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With glycosyl ortho-alkynylbenzoates as donors, the highly
efficient glycosylation of flavonoid 5-OH which are notorious for
their low reactivity due to their involvement in the formation of
strong intramolecular H-bonds were achieved under the catalysis
of Au(l) complex. Thus, a series of flavonoid 5-O-glycosides,
including a kaempferol 5-O-disaccharide, were synthesized with
goog to excellent yields.

Flavonoid O-glycosides are widely spread in the plant
kingdom,1 and they play a variety of important roles in the
growth and development of plants, e.g., as interspecies signal-
transferring molecules.’ Especially, they have also been
demonstrated to possess a wide spectrum of activities
beneficial to humans, such as antimicrobial, anticancer, and
radical-scavenging activities."? Thus far, more than 1500
flavonoid O-glycosides have been characterized, and the
number is still increasing rapidly. As a special type of flavonoid
O-glycosides, flavonol 5-O-glycosides are seldom found in
nature, and so far only around 10 of them including brachyside
(I) and apigenin 5-O-glycoside (lI) have been isolated and
characterized (Figure 1).3 In spite of the scarcity of flavonol 5-
O-glycosides, some known members of them have been
proven to possess promising pharmaceutical activities. For
example, apigenin 5-O-glycoside (lI), isolated from
Cephalotaxus sinensis, was demonstrated to have significant
antihyperglycemic effect, although limited by accessibility the
function mechanism was not det:iphered.3a Besides, as
reference compounds, flavonol 5-O-glycosides are highly
demanded in metabolic research of flavonol compounds in
humans. Structurally, flavonol 5-O-glycosides are distinguished
from their cousins by the existence of flavonol 5-O-glycosidic
linkages, which pose considerable challenge for synthetic
chemists equipped with modern synthetic arsenals. The
difficulty associated with the construction of 5-OHs glycosidic
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linkages resides on the extraordinary low reactivity of these
phenolic OHs since they are involved in the formation of
intramolecular H-bonds with C-4 carbonyl group. The strength
of this kind of intramolecular H-bonds is so strong that makes
simply protecting group manipulations become difficult, not
alone sophisticated glycosylation reactions. Of course, the
electron-withdrawing property of 4-carbonyl groups can
further diminish the nucleophilicity of 5-OHs. In addition,
because of the high tendency to form stable intramolecular H-
bond system, flavonol 5-O-glycosidic linkages are so acid
sensitive that even mild acid can induce rapid glycosidic
linkage cleavage, which further increase the difficulty in
fashion such special bonds.?

Employing the powerful glycosyl trichloroacetimidate donor,5
Schmidt et al. made the first try to overcome this daunting
problem.6 Under the catalysis of TMSOTf, a low yield of the
desired flavonol 5-O-glycoside was obtained. The inefficiency
can probably be ascribed to the high acid-sensitivity of the
incipient formed flavonol 5-O-glycosidic linkage to TMSOTf
used as glycosylation catalyst. To avoid the detrimental effect
of Lewis acid, alternative PTC protocol with glycosyl bromide
as donors was introduced by the groups of Dangles7a and
Rolando,7b respectively. The intramolecular H-bond prohibits
the release of the 5-OH protons, therefore the glycosylation
yields recorded are far from satisfactory. We also made some
efforts in this field, and capitalizing on Yu glycosylation8 the
rhamnosyl residues were incorporated onto the 5 and 4’-OHs
of kaempferol at the same time.”® Nevertheless, the method is
seriously suffered from narrow substrate scope, only
rhamnosyl ortho-alkynylbenzoate donor could offer practically
useful yield. Therefore, a highly efficient approach to forge
flavonol-5-O-glycosidic linkages is highly demanded.
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Figure 1 The chemical structures of representative flavonoid 5-
O-glycosides.

