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ABSTRACT 

 

 

Alkane phase selectively soluble poly(4-alkylstyrene) supports have been 

developed. 4-Methyl-, 4-tert-butyl, 4-dodecyl-, and 4-octadecylstyrene were 

copolymerized with 5-10 mol % of 4-chloromethylstyrene to afford co- and terpolymers 

containing chloromethyl pendant groups so that a fluorescent dye can be attached. By 

varying the structure and the length of the alkyl groups, derivatives of these polymers 

with covalently coupled fluorescent dansyl groups as catalyst surrogates show a 

significant increase in phase selective solubility in thermomorphic and latent biphasic 

systems. The advantage of alkyl-substituted polystyrenes is that they are phase-

selectively soluble which means that a polymer-bound catalyst can be separated from 

products in a biphasic separation that avoids a solvent-intensive precipitation process. 

Coupling of a 4-dimethylaminopyridine (DMAP) analog, Cinchona alkaloid 

derivative or phosphine-ligated metal catalyst to the poly(4-alkylstyrene) supports was 

used to prepare alkylated-polystyrene-bound catalysts. The recycling of these polymer-

supported catalysts was affected using a biphasic liquid/liquid separation step after a 

monophasic reaction.  

Alkyl-substituted soluble polystyrene supports are found to be highly phase 

selectively soluble in heptane phase so that organo- and transition metal catalysts can be 

separated from products by thermomorphic or latent biphasic separations with minimum 
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loss of the catalyst in the polar phase, which was monitored by fluorescence 

spectroscopy or by inductively coupled plasma mass spectrometry (ICP-MS). 
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CHAPTER I  

INTRODUCTION 

 

 

A variety of research groups have designed and developed new types of ligands 

and catalysts to fulfill a synthetic chemist’s tool box, thus desirable bond formations, 

functional group modifications and complex organic frameworks can be achieved.  

Concurrent with this work there has been the realization that recovery strategies for these 

ligands and catalysts have to be developed.  Over the years, a variety of approaches to 

the design of effective catalytic systems that enable catalyst/product separation and 

catalyst recovery have been undertaken. A common method for recovery of precious 

catalysts and ligands is to use insoluble or heterogeneous polymer supports. Polymers 

have been used as solid supports for catalysis ever since the revolutionary work of 

Merrifield1 and Letsinger2 in solid peptide synthesis using cross-linked polystyrene 

resin. Cross-linked polystyrene is an inexpensive and chemically inert material, which 

offers an advantage in various synthetic schemes. Cross-linked polystyrene-supported 

ligands/catalysts have also an advantage as they can be separated from the product by 

simple filtration. The ease with which the products can be purified using cross-linked 

polystyrene opened the door to use other cross-linked polymeric materials whose 

swellability can be modified by changing the nature of the crosslinking agents. For 

example, more polar versions of the Merrifield resin such as TentaGel, JandaJel, and 
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ArgoGel have been developed that include polar oxygenated species such as 

poly(ethylene glycol) groups as shown in Figure 1.    

 
 
                                                                              
 

 

 

Figure 1. Cross-linked resins for polymer supports   

 
 
 

 However, there are disadvantages associated with using always insoluble 

polymer-bound species in synthesis. Characterization of ligands, catalysts or reagents 
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bound to the insoluble polystyrene supports by conventional solution state nuclear 

magnetic resonance (NMR) spectroscopy is difficult. Furthermore, the reactivity and 

selectivity of heterogeneous substrates bound to cross-linked polymers and the reactivity 

of ligands/catalysts bound to cross-linked polymers can be different from similar species 

used under homogeneous reaction conditions.  

In order to keep the advantage of simple separation and to avoid the problem of 

different reactivity/selectivity arising from insolubility during a reaction,  methods that 

use soluble polymers as reagent and catalyst supports have been developed.3 A variety of 

different soluble polymers are utilized as supports. Poly(ethylene glycol) (PEG) is one of 

the oldest and commonly used soluble polymeric supports. PEG is an end-

functionalized, linear polymer formed by the anionic ring-opening polymerization of 

ethylene oxide shown in Scheme 1.  

 
 
 

Scheme 1. Anionic polymerization of ethylene oxide 

                                

 

 

The solubility of PEG and its derivatives in solvents such as DMF, CH3CN, 

CH2Cl2 and water has shown to be useful for the development of more environmentally 

benign systems that use this polymer as a support. Moreover, although PEG derivatives 

are completely soluble in these solvents, they are insoluble in solvents such as hexanes, 
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heptane, diethyl ether and cold ethanol. This enables PEG’s successful recovery and 

recycling using solvent precipitation as shown in Figure 2. 

 
 
 
 

catalyst

substrate

catalyst

product product

 

Figure 2. Liquid/solid separation of PEG supports  

 
 
 

One of the earliest reports by Bayer described using PEG as a soluble support for 

solution-phase peptide synthesis.4 Bayer and coworkers were able to successfully 

separate the peptide-containing PEG from the low molecular weight impurities using 

ultrafiltration, a type of membrane filtration in which a concentration gradient leads to 

the separation of high molecular PEG-supported peptide chains through a 

semipermeable membrane. This type of membrane filtration using soluble PEG supports 

offered an advantage of performing peptide synthesis under homogeneous conditions 

with an ease of separation. 
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Since the original report by Bayer, membrane filtration methods have been 

utilized continueally as a separation method for wastewater treatment and catalysis.5 

Over the years, membrane filtration methods have become more practical due to the 

development of hybrid materials that improved membrane properties. Research shows 

that ultrafiltration membranes made of polymer-bound inorganic materials exhibit 

enhanced permeability, selectivity and improved stability with respect to mechanical, 

chemical and thermal stressors.6 Work has continued investigating PEG supports for 

other uses since the original studies by Bayer. For example, Janda and coworkers have 

reported using PEG-supported phosphine 1 as a functional polymer-supported 

stoichiometric reagent in ozonide reduction as shown in Scheme 2.7 In this work, a range 

of alkenes was treated with ozone at -78 oC in CH2Cl2 until a blue reaction mixture 

persisted. At this point ozone was removed and ozonides were decomposed to aldehyde 

products by addition of phosphine reagent. 

 
 
 

Scheme 2. Ozonide reduction using PEG supported phosphine 1 
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The isolation procedure for the PEG-supported phosphine involved a 

precipitation of the used reagent into diethyl ether. PEG supports also found utility in 

catalysis. For example, the Sharpless osmium-catalyzed asymmetric dihydroxylation 

(AD) reaction is one the most important catalytic oxidation reactions. There have been 

reports on the development of insoluble polymer-supported asymmetric dihydroxylation 

catalysts; however, the first soluble polymer support was the development of a PEG-

supported Cinchona alkaloid 2 by Han and Janda.8 PEG-bound Cinchona alkaloid was 

prepared using a linker to dihydroquinone (DHQD) as shown in Scheme 3. In the 

Sharpless AD reaction of various olefins, 2 afforded products in high ee (>88%) when 

compared to similar insoluble-supported systems. 

 
 
 

Scheme 3. PEG-supported Cinchona alkaloid 

          

 
 
 

PEG has proven to be an excellent support for catalyst/ligand immobilization; 

however, separation strategies of the PEG-supported species from reaction mixture can 

be impractical. The solvent precipitation of PEG-supports in excessive amounts of a 
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“poor” solvent that is most often used to recover the polymer-supported species, for 

example, generates significant solvent waste.   

There are also other sorts of polymeric supports.  One example from our group 

was the use of stimuli-responsive polymers as a support. Such polymers respond to 

external stimuli such as temperature, pH or ionic strength by undergoing solubility 

changes. These changes are apparent at the microscopic level as the polymer solution 

changes from clear to cloudy at the polymer’s lower critical solution temperature 

(LCST). The LCST is an event at which the solvation entropy and solvation enthalpy 

terms of the Gibbs equation become equal. Poly(N-isopropylacrylamide) (PNIPAM) and 

its derivatives are well-known examples of such temperature-responsive polymer 

supports that have applications in drug delivery, photographic products, and optical filter 

agents.9 PNIPAM also has attracted biochemical interest because its’ changes in 

solubility closely mimic the protein conformational changes induced by salt co-solutes 

(the Hofmeister effect).10   

Relevant to my work, there are also a growing number of research groups 

studying PNIPAM as supports for recovery of ligands and catalysts.11 Taking advantage 

of the PNIPAM phase transition at different temperatures, a strategy has been developed 

that allows for separation of the PNIPAM-supported ligands/catalysts from the reaction 

mixture by precipitation above the LCST and successful recovery as shown Figure 3.12   
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catalyst

substrate

catalyst

product product

 

Figure 3. Liquid/solid separation of PNIPAM supports 

 
 
 

Older work from our group described a PNIPAM-supported phosphine-ligated 

Pd(0) complex 3 that was successfully used in C-C cross coupling chemistry as shown in 

Scheme 4.13 The catalyst 3 could be recovered either by heating above the LCST (in 

water) or by adding a “poor” solvent – hexane (in aqueous THF). While recovery of 

PNIPAM supports using the LCST is a convenient way to recover the polymer-

supported catalysts, there is a major limitation to this system. 
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Scheme 4. C-C cross-coupling reaction using complex 3 

         

 
 
 
Water is typically used as the solvent medium in which the LCST event occurs 

for PNIPAM; this dramatically limits the substrate scope for catalysis.  

Polyethylene (PE) is another polymer with useful solubility changes that has 

been used as an alternative to PEG and PNIPAM. In this separation strategy, ligands and 

catalysts that are attached to PE can participate in catalysis at elevated temperature. On 

cooling the reaction solution to room temperature, the PE-supported ligand/catalyst 

precipitates out and can be filtered off as a solid polymer as shown in Figure 4. The 

solubility behavior seen in Figure 4 makes functionalized PE species appealing 

candidates as supports for catalysis. One of the earliest examples studied by our group 

was a PE-supported Rh(I) complex that was used in catalytic hydrogenation.14 
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catalyst

product productsubstrate

 

Figure 4. Thermomorphic liquid/solid separation of PE supports 

 
 
 

In this chemistry, phosphine groups were introduced onto polyethylene 

oligomers and then exchanged with the triphenylphosphine groups of chlororhodium-

(ethylene)triphenylphosphine complex to prepare a polyethylene oligomer-ligated 

rhodium(I) complex. This PE-supported Rh(I) complex showed good catalytic activity in 

hydrogenation of various alkenes at 90-110 oC and could be recovered by precipitation at 

25oC. Another example of a PE-supported catalyst is PE-bound Pd(0) complex 4 

prepared using PE-supported phosphine ligands as shown in Scheme 5.15 In this work, 

complex 4 was tested in the reaction of allyl benzoate and morpholine in toluene at 100 

oC. At this temperature full conversion was achieved within 10 minutes and the PE-

supported complex 4 was separated from the product by cooling to room temperature. 

The resulting solid PE-ligated Pd(0) catalyst was recycled up to ten times without 
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detectible metal leaching monitored by inductively coupled plasma-mass spectrometry 

(ICP-MS). 

 
 
 

Scheme 5.  PE-ligated Pd(0) catalyst 4 in cross-coupling reaction of allyl benzoate and 

morpholine 

          

 
 
 
Another nonpolar polymer that was used even earlier as a support in catalysis is 

soluble linear polystyrene. Polystyrene has a high theoretical loading and it is soluble in 

a range of solvents at various temperatures. For these reasons, polystyrene is a versatile 

polymer support. While polystyrene exhibits solubility in various solvents such as 

chloroform, dichloromethane, THF, benzene, and toluene which allows for tuning the 

reaction conditions, it shows little solubility in solvents such as hexanes and methanol.  

Thus, the polystyrene-bound species can be separated by solvent precipitation methods. 

Linear polystyrene has been used in peptide synthesis16 as well as in catalysis.17  

For example, a linear polystyrene supported phosphine 5 has been synthesized and used 

to facilitate removal of the phosphine oxide by-product from a Staudinger/Aza-Wittig 
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reaction as shown in Scheme 6.18 This polystyrene-bound phosphine 5 was prepared in 

three steps to produce a soluble polymer-bound reagent. 

 
 
 
Scheme 6. Staudinger/Aza-Wittig reaction with polystyrene-supported phosphine 5 

 

 
 
 

In this chemistry, tin chloride-mediated chloromethylation of polystyrene was the 

first step, followed by nucleophilic displacement with the cesium phenoxide derivative 

of p-hydroxyphenyldiphenylphosphine oxide gave the polymer-supported phosphine 

oxide. A subsequent reduction of phosphine oxide with trichlorosilane led to the 

polystyrene-supported phosphine 5. In the aforementioned aza-Wittig chemistry, this 

phosphine reagent could be used in the synthesis of imines and showed reactivity that 

was higher than that seen when triphenylphosphine was used. In addition to higher 

reactivity, the by-product polymer-bound phosphine oxide was easily separated from the 
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imine products.  At the end of the reaction, precipitation of the polymer support allowed 

for complete removal of phosphine oxide by-product.  

Catalysts bound to soluble linear polystyrene have also been reported.  For 

example, Toy19 prepared the styrene copolymer 6 containing dimethylaminopyridine 

(DMAP) and piperazine moieties. This bifunctional polymer was used as an 

organocatalyst in Doebner-Knoevenagel reactions as shown in Scheme 7. A variety of 

substrates were examined in these condensation reactions and in most cases good yields 

were obtained along with good E/Z selectivity. However, attempts to recover the catalyst 

6 failed due to difficulty in precipitating 6 from the reaction mixtures.  

 
 
 

Scheme 7. Doebner-Knoevenagel Condensation Reactions Catalyzed by 6 
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Toy20 also has shown that linear polystyrene-supported phosphine ligands could 

be prepared through the copolymerization of styrene and 4-styryldiphenylphosphine 

using AIBN to afford 7 as shown in Scheme 8. This polystyrene-supported phosphine 

was utilized as a polymeric reagent for the Mitsunobu reaction. At the end of the 

reaction, polystyrene-supported phosphine oxide was separated from the product using 

solvent precipitation into diethyl ether.   

 
 
 

Scheme 8. Polystyrene-supported phosphine reagent 7  

                              

 
 
 

One of the main reasons to use linear soluble polymer supports is the expectation 

that reactivity and selectivity during homogeneous catalysis will consistently resemble 

that of a low molecular catalyst – a result that is less assured when insoluble supports are 

used. This selectivity is especially important in asymmetric catalysis; it is thus not 

surprising that extensive work has been done in the development of chiral ligands and 

catalysts. For example, Weck’s group has shown that it is possible to use linear 

polystyrene as supports for chiral salen ligands.21 Weck and coworkers demonstrated the 

first radical copolymerization of chiral salen monomer with styrene, chemistry that 

formed a polymer-supported salen ligand which then could be used to form the 
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cobalt(III) complex 8 as shown in Scheme 9. This complex 8 was then used as a 

recoverable catalyst in the hydrolytic kinetic resolution (HKR) of epichlorohydrin. The 

Co(III) complex 8 in the catalysis of the HKR of epichlorohydrin gave the ring opening 

product in 54% yield and >99% ee after 1 h. Complex 8 could be recovered by using a 

solvent precipitation method into diethyl ether and could be recycled up to four times.  

 
 
 

Scheme 9. Polystyrene-supported salen-Co(III) complex 8 in hydrolytic resolution of 

epichlorohydrin 
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Thus far, the examples of soluble polymer-supported catalysts depended on  

liquid/solid or solvent precipitation separation methods for the separation of the soluble 

polymer-supported catalyst from products or substrates at the end of a reaction. It is a 

common laboratory practice to use a simple organic/aqueous liquid/liquid 

extraction/separation to purify and separate compounds that have organic vs. aqueous 

solubility. The same strategy has been used in a variety of ways to recover catalysts from 

products or to recycle catalysts after a reaction. Some examples of these strategies are 

described below.  Our group too has used liquid/liquid separations with phase selectively 

soluble polymers using systems containing a polymer-bound catalyst and product that 

are soluble in different phases of a biphasic solvent mixture.  If these phase selectivities 

are high enough and if the two liquid phases have sufficiently different densities, 

effective separations can be achieved. Such solvent separation methods have been 

designed to allow a reaction to be performed homogeneously if a solvent mixture can be 

perturbed during workup to become biphasic.  

An example of using a liquid/liquid separation after a homogeneous reaction 

phase would be the organic aqueous tunable solvent (OATS) system developed by 

Liotta.22 In this chemistry, the separation is achieved by addition of modest pressure of 

CO2 (50-60 bar) to the system, which splits the THF-water phase into two immiscible 

phases: the organic THF phase containing the hydrophobic product and the aqueous 

phase containing the hydrophilic catalyst.  Liotta demonstrated the application of this 

solvent system in hydroformylation of 1-octene using a Rh(I) catalyst ligated by the  

phosphine ligand 9 as shown in Scheme 10.  
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Scheme 10. Organic aqueous tunable solvent using ligand 9 in hydroformylation of 1-

octene  

                         

 
 
 

In this chemistry, the conversion of 1-octene to aldehyde was carried out at 120 

oC for 1 h and the catalyst was recycled three times. While OATS offers an effective 

recycling scheme, this system is limited since it is specifically designed for a water-

stable hydrophilic catalyst.   

Another concept of separation using CO2 was introduced by Jessop, who 

developed switchable polarity solvents (SPS)23- solvents that can replace a series of 

solvents of different polarity that might otherwise be used in one reaction for extractions 

or removal of waste. In collaboration with Eckert and Liotta at Georgia Institute of 

Technology, Jessop’s group has accomplished this by using 1.8-diazabicyclo-[5.4.0]-

undec-7-ene (DBU)/alcohol (a) and 2-butyl-1,1,3,3-tetramethylguanidine 

(TMBG)/alcohol (b) mixtures, whose properties can be reversibly changed by addition 

or removal of CO2 as shown in Scheme 11. 
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Scheme 11. a) DBU/alcohol system and b) TMBG/alcohol system 

           

 
 
 
These mixtures produced a system that could switch from low-polarity non-ionic 

form to a high-polarity ionic form. The DBU- and TMBG alcohol systems have been 

tested in a number of reactions such as styrene polymerization and Claisen-Schmidt 

condensation.24 In the case of a carbonyl condensation reaction, TMBG was used to 

which octane and then methanol was added. The enone product was isolated after the 

switchable solvent was converted into its ionic form. Even though DBU- or TMBG-

alcohol switchable polarity solvent systems demonstrated their utility, they have 

limitations too. This is because of difficulties in maintaining the desired 1:1 ratio of the 

amidine and alcohol in these mixtures so that a change in polarity can be achieved.  

An alternative system that addresses the problems of water sensitivity in OATS 

and the difficulty of the change in polarity in SPS is the fluorous biphasic solvent system 

concept.25 It is known that perfluoroalkanes and related fluorous solvents produce 

biphasic mixtures with many organic solvents such as toluene, acetone and 

tetrahydrofuran at room temperature.26 At elevated temperature, these fluorous/organic 

solvent mixtures become miscible. This phenomenon of two immiscible solvents 
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becoming miscible with the application of heat has been described by our group as 

thermomorphic behavior.27 This solvent behavior combines the features of homogeneous 

reaction conditions with the simplicity of a gravity-based separation. A successful 

application of fluorous/organic thermomorphic conditions in catalysis was demonstrated 

by Horváth, who described a hydroformylation process for the conversion of 1-decene to 

undecanal.28 In this example, perfluoromethylcyclohexane and toluene were used as 

solvents, and the hydroformylation of 1-decene was successfully completed at 100 oC as 

shown in Scheme 12. A modification of the phosphine ligand 10 with “fluorous 

ponytails” was used to increase the solubility of the catalytic system in the fluorous 

phase of the fluorous/organic solvent mixture. Cooling the reaction to room temperature 

produced a biphasic reaction mixture with the rhodium catalyst in the lower fluorous 

phase and the product in the upper toluene phase.  

 
 
 

Scheme 12. Thermomorphic fluorous/organic hydroformylation of 1-decene 
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While effective, fluorous/organic separation methods have significant 

limitations: fluorous solvents are costly and there have been questions about their 

environmental impact.29 Environmentally benign alternatives to the fluorous/organic 

solvent system have been designed. These include latent biphasic separation30 and 

thermomorphic31 separation schemes that have been developed by the Bergbreiter group. 

For these two separation systems to be effective in a catalytic reaction and to make a 

process inexpensive and time-saving, a high differential solubility of the product and the 

catalyst must exist. A latent biphasic system involves at least one polar solvent and at 

least one nonpolar solvent that form a single phase mixture for a catalytic reaction.  Such 

systems are then perturbed after the reaction by formation of a product or by-product or 

by addition of a perturbing agent such that they become biphasic. By employing a 

catalyst that is phase selectively soluble in a solvent phase in which the products are 

relatively insoluble, one can effect catalyst/product separation and recycle a stable 

catalyst.   

An example of such a solvent mixture useful for homogeneous catalysis is a 

mixture of heptane and ethanol. When the system is perturbed by the addition of 5 vol % 

water, it separates into two phases: a polar ethanol phase containing the polar product, 

and the nonpolar heptane phase containing a nonpolar polymer-supported catalyst as 

shown in Figure 5.  

The second approach for the development of a liquid/liquid separation scheme 

relevant to catalysis is a thermomorphic system that usually consists of a binary or 

ternary mixture of polar and nonpolar solvents that form a biphasic mixture on cooling 
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but form a single phase upon heating. In this system, by employing a catalyst that is 

phase selectively soluble in a solvent phase in which the products are insoluble, one can 

effect catalyst/product separation upon cooling after the monophasic reaction.  

An example of one such system is a heptane/N,N-dimethylformamide mixture. 

When a hot thermomorphic system is cooled, it separates into two phases; a polar N,N-

dimethylformamide phase containing the polar products and the nonpolar heptane phase 

containing the polymer-supported catalyst. A simple gravity separation can then separate 

the solution containing the catalyst from the solution containing the product (Figure 5). 

 
 
 
 

nonpolar

polar

nonpolar

polar

homogeneoushomogeneous

 

Figure 5. Latent biphasic (left) and thermomorphic (right) solvent systems 

 
 
 

Our group and others have demonstrated that polymers can have high phase 

selective solubility in either a nonpolar or polar phase like the phases formed in the 

thermomorphic and latent biphasic systems.32 Depending on the polarity of the product 

formed, ether nonpolar or polar polymer supports can be used to facilitate the recovery 
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of the polymer-supported catalyst after the monophasic reaction step. Examples of 

polymers that our group has used as supports to ensure high phase selective solubility 

include include poly(ethylene glycol) (PEG) 11, polyisobutylene (PIB) 12, polyethylene 

(PE) 13, poly(4-tert-butylstyrene) (PTBS) 14, poly(N-isopropylacrylamide) (PNIPAM) 

15, poly(N-octadecylacrylamide) (PNODAM) 16, and poly(octadecyl acrylate) (PODA) 

17 as shown in Figure 6. These polymers can be obtained commercially or prepared such 

that they have reactive terminal groups or reactive pendant groups for ligand/catalyst 

immobilization.  

 
 
 

                       

Figure 6. Common soluble polymer supports 

 
 
 

There are several approaches utilized to determine a polymer’s phase selective 

solubility.  The ultimate test is of course running a reaction with a catalyst and 

determining the effectiveness of a polymer in separating the catalyst from product. 
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However, a polymer’s phase selective solubility in biphasic solvent mixtures can be 

estimated without running a catalytic reaction using fluorescence or UV-vis 

spectroscopy. A polymer-bound dye as a surrogate of a polymer-bound catalyst is 

synthesized and  a solution of this polymer supported dye is examined.33 By measuring 

fluorescence or UV-visible absorptions of polymer-supported fluorophores or 

chromophores as catalyst surrogates in different solvent phases, a determination of the 

polymer’s phase selective solubility in the two phases can be made. Several prior studies 

by our group illustrate the approach that can be used.  In one case, we studied phase 

selective solubility of modified polyacrylamides where the isopropyl pendant alkyl 

groups were replaced with more lipophilic octadecyl groups. After dissolving these 

polymer-supported dyes in a mixture of toluene and 95% ethanol/water followed by 

addition of 5 vol% water, no detectable absorbance of the polymer bound UV-visible 

dye was found in the product phase. In this case, poly(N-octadecylacrylamide) 

(PNODAM) was shown to be a useful polymer support for catalysts with a phase-

selective solubility for the nonpolar phase of >99.9%.   

