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A novel copper(l) complex containing 2,5-bis(2-pyridyl)-1-phenylphosphole (1a) ligands,
[CuCI{Kk}(P)-1a}{k?(P,N)-1a}] (2a), has been synthesized and fully characterized by
structural and spectroscopic methods. X-ray crystallographic study revealed that copper(l)
complex presents a structure with pseudo tetrahedral geometry of formula [CuCI{k*(P)-
1a}{k?(P,N)-1a}]. In solution, 1a show a hemilabile behavior giving rise a dynamic
equilibrium between four-coordinate [CuCI{k}(P)-1a}{k?(P,N)-1a}] (2a) and three-
coordinate [CuCI{k!(P)-1a}]  (2a’) complexes. Along with previously reported
[CuCI{kY(P)-1b}2] (2b, being 1b= 2,5-bis(2-thienyl)-1-phenylphosphole), catalytic potential
of copper(l) complex 2a was tested in the synthesis of propargylamines and 1,4-substituted
1,2,3-triazoles via three-component reactions. DFT calculations have been performed to

explain both dynamic equilibrium in solution and catalytic activity of 2a and 2b complexes.
Introduction

Phospholes are five membered P-heterocyclic derivatives that show a rich coordination
chemistry. They act as o-donor ligand by using of the lone pair on phosphorus atom, -donor
ligand through of the dienic system,[1,2] and even, as polydentate ligand by introduction of
pyridine, oxazoline, isoquinoline and amino-N type donor on the skeleton of phosphole.[3—
8] Phosphole ligands with specific electronic and steric properties can be achieved by
modification of the substituents at the C-atoms or at the P-atoms of the phosphole ring. For
instance, the incorporation of aromatic substituents in 2,5-positions of ring creates an
extended m-conjugated diene system which decrease the hyper-conjugation with the
exocyclic P-R bond, reducing the aromaticity and increase c-donor ability of phosphole.[9]
Thus, phospholes have been used as ligands for transition metal complexes in different fields

such as catalysis [10], material science [11,12] and bioinorganic chemistry [13,14].



Phospholes 2,5-disubstituted by pyridine (1a) and thiophene (1b) were prepared by Réau et
al. through Fagan-Nugent [15] method which is based on an oxidative coupling between
corresponding 1,7-functionalized diynes and zirconocene followed by treatment with
dihalide phosphine compounds RPX> (X= CI or Br) (Figure 1).[7,16] These n-conjugated
phospholes have been used on the development of multifunctional materials for OLED
devices,[17] in particular, 2,5-bis(2-pyridyl)-1-phenylphosphole (1a) exhibits a quirky
bridging coordination mode of the phosphole P center offering dimeric metal complexes;
among which, some Cu(l) dimers have been employed as templates for a variety of

chromophores that are n-stacked into nanosized assemblies.[18]

Figure 1. 2,5-bis(2-pyridyl)-1-phenylphosphole (1a) and 2,5-bis(2-thienyl)-1-

phenylphosphole (1Db).

Although, the applications of phospholes in homogeneous catalysis are recognized since
early 1970s, the use of 2,5-disustituted phosphole ligands in catalysis has poorly been
explored.[10,19-21] Recently, we evaluated the catalytic activity of trigonal copper(l)
complex [CuCH{x'(P)-1b}.] (2b) in the synthesis of propargylamines via A3-coupling
reactions of aldehyde, amine and alkyne.[19] We are interested on the propargylamines since

these are used as precursors and versatile building blocks for the preparation of various



nitrogen-containing heterocyclic compounds as well as key intermediates for the synthesis
of biologically active pharmaceuticals and natural products. [22-25] Furthermore, some
propargylamines have been used for the treatment of neuropsychiatric disorders such as

Parkinson’s and Alzheimer’s disease. [26—28]

[CuCH{x*(P)-1b}.] (2b) showed to be highly efficient to catalyze A3-coupling reactions to
synthetize propargylamine derivaties.[19] Catalyst 2b is air and moisture stable, and thus
either purified reagents or glovebox were not required for carry out the catalytic reactions,
and it operated with low loading and in absence of solvents. Catalytic performance of 2b has
encouraged us to explore the synthesis and catalytic activity of an analogous copper(l)
complex with 2,5-bis(2-pyridyl)-1-phenylphosphole (1a) ligands. Herein, we show the
synthesis and fully characterization of first reported mononuclear copper(I) complex (2a)
with 2,5-bis(2-pyridyl)-1-phenylphosphole (1a) ligands. Interestingly, NMR variable
temperature experiments reveal that ligand 1a have hemilabile behavior in solution. Similar
to 2b, synthetized complex (2a) was tested as catalyst on A®-coupling reactions of aldehyde,
amine, and alkyne for preparing propargylamines. Certainly, triazoles are important
heterocycles which have tremendous applications in various research fields, including
biological science,[29] synthetic organic chemistry,[30,31] medicinal chemistry[32] and
material chemistry.[33] We have also tested the catalytic activity of complexes 2a and 2b on
three-component cyclization of alkyl halides, sodium azide, and alkynes to synthetize 1,4-
substituted 1,2,3-triazoles. Finally, we performed DFT calculations in order to deep on the
understanding of both observed dynamic equilibrium in solution and catalytic activity of

catalyst 2a and 2b in the studied reactions.

