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An improved and widely applicable chemo-enzymatic method for the synthesis of a serigs@f&ty!
glucuronidessa—f has been developed from the corresponding methyl acetyl deriv&arels which

were stereospecifically synthesized from cesium salts of carboxylic deidsand methyl 2,3,4-tr-
acetyl-1-bromo-1-deoxy-p-glucopyranuronate?j. Chemoselectivity of lipase AS Amano (LAS) in the
hydrolytic removal ofO-acetyl groups of3a—f to provide methyl esterda—f was influenced by the
nature of their 18-O-acyl groups; high selectivity was evident only f8b and 3f. Carboxylesterase
from Streptomyces rochglCSR), newly screened as an alternative to LAS, showed much greater
chemoselectivity toward th®-acetyl groups than LAS3a, 3d, and3ewere chemoselectively hydrolyzed
only by CSR. The combination of CSR with LAS yielded better results in the hydrolys3s ahd 3f

than did single usage of CSR. Final deprotection of the methyl ester grouts-6fto provide5a—f

was chemoselectively achieved by using lipase fil©@andida antarcticatype B (CAL-B) as well as
esterase from porcine liver (PLE), although CAL-B possessed higher chemoselectivity and catalytic
efficiency than did PLE. CSR also exhibited high chemoselectivity in the synthes8-naproxen 13-
O-acyl glucopyranoside7j from its 2,3,4,6-tetrd-acetyl derivatives.

Recent articles have reviewed bioactivation pathways for drug
) ~ metabolism to electrophilic metabolites, after covalent binding
In drug discovery and development and for drug safety, itis g target macromolecules (proteins and/or DNA), which has

important to understand drug metabolism and the underlying toxicological consequencés® These chemically reactive
mechanism of drug-induced toxicity, including pharmacological

actions, necrotic activity, immune-mediated response, idiosyn-
cratic reactions, and potential cancer-inducing propettiés.
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metabolites include B-O-acyl glucuronides, associated with
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CHART 2.
Study

o OO OO

Wide-Ranging Carboxylic Acids Used in This

range of structures (Chart 2), while focusing on the validation
and improvement of the synthetic method, especially for
chemoselectivity in the enzymatic hydrolytic deprotection of

many carboxylate drugs such as nonsteroidal anti-inflammatory methy! acetyl derivatives of B-O-acyl glucuronide8a—f and
drugs (NSAIDs). Because these acyl glucuronides are, in 4, ¢

general, electrophilic speci€3#1° covalent binding of acyl

glucuronides to tissue proteins is believed to cause hypersen-
sitivity and idiosyncratic reactions. Some acyl glucuronides have
been implicated in the adverse effects of some NSAIDs which

have been withdrawn from the market!%12although their
toxicological relevance is not well understood.

A previous studi? has reported a facile chemo-enzymatic
synthesis of 13-O-acyl glucuronides from commercially avail-
able methyl 2,3,4-tr@-acetyl-1-bromo-1-deoxy-b-glucopy-
ranuronate2 and three NSAIDs [diclofenac (DF), mefenamic
acid (MF), and §)-naproxen (NP)] as model carboxylate drugs
(Chart 1), which provides a useful synthetic method for
toxicological research on #-O-acyl glucuronides. Two char-

The enzymatic deprotection of these compounds has been
achieved by using newly screened enzymes, carboxylesterase
from Streptomyces rochgiCSR) and lipase fromCandida
antarctica type B (CAL-B), as well as LAS and PLE. In
addition, because of recent reports on a glucosidation pathway
for carboxylic acid drugd?—2*we applied this chemo-enzymatic
method for the synthesis of 3-O-acyl glucopyranoside deriva-
tive 7 of NP, starting from its peB®-acetylated compoun€,
as a model compound.

Results and Discussion

Synthesis of Methyl Acetyl Derivatives of 18-O-Acyl

acteristics of this method, among the synthetic methods reportedgycuronides 3a—f. Diverse carboxylic acidéa—f, having a

for 1-8-O-acyl glucuronided??*include stereospecific glucu-
ronidation with nearly exclusivegg-configuration and highly

wide range of size and numbers of methyl substituents at the
o-carbon of 4-biphenylyl carboxylic acid derivativeéd—f, were

chemoselective enzymatic removal of sugar ester-type protectioncpssen for validating the chemo-enzymatic synthetic strategy.

groups without affecting B-O-acyl functions by using lipase

The condensation ofa—f with methyl 2,3,4-triO-acetyl-1-

AS Amano (LAS) and porcine liver esterase (PLE) (Scheme bromo-1-deoxye-d-glucopyranuronate2j was performed by

1).

using a previously reported proced#t¢o provide the corre-

In the present study, we extended this synthetic chemo- gponding 18-O-acyl glucuronides3a—f in moderate yields,

enzymatic method using carboxylic acitia—f with a wide
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without production ofx-anomers (based dii NMR data). The
yields of 3a—f and their!H-chemical shifts and values for
anomeric protons are summarized in Table 1. Bheonfigu-
ration of 3a—f was confirmed byd values of 7.8-8.3 Hz?526
Compound3e, obtained from the racemic carboxylic acié,

was a 1:1 mixture of diastereoisomerf(:Beand (%)-3¢ based
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Chemo-Enzymatic Synthesis of3-Acyl Glucuronides

TABLE 1. Stereospecific Synthesis of Methyl Acetyl Derivatives of
1--O-Acyl Glucuronides 3a—f

CO,CH3
RCOMH + 2 =0, AT %o, &
DMSO

1a-1f 3a3f 7 O
yield Ci—H J
R—COH product (%) 0)P (Hz)
la 3a 50 6.25 8.1
1b 3b 67 6.24 7.8
1c 3c 55 6.28 7.8
1d 3d 58 6.04 8.2
le 3e 52 5.99 8.3
6.05 8.3
(2R-1le (2R-3e 44 5.99 8.3
(29-1e (29-3¢ 45 6.05 83
1f 3f 52 6.00 8.3

a|solated yields, as recrystallized form, base®@s the limiting reagent.
b Chemical shifts of the anomeric protons measured in DMigOCoupling
constants of the anomeric protons observed as doublets.

TABLE 2. Enzymatic Hydrolysis of 3a—f with LAS

CO:Me CO:Me
AcO HO Q
%mo R LAS MO\“/R
OAc T OH
3a-3f o 4a-4f o

concn time products and yields
substrate  (mM)2 (h)P (%0)°
3a 1.00 2.0 4a(17),1a(80), others(3)
3b 0.50" 6.0 4b (95),1b (3)
3c 0.40 4.5 4¢(57),1c(21), others (21)
3d 0.20 0.25  4d(3),1d (92), others (6)
3e 0.50¢ 15 4e(41),1e(35),3e(11), others (13)
3f 0.50 1.5 4f (14), 1f (nd), others (85)

anitial concentration of substrate in 20 mM sodium citrate buffer (pH
5.0) containing 20% (v/v) DMSQ Incubation time at 46C. ¢ Yields based
on HPLC analysis? The reaction mixture was a suspensid@thers=
partially O-deacetylated compoundsid = not detectable.

on comparison ofH NMR spectra. The methyl protons of the
2-O-acetyl group of (R)-3e assigned to a singlet peak at 1.52
ppm by the HMBC method (data not shown), are markedly
shifted ca. 0.4 ppm to higher field compared to that of tHg-2
3e isomer whose 2-acetyl methyl protons resonate at 1.91
ppm. This upfield shift may be due in part to the anisotropic
effect of the aromatic ring of @-3e

Chemoselective Enzymatic Removal oD-Acetyl Groups
of 3a—f. In a preceding papéf,enzyme screening revealed that
lipase AS Amano (LAS) showed high chemoselectivity toward
the O-acetyl groups of methyl acetyl derivatives of310-acyl

glucuronides of MF, DF, and NP. Therefore, the chemoselec-

tivity of LAS toward a new series of the substrates-f was

JOC Article

providing 1d (data not shown). The effect of cosolvents other
than DMSO on chemoselectivity towaBltl was investigated
with use of acetong;BuOH, CHCN, dioxane, DMF, diglyme,
MeOH, methyl cellosolve, methyl carbitol, and THF at a
concentration of 20% (v/v). Except for THF and methyl carbitol,
in which LAS was significantly inactivated, carboxylic add

was released in 30% yield or greater, indicating chemoselectivity
of LAS toward 3d was not improved by the nature of the
cosolvent. Compound3c and3e provided productgc and4e

in moderate yields (57% and 41%, respectively) but also released
carboxylic acidslc (21%) andle (35%), although in lower
yields than those fror8a and 3d. High chemoselectivity with
LAS was found only for3b and 3f. While 3b provided4b in

95% vyield after 6.0 h3f provided4f in only 14% yield after

1.5 h because of an accumulation of the corresponding partially
O-deacetylated intermediates (85%); however, the corresponding
carboxylic acidlf was not detected. These results indicate that
high chemoselectivity of LAS can be achieved, especially for
substrates that have rather bulky groups negt-Q-acyl
functions, such as the-phenylamino substituent (&b) and
o,a-dimethyl substituents (o3f).

