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Abstract 

 In the last two decades, numerous catalytic methods have become woven into the 

fabric of green and sustainable chemistry.  In order to qualitatively evaluate and construct a 

tangible meaning for sustainable processes in polymer chemistry, this perspective outlines ten 

desirable attributes of homogeneous metal-based catalysts to prepare monomers and polymers 

within the context of sustainability.  Catalysts were evaluated with respect to their activity, 

composition, and potential environmental impact.  In many cases, the most pertinent catalysts 

tolerate a wide range of functional groups and eliminate purification or synthetic steps.  

Desirable catalysts also exhibit low toxicity, diminish chemical waste, and allow replacement 

of toxic chemicals with benign alternatives.  Ideally, catalysts operate with extended lifetimes 

and only require minimal catalyst loadings. 
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Introduction 

The concept of green chemistry, which represents one aspect of the broader notion of 

sustainability, was introduced in the early 1990’s to promote awareness about the impact of 

chemical processes on natural environments.1,2  Green chemistry has been defined as 

preferentially utilizing renewable raw materials while eliminating waste and avoiding the use 

of toxic elements or hazardous reagents and solvents.3  Metal-based catalysis has become an 

integral part of more environmentally friendly chemical processes since metal catalysts can 

facilitate chemical transformations while eliminating waste by-products.4  Thus, catalysis 

represents an essential facet of sustainability and its importance continues to increase with the 

global emphasis on pollution reduction.  Decades of research on metal-based catalysts5,6 

combined with the conceptual framework of green chemistry7,8 have laid the foundation for 

developing an understanding of how to best address issues related to sustainable polymer 

chemistry.   

The following perspective outlines some helpful criteria for optimizing homogeneous 

metal-catalyzed processes in the context of sustainable polymer chemistry.  These criteria 

bear similarity to the green chemistry principles which have been specifically addressed by 

Anastas and Warner3 and broadly defined by Collins.9,10  The criteria have also been 

influenced by the concept of atom economy,11,12 the broader picture of sustainability,1,10,13 the 

ongoing discussion of sustainability ethics,14,15 and dialogues regarding future global 

challenges.16-18  Additionally, green chemistry metrics, such as Sheldon’s E factor 

(environmental factor)19 and effective mass yield (EMY),20 have been a contributing factor in 

the development of the criteria.   

This perspective is not intended to be comprehensive, but rather to identify current 

trends and help evaluate catalytic processes in relation to the synthesis of monomers and 

polymeric materials.  The interested reader is referred to other excellent sources for further 

background information on green chemistry.4,21,22  
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Desirable Attributes of Catalysts 

The concept of a sustainable polymerization rests on a continuum that depends on 

many attributes.  Since metal-based catalysis can serve as a vehicle to achieve sustainability in 

polymer chemistry, this perspective addresses two questions:  

First, what attributes will enable a catalytic monomer synthesis or polymerization 

process to maximize the degree of sustainability?  Accordingly, the first seven attributes listed 

below describe the benefits of selectivity, efficiency, functional group tolerance, and 

sustainable reaction conditions.  The last three criteria describe potential methods for the 

synthesis of catalysts in an effort to achieve a completely benign chemical process as 

mentioned in criteria 1-7.  These ten criteria are envisioned to reflect the momentum that 

continues to build toward sustainable polymer chemistry.   

Second, how do we evaluate whether a metal-mediated catalytic process is 

sustainable?  Sustainability metrics23,24 and indicators25 are often used to help assess an 

individual chemical process.  The criteria listed below offer a more qualitative approach to 

evaluate sustainability in polymer chemistry.  Each criterion is followed by selected examples 

of metal-mediated catalysis for either monomer or polymer synthesis.   

An integral evaluation of all the criteria outlined in this perspective is discussed in the 

final section.  In many cases, the catalytic examples in this brief perspective focus on the 7th 

principle of green chemistry (use of renewable resources) as well as potentially useful organic 

reactions for the synthesis of monomers.  The desirable attributes for green and sustainable 

catalytic processes are listed below: 

 

1) Maximizing selectivity –  towards regioselective and stereoselective reactions.  

2) Choosing catalysts which provide maximum atom economy – avoiding by-

products and replacing undesirable reagents. 
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3) Decreasing catalyst loading – from high catalyst loadings to ppm loadings. 

4) Catalyst recovery and recycling – immobilization and smart systems for recovery 

of catalyst components. 

5) Extending the lifetime of catalytic systems – from catalysts which are sensitive to 

impurities towards robust ones. 

6) Selecting catalysts tolerant to different functional groups – from a limited to a 

broader substrate scope.  

7) Sustainable reaction conditions – operating in alternative reaction media and mild 

conditions. 

8) Synthesizing ligands and catalyst complexes in one or two steps from commercial 

sources – from tedious to facile catalyst preparation.  

9) Selecting the most suitable elements – from expensive rare elements to 

inexpensive abundant ones. 

10) Selecting catalyst components with low toxicity – from toxic elements to non-

toxic ones. 

