M. C.; Sanghvi, Y. S.; Salunkhe, M. @reen Chem2003
5, 370-372. (c) Sanghvi, Y. S.; Ravikumar, V. T.; Scozzari, A. N.; Cole,
D. L. Pure Appl. Chem2001, 73, 175-180.

(23) The price ofo-thymidine from ChemGenes Corp. is $645/gram.

(24) ID Biochem, Inc. Ulsan, Korea (www.idbio.co.kr).
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otides as a clinical candidate for the treatment of astima.

The overall importance of FANA nucleosides motivated us
to consider another challenging separation-cindj-thymidine

(25) CAL-B is available from Novozyme (www.novozymes.com) for
$2000/kg, and PSL-C is available from Amano (www.amano-enzyme.co.jp)
for $3500/kg.

(26) (a) Kalota, A.; Karabon, L.; Swider, C.; Viazovkina, E.; Elzagheid,
M.; Damha, M. J.; Gewirtz, ANucleic Acids Re200§ 34, 451-461. (b)

Lok, C.-N.; Viazovkina, E.; Min, K.-L.; Nagy, E.; Wilds, C. J.; Damha,
M. J.; Parniak, M. A.Biochemistry2002 41, 3457-3467. (c) Damha,
M. J.; Wilds, C. J.; Noronha, A.; Brukner, |.; Borkow, G.; Parniak, M. A.
J. Am. Chem. S0d 998 121, 12976-12977.

(27) Topigen Pharmaceuticals Inc., Montreal, Canada (www.Topigen-
.com).



Separation of an Anomeric Mixture of 3-p-Nucleosides ]OC Article

TABLE 2. Enzymatic Hydrolysis of o-p-Di-levulinyl Esters 5 at 30 °C2

products
entry substrate enzyme t(h) 1 (%)° 5 (%)° 6 (%)°c
1 5a CAL-B 8 nd S5a 1 6a 99 (91)
2 5a PSL-C 192 la 3 S5a 42 6a 55
3 5b CAL-B 23 nd nd 6b: >97 (96Y
4 5b PSL-C 187 1b: 6 5b: 7 6b: 87 (80)

aRatio 5:CAL-B is 1:1 (w/w); ratio 5:PSL-C is 1:3 (w/w); 0.1 M concentratio Calculated by HPLC (method A) before workiufPercentages of
isolated yields are given in parenthesé€alculated by*H NMR. Percentages indicated a®7% (3% by NMR analysis) signify that only one compound
was detected even at high spectrum amplitude.

SCHEME 4 (entries 4-7, Table 3). Among various enzymes tested, the
PCBO PCBO T HO PSL-C appeared to be the more effective catalyst for the
O—m T a 0 . o hydrolysis process.

Next, we attempted to modulate the reaction conditions to

POBO Peeo PCBO improve the hydrolysis efficiency, keeping the PSL-C as a
7(0):8(B) 8 9 catalyst of choice. First, optimum ratios of buffer and cosolvent

(8:2) 80% yield 67% yield were studied. In these studies, use of less organic solvent (10%
R=0.51% R 0.25* of 1,4-dioxane) furnished 77% conversion (entry 8, Table 3).

PCB=p-Cl-benzoyl . . .
P y In another experiment, the conversion was improved to 90%

*TLC eluent: 10% ‘PrOH/CH,Cly (v/ ) ) . -
een } 2Clo () by adding the enzyme in two separate lots: first at the beginning

(a) 0.15 M KPi (pH 7), 1,4-dioxane, 60 °C; PSL-C, 164 h: CAL-B, 104 h of the reaction and second adding the enzyme after 48 h (entry
9, Table 3). Interestingly, when the reaction was carried out
SCHEME 5 with additional enzyme where the ratio of the substrate:PSL-C
BzO E HO FT HO E was 1:4 (w/w), and the lipase was added in three portions (at
—WT a —Iiﬂj . —%ﬂz the beginning, after 2 d, and after 5 d), 93% conversion was
T observed (entry 10, Table 3). The replacement of 1,4-dioxane
Bz0 Bz0 Bz0 with acetonitrile, THF, or acetone gave unsatisfactory results
10(0):11(B) 12 13 (entries 1114, Table 3). Reduction in the volume of the buffer
(40:60) Re=0.20" RF=0.13" (50% less) led to a significant decrease in the rate of the reaction
*TLC eluent: 4% MeOH/CHCl3 (v/v) (entry 15, Table 3). When the hydrolysis was performed in 1

