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Huisgen 1,3-dipolar cycloadditions[1] are exergonic fusion
processes that unite two unsaturated reactants and provide
fast access to an enormous variety of five-membered hetero-

Cl atoms having a marked anionic character.[30] This feature is
also realized, but to a lesser extent, in the M�Cl bonds of
complexes 2 ± 6.

The present study illustrates for the first time the ability of
an �-cyclodextrin cavity to recognize a transition metal M�Cl
bond through weak Cl ¥¥¥ H-5 interactions in the solid state as
well as in solution. The fact that such subtle interactions could
be observed in non-aqueous media is a consequence of the
absence of stronger competing supramolecular forces, such as
the hydrophobic effect, which usually plays a prevailing role
in the formation of CD inclusion complexes. Overall these
results illustrate the potential of modified cyclodextrins as
second-sphere ligands.
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cycles.[2] The cycloaddition of azides and alkynes to give
triazoles[3] is arguably the most useful member of this family.
However, likely because of concerns about the safety of
working with organic azides, synthetic chemists, in both pure
and applied fields, have not given this transformation the
special attention it deserves. Although the actual cycloaddi-
tion step may be faster and/or more regioselective for 1,3-
dipoles other than azide, the latter is by far the most
convenient to introduce and to carry hidden through many
synthetic steps. Indeed, it appears to be the only three-atom
dipole which is nearly devoid of side reactions.

Azides usually make fleeting appearances in organic syn-
thesis: they serve as one of the most reliable means to
introduce a nitrogen substituent through the reaction
�R�X�[R�N3]�R�NH2. The azide intermediate is shown
in brackets because it is generally reduced straightaway to the
amine.[4] Despite this ™azidophobia∫, we have learned to work
safely with azides because they are the most crucial functional
group for click chemistry endeavors.[5] Ironically, what makes
azides unique for click chemistry purposes is their extraordi-
nary stability toward H2O, O2, and the majority of organic
synthesis conditions.[6] The spring-loaded nature of the azide
group remains invisible unless a good dipolarophile is
favorably presented.[7] However, even then the desired
triazole-forming cycloaddition may require elevated temper-
atures and, usually results in a mixture of the 1,4 and
1,5 regioisomers [Eq. (1)].[1, 8]

Since efforts to control this 1,4- versus 1,5-regioselectivity
problem have so far met with varying success,[9] we were
pleased to find this copper(�)-catalyzed reaction sequence
which regiospecifically unites azides and terminal acetylenes
to give only 1,4-disubstituted 1,2,3-triazoles.[10] The process is
experimentally simple and appears to have enormous scope.

While a number of copper(�) sources can be used directly
(see below), we found that the catalyst is better prepared
in situ by reduction of CuII salts, which are less costly and
often purer than CuI salts (CuSO4 ¥ 5H2O serves well). As the
reductant, ascorbic acid and/or sodium ascorbate proved to be
excellent[11] for they allow preparation of a broad spectrum of
1,4-triazole products in high yields and purity at 0.25 ±
2 mol% catalyst loading. The reaction appears to be very
forgiving and does not require any special precautions. It
proceeds to completion in 6 to 36 hours at ambient temper-
ature in a variety of solvents, including aqueous tert-butyl
alcohol or ethanol and, very importantly, water with no
organic co-solvent.[12] Although most experiments were
performed at near neutral pH values, the catalysis seems to
proceed well at pH values ranging from approximately 4 to 12.
In other words, this is a very robust catalytic process, which is
so insensitive to the usual reaction parameters as to strain
credulity.[13]

The reaction between phenyl propargyl ether and benzy-
lazide in the presence of 5 mol% of sodium ascorbate and
1 mol% of copper(��) sulfate in a 2:1 mixture of water and tert-
butyl alcohol furnished the 1,4-disubstituted triazole product
in 91% yield after stirring for eight hours at room temper-
ature in a capped scintillation vial, but otherwise with no
effort to exclude oxygen [Eq. (2)]. The regiochemistry of the
product was established by NOE experiments and confirmed
by an X-ray crystallographic analysis.[14] For comparison, the
thermal reaction (neat, 92 �C, 18 h) between these substrates
gives both regioisomers in a ratio of 1.6:1 in favor of the
1,4 isomer.

The scope of this copper-catalyzed triazole synthesis is
partly revealed by the examples in Table 1; the lack of
functional group interference is especially noteworthy. These
triazoles are obtained by using a procedure which generally
involves little more than stirring the reagents and filtering off
pure products. Variously substituted primary, secondary,
tertiary, and aromatic azides readily participate in this trans-
formation. Tolerance for variations in the acetylene compo-
nent is also excellent.

Copper(�) salts, for example, CuI, CuOTf ¥ C6H6, and
[Cu(NCCH3)4][PF6], can also be used directly in the absence
of a reducing agent. These reactions usually require acetoni-
trile as co-solvent and one equivalent of a nitrogen base (for
example, 2,6-lutidine, triethylamine, diisopropylethylamine,
or pyridine). However, formation of undesired by-products,
primarily diacetylenes, bis-triazoles, and 5-hydroxytriazoles,
was often observed.[10, 15] This complication with the direct use
of CuI species was minimized when 2,6-lutidine was used, and
exclusion of oxygen further improved product purity and
yield.[16] Even though a broad range of both acetylene and
azide components react readily in the acetonitrile system, we
prefer the even more reliable and simple CuII/ascorbate
aqueous system (with or without co-solvents and amine
buffers/additives).