 

1) Maximizing selectivity 

 Obtaining high degrees of chemo-, regio- and/or stereo-control has been a long sought 

after goal for metal-based catalytic processes.  Historically, an important achievement in 

polymer chemistry was Ziegler’s discovery of ethylene polymerization using TiCl4 with 

triethylaluminum as a cocatalyst.26  The ability to obtain high molecular weight linear 

polyethylene at low pressures (<1 MPa) and temperatures (60-110 °C) provided an invaluable 

alternative to the branched polyethylene obtained from radical polymerizations at high 

pressure (~300 MPa) and temperatures (~300 °C).27,28  Natta’s application of these systems to 

propylene and other α-olefins led to development of a stereoregular polymerization catalyst 
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that produced isotactic polymers.29,30  For these remarkable discoveries, Ziegler and Natta 

were awarded the Nobel Prize in 1963.   

The findings of Ziegler and Natta combined with the synthesis of titanocene dichloride 

(Cp2TiCl2) by Wilkinson and Birmingham31 in 1954 began to inspire decades of work on 

homogeneous, single-site catalysts for olefin polymerization.  The field was further 

invigorated by the discovery of methylaluminoxane (MAO) by Sinn and Kaminsky32 and the 

synthesis of chiral ansa metallocene derivatives by Brintzinger.33,34  The ansa metallocenes 

paved the way for the isotactic polypropylene work of Ewen35 at Exxon Chemical Company 

and Kaminsky’s36 group in Hamburg.  Subsequently, many great advances in catalyst design 

unfolded to provide stereo- and regio-control,37-39 alternating copolymers,40 living single–site 

polymerization,41,42 functional group incorporation,43-45 and polar vinyl monomer 

incorporation.46-49  Other homogeneous metal-based catalysts, such as those which allow atom 

transfer radical polymerization (ATRP), have also emerged as powerful tools to control 

macromolecular architectures in terms of composition, function and topology.   

Given the rich history of homogeneous catalysts in the last 50 years, the stage has 

been set for selective metal-based catalysts to contribute to the goal of sustainability.  

Already, a range of small molecule reactions have been reported that indicate the potential of 

homogeneous catalysts in the area of monomer synthesis.  For example, catalytic oxidation of 

glycerol to dihydroxyacetone,50 isomerizing alkoxycarbonylation of methyl oleate,51 and 

oligomerization of ethylene52 all proceed with high yields and selectivity.  These types of 

selective reactions are more efficient and produce less undesired products.  Consequently, 

selectivity can be viewed as a way to address Principle 1 (Prevent Waste) of the 12 Principles 

of green chemistry.  Additionally, if a highly selective reaction can avoid the need for 

additional purification steps, such as distillation, then principle 6 (Design for Energy 

Efficiency) can also be addressed.  For polymerization systems, stereoselectivity has been 
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reported for the polymerization of renewable methylene butyrolactones,53 lactides,54 and β-

butyrolactone.55  

 

2) Choosing catalysts which provide maximum atom economy 

Catalysts which are well suited for sustainable polymer chemistry should maximize 

atom economy.  This section will highlight two approaches for improving atom economy in 

the design of synthetic experiments through elimination or replacement of components, such 

as reagents and solvents.  This discussion of atom economy, which is Principle 2 of the 12 

Principles of green chemistry, overlaps with Principle 1 (Prevent Waste) and Principle 3 (Less 

Hazardous Chemical Syntheses).   

Quantifying atom economy has been aptly achieved with the E factor.4  In contrast to 

the E factor [total waste (kg) / product (kg)], Hudlicky has proposed “effective mass yield” 

(EMY) as a metric for quantifying aqueous systems or those involving “reagents or solvents 

that have no known environmental risk associated with them.”20  The EMY value represents a 

percentage that is calculated by considering the product mass relative to the mass of materials 

that are not benign.  In other words, water, saline, and ethanol would not be part of the EMY 

calculation.   

A first method for maximizing atom economy reduces the E factor by eliminating 

workup procedures, extra synthetic steps, and waste by-products.  For instance, a one-pot 

multicatalytic strategy involving carbonylation of propylene oxide and subsequent 

polymerization of the resulting lactone with a Zn-BDI catalyst has been used to eliminate 

workup and exposure to a toxic β-butyrolactone monomer.56  Catalytic chain-growth 

polymerizations with anhydrides and epoxides provide an alternative to step-growth 

polymerizations with diesters and diols.57,58 

Since solvents and inorganic salts from oxidations and reductions comprise a 

substantial fraction of the waste generated during chemical reactions used in the synthesis of 
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monomers,19 a second strategy for improving atom economy involves replacing reagents with 

better alternatives.20,59  For example, catalytic oxidations with hydrogen peroxide and oxygen 

offer advantages over less desirable stoichiometric reagents for a number of 

heterogeneous60,61 and homogeneous62-64 catalyst systems.   

