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Heterobimetallic single chain nanoparticles were synthesized and applied as recyclable homogenous cat-
alysts. A terpolymer containing two orthogonal ligand moieties, phosphines and carboxylates, was
obtained via nitroxide-mediated polymerization. Single chain nanoparticle (SCNP) formation is induced by
selective metal complexation of Y(i) by the carboxylate functions, while Au() is selectively coordinated to
phosphine moieties. In contrast to previous work, the two functionalities, SCNP folding and formation of
a catalytic center, were distributed over two metals, which critically increases the flexibility of the system.
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The formation of Au(1)/Y(i)-SCNPs is evidenced by size exclusion chromatography, dynamic light scatter-
ing, nuclear magnetic resonance (*H, *P{*H}) and infrared spectroscopy. Importantly, the activity of the
Au()/Y()-SCNPs as homogenous, yet recyclable catalyst, bridging the gap between homogenous and
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Introduction

In recent years, single chain nanoparticles (SCNPs), i.e. intra-
molecularly cross-linked single polymer chains,'™ emerged
as a highly prominent research topic due to their manifold
emerging applications."”"” In the reported systems, the intra-
molecular linkage was mostly realized by hydrogen- or covalent
bonding, taking inspiration from biomolecules.'”™"® More
recently, however, metal-ligand coordination was introduced
to form intramolecular crosslinks."”*°*® The special feature
of this binding strategy enables the simultaneous embedding
of functional centers, e.g. for catalysis.*”*® One of the major
challenges in catalysis is to bridge the gap between homo-
genous (high catalytic activities, but difficult catalyst recovery)
and heterogeneous catalysis (easy recovery, but lower catalytic
activities). We recently reported Pt(u)-SCNPs that enabled
homogenous catalysis but were easily separated from the
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heterogeneous catalysis, was demonstrated using the hydroamination of aminoalkynes as an example.

reaction mixture by change of solvent polarity, thus bridging
the gap between homogenous and heterogeneous catalysis.”
To make the SCNPs even more versatile, the introduction of
different metal species — though synthetically challenging - is
desirable. This allows for the design of metal containing
SCNPs with specific morphologies and functions, mimicking
metalloenzymes.'”*” Initial progress was made by Terashima
and coworkers'® in water and Lemcoff and colleagues in
organic solvents,”> who crosslinked diene functionalized
polymer chains with catalytically active Rh(1) and Ir(1) centers.
However, as only one ligand type was present, no targeted
metal placement was possible. With the synthesis of heterobi-
metallic Eu(ut)/Pt(u)-SCNPs, our group pioneered the selective
and controlled introduction of two metal species exhibiting
different functionalities (phosphine and phosphine oxide)
by selective coordination to orthogonal ligand moieties.*®
Thereby, the catalytically active Pt(un) precursor induced the
chain collapse, whereas the orthogonally introduced Eu(ur)
centers are luminescent and allow for the visualization and
tracking of the SCNPs during catalysis. However, by using the
catalytic active metal for chain collapse, the variation of metals
and the catalytic scope are very limited. For a higher flexibility
in terms of catalytic applications, we are therefore interested
in bimetallic SCNPs with one metal forming the structure,
while the other one is involved in the catalytic conversion.
Moreover, we were challenged to use a rare earth element to
induce the chain collapse to broaden the method of metal
induced SCNP formation significantly.”® Rare earth ions

This journal is © The Royal Society of Chemistry 2021
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significantly differ in their synthetic chemistry from main group
and transition metals by their higher coordination numbers,
which are a result of their larger ion radii. While most tran-
sition metal complexes have coordination numbers of 4-6,
coordination numbers of 7-9 or even higher are frequently
seen for rare earth metals. This property may facilitate the
chain collapse of metal functionalized SCNPs in the presence
of several multidentate ligands. Moreover, rare earth elements
feature unique optical and magnetic properties, which can be
potentially explored once the polymer SCNP synthesis is estab-
lished. While the rare earth ions selectively coordinate to a
hard donor, we choose Au(i) for the selective binding to a soft
donor. As result of this strategy, orthogonal coordination is
possible. Due to the linear coordination of Au(i), only one
donor is needed for anchoring the metal. Thus, no further
compaction of the polymer is required. Therefore, we avoid
any strain in the system by coordination of the second metal
and clearly assign the folding to the rare earth ion.

As result, we herein present the formation of heterobimetal-
lic Au(1)/Y(m)-SCNPs and their application as catalysts. We
demonstrate that selective embedding of any two metal
species and thus fine-tuning of the resulting SCNP properties
is possible.

