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Iridium-Catalyzed Direct Hydroarylation of Glycals via C—H Activation:
Ligand-Controlled Stereoselective Synthesis of a- and $-C-Glycosyl

Arenes

Kana Sakamoto,” Masaki Nagai,* Yusuke Ebe,* Hideki Yorimitsu,* and Takahiro Nishimura®*
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ABSTRACT: Diastereoselective direct hydroarylation of glycals with aromatic compounds was realized by use of an iridium/binap
catalyst, giving the corresponding C-glycosyl compounds in high yields. The use of binap with the different absolute configuration
enabled the stereoselective synthesis of a- or B-C-glycosyl arenes irrespective of the chirality of the glycals. The method showing
the high functional group tolerance provides an atom-economical access to C-glycosyl arenes by way of C—H bond activation.
KEYWORDS: iridium, hydroarylation, C—H activation, glycals, C-glycosyl arenes

C-Glycosyl derivatives have attracted much attention due to
the existence of a number of natural products and the signifi-
cant biological properties (Scheme 1).! For example, some C-
glycosyl arenes as inhibitors of renal sodium-dependent glu-
cose cotransporter 2 (SGLT2) have been recently approved to
be drugs targeting type 2 diabetes.? In this context, many ef-
forts have been devoted to provide efficient methods of intro-
duction of aryl moieties into sugars for the synthesis of C-
glycosyl arenes.! Transition metal-catalyzed cross-coupling
reactions have played important roles in the C-glycosylations
because the reactions often display regio- and/or stereoselec-
tivity.®

Glycals represent sugar derivatives having a double bond
between carbon atoms 1 and 2 of the ring, which allows instal-
lation of many functional groups into the monosaccharide.
Pd-catalyzed Mizoroki-Heck type arylation of glycals has
been extensively studied for the synthesis of unsaturated C-
glycosyl compounds, where, in most cases, aryl groups were
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Scheme 1. Selected Biologically Active C-Glycosyl
Arenes

introduced with a-selectivity.* Ni-catalyzed reaction of aryl-
boronic acids with perbenzylated glycals involving regioselec-
tive B-O elimination oflkel glycals was reported to give ring-
opened products, which underwent the ring closure reactions
leading to C-glycosyl arenes.’ Pd-catalyzed addi-
tion/elimination reactions of acylated glycals with uracils,
which involves C—H activation, was recently reported.® In this
context, due to the growing medicinal importance of C-
glycosyl arenes, a synthetic approach that uses the direct addi-
tion of arenes to glycals by C—H activation would be highly
attractive from an atom-economical point of view.’

Recently, we reported Ir-catalyzed directed hydroarylation
of vinyl ethers (Scheme 2a),® where the aryl groups are selec-
tively introduced into the a-carbon of the alkoxy group. The
findings of the catalytic system of Ir prompted us to develop a
new method for the synthesis of 2-deoxy aryl C-glycosyl de-
rivatives in an atom-economical manner (Scheme 2b). Here
we report the regio- and diastereoselective direct hydroaryla-
tion of glycals catalyzed by a chiral Ir complex.® The stere-
oselective synthesis of C-a- or B-glycosyl arenes was achieved
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Scheme 2. Ir-Catalyzed Hydroarylation



Table 1. Ir/Binap-Catalyzed  Stereoselective

Hydroarylation of 2a with 1a?

OAc

IrCI( 1 % |
[IrCl(cod)], (5 mol % r)Ar o OAc

binap (6 mol %)

\OAC NaBArF, (10 mol %) p-3aa
OAc toluene
OAc
AI'F 3,5- CF )2CGH3 E‘j;\ofc
AR YN0 OAc
a-3aa
PPh, PPh,
PPh, PPh, 2-(2-pyridyl)phenyl
S) binap R) binap
entry  ligand temp. (°C)  vyield (%)*  P:oC
1 (S)-binap 100 99 90:10
2 (S)-binap 80 90¢ 96:4
3¢ (S)-binap 60 88 46:54
4 (R)-binap 100 84 12:88
(R)-binap 80 63 7:93
6° (R)-binap 60 83d 5:95

