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Abstract — We discovered that the hypervalent iodine(III) reagent could mediate
the N-glycosylation reaction using the thio-glycoside donors with triazoles. By
using this method, glycosyl triazole could be easily synthesized under mild

reaction conditions.
In Celebration of Professor Kaoru Fuji on His 80th Birthday

INTRODUCTION

Glycoconjugates and glycosyl derivatives having carbon-nitrogen (C-N) bonds at the anomeric position
play important roles in a number of biological events, such as fertilization, immune response, and
bacterial and viral infections.! Actually, a number of biological functions of N-glycans in the events was
identified in these two decades and many inhibitors against glycosidases and glycosyltransferases having
the C-N bond were newly developed.? Especially, in the latter case, some N-glycans are now utilized as
clinical medicines.? Based on, N-glycosyl mimics of glycosides have become attractive targets for organic
synthesis; however, the N-glycosylation reactions are not well established compared to those for the
O-glycosylation.? Thus, an effective methodology for the C-N bond formation is quite useful for the
construction of N-glycan derivatives and the libraries of mimics of the N-linked glycopeptides. The
former could be inhibitors against glycosidases and glycosyltransferases, and the latter would be excellent
tools to investigate the functions of glycoenzymes, which constructs and cleaves glycosyl bonds of

N-glycans in the biosynthetic pathways.
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Among the N-glycans, glycosyl azoles are most attractive molecules because they showed potent
inhibitory activities against glycosidase and glycosyltransferases, while they were employed as
biologically-inactive linkers in the study of neoglycoconjugates.> Moreover, some glycosyl triazoles have
been used as sugar donors in glycosylation reactions.® Various types of N-linked glycosyl 1,2,3-triazoles

have also been reported.
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Figure 1. Utility of the glycosyl triazoles

Thus, various types of N-linked glycosyl 1,2,3-triazoles have already been reported, and most of them
have been generally synthesized by the Huisgen [3 + 2] cycloaddition reaction, in which glycosyl azides
and activated symmetrical alkynes reacted in the presence of the Cu(l) ion (Scheme 1a).® The
Cul-catalyzed azide-terminal alkyne cycloaddition (CuAAC) reaction produced 1,4-disubstituted
1,2,3-triazoles with a high regioselectivity. Despite the usefulness of CuAAC, these reactions suffer from
drawbacks, not only in a medicinal chemistry perspective but also often in the case of the materials
sciences: (1) copper catalyst contamination of the product, and (ii) Cu(I) oxidation state instability, which
requires an inert gas or the addition of an excess reducing agent.® Glycosyl benzotriazoles have been
prepared by the glycosidation of 1,2,3-benzotriazole, resulting in mixtures of the 1- and 2-substituted
regio-isomers (Scheme 1b).1% To the best of our knowledge, glycosyl azoles are considered to be useful
compounds, but their synthetic methods are limited to the Huisgen reaction. Therefore, the development
of efficient methods for the glycosylation reaction of these glycosyl azoles is highly fascinating in organic
synthesis.

The oxidation with the environmentally-benign hypervalent iodine(IIl) reagent has witnessed profound
progress in organic chemistry.!! Recently, we have been involved in the development of the hypervalent
iodine(I1I)-mediated glycosylation leading to oligosaccharides.'2 During this glycosylation reaction, the
hypervalent iodine reactant activated the sulfur atom of thio-glycoside and the glycosylation reaction
efficiently proceeded. With this in mind, we envisioned that iodine(IIl) reagents could serve to promote
the N-glycosylation to the corresponding glycosyl azoles 3. In this communication, we report our
preliminary investigation of the iodine(Ill)-mediated N-glycosylation of thio-glycosides to develop a
convenient synthesis method of glycosyl azoles using the hypervalent iodine(IIl) reagent as an activator

(Scheme 1c¢).
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Scheme 1. Synthesis of glycosyl triazoles

