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Natural Abundance >N NMR by Dynamic Nuclear Polarization:
Fast Analysis of Binding Sites of a Novel Amine-Carboxyl-Linked

Immobilized Dirhodium Catalyst
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Mayke Werner,” Hergen Breitzke, Snorri T. Sigurdsson,” and Gerd Buntkowsky*™

/Abstract: A novel heterogeneous dirhodium catalyst has
been synthesized. This stable catalyst is constructed from
dirhodium acetate dimer (Rh,(OAc),) units, which are cova-
lently linked to amine- and carboxyl-bifunctionalized meso-
porous silica (SBA-15—NH,—COOH). It shows good efficiency
in catalyzing the cyclopropanation reaction of styrene and
ethyl diazoacetate (EDA) forming cis- and trans-1-ethoxycar-
bonyl-2-phenylcyclopropane. To characterize the structure of
this catalyst and to confirm the successful immobilization,
heteronuclear solid-state NMR experiments have been per-

formed. The high application potential of dynamic nuclear
polarization (DNP) NMR for the analysis of binding sites in
this novel catalyst is demonstrated. Signal-enhanced *C CP
MAS and "N CP MAS techniques have been employed to
detect different carboxyl and amine binding sites in natural
abundance on a fast time scale. The interpretation of the ex-
perimental chemical shift values for different binding sites
has been corroborated by quantum chemical calculations on
dirhodium model complexes.

Introduction

Dirhodium(ll) complexes are a group of multinuclear
compounds with structures containing an Rh—Rh bond and
four bridging ligand moieties at equatorial positions (Fig-
ure 1a). Such complexes have been successfully applied as
highly efficient catalysts in organic chemistry to produce inter-
mediates in drug synthesis by formation of carbon-carbon or
carbon-heteroatom bonds through the generation of metallo-
carbenes."? However, their technical application potential is
limited by recycling and recovery problems, and especially by
the strict legislation concerning metal contaminations in
pharmaceutical ingredients. Aiming at a more sustainable
chemistry, there have been extensive investigations towards
the development of recyclable heterogeneous dirhodium cata-
lysts.”! One technique for preparing heterogeneous catalysts is
to immobilize the dirhodium complex by covalent grafting on
functionalized silica or polymer supports. Various studies have
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Figure 1. (a) General structure of dirhodium(ll) complexes with carboxylate
or carboxamide bridging ligands. Schematic representation of binding
modes for immobilization of dirhodium(ll) complexes: (b) axial coordination
(ax), (c) ligand exchange (ex).

focused on heterogenization at axial coordination sites
(Figure 1b) through amine or pyridine linkers, which offers an
efficient means of anchoring different dirhodium complexes,
including chiral ones.®® Alternatively, heterogenization may
be achieved by ligand exchange (Figure 1c¢), although only
a few examples of this have been reported. In this case, at
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least one ligand of the original homogeneous dirhodium com-
plex is exchanged with a carboxyl group of the functionalized
silica or polymer.®""

In the last decade, many types of silica-based transition
metal catalysts with various functional groups, such as phos-
phorus-, thiol-, nitrogen-, and oxygen-containing linker mole-
cules, have been synthesized and applied in catalysis.'>** For
the rational development of this novel class of heterogeneous
catalysts, it is crucial to obtain detailed information on both
their successful immobilization and their binding sites in order
to understand their catalytic behavior and potential stability in
reactions. In principle, this analysis can be realized by structure
determination employing solid-state NMR techniques, as was
shown by a series of studies aimed at characterizing the
structure and binding sites of such catalysts.?**¥

