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Abstract 
The copper(II) acetate mediated oxidative homocoupling of terminal alkynes, namely 
the Eglinton coupling, has been studied with DFT methods. The mechanism of the 
whole reaction has been modeled using phenylacetylene as substrate. The obtained 
results indicate that, in contrast to some classical proposals, the reaction does not 
involve the formation of free alkynyl radicals and proceeds by the dimerization of 
copper(II) alkynyl complexes followed by a bimetallic reductive elimination. The 
calculations demonstrate that the rate limiting-step of the reaction is the alkyne 
deprotonation and that more acidic substrates provide faster reactions, in agreement 
with the experimental observations.  
 
 
Introduction 
Conjugated diynes are recurring building blocks in a great range of industrial 
intermediates and materials.[1-5] Besides their very well known antifungal 
properties,[6] they have been widely employed to prepare optical[7] and organic 
materials,[8-10] and molecular devices.[7,11] Acetylenic coupling has become a 
powerful tool to obtain 1,3-diynes and has experienced a great development in recent 
years. Nevertheless, the first acetylenic coupling dates from 1869 and was reported by 
Glaser, he observed that copper(I) phenylacetylide smoothly underwent 
homocoupling under aerobic conditions to deliver diphenyldiacetylene.[12,13] This 
process was further developed later, the so-called Hay modification, by including 
nitrogen donor ligands such as N,N,N’,N’-tetramethylethylenediamine (TMEDA) 
which facilitated the whole process and allowed to carry out the reaction under 
homogeneous conditions.[14,15] Some years later other similar catalytic procedures, 
leading to asymmetric diynes, were proposed e.g. the Sonogashira[16,17] and Cadiot-
Chodkiewicz[18] cross-coupling reactions. However, many of these protocols require 
expensive metal sources and external oxidants in order to recover the active catalyst, 
which clearly is a disadvantage. One way to circumvent this issue is using the copper-
mediated oxidative homocoupling of terminal alkynes was reported by Eglinton and 
Galbraith in the late 1950s.[19,20] This reaction, shown in a general form in Scheme 
1, employs the inexpensive copper(II) acetate as the metal source in a 
(super)stoichiometric amount. This coupling is usually fast, clean, completely 
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homogeneous and tolerates mild reaction conditions. The solvent of choice is usually 
a 1:1 methanolic pyridine mixture, but other solvents can be employed. In addition, 
unlike many other metal-mediated reactions the Eglinton coupling does not require 
the usage of any other external ligand.   
 

 
Scheme 1. General form of the Eglinton oxidative homocoupling of alkynes. 
 
In recent years the Eglinton reaction has been widely employed in the synthesis of 
cyclic bisacetylenes[21-23] and macrocycles[24,25] such as annulenes,[26,27] 
rotaxanes,[28] catenanes,[29,30] conjugated long structures,[31] polyn-diyls[32] and 
molecular wires.[11] Although this coupling method has been known for a long time 
and is still widely applied, the mechanism governing this reaction is not completely 
understood. The first mechanistic proposal was reported by Salkind et al.,[33] 
Scheme 2. In there, the terminal alkyne is deprotonated (step i) and then oxidized by 
copper(II) to form the alkynyl radical (step ii) than can afterwards dimerize to deliver 
the final 1,3-diyne (step iii). The authors propose that the first two stages probably 
involve copper derivatives rather than isolated anions and indicate that the rate-
limiting step is the first one, based on experimental observations that state that the 
most acidic acetylenes provide the fastest reactions.[34]  
 

 
Scheme 2. Cu(OAc)2-mediated oxidative homocoupling of terminal alkynes, as 
proposed by Salkind et al.. 
 
Nevertheless, it has never been demonstrated that the reaction follows a radical 
mechanism and the identity of the base remains to be determined since in some 
reports this role is attributed to the acetate ligands but other sources propose the 
pyridine solvent as the deprotonating agent. Some years later a more elaborated 
proposal was reported by Bohlmann and co-workers,[35] Scheme 3. Based on their 
scheme, the reaction starts with the π-coordination of the triple bond to a copper 
species, facilitating the activation of the terminal C–H bond by a base. The final diyne 
product is obtained by reductive elimination from a “dinuclear” copper(II) acetylide 
species. 
 



 
Scheme 3. Bohlmann proposal for the copper-mediated coupling of acetylenes (B = N 
ligand). 
 
In this report the mechanism of the Eglinton oxidative homocoupling of terminal 
alkynes is studied aiming to determine if the proposed mechanisms are plausible; the 
radical character of the reaction as well as the nature of the base and the substrate 
influence oin the reaction rate will be also studied. Other similar copper-catalyzed 
reactions have been studied computationally with very successful outcomes,[36-39] 
showing the value of computational approximations on mechanistic studies of this 
kind.  
 
