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interchange between Cu(I) and Cu(II) oxidation states, a
redox property that nature exploits for various electron transfer
processes, as seen in blue copper proteins.15−17 Moreover, in
biological systems, copper is known to be involved in the
activation of dioxygen (O2), enabling various essential
functions, such as oxygen transport, reduction of O2 to
water, and oxidative transformations, including hydroxylation
of C−H and O−H bonds�exemplified by the oxidation of
methane to methanol by particulate methane monooxygenase
(pMMO) enzyme. Moreover, copper complexes have found
numerous applications in molecular sensors (e.g., in the
detection of H2O2 and NO),18−20 catalytic decomposition of
toxic oxygen-based species, such as peroxynitrite (ONOO−),
etc.21 Mimicking the biological systems, activation of molecular
dioxygen by elusive Cu-coordinated diphosphorus P2 is so far
an unresolved question. Unlike the linear coordination
geometry of Au(I), Cu(I) often adopts flexible geometries,
forming mono-, di-, or polynuclear assemblies with P-based
ligands. Unraveling the influence of cAAC ligands as the stable
singlet carbenes on Cu(I)−P bonding, along with the
subsequent O2 activation at low-valent, low-coordinate
phosphorus centers, could offer exciting insights into the
stability and reactivity of such species.

Herein, we report on the synthesis, structural character-
ization, and chemical bonding analyses of neutral, bis-cAAC-
stabilized mono- and dicuprated complexes of diphosphorus,
P2, with general formulas [(cAAC)2P2(CuX)] (X = Cl (2a−
2b); X = Br (2c)) and [(cAAC)2P2(CuX)2] (X = Cl (3a−3b),
X = Br (3c)), isolated from the reactions of bis-cAAC-
stabilized phosphaalkenes (cAAC)2P2 (1a-1b) with CuX (X =
Cl, Br). Most importantly, the biomimetic activation of
molecular dioxygen (O2) at the phosphorus center of P2 in
the presence of Cu(I) ion is explored by in situ EPR studies,
which afforded the first ever isolation of the monoanionic
cAAC-phosphonate (cAAC-PO3

−)22-stabilized dicationic Cu-
(II)6 cluster [Cu6

II(Cy-cAAC-PO3)4O2Cl2][CuCl2]2 (4).
Quantum chemical calculations provided detailed insights
into the nature of the metal−ligand interactions, highlighting
the role of cAAC in modulating the electronic effects at the
low-valent phosphorus center.

■ RESULTS AND DISCUSSION
The reactions of (cAAC)2P2 (1a = Cy-cAAC =:C(N-
2,6-iPr2C6H3)(C6H10)(CMe2)(CH2); 1b = Me2-cAAC =
:C(N-2,6-iPr2C6H3)(CMe2)2(CH2)) with anhydrous CuCl in
a 1:1.5 molar ratio in THF at 80 °C for 8 h resulted in the
formation of a dark orange solution. Following filtration of the
reaction mixture and concentration to a minimal volume (1−2
mL) under reduced pressure, the filtrate was stored at −40 °C
in a freezer. Dark orange blocks of the monocuprated bis-
phosphaalkene complexes 2a−2b with general formula
[(cAAC)2P2(CuCl)] (2a = Cy-cAAC; 2b = Me2-cAAC),
suitable for single-crystal X-ray diffraction, were obtained after
4−5 days in 44−53% of isolated yields (Scheme 1). Under
s i m i l a r r e a c t i o n c o n d i t i o n s , C u B r a ff o r d e d
[(cAAC)2P2(CuBr)] (2c) in 57% isolated yield. When
phosphaalkene 1a was treated with anhydrous CuCl in a
1:2.5 molar ratio in THF at 80 °C for 8 h, pale orange blocks
of dicuprated phosphaalkene complexes 3a−3b with the
general formula [(cAAC)2P2(CuCl)2] (3a = Cy-cAAC; 3b =
Me2-cAAC) were isolated in 30−36% yields (Scheme 1).

Several attempts to isolate suitable crystals of 3b for single-
crystal X-ray diffraction were unsuccessful. The corresponding

bromide analogue [(cAAC)2P2(CuBr)2] (3c) was obtained in
39% isolated yield under similar reaction conditions when
CuBr was used as the reaction partner. When the above
reactions were performed at room temperature (rt), complexes
2a−2c and 3a−3c were always obtained in lower isolated
yields with about 50% conversion of the respective (cAAC)2P2
(1a−1b).

The exposure of the reaction mixture containing a 1:1.5
molar ratio of (cAAC)2P2 (1a) and anhydrous CuCl to air for
15 min or inserting an O2-filled balloon into the reaction
mixture for 5 min, after 6 h of stirring at 80 °C, followed by
stirring at rt for 8 h, resulted in the change of the color of the
reaction mixture from dark orange to pale brownish.
Subsequent filtration and concentration of the filtrate under
reduced pressure (1−2 mL) afforded block-shaped colorless
crystals of cAAC-phosphonate (cAAC-PO3

−)-stabilized dica-
tionic Cu(II)6 cluster [(Cy-cAAC-PO3)4Cu6O2Cl2][CuCl2]2
(4) in 72% isolated yield (Scheme 1). A similar observation
was obtained upon exposure of a THF solution of the isolated,
pure crystals of monocuprated P2 complex 2a, resulting in the
formation of cluster 4. However, treatment of dicuprated P2
complexes 3a−3c with O2 failed to afford cluster 4. Prolonged
exposure of the THF solutions of 3a−3c to O2 resulted in
decomposition to nonisolable complex reaction mixtures,
which could not be characterized further.

