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Abstract

Core-cross-linked micelles (CCM) functionalized at the core with covalently linked bis(p-
methoxyphenyl)phenylphosphine (BMOPPP) ligands have been synthesized by a three-step
one-pot radical polymerization in emulsion, using the polymerization-induced self-assembly
(PISA) strategy and reversible addition-fragmentation chain transfer (RAFT) as the controlling
method. The CCM are obtained by chain extending in water poly(methacrylic acid-co-
poly(ethylene oxide) methyl ether methacrylate) (P(MAA-co-PEOMA), degree of
polymerization of 30, MAA/PEOMA units molar ratio of 50:50) synthesized in a first step by
RAFT with a 95:5 molar mixture of styrene and 4-[bis(p-methoxyphenyl)phosphino]styrene
(BMOPPS) units. The resulting micelles exhibiting a core composed of P(S-co-BMOPPS)
segments with a degree of polymerization of 300 are then crosslinked in a third step with a
mixture of di(ethylene glycol) dimethacrylate (DEGDMA) and styrene. The resulting
BMOPPP@CCM exhibit a narrow size distribution (PDI = 0.16) with an average diameter of
81 nm in water and swell in THF or by addition of toluene to the latex. The addition of
[Rh(acac)(CO):] to the toluene-swollen latex results in metal coordination to the phosphine
ligands. 3'P{*H} NMR spectroscopy shows that the Rh centers undergo rapid intraparticle
phosphine ligand exchange. Application of these nanoreactors to the aqueous biphasic
hydroformylation of 1-octene shows excellent activity and moderate catalyst leaching.

1. Introduction

The power of controlled radical polymerization and the wide choice of monomers and
polymerization mechanisms have made it possible to design and synthesize quite complex
functionalized macromolecular architectures that were unimaginable only 20 years ago [1].
Among many possible uses of functional polymers, the area of nanoreactors for catalytic
applications has developed rather recently but is now rapidly expanding [2-4]. By careful
design, it is now possible to generate macromolecular architectures where the catalyst is
confined in a specific part of the macromolecule conferring specific properties to the catalyst
environment (affinity for the reaction substrate, size selectivity, site confinement, etc.) while

other parts of the macromolecule are responsible for the nanoreactor compatibility with its



environment (homogeneous dispersion, response to stimuli such as heat, pH, magnetic fields
etc.). As notable examples, Fréchet et al. have shown the principle of catalyst site confinement
for a cascade organic transformation involving one acid-catalyzed and one base-catalyzed step
[5], O’Reilly et al. have turned self-assembled catalytic micelles into unimolecular polymer
particles by shell-cross-linking [6], Sawamoto et al. have built thermoresponsive phosphine-
containing microgels and applied them to a few transformations under aqueous biphasic
conditions [7, 8], and Resmini et al. have used the principle of molecular imprinting to develop
shape-selective catalytic nanogels [9, 10]. In most cases, the developed nanoreactors were
applied to catalytic transformations under homogeneous conditions. Occasionally, the catalyst
was recovered and recycled by ultrafiltration, by precipitation, or by thermoregulation.

Efficient catalyst recovery and recycling is of great interest in industrial homogeneous
catalysis, particularly when using expensive metals and/or ligand systems, the aqueous biphasic
approach being the most attractive one because of the simplicity of the necessary equipment
and operating procedures [11]. The prime example of successful industrial application is the
Rhone-Poulenc/Ruhrchemie hydroformylation of propene [12], where the Rh catalyst is
completely confined in the aqueous phase by triphenylphosphine trisulfonate (TPPTS), but this
process is unfortunately inefficient for the higher olefins because of their insufficient water
solubility. Among the investigated strategies for circumventing this problem, micellar catalysis
is the most attractive one.

Core-functionalized micelles, resulting from the self-assembly of surfactants or
amphiphilic diblock copolymers where the catalyst is anchored to the hydrophobic part, are the
simplest possible type of nanoreactor and many applications of biphasic catalysis have been
described [13-18]. The dynamic nature of micelles, however, results in two major obstacles to
large scale industrial implementation: uncontrolled swelling leading to the formation of stable
emulsions and loss of the free surfactants, even when the critical micelle concentration (CMC)
is very low [19-24]. For instance, anchoring of a rhodium complex to a poly(norbornene)-based
amphiphilic diblock copolymer with CMC = 2.2-10° M and application to the aqueous biphasic
1-octene hydroformylation led to excellent turn over frequency (TOF) but also to leaching with
9 ppm of Rh detected in the organic product phase [25], which is an intolerably high loss for
large scale production.

