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Abstract: The tetrafluoroborate salt of the cationic Cu(I) complex [Cu(CHpz3)(PPh3)]*, where CHpz;
is the tridentate N-donor ligand tris(pyrazol-1-yl)methane and PPh;j is triphenylphosphine, was
synthesized through a displacement reaction on the acetonitrile complex [Cu(NCCH3)4][BF4]. The
compound crystallizes in the monoclinic P2 /¢ space group. The single-crystal X-ray diffraction
revealed that the copper(I) centre is tetracoordinated, with a disposition of the donor atoms surround-
ing the metal centre quite far from the ideal tetrahedral geometry, as confirmed by continuous shape
measures and by the 14 parameter. The intermolecular interactions at the solid state were investi-
gated through the Hirshfeld surface analysis, which highlighted the presence of several non-classical
hydrogen bonds involving the tetrafluoroborate anion. The electronic structure of the crystal was
modelled using plane-wave DFT methods. The computed band gap is around 2.8 eV and separates a
metal-centred valence band from a ligand-centred conduction band. NMR spectroscopy indicated
the fluxional behaviour of the complex in CDClj solution. The geometry of the compound in the
presence of chloroform as implicit solvent was simulated by means of DFT calculations, together with
possible mechanisms related to the fluxionality. The reversible dissociation of one of the pyrazole
rings from the Cu(I) coordination sphere resulted in an accessible process.

Keywords: copper(I); tris(pyrazol-1-yl)methane; triphenylphosphine; single-crystal X-ray diffraction;
Hirshfeld surface analysis; DFT calculations

1. Introduction

Tris(pyrazol-1-yl)alkanes constitute a family of tridentate N-donor ligands widely em-
ployed in coordination chemistry, homogeneous catalysis and bioinorganic chemistry [1-11],
where tris(pyrazol-1-yl)methane (CHpz;3) represents the simplest compound. CHpzz and
the related homoleptic Fe(Il) complex were first reported in 1979 by Mani [12]. Being
isoelectronic with the anion tris(pyrazol-1-yl)borate, CHpzz is generally considered a
C-scorpionate.

In recent years, particular interest was devoted to the preparation of copper tris(pyrazol-
1-yl)alkane complexes [13,14]. The first Cu(ll) derivatives were reported in 1985, having
general formulae [Cu(CHpz3)X;] (X = Cl, Br, CH3COO) and [Cu(CHpz3),]X, (X =Cl, Br,
NOs, ClOy) [15]. The chemistry of tris(pyrazol-1-yl)alkanes with Cu(I) started in 1996, with
the isolation of cationic carbonyl and acetonitrile complexes with substituted tris(pyrazol-
1-yl)alkane ligands having the formulae [CU(CHR’R,pZ:J,)(CO)][PFd and [Cu(CHR'R/pZ3)
(NCCHj3)][PFg] (CHR'R/pZ3 = tris(3,5-dimethylpyrazol-1-yl)methane, tris(3-phenylpyrazol-
1-yl)methane and tris(3-tert-butylpyrazol-1-yl)methane) [16]. In the case of Cu(II) deriva-
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tives, the coordination number generally varies from five to six [17], while most of the
Cu(l) are four coordinated, with the C-scorpionate acting as «3-ligand and the fourth
coordination site occupied by a monodentate ligand. Besides acetonitrile, several other ni-
trogen donors were successfully coordinated, for instance, cyanamides [18], six-membered
N-donor heterocycles [19], NO radical [20] and nitrite [21]. Instead of CO, electronically
related isocyanides can also occupy the fourth position of the Cu(I) coordination sphere [22].

