ORGANIC
LETTERS

" e ”. ' ' 2005
Sweet Silicones™. Biocatalytic Vol. 7. No. 18

Reactions to Form Organosilicon 3857-3860
Carbohydrate Macromers

Bishwabhusan Sahoo, T Kurt F. Brandstadt, ¥ Thomas H. Lane, * and
Richard A. Gross* 'f

NSF IUCRC for Biocatalysis and Bioprocessing of Macromolecules, Othmer
Department of Chemical and Biological Sciences and Engineering, Polytechnic
University, Six Metrotech Center, Brooklyn, New York 11201, and Dow Corning
Corporation, Midland, Michigan 48686

rgross@poly.edu

Received April 27, 2005

ABSTRACT

OH

Ho | | |0
2 2h0 o s\o+s-\o+5| o
Ho OC,H, lipase z n | x| "
OH — Ho
+ neat Ho 0
70°C,
q Bhoas o OC,H, HO 0CH;

s! s! L.*/}JJ\ o oH
HO d |\0’{’ |\04x/| " oM

Immobilized lipase B from  Candida antarctica (Novozyme 435) catalyzed the regioselective formation of ester bonds between organosilicon
carboxylic diacids and a C1 —O-alkylated sugar under mild reaction conditions (i.e., low temperature, neutral pH, solventless). Specifically, the
acid-functionalized organosilicones reacted with the primary hydroxyl group at the C6 position of o B-ethyl glucoside during the regioselective
esterification. The pure organosilicon  —sugar conjugates were prepared in a one-step reaction without protection —deprotection steps and
without activation of the acid groups with the integrity of the siloxane bonds.

Historically, reaction conditions have inhibited the synthesis properties in solution or as neat materi@isThe physical
of structurally defined organosilicon carbohydrates. Typi- properties of these “sweet siliconésire dependent on the
cally, esters and polyesters are synthesized with an acid orstructure of the attached carbohydrate. They may be used as
base catalyst in a one-step process at high temperatures fosurfactants, adhesion promoters, or chiral templates. Braun-
long periods. Although these reaction conditions favor the muhl et al>3 synthesized poly(dimethylsiloxane)s with
equilibrium of condensation, they also promote uncontrolled pendent maltoheptaoside or maltoheptaonamide groups by
side reactions. While reasonable reaction rates and converhydrosilylation and/or amidation. Subsequently, potato phos-
sions may be achieved through acid or base catalysis, thes@horylase was used to enzymatically catalyze the formation
catalysts may induce the decomposition of potentially useful of poly(dimethylsiloxane)-grafte(,1—4)-p-glucopyranose
functional groups and bonds (e.g., siloxane). In addition, the molecules witha-p-glucose-1-phosphate in a citrate buffer
usual acid and base catalysts are not regioselective and mayt 37°C. The amylose side chains were determined to have
catalyze esterification at all reactive groups on a multifunc- helical structure. While this represents an elegant strategy
tional monomer. Consequently, the ability to control the for the synthesis of amphiphilic organosilicon carbohydrates,
structure of the material is essentially lost. the need for multiple steps and activation chemistry would
Given the ability to self-assemble, amphiphilic organo- be problematic at larger reaction scales.
silicon carbohydrates were documented to have unusual Enzyme catalysis can circumvent conventional proteetion
deprotection steps during conjugation of carbohydrates to
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organosilicones. Methods of engineering of an enzyme’s reactants was 1:10 w/w. Prior to reactions, the enzyme was
environment within reactions by its incorporation within transferred to an oven-dried vial and dried in vacuo (0.1
micelles, immobilization on or within solid supports, and mmHg) at 25°C for 48 h.a,3-Ethyl glycoside was added
by shifting the polarity of the solvent have all been effectively to the organosilicon reactant at 7C. After these compo-
used to optimize the handling and activity of a broad range nents formed a monophasic mixture, dried N435 was added,
of biocatalystg:” and the reaction mixture was maintained at°@for 2 h

In this paper, the lipase-catalyzed esterification of orga- and then maintained in vacuo (7A€, 65 mmHg) with
nosilicon carboxylic diacids and the €D-alkylateda.,3- magnetic stirring for an additional 34 h. The temperature 70
ethyl glucoside was studied. The length of the organosilicone °C was selected since this resulted in a low-viscosity reaction
segment was varied, and its effect on the conversion to mixture. At temperatures below 50C, ethylglucoside
esterified products and/or the regioselectivity of the trans- behaves as an oily adhesive, making stirring difficult.
formation was studied. Carbont3C) nuclear magnetic  Furthermore, previous work by us and others has shown that
resonance (NMR) was used to determine the regioselectivity 70 °C is a preferred temperature for condensation reac-
of the esterification reactions. Electrospray MS and SEC tions!%'! The reactions were monitored by thin-layer chro-
methods were also used to determine the regioselectivematography (TLC). After reactions, the mixtures were filtered
esterification of ethyl glucoside with PDMS end-blocked to remove N435, and products were purified by flash silica

acid. The catalyst was physically immobilized lipase B from
Candida antarcticaNovozyme 435).

