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ABSTRACT: The number of CuCl units per camphor ligand in

[{CuCl}2L]n was extended to three or four in [{CuCl}3L]n (2) or

[{CuCl}4L]n (1). The Hartree-Fock ab initio calculations support

the polymeric structure of 1 and 2 that catalyze the cyclization

of 4-pentyn-1-oic acid (A) forming 5-methylenedihydrofuran-

2(3H)-one (B) and/or 2-methyl-5-oxotetrahydrofuran-2-ylpent-4-

ynoate (C). The catalytic activity of 1, 2 and other polynuclear

Cu(I) complexes (3–5) was evaluated under solvent free condi-

tions and/or solution. In the absence of solvent, catalyst 2 dis-

plays the highest activity and selectivity (75.8/23.1, C to B ratio,

at 5.4% loading) while 4 reaches the highest level of A ! B

conversion (97.5 %) in solution. Selected reactions were

followed by NMR and the kinetic constants calculated. A

mechanism is proposed based on the equations used for the

calculations. VC 2014 Wiley Periodicals, Inc. J. Polym. Sci., Part

A: Polym. Chem. 2014, 52, 3316–3323

KEYWORDS: alkynoic acid cyclization; camphor derived ligands;

camphor ligands; copper; coordination polymers; Cu(I); Har-

tree-Fock ab initio calculations; lactones; solvent free catalysis

INTRODUCTION Copper halides are suitable scaffolds for the
synthesis of Cu(I) coordination polymers with sequential
copper sites assembled in a variety of structural arrange-
ments.1 One-dimensional Cu(I) coordination polymers with
the uncommon combination of linear and tetrahedral zig–zag
Cu(I) centers were obtained from camphor imine ligands2

suggesting that camphor-type ligands have the convenient
stereochemical and electronic properties to enable other
wire structured Cu(I) coordination polymers. A step forward
in the synthesis of camphor derived Cu(I) coordination poly-
mers was to build copper polymers with two, rather than
one CuCl strings, linked by the convenient camphor deriva-
tives aiming at studying their properties as catalysts, a field
where coordination polymers are high promising.3–5 Cycliza-
tion processes seemed promising since Pd(II) and Pt(II) cam-
phor complexes were found to be high active in the
cyclization of alkynes or alkynols6,7 and there is a current
interest on efficient catalysts that promote the cyclization of
functionalized alkynes8–10 alkynols11–15 or alkyne carboxylic
acids16–20 within cyclization processes that encompass
purely organic21 or metal mediated22–24 methodologies. Cata-
lysts developed up to now are based on expensive transition
metals (Pd, Pt, Au, or Ag) and require strong basic condi-
tions. A step forward is thus find catalysts based on cheaper

metals (e.g., Cu), no added base and eventually no solvent,
for the synthesis of cyclic compounds (e.g., O-heterocycles)
with potential applications (e.g., lactones) from cyclization of
alkyne carboxylic acids. Whether copper camphor coordina-
tion polymers fill the requirements above and promote the
cyclization of 4-pentyn-1-oic acid was the challenge to
address having the additional quiz on addition of a second
substrate molecule to the O-heterocycle leaving pendant
alkyne groups.11,25,26

EXPERIMENTAL

General Considerations
Synthesis of complexes and catalytic experiments were per-
formed under nitrogen using vacuum and Schlenk techni-
ques. The copper complexes and camphor species were
prepared by published methods.2 CuCl and CuBr were pur-
chased from Sigma-Aldrich. The solvents were purchased
from Lab-Scan, further purified by conventional techniques
and distilled before use.

