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ABSTRACT: Organocatalysis offers a number of opportunities in polymer synthesis and was among the
earliest methods of catalyzing the synthesis of polyesters. In the following Perspective we attempt to highlight
the opportunities and challenges in the use of organic molecules as catalysts or initiators for polymerization
reactions. The ring-opening polymerization of cyclic monomers is used as a representative polymerization
process to illustrate some of the features of organic catalysts and initiators and to compare them to metal-
based approaches. The convergence of convenience, functional group tolerance, fast rates, and selectivities
will continue to drive innovations in polymerization catalysis, and it is our perspective that organocatalysis
will continue to play an important role in these developments.

Introduction

Organocatalysis can be traced back at least a century to the
enantioselective synthesis of quinine alkaloids.'> Many enzy-
matic reactions are mediated by precise arrays of organic func-
tional groups, and much of the early work was inspired by an
effort to understand and mimic the remarkable rates and selec-
tivities of enzymatic catalysis.>~’ The application of chiral organo-
catalysts for enantioselective synthesis has,"®” particularly in the
past decade, spawned an impressive array of new catalysts,
processes, and mechanistic insights.'~*° While the focus of most
recent research in organocatalysis has concentrated on enantio-
selective synthesis of small molecules, organocatalysis offers a
number of opportunities in polymer synthesis and was among the
carliest methods of catalyzing the synthesis of polyesters.!

In the following perspective we attempt to highlight the
opportunities and challenges in the use of organic molecules as
catalysts or initiators for polymerization reactions. The ring-
opening polymerization of cyclic monomers will be used as a
representative polymerization process to illustrate some of the
features of organic catalysts and initiators and to compare
them to metal-based approaches. Polymerization can occur by
one of two general enchainment processes: step growth or chain
growth.* Ring-opening polymerization is an example of a chain-
growth process where repeated addition of the monomer to the
chain end leads to an increase in the molecular weight. The
thermodynamics of ring-opening polymerization (ROP) is driven
by the enthalpy of ring-opening; the kinetics and selectivity of the
ring-opening process are strongly influenced by the nature of the
reactive chain ends, the monomers, and the presence of catalysts.

Catalysis plays a critical role not only in enhancing the rate of
chemical reactions but also in controlling the selectivity of the
reaction of interest relative to other competing reactions. For fine
chemical synthesis, the premium placed on high chemo-, regio-,
and stereoselectivities (particularly enantioselectivities) can com-
pensate for modest rates and turnover numbers.” For polymer-
ization catalysis, rate and turnover number come to the fore, as
catalyst residues are often left in the final material due to the
difficulty or added cost of separating these impurities from
the resultant material. Furthermore, the selectivities critical for
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the ideal polymer synthesis include those that enable control over
the molecular weight, molecular weight distribution, the nature
and number of polymer end groups, the architecture, stereo-
chemistry and topology of the macromolecule (linear, branched,
cyclic, degree of cross-linking), and the functionality and seq-
uence of monomers in the chain.** Indeed, the number of discrete
catalytic steps in a ring-opening polymerization that must occur
with the correct relative rates to yield a well-controlled reaction is
impressive. Under conditions where the rates of initiation and
propagation are higher than termination and inter- and intra-
chain reactions, exquisite control over the molecular weight and
molecular weight distribution is possible.*

“Living” polymerization reactions are those where termination
is absent, enabling control over the molecular weight by control
of the monomer/initiator ratio (M/I) and monomer conversion.
For living polymerizations where the rate of initiation is faster or
comparable to propagation and all other competing reactions are
minimized (inter- and intrachain reactions, etc.), very narrow
distributions of molecular weights are possible, and a linear
relationship between molecular weight and monomer conversion
allows for precise tailoring of the molecular weight. Deviations
from the living behavior can be attributed to slow initiation or
side reactions such as chain transfer and termination reactions,>
and these processes typically result in the broadening of mole-
cular weight distribution (described by the polydispersity index
PDI = M,,/M,, the weight-average molecular weight and number-
average molecular weight, respectively).** 8

If we consider the ring-opening polymerization of lactones as a
representative example, a variety of general strategies can be
envisioned for enhancing the rate and selectivity of enchainment
either catalytically or stoichiometrically. For these reactions, the
lactone monomer is electrophilic and the initiator/chain end is
typically a nucleophile such as an alcohol. The rates of these
reactions can be increased by activating the monomer, activating
the initiator/chain end, or activating both simultaneously.

Metal alkoxides represent the most widely used set of catalysts
for the ROP of cyclic esters, and they typically operate by a
“coordination—insertion” mechanism (Scheme 1).*~*7 A typical
mechanism for these reactions involves activation of the alcohol
initiator (or chain end) by formation of metal alkoxide. Depend-
ing on the Lewis acidity of the metal (or the availability of open
coordination sites), the metal alkoxide can also activate the
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monomer by binding to the carbonyl (Scheme 1).**~* In cases
where transesterifications of the propagating metal alkoxide
are slow, the metal alkoxide functions as an initiator (not a
catalyst); however, if the metal alkoxide reacts with alcohols
to regenerate a new metal alkoxide, then chain formation is
catalytic in M—OR. A wide range of metal complexes, most
commonly alkoxides, have been developed using metals such as
Al, Mg, Zn, Ca, Sn, Fe, Y, Sm, Lu, Ti, and Zr (turnover freq%uen-
cies = TOF ~ 0.01—0.1 s~ ! for metal alkoxide complexes).™~#?
The applications of polyesters in packaging,*® biomedical,* and
microelectronic* applications have motivated efforts to develop
more biocompatible metal catalysts®®*! or metal-free organic
catalysts. >
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Organic catalysts and initiators will typically operate by
different mechanisms of enchainment than metal alkoxides;**
this diversity of mechanistic pathways has provided new oppor-
tunities for the control of polymerization reactions with organic
catalysts. In the following, we outline some general strategies for
enhancing the rate and selectivity of ring-opening polymerization
by the activation of the monomer, activation of the initiator/
chain ends, or cooperative dual activation.

