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Abstract: A practical synthesis of C-3,5-acyl furanose via
a base-catalyzed, highly selective intramolecular acyl migra-
tion in alcohol solvents is reported.

C-3,5- and C-2,3,5-protected furanoses are useful build-
ing blocks in carbohydrate chemistry.? These synthons,
including C-branched or nonbranched, have been widely
used in glycosylation? to prepare important biologically
active compounds such as saccharides, nucleosides, an-
tibiotics, etc. In conjunction with an antiviral nucleoside
drug development program, we became interested in
developing a general protocol for synthesis of C-3,5-acyl
C-2-substituted furanose derivatives. Protected furanoses
are often prepared by a series of protection/deprotection
operations on a suitable furanose or pyranose in order
to achieve selective protection on OH groups. Preparation
of C-3,5 acyl-protected furanoses in the literature is
limited by choices of protection and deprotection proto-
cols, which are often substrate specific.® In particular,
few methods have been reported for the preparation of
C-2-branched furanoses.*

We report here a practical preparation of C-3,5-acyl
furanoses via selective intramolecular 1,2 vs 1,3 acyl
migration in the presence of base. Intramolecular acyl
migration has been reported in carbohydrate chemistry;
however, it is often used as an efficient method for
selective protection of OH(s) for a specific substrate.> It
is also well-known the ratio of furanose vs pyranose can
be significantly affected by the strerochemistry of the
substrates if both the C-4 and C-5 OH'’s are not capped;®
however, we reasoned that preparation of furanose could
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still be achieved® via a selective intramolecular acyl
migration on open-chain substrates by achieving reaction
conditions in favor of pathway A over B or C. As shown
in Scheme 1, only the C-4 or C-5 OH in substrates Il and
111 is readily available to form furanose or pyranose while
the remaining OH’s are protected.” The 1,2 or 1,3 acyl
migration in the pathway A, B, or C could potentially
occur via five- and six-membered ring transition inter-
mediates Va/VVb or even bicyclic ortho ester intermedi-
ates IVa/lVVb as shown in Scheme 1.

Starting from the literature known diols 1,38 which
are easily prepared by several methods from inexpensive
commercially available starting materials, the precursors
4 for acyl migration studies can be quickly accessed via
a one-pot through process (Scheme 2).

Esterification of 1 with an acyl chloride in the presence
of 3 equiv of pyridine and 2.2 equiv of RCOCI in 7
volumes of MeCN at 60 °C gave a homogeneous reaction
with 99% selectivity of diester vs monoester and near full
conversion (>98% assay yield) within 10 h. Use of MeCN
allowed carrying out the three-step preparation in one
pot. Thus, direct addition of 3 equiv of aqueous 20%
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SCHEME 1. Expected Acyl Migration Pathways
Leading to Furanoses/Pyranoses?
b
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a Possible five- and six-membered ring or bicyclic ortho ester
intermediates for pathway C are not shown here for simplicity.

SCHEME 2.
Aldehydes?

Preparation of C-4,5-Diacyl

OR;
N
RCO_Z R2 !
3 4Ry =CHO
5R3=H
2,3,4,5 R R R,
a p-Me-CgHy OBn Me
b CGH5 OBn Me
[+ p-Cl-CeH4 OBn Me
d t-Bu OBn Me
e C6H5 OBn H
f CeHs H OBn
g p-Me-CgHy OBn n-Bu
h p-Me-CgHy OBn CH,=CH
i p-Me-CgH,4 OBn Ph

a Reagents and conditions: (a) RCOCI, Py, MeCN, 60 °C, 10 h;
(b) HCIO4, MeCN—H,0, 55 °C; (c) Hs10s, MeCN—H>0, 0 °C.

