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Abstract: D-Desosamine is synthesized in 4 steps from methyl
vinyl ketone and sodium nitrite. The key step in this
chromatography-free synthesis is the coupling of (R)-4-nitro-
2-butanol and glyoxal (trimeric form) mediated by cesium
carbonate, which affords in crystalline form 3-nitro-3,4,6-
trideoxy-a-D-glucose, a nitro sugar stereochemically homolo-
gous to D-desosamine. This strategy has enabled the syntheses
of an array of analogous 3-nitro sugars. In each case the 3-nitro
sugars are obtained in pure form by crystallization.

D -Desosamine (1) and its 4-hydroxylated counterpart D-
mycaminose (2) are 3-amino sugars that are constituents of
the macrolide antibiotics erythromycin and tylosin, respec-
tively (Scheme 1).[' X-ray crystallographic studies reveal that
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Scheme 1. Structures of erythromycin, tylosin, desosamine (1) and
mycaminose (2).

both sugars make extensive contacts within the 23S subunit of
bacterial ribosomal RNA, and thus it is thought that they play
key roles in antibiotic activity.’! This idea is supported by
antimicrobial testing data of macrolides lacking these resi-
dues, which reveal them to be inactive. Since the structure of
desosamine was determined in 1962, a number of syntheses
of this substance have been reported,* including three
stereospecific approaches to the naturally occurring enantio-
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mer, D-desosamine.** In 1964 Richardson reported a syn-
thesis of D-desosamine from methyl 3-acetamido-4,6-O-
benzylidene-3-deoxy-a-D-glucopyranoside that proceeded in
8 steps and 1.6 % yield.* Davidson and McDonald reported
an 11-step synthesis of D-desosamine-1,2-diacetate in 2004
that featured a tungsten-catalyzed alkynol cycloisomeriza-
tion. This route employed (R)-3-tert-butyldimethylsiloxy-
butanal as starting material and proceeded in 13% overall
yield.* Most recently, Velvadapu and Andrade published
a S5-step route to D-desosamine employing methyl o-D-
glucopyranoside as starting material that proceeded in 16 %
overall yield.*! Desosamine can also be obtained from
erythromycin by acidic hydrolysis,"! a process that we have
found to be somewhat laborious.

As part of an ongoing program to develop a practical and
scalable route to novel macrolide antibiotics, we required
a simple and efficient method to prepare p-desosamine and
its analogs on 10-g scale, with potential for further scaling.
Existing routes to D-desosamine were considered to be
nonideal as a consequence of their lengths or reliance upon
a number of chromatographic purifications. Here we describe
a four-step route to highly enantiomerically enriched D-
desosamine (1) from methyl vinyl ketone that is suitable for
large-scale synthesis and requires no chromatography. Stra-
tegically, the amino sugar scaffold is assembled from (R)-4-
nitro-2-butanol and glyoxal (trimeric form) in a single-step
process that forms three stereogenic centers, one of them the
stereomerically labile anomeric center.