The IR spectra were obtained from KBr pellets using a JASCO
FT/IR 4100 spectrometer. NMR spectra (1H, 13C, DEPT, 2D)
were obtained from CDCl3 or DMSO-d6 solutions using
Bruker Avance II1 Spectrometer (400 MHz) and values
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referred to tetramethylsilane (d 5 0 ppm). X-ray Photoelec-
tron Spectra were obtained using a Kratos XSAM800. Sam-
ples were irradiated with the unmonochromatic Al Ka
radiation. Experimental conditions and details about data
treatment were the same as described elsewhere.27 Sensitiv-
ity factors here used were: C 1s:0.25; O 1s:5 0.66; N
1s:0.42; Cu 2p3/2:4.2; Cl 2p:0.61. HPLC chromatograms
were obtained using Jasco PU-2089 Plux Pumps interfaced
with a MD-1515 Diode Array Detector. The separation was
made through a YMC Pro C18 column using as eluents: H2O
(A) and CH3CN/H2O (B, 75/25 V/V) at the flow rate 0.7 mL/
min, programmed as follows: starting (40% A, 60% B), 5
min (15% A, 85% B), 10 min (15% A, 85% B), 11 min (2%
A, 98% B), 15 min (100% B), 20 min (40% A, 60% B). Chi-
ral samples were characterized using a Dionex Ultimate
3000 equipment provided with a Lux 5u Cellulose-1 column
running with a isocratic eluent program (90% hexane, 10%
isopropanol with 0.9 mL/min flow).

Synthesis of Complexes
The complexes were typically obtained as amorphous com-
pounds, on stirring copper chloride (CuCl) and the adequate
camphor ligand (L) in THF (3 mL) at room temperature (RT)
for about 18 h. Filtration of the precipitate, washing with
n-pentane (ca. 6 mL), and drying under vacuum affords the
Cu(I) complex.

[(CuCl)4{p-C6H4(NC10H14O)2}]n (1) - CuCl (0.030 g, 0.30
mmol) and 3,30-(p-phenylenebis(azan-1-yl-1-ylidene))bis(1,7,
7-trimethylbicyclo[2.2.1]heptan-2-one) (e, 0.030 g, 0.074
mmol) were stirred in THF to afford a brown precipitate.
Yield 48%. ELEM. ANAL (%) for Cu4Cl4C26H32N2O2: Found: C,
38.9; N, 3.1; H, 4.0; Calc.: C, 39.2; N, 3.5; H, 3.6. IR (cm21):
1750 (tCO), 1641 (tCN), 1591 (tCCarom).

1H NMR (CDCl3,
d ppm): 7.14 (s, 4H), 2.93 (sbr, 1H), 2.17–1.70 (m, 4.0 H),
1.11 (s, 3H), 1.02 (s, 3H), 0.89 (s, 3H). 13C NMR (CDCl3,
d ppm): 204.9, 174.2, 145.9, 122.9, 58.2, 50.8, 45.3, 30.1,
24.4, 21.4, 17.5, 9.1.

[(CuCl)3(C6H4NC10H14N)] (2) - CuCl (0.108 g, 1.09 mmol)
and camphorquinoxaline (C6H4NC10H14N, 0.10 g, 0.42 mmol)
afforded the compound as an orange precipitate. Yield 78%.
ELEM. ANAL for Cu3Cl3C16H18N2O2�1=2THF: Found: C, 38.0; N,
5.1; H, 3.5%. Calc.: C, 37.8; N, 4.9; H, 3.9. IR (cm21): 1508
(tCN).

1H NMR (MeOH-d4, d ppm): 8.15–8.05 (m, 2H), 8.05–
7.77 (m, 2H), 3.16 (d, J5 4.0, 1H), 2.20–0.90 (m, 4H), 1.48
(s, 3H), 1.18 (s, 3H), 0.64 (s, 3H). 13C NMR (CDCl3, d ppm):
130.1, 129.7, 116.6, 110.4, 68.8, 32.7, 25.3, 20.5, 18.6, 10.4.

Catalytic Experiments
Solvent Free
4-pentyn-1-oic acid (A, 0.030 g, 0.31 mmol) was stirred
under vacuum for no less than 15 min. Then nitrogen was
fluxed in the Schlenk followed by addition of the copper
complex. The solids were then grinded under nitrogen for 2,
6, 18, 24, or 56 h, at RT, 40 �C or 60 �C forming oily mix-
tures. Different loadings of catalysts were screened for reac-
tions at 40 �C during 18 h. On completion, the reaction was

stopped by addition of CDCl3 and the yellow solution was
immediately analyzed by NMR (1H, 13C, DEPT, 2D).

In DMSO
All solutions were prepared under nitrogen using sure seal
NMR tubes. Typically, 4-pentyn-1-oic acid (A, 0.030 g, 0.31
mmol) was added to the catalyst (0.020 g) solution in
DMSO-d6 (ca. 0.3 mL) and the reaction was followed by
NMR.

