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efficient families of “living” polymerization strategies for
the synthesis of block, graft, and star polynfefs,controlled
methods for the synthesis of dendritic macromolec@ilés?

and, recently, strategies for the synthesis of cyclic polyolefins
by a metathesis ring-expansion polymerizatio@atalysis

has proven an enabling science for chemical synthesis, and
the development of new classes of well-defined catalysts has
proven the enabling science for catalySis.

Given the extraordinary pace of these developments and
the rich reactivity patterns engendered by the almost limitless
diversity of ligand/metal combinations, it is perhaps not
surprising that transition metal and organometallic catalysts
have dominated the field of catalysis applied to both fine
chemical and macromolecular synthesis. Nevertheless, even
a passing familiarity with enzymatic catalysis engenders a
sense of awe and deep appreciation for the potential of
precisely positioned organic functional groups to catalyze
both single and multiple cascade reactions with high rates,
selectivities, and energy efficiencies.

As discussed in detail in other reviews in this issue, the
field of organocatalysis has undergone a renaissance, par-
ticularly for enantioselective catalytic reactions. Some 100
years after Bredig and Fiske’s reports of enantioselective
cyanohydrin synthesis with quinine alkaloitiand Hajos and
Parrish’s impressive proline-catalyzed Robinson annula-
tions}® the field of enantioselective organocatalysis has
expanded to encompass an extraordinary diversity of new
reactions, catalysts, and proces¥e% In this review, we
highlight some of the important advances in organocatalytic
polymerization reactions and the utility of organocatalytic
methods for the synthesis of complex polymer architectures.
While extraordinary advances have been made in organo-
metallic catalysts for ring-opening polymerization (ROP)
reactions’’~3! organocatalysts complement transition metal
catalysts because of their different mechanisms for effecting
bond constructions, as well as benefits that derive from the
lack of residual metal contaminants that can compromise the
polymer performance in biomediéaland microelectronic
applications®® The primary focus of this review is the ring-

Modern synthetic methods have revolutionized polymer gpening polymerization of lactones such as lactide (LA),
Chem|5'try through the dEVEIODment. of new and powerful ﬁ_butyro|actone (BL),é_Va|ero|act0ne (VL), an&-capro_
strategies for the controlled synthesis of complex polymer |actone (CL), but we also discuss other strained cyclic
architectures:® Many of these developments were spawned monomers, such as morpholine-2,6-dione (MDO), trimeth-

of new polyolefin microstructuresthe design of highly

lacyclopentane (TMOSC), and hexamethylcyclotrisiloxane
(D3) (Figure 1). A special emphasis is placed on mechanistic
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“and selectivity for the construction of complex polymer

architectures.
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The ideal polymer synthesis poses a number of challengesfrom readily azailable starting materials in one simple, safe,
As highlighted by Wender et al., the ideal for any synthetic ernvironmentally acceptable, and resource-effeetbperation
reaction is on€in which the target molecule is prepared that proceeds quickly and in quantitadi yield 34 Catalysis
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Figure 1. Scope of monomers in this review.

Scheme 1. Synthetic Routes to Poly(lactic acid)
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Scheme 2. Gold’s Kinetic Scheme for the ROP of Cyclic
Monomers
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growth strategies offer the advantages of providing more
precise control over the molecular weight and molecular
weight distribution with the advent of “living” polymerization

reactions.

In addition, as the majority of step-growth

polymerizations are mediated by condensation or cross-
coupling reactions, they are less atom-econorfichian
typical chain-growth polymerization strategies. For example,
poly(lactic acid) (PLA), a biodegradable polymer made from
renewable resources, can be made by either ring-opening
addition polymerization of LA or condensation polymeri-
zation of lactic acid or its derivatives (Scheme*1n terms
of molecular weight control, the living ROP of LA yields a
linear relationship between monomer conversion and mo-
lecular weight and poly(lactide) (PLA) with a narrow
polydispersity (PDI, defined as the ratio between the weight
average and number average molecular weidhtgM,). In
contrast, the step-growth condensation polymerization limits
the practically accessible range of molecular weights and
leads to PDIs of 25 The most striking aspect of ROP was
theoretically elucidated by Flory; the invariant number of
holds the potential to meet this high standard, but there arepropagating chains in the ROP results in the generation of
few synthetic processes that match the exquisite architecturahearly monodisperse polymers at a high degree of poly-
complexity that nature creates in highly coupled, multicom- merization (DP}8 The benefits of ROP in conjunction with
a “living” method have enabled the controlled synthesis of
Polymerization catalysis, in addition to the general issues block, graft, and star polyme?$,which leads to a present
of turnover frequency, turnover number, and selectivity consensus that living ROP is a powerful and versatile

and stereoselectivity), poses additional addition-polymerization method.

challenges such as the need to control the molecular weight Characteristics of a living chain-growth polymerization
and the molecular weight distribution of the macromolecules, include the first-order kinetics in monomer concentration and
the nature and number of polymer end groups (end-groupa linear relationship between molecular weight and monomer

fidelity), the topology of the macromolecule (linear, branched, conversion (when k> k,, Figure 2, whereg =

the rate

cyclic, concatenated, the presence and/or degree of crosslinkeonstant of initiation andt, = the rate constant of propaga-
ing), and the functionality and sequence of monomers alongtion; Scheme 2). Deviations from the linear dependence are
attributed to the presence of slow initiation or side reactions
Step growth and chain growth represent two general such as chain transfer and termination react®nGold
theoretically suggested that addition polymerization with

the polymer chain.

strategies for generating macromolecidfedf the two, chain-
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Figure 2. (a) Plots of In([Mp/[M]) as a function of time with variougy/k; ratios ([M]o/[/] o = 100, k,D =1 M1 s™); (b) plots of DP and
PDI as a function of monomer conversion with varidgék ratios ((M]o/[I]o = 100,k, = 1 M~1 s71)
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slow initiation could produce polymers with narrow PI. Scheme 3. (a) Coordinatior-Insertion Mechanism for
Experiments have provided abundant evidence supportingMetal-Catalyzed ROP of LA; (b) Activated Monomer
the Gold's predictiort®4LFigure 2b shows that narrow PDIs Mechanism for Enzymatic ROP of LA; (¢) Monomer-

(<1.2 at 90% conversion) can be obtained even ik Activated Mechanism versus Chain End-Activated
= 0.01. In this case, a nonzero intercept in the plot o
monomer conversion versus conversion is diagnostic of slow
initiation. Side reactions such as intermolecular chain transfer
to polymer (reshuffling of active chain ends) and chain
termination reactions are typically more responsible for the
broadening of molecular size distributiot?s'? Therefore,
controlled polymerization requires catalysts that selectively
activate monomers in preference to the propagating chains.
The thermodynamics of ROP is driven by the release of
the ring strain of the monomer. The selectivity of the catalyst
is critical to facilitate ring-opening relative to transesterifi-
cation and other side reactions (chain shuffling and termina-
tion). Traditional thermal and hydrolytic ROPs are poorly
controlled and often induce a great amount of side reactions.

f Mechanism

(2) o

\)k 0

o k

o P ROJH/O\IH\OM

insertion 0o
[0

RO\M coordination

M: metal catalyst

(b)

Hence, efficient catalysts that accelerate ring-opening of 0 (o)

cyclic monomers are needed for controlled ROP. \Hko . E-H E)H/OWH\OH
Conventionally, mechanisms for ROP are divided into OTH\

cationic and anionic polymerization according to the ionic 0

charge of active propagating speciesA special case is 0

zwitterionic polymerization, involving positively and nega-

tively charged groups on the same ch#&int is well- Q Q

established that the metal-catalyzed ROPs of LAs and E)H/OW)\OH 7’_‘%. ROJ\(O\H)\OH

lactones proceed through a “coordinatidnsertion” mech- o) o)

anisn?® involving coordination of the monomer to the metal ROH EH

of a catalyst and insertion of the monomer to the metal
oxygen bond (Scheme 3a). The coordinatiamsertion
mechanism differs from cationic and anionic mechanisms
involving free ions or ion pairs, in that the charged
propagating species and its counterion share a covalent bond.
An alternate classification is common for enzymatic ROPS,
which is termed an activated-monomer mechanism, where ()
the enzyme reacts with the monomer and activates it toward monomer-activation :

enchainment onto the polymer chain end (Scheme*3h). ;'IC“:
X ke

Classifying catalytic ROP reactions by either a monomer-
C: catalyst

E: enzymatic catalyst

activated or chain end-activated mechanism is useful because
it defines the primary locus in which catalysts play a role
(Scheme 3c). This division enables the clear-cut distinction
between two competing mechanisms in generic cationic
polymerizations: a monomer-activated mechanism via pro-
tonated monomer and a chain-end activated mechanism via
cationic oxonium chain ends.

chain end-activation :

‘e
| *%/\/\ X ]::1\/%\)‘(;: + @ —L>k

2. Cationic Ring-Opening Polymerization to be useful initiators for the cationic ROP of L4&%°

Cationic polymerization has been applied for the ROP of Reactions were performed in nitrobenzene for 48 h and at
a variety of cyclic heterocycléd. The cationic ROP of  an optimized 50°C. End-group analysis byH NMR
lactones has been achieved using alkylating agents, acylatingndicates methyl ester groups when methyl triflate is used
agents, Lewis acids, and protic acids. For example, alkylating as the initiator, suggesting that the polymerization proceeds
agents such as methyl triflate were reported by Kricheldorf by cleavage of the alkyloxygen bond rather than the aeyl
and co-workers in a series of papers in the 1980s for the oxygen bond. Polymerizations of L-LA performed under 100
cationic polymerization of various lactones, includjsigro- °C using HOTf and MeOTf initiators resulted in 100%
piolactone (PL), CL, VL, LA, and glycolidé¥4° Acylating optically active poly(L-LA) (PLLA). A two-step propagation
agents have been reported by Penczek and co-workers fomechanism was proposed involving activation of the mono-
the cationic ROP of CL and Pi°. A variety of Lewis acids mer by methylation with methyl triflate followed byn3
have been screened for the bulk and solution cationic ROPattack of the triflate anion on the positively charged LA ring
of monomers such as 1,5-dioxepan-2-one (DXO) by Al- with inversion of stereochemistry. Propagation was proposed
bertsson and Palmgréh. to proceed by nucleophilic attack by LA on the activated

Early attempts reported in 1971 by Dittrich and Schulz to cationic chain end with inversion, leading to net retention
polymerize LA with cationic compounds were unsucces3ful. of the configuration (Scheme 4). Regardless of the monomer-
In 1986, Kricheldorf and co-workers screened a variety of to-initiator ratio (506-400), the reported polymer viscosities
acidic compounds, among which trifluoromethanesulfonic were all quite similar, suggesting that the polymerization is
acid (triflic acid, HOTf) and methyl triflate (MeOTTf) proved  not living under the reported optimized conditicfis.
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Scheme 4. Proposed Pathway for Cationic ROP of LA
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Recently, Bourissou et al. reported the controlled cationic
polymerization of LA using a combination of the triflic acid
(as the catalyst) and a protic reagent (water or an alcohol)
as an initiatoP® Reactions were performed in GEl, solution
at room temperature and required only a few hours for high
monomer conversion. In the absence of a protic initiator,
monomer conversion reached only 23% after 2 h. Weaker
acids such as H&Et,O or CRCOOH were reportedly
inactive toward LA polymerization afte h under the same
conditions. PLAs with molar masses up to 20 000 g/mol with
PDIs ranging from 1.13 to 1.48 were obtained using the
HOTT catalyst/protic initiator system with quantitative in-
corporation of the protic initiator confirmed Bi4 NMR and
ESI mass spectrometry. The controlled character of the
polymerization is suggested by the linear relationship of the

molecular weight versus monomer conversion and monomer-

to-initiator ratio. The controlled cationic ring-opening po-
lymerization is believed to proceed by an “activated cationic
polymerization” mechanism as described by Penézek,
where the acid would activate the cyclic ester monomer and
the alcohol would be the initiator of polymerization. Poly-
merization is, therefore, thought to proceed by protonation
of LA by triflic acid followed by nucleophilic attack by the
initiating alcohol or that of the growing polymer chain, as

shown in Scheme 5. The presence of isopropyl ester chain

ends from the initiating isopropy! alcohol (observed ¥
NMR) suggests that polymerization proceeds by acyl bond
cleavage, not by alkyl bond cleavage.

