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Acetate ion addition to and exchange in (1,5-
cyclooctadiene)rhodium(i) acetate: relevance for
the coagulation of carboxylic acid-functionalized
shells of core-crosslinked micelle latexes

Ambra Maria Fiore,?® Valentina Petrelli,” Christophe Fliedel, &2 ¢ Eric Manoury,®
Piero Mastrorilli** and Rinaldo Polj (2 x4

The solution behavior of complex [Rh(COD)(u-OAc)l, in the absence and presence of PPN*OAc™ in di-
chloromethane has been investigated in detail by multinuclear NMR spectroscopy. Without additional
acetate ions, the compound shows dynamic behavior at room temperature, consistent with an inversion
of its C,, structure. Addition of PPN*OAc™ reveals an equilibrated generation of [Rh(COD)(u-OAc),]™.
Rapid exchange is observed at room temperature between the neutral dimer and the anionic mono-
nuclear complex, as well as between the anionic complex and free acetate. Lowering the temperature to
213 K freezes the exchange between the two Rh complexes, but fast exchange between the anionic Rh
complex and free acetate maintains coalesced Me (*H and **C) and COO (**C) NMR resonances. DFT cal-
culations support the experimental data and lean in favour of a dissociative mechanism for the acetate
exchange in [Rh(COD)(u-OAc),]™. The acetate ligands in complex [Rh(COD)(u-OAc)], are also exchanged
in a biphasic (water/organic) system with the methacrylic acid (MAA) functions of hydrosoluble [MMAg s5-
co-PEOMA sl30 copolymer chains (PEOMA = poly(ethylene oxide) methyl ether methacrylate), resulting
in transfer of the Rh complex to the aqueous phase. Exchange with the MAA functions in the same
polymer equally takes place for the chloride ligands of [Rh(COD)(u-Cl)l,. The latter phenomenon rational-
izes the coagulation of a core-crosslinked micelle (CCM) latex, where MMA functions are present on the
hydrophilic CCM shell, when a dichloromethane solution of [Rh(COD)(u-Cl)], is added.

stable aqueous dispersions of the polymer particles (latex).
The hydrophobic core, where catalysis takes place, ensures a

A new tool for aqueous biphasic catalysis, which consists
of stable aqueous dispersions of core-crosslinked micelles
(CCMs) containing a core-anchored molecular catalyst, has
been developed in one of our labs."” These micelles are unim-
olecular core-shell star polymers with a hydrophobic core and
a hydrophilic shell (Fig. 1a) and can be assembled in a
straightforward two- or three-step one-pot convergent synthesis
by RAFT polymerization®'® in water, which uses the polymer-
ization-induced self-assembly (PISA) strategy,"" ™ to yield

“Dipartimento di Chimica, Universita degli studi di Bari “Aldo Moro”, via Orabona,
4, 70125 Bari, Italy
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Université de Toulouse, 205 route de Narbonne, F-31077 Toulouse, Cedex 4, France
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TElectronic supplementary information (ESI) available: Additional spectra and
DFT results; table of energies and Cartesian coordinates for all optimized geo-
metries (10 pages). See DOI: https:/doi.org/10.1039/d3dt02260a

This journal is © The Royal Society of Chemistry 2023

suitable environment for the catalytic act under “homo-
geneous” conditions after swelling with an organic solvent
(which may be the substrate itself), whereas the hydrophilic
shell ensures confinement of the micelles in the aqueous
phase, allowing facile catalyst recovery by decantation at the
end of the reaction. Thus, each polymer particle acts in
catalysis as an individual nanoreactor. The reactants, initially
present in the organic bulk phase, migrate to the nanoreactor
core through the hydrophilic shell and the products migrate in
the opposite direction, to accumulate in the bulk organic
phase for recovery. These migrations may introduce mass
transfer limitations, but we have proven them to be minor for
batch reactions with reasonably high stirring rates (e.g. 1200
rpm) and relatively low catalyst loadings.*>®

The 1°-generation CCMs have a neutral shell composed of
statistical copolymer chains of methacrylic acid (MAA) and
poly(ethylene oxide) methyl ether methacrylate (PEOMA),
namely Ry-[MAA, 5-co-PEOMA, 5]30-(hydrophobic core), where
Ry(-C(Me)(CN)CH,CH,COOH) is the initiating radical
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Fig. 1 CCM topology (a) and chemical nature of neutral and polycatio-
nic chains in the hydrophilic shell (b).

