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ABSTRACT: A tandem catalysis protocol based on decarbox-
ylative coupling of alkynoic acids and 1,3-dipolar cycloaddition
of azides enables a highly efficient synthesis of a variety of
functionalized 1,2,3-triazoles. The three-step, one-pot method
avoids usage of gaseous or highly volatile terminal alkynes,
reduces handling of potentially unstable and explosive azides
to a minimum, and furnishes target structures in excellent yields
and a very good purity without the need for additional

purification.
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B INTRODUCTION

Since the first synthesis of an organic compound, synthetic
chemists constantly come up with new transformations to allow
the construction of almost any desired connection between
organic building blocks. However, until recent years, the aspect
of environmentally benign reactions was not a major concern in
the development of such new transformations. This has certainly
changed significantly, and newly developed synthetic methods
are evaluated by the synthetic community not only by their
usefulness but also by environmental aspects such as atom
efficiency, waste production, and energy consumption. In this
regard, the combination of two or more synthetic steps into one
operation is a very appealing methodology since time, energy,
and resources consuming workup and purification steps can be
minimized in a synthetic sequence. Additionally, multistep
synthesis of complex molecules can be significantly shortened.
Tandem catalysis is one of the tools enabling achievement of this
goal.! Furthermore, placing an emphasis on click chemistry
principles in tandem reactions should allow isolation of the
target structures in very good purity, avoiding any final purifica-
tion. The copper(I)-catalyzed 1,3-dipolar cycloaddition of azides
and terminal alkynes™” is considered to be the most prominent
reaction of the “click” chemistry concept” and represents the
most straightforward synthesis of 1,2,3-triazoles. This class of
valuable compounds has been widely utilized in pharmaceutical,
combinatorial, and material chemistry.” In recent years, several
protocols describing in situ formation of azides have been
developed.® However, alkynes of low molecular weight are
difficult to handle, and their usage under laboratory conditions
is somewhat cumbersome due to their low boiling points
(Figure 1).” The one-pot synthesis of 1,2,3-triazoles from
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Figure 1. Boiling points of C,—Cjs terminal alkynes.

terminal alkynes generated by in situ decarboxylation has not
been addressed so far.®

Moreover, to ensure a full conversion, one has to use an excess
of either gaseous or low-boiling volatile liquid alkyne, thus
producing additional waste and decreasing the material efficiency
of the overall process. On the other hand, the corresponding
alkynoic acids are not volatile, and even propiolic acid, the most
simple alkynoic acid, has a very high boiling point (102 °C/
267mbar, mp 16—18 °C) and can be easily handled. Addition-
ally, stoichiometric amounts of alkynoic acid should be sufficient,
and CO, released upon generation of a terminal alkyne in situ can
be considered as a harmless human metabolite.

B RESULTS AND DISCUSSION

In a quest to develop efficient synthetic protocols, we envi-
sioned that copper(I)-catalyzed decarboxylation of alkynoic
acids™ ((A), Scheme 1) along with azide formation'® (B) and
their successive fusion to triazoles via 1,3-dipolar cycloaddition
(C) might represent an appealing simplification in the synthesis
setup and provide much greater efficiency in the formation of 1,4-
disubstituted triazoles.
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The combination of reactions (B) and (C) in one pot was first
realized by Fokin et al.®* A series of aryl iodides and alkyl halides
(Cl, Br, I) were transformed to the corresponding azides in situ
and reacted with various alkynes in good to excellent yield.
Organic azides are potentially unstable compounds, and a
methodology avoiding their isolation was convenient.'" It has
to be mentioned that in this contribution no gaseous or low
boiling alkynes were employed. However, simple acetylene or
alkynes of low molecular weight (and therefore also of low
boiling point) are often required to get to the desired triazole
products. One method to facilitate the usage of short-chained
alkynes in click processes could be by substituting them with the
corresponding alkynoic acids. Copper-catalyzed decarboxylation
of alkynes was recently reported,”” and a similar method was
applied under reaction conditions compatible with in situ azide
formation and triazole formation. We were delighted to observe
that only minor modifications of our original decarboxylative
protocol'” were necessary in order to realize a combination of
alkynoic acid decarboxylation (A) and azide—alkyne “click
chemistry” (C) (Scheme 2).