Computational details 
All the structures have been fully optimized using the Gaussian09 package,[40] with 
the B97D density functional.[41,42] This functional has been successfully employed 
in other computational reports involving similar systems to the one studied in this 
communication.[43,44] All the calculations involving radical systems, such as those 
including copper(II) cations, have been performed using unrestricted wavefunctions. 
In the optimization process the standard 6-31G(d)[45-47] basis set was used for all H, 
C, N and O atoms while the Stuttgart triple zeta basis set (SDD),[48,49] along with 
the associated ECP to describe the core electrons, was employed for Cu. All the 
optimizations have been carried out in solvent employing the (IEF-PCM) continuum 
dielectric solvation model[50,51] including the radii and non-electrostatic SMD terms 
developed by Truhlar and coworkers.[52] Experimentally, a 1:1 mixture of pyridine 
and methanol was employed as solvent. In the calculations only the former was used 



because using a mixture of solvents in Gaussian09 is not allowed and, in addition, 
pyridine is used sometimes as an explicit ligand. Nevertheless, the impact of using 
pyridine alone on the calculated free energies is expected to be small. In all cases 
frequency calculations were carried out to ensure the nature of stationary points and 
transition states. 
Additional single point calculations on the previously optimized geometries were 
employed to obtain improved solvated free energy values with larger basis sets. The 
aug-cc-pVTZ-PP basis set including polarization and the associated electron core 
potential[53] was employed for Cu while the 6-311+G** all-electron basis 
set[47,54,55] was used for all the other atoms. The solvation model is maintained the 
same as in the optimization process. Unless otherwise stated all the free energy values 
in the text correspond to those obtained with the larger basis sets including solvation 
at 25ºC. 
 
 
Results and discussion 
In this section the most plausible mechanism for the Eglinton oxidative homocoupling 
of phenylacetylene, a representative sample of the terminal alkynes usually employed, 
is described (Scheme 4). Alternative pathways have been computed whenever 
possible in order to check that the best option is always selected. The detailed 
structures of all the computed copper intermediates can be found in Figure 1.  
 

Scheme 4. Proposed catalytic cycle for the Eglinton reaction (free energies in kcal 
mol-1, the copper oxidation state is given between parentheses).  
 
 



 
Figure 1. Detailed structures of V and TS_CC (distances in Å, Cu =brown, N = blue, 
O = red, C = gray, H =white; for clarity most H atoms have been omitted). 
 
 



The catalytic cycle starts with the coordination of the terminal alkyne to copper(II) 
acetate (I) to form intermediate II. In this complex two new interactions are 
established, one between one of the acetate groups and the proton of the incoming 
alkyne and another one between the proximal carbon atom of the alkyne and the 
copper center. The O–H and Cu–C distances are 2.45 and 2.17 Å, respectively. 
Additionally, the alkyne C–H distance elongates to 1.08 Å after the coordination, 
making that bond slightly longer than that found in free phenylacetylene (1.04 Å). 
This process is not thermodynamically favored and almost 10 kcal mol-1 are required 
to attach the triple bond to the copper; this could be probably attributed to the worse 
donating ability of the triple bond when compared to the bidentate acetate group. 
Since intermediate II is higher in energy than I, and a strong structural rearrangement 
is required to get to the former, this step should be expected to depend on a transition 
state. All the attempts to directly locate this transition state failed and thus a linear 
transit energy scan was carried out to elucidate this part of the mechanism. This 
procedure, consisting of a series of optimizations where the distance between the 
substrate and the copper atoms is fixed at values between 2.2 and 2.9 Å, shows a 
monotonic uphill energy profile when the distance between both moieties decreases. 
These results seem to point out that, in principle, the addition of phenylacetylene onto 
I is not governed by a transition state. The particular arrangement of ligands in 
complex II facilitates the proton transfer between the alkyne and the pending acetate; 
in fact the deprotonation transition state (TS_CH) is less than 9 kcal mol-1 higher than 
II indicating this process should be quite fast. In TS_CH the Cu–C distance is 
reduced to 2.01 Å while the C–H and O–H distances become similar: 1.33 and 1.27 
Å, respectively.  
After the deprotonation intermediate III is obtained; this complex is slightly less 
stable than the previous one but remains at a reasonable height. In contrast, the direct 
deprotonation using pyridine as the base, as proposed in some reports, requires more 
than 35 kcal mol-1. These results seem quite obvious since acetate is a stronger base 
than pyridine. In addition, the presence of the metal, once coordinated to the triple 
bond, contributes to enhance the acidity of the C–H bond and seems to be crucial in 
the proton transfer process. Once III is formed the reaction proceeds by the 
replacement of the newly formed acetic acid moiety by a pyridine molecule (IV). This 
process is thermodynamically favored and, since pyridine is the solvent and is present 
in great excess, it is expected to happen quite fast. The square planar intermediate IV 
is, in fact, the same species found in the left part of equation ii in Scheme 2. This 
complex, as all the other neutral mononuclear copper(II) species studied, has one 
unpaired electron and thus is in the doublet free energy surface. The spin distribution 
in IV indicates that the unpaired electron is mostly localized on the copper atom, 
although some spin polarization is found in the terminal carbon of the alkyne ligand. 
However, generating a free alkynyl radical and the corresponding [Cu(OAc)(py)] 
complex from IV is nearly impossible because that process requires more than 30 kcal 
mol-1, probably because the alkynyl radical formed is not stable enough. In contrast, 
the dimerization of IV to deliver the dinuclear alkynyl-bridged complex V is 
thermodynamically viable. The formation of this complex forces the unpaired 