Calculations
Kinetic Constants
Data on the relative quantity of catalytic products was
obtained by integration of the methylene (B), the methyl (C),
or the vinyl (D) signals observed in the 1H NMR spectra. The
integration of the signals corresponding to the methyl groups
of the camphor ligand were used as internal reference. For
calculation of the constants, the unitary activity was consid-
ered as 1/100th of the integration of the NMR signal in the
spectra obtained upon 4 min reaction, normalized to the
number of magnetic nuclei. A FORTRAN subroutine7 was
used to perform the numerical integration of the complete
set of equations in Scheme 2 (using steps of 0.01 min). The
output was then fed to a least squares routine and the gen-
erated values were optimized till convergence to experimen-
tal values was 0.992 (2; T5 40 �C), 0.999 (2; T5 60 �C) and
0.962 (3; global fitting of 2 loadings).

Structures
Hartree-Fock ab initio calculations were carried out with
GAMESS-US28 version R3 using a SBKJC basis set.29,30 The
basic repeating units (Cl-Cu-Cl, anionic and CuL, cationic)
were fully optimized without any symmetry or geometric
constrains and were used to generate the representative
dimeric oligomer by simple translation. The oligomer was
again fully optimized without symmetry or geometric
restrains to obtain optimized structures for 1, formed by
sequential, linear (Cl-Cu-Cl) and tetrahedral (CuL) units
[Fig. 1(above)] and 2, formed by sequential, linear (Cl-Cu-Cl)
and trigonal (L-Cu-Cl-Cu-L) units [Fig. 1(below)].

RESULTS AND DISCUSSION

Synthesis and Characterization
Camphor complexes [{CuCl}4{p-C6H4(NC10H14O)2}]n (1) and
[{CuCl}3(C6H4NC10H14N)] (2) were obtained in THF, from
reaction of CuCl with the camphor derivatives L1 or L2
(Fig. 2). L1 (bi-camphor) and L2 (camphorquinoxaline)31

were chosen because they can accommodate more than one
metal per ligand and thus bridge or chelate metal sites.

The complexes (1 and 2) were formulated based on NMR,
FTIR, ELEM. ANAL, and further confirmed by X-ray photoelec-
tron spectroscopy (XPS).

XPS data obtained from complexes 1 and 2, show that the
region Cu 2p displays the same shape for both complexes. As
a representative example, Figure 3 depicts that region for
complex 1. A single peak (a Gaussian-Lorentzian product)
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with a FWHM5 1.96 0.1 eV, centered at 932.46 0.1 eV fit-
ted to the Cu 2p3/2 attests the oxidation state of copper as
plus one,2 this being further confirmed by the absence of the
multiplet structure characteristic of Cu(II) in the region
between the two components of the doublet (Cu 2p3/2 and
Cu 2p1/2).

In what concerns the Cl 2p region data was fit with a single
doublet with a spin-orbit split of 1.66 0.1 eV and the Cl
2p3/2 centered at 198.56 0.1 eV for complex 1 and
198.26 0.1 eV for complex 2 denoting a slightly higher elec-
tronic density around chloride in complex 2 than in complex
1. For the N 1s region, single peaks were fit centered at
400.06 0.1 eV for 1 and 400.26 0.1 eV for 2 which are
compatible with imine nitrogen atoms bound to Cu(I).2

The XPS quantitative analysis corroborates the expected stoi-
chiometric ratios for complexes 1 and 2, since the calculated

values (Cu/Cl: 0.946 0.1, (1); 0.996 0.1, (2) and Cu/N:
2.16 0.2 (1); 1.46 0.1 (2)) closely approach the expected
ones for Cu/Cl (1) and Cu/N ratios [(221 (1); 1.5 (2)].

In the absence of elucidation of the structure of complexes 1
and 2 by single-crystal X-ray diffraction, due to no suitable
crystals could be obtained, XPS data fully supports the pro-
posed formulations.

