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Unsymmetrically 1,1’-disubstituted 4,4’-bis-1H-1,2,3-triazoles 4 have been prepared from 4-ethynyl-1,2,3-triazoles 5 and azides. Following a
“double-click” strategy, two complementary approaches were implemented for the preparation of the key 4-ethynyltriazole intermediates 5: (a)
the stepwise Swern oxidation/Ohira—Bestman alkynylation of readily available 4-hydroxymethyl-1,2,3-triazoles 8 and (b) the stepwise cycloaddition
of TMS-1,4-butadiyne 9. The method is highlighted by its compatibility with orthogonally protected and functionalized saccharide—peptide
hybrids and its ability to be extended to the trisubstituted counterparts 12.

Since the discovery and recent development of the Cu(l)-
catalyzed alkyne—azide “click” cycloaddition reaction,* the
1,2,3-triazole heterocyclic motif has rapidly become one of
the most popular structures in conjugate chemistry finding
applications in the preparation of hybrid compounds, surface
modification of materials and biomaterials, and molecular
scaffolding.?3
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In contrast to this breakthrough in monocyclic triazole
chemistry, the bis(1,2,3-triazole) counterparts 1 and 2 (Figure
1) have received little attention, despite their evident
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Figure 1. Symmetrically substituted bis(1,2,3-triazoles).

similarities with biaryl compounds.* In addition, 4,4",5,5'-
tetrasubstituted bis(1,2,3-triazoles) 3 may display axial
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chirality, as demonstrated by Burgess.® To the best of our
knowledge, however, only symmetrically substituted bis(1,2,3-
triazoles) 1—3 have been prepared to date,® and no practical
method for the synthesis of the unsymmetrically substituted
counterparts is known.’

Herein we report an approach to unsymmetrically disub-
stituted bis-1,2,3-triazoles (Scheme 1) involving a “click”

Scheme 1. Retrosynthesis of 4,4’-Disubstituted
Bis(1,2,3-triazoles) 4 from 4-Ethynylmonotriazoles 5 and Azides
6
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(R', R?= alkyl-, aryl-, peptidyl, saccharyl,etc.)

disconnection into 4-ethynyl-1,2,3-triazoles 5 and azides 6.

The synthesis of 4-alkynyl-1,2,3-triazoles 5 was itself
challenging. Not surprisingly, the thermal cycloaddition of
terminal diacetylenes with 1 equiv of benzyl azide resulted
in mixtures of 1,4- and 1,5-regioisomers of bis-triazoles
together with small amounts of the desired 4-ethynyl-1,2,3-
triazole.® Tykwinski et al. have reported the regioselective
trapping of terminal di-, tri-, and tetraynes with benzyl azide
to afford alkynyl-, butadiynyl-, and hexatriynyltriazoles in
moderate to good yields.? 4-Ethynyl-1,2,3-triazoles or their
trimethylsilyl-protected counterparts were also prepared as
antibacterial agents™® or tachykinin receptor antagonists.™*
On the other hand, Hawker et al. have employed the azide/
acetylene coupling of 1-trimethylsilyl-2-vinylacetylene'? or
propargyl alcohol™ with azides to prepare vinyl-1,2,3-
triazolyl monomers.
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We reasoned that the desired 4-ethynyltriazoles 5 could
be obtained from the readily available 4-hydroxymethyl
derivatives 8 through a two-step procedure involving the
Swern oxidation followed by the Ohira—Bestmann alkyny-
lation.™* As disclosed in Table 1, the Cu(l)-catalyzed click

