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Abstract

The B-glycosyl esters of cis-cinnamic acid were synthesized directly using Hannesian’s
unprotected glycosyl donor and the carboxylic acid in toluene. This protocol does not
require protecting groups on the glycosyl donors, and high stereoselectivity was
achieved. The first synthesis of a potent allelochemical,

1-O-cis-cinnamoyl-B-D-glucopyranose, is also described.

Some plants are known to produce growth-regulating compounds, which when
released into the environment, affect the growth and development of other plants. This
phenomenon is defined as allelopathy and the related bioactive compounds are called
allelochemicals. Allelochemicals are expected to be an integral part of the design of
potent, environmentally safe herbicides in the future.' In 2004, Hiradate and Fujii
isolated 1-O-cis-cinnamoyl-B-D-glucopyranose (1) and identified it as a potent
allelochemical derived from Spiraea thunbergii.* They proposed that the cis-cinnamic
acid (2) might be an essential structure for inhibition, since both 2 and the glycoside 1
inhibit lettuce root growth at a comparable level (Figure 1). The glycoside 1 would be
readily transformed into 2 in soil and/or by microorganisms due to the lability of the

glycosyl ester moiety.
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Figure 1. The natural allelochemical 1 and the proposed essential structure 2 for its

bioactivity.

For the confirmation of the structure, a structure-activity relationship study, and a
plant physiological study of the natural product, the chemical synthesis of a sufficient
amount of the glycosyl ester and its derivatives would be required. Although many
kinds of glycosyl esters are present in nature, their chemical synthesis has been
problematic, because glycosyl esters are much more labile than glycosyl ethers. To
achieve a regioselective, efficient synthesis of the glycosides, suitable protection of the
hydroxyl groups, which do not participate in the glycosylation, is usually required, but
subsequent deprotection under acidic or basic conditions would likely cause the
cleavage of the glycosyl ester. Furthermore, in the present case, catalytic hydrogenation
or Birch-type reduction for removal of the benzylic protecting groups cannot be
employed since the carbon-carbon double bond of the cinnamate might be damaged in
the process. Appropriate deprotection conditions, namely mild enough so as not to
cleave and/or migrate the ester, have not been developed for this particular system. After
numerous unsuccessful attempts to deprotect the protected glycosyl ester 3 to give the
unprotected B-glycosyl cis-cinnamic acid ester 1 (Scheme 1), we decided to use
unprotected glycosyl donors, very few of which have been reported.” For example,
Hannesian and coworkers reported the stereoselective synthesis of the a-glycosyl esters
using 2-(methoxypyridyl) D-hexopyranoside 4 as an unprotected glycosyl donor
(Scheme 2).* However, they only briefly described the PB-glycosylation that was
employed with benzoic acid and a-2-methoxypyridyl galactopyranoside 6 in
nitromethane to provide a 1:3 (o:f) ratio.* Although the key point seems to be
suppression of the o—f interconversion of the glycosyl donor by the solvent, the
selective synthesis of the B-glycosyl esters using unprotected glycosyl donors has not
been established so far. Herein, we report the first selective synthesis of the glycoside 1



via the B-glycosyl esterification of an unprotected glycosyl donor via a modified
Hannesian protocol.
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Scheme 1. Attempts to deprotect the B-D-glycosyl ester.
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Scheme 2. Hannesian glycosylation in the preparation of the a- and B-glycosyl esters.

In order to obtain the P-glycosyl esters selectively, the a-2-(methoxypyridyl)
D-glucopyranoside 4 was prepared according to the literature. As shown in Scheme 3,
tetra-O-acetyl-B-D-glucopyranose 8 was converted into the glycosyl a-chloride 9,
which was then treated with silver 3-methoxy-2-pyridoxide 10, prepared from the
2-hydroxypyridine and silver nitrate, to afford the 3-D-glucopyranosyl donor 11 in good
yield.*® The anomerization of B-11 was carried out using HgBr; at high temperature to

4a,4d,6

give the a-donor (a-11). Deacetylation was effected via methanolysis to afford the

a-2-methoxypyridyl glucopyranoside 4 in good yield.®
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Scheme 3. Synthesis of a-2-(methoxypyridyl) D-glucopyranoside 4.