electrons to couple, taking the reaction to the singlet free energy surface, which is, in 
turn, lower in energy than the triplet energy surface. Other dinuclear complexes e.g. 
acetate-bridged, produced higher energy intermediates. Both copper atoms in V have 
distorted square pyramidal structures, with one of the oxygen atoms of the acetate 
ligand occupying the axial position; the Cu–Oeq and Cu–Oax distances are 1.98 and 
3.00 Å, respectively. The Cu2C2 core in complex V is not completely planar but a 
wedge with alternated Cu–C distances of 1.98 and 2.00 Å, and a C–C distance of 2.59 
Å. Since V is a singlet the spin distribution cannot be obtained; the open-shell 
analogous complex cannot be correctly computed with the B97D functional and thus 
the only way to obtain an estimation of the spin distribution requires the calculation of 
V in the triplet state. This calculation states that the unpaired electrons remain mainly 
on the copper atoms while only some spin delocalization can be found in the bridging 
alkynyl carbon atoms, ruling out the formation of the organic radicals proposed by 
Salkind and coworkers. From V the bimetallic reductive elimination process 
(TS_CC) is quite straightforward and requires only 2.6 kcal mol-1 to deliver the final 
diphenyldiacetylene product and the complex [Cu(OAc)(py)] (VI). The geometry of 
this transition state is very similar to the one found for intermediate V, obviously the 
main differences are found in the Cu–C and C–C distances which shrink to 1.97 and 
1.96 Å, respectively. Although the bimetallic reductive elimination is not a very 
common process it has already been proposed in the literature[35,39] and in the 
mechanism of Bohlmann and coworkers, which seems to be the right one to describe 
the reactivity of the studied reaction.  
 
The calculations indicate that the reaction is exergonic by 25.9 kcal mol-1. The highest 
barrier is 18.1 kcal mol-1, computed as the free energy difference between I and 
TS_CH, and corresponding to the deprotonation process, which was proposed by 
Eglinton and Galbraith in their original paper as the rate-limiting step. This could 
explain why the more acidic acetylenes produce faster reactions. In order to check the 
validity of this statement the catalytic cycle was recomputed for two different 
substituted phenylacetylenes: p-NO2C6H4C≡CH and p-MeC6H4C≡CH. The computed 
results can be found in Figure 2. 
 



 
Figure 2. Computed free energy profiles for the different phenylacetylenes, color 
code: R = p-H (black), p-NO2 (red) and p-Me (blue).   
 
As may be observed the computed profiles for the three substrates follow a very 
similar trend. This should not be surprising because the geometries obtained for the 
catalytic cycle of the substituted phenylacetylenes are quite similar to those shown in 
Figure 1. In all cases the addition of the substrate on the copper(II) species I is 
endergonic and can be related to its donation ability i.e. the formation of complex II is 
more favorable for the most electron-rich substrate p-MeC6H4C≡CH. In contrast, the 
obtention of the same complex with p-NO2C6H4C≡CH requires an additional amount 
of 3.5 kcal mol-1. The activation of the terminal C–H bond follows the reverse order, 
in agreement with the inductive effect of the para-group on the phenylacetylene. The 
deprotonation process requires 4.9, 8.5 and 10.7 kcal mol-1 for p-NO2C6H4C≡CH, 
C6H5C≡CH and p-MeC6H4C≡CH, respectively; indicating that the most electron-
withdrawing substituents contribute to lower this transition state. In all cases a 
pyridine solvent molecule easily displaces the newly formed acetic acid, allowing the 
formation of complex IV. The dimerization of complex IV, as well as the reductive 
elimination transition state, has practically the same energy requirements for the three 
substituted phenylacetylenes. In all cases the highest barrier corresponds to the 
deprotonation step i.e. the free energy difference between I and TS_CH, which is 
18.1, 17.0 and 19.3 kcal mol-1 for phenylacetylene, p-nitrophenylacetylene and p-
metylphenylacetylene, respectively. The observed trend can be directly related to the 
acidity of the alkyne, as proposed by Eglinton and Galbraith, the acidic p-nitro 



substituted substrate provides the lowest reaction barrier while the more electron-rich 
p-methyl substrate produces slower reactions because its deprotonation step has a 
higher free energy barrier.  
 
 
Conclusions 
The Eglinton oxidative homocoupling of terminal alkynes has been successfully 
studied using phenylacetylene as a model substrate. The calculations demonstrate that 
the coordination of the triple bond to the metal center enhances the acidity of the 
terminal C–H bond and facilitates its activation by the acetate ligand. The alternative 
deprotonation pathway using pyridine, the solvent of the reaction, as the base 
provides a much higher free energy profile and can be consequently ruled out. 
The formation of the C–C bond is achieved from a dinuclear copper(II) complex with 
diradical character centered mainly on the metal atoms. This indicates that, in contrast 
to some of the classical proposals, the free organic alkynyl radicals are not formed. 
Consequently, the reaction proceeds following a mechanism that resembles the one 
proposed by Bohlmann and coworkers. 
The highest free energy barrier for phenylacetylene corresponds to the deprotonation 
process, in agreement with the experimental observations. Calculations using different 
para-substituted phenylacetylenes also confirm that the most acidic substrates provide 
faster reactions because the deprotonation barrier is lower. 
 
 
Conflict of Interests 
The author declares that there is no conflict of interests regarding the publication of 
this paper. 
 
