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Readily prepared copper nanoparticles were found to cata-
lyse the 1,3-dipolar cycloaddition of azides and alkynes up
to rates comparable to those of microwave chemistry. Both
the preparation of the nanoparticles and the click reaction
are carried out under mild conditions, in short reaction times
and in the absence of any stabilising additive or ligand. A

variety of 1,2,3-triazoles were prepared in excellent yields. A
reaction mechanism was postulated on the basis of different
reactivity studies and deuteration experiments. Copper(l)
acetylides were demonstrated to be the real intermediate
species.

Introduction

In recent years, much attention has been devoted to the
Huisgen 1,3-dipolar cycloaddition reaction of organic az-
ides and alkynes!! taking advantage of the paramount dis-
covery by the groups of Meldal®! and Sharpless,*! who in-
dependently reported an unprecedented cycloaddition rate
under copper(I) catalysis. In addition, mild reaction condi-
tions could be applied, furnishing exclusively the 1,4-re-
gioisomer of the triazole product.*! The fulfillment of a
series of rigorous requirements, as defined by Sharpless et
al.,’] makes this reaction the click reaction par antonoma-
sia. Nowadays, many research fieldsi*?°l benefit from the
high reliability of this reaction, including organic chemis-
try,[* drug discovery and medicinal chemistry,[”! polymer®!
and materials sciencel®®°1 and bioconjugation.[78:2-10]

Catalyst-free Huisgen cycloadditions!!!! have been re-
ported in water,[!1&11] a5 well as for particularly substituted
or strained alkynes.''®!!¢l In most of the studies, however,
the kinetics and/or the regioselectivity is low, making the
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copper(I)-catalysed process the preferred choice. Recently,
Feringa et al. synthesised various benzotriazoles by a cop-
per-free cycloaddition of azides and arynes, as an interest-
ing variation of the classical 1,3-dipolar cycloaddition.!'!]
The copper(I)-catalysed cycloaddition is normally ac-
complished with success independently of the copper source
utilised, namely, copper(I) salts, normally in the presence of
a base and/or a ligand; in situ reduction of copper(Il) salts
(e.g., copper sulfate with sodium ascorbate); and compro-
portionation of copper(0) and copper(Il) (generally restric-
ted to biological applications).[*!

Despite the fact that the 1,3-dipolar cycloaddition of al-
kynes and azides has reached an advanced level of develop-
ment, the introduction of variants that can further improve
the efficiency of the reaction and fulfill the requirements of
a truly click reaction are welcome. For instance, different
ligands were found to promote this cycloaddition reaction
by stabilisation of the Cu' oxidation state under aerobic
and/or aqueous conditions.['? The in situ generation of the
organic azides (three-component reaction) also represents
an important advantage, simplifying the experimental pro-
cedure and minimising risks derived from handling hazard-
ous azides.'*] The application of microwave chemistry has
contributed to dramatically reduce the reaction times from
12-24 h (for most of the protocols) to less than 1 h.['41 Ul-
trasound also proved to be an effective technique to shorten
the reaction times of the three-component version in
water.'>l Some other advances in the title reaction involve
heterogeneous catalysis.['®) Thus, catalysts based on cop-
per(I) immobilised on different supports, such as char-
coal,l'% zeolites, [P silical'® or an ionic polymer,!'®d have
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an added value due to their easy recovery and reutilisation
capability. Ley et al. reported the successful cycloaddition
of alkynes and azides by using immobilised reagents and
scavengers in prepacked glass tubes in a modular flow reac-
tor.[17]

In 2005, it was discovered that copper metal turnings or
powder, in stoichiometric quantity, could be a source of the
catalytic species involved in the title click reaction.['®! Since
then, the use of copper nanoparticles (CuNPs), instead of
bulk copper, has been increasingly explored to reduce both
the catalyst loading and the reaction times.['”) Despite the
interesting behaviour unveiled for CuNPs, there are some
issues that limit their application, competitiveness and gene-
ral acceptance that need to be addressed. For instance, most
of the methods of preparation of CuNPs are rather tedious
due to the multiple steps involved, long reaction time, high
temperatures or use of noncommercially available reagents.
The presence of stabilising agents or solid supports to pre-
vent nanoparticle agglomeration is mandatory in some
cases. The limited substrate scope, as well as the necessity
of an acidic medium or the chromatographic purification of
the reaction products, are additional disadvantages found in
some methodologies. The reaction times, though consider-
ably reduced in some cases, are still relatively long (2-24 h).
Recently, several heterogeneous catalysts based on copper
nanoparticles have disclosed an interesting reuse capability.
Thus, PVP-stabilised CuNPs in formamide were applied to
benzyl azide and some aryl azides and reutilised in up to
four subsequent runs with high product yields in very short
reaction times (15-50 min) at room temperature.l'?! Inmo-
bilised CuNPs in aluminium oxyhydroxide nanofibre were
shown to be also effective and reusable in n-hexane at room
temperature, albeit longer reaction times were required (1-
24 h)."T Furthermore, larger copper nanostructures (80—
300 nm) on charcoal catalysed the three-component click
reaction in water at 100 °C (0.5-24 h) and could be reused
in more than 10 successive reactions.[!¢]

