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Organic Catalysis: 
A Broadly Useful and Environmentally Benign Strategy to Synthetic Polymer Materials 

 
Milestone:  The team of Hedrick and Waymouth have pioneered the application of 
organocatalysis to polymer chemistry as a new and versatile strategy for Green Polymer 
Chemistry.  The discovery and application of highly active organic catalysts as an 
environmentally responsible synthetic method to generate well-defined biodegradable 
macromolecules, functional materials and complex macromolecular architectures represent a 
significant advance and a fundamental paradigm shift to the established methods in this mature 
field.  This team has produced more that 80 manuscripts and 8 patents (2002-2011) on the design 
of organic catalysts for polymer chemistry with applications in sustainable plastics, biomedical 
materials, and plastics recycling.  
 
Academic award nomination 
Focus area- the use of greener synthetic pathways 
All research conducted in United States 
 
Abstract:  The nominated technology relates to new organocatalytic methods for generating 
polyesters, including biodegradable and biocompatible polyesters.  Catalysis is a foundational 
pillar for sustainable chemical processes; the discovery of highly active, environmentally benign 
catalytic processes is a central goal of Green Chemistry.  Plastics are ubiquitous and useful 
modern materials, but their widespread utility and indiscriminate disposal has left an adverse and 
enduring environmental legacy.  The team of Hedrick and Waymouth have developed a broad 
class of highly active, environmentally benign organic catalysts for the synthesis of 
biodegradable and biocompatible plastics.  Conventional routes to polyesters rely on metal 
catalysts such as those derived from tin complexes; residual metal residues for plastics generated 
on such scales can result in negative environmental impacts in solid waste. For example, the 
European Union has recently phased out many organotin compounds. As a result, the 
investigation of organic catalysts to replace the tin-based workhorse catalyst has gained 
significant prominence in industrial settings, including those related to important commodity 
polymers such as siloxanes, urethanes, nylons and polyesters. This technology describes the 
application of metal-free organic catalysts for the synthesis and recycling of polyesters.  New 
organic catalysts have been discovered which rival or exceed metal-based alternatives  for 
polyester synthesis, both in terms of activity and selectivity.  This approach provides an 
environmentally attractive, atom-economical, low energy alternative to traditional metal 
catalyzed processes.  This technology includes organocatalytic approaches to ring-opening, 
anionic, zwitterionic, group transfer, and condensation polymerization techniques.  Monomer 
feedstocks include those from renewable resources, such as lactides, as well as petrochemical 
feedstocks.  Organic catalysts have been developed to depolymerize poly(ethyleneterephthalate) 
(PET) quantitatively, allowing a bottle-to-bottle recycling strategy for PET as an approach to 
mitigate the millions of pounds of PET that plague our landfills.  This team also demonstrated 
that that these catalysts are tolerant to a wide variety of functional groups, enabling the synthesis 
of well-defined biocompatible polymers for biomedical applications.  As these catalysts do not 
remain bound to the polymer chain, they are effective at low concentrations.  These results, 
coupled with cytotoxicity measurements in biomedical applications have highlighted the 
environmental and human health benefits of this approach.   
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 Motivated by a desire to generate new classes of metal-free polymeric materials for 
microelectronic applications, the team of Hedrick and Waymouth have pioneered the design and 
application of organic catalysts for polymer chemistry.1,2  A major focus of their efforts has been 
on ring-opening polymerization, a strategy dominated by metal oxide or metal hydroxide 
catalysts.  They have shown that organic catalysts not only exhibit activities that rival the most 
active metal-based catalysts, but by virtue of their novel mechanisms of enchainment, provide 
access to polymer architectures that are difficult to access by conventional approaches.   