The crystals of complexes 2a−2c, 3a−3c, and 4 were found
to be stable under an argon atmosphere for over 6 months.
The melting points of the powder forms of the respective
complexes were recorded at 180−185 °C (2a), 165−170 °C
(2b), 200−205 °C (3a), and 219−222 °C (3b). Complexes
2c, 3c, and 4 decomposed at 136−138, 157−158, and 257−
260 °C, respectively. The thermal stability of complexes 2a−

Scheme 1. Syntheses of Neutral Complexes
[(cAAC)2P2(CuX)] (2a = Cy-cAAC, 2b = Me2-cAAC, X =
Cl; 2c = Me2-cAAC, X = Br), [(cAAC)2P2(CuX)2] (3a = Cy-
cAAC; 3b = Me2-cAAC, X = Cl; 3c = Cy-cAAC, X = Br) and
the Dicationic Cu(II)6 Cluster [(Cy-cAAC-
PO3)4Cu6O2Cl2][CuCl2]2 (4)
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2c, 3a−3c, and cluster 4 has also been confirmed by
thermogravimetric analysis (TGA, see the SI). Complexes
2a−2c and 3a−3c were characterized by NMR spectroscopy.
The 31P NMR spectra of the DCM-d2 solutions of complexes
2a and 2b, recorded at 298 K, displayed two singlets at 14.70
and −13.13 ppm. In contrast, complexes 3a and 3b showed
singlets at −13.16 and −19.65 ppm, respectively. Notably,
these values are upfield-shifted compared to the singlets
observed for bis-phosphaalkene 1a (55.6 ppm),11 Me2-
cAACPCl (161.9 ppm),10 the corresponding potassium
phosphinidenide, Me2-cAACPK (207.3 ppm),23 and the
reported monoaurated (two doublets at 36.2 and −4.1 ppm)
and diaurated phosphaalkene (a singlet at 14.8 ppm),14 which
indicate the electron-rich nature of the P-centers in the present
complexes. The 31P NMR spectra of DCM-d2 solutions of
complexes 2c and 3c exhibited singlets at 6 and −12 ppm,
respectively. The UV−vis absorption spectra of DCM
solutions of complexes 2a, 2b, and 3a exhibited absorption
maxima (λmax) at 300, 289, and 306 nm, respectively.

Complexes 2−4 were structurally characterized by single-
crystal X-ray diffraction (Figures 1−3). Since complexes 2a−
2c share similar structural features, a detailed structural
description of 2a and 2c is discussed herein.

Complex 2a [(Cy-cAAC)2P2(CuCl)] crystallizes in a
monoclinic system under the P21/n space group. The
molecular structure of 2a shows a monocuprated P2 core
((CuCl)P−P), flanked by two Cy-cAAC ligands, one at each P
atom, arranged in a trans fashion to the central P−P axis with a
torsion angle of 149.67(6)° (C15−P2−P1−C7) (Figure 1,
top). The two-coordinate Cu(I) center in 2a, bonded to one P
and one Cl atom, exhibits a near-linear geometry (P−Cu−Cl ≈
167.683(16)°). In contrast, the three-coordinate P-center,
bound to another P, one Cu, and the CcAAC atoms, adopts a
trigonal pyramidal geometry. The P−P distance in 2a is found
to be 2.1822(6) Å, which is very close to that of 1a (2.184(3)
Å).11 The C15−P2 and C7−P1 bond lengths are found to be
1.7468(14) and 1.7421(14) Å, respectively, which are
comparatively longer than those of 1a (1.719(7) Å) but
comparable to those of the chloro-phosphaalkene, cAACPCl
(1.7513(15) Å),10 and the recently reported monoaurated bis-
phosphaalkene (1.758(2), 1.743(2) Å), confirming the P�
CcAAC formal double bonds.22 It is observed that the P center
coordinated to CuCl in 2a has a slightly longer CcAAC−P bond
length compared to the noncoordinated one.

Complex 2c [(Me2-cAAC)2P2(CuBr)] crystallizes in the
triclinic P-1 space group and consists of one (Me2-cAAC)2P2
ligand, coordinated to a CuBr moiety through one of the two P
centers (Figure 1, bottom). The Cu(I) center in 2c exhibits
near-linear coordination with a P2−Cu1−Br1 bond angle of
169.73(3)°. The P−P bond length in 2c is 2.1729(11) Å,
which is comparable to those in complexes 2a and 3a. The
P2−Cu1 bond length of 2.1664(9) Å is also comparable to
those in 2a and 3a.

The molecular structures of complexes 3a and 3c are
depicted in Figure 2. Complex 3a, [(Cy-cAAC)2P2(CuCl)2],
crystallizes in the monoclinic C2/c space group, which consists
of one (Cy-cAAC)2P2 ligand and two CuCl moieties, each
coordinated to a P atom (Figure 2, top).