Cu(I) complexes with tris(pyrazol-1-yl)alkanes and a monodentate phosphine were
reported in the literature and investigated in selected cases for applications in medic-
inal chemistry [23-26]. The tris(pyrazol-1-yl)alkanes considered are, besides CHpzs,
tris(3,5-diisopropyl-1-pyrazolyl)methane, tris(pyrazol-1-yl)methanesulfonate and tris(3-
phenylpyrazol-1-yl)methanesulfonate, while the phosphines are triphenylphosphine (PPhs),
tris(m-sulfonatophenyl)phosphine, tris(cyanoethyl)phosphine, 1,3,5-triaza-7-phosphaadamantane
and its N-methylated derivative. Quite surprisingly, the simplest CHpz3 C-scorpionate was
mainly used in combination with 1,3,5-triaza-7-phosphaadamantane and tris(cyanoethyl)
phosphine. The X-ray structures of the hexafluorophosphate and nitrate salts of [Cu(CHpz3)
(PPh3)]* are, however, present in the Cambridge Crystallographic Data Centre (CCDC
234259 and 246420) [27,28]. The related [Cu(CHbtzs)(PPh3)][BF4] complex, where CHbtzs
is tris(benzotriazol-1-yl)methane, was recently reported by our research group together
with the single-crystal X-ray structure determination of CHbtz; [29]. Given our interest
towards the preparation of Cu(l) coordination compounds with polydentate azole-based
ligands [30,31], in this paper, we report the synthesis, characterization and single-crystal
X-ray structure determination of [Cu(CHpz3)(PPh3)][BF4]. The supramolecular network
was studied employing the Hirshfeld surface determination, while selected aspects of the
compound in the solid state and in solution were investigated by means of DFT calculations.

2. Experimental Section
2.1. Materials and Methods

Commercial solvents (Merck, Darmstadt, Germany) were purified as described in the
literature [32]. CupO, HBF,-Et,O and the organic reactants were purchased from Alfa Aesar
(Ward Hill, MA, USA) and Merck (Darmstadt, Germany) and used as received. The ace-
tonitrile complex [Cu(NCCHj3)4][BF4] was synthesized following a reported procedure [33].
Tris(pyrazol-1-yl)methane CHpz; was prepared employing common Schlenk techniques
according to a published method [34]. The reactions involving Cu(I) were carried out under
inert atmosphere, working in a MBraun (Garching, Germany) Labstar glove box with MB
10G gas purifier filled with N, and equipped for inorganic syntheses.

Elemental analyses (C, H, N) were carried out using an Elementar (Langenselbold,
Germany) Unicube microanalyzer. Conductivity measurements were carried out at 298 K
using an XS Instruments (Modena, Italy) Cond 80+ conductometer. Melting points were
registered using a FALC (Bergamo, Italy) 360 D instrument equipped with a camera. Nu-
clear magnetic resonance (NMR) spectra were collected at variable temperatures employing
a Bruker (Billerica, MA, USA) Avance 400 instrument operating at 400.13 MHz of 1H reso-
nance. 'H NMR spectra are referred to the partially non-deuterated fraction of the solvent,
itself referred to tetramethylsilane. 31p{TH} NMR resonances are referred to 85% H3POy in
water. 1F{1H} NMR resonances are referred to CFCl5.

2.2. Synthesis of [Cu(CHpz3)(PPh3)][BF4]

[Cu(NCCH3)4][BF4] (0.478 g, 1.5 mmol) was dissolved under N in 20 mL of dry
dichloromethane inside the glove box. A stoichiometric amount of PPh3 (0.393 g, 1.5 mmol)
was added to the solution, and the reaction mixture was stirred at room temperature for
four hours. CHpz; (0.321 g, 1.5 mmol) was then added, and the solution was stirred
overnight at room temperature. The solvent was evaporated under reduced pressure, and
diethyl ether (10 mL) was added. The white solid that separated was collected by filtration,
washed two times with 5 mL of diethyl ether and dried under vacuum. Yield 0.583 g (62%).
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Crystals suitable for X-ray diffraction were grown by means of slow diffusion of diethyl
ether in dichloromethane solutions.