(Fig. 1b). These chains contain carboxylic acid functionalities
that render the shell pH-sensitive. Given the pK, range of the
carboxylic functions in PMMA (5.2-8.8),"*'® the latex gener-
ates only a limited amount of anionic carboxylate functions by
self-dissociation in neutral water (the natural pH of the as-syn-
thesized latex is ca. 3.5"), while the shell can be fully deproto-
nated only at high pH. The Rh' pre-catalyst was anchored onto
the core-linked triphenylphosphine (TPP) ligands by diffusion
of either [Rh(acac)(CO),] (acac = acetylacetonate) or [Rh(COD)
(u-Cl)], (COD = 1,5-cyclooctadiene), which required prior core
swelling with a good solvent (e.g. toluene or dichloromethane).
Subsequent equilibration of the latex with the corresponding
organic solution of the pre-catalyst precursor led to migration
of the metal complex through the hydrophilic shell and to its
anchoring by ligand exchange. Loading with [Rh(acac)(CO),],
an olefin hydroformylation pre-catalyst, leads to core-anchored
[Rh(acac)(CO)(TPP)],"**”'” whereas loading with [Rh(COD)(p-
Cl)],, a hydrogenation pre-catalyst, leads to core-anchored
[RhCI(COD)(TPP)]."®

During this pre-catalyst loading process, it was noted that
an efficient transfer of the [Rh(COD)(u-Cl)], complex only
takes place when using toluene solutions,'®'® whereas
attempts to load the pre-catalyst from a dichloromethane solu-
tion led to coagulation of the dispersed polymer micelles. On
the other hand, the [Rh(acac)(CO),] complex could be trans-
ferred to the CCM cores equally efficiently from solutions
in either solvent.'>%'7 A tentative interpretation of this
phenomenon is based on the higher dichloromethane solvent
permittivity, which may favour exchange reactions between the
Cl ligand in the [Rh(COD)(p-Cl)], pre-catalyst and the shell car-
boxylic acid functions, anchoring neutral [Rh,(COD),(0,C-
polymer),] or anionic [Rh(COD)(O,C-polymer),]” complexes on
the shell. Therefore, coagulation might result from coupling of
different micelles via these Rh complexes as crosslinks. For
the [Rh(acac)(CO),] precursor, on the other hand, the stronger
donor power and chelating nature of the acetylacetonate

2 | Dalton Trans., 2023, 00, 1-9
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ligand renders it resistant to exchange. This proposition is
indirectly supported by the absence of any coagulation when
loading 2"%-generation CCMs that have polycationic shells of
poly(N-methyl-4-vinylpyridinium iodide) chains (PANVPMe'T,
Fig. 1b) with [Rh(COD)(u-Cl)], from dichloromethane solu-
tions.>® On the other hand, coagulation again takes place
when loading Srd-generation equivalent polymers with polya-
nionic shells of poly(sodium styrene sulfonate) chains
(PSS™Na', Fig. 1b), even when using the lower-permittivity
toluene medium.>" In the latter case, molecular control experi-
ments gave evidence in favour of [Rh(COD)]"-sulfonate inter-
actions, which are enhanced by the proximity of sulfonate
groups (chelate effect), thus presumably leading to shell-
anchored, crosslinking [Rh,(COD),(O;S-polymer),] or [Rh
(COD)(03S-polymer),]” moieties.**

A number of complexes with the [Rh'(alkene),(O,CR)] stoi-
chiometry, all of them adopting a dinuclear structure with two
bridging carboxylates (Scheme 1A), have been described in the
literature (alkene = C,H, ** or dialkene = COD**** or norbor-
nadiene (NBD);**?**3* R = various alkyl and aryl substituents).
Mononuclear derivatives with a monodentate carboxylate and
additional neutral ligands have also been described,*” but
no anionic bis(carboxylate) derivative (B) appears to be docu-
mented. On the other hand, the addition of an additional
anionic ligand to other bridged Rh' dimers is known to
produce anionic bis-ligand adducts, e.g. [Rh(COD)CL,]".**** In
the present contribution, we report investigations revealing the
equilibrium formation of a molecular [Rh(COD)(OAc),]”
complex from the interaction between [Rh(COD)(p-OAc)], and
the acetate ion, as well as spectroscopic evidence for an inter-
action between either [Rh(COD)(u-Cl)], or [Rh(COD)(p-OAc)],
with a linear polymer that reproduces the chemical environ-
ment of the 1%-generation CCM particles, thus allowing to
rationalize the above-mentioned coagulation phenomenon.

