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Summary: Dinuclear alkynyl copper(l) complexes exhibit su- sequence leading to the regiospecific formation of a 1,2,3-
perior reactwity toward organic azides compared to their triazole heterocycle. This catalytic version of the Huisgen’s 1,3-
monomeric analogues. DFT studies indicate that the second dipolar cycloaddition is accelerated by as much dscbénpared
copper center facilitates the formation of the cupracycle in the to the thermal process and exhibits excellent scope and exquisite
rate-determining step and stabilizes the metallacycle intermedi- selectivity. A stepwise mechanism involving copper(l) acetylides
ate itself. These findings support the experimentally determined,yag proposéd (Figure 1, top) and computationally investigated
rate law and shed light on the origin of high reaaty of the soon thereaftel? Here we present the results of a density
in situ generated copper acetylides. functional theory (B3LYP) investigation of the reaction between

h dinuclear copper(l) acetylide complexes and an organic azide,

Coordination compounds of copper are ubiquitous in bot : : . LS .
b bp q revealing a substantial further drop in the activation barrier

biological and abiological systems and often contain two or more
metal atoms in close associatibr?. The tendency toward already_ reported for the monocopper ensemple.

clustering is most apparent among copper(l) species, and the _The first DET treatment of the triazole-forming sequence by
extent of polynucleation has a significant effect on the stability, im0 et al.;* based on a monocopper acetylide model,
properties, and catalytic activity of copper(l) complexes. Copper- correlated. well with the ob§erved high regioselectivity and thg
(I) acetylides have a long history, dating back to Glaser's large rate increase. Formation of the copper metallacycle species

discovery of oxidative dimerization of phenylacetylide of copper 2 (Figure 1) was found to be the rate-limiting step (activation
in 18696 Transformations involving copper acetylides now ©€Nergy was calculated to be 18.7 kcal/mol{LH:0)). Soon

extend well beyond the oxidative coupling reactions, yet the afterward, careful kinetic invgstigation qf the reaction of
precise nature of the reactive alkynyl copper species is not Phenylacetylene and benzyl azide by Rodionov et al. revealed
always known, underscoring the facility of the ligand exchange & Strict sefsond-order dependence on copper under the catalytic
at the copper center and the involvement of multiple equilibria. conditions:>Knowledge of the requirement of two copper atoms
Nevertheless, that copper(l) complexes with terminal alkynes the transition state complex triggered our search for its role.

are usually highly aggregated species, engaging in a range 01J_ocal|zat|_on of electron density on _Gn com_plex 2, seen
o- and z-interactions. has been demonstrated. computationally, suggests that the introduction of a second

The copper-catalyzed azidalkyne cycloaddition (CUAAGPL copp.er.atom in proximity to &may offe.r. additional stabilization
reaction is a recent addition to the family of transformations of this intermediate and of the transition state on the path of

involving alkynyl copper compounds. Therein, copper(l) acetyl- to (t:h(T tr:atz_ole heterocyrcf:le. d at the B3LYP/LACV3Plevel
ides are generatdd situ by the action of a copper(l) complex ajculations were periormed at the Ve

on a terminal alkyne and are immediately engaged in an efficient of theory as |mplementeql n th? Jagqar 6.5 progtamill .
geometries were fully optimized including the PBF-solvation
- ; I _ model with the default values of the parameters for simulation
T?ﬁér‘;ﬁ?mﬂnﬁ’egggﬁg[{ E’Sngiﬁj"té.mk'n@scr'pps'ed“' of water. Since the treatment of solvation in the PBF model is
* Technical University of Denmark. slightly different from that used in the original calculations, the
(1) Karlin, K. D.; Hayes, J. C.; Gultneh, Y.; Cruse, R. W.; McKown, J.  reaction was remodeled, and the new overall barrier for the

W.; Hutchinson, J. P.; Zubieta, J. Am. Chem. S0d.984 106, 2121. R ; ; R
2) Karlin, K. D.- Zhu, Z.-Y.. Karlin, S.. Biol. Inorg, Chem1998 3, union of the azide8 with the acetylide4 was calculated at 17

172. kcal/mol (TS-mono). Formation of the resulting metallacycle
13§?6)5Chen, P.; Solomon, E. Proc. Natl. Acad. Sci. U.S./2004 101, 2 was found to be endothermic by 11.2 kcal/mol. Both values
@ Lio, Y.: Novoa, J. J.: Arif, A.: Miller, J. SChem. Commur2002 are in good agreement W!th those reported previously. .
3008. To probe the hypothesis that a second copper center posi-
(5) Zheng, S.-L.; Messerschmidt, M.; Coppens ARgew. Chem., Int. tioned closely to € can have a favorable influence on the
Ed. 2005 44, 4614. transition state leading to the metallacy2)éwo transition states

