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 Amphiphilic Polymeric Nanoreactors Containing Rh(I)-NHC 
Complexes for the Aqueous Biphasic Hydrogenation of Alkenes  
Sasaline Salomon Sambou,a Roman Hromov,a Illia Ruzhylo,a Hui Wang,a Audrey Allandrieu,a 
Cassandra Sabatier,a Yannick Coppel,a Jean-Claude Daran,a Florence Gayet,a Agnès Labande,*a Eric 
Manoury *a and Rinaldo Poli *a,b 

A rhodium(I) complex bearing a monodentate N-heterocyclic carbene ligand has been confined into the core of amphiphilic 
polymeric core-crosslinked micelles (CCMs). The Rh complex was covalently bound to the polymeric chains by incorporation 
of a polymerizable unit on the NHC ligand. Nanoreactor Rh-NHCmes@CCM 5b has been evaluated as catalyst for the aqueous 
biphasic hydrogenation of styrene and other alkenes. It has shown a high activity with styrene at low catalytic loading 
(10 000/1 substrate/Rh ratio), greater than the analogous molecular Rh(I) complex, and its evolution to Rh0 is slower. This is 
attributed to several factors, among which the confinement effect and the favourable polyoxygenated environment of the 
nanoreactor core. Finally, the CCM could be recycled up to four times with almost no loss of activity over 3 h cycles and the 
loss of rhodium per cycle was on average inferior to 0.6 ppm.

Introduction 
The recovery and recycling of catalysts have become essential 
prerequisites, for industrial applications, to improve energetic 
efficiency, limit the environmental footprint and lower the cost, 
especially when rare metals and expensive ligands are 
involved.1, 2 One of the successful strategies for recycling is 
biphasic catalysis in which two immiscible liquid phases are 
used.3 One of them dissolves the catalyst and the other one is 
composed of the substrate(s) and product(s) or their solution in 
a suitable solvent and they can be easily separated by simple 
decantation. Although the use of fluorous organic solvents4, 5 
and ionic liquids6, 7 for catalyst confinement has attracted a 
great deal of attention, water remains the most interesting 
choice from the ecological and economical points of view.8-20 An 
interesting approach to aqueous homogeneous biphasic 
catalysis is the use of amphiphilic core-shell crosslinked 
copolymers. Their hydrophobic part (core), which contains the 
catalyst, serves as a place of exchange between 
reagents/products, while the hydrophilic part (shell) ensures 
the compatibility and stability of the macromolecule in the 
aqueous phase, thus facilitating the separation, recycling and 
recovery of the catalyst. These polymeric structures present 
many advantages compared to classical micelles,21-23 such as 
the absence of an equilibrium with free amphiphilic non-
crosslinked arms, leading to lower polymer and catalyst losses. 
The use of polymeric structures with controlled architecture as 
catalytic supports is an emerging area.24 As early as 2003, a 
phosphine-functionalized core-shell polymer was prepared by 
Sawamoto et al. by [RuCl2(PPh3)3]-catalysed atom-transfer 
radical polymerization (ATRP) and was successfully applied to 
Ru-catalysed oxidation of alcohols.25 Although catalytic activity 
was lower with these functionalized polymers than with 
molecular species, an inverse correlation between catalyst 
loading in the polymeric structure and activity was observed. 
O’Reilly et al. have developed shell-crosslinked amphiphilic 
micelles (SCMs) containing copper(I) coordinated to terpyridine 
ligands.26 These crosslinked micelles were used as catalysts in 
Huisgen-type cycloadditions. The same team has also reported 
highly efficient organocatalytic nanoreactors for acylation 
reactions of hydrophobic substrates in aqueous media. The 

outstanding reactivity compared to that of catalysis in regular 
organic solvents was explained by the hydrophobic 
environment in the core of the nanoreactors and the high local 
organocatalyst concentration.27 SCMs containing Co(III)-salen-
functionalized hydrophobic cores were prepared by Weck et al. 
in 2011.28 In their case, the crosslinking was carried out by UV 
irradiation. In the hydrolytic kinetic resolution of epoxides, 
these nanoreactors exhibited a substrate selectivity based on 
hydrophobicity: the higher the hydrophobicity, the better the 
conversion. Interestingly, these nanoreactors could be recycled 
up to 7 times by ultrafiltration, without drop in activity or 
enantioselectivity. Finally, Zheng et al. described the synthesis 
of Ru-containing core-crosslinked micelles (CCMs) and their use 
as photocatalysts for the aerobic oxidation of sulfides.29 Again, 
these CCMs could be efficiently recycled by ultrafiltration and 
reused up to three times. None of the above polymer-
supported catalysts, however, was implemented under 
aqueous biphasic conditions.  
We have been interested for some time in the synthesis and 
aqueous biphasic catalytic applications of core-crosslinked 
micelles (CCMs), obtained by crosslinking of linear amphiphilic 
polymers after their self-assembly as micelles.30-37 Recently, 
phosphine ligand-functionalized CCMs have been developed in 
our group and applied successfully in several Rh-catalysed 
reactions, i.e. the biphasic hydroformylation of 1-octene 30, 31, 34, 

36 and hydrogenation of styrene and 1-octene.33 However, 
several issues are associated with the use of phosphines such as 
their propensity to get oxidized and their lability when 
coordinated to RhI, which leads to macrogelation for small P/Rh 
ratios.33 N-heterocyclic carbenes (NHCs) are often considered as 
phosphine surrogates, although their σ-donor character is often 
more pronounced and their π-acceptor character is weaker – at 
least for imidazol-2-ylidenes.38-43 The latter are easily 
synthesized from inexpensive, commercially available starting 
materials, via imidazolium salts.44 They generally, if not always, 
form very strong bonds with many transition metals and thus 
often give air-stable, easy-to-handle complexes with non-labile 
metal-ligand bonds. They are now widely used in catalysis and 
can often surpass phosphines in terms of activity.45-47 
In 2004, Weberskirch et al. presented the first example of an 
NHC-Rh catalyst incorporated in an amphiphilic, water-soluble 
block copolymer (Fig. 1, top).48 This macrocatalyst was 
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successfully used for the aqueous biphasic hydroformylation of 
1-octene, with an excellent phase separation and a very low 
rhodium leaching (0.4 ppm), showing the robustness of the Rh-
NHC bond. However, the yield over a 2h cycle was only 43% and 
when the reaction time was prolonged to 18 h, hydrolysis of ca. 
25% of the ester bonds was observed. More recently, Taton et 
al. developed NHC-containing star-like polymeric nanocatalysts, 
synthesized by RAFT polymerization.49, 50 The “macroarms” 
were assembled by deprotonation of the benzimidazolium 
precursors and their subsequent coordination to a palladium 
centre, which served as crosslinking reaction and stabilized the 
whole star-like structure (Fig. 1, bottom). These Pd-NHC 
nanocatalysts were used for the Suzuki-Miyaura coupling of 4-
iodotoluene with 4-(hydroxymethyl)phenylboronic acid under 
aqueous conditions. A strong, positive confinement effect on 
catalytic activity was observed compared to an analogous 
molecular catalyst. This was associated with a very low Pd 
leaching, and contrarily to what is usually observed with Pd-
NHC molecular catalysts in water, no Pd nanoparticles were 
observed in the nanostructures. However, the authors also 
observed an increase in size of their nanocatalysts after the first 
run, which probably indicated a reorganization of the polymeric 
structure. Since the publication of these two notable examples, 
a growing number of contributions on the use of NHC-
containing polymeric catalysts has been reported, confirming 
the unquestioned potential of NHC ligands for catalysis.51-60 
However, polymer-supported NHC-metal catalysts with a 
controlled core-shell architecture are limited to only one 
example,53 to the best of our knowledge. 
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Figure 1. [NHC-Rh]-containing amphiphilic, water-soluble macroligand by Weberskirch 
et al. (2004, top).48 Pd-based star-like polymeric nanocatalyst by Taton et al. (2018, 
bottom).50 

 
In view of the previous results with phosphine-containing CCM 
nanoreactors (Fig. 2)30-34 and our parallel interest in NHC-
stabilized molecular catalysts,61-66 we were interested in 
incorporating NHC ligands into the CCMs. Rhodium(I) 
complexes bearing NHC ligands have been successfully used for 
the hydrogenation of alkenes,67-76 although complexes bearing 
monodentate NHCs were prone to decomposition due to Rh-
NHC bond cleavage.72 
 

 

Figure 2. TPP@CCMs developed in our group. 

We wondered whether the incorporation of simple 
monodentate NHC-Rh complexes into our polymer scaffold 
could allow their stabilization and prevent their decomposition 
under hydrogenation conditions. 
We thus describe here CCMs that incorporate rhodium(I) 
complexes bearing monodentate N-heterocyclic carbene 
ligands. The complexes have been covalently bound to the 
polymeric chains by incorporation of a polymerizable unit on 
the NHC ligand. Two different N substituents have been used in 
order to probe their influence on the CCM properties and 
activity in styrene hydrogenation under aqueous biphasic 
conditions. 

Results and discussion 
 

Synthesis and characterization of polymerizable Rh(I) complexes 

Polymerizable imidazolium salts 1a-b, precursors of NHC 
ligands, have been obtained in one step by the quaternization 
of either N-methylimidazole (1a) or N-mesitylimidazole (1b) 
with 4-vinylbenzyl chloride (Scheme 1).  Both were obtained in 
excellent yields on a multi-gram scale. Analytical data of 1a 
were consistent with those reported in the literature,77 while 
imidazolium salt 1b (reported only once with no available 
experimental details78) was fully characterized. The synthesis of 
the rhodium(I) complexes was then carried out in the presence 
of [RhCl(COD)]2 and K2CO3 as base in MeCN following a 
previously reported protocol.79 These mild reaction conditions 
allowed us to obtain the expected polymerizable complexes 2a-
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b in good to excellent yields as air-stable, bright yellow 
powders. 