The metal to ligand ratio [3:1 (2), 4:1(1)] suggests the com-
plexes arrange as coordination polymers such as in
[{CuCl}2(Me2NC10H14O)]n (3) derived from ligand L3 (Fig. 4)
that was structurally characterized.27,32 In 3 two distinct
Cu(I) units exist, one is tetrahedral and the copper atom
binds to the camphor ligand (Cu-L) and the other is linear

FIGURE 1 Optimized schematic structures for 1 (above) and 2

(below). [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

FIGURE 2 Camphor compounds used as ligands (L1 for com-

plex 1 and L2 complex for 2).

FIGURE 3 XPS data for the Cu 2p region in 1.

FIGURE 4 Schematic structure of [{CuCl}2(Me2NC10H14O)]n (3).
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and the copper atom binds solely to the halide (Cl-Cu-Cl)
(Fig. 3).

Considering that in L1 exist two N,O units of the type of that
in L3 (Fig. 2), it was anticipated that two parallel Cl-Cu-Cl
strings bind the ligand in [{CuCl}4{p-C6H4(NC10H14O)2}]n (1),
that is, the double of the Cl-Cu-Cl units compared to [{CuCl}2
(Me2NC10H14O)]n (3). Using those two building units (linear
anionic, Cl-Cu-Cl and tetrahedral cationic, CuL) ab initio
Hartree-Fock calculations were carried out to predict the
geometry of the repeating unit of 1 (Fig. 5 above).

By simple translation, a dimeric oligomer was generated and
fully optimized without symmetry or geometric constrains.
This oligomer is representative of the structure of the coor-
dination polymer, since extension to higher order calcula-
tions become computationally prohibitive. In the calculated
structure (1), the bi-camphor ligand adopts a trans geometry
in contrast with the cis geometry found in the free ligand.31

Assuming that in 2, the N,N ligand behaves similarly to the
N,O ligand in L1, ab initio Hartree-Fock calculations led to
sequences of L-Cu-Cl-Cu-L strings linked by Cl-Cu-Cl units
(Fig. 5 below) fulfilling the experimental metal to ligand
ratio (3:1). The stereochemical hindrance introduced by
ligand L2 precludes further coordination to the L-Cu-Cl-Cu-L
units that display a trigonal arrangement. Although nonchar-
acteristic of Cu(I) coordination number three was found in
other cases.1,33,34

The structural parameters obtained in the optimized struc-
tures of 1 and 2 reproduce well those in compounds 3 (two
polymorphs) that were structurally characterized by X-ray
diffraction analysis.2 The bond lengths calculated for the
camphor ligands (e.g., C@O, 123 pm; CAN, 127 pm for 1)
are within 1 pm of the experimental ones (C@O, 123; CAN,
128 pm for 3). The agreement is not so good in the calcu-
lated metal to camphor ligand distances (Cu-N 222 pm; Cu-O
268 pm) that are overestimated by about 20 pm compared
to the corresponding values measured for 3 (202 and 247
pm). The trend is the same for the Cu-Cl bond lengths calcu-
lated (233 pm, 1; 229 pm, 2) and measured (211 pm, 3) on
the Cl-Cu-Cl units and those calculated (249 pm, 1; 247 pm,
2) and measured (227 pm, 3) on the Cl-Cu-L units. The lack
of polarization functions in the SBKJC basis set is considered
to account for the observed deviation in values.

Catalytic Studies
The ability of complexes [{CuCl}4{p-C6H4(NC10H14O)2}] (1)
and [(CuCl)3(C6H4NC10H14N)] (2) as well as that of
[{CuCl}2(Me2NC10H14O)]n (3), [{Cu(Me2NC10H14O)}2(l-Cl)2]
(4), [{Cu(Me2NC10H14O)}2(l-Br)2] (5) for promote cyclization
of 4-pentyn-1-oic acid (A) was evaluated. In the absence of
solvent, all complexes are active catalysts for formation of
lactones B and C (Scheme 1). In DMSO, the process becomes
more selective and just lactone B forms. There is also evi-
dence for traces of D.