In order to remove both problems, we have recently introduced a new approach, which
consists of cross-linking amphiphilic block copolymer micelles at the core to generate
unimolecular nano-objects [26, 27]. These core-cross-linked micelles (CCM) have been

assembled by an efficient one-pot procedure by a polymerization-induced self-assembly (PISA)
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in water [28, 29], using reversible addition-fragmentation chain transfer (RAFT)
polymerization in a convergent approach. The ligand needed to bind the catalytic metal was
incorporated statistically as a phosphine functionalized comonomer, 4-diphenylphosphino-
styrene (DPPS), at low loading (5-25% molar) in the hydrophobic core. This monomer carries
a triphenylphosphine (TPP) ligand for metal coordination. The resulting TPP@CCM latex
could readily be charged with the hydroformylation precatalyst, [Rh(acac)(CO).], and the
resulting catalytic nanoreactors, [Rh(acac)(CO)(TPP)]@CCM, were successfully used in the
aqueous biphasic hydroformylation of 1-octene with excellent activity, catalyst recyclability,
and low metal leaching (down to 1.8 ppm) [26].

On the basis of this initial success, we have embarked in a more systematic study of the
CCM approach to aqueous biphasic catalysis. Initial questions concerned the modification of
the CCM structure in terms of catalyst density and size of the hydrophobic core and the
hydrophilic shell (degree of polymerization) and how such changes affect the catalytic
performance [27]. Another point of interest is access to CCMs with other ligand functionalities
in the hydrophobic core for wider applications in catalysis. In this contribution, we report the
synthesis of a CCM functionalized with the bis(4-methoxyphenyl)phenylphosphine (BMOPPP)
ligand, BMOPPP@CCM, its physical characterization, its coordination chemistry with
[Rh(acac)(CO).], and the application of the [Rh(acac)(CO).]-loaded nanoreactors,
[Rh(acac)(CO)(BMOPPP)]@CCM, to aqueous biphasic hydroformylation. This specific ligand
was chosen for the first CCM chemical modification because of its structural similarity with
TPP and consequently of the expected similar polymerization behavior, relative to DPPS, of
the suitable ligand-functionalized monomer, 4-[bis(4’-methoxyphenyl)phosphino]styrene
(BMOPPS). While the Rh activity in the presence of p-OMe-substituted arylphosphines is very
similar to that in the presence of the unsubstituted analogues for hydroformylations conducted
with soluble complexes under homogeneous or biphasic conditions [30, 31], the p-OMe
substitution increases the phosphine binding ability toward Rh [32]. Therefore, lower leaching
may be expected if the leaching mechanism involves loss of metal from the nanoreactor core.

2. Experimental

2.1. Materials



All manipulations were performed under an inert atmosphere of dry argon by using
Schlenk line techniques. 4,4’-azobis(4-cyanopentanoic acid) (ACPA, >98%, Fluka),
methacrylic acid (MAA, 99.5%, Acros), poly(ethylene oxide) methyl ether methacrylate
(PEOMA, Mn = 950 g mol™?, Aldrich), di(ethylene glycol) dimethacrylate (DEGDMA, 95%,
Aldrich), 1,3,5-trioxane (Aldrich, > 99%), acetylacetonatodicarbonyl rhodium(l),
([Rh(acac)(CO)2], 99% Strem), chloro(1,5-cyclooctadiene) rhodium(l) dimer ([Rh(COD)CI]z>,
98%, Strem), triphenylphosphine (PPhs or TPP, >98.5%, Fluka), chlorobis(4-methoxyphenyl)
phosphine, (>98%, Alfa), and 4-bromostyrene (98%, stab. with 0.1% 4-tert-butylcatechol, Alfa)
were used as received. Styrene (S, 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) was synthesized as described previously [33].
Mg turnings was washed with HCI (1M) until the metallic colour appearing then washed with

diethyl ether. Solvents were dried by standard procedures and distilled under argon prior to use.

2.2.Characterization techniques

2.2.1. Nuclear Magnetic Resonance

'H NMR and 3P NMR spectra were recorded in 5 mm diameter tubes at 297 K in D20,
DMSO-ds or THF-ds solution (the polymerization medium aliquots were directly dispersed in
the solvent) using a Bruker Avance 400 spectrometer. *H and *C chemical shifts were
determined using the residual peak of deuterated solvent as internal standard and are reported
in ppm () relative to tetramethylsilane. 3'P chemical shifts are reported relative to external 85%
H3sPOs. The solid-state '°C NMR experiment was recorded on a Bruker Avance 400
spectrometer equipped with a 3.2 mm probe. The sample was spun at 16 kHz at the magic angle
using ZrO> rotors, using a small flip angle (~30°) with a recycle delay of 5 s and a contact time
of 2 ms. Peaks are labelled as singlet (s), doublet (d), triplet (t), multiplet (m) and broad (br).
The aromatic C positions are labeled as C; (ipso, P bonded), C, (ortho), Cr (meta) and C, (para,
bonded to OMe or to CH=CHy). For the CCM characterization, the chemical shift scale was
calibrated on the basis of the solvent peak (6 2.50 for DMSO, 3.58 and 1.73 for THF), and

1,3,5-trioxane was used as an integration reference (0 5.20).

2.2.2. Size Exclusion Chromatography
Size exclusion chromatography (SEC) measurements were performed in THF (with

butylhydroxytoluene (BHT) as a flow rate marker) at 20 °C with a flow rate of 1.0 mL min™.
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All polymers were analyzed at a concentration around 5 mg mL™ after filtration through a 0.45
pm pore-size membrane. The separation was carried out on a precolumn and three columns in
series (type Styragel HR1 / HR3 / HR4). A multi-angle diffusion light scattering (Mini Dawn
TriStar Wyatt) was used as detector coupled with a Wyatt Optilab Rex refractometer.

