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Summary: We have developed a highly efficient new method for the introduction of
Lewis acidic boron centers into the side chains of organic polymers. Our methodology
involves three steps: (i) the controlled polymerization of a functional monomer, (ii)
the exchange of the functional group for Lewis acidic boron centers, and (iii) the fine-
tuning of the Lewis acidity of the individual centers through substituent exchange
reactions with nucleophiles. This approach gives access to a family of new well-
defined organoboron polymers including moderately Lewis acidic poly(arylboronates)
and the first examples of highly Lewis acidic fluorinated triarylborane polymers.
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Introduction

Inorganic and organometallic polymers have over the past two decades emerged as an important
area of research in the field of materials chemistry. New devices have, for example, been
developed based on polysiloxanes and polysilanes, new advances in medical research have been
triggered by the discovery of polyphosphazenes, and more recently, transition metal containing
polymers have been developed for nanoscience applications."! The incorporation of electron-
deficient boron centers into polymer structures is particularly intriguing as it, for example,
provides an opportunity to further manipulate the polymers via donor acceptor bonding.”!
Binding of nucleophiles to organoboron polymers can be exploited for the design of new

31

supported reagents and immobilized catalysts™ and of highly selective sensor materials'. Boron

containing polymers also play a major role as intermediates in the synthesis of functionalized

571 and are used as polymeric electrolytes for batteries'®,

[t1]

polymers with polar side-groups

sophisticated flame retardants®), and as preceramic“ol and photoluminescent materials

Despite these recent advances, a general straightforward method for the synthesis of Lewis acidic

boron polymers of controlled molecular weight and well-defined architecture is currently not
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known. Moreover, the boron centers in most of the reported oligomers and polymers are either
electronically stabilized by m-interactions with heteroatoms such as oxygen or nitrogen and/or
contain highly bulky substituents. The Lewis acidic sites are therefore often not readily available
for binding of Lewis bases. Our research program is aimed at the development of well-defined
soluble organoboron polymers and copolymers of controlled architecture, molecular weight and
degree of functionalization, in which the substituents on boron can be readily exchanged and

consequently the strength of the Lewis acid centers can be fine-tuned (Figure 1).

DIFFERENT ARCHITECTURES OF POLYMERIC LEWIS ACIDS
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Figure 1. Schematic representation of side-chain boron-based polymeric Lewis acids.

While side-chain organoboron polymers can be prepared from organoboron monomers using a

[12]

variety of polymerization techniques including standard free radical polymerization" “, metathesis

18] and Ziegler-Natta polymerization[sl, the polymerization of monomers bearing

polymerization
strongly Lewis acidic moieties has been largely restricted to Ziegler-Natta polymerization
proceduresls] due to the high reactivity of the monomers. The functionalization of organic
polymers or resins in a post-polymerization modification step represents an alternative to the
polymerization of borylated monomers. This method has attracted a lot of attention for the
development of supported Lewis acid catalyst, in which the Lewis acid centers are attached via
multi-step polymer modification reactions with typically moderate degrees of functionalization. el
The direct borylation of polystyrene has been attempted with boranes X,BH under forcing
conditions, but occurs with low selectivity.!'” In an exciting new development, transition metal

catalyzed borylation of polyolefins has been reported by Hartwig and Hillmyer and coworkers to

yield boronate-functionalized polymers in one step.m
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We have developed a new methodology for the synthesis of organoboron polymers that involves
three steps: (i) the controlled (co)polymerization of a functional monomer (S-FG), (ii) the
exchange of the functional group in polymer PS-FG for Lewis acidic boron centers to give the
borylated polymer PS-B, and (iii) the fine-tuning of the Lewis acidity of the individual centers
through substituent exchange reactions with nucleophiles, which gives access to a family of new

well-defined polymers PS-BR bearing Lewis acidic boron centers (Scheme 1).!"
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Scheme 1. General method for the synthesis of organoboron polymers of varying Lewis acidity.

Atom Transfer Radical Polymerization of 4-(Trimethylsilyl)styrene
4-Trimethylsilylstyrene was polymerized in anisole (50%) according to a typical protocol for

atom transfer radical polymerization (ATRP)!!

initiated with 1-phenylethyl bromide (PEBr) and
catalyzed by CuBr / pentamethyldiethylenetriamine (PMDETA) (68.5% conversion within 5 h at
110 °C). The molecular weight and polydispersity of the resulting polymer were determined by
GPC analysis relative to polystyrene standards to My, = 6,540 and PDI = 1.14.1"" Molecular
weight analysis by static light scattering measurements gave a similar result (M, = 6,810)
indicating a close similarity of the MW to elution volume relationship for polystyrene and the
silylated polymer PS-Si.

Kinetic analysis of the polymerization reaction confirmed the controlled nature of the
polymerization. The linearity of In[M],/[M] vs. time in the pseudo first order kinetic plot (Figure
2) indicates that the number of active species in this system remains constant throughout the

N . . N . . . . g . .
reaction and the chain-termination reaction is insignificant, i.e. K,[P'] = constant, where K,

stands for the rate constant and [P"] stands for the concentration of active propagation chains. The
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molecular weight of the active propagation chains increases linearly with increase in monomer
conversion and the polydispersity remains narrow throughout the polymerization (PDI<1.2). This
demonstrates the applicability of our methodology to the preparation of a wide variety of

polymers of different molecular weight and architecture, including block-copolymers.
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Figure 2. Kinetic data for ATRP of 4-(trimethylsilyl)styrene (50 vol.% in anisole) at 110 °C.