Enzyme Screening for Chemoselective Hydrolysis of 3d
as a Model Substratelt is important to remove the protecting
groups of sugar moieties without affecting thei343-acyl
linkage. Therefore, enzymes were newly screened to achieve
the chemoselective deprotection @Facetyl groups of the
substrates other tha. Screening was performed with 0.1 mM
3d, as a model substrate, in 20 mM sodium citrate buffer (pH
5.0) containing 20% (v/v) DMSO at 40C for 2 h in the
presence of each enzyme at an amount of 10 mg/mL of
incubation mixture. Of 17 enzymes tested, a carboxylesterase
from Streptomyces roch¢ CSR) showed the highest chemose-
lectivity. Compound3d provided4d in 65% vyield along with
partially O-deacetylated intermediates (20%), unreac8ed
(10%), and the released carboxylic adid in only 4% vyield.
Equine liver acetone powder providdd (35%) as well add
(30%). Acylase Amano, lipase AP6, lipase AYS Amano, acylase
[, and lipase fronCandida cylindraceahowed higher catalytic
activity but lower chemoselectivity, resulting in the release of
1d in 60—95% vyields. Ten additional enzymes tested showed
much lower catalytic actitivity towar8d, leaving 66-90% of
3d unreacted.

CSR-Catalyzed Removal ofO-Acetyl Groups of 3a—f.
Newly screened CSR was examined for chemoselectivity and
catalytic efficiency towar@a—f. The catalytic efficiency of CSR
toward 3d was optimal at 5655 °C; the efficiency at 50C
was about 3-fold greater than that at 4Q; activity was
deactivated at 60C (Figure 1).

Therefore, incubation with CSR was performed at the optimal

temperature of 50C. Table 3 summarizes the results, obtained
in 20 mM sodium citrate buffer (pH 5.0) containing 20% (v/v)

first examined under the same conditions to verify the scope of DMSO as a cosolvent after addition of CSR at 10 mg/mL of

the chemoselectivity of LAS. Incubation was conducted in 20
mM sodium citrate buffer (pH 5.0) containing 20% (v/v) DMSO
as a cosolvent at 48C by the addition of 10 mg/mL LAS in

incubation mixture. Compounds, 3d, and3e which did not
yield good results with LAS, were chemoselectively hydrolyzed
to 4a, 4d, and4e respectively, using CSR. Compoufd, at

the incubation mixture. Results shown in Table 2 indicate that an initial amount of 1.0¢«mol/mL of the incubation mixture,

the chemoselectivity of LAS was influenced by the nature of
the substrate B-acyl groups.

Compounds8aand3d released the corresponding carboxylic
acidslaandldin 80% and 92% yields, respectively, indicating
much lower chemoselectivity of LAS toward bo8a and 3d.
Compound4d also was confirmed to be hydrolyzed by LAS,

was chemoselectively hydrolyzed to provida in 92% yield

after 4 h (run 1). When the amount 8awas increased to 2.00
umol/mL of incubation mixture for preparative scale (run 2),
the incubation mixture became a suspension. CSR-catalyzed
hydrolysis of the resultant suspension was prolonged for 9.0 h,
probably due in part to the dissolution@di being a rate-limiting

J. Org. ChemVol. 72, No. 25, 2007 9543
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. . CSR @), LAS (@), or both CSR and LAS€) in 20 mM sodium citrate
FIGURE 1. Effect of incubation temperature on CSR-catalyzed pyffer (pH 5.0) containing 20% (viv) DMSO at 4.

hydrolysis of 3d to 4d in 20 mM sodium citrate buffer (pH 5.0)
containing 20% (v/v) DMSO at pH 4.0 and 8& (A), at pH 4.5 and TABLE 4. Enzymatic Hydrolysis of 3a—f with Both CSR and LAS
55°C (@), at pH 5.0 and 40C (#), at pH 5.0 and 50C (a), at pH 0,Me O,Me

5.0 and 55°C (m), or at pH 5.0 and 60C (@).

A0 R CSR+LAS "o O_R
TABLE 3. Enzymatic Hydrolysis of 3a—f with CSR OAc OH T
COMe O,Me 3a-3f o 4a-4f o
AcO HO concn time roducts and yields
CSR p y
AM/O\"/R —== MO o o\n/R substrate run (mM)2  (h)° (%)°
OA
3a-3f = O 4a-4f 0 3c 1 040 2.0 4c(94),1c(4), other8(2)
, - 2 200 9.0 4c(93),1c(6)
concn time products and yields !
b (2R-3e 1 1.000 3.0 (R-4e(84), 2R-1le(11), others (5)
substrate  run (mM)2  (h) (%)° 3f 1 100 30 4f(98)
3 1 1.00 4.0 4a(92),1la(6 " . . . .
a 2 200 9.0 42 E823 12&2» a|nitial concentration of substrate in 20 mM sodium citrate buffer (pH
3b 1 0.50 40 4b (13)' 1b (1), 3b (84) 5.0) containing 20% (v/v) DMSQ Incubation time at 40C. ¢ Yields based
3¢ 1 0.40 20 4c(10)’1c (ndé) 3¢ (89), other§(2) on HPLC analysis? The reaction mixture was a suspensié@thers=
3d 1 0.80 45 4d (92)' 1d(7) ' ' partially O-deacetylated compounds.
2 1500 7.5 4d(86),1d(10)
3 1 0.20 3.0 4e(95),1le(2 . .
€ > o050 6.0 435963 12&; In contrast, the ortho-substituted compowig which was
(2R-3e 1 0.20 40 PR-4e(95), @R)-1e(3) chemoselectively hydrolyzed by LAS (Table 2), was minimally
2 1000 30 (2R-4e(89), RR-1le(11) hydrolyzed by CSR. Similarly, CSR-catalyzed hydrolysis of both
(29-3e % 2-88 32-(? 23-28(32), (23-18(? 3cand3f was very slow. For these cases, a considerable amount
3f 1 050 15 ff?l 4)e (1f ()n’d(i?%; (gé)) others (4) of substrates3b, 3c, and 3f remained unreacted; however,

il o of Sub 20 i ) buffer ( significant amounts of the corresponding carboxylic adids
anitial concentration of substrate in mM sodium citrate buffer (pH
5.0) containing 20% (v/v) DMSQ Incubation time at 56C. ¢ Yields based 1c andlf were not released. F8candaf, therefore, concurrent

on HPLC analysis? The reaction mixture was a suspensiénd = not use of CSR and LAS was examined next at°@ because
detectable Others= partially O-deacetylated compounds. LAS was deactivated at 5. Figure 2 shows the time course
of formation of4c from 3c through enzymatic hydrolysis with
step. The initial concentration of substraBa should be ~ CSR. LAS, or both CSR and LAS (each 10 mg/mL); catalytic
approximately 1.0 mM, near saturated concentration under the2Ctivity of CSR for hydrolysis oBc to 4c was lower than that
incubation conditions. Compoun@d and3e, at initial amounts ~ Of LAS. In the CSR-catalyzed reaction no significant accumula-
of 0.80 and 0.50umol/mL, respectively, also successfully —tON of the corresponding partiall@-deacetylated intermediates

underwent chemoselective hydrolysis to provitteand 4e in occurred, whert_aas these intermediates _ac_cur_nulated in the LA_S-
yields of 92% and 96%, respectively. BothRj23e and (- catalyzed reaction (data not shown).lThls |nd|cates that catalytic
3e also were chemoselectively hydrolyzed in high yields, activity of CSR toward the intermediates is much greater than
although (®)-3e was a better substrate thanRjZBe A that of LAS. Therefore, concurrent use of the enzymes

remarkable difference in the rates of CSR-catalyzed hydrolysis Synergistically accelerated the rate of formation 4sf and

of (2R)-3e and (5)-3e was observed when the reaction was 'esulted in 94% yieldri 2 h (Table 4, run 1).

started from a suspension at a concentration of Ar@@l/mL Similarly, 3f effectively providedf (98%) by concurrent use
(run 2 in each case). Similarly, starting from a suspension of of both enzymes (Table 4). Furthermore, concurrent usage of
3d at an initial amount of 1.5@mol/mL (run 2), the reaction CSR and LAS shortened the reaction time required for the
time again was prolonged for 7.5 h and the yield4adf was hydrolysis of (R)-3e (2R)-4ewas readily obtained in 84% yield
decreased to 86% with an increased production of carboxylic in only 3 h (Table 4).

