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The copper-catalyzed azide-alkyne cycloaddition reaction[1] (CUAAC) (Scheme 1, a) is
known for its high fidelity in the presence of many functional groups and under demanding
reaction conditions.[2] Experimental simplicity and high selectivity of this process have
been exploited in many applications in synthetic and medicinal chemistry,[3]
bioconjugations,[4] materials science,[5] and polymer chemistry.[6] The efficiency and
selectivity of this transformation are a direct consequence of the reactivity of in situ-
generated copper(l) acetylides. Coordination of the organic azide to the copper center of the
acetylide increases the nucleophilicity of the triple bond and initiates a sequence of steps
which ultimately results in the formation of the new C—N bond between the nucleophilic -
carbon atom of the acetylide and the terminal, electrophilic nitrogen atom of the azide
(Scheme 2). Naturally, internal alkynes are devoid of such reactivity, and therefore CUAAC
is limited to terminal acetylenes, producing only 1,4-disubstituted triazoles. Although the
ruthenium-catalyzed azide-alkyne cycloaddition reaction (Scheme 1, b)[7] and methods of
functionalization of the triazole heterocycle itself[8] partially address these deficiencies, a
general method for the regiocontrolled synthesis of differently substituted 1,2,3-triazoles
would be a valuable addition to the family of catalytic cycloaddition reactions.

In this communication we report that 1-iodoalkynes, stable and readily accessible (vide
infra) internal acetylenes, exhibit exceptional reactivity in the copper-catalyzed annulation
reaction with organic azides (Scheme 1, ¢). Indeed, their reactivity appears to surpass that of
terminal alkynes. As an added benefit, the products of the reaction, 5-iodo-1,2,3-triazoles,
are versatile synthetic intermediates amenable for further functionalization. Although
several syntheses of iodotriazoles are known, the reactions require stoichiometric amounts
of copper catalysts and employ reactive electrophilic halogenating reagents (e.g., iodine
monochloride, N-iodosuccinimide).[9] In addition, some procedures require extended
reaction times and generate mixtures of 5-H and 5-iodo-triazoles.[10]

Disclosed here is a general, rapid and operationally simple method for the chemo- and
regioselective synthesis of 5-iodo-1,4,5-trisubstituted-1,2,3-triazoles from organic azides
and iodoalkynes. The catalysis is effected by copper(l) iodide in the presence of an amine
ligand.
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Supporting information for this article is available on the WWW under http://www.angewandte.org or from the author.
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The initial survey of experimental conditions, which included a broad array of copper(l) and
copper(ll) salts, solvents and ligands, revealed that the reaction of iodoalkyne 1 and azide 2
was catalyzed by copper(l) iodide/triethylamine (TEA) in THF, giving 5-iodo-1,2,3-triazole
3 as the major product,[11] along with 5-proto- and 5-alkynyl triazoles 4 and 5, respectively
(Table 1, entry 2).

Inclusion of an amine ligand was crucial, as no reaction was observed when TEA was
omitted (Table 1, entry 1). Furthermore, the reaction displayed a sharp dependence on the
quantity of TEA (Table 1, entries 1 — 4). Thus, 5-iodo-triazole 3 was generated as the sole
product in excellent yield by simply using an excess (2 equiv.) of TEA. This trend extended
to other tertiary amine ligands, although the desired 5-iodotriazole was obtained in lower
yield (Table 1, cf. entries 4 and 6, 8).

The observed rate and chemoselectivity of the reaction were strongly dependent on the
nature of the amine ligand. For example, the efficiency of the reaction was markedly
reduced, and 5-alkynyl-triazole 5 was formed as the major product,[12] when TEA was
replaced with 1,2-diamines (Table 1, entries 8 and 9). Pyridines, such as 2,6-lutidine, and
1,10-phenanthroline, were also ineffective (Table 1, entries 7 and 10). By contrast,
tris((1,2,3-triazolyl)methyl)amine ligands[13] were found to be highly efficient in promoting
this cycloaddition. Both tris((1-benzyl-1H-1,2,3-triazolyl)methyl)amine (TBTA) and its tert-
butyl analog, tris((1-tert-butyl-1H-1,2,3-triazolyl)methyl)amine (TTTA) (Table 1, entries 11
and 12) gave 5-iodotriazole 3 as the exclusive product in excellent yield. In addition, these
ligands markedly accelerated the reaction, reducing the time to completion from 6 hrs to 45
min.

The increased chemoselectivity of the reaction in the presence of these ligands is a
consequence of the rate acceleration of the triazoles-forming pathway. Both iodoalkyne 1
and 5-iodotriazole 3 slowly undergo reductive dehalogenation in the presence of various
copper salts, generating the corresponding terminal alkyne and 5-prototriazole 4. These
pathways likely account for the generation of the observed byproducts, but are far too slow
in the presence of accelerating ligands.