@Reaction conditions: la (0.11 mmol for entries 1-3, and
0.15 mmol for entries 4-6), 2a (0.10 mmol), [IrCl(cod)]2 (5
mol % Ir), binap (6 mol %), and NaBAr"s (10 mol %) in tolu-
ene (0.40 mL) for 24 h. ®Combined yield of the products de-
termined by 'H NMR using 1,4-dimethoxybenzene as an inter-
nal standard. Determined by *H NMR of the crude mixture. ¢
Isolated yield of the major product. ¢For 48 h.

by use of binap with the different absolute configuration.°

Initially, we selected glucal 2a as an accepter of the addition
of a C—H bond of 2-phenylpyridine (1a) as shown in Table 1.
After an optimization of the reaction conditions of the Ir catal-
ysis being effective in our previous studies,® it was found that
the diastereoselectivity in hydroarylation of glycals via C-H
activation of aromatic compounds was controlled by changing
the absolute configuration of a chiral ligand under the opti-
mized reaction temperature. Thus, treatment of tri-O-acetyl-
D-glucal (2a) with 1.1 equivalents of 2-phenylpyridine (1a) in
the presence of [IrCl(cod)]. (5 mol % Ir, cod = 1,5-
cyclooctadiene), (S)-binap™ (6 mol %), and NaBArF, [ArF =
3,5-(CF3)2C6H3] (10 mol %) in toluene at 80 °C for 24 h gave
C-glycosyl derivative -3aa as a major product (B:a = 96:4,
Table 1, entry 2).22  Analytically pure p-3aa was isolated in
90% yield by preparative TLC. The high B-selectivity was
observed at the high reaction temperature: the reaction at
60 °C gave an almost 1:1 mixture of the isomers (entry 3).13
The ligand-controlled B-selectivity of the present Ir catalysis is
different from the selectivity observed in the reported Pd-
catalysis of the addition/elimination reactions, which show a-
selectivity significantly influenced by the stereochemistry of
the glycals.* In contrast, the use of (R)-binap enabled highly
a-selective hydroarylation of D-glucal 2a (entries 4-6), where
the lower reaction temperature improved the a-selectivity.
Thus, the reaction of 1a (1.5 equiv.) with 2a in the presence of
the cationic Ir/(R)-binap catalyst at 60 °C for 48 h gave a-3aa

[IrCl(cod)]5 (5 mol % Ir)
Rl

(S)-binap (6 mol %) 5
NaBArF, (10 mo 1%) OR
.
ORS toluene, 80 °C OR3
Ar (0]

24 h
b-3

Ar = 2-(2-pyridyl)phenyl

1a (1.5 eqmv)

OBn OBn OCH,OMe
OB OB OCH,OM
A" 0 " A" 0 " A0 2one
b-3ab: 82% b-3ac: 74%" b-3ad: 92%
(b:a=98:2) (b:a = 99:1) (b:a=99:1)
OMe
OH OH
i -~ (0]
Ar o OSiMe,t-Bu Ar o
b-3ae: 61% b-3af: 94%
(b:a=>99:1) (b:a=>99:1)
OH OH
o tBu \OH
S'\t Bu
(0] OH
Ar O Ar o
b-3ag: 88% b-3ah: 68% (NMR)
(b:a =>99:1) (b:a = 80:20)

alsolated yield of the major product is shown unless other-
wise noted. The diastereomeric ratio in the parenthesis was
determined by *H NMR of the crude mixture. At 100 °C.

Scheme 3.
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Ir-Catalyzed B-Selective Hydroarylation of

as a major product (B:a = 5:95), which was isolated in 83%
yield (entry 6).

The protecting groups employed in the chemistry of sugars
are highly important towards the preparation of complex oli-

[IrCl(cod)], (5 mol % Ir)
(R)-binap (6 mol %) OR!
('\I/; NaBArF, (10 mol %) OR?
+
OR3 to 60 °C, 48 h - R3
oluene, A N0 o)
a-3
1a(15 equw) Ar = 2-(2-pyridyl)phenyl