Complex 3a has a center of inversion between the two P
atoms. The Cu(I) center in 3a has a linearly bent geometry
(Cl1−Cu1−P1 = 169.67(2)°). The geometry around the P
center is trigonal pyramidal, where the P atom lies at a distance
of 0.521 Å from the plane containing C7−P1−Cu1 atoms. The

P−P bond length in 3a is found to be 2.177(1) Å, which is
slightly shorter than those in cAAC2P2 (1a) (2.184(3) Å) and
[(Me2-Caac)2P2(AuCl)2] (2.163(1) Å).22 The P1−Cu1 bond
distance in 3a is 2.1641(5) Å, which is similar to that in
complex 2a. The CcAAC−P bond distance is 1.7602(18) Å,
which is slightly longer than the corresponding bis-
phosphaalkene (1.719 Å),11 which shows a decrease in
CcAAC�P bond order; however, it is comparable with those
of [(Me2-cAAC)2P2(AuCl)2] (1.760(4), 1.768(4) Å).22 The
N1−C7−P1 and C7−P1−P1i bond angles of 3a are
120.64(13)° and 106.85(6)°, respectively.

Complex 3c [(Cy-cAAC)2P2(CuBr)2] crystallizes in the
monoclinic C2/c space group, which consists of one (Cy-
cAAC)2P2 (1a) ligand and two CuBr moieties, each
coordinated at a P center, exhibiting trigonal pyramidal
geometry (Figure 2, bottom), with a CcAAC�P bond length
of 1.756(3) Å, which is slightly longer than that of the
corresponding bis-phosphaalkene (1.719 Å),11 indicating a
reduced bond order. The P1−Cu1 bond length in 3c is
2.1592(8) Å, which is comparable to that of 2c. The P−P bond

Figure 1. Top: Molecular structure of complex 2a [(Cy-
cAAC)2P2(CuCl)]. Hydrogen atoms are omitted for the sake of
clarity. Selected experimental [calculated at BP86/def2-TZVPP] bond
lengths (Å) and bond angles [°]: N2−C15 1.3493(17) [1.359], P2−
C15 1.7468(14) [1.738], P1−P2 2.1822(6) [2.179], P1−C7
1.7421(14) [1.750], Cu1−Cl1 2.1233(4) [2.117], Cu1−P2
2.1691(5) [2.149], N1−C7 1.3570(17) [1.365]; C15−P2−Cu1
117.67(5) [119.7], C7−P1−P2 103.53(5) [102.9], P2−Cu1−Cl1
167.683(16) [170.8]. Bottom: Molecular structure of complex 2c
[(Me2-cAAC)2P2(CuBr)]. Hydrogen atoms are omitted for clarity.
Selected experimental bond lengths (Å) and bond angles [°]: P1−
C15 1.739(3), P2−C21 1.733(3), P1−P2 2.1729(11), Cu1−Br1
2.2349(5), Cu1−P2 2.1664(9), N1−C15 1.354(4), N2−C21
1.349(4); C21−P2−Cu1 121.37(10), C15−P1−P2 104.40(11),
P2−Cu1−Br1 169.73(3).
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distance in 3c (2.1770(14) Å) also closely resembles those
found in complexes 2a and 3a.

The molecular structure of cluster 4 [Cu6
II(Cy-cAAC-

PO3)4O2Cl2][CuCl2]2 is depicted in Figure 3.
Cluster 4 crystallizes in the triclinic crystal system with space

group P-1, featuring a centrosymmetric hexanuclear Cu cluster,
coordinated by cAAC-phosphonate (cAAC-PO3

−) ligands,
which are generated in situ through oxidation of the P centers
of the bis-phosphaalkene (1) in the presence of the initially
present Cu(I) ion. 4 is dicationic in nature based on the charge
balance with two [CuCl2]2d

−

counteranions. This cAAC-PO3
−

anion stabilizes the entire hexanuclear Cu cluster by
coordinating to all six Cu(II) centers. The asymmetric unit
of 4 comprises one-half of the cluster, containing three Cu2+

centers, coordinated by two cAAC-PO3
− ligands, one μ3-

bridged O ion, a terminal Cl ion, and a coordinated THF
molecule. The peripheral oxygen atoms bridge the Cu and P
centers, whereas the core oxide ligands are exclusively bridged
between the Cu atoms. Of the six Cu atoms present in cluster
4, Cu1 and Cu2 are tetracoordinated, while Cu3 is penta-
coordinated. The geometry around the P atoms in 4 is
distorted tetrahedral, as also reported by Shimizu and co-

workers.24 Cu1 and Cu3 display distorted square planar and
distorted trigonal bipyramidal geometries, respectively. Cu3 is
further connected to a terminal Cl− ion. Among the Cu−O
bonds in 4, the ones involving the cAAC-PO3

−
̅ ligands are

found to be longer (2.107(7) Å) than the ones involving the
THF molecules (1.960(7) Å). The P−O bond distance lies in
the range of 1.912(7)−2.107(7) Å, which is comparable with
that of the reported Cu(II)-phosphonate/mono-organo-
phosphonate complexes.25,26

A key structural feature of cluster 4 is a central Cu2O2 four-
membered ring, formed by Cu1 and O2 atoms, which engages
in a cuprophilic (Cu···Cu) interaction with its inversion-
symmetric counterpart. The Cu···Cu bond distance lies in the
range of 2.873(1)−3.251(2) Å, which is quite smaller than
those observed in the previously reported complexes,
indicating significant intramolecular attraction between the
Cu(II) centers.25,26 The μ3-oxo bridge (O2) caps this Cu2O2
core and simultaneously coordinates to two additional Cu
atoms (Cu2, Cu3), which adopt the distorted trigonal
bipyramidal geometries. Each of these five-coordinate Cu
centers is found to be ligated by two O atoms from the cAAC-
PO3