The target compounds 3 and S were obtained in excellent
yields. These data suggest the applicability of this protocol for
both aryl- and alkyl-substituted alkynoic acids. Having demon-
strated the compatibility of decarboxylation and 1,3-dipolar
cycloaddition, the next aim was to combine all three steps (A),
(B), and (C) in a one-pot protocol. We decided to use a slightly
modified procedure described by Fokin et al. for the in situ azide
formation.®'? We were pleased to find that under these condi-
tions our one-pot azide formation—decarboxylation—cycloaddition
proceeded in excellent yields (Scheme 3).

Moreover, in all cases the isolated compounds were of very
high purity, and no additional purification was required."
Experiments were executed in simple 4 mL vials equipped with
a screw-cap septum, and no particular precautions to avoid
leakage of generated gases were taken. In the case of triazole 7

Scheme 1. Copper(I)-Catalyzed Reactions Selected for
Tandem Catalysis
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the 61% yield was less satisfactory.'® Obviously, a free alkyne site
in propynoic acid enables coordination to Cu(I) catalyst and
subsequent “click” reaction prior to decarboxylation.'"” We
observed formation of acid 13 (vide infra) as a side product in
a yield of 7%, indicating that complete decarboxylatlon had not
been achieved in this particular example.'® Both products were of
interest to us, since 4,5-unsubstituted triazole 7 represents the
simplest example which can be obtained via this protocol and the
acid functionality in compound 13 can be used for further
modification. Hence, we attempted to find conditions leading
to selectivity for one product over the other. For the sake of
better yields, we omitted in situ formation of azide 1, and after a
short screening of reaction conditions we devised two comple-
mentary protocols enabling either a nondecarboxylative or
decarboxylative pathway (Table 1, entries 4 and 6, respectively).

In a control experiment,'” it was proven that acid 13 itself is not
prone to decarboxylation, which indicates that 1-phenyltriazole 7
is formed from phenyl azide and in situ formed acetylene. Under
standard “click” conditions (entry 1), acid 13 was isolated as a
major product. Our attempt to suppress decarboxylation of acid 12
by adding 2 equiv of AcOH (entry 2) failed, and the overall
reactivity was lowered. Chemoselectivity of the nondecarboxyla-
tive protocol leading to acid 13 turned out to be rather sensitive to
the amount of sodium ascorbate. For instance, usage of 25 mol %
of the reagent was already reflected in a partial decarboxylation of
12 and a successive cycloaddition (entry 1), indicating that the
decarboxylative process is favored by presence of a base. On the
other hand, cutting the amount of sodium ascorbate down to

Scheme 3. Low Molecular Weight Alkynes Generated in Situ
and Utilized in the Synthesis of 1,2,3-Triazoles
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Scheme 2. Copper(I)-Catalyzed Decarboxylation—Cycloaddition Sequence
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Table 1. Alternation in Reaction Conditions Allows Both Non-decarboxylative and Decarboxylative Pathways

N3
GRS

LUIUI BRSO e O
- +
N:N' N=N 1

=——COOH
1 12 13 7
entry method” modification” time (h) 13° (%) 7 (%) 1 (%)

1 A 17 62 12

2 A + 2 equiv of AcOH 17 41 25 13
3 A + 0.2 equiv of 12 21 s1 20

4 A + 0.2 equiv of 12, — 15 mol % of Na ascorbate 17 >99

S B 18 22 53 12
6 B + 0.2 equiv of 12, 4 15 mol % of CuCl 22 d 83

“Method A: 1.0 equiv of 12, S mol % of CuSO,4 - SH,0, 25 mol % of sodium ascorbate, -BuOH/H,O 1:1, rt. Method B: 1.0 equiv of 12, S mol % of CuCl,
2.0 equiv of Et;N, MeCN, rt. b Reagents added (“+”) or cut (“—”) in addition to the amounts reported in the corresponding method.  Yields were
determined for crude isolated mixtures by means of "H NMR. ¢ Undetermined, workup with satd aqg NaHCO»,

Scheme 4. Modifications of the Iodide Coupling Partner for in Situ Azide Formation
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10 mol % in combination with a slight excess of acid 12 afforded
triazole 13 in almost quantitative yield (entry 4). As we described
previously,”® decarboxylation of 2-alkynoic acids is efficiently
catalyzed by CuCl—Et;N, which served as basis for conditions
leading to 7 selectively (entry 6). However, 20 mol % of the
catalyst had to be used to achieve satisfactory chemoselectivity.

