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An oscillating C,2— unit inside a copper rectanglet
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[Cuy(u-dppm)4(us-n1,m2-C=C-)]?+ has been shown by 31P
and 'H NMR studies to undergo two fluxional processes in
solution, the oscillation of the C=C2— unit inside the copper
rectangle and the flipping of the diphosphines, and this has
been supported by DFT(B3LYP) calculations.

The chemistry of transition metal acetylide complexes has
attracted wideinterest and has been studied both experimentally
and theoretically.l It is noted that the acetylide ligands in
transition metal complexes may not only show awide diversity
of bonding modes but also avariety of fluxional behavior.2-2 A
commonly observed fluxionality is the o,x-interchange of the
u-nt,n2-acetylide ligand, with examples found in polynuclear
complexes of iron, ruthenium, osmium and rhenium.1¢.2-7

We recently reported the synthesis, structure, luminescence
and excited-state redox properties of a tetranuclear copper(i)
acetylide complex, [Cua(u-dppm)a(us-nt,n?-C=C-)](BF4)2.1°
We now report the first observation of two fluxional processes
occurring in this complex which has been revealed by variable
temperature 1H and 3P NMR experiments. As shown in
Scheme 1, the complex (structure A) shows a C=C?— unit that
bridges the four copper atomsin both ! and 12 bonding modes.
The phosphorus atoms P, and Pg coordinated to the different
sets of copper atoms are in a different environment and should
exhibit different chemical shifts in the 31P-{1H} NMR spec-
trum. However, only one sharp 31P NMR signal dueto the dppm
ligands was observed in acetone-ds at room temperature at o
—10.4 ppm. It is likely that a fluxional process occurs in the
complex, which causes an exchange of the P, and Ps
environment. Upon cooling the sample, the 31P NMR signal
becomes broader and finally resolved into two sharp peaks, one
at 6 —9.6 ppmand oneat 6 —12.3 ppm at 182 K, corresponding
to the two phosphorus environments. A fluxional process that
may account for such an observation is proposed in Scheme 1,
in which the rate of interchange of bonding modes between the
C=C2— unit at the two Cu, units from n! to n2 and vice versa is
fast on the NMR timescale, and hence only atime-averaged 31P

Scheme 1 Structural fluxionality of [Cus(u-dppm)a(ta-ntnz-C=C)]2* in
fluid solution showing a o,7t-acetylide exchange.

T Electronic supplementary information (ESI) available: NMR spectra and
computational details. See http://www.rsc.org/suppdata/cc/b3/b301842¢/
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resonance is observed. The signal at 6 —9.6 ppm is tentatively
assigned to the phosphorus atoms with st-bonding to the C=C2—
unit, while the more upfield 31P signal a 6 —12.3 ppm is
assigned to the phosphorus atoms attached to the copper with
the C=C2— unit o-bonded to it. Variable temperature *H NMR
experiments of [Cus(u-dppm)a(ns-nt,n2-C=C-)]2* in dichloro-
methane-d, indicated the presence of a second fluxional
process. At room temperature, a time-averaged methylene
proton signal wasobserved at ¢ 3.5 ppm. On cooling the sample,
the IH NMR signal becomes broader and finally resolved into
two sharp peaks at 6 3.4 and 3.6 ppm at 193 K. The signals at
6 3.4 and 3.6 ppm are tentatively assigned as the axia and
equatorial methylene protons of the dppm ligands respectively.
An exchange of the axial and eguatiorial protons on the dppm
ligand islikely to be aresult of an up—down flipping process of
the dppm ligands, as is commonly found in other dppm bridged
metal complexes.11 Using the gNMR simulation program,12 the
exchange rate constants (k) at different temperatures were
determined. According to the Eyring equation, a AG* value of
ca. 38 kJ mol—1 for the oscillatory process was obtained for
[Cua(n-dppm) 4(ns-nt,n2-C=C-)]2* from the variable tempera-
ture 31P NMR studies, which is dightly lower than the AG*
values of 43.1 and 43.9 kJ mol—1 reported for o,m-acetylide
exchange in the respective Fey(CO)g(uo-n2-C=C-Pr) (u-PPhy),
and (u-H)Rex(u-12-C=CH)(CO)g(u-dppm) complexes.3 A
AGH* value of ca. 47 kJ mol—1 was obtained from the variable
temperature *H NMR experiments for the dppm flipping
process of [Cus(u-dppm)s(us-nt,n2-C=C-)J2*. Similar AG*
values have been estimated for the dppm flipping processes in
[(RC=C)Pt(u-C=CR)(u-dppm),W(CO)3] (R = Ph, Tol or
Me).11

