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ABSTRACT: The development of organometallic single-site catalysts (SSCs) has inspired the designs of new heterogeneous cata-
lysts with high efficiency. Nevertheless, the application of SSCs in certain modern organic reactions, such as the C-C bond for-
mation reactions, is still less investigated. In this study, a single-site Pd(II) catalyst was developed, where 2,2’-bipyridine grafted 
periodic mesoporous organosilica (PMO) was employed as the support of a Pd(II) complex. The overall performance of the single-
site Pd(II) catalyst in oxidative Heck reaction was then investigated. The investigation results show that the catalyst displays over 
99 % selectivity for the product formation with high reaction yield. Kinetic profiles further confirm its high catalytic efficiency, 
showing that the rate constant is nearly 40 times higher than free Pd(II) salt. X-ray absorption spectroscopy reveals that the catalyst 
has remarkable lifetime and recyclability.  

KEYWORDS: C-H olefination, cross-coupling reactions, oxidative Heck reaction, periodic mesoporous organosilica, single site 
Pd(II) catalyst 

1. INTRODUCTION 

Due to high atom economy and low cost of reactants, palladi-
um catalyzed C-C bond formation based on C-H functionaliza-
tion has become an important topic in modern organic chemis-
try.1-5 Studies in this field have been focused on developing 
highly regioselective reactions, or enhancing the catalytic ac-
tivity by using particular ligands in homogeneous catalytic 
systems.6-9 However, there is still a general lack of palladium-
catalyzed processes that can retain high reactivity and high 
recovery rate of the catalyst at the same time, both of which 
are of great importance in catalysis. Since primary valence-
state change of palladium during the C-C bond formation reac-
tions is between Pd(0) and Pd(II),10,11 the formation of palladi-
um aggregates is common in most palladium-based homoge-
neous catalytic process, which significantly reduces the cata-
lytic activity. For many catalysts, it is already known that de-
sirable catalytic properties are associated with well-defined 
active sites containing just a few or even a single metal 
atom.12-20 Thus, it is important to develop efficient single-site 
palladium catalysts and investigate their catalytic perfor-
mance. 

 

 
Scheme 1. Palladium catalyzed C-H olefination reactions in 
previous work and in this work. 
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Since the earliest application of catalytic cracking process 
in the petrochemical industry, the utilization of porous materi-
als in catalysis has been extensively studied and widely ap-
plied.21-25 Numerous mesoporous materials have been synthe-
sized. Owing to unique nanostructures, those mesoporous ma-
terials provide ideal supports for single-site metal catalysts.26-

32 Palladium-containing mesoporous materials have been in-
vestigated as heterogeneous catalysts for coupling 
reactions.25,33-42 However, the applications of those catalysts 
were limited in traditional coupling reactions (between C-M 
and C-X) with palladium nanoparticles or leached homogene-
ous Pd(0) as the main active species.25,43-46 Since mechanistic 
studies revealed that many C-H functionalization reactions 
start from Pd(II),47-49 the application of palladium nanoparti-
cle-containing mesoporous materials in these reactions was 
undesirable. In order to avoid the drawbacks of palladium 
nanoparticles and expand the application scope of palladium 
containing mesoporous catalysts, we sought to determine if a 
single-site Pd(II) C-H/olefin coupling catalyst could be devel-
oped (Scheme 1), which should possess higher atom economy 
and lower production cost for substrates. Furthermore, without 
the presence of base, the integrity of mesoporous framework 
would likely be maintained. It is highly possible that this de-
sign will prolong the lifetime of catalyst. 

 
Scheme 2. Palladium catalyzed C-H olefination reactions and 
the deactivation of catalyst. 

Recently, oxidative coupling reactions have attracted much 
attention.49-53 These reactions provide new approaches for 
carbon-carbon and carbon-heteroatom bond formations. Oxi-
dative Heck reaction is one of them, which has been widely 
investigated.3,47,54-56 Up to now, most of the explorations on 
Fujiwara-Moritani reaction was focused on regioselectivity of 
arenes. Yu and coworkers made a breakthrough by avoiding 
the use of excess simple arenes in the substrates.57 Previous 
work demonstrated a plausible mechanism where the activa-
tion of C-H bond can only be initiated by Pd(II) in the reac-
tion, whilst the agglomeration of Pd(0) was the main reason 
for the deactivation of the catalyst (Scheme 2).47,58 Thus, the 
pursuit of prolonging the catalyst lifetime in oxidative Heck 
reaction is of great importance. The introduction of single site 
catalyst may provide an ideal approach to improve the lifetime 
and catalytic efficiency. Herein, we would like to communi-
cate our recent results on the catalytic performance of single-
site Pd containing periodic mesoporous organosilica (PMO) in 
the oxidative Heck reaction. 

