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The detailed characterization of catalytic materials lays
the foundation for quantitative structure-activity relation-
ships that lead to rational design of catalysts. However, most
classical solid catalysts are difficult to characterize at the
molecular level, even when using the most advanced analyti-
cal techniques available to surface science. Thus, the vast
majority of chemical reactions that are performed with het-
erogeneous catalysts lack characterized molecular structures.
In contrast, homogeneous catalysts contain single metal sites
in well-defined ligand environments, structures of which can
be readily solved by spectroscopic or diffraction methods.
The knowledge of structure gives fundamental insight into
the behavior of a homogeneous complex under catalytic
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conditions, which then directly leads to improved catalyst
design. Construction of materials that contain metal com-
plexes supported on a material surface and having control-
led first-coordination-sphere environments bridges this gap
between homogeneous and heterogeneous catalysis,!!! giving
catalysts that are readily separable from the reaction
medium and that avoid metal contamination of the end
product.

However, one of the critical barriers to overcome in the
production of these molecularly defined materials is the de-
termination of the structure of the surface sites. Though
NMR spectroscopy is a powerful method to determine the
structure of such solids,” the low inherent sensitivity of
NMR spectroscopy coupled with the small quantity of cata-
lytic sites in these materials renders conventional NMR
characterization extremely difficult. Recently, we have
shown in model systems how dynamic nuclear polarization
(DNP) could be used to selectively amplify the NMR signal
from surface species, leading to remarkable signal enhance-
ments (up to 100) and to large reduction in experimental
times.”! Herein, we describe the first application of this ap-
proach to the characterization of a well-defined catalytic
system, namely, a hybrid material containing uniformly dis-
tributed Pd-N heterocyclic carbenes (NHC) complexes
within the mesoporous network of a silica matrix. We show
that by using an appropriate solvent/radical system for im-
pregnation and by taking care that the surface is correctly
passivated, the DNP-surface-enhanced NMR spectroscopy
(SENS) method leads to the full structural determination of
the Pd surface complexes, in a manner analogous to what
would be done for homogeneous catalysts with solution
NMR. We then show that, as was expected from its well-de-
fined structure and environment, this material is an efficient
precatalyst for the Z-selective semihydrogenation of al-
kynes.

The catalytic reduction of alkynes to Z-olefins (Eq. [1]) is
classically performed with the Lindlar catalyst,”*! a heteroge-
neous catalyst that consists of palladium particles supported
on CaCOj; doped with lead acetate. Quinoline is also added
to this mixture to poison most of the surface palladium sites,
preventing over-reduction of Z-ene products. Though recent
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progress has shown that Pd particles® and even gold surfa-
ces”! can catalyze the selective semihydrogenation of al-
kynes, the catalytically active site in Lindlar’s catalyst re-
mains unknown,” and optimizing this system often relies on
empirical observations as opposed to quantitative structure
activity relationships.

cat. R
> //\ + ~ + R'
H, R R’ K R/\/
Z-Ene E-Ene

R——R'

In selective alkyne semihydrogenation, homogeneous Pd
complexes that contain bis(arylimino)acenaphthene (Ar-
bian) or NHC ligands have also been developed to selective-
ly give Z-alkenes.”) Herein, we have prepared the corre-
sponding immobilized system that contains palladium-NHC
complexes incorporated into a mesostructured silica materi-
al (Mat-Pd) by reaction of [n-C;H;PdCl], with the imidazoli-
um functionalities distributed in the pore channels of a mes-
oporous hybrid material (Scheme 1).') The material con-
taining imidazolium units (Mat-Im) was prepared by 1) the
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Scheme 1. Synthesis of Mat-Pd: i) TEOS (28 equiv), HCI/H,O (pH 1.5), P123, NaF, 45°C, 4 days; ii) mesitylimi-
dazole (10 equiv), toluene, reflux, 16 h; iii) TMSCI, Et;N, toluene, 25°C, 16 h; iv) KHMDS (1 equiv), THF fol-

lowed by [-C;HsPdCl], (2 equiv Pd).