The cationic copolymerization of L-LA with CL using a
triflic acid catalyst/protic initiator was recently reported and
also suggested to operate by a similar activated-monome
mechanisnt? Though the rate of homopolymerization of the
two monomers is slightly higher for CL, the LA monomer
is consumed faster than CL in the copolymerization. The
LA preference is likely due to the higher basicity of the LA
monomer, leading to a higher concentration of activated LA
monomer.

Initial reports using diphenylammonium triflate (DPAT,
Figure 3) as an acidic-proton catalyst for the bulk ROP of
LA in the presence of ethanol as the alcohol initiator have
been reported by Bowden and co-work&Bulk polymer-
ization at 130°C using 5 mol % DPAT catalyst relative to

r
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Scheme 5. Proposed Activated Monomer Pathway for
Cationic ROP of LA
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initiator resulted in molecular weights up to 12 000 g/mol
(by gel permeation chromatography (GPC)) and PDIs ranging
from 1.24 to 1.51. The high PDIs are likely due to
transesterification with prolonged reaction timesi(days).
Similar to the previously described acid-catalyzed ROP of
LA, polymerization is thought to proceed through a cationic-
activated monomer mechanism. The catalyst has also been
applied to the cationic ROP of various lactones including
CL, VL, and BL (y- and$3-).%8 For example, the bulk and
toluene solution polymerization at 8C for the cationic ROP

of CL using 1 mol % of DPAT relative to the ethanol initiator
resulted in narrow PDIs <1.34) and good control of
molecular weight as predicted by the monomer-to-initiator
ratio.

The acid-catalyzed cationic polymerization of lactones
such VL or CL can be carried out with HEtO catalysts.
For example, poly(lactone)s with molecular weights up to
10 000 g/mol and narrow PDIs (1.88.27) were obtained
using the HCIEtO catalyst/alcohol initiator system reported
by Endo and co-workers for the controlled ROP of CL and
VL at room temperatur®. This catalyst system has been
used for the controlled ROP of lactones with the cyclic
carbonate, 1,3-dioxepane-2-one, to produce di- and triblock
copolymers with controlled molecular weights and narrow
PDIs. Similarly, Lee and co-workers synthesized block
copolymers of poly(ethylene glycol) (PEG) and poly-
(caprolactone) (PCL) by the living ROP of CL from a PEG
initiator in the presence of the HELO catalyst?

Jerome and co-workers have prepared high molecular
weight (M, up to 50 000 g/mol) poly(valerolactone) (PVL)
with very narrow PDIs £1.05) using the alcohol initiator/

“OTf

DPAT
Figure 3. Structure of diphenylammonium triflate, DPAT.



5818 Chemical Reviews, 2007, Vol. 107, No. 12 Kamber et al.

Scheme 6. Proposed Activated Monomer Cationic
Polymerization of Lactones o/
N N N
0 \/N;llpzN—l?—N:R;lN\
o HCIELO A NS
~y Py -
/N N \
n 7/ \
=1,3-VL
=2 oL t-ButP,
Figure 4. Chemical structure of the Schwesinger's phosphazene

HCI-Et,0 systen?® Reactions were performed with the initial ~ FBUFs.

monomer concentrationf@d M in CH,CI, at 0 and 25°C . . . .
for monomer-to-initiator ratios 0&300, resulting in high ~ The biocompatibility of these materials was examined

reaction yields in several hours. Unlike for PVL, synthesis through cell viability assays that suggest noncytotoxicity of
of PCL with a molecular weight higher than 15 000 g/mol the copolymers.

was unsuccessful under these conditions. A series of Inthe absence of a protic initiator, amino acids have been
a-functional, w-hydroxylpoly (VL)s was prepared from a shqwn to initiate the ROP of C#. The polymerization is
series of functionalized alcohols including 9-anthracen- believed to proceed through cleavage of the acylygen
emethanol, 2-hydroxyethyl acrylate, 3-buten-1-ol, 2-bromo- bond and addition of the amino group of the acid to form
ethanol, and 5-norboernen-2-methanol. The incorporation ofthe “NHCO— linkage. PCL withM, up to~22 000 g/mol

the alcohol initiator was confirmed B NMR and/or GPC ~ was achieved through bulk ROP of CL at 180 for 24—
using refractive index and UV detectors. In addition, 248 h. Evidence of amino acid incorporation was supported
copolymers of poly(ethylene oxide) (PEE)-poly(VL) di- by 'H NMR and titration of the carboxyl group. Though the
and triblock polymers were prepared in several hours at 0 molecular weight of PCL was dependent on the ratio of
°C by ROP of VL using functionalized hydroxyl end-capped monomer to initiator, the PDIs were broad, ranging from
polyethers. 1.50 to 1.89.

Polymerizations of lactones using the HELO catalyst Acid catalysts for the cationic ROP of lactones have also
are proposed to go through an activated-monomer mechanisnbeen supported on silica for potential catalyst recovery and
where the acid protonates the monomer and facilitates ring-reuse®® In 2004, Jones and Wilson generated polymers with
opening by the initiating or propagating alcohol end groups controlled molecular weights and narrow PDIs using
of the growing polymer chain (ROH) in Scheme 6. propylsulfonic acid-functionalized porous and nonporous

Organic and amino acids are also able to catalyze thematerials. Reaction time for high conversion (up to 90%)
cationic polymerization of cyclic lactones. The bulk poly- Wwas on the order of days, and the supported catalysts were
merization of CL and VL at 120C was performed in 27 significantly less active than their homogeneous analogues.
h using 3 mol % benzyl alcohol and 10 mol % organic acid Furthermore, the catalyst regeneration and reuse was unsuc-
with catalyst efficiency following the order of tartaric acid cessful as described, providing little advantage over con-
> citric acid > lactic acid> proline®® A living polymeri- ventional acid catalysts.
zation was suggested based on the linear relationship between
M, and percent conversion in addition to PDIs (1-2935) 3. Anionic Ring-Opening Polymerization
for the low molecular weight polymers reported (upMeg o o o
~ 2 700 g/mol). Terminally carbohydrate-modified PCL has ~ The anionic polymerization of lactones with Li or K
also been obtained using L-lactic acid-catalyzed ROP of CL alkoxides is well-knowrt/*® but less work has been done
initiated with 5-D-glucopyranoside, sucrose, or raffinose 0N the anionic ROP of strained heterocycles with organic
initiators®! More recently, lactic acid-catalyzed bulk ROP ~counterions. Schladd et &.reported the ROP of ethylene
of CL with the hexahydroxy-functional dendrimer 2,2-bis- 0xide using Schwesinger and Schlemper's phosphazene
(hydroxymethyl)propanoic acid as the initiator was re- basé®t-ButP; (pKa= 30.2 in dimethyl sulfoxide (DMSO),
ported®? Figure 4). The base, when protonated, acts as a counterion

Polyesters with various polymer architectures have beenin the metal-free anionic ROP of ethylene oxide and produces
accessed through cationic acid catalysis. Star polylactonesP?EO with limited molecular weights as reported. Similarly,
have been synthesized using fumaric acid as the organo-Rexin and Mihaupt* employed related bulky phosphonium
catalyst. Endo and co-workers successfully prepared three-cations for the ROP of propylene oxide to generate low
and four-armed star PCLs using trimethylpropane and molecular wg|ght polymer. The combination of an alcohol
pentaerythritol as initiators, in the presence of fumaric acid and Schwesinger’s phosphazene base has been shown to be
catalyst at 90°C in bulk after 12 13 Room-temperature @ fast initiator for the ROP of cyclic siloxanes such as
studies in tetrahydrofuran (THF) or GEll, using the HC octamethylcyclotetrasiloxarfé.

Et,O catalyst proved relatively unsuccessful, likely due to ~ Commercially available phosphazene basete(2butyl-

the low solubility of the pentaerythritol initiator. Similarly,  imino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphos-
star polymers of VL withM,'s up to 99 000 g/mol were  phorine (BEMP)1 (Me“NpKg+ 27.6) and N'-tert-butyl-
produced by the bulk polymerization of VL at 10Q after ~ N,N,N',N',N"",N""-hexamethylphosphorimidic triamide;R

18 h in the presence of fumaric acid as the catalyst and Bu) 2 (M*“NpKgy+ 27.6) (Figure 5) have been used for the
dipentaerythritol as the multifunctional initiatét The six- ROP of cyclic esters including LA and VE,

arm homopolymers with predictable weight and narrow PDIs ~ The catalytic activity of these bases was studied in dry
were then coupled witle-methoxye-chloroformate PEG ~ toluene at room temperature for polymerizations with
to produce star copolymers of poly(VIoimethoxy PEG. targeted monomer-to-initiator ratios of 100 using 1-pyrene-
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CH; HsC _CH Scheme 7. Proposed Mechanism for the ROP of Lactones
(\N N‘€CH3 \( 3_'/\CH3 Using Phosphazene Base 1
P= CH R = CH;
N * HCN-NT O cp, 1 he,
CHs TCH CHy N~CH, e \
3 CH3 3 _ y
HsC N ’/P\N
HsC N
1 2 0 H,C-7 CHs
Figure 5. Chemical structure of phosphazene bases, BEMRd o HsC
P;-t-Bu 2. . R/\OH
butanol as the initiator. For exampld,al mol % catalyst n

1-to-monomer ratio, polymerization of L-LA reached 78%
conversion in 23 h to give PLLA witiM, of 13 100 g/mol

and a narrow PDI (1.08). A plot of, versus monomer

conversion showed a linear correlation, characteristic of a
living polymerization. The PDI decreases slightly as the HsC
conversion approaches 70% and then increases. The increage HsC, HsC,

of molecular weight distribution at high conversion is likely H-C \ ; H-C \ N
due to the transesterification as the monomer supply is 3 \/N‘P\N 3 \/N“/P\N
depleted. In an effort to minimize adverse transesterification| HsC Np . —— HiC Np
reactions, the reaction was quenched by the addition of HCT

benzoic acid. Polymerization afac-LA yields isotactic- N
enriched PLA with the probability of isotactic propagation O’\‘o ro 0o
(P;) equal to 0.70. (

Catalysts1 and 2 also promoted the ROP of VL. A R 0
monomer/initiator/catalyst ratio of 100/1/1 produced PVL n
in bulk conditions with 70% conversion in 73 h wiM, of
9200 g/mol and a narrow PDI (1.12). Higher conversions
were possible even though the reaction mixture solidified, HC e HiC | c.
and the polymer molecular weight was linear with the k 3 ‘N \ S N
conversion of the monomer. Mechanistic studies suggest that HsC_ “\_— P H,C .