Plastics are ubiquitous and extremely useful modern materials; polyesters constitute a 
significant fraction of commercial plastics.  The widespread application of polyesters in 
packaging and fiber applications has motivated efforts to craft a new vision for sustainable 
packaging.3  To achieve this vision, major scientific and technological challenges include the 
conversion of renewable resources to products that exhibit cost/performance characteristics equal 
or superior to existing materials, the development of more environmentally benign catalytic 
processes, and recycling or biodegradation strategies that would enable a "closed-loop" life cycle 
for materials that meet the needs of the marketplace while minimizing the environmental 
footprint left for future generations.  The synthesis of polyesters is traditionally carried out with  
metal oxide or metal alkoxide catalysts.  While these processes are highly efficient, the search 
for more sustainable packaging materials3 has motivated the search of more active and less toxic 
catalysts. Organocatalytic methods developed by Hedrick and Waymouth for polyester synthesis 
avoid metal residues in the resultant material.  The leaching of toxic antimony residues from 
commercial poly(ethyleneterephthalate) (PET) has stimulated Victor Innovatex to develop new 
classes of polyester fibers,4 and has led to increased concerns regarding residual antimony in 
bottled water.5   The use of natural enzymes to catalyze the synthesis of polyesters is another 
approach identified as a promising strategy for Green Polymer Chemistry.6  The team of Hedrick 
and Waymouth have taken a different approach.  Inspired by enzymatic catalysis, they have 
devised several families of organic catalysts that mimic the mechanistic pathways of enzymes, 
but catalyze polymerization at rates and turnover numbers that match or exceed those of metal or 
enzyme catalysts.1,6 
 Significant achievements of this team include organocatalytic strategies for the synthesis 
of polyesters,1,7 polycarbonates8,9 polysiloxanes,10 and polyacrylates,11 chemical recycling of 
polyesters,12-17  the use of metal-free polymers to template inorganic nanostructures for 
microelectronics applications,18,19 the development of new synthetic strategy for the synthesis of 
high molecular weight  cyclic polyesters,20-22 and the generation of new families biocompatible 
polymers for biomedical applications.23-25 

A key innovation of this group was the demonstration that N-Heterocyclic carbenes, as 
well as neutral organic “superbases”, such as amidines, guanidines,26,27  and phosphazenes28,29  
are exceedingly active and in some cases highly stereoselective catalysts for ring-opening 
polymerization reactions (Fig 1).   The activity of the commercially available cyclic guanidine 
1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) in comparison to the other superbases is striking; 
TBD is among the most active catalysts known for the ring-opening polymerization of lactide.  
At room temperature in THF solution, TBD catalyzes the ring-opening polymerization of lactide 
with turnover frequencies of 80 s-1 for turnover numbers of 100.27  Following our work, others 
have shown that TBD catalyzes the ring-opening polymerization of unpurified trimethylene 
carbonate (TMC) at 150°C in neat monomer with turnover frequencies of 1.6 s-1 for turnover 
numbers up to 91,000.30  The guanidine TBD is commercially available and is effective in a 
variety of solvents, including hydrocarbons (toluene), chlorinated solvents (CH2Cl2) or in neat 
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monomer at 90 -120 °C (lactide, caprolactone, TMC).  In addition to ring-opening reactions, 
organic catalysts such as the N-heterocyclic carbenes are also effective catalysts for step growth 
polymerizations:  the condensation of ethyl 6-hydroxyhexanoate in the bulk generated poly(e-
caprolactone) with turnover numbers of 3 x 105.31 

Mechanistic26,32 and theoretical33 studies 
showed that TBD behaves 
simultaneously as both a hydrogen 
bond donor to the monomer via the N-
H site and also a hydrogen bond 
acceptor to the hydroxylic proton of the 
propagating alcohol, achieving 
activation of both the electrophile and 
nucleophile.  TBD is active not only for 
ring-opening polymerization, but for 
the melt polymerization34 and 
depolymerization35 of 
poly(ethyleneterephthalate) PET and 
for the catalytic formation of amides 
from esters.32 
 The innovation of the scientific 
approach is evidenced in the diversity 
of mechanistic pathways they have 
identified for organocatalytic 
polymerization reactions and the 
opportunities these new insights have 
provided for the generation of well-

defined polymer architectures and functional materials. 
Mechanistic and kinetic investigations of 