co-hydrolysis and co-condensation of Si(OEt), and (para-
chlorophenylmethyl)trimethoxysilane in the presence of Plu-
rionic 123, a structure-directing agent;!'!! 2) the subsequent
treatment of this material with mesitylimidazole; and 3) the
passivation of the surface silanols with (CH;);SiCI/Et;N to
give Mat-Im. We also prepared the corresponding materials,
in which the surface was passivated with (CD;);SiCI/Et;N in
place of (CH;);SiCI/Et;N to give [Do]Mat-Im, because we
have observed that trimethylsilyl (TMS)-passivated materi-
als, which are essential for metal-complex incorporation, ob-
literate the DNP NMR signal enhancements necessary for
the characterization discussed below, due to the high density
of fast-relaxing methyl protons.'” Deuteration of the surface
methyl groups restores the DNP performance. Treatment of
Mat-Im and [Do]Mat-Im with potassium hexamethyldisila-
zide (KHMDS) in THF suspension and subsequent addition
of [n-C;H;PdCl], gave Mat-Pd and [Dy]Mat-Pd, respectively
(Scheme 1, Figure 1a).
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The ligand precursor (Mat-Im) and the Pd-NHC catalyst
(Mat-Pd) were fully characterized by DNP SENS analy-
sis.>"! Spectra were recorded on a commercial Bruker
400 MHz/263 GHz gyrotron DNP system (9.4 T) by using
samples impregnated with a 16 mMm solution of bis-
cyclohexyl-TEMPO-bisketal (bCTbK; TEMPO=226,6-
tetramethylpiperidin-1-yl)oxyl) in 1,1,2,2-tetrachloroethane
(C,H,Cl1,).1 Microwave irradiation of the NMR sample at
100 K saturates the EPR transitions of bCTbK, and subse-
quent transfer of polarization from the electrons to the
nuclei of interest on the surface resulted in large NMR
signal enhancements. Figure 1b shows the *C CPMAS spec-
tra of [Dg]Mat-Im (top spectrum) and [Dy¢]Mat-Pd (bottom
spectrum) at natural isotopic abundance. Surface signal en-
hancement factors eisccp (defined as the ratio of integrated

intensities in spectra acquired with and without microwave
irradiation) of 25 and 15 were obtained for the aromatic car-
bons of [D¢]Mat-Im and [Dy|Mat-Pd, respectively. These
signal amplification factors (illustrated in Figure 1b for the
ligand precursor) translate into a spectacular reduction in
experimental time (up to a factor of 625 with respect to
standard NMR instrumentation) and allowed the complete
structural characterization of
both materials by using multidi-
mensional NMR methods. For a
%\N‘@_‘ comparison, the “C CPMAS
N\< spectrum of Mat-Pd is included
,Pd\)) in the Supporting Information,
cl the signal-to-noise ratio of this
0 spectrum is lower for the sur-
5 face nuclei after 24 h of acquisi-
{ Psi<o” o tion than the SENS spectrum of
% S [Dy]Mat-Pd after 35 min (Fig-
Mat-Pd ure S11 in the Supporting Infor-
mation). Clearly, the multi-
dimensional data presented
below would not be possible

without SENS technology.
The “C CPMAS spectrum of
[Dy]Mat-Im was fully assigned from a 2D 'H-"C heteronu-
clear correlation (HETCOR) spectrum (Figure S9 in the
Supporting Information). The complete 'H, “C, and *Si
chemical-shift values are reported in Table S2 in the Sup-

porting Information.

Clear changes were observed in the *C CPMAS spectrum
upon the conversion of [Dyg|Mat-Im to [Dy]Mat-Pd (Fig-
ure 1c). The *C NMR spectrum contains a new signal at 6 =
109 ppm together with a significant increase in the reso-
nance intensity of the peaks at 0 and 54 ppm relative to
[Dy]Mat-Im. The new resonances at 6 =54 and 110 ppm cor-
respond to two of the expected signals from the Pd-allyl
fragment (carbons 9" and 10’). The peak at 6 =0 ppm is as-
signed to the carbons of the surface OSi(CD;); groups, and
to the methyl carbons of a residual amount of unreacted
KHMDS used in the synthesis of [Dy]Mat-Pd. By using a
longer cross-polarization contact time of 6 ms, the NHC-Pd
carbon resonance is observed at 6 =181 ppm, which consti-
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Figure 1. a) Structures of [Dy]Mat-Im and [D,]Mat-Pd. b) 1D *C CPMAS
spectra of [Dy]Mat-Im with microwaves on (uW; top, black) and uW off
(bottom, grey). c) 1D *C CPMAS spectra of [Dy]Mat-Pd with pW.

tutes clear evidence for the attachment of the Pd-allyl frag-
ment to the surface-bound NHC. Previous work on similar
metal-containing hybrid materials required tedious and ex-
pensive C isotopic-labeling strategies to observe this key
resonance.

The assignment of the *C CPMAS spectrum of [Dg]Mat-
Pd was confirmed by a series of '"H-"*C 2D HETCOR NMR
experiments recorded with various CP contact times (250 ps,
2, and 6 ms). The short contact time primarily allows the de-
tection of correlations between bonded pairs of nuclei (Fig-
ure 2a). The correlation at [0y, O] =[5.0, 110 ppm] corre-
sponds to the central Pd-allyl carbon (C10"). The broad
shoulder centered at around [0y, disc] =[5.5, 54 ppm] corre-
sponds to both the correlations involving the CH,N (C6’)
and the terminal Pd-allyl (C9’) carbons. The third Pd-allyl
resonance (expected at ca. [0y, Onc]=[4, 72 ppm] by com-
parison with molecular complexes) likely resides under the
NMR solvent signal (C,H,Cl,).