In the case of phosphorus-containing functionalized materi-
als, this analysis can be efficiently performed by employing
solid-state NMR techniques due to the 100% natural abun-
dance, high relative sensitivity, and large gyromagnetic ratio of
3P, These favorable properties allow the application of a broad
range of techniques, such as standard cross-polarization (CP)
experiments, J-resolved or INADEQUATE experiments,**=*1 or
specific  heteronuclear-correlation  techniques  (HETCOR)
designed for structure determination of such catalysts.****! The
combination of solid-state NMR with quantum chemical calcu-
lations offers unique possibilities for a detailed characterization
of binding sites at the molecular level.*®" However, if less
favorable nuclei, such as N in amine-containing linkers, are
involved, the analysis of the binding sites becomes difficult
due to the low abundance, low sensitivity, and low gyro-
magnetic ratio of the "N nucleus. In this case, selective N
isotopic labeling or at least isotope enrichment of the linker is
mandatory to acquire an appropriate signal-to-noise ratio
within a reasonable time. Hyperpolarization techniques such as
parahydrogen-induced polarization (PHIP),*>>* spin exchange
by optical pumping (SEOP),***¥ and dynamic nuclear polariza-
tion (DNP) are the methods of choice to overcome sensitivity
problems in functionalized materials or heterogeneous catalyst
systems.¢) However, to date, only a few studies have dealt
with the detection of N in natural abundance for analysis of
heterogeneous catalysts employing DNP®*® which has mainly
been used to enhance the signals of '°N for structure determi-
nation of functional materials®*® and in biologically relevant
systems 72

The present work is focused on the "N and C solid-state
NMR characterization of a novel dirhodium catalyst immobi-
lized on the surface of bifunctionalized mesoporous silica em-
ploying a combination of surface-enhanced DNP NMR with
quantum chemical calculations to model the NMR parameters
of the possible binding sites.

The article is structured as follows. After this brief introduc-
tion, the experimental and computational procedures are ex-
plained in detail. In the first part of the Results and Discussion
section, the synthetic strategy for obtaining the heterogeneous
dirhodium catalyst is outlined. It involves the rhodium acetate
dimer (Rh,(OAc),), which is immobilized on the surface of a bi-
functionalized (amine and carboxyl) SBA-15-type material. In
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the main part, we discuss the characterization of the materials
and catalysts employing conventional and/or DNP NMR spec-
troscopy. The experimental results are then interpreted in com-
bination with theoretical results from DFT calculations. Finally,
the activity of the new heterogeneous dirhodium catalyst (3)
has been investigated for the cyclopropanation reaction of
styrene and ethyl diazoacetate (EDA) forming cis- and
trans-1-ethoxycarbonyl-2-phenylcyclopropane stereoisomers.

Experimental Section

Preparation of the support material and immobilization of
the catalyst

SBA-15—-NH,—COOH (1): Bifunctionalized mesoporous silica 1 con-
taining both amine and carboxyl groups was synthesized by co-
condensation of (3-aminopropyl)triethoxysilane (APTES, 99% wt.,
Sigma-Aldrich) with carboxyethylsilanetriol sodium salt (CES, 25%
vol., ABCR) following published procedures.*®”® Typically, Pluronic
P123 (4.0 g; Sigma-Aldrich) as a template was dissolved in 2m
aqueous HCl (120 mL) diluted with water (30 mL) under stirring at
40°C. A mixture of tetraethyl orthosilicate (TEOS, 98% wt., 6.83 g,
0.0328 mol; Sigma-Aldrich), APTES (0.91 g, 0.0041 mol), and CES
(2.86 g, 0.0041 mol) was added to the solution at 40°C and stirred
over a period of 20 h. After aging at 80 °C for 24 h without stirring,
the solid product was recovered, washed, and air-dried at room
temperature. The template was partly removed by soxhlet extrac-
tion with ethanol for 48 h. The obtained mesoporous silica was
dried at 80°C under vacuum to ensure complete removal of the
solvent. The product showed a narrow pore size distribution with
an average diameter of 3.8 nm. The BET surface area and pore
volume were calculated as 435.02m?g™' and 0.5561 cm®g™’,
respectively. Elemental analysis (wt.%): C 15.30, H 3.041, N 1.77.

SBA-15-NH, (2): Amine-functionalized mesoporous silica 2 was
synthesized according to the same procedure as described for 1,
but employing only APTES (0.91 g, 0.0041 mol) and TEOS (7.69 g,
0.0369 mol). The product showed a narrow pore size distribution
with an average diameter of 3.85 nm. The BET surface area and
pore volume were calculated as 477.13 m’g™" and 0.5476 cm*g™",
respectively. Elemental analysis (wt.%): C 4.504, H 3.206, N 1.33.

