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ABSTRACT: Stereoselective construction of various O-glycosidic bonds was first achieved by different palladium sources
using 3,4-O-carbonate galactal as the donor to reach up to 95% yield under mild conditions. With Pd(Il) catalyst coordina-
tion of this glycal donor from B-face directed by carbonate group, hard nucleophiles (aliphatic alcohols) gave B-glycosides
and a-glycosides were obtained from soft nucleophiles (phenols). On the contrary, with Pd(o) catalyst coordinating the
donor from fS-face due to steric effect, both hard and soft acceptors could only generate -glycosides via hydrogen-bond-

mediated aglycone delivery.
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Exploring highly efficient glycosyl donors for stereo-
selective glycosylation has been one of the main focuses in
glycoscience which plays a critical role in both chemistry
and biology.! In the past two decades, 2,3-unsaturated
glycal> have shown great potential in directing stereo-
selectivity as compared to conventional saturated glycosyl
donors? when transition metal catalysis was used.4 The
challenge of these glycal donors, however, was low
reactivity and the requirement of additional activators, e.g.
Et,Zn for Lee’s C3-ester glycals (Scheme 1a).5 Later, Nguyen
developed a direct a-O-glycosylation from the C3-
trichloroacetimidate glycal donors but Et,Zn was still
essential for aliphatic acceptors (Scheme 1b).° Recently,
our group reported 3-O-picoloyl glucal donor which could
direct palladium complex to the fS-face and give two
different stereoselectivities without activators.” However,
the selectivities totally relied on different acceptors and the
reaction required a high temperature and long hours.
Herein we introduced a cyclic carbonate® at the C3,C4
positions of galactal with an aim to form a bicyclic system
with greater ring strain to increase the reactivity. Moreover,
the alkoxide ion of the intermediate formed could acceler-
ate the substitution reaction of aliphatic alcohols through
H-bonding.? Meanwhile, a bulky C6-O-TBDPS group was
chosen to enhance the selectivity by steric hindrance. In
addition, density functional theory (DFT) calculations
were also carried out to confirm our idea.® As shown in
Scheme 1a, 3,4-O-carbonate D-galactal donor has the
weakest and longest C-O bond (1.499 A) at the C3 position
as compared to the rest (1.454-1.461 A).

To the best of our knowledge, reports about catalyst-
controlled O-glycosylation were extremely rare and Ngu-
yen’s group has reported a nearly successful case (Scheme
1b) where a-selectivity from S-Pd(II) complex was directed
by trichloroacetimidate and not from Pd(o) as Pd (o) could
only generate a/B = 3:2 in a low yield (Scheme 1b).° The
rapid development of transition metal chemistry provided
more possibilities for catalyst-controlled glycosylation be-
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Scheme 1. Glycosyl Donors and Palladium-Catalyzed
Glycosylation

cause of its unique coordination effect and the versatility
in reactions, this was especially true in the case of
palladium.* In our strategy, Pd(II) was designed to
coordinate at the S-face directed by the carbonate group,
while Pd(o) could go to the opposite direction by
coordinating at the a-face owing to steric hindrance. From
here, we successfully presented a controllable stereo-
selective O-glycosylation method using Pd(o) and Pd(II)
complexes as catalysts (Scheme 1c).

Firstly, 3,4-O-carbonate D-galactal (1) was used as the
glycosyl donor and the reaction was screened using
methanol as the glycosyl acceptor (Table 1). Both Pd(II)
and Pd(o) catalysts were found to afford exclusive -
selectivity in different solvents for 12 h (entries 1-7).
Pd(OAc), in THF was found to provide the best
combination (entry 4) while no reaction took place in the
absence of ligands (entry 8). During the ligand screening
(entries 9-12), Xantphos was found to be the optimal ligand
that could reduce the reaction time to 1 h (entry 12), which
might be because it is a bidentate ligand with an
appropriate bite angle.? Therefore, the optimized condi-
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Table 1. Reaction Optimization for Aliphatic Alcohol®

O _OTBDPS HO _OTBDPS
ﬁ/g) +  MeOH % @LOMe
2
entry catalyst ligand solvent time yieldbc
1 Pd.(dba), PPh, THF 12h  30%
> Pd(PPhy),  PPh, THF 12h  88%
3 Pd(acac), PPh, THF 12h 10%
4 Pd(OAc), PPh, THF 12h 94%
5 Pd(OAc), PPh, DMSO 12h 78%
6 Pd(OAc), PPh, DCM 12h 80%
7 Pd(OAc),  PPh, MeCN 12h  85%
8  Pd(OAc), . THF 12h NR