Having investigated the scope of the alkynoic acid coupling
partner, a series of different aryl and alkenyl iodides were used for
the azide forming step and butynoic acid 14 for the in situ
generation of 1-butyne (Scheme 4).

The decarboxylative protocol was found to tolerate a variety of
structural patterns and yielded almost c%uantitative amounts of
the target structures in excellent purity. > Substrates bearing
either electron-donating (products 15 and 17) or -withdrawing
groups (products 16 and 18) or even one of each type (products
19 and 20) underwent smooth conversion, and the method
turned out to be insensitive to unprotected carboxylic acid,
amino, and phenol groups. As expected, decarboxylation oc-
curred solely at alkynoic acids and was not observed for benzoic

Scheme 5. Unexpected Formation of Nitroanilines 23 and 26

| NH,
/©/ - . /\(\N4<j>—No2
O,N OoN N=N
22 23 (57%) 24 (36%)
OoN ' O,N NH,
— N /\(\NONO
\©/ N:N' 2
25 26 (31%) 27 (68%)

acid subunits of structures 18 and 20. However, attempts
to employ substrates 22 and 25 containing a strong electron-
withdrawing nitro group were less satisfactory, and the reaction
yielded significant amounts of related anilines 23 and 26,
respectively (Scheme $).

First we hypothesized that a collapse of a triazole ring
was responsible for the side reaction, as this was previously
observed in case of sulfonyl azides, i.e., azides substituted with an
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electron-withdrawing group.”' However, experiments with ex-
clusion of 2-pentynoic acid 14 proved that 1-butyne was not
responsible for reduction to anilines, and a different reaction
mechanism was involved (Scheme 6).

Moreover, additional screening of reaction parameters re-
vealed that neither sodium ascorbate nor DMSO was necessary
for a complete conversion to aniline 23. A closely related reaction
was reported by Peng et al,> who observed unexpected reduc-
tion of azide 28 to amine 29 in the presence of Cu(1l)—sodium
ascorbate (Scheme 7).

The authors reported that in the absence of sodium ascorbate,
azide 28 could not be reduced to amine 29 in the presence of
Cu(I) catalysts, which is in contrast to our observations. Very
recently, three articles describing copper-mediated aminations of
aryl halides utilizing azides as an amino source appeared.”
However, the mechanism of the redox process was not disclosed.
On the basis of our investigations, we hypothesize that a strong
electron-withdrawing nitro group makes 1-azido-4-nitrobenzene
(formed in situ) prone to reduction, and water serves as a
hydrogen donor required for the transformation to 4-nitroaniline
23 (Scheme 6). On the basis of this assumption, we devised a
one-pot procedure using dry DMSO, which furnished triazole 24
in a far better yield, although aniline 23 was still present as a
minor side product (Scheme 8; compare with Scheme 3).

Scheme 6. Reaction with Exclusion of 2-Pentynoic Acid,
Alternation of Reaction Parameters
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Scheme 7. Unexpected Reduction of Azide 28 Reported by
Peng et al.”
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On the other hand, utilization of CuSO,-5H,0/sodium
ascorbate in dry DMSO results in a much less appealing ratio
0f24/23 56:44, which might be attributed to the water present in
the catalyst. Investigations regarding this transformation are
ongoing.

B CONCLUSION

In summary, the present study illustrates the feasibility and
broad applicability of decarboxylative Cu(I)-catalyzed azide—
alkyne cycloadditions under tandem catalysis conditions. More-
over, reaction setup and execution of the three-step, one-pot
sequence is simple and provides the target 1,2,3-triazoles in
excellent yields and purity. Additionally, this transformation
tolerates a wide range of functional groups on the azide part,
and also a series of alkynoic acids of different chain length could
be applied. 1-Azido-4-nitrobenzene formed in situ underwent a
reductive pathway to 4-nitroaniline 23; however, exclusion of
water enabled synthesis of the desired triazole 24 in a good yield.
The further application of alkynoic acids as easy to handle
masked alkynes is under investigation in our laboratory.

B EXPERIMENTAL SECTION

General Methods. 'H NMR and "*C NMR spectra were measured
at 200 and 50 MHz, respectively, with TMS as internal standard. Melting
points are uncorrected. All reactions were carried under ambient atmo-
sphere, in a closed vial. The reagents were used directly as obtained
commercially.