the N-heterocyclic carbene mediated ring-opening 
polymerization of lactide led to the discovery of a 
conceptually novel strategy for generating high 
molecular weight cyclic polyesters (Figure 2),20-22,36  
H-shaped37 and mikto-arm branched block 
copolymers.38  
  The team also developed a class of 
bifunctional thiourea / amine catalysts that 
represent one of the most selective catalyst systems for ring-opening polymerization, generating 
polyesters with polydispersities below Mw/Mn = 1.05, comparable to the polystyrene molecular 
weight standards (Figure 2).39  Mechanistic studies of the H-bonding affinity of linear and cyclic 
esters to thiourea catalysts provided new fundamental insights on the design of ring-opening 
polymerization catalysts that are highly selective for propagation relative to transesterification of 
the product polyester.  Thioureas used as catalysts for ring-opening were observed to bind to 
cyclic lactones and carbonates through H-bonding, but exhibited no binding affinity for linear 
esters.26 This high selectivity, coupled with the high tolerance of the thiourea catalysts to 
functional groups was a key advance to enable the synthesis of precise functional carbonate 
oligomers for cell-penetrating polymers.24 
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Figure 1. Organocatalytic Synthesis of Polyesters 
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Figure 2. Zwitterionic Polymerization of Lactide 
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 The team of Hedrick and Waymouth have also exploited their organocatalytic strategies 
as a means of generating well-defined metal-free materials for biomedical applications.23-25,40,41  
They have shown that the stereocomplexation of lactide provides a means of generating 
polymeric micelles with low critical micelle concentrations that encapsulate therapeutic agents 
such as paclitaxel.25,38  The organocatalytic ring-opening of carbonates can generate highly 
functionalized biocompatible polycarbonates with a range of functionalities that mimic the rich 
functionality of polypeptides.8,9   These strategies were exploited to develop a novel approach to 
biocompatible hydrogels with a defined network structure,42 and a novel class of guandinylated 
oligocarbonates which function as novel biodegradable "molecular transporters" which readily 
traverse cell membranes to deliver drugs or fluorescent or luminescent probes.23,24  These studies 
demonstrate the potential of organocatalytic strategies for biomedical applications. 

The environmental and human health benefits of organocatalytic polymerization derive 
from the use of renewable resources (biomass-derived monomers such as lactide, cyclic 
carbonates) as feedstocks, the high activities and turnover numbers observed which minimizes 
the amount of catalyst residues in the materials, and their demonstration that organocatalysts are 
effective depolymerization catalysts, enabling strategies for the chemical recycling of both 
biomass-derived (PLLA)43 and petrochemically-derived (PET) polyesters (Figure 3).12-16,44   

 
Figure 3.  Catalytic Depolymerization and Transformation of PET 

 
The team was inspired to develop organocatalysts for polymerization to avoid metal 

residues in microelectronic applications;18 the potential health and environmental benefits of a 
metal-free approach are also significant.  While extensive toxicological experiments on the wide 
range of organic catalysts have not been carried out, the high activities and low catalyst loadings 
minimize the impact of catalyst residues. While thioureas45 and some classes of imidazolium 
salts46 (the products of protonation of N-heterocyclic carbenes) have been shown to be toxic, the 
guanidine and phosphazene superbases have found wide application in organic and 
pharmaceutical chemistry.47  In addition, preliminary cytotoxicity measurements (Institute of 
Bioengineering and Nanotechnology, Singapore) on organocatalytically prepared polylactides 
and polycarbonates on more that six cell lines show near quantitative cell viability.  Several 
patents have issued on technology of the organocatalytic recycling of polyesters;13-15,44 in 
addition, this team developed an undergraduate laboratory experiment to demonstrate the use of 
organocatalysts for the chemical recycling of polyesters.12  
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Organocatalytic polymerization offers a practical and cost effective approach to Green 
Polymer Chemistry.6   For example, at 0.1 mol% of the commercially available cyclic guanidine 
1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD), the polymerization of lactide is complete in 1 min 
(TOF ~81 s-1)26 a rate that exceeds that of metal (TOF ~ 2 s-1)48 or enzyme6 catalysts.   The 
scientific impact of the teams work is evidenced by the degree to which the broader community 
is recognizing the potential of organocatalytic strategies for polymer synthesis(over 1000 
citations since 2002).49  The technology is broadly applicable not just for polymerization 
reactions, but for a variety of organic transformations, including transesterification reactions,31 
the formation of amides,32 the templating of inorganic nanostructures,18,19 and the generation of 
new families of well-defined materials for biomedical applications.23-25,40   

