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Abstract: A de novo synthetic method towards apiose, a struc-
turally unusual furanose, is reported. The key feature is
sequential metal catalysis consisting of the palladium-catalyzed
asymmetric intermolecular hydroalkoxylation of an alkoxy-
allene and subsequent ring-closing metathesis (RCM). This
strategy enabled the efficient synthesis of various apiose-
containing disaccharides and a unique convergent synthesis of
trisaccharides.

The stereoselective synthesis of carbohydrates with high
chemical efficiency is an important goal in synthetic organic
chemistry.!l In this context, furanose sugars, such as apiose,
pose a great synthetic challenge. Apiose is a unique branched
furanose, whose naturally occurring form has the 3R config-
uration, as found in various natural products (Scheme 1). It
occurs widely as a terminal or internal residue of various
polysaccharides.”” Notably, some natural products containing
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Scheme 1. Apiose-containing oligosaccharides.
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apiofuranose exhibit interesting biological properties, such as
anti-inflammatory and immune-stimulating activity."

In classical syntheses, the introduction of an apiose
residue into an oligosaccharide has relied upon a linear
method involving the coupling of an activated furanose
precursor (glycosyl donor) with an alcohol moiety (glycosyl
acceptor; Scheme 2). This conventional method has a number
of drawbacks. For example, the furanose precursor must be
synthesized from suitable carbohydrates in several steps.
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Scheme 2. Methods for the synthesis of apiose.

Table 1: Optimization of reaction conditions.

OH [Pd;(dba)s] (2.5 mol%) 50r6
OCy  L1orL2 (5 mol%) o(ow (5 mol%) On40Cy
W EtsN, solvent N\ CH,Cl,(0.05 M)
0Bn 0.5M,40°C oBn i, 24 h 0Bn
1 2 _ 3 5: ca. 20 % yield 4
(1.5 equiv) (Cy = c-Cefir) 6: 83% yield
Entry Ligand Amountof t[h] Solvent Yield [%]?  ee [%]"!
Et;N [equiv]
1 L1 1.5 0.5 toluene 94 96
2 L1 15 0.5 CH,Cl, 94 92
3 L1 1.5 24 1,4-dioxane 76 87
4 L1 0.1 0.5 toluene 96 97
5 L2 1.5 24 toluene 56 88

[a] Yield of the isolated product 3. [b] The ee value of 4 after the ring-
closing metathesis reaction. Bn=benzyl, dba =dibenzylideneacetone,
Mes =2,4,6- trimethylphenyl (mesityl)
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Furthermore, the establishment of the well-defined config-
uration observed in all natural products containing an apiose
moiety has required the use of specific directing protective
groups, such as acetyl or benzylidene groups.”’ Moreover,
activating groups must be used, and then disposed of as waste
after the glycosylation step.

A denovo approach, in which the glycosidic bond is
formed by an asymmetric reaction, is considered a powerful
alternative to glycosylation reactions.®” However, such
methods have been largely limited to pyranose synthesis.
Herein, we report a unique de novo approach to apiofuranose
on the basis of our previous studies in a related area.”! In this
scenario, an acyclic chiral O,0O-acetal is first formed by the
palladium-catalyzed asymmetric
hydroalkoxylation of an allene
(Scheme 2).!°! Subsequent ruthe-
nium-catalyzed ring-closing meta-
thesis (RCM) and an osmium-cat-
alyzed dihydroxylation reaction
introduce all the stereochemical
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configuration was tentatively assigned as shown in Table 1
on the basis of our analysis in previous studies.®! (For the
rigorous determination of the absolute configuration, see
below). Next, we optimized the reaction conditions for the
palladium-catalyzed reaction. The use of more-polar solvents,
such as CH,Cl, and 1.4-dioxane, somewhat decreased the
enantioselectivity (Table 1, entries 2 and 3), whereas the the
reaction still proceeded in high yield (96 %) with excellent
selectivity (97 % ee) when the amount of triethylamine was
reduced (0.1 equiv; entry 4). However, the use of ligand L2
significantly slowed down the reaction (entry 5).

Having established optimal conditions for the enantiose-
lective synthesis of the apiose monosaccharide, we turned to

Table 2: Scope of disaccharide synthesis.

[Pdy(dba)s] (2.5 mol%)
L (5 mol%)
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toluene (0.5m)
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information present in the apiose
residue.'! A salient feature of this

Entry Allene

Methodt! Product Yield [96]"

(1st, 2nd)

t h]

method is the efficient assembly of
the apiose sugar from structurally
readily available precursors in just !
three steps, with no need for acti-
vating groups and minimal forma-
tion of by-products. Furthermore,
this new reaction sequence
requires no directing protective
groups because the stereoselectiv-
ity of the dihydroxylation should
be dictated by the chiral acetal
moiety.