The cross-peak at [diy, O] =[7, 133 ppm] in the 2D HET-
COR NMR spectrum corresponds to the aromatic carbons
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Figure 2. a) Contour plot of a 2D 'H-"*C HETCOR spectra recorded on
[Dy]Mat-Pd. e) Contour plot of a 2D 'H-*Si spectrum recorded on
[Dy]Mat-Pd.

of the surface tether (C7") and the mesityl ligand (in particu-
lar C2 and C2’'), as well as the carbons of the NHC ligand
(C3' and C4'). The cross-peak at [0y, O] =[2.0, 17 ppm] is
assigned to the methyl groups (C1’,C1” and C1") of the me-
sityl function. Finally, the correlation at [0y, Ouc]=]0,
0 ppm] corresponds to surface TMS groups.

At longer contact times, 'H-*C HETCOR spectra (Fig-
ure S10 in the Supporting Information) display correlations
between the terminal Pd-allyl protons (at around 3 ppm)
and the central Pd-allyl carbon (C10’) at 110 ppm, as was
expected. Long-range correlations are also observed at [0y,
Oic] =[3.0, 0 ppm] between these terminal Pd-allyl protons
and the carbons of surface trimethylsilyl groups. Similar
cross-peaks are visible between the mesityl-methyl protons
and carbons of trimethylsilyl moieties at [0y, Onc]=[2.2,
0 ppm]. These correlations reflect spatial proximities be-
tween the allyl and mesityl groups on the one hand and the
TMS surface groups on the other hand, and suggest that the
ligand is bent, interacting with the surface, and that the Pd
metal center, therefore, lies close to the silica surface.['3%%]
Finally, we note that the Pd-NHC carbene resonance has
weak correlations with aromatic and the C10’-Pd-allyl pro-
tons, which is also consistent with the structure of the cata-
lyst.

Chem. Eur. J. 2013, 19, 12234 -12238
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Figure 2b shows a 'H-*Si 2D HETCOR NMR spectrum
recorded on the [Do]Mat-Pd material. The 1D #Si NMR
spectrum (on top of the 2D plot) contains four resonances
corresponding to bulk silicon Q sites at d =—98 ppm, the sil-
icon T sites at —77 ppm, the residual unreacted KHMDS
signal at —15 ppm, and surface passivating [Dy]TMS groups
at 0=16 ppm. The '"H-*’Si 2D HETCOR spectrum contains
the expected correlation between the *Si T site and aromat-
ic proton resonances at around 8 ppm. The [Do]TMS groups
show long-range cross-peaks with aromatic protons at 0=
7.3 ppm, as well as correlations with the mesityl methyl
groups at 2.0 ppm. The *Si nuclei of KHMDS at 6=
—15 ppm correlate only with their covalently bound methyl
protons at O ppm. No long-range correlations with other
protons were observed, establishing that the KHMDS
groups adsorbed onto the surface are well isolated from the
rest of the organic residues.

Only two days of measurement time were required to ac-
quire this complete set of experiments (including multiple
BC CP magic-angle spinning (MAS), 'H-"*C HETCOR, *Si
CP MAS, 'H-*Si HETCOR NMR experiments) for the un-
ambiguous assignment of each 'H, *C, and ®Si NMR spec-
trum, and for the full structural characterization of the orga-
nometallic fragment. Note that high-resolution MAS
(HRMAS) NMR experiments fail on these types of materi-
als. For example, HRMAS on Mat-Im only gave broad spec-
tral lines with poor signal-to-noise ratio in the 'H and
BC NMR spectra, probably because of the low mobility of
surface species, which resulted in strong residual dipolar
coupling (see the Supporting Information for details). The
NMR data clearly show that the NHC-Pd fragment is in a
well-defined molecular environment on the silica surface,
that there are no significant side products to the reaction or
unreacted ligands, and that the 3D conformation of the sur-
face-bound complex is bent over close to the surface. Such
atomic level of characterization was not accessible previous-
ly by using any other technique, and would be inconceivable
at natural-isotopic abundance without DNP SENS NMR
technology.