. . Aty > \/N P
the intermolecular hydrogen bonding of the alcohol initiator 7/ N N
to phosphazene bases activates the alcohol for ROP of cyclig No ¢
esters, as shown in Scheme 7. Hﬁj/";i e — Hﬁz/hb Chs

The commercially available compoundsrt-butoxybis- or
(dimethylamino)methane3( also known as Bredereck’s 8(0 o) 0
reagent) and tris(dimethylamino)methah&-"° were inves- O@) n @) n
tigated for the ROP of L& because they are reminiscent of \_ R0
other protected forms ®i-heterocyclic carbenes (NHG%)E” R
and were expected to show similar reactivities. The ROP of
LA with commercially available Bredereck-type reagents in
the presence of or absence of alcohol initiators is an efficient
method for the synthesis of PLAs of controlled molecular
weight and narrow PDIs. High monomer conversion was HsC HsC
reached afte3 h at 70°C in THF solution or in several \
minutes when vacuum was applied. Although these com- Hsc\/N—P\
pounds were initially envisioned as precursors to stabilized HsC ,(l/ N
carbenes, alternative mechanisms involving heterolytic cleav- Hacﬁ/ CH3
age to alkoxides were proposed, suggesting that these — HsC 0
reagents can function as latent anionic initiators for ring- ~ J\/\H/\ H
opening polymerization reactions. As shown in Scheme 8, R™ 70 n
the ring-opening of the LA by the alkoxide provides a
propagating anion. This anion can continue to ring open LA resources that can be easily recycled. Noteworthy advances
through an anionic mechanism. Because the formamidiniumusing enzymes for ROP of various monomers to generate,
counterion is also an electrophile, it is possible that the for example, aliphatic polyesters, polycarbonates, poly-
propagating anion is reversibly captured by the counterion, thioesters, polyphosphates, and polysiloxanes have been
leading to reversible deactivation of the propagating anion. made and thoroughly reviewed by Albertsson and co-

workers$29 Gross and co-worker$;®> Heise and co-

4. Enzymatic Ring-Opening Polymerization workers?394Kobayashi and co-workef8°> and Matsumu-
ra® The reader is referred to these for further discussion.

The field of enzyme-catalyzed ring-opening polymeriza-
tion has grown since the initial application of a lipase catalyst A,
for ring-opening of lactones by the independent groups of 5. Pyridine-Based Organocatalysts
Kobayashi®®? and Knani?® Enzymes exhibit high stereo-, The use of dialkylaminopyridine (DMAP) as a nucleophilic
reaction-, and substrate specificity and come from renewablecatalyst for the acylation of hindered alcohols was reported
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Scheme 8. Proposed Mechanism for LA ROP by 3 and 4
Anion Formation
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Scheme 9. Proposed Mechanism for a DMAP-Catalyzed
Acylation Reaction
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almost 40 years ago by Steglich and Hdflén later studies
by Vorbruggen and co-workef§, catalytic amounts of

DMAP or 4-pyrrolidinopyridine (PPY) were observed to

Kamber et al.

Scheme 10. ROP of LA with Amine Catalysts
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In addition to acylation, various organic transformations
such as alkylations, transesterification, silylations, Baylis
Hillman reactions, nucleophilic substitutions, derivatizations
of amines, and others have been catalyzed efficiently by
DMAP and have been the subject of several revigi8:10+106
Chiral versions of DMAP and other nucleophilic amines have
been employed as catalysts in various asymmetric transfor-
mations and are reviewed elsewhere in this issue.

In 2001, the first organocatalytic approach to the living
ROP of LA was reported using Lewis basic amines such as
DMAP and PPY as transesterification catalysts (Scheme
10) 197 Using ethanol as an initiator, the amines are effective
catalysts for the ROP of LA at 3% in CH,Cl, with reaction
times ranging from 20 to 96 h. PLAs with narrowly dispersed

dramatically enhance yields and reaction rates for the PDIs with DPs ranging from about 30 to 120 were prepared.

acylation of amines and sterically hindered alcohols. Simi-
larly, the replacement of pyridine by DMAP for the ben-
zoylation ofm-chloroaniline resulted in *@ate enhancement

as observed by Litvinenko and KirichenkRbThe commer-

cially available DMAP catalyst is often the common choice
for acylation reactions and at times results in high regio-
and stereoselectivitiég? Acylation reactions catalyzed by

High amine concentrations relative to the initiator (1 equiv
or greater) proved to be active and highly selective for the
ROP of LA in 100% yield. No polymerization was detectable
in the absence of the initiator. Bulk polymerizations of D,L-
and L-LA at 135 and 185C, respectively, using benzyl
alcohol as the initiator gave narrowly dispersed polymer in
5—20 min depending on the targeted molecular weight.

DMAP are proposed to proceed by a nucleophilic mechanism  The living character of the polymerization was demon-

involving an acyl pyridinium intermediate (Scheme®®}%!

strated by the linear correlation of molecular weight versus

The 4-aminopyridines DMAP and PPY are better catalysts monomer conversion in addition to the resulting narrow PDIs

than pyridinet®? Recently, more potent structural analogues
of DMAP/PPY such as bicyclic diaminopyridines and tricylic
triaminopyridene®¥? or analogues in which the 4-amino
group is conformationally fixed in a ring fused to the pyridine

ring'®® have been reported.

and predicted molecular weights based on monomer-to-
initiator ratios. Polymerization was proposed to occur through
a monomer-activated mechanism, as shown in Scheme 11,
but an alcohol-activated mechanism (chain-end activation)
cannot be ruled out. The monomer-activation mechanism was
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o) Scheme 12. DMAP-Catalyzed Preparation of PLA from the
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Figure 6. Structure of the substituted LAS—8 for ROP using
DMAP catalyst.

poly(lactide)

proposed to occur by nucleophilic attack by DMAP on the . o ) )
monomer to generate an alkoxide/acy! pyridinium zwitterion. as an earlier study’ reported no broadening in polydispersity
Subsequent proton transfer from the initiating or propagating When reactions were at lower temperatures 1G5
alcohol, followed by acylation of the resultant alkoxide, Bourissou recently employed DMAP as an organocatalyst
generates the hydroxy-terminated ring-opened monomer.for the ROP of activated equivalents of LA, namely,
Polymerization proceeds by reaction of théwydroxyl group O-carboxyanhydrides, yielding PLAs of controlled molecular
with the next DMAP-LA intermediate. Studies b{H4 NMR weights and PDIs (Scheme 12%.The ROP of lac-OCA9
spectroscopy confirm the-chain end of the PLA bears the reaches complete conversion at room temperature in 0.75
ester from the initiating alcohol and the-chain end bears M CH,Cl; solution after minutes to hours, depending on the
a hydroxyl group. DMAP is effective for the ring-opening monomer-to-alcohol initiator neoPentOH) ratio (in the
of LA in the presence of either a primary or a secondary range 16-600) with the initiator-to-catalyst ratio of 1. By
alcohol. The resulting propagating species, a secondarycomparison, the ROP of L-LA took 4 days at 35 in CH,-
alcohol, however, is only active toward the LA monomer Cl, solution to reach complete conversion for monomer/
and not the polymer chain, minimizing undesirable transes- initiator/catalyst ratio of 10/1/1. Similarly, in previous
terification reactions. studiest?’ the ring-opening polymerization L-LA required
DMAP was also applied to the depolymerization of PLA €levated temperatures and long reaction times-@h).
with primary alcohol$® As primary alcohols undergo  Both primary and secondary alcohols (such as isopropanol)
transesterification reactions much more rapidly than second-Were shown to be good initiators. The living character of
ary alcohols, the selective functionalization of PLA chains the polymerization was demonstrated by linear plot of{aP
could be carried out with primary alcohols in the presence Versus monomer conversion, polymers with predictable
of DMAP to selectively introduce end groups onto the PLA Weights, and a second-feed experiment. Narrow PBIsg)
chains. DMAP-catalyzed bulk transesterification reactions at high monomer conversions suggested that side transes-
of commercially available high molecular weight PLM( terification reactions were insignificant. A nucleophilic
= 50 000 and 100 000 g/mol) in the presence of various Mechanism was proposed where polymerization proceeds by
multifunctional alcohols resulted in PLAs with monomodal attack of the DMAP catalyst on the electrophilic carbony!
PDIs and predictable molecular weights consistent with the group of lac-OCA, followed by an exchange reaction with
monomer-to-alcohol initiator ratio. Thus, this new depoly- the alcohol initiator or polymer chain and subsequent
merization strategy based on a transesterification reactiondecarboxylation. The liberation of G@vas suggested to be
using DMAP provides a facile, single-step route to func- @ considerable driving force for the activity difference
tionalized polymers with various architectures such as block between lac-OCA and LA.
and star polymers. Attempts by Pohl and co-workers to polymerize BL using
DMAP was also shown to catalyze the ROP of L-LA in DMAP resulted in only oligomers with a DP< 8 at
the presence of a poly(L-lysine) dendron initiator to produce temperatures required for the reactiéhEvidence of cro-
biodegradable poly(L-LApB-dendritric(L-lysine)s at 55C tonate end groups formed in terminating steps is given by
in chloroform with high conversion after 280 h10° IH NMR and MALDI-mass spectrometry. The zwitterionic
Moeller and co-workefd%111 demonstrated that DMAP  polymerization of pivalolactone using a variety of amines
is an efficient catalyst for the neat ROP of alkyl-substituted has been intensively studiétf. The ROP of pivalolactone
LA monomers5—8 shown in Figure 6. Using catalyst by DMAP was recently reinvestigated and shown to proceed
concentrations similar to those reported in the previous by initial nucleophilic attack by DMAP with carberoxygen

study’’ (DMAP-to-alcohol initiator ratio of 2), polymeri- ~ bond cleavage to generate alkylpyridinium end groups and
zation of LAs 6—8 reached 80, 97, and 95% conversion, & carboxylate chain end?
respectively, aftel h at 110°C for targeted DPs of 2629. The use of DMAP as an organocatalyst has been extended

