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Synthetic modification of polymers by introducing the
functional groups is an efficient strategy to generate new HsC—si
materials with enhanced or specific physical and chemical
propertiest In particular, the functionalization of diene-based
polymers has generated intense interest, due to the availability
of double bonds for various transformations such as oxidation,
epoxidatior® hydroboratiorf,and hydroformylatior¥.Similarly,
the hydrosilylation reaction of unsaturated polymers offers a
useful and convenient method for preparing silane-modified
polymers which may find potential applications as rubber
materials, adhesives and drug delivery agéntSignificant ”3°\Si/_° CHy

advances in this area have been made by groups of R&émpel /(ﬁ/)r
n

_—CH3

and Cole-Hamiltorf,who have investigated the hydrosilylation
reactions of polybutadienes in the presence of RhCKRRhd

H,PtCk catalysts to generate silasubstituted polymers. 3b
Recent disclosures from our laboratory have introduced

new strategies for the generation of catalytically active metal gﬂ:f’ano i —OsiMe;

nanoclusters and their utility as potent recyclable catalysts for “osiMes

various transformation¥-12 To the best of our knowledge, 2

metal nanocluster catalyzed functionalization of carbon-based MesSi0

polymers has not been reported in the literature. In this com- Si—OSiMe,

munication, we describe a first example of a highly selec-

tive, mild, and clean synthetic route to silyl-functionalized

organic polymers by hydrosilylation of polybutadiene (PBD) s

using readily synthesized and recyclable Pt nanoclusters as

catalysts. Scheme 2. Hydrosilylation of 1-Heptene Using Pt Nanoclusters
Initial investigations of Pt nanoclusters catalyzed hydrosily- _~ _~_ - + Hsir, _01%PtNano_ -~ _~_-SiRs

lation reactions ofPBD-1 were examined in the presence of 2o Benzene (08%)

four model hydrosilane2a—2d (Scheme 1). In an optimized
procedure, a Schlenk tube was charged with presynthesized Pt . o
nanoclusters (0.01 g, 0.001 mmol Band then filled with a narrow molecular weight distributioiM(/Ms ~ 1.4-1.5).
nitrogen. ThePBD-1 (0.054 g, 1 mmol) dissolved in dry Th|s_ anqu§|s conflrmgd _that no other side reactions such as
benzene (2 mL) was added to the Schlenk followed by injection chain scission, pross-lmlgmg, etc.loccurred during the course of
of 2a(0.13 mL, 1.2 mmol) under a constant flow of nitrogen. the hydro_S|IyIat|on reaction, leaving the large-scale molecular
After few minutes of stirring, the reaction mixture turned into  Structure intact.
light brown homogeneous solution, indicating the formation of ~ The structure and regioselectivity of functionalized polymers
soluble nanoclustef?. The progress of the reaction was 3a—3d were determined byH, *3C, DEPT and®’Si NMR
monitored by'H NMR spectroscopy. After the completion of ~ Studies (Figure 1)'H and **C NMR studies of the products
the reaction, the solid catalyst was separated by centrifugation.suggested that the hydrosilylation®BD-1 occurs selectively
The filtrate was evacuated to obtain the crude product, which Via an anti-Markovnikov addition, i.e., the Si-atom being
was purified by passing through the silica gel column (hexane). attached at the terminal position of the 1,2-PBD uftip(oduct).
The pure product thus obtained was analyzed by GPCI-Hnd PartiCUlarIy nOteWOfthy is the hydrosilylation &BD-1 with
13C, DEPT,2°Si NMR spectroscopies. silane2d, since silane2d is known to be more susceptible to

Gel permeation chromatography (GPC) was used to determineProvide the Markovnikov product as demonstrated in the
the molecular weight and chain length properties of function- Presence of RhCI(PBRh.2 However, the Pt nanocluster catalyzed
alized polymers with reference to polystyrene standards (Figurereaction of PBD-1 with silane 2d still led to quantitative
1). The GPC chromatograms of the products have clearly beenformation of the desired hydrosilylated productanti-Mark-
shifted toward the high molecular weight region, while retaining Ovnikov fashion.

The 13C NMR was used to differentiate betweenand

* Corresponding author. E- mail: Chauhan@mail.csi.cuny.edu. Tele- iS0mers of the hydrosilylated polymer by using the distortionless
phone: (718) 982-3902. Fax: (718) 982-3910. enhancement by polarization transfer (DEPT) technique
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Table 1. Hydrosilylation of 1,2-Polybutadiene Using Pt Nanoclustefs

Silane Product Rx. Yield #Si (8) Silane/Poly
Conditions (%)°

HSiMe,Cl SiMe,Cl 25°C/16h 98  'HNMR {CDCIl, & (ppm)} 0.07 (s,
6H), 0.0-2 (br, 7H); "CNMR/DEPT:

(2e) h 1.62 (-SiCH), 1437 (-CH,CHSi-),
3e) 26.1(-CHCHSIi-),  33.6(-CHCH,-),

38.1 (-CHCH,-); *SiNMR (CDCl,, 600
MHz, & (ppm)}: 32.97.

HSiPhMeCl SiCIMePh 70°C/24h 98  'HNMR {CDCI,, & (ppm)}: 7.45, 7.23
(3d) (m, 5H), 0.49 (s, 3H), 0.0-2.0 (br, 7H);

@hH SCNMR/DEPT: 0.26 (-SiCH,), 13.52

n (-CH,CH,Si-), 2583 (-CH.CHSiv),

3343 (-CHCH,-), 37.86 (-CHCH,),
128.06 (-SiPh), 130.27 (-SiPh), 133.27
(-SiPh), 13524 (-SiPh); “SiNMR
{CDCl,, 600 MHz, § (ppm)}: 22.17.