Characterization of [Cu(CHpz3)(PPh3)][BF4]. Anal. caled for CygHysBCuF4NgP
(626.86 g mol 1, %): C, 53.65; H, 4.02; N, 13.41. Found (%): C, 53,45; H, 4.04; N, 13.39. M.p.
(°C): 196. Ay (acetone, ohm~'mol~'em?): 142. 'H NMR (CDCl3, 300 K): 5 9.44 (s, 1H,
CH), 8.43 (d, 3H, Jun = 2.8 Hz, Pz), 7.65-7.40 (m, 15H, PPh3), 7.32 (d, 3H, [ = 1.9 Hz,
Pz), 6.32 (d, 3H, Juu = 2.8 Hz, Juu = 1.9 Hz, Pz). 3'P{'H} NMR (CDCls, 300 K): 5 8.63
(FWHM = 250 Hz). 1?F{'H} NMR (CDCl3, 300 K): —149.79 (1°B-F), —149.84 (1! B-F).

2.3. Crystal Structure Determination and Hirshfeld Surface Analysis

Crystallographic data were collected at CACTI (Universidade de Vigo) using a Bruker (Bil-
lerica, MA, USA) D8 Venture Photon II CMOS detector and Mo-K« radiation (A = 0.71073 A)
generated by an Incoatec (Geesthacht, Germany) Microfocus Source IpuS. The temperature
was kept at 100 K employing an Oxford Cryosystems (Oxford, UK) Crystream 800 cooler.
The software APEX3 version 2019-11-0 [35] was used for collecting frames of data, indexing
reflections and determining lattice parameters; SAINT version 8.40B for integration of
intensity of reflections [35] and SADABS version 2016/2 [35] for scaling and empirical ab-
sorption correction. The crystallographic treatment was performed with the Oscail version
4.7.1 (2014) program [36] and solved using the SHELXT version 2018/2 program [37]. The
structure was subsequently refined by a full-matrix least-squares based on F? using the
SHELXL version 2018/3 program [38]. Non-hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atoms were included in idealized positions and re-
fined with isotropic displacement parameters. Other details concerning crystal data and
structural refinement are given in Table 1. CCDC 2323499 contains the supplementary
crystallographic data. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures (accessed on 26 January
2024). PLATON (version 110423) was used to obtain some geometrical parameters from the
cif file [39]. Figures were drawn using Mercury version 2023.3.0 [40].

Table 1. Crystal data and structure refinement for [Cu(CHpz3)(PPhg3)][BF4].

CCDC code 2323499
Empirical formula CogHy5BCuF4NgP
Moiety formula CygHy5CuNgP, BE,
Formula weight 626.86
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2y /c

Unit cell dimensions

a=11.9442(9) A
b =15.5313(9) A

¢ =15.9059(12) A
B = 105.945(3)°

Volume 2837.2(3) A3
Z 4
Density (calculated) 1.468 Mg/ m3
Absorption coefficient 0.882 mm~!
F(000) 1280
Crystal size 0.273 x 0.251 x 0.219 mm
Theta range for data collection 2.623 to 28.282°
Index ranges -15<h<13
—20<k<20
—21<1<21
Reflections collected 80174
Independent reflections 7023 [Rint = 0.0322]
Reflections observed (>20) 6568
Data Completeness 0.999
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Table 1. Cont.

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7457 and 0.6079
Refinement method Full-matrix least-squares on F?
Data/restraints/parameters 7023/0/370
Goodness-of-fit on F2 1.062
Final R indices [I > 20(I)] Ry =0.0272
wR, = 0.0667
R indices (all data) Ry =0.0297
wR, = 0.0680
Largest diff. peak and hole 0.761 and —0.485 e.A~3

The Hirshfeld surfaces were calculated using the Crystal Explorer version 3.1 program
package, and the 2D fingerprint was prepared using the same software [41,42]. The de-
posited cif file was used as input file for the calculations. All (d;, de) contacts were also
expressed in the form of two-dimensional plots, known as 2D fingerprint plots [43].