HCIQO, to the crude reaction mixture of 2 at 55 °C led to
about 95% conversion to 3. Periodic acid (1.2 equiv) was
charged at 0 °C to oxidatively cleave lactol 3 with full
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TABLE 1. Selected Screening Results for Acyl
Migration

OCHO Tolo 0. OH O ~OH
CHO
ToIO/\;/'>./,, /\qu . ] IO\( 10BN
=4 N “y, [o] B
Told M€ ©Bn TolO e OBN Toi6 M
4a 6a 7a

Tol = p-MeCgH4CO

conditions
(T (°C), conv

entry base solvents time (days)) (%) 6a/7a
1 EtN 10%H,0—MeOH 22,2 99 92:8
2  EtsN 10%H,0—MeOH 60,5h 97 90:10
3  EtsN MeOH 60,10 h 98 90:10
4  EtN EtOH 60, 2 97 946
5 EtsN i-PrOH 60, 2 52 946
6 EtsN n-ProH 60, 2 90 85:15
7 EtsN THF—H,0 60, 2 54 88:12
8 EtN THF 60, 2 4 6337
9 i-PrpNH  MeOH 0,1 99 964
10 i-PrpNH  MeOH-i-PrOAc 0,2 98 964
11  i-Pr,NH  MeOH 22,1 99 88:12
12 DMAP MeOH 22,2 80 937
13  imidazole MeOH 45,3 45 94:6
14 NaHCO; MeOH 45,2 97 88:12

conversion within 1 h. Then, the mixture was partitioned
between i-PrOAc and water. The organic phase was
washed with water, NaHCOj3, 5% sodium thiosulfate (to
remove color), and H,0. Partial deformylation (R; = H)
was observed for some substrates.®

Our studies on selective acyl migration were initially
focused on substrate 4a. A variety of solvents and bases
were examined to improve/optimize the selectivity. Table
1 illustrates selected results. Under certain conditions,
hydrolysis and methanolysis of toluoyl esters become
significant. Use of polar protic solvents such as MeOH
or water greatly accelerates the reaction rate. The
reaction rate decreases as MeOH is replaced with EtOH,
n-PrOH, and i-PrOH (entries 3—6). In the absence of
alcohol, solvent acyl migration suffers either low selectiv-
ity or low conversion (entries 7 and 8). Bases used to
catalyze acyl migration affect the selectivity dramatically.
i-Pr,NH is one of the best in terms of selectivity and yield.
Lower reaction temperature helps to improve the selec-
tivity (entries 9—11). Use of i-Pr,NH in 20% i-PrOAc/
MeOH or MeOH at 0 °C improves the selectivity to 96%
with >98% conversion (entry 9).1° Adding other solvents
such as i-PrOAc slows down the reaction rate (entry 10).
Acyl migration in EtsN/MeOH/H,0 or Et;N/EtOH was
found to work well, too. However, use of i-ProNH/i-PrOAc/
MeOH in the through process® avoids the need for a
complete solvent switch! from i-PrOAc to MeOH between
the oxidation and acyl migration steps and streamlines
the process for large-scale preparation.

(9) For example, about 10% of 5 was formed during the oxidation.
Although the aldehyde 4a can be isolated as a crystalline solid, the
deformylated product 5 (oil) would be lost leading to lower overall
yields. In practice, the crude oxidation product is used for through
process without loss of acyl migration selectivity and yield, because
acyl migration goes through the deformylated alcohol (Table 2, entry
1), which can be observed and isolated during acyl migration. Unless
otherwise mentioned, the results listed in Tables 1 and 2 were obtained
by using purified material to minimize possible peak overlap caused
by other byproducts with pyranose or furanose on HPLC.

(10) The ratio of furanose vs pyranose was almost unchanged during
the entire course of the acyl migration.



TABLE 2. Synthesis of Furanose via Selective Acyl
Migration

Entry Starting Material Products Conditions® Selectivity® Yield®
1
QH cHo TolO
Tolo/\g)g oy A,20h 964  90%¢
1ol 4 70Bn Toi0” K*0Bn
5
2 OCHO
t-BuCOO
t-BUCOO™NY CHO C,48h  92:8  83%¢

8ucoo ¢ 08Bn t BuCOO | “0Bn

4d
3

QCHO
94:6 70%¢< f
PhCOO/\é)\E/CHO F’hCOO"Q“’ B,30h Da“
PhCOO OBn phcod®  0Bn A,36h 31 52%°
4e 6e

