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Biocatalytic Route to Well-Defined Macromers Built around a Sugar Core
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The synthesis and study of polymers that contain carbohydrates Scheme 1.  Stereoselective Acrylation Followed by ROP and
a
has captured the attention of researchers who wish to attain (i) S€lective Acylation of the PCL End-Group

highly functional polymers,(ii) specific biological functions, and W Vﬁ»)q

(i) complex systems that fit into the category of “smart” ]( 1 @oriiy_ ]( @

materials>~# For example, such polymers have been studied for uo VJ R0 ﬂ'] Hzec(\l[? ]@
their ability to regulate interactions with lectihsas pseudo- \ 0\\\
glycoproteing, and as carriers for drug delivery systeh®&tructure- 1 2 R= COCCIL-CIL, R, =11 4
property studies have proven that variations in the macromolecular 3 R=H R = COC(CH,=CR,

architecture from linear to multiarm can have dramatic effects on JOL PN 7([’0 o j’q

the morphological and physical-mechanical properties of the e 0 s I s 4-"]/0
corresponding materials. Recently, our laborafdignd otherd® 11 4 fiv) Ho— R Vi
have explored the use of in vitro enzyme-catalysis for the 70( o‘i\\
preparation of monomers and polymers. Recent reviews and books 5

have been published that document the rapid development of these o

methods'? Early reports that describe the synthesis of linear chains W Nq“ >mﬁ/¥
that are attached to a multifunctional initiator have been pub- © on ]/ ;
lished!314The above findings provide incentive to further extend 5 — n,0= t
the level of control attainable during the synthesis of these products. "‘\

In this work, a general route was demonstrated that permits the 6

efficient placement of selected structures at specific positions around * ICO”?&“O“S; t(i) \_?33":' ”;gt(*;agf?’]'a:\?’ THF, 3‘%358 ?""f\m%nLdPtSI (i)
. : : vinyl methacrylate ovozyme- 1) e- oluene,
a carbohydrate core. A key synthetic step that makes this p053|ble60 °C. 8 h, Novozyme-435: (iv) vinyl acetate, toluene, 6 h*0 (v) lauric

is lipase-catalyzed diastereoselective acylation. This, and the a¢id, DMF, DCC, DMAP, 60°C.
judicious choice of a carbohydrate substrate, permits a level of
control in the construction of hetero-arm star copolymers that was
previously nonattainable or extremely difficult to realize by
traditional chemical methods where a large number of proteetion
deprotection steps have impeded progfesy.

The lipase-catalyzed synthesis of the macromienydiroxym-
ethylmethacryl-4c-hydroxymethyl-1,20-isopropylidenes-D-pento-
furanose (HMG,3, Scheme 1) and its use as a multifunctional
initiator to prepare a polyester arm specifically linked to the other a‘“ \\é’" ﬁ,e &
(C-5) diastereometric centet,(Scheme-1) are described. Th€4- < N
hydroxymethyl-1,20-isopropylidenea-p-pentofuranose 1) was Lipases evaluated
subjected to acryloylation with vinyl methylacrylate in dry THF.  Figure 1. Ability of lipases to carry out the selective acrylation of 4-C-
The ability of the lipasePorcine pancreatidipase (PPL)Candida hydroxymethyl-1,20-isopropylidenes-p-pentofuranose.
rugosalipase (CRL), andPS30 and lipases fronPseudomonas
AK, Pseudomonas AYand Novozyme-435 to catalyze prochiral porting Information) by the difference in the integral values of the
asymmetrization ol was studied at 3635 °C for 8 h and results anomeric protons of the corresponding epimeis&03 and 6.01°
of this work are shown in Figure 1. Novozyme-435 and lipRSe The sugar acryl derivativ8 was studied as a multifunctional
resulted in highly diastereoselective monoacryl derivatization with initiator for e-CL polymerization. On the basis of previous work
use of 1 equiv of vinyl methacrylate as the acyl donor (Figure 1). in our laborator§® and elsewher&*Novozyme-435 was chosen
Furthermore, for both Novozyme-435 and lipd® even when a as the selective catalyst for this ring-opening polymerization
2-fold excess of vinyl methacrylate was used and the reaction was(Scheme-1). Recent work by 4sshowed that Novozyme-435
prolonged to 24 h, the major product was still the monoacryl deriv- catalysis of e-CL polymerizations is accelerated when it is
ative (~95—97%). Catalysis by Aman®S preferentially placed performed in low-polarity organic media. Thus, the acryl sugjar
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the acryl moiety at the C-5 hydroxyl, affording as the major initiated ring-opening polymerization ¢fCL was performed in
product (d.e.78% yield = 72%,). In contrast, Novozyme-435 toluene. The'H NMR spectrum (see Supporting Information) of
resulted in acrylation at the C-position (d.e. 93%, yield= 95%) product4 from an 8 h ring-opening polymerization efCL initiated