9° Pd(OAc), DPPF THF 12h 52%
10¢ Pd(OAc), DPPB THF 12h 89%
1n Pd(OAc), P(Cy), THF 12h N.R.
12¢ Pd(OAc), Xantphos  THF 1h 95%

@Unless otherwise specified, all reactions were carried out with

o.1mmol of 1, 0.2 mmol of MeOH, 10 mol% Pd catalyst, 30 mol%

P ligand in 2 mL solvent at room temperature. ’Isolated yield.
Single isomer (B:a > 30:1 by 'H NMR). 95 mol% Pd catalyst
used and unreacted 1 was recovered. €15 mol% P ligand used.
N.R. = No reaction. DPPB = DPPButane; DPPF = 1,1'-Bis(diphe-
nylphosphino)ferrocene; Xantphos = 4,5-Bis(diphnyl-phos-
phino)-9,9-dimethylxanthene.

tion was revealed to be entry 12 and the configuration of -
O-glycoside 2 was confirmed by X-ray crystallography.’
With the optimal condition in hand, we expanded the
substrate scope of glycosyl acceptors to other alcohols
(Scheme 2) such as ethanol, n-butanol, benzyl and allyl
alcohol to afford the relative products 3-6 in high yields
and p-stereoselectivity. Heterocyclic alcohols which were
important in drug discovery+ were also introduced as
glycosyl acceptors. They were 2-pyridinemethanol, 2-
thiophenemethanol, 6-methoxyl-2-pyridine- and 6-(3-
thienyl)-2-pyridinemethanol which also proceeded to give
glycosides 7-10 in good yields and [-stereoselectivity
respectively. The versatility of the methodology was
further explored by applying it to the syntheses of
disaccharides. Firstly, 3,4-dibenzyl-D-glucal was examined

and the corresponding disaccharide 11 was generated in 80%

yield with exclusive B-selectivity. Subsequently, other
screened acceptors with 6-OH monosaccharide also gave
disaccharides 12-15 in high yields and excellent anomeric
selectivity. Since 4-OH glycosyl acceptors are hindered and
bulkier than other carbohydrate acceptors,> 16 was
afforded in a relatively lower yield of 42% as compared to
the other substrates. Consequently, when a less crowded
4-OH acceptor 1,6:2,3-dianhydro-f-D-mannopyranose was
applied in this condition, the yield of 8-1,4-O-glycoside (17)
was increased to 71%. 8-1,3-O-Glycosides (18, 19) could be
obtained in 70% yields, while with different types of 2-OH
glucose derivatives, B-1,2-O-glycosides (20, 21) were also
formed in very good yields and with exclusive selectivity.
The results showed that aliphatic acceptors including
monosaccharides were able to obtain glycosides in high
yields with exclusive j3 stereoselectively. We reasoned that

0,0 _OTBDPS HO _OTBDPS
= Pd(OAc),, Xantphos
O + ROH —— s 0
O THF, it 1 h =

HO OTBDPS HO OTBDPS HO OTBDPS

2 R = Me, 95%; 3, R = Et, 89%
4, R ="Bu, 89%; 5. R = Bn, 74%
6, R = allyl, 85%

HO _OTBDPS HO _OTBDPS
HO OTBDPS g
HO OTBDPS
N= O
BnO
N/ BnO BnO AcO

10, 88% 11, 80% 12, 75% 13, 72%

7,65% 8, 80% 9, 80%

HO OTBDPS

HO_OTBDPS HO OTBDPS .
% o, o)

HO OTBDPS,

B0 Me7< ]}’\

Br0 o

5o}, —
e
14, 86% 15, 85% 16, 42% 17,71%
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o OTEDES 0B Ofn