M phosphate buffer (pH 7) using 1,4-dioxane or acetonitrile as
solvent (entries 16 and 17, Table 3)5% conversion took place.
analogue<0 and 11 The procedur® for the synthesis of 2 Increasing the reaction temperature from 60 to°@ caused
deoxy-2-fluoro-B-p-arabinofuranosylthymine results in the for- (€ inactivity of the catalyst (entries &1, Table 3).

mation of desireg8-anomerl1as a major product and undesired ~ After various attempts to drive the hydrolysis @11 to

(a) enzymatic hydrolysis, see Table 3

a-anomer10 as a minor product. A good portion dfl is completion, the best conditions are summarized in entries 9 and
crystallized out from the solution, but some remains in the 10 of Table 3. Under these conditions, the inseparable mixture
solution. We were able to obtain this mixture b® and 11 of the di-O-benzoyl anomeric compoundsO and 11 was

(Scheme 5) from Topigen, a Canadian Compgnyu attempts hydrOlyZEd to furnish the’éD-benzoyI derivatived2 and 13,

to harvest additional amounts @fl or separation of the two  respectively, which were separated by chromatography. To better
products by chromatography resulted in failure. Therefore, the understand the lipase behavior with FANA-nucleosides, we
anomeric mixture ofl0/11 was treated with CAL-B or PSL-C  studied the enzymatic acylation of unprotected nucleosidés

at 60°C in 0.15 M phosphate buffer containing 20% of 1,4- 15 These were conveniently prepared by the treatmen0bf
dioxane. After several days, 10% and 60% of the starting 11 with NaOMe in MeOH at rt to afford amJ-mixture of
material was hydrolyzed with the formation of two new products 14/15in 93% yield (Scheme 6).

(entries 1 and 2, Table 3). The structures of the products were The acylation at the primary hydroxyl group ©#/15 with
confirmed as 30-benzoyl derivatives of thg- anda-anomeric O-levulinyl acetonoxime in the presence of PSL-C under
nucleosidesl2 and 13 by NMR studies. It is noteworthy that  standard conditions furnished thédeoxy-2-fluoro-5-O-le-

the enzymatic hydrolysis of the'-®-benzoyl ester of these  vulinyl-o-p-arabinofuranosylthymine 1) and 2-deoxy-2-
arabinonucleosides takes place selectively at thpoSition fluoro-5-0O-levulinyl-3-p-arabinofuranosylthyminely) after 6
independently of the configuration at the anomeric carbon. This days at 60°C. Change of lipase to CAL-B also displayed total
pattern of hydrolysis is clearly different from what we observed selectivity toward the acylation of the-Bydroxyl groups in
earlier with the mixture oéu/-thymidine. The use of acetonitrile  the mixture of 14/15. Interestingly, the two '5O-levulinyl
instead of 1,4-dioxane led to lower conversion (entry 3, Table protected nucleosidels/17 have identicaRs values, and their

3). For the hydrolysis of the mixture af/11, we also screened  separation by silica-based column chromatography was unsuc-

other enzymes such &andida antarcticdipase A (CAL-A), cessful.

pig liver esterase (PLE), and esterase BS2, without much success | view of these results, we decided to prepare benzoylated

- - | derivatives18/19 expecting that the hydrophobic nature of the
(28) Elzagheid, M.; Viazovkina, E.; Damha, M. J.@Qurrent Protocols ; i

in Nucleic Acid ChemistryBeaucage, S. L., Bergstrom, D. E., Glick, protecting gl’OrL]Jp may elf‘llable the separation lcg tt)hese éWO

G. D., Jones, R. A., Eds.; John Wiley: New York, 2005; Chapters +.7.1  Products. Furthermore, these two products could be used as

1.7.10. reference standards to ensure that the FANA-nucleodiges

J. Org. ChemVol. 71, No. 26, 2006 9769



JOC Article

Garca et al.
TABLE 3. Enzymatic Hydrolysis of 2-Fluoro-o/f-di-benzoyl Esters (10:11)

entry enzyme %% buffer (M) solvent t (h) T(°C) conv. (%%
1 CAL-B 80 (0.15 M) 1,4-dioxane 119 60 10
2 PSL-C 80 (0.15 M) 1,4-dioxane 192 60 60
3 PSL-C 80 (0.15 M) CECN 192 60 41