Table 1. Stepwise Preparation of 4-Ethynyl-1,2,3-triazoles 5

R'INs + =—

OH
6a-f 7
lcUa)a
1) DMSO, (COClI),, TEA
R1‘N 2. R1~
A CH,Cly, =55 °C N’\\/ _
N:N OH I{I:N -
2) MeCOC(N,)P(O)(OMe),
8a-f K>CO3, MeOH Sa-f
entry azide R- product yield product yield
(%) (%)
1 6a Ph CH— 8a 96 Sa 75
2 6b 4-NCCeH4— 8b 95 5b 80
BnO~, OBn
BnO Q
3 6e B“Oghw 8¢ 99 5 50
AcO~, OAc
At/:_\Oo o
4 6d ¢ % ~) 8d 72 5d -
5 6e BI’IOzCCHz* 8e 85 Se -
6 6f  BnOOS ™ 8t 85 st¢ IS
Me” Me

aCuS0,, Na ascorbate, t-BuOH/H,0: 1/1. ® Yields of pure isolated
products. ©TBTA (1 mol %) was used as an additive. ¢ Spontaneous
debenzylation of 8f was observed during the alkynylation step to give the
corresponding triazolyl carboxylic acid instead of the expected benzyl ester.
Theacid was then submitted to methylation to 5i with trimethylsilyldiazomethane.
€Yield of the methyl ester 5i (see Table 3).

reactions of propargyl alcohol 7 with different azides (6a—f)
proceeded in 72—99% yields, but catalytic amounts (1—5%)
of TBTA'® were required when sterically hindered azides
were used (entries 3, 4, and 6, Table 1). Alkynyltriazoles
5a—c were prepared in good overall yields; however, when
benzyl ester and O-acetyl protective groups were present,
the final alkynylation step was problematic, leading to
complicated reaction crudes and low yields of the expected
products (entries 4—6).

Obviously, the conditions of the Swern oxidation step also
limited the method to azide residues (R?!) bearing no
oxidation-sensitive groups (e.g., hydroxyl groups). To over-
come these important limitations, we implemented a different
synthetic approach starting from commercial 1,4-bis(trim-
ethylsilyl)butadiyne 9. Accordingly, chemoselective desily-

(14) (a) Ohira, S. Synth. Commun. 1989, 19, 561-564. (b) Mdiller, S.;
Liepold, B.; Roth, G. J.; Bestmann, H. J. Synlett 1996, 521-522.

(15) Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA): Chan,
T. R.; Hilgraf, R.; Sharpless, K. B.; Fokin, V. V. Org. Lett. 2004, 6, 2853—
2855.

1585



lation with MeLi-LiBr complex afforded 1-trimethylsilylb-
utadiyne 10'® which was further submitted to click reaction
with azides 6d—h (Table 2). The use of the standard

Table 2. Synthesis of Triazoles 5d—f

1) MeLi-LiBr, EL,0  R'-y
Me;Si—=—=——SiMe; \ X{

2) R-N; 6d-h, N=p
Cu(l} source
9 .
3) CsF, MeCN Sd-h
yield (%)*
CuSOyq Cul
entry  azide R- product Na ascorbate DIPEA
THF/H,0 MeCN
AcO OAc
A?AOO (¢}
1 6d ¢ % N 5d 60 80
2 6e BnO,CCH,— Se 63" 70
3 6f BnOC sf 45 45
Me” Me
HO
4 6g X __oH  5g 37 50
Me [¢] %
5 6h ©\ o 5h - 80
HOZC/-\HJ\/‘H“

aOverall yields of pure isolated products. ® Symmetrical bis-triazole
was obtained in an additional 14% yield. © Symmetrical bis-triazole was
obtained in an additional 37% vyield.

Sharpless conditions (CuSO4/Na ascorbate/THF/H,0) proved
unexpectedly troublesome, causing partial desilylation of the
intermediate 4-(trimethylsilylethynyl)-1,2,3-triazoles*’ and
subsequent formation of mixtures containing up to 37% of
the symmetrical bis-triazoles (entries 2 and 3). Finally, when
the Cul/DIPEA system was used as catalyst the silylated
triazole was obtained as the single reaction product. Complete
desilylation was achieved upon in situ treatment with CsF
affording the expected 4-ethynyltriazoles 5 as pure products
in good overall yields. Following this methodology, per-
acetylated mannose 5d and amino acid benzyl esters 5e—f
were introduced in the core, albeit the sterically hindered
azide 6f showed low reactivity and extended reaction time
was necessary. This method could also be applied success-
fully to the preparation of cycloadducts from unprotected
saccharides like fucose 5g or from free carboxylic acid
peptides like 5h.

