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ABSTRACT: The ruthenium hydride complex RuH,(CO)-
(PPh;); was found to be an effective catalyst for the
cycloaddition reactions of terminal alkynes and azides. In the
presence of RuH,(CO)(PPh,),, various azides reacted with a
range of terminal alkynes to produce 1,4-disubstituted 1,2,3-
triazoles with 100% selectivity and moderate to excellent
yields.

H uisgen’s 1,3-dipolar cycloaddition of azides and alkynes is
the most straightforward route to give 1,2,3-triazoles’
and was thoroughly studied in the 1950—1970s.> The
cycloaddition is highly exothermic, but it often proceeds very
slowly even at elevated temperature (80—120 °C for 12—24 h)’
because of the high activation barrier (ca. 25—26 kcal/mol for
reaction of methyl azide with propyne).* As another distinct
disadvantage, the cycloaddition of azide and unsymmetrically
substituted alkyne usually affords a mixture of regioisomers.
The discovery of Cu(I)-catalyzed azide—alkyne cycloaddition
(CuAAC) yielding selectively 1,4-disubstituted 1,2,3-triazoles is
a very important advance in the chemistry of 1 ,2,3-triazoles.’ As
the most powerful Click reaction which fosters the area of Click
chemistry, CuAAC has been successfully applied in wide areas
including organic synthesis, chemical biology, drug develop-
ment, and materials sciences.® However, effective noncopper
catalysts for the cycloaddition of alkynes and azides are still
very rare.” Very recently, charcoal impregnated with zinc was
described as an effective catalyst for the cycloaddition of
arylazides and alkynes to afford the 1,4-disubstituted 1,2,3-
triazoles.®

Recently, we” and others'® developed a facile cycloaddition
of a wide range of azides and terminal alkynes with penta-
methylcyclopentadienyl ruthenium chloride complexes as the
effective catalysts for azide—alkyne cycloaddition (RuAAC),
which complementarily affords the 1,5-disubstituted 1,2,3-triazoles
with high regioselectivity. Applications of this RuAAC, although
not as widely as those of CuAAC, have also been reported
in the literature.'"" As a successive endeavor to explore the
ruthenium-catalyzed “Click reaction”, we report herein that
ruthenium complex RuH,(CO)(PPh;); can catalyze the
cycloaddition of a range of azides and alkynes to afford 1,4-
disubstituted 1,2,3-triazoles with 100% selectivity.

We have previously briefly mentioned that ruthenium(II)
complexes lacking cyclopentadienyl ligands, such as
RuCl,(PPh;),;, RuHCI(CO)(PPh;);, RuH,(CO)(PPh;);, and
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Ru(OAc),(PPh;),, can catalyze the cycloaddition of benzyl
azide and phenylacetylene to give selectively 1,4-substituted
triazole regioisomer in low yields. RuH,(CO)(PPh,); (1) is the
most active one.” Encouraged by the observation, we have
optimized the reaction catalyzed by RuH,(CO)(PPh;); using
the cycloaddition of benzyl azide and phenylacetylene as the
prototype reaction. In the screening experiments, a mixture of
benzyl azide (2a) and phenylacetylene (3a) in THF was heated
at 80 °C for 2 h in the presence of S mol % of RuH,(CO)(PPhy);.
The resulting reaction mixture was then analyzed by 'H NMR
with PhSiMej; as the internal standard, and the results are given
in Table 1. The reaction of 2a and 3a catalyzed by complex 1
carried out in hexane gave low conversion due to the poor
solubility of the catalyst (Table 1, entry 1). The protic solvent
CH;OH has a negative effect on the reaction, and only 43% yield
was obtained (Table 1, entry 2). In aprotic solvents such as
CH;NO,, CH;CN, 1,2-dichloroethane (DCE), DMSO, and
dioxane, the reaction worked well to afford the triazole product
4a in 67—76% yields (Table 1, entries 3—7). When the
reactions were performed in benzene and THF, the 14-
disubstituted 1,2,3-triazole 4a was obtained in 79% yield (Table
1, entries 8 and 9). If the ratio of 2a to 3a was changed from 1:2
to 1:1, 1:1.1, or 2:1, the reaction yield was decreased slightly
(Table 1, entries 10—12). It is noted that the catalytic reaction
could not proceed at room temperature, however. Different
from the RuAAC via the ruthenacycle intermediate, which
controls the regioselectivity to afford the 1,5-disubstituted
1,2,3-triazoles,” the current reaction affording regioselectively
the 1,4-disubstituted 1,2,3-triazoles undergoes the mechanism
via the ruthenium acetylide as the key intermediate, which is
proved by the experimental fact that the ruthenium complex
Ru(CO)(C=CBu-t),(PPh;); is also the effective catalyst for
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Table 1. Cycloaddition of Benzyl Azide and Phenylacetylene
Catalyzed by RuH,(CO)(PPh,),”