All reagents were purchased in the highest available purity
and used as received,-Ethylglucoside was prepared and
purified according to a literature meth&8. 1,3-Bis(3-
carboxypropyl)tetramethyldisiloxane (PDMS diacid wih
= 0, product #SIB1027.0, CAS #3353-68-2) and PDMS
diacids withx,, = 7 and 65 (product #XG-0886 bulk and
product #XG-0889 bulk, respectively) were purchased from
Gelest, Inc. (Tullytown, PA). Novozyme 435 (N435) was a
gift from Novozymes (Bagsvaerd, Denmark). N435 is a
commercial source of. antarcticalipase B immobilized
on acrylic resin beads.

Scheme 1. Lipase-Catalyzed Esterification between
o,(-Ethylglucoside and Diacid-Terminated Siloxanes (PDMS
Diacids) wherex = 0, 7, and 65
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The reactions were conducted in vacuo with constant
stirring in two-neck round-bottom flasks heated by an
external oil bath. The neat (solventless) reactions were
performed with a 1:2 molar ratio of the PDMS diacidotg-
ethylglucoside. Furthermore, the ratio of N435 to the

H,0

[e}

|
J
oma"\o

i"\OCH
HO OH 2’5

(4) Klibanov, A. M. TIBS1989 14, 141-144.

(5) Luisi, P. L.Angew. Chem., Int. Ed. Endl985 24, 439-450.

(6) Reetz, Manfred T.; Zonta, A.; Simpelkamp,Blotechnol. Bioeng.
1996 49, 527-534.

(7) Gill, I.; Pastor, E.; Ballesteros, A. Am. Chem. So4999 121(41),
9487-9496.

(8) Bjorkling, F.; Godtfredsen, S. E.; Kirk, Ql. Chem. Soc., Chem.
Commun.1989 14, 934-935.

(9) Adelhorst, K.; Bjorkling, F.; Godtfredsen, S. E.; Kirk, Gynthesis
199Q 112-115.

3858

gel column chromatography (silica gel 60, Aldrich). In a
typical separation, 50 g of silica gel was used to pack a glass
column (5x 50 cm) in the eluent (CH@MeOH mixture).
Then, 200 mL of eluent was run through the column before
the crude compound (500 mg), dissolved in a minimal
amount of eluent, was loaded onto the top of the column
silica bed. Different fractions were subsequently eluted (1
mL/min) and monitored by thin-layer chromatography
(TLC). Fractions containing the purified compounds were
pooled together, and the solvent was evaporated to give the
pure product. The chromatographic separations of products
from esterifications of 1,3-bis(3-carboxypropyl)tetra-meth-
yldisiloxane & = 0) and the corresponding higher molar mass
PDMS diacids Xov = 7 and 65) were performed using
chloroform/methanol mixtures of 9/2 and 9.5/0.5 vlv, re-
spectively.

For the PDMS diacid withx = 0, the mono- R = 0.6,
CHCIy/MeOH 9:2, isolated yield 19%) and diest& & 0.4,
CHCIy/MeOH 9:2, isolated yield 44%) were formed during
the esterification. The products from N435-catalyzed esteri-
fications of the other PDMS diacids & 7 and 65) were
also isolated by flash column chromatography, and the
overall yields were 79 and 83%, respectively. For control
reactions performed under similar conditions at°@but
without enzyme, no acylation of the product was observed.
The organosilicon carbohydrate conjugates were tan fluids.
Structural analyses of these substances formed by the
biotransformations were performed by nuclear magnetic
resonance (NMR), mass spectroscopy (MS), and size exclu-
sion chromatography (SEC) experiments relative to poly-
styrene as a standard, and THF was the solvent. Furthermore,
the products were characterized by thermal analytical
methods (see below).

