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Synthesis of 5-Substituted 1,2,3-Triazolyl-4-phosphonate
through Cross-Coupling Reactions of 5-lodo-1,2,3-triazolyl-4-

phosphonate

Emilie Thiery,®! Vanny You,?! Anne-Sophie Mora,® and Mohamed Abarbri*!!

Abstract: Two methods for the preparation of 5-iodo-1,2,3-tri-
azolyl-4-phosphonate were explored. This compound was then
functionalized by Suzuki and Stille cross-coupling reaction to

obtain 5-aryl-, 5-heteroaryl- or 5-alkenyl-1,2,3-triazolyl-4-phos-
phonates.

Introduction

Substituted 1,2,3-triazoles are very important heterocyclic com-
pounds because of their numerous applications to material sci-
ences and medicinal chemistry.!"! They are readily prepared by
1,3-dipolar cycloaddition reactions of azides with alkynes.”?! In-
terest in phosphorus compounds has increased as these
groups, especially phosphonates and phosphonic acids, are
present in a number of new therapeutic agents for various
diseases,®! such as diabetes, asthma, inflammation, cancer and
malaria. Surprisingly, few examples of synthesis in the prepara-
tion of 1,2,3-triazolylphosphonates have been described in the
literature. In 2002, the synthesis of 1,2,3-triazolyl-4-phosphon-
ate was reported by a metal-free 1,3-dipolar cycloaddition reac-
tion from ethynylphosphonate and azide in toluene. The reac-
tion was not regioselective, and a quantity of isomer 5-phos-
phonate was observed." More recently, preparation of phos-
phohistidine analogues through “click” reactions in the pres-
ence of Cu or Ru catalysts has been reported. The regioselectiv-
ity depends on a catalyst to prepare analogues of 1-pHis or 3-
pHis (Figure 1).51 Artyushin et al. reported the catalyst-free 1,3-
dipolar cycloaddition reaction of phosphorylated azides pro-
moted by water.®! Internal symmetric alkynes were used to
avoid the problem of regioselectivity. Li et al. reported the re-
gioselective synthesis of 1,2,3-triazolyl-5-phosphonates by cop-
per(l)-catalysed three-component reaction from azides, alkynes,
and H-phosphates.”! An alternative to the “click” reaction for
the synthesis of 1,2,3-triazole was a metal-free three-compo-
nent reaction from an azide, aldehyde, and nitro group.’® How-
ever, only one 1,2,3-triazolyl-4-phosphonate has been described
by using this methodology. We have focused on the synthesis
of 5-halo-1,2,3-triazolyl-4-phosphonate for use in a cross-cou-
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pling reaction to obtain new 5-aryl- or 5-alkenyl-1,2,3-triazolyl-
4-phosphonates. In 2014, 5-bromo-1,2,3-triazolyl-4-phosphon-
ate was synthesized by Ru-catalysed cycloaddition reaction
from 1-haloalkyne and organic azides, but this method required
the preparation of non-commercial diethyl bromoethynylphos-
phonate.” We propose here two methods of synthesis of 5-
iodo-1,2,3-triazolyl-4-phosphonate and its use in Suzuki and
Stille cross-coupling reactions.

O NHg" O, NHg
H N, H N,
E N °N - N °N
_O —_— — _
\ 0
-o-P P
0Py 5 ©

analogue of 1-pHis analogue of 3-pHis

N N
R2-N" °N R2-N" °N

(R°OLPy . R’ R'  P(OR3),
o) &

1,2,3-triazolyl-5-phosphonate 1,2,3-triazolyl-4-phosphonate

Figure 1. 1,2,3-Triazolyl phosphorus compounds.

Results and Discussion

Two pathways can be envisaged to prepare 5-iodo-1,2,3-tri-
azolyl-4-phosphonate. The Click reaction would make it possi-
ble to obtain diethyl 1-benzyl-1H-1,2,3-triazol-4-ylphosphonate
(2a), which could be iodated in 5-position (Scheme 1, Path-
way A). 1,3-Dipolar cycloaddition reaction of organic azides and
ethyl ethynylphosphonates takes place in toluene or in water
without a catalyst.**2! |n the case of diethyl ethylphosphonate
and benzyl azide in our studies, total conversion was observed
overnight in toluene at reflux temperatures or in water at 60 °C
(Scheme 2). Regioselectivity depends on the solvent, but in two
cases 1,2,3-triazolyl-4-phosphonate 2a and 5-phosphonate 2b
regioisomers were obtained. They could be separated by chro-
matography with silica gel and isolated to give good yields.