Table 1 gives a selection of applied oxidants with their actual oxygen content.  The wt 

% oxygen in Table 1 emphasizes that hydrogen peroxide and molecular oxygen provide the 

best choices from the standpoint of Principle 2 (Atom Economy), Principle 3 (Less Hazardous 

Chemical Syntheses), and Principle 4 (Design Benign Chemicals) of green chemistry.  Since 

oxidation reactions are commonly used for synthesis of a variety of monomers, Table 1 has 

wide ranging implications.   

 

Table 1. Selection of commonly used oxidants in organic and industrial chemistry.65
 

Entry Oxidant 
Active oxygen 

content [wt %] 
Waste product 

1 O2 100 - 

2 H2O2 47 H2O 

3 NaOCl 21.6 NaCl 

4 t-BuOOH 17.8 t-BuOH 

5 m-CPBA 9.3 m-CBA 

 

 

The homogeneous synthesis of 1,4-cyclohexadiene (1,4-CHD) from the 

polyunsaturated fraction of plant oils replaces undesirable reagents by providing an alternative 

to the Birch reduction of benzene.66  In Figure 1, isomerization of 1,4-CHD to 1,3-CHD also 

avoids the need for dehydrohalogenation reactions which produce halogenated waste.67  
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Polymerization of the resulting 1,3-CHD with Ni(acac)2 in the presence of 

methylaluminoxane (MAO) resulted in highly crystalline polycyclohexadiene (polyCHD).   

 
 

 

Figure 1.  Green alternatives to the synthesis and polymerization of cyclohexadiene isomers 

which provide options for Birch reduction of benzene and dehydrohalogenation reactions. 

 

3) Decreasing catalyst loading 

Low catalyst loadings combined with high turnover numbers (TON) and large 

polymerization activities have always been desirable from industrial and academic 

standpoints.  Many Ziegler-Natta polymerization catalytic systems composed of MgCl2/TiCl4 

demonstrate extremely high catalyst activities that translate into ppm levels (or less) of 

catalyst in the final polyolefin.  For instance, fifth-generation diether-based Ziegler-Natta 

systems will catalyze polymerization of propylene with activities > 100 kg polypropylene/g 

catalyst which equates to < 10 ppm.68   

Although high catalyst loadings are often necessary to demonstrate proof of concept, 

the influence of green chemistry and the desire for sustainability in polymer chemistry has 

resulted in the development of catalytic systems which operate below 100 ppm (0.01 mol %).  

Certain metal-amide complexes, such as the well-known [BDI-iPr]ZnN(SiMe3)2 catalyst (BDI 

= β-diimine), have been reported to polymerize up to 20000 equivalents (50 ppm Zn) of 

lactide for the preparation of polylactide-block-polystyrene diblock copolymers69 and up to 

50000 equivalents (20 ppm Zn) of TMC.70 
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Microreactors have the potential to reduce the catalyst loading that is typically 

required for heterogeneous71,72 and homogeneous 73 reactions.  Although the term 

microreactor denotes chemistry done in small channels (10-1000 µm), the continuous flow 

conditions can result in faster output than batch reactions without heat transfer problems.  

Additionally, microreactors often offer improved selectivity, higher yields, and lower 

waste.74,75  For example, integrating metathesis catalysts with microfluidic systems improves 

the ethenolysis of methyl oleate (Figure 2) by increasing the ethylene diffusion and results in 

conversions at low catalyst loadings of 50 ppm.76  The terminal alkene in methyl 10-

undecenoate provides a variety of options for subsequent conversion to polyesters and 

polyurethanes.77,78
 

    

Figure 2. Ethenolysis of methyl oleate to methyl 10-undecenoate with dual-phase 

microchemical reactor system. 

 

Certain copper-based catalyst systems for atom transfer radical polymerization 

(ATRP) have improved greatly during the last decade.79-81  These systems can operate with 

substantial reduction in catalyst loadings for the polymerization of vinyl monomers, such as 

styrenes, acrylates, and methacrylates.42,82 Current methods, such as activators regenerated by 

electron transfer (ARGET) ATRP,83 and initiators continuously activated by reduction 

(ICAR) ATRP,84 have reduced Cu loading from ~1 mol % for normal ATRP to only 1-50 

ppm.  The conversion of oxidatively stable CuX2 to CuX (X = Cl, Br) can be accomplished 

with reducing agents, such as ascorbic acid or AIBN (Figure 3).  Since CuII/Ligand complexes 
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act as deactivators, the resulting reduction of CuII/Ligand to CuI/Ligand allows 

polymerization to continue. 

 

Pn-X Pn ++
kda

ka

kp

kt

+M

Dormant                                          Active

CuIX/L CuIIX2/L

+ CuIIX2/LPn-Pm

ICAR:     Azo Initiator [AIBN]

ARGET: Reducing Agent [SnII(EH)2]

ICAR:     Initiator-X 

              [(CN)(CH3)2C-X]

ARGET: Oxidized Agents  

              [SnIVX2(EH)2]

 

Figure 3. Novel methods of atom transfer radical polymerization (ATRP) with ppm amounts 

of Cu-based catalysts which utilize reducing agents or free-radical sources to regenerate CuI. 