As part of our dedication to study the reactivity of active
metals,””7 we discovered that a system composed of cop-
per(Il) chloride dihydrate (CuCl,-2H,0), lithium metal and
a catalytic amount of 4,4'-di-tert-butylbiphenyl (DTBB) in
THF generates active copper with interesting reducing
properties. This copper found application in (1) the re-
duction of carbonyl compounds and imines to alcohols and
secondary amines, respectively;>'3l (2) the hydrodehaloge-
nation of alkyl and aryl fluorides, chlorides, bromides and
iodides (including polyhalogenated aromatic com-
pounds);?!°! and (3) the reduction of alkyl and vinyl sulfo-
nates (including dienol triflates) to alkanes and alkenes,
respectively.?'l All these reactions were carried out at room
temperature, and deuterated products were easily prepared
by wusing the corresponding deuterated copper salt
(CuCl,-2D,0). More recently, we observed that CuNPs are
formed under the above-mentioned conditions when using
either copper(Il) chloride dihydrate or anhydrous cop-
per(Il) chloride. In the latter case, the CulNPs were found
to effectively catalyse the 1,3-dipolar cycloaddition of az-
ides and terminal alkynes.[*?l We wish to present herein a
1876
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more complete study including a wider substrate scope and
some experiments that contribute to clarify the reaction
mechanism.

Results and Discussion

A suspension of CulNPs was instantaneously prepared
from anhydrous copper(II) chloride, powder lithium metal,
and a catalytic amount of DTBB (10 mol-%, as an electron
carrier) in THF at room temperature. This method was
proven to be more convenient than that originally devel-
oped by Rieke et al., involving the reduction of copper(I)
iodide with potassium metal, along with a catalytic amount
of naphthalene (10 mol-%) in 1,2-dimethoxyethane.l*3! In
this case, the extended periods of stirring required (8-12 h
at room temperature) favoured sintering, leading to a grey-
black granular solid suspended in a clear colourless solu-
tion.

The aforementioned suspension of the CuNPs was ana-
lysed by transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS) and powder X-ray dif-
fraction (XRD). Well-defined spherical nanoparticles were
observed by TEM, with a particle size distribution of ca.
3.0 1.5 nm (Figure 1). The size of the nanoparticles ob-
tained was smaller than that obtained by using some physi-
cal methods® or other reducing agents!>>! and akin to that
attained by the clustering of acetone-solvated copper
atoms,!2%4 laser electrodeposition?®®! or microwave-assisted
alcohol reduction.?%¢!

S s N
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Figure 1. TEM micrograph and size distribution of the CuNPs. The
sizes were determined for 230 nanoparticles selected at random.
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Energy-dispersive X-ray (EDX) analysis on various re-
gions confirmed the presence of copper, with energy bands
of 8.04, 8.90 keV (K lines) and 0.92keV (L line) (Fig-
ure 2).271 The XPS spectrum displays a single Cu 2ps, peak
at 933.0 eV, which in principle, could be ascribed to Cu®, as
no significant shoulder peak of CuO at 934 eV was ob-
served (Figure 3).?% The oxidation state of copper is, how-
ever, difficult to assign on the basis of only XPS studies due
to the close proximity of the binding energies of the Cu®,
Cu' and Cu'" states.?®! Further information was obtained
when a sample was exposed to air for a prolonged time. In
this case, two Cu 2ps,, peaks at 932.8 and 934.1 eV were
observed, with the latter corresponding to Cu'! in the form
of CuO (Figure 4).
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Figure 2. EDX spectra of the CuNPs obtained from two different
areas.
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Figure 3. XPS spectrum of the CuNPs.