Polymerization of D,L-LA at high conversions resulted in to the graft CL polymerization with a polysaccharide chitosan
polymer with higher PDIs (1.48) relative to polymerizations initiator in the presence of water as the swelling agént.
with the substituted LAs (1.201.20). The increase in PDI  Studies suggest, however, that polymerization is initiated
is likely due to undesirable transesterification or side from the amino group, not the hydroxyl group, of the
reactions accessed at the high reaction temperatur@10  chitosan.
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Scheme 13. Preparation of Wanzlick's Carbene
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Figure 7. Library of phosphine catalysts for the ROP of LA. @ CHCl @ @ @

Reaction rate enhancements accompanied at times with a
decrease in extraneous transesterification have been observed 10 1 12
by the addition of amines such as DMAP and other Lewis
bases such as phosphines to traditional organometallic The!H NMR spectrum of PLA initiated with 1-pyrenebu-
catalysts such as Sn(Ogc@and AlI(GPr); for the ROP of tanol with P(Bu) as the catalyst shows the resonances
cyclic esters!™11° Similar rate enhancement results were associated with the butyl ester and the hydroxyl group. GPC
obtained when Lewis bases were used as a solvent or additivéraces of PLA initiated from 1-pyrenebutanol using both the
in LA polymerizations with Sn(OT§)*2° refractive index and UV detectors (410 and 350 nm,
Among the cyclic heterocycles whose polymerization can respectively) show a statistical distribution of pyrene through-
be catalyzed or initiated by amine nucleophiles such asout the sample. Coupled withd NMR studies, the results
DMAP, the ROP ofa-amino acidN-carboxyanhydrides  indicate the presence of one initiator alcohol per chain.
(NCA)s is important because it provides a convenient

synthetic route into polypeptides with various architectures 7 N-Heterocyclic Carbenes (NHC)s
and applications. Comprehensive reviews of this area have

recently been published by Kricheld&#¥ and Deming?? The possibility that stabilized singlet carbenes could
function as nucleophilic catalysts was first indicated in
6. Phosphine Catalysts Breslow's pioneering studies in 1958 on the mechanism of

action of the coenzyme thiamine (vitamin,Ba naturally

Phosphines are commonly recognized as ligands in orga-occurring thioazolium salt, Figure 8% Breslow demon-
nometallic chemistry and homogeneous cataly%lsut are strated that both thiazolium salts and imidazolium salts
also capable of mediating a variety of organic transforma- catalyze the benzoin condensation by a mechanism involving
tions'?*including acylation reaction'$>'26A series of tertiary ~ deprotonation of the thiazolium and nucleophilic attack on
phosphines (Figure 7) were used as transesterificationthe aldehyde by a process analogous to the catalytic activity
catalysts for the ROP of LA2” of cyanide'®® This seminal work established the general

In the presence of a benzyl alcohol initiator, phosphines concept that deprotonated thiazolium or imidazolium salts
were found to be effective ROP catalysts, generating can act as nucleophilic catalysts.
narrowly dispersed PLA (PD+ 1.11-1.40) with predicted Soon after Breslow’s studies, Wanzlick and co-workers
molecular weights (target DPs 3Q00). The narrow, mono-  carried out a series of investigations on NHCs based on
modal molecular weight distributions suggest minimal trans- imidazolin-2-ylidene¥* 138 and proposed that the deproto-
esterification originating from transesterification of the nated thiazolium and imidazolium salts fall into a general
polymer chain. The phosphine-catalyzed polymerizations in class of heteroatom-stabilized nucleophilic carbéfgghe
CH,CI, or toluene solution were slower, were less selective, bis-1,3-diphenyl imidazolin-2-ylidened1 were initially
and required higher temperatures (@) than those catalyzed generated by elimination of chloroform from the imidazoline
by DMAP. Effective polymerization using these phosphines 10 (Scheme 13) but could also be prepared by the depronon-
was performed in bulk. Unlike the amine-catalyzed poly- ation of the imidazolium salt$*135138 At the time, these
merization, complete LA monomer consumption was not carbenes were not isolated but could be identified by trapping

observed when reactions were performed in solution. reactions with oxygen, water, hydrochloric acid, and
Phosphine catalyst activity toward LA polymerization cyclopentanoneindirect evidence for the nucleophilic char-
decreased according to the following order:nBu); > acter of the carbene species. In the absence of trapping

P(ert-Bu); > PhPMe > PhPMe > PPh > P(MeO} agents, the bis-1,3-diphenyl imidazolin-2-ylidene dimerizes
(unreactive). As expected for a proposed nucleophilic mech-readily to the tetraamino olefil2 (Wanzlick dimer).
anism, the more basic and nucleophilic alkyl-substituted Wanzlick’s controversial proposal that the tetramino olefin
phosphines were more effective LA polymerization catalysts 12 was in equilibrium with the free carbetié'**was later

than phosphines with one or more aryl groups. Similar results Shown to be true only for specifically substituted car-
were observed for related P(Bwcylation reactions, which ~ benes:#:142

are also suggested to go through a nucleophilic catalyst Substantial progress in the chemistry of heteroatom-
mechanisni?5.126.128131 stabilized singlet carbenes was achieved almost 20 years later
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Ph Scheme 14. NHC-Catalyzed Transesterification
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Figure 9. Chemical structure of Arduengo’s and Enders’s carbene.
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with Arduengo and co-workers*$144and Bertrand et al.'4° R™ ~0O” N2 ~_OH
studies on the preparation of stable heteroatom-stabilized H ﬁ“ﬁth R 2
1 )

carbenes. Arduengo and co-workers prepared, isolated, and
characterized, in 1991, the imidazol-2-ylideta, 43144 a
crystalline solid at room temperature, and later in 1995, the Rovis and co-worker¥? Chan and Scheidf? and Burstein
saturated imidazolin-2-ylidere4 (Figure 9)**¢ Enders et al. and Gloriug’® have developed clever cascade nucleophilic
synthesized and isolated the free triazol-5-ylid@B¥’ that acylation reactions from reactions fheterocyclic carbenes
was shown to be stable to high temperatures (up to°C30  Wwith aldehydes or enals.
in the absence of air and water. N-heterocyclic carbenes are also highly efficient transes-
The isolation of these stable carbenes in the 1990sterification catalysts for a variety of carboxylic acid
stimulated extensive studies on NHC preparation and ap-€ster$®**’**"*and phosphorus este$.Transesterification
plication. NHCs can be synthesized with considerable reactions are sensitive to the natures of both the carbene and
diversity by varying the heteroatom in the ring, the steric the alcohol. TheN-alkyl substituted carbenes are more
and electronics of the substituents attached to the nitrogeneffective than thé\-aryl carbenes, particularly for secondary
(or heteroatom) (R Rs), the imidazole ring (R R), and  alcoholst’+17 but the strongly basic IAd carberi8 can
the ethylene backbone (i.e., saturated versus unsaturated§!so enolize methyl acetat€ The diaryl carbene IMes as

(Figure 10). well as the less sterically hindered 1,3-bis(dimethyl)imidazol-
Several excellent reviews have appeared on different 2-Ylidene (IMe) 16 and 1,3-bis(methyl,ethyl)imidazol-2-
aspects of this highly dynamic research a#g45148154 Ag ylidene (IEtMe)17 (generated in situ from the imidazolium

potent sigma-donors, NHCs have been extensively investi- Salts) catalyze the transesterification of methylbenzoate with

gated as alternatives to the well-established phosphine Iigandfxces_S ethanol to 80% conversiorti h (4 mol %catalyst),
in organometallic compounds. Noteworthy examples include PUt with secondary alcohols, the less sterically hindered

Ru-catalyzed alkene metathé&id6and Pd-catalyzed -€C carbenes IMel6 and IEtMe 17 are more effectivé’t The
coupling such as SuzukMiyraua and Heck reactiori&7.158 use of molecular sieves enables the facile transesterification

of methyl esters with stoichiometric amounts of alcohols in
7.1. Organocatalysis Using NHCs the presence of.O.5 mol % NHC catalysts (scheme 14). Vinyl

esters are particularly effective for acylation of secondary

Breslow’s studies stimulated several groups to investigate alcoholst®+172174 which enabled the kinetic resolution of

the use of stabilized carbenes as nucleophilic organic secondary alcohols in the presence of chiral carbenes with
catalysts. Stetter demonstrated the use of thiazolium saltsmoderate (6-25 °C)""18to high selectivities 78 °C).1"°
for the addition of aliphatic aldehydes tof-unsaturated  The carbene IMed8 also catalyzes the amidation of esters
ketones>® The formoin condensation converting formalde- with amino alcoholg8°
hyde to glycolaldehyde is catalyzed by carbenes derived from The high reactivity ofN-heterocyclic carbenes for trans-
imidazolium, thiazolium, and triazolium sal®.NHCs are esterification reactions has been exploited for the step-growth
also capable of mediating asymmetric variants of these polycondensation reactio$ and depolymerization reac-
transformationgl-%1 Early studies by Sheehan and Hunne- tions'® of engineering thermoplastics. High molecular weight
man in 19665 were extended significantly by Enders and polyesters PCL and poly(glycolide) were prepared using
Kallfass®? and Knight and Leepéf? employing chiral NHC-catalyzed self-condensations of ethyl 6-hydroxyhex-
triazolium and thiazolium salts for asymmetric benzoin anoate and ethyl glycolate, respectively, in bulk at°60
condensation reactions utilizing NHC salts with high yields under vacuum for 24 h.
and enantioselectivities. Enders ef®land Rovis and co- The commercially important polyester poly(ethylene tereph-
workers® have reported that chiral triazole carbenes are thalate) (PET) has been prepared by the NHC-catalyzed
effective catalysts for asymmetric intramolecular Stetter process. PET is generally prepared in a two-step process:
reactions. Along similar lines, Murry et al. have reported the condensation of dimethyl terephthalate (DMT) with
the stereoselective thiazolium-catalyzed intermolecular al- excess ethylene glycol (EG) in THF at room temperature to
dehyde-imine cross-coupling®® Bode and co-workers; generate bis(2-hydroxylethyl terephthalate) (BHET), followed
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Scheme 15. Formation of PET by NHC-Catalyzed Scheme 16. NHC-Catalyzed Depolymerization of PET
Transesterification
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by the self-condensation of BHET at high temperatures N o 3@ 0
(270-290°C) in the presence of organometallic catalysts. [ bz ¥ R)J\O,Rs . N%m
Using an alternative metal-free approach, the tetraamino N ! \ N O
olefin 12 and carbenel6 were employed to catalyze R R ORs
condensation of DMT with excess EG (Scheme 15). Com- o _
plete conversion of DMT to BHET was realized 1 h for ~ Scheme 18. Alcohol-Activation Mechanism for
both carbenes. An ionic liquid media based on an imidazo- Transesterification
lium salt, in the presence of a base, also proved to be efficient o Mes
for this NHC-catalyzed process to form BHET, which could N R )I\O/Rz N "H—OR
easily be isolated from solvent extraction or precipitation. | >+ ! — &7‘ *
The melt condensation of BHET was formed in the presence N HOR; N,
of the tetraamino olefirnl2 using a slow heating ramp to R Mes
280 °C under vacuum to generated PET. Importantly, the
NMR spectra and melting point of the produced polymer l
were identical to the commercial PET. Tam and Williamson R o] R
have also reported the polymerization of macrocyclic poly- N, /U\ _R; Mes /0%
ester oligomers to produce linear polyesters in the presence [N>' + R0 L N\[_—H—--o OR;
of NHCs 282 R HOR — &N Rs
NHCs effectively catalyze the depolymerization of poly- 2 Mes