2.4. Computational Details

Calculations on the crystal were carried out with the PBEsol DFT functional [44] in
combination with on-the-fly generated norm-conserving pseudopotentials [45]. The plane-
wave basis set cut-off was set at 1210 eV. The dispersion corrections from Tkatchenko and
Scheffler were added [46]. Relativistic effects were accounted through the scalar Koelling—
Harmon approximation [47]. The lattice parameters and the atomic positions were taken
from the cif file and left unchanged. The cell content considered in the calculation was
composed of four [Cu(CHpzs3)(PPh3)]* cations and four [BF4]~ anions, corresponding to
856 explicit electrons. The charge was set to zero, and the system was treated as non-spin
polarized. The software used was CASTEP 20.1 [48-50], and the 3D plots were generated
with XCrysDen 1.6 [51,52].

Geometry optimizations and surface scans were carried out without symmetry con-
straints using the r2-SCAN-3c method [53] based on the meta-GGA r?SCAN functional [54]
combined with a tailor-made triple-( gaussian atomic orbital basis set with refitted D4 and
geometrical counter-poise corrections for London dispersion and basis set superposition
error [55-57]. The C-PCM implicit solvation model was added to the calculations, consider-
ing chloroform as a continuous medium [58,59]. Calculations were carried out using ORCA
5.0.3 [60,61]. The Cartesian coordinates of the DFT-optimized geometry are provided in
Supplementary Materials, Table S1.

3. Results and Discussion
3.1. Synthesis and Single-Crystal X-ray Structure Determination

[Cu(CHpz;3)(PPh3)][BF4] was synthesized under mild conditions via the stepwise
addition of stoichiometric amounts of PPhz and CHpz; to a dichloromethane solution of
the precursor [Cu(NCCH3)4][BF4]. The elemental analysis data agree with the proposed
formula, and the conductivity measurements revealed that the compound behaves as a 1:1
electrolyte in acetone solution [62].

[Cu(CHpz3)(PPh3)][BE4] crystallizes in the P2, /c space group. The asymmetric unit
is shown in Figure 1. Selected bond lengths and angles are summarized in the caption
of Figure 1. Similarly to the hexafluorophosphate [27] or the nitrate salts [28], the com-
plex cation is constituted by a tetracoordinated copper atom coordinated to the N,N’,N"'-
tridentate CHpz3 ligand and PPhs as P-monodentate ligand. The geometry exhibits severe
distortions, and it is best described as a vacant trigonal bipyramid rather than a tetrahedron
according to the Continuous Shape Measures given in Table 2 [63,64]. The classical parame-
ter used for tetracoordination, T4, is around 0.67, in line with a highly distorted trigonal
bipyramid geometry (ideal values: 0.00 for planar, 1.00 for tetrahedral, 0.85 for trigonal
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bipyramid) [65,66]. Continuous Shape Measures and 14 values for the [Cu(CHpz3)(PPh3)]*
cation as tetrafluoroborate, hexafluorophosphate and nitrate salt are compared in Table 2.

(a)

Figure 1. (a) Asymmetric unit of [Cu(CHpz3)(PPh3)][BF4]. Selected bond lengths [A] and angles [°]:
Cu-N(11), 2.0863(12); Cu-N(21), 2.0477(12); Cu-N(31), 2.1144(12); Cu-P(1), 2.1541(4); N(11)-Cu-N(21),
87.08(5); N(11)-Cu-N(31), 86.10(5); N(21)-Cu-N(31), 89.64(5); N(11)-Cu-P(1), 131.38(3); N(21)-Cu-P(1),
134.20(3); N(31)-Cu-P(1), 113.25(3); C(41)-P(1)-C(51), 104.81(6); C(41)-P(1)-C(61), 105.45(6); C(51)-P(1)-
C(61), 104.37(6); C(41)-P(1)-Cu, 111.46(4); C(51)-P(1)-Cu, 112.18(4); C(61)-P(1)-Cu, 117.52(4); (b) The
[Cu(CHpz3)(PPh3)]* cation drawn along the Cu-P bond vector, without hydrogen atoms.