An alternative to using alkylated polyacrylamides is to use nonpolar alkyl-

substituted polystyrenes. Plenio34 described the polymerization of 4-methylstyrene to 

form catalyst supports that were soluble in cyclohexane and could be separated by 

liquid/liquid separation from dimethylsulfoxide. In this chemistry, Sonogashira coupling 

reactions of 4-bromoacetophenone and phenylacetylene were carried out. Poly(4-

methylstyrene)-supported phosphine ligand 18 was used together with Pd(PhCN)2Cl2 as 

shown in Scheme 13. 
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Scheme 13. Sonogashira coupling using poly(methylstyrene)supported phosphine 18 

 

 

 
 
 

In this example, the absence of significant leaching of the poly(4-methylstyrene)-

supported Pd(0) catalyst is indicated by the high yields (over 90%) and constant turn 

over frequency (TOF) over the five reaction cycles. These alkyl-substituted polystyrene 

supports exhibited high solubility in alkane solvents. Concurrent to this work, 

Bergbreiter’s group investigated the hydrocarbon phase-selective solubility of poly(4-

tert-butylstyrene)-supported catalysts that can be prepared from commercially available 

4-tert-butylstyrene. In this work, a dye-labeled poly(4-tert-butylstyrene)-supported 

phosphine or amine was prepared.35 Alkyl-substituted polystyrene-supported catalysts 

containing low loading of the azo dye could quantify the efficiency of catalyst recycling 

through multiple cycles. In this work, we demonstrated that poly(4-tert-butylstyrene)-

supported triphenylphosphine derivative 19 catalyzed the Michael addition of 2-

nitropropane and methylacrylate under latent biphasic reaction conditions using heptane 
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and ethanol as shown in Scheme 14. In this chemistry, the catalyst could be recovered 

and recycled four times with no loss in product yield. 

 
 
 

Scheme 14.  Poly(4-tert-butylstyrene)-supported triphenylphosphine derivative 19 in 

Michael addition under latent biphasic conditions 

 

 
 
 

The chemistry in our laboratory is mainly focused not on the development of new 

chemistry but on the development of new ways to use and improve existing chemical 

processes using thermomorphic and latent biphasic systems for catalyst recovery. In the 

chapters to follow, I will describe work where alkyl-substituted polystyrene supports are 

prepared and studied. I will also demonstrate how varying the alkyl chain on the 

polystyrene support can affect the phase-selective solubility. Lastly, I will present the 
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use of these alkyl-substituted polystyrenes as recoverable supports in catalysis using 

liquid/liquid biphasic separation strategies. 
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CHAPTER II 

DESIGNING PHASE SELECTIVLY SOLUBLE ALKYLATED POLYSTYRENES 
 
 

 

Introduction 

Linear polystyrene is a useful polymer because it is a direct analog of the more 

widely used insoluble cross-linked polystyrene. Incorporating functionality into a 

soluble polymer support can be accomplished by copolymerization of 

chloromethylstyrene and styrene. This leads to the copolymers with reactive benzylic 

chloromethyl groups that can be substituted post-polymerization either with a catalyst or 

with a ligand that is then used to complex a catalyst. The extent of functional group 

loading can be adjusted by changing the ratio of co-monomers used in the 

polymerization reaction. The major advantage of soluble chloromethylated polystyrene 

is that a wide variety of functional groups can be introduced to the polymer. The 

products and the conversions of the starting material to product can also be analyzed 

using solution state NMR spectroscopy. 

It is thus not surprising that linear polystyrene is widely used in chemistry as a 

recoverable polymer support for catalysts. Indeed, linear polystyrene was one of the 

original supports used in preparing soluble polymer bound catalysts.36 The most 

common ways to recover the polystyrene supports are through solvent precipitation or 

membrane filtration. Unlike solvent precipitation that requires excessive amounts of 

solvent, membrane filtration is a more practical way to recover the polymer that does not 
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involve as much additional solvent. This separation is largely based on the size 

difference between the macromolecules (polymers) and micromolecules (substrate or 

product) in solution with a membrane being permeable to the smaller molecules. 

While solvent precipitation and membrane filtration have been the general 

schemes used for separation of polymer-supported catalysts and reagents from products, 

other scheme are also possible. An alternative method that has been developed uses 

biphasic separation based on the phase selective solubility of polymer-bound ligands, 

catalysts and reagents. In this case a liquid/liquid separation can be achieved that 

effectively separates the polymer from the product and less or no added solvent is 

required. As described earlier, Plenio used this methodology to remove poly(4-

methylstyrene)-supported catalyst that was phase selectively soluble in cyclohexane 

from the product of Sonogashira and Suzuki coupling reactions that were soluble in 

DMSO. This separation strategy does not require using a polymer support that undergoes 

a phase transition.   It involves a solvent mixture that is monophasic when hot and 

biphasic when cold, a solvent mixture that becomes biphasic as a result of the addition or 

formation of perturbing agent, or addition of a second solvent at the end of a reaction 

that removes the products. While cyclohexane/DMSO biphasic separation was found to 

be an effective separation strategy in the particular example of poly(4-methylstyrene), it 

should be noted that the size, structure and polarity of the macromolecules and its 

substituents can affect the success of this separation technique.    

Bergbreiter’s group has been a pioneer in developing alternative strategies to 

solvent precipitation or membrane filtration that allow the removal of phase selectively 
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soluble polymer-supported catalyst from product in a liquid/liquid separation.3,37  The 

most important feature of this strategy is that the reaction takes place under 

homogeneous conditions and with a liquid/liquid biphasic separation that occurs at the 

end of the reaction. The most effective version of this approach to liquid/liquid 

separations requires the polymer-supported catalysts to be phase selectively soluble in a 

phase in which products are minimally soluble or insoluble. As a result, the Bergbreiter 

group has focused on polymer supports that are phase selectively soluble in a 

hydrocarbon solvent such as heptane, a nonpolar environmentally benign solvent. Unlike 

hexane, heptane is not a volatile organic compound (VOC) and does not present health 

concerns and can be used on a large scale. Unsubstituted polystyrene is however not a 

suitable polymer support to be used in this scenario because it is not soluble in heptane. 

Thus, the modification of polystyrene with alkyl functionality is achieved to improve the 

lipophilic property of the polymer support. Such alkyl-substituted polystyrenes are phase 

selectively soluble in heptane and in turn less soluble in polar solvents. This means that a 

polymer-bound catalyst can be separated from the product that is soluble in polar phase. 

Such biphasic separations avoid a solvent-intensive precipitation process.  

The commercial availability of 4-methyl and 4-tert-butylstyrene makes soluble 

polymers derived from these monomers easily prepared. The synthesis of poly(4-

alkylstyrene) supports that have greater solubility in heptane than unsubstituted 

polystyrene can be achieved. Previously, our group used commercially available 4-tert-

butylstyrene as a monomer to prepare suitable heptane soluble polystyrene and the phase 

selective solubility of this polymer was tested using a 10:1 copolymer of 4-tert-
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butylstyrene and 4-vinylbenzyl p-methyl red dye. This copolymer 20 was synthesized as 

shown in Scheme 15.35 

 
 
 

Scheme 15. Synthesis of poly(4-tert-butylstyrene) with UV-visible dye 

 

 
 
 

The UV-visible dye in this copolymer serves as a catalyst surrogate. It has an 

extinction coefficient of ca. 10-3 M-1cm-1 and a solution that is ca. 10-3 N has an 

absorbance that can be readily detected. For example, 20 was dissolved in heptane and 

then mixed with 90% aqueous ethanol to form a biphasic mixture. Heating this biphasic 

mixture to 70 oC produced a monophasic solution. Upon cooling to room temperature, 

this thermomorphic solution reformed a biphasic mixture. At this point, the two phases 

were separated using a gravity-based separation and analyzed by UV-visible 

spectroscopic analysis. The analysis showed no detectable (< 0.5%) dye in polar phase. 

The extent of this biphasic separation is sufficient for separation of common polar 

products and by-products from the polymer support. However, while the neutral dye 
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loaded polymer could be separated, a polymer that contained a more polar substituent – 

the protonated form of the p-methyl red dye – visually leached into the polar EtOH-rich 

phase.  

Poly(4-tert-butylstyrene) polymers with fluorescent tags have also been prepared 

by nucleophilic substitution of the chloride of poly((4-tert-butylstyrene)-c-(4-

vinylbenzyl chloride)). This chemistry used N-propyl-5-dimethylaminonaphthalene-1-

sulfonamide as shown in Scheme 16.33 In this work, the fluorescently labeled polymer 

21 was used to probe the effect of solvents on a polymer-bound substituent. However, 

while this report did describe solubility of the dansyl-labeled polystyrene in various 

solvents and solvent mixtures and while the insolubility of this polymer in polar solvents 

was mentioned, the phase selective solubility of this polymer in biphasic systems was 

not explored. 
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Scheme 16. Synthesis of poly(4-tert-butylstyrene) with fluorescent dye 

 

 
 
 

The limitation that poly(4-alkylstyrene)  phase selective solubility can be 

affected by both polarity and the loading of the pendant groups is not unexpected but is a 

concern as evident from the colorimetric studies that showed visible leaching of the 

protonated azo dye labeled poly(4-tert-butylstyrene) into the polar phase at 10% 

loading.33  Given that prior studies by our group have shown that longer alkyl groups on 

poly(N-alkylacrylamide)s can significantly improve phase selective solubility, I 

hypothesized that modification of polystyrene with different groups could lead to 

materials with much higher heptane phase selective solubility: phase selective solubility 

that would minimize leaching even when substituent group loading is increased or when 

substituents become more polar.38 To explore possible modifications for the heptane 

soluble polystyrenes, I examined the effects of changing the 4-methyl or 4-tert-butyl 
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groups others used to make linear polystyrene so as to incorporate more hydrophobic 

alkyl groups. Various alkylstyrene monomers were prepared and copolymerized with 5-

10 mol % of chloromethylstyrene monomer. Given that fluorescence is more sensitive 

than UV-visible spectroscopy, these syntheses were designed so that a dansyl dye could 

be attached to the new poly(4-alkylstyrene)s. The heptane phase selective solubility of 

these supports was examined in a variety of biphasic solvent systems including both 

latent biphasic and thermomosrphic solvent systems used previously in catalysis. The 

effects of these alkyl substituents on the phase selective solubility of polystyrene 

supports are described in this chapter. 

Results and Discussion 

While polystyrene and in particular divinylbenzene-crosslinked polystyrene has 

been used for decades to support catalysts,39 there has been relatively little attention paid 

to soluble linear 4-alkyl-substituted polystyrene supports. Plenio’s studies that used 4-

methylstyrene based supports and our group’s work with 4-tert-butylstyrene supported 

catalysts mentioned above are the only well described exceptions to this focus on 

simpler polystyrenes. However, as noted previously, while both of these supports can in 

some cases separate a catalyst from the polar phase, there is leaching of the soluble 

polymer into the polar phase during the liquid/liquid separation process. The extent of 

this leaching varies depending on the nature of the polar solvent and the substituents on 

the polymer. To test the hypothesis that increasing the lipophilicity of the 4-alkyl group 

of the poly(4-alkylstyrene) would afford more phase selectively soluble supports that 

could be more useful in catalysis, I prepared a variety of 4-alkylstyrenes.   
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4-Octadecylstyrene was of particular interest because of the hydrophobic nature 

of octadecyl groups.  However, the precursor for this monomer, octadecylbenzene, is not 

commercially available.  In order to prepare octadecylbenzene, two procedures were 

examined.  In the first synthesis, the alkylation of benzene was accomplished through 

coupling of an aryl Grignard reagent to a primary octadecyl bromide using ferric 

chloride as a catalyst shown in Scheme 17 (a). This reaction worked; however, the 

modest yield of 54% and the presence of biphenyl by-product that is difficult to remove 

made this synthetic route impractical.  

 
 
 
Scheme 17. Synthesis of 4-octadecylbenzene 22 by a) Fe-mediated coupling reaction or 

b) conventional acylation and catalytic reduction  

 

 

 

Since the chemistry shown in Scheme 17 a) turned out to be impractical on a 

multigram scale, so more classical synthesis shown in Scheme 17 b) that had been 

adopted from Laredo group was used.40 This chemistry also has the advantage of using a 
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fatty acid, a readily available biomaterial. Such materials are of interest as sustainable 

alternatives to hydrocarbons derived from oil. In this case, stearic acid was converted to 

stearoyl chloride, which was then used as a reagent in Friedel-Crafts acylation with 

benzene in the presence of aluminum chloride catalyst. The product heptadecyl phenyl 

ketone was then reduced to form octadecylbenzene by hydrogenation with Pd/C. This 

synthesis was successful on the 5 g scale and provided a precursor octadecylbenzene that 

could be converted to 4-octadecylstyrene.  

In addition to preparing octadecylbenzene, it was also possible to obtain alkyl 

benzenes containing dodecyl groups. These dodecylbenzenes contained both linear 

C12H25- groups and C12H25- groups that were mixtures of structural isomers.  

All three types of alkylbenzenes could be converted to form 4-alkylstyrene 

monomers. In each case, this involved using the sequence of regioselective acylation 

with acetyl chloride, reduction, and dehydration as shown in Scheme 18.  

 
 
 

Scheme 18. Synthesis of 4-alkylstyrenes 23, 24, and 25  
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With several types of more lipophilic 4-alkylstyrenes available, I explored the 

synthesis of copolymers. The initial goal was to focus on polymerization of the least 

expensive monomer, 4-dodecylstyrene, which contained a mixture of isomeric dodecyl 

groups. Unfortunately, attempts to polymerize isomeric 4-dodecylstyrene monomer 25 

by a conventional radical polymerization consistently led to formation of gels. The 

hypothesis for this is that gelation is a result of the chain transfer during the 

polymerization. This occurs when a radical abstracts the reactive benzylic hydrogen of 

the isomeric dodecyl group containing a tertiary carbon leading to a radical that produces 

branched polymers or that couples to other chains.  

Thus, I focused my attention on polymers synthesized from monomers 23 and 24 

containing linear octadecyl and dodecyl groups, where the benzylic carbon is secondary 

with less reactive benzylic hydrogens. As part of this work, the commercially available 

4-methylstyrene 26 and 4-tert-butylstyrene 27 monomers were also used to prepare 

polymers by conventional radical polymerization or RAFT polymerization. 

 As mentioned above, dye-labeled polymers where a dye serves as a catalyst 

surrogate offer a convenient measure of polymer phase selective solubility in 

liquid/liquid separations.41 These dyes can be incorporated into the product polymer in 

several ways. Using a 4-chloromethylstyrene comonomer as a method to incorporate a 

reactive group that can be transformed into a dye (or a ligand or a catalyst) was 

precedented and I used this approach as shown in Scheme 20. Using this scheme, I could 

prepare several types of polymers whose phase selective solubility could be examined 

qualitatively or quantitatively by labeling these polymers with dyes. 
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Copolymerization of these 4-alkylstyrenes 24 and 27 with 4-vinylbenzyl chloride 

was achieved using benzoyl peroxide as the radical initiator to produce the desired 

substituted polystyrene as shown in Scheme 19. In many cases, qualitative evidence that 

some polymer formed was readily apparent by changes in the properties of the reaction 

mixture. For example, in the preparation of 4-tert-butylstyrene copolymers, the reaction 

mixture turned into a solid. A more rigorous characterization of the product polymers 

involved gel permeation chromatography (GPC) and 1H NMR spectroscopy. In the case 

of poly(4-dodecylstyrene) copolymer 28, the molecular weight was determined to be a 

Mn 32000 Da with a PDI of 2.2, and the ratio of monomers in the product was 

determined to be 10:1 based on 1H NMR spectroscopic analysis integrating the peaks at 

δ 2.47 for benzylic protons of 4-dodecylstyrene and at δ 4.45 for benzylic protons of 4-

chloromethylstyrene. In case of poly(4-tert-butylstyrene) copolymer 29, the molecular 

weight was determined to be a Mn 22000 Da with a PDI of 2.8, and the ratio of 

monomers was determined to be 11:1. 
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Scheme 19. Synthesis of dye-labeled poly(4-alkylstyrene)s 32, 33, and 34 

 

 
 
 

While a fluorescence assay is the most sensitive, visual assays using an azo dye 

are simpler. Thus, a typical initial experiment to test phase selective solubility used the 

azo dye labeled poly((4-octadecylstyrene)-c-(4-vinylbenzyl chloride)) copolymer 32 (x = 

15, y = 1). As shown in Figure 7, these visual experiments showed that the dye-labeled 

polymer 32 was highly phase selectively soluble in the less dense heptane phase of a 

thermomorphic heptane/DMF solvent mixture that was monophasic at 90 oC and 

biphasic and room temperature. This solubility is opposite to that of p-methyl red dye, 

which was soluble in the DMF-rich phase as shown in Figure 7. 
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Figure 7. (a) Poly(4-octadecylstyrene)-supported methyl red dye in heptane phase of 
heptane/DMF solvent mixture and (b) low molecular weight methyl red dye in DMF 
phase of heptane/DMF solvent mixture 
 
 
 

While using methyl red dye on poly(4-alkylstyrene)s such as poly(4-

octadecylstyrene) allows for the qualitative analysis of phase selective solubility of the 

polymer support, the azo dye is not sensitive enough to distinguish subtle differences in 

phase selective solubility. Fluorescence is far more sensitive so a more sensitive dansyl 

label was incorporated for further studies. N-Butyl-5-dimethylaminonaphthalene-1-

sulfonamide had previously synthesized and was attached to poly(4-tert-butylstyrene).42 

This synthesis was repeated using a nucleophilic substitution reaction with dansyl under 

thermomorphic conditions using a heptane/DMF solvent mixture at 90 oC to produce 33 

and 34.  

To confirm that this dansyl probe has fluorescence that is linearly dependent on 

the concentration, I also prepared a benzyl substituted version of this tertiary 
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sulfonamide fluorescent dye by reaction of the sodium salt of butyl-5-

dimethylaminonaphthalene-1-sulfonamide with benzyl chloride as shown in Scheme 20.  

 
 
 

Scheme 20. Synthesis of N-benzyl-N-butyl-5-dimethylaminonaphthalene-1-sulfonamide 

37 

                                      

 
 
 
While this dye is not remarkably soluble in heptane, it had sufficient solubility which 

allowed me to show that there is a linear relationship between fluorescence intensity and 

concentration at low concentrations (from μN to nN) as shown in Figure 8.  The 

fluorescence intensity of this low molecular weight dye then was used to determine 

leaching of a similar dye labeled polymer. In these studies, I assumed that the 

fluorescence of the dye 37 was essentially the same as a similar dye on polystyrene.  
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Figure 8. Calibration curve for N-benzyl-N-butyl-5-dimethylaminonaphthalene-1 
sulfonamide 37 in (a) heptane and (b) acetonitrile. An R2 value of 0.996 was obtained for 
both curves using the software in Microsoft Excel  
 
 
 
 
 Phase selective solubility studies of the dansyl-labeled poly(4-alkylstyrene) 

copolymers 33 and 34 were then carried out using a heptane/acetonitrile (2:1/v:v) 

mixture using fluorescence spectroscopy. In these studies, a heptane solution of 

fluorescently labeled copolymers 33 and 34 was prepared that was determined to be 1.3 

mN according to the calibration curve. These heptane solutions were allowed to 

thoroughly mix with acetonitrile by manual shaking of the flask for 30 seconds. The 

heptane and acetonitrile phases were then allowed to separate and a 2.0 mL aliquot of 

more dense acetonitrile phase was transferred into a cuvette. The fluorescence (EX=355 

nm, EM=500 nm) of this solution was measured. This mixing, separation and analysis 
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sequence was carried out four times for both 33 and 34. The concentration of the 

extracted dansyl-labeled polymer in acetonitrile was then analyzed as shown in Figure 9. 

As the experiment progressed from cycle to cycle, the leaching of dye decreased. It is 

hypothesized that this reflects either the presence of some unreacted dye or, more likely, 

leaching of some small amount of lower molecular weight fractions of the polymeric 

support that have a lower phase selective solubility. The amount of leaching even in the 

first case is very low. In the case of the greatest leaching, only 0.68% of the dye labeled 

polymer was lost.   

 
 
 

 

Figure 9. Fluorescence spectra of acetonitrile solutions for 34 (blue) and 33 (grey) 

 
 
 

From the fluorescence studies, it was determined that the dansyl-labeled 

copolymers 33 and 34 exhibit high (> 99%) phase selective solubility in the heptane 
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phase. Analysis of the acetonitrile phase as seen in Figure 10 showed that only trace 

amounts of either copolymer leached into the acetonitrile phase and that the leaching of 

the copolymer containing the 4-dodecyl group is an order of magnitude less than that of 

the copolymer containing the tert-butyl group. This difference in phase selective 

solubility is attributed to the fact that the dodecyl group is more lipophilic making the 

poly(4-dodecylstyrene) polymer even more heptane soluble. This effect was later used as 

a tool in separation strategies with supported catalysts. When the phase selective 

solubility study was performed on copolymer 35 (x = 6, y = 1) and compared to 33, it 

was shown that both copolymers exhibit similar (>99.9%) phase selective solubility in 

the heptane phase.  
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Figure 10. The concentrations for four consecutive cycles of the poly(4-dodecylstyrene) 
copolymer 33 (grey) and poly(4-tert-butylstyrene) copolymer 34 (blue) in acetonitrile 
phase   
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 While using dodecyl groups in the polystyrene support gave excellent results, the 

dodecylstyrene monomer required multistep synthesis, which is time-consuming. In 

order to synthesize a polymer that would retain the lipophilic nature but avoid the need 

for the repetitive synthesis of the 4-dodecylstyrene monomer, several modifications to 

the polymer design were undertaken. This idea was based on earlier chemistry that 

suggested that a high loading of a lipophilic group is not always required to prepare a 

phase selectively soluble support. Thus, it might be possible to prepare copolymers of 

commercially available 4-methylstyrene or 4-tert-butylstyrene with only a fraction of 

dodecylstyrene. 

To explore this, 4-dodecyl styrene was copolymerized with various amounts of 

commercially available 4-methyl or 4-tert-butylstyrene to yield soluble copolymer 

supports. The goal was to determine the minimum amount of 4-dodecylstyrene needed. 

In earlier studies, our group has shown that having 5-10 mol % of a more hydrophobic 

group in a polymer chain can significantly change a polymer’s phase selective 

solubility.42 A control radical polymerization was also incorporated so that polymers 

with uniform molecular weights could be obtained. 

To carry out these studies, dansyl-labeled polymers were required. Thus, the 

polymerization included varying amounts of 4-methyl or 4-tert-butylstyrene, and 4-

dodecylstyrene. These polymers were prepared by RAFT polymerization as shown in 

Scheme 21. The mole fraction of dodecyl groups was varied by gradually increasing the 

mole fraction of 4-dodecylstyrene monomer on a polymer chain. To test phase selective 

solubility, the synthesis was designed so that the terpolymers would contain 5-10 mol % 
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of benzyl chloride groups that could undergo a post-polymerization nucleophilic 

substitution reaction with N-butyl-5-dimethylaminonaphthalene-1-sulfonamide 36 to 

yield fluorescently-labeled terpolymers as shown in Scheme 21. 

 
 
 

Scheme 21. Synthesis of terpolymers 38a, 38b, 38c, 39a, 39b, 39c, and 40. 

