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Abstract 

The synthesis of a novel heterogeneous dirhodium catalyst is described. This stable catalyst is 
built by the dirhodium-acetate dimer (Rh2ac4) which is covalently linked to amine and carboxyl 
bifunctionalized mesoporous silica (SBA-15~NH2~COOH). It shows good efficiency in the 
cyclopropanation reaction of styrene and ethyl diazoacetate (EDA) forming cis- and trans-1-
ethoxycarbonyl-2-phenylcyclopropane. To characterize the structure of this catalyst and to 
confirm the successful immobilization heteronuclear solid-state NMR experiments are 
performed. The high application potential of dynamic nuclear polarization (DNP) NMR for the 
analysis of binding sites in this novel catalyst is demonstrated. Signal enhanced 13C CP MAS 
and 15N CP MAS techniques are employed to detect different carboxyl and amine binding sites 
in natural abundance at a fast time scale. The interpretation of the experimental chemical shift 
values for different binding sites is corroborated by quantum chemical calculations on 
dirhodium model complexes.    
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Introduction 

Dirhodium(II)-complexes are a group of multi-nuclear compounds, possessing structures 
containing a Rh-Rh bond and four bridging ligand moieties at equatorial positions (Fig. 1a). 
Such complexes were successfully applied as highly efficient catalysts in organic chemistry to 
produce intermediates in drug synthesis by formation of carbon-carbon or carbon-heteroatom 
bonds via the generation of metallo-carbenes. 1, 2 However, their technical application potential 
is limited by recycling and recovering problems, and especially by the strict legislation 
concerning metal contaminations in pharmaceutical ingredients. Aiming at a more sustainable 
chemistry, extensive investigations towards the development of recyclable heterogeneous 
dirhodium catalysts have been performed.3 One technique to prepare heterogeneous catalysts is 
the immobilization of the dirhodium complex by covalent grafting employing functionalized 
silica or polymer materials as supporting materials. Various studies have focused on the 



heterogenization on axial coordination sites (Fig. 1b) via amine or pyridine linkers which yield 
an efficient way to anchor different dirhodium complexes as for example chiral ones. 3-8 For 
the alternative heterogenization via ligand exchange (Fig. 1c) only few examples are known. In 
this case, at least one ligand of the original homogeneous dirhodium complex is exchanged with 
the carboxyl group of the functionalized silica or polymer. 9-11  
In the last decade, many types of silica based transition metal catalysts with various 
functionalized groups such as phosphorous, thiol, nitrogen or oxygen containing linker 
molecules have been synthesized and applied in catalysis. 12-33 For a rational development of 
this novel type of heterogeneous catalysts, it is crucial to get detailed information on the 
successful immobilization and further on the binding sites 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 
which characterized the structure and binding sites of such catalysts.34-44  
In the case of phosphorous containing functionalized materials this analysis can be performed 
efficiently employing solid state NMR techniques due to the 100% natural abundance, the high 
relative sensitivity and the large gyromagnetic ratio of 31P. These favorable properties allow the 
application of a broad range of techniques such as the standard cross polarization (CP) 
experiments, J-resolved or inadequate experiments, 45-47 or special heteronuclear-correlation 
techniques (HETCOR) designed for structure determination of such catalysts.48, 49  
The combination of solid state NMR with quantum chemical calculations opens unique 
possibilities for a detailed characterization of the binding sites on the molecular level.50, 51   
However, if less favorable nuclei, such as 15N in amine containing linkers are involved, the 
analysis of the binding sites becomes difficult due to the low abundance, low sensitivity and 
low gyromagnetic ratio of the 15N nucleus. In this case selective 15N isotope labeling or at least 
isotope enrichment of the linker is mandatory to get an appropriate signal to noise ratio within 
reasonable time.  
Hyperpolarization techniques such as Para Hydrogen Induced Polarization (PHIP),52-55 Spin 
Exchange by Optical Pumping (SEOP)56-59 or Dynamic Nuclear Polarization (DNP) are the 
methods of choice to overcome sensitivity problems in functionalized materials or 
heterogeneous catalyst systems. 60-63  
However, up to now only few studies dealt with the detection of 15N in natural abundance for 
analysis of heterogeneous catalysts employing DNP, 64-66 which was mainly used to enhance 
the signals of 15N for structure determination in biologically relevant systems.67-70  
The present work focuses on the 15N and 13C solid state NMR characterization of a novel 
dirhodium catalyst immobilized on the surface of bifunctionalized mesoporous silica 
employing 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 introduction, the experimental and 
computational procedures are explained in detail. In the first part of the results and discussion 
section, the synthesis strategy of the heterogeneous dirhodium catalyst is announced based on 
the rhodium acetate dimer (Rh2ac4) which is immobilized on the surface of bifunctionalized 
(amine and carboxyl) SBA-15 type material. The main part then discusses the characterization 
of the materials and catalysts employing conventional and/or DNP NMR spectroscopy. The 
interpretation of these experimental results is then argued together with theoretical results from 
DFT calculations. Finally, the activity of the new heterogeneous dirhodium catalyst (3) is 
investigated for the cyclopropanation reaction of styrene and ethyl diazoacetate (EDA) forming 
the cis- and trans-1-ethoxycarbonyl-2-phenylcyclopropane stereoisomers.  
  