1,4-Diphenyl-1H-1,2,3-triazole (3)**. CuSO,-5H,O (8.5 mg,
5 mol %, 0.034 mmol), sodium ascorbate (34 mg, 25 mol %, 0.17 mmol),
acid 2 (100 mg, 0.684 mmol), water (0.5 mL), azidobenzene 1 (87 mg,
1.0 equiv; 94% purity), and -BuOH (1 mL) were sequentially added to a
4 mL vial. The vial was closed with a screw-cap containing a once
perforated septum, enabling release of overpressure. The mixture was
stirred at 65 °C for 16 h, diluted with ethyl acetate (60 mL), washed with
brine (10 mL), dried over Na,SO,, filtered, and concentrated under
reduced pressure to afford 139 mg (92%) of triazole 3 as a pale yellow
solid; "H NMR (200 MHz, CDCl;) 6 7.33—7.59 (m, 6H), 7.78—7.82
(m, 2H), 7.90—7.94 (m, 2H), 8.20 (s, 1H); MS (EI) m/z221.05 [M*].

(2,4-Dichlorophenyl)(1-phenyl-1H-1,2,3-triazol-4-yl)meth-
anol (5). CuSO4-SH,0 (2.5 mg, S mol %, 0.010 mmol), sodium
ascorbate (10 mg, 25 mol %, 0.051 mmol), acid 4 (50 mg, 0.204 mmol),
water (0.5 mL), azidobenzene 1 (26 mg, 1.0 equiv; 94% purity), and t-
BuOH (0.5 mL) were sequentially added to a 4 mL vial. The vial was
closed with a screw-cap containing a once perforated septum, enabling
release of overpressure. The mixture was stirred at 60 °C for 17 h and
then was quenched with water (3 mL), sonicated (3 min), and stirred at
rt for 0.5 h. The precipitated product was filtered off and dried under
reduced pressure to afford 60 mg (92%) of triazole S as a pale-brown
powder: "H NMR (200 MHz, CDCl3) 6 4.73 (bs, 1H), 6.43 (s, 1H),
7.29—7.51 (m, 5H), 7.62—7.67 (m, 3H), 7.76 (d, ] = 8.2 Hz, 1H); 'H

Scheme 8. Optimized Conditions for a One-Pot Synthesis of Triazole 24

14
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1.5 eq. NaN;
10 mol% CuCl

20 mol% L-Pro

|~<j>—No2
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22 dry DMSO
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24 (75%) 23
ratio 24/23 = 82:18
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NMR (200 MHz, DMSO-dy) 8 6.16 (d, ] = 4.6 Hz, 1H), 6.49 (d, ] = 4.8
Hz, 1H), 7.41—7.59 (m, SH), 7.75—7.86 (m, 3H), 8.58 (s, 1H);
13C NMR (50 MHz, CDCl;) 6 65.0, 119.7, 120.5, 127.6, 128.9, 128.9,
1292, 129.7, 132.7, 134.2, 136.7, 138.0, 150.0; ESI-MS (m/z) calcd for
C1sH,N;0CL [M + H]' 320.0352, found 320.0357.

General Procedure for Synthesis of Triazoles 7—11,
15—17, 19, and 21. r-Proline (16 mg, 20 mol %, 0.14 mmol),
CuSO,-SH,0 (17 mg, 10 mol %, 0.068 mmol), sodium ascorbate (27
mg, 20 mol %, 0.14 mmol), NaN; (67 mg, 1.5 equiv, 1.0 mmol), K,CO;
(114 mg, 1.20 equiv, 0.825 mmol), alkynoic acid (1.0 equiv, 0.69 mmol),
aryl (alkenyl) iodide (1.0 equiv, 0.69 mmol), DMSO (2.25 mL), and
water (0.25 mL) were sequentially added to a 4 mL vial. The vial was
closed with a screw-cap containing a once-perforated septum, enabling
release of overpressure. The mixture was stirred slowly (250 rpm) at
65 °C for 20—24 h and then added to a mixture of concd NH,OH
(5 mL), water (10 mL), and ethyl acetate (40 mL). The aqueous phase
was extracted with ethyl acetate (20 mL), and the combined organic
extracts were washed with brine (4 x 10 mL), dried over Na,SO,,
filtered, and concentrated under reduced pressure to afford the corre-
sponding triazole.