At the beginning of the study,
we investigated the synthesis of the 4
simple monosaccharide form of
apiose by the coupling reaction of
the allylic alcohol 1 and allene 2
derived from cyclohexanol
(Table 1). As in our previous stud-
ies,®! the reaction in the nonpolar
solvent toluene proceeded
smoothly to generate the acyclic
acetal 3 in 94 % yield in the pres-
ence of [Pd,(dba);] (2.5mol%),
chiral ligand L1 (5mol%), and
triethylamine (1.5 equiv; Table 1,
entry 1). Because the product 3 7
was relatively unstable, we imme-
diately attempted the formation of
the cyclic acetal 4 without analysis
of the enantiomeric purity. Initial
studies with the Ru catalyst 5 gave 8
the product only in poor yield.
Notably, the use of catalyst 6 sig-
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nificantly improved the yield of 4
(formed with 96% ee) to 83 %
(Table 1, entry 1). The absolute
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[a] Method A: L1 was used; method B: ent-L1 was used. [b] Yield of the isolated product for each step.
[c] In all cases, the diastereomeric ratio of the first step was determined to be >10:1 by integration of the
'H NMR spectrum. [d] Ligand: 7.5 mol %. [e] d.r. 8:1.
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the stereoselective synthesis of disaccharides by
treating the alcohol 1 with pyranose monosacchar-
ides possessing an allene at various positions. In our
initial attempt, disaccharide 8a possessing the
furanose moiety at the C2 position of D-glucose
was obtained from allene 7 in 63 % yield over two
steps with high selectivity (Table 2, entry 1). Nota-
bly, simply switching the ligand to enantiomeric
(8,5)-L1 gave the diastereomeric disaccharide 8b in
67 % yield (over two steps, entry 2). The reaction of
the 3-allenyloxy xylose derivative 9 with 1 also gave
the diastereomeric disaccharides 10a and 10b in
good yields (Table 2, entries 3 and 4). Furthermore,
deoxysugar substrate 11 with an alkoxyallene group
at the C4 position gave the disaccharides 12a and
12b uneventfully (Table 2, entries 5 and 6). The
reaction was successfully extended to substrate 13
with the allene group at the C6 position of the
glucopyranoside.'? Thus, disaccharides 14a and
14b were obtained in 70 and 76 % yield, respec-
tively (over two steps, entries 7 and 8). Interest-
ingly, the use of Ru catalyst 5 for the RCM step led to much
higher conversion than that observed with 6 in all cases.™® The
examples in Table 2 firmly establish the generality of the
proposed method in the synthesis of disaccharides possessing
the apiose moiety at the terminal position. The diastereo-
meric dissacharides with the nonnatural form of apiose were
obtained with comparable chemical efficiency.

We next examined the diastereoselective dihydroxylation
reaction. The osmium-catalyzed reaction of various substrates
afforded the desired mono- and disaccharide products in good
to high yield (Scheme 3). In all cases, the product was
obtained as single trans diastereomer, thus verifying our
hypothesis that the stereochemical outcome of the dihydrox-
ylation step is determined by the stereogenic information in
the acetal moiety. The structure of 17a was unambiguously

20 + 7
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Scheme 3. Products of stereoselective osmium-catalyzed dihydroxyla-
tion. Typical procedure: 4-Methylmorpholine N-oxide (2 equiv) and

a solution of OsO, (4 wt% in H,0, 0.003 equiv) in distilled H,O (total
concentration: 1.4 M) were added to a solution of the cyclic O,0-acetal
in acetone/THF (1:1 v/v, 1.0Mm) at 0°C, and the reaction mixture was
stirred at room temperature for 16 h.
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Scheme 4. Convergent synthesis of the trisaccharide unit of polygalin G. Bz=ben-

established by X-ray crystallographic analysis, which con-
firmed our spectroscopic analysis."¥

Encouraged by the evident utility of the multicatalytic
reaction, we then undertook the challenge of a unique
convergent synthesis of the apiose-containing trisaccharide
moiety 22, which constitutes the key fragment of polygalin G.
To our delight, the palladium-catalyzed coupling reaction of
the readily available monosaccharide-containing allyl alcohol
20 and the glucose-derived alkoxyallene 7 produced the
desired O,0-acetal intermediate in 72% yield, which was
immediately converted into the furanose intermediate 21 by
way of a RCM reaction in 64 % yield with >20:1 selectivity
(Scheme 4). The subsequent dihydroxylation reaction pro-
vided the target 22 in 93 % yield, again as single diastereomer.
Notably, a nonnatural isomer of trisaccharide 22 (compound
22’) was synthesized with comparable yield and chemical
efficiency simply by switching the ligand to ent-L1. This
convergent synthesis highlights the advantage of the current
method in terms of chemical efficiency in comparison with the
classical linear (sequential) glycosylation reaction.

In summary, we developed a highly efficient synthesis of
apiose-containing mono- and oligosaccharides by palladium-
catalyzed asymmetric intermolecular hydroalkoxylation. This
reaction forms the basis of a unique de novo synthesis of
furanose sugars. The utility of the proposed method was
demonstrated by the highly efficient synthesis of various
disaccharides and the convergent synthesis of a trisaccharide
moiety. We are currently working on the extension of the
sequential Pd/Ru catalysis to the synthesis of more structur-
ally complex furanose and pyranose oligosaccharides. The
results of these studies will be reported in due course.