NNR
+ Cl NNR85°C, 15 h

Cl

Rh Cl

NNR
[RhCl(cod)]2, K2CO3

CH3CN, 30°C, 48-72h

1a, R= Me (94%)
1b, R = Mes (97%)

CH3CN

2a, R= Me (99%)
2b, R = Mes (75%)

R= Me, Mes

 

Scheme 1. Synthesis of polymerizable rhodium(I) complexes 2a (R = Me) and 2b (R = 
Mes). 

Both complexes were characterized by NMR and mass 
spectrometry. In the 1H NMR spectra, the disappearance of the 
characteristic acidic proton of the imidazolium moiety at 10.4-
10.5 ppm was observed as well as the shift of the two other 
heterocyclic protons. The presence of the vinylic protons was 
confirmed and the signals of the COD ligand became 
differentiated. The best proof of coordination of the NHC ligand 
is the doublet at 183.0 ppm JRhC = 51.2 Hz, 2a) and 182.9 ppm 
(JRhC = 51.5 Hz, 2b) in the 13C NMR spectrum. These chemical 
shifts and coupling constants are typical of the C2 carbon of an 
imidazol-2-ylidene moiety coordinated to rhodium(I). 
Single crystals suitable for X-ray diffraction analyses were also 
obtained for both complexes by slow diffusion of pentane in a 
dichloromethane solution (Fig. 3). Both compounds crystallized 
in monoclinic form, in the P21/c space group for 2a and P21/n 
space group for 2b. The coordination geometry is square planar 
with bond lengths and angles within the ranges reported for 
similar neutral, monodentate NHC-Rh(I) complexes (Table 1).72, 

80, 81 Methyl and mesityl substituents were chosen to evaluate 
the steric effect on the catalytic activity of the rhodium 
complexes. We also surmised that the presence of the aromatic 
mesityl substituent may help to solubilize the complex in 
lipophilic media. 

 

Figure 3. ORTEP representations of complexes 2a (left) and 2b (right). Ellipsoids 
are shown at the 30% level. 

 

 

 

Table 1. Selected bond distances (Å) and angles (deg) of complexes 2a and 2b. 

 2a 2b 
Rh(1)-C(1) 2.030 (4) 2.034 (3) 
Rh(1)-Cl(1) 2.3763 

(10) 
2.3839 (9) 

N(2)-C(1) 1.353 (5) 1.359 (4)  
N(5)-C(1) 1.350 (5) 1.351 (4) 
C(3)=C(4) 1.336 (6) 1.328 (5) 

C(1)-Rh(1)-
Cl(1) 

89.36 (10) 87.78 (10) 

N(1)-C(1)-N(2) 104.3 (3) 103.7 (3) 
 

Synthesis and characterization of Rh-NHC@CCMs 

The Rh-containing CCMs, possessing a Rh-functionalized 
hydrophobic core and a hydrophilic shell, were synthesized by 
RAFT polymerization in water (Scheme 2), using the PISA 
approach (Polymerization Induced Self Assembly),82-85 as 
already applied earlier in our group for the synthesis of the 
phosphine-containing CCMs.30-32, 34, 35, 37 In the first step, the 
RAFT copolymerization of methacrylic acid (MAA) and 
poly(ethylene oxide) methacrylate methyl ether, 
CH2CH(CH3)COO(CH2CH2O)19Me (PEOMA), in a 1:1 molar ratio in 
water using R0-SC(S)SPr (CTPPA, R0 = -C(CH3)(CN)CH2CH2COOH) 
as RAFT agent generated a R0-(MAA15-co-PEOMA15)-SC(S)SPr 
macromolecular RAFT agent (3, macroRAFT). The second step 
was in our case the most important one, since it consisted in the 
chain extension of the hydrophilic P(MMA-co-PEOMA) block 
with the hydrophobic one by the co-incorporation of styrene 
and the polymerizable rhodium(I) complex. Styrene (St) and 2a 
or 2b were added to generate R0-(MAA15-co-PEOMA15)-b-(St297-
co-(2a/b)3)-SC(S)SPr amphiphilic block copolymers (4a and 4b) 
that self-assembled into nanometric micellar particles. This 
chain extension of macroRAFT 3 is closely related to others, 
which used mixtures of styrene and other ligand-functionalized 
styrenes (triphenylphosphine,30 bis(p-methoxyphenyl)phenyl-
phosphine,86 nixantphos36) and proceed with excellent control 
of the molar mass and low dispersity. Fractions of the rhodium 
monomer 2a (Rh-NHCMe) greater than 1% could not be used 
because of the rather low solubility of this monomer in styrene. 
In addition, polymer precipitation was observed instead of the 
formation of a stable colloidal dispersion when applying the 
classical reaction conditions, namely mixing all components 
including the radical initiator before heating. To overcome this 
problem, the macroRAFT agent was first mixed with the two 
comonomers (styrene + Rh complex) and stirred at 80°C for 30 
min, before adding the ACPA/NaHCO3 initiating solution: a well-
behaved copolymerization with the formation of a stable latex 
was observed in this case. The same procedure was successfully 
applied to the synthesis of micelles 4b.  
Finally, in the last step, addition of a cross-linker, namely 
diethylene glycol dimethacrylate (DEGDMA), allowed the 
generation of core-crosslinked particles (CCMs) 5a and 5b as 
beige, milky aqueous dispersions. 
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The CCMs 5a and 5b, also named respectively Rh-NHCMe@CCM 
and Rh-NHCmes@CCM, were analysed by dynamic light 
scattering (DLS) and transmission electron microscopy (TEM). 
The average size (DZ) and polydispersity index (PDI) of CCMs 5a 
and 5b from the DLS analyses are reported in Table 2.   
 
Table 2. DLS analyses of nanoreactors 5a and 5b. 

 
DZ 

(nm) 
PDI 

Solid content 
(%) 

[Rh] (mol.L-

1) 
5a 121 0.145 22.9 0.0115 
5b 178 0.09 22.8 0.0094 

 

Figure 4. Morphology of nanoreactors: TEM images of Rh-NHCMe@CCM 5a (left) and Rh-
NHCmes@CCM 5b (right). 

The 5b particles are larger and with a narrow size distribution, 
indicative of good homogeneity. On the other hand, the 5a 
sample shows a smaller average size and a greater size 
dispersity, but more particularly the presence of a shoulder in 
volume, which may suggest the existence of more than one 
population of particles (see S.I., DLS section). 
In order to confirm the shape and dimensions of the CCMs, 
transmission electron microscopy was performed on both 
samples. Whereas the TEM images of 5b reveal particles with a 
spherical shape, regular dimensions and a relatively narrow size 
distribution with an average diameter of 123.3 (± 19.2) nm 
(Figure 4 and S.I., TEM section), the images of 5a display a 

mixture of particles with a broad size distribution and non-
spherical shape, which also leaves a doubt about the 
incorporation of the rhodium-containing monomer in the 
CCMs. After several months of storage, the 5a latex showed 
partial precipitation and a darkened colour, whereas the latex 
of 5b kept the same beige and homogeneous aspect. This led us 
to think that only complex 2b was efficiently and 
homogeneously incorporated into the hydrophobic core of the 
CCMs. 
NMR studies were carried out on latex 5b to confirm the 
unchanged nature of the Rh complex, and more particularly the 
integrity of the Rh-carbene bond, upon polymerization. To 
verify the effective polymerization of rhodium complex 2b and 
its incorporation into the hydrophobic core, a 13C-labeled 
analogue of the polymerizable rhodium(I) complex (2b*) was 
prepared according to Scheme 1 from C2-labeled N-
mesitylimidazole, and introduced into CCMs. In order to ensure 
complete incorporation of 2b* into the polymer network, 
heating was prolonged in step 2 (Scheme 2) and more ACPA was 
added after complete consumption of the first portion. 5b* was 
thus obtained as a beige latex. It was concentrated to a slurry 
that was swelled by addition of a few drops of THF-d8, in order 
to get a gel with better local mobilities. The latex gel was 
analysed by magic angle spinning (MAS) 1H and 13C NMR 
measurements (Figure 5) that yielded spectra of 5b* with 
narrow signals and good resolution. In the 13C-MAS spectrum, a 
distinctive doublet at 182.7 ppm (JRhC = 47 Hz) could be 
observed and unambiguously attributed to the carbenic carbon 
coordinated to rhodium. 
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Figure 5. Solid-state 13C-MAS NMR spectrum of 13C-labeled Rh-NHCmes@CCMs 5b* 
(H2O/d8-THF gel). 

In addition, analysis of the dipolar filtered 1H-DFSE-MAS NMR 
spectrum, that allows the edition of very mobile species (see 
S.I.),87 confirmed the absence of residual monomer 2*: no signal 
was observed around 5.8 ppm, where a characteristic vinylic 
proton signal of monomer 2* usually appears in THF-d8. No 
signals of the N-mesityl methyl groups, situated between 1.9 
and 2.5 ppm, were observed either. We therefore assumed that 
the amount of residual monomer 2* was below the NMR 
detection limit (< 1%) and that the signal observed at 182.7 ppm 
by 13C NMR was solely due to core-polymerized rhodium(I) 
complex. 
To assess the effect of catalyst incorporation into the 
nanoparticle 5b on its catalytic activity, the model rhodium(I) 
complex 7b bearing a methyl group in place of the vinyl group 
(Fig. 6), for use under “classical” homogeneous conditions, was 
prepared from the corresponding imidazolium salt 6b according 
to the same procedure as complex 2b. N-methyl-substituted 
analogues 6a and 7a were not prepared, as the incorporation of 
the polymerizable rhodium(I) complex 2a into CCMs did not 
prove successful. 
 

Rh Cl

NN

7b
 

Figure 6. Model rhodium(I) complex 7b used in this study. 