©/\N3 . _ RuH,(CO)(PPhs)s /:(Ph
< > Ph N, N
2a 3a 4a

entry solvent 2a:3a conv (%)” yield (%)©

1 hexane 1:2 38 <5

2 CH,O0H 12 100 43

3 CH,NO, 12 100 67

4 CH;CN 1:2 100 69

S DCE 1:2 100 71

6 DMSO 1:2 100 75

7 dioxane 1:2 99 76

8 benzene 1:2 97 79

9 THF 12 100 79 (82)4

10° THE 1:1.1 100 73

1Y THF 1:1 100 76

128 THF 2:1 100 74

“General reaction conditions: 2a (0.5 mmol), 3a (1.0 mmol),
RuH,(CO)(PPh;); (0.025 mmol), 80 °C, 2 h, 0.5 mL of solvent
was added unless otherwise noted. “The conversions were estimated
on the basis of the integration of triazole and unreacted azide in 'H
NMR spectra. “Based on azide (2a) used, determined by "H NMR
integration using PhSiMe; as the internal standard. “The yield in the
parentheses is the isolate yield. “2a (0.5 mmol) and 3a (0.55 mmol)
were used. “2a (0.5 mmol) and 3a (0.5 mmol) were used. €2a
(1.0 mmol) and 3a (0.5 mmol) were used.

this cycloaddition to produce regioselectively the 1,4-disub-
stituted 1,2,3-triazoles.

Subsequently, the cycloaddition reactions of various azides
and a series of alkynes were examined in THF at 80 °C (oil
bath temperature), using S mol % RuH,(CO)(PPh;); (1) as
the catalyst (Table 2). The triazole products were isolated after
2 h, and their structures are fully consistent with their 'H,
BC{'H} NMR, and HRMS data. The reactions of benzyl azide
2a with aromatic alkynes 3a—3g all proceeded to selectively
afford the 1,4-substituted triazole products (Table 2, entries 1—7).
In most of the reactions, the expected triazoles were obtained in
81—87% isolated yields. The reaction of 2a with 3d bearing the
coordinating NH, group gave a slightly lower yield of 70% (Table
2, entry 4). The presence of electron-withdrawing groups such as
acetyl or ester groups in the arylacetylene has a negative effect, and
the product yields are 59 and 62%, respectively (Table 2, entries 6
and 7). The cycloaddition of 2a with ferrocenyl acetylene 3h
proceeded smoothly, giving the corresponding triazole in 82%
yield (Table 2, entry 8). When alkenyl alkyne 3i was used as the
substrate, its cycloaddition with 2a gave the product 4i in 69%
yield (Table 2, entry 9). Aliphatic alkynes containing an OH or
CN group also showed good reactivities with 2a, and the yields of
the products 4j and 4k are comparable to those from the reactions
of aromatic alkynes (Table 2, entries 10 and 11). The reaction of
2a with the alkyne 31 having a more sterically hindered cyclohexyl
group produced the triazole product 41 with a slightly decreased
yield of 61% (Table 2, entry 12). We noted that the reaction of 2a
with the sterically hindered tert-butylacetylene afforded the triazole
product in a very low yield (11%).