− ligands, one terminal Cl, one THF molecule, and the
shared μ3-oxo donor. The overall architecture is stabilized by
this intricate network of bridging and terminal ligands,
resulting in a well-defined, inversion-symmetric, unique
Cu(II)6 cluster. The C−P bond lengths in 4 are found to be
1.858(10) and 1.862(9) Å, which are considerably longer than

Figure 2. Top: Molecular structure of complex 3a [(Cy-
cAAC)2P2(CuCl)2]. Hydrogen atoms and one lattice THF molecule
are omitted for clarity. Selected experimental [calculated at BP86/
def2-TZVPP] bond lengths [Å] and bond angles [°]: Cu1−Cl1
2.1174(5) [2.118], Cu1−P1 2.1641(5) [2.149], P1−P1i 2.1775(9)
[2.178], P1−C7 1.7602(18) [1.749], N1−C71.339(2) [1.349], Cl1−
Cu1−P1 169.67(2) [168.7], C7−P1−Cu1 118.84(6) [119.0], N1−
C7−P1 120.64(13) [120.4]. Bottom: Molecular structure of complex
3c [(Cy-cAAC)2P2(CuBr)2]. Hydrogen atoms and the lattice THF
molecule are omitted for clarity. Selected experimental bond lengths
[Å] and bond angles [°]: Cu1−Br1 2.2244(5), Cu1−P1 2.1592(8),
P1−P1i 2.1770(14), P1−C7 1.756(3), N1−C9 1.343(3); P1−Cu1−
Br1 168.41(3), C9−P1−Cu1 118.00(9), N1−C9−P1 120.7(2).

Figure 3. Top: Molecular structure of cluster 4 [Cu6
II(Cy-cAAC-

PO3)4O2Cl2][CuCl2]2. Hydrogen atoms, two [CuCl2] ̅ anions, and the
corresponding minor disordered counterparts are omitted for the sake
of clarity. Selected experimental bond lengths [Å] and bond angles
[°]: P1−O5 1.518(8), P1−O4 1.500(8), P1−O7 1.488(8), P1−C5
1.862(9), P2−C8 1.858(10), N1−C5 1.264(13), N2−C8 1.299(13),
Cu1−Cu1i 2.874(2), Cu1−O2 1.940(6); N1−C5−P1 127.2(8), O7−
P1−C5 106.2(4). Bottom, left: Core of cluster 4. Bottom, right:
Mulliken spin density plot of dicationic cluster 4 (in septet state, at
isosurface of 0.0004 au, α spin is represented in green, and β spin is
shown in blue color), calculated at the UB3LYP-D3(BJ)/def2-TZVP
level of theory.
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those in 2a (1.7468(14) and 1.7421(14) Å) and 3a
(1.7602(18) Å).

Cluster 4 was found to be NMR-silent at various
temperatures, ranging from −50 to 40 °C. However, the
powder form of the solid pure crystalline cluster 4 exhibited a
characteristic EPR signal (giso = 2.07152) at 298 K (see the SI).

The DC magnetic susceptibility measurements of the pure
powder form of cluster 4 showed an experimental χT value of
2.30 cm3 kmol−1 at 300 K, which is close to the theoretically
calculated value (2.25 cm3 k mol−1; g = 2.0) for magnetically
isolated six Cu2+ ions (see the SI). The value of the χT product
slowly decreased with the decrease of the temperature from
300 to 3 K, reaching near zero, suggesting the spin ground
state: S = 0, 1 at 3 K. The high-resolution X-ray photoelectron
spectroscopy (XPS) deconvoluted spectrum of cluster 4
unambiguously confirms the presence of Cu(II) ions by the
peaks observed at 934.0 and 953.9 eV, as well as the presence
of the characteristic shakeup satellite peaks adjacent to the Cu
2p3/2 peaks.

A thorough mechanistic investigation was performed
through in situ EPR studies in order to explore the reaction
path for the aerial oxidation of the P2-backbone of the bis-
phosphaalkene (1a) when reacted with Cu(I)Cl, converting it
to the corresponding cAAC-phosphonate (cAAC-PO3

−)
species, which finally results in the stabilization of the unique
Cu(II)6 cluster 4. The EPR spectra recorded at different time
intervals for either the reaction mixture containing 1a and
CuCl (in a ratio of 1:1.5, respectively) in THF solution (stirred
at 80 °C for 8 h) upon exposure to air or the THF solution of
the isolated monocuprated complex 2a exposed to air for 10−
15 min (in both the cases) revealed the in situ generation of P-
centered monoradical species ((cAAC)PO3

•), as ssuggested by
the X-band EPR signal at giso = 2.00578, exhibiting the
characteristic hyperfine splitting, presumably caused by the
coupling of the unpaired electron with a 31P nucleus (I = 1/2)
giving a doublet with a hyperfine coupling constant, A(31P) =
19.62 MHz, which further splits into a triplet via coupling with
one 14N nucleus (I = 1) (A(14N) = 9.86 MHz), yielding an
apparent 2 × 3 = 6-line pattern (Figure 4a). The lack of any
half-field signal suggested the absence of any triplet species,
further supporting the presence of a P-centered monoradical,
evident from the Mulliken spin density calculations (Figure 4a
inset; see the SI). This indicates that the initial oxidative attack
occurs at the P atom of the complex [(cAAC)2P2(CuCl)] (2a)
upon exposure to molecular dioxygen. Next, we recorded the
X-band EPR spectrum of the same THF solution of [(Cy-
cAAC)2P2(CuCl)] (2a) after 60 min of aerial exposure. The
corresponding EPR spectrum exhibited the characteristic half-
field signal, responsible for the forbidden transition (Δms = ±
2) at H/2 = 158.97 mT, along with the signal at H ≈ 330 mT,
representing the allowed transition (Δms = ± 1) (Figure 4b).