2.2.3. Dynamic Light Scattering

The intensity-average diameters of the latex particles (D) and the dispersity factor (PDlI,
polydispersity index) were measured at 25 °C on a Malvern Zetasizer NanoZS. After filtration
through a 0.45 pm pore-size membrane, deionized water or THF was used to dilute the latex
sample. Solutions were analyzed without further filtration to ensure that undesired populations
were not removed. Data were analyzed by the general-purpose non-negative least squares

(NNLS) method. The typical accuracy for these measurements was 10-15%.

2.2.4. Transmission Electron Microscopy

The morphological analysis of the copolymer nano-objects was performed with a JEOL
JEM 1011 transmission electron microscope equipped with 100kV voltage acceleration and
tungsten filament (Service Commun de Microscopie Electronique TEMSCAN, plateforme de
I’Université Paul Sabatier, Toulouse, France). Diluted latex samples were dropped on a

formvar/carbon-coated copper grid and dried under vacuum.

2.2.5. Mass Spectrometry
The mass spectral analyses were performed with a high resolution electrospray XevoG2QT
Waters instrument by “Service Commun de Spectrométrie de Masse” of the Université Paul-

Sabatier, Toulouse, France.

2.3. Synthesis of 4-[bis(4 -methoxyphenyl)phosphino]styrene (BMOPPS)

Chlorobis(4-methoxyphenyl)phosphine (1g, 3.56 mmol) was added slowly at 0 °C to a
solution of the Grignard reagent prepared from 4-bromostyrene (0.65 g, 3.56 mmol) and Mg
(0.104 g, 4.275 mmol) indry THF (4 mL). After the addition was complete, the reaction mixture
was stirred at room temperature for 3 h. The reaction mixture was then diluted with ethyl acetate
(30 mL) and washed sequentially with water (2x50 mL), 10% aqueous HCI (2x50 mL),
saturated aqueous NaHCO3 (2x50 mL), and brine (2x50 mL). The organic layer was dried over

MgSOs, filtered, and concentrated in vacuum. The crude product was purified by silica gel
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chromatography (5% Et,O/hexane, then Et,0) to afford 1 as a white solid (0.66 g, 53%). H
NMR (400 MHz, CDClz): & 7.39-7.22 (m, 8H, CHar), 6.93-6.90 (m, 4H, CHar), 6.72 (dd, 1H,
J=10.9Hz,J=17.6 Hz, CH), 5.78 (d, 1H, J = 17.6 Hz, CH>), 5.29 (d, 1H, J = 10.9 Hz, CH>),
3.83 (s, 6H, CH3 ome). **P{*H} NMR (162 MHz, CDCls, 298K): & -8.93. *C{*H} NMR (101.5
MHz, CDCls): 8 160.3 (s, Cp(OMe)), 138.2 (d, Jc-»=10.1 Hz, Cj, 1C), 137.5 (s, 1C, CoCHCH>),
136.5 (s, 1C, CH=CHy), 135.3 (d, J = 21.3 Hz, Cn(OMe)), 133.3 (d, Jcr = 19.3 Hz,
Cm(CHCHy)), 128.2 (d, Jc-r = 8.1 Hz, C;, 2C), 126.2 (d, Jcp = 6.1 Hz, Co(CHCH>)), 114.4 (s,
CH=CHy), 114.2 (d, J = 8.1Hz, Co(OMe)), 55.2 (s, OCH?3). HR EI-MS calcd for C2H2102P
348.1356, found 348.1348. M.p.: 123 °C. Elemental analysis for C22H2102P-0.1CH2Cl, : C%
74.38, H% 5.99, found C% 74.57, H% 5.51.

2.4. Preparation of the BMOPPP@CCM latex by one-pot RAFT polymerization in water.

2.4.1. Step 1: Preparation of the P(MAA-co-PEOMA)-TTC macromolecular RAFT agent
(macroRAFT) in water.

A stock solution containing ACPA (30 mg mL™) in deionized water (1 mL) containing also
NaHCOs (30 mg) was prepared. 100 pL of this stock solution (3 mg ACPA, 0.0108 mmol), 15
mg of CTPPA (0.054 mmol), 75 mg of MAA (0.87 mmol), 0.79 g of PEOMA (0.83 mmol) and
4.2 g of deionized water (including the water amount of the ACPA solution) were added into a
25 mL flask equipped with a magnetic stirrer bar, which was then sealed with a rubber septum.
1,3,5-trioxane was also added into the flask as an internal reference for the determination of the
monomer conversion by *H NMR. The solution was purged for 45 min with argon and then
heated to 80 °C in a thermostated oil bath with stirring. After 120 min, 0.15 mL of solution was
taken to determine the monomer conversion and the molar mass of the macroRAFT product.
The overall monomer molar conversion was about 98% as determined by 'H NMR
spectroscopy in DMSO-de. The molar mass was analyzed by size exclusion chromatography
(SEC) in THF (experimental Mn= 11200 g mol; » = 1.19).