1-Phenyl-1H-1,2,3-triazole (7)7 pale brown solid (61%);
mp =53 °C (n-hexane; colorless fine crystals); 'H NMR (200 MHz,
CDCly) 6 7.39—7.56 (m, 3H), 7.72—7.76 (m, 2H), 7.84 (s, 1H), 8.00 (s,
1H); "H NMR (200 MHz, DMSO-d) 0 7.45—7.64 (m, 3H), 7.89—7.93
(m, 2H), 7.98 (s, 1H), 8.83 (s, 1H); MS (EI) m/z 145.04 [M™]; ESI-MS
(m/z) caled for CsHgN; [M + H]™ 146.0713, found 146.0712.

4-Methyl-1-phenyl-1H-1,2,3-triazole  (8):** yellow solid
(95%); mp = 69—71 °C (petroleum ether; colorless needles); 'H
NMR (200 MHz, CDCl;) 6 244 (s, 3H), 7.37—7.54 (m, 3H),
7.69—7.73 (m, 3H); *C NMR (50 MHz, CDCl;) 0 10.7, 119.3,
1202, 128.3, 129.5, 137.0, 143.9; MS (EI) m/z 159.05 [M"]; ESI-MS
(m/z) caled for CoH,oN5 [M + H] " 160.0869, found 160.0867.

4-Ethyl-1-phenyl-1H-1,2,3-triazole (9): yellow liquid (97%);
"H NMR (200 MHz, CDCl3) 0 1.34 (t, ] = 7.6 Hz, 3H), 2.84 (q, ] = 7.6
Hz, 2H), 7.37—7.54 (m, 3H), 7.68—7.74 (m, 3H); ">*C NMR (50 MHz,
CDCIl;) 0 13.5, 18.9, 118.4, 120.1, 128.2, 129.5, 137.1, 150.3; MS (EI)
m/z 173.09 [M"]; ESI-MS m/z caled for C;oH,N;3 [M + H]'
174.1026, found 174.1028.

4-Propyl-1-phenyl-1H-1,2,3-triazole (10): pale brown amor-
phous solid (96%); "H NMR (200 MHz, CDCl;) 6 0.95 (t, ] = 7.4 Hz,
3H), 1.76 (sextet, ] = 7.4 Hz, 2H), 2.71 (t, ] = 7.4 Hz, 2H), 7.29—7.46
(m, 3H), 7.64—7.72 (m, 3H); ">*C NMR (50 MHz, CDCl;) 6 13.6,22.4,
27.4, 118.7, 120.0, 128.1, 129.4, 137.0, 148.7; MS (EI) m/z = 187.08
[M"]; ESI-MS m/z caled for C,;H4N; [M + H] " 188.1182, found
188.1186.

4-Pentyl-1-phenyl-1H-1,2,3-triazole (11): yellow oil (95%);
"H NMR (200 MHz, CDCL;) 6 0.91 (t, ] = 6.9 Hz, 3H), 1.35—1.42 (m,
4H), 1.74 (m, 2H), 2.79 (t, ] = 7.7 Hz, 2H), 7.37—7.54 (m, 3H),
7.70—7.75 (m, 3H); *C NMR (50 MHz, CDCl;) 6 13.8, 22.2, 25.4,
28.9, 312, 1187, 120.1, 128.2, 129.4, 137.0, 148.9; MS (EI) m/z =
215.12 [M*]; ESI-MS m/z caled for C13H sN; [M + H] T 216.1495,
found 216.1501.

4-Ethyl-1-(2-methylphenyl)-1H-1,2,3-triazole (15): pale
green oil (97%); "H NMR (200 MHz, CDCl;) 0 1.35 (t, ] = 7.5 Hg,
3H),2.21 (s, 3H), 2.85 (q, ] = 7.6 Hz, 2H), 7.30—7.39 (m, 4H), 7.47 (s,
1H); *C NMR (50 MHz, CDCl;) 0 13.4,17.6,18.7,121.7, 125.6, 126.4,
129.3,131.1,133.3, 136.5, 149.3; ESI-MS m/z caled for C, ;H,4N; [M +
H]" 188.1182, found 188.1186.