SBA-15—NH,—COOH + Rh,(0OAc), (3): The dirhodium catalyst was
immobilized by wet impregnation after a heating step under
vacuum. Rhodium acetate dimer (0.01 g) was dissolved in acetoni-
trile (1.25 mL) and the solution was used to impregnate bifunction-
al mesoporous silica 1 (1 g). After evaporation of the solvent at
room temperature, a small amount of acetonitrile (ca. 0.5 mL) was
added. This process was repeated five times. The air-dried solid
was then heated at 80°C under vacuum for 24 h to remove the
side product (acetic acid). The catalyst was washed by soxhlet
extraction with acetonitrile for 48 h to remove physisorbed and
unbound dirhodium complex. Finally, the product was dried
under vacuum to afford the heterogeneous catalyst as a grey-
green powder. The obtained catalyst showed a decreased BET
surface area of 229.88 m?’g~' and a pore volume of 0.162 cm®*g~".
Elemental analysis (wt.%): C 12.19, H 3.087, N 1.679.

Solid-state NMR experiments without DNP

All room temperature solid-state NMR spectra were measured on
a 500 MHz Varian Unity Inova spectrometer equipped with
a Bruker 4 mm standard bore HX MAS probe. Spectra were record-
ed at frequencies of 125.81 MHz for *C and 99.36 MHz for *Si.
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Cross-polarization (CP) experiments were performed with contact
times of 3 ms for '*C and %Si at a spinning rate of 6 kHz. Adequate
signals were collected after overnight acquisition.

DNP-enhanced solid-state NMR experiments

For all DNP measurements 1-(TEMPO-4-oxy)-3-(TEMPO-4-amino)-
propan-2-ol (TOTAPOL) was employed as a popularbiradical polariz-
ing agent.” This radical was synthesized according to the proce-
dure described by Song etal” In a typical sample preparation,
the functionalized material (10-15 mg) was wetted with a 0.015m
solution of TOTAPOL in D,0/H,0 (90:10; 15 uL) and packed in
a 3.2 mm sapphire rotor. All DNP-enhanced solid-state NMR experi-
ments were performed on a Bruker Avance Ill 400 spectrometer
system equipped with an Ascend™ 400 DNP magnet, a low-tem-
perature triple-resonance 'H/X/Y probe, and a 9.7 T Bruker gyrotron
system, corresponding to a microwave frequency of 263 GHz.
Spectra were recorded at frequencies of 400.02 MHz for 'H,
100.59 MHz for C, and 40.53 MHz for "N for optimal matching
with the microwave source. *C and "N spectra were measured at
nominally 100 K at a spinning rate of 8 kHz. Cross-polarization (CP)
experiments were performed with contact times of 2 ms for "*C
and 3 ms for N, and a repetition delay of 10s according to the
approximate T, times of the protons in these samples at this tem-
perature. 128 accumulations were performed for '*C spectra (mea-
surement time 21 min) and 5000 accumulations were performed
for °N spectra (measurement time 14 h). During data acquisition,
dipolar interactions with protons were decoupled employing two-
pulse phase-modulated (TPPM) decoupling”™ with a 20° phase
jump. All 3C spectra were referenced to TMS, and "N spectra were
referenced to CH;NO, employing NH,Cl as an external standard
(0 =—341.168 ppm"”).

Activity test of the heterogeneous dirhodium catalyst

To test the activity of the SBA-15—NH,—COOH + Rh,(OAc), (3) cata-
lyst, the cyclopropanation of ethyl diazoacetate (EDA) with styrene
was investigated as a model reaction.” In a typical procedure, sty-
rene (1.04 g) was added to a suspension of the catalyst (0.075 g) in
CH,CL, (6.65 g), and the mixture was subjected to ultrasonic disper-
sion for 15 min. A solution of EDA (0.058 g) in CH,Cl, (2 g) was
then added and the mixture was stirred at room temperature.
Samples were taken after 15 min, 1 h, 2h, 3h, 4 h, and 5 h and an-
alyzed on a gas chromatograph (GC) (Agilent Technologies 7820A),
which was equipped with an HP-5 column (30 mx0.32 mmx
0.25 um) and an FID detector. For separation of the stereoisomers,
a GC temperature program of initially 80°C with an 8°Cmin~’
ramp for 3 min followed by a 15°Cmin~' ramp for 8 min was
selected, at an N, gas flow of 1.4 mLmin~". The retention times for
the cis and trans isomers were then 82 min and 8.6 min,
respectively.