 
Acknowledgment 
The author is grateful to the Institut de Recerca de Química Teòrica i Computacional 
de la Universitat de Barcelona (IQTCUB) for the computational time and facilities 
provided.  
 
 
References 
[1]	   "Modern	  Acetylene	  Chemistry,"	  P.	   J.	   Stang	  and	  F.	  Diederich	   (eds),	  Wiley-‐VCH	  

Verlag	  GmbH:	  Weinheim,	  1995.	  
[2]	  "Acetylene	  Chemistry:	  Chemistry,	  Biology	  and	  Material	  Science,"	  F.	  Diederich,	  P.	  

J.	  Stang	  and	  R.	  R.	  Tykwinski	  (eds),	  Wiley-‐VCH:	  Weinheim,	  2005.	  
[3]	  "Carbon-‐Rich	  Compounds:	  From	  Molecules	  to	  Materials,"	  M.	  M.	  Haley	  and	  R.	  R.	  

Tykwinski	  (eds),	  Wiley-‐VCH:	  Weinheim,	  2006.	  



[4]	   A.	   L.	   K.	   Shi	   Shun,	   and	   R.	   R.	   Tykwinski	   "Synthesis	   of	   Naturally	   Occurring	  
Polyynes,"	   Angewandte	   Chemie	   International	   Edition,	   vol.	   45,	   no.	   7,	   pp.	  
1034-‐1057,	  2006.	  

[5]	   P.	   Siemsen,	   R.	   C.	   Livingston,	   and	   F.	   Diederich	   "Acetylenic	   Coupling:	   A	  
Powerful	   Tool	   in	   Molecular	   Construction,"	   Angewandte	   Chemie	  
International	  Edition,	  vol.	  39,	  no.	  15,	  pp.	  2632-‐2657,	  2000.	  

[6]	   A.	   Stütz	   "Allylamine	   Derivatives—a	   New	   Class	   of	   Active	   Substances	   in	  
Antifungal	  Chemotherapy,"	  Angewandte	  Chemie	  International	  Edition,	  vol.	  
26,	  no.	  4,	  pp.	  320-‐328,	  1987.	  

[7]	   F.	   Diederich	   "Carbon-‐rich	   acetylenic	   scaffolding:	   rods,	   rings	   and	   switches,"	  
Chemical	  Communications,	  vol.	  no.	  3,	  pp.	  219-‐227,	  2001.	  

[8]	   R.	   M.	   Moriarty,	   and	   D.	   Pavlović	   "Synthesis	   of	   1,4-‐Annulated	  
Cyclooctatetraenophanes	   Based	   on	   a	   Novel	   Cubane	   Building	   Block	  
Approach,"	   The	   Journal	   of	   Organic	   Chemistry,	   vol.	   69,	   no.	   16,	   pp.	   5501-‐
5504,	  2004.	  

[9]	  G.	  Evano,	  N.	  Blanchard,	  and	  M.	  Toumi	  "Copper-‐Mediated	  Coupling	  Reactions	  
and	   Their	   Applications	   in	   Natural	   Products	   and	   Designed	   Biomolecules	  
Synthesis,"	  Chemical	  Reviews,	  vol.	  108,	  no.	  8,	  pp.	  3054-‐3131,	  2008.	  

[10]	  P.	  Ramírez-‐López,	  M.	  C.	  de	  la	  Torre,	  H.	  E.	  Montenegro,	  M.	  Asenjo,	  and	  M.	  A.	  
Sierra	   "A	   Straightforward	   Synthesis	   of	   Tetrameric	   Estrone-‐Based	  
Macrocycles,"	  Organic	  Letters,	  vol.	  10,	  no.	  16,	  pp.	  3555-‐3558,	  2008.	  

[11]	  J.	  M.	  Spruell,	  W.	  F.	  Paxton,	  J.-‐C.	  Olsen,	  D.	  Benítez,	  E.	  Tkatchouk,	  C.	  L.	  Stern,	  A.	  
Trabolsi,	  D.	  C.	  Friedman,	  W.	  A.	  Goddard,	  and	  J.	  F.	  Stoddart	  "A	  Push-‐Button	  
Molecular	  Switch,"	   Journal	  of	  the	  American	  Chemical	  Society,	  vol.	  131,	  no.	  
32,	  pp.	  11571-‐11580,	  2009.	  

[12]	   C.	   Glaser	   "Beiträge	   zur	   Kenntniss	   des	   Acetenylbenzols,"	   Berichte	   der	  
deutschen	  chemischen	  Gesellschaft,	  vol.	  2,	  no.	  1,	  pp.	  422-‐424,	  1869.	  

[13]	   C.	   Glaser	   "Untersuchungen	   über	   einige	   Derivate	   der	   Zimmtsäure,"	   Justus	  
Liebigs	  Annalen	  der	  Chemie,	  vol.	  154,	  no.	  2,	  pp.	  137-‐171,	  1870.	  

[14]	  A.	  Hay	  "Communications-‐	  Oxidative	  Coupling	  of	  Acetylenes,"	  The	  Journal	  of	  
Organic	  Chemistry,	  vol.	  25,	  no.	  7,	  pp.	  1275-‐1276,	  1960.	  