     
 
 



 
 
Fig. 1: (a) General structure of dirhodium(II) complexes with carboxylate or carboxamide bridging 
ligands. Schematic representation of binding abilities for immobilization of dirhodium(II) complexes : 
(b) axial coordination (ax), (c) ligand exchange (ex). 
 
 
Experimental details 
 
 
Preparation of the support material and immobilization of the catalyst 
SBA-15~NH2~COOH (1) 
Bifunctionalized mesoporous silica 1 containing both amine and carboxyl groups has been 
synthesized by co-condensation using (3-aminopropyl)triethoxysilane (APTES, 99% wt., 
Sigma-Aldrich) together with carboxyethylsilanetriol sodium salt (CES, 25% vol., ABCR) 
following procedures given in the literature. 36, 71  
Typically, 4.0 g of Pluronic P123 (Sigma-Aldrich) as template was dissolved in 30 ml of water 
and 120 ml of a 2M HCl solution under stirring at 40 ℃. A mixture of 6.83 g (0.0328 mol) 
tetraethyl orthosilicate (TEOS, 98% wt., Sigma-Aldrich), 0.91 g (0.0041 mol) APTES, 2.86 g 
(0.0041 mol) CES was added into the solution under stirring at 40 ℃ for 20 h. After aging at 
80 ℃ for 24 h without stirring, the solid product was recovered, washed, and air-dried at room 
temperature. Parts of the template were removed by Soxhlet extraction with ethanol for 48 h. 
The obtained mesoporous silica was dried at 80 ℃ under vacuum to ensure total solvent 
removal. The maintained ordered mesoporous pores showed a narrow pore size distribution 
with an average diameter of 3.8 nm. The BET surface area and pore volume are calculated as 
435.02 m2∙g-1 and 0.5561 cm3∙g-1. 
Elementary analysis w%: 1.77 N, 15.30 C, 3.041 H 
 
SBA-15~NH2 (2) 
Amine-functionalized mesoporous silica 2 was synthesized following the same procedure 
described for 1 but employing only APTES. Here a mixture of 7.69 g (0.0369mol) of TEOS 
and 0.91 g (0.0041mol) of APTES was utilized for the synthesis. The maintained ordered 
mesoporous pores showed narrow pore size distribution with an average diameter of 3.85 nm. 
The BET surface area and pore volume are calculated as 477.13 m2∙g-1 and 0.5476 cm3∙g-1. 
Elementary analysis w%: 1.33 N, 4.504 C, 3.206 H 
 
SBA-15~NH2 ~COOH + Rh2ac4 (3) 



The immobilization of the dirhodium catalyst was achieved by wet impregnation following a 
heating step under vacuum. 0.01 g rhodium acetate dimer was dissolved in acetonitrile. Then 1 
g bifunctional mesoporous silica 1 was impregnated in such solution. After evaporation of the 
solvent at room temperature, small amounts of acetonitrile were added to ensure the dirhodium 
complex was adsorbed in mesoporous silica as much as possible. This process was repeated 5 
times. Then, the air dried solid was heated at 80 ℃ 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 neat dirhodium complex. Finally, the product was dried under 
vacuum yielding the heterogeneous catalyst as grey green powder. The obtained catalyst 
showed decreased BET surface area of 229.88 m2∙g-1 and pore volume of 0.162 cm3∙g-1. 
Elementary analysis w%: 1.679 N, 12.19 C, 3.087 H 
 
 
Solid-State NMR experiments without DNP 
All room temperature solid-state NMR spectra were measured at a 500 MHz Varian Unity Inova 
spectrometer equipped with a Bruker 4 mm standard bore HX MAS. Spectra were recorded at 
a frequency of 125.81 MHz for 13C and 99.36 MHz for 29Si. Cross polarization (CP) 
experiments were performed with contact times of 3 ms for 13C and 29Si at a spinning rate of 6 
kHz. Measurements take approximately one night to get an appropriate signal. 
 