The XRD spectrum shows peak positions that are con-
sistent with the presence of face-centred-cubic copper (Fig-
ure 5).1244:24] The additional peaks correspond to lithium
chloride formed during the generation of the CulNPs,
though formation of small amounts of Cu,O in the reaction
medium or during sample handling cannot be ruled out. At
any rate, peaks corresponding to CuO were not detect-
ed.?® The selected area electron diffraction (SAED)
pattern is in agreement with the presence, primarily, of met-
allic copper (Figure 6).[234-26<]
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Figure 4. XPS spectrum of the CuNPs exposed to air.
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Figure 5. XRD spectrum of the CuNPs (* denotes LiCl).

Figure 6. Selected area electron diffraction (SAED) pattern of the
CuNPs.

The reaction conditions for the click reaction were op-
timised by using benzyl azide (1a) and cyclohexylacetylene
(2a) as model substrates (Table 1). Two control experiments
were carried out under the conditions of generation of the
CuNPs but in the absence of the copper salt (with or with-
out Et;N), leading to starting la and 2a. The presence of
1877
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Et;N was shown to be crucial for the reaction to occur
(Table 1, Entry 1). The CuNPs, in a stoichiometric amount,
were found to be superior to other sources of copper, fur-
nishing 3aa in the highest yield and shortest reaction time
(Table 1, Entries 2-8). Excellent yields of 3aa were obtained
even by decreasing the amount of CuNPs up to 1 mol-%,
albeit longer reaction times were required (Table I, En-
tries 9-13). Interestingly, a short reaction time of only
30 min at 25 °C was recorded by the addition of >1 equiv.
of Et;N, with the yields being also excellent (Table 1, En-
tries 14 and 15). Unfortunately, this remarkable decrease in
time was not so general for some other substrates tested at
25°C. The same excellent result as aforementioned, how-
ever, was obtained when the model reaction was conducted
at 65 °C (Table 1, Entry 16). Under the latter reaction con-
ditions, CuCl or CuNPs in the solvent mixture tBuOH/H,O
(1:2) or in air led to lower product yields in much longer
reaction times (Table 1, Entries 17-20). In view of the above
results, we considered the reaction conditions in Entry 16
the most appropriate, providing a method of more general
application at the same time that the short reaction time is
maintained.

Table 1. Copper-catalysed 1,3-dipolar cycloaddition of benzyl azide
and cyclohexylacetylene.[#]

N~
Z N
A~ catalyst /N
L O/ conditions Ph \)\O
1a
2a 3aa
Entry Catalyst (mmol) Additive T[°C] t[h] Yield [%]
(mmol)

1 CuNPs (100) none 25 12 0
2 CuNPs (100) Et;N (1) 25 1 98
3 Cu (100) Et;N (1) 25 2 0
4 CuO (100) Et;N (1) 25 2 0
5 Cu,O (100) Et;N (1) 25 2 0
6 CuCl, (100) Et;N (1) 25 2 0
7 CuCl (100) Et;N (1) 25 3 g5l
8 CuNPs (100)  PVP/Et;N ()€l 25 3 58
9 CuNPs (20) Et:;N (1) 25 6 98
10 CuNPs (10) Et:;N (1) 25 6 98
11 CuNPs (5) Et:;N (1) 25 24 98
12 CuNPs (2) Et:;N (1) 25 24 100
13 CuNPs (1) Et:;N (1) 25 24 100
14 CuNPs (10) Et:N (3) 25 0.5 9
15 CuNPs (10) Et:N (2) 25 0.5 9
16 CuNPs (10) Et:N (1) 65 0.5 100
17 CuCl (10) Et:;N (1) 25 24 70
18 CuCl (10) Et:;N (1) 65 24 80
19 CuNPs (10) Et;N ()T 65 24 75
20 CuNPs (10) Et;N (1) 65 24 71

[a] Reaction conditions: 1a (I mmol) and 2a (1 mmol) in THF
[b] GLC yield. [c] Cu powder (1-5 um). [d] Multiple side products
were detected. [e] 1 g PVP (MW ca. 29000). [f] Reaction in tBuOH/
H,O0, 1:2. [g] Reaction in air.