This suggests the in situ generation of a triplet metal-
centered radical intermediate containing a Cu2+ ion with a
rhombic (S = 1) nature (g > 2.0). Although the predicted
byproduct cAAC-PO3H could not be isolated in the free form,
the corresponding tetrameric cluster in the dicationic form
with two [Cu(I)Cl2]− counteranions [(Me2-cAAC-
PO3H)4H2][(CuCl2)]2 (5) could be isolated as yellow prisms
in small amount, which has been further characterized by
single-crystal X-ray diffraction (see Figure S83).

■ COMPUTATIONAL STUDIES
We conducted density functional theory (DFT) calculations
and energy decomposition analysis combined with natural
orbital for chemical valence (EDA-NOCV)28 to gain a deeper
insight into the nature of chemical bonding and the electron
density distribution of the isolated complexes 2a, 2b, and 3a.
Geometry optimization and vibrational frequency calculations
were performed at the BP86-D3(BJ)/def2-TZVPP29 level of
theory for complexes [(Cy-cAAC)2P2(CuCl)] (2a), [(Me2-
cAAC)2P2(CuCl)] (2b), and [(Cy-cAAC)2P2(CuCl)2] (3a).

The natural bond orbital (NBO) analysis30 was performed
on the optimized structures of complexes 2a, 2b, and 3a at the
BP86/def2-TZVPP level of theory (Figure 5, see the SI).
Complexes 2a−2b feature two types of bonding interactions
with respect to the CcAAC−P bond, in which the first
demonstrates a significant polarization toward the CcAAC,
ranging from 62.3 to 64.9%, indicative of σ donation from the
CcAAC to the P atom, whereas the second showed a higher

Figure 4. (a) X-band EPR spectra (simulated: orange, experimental:
blue) of [(Cy-cAAC)2P2(CuCl)] (2a) in THF after 10 min of aerial
exposure at 298 K. The simulation was performed using the EasySpin
program27 [giso = 2.0058, LWPP (Gaussian broadening) = 0.1430
mT, LWPP (Lorentzian broadening) = 0.0368 mT, A(14N) = 9.9071
MHz, A(31P) = 19.597 MHz, X-band experimental frequency =
9.4483 GHz]. Inset: Spin density plot (at isosurface of 0.0004 au, α
spin is represented in green, and β spin is in blue) of the radical
intermediate (cAAC-PO3

•) in the neutral doublet spin state,
calculated at the UBP86-D3(BJ)/def2-TZVP level of theory. (b) X-
band EPR spectrum of 2a in THF after 60 min of aerial exposure. The
half-field signal was observed at H/2 = 160 mT (forbidden transition
(Δms = ± 2)). The signal at H ≈ 330 mT represents the allowed
transition (Δms = ± 1) (range, H = 0−450 mT).
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polarization toward P (between 62.9% and 59.3%), suggesting
π backdonation from P to cAAC. This can be visualized from
the HOMO of 2a−2b (Figure 5).

Similar findings were corroborated by the calculations of
Mayer bond order (MBO)30d values of 1.42−1.52 and Wiberg
bond indices (WBIs) of 1.47−1.36, implying the partial double
bond nature. A slightly lower MBO is observed for the CcAAC−
P bond, where the P atom is coordinated to CuCl (1.46). This
is reflected in the slightly elongated experimental CcAAC−P
bond length. Moreover, the lone pair on the P atom was found
to be distinctly present (HOMO-7) only when CuCl was not
coordinated. This also shows σ donation from cuprated P to
CuCl. The LUMO represents the π*C�N bond for all of the
complexes.

To study the exact bonding between the ligands and
P(CuCl)P fragments, energy decomposition analysis combined
with natural orbital for chemical valence (EDA-NOCV)28 was
performed by varying spin and charge states of the respective
fragments (Schemes 2 and 3). The first bonding scenario
involves a dative bond between the fragments in the neutral
singlet state. The second scenario involves the interaction
between neutral quintet state fragments, resulting in an
electron-sharing bond. The third and fourth scenarios examine
the interaction between charged fragments in either doublet or
triplet states, leading to a combination of σ-electron sharing
and π-dative bonds. The lowest ΔEorb value determines the
most accurate description of the bonding.28g−i

For complex 2a, the best bonding was described when the
fragments interacted in a singly charged doublet state to form
σ-electron sharing and π-dative bonds (Figure 6). The bond
between the ligand fragments and the central moiety,
[P(CuCl)P], is mainly stabilized by electrostatic (46.8%) and
covalent (48.6%) contributions, which together equally
contribute to the total attractive force.