Results and Discussion

Electrophilic Monomer Activation. Electrophiles can acti-
vate the monomer toward enchainment. In the case of
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Scheme 1. Coordination—Insertion Mechanism for Metal-Catalyzed ROP
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Scheme 2. Electrophilic Monomer Activation Mechanism for ROP
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Scheme 3. Nucleophilic Monomer Activation Mechanism for ROP
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Scheme 4. Initiator/Chain-End Activation Mechanism for ROP
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Scheme 5. Bifunctional Activation Using Hydrogen Bonding for ROP
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lactones, activation of the carbonyl by an electrophile facili-
tates nucleophilic attack by the initiating or propagating
alcohol (Scheme 2). This has been achieved by protic acids
(catalytic) or methylating agents (stoichiometric).
Nucleophilic Monomer Activation. Nucleophiles can acti-
vate the monomer by direct attack on the monomer to generate
more reactive chain-carrying intermediates. Protonation of the
zwitterionic alkoxide by the initiating or propagating alcohol
followed by acylation of the incipient alkoxide leads to the
formation of a ring-opened alcohol that can propagate by
repeated attack on the activated monomer. This mechanism
has been postulated for a variety of nucleophiles including
pyridines, imidazoles, phosphines, and N-heterocyclic carbenes.
Initiator or Chain-End Activation by a General Base.
Rather than activating the monomer, the initiator or active
chain ends can be activated by a variety of mechanisms.
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In classical anionic polymerization, the initiator or chain end
is activated by deprotonation to generate an alkoxide,*>™
which is reactive enough to medldte ring-opening even w1th
noncoordinating counterions.>* Attack of the alkoxide at the
carbonyl carbon of the monomer is followed by acyl—oxygen
bond scission. This forms an ester end group and an active
alcoholate species which reacts with the monomer for further
propagation. The high reactivity of alkali metal alkoxides
often leads to competitive transesterification.

Milder general bases can also activate the initiator or chain
end via H-bonding. By hydrogen bonding to the alcohol, a
general base can increase the nucleophilicity of the initiating
or propagating alcohol to facilitate nucleophilic attack on
the lactone monomer (Scheme 4).%> 7

Bifunctional Activation of Monomer and Initiator/Chain
End. Dual activation of both the monomer and the chain end
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is a very effective strategy for enhancing the rate and
selectivity of ring-opening polymerization; many of the
metal alkoxide catalysts are proposed to operate in this
way (Scheme 1). The combination of an electrophile to
activate the monomer and a general base to activate the
initiator/chain end can activate both partners to effect ring-
opening (Scheme 5).

The strategies described in Schemes 2—5 are not mutually
exclusive, and different catalysts and initiators can operate
by a combination of mechanisms; for ring-opening reactions
catalyzed or mediated by organic molecules, one or more of
these mechanisms may be operative. In the discussion below,
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Figure 1. Representative organic catalysts and initiators.
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we highlight situations where this diversity of mechanistic
pathways can provide new opportunities for enhancing the
rate of polymerization and influencing the selectivity to
generate polymer architectures that are difficult to access
by metal-mediated processes.

The following discussion will focus primarily on the ring-
opening of lactones, but other monomers and processes will
also be discussed. Representative organic catalysts and
initiators are shown in Figure 1.

Organic Acids. The simplest method to effect ROP is by
the employment of a strong organic acid.*>® The polymeri-
zation is initiated by the protonation of the monomer and
subsequent ring-opening by reaction with a nucleophile,
such as an alcohol (initiator). The polymerization propa-
gates by the terminal hydroxyl group of the polymer chain
acting as the nucleophile toward the protonated monomer.
The use of a catalyst that is free from the propagating
polymer (whereas metal alkoxides remain attached to the
propagating species) represents a fundamental advantage of
this strategy: less than one catalyst per monomer chain.***
Stoichiometric activation of the monomer can be achieved
with strong methylating agents such as methyl trifluoro-
methanesulfonate (MeOTf);>® this strategy has proven par-
ticularl;/ effective for the ring-opening of 1,3-oxazolin-
2-enes,”” but for lactones, this procedure requires further
optimization to control the molecular weights.

Acid-catalyzed ROP has a distinct advantage in its simpli-
city and the wide range of acids available, but as with many
cationic processes, the selectivity for propagation relative to
other chain termination or transfer reactions is dictated by
the reactivity of the protonated monomer.*’ In the presence of
an alcohol initiator, HCI-Et,O polymerizes e-caprolactone
(CL) and o-valerolactone (VL) with controlled molecular
weights (M,,~3000) and low polydispersity index (< 1.20).°!
Higher molecular weights could be achieved by increasing the
initial monomer concentration.” Amino acids (L-alanine,
L-leucine, L-phenylalanine, L-proline) have also been used
as catalysts for the ROP of CL in the absence of initiators. "H
NMR spectroscopy and titration of carboxyl end group
showed that the polymerlzatlon was initiated by the amino
group of the amino acid.®® Other organic acids such as
tartaric acid, lactic acid, citric acid, and fumaric acid
have been used as catalysts for d-valerolactone (VL) and
e-caprolactone (CL) polymerization in the presence of
alcohol and carbohydrate initiators.®* The acid-catalyzed
polymerization of lactide (LA) with trifluoromethane-
sulfonic acid (HOTf)*® was faster and more highly controlled
in the presence of a protic (alcohol) initiator.”> The low
molecular weights, slow rates, and high catalyst loadings
associated with organic acids is compensated by the opera-
tional simplicity of this approach and the observation that
the polymerization of L-lactide was highly stereospecific.®

