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o-Carborane was covalently linked to the side chain of a
polystyrene polymer by the “click” reaction to provide a
carborane-appended polystyrene polymer. The initial step
involved the radical polymerization of p-chloromethylstyrene
with AIBN followed by replacement of the chloro units by
azido groups; the final step employed the Cu!-catalyzed
Huisgen-type “click” reaction between the azidomethyl-ap-
pended polystyrene polymer and the ethynyl-terminated car-
borane unit yielding the desired carborane-appended poly-
styrene. Size exclusion chromatography (SEC) of this carbor-
ane-appended polymer showed a polydispersity index (PDI)

of 1.52. Dynamic light scattering (DLS) in dichloromethane
provided a diameter value of 4.5 nm. The MALDI TOF mass
spectrum exhibited a series of single peaks culminating from
16 carborane-appended styrenyl units. The thermogravime-
tric analysis (TGA) showed the polymer to have good thermal
robustness. Polymer-stabilized gold and palladium nanopar-
ticles (AulNPs and PdNPs) were synthesized with sizes deter-
mined by TEM to be 2.6 0.4 and 1.7 = 0.3 nm, respectively.
The Miyaura-Suzuki cross-coupling of phenyl iodide with
phenylboronoic acid at 22 °C was catalyzed by the polymer-
stabilized PdANPs.

Introduction

Cluster chemistry has attracted considerable interest for
over half a century, involving both theoretical and applied
aspects.[''?l Among clusters, carboranes with a high boron
content are especially useful for their potential applica-
tions in nanomedicine,®! material science,” and organome-
tallic chemistry.’] Therefore, thermally robust carboranes
have been incorporated in nanosystems such as dendri-
mers,[® an area pioneered by Newkome,”! and further ex-
ploited by Grimes’ group!®! and our groups.’) It has also
been shown that carboranes could be encapsulated in den-
drimers in a non-covalent fashion for potential medical ap-
plications.'7 Here, we introduce a new approach, the coval-
ent incorporation of carboranes into “click”'!l polymers;
indeed polymers are much more rapidly synthesized than
dendrimers, which should favor practical usages. In ad-
dition, we are taking advantage of these carborane-ap-
pended “click” polymers for the stabilization of gold and
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palladium nanoparticles. Gold nanoparticles (AuNPs)!Z]

are of fast growing interest for their potential use as nano-
vectors for the diagnostics and therapy of major diseases,!'!
and their combination in composites with boron-rich nano-
systems could also be useful. Palladium nanoparticles
(PANPs) are efficient in catalysis,'* and their stabilization
by polymers and dendrimers can provide good catalysts for
olefin hydrogenation and cross-carbon-carbon bond for-
mation.'>! “Click” dendrimers are especially appropriate
for this catalytic function!'®! but analogous studies on catal-
ysis with “click” polymers are rare.['”]

Huisgen-type azide-alkyne Cu'-catalyzed dipolar “click”
cycloaddition reactions (CuAAC) have recently been shown
to be a remarkable way for connecting organic and bioor-
ganic segments and functions.''] Therefore, we are using
this technique here and wish to report the “click” synthesis,
spectroscopic and analytical characterization, and thermal
stability of o-carborane-appended polymers using a deriva-
tive of the carborane 0-MeC,B,oH .

Results and Discussion

Synthesis, Characterization, and Thermal Properties of the
Carborane-Appended Polymers

The chloromethyl group is ideal for functionalizing poly-
styrene polymers, but the classic radical polymerization of
p-(chloromethyl)styrene (1) is marred by side reactions at
the chloromethyl group. Initiation using AIBN, however,
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was shown to be a possible route that minimizes the side
reactions;!'® thus, we have selected this pathway. In a stan-
dard procedure,'8! p-(chloromethyl)styrene (1) underwent
radical polymerization in toluene at 80 °C for 24 h with 1%
AIBN; the poly[p-(chloromethyl)styrene] polymer 2 was
purified by the precipitation (five times) from a dichloro-
methane solution by the addition of methanol. Size ex-
clusion chromatography (SEC) of 2 provided a polydisper-
sity index (PDI) value of 1.26. Nucleophilic replacement of
the chloro groups by using sodium azide yielded the azido-
methyl-appended polystyrene polymer 3 for which the
SEC provided a PDI of 1.34 (see Figure 1, the Experimental
Section, and the Supporting Information). The alkynyl o-
carborane 4 was synthesized by treating the lithiated 1-Me-
o-carborane with commercially available 4-iodobenzyl bro-
mide. The resulting carboranyl iodo derivative underwent a
Pd-catalyzed Sonogashira coupling reaction with trimethyl-
silylacetylene, and finally deprotection of the TMS group
with K,COj yielded the desired alkynyl o-carborane 4.1%-%]
The click reaction between the azidomethyl-appended poly-
styrene polymer 3 and the o-carborane-containing alkynyl
derivative 4 was carried out by using the classical procedure
with CuSO, and a threefold excess of sodium ascorbate as
catalyst in THF/water (1:1) at room temperature for 12 h
(Scheme 1).