With the unprotected a-glycosyl donor in hand, we then examined the glycosylation
of cis-cinnamic acid (2) (Table 1). According to Hannesian’s protocol, the glycosylation
was performed in nitromethane as the solvent at 60 °C to give a 1:1 o/B mixture of the
glycoside 1 quantitatively (entry 1). In DMF as a polar solvent, the undesired a-1
predominated (entry 2), since the reaction probably proceeded through an intermediate
such as an oxonium ion. However, with acetonitrile and dioxane as the solvent, the ratio
was reversed to 1:2 and 1:2.9, respectively, in favor of the desired B-anomer (entries 3
and 4). In dichloromethane, although the reaction was sluggish due to the low boiling
point, the /a ratio increased up to 4 (entry 5). Less polar solvents would be expected to
improve the ratio because solvent participation could be minimized. By using the much
less polar solvent toluene at 100 °C, the ratio was 1:3.5 (entry 6), and at the lower
temperature of 70 °C, a better ratio (1:8.5) was obtained in modest yield (entry 7), in
which disaccharides, such as 12 and 13, were detected by ESI-MS as side products
(entries 6 and 7). To avoid this dimerization, the reaction was carried out under
high-dilution conditions using 100 equivalents of 2 to achieve an excellent yield of -1
and a much better ratio of 1:15 (entry 8),” and the excess 2 was recovered quantitatively.
Due to the instability of the product, which seems to decompose gradually in aqueous
solution, the final purification was troublesome, e.g. HPLC using an ODS column
resulted in decomposition, but using a normal phase HPLC column with
chloroform-methanol eluent to remove a mixture of the a-isomer and other impurities,
the pure compound was successfully obtained. The spectra of 1 were identical with
those of the natural product.



Table 1. Synthesis of the B-D-glycoside of cis-cinnamic acid (2).
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entry solvent 2 4 temperature time ou:ff yield

(equiv) (M)  (°C) (h) (%)
1 MeNO; 20 0.035 60 3 1:1  >99
2 DMF 100 0.035 65 3 2:1 89
3 CH;CN 20 0.035 44 16 1:2 98
4 dioxane 20 0.035 101 4 1:2.9 74
5 CH,CL, 20 0.035 30 48  1:40 79
6 toluene 20 0.035 100 0.25 1:3.5 65°
7 toluene 20 0.035 70 3 1:8.5 52°
8 toluene 100 0.0035 70 8 1:15 91
* The byproducts 12 and 13 were obtained

OH

12 O Ph 13 MeO

To show the generality of this method, several carboxylic acids were subjected to

the B-glycosylation to afford the B-glucopyranosyl esters. As shown in Table 2, the

B-glucosides of benzoic acid (entry 1), 3-phenylpropionic acid (entry 2), trans-cinnamic

acid (entry 3), and the cis-cinnamic acid analogues were obtained in good yield with

excellent B-selectivity (entries 4-6).

Table 2. Synthesis of the B-D-glycosides of several carboxylic acids
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According to Hannesian’s description of the mechanism of the glycosylation by
2-methoxypyridyl group as a leaving group,*’ the a-glycosyl esterification would be
promoted by protonation of the pyridyl moiety by the nucleophile (the carboxylic acid)
and a subsequent Sx2-like reaction by the carboxylate would result in the formation of
the B-glycosyl ester (Scheme 4). When a relatively polar solvent like acetonitrile was
used, the intermediate C would be partially generated through the transition state B, and
the resulting C and the anomer D would be in rapid equilibrium. Since the a-anomer D
would react with the nucleophile slower than the B-anomer C, the a-glycosyl ester
would also be generated based on the Curtin-Hammett principle.
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Scheme 4. Presumed mechanism of the glycosylation using the 2-methoxypyridyl group
as the leaving group.*

In conclusion, we have achieved the first efficient synthesis of the potent
allelochemical, the [-glycosyl ester of cis-cinnamic acid, by means of the
stereoselective glycosylation using unprotected glycosyl donors via a modified
Hannesian protocol. This method has high generality and is very useful for the synthesis
of bioactive -glycosyl esters in structure activity relationship studies.
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1070 cm™; MS (ESI) m/z: 333 ([M+Na]"), 333 (100%).
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General Methods: The optical rotations were obtained on a HORIBA SEPA-200. The
melting points were measured on Yanako MP-500D apparatus. The IR spectra were
recorded on a Shimazu FT/IR-8300 spectrometer using a KBr disk. The 'H- and
3C-NMR spectra were recorded using a JEOL JNM AL-400 (400 MHz and 100 MHz),
and a JNM ECA-600 spectrometer (600 MHz and 150 MHz). The ‘°F-decoupled
B3C-NMR spectra were recorded if necessary. Chemical shifts were reported in ppm
downfield from the peak of Me,Si (TMS) used as the internal standard. Splitting
patterns are designed as “s, d, t, g, and m” these symbols indicate “singlet, doublet,
triplet, quartet, and multiplet” respectively. Mass spectra were obtained on a JEOL
JMS-700 or a JEOL JMS-T100CS. High resolution mass spectra were obtained on a
JEOL JMS-700 or a JEOL JMS-T100CS.