Rh-catalysed hydrogenation of styrene 

As mentioned above, Rh(I) complexes bearing NHC ligands are 
active catalysts for the hydrogenation of alkenes. However, 
those bearing monodentate NHC ligands tend to decompose 
under H2.70-72 This was first demonstrated by Herrmann and 
Frey in 2007 72 in 1-octene hydrogenation investigations with 
several such complexes. In the absence of an additional ligand 
such as PPh3 to complete the coordination sphere, the 
complexes decomposed to yield black Rh0 as either rhodium 
particles or colloids. Even though the latter proved relatively 
active for hydrogenation, this diminished the interest of Rh(I)-

NHC complexes as hydrogenation catalysts. More recently, 
Bullock et al. studied the real nature of the active species in the 
hydrogenation of arenes in the presence of [(CAAC)RhCl(COD)] 
and showed that Rh-CAAC nanoparticles are the active species 
also under their experimental conditions.88 
Our catalytic investigations have dealt with styrene 
hydrogenation under both homogeneous and aqueous biphasic 
conditions. The model rhodium complex 7b was thus used for 
the hydrogenation of styrene under “classical” homogeneous 
conditions in toluene, whereas the activity of Rh-NHCmes@CCM 
5b was evaluated in a biphasic water-toluene mixture (Table 3). 
Since the nanoreactor core is hydrophobic, it should in principle 
protect the catalyst from direct contact with the water phase, 
but the core penetration by small water amounts, according to 
the water solubility in toluene, cannot be excluded. Therefore, 
in order to better compare the catalyst performance under the 
homogeneous and biphasic conditions, different experiments 
were carried out with complex 7b: in dry toluene (ca. 5 ppm of 
residual H2O after drying, according to a Karl-Fischer titration), 
in “wet” toluene (i.e. toluene taken directly from the bottle 
without further drying, containing 180 ppm of H2O) and “on-
water” conditions with excess water added to the organic 
solution. In our opinion, the second experiment (i.e. in “wet” 
toluene) should best mimic the nanoreactors core environment. 
 
Table 3. Rh-catalysed hydrogenation of styrene. 

80°C, 20 bar H2
1200 rpm

Rh-NHCmes@CCM 5b,

H2O/toluene

Rh-NHC 7b,
toluene

or

 

Homogeneous conditions (entries 1-4 and 10-12): styrene (1.04 g, 10 mmol), 
rhodium complex 7b (5.8 mg, 0.01 mmol; Sty/Rh:1000/1 or 0.6 mg, 0.001 mmol, 
Sty/Rh:10 000/1), decane (426 mg, 3 mmol), toluene (1mL) / water or DME (0.5 
mL). Biphasic conditions (entries 5-9): styrene (79.3 mg, 0.75 mmol), CCM 5b (85 
mg, 7.9 10-7 mol of Rh for Sty/Rh:1000/1 or 8.5 mg, 7.9 10-8 mol of Rh for Sty/Rh:10 
000/1), decane (31.5 mg, 0.225 mmol), toluene (1mL) / water (0.5 mL).  a Dry 
toluene: 5 ppm H2O (K.F.). b “Wet” toluene: no purification, from the bottle, 180 
ppm H2O (K.F.). c 0.5 mL of water (7b) or aqueous phase (5b). d DME 
(dimethoxyethane): 155 ppm H2O (K.F.).  e Measured by GC. f 90% selectivity in 
ethylbenzene, calculated by GC. 

 Cat. Solvent Sty/Rh t(h) 
Styrene 

conv.(%) e 
1 7b Toluene (dry) a 1000/1 6 1 
2 7b Toluene (wet) b 1000/1 6 4 
3 7b Tol/H2O c 1000/1 3 19 
4 “ “ “ 6 95 f 
5 5b Tol/H2O c 1000/1 3 >99.5 
6 “ “ “ 6 >99.5 
7 5b Tol/H2O c 10 000/1 1 12 
8 “ “ “ 3 73 
9 “ “ “ 6 >99.5 

10 7b Tol/DME (1:1) d 1000/1 6 >99.5 
11 7b Tol/DME (1:1) d 10 000/1 3 39 
12 7b Tol/”blank” CCMs 1000/1 6 >99.5 
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Initial reactions were carried out at 80°C under 20 bar of H2, 
with a molar styrene/Rh ratio of 1000/1. Pleasingly, a total 
conversion of styrene to ethylbenzene was observed under 
these conditions with 5b (entries 5 and 6), versus <5% 
conversion with molecular catalyst 7b after 6 h in dry or “wet” 
toluene (entries 1 and 2). This reactivity difference was 
consistently reproduced. Using “on-water” conditions, 
however, complex 7b surprisingly gave again a high 
hydrogenation activity (entry 4). After 3 h, the conversion with 
molecular catalyst 7b was low (19%, entry 3), whereas a total 
conversion was already reached with CCMs 5b (entry 5). 
However, both systems gave a quasi-quantitative conversion 
after 6 h (entries 4 and 6), albeit with an incomplete GC mass 
balance for the reaction under homogeneous conditions (9 
mmoles total for 10 mmoles expected). Given the observed high 
efficiency of 5b, the catalytic loading was reduced by a factor of 
10 (entries 7-9). The conversion was low after 1 h (entry 7) at 
80°C, but complete after 6 h (entry 9). After 3 h, it reached 73% 
(entry 8), which is much higher than that reached with 
molecular catalyst 7b under “on-water” conditions (entry 3), in 
spite of the 10 times greater catalytic loading in the latter 
caseVisually, the mixture resulting from the “on-water” 
catalysis experiments (entries 3-4) presented a large amount of 
a black precipitate, characteristic of catalyst degradation, 
whereas the mixture resulting from the classical homogeneous 
conditions (entries 1-2) remained bright yellow, with only traces 
of black precipitate. This indicates that complex 7b was 
efficiently activated in the presence of water, though with 
extensive reduction to metallic particles, which are apparently 
able to catalyse styrene hydrogenation with a greater activity 
than the molecular complex. This behaviour is consistent with 
Herrmann and Frey’s early observations of a black precipitate 
obtained in the absence of an additional stabilizing phosphine 
ligand.72 Our group also observed very recently the formation 
of Rh0 NPs from [RhCl(COD)(TPP@CCM)] latexes, when these 
are subjected to an H2 pressure in the absence of olefins. These 
Rh0 NPs are highly active as catalysts for styrene 
hydrogenation.89 As the CCM core is not only constituted of a 
polystyrene network but also contains a high number of poly 
(ethylene oxide) moieties in the shell (PEOMA), which can enter 
the cores of swollen nanoreactors,35 it was envisaged that they 
may play a role in the activation and stabilisation of the rhodium 
catalytic species. Therefore, two additional reactions were 
carried out under homogeneous conditions with 7b in a 
toluene/DME 1:1 mixture, in order to mimic the polyether 
environment of the CCMs. After 6h at a 1000/1 styrene/Rh ratio 
(entry 10), the mixture remained mostly yellow, with only traces 
of black precipitate, but surprisingly the conversion into 
ethylbenzene was total, in stark contrast with the reactivity 
observed in pure toluene (entry 2). This is a good indication that 
the polyether chains play an active role in the 
activation/stabilisation of the catalyst within the CCMs, without 
contributing to the formation of Rh nanoparticles. Then a 
10 000/1 styrene/Rh ratio was set and the reaction was stopped 
after 3h (entry 11). In this case, the conversion was only 39%, 
versus 73% with 5b under aqueous biphasic conditions (entry 
8). This seems to indicate that the confinement effect of the 
CCM also contributes to the activity boost. We imagine that the 

presence of water, on the contrary, may facilitate the formation 
of metal nanoparticles, which is a commonly observed 
phenomenon also for palladium catalysts bearing NHC ligands.90  
Conversely, no black precipitate was observed at the end of the 
reaction with the nanocatalysts, which is consistent with the 
catalyst confinement within the CCM hydrophobic 
environment, from which water as a bulk phase is excluded. 
Thus, water cannot exert its action to promote the metal 
reduction and the observed behaviour may correspond to that 
observed for the molecular complex under homogeneous 
conditions, except for the much greater catalytic activity. In any 
case, the possible formation of Rh nanoparticles cannot account 
for the immediately high catalytic activity in the first run, which 
must therefore be attributed to a molecular RhI complex. The 
ethylbenzene selectivity was total in all cases. 
 Covalent bonding of the Rh complex in the CCM core proved 
necessary for an efficient handling and recycling of the 
nanocatalysts. When the model Rh complex 7b was added as a 
toluene solution to the aqueous phase of “blank” CCMs (i.e. 
possessing a non-functionalized polystyrene core), complete 
conversion of styrene to ethylbenzene was obtained under 
optimized conditions (6 h, 80 °C, 1000/1 styrene/Rh, entry 11) 
and an important amount of Rh0 particles was produced after 
only one run and made the phase separation difficult (see 
photos in the S.I.). Moreover, it is impossible to tell whether 
styrene reacted with the catalyst that penetrated in the core 
with the swelling solvent, or with the catalyst still present in the 
organic phase. 
Recycling of the aqueous phase of 5b was investigated on 3-
hour runs at 80°C (Table 4).  After reaction, decantation, organic 
phase removal and further extraction of the aqueous phase 
with toluene, a new portion of styrene in toluene was added to 
the recovered latex. It was thus possible to recycle 5b four 
times, maintaining full styrene conversion and ethylbenzene 
selectivity, under the optimized conditions (3 h at 80°C with a 
1000/1 styrene/Rh ratio, entries 1-5).‡ Photos of the aqueous 
phases recovered after runs 1 and 5, respectively (see S.I.),  
suggest a possible slow formation of Rh0.  

Figure 7. solid-state 13C-MAS NMR spectra of 13C-labelled 5b* before catalysis (black) 
and after 5 hydrogenation runs (red). 