Table 2. Continuous Shape Measures and 14 parameter for the [Cu(CHpz;)(PPhs)]* cation as
tetrafluoroborate, hexafluorophosphate and nitrate salt.

Anion Sp-41 T-42 SS-43 vIBPY-4 4 Ty

[BF4]~ 32.393 4.329 7.120 3.887 0.67
[PFg]~ 31.757 4.288 6.741 3.937 0.67
[NOs]~ 32.431 4.173 6.885 4.702 0.72

1 SP-4: Dsh, Square. 2 T-4: T4, Tetrahedron. 3 $S-4: Cy,, Seesaw. * vTBPY-4: C3,, Vacant trigonal bipyramid.

Following this geometric model, the equatorial sites are occupied by two nitrogen
atoms [N(11) and N(21)] of CHpz; and the phosphorus atom, P(1), of PPh3. The axial
position is filled by another nitrogen atom of CHpz3, N(31), and as expected, the Cu-N bond
length, equal to 2.1144(12) A, is longer than those related to the equatorial sites, 2.0863(12)
and 2.0477(12) A long. The P(1)-Cu-N(11) and the P(1)-Cu-N(21) angles are 131.38(3) and
134.20(3)°. The third equatorial angle N(11)-Cu-N(21), equal to 87.08(5)°, is restricted by the
structural rigidity of the C-scorpionate ligand. These three angles sum up to 352.7°, which
is far from the 360° expected for a perfect geometry. The angle P(1)-Cu-N(31), equal to
113.25(3)°, is also far from the ideal 90° because of the rigidity of CHpz3, with the N-Cu-N
angles between 86.10(5) and 89.64(5)°. In the related hexafluorophosphate salt [27], the same
effect can be found, although the values of the bond distances are slightly longer. On the
other hand, the nitrate derivative has a more regular arrangement around the Cu(I) centre
and a quasi-tetrahedral conformation [28]. Figure 1b shows the [Cu(CHpz3)(PPh3)]* cation
drawn perpendicular to the Cu-P bond vector. It is evident that the carbon labelled as C(1)
is out of the vector, with a P(1)-Cu(1)-C(1) angle of 166.03(3)°. A similar value was found for
the PFg~ derivative, but in the NO3; ™ salt, the angle was 172.9°. The main difference among
these compounds is the relative disposition of the pyrazolyl and phenyl rings since they
are eclipsed in the nitrate salt but staggered both in the hexafluorophosphate salt and in
the title compound (see also Figure S1). These differences also generate a different network
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since, in the nitrate salt, the interactions between molecules are due to CH---7t interactions,
while in [Cu(CHpz3)(PPh3)][BF4], the supramolecular network is mainly governed by the
presence of the anion, being the fluorine atoms H-acceptors of non-classical hydrogen
bonds. All the fluorine atoms of the BF;~ anion are implicated in at least one interaction,
whose parameters are set out in Table 3. The non-classical hydrogen bonds are represented
in Figure 2.

Table 3. Hydrogen bond parameters for [Cu(CHpzz)(PPh3)][BF4] [A and °].