Rentention time (min)

Figure 1. SEC of (a) 2 (PDI = 1.26; M, 3996; M, = 5029); (b) 3
(PDI = 1.34; M, = 4055; M,, = 5443); (c) 5 (PDI = 1.52; M, =
9343; 14186).

The Cu ions were removed as [Cu(NHj3),(H»0),][SO4]
upon reaction with an aqueous ammonia solution, and the
new polymer 5 was purified upon precipitation from a
dichloromethane solution by the addition of methanol.
Acording to this procedure, polymer 5 was obtained as a
white powder in 66% yield. Its IR spectrum showed the
complete disappearance of the azide band at 2097 cm™' and
the band of the alkyne group at 2108 cm '. The 'H NMR
spectrum of 5 exhibited the signal for the proton of the
triazolyl group at d = 7.79 ppm versus TMS in CDCl; (see
the 'H and '3C NMR spectra in the Supporting Infor-
mation). SEC provided a PDI value of 1.52 for 5 (Figure 1).
3044
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Scheme 1. Synthesis of the carborane-appended polystyrene poly-
mer 5.

Elemental analysis also indicated the formation of poly-
mer 5, and the MALDI TOF mass spectrum showed well-
defined individual molecular peaks for polymers containing
9-27 carborane-chain-appended styrenyl units with a maxi-
mum intensity around a molecular weight of 6944.76 Da
corresponding to the polymer containing 16 carborane-
chain-appended styrenyl units. All peaks are separated by
424 Da, which corresponds to the mass of one unit; a resi-
due of 160 Da remains. This residue corresponds to the
polymer termini, that is, a CMe,CN radical from the initiat-
ing radical and a methylenestyryl radical provided by radi-
cal Cl abstraction from p-(chloromethyl)styrene followed by
coupling to the other polymer end. These two radicals
correspond to 163 Da (Figure 2). The apparent M, and M|,
values provided by SEC (Figure 1) are much larger than
those obtained by MALDI-TOF mass spectrometry, but as
usual the calibration was carried out with polystyrene.
There also is an increase of the polydispersities from 2 to 5
reflecting the fact that the reactions of the polymers are not
quantitative and thus introduce defects.

The average size of polymer 5 in a dichloromethane solu-
tion was determined by dynamic light scattering (DLS)
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Figure 2. MALDI-TOF spectrum of 5.

yielding an average diameter of 4.5 nm (volume average,
with a dispersity of 0.25). The thermogravimetric analysis
(TGA) exhibited two decomposition steps. The first mass
loss (up to 5%) started at around 100 °C, probably because
of the decomposition of the aliphatic chain. The second
mass loss started sharply at around 340 °C, and 10% mass
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Figure 3. Thermogravimetric analysis of 5.
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loss occurred at 377 °C. About 73 % mass of the sample was
retained even at 700 °C showing the thermal robustness of
the carborane polymer (Figure 3).

Stabilization of Gold and Palladium Nanoparticles

Gold Nanoparticles

The addition of HAuCly to polymer 5 leads to the com-
plexation of Au'! by the 1,2,3-triazolyl ligands of the poly-
mer, as monitored by the change in the UV/Vis spectrum
(Figure 4). This is followed by the reduction of Au™ to Au®
atoms that assemble in the AuNPs and are then stabilized
by the triazolyl ligands of the polymer (weak electronic in-
teraction) and by the overall polymer framework (steric sta-
bilization). Indeed, after addition to the polymer §,
HAuCl,-3H,O was reduced by NaBH, in THF/water to
AuNPs in the presence of the carborane-appended polymer
5 at room temperature in 1 min, as indicated by the color
change from yellow (Au™™ band at 322 nm in the UV/Vis
3045
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spectrum) to purple (plasmon band!'?! with a maximum at
521 nm); the polymer 5 stabilized purple AuNP solution
was stable for several days (Scheme 2).
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Figure 4. UV/Vis spectra of the THF/H>O solution of the polymer
5: (a) alone; (b) after addition of HAuCly; (c) after reduction of
Au' by NaBH,4 to AuNPs (plasmon band: 521 nm).