2.4.2. Step 2: Chain extension of the macroRAFT with S and BMOPPS in water.

During Step 1, a suspension containing 1.57 g of S (15 mmol), 0.269 g of BMOPPS (0.772
mmol, 5%mo relative to S) in 4.62 g of deionized water, to which was also added the ACPA
stock solution (100 pL containing 3 mg of ACPA, 0.0108 mmol) were purged separately for 45
min with an argon stream at 0 °C. This mixture was quickly injected into the first flask under

argon at 80 °C after the end of Step 1. The separated organic/aqueous phases became one

7



opaque suspension phase at around 1h. After 2 hours of further stirring for the resulting
suspension, a 0.5 mL sample was withdrawn for analysis and the polymerization was quenched
by immersion of the flask in iced water. The overall conversion of S (94%) was determined by
gravimetric analysis and that of BMOPPS (100%) was measured by *'P NMR in THF-ds. SEC:
M, = 43900 g mol* (b = 1.3). D, (DLS) = 78 nm (PDI = 0.2).

2.4.3. Step 3: Cross-linking.

In the flask containing the P(MAA-co-PEOMA)-b-P(S-co-BMOPPS) latex from Step 2,
0.48 g of S (4.6 mmol), 0.137 g of DEGDMA (0.565 mmol, 10%ma relative to S), 90 uL of the
ACPA stock solution (2.7 mg of ACPA, 0.009 mmol) and 2.43 g of deionized water were
further added. The mixture was purged for 1 h with argon at 0 °C, and the flask was then placed
in an oil bath thermostated at 80 °C. After 90 min, the polymerization was quenched by
immersion of the flask in iced water. The overall conversion of the comonomers (97%) was
determined by *H NMR and 3P NMR in THF-ds. DLS (H20): D, = 81 nm (PDI = 0.16). DLS
(THF): D, = 207 nm (PDI = 0.20).

2.5. Metal complexation to the phosphine ligand within the nanopatrticle core.

[Rh(acac)(CO).] (31.7 mg, 1.01 eq) in toluene (1 mL) was added to a previously swollen
nanoparticles latex (5 mL, 0.1 mg mL™) prepared from the BMOPPP@CCM latex (2 mL)
diluted in D2O (3 mL) by addition of toluene (0.5 mL). The swelling was very rapid (< 1 min
upon stirring at room temperature) as confirmed by visual disappearance of the toluene phase
and by the 3P NMR observation of the core phosphine resonance (see Results and Discussion).
The reaction mixture was stirred at room temperature for 10 min until the latex color changed
to yellow. The resulting latex was washed by toluene (2x1 mL) under argon to remove any
excess of the Rh precursor; both toluene washings were colorless. The
[Rh(acac)(CO)(BMOPPP)]@CCM latex was collected after decantation for further NMR
studies. *'P{*H} NMR (162 MHz, CDCls, 298K): & 44.5 (d, J = 176 Hz) for the polymer linked
[Rh(acac)(CO)(BMOPPP)] complexes.

2.6. Biphasic hydroformylation catalysis

The catalytic aqueous phase was prepared under a nitrogen atmosphere by diluting the

CCM latex in Milli-Q water (for a phosphine equivalent of 0.65 mmol in 25 mL), then swelling
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the hydrophobic nanoparticle core with 3 mL of decanal, prior to the addition of the Rh
precursor, [Rh(acac)(CO).] (43 mg, 0.163 mmol), dissolved in 3 mL of decanal. At each step,
the resulting mixture was vigorously stirred for a few minutes. This colloidal suspension was
poured into the autoclave, then immediately covered by additional decanal (56 mL) and by 1-
octene (81.6 mmol). The reactor was flushed three times with 15 bar of nitrogen, then four times
with 15 bar of syngas. It was subsequently heated under low syngas pressure (2 bar) and slow
stirring speed (300 rpm, well below gas self-induction) to generate the catalytic species in situ,
albeit hindering the start of the reaction. When the desired reaction temperature (363 K) was
achieved (after about half an hour), stirring was stopped and the autoclave was pressurized and
constantly fed with syngas at the desired pressure (20 bar). A sample was withdrawn to evaluate
the amount of products formed during the heating period.

Then, the data acquisition was started and the stirring speed was set to 1200 rpm. Both
temperature and pressure of the reactor and the gas ballast were recorded on-line, in order to
measure the instantaneous syngas consumption. After a few hours of reaction, a final sample of
the organic phase was withdrawn for the chromatographic analysis (using anisole as internal
standard). Acquisition and heating were stopped and the autoclave was cooled slowly at low
stirring speed (200 rpm). Once the autoclave was cold, stirring was stopped and the reactor was
depressurized and purged four times with nitrogen. The whole reaction mixture was left to settle
overnight under a nitrogen atmosphere. Finally, the contents of the autoclave were then taken
out and separated. An aliquot of the recovered organic phase was diluted into water (with a
volumetric dilution factor of 10°) for the Rh ICP/MS analysis.