 
In summary, highlights of the nominated technology include: 

 
• Introduction of organic catalysis to synthetic Green Polymer Chemistry. 
• Investigation  of organic catalysts to replace organotin compound that are being phased out in 

Europe for siloxanes, ureathanes, coating materials, nylons and polyesters.  
• Broadly applicable technology with demonstrations in ring-opening, anionic, zwitterionic, 

group transfer, and condensation polymerization techniques. 
• Wide monomer scope including those from renewable resourses as well as petrochemical 

feedstocks. 
• Demonstrated that PET plastic refuse can be as a feedstock via organocatalytic 

depolymerization back to monomer or to other high value monomers  
• Demonstrated application in microelectronics and medicine where residual metal catalysts 

compromise performance or the environment and human health 
 
Acknowledgements:  This work was sponsored by the NSF through the "Grant Opportunities for 

Academic Liason with Industry" NSF-GOALI-CHE 0645891 and through the "Center for Polymer 
Interfaces and Macromolecular Assemblies"  NSF-DMR-0213618 

 
References: 
(1) Kamber, N. E.; Jeong, W.; Waymouth, R. M.; Pratt, R. C.; Lohmeijer, B. G. G.; Hedrick, J. L. "Organocatalytic 

Ring-Opening Polymerization" Chem. Rev. 2007, 107, 5813-5840. 
(2) Kiesewetter, M. K.; Shin, E.-J.; Hedrick, J. L.; Waymouth, R. M. "Organocatalysis: Opportunities and 

Challenges for Polymer Synthesis" Macromolecules 2010, 43, 2093-2107. 
(3) A Vision for Sustainable Packaging, The Sustainable Packaging Coalition, http://www.greenblue.org/. 
(4) Simard, J.-P. Sustainable Textile Development at Victor Innovatex www.victor-

innovatex.com/doc/sustainability.pdf  
(5) Cheng, X.; Shi, H.; Adams, C.; Ma, Y. "Assessment of metal contaminations leaching out from recycling 

plastic bottles upon treatments" Environmental Science and Pollution Research 2010, 17, 1323-1330. 
(6) Kobayashi, S.; Makino, A. "Enzymatic Polymer Synthesis: An Opportunity for Green Polymer Chemistry" 

Chem. Rev. 2009, 109, 5288-5353. 
(7) Hedrick, J. L.; Pratt, R. C.; Waymouth, R. M. "Catalytic polymerization of polymers containing electrophilic 

linkages using nucleophilic reagents" US Patent Application 20110003949 A1, 2011. 
(8) Nederberg, F.; Lohmeijer, B. G. G.; Leibfarth, F.; Pratt, R. C.; Choi, J.; Dove, A. P.; Waymouth, R. M.; 

Hedrick, J. L. "Organocatalytic ring opening polymerization of trimethylene carbonate" Biomacromolecules 
2007, 8, 153-160. 

(9) Pratt, R. C.; Nederberg, F.; Waymouth, R. M.; Hedrick, J. L. "Tagging alcohols with cyclic carbonate: a 
versatile equivalent of (meth)acrylate for ring-opening polymerization" Chem. Commun. 2008, 114-116. 



7 

(10) Lohmeijer, B. G. G.; Dubois, G.; Leibfarth, F.; Pratt, R. C.; Nederberg, F.; Nelson, A.; Waymouth, R. M.; 
Wade, C.; Hedrick, J. L. "Organocatalytic living ring-opening polymerization of cyclic carbosiloxanes" Org. 
Lett. 2006, 8, 4683-4686. 

(11) Scholten, M. D.; Hedrick, J. L.; Waymouth, R. M. "Group Transfer Polymerization of Acrylates Catalyzed by 
N-Heterocyclic Carbenes" Macromolecules 2008, 41, 7399-7404. 

(12) Kamber, N. E.; Tsujii, Y.; Keets, K.; Pratt, R. C.; Nyce, G., W.; Waymouth, R. M.; Hedrick, J., L. "Chemical 
Recycling of Poly(ethylene terephthalate) (PET) Bottles using N-heterocyclic Carbenes from Ionic Liquids" J. 
Chem. Educ. 2010, 87, 519-521. 