 

 
 
 

The product polymers were analyzed by GPC and 1H NMR spectroscopy. The 

ratio of monomers in the product was determined based on NMR spectroscopic analysis 

integrating peaks at δ 2.47 (benzylic protons of the 4-dodecylstyrene) and δ 4.45 

(benzylic protons of 4-vinylbenzyl chloride).  Phase selective solubility studies of the 

RAFT prepared dansyl-labeled poly(4-alkylstyrene) terpolymers 38a, 38b, 38c, 39a, 

39b, 39c, and 40 were carried out using fluorescence spectroscopy employing a different 

solvent mixture than that previously mentioned. In this case, cyclooctane solutions of 

38a, 38b, 38c, 39a, 39b, 39c, and 40 were prepared and mixed with DMF. These studies 

used DMF and cyclooctane because this solvent mixture is thermomorphic: it becomes a 

single phase on heating and returns to two phases on cooling. This ensures that the 
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mixing of the dye in the two solvents is complete. In these studies, ca. 4 mL of DMF 

was heated with 4 mL cyclooctane solution containing 1.3 mN of the fluorescently-

labeled terpolymers 38a, 38b, 38c, 39a, 39b, 39c, and 40 for 5 minutes until the solution 

became a single phase. The approximate temperature at which miscibility was reached 

was ca. 80 oC. Once a homogeneous monophasic solution was formed, it was cooled to 

room temperature. The cyclooctane and the DMF phases were allowed to separate.  A 

2.0 mL aliquot of the DMF phase was then removed and transferred into a cuvette. The 

concentration of the extracted dansyl-labeled polymer in the DMF phase was then 

analyzed as shown in Figure 11.  
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Figure 11. Fluorescence spectra of DMF solutions for poly(4-tert-butylstyrene)copolymer 39a, 
39b, 39c, and 40 containing 4-dodecylstyrene units (green), and for poly(4-methylstyrene) 
copolymer 38a, 38b, 38c containing 4-dodecylstyrene (red). The fluorescence spectra for the 
first and third cycle for each of the polymers is omitted for clarity 
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This heating, cooling, separation and analysis sequence was carried out for three 

cycles using 38a, 38b, 38c, 39a, 39b, 39c, and 40 with high error bar indicating the first 

cycle and the low error bar indicating the third cycle as shown in Figure 12. While the 

amount of the polymer leaching into DMF phase was minimal for all of the terpolymers, 

the results clearly showed that leaching of poly(4-dodecylstyrene)-c-(4-tert-

butylstyrene)-c-(4-cholomethylstyrene) terpolymer 39a and 39b was significantly less 

than leaching of poly(4-dodecylstyrene)-c-(4-methyl)-c-(4-cholomethylstyrene) 38a and 

38b. 
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Figure 12. The concentrations of poly(4-tert-butylstyrene) terpolymer 39c, 39b, 39a 
(green) copolymerized with 4-dodecylstyrene in 0 mol %, 9 mol %, 28 mol % or poly(4-
methylstyrene) terpolymer 38c, 38b, 38a (red) copolymerized with 4-dodecylstyrene in 
0 mol %, 13 mol %, 28 mol % or terpolymer 40 containing 90 mol %  of 4-
dodecylstyrene in DMF phase  
 
 
 
 The percent leaching in each cycle for 38a, 38b, 38c, 39a, 39b, 39c, and 40 was 

calculated based on the initial concentration of the dansyl-labeled polymer. From Figure 

12 it is evident as the mol percent loading of 4-dodecylstyrene on the polymer chain 

decreased, the leaching of the polymer into DMF phase increased. While both supports 

that contain approximately 10 mol % of 4-dodecylstyrene have high phase selective 

solubility, greater phase selective solubility for poly(4-tert-butylstyrene) containing 4-
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dodecylstyrene was observed. When the phase selective solubilities of poly(4-

dodecylstyrene)copolymer 33 prepared by conventional radical polymerization and 

poly(4-tert-butylstyrene)terpolymer 39b containing only 9 mol % of dodecyl groups 

prepared by RAFT were analyzed, not surprisingly the results were comparable as 

shown in Figure 13. This result indicates that a highly phase selectively soluble polymer 

support could be synthesized largely based on the 4-tert-butylstyrene monomer with 

only a fraction of 4-dodecylstyrene monomer and used alternatively as an alkylated-

polystyrene support for catalyst recycling in processes that involve a biphasic 

liquid/liquid separation.  
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Figure 13. The concentrations for four consecutive cycles of the poly(4-
dodecylstyrene)copolymer 33 (grey) and for three consecutive cycles of poly(4-tert-
butylstyrene)terpolymer 39b containing only 9 mol% of dodecyl groups (blue)  
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 Phase selective solubility studies of polymers other than poly(4-alkylstyrene) 

have been reported.33,43 In these studies, DMF and ethanol were used as the polar 

solvents to study the phase selective solubility of polyisobutylene with attached dansyl 

dye and poly(octadecyl methacrylate)s (PODMA) with supported methyl red dye. The 

results indicate that high phase selectively soluble alkylated polystyrenes are 

comparable, and in some cases even superior, supports in the heptane phase when using 

latent biphasic or thermomorphic systems as separation strategies.   

Conclusions 

 A variety of syntheses of phase selectively soluble poly(4-alkylstyrene) co- and 

terpolymer supports have been developed. By varying the structure of the pendant alkyl 

group, an increase in nonpolar phase selective solubility is achieved as seen in the 

poly(4-tert-butylstyrene) and poly(4-dodecylstyrene) studies. Likewise, by modifying 

the design of the polymer support with respect to the ratio of 4-tert-butyl- or 4-

dodecylstyrene monomers on the chain, a comparable phase selectively soluble polymer 

supports can be prepared. These supports contain chloromethyl groups that can be 

converted into dye labels. Nonpolar phase selective solubility can be measured with 

thermomorphic and latent biphasic systems either qualitatively by attaching a UV-visible 

methyl red dye or quantitatively by using fluorescence dansyl dye as a catalyst surrogate. 

The polymer supports based on 4-tert-butylstyrene monomers containing a fraction of 4-

dodecylstyrene monomers can be expected to be useful in the recovery and recycling of 

catalysts or reagents in thermomorphic or latent biphasic systems where heptane is used 

as the nonpolar solvent for polymer recovery and separation. 
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CHAPTER III 

APPLICATIONS OF POLYSTYRENE-SUPPORTED DIMETHYLAMINOPYRIDINE 

AND CINCHONA ALKALOID ORGANOCATALYSTS  

 

 

Introduction 

The reaction of substrates such as alcohols, phenols and amines with acetic 

anhydride in the presence of pyridine as a base is a general acetylation method. In 1967, 

Litvinenko and Kirichenko reported the rates for the benzoylation of anilines using 

catalytic amounts of various pyridine-based catalysts. They observed that 4-

dimethylaminopyridine (DMAP) accelerated the reaction rate by a factor of 104 when 

compared to pyridine.44 A few years later, Vorbrueggen reported an analogous 

enhancement in yield and rate of acylation reactions of sterically hindered alcohols when 

using catalytic amounts of DMAP.45 As a result of these and other similar observations, 

DMAP has become the catalyst of choice for a variety of fundamental chemical 

transformation, including acylations,46 silylations47 and synthesis of esters.48 The 

increase of reported applications for DMAP and its availability in commercial quantities 

at reasonable prices continued to stimulate great interest in its use as a catalyst in the 

fields of organic, polymer, analytical49 and biochemistry.50  

The advantage of DMAP over other common organic acylation catalysts has been 

rationalized as shown in Scheme 22.51 In a proposed mechanism the addition of acetic 

anhydride to DMAP forms a stable intermediate 41 in the first step. 
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Scheme 22. Rationalization of DMAP Catalysis in Acylation Reactions 

 

 
 
 

In the second step, the acetate counterion acts as a base to remove the proton from 

alcohol while the deprotonated alcohol acts as a nucleophile and forms a covalent bond 

with the acetyl group. The acetic acid formed by the proton removal from an alcohol 

then protonates DMAP. The catalytic cycle is complete when the auxiliary base such as 

triethylamine deprotonates the protonated DMAP and regenerates the catalyst.   

 One of the first reported acylation reactions catalyzed by DMAP was the 

acetylation of sterically crowded alcohols.52 For example, formation of acetate 42 in 

92% yield from the tertiary alcohol precursor was reported by Steglich as shown in 

Scheme 23.53 In this chemistry, 4-dialkylaminopyridine was an especially useful catalyst 

in the acylation of acid-sensitive tertiary alcohols. When DMAP was used as a catalyst, 

yields and reaction times were generally improved versus those seen in the usual 

procedure where a tertiary alcohol is first converted into a sodium or magnesium 

alkoxide and then allowed to react with acid chloride.  
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Scheme 23. Synthesis of acetate 42 

 

 
 
 

  Silylation of a primary alcohol in the presence of a secondary one often presents 

a challenge as mixtures are formed when using imidazole as a basic catalyst. However, 

regioselective silylation of a primary hydroxyl group can be easily achieved when 

DMAP is employed as a catalyst as shown in Scheme 24.47 In this chemistry, protection 

of the primary hydroxyl group of a dialcohol with tert-butyldimethylsilyl chloride 

(TBDMSCl) was carried out in the presence of DMAP and imidazole. The reaction with 

this 1,2-diol proceeded with dominant formation of the monosilyl ether 43 accompanied 

by a small amount of bis-silyl ether 44 when DMAP was used as a catalyst.  A similar 

reaction using imidazole yielded a mixture of all three products with a slight preference 

for formation of 43. The significant difference between the two reactions was the 

absence of the secondary silyl ether 44 formation when DMAP was employed. 

 
 
 
Scheme 24. Silylation of primary alcohols 
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One of the most studied catalytic reactions that uses DMAP is transesterification, 

a process in which the alkoxy group of one ester is exchanged for the alkoxy group of an 

added alcohol. Transesterification is a reaction that is relevant to the development of 

sustainable fuels54 and biodegradable polymers.55 In general, the success of 

transesterification requires an excess of alcohol to favor the products because Le 

Chatelier's principle is what is used to drive the reaction. However, in one case as 

exemplified by Christoffers’s work, transesterification of methyl β-ketocarboxylate 46 

could be accomplished by using only one equivalent of alcohol in the presence of a 

catalytic amount of DMAP as shown in Scheme 25.56  

 
 
 

Scheme 25. Transeserification of methyl β-ketocarboxylate 46 

 

 
 
 

Among nucleophilic catalysts, DMAP is certainly one of the most versatile 

nitrogen-based organocatalysts. Since its first use as a planar achiral acylation catalyst, 

there has been a growing interest in the design of planar-chiral DMAP derivatives that 

show utility for asymmetric catalysis.57 Asymmetric organocatalysis, in which a chiral 

organic molecule catalyzes an enantioselective transformation, has become a growing 

field in recent years.58 A variety of other organic nitrogen-based molecules have also 
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been employed as asymmetric nucleophilic organocatalysts. Cinchona alkaloids are one 

example of such asymmetric organocatalysts. Readily available, inexpensive Cinchona 

alkaloids possess a rich array of functionalities including five stereogenic centers, a 

secondary alcohol, a vinyl group and most importantly a quinuclidine moiety. These 

densely functionalized Cinchona compounds can engage in non-covalent interactions 

with other species making them extraordinary agents for molecular recognition as well 

as they are extensively employed as chiral catalysts (Scheme 26). 

In 1949, Brown reported that tertiary amines that were part of a bridged structure, 

such as quinuclidine, had greater rate of addition to alkyl halides than non-bridged 

amines like triethylamine.59 This was rationalized by the conformational constraints of 

bicyclic amines and thus the absence of steric hindrance at the nitrogen lone-pair of the 

bridged quinuclidine 50. In 2003, Aggarwal examined the correlation between the 

Morita-Baylis-Hillman (MBH) reaction rate and pKa of several nitrogen-based catalysts 

and observed a superior activity of quinuclidine when compared with more traditional 

catalysts such as DABCO and DBU.60 Mayr rationalized this observation by obtaining 

kinetic and thermodynamic data of these classes of catalysts.61 The nucleophilicity 

parameters N are shown in Figure 14 and can be compared with DMAP. Catalyst 

screening and experimental data led to the recognition of quinuclidine type compounds 

like Cinchona alkaloid as effective enantioselective catalysts.  
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Figure 14. Nucleophilicity N in acetonitrile of DMAP 47, benzylquinuclidine 48, 
DABCO 49, quinuclidine 50 
 

 

 

The presence of the quinuclidine functionality also makes derivatives of 

Cinchona alkaloids effective ligands for a variety of metal and metal free catalyzed 

processes. Of these processes, Cinchona alkaloid ligated osmium-catalyzed asymmetric 

dehydroxylation (AD) of olefins, developed by Sharpless has made the greatest impact 

in synthetic chemistry.62 In addition to its utility for metal binding, the nucleophilic 

quinuclidine nitrogen can also be used as a reactive center in the development of 

enantioselective organocatalysis. As chiral catalysts, Cinchona alkaloids promote 

cyclization of ketenes with carbonyl compounds such as ketones and aldehydes.63 

Furthermore, the quinuclidine nitrogen can also be quaternized with benzyl halides to 

give ammonium salts that serve as useful asymmetric phase-transfer catalysts. This was 

shown by researchers at Merck, who reported the highly enantioselective alkylation of 

indanone derivatives in the presence of cinchonium salt.64 Not surprisingly, Cinchona 

alkaloids containing a quinuclidine unit in their structure as shown in Scheme 26 drew 
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great attention as nucleophilic enantioselective catalysts and are considered “privileged 

ligands”.65 

 
 
 

Scheme 26. Cinchona alkaloid derivative 

 

 
 
 

The use of achiral DMAP and chiral Cinchona alkaloid derivatives as effective 

organocatalysts for a variety of chemical transformations has long been recognized; 

however, their utility is often limited by the difficulty of separating the product from the 

catalyst.66 With increasing demands for sustainable chemistry, factors such as catalyst 

recovery and recycling are also becoming very important. Because of the importance of 

feasible separation strategies for facile catalyst recovery, efforts have been undertaken 

to support 4-N,N-(dialkylamino)pyridine catalyst as well as Cinchona alkaloid catalysts 

on various organic and inorganic supports.67-69 Polymers, dendrimers, and star 

copolymers have been studied as supports for this purpose.19,35,70 
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For example, cross-linked polystyrene-bound DMAP has been used by Toy as a 

heterogeneous catalyst in addition reactions of carbon dioxide to epoxides. While 

recyclable, this heterogeneous catalyst required filtration and washing with CH2Cl2 at 

the end of each cycle. This washing process is solvent-intensive and time consuming.  

Homogeneous polymer-supported DMAP catalysts have also been synthesized. Fréchet 

and coworkers prepared a dendritic dialkylaminopyridine catalyst and used it in 

acylation reactions of tertiary alcohols.70 In this study, the dendrimer-supported DMAP 

was found to be a recyclable catalyst; however, the catalyst recovery required 

precipitating the catalyst in methanol. In order to facilitate the separation strategy and 

avoid a solvent-intensive precipitation procedure, our group has prepared polymer-

bound versions of DMAP using poly(N-isopropylacrylamide) (PNIPAM) and poly(4-

tert-butylstyrene) (PTBS) as polymer supports as shown in Scheme 27. Both the 

PNIPAM-supported DMAP 51 and PTBS-supported DMAP catalyst 52 showed activity 

similar to that of low molecular DMAP. Both catalysts were recycled using either 

liquid/liquid thermomorphic or latent biphasic separation strategies. In case of catalyst 

52, the phase selective solubility of poly(4-tert-butylstyrene) in heptane enabled 

recycling for 20 cycles. As mentioned before, while offering good heptane phase 

selective solubility, the ability of poly(4-tert-butylstyrene) to be separated is limited by 

both the polarity and the loading of the pendant groups. Therefore, a soluble polymer 

support with greater selectivity that could facilitate separation of polymer-supported 

DMAP catalyst from product is highly desirable.  
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Scheme 27. Polymer-supported DMAP using poly(N-isopropylacrylamide) (PNIPAM) 

51 or poly(4-tert-butylstyrene) (PTBS) 52 

 

 
 
 

Cinchona alkaloids catalysts have also been immobilized on polymer supports.71 

The initial urgency for the development of polymer supported Cinchona alkaloid 

catalysts was primarily in conjunction with their use in asymmetric oxidation chemistry. 

However, the high cost of osmium metal along with the toxicity of osmium compounds 

was problematic. The polymer-supported Cinchona derivatives were found to bemore 

notable useful as recoverable catalysts for a variety of stereoselective C-C bond 

formations.72 For example, Alvarez and coworkers were able to design a cross-linked 

polystyrene-supported Cinchona alkaloid catalyst and use it in asymmetric Michael 

reactions to obtain Michael adducts with 87% ee.73 However, recycling experiments 

were not described. 

Recently, Parvez reported the synthesis of Cinchona alkaloid-derived chiral 

polymers prepared by Mizoroki-Heck chemistry.74 In this chemistry, the repetitive 

Mizoroki-Heck coupling reactions between the Cinchona alkaloid-derived dimer and 

diiodide afforded the chiral polymer catalyst which was used in asymmetric benzylation 
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reactions with high levels of enantioselectivity (95% ee) as shown in Scheme 28. In this 

work, the catalyst 53 demonstrated high level of catalytic activity and was recycled two 

times. Unfortunately, the details of recycling experiments were not provided.  

 
 
 

Scheme 28. Asymmetric benzylation using polymer-supported Cinchona alkaloid 

catalyst 53 

 

 
 
 

Our group has also made a polysiloxane-supported Cinchona derivative and has 

used it as a recyclable catalyst in Michael addition reactions with liquid/liquid 

separations to separate the catalyst and product.75 This was an improvement over 

previous chemistry that required the use of solvent precipitation or membrane filtration 

to recover the catalysts bound to polysiloxanes.76 In this improved chemistry, catalyst 54 

was prepared and used as a recyclable Michael addition catalyst for thiol addition to α,β-
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unsaturated ketones and esters as shown in Scheme 29. Using a latent biphasic 

separation, catalyst 54 was shown to be an effective catalyst for 5 cycles.  

 
 
 

Scheme 29. Michael addition reaction using polysiloxane-supported Cinchona alkaloid 

catalyst 54 

 

 
 
 

While polymer-supported DMAP and Cinchona alkaloids have been used as 

efficient catalysts for a variety of reactions, the strategies of separating the catalyst from 

the product at the end of reaction are still limited. Given the success of dansyl labeled 

poly(4-dodecylstyrene) polymers as highly phase selectively soluble supports in 

liquid/liquid separations, it was hypothesized that these polymers would be useful 

supports for DMAP and Cinchona alkaloid catalysts. In the work described below, 

polystyrene-supported quinidine, a Cinchona alkaloid derivative, was tested in 
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asymmetric Michael addition reactions using trans-4-methoxy-β-nitrostyrene and 

dimethyl fumarate as Michael acceptor. Poly(4-dodecylstyrene)-supported DMAP was 

also tested as a homogeneous catalyst in a variety of acylation type reactions. Both 

polymer-supported DMAP and Cinchona alkaloid catalysts were found to be recyclable 

using either latent biphasic or thermomorphic separation strategies. However, polymer-

supported Cinchona alkaloid was not effective as an asymmetric catalyst. 

Results and Discussion 

 The synthesis of poly(4-dodecylstyrene)-supported DMAP was accomplished as 

shown in Scheme 31.77 In this chemistry, ethyl 1-piperazine carboxylate 55 was allowed 

to react with 4-chloromethylstyrene in the presence of solid sodium bicarbonate to form 

1-carboxy-4-(4-vinylbenzyl) piperazine 56. The resulting compound 56 was then 

deprotected in the presence of potassium hydroxide to yield (4-vinylbenzyl)piperazine 

57. Finally, compound 57 was allowed to react with 4-chloropyridine to afford DMAP 

analog 58 as shown in Scheme 30.  

 
 
 
Scheme 30. Synthesis of DMAP monomer 
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The DMAP analog 58, vinylbenzylbutylamine 59 and 4-dodecylstyrene 24 were then 

copolymerized to form the poly(4-dodecylstyrene) terpolymer 60. This poly((4-

dodecylstyrene)-c-(DMAP)-c-(4-vinylbenzyl butylamine)) terpolymer was characterized 

by 1H NMR spectroscopy and the ratio of 86:12:2 (mol:mol:mol) of the repeating units 

of 4-dodecylstyrene to DMAP to vinylbenzyl butylamine was determined by integrating 

the peaks at  2.47  (benzylic protons of 4-dodecylstyrene),  3.41 (benzylic protons of 

DMAP) and  3.67  (benzylic protons of 4-vinylbenzyl butylamine). 

The synthesis of poly(4-dodecylstyrene)-supported DMAP catalyst was designed 

so that the catalyst would contain a fluorescent label. This was done so that the extent of 

the leaching of the polymer 61 could be monitored. This was accomplished by allowing 

the poly(4-dodecylstyrene)-supported DMAP catalyst 60 to react with dansyl chloride to 

form the fluorescently labeled terpolymer 61 as shown in Scheme 31. This terpolymer 

was designed to be an effective organocatalyst in a variety of acylation reactions using a 

monophasic solvent system that could be perturbed after reaction completion to form a 

biphasic liquid/liquid mixture. When using heptane as the nonpolar solvent, it was 

expected that the catalyst could be quantitatively recovered in this phase. If necessary, 

the product could also be extracted with a second polar solvent from the mixture 

containing 61. In either case, the extent of the catalyst leaching could be determined by 

fluorescence spectroscopy. 
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Scheme 31. Synthesis of poly(4-dodecylstyrene)-supported DMAP catalyst 61
* 

 

 
 
 

After synthesis of the poly(4-dodecylstyrene)-supported DMAP 61, its utility and 

recyclability were examined in acylation of 2,6-dimethylphenol 62 by Boc anhydride 

(Scheme 32). In this chemistry, 2 mol % of 61 was used to carry out synthesis of the Boc 

derivative of phenol in a monophasic heptane/ethanol solution.  

 
 
 
 
 
 
 
 

      

* Khamatnurova, T. V.; Bergbreiter, D. E. Polym. Chem. 2013, 4, 1617. Reproduced by 
permission of The Royal Society of Chemistry. 
http://pubs.rsc.org/en/content/articlelanding/2012/py/c2py20922e#!divAbstract 
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Scheme 32. Acylation of 2,6-dimethylphenol 62 with Boc anhydride using poly(4-

dodecylstyrene)-supported DMAP 61 

 

 
 

The reaction could be monitored by the emission of CO2 gas. When the evolution of CO2 

gas ceased, it was assumed that the reaction was complete and (Boc)2O was consumed. 

After the reaction was complete, 5 vol % of water was added to perturb the system. This 

water addition produced a biphasic heptane/ethanol mixture. The ethanol-rich product 

phase containing the Boc derivative of phenol 63 was separated from the heptane-rich 

phase containing the polymer-supported DMAP catalyst 61. An ethanol solution of 2,6-

dimethylphenol and (Boc)2O was added to the heptane solution containing 61 to effect 

another acylation reaction cycle. The poly(4-dodecylstyrene)-supported DMAP catalyst 

61 was recycled twenty times. The ethanol phases from each of these cycles were 

combined and the acylated phenol 63 was isolated from this combined product mixture. 

The average yield of 63 was 91% per cycle.  

The extent of leaching of 61 was analyzed in two ways. Qualitative visual 

analysis showed that the fluorescently-labeled 61 was not visually present in the ethanol-

rich product phase as shown in Figure 15. The absence of leaching of 61 was 
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subsequently measured quantitatively by fluorescence spectroscopy. That analysis 

showed that an average of 0.09% of 61 per cycle leached into the ethanol-rich phase.  

 
 
 

 

Figure 15. Photograph of the fluorescently-labeled poly(4-dodecylstyrene)-supported 
catalyst 61 in (a) a monophasic mixture of heptane-EtOH containing the polymeric 61 
and the product 63 after Boc-protection of phenol or, (b) after addition of 5 vol % water 
to induce biphasic separation of 61 into the less dense heptane-rich phase 
 
 
 
 Next, I tested the utility of 61 as a transesterification catalyst using an ethanol-

heptane biphasic solvent mixture at 80 oC as shown in Scheme 33. In this case, 5 mol % 

loading of organocatalyst, poly(4-dodecylstyrene)supported DMAP 61 was again 

recycled by cooling the reaction mixture to room temperature and adding 5 vol % of 

water to produce a biphasic mixture. The ethanol-rich phase containing 4-nitrophenol 65  

 
 
 
Scheme 33. Transesterification of 4-nitrophenyl acetate 64 using poly(4-

dodecylstyrene)-supported DMAP catalyst 61 
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was separated from the heptane phase containing 61. Subsequent cycles where 61 was 

used in successive transesterification reactions were carried out by adding fresh ethanol 

and 4-nitrophenyl acetate to the recovered heptane phase containing 61. The poly(4-

dodecylstyrene)-supported DMAP catalyst 61 was recycled twenty times with no loss of 

catalytic activity with an average isolated product yield of 92% per cycle (from the 

combined EtOH phases of all 20 cycles (vide infra)). Fluorescence analysis of the 

product phase showed that the catalyst leaching was only 0.002% of the charged 

catalyst. During these recycling studies, it was observed that the activity of 61 decreased 

in some reactions. It is believed that protonation of 61 by the relatively acidic 4-

nitrophenol 65 product could deactivate the polymeric catalyst. When this problem 

arose, 61 could be reactivated by adding an ethanol solution of triethylamine to the 

heptane solution containing 61. Subsequent addition of 5 vol % of water to the 

monophasic mixture induced a phase separation and the heptane phase yielded a 

regenerated polymeric catalyst 61. The catalyst poly(4-dodecylstyrene)-supported 

DMAP regenerated in this fashion was equivalent in reactivity to the original 61 in 

further cycles of transesterification chemistry.  