2. RESULTS AND DISCUSSION 

Initially, we started the research by investigating the oxidative 
Heck reactions that were catalyzed by Pd(II) metal complex 
grafted PMO. As pyridine based ligands have shown the po-

tency in the C-H olefination reactions,8,47,49,56,59-61 a bipyridine 
containing organosilica precursor (ligand 1) was designed and 
synthesized (see Scheme S1 in Supporting Information (SI) for 
more details). The 2,2’-bipyridine functionalized MCM type 
PMO was prepared using a procedure adopted from 
literature.62-67 Palladium acetate was subsequently loaded into 
2,2’-bipyridine grafted PMO to form the Pd(II) complex in the 
PMO (Scheme 3). 

Scheme 3. Preparation of PdII complex functionalized MCM-
41 type PMO. 

A series of PMOs were prepared containing ligand 1 and 
tetraethyl orthosilicate (TEOS) in mole fractions of 0.10:0.90 
(PMOs-10-BiPy), 0.05:0.95 (PMOs-05-BiPy) and 0.00:1.00 
(PMOs) calculated based on the Si contributions. Surface pas-
sivation was achieved by conjugating Et3SiOEt onto PMOs-
05-BiPy to prepare the surface-passivated PMOs (Si-PMOs-
05-BiPy). As no orderly mesoporous structure was found in 
the case of PMOs-10-BiPy, we primarily focused on investi-
gating the properties and performance of PMOs-05-BiPy. To 
verify the structures of PMOs-05-BiPy and corresponding 
palladium-loaded PdII@PMOs-05-BiPy catalyst, the samples 
were characterized using transmission electron microscopy 
(TEM), powder X-ray diffraction (XRD), N2 adsorp-
tion/desorption measurement, FT-IR, and thermogravimetric 
analysis (TGA) techniques. The TEM images (Figure S2 in the 
SI) and powder XRD results (Figure S3 in the SI) confirmed 
that the sample PMOs-05-BiPy was of MCM-41 type. The 
BET surface area, pore size and pore volume were derived 
from the N2 adsorption/desorption isotherm (Figures S4 and 
S5a in the SI). The FT-IR (Figure S5b in the SI) and contact 
angle measurements (Figure S6 and Table S1 in the SI) were 
employed to verify the passivation efficiency of Si-PMOs-05-
BiPy. FT-IR (Figure S7 and Table S2 in the SI) and TGA 
(Figure S8 in the SI) data confirmed that the ligand was im-
mobilized into PMOs-05-BiPy.  

Previous reports33,35,41 on Pd-containing PMO catalysts in-
dicated that the Pd nanoparticles were unavoidable. Thus, it is 
necessary to study and improve the Pd(II) loading process, 
since the Pd nanoparticles cannot catalyze the C-H olefination 
reactions. According to the literature reports, dimethyl sulfox-
ide (DMSO) is capable of stabilizing the Pd(II) salt.68-70 Based 
on this rationale, several methods of loading palladium into 
PMO were evaluated. As shown in Figure 1, no Pd nanoparti-
cles were found when loading the PdII salt in DMSO at room 
temperature (Figure 1b, PdII@PMOs-05-BiPy prepared from 
Method A in the SI). In order to further increase the PdII con-
centration in PMO, we kept DMSO as the loading solvent 
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while changing other conditions, such as raising the loading 
temperature to 80 °C and prolonging the loading time to over-
night (Figure 1c from Method B). But small Pd nanoparticles 
appeared in the resulted PMO in these cases. Thus, 
PdII@PMOs-05-BiPy prepared from method A was eventually 
chosen for the subsequent experiments. Pd nanoparticles could 
evidently be observed in TEM image (Figure 1d) when EtOH 
was employed as the loading solvent (Method C), which is 
consistent to the previous reports. 