D-H.. A d(D-H) dH...A) d(D...A) <(DHA)
C(34)-H(34). . .FQ1) 0.95 2.27 3.1367(18) 151.6
C(1)-H@1)...F1Y) 1.00 2.26 3.1381(16) 146.5
C(13)-H(13)...F(1 1) 0.95 242 3.1223(19) 130.7
C(25)-H(25). . .F(2 1) 0.95 2.36 3.3073(17) 174.7
C(14)-H(14). . .F(3 iil 0.95 249 3.342(2) 149.0
C(23)-H(23).. .F@41 0.95 2.53 3.2634(19) 133.9

C(1)-H(1)...F@4) 1.00 2.45 3.3596(18) 150.4

Symmetry operations: 11 —x,1 —y,2 —zix—1,1/2-y,z—1/21 -x,y+1/2,3/2 — z

Figure 2. Non-classical hydrogen bonds in [Cu(CHpz3)(PPh;3)][BF4]. Colour map: Cu, reddish-
orange; P, orange; F, greenish yellow; N, blue; C, green; B, pink; H, white. Only the hydrogen atoms
involved in hydrogen bonds are drawn.

3.2. Hirshfeld Surface Analysis and Plane-Wave DFT Calculations

With the aim of deepening the knowledge about the supramolecular network, the
Hirshfeld surface analysis was carried out. This technique allows for the investigation of
the interactions in crystal structures through the visual recognition of several properties
of intermolecular interactions (curvedness, shape index, dnorm, etc.) mapped onto proper
surfaces. The surfaces were drawn in this paper by the representation of the normalized
contact distance, dnorm, defined as the sum of d; (the distance of the point from the nearest
nucleus within the surface) and d. (the distance of the point from the nearest nucleus
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outside the surface) normalised by the van der Waals radius of the atom involved [41]. The
transparent surfaces shown in Figure 3 were calculated only for the cation to show the inter-
actions with BF,~ and are mapped over a dnorm range between —0.31 and 1.54 A. The deep
red spots visible on the dnorm surfaces are indicative of non-classical hydrogen-bonding
contacts, most of them representing interactions with symmetry-related anions found in
the network [67]. Related surfaces with other mapped quantities (d;, de, curvedness and
shape index) are collected in Supplementary Materials, Figure S2.

(a)

Figure 3. (a) Two views of the Hirshfeld surface of the [Cu(CHpz3)(PPh3)]* cation in the tetrafluo-
roborate salt mapped with dnorm; (b) Hirshfeld surface of the cation mapped with dporm and drawn
with the surrounding BF4~ anions.

All the (dj, de) contacts can be expressed in the form of a 2D fingerprint plot [43]. The
shape of this plot, which is unique for each molecule, is determined by the dominating
intermolecular contacts. The 2D fingerprint plot was constructed in this work by using
reciprocal interactions, meaning that both X:--Y and Y---X interactions were included in the
fingerprints. The contributions of the individual interactions were also separated, and the
relative percentages were assigned. In particular, Figure 4 shows the 2D fingerprint plots
with the relative contributions to the Hirshfeld surface area of different pairs of atoms. As
expected, van der Waals C---H (i.e.,, C-H:--7t) and H---H (i.e., 7t---7) close contacts provide
the highest contributions, but the previously mentioned F---H close contacts are noteworthy
since they represent 15% of the interactions and begin at about 1.2 + 0.9 A as an acute
spike. Therefore, they are present only in the external face of the surface (de) since the
tetrafluoroborate anions are out of the calculated surface, and the plot is asymmetric, with
only one spike due to these interactions.

Further information from the cif file was obtained by optimizing the electronic struc-
ture using plane-wave DFT calculations. The considered real and reciprocal lattices are
represented in Figure 5, together with the path connecting selected k-points of the reciprocal
space. The band structure close to the valence (VB) and conduction (CB) bands is also
reported in Figure 5, together with the density of states (DOS), separated by the orbital
type. The occupied bands at the highest energy are mainly composed of the superposition
of d-type orbitals of the Cu(I) centres, as confirmed by the DOS and by the plot of the VB.
On the other hand, the unoccupied bands at the lowest energy are mainly ligand centred,
with a dominant contribution of the aromatic rings of coordinated PPhs in the CB. The
separation between the valence and conduction band in the reciprocal space is roughly
constant, and it is around 2.8 eV.
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Figure 4. Two-dimensional fingerprint plots for the cation in [Cu(CHpz3)(PPh3)][BF,].