The optimised reaction conditions (Scheme 1) were ex-
tended to a variety of azides and terminal alkynes (Tables 2
and 3). We first explored the reactivity of benzyl and phenyl
azide. The reaction of benzyl azide (1a) with linear alkyl-
substituted terminal alkynes led to the corresponding tri-
1878
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azoles in 85-98% vyield (Table 2, Entries 2-5). Hex-1-yne
(2b) and oct-1-yne (2¢) reacted very fast (Table 2, Entries 2
and 3), whereas a progressive increase in the reaction time
was observed for the longer alkyl-chain alkynes dec-1-yne
(2d) and dodec-1-yne (2e) (Table 2, Entries 4 and 5). Very
short reaction times were also recorded for the phenyl-sub-
stituted alkynes 4-phenylbut-1-yne (2f) and phenylacetylene
(2g), with the expected products being obtained in high
yields (Table 2, Entries 6 and 7). The conjugated alkyne 1-
ethynylcyclohex-1-ene (2h) behaved similarly to the noncon-
jugated cyclohexylacetylene (2a) as regards both the reac-
tion time and product yield (Table 2, Entry 8). Two propar-
gylic alcohols were also tested, with prop-2-yn-1-ol (2i)
manifesting a better performance than the more sterically
demanding 1-ethynylcyclohexanol (2j) (Table 2, Entries 9
and 10). Phenyl azide (1b) exhibited very close reactivity to
that previously mentioned for benzyl azide (la) with al-
kynes 2a, 2b, 2g and 2j. Thus, the same reaction times and
near yields were obtained in all cases except for hex-1-yne
(2b), the reaction of which was higher yielding for benzyl
azide (1a) (Table 2, Entry 12).

N
_ CuNPs (10 mol-%) +a °N
R'-N + =R — > R'-N
; 8 , Et;N, THF, 65 °C \%Rz
3

Scheme 1. General conditions for the CuNPs-catalysed 1,3-dipolar
cycloaddition of azides and terminal alkynes.

We next studied the reactivity of various structurally and
electronically different azides (Table 3). The linear alkyl and
cyclic azides n-dodecyl azide (1¢) and cyclohexyl azide (1d),
respectively, required, in general, longer reaction times with
some of the previously assayed alkynes. Nonetheless, the
expected triazole products were obtained in good-to-excel-
lent yields (Table 3, Entries 1-5). A similar behaviour was
observed for the electron-deficient aryl azide 4-azidoace-
tophenone (le), which was shown to be less reactive than
the electronically neutral phenyl azide (1b) (Table 2, En-
tries 12 and 14 vs. Table 3, Entries 6 and 8, respectively).
Ethyl 2-azidoacetate (1f) readily reacted with phenyl acetyl-
ene (2¢) and 1-ethynylcyclohex-1-ene (2h), though in the lat-
ter case the triazole yield was below the average (Table 3,
Entries 9 and 10). Allylic cinnamyl azide (1g) provided ex-
cellent yields of five different triazoles, with the reaction
times ranging from 10 to 120 min (Table 3, Entries 11-15).
Under these reaction conditions, cinnamyl azide did not un-
dergo a [3,3]-sigmatropic rearrangement leading to the sec-
ondary allylic azide,’*”! as compounds 3ga, 3gb, 3gc, 3gf and
3gh were the only detected products.

It is worthy to mention that, under the standard condi-
tions, all reactions were highly regioselective towards the
1,4-disubstituted triazoles and completed in 10-120 min.
Simple workup operations involving filtration and crystalli-
sation or solvent evaporation were generally applied, fur-
nishing the corresponding 1,2,3-triazoles in excellent iso-
lated yields. The short reaction times needed are compar-
able to those of the methodologies involving microwave
chemistry but under milder conditions (65 vs. 75—

Eur. J. Org. Chem. 2010, 1875-1884
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Table 2. 1,3-Dipolar cycloaddition of benzyl and phenyl azide with
terminal alkynes catalysed by CuNPs.[]

European Journal
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Table 3. 1,3-Dipolar cycloaddition of various azides with terminal
alkynes catalysed by CuNPs.[4]