A linear polymer precursor served as a basis for the targeted
heterobimetallic SCNPs. In a terpolymer containing both car-
boxylate and phosphine units, the hard carboxylates enable
the selective complexation of Y(ui) centers, whereas the soft
phosphine units coordinate to the catalytically active Au(i)
ions. The Y(ur) atoms thus act as structure forming units indu-
cing the SCNP formation, while the two-fold coordinated Au()
atoms are the catalytically active centers.

Results and discussion
Polymer synthesis

To synthesize a suitable terpolymer following the “repeat unit
approach”,>*° the monomers 4-vinylbenzoic acid, diphenyl
(4-vinylphenyl)-phosphine and styrene, which functions as a
spacer, were copolymerized via nitroxide-mediated polymeriz-
ation (NMP) yielding the polymer P1 (Scheme 1), which can
easily be separated by filtration. The monomers are distributed
statistically along the polymer chain. The exact monomer com-

.0._Ph
\r

N « 7
Ph
NMP
—_—
125°C, 6 h,
DMF
Ph

Scheme 1 Synthesis of the terpolymer P1 by nitroxide-mediated
radical polymerization of styrene, 4-vinylbenzoic acid and diphenyl(4-
vinylphenyl)phosphine. The alkoxyamine was used as initiating material.

P1
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position was determined by "H and *'P{'"H} NMR spectroscopy
(in THF-d8), comparing the resonance integrals of the respect-
ive monomer species (ESI, Fig. S15t). The terpolymer contains
approximately 3% of phosphine units (0.27 mmol per 1.00 g of
polymer) and 6% of benzoic acid units (0.57 mmol per 1.00 g
of polymer). In the '"H NMR spectrum a broad singulet at § =
11.2 ppm is seen, which is assigned to the acidic protons of
the benzoic acid units. The ratio of the functional groups was
adjusted by the stoichiometric ratio of the precursors.

In the *'P{"H} NMR spectrum a resonance at § = —6.24 ppm,
attributed to the phosphine units, is observed. The chemical
shift is in accordance with literature values for similar triaryl-
phosphine functionalized copolymers,”*" confirming the suc-
cessful implementation of the functional units into the terpoly-
mer P1. Size exclusion chromatography (SEC) analysis [THF,
RI] of P1 indicates a number average molecular weight M, of
close to 38 500 g mol ™" and a dispersity of ® = 1.1. Combining
the NMR and SEC results, 22 benzoic acid units and 11 phos-
phine units are estimated per polymer chain (see ESI, p. S4
and Fig. S147%).

To evidence the suitability of our system for catalytic appli-
cations first, P1 was functionalized with a gold precursor,
without forming SCNPs. Using [AuCl(tht)] (tht = tetrahydothio-
phene) as suitable Au(1) reagent, the phosphine moieties of ter-
polymer P1 were functionalized by Au(1) complexation, yielding
the metallopolymer P1-Au(r). The successful and quantitative
coordination of AuCl was proved by *'P{'"H} NMR spectroscopy
(in THF-d8). In the respective spectrum one resonance at § =
31.6 ppm is observed and is attributed to the phosphine-gold(i)
moieties.*> Compared to the resonance of the phosphine units
in P1 (§ = —6.24 ppm), this is a significant downfield shift.
'H NMR spectroscopy further confirms the selective coordi-
nation of AuCl to the phosphor atoms (Fig. 1). The "H NMR
spectrum still contains a broad singulet at § = 11.0 ppm, attrib-
uted to the acidic protons of the benzoic acid units.
Furthermore, a downfield shift is only observed for the reso-
nance of the aromatic phosphine unit protons. In addition,
the metallopolymer P1-Au(r) was analysed by IR spectroscopy
(ESI, Fig. S28T). Among others, a characteristic band attributed
to the P-C vibrational stretching is observed. Compared to

— P
— P1-Au(l)

Fig. 1 Superimposed *H NMR spectra of P1 (black) and P1-Au(i) (green)
(not normalized). Due to the coordination of AuCl, the resonances of
the aromatic protons are shifted towards higher values of § (lower field).
The broad singulet attributed to the acidic protons of the benzoic acid
units is visible for both, P1 and P1-Au(l), respectively, proving that AuCl
selectively coordinates to the phosphine units.