Pyridine Bases/Nucleo 6phlles Pyridines are moderate bases
and good nucleophiles;” they have been shown to act as

Scheme 6. ROP of Pivalolactone with Pyridine Initiators
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nucleophilic initiators in the zwitterionic ring-opening poly-
merization of pivalolactone.’*¢” Linear chains having one
pyridinium ion and one CO,  ion as end groups were
observed as products, and no cyclic polymers were observed
in the MALDI-TOF mass spectra, which suggests that
pyridine functions as a nucleophilic initiator by ring-opening
the lactone to generate a zwitterionic carboxylate, which
propagates by an anionic mechanism (Scheme 6).

The more nucleophilic 4-(dimethylamino)pyridine (DMAP)
and 4-pyrrolidinopyridine (PPY) were shown to be very
effective for the ROP of lactide (LA) in solution and in
the melt.>*%~72 In solution, DMAP loadings on the order
of initiator concentration produced poly(lactide) (PLA) up

Scheme 7. DMAP-Catalyzed ROP of LA and lac-OCHA
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to degree of polymerization (DP) = 100 with PDI<1.13 in
days. PPY was shown to effect the ROP of LA only in the
melt and significantly slower than DMAP (20 h vs 20 min).*
DMAP was also shown to be effective for the ROP of
substituted lactides and lactide equivalents (Scheme 7).>~7¢
DMAP was originally proposed to react via a nucleophilic
monomer activation mechanism (Schemes 3 and 8),%%"’
although subsequent computational studies strongly suggest
that an alcohol activation mechanism (either concerted or
stepwise) may be operative in the DM AP-catalyzed ROP of
lactide (Schemes 4 and 9).”®

This mechanistic competition between nucleophilic and
general-base mechanisms is a recurrent theme for nucleo-
philic/basic organic catalysts. Calculatlons suggest that both
pathways are energetically accessible®>>""® and predict the
H-bonded pathway to be lower in energy than the nucleo-
philic mechanism in the gas phase or in polar aprotic
solvents. However, in cases where alcohol initiators are
absent (Schemes 6 and 10) or at low concentration (high
monomer/initiator ratio), nucleophilic mechanisms can
compete.

Despite its low monomer scope and slow reaction times,
DMAP marked two fundamental advances in the develop-
ment of polymerization catalysts: (1) these catalysts show a
high selectivity for transesterification of the monomer
(propagation) relative to the open chain esters of the polymer
(chain shuttling), and (2) these catalysts are compatible with

Scheme 8. Proposed Nucleophilic Mechanism for ROP of Lactide with DMAP
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Scheme 9. Proposed General-Base Mechanism for ROP of Lactide with DMAP
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Scheme 10. Zwitterionic Ring-Opening Polymerization of Lactide by IMes
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Scheme 11. Zwitterionic Polymerization of EO

a range of different initiators and cocatalysts. DMAP does
not catalyze the transesterification of esters with secondary
alcohols, which mitigates transesterification of the PLA
backbone by the propagating alcohol end groups, resulting
in narrow polydispersities.®® This idea would be developed
further, in much more widely applicable catalysts, later (see
Bifunctional Activation section). Also, DMAP was used in
the successful ROP of LA from a metalloinitiator when
Al(OiPr); and Sn(Oct), failed to produce the desired poly-
mer.”’ This trait, broadly denoted herein as compatibility
with functionality, was also to become a defining attribute of
organocatalysts (see Chemoselectivity section).

Phosphine and Carbene Bases/Nucleophiles. Phosphines,
such as P(Bu);, PPheMe,, PPh,Me, and PPhj;, catalyze the
ROP of lactide in the presence of an alcohol initiator.* The
substitution on the phosphine controls the reactivity of the
catalyst such that the alkyl-substituted phosphines are more
active (they are more basic and more nucleophilic) than the
aryl-containing ones. Polymerizations are effective at high
temperatures (135 °C) and in bulk (on the order of 0.01 s~
for P(Bu)sz), which shows the potential for phosphine cata-
lysts to be used in industrial processes.

N-Heterocyclic carbenes (NHCs) are another class of
potent neutral bases and nucleophiles.'®*'™** They are
widely used in place of phosphines in organometallic com-
plexes.®> ¥ Early work by Breslow,® Wanzlick,* Sheehan,”®
and Stetter’' demonstrated that they are also potent organo-
catalysts.'®?* In 2002, the groups of Nolan®” as well as
Hedrick and Waymouth®® demonstrated that NHCs were
potent organocatalysts for transesterification reactions,
studies which led to their investigation as catalysts for the
ring-opening polymerization of lactones.”*%°

The ROP of lactide by the NHC IMes is considerably
faster than that catalyzed by DMAP. The polymerization of
lactide is extremely rapid (TOF ~ 18 s~ ') and well-controlled
and exhibits features of a living polymerization.’*?*~%¢ A
variety of cyclic monomers can be polymerized with NHCs,
including lactones,”*°7 cyclic carbonates,”®*® cyclic silo-
xanes, 00101 acrylates,mz*104 dialdehydes,105 and egoxides.w(’