Entry Azide Alkyne  t[min] Triazole Yield® [%] Entry  Azide Alkyne  t[min] Triazole Yield®! [%]
N< N
_ =N A =N
N N 1 AR \H/ 120 N galcl
1 pp N 30 /= g5l 10 \%H/
3 PH s 2 ° _Pf;o_ g
1a S 3aa 3ch
X 10 N'N:N 85 = Ns
2 1a \M/ el \?k@/ 2 1c =—Ph 120 _M—N _d 2
2 ° 3ab 3 2 L Ph
Nsy 3cc
A ;o
3 1a Ny 1 /_vap/ 98 Ns X Y
2 ° Ph 3ac 4 3 O/ 120 = 80
N 1d 5 3da
N F N 2
4 1a \\97/ 30 Ph/—N \%\9/ 90 \\M/ Ney
2d 3ad 77 4 1d T 120 N\)\H/ 95
N=
S Nz i 2b 3db 3
X 60 N 88
5 1a \99/ e \)\9/ Ney
2e 3ae o 5 1d =-Ph 30 L 87
Ph N'N:N (] 2c 3dc Ph
6 a0 N w0 N o N
2 P e ] \,(©/ Ny W >_QN, - -
—
N 2 ° 3eb 3
7 1a =-Ph 10 /N 98c O e
2g Ph 38 Ph - o Ny
7 e = > 120 >\—QN _ 85
8 1a 0 pf = o7t
HOQ, Q N=
N=
SYSN . A
OH 30 g7l 2j 3ej
o 1a / SN om
2 3ai N
G Ns 9 Et0,c7 Ng = Ph 30 —_ N 88lel
/N OH 1f 2 2 3fe
10  1a = 60 pf & 821
S X Ny
2 y . 10 11 o0 o/ N 781
S5 2
X Ph-N. ) 2h 3th
11 Ph—Nj 30 = 94
1b T N=p
3ba A
\2" N 1 " N, o L 95
= 10 phN N 98 19 P 3ga
e Nt e 22
2b 3bb - Ny
A N
N 12 1g \(v)/ 60 /:/ \&k@/ 96
13 1b =-pPh 10 Ph—N\%\Ph 98 2b ° Ph 3gb 3
29 3bg N
_ N
N~ 13 19 =—Ph 10 — 97
N ——
HE Ph—N__| OH 2c Ph/_/;c Pl
14 1b %O 60 85
. N~
2i 3bj Ph NN
: - d 14 1g /T/ 120 N~ o2
[a] Reaction conditions: 1 (1 mmol), 2 (I mmol), CuNPs (10 mol- 2 PH 3gf Ph
%), EtsN (1 mmol) in THF at 65 °C. [b] Isolated yield after crystal-
lisation in Et,O unless otherwise stated. [c] Isolated yield after fil- X Ny
tration and solvent evaporation. [d] Isolated yield after column 15 1g 60 /_/_ N 89
chromatography. 2h P agh

140 °C).["* In fact, some of the 10-min reactions were thor-
oughly monitored and found to proceed almost instantane-
ously (during the first minute), although a standard time of

Eur. J. Org. Chem. 2010, 1875-1884

[a] Reaction conditions: 1 (1 mmol), 2 (1 mmol), CuNPs (10 mol-
%), EtsN (1 mmol) in THF at 65 °C. [b] Isolated yield after crystal-
lisation in Et,O unless otherwise stated. [c] Isolated yield after fil-
tration and solvent evaporation.

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1879

WWW.eurjoc.org



FULL PAPER

F. Alonso, Y. Moglie, G. Radivoy, M. Yus

10 min was used. This methodology was proven to be
equally effective for more complex alkynes, such as 17a-
ethynyloestradiol (2k), which was subjected to the standard
procedure with benzyl azide to afford the corresponding tri-
azole-substituted steroid derivative in, practically, quantita-
tive yield after 30 min (Scheme 2). Moreover, a double 1,3-
dipolar cycloaddition reaction took place when starting
from hepta-1,6-diyne (21), giving bistriazole product 3al in
good yield after 2 h (Scheme 3). The regioselectivity of the
process was unequivocally established by X-ray crystal-
lography of 3al (Figure 7).13%

CuNPs (10 mol-%), 1a
Et;N, THF
65 °C, 30 min

3ak
98%

Scheme 2. 1,3-Dipolar cycloaddition of 17a-ethynyloestradiol and
la.

CuNPs (10 mol-%), 1a

Et;N, THF
65°C,2h
NWN
N=N N=N
3al
77%

Scheme 3. 1,3-Dipolar cycloaddition of diyne 21 and 1a.

Figure 7. Plot showing the X-ray structure and atomic numbering
of bistriazole 3al. The disorder of the phenyl groups in 3al (shown
with a different type of bond) was solved by splitting these groups
over two positions with 50% occupancy each.3%!

Unfortunately, the CulNPs could not be recovered at the
end of the reaction due to the homogeneous nature of the
resulting mixture (colourless solution). Some other aliquots

1880
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of the original suspension of the CulNPs, however, when
aged for 5d, were successfully used in additional experi-
ments, with a decrease in activity being observed after the
10th day (Scheme 4).