 Next, I investigated the catalytic activity of 61 in acylation of a tertiary alcohol. 

In this chemistry, 1-methylcyclohexanol was allowed to react with acetic anhydride in 

the presence of auxiliary base and 5 mol % of 61 as shown in Scheme 34. The reaction  
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Scheme 34. Acylation of 1-methylcyclohexanol 66 with acetic anhydride using poly(4-

dodecylstyrene)-supported DMAP catalyst 61 

 

 
 
 

was carried out in 3 mL of heptane at 80 oC for 12 h. After cooling to room temperature, 

3 mL of acetonitrile was added to extract the ester product 67 from the heptane phase 

containing 61. The heptane phase containing the catalyst 61 was allowed to react with 

fresh substrate in a subsequent cycle. The catalyst was recycled twelve times with no 

loss of catalytic activity. The average isolated yield of 67 after removal of acetonitrile 

was determined to be 90% per cycle. The quantitative fluorescence analysis showed that 

only 0.015% of the catalyst leached into the acetonitrile phase.  

 A final reaction used to test the utility and recyclability of poly(4-

dodecylstyrene)-supported DMAP catalyst 61 was the catalytic ring-opening of glycidyl 

isopropyl ether shown in Scheme 35. In this chemistry, glycidyl isopropyl ether was 

allowed to react with acetic anhydride in heptane at 90 oC for 12 h to form a diester 69. 
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 Scheme 35. Ring-opening of glycidyl isopropyl ether 68 using poly(4-dodecylstyrene)-

supported DMAP catalyst 61 

 

 
 
 

When a reaction cycle was complete, the acetonitrile phase containing the product was 

separated from the heptane phase containing 61. Each subsequent cycle was effected by 

adding fresh glycidyl ether to the heptane solution containing 61. Eight cycles were 

carried out and the average isolated yield of diacetate product was 87% per cycle. 

Fluorescence analysis of the product phase for dansyl showed that the catalyst leaching 

was 0.005%. 

 Based on the results shown above, excellent recyclability was obtained when 

poly(4-dodecylstyrene)-supported DMAP was used as a nucleophilic catalyst. Although 

the formation of an acidic environment could cause adventitious protonation of DMAP 

as was seen in the catalysis of 4-nitrophenyl acetate, washing the solution with 

triethylamine easily regenerated the catalyst without loss of catalytic activity. 

 I then turned my attention to the use of poly(4-alkylstyrene) supports for 

Cinchona alkaloid catalysts and investigated these catalysts’ utility and recyclability in 

Michael addition reactions using liquid/liquid biphasic separation strategies. For these 
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studies, I selected quinidine, a Cinchona alkaloid derivative, as an organocatalyst to be 

immobilized on the poly(4-alkylstyrene) support.  

Quinidine is equipped with a vinyl group, which is susceptible to chemical 

transformations and has been used as a chemical handle to attach these alkaloids to 

supports. I used several modifications of the quinidine ligand to facilitate its 

immobilization on a poly(4-alkylstyrene) polymer. Preparation of the desired Cinchona 

alkaloid catalyst began with a protection step as shown in Scheme 36. 

 
 
 

Scheme 36. Synthesis of Cinchona alkaloid 70 

 

 
 
 

In this chemistry, a bulky tert-butyldimethylsilyl chloride (TBDMSCl) was used to 

protect the hydroxyl group on quinidine 70 using 5 mol % of DMAP as a catalyst. The 

resulting protected quinidine 71 could then undergo a hydroboration reaction in the 

presence of BH3·SMe2 compound followed by the addition of EtOH, 4N of aqueous 

sodium hydroxide and hydrogen peroxide to give a hydroxyl-substituted quinidine 72. 

Once the ligand 72 was prepared, it was attached to a poly(4-alkylstyrene) support using 
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the same type of post-polymerization modification described earlier in dye 

immobilizations from Chapter II. To use this chemistry to immobilize 72, a terpolymer 

was prepared containing 4-dodecylstyrene 24, 4-tert-butylstyrene and 4-

chloromethylstyrene as shown in Scheme 37. Attachment of quinidine ligand 72 onto the 

polymer support then afforded a heptane soluble poly(4-alkylstyrene)-supported 

Cinchona alkaloid derivative. The resulting polymer-supported catalyst was then 

allowed to react with tetra-n-butylammonium fluoride (TBAF) to remove the silyl ether 

protecting group and to regenerate the hydroxyl group in polymer-supported quinidine 

73 that was tested as a catalyst in Michael addition reactions. Regeneration of the 

hydroxyl group is essential to the catalysis since it engages in hydrogen bonding with the 

electrophile, hence increasing the reactivity and orienting it for nucleophilic addition. 

 
 
 
Scheme 37. Synthesis of poly(4-alkylstyrene)-supported Cinchona alkaloid derivative 73 
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This poly((4-tert-butylstyrene)-c-(quinidine)-c-(4-dodecylstyrene)) terpolymer 73 was 

characterized by GPC and 1H NMR spectroscopy and the ratio of 91:3:6 (mol:mol:mol) 

of the repeating units on the polymer chain was determined by integrating the peaks at  

2.47  (benzylic protons of 4-dodecylstyrene),  8.75 (a proton next to the nitrogen atom 

on naphthyl group of quinidine). The molecular weight of the terpolymer 73 was 

determined to be 23 kDa with a PDI of 2.1. 

 Next, the catalytic activity and recyclability of poly((4-tert-butylstyrene)-c-

(quinidine)-c-(4-dodecylstyrene)) terpolymer 73 was examined in Michael addition 

reactions using 4-mercaptobenzoic acid 74 as the Michael donor and dimethyl fumarate 

75 as the Michael acceptor to form a Michael adduct 76 as shown in Scheme 38. 

 
 
 
Scheme 38. Synthesis of Michael adduct 76 using poly(4-alkylstyrene)supported 

quinidine 73 

 

 
 
 

Initially, the conventional biphasic heptane-ethanol solvent mixture was selected 

to carry out the reaction. Testing the starting materials in the heptane-ethanol solvent 

mixture revealed that these substrates exhibit poor solubility in this solvent combination 

at room temperature, which would preclude homogeneous catalysis.  A solution to this 
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problem was to use modified latent biphasic solvent mixture. A combination of three 

solvents THF:heptane:acetonitrile (3:1:1) yielded a monophasic solution mixture, which 

allowed for homogeneous catalysis to occur. Adding 5 vol % of water to this solvent 

mixture induced biphasic separation, which allowed for isolation of the polymer-

supported catalyst from products at the end of the reaction. The ternary 

(THF:heptane:acetonitrile) solvent system that was found successfully dissolved the 

substrates and was discovered to be an excellent replacement for the heptane-ethanol 

biphasic mixture more often used by Bergbreiter’s group.  The Michael addition reaction 

was carried out for 24 h using 10 mol % of polymer-supported quinidine catalyst 73 in 

the aforementioned solvent mixture. After the reaction was complete, 5 vol % of water 

was added to the reaction mixture to perturb the system and induce biphasic separation. 

The THF-acetonitrile phase containing the product was removed from the heptane phase 

containing the polymer-supported quinidine catalyst 73. Recycling of the catalyst was 

performed four times and the average isolated yield of the product for four cycles was 

determined to be 88%. The product from the first cycle was analyzed by high-

performance liquid chromatography (HPLC) using a Chiralpak AD column and 

hexanes/isopropyl alcohol (60:40) as a solvent and was found to be achiral.  The lack of 

enantioselectivity in this system is an obvious problem that has to be addressed in future 

work if these catalysts are to be useful. One of the possible approaches to achieve more 

acceptable enantioselectivity is to change the solvent from the ternary 

(THF:heptane:acetonitrile) mixture to THF or toluene. If this scenario is used, the 

separation of the polymer-supported Cinchona alkaloid catalyst 73 from Michael 
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addition products would require removing THF or toluene solvent at the end of the 

reaction. Next, adding a latent biphasic solvent mixture such as heptane/acetonitrile 

would be necessary so that the heptane soluble polymer-supported catalyst could be 

separated from the acetonitrile soluble Michael addition product. The recycling of the 

catalyst would require removing heptane solvent and redissolving the polymer-supported 

Cinchona alkaloid catalyst in THF or toluene for further reactions. This method of 

catalysis might improve the enantioselectivity but this would occur at the expense of a 

facile separation procedure.  Another approach would be to incorporate a longer spacer 

between the polymer backbone and the quinidine catalytic site. In this scenario, the 

chiral moiety of the catalyst would be at a further distance from the polymeric matrix 

and more easily accessible for substrates; this allows for the immobilized catalyst to 

essentially perform comparably to a low molecular weight catalyst.  

The second reaction that was used to test the utility of the poly(4-alkylstyrene)-

supported quinidine catalyst 73 was a Michael addition reaction using trans-4-methoxy-

β-nitrostyrene 77 as a Michael acceptor and dimethyl malonate 78 as Michael donor to 

afford Michael product 79 as shown in Scheme 39. Nitroalkenes such as trans-4-

methoxy-β-nitrostyrene are commonly used as Michael acceptors in the field of 

organocatalysis because of their high electrophilicity originating from the strong 

electron-withdrawing and hydrogen bonding ability of the nitro group.78 The ease of 

transformation of the nitro functionality into an amine or a carboxylic acid moiety 

provides potential for the synthesis of a wide range of compounds, which is important 

for synthetic chemists.   
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Scheme 39. Synthesis of Michael adduct 79 using poly(4-alkylstyrene)supported 

quinidine 73 

 

 
 
 

Based on the literature, THF and toluene were observed to be the optimal solvents for 

Michael addition reactions and are solvents that can be used to form products with good 

enantioselectivity.79 However, in order to facilitate facile separation and recycling of the 

catalyst 73, THF could not be used alone. Thus the modified latent biphasic solvent 

system containing THF-heptane-acetonitrile was selected as a solvent mixture to carry 

out the catalysis. In this case, the substrates were first dissolved in 3 mL of THF, then 1 

mL of heptane solution containing the polymer-supported catalyst 73 and 1 mL 

acetonitrile were added. The reaction was allowed to run for 24 h at room temperature. 

After the reaction was complete, 5 vol % of water was added to the reaction solution to 

induce biphasic separation. The THF-acetonitrile phase containing the products could be 

separated from the heptane phase containing the catalyst 73. A THF-acetonitrile phase 

containing fresh substrates was added to the heptane phase containing the catalyst 73 to 

effect a subsequent catalytic cycle. The polymer-supported quinidine catalyst 73 was 

recycled four times. The average isolated yield of the product after recrystallization in 
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methanol was determined to be 83% per cycle. Unfortunately, the HPLC analysis of the 

product from the first reaction cycle revealed that it too was achiral.  

The absence of enantioselectivity could be attributed to several factors. As noted 

above, temperature is a parameter that can affect enantiselectivity, and it is common 

practice to lower the temperature in order to promote enantioselectivity. However, when 

an experiment was performed with 10 mol % of low molecular weight quinidine catalyst 

using a THF:heptane:acetonitrile solvent mixture at -20 oC, a dramatic decrease in 

conversion rate was observed: after 48 h only 15% of product formed. From this result it 

was evident that lowering the temperature would not be a practical way to recycle the 

polymer-supported quinidine catalyst. Secondly, solvent could also affect the 

enantioselective outcome. In the case of nitrostyrene 77 and dimethyl malonate 78, 

toluene is the optimal solvent to use to obtain high enantioselectivity, whereas either 

acetonitrile or MeOH gives very poor (< 2%) enantioselectivity.80 In order to facilitate 

biphasic separation at the end of the reaction, a combination of three solvents such as 

THF, heptane and acetonitrile had to be used, which could have contributed to the loss of 

enantioselectivity. This issue could be addressed by replacing a ternary 

THF:heptane:acetonitrile solvent mixture with a single solvent such as THF or toluene 

as was described earlier. However, carrying out recycling in a single solvent would 

affect the separation strategy. Lastly, the enantioselective outcome can be dramatically 

minimized if there is an inappropriate distance between the catalytic active site and the 

backbone of the polymer. Commonly, lengthy spacers or linkers containing five or more 
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carbons are used to extend the distance between the polymer backbone and the catalyst 

in other polystyrene-supported catalysts.73  

While studying the recycling of polymer-supported catalyst 73 in the reaction to 

form Michael adduct 79, it was also noted that the conversion decreased (~ 90%) for the 

fourth cycle. The decrease in conversion during recycling could be attributed to the 

catalyst acting as a polymerization initiator and therefore precluding the catalysis as was 

described by Barbas.81 In his study, the Michael addition reaction of β-nitrostyrene with 

cyclohexanone in the presence of a catalytic proline derivative gave a solid 

polymerization by-product. He hypothesized that the anion intermediate derived from 

the addition of the amine catalyst to β-nitrostyrene is not stabilized and can initiate a 

polymerization, which would contribute to poor yields and enantioselectivity.   

Conclusions 

The recovery and recyclability of nucleophilic catalysts such as 

dimethylaminopyridine (DMAP) 61 and quinidine 73 can be facilitated with the use of 

soluble poly(4-alkylstyrene) supports as phase anchors for such ligands/catalysts. Using 

poly(4-alkylstyrene)-supported DMAP 61, a variety of reactions including formation of 

Boc esters of phenols, acylation of hindered alcohols, acylation of hindered epoxides and 

transesterification of 4-nitrophenyl acetate were performed. Catalyst recyclability was 

monitored by incorporating dansyl groups into these polymer-bound catalysts and was 

consistently very high in a variety of recycling strategies where the soluble polymer-

supported DMAP was separated from products using biphasic liquid/liquid separations. 

Poly(4-alkylstyrene) polymers containing 4-dodecyl groups were also prepared and used 
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as supports to immobilize quinidine, a Cinchona alkaloid derivative. In this case, the 

polymer-supported organocatalyst was tried in several asymmetric Michael addition 

reactions; however, only a moderate recyclability was observed with absolute loss of 

enantioselectivity.  

These studies suggest that highly phase selectively soluble poly(4-alkylstyrene) 

polymers provide a class of efficient recyclable polymer supports when biphasic 

liquid/liquid separation strategies are utilized. They should have broad versatility as 

polymer supports for other catalyst when a biphasic nonpolar/polar solvent separation 

step is used to recover a homogeneous catalyst. 
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CHAPTER IV 

APPLICATIONS OF POLYSTYRENE-SUPPORTED PHOSPHINE  

LIGATED Pd(0) CATALYST 

 

 

Introduction 

The development of phosphine ligands has had a tremendous impact in palladium 

catalyzed chemistry including Sonogashira, Negishi, Kumada, Sizuki, and Heck cross-

coupling reactions.82-85. These palladium catalyzed reactions, especially the Buchwald-

Hartwig amination and the Suzuki-Miyaura cross-coupling reactions, have become 

common methods for the synthesis of aromatic amines, biphenyl derivatives and 

conductive polymers.87-89 While other types of ligands can be used, the most common 

type of ligands for the Pd catalysts used in this chemistry are phosphine ligands. Since 

steric and electronic properties of phosphine ligands can be adjusted by modifying the 

structure of the alkyl or aryl groups on the phosphorus, fine-tuning of the ligand is 

possible allowing for selectively enhanced properties of the phosphine-metal complex. 

For example, by using sterically hindered phosphine ligands in conjunction with the 

metal source gives the access to highly active palladium complexes that increase the 

efficiency of various C-C and C-N couplings. However, the drawback of using these 

ligands is that they, like the Pd catalyst, need to be separated from the cross-coupling 

products after the reaction. This is in part because the toxicity of phosphine ligands or 

phosphine oxide byproducts can also pose health concerns.90 Separation and recovery of 
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these ligands is also important in many cases because the ligands themselves are 

expensive.  

These “green” chemistry issues led to the development of recovery strategies that 

facilitate product purification after reactions that use phosphine ligands as reagents or 

ligands for catalysts. These recovery strategies have used both soluble and insoluble 

polymer supports. For example, Toy and co-workers prepared insoluble polystyrene-

supported triphenylphosphine and studied its catalytic activity in aza-Morita-Baylis-

Hillman reaction91 as shown in Scheme 40. In this chemistry, JandaJel-supported 

phosphine ligands were prepared at different loading ratios of phosphines (0.5, 1.5, and 

3.2 mmolg-1 of PPh3) and examined in an aza-Baylis- Hillman reaction using N- 

benzylidene-4-methylbenzenesulfonamide 80 and methyl vinyl ketone 81 to form 

product 82. The authors reused the catalyst multiple times to demonstrate recyclability. 

 
 
 

Scheme 40. Aza-Morita-Baylis-Hollman reaction using cross-linked polystryrene-

supported phosphine ligand  
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 Cross-linked polystyrene-supported phosphines have also been used in countless 

cases to prepare insoluble polymer bound versions of conventional homogeneous 

catalysts. These cases have included both simple phosphine ligated palladium complexes 

as well as Pd catalysts that use highly designed phosphine ligands.92,93 For example, 

Buchwald and coworkers prepared Merrifield resin-supported hindered phosphine 

ligands and used them in palladium catalyzed amination and Suzuki cross-coupling 

reactions.94 In this work, a resin-supported electron-rich phosphine ligand was prepared 

by reacting 2-dicyclohexylphosphino-2’-hydroxybiphenyl with Merrifield resin in the 

presence of sodium hydride. The polymer-supported ligand was used to form a ligand-

palladium complex with Pd(OAc)2 and was characterized by gel phase 31P NMR 

spectroscopy and by phosphorus elemental analysis. This complex was successfully used 

at 2 mol % catalyst loading in palladium catalyzed Suzuki cross-coupling reactions with 

primary and secondary cyclic and acyclic amines and anilines with various activated and 

deactivated aryl halides. The catalyst was recycled multiple times. However, by the 

fourth cycle, the catalyst activity typically decreased. For example, in a reaction of 

bromobenzene and boronic acid that contained 2 mol % of the catalyst, conversion of 

bromobenzene to aryl boronic acid was complete in 24 h for cycle 1-3, but required 87 h 

in cycle 4. This loss in activity may be due to adventitious catalyst decomposition during 

the reaction.  

Silica has also been widely used as an insoluble support for phosphine ligands. 

For example, Chen and coworkers prepared the silica-supported triaryl phosphine ligand 

83 as shown in Scheme 41 and used it in Suzuki-Miyaura cross-coupling reactions.95 
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Scheme 41. Silica-supported phosphine ligand 83 

                          

 
 
 
The chemistry involved in the synthesis of 83 is commonly utolized to prepare silica-

supported phosphine ligands. In contrast to the chemistry used by Buchwald with cross-

linked polystyrene resins where the resin contains a functional group for phosphine 

ligand attachment, silica has to first be functionalized. In the case of 83, this 

aminopropyl functionalized silica gel was prepared by allowing silica gel to react with 3-

aminopropyltriethoxysilane in refluxing toluene for 20 h. The resulting amino 

functionalized silica gel was subsequently allowed to react with glutaric anhydride in 

dichloromethane to form a carboxylic acid functionalized silica gel. Amide formation 

was then effected using a triarylphosphine containing a benzyl amine group. In this way 

the desired silica immobilized triarylphosphine ligand was formed. This supported 

phosphine ligand was then used to form a palladium complex with Pd(OAc)2 that 

contained  0.118 mmol of Pd/g based on inductively coupled plasma atomic emission 

spectrometry (ICP-AES) and X-ray Diffraction (XRD) analysis that showed peaks 

corresponding to the typical structure of palladium particles.  This catalyst was 

successfully used in cross-coupling chemistry with phenylboronic acids and 4-

bromoanisole. Recycling involved separating the insoluble catalyst and product solution 

at the end of the reaction. Subsequent addition of fresh substrate allowed the catalyst to 
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be reused up to 10 times.  Palladium leaching was analyzed by ICP-MS analysis and was 

discovered to be less than 0.3 ppm. 

Soluble polymers such as linear polystyrene have also received attention as 

supports for catalysts. The Bae group synthesized linear syndiotactic polystyrene-

supported triarylphosphine 85 and used it in palladium catalyzed Suzuki-Miyaura cross-

coupling reactions.96 

 
 
 

Scheme 42. Linear syndiotactic polystyrene supported triarylphosphine 85 

 

 
 
 

In this case, the syndiotactic linear polystyrene-supported phosphine ligand was 

synthesized using the Suzuki-Miyaura coupling reaction of (4-

bromophenyl)diphenylphosphine (TPP-Br) and boron-functionalized polystyrene 84 as 

shown in Scheme 42. The polymer-supported ligand was characterized by 1H and 31P 

NMR spectroscopy and the phosphine loading was determined to be 0.71 mmol g-1. The 

utility and recyclability of this ligand was examined in palladium-catalyzed Suzuki-

Miyaura cross-coupling reactions of aryl halides and aryl boronic acid. The catalyst was 
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recycled five times; however, the conversion dramatically decreased to 66% for the fifth 

cycle. The catalyst was recovered by solvent-precipitation in methanol. Leaching studies 

were carried out by ICP-MS analysis and it was determined that an average of 46 ppm of 

palladium leached in each cycle.   

While there are many examples of insoluble polymer-supported phosphine 

ligands for catalysis, there are limited studies where soluble polymers were used as 

phase handles to support phosphine reagents or catalysts during a homogeneous reaction 

with a biphasic separation.3 One study where soluble PEG was used as a catalyst support 

was done by Plenio’s group.  PEG has a long history as a soluble polymer support. This 

polymer and its derivatives has the advantage of good solubility in many polar solvents 

such as DMF and EtOH and is typically recovered by solvent precipitation in diethyl 

ether. However, in Plenio’s work biphasic conditions such as a DMSO/heptane solvent 

medium were used to separate PEG-supported phosphine ligand 86 that was used in 

palladium-mediated catalysis to form a Suzuki cross-coupling product.97 This biphasic 

strategy avoids the solvent-intensive precipitation process and is considered a greener 

alternative to solvent precipitation. 
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Scheme 43.  PEG-supported phosphine ligand 86 

                                                   

 
 
 
This recyclable PEG-supported ligand 86 was successfully used in cross-coupling 

reactions of aryl bromides and aryl boronic acids and exhibited high phase selective 

solubility (> 99.5%) in the DMSO phase of a DMSO/heptane solvent mixture.  

Our group has also prepared PIB-supported triphenylphosphines such as 87 that 

can be useful as recyclable ligands,98 reagents in aza-Wittig and Mitsunobu reactions,99 

and as additive ligands in carbon-carbon cross-coupling reactions using a palladium 

colloidal catalyst.100 Biphasic solvent separation strategies are utilized in these examples. 

High phase selective solubility in the heptane phase allows PIB-bound phosphines and 

any phosphine oxide by-products to be easily separated from products by a liquid/liquid 

separation.  

 
 
 

Scheme 44. PIB-supported phosphine ligand 87 

                                                     



 

86 

 

Given the success of poly(4-alkylstyrene) supports in separations and recycling 

of organocatalysts as well as the fact that hindered phosphines have previously been 

supported on cross-linked polystyrene, I examined the utility of poly(4-alkylstyrene) 

supports as tools to facilitate catalysis with phosphine-ligated Pd catalysts. The 

discussion below shows that both a simple triphenylphosphine ligand and a more 

hindered phosphine ligand can be immobilized on these polymers and that the Pd 

catalysts formed with these ligands are effective in catalysis.   