 
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 prominent biradicalic polarizing agent.72 The synthesis of this radical was 
performed according to the procedure described by Song et al. 73 For the typical sample 
preparation, 15-25 mg of the functionalized material was wetted with 15 µL of a 0.015 M 
solution of TOTAPOL in D2O/H2O 90:10 and packed in 3.2 mm sapphire rotors.  
All DNP enhanced solid-state NMR experiments were performed on a Bruker Avance III 400 
spectrometer system equipped with an AscendTM 400 DNP magnet, with a low-temperature 
triple resonance 1H/X/Y probe, and a 9.7 Tesla Bruker gyrotron system corresponding to a 
microwave frequency of 263 GHz. 
Spectra were recorded at a frequency of 400.02 MHz for 1H, 100.59 MHz for 13C and 40.53 
MHz for 15N to reach the optimum match with the microwave source. 
13C and 15N spectra were measured at nominally 100 K and at 8 kHz spinning rate. Cross 
polarization (CP) experiments were performed with contact times of 2 ms for 13C and 3 ms for 
15N, and a repetition delay of 10 s according to the approximated T1 times of the protons in 
these samples at this temperature. 128 accumulations were performed for 13C (measurement 
time 21 min) and 5000 accumulations were performed for 15N spectra (measurement time 14 h). 
During data acquisition dipolar interactions to protons were decoupled employing tppm 
decoupling74 with a 20° phase jump. All 13C spectra were referenced to TMS and 15N spectra 
were referenced to CH3NO2 employing NH4Cl as external standard (-341.168 ppm75).  
 
Activity test of the heterogeneous dirhodium catalyst  
To test the activity of the SBA-15~NH2~COOH+Rh2ac4 (3) catalyst the cyclopropanation of 
ethyl diazoacetate (EDA) and styrene was investigated as model reaction.7 In a typical 
procedure 1.04 g styrene was added to a suspension of 0.075 g of the catalyst in 6.65 g CH2Cl2, 
and the mixture was treated with ultrasonic dispersion for 15 min. Then 0.058 g EDA in 2 g 
CH2Cl2 was added and the mixture was stirred at room temperature. Samples were taken after 
15 min, 1 h, 2 h, 3 h, 4 h and 5 h and analyzed by gas chromatography (GC) (Agilent 
Technologies 7820A), which was equipped with a HP-5 (30m × 0.32mm × 0.25μm) column 
and a FID detector. For separation of the stereoisomers a GC temperature program was chosen 



starting from 80℃ with an 8℃/min ramp for 3 min followed by a 15℃/min ramp for 8 min at a 
N2 gas flow of 1.4 mL/min. Thus, the retention times for the cis- and the trans-isomer were 8.2 
min and 8.6 min, respectively. 
 
 
Computational details 
 
All DFT calculations were carried out with the Orca program system.76 Model structures for 
the coordination of amine-linkers to Rh2ac4 were created from the crystal structure of 
Rh2(Ac)4(H2O)2 77 replacing one (structure I) respectively two (structure II) of the water 
molecules by propylamine. Geometry optimization was performed with Becke’s three-
parameter hybrid functional 78, 79 along with the Lee-Yang-Parr correlation functional (B3LYP), 
80 and Pople’s double-z basis set 6-31G(d,p) combining d- and p-polarization functions.  81, 82   
In these optimization runs the core electrons for Rh were replaced by the fully relativistic 
effective core potential (ECP) developed by the Stuttgart group. 83 
Calculations of 15N chemical shieldings were performed at the same level of theory employing 
the triple-z basis set 6-311++G(3df,3dp) including four sets of polarization functions and 
additional diffuse functions on all atoms. 81, 82, 84-86  
For easier assignment of the 13C signals of the supporting material SBA-15~NH2~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 starting the immobilization of the homogeneous dirhodium catalyst the bifunctionalized 
supporting material SBA-15~NH2~COOH (1) was synthesized. This synthesis procedure 
followed a slightly modified version of the co-condensation36  to achieve a relatively 
homogeneous distribution of carboxyl and amine groups on the surface of the mesoporous 
material. According to the N2 adsorption–desorption isotherms of the support material (see ESI 
S0a), the type IV isotherm with H1 hysteresis in the mesopore range demonstrate the presence 
of open-ended cylindrical mesopores, which is a feature of an SBA-15 type mesoporous matrix.  
This supporting material was then used to graft the homogeneous dirhodium complex in two 
steps. In the wet impregnation step which was performed at room temperature the Lewis acidic 
dirhodium complex is forced to form an axial coordination site with the amine group.7 In the 
heating step under vacuum, the carboxyl groups on the surface of the mesoporous silica favor 
ligand exchange with the dirhodium complex. Following this synthesis protocol, it can be 
assumed that the dirhodium complex is attached to the surface via both, the amine and the 
carboxyl functions. The immobilized catalyst displays a type IV isotherm but in contrary to the 
supporting material with H3 hysteresis (see ESI S0b). The pore size distribution became broader 
and the average diameter of the pore has decreased. This is a further hint that the dirhodium 
complex has dropped in the mesopores after immobilization. 
 