 
Figure 1. (a) TEM image of PMOs-05-BiPy. (b) TEM image 
of PdII@PMOs-05-BiPy prepared from method A. (c) TEM 
image of the catalyst prepared from method B. (d) TEM image 
of the catalyst prepared from method C. 

 

After PdII@PMOs-05-BiPy was obtained using method A, 
its palladium content (1.1×10-4 mmol/mg, 1.2 wt %) was 
measured by inductively coupled plasma mass spectrometry 
(ICPMS). The molar ratio (4.1:1.0) between 2,2’-bipyridine 
and Pd(OAc)2 was obtained after analyzing the palladium con-
tent with the TGA data (Figure S8 in the SI). Due to the meso-
porous feature of the materials and low palladium content, no 
palladium signal could be observed both by X-ray photoelec-
tron spectroscopy (XPS) and energy-dispersive X-ray spec-
troscopy (EDS). As shown in Figure 2, when compared to 
palladium foil Pd(0), PdO and Pd(OAc)2, the Pd K-edge 
XANES spectrum of fresh PdII@PMOs-05-BiPy catalyst was 
very similar to that of PdO and Pd(OAc)2, giving an edge en-
ergy of 24353.8 eV. The observation confirms the existence of 
Pd(II) species in PMOs.71-73  

In order to maintain the PdII species after catalytic process 
for reuse, the reaction conditions of oxidative Heck reaction 
with the PdII@PMOs-05-BiPy catalyst were optimized using a 
model reaction between benzene and ethyl acrylate. As shown 
in Table S3 of the SI, an acceptable yield was obtained when 
tBuOOH was employed as the re-oxidation reagent. We have 
also tried some other oxidants, such as oxone, potassium per-
sulfate, and (diacetoxyiodo)benzene. When considering the 
product selectivity and catalyst recovery, tBuOOH was the 
best one for this C-H olefination reaction. More importantly, 
no Pd nanoparticles were observed from the recycled catalyst, 

which proved that the present design concept is reasonable and 
workable. Furthermore, from the control experiments shown 
in Table S3 of the SI, it could be concluded that the presence 
of 2,2’-bipyridine unit in the framework is capable of con-
straining the palladium atom through coordination, and the 
mesoporous framework could prevent the agglomeration of 
Pd(0) during the catalytic cycles. Both of 2,2’-bipyridine unit 
and mesoporous framework were essentially required in the C-
H/olefin coupling reaction catalyzed by this PMO supported 
Pd(II).  
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Figure 2. (a) XANES spectra of fresh PdII@PMOs-05-BiPy 
catalyst and reference materials. (b) k2-weighted Fourier trans-
form magnitudes of fresh PdII@PMOs-05-BiPy catalyst and 
reference materials. Fourier transform ranges are listed below: 
fresh catalyst: 3.08 Å-1 – 12.72 Å-1; Pd(0): 2.25 Å-1 – 14.59 Å-

1; PdO: 3.10 Å-1 – 11.57 Å-1; Pd(OAc)2: 3.05 Å-1 – 12.02 Å-1. 

 

It is well known that the external and internal surfaces of 
PMOs are covered by silanol groups. Together with the specif-
ic nanostructure, silanols inside the channels may influence 
the diffusion of the reaction substrates significantly. The ex-
perimental results in Figure S9 of the SI show that an appro-
priate concentration ratio of benzene to ethyl acrylate in the 
model reaction was essential to facilitate the C-H activation 
and catalytic cycle for the best yield. 

Table 1 shows the results of the model reaction catalyzed 
by different catalysts under the optimal condition from Table 
S3 and Figure S9 in the SI. In the model reaction, 
PdII@PMOs-05-BiPy prepared from method A (Table 1, entry 
1) afforded a yield of 58%. When the catalyst prepared 
through method B ([Pd] = 2.9×10-4 mmol/mg, 3.2 wt %) was 