 

4) Catalyst recovery and recycling 

Catalyst recovery, recycling, and regeneration represent an important facet of 

sustainability.85-87  The following section focuses on immobilized systems, smart systems, and 

physical methods of recycling homogeneous systems. Immobilizing catalysts on 

heterogeneous supports is a common method for catalyst recovery. Generally, the desire to 

recover catalyst components increases as the abundance of the components decreases and the 

toxicity increases.  Even before the field of green chemistry was developed in the early 1990s, 

many industrial polymerization processes had a long history of addressing the issue of catalyst 

recovery using inert supports composed of silica, alumina, calcium carbonate, magnesium 

chloride, and carbon.88   

Currently, many types of supported catalysts are an important part of polymer 

chemistry as well as organic chemistry and petroleum processing.88,89  Advances in 

nanoparticles, magnetic particles, and polymer supports offer many benefits and options for 

recovery of catalysts.85,87,90-96  Renewable sources of carbon are also well suited as supports 

for heterogeneous catalysts.97  Such supports can make it easier to recover components for the 
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purpose of recycling, but do not guarantee that an active species will be recovered or that the 

catalyst will not leach off the support.98  Ideally, a catalyst should be able to maintain activity 

and demonstrate acceptable TON values for multiple cycles.99  

A number of solution-phase methods have been reported for the recovery and 

recycling of catalysts.100  These include membrane separation methods101 as well as 

solid/liquid87 and liquid/liquid102 methods for recovery of catalysts.  Additionally, photo-

activated conversion of homogeneous reactions to solid-phase systems has been reported for 

organic synthesis103 and polymer chemistry.104,105  For industrial hydroformylation reactions, 

aqueous biphasic catalysis with a sulfonated triphenylphosphine ligand 2 (Figure 4) makes the 

rhodium catalyst water soluble while the product is solubilized in an organic layer.106  Non-

polar α-olefins, which are often used as comonomers in ethylene polymerization are prepared 

using the Shell Higher Olefin Process (SHOP). This example of biphasic recycling for nickel 

catalysts100 allows separation of the non-polar α-olefins from a 1,4-butanediol layer 

containing the catalyst.  

 

 

Figure 4. Hydroformylation of alkenes with a recyclable rhodium catalyst system. 

 

5) Extending the lifetime of catalytic systems 

All catalysts eventually experience deactivation, leaching, oxidation, or decomposition 

which limits the activity.86  Problems with catalyst lifetime may result from sensitivity to 

water, oxygen, salts, or other impurities that may be present in petroleum-based chemicals or 

biomass.  An important aspect of green chemistry is to extend lifetime of catalysts and 
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catalyst precursors through regeneration.107  Historically, such practices were commonly 

employed for optimizing Ziegler-Natta catalysts over the course of several decades which 

preceded the field of green chemistry.88 

Iterative ligand design strategies are widely used across the fields of polymer 

chemistry and green chemistry for the synthesis of robust catalyst systems.  For iron-based 

tetra-amido macrocyclic ligands (TAML), such strategies have led to new generations of more 

robust TAML catalysts.108  Complexes which hydroxylate tertiary CH bonds using hydrogen 

peroxide have also greatly benefited from an iterative ligand design by applying the concept 

of steric isolation of the metal site.109,110  

Electron transfer offers interesting possibilities for activating catalyst precursors and 

extending the lifetime of the active catalytic species through subsequent regeneration.  

Although electron transfer does not necessarily qualify a catalytic process as green or 

sustainable, such benign activation has potential to control chemical processes.111  For 

example, electrochemical activation provides the ability to turn transition metal catalysts on 

and off during ATRP.112  The resulting electrochemical polymerization with copper-based 

ATRP catalysts allows precise control of polymerization rate.  In other cases, zero valent 

metals, such as Zn0, Mg0, and Fe0, allow the heterogeneous reactivation of homogeneous 

catalysts during ATRP of methyl acrylate with CuBr2/Me6TREN.113-117 

 

6) Selecting catalysts tolerant of different functional groups  

In order to realize Principle 7 (Use of Renewable Feedstocks) in the context of 

catalysis (Principle 9), a high level of functional group tolerance is necessary.  For example, it 

is not uncommon to find renewable-based molecules with alcohols (sucrose, glucose), esters 

(triglycerides, lactide), amides (chitin), ketones (levulinic acid), aldehydes (furfural), ethers 

(cellulose, lignin), phenols (lignin, eugenol), carboxylic acids (citric acid, succinic acid), and 

alkenes (terpenes).118  Additionally, many of the 30 most potentially useful bio-based 
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molecules, which have been identified by the US Department of Energy, contain carboxylic 

acids.119  These include three-carbon (lactic acid), four-carbon (succinic acid, malic acid), 

five-carbon (levulinic acid), and six-carbon (citric acid, 2,5-furan dicarboxylic acid) 

molecules.   