(13) Hedrick, J. L.; Kilickiran, P.; Nyce, G. W.; Waymouth, R. M. "Catalytic depolymerization of polymers 
containing electrophilic linkages using nucleophilic reagents" US Patent 6,911,546 B2, 2005. 

(14) Hedrick, J. L.; Nyce, G. W.; Waymouth, R. M. "Catalytic Depolymerization of Polymers Containing 
Electrophilic Linkages Using Nucleophilic Reagents" US Patent 7544800-B2, 2009. 

(15) Hedrick, J. L.; Kilickiran, P.; Nyce, G. W.; Waymouth, R. M. "Depolymerization of polymer having backbone 
containing electrophilic linkages, e.g. polyester or polyurethane, involves contacting the polymer with 
nucleophilic reagent and catalyst" US Patent 6916936-B2, 2005. 

(16) Fukushima, K.; Coulembier, O.; Lecuyer, J. M.; Almegren, H. A.; Alabdulrahman, A. M.; Alsewailem, F. D.; 
Mcneil, M. A.; Dubois, P.; Waymouth, R. M.; Horn, H. W.; Rice, J. E.; Hedrick, J. L. "Organocatalytic 
Depolymerization of Poly(ethylene terephthalate)" Journal of Polymer Science Part a-Polymer Chemistry 2011, 
49, 1273-1281. 

(17) Hedrick, J. L.; Pratt, R. C.; Waymouth, R. M. "Catalytic depolymerization of polymers containing electrophilic 
linkages using nucleophilic reagents" US Patent Application 20110004014 A1, 2011. 

(18) Hermans, T. M.; Choi, J.; Lohmeijer, B. G. G.; Dubois, G.; Pratt, R. C.; Kim, H. C.; Waymouth, R. M.; 
Hedrick, J. L. "Application of solvent-directed assembly of block copolymers to the synthesis of nanostructured 
materials with low dielectric constants" Angew. Chem., Int. Ed. 2006, 45, 6648-6652. 

(19) Kim, S. H.; Park, O. H.; Nederberg, F.; Topuria, T.; Krupp, L. E.; Kim, H. C.; Waymouth, R. M.; Hedrick, J. L. 
"Application of Block-Copolymer Supramolecular Assembly for the Fabrication of Complex TiO2 
Nanostructures" Small 2008, 4, 2162-2165. 

(20) Jeong, W.; Shin, E. J.; Culkin, D. A.; Hedrick, J. L.; Waymouth, R. M. "Zwitterionic Polymerization: A Kinetic 
Strategy for the Controlled Synthesis of Cyclic Polylactide" J. Am. Chem. Soc. 2009, 131, 4884-4891. 

(21) Culkin, D. A.; Jeong, W.; Csihony, S.; Gomez, E. D.; Balsara, N. P.; Hedrick, J. L.; Waymouth, R. M. 
"Zwitterionic polymerization of lactide to cyclic poly(lactide) by using N-heterocyclic carbene organocatalysts" 
Angew. Chem., Int. Ed. 2007, 46, 2627-2630. 

(22) Jeong, W.; Hedrick, J. L.; Waymouth, R. M. "Organic spirocyclic initiators for the ring-expansion 
polymerization of ss-lactones" J. Am. Chem. Soc. 2007, 129, 8414-8415. 

(23) Cooley, C. B.; Trantow, B. M.; Nederberg, F.; Kiesewetter, M. K.; Hedrick, J. L.; Waymouth, R. M.; Wender, 
P. A. "Oligocarbonate Molecular Transporters" US Patent Application, US Serial Number 12/433,693, 2009. 

(24) Cooley, C. B.; Trantow, B. M.; Nederberg, F.; Kiesewetter, M. K.; Hedrick, J. L.; Waymouth, R. M.; Wender, 
P. A. "Oligocarbonate Molecular Transporters: Oligomerization-Based Syntheses and Cell-Penetrating Studies" 
J. Am. Chem. Soc. 2009, 131, 16401-16403  

(25) Tan, J. P. K.; Kim, S. H.; Nederberg, F.; Appel, E. A.; Waymouth, R. M.; Zhang, Y.; Hedrick, J. L.; Yang, Y. 
Y. "Hierarchical Supermolecular Structures for Sustained Drug Release" Small 2009, 5, 1504-1507. 