In line with our continuous interest in complex bioactive
flavonoid glycosides synthesis, we decided to make a
systematic investigation in construction of the challenging
flavonol 5-O-glycosidic linkages. Although have encountered
some unwanted problems in our preliminary studies with
glycosyl ortho-alkynylbenzoate as donor,7c we still believe that
the advent of this conceptually new glycosylation protocol can
bring promise to solve this long-lasting problems, since the
glycosylation protocol is powerful while the promotion
conditions are extremely mild. Herein, we would like to report
on an efficient approach to fashion flavonol 5-O-glycosidic
linkages with glycosyl ortho-alkynylbenzoates as donors. Based
on the established protocol, the first synthesis of the proposed
apigenin 5-O-disaccharide was also accomplished.

To facilitate the screening of the optimal condtitions, a series
of flavonol 5-OH acceptors were synthesized (Scheme 1). The
discrimination of 5-OHs became feasible with the help of
intramolecular H-bonds. Thus, treated with TBSCI and DBU,
apigenin, kaempferol, and quercetin were thoroughly silylated.
After general work-up, the fully silylated kaempferol and
quercetin were then subjected to regioselective desilylation of
5-OTBS, which was facilitated by propensity of the oxygen
atoms of 5-OTBS to coordinate a proton under the aid of C-4
carbonyl group to form stable intramolecular H-bond systems,

to generate 2°° and 3 in excellent yields (85% and 90%, 2 steps).

For the synthesis of apigenin analogues 1,10 the 5-0O-
desilylation step was not required because it was so labile that
the general work-up could remove it to afford 1 in a good 89%
yield. Replacing the strong DBU base with mild ones such as
K,CO3; and Ets;N could lead to the removal of all phenolic
protons except for 5-OH protons restricted in intramolecular
H-bonds, thus at the presence of BnCl or Hexanoyl chloride 4%
and 5 were generated conveniently. To confirm the structures
of all acceptors, the 'H NMR data of known compounds
including 1, 2, and 4 were compared with those reported in
literature, and no evident discrepancy was detected. NOE
spectra of 3 and 5 were made, the proton signals of the free
phenolic OHs residing at 12.68 and 12.70 ppm only had cross-
correlations with one of the two signals assigned to H-6 and H-
8, which demonstrated that the free phenolic OH was 5-OH. If
the free phenolic OH resided on C-7, then its correlations with
both H-6 and H-8 should be detected.™

T
1) TBSCI, DBU, CH,Cl,, rt
2) I, (cat), CH,Cly/H,0,reflux

Apigenin R; =R, =H
Kaempferol R; =H, R, = OH
Quercetin Ry = R, = OH

RO.
BnBr, K,COj3 acetone,
st Rt U
or HexCl, Ef3N, rt

OH O

4 R =Bn, 90%
5 R = Hex, 68%
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Scheme 1 Synthesis of flavonol 5-OH acceptors.

Following known procedures, representative glcosyl ortho-

alkynylbenzoates donors including perbenzoylated glucosyl
9

ortho-cyclopropylethynylbenzoate 6, 6-OH  selectively
protected glucosyl ortho-cyclopropylethynylbenzoate 7,9
galactosyl ortho-cyclopropylethynylbenzoate 8,9 and its

rhamnosyl counterpart 9° were obtained without any event
(Figure 2). In all donors 6-9, the 2-OHs were protected with
benzyol groups which could control the stereoselectivity via
anchimeric participation in the following glycosylation steps so
as to afford 1,2-trans-glycosides solely.
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Figure 2 Chemical strucutures of glycosyl ortho-alkynylbenzoates donors.