6) Glaser, CChem. Ber1869 2, 422. L
273 Mykhalichko, B. M.. Temkin, O. N.: Mys'kiv, M. GRuss. Chem. containing a second copper(l) center were located. The two

Rev. 2001, 69, 957. transition states differed only in the spectator ligand on the
(8) Xie, X.; Auel, C.; Henze, W.; Gschwind, R. M. Am. Chem. Soc.  second copper atom. In the first, it was an acetylitg-¢iakyne),

2003 125, 1595. . . .
(9) Vrieze, K.; van Koten, G. I€omprehensie Coordination Chemistry and in the second the spectator ligand was a chloride
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Figure 1. Reported mechanism of the reaction between a mononu
second copper(l) atom may favorably influence the energetic profi

Figure 2. Interaction of the second copper atom with the transition
state 1 to 2.

(TS-dichloride) ' Figure 2. In botATS-didkyre and TS-dichloride the
second copper atom, €uforms a bond with € The distances
are calculated to be 1.93 and 1.90 A fB68-diakye and TS-
dichloride - respectively. This short distance indicates a strong
interaction between the second metal atom and the reacting
copper acetylidé®

The interaction of the Cuwith the proposed intermediates
in the triazole-forming sequence and with the transition state

indicates that a second copper atom is involved in the key steps

of the CuAAC process. To compare the reactivity of the

dinuclear copper complexes to their monocopper analogue, the

transition state energy was compared relative to the azide an
dicopper species in isolation. The geometries of dinuclear copper
acetylide specieg?kyne gand eehloride (Figure 3) were found to

be quite similar. The reacting acetylidedicoordinated to Cly
while the second metal center, ©u(where X is acetylide or
chloride), exhibits a stronger interaction with, @ith possible
interactions between Guand G and CW&. Interestingly, the
strict u?>-mode of coordination of the alkyne was not observed
unless two identical spectator ligands were present on both

(15) Chui, S. S. Y.; Ng, M. F. Y,; Che, C.-MChem=Eur. J.2005 11,
1739.

clear copper(l) acetylide and an organic azidet(tmgh)ction of a

ile of the reaction (bottemi,D.

Figure 3. Optimized structures of dinuclear copper acetylides.

copper atoms (e.g., [MeCC(Cugl]l)). The barrier for the
addition of methyl azide3, R = Me) to the dinuclear copper
acetylide complexs?@kyne was calculated to be 12.9 kcal/mol.
The corresponding barrier for the chloride analogtiede was
found to be even lower, 10.5 kcal/mol. Compared to the
mononuclear copper acetylides, for which an overall barrier of
17 kcal/mol was calculatedvifle suprg, the reactivity of the
dinuclear complexes is expected to be several orders of
magnitude higher.

Furthermore, a similar effect of the second copper center was
observed in the six-membered intermediat@§ne and7chloride
(Figure 4). Both transformations @& to 7 were found to be
endothermic by 6 and 3.6 kcal/mol fai@kyne and 7ehloride,
respectively, substantially lower endothermicity than for the

orresponding monocopper transformation (11.2 kcal/mol).
hen the two dinuclear copper complex@4ye and gehloride
were comparedsehoride was more reactive. This is likely due
to the lower trans influence of the chloride compared to the
o-acetylide ligand and thus a higher stabilizing ability of the
CuBX fragment on ligands trans to X, in this case stabilization
of the electron density buildup on'C

In addition to providing support for the experimentally
observed second-order rate law in [G8ithis DFT study points
to the more reactive nature of dinuclear copper complexes,
which involveo-, u-, andz-modes of coordination, in dipolar
cycloadditions compared to their monomeric congeners. The
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Figure 4. Optimized structures of the dinuclear analogues of the
metallacycle2.
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of their properties should help elucidate the origin of the
exceptional reactivity oin situ generated copper(l) acetylides,
in particular in agueous solutions.
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involvement of a second copper center in the catalysis may alsoom700669Vv

explain the high activity of heterogeneous catalysts, including

bulk copper metat12and nanoclustei$:1” Furthermore, similar
dinuclear intermediates are likely involved in other transforma-
tions involving copper(l) acetylides, and further examination
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