[15]	   A.	   Hay	   "Oxidative	   Coupling	   of	   Acetylenes.	   II,"	   The	   Journal	   of	   Organic	  
Chemistry,	  vol.	  27,	  no.	  9,	  pp.	  3320-‐3321,	  1962.	  

[16]	   K.	   Sonogashira,	   Y.	   Tohda,	   and	   N.	   Hagihara	   "A	   convenient	   synthesis	   of	  
acetylenes:	   catalytic	   substitutions	   of	   acetylenic	   hydrogen	   with	  
bromoalkenes,	  iodoarenes	  and	  bromopyridines,"	  Tetrahedron	  Letters,	  vol.	  
16,	  no.	  50,	  pp.	  4467-‐4470,	  1975.	  

[17]	   K.	   Sonogashira	   "Coupling	   Reactions	   between	   sp	   Carbon	   Centers,"	   in	  
Comprehensive	  Organic	  Synthesis,	  vol.	  3,	  B.	  M.	  Trost	  and	  I.	  Fleming	  (eds),	  
Pergamon:	  Oxford,	  1990.	  

[18]	  "Chemistry	  of	  Acetylenes,"	  H.	  G.	  Viehe	  (eds),	  Marcel	  Dekker:	  New	  York,	  1969.	  
[19]	  G.	  Eglinton,	  and	  A.	  R.	  Galbraith	  "Cyclic	  dyines,"	  Chemistry	  &	  Industry,	  vol.	  no.	  

pp.	  736-‐737,	  1956.	  



[20]	   G.	   Eglinton,	   and	   A.	   R.	   Galbraith	   "182.	   Macrocyclic	   acetylenic	   compounds.	  
Part	   I.	   Cyclotetradeca-‐1	   :3-‐diyne	  and	   related	   compounds,"	   Journal	  of	  the	  
Chemical	  Society,	  vol.	  0,	  no.	  0,	  pp.	  889-‐896,	  1959.	  

[21]	  K.	  H.	  H.	  Fabian,	  H.-‐J.	  Lindner,	  N.	  Nimmerfroh,	  and	  K.	  Hafner	  "Synthesis	  and	  
Properties	   of	   the	   First	   [4.4]Ferrocenophane-‐1,3,15,17-‐tetrayne,"	  
Angewandte	  Chemie	  International	  Edition,	  vol.	  40,	  no.	  18,	  pp.	  3402-‐3405,	  
2001.	  

[22]	  Y.	   Ie,	  T.	  Hirose,	  and	  Y.	  Aso	  "Synthesis,	  properties,	  and	  FET	  performance	  of	  
rectangular	   oligothiophene,"	   Journal	   of	   Materials	   Chemistry,	   vol.	   19,	   no.	  
43,	  pp.	  8169-‐8175,	  2009.	  

[23]	  L.-‐F.	  Yao,	  and	  M.	  Shi	  "Lewis	  Acid	  Catalyzed	  Cascade	  Reactions	  of	  1,6-‐Diynes	  
and	   1,6-‐Enynes	  with	   Vinylidenecyclopropanes,"	  Chemistry	   –	  A	  European	  
Journal,	  vol.	  15,	  no.	  15,	  pp.	  3875-‐3881,	  2009.	  

[24]	  K.	  Balaraman,	  and	  V.	  Kesavan	  "Efficient	  Copper(II)	  Acetate	  Catalyzed	  Homo-‐	  
and	   Heterocoupling	   of	   Terminal	   Alkynes	   at	   Ambient	   Conditions,"	  
Synthesis,	  vol.	  2010,	  no.	  20,	  pp.	  3461-‐3466,	  2010.	  

[25]	  B.	  Naveen,	  A.	   Srinivasarao,	  G.	  Kaur,	  N.	  A.	  Aslam,	   and	  M.	  Karanam	   "Glaser-‐
Eglinton-‐Hay	  sp-‐sp	  coupling	  and	  macrocyclization:	  construction	  of	  a	  new	  
class	  of	  polyether	  macrocycles	  having	  a	  1,3-‐diyne	  unit,"	  RSC	  Advances,	  vol.	  
4,	  no.	  36,	  pp.	  18904-‐18916,	  2014.	  

[26]	   U.	   H.	   F.	   Bunz,	   G.	   Roidl,	   M.	   Altmann,	   V.	   Enkelmann,	   and	   K.	   D.	   Shimizu	  
"Synthesis	   and	   Structural	   Characterization	   of	   Novel	   Organometallic	  
Dehydroannulenes	  with	  Fused	  CpCo-‐Cyclobutadiene	  and	  Ferrocene	  Units	  
Including	  a	  Cyclic	  Fullerenyne	  Segment,"	  Journal	  of	  the	  American	  Chemical	  
Society,	  vol.	  121,	  no.	  46,	  pp.	  10719-‐10726,	  1999.	  

[27]	   E.	   M.	   García-‐Frutos,	   F.	   Fernández-‐Lázaro,	   E.	   M.	   Maya,	   P.	   Vázquez,	   and	   T.	  
Torres	   "Copper-‐Mediated	   Synthesis	   of	   Phthalocyanino-‐Fused	  
Dehydro[12]-‐	   and	   [18]annulenes,"	  The	  Journal	  of	  Organic	  Chemistry,	   vol.	  
65,	  no.	  21,	  pp.	  6841-‐6846,	  2000.	  

