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Abstract: A stereoselective Koenigs–Knorr glycosylation reac-
tion under the catalysis of urea is described. This method is
characterized by urea-mediated hydrogen-bond activation and
subsequent glycosylation with glycosyl chlorides or bromides.
Excellent yields and high anomeric selectivity can be achieved
in most cases. Moreover, the low a-stereoselectivity of glyco-
sylations observed when using perbenzylated glucosyl donors
can be greatly improved by the addition of tri-(2,4,6-trime-
thoxyphenyl)phosphine (TTMPP).

Koenigs–Knorr glycosylation, which dates back to 1901,[1]

refers to activation of the anomeric centre by the decom-
position of glycosyl halides (normally bromides and chlor-
ides) and subsequent coupling with glycosyl acceptors. The
activators are always a full equivalent of heavy metal salts
such as Hg(CN)2,

[2] AgNO3,
[3] Ag2CO3,

[3] AgOTf,[4] AgClO4,
[5]

Ag2O,[6] Cu(OTf)2,
[7] and others.[8] LemieuxÏs halide-ion-

catalyzed glycosylation reactions with highly reactive per-
benzylated glycopyranosyl bromides in the presence of
tetraethylammonium bromide avoids the use of heavy
metals.[9] Recently, intense interest in the catalytic activation
of reactants through noncovalent interactions, especially
hydrogen-bond activation, has resulted in the development
of undeniably useful methods.[10] Hydrogen-bond donors,
especially (thio)urea derivatives, have been established as
potent noncovalent organocatalysts.[11] In particularly, halo-
genated compounds could also be activated by (thio)ureas,
and an enantioselective addition to oxocarbenium ions
occurred under the catalysis of thiourea.[12] Despite the
broad use of organocatalysis in asymmetric synthesis,[13] its
application to glycosylation reactions is still in its infancy.
Herein, we describe our efforts to develop a urea-mediated
organocatalytic Koenigs–Knorr glycosylation method with
glycosyl halides.

In initial studies, the perbenzylated glucosyl chloride 3a
and glucosyl acceptor 4a were chosen as model compounds to
carry out the reaction with 1.0 equiv of thiourea 1[11d] in
toluene (1.5 mL) as the solvent at different temperatures for
24 h (Table 1, entries 1–3). The coupling reaction was found
to proceed and 5a was afforded in 5 % yield at 50 88C. After
screening a number of additives, the use of 2.0 equiv of K2CO3

gave the best yield (entries 5–10). Replacement of toluene
with n-hexane led to the formation of 5a in moderate yield
(entries 11–13). The yield was improved by gradually evap-
orating the solvent to dryness over 24 h (entries 14,15), and
this effect probably results from improvement of the solubil-
ity of urea 2, which is caused by the rising temperature, and
the concentration effect (Tables S2,S3 in the Supporting

Table 1: Glycosylation of acceptor 4a with glucosyl chloride 3a.[a]

Entry Promoter
(equiv)

Solvent Additive
(equiv)

T
[88C]

Yield
[%][b]