8
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HO
L-OPMB E o <
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OMe -
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Scheme 2. Alcohol Substrate Scope via Pd(II) Catalyst

our starting material containing 3,4-O-carbonate directed
the Pd(II) complex to the B-face and through an inner-
sphere pathway with hard aliphatic acceptors. Conversely,
the soft phenolic nucleophiles would attack Pd-m-allyl
intermediate through an outer-sphere pathway to give a-
products. Therefore, 2-naphthol was used as a phenolic
acceptor to optimize the condition (Table 2). The previous
optimal condition (10% Pd(OAc), as a catalyst, 15%
Xantphos as a ligand in THF at room temperature for 1
hour) was able to generate the expected a-product 22a in
71% yield (entry 1). This condition was further optimized
with different ligands, solvents and Pd(II) catalyst (entries
1-7), but Pd(OAc),, Xantphos and THF remained the most
suitable combination for a-glycosy-lation. As designed, the
stereoselectivity was reversed to f selectivity (22b) when
Pd(PPh,), was used (entry 8). The same selectivity was also

Table 2. Reaction Optimization for Phenol®

Pd catalyst HO _OTBDPS
O _OTBDPS |Igand 0 HO OTOBDPS
X & solvent rt = o .y o.
O

222 226

entry  catalyst ligand solvent time yieldbc
1 Pd(OAc), Xantphos THF 1th  71%22a
24 Pd(OAc), PPh, THF 12h 47% 22a
3¢ Pd(OAc),  P(Cy); THF 12h NR
4 Pd(OAc), DPPF THF 12h 14%22a
5 Pd(OAc), Xantphos DMSO 12h 24%22a
6 Pd(OAc), Xantphos DMF 12h 21%22a
7 Pd(acac),  Xantphos THF 12h  42%22a
8 Pd(PPh;), Xantphos THF 12h 66% 22b
9 Pd(dba), Xantphos THF 12h  61% 22b

10¢ Pd,(dba);  Xantphos THF 12h 88% 22b

aUnless otherwise specified, all reactions were carried out with
0.1 mmol of 1, 0.2 mmol of 2-naphthol, 10 mol% Pd catalyst, 15
mol% P ligand in 2 mL solvent at room temperature. Isolated
yield. <Single isomer (> 30:1 by 'H NMR). 30 mol% ligand used.
¢5 mol% Pd catalyst used. N.R. = No reaction.
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found in the other Pd(o) catalysts: Pd(dba), and Pd,(dba),
(entries 9, 10). The optimal condition for 3-glycosylation
was 5% Pd,(dba); as a catalyst, 15% Xantphos as a ligand in
THF at room temperature for 12 hours using phenols.

To our delight, we could produce the desired a-O-
glycosides or B-O-glycosides respectively by using Pd(II) or
Pd(o) catalyst. To validate this hypothesis, firstly, the
optimal Pd(II) condition was applied to the other phenolic
substrates (Scheme 3). Notably, a variety of phenols were
also able to tolerate this Pd(II) condition. For instance,
phenol gave a very high yield (23a, 85%) with exclusive a-
selectivity. 4-Phenylphenol (24a) and electron donating
group substituted phenols (26a, 27a) were able to produce
good yields of 1,4-trans-products except for 2,6-dimethyl-
phenol (28a) which showed a much lower yield due to
steric hindrance. Interestingly, with a less nucleophilic,
electron withdrawing group being substituted, 4-fluoro-
phenol could also generate a good yield of a-O-glycoside
25a. Comparing the reactivity between alcohols and
phenols, 4-hydroxybenzyl alcohol (29) and 2-hydroxy-
benzyl alcohol (30) were employed to react with our glycal
donor. Based on the finding, alcoholic hydroxyl group was
shown with significantly higher in reactivity.

Subsequently, Pd(o) condition was also examined by the
same types of phenols and some aliphatic acceptors
(Scheme 4). As expected, the selectivity was reversed when
compare to the corresponding phenols such as phenol (23b)

HO _OTBDPS

\/o OTBDPS Pd(OAC),, Xantphos %:o
§ + AOH ————— =
THF, rt,1h

OAr
HO OTBDPS HO OTBDPS o HO _OTBDPS
S S = RS
O

22a,71% 23a, 85% 24a, 70% 25a, 69%

HO OTBDPS HO _OTBDPS HO _OTBDPS

O,
= Me
Ve M Me

26a, 73% 27a,70% 28a, 34%

HO OTBDPS HO OTBDPSHO

29, 88% 30, 86% 25a X-ray

Scheme 3. Phenol Substrate Scope via Pd(II) Catalyst

0\/0 OTOBDPS Pdy(dba)s, Xantphos 1 OTgDPS
o‘LX A+ RoH THE, t, 12h —\ or
HO _OTBDPS
HO _OTBDPS HO OTBDPS ° HO _OTBDPS
o] 0 = o) !
Y%\ Ao 0 o O i\ 1)