Figure 4 shows the change in the UV/Vis spectrum of
polymer 5 upon the addition of HAuCl,3H,O, then the
reductant. Analysis by TEM indicated a diameter of
2.6 = 0.4 nm, as shown in Figure 5.

Palladium Nanoparticles

Pd(OAc), was reduced by methanol to Pd® assembling in
PdNPs in the presence of a CHCl; solution of polymer 5 at
room temperature in 12 h, as indicated by the color change
from yellow to brown after this time. The reaction was
monitored by UV/Vis spectroscopy, which showed no new
bands, but that the band corresponding to Pd(OAc), at
400 nm disappeared. Analysis by TEM showed a diameter
of 1.7£ 0.3 nm (Figure 6).

Catalytic Properties of the Palladium Nanoparticles

The CHCI3/MeOH solution of PANPs was used in cata-
lytic amount for the Miyaura—Suzuki cross-coupling reac-
tion between iodobenzene and phenylboronic acid to test

Figure 5. TEM of the AuNPs stabilized by polymer 5.
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Scheme 2. Complexation of the 1,2,3-triazole groups of polymer 5
by Pd or Au'™ followed by reduction of the metal ions to metal
atoms that agglomerate in nanoparticles stabilized by the polymer.
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Figure 6. TEM of the PANPs stabilized by polymer 5.

the catalytic performances of the PANPs under these condi-
tions. At 22 °C, the yields of the PANP-catalyzed cross-cou-
pled product were 13, 23, and 62% by using 0.01, 0.1, and

1% Pd, respectively; these values are much smaller than the
yields and turnover numbers obtained at 25°C by using
PdNPs stabilized by other triazolyl-appended polystyrene
polymers in EtOH/H,0.!'"”I The PANPs are small enough to
be efficient, but the modest results obtained here show the
importance of the structure of the appended chain in such
catalytic reactions by using substituted 1,2,3-triazolyl-ap-
pended polystyrene polymers.

Conclusion

The facile synthesis of carborane-appended polymers is
of interest towards further use and applications, because
such syntheses are much more rapid and convenient than
those of dendrimers that are covalently or supramolecularly
assembled. One potential use includes nanoparticle stabili-
zation. The combination of gold nanoparticles and boron-
rich clusters within the same nanosystems, achieved here
for the first time, could be of further use for the design of
nanovectors for diagnostics and boron neutron capture +
AuNP photo-thermal therapy against cancer and other
major diseases. The stabilization of PANPs led to catalytic
data that were modest compared to those obtained with
other triazolyl-appended polystyrene polymers. More stud-
ies on related systems are necessary to understand the fac-
tors that optimize the catalytic efficiency of nanoparticles
stabilized by “clicked” polymers.

Experimental Section

General Data: Reagent-grade toluene was dried with Na foil and
distilled from sodium benzophenone under argon immediately
prior to use. All other solvents (THF, dichloromethane, methanol,
DMF) and chemicals were used as received. 'H NMR spectra were
recorded at 25 °C with a Bruker AC 200 or 300 (200 or 300 MHz)
spectrometer. 3C NMR spectra were obtained in the pulsed FT
mode at 75 MHz with a Bruker AC 300 spectrometer, and the ''B
NMR spectra were recorded at 160.5 MHz with a Bruker AC 500
spectrometer. All the chemical shifts are reported in parts per mil-
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lion (6, ppm) with reference to Me,Si (TMS) for the 'H and '3C
NMR spectra and with reference to BF;-Et,O for the "B NMR
spectra. Mass spectra were recorded with an Applied Biosystems
Voyager-DE STR-MALDI-TOF spectrometer. The DLS measure-
ments were carried out with a Malvern Zetasizer 3000 HSA instru-
ment at 25 °C at an angle of 90°. IR spectra were recorded with an
ATI Mattson Genesis series FT-IR spectrophotometer. UV absorp-
tion and emission spectra were measured with a Perkin—Elmer
Lambda 19 UV/Vis spectrometer and a Hitachi F-2500 fluores-
cence spectrophotometer, respectively. TGA was performed with a
Perkin—Elmer Pyris 1 analyzer at a heating rate of 5 °C/min under
argon. SEC of the polymers was performed with a JASCO HPLC
pump type 880-PU, TOSOHAAS TSK gel columns, a Varian
(series RI-3) refractive index detector and a JASCO 875 UV/Vis
absorption detector, with THF as the mobile phase. Gas
chromatography data were recorded with a Hewlett Packard 5890
Series I gas chromatograph, equipped with a Stabilwax
(Crossband Carbowax-PEG) column and a flame ionization detec-
tor. For all substrates, helium was used as the carrier gas. The injec-
tor and detector temperatures were 240 °C. Elemental analyses
were performed by the Center of Microanalyses of the CNRS at
Lyon Villeurbanne, France.