Borylation of Poly(4-trimethylsilyl)styrene

The silylated polymer PS-Si was treated with a slight excess of BBr3, a strong Lewis acid which
is known to cleave Si-C(sp2) bonds under mild conditions with nearly quantitative yields and high
selectivity!'®, Selective and quantitative cleavage of the Si-C(sp®) bonds in PS-Si to form PS-B
was confirmed by multinuclear NMR spectroscopy. Importantly, the signal due to the
trimethylsilyl substituents of PS-Si in the 2°Si NMR spectrum at 8 = -4.4 completely disappeared,
whereas a new broad resonance developed in the ''B NMR spectrum at § = 54, in a region typical
of arylboron dibromides. The presence of strongly electron-withdrawing substituents on the
phenyl rings is reflected in the *C NMR spectrum (Figure 3). The signal for the carbon atoms in
ortho-position to the boryl groups at 8 = 137.9 is downfield shifted relative to that of PS-Si (8 =
133.8/133.5). A broad resonance at & = 136.2 can be attributed to the carbon atom bearing the
boryl substituent and two closely spaced resonances (& = 152.3, 152.4) are observed for the ipso-
carbon atom closest to the polymer backbone. Importantly, our data do not show any sign of
isomerization reactions at the phenyl rings or of polymer degradation, but rather indicate selective

and quantitative borylation of PS-Si by BBr3.
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Figure 3. Comparison of the *C NMR spectra of PS-Si and PS-B.

Fine-Tuning of Lewis Acidity

0 ppm
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The dibromoborylated polymer PS-B serves as a precursor to a number of other polymers with

boron centers of varying Lewis acidity (Figure 4). When PS-B was treated with Me;SiOEt a

weakly Lewis acidic polymeric boronate, PS-BOEt, was obtained as a white solid in 90%

isolated yield. PS-BOEt can readily be converted into the air-stable pinacol derivative PS-BPin.
Polymers of high Lewis acidity such as PS-BTh and PS-BAr" were obtained from PS-B with the

highly selective aryl transfer reagents trimethylstannylthiophene and pentafluorophenylcopper in

82% and 74% yield, respectively.

i1

9]
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Figure 4. Selected organoboron polymers obtained from reaction of PS-B with nucleophiles.

Molecular Weight Determination of Boron-Containing Polymers

The molecular weight of polymer PS-BPin was determined by GPC and light scattering analysis.
Importantly, both the experimentally determined degree of polymerization and the polydispersity
of PS-BPin are very close to those of the precursor polymer PS-Si (Table 1). This clearly
confirms that the borylation and subsequent substituent exchange occur without significant cross-

linking or cleavage of the polymer backbone.

Table 1. Comparison of light scattering data for PS-Si and PS-BPin in THF.

Polymer dn/dc M, DP PDI As Ru
(ml/g) (mol-ml/g?) (nm)

PS-Si 0.157 10,140 51 1.08 8.774e-4 2.2

PS-BPin 0.138 13,830 53 1.09 4.772e-4 24

Estimation of Lewis Acidity via NMR Spectroscopy
1B NMR Spectroscopy: Boron NMR spectroscopy provides a highly useful probe to estimate the
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Lewis acidity of organoboron species. An upfield-shifted ''B NMR resonance for the
arylboronate polymers PS-BOR (R = Et, Pin) at & = 25 relative to the precursor polymer PS-B (8
= 54) is indicative of significant n-overlap between the alkoxy substituents and the boron centers.
In contrast, the large chemical shifts of § = 50 for PS-BTh and of & = 56 for PS-BAr® confirm

the expected high Lewis acidity of the triarylborane polymers.

Formation of Crotonaldehyde Adduct (Childs' Method): The relative Lewis acidity of the boron
centers can also be estimated by complexation with crotonaldehyde according to Childs'
method?”. On a scale from 0 to 1.0 (BBr3 = 1.0) a relative Lewis acidity of 0.60 was determined
for PS-BAr*. A pronounced Lewis acidity of PS-BAr® was further confirmed by a large chemical
shift difference between the meta- and para-fluorine atoms of Admp = 13.0 for the free acid

(Figure 5) that significantly decreases to Adpp = 6.4 in the polymeric crotonaldehyde adduct.
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. o
5 )
[~3 o
3 g
| !
T
-150

Figure 5. "°F NMR spectrum of poly[4-bis(pentafluorophenyl)borylstyrene] (PS-BAr®).

Conclusions

We have developed a highly efficient new method for the introduction of Lewis acidic boron
centers into the side chains of organic polymers. Facile substituent exchange reactions on boron
yield a new family of well-defined polymeric Lewis acids including poly(arylboronates) and the
first examples of highly Lewis acidic polymeric triarylboranes. Introduction of pentafluorophenyl
substituents on boron resulted in formation of PS-BArY, the first polymeric analog of highly
Lewis acidic fluorinated arylboranes, which play a major role as catalyst in organic synthesism]
and as cocatalysts in olefin polymerization[zz'z‘”. The triarylborane polymers readily coordinate

nucleophiles as exemplified in the formation of a soluble polymeric donor acceptor complex with
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crotonaldehyde. We are currently exploring the potential of these and of related organoboron

polymers as supported catalysts and as building blocks in supramolecular polymer chemistry.
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