4 CAL-A 80 (0.15 M) CHCN 165 60

5 PLE 80 (0.15 M) 1,4-dioxane 119 60 6
6 esterase BS2 80 (0.15 M) 1,4-dioxane 164 60

7 esterase BS2 80 (0.15 M) THF 118 60

8 PSL-C 90 (0.15 M) 1,4-dioxane 161 60 77
9 PSL-C 90 (0.15 M) 1,4-dioxane 161 60 90
10 PSL-C 90 (0.15 M) 1,4-dioxane 165 60 dg3
11 PSL-C 90 (0.15 M) CECN 168 60 53
12 PSL-C 90 (0.15 M) CECN 164 60 68
13 PSL-C 90 (0.15 M) THF 168 60 32
14 PSL-C 90 (0.15 M) acetone 168 60 48
15 PSL-C 50 (0.15 M) 1,4-dioxane 165 60 10
16 PSL-C 80 (1 M) 1,4-dioxane 160 60 5
17 PSL-C 80 (1 M) CHCN 160 60 3

18 PSL-C 80 (0.15 M) 1,4-dioxane 160 70 2
19 PSL-C 90 (0.15 M) 1,4-dioxane 160 70

20 PSL-C 80 (0.15 M) CECN 160 70 7

21 PSL-C 90 (0.15 M) CECN 160 70 1

aRatio substrate:CAL-B is 1:1 (w/w); ratio substrate:PSL-C is 1:3 (w/w); ratio substrate:esterase BS2 is 0.064 mmol:150 U; ratio substraté:PLE is 1:
(w/w); ratio substrate:CAL-A is 1:1 (w/w); 0.1 M concentratidnCalculated by HPLC (method Bj.The enzyme was added in two separated fractions.
d Ratio substrate:PSL-C is 1:4 (w/w), and the enzyme was added in three separated frattaated yields: 82%12) and 87% (3).

SCHEME 6

LevO F
o

T

B20— F HO F HO 46
a o b .
WT WT . RF0.14
BzO HO

LevO FT
10(c):11(B) 14(0):15(B) 0

(40:60) (40:60) HO

17
*TLC eluent: 6% MeOH/CHCl3 (v/v) R~ 0.14*

(a) NaOMe, MeOH, rt, 1 h (93% yield); (b) PSL-C or CAL-B,
O-levulinyl acetonoxime, 1,4-dioxane, 60 °C, 6 d, >98% conversion

BzO F
Tgﬂz
T
HO F HO 18
WT PSL-C or CAL-B ., Re0.10°
Vinyl benzoate

HO
Solvent, 60 °C, 6 d BzO OF T

SCHEME 7

14(0)):15(B)
(40:60)

>98% conversion

HO
19

Solvent: THF, CH3;CN, 1,4-dioxane R=0.12*

*TLC eluent: 4% 'PrOH/CHCI5 (v/v)

13 were indeed 30-benzoylated products. The benzoylation
of 14/15 with vinyl benzoate in the presence of PSL-C or
CAL-B took place with the predicted selectivity toward tHe 5
OH groups (Scheme #¥¢The hydrophobic 50-benzoate esters
18 and 19 showed increased difference in th&y values as
compared to the corresponding-G-levulinate esters, and a

and 10 in Table 3) where PSL-C was employed resulting in
>90% conversion.

Conclusion

In this paper, chemoenzymatic syntheses have been employed,
offering efficient separation techniques for the isolation of pure
o-nucleosides from an inseparable mixturexgf-nucleosides.

Our results indicate that regioselective lipase-catalyzed hydroly-
sis is a powerful technique for the separatiomf-nucleosides
frequently obtained during the synthesis of nucleosides utilizing
glycosylation protocold? To the best of our knowledge, there
are no formal studies on the separation techniques/gf
nucleosides reported in the literature. The usefulness of our
protocol is clearly demonstrated by the separationai-
nucleosides for two industrial projects. The discovery of opposite
regioselectivity is a unique property exhibited Bgeudomonas
cepacialipase (PSL-C) when in contact with the mixtures of
o~ and s-anomeric nucleosides, thus providing a convenient
method for the isolation of/ nucleosides. Particularly, the
isolation of a-thymidine from the industrial waste is of
paramount importance considering the commercial Valag

this product, now accessible in two simple steps. It was found
that PSL-C had different substrate specificity for the FANA-
nucleosided 0 and11, where botha- and-nucleosides were
hydrolyzed at the shydroxyl groups with comparable rates.
The change in the recognition pattern of PSL-C for FANA-
nucleosides may be attributed to the altered sugar pucker due
to the electronegative fluorine atom present on thpdaition.
Further studies are in progress to find the correlation between
the effects of sugar pucker on the hydrolysis and acylation
reactions of various chemically modified nucleosides using
lipases.

