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Introduction

The activation of B-H bonds at a metal centre is a key elemen-
tary step in hydroboration and dehydrogenative borylation
reactions, often consisting of the formation of a ¢-BH inter-
action with a transition metal centre (TM)."! Such interaction
has been investigated with a variety of anionic boron com-
pounds featuring a BH fragment such as (i) the simple boro-
hydride [BH,]",? (ii) scorpionate ligands and related systems®
and (iii) anionic carboranes.* Notably, o-BH interactions have
been reported with anionic BH fragments in mononuclear and
dinuclear Cu complexes. In dinuclear Cu systems, three types
of coordination modes were characterised (Chart 1a): (i) [BH,]~
was shown to bridge two Cu centres via two 1> o-BH inter-
actions (Chart 1a, I),> (ii) diborate systems were shown to
bridge two Cu centres via two n' 6-BH interactions of two BH
fragments (Chart 1a, IT),® and (iii) finally, a BH fragment can
bridge two Cu centres via two ¢-BH interactions of the same
B-H bond in a p,-n'n' BH coordination mode (Chart 1a,
HI).4a’6b

Complementarily, the coordination of Lewis base-stabilised
borane compounds (LB — BH;)” enabled us to characterize o-
BH interactions with neutral systems."® In the case of Cu,
examples are limited to mononuclear Cu adducts of two
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in a po—n'n' BH coordination mode. NMR, IR, deuterium incorporation and X-ray diffraction analyses, sup-
ported by DFT investigation, enabled us to finely measure the level of activation of the B—H bond depend-
ing on the coordination environment. The study shows a gradual increase of activation whether the BH
fragment is involved in none, one or two o-BH interactions with Cu centres.

different nitrogen-based LB (R;N — BHj3) (Chart 1b).” There is
however no example of NHC — BH; coordination to Cu. In
fact, despite the high versatility of N-heterocyclic carbene
(NHC), ¢-BH interactions with NHC — BH; compounds were
characterised only in Mn, Cr, Mo and W complexes
(Chart 1¢)."° In these compounds, the -BH bond features a
weak end-on n' coordination of the NHC — BH; ligand with a
wide B-H-TM angle and negligible n-back bonding from the
metal to the 6*(B-H) orbital. In the solid state, the B-H bond
is negligibly elongated compared to the other B-H bonds, and
in solution the three hydrides are in fast exchange, even at low
temperature. As a result of the weak interaction, the NHC —
BH; fragment was shown to be easily displaced in the Mn
complex.'® The labile nature of the coordination of NHC —
BH; could explain the scarcity of studies on this topic.
Recently, we synthesised a new bis(phosphine) ligand plat-
form aiming at stabilizing two metal centres with a bridging
NHC — BH; central moiety. We reported the coordination
chemistry of this ligand toward the Au(1) precursor, leading to
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Chart 1 (a—c) Relevant literature precedents of ¢-BH interactions with

metal centres, (d) present work.
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the complete breaking of a B-H bond and the formation of an
original Au, cluster after reductive elimination of dihydro-
gen."! Pursuing the exploration of coinage metal, we report
herein the coordination of this ligand platform toward neutral
and cationic Cu(1) precursors and show that (i) o-BH inter-
actions of NHC — BH; fragments can be observed with Cu and
(ii) the ligand platform supports dinuclear Cu systems
(Chart 1d). In this context, various o-BH interactions were
characterised. X-ray diffraction, IR and DFT analyses were used
to finely assess the different levels of B-H activation in the
three dinuclear copper complexes synthesised.

