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Synthesis, Spectroscopy, and Solid-State
Structural Characterization of the Hexanuclear
Copper Macrocycle [CuCl,(u-PCHP)4]**

Elizabeth D. Blue, T. Brent Gunnoe,* and
Neil R. Brooks

The study of late-transition-metal complexes with electron
counts of d®-d'" has been of significant interest as a result of
their interesting photophysical and photoredox chemistry.['7]
Extensive study of d'”systems has allowed an increased
understanding of, and control over, photophysical properties,
and it has been suggested that the rich luminescent behavior
of many closed-shell systems arises from weak metal —metal
interactions.'> % 8 % Increasing interest in the preparation and
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study of late-transition-metal polynuclear systems stems, in
part, from possible applications as therapeutic agents (e.g.,
photocleavage of DNA), photovoltaics, photocatalysts, and
tunable chemical sensors.> %12l One challenge to both the
study and the understanding of the properties of late-
transition-metal polynuclear complexes is the controlled
preparation of new structural motifs. Tetranuclear copper
cubanes have been the focus of some attention for Group 11
transition metals,”l and other polynuclear copper complexes
with variable structural patterns are of interest and have been
reported.l>%! Closely related to work reported herein are
penta- and tetranuclear copper macrocycles and recently
reported high nuclearity gold systems.['> 202 We now report
the synthesis and characterization (including solid-state X-ray
diffraction analysis) of a novel hexanuclear copper macro-
cycle of the type [CusCly(u-PCHP);] (PCHP=13-
(CH,PrBu,),C.H,).

The reaction of CuCl with the bisphosphane 1,3-
(CH,PrBu,),C,H, (PCHP) in a 1:2 stoichiometry yields the
hexanuclear complex CugClg(u-PCHP)¢ (13 Scheme 1). Sim-

S

C”\CI CI C|/Cu

PtBu,
5 cucl

PBu, u——CI C, CI\CU

2}@

Scheme 1. Preparation of the macrocycle CugCly(u-PCHP), (1; P = PrBu,).

ilar to reactions of aryl Cu' compounds with bis(diphenyl-
phosphanyl)methane in which metal:ligand stoichiometry is
important, slow addition of the CuCl to a solution (CH,Cl,) of
the PCHP ligand is important to the success of the reaction.!
Complex 1is a macrocycle that incorporates 48 atoms into the
large ring structure (if the aryl moieties are each counted as
contributing 3 atoms to the macrocycle) and in which each
copper atom is bound by phosphorus atoms from two
different PCHP ligands. Complex 1 was characterized by
elemental analysis, X-ray crystallography, cyclic voltammetry
experiments, as well as UV/Vis, 'H, *C, and *'P NMR
spectroscopy.

Broad resonances in the 'H NMR spectrum of 1 at room
temperature in CD,Cl, reveal a fluxional process. At —10°C
sharp resonances are observed with a singlet at d = 8.68 ppm
(aromatic H2), doublets at 6 =8.25 and 7.04 ppm (aromatic
H4 and H6), a triplet at d=713 ppm (aromatic HS),
multiplets at approximately 6 =3.0 ppm corresponding to
the methylene protons, and four phosphane /Bu resonances
between 6 =1.0 and 1.8 ppm. The aromatic C2—H2 bonds
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COMMUNICATIONS

remain intact as indicated by the downfield resonance at 0 =
8.68 ppm. However, agostic bonding is unlikely because of the
distance from the copper centers.?! The 'H NMR spectrum
obtained at —10°C is consistent with Cg molecular symmetry,
with all six PCHP ligands equivalent and a lack of mirror
symmetry (all methylene protons and rBu groups are inequi-
valent). At temperatures greater than —10°C a fluxional
process introduces mirror symmetry, as shown by the meth-
ylene and /Bu protons becoming equivalent in the 'H NMR
spectra (consistent with overall Dg, symmetry; AG*=
51 kImol!). At temperatures less than —10°C the 'H NMR
spectra broaden, presumably as a result of the conversion
from Cg to lower molecular symmetry. However, the reso-
nances are broad down to —70°C, and the slow exchange
regime has not been accessed. The ¥'P NMR spectra (CD,Cl,)
obtained between —10°C and room temperature are consis-
tent with the suggested fluxionality of complex 1. At —10°C
the 3P NMR spectrum of 1 reveals an AB pattern (3/pp=
126 Hz) with resonances at 6 =38.6 and 36.4 ppm, consistent
with C, molecular symmetry (that is, the two phosphorus
atoms on each copper atom are inequivalent). Warming a
solution of 1 in C¢Dg to 70°C results in coalescence of the
signals into a single broad phosphane resonance.