Synthesis of Linear Poly|p-(chloromethyl)styrene] (2): p-(Chlo-
romethyl)styrene (1) (2.17 g, 14.2 mmol) was dissolved in dry tolu-
ene (40 mL) and AIBN (0.12 g, 0.7 mmol) added under nitrogen.
The reaction mixture was stirred at 80 °C for 24 h. The toluene was
removed under vacuum, and the crude product was washed with
methanol and precipitated five times from CH,Cl,/methanol. The
poly[p-(chloromethyl)styrene] 2 was obtained as a white powder in
53.9% yield (1.17 g). 'TH NMR (CDCl;, 300 MHz): § = 7.12, 6.56
(m, Ar), 4.53 (s, CH,-Cl), 1.77, 1.47 (CH and CH, of polymer
chain) ppm. 3C NMR (CDCl;, 75 MHz): 6 = 145.2 (Cq of Ar),
135.0 (Cq-CH,), 128.6, 128.0 (CH of Ar), 46.4 (CH,-Cl), 40.4 (CH,
and CH of polymer chain) ppm. SEC: PDI = 1.26, M,, = 3996, M.,
= 5029.

Synthesis of Linear Poly[p-(azidomethyl)styrene] (3): In a Schlenk
flask, poly[p-(chloromethyl)styrene] (2) (2.5 g, 0.5 mmol) was dis-
solved in DMF (20 mL) and NaNj; (1.6 g, 24.6 mmol) added. The
mixture was heated at 80 °C for 24 h before the suspension was
extracted three times with diethyl ether/H,O; the organic phase was
dried with Na,SO,, filtered, and the solvents were evaporated.
Poly[p-(azidomethyl)styrene] 3 was obtained as a white waxy prod-
uct in 84.6% yield (2.2 g). "H NMR (CDCls, 300 MHz): § = 7.05,
6.53 (m, Ar), 4.25 (s, CH,-N3), 1.72, 1.46 (s, CH and CH, of poly-
mer chain) ppm. '*C NMR (CDCl;, 75 MHz): § = 145.4 (Cq of
Ar), 134.9, 132.7 (Cq-CH,), 128.0 (CH of Ar), 54.7 (CH,-N3), 40.3
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(CH, and CH of polymer chain) ppm. IR: ¥ = 2097 (azido band)
cm!. SEC: PDI = 1.34, M, = 4055, M,, = 5443.