RESULTS AND DISCUSSION

Initially, we examined the reaction conditions using thio-glycoside 1a and 1,2,3-benzotriazole 2a as
model substrates (Table 1). Based on our previous research, our initial studies revealed that the
combination of phenyliodine(III) bis(trifluoroacetate) (PIFA) with TfOH in CH>Cl> could promote the
glycosylation reaction at room temperature, affording the N1 coupling product 3a in 46% yield.
Meanwhile, we also tested some other solvents, such as acetonitrile and HFIP, but no better results were
obtained (entries 2 and 3). Next, the use of TMSOTT instead of TfOH improved the yield up to 67%
(entry 4). The treatment of the thio-glycoside with BF3-Et2O showed the formation of 3a, but the yields
decreased to 31% (entry 5). To our delight, 1a was easily converted to the desired product 3a in 85%
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yield using TMSOTT as an acid in dichloroethane (DCE) and at 80 °C (entry 6). Switching to other
iodine(IIl) reagents, i.e., phenyliodine(Ill) diacetate (PIDA) and PhI(OH)OTs, did not produce good
results (entries 7 and 8). In all cases, a trace amount of the N2 coupling product was detected. When the
reaction was performed with NBS used to activate the thioglycoside, 42% of the N1 coupling product was
obtained and 22% of the N2 coupling product was also produced. In the case of NIS, only about 10% of

the glycosylated product was obtained.

Table 1. Optimization of Reaction Conditions

O'Aéc N iodine(lll) reagent (1.0 equiv.) OAc N/N:N
ACO/%/SPh A\ Lewis acid (2.0 equiv.) o] =
AcO N > AcO -
c

OAc H solvent AcO 0)
1a 2a 24 h, temperature 23
(2.0 equiv.)
entry | iodine(lll) reagent acid solvent (0.1 M) temperature | yield (%)*°
1 PIFA TfOH CHxCl, rt 46
2 // // MeCN // n.d.
3 /1 // (CF3),CHOH (HFIP) // n.d.
4 // TMSOTf CH2Cl, // 67
5 /1 BF3-EtO /! // 31
6 /1 TMSOTf (CH2):ClL2 (DCE) 80 °C 85
7 PIDA TMSOTf // // 46
8 PhI(OH)OTs // // // trace

? Reaction conditions: under a nitrogen atmosphere, thio-glycoside 1a (0.1 mmol), 1,2,3-benzotriazole 2a

(0.2 mmol), iodine(III) reagent (0.1 mmol), acid (0.2 mmol). ® Isolated yield.

With these optimized condition in hand, we set out to explore the substrate scope of this glycosylation
reaction. As shown in Table 2, the thio-glycoside 1a with triazoles 2 gave the desired coupling products

3b-3f in good yields. The 1,2,3-triazole 2b smoothly occurred producing the glycosylation product 3b in



HETEROCYCLES, Vol. 101, No. 2, 2020 625

satisfactory yield. Furthermore, 4-phenyl-1H-1,2,3-triazole 2¢ afforded the corresponding products 3¢ and
3d in 51-53% yields. The halogen-substituted 4-aryl-1H-1,2,3-triazoles afforded the corresponding

glycosyl azoles 3e and 3f in moderate yields.

Table 2. Scope of substrates®®

R N=
OAc N PIFA (1 equiv.) OAc =N
AO/%SF’“ . N/,A\ﬁ TMSOTf (2 equiv.) /%/N\)\R
C > AcO
AcO N
c OAc H DCE, 024 h AcO OAc
, 2 80 °C
a
(2.0 equiv.) 3b-3f
OAc  N=N OAc  N=N OAc  N=N
! o) N/ o) N~/
o) N
C
AcO OAC OAc AcO OAc
3b 47% 3c 51% 3d 53%
=N
OAc N=N ogc r\T P
o) N/ AcO of
AcO Br AcO
AcO OAG OAc
3e 54 3f 41%
0

? Reaction conditions: under a nitrogen atmosphere, thio-glycoside 1a (0.1 mmol), 1H-1,2,3-triazole 2

(0.2 mmol), PIFA (0.1 mmol), TMSOTT (0.2 mmol). ®Isolated yield.

Encouraged by these results, we next examined the glycosylation reaction of the thio-glycosides derived
from galactose 1b with 4-phenyl-1H-1,2,3-triazole 2¢. (Scheme 2). For the acetyl-protected galactose 1b,
the reaction proceeded to produce the glycosylated product 3g in 34% yield (eq. 1). The
bromo-substituted 4-aryl-1/-1,2,3-triazole 2e afforded the corresponding glycosyl azole 3h in moderate
yield (eq. 2). The treatment of 1,2,3-benzotriazole 2a formed the desired product 3i in 41% yield (eq. 3).
A trace amount of the N2 coupling product was detected. In our reaction condition, N1 glycosylated

product obtained in good yields, though the reason for this high regioselectivity is yet unclear.
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Scheme 2. Glycosylation of galactose derivatives