529 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2.

lodation of 2a was first envisaged with N-iodosuccinimide
but without success. Deprotonation with a strong base followed
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2a 3 (48 %)

Scheme 3.

Another pathway was 1,3-dipolar cycloaddition reaction and
in situ iodation of diethyl ethynylphophonate and benzyl azide
(Scheme 1, Pathway B). Wu et al. reported the synthesis of 5-
iodo-4-phenyl-1,2,3-triazole in a one-pot reaction promoted by
copper(l) salt["® the mechanism of which was recently dis-
cussed by Zhu et all'™ Under similar conditions, 1,3-dipolar
cycloaddition reaction of benzyl azide and diethyl ethynylphos-
phonate, catalysed by copper iodide in the presence of triethyl-
amine and iodine in tetrahydrofuran (THF), led to 26 % yield of
compound 3 (Table 1, Entry 1). The use of ethyldiisopropylam-
ine and iodine chloride increased the yield to 52 and 61 %,

Table 1. One-pot procedure for preparation of 3.

Cul (1 equiv.)
1X(1.2 equiv.), R3N (1.2 equiv.)

1l
=—P(OEt), + BnNs

1 THF, r.t., overnight

by addition of iodine was then tried. Only 20 % conversion was  Entry IX RsR Yield [%]"!
observed with n-butyllithium and tert-butyllithium was required 1 Iy Et;N 26 %
to obtain 90 % conversion. Compound 3 was isolated in 48 % 2 [ Et(iPr),N 529%
yield (Scheme 3), and finally compound 3 was prepared in two 3 Icl Et(iPr),N 61%
steps in 31 % yield from compound 1. [a] Isolated yield.
Table 2. Suzuki reaction optimization.
- [Pd] (2-10 mol-%) . .
Bn—N" °N KsPO4 (2equiv.)  pp—N" N Bn—N" N
i N S L
| P(OEt), toluene, T (°C), time P(OEt), H  P(OEt),
(1 equiv.) O (1.2 equiv.) 0 0
3 4a 2a

Entry [Pd] [mol-%)] T[°C] Time Conversion® 4a/2a
1 Pd,dbas 50 °C overnight 100 % 86: 14

(5)
2 PdCl,(PPhs), 50 °C overnight 55 % 45:55

(5)
3 Pd(PPhs), 50 °C overnight 56 % 27:73

(5)
4 PdCl,(MeCN), 50 °C overnight 81 % 66:44

(5)
5 Pd,dba; MW150 °C 45 min 84 % 88:12

@)
6 Pd,dbas MW180 °C 30 min 86 % 89:11

@)
7 Pd,dbas MW180 °C 45 min 94 % 89:11

(5)
8 Pd,dbas MW180 °C 45 min 100 % 86:14

(10)
[a] Determined by 'H and 3'P NMR spectroscopy.
Eur. J. Org. Chem. 2016, 529-534 www.eurjoc.org 530 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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respectively (Table 1, Entries 2 and 3). In each case we observed
the formation of 10-40 % tetraethyl buta-1,3-diyne-1,4-diyldi-
phosphonate promoted by the presence of copper(l).'? No lit-
erature is available in the field of 5-iodo-1,2,3-triazolyl-4-phos-
phonate synthesis.