Polym. Chem., 2021, 12, 4016-4021 | 4017
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the free polymer, this band is shifted from 7 = 1090 em™" for
free phosphine to 1102 ecm™" for the Au(i) complexed phos-
phine moieties.*® In the IR spectra of P1 as well as P1-Au(1)
bands attributed to the C=O vibrational stretching are
observed at 7 = 1660-1750 cm™ ", confirming the presence of
free carboxylic acid groups.** SEC measurements [THF, RI]
indicated a molecular weight of close to M, = 39 000 g mol ™"
and a dispersity of D = 1.2. As the incorporation of AuCl leads
to slightly heavier and larger particles, the SEC elugram of P1-
Au(r) is shifted towards shorter retention times compared to
P1 (Fig. 2).

In a similar fashion to P1-Au(r), we prepared the metallo-
polymer P2-Au(1), which does not contain any benzoic acid units,
establishing a benchmark for the catalytic activity of the target
SCNPs. In a first step, the copolymer P2 was synthesized via
NMP of styrene and diphenyl(4 vinylphenyl)phosphine
(monomer ratio of 23: 1), the phosphine units are thereby sta-
tistically distributed along the polymer chain. SEC analysis
[THF, RI] indicates a molecular weight of approximately M, =
34 000 g mol™* and a dispersity of P = 1.2 The successful incor-
poration of the phosphine units was proved by *'P{"H} NMR
spectroscopy (ESI, Fig. S191). By 'H NMR spectroscopy an
amount of 5% phosphine units was determined (0.51 mmol
per 1.00 g of polymer). P2 was converted to the desired metal-
lopolymer P2-Au(i) using the Au(i) precursor [AuCl(tht)]. The
successful coordination of AuCl to the phosphine units was
verified with SEC [THF, RI], *'P{'"H} NMR and IR spectroscopy.
The metallopolymer showed a molecular weight of close to
M, = 35100 g mol™ " and a dispersity of P = 1.2.

Synthesis of Au()/Y(ur)-SNCPs

The free benzoic acid units of P1-Au(1) enable the incorpo-
ration of a second metal species. Coordination of several
benzoate units to one metal atom allows for an intramolecular

1.2
— Pl
M, = 38500 g mol™|
1 M, = 43300 g ol
p=11
— P1-Au(l)
0.8 - M, =39 000 g mol™|
M, = 45 900 g mol™*
g p=12
= 0.6 = Au(1)/Y(II1)-SCNPs
M, =29 500 g mol™|
M, =36 200 g mol™*
0.4+ D=1.2
0.2
0 1 T T T T
23 24 25 26 27 28 29 30

Retention time [min]

Fig. 2 SEC-traces of P1, P1-Au() and Au(1)/Y(m)-SCNPs. Showing the
decrease of the hydrodynamic radius, the trace of the Au()/Y (i) SCNPs
is significantly shifted towards longer retention times compared to P1
and P1-Au().
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crosslink of the polymer chain. The intramolecular collapse of
P1-Au(r) was induced by addition of [Y(NO;);]-6 H,O as precur-
sor for the diamagnetic rare earth ion Y(m) (Scheme 2). To
confirm the folding of the polymer chain into well-defined
SCNPs, SEC analysis [THF, RI] was carried out. Compared to
the SEC traces of the polymer P1 and the metallopolymer P1-
Au(1), the trace of the Au(r)/Y(m)-SCNPs (M, = 29500 g mol ",
D = 1.2) is significantly shifted towards longer retention times
(Fig. 2). This indicates a strongly decreased hydrodynamic
radius and thus the exclusive formation of the SCNPs without
intermolecular crosslinks. Although we cannot determine the
exact composition of the Y(u) complex, we suggest that its
structure is similar to Y(m)-benzoate complexes, which have
been synthesized and characterized by Deacon and col-
leagues.® It was found that the majority of these complexes
exist as dimeric structures, in which the Y(m) ions are co-
ordinated by at least two bidentate bridging benzoate ligands.
Moreover, in some Y(u)-benzoate complexes, multiple coordi-
nation modes occurred simultaneously. Therefore, the benzoic
acid moieties in the Au(r)/Y(m)-SCNPs are thought to coordi-
nate to the Y(m) ions in a similar manner, which accounts for
the intramolecular chain collapse of the polymer chains.

The SCNPs were further investigated by 'H and *'P{'H}
NMR spectroscopy (in THF-d8) and IR spectroscopy. The 'H
NMR spectrum does not show a broad singulet at § =
11.0 ppm, attributed to the acidic protons of the benzoic acid
units, proving a quantitative complexation with Y(ur) ions.