(26) Lohmeijer, B. G. G.; Pratt, R. C.; Leibfarth, F.; Logan, J. W.; Long, D. A.; Dove, A. P.; Nederberg, F.; Choi, J.; 
Wade, C.; Waymouth, R. M.; Hedrick, J. L. "Guanidine and Amidine Organocatalysts for Ring-Opening 
Polymerization of Cyclic Esters" Macromolecules 2006, 39, 8574-8583. 

(27) Pratt, R. C.; Lohmeijer, B. G. G.; Long, D. A.; Waymouth, R. M.; Hedrick, J. L. "Triazabicyclodecene: A 
simple bifunctional organocatalyst for acyl transfer and ring-opening polymerization of cyclic esters" J. Am. 
Chem. Soc. 2006, 128, 4556-4557. 

(28) Zhang, L.; Nederberg, F.; Messman, J. M.; Pratt, R. C.; Hedrick, J. L.; Wade, C. G. "Organocatalytic 
stereoselective ring-opening polymerization of lactide with dimeric phosphazene bases" J. Am. Chem. Soc. 
2007, 129, 12610-12611. 

(29) Zhang, L.; Nederberg, F.; Pratt, R. C.; Waymouth, R. M.; Hedrick, J. L.; Wade, C. G. "Phosphazene Bases: A 
New Category of Organocatalysts for the Living Ring-Opening Polymerization of Cyclic Esters" 
Macromolecules 2007, 40, 4154-4158. 

(30) Helou, M.; Miserque, O.; Brusson, J.-M.; Carpentier, J.-F.; Guillaume, S. M. "Organocatalysts for the 
Controlled “Immortal” Ring-Opening Polymerization of Six-Membered-Ring Cyclic Carbonates: A Metal-Free, 
Green Process" Chemistry – A European Journal 2010, 16, 13805-13813. 



8 

(31) Nyce, G. W.; Lamboy, J. A.; Connor, E. F.; Waymouth, R. M.; Hedrick, J. L. "Expanding the catalytic activity 
of nucleophilic N-heterocyclic carbenes for transesterification reactions" Org. Lett. 2002, 4, 3587-3590. 

(32) Kiesewetter, M. K.; Scholten, M. D.; Kirn, N.; Weber, R. L.; Hedrick, J. L.; Waymouth, R. M. "Guanidine 
Organic Catalysts: What's magic about Triazabicyclododecene" J. Org. Chem. 2009, 74, 9490-9496. 

(33) Chuma, A.; Horn, H. W.; Swope, W. C.; Pratt, R. C.; Zhang, L.; Lohmeijer, B. G. G.; Wade, C. G.; Waymouth, 
R. M.; Hedrick, J. L.; Rice, J. E. "The Reaction Mechanism for the Organocatalytic Ring-Opening 
Polymerization of L-Lactide Using a Guanidine-Based Catalyst: Hydrogen-Bonded or Covalently Bound?" J. 
Am. Chem. Soc. 2008, 130, 6749-6754. 

(34) Hedrick, J. L.; Pratt, R. P.; Waymouth, R. M. "Catalytic Polymerization of Polymers Containing Electrophilic 
Linkages Using Nucleophilic Reagents" US Patent Application IBM Docket ARC20080065US1, 2009. 

(35) Hedrick, J. L.; Pratt, R. P.; Waymouth, R. M. "Catalytic Depolymerization of Polymers Containing 
Electrophilic Linkages Using Nucleophilic Reagents" US Patent Application IBM Docket ARC20080064US1, 
2009. 

(36) Shin, E. J.; Brown, H. A.; Gonzalez, S.; Jeong, W.; Hedrick, J. L.; Waymouth, R. M. "Zwitterionic 
Copolymerization: Synthesis of Cyclic Gradient Copolymers" Angew. Chem. Int. Ed. 2011, 50, 6388-6391. 