Since renewable resources span a wide range of functional groups, they often require a 

sequential combination of catalytic methods that extends beyond homogeneous catalysis and 

usually includes biotechnology and heterogeneous catalysis.22,120,121  In Figure 5, these 

challenges have been addressed for a variety of monomers.  For homogeneous 

polymerizations, catalysts which tolerate the functional groups in renewable lactones,53,122 

lactides,123,124 glycolides,125 cyclic carbonates,126,127 have substantially advanced the field.     

 

Renewable 

Resources

n

HO2C

CO2H

HO
OH

n

 

Figure 5.  Synthesis of industrially relevant monomers from biomass.121 

 

7) Sustainable reaction conditions  

The concept of sustainable reaction conditions stems from the 12 principles of green 

chemistry and the desire to minimize the E factor.  As a result, this section provides examples 

which emulate principle 5 (Benign Solvents and Auxiliaries), principle 6 (Design for Energy 

Efficiency), and principle 12 (Inherently Benign Chemistry for Accident Prevention).   

Designing catalysts which operate in benign solvents,128 unconventional media,129 or 

under solvent free conditions130 is advantageous in many aspects especially to minimize 

waste.  Example of alternative media include ionic liquids,131,132 supercritical water,133 
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supercritical CO2,
134-136 lignin derivatives,137 and glycerol.138  Monoterpenes such as D-

limonene and β-pinene, will solvate a variety of transition metal catalysts139 while controlling 

molecular weight,140 polymer architecture,141 and modulus142 through chain transfer.  Other 

strategies have used styrene as a solvent for lactide polymerization prior to the polymerization 

of polylactide-block-polystyrene diblock copolymers.69  

Traditionally, many ionic type reactions involving electrophilic or nucleophilic 

addition require inert atmospheres, anhydrous solvents, certain temperatures ranges, or other 

special conditions.143,144  For example, the cationic polymerization of isobutylene has 

traditionally been conducted at low temperatures (-90 to -30 °C) in halogenated solvents such 

as chloromethane.145  Recent advances allow cationic polymerizations of β-pinene,146 

isobutylene,147,148 and isoprene149 under more mild conditions.  In Figure 6, perfluoroarylated 

aluminum and gallium complexes produce polyisobutylene at a relatively high temperatures (-

20 to 26 °C) without the need for chlorinated solvents.  Other Lewis acids, such as gallium 

triflate,150 have also been shown to be water stable and useful for the synthesis of ε-

caprolactam via the  Beckmann rearrangement.  These examples underscore the need to 

consider alternative approaches when designing sustainable chemical reactions.   

 

 

Figure 6.  Polymerization of isobutylene with aluminum and gallium-based Lewis acids at 

ambient temperature.148 

 

Mild reaction conditions reflect the 12 principles of green chemistry7 by reducing 

energy consumption and hazardous reaction conditions.  Ambient temperature,151 atmospheric 

pressure,152 and decreased sensitivity to impurities107 are all valid parameters for evaluating 

whether reaction conditions are mild.  Bimetallic cobalt127,153 and iron154 catalysts 
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successfully copolymerize CO2 and epoxides at 1 atm of CO2.  Alternate strategies involving 

microwave irradiation155,156
 and photochemical transformations157,158 are also an integral part 

of ongoing research efforts.  Although the pursuit of mild reaction conditions is highly 

desirable, challenging problems related to catalyst solubility, low reaction yields, reduced 

activity at ambient temperatures, poisoning of active sites, and side reactions often result.  For 

Heck, Suzuki-Miyaura, Sonogashira, and Negishi-like C-C couplings, incorporation of 

designer surfactants (Figure 7) helps overcome solubility limitations and facilitates improved 

reactivity in water at room temperature.159  

 

 

Figure 7.  Example of an environmentally benign surfactant (n ~16) for metal-based catalysts. 

 

Formation of lactones,160 lactams,160 nitriles,161 carbamates,162 and oxazolines163 under 

mild conditions has wide ranging implications for monomers.  In the case of heterocycle 

carbonylation with homogeneous catalysts, many of these catalyst systems combine cationic 

Lewis acids with a nucleophilic anion to facilitate ring-opening of the heterocycle before 

insertion of CO and subsequent ring-closing.160  Generally, many of these catalysts often 

require high pressures of CO (~45 to 60 atm) to suppress ketone formation as a side product.  

In Figure 8, carbonylation of epoxides with a [(salph)Cr(THF)2]
+[Co(CO)4]

- catalyst [salph = 

N,N’-bis(3,5-di-tert-butylsalicylidene)-1,2-phenylenediamine] at 1 atm and ambient 

temperature resulted in high conversions (> 98%) and minimal ketone formation after 24 h.164  
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Figure 8.  Carbonylation of epoxides with a [(salph)Cr(THF)2]
+[Co(CO)4]

- catalyst [salph = 

N,N’-bis(3,5-di-tert-butylsalicylidene)-1,2-phenylenediamine]. 