On the basis of previous work,!"3! compound 3 was used in
Suzuki cross-coupling reactions. It should be noted that the
conversion must be complete so that starting material 3 and
product 4a can be separated by chromatography with silica
gel. To optimize the reaction protocol, we examined a range of
palladium catalysts by using the coupling of 3 with phenyl-
boronic acid as the test reaction in the presence of potassium
phosphate in toluene at 50 °C for 18 h (Table 2). In each case
compound 2a from deiodation was observed by NMR spectros-
copy. The use of tris(dibenzylideneacetone)dipalladium(0) as
the catalyst provided a more effective reaction than the use
of catalysts such as PdCl,(PPhs),, Pd(Phs);, and PdCl,(MeCN),
(Table 2, Entries 1-4). Suzuki coupling reactions performed un-
der microwave irradiation (Table 2, Entries 5-8) required a
greater quantity of catalyst to obtain complete conversion and
did not permit reduction of formation of compound 2a. The
use of N,N-dimethylformamide as solvent under microwave irra-
diation led to degradation of the product. Upon optimization,
the best set of reaction conditions was found to be tris(di-
benzylideneacetone)dipalladium(0) (5 mol-%) and potassium
phosphate (2.0 equiv.) in toluene at 50 °C under conventional
heating for 18 h.

A variety of available boronic acids were used to investigate
the scope of the Suzuki cross-coupling reaction and the results
are summarized in Table 3. As shown in Table 3, the procedure
is a general one. It can thus accommodate various aryl and
heteroaryl groups with reasonable yields. In the coupling reac-
tions, no significant difference in performance occurred related
to the nature of the substituent on the aromatic ring, such as
an electron-donating (Table 3, Entries 2 and 4) or an electron-
withdrawing group (Table 3, Entry 5).

Attention was next focused on the Stille cross coupling reac-
tion between 3 and vinyltin or heteroaryltin reagents
(Scheme 4). Organotin reagents have previously proved to be
efficient tools for transfer of the unsaturated unit on both the
substrate and the reagent, with a high level of tolerance for
numerous functions. To optimize the reaction protocol, we ex-
amined various temperature conditions. The reaction from 3
and (E)-trimethyl[2-(tributylstannyl)vinyl]silane in the presence
of tris(dibenzylideneacetone) dipalladium(0) (5 %) and toluene
as solvent were used as test conditions. Under microwave irradi-
ation (Scheme 4, Condition A) only degradation products were
formed. At room temperature (Scheme 4, Condition B) poor
conversion was observed after 18 h (conversion 4 %). Complete
conversion was obtained by heating the reaction overnight at
50 °C (Scheme 4, Condition C). Compound 5a was isolated in
70 % yield. The reaction between 3 and tributyl(vinyl)stannane,
tributyl(furan-3-yl)stannane, or tributyl(thiophen-3-yl)stannane
resulted in good yields of expected compounds 5b-5d. The
mild experimental conditions of the Stille cross-coupling reac-
tion led to functional dienes 5, and no polymerization products
were detected.
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Table 3. Scope of the Suzuki cross-coupling reaction with various boronic
acid partners.

Pd,dbag (5 mol-%)

Bn—N'N‘\N K3POy4 (2 equiv.) Bn—N'N‘\N
—{( * Ar—BOH), —— —
| P(OEt), toluene, _50 %€, Ar P(OEt),
3 Fo) overnight o)
(1 equiv.) (1.2 equiv.) 4a—f
Entry RB(OH). Product Yield [%]®

N
1 {;>7|3(0H)2 s \_ 65
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Conclusions

In summary, we have developed a new way to produce 5-sub-
stituted 1,2,3-triazolyl-4-phosphonate by cross-coupling reac-
tion by using a previously unknown 5-iodo 1,2,3-substituted-4-
phosphonate. The use of Suzuki or Stille conditions allowed us
to synthesize good vyields of 5-vinyl, aryl or heteroaryl 1,2,3-
triazolyl-4-phosphonates. Investigations to synthesize new sub-
stituted triazolyl phosphonate derivatives are currently in
progress in our laboratory.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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| f’(OEt)z toluene, T (°C), time R !?(OEt)z
(0] (0]
3 (1 equiv.) (1.2 equiv.)  Conditions A: MW 160 °C, 1h 5a—d

Conditions B: r.t., overnight
Conditions C: 50 °C, overnight

Under conditions C:

: Z N,
N °N

"

Me;Si 8 &

5a, 70% 5b, 72%

Scheme 4.