The resonances at § = 6.80 and 6.40 ppm, attributed to the
phosphine moieties, are still present. In the *'P{'"H} NMR spec-
trum of the SCNPs, the resonance of the phosphine AuCl units
remains almost unchanged (§ = 31.6 ppm in P1-Au(y) vs.
32.4 ppm in the SCNPs), further confirming the intact AuCl
coordination. In the IR spectra (ESI, Fig. S27 and S287), the
bands of the C—=O vibrational at 7 = 1660 and 1750 cm "
attributed to the free carboxylic acid units, are not detected
anymore. Instead, two new bands at 7, = 1514 and 75 =
1417 cm™' are observed, consistent with literature values of
yttrium(m) benzoate complexes, which demonstrates the car-
boxylate complexation of the Y(m) ions.>**” The unchanged

P1 P1-Au(l)

Au(l)/Y(lll)-SCNPs

Scheme 2 Au(l) functionalization of P1 using [AuCl(tht)] and sub-
sequent folding of the obtained metallopolymer P1-Au() with
[Y(INO3):]:6 H,O. The metal species coordinate orthogonally to the
respective ligands in the polymer, yielding well-defined catalytically
active Au(1)/Y(I1)-SCNPs.

This journal is © The Royal Society of Chemistry 2021
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vp_c band at © = 1103 cm ™" further proves the [ArPPh,P-AuCl]
moieties to be intact.

Catalytic application

Having synthesized the SCNPs, we investigated them as recycl-
able homogenous catalysts in the intramolecular hydroamina-
tion of aminoalkynes. Although there are many established
synthetic procedures towards nitrogen-containing heterocycles,
hydroamination reactions are considered as atom economical
and green because neither waste nor any side products are
formed and have therefore been intensely studied.*® This
makes this transformation especially valuable as benchmark
reaction for recyclable catalysts. For this benchmark reaction
we required a simple homogenous catalyst with a coordination
sphere, which is very similar to our polymer supported cata-
lysts for comparison. As Au(r) complexes are known to trans-
form alkynes efficiently, we selected the hydroamination of
aminoalkynes as benchmark reaction and [AuCl(PPh;)] as
benchmark catalyst.

The molecular catalyst [AuCl(PPh;)] and the polymeric cata-
lyst P2-Au(1) were used to determine suitable reaction con-
ditions and function as benchmark system for the catalytic
activity of the Au(r)/Y(m)-SCNPs (ESI, Fig. S5-S7t). Different
cocatalysts were tested and blind tests conducted. NaBAr" was
chosen as cocatalyst for all catalyses, not showing any catalytic
activity in the performed tests (ESI, pp S12-14%). We investi-
gated the hydroamination of two selected substrates, which
were synthesized by variations of literature procedures (1-Ph;*°
1-Me*®) and dried and degassed prior to usage. The catalyses
were carried out under inert conditions in CDCl;. 2 mol%
Au(1) catalyst (Cear = 2.6 uM), 2 mol% of NaBAr" as cocatalyst,
and 10 mol% of ferrocene (internal standard) were dissolved
in dry CDCl; at 20 °C. After 30 min (to allow for the activation
of the catalyst), the respective hydroamination substrate 1-Ph
or 1-Me was added. This mixture was thawed right before the
insertion into the NMR machine. To monitor substrate conver-
sion, "H NMR spectra were recorded at preselected times.
Under these mild reaction conditions, all substrates were
quantitively converted into the respective heterocyclic pro-
ducts. Conversion rates for each substrate and catalyst are sum-
marized in Table 1.

As can be seen from the differing conversion rates, the
Thorpe Ingold effect has a strong influence on the reactivity of
the substrates:*" Whereas for 1-Ph (high steric demand in the
backbone) quantitative conversion is reached with all catalysts
under mild conditions and after comparably short reaction
times, the conversion of 1-Me proceeds significantly slower.
Compared to the benchmark systems [AuCl(PPh;)] and
P2-Au(1), a slightly decreased catalytic activity was observed for
the Au(r)/Y(ur)-SCNPs. However, the SCNPs proved to be active
homogenous catalysts for the intramolecular hydroamination,
yielding conversions of up to 100% in only 10 h (ESI, Fig. S8
and S9t). The chosen reaction conditions enable the recovery
of the Au(r)/Y(m)-SCNPs after catalysis by applying dialysis in
methanol (Scheme 3). We investigated the structure of the
post-catalytic SCNPs by SEC, IR spectroscopy and NMR spec-

This journal is © The Royal Society of Chemistry 2021
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Table 1 Hydroamination of aminoalkynes catalyzed by [AuCLl(PPhs)],
P2-Au(), and Au(1)/Y(m)-SCNPs respectively’