22b, 88% 23b, 85% 24b, 89% O 25b, 75%
HO OTBDPS

HO _OTBDPS HO OTBDPS
§ Ve HO _OTBDPS
Q Q b S
26b, 82/ 27b, 83% 28b, 44% 2, 89%

HO _OTBDPS
HO _OTBDPS HO _OTBDPS

o TBDPSO%
e, B D) ”ex

3, 88% 5,90% 15, 83% 21, 82%

Scheme 4. Substrate Scope via Pd(o) Catalyst
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4-phenylphenol (24b) and 4-fluorophenol (25b). As we
screened before (Table 1), when the Pd(o) condition was
applied to alcohols, only 3-selectivity were observed. Both
simple B-O-glycosides (2, 3, 5) and disaccharides (15, 21)
were successfully synthesized in high yields.

According to the above results, a plausible mechanism
was proposed in Scheme 5. Pd(o0) and Pd(II) opened up two
different pathways: firstly, Pd(o) complex was coordinated
to the double bond of glycal 1 to form intermediate A from
the a-face as Pd(o) species with P-ligands was too bulky to
coordinate at the S-face. Next, decarboxylation occurred
and intermediate B was yielded at -face for both aliphatic
or phenolic acceptors due to H-bond.® Subsequently,
nucleophilic addition formed B-O-glycoside C. On the
other hand, Pd(II) species favored coordination with glycal
1 directly rather than being reduced by P-ligands to give
intermediate D as it was more oxyphilic and could be
directed by the carbonate moiety.4> ¢ After decarboxylation
and intermediate E was generated, the Pd complex would
block H-bond formation and the pathway splits depended
on the nature of acceptors. With hard nucleophile alcohols,
intermediate F was generated by the inner-sphere pathway
to give B-glycoside C, while for soft nucleophiles phenols,
G was yielded to form a-glycoside H through the outer-
sphere pathway.? 1 b

To confirm this mechanism, other glycal donors were
employed as shown in Table 3. When the 6-O-protecting
group was changed from TBDPS to a smaller TBS (entries
1-3), the stereoselectivity was consistent with glycal 1.
When L-fucal 34 was applied, a-O-glycoside 36a and 3-O-
glycoside 36b could be obtained stereoselectively in Pd(II)
and Pd(o) conditions (entries 5-6) respectively. These
results indicated that steric effect from C6 could not affect
the selectivity but a less hindered C6-protecting group may
decrease the yields due to possible side products
(oligosaccharides) from further glycosylation on 4-OH of
the glycosides. In order to investigate coordination
relationship between glycal and palladium species, 4,6-
trans-glycals (D-allal 37 and digitoxal 40) were also tested
(entries 7-12). The aliphatic acceptor gave a-selectivity (38,
41), while the phenolic acceptor generated B-selectivity
(41b, 44b) in the Pd(II) condition and a-selectivity (41a,
44a) in the Pd(o) condition. All the results indicated that
cyclic carbonate moiety played an important role in the
mechanism as we proposed Pd(o) coordinated at its trans-
face but Pd(II) coordinated at the cis-face.

Competitive reactions were carried out to compare the
properties of Pd(II) and Pd(o) catalysis as shown in Scheme
6. Firstly, a reaction was carried out using a mixture of Pd

Pd(I)LyXz \/é Pd(OL
o o o§op

= PdL,
D XLn ® d(LX2  HO OP A
© Pd
PO%) %_,

o ® phenols © _.H-ORJ/Ar
O PdLX OAr o OP

PO— E o / G ArOH a-glycoside H E q )
E XLy of
\ o@ Pd -OR HO OP P
alcohols PO
~ Pd(O)L