Experimental Section

General Methods: All reactions were carried out under an argon
atmosphere. TLC spots were examined under UV light. NMR spectra
were recorded at 300 MHz for 'H, 121 MHz for 3'P, and 75 MHz for
13C with a BRUCKER AVANCE 300 spectrometer. Chemical shifts are
reported relative to the residual chloroform peak (6 = 7.26 ppm).
Electrospray ionization mass spectrometry experiments (HRMS)
were performed on a hybrid tandem quadrupole/time-of flight (Q-
TOF) instrument, equipped with a pneumatically assisted electro-
spray (Z-spray) ion source (Micromass, Manchester, U. K.) operated
in positive mode.

Cycloaddition Reaction - General Procedure: Diethyl ethynyl-
phosphonate (1 mmol, 162 mg) and benzyl bromide (1 mmol,
133 mg) were stirred in toluene under argon at 110 °C for 24 h. The
solvent was evaporated under reduced pressure and the residue
was purified by column chromatography with silica gel (dichloro-
methane/ethanol, 98:2 to 95:5). Two regioisomers 2a and 2b were
isolated in 40 and 33 % yield, respectively.

Diethyl (1-Benzyl-1H-1,2,3-triazol-4-yl)phosphonate (2a): Yield
117 mg (40 %). White solid, m.p. 47-48 °C. IR: ¥ = 3104, 2990, 2912,
1506, 1459, 1442, 1392, 1265, 1246 cm~'. "H NMR (CDCl3, 300 MHz):
6=791(s,1H),737 (m, 3 H), 728 (m, 2 H), 5.56 (s, 2 H), 4.17 (m,
4 H), 132 (t, J = 6.9 Hz, 6 H) ppm. 3'P NMR (CDCl5, 121 MHz): 6 =
6.6 ppm. 3C NMR (CDCls, 75 Hz): 6 = 137.8 (d, Jcp = 237.2 Ha),
133.6, 130.5 (d, Jcp = 33.2 Hz), 129.4 (2 C), 129.2, 128.5 (2 C), 63.5
(d, Jep = 5.8 Hz, 2 C), 54.4, 16.3 (d, Jep = 6.5 Hz, 2 C) ppm. HRMS
(ESD): m/z calcd. for Cy3H;gN3OsP [M + H]* 296.11585; found
296.11558 (0.9 ppm).

Diethyl (3-Benzyl-3H-1,2,3-triazol-4-yl)phosphonate (2b): Yield
97 mg (33 %). White oil. IR: ¥ = 2984, 2905, 1497, 1456, 1443, 1394,
1369, 1256, 1213, 1166, 1096, 1011 cm~". "H NMR (CDCl5, 300 MHz):
6 =8.00 (s, 1 H), 731 (m, 5 H), 5.81 (s, 2 H), 3.93 (m, 4 H), 1.18 (t,
J =72 Hz, 6 H) ppm. 3'P NMR (CDCls, 121 MHz): & = 3.49 ppm. '3C
NMR (CDCl3, 75 Hz): 6 = 141.0 (d, Jc.p = 20.2 Hz), 134.9, 128.6 (2 C),
1284, 127.9 (2 C), 126.0 (d, Jep = 218.5 Hz), 633 (d, J.p = 5.6 H2),
535, 16.0 (d, Jcp = 6.5 Hz) ppm. HRMS (ESI): m/z calcd. for
Cy3H19N505P [M + HI* 296.11585; found 296.11554 (1.0 ppm).

Copper-Catalysed Cycloaddition Reaction - General Procedure:
A Schlenk flask loaded with diethylethynylphosphonate (2.7 mmol,
437 mg), benzylazide (2.7 mmol, 359 mg), and copper iodide
(2.7 mmol, 513 mg) was placed under vacuum for 10 min and filled

Eur. J. Org. Chem. 2016, 529-534 www.eurjoc.org
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with argon. Then toluene (3 mL), ethyldiisopropylamine (3.2 mmol,
528 plL) and diiode (3.2 mmol, 813 mg) in toluene (5 mL) were
introduced at 0 °C and the mixture was stirred at room temperature
for 18 h. The reaction mixture was diluted with water (20 mL) and
EtOAc (20 mL) and filtered through Celite”. The aqueous phase was
extracted with EtOAc (2 X 15 mL). The organic phases were washed
with aqueous Na,S,03 solution (20 %, 20 mL) and saturated aque-
ous NaCl solution (20 mL), dried with MgSO4, filtered, and concen-
trated under reduced pressure. The residue was purified by column
chromatography with silica gel (petroleum ether/ethyl acetate, 1:1).