(37) Coulembier, O.; Kiesewetter, M. K.; Mason, A.; Dubois, P.; Hedrick, J. L.; Waymouth, R. M. "A distinctive 
organocatalytic approach to complex macromolecular architectures" Angewandte Chemie-International Edition 
2007, 46, 4719-4721. 

(38) Tan, J. P. K.; Nederberg, F.; Appel, E. A.; Kim, S. H.; Fukushima, K.; Sly, J.; Miller, R. D.; Yang, Y.-Y.; 
Waymouth, R. M.; Hedrick, J. L. "Self-assembled stereocomplexes formed from mikto-arm PEG-b-PLA for 
controlled delivery of anticancer drug" PMSE Prepr. 2009, 100, 514-515. 

(39) Dove, A. P.; Pratt, R. C.; Lohmeijer, B. G. G.; Waymouth, R. M.; Hedrick, J. L. "Thiourea-Based Bifunctional 
Organocatalysis: Supramolecular Recognition for Living Polymerization" J. Am. Chem. Soc. 2005, 127, 13798-
13799. 

(40) Nederberg, F.; Appel, E.; Tan, J. P. K.; Kim, S. H.; Fukushima, K.; Sly, J.; Miller, R. D.; Waymouth, R. M.; 
Yang, Y. Y.; Hedrick, J. L. "Simple Approach to Stabilized Micelles Employing Miktoarm Terpolymers and 
Stereocomplexes with Application in Paclitaxel Delivery" Biomacromolecules 2009, 10, 1460-1468. 

(41) Kim, S. H.; Tan, J. P. K.; Nederberg, F.; Fukushima, K.; Yang, Y. Y.; Waymouth, R. M.; Hedrick, J. L. "Mixed 
Micelle Formation through Stereocomplexation between Enantiomeric Poly(lactide) Block Copolymers" 
Macromolecules 2009, 42, 25-29. 

(42) Nederberg, F.; Trang, V.; Pratt, R. C.; Mason, A. F.; Frank, C. W.; Waymouth, R. M.; Hedrick, J. L. "New 
Ground for Organic Catalysis: A Ring-Opening Polymerization Approach to Hydrogels" Biomacromolecules 
2007, 8, 3294-3297. 

(43) Nederberg, F.; Connor, E. F.; Glausser, T.; Hedrick, J. L. "Organocatalytic chain scission of poly(lactides): a 
general route to controlled molecular weight, functionality and macromolecular architecture" Chem. Commun. 
2001, 2066-2067. 

(44) Hedrick, J. L.; Nyce, G. W.; Waymouth, R. M. "Heteroatom-Stabilized Carbenes and Precursors Thereto as 
Depolymerization Catalysts" U. S. Patent 7,053,221 B2, 2006. 

(45) Onderwater, R. C. A.; Commandeur, J. N. M.; Vermeulen, N. P. E. "Comparative cytotoxicity of N-substituted 
N '-(4-imidazole-ethyl)thiourea in precision-cut rat liver slices" Toxicology 2004, 197, 81-91. 

(46) Kumar, R. A.; Papaiconomou, N.; Lee, J. M.; Salminen, J.; Clark, D. S.; Prausnitz, J. M. "In Vitro 
Cytotoxicities of Ionic Liquids: Effect of Cation Rings, Functional Groups, and Anions" Environmental 
Toxicology 2009, 24, 388-395. 

(47) Ishikawa, T., Ed. Superbases for Organic Synthesis: Guanidines, Amidines, Phosphazenes and Related 
Organocatalysts; John Wiley & Sons: West Sussex, 2009. 

(48) Williams, C. K.; Breyfogle, L. E.; Choi, S. K.; Nam, W.; Young, V. G.; Hillmyer, M. A.; Tolman, W. B. "A 
highly active zinc catalyst for the controlled polymerization of lactide" J. Am. Chem. Soc. 2003, 125, 11350-
11359. 

(49) Bourissou, D.; Moebs-Sanchez, S.; Martin-Vaca, B. "Recent advances in the controlled preparation of 
poly(alpha-hydroxy acids): Metal-free catalysts and new monomers" Compt. Rend. Chim. 2007, 10, 775-794. 

 
 