Experimental section



Materials and methods

All experiments were performed under an atmosphere of dry argon in the dark using a
standard Schlenk technique. The solvents were previously dried and distilled following
standard methods prior to use.[34] PhPBr», 2,5-bis(2-pyridyl)-1-phenylphosphole (1a), 2,5-
bis(2-thienyl)-1-phenylphosphole (1b) and [CuCI{2,5-bis(2-thienyl)-1-phenyl-phosphole}:]
(2b) were synthesized according to published procedures. [3,7,9] 3'P, 'H and *C NMR
spectra were recorded using a Bruker Advance AM 300 spectrometer. IR spectra were
recorded on a Shimadsu IRTracer-100 spectrometer using KBr disks. Mass spectra were
acquired on a Thermo Scientific TSQ Quantum Ultra AM Triple Quadrupole mass

spectrometer employing the Heated Electrospray lonization (HESI) technique.

Synthesis of [CuCl{1a}.] (2a)

A solution of 2,5-bis(2-pyridyl)-1-phenylphosphole (121.2 mg; 0.17 mmol) and CuCl (16.3
mg; 0.17 mmol) in CHCIz (15 mL) was stirred at 50 °C under argon for 24 h. The solvent
was removed under vacuum and the remaining solid washed on pentane (4 x 10 mL) to give
2a as an orange solid (yield: 100.3 mg; 73%). NMR—3!P (300 MHz, CDCl3,25 °C): § =7.10
(s). NMR-'H (300 MHz, CDCls, 25 °C): § = 8.50 (d, 2H, J+®-+°= 3.75 Hz, H°); 7.70 (m,
2H, H%; 7.51 (d, 2H, Jr3.1*= 7.86 Hz, H%); 7.29 (m, 2H, H°); 7.12 (m, 3H, H™, HP); 6.92 (dd,
2H, Jv®-H*= 6.18 Hz, Ju®.p= 11.95 Hz, H%); 3.21 (m, 2H, H%); 2.46 (m, 2H, H®); 1.64 (m,
2H, H%9): 1.47 (m, 2H, H'%). NMR-13C (300 MHz, CDCls, 25 °C): § = 153.8 (s, C?); 150.5
(s, C®); 149.1 (s, C); 139.9 (s, C7); 135.9 (s, C*); 133.5 (s, C°); 129.9 (s, CP); 129.2 (s, C));
128.6 (s, C5); 124.2 (s, C3); 120.9 (s, C™); 29.3 (5, C9); 22.5 (5, C19). IR-FT (vmax cm1): 3043

(ArC-H, st); 2931 and 2862 (—CHz-, st); 19001600 (ArC—C); 1582 (—-C=N-, st); 1462 and



1427 (-C=C-); 1315, 1269, 1096 and 1026 (Ar—H); 783, 748 and 698 (Ar-H). MS (MeOH,

ESI): 799.25 ([CagHa2N4P2Cu]").

General procedure for preparation propargylamines using [CuCl{1a}-] (2a) catalyst.

A seal tube containing a stirrer barwas charged with aldehyde (3.0 mmol), amine (3.3 mmol)
and alkyne (4.5 mmol) and the catalyst [CuCl{1a}] (2a) (2.6 mg, 0.003 mmol, 0.5 mol%).
The mixture was stirred at 100 °C for 1.5 h, cooled, extracted with ether (3x5 mL) and dried
over MgSOs. The mixture was filtrated, concentrated (*H-NMR spectroscopy showed
quantitative conversion of aldehyde) and the residue was purified by flash chromatography
on silica gel using a hexane/EtOAc mixture as eluent. The corresponding propargylamines
(3a-d) (see Table 2) were obtained as yellow oil. All the products were known compounds
and were characterized by comparison of their spectroscopic data with those described in the
literature.[19]

General procedure for preparation 1,4-disubstituted 1,2,3-triazoles using [CuCI{2,5-

disubtituted-1-phenyl-phosphole}.] (2a and 2b) catalysts.

A seal tube containing a stirrer bar was charged with alkyl halide (3.0 mmol), NaN3 (3.3
mmol), alkyne (3.0 mmol), H.O (1 mL) and the catalyst (0.5 mol% Cu). The mixture was
stirred at 80 °C for 5h. After the reaction was completed, the resulting mixture was extracted
with EtOAc (3 x 3 mL). The collected organic phases were dried with anhydrous Na>;SO4
and the solvent was removed under vacuum to give the corresponding triazole, the product
was further purified by flash chromatography on silica gel using a hexane/EtOAc mixture as

eluent.