1 1 (1.0) toluene – ¢72 0
2 1 (1.0) toluene – 0 0
3 1 (1.0) toluene – 50 5
4 1 (0) toluene – 50 0
5 1 (1.0) toluene TfOH (1.0) 50 8
6 1 (1.0) toluene TTBP (1.0) 50 28
7 1 (1.0) toluene TTBP (5.0) 50 17
8 1 (1.0) toluene K2CO3 (2.0) 50 40
9 1 (1.0) toluene K2CO3 (3.0) 50 39
10 1 (0) toluene K2CO3 (2.0) 50 0
11 1 (1.0) DCE K2CO3 (2.0) 50 7
12 1 (1.0) dioxane K2CO3 (2.0) 50 0
13 1 (1.0) n-hexane K2CO3 (2.0) 50 51
14[c] 1 (1.0) n-hexane K2CO3 (2.0) 50 71
15[c] 1 (1.0) n-hexane K2CO3 (2.0) reflux 75
16[d] 1 (1.0) n-hexane K2CO3 (2.0) reflux 85
17[c] 1 (0.1) n-hexane K2CO3 (2.0) reflux 11
18[c] 2 (1.0) n-hexane K2CO3 (2.0) reflux 73
19[c] 2 (0.1) n-hexane K2CO3 (2.0) reflux 62
20[d] 2 (0.2) n-hexane K2CO3 (2.0) reflux 65
21[d] 2 (0.2) c-hexane K2CO3 (2.0) reflux 90
22[d] 2 (0.2) CCl4 K2CO3 (2.0) reflux 62
23[d] 2 (0.2) benzene K2CO3 (2.0) reflux 95
24[d] 2 (0.2) toluene K2CO3 (2.0) reflux 46
25[d] 2 (0) benzene K2CO3 (2.0) reflux 0
26[d] 2 (0.2) benzene K2CO3 (0) reflux 65

[a] Reaction conditions: 3a (0.10 mmol), 4a (0.10 mmol), promoter,
additive, solvent (1.0 mL), under argon atmosphere, 24 h. a/b = 1:1.
[b] Yield of isolated product. [c] 3a (0.10 mmol), 4a (0.10 mmol),
promoter, additive, solvent (1.0 mL), under argon atmosphere; the
solvent was gradually evaporated to dryness during 24 h. a/b = 1:1.
[d] 3a (0.10 mmol), 4a (0.05 mmol), promoter, additive, solvent
(1.0 mL), under argon atmosphere; the solvent was gradually evaporated
to dryness during 24 h. a/b =1:1. DCE =1,2-dichloroethane; c-hexa-
ne = cyclohexane.
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Information).[14] The yield was further improved by
increasing the amount of 3a to 2 equivalents (85 %,
entry 16), whereas the yield decreased dramatically
when using a catalytic amount of 1 (11%, entry 17).
Furthermore, byproduct 6, which results from the
S-glycosylation of 1 with 3a, was isolated in all
these reactions in different amounts. To avoid this
side reaction, 5a was obtained without byproduct 6
when using a catalytic amount of urea 2 instead of
thiourea 1. Benzene appeared to be the best solvent
(95 %, entries 20–24). The optimized conditions are
thus as follows: donor (2.0 equiv), acceptor
(1.0 equiv), urea 2 (0.20 equiv), continuous evapo-
ration to dryness (heating at 80 88C for 24 h under
argon atmosphere).

With the optimized conditions in hand, the
scope of the reaction was investigated by varying
both the glycosyl donor and the acceptor (Scheme 1
and Table 2). The reactions of perbenzylated glu-
cosyl donor 3a with 4b, 4c, and 4d produced
disaccharides in moderate to excellent yields with
poor stereoselectivity. The glycosylations of accept-
ors with galactosyl, mannosyl, rhamnosyl, and
glucosaminyl donors proceeded in good yield and
with high anomeric stereoselectivity. The glycosy-
lation of 4a with galactosyl bromide 3 f under the
same conditions also worked well, with high b-
selectivity. Moreover, reaction of the disaccharide
donor 3g with 4a afforded 5r in 82% yield of
isolated product with the a/b ratio 3:1. Except for
the poor stereoselectivity of the glycosylation when
using perbenzylated glucosyl donors and the acetyl
migration phenomenon observed when using per-
acetylated glucosyl donors, most other donors gave
satisfactory yields and good stereoselectivity.

In order to improve the anomeric selectivity of
the glycosylation when using perbenzylated gluco-
syl donors, a series of chiral (thio)urea catalysts
were examined (Table S4). Disappointingly, most
of chiral (thio)urea catalysts had nearly no influ-
ence on the anomeric selectivity. The only improve-
ment was achieved when chiral urea 7n was used as

a catalyst for the glycosylation of 4a with 3a, providing 5a in
90% yield and with improved selectivity (a/b ratio 3.5:1,
Scheme 2).