Catalysis in the Absence of a Solvent
To establish suitable conditions for the study of the catalytic
activity of complexes 1–5 on cyclization of 4-pentyn-1-oic
(A) under solvent free conditions, complex [{CuCl}2(Me2NN-
C10H14O)]n (3) and A (solid) were grinded together for 2, 6,
18, 24, or 56 h, at RT or 40 �C. Then, the reaction (oily yel-
lowish mixtures) was quenched by addition of CHCl3 and the
solution analyzed by NMR (1H, 13C). The composition of the
reaction mixtures considerably varied with reaction time and
temperature. Thus, for comparison of the catalytic properties
of compounds 1–5 a reaction period of 18 h and a tempera-
ture of 40 �C were chosen. For completeness, the loading of
catalyst was varied from 0.3 to 6.4% mol, in representative
cases. Analysis of the NMR spectra of reaction mixtures showed
that all complexes (1–5) activate the regioselectively 5-exo-dig
cyclization of 4-pentyn-1-oic acid forming 5-

FIGURE 5 Hartree-Fock ab initio structure optimized for: (a) - 1,

(b) - 2. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

SCHEME 1 Products of catalytic cyclization of 4-pentyn-1-oic acid.
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methylenedihydrofuran-2(3H)-one (B) and 2-methyl-5-
oxotetrahydrofuran-2-ylpent-4-ynoate (C). Traces (ca. 1%) of
5,50-(ethane-1,2-diylidene)bis(dihydrofuran-2(3H)-one (D)
(Scheme 1) were found in reaction with 2. Identification of
compounds B, C and C was supported by published data (1H
NMR and 13C NMR).26,35,36 Compound C was obtained as a
mixture of enantiomers that were separated by HPLC (ee.
65%). Formation of C requires cascade activation of two mole-
cules of 4-pentyn-1-oic acid (A) by the Cu(I) camphor com-
plexes. One of the molecules of A cyclizes, forming the
O2heterocycle (lactone) while the other one adds to the cycle
through the carboxylic acid leaving a pendant alkyne group (C,
Scheme 1). Related processes were found in the syntheses of
furan or pyran type species from alkynols catalyzed by Pt(II)
or Pd(II) camphor complexes7,11 showing that camphor com-
plexes are prone to promote such type of processes. To exclude
that the active species in the cyclization of A are CuCl, CuCl2
(due to complexes decomposition) or the free camphor ligands,
the reaction of each one of them with A was done separately
and the mixture analyzed. No evidence for products of cycliza-
tion was found in agreement with catalysis by the polynuclear
camphor copper complexes.

The conversion of A into products (Scheme 1) was calculated
by integration in the 1H NMR spectra of the methylene (B),
methyl (C), or methyne (D) signals, using the methyl groups
of the camphor skeleton as internal reference. Data from
reactions (18 h, 40 �C) shows that compounds B, C, and D
form, the relative amounts depending on the catalyst and on
its loading (Table 1). Full conversion of A into products
requires catalysts loadings no lower than 2.5%. The process
is low selective, B and C typically forming. Higher catalyst
loadings favor formation of C. From the five polynuclear
Cu(I) complexes under evaluation, complex 2 displays the
highest selectivity for C (75.8%, Table 1) formation. Tentative
increase of the catalyst loading does not improve the content
in C due to competitive formation of D. The herein results
show that the products distribution is controlled by the
characteristics of the complex as well as the exposed surface

TABLE 1 Conversion of 4-pentyn-1-oic acid (A) into B, C, and D Catalyzed by Cu (I) Camphor Complexes under Solvent Free

Conditions

Catalyst Conversion (%)

mol % B C D

[{CuCl}4{p-C6H4(NC10H14O)2}]n (1) 0.4 0.51 0.82 0.0

2.4 45.4 54.6 0.0

[(CuCl)3(C6H4NC10H14N)]n (2) 5.4 23.1 75.8 1.1

[{CuCl}2(Me2NNC10H14O)]n (3) 0.6 5.7 3.7 0.0

2.6 18.6 12.3 0.0

5.2 35.5 63.1 1.4

[{Cu(Me2NNC10H14O)}2(m-Cl)2] (4) 0.5 14.0 2.7 0.0

2.5 44.2 55.3 0.5

[{Cu(Me2NNC10H14O)}2(m-Br)2] (5) 0.3 5.8 7.2 0.0

1.0 23.3 28.3 0.0

2.3 20.7 33.6 0.0

CuCl No products

CuCl2 No products

TABLE 2 Conversion of 4-pentyn-1-oic acid (A) into B Catalyzed

by Camphor Cu (I) Complexes in DMSOa

Catalyst % Catal Temp (�C) B

[{Cu(Me2NNC10H14O)}2(m-Cl)2] (4) 1.6 40 37.0

1.6 60 97.5

[{Cu(Me2NNC10H14O)}2(m-Br)2] (5) 2.3 40 25.0

8.1 40 42.0

a Snapshot made after at 52 h reaction.