 

8) Synthesizing ligands, complexes, and catalysts in one or two steps from 

commercial sources 

Ideally, the synthesis of ligands and homogeneous catalysts could be synthesized in 

one- or two-steps.  Although many procedures to synthesize catalysts often require multiple 

steps to achieve high catalyst activity, the need for benign, efficient protocols for synthesizing 

and immobilizing catalysts reflects Principle 2 (Atom Economy) and Principle 8 (Reduce 

Derivatives) of green chemistry.  Furthermore, it has been suggested that the perfect scenario 

for such a synthesis procedure would involve “readily available and inexpensive” reagents 

without the need for solvents, heating, cooling, or inert atmospheres.107  The desire for one-

step procedures to simplify the synthesis of catalysts mirrors the use of one-pot procedures in 

organic chemistry to create small molecules.61   

Mannich condensation reactions, such as shown in Figure 9, allow the one-step 

synthesis of phenolic ligands using inexpensive reagents for the preparation of alumatrane 

complexes 1.165  Other ligand procedures utilizing Mannich reactions have been reported with 

amine-bis(phenolate) iron(III) complexes for ATRP.166   
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Figure 9.  One-step synthesis of a phenolic-amino-alcohol ligand via Mannich condensation 

followed by metalation with trimethylaluminum to yield an alumatrane complex 1.165 

 

9) Selecting the most suitable elements 

Choosing the most appropriate elements for catalyst systems is an integral part of 

green chemistry and sustainability. One criterion for element selection is the natural 

abundance in the earth’s crust. Abundance can be roughly categorized into extremely 

abundant (> 30,000 ppm; e.g. O, Si, Al, Fe, Ca), highly abundant (15,000-30,000 ppm; e.g. 

Mg, Na, K), moderately abundant (300-15,000 ppm, e.g. Ti, H, P, Mn, F, C, S), low 

abundance (10-300 ppm; e.g Zr, V, Cl, Cr, Ni, Zn, Cu, Ce, Nd, La, Co), scarce elements (1-10 

ppm; e.g. B, Br, I,) and those only present in trace quantities (< 1 ppm; e.g. Pd, Pt, Ir, Ru, 

Rh).167,168 Selecting abundant elements can alleviate economic concerns (Figure 10) as there 

will typically be multiple mining sources.  Often, obtaining trace elements (Pd, Pt, Ir, Ru, Rh) 

is difficult as they are only mined in limited areas of the world.169,170  Some elements, such as 
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iridium, ruthenium, and osmium are both geographically limited and present in extremely 

small quantities.169  The selection of abundant elements is of high priority but in some cases, 

these metals will not produce the desired chemical outcome and consequently, they cannot 

always be used. A second consideration in element selection for monomer and polymer 

synthesis is biocompatibility.171,172  Polymers which are being targeted for biological or 

environmental applications will ideally, be prepared from “biochemically common 

elements.”10 

Most often, catalyst choice is driven by economics (Figure 10), function and 

selectivity. However, to utilize only these criteria may not be viable in the broader picture of 

sustainability. A recent life cycle assessment of metals has suggested that many efforts to 

recycle common metals are inefficient (Al, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn) or practically 

Al Fe CaMgNa K Ti MnBa Sr Zr V Cr Ni Zn CuCeNd La CoPd Pt Ir RuRh
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Figure 10.  Abundance167 and cost173 for the twenty most abundant metals compared to five 

examples of metals (Pd, Pt, Ir, Ru, Rh) with trace abundance. 
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nonexistent (<1%) for rare earths and specialty metals (Li, Sc, V, Ga, Sr, Y, Zr, In, Ba, Hf, 

Ta, Os).174  Consequently, to reduce toxic metal waste within the natural environment, 

catalysis with abundant metals and “biochemically common elements” has emerged. The 

following examples highlight aluminum, some first-row transition metals, as well as a few 

alkali and alkaline earth metals in monomer and polymer synthesis. 

Aluminum often plays a wide variety of roles in catalysis.  For example, 

methylaluminoxane (MAO) is commonly used as a cocatalyst during the polymerization of 

olefins.88  Aluminum complexes have also been shown to ring-open lactides165,175 to form 

poly(lactic acid) (PLA)176 and also catalyze the formation and polymerization of cyclic 

carbonates.177  Especially in heterogeneous catalysis, alumina is widely employed and 

frequently found as a support for selective oxidation, reduction and polymerization (Figure 

11).178   

 

V
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Al Al
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AlAl

H
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Figure 11. Aluminum oxide support and molecular view of several monomeric VOx 

structures on dehydrated alumina surface(s) predominately present at low V loadings.179 

 

First row transition metals, such as manganese, iron, cobalt, nickel, and copper, which 

are non-precious metals may provide economical alternatives to less abundant metals.180  In 

this regard, great advances in homogeneous iron catalysts have been made during the last 

decade in the areas of oxidation,181 reduction,182 cross-coupling,183 and vinyl monomer 

polymerization.184-187  Epoxidation of alkenes (Figure 12) with hydrogen peroxide utilizing 

iron salts represents a convenient process for new monomer preparation.62,188  Epoxidized 
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monomers are prevalent in polymer chemistry and allow access to polyesters,189 

polycarbonates,190 and polyurethanes.191,192   

 

 

Figure 12.  Epoxidation of olefins with homogeneous iron-based catalysts. 