The aqueous phase recovered after 5 runs was analysed by 
solid-state 13C-MAS NMR, which distinctively showed two 
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doublets at, respectively, 177.8 (JRhC = 43 Hz) and 175.8 ppm 
(JRhC = 42 Hz) (Figure 7 and S.I.).While the exact nature of these 
species could not be determined, the signals multiplicity and 
value of coupling constants prove that NHC-Rh(I) species are 
still present in the CCMs. The shift from the initial 182.7 ppm 
value (Fig. 7) may be explained by the hydrogenation of COD, 
necessary for the activation of the complex, and its replacement 
by a molecule of solvent or substrate from the reaction 
medium. As suggested from the photos, TEM images of the 
same aqueous phase revealed the presence of small-size 
objects, likely corresponding to Rh0 nanoparticles, within the 
CCMs (see S.I., TEM section). Although their small number did 
not allow for an accurate size distribution measurement, 
diameters between 2.1 and 2.7 nm were observed. However, it 
was difficult at this point to conclude on the role of these NPs 
on the catalytic activity and to check by 13C-MAS NMR whether 
the NHC ligand was bound to their surface (a strong Knight 
shift,91 in the case of Rh NPs, could prevent the observation of 
the 13C NMR signal of surface-bound NHCs). From the data 
collected by NMR and TEM, the coexistence of RhI and Rh0 
species in the nanoreactors seems the most likely situation. 

Table 4. Rh-catalysed hydrogenation of styrene: recycling experiments with Rh-
NHCmes@CCM 5b (H2O/toluene, 20 bar H2, 80°C, 3h).  

20 bar H2, 80°C
H2O/toluene

1200 rpm

Rh-NHCmes@CCM 5b

  

Conditions: styrene (79.3 mg, 0.75 mmol), CCM 5b (85 mg, 7.9 10-7 mol of Rh for 
Sty/Rh:1000/1 or 8.5 mg, 7.9 10-8 mol of Rh for Sty/Rh:10 000/1), decane (31.5 mg, 
0.225 mmol), toluene (1mL) / water (0.5 mL). a Measured by GC. b Measured by 
ICP-MS. 

Four three-hour recycle runs were also carried out with the 
lower catalytic loading, i.e. with an initially incomplete styrene 
conversion (entries 6-10). Interestingly, the styrene conversion 
was complete after the third run (entry 8), and thus higher than 
after the initial run (entry 6). This indicates the presence of a 
pre-catalyst activation phase during the first runs, presumably 
involving the hydrogenation of the COD ligand. Only after the 

4th recycle was a slight loss of activity detected, with a styrene 
conversion of 98% (entry 10). This could be explained by gradual 
Rh0 nanoparticles formation, which have a propensity to 
migrate and accumulate outside the core, as seen from the TEM 
images of 5b*, and as demonstrated in our recent investigation 
of the Rh0 NPs obtained from [RhCl(COD)(TPP@CCM)] latexes:89 
they can agglomerate in the PEO-containing shell of the CCMs 
and thus lose active surface, leading to a diminished catalytic 
efficiency. 
The rhodium leaching per cycle was then measured by ICP-MS 
on each 3h-reaction set. Pleasingly, the loss of rhodium per 
cycle was on average inferior to 0.6 ppm, except for the first two 
runs at a 1000/1 styrene/Rh ratio (entries 1 and 2), where a 
maximum value of ca. 1.5 ppm was measured. These values are 
consistent with what has been observed in the case of 
phosphine-containing TPP@CCMs, also used as nanocatalysts 
for the biphasic hydrogenation of styrene and 1-octene.33 The 
latter possess the same outer shell with poly(ethylene oxide) 
chains. The loss of rhodium into the organic phase is probably 
not due to decomposition of the rhodium complex by cleavage 
of the ligand-metal bond, as shown by the solid-state 13C-MAS 
NMR spectrum of CCMs after 5 runs. Moreover, the CCMs are 
still active after 5 cycles with no loss of selectivity. This small 
amount of leaching has generally been attributed to the 
polymer architecture (mass transport, lipophilicity at higher 
temperatures).30, 31, 34 In the case of a 10 000/1 styrene/Rh ratio, 
the cumulated rhodium loss over 5 cycles (1.98 ppm) was 
evaluated at 24% of the molar amount of Rh present in the core 
of the CCMs, which can explain a slight drop in activity after 5 
runs. On the other hand, this loss (3.13 ppm) was only 4% of the 
total amount of Rh in the case of a 1000/1 styrene/Rh ratio. The 
DLS analyses of the recycled aqueous phase after each run, for 
the 3 h experiments with a 10 000/1 styrene/Rh ratio, showed 
an invariance of the average size and size distribution, 
demonstrating the stability of the polymer scaffold (see S.I., DLS 
section). 
As CCMs 5b showed a high efficiency for styrene hydrogenation, 
we extended their use to other alkene substrates (Table 5). 
Thus, hydrogenation of 1-octene and cyclohexene was 
investigated under aqueous biphasic conditions with 5b 
(10 000/1 substrate/Rh ratio). 1-octene was almost completely 
consumed, but the reaction proved poorly selective, with 65:35 
octane/2-octenes (entry 1). It is well-known that 1-octene can 
isomerize more easily into 2-octenes in the presence of NHC-
stabilized Rh(I) complexes compared to their phosphine 
analogues,72, 92 but these results suggest that the nature of the 
environment may also influence the selectivity. Cyclohexene 
was hydrogenated to cyclohexane with 68% conversion (entry 
2) and a low 60% selectivity (incomplete GC mass balance). 
Hydrogenation of monoterpenes such as carvone, α- and β-
pinene did not prove successful: with (R)-(-)-carvone (entry 3), 
only traces of product having the exo double bond 
hydrogenated were observed by GC-MS. Finally, with 5b, no 
reaction occurred in the case of (1R)-(+)-α-pinene (entry 4), 
whereas reaction with (1S)-(-)-β-pinene gave 13% isomerization 
to α-pinene and less than 5% of the expected pinanes (entry 5).  
 

 Run Sty/Rh 
Styrene conv. 

(%) a 
EtBz selectiv. 

(%) a 
Rh leaching 

(ppm) b 

1 1st 1000/1 >99.5 >99.5 0.87 

2 2nd “ >99.5 >99.5 1.47 

3 3rd “ >99.5 >99.5 0.24 

4 4th “ >99.5 >99.5 0.34 

5 5th “ >99.5 >99.5 0.21 

6 1st 10 000/1 73 >99.5 0.39 

7 2nd “ 77 >99.5 0.61 

8 3rd “ >99.5 >99.5 0.54 

9 4th “ >99.5 >99.5 0.31 

10 5th “ 98 >99.5 0.13 
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Table 5. Substrate scope for Rh-catalysed hydrogenation with Rh-NHCmes@CCM 5b 
(10 000/1 substrate/Rh ratio, H2O/toluene, 80°C, 20 bar H2, 6h, 1200 rpm). 

a Measured by GC. 

 
Several hypotheses could explain the much greater activity of 
the polymer-anchored molecular catalyst with styrene: the 
polymer network, mostly constituted of polystyrene and 
ethylene oxide chains in the core, probably stabilizes 
coordinatively unsaturated intermediates of the catalytic cycle, 
whereas the homogeneous complex may be deactivated by 
bimolecular pathways, generating less active (or inactive) 
aggregated forms.  
Moreover, the reduction to Rh0 occurs rapidly only in the 
presence of water, which is present in very small amounts in the 
core. In addition, the free diffusion of the rhodium atoms in 5b 
is restricted by the polymer anchoring, slowing down the 
nanoparticle formation relative to the homogeneous phase. 
Note that the concentration factor alone should favour faster 
aggregation in the polymer: the Rh-functionalized monomers 
(1% mol) in the polystyrene yield an approximate Rh 
concentration of 0.1 M in the polymer core, vs. a 10 times 
smaller value in the homogeneous solution. Finally, a higher 
local concentration of substrate is expected due to confinement 
in the core, leading to a higher reaction rate in the case of CCMs. 

Conclusions 
In summary, we have prepared a well-defined polymeric 
nanoreactor containing a Rh(I)-NHC complex in the hydrophobic 
core by a RAFT-PISA copolymerization procedure in water. For 
this purpose, polymerizable Rh complexes with styrene-
functionalized NHC ligands (2a and 2b) have been prepared and 
fully characterized. They are air-stable and can be stored for 
months without any sign of decomposition, making them 
potentially useful for incorporation in a wider variety of 
nanostructures. The air-stable nanoreactor 5b, called Rh-
NHCmes@CCM, which is maintained in stable aqueous 
dispersions (latex), has been characterized by NMR, DLS and 
TEM and evaluated as catalyst for the aqueous biphasic 
hydrogenation of styrene and other alkenes. It has a greater 
activity and its evolution to Rh0 is slower relative to its 

analogous molecular Rh(I) complex for the hydrogenation of 
styrene. Finally, the 5b latex could be recycled up to four times 
with almost no loss of activity over 3 h cycles. The confined 
nature of the CCM core, as well as stabilization of the 
intermediate catalytic species by the hydrophobic polymer 
network, may be responsible for this marked gain of reactivity 
in the case of styrene. Research is in progress to optimize the 
synthesis of the Rh-NHC@CCMs and to extend this strategy to 
other catalytic systems. 

Experimental section 
 

General 

All manipulations were performed under an inert atmosphere 
of dry argon by using Schlenk line techniques. Solvents were 
either dried by standard procedures and distilled under argon 
prior to use, or purified on an Innovative PURESOLV Solvent 
Purification System equipped with 4Å MS columns. All reagents, 
unless stated otherwise, were used as received. 13C-labelled 
formaldehyde (98%, ca. 20% w/w in H2O) was purchased from 
Eurisotop and used as received. Dihydrogen was obtained from 
Air Liquide (AlphagazTM 1 with purity ≥99.999%). Styrene (99%, 
Acros) was purified by passing through a column of active basic 
aluminium oxide to remove the stabilizer. The RAFT agent 4-
cyano-4-thiothiopropylsulfanyl pentanoic acid (CTPPA)93, 
macroRAFT agent 330 and 1-methyl-3-(4-
vinylbenzyl)imidazolium chloride 1a77 were synthesized 
according to published procedures. 