Ns
o~ + % CuNPs (10 mol-%) NN
Ph™ Ns \(\X EtN, THF,65°C oy N\%\(\X
1a 3
2b 3ab 3

CuNPs aged for 5 d; 3 h, quantitative yield
CuNPs aged for 10 d; 24 h, quantitative yield

Scheme 4. 1,3-Dipolar cycloaddition of 1a and 2b after aging the
suspension of the CuNPs.

The reaction mechanism of the alkyne-azide cycload-
dition catalysed by copper nanoparticles is not well under-
stood.l'”) The formation of copper(I) acetylide is generally
invoked (but not demonstrated) by dissolution of Cu® to
Cu! or by reaction with Cu' on the nanoparticle surface. We
gained insight into the reaction mechanism from various
observations and a series of experiments: (1) A colourless
solution was obtained at the end of the reaction, which
changed to a blue colour after addition of an ammonia
solution; these assays point to a resulting colourless solu-
tion essentially containing Cu! ions, the disproportionation
of which would be prevented in THF. (2) Dissolution of
CuNPs did not occur under the standard conditions in the
absence of Et3N. (3) Neither Et;N nor the triazole product
exhibited any capability of dissolution over the CuNPs by
themselves. (4) The suspension of the CuNPs in the pres-
ence of Et;N and phenylacetylene, but in the absence of the
azide, led to a colourless supernatant and a yellow precipi-
tate (insoluble in water or diethyl ether) that could be attrib-
uted to copper(I) phenylacetylidel®!! [Scheme 5, Equa-
tion (1)]. The amine was suggested to have a double role,
promoting the formation of the anion and stabilising the
Cu' species.'® The easy formation of the phenylacetylide
anion by the action of Et;N, under the cycloaddition condi-
tions (THF, 65 °C), was demonstrated by deuteration ex-
periments [Scheme 5, Equation (2)]. A sequential process
was performed including the reaction of phenylacetylene
with Et;N, followed by the reaction with the CuNPs and
final addition of BnNj; [Scheme 5, Equation (3)]. Under
these conditions, the reaction was slower and afforded the
expected triazole in 47% after 1 h and reached completion
after 5 h. In order to find an explanation for the colourless
solution obtained at the end of the reaction, a black suspen-
sion of the CuNPs was subjected to the action of Et;NHCI
in THF [Scheme 5, Equation (4)]. Rapid dissolution of the
nanoparticles was observed, leading to a colourless solution
that should be mainly composed of CuCl. No change in the
appearance of this solution was observed after the addition
of phenylacetylene. The addition of an excess amount of
Et;N, however, instantaneously generated a yellow precipi-
tate of copper(I) phenylacetylide. According to all these ex-
periments, it could be inferred that copper(I) acetylides are
very likely the real intermediate species in the reactions re-
ported herein.

Eur. J. Org. Chem. 2010, 1875-1884
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Ph—=— CuNPs (10 mol-%) Ph—=——Cu )
29— Et;N, THF, 65 °C yellow precipitate
i) Et;N, THF, 65 °C, 1 h _
= L0 P—=-D [
29 ii) D0 [D1]-29
100% D
' o N=
i) Ets;N, THF, 65 °C, 1 h N=N
= N 3
" i) 10 mok% CuNPs, 65°C p "y ®)
9 i) BnN,, 65°C, 1or5h 2ag
1h, 47%
5 h, 100%
+ i) Ph——=
Et;NHCI (colourless solution) _
CuNPs T’ CuCl Ph———=Cu 4)

ii) EtsN iDi
colourless ii) Et3N (excess) yellow precipitate

solution

Scheme 5. Different experiments demonstrating the formation of
copper(I) phenylacetylide under the cycloaddition reaction condi-
tions.

Notwithstanding the aforementioned results, we per-
formed an additional experiment to bring out further evi-
dence on the in situ formation of the intermediate copper(I)
acetylides. Thus, the Sonogashira reaction, a cross-coupling
reaction that is well known to proceed through intermediate
copper(I) acetylides, was studied.[®?l Hex-1-yne (2b) was
treated with phenyl iodide and a catalytic amount of
PdCl,(PPhs), under the standard cycloaddition reaction
conditions in the absence of the azide (Scheme 6). Coupled
product 4 was obtained in 33% yield, indicating that the
formation of the intermediate copper(I) acetylide also oc-

curs to some extent.
N

/\/\\\ /\/\

4

2b
33%

Phl, CuNPs (10 mol-%)

PACI,(PPha), (5 mol-%)
EtsN, THF, 65 °C, 30 min

Ph

Scheme 6. The CuNPs-catalysed Sonogashira reaction of hex-1-yne
and phenyl iodide under the cycloaddition reaction conditions.