acid 1d (10%). These results indicate that the initial concentra-  Productsia—f were isolated easily through EtOAc extraction
tion of the substrates should be near their saturated concentrafrom the incubation mixture or by passage through an XAD-4
tions. column, as reported previouslyThe structures odd (isolated

9544 J. Org. Chem.Vol. 72, No. 25, 2007
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TABLE 5. Enzymatic hydrolysis of 4a—f with PLE or CAL-B

OMe O2H
HO CAL-B or PLE 'S,
HO R HO R
VD o T
4a-4f 5a-5f
enzyme
(mg/mL of
incubation concn time products and yields
substrate  mixture) (mM)2  (h)° (%)°
4a CAL-B (2) 1.00 20 5a(87),1a(8)
4b CAL-B (1) 1.00 2.5 5b(98),1b (nd)
4c CAL-B (1) 1.00 9.0 5c(93),1c(nd)
4d PLE (0.4) 0.100 1.0 5d(68),1d (17),4d (15)
CAL-B(0.4) 0.100 0.25 5d(97)
CAL-B (1) 1.00 2.0 5d(99)
4e PLE (0.4) 0.100 1.5 5e(82),1e(nd),4e(15)
CAL-B(0.4) 0.100 05 5e(99)
CAL-B(0.4) 1.00  0.75 5e(99)
(2R-4e  CAL-B(0.4) 1.00 1.0  2R-5e(99)
(29-4e  CAL-B(0.4) 2.00 20 29-5e(99)
af CAL-B(0.8) 200 3.0 5f(97)

anitial concentration of substrate in 20 mM sodium citrate buffer (pH
5.0) containing 20% (v/v) DMSQ Incubation time at 40C. ¢ Yields based
on HPLC analysis? nd = not detectable.

by an XAD-4 column method) andie (isolated by the EtOAc
extraction method) were confirmed Biyl and3C NMR studies
(see the Experimental Sectiod NMR of 4e showed it to be
a 1:1 mixture of diastereocisomers ofR24e and (X5)-4e
Enzyme Screening for Chemoselective Hydrolysis of the
Methyl Ester of 4d as a Model Substrate.Chemoselective
hydrolysis of the methyl esters 4&—f was investigated. Porcine
liver esterase (PLE), an effective enzyme for the hydrolysis of
methyl esters of B-O-acyl glucuronide® of DF, MF, and NP,
was applied first to the hydrolysis of the methyl esteddf As
shown in Table 5, the produ&d was obtained in 68% yield
with concomitant formation of the corresponding carboxylic acid
1d (17%), indicating that chemoselectivity of PLE was influ-
enced by the structure of thegtO-acyl group. Lipases have
been used for the enzymatic removal of carboxylic methyl
esters’’ and the lipase fronCandida antarcticaype B (CAL-
B) has been utilized in the chemo-enzymatic synthesis @f 1-
O-acyl glucuronide?® Therefore, screening was performed by
using 0.1 mM3d as a model substrate, in 20 mM sodium citrate
buffer (pH 5.0) containing 20% (v/v) DMSO at £C for 1.5
h in the presence of 10 mg/mL of each enzyme. Of the 17

enzymes tested, CAL-B showed the highest chemoselectivity,

leading to the formation ofid in 97% vyield within 15 min.
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SCHEME 2. Chemo-Enzymatic Synthesis of)-Naproxen
(NP) 14-O-Acyl Glucopyranoside 6

AcO HO
AcO o Me HO o Me
AcO O. Enzyme HO O
—
Ohe o OO oo OO
OMe OMe
7

6

from CAL-B-catalyzed hydrolysis of @®-4e and (X%)-4e
respectively. No significant epimerization was observed for the
final products (R)-5e and (X)-5¢ based on HPLC analysis
and NMR spectra (see the Supporting Information).

Because these four enzymes are commercially available and
inexpensive, the overall reaction could be readily scaled up to
millimole amounts of starting material.

Chemo-Enzymatic Synthesis of 7 from lIts 2,3,4,6-Tetra-
O-acetyl Derivative 6. As shown in Scheme 2, the chemo-
enzymatic method was applied to the synthesisSph@proxen
1-5-O-acyl glucopyranosidé as the model compound.

In carbohydrate chemistry, many ester-hydrolytic enzymes
have been reported as catalysts for mainly regioselective
synthetic reaction® Recently, CAL-B was reported as a
biocatalyst for the chemoselective deacetylation of acylglu-
copyranoside® Therefore, CAL-B and PLE as well as LAS
and CSR were examined for activity in the chemoselective
deacetylation 06. LAS and PLE showed low chemoselectivity
under the optimum conditions used for abovementiongt 1-
O-acyl glucuronides, releasing a considerable amount of NP.
CAL-B was chemoselective foB, but showed low catalytic
activity. CSR-catalyzed deacetylation 6fin 20 mM MES-
NaOH buffer (pH 5.5) containing 20% (v/v) DMF at 3C for
40 h provided7 in 64% yield, along with mon@-acetates
(34%). Modification of the incubation conditions is needed for
a better result and is now in progress.

In conclusion, our chemo-enzymatic method was improved
for the synthesis of B-O-acyl glucuronides by using CSR and
CAL-B as well as LAS and PLE as catalysts. This efficient
method is applicable to a wide range of carboxylic acids,
providing 15-O-acyl glucuronides with complefe selectivity
and in good yields. Differences in chemoselectivity and substrate
specificity between CSR and LAS are currently under investiga-
tion.

Experimental Section

Materials. Optically active 2-(4-biphenylyl)propionic acids,Rp
2e and (X)-2e, with optical purities being 98.2% and 99.2%

Acylase Amano and acylase | showed the worst chemoselec-(reported by HPLC method), respectively, were kindly gifted from

tivity for our purpose, resulting in the releaseIof in almost
guantitative yield. The other 14 enzymes were either low in
chemoselectivity or showed almost no catalytic activity toward
4d. Table 5 summarizes the results of hydrolytic cleavage of
4a—f with CAL-B or PLE.

PLE showed high chemoselectivity towartb and 4f,
although the catalytic activity was lower than that of CAL-B
(data not shown). CAL-B-catalyzed hydrolysis 4 provided
a 1:1 mixture of (R)-5eand (Z)-5¢, which were readily isolated
by preparative-HPLC with a {fg column (see the Experimental

Nagase ChemteX Corporation (Osaka, Japan) and were used without
further purification. Racemic 2-(4-biphenylyl)propionic ac&)3!
methyl 2,3,4-triO-acetyl-1-bromo-1-deoxy-bp-glucopyranuronate
(2),%2and 2, 3, 4, 6-tetr®-acetyl-1-bromo-1-deoxyg-b-glucopy-

(29) (a) Kadeleit, D.; Reents, R.; Jeyaraj, D. A.; WaldmannEhizyme
catalysis in organic synthesi®rauz, K., Waldmann, H., Eds.; Willey-
VCH, Weinheim, Germany, 2002; Vol. I, pp 1333417. (b) Kadereit,
D.; Waldmann, H.Chem. Re. 2001, 101, 3367-3396. (c) Bornscheuer,
U. T.; Kazlauskas, R. JHydrolases in organic synthesisVilley-VCH,
Weinheim, Germany, 1999; pp 13172. (d) Ferrero, M.; Gotor, \Chem.
Rev. 200Q 100 4319-4347. (e) Bashir, N. B.; Phythian, S. J.; Reason, A.

Section); the retention times of these compounds isolated wereJ.; Roberts, S. MJ. Chem. Sog.Perkin Trans. 11995 2203-2222. (f)

identical with those of compoundsRR5eand (5)-5e obtained

(27) Barbayianni, E.; Fotakopoulou, I.; Schmidt, M.; Constantinou-
Kokotou, V.; Bornscheuer, U. T.; Kokotos, @. Org. Chem 2005 70,
8730-8733.

(28) Akin, A.; Curran, T. T.Synth. CommurR005 35, 1649-1661.

Drueckhammer, D. G.; Hennen, W. J.; Pederson, R. L.; Barbas, C. F., llI;
Gautheron, C. M.; Krach, T.; Wong, C.-tBynthesisl991, 499-525.

(30) Schramm, S.; Dettner, K.; Unverzagt, Tetrahedron Lett2006
47, 7741-7743.

(31) Fujii, K.; Nakao, K.; Yamauchi, TSynthesis1982 456-457.

(32) Bollenback, G. N.; Long, J. W.; Benjamin, D. G.; Lindquist, J. A.
J. Am. Chem. Sod 955 77, 3310-3315.
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ranosé® were synthesized according to the reported procedures.