We also explored the scope of azides in the cycloaddition
reactions. The azides 2b and 2c bearing a methyl or iodine
group in the aromatic ring also readily reacted with phenyl-
acetylene 3a to afford the corresponding 1,4-substituted
triazoles 4m and 4n in 76 and 81% vyields, respectively
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(Table 2, entries 13 and 14). The reactions of the aliphatic
azides 2d—2f with 3a also proceeded smoothly to produce the
products 40—4q in good yields (Table 2, entries 15—17). It is
noteworthy that a very low yield of 9% was obtained in the
cycloaddition reaction of p-tolylazide with phenylacetylene and
that the cycloaddition of azides with internal alkynes failed
to afford the products under the typical reaction conditions.
In general, aryl azides are less stable than their aliphatic
counterparts and are prone to react with the ruthenium catalyst
to form the ruthenium imido complexes, which is proposed to
be the main reason for the reactivity decrease in the RuAAC.”
Podophyllotoxin and its derivatives exhibit pronounced bio-
logical activity mainly as antineoplastic drugs and antiviral
agents.> As an application of the 1,4-RuAAC in natural product
derivation, the podophyllotoxin-based azide 2g reacted with
phenylacetylene 3a in toluene in the presence of 10 mol % of
complex 1 to give the triazole product 4r in 74% yield (Table 2,
entry 18). It is noteworthy that in current investigated substrate
scope, the cycloaddition of azides with alkynes catalyzed by
RuH,(CO)(PPh;); has demonstrated 100% selectivity to afford
the 1,4-disubstituted 1,2,3-triazoles, and no 1,5-disubstituted
1,2,3-triazoles could be detected. The current RuAAC affords
the same products with CuAAC, but the ruthenium catalyst
RuH,CO(PPh;); has more versatile catalytic ability compared
with Cu” catalyst used in CuAAC. RuH,(CO)(PPh,); has been
described to be the effective catalyst for multiple reactions
including C—C coupling, C—H activation, C—O bond cleavage,
transfer hydrogenation, cycloaddition and hydrogen transfer
reactions, etc. So, the ruthenium catalyst might act as the
bifunctional or multifunctional catalyst to fulfill more trans-
formations accompanying the RUAAC in one pot. For example,
the reaction of 2a and 3f in the presence of 1,4-butanediol was
carried out with RuH,(CO)(PPh;), as the catalyst, and the
compound 4s was obtained as the product of both RuAAC and
transfer hydrogenation (Table 2, entry 19). In contrast, the
reactions using CuSO,/sodium ascorbate, Cul, or CuBr(PPh;),
as the catalysts under similar conditions only produced the
cycloaddition product 4f, and no 4s was detected. As the
possible advantage compared with the traditional CuAAC, more
one-pot reactions or tandem reactions based on this RuAAC
might be exploited with the ruthenium complex as the catalyst in
the future.

In summary, the catalytic activity of RuH,(CO)(PPh,); has
been evaluated for the cycloaddition of terminal alkynes and azides
to give selectively 1,4-disubstituted 1,2,3-triazoles. With
RuH,(CO)(PPh,), as the catalyst, various azides readily reacted
with a range of terminal alkynes to produce 1,4-disubstituted 1,2,3-
triazoles with 100% selectivity and moderate to excellent yields.
This is the first report describing a catalytic system of noncopper
metal complexes for the cycloaddition of azides with terminal
alkynes to selectively produce 1,4-disubstituted 1,2,3-triazoles. The
current results together with those mediated by pentamethylcy-
clopentadienyl ruthenium chloride complexes (which afford the
1,5-disubstituted 1,2,3-triazoles) provide an interesting example of
dramatic ligand effect on the selectivity of catalytic reactions.
Further investigations for the reaction mechanism and the possible
one-pot or tandem reactions based on this RuAAC are undergoing
in our laboratories.

B EXPERIMENTAL SECTION

All manipulations were carried out under a nitrogen atmosphere using
standard Schlenk techniques, unless otherwise stated. Solvents were
distilled under nitrogen from sodium-benzophenone (hexane, diethyl
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Table 2. Cycloaddition of Azides and Various Alkynes Using Complex 1 as the Catalyst”

5 mol% RuH,(CO)(PPhs);

R2

N. -N

N

4-Me-Ph-CH,: 3b;

R™-N; + RP—=
THF, 80°C, 2 h
R'=Bn: 2a; 2 or. s
4-Me-Ph-CH,: 2b; RE=Ph: 3a,
4-|-Ph-CH,: 2c;

4-MeO-Ph-CH,CH,: 2d;
CH3(CH2)10CH2: 2e,
cyclohexyl: 2f;
1-podophyllotoxin: 2g;

4-MeO-Ph-CH;: 3c;
4-NH,-Ph-CH,: 3d;
4-F-Ph-CH,: 3e;
4-CH3CO-Ph-CH,: 3f;
4-EtCO,-Ph-CH,: 3g;
ferrocenyl: 3h;
cyclohexenyl: 3i;
HO-(CH2)3CH2: 3j;
NC-(CH,),CH,: 3k;

cyclohexyl: 3l;
entry azide alkyne product Yield entry azide alkyne product Yield
(%)° (%)°
Bn, Bn,
1 2a 3a . 82 12 2a 3l N 61
N PN 4a NeN a
Ph
2 2a 3 ) 84 13 2b 3a hﬁ 76
N 4b N°N’N 4m
N A\ Ph I
3 2a 3c ,\’1:,}—@‘0'\/'6 87 14 2c 3a =\ ﬁ 81
4c N\\N'N 4n
N Ph
N\ OMe
4 2a 3d NMNHZ 70 15 2d 3a — 78
4d N\\N'N 2 4o
5 22 3e N 81 o
ey ) e 16 2 3a =\ 79
N o N 4p
6 2a 3f N}—@—( 59 Ph_
af 17 2f 3a Ny N 75
N
7 2a 3g ,\’IWCQB 62 4q
°N 4g Ph
N
I
{ N
8 2a 3h ﬁ 82 \
o “ 18° 28 3a <Oj©ijAo 74
Bn\N g 0 z “’I\<
9  2a 3i f > ) 69 N ©
N 4i /@\
n. MeO OMe
10 2a  3j ) 84 OMe  ar
NN oH 4 Bn
TN 199  2a  3f \NWH 46
(IS
1 2a 3k i eE 71 N .