OH
O
HO
H&/Op
HO
14 (@]

(2S, 3R, 4S, 5S, 6R)-3,4,5-Trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl
Benzoate (14)." Colorless needles; mp 183-186 °C; [a]o> —17.2 (c = 0.30, MeOH):;
'H-NMR (400 MHz, CDs0D) &: 3.42-3.56 (m, 4H), 3.70 (dd, J = 11.6 Hz, 4.4 Hz, 1H),
3.86 (bd, J = 11.6 Hz, 1H), 5.73 (d, J = 8.0 Hz, 1H), 7.50 (bt, J = 7.6 Hz, 2H), 7.63 (bt,
J = 7.6 Hz, 1H), 8.09 (bd, J = 7.6 Hz, 2H); *C-NMR (100 MHz, CDs0D) &: 62.3 (1),
71.1 (d), 74.1 (d), 78.1 (d), 78.9 (d), 96.3 (d), 129.6 (d), 130.8 (s), 130.9 (d), 134.7 (d),
166.7 (s); IR (KBr): 3430, 2924, 2872, 1712, 1601, 1584, 1450, 1383, 1282, 1057, 916,
893, 848, 711 cm™; MS (El) m/z: 284 (M*); HRMS (El) calcd for CisH1607 (M™):
284.0896, found: 284.0899.

15

(2S, 3R, 4S, 5S, 6R)-3,4,5-Trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl
3-Phenylpropanoate (15). Colorless needles; mp 66-68 °C; [o]p® +3.8 (c = 0.56,
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MeOH); *H-NMR (400 MHz, CDs0D) &: 2.72 (t, J = 7.6 Hz, 2H), 2.94 (t, J = 7.6 Hz,
2H), 3.30-3.46 (m, 4H), 3.67 (dd, J = 12.6 Hz, 4.8 Hz, 1H), 3.83 (dd, J = 12.6 Hz, 2.0
Hz, 1H), 5.49 (d, J = 7.6 Hz, 1H), 7.13-7.31 (m, 5H); **C-NMR (100 MHz, CDs0D) &:
31.5 (t), 36.8 (t), 62.3 (), 71.1 (d), 74.0 (d), 78.0 (d), 78.8 (d), 95.7 (d), 127.3 (d), 129.4
(d), 129.5 (d), 141.9 (s), 173.3 (s); IR (KBr): 3364, 1755, 1635, 1602, 1497, 1456, 1373,
1246, 1071, 918, 752, 700 cm™; MS (ESI) m/z: 335 ([M+Na]*), 335 (100%); HRMS
(ESI) calcd for CisHz0NaO; ([M+Na]*): 335.1107, found: 335.1082.

(2S, 3R, 4S, 5S, 6R)-3,4,5-Trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl
Cinnamate (16).2 Amorphous powder; mp 129-132°C; [a]o® +10.6 (¢ = 0.11, MeOH);
'H-NMR (400 MHz, CDs0D) &: 3.30-3.51 (m, 4H), 3.69 (dd, J = 11.1 Hz, 4.4 Hz, 1H),
3.85 (dd, J =11.1 Hz, 2.0 Hz, 1H), 5.59 (d, J = 7.6 Hz, 1H), 6.58 (d, J = 16.8 Hz, 1H),
7.37-7.46 (m, 3H), 7.57-7.67 (m, 2H), 7.80 (d, J = 16.8 Hz, 1H); *C-NMR (100 MHz,
CD3;0D) 6 : 62.3 (t), 71.1 (d), 74.0 (d), 78.0 (d), 78.9 (d), 95.9 (d), 118.3 (d), 129.4 (d),
130.1 (d), 131.8 (d), 135.6 (s), 147.6 (d), 167.1 (s); IR (KBr): 3358, 2928, 2855, 1703,
1636, 1578, 1462, 1379, 1280, 1207, 1090, 860, 766 cm™; MS (ESI) m/z: 333
([M+Na]"), 333 (100%), 310 (M"); HRMS (ESI) calcd for CisH:1gNaO; ([M+Na]*):
333.0950, found: 333.0962.