E (eV)

-0.5

40

50

L eleV

Figure 5. (a) Occupied (green) and empty bands (light blue) close to the VB and the CB and density
plots of VB and CB (surface isovalue = 0.01 a.u.); (b) plot of the orbital contributions to the DOS;
(c) reciprocal (green) lattice with path connecting selected k-points in red; (d) real lattice with cell

content (colour map: Cu, reddish-orange; P, yellowish orange; F, greenish yellow; N, blue; C, grey; B,

pink; H, white).

3.3. Fluxional Behaviour of the Complex in Solution

The 'H NMR spectrum of [Cu(CHpz3)(PPh;3)][BF4] in CDCl; at 300 K shows, besides
the methine proton of CHpzs at 9.44 ppm and the P-bonded aromatic rings between 7.65
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H NMR

and 7.40 ppm, three resonances related to the pyrazole rings at 8.43, 7.32 and 6.32 ppm.
Despite the lack of equivalence of the Cu-N bonds observed in the crystal structure, the
three pyrazole rings are thus equivalent in solution on the NMR timescale, indicating
fluxional behaviour. Such a hypothesis is confirmed by the 3!P{'H} NMR spectrum, where
the single resonance of the coordinated phosphorus atom at 8.63 ppm appears broad, with
full width at half maximum (FWHM) of 250 Hz (Figure 6).

3py1
. P{'H} NMR

pz I

FWHM = 250 Hz

98 9.7 96 95 9.4 93 92 9.1 90 89 88 8.7 86 8584 83 82818079 7877 76 7574 7372 71 7069 6867 66 656463626160

f1 (ppm)
Figure 6. "H NMR and 3'P{'H} NMR spectra of [Cu(CHpz3)(PPh3)][BF,] (CDCl3, 300 K).

A single broad 3!'P{!H} NMR resonance was previously observed for the related
hexafluorophosphate salt under comparable experimental conditions, but the chemical
shift is slightly different (9.04 ppm). The methine 'H resonance reported for the coordi-
nated C-scorpionate in [Cu(CHpz3)(PPhs)][PF¢] is also different in comparison to that of
[Cu(CHpz3)(PPh3)][BF4], being shifted to a lower frequency by 0.3 ppm [27].

To shed light on the fluxional behaviour of the complex, the geometry was optimized
by means of DFT calculations in the presence of CHCl3 as continuous medium. The lack of
imaginary frequencies in the simulated IR spectrum confirmed that the stationary point
found is a local minimum. In the computed geometry, the BF,~ anion is much closer
to the Cu(I) centre (Cu---B distance of 4.833 A) compared to the X-ray data, where the
shortest Cu---B distance is 6.213(2) A). The anion lies between two planes defined by two
pyrazole rings; thus, in the computed model, the F---H hydrogen bonds disappear, while
the electrostatic interaction between the cation and anion increases. For what concerns the
cation, the pyrazolyl and phenyl rings are much less staggered in the computed structure
compared to the experimental one. Moreover, the Cu-N bond lengths are comprised in a
reduced range, from 2.080 to 2.113 A. The CHpz3 methine carbon is less deviated from the
Cu-P vector, being the computed C-Cu-P angle 172.9° (166.03(3)° in the X-ray structure).
It is worth noting that the same angle was experimentally found in the X-ray structure
of the nitrate salt of the complex [28]. The {(CHpz3)CuP} fragment is therefore more Cs,
symmetric in the DFT-optimized geometry compared to the X-ray structure. The root mean
square deviation (RMSD) between computed and X-ray geometries of the cation is 1.302 A.
The two structures are superimposed in Figure 7. Selected computed bond lengths and
angles are provided in the caption of Figure 7.
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Figure 7. Two views of the DFT-optimized structure of [Cu(CHpzs)(PPh3)][BF,] (turquoise tones)
superimposed to the closest cation-anion couple found in the X-ray structure (red tones). Hydrogen
atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Cu-N, 2.080, 2.087, 2.113; Cu-P,
2.162; N-Cu-N, 87.5, 87.6, 88.8; N-Cu-P, 125.4, 125.8, 128.8.