Interestingly, when urea 7o, which results from the
removal of the benzyl group in compound 7n, was used as
the catalyst, the stereoselectivity of glycosylation was
retained. We thus imagined that the diphenylphosphino
group might have an effect on the stereoselectivity. Indeed,
the addition of phosphines to the reaction did influence the
steric outcome of the glycosylation (Table S5). It was found
that tri-(2,4,6-trimethoxyphenyl)-phosphine (8c, TTMPP) isScheme 1. Glycosyl donors and acceptors in the glycosyla-

tion reaction.

Table 2: Glycosyl coupling reactions of donors 3a–g and acceptors 4a–f.[a]

[a] Reaction conditions: 3a–3h (0.10 mmol), 4a–4 f (0.05 mmol), K2CO3

(0.10 mmol), 2 (0.01 mmol), benzene (1.0 mL), heating at 80 88C under
argon atmosphere for 12 h with solvent was evaporated over this
period, then benzene (1.0 mL) was added, the mixture was heated for
another 12 h, and the solvent was evaporated again. [b] Yield of isolated product.
[c] Anomeric ratios were determined by 1H NMR analysis of
the crude products.
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the best additive (a/b ratio up to 12.6:1), and the optimal
amount of TTMPP is 1.5 equivalents (Table S6). To our
delight, when using this phosphine additive, the glycosylation
reactions that were previously accomplished with poor
stereoselectivity proceeded with high a-selectivity, as shown
in Table 3.

To gain some insight into the mechanism, a series of
experiments were conducted under the standard conditions.
No glycosylation reaction occurred in the absence of 2
(Table 1, entry 25). Simply blocking the hydrogen-bonding
amide of the (thio)urea completely inhibited the glycosyla-
tion reaction (Table 4). The NMR spectra indicated an
obvious interaction between donor 3a and urea 2. When
adding 3a to 2, the chemical shift of Ha and Hb in 2 shifted
downfield, whereas the chemical shift of H1 in 3a shifted
upfield. The chemical shift change in the 19F NMR for 2 is
consistent with those of the 1H NMR spectra (Scheme 3,
Figure 1). These results imply a possible hydrogen-bond
activation mechanism.[15] When the a/b mixture of 5a was
reacted under the standard conditions in the presence of
TTMPP, no anomerization was observed (Scheme S1). The
chemical shifts of Hc and Hd in 8c shifted upfield upon mixing
with 2 and 3 a, whereas the chemical shift of H1 in 3 a shifted

downfield, and the chemical shift for P in 8c displayed the
same tendency (Scheme 3, Figure 2, for details see
Tables S8, S9). Given the steric hindrance and the electrical
effects of TTMPP (Table S5), and based on the NMR
experiments, we hypothesized that a noncovalent electronic
interaction with the anomeric carbon from the b-face of the
glycosyl donors might exist, thereby directing attack of the
acceptors from the a-face to give the a-glycosides. A detailed
mechanistic elucidation of this reaction will be the focus of
further studies.

In conclusion, we disclose a stereoselective Koenigs–
Knorr glycosylation reaction catalyzed by urea. The activa-
tion of glycosyl chlorides or bromides by urea through
a hydrogen-bond interaction, followed by glycosylation,
afforded the coupled products smoothly without the use of

Scheme 2. Glycosylation catalyzed by 7n or 7o. Conditions: 3a
(0.10 mmol), 4a (0.05 mmol), K2CO3 (0.10 mmol), 7n or 7o
(0.01 mmol), benzene (1.0 mL), 80 88C under argon atmosphere for
24 h, with the solvent evaporating during this period. Anomeric ratios
were determined by 1H NMR analysis of the crude products.