Results and discussion

Bis(phosphine)NHC — BH; ligand A reacted cleanly with two
equivalents of the cationic copper complex [Cu(CH3;CN),][BF,]
in dichloromethane (CH,Cl,) to afford complex 1, isolated in
73% yield (Scheme 1). The in situ *'P{"H} NMR monitoring of
the reaction indicated the quasi-complete replacement of the
ligand signal at 17.6 ppm by a singlet at 30.7 ppm within 3 h.
The BH; fragment was characterised by a quartet at —33.1 ppm
(Ys-u = 85 Hz) in ''B NMR analysis and by a broad signal
between 3.4 and 2.4 ppm in 'H NMR analysis. Upon selective
"B decoupling, the BH; fragment appears as a triplet in "H
{"'B} NMR analysis due to a *Jy_p coupling of 11.4 Hz (cf. the
ESIt for multinuclei selective and broad-band decoupling ana-
lyses). While solid-state analyses showed that the B-H bonds
are involved in three different types of coordination toward the
dinuclear copper core (vide infra), low temperature did not
enable the freezing of the exchange process between the three
H atoms of the BH; moiety in NMR analyses (Fig. S15-177).
Lowering the temperature led to the replacement of the broad
quartet by a broad singlet at 183 K, presumably due to quadru-
pole-induced thermal decoupling between H and B, similar to
what was shown with NHC — BH; coordinated to the W centre
(Chart 1¢)'® and in a L,Cu(BH,4) complex."” The chemical shift
of the carbenic carbon (deduced from the coupling with
methylene protons in the 2D HMBC *C-"H NMR spectrum) is
towards high fields compared to the ligand (6c 167.6 in 1,
183.3 in A).

Colourless crystals suitable for X-ray diffraction (XRD) ana-
lysis were grown from the slow diffusion of pentane into a con-
centrated CH,Cl, solution. This analysis showed that com-
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Scheme 1 Synthesis of compound 1.
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pound 1 is a dicationic dinuclear complex stabilised by one
ligand A and three acetonitrile molecules (Fig. 1a). Each Cu
centre is linked to a phosphine moiety, while the central NHC
— BH; fragment bridges both Cu centres, each hydride being
involved in a different coordination mode. More precisely,
while H100 remains too far from the metal centres for any
interaction, H101 bridges Cul and Cu2 in a p,—n'n'BH coordi-
nation mode and H102 interacts with Cu2 in an n'BH coordi-
nation mode. Acetonitrile molecules complete the tetra-co-
ordinated environment of the Cu centres.

With complex 1 featuring BH fragments in three different
coordination environments in hand, we aimed at evaluating

)CIO
b) Distances and angles XRD DFT
C1-B1 (A) 1.599(8) 1.589
B1-H100 (A) 1.10(6) 1.205
B1-H101 (A) 1.29(6) 1.298
B1-H102 (A) 1.12(6) 1.246
Cu1-H101 (A) 1.88(6) 1.871
Cu2-H101 (A) 1.83(6) 1.808
Cu2-H102 (A) 1.93(6) 1.886
Cu1-Cu2 (A) 3.504(1) 3.498
P1-Cut (A) 2.2081(15) 2.238
P2-Cu2 (A) 2.2156(15) 2.225
B1-H101-Cu1 (°) 125(4) 123.2
B1-H101-Cu2 (°) 91(3) 91.6
B1-H102-Cu2 (°) 92(4) 89.7
Fig. 1 (a) Structure of complex 1. Thermal ellipsoids are drawn at 30%

probability (co-crystallised CH,Cl,, two BF, anions and hydrogen atoms
are omitted for clarity except for the BHz fragment). H100, H101 and
H102 were located in the difference Fourier map and refined freely
without constraint; (b) selected distances and angles in complex 1 from
XRD and DFT analyses.