Amberlite XAD-4 was used after grinding (8@200 mesh). The

Baba and Yoshioka

196 (base peak}H NMR (400 MHz, DMSO¢g) 6 9.14 (s, 1H),
7.80 (dd, 1HJ = 1.5 and 7.8 Hz), 7.45 (dt, 1H,= 2.0 and 8.8

17 commercially available enzymes, used in the screening for their Hz), 7.37 (t, 2H,J = 8.3 Hz), 7.27 (d, 2HJ = 7.3 Hz), 7.19 (d,

chemoselective hydrolytic activities, were as follows. Liver acetone

1H,J = 8.3 Hz), 7.12 (t, 1H,]) = 7.3 Hz), 6.82 (t, 1HJ = 7.3

powder from equine, lipase from porcine pancreas, acylase | (from Hz), 6.24 (d, 1HJ = 7.8 Hz), 5.63 (t, 1H,) = 9.8 Hz), 5.22 (dd,
Aspergillussp.), pectin esterase from orange peel (PE), acylase 1H,J = 7.8 and 9.3 Hz), 5.11 (1H, § = 9.3 Hz), 4.77 (d, 1H)

Amano (from Aspergillus sp.), lipase CAL-B (fromCandida
Antarcticatype B), lipase M Amano 10 (frorMucor javanicus,
lipase MML (fromMucor miehej, lipase fromPhycomyces nitens
lipase AK Amano (fromPseudomonas fluorescengcipase AYS
Amano (from Candida rugosp CSR (carboxylesterase from
Streptomyces rochetrude), lipase AP6 (fronAspergillus nigey,
lipase PS Amano (fronBurkholderia cepacip lipase R Amano
(from Penicillium roquefort), newlase (fronRhizopus nieug, and
lipase (fromCandida cylindracep All other chemicals used were
analytical grade commercial products.

HPLC Analysis. Enzymatic reactions were analyzed with a
Shimadzu HPLC system, equipped with a column of Symmetry
Cig (5 um, 4.6 x 150 mn?, Waters). Mobile phases used were
aqueous CECN (except for3aand4awith MeOH) containing 50
mM ammonium acetate (pH 4.5) and 10 mM tetrutylammo-
nium bromide, as reported previough.

Synthesis of 2-(4-Biphenylyl)-2-methylpropionic Acid (1f).A
solution of1d (1.25 g, 5.9 mmol) in MeOH (10 mL) was refluxed
in the presence of a catalytic amount of TsSOH (50 mg)ifdn to
provide the corresponding methyl ester in 96% isolated yield, which
was treated with NaH (60%, 0.64 g, 16 mmol) in THF (18 mL)
followed by the dropwise addition of GH(0.83 mL, 13.3 mmol)
and then the mixture was stirred for overnight. After concentration

= 9.5 Hz), 3.61 (s, 3H), 2.012 (s, 3H), 2.008 (s, 3H), 1.995 (s,
3H); 33C NMR (100 MHz, DMSO€) 6 169.4, 169.3, 169.2, 167.0,
165.2,147.9,139.8, 135.7,131.3, 129.5, 123.8, 122.3, 117.7, 114.1,
109.6, 91.0, 71.4, 70.4, 69.5, 68.8, 52.6, 20.30, 20.26, 20.20.

Methyl 2,3,4-tri- O-acetyl-1{-0O-(4-phenyl)benzoylp-glucopy-
ranuronate (3c): mp 211-212 °C (white needles from EtOH).
Found: C, 60.79; H, 5.06; £H26011 requires C, 60.70; H, 5.09.
m/z (El) 514 (M'), 317, 257, 181 (base peakl NMR (400 MHz,
DMSO-dg) ¢ 8.00 (d, 2H,J = 8.8 Hz), 7.88 (d, 2HJ = 8.8 Hz),
7.76 (d, 2H,J = 7.3 Hz), 7.51 (t, 2H) = 7.3 Hz), 7.44 (t, 1H,
= 7.3 Hz), 6.28 (d, 1HJ = 7.8 Hz), 5.62 (t, 1HJ) = 9.3 Hz), 5.21
(dd, 1H,J = 7.8 and 9.3 Hz), 5.11 (1H, 1 = 9.3 Hz), 4.79 (d,
1H,J= 9.8 Hz), 3.62 (s, 3H), 2.01 (s, 6H), 1.98 (s, 3HC NMR
(100 MHz, DMSOsdg) 6 169.4, 169.3, 169.2, 167.0, 163.6, 145.7,
138.5, 130.2, 129.1, 128.6, 127.2, 127.0, 126.7, 91.4, 71.4, 70.4,
69.7, 68.8, 52.6, 20.3, 20.24, 20.21.

Methyl 2,3,4-tri- O-acetyl-13-O-(4-phenyl)phenylacetylp-glu-
copyranuronate (3d): mp 149-151 °C (white needles from
EtOAc/Hexane). Found: C, 61.04; H, 5.35;78,40,; requires C,
61.36; H, 5.34m/z (El) 528 (M"), 468, 317, 257, 194, 167 (base
peak);*H NMR (400 MHz, DMSO¢k) 6 7.66-7.60 (m, 4H), 7.48
7.43 (m, 1H), 7.387.31 (m, 4H), 6.04 (d, 1H) = 8.2 Hz), 5.49
(t, 1H,J = 9.6 Hz), 5.05-4.94 (m, 2H), 4.68 (d, 1H] = 9.9 Hz),

in vacuo, the residue was worked up with water and then the miture 3.79 (s, 2H), 3.63 (s, 3H), 1.98 (s, 3H), 1.95 (s, 3H), 1.84 (s, 3H);

was extracted with EtOAc (2 25 mL) to give the corresponding

13C NMR (100 MHz, DMSO#dg) ¢ 169.41, 169.38, 169.25, 168.8,

dimethylated ester in 83% isolated yield. The ester was refluxed 166.9, 139.7, 139.0, 132.6, 129.9, 128.9, 127.4, 126.7, 126.6, 90.8,

in MeOH (15 mL) add 2 M NaOH (20 mL) for 3 h. After
concentration in vacyd M HCI (15 mL) was added to the residue
and the mixture was extracted with EtOAc € 25 mL). The
combined organic layer was dried over 8@, and then concen-
trated to providelf (1.13 g) in 80% overall yield fronid: mp
175-176°C (a white solid from benzene/hexane) tfitmp 175~
177°C); *H NMR (400 MHz, CDC}) 6 7.58-7.55 (m, 4H), 7.48
(d, 2H,J = 8.3 Hz), 7.42 (t, 2HJ = 7.8 Hz), 7.36-7.31 (m, 1H),
1.64 (s, 6H);**C NMR (100 MHz, CDC}) ¢ 183.0, 142.8, 140.7,
139.9, 128.8, 127.3, 127.2, 127.1, 126.3, 46.1, 26.3.

General Procedure for the Synthesis of Methyl 2,3,4-Tri©-
acetyl-1$-O-acyl-p-glucopyranuronates (3a-f). These com-
pounds were readily synthesized witi2 h atroom temperature

71.4,70.8, 69.7, 68.8, 52.6, 20.24, 20.17, 20.1.The methlene carbon
of 3d was overlapping with the solvent peaks of DM$I§-

Methyl 2,3,4-tri- O-acetyl-1-O-(2-(4-biphenylyl))propionyl-
D-glucopyranuronate (3e) (mixture of diastereoisomers):mp
118-122°C (white needles from EtOH). Found: C, 61.92; H, 5.57;
CogH3¢011 requires C, 62.03; H, 5.58vz (El) 542 (M"), 482, 317,
257, 181 (base peaki¥d NMR (400 MHz, DMSO¢s) (mixture of
diastereoisomers) 7.65-7.60 (m, 4H), 7.45 (t, 2H) = 7.8 Hz),
7.37-7.30 (m, 3H), 6.05 (d, 0.5H} = 8.3 Hz), 5.99 (d, 0.5H] =
8.3 Hz), 5.51 (t, 0.5HJ) = 9.8 Hz), 5.44 (t, 0.5HJ) = 9.8 Hz),
5.00 (t, 0.5H,J = 9.8 Hz), 4.99 (dd, 0.5H) = 7.8 and 9.3 Hz),
4.97 (t, 0.5H,J = 9.8 Hz), 4.87 (dd, 0.5H) = 8.3 and 9.8 Hz),
4.67 (d, 1HJ = 9.8 Hz), 3.95-3.88 (m, 1H), 3.63 (s, 1.5H), 3.61

by the reaction of cesium salts of the corresponding carboxylic acids (s, 1.5H), 1.97 (s, 1.5H), 1.97 (s, 1.5H), 1.96 (s, 1.5H), 1.93 (s,

(1a—f) with commercially available methyl 2,3,4-t@-acetyl-1-
bromo-1-deoxya-pD-glucopyranuronate2( 0.9 equiv) in DMSO as
reported previousl¥? Analytical and spectral data of the products
are as follows.