With both glycosyl donors and acceptors in hand, now the
stage was set for the pivotal glycosydic linkage construction
(Table 1). Glycosylation between donor 6 and acceptor 2 was
selected as model reaction to screen the optimal conditions.
The selection of TBS protected acceptor 2 was based on the
conjecture that the high electron-donating property of TBS
protecting groups may increase the nucleophilicity of 5-OH,
therefore reasonable glycosylation yield may be expected.
Thus, treated with 0.2 equivalents of PPh;AuNTf,, acceptor 2
was subjected to condense with donor 6 (1.5 equiv.) at room
temperature (10 °C). Disappointedly, no desired glycosylation
product was detected, and the only detectable side-reaction
was partial hydrolysis of donor 6 (entry 1). It is notable that
the reaction mixture turned to darkness after being stirred at
the presence of PPh;AuNTf, for 1 h. This phenomenon was
likely resulted from the appearance of silver metal via
reduction of Ag(l) contained in PPh;AuNTf, by reductive 2.
The contamination of Au(l) complex by Ag(l) salt is inevitable
since only a filtration through a pad of celite work-up is
adopted to get the PPh;AuNTf, catalyst in standard
preparation procedure.13 In order to prevent the adverse
effect of excess Ag(l) in the desired glycosylation step, a slight
modification of Au(l) catalyst preparation was made, that is, an
additional filtration through a pad of silica gel was introduced.
Thus obtained PPh;AuNTf, , as a greyish-white solid, was then
tried for glycosylation between 2 and 6. To our delight, 35%
yield of desired glycoside 10 was isolated (entry 2). In addition,
no abnormal darkness was noticed any more in the reaction
mixture. Upon raising the reaction temperature to 30 °C, we
were rewarded by a dramatic enhancement in chemical yield
(90%,entry 3). The optimal reaction conditions were thus fixed
as follow: under the effect of 0.2 equivalents of PPh;AuNTf,
generated by the slightly modified procedure, donor (1.5
equiv.) condensed with acceptor in CH,Cl, in the presence of
activated 4A MS at 30 °C to afford the desired glycoside. The
chemical structure of 10 was ascertained by 1D NMR spectra

This journal is © The Royal Society of Chemistry 20xx
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and NOE 2D spectrum (for the anomeric proton: 5.71 ppm, J =
7.2 Hz; correlation of the anomeric proton with H-6 was
observed in NOE spectrum).11

PPhsPNTI,, 4A MS, CH,Cl,

BzO
6 o o
. O OTBS BBZZO o O
o.

OBz

TBSO O 10
|
OTBS
OH O
2
Entries Equivalents of donor Catalyst (equiv) Temperature (°C) Yield?
1 15 PPhsAUNTf, (0.2)° 10 NP
2 15 PPhsAUNTf, (0.2)° 10 35%
3 15 PPh3AuNTf, (0.2)° 30 90%

3 Isolated yields. ® Ag(l) contaminated catalyst. ¢ Pure Au(l) catalyst.
Table 1 The optimizations of flavonol 5-OH glycosylation.

After the optimal reaction conditions were established, the
substrate generality and limitation were subsequently checked
(Scheme 2).
could offer excellent yield of product glycoside as well, when

Besides 6, the more reactive glucosyl donor 7

coupled with 2 under the optimized glycosylation conditions.
Donor 8, the galactosyl counterpart of 6, was proved to be an
even better substrate for the protocol, and almost quantitative
yield of 12 was recorded. As a representative of L-series sugar
donor, L-rhamnosyl donor 9 condensed with 2 fluently,
affording 13 in a good 72% vyield. Not only enjoy quite broad
substrate scope in terms of glycosyl donors, the glycosylation
conditions could also be applicable to quercetin acceptor
protected with TBS groups. When glycosylated with donors 6-9
respectively under standard conditions, acceptor 3 afforded
quercetin 5-O-glycosides 14-17 in yields ranging from 65% to
99%. Surprisingly, condensation of 1, the simplest one in the
TBS protected acceptor series, and 6 under the identical
conditions was found to proceed sluggishly, only trace amount
of apigenin 5-O-glucoside product was detected after stirring
20 hat 30 °C.

X
r ‘/OTBS TBSO.
o.M {
PPhsAWNTE, (02 equiv) o

OTBS  "4AMS, CH,Cl,, 30°C § ‘_) ° °
o

OPG X=HorOTBS

_~OTBS onas oTBS
TBSO._~ 0. 9 TBSO. TBSO. 1 L
[ | {
mn LY w' o wec®)
820\ N
Zo o © BZO—\A

OBz 10 (90%) OBz

~
=

11 (90%) Bz 12 (99%) Ezo 0 13 (72%)

\ /0 -
TBSO.. /\ 0\62:[ J%ijioms TBS0. ]\)i/ OTES \
:zz:~\/o Y%I/ oTES TEDPSO*\/ o \( E o‘ras
zo o 9
OBz 16(70%) Em\ﬁ\? 17 @0%)

Scheme 2 Construction of TBS protected flavonoid 5-OH glycosidic linkages with
glycosyl ortho-alkynylbenzoates as donors.