This journal is © The Royal Society of Chemistry 2025
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the level of activation of the B-H bonds depending on the
bonding situation. While (i) the crystal structure is of accepta-
ble quality and (ii) the hydrogen atoms of the BH; fragment
were located on the Fourier map and refined freely without
constraint, the localization of hydrogen atoms is not good
enough in the X-ray diffraction method for an accurate com-
parison of the B-H bond distances. Theoretical investigations
were thus used in support of the XRD analysis to discuss the
B-H distances.”® Geometry optimization was performed on
complex 1, starting from the crystal structure, with the BP86/
def2-TZVP level of theory using the D3 dispersion correction
and the resolution-of-identity (RI) approximation (RI-BP86-D3/
def2-TZVP). Vibrational analysis was performed to ensure that
the found stationary point corresponds to an energy
minimum, at the same RI-BP86-D3/def2-TZVP level. The main
structural parameters obtained in the XRD and DFT analyses
are shown in Fig. 1b. As expected, the major differences
involve the hydrogen atoms. The DFT provided B-H bond dis-
tances of 1.205, 1.246 and 1.298 A for H100, H102 and H101,
respectively. This indicates a continuum of activation of the B-
H bond whether it is involved in none (H100), one (H102) or
two (H101) o bonds with the metal centres. The B-H-Cu angle
of 123.2° with Cul is comparable to the 127.09° of the related
Mn complex,'® while the angles are more acute with Cu2
(91.6° and 89.7°).

The evaluation of the B-H bond activation was also per-
formed by IR analysis. In order to help in the determination of
the v(B-H) stretching frequencies, the corresponding 1-BD;
complex was synthesised and theoretical IR spectra of com-
plexes 1 and 1-BD; were simulated (see ESI_IR_pptt). The 1-
BD; complex was prepared on a small scale (0.055 mmol) and
analysed by IR in situ, from the reaction of the ligand A-BD;
with [Cu(CH;CN),|[BF,]. A-BD; was synthesised with 82% deu-
terium enrichment from the reaction between the bis(phos-
phine) carbene compound and Me;N — BD;. This BD; source
was prepared by deuteriation of Me;N — BH; with D, catalysed
by the ruthenium polyhydride catalyst Ru(H),(H,),(PCys), (see
the ESIf), which was used previously for the deuteriation of
HBpin."*

The experimental and theoretical frequencies of the B-H
and B-D stretching modes are reported in Fig. 2. The v(B-H/D)

frequencies were calculated to be 2495, 2213 and 1901 cm ™,
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Fig. 2 Experimental and theoretical stretching frequencies (cm™) of B—
H, B-D and C=N bonds in 1 and 1-BDs.
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attributed to B-H100, B-H102 and B-H101, respectively, for
complex 1 and were 1841, 1625 and 1383 cm ™" for the corres-
ponding B-D bonds in 1-BD;.

In the experimental IR spectra, the v(B-H and B-D) of the
non-interacting BH/BD and of the o-BH/BD interacting with
one Cu centre could be assigned. The latter appears close to
the stretching bands of the acetonitrile (Fig. 2). However, the
v(B-H and B-D) of the fragment bridging two Cu centres could
not be detected. Since the area in which the v(B-H) of the brid-
ging fragment is relatively clear of other signals, we believe
that the signal must be too weak or too broad for detection. In
the case of the v(B-D), the theoretical value indicates that this
band could be overlapping with other vibrational bending
modes. The low frequency calculated for p(B-H101) of
1901 em™" is noticeable since it is lower than the 1933 cm™*
measured for a diphosphite ((OEt);P),Cu-BH, complex," the
lowest v(B-H) involved in ¢-BH with Cu that was found in the
literature.®

The nature of the o-BH bonding was then explored by
means of QTAIM (Quantum Theory of Atoms in Molecules)
and NBO (Natural Bond Orbital) calculations. The QTAIM cal-
culations (Fig. 3a) located three different Cu-H bonds accord-
ing to the occurrence of three bond critical points (BCPs)
along with the corresponding bond paths running between
Cul, Cu2 and H102 and H101 atoms. Cu2 is linked to H102
and H101, resulting in a BH,Cu four-membered ring which is

V2p: +0.1 5&\

DI: 0.30

V2p: +0.182
DI:0.31

Back-donation
d(Cu) — 0*(B-H)
(kcal.mol*')

Donation
o(B-H) — s(Cu)
(kcal.mol)