Diethyl (1-Benzyl-5-iodo-1H-1,2,3-triazol-4-yl)phosphonate (3):
Yield 692 mg (61 %). Yellow solid, m.p. 63 °C. IR: ¥ = 2987, 2907,
1497, 1453, 1439, 1392, 1253, 1230, 1219 cm™". 'H NMR (CDCls,
300 MHz): 6 = 7.33 (m, 5 H), 5.66 (s, 2 H), 4.25 (m, 4 H), 1.38 (td, J =
7.2, 0.6 Hz, 6 H) ppm. 3'P NMR (CDCl;, 121 MHz): § = 5.3 ppm. 3C
NMR (CDCls, 75 Hz): 6 = 142.6 (d, Jcp = 241.3 Hz), 133.7, 129.1 (2
(), 128.9, 128.1 (2 C), 86.2 (d, Jcp = 33.7 Hz), 63.5 (d, Jcp = 5.8 Hz,
2 C), 54.5, 16.4 (d, Jep = 6.5 Hz, 2 C) ppm. HRMS (ESI): m/z calcd.
for Cy3H;7IN3O3P [M + H]* 422.01250; found 422.01211 (0.9 ppm).

Suzuki Reaction - General Procedure: A Schlenk flask loaded with
3 (0.25 mmol, 105 mg), tris(dibenzylideneacetone)dipalladium
(0.01 mmol, 9 mg), boronic acid (1 mmol), and potassium phos-
phate (1.5 mmol, 318 mg) was placed under vacuum for 10 min
and filled with argon. Then toluene (2.5 mL) was introduced and
the reaction mixture was stirred at 100 °C for 18 h. After cooling,
the reaction mixture was diluted with water (20 mL) and extracted
with EtOAc (2 x 15 mL). The organic phase was washed with satu-
rated aqueous NaCl solution (20 mL), dried with MgSO4, filtered,
and concentrated under reduced pressure. The residue was purified
by column chromatography with silica gel (petroleum ether/ethyl
acetate, 1:1).

Diethyl (1-Benzyl-5-phenyl-1H-1,2,3-triazol-4-yl)phosphonate
(4a):® Yield 60 mg (65 %). Clear oil. IR: ¥ = 2981, 1497, 1479, 1455,
1414, 1392, 1244 cm™. 'H NMR (CDCl3, 300 MHz): 6 = 7.47 (m, 3
H), 7.28 (m, 5 H), 7.04 (m, 2 H), 546 (s, 2 H), 4.12 (m, 4 H), 1.21 (td,
J=17.2,03 Hz, 6 H) ppm. 3'P NMR (CDCl3, 121 MHz): § = 7.3 ppm.
13C NMR (CDCls, 75 Hz): 6 = 143.1 (d, Jep = 32.9 Hz), 136.0 (d,
Jep = 239.6 Hz), 134.7, 130.2, 130.0 (2 C), 128.9 (2 C), 128.7 (2 Q),
1284, 127.6 (2 C), 125.7, 62.8 (d, Jcp = 5.8 Hz, 2 C), 52.1, 16.2 (d,
Jep = 6.8 Hz, 2 C) ppm. HRMS (ESI): m/z calcd. for C;9H,3N305P [M
+ HI* 372.14715; found 372.14695 (0.6 ppm).

532 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Diethyl (1-Benzyl-5-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl)-

phosphonate (4b): Yield 65 mg (62 %). Clear oil. IR: ¥ = 2982, 2933,
2909, 1613, 1488, 1443, 1393, 1294, 1247 cm™'. "H NMR (CDCls,
300 MHz): § = 7.30 (m, 3 H), 7.23 (d, J = 9.0 Hz, 2 H), 7.07 (m, 2 H),
6.96 (d, J = 8.7 Hz, 2 H), 5.46 (s, 2 H), 4.13 (m, 4 H), 3.87 (s, 3 H),
1.25 (td, J = 7.2, 0.6 Hz, 6 H) ppm. *'P NMR (CDCl3, 121 MHz): § =
7.6 ppm. '3C NMR (CDCl5, 75 Hz): 6 = 161.1, 143.2 (d, Jc.p = 33.1 H2),
135.8 (d, Jc.p = 239.6 Hz), 135.0, 131.5 (2 C), 129.0 (2 C), 128.5, 127.6
(2 C), 117.6,114.2 (2 C), 63.0 (d, Jcp = 5.9 Hz, 2 C), 55.5, 52.0, 16.2
(d, Jcp = 6.6 Hz, 2 C) ppm. HRMS (ESI): m/z calcd. for C,oH,5N304P
[M + H]* 402.15772; found 402.15762 (-0.24 ppm).