Cyclic voltammetry of complex 1 in dichloromethane
reveals an irreversible oxidation at E,,=1.04V (E,,=ano-
dic peak potential;irreversible at scan rates up to 1 Vs=1!). The
observation of a single oxidation could imply little electronic
communication between copper redox centers. A second
irreversible oxidation is observed at E,,=175V that is
presumably a consequence of the formation of decomposition
products. The electronic absorption spectrum of 1 in CH,Cl,
reveals maximum absorption at 232nm (e=1.07 x
10° Lmol~'em™"). Similar absorptions of related bisphos-
phane Cu' complexes have been attributed to metal - metal
3d —4s transitions.” The emission spectrum of complex 1 in
CH,(l, shows maximum absorption at 354 nm.

The solid-state structure of 1 was studied by X-ray
diffraction (Figures 1 and 2).?% The copper clusters possess
crystallographically imposed hexagonal symmetry, and there
are two crystallographically distinct cluster molecules per unit

Figure 1. Structure of a section of complex 1 with thermal ellipsoids at the
50% level.

2572 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002
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Figure 2. Structure of a single molecule of 1.

cell. The macrocycles are stacked one directly over another to
form a cylinder with an open cavity. At the center of the
cylinder are infinite chains of disordered acetonitrile mole-
cules, which coincide with the threefold symmetry axis.
Disordered CH,Cl, molecules occupy sites within the channel
as well as surrounding the periphery of the clusters. There are
nine molecules of CH,Cl, and one molecule of MeCN per
copper macrocycle. The inside diameter of the cylinder is
approximately 4.5 A while the outside diameter of the
macrocycle is approximately 24 A (Figure 3). No suitable

Figure 3. Structure of complex 1 with thermal ellipsoids at the 100 %
probability level illustrating the inside channel of the solid-state structure.

disorder model could be found for the solvent molecules
(CH,CI, and CH;CN) so their associated electron density was
removed with the SQUEEZE function of PLATON (see
Supporting Information). The Cul—P1 and Cu—P2 bond
lengths are 2.2598(4) and 2.639(5) A (2.2591(5) and
2.2627(5) A for the second unique molecule), and the
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Cul—CI1 bond length is 2.3235(5) A (2.3293(5) A for the
second unique molecule). The copper coordination geometry
is best described as distorted trigonal planar with P2-Cul-P1,
P2-Cul-Cl1, and P1-Cul-Cll1 bond angles of 147.100(17),
107.385(16), and 105.46(17)° (146.284(18), 106.747(17), and
106.969(17) for the second unique molecule), respectively.
The sum of the bond angles around Cul is 359.95(3)°
(360.00(3)° for the second unique molecule).

In related Cu' systems with chelating bis(dicyclohexylphos-
phanyl)methane ligands, the formation of three-coordinate
binuclear complexes with close copper—copper contacts is
observed in the solid-state.”! In contrast, binuclear four-
coordinate copper centers with bridging bis(diphenylphos-
phanyl)methane ligands have longer copper - copper sepa-
rations as do three-coordinate systems with (iPr,)PCH,.
P(iPr)(H) ligands.?* %! The large bite angle of the PCHP
ligand affords the higher nuclearity (compared with the bi-
and trinuclear systems discussed immediately above) hexa-
nuclear copper complex 1, and the unique geometry effec-
tively insulates the complex from close intramolecular
Cu---Cu interactions. Additionally, the steric bulk of the
fBu groups prevents intermolecular Cu--- Cu interactions in
the solid-state (and presumably in solution). Therefore,
assignment of the emission to any form of copper---copper
interaction can be reliably ruled out.

In summary, the new hexanuclear copper complex
[Cu,sClg(u-PCHP)4] has been synthesized and fully character-
ized. The novel macrocyclic structure is a result of the large
bite angle of the PCHP ligand, as indicated by an X-ray
crystallographic study. In addition, the solution-phase dynam-
ics of complex 1 have been studied by variable-temperature
NMR spectroscopy.

Experimental Section

1:. The 1,3-(CH,PrBu,),C¢H,) ligand (0.4144 g, 1.05 mmol) was dissolved in
CH,CI, (ca. 30 mL). A CuCl suspension (0.0523 g, 0.528 mmol in CH,Cl,
(ca. 20 mL) was added dropwise to this solution. The resulting mixture was
stirred overnight, and the solvent volume was then reduced under vacuum
to approximately 10 mL. The product was precipitated upon addition of
hexanes (approximately 10 mL) and isolated by vacuum filtration through
a medium porosity frit. The resulting white solid was washed with hexanes
and diethyl ether and dried under vacuum (0.160 g, 0.054 mmol, 61 % ). Full
characterization details can be found in the Supporting Information.
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