The fluxionality of the compound was computationally investigated by employing
relaxed surface scans involving the Cu-N and Cu-P bonds. The energy variations (electronic
energy + nuclear repulsion) associated with the progressive elongation of the bonds are
shown in Figure 8. The path related to the Cu-N dissociation is characterized by a very low
energy barrier, estimated around 4.2 kcal mol~, leading to a less stable local minimum
compared to the starting geometry by only 1.4 kcal mol~!. The new geometry found can be
described as a Cu(I) trigonal planar complex with two nitrogen and one phosphorus in the
coordination sphere. One of the fluorine atoms of BF, ™ is close to the trigonal plane, about
2.4 A away from the copper atom. It is therefore likely to suppose that the anion actively
participates in the fluxional behaviour, stabilizing the coordinatively unsaturated trigonal
complex. The ability of tetrafluoroborate to behave as a ligand towards Cu(I) in so-called
coinage (or regium) bonds is well documented in the literature [68-71]. On the other hand,
Figure 8 reveals that a fluxional path involving the Cu-P bond is much less competitive.

Attempts to observe possible intermediate species involved in the fluxional behaviour
were carried out by recording the 'H, 3'P{'H} and "F{'H} NMR spectra at variable temper-
atures (Figures S3-S5), but no resonance attributable to species such as [Cu(k2-CHpz3)(x>-
BF,)(PPh3)] was clearly detected. The 'H NMR spectrum maintains the symmetry of the
coordinated C-scorpionate at 209 K also, with a broadening of the methine resonance upon
lowering the temperature. On the other hand, the 31p{IH} NMR resonance becomes sharper
at low temperature, whereas a weak enlargement of the E{IH} resonance was observed.
It is likely to suppose that the fluxional mechanisms also remain too fast at temperatures
close to the melting point of the solvent and that the relative energy of the intermediates is
too high to have an appreciable concentration in solution.
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Figure 8. Relative energy profiles on varying the Cu-N (blue) and Cu-P (orange) bond distances with
selected geometries. Colour map: Cu, reddish-orange; P, orange; F, greenish yellow; N, blue; C, green;
B, pink. Hydrogen atoms are omitted for clarity.

4. Conclusions

The [Cu(CHpz3)(PPh3)]* cation represents one of the simplest examples of Cu(I) C-
scorpionate derivatives. In this work, we highlighted how the geometry of the complex at
the solid state is influenced by the choice of the counterion. In fact, the Cu(I) coordination
sphere in [Cu(CHpz3)(PPh3)][BF4] is quite different compared to the previously reported
nitrate salt. The intramolecular network is also deeply affected since the tetrafluorobo-
rate anion formed several non-classical hydrogen bonds with the hydrogen atoms of the
pyrazole rings. According to the DFT outcomes, the same interactions are not present in
solution, but the anion plays a role in the fluxionality of the complex by establishing a
regium bond with the coordinatively unsaturated metal centre obtained by the dissociation
of a Cu-N bond. On considering the fields of applications for C-scorpionate complexes
briefly outlined in the Section 1, the information collected in this paper appears of possible
interest for the design of new Cu(l) coordination compounds with improved features.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst14020162 /s1, Figure S1: comparison of the X-ray structures
of [Cu(CHpz3)(PPh3)]* as tetrafluoroborate and nitrate salt; Figure S2: Hirshfeld surfaces mapped
with dj, de, curvedness and shape index; Figures S3-S5: 1Y, 31p{1H} and F{1H} NMR spectra
collected at variable temperatures; Table S1: Cartesian coordinates of the DFT-optimized structure.
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