Characterization techniques 

NMR. 1H NMR and 13C NMR spectra were recorded in 5 mm 
diameter tubes at 298 K in CDCl3, D2O, DMSO-d6 or THF-d8 using 
Bruker Avance III 400 spectrometer. Magic Angle Spinning 
(MAS) NMR experiments were performed on a Bruker Avance 
400 III HD spectrometer with the sample insert into a 4 mm 
zirconia rotor. The rotors were spun at 6 kHz at 298 K. 1H MAS 
with rotor synchronous dipolar filtering and spin echo excitation 
(DFSE) 87 were acquired with a filtering time of 800 ms. 13C MAS 
was done with a recycle delay of 5 s. The chemical shifts were 
determined relative to tetramethylsilane using the deuterated 
solvent as internal standard for liquid state NMR or an external 
solution for solid state NMR. For the CCMs synthesis, 1,3,5-
trioxane (δ 5.20 in the 1H NMR in D2O) was used as an 
integration reference. 
Electrospray (ES) mass spectroscopy. Mass spectra were 
recorded at the Université Paul Sabatier by the Service Commun 
de Spectrométrie de Masse on a MS/MS Q TRAP 2000 (Applied 
Biosystems) or API-365 (Perkin Elmer Sciex). 
X-ray structural analyses. A single crystal of compound 2a was 
mounted under inert perfluoropolyether at the tip of a glass 
fibre and cooled in the cryostream of a Rigaku Oxford 
Diffraction GEMINI EOS equipped with Mo-Kα radiation, 
whereas a single crystal of compound 2b was mounted on a 
Bruker Apex2 equipped with Mo-Kα radiation using a micro 
source. The structures were solved by the Integrated Space-
Group method using the SHELXt software94 and refined by least-

 Substrate Conv. (%) a Selectiv. (%) a 

1  98 65 

2 
 

68 60 

3 

 

n.r. - 

4 

 

n.r. - 
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squares procedures on F2 using SHELXL-2015.95 All H atoms 
attached to carbon were introduced in the calculation in 
idealized positions and treated as riding models. The drawing of 
the molecules was realized with the help of ORTEP32.96 Crystal 
data and refinement parameters are shown in the S.I. CCDC 
deposition numbers for 2a and 2b: 2062972-2062973. 
DLS (Dynamic Light Scattering). The intensity-average 
diameters of the latex particles (Dz) and the polydispersity index 
(PDI) were measured at 25°C on a Malvern Zetasizer NanoZS 
equipped with a He-Ne laser (λ=633 nm). After filtration 
through a 0.45 µm pore size membrane, deionized water was 
used to dilute the latex sample. Solutions were analysed 
without further filtration to ensure that undesired populations 
were not removed. Data were analysed by the general-purpose 
non-negative least squares (NNLS) method. The typical accuracy 
for these measurements was 10–15%.  
TEM (Transmission Electron Microscopy). The morphological 
analyses of the copolymer nanoparticles were performed with 
a JEOL JEM 1011 transmission electron microscope equipped 
with 100 kV voltage acceleration and tungsten filament (Service 
Commun de Microscopie Electronique TEMSCAN, Centre de 
Microcaractérisation Raimond Castaing, Toulouse, France). 
Diluted latex samples were dropped on a formvar/carbon-
coated copper grid and dried under vacuum. 
Gas Chromatography/FID. At the end of the hydrogenation 
tests, the amounts of reactant and products in the organic 
phase were measured using a Shimadzu GC-2014 
chromatograph equipped with a flame ionization detector (FID) 
and using helium as carrier gas. Separations were performed on 
a SLB-5ms capillary column (30 m*0.32 mm; 0.25 µm film 
thickness). An internal calibration method was used by adding a 
precise quantity of decane (99%, Sigma Aldrich) to the organic 
phase prior to hydrogenation. The response factors were 
determined by analysis of standard solutions of styrene and 
ethylbenzene. 
ICP/MS. High resolution ICP/MS was used to quantify the 
rhodium catalyst leaching in the organic phase. The recovered 
organic phase was diluted with ultrapure water using a 105 
volumetric dilution factor, high enough to ensure complete 
dissolution. In practice, a 100 mL volumetric flask was filled at 
∼2/3 with milli-Q water, then 10 µL of the organic phase were 
introduced using a micropipette. The flask was introduced into 
an ultrasound bath for 15 min. The solution was checked for 
complete dissolution of the organic component and the dilution 
was then completed with milli-Q water to the 100 mL mark and 
put into the ultrasound bath for an additional 45 min. To 
eliminate matrix effects, rhodium standards were prepared in 
the same way by starting with solutions of [RhCl(COD)]2 in 
toluene at various weight fractions of Rh, in the (0.01–0.2)·10−9 
range (10-200 ppt). The resulting aqueous phase was analysed 
on a Thermo Scientific Element XR instrument. 

Synthetic procedures 

1-(2,4,6-trimethylphenyl)-3-(4-vinylbenzyl)imidazolium 
chloride 1b. To a solution of 4-vinylbenzyl chloride (2.50 g, 16.4 
mmol, 2 eq) in dry acetonitrile (50 mL) was added 1-
mesitylimidazole (1.48 g, 7.94 mmol, 1 eq). The reaction 

mixture was heated at 85 °C for 24h, concentrated in vacuo and 
the residue was washed with Et2O (3*50 mL). After drying under 
vacuum, the product was obtained as a beige oil (2.62 g, 97% 
yield). 1H NMR (400 MHz, CDCl3): δ (ppm) 10.43, (s, 1H, NCHN), 
7.94 (s, 1H, NCH=CH), 7.47 (d, JHH= 8.0 Hz, 2H, arom. CH), 7.17 
(d, JHH= 7.9 Hz, 2H arom. CH), 7.05 (s, 1H, NCH=CH), 6.75 (s, 2H, 
CH Mes), 6.47 (dd, JHH= 17.6 Hz, 10.9 Hz, 1H, CH=CH2), 5.68 (s, 
2H, NCH2Sty), 5.54 (d, JHH= 17.6 Hz, 1H, CH=CH2), 5.08 (d, JHH= 
10.9 Hz, 1H, CH=CH2), 2.11 (s, 3H, p-CH3 Mes), 1.82 (s, 6H, o-CH3 
Mes). 13C NMR (400 MHz, CDCl3): δ (ppm) 140.8 (Cq), 138.2 (Cq), 
137.6 (NCHN or CH=CH2), 135.8 (NCHN or CH=CH2), 134.0 (Cq), 
133.3 (Cq), 130.7 (Cq), 129.6 (CH Mes or arom. CH), 129.3 (CH 
Mes or arom. CH), 126.8 (CH Mes or arom. CH), 123.4 (NCH=CH), 
123.3 (NCH=CH), 114.9 (CH=CH2), 52.6 (NCH2Sty), 20.9 (p-CH3 