esters8! For example, the transesterification reaction of PET
with methanol in the presence of a NHC catalyst yields DMT
and ethylene glycol (Scheme 16). This depolymerization
method is performed under relatively mild conditions (typi- intermediate with sodium methoxide cleanly generated
cally at 80°C or less) and provides an approach to chemical methyl benzoate, indicating that acylimidazolium species are
recycling of commercial polymers such as PET. chemically competent intermediates in transesterification
Two mechanisms have been proposed for the NHC- reactions. Evidence for the alcohol-activation mechanism was
catalyzed transesterification reactions: a nucleophilic mech- provided by the isolation and crystal structure of a hydrogen-
anism to generate acyl imidazolium intermedidt@¢Scheme bonded adduct between IMes and meth&fahd theoretical

17}t and an alcohol-activation mechanism where hydrogen- .
bonding between the carbene and the alcohol activates theStUdles t_hat suggest ”_“’.’“ the hydrogen—bonded tetrahedral
intermediate and transition states are lower in energy than

alcohol toward nucleophilic attat® and stabilizes the s ] : 3
tetrahedral intermediat20 (Scheme 182 the acyl imidazolium intermediaté Nevertheless, NHC-

Indirect evidence for a nucleophilic mechanism in carbene- catalyzed transesterification reactions have not yet been
mediated transesterification reactions was provided by subject to the detailed mechanistic studies that have helped
independent generation of an acyl imidazolium intermediate illuminate the DMAP-catalyzed acylation reactions, for
from benzoyl chloride and IMe$* Treatment of this  which a nucleophilic mechanism has been invok&d.
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Scheme 19. ROP of LA with IMes olylidene carbenes, unsaturated imidazolylidene carbenes,
o NN saturated imidazolinylidene carbenes, and triazolylidene
/d -~ b\ carbenes have been shown to be effective for ROP (Figure

rﬁ)ko + ROH 11), and the activities and selectivities of these polymeriza-

o}
o R. o ,}H : o
TH\ THF o o7, tions depend sensitively on the nature of the carbene and
o}
o}

the monomer (vida infra).

o ) ] The ROP of lactones by NHCs exhibit several notable
7.2. Application of NHCs as Ring-Opening features. Reaction rates can be extremely high. The IMes
Polymerization Catalysts carbenel8 catalyzes the ROP of LA in the presence of an

The high reactivity ofN-heterocyclic carbenes for trans- alcohol initiator within second_s at room temperature (turn-
esterification reactions is manifested in their ability to Over frequency TOF= 18 s™) with catalyst loadings as low
catalyze the ROP of lactoné®.In 2001, the carbene IMes ~ as 0.5 mol %421 These rates are comparable to those of the
was shown to catalyze the living ROP of lactones to generatemost active metal catalysts reported for ROP of £A?193
polylactones of defined molecular weight and narrow poly- In addition to the rapid rate of polymerization, the ROP of
dispersity (Scheme 19% LA mediated by NHCs is remarkably well-controlled and

Since this first report, extensive work has been carried exhibits many of the features of a living polymerization. The
out to exploit the wide structural and electronic diversity of polymerization of LA using the IMes carber8 in the
N-heterocyclic carbenes for the ROP of different monomers presence of an alcohol initiator at room temperature generated
including LA857188 |actonesi®® carbonates®® and silyl PLAs with narrow PDlIs €1.16) with high end-group fidelity
etherst® A wide range of diverse NHCs based on thiaz- (the alcohol initiator is incorporated onto every polymer
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Scheme 20. Formation of the Zwitterionic Species by
Trapping of the IMes Carbene 18
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chain). Living polymerization was demonstrated by the linear
relationship between molecular weight and conversion, the
chain-extension experiments by incorporation of additional
monomer, and the synthesis of block copolymers. Polymer-
izations can be terminated by deactivation of the carbene
with the addition of acetic acid, GQor CS, the latter of
which forms a zwitterionic speci&€$1% that is easily
removed from the polymer upon precipitation (Scheme 20).
Relative to the polymerization of LA, the ROP of cyclic
lactones required longer polymerization times and generally
resulted in broader PDIs with the IMes catalyst. Less
sterically demanding and more basic carbenes suctbas
and 17 effectively polymerized CL, VL, and BL at room
temperature to give polymers with narrower PDIs (16
1.32). Recent studies indicate that CL polymerization using
NHCs can be complete in minut&%:1° Imidazolylidene
carbenes were also shown to be effective catalysts for the
ROP of CL, VL, and BL8>18The wide steric and electronic
diversity of NHCs merits further optimization studies to

match the appropriate carbene for the ROP of the respective

lactone.
Block copolymers of LA and CL were successfully

prepared using the unsaturated carbenes. In addition, am-

phiphilic block copolymers wittM, up to 25 000 g/mol and
narrow PDIs (1.221.30) were prepared using monohydroxy!
functional PEO oligomers as macroinitiators for the ROP of
CL using carbend 6.8

7.2.1. Mechanism of NHC Catalyzed Ring-Opening
Polymerization

The ROP of LA mediated by NHCs exhibits many of the
features of those catalyzed by DMAP, but it is much faster.
The higher nucleophilicity and high basicity of NHCs relative
to DMAP is likely responsible for the faster rates. A further
advantage of the NHC catalysts is the ability to tune the
nucleophilicity and basicity of the NHCs by both electronic
and steric effect$® Because the ROP is fundamentally a

Kamber et al.

Scheme 21. Nucleophilic Monomer-Activated Mechanism for
ROP

o R
S / \ Hor \
o R o R
o oOR
R
o k N /
%OK w7

O

Scheme 22. Zwitterionic Polymerization of LA to Cyclic
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carbene IMes to initiate an anionic polymerization from the
alkoxide!®®> Subsequently, it was proposed that hydrogen-
bonding between the carbene and the alcohol could activate
the alcohol toward nucleophilic attaé¥.®For the ROP,
this would correspond to a chain-end activation mechanism.
A key feature of the nucleophilic mechanism is the
formation of a zwitterionic intermediate generated from
nucleophilic attack of the carbene on the lactone followed
by ring-opening of the tetrahedral intermediate to generate
the acylimidazolium alkoxide zwitterions (Scheme 21).
Protonation of the alkoxide of the zwitterion by the initiating
or chain-end terminated alcohol generates an alkoxide that
esterifies the acylimidazolium to generate the open-chain

transesterification reaction, two possible mechanisms can beester and the carbene. Once the initiating alcohol is con-
envisaged (Schemes 17 and 18): a monomer-activatedsumed, the activated monomer (in the form of the zwitterion)
mechanism mediated by the nucleophilic attack of the appends the activated monomer to the growing polymer
carbene on the lactone and a chain-end-activated mechanisnchain. Because every growing chain has an equal probability
whereby the carbene activates the alcohol toward nucleo-of accepting the activated monomer, all chains would grow
philic attack. In their early report, Hedrick and co-workers at the same rate, a kinetic characteristic of living polymer-
proposed a nucleophilic mechanism in analogy to the known ization reactions. Compelling evidence for the nucleophilic
behavior of pyridine derivatives in acylation reacti8fisind mechanism in the ROP of LA was provided in studies to
Breslow’s proposed nucleophilic mechanism for the benzoin attempt to generate zwitterions from NHCs and LA in the
and formoin condensation reactiol¥3.The nucleophilic absence of alcohol initiatot8’ These mechanistic investiga-
mechanism was favored as it was argued on the basis oftions led to a new strategy for generating cyclic polyesters
relative pKa’s that the alcohol was unlikely to protonate the (Scheme 22).
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Scheme 23. Formation of Spirocycles from BL and
Saturated Carbenes
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7.2.2. Zwitterionic Polymerization of LA to Generate
Cyclic Polyesters

To assess the role of zwitterionic intermediates in these
polymerizations, the polymerization of LA was carried out
in the absence of alcohol initiators. Remarkably, these
conditions led to the formation of cyclic PLAs of defined
molecular weight, even at relatively high monomer concen-
trations (0.6-1.0 M in THF)1®” The polymerization ofac-

LA with IMes occurs rapidly (5900 s) at room temperature
to yield cyclic PLAs with molecular weights of 7 060

26 000 g/mol with narrow PDIs. The cyclic structure of the
products was determined by a combination of techniques,
including the absence of end groups'bynuclear magnetic
resonance (NMR) spectroscopy, MALDI-TOF mass spec-
trometry, and the lower solution viscosities of the cyclic
polymers relative to their linear congeners.

Notably, these NHC-mediated zwitterionic polymerizations
display a remarkable degree of control and exhibit features
of living polymerizations. Plots of molecular weight1{)
against monomer conversion are linear, and PDIs<dre3
for polymerizations with conversions 90%. In contrast to
other known zwitterionic polymerizatiori&;'4198high mo-
lecular weight cyclic polymers are generated with high
selectivities. Polymerization of optically pure L-LA with
IMes generated crystalline cyclic PLLA, indicating that the
polymerization proceeds with retention of stereochemistry.
The selectivity for the formation of high molecular weight
macrolactones, even at relatively high monomer concentra-
tions, was proposed to be a consequence of the enforce
proximity of the zwitterionic chain ends?

Further evidence for the intermediacy of zwitterions was
provided by the reaction of the saturated carbene SIMes
with lactones (Scheme 23¥ Treatment of SIMed4 with
1 equiv of BL generated a novel spirocy@e (Scheme 23).

In this case, generation of the zwitterion by nucleophilic
attack of the carbene on BL is followed by collapse of the
zwitterion to the spirocycle. The spirocycle was shown to
be a competent initiator for the ROP of PL. The formation
of cyclic PLAs and spirocycles from NHCs and lactones
provides compelling indirect support for the viability of the
nucleophilic monomer-activated mechanism for the ROP of
lactones. Moreover, the formation of large cyclic polyesters
highlights the utility of organocatalysts for the construction
of novel architectures.