giving 3 as the main product. The diastereomeric excess of the by 3 and catalyzed by Novozyme-435 indicates thabnsists of
products2 and 3 was calculated fromH NMR spectra (see Sup-  the acryl sugar moiety that is linked to the carboxyl terminal of a
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PCL chain M, = 11 300,M,/M,, = 1.36). Product} was separated
from nonreacted acryl sugar by precipitating the polymer into
methanol. Analysis of produdtby 'H NMR and3C NMR revealed
that the reaction was highly regioselective at the C-5 hydroxyl.
Derivatization of4 (after purification by precipitation in methanol)
with oxalyl chloride (see Supporting Information for the detailed
procedure) revealed thats% of the consumed-CL formed chains
with a carboxyl terminus. The homopolymer PCL results from
competitive transacylation and/or initiation by water instead of by core with only one protecticndeprotection step (ketal removal).
3.2 The remaining 95% of the consumeeCL was incorporated Without the introduction of biocatalytic methods, access to such
into chains that are exclusively attached by an ester group to thestructures would be extremely difficult or possibly nonattainable.
C-5 primary hydroxyl moiety of the acryl sug8r In principle, the method developed is flexible so that it may be
For the attachment of a different substituent (e.g. bioactive, used to generate a wide array of analogue® e plan to further
photolytically reactive) at another chosen site of the sugar core, it exploit this approach for the construction of well-defined macromers
was first necessary to end-cap the terminahydroxyl group of and hetero-arm stars. Of particular interest to us are those that self-
the PCL chain off. Reaction of the PCL hydroxyl chain-end group  organize based on specific placement in three-dimensions of low
was performed by using Novozyme-435 as the catalyst and vinyl or moderate molecular weight substituents around the core sugar.

sugar capped macromer; (3) selective end-capping of the terminal
hydroxyl of oligo(caprolactone) chains was achieved by lipase-
catalysis with high selectivity and percent conversion; (4) the ketal
group of5 was hydrolyzed without disturbing the structure of the
remaining macromolecule; and (5) homopolymerization of mac-
romer7 was successfully demonstrated. Furthermore, the chemo-
enzymatic strategy, outlined in Scheme 1, allows at least four
different groups to be placed at desired locations around the sugar

acetate as an irreversible acylating group, af@0in toluene as
the solvent. The reaction progress was monitoreetblMR (see
Supporting Information). At a 5:1 molar ratio of vinyl acetatedto
selective acetylation of the-hydroxyloligo-CL) terminal group
was observed within 6 h. Analysis of the product #y NMR
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Supporting Information Available: Experimental details of the

showed <2% acylation at the secondary hydroxyl group of the product synthesis and characterization (PDF). This material is available

sugar. The triplet due to the-hydroxyl methylene protons{CH,-
OH, at 3.66 ppm) of PCL chains disappeared, and a new singlet at

free of charge via the Internet at http://pubs.acs.org.

2.05 ppm due to the corresponding acetylJOCH3) chain end
group protons was observed. THE NMR spectrum of product

5, when compared to that fel, showed a downfield shift of 2.30
ppm for the signal due to the-hydroxymethylene carbon of the
PCL segment. Also, a resonance due to the acetyl group carbon
was seen at 21.06 ppm. All other carbon resonances assigded to
showed no substantial change after acetylation, which excludes
transesterification between the C-3 secondary hydroxy ahd
ester groups of the PCL main chain. Molecular weight analysis of
5 (M, = 10 900 g/moIM,,/M, = 1.36) showed no chain degradation
during the end-capping reaction. Chemical esterificatios with
lauric acid to form6 (see Scheme 1) further confirmed that
acetylation at the C-3 position results in a signab&.2 due to

the corresponding I8-OAc proton. Study of théH NMR spectrum
shows that, fol5, a signal at 5.2 ppm was not observed.

The ketal group ob was successfully hydrolyzed to giveby
using a trifluoroacetic acid/water mixture (80:20 v/v) for 5 min
(see Supporting Information for further details). The product
obtained provides two additional hydroxyl groups at defined
positions around the sugar core. These groups offer further options
for the development of strict control of the three-dimensional
arrangement of substituents around the carbohydrate core.

The homopolymerization of was conducted by using AIBN as
the initiator in dry DMF (See Supporting Informatioff) Polym-
erization was continued for 24 h at 8C and the reaction was
terminated by the precipitation of the product by acetone to yield
the corresponding homopolymes)(in 70% yield. The!H NMR
spectrum of the homopolymer did not show resonances due to the
acryloyl protons (see Supporting Information). Furthermore, study
of integral values of NMR signals as well as peak positions con-
firmed that the expected product was formed. & NMR (see
Supporting Information) spectrum of the polymer further supported
that the sugar moiety was not disturbed and that the-[CH—
CH,—)—] carbon backbone was formet{ = 23 000).