Regioselectivity of esterification reactions was determined
by recording!*C DEPT NMR spectra (Figure 1). In tHéC
DEPT NMR spectrum ofx,3-ethylglucoside (Figure 1B),
the signals of the @,4-carbons both occurred at 61.4 ppm.
After esterification, the @x,/3-carbons shift downfield by 2.1
ppm. Concurrently, due to theeffect caused by substitution

(10) Gross, R. A, Kumar A.; Kalra, BChem. Re. 2001, 101, 2097.
(11) Bisht, K. S.; Deng, F.; Gross, R. A.; Kaplan, D. L.; Swift, &.
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Figure 1. 13C DEPT NMR (DMSO#€, 75.5 MHz) spectra of 1,3-
bis(carboxypropyl)-tetramethyldisiloxane (A},S-ethylglucoside
(B), and 1,3-bis(tethylglycosyl-6-propionate) tetramethyldisilox-
ane (C).

at the 6-hydroxyl position, theds and $B-carbons shift
upfield by approximately 3.4 ppm. Since the chemical shifts
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Figure 2. ESI MS analysis of the lipase-catalyzed regioselective
esterification of 1,3-bis(3-carboxypropyl)tetramethyldisiloxane and
a,(3-ethyl glucoside.

Figure 3 shows the ESI-MS spectrum of products from
the N435-catalyzed esterification of tke= 7 PDMS diacid
and o,S-ethylglucoside. Furthermore, the spectrum shows
the distribution of mono-4) and diester (O) products along
with the number and distribution of differing chain length

of the othera.,S-ethylglucoside carbons remained nearly species in the product. The observation that there was no

unchanged, we conclude that the esterification occurred with

>98% regioselectivity for the primary hydroxyl position
(C6). Similarly,'*C DEPT NMR spectra were recorded for
the mono- and diesterified PDMS diacids with= 7 and

65. Comparison of these spectra to the spectrum in Figure
1C showed identical chemical shifts and relative signal areas

for carbons corresponding to esterifieg3-ethylglucoside
carbons (see Figure S-1 in Supporting Information for the
enlarged view of thé3C DEPT of 1,3-bis(%ethylglycosyl-
6'-propionate) tetramethyldisiloxane). Hence, for the range
of PDMS chain lengths studied, N435-catalyzed esterifica-
tions with a,3-ethylglucoside occurred with high regiose-
lectivity. Comparatively similar chemical shifts and relative
signal areas were previously reported by our laboratory for
o,p-ethyl glucoside conjugated by esterification at the
primary C6 hydroxyl group to the carboxyl chain end of
poly(e-caprolactone)®? In the later exampleg,S-ethyl
glucoside replaced water as the initiator éecaprolactone
polymerizations.

The products of N435-catalyzed esterification reactions
betweena,-ethylglucoside and PDMS diacids were char-
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Figure 3. ESI-MS analysis of the lipase-catalyzed esterification
of diacid end-blocked poly(dimethylsiloxane) aagb-ethylgluco-
side. The spectrum shows the distribution of (D) monoester cyano
and ethylglucoside functional PDMS and (O) diester ethylglucoside
functional PDMS products along with the number and distribution

acterized by electrospray ionization mass spectrometry (ESlf giffering chain length species.

MS). Figure 2 displays the ESI MS spectrum of products
from N435-catalyzed reaction of 1,3-bis(3-carboxypropyl)-
tetramethyldisiloxane with,3-ethyl glucoside. Anm/z signal

change in the distribution from the starting material and the

at 495.2 corresponds to a monoester with a nonreactive cyangroduct proves that the mild reaction conditions caused little

functionality present in the starting material.

or no exchange reactions. The esterification is almost 99%,

The presence of mono- and diesters in the product mixture as the monoester functional has the cyano and ethylglucoside

was confirmed by signals at/z 514 and 704, respectively.
The absence of avz signal for the product corresponding
to two PDMS diacids linked at two sugar positions supports
that the esterification is very selective.

Org. Lett, Vol. 7, No. 18, 2005

functionalities, whereas the diester has ethylglucoside groups
at both chain ends. Thus, as we increase the chain length of
the dimethylsiloxane, the extent of esterification resulting
from N435 catalysis increased to almost 99%.
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The distribution of different molecular weight species was ||| NG
also studied by size exclusion chromatography (SEC). SEC1ap1e 2. DsC Analysis of Organosilicon Carbohydrates
was used to determine the number and weight average

molecular weights and the polydispersityl{ My, andM,/ pmdD‘;f: DSC resal
M., respectively) of the starting materials and products. 2 PP results
Following the esterification of the = 7 PDMS diacid, the x=0% Tyg=—-26°C; Tm = 13 to 17°C

M, andM,,/M, of the organosilicon carbohydrate conjugates Tm (peak maximum) at 13°C, AH = 1.7 J/g.
were 1320 and 1.4, respectively. Tkl andM,,/M, of the x=1 Tg=—34°C; T =181027°C
_ . . - Tm peak maximum at 20° and 26°C
x = 7 PDMS starting material were 902 and 1.5, respectively. L= 650 T.— —193°C: T — —107 to —55°C
Comparatively, a theoretical esterification that occurs for the gT - 54 ;0 (f3zoc ’
diester prod_uct at one of the_ four hydroxyl _groupsoqﬁ— T, (peak maximum) at —79°C, AH; = 29 J/g,
ethyl glucoside would result in a product with, = 1310. T (peak maximum) at —47 and —38°C, AH; = 30 J/g.