Based on these observations, TTTA emerged as the optimal ligand for the rapid and
chemoselective construction of 5-iodo-1,2,3 triazoles. It is noteworthy that both Cul-TTTA
and Cul-TEA systems were found to be compatible with wide variety of solvents (Table 2).
While some did have a large effect on the reaction rate, the selectivity was not affected, even
when the reaction was performed in protic solvents.

The Cul-TTTA catalyst system was applied to a series of structurally and functionally
diverse azides and 1-iodoalkynes (Figure 1). In all cases, the 5-iodo-1,2,3-triazoles were
obtained as the exclusive products. Due to the mild reaction conditions, high
chemoselectivity, and low copper catalyst loading, reaction workup was usually as simple as
trituration followed by filtration. As a result, this method is highly amenable to scale-up, and
representative 5-iodotriazoles 6 and 15 were prepared in multigram quantities. In addition,
the diverse array of functional groups tolerated by this annulation stands out as a particularly
exceptional feature. Both sterically demanding (e.g., 10, 22) and functionally dense (e.g., 7,
17) substrates could be utilized. As such, the azideiodoalkyne cycloaddition provides a
highly orthogonal means of chemical ligation, similar to the more conventional CUAAC
reaction.

The utility of this cycloaddition was enhanced through the development of a simple and
highly efficient synthesis of 1-iodoalkynes from terminal acetylenes (Scheme 3). Terminal
alkynes were treated with N-iodomorpholine[14] 23, in the presence of Cul, giving the
corresponding 1-iodoakynes within 30 to 60 minutes. The products could be isolated by
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simply passing the reaction mixture through a pad of silica gel or alumina, yielding the
desired 1-iodoalkynes in good to excellent yield.

Given the speed and fidelity with which the 1-iodoalkynes could be synthesized, a one-pot,

two-stage protocol was developed (Scheme 4). The 1-iodoalkyne was partially purified via

filtration through neutral alumina prior to the introduction of the azide component.[15] This
method gave 5-iodotriazoles 28-30 with an efficiency comparable to that observed with the
isolated 1-iodoalkynes.

This sequence could be further extended to the synthesis of 1,4,5-triaryl-1,2,3-triazoles 31—
33 (Scheme 5) by assembling the 5-iodotriazole and immediately employing Pd(0)-
catalyzed cross-coupling with an appropriate arylboronic acid.[16] This simple stepwise
construction obviates purification of any intermediates and simultaneously provides
complete control over the placement of substituents around the 1,2,3-triazole core, allowing
facile access to all regioisomeric permutations of triaryltriazoles 31-33. This achievement is
notable, as a similar regiocontrolled synthesis would not be possible via thermal or
ruthenium-catalyzed 1,3-dipolar cycloaddition due to the high degree of similarity between
the aryl groups (phenyl, tolyl, and p-methoxyphenyl).

Although this newly discovered Cu(l)-catalyzed cycloaddition clearly shares some
similarities with the CUAAC process, modes of activation of iodo- and terminal alkynes by
copper are likely distinctly different. Our mechanistic proposals are outlined in Scheme 6.
One possible pathway is similar to that proposed for the CUAAC[1a,17] and involves the
formation of the o-acetylide complex 35 as the first key intermediate (Scheme 6, a).[18]
Coordination of the azide via the proximal nitrogen is followed by the cyclization, yielding
the cuprated triazoles 38. Cu-I exchange via c-bond metathesis with iodoalkyne 34
completes the cycle, liberating iodotriazole 39 and regenerating acetylide 35.

Alternatively, copper may activate the iodoalkyne via the formation of a r-complex
intermediate (Scheme 6, b), which then engages the azide, producing complex 41.
Cyclization then proceeds via a vinylidene-like transition state, 42, to give iodotriazole 39.
A similar transition state has been proposed to expliain the involvement of di-copper
intermediates in the CUAAC reaction.[19] The distinctive feature of this pathway is that the
C—1I bond is never severed during the catalysis.

Although a detailed examination of the mechanism has not been completed, we currently
favor pathway b based on our preliminary studies and the results from the reaction
optimization experiments. The main argument in support of this hypothesis is the exclusive
formation of the 5-iodotriazole even when the reaction is performed in protic solvents (Table
2) or with the substrates containing acidic protons (Figure 1, compounds 11, 15, 22). If
pathway a were operational, the cuprated triazole intermediate 38 could be trapped with
other electrophiles, including a proton, thereby producing a mixture of the 5-iodo and 5-
prototriazoles. The absence of the latter products supports our proposal that pathway a is not
dominant.