Results and discussion

(a) Spectroscopic characterization of [Rh(COD)(p-OAc)],

Compound [Rh(COD)(u-OAc)], has been known since 1965**
and its di-p-acetato-bridged dinuclear structure has been
established by X-ray diffraction,** but its spectroscopic charac-
terization has so far been limited to a low-resolution "H NMR
spectrum in CDCl; at room temperature,*® while the **C NMR
spectrum does not appear to be reported. Inspection of the 'H
NMR spectrum in CD,Cl, at room temperature clearly indi-
cates dynamic behaviour (Fig. S11). The complex features three

*0,
/\Fih/O \Rh/ \ /\Rh/ > °
' \o‘“‘o/ y NG \O °
hd Y
R R
A B

Scheme 1 Structures of known [Rh'(alkene),(O,CR)l, complexes (A) and
of the putative anionic carboxylate adducts, [Rh'(alkene),(O,CR),]™ (B).

This journal is © The Royal Society of Chemistry 2023
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rather broad resonances (relative intensities 4:4:4) for the
COD ligand at § 4.08, 2.70 and 1.81, the latter being split into
a doublet (Ju,rn = 7.5 Hz) by Rh coupling, and a sharper reso-
nance for the acetate Me protons (intensity 3) at § 1.70. This
suggests a dynamic D,;, symmetry for the dinuclear molecule
(local C,, symmetry for the COD ligand), whereas the pub-
lished structure®* has only an overall C,, symmetry with local
Cs symmetry for the COD ligands. In principle, the inversion
of the C,, geometry can be achieved either via a dinuclear
intermediate or via formation of two monomer molecules
(Scheme 2). The same dynamic phenomenon with inversion of
a dimeric C,, structure has already been reported for dinuclear
Rh' complexes with amido*® or phosphinato bridging ligands.*”

The results of a variable-temperature "H NMR investigation
are shown in Fig. 2. The acetate Me singlet resonance is nearly
temperature-invariant, whereas the two sp> CH protons reso-
nances of the COD ligand, attributed to Hy, H',, H. and H',,
split into two equal intensity components at T < 273 K (5 2.75
and 2.49; 5 1.78 and 1.69). Further splitting becomes visible at
243 K for these resonances, more clearly for the two lower-fre-
quency ones, but also hinted for the other two. The higher-fre-
quency COD resonance, assigned to the sp> CH protons H,
and H',, remains a single (albeit broad) signal down to 213 K,
indicating a lower chemical shift difference, or accidental
degeneracy, for the two inequivalent protons H, and H',.

A "H COSY spectrum recorded at 253 K (Fig. S2+) shows no
correlation between the decoalesced resonances, consistent
with the structural assignments of the resonances (the Hy/H',
and H./H'. pairs do not mutually couple), but reveals corre-
lation within the H,/H,/H. and H'y/H',/H'. sets. A 'H-EXSY

Ha
HsC CHs |, \O on \|
1, Lo e, o) \\’7
Ve o \ 7
$80 Bn
H Rl;, "' H3 »,; \s“
H \',‘7 ?h\ = or 0, 0
T O g st© 7/
He a 2 |/ ~ >—CHs HiC  CHj
He'” Hy
Scheme 2 Interpretation of the dynamic behavior of the [Rh(COD)(u-

OAc)], compound.

293 K

fk Ak
263 K

NN J EK
&K
JLS ) EE-T
NN JV2sk
o —

43 413937 3533312927 25232119 17 15
8/ppm

Fig. 2 VT IH NMR spectra of [Rh(COD)(u-OAc)l, in CD,Cly.

This journal is © The Royal Society of Chemistry 2023
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spectrum recorded at 233 K (Fig. S31) confirms the exchange
between the two protons at § 2.75 and 2.49.

The previously unreported *C{'H} NMR spectrum (Fig. 3)
of [Rh(COD)(p-OAc)], also presents broadened resonances at
room temperature. Cooling to 223 K yields the expected
number of resonances for the C,, dimeric structure. The low-
temperature spectrum exhibits two singlet resonances at § 32.0
and 31.3 (collapsed into a broad resonance at § 31.6 at 298 K),
assigned to the sp>-COD atoms, two doublet resonances at
8 81.5 (d, Jorn = 14.0 Hz) and 74.5 (d, Jorn = 13.6 Hz), still
decoalesced as two very broad resonances at 298 K, assigned to
the COD sp>-C atoms, a singlet at § 24.9 for the acetate Me
group and a singlet at § 183.0 for the carboxylate C nucleus.
The latter two signals remain sharp at room temperature. The
"H-"3C HMQC spectrum (Fig. S4t) at 223 K confirms the corre-
lations of the COD sp*-C resonances at 6 32.0 and 31.3 with
those of the Hy,, H',, H, and H', protons, and of the COD sp® C
resonances at § 81.5 and 74.5 with that of the overlapping H,
and H', protons.