Table 3: Stereoselective glycosylations in the presence of 8c (TTMPP).[a]

Entry Substrate Product Yield[%][b] a/b[c]

1 3a + 4a 5a 94% 12.6:1.0
2 3a + 4b 5b 90% 10.1:1.0
3 3a + 4c 5c 90% 11.0:1.0
4 3a + 4d 5d 70% 10.7:1.0
5 3g + 4a 5r 82% 8.0:1.0
6 3h + 4a 5s 95% 20.0:1.0

[a] Reaction conditions: 3a or 3g or 3h (0.10 mmol), 4a–4d
(0.05 mmol), K2CO3 (0.10 mmol), 2 (0.01 mmol), TTMPP (0.075 mmol),
benzene (1.0 mL), heated at 80 88C under argon atmosphere for 12 h and
the solvent was evaporated during this period, then benzene (1.0 mL)
was added, the reaction heated for another 12 h, and the solvent was
evaporated again. [b] Yield of isolated product. [c] Anomeric ratios were
determined by 1H NMR analysis of the crude products.

Table 4: Control experiments using blocked (thio)ureas.[a]

Entry Promoter Yield[%][b] Entry Promoter Yield[%][b]

1 9a 0 4 9c 0
2 9b 0 5 2 12
3 1 95 6 9d 0

[a] Reaction conditions: 3a (0.10 mmol), 4a (0.05 mmol), promoter
(0.10 mmol), K2CO3 (0.10 mmol), benzene (1.0 mL) at 80 88C under argon
atmosphere for 24 h and the solvent was evaporated during this period.
a/b= 1:1. [b] Yield of isolated product.

Scheme 3. The structures of 2, 3a, and 8c for NMR experiments.

Figure 1. a) Partial 1H NMR spectra of the mixture of 2 with (above)
and without (below) 3a in C6D6. b) 19F NMR spectra of the mixture of
2 with (above) and without (below) 3a in C6D6.
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heavy metals. Excellent yields and high anomeric selectivity
were obtained in most cases. The troublesome a-stereoselec-
tivity of glycosylation when using perbenzylated glucosyl
donors could be greatly improved by the addition of TTMPP.
The noncovalent interactions of donor with urea or TTMPP
were supported by 1H NMR analysis and some control
experiments. In contrast to the existing Koenigs–Knorr
glycosylation methods, this method features stereoselectivity
and heavy-metal-free catalysis.

Acknowledgements

This work was financially supported by the grants
(2012CB822100, 2013CB910700) from the Ministry of Science
and Technology of China, the National Natural Science
Foundation of China (21232002, 21572012), Beijing Natural
Science Foundation (2142015), and Beijing Higher Education
Young Elite Teacher Project (YETP0063). We thank Prof.
Gang Zhao (SIOC) for sending us some thiourea catalysts
and helpful discussions.

Keywords: carbohydrates · glycosylation · organocatalysis ·
stereoselectivity · urea

How to cite: Angew. Chem. Int. Ed. 2016, 55, 8041–8044
Angew. Chem. 2016, 128, 8173–8176

[1] W. Koenigs, E. Knorr, Ber. Dtsch. Chem. Ges. 1901, 34, 957.
[2] J. Gigg, R. Gigg, S. Payne, R. Conant, J. Chem. Soc. Perkin Trans.

1 1987, 1165 – 1170.
[3] D. S. K. Tsui, P. A. J. Gorin, Carbohydr. Res. 1985, 144, 137 – 147.
[4] a) Y. Takahashi, T. Ogawa, Carbohydr. Res. 1987, 164, 277 – 296;

b) A. Fîrstner, K. Radkowski, J. Grabowski, C. Wirtz, R.
Mynott, J. Org. Chem. 2000, 65, 8758 – 8762; c) Y.-J. Ko, S.-B.
Shim, J.-H. Shin, Org. Lett. 2009, 11, 609 – 612; d) J.-i. Tamura, R.
Terayama, T. Shimadate, J. Carbohydr. Chem. 1993, 12, 893 –
902; e) Y. Ohnishi, H. Ando, T. Kawai, Y. Nakahara, Y. Ito,
Carbohydr. Res. 2000, 328, 263 – 276.