The optimized 4-step sequence to D-desosamine (1) is
shown in Scheme 2, and begins with the transformation of
methyl vinyl ketone to 4-nitro-2-butanone (3). Miyakoshi
et al. have reported that conjugate addition of sodium nitrite
to methyl vinyl ketone in a mixed solvent of acetic acid and
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Scheme 2. Synthesis of p-desosamine (1).1"
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THF provides 4-nitro-2-butanone (3) in 82% yield.”) When
we employed this method to prepare 3 we did successfully
obtain the desired product, but it was contaminated with 4-
acetoxy-2-butanone as a by-product (ca. 4:1 ratio, respec-
tively) and the mixture proved challenging to separate. We
found that this problem was obviated by substituting pyridi-
nium trifluoroacetate for acetic acid. Thus, in one larger-scale
experiment, solid pyridinium trifluoroacetate (173 g,
898 mmol, 1.10 equiv) was added portionwise over 10 min to
a stirred heterogeneous mixture of methyl vinyl ketone
(68.1 mL, 816 mmol, 1equiv) and sodium nitrite (61.9 g,
898 mmol, 1.10 equiv) in THF (408 mL) at 0°C. Upon
completion of addition, the mixture was allowed to warm to
23°C over 1 h. After 17 h, a second portion of sodium nitrite
(11.3 g, 164 mmol, 0.200 equiv) and pyridinium trifluoroace-
tate (31.5 g, 164 mmol, 0.200 equiv) was added at 23°C and
the mixture was further stirred for 3 h. 4-Nitro-2-butanone (3)
was obtained in a high state of purity in 78 % yield (74.2 g)
after extractive isolation (ether-hydrochloric acid) and filtra-
tion of the crude product through a pad of silica gel (see
Supporting Information for details). While it has been
reported that 3 can be purified by distillation, we do not
recommend this, as we have observed that more often than
not attempted distillation leads to decomposition (browning)
with bumping, perhaps due to retro-Michael addition to form
nitrous acid and methyl vinyl ketone. Because 3 is formed in
a high state of purity by our modified method, we find that no
further purification is necessary. Enantioselective reduction
of 3 was achieved by slow addition over 1 h of a solution of the
“crude” ketone 3 (46.0g, 393 mmol, 1equiv) in THF
(100 mL) to a stirred mixture of a solution of the Corey—
Bakshi-Shibata oxazaborolidine catalyst 4! in toluene (1.0m,
79 mL, 79 mmol, 20 mol % ), a solution of borane-tetrahydro-
furan complex in THF (1.0Mm, 275 mL, 275 mmol, 0.70 equiv),
and THF (982 mL) at —10°C. Dilution of the reaction mixture
with 2N hydrochloric acid, extraction of the product with
ethyl acetate, concentration of the product extract and
distillation of the residue (1.5 mmHg, 85°C) afforded the
secondary alcohol 5 in 75% yield (35.1g) and 87% ee
(Mosher ester analysis).”! We find that the use of a substoi-
chiometric amount of borane and slow addition of the ketone
are key factors to achieve reproducibly high enantioselectiv-
ities. The amino alcohol ligand (S)-1,1-diphenylprolinol was
readily recovered by neutralization of the acidic aqueous
layer with solid sodium hydroxide, extraction with dichloro-
methane, concentration of the extracts, and recrystallization
of the residue from hot heptane (16.9 g, 84 % recovery, m.p.
72-74°C). The recovered ligand can be used to regenerate the
catalyst 4 in one step, as reported by Corey et al.l®l (see
Supporting Information for details).

In the key step of the sequence, an aqueous solution of
cesium carbonate (5.0M, 2.52 mL, 12.6 mmol, 0.050 equiv)
was added to a stirred heterogeneous mixture of glyoxal
trimer dihydrate (24.8 g, 118 mmol, 1.41 equiv of monomeric
glyoxal), nitro alcohol 5 (30.0 g, 252 mmol, 1 equiv) and 1:1 -
butanol:dichloromethane (50.4 mL) at 0°C. The a-D nitro
sugar 6 precipitated from the reaction mixture over the course
of 17 h at 23°C. The precipitate was not isolated at this stage;
instead, 6N aqueous hydrochloric acid (6.0 mL) and ether
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(100 mL) were added to the suspension. Further stirring for
24 h at 23°C led to additional precipitation of product 6,
presumably due to acid-catalyzed conversion of the soluble {3-
anomer in the mother liquor to the less soluble a-anomer.
Filtration of the reaction suspension through a sintered glass
funnel (medium porosity) afforded the first crop of 6 in pure
form as a white powder (20.1 g, 45%, m.p. 178-180°C). A
second crop of 6 was obtained by extracting the filtrate with
ethyl acetate, concentration of the extracts, and trituration of
the residue with ether (22g, 5%, m.p. 178-180°C, see
Supporting Information for details). Chiral HPLC analysis
established that both crops of the product were of > 97 % ee,
which is substantially higher than the ee of the starting nitro
alcohol 5. Although further purification of 6 is unnecessary, if
desired, it can be recrystallized from hot n-butanol (75%
recovery, m.p. 185-187°C). X-ray crystallographic analysis of
crystals obtained from n-butanol confirmed that the stereo-
chemistry of the nitro sugar was fully homologous with D-
desosamine and further revealed that the anomeric config-
uration was o (‘HNMR analysis of a solution of 6 in
deuterated methanol showed it to exist as a 15:1 mixture of a-
and B-anomers, respectively). The cyclization reaction can
also be performed with 40 wt % aqueous glyoxal solution
(1.05 equiv) and sodium carbonate (5 mol % ) in 3:1 dichloro-
methane:water, but proceeds in lower yield (41 %, entry 2,
Table 1). Completion of the synthesis was achieved in one
final operation wherein nitro reduction and reductive amina-
tion were conducted sequentially. Thus, a suspension of 6
(15.0 g, 85.0 mmol, 1equiv) and palladium hydroxide on
carbon (20 wt %, 6.0 g) in 9:1 methanol:acetic acid (420 mL)
was stirred under H, (1 atm) at 23°C. Aqueous formaldehyde
(37 wt %, 15.8 mL, 2.50 equiv) was added after 7-8 h, when
TLC analysis indicated that full consumption of nitro sugar 6
had occurred, and the mixture was stirred under hydrogen for
an additional 12 h. Filtration of the reaction suspension
through Celite, concentration of the filtrate and neutraliza-
tion of the ammonium acetate salt with Amberlyst A26 resin
afforded p-desosamine (1) as a yellow oil in 94% yield
(13.9 g,94 % yield, 1:1.6 a.:). The yield of the 4-step sequence
from methyl vinyl ketone is 27.5%.