a b 

c d 
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employed, the resulted yield dropped to 42 % (Table 1, entry 
2). This difference may be caused by lower Pd(II) content 
from method B. When palladium on PMOs-05-BiPy was 
mostly in the form of Pd nanoparticles (prepared from method 
C, [Pd] = 4.1×10-4 mmol/mg, 4.5 wt %), the model reaction 
showed 11 % yield (Table 1, entry 3). Without the 2,2’-
bipyridine unit, silanol groups in PMOs alone did not have the 
ability to hold the palladium as Pd(II). Pd nanoparticles ap-
peared when we tried to load Pd(II) into PMOs, and no activi-
ty was found in this model reaction (Table 1, entry 4). From 
the entry 1 to entry 4, it could be concluded that the Pd nano-
particle formation is deleterious to the catalytic performance 
under the standard conditions. When the porous material was 
capped by a G4 dendrimer (Dendrimer-Pd-PMO), only a small 
amount of product was observed by gas chromatography (Ta-
ble 1, entry 5). The introduction of bulky dendrimer unit to the 
PMO catalyst induces an obvious yield decrease, which may 
be on account of the restricted diffusion process of the reac-
tants (more likely), or reduced palladium leaching to solution 
if activity from leached metal plays a role (less likely, but fu-
ture work will explore this possibility). The selectivity was 
lower when using Pd(OAc)2 as the catalyst (3,3-
diphenylacrylic acid ethyl ester as the main byproduct, Table 
1, entries 6 and 7). 

The turnover numbers (TON) of different catalysts are also 
shown in Table 1. The TON of PdII@PMOs-05-Bipy was sig-
nificantly higher than Pd(OAc)2 (Table 1, entries 1, 6 and 7). 
Lower TON value (Table 2, entry 6) was obtained when 1.9 
mmol % of Pd(OAc)2 was employed as the catalyst. When the 
loading of Pd(OAc)2 was decreased to 0.5 mmol % (Table 2, 
entry 7), the TON increased to 56. As expected, the TON in-
creased to 128 when PdII@PMOs-05-Bipy was employed at a 
comparable palladium loading concentration (0.4 mmol %). 
Thus, much higher reaction yield from PdII@PMOs-05-BiPy 
indicates that the reaction happens inside the porous frame-
work. Even though the presence of Pd nanoparticles enhances 
the Pd concentration in the catalyst (Table 2, entry 2), the 
TON obtained (36) was unsatisfactory, as most of the palladi-
um loaded in this method was Pd(0). In addition, an extremely 
low TON was observed from entry 3, which is similar to the 
situation in entry 2. These observations indicate that Pd nano-
particles have no catalytic activity in the C-H olefination reac-
tion. Thus, the catalytic phenomenon could be attributed to the 
stabilization of active Pd(II) catalyst by the grafted 2,2’-
bipyridine ligand on PMOs, retaining its catalytic activity. 

Table 1. Effect of different catalysts for the model reac-

tion
a
 

 

(a) Reaction conditions: S1 (20 mmol), S2 (0.5 mmol), AcOH as 
the solvent (3.0 mL), 80 oC, 14 h. The conversion and selectivity 

were determined by GC with dodecane as the internal standard. 
(b) Catalyst was prepared through method A in SI. 20 mg catalyst 
was used. (c) Catalyst was prepared through method B in SI. 20 
mg catalyst was used. (d) Catalyst was prepared through method 
C in SI. 20 mg catalyst was used. (e) Catalyst without the 2,2’-
bipyridine unit was prepared through method A in SI. 20 mg cata-
lyst was used. (f) The palladium content of this catalyst was 0.5 
wt %. 

 

After identifying the catalytic activity and optimized re-
action conditions, we began our investigation into the scope of 
the reaction. As shown in Table 2, various arenes and olefins 
underwent the oxidative olefination using the single-site 
PdII/tBuOOH system. Although the catalyst loading was as low 
as 0.4 mmol %, acceptable yields were still obtained. The re-
actions of active olefins such as ethyl cinnamate and tert-butyl 
acrylate with benzene gave good yields of products P2 and P3. 
When using styrene and octene as the olefins to couple with 
benzene, the catalyst Pd”@Si-PNOs-05-BiPy was needed to 
afford the products P5 and P6, since the silanol groups on 
catalyst had a noticeable effect on the diffusion process. The 
reaction between furan and compound S2 also gave an isolated 
yield of 64 % for the product P7. No regioselectivity was 
found when using toluene as the arene substrate in the cou-
pling reaction. 