4-Ethyl-1-(4-fluorophenyl)-1H-1,2,3-triazole (16): pale yel-
low solid (100%); mp =74—75 °C (n-hexane; pale brown needles); 'H
NMR (200 MHz, CDCl3) 6 1.26 (t, ] = 7.6 Hz, 3H), 2.75 (q, ] = 7.6 Hz,
2H), 7.11 (m, 2H), 7.59—7.66 (m, 2H), 7.68 (s, 1H); *C NMR (50
MHz, CDCl;) 134, 18.8,116.3 (d, J = 25 Hz), 118.6, 122.1 (d, ] = 10

Hz), 1334, 1504, 162.0 (d, J = 245 Hz); ESLMS m/z caled for
C1oH1NSF [M + H]* 192.0932, found 192.0935.

4-Ethyl-1-(4-methoxyphenyl)-1H-1,2,3-triazole (17): pale
yellow solid (100%); mp = 63 °C (n-hexane; colorless fine crystals);
"H NMR (200 MHz, CDCl3) 6 1.22 (t, ] = 7.5 Hz, 3H), 2.70 (q, ] = 7.6
Hz, 2H), 3.72 (s, 3H), 6.86 (d, ] = 8.8 Hz, 2H), 7.49 (d, ] = 8.8 Hz, 2H),
7.60 (s, 1H); *C NMR (50 MHz, CDCl;) 6 134, 18.8, 55.3, 114.3,
118.5, 121.6, 130.4, 150.0, 159.2; ESI-MS m/z caled for CH,4N;O
[M + H]" 204.1131, found 204.1137.

4-(4-Ethyl-1H-1,2,3-triazol-1-yl)-2-fluoroaniline (19): brown
oil (94%); "H NMR (200 MHz, CDCl;) 6 1.31 (t, J = 7.6 Hz, 3H), 2.80
(q,J=7.6Hz,2H), 3.95 (bs,2H), 6.84 (dd, ] = 8.8, 8.8 Hz, 1H), 7.21—7.27
(m, 1H),7.39 (dd, J = 2.4, 11.4 Hz, 1H), 7.59 (s, 1H) ; "*C NMR (50 MHz,
CDCl;) 0 134,18.8,108.5 (d,J=23.0 Hz), 116.5 (d, J = 5.0 Hz), 1166 (d,
J=3.0Hz),118.5,127.9 (d,]=9.0 Hz), 135.1 (d,] = 12.5 Hz), 150.1, 150.7
(d, J = 240 Hz); ESI-MS m/z caled for C;oH,N,F [M + H] T 207.1041,
found 207.1044.

(E)-4-Ethyl-1-(oct-1-enyl)-1H-1,2,3-triazole (21): yellow li-
quid (99%); "H NMR (200 MHz, CDCl;) 6 0.88 (m, 3H), 1.27 (m,
9H), 1.4S (m, 2H), 2.20 (ddt, ] = 1.4,7.2,7.2 Hz,2H),2.75 (q,]=7.6 Hz,
2H), 6.13 (dt, J = 7.4, 14.2 Hz, 1H), 7.07 (dt, ] = 1.4, 14.4 Hz, 1H), 7.46
(s, 1H); "*C NMR (50 MHz, CDCl;) 6 13.4, 13.8, 18.8,22.3,28.5,28.7,
29.4, 31.4,117.2, 122.3, 124.1, 149.6; ESI-MS m/z caled for C;,H,,Nj3
[M + H] " 208.1808, found 208.1817.

1-Phenyl-1H-1,2,3-triazole-4-carboxylic acid (13). CuSO,-
SH,0 (20 mg, S mol %, 0.081 mmol), sodium ascorbate (32 mg, 10 mol
%, 0.16 mmol), water (0.5 mL), azidobenzene (207 mg, 1.0 equiv, 1.63
mmol; 94% purity), +BuOH (0.5 mL), and propiolic acid (127 uL, 1.2
euiv., 1.96 mmol; 95% purity) were sequentially added to a 4 mL vial.
The vial was closed with a screw-cap containing a septum. The mixture
was mildly stirred (250 rpm) at rt for 21 h. It was then quenched with
satd NaHCO; (25 mL), washed with diisopropyl ether (20 mL),
acidified with 0.5 M aq solution of H,SO, ,and extracted with ethyl
acetate (80 mL and 2 x 40 mL). The combined organic solutions were
dried over Na,SOy, filtered, and concentrated under reduced pressure to
afford acid 13 as a pale yellow solid (309 mg, 100%): mp = 132—134 °C
(toluene/n-hexane); "H NMR (200 MHz, DMSO-dg) & = 7.48—7.65
(m, 3H),7.97 (d,] = 7.6 Hz, 2H), 9.40 (s, 1H), 13.34 (s, 1H); ">*C NMR
(50 MHz, acetone-dg) 0 = 122.4, 128.4, 131.0, 131.6, 138.5, 142.3,
162.7; ESI-MS m/z caled for CoHgN;0, [M + H]" 190.0611, found
190.0620.