Methyl 2,3,4-tri- O-acetyl-13-O-benzoylb-glucopyranuronate
(3a): mp 141-143 °C (white needles from EtOH). Found: C,
54.80; H, 5.08; GoH»,04; requires C, 54.80; H, 5.06wz (El) 438
(M1), 378, 317, 228, 186, 157, 106, 77 (base pedk)NMR (400
MHz, DMSO-dg) 6 7.93 (dd, 2H,J = 1.2 and 8.3 Hz), 7.72 (tt,
1H,J= 1.2 and 7.3 Hz), 7.57 (t, 2H, = 7.3 Hz), 6.25 (d, 1H)
=8.1Hz),5.60 (t, 1HJ = 9.3 Hz), 5.19 (dd, 1H}=8.1and 9.3
Hz), 5.10 (1H, tJ = 9.3 Hz), 4.77 (d, 1H]) = 9.5 Hz), 3.61 (s,
3H), 2.01 (s, 6H), 1.97 (s, 3H}3C NMR (100 MHz, DMSOelg)

1H), 1.90 (s, 1.5H), 1.52 (s, 1.5H), 1.42 (d, 1.5H= 6.8 Hz),

1.40 (d, 1.5H,J = 6.8 Hz); 13C NMR (100 MHz, DMSO€s)

172.0, 171.9, 169.4, 169.3, 169.2, 168.9, 168.3, 166.8, 139.67,

139.65, 139.18, 139.14, 138.9, 138.4, 128.93, 128.90, 128.1, 127.8,

127.4,127.0, 126.9, 126.6, 126.5, 91.0, 90.8, 71.4, 70.7, 69.7, 69.4,

68.8, 52.60, 52.57, 43.93, 43.7, 20.3, 20.19, 20.15, 19.6, 18.0, 17.7.
Methyl  2,3,4-tri- O-acetyl-1-O-{ (2R)-2-(4-biphenylyl)} -

propionyl-p-glucopyranuronate ((2R)-3e): mp 90-92 °C (white

needles from EtOH). Found: C, 61.89; H, 5.5633,0;1 requires

C, 62.03; H, 5.58m/z (El) 542 (M"), 482, 317, 257, 181 (base

peak);*H NMR (400 MHz, DMSO¢g) 6 7.63-7.60 (m, 4H), 7.45

(t, 2H,J = 7.7 Hz), 7.3%7.30 (m, 3H), 5.99 (d, 1H]) = 8.3 Hz),

5.44 (t, 1H,J = 9.5 Hz), 4.98 (t, 1HJ = 9.8 Hz), 4.87 (dd, 1H,

0 169.4, 169.2, 169.1, 166.9, 163.7, 134.4, 129.5, 129.0, 127.9,J = 8.3 and 9.5 Hz), 4.67 (d, 1H,= 10.0 Hz), 3.92 (g, 1H) =

91.3, 71.4, 70.4, 69.7, 68.7, 52.5, 20.3, 20.2.

Methyl 2,3,4-tri- O-acetyl-143-O-(2-phenylamino)benzoylp-
glucopyranuronate (3b): mp 154-155.5°C (pale yellow needles
from EtOH). Found: C, 59.04; H, 5.08; N, 2.57,¢88,;0:;:N
requires C, 58.98; H, 5.14; N, 2.68Vz (El) 529 (M"), 469, 213,

(33) Lemieux, R. UMethods Carbohydr. Chem963 2, 221—222.
(34) Cromwell, N. H.; Hess, P. Hl. Am. Chem. S0d 961, 83, 1237
1240.
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7.1 Hz), 3.63 (s, 3H), 1.97 (s, 3H), 1.90 (s, 3H), 1.52 (s, 3H), 1.40
(d, 3H,J = 7.1 Hz); 13C NMR (100 MHz, DMSOdg) ¢ 172.0,
169.3, 169.2, 168.3, 166.8, 139.6, 139.1, 138.8, 128.9, 127.8, 127.4,
127.0, 126.5, 90.8, 71.4, 70.7, 69.4, 68.8, 52.6, 43.7, 20.2, 20.1,
19.6, 17.6.

Methyl  2,3,4-tri- O-acetyl-13-O-{ (25)-2-(4-biphenylyl)} -
propionyl- b-glucopyranuronate ((25)-3e): mp 152-154°C (white
needles from EtOH). Found: C, 62.03; H, 5.5933,011 requires
C, 62.03; H, 5.58m/z (El) 542 (M"), 482, 317, 257, 181 (base
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peak);'H NMR (400 MHz, DMSO¢g) 6 7.65-7.60 (m, 4H), 7.47 3.91-3.87 (m, 2H), 3.66 (s, 1.5 H), 3.62 (s, 1.5H), 3-:3827 (m,
7.43 (m, 2H), 7.37#7.34 (m, 3H), 6.05 (d, 1H]) = 8.3 Hz), 5.50 2H), 3.18-3.15 (m, 1H), 1.45 (d, 1.5H = 6.6 Hz), 1.43 (d, 1.5H,
(t, 1H,J=9.5Hz), 5.01 (t, 1HJ = 9.8 Hz), 4.99 (dd, 1H) = 8.3 J=6.9 Hz);"3C NMR (100 MHz, DMSOsl) 6 172.7, 172.6, 168.9,
and 9.5 Hz), 4.67 (d, 1H] = 9.8 Hz), 3.91 (q, 1HJ = 7.1 Hz), 168.8, 139.8, 139.2, 139.0, 138.9, 128.9, 128.1, 127.4, 126.9, 126.8,
3.61 (s, 3H), 1.97 (s, 3H), 1.96 (s, 3H), 1.93 (s, 3H), 1.43 (d, 3H, 126.60, 126.57, 94.5 75.9, 75.5, 75.3, 72.1, 72.0, 71.2, 52.0, 51.9,
J=7.1Hz);**C NMR (100 MHz, DMSO¢ls) 6 171.8, 169.3, 169.2,  44.0, 18.7, 18.5m/z (El, positive) [M]" 416.1490 (error 2.0 mmu).
168.9, 166.7, 139.7, 139.2, 138.4, 128.9, 128.0, 127.4, 126.8, 126.6,C»,H,405 requiresm/z 416.1470.
91.0, 71.4, 70.8, 69.7, 68.8, 52.5, 43.9, 20.2, 20.1, 18.0. Consecutive Enzymatic Hydrolysis for the Synthesis of B-
Methyl 2,3,4-tri- O-acetyl-1-O-{ 2-(4-biphenylyl)-2-methyl} - O-Acyl-p-glucopyranuronates (5a-f): 1-3-O-Benzoylb-glu-
propionyl-b-glucopyranuronate (3f): mp 165-166.5°C (white copyranuronate (5a).To a solution of3a (39.8 mg, 93.3«mol)
needles from EtOH). Found: C, 62.37; H, 5.831d5,01; requires in DMSO (9.1 mL) was added a solution of CSR (456 mg; 10 mg/
C, 62.62; H, 5.80m/z (El) 556 (M"), 496, 257, 195 (base peak); mL of incubation mixture) in 25 mM sodium citrate buffer (pH
1H NMR (400 MHz, DMSO¢g) 0 7.65-7.61 (m, 4H), 7.46 (t, 2H, 5.0) (37 mL) then the solution was stirredrf® h at 50°C. The
J = 7.3 Hz), 7.3%#7.34 (m, 3H), 6.00 (d, 1H} = 8.3 Hz), 5.48 initial concentration oBa was 2.00 mM and the conversion yield
(dd, 1H,J = 9.3 and 9.6 Hz), 4.98 (t, 1Hl = 9.3 Hz), 4.91 (dd, to 4awas 82% by HPLC analysis. The yield was increased to 92%
1H,J = 8.3 and 9.3 Hz), 4.67 (d, 1H,= 9.8 Hz), 3.63 (s, 3H), for 4 h of incubation, when starting at the initial concentration of
1.97 (s, 3H), 1.93 (s, 3H), 1.74 (s, 3HEC NMR (100 MHz, 3aof 1.00 mM. The productta was extracted with EtOAc (X
DMSO-ds)  173.9, 169.3, 169.2, 168.6, 166.8, 142.4, 139.5, 138.8, 60 mL) in a recovery yield of 98%. After removal of the organic
128.9, 127.4,126.7, 126.5, 126.0, 91.1, 71.4, 70.7, 69.4, 68.8 52.6,s0lvent in vacuo, the residue was taken up into DMSO (7.4 mL)
45.8, 25.9, 25.4, 20.2, 20.1, 19.9. and then a solution of CALB (148 mg; 2 mg/mL of incubation
Screening of Enzymes for Chemoselective Hydrolysis of the  mixture) in 25 mM sodium citrate buffer (pH 5.0) (67 mL) was
Model Substrates 3d and 4dEach incubation was carried out at added and the resulting solution was stirredZd at 40°C. The
the initial concentration of 0.1 mM fd&d and4d in 25 mM sodium conversion yield tdbawas 87% by HPLC analysis. The isolation
citrate buffer (pH 5.0) containing 20% (v/v) DMSO as a cosolvent of 5a was performed by passing through a XAD-4 column (5 g,
at 40°C. Each enzyme of the commercially available 17 enzymes 1.6 x 10 cn?) as described above. The incubation mixture was
was added to the incubation mixture at the final amount of 10 mg/ acidified to pH around 2.5 by the additiofi ® M HCI and then
mL of incubation mixture, regardless of their solubilities in the the solution was loaded onto the column, which was then washed
incubation mixture. For enzyme assays, an aliquot of the incubation with water (80 mL) followed by elution with 20% (v/v) aqueous
mixture was appropriately diluted with an HPLC carrier and then CHsCN. The fractions containinBawere pooled and concentrated
analyzed by the abovementioned reversed-phase HPLC. Thein vacuo to givebain recovery yield of 93%:*H NMR (400 MHz,
concentration of CkCN in the mobile phase was 55% (v/v) and MeOH-ds) 6 8.11-8.08 (m, 2H), 7.63 (tt, 1HJ = 1.2 and 7.6