DBZ 14 (93%) 15(55/)

The strikingly different performance of 1 in comparison to 2
and 3 in glycosylation reaction probably originates from the
lack of the 3-OH. The presence of 3-OH in acceptors 2 and 3
may probably weaken the strength of the intramolecular H-

This journal is © The Royal Society of Chemistry 20xx

bond, in turn facilitating the glycosylation of the 5-OH.%“* This

hypothesis was confirmed by comparison of the chemical
shifts of the 5-OHs, indicatives of intramolecular H-bond
strength.15 The 5-OH of 1 appeared at 12.72 ppm, while the
corresponding protons of 2 and 3 had chemical shifts of 12.67
ppm and 12.68 ppm, respectively. Evident up-field shifts of 5-
OH protons were observed for acceptors 2 and 3, indicating
the strength decrease of the corresponding intramolecular H-
bonds. Actually, a hint of intramolecular H-bond strength
difference between 1 and 2, 3 was also provided during the
synthesis of them. The stronger H-bond in 1 made the
regioselective removal of 5-OTBS operation unnecessary, while
in 2 and 3 cases, the desilylation manipulation is required.

To further extend the substrate scope of the method in terms
of glycosyl accepters, compounds 4 and 5 carrying benzyl and
hexanoyl protecting groups were subsequently studied.
Although Bn is also regarded as electron-donating protecting
group, the electron-donating propensity of it is much less than
that of TBS. Hexanoyl group is a typical electron-withdrawing
protecting group. Thus, by means of checking the possibility of
compounds 4 and 5 as acceptors in the established protocol,
the electronic effect exerted by protecting groups on acceptor
activities could be deduced. Catalysed by Au(l) complex,
acceptor 4 reacted with donors 6-7 efficiently, providing
glycosides 18-21 in good to excellent yields (Scheme 3). In
terms of electron-deficient compound 5, it was also proved to
be a vital acceptor for the new glycosylation protocol, and
above 80% vyields of 22-25 were obtained. Therefore, at this
juncture, a conclusion that the electronic property of the
protecting groups has little effect on the reactivity of the
acceptors could be draw from these results.

Y

| @ OPG PGO._~_O.
o PGO.__~ O A I T 1
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Scheme 3 Glycosylation of flavonol 5-OH protected with benzyl and Hexanoyl
groups.

B20-
Bz 23 (98%) OBz 24(99%)

To test the synthetic potential of the glycosylation protocol in
product synthesis, a synthetic study toward
kaempferol 5-O-disaccharide 28a, isolated from Nerium
oleander,16 was undertaken. As depicted in scheme 4, the
synthesis commenced with 23. Selective removal of the TBDPS
group on sugar residue was achieved under buffered TBAF
condition to yield 26 in a moderate 57% yield.17 The main by-
product of this conversion was the 7,6”-OHs free glycoside,
derived from simultaneous removal of basic labile 7-O-hexanol
and 6’-O-TBDPS groups. Given the acidic labile nature of the
glucosydic linkage in 26, donor 9 was applied for the

natural
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Orgahic & BiomoleculariChemistry

installation of rhamnosyl residue. Under standard conditions,
disaccharide 27 was isolated in a good 82% yield. What
remained to complete the synthesis of 28a was the global
deprotection of all acyl groups in 27, a process proved to be
quite problematic. Saponification with generally applied
NaOMe/MeOH system only led to a complex mixture due to
the instability of the electron-rich free flavonol nuclei in basic
conditions.*® Changing the base from NaOMe to mild K2C0319
and Mg(OMe)220
therefore, this route was finally abandoned.

OHex OHex
HexO. HexO. O
TBDF‘SO \Q/H TBAF/HOAC THF
OHex — __—— = 57% o I “OHex
BZO 6

Bz
BzO 2 PPmAuNTv2 4A MS, CH.Cly,

OHex
HexO. ‘
% I Q/ QQ(I
EZO
OBz 27 OH 28a

Scheme 4 Synthetic attempt toward the proposed naturally occurring
kaempferol 5-O-glycoside 28a.