The ΔEorb can be further broken down into pairwise
interactions of the fragments involved. ΔEorb(1), contributing
35.2% to ΔEorb, represents two types of interactions: σ
donation from the HOMO of [cAAC cAAC] fragments to the

LUMO of the [P(CuCl)P] fragment and π-backdonation from
the HOMO of the [P(CuCl)P] fragment to the LUMO+1 of
the [cAAC cAAC] fragment. ΔEorb(2) shows the σ e-sharing
between the unpaired electrons of [cAAC cAAC] and
[P(CuCl)P] fragments and contributes 29.1% to the total
orbital energy.

To study the nature of the P−Cu bond, EDA-NOCV
calculations were performed, cleaving the P−Cu bond and
generating cAAC2P2 and CuCl fragments. The best bonding
was considered when these fragments interacted in the singlet
neutral state, forming a dative bond (Scheme S6). The σ-
electron donation from HOMO-2 of (cAAC)2P2 to the LUMO
of CuCl constitutes the major amount (ΔEorb(1), 46.8%) of
ΔEorb. ΔEorb(2) corresponds to the π-backdonation from the
HOMO of CuCl to the LUMO of the cAAC2P2 fragment.

To compare the bonding of 2b with the recently reported
complex [(Me2-cAAC)2P2(AuCl)2], we performed EDA-
NOCV calculations cleaving the CcAAC−P bond, where P is
coordinated to CuCl. Of the three bonding possibilities studied

Figure 5. Selected Kohn−Sham orbitals of complexes 2a (a), 2b (b),
and 3a (c) (computed at the BP86-D3(BJ)/def2-TZVPP level of
theory; energies given in parentheses are in eV).

Scheme 2. Possible Bonding Scenarios for C−P Bonds
Analyzed for 2a

Scheme 3. Possible Bonding Scenarios for C−P Bonds
Analyzed for Complex 3a
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(Scheme S7), the best bonding possibility was when the
fragments [P2(CuCl)2cAAC] and [(cAAC)] interacted in a
neutral triplet state, facilitating an electron-sharing bond. The
results obtained for complex 2b were consistent with the
monoaurated complex. The primary forces of attraction are
largely due to the ΔEorb, which represents 53.5% of the overall
attractive forces, and ΔEelstat, which is responsible for 40.2%.
Delving deeper into ΔEorb, it is seen that its major portion
comes from the interaction between fragment pairs, notably
the σ-electron sharing bond (ΔEorb(1)), which accounts for the
most substantial share at 58.6% This interaction highlights the
dominance of σ orbitals over π orbitals in contributing to
covalent bonds.

The interaction energy (ΔEint) for complex 3a is calculated
to be −276.6 kcal/mol, highlighting the strong stabilization of
the system.

The total interaction energy arises from multiple contribu-
ting factors, including Pauli repulsion (ΔEPauli = 781.3 kcal/
mol), dispersion forces (ΔEdisp = −66.0 kcal/mol, 6.2%),
electrostatic attraction (ΔEelstat = −494.9 kcal/mol, 46.8%),
and orbital interactions (ΔEorb = −497.1 kcal/mol, 47.0%).
Notably, the electrostatic and covalent contributions are nearly
equal, jointly accounting for the overall stability of the complex
(see the SI).

The orbital interaction energy (ΔEorb) is further decom-
posed into different pairwise interactions between the ligand
fragments and the central [P(CuCl)P(CuCl)] core (Figure 7).

The dominant contribution (ΔEorb(1) = −185.0 kcal/mol,
37.2%) arises from σ-electron sharing, involving σ-donation
from the SOMO of the [cAAC cAAC] ligand fragments and
the SOMO of the [P(CuCl)P(CuCl)] unit. The second major
component (ΔEorb(2) = −145.5 kcal/mol, 29.2%) corresponds
to σ-electron donation from HOMO-1 of [cAAC cAAC] to the
LUMO of [P(CuCl)P(CuCl)], further stabilizing the complex.

Figure 6. Shape of the deformation densities Δρ(1)‑(3) corresponding
to ΔEorb(1)‑(3) and the associated MOs of [(Cy-cAAC)2P2(CuCl)]
(2a) and the fragment orbitals (cAAC cAAC) and (P(CuCl)P) in the
doublet state at the BP86-D3(BJ)/TZ2P level. Isosurface values are
0.003 au for Δρ(1)−(3). The eigenvalues |νn| give the size of charge
migration in e. The direction of the charge flow of the deformation
densities is red→blue.

Figure 7. Shape of the deformation densities Δρ(1)−(4) corresponding
to ΔEorb(1)‑(4) and the associated MOs of [(Cy-cAAC)2P2(CuCl)2]
(3a) and the fragment orbitals (cAAC cAAC) and (P(CuCl)P-
(CuCl)) in the doublet state at the BP86-D3(BJ)/TZ2P level.
Isosurface values are 0.003 au for Δρ(1−4). The eigenvalues |νn| give
the size of the charge migration in e. The direction of the charge flow
of the deformation densities is red→blue.
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The π backdonations are represented by ΔEorb(3) (−55.6 kcal/
mol, 11.2%) and ΔEorb(4) (−38.6 kcal/mol, 7.8%), where
electron density is transferred back from [P(CuCl)P(CuCl)]
to the cAAC fragments (Figure 7).