Computational details

All DFT calculations were carried out with the Orca program
system.”® Model structures for the coordination of amine linkers to
Rh,(OAc), were created from the «crystal structure of
Rh,(0OAC),(H,0),,"" replacing one (structurel) or two (structure II)
of the water molecules by propylamine. Geometry optimization
was performed with Becke’s three-parameter hybrid functional®&"
along with the Lee-Yang-Parr correlation functional (B3LYP)®? and
Pople’s double-C basis set 6-31G(d,p) combining d- and p-polariza-
tion functions.®>®* |n these optimization runs, the core electrons
of Rh were replaced by the fully relativistic effective core potential
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(ECP) developed by the Stuttgart group.®™ The "N chemical shield-
ings were calculated at the same level of theory employing the
triple-C basis set 6-311+ +G(3df,3dp) including four sets of
polarization functions and additional diffuse functions on all
atoms.[B>848-88 Eor aeasier assignment of the *C signals of the sup-
port material SBA-15—NH,—COOH (1), chemical shift predictions
based on atomic increment algorithms were arranged employing
the ACD Labs software package.

Results and Discussion

Synthesis and basic characterization of the immobilized
dirhodium catalyst

Before the immobilization of the homogeneous dirhodium cat-
alyst, the bifunctionalized support material SBA-15—NH,—
COOH (1) had to be synthesized. The synthetic procedure fol-
lowed a slightly modified version of the co-condensation® to
achieve a relatively homogeneous distribution of carboxyl and
amine groups on the surface of the mesoporous material.
According to the N, adsorption-desorption isotherms of the
support material (see Supporting Information, Figure SOa), the
type IV isotherm with H1 hysteresis in the mesopore range
demonstrated the presence of open-ended cylindrical meso-
pores, which is a feature of SBA-15-type mesoporous matrices.

This supporting material was then used to graft the homo-
geneous dirhodium complex in two steps. In the wet impreg-
nation step, which was performed at room temperature, an
amine group coordinates at an axial site of the Lewis acidic
dirhodium complex.”” In the second heating step under
vacuum, carboxyl groups on the surface of the mesoporous
silica undergo ligand exchange with the dirhodium complex.
Following this synthetic protocol, it can be assumed that the
dirhodium complex is attached to the surface through both
amine and carboxyl functions. The immobilized catalyst
displayed a type IV isotherm, but, in contrast to the support
material, it showed H3 hysteresis (see Supporting Information
Figure SOb). The pore size distribution became broader and
the average diameter of the pores decreased. This further
suggested that the dirhodium complex was deposited in the
mesopores after immobilization.

Solid-state NMR characterization
25 solid-state NMR

To characterize the surface of the SBA-15—NH,—COOH (1) sup-
port material, %Si CP-MAS NMR spectra were recorded
(Figure 2). The three signals at 6=—99, —106, and —114 ppm
were assigned to the silicon atoms of silanol groups labeled as
Q,, Q,, and Q, present on the surface.?*3*%) Structural changes
on the silica surface due to the binding of amine and carboxyl
linkers are revealed by the appearance of T, signals (0 =—66
and —72 ppm). These signals are consistent with reaction of
the APTES and CES linkers with TEOS during the co-condensa-
tion process, forming one, two, or three —Si—O—Si— bonds.
This confirmed the successful functionalization of the surface
through covalent bonding. Interestingly, in contrast to previ-
ously published data for SiO, nanoparticles® or functionalized
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Figure 2. *°Si CP MAS spectrum of the bifunctionalized SBA-15—NH,—COOH
(1) material at 6 kHz spinning. The observation of T, groups confirms the
successful functionalization of the SBA-15 material.