N CN 4k

“Reaction conditions: azide (0.5 mmol), alkyne (1.0 mmol), RuH,CO(PPh;); (0.025 mmol), 80 °C, 2 h, 0.5 mL of THF unless noted. bIsolated
yields. “Reaction conditions: azide (0.5 mmol), alkyne (1.0 mmol), RuH,CO(PPh;); (0.050 mmol), 80 °C, 6 h, 0.5 mL of toluene. “Reaction
conditions: azide (0.5 mmol), alkyne (1.0 mmol), 1,4-butanediol (4.0 mmol), RuH,CO(PPh;); (0.025 mmol), 120 °C, 48 h, 0.5 mL of toluene.

ether, THF, benzene) or calcium hydride (dichloroethane). The
organic azides 2a—2f,"> 2g,'* alkynes 3f, 3g,"* and RuH,(CO)(PPh;),
(1)'® were prepared according to literature methods. Chemical shifts
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(6, ppm) in the "H NMR spectra were recorded using TMS as internal
standard. Chemical shifts in *C{'"H} NMR spectra were internally
referenced to CHCl, (6 = 77.0 ppm).
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Typical Procedure for the Cycloaddition of Alkyne with
Azide. To a mixture of azide (0.5 mmol), alkyne (1.0 mmol), and
THF (0.5 mL) was added the catalyst RuH,(CO)(PPh;); (23.4 mg,
0.025 mmol). The resulting solution was stirred at 80 °C for 2 h. The
solvent was evaporated under reduced pressure, and the residue was
passed through flash column chromatography on silica gel to afford the
desired product. 4f, 4g, 40, and 4s are new compounds, and the other
products 4a—4e, 4h—4n, 4p—4r are known comgounds.

1-Benzyl-4-phenyl-1H-1,2,3-triazole (4a).°® The compound
was prepared from 2a (0.067 g, 0.5 mmol) and 3a (0.102 g, 1.0 mmol)
following typical procedure: 0.096 g (82% yield) of product was
obtained after column chromatography (eluent = petroleum ether/
ethyl acetate 3:1 v/v); mp 127—129 °C (lit. 126—128 °C);** 'H NMR
(400 MHz, CDCl,, 25 °C) 6 7.79 (d, J = 8.0 Hz, 2H), 7.66 (s, 1H),
7.28—7.40 (m, 8H), 5.55 (s, 2H); *C NMR (100.6 MHz, CDCl,,
25 °C) § 148.1, 134.6, 130.4, 129.1, 128.7, 128.1, 128.0, 125.6, 119.5,
54.1; MS (+CI) m/z (%) 236.13 (M + H*, 100).

1-Benzyl-4-p-tolyl-1H-1,2,3-triazole (4b)." The compound was
prepared from 2a (0.067 g, 0.5 mmol) and 3b (0.116 g, 1.0 mmol)
following typical procedure: 0.105 g (84% vyield) of product was
obtained after column chromatography (eluent = petroleum ether/
ethyl acetate 4:1 v/v); mp 151—153 °C (lit. 155—157 °C);'” 'H NMR
(400 MHz, CDCl,, 25 °C) 6 7.67 (d, J = 8.1 Hz, 2H), 7.61 (s, 1H),
7.24—=7.37 (m, SH), 7.18 (d, J = 8.0 Hz, 2H), 5.52 (s, 2H), 2.34 (s,
3H); 3C NMR (100.6 MHz, CDCl,, 25 °C) § 148.1, 137.9, 1347,
129.4, 129.0, 128.6, 127.9, 127.6, 125.5, 119.1, 54.0, 21.1; MS (+CI)
m/z (%) 249.98 (M + H*, 100).

1-Benzyl-4-(4-methoxyphenyl)-1H-1,2,3-triazole (4c).'” The
compound was prepared from 2a (0.067 g, 0.5 mmol) and 3c (0.132 g,
1.0 mmol) following typical procedure: 0.115 g (87% yield) of product
was obtained after column chromatography (eluent = petroleum
ether/ethyl acetate 4:1 v/v); mp 140—142 °C (lit. 144—146 °C);'” 'H
NMR (400 MHz, CDCl,, 25 °C) & 7.70—7.72 (m, 2H), 7.58 (s, 1H),
7.34—7.37 (m, 3H), 7.28—7.30 (m, 2H), 6.91—6.93 (m, 2H), 5.53 (s,
2H), 3.81 (s, 3H); *C NMR (100.6 MHz, CDCl,, 25 °C) § 159.2,
148.0, 134.7, 129.0, 128.6, 128.0, 126.9, 1232, 118.7, 114.1, 55.2, 54.1;
MS (+CI) m/z (%) 266.13 (M + H', 100).