Diethyl [1-Benzyl-5-(6-methoxynaphthalen-2-yl)-1H-1,2,3-tri-
azol-4-yllphosphonate (4c): Yield 80 mg (71 %). Clear oil. IR: V =
2982, 2901, 1629, 1610, 1542, 1499, 1456, 1442, 1421, 1391, 1248,
1220, 1017 cm™". "TH NMR (CDCl3, 300 MHz): § = 7.76 (d, J = 8.4 Hz,
1H),7.64(m,2H), 729 (dd, J=8.7 18 Hz 1H),7.21 (m,5H),7.03
(m, 2 H), 5.45 (s, 2 H), 408 (m, 4 H), 3.92 (s, 3 H), 1.15 (t, J = 7.2 Hz,
6 H) ppm. 3P NMR (CDCl3, 121 MHz): § = 7.6 ppm. '>*C NMR (CDCl3,
75 Hz): 6 = 159.0, 143.4 (d, Jcp = 32.9 Hz), 136.0 (d, Jcp = 239.6 Hz),
135.2,135.0, 129.9 (2 C), 128.9 (2 C), 128.5, 128.1, 127.7 (2 C), 127.2,
127.1,120.5, 120.0, 105.7, 63.0 (d, Jcp = 5.9 Hz, 2 C), 55.5, 52.2, 16.2
(d, Jep = 6.7 Hz, 2 C) ppm. HRMS (ESI): m/z calcd. for Cy4H,;N304P
[M + HI* 452.17337; found 452.17342 (0.12 ppm).

Diethyl {1-Benzyl-5-[4-(methylthio)phenyl]-1H-1,2,3-triazol-4-
yl}phosphonate (4d): Yield 77 mg (74 %). Clear oil. IR: ¥ = 2982,
2925, 1604, 1497, 1476, 1441, 1392, 1245, 1017 cm™". 'TH NMR
(CDCl3, 300 MHz): 6 = 7.27 (m, 5 H), 7.18 (m, 2 H), 7.05 (m, 2 H),
744 (s, 2 H),4.13 (m, 4 H), 2.51 (s, 3 H), 1.23 (t, J = 6.9 Hz, 6 H) ppm.
31P NMR (CDCls, 121 MHz): 6 = 7.3 ppm. '3C NMR (CDCl;, 75 Hz):
6 =142.8 (d, Jc.p = 32.9 Hz), 142.0, 135.8 (d, Jc.p = 239.0 Hz), 134.8,
130.2 (2 €), 1289 (2 C), 128.5, 127.5 (2 C), 125.7 (2 C), 121.6, 63.0
(d, Jep = 5.9 Hz), 52.0, 16.2 (d, Jep = 6.5 Hz), 15.1 ppm. HRMS (ESI):
m/z calcd. for CyoH,5N305PS [M + H]* 418.13488; found 418.13479
(-0.20 ppm).