Table 2. Substrate scope of single site Pd(II) catalyzed oxi-

dative coupling of arenes with olefins
a
 

 
(a) Reaction conditions: 20 mg PdII@PMOs-05-BiPy (0.4 mmol 
%) was used without indication, arene (20 mmol without indica-
tion), olefin (0.5 mmol), AcOH as the solvent (3.0 mL), 80 oC. (b) 
The molar ratio of arene and olefin was 60 to 1. (c) The molar 
ratio of arene and olefin was 60 to 1, and Pd”@Si-PMOs-05-BiPy 
was used as the catalyst. (d) The molar ratio of furan and olefin 
was 20 to 1. (e) The molar ratio of arene and olefin was 60 to 1, 
and a mixture of o, m and p-substituted products was obtained 
after workup (see Figure S10 in the SI for more details). 

 

Scheme 4. Set up of the plug flow reactor (PFR). 
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Figure 3. (a) XANES spectra of the fresh and recycled PdII@PMOs-05-Bipy catalysts; (b) k2-weighted Fourier transform magni-
tudes of the fresh and used Pd(II) catalysts. Fourier transform ranges were listed below. Fresh catalyst: 3.08 Å-1 – 12.72 Å-1; Recy-
cled catalyst after 1st run: 3.09 Å-1 – 12.81 Å-1; Recycled catalyst after 2nd run: 3.08 Å-1 – 12.96 Å-1; Recycled catalyst after 3rd run: 
3.10 Å-1 – 13.061 Å-1. (c,d) TEM images of the recycled catalyst after the 3rd run. 

 

To expand the application scope of the catalyst, the model 
reaction was further optimized in a plug flow reactor (PFR, 
Scheme 4). The catalyst was packed into an empty HPLC col-
umn (inside diameter = 1 mm, length = 100 mm). The two 
substrates and oxidant were separately filled into two syringes, 
and then injected through the PFR by a syringe pump at a flow 
rate of 2 µL/min. The liquid hourly space velocity (LHSV) 
was 1.69 h-1. The reaction yield was 12 % with the selectivity 
higher than 99 %. The results indicate that the catalyst has an 
application potential in continuous-flow processes. 

Table 3. Catalytic performance of recovered Pd
II
@PMOs-

05-BiPy in the model reaction
a
 

(a) Reaction conditions: S1 (20 mmol), S2 (0.5 mmol), AcOH as 
the solvent (3.0 mL), 80 oC, 14 h, PdII@PMOs-05-BiPy (20 mg). 
The conversions were determined by GC with dodecane as the 
internal standard. (b) Fresh PdII@PMOs-05-BiPy was used in the 
first cycle, and then the catalyst was directly used in the following 

cycles after being recovered. (c) Molar ratios of palladium and 
ligand in PMOs. 

The recoverability of the catalysts is shown in Table 3. It 
can be observed that the catalytic effectiveness of Pd immobi-
lized in the mesoporous materials (PdII@PMOs-05-Bipy) was 
still maintained in the fourth cycle. The excellent selectivity 
was obtained from all the first four cycles with slightly de-
creasing yields in each successive test. The TON of catalyst 
PdII@PMOs-05-BiPy was also calculated from these data. 
Compared to previous TON records in Pd catalyzed oxidative 
Heck reaction,74 this work reached higher TON (420, from the 
first four runs) without the 1,4-benzoquinone participation. 
This result shows that the modified PMOs could be an excel-
lent support for the single-site Pd(II) catalyst. 

To investigate the oxidative states of the fresh catalyst and 
recycled PdII@PMOs-05-Bipy catalysts, X-ray absorption 
spectroscopy was carried out. As shown in Figure 3, the Pd K-
edge XANES spectrum of the fresh catalyst shows the edge 
energy of 24353.8 eV, confirming the existence of Pd(II) spe-
cies in PdII@PMOs-05-BiPy. In order to further explore the 
stability and recoverability of the developed catalyst, the 
XANES data for the recycled catalysts were collected as well. 
As shown in Figure 3a, the edge energy of the first recycled 
catalyst, the second recycled catalyst, and the third recycled 
catalyst was almost the same as the fresh catalyst. The EXAFS 
spectra were also recorded for the fresh and recovered cata-
lysts (Figures S11-S14 and Tables S4 and S5 in the SI). The 
k2-weighted R-space spectra are shown in Figure 3b. For the 
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fresh catalyst, only Pd(II) species was observed, which 
showed four coordination at a distance of 2.03 Å. After the 
catalyst was reused for three times, only Pd(II) species was 
observed again, and the coordination number was the same as 
the fresh catalyst. The observations from both XANES and 
EXAFS spectra were further supported by TEM, where no Pd 
nanoparticles were found (Figure 3c and 3d). To the best of 
our knowledge, no catalytic activity of palladium black was 
found in the oxidative Heck reaction. Moreover, the controlled 
trials in Table 1 clearly show that the Pd nanoparticles cannot 
catalyze the oxidative Heck reaction.  