Both a nucleophilic mechanism (Scheme 3)°*%° and a
H-bonding alcohol activation mechanism (Scheme 4)’
have been 0groposed for the NHC-catalyzed transesterifica-
tions”>?*197 and ring-opening polymerizations of lactide.
Theoretical calculations predicted that the H-bond alcohol
activation mechanism has a lower barrier than the nucleo-
philic mechanism.>” Mechanistic studies to test for the
viability of the nucleophilic mechanism demonstrated that
in the absence of alcohol initiators the carbene IMes could
mediate the zwitterionic ring-opening polymerization of
lactide to generate cyclic polylactides (Scheme 10).!%® These
studies strongly support that a nucleophilic activation of the
monomer by NHC’s is viable; moreover, these studies pro-
vided a new strategy to generate well-defined cg/clic poly-
esters. Kinetic and mechanistic investigations'®® indicate
that the NHC acts as a catalyst/initiator; because of a slower
rate of initiation relative to propagation, only a small frac-
tion (approximately 30—50%) of the carbenes are converted
to active zwitterions which propagate rapidly and extrude
the carbene to generate cyclic macrolactones.

/N © NuH NU%AO%H
Gt

Nu =Nz OH, Bz

In the presence of alcohol initiators, it is likely that the
NHC-catalyzed ROP operates by a combination of both
mechanisms, particularly at high monomer/initiator ratios.
The carbenes are active for the polymerization of a variety of
lactones, and the rates and selectivities depend sensitively on
both the nature of the carbene and the lactone monomer;>*?>
for example, the aryl-substituted carbene IMes is very active
for lactide but much less active for CL. For CL, the more
basic and less sterically hindered carbenes Me,IMe and
Me,IPr are more effective than IMes.”’

The ring-opening polymerization of ethylene oxide can
also be catalyzed by NHC’s such as IPr (Scheme 11).1°
Under the conditions described (DMSO, 50 °C), linear PEO
was exclusively obtained, unlike the zwitterionic polymeri-
zation of LA described above. A nucleophilic mechanism to
generate a zwitterionic imidazol-2-ylidinium alkoxide was pro-
posed. The appropriate choice of the terminating agent gave
a variety of a,w-difunctionalized PEOs,'% and dendrimer-
like PEOs could be obtained by zwitterionic polymerization
of EO followed by slow, semicontinuous addition of glycidol
and propylene oxide (sequentially or randomly) during the
arborization of the PEO chain ends."'

In addition to chain-growth ring-opening polymerizations,
carbenes are effective for the step-growth polymerization of
diesters and diols”® and the depolymerization of polyesters,
including poly(ethylene terephthalate) (PET).”*''"" Poly-
(glycolide) and PCL, biodegradable and commodity polymers,
were synthesized by polycondensation of ethyl glycolate and
ethyl 6(—3hydroxyhexanoate, respectively, using IMe generated
in situ.

Carbenes are known to catalyze the benzoin and formoin
condensation reactions.'® This reactivity has been exploited
for the step-growth polglmerization of dialdehydes to obtain
polybenzoin polymers.'? Various carbenes, such as IPr, ItBu,
TAd, and Triaz, were used in the step-growth polymerization
of terephthaldehyde to produce poly(1,4-phenylene-1-oxo-
2-hydroxyethylene) under mild conditions (THF + DMSO
solution, 40 °C) (Scheme 12).'°> Optimization of reaction
conditions to achieve higher molecular weights, minimize
possible cyclic byproducts, and expanding the catalyst and
monomer scope are some of the challenges of step-growth
polymerization.

Group transfer polymerization (GTP) employs silyl
ketene acetals as initiators in the presence of either nucleo-
philic or Lewis acid catalysts for controlled polymerization
of acrylic monomers.''> NHCs such as Me,IPr,'% IPr, and
ItBu'%*1% were found to be effective neutral nucleophilic
catalysts for the GTP of methacrylates and acrylates. Methyl
methacrylate and terz-butyl acrylate were successfully poly-
merized in a controlled manner showing living characteris-
tics enabling synthesis of block copolymers. Such high
degree of control was proposed to come from the modulation
of the concentration of the propagating enolates via rever-
sible activation/deactivation equilibrium involving dormant
bis(enolate) siliconates in the case of the Me,IPr (dissociative
mechanism in Scheme 13).'°% Later, for the case of IPr and
17Bu, the associative mechanism (an initiator activation
mechanism) was proposed. The first-order dependence of
the initial polymerization rate on the initiator concentration
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Scheme 12. NHC-Catalyzed Polybenzoin Condensation
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NHCs were also shown to catalyze the ring-opening
polymerization of carbosiloxanes in the presence of initiating
alcohols.!?%1%! The ROP of 2,2,5,5-tetramethyl-1-oxa-2,5-
disilacyclopentane (TMOSC) with Me,IPr was proposed to
occur by an alcohol activation mechanism where the strongly
basic NHC activates the alcohol toward nucleophilic attack
by H-bonding (Scheme 14), but a nucleophilic mechanism is
also possible. The ROP reaction of TMOSC with 1 mol %
Me,IPr is extremely fast (99% conversion in 1 min or 1.65
s~ ") and yields poly(carbosiloxane) with a molecular weight
M, =10200 and a polydispersity of M, /M, =1.19. The
aryl-substituted carbene IMes is slower (80% after 30 min or
0.044 180_01) but provides a similar degree of control (M,/M,, =
1.14).