Diethyl [1-Benzyl-5-(4-fluoro-3-methylphenyl)-1H-1,2,3-triazol-
4-yllphosphonate (4e): Yield 54 mg (54 %). Clear oil. IR: ¥ = 2982,
2922, 2851, 1601, 1487, 1456, 1445, 1307, 1240, 1216 cm™". "H NMR
(CDCl3, 300 MHz): 6 = 7.29 (m, 3 H), 7.05 (m, 5 H), 543 (s, 2 H), 4.14
(m, 4 H), 224 (d, J=1.5Hz 3 H), 1.24 (td, J = 7.2, 0.6 Hz, 6 H) ppm.
3P NMR (CDCl3, 121 MHz): 6 = 7.2 ppm. '°F NMR (CDCls, 282 MHz):
& = -114.2 ppm. "3C NMR (CDCls, 75 Hz): 6 = 1624 (d, Joy =
248.1 Hz), 142.5 (d, Jep = 32.9 Hz), 136.1 (d, Jep = 239.3 Hz), 134.8,
133.3 (d, Jcr = 5.8 Hz), 129.3 (d, Jcr = 8.6 Hz), 128.9 (2 (), 128.5,
127.6 (2 C), 125.6 (d, Jcr = 17.8 Hz), 121.3 (d, Jcf = 3.8 Hz), 115.5
(d, Jer = 23.0 Hz), 62.9 (d, Jep = 5.9 Hz, 2 C), 52.2, 162 (d, Jep =
6.5 Hz, 2 C), 14.5 (d, Jc.r = 3.5 Hz) ppm. HRMS (ESI): m/z calcd. for
CaoH24FN303P [M + H]* 404.15338; found 404.15336 (-0.05 ppm).

Diethyl [1-Benzyl-5-(furan-3-yl)-1H-1,2,3-triazol-4-yllphosphon-
ate (4f): Yield 31 mg (34 %). Clear oil. IR: ¥ = 2984, 2905, 1618,
1531, 1497, 1444, 1420, 1246, 1014 cm~". "TH NMR (CDCl3, 300 MHz):
6=1766(dd, J=15,09Hz 1H),750( J=18Hz 1H),733(m,
3 H), 7.10 (m, 2 H), 6.53 (dd, J = 1.8, 0.9 Hz, 1 H), 5.57 (s, 2 H), 4.20
(m, 4 H), 1.31 (td, J = 6.9, 0.6 Hz, 6 H) ppm. 3'P NMR (CDCl;,
121 MHz): 6 = 7.4 ppm. "3C NMR (CDCl;, 75 Hz): 6 = 143.9, 143.6,
135.8 (d, Jep = 238.3 Hz), 135.7 (d, Jcp = 32.7 Hz), 134.9, 129.2 (2
C), 128.7,126.9 (2 C), 110.9, 110.3, 63.2 (d, Jcp = 5.9 Hz, 2 C), 52.1,
163 (d, Jcp = 6.5 Hz, 2 C) ppm. HRMS (ESI): m/z calcd. for
Cy7H20N304P [M + HI* 362.12642; found 362.12617 (-0.69 ppm).

Stille Reaction - General Procedure: A Schlenk flask loaded with
3 (0.25 mmol, 105 mg), tris(dibenzylideneacetone)dipalladium
(0.013 mmol, 9 mg), and organostannane (0.3 mmol) was placed
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under vacuum for 10 min and filled with argon. Then toluene
(2.5 mL) was introduced and the reaction mixture was stirred at
50 °C for 18 h. The reaction mixture was filtered through Celite” and
concentrated under reduced pressure. The residue was purified by
column chromatography with silica gel (petroleum ether/ethyl ace-
tate, 1:1).

Diethyl {1-Benzyl-5-[(E)-2-(trimethylsilyl)vinyl]-1H-1,2,3-triazol-
4-yl}phosphonate (5a): Yield 69 mg (70 %). Clear oil. IR: ¥ = 2983,
2905, 1498, 1455, 1392, 1241, 1016 cm~". "H NMR (CDCl5, 300 MHz):
6=7.33(m,3H),7.16 (m, 2 H), 6.78 (m, 2 H), 5.59 (s, 2 H), 4.21 (m,
4 H), 1.35 (td, J = 6.9, 0.3 Hz, 6 H), 0.08 (s, 9 H) ppm. 3'P NMR (CDCl5,
121 MHz): 6 = 7.5 ppm. 3C NMR (CDCl;, 75 Hz): § = 144.6, 141.2
(d, Je.p = 33.5 H2), 134.7 (d, J.p = 237.3 Hz), 134.5, 129.1 (2 C), 128.6,
1274 (2 C), 125.7, 63.2 (d, Jcp = 5.9 Hz, 2 C), 52.7, 164 (d, Jcp =
6.5 Hz, 2 C) ppm. HRMS (ESI): m/z calcd. for C;gH,gN303PSi [M + H]*
394.17103; found 394.17102 (-0.03 ppm).