The catalytic performance of Mat-Pd was evaluated in the
stereoselective semihydrogenation of alkynes to Z-alkenes
in the presence of dihydrogen (Table 1).’*“! The hydrogena-
tion of alkynes (Yne) can give three products: the desired
Z-alkene (Z-Ene), the unwanted E-alkene isomer (E-Ene),
or the over-reduced alkane product (Ane). Mat-Pd is active
in semihydrogenation of 1-phenylpropyne (Yne-1) with a
turnover frequency (TOF) of 1800 h™, and kinetically selec-
tive towards Z-Ene-1 (93 %, entry 1). The catalyst is fairly
stable under these conditions, allowing a turnover number
(TON) of 1100 to be reached for this substrate. However,
increasing the substrate to Pd ratio beyond this limit did not
lead to full alkyne conversion indicating catalyst deactiva-
tion. ICP analysis of the reaction mixtures contains less than
1 ppm palladium, indicating that leaching from the silica
support does not occur during catalysis, preventing metal
contamination of the final product. This is particularly im-
portant, because removing Pd traces from the organic prod-
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Table 1. Mat-Pd-catalyzed alkyne semihydrogenation.

Entry Alkyne TOF [h7'] TONH Selectivity!®!
Ph ——Me
1 Yo 1800 1100 93 (89)
Ph ——Ph
2 Yno2 5100 3100 81 (56)
H ——H
3 o 1200 2200 941 (n.d.)l
Pr—=—p
4 "nea 13200 3300 94 (92)
OH
5 Bt —=+H, 4500 2100 93 (87)
Yne-5

[a] mol product/mol catalyst. [b] Measured at 50% alkyne consumption,
number in parentheses measured at 99 % alkyne consumption. [c] Termi-
nal alkene selectivity. [d] C,s byproducts observed at high alkyne (>
70 %) conversion. n.d. =not determined.

uct is often a critical problem. Finally, the formation of the
overhydrogenated byproduct (Ane-1) occurs only at high
alkyne conversion (>90%) and at >99% consumption of
Yne-1 the Z-selectivity decays only slightly to 89%.

We should note that Mat-Pd is much more active and se-
lective than similar homogeneous complexes. For example,
related discrete NHC-Pd’ complexes have a TOF of about
45h7" with a selectivity of 75% for the Z-alkene at 99 %
conversion.” Under similar conditions, the homogeneous
analogue [BnMesNHC]Pd(C;H;)Cl transforms Yne-1 to Z-
Ene-1 with 90 % selectivity at 50 % conversion, although the
selectivity drops to 84 % at 95% conversion. The dominant
byproduct of the [BnMesNHC]Pd(C;H;s)Cl-catalyzed semi-
hydrogenation is Ane-1, which appears only at high alkyne
consumption (see the Supporting Information for details).
We also decomposed Mat-Pd in the absence of alkyne to
give Pd° particles (ca. 20 nm) that also catalyze the semihy-
drogenation of Yne-1, although with different rate (TOF=
700h™") and selectivity (74% Z-Ene) profiles, suggesting
that these particles are not the active catalyst in Mat-Pd
(see the Supporting Information).

The scope of the Mat-Pd-catalyzed semihydrogenation of
alkynes is shown in Table 1. Mat-Pd efficiently reduces di-
phenylacetylene (Yne-2), which is a challenging substrate
for this reaction, to give Z-stilbene with 81 % selectivity at
50% alkyne conversion, and 56% at >99% conversion
(entry 2). This loss of selectivity at high alkyne conversion is
common for Yne-2, because the product Z-ene-2 is known
to be readily hydrogenated. 1-Octyne (Yne-3) was hydro-
genated in the presence of 0.05 mol% Mat-Pd to give 1-
octene in 93% selectivity at 50% conversion (entry 3). Al-
though the semihydrogenation of 1-octyne is 86 % selective
for 1-octene in the Cg fraction at 97 % alkyne conversion,
the formation of C;4 byproducts at high alkyne conversion
(>70%) reduces the yield of 1-octene. 4-Octyne (Yne-4)
and hex-3-yne-1-ol (Yne-5) were clearly semihydrogenated
to give their respective Z-ene products with high selectivity
and activity (entries 4 and 5).

In summary, we have described the rational design and
detailed DNP SENS characterization of a mesostructured
silica hybrid material that contains Pd-NHC functionalities
regularly distributed within the pore channels. The SENS
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NMR experiments unambiguously establish the molecular
environment of the Mat-Pd fragment in this hybrid material,
and multidimensional NMR analysis revealed that the orga-
nometallic complex interacts with nearby -OSi(CD;); sur-
face functionalities. In view of the promising catalytic effi-
ciency in the semihydrogenation of alkynes to selectively
produce Z-alkenes with this first generation of well-defined
heterogeneous catalysts, we are now developing new cata-
lysts in hope to reach higher levels of activity and stability
by engineering the ligand and the surface around the sup-
ported Pd center.

Keywords: carbenes - hybrid materials - palladium - NMR
spectroscopy - semihydrogenation
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