 

Due to their natural abundance, a number of complexes based on alkaline earth metals, 

such as calcium and magnesium, have also been reported.193  Recently, dimagnesium 

complexes were reported for the copolymerization of CO2 and cyclohexene oxide to produce 

polycarbonates.194 Since calcium is the most abundant element of the alkaline earth metals, 

numerous homogeneous catalysts exist.  For example, a wide variety of calcium catalysts 

facilitate the ring-opening polymerization of lactide,195,196 ε-caprolactone,197 

tetrahydrofuran,198 and trimethylene carbonate (TMC).172,199  In addition, certain catalysts, 

such as those depicted in Figure 13, polymerize styrene.200-202
  

 

 

Figure 13.  Calcium-based catalysts for polymerization of styrene [TMS = SiMe3; L = 

N(SiMe3)2]. 

 

Due to the natural abundance of sodium in the earth’s crust, the oceans, and the human 

body, sodium is also ideally suited for sustainability.  In Figure 14, well-defined sodium 
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complexes with commercially available 2,2’-ethylidene-bis(4,6-di-tert-butylphenol) (4) will 

polymerize L-lactide in toluene under ambient temperature and pressure.203  

 

 

Figure 14.  Synthesis of sodium catalyst for ring-opening polymerization of lactide.203 

 

10) Selecting catalyst components with low toxicology 

Many chemical products which are commonly found in society in the form of 

biomaterials, electronic materials, and thermosets depend heavily on catalysis and often 

contain catalyst residues.  Consequently, using components (i.e. metals, activators, ligands) 

which exhibit low toxicity is advantageous and adheres to Principle 3 (Less Hazardous 

Chemical Syntheses) and Principle 4 (Design Benign Chemicals) of green chemistry.  For 

homogeneous catalysts, it is worthwhile to examine potential effects of a metal-ligand 

complex as well as demetalation scenarios which produce ligand and metal ion.   

To consider the effect of metal ions, which may result from demetalation of 

homogeneous catalysts, an atomistic perspective is useful.  Generally, a trend in toxicity 

parallels the natural abundance of atoms and is known as the “abundance principle.”204  As a 

result, the use of first-row transition metals has been growing across the field of green 

chemistry.4,6,180  For polymer chemistry, catalytic strategies for monomer synthesis205 and 

polymerization193,206 often employ first-row transition metals. 
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Although the permitted daily exposure (PDE) for metals does not guarantee the 

absence of hazards that might arise from exposure below the limit, this atomistic approach 

does give a relative guide that is somewhat related to the “abundance principle.”  For instance, 

the PDE for a 50 kg adult during an 8 h day is 100 µg/day for Pt, 250 µg/day for V, 2500 

µg/day for Cu, and 13000 µg/day for Zn.207  With this approach in mind, metals can be 

categorized as those with minimal safety concern (Fe, Zn), low safety concern (Cu, Mn) and 

significant safety concern (Pt, Pd > Ir, Rh, Ru, Os > Mo, Ni, Cr, V).207  Figure 15 gives 

selected examples of the many homogeneous polymerization catalysts based on desirable 

metals, such as iron,185,186,208 zinc,209,210 and copper.80,211   

 

Figure 15.  Examples of homogeneous metal-based catalysts using iron, zinc, and copper. 

 

From a molecular standpoint, studies which correlate physical and chemical properties 

of organic molecules, such as molecular size, shape (globularity), flexibility, electronic 

properties, and solubility, with toxicity are particularly insightful for potential ligands or 

additives.212,213  Although the toxicology of organic molecules receives considerable attention 

from the pharmaceutical and pesticide industries as well as regulatory agencies,214,215 recent 
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advances in the understanding of endocrine disrupting chemicals suggest that low doses of 

certain organic molecules can have adverse effects even at ppb and ppt levels.216  Perhaps the 

most thorough approach for assessing risks of organic molecules is the Tiered Protocol for 

Endocrine Disruption (TiPED).217 This five-tier strategy progresses from simple assessments 

via computational methods (Tier 1) and high-throughput screening with cells (Tier 2) to 

complex methodologies involving biological systems (Tiers 3-5). 

Exposing developing biological systems to a homogeneous metal-ligand complex is a 

very informative method to examine potential hazards.  For instance, a recent cellular study 

determined the optimum conditions and ligand environment for eliminating the toxicity of 

Cu(I) complexes used in azide-alkyne cycloaddition reactions.218  Other notable models 

include embryonic/larval zebrafish which are permeable to chemicals up to 5 days post-

fertilization.219  Due to the wide variety of developing physiological systems in these 

zebrafish, the embryos offer a convenient method for screening ruthenium-N-heterocyclic 

carbene complexes220 and octahedral iridium (III) complexes.221  These important studies with 

metal-based catalysts could be highly beneficial in the future design and evaluation of 

catalysts for biomaterial applications.  