1-benzyl-4-phenyl-1H-1,2,3-triazole (4a): NMR-'H (300 MHz, CDCls, 25°C): § = 7.77 (d,
2H, Ju-n= 7.8 Hz, CHa(); 7.64 (s, 1H, HC=CPh); 7.44 (m, 2H, CHa); 7.37 (m, 2H, CHar);
7.35 (M, 4H, CHar); 7.30 (m, 3H, CHa); 7.24 (s, 1H, CHa), 5.55 (s, 2H, CH2Ph). NMR-3C
(75 MHz, CDCls, 25°C): 8 =54.2, 119.5, 125.7, 128.0, 128.1, 128.7, 128.7, 129.1, 130.5,
134.7,148.2.

1-[(2-bromo) benzyl]-4-phenyl-1H-1,2,3-triazole (4b): NMR—H (300 MHz, CDClIs,
25°C): 6 =7.80 (d, 2H, Jn-n=7.8 Hz, CHA(); 7.77 (S, 1H, HC=CPh); 7.62 (d, 2H, J1-n= 8 Hz,



CHar); 7,39 (m, 2H, CHar); 7.30 (m, 2H, CHar); 7,26 (m, 2H, CHar); 5,70 (s, 2H, CH2Ph).
NMR-3C (75 MHz, CDCls, 25°C): § = 53.8, 119.8, 123.4, 125.7, 128.2, 128.24, 128.8,
130.2, 130.4, 130.4, 133.2, 134.23, 148.1.

1-(1-Benzyl-1H-[1,2,3]triazol-4-yl)-butan-1-ol (4c): NMR-'H (300 MHz, CDClIs, 25°C):
8 =7.36 (s, 1H, HC=CPh); 7.31 (m, 3H, CHar); 7.2 (m, 2H; CHar); 5.4 (s, 2H, CHzPh); 4.8
(t, 1H, CH-OH); 1.7 (g, 2H, CHy); 1.3 (m, 2H, CHy); 0.86 (t, 3H, CH3). NMR-3C (75 MHz,
CDCls, 25°C): 6 =13.7, 18.5, 39.3, 54.0, 66.5, 127.3, 128.6, 128.9, 134.5.

3-(1-Benzyl-1H-[1,2,3]triazol-4-yl)-propionitrile (4d): NMR-'H (300 MHz, CDCls, 25°C):
8 =7.3(m, 3H, CHar); 7.2 (m, 3H, CHar); 5.5 ((s, 2H, CH2Ph); 2.8 (t, 2H, CH>); 2.4 (t, 2H,
CHy); 2.0 (m, 2H, CH2). NMR-3C (75 MHz, CDClIs, 25°C): § = 16.4, 24.2, 24.7, 54.0,
119.2,127.9, 128.7; 129.1, 134.6.

X-ray crystallography

One single crystal was mounted on a glass fiber and the crystallographic data were collected
at 293 (2) K by using an Agilent SuperNova, CrysAlis Pro, Oxford Cryojet, detector Atlas
with Mo/Cu radiation. The single crystal was always coated in paratone oil once removed
from the mother solution. The data merging process was performed using the CrysAlisPro
program, Agilent SuperNova CrysAlisPro, Software System, Version 171.37.34. Structure
determinations were performed by an intrinsic phasing algorithm with the solving program

SHELXT that revealed all the non-hydrogen atoms.

SHELX-2019 program was used to refine the structures by full-matrix least-squares based
on F2 with help of graphic interface SHLEXLE. [35-37] Most non-hydrogen atoms were
refined with anisotropic displacement parameters. Hydrogen atoms were included in
idealized positions and refined with isotropic displacement parameters. In table 1 are shown
the crystallographic and refinement details. Reference number CCDC 2044664 contains the
supplementary crystallographic data for 2a. These data can be obtained free of charge at

www.ccdc.cam.ac.uk/data_request/cif.

Theorical Calculations



Theoretical calculations were performed by employing the Density Functional Theory (DFT)
as implemented in Gaussian 16. The hybrid functional PBEPBE proposed by Adamo et
al.[38] was used and in conjunction with the split valence basis set def2svp.[39] The
combination PBEPBE/def2svp has demonstrated to describe analogous systems with a
considerable accuracy.[40] The optimization process was performed by employing the Berny
analytical gradient algorithm and all the convergence criteria was selected as default (Density
matrix= 10° a.u., maximum displacement= 0.0018 A, and maximum force= 0.00045
Hartree/Bohr).

The XRD data of the complexes 2a and 2b were used as starting point to perform a rotational
barrier scan analysis. The minimum stationary points (conformers) obtained for each
complex were used for the analysis of the metal-alkyne n-interaction in order to gain insight
about the catalytic activity of these complexes. A detailed analysis based on the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) was
performed for the optimized conformers 2a and 2a’. For the characterization of the systems,
two electronic descriptors were computed, that is the Wiberg bond’s Index (WBI) and
perturbation energy E(2). 3-D surface MOs is shown for complexes in the support data. In
addition, the Mulliken’s charges were computed on the optimized structures of the

complexes.