3. Results and Discussion

3.1. Monomer and copolymer synthesis

The BMOPPP@CCM latex was prepared by an analogous procedure to that recently
described for the similar TPP@CCM latex [26], by replacing the DPPS comonomer with the
related 4-[bis(4’-methyoxyphenyl)phosphine]styrene (BMOPPS). This new ligand-functiona-
lized monomer was prepared from chlorobis(4-methoxyphenyl)phosphine and 4-bromostyrene
following the same procedure reported for the synthesis of DPPS (see Scheme 1) [34]. The
spectroscopic properties are entirely as expected, with the 3'P{*H} NMR resonance (5 -8.93 in

CDCIs) only slightly upfield shifted from that of DPPS, the protons of the vinyl group yielding
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a characteristic pattern in the 6.7-5.3 region of the *H-NMR spectrum, and the corresponding
C nuclei yielding resonances at § 136.5 and 114.4 in the **C{*H} NMR spectrum, which is
shown in full in the SI (Figure S1).
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Scheme 1. Procedure used for the synthesis of BMOPPS.

The BMOPPP@CCM latex was obtained by a one-pot three-step synthesis, based on the
RAFT methodology, as described in Scheme 2. The kinetics of each step is illustrated in Figure
1. In the first step, a 50:50 mixture of methacrylic acid (MAA) and poly(ethylene oxide) methyl
ether methacrylate (PEOMA) with an average of 19 ethylene oxide units was statistically
copolymerized using 4-cyano-4-thiothiopropylsulfanyl pentanoic acid (CTPPA) as the
controlling agent and 4,4’-azobis(4-cyanopentanoic acid) (ACPA) as the radical source. Full
conversion was attained within 2 h (see Figure 1, left). The overall monomer/controlling agent
ratio being set at 30, the polymer chains obtained at complete conversion have an
experimentally determined (SEC analysis) number average molar mass, Mn = 11200 g mol?,
not far from the expected 30 monomer units per chain (Mnn = 15625 g mol™?) and a low
dispersity (b = 1.19).
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Scheme 2. Synthesis of the BMOPPP@CCM latex.
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Figure 1. Conversion versus time for the three steps of the BMOPPP@CCM latex synthesis
depicted in Scheme 2: step 1 (left), step 2 (center) and step 3 (right).

The resulting water-soluble HOOCCH2CH2C(CN)(CH3)-P(MAA15-co-PEOMA5)-
SC(S)SPr was used in step 2 as macro-controlling agent, upon further addition of ACPA, for
the chain extension with the mixture of styrene (S) and BMOPPS (95:5 molar ratio
corresponding to 300 monomer units per chain). During this step, the solid BMOPPS monomer
is dissolved in the styrene yielding a single liquid phase that is added to water. The emulsion
polymerization starts rather slowly with an induction period (Figure 1, center) that corresponds
to the time required for the P(MAA1s-co-PEOMA:s) hydrophilic chains to add sufficient
hydrophobic monomer units to start to self-assemble. Once micelles are formed, the
polymerization is fast and a complete conversion is obtained within 2 h. The polymer SEC
analysis confirms the efficiency and control of the chain extension. The experimentally
determined molar mass (Mn = 43900 g mol™) of the polymer analyzed after this step increased
relative to the starting P(MAA1s-co-PEOMAs) chains while the molar mass distribution
remained narrow (D = 1.3) although slightly broader than for P(MAA15-co-PEOMA5) (D =
1.19). This appears related to the presence of a certain amount of dead P(MAA15-co-PEOMA15)
chains, see Figure S2 in the Supporting Information. Nevertheless, P(MAA-co-POEMA)-b-
P(S-co-BMOPPP) amphiphilic block copolymer micelles exhibiting narrowly distributed sizes
were obtained after step 2 (see characterization below). Using a proportion of the phosphine-
functionalized monomer greater than 5% results in a three-phase system with undissolved solid
BMOPPS and the polymerization does not yield well-dispersed micelles of narrow size
distribution. Thus, the chemistry involving BMOPPP is less flexible in terms of degree of ligand
functionality relative to the previously reported TPP@CCM synthesis, where the hydrophobic
core could be charged with up to 25% of the phosphine-functionalized monomer DPPS [26,
27].
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The resulting solution was then treated in a third step with a 90:10 molar mixture of
styrene and di(ethylene glycol) dimethacrylate (DEGDMA) used as cross-linking agent. This
step takes place very rapidly without induction time (Figure 1, right) to yield the desired
BMOPPP@CCM. Higher content of DEGDMA would not induce the formation of individual

core-shell nano-objects but rather a macrogel formation, as described previously [26].