[28]	  A.	  J.	  McConnell,	  and	  P.	  D.	  Beer	  "Kinetic	  Studies	  Exploring	  the	  Role	  of	  Anion	  
Templation	   in	   the	   Slippage	   Formation	   of	   Rotaxane-‐Like	   Structures,"	  
Chemistry	  –	  A	  European	  Journal,	  vol.	  17,	  no.	  9,	  pp.	  2724-‐2733,	  2011.	  

[29]	   O.	   Š.	   Miljanić,	   W.	   R.	   Dichtel,	   S.	   Mortezaei,	   and	   J.	   F.	   Stoddart	  
"Cyclobis(paraquat-‐p-‐phenylene)-‐Based	   [2]Catenanes	   Prepared	   by	  
Kinetically	  Controlled	  Reactions	   Involving	  Alkynes,"	  Organic	  Letters,	   vol.	  
8,	  no.	  21,	  pp.	  4835-‐4838,	  2006.	  

[30]	   O.	   Š.	   Miljanić,	  W.	   R.	   Dichtel,	   S.	   I.	   Khan,	   S.	   Mortezaei,	   J.	   R.	   Heath,	   and	   J.	   F.	  
Stoddart	   "Structural	   and	   Co-‐conformational	   Effects	   of	   Alkyne-‐Derived	  
Subunits	   in	   Charged	   Donor−Acceptor	   [2]Catenanes,"	   Journal	   of	   the	  
American	  Chemical	  Society,	  vol.	  129,	  no.	  26,	  pp.	  8236-‐8246,	  2007.	  

[31]	   K.	   Inouchi,	   S.	   Kobashi,	   K.	   Takimiya,	   Y.	   Aso,	   and	   T.	   Otsubo	  
"Oligo(octithienylene-‐diethynylene)s	   as	   Unprecedentedly	   Long	  



Conjugated	  Nanomolecules,"	  Organic	  Letters,	  vol.	  4,	  no.	  15,	  pp.	  2533-‐2536,	  
2002.	  

[32]	  G.-‐L.	  Xu,	  G.	  Zou,	  Y.-‐H.	  Ni,	  M.	  C.	  DeRosa,	  R.	   J.	  Crutchley,	  and	  T.	  Ren	  "Polyyn-‐
diyls	   Capped	   by	   Diruthenium	   Termini: 	   A	   New	   Family	   of	   Carbon-‐Rich	  
Organometallic	  Compounds	  and	  Distance-‐Dependent	  Electronic	  Coupling	  
Therein,"	   Journal	   of	   the	  American	   Chemical	   Society,	   vol.	   125,	   no.	   33,	   pp.	  
10057-‐10065,	  2003.	  

[33]	   J.	  S.	  Salkind,	  and	  F.	  B.	  Fundyler	  "A	  new	  synthesis	  of	  diacetylen-‐derivative,"	  
BERICHTE	  DER	  DEUTSCHEN	  CHEMISCHEN	  GESELLSCHAFT,	  vol.	  69,	  no.	  pp.	  
128-‐1300,	  1936.	  

[34]	  A.	  L.	  Klebanskii,	  I.	  V.	  Grachev,	  and	  O.	  M.	  Kuznetsova	  "Reaction	  studies	  on	  the	  
formation	   of	   di-‐acetylenic	   compounds	   from	  mono-‐substituted	   acetylene	  
derivatives.	   1.	  Mechanism	   of	   formation	   of	   the	   diacetylenic	   compounds,"	  
ZHURNAL	  OBSHCHEI	  KHIMII,	  vol.	  27,	  no.	  11,	  pp.	  2977-‐2983,	  1957.	  

[35]	   F.	   Bohlmann,	   H.	   Schonowsky,	   G.	   Grau,	   and	   E.	   Inhoffen	  
"Polyacetylenverbindungen.	   52.	   Uber	   den	   mechanismus	   der	   oxydativen	  
dimerisierung	   von	   acetylenverbindungen,"	   CHEMISCHE	   BERICHTE-‐
RECUEIL,	  vol.	  97,	  no.	  3,	  pp.	  794-‐800,	  1964.	  

[36]	  J.	  Jover,	  and	  F.	  Maseras	  "Computational	  characterization	  of	  a	  mechanism	  for	  
the	   copper-‐catalyzed	   aerobic	   oxidative	   trifluoromethylation	   of	   terminal	  
alkynes,"	   Chemical	   Communications,	   vol.	   49,	   no.	   89,	   pp.	   10486-‐10488,	  
2013.	  

[37]	   J.	   Jover	   "Computational	   Insights	   into	   Nucleophilic	   Copper-‐Catalyzed	  
Trifluoromethylation	   of	   Aryl	   Halides,"	   ACS	   Catalysis,	   vol.	   4,	   no.	   12,	   pp.	  
4389-‐4397,	  2014.	  

[38]	  J.	  Jover,	  and	  F.	  Maseras	  "Computational	  Characterization	  of	  the	  Mechanism	  
for	   Coinage-‐Metal-‐Catalyzed	   Carboxylation	   of	   Terminal	   Alkynes,"	   The	  
Journal	  of	  Organic	  Chemistry,	  vol.	  79,	  no.	  24,	  pp.	  11981-‐11987,	  2014.	  