(16) (a) Fiandanese, V.; Bottalico, D.; Marchese, G.; Punzi, A. Tetra-
hedron Lett. 2003, 44, 9087-9090. (b) Holmes, A. B.; Jennings-White,
C. L. D.; Schulthess, A. H.; Akinde, B.; Walton, D. R. M. J. Chem. Soc.,
Chem. Commun. 1979, 840-842. (c) Holmes, A. B.; Jones, G. E.
Tetrahedron Lett. 1980, 21, 3111-3112.

(17) A test reaction pointed out that 1,4-bis(trimethylsilyl)butadiyne 9
remained unchanged after several days upon treatment with CuSO4/Na
ascorbate in THF/H,0.
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Alternatively, we explored the possibility to conduct an
one-pot cascade fluoride-induced desilylation—double click
reaction between 1,4-bis(trimethylsilyl)butadiyne 9 and two
different azides in order to obtain the corresponding non-
symmetrical bis-triazoles in a single operation, but this
approach turned less convenient than the sequential double
click.™®

Monotriazoles 5 were subsequently submitted to a second
click cycloaddition with different azides to give the expected
nonsymmetrical bis-triazoles 4 (Table 3). Both electron-donor

Table 3. Nonsymmetrical 1,1’-Disubsituted
4,4’-Bis-1H-1,2,3-triazoles 4a—h from 4-Ethynyltriazoles 5

RY R2N. 6 RY _R2
N=y CuS0,, Na ascorbate =N N=N
5 -BuOH/H,0 : 1/1 B
entry R'- azide R* product yield (%)°
1 PhCHr 6i  —CH,CeHi(4-NO,)  4a 85°
2 PhCHy 6j —CH,CHi4-+-Bu)  4b 99
3 PhCHy- 6k —CH,CH,OH 4c 99
4  PhCH, 6e  —CH,CO,Bn 4d 85
OAc
OAc c
5  PhCHr 6d '23@0 " 4e 95
wnn  ACO
6 PhCHzf 61 7C6H4Me - -
7 4-NCC6H4* 6e *CH2C02BH 4f 70°¢
8  4-NCCH, 6f S~ CO:Bn 4g 79¢
Me” Me
AcO ¢
9 BnO,CCH-  6m ‘z&\%\o " 4h 90
Me
OAc
OAc
OA . ¢
10 BnO,CCHy- 6d i\o @/CO " 4i 79
wnr  ACO
MeO,C % A
11 O 6m OAc 4j 80°
Me”™ Me o Me
OAc

aYield of pure isolated products. ® Reaction conducted in the presence
of Cul and DIPEA. © TBTA (1 mol %) was used as an additive.

and electron-withdrawing groups were tolerated and densely
functionalized substituents could be appended to the central
bis(1,2,3-triazole) core. Only the reaction with aromatic azide
p-azidotoluene 6l failed (entry 6). In this case, tiny product
signals were detected by NMR analysis of the reaction crude,
but the reaction did not proceed further, despite the several
combinations of conditions tested: copper source (CuSO./
Na ascorbate; Cul), solvent (t-BuOH/H,O, MeCN, DMF),
and warming to 70—100 °C.

Org. Lett, Vol. 12, No. 7, 2010



The scope and synthetic potential of the double-click
approach was apparent from the examples quoted in entries
9—11 of Table 3 and in Figure 2. Fragments scaffolded

BnO.O2 N £S OA
\_ ¢ %\ ¢
o 0 o2 V(A
BnO OBn OAc
O H 4k (90% from 5¢)
HO N_ _CO,H
N N ~ 2
S
o 41 (70% from 5h) C 0o
HO A Me j P
o 5 t-BuOZC\: L L NH
/\/o - N -
NN, NN Y NBee
N:N NG (o] O