While the foregoing mechanistic studies provide evidence
for the viability of a monomer-activated nucleophilic mech-
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A further issue associated with the potent basicity of
NHCg00-202js the possibility of epimerization of either the
PLAs or the LA monomer in competition with ring-
opening?®® To assess the role of epimerization in ring-
opening reactions mediated by carbenes, mechanistic studies
carried out with excess GBD and LA in the presence of
IMes revealed that the ring-opening of LA to methyl dilactate
and methyl lactate is much faster than the epimerization of
either LA or the opened methyl lactaté$ Ring-opening of
LA with 1 equiv of IMes18in the presence of 10 equiv of
CHs0OD generated methyl lactate within 10 min. Analysis
by *H NMR provided no evidence for incorporation of
deuterium at the alpha-carbon of methyl lactate, indicating
that enolization of methyl lactate or LA is not competitive
with ring-opening. However, after 3 days at room temper-
ature,~50% of the alpha hydrogens were substituted with
deuterium, indicating that the carbene is capable of enolizing
methyl lactate, but at a rate that is much slower than ring-
opening.

As a consequence of the slow rate of enolization, the ROP
of optically pure L-LA by IMes at room temperature is
stereospecific and provides a route to both linear and cyclic
crystalline, isotactic PLLA. For example, polymerization of
L-LA (0.63 M) with methanol as the initiator in the presence
of IMes ([M]o/[l] o/[IMes]o = 100/1/1) fo 6 s proceeded to
84% conversion to generate isotactic PLLA with an optical
rotation of —122° (CHCl; ¢ = 9 mg/mL, 24.6°C) and a
melting point of 158°C. Polymerization of L-LA (0.63 M)
with IMes ([M]o/[IMes]o = 100/1) in the absence of alcohols
generated a crystalline cyclic PLLAVI; = 32 000 g/mol,
PDI = 1.16, T, = 133, 143°C, AH; = 22.7 J/g, o =
—118).2°7 The slightly lower melting points and optical
rotations observed (lifT,, = 181°C, AH; = 85 J/g, pJp =
—156°)37204 syggest that a small degree of epimerization
occurs under these conditions.

The extraordinarily high activity of the carbenes for ROP
enables the stereoselective polymerizatioragf andmeso-

LA at low temperatured?>2%For example, polymerization

of rac-LA with the sterically encumbered carbene;Rites

27in CH,Cl, at —70°C for 2 h (91% conversion) yielded a
rystalline PLA (likely a stereoblock structure of L- and

-LA) with a melting point of 153.3°C (AH; = 13 J/g).
This result was interpreted in terms of a chain-end control
mechanism where the stereogenic terminal alkoxide of the
growing chain selectively attacks the acyl imidazolium of
the same relative stereochemistry, leading to preferential
isotactic enchainments (probability of isotactic placentgnt
= 0.90). This hypothesis was supported by the stereoselective
polymerization oimeseLA with Phy,IMes at—40 °C to yield
a heterotactic PLA with &; = 0.83 (Scheme 24).

7.3. Methods of Carbene Delivery

The wide utility of NHCs as ligands in organometallic
chemistry and as organic catalysts has motivated efforts to
generate these active intermediates in situ. While a variety
of NHCs are isolable, the synthesis of these reactive species
is not always straightforward to the uninitiated. The stability
and air and moisture sensitivity of the reactive species

anism, they do not rule out an alcohol-activation mechanism. depends sensitively on the structure of the carbene. A variety
In fact, as discussed elsewhere in this review, the use ofof techniques have been reported for the generation of
strong neutral bases to activate alcohol nucleophiles for ring- carbenes from more readily available precursors; the choice
opening reactions is a viable and useful strategy for mediatingamong various methods depends on the nature of the carbene
ROP and could well be a competitive process for the ROP as well as the compatibility of the generation method to the
of lactones in the presence of NHCs. reaction of interest.
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Scheme 24. Stereoselective Polymerization mdc- and meseLA with Ph ;IMes 27
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7.3.1. In situ Deprotonation of Imidazolium and Triazolium ratio. Controlled polymerizations could be achieved with

Salts catalyst/initiator/LA ratios as low as 1/80/1200.

The deprotonation of thiazolium, imidazolium, or triazo- ~ An extension of this methodology involves the use of
lium salts is a common method for generating carbenes. Theimidazolium-derived ionic liquid$”2% both as catalyst
in situ deprotonation of imidazolium salts with substoichio- reservoirs and solvents for transesterification and ROP.
metric amounts oftert-butoxide prior to the addition of ~ Polymerizations using ionic liquids have been performed
substrates leads to similar activities and yields for transes-using two different approaches. In the first method, the
terificationt”® and ROP reaction$3188 This procedure en- ~ polymerization was performed in neat ionic liquid, which
abled the rapid screening of a variety of carbenes (some ofserves as both the solvent and catalyst source. LA poly-
which are too reactive to isolate) for the ROP of cyclic esters. merization was performed in neat 1-ethyl-3-methylimidaza-
High molecular weight PLASNl, > 25 000 g/mol) were lium tetrafluoroborate activated with the base potassntn
synthesized within 10 min at room temperature using butoxide and benzyl alcohol as the initiator. Under these
carbenes generated from the imidazolium salts of the IMeEt conditions, the reaction proceeded to 50% conversion in 10

17, IMes 18, and IDipp22 carbenes. LA polymerization was
performed in THF or toluene with catalytic activity showing
little solvent dependence. Catalyst ratios of 6-:25 equiv

relative to the initiating alcohol (benzyl alcohol) for target

DPs > 100 produced narrowly dispersed PLA irr2 M

min before polymer precipitation occurred from the ionic
liquid. An alternative method utilized a THF/ionic liquid

mixture, resulting in a biphasic polymerization in which the
ionic liquid served as a catalyst reservoir (Scheme 25).
Migration of the generated NHC to the organic phase

THF LA solutions. Higher monomer concentrations or effectively leads to the ROP of LA to produce high molecular
catalyst-to-initiator ratios resulted in broadened PDi4.Q). weight PLAs M, > 24 000 g/mol) with PDIs of 1.4.

The preparation of narrowly dispersed oligomers could be Polymerizations were terminated by the addition of acid to
achieved with a significant reduction in catalyst/initiator/LA regenerate the imidazolium precursor, and the resulting
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Scheme 25. LA Polymerization Using a Biphasic lonic LiquiecNHC System
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polymer was readily extracted by removal of the THF layer. Scheme 26. Catalyst Generation and ROP of LA from
The same liquid reservoir was reused for subsequent po-Silver(l) Carbene Complexes

lymerization, thus demonstrating a reaction/recycle protocol. R R, AgCl,
11 2 R1
7.3.2. Silver(l) NHC Complexes [N/;_?g :<N] | N 5 Al
—_— 2 o+
Silver(l) NHC complexes are commonly employed as —N N [N> 9 i

transmetallating agents to generate other transition metal R; R catalyst generation R,
carbene complexéd! As these silver complexes are readily

prepared from imidazolium salts and Ag?'2 many structur- 30, R, =Me, R, = Et

ally diverse Ag-NHC complexes have been synthesized and 31, Ry = R; = 2,4,6-Me3CgH,

characterized. The catalytic application of AYHCs has

been relatively unexploredd! These silver Ag-NHCs can R,
be used directly as catalyst precursors for transesterification 0 ®N3
and ROP reactiond32The thermal stability of the silver

carbene complexe30 and 31 (Scheme 26) was studied by
DSC and thermogravimetric analysis (TGA). Compo@Gid propagation cycle Om)\ ROH
was found to be stable below 25€, while 30 showed o f
thermal decomposition at 89°Z. Upon heating compound

30 at 60 °C with carbon disulfide in THF, a zwitterionic n\)L
carbon disulfide species is formed, implicating the formation o\”)\
of the free carbene. The polymerization of L-LA catalyzed

by 30in the presence of the 1-pyrenebutanol as the initiator
at 60°C is significantly slower than the analogous IMeEt (o)

17 carbene generated in situ from the imidazolium'8&lt R'OQ%O%VO%"

(90% conversion after 12 h), generating PLA with a n

molecular weightM,, of 26 000 g/mol and PDI of 1.12 by ©

GPC with no racemization of LA observed. Though com- Of the catalytic species. Silver carbene complexes are also
pound31 showed no strong thermal transitions at 2Q0 it active catalysts for the ROP of L-LA at 16C in the bulk

is capable of catalyzing the polymerization of L-LA at a in4 hwith high conversion, but relatively broad PDls (122
much slower rate (95% conversion after 72 h at 10D to 1.47) are obtained under these conditiéfis.

yield PLA with a narrow PDI (1.17). The resulting catalytic . . .
activity is likely due to the small concentration of free Z\gdf’;c’éd_dﬁcg Pﬁ”;gg ';\rl‘znlzl Igg%{son Carbenes into
carbene in solution that is able to polymerize LA. Alterna- ! !

tively, the silver carbene complex may be able to polymerize  Wanzlick has shown that NHCs will undergo insertion into
LA directly, as recently established for Zn carbene com- acidic C-H and O-H bonds!*” Subsequent studies dem-
plexes?°® More studies are warranted to address the natureonstrated that the saturated imidazol-2-ylidene cartiehe
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Scheme 27. Various Chloroform and Fluoro-substituted

Arene NHC Adducts and Their Preparation

Kamber et al.

Scheme 28. Preparation of NHG-Alcohol Adducts
Method A: Synthesis from free carbene
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Mes Mes > KH Mes— >< ~Mes
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I:NXR N, . R Scheme 29. Polymerization of LA with Alcohol Adducts of
N H [N> . H Saturated Carbenes
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o H OR
cleanly undergoes insertion with compounds containing n o R\OPK(O o]“"
acidic C—H bonds to form stable imidazolines (subsequently THF 0 n
referred to as alkane adducts of NHCs), whereas correspond- o
ing unsaturated carbenes lead to a complicated mixture of
products?16-219 adducts were much less active, even at 1@4and led to

Following a strategy devised by Wanzlick and Loechel in less well-controlled polymerization, resulting in broader PDIs
1953220the synthesis of NHC adducts by an acid-catalyzed (1.52). The differences in catalytic activity were attributed
condensation of diamines with various substituted benzal- to the relative stabilities of the alkane adducts.
dehydes has been described (Scheme®2A% elevated . ..
temperatures, the carberadduct bond is cleaved and the /-3-4- Single-Component Catalyst/Initiators
free carbene is released into solution. The thermoloysis of = The imidazolin-2-ylidene carbenes were shown by Lach-
these stable chloroform and fluoro-substituted arene adductsmann and Wanzlick to insert into-€H bonds to generate
was found to be highly dependent on the nature of the alcohol adducts (ester amina&3,??* structurally analogous
substituents on the carbene and adduct, providing a conve+o the Brederick reagent (Md),CH(Ot-Bu).””7°Grubbs and
nient way for tuning the rate of generation of the saturated co-workers$486.222Blechert and co-worket& have utilized
carbenes in situ. these alcohol adducts to deliver NHCs to transition metal

Comparisons of the first-order rate constants of elimination complexes. Théeert-butanol adduct of SIMe82 (where R
of the haloalkane or arene from the addugts{CHCI3) = = t-Bu) reacts with transition metals at room temperaffre,
1.86 x 10°° 5%, kopd CeFsH) = 8.39 x 10°° st at 39°C) to generate transition metatarbene complexes. Alcohol
revealed that the rate of generation of the carbene was quiteadducts of SIMes32 can be prepared by several routes
sensitive to the nature of the adduct. These adducts werg(Scheme 28), and the methanol adduct was structurally
found to be effective catalyst precursors for the ROP of L-LA characterized® These adducts readily eliminates alcohol at
(as well as useful sources of carbenes as ligands for transitiorroom temperature to generate the free carbene, as established
metal complexesy. Reactions were performed in the pres- by trapping studies with GS
ence of a benzyl alcohol initiator and 1.5 equiv of NHC  These carbene adducts function as single-component
adduct (parts ad of Scheme 27) relative to the initiator in  catalyst/initiators for the ROP of LA at room temperattfie.