The 13C NMR spectrum of the 13C-enriched [Cug(u-
dppm)4(u4-nt,n2-13C=13C-)]2*+ at room temperature exhibits a
nine-peak  signa  with intensity ratios of ca.
1:8:28:56:70:56:28:8:1 at & 149.4 ppm, similar to that
obtained by simulation, corresponding to the resonance of the
two acetylenic carbon atoms. The acetylenic carbons have atwo
bond coupling, 2J, with two P, atoms and three bond coupling,
3]J, with the other six phosphorus atoms. On cooling the sample
to 213 K, the 13C NMR signal of the C,2— unit starts to fuse
together and become abroad signal at 181 K. Attemptsto study
the NMR behaviour at lower temperatures were unsuccessful as
aresult of the reduced solubility of the complex and thefreezing
of the deuterated solvent. It is noteworthy that the coplanar
arrangement of the four copper atoms in [Cus(u-dppm)a(us-
1n1,n2-C=C-)]2+ issuggestive of the absence of strong t bonding
between the C=C2— unit and the copper atoms since best overlap
of thetwo 7t orbitals of the acetylido ligand with the four copper
atoms would require an orthogonal arrangement of the two Cu,
units. It is likely that the relatively small activation barrier for
the oscillatory fluxional process is a result of the weak =t
interaction between the C=C2— unit and the copper atoms.
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To further confirm the existence of the two fluxional
processes, a DFT(B3LYP) calculation was carried out.3 The
calculations were performed on a model system where the
phenyl substituents on the phosphorus atoms were replaced by
hydrogen atoms. A total of five stationary points (1-5) were
located on the potential hypersurface. Selected geometrical
parameters are collected in Table 1. The most stable species, 1,
has a calculated geometry which closely resembles that of the
experimenta structure. Structures 2—4 describe the oscillatory
movement of the C, fragment within the tetracopper unit.
Transition state 4 isthe highest energy structure on the path. The
free energy of 4 is 32.9 kJ mol—1 which is not far from the
experimentally determined AG* vaue of 38 kJ mol—1, espe-
cialy taking into account the fact that our model replaces the
experimental phenyl groups by hydrogens, confirming the
existence of alow energy fluxional process involving this type
of transformation. On the path from 1 to 4, the system goesfirst
through a transition state 2 and an intermediate 3. These two
species are close in energy, around 23 kJ mol—1 above 1. The
gradual change from 1 to 4 can be observed in a variety of
parameters, like the lengthening of Cu(1)—-C(1), the shortening
of Cu(4)—C(1) and the closing of the Cu(1)-C(1)-C(2) and
Cu(1)-C(1)—Cu(4) angles. The oscillatory process therefore
followsapathl -2 535453 -2 -1, wherel’, 2’ and
3’ are enantiomeric forms of 1, 2 and 3. The last stationary
structure 5, which isnot on the previous path, isatransition state

Table 1 Selected optimized (B3LY P) geometrical parameters (A and °) and
relative energy values (AE/kJ mol—1) for the five stationary points (TS for
transition state). Experimental data for [Cu,(u-dppm)a(us-nt,n2-C=C-)]2+;
are given for comparison. See Fig. 1 for atom labels?

1(exp) 1 2(TS) 3 4(TS) 5(T9
AE 0 23 232 329 187
C(1)-C(2) 1255 1277 1266 1262 1261 1282
Cu(1)-C(1) 1913 1934 1949 1977 1992 1.940
Cu(4)-C(1) 2131 2211 2057 2008 1992 2208
Cu(1)—Cu(2) 3245 333 3917 4159 4157 3.403
Cu(1)-Cu(4) 3264 3333 2911 2738 2723 3424
Cu(1)-C(1)-C(2) 178 180 161 146 137 170
Cu(1)-C(1)-Cu(4) 108 107 93 87 8 111

P(1)-Cu(l)-Cu(2)-Cu(4) 132 148 147 149 149 169
P(3)-Cu(1)-Cu(4)-Cu(2) 131 147 158 159 149 169

aThe energy values for 2 and 3 cannot be significantly separated with the
calculation methods used.

Fig. 1 Two views of the optimized B3LY P geometries for 1 and 4.

for the ‘flipping’ movement of the four dppm groups. The
transition vector corresponds to a movement by which the two
pairs of diphosphines exchange their positions above and bel ow
the tetracopper unit. The movement of the phosphines with
respect to the coppers can be followed by inspecting the P(1)—
Cu(1)—Cu(2)—Cu(4) and P(3)—Cu(1)—Cu(4)—Cu(2) dihedral an-
gles (Table 1). It can be seen that while these two dihedral
angles, especialy the first one, are largely unchanged in the
oscillatory movement from 1 to 4, they increase their values up
to 169° in structure 5, already close to the value of 180°
associated to the inversion around the Cu centre. The free
energy of 5is ca. 19 kJ mol—1 which is significantly smaller
than the experimental finding of 47 kJ mol—1. However, this
discrepancy is explainable because of the presence of the eight
bulkier phenyl substituents in the real system. The bulk of the
phenylsislikely to have more effect in the diphosphine flipping
than in the C—C oscillation process.

The tetranuclear copper cluster has two independent flux-
ional processes with similar activation energies. The fluxiona
process of the Cx2— unit with the copper rectangle modifies the
shape of the cage but does not influence the supporting dppm
ligands for which a flipping motion has been located.
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zero-point and entropic corrections were evaluated with basis set |.
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