The general mechanism for the copper(I)-catalysed 1,3-
dipolar cycloaddition of alkynes and azides is still a subject
of intense debate.['3%-33] Although the formation a molecu-
lar copper(I) triazolide complex has been often postulated,
only recently, Straub et al. isolated this type of complex
as direct evidence for the existence of such structures as
intermediates in the click reaction.?3 Final protonolysis of
this type of intermediate would afford the triazole product.
This step is supposed to occur either in situ, when the reac-
tion is carried out in an aqueous medium (e.g., H,O/tBuOH
mixtures), or after aqueous workup. A different reaction
mechanism, parallel to that of the Meldal-Sharpless ver-
sion, has been recently suggested for the click reaction per-
formed with copper(I) zeolites.'®! In this parallel mecha-
nism, the formation of copper(I) acetylide intermediates
was discarded on the basis of the fact that, if such species
were formed inside the zeolites, then deuterioalkynes would
not give deuterated triazoles. We also performed several
deuteration experiments with benzyl azide (1a) and phenyl-
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acetylene (2g), which produced the following interesting re-
sults (Scheme 7). A standard reaction quenched with D,O
led to nondeuterated triazole 3ag [Scheme 7, Equation (1)].
As expected, deuterated triazole [D;]-3ag was obtained
when deuterated alkyne [D,]-2g was subjected to the cyclo-
addition reaction followed by deuteriolysis [Scheme 7,
Equation (2)]. In a third experiment, near-to-quantitative
deuterium incorporation was achieved when the reaction
with [D,]-2g was filtered through Celite at the end
[Scheme 7, Equation (3)]. From these experiments it could
be deduced that the protonolysis/deuteriolysis of the inter-
mediate copper(I) triazolide complex occurs in situ, with
the proton/deuterium transfer from the alkyne being very
efficient.

i) CuNPs (10 mol-%) /N:N
PN, ¢ =—Ph Et;N, THF, 65 °C /—N% )
\ W D,0 ~  Ph Ph
1a 9 H
3ag
i) CuNPs (10 mol-%) ,NtN
ph" N, + D—=—Ph _EBN.THR.E5°C_— /N __ @
i D,0 PH Ph
1a [D4]-29 D
[D4]-3ag
99.5% D
i) CuNPs (10 mol-%) ;N:N
Ph" N, + D—=—pn WM THRESC_— /=N 3)
ii) filtration Ph Ph
1a [D4]-29 D
[D4]-3ag
99.5% D

Scheme 7. Deuteration experiments in the CuNPs-catalysed 1,3-di-
polar cycloaddition of benzyl azide (1a) and hex-1-yne (2b).

A reaction mechanism for the CuNP-catalysed 1,3-di-
polar cycloaddition of terminal alkynes and azides is out-
lined on the basis of all the previously described experi-
ments (Scheme 8). Deprotonation of the acetylene could oc-
cur at a first stage, which in the presence of the lithium
chloride derived from the preparation of the CuNPs would
form triethylammonium chloride. The action of the latter
on the CuNPs could induce the in situ generation of cop-
per(I) chloride, which in turn would react with acetylide
species to furnish the corresponding copper(I) acetylide. It
is known that copper(I) acetylides can be prepared from
ammoniacal copper(I) iodide and acetylenes and that the
generation of fresh solutions of copper(I) salts results in
acetylides with higher purities.*¥ This fact could explain
the lower catalytic activity observed for the cycloaddition
reaction when using commercial CuCl in comparison with
that using CuNPs (Table 1, Entries 2 and 16 vs. 7 and 18,
respectively). It is also known that triethylamine can form a
1:1 complex with anhydrous copper(I) chloridet! and that,
therefore, it could play an additional role in the click reac-
tion to stabilise the Cu' species. From this point, the reac-
tion mechanism would follow the original stepwise pathway
published by Noodleman, Sharpless, and Fokin et al., '3
namely, (1) replacement of one ligand in the copper(I) acet-
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R'-N
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R [LCul——R?
[CuL, .
1 =
R\N/N_N
+.N
N=N R1\‘/N
R'=N R? \ .,
[LCu]=" [LCU] ——R

Scheme 8. Reaction mechanism proposed for the CuNPs-catalysed 1,3-dipolar cycloaddition of terminal alkynes and azides.

ylide by the azide, (2) attack of the distal nitrogen of the
azide to the C-2 carbon of the acetylide to give a six-mem-
bered copper(IIT) metallacycle and (3) ring contraction to
afford a copper(I) triazolide complex. Final protonolysis of
the latter by triethylammonium chloride would render the
triazole product and regenerate copper(I) chloride.