Results and Discussion 

In order to synthesize poly(4-tert-butylstyrene)-co-(4-dodecylstyrene)-supported 

phosphine ligands for palladium mediated cross-coupling reactions, I first prepared a 

simple triphenylphosphine analog. This involved the synthesis of 

diphenylstyrylphosphine monomer that could be used to prepare copolymers with 4-

alkylstyrene as described in Chapter II. The monomer 89 was prepared by the reaction of 

4-bromostyrene 88 with nBuLi at –78 oC followed by the addition of 

chlorodiphenylphosphine as shown in Scheme 43. The presence of the single peak in 31P 

NMR at –6 ppm indicated the formation of 89. The diphenylstryrylphosphine 89 was 

then copolymerized with 4-dodecylstyrene 24 and 4-tert-butylstyrene 27 to form the 

terpolymer 90. 
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Scheme 45. Preparation of poly(4-alkylstyrene)-supported phosphine ligand 90 

                    

 
 
 
The terpolymer 90 was characterized by 1H NMR spectroscopy and GPC, and contained 

12 mol % triphenylphosphine groups based on 1H NMR spectroscopy analysis of the 

relative peaks at δ 2.47 for the benzylic protons of the 4-dodecylstyrene groups and at δ 

7.37 for the biphenyl protons of the diphenylstyrylphosphine. The molecular weight of 

the terpolymer 90 was determined to be 17 kDa with a PDI of 1.2.  

While the synthesis of the polymer was successful, the goal of this work was to 

use 90 as a ligand in homogeneous catalysis. For this chemistry, I prepared a Pd catalyst 

by reaction of 90 with Pd(dba)2 and used the resulting complex to effect the Suzuki 

coupling of the activated aryl bromide 91 with phenylboronic acid 92 using cesium 

carbonate as a base. This reaction afforded the cross-coupling product 93 as shown in 

Scheme 44. Using a heptane/DMF mixture (2 mL:2 mL) at 95 oC, the reaction was 

monophasic. In a typical experiment,  5 mol % of the polymer-bound phosphine ligand 

was premixed with a 1mol % of Pd(dba)2 in heptane at 95 oC for 1 h. 
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Scheme 46. Cross-coupling using poly(4-alkylstyrene)-supported phosphine ligand 90 

                      

 
 
 
Next, a solution of substrates and a base in DMF phase was added. After the reaction 

was complete, the reaction mixture was cooled and the solvent mixture separated into 

two phases. The lower DMF phase containing products was separated from the heptane 

phase containing 90 by forced siphon, and the residual heptane-rich phase containing the 

catalyst was recycled by addition of fresh substrate in DMF as shown in Figure 16. 

 
 
 

                  

Figure 16. General scheme for biphasic homogeneous catalysis with a liquid/liquid 
biphasic catalyst/product separation using polymer-supported phosphine ligand 90 
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The polymer-supported phosphine 90 was recycled for four cycles without the 

addition of palladium source. ICP-MS analysis of the DMF phase showed that the Pd 

content in the product-containing phase decreased with each subsequent cycle as shown 

in Table 1. This result can be attributed to the fact that initially lower molecular weight 

polymer chains containing the supported catalyst can leach into the polar DMF phase, 

but as the recycling progressed, the amount of shorter polymer chains decreased and the 

therefore the Pd content decreased as well. Table 1 also shows there was an increase in 

product yield with each cycle. This can be explained by the fact that the product initially 

partitions into the nonpolar heptane phase so the isolated yields of the product are lower 

in the first cycles. As recycling continued, the heptane phase became saturated with 

product and thus the product yield increased.   

 
 
 

Table 1. ICP-MS leaching studies for cross-coupling reaction using 90 

cycle yield (%)a ppm 

1 
2 
3 
4 
 

87 
92 
94 
97 

7.6 
5.6 
5.3 
4.4 

 
                          a Isolated yields 

 

  Next, the utility of polystyrene-supported 90 in palladium mediated Buchwald-

Hartwig amination reaction using aryl bromide and morpholine was examined. 

Unfortunately, even after 48 h there was only 10% conversion of the product. This was 
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not surprising. Aryl amination typically proceeds well when more hindered phosphine 

ligands are used. 

Buchwald’s various dialkylbiarylphosphines such as RuPhos, XPhos, BrettPhos, 

and SPhos are among the most active ligands for Pd-catalyzed amination and Suzuki 

couplings. These ligands have several useful properties: they are electron-rich, good 

sigma donors, and sterically bulky. The first property, electron-richness, is advantageous 

because it enhances the rate of both the oxidative addition and reductive elimination 

processes in the catalytic cycle. Since these ligands are also sterically bulky, they assist 

in increasing the concentration of vacant coordination sites of Pd complexes. Both 

factors increase the reactivity of otherwise unreactive aryl halides toward the Pd catalyst.  

As noted above, Buchwald earlier immobilized one example of this type of 

ligand on cross-linked polystyrene. In this case, anchoring Buchwald’s phosphine analog 

onto a soluble polymer support was accomplished by the preparation of a phosphine 

ligand having an aromatic hydroxyl group, which was then converted into a nucleophile 

as shown in Scheme 47.94 To effect this chemistry, 2-methoxyphenylmagnesium 

bromide was allowed to react with 1,2-bromochlorobenzene in the presence of 

magnesium shavings. To the resulting slurry, copper (I) chloride was added, followed by 

the addition of chlorodicyclohexylphosphine to form methoxy-substituted dicyclohexyl 

biphenylphosphine ligand as a white solid. The resulting ligand could undergo 

dealkylation in the presence of BBr3 to yield the hydroxyl-substituted dicyclohexyl 

biphenylphosphine 96. Using this chemistry which was first repeated by Dr. Dongmae, 

the phosphine 96 could be attached to vinylbenzyl chloride. 
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Scheme 47. Preparation of phosphine ligand 96 

                         

 
 
 
An alternative approach using this phenoxide in a post-polymerization modification with 

attachment of the hydroxyl-substituted phosphine ligand on the polymer support was 

also explored. Both approaches were successful yielding a poly(4-alkylstyrene)-

supported electron-rich phosphine ligand as shown in Scheme 48.  
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Scheme 48.  Synthesis of poly(4-alkylstyrene)-supported electron-rich phosphine ligand 

97 and 97’ 

 
 
 

When the phosphine ligand was prepared as a monomer, it was copolymerized 

with monomers 24 and 27 using reversible addition fragmentation (RAFT) 

polymerization to give 97’. Meanwhile, the hydroxyl-substituted dicyclohexyl 

biphenylphosphine 96 could also react with benzyl chloride groups as shown in the 

second route under thermomorphic conditions using a heptane/DMF solvent mixture to 

yield polymer-supported phosphine 97. Both terpolymers 97 and 97’ were characterized 

by GPC and 1H and 31P NMR. The terpolymer 97’ that was prepared using route I was 

used as a polymer-supported phosphine for palladium-mediated cross-coupling 

reactions; this ligand contained 8 mol % dicyclohexyl biphenylphosphine groups based 

on the 1H NMR spectroscopy analysis of the relative peaks at δ 2.47 (benzylic protons of 
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the 4-dodecylstyrene) and δ 4.95 (benzylic protons of 4-vinylbenzyl-2-

dicyclohexylphosphino-2’-biphenyl). The molecular weight of this terpolymer 97’ was 

determined to be 9000 kDa with a PDI of 1.2.  

Next, the utility of 97’ as a polymer-supported phosphine ligand in palladium-

mediated Buchwald-Hartwig amination reactions was tested. The initial goal of this 

recycling study was to carry out cross-coupling chemistry using poly(4-alkylstyrene)-

supported phosphine ligated palladium complex under thermomorphic heptane/DMF 

conditions. Studies with polystyrene-supported dicyclohexylbiphenyl phosphine 97’ 

revealed that premixing of the catalyst with the Pd source is necessary for high catalytic 

activity. In palladium catalyzed Buchwald-Hartwig amination reactions, ligand 97’ was 

allowed to stir with Pd(dba)2 in solvent at 60 oC for 30 min prior to addition of the 

substrates. The soluble polymer-supported electron-rich phosphine ligand 97’ was 

assumed to form an active catalytic system with the palladium source when a change of 

color from clear to sandy-yellow was observed. At this point the DMF phase containing 

the substrates and the base was added to the heptane phase containing the complex 

formed from 97’ and the palladium source. While this reaction was successful in 

forming an aryl amination product, a significant amount of color in the DMF phase was 

observed. After separation of the heptane catalyst-containing phase, it was then noted 

that the second cycle showed a dramatic decrease in conversion. The decrease in 

conversion from 99% to 63% was assumed to result from leaching of the catalyst in the 

DMF phase based on the change of color of the DMF phase. To address this problem, 

the thermomorphic heptane/DMF system was altered to use heptane as a single solvent 
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for the reaction. At the end of reaction, a polar solvent was required to extract the 

products. Several different solvents were tried to extract the products from the heptane 

phase such as acetonitrile and DMF; however, methanol was selected to be the optimal 

solvent for extraction. In these modified conditions, the ligand 97’ was premixed with 

the palladium source at 60 oC for 30 minutes. Then, a heptane solution containing the 

substrates was added. This chemistry used both aryl bromides and aryl chlorides with 

morpholine and N-methylaniline in the presence of an auxiliary base such as KOBu. The 

reactions were carried out in 3 mL of heptane in a sealed 10 mL graduated centrifuge 

tube for 19-22 h at 90 oC. After cooling to room temperature, 2 mL of degassed 

methanol saturated with heptane was added to the centrifuge tube via cannula. The 

graduated centrifuge tube was centrifuged for 3 minutes to simplify the biphasic 

separation. At this point the methanol phase was extracted from the heptane phase 

containing the catalyst. The heptane phase containing the catalyst was transferred to 

another sealed graduated centrifuge tube containing fresh substrates and base. The 

catalyst was recycled 5 times without loss of catalytic activity as summarized in Table 2.  

When the polar methanol product phase from cycles one and three was analyzed 

by ICP-MS, the palladium content in the product phase was detected as slightly 

decreasing. The decrease in Pd content in the methanol product phase can be explained 

by the fact that lower molecular weight polymer chains containing the immobilized 

palladium catalyst can exhibit moderate solubility in the polar methanol phase and hence 

can contribute to some leaching. However, as the recycling continued, the leaching 

decreased because lower molecular weight polymer chains were extracted with methanol 
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leaving higher molecular weight polymers that are more selectively soluble in heptane. 

In this study, morpholine and N-methylaniline were successfully coupled with aryl 

halides to give good yields. Moreover, aryl chlorides, notoriously poor substrates, were 

also successfully used with the poly(4-alkylstyrene)-supported electron-rich phosphine 

ligated palladium complex as shown in Table 2, entry 3. 

 
 
 
 

Table 2. Cross-coupling reactions using 97’ 

entry reaction cycles Average 
Isolated 

yield (%) 

Pd leaching 
(ppm) 

1 

 

5 82 7.8 (1 cycle) 
6.8 (3 cycle) 

2 

 

5 85 4.8 (1 cycle) 
3.0 (3 cycle) 

3 

 

4 95 4.3 (1 cycle) 
2.8 (3 cycle) 

 
 
 
 

The lack of by-product formation allowed for facile recovery of the palladium 

complex containing poly(4-alkylstyrene)-supported phosphine ligand 97’. It was noted, 

however, that the conversions of amination reactions decreased after the fifth cycle when 
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using aryl bromides as substrates and after the fourth cycle using aryl chlorides as 

substrates. This decrease in conversion could be attributed to the adventitious oxidation 

of the phosphine ligand, which could deactivate the palladium-phosphine complex and 

preclude the catalysis.  

Conclusions 

In summary, poly(4-alkylstyrene)-supported triarylphosphine ligand 90 and 

electron-rich dicyclohexylphosphine ligand 97’ were synthesized. The premixing of 

polymer-supported phosphine ligands 90 and 97’ with 1 mol % of Pd(dba)2 in heptane at 

elevated temperature was a necessary step in order to form the catalysts to be used in 

Suzuki and Buchwald-Hartwig amination reactions.  

The catalyst formed using poly(4-alkylstyrene)-supported phosphine ligand 90, 

was found to be a recyclable catalyst in Suzuki cross-coupling chemistry. The high 

phase selective solubility of this catalyst in the heptane phase allowed its consecutive 

reuse for four cycles under thermomorphic heptane/DMF conditions. The Pd content in 

the DMF phase containing the product was found to be decreasing with each subsequent 

cycle.  

In combination with Pd(dba)2, poly(4-alkylstyrene)-supported phosphine ligand 

97’ formed a catalyst that was effective in Buchwald-Hartwig amination reactions using 

both aryl bromides and aryl chlorides.  In this chemistry, the heptane phase selectively 

soluble poly(4-alkylstyrene)-supported catalyst could be recycled up to five times with 

very low Pd leaching using added methanol phase to separate the product from the 

heptane solution of the catalyst.  
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CHAPTER V  

USING THERMOMORPHIC SYSTEMS IN ATRP POLYMERIZATION 

 

 

Introduction 

Atom transfer radical polymerization (ATRP) has developed into a common 

method of controlled radical polymerization since its initial discovery in 1995.101 The 

number of publications dedicated to this subject is an indication of the broad interest in 

this chemistry. Like conventional radical polymerizations, this type of polymerization 

chemistry can be carried out with a variety of different solvents and conditions and is 

tolerant of most functional groups. This method makes it possible to synthesize polymer 

chains with a pre-definable molecular weight, a narrow molecular weight distribution 

and a reactive end-group functionality that can be exploited in further synthesis.  

ATRP polymerization has opened new avenues to various advanced materials 

with precisely controlled architecture.102 The capability afforded by ATRP to control 

different structural aspects of polymers allows for fine-tuning of a polymer’s physical 

characteristics. ATRP can be used to graft polymers from surfaces of both organic and 

inorganic materials as well as nanoparticles. ATRP polymers as materials can be used in 

applications such as lubricants, membranes, electronics and drug delivery materials.103 

The accepted mechanism for ATRP is shown in Scheme 49. In ATRP, radicals are 

produced by the reversible transfer of a radically transferable halogen atom from a 

monomeric or polymeric alkyl halide initiator to a transition metal complex in a lower 
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oxidation state. This forms an organic radical and a transition metal complex in a higher 

oxidation state.104 In the case of Cu catalyzed polymerization, this typically involves a 

Cu(I) amine complex that becomes a Cu(II) species. 

 
 
 

Scheme 49. Copper catalyzed transfer of a halogen atom to form active and dormant 

species in a typical ATRP reaction that proceeds through a copper(I)-copper(II) redox 

system 

                         

 
 
 

Typically all the polymer chains initiate at the same time and then react with 

initiator monomers in solution to form a growing chain. Since all polymer chains 

propagate at the same rate, a linear correlation between the monomer consumption and 

molecular weight is observed. An essential feature of ATRP is the presence of an 

equilibrium between a low concentration of active propagating species and a larger 

number of dormant chains via an inner sphere electron transfer process promoted by the 

transition metal complex. Therefore, if efficient initiation and propagation occurs, the 

molecular weights of the product polymer correlate to the predicted molecular weights. 
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Side reactions including termination reactions also occur in ATRP, mainly through 

radical coupling and disproportionation. However, the lower concentration of radical 

present slows this bimolecular process leading to a very small percentage of polymer 

chains undergoing termination in a well-controlled ATRP reaction.  

Despite being a powerful tool for polymerization, metal contamination remains 

an issue in some ATRP applications. Therefore, methods that reduce the amount of 

transition metal used in the process or that recycle the metal complex after the 

polymerization are desirable. One such method involves the liquid/liquid separation of 

the transition metal complexes from the product in an organic/aqueous solvent system. 

This biphasic separation involving toluene and water was investigated by 

Matyjaszewski.105 Under these biphasic conditions, styrene and polystyrene are phase 

selectively soluble in toluene over water. The ATRP polymerization of styrene produced 

polystyrene with a molecular weight of 15 kDa and a PDI of 1.15. In this system a 

copper(I)halide/amine complex was used to effect the desired polymerization. This polar 

catalyst could therefore be easily removed in the aqueous phase of the reaction mixture 

and little contamination of metal content in the product polystyrene was measured (6 

ppm residual Cu). While this system provides a facile way to separate the metal from the 

polymer product, it was limited because its biphasic nature and inhomogeneity. Thus, the 

formation of polystyrene with the same control over the final molecular weight could not 

be achieved. Moreover, the catalyst in this case cannot be easily recycled because it was 

concentrated in the polar phase. 
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Other biphasic systems such as fluorous thermomorphic systems described in 

earlier chapters have been investigated in ATRP chemistry. Unlike the aforementioned 

organic/aqueous system, a fluorous thermomorphic system offers homogeneous reaction 

conditions with a biphasic separation at the end of the reaction. This in principle would 

enable the formation of polymers with controlled molecular weights and allow for 

efficient separations of the active transition metal complex. A number of groups carried 

out the design of various fluorous ligands and complexes that are phase selectively 

soluble in fluorous solvents. 

 
 
 

Scheme 50. Fluorous ligands for use in fluorous biphasic separations of active ATRP 

metal complexes from polymer product 

                    

 
 
 
For example, Haddleton and coworkers investigated the use of a fluorous biphasic 

system as a medium for ATRP using ligand 98 as shown in Scheme 50.106 In this 

approach, toluene was added to an equivolume solution of perfluoromethylcyclohexane 

containing catalyst 98. While polymerization did occur upon addition of methyl 
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methacrylate and ethyl 2-bromoisobuterate as a polymerization initiator, this solvent 

system remained biphasic even at elevated temperature. As a result, polymerization in 

this fluorous biphasic system was even slower than a typical ATRP polymerization.  

A second example using a fluorous system to carry out ATRP was described by 

Weiser.107 In this work, the fluorous cobalt complex 99 was used in a homogeneous 

ATRP polymerization of styrene in a solvent mixture of toluene, cyclohexane, and 

perfluorodecalin (1:1:1).  The catalysis occurred at 90 oC for duration of 4 h. At this 

temperature the ternary solvent mixture of toluene, cyclohexane and perfluorodecalin 

formed a monophasic solution allowing for homogeneous ATRP polymerization. After 

the reaction was complete, the reaction mixture was cooled to room temperature and 

resulted in a biphasic toluene-cyclohexane/perfluorodecalin system. The fluorous phase 

containing the cobalt catalyst was separated from the toluene-cyclohexane phase 

containing the product. In the fluorous biphasic ATRP process, both the perfluoroalkyl-

tagged catalyst and perfluorinated solvent were found to be recyclable. However, the 

maximum molecular weight of 2500 Da that could be obtained for polystyrene was 

undesirable. The authors attributed the low degree of polymerization to the fact that 

higher molecular weight polymers were insoluble in the ternary 

toluene/cyclohexane/perfluorodecalin solvent mixture and therefore using this type of 

solvent mixture precluded the formation of higher molecular weight polymers. 

 To avoid these limitations, soluble polymer supports for ATRP have been 

investigated.108 For example, polyethylene (PE) can be used as a soluble support based 

on the upper critical solution temperature. At elevated temperature, the 100/copper 
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complex shown in Scheme 51 is completely soluble in reaction mixture. Upon cooling, 

the polymer-supported copper complex precipitates from the solution and can be 

recovered by filtration. 

 
 
 
Scheme 51. PE-ligand 100 

                                                  

 
 
 
Using the ligand 100/copper complex, ATRP of methyl methacrylate was performed in 

toluene at 100 oC.  After the PE-functionalized ligand was precipitated, the Cu remained 

complexed with the ligand affording a clean and colorless poly(methyl methacrylate) 

solution. While the PE-supported 100/copper complex is theoretically a recyclable 

catalyst, recycling studies using this complex were not described.  

 The phase selective solubility of polyisobutylene (PIB) in heptane has also been 

used as an advantage for ATRP by our group.109 Given that polystyrene is insoluble in 

heptane and the catalyst 101 shown in Scheme 52 is soluble in heptane, this system was 

designed to self-separate after a reaction owing to the differential solubilities of the 

catalyst and the polymer product. In this study, polymerization was carried out in a 

heptane/styrene mixture at 110 oC. As polymerization proceeded, a viscous suspension 

was formed. At the end of the reaction, centrifugation produced a biphasic mixture 

where the colored catalyst was clearly present in the upper heptane phase and the white 
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polymer product was present in the bottom phase. UV-visible analysis showed no 

detectable PIB-bound copper complex in the product phase. 

 
 
 
Scheme 52. Polyisobutylene-supported ATRP catalyst 101 

                                             

 
 
 
In this work, the polymer-supported copper complex was successfully separated from 

the polystyrene product and recycled 5 times giving a consistent molecular weight of the 

polymer product with a narrow PDI. When the product phase was analyzed by ICP-MS, 

it was revealed that only ca. 3% of the copper was present. This study also showed that 

use of solvent systems that contain a single solvent or a combination of solvents where 

the product and catalyst self-separate from one another is a useful approach to recover 

and recycle the catalyst. 

While polymer-supported ATRP catalysts have shown promise as recyclable 

catalysts, there is a limitation of these polymer supported catalyst. They must be 

prepared, which adds extra cost to any process. As part of the work on synthesis of 

hydrophobic polymers, an alternative way to separate Cu species from these sorts of 

products was briefly explored. This chemistry was based on some of the original work in 

our group that used thermomorphic catalysts. That work used a polar polymer bound 
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catalyst in a binary solvent mixture that was thermomorphic. For example, a poly(N-

isopropyl acrylamide) (PNIPAM) bound Rh(I) hydrogenation catalyst was prepared.30 In 

heptane/aqueous EtOH it hydrogenated octadecene to form octadecane at 70 oC. Cooling 

formed a biphasic heptane/aqueous EtOH mixture with the catalyst in the polar phase 

and the octadecane in the heptane-rich phase. In this work, a thermomorphic biphasic 

solvent system was chosen to investigate ATRP polymerization with 4-alkylstyrenes and 

octadecyl acrylate. Depending on the monomers used, ATRP polymerization employs 

either nonpolar solvents such as anisole110 and toluene111 or polar solvents such as 

DMF112 and dimethyl sulfoxide113 (DMSO). Since DMF is a suitable solvent for an 

ATRP catalyst and could also form a monophasic reaction mixture with heptane at 

elevated temperature, I envisioned that this solubility would facilitate catalyst/polymer 

separation where the differential solubilities of poly(4-alkylstyrene) in the heptane phase 

and a typical low molecular weight copper-ligand complex in the DMF phase would 

enable the Cu catalyst to be recycled. This alternative solvent separation is in direct 

contrast to the traditional one with the nonpolar heptane phase containing the high 

molecular weight polymeric catalyst and the polar DMF phase containing the low 

molecular weight product as shown in Figure 17.  
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Figure 17. Traditional and alternative thermomorphic liquid/liquid separation systems 

 
 
 
In the following work, some initial experiments where this strategy has been adapted for 

ATRP polymerizations using thermomorphic solvent mixtures, nonpolar monomers, and 

conventional polar low molecular weight ATRP catalysts are discussed. Not only would 

the alkylated polystyrene product be separated, the alkylated styrene monomer that 

typically remains after polymerization would be soluble in heptane and separable from 

the Cu-ligand species that would be sequestered in the DMF phase.  