(b) Acetate ion addition to [Rh(COD)(p-OAc)],

The interaction between [Rh(COD)(u-OAc)], and excess acetate
anion was investigated by NMR spectroscopy in CD,Cl, at
—60 °C in the presence of increasing amounts of [PPN]'OAc™.
The salient results of the '"H NMR investigation are shown in
Fig. 4. The resonances of the [Rh(COD)(p-OAc)], complex (red
circles) decrease in intensity, while new resonances (green
squares) appear and grow as the amount of added [PPN]"OAc™
increases, attesting to the transformation of [Rh(COD)(u-OAc)],
into a new species. However, the addition is equilibrated
(Scheme 3), because the [Rh(COD)(p-OAc)], resonances do not
completely disappear after the addition of >1 equivalent of
[PPN]'OAc™ per Rh atom, while the resonance of the free OAc™
reagent is visible even for solutions containing a substoichio-
metric amount (e.g. 0.44 equiv. in Fig. 4c).

The new species generated by the equilibrated reaction is
characterized by four broad resonances, three of which are
clearly visible at § 3.87, 2.37 (shoulder of the [Rh(COD)(p-
OAc)], resonance at § 2.46) and 1.52, while a fourth resonance
can be guessed to overlap with the neutral dimer upper-field

,,,f«f’ \F‘~7,ir *
298 K L
32,5 315 305
J &/ppm
N N i
223K ”””‘““”’“’”I 1
85 80 75
j &/ppm } 1

90 170 150 130 110 90 70 50 30 1C
8/ppm

Fig. 3 *C{"H} NMR spectra of [Rh(COD)(u-OAc)l, in CD,Cl, at room
temperature and at —50 °C. The starred resonance is due to the solvent.
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Fig. 4 'H NMR spectra, recorded in CD,Cl, at 213 K, for solutions of
[PPN]*OAc™ (a) and [Rh(COD)(u-OAc)]» (30 mg, 0.11 mmol of Rh) in the
presence of various amounts of [PPN]*OAc™ (equivalents per Rh atom in
parentheses): (b) no added salt; (c) 29 mg (0.049 mmol, 0.44 equiv.); (c)
59 mg (0.99 mmol, 0.90 equiv.); (d) 81 mg (0.136 mmol, 1.23 equiv.). The
resonances marked with a red circle belong to [Rh(COD)(u-OAc)l, and
those marked with a green square to the new species formed in the
reaction.

HsC CHs -
)\ Hp  HyC__O
A H
S "z R\
2] 2 == 2 R
,\\-»Rﬁ/ R e Yo | &
N e HiC” Yo

Scheme 3 Equilibrated acetate addition to [Rh(COD)(u-OAc)],.

sp® CH, resonances in the § 1.8-1.6 region. This pattern is con-
sistent with high symmetry for the COD ligand and with for-
mation of a mononuclear [Rh(COD)(OAc),]” ion, for which a
C,y-symmetric environment is expected. The observation of
separate resonances for the new adduct, for the residual
dimer, and for the excess free acetate indicates slow ligand
exchange on the NMR timescale at 223 K.

Further information was obtained from a variable tempera-
ture study of the solution with the largest [PPN]'OAc™ excess
(Fig. 5). As the temperature was increased, the resonances of
the new species and those of the residual [Rh(COD)(pu-OAc)],
precursor coalesced, indicating that these two species rapidly
exchange on the NMR timescale at the higher temperatures.
The three coalesced resonances observed in the room tempera-
ture spectrum at é 3.96, 2.50 and 1.62 have the same intensity,
leading to their assignment to the COD ligand resonances.
Therefore, the more intense resonance at § 1.80 belongs to the
acetate Me group, showing rapid exchange not only for the
acetate ligands in the two Rh complexes with each other, but
also with the excess of free acetate ion.