Although the exact reaction mechanism is not clear, the proposed reaction mechanism is shown in

Scheme 3. Initially, the sulfonium intermediate was formed by the reaction of the glycosyl donor with the

hypervalent iodine(IIl) reagent. Next, it was assumed that ligand exchange occurred between iodine

reagent and triazole. Subsequent elimination of iodobenzene and thiol followed by attack of N1 position

of trizaole leads to the selective glycosylated product. This study on selectivity is ongoing now.
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Scheme 3. Proposed reaction mechanism

In conclusion, we have developed a straightforward and efficient method for the synthesis of glycosyl

azoles. In this reaction, when 1,2,3-benzotriazole was used, the N1 selective glycosylation reaction

proceeded. This protocol offers a rapid approach to glycosyl azoles along with the achievement of a

remarkable structural diversity. The process also features readily available starting materials, simple
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operation and good scalability, and would be synthetically useful in organic synthesis.

EXPERIMENTAL

General Remarks; The '"H-NMR and '*C-NMR spectra were recorded by a JEOL JMN-400 spectrometer
operating at 400 MHz in CDCl; at 25 °C with tetramethylsilane as the internal standard. Data are reported
as follows: chemical shift in ppm (9), integration, multiplicity (s = singlet, d = doublet, t = triplet, q =
quartet, bs = broad singlet, m = multiplet), coupling constant (Hz). The mass spectra were obtained using
a Shimadzu GCMS-QP 5000 instrument with ionization voltages of 70 eV. The high resolution mass
spectra were performed by the Elemental Analysis Section of Osaka University. Column chromatography
and TLC were carried out on Merck Silica gel 60 (230-400 mesh) and Merck Silica gel F254 plates (0.25
mm), respectively. The spots and bands were detected by UV irradiation (254, 365 nm).

Materials: PhI(OCOCF;), (PIFA), 1,2,3-triazole, 1,2,3-benzotriazole are commercially available and used
as received. All other starting materials are commercially available. They were used without further
purification.

General Procedure for the Glycosylation Reaction

To a stirred solution of phenyl 2,3,4,6-tetra-O-acetyl-1-thio-B-D-glucopyranoside 1a  and
1,2,3-benzotriazole 2a (0.2 mmol, 2 equiv.) in DCE (2 mL, 0.05 M), TMSOTT (0.2 mmol, 2 equiv.) was
added at room temperature. PIFA (0.1 mmol, 1 equiv) was subsequently added to the reaction mixture
with stirring, then stirred for an additional 24 h at 80 °C, while the reaction was monitored by TLC. A
saturated aqueous solution of sodium hydrogen carbonate was added to the mixture when the reaction was
completed. The aqueous phase was extracted with CH>Clo. The extract was dried over anhydrous Na;SOs,
then evaporated to dryness. The crude residue was purified by column chromatography on silica gel
(eluent: n-hexane/ CH>Cl,) to form the pure glycosylation product 3a in 85% yield.

Characterization of the glycosylation products 3
1-(2,3,4,6-Tetra-0-acetyl-p-D-glucopyranosyl)-1H-benzo[d][1,2,3] triazole 3a’

"H-NMR (400 MHz, CDCl3): § 1.77 (3H s), 2.04 (3H s), 2.09 (3H s), 2.12 (3H s), 4.10 (1H, ddd, J = 10.0,
4.8, 2.0 Hz, H5), 4.22 (1H, dd, J = 12.8, 2.4 Hz), 4.33 (1H, dd, J = 12.8, 4.8 Hz), 5.38 (1H, dd, J = 10.0,
9.4 Hz), 5.52 (1H, dd, J = 9.4, 9.4 Hz), 5.78 (1H, dd, J = 9.4, 9.4 Hz), 6.21 (1H, d, J = 9.6 Hz, H1), 7.43
(1H, dd, J = 8.0, 7.2 Hz), 7.57 (1H, dd, J = 8.0, 7.2 Hz), 7.73 (1H, d, J = 8.0 Hz), 8.08 (1H, d, /= 8.0
Hz). BC-NMR (100 MHz, CDCl5): §20.1, 20.6, 20.6, 20.7, 61.6, 67.8, 69.2, 72.7, 75.0, 86.0, 101.6,
120.3, 124.8, 128.4, 131.7, 146.5, 168.6, 169.5, 170.15, 170.5 ppm.
1-(2,3,4,6-Tetra-O-acetyl-B-D-glucopyranosyl)-1H-1,2,3-triazole 3b!3