 
 
 
 
 
 



Solid-State NMR Characterization 
 
29Si solid-state NMR 
To characterize the surface of the SBA-15~NH2~COOH (1) supporting material, 29Si CP-MAS 
NMR spectra were recorded (Fig. 2). The three signals at -99, -106 and -114 ppm are assigned 
to the silicon atoms of silanol groups labeled as Q2, Q3, and Q4 which are present on the 
surface. 34, 36, 87  Structural changes of the silica surface due to the binding of amine and 
carboxyl-linkers are revealed by appearance of Tn signals (-66 ppm and -72 ppm). These signals 
result from the reaction of the APTES and CES-linker with TEOS during the co-condensation 
process forming one, two or three -Si-O-Si- bonds. This confirms the successful 
functionalization of the surface which is achieved via covalent binding. Interestingly, in contrast 
to the previously published data for SiO2 nanoparticles87 or functionalized SBA-3 material 34 
only two resolvable  signals are observed. We assume that this phenomenon results from the 
co-condensation method employed for the preparation.  
 
 

 
Fig. 2 29Si CP MAS spectrum of the bi-functionalized SBA-15~NH2 ~COOH (1) material at 6 kHz 
spinning. The observation of Tn - groups confirms the successful functionalization of the SBA-15 
material. 
 
After immobilization of the Rh2ac4 catalyst, the 29Si CP-MAS spectrum (see ESI S1) did not 
noticeable change as already observed for the Wilkinson’s catalyst immobilized on 
functionalized SBA-3 material.34 This shows on the one hand that the rhodium has no 
significant influence on the chemical environment of the silica, and further proves the stability 
of the material which is not influenced by the metal.  
 
 
 



 
Fig. 3 Possible binding configurations for the immobilization of Rh2ac4: (a) axial coordination via 
amine , (b) ligand exchange with the carboxylate group, and (c) coordination via amine and ligand 
exchange with the carboxylate group. 
 
13C solid state DNP NMR 
Fig. 4a shows the 13C spectrum of the supporting material 1 recorded with microwave 
irradiation. From this spectrum it is evident that the SBA-15 material contains two different 
types of linker molecules namely the CES linker represented by the characteristic chemical shift 
of the CO group in the range of 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 13C NMR 
chemical shifts by atomic increment based algorithms, one can assume that the signals at 8.9 
ppm, 21.1 ppm and 42.2 ppm assign to the APTES linker while the signals at 13.8 ppm and 
29.5 ppm assign to the CES linker. Interestingly, the broad signal at 180 ppm consists of two 
overlapping signals (Fig. 4a, details), one at 183.3 ppm and a second one at 178.0 ppm. This 
observation is a first hint that next to the carboxyl function expected at 183.3 ppm the sample 
also consists of a carbamide function where the 13C signal is highfield shifted to 178.0 ppm. 
Next to these signals, a signal group centered at 70 ppm is visible which refers to template 
molecules which were not completely removed during the synthesis. 
After immobilization of the Rh2ac4 the 13C CP MAS spectrum changed and additional small 
overlapping signals in the aliphatic region appear (Fig. 4b). They assign the acetate ligand 
system of Rh2ac4. In the region of CO groups, a third overlayed signal appears (Fig. 4b, details) 
at 190.5 ppm which clearly indicates carbonyl functions coordinating the dirhodium. A similar 
chemical shift is also found for the neat crystalline Rh2ac4 catalyst (see ESI S2) however the 
line-width for the neat catalyst (ca. 550 Hz) is smaller than for the immobilized catalyst (ca. 
820 Hz). This is a strong indication that the catalyst is bound after exchange of an acetate ligand 
via the carbonyl-function as displayed in Fig. 3b. Since excess of the neat catalyst as well as 
physisorbed Rh2ac4 were removed from the surface by washing with acetonitrile, the new signal 
at 190.5 ppm clearly assigns the chemically bound catalyst on the surface.       
      