Based on these comparison studies, it could be concluded 
that the mesoporous structure prevented Pd species from the 
agglomeration and maintained it as Pd(II). It is expected that 
the metal sites in PMOs are isolated by the long channel struc-
ture and can retain their high activity during the catalytic pro-
cess. Thus, the kinetic behavior of free Pd(OAc)2 and the 
PdII@PMOs-05-BiPy catalyst was determined in the model 
reaction. As shown in Figures S15 and S16 of the SI, the ki-
netic plot of PdII@PMOs-05-BiPy shows a linear increase of 
conversion with time, which is similar to free Pd(OAc)2. This 
observation suggests that the reaction rate is independent of 
concentrations [S2] and [tBuOOH], showing zero-order kinetic 
behavior in [S2] and [tBuOOH].  
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Figure 4. Kinetic profile of single site Pd(II) catalyzed oxida-
tive Heck reaction. KH is the rate constant from the reaction of 
benzene (S1), and KD is the rate constant from the reaction of 
d

6-benzene (d6-S1).  

 

After more kinetic data were collected, a positive linear 
dependence on the [Pd] concentration was discovered, which 
revealed the first-order kinetic behavior in [Pd]. The linear 
relationship between the rate constants and [Pd] is shown in 
Figure 4. Although the mesoporous structure might theoreti-
cally impede the mass transfer process, the rate constant of 
PdII@PMOs-05-BiPy was as high as 0.844 min-1. As com-
pared to the rate constant (0.022 min-1) of free Pd(OAc)2 

shown in Figure S15 of the SI, this result indicates that the 
catalytic efficiency of the Pd species in PdII@PMOs-05-BiPy 
was much higher than that of free Pd(OAc)2 in the model reac-
tion. Thus, the ligand-grafted mesoporous materials are a 
promising scaffold for single-site Pd(II) catalyst. 

 
Scheme 5. Proposed catalytic cycle. 

The kinetic profiles indicate that reoxidation and olefin in-
sertion were not involved in rate-determining steps under the 
conditions. To gather more information about the effect of 
porous materials in this reaction, the kinetic isotope experi-
ments (KIE) were performed to further investigate the catalyt-
ic mechanism (Figure 4 and Table S6 in the SI). By using 
PdII@PMOs-05-BiPy, the measured KH/KD was 3.6, indicating 
that the C-H bond cleavage is still involved in the rate-limiting 
step. A proposal for the catalytic cycle is described in Scheme 
5. After the C-H cleavage on Pd(II), the olefin would be coor-
dinated to the Pd(II) intermediate generated in said process. 
Followed by olefin insertion and β-H elimination, the new C-C 
bond was formed, thus obtaining the desired product together 
with Pd(0) species after reductive elimination, of which the 
latter can be reoxidized to Pd(II) and readily join the next cata-
lytic cycle. PMOs-05-BiPy could prevent the agglomeration of 
Pd(0) and prolong the catalyst lifetime. 

3. CONCLUSIONS 

In summary, for the first time we have investigated the feasi-
bility of using 2,2’-bipyridine grafted periodic mesoporous 
organosilica (PMO) as a support of single-site Pd(II) catalyst 
for catalyzing C-H olefination reactions. The immobilized 
Pd(II) in PMO has shown higher catalytic activity than that of 
corresponding homogeneous Pd(OAc)2, which has been veri-
fied by kinetic profiles and kinetic isotope experiments. Its 
catalytic activity is also effective in the plug flow reactor. Fur-
thermore, several different arenes and olefins have been tested 
as substrates and acceptable yields have been obtained under 
low Pd(II) loading. The XANES/EXAFS spectra have demon-
strated that the Pd(II) species was the active catalyst in the 
reaction. In addition, the developed catalyst could be readily 
recycled with little loss in activity. Thus, this work presents a 
strategy of integrating active single-site catalysts with the 
PMO platform for specific organic reactions, offering a new 
generation of catalysts for pharmaceutical industry. 
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