4-(1-Benzyl-1H-1,2,3-triazol-4-yl)benzenamine (4d)."”” The
compound was prepared from 2a (0.067 g 0.5 mmol) and 3d
(0.117 g, 1.0 mmol) following typical procedure: 0.088 g (70% yield)
of product was obtained after column chromatography (eluent
CH,Cl,/CH;OH 25:1 v/v); mp 177—179 °C (lit. 182—185 °C);"” 'H
NMR (400 MHz, CD;CN, 25 °C) § 7.90 (s, 1H), 7.54 (d, ] = 8.8 Hz,
2H), 7.32—7.39 (m, SH), 6.68 (d, ] = 8.4 Hz, 2H), 5.54 (s, 2H), 4.28
(br, 2H); *C NMR (100.6 MHz, CD;CN, 25 °C) § 149.1, 137.1,
129.9, 129.3, 1289, 127.5, 121.0, 120.0, 118.3, 115.5, 54.5; MS (+CI)
m/z (%) 251.13 (M + H, 100).

1-Benzyl-4-(4-fluorophenyl)-1H-1,2,3-triazole (4€).3% The
compound was prepared from 2a (0.067 g, 0.5 mmol) and 3e
(0.120 g, 1.0 mmol) following typical procedure: 0.103 g (81% yield)
of product was obtained after column chromatography (eluent
petroleum ether/ethyl acetate S:1 v/v); mp 108—110 °C (lit. 106—
108 °C);* 'H NMR (400 MHz, CDCls, 25 °C) § 7.73—7.77 (m, 2H),
7.64 (s, 1H), 7.26—7.37 (m, SH), 7.04—7.08 (m, 2H), 5.54 (s, 2H);
BC NMR (100.6 MHz, CDCl,, 25 °C) § 163.7, 161.3, 147.2, 134.5,
129.0, 128.7, 127.9, 1274, 127.3, 126.7, 119.3, 115.8, 115.5, 54.1; MS
(+CI) m/z (%) 254.10 (M + H*, 100).

1-(4-(1-Benzyl-1H-1,2,3-triazol-4-yl)phenyl)ethanone (4f).
The compound was prepared from 2a (0.067 g, 0.5 mmol) and 3f
(0.144 g, 1.0 mmol) following typical procedure: 0.082 g (59% yield)
of product was obtained as amorphous solid after column
chromatography (eluent = petroleum ether/ethyl acetate S:1 v/v);
mp 160—162 °C; 'H NMR (400 MHz, CDCl,, 25 °C) § 8.00 (d, J =
8.4 Hz, 2H), 7.90 (d, J = 8.4 Hz, 2H), 7.75 (s, 1H), 7.39-7.42 (m,
3H), 7.33—7.34 (m, 2H), 5.60 (s, 2H), 2.62 (s, 3H); *C NMR (100.6
MHz, CDCly, 25 °C) & 197.6, 147.1, 136.5, 135.0, 134.4, 129.3, 129.0,
128.9, 128.2, 125.6, 120.4, 54.4, 26.6; HRMS (ESI, TOF) calcd for
CH(N,O [M + H]* 278.1293, found 278.1292.

Ethyl 4-(1-Benzyl-1H-1,2,3-triazol-4-yl)benzoate (4g). The
compound was prepared from 2a (0.067 g, 0.5 mmol) and 3g
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(0.174 g, 1.0 mmol) following typical procedure: 0.095 g (62% yield)
of product was obtained as amorphous solid after column
chromatography (eluent = petroleum ether/ethyl acetate 5:1 v/v);
mp 124—126 °C; 'H NMR (400 MHz, CDCl,, 25 °C) § 8.08 (d, ] =
8.4 Hz, 2H), 7.88 (d, ] = 8.4 Hz, 2H), 7.74 (s, 1H), 7.39—7.41 (m,
3H), 7.32—7.34 (m, 2H), 5.60 (s, 2H), 4.38 (q, ] = 7.1 Hz, 2H), 1.41
(t, J = 7.1 Hz, 3H); *C NMR (100.6 MHz, CDCl,, 25 °C) § 166.3,
147.2, 1347, 134.4, 1302, 129.9, 129.3, 128.9, 1282, 1254, 1204,
61.1, 54.4, 14.4; HRMS (ESI, TOF) calcd for C;sHgN;0, [M + H]*
308.1399, found 308.1394.