Experimental Section

Typical procedure: A solution of [Pd,(dba);] (5.8 mg, 6.3 umol) and
L1 (7.6 mg, 0.011 mmol) in toluene was added to a solution of 7
(104 mg, 0.20 mmol), 1 (56 mg, 0.31 mmol), and triethylamine
(2.4 uL, 0.018 mmol) in toluene (total concentration: 0.5M). The
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reaction mixture was stirred at room temperature for 3 h, then
purified without a workup procedure by flash column chromatog-
raphy (eluent: hexane/EtOAc 90:10) to give the acyclic O,0-acetal
intermediate as a colorless oil (115.3 mg, 0.16 mmol, 82 % yield) with
d.r. 20:1, as determined by 'H NMR spectroscopy of the crude
mixture. R;=0.37 (hexane/EtOAc 80:20); [a]5=-24.6 (c=0.76,
CH,Cl,); '"HNMR (500 MHz, CDCl;):  =7.38-7.11 (m, 20H), 5.82
(ddd, J=174,105, 6.2 Hz, 1H), 532 (d, /=17.4 Hz, 1 H), 5.25-5.21
(m, 4H), 4.90 (d, /=11.0 Hz, 1H), 4.79 (d, /=11.0 Hz, 1 H), 4.78 (d,
J=122Hz,1H),4.62 (d, /=122 Hz, 1H), 4.55 (d, /=12.2 Hz, 1 H),
4.52-4.50 (m, 3H), 4.29 (d,/=7.7Hz,1H), 428 (d, / =12.8 Hz, 1H),
4.17 (d,J=12.8 Hz, 1H), 4.07 (s,2H), 3.74 (dd, /=10.9, 2.0 Hz, 1 H),
3.68 (dd, J=10.8, 4.7 Hz, 1H), 3.63-3.56 (m, 2H), 3.51 (s, 3H), 3.53-
3.47 ppm (m, 2H); "CNMR (125 MHz, CDCl;): 6 =143.0, 138.7,
138.6, 138.4, 138.3, 135.4, 128.59, 128.57, 128.53, 128.1, 127.99, 127.96,
127.94, 127.88, 127.82, 127.76, 118.9, 114.0, 104.2, 103.8, 84.8, 78.2,
77.8,75.9,75.2,75.1,73.7,72.3,71.3, 69.1, 67.4, 57.0 ppm; IR (NaCl):
7=3088, 3064, 3030, 2922, 2860, 1740, 1658, 1606, 1497, 1454, 1361,
1309, 1278, 1215, 1095, 1058 cm™'; HRMS (ESI): m/z caled for
C,,H,sOgNa™: 703.3241 [M + Na]*; found: 703.3240.

Catalyst 5 (11 mg, 0.013 mmol) in CH,Cl, was added to a solution
of the above acyclic O,0-acetal (87 mg, 0.13 mmol) in CH,Cl, (total
concentration: 0.1m) at 40°C under a nitrogen atmosphere, and the
reaction mixture was stirred for 1 h (monitored by TLC). The solvent
was removed under reduced pressure, and the resulting crude oil was
purified by flash column chromatography on silica gel (deactivated by
triethylamine before use) to afford 8a (63.4 mg, 0.097 mmol, 77 %
yield) as a colorless oil. R;=0.50 (hexane/EtOAc 80:20); [a]¥ =+
439 (¢=0.24, CH,Cl,); '"HNMR (500 MHz, CDCL;): 6 =7.34-7.14
(m, 20H), 6.07 (d, J=6.8 Hz, 1H), 5.68 (s, 1H), 4.88 (d, /=11 Hz,
1H), 4.834.78 (m, 2H), 4.74-4.72 (m, 1H), 4.63 (d, /=12 Hz, 1H),
4.56 (d, J=12Hz, 1H), 455 (d, /=11 Hz, 1H), 4.53-4.47 (m, 3H),
428 (d, J=7Hz, 1H), 4.18 (s, 2H), 3.76 (dd, /=11.0, 2.0 Hz, 1H),
3.69 (dd, J=11.0, 4.5 Hz, 1 H), 3.62-3.60 (m, 3H), 3.47-3.46 ppm (m,
1H); "CNMR (125 MHz, CDCL): 6=143.7, 139.1, 138.5, 138.4,
138.0, 128.67, 128.63, 128.60, 128.5, 128.27, 128.26, 128.01, 127.96,
127.91,127.8,127.7,122.8,110.5, 104.5, 84.0, 80.3,77.9,75.5,75.3,75 .2,
74.3,73.7,72.8, 69.3, 65.6, 57.3 ppm; IR (NaCl): 7 =2924, 2865, 2844,
1497, 1454, 1359, 1056cm™'; HRMS (ESI): m/z caled for
C,oH,,OsNa™: 675.2928 [M + Na]"; found: 675.2926.
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