1-2 M THF or toluene solution. End-group fidelity was Polymerizations using these adducts (Scheme 29) were
demonstrated by bothtH NMR and UV—GPC. The ef- performed in THF with a monomer-to-adduct ratio of 100,
fectiveness of these adducts for the ROP of LA depends onresulting in polymers with controlled molecular weights and
the nature of both the alkane liberated and tiaryl PDIs (1.18-1.34) in 10 min at room temperature. End-group
substituent on the imidazoline. The chloroform and perfluo- fidelity was observed byH NMR and UV-GPC analysis.
rophenyl adducts of SIMes catalyze the ROP of LA at 65 Slight increases in PDIs with increased reaction time suggest
°C to high monomer conversion after 3 h, while the thatthe adducts also catalyze transesterification reactions at
tetrafluorophenyl adduct was less active, polymerizing LA high monomer conversion. To further demonstrate the
to modest monomer conversion after 24 h under the sameversatility of this system, various multifunctional adducts
conditions (PDE 1.10-1.15). The 1,3-diphenylimidazoline  (Figure 12) were prepared and used for LA polymerization
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Scheme 30. ROP of LA Using the Triaz 15 Carbene
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Scheme 31. Proposed Mechanism for ROP with Reversible
Activation and Deactivation of Alcohol End Groups
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generate PLAs with narrow PDIs (1.09). These polymeriza-
tions are very well-controlled under these conditions, pro-
ceeding with first-order kinetics and exhibiting a linear
correlation between molecular weight and conversion. At-
tractive features of this system are that the polymerization
can be reversibly terminated simply by modulating the
temperature-at room temperature, polymerization ceases;
increasing the temperature to 9C reinitiates the poly-
merization. Moreover, in contrast to behavior observed with
IMes 18 or SIMes 14, very little transesterification is
observed at high monomer conversion, as evidenced by the
negligible increase in PDIs (1.£3.29) upon heating the
polymer sample for 12 h at 90C.187.224

The exceptional control observed in this system is at-
tributed to the reversible formation of a dormant alkoxyl
triazoline, which keeps both the free carbene and the alcohol
chain ends at a low concentration, thereby minimizing the

N~pPh

to produce block copolymers, telechelic polymers, and star rate of transesterification of the polymer (Scheme 31). This
polymers!88 The alcohol adducts of SIMes show comparable reversible interconversion between dormant and active sites
behavior to the isolated SIMe$4 carbene or SIMed4 (which in this case is tunable by modulating the temperature)
generated in situ from the imidazolium salt for the ROP of is @ common feature of many living polymerization systems,

LA. 186
The commercially available triazolylidene Tridlb is

such as modern controlled radical polymerization reacfins.
The reversible formation of a “dormant” alcohol adduct by

much less active for ROP than the analogous imidazol-2- combination of the free carbene with the propagating alcohol

ylidenes such as IMeE3 or the imidazolin-2-ylidenes such

chain end leads to reversible deactivation, thus maintaining

as SIMesl4. Mechanistic studies indicate that the attenuated @ low concentration of catalyst in solution.

activities of the triazole carberib are due to the formation

The extraordinary selectivity of Trial5 also enabled the

of alcohol adducts, which, in contrast to those derived from controlled ROP of BL to poly(hydroxybutyrate)s (PHB)s.

the saturated imidazolinylidene SIMéd, are much more

The ROP of BL is of particular importance because it

thermally stable and essentially inactive as polymerization provides a synthetic entry to poly(hydroxyalkanoates), an
catalysts at room temperature. Enders et al. had shown thatimportant class of biomacromolecules that are produced by

at room temperature, the triazole carbdiereacts rapidly
with methanol to generate the methoxytriazol88'4’ This

microorganism$26-22’The ROP of BL is challenging in that
ring-opening can proceed by bond breaking either between

adduct is stable at room temperature but dissociates at 9Gthe carbonyl carbon and oxygen atom of fh&actone ring
°C to the methanol adduct with an equilibrium constant of (acyl cleavage), resulting in retention in stereochemistry, or

K = 0.15 (Scheme 30§72
The ROP of LA at 90°C with either the adduct or with

between thes-carbon and oxygen atom (alkyl cleavage),
leading to inversion of configuration and loss of end-group

the triazole carbene in the presence of alcohol initiators is fidelity.??222° An additional complication is that poly-

slower than that with IMe4&8, but at a monomer-to-initiator

(hydroxyalkanoates) are extraordinarily base-sensitive and

ratio of 100 proceeds with high conversion in 50 h to are readily deprotonated by bases to eliminate crotonates and
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Scheme 32. Ring-Opening Polymerization of BL Using Scheme 33. Synthesis of H-shaped Block Copolymers by
Triaz 15 Initiation from Telechelic Diamine Macromonomers
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propagating alcohol as well as an electrophilic component
carboxylate$3*-23" The resultant carboxylates are themselves in the form of the cyclic monomer. The classic coordination/
initiators for polymerization of BL by alkyl cleavage, leading  insertion mechanism primarily involves electrophilic activa-
to loss of control and end-group fidelity. tion of the monomer by Lewis acidic metal cations such as
The polymerization ofac-BL initiated from methanol and  Sn(l1).242 Development of small-molecule ROP organocata-
Triaz 15was performed at 88C in toluene with and without  |ysts by including organic Lewis acids therefore provides a
tert-butanol as an additive as shown in Scheme 32. The complementary path to accelerate or control ROP. As
addition oftert-butanol was expected to tie up the reactive described elsewhere in this issue, ureas and thioureas are
carbene as a reversible adduct. End-group fidelity and peing intensely studied as organocatalysts for a number of
predictable molecular weights, particularly for targeted DPs small-molecule transformatio3243 A transformation par-
of 200 or less, were demonstrated for the polymerizations ticularly relevant to ROP is the dynamic kinetic resolution
with t_he tgrt—butanol addmve._ However, polymerlzat|on of azlactones by selective ring-opening of the appropriate
targeting higher molecular weights (DPs ranging from 250 enantiomer reported by Berkessel and co-work&ré*¢ The
to 450), generally accompanied by long reaction times, bifunctional catalysts used, including some originally de-
showed broadening in the PDIs (1:10.15). Moreover, for  scribed by Takemoto and co-workers for other small-
these high molecular weights, a small amount of crotonate molecule transformatiort4’249 depend on the presence of
was observed+25% of total chain ends), consistent with a  both of an electrophile-activating thiourea and a nucleophile-
second mode of polymerization. The loss of control and end- activating amine, making them suitable for dual activation
group fidelity at the high molecular weights is consistent of an electrophilic lactone and nucleophilic alcohol in ROP.

with that observed by Coates and co-work&fs. A bifunctional thiourea-amine34 was tested for solution
. o . . ROP of LA and provided PLA with controlled molecular
7.3.5. Amino-Adducts: Initiation from Primary Amines weights, end-groups defined by the added initiating alcohols,

Because saturated imidazolinylidenes and triazolylidenesand low PDIs (Scheme 34)° While the rate of polymeri-
also undergo N-H insertion reactions with amines to yield zation is significantly slower (reaction time of 482 h under
amino adduct$}7-238239rimary amines were investigated as typical conditions) than that found for NHC catalysts, an
initiators for the ROP of LA. Remarkably, primary amines interesting feature of the thiourea-catalyzed polymerization
act as bifunctional initiators to generate two chains per is that prolonged reaction times led to negligible broadening
initiating amine, enabling the facile construction of branched of the PDI even at near-complete conversion, indicating that
block copolymers from amine-terminated macromonomers. little transesterification of the linear polymer occurs. Chain

Polymerization of LA from bis(3-aminopropyl)PE®A = extension of the PLA could be achieved simply by addition
3400 g/mol) in the presence the triazole carbene yielded of more monomer; in parallel, initiation from monohydroxy-
the H-shaped block copolymeM( = 9 600 g/mol, PDI= terminated macroinitiators gives well-defined block copoly-

1.09) after 71 h at 90C (Scheme 33} This result is in ~ mers (vide infra). _ _ o
marked contrast to organometallic promotors where only one  Mechanistic and theoretical studies support a bifunctional
chain is initiated from primary amines, generating an amide mechanism involving activation of both the LA monomer

end group! and the alcohol nucleophif&® Moreover, a mixture of the
thiourea35 (Scheme 35) and a tertiary amine is also effective

8. Bifunctional Organocatalysis Using H-Bonding for the ROP of Iact_one%if’.0 Screening studies demonstrated

Thioureas that a variety of thioureaamine combinations were found

to be catalytically active for ROP of LA! Electron-
The increased activity of NHCs versus DMAP for ROP withdrawing groups on the aryl group of the thiourea generate
of lactones is a result of the increased nucleophilicity and/ higher rates of catalysis, in agreement with the thiourea’s
or basicity of the NHCs. However, ROP involves both a proposed role as a H-bonding activator for activating the
nucleophilic component in the form of the initiating or monomer® Similarly, increased basicity of the amine
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Scheme 34. Proposed Activation Pathway for LA ROP N N N
Using a Bifunctional Thiourea Catalyst \/j O\ﬁ (\/)\/j
N N"N N” N