Results and Discussion 

 The first polymerization investigated used 4-tert-butylstyrene as a monomer as 

shown in Scheme 53. 
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Scheme 53. ATRP of 4-tert-butylstyrene using thermomorphic biphasic separation 

                                        

 
 
 
 N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine (PMDETA) 102 was chosen as the amine 

ligand. PMDETA, along with copper(I)bromide and ethyl 2-bromoisobuterate 103 was 

dissolved in 1 mL of DMF and added to a 10-mL graduated centrifuge tube. To the 

resulting solution, a 1 mL solution of 4-tert-butylstyrene monomer in heptane was added 

to form a biphasic solvent mixture. The mixture was subjected to three freeze-pump-

thaw cycles and then was allowed to warm to 100 oC in an oil bath. The reaction took 

place under monophasic homogeneous conditions for 24 h at 100 oC. Upon cooling the 

reaction mixture, a biphasic mixture formed consisting of a heptane-rich phase 

containing the polymer product 104 and a denser DMF-rich phase containing the catalyst 

complex as shown in Figure 18.  
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Figure 18. Thermomorphic liquid/liquid separation of ATRP 

 
 
 
 After cooling, the heptane phase could be separated from the DMF phase 

containing the catalyst complex. Addition of fresh substrate and more ethyl 2-

bromoisobuterate initiator to the reaction flask followed by heating in an oil bath at 100 

oC for 24 h provided a second batch of polystyrene product. Following this same 

procedure, four cycles were carried out to recycle the copper catalyst. The yields of these 

reactions were calculated based on the mass of 4-tert-butylstyrene used divided by the 

mass of recovered polymer after precipitation in methanol. The molecular weights were 

measured by gel permeation chromatography using polystyrene standards. The results 

for the ATRP polymerization of 4-tert-butylstyrene using this thermomorphic 
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liquid/liquid separation strategy can be seen in Table 3. The results show that this 

thermomorphic biphasic separation strategy could also be a suitable strategy to recycle  

 
 
 
Table 3. ATRP polymerization of 4-tert-butylstyrenea 

cycle isolated yield % Mn PDI Cu leaching 
(ppm) 

1 
2 
3 
4 

82 
84 
89 
90 

 

9500 
8158 
6791 
8190 

1.18 
1.29 
1.21 
1.30 

ND 
ND 

218.0 
123.4 

aThe ratio of monomer/initiator/CuBr/Ligand was 50/1/1/1.5 
ND-not determined 
 
 
 
polar low molecular weight catalysts from a nonpolar high molecular weight product. In 

order to see if this system is applicable for catalyst recovery with nonpolar polymer 

products, the ATRP polymerization of octadecyl acrylate was also studied. In this 

chemistry, octadecyl acrylate 107 was prepared from octadecyl alcohol 105 and acryloyl 

chloride 106 as shown in Scheme 54. Octadecyl acrylate 107 could now undergo ATRP 

polymerization to form polymer product 108 using similar conditions as those described 

in Scheme 51. 
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Scheme 54. ATRP polymerization of octadecyl acrylate 108 using thermomorphic 

biphasic separation 

  

 

Poly(octadecyl acrylate) polymer 108, a highly heptane phase selectively soluble 

polymer because of its lipophilic alkyl ester group, can be easily separated from the 

DMF phase containing a low molecular weight copper catalyst. As was the case with 4-

tert-butylstyrene, the ATRP polymerization using monomer 108 was performed four 

times to recycle the catalyst. The results are summarized in Table 4. 

 
 
 

Table 4. ATRP polymerization of octadecyl acrylate 108
a 

cycle isolated yield % Mn PDI Cu leaching 
(ppm) 

1 
2 
3 
4 

80 
83 
87 
89 

 

9089 
8607 
9008 
10207 

1.10 
1.22 
1.28 
1.52 

ND 
ND 
83.2 
72.5 

aThe ratio of monomer/initiator/CuBr/Ligand was 50/1/1/1.5 
ND- not determined 
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The ease of separation and recyclability using thermomorphic liquid/liquid 

separation solvent system is a significant advantage for these low molecular weight 

copper catalysts. Traditionally used post-polymerization purification methods such as 

column chromatography are not required to isolate the polymer product.  

Thermomorphic liquid/liquid separation was also tested in ATRP polymerization 

of 4-dodecylstyrene. Similar to the polymerization of 4-tert-butylstyrene or 

octadecylacrylate, the thermomorphic system was used to recycle the low molecular 

weight copper catalyst. In this case, 4-dodecylstyrene 24 was used to carry out 

homopolymerization to form 109 as described in Scheme 55. 

 
 
 

Scheme 55. ATRP polymerization of 4-dodecylstyrene 24 using thermomorphic 

biphasic separation 

 

 
 
 

The results for the ATRP polymerization of 4-dodecylstyrene using 

thermomorphic liquid/liquid separation strategy can be seen in Table 5.  
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Table 5. ATRP polymerization of 4-dodecylstyrenea 

Cycle isolated yield % Mn PDI 
1 
2 
3 
4 

78 
83 
85 
87 

9800 
8120 
8700 
11400 

1.07 
1.21 
1.13 
1.45 

aThe ratio of monomer/initiator/CuBr/Ligand was 50/1/1/1.5 
 
 
 

The methodology envisioned for ATRP polymerization using a low molecular 

weight copper complex under homogeneous thermomorphic biphasic conditions has an 

advantage over the traditional ATRP polymerization because it allows ease of separation 

of the nonpolar polymer product from the copper catalyst at the end of the reaction.  The 

polymers that were obtained had consistent molecular weights and narrow polydispersity 

indices. However, the initial ICP-MS data for poly(4-tert-butylstyrene) and 

poly(octadecyl acrylate) was not what was anticipated. A much higher than expected 

level of Cu contamination in the product was formed. In order to address this issue and 

lower the Cu contamination in the product phase several approaches could be used. One 

of the possible solutions is to lower the amount of catalyst used, which in turn would 

decrease the catalyst leaching into the product phase. To reduce the metal contamination 

in the product phase, “initiators for continuous activator regeneration” (ICAR) ATRP 

method is commonly used.114 This method requires only a trace amount of copper 

catalyst (~100 ppm) and uses conventional radical initiators (e.g. azo or peroxides) to 

generate excess radical that reduces the Cu(II) complex to Cu(I). This technique 

provides an improvement in lowering the metal concentration in ATRP; however, 

control of the molecular weight is greatly reduced, because radical generated from 
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peroxide initiators can not only reduce Cu(II) to Cu(I) but also initiate new polymer 

chains. An improved approach to decrease the amount of catalyst used in ATRP is 

exemplified by “activators regenerated by electron transfer” (ARGET) machanism.115 

These systems, a small amount of copper catalyst is used in conjunction with a large 

excess of reducing agent. This allows for continuous regeneration of Cu(I) activators 

from Cu(II) deactivator formed through the radical-radical termination step. 

Implementing a reducing agent allows ATRP to be conducted with significantly lower 

concentrations of catalyst. A variety of reducing agents can be used including tin(II) 2-

ethylhexanoate, ascorbic acid, and nitrogen containing ligands.116  Since nitrogen 

containing N,N,N′,N′′,N′′-Pentamethyldiethylenetriamine (PMDETA) is used in ATRP 

under biphasic thermomorphic conditions, it is foreseeable that using a large amount of 

this ligand and replacing the CuBr species with a small amount of the CuBr2 species 

would give an ARGET type ATRP polymerization with decreased metal contamination 

in the heptane product phase. Zerovalent copper metal as a reducing agent can also be 

used in ARGET ATRP. Utilizing Cu(0) was first demonstrated in 1997 and was shown 

to increase the rate of polymerization under various ATRP conditions.117 Later, 

Matyjaszewski demonstrated a successful ATRP polymerization of methyl acrylate 

using ppm concentrations of a CuBr2/PMDTA complex in the presence of copper 

powder or copper wire at room temperature.118  Polymers prepared using 

CuBr2/PMDTA/Cu(0) maintained excellent polydispersity indices with high molecular 

weights. Implementing ICAR or ARGET techniques with thermomorphic ATRP 

polymerization should ensure decrease of the catalyst leaching into the nonpolar heptane 
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phase and allow for recycling of the low molecular weight copper catalyst in the DMF 

phase.  

Conclusions 

ATRP is a robust tool for the synthesis of polymer materials with control over 

functionality and molecular weight. Catalysis using a thermomorphic biphasic solvent 

system provides a way to easily separate and recover a low molecular weight catalyst 

from a high molecular weight poly(4-alkylstyrene) or poly(alkyl acrylate) product.  

Upon heating, the thermomorphic heptane/DMF solvent system forms a monophasic 

solution that allows for homogeneous ATRP polymerization to occur. However, upon 

cooling, a biphasic separation is reformed where the heptane phase contains a highly 

phase selectively soluble polymer product and the DMF phase contains the low 

molecular weight copper catalyst. Once the heptane product-containing phase is 

removed, the DMF phase containing the copper-ligand complex is recyclable in further 

ATRP polymerization of alkylated monomers. While shown to be an efficient separation 

strategy, utilizing a thermomorphic biphasic solvent system leads to significant metal 

leaching into the heptane-rich product phase. If a thermomorphic ATRP strategy is used 

in the future, the metal leaching issue can be addressed by using ICAR ATRP or 

ARGET ATRP methods. In both techniques, the activator Cu(I) is regenerated through 

the  reduction of accumulated Cu(II) species. Using these two methods would allow for a 

dramatic decrease in the catalyst loading and would ensure a decrease of metal leaching 

into the heptane product phase. 

 



 

114 

 

CHAPTER VI  

EXPERIMENTAL SECTION 

 

 

All reagents and solvents were obtained from commercial sources and used 

without further purification. The 1H, 13C and 31P NMR spectra of the products of the 

catalytic reactions were identical to those in literature.119-121 1H NMR spectra were 

recorded on Inova NMR spectrometer operating at 299.91 MHz. 13C NMR spectra were 

recorded on Inova NMR spectrometer operating at 75.41 MHz. 31P NMR spectra were 

recorded on Inova NMR spectrometer operating at 121.42 MHz using 85% H2PO4 as the 

standard. Chemical shifts are reported in parts per million (δ) relative to residual proton 

resonances in deuterated chloroform (CDCl3). Coupling constants (J values) are reported 

in Hertz (Hz), and spin multiplicities are indicated by the following symbols: s (singlet), 

d (doublet), t (triplet), q (quartet), dd (doublet of doublets), and m (multiplet). 

Copolymers were analyzed by gel permeation chromatography in THF using a Viscotek 

I-MBMMW-3078 mixed bed column at 30 oC. The Viscotek instrument was equipped 

with a VE-3210 UV-visible detector, a 270 dual detector and a VE-3580 RI detector. 

The polymer molecular weights were calculated using OmniSEC software (v.4.6.1) and 

were based on polystyrene standards. A Fluorolog fluorometer was used for fluorescence 

studies. ICP-MS analysis was conducted by employing a NexION 300D ICP-MS 

spectrometer. 
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ICP-MS Digestion Procedure. The sample to be analyzed (30-70 mg) and 4 g of 

concentrated nitric acid were added to a glass vial and the mixture was heated to 120 oC 

until the sample was dissolved. Then the solution was cooled to room temperature and 4 

g of concentrated sulfuric acid was added. The mixture was heated to 120 oC for 48 h. 

The solution was then allowed to cool to room temperature. At this point, the 

concentrated acid solution was diluted with 1% nitric acid solution and the diluted 

sample was analyzed by ICP-MS. 

Octadecylbenzene (22). Stearoyl chloride prepared by a known procedure122 was 

dissolved in benzene and added via an addition funnel to a reaction flask containing 

AlCl3 in benzene. After 12 h at 25 ˚C, the reaction was concentrated under reduced 

pressure and then washed with H2O (2 x 50 mL). The organic phase was dried over 

Na2SO4 and the solvent was removed to yield 85% of octadecyl phenyl ketone.  This 

ketone (3.0 g, 8.7 mmol) was then dissolved in 15 mL of a 3:1 (vol:vol) mixture of  

THF:EtOH and reduced using 14.3 psi of H2 with 10 mol % of a Pd/C catalyst over 24 h.  

The Pd/C was removed from the reaction solution by filtration, the solvent was removed 

under reduced pressure using a rotary evaporator, and the residue was redissolved in 

hexane. This hexane solution was washed with H2O, dried over Na2SO4 and the hexane 

solvent was removed to give 2.4 g of octadecylbenzene. 1H NMR (300 MHz, CDCl3) δ 

0.90 (t, J = 6.6 Hz,  3H), 1.16-1.49 (br m, 30H), 1.63 (m, 2H), 2.62 (t, J = 7.8 Hz, 2H), 

7.21-7.30 (m, 5H) ); 13C NMR (75 MHz, CDCl3) δ 14.1, 22.7, multiple peaks between 

29.3 and 29.8,  31.6, 32.0, 35.8, 125.5, 128.3, 128.5, 143.  
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4-Dodecylstyrene (24). 4-Dodecylstyrene was prepared from dodecylbenzene using the 

same sequence of reactions used by Overberger involving Friedel-Crafts acylation, 

reduction and dehydration.123 The final product of this synthetic sequence could be 

prepared on a multigram scale and was purified by silica column chromatography 

(hexanes) to give a viscous liquid (4.9 g, 75% yield). 1H NMR (300 MHz, CDCl3) δ 0.87 

(t, J = 6.5 Hz,  3H), 1.20-1.35 (br m, 18H), 1.58 (m, 2H), 2.57 (t, J = 7.7 Hz, 2H), 5.18 

(d, J = 11.1 Hz, 1H), 5.69 (d, J = 17.0 Hz, 1H), 6.68 (dd, J = 11.2, Hz, 17.0 Hz, 1H), 

7.13(d, J = 8.3 Hz, 2H), 7.32(d, J = 8.3 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 14.1, 

22.7, multiple peaks between 29.3 and 29.8,  31.5, 32.0, 35.8, 112.7, 126.1, 128.4, 135.1, 

136.8, 142.7. 

Poly((4-dodecylstyrene)-c-(4-vinylbenzyl chloride)) (28). 4-Dodecylstyrene (2.7 g, 9.9 

mmol) and 4-chloromethylstyrene that had been passed through an aluminum oxide plug 

to remove inhibitor (0.15 g, 0.99 mmol) were added to a 50-mL Schlenk tube equipped 

with a stir bar. Benzoyl peroxide (0.031 g, 0.12 mmol) was added and the resulting 

solution was subjected to 3 freeze-pump-thaw cycles. Then, the mixture was heated in an 

oil bath at 70 oC for 24 h. After cooling, the product was dissolved in 40 mL of 

chloroform and the resulting solution was slowly added to an excess of MeOH (400 mL) 

to precipitate the desired polymer product in 75% yield (2.40 g). The polymer was 

characterized by GPC and had a Mn of 32000 Da with a PDI of 2.22. The ratio of the 

monomers was determined as 11:1 based on 1H NMR spectroscopic analysis integrating 

peaks at δ 2.47 (benzylic protons of the major species, 4-dodecylstyrene) and δ 4.45 
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(benzylic protons of 4-chloromethylstyrene). 1H NMR (300 MHz, CDCl3) δ 0.87 (br t, 

30H), 0.98-2.13 (br m, 233H),  2.47 (br s, 20H), 4.45 (br s, 2), 6.11-7.12 (br m, 44H). 

Poly((4-tert-butylstyrene)-c-(4-vinylbenzyl dansyl)) (34). The copolymerization of 4-

tert-butylstyrene and 4-chloromethylstyrene was carried out using a literature 

procedure.69 The product was purified by two solvent precipitations using CH2Cl2 as the 

good solvent and methanol as a precipitation solvent. The polymer was characterized by 

GPC and 1H NMR spectroscopy. GPC analysis showed that the polymer had a Mn of 

22000 Da with a PDI of 2.86. This chloromethylated poly(4-tert-butylstyrene) 

copolymer was then allowed to react with N-n-butyl dansylsulfonamide. In this reaction 

N-n-butyl dansylsulfonamide (0.39 g, 1.27 mmol) was dissolved in DMF (50 mL) and 

allowed to react with K2CO3 (1.75 g, 12.70 mmol) for 1 h. Then, a 50 mL heptane 

solution of the chloromethylated copolymer (0.50 g, 0.26 mmol) was added dropwise. 

The reaction mixture was heated at 90 oC and was allowed to stir for 72 h. After the 

mixture was cooled to room temperature, the top heptane-rich layer was separated and 

washed with MeCN (25 mL x 3). The solvent was removed under reduced pressure. The 

resulting solid was redisolved in a minimum amount of CH2Cl2 and added to MeOH (50 

mL) to precipitate the copolymer as a yellowish solid in 79% yield (0.44 g). 1H NMR 

(300 MHz, CDCl3) δ 0.57-2.76 (br m, 168H), 2.89 (br s, 6H), 3.11 (br s 2H), 4.27 (br s, 

2H), 6.11-7.12 (br m, 48H), 7.47 (br m, 2H), 8.19 (br s, 1H), 8.38 (br s, 1H), 8.52 (br s, 

1H). 

Poly((4-dodecylstyrene)-c-(4-vinylbenzyl dansyl))copolymer (33). N-n-Butyl 

dansylsulfonamide 36 (0.75 g, 2.4 mmol),42 potassium carbonate (0.30 g, 2.4 mmol) and 
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DMF (30 mL) were added to a flame-dried, 3-necked 100-mL round-bottomed flask 

equipped with a stir bar. This mixture was stirred for 1 h under N2 at which point a 

solution of copolymer 28 (2.1 g, 0.66 mmol) in heptane (30 mL) was added. The 

resulting biphasic mixture was heated to 90 oC in an oil bath to form a single phase 

mixture that was allowed to stir for 72 h. After cooling to ambient temperature, hexane 

(50 mL) was added to the reaction mixture. The hexane phase was separated from the 

DMF phase and was washed first with water (1 x 100 mL), then with 90% EtOH (2 x 50 

mL) and finally dried over Na2SO4. After filtering, the solvent was removed under 

reduced pressure to give the product in 87% yield (1.92 g.). 1H NMR (300 MHz, CDCl3) 

δ: 0.59 (br s, 3H), 0.91 (br t, 30H), 1.03-2.10 (br m, 237H),  2.47 (br s, 20H), 2.85 (br s, 

6H), 3.09 (br s, 2H) 4.37 (br s, 2), 6.06-7.22 (br m, 45H), 7.47 (br m, 2H), 8.19 (br s, 

1H), 8.38 (br s, 1H), 8.52 (br s, 1H). 

Poly((4-dodecylstyrene)-c-poly(tert-butylstyrene)-c-poly(4-vinylbenzyl dansyl)) 

terpolymer (39b, 9 mol%). 4-Dodecylstyrene (1.7 g, 6.4 mmol), tert-butylstyrene (4.1 

g, 25 mmol) and 4-vinylbenzyl chloride (0.48 g, 3.5 mmol) that had been passed through 

an aluminum oxide plug to remove any inhibitor were dissolved in 2 mL of 2-butanone 

and added to a 50-mL Schlenk tube equipped with a stir bar. RAFT reagent 4-Cyano-4-

(phenylcarbonothioylthio)pentanoic acid (0.091 g, 0.32 mmol) and AIBN (0.0060 g, 

0.037 mmol) were added to the flask and the resulting solution was subjected to 3 

freeze-pump-thaw cycles. Then, the mixture was heated in oil bath at 80 oC for 48 h. 

After cooling, the product was dissolved in 3mL of chloroform and this solution was 

slowly added to excess MeOH (300ml) to precipitate the desired polymer product in 
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70% yield (4.1 g). The product polymer was analyzed by GPC and had a Mn of 9000 Da 

with a PDI of 1.08. The ratio of monomers in the product was determined to be 9:1:1 

based on NMR analysis integrating peaks at δ 2.47 (benzylic protons of the 4-

dodecylstyrene) and δ 4.45 (benzylic protons of 4-vinylbenzyl chloride). The 

chloromethylated poly(4-dodecylstyrene)-c-poly(tert-butylstyrene) terpolymer was then 

allowed to react with N-n-butyldansylsulfonamide using a literature procedure1. In this 

reaction N-n-butyldansylsulfonamide (0.39 g, 1.3 mmol) was dissolved in DMF (50 mL) 

and allowed to react with K2CO3 (0.18 g, 1.3 mmol) for 1 h. Then a 50 mL heptane 

solution of chloromethylated terpolymer (0.40 g, 0.21 mmol) was added dropwise. The 

reaction mixture was heated at 90 oC and was allowed to stir for 72 h. After the mixture 

was cooled to room temperature, the top heptane-rich layer was separated and washed 3 

times with MeCN. The solvent was removed under reduced pressure and the resulting 

solid was redissolved in a minimum amount of CH2Cl2 and added to MeOH (50 mL) to 

precipitate the copolymer as a yellowish solid in 82 % yield (0.38 g). 1H NMR (300 

MHz, CDCl3) δ: 0.59 (br s, 3H), 0.91(br t, 3H), 1.03-2.10 (br m, 134H), 2.47 (br s, 2H), 

2.85 (br s, 6H), 3.09 (br s, 2H), 4.37 (br s, 2H), 6.06-7.22 (br m, 45H), 7.47 (br m, 2H), 

8.19 (br s, 1H), 8.38 (br s, 1H), 8.52 (br s, 1H).  

Poly((4-dodecylstyrene)-c-poly(tert-butylstyrene)-c-poly(4-vinylbenzyl dansyl)) 

terpolymer (39a, 28 mol %). 4-Dodecylstyrene (1.8 g, 6.4 mmol), tert-butylstyrene (2.0 

g, 12 mmol) and 4-vinylbenzyl chloride (0.29 g, 1.91 mmol) that had been passed 

through an aluminum oxide plug to remove any inhibitor were dissolved in 2 mL of 2-

butanone and added to a 50-mL Schlenk tube equipped with a stir bar. RAFT reagent 4-
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cyano-4-(phenylcarbonothioylthio)pentanoic acid (0.050 g, 0.18 mmol) and AIBN 

(0.0030 g, 0.018 mmol) were added to the flask and the resulting solution was subjected 

to 3 freeze-pump-thaw cycles. Then, the mixture was heated in oil bath at 80 oC for 48 h. 

After cooling, the product was dissolved in 3 mL of chloroform and this solution was 

slowly added to excess MeOH (300 mL) to precipitate the desired polymer product in 

72% yield (3.6 g). The product polymer was analyzed by GPC and had a Mn of 7000 Da 

with a PDI of 1.10. The ratio of monomers in the product was determined to be 9:4:1 

based on NMR analysis integrating peaks at δ 2.47 (benzylic protons of the 4-

dodecylstyrene) and δ 4.45 (benzylic protons of 4-vinylbenzyl chloride). The 

chloromethylated poly(4-dodecylstyrene)-c-poly(tert-butylstyrene) terpolymer was then 

allowed to react with N-n-butyldansylsulfonamide using a literature procedure. In this 

reaction N-n-butyldansylsulfonamide (0.39 g, 1.27 mmol) was dissolved in DMF (50 

mL) and allowed to react with K2CO3 (0.175 g, 1.27 mmol) for 1 h. Then a 50 mL 

heptane solution of chloromethylated terpolymer (0.6 g, 0.22 mmol) was added 

dropwise. The reaction mixture was heated at 90 oC and was allowed to stir for 72 h. 

After the mixture was cooled to room temperature, the top heptane-rich layer was 

separated and washed 3 times with MeCN. The solvent was removed under reduced 

pressure and the resulting solid was redissolved in a minimum amount of CH2Cl2 and 

added to MeOH (50 mL) to precipitate the copolymer as a yellowish solid in 79 % yield 

(0.51 g). 1H NMR (300 MHz, CDCl3) δ: 0.59 (br s, 3H), 0.91 (br t, 12H), 1.03-2.10 (br 

m, 203H), 2.47 (br s, 8H), 2.85 (br s, 6H), 3.09 (br s, 2h), 4.37 (br s, 2H), 6.06-7.22 (br 

m, 57H), 7.47 (br m, 2H), 8.19 (br s, 1H), 8.38 (br s, 1H), 8.52 (br s, 1H).  
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Poly((4-dodecylstyrene)-c-poly(4-methylstyrene)-c-poly(4-vinylbenzyl dansyl) 

terpolymer (38b, 13 mol %). 4-Dodecylstyrene (1.0 g, 3.7 mmol), 4-methylstyrene (4.0 

g, 34 mmol) and 4-vinylbenzyl chloride (0.30 g, 1.9 mmol) that had been passed through 

an aluminum oxide plug to remove any inhibitor were dissolved in 2 mL of 2-butanone 

and added to a 50-mL Schlenk tube equipped with a stir bar. RAFT reagent 4-cyano-4-

(phenylcarbonothioylthio)pentanoic acid (0.050 g, 0.37 mmol) and AIBN (0.0060 g, 

0.037 mmol) were added to the flask and the resulting solution was subjected to 3 

freeze-pump-thaw cycles. Then, the mixture was heated in oil bath at 80 oC for 48 h. 