4m (82% from 5g)

Figure 2. Nonsymmetrically substituted bis(1,2,3-triazoles). Pbf:
2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-sulfonyl.

around the bis-triazole moiety included (a) orthogonally
protected amino esters and carbohydrates (4h—j), (b) an a-L-
mannose/-p-fucose disaccharide mimetic (4k); (c) a fully
deprotected Gly-Phe peptide—saccharide hybrid (4l), and (d)

(18) We found that desilylation of 9 with 0.4 equiv of TBAF (1 M,
THF) in the presence of benzyl azide 6a and Cul/DIPEA led to the exclusive
formation of symmetric bis-triazole 1a, whereas replacement of the copper(l)
catalyst by the Sharpless system in aqueous—organic medium resulted in
the formation of 5-ethynyltriazole 5a as the major reaction product.
Importantly, the one-pot sequential “click” cycloaddition of 9 with azide
6a, followed by the addition of 6e or 6j, provided reaction mixtures
containing, respectively, the unsymmetrically substituted bis-triazoles 4d
and 4b as major products. Unfortunately, the chromatographic isolation of
the products from symmetrical byproducts was laborious and afforded the
desired compounds in modest yields.

Bn. Bn\

L N N
MezSi————=——SiMe; Bn-Nj :2\ = 'QHN
9 6a 5a 1a
52 1a
Cul (0.2 equiv), DIPEA (5.0 equiv
( Q)- (5.0 equiv) (0:100)
TBAF (0.40 equiv); THF
9 + 6a —
(1.0 equiv) (0.6 equiv) | CuSO, (0.05 equiv), Na ascorbate (0.1 equiv) ©: 7)

TBAF (0.40 equiv); THF/H,O : 1/1

X Bn 2
1) 6a, CuSQy, Na ascorbate, TBAF; THF/H,O ~ R
4; 2 NVN

U
2) 6e or 6j, CuSO,, Na ascorbate, TBAF; THF/H,O N:N N=N

4d R2 = -CH,CO,Bn (45%)
4b RZ = -CH,CgH,(4-t-Bu) (17%)

(19) Li, L.; Zhang, G.; Zhu, A.; Zhang, L. J. Org. Chem. 2008, 73,
3630-3633.
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the 3-p-fucose/RGD hybrid (4m) obtained by clicking the
alkynyl triazole 5g and the tripeptide azide Boc-Arg(Pbf)-
Gly-Asp(O'Bu)-OCH,CH;Ns.

Finally, the potential of the method was explored to
prepare polysubstituted bis(1,2,3-triazoles), and as a proof
of principle, we prepared the trisubstituted derivative 12.
Accordingly, the 4-ethynyltriazole 5a was first submitted to
an iodinative “click” cycloaddition®® with 4-tert-butylbenzyl
azide 6j, N-bromosuccinimide, and a stoichiometric amount
of Cul to afford the halogenated bis-triazole 11 in 50%
isolated yield (Scheme 2). Then, the palladium acetate-

Scheme 2. Trisubstituted Bis(1,2,3-triazoles) from
4-Ethynyltriazole 5a

t-Bu
Ph
Ph X
N, _6lCul NBS, DIPEA L
Nsy 50% ’}‘W’}‘
5a N:N N’N

CH,=CHCO,Me, =D
Pd(OAc), , NaHCO; | 86%
|~ 12 (X= CH=CHCO,Me)

catalyzed Heck reaction of 11 with methyl acrylate provided
the trisubstituted bis-triazole 12 in 66% isolated yield.

In conclusion, the combination of two methods to syn-
thesize 4-ethynyl-1,2,3-triazoles, followed by click attach-
ment of a second azide, allows for the efficient preparation
of 1,1’-disubsituted 4,4’-bis-1H-1,2,3-triazoles in good to
excellent yields. The procedure is simple, applicable to a
large variety of azides, and can be used for the preparation
of mixed structures, as demonstrated by the synthesis of
several amino acid (peptide)—sugar and sugar—sugar hybrids.
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