3.2. BMOPPP@CCM characterization

The full *H and 3P{*H} NMR characterization was carried out in THF-ds, which is a
good solvent for all the polymer constituents. The *H NMR spectrum, see Figure 2a, clearly
shows the core aromatic protons in the 6 7.5-6.2 region. The shell PEO side chains give rise to
a sharp resonance at 6 3.63 (overlapped with one of the two THF-dg residual proton resonances)
for the CH> protons and a smaller resonance at 6 3.34 for the OMe chain end. The backbone
aliphatic protons of both core and shell are visible as two broad features at 6 2.2-1.2. The
aromatic protons of the BMOPPP moiety overlap with those of PS. The BMOPPP OMe protons
probably give rise to the small resonance at 6 3.82, to the left of the large PEO CH> resonance
(cf. & 3.83 for the monomer in CDCls), providing direct evidence for the incorporation of
BMOPPS in the CCM. Indeed, this peak is absent in the *H NMR spectrum of the analogous
TPP@CCM, the two spectra being otherwise identical [26]. The extensive resonance overlap
hampers the gquantitative measurement of the core and shell monomers, however more clear
information was obtained from the NMR of the swollen latex (next section). Furthermore, a
solid state *C{*H} MAS-NMR analysis with quantitative integration reveals the correct area
ratio expected for the resonances of the aromatic C atoms at & 125-130 and of the PEG C atoms
at & 70 (see S, Figure S3). Further analyses were performed by 3P{*H} NMR (Figure 2b),
which confirmed the incorporation of the phosphine functionalized styrene monomer in the
CCM. The phosphorus resonance of the BMOPPS monomer at 3 -8.9 is slightly broadened and
shifted to 6 -11.4 once incorporated in the polymer structure. This displacement was a
convenient probe to monitor the BMOPPS consumption during the polymerization. Additional

NMR investigations will be shown below, in reference to the complexation studies.
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Figure 2. a) *H NMR spectrum of BMOPPP@CCM in THF-ds. The resonance marked with o

belongs to H20, that marked with o to silicone grease and those marked with * to the THF-ds

residual proton resonances. b) 3'P{*H} NMR spectra of the BMOPPS monomer (blue) and of
BMOPPP@CCM (brown) in THF-ds.

The particle size was measured by DLS in water both before and after cross-linking, as
well as in THF for the final cross-linked BMOPPP@CCM particles. The D; values are ca. 80
nm in water for both the micelles and the CCMs, with a narrow size distribution (PDI ca. 0.2).
The CCMs swelled by a factor of ca. 2.5 in diameter (17 in volume) when placed in a THF
solution, see Figure S4 in the Sl (cf. 10 in volume for the related TPP@CCM, both with 5%
and with 10% molar fraction of phosphine functionalized monomer in the core [26, 27]). The

spherical morphology, dimensions, and narrow polydispersity were in all cases confirmed by

TEM observations (Figure 3).

Figure 3. TEM images of micelles (after Step 2 of the synthesis), left, and final core-cross-
linked micelles (BMOPPP@CCM), right.
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3.3. Swelling and metal coordination

As shown in the previous section, all nano-object flexible components (shell and core
linear arms) are well solvated in THF-ds. The corresponding *H NMR spectrum in D-enriched
water (obtained upon directly diluting the latex with D>O, Figure 4(a)) only shows the water-
solvated hydrophilic shell: PEO CH: resonance at 6 3.63 and small resonance at & 3.32 for the
terminal OCHs group (better visible in the expansion of Figure 4C). The small and irregular
shoulder upfield of the more intense CH> resonance (at ca. 6 3.55) is probably caused by the
PEO CH2 groups located close to the shell/core interface. Water is a non-solvent for the
polystyrene-based core. The 3P{*H} spectrum does not show any visible resonance, Figure
5(a).

A
n (b) J (b)
S .

L @) )

4 2 &pm o0 75 7 6.5 6 &/ppm5.5

_J
:
) J\/\ )

(o]

. j (b)
L\J (a)
(a)

35 3 &/ppm o5 25 2 15 1 &/ppm 0.5

L

Figure 4. A: *H NMR spectrum of BMOPPP@CCM in D0 before (a) and after (b) swelling
with toluene. B-D: Expansions in selected regions. The resonance marked with o is due to
water, while those marked with A belong to the swelling toluene molecules.
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Figure 5. 3'P{*H} NMR spectrum of BMOPPP@CCM in D20 before (a) and after (b)
swelling with toluene.