Interaction

NN
R,P 0930} 0.907 PRy

B)..
P H100/l /’H“]OZ A -79 -24
,A’H10‘1B C\ 0.033 B -140 -3.0

cyl Cu2 c -132 19

0.034 0.042

Fig. 3 (a) Contour map of the Laplacian function (V2p) of compound 1
in the B-H101-Cu2-Cul molecular plane (green and red spheres rep-
resent BCPs and RCPs, respectively) together with relevant QTAIM
values, (b) relevant Wiberg Bond Indexes (WBI) obtained by NBO analysis
and (c) strength and decomposition of B—H---Cu interactions deter-
mined by the SOPT-NBO analysis.
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characterised by the presence of the corresponding ring criti-
cal point (RCP, red sphere in Fig. 3a), while Cul is solely
attached to H101.

The electron density p, the delocalization index (DI) and the
electron density Laplacian V?p values enabled a more quanti-
tative description of the B-H and Cu-H interactions (Fig. 3a).
According to the sign of V?p values, the B-H bonds are
covalent (i.e., electron-sharing) while the Cu-H bonds are
dative. The electron density around the B-H101 bond is shared
between both copper centres, which results in a smaller V?p
value computed for BCP(B-H101) than for BCP(B-H102), thus
indicating a weaker bond. This feature is further supported by
the corresponding DI values (Fig. 3a) and the NBO-WBIs
(Wiberg Bond Index) (Fig. 3b), which follow the same trend
(DI: 0.39 vs. 0.48; WBI: 0.840 vs. 0.907). Interestingly, although
H101 interacts with both Cu centres, the interaction with Cu2
is stronger than that with Cu1l, as suggested by both the WBI
(0.042 vs. 0.034) and DI values (0.31 vs. 0.26).

Further quantitative insight into the bonding can be gained
with the Second Order Perturbation Theory (SOPT) of the NBO
method. This SOPT-NBO approach indicates that the 6-BH-Cu
interactions can be viewed as dative bonds consisting of the
donation of electron density from the doubly occupied o(B-H)
molecular orbital, for H102 and H101, to the empty 4s(Cu)
atomic orbital coupled with a backdonation from doubly occu-
pied 3d(Cu) atomic orbitals towards the vacant ¢*(B-H). As
expected, the associated SOPT-stabilization energies (AE®,
Fig. 3c) indicated that the donations are stronger (—7.9 to
—14.0 kcal mol™") than the backdonations (—2.4 to —3.0 kcal
mol")."” In agreement with the relative strength of the bonds
based on the WBI and DI values commented above, the
SOPT-NBO values confirm that the Cu2-H101 interaction is
stronger than the Cul-H101 interaction.

The coordination of compound A toward neutral copper
chloride (CuCl) was then investigated. The in situ monitoring
of the reaction by *'P{'H} NMR suggested dynamic processes
at play in the coordination toward one, two and three equiva-
lents of CuCl (Fig. 4). After the addition of one equivalent of
CuCl on the ligand A, the sharp signal of compound A at
17.6 ppm (Fig. 4a) was replaced by two broad signals at 17.6
and 21.7 ppm after 90 min (Fig. 4b). While this feature
suggested the expected coordination of one phosphine arm,
the other phosphine moiety remaining pendent, and the situ-
ation further evolved at room temperature since, after 96 h, the
signal at 17.6 ppm disappeared and a very large signal
appeared at around 25.2 ppm, while the signal at 21.7 ppm
remained (Fig. 4c). Upon the addition of a second equivalent
of CuCl, the signal at 21.7 ppm disappeared and the signal at
25.2 ppm broadened significantly (Fig. 4d). The system kept
evolving with time since after 24 h, a new signal at around
30.3 ppm appeared along with the signal at 25.2 ppm (Fig. 4e).
It is only with the addition of a third equivalent of CuCl that a
single signal is observed at 30.3 ppm which did not evolve
with time (Fig. 4f).