Table 1. Crystallographic Parameters for 2a

Crystal data

Chemical formula CugH42CICUN4P,
Mr 835.78
Crystal system, space group Monaclinic, P2:/c
Temperature (K) 296
a, b, c(A) 19.7882 (17), 10.9648 (9), 19.2175 (17)
B (°) 101.557 (9)
VvV (A% 4085.2 (6)
z 4
Radiation type Mo Ka
i (mm™) 0.72
Crystal size (mm) 0.20x 0.15 x 0.14
Data collection

Diffractometer SuperNova, Dual, Cu at zero, Atlas

Multi-scan, CrysAlis PRO 1.171.38.43 (Rigaku Oxford Diffraction, 2015)
Absorption correction Empirical absorption correction using spherical harmonics, implemented

in SCALE3 ABSPACK scaling algorithm.
Tmin, Tmax 0.464, 1.000



No. of measured, independent,
and observed [I > 2o(l)] 55986, 9464, 6693

reflections
Rint 0.062
(sin 6/A)max (A1) 0.675
Refinement
R[F2 > 26(F2)], wR(F2), S 0.052, 0.160, 1.09
No. of reflections 9464
No. of parameters 515
H-atom treatment H atoms treated by a mixture of independent and constrained refinement
APmax, Apmin (€ A3) 0.64 —0.57

Results and discussion
Synthesis and characterization

The new complex [CuCl{1a}.] was obtained employing the synthetic method previously
reported for the similar complexes [CuX{2,5-disubtituted-1-phenyl-phosphole}.] (X = ClI,
1).[3,41] Thus, two equivalent of 2,5-bis(2-pyridyl)-1-phenyl-phosphole (1a) react with one
equivalent of CuCl in chloroform at 50 °C for 24 h to give [CuCIl{1a}:] (2a) (Scheme 1).
Complex 2a was isolated in good yield as an air stable orange solid (89% yield) and resulted
stable in different organic solvents such as CH.Cl,, CHCls, H,O, DMSO and hexane. Its IR
spectrum showed bands corresponding to the main functional groups of 1a (ArC—H at 3043,
—C=N- at 1582 and —C=C- at 1462 and 1427) but shifted respect to free ligand which is
related with its coordination to the metal center (see figure S1 in Sl). ESI-MS spectrum
displays a peak of high intensity at m/z 799.25, corresponding to the molecular ion
[C4sH42N4P2Cu]* which indicates the presence of two phosphole ligands to copper center (see
Figure S2in SI).

Scheme 1. Synthesis of [CuCI{1a}.] (2a) and its hemilabile behavior in solution for give 2a’.

The 3P, 'H and *3C chemical shift variation of each signal with respect to those of the free
ligand (Ad) was used as a parameter to deduce the binding mode of phosphole ligands to the
metal (see Figure S3 and S4 in SlI). 3*P{*H}NMR spectrum at RT exhibits a signal shifted to



high-field with respect to the free phosphole (7.10 ppm) which reveals the coordination of
phosphole ligands to the copper center. *H and 3C{*H} NMR spectra showed very small
differences compared to those of the free ligand suggesting a symmetric «*(P)—coordination
of the two phosphole ligands. Thus, NMR data at RT are consistent with a trigonal three-
coordinate cooper(l) complex similar to [Cu{2,5-bis(2-thienyl)-1-phenyl-phosphole}.Cl]

(2b) previously reported,[3] wherein the two phosphole ligands are x!(P)-coordinated.
X-ray diffraction analysis

Crystals of complex 2a, suitable for an X-ray diffraction analysis, were obtained by slow
evaporation in a dichloromethane solution. XRD analysis showed that molecular structure of
2a consists of a Cu(l) ion surrounded by one chlorine ligand and two ligands 1a wherein one
acting as a k!-P monodentate ligand and another acting as a k>-P,N chelate ligand (Figure 2).
Complex 2a, that crystallizes in the monoclinic crystalline system and space group P21/c
(No. 14), shows a pseudo-tetrahedral geometry around copper atom wherein values of bond
angles P1-Cul-N1, P1-Cul-N2, P1-Cul-P2 and N1—Cul—CI1 are 83.13(7), 117.77(8),
102.2(2) and 103.82(7), respectively.