 



  
Fig. 4 13C and 15N NMR spectra measured at 8 kHz spinning at nominally 100 K: (a) 13C CP MAS of 
SBA-15~NH2~COOH (1) with MW on and deconvolution of the signals of the carbonyl functions, (b) 
13C CP MAS of SBA-15~NH2 ~COOH + Rh2ac4 (3) with MW on and deconvolution of the signals of 
the carbonyl functions, (c) 13C CP MAS of SBA-15~NH2~COOH + Rh2ac4 (3) with MW off, (d) 15N 
CP MAS of SBA-15~NH2 (2) with MW on, (e) 15N CP MAS of SBA-15~NH2~COOH (1) with MW 
on, and (f) 15N CP MAS of SBA-15~NH2~COOH + Rh2ac4 (3) with MW on.  
 
 
15N solid state DNP NMR 
While the sensitivity of 13C CP MAS spectroscopy is in principle high enough to record the 
natural abundance 13C spectra employing long measurement times and signal averaging, this is 
not feasible for natural abundance 15N CP MAS, since it is roughly two orders of magnitude 
less sensitive. Here, the sensitivity is limited by the low natural abundance (0.368%) and the 
low gyromagnetic ratio 15N (-2.7126×107 rad T-1s-1) of the 15N nucleus. Thus, for standard solid-
state NMR isotope labeling with 15N would be required which cannot be realized with typical 
synthetic strategies for the investigated systems. 
The 15N CP MAS spectra measured with DNP (see Fig. 4d-f) overcome these sensitivity 
problems. All spectra were recorded within 14 h of measurement time with an appropriate S/N 
ratio which allows clear assignment of signals. Fig. 4d shows the spectrum of pure amino-
functionalized SBA-15 material (2). The broad signal at -349.0 ppm refers to free amine 
functions which build up a large distribution of isotropic chemical shifts due to various chemical 
environments in the amorphous sample. When functionalizing the SBA-15 material with 
additional carboxyl-linkers (1) the spectral line-shape slightly changes and a second signal 
located at approximately -258 ppm appears. Together with the signal at 178 ppm in the 13C 
spectrum (see above) this second signal clearly demonstrates the existence of carbamide on the 
surface of the supporting material which may result from a condensation of amine and carboxyl 
function on the surface of the SBA-type material, or by reaction of amine function with 
atmospheric carbon-dioxide as investigated by Shimming et al.88 
After immobilization of Rh2ac4 on 1 the intensity of the signal at -349.0 ppm decreased and a 
new signal at -402.7 ppm appeared. Such observation is a strong hint that the rhodium of the 
neat Rh2ac4 catalyst coordinates at the amine function of 1 in a way illustrated  in Fig. 3a or 
Fig. 3c.     
 



Quantum Chemical calculations 
To support the assignment of the 15N signals in the solid-state spectra theoretical calculations 
were performed on model systems of Rh2ac4. N-propylamine (III) was chosen as model ligand 
to simulate the coordination of the dirhodium complex to silica that was functionalized with 
APTES. Since we aimed on isotropic chemical shift information, it is reasonable to dismiss the 
silica part of the system in favor of computational costs. In addition to that, the theoretical 
results can be easily compared to the previous liquid state NMR data. 
Two different structures (see Fig. 5) were created replacing one (structure I) or two (structure 
II) of the water ligands by n-propylamine which model the most probable coordination sites 
of amine to Rh2ac4. 
 
 
I II III 

  

 

Fig. 5 Structures for the NMR parameter calculations: n-propylamine monosubstituted dirhodium 
complex (I), n-propylamine disubstituted dirhodium complex (II) and n-propylamine (III). 
 