4 QOCHO ,

84:16  65%

PhCOO/\(k(CHO Phcoo”*(_zV D, 36h 3
PhCOO  OBn A 96h 31 48%¢

PhCOO
4f

OCHO

ToIO/\/'YCHO

p-CIPhCOO  OBn
10

p- CIPhCOO

QCHO O
ToIO/YK(CHO Tolo § Z A, 4h  >99:1  70%¢
TolO OBn ToIO

12

oCHO
Tol0 CHO TmO"‘(_Y” A 36h 8911 T72%°
To|0nBuOBn oo™ _1"0Bn
QCHO

PhCOO CHO Phcoo‘(_rl A20h 937  85%°
PhCOO “oBn phcoo’  A70Bn

OCHO P _CIPhCOO A,5h 94:6 85%°

cmhcoo’\/S/

pC|phCOO pCIPhCOO “0Bn g ooh 955  ssuc

a1.5 equiv of i-Pr,NH was used for all reactions. Key: (A)
MeOH, 0 °C; (B) EtOH, 0 °C; (C) MeOH, 35 °C; (D) EtOH, 30 °C.
b Selectivity = furanose vs pyranose. The ratio is determined by
HPLC analysis (Zorbox RX-C8, 5 um particle size, 250 x 4.6 mm,
mobile phase: 10 mM pH 6.5 NaKHPO,—NaH;PO4s/MeCN, 35 °C).
¢ Yield of furanoses. 9 Isolated yield. ¢ Assay yields calculated by
HPLC using an external reference standard. f Four-step through-
process yield.

In a typical experiment, a solution of 4a or a crude
mixture of 4a and 5 (5 works equally well as 4 under
the same reaction conditions; Table 2, entry 1) in MeOH
or MeOH/i-PrOAc in the presence of 1.5—0.5 equiv of
i-Pr,NH is aged at 0—5 °C. The desired product can be
isolated by column chromatography in 82% overall yield
(four steps from 1a). The ratio of a,-lactols (by *H NMR)
usually changes after column chromatography. Although
a mixture of a,8-lactols 6a or 7a is obtained, both 6a and
7a can be unambiguously characterized by NMR tech-
niques. In addition, we further demonstrated that the

(11) MeCN was removed during the concentration of the organic
extracts, obtained from the oxidation cleavage step, to give a solution
of 4 and 5 in i-PrOAc, which can be directly used for acyl migration.
For detailed experimental procedures, see the Supporting Information.

TolO
D, 14h >98:2  79%%f
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crude acyl migration products could be directly hydro-
genated to give the crystalline diol 8 in five-step through
process. Thus, after workup and charcoal treatment, the
crude i-PrOAc reaction mixture of 6a and 7a (typical ratio
96:4) is subjected to hydrogenolysis, which has typically
been performed using 20 wt % of 10% Pd/C, 45 psi, 60
°C, 24 h. The product 8, in 66% isolated overall yield of
five-step through process, is directly crystallized from
20% i-PrOAc/heptane as white solid with excellent rejec-
tion of pyranose 9.

O. OOH
ToIO’\(—ZNOH L/\t‘ o
S ¢
8 9

Next, the scope of the selective acyl migration with
other substrates was explored. Selective migration of
aromatic or alkyl esters works well when alcoholysis/
hydrolysis of ester is minimized under reaction condi-
tions. For aromatic esters, having electron-withdrawing
or electron-donating substituents on aromatic rings does
not greatly influence the selectivity of acyl migration. For
example, high selectivity of acyl migration can be still
obtained by replacing the toluoyl ester group in 4a with
p-chlorobenzoyl or benzoyl esters (Table 1, entries 9 and
10; Table 2, entries 8 and 9). However, the acyl migration
reaction rate, as expected, does increase when an aro-
matic ester has an electron-withdrawing group and is
more labile under basic reaction conditions. For example,
6¢c was obtained in about 45% yield and 4:1 selectivity
due to methanolysis of the p-chlorbenzoyl group if 4c was
exposed to i-Pr,NH in MeOH for 20 h. However, 6c can
be obtained in 85% yield with 94:6 selectivity if the
reaction was quenched within 5 h. This methanolysis
issue could be easily overcome by replacing MeOH with
EtOH, while the selectivity remains almost unaffected.*?
Exposure of the product in EtOH/i-Pr,NH for days does
affect the yield and selectivity. Migration of bulky piv-
aloyl ester 4d® can also be achieved highly selectively
although the reaction needs to be carried out at 30—35
°C.