F Pd(”)L X2 /3—g|y005|de o]
Scheme 5. Proposed Mechanism
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Table 3. Mechanism Study with Different Glycals

entry  glycal acceptor condition glycoside yield®?
o) O 0TBS HO OTBS
1 §:o 31 MeOH  Pd(ll) Q:o 32 95%
o] — — OMe
HO OTBS
2 31 PhOH  Pd(ll) %\O, 3 61%
OPh
HO OTBS
3 3 PhOH  Pd(0) %;0 3 72%
o — OPh
Me //
4 b6 34 MeOH  Pd(ll) Me/§2§°“"e 33 90%
A oH
(o]
(o]
5 34 PhOH  Pd(ll) HONZ_ N oPh 36a  60%
Me
(¢] OPh
6 34 PhOH  Pd(0) ME/Q b 58%
OH
OTBDPS OTBDPS
O
7 0&/) 37 MeOH  Pd(ll) HO/§\O* 8 93%
O%o OMe
OTBDPS
0,
8 37 PhOH  Pd(ll) Ho@ophwb 71%
OTBDPS
9 37 PhOH  Pd(0) HO/%\O* M 76%
OPh
Me, o Me o
10 (ﬁ/—\m MeOH  Pd(ll) HO&,\ “ 89%
o o OMe
M
11 40 PhOH  Pd(ll) Ho@ophm 70%
Me, o
12 % PhOH  Pd(0) HOﬁ,\ 42a  75%
OPh

asolated yield. ’Single isomer (> 30:1 by 'H NMR).

(I1):Pd(0) in 11 with 2-naphthol. Results showed that
majority of the glycosides were able to provide a-product
22a and hence, suggested that Pd(II) could catalyze the
reaction at a much faster rate without being reduced. Next,
we prestirred Pd(II) catalyst and phosphine ligands before
adding glycal donor and naphthol. Then the reduced Pd(II)

catalyst could only afford S:a (phenolic O-glycosides) in 5:1.

Thus, this result illustrated that Pd(II) was not reduced in
a one-pot reaction. On the other side, the aliphatic accep-
tor methanol demonstrated only f-selectivity under the
two competitive conditions, which follows our proposed
mechanism.

Pd(OAc),:Pdy(dba)3 HO _OTBDPS

(1:0.5) o HO OTBDPS
OXO OTgDPS Xantphos = k%\ O: o
o= THF 1, 128 o
1 I I 22a,70% 22b, Trace

1) Pd(OAc),, Xantphos, HO OTBDPS

o HO _OTBDPS
o\/O OTBDPS rt, 1 h (prestirred) — %O o
Q 2) THF it, 12 h o =
e 0
1 22a,13% 22b, 66%

Pd(OAC) :Pds(dba) 5 O OTBDPS

00 _OTBDPS (1:0.5) HO OTBDPS
X Xantphos 0
Q . — O om
O~ THF, 1, 12 h o = ©
MeOH e
1 2', not detected 2,94%
HO OTBDPS
00 _OTBDPS 1) Pd(OAc),, Xantphos, HO OTBDPS

X ° 1t, 1 h (prestirred) lo}
g: —_— . — *
O — 2) THF, it,12h

i\ O) _OMe
MeOH OMe

1 2', not detected 2,92%

Scheme 6. Competitive Reactions of Pd(o)/Pd(II)

Glycal-Pd(0)-a-Ln
Erer = 0 kcal/mol

Glycal-Pd(0)-B-Ln
Erenn = 4.15 kcal/mol

Glycal-Pd(ll)-B-Ln
Erez = -1.77 kcal/mol

Glycal-Pd(ll)-a-Ln
Erer2 = 0 kcal/mol

Scheme 7. Calculated Structures and Relative Ener-

gies of Plausible Glycal-Pd-Ligand Intermediates

Four plausible intermediates of galactal-palladium-
ligands as proposed in our mechanism were submitted for
the DFT calculation.”” As shown in Scheme 7, the results
demonstrated that Pd(o) complex preferred to stay at a-
face with a relative 4.15 kcal/mol lower than S-face. On the
other hand, the energy of Pd(II) complex showed 1.77
kcal/mol higher at a-face. Thus, these results also
supported our proposed mechanism.

In conclusion, we have developed a novel strategy to
construct a- and B-O-glycosidic bonds with exclusive
selectivity under mild conditions through highly efficient
3,4-O-carbonate galactal donors. 3-O-Glycosides could be
obtained from aliphatic alcohols with both Pd(o) and Pd(II)
while o- and B-O-glycosides could be obtained from
phenols, using Pd(II) and Pd(o) respectively. Mechanistic
studies with varying coordinating pathways for Pd(o) and
Pd(II) was proposed and DFT calculations were also
performed. A wide range of substrates such as alcohols,
saccharides, phenols and glycals were employed and
afforded the desired products stereoselectively in high
yields. Lastly, these resultant 4-OH glycosides could
potentially be acceptors for 4-branched oligosaccharides or
natural product synthesis.
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