Molecular structure of 2a shows that Cu—Cl bond length (2.2587(9) A) is slight longer than
that observed for complex 2b. The Cul-N1 (2.123(2) A) and Cul-P1 (2.3252(8) A) bonds
associated to P,N-chelate phosphole ligand are similar to those observed in copper(l) dimers
featuring polydentate 2,5-bis(2-pyridyl)-1-phenyl-phosphole ligands.[42] Dihedral angle
P1-C4-C5-N1 (20.2°) shows the torsion between the phosphole and pyridine rings of the
bidentate ligand. Finally, Cul-P2 (2.2449(8) A) length corresponding to P-monodentate
phosphole is shorter than the of P,N-chelate phosphole ligand, which is agree with x(P)-
phosphole ligands in copper(l) complexes.[3] Thus, XDR analysis reveals unambiguously
that as-synthetized compound corresponds to a copper(l) complex with pseudo tetrahedral
coordination geometry of the type [CuCI{k*(P)-1a}{k*(P,N)-1a}] instead a trigonal planar,
as expected according to NMR data at RT.



Figure 2. Diagram ORTEP of 2a, showing 50% probability ellipsoids, and its atom-numbering. Selected bond
lengths (A) and bond angles (deg): Cul—N1 2.123 (2), Cul—P2 2.2449 (8), Cul—P1 2.3252 (8), Cul—Cl1
2.2587 (9), N1—C5 1.359 (4) N1—C9 1.335 (5) N2—C10 1.330 (4), N2—C14 1.337 (5), N3—C29 1.353 (4),
N3—C33 1.326 (5), N4A—C34 1.348 (5), NA—C38 1.362 (7), CI1—Cul—P1 121.82 (3), ClI1—Cul—P2
116.90 (3), CI1—Cul—N1 103.81 (6), P1—Cul—P2 110.23 (3), P1—Cul—N1 81.13 (7), P2—Cul—N1
117.77 (7), Cul—P1—C1 139.96 (10), Cul—P1—C4 93.73 (9), Cul—P1—C19 114.85 (10), C1—P1—C4
90.77 (12), C1—P1—C19 103.12 (14), C4—P1—C19 101.37 (13), Cul—P2—C25 112.02 (9), Cul—P2—
C28117.01 (10), Cul—P2—C39 120.59 (11), C25—P2—C28 91.83 (12), C25—P2—C39 103.33 (13), C28—
P2—C39 107.54 (14).

Variable-temperature NMR analysis

Although XRD analysis reveals that 2a has pseudo tetrahedral structure; NMR data at RT are
consistent with a trigonal three-coordinate cooper(l) complex. Hence, variable-temperature
NMR experiments were performed in order to verify the possible existence of a fluxional
behavior in solution. Indeed, 3P{*H} NMR at -30°C revealed the appearance of one
resonance at ~ 10.3 ppm along with another broad resonance shifted slightly to lower
frequency (6 = 5.6 ppm) in comparison to that observed at RT (Figure 3). Over further
cooling, both resonances sharpened and shifted to higher field (6 = 9.6 and 4.4 ppm,
respectively). On increasing temperature, broad signal at RT shifted slightly to higher field
(5 = ~9.8 ppm) by warming to 80°C. (Figure 3). Meanwhile, *H NMR measurements over a

wide temperature range (from 80 to -90°C) did not reveal significant changes on the signal



chemical shifts, nevertheless, a slight broadening of the signals from -15 °C is observed (see

variable-temperature *H NMR spectra in SI).
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Figure 3. 3P{*H} NMR spectra of 2a at variable temperature recorded in DMSO-ds (left)
and CD2Cl; (right).

These NMR data clearly show that complex [CuCI{k}(P)-1a}{k?(P,N)-1a}] (2a) exhibits a
fluxional behavior in solution. It is very likely that this dynamic process is generated by
coordination-decoordination of pyridyl groups to give in solution an equilibrium between
four-coordinate 2a and trigonal three-coordinate 2a’ complex (Scheme 1). This dynamic
process is possibly so fast that the NMR device records the four pyridyl moieties as a single
one and, moreover, makes impossible recording the expected AB resonance pattern in
31p{1H} NMR spectra for 2a. It is important to highlight that similar hemilabile behavior of
ligand 1a has been encountered in both monomeric Pd(l1),[21] dimeric Cu(l) complex[43]

and triosmium cluster.[44]



Catalytic study on three-component reactions

In a recent research work, we have shown that trigonal copper(l)-phosphole complex
[CUCI{k}(P)-1b}.] (2b) is highly efficient catalyst for promoting A3-coupling reactions of
aldehyde, amine, and alkyne in absence solvent. We have now examined the catalytic activity
of complex 2a in A3-coupling reactions for synthesis of propargylamines. Catalytic potential
of 2a was evaluated in the coupling reaction of benzaldehyde, piperidine and phenylacetylene
under free-solvent condition (Table 2). A poor conversion was obtained with a catalyst
loading of 2 mol% at 25°C while it was modest by increasing temperature at 50°C (Table 2,
entries 1 and 2). Almost total conversion (97%) into desired product was achieved at 100 °C
within 1 h using 2 mol% of 2a (Table 2, entry 3). A high conversion was achieved by
lowering 0.5 mol% at 100°C after 1 h, but it reduces to 80% with a loading of 0.1 mol% after
5 h of reaction (Table 2, entries 4 and 5). In terms of TON and TOF (190 and 127 h), the
best catalytic activity of 2a is achieved in absence of solvent with a catalyst loading of 0.5
mol% at 100°C (Table 2, entry 3). Catalyst 2a shows a good catalytic activity, however, it
is lower than found for complex 2b under optimal reaction condition (Table 2, entry 5; TON
940 and TOF 198 for 2b). Interestingly, the difference between catalytic activity of 2b and
2a result to be greater when reaction was carried out at RT (Table 2, entry 1). Under optimal
reaction conditions, catalytic activity of complex 2a was tested on different combinations of

aldehydes, amines and phenylacetylene as depicted in Table 2.