 

Evaluating strategies for a homogeneous “green” polymerization processes 

Zinc-based catalysts with β-diimine (BDI) ligands, such as [(BDI)ZnOiPr]2 and [BDI-

iPr]ZnN(SiMe3)2, have been chosen to evaluate the suggested criteria for achieving a 

sustainable system in polymer chemistry. As examined below, these homogeneous catalysts 

address many of the attributes that make a catalyst suitable for sustainable chemistry. 

 

1) Maximizing selectivity: The [(BDI)ZnOiPr]2 catalysts will polymerize (S,S)-lactide 

to isotactic PLA and rac-lactide to heterotactic PLA.222 
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2) Choosing catalysts which provide maximum atom economy: Zn-BDI catalysts will 

polymerize CO2 and epoxides in an alternating fashion with excellent atom 

economy.223  Additionally, they proceed without the need for high CO2 pressures. 

3) Decreasing catalyst loading: Since the [BDI-iPr]ZnN(SiMe3)2 catalysts operate at 

[monomer]/[catalyst] ratios up to 50000, they meet the requirement for minimal 

catalyst loading. 70 

4) Catalyst recovery and recycling: Zn-BDI type catalysts are not typically recovered 

after a polymerization.  This is a potential future direction for these polymerization 

reactions. 

5)  Extending the lifetime of catalytic systems: These catalysts are fairly robust and 

allow sequential monomer addition up to a hexablock copolymers.224  Copper 

catalysts have also been reported in the synthesis of decablock copolymers.225 

6) Selecting catalysts tolerant of different functional groups.  Generally, the 

polymerization of CO2 with various aliphatic epoxides has been reported without 

functional groups tethered to the epoxide.  One exception is the polymerization of 

vinylcyclohexene oxide and CO2 using [(BDI)ZnOAc]2.
226 

7) Sustainable reaction conditions: Zn catalysts have been reported to operate in neat 

monomer, such as styrene,69 but often use petroleum based solvents such as 

toluene or THF.  For polymerization of CO2 and epoxides, certain zinc catalysts 

are capable of operating under mild reaction conditions at fairly low pressures of 

CO2 gas.  

8) Synthesizing ligands and catalysts in one or two steps from commercial sources. 

The pre-ligands are readily prepared by stirring commercial anilines with either 

2,4- pentanedione or malonaldehyde bis(dimethyl acetal).223 Deprotonation of the 

ligand followed by treatment with diethylzinc affords the desired zinc-dimiinate 

catalysts.  Thus the desired criterion of a 1-2 step ligand synthesis is fulfilled. 

Page 25 of 35 Green Chemistry

G
re

en
 C

h
em

is
tr

y 
A

cc
ep

te
d

 M
an

u
sc

ri
p

t



26 

 

Moreover, the availability of various anilines offers facile methods to modulate the 

steric and electronic environment of the ligand framework. 

9) Selecting the most suitable elements: This class of catalysts meets the first 

requirement for a green catalyst since the elements (Zn, N, and C) are moderately 

abundant.   

10) Selecting catalyst components with low toxicity: The Zn based catalysts employ 

components which probably demonstrate low toxicity, but have not been 

experimentally verified.   

 

Conclusion and Outlook 

This perspective has attempted to provide qualitative insight into the question of how 

to maximize sustainability in polymer chemistry with homogeneous metal-based catalysts.  

Since the degree of sustainability rests on a continuum, the best systems exhibit multiple 

attributes, such as low catalyst loading, high TON values, abundant elements, low toxicity, 

and the ability to operate under mild conditions with options for extending the catalyst 

lifetime or recycling the catalyst.  Strategies which improve the atom economy and reduce the 

number of synthetic steps are also highly desirable.  Catalysts which selectively transform or 

incorporate renewable resources into existing polymerization processes or convert renewable 

materials into polymers will continue to be a challenging endeavor. 

Many of the suggested attributes for sustainable polymerization catalysts are 

interrelated.  For example, the subject of toxicology has a direct link to the abundance of 

atoms, catalyst loading, and ability to recycle or recover catalyst components.  In order to 

minimize toxicity, choosing abundant elements and ppm concentrations of catalyst represents 

a starting point for metal-based homogeneous catalysis.  However, in some cases, low catalyst 

activities may require much higher catalyst loadings or components with low natural 
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abundance.  In this case, immobilization of the catalyst system or devising recycling strategies 

could be very beneficial.  

In the future context of polymer chemistry, many opportunities exist for homogeneous 

catalysis if the system can be designed to maximize the degree of sustainability.  Although the 

brevity of this perspective only allowed a limited number of examples to be discussed, many 

other unmentioned catalytic processes will continue to play a critical role in conversion of 

petroleum and biomass-based starting materials into monomers and polymers.   
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