gecies were offered to
4

Scheme 14. ROP of TMOSC with Me,IPr
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Strong Neutral Bases: Phosphazenes. The phosphazene
bases P;-t-Bu, P,-#-Bu, -BuP,4, and BEMP (Figure 1) deve-
loped by Schwesinger and Schlemper''*!''* are potent neutral
bases in aprotic solvents (M*“NpK, P;--BuH =27.6, PMSOp K,
-BuP,H' = 32)."'° These bases are effective catalysts for
the ring-opening polymerization of lactones in the presence of
alcohol initiators. Both BEMP (M*“NpK, BEMPH " = 27.6)'¢
and P;-#-Bu are active for the polymerization of LA and VL,
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Scheme 15. Alcohol Activation Mechanism for the BEMP-Catalyzed ROP of VL
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Scheme 16. Mechanism for the ROP of Ethylene Oxide by 7-BuP,
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producing comparable polymers, but BEMP offered enhanced
rates (1 day vs several days). The ROP of CL was exceedingly
slow (> 10 days for 14% conversion). The BEMP-catalyzed
ROP of L-LA was shown to evolve M, linearly with time
and exhibited excellent chain end control,''® which is con-
sistent with a living polymerization. On the basis of experi-
mental evidence, an alcohol activated mechanism was
proposed whereby the catalyst activates the alcohol toward
nucleophilic attack on the monomer (Scheme 15). BEMP is
inert toward polymer except at high conversion when
broadening of PDI occurs due to transesterification of the
polymer backbone.''®

These bases have been shown to be effective for the poly-
merization of siloxanes. The catalyst P,-z-Bu offered improve-
ment in reaction time over alkali metal alkoxide alternatives, as
is typical of softer cations, but retained the broad PDIs.''* A
similar catalyst, 7-BuP,4, was shown to be effective for the ROP
of ethylene oxide in the presence of acidic initiators (a phenol or
benzyl cyanide); in these cases, it was proposed that the
phosphazene deprotonates the initiator which concomitantly
attacks monomer and produces short oligomers (M, ~ 3000)
of narrow PDI < 1.09 (Scheme 16).!'7 Similar reports were
made for propylene oxide monomer.""

Nitrogen Bases. The guanidines and amidines N-methyl-
1,5,7-triazabicyclododecene (MTBD, pK, MTBDH' =
25.5)!"° and diazabicycloundecene (DBU, M<“Npk,
DBUH" = 24.3)''" have similar basicities. Both MTBD'"”
and DBU'? are effective for the polymerization of LA,
producing polymers of up to DP = 500 with narrow
PDI< 1.1 in less than 1 h (TOF ~ 0.05 s™'). As with the
phosphazenes, transesterification of the polymer backbone
and accompanying broadening of PDI occur at high con-
version.'*® An alcohol-activated mechanism was proposed
for the MTBD- or DBU-catalyzed polymerization of LA.12°
In such a mechanism, MTBD would activate the initiating
alcohol but be inert toward the monomer, and this was
shown to be the case in some model reactions. MTBD was
shown to associate strongly with benzyl alcohol (K.q = 14 &+
2M 'at298 K, AH° = —3.82 & 0.24 kcal mol ™!, AS°® =
—7.17 £ 0.24 cal mol "), and neither MTBD nor DBU is a
potent enough nucleophile to be acylated by vinyl acetate
(Scheme 17)."2!'712* While the alcohol activation executed by
MTBD and DBU is sufficient for the ROP of LA,!°° DBU
produced poly(ethylene oxide) in very poor yield;'!” neither
catalyst is active for the polymerization of BL, VL, or CL at
up to 20 mol % catalyst loading.'*°

Scheme 17. MTBD Reversibly Associates with Benzyl Alcohol but

Does Not React with Vinyl Acetate
)
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Bifunctional Activation. The previous sections have high-
lighted the selective activation of monomer or initiator, but
the dual implementation of an electrophile and nucleophile
should allow for the simultaneous activation of both; the
attenuation of the strength of each interaction required to
effect the transformation can lead to higher selectivities.
Catalytic reactions using weak electrophilic interactions
(hydrogen bonding) to activate the substrate have been
demonstrated for small molecule transformations;>"'%>
this motif is also a powerful strategy for ring-opening
polymerization. For lactones, bifunctional activation of
the monomer by an electrophile and the initiator by a
nucleophile has been shown to facilitate the ROP of esters.
Both unimolecular and bimolecular catalysts have been
employed.

Thiourea/Amines. A variety of ureas and thioureas acti-
vate carbonyl substrates’>! in a fashion similar to the
hydrogen-bonding motifs in enzyme active sites.”''2>713
One particular example combined the hydrogen-bonding
capabilities of a thiourea (TU) H-bond donor and an amine
base in a discrete catalyst, 1 (Figure 1).'*’~'*! In the ROP of
LA, the thiourea 1 produced PLA of narrow PDI (< 1.08)
whose M, is dictated by the monomer-to-initiator ratio and
evolves linearly with time (TOF ~ 0.8 h~"). The thiourea and
amine need not be linked; a combination of the thiourea 1a
and the tertiary amine 1b was also active.'*? Catalytic
activity was modulated by changing the architecture of the
thiourea; 1a was the most effective of the thioureas tested, !
but amido-indoles can also be used.'??