SBA-3 material,* only two resolvable signals were observed.
We assume that this phenomenon results from the co-
condensation method employed for the preparation.

After immobilization of the Rh,(OAc), catalyst, the *Si CP
MAS spectrum (see Supporting Information Figure S1)
remained essentially unchanged, as previously observed for a
Wilkinson-type catalyst immobilized on functionalized SBA-3
material.®¥ This shows that the rhodium has no significant
influence on the chemical environment of the silica and,
furthermore, that the stability of the material is not compro-
mised by the metal.

13C solid-state DNP NMR

Figure 3a shows the *C NMR spectrum of the support material
1 recorded under microwave irradiation. From this spectrum, it
is evident that the SBA-15 material contained two different
types of linker molecules, namely the CES linker represented

13C CP MAS at 8 kHz, T=100 K

25 210 195 180 165 180

a) MW on

15N CP MAS at 8 kHz, T=100 K
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by the characteristic chemical shift of the CO group at around
180 ppm and two signals in the aliphatic region, and the
APTES linker represented by three signals in the aliphatic
region. From the prediction of C NMR chemical shifts by
atomic increment-based algorithms, one can assume that the
signals at 6=28.9, 21.1, and 42.2 ppm are due to the APTES
linker, whereas those at d=13.8 and 29.5 ppm are due to the
CES linker. Interestingly, the broad signal at 6=180 ppm
consists of two overlapping signals (Figure 3a, inset), one at
183.3 ppm and the other at 178.0 ppm. This observation
suggests that besides the carboxyl function, expected to be re-
sponsible for the signal at 6 =183.3 ppm, the sample also
contains an amide function, giving rise to the upfield-shifted
3C signal at 6=178.0 ppm. In addition to these signals,
a group of signals centered at =70 ppm can be discerned,
which can be ascribed to template molecules that were not
completely removed during the synthesis.

After immobilization of the Rh,(OAc), the *C CP MAS spec-
trum was modified by the appearance of additional small over-
lapping signals in the aliphatic region (Figure 3b). These can
be assigned to the acetate ligands of Rh,(OAc),. In the carbon-
yl group region, a third superimposed signal appears at 6=
190.5 ppm (Figure 3b, inset), which clearly indicates carboxyl
functions coordinated to the rhodium centers. A similar chemi-
cal shift is also seen for the neat crystalline Rh,(OAc), catalyst
(see Supporting Information, Figure S2). However, since un-
bound Rh,(OAc), is soluble in warm acetonitrile and should be
removed from the surface by washing for 48 h, the new signal
at 0=190.5 ppm can clearly be assigned to strongly bound
catalyst on the surface (Figure 4a). To confirm this hypothesis,
Rh,(OAc), was also grafted onto SBA-15—COOH containing
only carboxyl linker groups. The recorded spectra (see
Supporting Information Figure S3) demonstrated that after
grafting of Rh,(OAc), and washing, a somewhat downfield-
shifted signal was still visible, strongly indicating the
presence of bound catalyst on the surface.

5N solid-state DNP NMR

Whereas the sensitivity of '*C
CP MAS spectroscopy is in prin-
ciple high enough to record

MW on natural abundance *C spectra
employing long acquisition
times and signal averaging, this
is not feasible for natural abun-

MW on dance N CP MAS, since it is

roughly two orders of magni-
tude less sensitive. Here, the

C) x4 N A MW off
r T T T T T 1
250 200 150 100 50 0 -50
ppm/TMS

Figure 3. *C and "N NMR spectra measured at 8 kHz spinning rate at nominally 100 K: (a) *C CP MAS of SBA-15—
NH,—COOH (1) with MW on and deconvolution of the signals of the carbonyl functions, (b) *C CP MAS of SBA-
15—NH,—COOH + Rh,(0Ac), (3) with MW on and deconvolution of the signals of the carbonyl functions, (c) *C CP
MAS of SBA-15—NH,—COOH + Rh,(OAc), (3) with MW off, (d) N CP MAS of SBA-15-NH, (2) with MW on, (e) °*N
CP MAS of SBA-15—-NH,—COOH (1) with MW on, and (f) °N CP MAS of SBA-15—NH,—COOH + Rh,(OAc), (3) with