Similarly, SEC chromatographs of tlke= 65 PDMS diacid
prior to and after the esterification reaction showed a small
increase iV, (from 12 400 to 12 700) and little change in
Mw/M;, (from 6.0 to 6.8). The similarity oM./M, values as
well as theoretical and measurbtl values for the starting
oligomers and products supports that the esterification
reactions are regioselective. If the reactions were nonregi-
oselective and, instead, occurred at multiple sitest gF
ethyl glucoside, large increases My, and shifts inM,,/M,
would have been observed.

On the basis of thermal gravimetric analyses (TGAs) and
differential scanning calorimetry (DSC) results, the conjugate
of 1,3-bis(1-ethylglycosyl-6-propionate) tetramethyldisi-
loxane anda,(-ethylglucoside experienced a critical mass
loss at 184°C versus 164C for the PDMS diacid reactant
(see Tables 1 and 2 and Figure S-3 in Supporting Informa-

a Average DP of diacid siloxane x + 2.

three temperatures (218, 268, and 4Cj for the product
versus two temperatures (249 and 5&3 for the starting
PDMS diacid. Thely values of the product and reactant were
—111 and—34°C, respectively. During DSC heating cycles,
two melting endotherms with peaks at 20 and°Zbwere
observed in the product. Given the smahi; values of these
melting transitions, the region of order within the product is
either small or the molecular interactions are weak.

When the PDMS chain length was extended te 65 (n
= 3), the ethylglycosyl conjugate products showed a critical
mass loss at 264C versus 172C for the diacid reactant.
Comparatively, the weight loss occurred at three temperatures
(324, 397, and 529C) in the product versus two tempera-
tures (216 and 591C) in the starting material. Th&; of

_ both the product and the diacid disiloxane wefr&23 °C.
During the DSC heating cycles, a cold crystallizatidg; (

Table 1. TGA Analysis of Organosilicon Carbohydrates = —79 °C, 29 J/g) of the product showed two melting
product weight remaining in N endotherms with peaks at47 and—38 °C (30 J/g). Thus,
(avyDP®) °C__ 100 200 300 400 500 600 700 the thermal characteristics of PDMS sugar conjugates with

X = 65 are dominated by properties of the long PDMS chain.
x=0" % 98 92 49 5 1 1 2

x="7a % 98 94 65 32 4 2 1 .

x=65¢ % 100 99 95 87 71 4 1 Conclusion

a Av DP = the diacid siloxane average degree of polymerization+ Pure orgar.105|llcqﬁsugar conjugates were prepared na qne-
2. step reaction, without protectierdeprotection steps. This
simplification of an otherwise tedious reaction was a result
of the inherent regioselectivity of the lipase catalyst. The
tion). On the basis of the derivative curve, weight loss lipase-catalyzed reactions did not require activation of the
occurred at two temperatures (281 and 3€9 for the acid groups. In comparison to organic materials, the hydro-
product versus one temperature (223 for the reactant (see  phobic organosilicones were acceptable substrates. Given the
Figure S-2 in Supporting Information). THg values of the ability to perform a selective reaction and maintain the
product and the corresponding PDMS diacid we6 and integrity of the siloxane bonds with lipase, the ability to
—76 °C, respectively. Hence, more energy was required to synthesize structurally defined organosilicon carbohydrates
achieve molecular motion for the ester derivative. During with a diversified set of functional groups may be used to
the DSC heating cycles, the esterified product had a create new materials such as fibers, films, coatings, gels, and
crystalline phase with a peak melting temperatdrig) @nd surfactants with novel properties.

enthalpy of fusior_l AHy of 13 °C and 1'7_‘]/9’ respectively Acknowledgment. We are grateful to the Dow Corning
(see Figure S-5 in Supporting Information). In contrast, a Corporation (Midland, MI) for their financial support,

cold cr.ystallization {ee = —15 °C, 50.4 J/g) and two encouragement, and scientific collaboration during the course
crystalline phasesT{, = 30°C, 45 J/g;T,, = 46 °C, 8.6 J/g) of this work

were detected for the corresponding PDMS diacid reactant

(see Figure S-4 in Supporting Information). Supporting Information Available: Experimental details
A similar analysis for the« = 7 PDMS diacid showed a  and Figures S-15. This material is available free of charge

critical mass loss at 201C versus 197C for the PDMS  Via the Internet at http://pubs.acs.org.

diacid reactant. Comparatively, the weight loss occurred at OL050942E

3860 Org. Lett, Vol. 7, No. 18, 2005