The corresponding “C{"H} NMR investigation confirms the
above conclusion, but also reveals additional interesting fea-
tures. The spectra of the [PPN]'OAc™ addition experiments at
213 K are shown in Fig. 6. As in the above-described 'H investi-

4 | Dalton Trans., 2023, 00, 1-9
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Me
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273K
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Fig. 5 H NMR spectra of the solution containing [Rh(COD)(u-OAc)],
(30 mg) and [PPN]*OAc™ (81 mg, 1.23 equiv. per Rh atom) in CD,Cl, at
different temperatures.

| ]
e  +free OAC ° - ® "N +fres OAC
= o e
db-m:c:r\\wmwm ] Mool imsan N Mty —
¥ i b SRR e T
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e N 1
(d) JJM ALLA R g

Fig. 6 BC{*H} NMR spectra, recorded in CD,Cl, at 213 K, for solutions
of [PPN]*OAc™ (a) and [Rh(COD)(u-OAc)], (30 mg, 0.11 mmol of Rh) in
the presence of various amounts of [PPN]*OAc™ (equivalents per Rh
atom in parentheses): (b) no added salt; (c) 29 mg (0.049 mmol, 0.44
equiv.); (c) 59 mg (0.99 mmol, 0.90 equiv.); (d) 81 mg (0.136 mmol, 1.23
equiv.). The resonances marked with a red circle belong to [Rh(COD)(u-
OAc)]; and those marked with a green square to the new species
formed in the reaction.

gation, the [Rh(COD)(u-OAc)], resonances do not completely
disappear in the presence of a [PPN]'OAc™ excess (Fig. 6e).
However, the acetate resonances of the [Rh(COD)(OAc),]” and
free acetate ion are coalesced in both Me (5 24.8) and COO (§
177.7) regions. The acetate resonance of the neutral dimer
complex, on the other hand, remains distinct (as observed
most notably after the second addition, Fig. 6d). The COD
resonances of the two Rh species also remain distinct. This
suggests that acetate exchange on the [Rh(COD)(OAc),]”
complex does not involve the neutral complex and is faster
than the dimer/anionic monomer exchange. In addition, the
two COD resonances of [Rh(COD)(OAc),]”, observed at 6 77.8
(sp®> CH) and 6 31.2 (sp® CH,) are broad, particularly the lower-
field one (5 76.6). This cannot be due to exchange with the
neutral dimer, since the resonances of the neutral dimer
remain sharp, nor to exchange with free acetate. It is possible

This journal is © The Royal Society of Chemistry 2023
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that the this phenomenon is related to a rotational barrier for
the two acetate ligands in [Rh(COD)(OAc),]|”, which should
also desymmetrize the COD resonances in the unattained slow
rotational regime.

Avariable temperature "*C{"H} NMR study, carried out after
the second [PPN]'OAc™ addition where both neutral dimer and
mononuclear anion are clearly visible (Fig. 7), confirms that
the [Rh(COD)(p-OAc)],/[Rh(COD)(OAc),]” exchange is activated
only at the higher temperatures, while the [Rh(COD)(OAc),]™/
OAc™ exchange is rapid at 213 K.

(c) DFT calculations

Further insights into the observed equilibria and exchange
reactions were sought by DFT calculations. The energy values
are reported as standard Gibbs energies in a dichloromethane
solution (1 M, 298 K). Using the experimentally observed X-ray
structure of [Rh(COD)(p-OAc)], as guess geometry, the calcu-
lations yielded a very similar optimized geometry (comparison
of observed and calculated bonding parameters in Table S17).
A putative mononuclear complex with a bidentate chelating
acetate ligand is computed as less stable: the rearrangement of
one dimer molecules to yield two mononuclear complexes
requires 10.3 kcal mol™" per Rh atom. The addition of two
acetate ions to the dimer to yield two [Rh(COD)(OAc),]” com-
plexes, on the other hand, is exergonic, releasing 8.8 kcal
mol™" per Rh atom (Fig. 8). This result qualitatively agrees
with the spontaneous formation of the anionic complex upon
treatment of [Rh(COD)(u-OAc)], with acetate ions. However,
the energy change is a bit too high for an equilibrated reaction.
This discrepancy may be attributed, in addition to the compu-
tational error, to a possible role of the dichloromethane
solvent in a preferential stabilization of the free acetate ion, via
specific C-H---O interactions. It is indeed known that the C-H
bond of dichloromethane is sufficiently polarized to engage in
H-bonding with strong proton acceptors.*®*® Thus, the stron-
ger electron density on the O atoms of free acetate, relative to

n
. [+ fre.e OACJ ° ] ° _.‘_JK_:_AEWLOAC]
s e e S S—
prr e SR AT
= L eh
QT G T S N
184 180 176 86 82 78 74 70 32 28 24
5 (ppm) ppN+ 6 (PPM) 6 (ppm)
—_—
S
293K
3 & 273K L
| 253K ulu
LJ___ 243K LA_L
il 233K UL
 Fe 223K Il I L_
1 yir 213K L«l L |
180 160 140 120 100 80 60 40 20