Catalytic activity was significantly augmented when stron-
ger bases are substituted for 1b. Whereas DBU and MTBD
alone or any TU-tertiary amine combination are only active
for the ROP of LA, TU/MTBD and TU/DBU were shown to
be active for the ROP of VL, CL, trimethylene carbonate
(TMC) and 2-methyltrimethylene carbonate (MTC).”%120:134
The combination of MTBD or DBU and 1a (5 mol % each)
produced PVL with predictable molecular weights up to
DP ~ 200 (TOFMTBD/la ~ TOFDBU/la ~5 hil). However,
MTBD/TU and DBU/TU required days (TOFs ~ 0.13 h™")
to reach 80% conversion in the ROP of CL.'*° The DBU/TU
system demonstrated a higher TOF for the ring-opening
polymerization of the cyclic carbonates MTC-OR (Figure 2,
TOFmTc.0Bn ~ 19 hfl) than for TMC.” The proposed
bifunctional mechanism of action (Scheme 19) was
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supported by observed interactions between benzyl alcohol
and MTBD (Scheme 17) and between 1a and various mono-
mers (Scheme 18).120-121:132

While the activities of the TU/amine (TU/A) catalysts are
lower than that of the carbenes, these catalysts are remark-
ably tolerant and selective, leading to polymers of very
narrow polydispersities. Transesterification of the polymer
chain was shown to be minimal; when fully converted
reaction solutions were allowed to sit for days in the presence
of the catalyst, the polydispersities did not increase.'2*!2!-132
The origin of this high selectivity was investigated by NMR
experiments measuring the binding constants of lactones
and esters with the thioureas. Cyclic lactones and cyclic
carbonates bind to the thiourea 1a (Scheme 18). In contrast,
the open chain ester ethyl acetate exhibited no measurable
binding affinity for 1a under similar conditions.'”® The
higher H-bond basicity of s-cis esters of lactones/cyclic
carbonates' relative to that of the acyclic s-rrans esters of
the polymer chain is the likely origin of this high selectivity
for ring-opening relative to transesterification of the chain.
This high selectivity is a defining attribute of the TU/A
organic catalysts. The selectivity of these catalysts, coupled
with their broad substrate tolerance, has created new oppor-
tunities for generating highly functionalized polymers with
well-defined molecular weights (vide infra).

1,5,7-Triazabicyclododecene (TBD). The bicyclic guanidine
TBD has a slightly higher basicity (pK, TBDH" = 26.0)'"°

0. OH
R(\[c])/\/\/

than its substituted analogue MTBD (Figure 1 and
Scheme 17), but its activity in ring-opening polymerization
reactions is considerably higher. The ROP of lactide requires
~30 min in the presence of 0.5 mol % MTBD (an average
turnover frequency of TOF ~0.002 s~ '), whereas TBD is
much more active. At 0.1 mol % TBD, the ROP of lactide is
complete in 1 min (TOF ~81 s~ ")."*° Similarly, the ring-
opening polymerization of the cyclic carbonate TMC
(Figure 2) requires 6 days (TOF < 0.1 h™') for MTBD,
but in the presence of TBD complete conversion is achieved
in 15 min (TOF ~ 0.1 s~")."** This commercially available
catalyst has been shown to be active in the ROP of LA, VL,
CL, MTC, TMC, and carbosiloxanes with rates that exceed
any other organocatalyst or, in some cases, any other catalyst
known. For all monomers tested, TBD exhibited character-
istics of a living polymerization, but its higher transesterifi-
cation activity results in the broadening of the molecular
weight distribution upon full conversion for all monomers
except carbosiloxanes.””!'%:12%-134 Thjs is in marked contrast
to the NHC-catalyzed ROP of carbosiloxanes that, while
faster, broaden the PDI by transetherification. The methyl-
ated analo§ue, MTBD, was inactive in the ROP of carbo-
siloxanes.'”

The much higher reactivity of TBD relative to DBU and
MTBD stimulated mechanistic and theoretical studies to
illuminate the origin of the higher rates. Treatment of TBD
with vinyl acetate led to the rapid formation of acyl-TBD
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Scheme 20. TBD-Catalyzed Acyl-Transfer Reaction for Alcohols and Amines
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which subsequently reacted with benzyl alcohol to regener-
ate TBD and the ester (Scheme 20A).'" This led to the
proposal that TBD might function as a bifunctional nucleo-
philic catalyst for transesterification (Scheme 21). A nucleo-
philic mechanism was also proposed for the TBD-catalyzed
formation of amides from esters (Scheme 20B);'*® kinetic
studies provide strong support for a nucleophlllc mechanism
involving an acyl-TBD intermediate.’

Theoretical studies®>® implied that while a nucleophilic
mechanism for TBD-catalyzed ring-opening polymerization
is feasible, a H-bonding mechanism (Scheme 22) exhibited a
lower calculated barrier for transesterification. Binding of
the alcohol to TBD'® simultaneously activates the alcohol
and creates an incipient guanidinium ion, which can function
as a H-bond donor to the lactone carbonyl (analogous to a
thiourea). The unique structural and electronic features of
TBD enable it to Cdtdlgze transacylation reactions by a
variety of mechanisms'®’ with high rates and selectivities.
Because TBD is commercially available, it is also operation-
ally quite simple and convenient.

Chemoselectivity and Substrate Tolerance. While achieving
fast rates and high turnover numbers is highly desirable, the
selectivity and tolerance of the catalyst to other functional
groups are also important. For example, DMAP catalysts are
effective for the ring-opening of lactones’’® or O-carboxy-
anhydrides” 7 functionalized with pendant esters. The TU/A
catalyst systems are particularly chemoselective and tolerant to
a wide variety of functionalized monomers.