After cooling, the product was dissolved in 3 mL of chloroform and this solution was 

slowly added to excess MeOH (300 mL) to precipitate the desired polymer product in 

70% yield (4.1 g). The product polymer was analyzed by GPC and had a Mn of 14000 

Da with a PDI of 1.15. The ratio of monomers in the product was determined to be 

12:2:1 based on NMR analysis integrating peaks at δ 2.47 (benzylic protons of the 4-

dodecylstyrene) and δ 2.32 (benzylic protons of 4-methylstyrene). The chloromethylated 

poly(4-dodecylstyrene)-co-poly(4-methylstyrene) terpolymer was then allowed to react 

with N-n-butyldansylsulfonamide using a literature procedure1. In this reaction N-n-

butyldansylsulfonamide (0.39 g, 1.3 mmol) was dissolved in DMF (50 mL) and allowed 

to react with K2CO3 (0.18 g, 1.3 mmol) for 1 h. Then a 50 mL heptane solution of 

chloromethylated terpolymer (0.46 g, 0.22 mmol) was added dropwise. The reaction 

mixture was heated at 90 oC and was allowed to stir for 72 h. After the mixture was 

cooled to room temperature, the top heptane-rich layer was separated and washed 3 

times with MeCN. The solvent was removed under reduced pressure and the resulting 
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solid was redissolved in a minimum amount of CH2Cl2 and added to MeOH (50 mL) to 

precipitate the copolymer as a yellowish solid in 80% yield (0.42 g). 1H NMR (300 

MHz, CDCl3) δ: 0.59 (br s, 3H), 0.91(br t, 6H), 1.03-2.10 (br m, 85H), 2.32 (br s, 36H), 

2,47 (br s, 4H), 2.85 (br s, 6H), 3.09 (br s, 2H), 4.37 (br s, 2H), 6.06-7.22 (br m, 61H), 

7.47 (br m, 2H), 8.19 (br s, 1H), 8.38 (br s, 1H), 8.52 (br s, 1H).  

Poly(4-dodecylstyrene)-c-poly(4-methylstyrene)-c-poly(4-vinylbenzyl dansyl) 

terpolymer (38a, 28 mol %). 4-Dodecylstyrene (2.0 g, 7.4 mmol), 4-methylstyrene (3.5 

g, 29 mmol) and 4-vinylbenzyl chloride (0.30 g, 1.9 mmol) that had been passed through 

an aluminum oxide plug to remove any inhibitor were dissolved in 2 mL of 2-butanone 

and added to a 50-mL Schlenk tube equipped with a stir bar. RAFT reagent 4-cyano-4-

(phenylcarbonothioylthio)pentanoic acid (0.10 g, 0.34 mmol) and AIBN (0.0060 g, 

0.037 mmol) were added to the flask and the resulting solution was subjected to 3 

freeze-pump-thaw cycles. Then, the mixture was heated in oil bath at 80 oC for 48 h. 

After cooling, the product was dissolved in 3 mL of chloroform and this solution was 

slowly added to excess MeOH (300 mL) to precipitate the desired polymer product in 

74% yield (3.0 g). The product polymer was analyzed by GPC and had a Mn of 12000 

Da with a PDI of 1.13. The ratio of monomers in the product was determined to be 

12:5:1 based on NMR analysis integrating peaks at δ 2.47 (benzylic protons of the 4-

dodecylstyrene) and δ 4.45 (benzylic protons of 4-vinylbenzyl chloride). The 

chloromethylated poly(4-dodecylstyrene)-co-poly(4-methylstyrene) terpolymer was then 

allowed to react with N-n-butyldansylsulfonamide using a literature procedure. In this 

reaction N-n-butyldansylsulfonamide (0.35 g, 1.14 mmol) was dissolved in DMF (50 
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mL) and allowed to react with K2CO3 (0.175 g, 1.27 mmol) for 1 h. Then a 50 mL 

heptane solution of chloromethylated terpolymer (0.42 g, 0.20 mmol) was added 

dropwise. The reaction mixture was heated at 90 oC and was allowed to stir for 72 h. 

After the mixture was cooled to room temperature, the top heptane-rich layer was 

separated and washed 3 times with MeCN. The solvent was removed under reduced 

pressure and the resulting solid was redissolved in a minimum amount of CH2Cl2 and 

added to MeOH (50 mL) to precipitate the copolymer as a yellowish solid in 80% yield 

(0.38 g). 1H NMR (300 MHz, CDCl3) δ: 0.59 (br s, 3H), 0.91(br t, 9H), 1.03-2.10 (br m, 

102H), 2.32 (br s, 30H), 2.47 (br s, 6H), 2.85 (br s, 6H), 3.09 (br s, 2H), 4.37 (br s, 2H), 

6.06-7.22 (br m, 57H), 7.47 (br m, 2H), 8.19 (br s, 1H), 8.38 (br s, 1H), 8.52 (br s, 1H).  

1-Carboxy-4-(4-vinylbenzyl) piperazine (56). Ethyl 1-piperazine carboxylate (29.20 g, 

184.58 mmol) was dissolved in 60 mL of 90% EtOH and added to a 100-mL round-

bottomed flask. Then, 4-chloromethylstyrene (28 g, 184 mmol) and solid sodium 

bicarbonate (32 g, 385 mmol) were added to the ethanol solution and the mixture was 

refluxed for 18 h. After cooling to room temperature, the ethanol was removed under 

reduced pressure. The residue was taken into water, and the aqueous mixture was 

extracted with diethyl ether. The organic phase was dried over Na2SO4 and the solvent 

was removed to give a colorless liquid in 95% yield (48.08 g) 1H NMR (300 MHz, 

CDCl3) δ 1.19 (t, J = 7.4 Hz 3H), 2.37 (br, 4H), 3.37 (br, 4H), 3.38 (s, 2H), 4.07 (q, J = 

7.1, 2H), 5.10 (d, J = 11.1 Hz, 1H), 5.62 (d, J =  17.0 Hz, 1H), 6.60 (dd, J = 11.2 Hz, 17 

Hz, 1H), 7.16 (d, J = 7.5 Hz, 2H), 7.23 (d, J = 7.5 Hz, 2H). 13C NMR (75 MHz, CDCl3) 

δ 14.9, 43.6, 55.8, 61.3, 62.8, 113.7, 126.2, 129.4, 136.5, 136.7, 137.4, 155.6.  
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(4-Vinylbenzyl)piperazine (57). 1-Carboxy-4-(4-vinylbenzyl) piperazine (48 g, 175 

mmol) and solid potassium hydroxide (24 g, 429 mmol) were dissolved in 146 mL of 

methanol and added to a 2-necked 250-mL round-bottomed flask. The mixture was 

heated to reflux and the methanol was distilled off slowly during a 2 h period. The 

residue was then cooled to room temperature and treated with 75 mL of benzene and 100 

mL of water. The aqueous mixture was extracted with two 100 mL portions of benzene. 

The benzene extract was dried over Na2SO4 and the solvent was removed under reduced 

pressure to give the product in 69% yield (24.88 g). 1H NMR (300 MHz, CDCl3) δ 1.6 

(s, 1H), 2.4 (br s, 4H), 2.89 (t, J = 5.2 Hz, 4H), 3.5 (s, 2H), 5.10 (d, J = 11.0 Hz, 1H), 

5.64 (d, J = 17.0 Hz, 1H), 6.63 (dd, J = 11.0 Hz, 17.1 Hz,1H), 7.20 (d, J = 7.5 Hz, 2H), 

7.37 (d, J = 7.5 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 46.12, 54.5, 61.8, 112.0, 126.0, 

129.3, 136.2, 136.3, 137.8.  

(4-Vinylbenzyl-4-pyridyl)piperazine (58). (4-Vinylbenzyl)piperazine (13.00 g, 63.11 

mmol) and 4-chloropyridine (6.5 g, 57 mmol) were dissolved in 50 mL of xylene and 

added to a 100-mL round-bottomed flask equipped with a stir bar. The reaction mixture 

was heated to reflux for 15 h. After cooling, the xylenes solution of the product was 

filtered and the supernatant was evaporated to dryness to give a yellow solid, which was 

recrystallized from heptane to yield 87% of the product (14.11 g). 1H NMR (300 MHz, 

CDCl3) δ 2.52 (t, J = 5.5 Hz, 4H), 3.37 (t, J = 5.5 Hz, 4H), 3.51 (s, 2H), 5.21 (d, J = 11.0 

Hz, 1H), 5.67 (d, J = 17.0 Hz, 1H), 6.60 (d, J = 5.0 Hz, 2H), 6.65 (dd, J = 11.0 Hz, J = 

17.0 Hz, 1H) 7.23 (d, J = 7.5 Hz, 2H), 7.40 (d, J = 7.5 Hz, 2H), 8.22 (d, J = 5.0 Hz, 2H). 
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13C NMR (75 MHz, CDCl3) δ 45.9, 52.6, 62.7, 108.5, 113.7, 126.1, 129.5, 136.4, 136.6, 

137.3, 150.5, 154.9.  

4-Vinylbenzylbutylamine (59).
124 4-Chloromethylstyrene (5.0 g, 33 mmol) and N-

butylamine (24 g, 328 mmol) were allowed to react with excess N-butylamine following 

a literature procedure to afford the benzylamine product that was obtained by column 

chromatography (hexanes: ethyl acetate: 4:1). 1H NMR (300 MHz, CDCl3) δ 0.92 (t, J = 

5.6 Hz, 3H), 1. 20 (s, 1H), 1.27 (m, 2H), 1.40 (m, 2H), 2.60 (t, J = 6.6 Hz, 2H), 3.67 (s, 

2H), 5.10 (d, J = 11.0 Hz, 1H), 5.63 (d, J = 17.2 Hz, 1H), 6.60 (dd, J = 11.0 Hz, 17.0 Hz, 

1H), 7.17 (d, J = 7.5 Hz, 2H), 7.27 (d, J = 7.5 Hz, 2H). 13C NMR (75 MHz, CDCl3) 14.1, 

20.5, 32.5, 49.2, 53.9, 113.5, 126.1, 128.4, 136.3, 136.7, 140.4. 

Poly((4-dodecylstyrene)-c-(DMAP)-c-(4-vinylbenzyl butylamine)) terpolymer (60). 

4-Dodecylstyrene (1.0 g, 3.8 mmol), 4-vinylbenzyl amine (0.030 g, 0.16 mmol) and 

DMAP (0.10 g, 0.35 mmol) were dissolved in 2 mL of benzene and added to a dry 

Schlenk tube. AIBN (0.01 g, 0.06 mmol) was added to the flask and then the flask was 

sealed. The mixture was degassed using 3 freeze/pump/thaw cycles. After warming the 

mixture to room temperature, the reaction was heated in oil bath at 70 oC for 24 h. After 

cooling, the reaction mixture and the polymer were precipitated into 200 mL of MeOH. 

1H NMR (300 MHz, CDCl3) δ 0.92 (br s, 213H), 0.98-2.13 (br m, 1650H),  2.47 (br s, 

180H), 3.23 (br s, 40H), 3.40 (br s, 20H), 3.67 (br s, 2H), 6.06-7.10 (br m, 340H), 8.22 

(br s, 20H). 

Poly((4-dodecylstyrene)-c-(DMAP)-c-(4-vinylbenzyl dansyl)) terpolymer (61). 5-

(Dimethylamino)naphthalene-1-sulfonyl chloride (dansyl chloride) (15 mg, 0.060 mmol) 
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was dissolved in 3 mL of dry CH2Cl2 and this solution was then added to a solution of 

triethylamine (0.15 mL, 1.1 mmol) and poly((4-dodecylstyrene)-c-(DMAP)-c-(4-

vinylbenzyl butylamine)) terpolymer (0.16 g, 0.021 mmol) in dry CH2Cl2 (3 mL). The 

reaction mixture was stirred for 12 h and then evaporated to dryness to remove any 

excess triethylamine. The residue was dissolved in CH2Cl2 (3 mL) and filtered through 

Celite to remove the ammonium salt NEt3•HCl. The resulting solution was washed with 

0.1 M NaOH.  The organic phase was passed through a Na2SO4 plug, and the solvent 

was removed under reduced pressure to yield a yellow viscous oil (67%). 1H NMR (300 

MHz, CDCl3) δ 0.92 (br s, 213H), 0.98-2.13 (br m, 1650H),  2.47 (br s, 180H), 2.90 (br 

s, 6 H) 3.23 (br s, 40H), 3.40 (br s, 20H), 4.45 (br s, 2H), 6.06-7.10 (br m, 341H), 7.50 

(br m, 2H), 8.34 (br s, 21H), 8.41 (br s, 1H), 8.58 (br s, 1H). 

Acylation of 2,6-dimethylphenol (63). The C12PS-supported catalyst 61 (0.10 g, 0.050 

mmol) was dissolved in 4 mL of heptane. Separately, 2,6-dimethylphenol (0.30 g, 2.4 

mmol) was dissolved in 4 mL of EtOH that contained Boc2O (0.54 g, 2.5 mmol). The 

two solutions were then combined and stirred. The reaction was monitored by IR 

spectroscopy following the disappearance of the phenolic –OH group at 3300 cm-1 and 

the appearance of the carbonate carbonyl group at 1748 cm-1. When the reaction was 

complete, 0.4 mL of water was added to induce phase separation. The aqueous phase 

was concentrated under vacuum to isolate the product as a clear liquid. Twenty cycles 

were performed with an average isolated yield per cycle of  91% . 1H NMR (300 MHz, 

CDCl3) δ 1.6 (s, 9H), 2.3 (s, 6H), 7.06-7.08 (m, 3H).  13C NMR (75 MHz, CDCl3) δ 
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16.1, 27.7, 83.0, 125.9, 128.7, 130.3, 148.4, 151.4.  IR (neat): 2980, 1748, 1473, 1361, 

1252, 1132. 

Transesterification of 4-nitrophenyl acetate (65). The C12PS-supported catalyst 61 

(0.060 g, 0.030 mmol) was dissolved in 4 mL of heptane and added to a solution of 4-

nitrophenyl acetate (0.10 g, 0.55 mmol) in 4 mL of EtOH. The reaction mixture was 

heated for 24 h at 80 oC. After the completion of the reaction, the reaction mixture was 

cooled and 0.4 mL of water was added to induce phase separation. The aqueous phase 

was concentrated under vacuum to isolate a bright yellow solid. 20 cycles were 

performed and the average isolated yield was found to be 92%.   1H NMR (300 MHz, 

CDCl3) δ 6.9 (d, J = 9.0 Hz, 2H), 8.20 (d, J = 9.0 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 

115.8, 126.3, 141.6, 161.4. IR (neat): 2934, 1589, 1485, 1326, 1269, 1163, 1097, 837. 

 A control reaction using 4-nitrophenyl acetate (0.10 g, 0.55 mmol) in 4 mL of EtOH and 

4 mL of heptane was heated for 24 h at 80 oC. Under these conditions only 4% 

transesterification occured. 

Acylation of 1-methylcyclohexanol (67).  The C12PS-supported catalyst 61 (0.29 g, 

0.13 mmol) was dissolved in 3 mL of heptane.  1-Methylcyclohexanol (0.30 g, 2.60 

mmol), triethylamine (0.40 g, 3.9 mmol) and acetic anhydride (0.39 g, 3.8 mmol) were 

added to this solution and the reaction mixture was heated for 12 h at 85 oC. After 

cooling, 3 mL of acetonitrile was added to the reaction mixture to form a biphasic 

solution. The acetonitrile-rich phase was separated and the solvent was removed under 

reduced pressure to give a liquid product. The catalyst was recycled 12 times with an 

average isolated yield of the acetate product 90% per cycle. 1H NMR (300 MHz, CDCl3) 
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δ 1.2-1.6 (m, 11H), 2.0 (s, 3H), 2.08-2.16 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 22.0, 

22.3, 25.3, 25.4, 36.5, 81.6, 170.4. IR (neat): 2938, 2864, 1717, 1558, 1357, 1237, 1151, 

1012. 

Acylation of glycidyl isopropyl ether (69). The C12PS-supported DMAP catalyst 61 

(0.14 g, 0.060 mmol) was dissolved in 4 mL of heptane. Glycidyl isopropyl ether (0.15 

g, 1.3 mmol) and acetic anhydride (0.15 g, 1.4 mmol) were added to this solution and the 

reaction mixture was heated for 12 h at 90 oC. After the reaction was complete, 4 mL of 

acetonitrile was added. The acetonitrile-rich phase containing the products was separated 

from the heptane-rich phase containing 61. The acetonitrile phase was concentrated 

under reduced pressure to yield a yellowish liquid. Eight cycles were performed and the 

average isolated yield of the product per cycle was 87%. 1H NMR (300 MHz, CDCl3) δ 

1.09 (d, J = 6.0 Hz, 6H), 2.04 (d, J = 5.2 Hz, 6H), 3.54-3.62 (m, 3H), 4.15 (dd, J = 3.0 

Hz, 12.0 Hz, 1H), 4.32 (dd, J = 3.4 Hz, 12.0 Hz, 1H), 5.12-5.19 (m, 1H). 13C NMR (75 

MHz, CDCl3) δ 20.4, 20.6, 21.6, 62.8, 65.9, 70.4, 72.1, 170.1, 170.4. IR (neat): 2969, 

2864, 1748, 1442, 1364, 1217, 1118. 

(1S,2S,4S,5R)-2-((S)-((tert-butyldimethylsilyl)oxy)(6-methoxyquinolin-4-yl)methyl)-

5-vinylquinuclidine (71). Quinidine 70 (2.0 g, 6.2 mmol) was dissolved in DMF (10 

mL) and added to a 50-mL round-bottomed flask. Then, triethylamine (2 mL, 14 mmol), 

tert-butyldimethylsilyl chloride (0.84 g, 5.6 mmol) and dimethylaminopyridine (0.040 g, 

0. 31 mmol) were added to the DMF solution. The reaction was allowed to stir for 12 h 

at room temperature. After reaction was complete, 30 mL of toluene was added, and the 

reaction mixture was transferred to a separatory funnel. The organic phase was washed 
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with first with saturated NaHCO3 and then with water (50 mL x 2). The organic phase 

was dried over Na2SO4 and the solvent was removed to give a liquid product. The 

product was purified by flash chromatography (Ethyl acetate:MeOH/ 9:1) to yield  a 

yellow liquid in 92% yield (2.5 g).  1H NMR (300 MHz, CDCl3) δ = -0.47 (s, 3H, minor 

rotamer), -0.37 (s, 3H, major rotamer), 0.07 (s, 3H, major rotamer), 0.14 (s, 3H, minor 

rotamer), 0.83 (s, 9H, minor rotamer), 0.96 (s, 9H, major rotamer),  1.41-1.52 (m, 2H), 

1.61-1.86 (m, 3H), 2.24 (m, 1H), 2.58-2.73 (m, 2H), 2.88-2.94 (m, 1H), 3.09 (t, J = 12.0 

Hz, 1H), 3.45-3.58 (m, 1H), 3. 89 (s, 3H, minor rotamer), 3.91 (s, 3H, major rotamer), 

4.78-5.01 (m, 2H, major rotamer), 5.59 (d, J = 2.1 Hz, 1H), 5.63-5.72 (m, 1H, major 

rotamer), 5.84-5.92 (m, 1H, manor rotamer), 7. 10 (d, J = 4.2 Hz, 1H, minor rotamer), 

7.17 (d, J = 4.0 Hz, 1H, major rotamer), 7.32-7.39 (m, 1H), 7.53 (d, J = 4.5 Hz, 1H, 

major rotamer), 7.85 (s, 1H, minor rotamer), 7.97 (d, J = 9.3 Hz, 1H, minor rotamer), 

8.03 (d, J = 9.2 Hz, 1H, major rotamer), 8.63 (d, J = 4.5 Hz, 1H, minor rotamer), 8.75 (d, 

J = 4.5 Hz, 1H, major rotamer).  

(1S,2S,4S,5R)-2-((S)-((tert-butyldimethylsilyl)oxy)(6-methoxyquinolin-4-yl)methyl)-

5-vinylquinuclidine ethan-1-ol (72). Compound 71 (1.8 g, 4.1 mmol) was dissolved in 

THF (20 mL) and added to a 50-mL round-bottomed flask. To this solution, BH3·SMe2 

(0.13 g, 1.7 mmol) was slowly added and the reaction was allowed to stir for 12 h at 

room temperature. After 12 h, the reaction mixture was cooled to 0 oC and 4 mL of 

EtOH and 2 mL of 4 N aqueous NaOH were added. Then 1 mL of 35 wt % of H2O2 was 

slowly added and the reaction mixture was allowed to stir for 3 h at room temperature. 

At this point the reaction mixture was transferred to a separatory funnel and 50 mL of 
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CH2Cl2 was added. The organic phase was washed with H2O (20 mL x 2) and brine (20 

mL), and then dried over Na2SO4. After filtration, the solvent was removed under 

reduced pressure and the product was dried under vacuum to yield 1.6 g of white solid 

(85%). 1H NMR (300 MHz, CDCl3) δ = -0.44 (s, 3H), 0.09 (s, 3H), 0.86 (s, 9H), 1.04-

1.31 (m, 2H), 1.61-1.86 (m, 4H), 2.03 (m, 2H), 2.45 (m, 1H), 2.83 (m, 1H), 3.09 (m, 

3H), 3.45 (m, 1H), 3.69 (m, 2H). 13C NMR (300 MHz, CDCl3) δ = -5.2, -4.2, 18.0, 20.5, 

25.7, 26.0, 28.3, 31.9, 38.1, 43.2, 55.9, 58.7, 60.4, 60.7, 72.5, 100.6, 118.7, 121.8, 126.2, 

131.6, 144.2, 147.2, 148.2, 158.1. 

Michael adduct (76). 
1H NMR (300 MHz, CDCl3) δ = 2.85 (dd, J = 5.3 Hz, 16.8 Hz, 

1H), 3.08 (dd, J = 6.7 Hz, 16.7 Hz, 1H), 3.74 (s, 3H), 3.77 (s, 3H), 4.25 (m, 1H), 7.56 (d, 

J = 8.0 Hz, 2H), 8.07 (d, J = 7.8 Hz, 2H).  

Michael adduct (79). 
1H NMR (300 MHz, CDCl3) δ = 3.6 (s, 3H), 3.79 (s, 3H), 3.81 (s, 

3H), 3.83 (d, J = 9.2 Hz, 1H), 4.19 (m 1H), 4.86 (m 2H), 6.85 (d, J = 8.8 Hz, 2H), 7.10 

(d, J = 8.8 Hz, 2H). 

4-Styryldiphenylphosphine (89). 4-Bromostyrene (5.6 g, 31 mmol) was dissolved in 

THF (100 mL) at room temperature. Then n-butyllithium (1.6 M, 37 mmol) was added 

to this solution. The mixture was stirred for 30 min at -78 oC, and 

chlorodiphenylphosphine (8.1 g, 37 mmol) was added to this solution dropwise. After 3 

h of stirring at -78 oC and 1 h at room temperature, saturated aqueous NH4Cl was added 

to this mixture. The mixture was extracted with ethyl acetate (100 mL) and washed with 

saturated aqueous NaHCO3 (50 mL) and brine. The organic layer was dried over the 

anhydrous NaSO4, filtered and the solvent was evaporated to give a crude product of 
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diphenyl(4-styryl) phosphine. The product was purified by recrystallization from hot 

methanol to give 86 % yield of a white solid (7.59 g). 1H NMR (300 MHz, CDCl3) δ = 

5.21 (d, J = 10.8 Hz, 1H), 5.74 (d, J = 17.6 Hz, 2H), 6.61(dd, J = 17.7 Hz, 10.8 Hz, 1H), 

7.27 (m, 14H); 13C NMR (300 MHz, CDCl3) δ = 114.4, 126.3, 128.5, 128.7, 133.6, 

133.8, 134.0, 136.4, 137.2, 137.9; 31P NMR (CDCl3) δ = -5.7. Melting point is 78 oC. 

Poly(4-dodecylstyrene)-c-poly(tert-butylstyrene)-c-poly(4-styryldiphenylphosphine) 

terpolymer (90). 4-Dodecylstyrene (2.7 g, 9.9 mmol), tert-butylstyrene (5.5 g, 34 

mmol) and 4-styryldiphenylphosphine (1.4 g, 4.9 mmol) were dissolved in 5 mL of 2-

butanone and added to a 50-mL Schlenk tube equipped with a stir bar. RAFT reagent 4-

cyano-4-(phenylcarbonothioylthio)pentanoic acid (0.13 g, 0.47 mmol) and AIBN (0.008 

g, 0.049 mmol) were added to the flask and the resulting solution was subjected to 3 

freeze-pump-thaw cycles. Then, the mixture was heated in oil bath at 80 oC for 24 h. 