Mes), 17.4 (o-CH3 Mes). MS (ES+) m/z 303 [M]+ (100). HRMS 
(ES+) calcd for C21H23N2 303.1861; found 303.1866. 
Polymerizable rhodium(I) complex 2a. The imidazolium salt 1a 
(95.3 mg, 0.406 mmol, 1 eq), [Rh(COD)Cl]2 (100.0 mg, 0.203 
mmol, 0.5 eq) and K2CO3 (67.2 mg, 0.487 mmol, 1.2 eq) were 
placed in a dry Schlenk under argon, and dry acetonitrile (15 mL) 
was added. The mixture was heated at 30°C for 48 h, then 
filtered through Celite and evaporated to dryness. The residue 
was purified by column chromatography on silicagel (eluent: 
CH2Cl2 then CH2Cl2/MeOH: 98/2) to give a yellow solid (179 mg, 
99% yield). 1H NMR (400 MHz, CDCl3): δ (ppm) 7.39 (d, JHH= 8.3 
Hz, 2H, arom. CH), 7.32 (d, JHH= 8.3 Hz, 2H, arom. CH), 6.81 (d, 
JHH= 1.9 Hz, 1H, NCH=CH), 6.69 (dd, JHH= 17.6 Hz, 10.9 Hz, 1H, 
CH=CH2), 6.63 (d, JHH= 1.9 Hz, 1H, NCH=CH), 5.85 (d, JHH= 14.8 
Hz, 1H, NCH2Sty), 5.73 (dd, JHH= 17.6 Hz, 0.9 Hz, 1H, CH=CH2), 
5.66 (d, JHH= 14.9 Hz, 1H, NCH2Sty), 5.24 (JHH= 10.9 Hz, 0.8 Hz, 
1H, CH=CH2), 5.04-5.02 (m, 2H, CH COD), 4.09 (s, 3H, NCH3), 
3.39-3.35 (m, 1H, CH COD), 3.26-3.23 (m, 1H, CH COD), 2.50-
2.19 (m, 4H, CH2 COD), 1.99-1.80 (m, 4H, CH2 COD). 13C NMR 
(400 MHz, CDCl3): δ (ppm) 183.0 (d, JRhC= 51.2 Hz, Cq, NCN), 
137.4 (Cq), 136.2 (CH=CH2), 136.0 (Cq), 128.4 (arom. CH), 126.7 
(arom. CH), 122.4 (NCH=CH), 120.4 (NCH=CH), 114.3 (CH=CH2), 
98.8 (d, JRhC= 6.9 Hz, CH COD), 98.6 (d, JRhC= 7.0 Hz, CH COD), 
68.2 (d, JRhC= 14.5 Hz, CH COD), 68.0 (d, JRhC= 14.5 Hz, CH COD), 
54.2 (NCH2Sty), 37.8 (NCH3), 33.2 (CH2 COD), 32.6 (CH2 COD), 
29.0 (CH2 COD), 28.7 (CH2 COD). MS (ES+) m/z 409 [M-Cl]+ (100), 
327 (50), 436 (40), 607 (20), 762 (15), 844 (15). HRMS (ESI): 
calculated for C21H26N2Rh [M-Cl]+ : m/z= 409.1151, found m/z= 
409.1150. 
Polymerizable rhodium(I) complex 2b. The imidazolium salt 1b 
(275.2 mg, 0.812 mmol, 1 eq), [Rh(COD)Cl]2 (200.0 mg, 0.203 
mmol, 0.5 eq) and K2CO3 (134.4 mg, 0.974 mmol, 1.2 eq) were 
placed in a dry Schlenk under argon, and dry acetonitrile (30 mL) 
was added. The mixture was heated at 30°C for 48 h, then 
filtered through Celite and evaporated to dryness. The residue 
was purified by column chromatography on silicagel (eluent: 
CH2Cl2 then CH2Cl2/MeOH: 98/2) to give a yellow solid (300 mg, 
67% yield). 1H NMR (400 MHz, CDCl3): δ (ppm) 7.47 (d, JHH= 8.2 
Hz, 2H, arom. CH), 7.38 (d, JHH= 8.2 Hz, 2H, arom. CH), 7.13 (s, 
1H, CH Mes), 6.95 (s, 1H, CH Mes), 6.93 (d, JHH= 1.9 Hz, 1H, 
NCH=CH), 6.78 (d, JHH= 1.9 Hz, 1H, NCH=CH), 6.75 (dd, JHH= 17.6 
Hz, 10.9 Hz, 1H, CH=CH2), 6.48 (d, JHH= 15.3 Hz, 1H, NCH2Sty), 
5.79 (dd, JHH= 17.6 Hz, 0.9 Hz, 1H, CH=CH2), 5.60 (d, JHH= 15.3 Hz, 
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1H, NCH2Sty), 5.30 (dd, JHH= 10.9 Hz, 0.8 Hz, 1H, CH=CH2), 4.93-
4.90 (m, 1H, CH COD), 4.85-4.80 (m, 1H, CH COD), 3.37-3.32 (m, 
1H, CH COD), 3.03-2.98 (m, 1H, CH COD), 2.49 (s, 3H, CH3 Mes), 
2.41 (s, 3H, CH3 Mes), 2.17-1.97 (m, 3H, CH2 COD), 1.88 (s, 3H, 
CH3 Mes), 1.81-1.45 (m, 5H, CH2 COD). 13C NMR (400 MHz, 
CDCl3): δ (ppm) 182.9 (d, JRhC = 51.5 Hz, Cq NCN), 138.7 (Cq), 
137.3 (Cq), 137.2 (Cq), 136.8 (Cq), 136.3 (CH=CH2), 136.1 (Cq), 
134.3 (Cq), 129.6 (CH Mes), 128.2 (arom. CH), 128.1 (CH Mes), 
126.7 (arom. CH), 123.4 (NCH=CH), 121.1 (NCH=CH), 114.3 
(CH=CH2), 97.3 (d, JRhC = 7.3 Hz, CH COD), 97.2 (d, JRhC = 7.1 Hz, 
CH COD), 68.7 (d, JRhC = 14.5 Hz, CH COD), 67.5 (d, JRhC = 14.3 Hz, 
CH COD), 55.2 (NCH2Sty), 33.8 (CH2 COD), 31.6 (CH2 COD), 29.1 
(CH2 COD), 28.0 (CH2 COD), 21.1 (CH3 Mes), 19.8 (CH3 Mes), 17.8 
(CH3 Mes). MS (ES+) m/z 513 [M-Cl]+ (100), 540 (27), 431 (12). 
HRMS (ESI): calculated for C29H34N2Rh [M-Cl]+ : m/z= 513.1777, 
found: m/z= 513.1772. 
1-(2,4,6-trimethylphenyl)-3-(4-methylbenzyl)imidazolium 
chloride 6b. To a solution of 4-methylbenzyl chloride (1.0 g, 7.11 
mmol, 1.7 eq) in dry acetonitrile (15 mL) was added 1-
mesitylimidazole (0.795 g, 4.27 mmol, 1 eq). The reaction 
mixture was heated at 85 °C for 24 h, concentrated in vacuo and 
the residue was washed with Et2O (3*50 mL). After drying under 
vacuum, the product was obtained as a beige oil (1.01 g, 72% 
yield). 1H NMR (400 MHz, CDCl3): δ (ppm) 10.90, (s, 1H, NCHN), 
7.53 (s, 1H, NCH=CH), 7.47 (d, JHH= 7.8 Hz, 2H, arom. CH), 7.22 
(d, JHH= 7.6 Hz, 2H arom. CH), 7.09 (s, 1H, NCH=CH), 7.00 (s, 2H, 
CH Mes), 5.92 (s, 2H, NCH2p-Tol), 2.37 (s, 3H, p-CH3 Mes or p-
CH3 tol), 2.34 (s, 3H, p-CH3 Mes or p-CH3 tol), 2.07 (s, 6H, o-CH3 
Mes). 13C NMR (400 MHz, CDCl3): δ (ppm) 141.2 (Cq), 139.4 (Cq), 
138.7 (NCHN or 2xCq), 134.2 (NCHN or 2xCq), 130.8 (Cq), 130.6 
(Cq), 130.1 (CH Mes or arom. CH), 129.8 (CH Mes or arom. CH), 
129.1 (CH Mes or arom. CH), 123.1 (NCH=CH), 122.4 (NCH=CH), 
53.5 (NCH2p-Tol), 21.2 (p-CH3 Mes or p-CH3 tol), 21.1 (p-CH3 Mes 
or p-CH3 tol), 17.7 (o-CH3 Mes). MS (ES+) m/z 291 [M]+ (100). 
HRMS (ES+) calcd for C20H23N2 291.1861; found 291.1869. 
Model rhodium(I) complex 7b. The imidazolium salt 6b (100 
mg, 0.31 mmol, 1 eq), [Rh(COD)Cl]2 (75.4 mg, 0.15 mmol, 0.5 
eq) and K2CO3 (50.7 mg, 0.37 mmol, 1.2 eq) were placed in a dry 
Schlenk under argon, and dry acetonitrile (8 mL) was added. The 
mixture was heated at 30°C for 48 h, then filtered through Celite 
and evaporated to dryness. The residue was purified by column 
chromatography on silicagel (eluent: CH2Cl2 then CH2Cl2/MeOH: 
95/5) to give a yellow solid (158 mg, 96% yield). 1H NMR (400 
MHz, CDCl3): δ (ppm) 7.31 (d, JHH= 8.0 Hz, 2H, arom. CH), 7.23 
(d, JHH= 7.8 Hz, 2H, arom. CH), 7.13 (br s, 1H, CH Mes), 6.94 (br 
s, 1H, CH Mes), 6.90 (d, JHH= 1.9 Hz, 1H, NCH=CH), 6.76 (d, JHH= 
1.9 Hz, 1H, NCH=CH), 6.45 (d, JHH= 15.1 Hz, 1H, NCH2p-Tol), 5.56 
(d, JHH= 15.1 Hz, 1H, NCH2p-Tol), 4.93-4.88 (m, 1H, CH COD), 
4.85-4.80 (m, 1H, CH COD), 3.39-3.34 (m, 1H, CH COD), 3.03-
2.98 (m, 1H, CH COD), 2.49 (s, 3H, CH3 Mes), 2.41 (s, 3H, CH3 p-
Tol or Mes), 2.39 (s, 3H, CH3 p-Tol or Mes), 2.18-1.97 (m, 3H, CH2 
COD), 1.87 (s, 3H, CH3 Mes), 1.80-1.46 (m, 5H, CH2 COD). 13C 
NMR (400 MHz, CDCl3): δ (ppm) 182.7 (d, JRhC = 51.5 Hz, Cq NCN), 
138.7 (Cq), 137.7 (Cq), 137.2 (Cq), 136.2 (Cq), 134.3 (Cq), 134.2 
(Cq), 129.6 (arom. CH), 129.5 (CH Mes), 128.1 (arom. CH), 128.0 
(CH Mes), 123.2 (NCH=CH), 121.0 (NCH=CH), 97.2 (d, JRhC = 7.4 
Hz, CH COD), 97.1 (d, JRhC = 7.1 Hz, CH COD), 68.6 (d, JRhC = 14.5 
Hz, CH COD), 67.4 (d, JRhC = 14.5 Hz, CH COD), 55.2 (NCH2p-Tol), 

33.8 (CH2 COD), 31.6 (CH2 COD), 29.1 (CH2 COD), 28.0 (CH2 COD), 
21.2 (CH3 p-Tol or Mes), 21.1 (CH3 p-Tol or Mes), 19.8 (CH3 Mes), 
17.8 (CH3 Mes). MS (ES+) m/z 501 [M-Cl]+ (100), 528 [M-Cl+27]+ 
(10). HRMS (ES+) calcd for C28H34N2Rh [M-Cl]+ 501.1777; found 
501.1781. 
Synthesis of Rh-NHC@CCMs 5a and 5b 