Following this in situ monitoring, we first aimed at synthe-
sizing the species featuring the *'P{'H} NMR signal at around
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17.6 ppm

a) Compound A

217 176
b) 0 + 90 min A A
N A

(t0: addition of 1 eq. of CuCl on A) JAWA

c)t0+96 h

dtl+4h
(t1: addition of a second eq. of CuCl)

e)t1+24h

ft2+25h
(t2: addition of a third eq. of CuCl)

70 65 60 55 50 45 40 35 30 25 20 15 10 5

Fig. 4 Stacked 3!P{H} NMR spectra in CD,Cl, at room temperature of
the reaction between compound A and one, two and three equivalents
of CuCL

30.3 ppm. Under the optimised stoichiometric conditions, the
addition of 2.5 equivalents of CuCl to the ligand A in CH,Cl,
led to the clean formation of complex 2 in 2.5 h (Fig. 5).
Complex 2 was isolated in only 40% yield, because several
CH,Cl, washings were necessary to remove the excess of CuCl.
Elemental analysis showed nonetheless that a small amount of
CuCl remained. Complex 2 was characterised in solution by
broad signals at 30.1 and —33.9 ppm in *'P{'H} and ''B NMR
spectra, respectively. The BH; fragment was further character-
ised in "H NMR analysis by a broad signal at 2.59 ppm, which
sharpened upon "'B decoupling (¢f the ESIf). Monocrystals
suitable for X-ray diffraction (XRD) analysis were grown from a
saturated CH,Cl,/diethyl ether solution. Complex 2 features a
cluster of four copper centres bridged by three chloride atoms
(Cu,Cl;) (Fig. 5). Halogen-bridged Cu complexes are commonly
encountered with copper halide precursors.'® Upon complexa-
tion, a chloride has been formally abstracted from a presumed
Cu,Cl, core by the additional equivalent of CuCl resulting in a
cationic Cu,Cl; cluster and an anionic CuCl, counterion. The
chloride abstraction appears easily accessible since it is
already observed for a sub-stoichiometric equivalent of CuCl
(eqn (2), Fig. 4e). The cluster is stabilised by two ligands A: one
phosphine moiety for each Cu centre and a bridging BH
moiety in a p,-n"n'BH coordination mode, like in complex 1,
for each ligand part. The two other BH fragments do not inter-
act with the Cu centres, but exhibit hydrogen bonding with the
protic hydrogen atom of the methylene arm of the ligand with
H---H distances of 2.27 and 2.31 A, associated with C-H-H
angles of 112° and 111°, and B-H-H angles of 113° and 114°.
This feature was observed in the free ligand A™ but not in
complex 1. Compared to 1, NBO calculations indicated that
the bridging p,—n'n'BH coordination mode consists of the
same donation/backdonation interaction having rather similar
stabilization energies: —12.9 and —13.5 kcal mol ™" for the o(B-
H) — s(Cu) donation and —2.6 and —2.7 kcal mol™" for the
d(Cu) — o*(B-H) backdonation. WBI indicates a slightly

This journal is © The Royal Society of Chemistry 2025
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(a) Synthesis of complexes 2 and 3; (b and c) crystal structures of complexes 2 and 3, respectively. Thermal ellipsoids are drawn at 30% prob-

ability, hydrogen atoms are omitted for clarity except for the BHs fragment, and they were located in the difference Fourier map and refined freely

without any constraint.