[39]	   J.	   Jover,	   P.	   Spuhler,	   L.	   Zhao,	   C.	   McArdle,	   and	   F.	   Maseras	   "Toward	   a	  
mechanistic	   understanding	   of	   oxidative	   homocoupling:	   the	   Glaser-‐Hay	  
reaction,"	   Catalysis	   Science	  &	   Technology,	   vol.	   4,	   no.	   12,	   pp.	   4200-‐4209,	  
2014.	  

[40]	   M.	   J.	   Frisch,	   G.	   W.	   Trucks,	   H.	   B.	   Schlegel,	   G.	   E.	   Scuseria,	   M.	   A.	   Robb,	   J.	   R.	  
Cheeseman,	   G.	   Scalmani,	   V.	   Barone,	   B.	   Mennucci,	   G.	   A.	   Petersson,	   H.	  
Nakatsuji,	  M.	   Caricato,	   X.	   Li,	  H.	   P.	  Hratchian,	   A.	   F.	   Izmaylov,	   J.	   Bloino,	   G.	  
Zheng,	   J.	   L.	   Sonnenberg,	   M.	   Hada,	   M.	   Ehara,	   K.	   Toyota,	   R.	   Fukuda,	   J.	  
Hasegawa,	  M.	  Ishida,	  T.	  Nakajima,	  Y.	  Honda,	  O.	  Kitao,	  H.	  Nakai,	  T.	  Vreven,	  J.	  
Montgomery,	   J.	   A.,	   J.	   E.	   Peralta,	   F.	   Ogliaro,	   M.	   Bearpark,	   J.	   J.	   Heyd,	   E.	  
Brothers,	   K.	   N.	   Kudin,	   V.	   N.	   Staroverov,	   R.	   Kobayashi,	   J.	   Normand,	   K.	  
Raghavachari,	  A.	  Rendell,	  J.	  C.	  Burant,	  S.	  S.	  Iyengar,	  J.	  Tomasi,	  M.	  Cossi,	  N.	  
Rega,	  N.	  J.	  Millam,	  M.	  Klene,	  J.	  E.	  Knox,	  J.	  B.	  Cross,	  V.	  Bakken,	  C.	  Adamo,	  J.	  
Jaramillo,	  R.	  Gomperts,	  R.	  E.	  Stratmann,	  O.	  Yazyev,	  A.	  J.	  Austin,	  R.	  Cammi,	  
C.	  Pomelli,	  J.	  W.	  Ochterski,	  R.	  L.	  Martin,	  K.	  Morokuma,	  V.	  G.	  Zakrzewski,	  G.	  



A.	  Voth,	  P.	  Salvador,	  J.	  J.	  Dannenberg,	  S.	  Dapprich,	  A.	  D.	  Daniels,	  Ö.	  Farkas,	  
J.	  B.	  Foresman,	   J.	  V.	  Ortiz,	  and	  J.	  F.	  Cioslowski,	  D.	   J.	   ,	  Gaussian09,	  Revision	  
D.01,	  Gaussian,	  Inc.:	  Wallingford	  CT,	  2009.	  

[41]	   A.	   D.	   Becke	   "Density-‐functional	   thermochemistry.	   V.	   Systematic	  
optimization	  of	  exchange-‐correlation	  functionals,"	  The	  Journal	  of	  Chemical	  
Physics,	  vol.	  107,	  no.	  20,	  pp.	  8554-‐8560,	  1997.	  

[42]	  S.	  Grimme	  "Semiempirical	  GGA-‐type	  density	   functional	   constructed	  with	  a	  
long-‐range	   dispersion	   correction,"	   Journal	   of	   Computational	   Chemistry,	  
vol.	  27,	  no.	  15,	  pp.	  1787-‐1799,	  2006.	  

[43]	  M.	  Corro,	  M.	  Besora,	  C.	  Maya,	  E.	  Álvarez,	  J.	  Urbano,	  M.	  R.	  Fructos,	  F.	  Maseras,	  
and	   P.	   J.	   Pérez	   "Catalytic	   Copper-‐Mediated	   Ring	   Opening	   and	  
Functionalization	  of	  Benzoxazoles,"	  ACS	  Catalysis,	  vol.	  4,	  no.	  11,	  pp.	  4215-‐
4222,	  2014.	  

[44]	  M.	   Besora,	   A.	   A.	   C.	   Braga,	  W.	  M.	   C.	   Sameera,	   J.	   Urbano,	  M.	   R.	   Fructos,	   P.	   J.	  
Pérez,	   and	   F.	   Maseras	   "A	   computational	   view	   on	   the	   reactions	   of	  
hydrocarbons	  with	   coinage	  metal	   complexes,"	   Journal	  of	  Organometallic	  
Chemistry,	  vol.	  784,	  no.	  pp.	  2-‐12,	  2015.	  

[45]	   R.	   Ditchfield,	   W.	   J.	   Hehre,	   and	   J.	   A.	   Pople	   "Self‐Consistent	   Molecular‐
Orbital	  Methods.	   IX.	  An	  Extended	  Gaussian‐Type	  Basis	   for	  Molecular‐
Orbital	  Studies	  of	  Organic	  Molecules,"	  The	  Journal	  of	  Chemical	  Physics,	  vol.	  
54,	  no.	  2,	  pp.	  724-‐728,	  1971.	  

