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Palladium catalysts are indispensable in organic chemistry,

especially for Sonogashira reactions, where terminal alkynes are

cross-coupled with aryl halides (Scheme? Here, we report on

the Cu(l)-assisted Pd(ll) Sonogashira cross-coupling catalyst.
Despite its importance, the reaction mechanism is still not quite
clear. Having gained experience in immobilized catalysts over the
past decad&,we sought to explore mechanistic aspects using

surface-bound versions of the Sonogashira catalyst system. We

demonstrate that solid-state NMR of the dry supports (CP/MAS),
and HRMAS NMR¢ where the material is suspended in solvents
and spun at 2 kHz in a rotor equipped with inséttsan give crucial
insights into the nature and behavior of catalysts in all phases.

Reaction of the linker (Et@pi(CH,)sN(CH,PPh), (1)7 and silica
under our standard conditichsleanly givesli (Scheme 1§.The
supported Cu(l) compleRi (Scheme 1) is best generated directly
on the surface. In the optimal procedure, €CN),CuBF, is treated
with 2 equiv of PPk (acetone, 2 h) and then combined with(2
h, 50 °C). After washing the material (acetone) and drying (in
vacuo), a broad and unstructur@® CP/MAS signal results (Figure
1, top). However, recording the HRMAS spectrum with the
parameters described previou&hgven at 2 kHz, two well-resolved
signals with an intensity ratio of 1:2 are obtained (Figure 1, bottom).
These can be assigned to the P@h7 ppm) and PRH—17.8 ppm)
moieties of2i. Thus, the structure a®i (Scheme 1) is in accord
with the analogue Cu(PBR(BF,).1° Dimeric forms or higher
aggregates are ruled out by a NOESY spectrum of the suspensio
(Figure 2). The cross-peak proves that the 8@ nuclei must be
in close proximity to each other, in accord wi2has represented
in Scheme 1.

The Pd(Il) complex3, obtained by reacting with an equimolar
amount of (PhCNJPdCb, can be immobilized cleanly on sili¢a.
Figure 3 displays th&'P CP/MAS spectrum d3i (bottom). Again,
the residual line width and the CSA are large even at 4 kHz. Fortu-
nately, the HRMAS spectra in most solvents give narrow signals
(Figure 3), especially with acetone, as for the Cu system. Only

nonpolar solvents, such as pentane or cyclooctane, are not mobiliz- —

ing the complex sufficiently and therefore give #i® signalsc
Neither the immobilized Pd complesi nor the Cu complexi

on their own catalyze the Sonogashira coupling (Scheme 1) at

ambient temperature.

Next, we sought to immobilizi and 3i on the same silica
support. However, regardless of whether we started f2dorand
then tried to attacl®, or vice versa, only unassignable HRMAS
signals in the region from-20 to +30 ppm were obtained from
the material, although it was highly reactive with respect to the
Sonogashira coupling, giving tolane as the only product. Therefore,
as a new point of view joining the controversial literattfeye
conclude that the catalytically active species is not a well-defined
molecular species but some-P@u aggregate or nanoparticles that
give complex?’P HRMAS spectra. Fortunately, immobilizing the
Cu component first, with CKCN as the third ligand instead of PPh
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Scheme 1. The Silica-Immobilized Versions of Linker 1 (1i,
1i-BH3) and Complex 3 (3i), 2i, and the Sonogashira Reaction for
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prevents the attack of the Pd complex during the immobilization
step, and thus the immediate formation ol aggregates and
the narrow?’P HRMAS signals of the immobilized molecular Pd
and Cu species on the same silica result.

Interestingly, when recording the HRMAS spectrum of silica with
a 50% loading oBi° and 50% ofli,° the 3P signal ofli becomes
very broad, and it is shifted to ca:7 ppm (Figure 4, middle),
althoughli alone gives a narrow resonance-&81.4 ppm (Figure
4, bottom) at any surface coverage. Therefore, we conclude that
Pd can “hop” or migrate over the lawn of uncomplexed linkers,
thus leading to an averaged phosphine signal. To support this thesis,
we manufactured a “hopping barrier” for Pd; that is, we protected

r}he surface-bound phosphine linkers (surface coverageS0kh)

BH3, leading to1i-BHsz.!* When 3 is added, the’®P HRMAS
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Figure 1. 3P CP/MAS (top, 4 kHz) and’P HRMAS (bottom, acetone-
ds, 2 kHz) spectra of immobilized Cu compl&x.
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Figure 2. 3P 3P NOESY spectrum oi (mixing time 1 s, acetonds).
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Figure 3. 3P CP/MAS (bottom, 4 kHz, *rotational sidebands) afig
HRMAS spectra of3i (1000 scans, 2 kHz) with the indicated solvents.
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Figure 4. 3P HRMAS spectra (1000 scans, acetone): linkigibottom),
Pd complex3i with 1 equiv of uncomplexed phosphine linkar(middle),
and3i in the presence aofi-BH3 (top). The square indicates.
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Figure 5. Recycling characteristics of immobilized Cu catal®sfreaction
time 6 h for each run) with GPd(PPB), added batchwise.

spectrum displays the narrow signals 3ifat 7.4 ppm and of
1i-BH3 at 9.1 ppm (Figure 4, top). Obviously, this previously un-
recognized dynamic effect of Pd hopping is important when
considering heterobimetallic immobilized catalyst systems.

HRMAS investigations provide insight into the various im-
mobilized Cu/Pd systems and help to obtain catalysts with pro-
longed lifetimes. Importantly, while organic solvents only remove
trace amounts of Pd from the surfdeCsHsl quantitatively
transfers Pd into the solutibhand finally to the immobilized Cu
complex. Therefore, irrespective of the immobilization sequence
for 2i and3i and whether they are on the same silica batch or not,
the initial catalytic activity is high, but the system as a whole loses
activity quickly during recycling steps, and in the fourth run the
tolane yield is typically only 20%. Immobilizing the Pd complex
with the thiol linker (MeO)Si(CH,)sSH*¢ impedes the surface
mobility of Pd, and its detachment from the support and thus the
tolane yield is merely 7% in the first cycle.

The immobilized Cu compleRi does not leach into solution:
2i does not catalyze the Sonogashira reaction, even with a8lded

or CLPd(PPh),, when the phenyl iodide is covalently bound to a
different batch of support as described by Crud#erhe negative
result of this three-phase test shows that the Sonogashira reaction
does indeed take place on the surface, but withlsC the Pd
complex always acts as a homogeneous component. Any Cu/Pd
aggregate that might form in the catalytic step is not persistent,
and the Pd leaches during subsequent recycling steps.

With HRMAS, the optimal Sonogashira coupling system is
quickly identified. As shown in Figure 2i, together with freshly
added CIPd(PPh),, gives high yields of the Sonogashira coupling
product tolane in piperidine at room temperature even after 19
cycles.

In summary, we have demonstrated that HRMAS constitutes a
powerful new tool for investigating the structures and mobilities
of immobilized species and thus enables us to understand and
quickly optimize heterobimetallic catalyst systems.
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Wheng3i is stirred overnight with an excess of acetone, trace amounts of
Pd (3+ 2%) can be detected in the supernatant solution by AAS. When
3i is stirred with GHsl (1:1) in THF, (THF)GHsPdu-1),PdGHs(THF)

is obtained quantitatively, as determined by weighing the residue after
removal of the solvent from the supernatant solution.
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