In Table 1 the chemical shifts (referenced to CH3NO2) calculated for the nitrogen nuclei in the 
three displayed structures are summarized. Comparing the shifts of the free amine group 
(structure III) with the rhodium bound amine groups in structure I the highfield shift of 
approximately 35.8 ppm observed in the liquid spectrum (see ESI S3) is confirmed in excellent 
agreement.  
The calculated difference between the single amine coordination in structure I and the double 
coordination in structure II (10 ppm) is relatively small and does not allow a clear 
discrimination between these two possibilities of coordination 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 calculated 
15N values for the amine groups can only give a hint on the change of electronic structure when 
coordinating at rhodium. The calculated highfield shift of 35.8 ppm is also present in the solid-
state spectrum but with stronger characteristic (53.7 ppm).  
These results strongly fortify the hypothesis that the homogeneous dirhodium catalyst is 
immobilized via one amine linker. 
 
 
Structure d15N calculated 

(ppm/CH3NO2)  
d15N experimental 
liquid state NMR  
(ppm/CH3NO2) 

d15N experimental 
solid state NMR  
(ppm/ CH3NO2) 

I -397.5 -395.7 
 

-402.7 
II -387.4/-388.3 
III -363.2 -359.9 -349.0 

 
Table 1: Calculated 15N chemical shifts of structures I –III and comparison with experimental 15N 
chemical shifts from liquid state and solid state NMR.  
 



Sensitivity enhancement by DNP  
To illustrate the efficiency of the DNP enhanced solid-state NMR approach a 13C reference 
spectrum for SBA-15~NH2~COOH + Rh2ac4 (3) was recorded employing the same parameters 
but without microwave irradiation (Fig. 4c). This spectrum shows no significant signals within 
the applied measurement time of 20 min. Compared to this spectrum, the S/N ratio of the DNP 
spectrum is improved by a factor of 24. This enhancement factor is comparable to the values 
reached by other groups for surface enhanced DNP on functionalized porous silica materials. 89   
For 15N the enhancement factor was only calculated for the SBA-15~NH2 (2) (see ESI S4) 
which served as test sample for evaluation of the15N DNP setup. Even without any 
optimizations an enhancement factor of about 6 was achieved, which corresponds in a time gain 
of 36, compared to the standard solid state NMR experiment. This demonstrates clearly the high 
potential of the 15N DNP to characterize nitrogen containing binding sites in heterogeneous 
systems. 
 
Activity test of the SBA-15~NH2~COOH+Rh2ac4 (3) catalyst 
 

 
Scheme 1: Reaction scheme of the cyclopropanation of EDA with styrene according to ref. 7  
catalyzed by SBA-15~NH2~COOH + Rh2ac4 (3). 
 
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 graphically displayed in Fig. 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 hours. During the reaction, the percentage of the cis-isomer 
in the products kept at 45% and for the trans-isomer at 55% showing that both products can be 
produced with good yields. This confirms the efficiency of the heterogeneous dirhodium 
catalyst towards cyclopropanation even without optimization of the catalyst structure and 
demonstrates the application potential of this catalyst for preparing precursors for 
pharmaceutical ingredients.  

N2

COOEt Cat. (3)

Ph COOEt Ph COOEt
+ +

trans cis
CH2Cl2, R.T.



 

 
 
Fig. 6 Overall yield of the product mixture (▲), of the cis- (■), and the trans-isomer (●) as function 
of the reaction time. 
 
 
 
Conclusion 
The synthesis of a novel heterogeneous dirhodium catalyst based on functionalized silica 
supporting material is shown. The dirhodium acetat dimer (Rh2ac4) is chosen as model complex 
which is grafted on bi-functionalized mesoporous silica (SBA-15~NH2~COOH).  
This catalyst is applied in the cylcopropanation reaction of EDA and styrene showing efficient 
conversion to form the cis- and trans-1-ethoxycarbonyl-2-phenylcyclopropane product at room 
temperature. 
29Si solid-state NMR demonstrates the successful functionalization of the mesoporous SBA-15 
material. Surface enhanced 13C CP MAS and 15N CP MAS experiments allow to distinguish 
different binding sites on the supporting material such as carbonyl, amine and carbamide 
functions. Such experiments also confirm that the dirhodium catalyst is attached via an amine 
and/or carboxyl group to the surface. The interpretation of the chemical shift values for different 
binding sites is corroborated by quantum chemical calculations on dirhodium model complexes 
which are in excellent agreement with the experiment.    
This study clearly demonstrates the high application potential of DNP NMR to detect nuclei 
such as 15N in natural abundance which can be employed to distinguish different amine binding 
sites in heterogeneous catalysts systems at a fast time scale. Furthermore, it opens the possibility 
to analyze a wide range of systems with nitrogen containing groups that cannot be easily spin 
labeled.   
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