MW on.
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sensitivity is limited by the low
natural abundance (0.368%)
and the low gyromagnetic ratio
PN (-2.7126x 107 rad T 's™") of
the N nucleus. Thus, for stan-
dard solid-state NMR, isotopic
labeling with N would be re-
quired, which cannot be realiz-
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Figure 4. Possible binding modes for the immobilization of Rh,(OAc), de-
rived from the "*C and "N solid-state DNP NMR spectra: (a) ligand exchange
of the carboxylate group and (b) axial coordination via the amine function.

ed with typical synthetic strategies for the investigated sys-
tems.

The N CP MAS spectra measured with DNP (see Figure 3d-
f) overcome these sensitivity problems. All spectra were ac-
quired within measurement times of 14 h with an appropriate
signal-to-noise ratio for unambiguous assignment of the sig-
nals. Figure 3d shows the spectrum of pure amino-functional-
ized SBA-15 material (2). The broad signal at é =—349.0 ppm
corresponds to free amine functions, which display a wide dis-
tribution of isotropic chemical shifts due to their various chem-
ical environments in the amorphous sample. When the SBA-15
material is functionalized with additional carboxyl linkers (1),
the spectral line shape is slightly modified and a second signal
appears at 0~ —258 ppm. Together with the signal at 6=
178 ppm in the *CNMR spectrum (see above), this second
signal clearly demonstrates the presence of amide groups on
the surface of the support material, which may result from the
condensation of amine and carboxyl functions. In our systems,
the formation of an amide or carbamide by reaction of a pri-
mary amine function with carbon dioxide®°"" can be excluded,
since such a reaction should also occur in the case of the pure
amine-functionalized material (see Figure 3d).

After immobilization of Rh,(OAc), on 1, the intensity of the
signal at d=-349.0 ppm decreased and a new signal ap-
peared at d =—402.7 ppm. This observation strongly indicates
that the rhodium of the Rh,(OAc), catalyst is coordinated by
the amine function of 1 as illustrated in Figure 4b.

Quantum chemical calculations

To support the assignment of the "°N signals in the solid-state
spectra, theoretical calculations were performed on model sys-
tems of Rh,(OAc),. n-Propylamine (Ill) was chosen as a model
ligand to simulate the coordination of the dirhodium complex
by APTES-functionalized silica. Since we were only interested in
isotropic chemical shift information, it seemed reasonable to
neglect the silica part of the system to reduce computational
costs. Moreover, the theoretical results could be readily
compared with previous liquid-state NMR data.
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Figure 5. Structures for the NMR parameter calculations: n-propylamine-
monosubstituted dirhodium complex (1), n-propylamine-disubstituted dirho-
dium complex (Il), and n-propylamine (lll).

Two different structures (see Figure5) were created by
replacing one (structure l) or two (structure Il) of the water li-
gands by n-propylamine, thereby modeling the most probable
coordination sites of the amine to Rh,(OAc),. The chemical
shifts (referenced to CH;NO,) calculated for the nitrogen nuclei
in the three displayed structures are summarized in Table 1.

Table 1. Calculated "N chemical shifts of structures I-lll and comparison
with experimental N chemical shifts from liquid-state and solid-state
NMR data.

0"N calculated 0"N experimental

Structure 0"N experimental

[ppm/CH;NO,] liquid-state NMR solid-state NMR
[Ppm/CH;NO,] [Ppm/CH;NO,]
| —397.5 —395.7 —402.7
] —387.4/—-388.3
1] —363.2 —359.9 —349.0

Comparing the shift of the free amine group (structure Ill) with
that of the rhodium-bound amine group in structure I, the up-
field shift of approximately 6 =35.8 ppm observed in the liquid
spectrum (see Supporting Information, Figure S4) is accurately
reproduced. The calculated difference between the single
amine coordination in structure | and the double coordination
in structure Il (10 ppm) is relatively small and does not allow
a clear discrimination between these two possible coordination
modes within the error margins of the employed B3LYP/6-
311+ + G(3df,3dp) level of theory. For the interpretation of the
chemical shifts observed in the solid-state spectra, the calculat-
ed "N values for the amine groups can only provide rough
guidelines for the change in electronic structure upon coordi-
nation at rhodium. The calculated upfield shift of 35.8 ppm in
the liquid-state spectrum is more marked in the solid-state
spectrum, amounting to 53.7 ppm. These results strongly sup-
port the hypothesis that the dirhodium catalyst is immobilized
through amine linkers.