Our judicious selection of immobilized enzymes provides
several advantages in organic syntheses. Notable traits for the

clean separation of both products using chromatography wasimmobilized lipases are enhanced stability, reusability, conve-

unavailing. Among the three methods (Schemeg§ftried for
the separation of' Zdeoxy-2-fluoro-a/s-p-arabinofuranosylth-

(29) Handbook of Nucleoside Synthesi@rbruggen, H., Ruh-Pohlenz,

ymine nucleosides, we recommend the first protocol (entries 9 C., Eds.; John Wiley: New York, 2001 and references cited therein.
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nient separation by filtration from the reaction mixture, prevent- waste stream from ID Biochem, which contaifi8, was evaporated
ing protein contamination in the product, and consistent until dryness, and then the residue was subjected to filtration on
performance of the commercial preparatiéhi.seems reason-  silica gel (3% MeOH/CHCL,) before the enzymatic process. To a
able to speculate that this study will have implicationsdif- solution of 7/8 (52 mg, 0.1 mmol) in 1,4-dioxane (0.18 mL) were
anomeric nucleoside separation processes ranging from largeadded 0.15 M phosphate buffer pH 7 (0.83 mL) and PSL-C (156
scale manufacturing to small-scale synthesis of novel nucleosidesmg) or CAL-B (52 mg). The mixture was stirred at 250 rpm and
60 °C during 164 or 104 h, respectively. The enzyme was filtered
off, washed with CHCIl, and MeOH, and the solvents were
evaporated under vacuum. Flash chromatography ((PE@H/CH-
General Procedure for the Regioselective Enzymatic Acyla- Cl,) gave8 in 80—84% yield and9 in 67—71% vyield.
tion of a-p-2'-Deoxynucleosides 1In a standard procedure, THF

; General Procedure for the Enzymatic Hydrolysis of 1-(35-
(2 mL) was added to an Erlenmeyer flask that contaihe@.2 . , .
mmol), O-levulinyl acetonoxim& (102.6 mg, 0.6 mmol), and the ~ Di-O-benzoyl-2-fluoro-2'-deoxy-a/f-p-arabinofuranosyl)thy-

enzyme under nitrogen (the ratio of enzyme and time are indicated Min€ (10/11).To a solution ofl(’11(0.214 mmol) in an appropriate
in Table 1). The reaction mixture was stirred at 3D and 250  Solvent were added phosphate buffer pH 7 and the corresponding
rpm and monitored by TLC (10% MeOH/GHI,). The enzyme enzyme. Reaction concentration: 0.1 M. The temperature, reaction
was filtered off, washed with C}€l, and MeOH, and the solvents  time, and ratios of enzyme, buffer, and cosolvent are indicated in
evaporated under vacuum. Flash chromatography (EtOAc and thenTable 3. The reaction mixture was stirred at 250 rpm and monitored
20% MeOH/CHCI, for 2a, 2b, and 2c, gradient elution with by HPLC (method C¥° The enzyme was filtered off, washed with
5—20% MeOH/CHCI, for 2d) of the residue afforded derivatives  CH,Cl, and MeOH, and the solvents evaporated under vacuum.
2a—d (yields are indicated in Table 1). o The residue was taken up in NaHg@q) and extracted with G
Separation of a 1:1 Anomeric Mixture of a/f-p-Thymidine. Cl,. The combined organic layers were dried over,$@, and

?orr)w::oecr?t(rjz;irgnsi'rplllsi;égéggtn (xasscrrir?c?rﬂtgz\:jaz;ﬂlg\ll_vgd( n?fa?ﬁg%PMA) evaporated. The crude was subjected to flash chromatography (3%
. o : o oy
Reaction time: 4 h. Flash chromatography (BYOH/CHCI,) of PrOH/CHCE) to give12in 82% yield andL3in 86% yield (entry

Experimental Section

the reaction crude afforded 97% vyield of-G-levulinyl-o-p- 10, Table 3). . .
thymidine @a) and 95% yield of 30-levulinyl-3-p-thymidine @a). 1-(2-Fluoro-2'-deoxy-a/f-p-arabinofuranosyl)thymine (14/
Separation of a 1:1 Anomeric Mixture of N6-Benzoyl-o/f-p- 15). Sodium methoxide (252 mg, 4.487 mmol) was added to a

2'-deoxyadenosineA procedure similar to that described was solution of10/11 (350 mg, 0.048 mmol) in anhydrous MeOH (4.9

followed at 0.2 M concentration. The reaction was monitored by mL). The mixture was stirred at rt during 1 h. The reaction was