Our mechanistic proposal for the catalytic cycle is shown in
Scheme 1. It begins unexceptionally with formation of the
copper(�) acetylide I[17] (as expected, no reaction is observed
with internal alkynes), but then gets interesting. Extensive
density functional theory calculations[18] offer compelling
evidence which strongly disfavors–by about 12 ± 15 kcal–
the concerted [2�3] cycloaddition (B-direct) and points to a
stepwise, annealing sequence (B-1�B-2�B-3, hence the
term ™ligation∫), which proceeds via the intriguing six-
membered copper-containing intermediate III.[19]

In conclusion, the CuI-catalyzed transformation described
here–a high-yielding and simple to perform ™fusion∫ process
leading to a thermally and hydrolytically stable triazole
connection–is an ideal addition to the family of click
reactions. The process exhibits broad scope and provides
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1,4-disubstituted 1,2,3-triazole products in excellent yields and
near perfect regioselectivity. The fact that this ™unstoppable∫
reactivity[20] of copper(�) acetylides with organic azides
remained unrevealed until now, despite the great body of
research on copper-mediated organic synthesis over the last

Scheme 1. Proposed catalytic cycle for the CuI-catalyzed ligation.

seventy years, is extraordinary. It can only be attributed to the
often irrational fear of azides and is just another indication of
the untapped potential of this underappreciated functional
group. Above all, what this new catalytic process seems to
offer is an unprecedented level of selectivity, reliability, and
scope for those organic synthesis endeavors which depend on
the creation of covalent links between diverse building blocks.
Several studies which highlight the capabilities of the process,
as well as studies hoping to achieve better mechanistic
understanding of its unique reactivity features, are currently
underway and will be reported in due course.

Experimental Section

General procedure (entry 11, Table 1): 17-ethynylestradiol (888 mg,
3 mmol) and (S)-3-azidopropane-1,2-diol (352 mg, 3 mmol) were suspend-
ed in a 1:1 mixture of water and tert-butyl alcohol (12 mL). Sodium
ascorbate (0.3 mmol, 300 �L of freshly prepared 1� solution in water) was
added, followed by copper(��) sulfate pentahydrate (7.5 mg, 0.03 mmol, in
100 �L of water). The heterogeneous mixture was stirred vigorously
overnight, at which point it cleared and TLC analysis indicated complete
consumption of the reactants. The reaction mixture was diluted with water
(50 mL), cooled in ice, and the white precipitate was collected by filtration.
After washing the precipitate with cold water (2� 25 mL), it was dried
under vacuum to afford 1.17 g (94%) of pure product as an off-white
powder. M.p. 228 ± 230 �C. Elemental analysis calcd for C23H31N3O4:
C 64.02, H 7.71, N 9.74%; found: C 64.06, H 7.36, N 9.64%. 1H NMR
([D6]DMSO) �� 8.97 (s, 1H), 7.77 (s, 1H), 6.95 (d, J� 8.3 Hz, 1H), 6.45
(dd, J� 8.3, 2.3 Hz, 1H), 6.41 (d, J� 2.3 Hz, 1H), 5.13 (m, 1H), 5.09 (d, J�
2.9 Hz, 1H), 4.83 (m, 1H), 4.46 (m, 1H), 4.21 (m, 1H), 3.81 (m, 1H), 3.26
(m, 1H), 2.67 (m, 2H), 2.35 (m, 1H), 2.08 (m, 1H), 1.96 (m, 1H), 1.89 ± 1.77
(m, 3H), 1.63 (m, 1H), 1.48 ± 1.12 (m, 6H), 0.91 (s, 3H), 0.74 ppm (s, 1H);
13C NMR ([D6]DMSO) �� 154.8, 153.8, 137.2, 130.4, 126.0, 123.3, 114.9,
112.7, 81.1, 70.6, 70.4, 63.2, 52.6, 47.5, 46.7, 43.2, 37.2, 32.6, 29.3, 27.2, 26.1,
23.6, 14.4 ppm.
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Table 1. Synthesis of 1,4-disubstituted 1,2,3-triazoles catalyzed by CuI ions
in the presence of ascorbate.[a]

Entry Product Yield [%]

1 92

2 93

3 82

4 84

5 91

6 88

7 88

8 84

9 88

10 90

11 94

[a] All reactions were carried out in water with tert-butyl alcohol as co-
solvent, 0.25 ± 0.5 � in reactants, with 1 mol% of CuSO4 and 10 mol% of
sodium ascorbate, and were complete in 12 ± 24 h.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 14 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4114-2599 $ 20.00+.50/0 2599

Electronic and Steric Effects on Catalysts for
CO2/Epoxide Polymerization: Subtle
Modifications Resulting in Superior
Activities**
David R. Moore, Ming Cheng, Emil B. Lobkovsky, and
Geoffrey W. Coates*

Carbon dioxide is an attractive chemical feedstock. In
addition to the fact that CO2 is an inexpensive substance of
practically inexhaustible supply, it is also nonflammable and
exhibits low toxicity.[1±3] Since CO2 is believed to contribute
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