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We demonstrate that a copper cubane cluster [CusCls(LH)4] can be
converted into an octanuclear cluster [Cuglg] through deprotona-
tion of the triisopropylacetylene ligands. The former displays exclu-
sively side-on coordination of the terminal acetylene, while the
latter exhibits both side-on and end-on coordination of the depro-
tonated acetylide moiety. The octanuclear complex shows solid-
state emission around 640 nm, while the cubane displays a thermo-
chromic emission shifting from 563 nm at r.t. to 608 nm upon
cooling to 77 K.

Copper alkynyl complexes have attracted great attention due to
their structural diversity, and fascinating photophysical proper-
ties. Cuprophilic interactions often result in beneficial optical
properties and provide novel opportunities in the development of
optoelectronic materials."® Recent advances concerning the
synthesis and characterization of well-defined copper(r) alkynyl
complexes have led to new applications in supramolecular chem-
istry and as materials with interesting emissive properties.®® The
isolation and structural elucidation of various organo-copper(r)
compounds has led to the development of novel strategies
towards interesting organic frameworks.”® Apart from this,
organo-copper(1) complexes are frequently encountered as key
intermediates in copper(imediated or copper-catalysed organic
transformations.® Most importantly copper() alkynide species are
crucial intermediates in different C-C cross coupling reactions,
e.g. Sonogashira, Glaser Hay Chadiot-Chodkiewicz and the Huis-
gen Copper-catalysed azide-alkyne cycloaddition reactions.'®'*

Copper(1) cubane motifs display a large variety of ligand/
counter ion combinations. Halide containing cubanes
[CusX,L4] (where X = Cl, Br, I) are reported for a large variety
of ligands."*™*®

“ Department of Chemistry, Angstrém Laboratories, Uppsala University, Box 523,
751 20 Uppsala, Sweden. E-mail: andreas.orthaber@kemi.uu.se

b ENSICAEN National Graduate School of Engineering and Research Center,
Caen, France

¢ Department Chemistry and Physics of Materials, Paris Lodron Universitiit
Salzburg, Jakob-Haringerstr. 2A, 5020 Salzburg, Austria

This journal is © The Royal Society of Chemistry 2025

Arvind Kumar Gupta,® Océane Y. O. Fayet,®® Lei Tian,® Raphael J. F. Berger,
¢ and Andreas Orthaber (2 *?

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Base-mediated alkynyl-cubane to Cug-alkynide
cluster transformation

C

These systems also show fascinating optical properties, such
as thermally activated delayed fluorescence and other fascinat-
ing excited state dynamics and responsive behavior.'*''”
Notably, the Cu-cubane is typically highly stable and allows
for post-synthetic modifications.'®'® Another group of cubanes
are the Cu-acetylide family (where X = “C=CR), where the four
copper(1) atoms form a distorted tetrahedral shape and each
triangular shaped Cus-unit is capped with the terminal
alkynide.”*"**> However, only very few solid-state structures have
been reported to have an alkyne (RC = C-H) ligand directly
coordinating to copper(1) motifs.** > Mononuclear Cu-alkynyl
derivatives are only stable with additional ligands or binding
sites within the alkynyl ligand (Fig. 1).°*® In this communica-
tion, we report the missing puzzle piece in these Cu-cubane
structures. The well-established [Cu,Cl,]-core is stabilized by
alkynyls acting as neutral donor ligands. This cluster (1)
[Cuu{p;m*HC = CSi('Pr);3}4(15-Cl)4], in which four triisopropyl-
silyl acetylene ligands (L-H) stabilize a [Cu,Cl,]-core, can be
transformed into an acetylide cluster by addition of triethyla-
mine in a dehydrohalogenation reaction giving rise to an octa-
nuclear copper(i) complex, [Cu(C=C-Si'Pr;)]s (2). The solid
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Fig. 1 Basic structural motif of selected Cuf()-alkynyl coordination com-
pounds (I-Ill). Synthetic approach to the alkynyl copper cubane 1 and
octanuclear copper alkynide cluster 2.
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state and optical properties of both complexes are studied in
detail, and further supported by means of theoretical
calculations.

Formation of cubane 1 [Cu,(HC = CSi(('Pr);),Cl),] can be
achieved by the reaction of triisopropylsilyl acetylene and CuCl in
dry DCM in the absence of any base. Expectedly, no deprotonation
of the acetylenic hydrogens occurred during the complexation as
evidenced by IR analysis of the solid material, which was obtained
after removal of all volatiles. The identity of this material was
further corroborated by single crystal X-ray diffraction studies (SC-
XRD, vide infra). Further attempts to characterize 1 in solution
(NMR and ESI-MS) failed, suggesting deaggregation of the cubane
motif. However, addition of triethylamine to this solution (DCM)
immediately results in a colour change from light yellow to deep
orange indicating deprotonation of the acetylenic hydrogens and
ultimately formation of 2, [Cu(C=C'Pr,Si)]s, as evidenced by
spectroscopic and crystallographic analysis. Alternatively, complex
2 can be obtained by the reaction of L-H and [Cu(CH3CN),PF,] in
the presence of triethylamine.