1-Benzyl-4-ferrocenyl-1,2,3-triazole (4h)."® The compound
was prepared from 2a (0.067 g, 0.5 mmol) and 3h (0.211 g, 1.0 mmol)
following typical procedure: 0.141 g (82% yield) of product was
obtained after column chromatography (eluent = CH,Cl,); mp 151—
153 °C (lit. 145—147 °C);'® 'H NMR (400 MHz, CDCl,, 25 °C)
67.27—7.38 (m, 6H), 5.52 (s, 2H), 4.69 (s, 2H), 4.28 (s, 2H), 4.06 (s,
5SH); C NMR (100.6 MHz, CDCl,, 25 °C) § 147.2, 134.9, 129.0,
128.6, 127.8, 118.7, 75.4, 69.5, 68.6, 66.6, 54.0; MS (+CI) m/z (%)
34421 (M + HY, 100).

1-Benzyl-4-cyclohexenyl-1H-1,2,3-triazole (4i)."® The com-
pound was prepared from 2a (0.067 g, 0.5 mmol) and 3i (0.106 g, 1.0
mmol) following typical procedure: 0.083 g (69% yield) of product
was obtained after column chromatography (eluent = petroleum
ether/ethyl acetate 5:1 v/v); mp 83—85 °C (lit. 87—89 °C);"® 'H
NMR (400 MHz, CDCl,, 25 °C) § 7.35—7.37 (m, 3H), 7.24—7.29 (m,
3H), 6.47—6.50 (m, 1H), 5.47 (s, 2H), 2.32—2.35 (m, 2H), 2.15-2.17
(m, 2H), 1.71-1.74 (m, 2H), 1.62—1.66 (m, 2H); '3C NMR (100.6
MHz, CDCl,, 25 °C) & 149.7, 134.8, 128.8, 128.4, 127.7, 127.1, 124.8,
1182, 53.8, 26.2, 25.1, 22.3, 22.0; MS (+CI) m/z (%) 240.18 (M +
HY, 100).

4-(1-Benzyl-1H-1,2,3-triazol-4-yl)butan-1-ol (4j).° The com-
pound was prepared from 2a (0.067 g, 0.5 mmol) and 3j (0.098 g,
1.0 mmol) following typical procedure: 0.097 g (84% yield) of product
was obtained after column chromatography (eluent = petroleum
ether/ethyl acetate 3:1 v/v); mp 77—79 °C (lit. 80 °C);** 'H NMR
(400 MHz, CDCl,, 25 °C) § 7.35—7.36 (m, 3H), 7.24—7.26 (m, 3H),
547 (s, 2H), 3.64 (t, ] = 6.4 Hz, 2H), 2.84 (s, 1H), 2.71 (t, ] = 7.6 Hz,
2H), 1.69—1.77 (m, 2H), 1.57—1.64 (m, 2H); '*C NMR (100.6 MHz,
CDCl,, 25 °C) 5 148.4, 134.7, 129.0, 128.6, 127.9, 120.7, 62.0, 53.9,
32.1, 254, 25.1; MS (+CI) m/z (%) 232.14 (M + H*, 100).

4-(1-Benzyl-1H-1,2,3-triazol-4-yl)butanenitrile (4k).>" The
compound was prepared from 2a (0.067 g, 0.5 mmol) and 3k
(0.093 g, 1.0 mmol) following typical procedure: 0.080 g (71% yield)
of product was obtained after column chromatography (eluent
petroleum ether/ethyl acetate 4:1 v/v); mp 59—61 °C; 'H NMR (400
MHz, CDCl,, 25 °C) § 7.36—7.38 (m, 3H), 7.26—7.29 (m, 3H), 5.48
(s, 2H), 2.81 (t, ] = 7.2 Hz, 2H), 2.38 (t, ] = 7.2 Hz, 2H), 1.98—2.05
(m, 2H); *C NMR (100.6 MHz, CDCl,, 25 °C) § 145.7, 134.5, 128.7,
128.3, 127.6, 121.0, 119.1, 53.6, 24.5, 23.9, 16.1; MS (+CI) m/z (%)
227.13 (M + HY, 100).

1-Benzyl-4-cyclohexyl-1H-1,2,3-triazole (41).2° The compound
was prepared from 2a (0.067 g, 0.5 mmol) and 31 (0.108 g, 1.0 mmol)
following typical procedure: 0.074 g (61% vyield) of product was
obtained after column chromatography (eluent = petroleum ether/
ethyl acetate 5:1 v/v); mp 109—111 °C (lit. 106 °C);** 'H NMR (400
MHz, CDCl,, 25 °C) § 7.25—7.38 (m, SH), 7.14 (s, 1H), 5.49 (s, 2H),
2.71-2.78 (m, 1H), 1.20—2.04 (m, 10H); *C NMR (100.6 MHz,
CDCl,, 25 °C) 6 154.2, 135.0, 129.0, 128.6, 128.0, 119.2, 54.0, 35.3,
33.0, 26.1, 26.0; MS (ESI) m/z (%) 242.17 (M + H*, 100).