After cooling, the product was dissolved in 3 mL of chloroform and this solution was 

slowly added to excess MeOH (300 mL) to precipitate the desired polymer product in 

75% yield (5.9 g). The product polymer was analyzed by GPC and had a Mn of 17000 

Da with a PDI of 1.2. The ratio of monomers in the product was determined to be 5:2:1 

based on NMR analysis integrating peaks at δ 2.47 (benzylic protons of the 4-

dodecylstyrene) and δ 7.31 (diphenyl protons of 4-styryldiphenylphosphine. 1H NMR 

(300 MHz, CDCl3) δ: 0.91 (br t, 6H), 1.03-2.10 (br m, 109H), 2.47 (br s, 4H), 6.06-7.22 

(br m, 34H), 7.31 (br m, 8H). 31P NMR (CDCl3) δ = -6.26. 

2-Dicyclohexylphosphino-2
’
-hydroxybiphenyl (96). Magnesium shavings (0.42 g, 17 

mmol) were added to a 100-mL round-bottomed flask. Then, tetrahydrofuran (10 mL), 
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2-methoxyphenylmagnesium bromide (19 mL of a 1.0 M solution in THF) and 1,2-

bromochlorobenzene (2 mL, 17 mmol) were added sequentially to the reaction mixture. 

The reaction mixture was allowed to reflux for 2.5 h. At that point, the reaction mixture 

was cooled to room temperature. Copper(I) chloride (2.0 g, 20 mmol) and then 

chlorodicyclohexylphosphine (4.5 mL, 20 mmol) were added to the reaction mixture and 

was allowed to stir at room temperature for 16 h. At this point, 10 mL of saturated 

aqueous ammonia solution was added to the reaction and allowed to stir for 2 h. Then, 

the reaction mixture was transferred to the separately containing 100 mL of diethyl ether 

and 100 mL of saturated aqueous ammonia solution. The layers were allowed to separate 

and the aqueous layer was further extracted with 50 mL of diethyl ether. The organic 

layers were combined and washed with a saturated aqueous ammonia solution (2 X 100 

mL). Then the organic layer was dried over sodium sulfate and the solvent was removed 

under reduced pressure to give a white residue. Recrystallization of the residue in 

methanol provided the white crystals in 50% yield (3.3 g). 1H NMR (300 MHz, CDCl3) 

δ 0.89-1.43 (m, 10H), 1.57-1.74 (m, 11H), 1.94 (m, 1H), 3.74 (s, 3H), 6.93 (d, J = 8.2 

Hz, 1H), 6.99 (t, J = 7.4 Hz, 1H), 7.10 (dd, J = 7.3 Hz, 1.8 Hz, 1H), 7.23 (m, 1H), 7.33-

7.45 (m, 3H), 7.60 (m, 1H). 13C NMR (75 MHz, CDCl3) δ 26.5, 26.6, 27.2-27.8 (4 

resonances), 28.6 (d, JCP = 6.9 Hz), 29.8 (d, JCP = 12.8 Hz), 30.0 (d, JCP = 18 Hz), 30.7 

(d, JCP = 18.3 Hz), 33.6 (d, JCP = 15.9 Hz), 35.0 (d, JCP = 16.2 Hz), 55.0, 110, 119.8, 

126.5, 128.5 (d, JCP = 1.2 Hz), 128.6, 130.2 (d, JCP = 5.9 Hz), 131.8 (d, JCP = 2.6 Hz), 

131.9 (d, JCP = 6.6 Hz), 134.4 (d, JCP = 3.4 Hz), 135.4 (d, JCP = 21.2 Hz), 146.9 (d, JCP = 

32.0 Hz), 156.4 (d, 1.0 Hz). 31P NMR (121 MHz, CDCl3) δ -10.5. 
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Next, a 50-mL round-bottomed two-necked flask was charged with 2-

dicyclohexylphosphino-2’-methoxybiphenyl (1.0 g, 2.6 mmol) and dichloromethane (9.0 

mL). The solution was cooled to -78 oC, and a solution of boron tribromide in 

dichloromethane (5.2 mL of 1.0 M solution) was added dropwise over 5 min. The 

reaction mixture was stirred at -78 oC for 15 min. After this, the cooling bath was 

removed and the reaction mixture was allowed to warm to room temperature. After 16 h 

of stirring, 3 mL of saturated aqueous sodium bicarbonate was added to the reaction 

mixture. The mixture was transferred to a separatory funnel and diluted with 100 mL of 

ethyl acetate. At this point, the mixture was washed with water (2 X 30 mL) and brine 

(30 mL). The organic layer was separated and dried over sodium sulfate. The solvent 

was removed under reduced pressure to give a white solid in 72% yield (0.70 g). 1H 

NMR (300 MHz, CDCl3) δ 0.89-1.43 (m, 10H), 1.46-1.94 (m, 11H), 2.11 (m, 1H), 5.14 

(s, 1H), 6.98-7.08 (d, 2H), 7.11 (dd, J = 7.8 Hz, 1.8 Hz, 1H), 7.27-7.38 (m, 2H), 7.41-

7.53 (m, 2H), 7.60-7.72 (m, 1H). 13C NMR (75 MHz, CDCl3) δ 26.5, 27.2-27.8 (5 

resonances), 28.6, 29.8-30.0 (2 resonances), 30.5 (d, JCP = 14 Hz), 32.4 (d, JCP = 10.8 

Hz), 35.2 (d, JCP = 14.6 Hz), 116.7, 120.5, 127.5, 129.2, 129.4, 130.0 (d, JCP = 6.2 Hz), 

131.6 (d, JCP = 6.0 Hz), 131.9 (d, JCP = 1.9 Hz),  133.0 (d, JCP = 2.6 Hz), 135.0 (d, JCP = 

20.1 Hz), 145.2 (d, JCP = 30.7 Hz), 151.6. 31P NMR (121 MHz, CDCl3) δ -9.31. 

Poly(4-dodecylstyrene)-c-poly(4-tert-butylstyrene)-c-poly(2-dicyclohexylphosphino-

2
’
-biphenyl) terpolymer (97).  4-Dodecylstyrene (2.0 g, 7.4 mmol), tert-butylstyrene 

(4.5 g, 28 mmol) and 4-vinylbenzyl chloride (0.50 g, 3.3 mmol) that had been passed 

through an aluminum oxide plug to remove any inhibitor were dissolved in 2 mL of 2-
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butanone and added to a 50-mL Schlenk tube equipped with a stir bar. RAFT reagent 4-

cyano-4-(phenylcarbonothioylthio)pentanoic acid (0.10 g, 0.32 mmol) and AIBN 

(0.0060 g, 0.037 mmol) were added to the flask and the resulting solution was subjected 

to 3 freeze-pump-thaw cycles. Then, the mixture was heated in oil bath at 80 oC for 48 h. 

After cooling, the product was dissolved in 3 mL of chloroform and this solution was 

slowly added to excess MeOH (300 mL) to precipitate the desired polymer product in 

70% yield (4.1 g). The ratio of monomers in the product was determined to be 11:2:1 

based on NMR analysis integrating peaks at δ 2.47 (benzylic protons of the 4-

dodecylstyrene) and δ 4.45 (benzylic protons of 4-vinylbenzyl chloride). The 

chloromethylated poly(4-dodecylstyrene)-co-poly(tert-butylstyrene) terpolymer was 

then allowed to react with 2-dicyclohexylphosphino-2’-hydroxybiphenyl using a 

thermomorphic conditions. In this reaction 2-dicyclohexylphosphino-2’-

hydroxybiphenyl (0.080 g, 0.22 mmol) was dissolved in DMF (10 mL) and allowed to 

react with Cs2CO3 (0.070 g, 0.22 mmol) for 1 h. Then a 10 mL heptane solution of 

chloromethylated terpolymer (0.42 g, 0.21 mmol) was added via cannula dropwise. The 

reaction mixture was heated at 90 oC and was allowed to stir for 24 h. After the mixture 

was cooled to room temperature, the top heptane-rich layer was separated and washed 3 

times with MeCN. The solvent was removed under reduced pressure and the resulting 

solid was redissolved in a minimum amount of CH2Cl2 and added to MeOH (50 mL) to 

precipitate the copolymer as a yellowish solid in 70% yield (0.34 g). The product 

polymer was analyzed by GPC and had a Mn of 8400 Da with a PDI of 1.2. The ratio of 

monomers in the product was determined to be 11:2:1 based on NMR analysis 
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integrating peaks at δ 2.47 (benzylic protons of the 4-dodecylstyrene) and δ 4.95 

(benzylic protons of 4-vinylbenzyl-2-dicyclohexylphosphino-2’-biphenyl). 1H NMR 

(300 MHz, CDCl3) δ: 0.91 (br s, 6H), 1.03-2.10 (br m, 203H), 2.47 (br s, 4H), 4.95 (br s, 

2H), 6.06-7.22 (br m, 64H). 31P NMR (121 MHz, CDCl3) δ -11.1.  

Poly(4-dodecylstyrene)-c-poly(4-tert-butylstyrene)-c-poly(2-dicyclohexylphosphino-

2
’
-biphenyl diphenyl) terpolymer (97)

’
. 4-Dodecylstyrene (0.14 g, 0.51 mmol), tert-

butylstyrene (0.33 g, 2.1 mmol) and 4-vinylbenzyl-2-dicyclohexylphosphino-2’-biphenyl 

(0.13 g, 0.26 mmol) were dissolved in 1 mL of 2-butanone and added to a 10-mL 

Schlenk tube equipped with a stir bar. RAFT reagent 4-cyano-4-

(phenylcarbonothioylthio)pentanoic acid (0.0070 g, 0.025 mmol) and AIBN (0.00050 g, 

0.0030 mmol) were added to the flask and the resulting solution was subjected to 3 

freeze-pump-thaw cycles. Then, the mixture was heated in oil bath at 80 oC for 24 h. 

After cooling, the product was dissolved in 1mL of chloroform and this solution was 

slowly added to excess MeOH (30 mL) to precipitate the desired polymer product in 

72% yield (0.44 g). The product polymer was analyzed by GPC and had a Mn of 9000 

Da with a PDI of 1.2. The ratio of monomers in the product was determined to be 11:1:1 

based on NMR analysis integrating peaks at δ 2.47 (benzylic protons of the 4-

dodecylstyrene) and δ 4.95 (benzylic protons of 4-vinylbenzyl-2-

dicyclohexylphosphino-2’-biphenyl). 1H NMR (300 MHz, CDCl3) δ: 0.91(br t, 3H), 

1.03-2.10 (br m, 176H), 2.47 (br s, 2H), 4.95 (br s, 2H), 6.06-7.22 (br m, 68H). 31P NMR 

(121 MHz, CDCl3) δ -11.1.  
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General Procedure for Suzuki reaction 

 4-Acetylbiphenyl (93). The polymer supported ligand 90 (0.080 g, 0.050 mmol) was 

dissolved in 2 mL of heptane and added to a 10-mL graduated centrifuge tube, to which 

Pd(dba)2 (0.0060 g, 0.010 mmol) was added and the premixing of the ligand 90 and 

Pd(dba)2 continued for 1 h at 95 oC. At this point, the premixed ligand 90 was added to 

another 10-mL graduated centrifuge tube containing 4-bromoacetophenone (0.20 g, 1.0 

mmol), phenylboronic acid (0.15 g, 1.2 mmol), Cs2CO3 (0.40 g, 1.2 mmol) and DMF (2 

mL). The graduated centrifuge tube was sealed and the solution was degassed using 3 

freeze-pump-thaw cycles. The reaction was then heated at 95 oC for 8 h. After the 

reaction was complete, the DMF phase was separated from the heptane phase containing 

the catalyst and the solvent was removed under reduced pressure to obtain the biphenyl 

product. The catalyst was recycled 4 times with an average isolated yield of the biphenyl 

product of 93 % per cycle. 1H NMR (300 MHz, CDCl3) δ 2.68 (s, 3H), 7.40-7.54 (m, 

3H), 7.66 (d, J = 7.8 Hz, 2H), 7.72 (d, J = 8.3 Hz, 2H), 8.06 (d, J = 8.3 Hz, 2H). 13C 

NMR (75 MHz, CDCl3) δ 26.6, 127.2, 127.3, 128.3, 128.9, 129.0, 135.8, 139.8, 145.7, 

197.7 

General Procedure for Buchwald-Hartwig amination reaction 

N-Phenylmorpholine (Table 2, entry 1). The polymer supported catalyst 97’ (0.10 g, 

0.040 mmol) was dissolved in 2 mL of heptane and added to a 10-mL graduated 

centrifuge tube with a stir bar, to which Pd(dba)2 (0.006 g, 0.01 mmol) was added. The 

centrifuge tube was sealed and the solution was degassed using 3 freeze-pump-thaw 

cycles.  After warming to RT, the premixing of the ligand 97’ and Pd(dba)2 continued 
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for 30 min at 60 oC. At this point, the premixed ligand 97’ was added to another 10-mL 

graduated centrifuge tube containing previously degassed bromobenzene (0.16 g, 1.0 

mmol), morpholine (0.12 g, 1.4 mmol), KOBu (0.17 g, 1.5 mmol). The reaction was then 

heated at 90 oC for 19 h. After the reaction was complete, degassed MeOH (2 mL) was 

added to the centrifuge tube and the test tube was centrifuged for 5 min. At this point, 

the MeOH phase containing products was extracted and the heptane phase containing the 

catalyst 97’ was added to the test tube containing fresh substrates. MeOH was removed 

under reduced pressure to give phenylmorpholine product. The catalyst was recycled 5 

times with an average isolated yield of the biphenyl product of 82 % per cycle. 1H NMR 

(300 MHz, CDCl3) δ 3.20 (t, J = 4.5 Hz, 4H), 3.90 (t, J = 4.5 Hz, 4H), 6.95 (m, 3H), 

7.32 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 49.5, 66.9, 115.6, 120.0, 129.5, 151.2 

N-Methyl-N-phenylaniline (Table 2, entry 2). The polymer supported catalyst 97’ 

(0.10 g, 0.040 mmol) was dissolved in 2 mL of heptane and added to a 10-mL graduated 

centrifuge tube with a stir bar, to which Pd(dba)2 (0.0060 g, 0.010 mmol) was added. 

The test tube was sealed and the solution was degassed using 3 freeze-pump-thaw 

cycles.  After warming to RT, the premixing of the ligand 97’ and Pd(dba)2 continued 

for 30 min at 60 oC. At this point, the premixed ligand 97’ was added to another 10-mL 

graduated centrifuge tube containing previously degassed bromobenzene (0.16 g, 1.0 

mmol), N-methylaniline (0.15 g, 1.4 mmol), KOBu (0.17 g, 1.5 mmol). The reaction was 

then heated at 90 oC for 19 h. After the reaction was complete, degassed MeOH (2 mL) 

was added to the test tube and the test tube was centrifuged for 5 min. At this point, the 

MeOH phase containing products was extracted and the heptane phase containing the 
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catalyst 97’ was added to the test tube containing fresh substrates. MeOH was removed 

under reduced pressure to give N-methyl-N-phenylaniline product. The catalyst was 

recycled 5 times with an average isolated yield of the biphenyl product of 85 % per 

cycle. 1H NMR (300 MHz, CDCl3) δ 3.36 (s, 3H), 6.99 (td, J = 8.0 Hz, 2.0 Hz, 2H), 7.07 

(d, J = 8.0 Hz, 4H), 7.32 (t, J = 8.0 Hz, 4H). 13C NMR (75 MHz, CDCl3) δ 40.5, 120.7, 

121.6, 129.3, 149.0 

Octadecyl acrylate (108).
 1H NMR (300 MHz, CDCl3) δ = 0.89 (t, 3H, J = 6.2 Hz), 

1.25-1.43 (br, 30 H), 1.70 (m, 2H), 4.19 (t, 2H), 5.84 (d, J = 18.2 Hz, 1H), 6.15 (dd, J = 

8.1 Hz, 17.6 Hz, 1H), 6.43 (d, J = 18.0 Hz, 1H). 

General procedure for ATRP polymerization. Octadecyl acrylate (0.50 g, 1.5 mmol), 

was dissolved in 1 mL of heptane and added to a 10-mL graduated test tube equipped 

with a stir bar. CuBr (0.0060 g, 0.030 mmol), PMDETA (0.0080 g, 0.050 mmol), and 

ethyl 2-bromoisobuterate (0.0060 g, 0.030 mmol) were dissolved in 1 mL of DMF and 

added to the heptane solution in the 10-mL graduated test tube.  The resulting solution 

was subjected to 3 freeze-pump-thaw cycles. Then, the mixture was heated in an oil bath 

at 100 oC for 24 h. After cooling, the biphasic mixture reformed and the top heptane-rich 

layer was separated and transferred to a 20-mL disposable vial. The solvent was 

removed under reduced pressure and the resulting solid was redissolved in a minimum 

amount of CH2Cl2 and added to MeOH (4 mL) to precipitate the polymer as an off-white 

solid. The DMF phase containing the catalyst was transferred via cannula to another 10-

mL graduated test tube containing fresh monomer and the initiator in deoxygenated 

heptane phase for further recycling studies 
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CHAPTER VII  

SUMMARY 

 

 

Research presented in this dissertation includes the development of phase 

selectively soluble poly(4-alkylstyrene) supports and their applications under 

homogeneous conditions. Chapter II of this dissertation outlines the variety of syntheses 

of phase selectively soluble poly(4-alkylstyrene) co- and terpolymer supports that have 

been developed. By altering the structure of the pendant from a small tert-butyl alkyl 

chain to a longer dodecyl alkyl chain, an increase in nonpolar phase selective solubility 

was achieved as seen in the poly(4-tert-butylstyrene) and poly(4-dodecylstyrene) 

studies. Likewise, by modifying the design of the polymer support with respect to the 

ratio of 4-tert-butyl- or 4-dodecylstyrene monomers on the chain, comparable phase 

selectively soluble polymer supports can be prepared. These supports were prepared so 

that they contained chloromethyl groups that can be later converted into dye labels. 

Nonpolar phase selective solubility could be measured either qualitatively by attaching a 

UV-visible methyl red dye or quantitatively by using fluorescent dansyl dye. Both act as 

catalyst surrogates in thermomorphic and latent biphasic systems. Polymer supports that 

are based on 4-dodecylstyrene monomers or containing a fraction of 4-dodecylstyrene 

monomers can be expected to be useful in the recovery and recycling of catalysts or 

reagents in thermomorphic or latent biphasic systems where heptane is used as the 

nonpolar solvent for polymer recovery and separation. 
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 Chapter III of this dissertation demonstrates the applications of these alkylated 

polystyrene copolymers as supports for organocatalysts such as dimethylaminopyridine 

(DMAP) and Cinchona alkaloid (quinidine). The advantage of these organocatalysts is 

that nonpolar phase selective solubility of the alkylated polystyrenes facilitates the 

isolation and separation of products when traditional or modified latent biphasic solvent 

mixtures are used.  

Polystyrene-supported DMAP catalyst could be recycled up to twenty times 

without any loss of catalytic activity. Catalyst recyclability was monitored by 

incorporating a dansyl dye into the polystyrene-supported catalyst. Recyclability was 

found to be uniformly very high in a variety of strategies where the soluble polymer-

bound catalyst was separated from products using a biphasic liquid/liquid separation. In 

the case of polystyrene-supported Cinchona alkaloid, the results showed that the poly(4-

alkylstyrene)-supported quinidine catalyst was a recyclable catalyst in several 

asymmetric transformations using trans-4-methoxy-β-nitrostyrene and dimethyl 

fumarate as Michael acceptors. Unfortunately, the optical activity was absent for both 

asymmetric Michael addition reactions yielding an achiral product. This issue could be 

addressed by replacing a ternary THF:heptane:acetonitrile solvent mixture with a single 

solvent such as THF or toluene as was described in Chapter III. However, recycling 

using a single solvent would affect the separation strategy. Another approach to improve 

the enantioselectivity is to use a linker or a spacer of appropriate distance between the 

chiral catalytic active site and the backbone of the polymer. Spacers or linkers 
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containing five or more carbons are reported to give products with good 

enantioselectivity and high yield.  

Chapter IV of this dissertation describes the syntheses of different poly(4-

alkylstyrene)-supported phosphine ligands and their applications in palladium-mediated 

cross-coupling catalysis. The results show that poly(4-alkylstyrene)-supported phosphine 

ligated Pd(0) catalysts generated in situ are efficient catalysts in Suzuki and Buchwald-

Hartwig amination reactions. The poly(4-alkylstyrene)-supported triphenylphosphine 

ligand was found to be a recyclable ligand in Pd-catalyzed  Suzuki cross-coupling 

chemistry. The high phase selective solubility of this catalyst in the heptane phase 

allowed its consecutive reuse for four cycles under thermomorphic heptane/DMF 

conditions. The Pd content in the DMF phase containing the product was found to 

decrease with each subsequent cycle.  

In combination with poly(4-alkylstyrene)-supported electron-rich biphenyl 

dicyclohexyl phosphine ligand, Pd(dba) could form a catalyst that was utilized in 

Buchwald-Hartwig amination reactions using aryl halides with morpholine or N-

methylaniline. The catalyst was recycled up to five times with very low Pd leaching 

when methanol was added to extract the product. 

The application of thermomorphic systems in ATRP polymerization is described 

in Chapter V.  The ease of separation and recyclability are significant advantages when 

using low molecular weight copper catalysts in thermomorphic liquid/liquid separation 

solvent systems. Traditionally used post-polymerization purification methods such as 

column chromatography are not required to isolate the polymer product. Unfortunately, 
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the metal leaching that was detected in the product phase is a concern. This issue can be 

addressed by employing ICAR or ARGET ATRP methods, where the activator Cu(I) is 

regenerated through a reduction process from accumulated Cu(II) species using a 

reducing agent.  
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APPENDIX 

Table A1 Data for Figure 8: Calibration curve for N-benzyl-N-butyl-5-dimethyl 

aminonaphthalene-1-sulfonamide 37 in (a) heptane and (b) acetonitrile 

a) heptane                                                            b) acetonitrile 

entry Concentration [N] Intensity (cps)   entry Concentration [N] Intensity (cps) 
 1 1.79E-07 753982   1 4.76E-07 9.07E05 
2 7.36E-07 2233333  2 8.29E-07 1.60E06 
3 1.03E-06 3266667  3 1.15E-06 2.00E06 
4 1.47E-06 4500000  4 1.66E-06 2.87E06 
5 2.06E-06 6286667  5 2.01E-06 3.43E06 

 

Table A2 Data for Figure 10: The concentrations for four consecutive cycles of the 

poly(4-dodecylstyrene) copolymer 33 and poly(4-tert-butylstyrene) copolymer 34 in the 

acetonitrile phase. According to the calibration curve, the concentration of the original 

polymer in heptane was determined 1.3 mN for 33 and 34 

cycle Concentration of 33 [μN] Concentration of 34 [μN] 
1 0.9500 8.100 
2 0.7200 5.000 
3 0.5200 3.500 
4 0.4000 2.900 

 

Table A3 Data for Figure 12: The concentrations of poly(4-tert-butylstyrene) terpolymer 

39c, 39b, 39a copolymerized with 4-dodecylstyrene and poly(4-methylstyrene) 

terpolymer 38c, 38b, 38a copolymerized with 4-dodecylstyrene or terpolymer 40 

containing  90 mol %  of 4-dodecylstyrene in the DMF phase. The concentration of the 

original solution was 1.3 μN 
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polymer % leaching   
1 cycle 

% leaching  
2 cycle 

% leaching  
3 cycle 

39c 0.2300 0.2000 0.1500 
39b 0.1100 0.0700 0.0600 
39a 0.0900 0.0600 0.0400 
38c 0.9000 0.7000 0.6000 
38b 0.4000 0.2700 0.2200 
38a 0.2700 0.1800 0.1400 
40 0.0550 0.0420 0.0300 

 

Table A4 Data for Figure 13: The concentrations for four consecutive cycles of the 

poly(4-dodecylstyrene)copolymer 33 and for three consecutive cycles of poly(4-tert-

butylstyrene)terpolymer 39b containing only 9 mol% of dodecyl groups. The original 

concentration of the polymer was determined to be 1.3 μN 

cycle Concentration of 33 [μN] Concentration of 39b [μN] 
1 0.9500 1.4000 
2 0.7200 0.9000 
3 0.5200 0.7800 
4 0.4000 - 

 