Step 1: the macroRAFT 3 was prepared according to our 
previously reported procedure.30 
Step 2: Chain extension of 3 by RAFT copolymerization of 
styrene and rhodium complex 2a or 2b in water: synthesis of 
4a and 4b. 4.22 g of macroRAFT 3 was introduced in a Schlenk 
equipped with a magnetic stirring bar. In a second Schlenk flask 
were added a dispersion of rhodium complex 2a (75 mg, 0.169 
mmol) or 2b (75 mg, 0.137 mmol) and styrene (1.73 g, 16.6 
mmol for 2a; 1.72g, 16.5 mmol for 2b, argon-purged at 0°C) in 
degassed water (3 mL), and an argon-purged solution of 
ACPA/NaHCO3 (3.1 mg/3.1 mg) in water (2 mL). The reaction 
mixture was then purged again with argon for 15 min at 0°C and 
added to the macroRAFT 3, which had been placed in a 
thermostated oil bath at 80°C. After 3 h of stirring under argon, 
an aliquot of the colloidal dispersion was withdrawn for 1H NMR 
analysis (DMSO-d6). A 99% conversion was determined and the 
polymerization was quenched by immersion of the flask in iced 
water. 
Step 3: Core cross-linking with DEGDMA: synthesis of 5a and 
5b. To the Schlenk flask containing the R0-(MAA15-co-PEOMA15)-
b-(St297-co-2a-b3)-SC(S)SPr block copolymer 4a or 4b from step 
2, degassed styrene (544 mg, 5.22 mmol), DEGDMA (108 mg, 
0.447 mmol), deionized water (2 mL) and a degassed solution of 
ACPA (3.1 mg, 0.011 mmol) and NaHCO3 (3.1 mg) in deionized 
water (1 mL) were added. The reaction mixture was purged for 
15 min with argon at 0°C and stirred at room temperature for 
45 min, then placed in an oil bath thermostated at 80°C. After 1 
h 30 min stirring at 80°C, a 98% conversion of the comonomers 
was determined by 1H NMR (DMSO-d6) and the polymerization 
was quenched by immersion of the flask in iced water.5a: 22.9% 
solid content, [Rh]: 0.0115 mol.L-1. 5b: 22.8% solid content, 
[Rh]: 0.0094 mol.L-1 

General procedure for hydrogenation with Rh-NHC molecular 
complex 7b 

Styrene (1.04 g, 10 mmol), rhodium complex 7b (5.8 mg, 0.01 
mmol; substrate/Rh:1000/1) and decane (426 mg, 3 mmol) as 
internal standard were dissolved in toluene (1 mL) and placed 
in a 5 mL vial containing a magnetic stirring bar. The vial was 
placed in a steel reactor, which was purged 3 times with 10 bar 
of H2, then charged with 20 bar of H2. Caution: high pressure 
hydrogenations should only be performed by suitably trained 
personnel. The reaction mixture was then stirred at 80 °C for 6 
h at a speed of 1200 rpm. After 1 h of resting at room 
temperature, the reactor was vented. The reaction mixture was 
filtered on silica, which was then rinsed with twice its volume of 
dichloromethane. It was then analysed by gas chromatography. 
General procedure for biphasic hydrogenation with Rh-
NHCmes@CCM 5b 

A stock organic solution was prepared by mixing styrene (3.17 
g, 30 mmol) and decane (1.26 g, 9 mmol) as internal standard in 
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40 mL of toluene, for a final substrate concentration of 7.5 10-4 
mol.mL-1.  
In a vial containing a magnetic stirring bar was added 0.5 mL of 
water containing Rh-NHCmes@CCM 5b (8.5 mg, 7.9 10-8 mol of 
Rh), and 1 mL of the organic stock solution (substrate/Rh: 10 
000/1). The vial was placed in a steel reactor, which was purged 
3 times with 10 bar of H2, then charged with 20 bar of H2. The 
reaction mixture was then stirred at 80 °C for 6 h at a speed of 
1200 rpm. The reactor was vented after 1 h of rest at room 
temperature. After overnight decantation, the organic layer 
was withdrawn by syringe and the aqueous phase was extracted 
twice with 0.5 mL of diethyl ether. The combined organic 
solutions were filtered through silica, and then analysed by gas 
chromatography. In order to perform the leaching 
measurements, the combined organic phases of one of the 
batches were not filtered through silica after decantation and 
phase separation. 
Recycling experiments 

To the aqueous phase containing the the Rh-NHCmes@CCM 5b 
was added a fresh portion (1 mL) of the organic stock solution. 
The vial was placed in a steel reactor and the hydrogenation 
reaction was set up as previously described. After reaction and 
overnight decantation, the aqueous phase was extracted twice 
with 0.5 mL of toluene instead of diethyl ether. One batch was 
filtered through silica for GC analysis, and the other one was left 
unfiltered for leaching measurements. 
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NMR analyses 
1H NMR spectrum of compound 1a  

  
 
13C NMR spectrum of compound 1a 
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1H NMR spectrum of compound 1b  

  
 
13C NMR spectrum of compound 1b 
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1H NMR spectrum of polymerizable rhodium(I) complex 2a 

  
 
13C NMR spectrum of polymerizable rhodium(I) complex 2a 
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1H NMR spectrum of polymerizable rhodium(I) complex 2b 

 
 
13C NMR spectrum of polymerizable rhodium(I) complex 2b 
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1H NMR spectrum of 13C-labelled polymerizable rhodium(I) complex 2b* 

 
 
13C NMR spectrum of 13C-labelled polymerizable rhodium(I) complex 2b* 
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1H NMR spectrum of compound 6b  

 
13C NMR spectrum of compound 6b  
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1H NMR spectrum of model rhodium(I) complex 7b  

 
13C NMR spectrum of model rhodium(I) complex 7b  
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1H-DFSE MAS (blue) and 1H-MAS (black) NMR spectra of nanoreactors Rh-NHCmes@CCM 5b* 

 
1H-DFSE MAS NMR spectrum of nanoreactors Rh-NHCmes@CCM 5b* (black) and 1H NMR spectrum 
of 13C-labelled polymerizable rhodium(I) complex 2b* (THF-d8) (red) 
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13C-MAS NMR spectrum of nanoreactors Rh-NHCmes@CCM 5b* 

 
13C-MAS NMR spectrum of nanoreactors Rh-NHCmes@CCM 5b* (black) and 13C NMR spectrum of 
13C-labelled polymerizable rhodium(I) complex 2b* (THF-d8) (red) 
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13C-MAS NMR spectrum of nanoreactors Rh-NHCmes@CCM 5b*recovered after 5 runs 
hydrogenation. 
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DLS analyses 
DLS analyses of Rh-NHCMe@M 4a (left) and Rh-NHCmes@M 4b (right), 45 µm filter 
 

   

DLS analyses of Rh-NHCMe@CCM 5a (left) and Rh-NHCmes@CCM 5b (right), 45 µm filter 

   

DLS analyses of Rh-NHCmes@CCM 5b after hydrogenation, 10 000/1 Sty/Rh ratio , 45 µm filter 
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2nd run, Dz = 191 nm (PDI = 0.019)

3rd run, Dz = 190 nm (PDI = 0.020)

4th run, Dz = 202 nm (PDI = 0.050)

5th run, Dz = 182 nm (PDI = 0.012)
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TEM analyses 

TEM images of Rh-NHCmes@M 4b: 

     

     

TEM images of Rh-NHCmes@CCM 5b: 
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Size distribution of Rh-NHCmes@CCM 5b measured on 431 particles, mean diameter: 123.3 ± 19.2 
nm 

 

 

TEM images of Rh-NHCmes@CCM 5b* after 5 hydrogenation runs: 
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Photos of catalytic mixtures after hydrogenation 

The reactions were carried out at a 1000/1 styrene/Rh ratio, 6h at 80°C, 20 bar H2.  
 
Reaction mixtures with 7b under “wet toluene” conditions (left), “on-water” conditions (middle) 
or toluene/DME 1:1 conditions (right): 

         

Biphasic mixture with 7b incorporated into “blank” (non-functionalized polystyrene core) CCMs: 
“blank” CCMs + 7b (aqueous phase) + styrene/toluene solution, after 1 run hydrogenation.  

  

Aqueous phases containing 5b*, recovered after 1 run (left) and after 5 runs/4 recycles (right). 
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X-Ray diffraction analyses 

Table 1.  Crystal data and structure refinement. 

 

Identification code  2a 2b 
Empirical formula  C21 H26 Cl N2 Rh C29 H34 Cl N2 Rh 
Formula weight  444.80 548.94 
Temperature, K  173(2)  173(2)  
Wavelength, Å  1.54184  0.71073  
Crystal system  Monoclinic Monoclinic 
Space group  P 21/n P 21/c 
a, Å  12.4856(3)  17.8663(7)  
b, Å  10.6263(2)  15.7110(6)  
c, Å 15.2385(4)   9.4111(4)  
α, ° 90.0 90.0 
β, ° 98.181(2) 96.939(4) 
γ, ° 90.0 90.0 
Volume, Å3   2001.20(8)  2622.32(18)  
Z  4 4 
Density (calc), Mg/m3 1.476  1.390  
Abs. coefficient, mm-1 8.153  0.772  
F(000)  912 1136 
Crystal size, mm3 0.500 x 0.270 x 0.050 0.5 x 0.35 x 0.1  
Theta range, ° 4.290 to 61.163 2.891 to 26.371°. 
Reflections collected  9274 36687 
Indpt reflections (Rint)  3054 (0.0333) 5344 (0.1512) 
Absorption correction  Sphere Multiscan 
Max. / min. transmission  0.10401 and 0.03020 0.7461 / 0.6609 
Refinement method  F2 F2 
Data /restraints/parameters  3054 / 0 / 227 5344 / 20 / 359 
Goodness-of-fit on F2  1.045 1.206 
R1, wR2 [I>2σ(I)]  0.0378, 0.1002 0.0518, 0.1011 
R1, wR2 (all data)  0.0411, 0.1045 0.0542, 0.1024 
Residual density, e.Å-3  1.239 / -0.299  0.529 / -0.901  
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Table 2.   Bond lengths [Å] and angles [°] for 2a. 