Coupling of aromatic benzaldehyde and aliphatic such as formaldehyde and butyraldehyde
using piperidine and pyrrolidine led to corresponding propargylamines 4a—d in excellent

yields.

Table 2. A3-coupling synthesis of propargylamine catalyzed by [CuCI{2,5-bis(2-
thiophenyl)phosphole}.] (2a)?

o

R< _R
I, v P N

R H + H + [Cu] H

—_—
R
X

3a-d

Entry Aldehyde A Product [Cu] Temperature Time  Conversion

(mol%) 0 (h) (%) >



1 PhCHO Piperidine 3d 2 24 24 7(61)
2 PhCHO Piperidine 3d 2 50 24 51(70)
3 PhCHO Piperidine 3d 2 100 1 97(99)
4 PhCHO Piperidine 3d 0.5 100 15 95(99)
5 PhCHO Piperidine 3d 0.1 100 5 80(94)
6 H,CO Piperidine 3a 0.5 100 15 92¢e
7 CH3(CH2).CHO  Piperidine 3b 0.5 100 15 91°
8 PhCHO Pyrrolidine 3c 0.5 100 15 90¢°d
9 PhCHO Piperidine 3d 0.5 100 15 92¢

@ All the reactions were carried out by using aldehyde (3 mmol), amine (3.3 mmol), phenylacetylene (4.5
mmol) and 2a as catalyst in free-solvent conditions. ® Conversions were determined by 'H-NMR
spectroscopy of the reaction crude and are average of at least two independent runs. ¢ Isolated yield based on
aldehyde. ¢ At 80°C. ¢ Using chlorobenzene (1 mL) as solvent. f\VValues among parentheses are corresponding
to reaction conversion reached using catalyst 2b under indicated conditions.[19]

Since complexes 2a and 2b efficiently drove the A3-coupling reaction of aldehyde, amine
and alkyne, we have investigated catalytic potential of 2a and 2b on the three-component
cyclization of alkyl halides, sodium azide, and alkynes (Table 3). It is one of the sort of
transition metal catalyzed multicomponent reaction using in the synthesis of 1,4-disubstituted
1,2,3-triazoles. This version multicomponent constitutes an alternative to the metal-catalyzed
azide—alkyne cycloaddition reaction which request the storage and manipulation of organic
azides.[45]

Reaction of phenylacetylene, benzyl bromide, and sodium azide was carried out using water
as solvent. Both catalysts showed poor catalytic activity when 0.1 mol% of loading was used
(Table 3, entries 1-2 and 7-8). By increasing catalyst loading at 0.5 mol%, almost total
conversion is achieved after 24 hours using catalyst 2b at RT. High conversion values are
reached after 5 hours reaction by increasing temperature at 50°C (Table 3, entries 9 and 10),
meanwhile, catalyst 2a only showed moderate activity under the same condition (Table 2,
entry 4). Catalytic activity of 2a is above 90% when catalyst loading was increasing at 1
mol%. Thus, the best activity for catalyst 2b is achieved under a loading of 0.5 mol% at 50°C
while the highest catalytic activity for 2a is reached using 1 mol%. Like for A3-coupling
synthesis of propargylamine, catalyst 2b is more active than 2a (Table 3, TOF= 38 h'! for 2b
in entry 10 and TOF= 19 h* for 2a in entry 10).

Table 3. Three-component synthesis of 1,4-disubstituted 1,2,3-triazole catalyzed by
[CuCl{2,5-disubtituted-1-phenylphosphole}.] (2a and 2b) @