35% (v/v) for 3d and4d, respectively. Hz), 7.5%7.47 (m, 2H), 5.75 (d, 1H] = 7.8 Hz), 3.96 (d, 1HJ
General Procedure for the Enzymatic Hydrolysis of Sub- = 9.3 Hz), 3.67-3.50 (M, 3H);**C NMR (100 MHz, MeOHeél) 6
strates 3d and 3e to 4d and 4e: Methyl 13-O-(4-phenyl)- 172.6, 166.6, 134.8, 131.0, 130.6, 129.6, 96.1, 77.6, 77.2, 73.7,

phenylacetyl-o-glucopyranuronate (4d).To a solution of3d (20.7 73.0;m/z (SIMS, positive) [M+ H]* 299.0782 (error 1.6 mmu).
mg, 39.2umol) in DMSO (10 mL) was added a solution of CSR  CiaH150g requiresnmvz 299.0766.

(500 mg; 10 mg/ mL of incubation mixture) in 25 mM sodium 1-5-O-(2-Phenylamino)benzoyle-glucopyranuronate (5b).To
citrate buffer (pH 5.0) (40 mL) then the solution was stirred for a solution of3b (53.0 mg, 10«mol) in DMSO (20 mL) was added
4.5 h at 50°C. The conversion yield tdd was 92% by HPLC a solution of LAS (1.00 g; 10 mg/mL of incubation mixture) in 25
analysis and the amount of the liberated atitlwas 7%. The mM sodium citrate buffer (pH 5.0) (80 mL) then the solution was
product4d was isolated by passing through a short XAD-4 column stirred fa 6 h at 40°C. The conversion yield tdb was 92% by
(1.5 g, 1.6 x 3 cm?), which had been washed thoroughly with HPLC analysis. The produdb was almost quantitatively extracted
acetone and then equilibrated with water. After the incubation with EtOAc (3 x 60 mL). After removal of the organic solvent in
mixture was loaded onto the column, the column was washed with vacuo, the residue was taken up into DMSO (5 mL) and then a
water (30 mL) and then 20% (v/v) aqueous 4CH (30 mL). The solution of CALB (35 mg; 1 mg/mL of incubation mixture) in 25
product4d was eluted with 75% (v/v) aqueous @EN (30 mL) mM sodium citrate buffer (pH 5.0) (30 mL) was added and the
with a recovery yield of 98% (by HPLC analysig)d: 'H NMR resulting solution was stirred for 2.5 h at 4Q. The conversion
(400 MHz, MeOHéd,) 6 7.61—7.55 (m, 4H), 7.43-7.29 (m, 5H), yield to 5b was 98% by HPLC analysis. After acidification of the
5.52 (d, 1H,J = 7.8 Hz), 3.95 (t, 1H,J = 9.5 Hz), 3.79 (s, 2H), incubation mixture wih 1 M HCI to pH around 2.55b was
3.75 (s, 3H), 3.54 (t, 1HJ = 9.3 Hz), 3.473.38 (m, 2H);1*C extracted quantitatively with EtOAc (R 35 mL). The isolation of
NMR (100 MHz, MeOHsd,) 6 172.0, 170.8, 142.1, 141.4, 134.0, 5bwas performed by passing through a XAD-4 column (2.5 g, 1.0
131.1, 129.8, 128.3, 128.1, 127.9, 95.9, 77.33, 77.28, 73.6, 72.9,x 12 cn¥) as described above. After removal of the organic solvent
52.9, 41.1;m/z (SIMS, positive) [M+ Na]t 425.1225 (error 1.4 in vacuo, the residue was taken up into water (8 mL) and then the

mmu). GiH2,NOgNa requiresnwz 425.1211. solution was loaded onto the column, which was then washed with
Methyl 1-5-O-(2-(4-Biphenylyl))propionyl-p-glucopyranur- water (20 mL)and 30% C}CN (20 mL) followed by elution with
onate (4e) (Mixtures of Diastereoisomers)To a solution of3e 50% (v/v) aqueous CICN. The fractions containingb were

(27.1 mg, 50.umol) in DMSO (20 mL) was added a solution of ~ pooled and concentrated in vacuo to gblein recovery yield of
CSR (1.00 g; 10 mg/ mL of incubation mixture) in 25 mM sodium  98%: 'H NMR (400 MHz, MeOHd,) 6 8.07 (dd, 1HJ = 1.7 and
citrate buffer (pH 5.0) (80 mL) then the solution was stirred for 6 8.1 Hz), 7.36-7.32 (m, 3H), 7.247.19 (m, 3H), 7.09 (dt, 1H)

h at 50°C. The conversion yield tdewas 96% by HPLC analysis. =~ = 1.7 and 7.3 Hz), 6.75 (t, 1H,= 8.1 Hz), 5.77 (d, 1H) = 7.6
The incubation mixture was successfully extracted with EtOAc (2 Hz), 3.99 (d, 1H,J = 9.5 Hz), 3.64-3.51 (m, 3H);**C NMR (100

x 100 mL) and the combined organic layer was dried oves-Na MHz, MeOH-ds) 6 172.2, 168.1, 149.8, 141.8, 135.9, 133.1, 130.5,
SQ,. After removal of the solvent in vacuo, the residue was purified 125.0, 123.7, 118.2, 114.9, 112.0, 95.7, 77.6, 77.2, 73.7, %20,
by recrystallization from CECN. 4e *H NMR (400 MHz, DMSO- (SIMS, positive) [M+ H]* 390.1139 (error~0.6 mmu). GgHao-

ds) (mixture of diastereoisomers)7.65-7.60 (m, 4H), 7.477.33 NOg requiresm/z 390.1187.