17 I

(2)-(2S, 3R, 4S, 5S, 6R)-3,4,5-Trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran
-2-yl 3-(3-lodophenyl)acrylate (17). Colorless needles; mp 67—68°C; [a]p> —20.6 (c =
0.30, MeOH); *H-NMR (400 MHz, CD50D) &: 3.30-3.48 (m, 4H), 3.69 (dd, J = 12.2 Hz,
4.8 Hz, 1H), 3.86 (dd, J = 12.2 Hz, 2.0 Hz, 1H), 5.54 (d, J = 8.8 Hz, 1H), 6.06 (d, J =
12.6 Hz, 1H), 7.03 (d, J = 12.6 Hz, 1H), 7.13 (t, J = 7.8 Hz), 7.62 (d, J = 7.8 Hz, 1H),
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7.69 (d, J = 7.8 Hz, 1H), 8.07 (s, 1H); **C-NMR (100 MHz, CD;0D) & : 62.4 (t), 71.1
(d), 73.9 (d), 78.1 (d), 78.9 (d), 94.2 (s), 95.8 (d), 120.8 (d), 130.5 (d), 130.8 (d), 138.1
(s), 139.2 (d), 139.7 (d), 144.7 (d), 165.7 (s); IR (KBr): 3370, 2930, 1734, 1633, 1554,
1418, 1178, 1070, 889, 787 cm™; MS (EI) m/z: 436 (M"), 418 (M*—H,0); HRMS (EI)
calcd for C1sH17107 (M™): 436.0019, found: 436.0016.

18 FsC

(2)-(2S, 3R, 4S, 5S, 6R)-3,4,5-Trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran
-2-yl 3-[3-(Trifluoromethyl)phenyl]acrylate (18). Colorless needles; mp 128-130 °C;
[o]o® —17.3 (c = 0.24, MeOH); *H-NMR (400 MHz, CDsOD) &: 3.30-3.43 (m, 4H),
3.68 (dd, J = 12.2 Hz, 4.8 Hz, 1H), 3.84 (dd, J = 12.2 Hz, 2.0 Hz, 1H), 5.54 (d, J = 7.6
Hz, 1H), 7.14 (d, J = 12.6 Hz, 1H), 7.18 (d, J = 12.6 Hz, 1H), 7.55 (t, J = 8.0 Hz, 1H),
7.64 (d, J = 8.0 Hz, 1H), 7.87 (d, J = 8.0 Hz, 1H), 8.02 (s, 1H); *C-NMR (100 MHz,
CD30D) &: 62.4 (t), 71.1 (d), 73.9 (d), 78.0 (d), 78.9 (d), 95.8 (d), 121.4 (d), 125.6 (s, as
a quartet), 126.7 (d, as a quartet), 127.7 (d, as a quartet), 129.9 (d), 1314 (s, as a
quartet), 134.8 (d), 136.9 (s), 144.8 (d), 165.6 (s); IR (KBr): 3559, 3342, 2924, 1735,
1719, 1636, 1447, 1342, 1314, 1240, 1116, 1070, 910, 889, 858, 833, 698 cm™; MS (ED
m/z: 378 (M"); HRMS (EI) calcd for C1gH17F307 (M™): 378.0926, found: 378.0922.

19 FsC CF3

(2)-(2S, 3R, 4S, 5S, 6R)-3,4,5-Trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran
-2-yl 3-[3,5-Bis(trifluoromethyl)phenyl]acrylate (19). Colorless needles; mp 139-142
°C; [a]o® -9.4 (c = 0.21, MeOH); *H-NMR (400 MHz, CDs0D) &: 3.30-3.42 (m, 4H),
3.67 (dd, J = 12.8 Hz, 5.0 Hz, 1H), 3.84 (dd, J = 12.0 Hz, 2.0 Hz, 1H), 5.53 (d, J = 8.8
Hz, 1H), 6.26 (d, J = 12.8 Hz, 1H), 7.27 (d, J = 12.8 Hz, 1H), 7.94 (s, 1H), 8.24 (s, 2H);
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B3C-NMR (100 MHz, CDs0D) &: 62.4 (t), 71.2 (d), 74.0 (d), 78.0 (d), 79.0 (d), 96.0 (d),
123.3 (d), 123.4 (d, as a multiplet), 124.8 (s, as a quartet), 131.4 (d), 132.4 (s, as a
quartet), 138.5 (s), 143.4 (d), 165.2 (s); IR (KBr): 3385, 2924, 2872, 1728, 1651, 1636,
1427, 1371, 1288, 1246, 1197, 1130, 1035, 907, 883, 853, 822, 702, 685 cm™; MS (ESI)
m/z: 469 ([M+Na]"), 469 (100%); MS (FAB) m/z: 469 ([M+Na]"); HRMS (ESI) calcd
for C16H17NaF;07 ([M+Na]"): 469.0698, found: 469.0669.
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