O (e, (Y

a-3ac: 78% a-3ai: 84% 3ae: 83% (0+p)
(B:a = 2:98) (B:ow = 4:96) (B:au = 28:72)
OH OMe OH
Ar (0] °© At O OH
a-3af: 23% a-3ah: 69% (NMR)
p-3af:. 61% (B:a = 15:85)
(B:w = 64:36)

alsolated yield of the major product is shown unless other-
wise noted. The diastereomeric ratio in the parenthesis was
determined by *H NMR of the crude mixture.
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Table 2. Ir/(S)-Binap-Catalyzed  B-Selective
Hydroarylation of 2f with 12

Ar-H
1 (1.5 equiv)
+

(S)-binap (6 mol %) OH
OH NaBArF, (10 mol %) b&_.\PMP
toluene, 80 °C, 24 h e}
,\\ow\\PMP AP0
|
O

[IrCl(cod)], (5 mol % Ir)

o PMP = p-MeOCgH,4 b-3
2f

entry 1 yield (%)? ratio (b:a)®
1 py ~R=Me(1b) 86(b-3bh  >99:1
2 MeO (1c) 83 (b-3cf) >99:1
3 H F (1d) 72 (b-3df)  >99:1
4 R Br (1e) 73 (b-3ef) >90:1
5 Py = 2-pyridyl Ph (1f) 87 (b-3ff) >990:1

Py
6 R= OMe (1g) 66 (b-3gf)  >99:1
7 R H Br(th) 73 (b-3hf)  >99:1
Py

I

1i 77 (b-3if) >99:1

A es
9 X /N; X= 0 (1)) 71 (b-3jf) >99:1

109 0 (1)) 72 (b-3jg) >99:1
11 H NMe (1k) 71 (b-3kf) >99:1

@Reaction conditions: 1 (0.15 mmol), 2f (0.10 mmol),
[IrCl(cod)]2 (5 mol % Ir), (S)-binap (6 mol %), and NaBAr,
(10 mol %) in toluene (0.40 mL) at 80 °C for 24 h. "lsolated
yield. °Determined by *H NMR of the crude mixture. 92g (0.10
mmol) was used instead of 2f.

gosaccharides. Therefore, a high functional group tolerance in
the functionalization of sugars is desirable. Under the present
catalytic conditions, diverse glycals 2b—h participated in the 8
selective hydroarylation using (S)-binap to give high yields of
the corresponding C-glycosyl arenes 3ab—ah (Scheme 3). In
the reaction of tri-O-benzyl-D-glucal (2b) and tri-O-benzyl-D-
galactal (2c), a high B-selectivity was observed. Glucal 2d
having methoxymethyl groups reacted with 1a to give 3ad in
92% vyield. Partially protected glucals 2e—g can also be ap-
plied to the reaction to give the corresponding C-glycosyl
arenes 3ae-ag in high yields. Non-protected D-glucal (2h)
also underwent the hydroarylation, but a slightly low diastere-
oselectivity was observed (B:a. = 80:20).

Scheme 4 summarizes the results obtained for the -
selective hydroarylation of glycals using (R)-binap as a ligand.
The hydroarylation of tri-O-benzyl-D-galactal (2c¢) and tri-O-
acetyl-D-galactal (2i) took place with high a-selectivity. A
good a-selectivity was also obtained in the reaction of mono-
O-silylated 2e. In contrast, a-selective reaction was not possi-
ble for 2f giving B-3af as a major product probably due to the
rigid conformation induced by a cyclic acetal moiety.®> The
reaction of D-glucal (2h) also proceeded to give 3ah in good
yield and selectivity.

As shown in Schemes 3 and 4, the present catalytic system
can be applied to a protecting group-free gulcal 2h. However,

Table 3. Ir/(R)-Binap-Catalyzed  a-Selective
Hydroarylation of 2a with 12

Ar—H
1 (1r'5 equiy)  Cl(cod)]z (5 mol % Ir
+ (R)-binap (6 mol %) OAc
OAc NaBArF, (10 mol %) hi%
OAc o
toluene, 60 °C, 48 h . A
| A 0 Ohe
OAc
o a-3
2a
entry 1 yield (%)?  ratio (b:a)°
19 Py R=Me (1b) 79 (a-3ba)  4:96
2 H MeO (1c) 91 (a-3ca) 2:98
3 F (1d) 97 (a-3da)  2:98
R
4 Py = 2-pyridyl Br (1e) 84 (a-3ea) 2:98
Py
5 BrOH 1h 67 (a-3ha)  7:93
Py
d Xy—H 1i 67 (a-3ia) 7:93