Swelling of the CCM latex by toluene leads to several changes in the *H NMR spectrum,
see Figure 4(b). A first one is the reappearance of the core constituents as broad features at 6 6-
7 for the aromatic protons (Figure 4B) and at 6 1-2 for the backbone protons (Figure 4D). These
broader resonances overlap with the sharper ones of the free toluene located inside the CCM
core (only the latex phase was carefully selected for the NMR measurement after swelling and
decanting), at 6 6.5-6.8 (aromatic) and 1.75 (methyl). The small resonance at 6 2.9 (see Figure
4C) is assigned to the BMOPPP methoxy protons. Although this resonance is upfield shifted
by almost 1 ppm from the value in the monomer and in the THF-ds-solvated polymer (vide
supra), which may be related to the different solvation, there are no other resonances expected
for the polymer in this region and the integrated intensity relative to the PEO peaks is in
relatively good agreement with the expected value (observed ratio of 0.061 vs. a theoretical
value of 0.076). For comparison, the OMe resonance in the BMOPPS monomer also shifts
upfield from & 3.83 to 3.27 when the solvent is changed from CDCls to toluene-ds. Note that
no backbone resonance is visible for the unswollen sample, suggesting that only the PEO chains
are solvated by water, whereas the polymer chain backbone and the MAA methyl groups of the
shell compartment remain solidary with the hydrophobic core in the pristine (unswollen) latex.
The core phosphine functions become equally visible, after swelling, by *'P{*H} NMR with a
resonance at § -9.7, Figure 5(b). A second change caused by swelling in the *H NMR spectrum
is the splitting of the PEO CH2 and CH3 resonances into a pair of smaller and sharper resonances
on one hand, located at the same positions as in the unswollen latex (cf. (a) and (b) in Figure
4C) and therefore assigned to water-solvated PEO chains, and a pair of more intense and
broader resonances on the other hand, shifted upfield to 6 3.52 (CH>) and 3.20 (CHz3). The latter
are assigned to PEO chains that are folded back into the swollen core. Hence, the polystyrene
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core solvation by toluene makes this environment compatible with the PEO chains. The
deconvolution of the PEO CH: resonance as the sum of two Lorentzian functions (see details
in the SI, Figure S5) yields a chain distribution of (23.2£0.1)% in water and (76.8+0.1)% in the
core. This illustrates a slightly greater tendency of core confinement for toluene-swollen
BMOPPP@CCM than for the analogous TPP@CCM (10% of triphenylphosphine molar
content in the core), for which the water/core ratio was determined by the same technique as
30.3:69.7(x0.1)) [26].

Integration of the *H spectrum for the toluene-swollen sample affords the expected
intensities of the aromatic and backbone protons relative to the PEO protons when considering
only the protons in the flexible chains (i.e. excluding the cross-linked nucleus, presumably
characterized by slow tumbling even after swelling) and also allows a rough estimate of the
amount of toluene, although these measurements are quite imprecise because of overlap. The
solvent amount is in the range of 730-810 molecules per chain, depending on whether the
calculation is based on the Me or the aromatic resonance intensity. This amount is similar to
that measured for the swelling of the related TPP@CCM [26].

After swelling, the hydroformylation precatalyst, [Rh(acac)(CO):], could be readily
introduced into the CCM core by stirring the latex with a toluene solution of the metal complex,
as demonstrated by 3!P{*H} NMR. The reaction leads to replacement of one CO ligand by the
polymer-anchored phosphine with formation of [Rh(acac)(CO)(BMOPPP@CCM)], as
indicated by the disappearance of the metal-free BMOPPP@CCM resonance at 6 -11.4 and its
replacement with a doublet at & 44.5 (Jprn = 176 Hz) when one equivalent of Rh per P atom is
introduced in the CCM, see Figure 6. The analogous molecular complex
[Rh(acac)(CO)(BMOPPP)] has not been reported to the best of our knowledge, but the
resonances of related complexes [Rh(acac)(CO)(TPP)] and [Rh(acac)(CO)(TMOPP)] [TMOPP
= tris(4-methoxyphenyl)phosphine], which are reported respectively at 6 48.6 (Jprh = 179.7 Hz)
[35] and 435 (ern = 175.6 Hz) [36], bracket the resonance attributed to
[Rh(acac)(CO)(BMOPPP@CCM)]. When only half of the phosphine ligands are metal bonded
(Rh/P = 0.5), however, no signal is visible in the 3P{*H} NMR spectrum. This behavior is
identical to that observed for the analogous [Rh(acac)(CO)(TPP@CCM)] and is assigned to a
rapid exchange between the coordinated and the free phosphine ligands [26]. This observation
indicates that the exchange rate for the BMOPP ligand, like that of the TPP ligand, is in the
appropriate range to yield coalescence at room temperature.
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Figure 6. 3'P{*H} NMR spectra of [Rh(acac)(CO)(BMOPPP@CCM)] with different amounts
of rhodium complex. The starred resonance is due to a minor amount of oxidized phosphine
impurity.

3.4. Hydroformylation catalysis

The BMOPPP@CCM latex was investigated as nanoreactor for the biphasic Rh-catalyzed
hydroformylation of 1-octene, using the same operating conditions as for the related
TPP@CCM [26, 27]: 363 K, 20 bar of syngas pressure and 20% molar as initial concentration
of 1-octene in decanal. The volume ratio of organic mixture to aqueous latex suspension was
set to 3:1 to keep the catalytic phase dispersed into the organic phase after swelling of the CCM.
Table 1 compares the performance of this new ligand in terms of activity, selectivity and Rh
leaching with respect to the reference TPP@CCM. As stated in section 3.1, the
BMOPPP@CCM latex could only be prepared with a molar fraction of functionalized monomer
in the hydrophobic core of 5% (BMOPPS:S = 1:19), whereas the corresponding TPP@CCM
latex could also be prepared with higher molar fractions [26]. The most useful comparison in
terms of performances related the two CCM with the same functional monomer content [27].
The BMOPPP@CCM based catalyst yielded a quite similar performance as the TPP
homologue, with a marginally greater initial TOF and a marginally smaller I/b ratio. Similar
activities and selectivities were also reported in homogeneous catalysis in the presence of p-
OMe-substituted and non-substituted arylphosphines [30, 31]. However, the BMOPPP@CCM
based catalyst unexpectedly resulted in twice more rhodium leaching in the organic phase. This
leaching does not appear related to loss of rhodium from the nanoreactors. Indeed, it is known
that Rh' binds more strongly to P(CsHa-p-OMe)s than to P(CeHs)s by 7.0 kcal/mol [32].
Furthermore, we have previously demonstrated by DLS analysis that the recovered organic
phase contains significant amounts of nano-objects and that the affinity of the nanoreactors for