The high selectivity of the TU/A catalysts for tran-
esterification of cyclic lactones and carbonates relative to

)

(e}
P

X=0or NH

I= >
=z

open-chain s-cis esters has created new opportunities for
generating highly functionalized polylactones and poly-
carbonates with a diverse range of functionalities. For
example, a wide range of functionalized carbonates (MTC-
OR) can be prepared from 2,2-bis(methylol)propionic
acid (bis-MPA);?>13%13% these functionalized carbonates
are readily polymerized or copolymerized in the presence
of the TU/A catalysts to generate a family of functionalized
carbonates with a range of pendant functional groups
(Figure 2).%°

The ring-opening polymerization can be initiated from a
wide variety of functional groups including alcohols, thiols,
primary amines, and silanols.”>'?"'** These highly controlled
polymerizations led to a new synthesis of well-defined guani-
dinylated oligocarbonates that were shown to act as molecular
transporters'* that traverse cell membranes (Scheme 23).'*!

The high chemoselectivity of the TU/A catalysts also creates
additional opportunities for tandem polymerizations from
multifunctional initiators. Hydroxy-functionalized nitroxides
or dithioesters can be used as initiators for tandem free-radical
and ring-opening polymerization reactions (Scheme 24).'3*
This is one strategy for the synthesis of complex, multifunc-
tional polymer architectures that is enabled by the high func-
tional group tolerance of the TU catalysts.

Architectural Control. The mechanistic diversity of organo-
catalytic polymerization reactions has created new opportu-
nities and strategies to control the architecture of macro-
molecules. The zwitterionic polymerization with NHC’s
to make cyclic polymers (Scheme 10)'°%19%1%2 and the
step-growth benzoin condensations (Scheme 12)'°° are two
examples; below we highlight several other examples where
the selectivity of organic catalysts has provided new strate-
gies for macromolecular design.

Stereoselectivity is critically important in fine-chemical
synthesis; it is also very important in polymerization catalysis
as the relative stereochemistry of stereogenic centers along the
chain influences the physical properties of the polymer.'**!**
The stereoselective polymerization of the chiral monomer
lactide has attracted considerable interest and can be carried
out with a variety of metal catalysts.'#>1457150

Several organic catalysts have been shown to influence the
stereoselectivity of enchainment of lactide. The sterically
encumbered carbene, Ph,IMes, is very active for the ROP
of LA at room temperature (1.58 s '), producing atactic
poly(LA) from rac-LA; however, when the temperature is
lowered (—40 to —70 °C), highly isotactic (from rac-LA) and
heterotactic (from meso-LA) polylactides are generated.'”!
Similar stereoselectivities were observed with sterically
demanding phosphazenes.''®!?!12 The stereoselectivity of
these polymerization catalysts was proposed to be due to a
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Scheme 22. TBD-Catalyzed ROP of LA by the Hydrogen-Bonding Mechanism
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Scheme 23. Synthesis of Guanidinylated Oligocarbonate Molecular Transporters
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chain-end control mechanism whereby the growing chain
selectively attacks the activated monomer of the same ster-
eochemistry leading to isotactic enchainment.

In addition to the stereochemistry, the comonomer sequence
is also an important determinant for polymer properties.
Because of their different mechanisms of enchainment, organic
catalysts exhibit a different chemoselectmty for copolymerlzd-
tion than typical metal alkoxide catalysts.'>> 1> The catalysts
MTBD/TU, DBU/TU, and TBD all show a selectivity for
monomer wherein the fastest propagating monomer (ky 5 >
kyyL > kcp) is ring-opened to >95% conversion before ring-
opening of the second monomer begins.'*> While extensive
studies on the copolymerization selectivity have not been done,
these selectivities imply that block copolymers might be acces-
sible in one step. In the case of the cyclic carbonates MTC-OR,
more random copolymers were observed. Accordingly, block
and random MTC-OR copolymers could be generated simply
by varying reaction conditions.”-'*

Unsaturated carbenes such as IMes generate cyclic poly-
esters or polyamides in the zwitterionic ring-opening of
lactide'% or N-carboxyanhydrides.'** The saturated carbene
SIMes (Flff{ure 1) also generates cyclic polyesters from
B-lactones,  but subtle differences in the reactivity between
the unsaturated and saturated carbenes® lead to different
mechanisms. Treatment of the saturated carbene SIMes with
1 equiv of B-butyrolactone generates the novel spirocycle
25S. This spirocycle initiates the ring-opening polymeriza-
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tion of S-lactones to yield cyclic polyesters.'”” A novel
mechanism involving reversible collapse of the zwitterionic
intermediate to a neutral imidazolidine spirocycle was
proposed (Scheme 25).'%'*> The polymerization is highly
selective due to the generation of small amount of zwitter-
ionic intermediate by the reversible formation of the spiro-
macrocycles.

Organic catalysts can also be used to generate telechelic
poly(valerolactone) or po éy(THF ) that could be cyclized into
large cyclic polymers.'®""1®? These new strategies for generat-
ing macromolecules with a cyclic topology offer new oppor-
tunities for generating these architectures.