The new catalytic cycloaddition reaction enables rapid, controlled, and practical synthesis of
1,4,5-trisubstituted-1,2,3-triazoles. This reaction displays broad substrate scope, excellent
functional group and solvent compatibility, and remarkably high rates which may exceed
those of the more familiar CUAAC. In addition to these immediate practical benefits, the
unprecedented and exquisite reactivity, as well as facile synthesis, of 1-iodoactylenes
disclosed here will serve as a powerful tool to probe the mechanism of other copper-
catalyzed transformations of alkynes, including the CUAAC reaction.
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Experimental Section

Typical procedure for the synthesis of 1-iodoalkynes - synthesis of 1-iodo-phenylacetylene

(1)

Phenylacetylene (8.17 g, 80.0 mmol) was dissolved in THF (200 mL) and treated with Cul
(0.762 g, 4.00 mmol) and N-iodomorpholine (30.0 g, 88.0 mmol). The reaction mixture was
stirred at room temperature for 45 minutes, after which a fine white precipitate had formed.
The suspension was poured onto a pad of activated neutral alumina (400 mL) and the filtrate
was collected under vacuum. The solid phase was washed with DCM (4x100mL) and the
combined organic fractions were pooled and concentrated by evaporation, giving 1 (16.6 g,
72.8 mmol, 91%) as a yellow oil. This material was used without further purification.

Typical procedure for the synthesis of 5-iodotriazoles - synthesis of 5-iodo-4-phenyl-1-(3-
(trifluoromethyl)benzyl)-1H-1,2,3-triazole (3)

Cul (9.52 mg, 0.050 mmol) and TTTA (0.021 g, 0.050 mmol) were stirred in THF (4.5 mL)
at room temperature for 20 min, after which a homogeneous solution was obtained. 1 (0.228
g, 1.00 mmol) and 2 (0.201 g, 1.00 mmol) were dissolved in THF (0.5 mL) and added in a
single portion to the catalyst solution. The reaction mixture was allowed to stir for 45 min,
and then quenched by adding 1 mL of 10% NH4OH solution. The volatile components were
removed by evaporation, and the resulting residue was suspended in water and diethyl ether.
A precipitate formed upon vigorous stirring and was isolated by filtration, giving 3 (0.399 g,
0.930 mmol, 93%) as a fine white powder.
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Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
Various routes to substituted 1,2,3-triazoles.
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Scheme 2.
Reactivity of organic azides with copper(l) acetyides.
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Scheme 3.
Synthesis of 1-iodoalkynes using N-iodomorpholinesHl.
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One-pot, two-step synthesis of 5-iodo-1,2,3-triazoles.
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Scheme 6.
Proposed mechanisms for the Cu(l)-catalyzed azide-iodoalkyne cycloaddition.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2010 March 31.

Page 12



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Hein et al. Page 13

Table 1

Optimization of the reaction conditions.[a]

N3
Cul (5 mol%) N=N
Ligand /S/‘N CFs

Ph———1 + Ph

THF, r.t. 3:R=-
1 CF, R 4:R=-
2 5: R=-CCPh
N=N
. R
R-N ’
H;N  NH, \A X
| N
4 \ N N

N
L2 N
w L3:R=Bn (TBTA)

N=N_ L4:R=tBu (TTTA)
R

Entry  Additive equiv 3:4:5[0] vield[9s][c]

1 - - - n.r.
2 TEA 0.5 10:3:1 55
3 TEA 1 25:2:1 75
4 TEA 2 1:0:0 90
5 DIPEA 05 15:1:2 47
6 DIPEA 2 1:0:0 73
7 2,6-lutidine 0.5 30:1:0 12
8 TMEDA 05 20:1:0 26
9 L1 05 1:1:15 25
10 L2 0.5 - nr.
1 L3 005 1:0:0 eold]
12 L4 005 1:0:0 93 [d]
[a]

General reaction conditions: Cul (0.02 mmol) and ligand in THF (2 mL), 1 (0.40 mmol) 2 (0.40 mmol), room temperature, 6h.

[b]Product ratio determined by HPLC-MS.
[c]

[d]

Isolated yield of 3.

Reaction time was 45 min.
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Solvent compatibility study.[a]
N3
Cul (5 mol%)

solvent, r.t.
CF3

2

Table 2

NN \Q\CF
Ph/%/N 3
[
3

TTTA (5 mol%)

TEA (2equiv)

Solvent Time[h] Yield[%] Time[h] Yield[%]
THF 1 93 6 90
MeCN 1 94 6 85
DMF 2 91 18 86
Water 2 85 6 76
EtOH 4 78 24 69
DCM 4 79 24 62
toluene 5 62 24 73

[b] Isolated yield of 3.
[al
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