& (ppm)

Fig. 7 3C{*H} NMR spectra of the solution containing [Rh(COD)(u-
OAc)]; (30 mg) and [PPN]*OAc™ (59 mg, 0.90 equiv. per Rh atom) in
CD,Cl; at different temperatures.
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Fig. 8 Gibbs energy profile for the [Rh(COD)(u-OAc)], dimer/monomer
conversion, for the reaction with acetate ions, and for the further
acetate addition to [Rh(COD)(OAc),]™.

those of the coordinated acetates in [Rh(COD)(OAc),]”, may
render the acetate coordination less favourable. Indeed, repeat-
ing the calculations in the presence of just one explicitly
included CH,Cl, slightly reduces the energy gain from —8.8 to
—7.8 kcal mol™". The optimized geometries exhibit the
expected C-H:--O interactions for both free acetate and
[Rh(COD)(OAc),]™, with a shorter H---O with the free acetate
ion (ESI, Fig. S57).

Addition of yet another acetate ion to [Rh(COD)(OAc),] ,
yielding the 5-coordinate 18-electron triacetate dianion,
[Rh(COD)(OAc);]*, raises the energy of the system by 21 kcal
mol™, which is more than the energy cost of acetate dis-
sociation to yield the mononuclear complex [Rh(COD)(OAc)]
with a chelated acetate (19.1 kcal mol™"). The calculations thus
suggest that the preferred acetate exchange pathway in
[Rh(COD)(OAc),]™ is dissociative. If this is true, however, the
mononuclear [Rh(COD)(OAc)] intermediate must add a new
acetate ligand faster than dimerizing, since the dimer/anion
exchange is slower.

(d) Acetate ligand exchange

The polymer coagulation phenomenon described in the
Introduction was further addressed by experiments aimed at
determining the aptitude of complexes [Rh(COD)(u-Cl)], and
[Rh(COD)(p-OAc)],, dissolved in either dichloromethane or
toluene, to be transferred to an aqueous phase under three
different conditions: (i) pure water; (ii) aqueous solution of
sodium acetate; (iii) aqueous solution of the macroRAFT agent
Ry-[MAA, 5-c0-PEOMAy 5]30-SC(S)SnPr, which is an intermediate
of the neutral-shell nanoreactor synthesis (see Introduction).
This short-chain polymer contains a 50:50 mixture of
methacrylic acid and poly(ethylene oxide) methyl ether meth-
acrylate (PEOMA) as co-monomers, the latter one ensuring its
water solubility.

The two complexes do not have any affinity for water: their
solution in both organic solvents (yellow) do not visually show
any transfer of coloration to a water layer after extensive
shaking and decantation (Fig. S6at). The same behaviour was
witnessed when mixing the organic solution of the Rh com-
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plexes with an aqueous solution of sodium acetate (Fig. S6bt),
indicating that the formation of the anionic complex is not
sufficiently favoured under these biphasic conditions. On the
other hand, using an aqueous solution of the macroRAFT
agent resulted in evident transfer of the Rh complex to the
aqueous phase, even though the transfer was not complete
(some yellow coloration also remained in the organic phase,
see Fig. 9).

The occurrence of an interaction between [Rh(COD)(p-
OAc)], and the macroRAFT agent was independently verified
by an 'H NMR investigation in the compatibilizing THF-dg
solvent, Fig. 10. The room temperature spectrum of [Rh(COD)
(n-OAc)], (Fig. 10a) is quite similar to that recorded at the

1 ord

Fig. 9 Exposure of toluene solutions of [Rh(COD)(u-OAc)], (above) and
[Rh(COD)(p-Cl)]; (below) to an aqueous solutions of Ro-[MAAgs-co-
PEOMA 5130-SC(S)SnPr. (a) Aqueous solution of the macroRAFT agent
(90 mmol of CCOH functions); (b) [Rh(COD)(u-OAc)l, (18 mmol of Rh);
(c) [Rh(COD)(p-Cl)], (18 mmol of Rh); (d) vigorous stirring followed by
standing for 5 min; (e) additional vigorous stirring (20 min) followed by
standing for 30 min.