IR analysis of complex 1 shows that the typical C=C
stretching vibration of the ligand is shifted by 150 cm™" to lower
wavenumbers (1881 cm ™', ¢f L-H 2032 cm™ ') indicative of
strong interaction of the triple bond with the metal core, through
electron donation from the metal to antibonding orbitals of the
ligand. Additionally, we see a band at 3197 em™" and multiple
bands between 550 and 700 cm ™' attributable to the terminal
C-H stretching (L-H: 3294 cm™ ') and the bending modes (L-H:
675 cm ), illustrating the coordination effects on the terminal
acetylene C-H moiety. For complex 2 a shifted C=C stretching
vibration of 1944 em™" is consistent with a terminal coordina-
tion of the acetylide carbon.>® In order to interpret the IR spectra
of 1 and 2 unambiguously, we have calculated their respective IR
frequencies using DFT (TPSS/def2-TZVPP with a scaling factor of
0.943) supporting these assignments (see Fig. S3 and S4). The
DFT calculation of 1 predicts a C=C stretching frequency of
1897 cm ™! closely matching with the observed band at 1880 cm ™.
Also, the calculated alkynyl CH stretching frequency of 3225 cm ™"
(exp. 3197 em™') in 1 is slightly hypsochromically shifted com-
pared to the free ligand 3277 cm™ " (exp. 3420 cm ™). For cluster 2,
multiple bands for the C=C stretching modes are calculated
(1980, 1950, and 1897 cm ™ '); however, experimentally only one
distinguishable feature at 1940 cm ' (besides two minor side-
bands) was observed, matching the expected range. Complex 2 is
persistent in solution and ESI-MS of 2 gives a prominent peak of 2
ionized with one additional copper atom [Cug(C = C'Pr;Si)s] + Cu"
at m/z = 2022.49156. Proton and carbon NMR data suggest that
the structure is dynamic in solution showing only one set of
triisopropylsilylacetylide signals. The acetylide signals are
detected at 94.8 and 58.9 ppm in the ">C{'"H}-NMR spectra, Le.
strongly shielded resonances compared to the free acetylene, as
previously observed for silver acetylide systems (see Fig. S2, SI).>°

The solid-state structures of 1 and 2 were determined by single
crystal X-ray diffraction. The solid-state structure of 1 is solved in
the triclinic space group P1 with one full molecule in the asym-
metric unit. From the crystal structure analysis, it is evident that the
[Cu4Cly] core in 1 adopts a highly distorted cubane arrangement
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Fig. 2 Solid-state structure of (1). (a) The Cu4sCly-core and SiCCH drawn
as thermal ellipsoids (50% probability levels); 'Pr-groups are rendered as
wire frame for clarity. (b) Weak hydrogen bonding (CC-H---Cl) linking
clusters of 1 into a 1D-network.

(Fig. 2a). We speculate that this distortion might be linked to the
hydrogen bond of the actylenic proton with a neighbouring cluster
chloride atom (Fig. 2b). Each of the four copper atoms is tetra-
hedrally coordinated by three bridging chloride ions (p;-Cl) and the
acetylene ligand. The latter coordinates symmetrically side-on
(mm?) with Cu-Cc—() distances in the range of 1.976(7)-
2.040(1) A. The Cu—Cl bond lengths vary significantly ranging from
2.255(4) to 3.272(13) A. The Cu---Cu distances range from 3.383(11)
to 3.681(5) A indicating only weak cuprophilic interactions as these
distances are significantly longer than the sum of van der Waals
radii for copper (2.8 A). This type of cubane structure is comparable
to those typically observed for phosphine and nitrogen donor
ligands.">?*??> To the best of our knowledge this is the first
observation of a cubane-like structure supported by a neutral
acetylene ligand. The acetylene clearly has triple bond character
with bond distances ranging from 1.220(10) to 1.241(10) A while
displaying significant distortion from linearity (Si-C=C angles
ranging from 156.7(6) to 158.2(6)°).>> However, the triple bond
length is markedly elongated compared to unsupported silyl
acetylenes (ca. 1.181 to 1.197 A)** Such alkyne coordination to
Cu(r) centres is rather rare (ca. 30 reports in CSD) and spans a
variety of mono- to polynuclear complexes (0D to 2D-coordination
compounds).”******> A more pronounced elongation of coordi-
nated alkynyls is seen in mononuclear W (ca. 1.27 A)*>*® and Nb
(1.28 A" complexes. The large distortion from linearity and
elongation in 1 qualitatively supports the observed shift of the
C=C stretching frequency (Av; = —151 cm™ "), which is also
reproduced in our ab initio calculations (vide infra), and in line
with acetylene adducts of copper(l) and silver(r).>® Notably, the
sterically demanding TIPS groups shield the individual clusters
and allow only for very weak hydrogen bonding of the alkynyl-H to
a chloride corner of a neighbouring cluster (Fig. 2b). The ‘Pr-groups
offer a large degree of rotational freedom evidenced by the disorder
and large ADPs.