SCHEME 2 Mechanism proposed for conversion of A into

products B and C catalyzed by complexes 2 or 3.
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of catalyst, pointing to grinding efficiency as being quite
relevant.

Catalysis in DMSO
The low solubility of compounds 1 and 2 in DMSO, in addi-
tion to low stability in CHCl3 or MeOH for long enough peri-
ods to allow the catalytic process to reach completion,
precluded the catalytic studies in solution. From the com-
plexes under study, 4 and 5 were chosen due to their identi-
cal structures (differ just in the halide co-ligand, Fig. 6)27 and
under solvent free conditions they display quite different cata-
lytic activities (4 is high active, while 5 is not so, Table 1).

The reactions were followed by NMR till no A was detected
(up to 9 days in some cases). A snapshot on the experimen-
tal data was made at 52 h reaction and the conversion into
products calculated (Table 2).

Traces of C are detected just for periods of reaction longer
than 52 h. From data (Table 2) it comes out that complex 4
performs better than complex 5 for cyclization A, as it did
already in the absence of solvent (Table 1). Since the major
difference in 4 and 5 concerns to the halide co-ligand, it is
reasonable to conclude that it directs the process. In both
cases the conversion increases with catalyst loading and
temperature, although no full conversion is achieved in reac-
tion with 5 after 52 hours reaction (Table 2). On the con-
trary, 4 promotes almost complete conversion of A ! B
(97.5%) at 60 �C, within a selective process that is even

more efficient than cyclization of 4-pentyn-1-oic acid pro-
moted by Au(I) catalysts.25 The catalytic activity of 4 does
not decrease appreciably upon reloading A for 3 times.

Kinetic Studies
To get some insight into the mechanism of cyclization of 4-
pentyn-1-oic acid (A) catalyzed by complexes 4 and 5, the full
set of data obtained by NMR (disappearance of A and forma-
tion B and C) was fitted considering mechanism in Scheme 2.

Experimental and calculated data for reaction (A fi B1C)
catalyzed by complex 4 (T5 40 �C or T5 60 �C) is displayed
in Figure 6.

Experimental and calculated data for A fi B (T5 40 �C) con-
version catalyzed by complex 5 at two loadings is displayed
in Figure 7.

The calculated and experimental data fit to 0.992 (2; T5 40
�C), 0.999 (2; T5 60 �C), and 0.962 (5; global fitting for the
2.3% and 8.1% loadings) in agreement with the process in
Scheme 2 that involves steps: (1) establishment of an equi-
librium (K1 << 1, Table 3) between the dimer complexes (4
or 5) and the solvated monomer {MX(solv)} (formed by
break of the halide bridges and solvent coordination); (2)
replacement of the solvent by A forming {MXA} which ena-
bles the intramolecular cyclization of A forming {MXB0}
(kinetic control); (3) release of B and regeneration of
{MX(solv)} within an equilibrium strongly shifted to the right

FIGURE 6 Schematic structure for 4 (X 5 Cl) and 5 (X 5 Br).

FIGURE 7 Experimental data and fittings for formation of B and C and A consumption catalyzed by [{Cu(Me2NNC10H14O)}2(m-Cl)2]

(4) at 40 and 60 �C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE 3 Calculated Constants for Conversion of A into Prod-

ucts B and C Promoted by Catalysts 4 and 5

Catalyst

Temp

(�C) K1 3 105 K2 K3

k1 3 103

(min21)

k2 3 104

(min21)

4 40 10.20 2.48 24.81 8.97 7.14

4 60 29.29 24.77 3.35 26.48

5 40 7.13 1.09 36.48 8.39
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(K3> 1). This reactivity cycle proceeds until the concentra-
tion of B is high enough to shift the equilibrium (K3) to the
left, and enable formation of C through reaction with A
regenerating {MX(solv)} (step 4). According to this mecha-
nism, formation of C may vary from low probable (T5 40
�C, catalyst 4) to impossible (T5 60 �C, catalyst 4; T5 40
�C, catalyst 5). At 60 �C fast consumption of A forming B
(97.5%) precludes sufficient free A in solution, to allow for-
mation of C (Fig. 7).