'"H-NMR (CDCls, 400 MHz): § 1.85 (3H s), 2.01 (3H s), 2.05 (3H s), 2.06 (3H s), 4.01 (1H, ddd, J =
10.0 Hz, HS), 4.14 (1H, dd, J-2.0 Hz), 4.29 (1H, dd, J = 12.4, 4.8 Hz), 5.26-5.21 (1H, m), 5.47-5.39 (2H,
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m), 5.93 (1H, d, J = 9.5 Hz, H1), 7.76 (1H, s), 7.83 (1H, s): *C-NMR (CDCl3, 100 MHz): § 20.3, 20.5,
20.6,20.7,61.6,67.9,70.4,72.8,75.2, 85.9, 122.1, 134.6, 169.1, 169.5, 170.0, 170.5 ppm.
1-(2,3,4,6-Tetra-0-acetyl-p-D-glucopyranosyl)-4-phenyl-1H-1,2,3-triazole 3¢

"H-NMR (CDCls, 400 MHz): & 1.88 (3H, s), 2.04 (3H, s), 2.07 (3H, s), 2.08 (3H, s), 4.06-4.03 (1H, m),
4.18-4.15 (1H, m), 4.35-4.31 (1H, m), 5.28 (1H, t, J= 9.6 Hz), 5.47-5.43 (1H, m), 5.53 (1H, t, /= 9.6 Hz),
595 (1H, d, J=9.6 Hz, H1), 7.36 (1H, d, J = 7.4 Hz), 7.45-7.42 (2H, m), 7.84 (2H, d, J = 7.5 Hz), 8.02
(1H, s): *C-NMR (CDCl3, 100 MHz): § 20.2, 20.6, 20.6, 20.7, 61.6, 67.8, 70.2, 72.8, 75.2, 85.9, 117.8,
125.9, 128.6, 128.9, 129.9, 148.6, 169.1, 169.4, 170.0, 170.5 ppm.
4-p-Tolyl-1-(2,3,4,6-tetra-O-acetyl-p-D-glucopyranosyl)-1H-1,2,3-triazole 3d>

"H-NMR (CDCls, 400 MHz): § 1.85 (3H, s), 2.01 (3H, s), 2.06 (3H, s), 2.35 (3H, s), 3.99-4.03 (1H, m)
4.13 (1H, dd, J=12.4, 1.6 Hz), 4.30 (1H, dd, J= 12.6, 5.0 Hz), 5.24 (1H, t, J= 9.6 Hz), 543 (1H, t, J=
9.6 Hz), 5.47 (1H, t, J=9.6 Hz), 591 (1H, d, J= 8.0 Hz, H1) 7.21 (2H, d, /= 7.6 Hz,), 7.69 (2H, d, J=
8.0 Hz), 7.94 (1H, s); 3*C-NMR (100 MHz, CDCls): § 20.1, 20.5, 20.6, 21.3, 61.6, 67.8, 70.2, 72.8, 75.1,
85.7,117.3,125.8, 127.1, 129.5, 138.4, 148.5, 168.9, 169.3, 169.9, 170.4 ppm.
1-(2,3,4,6-Tetra-0-acetyl-p-D-glucopyranosyl)-4-(4-bromophenyl)-1H-1,2,3-triazole 3e!®

'H-NMR (CDCls, 400 MHz): & 1.85 (3H, s), 2.01 (3H, s), 2.06 (3H, s), 2.23 (3H, s), 4.03 (1H, ddd, J =
10.2,4.8,2.0 Hz), 4.16 (1H, dd, /= 12.8, 2.0 Hz), 4.33 (1H, dd, /= 12.7, 5.1 Hz), 5.26 (1H, dd, J = 10.0,
9.2 Hz), 5.44 (1H, dd, J = 9.6, 9.2 Hz), 5.50 (1H, dd, J = 9.6, 9.2 Hz), 5.92 (1H, d, J = 9.2 Hz, H1), 7.56
(2H, d, J = 8.4 Hz), 7.71 (2H, d, J = 8.4 Hz), 8.00 (s, 1H): "*C-NMR (100 MHz, CDCls): & 20.2, 20.5,
20.6,20.7,61.6,67.7,70.2,72.7,75.3, 85.9, 117.8, 122.5, 127.4, 128.9, 132.0, 147.4, 169.0, 169.3, 169.9,
170.4 ppm.