R

\
Cu
R Br+ NNy + R—= 1o K(N
4a-d R

Entry Catalyst Alkyl Bromide Alkyne Product (n[wc(ill‘]’;o) Tem?f(;;i ture T(Ir?;e Corz\(;);bsmn
1 2a Benzyloromide ~ Phenylacetylene 4a 0.1 25 24 2
2 2a Benzyloromide ~ Phenylacetylene 4a 0.1 50 5 7
3 2a Benzylbromide ~ Phenylacetylene 4a 0.5 25 24 88
4 2a Benzybromide ~ Phenylacetylene 4a 0.5 50 5 56
5 2a Benzylbromide ~ Phenylacetylene 4a 1 50 5 93
6 2b Benzy bromide  Phenylacetylene 4a 0.1 25 24 16
7 2b Benzylbromide ~ Phenylacetylene 4a 0.1 50 5 8
8 2b Benzylbromide ~ Phenylacetylene 4a 0.5 25 24 98
9 2b Benzylbromide ~ Phenylacetylene 4a 0.5 50 5 95
10 2a Z'b[)or';"nﬂ?jgzyl Phenylacetylene  4b 50 5 94
11 2a Benzylbromide 5-hexyn-3-ol 4c 1 50 5 90
12 2a Benzylbromide ~ 5-hexynenitrile 4d 1 50 5 98
13 2p  PPOMOYL ppenyiacetylene  4b 05 50 5 97
14 2b Benzylbromide 5-hexyn-3-ol 4c 0.5 50 5 99
15 2b Benzylbromide 5-hexynenitrile 4d 0.5 50 5 99
16 2a/2b  1-bromobutane  Phenylacetylene 4e 1/0.5 50 24 1<
17 2a/2b  Benzylbromide  Diphenylacetilene 4f 1/0.5 50 24 1<

a All the reactions were carried out by using alkyl halide (3 mmol); sodium azide (3.3 mmol), alkyne (3
mmol) and catalyst in ImL of H,O. ® Isolated yield based on alkyl halide.

Catalytic activity of complex 2a and 2b was investigated using different combinations of
alkyl halides and alkynes under optimal conditions, results are summarized in Table 3. The
corresponding 1,4-disubstituted 1,2,3-triazoles were isolated as regiospecific products in
excellent yields from the reactions of benzyl halides (benzylbromide and 2-bromo
benzylbromide) with phenylacetylene, 5-hexyn-3-ol and 5-hexynenitrile (Table 3, entries
10-15). Catalysts 2a and 2b were non-active to catalyze the reactions that involved
alkylbromide (1-bromobutane) and internal alkyne such diphenylacetylene due to
insolubility of 1-bromobutane in water and the higher steric hindrance of the
diphenylacetylene. Catalytic activity of 2a and 2b is comparable to those observed for

copper(l) complexes containing phosphine ligands.[46—49]
Theoretical calculations

We performed theoretical calculations with the aim to gain further insight on the formation

of copper(l)-phosphole complex 2a’ from 2a. A scan analysis was performed for evaluating



the rotation barriers of the pyridyl groups (Figure 4) in which two minimums were found for
copper(l) complex. One conformer labeled as 2a that represents the pseudo tetrahedral
complex [CuCI{k}(P)-1a}{k?(P,N)-1a}] and another labeled as 2a’ which depicts to trigonal
copper(l) complex [CuCI{k'(P)-1a}.]. Geometrical parameters of the conformers are
agreement with structure experimentally determined by XRD analysis, for instance, the
distance Cu—P in both conformers is between 2.2-2.3 A. The N-Cu bond distance is 2.11 A
and dihedral angle P-C—C—N formed between the phosphole and coordinated pyridine rings
is 24.27°. As experimentally observed, conformer 2a result to be more stable than 2a’ by ca.
6.4 kcal/mol. Besides, a maximum was obtained in the scan analysis, which is associated
with the arrangement of the pyridyl group in the perpendicular plane to the phosphole ring
plane. The maximum of ca. 8.96 kcal/mol represents the rotation barrier of pyridyl group.
This values is close to calculated rotation barriers for quinolyl group in trigonal complexes
[CuX(2,5-di(2-quinolyl)-1-phenyl-phosphole).] (X = Cl, I) (ca. ~ 9 kcal/mol).[50] Therefore,
energy difference between conformers 2a and 2a’ along with relatively low barrier for
rotation of pyridyl group would suggest that a fast dynamic equilibrium is favored by suitable
orientation of free pyridines as observed in solution. The rotation barrier (=~ 8 kcal/mol) of
the complex 2b is shown in Figure S18 in Sl, and in that case, the most stable conformer
corresponds to the trigonal complex in agreement with the experimental results previously
reported.[3]
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Figure 4. Scan analysis of the rotation barrier energy of pyridyl moiety of 2a.

The donor-acceptor interactions between the ligands and copper center were quantified by
the perturbation energy E(2), which is associated with the delocalization of lone electron pair
(LP or o) or a bonding m-interaction (BD or =) for ligands as well as antibonding (c*) for the
metal center (values are shown in Sl, Table S1). Thus, E(2) energies values show the strong
donor ligands interaction with copper center in 2a’ (E(2) ~ 88 kcal/mol for o(P)—o*(Cu) and
E(2) ~ 77 kcal/mol for o(Cl)—o*(Cu)). But, it is remarkable the fact that E(2) energies values
decrease once pyridyl group is coordinated (E(2) ~ 54 kcal/mol for o(P1)-c*(Cu) and E(2)
~ 67 kcal/mol o(Cl)—c*(Cu)) wherein E(2) value (33.32 kcal/mol) for o(N)-c*(Cu) reveals
the strength of N-Cu coordination (conformer 2a). Analogous trend was found in the
calculated Wiberg bond index (WBI) values, i.e. values are lower for 2a (see values in Sl,
Table S1). Mulliken atomic charges (q) calculated for 2a and 2a’ indicated that the charge
on the copper atom changes from 0.037 au (2a") to 0.084 au (2a) by coordination of pyridyl

group.