Further, we performed EDA-NOCV analyses to analyze the
nature of the P−Cu bonds in complexes 2a-3a (see SI),
cleaving the particular bond and generating the corresponding
fragments (cAAC)2P2 and CuCl (in 2a), and (CuCl)2 (in 3a).
The best bonding scenario was identified when these
fragments interacted in a neutral singlet state, forming a dative
bond in both cases (see Scheme S6). The results show an
intrinsic energy of −73.4 kcal/mol, which can be broken down
into significant components: an electrostatic energy (ΔEelstat)
of −135 kcal/mol, an orbital energy (ΔEorb) of −58.3 kcal/
mol, and a dispersion contribution, ΔEdisp (∼ −20.7 kcal/mol).
The Pauli repulsion energy(ΔEpauli) for this interaction is
around 109.1 kcal/mol. The electrostatic energy suggests an
ionic character, while the orbital contribution indicates a
meaningful covalent bond, particularly from P to the Cu. This
is illustrated by the orbital deformation densities.

The σ-electron donation from the HOMO-2 of cAAC2P2 to
the LUMO of the CuCl fragment constitutes the majority of
the orbital energy change (ΔEorb(1)), accounting for 46.8% of
ΔEorb. Meanwhile, ΔEorb(2) corresponds to the π-backdonation
from the HOMO of CuCl to the LUMO of the cAAC2P2
fragment for monocuprated complexes. In contrast, the results
for the dicuprated complex reveal an electrostatic energy
(ΔEelstat) of −210.8 kcal/mol, a dispersion energy (ΔEdisp) of
−42.2 kcal/mol, and an orbital interaction energy (ΔEorb) of
−121.1 kcal/mol, contributing to a total intrinsic energy of
−145.3 kcal/mol. The substantial orbital interaction suggests a
significant covalent character, likely due to charge transfer and
polarization effects between the fragments. Additionally, the
dispersion energy (ΔEdisp = −42.2 kcal/mol) stabilizes the
complex. The orbital interactions consist of two main
components: ΔEorb(1) and ΔEorb(2), which correspond to
orbital contributions of −29.9 and −24.3 kcal/mol, respec-
tively. The donor orbitals from (cAAC2P2) are HOMO (−3.47
eV) and HOMO−1 (−4.72 eV), while the acceptor orbitals of
[(CuCl)2] are LUMO+1 (−4.25 eV) and LUMO (−4.95 eV).
These components illustrate the charge flow from the occupied
orbitals of the (cAAC2P2) fragment to the vacant orbitals of
the CuCl dimer fragment. Δρ(1) represents π-electron
donation, while Δρ(2) clearly demonstrates σ-electron donation
(see the SI).

The nature of bonding in the Cu−P, P−P, and P�C units
across the complexes 2a, 2b, and 3a was investigated through
topological analysis of the electron density using the quantum
theory of atoms in molecules (QTAIM) method (Figure 8, see
the SI).31a−d In all three complexes, the Cu−P bond displays a
relatively low electron density at the BCP (ρ(r) = +0.099) and
a consistently positive Laplacian (∇2ρ(r) = +0.126 (2a, 2b); +
0.128 (3a)), indicating electron depletion between the metal
and phosphorus. These values, alongside the very low
ellipticities (ε = +0.043 (2a), +0.040 (2b), and +0.031
(3a)), confirm that the Cu−P bonds are primarily closed-shell,
donor−acceptor interactions with dominant σ-character and
minimal π-contribution. In contrast, the central P−P bond
consistently shows significantly higher ρ(r) values (+0.117
(2a), +0.118 (2b), and +0.119 (3a)) and negative Laplacians
(∇2ρ(r) = −0.147, −0.148, and −0.156), indicating clear
regions of charge concentration in the internuclear region,
typical of covalent bonding. Furthermore, since the nature of

the interaction is primarily governed by the energy density at
the BCP,31 the observed ratio of kinetic to potential energy
densities for the P−P bond (+0.293 (2a)) confirms a covalent,
electron-sharing interaction.

The P−P bond ellipticity is moderate (ε = +0.174 (2a),
+0.159 (2b), +0.165 (3a)), consistent with a localized σ-bond
exhibiting some anisotropy but limited π-delocalization.
Notably, the P−P bond in the dicuprated P2 complex 3a
shows the most negative Laplacian (∇2ρ(r) = −0.156),
suggesting a slightly enhanced degree of covalency and
electron sharing. This observation is further supported by the
lower (−G(r)/V(r)) ratio, which is consistent with a covalent
electron-sharing interaction. This strengthening of the P−P
bond may arise from the more symmetric electronic environ-
ment imposed by the dual CuCl coordination. Overall,
complexes 2a, 2b, and 3a exhibit stable covalent bond
interactions, as evidenced by their negative H(r) values at
the BCP (see Table S18).

■ CONCLUSIONS
In summary, we reported the synthesis of monocuprated (2a−
2c), and dicuprated (3a−3c) complexes using cAAC-stabilized
bis-phosphaalkenes (1) and copper(I)halides. Aerial oxidation
at the phosphorus center of the monocuprated-diphosphorus
(P−P−Cu) afforded the unique inversion-symmetric dica-
tionic Cu(II)6 cluster (4), stabilized by the novel cAAC-
phosphonate ligand (cAAC-PO3

−). All complexes were
structurally characterized by single-crystal X-ray diffraction,
which revealed slight elongation of the CcAAC−P bonds.
Quantum chemical calculations revealed that the C−P bonds
possess partial double-bond character, with significant σ-
donation from cAAC to P atom (∼64.2−66.4%), and
appreciable π-backdonation from P to cAAC (15.5−19%).
The Cu−P bonds are best described as predominantly dative,
with minimal π-character. In situ EPR studies along with the
Mulliken spin density calculations revealed the initial oxidation
at the P center, suggesting the formation of P-centered
monoradical, followed by the oxidation at the metal center,
generating the triplet radical intermediate comprising the Cu2+

ion, which finally affords the stabilization of the first ever
dicationic paramagnetic Cu(II)6 molecular cluster protected by
the cAAC-phosphonate ligand.