HPLC (method A). Reaction time: 8 h. Flash chromatography (2% neutralized with Dowex 50Wx4-400 ion-exchange resin. Next, the

'PrOH/CHCI,) of the crude afforded 91% yield &¥*-benzoyl-5- residue was filtered off, washed with MeOH, and the solvents

O-levulinyl-a-p-2'-deoxyadenosine2() and 88% yield ofN‘- evaporated under vacuum. The crude product was subjected to flash

benzoyl-3-O-levulinyl-4-b-2 -deoxyadenosined). , chromatography (56100% EtOAc/hexane) to afforti/15 (mix-
3',5'-Di-O-levulinyl- a-p-2'-deoxynucleosides 5To a stirred ture o8 40:60) in 93% yield.

mixture of 1 (0.75 mmol) and EN (0.3 mL, 1.9 mmol) in 1,4-

dioxane (5 mL) under nitrogen were added levulinic acid (0.40 mL, ~ Enzymatic Acylation of 1-(2-Fluoro-2'-deoxy-o/f-p-arabino-

3.9 mmol), DCC (803.4 mg, 3.9 mmol), and DMAP (7.3 mg, 0.06 furanosyl)thymine (14/15).In a standard procedure, solvent (1 mL)

mmol). The reaction was stirred at rt during 2.5 h f@rand 40 was added to an Erlenmeyer flask that contaitéd5 (0.1 mmol),

min for 1b. The insoluble material was collected by filtration, and O-levulinyl acetonoxime or vinyl benzoate (3 equiv), and the

the filtrate was evaporated under vacuum. The residue was takenenzyme under nitrogen (ratio substrate:CAL-B is 1:1 w/w; ratio

up in NaHCQ (aq) and extracted with Gi€l,. The combined  substrate:PSL-C is 1:3 w/w). The reaction mixture was stirred at

organic extracts were dried over }%0, and evaporated. The 250 rpm and 60C and monitored by HPLC (method @) The

residue was subjected to flash chromatography (EtOAc and thengnzyme was filtered off, washed with GEl, and MeOH, and the

5% MeOH/CHCI, for 5 gradient elution with 6:30% MeOH/ solvents evaporated under vacuum to afforchéh mixture of 5-

EtOAc for 5b) to afford 5ain 93% yield ands5b in 94% vyield. g o :
General Procedure for the Enzymatic Hydrolysis of 3,5-Di- vovaa}squllootlea:grﬁg\\l/isci. A successful separation by flash chromatography

O-levulinyl-a-p-2'-deoxynucleosides 5To a solution of5 (0.2
mmol) in 1,4-dioxane (0.35 mL) were added 0.15 M phosphate
buffer pH 7 (1.65 mL) and the corresponding lipase (the ratio of  Acknowledgment. We are grateful to ID Biochem and
enzyme and time are indicated in Table 2). The reaction mixture Topigen Pharmaceuticals Inc. for their generous gift of the
was stirred at 30C and 250 rpm and V\gas monitored by TLC (10%  mixture of protectedy/-thymidine nucleosides and FAN&/S-
MeOH/CHCl;) and HPLC (method B} The enzyme was filtered )\, o sides, respectively, used for this study. Financial support
off, washed with CHCI, and MeOH, and the solvents evaporated  thi Kby the S ish Ministerio de EducatipCi .
under vacuum. FoBb, the residue was taken up in NaHg@q) or this work by the spanish Ministerio e tducatptiencia
and extracted with CKCl,. The combined organic layers were dried (MEC, Project CTQ'2004'O4185) and Principado de Asturias
over NaSO, and concentrated to give pub in 96% yield (entry ~ (FICYT, Project 1B05-109) is gratefully acknowledged. S.F.
3, Table 2). Foba (entry 1, Table 2), the residue was subjected to thanks MEC for a personal grant (Ramg Cajal Program).
flash chromatography (10% MeOH/GEI,) to afford 6ain 91% A.D.-R. thanks MEC for a pre-doctoral fellowship.
yield. For6b (entry 4, Table 2), the residue was subjected to flash
chromatography (5% MeOH/CEI,) to give purebb in 80% vyield.
Separation of an 8:2 Mixture of 3,5'-Di(p-chlorobenzoyl)-o/
p-p-thymidine from Industrial Synthesis of Thymidine. The

Supporting Information Available: 'H, 13C NMR spectral data
and some 2D NMR experiments, in addition to mp, IR, optical
rotation, microanalysis, HPLC, and MS data. The level of purity is
indicated by the inclusion of copies &fl and13C NMR spectra.
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