We have also calculated HOMO and LUMO molecular orbitals for the conformers 2a and
2a’ (see Figure S17 in Sl). In the case of 2a’, a slight distortion is observed for molecular
orbitals of the planar trigonal geometry, in contrast, coordination of pyridyl group (2a)
provokes a considerable distortion of the molecular orbitals in the pseudo tetrahedral
geometry which are not degenerated. HOMO-LUMO gap energy for the complexes 2a and

2a’ was calculated at -15.73 and -20.36 kcal/mol, respectively.

Theoretical calculations were also performed to get insight on the reactivity difference
between catalysts 2a and 2b in studied three-component reactions. In many proposed reaction
mechanism, metal-alkyne n-complex is characterized as an intermediate specie on both A3-
coupling synthesis of propargylamine, and synthesis of 1,4-disubstituted 1,2,3-triazol via
three-component cyclization of halides, alkynes and sodium azide.[51-53] Therefore, we
studied the copper-alkyne m-interaction (using propyne as model molecule) in 2a and 2b.
Figure 5 shows the energetic profile obtained for the n-interaction of catalysts with alkyne.
Theoretical results indicate that N-Cu o-bond is likely strong enough for enabling that

propyne approaches to metal center, in opposite, the copper—alkyne z-interaction in catalyst



2b is energetically favorable by ca. 6.1 kcal/mol. Theoretical evidence explains the higher
activity observed for catalyst 2b respect to 2a, indicating that the trigonal planar geometry
eases the copper-alkyne =-interaction. Indeed, copper—propyne =-interaction in 2a is
energetically favored (ca. 5.9 kcal/mol) by displacement of pyridyl moiety from coordination
sphere which result in trigonal copper complex 2a’. This explains the rise of catalytic activity

of 2a by increasing the reaction temperature (see in Table 3, entries 1 and 2).

Electronic energy (kcal/mol)

metal-alkyne m-complex

Figure 5. Energetic profile of the copper—alkyne z-interaction in the catalysts 2a and 2b.

Conclusions

In summary, we have synthesized and fully characterized the first mononuclear copper(l)
complex [CuCH{k!(P)-1a}{k?(P,N)-1a}] (1a = 2,5-bis(2-pyridyl)-1-phenyl-phosphole (2a).
X-ray diffraction analysis revealed unambiguously that 2a presents a pseudo-tetrahedral
geometry around of Cu(l) atom being it is surrounded by one chlorine ligand and two ligands
1a, wherein one exhibits a k!-P-coordinationand the other a k?-P,N chelate mode. 1a shows
a hemilabile behavior changing its coordination mode to give a dynamic equilibrium in
solution between four-coordinated [CuCI{k*(P)-1a}{k?(P,N)-1a}] (2a) and three-coordinate

[CuCI{k}(P)-1a}.] (2a’) complex. Theoretical calculations confirmed the experimentally



observed, pseudo tetrahedral 2a is more stable than trigonal planar 2a’ structure, moreover,
theoretical data suggest that dynamic equilibrium observed in solution is favored by suitable

orientation of free pyridines.

Like complex 2b, complex 2a results to be active for catalyzing A3-coupling reactions of
aldehyde, amine and alkyne in absence solvent. Further, copper(I) complexes 2a and 2b
showed be efficient to catalyze multicomponent direct synthesis of 1,4-disubstituted 1,2,3-

triazoles from the reaction of alkynes, organic halides, and NaN,. These complexes are air

and moisture stable and hence either purified reagents or glovebox were not required for
carry out the catalytic reactions and they operated with low loading. Experimental data
showed that catalytic activity of 2a and 2b is comparable to that previously observed for
copper(l) complexes containing phosphine ligands. However, [CuCl{x!(P)-1b}2] (2b)
showed be more active than [CUCI{k}(P)-1a}{k*(P,N)-1a}] (2a) for catalyzing both three-
component synthesis of propargylamines and 1,4-substituted 1,2,3-triazoles. Theoretical
calculation indicated that lower activity for 2a is associated to N-Cu o-bond of coordinated
pyridine which is likely strong enough for enabling the interaction of alkyne with copper
center. Theoretical data suggests that the trigonal planar geometry of seems to be a more

suitable structure for the copper-alkyne m-interaction.

Catalytic data, herein showed, allow us to affirm that copper(l) complexes 2a and 2b are
promising catalysts for promoting activation alkyne reactions. We expect that this research

becomes a useful contribution on the development of new homogeneous catalysts.
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