Rh(1)-Cl(1)  2.3763(10) Rh(1)-C(1)  2.030(4) 

Rh(1)-C(11)  2.200(4) Rh(1)-C(15)  2.105(4) 

Rh(1)-C(12)  2.189(4) Rh(1)-C(16)  2.095(4) 

N(2)-C(1)  1.353(5) N(5)-C(1)  1.350(5) 

N(2)-C(3)  1.377(5) N(5)-C(4)  1.374(5) 

N(2)-C(21)  1.462(5) N(5)-C(51)  1.474(5) 

C(11)-C(12)  1.382(6) C(14)-C(15)  1.532(6) 

C(11)-C(18)  1.508(7) C(15)-C(16)  1.413(6) 

C(12)-C(13)  1.498(7) C(16)-C(17)  1.520(7) 

C(13)-C(14)  1.529(7) C(17)-C(18)  1.510(8) 

C(3)-C(4)  1.336(6) C(54)-C(55)  1.396(7) 

C(51)-C(52)  1.505(6) C(55)-C(56)  1.388(7) 

C(52)-C(57)  1.382(6) C(55)-C(58)  1.473(7) 

C(52)-C(53)  1.399(6) C(56)-C(57)  1.383(7) 

C(53)-C(54)  1.370(7) C(58)-C(59)  1.311(9) 
 

C(11)-Rh(1)-Cl(1) 93.65(14) C(12)-Rh(1)-Cl(1) 89.40(13) 

C(1)-Rh(1)-C(11) 162.78(16) C(1)-Rh(1)-C(12) 160.44(15) 

C(1)-Rh(1)-C(15) 92.28(16) C(1)-Rh(1)-C(16) 90.07(17) 

C(15)-Rh(1)-Cl(1) 160.17(12) C(16)-Rh(1)-Cl(1) 160.49(12) 

C(15)-Rh(1)-C(12) 82.50(17) C(16)-Rh(1)-C(12) 97.49(18) 

C(16)-Rh(1)-C(11) 81.47(19) C(15)-Rh(1)-C(11) 90.61(17) 

C(1)-Rh(1)-Cl(1) 89.36(10) N(5)-C(1)-N(2) 104.3(3) 

C(1)-N(2)-C(3) 111.0(3) C(1)-N(5)-C(4) 111.0(3) 

C(1)-N(2)-C(21) 124.8(3) C(1)-N(5)-C(51) 124.0(3) 

C(3)-N(2)-C(21) 124.1(3) C(4)-N(5)-C(51) 125.0(3) 

N(2)-C(1)-Rh(1) 128.4(3) N(5)-C(1)-Rh(1) 127.3(3) 

C(4)-C(3)-N(2) 106.7(3) C(3)-C(4)-N(5) 107.1(3) 

C(12)-C(11)-C(18) 123.6(4) C(57)-C(52)-C(51) 122.2(4) 

C(11)-C(12)-C(13) 126.2(4) C(53)-C(52)-C(51) 119.6(4) 

C(12)-C(13)-C(14) 114.0(4) C(54)-C(53)-C(52) 121.4(4) 

C(13)-C(14)-C(15) 113.5(4) C(53)-C(54)-C(55) 120.5(4) 

C(16)-C(15)-C(14) 123.6(4) C(56)-C(55)-C(54) 117.9(4) 

C(15)-C(16)-C(17) 125.5(4) C(56)-C(55)-C(58) 120.7(5) 

C(18)-C(17)-C(16) 114.8(4) C(54)-C(55)-C(58) 121.3(5) 

C(11)-C(18)-C(17) 111.7(4) C(57)-C(56)-C(55) 121.5(4) 

N(5)-C(51)-C(52) 112.0(3) C(52)-C(57)-C(56) 120.4(4) 

C(57)-C(52)-C(53) 118.2(4) C(59)-C(58)-C(55) 126.7(6) 



S17 
 

Table 3.   Bond lengths [Å] and angles [°] for 2b. 

Rh(1)-Cl(1)  2.3839(9) Rh(1)-C(1)  2.034(3) 

Rh(1)-C(12)  2.187(4) Rh(1)-C(16)  2.096(3) 

Rh(1)-C(11)  2.195(4) Rh(1)-C(15)  2.095(4) 

N(2)-C(1)  1.359(4) N(5)-C(1)  1.351(4) 

N(2)-C(3)  1.388(4) N(5)-C(4)  1.381(5) 

N(2)-C(21)  1.440(4) N(5)-C(51)  1.459(5) 

C(3)-C(4)  1.328(5) C(21)-C(22)  1.386(4) 

C(12)-C(11)  1.377(7) C(21)-C(26)  1.387(5) 

C(12)-C(13)  1.492(7) C(22)-C(23)  1.384(5) 

C(11)-C(18)  1.513(7) C(22)-C(221)  1.489(5) 

C(17)-C(18)  1.516(7) C(23)-C(24)  1.378(5) 

C(16)-C(17)  1.493(5) C(24)-C(25)  1.377(5) 

C(15)-C(16)  1.392(5) C(24)-C(241)  1.510(5) 

C(15)-C(14)  1.521(5) C(25)-C(26)  1.393(5) 

C(13)-C(14)  1.527(7) C(26)-C(261)  1.504(5) 

C(51)-C(52A)  1.508(6) C(51)-C(52B)  1.508(6) 

C(52A)-C(53A)  1.391(12) C(52B)-C(53B)  1.361(12) 

C(52A)-C(57A)  1.391(11) C(52B)-C(57B)  1.415(12) 

C(53A)-C(54A)  1.383(15) C(53B)-C(54B)  1.388(15) 

C(54A)-C(55A)  1.395(16) C(54B)-C(55B)  1.388(17) 

C(55A)-C(56A)  1.397(18) C(55B)-C(56B)  1.399(18) 

C(55A)-C(58A)  1.489(16) C(55B)-C(58B)  1.468(14) 

C(56A)-C(57A)  1.391(16) C(56B)-C(57B)  1.381(16) 

C(58A)-C(59A)  1.290(13) C(58B)-C(59B)  1.289(14) 

 

C(1)-Rh(1)-C(15) 96.54(13) C(16)-Rh(1)-C(11) 81.00(16) 

C(1)-Rh(1)-C(16) 92.29(13) C(1)-Rh(1)-Cl(1) 87.78(10) 

C(1)-Rh(1)-C(12) 162.34(16) C(15)-Rh(1)-Cl(1) 157.49(11) 

C(15)-Rh(1)-C(12) 81.72(16) C(16)-Rh(1)-Cl(1) 163.48(11) 

C(16)-Rh(1)-C(12) 97.02(15) C(12)-Rh(1)-Cl(1) 87.50(12) 

C(1)-Rh(1)-C(11) 160.86(15) C(11)-Rh(1)-Cl(1) 93.63(12) 

C(15)-Rh(1)-C(11) 89.44(15) N(5)-C(1)-N(2) 103.7(3) 

N(2)-C(1)-Rh(1) 129.9(2) N(5)-C(1)-Rh(1) 125.9(2) 

C(1)-N(2)-C(3) 110.9(3) C(1)-N(5)-C(4) 111.7(3) 

C(1)-N(2)-C(21) 125.6(3) C(1)-N(5)-C(51) 123.3(3) 

C(3)-N(2)-C(21) 123.4(3) C(4)-N(5)-C(51) 124.6(3) 

C(4)-C(3)-N(2) 107.0(3) C(3)-C(4)-N(5) 106.7(3) 
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C(12)-C(11)-C(18) 123.9(4) C(16)-C(15)-C(14) 124.1(4) 

C(11)-C(18)-C(17) 112.8(3) C(15)-C(14)-C(13) 112.7(4) 

C(16)-C(17)-C(18) 113.0(4) C(12)-C(13)-C(14) 113.4(4) 

C(15)-C(16)-C(17) 126.5(3)  

C(22)-C(21)-N(2) 119.5(3) C(26)-C(21)-N(2) 118.2(3) 

C(22)-C(21)-C(26) 122.3(3) C(25)-C(24)-C(241) 121.4(4) 

C(23)-C(22)-C(21) 117.6(3) C(23)-C(24)-C(241) 120.4(4) 

C(23)-C(22)-C(221) 120.6(3) C(24)-C(25)-C(26) 122.0(3) 

C(21)-C(22)-C(221) 121.7(3) C(21)-C(26)-C(25) 117.4(3) 

C(24)-C(23)-C(22) 122.3(3) C(21)-C(26)-C(261) 122.2(3) 

C(25)-C(24)-C(23) 118.3(3) C(25)-C(26)-C(261) 120.4(3) 

N(5)-C(51)-C(52B) 111.6(3) C(59A)-C(58A)-C(55A) 127.3(15) 

N(5)-C(51)-C(52A) 111.6(3) C(53B)-C(52B)-C(57B) 121.4(10) 

C(53A)-C(52A)-C(57A) 114.6(10) C(53B)-C(52B)-C(51) 126.2(8) 

C(53A)-C(52A)-C(51) 120.0(7) C(57B)-C(52B)-C(51) 112.4(8) 

C(57A)-C(52A)-C(51) 125.4(8) C(52B)-C(53B)-C(54B) 117.8(14) 

C(54A)-C(53A)-C(52A) 123.6(15) C(53B)-C(54B)-C(55B) 120.4(15) 

C(53A)-C(54A)-C(55A) 121.0(16) C(54B)-C(55B)-C(56B) 117.9(12) 

C(54A)-C(55A)-C(56A) 113.5(12) C(54B)-C(55B)-C(58B) 121.1(15) 

C(54A)-C(55A)-C(58A) 121.9(14) C(56B)-C(55B)-C(58B) 118.5(16) 

C(56A)-C(55A)-C(58A) 123.4(14) C(57B)-C(56B)-C(55B) 119.3(15) 

C(57A)-C(56A)-C(55A) 124.0(13) C(56B)-C(57B)-C(52B) 119.1(14) 

C(56A)-C(57A)-C(52A) 121.1(13) C(59B)-C(58B)-C(55B) 126.6(15) 
 

 