1-(4-Methyl-benzyl)-4-phenyl-1H-1,2,3-triazole (4m).?' The
compound was prepared from 2b (0.074 g 0.5 mmol) and 3a
(0.102 g, 1.0 mmol) following typical procedure: 0.095 g (76% yield)
of product was obtained after column chromatography (eluent
petroleum ether/ethyl acetate 3:1 v/v); mp 103—105 °C (lit. 105—106
°C);*! '"H NMR (400 MHz, CDCl,, 25 °C) 6 7.76—7.79 (m, 2H),
7.63 (s, 1H), 7.39 (t, ] = 3.6 Hz, 2H), 7.27—7.36 (m, 1H), 7.16—7.20
(m, 4H), 5.50 (s, 2H), 2.34 (s, 3H); *C NMR (100.6 MHz, CDCl,,
25 °C) § 148.0, 138.6, 131.6, 130.5, 129.7, 128.7, 128.0, 125.6, 119.4,
53.9, 21.1; MS (ESI) m/z (%) 250.04 (M + H*, 100).
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1-(4-lodobenzyl)-4-phenyl-1H-1,2,3-triazole (4n).** The com-
pound was prepared from 2c (0.129 g 0.5 mmol) and 3a (0.102 g
1.0 mmol) following typical procedure: 0.146 g (81% yield) of product
was obtained after column chromatography (eluent = petroleum
ether/ethyl acetate 3:1 v/v); mp 156—158 °C (lit. 154—156 OC);22 'H
NMR (400 MHz, CDCl,, 25 °C) 6 7.80 (d, J = 1.6 Hz, 2H), 7.70—
7.78 (m, 2H), 7.66 (s, 1H), 7.38—7.42 (m, 2H), 7.30—7.34 (m, 1H),
7.04 (d, J = 8.4 Hz, 2H), 5.50 (s, 2H);"*C NMR (100.6 MHz, CDCl,,
25 °C) § 148.4, 138.2, 134.3, 130.3, 129.8, 128.8, 1282, 125.7, 119.4,
53.6; MS (ESI) m/z (%) 362.02 (M + H*, 100).

1-(4-Methoxyphenethyl)-4-phenyl-1H-1,2,3-triazole (40).
The compound was prepared from 2d (0.089 g 0.5 mmol) and 3a
(0.102 g, 1.0 mmol) following typical procedure: 0.109 g (78% yield)
of product was obtained as amorphous solid after column
chromatography (eluent = petroleum ether/ethyl acetate 4:1 v/v);
mp 134—136 °C;'"H NMR (400 MHz, CDCl,, 25 °C) 6§ 7.77 (d, ] =
7.3 Hz, 2H), 7.47 (s, 1H), 741 (t, ] = 7.5 Hz, 2H), 7.32 (t, ] = 7.4 Hz,
1H), 7.04 (d, J = 8.5 Hz, 2H), 6.83 (d, ] = 8.5 Hz, 2H), 4.60 (t, ] = 7.2
Hz, 2H), 3.78 (s, 3H), 3.19 (t, ] = 7.2 Hz, 2H);"*C NMR (100.6 MHz,
CDCl,, 25 °C) 5 158.7, 147.5, 130.7, 129.8, 129.0, 128.8, 128.1, 125.7,
1200, 114.2, 65.9, 55.3, 52.0, 36.0, 29.7, 15.3; HRMS (ESI, TOF)
caled for C;H;N;0 [M + H]* 280.1444, found 280.1440.

1-(n-Dodecyl)-4-(phenyl)-1H-1,2,3-triazole (4p).'® The com-
pound was prepared from 2e (0.106 g, 0.5 mmol) and 3a (0.102 g,
1.0 mmol) following typical procedure: 0.124 g (79% yield) of product
was obtained after column chromatography (eluent = petroleum
ether/ethyl acetate 10:1 v/v); mp 90—92 °C (lit. 90—92 °C);'® 'H
NMR (400 MHz, CDCl,, 25 °C) 6 7.84 (d, ] = 1.3 Hz, 2H), 7.74 (s,
1H), 7.31-7.44 (m, 3H), 440 (t, ] = 10.0 Hz, 2H), 1.91-1.97 (m,
2H), 1.26—1.35 (m, 18H), 0.88 (t, ] = 6.9 Hz, 3H); *C NMR (100.6
MHz, CDCl, 25 °C) § 147.7, 130.8, 128.8, 128.0, 125.7, 119.3, 50.5,
31.9, 30.4, 29.6, 29.5, 29.4, 29.3, 29.0, 26.5, 22.7, 14.1; MS (ESI) m/z
(%) 314.26 (M + H*, 100).