Conclusions

Unsupported copper nanoparticles have been easily and
rapidly generated from anhydrous copper(Il) chloride, lith-
ium metal and a catalytic amount of DTBB as an electron
carrier, in the absence of any stabilising additive or ligand.
These nanoparticles have been found to catalyse the 1,3-
dipolar cycloaddition of azides and terminal alkynes in the
presence of triethylamine by using THF as solvent at 65 °C.
All reactions tested were accomplished in short reaction
times (10-120 min) and rendered the corresponding tri-
azoles in good-to-excellent isolated yields. The copper
nanoparticles in THF exhibited superior catalytic activity
when compared with other commercially available copper
sources. On the basis of different observations, reactions
and deuteration experiments, a reaction mechanism has
been postulated in which copper(I) acetylides appear as the
true intermediate species.

Experimental Section

Typical Procedure for the Preparation of CuNPs: Anhydrous cop-
per(II) chloride (135 mg, 1 mmol) was added over a suspension of
lithium (14 mg, 2 mmol) and 4,4’-di-tert-butylbiphenyl (DTBB,
27 mg, 0.1 mmol) in THF (2 mL) at room temperature under an
atmosphere of argon. The reaction mixture, which was initially
dark blue, rapidly changed to black, indicating that the suspension
of the CuNPs was formed. This suspension was diluted by further
addition of THF (8 mL).

General Procedure for the CuNP-Catalysed 1,3-Dipolar Cycload-
dition of Azides and Alkynes: Et;N (1 equiv.), the azide (1 equiv.)
and the alkyne (1 equiv.) were added over a suspension of the
CuNPs (10 mol-%) in THF under an atmosphere of argon. The
reaction mixture was warmed up to 65 °C and monitored by TLC
until total conversion of the starting materials. The resulting solu-

1882

WWW.eurjoc.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tion was passed through a pad of Celite or alternatively subjected
to aqueous workup and extraction with EtOAc. The organic phase
was dried with MgSQO,, and the solvent was removed in vacuo to
give the corresponding triazole, which was pure enough or was
purified by crystallisation (Et,O) or column chromatography (hex-
ane/EtOAc) (see footnotes in Tables 2 and 3).

1-Benzyl-4-cyclohexyl-1H-1,2,3-triazole (3aa): Yellow solid (95%),
m.p. 110.2-112.0 °C; tg = 13.62 min (GLC); Ry = 0.58 (hexane/
EtOAc, 8:2). '"H NMR (400 MHz, CDCl;): 6 = 7.41-7.22 (m, 5 H,
Ar), 7.16 (s, 1 H, CH), 5.48 (s, 2 H, CH,), 2.80-2.67 (m, 1 H, CH),
2.10-1.15 (m, 10 H, 5X CH,) ppm. 3C NMR (100 MHz, CDCls):
0 =154.1, 134.9, 128.9, 128.5, 127.8, 119.1, 53.8, 35.3, 32.9, 26.1,
25.9 ppm. IR (KBr): ¥ = 3118, 2918, 2844, 1539, 1495, 1452, 1050,
755, 703 cm™!. GC-MS (EI): m/z (%) = 241 (12) [M]*, 122 (13), 91
(100). HRMS (EI): calcd. for C;sHoN; 241.1579; found 241.1577.

Selected X-ray Data for Compound 3al:1*"! C, H,,N4, M = 358.45;
monoclinic, = 9.705(8) A, b = 6 5.054(4) A, ¢ = 39.653) A, f =
90.923(16)°; ¥ = 1945(3) A3; space group C 2; Z = 4; Deyeq. =
1.224 Mgm3; 2 = 0.71073 A; x = 0.077 mm™'; F(000) = 760; T =
22+1°C.

Supporting Information (see also the footnote on the first page of
this article): General experimental details, methods and compound
characterisation data.
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