1-(2,3,4,6-Tetra-0O-acetyl-p-D-glucopyranosyl)-4-(4-chlorophenyl)-1H-1,2,3-triazole 3f

"H-NMR (CDCls, 400 MHz): § 1.89 (3H, s), 2.02 (3H, s), 2.05 (3H, s), 2.21 (3H, s), 4.01-4.05 (1H, m),
4.16 (1H,d, J=12.0 Hz), 4.33 (1H, dd, J = 12.8, 4.8 Hz), 5.27-5.30 (1H, m), 5.45-5.51 (2H, m), 5.92 (1H,
d, J=9.2 Hz, H1), 7.40 (2H, d, J = 8.4 Hz), 7.78 (2H, d, J = 8.4 Hz), 8.00 (s, 1H): 3C-NMR (100 MHz,
CDCl): 6 20.6, 20.9, 21.0, 21.1, 61.9, 68.1, 70.6, 73.0, 75.6, 86.3, 118.3, 127.6, 128.8, 129.5, 134.8,
147.9, 169.5, 169.8, 170.3, 171.0 ppm. HRMS (MALDI): calcd for C22H2sCIN3O9 [M+H]" 510.1279,
found 510.1282.

1-(2,3,4,6-Tetra-O-acetyl-B-D-galactopyranosyl)-4-phenyl-1H-1,2,3-triazole 3g'*

'"H-NMR (CDCls, 400 MHz): § 1.91 (3H, s), 2.02 (3H, s), 2.05 (3H, s), 2.24 (3H, s), 4.17-4.25 (3H, m),
5.27 (1H, dd, J=9.0, 3.2 Hz, 1H), 5.58 (1H, d, J=2.8 Hz), 5.65 (1H, t, J= 7.2 Hz), 5.92 (1H, d, J=9.6
Hz, H1), 7.36-7.33 (1H, m), 7.45-7.42 (2H, m), 7.86 (2H, d, J = 7.2 Hz), 8.06 (1H, s): 3*C-NMR (100
MHz, CDCl): & 20.1, 20.4, 20.5, 20.6, 61.1, 66.8, 67.7, 70.7, 73.9, 86.2, 117.7, 125.8, 128.4, 128.7,
129.8, 148.3, 169.0, 169.7, 169.9, 170.2 ppm.
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1-(2,3,4,6-Tetra-0-acetyl-p-D-galactopyranosyl)-4-(4-bromophenyl)-1H-1,2,3-triazole 3h'’

"H-NMR (CDCls, 400 MHz): & 1.91 (3H, s), 2.03 (3H, s), 2.06 (3H, s), 2.25 (3H, s), 4.17-4.25 (3H, m),
5.27 (1H, dd, J=9.2, 3.2 Hz), 5.58 (1H, d, /= 3.0 Hz), 5.65 (1H, t, /= 7.4 Hz), 5.92 (1H, d, /= 9.6 Hz),
7.56 (2H, d, J=8.8 Hz), 7.73 (2H, d, J = 8.8 Hz), 8.06 (s, 1H) ppm.
1-(2,3,4,6-Tetra-0-acetyl-p-D-galactopyranosyl)-1H-benzo|d][1,2,3]triazole 3i’

"H-NMR (CDCl3, 400 MHz): & 1.75 (3H, s), 1.98 (3H, s), 2.00 (3H, s), 2.27 (3H, s), 4.15-4.26 (2H, m),
431 (1H,t,J=6.4 Hz), 5.33 (1H, dd, J = 10.0, 3.2 Hz, H2), 5.60 (1H, d, /= 3.2 Hz), 5.85 (1H, t,J=9.6
Hz), 6.17 (1H, d, J=9.6 Hz), 7.38 (1H, t, J = 7.6 Hz), 7.53 (1H, t, J = 7.6 Hz), 7.66 (1H, d, J = 8.4 Hz),
8.03 (1H, d, J = 8.4 Hz): *C-NMR (100 MHz, CDCls): § 20.3, 20.8, 20.9, 21.0, 61.5, 66.9, 67.3, 71.2,
73.9,86.9,111.1, 120.6, 125.0, 128.51, 132.0, 146.8, 169.0, 170.2, 170.3, 170.6 ppm.
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