(m, 5H), 5.47 (d, 0.5H) = 5.4 Hz, OH), 5.45 (d, 0.5H) = 8.3 1-5-O-(4-Phenyl)benzoylp-glucopyranuronate (5c).To a solu-
Hz), 5.44 (d, 0.5HJ = 8.1 Hz), 5.40 (d, 0.5H) = 5.6 Hz, OH), tion of 3c (41.2 mg, 80.Qumol) in DMSO (8 mL) was added a
5.39 (d, 0.5HJ = 5.6 Hz, OH), 5.33 (d, 0.5H) = 5.6 Hz, OH), solution of LAS (400 mg; 10 mg/mL of incubation mixture) and
5.27 (d, 0.5HJ = 5.1 Hz, OH), 5.25 (d, 0.5H]) = 5.4 Hz, OH), CSR (400 mg, 10 mg/mL of incubation mixture) in 25 mM sodium
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citrate buffer (pH 5.0) (32 mL) then the solution was stirred for 9
h at 40°C. The conversion yield tdcwas 93% by HPLC analysis.
The productdc was quantitatively extracted with EtOAc (2 50
mL). After removal of the organic solvent in vacuo, the residue
was taken up into DMSO (15 mL) and then a solution of CALB
(76 mg; 1 mg/mL of incubation mixture) in 25 mM sodium citrate
buffer (pH 5.0) (61 mL) was added and the resulting solution was
stirred fa 9 h at 40°C. The conversion yield t&c was 93% by
HPLC analysis. After acidification of the incubation mixture with
1 M HClI to pH around 2.5, the solution was loaded onto a XAD-4
column (5 g, 1.6x 10 cn¥) as described above. The column was
washed with water (100 mL) and 30% @EN (50 mL) followed
by elution with 50% (v/v) aqueous GBN. The fractions containing
5c were pooled and concentrated in vacuo to dgiean recovery
yield of 98%: *H NMR (400 MHz, MeOHd,) ¢ 8.17 (d, 2HJ =
8.8 Hz), 7.76 (d, 2HJ = 8.8 Hz), 7.68 (d, 2HJ = 8.8 Hz), 7.47
(d, 2H,J = 7.4 Hz), 7.4+7.37 (m, 1H), 5.77 (d, 1H] = 7.8 Hz),
3.98 (d, 1HJ = 9.5 Hz), 3.63-3.51 (m, 3H);:3C NMR (100 MHz,
MeOH-d,) 6 172.4,166.4, 147.7, 141.1, 131.6, 130.1, 129.4, 129.3,
128.3,128.1, 96.1, 77.6, 77.3, 73.8, 730z (SIMS, positive) [M
-+ H]* 375.1093 (error 1.4 mmu).gH:¢0g requiresm'z 375.1079.
1-8-O-(4-Phenyl)phenylacetylp-glucopyranuronate (5d).To
a solution of3d (45.4 mg, 85.9umol) in DMSO (12 mL) was added
a solution of CSR (570 mg, 10 mg/mL of incubation mixture) in
25 mM sodium citrate buffer (pH 5.0) (45 mL) then the solution
was stirred for 7.5 h at 50C. The conversion yield tdd was
86% and the ratio of liberateld was 10% by HPLC analysis.
The productd was quantitatively extracted with EtOAc 2 50
mL). After removal of the organic solvent in vacuo, the residue
was taken up into DMSO (15 mL) and then a solution of CALB
(59 mg; 0.8 mg/mL of incubation mixture) in 25 mM sodium citrate
buffer (pH 5.0) (59 mL) was added and the resulting solution was
stirred fa 2 h at 40°C to provide quantitativelyod by HPLC
analysis. After acidification of the incubation mixture with 1 M
HCI to pH around 2.5, the solution was loaded onto a XAD-4
column (5 g, 1.6x 10 cn?) as described above. The column was
washed with water (100 mL) and 20% @EN (100 mL) followed
by elution with 45% (v/v) aqueous GBN. The fractions containing
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and both the compounds were fully separated to provide sufficiently
pure compounds @-5e and (X5)-5e

1-3-0O-{(2R)-2-(4-Biphenylyl)} propionyl- p-glucopyranur-
onate ((R)-5e).To a solution of 2R)-3e (40.0 mg, 73.7umol) in
DMSO (15 mL) was added a solution of CSR (740 mg; 10 mg/mL
of incubation mixture) in 25 mM sodium citrate buffer (pH 5.0)
(59 mL) then the solution was stirred for 30 h at 0. The
conversion yield to (R)-4e was 89% by HPLC analysis. The
product (R)-4ewas quantitatively extracted with EtOAc (2 75
mL). After removal of the organic solvent in vacuo, the residue
was taken up into DMSO (12.5 mL) and then a solution of CALB
(26 mg; 0.4 mg/mL of incubation mixture) in 25 mM sodium citrate
buffer (pH 5.0) (53 mL) was added and the resulting solution was
stirred fa 1 h at 40°C to provide quantitatively the productRRe
5eby HPLC analysis. After acidification of the incubation mixture
with 1 M HCI to pH around 2.5, (R)-5e was quantitatively
extracted with EtOAc (2x 50 mL).H NMR (400 MHz, MeOH-
dg) 6 7.54-7.49 (m, 4H), 7.3%7.33 (m, 4H), 7.2#7.23 (m, 1H),
5.46 (d, 1H,J = 7.8 Hz), 3.85 (d, 1HJ = 9.5 Hz), 3.83 (d, 1H,
J = 7.3 Hz), 3.48 (t, 1HJ = 8.8 Hz), 3.36 (t, 1HJ = 9.0 Hz),
3.30 (dd, 1H,J = 8.3 and 9.0 Hz), 1.48 (d, 3H,= 7.3 Hz);13C
NMR (100 MHz, MeOHd,) 6 174.8, 172.1, 142.0, 141.4, 140.5,
129.8,129.2,128.3,128.2,127.9, 95.8, 77.6, 77.2, 73.6, 72.9, 46.2,
19.1;m/z (SIMS, positive) [M+ H]* 403.1394 (error 0.2 mmu).
C,1H230g requiresm/z 403.1392.

1-3-0-{(29-2-(4-Biphenylyl)} propionyl- b-glucopyranur-
onate (()-5e).To a solution of (&)-3e (40.0 mg, 73.7umol) in
DMSO (15 mL) was added a solution of CSR (740 mg; 10 mg/mL
of incubation mixture) in 25 mM sodium citrate buffer (pH 5.0)
(59 mL) then the solution was stirredrf@ h at 50°C. The
conversion yield to (8)-4e was 98% by HPLC analysis. The
product (R)-4e was quantitatively extracted with EtOAc (2 75
mL). After removal of the organic solvent in vacuo, the residue
was taken up into DMSO (7.2 mL) and then a solution of CALB
(14.4 mg; 0.4 mg/mL of incubation mixture) in 25 mM sodium
citrate buffer (pH 5.0) (29 mL) was added and the resulting solution
was stirred for 3.5 h at 40C to provide quantitatively the product
(29-5e by HPLC analysis. After acidification of the incubation

5d were pooled and concentrated in vacuo to provide quantitatively mixture with 1 M HCI to pH around 2.5, @-5ewas quantitatively

5d: 'H NMR (400 MHz, MeOHd,) 6 7.59-7.57 (m, 2H), 7.56-
7.54 (m, 2H), 7.40 (t, 2H) = 7.3 Hz), 7.37 (d, 2HJ = 8.3 Hz),
7.30 (tt, 1H,J = 1.2 and 7.3 Hz), 5.55 (d, 1H,= 7.8 Hz), 3.91
(d, 1H,J = 9.8 Hz), 3.79 (s, 2H), 3.55 (t, 1H,= 9.0 Hz), 3.47
(t, 1H,J=9.0 Hz), 3.43 (t, 1HJ = 9.0 Hz);3C NMR (100 MHz,
MeOH-d,) 6 172.13, 172.06, 142.1, 141.3, 134.0, 131.1, 129.8,
128.3,128.0, 127.9, 95.8, 77.5, 77.2, 73.6, 72.9, 4WD{SIMS,
positive) [M + H]* 389.1262 (error 2.7 mmu).4H,10g requires
m/z 389.1235.
1-5-O-(2-(4-Biphenylyl))propionyl-b-glucopyranuronate (5e)
(Mixture of Diastereoisomers).To a solution of3e(27.1 mg, 50.0
umol) in DMSO (20 mL) was added a solution of CSR (1.00 g, 10
mg/mL of incubation mixture) in 25 mM sodium citrate buffer (pH
5.0) (80 mL) then the solution was stirred for 6.0 h at&Dto
provide 4e (96%) by HPLC analysis. The producte was
quantitatively extracted with EtOAc (2 100 mL). After removal
of the organic solvent in vacuo, the residue was taken up into
DMSO (10 mL) and then a solution of CAL-B (19 mg; 0.4 mg/
mL of incubation mixture) in 25 mM sodium citrate buffer (pH
5.0) (38 mL) was added and the resulting solution was stirred for
45 min at 40°C to provide5e (99%) by HPLC analysis. After
acidification of the incubation mixture witl M HCI to pH around
2.5,5ewas quantitatively extracted with EtOAc 250 mL). After

extracted with EtOAc (2x 50 mL).H NMR (400 MHz, MeOH-

dg) 6 7.53-7.47 (m, 4H), 7.357.29 (m, 4H), 7.257.21 (m, 1H),
5.45 (d, 1H,J = 7.8 Hz), 3.82 (d, 1HJ = 7.1 Hz), 3.80 (d, 1H,

J = 8.8 Hz), 3.43 (t, 1HJ = 8.8 Hz), 3.37 (t, 1HJ = 8.8 Hz),
3.30 (t, 1H,J = 8.3 Hz), 1.45 (d, 3HJ = 7.1 Hz);13C NMR (100
MHz, MeOH-d,) 0 174.7,172.2, 142.1, 141.4, 140.6, 129.8, 129.2,
128.3, 128.2, 127.9, 95.8, 77.5, 77.3, 73.6, 72.9, 46.2, 182,
(SIMS, positive) [M+ H]* 403.1367 (error-2.5 mmu). G;H»30s
requiresm/z 403.1392.