CH,COOH

- ——

4.1 4.0 3.9 2.7 2.5 2.3 19 17 s
& (ppm) & (ppm) & (ppm)
H,0
(d) | *
(c)
. (b) :
: @ A sle

45 40 35 30 25 20 15 1.0
5 (ppm)

Fig. 10 H NMR spectra, recorded at room temperature in THF-dg, of:
(a) [Rh(COD)(u-OAc)ly; (b) the macroRAFT agent Rg-[MAAs-co-
PEOMA( 5]30-SC(S)SnPr (Rp = —C(Me)(CN)CH,CH,COOH); (c) a mixture
of macroRAFT agent and [Rh(COD)(u-OAc)l, (MAA/Rh = 4); (d) same as
(c), after spiking with CH;COOH. The starred resonances are due to the
residual solvent protons.
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same temperature in CD,Cl,, with broad resonances at 6 4.03
for the exchanging sp> CH protons and at § 2.54 and 1.78 for
the exchanging sp® CH protons. Fig. 10b shows the spectrum
of the polymer, the most prominent resonances of which are
those of the PEO CH, protons at § 3.60, overlapping with one
of the two THF-dg residual resonances, and a much weaker
resonance for the PEO chain-end OCH; protons at § 3.30. The
resonances of the polymer backbone protons (methacrylate in-
chain CH and CH, and side-chain CHj;) are much broader and
visible only at great magnification, because the chain is much
less solvated, ie. each polymer chain is self-organized as
single-chain nanoparticles with a less solvated polymer back-
bone core and well-solvated, hence more mobile PEO-based
shells. This result is consistent with a previously published 'H
NMR investigation of the 1*-generation CCM, demonstrating
that the hydrocarbon skeleton of the outer-shell [MAA, s-co-
PEOMA, ;5]5o chains is not solvated by water and is located at
the core-shell hydrophobic-hydrophilic interface.” The reso-
nances of the Ry, and trithiocarbonate chain-ends are also
unobserved, because of their small amount, but probably also
because they are embedded within the unsolvated core of the
self-organized single-chain particles. Upon combination of the
two solutions (molar COOH/Rh ratio = 4:1), the spectrum
(Fig. 10c) no longer shows the resonances of the [Rh(COD)(p-
OAc)], compound, but reveals new sharp resonance at § 1.90,
which belongs to free acetic acid. This assignment was con-
firmed by spiking the solution with additional CH;COOH
(Fig. 10d). The COD resonances of [Rh(COD)(p-OAc)], have dis-
appeared because the Rh complex is incorporated within the
less mobile, unsolvated nanoparticle core by the carboxylate
exchange.

All the above evidence indicates that, although an aqueous
solution of the acetate ion is unable to replace chloride in [Rh
(COD)(p-Cl)], when this is dissolved in an immiscible organic
solvent, the exchange occurs with undissociated carboxylic
acids in an hydrophobic environment (toluene, dichloro-
methane) or in a compatibilizing medium (THF). Thus, when
the organic solution of [Rh(COD)(p-Cl)], physically crosses the
CCM neutral shell of the water-dispersed 1%*-generation CCMs,
the methacrylic acid functions of the [MAA, 5-co-PEOMA, 5];0
chains come into contact with the Rh complex and fix the Rh
complex on the CCM hydrophilic shell. Consequently, [Rh
(COD)(p-Cl)], and the methacrylic acid functions meet in a
homogeneous phase, rather than at the water/organic inter-
phase, and can react with each other. The [Rh(COD)(u-Cl)],
complex is then anchored onto the CCM shell as [Rh(COD)(p-
methacylate)],. Under these conditions, the formation of
anionic [Rh(COD)(p-methacylate),]” complexes is unlikely
because the natural pH of the latex is acidic and only a tiny
fraction of the MMA monomers is deprotonated. Thus, the
anchored complex retains its dinuclear structure, which is
however sufficient to provide particle coupling and coagu-
lation, because the two methacrylates ligands may be provided
by either the same CCM particle (either the same or two
different [MAA, 5-co-PEOMA 5]30 chains) or by the chains of
two different particles.

This journal is © The Royal Society of Chemistry 2023
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As mentioned in the introduction, the [Rh(COD)(u-Cl)],
complex could be loaded into the 1%-generation CCM core
when using a toluene solution, whereas coagulation was
observed when using dichloromethane. This difference may be
related to the faster proton transfer from methacrylic acid to
eventually release HCIL. Thus, crossing the CCM shell and coor-
dinating to the core TPP functions prevails in toluene, whereas
the chloride/carboxylate exchange prevails in dichloromethane.