Diethyl (1-Benzyl-5-vinyl-1H-1,2,3-triazol-4-yl)phosphonate
(5b): Yield 56 mg (72 %). Clear oil. IR: ¥ = 2982, 2956, 1497, 1456,
1424, 1392, 1247, 1020 cm~". 'H NMR (CDCl3, 300 MHz): § = 7.32
(m, 1 H), 7.14 (m, 2 H), 6.72 (dd, J = 17.7, 11.7 Hz, 1 H), 6.05 (d, J =
17.7 Hz, 1 H), 570 (d, J = 11.7 Hz, 1 H), 5.61 (s, 2 H), 4.22 (quintd,
J=72,12Hz 4H), 135t J=7.2Hz 6 H) ppm. 3'P NMR (CDCls,
121 MHz): 6 = 7.5 ppm. *C NMR (CDCls, 75 Hz): 6 = 140.3 (d, Jcp =
36.6 Hz), 134.8 (d, Jcp = 229.2 Hz), 134.3, 129.1 (2 C), 128.6, 127.0
(2 €), 125.8,120.2, 63.2 (d, Jcp = 59 Hz, 2 C), 52.3, 16.3 (d, Jcp =
6.5 Hz, 2 C) ppm. HRMS (ESI): m/z calcd. for C;5H,;N3OsP [M + H]*
322.13150; found 322.13131 (-0.60 ppm).

Diethyl [1-Benzyl-5-(furan-2-yl)-1H-1,2,3-triazol-4-yl]phosphon-
ate (5¢): Yield 58 mg (64 %). Clear oil. IR: ¥ = 2983, 2905, 1520,
1497, 1456, 1443, 1393, 1250, 1016 cm™". "TH NMR (CDCls, 300 MHz):
6 =756 (dd, J= 18,06 Hz, 1 H), 726 (m, 3 H), 7.17 (m, 2 H), 6.53
(dd, J = 3.6, 1.8 Hz, 1 H), 5.82 (s, 2 H), 4.22 (quint, J = 7.2 Hz, 4 H),
1.33 (td, J = 7.2, 0.6 Hz, 6 H) ppm. 3P NMR (CDCl5, 121 MHz): 6 =
6.9 ppm. 3C NMR (CDCl3, 75 Hz): § = 144.3, 139.5, 134.9, 134.5 (d,
Jep = 236.6 Hz), 133.4 (d, Jcp = 32.3 Hz), 128.9 (2 C), 128.65, 127.6
(2 C), 1158, 1124, 634 (d, Jcp =59 Hz, 2 C), 53.7, 163 (d, Jcp =
6.7 Hz, 2 C) ppm. HRMS (ESI): m/z calcd. for C;;H;oN30,4P [M + H]*
362.12642; found 362.12612 (-0.83 ppm).

Diethyl [1-Benzyl-5-(thiophen-2-yl)-1H-1,2,3-triazol-4-yllphos-
phonate (5d): Yield 56 mg (59 %). Clear oil. "H NMR (CDCls,
300 MHz): 6 = 7.55 (dd, J = 5.1, 0.9 Hz, 1 H), 7.30 (m, 3 H), 7.22 (dd,
J=136,12Hz 1H), 713 (dd, J = 5.1, 3.6 Hz, 1 H), 7.08 (m, 2 H),
5.57 (s, 2 H), 416 (m, 4 H), 1.27 (t, J = 6.9 Hz, 6 H) ppm. 3'P NMR
(CDCl3, 121 MHz): 6 = 6.8 ppm. '>*C NMR (CDCl;, 75 Hz): 6 = 137.1
(d, Jcp = 2383 Hz), 136.7 (d, Jcp = 32.1 Hz), 134.7, 131.8, 129.7,
129.0 (2 C), 128.5,127.7,127.5 (2 C), 124.1 (C), 63.1 (d, Jc.p = 5.9 H2),
523, 163 (d, Jcp = 6.7 Hz) ppm. HRMS (ESI): m/z calcd. for
Cy7H20N305PS [M + HI* 378.10358; found 378.10338 (-0.52 ppm).

Keywords: Synthetic methods - Click chemistry -
Cycloaddition - Cross-coupling - Nitrogen heterocycles
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