1-5-O-{ 2-(4-Biphenylyl)-2-methyl} propionyl- b-glucopyranu-
ronate (5f). To a solution of3f (40.0 mg, 71.umol) in DMSO
(14 mL) was added a solution of CSR (720 mg; 10 mg/mL of
incubation mixture) and LAS (720 mg; 10 mg/mL of incubation
mixture) in 25 mM sodium citrate buffer (pH 5.0) (58 mL) then
the solution was stirred fa3 h at 40°C. The conversion yield to
4f was 95% by HPLC analysis. The prodddtwas quantitatively
extracted with EtOAc (2« 70 mL). After removal of the organic
solvent in vacuo, the residue was taken up into DMSO (7 mL) and
then a solution of CALB (29 mg; 0.8 mg/mL of incubation mixture)
in 25 mM sodium citrate buffer (pH 5.0) (29 mL) was added and
the resulting solution was stirred f& h at 40°C to provide
quantitatively 5f by HPLC analysis. After acidification of the
incubation mixture wih 1 M HCI to pH around 2.5, @-5e was

removal of the organic solvent in vacuo, the residue was loaded quantitatively extracted with EtOAc (2 35 mL).H NMR (400

onto a semipreparative column of Symmetnryg @ um, 19 x 150
mm?, Waters) to isolate the diastereocisomem)¢3e and (X)-5¢
with the HPLC mobile phase being 30% (v/v) @EN containing
10 mM ammonium acetate (pH 4.5) and 1 mM tetrbutylam-
monium bromide at a flow rate of 3 mL/min with detection at 260
nm. The retention time of &-5ewas shorter than that of }-5e
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MHz, MeOH-d,) 6 7.60-7.54 (m, 4H), 7.46:7.38 (m, 4H), 7.32

7.28 (m, 1H), 5.54 (d, 1H] = 8.1 Hz), 3.90 (d, 1HJ = 9.8 Hz),
3.52 (t, 1H,J = 9.0 Hz), 3.43 (t, 1H,] = 9.0 Hz), 3.34 (t, 1H,)
=8.1Hz), 1.64 (s, 3H), 1.61 (s, 3HC NMR (100 MHz, MeOH-

d) 6 176.9, 172.1, 144.7, 142.0, 140.9, 129.8, 128.3, 127.91,
127.86, 127.5, 96.0, 77.7, 77.3, 73.5, 72.9, 47.8, 27.2, 26/8;
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(SIMS, positive) [M+ H]* 417.1522 (error-2.5 mmu). GoHz50s EtOAc (3 x 40 mL) in recovery yield of 96%. After removal of

requiresm/z 417.1547. the organic solvent in vacuo, the residue was loaded onto a XAD-4
2,3,4,6-TetraO-acetylp-1-3-O-(6-methoxy-a-methyl-2-naph- column (1 g, 1.0x 8 cn®) as described above. The column was
thaleneacetyl)- glucopyranoside (6)To a solution of §-naproxen washed with water (20 mL) and then eluted with 30% (v/v) aqueous

(247 mg, 1.07 mmol) in MeOH (2 mL) was added an aqueous 3 CH3;CN. The fractions containing were pooled and concentrated

M Cs,CO; solution (178uL, 1.07 mmol) then the solution was  in vacuo to provide quantitatively: *H NMR (400 MHz, MeOH-
stirred for 5 min. After removal of the solvent in vacuo, the residue d,) 6 7.64-7.59 (m, 3H), 7.31 (dd, 1H] = 2.0 and 8.5 Hz), 7.10
was dissolved in DMSO (2.5 mL) and then 2,3,4,6-t&acetyl- (d, 1H,J = 2.4 Hz), 7.01 (dd, 1HJ) = 2.4 and 9.0 Hz), 5.41 (d,
1-bromo-1-deoxya-D-glucopyranose (352 mg, 0.8 equiv) was 1H,J= 8.1 Hz), 3.85 (1H, gJ = 7.1 Hz), 3.80 (s, 3H), 3.64 (dd,
added then the resulting solution was stirred foh at room 1H,J = 2.0 and 12.2 Hz), 3.51 (dd, 1H,= 4.4 and 12.2 Hz),
temperature and HPLC assay showed the reaction was complete3.33-3.20 (m, 4H), 1.47 (d, 3H] = 7.1 Hz);13C NMR (100 MHz,

The reaction mixture was diluted with EtOAc (50 mL) and the MeOH-d,) 6 175.1, 159.2, 136.6, 135.3, 130.4, 130.2, 128.3, 127.3,
organic layer was washed with water (30 mL) and then aqueous 127.2, 119.9, 106.6, 96.1, 78.9, 78.1, 74.0, 70.9, 62.2, 55.7, 46.5,

2% NaCO;s solution (2x 30 mL). After being dried over N&O;, 19.2;m/z (SIMS, positive) [M+ H]* 393.1543 (error-0.4 mmu).
the organic solvent was removed in vacuo to give a crude product, C,0H2s0g requiresnvz 393.1547.
which was purified by recrystallization. Yield 51%; mp 18182°C Assay of Purity of 18-O-Acyl Glucuronides 5a—f and 1-3-

(white needles from EtOH). Found: C, 60.05; H, 5.803H3;01» O-Acyl Glucopyranoside 7.Compound$a—f and7 were treated
requires C, 60.03; H, 5.76vz (El) 560 (M), 331, 272, 185 (base  wijth 0.1 M NaOH at 37°C for 15 min to complete the hydrolysis
peak);'H NMR (400 MHz, DMSO¢s) 6 7.78 (d, 2H,J = 8.8 of the ester linkage and the amounts of the corresponding carboxylic
Hz), 7.70 (d, 1HJ = 1.7 Hz), 7.36 (dd, 1H) = 1.7 and 8.8 Hz),  acidsla—f and NP formed were determined by HPLC. In addition,
7.30 (d, 1HJ = 2.4 Hz), 7.16 (dd, 1H) = 2.4 and 8.8 Hz), 6.00  the same amounts of the glucuronides-f and7 were incubated

(d, 1H,J = 8.3 Hz), 5.43 (t, 1H) = 9.5 Hz), 4.94 (t, 1H) = 9.5 with 8-glucuronidase (from bovine liver) antglucosidase (from
Hz), 4.93 (dd, 1HJ = 8.3 and 9.8 Hz), 4.21 (ddd, 1H,= 2.2, almond), respectively, in 100 mM AcOH/NaOH buffer (pH 5.0) at
4.6, and 12.2 Hz), 4.15 (dd, 1H,= 4.6 and 12.2 Hz), 4.063.94 37 °C for 30 min and the amounts of liberated carboxylic acids
(m, 1H), 3.97 (q, 1HJ = 7.1 Hz), 3.86 (s, 3H), 1.97 (s, 3H), 1.96  were also determined as described previo&lpurities of the

(s, 3H), 1.93 (s, 3H), 1.87 (s, 3H), 1.47 (d, 3H= 7.1 Hz);13C glucuronidessa—f and 7 as 18-O-acyl glucuronides and #-O-
NMR (100 MHz, DMSO#g) 6 172.1, 169.9, 169.4, 169.1, 168.9, acyl glucopyranoside, respectively, were calculated from the
157.3,134.4,133.4,129.1, 128.3, 127.0, 126.2, 125.9, 118.8, 105.7 amounts of the corresponding carboxylic acids formed under both
91.2,71.6,71.4,70.0,67.6,61.3,55.2, 44.2, 20.4, 20.3, 20.2, 20.1,sets of conditions. The calculated purities (%) of these compounds
18.1. were 99.8+ 1.1 for5a, 98.3+ 0.2 for5b, 99.9+ 0.9 for5¢, 96.6

1-4-O-(6-Methoxy-o-methyl-2-naphthaleneacetyl)e-glucopy- + 0.5 for5d, 94.2+ 1.3 for (2R)-5¢ 96.1+ 1.8 for (2-5¢ 98.2
ranoside (7) To a solution of6 (20.2 mg, 36.«mol) in DMF (9 + 0.4 for5f, and 97.44 1.2 for 7.

mL) was added a solution of CSR (360 mg; 10 mg/mL of incubation
mixture) in 25 mM sodium citrate buffer (pH 5.0) (27 mL) then
the solution was stirred for 40 h at 8C. The conversion yield to

7 was 64% by HPLC analysis. Other products were the corre-
sponding mondd-acetates (total 34%). After adding NaCl to
saturate the reaction mixture, compoufidwvas extracted with JO701547B

Supporting Information Available: H and!3C NMR spectra
of compounds3a—f, 4d, 4e 5a—f, 6, and 7. This material is
available free of charge via the Internet at http://pubs.acs.org.
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