HSiPr' Cl SiPr,Cl 70°C/24h 98 'HNMR {CDCl,, § (ppm)}: 0.36 (m,
(3c) 14H), 0.0-2 (br 7H); "CNMR/DEPT:

2g) 805 (-CHCHSi-), 1373 (-

n SiCH(CH,),), 16.99 (-SiCH(CH,),),

258 (-CHCH,Si-), 33.93(-CHCH,),
37.61(-CHCH,); “SiNMR {CDCI,
600 MHz) § (ppm)}: 36.8.

HSiCl,Et SIClEt 45°C/24h 98 'HNMR {CDCl,, 8 (ppm)}: 0.91 (m,
31 14H) 0.0-2 (br, 7 H); "CNMR/DEPT:

(2h) 6.16 (-SiCH,CH,), 12.52 (-SiCH,CH,),

n 1552 (-CH,CHSi-), 2537 (-

CH,CH,Si-), 33.0 (-CHCH2-), 37.7(-
CHCH,-); ”SiNMR {CDCl,, 600 MHz,
8 (ppm)}: 35.84

HSiClLPh SiClyPh 80°C/24h 95 'HNMR {CDCl,, § (ppm)}: 7.39 (m,
. (39) 3H), 7.62 (m, 2H), 0.0-2.0 (br, 7H).

@ “CNMR/DEPT: 16.58(-CH,CH.Si-),

n 2547 (-CHCHSI-), 33.18 (-CHCH,),

37.86 (-CHCH,), 128.34 (-SiPh),
131.66 (-SiPh), 132.28 (-SiPh), 133.29
(-SiPh); SiNMR {CDCI,, 600 MHz, §
(ppm)}: 20.24.

HSICl, SiCl; 25°C/24h 98 'HNMR {CDCl,, § (ppm)}: 0.4-2.0 (br,
. (3h) 7H); “CNMR/DEPT: 202 (-
@ CH,CH,Si-), 25.76(-CH,CH,Si-), 32.97
n (-CHCH,-), 37.83 (-CHCH,-). *SiNMR

{CDCl,, 600 MHz, & (ppm)}: 13.59

HSi(OE), SI(OEY); 65/24h 98  'HNMR {CDCL, § (ppm)}: 3.75 (g
@) 6H), 1.14 (1, 9H), 0.0-2.0 (br, 7H);
(2k) “CNMR/DEPT: 17.93 (-OCH,CH,),
n 5.58 (-CH,CH,Si-), 25.39 (-CH,CH,Si-
). 33.7 (-CHCH,), 37.66 (-CHCH,),
57.85 ((OCH,CH,); “SiNMR {CDClI,,

600 MHz): § (ppm)}: -44.07.

aConditions: [PBD-1]= 1.0 mmol; [silane]= 1.2 mmol; Pt-nanocluster (0.010 g). Solvent: benzeneYields are based on isolated products.

selectivity towardg-product was verified for all the products - -

by the DEPT technique. For instance, the DEPT spectrum of “Si-NMR of Silylated Polymers

3d (Figure 1) shows one upward resonance at 33.70, which can R{RzR38i-CH,

be assigned to the methine carbon (CH), and three downward

signals at 10.76, 26.72, and 37.85 are attributed to the three K 3d

methylene (CH) carbons of polymer backbone of roduct. ;

This yexper(imEant clearly iﬁdiz:/ates the highly tr,;e':g)ioselective “OSMe, RiRR;SIi-CH,

formation of thefS-product, since thex-isomer would have L 3c

generated two methine, one methylene carbon and one methyl

group. R4R,R;Si-CH,
The regioselectivity of the products was further established JL 3b

by comparing the spectroscopic results with the hydrosilylation

reaction of 1-heptene using four model silarss;2d (Scheme

2). The'H, 13C and?°Si NMR analysis of hydrosilylation of RiR2RSI-CH,

1-heptene showed formation of correspondfigroducts and _Lw 3a

were in good agreement with those of hydrosilylated polymers.
For example, the hydrosilylation d?BD-1 using silanes 50 40 30 20 10 0  -10 -20 -3  -40 ppm

23, 2b, 2¢, and2d gave single*®Si resonances at 7.06, 18.01,

7.02/-20.36, and-1.7 ppm, respectively (Figure 2), which are  Figure 2. 2°Si NMR spectra of3a, 3b, 3¢, and3d. CDV
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comparable to the Si shifts observed for uaydrosilylated
1-heptene (7.7, 17.46, 6.9421.05,—2.66). The?*Si NMR, with
only one detectablé®Si resonance (Figure 2) in conjunction
with 3C NMR experiments, confirmed the high regioselectivity
of these reactions toward formation of tAeadduct.

To widen the scope of hydrosilylation of polybutadienes, we
have screened a variety of functional silarigs; 2| (Table 1).
Almost complete functionalization (998%) of the 1,2-vinyl
groups of the polymer was achieved with variety of chloro- and
trialkylsilanes. Regardless of the nature of the silanes, all the
catalytic reactions led to high yields and selectivity to corre-
spondingB-products as evidenced Bid, 13C, and?°Si NMR
spectroscopy.

To evaluate the stability and reactivity of Pt nanoclusters,
we investigated the recyclability studies for several cycles. In
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grants, and NIST research grants. The PI (B.P.S.C.) is also
affiliated with the" Macromolecular Assembly Institute” (MMA)
of CUNY.

Supporting Information Available: Text giving the general
experimental data and data for the preparation of the Pt nanocluster
catalyst, general procedure for the hydrosilation of the polybuta-
dienes, and NMR analysis 88—3k (including structural drawings
of 3a—3Kk). This material is available free of charge via the Internet
at http://pubs.acs.org.
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