the organic phase increases with core swelling and aggregation [27].
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Table 1. Results of the biphasic hydroformylation of 1-octene.?

; : Initial rate ° TOFma"| 1b® | Leaching®
Entry Investigated ligand (kmol.m. .. s7) ) 0 R
BMOPPP@CCM s
1 (BMOPPS:S = 1:19) 13-10 742 2.7 45
: TPP@CCM with s
2 (DPPS:S = 1:19) 13-10 695 33 1.8

3 Operating conditions: [Rh(acac)(CO),] = 6.5-10" kmol-m=3q, [1-octene] = 1.1 kmol-m=3,erq, P/RN = 4, Vgorg =
75 mL (octene + decanal), Vyaq = 25 mL (latex + water), T = 363 K, Psyngas = 20 bar (CO/Hz = 1), « = 1200 rpm.
b Initial reaction rate (with respect to non-swollen aqueous phase) and corresponding TurnOver Frequency
calculated from the syngas consumption during the first 5 min of reaction after the gas absorption phase. ¢ Linear
to branched aldehyde ratio determined from the GC/FID analysis of the final sample. ¢ Rh concentration in the
organic phase measured by ICP/MS. ¢ Results recalled from ref. [27].

The DLS measurement of the organic phase recovered after run 1 (Table 1) yields the
result shown in Figure 7. The measurement confirms that there are indeed particles dispersed
in the organic phase and that these belong to two separate distributions. A minor distribution
with average D, = 120 nm corresponds to the expected size for the CCM after swelling with the
solvent of the catalytic run (decanal, a poorer solvent than THF for the polymer core). The
major distribution has a much larger average particle size (average D; = 950 nm), clearly
corresponding to aggregated polymer particles. The much greater size of this distribution and
its greater proportion relative to the non-aggregated distribution, with respect to the particles
found in the organic phase after catalysis with [Rh(acac)(CO)(TPP@CCM)] [27], gives
additional weight to our recent proposition that bigger aggregates become more lipophilic and
therefore leaching correlates with the extent of aggregation. Further proof of the presence of
nanoparticles in the organic phase is provided by *'P NMR (see SI, Figure S6).

/\

10 100 1000
D,/nm

Figure 7. DLS of the recovered organic phase from the catalytic run (entry 1, Table 1).
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The reason for the formation of bigger aggregates with BMOPPP than with TPP can be
attributed to the greater affinity of BMOPPP for binding Rh [32]. Since the experiments are run
with a high P:Rh ratio in order to have optimum I/b selectivity and since the catalyst exists as
equilibrating [RhH(CO)s(phosphine)] and [RhH(CO)2(phosphine).] species, a greater
proportion of the bis-phosphine species will be generated by the better binding BMOPPP, which
leads to the greater formation of lipophilic aggregates by interparticle cross-linking. We have
not carried out specific recycling experiments for this particular catalytic nanoreactor, since
such studies were previously carried out for the related TPP@CCM, which shows lower

leaching.

4. Conclusions

Replacement of diphenylphosphinostyrene with 4-[bis(p-methoxyphenyl)phosphino]-
styrene in our optimized synthesis of core-cross-linked micelles (CCM) by emulsion RAFT
polymerization [26, 27] leads to the successful fabrication of functionalized nanoreactors
containing covalently linked bis(p-methoxyphenyl)phenylphosphine (BMOPPP) ligands in the
hydrophobic core, although incorporation of this ligand functionalized monomer is limited by
its low solubility in styrene. These BMOPPP@CCM nanoreactors show the same behavior as
the previously described TPP@CCM in terms of core swelling, coordination of
[Rh(acac)(CO):], intra-particle phosphine ligand exchange, and catalytic activity in aqueous
biphasic 1-octene hydroformylation. Catalyst leaching, however, is slightly greater, proving the
point that this metal leaching process is not related to partial metal loss from the nanoreactor
but rather to partial loss of the entire nanoreactor into the organic product phase. This
phenomenon is presumably favored by a greater tendency of this more strongly bonding
phosphine to form bigger and more lipophilic particle aggregates through interparticle cross-
linking. On the basis of these hypotheses, improvement of this catalytic nanoreactor appears
possible by turning to polymer-anchored bidentate ligands and efforts to assemble polymer
architectures of this type are currently underway.
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