To avoid exposure of free flavonol subunit to basic conditions,
a two-step deprotection procedure was adopted (Scheme 5).
Compound 19 was subjected to TBAF mediated desilylation to
furnish 29 which was ready for sugar chain elongation (99%).
The condensation between 29 and 9 proceeded fluently under
standard glycosylation conditions, vyielding kaempferol
disaccharide 30 (67%). Saponification was followed by
hydrogenation to generate 28a successfully (70%, 2 steps).
Unfortunately, evident discrepancy was observed between 'H
NMR of 28a and that reported in literature.*® To eliminate the
difficulties possibly brought about by H-bonds in spectrum
discrimination”™ and to facilitate the final structure
determination, 28a was thus acetylated to afford 28. All 1D
and 2D spectra supported that the obtained compound had
the correct structure of 28, in turn the structure of 28a was
also verified. In HMBC spectrum, correlation between C-5 and
H”’-1 was observed, which demonstrated that the sugar
chained was attached to 5-OH. C”-5, discriminated from DEPT
spectrum, correlated with H’”’-1 in HMBC spectrum, which
proved that the rahmnosyl residue was attached to the 6-OH
of the glucosyl residue. NOE spectrum could offer further
evidence to support the attaching position of the sugar chain,
and correlations between H-6 and H”-1 and H”’-1 were
detected.™ In fact, in the isolation literature, a quite similar
compound to 28 was also made except for the free 3-OH.
Evident spectroscopic discrepancies of 28 and its 3-OH
analogue were also noticed. In 28, for all protons attached to
carbons substituted with acetylated hydroxyl groups appeared
in reasonable area (for protons of H"’-2,3,4 and H’”’-2,3,4 in 28
appeared at above 5.0 ppm; while in the original document,
protons of H”’-2,3,4 and H’’-4 were assigned to resonate at
below 5.0 ppm). The H”-5 and H’’-5 of 28 are easily
discriminated at 3.93 and 3.85 ppm in multiple form (these
two protons were assigned to 5.1 and 5.24 ppm, respectively
in the isolation paper). Additional support could be obtained

4| J. Name., 2012, 00, 1-3

didn’t bring about considerable improvement,

from quercetin 5-0-2”,3”,4”,6"-tetra-O-acetyl-glucoside
synthesized by Rolando et aI.,6b whose H”’-2, 3 and 4 resided
between 5.11-5.49 ppm, while H”’-5 appeared at 3.76 ppm.
The diagnostic 3¢ chemical shifts for the two anomeric
carbons C”’-1 and C’”’-1 in 28 were 106.2 and 100.5 ppm,
respectively, in construct to the reported 104.5 and 102.4 ppm

for these two carbons.

= _OBn l/\rosn
|
BrO. o BnO. O
| TBAF/HOAC, THF | |
TBDPSO— OBh ———————= HO 7 OBn 9
A t, 99% azo%ﬁw

BO\Q 6 o . L0 O
B20 BzO PPh;AUNTf,, 4R MS, CHCly,
1, 67%

oz 19 oBz %
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J/m/oan
BnO__~ O AN~

@
W " RogMN
BzO OBn 1) NaOMe, MeOHRO o__o OR

2) Pd/C, EA/EOH, o O
70% (2 steps) OR AcZO pyridine, ’:zsa R=H
0°Ctort,99% —=28 R =Ac

OBz 30

Scheme 5 Synthesis of kaempferol 5-O-gycoside 28.

In summary, capitalizing on Yu glycosylation, an efficient
protocol to construct the challenging flavonol 5-OH glycosidic
linkages was established. The protocol enjoys broad substrate
scope in terms of both donors and acceptors. Employing this
protocol the synthesis of kaempferol 5-O-disaccharide was
achieved for the first time. To the best of our knowledge, this
is the first time that flavonol 5-O-disaccharide was obtained by
synthetic method.
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