weaker B-H bond (0.789 for 2 vs. 0.840 for 1) and stronger Cu-
H interactions (0.055 and 0.058 for 2 vs. 0.034 and 0.042 for 1).
The shortest Cu-Cu bond length of 2.9174(6) A for 2 is
beyond the sum of copper van der Waals radii (2.80 A).*°
Cuprophilic interactions are nonetheless characterised within
this range.”® The analysis of these interactions using the NBO
method calculations indicates that this interaction is rather
weak (AE® < 0.5 kcal mol™!) and can be considered as negli-
gible between Cu centres. In the case of 1, the Cu-Cu bond
length is larger (>3.5 A) and no interaction is detected accord-
ing to QTAIM (no BCP (Cu-Cu) was located) or NBO analysis.
Different reactivities of complex 2 were then investigated.
We first probed if H/D exchange could occur with D,. However,
in the presence or not of a catalytic amount of Ru
(H)2(Hy)2(PCys),, used for the deuteriation of Me;N — BH; (see
the ESIt), no H/D exchange could be detected, with complex 2
remaining unchanged. In contrast, the reaction with boro-
hydride reactants NaBH, or NaHBEt; led to the rapid
decomposition of complex 2. Interestingly, the reaction of pot-
assium graphite (KCg) with complex 2 led to the clean for-
mation of the neutral complex 3 (Fig. 5). Complex 3 is charac-
terised in solution by broad signals at 27.1 (s) and —33.1 ppm
(quart, YJ i = 88 Hz) in *'P{"H} and ''B NMR spectra, respect-
ively, close to the signal of complex 2. The XRD analysis indi-
cated that complex 3 is composed of two ligands A, four Cu
and four Cl atoms (Fig. 5c¢). In this reaction, KCg formally
removes one equivalent of CuCl from 2 to generate 3, although
the exact role of KCg remains unclear to us. The retention of
the dimeric form of complexes 2 and 3 in solution was con-

This journal is © The Royal Society of Chemistry 2025

firmed by a DOSY experiment showing lower diffusion coeffi-
cients (D = 6.3 and 6.0 x 107'° m? s7', respectively) than that of
ligand A (D = 9.3 x 107'® m* s™"). Moreover, while the phos-
phorus and boron moieties of complex 3 appear equivalent in
solution on the NMR time scale, highlighting a fluxional
behaviour already observed in its in situ generation (Fig. 4), it
is not the case in the solid state. There exists a Cu;Cl; core
stabilised by (i) one ligand A, tridentated via the two phos-
phine moieties and a BH fragment being involved in the brid-
ging of two Cu centres via two o-BH interactions and (ii) only
one phosphorus atom of the second ligand. The other phos-
phine moiety and the BH; fragment of this second ligand
stabilize a Cu-Cl counterpart via a 6-BH interaction. In this
complex, there are three different BH bonding situations,
similar to complex 1: a non-bonding BH, a BH bond bridging
two Cu centres via two o-BH interactions and a BH bond
involved in a single ¢-BH interaction with a fourth Cu centre.
Overall, complexes 2 and 3 show that n'c-BH and p,-n"n'c-BH
coordination are also accessible in neutral Cu complexes.

Conclusions

In conclusion, we showed that o-BH interactions could be
observed with Cu in the case of NHC — BH; fragments. The
use of bis(phosphine)NHC — BH; was key to the characteris-
ation of these relatively weak c-BH-Cu interactions, extending
the family of coordinated NHC — BH; to Cu centres
(Chart 1¢)."° In addition, the present results show that the
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ligand platform stabilises dinuclear systems in the case of Cu,
in addition to the Au complexes reported earlier.'*

Three different structures of cationic and also neutral Cu
complexes were synthesised. The ¢-BH interactions are com-
posed of the o(B-H) bond donation to the 4s orbital of the Cu
centres coupled with a comparatively weak backdonation from
the 3d orbitals of Cu to the 6*(B-H) orbital. More precisely, o-
BH interactions could be involved in either n'BH or p,—n'n’'
BH coordination mode. The coordination proved to be
dynamic in solution in the case of the neutral CuCl precursor,
leading to the isolation of complexes 2 and 3. In complex 1,
the presence of three different coordination environments for
the same BH; fragment enabled us to finely assess the level of
activation of these B-H bonds thanks to in-depth investi-
gations by XRD, NMR and IR supported by DFT. It shows a
gradual increase of activation whether the BH fragment is
involved in none, one or two o-BH interactions with Cu
centres.

Further work is ongoing in our laboratories toward the vari-
ation of the boron fragment in such bis(phosphine)NHC —
BR; platforms.
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