A summary of the chemo-enzymatic route communicated herein
is as follows: (1) selective acrylation along with prochiral selection
of 1 was achieved by lipase catalysis; (2) selective ring-opening of
e-CL from the remaining primary hydroxyl group created an acryl-

References

(1) Blinkovsky, A. M.; Khmelnitsky, Y. L.; Dordick, J. Biotechnol. Technol.
1994,8, 33.

(2) Shibatani, S.; Kitagawa, M.; Tokiwa, Biotechnol. Lett1997 19,511.

(3) Kitagawa, M.; Tokiwa, Y.Carbohydr. Lett.1997 2, 343.

(4) Martin, B. D.; Ampofo, S. A.; Linhardt, R. J.; Dordick, J. Blacromol-
ecules1992 25, 7081.

(5) Kobayashi, K.; Kakishita, N.; Okada, M.; Akaike, T.; Usui, T. J.
Carbohydr. Chem1994 13, 753.

(6) Nishimura, S.; Matsuoka, k.; Furuike, T.; Ishi, S.; Kurita,Macromol-
ecules1991 24, 4236.

(7) Chen, X.; Dordick, J. S., and Rethwisdfiacromolecule4995 28, 6014.

(8) Bisht, S. K.; Henderson, L. A.; Gross, R. A.; Kaplan, D. L.; Swift, G.
Macromolecules1997 30, 2705. (b) Bisht, K. S.; Svirkin, Y. Y
Henderson, L. A.; Gross, R. A.; Kaplan, D. L.; Swift, Macromolecules
1997, 30, 7735.

(9) Kumar, A.; Gross, R. AJ. Am. Chem. So@00Q 122, 11767. (b) Kumar,
A.; Kalra, B.; Dekhterman, A.; Gross, R. Macromolecule200Q 33,
6303.

(10) Cordova, A.; Hult, A.; Hult, K.; Ihre, H.; Iverson, T.; Malmsrom, E.
Am. Chem. Socl998 120, 13521.

(11) Uyama, H.; Kikuchi, H.; Takeya, K.; Kobayashi, &cta Polym.1996
47, 357. (b) Kanaoka, S.; Omura, T.; Sawamoto, M.; Higashimura, T.
Macromolecules1992 25, 6407.

(12) Gross, R. A.; Kumar, A.; Kalra, BChem. Re. 2001, 101, 2097. (b) Gross,
R. A.; Kalra, B.; Kumar, A Appl. Microbiol. Biotechnal2001, 55, 655.

(13) Bisht, K. S.; Deng, F.; Gross, R. A,; Kaplan, D. L.; Swift, &.Am.
Chem. Soc1998 120, 1363.

(14) Cordova, A.; Iverson, T.; Hult, KMacromolecules1998 31, 1040.

(15) Wulff, G.; Schmid, J.; Venhoff, TCarbohydrates as Organic Raw
Materials Lichtenthaler, F. W., Ed.; VCH: New York, 1991; p 311.

(16) Bollenback, G. N.; Parrish, F. WCarbohydr. Res1953 17, 431. (b)
Reinfeld, E.; Korn, H. FDie Starkel1968 20, 181.

(17) Sugihara, J. MAdv. Carbohydr. Chem1953 8, 1. (b) Ballard, J. M;
Hough, L.; Richardson, A. LCarbohydr. Res198Q 83, 138. (c) Haines,
A. H. Adv. Carbohydr. Chem. Biocheri981, 39, 13.

(18) Sharma, S. K.; Roy, S.; Kumar, R.; Parmar, VT8trahedron Lett1999

9145

(19) It was observed that the protons of both ‘@t C-5 methylene groups
of 1 appeared as a multiplet, one of the corresponding methylene protons
shifted downfield on acrylation, i.e., in compouBdhe C-1 methylene
protons appeared as a double doublet 4132 J = 11.76 and 11.47 Hz)
while in compound?2 the C-5 methylene protons appeared as a double
doublet atd 4.34 g = 11.7 Hz). Furthermore, the anomeric proton C-1
of 2 for major diastereomer appeared at higheralues (in CDCJ, 300
MHz) at 6 6.01 J = 4.12 Hz) and for the minor diastereomerdab.90
compared to the corresponding proton8 inhere the major diastereomer
appeared ad 5.93 0 = 4.12 Hz). This clearly indicates that there is
reversal of selectivity during enzyme-catalyzed acrylation. Also the
position of the acryl group was unequivocally established by the significant
NOE effect observed in H-3 on irradiation of H-ih compound3.

(20) Kumar, A.; Gross, R. ABiomacromolecule200Q 1, 133.

(21) Bisht, K. S.; Gao, Wei.; Gross, R. Macromolecule200Q 33, 6208.

JA012262M

J. AM. CHEM. SOC. = VOL. 124, NO. 9, 2002 1851