1-Cyclohexyl-4-phenyl-1H-1,2,3-triazole (4q).”®> The com-
pound was prepared from 2f (0.063 g, 0.5 mmol) and 3a (0.102 g
1.0 mmol) following typical procedure: 0.085 g (75% yield) of product
was obtained after column chromatography (eluent = petroleum
ether/ethyl acetate 6:1 v/v); mp 105—107 °C (lit. 106—110 °C);** 'H
NMR (400 MHz, CDCl,, 25 °C) & 7.82—7.84 (m, 2H), 7.78 (s, 1H),
741 (t, ] = 7.2 Hz, 2H), 7.31 (t, ] = 7.2 Hz, 1H), 443—4.51 (m, 1H),
223 (q, J; = 12.8 Hz, ], = 2.8 Hz, 2H), 1.90—1.95 (m, 2H), 1.73—1.83
(m, 3H), 1.41-1.51 (m, 2H), 1.26—1.33 (m, 1H); *C NMR (100.6
MHz, CDCl, 25 °C) § 147.2, 130.8, 128.7, 127.9, 125.5, 117.3, 60.0,
33.5, 25.1, 25.0; MS (+CI) m/z (%) 228.14 (M + H*, 100).

4f-(4-Phenyl-1,2,3-triazole)-1-podophyllotoxin (4r).* The
compound was prepared from 2g (0220 g, 0.5 mmol) and 3a
(0.102 g, 1.0 mmol) following typical procedure: 0.200 g (74% yield)
of product was obtained after column chromatography (eluent
chloroform/ethyl acetate 2:1 v/v); mp 168—170 °C (lit. 155—
157 °C);** 'H NMR (400 MHz, CDCl,, 25 °C) & 7.78—7.81 (m, 2H),
7.33—7.44 (m, 4H), 6.68 (d, ] = 4.4 Hz, 2H), 6.34 (s, 2H), 6.16 (d, ] =
5.0 Hz, 1H), 6.01—6.04 (m, 2H), 4.80 (d, ] = 5.0 Hz, 1H), 4.44—4.48
(m, 1H), 3.83 (s, 3H), 3.78(s, 6H), 3.37—3.42 (m, 1H), 3.22—3.31 (m,
1H), 3.10 (dd, J; = 5.0 Hz, ], = 14.3 Hz, 1H); *C NMR (100.6 MHz,
CDCl,, 25 °C) 6 173.1, 152.8, 149.5, 148.2, 148.0, 137.6, 134.2, 133.3,
129.8, 128.9, 128.6, 125.8, 124.7, 119.8, 110.6, 108.9, 1082, 102.0,
67.5,60.8, 58.7, 56.4, 43.7, 41.8, 37.2; MS (ESI) m/z (%) 542.19 (M +
H*, 100).

1-(4-(1-Benzyl-1H-1,2,3-triazol-4-yl)phenyl)ethanol (4s). To a
mixture of azide (0.067 g, 0.5 mmol), alkyne (0.144 g, 1.0 mmol), 1,4-
butanediol (0.361 g, 4 mmol), and toluene (0.5 mL) was added the
catalyst RuH,(CO)(PPh;); (23.4 mg, 0.025 mmol). The resulting
solution was refluxed for 48 h. The solvent was evaporated under
reduced pressure, and the residue was passed through flash column
chromatography on silica gel (eluent = petroleum ether/ethyl acetate
2:1 v/v) to afford the desired product as pale yellow amorphous solid:
64 mg (46% yield); mp 108—111 °C; '"H NMR (400 MHz, CDCl,, 25
°C) 6 7.78 (d, ] = 7.7 Hz, 2H), 7.65 (s, 1H), 7.30—7.42 (m, 7H), 5.58
(s,2H), 492 (q, J; = 6.2 Hz, ], = 12.6 Hz, 1H), 1.90 (s, 1H), 6.44 (d,
J = 6.4 Hz, 3H); 3C NMR (100.6 MHz, CDCl,, 25 °C) & 148.0,
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146.0, 134.7, 129.6, 129.2, 128.8, 128.1, 125.9, 125.8, 119.5, 70.0, 54.2,
25.2; HRMS (EI, TOF) calced for C;,H;N;0 [M]* 279.1366, found
279.1373.
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