6 SQ
-

=N
7 H 11 65 (a-3la) 12:88
8 X ’N; X= 0 (1)) 53 (a-3ja) 1:99
9 g\ S(m) 56 (a-3ma)  1:99
H

@Reaction conditions: 1 (0.15 mmol), 2a (0.10 mmol),
[IrCl(cod)]2 (5 mol % Ir), (R)-binap (6 mol %), and NaBArs
(10 mol %) in toluene (0.40 mL) at 60 °C for 48 h. "Isolated
yield. °Determined by *H NMR of the crude mixture. 9For 72 h.

N

the diastereoselectivity of the reaction is not enough high to
obtain the pure isomers considering the difficulty of the purifi-
cation. The problem was readily solved by deprotection of tri-
O-acetyl groups in a- and p-3aa obtained in pure form. The
deacetylation of a- and B-3aa in the presence of K,COj; in
methanol thus gave the corresponding unprotected C-glycosyl
arenes a-3ah and p-3ah in 90% and 93% yields, respectively.

The present catalytic system can be applied to B-selective
hydroarylation of glucal 2f with several aromatic compounds 1
using (S)-binap (Table 2). 2-Phenylpyridines substituted with
functional groups, Me (1b), MeO (1c,g), F (1d), Br (1e,h), and
Ph (1f) are all good substrates to give the corresponding addi-
tion products 3bf-hf with high diastereoselectivity (entries 1
7). An installation of a 3-thienyl group was also possible to
give B-3if in 77% vyield (entry 8). As directing groups, ben-
zoxazolyl 1j and benzimidazolyl 1k functioned and the addi-
tion reactions of them gave the corresponding adducts in good
yields (entries 9-11). Unfortunately, however, other aromatic
compounds such as acetophenone, acetophenone O-methyl
oxime, and N-(4-methoxyphenyl)-1-phenylethan-1-imine,
which were good substrates for Ir-catalyzed ortho-C—H alkyla-
tion, % were inert under the present reaction conditions.
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Scheme 5. Introduction of Two Sugar Units

a-Selective addition of a variety of aromatic groups to 2a
can be achieved using (R)-binap as the chiral ligand (Table 3).
Aromatic compounds having a 2-pyridyl group (1b—e,h,i), 2-
pyrimidyl (1), 2-benzoxazolyl (1j), and benzothiazolyl (1m)
were introduced into 2a to give the corresponding o-C-
glycosyl arenes in good yields (entries 1-9).

Finally, we conducted the installation of two sugar units into
an aromatic molecule (Scheme 5). Thus, 1,3-di(2-
pyridyl)benzene (1n) reacted with 2.2 equiv of glucal 2g to
give 4nf, which involves two sugar units in the benzene ring
(Scheme 5a). It should be noted that the ortho-C—H bond be-
tween two pyridyl rings, which is often metalated to give pin-
cer metal complexes, is inert in the present reaction. The reac-
tion of 4,4'-di(pyridin-2-yl)-1,1'-biphenyl (10) was selectively
alkylated by 2.2 equiv of glucal 2g to give 40g in 53% yield
(Scheme 5b). The structure of 4og was clarified by X-ray
crystallographic analysis (Figure 1). These compounds are
potential materials for multivalent glycoconjugates® and fur-
ther studies on the transformation of these compounds are
underway.

In summary, we have developed the iridium-catalyzed re-
gio- and diastereoselective hydroarylation of chiral glycals
with aromatic compounds. The reaction proceeded via ortho-
C—H activation of an aromatic ring and the subsequent regio-
and stereoselective addition to glycals gave the hydroarylation
products. The aryl groups were selectively introduced into the
anomeric carbon and the stereoselectivity of the addition was
controlled by the ligand. Thus, the use of binap with the dif-
ferent absolute configuration enabled the stereoselective syn-
thesis of a- or B-C-glycosyl arenes irrespective of the chirality
of the glycals. The present method provides an atom-
economical access to C-glycosyl arenes via C—H bond activa-
tion.
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