Time  Conv.
Substrate Product Catalyst [h] [%]
Ph_Ph Ph Ph  [AuCl(PPh;)] 4 98
N 3
N@&NHZ 24 100
2.89 ppm =N P2-Au() 4 98
24 100
310ppm  Au(1)/Y(m)-SCNPs 4 96
1-Ph 24 100
2-Ph
AuCl(PPh’ 4 58
0 Y [pucier) 458
2.47 ppm =N P2-Au(i) 4 83
24 98
345pPm  Au(1)/Y(m)-SCNPs 4 5|
24 78
1-Me
2-Me

“ Conditions: 1.00 eq. substrate, 2 mol% Au(i)-catalyst, 2 mol% NaBAr",
10 mol% ferrocene, CDCl;, 20 °C. ? Calculated by "H NMR spec-

troscopy with ferrocene as internal standard.
+MeOH
Recovery of SCNPs
R R
o
-

Scheme 3 The Au()/Y(n) SCNPs were successfully recovered and
recycled as catalysts, closing the gap between homogeneous and
heterogeneous catalysis.

R R

Recycling of Catalyst

troscopy (Fig. 3). The SEC traces of the nanoparticles before
and after catalysis match closely, indicating that the folded
structure is maintained. In the *'P{'H} NMR spectrum one
resonance at § = 32.3 ppm attributed to the phosphine AuCl
units is observed. No resonance for free phosphine units was
observed, pointing to the ongoing quantitative coordination of
AuCL

The almost identical IR spectra are further evidence for
intact folding units. Two additional bands are observed at 7 =
1558 cm™ " and at © = 1277 em™ ', which are possibly caused by
complexed substrate molecules (Fig. 3a).

As we demonstrate that the Au(1)/Y(m)-SCNPs are intact after
recovery, we subjected them to a second catalytic cycle, in
order to investigate their reusability (ESI, Fig. S10 and S117).
For the catalysis, the same procedure as described above was
followed. Comparison of the conversions reached with new
and with recovered Au(i)/Y(m)-SCNPs, ie. in the first and
second catalysis cycle, shows a slight decrease in the catalytic
activity (Fig. 4). The highest conversion observed with the
recovered Au(1)/Y(m)-SCNPs after 24 h was 95%. A possible
explanation for this observation is the decreased solubility,

Polym. Chem., 2021, 12, 4016-4021 | 4019
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Fig. 3 Analytics of the Au()/Y(n)-SCNPs before catalysis (black) and
after catalysis (blue). (a) Superimposed IR spectra. (b) SEC traces. (c) 3P
{*H} spectrum of the SCNPs after catalysis.

which leads to an effective catalyst concentration lower than
2 mol%. Furthermore, from the additional bands observed in
the IR spectra, we suspect complexed substrate molecules in
the recovered Au(r)/Y(m)-SCNPs. In this case, some of the
functional units of the Au(i)/Y(m)-SCNPs would remain
inaccessible.

Kinetic measurements were performed for substrate 1-Me,
which features the slowest conversion rates. A first order of the
reaction in the starting material (excluding a short induction
period) was determined (ESI, Fig. $147).*?
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Fig. 4 Comparison of the conversions reached with the Au()/Y(m)
SCNPs in the 1st and 2nd catalysis cycles (first catalysis dashed lines;
second catalysis solid lines) for each substrate (1 Ph (blue), 1 Me (green)).

Conclusions

In summary, we introduce the synthesis and in-depth charac-
terization of well-defined heterobimetallic Au(i)/Y(m)-SCNPs.
In contrast to previous system, the catalytic active metal is
not involved in the SCNP formation, which potentially allows
more flexibility in exchanging this metal. The formation of
the nanoparticles was confirmed by SEC, NMR spectroscopy
(*H, *"P{'H}) and IR spectroscopy and proved to be selective
in metal coordination. Featuring catalytic centres, the Au(r)/
Y(m)-SCNPs were found to be an active homogeneous catalyst
for the hydroamination of aminoalkynes. Additionally, recov-
ery of the nanoparticles and application in a second catalysis
cycle was possible. Thus, the SCNPs represent a catalyst
system that is combining the advantages of homogenous and
heterogeneous catalysis. Furthermore, we show that any two
metal species with different functionalities (that are e.g. cata-
Iytically active or luminescent) can be incorporated ortho-
gonally, yielding highly variable and versatile SCNPs and thus
manifold potential applications.
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