Figure 8. Contour plots of the Laplacian distribution [∇2ρ(r)] across
the C7−P4−Cu1 plane of 3a. Solid orange lines indicate regions of
charge depletion (∇2ρ(r) > 0), while dotted blue lines denote regions
of charge concentration (∇2ρ(r) < 0). Solid lines connecting atomic
nuclei (gray) are the bond paths. The blue numbers represent the
total energy densities at the respective BCPs.
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■ METHODS
All manipulations were performed using either standard Schlenk line
techniques under an inert argon atmosphere or in an argon-filled
MBraun Eco Plus glove box, where O2 and H2O levels were always
maintained below 0.1 ppm. All glassware was oven-dried (150 °C)
before use. Solvents obtained from an MBraun Solvent Purification
System (SPS) were further dried by standard methods of refluxing
with Na/K alloy for 2 days, followed by vacuum distillation over 4 Å
molecular sieves under argon. cAAC salts,9 free cAACs,9 and
(cAAC)2P2

14 were synthesized according to the literature-reported
procedures.
Safety Note
No uncommon hazards are noted.

Synthesis of 2a. In an oven-dried Schlenk flask, (Cy-cAAC)2P2
(1a) (50 mg, 0.070 mmol, 1 equiv) and anhydrous CuCl (6.94 mg,
0.07 mmol, 1 equiv) were weighed in, followed by the addition of
freshly distilled THF (10 mL) at room temperature (rt) to obtain a
clear orange solution. The reaction mixture was stirred at 80 °C for 8
h and then filtered. The orange filtrate was concentrated to 1−2 mL
and stored at −40 °C in a freezer to obtain the block-shaped orange
crystals of 2a, suitable for single-crystal X-ray diffraction after 5−7
days, in 24.8 mg (44%) yield. 1H NMR (400 MHz, 298 K, DCM-d2)
δ: 7.46 (br, 2H), 7.29 (br, 4H), 3.00 (t, J = 12 Hz, 4H), 2.74 (br, 4H),
2.23 (s, 4H), 1.71 (br, 10H), 1.53 (br, 2H), 1.50 − 1.34 (m, 18H),
1.24 (d, J = 8 Hz, 24H) ppm; 13C {1H} NMR (101 MHz, 298 K,
DCM-d2) δ: 203.99, 203.66 (Ccarbene), 203.30, 189.31, 156.08, 153.56,
142.32, 68.31, 44.46, 36.48, 32.15, 30.05, 29.43, 28.03, 25.16, 24.51,
23.16, 14.44 ppm; 31P NMR (162 MHz, 298 K, DCM-d2) δ: 14.7,
−13.1 ppm; M.P. 182−185 °C. Elemental analysis for
C46H70CuClN2P2: Observed in % (Cald. In %): C, 68.21 (68.04);
H, 8.37 (8.69); N, 3.29 (3.45).

Synthesis of 4. The reaction mixture of (Cy-cAAC)2P2 (1a) (75
mg, 0.105 mmol, 1 equiv) and anhydrous CuCl (15.6 mg, 0.157
mmol, 1.5 equiv) in THF at 80 °C for 8 h resulted in the formation of
a dark orange solution. Exposure of the reaction mixture to air for 15
min, followed by stirring at rt for 6 h, resulted in a color change of the
reaction mixture from dark orange to pale brown. The reaction
mixture was subsequently filtered through a frit, and the filtrate was
concentrated to 1−2 mL under reduced pressure and stored at −40
°C in a freezer. After 2 weeks, block-shaped colorless crystals of
Cu(II)6 cluster (4), suitable for single-crystal X-ray diffraction, were
obtained in 72% yield (34 mg). Decomposition point: 257−260 °C.
Elemental analysis for C96H152Cu8Cl6N4P4O15: Observed in %
(Cald. In %): C, 47.34 (47.12); H, 6.37 (6.26); N, 2.11 (2.29).
Crystallographic Details
Single-crystal X-ray data were collected on a Bruker D8 VENTURE
diffractometer equipped with a PHOTON III C28 detector using an
IμS 3.0 microfocus sealed X-ray source with molybdenum Kα
radiation. A complete data set was collected by following the
strategies generated using the APEX4 module of the Bruker software
suite. Data reduction was carried out using SAINTPLUS, and a
multiscan absorption correction was performed using the SADABS
program.32 The crystal structures were solved by the intrinsic phasing
method (SHELXT)33 and were refined with full-matrix least-squares
on F2 using the ShelXle34 plug-in included in APEX4. All
nonhydrogen atoms were refined anisotropically. OLEX2 version
1.3.0 was used for structure solution and refinement.35 Ortep-3 was
used to produce thermal ellipsoid plots of all of the structures.36
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