Sensitivity enhancement by DNP

To illustrate the efficiency of the DNP-enhanced solid-state
NMR approach, a C reference spectrum for SBA-15—NH,—
COOH + Rh,(0OAc), (3) was recorded by employing the same
parameters but without microwave irradiation (Figure 3c). This
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spectrum showed no significant signals within the applied
measurement time of 20 min. Compared to this spectrum, the
signal-to-noise ratio of the DNP spectrum is improved by
a factor of 24. This enhancement factor is comparable to the
values achieved by other research groups for surface-enhanced
DNP on functionalized porous silica materials.*?

For "N, the enhancement factor was only calculated for
SBA-15—NH, (2) (see Supporting Information, Figure S5), which
served as a test sample for evaluation of the "N DNP set-up.
Even without any optimization, an enhancement factor of
about six was achieved, which corresponds to a time gain of
36 compared to the standard solid-state NMR experiment. This
clearly demonstrates the high potential of N DNP for
characterizing nitrogen-containing binding sites in hetero-
geneous systems.

Activity test of the SBA-15—NH,—COOH + Rh,(OAc), (3)
catalyst

To test the catalytic application potential of the heterogeneous
dirhodium catalyst (3), a model cyclopropanation reaction was
performed employing EDA and styrene as substrates
(Scheme 1). The results of this activity study are displayed
graphically in Figure 6. The overall yield of the products (cis-
and trans-1-ethoxycarbonyl-2-phenylcyclopropane) increased
with the reaction time and reached about 55% after 5 h.
During the reaction, the cis and trans isomers were produced
in yields of 45% and 55 %, respectively. The results confirmed
the efficiency of the heterogeneous dirhodium catalyst for cy-
clopropanation even without optimization of the catalyst struc-
ture, and demonstrated the applicability of this catalyst for
preparing precursors of pharmaceutical ingredients.

COOEt

o+
N2

Cat. (3)

/
/A-.,,, + A
CHoClp, RT  Ph “COOEt  Ph COOEt

B —

trans cis

Scheme 1. Reaction scheme of the cyclopropanation of EDA with styrene ac-
cording to ref. [7] catalyzed by SBA-15—NH,—COOH + Rh,(OAc), (3).
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Figure 6. Overall yield of the product mixture (a), of the cis isomer (m), and
the trans isomer (@) as functions of reaction time.
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Conclusions

A novel heterogeneous dirhodium catalyst based on a
functionalized silica support material has been synthesized.
The dirhodium acetate dimer (Rh,(OAc),) was chosen as
a model complex for grafting onto bifunctionalized mesopo-
rous silica (SBA-15—NH,—COOH). This catalyst has been applied
in the cyclopropanation reaction of EDA with styrene, showing
efficient conversion to form the cis- and trans-1-ethoxycarbon-
yl-2-phenylcyclopropane product at room temperature. *Si
solid-state NMR has confirmed successful functionalization of
the mesoporous SBA-15 material. Surface-enhanced *C CP
MAS and "N CP MAS experiments allow us to distinguish the
different binding sites on the support material, such as carbon-
yl, amine, and amide functions. These experiments have
shown that both carboxyl and amine ligands facilitate strong
and stable binding of the dirhodium catalyst on the surface.
The interpretation of the chemical shift values for different
binding sites has been corroborated by quantum chemical cal-
culations on dirhodium model complexes, which are in excel-
lent agreement with the experimental results. This study clear-
ly demonstrates the high application potential of DNP NMR for
detecting nuclei such as "N in natural abundance, which may
be employed to distinguish different amine binding sites in
heterogeneous catalyst systems on a fast time scale. Further-
more, it allows the possibility of analyzing a wide range of
systems with nitrogen-containing groups that cannot be
easily spin labeled.
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