[5] M. D. Burkart, Z. Zhang, S.-C. Hung, C.-H. Wong, J. Am. Chem.
Soc. 1997, 119, 11743 – 11746.

[6] a) C. Gouliaras, D. Lee, L. Chan, M. S. Taylor, J. Am. Chem. Soc.
2011, 133, 13926 – 13929; b) W. Muramatsu, H. Yoshimatsu, Adv.
Synth. Catal. 2013, 355, 2518 – 2524.

[7] H. Yamada, T. Hayashi, Carbohydr. Res. 2002, 337, 581 – 585.
[8] a) S. Kaeothip, P. Pornsuriyasak, A. V. Demchenko, Tetrahedron

Lett. 2008, 49, 1542 – 1545; b) F. Chr¦tien, P. D. Cesare, B. Gross,
J. Chem. Soc. Perkin Trans. 1 1988, 3297 – 3300.

[9] R. U. Lemieux, K. B. Hendriks, R. V. Stick, K. James, J. Am.
Chem. Soc. 1975, 97, 4056 – 4062.

[10] a) P. R. Schreiner, Chem. Soc. Rev. 2003, 32, 289 – 296; b) M. S.
Taylor, E. N. Jacobsen, Angew. Chem. Int. Ed. 2006, 45, 1520 –
1543; Angew. Chem. 2006, 118, 1550 – 1573; c) D. Uraguchi, Y.
Ueki, T. Ooi, Science 2009, 326, 120 – 123.

[11] a) Z. Zhang, P. R. Schreiner, Chem. Soc. Rev. 2009, 38, 1187 –
1198; b) Y. Takemoto, Org. Biomol. Chem. 2005, 3, 4299 – 4306;
c) M. Mahlau, B. List, Angew. Chem. Int. Ed. 2013, 52, 518 – 533;
Angew. Chem. 2013, 125, 540 – 556; d) K. Brak, E. N. Jacobsen,
Angew. Chem. Int. Ed. 2013, 52, 534 – 561; Angew. Chem. 2013,
125, 558 – 588.

[12] S. E. Reisman, A. G. Doyle, E. N. Jacobsen, J. Am. Chem. Soc.
2008, 130, 7198 – 7199.

[13] a) D. J. Cox, M. D. Smith, A. J. Fairbanks, Org. Lett. 2010, 12,
1452 – 1455; b) E. I. Balmond, D. M. Coe, M. C. Galan, E. M.
McGarrigle, Angew. Chem. Int. Ed. 2012, 51, 9152 – 9155;
Angew. Chem. 2012, 124, 9286 – 9289; c) Y. Geng, A. Kumar,
H. M. Faidallah, H. A. Albar, I. A. Mhkalid, R. R. Schmidt,
Angew. Chem. Int. Ed. 2013, 52, 10089 – 10092; Angew. Chem.
2013, 125, 10273 – 10277; d) S. Das, D. Pekel, J.-M. Neudçrfl, A.
Berkessel, Angew. Chem. Int. Ed. 2015, 54, 12479 – 12483;
Angew. Chem. 2015, 127, 12656 – 12660.

[14] A. Orita, G. Uehara, K. Miwa, J. Otera, Chem. Commun. 2006,
4729 – 4731.

[15] T. Okino, Y. Hoashi, T. Furukawa, X. Xu, Y. Takemoto, J. Am.
Chem. Soc. 2005, 127, 119 – 125.

Received: January 6, 2016
Revised: April 8, 2016
Published online: May 31, 2016

Figure 2. a,b) Partial 1H NMR spectra of the mixture of 8c with
(above) and without (below) other reactants in C6D6. c) 31P NMR
spectra of the mixture of 8c with (above) and without (below) other
reactants in C6D6.
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