[46]	  W.	  J.	  Hehre,	  R.	  Ditchfield,	  and	  J.	  A.	  Pople	  "Self—Consistent	  Molecular	  Orbital	  
Methods.	  XII.	  Further	  Extensions	  of	  Gaussian—Type	  Basis	  Sets	  for	  Use	  in	  
Molecular	  Orbital	  Studies	  of	  Organic	  Molecules,"	  The	  Journal	  of	  Chemical	  
Physics,	  vol.	  56,	  no.	  5,	  pp.	  2257-‐2261,	  1972.	  

[47]	  P.	  C.	  Hariharan,	  and	   J.	  A.	  Pople	  "The	   influence	  of	  polarization	   functions	  on	  
molecular	  orbital	  hydrogenation	  energies,"	  Theor.	  Chem.	  Acc.,	  vol.	  28,	  no.	  
3,	  pp.	  213-‐222,	  1973.	  

[48]	  T.	  H.	  Dunning,	   and	  P.	   J.	  Hay	   in	  Modern	  Theoretical	  Chemistry,	   vol.	  3,	  H.	  F.	  
Schaefer	  III	  (eds),	  Plenum:	  New	  York,	  1976.	  

[49]	   A.	   Bergner,	   M.	   Dolg,	  W.	   Küchle,	   H.	   Stoll,	   and	   H.	   Preuss	   "Ab	   initio	   energy-‐
adjusted	  pseudopotentials	   for	  elements	  of	  groups	  13-‐17,"	  Mol.	  Phys.,	  vol.	  
80,	  no.	  6,	  pp.	  1431	  -‐	  1441,	  1993.	  

[50]	  D.	   J.	  Tannor,	  B.	  Marten,	  R.	  Murphy,	  R.	  A.	  Friesner,	  D.	  Sitkoff,	  A.	  Nicholls,	  B.	  
Honig,	   M.	   Ringnalda,	   and	   W.	   A.	   Goddard	   "Accurate	   First	   Principles	  
Calculation	   of	   Molecular	   Charge	   Distributions	   and	   Solvation	   Energies	  
from	   Ab	   Initio	   Quantum	   Mechanics	   and	   Continuum	   Dielectric	   Theory,"	  
Journal	   of	   the	   American	   Chemical	   Society,	   vol.	   116,	   no.	   26,	   pp.	   11875-‐
11882,	  1994.	  

[51]	  B.	  Marten,	  K.	  Kim,	  C.	  Cortis,	  R.	  A.	  Friesner,	  R.	  B.	  Murphy,	  M.	  N.	  Ringnalda,	  D.	  
Sitkoff,	   and	   B.	   Honig	   "New	   Model	   for	   Calculation	   of	   Solvation	   Free	  
Energies:	   Correction	   of	   Self-‐Consistent	   Reaction	   Field	   Continuum	  



Dielectric	   Theory	   for	   Short-‐Range	   Hydrogen-‐Bonding	   Effects,"	   J.	   Phys.	  
Chem.,	  vol.	  100,	  no.	  28,	  pp.	  11775-‐11788,	  1996.	  

[52]	  A.	  V.	  Marenich,	   C.	   J.	   Cramer,	   and	  D.	  G.	  Truhlar	   "Universal	   Solvation	  Model	  
Based	   on	   Solute	   Electron	   Density	   and	   on	   a	   Continuum	   Model	   of	   the	  
Solvent	   Defined	   by	   the	   Bulk	   Dielectric	   Constant	   and	   Atomic	   Surface	  
Tensions,"	  J.	  Phys.	  Chem.	  B,	  vol.	  113,	  no.	  18,	  pp.	  6378-‐6396,	  2009.	  

[53]	   K.	   A.	   Peterson,	   and	   C.	   Puzzarini	   "Systematically	   convergent	   basis	   sets	   for	  
transition	  metals.	   II.	   Pseudopotential-‐based	   correlation	   consistent	   basis	  
sets	   for	   the	  group	  11	  (Cu,	  Ag,	  Au)	  and	  12	  (Zn,	  Cd,	  Hg)	  elements,"	  Theor.	  
Chem.	  Acc.,	  vol.	  114,	  no.	  4,	  pp.	  283-‐296,	  2005.	  

[54]	  T.	  Clark,	   J.	  Chandrasekhar,	  G.	  W.	  Spitznagel,	  and	  P.	  V.	  R.	  Schleyer	  "Efficient	  
diffuse	   function-‐augmented	   basis-‐sets	   for	   anion	   calculations.	   3.	   The	   3-‐
21+G	   basis	   set	   for	   1st-‐row	   elements,	   Li-‐F,"	   Journal	   of	   Computational	  
Chemistry,	  vol.	  no.	  4,	  pp.	  294-‐301,	  1983.	  

[55]	  M.	   J.	   Frisch,	   J.	   A.	   Pople,	   and	   J.	   S.	   Binkley	   "Self-‐consistent	  molecular	   orbital	  
methods	   25.	   Supplementary	   functions	   for	   Gaussian	   basis	   sets,"	   The	  
Journal	  of	  Chemical	  Physics,	  vol.	  80,	  no.	  7,	  pp.	  3265-‐3269,	  1984.	  

	  
 