Alkyl'®* and alcohol'®® adducts of saturated N-hetero-
cyclic carbenes have been used in the ROP of LA as a
convenient method for generating the NHC catalyst in situ.
Chloroform and pentafluorobenzene adducts of saturated
imidazolinylidene are stable at room temlperature but elimi-
nate the carbene at elevated temperature.'®*'® These NHCs
polymerize LA in the presence of an alcohol initiator at
elevated temperatures (65—144 °C). In contrast, alcohol
adducts of the saturated carbene SIMes eliminate the alcohol
reversibly at room temperature.'® In these adducts, the
alcohol initiator is liberated with the carbene; thus, the
adducts of SIMes act as single-component catalyst/initiators
for the ROP of LA (Scheme 26). The liberation of the alcohol
israpid in solution at room temperature and PLA is obtained
within minutes in high yield with narrow polydispersity.
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Scheme 25. ROP of f-Lactones Using SIMes
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Scheme 26. Reversible Activation and Deactivation of SIMes
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Scheme 27. Reversible Activation of Triazolylidene Carbenes

In contrast to the alcohol adducts of the saturated imida-
zolinylidene carbenes, alcohol adducts of Enders’ triazol-
S-ylidene are stable at room tem}aerature and reversibly
eliminate the alcohol only at 90 °C."*7'*® At room tempera-
ture in the presence of alcohols, the triazolylidenes are
inactive; at 90 °C they polymerize lactide to give polymers
of narrow polydispersities. This provides a means of regulat-
ing the polymerization with temperature: at elevated temp-
erature, polymerization proceeds; at lower temperature the
alcohol “clicks™'® back onto the alcohol terminus of the (Poly-
mer to give the dormant alcohol adduct (Scheme 27).'°!™ The
reversible formation of the active and dormant carbene species
is the key factor that contributes to the exceptional control
observed in these polymerizations.

The triazol-5-ylidene is also tolerant to a variety of initiators
and, in conjunction with telechelic macroinitiators, has been
used to produce complex architectures such as block copoly-
mers, star copolymers,'®® and (super-) H-shaped copolymers.'”!

Outlook and Summary

The activity, selectivity, convenience, and diverse reactivity of
organic catalysts have expanded the armamentarium of synthetic
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methods for polymer synthesis. Organic catalysts have proven of
broad utility for the generation of an ever-increasing array of
polymer architectures that have interesting properties in their own
right or can be programmed to assemble into larger nanostructures
of defined size, shape, and function (Scheme 28).>+60-7%121.160.172=174

The application of organocatalysts to polymer synthesis has
provided new mechanistic insights, new strategies for enchaining
monomers, and new families of materials with a range of
structure and function that continues to evolve. In the past
decade, the development of new families of organic catalysts
has led to impressive advances in the catalytic rates (DMAP to
TBD) and selectivities (acids to TU/base). Some organocatalysts
exhibit rates that compare or exceed those of organometallic
catalysts.'”

The development of new families of metal catalysts” and en-
zymes'”® for ring-opening polymerization continues apace;*">*%
recent advances in metallic, enzymatic, and organic catalysts
have highlighted the important role of catalyst development for
advancing our ability to generate well-defined macromolecules
with specific structure and function.'”” In this Perspective, we
have attempted to highlight where investigations of organic
catalysts have provided mechanistic insights and strategies for
activating monomers and chain-ends to generate new opportunities
for macromolecular design. Organic catalysts in many cases are
complementary to metal or enzyme catalysts; choosing between a
particular catalyst will depend on a variety of factors relevant to the
specific challenge at hand. The use of organic catalysts can provide
advantages in microelectronic'”® "' or biomedical applications
where the presence of metal residues in the final material can be
deleterious to their end use.*!#1"160174182 Ay additional advantage
of organic species that activate monomers or chain ends catalytically
is that they can be used in concentrations lower than that of the
polymer chains, further minimizing the amount of catalyst residues
in the final material **'%3

The wide substrate tolerance and exquisite selectivity of the
thiourea organic catalysts'>*12"13? for ring-opening versus trans-
esterification of open chain esters provides a new strategy for
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Scheme 28. Organocatalysts Possess the Triad of Versatility, Convenience, and Functional Group Tolerance and Yield Well-Defined Polymers of
Precise Architecture Structures for a Specific Function
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precision polymer synthesis. The reversible capping of end groups
with triazolylidene carbenes'®® and the zwitterionic poly-
merization to generate cyclic polymelrs108 109192 are just a few
examples of new strategies to complex molecular architectures
and topologies.

While the foregoing discussion highlights some of the advan-
tages of organocatalytic approaches, challenges remain. Melt
polymerizations are industrially attractive and compliant with
the tenets of green chemistry.'®'®5 However, organocatalysts
have not been widely investigated in melt polymerizations, and
this remains an attractive target for future research. Chiral
phosphmes have been used to great success in small molecule
reactions,'®® but chiral phosphines for stereoselective polymeri-
zation is an area still to be explored. The trifunctional catalyst for
ROP may be just around the corner. A trifunctional organo-
catalyst modeled on serine hydrolases combines electrophilic
activation, nucleophilic activation, and a nucleophile in a discrete
catalyst and exhibits a million-fold enhancement in acyl-transfer
rate from vinyl trifluoroacetate to alcohols.'” A polymerization
strategy can be envisaged. This system extends concepts in
multifunctional activation by precise arrays of functional groups
that mimics the behavior of many enzymatic processes. New
catalyst families that combine the attributes of organic and metal
catalysis'* or that employ new combinations of activation
mechanisms (or a new mechanism entirely) will create new
opportunities for polymer synthesis. Many cues are evident from
nature; the extraordinary rates, selectivities, and exquisite multi-
component catalytic cascades of natural catalysts inspire emula-
tion. The convergence of convenience, functional group
tolerance, fast rates, and selectivities will continue to drive
innovations in polymerization catalysis, and it is our perspective
that organocatalysis will continue to play an important role in
these developments.
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