Experimental section

Compounds [Rh(COD)(u-OAc)],,>>*" [PPN]'OAc™ (ref. 52) and
the water-soluble Ry-[MAA, 5-co-PEOMA,, 5]30-SC(S)SrPr polymer
chains' were prepared according to the literature methods.
[PPN]'OAc™ was crystallised from chloroform/ethyl acetate.
NMR spectra were recorded with a Bruker Avance 400 spectro-
meter (400 MHz for 'H); chemical shifts are reported in ppm
referenced to SiMe, (*H, *C) and 85% H;PO, (*'P). The signal
assignments were made based on a multinuclear NMR ana-
lysis of [Rh(COD)(p-OAc)], including, besides 1D spectra,
'H-"*C HMQC, 'H COSY and 'H NOESY experiments. FT-IR
spectrum was recorded on a Jasco FT/IR 4200 spectrophoto-
meter (ATR in the range 4000-400 cm™).

[Rh(COD)(p-OAC)],

84(CD,Cl,, 213 K): 1.65 (6 H, s, CH3), 1.69 (4 H, d, Jyu =
8.4 Hz, H'c), 1.78 (4 H, d, Juu = 8.4 Hz, H,), 2.49 (4 H, broad,
H'p), 2.75 (4 H, broad, Hyp), 3.99 (8 H, broad, H, + H',). é¢
(CD,Cl,, 298 K): 24.9 (s, CH;), 31.3 (s, C-H.), 32.0 (s, C-Hy),
74.5 (d, Jorn = 13.6 Hz, C-H',), 81.5 (d, Jorn = 14.0 Hz, C-H,),
183.0 (COO). See spectra in Fig. 2-7 and S1-4.1

[PPN]"OAc™

8y (CD,Cl,, 298 K): 1.87 (3 H, s, CH;), from 7.36 to 7.81 (30 H,
m, Ph); 6¢(CD,Cl,, 298 K): 23.3 (CHj), 127.4 (CeHs, d, Yy p =
108 Hz, Cipso)y 129.9 (CeHs, M, Cortho), 132.5 (CeHs, M, Crneta),
134.1 (CeHs, S, Cpara), 176.9 (COO); 8p (CD,Cl, 298 K): 21.0 (s).
IR: Umax (ATR)/cm™ 3056w, 1567 m (OAc), 1386s, 1113s, 722s,
690s, 667 m, 524vs, 500s, 451 m. See spectra in Fig. S7-9.1 The
IR spectrum is shown in Fig. S10.}

Computational details

The calculations were carried out using the Gaussian16 suite
of programs.”® The geometry optimizations were performed
without any symmetry constraint using the B3LYP
functional.>**® The basis set comprised the SDD functions,
with an SDD ECP and an f polarization function (a = 1.350)*”
and the 6-311G(d,p) basis functions for all other atoms. The
effects of dispersion forces (Grimme’s D3 empirical method®®)
and solvation effects (in dichloromethane, using the SMD
approach®”) were included during the optimization. The ZPVE,
PV, and TS corrections at 298 K were obtained with Gaussian16
from the solution of the nuclear equation using the standard
ideal gas and harmonic approximations at 7 = 298.15 K, which
also verified the nature of all optimized geometries as local
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minima or first-order saddle points. A correction of 1.95 kcal
mol " was applied to all G values to change the standard state
from the gas phase (1 atm) to solution (1 M).*

Conclusions

The present investigation was inspired by the observation of
polymer coagulation upon addition of [Rh(COD)(u-Cl)],/di-
chloromethane to a stable latex of core-crosslinked micelles
(CCM) with a methacrylate acid-containing hydrophilic outer
shell. The investigations have established that while both [Rh
(COD)(p-Cl)], and [Rh(COD)(p-OAc)], do not interact with
aqueous acetate ions, an exchange process with release of
acetic acid from [Rh(COD)(p-OAc)], and presumably of HCI
from [Rh(COD)(p-Cl)], occurs when the compounds are exposed
to a water-soluble polymer chain containing methacrylic acid
monomers. The study has also revealed the formation of equili-
brium amounts of the previously unreported [Rh(COD)(OAc),]|”
complex, which has been fully characterized in solution, in the
presence of free acetate. Notably, this anionic complex under-
goes rapid exchange with the [Rh(COD)(u-OAc)], precursor and
an even more rapid exchange with free acetate. The presence of
this equilibrium, however, is unlikely to be the main reason of
the observed CCM coagulation. The formation of the [Rh(COD)
(p-methacrylate)], complex linked to the CCM shell chains is
sufficient to account for this phenomenon.
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