A remarkable feature of our synthesis of desosamine is
the efficient and operationally simple cyclization reaction that
provides the crystalline nitro sugar 6. This key cyclization
certainly involves both a Henry reaction and hemiacetaliza-
tion, though the ordering of these events is not known. We
surmise that the nitroalcohol 5 and glyoxal first form
a diastereomeric mixture of open-chain hemiacetals, which
then undergo an intramolecular Henry reaction to give the
product (as an a-anomeric mixture), but we have no direct
evidence to support this. "H NMR analysis of the reaction
solution reveals that other minor diastereomers are present in
the mother liquor, but the desired product 6 is formed
preferentially and precipitates selectively from the reaction
mixture. Presumably the C—C bond-forming (Henry) reaction
is reversible under the reaction conditions, allowing for
equilibration of diastereomers in solution; when the concen-
tration of diastereomer 6 reaches saturation, this isomer
precipitates, driving the production of the desired diastereo-
mer (6). Although the yield (50%) may be regarded as
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Table 1: Synthesis of 3-nitro sugars by condensation of y-nitro alcohols Bz,0 N(CHa),
and glyoxal. HSO\ZE&(;I—EJZ . B?ngHs
entry ~y-nitro alcohol 3-nitro sugar X-ray structure!’9 EtsN, DMAP
desosamine (1) 72% 7
op=1:16 B =1:2
OH NO,
1 p—|30/'\/\No2 HOFEZCHs m N
OH { h— BF3*OEt,
520l 6 (50%) =N 95%
OH NO, 2 N(CHs), 2 N(CHz),
2 B i HOFEQCH3 A\\Er N MOZ5 ch, N, B0 cn,
. N Cr
slocl 6 (41%) _N _N
9 8
i s B only
s HSCKE;\NOZ Hoﬁﬁa%H Scheme 3. Synthesis of thioglycoside 8.
130 14 (41%)
obtained as an orange foam (16.2 g, 72%, o:f=1:2). Addi-
. HO\/OQ/\NOZ HOFE&Z\OH tion of bpron trifluoride ethyl etherate. (8.87 mL, 70.0 mmol,
OH 220 equiv) to a heterogeneous mixture of 7 (122¢g,
1519 16 (43%) 31.8 mmol, 1equiv), 2-mercaptopyrimidine  (4.64 g,
35.0 mmol, 1.10 equiv), dry Celite (12.2 g) and 1,2-dichloro-
on “ ethane (159 mL) at .23 °C wi.th stirring of the mixture 'flt 60°C
S HO\/'\:/\NOZ HOFEf\OgH for 24 h afforded thioglycoside 8 (11.2 g, 95 %, exclusively 3)
OH OH after purification by column chromatography. We found that
171 18 (43%) inclusion of dry Celite was essential to achieving reproducibly
high yields. When the reaction was performed in the absence
[a] Reactic?n conditions: y-nitroalcohol .(1 equiv), glyoxal trimer . of Celite, gum-like precipitates formed as the reaction
(1.41 equiv of monomeric glyoxal), cesium carbonate (0.05 equiv). . .. .. ..
[b] The ee of this starting material was 87 %,; all other starting materials proceeded, preventhg eff}CIGHt st.1rr1ng and mixing of reac-
were > 98 % ee. [c] Reaction conditions: y-nitroalcohol (1 equiv), 40 wt%  tants, and 8 was obtained in low yield.
aqueous glyoxal (1.20-1.30 equiv), sodium carbonate (0.05-0.20 equiv), N-protected derivatives of N,N-didesmethyl desosamine
water (2.5-5.0Mm). See the Supporting Information for detailed proce- 11 and 12 are readily obtained from the nitro sugar 6 in two
dures and syntheses of starting materials. steps (Scheme 4). Stirring a suspension of 6 (1.72g,
9.71 mmol, 1equiv) and palladium hydroxide on carbon
moderate, the availability and affordability of starting mate- Nen
rials allows the reaction to be performed on large scale and BnBr HO :
=, O~Z-CH,
isolation of pure product is facile. We believe that further K,COs oH
optimization of the process is possible. 81% 1
Thioglycoside 9 is an anomerically activated, O-protected NO, Hy, NH,* OAC" aB=1:2
form of desosamine developed for glycosidic coupling reac- HOFF@CHE FPUORAIC HOWCm —
tions of desosamine by Woodward and co-workers in their OH ~100% OH
landmark synthesis of erythromycin A.®! During our research 6 10 NHBoc
on the synthesis of macrolide antibiotics, we have found that 0= 1:1 Boc,0 HOZ 5 e,
glycosylation reactions of certain challenging (sterically NaHCO, OH
hindered) substrates proceed more efficiently and with 70% 12
higher P-anomeric selectivity using the slightly modified eB=2:1
thioglycoside 8, in which the 2-hydroxy group is protected as  Scheme 4. Synthesis of two N-protected derivatives of N,N-dides-
a benzoate ester rather than a methyl carbonate group  methyl desosamine.
(Scheme 3).”) We have developed a two-step transformation
that allows for convenient preparation of 8 on > 10-g scale
from D-desosamine. Thus, benzoic anhydride (39.9g, (20wt %, 682 mg) in 9:1 methanol:acetic acid (48 mL) under
176 mmol, 3.00 equiv) was added in one portion to a mixture 1 atmosphere of H, at 23°C for 6 h, filtration of the reaction
of D-desosamine (10.3 g, 58.8 mmol, 1 equiv), triethylamine  mixture through a thin pad of Celite (2 mm), and concen-
(16.4 mL, 118 mmol, 2.00 equiv) and 4-dimethylaminopyri- tration of the filtrate afforded the ammonium acetate salt 10
dine (7.18 g, 58.8 mmol, 1.00 equiv) in ethyl acetate (294 mL)  (2.01 g, quantitative). Heating a mixture of 10 (100 mg,
at 23°C, and the mixture was stirred at 23°C for 16 h. Afteran ~ 0.483 mmol, 1equiv), potassium carbonate (267 mg,
aqueous workup, D-desosamine 1,2-dibenzoate (7) was  1.93 mmol, 4.00 equiv) and benzyl bromide (115 pL,
Angew. Chem. 2016, 128, 533537 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de 535
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0.965 mmol, 2.00 equiv) at 80°C for 1 h led to formation of
N,N-dibenzyl derivative 11 (136 mg, 81 %, o:f =1:2). Alter-
natively, N-tert-butoxycarbonyl derivative 12 was prepared by
stirring a mixture of 10 (415 mg, 1.60 mmol, 1 equiv), di-tert-
butyl dicarbonate (446 pL, 1.92 mmol, 1.20 equiv) and sodium
bicarbonate (538 mg, 6.41 mmol, 4.00 equiv) in 2:3 ethanol:
water (8 mL) at 23°C for 16 h (278 mg, 70 %, a:f =2:1).