Considering the mechanism in Scheme 2, the constants were
calculated and are displayed in Table 3.

The considerably different catalytic activities of complexes 4
and 5 are attributed to the break of the halide bridge (step
1) to generate the active species {MX(solv)} which is facile
in the chloride (4) than in the bromide (5) complex (K1,
Table 3). Such trend was observed before in the polymer-
dimer inter-conversion processes that are enabled in the
case of the chloride complex.27

The cyclization process (step 2) is almost independent of the
halide (k1, Table 3) while the temperature has a great effect on
it (i.e., k1 increases by a factor of three by raising the tempera-
ture from 40 to 60 �C) as well the catalyst loading (Fig. 8).

No kinetic data could be obtained from reactions of 4-
pentyn-1-oic acid with complexes 1–5 in the absence of sol-
vent, since the experimental conditions preclude the reaction
to be followed by NMR and no alternative was found. Never-
theless, from the obtained results it is reasonable to assume
that the interaction of A with the surface of the complex pro-
motes activation of the CC triple bond forming {B0} within a
process controlled by the number of active sites (i.e., catalyst
surface area and loading). In the absence of a solvent, diffu-
sion is very slow and the activated species {B0} may remain
at the surface of the catalyst enabling attack by a second A
molecule forming C or may be released as B. Coarse or fine
grinding is a parameter that can affect products distribution.
As far as we know C has only been identified in a solvent

free process catalyzed by Ag(I),26 thus reinforcing the above
proposal.

CONCLUSIONS

The set of polynuclear camphor-derived Cu(I) compounds
[(CuCl)2L]n and [(CuL)2(l-L)2] was extended to the new
coordination polymers [(CuCl)4L1]n and [(CuCl)3L2]n by
using the bi-camphor (L1) or camphorquinoxaline (L2)
ligands. The structures of [(CuCl)4L1]n and [(CuCl)3L2]n
were optimized by ab initio Hartree-Fock calculations, show-
ing that two side by side copper strings with sequential
Cu-L; Cl-Cu-Cl (1) or L-Cu-Cl-Cu-L; Cl-Cu-Cl (2) support the
ligands.

All the complexes [(CuCl)4{p-C6H4(NC10H14O)2}]n (1), [(CuCl)3
(C6H4NC10H14N)] (2), [{CuCl}2(Me2NC10H14O)]n (3) and [{CuX
(Me2NC10H14O)}2(l-X)2] (X5Cl, 4 or Br, 5) are active cata-
lysts for cyclization of 4-pentyn-1-oic acid under solvent-free
conditions. Lactones 5-methylenedihydrofuran-2(3H)-one (B)
and 2-methyl-5-oxotetrahydrofuran-2-ylpent-4-ynoate (C) were
obtained as the major products. Formation of C, involves the
one pot activation of two molecules of 4-pentyn-1-oic acid
through a process for which compound 2 displays the higher
selectivity (C, ca. 75%). The distribution of the products is
quite different in reactions performed with or without solvent.
In solution, formation of B versus C is enhanced; at 60 �C,
[{Cu(Me2NNC10H14O)}2(m-Cl)2] displays the highest activity and
selectivity (97.5% conversion).

Synthesis of lactones (B, C) through cyclization of 4-pentyn-
1-oic acid, catalyzed by the camphor-derived Cu(I) polynu-
clear complexes meet the requirements for green chemistry
in what concerns solvent free conditions, no need of added
base and 100% atom economy.

A mechanism is proposed for cyclization of 4-pentyn-1-oic
acid, based on calculation of constants by fitting the 1H NMR
data that highlights the relevance of the halide co-ligand (Cl
or Br) in the process.

FIGURE 8 Experimental data and fittings for A ! B conversion promoted by 5 at 40 �C, using catalyst loadings: 2.3% (�) or 8.1%

(�). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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