While intramolecular acyl migration works well with
C-2-branched substrates, our initial selectivity for pre-
paring C-2 nonbranched furanoses in MeOH are as low
as ~3:1 (Table 2, entries 3 and 4). By carefully monitoring
the reaction with HPLC and *H NMR, it was found that
lower selectivity is partially due to significant competition
reactions between migration vs hydrolysis/methanolysis
of benzoyl esters and cyclized lactols. Thus, treatment
of 4e with i-ProNH in EtOH at 0—5 °C for 30 h gave the
desired furanose in 94:6 selectivity and 82% yield.
Although no epimerization on C-2 was observed under
reaction conditions, the stereochemistry of C-2 in this
case does influence the reaction rate. Acyl migration of
4e is significantly faster than that of 4f at 0 °C. It almost
required a week to reach 95% conversion. However, 4f
is converted to furanose 6f at 30 °C within 1.5 days in
65% yield and 84:16 selectivity (vide infra).”0

(12) As we noticed in Table 1, acyl migration can also be carried
out in EtOH to achieve 94% selectivity for 4a.
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By taking advantage of the observed ester migration
rate differences on 4a—c, we could achieve higher
selectivity by installing different esters at C-5,6 on
substrates 1 to expand the scope of our methodology.
Actually, when 10% was subjected to typical acyl migra-
tion conditions, above 98:2 acyl migration selectivity was
achieved. 11 was isolated as a solid in 70% overall yield
over four steps.

To further probe the influence of stereochemistry on
acyl migration, 12, which is the C-4 epimer of 10 and 4f,
was prepared.t® Acyl migration of 12 vs 4e and 4f is much
faster. Exposure of 12 in i-Pr,NH/MeOH at 0 °C for 4 h
afforded the desired furanose 13 in 70% yield and >99:1
selectivity.'*

The variability of the substituents on C-2 was also
studied. High yield and selectivity can be achieved when

(13) 10 and 12 were prepared from its corresponding monoester by
following the same procedures used for making 4a—h. For detailed
experimental procedures, see the Supporting Information.

(14) Although the toluoyl ester migrates for 12 vs benzoyl ester for
4e and 4f, the following migration rate order was observed for other
substrates: toluoyl < benzoyl < p-chlorbenzoyl. Therefore, the observed
acyl migration rate order (12 > 4e > 4f) is conceivable. The detailed
migration mechanism is unclear;”1° however, the interesting observed
rate and selectivity differences between 4e, 4f, and 12 (4e and 4f are
C-2 epimers; 4f and 12 are C-4 epimers) seems to indicate that the
aldehyde group could possibly participate in formation of a key acyl
migration intermediate such as the bicyclic ortho ester intermediates
(Scheme 1). The conformational/stereochemical differences in the
bicyclic ortho esters intermediates 1Va/l Vb resulted from the substit-
uents at C-2 and C-4 of 4e, 4f and 12 are significant,” which could
contribute to the observed rate and selectivity differences. Similarly,
the differences of the stereogenic centers at C-2, C-3, and C-4 on the
five or six member ring intermediates Va/Vb (Scheme 1) would not be
expected to result in such a dramatic difference in terms of the reaction
rate.
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R; = OBn and R, = H or alkyl (such as Me and n-Bu) on
C-2. However, when 4h and 4i are subjected to typical
reaction conditions, retro-aldol reaction instead of acyl
migration via the corresponding deformylated alcohol
becomes the main reaction pathway when R, = vinyl or
phenyl.15

In conclusion, a practical method for preparation of
C-3,5 acyl furanoses via base catalyzed, highly selective
intramolecular acyl migration was demonstrated. In
addition, higher acyl migration selectivity could be
obtained by having different ester groups, whose migra-
tion rates can be differentiated, on substrates. However,
the substituents on C-2 do affect the reaction pathway.
In the cases of both vinyl and aryl substituents are
installed on C-2 position, retro-aldol reaction becomes a
major reaction pathway. By applying this methodology,
a variety of C-2,3,5 or C-3,5 selectively protected fura-
noses can be quickly accessed via a practical through
process in high selectivity and yield.
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(15) For example, 14 and 15 were obtained when 4h was treated
with 1.5 equiv of i-Pr,NH in MeOH at 0 °C for 10 h. Formation of 16,
observed by HPLC, was completed within 2 h. The stereochemistry of
15 was determined by NOE studies.