General Procedure for Synthesis of Triazoles 18 and 20.
The reaction was setup as above, but 2.20 equiv (208 mg, 1.51 mmol) of
K,CO; was used. Workup: the mixture was added to a solution of 0.5 M
H,SO, (6 mL), brine (9 mL), and ethyl acetate (40 mL). The aqueous
phase was extracted with ethyl acetate (20 mL), and the combined
organic extracts were washed with brine (4 x 10 mL), dried over
Na,SO,, filtered, and concentrated under reduced pressure to afford the
corresponding triazole.

4-(4-Ethyl-1H-1,2,3-triazol-1-yl)benzoic acid (18): pale
brown solid (98%); mp = 280—284 °C (EtOH; sublimation upon
heating); "H NMR (200 MHz, DMSO-ds) 6 1.27 (t, ] = 7.6 Hz, 3H),
2.74(q,J=7.6 Hz,2H), 8.03 (d, ] = 8.8 Hz, 2H), 8.13 (d, J = 8.8 Hz, 2H),
8.70 (s, 1H), 13.21 (bs, 1H); **C NMR (50 MHz, DMSO-ds) 6 13.3,
18.5,119.3, 119.7, 130.2, 131.0, 139.7, 149.9, 166.4; ESI-MS m/z calcd
for C;1H1,N;30, [M + H] ™" 218.0924, found 218.0920.

5-(4-Ethyl-1H-1,2,3-triazol-1-yl)-2-hydroxybenzoic  acid
(20): pale brown solid (91%); mp = 229—234 °C (EtOH/H,0); 'H
NMR (200 MHz, DMSO-dg) 6 122 (t, ] = 7.6 Hz, 3H), 2.67 (q, ] = 7.6
Hz, 2H), 7.08 (d, J = 9.0 Hz, 1H), 7.92 (dd, ] = 2.6, 8.8 Hz, 1H), 8.17
(d, ] = 2.6 Hz, 1H), 8.44 (s, 1H), 11.76 (bs, 2H); '*C NMR (50 MHz,
DMSO-dg): 0 = 13.5, 18.6, 113.9, 1184, 119.7, 121.4, 127.1, 128.8,
149.5, 160.7, 171.2; ESI-MS m/z caled for C,,H;,N;05 [M + H]*
234.0873, found 234.0885.
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4-Nitroaniline (23). Prepared by a modified general procedure for
triazoles 7—11, 15—17, 19, and 21; the modification: no alkynoic acid
was added: brown solid (94%); "H NMR (200 MHz, CDCl;) & = 4.38
(bs, 2H), 6.62 (d, ] = 9.2 Hz, 2H), 8.07 (d, ] = 9.0 Hz, 2H).

4-Ethyl-1-(4-nitrophenyl)-1H-1,2,3-triazole (24). Prepared
by a modified general procedure for triazoles 7—11, 15—17, 19, and
21; the following modifications were undertaken: CuCl (7 mg, 10 mol %)
and DMSO (2.5 mL) were used instead of CuSO,-SH,O and aqueous
DMSO, respectively, and sodium ascorbate was not added: pale yellow
solid (75%); mp = 144—145 °C (toluene); "H NMR (200 MHz, CDCl;)
01.35 (t,J=7.6 Hz,3H), 2.85 (q,] = 7.6 Hz,2H), 7.86 (s, 1H), 7.96 (d, ] =
9.0 Hz, 2H), 8.38 (d, J = 9.0 Hz, 2H); *C NMR (100 MHz, CDCl;) 0
13.5, 19.0, 118.6, 120.2, 125.5, 141.4, 146.9, 151.6; ESI-MS m/z calcd for
C10H11N,O, [M + H]" 219.0877, found 219.0894.
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