Our present strategy for the assembly of the fully
equatorial (save the a-anomeric center) nitro sugar 6 has
successfully enabled the syntheses of an array of analogous 3-
nitro sugars by condensation of various y-nitro alcohols!"” and
glyoxal (Table 1)." In all cases, the products were isolated as
crystalline solids in diastereomerically pure form, although in
the case of entries 2—4, the products did not precipitate from
the reaction mixture and additional operations were neces-
sary to induce crystallization (see Supporting Information for
details). The stereochemistry of all four products of Table 1
was confirmed by X-ray crystallographic analysis. Product 14
serves as a precursor to D-mycaminose (2), the amino sugar
constituent of the 16-membered macrolide antibiotic tylosin.

Diastereoselective Henry reactions of nitro alkanes with
o-oxygenated aldehyde substrates have led to successful
construction of 3-amino sugars. Notable examples include the
syntheses of daunosamine by Hanessian and Kloss'"”! and by
Brandange and Lindqvist,” of ristosamine by Hanessian and
Kloss,'”l by Brandange and Lindqvist,!”! by Suami et al.,['*]
and by Barco et al.,l'” and of acosamine by Barco et al.l'”l and
by Menzel et al.'®! Each of these prior works targeted 2-
deoxy-3-amino sugars and involved stepwise construction of
the C3—C4 and O—C1 bonds.'”) Seeberger and co-workers
have reported a conceptually distinct tandem Michael addi-
tion—Henry reaction sequence (employing a §-hydroxyalde-
hyde as nucleophile and a nitroalkene as Michael acceptor) to
prepare the 2-amino sugar D-glucosamine,"® whereas the
present method provides access to 2-hydroxy-3-amino sugars,
which are readily obtained in pure form by crystallization,
without the need for chromatography.
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