Synthesis of the Carborane-Appended Polymer 5: The azidomethyl-
appended polystyrene polymer 3 (50 mg, 9.54 umol, 1 equiv.) and
ethynylated carborane derivative 4 (128 mg, 472 umol, 1.5 equiv.
per branch) were dissolved in THE. CuSO,4 was added (1.5 equiv.
per branch, 1 M aqueous solution), followed by the dropwise ad-
dition of a freshly prepared solution of sodium ascorbate (3 equiv.
per branch, 1 M aqueous solution) to obtain a 1:1 THF/water ratio.
The solution was stirred at 25 °C under nitrogen overnight. After
removal of the THF under vacuum, CH,Cl, and an aqueous am-
monia solution were added. The mixture was stirred for 1 h to re-
move all the Cu ions trapped inside the polymer as [Cu(NHj3),-
(H,0),][SO,4]. The organic phase was washed three times with
water, dried with Na,SO,, and the solvent was removed under vac-
uum. The product was precipitated twice with CH,Cl,/MeOH, and
a white powder was obtained (90 mg, 66%). The IR spectrum
shows the disappearance of the band at 2097 cm ' characteristic of
the azide function and the band at 2108 cm™! for the terminal al-
kyne group. '"H NMR (CDCls, 200 MHz): 6 = 7.79 (3 H, CH of
triazole and CH of Ar-cluster), 7.17 (2 H, CH of Ar-cluster), 6.81,
6.30 (4 H, CH of Ar of styrenyl), 5.33 (2 H, CH,-triazole), 3.40 (2
H, CH,-cluster), 2.12 ppm (3 H, cluster-CH;). 3*C NMR (CDCls,
50 MHz): 0 = 147.2(Cq of triazole), 145.1(Cq of Ar), 134.96 (Cq
of Ar-cluster), 130.9, 125.8 (CH of Ar-cluster), 127.9 (CH of Ar-
polymer chain), 120.6 (CH of triazole), 75.1(C of cluster), 53.8(Ar-
CH,-triazole), 40.8 (CH and CH, of polymer chain), 23.6 ppm
(cluster-CH3). '"B NMR (CDCls, 160.5 MHz): 6 = -5.9 and —10.5
(typical for o-carborane) ppm. SEC: PDI = 1.52, M, = 9343, M,,
= 14186. Cg93Hos7B330Ngg (14242.2): caled. C 58.44, H 6.77; found
C 59.01, H 6.99. DLS: Radius r = 4.5 nm.

Preparation of Gold Nanoparticles (AuNPs) with the Carborane-Ap-
pended Polymer 5: Solution A contained polymer 5 (10 mg) dis-
solved in THF (20 mL; ¢ = 3.5 X 10> mol/L). Solution B contained
HAuCl4-3H,0 (20 mg) dissolved in H,O (20 mL; ¢ = 2.5 X 10mol/
L). To record the UV/Vis spectra of the nanoparticles, the baseline
was established in a THF/H,O mixture (2 and 0.9 mL, respec-
tively). The UV/Vis spectrum of 5 containing Au™! was obtained
by mixing solution A (2mL) and solution B (0.9 mL, 1 equiv.
HAuCI, per branch). The Au'! species in the yellow reaction mix-
ture was reduced to Au® by the addition of an aqueous solution of
NaBH, (2.5 mol. equiv. per Au in 2 mL) under ambient conditions
during 1 min; a purple solution was immediately obtained. The ex-
cess NaBH,4 was not removed. This purple color remained persist-
ent at room temperature during several days.

Preparation of Palladium Nanoparticles (PdNPs) with the Carbor-
ane-Appended Polymer 5 and Catalysis of the Miyaura—Suzuki Re-
action

(1) Solution A contained polymer 5 (10 mg) dissolved in CHCl;
(28 mL; ¢ = 2.5X10°mol/L). Solution B contained Pd(OAc),
(20 mg) dissolved in CHCl; (20 mL; ¢ = 4.45X 103 mol/L). To re-
cord the UV/Vis spectra of the nanoparticles, the baseline was es-
tablished in a CHCIl3/MeOH mixture (2 and 1 mL, respectively).
The UV/Vis spectrum of 5 with Pd! was obtained upon mixing
solution A (2.8 mL) with solution B [0.5 mL, 1 equiv. Pd(OAc), per
branch] and MeOH (1.7 mL); the color of the solution changed
from light yellow to dark brown after stirring for 12 h. No new
band was observed in the spectrum; however, the band for Pd-
(OAc), at 400 nm disappeared.

(2) In a Schlenk flask, a solution of 5 (1 mg, 7X 10 ¥ mol) was
prepared in a CHCl;/MeOH mixture, and a yellow solution of
Pd(OAc), (1 mg/mL in CHCl;) was added dropwise under nitrogen
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[Vencn! Vameon = 2:1; ¢(Pd) = 4.6 X 10 mol/L]. After stirring at
20 °C overnight, the color of the solution turned from yellow to
brown, which indicated the formation of PANPs. NaOAc, phenyl
boronic acid, and iodobenzene were added under nitrogen, and the
Miyaura—Suzuki reaction was carried out at 20 °C. After 24 h, the
mixture was extracted with CH,Cl,/H,O, the organic phase was
dried with Na,SO,, filtered through silica gel to remove the PANPs,
and injected into the gas chromatograph. The results are indicated
in the Results and Discussion section.

Supporting Information (see footnote on the first page of this arti-
cle): 'H, 13C, and "B NMR and IR spectra of the polymers.
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