Suitable crystals of 2 for single crystal X-ray measurement
were obtained by the slow evaporation of a solution of 2 in
acetone and a few drops of ethanol. The crystal structure of 2 is
solved in the orthorhombic space group P2,2,2,. The structure
consists of a charge neutral eight copper atom framework
coordinated with an equal number of triisopropylsilylacetylide

ligands. Four different coordination modes are identified: five
1.2 2

H-n'n?, and one each of pz-n'n'n', p-n'n'n?, and pyn'n*n

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Solid-state structure plots of 2. (a) Cu-core and alkynide C-atoms
(ADPs at 50% probability level) highlighting the basal plane consisting of
{Cus(CC)s}. The Cu7/Cu7A shows a positional disorder (0.1/0.9). (b) View
including the TIPS groups (stick model) illustrating the steric shielding. All
disordered TIPS groups are shown.

The core of the cluster forms a unique ‘“kite” arrangement
(Fig. 3a) and can be described by a copper-acetylide pentagon
(Cu1-4, 6) holding one additional Cu atom (Cu5) ca. 0.81 A
above the center of that plane combined with two Cu-centres
(Cu7/Cu7A*® and Cu8). The Cu- - -Cu distances from the central
Cub5 to the five membered ring Cu-atoms are on average shorter
(ca. 2.65 to 278 A), whereas “added” Cu7/Cu8 have longer
Cu-Cu distances (Cu5-Cu8 2.951(3), Cu6-Cu7 2.814(3), Cu6-
Cu7A 2.692(2)). This added copper dimer is held above one face
assisted by three bridging acetylide ligands.

This complex motif reflects the diversity of Cu(r) alkynide
coordination modes and the tremendous effect of the steric
demand of the alkynide ligands as seen in many other
examples.****> Fig. 4 summarizes the different coordination
modes observed for cluster 1 and 2, respectively. While (1) shows
exclusive side-on coordination (n?), the acetylide complex (2)
shows a variety of bridging coordination modes. The electronic
absorption spectra of solid cluster 1 and 2 display a common UV
absorption band at about 370 nm and a lower energy absorption
around 420 nm characteristic of 2 (Fig. S9 and $10). Both clusters
show solid state photoluminescence (Fig. 5) with orange emis-
sion for 2 (lem = 640 nm at r.t. and 77 K) and a temperature
dependent emission maximum for 1 (Ze,, = 563 nm at r.t., 608 at
77 K). The excitation spectra (Fig. S11) are tracing the 370 nm
absorption band of both clusters while the visible absorption of
2 matches the excitation spectrum only at low temperature.
(Emission lifetime measurements revealed for both complexes
a multiphasic decay with the dominating components in the
sub-ns regime; Fig. S7 and S8). In depth theoretical studies (of
extended solid-state models) and structural investigations will be
needed to elucidate the electronic and geometric factors
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Fig. 4 Observed coordination modes in complex 1 (left) and 2 (right).
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Fig. 5 Emission spectra in the solid state of 1 and 2 at 298 and 77 K (at
Aexc. = 365 nm).

governing these emission profiles. At the moment detailed
explanations of the marked different photophysical behaviour
of these complexes remain elusive.

In summary we have presented a cubane motif consisting of
a [CuCl], core surrounded by neutral triisopropylsilyl acetylene
ligands, which can be transformed into an octanuclear Cu-
acetylide cluster upon deprotonation with an organic base. As
such, these motifs are relevant structures in various organic
transformations including C-C coupling and Click reactions.
Moreover, interesting luminescent behaviour was investigated
revealing a thermochromic behaviour of the cubane 1, in
contrast to the unchanged emission of the acetylide cluster 2.
This facile conversion and the variable opto-electronic proper-
ties promise interesting applications of these materials as
sensors, or in organic electronics.
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