CF;

|
S CH;
L DBU TBD MTBD
FsC N

” H NMe Figure 13. Chemical structures of DBU, TBD, and MTBD.
2

34
Trimethylene carbonate (TMC) can be polymerized by

thiourea-amine catalysts with control similar to that found

o when polymerizing LA® 'H NMR studies paralleling those
\HLO performed with cyclic esters again show that the thiourea
n oo 71)\ +ROH associates more strongly with cyclic carbonate when com-
pared to a linear carbonate, providing support for a similar
0 rationale for the lack of polymer scrambling observed. The
thiourea-amine catalysts were found to be ineffective for
B CF, ks polymerization of cyclic esters other than LA and glycolide,
such as VL or caprolactone; more basic amines are necessary
j’\ (vide infra).
FiC NTON . . .
activationof N H N 9. Amidine and Guanidine Organocatalysis
e
electrop h//e»/z‘/\l-\l The acceleration of ROP found when substituting more
4 o  O-r basic (-)-sparteine for other tertiary amines in the thiourea
7,/K acti\;tation of amine cocatalysts can be extrapolated to the use of even
o nucleophile stronger bases as cocatalysts: the so-called “superbases”,
such as amidines, guanidines, and phosphazenes. These

compounds have been investigated as small-molecule trans-
esterification catalysts32%3 The use of the superbasic
guanidine 1,4,7-triazabicyclodecene (TBD) under melt con-
ditions to polymerize various lactones has been described;
variable molecular weights and high PDIs were ob-
o served®+25%5Similarly, the amidine 1,8-diazabicycloundec-
R o H 7-ene (DBU) has been used for ROP of cyclic carbonate
‘OPH/ O]\n and lactone monomers in the m&.25” Studies by mass
(e} spectrometry showed incorporation of DBU into the poly-
carbonate, suggesting a dual role as a pseudo-anionic catalyst

Scheme 35. Synthesis of Thiourea Catalyst 35 and as an initiator.
CFs CFs Screening studies showed that DBU, TBD, aithethyl
s TBD (MTBD) (Figure 13) are highly active catalysts for
/@\ + /O —’/©\ L O solution-phase ROP of LA in nonpolar solvents. In contrast
FsC Ncs  HeN FsC NN to the thiourea-amine systems, their basicities are such that
the thiourea is unnecessary for LA polymerization, and
35 complete conversions are reached significantly faster than

even with the thioureasparteine cocatalyst systefi Cyclic
component accelerated polymerization, presumably due to€Sters such as VL and CL can be polymerized by TBD alone;
basic activation of the propagating alcoholic chain end. Poth DBU and MTBD can only polymerize these monomers
Though the structural possibilities have not been explored i the presence of the thiourea cocatal§S¢°2 In contrast
exhaustively, the most active thioureamine cocatalyst to the melt polymerlzatlon results, no catalys_t is incorporated
system found so far consists of thiour@ain combination ~ Nt© the polymer, with the end group defined by added

with the natural product-()-sparteine. alcoholic.initiators. . . )
The interactions of the thiourea cocatal@stwith cyclic The helghtened activity of TBD in comparison to the other
Yy superbases is striking and approaches that of the NHC

versus linear esters were studied 1y NMR.?2 Titration catalysts’H NMR experiments show that TBD is the most
studies indicated that the association constants for the binding,a¢ic of the aforementioned superba®&gdowever, the

of lactones to the thioureas were40. In contrast, the  gjfference in pKa between TBD and MTBD is not much
association constants for linear esters were too low to benore than the difference between MTBD and DBU. A key
estimated by NMR methods. The higher affinity of the stryctural difference in TBD is that it contains two accessible
thiourea for the cyclic ester monomer relative to the linear nitrogen atoms, while MTBD and DBU are essentially
ester polymer is likely the origin of the exquisite specificity monofunctional. The enhanced functionality of TBD was
of this catalyst system for ring-opening relative to transes- demonstrated by a model reaction in which TBD was
terification. The thiourea is not inhibited by associating with acylated by a reactive vinyl ester, forming a stable acyl
the polymer, and transesterification of the polymer chain is TBD intermediate36 (Scheme 3658 In the presence of
minimized because its ester linkages are poor substrates foexcess alcohol, the acylTBD intermediate36 acylates the
activation by the thiourea. alcohol regenerating TBD and the ester.
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Scheme 36. Model Acyl Transfer Reaction copolymer synthesi®. Several other routes have been
0 o realized as well, including controlled radical polymeriza-
tion 212.266.267 |iying cationic polymerizatior§;?5826% group
fN/j /\OJ\ N Ph” OH Ph/\oJ\ transfer?’-2"2 metathesis polymerizaticti3-?"4ring-opening
P C)\j + polymerizatior?’>2"7 or combinations of these techniques.
N© N \o' N~ °N N Recently, block copolymers and, in particular, block co-
/J*o C)\/j (polyesters) have shown great promise in both nanoscale
36 N ” patterning of microelectronics and biomedical applications,

due to the variety of two- and three-dimensional morphol-
ogies that can be constructed and the (bio)degradability of
polyester segments. Organocatalytic strategies that avoid
introducing any metallic catalysts appear highly advanta-

N geous.
(\)N\ﬁ %» @J\/Nj The significant rate differences observed when different
N” "N o & Me cyclic esters are homopolymerized using organocatalysts (LA
o > VL > CL) are reflected when random copolymerizations
are attempteéf’?52For example, when an equimolar mixture
of LA and CL was subjected to superbasic organocatalytic
ROP conditions at room temperature, the fastest propagating

Scheme 37. Proposed Dual Activation of Monomer and
Initiator for ROP of Lactones

CN/j monomer (LA) polymerized first to>95% conversion.
o) N/)\N Subsequently, the so-formed PLA backbone began to trans-
" H esterify, leading to broadening PDIs, and ring-opening of

n[ @ *ROH CL was negligible. Similarly, if LA was homopolymerized
. first and CL was added afterward, the PDI increased and
littte CL polymerized. Organocatalysts, therefore, appear
unsuitable for the synthesis of random copolyesters, unless
§ = ; , Sgll: the reactants can be allowed to thoroughly transesterify and

the resulting high PDIs are tolerable.
Block copolyesters of LA, VL, and/or CL have been
o synthesized using superbasic organocatalysts by sequential
R\OPW/\(J’H addition of two different cyclic ester monomeérs252Control
X “n was achieved by first ring-opening the slower-propagating
monomer (e.g., CL or VL) to 70% conversion, then adding
In contrast, DBU and MTBD showed no reactivity with  the faster-propagating monomer (e.g., VL or LA), and finally
vinyl acetate. These studies suggest a novel monomer-quenching the reaction after 95% conversion of the second
activated mechanism for the ring-opening by TBD involving monomer. Clean chain extensions were observed when this
acylation of TBD by the lactone, followed by displacement procedure was followed and the PDIs of the final block
of the acylated TBD to the chain-end alcohol (Scheme 37). copolymers remained narrow, indicating efficient crossover
Isolation and characterization of a ring-opened intermediate reactions. Importantly, integration of the NMR signal from
resulting from the reaction of TBD with BL provides support monomer left over from the first stage does not change during
for this proposed mechanist. An alternative mechanistic ~ the course of polymerization of the second monomer,
possibility more closely related to the proposed mechanism demonstrating the consistent selectivity of the organocata-
of the thiourea-amine systems is that TBD behaves simul- lysts. Interestingly, TBD alone, DBU/thiourea, and MTBD/
taneously as both a hydrogen-bond donor to the monomerthiourea show similar copolymerization behaviors in ROP.
via the N—H site and also a hydrogen-bond acceptor to the The reaction time for a DP of 100 in each of the blocks is
hydroxylic proton of the propagating alcohol, achieving much shorter for TBD, and lower catalyst loadings are
activation of both the electrophile and the nucleophile. required.
Literature reports of reactions catalyzed either by thiotrea
amine bifunctional catalysts or by TBD alone lend credence 11, Extension to Other Strained Cyclic
to the latter mechanisf$®26* Computational studies are Heterocyclic Monomers
underway to distinguish the two mechanisms.

_—

The successful pursuit of organocatalytic methods for the

ROP of LA and the basic understanding of the polymeriza-

10. Block Copolymers tion mechanism has motivated the synthesis of other strained
Block copolymers display remarkable phase behavior and heterocyclic monomers. For instance, the incorporation of
are industrially important as thermoplastic elastoni&s, reactive functional groups into polyesters would allow for
impact modifiers®3 compatibilization agent¥/and surfac-  covalent attachment of moieties suitable for a variety of

tants?%® The novel properties that arise in block copolymers purposes, such as the growth of polymer brushes or the
when compared to random copolymers result from mi- attachment of bioactive molecules for drug delivery. A route
crophase separation of the components. A generally recog-o functionalized polymers more amenable than LA deriva-
nized prerequisite for well-defined phase behavior is to have tives is to use structurally similar morpholine-2,6-dione
low PDiIs for each of the blocks (generally PBI1.3), and (MDO) monomers. These cyclic esters resemble LA, but one
especially precise synthetic techniques are required for of the cyclic esters is replaced with a cyclic amide. As shown

control of molecular weight and PDI. In particular, anionic in Scheme 38, retrosyntheses of MDOs show that they are

polymerization has been successfully applied for block derived from anx-hydroxy acid and am-amino acid, and
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Scheme 38. Preparation of MDOs
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Scheme 39. ROP of MDO Using ThioureaAmine Catalyst
System
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a procedure for MDO synthesis based on these synthons

using no covalent protecting groups is available. Clearly, the
ready commercial availability of a wide range of natural and
non-naturala-amino acids should allow for a selection of

functional groups to be incorporated into MDO monomers.

The polymerization of MDO monomers using organome-
tallic complexes has met with varying succé$s?8? Po-
lymerization using NHCs resulted in low molecular weight
polymer with no control, presumably since the amides can
initiate polymerization in the presence of NHC. In previous
studies of LA polymerization using thioureamine catalyst
systems, the thioure?b with (—)-sparteine (NRin Scheme
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Scheme 40. ROP of Various Monomers Using NHC
Catalysts
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conversion after 48 h. Narrowly dispersed products were
obtained with end-group fidelity.

Organocatalytic methods to effect the ROP of TMC and
substituted analogs of TMC, the effect of substituents on
polymerization kinetics, and attempts to build block and
random carbonate copolymers have been investigéted.
Well-controlled polymerization of TMC using a variety of
organocatalysts including NHCs resulted in polycarbonates
with molecular weights up to 50 000 g/mol with narrow PDIs
(<1.08) and good end-group fidelity (Scheme 40). Poly-
merizations were performed in a 2.0 M solution of £
using benzyl alcohol as the initiator with a targeted DO of
50. Reaction times were dependent on the type of NHC
employed. For example, carbene M& 25 was able to
polymerize TMC in seconds, but led to broadened PBR)(
The high reactivity is likely due to the high basicity of the
alkyl-substituted carbene. Polymerizations with the more
sterically encumbered and less basic carbene I3@p
resulted in a higher degree of control, as exhibited by a
narrower PDI of 1.06 after 30 min. Among the other
organocatalysts surveyed for TMC polymerization, TBD
exhibited activities as high as that of the carbenes, with slight
broadening in PDIs+1.3), but could be employed to achieve
DP as high as 420. MTBD and DBU had moderate activities
with greater control over PDIs (1.28 and 1.04, respectively).
Thiourea-amine catalysts are also effective, though signifi-
cantly slower, achieving 90% conversions in hours to days.
Despite the long reaction times, PDIs remain lowd(09),
indicating that little scrambling takes place. A brief NMR
study of the thioureacarbonate interaction showed that
linear carbonates bind to the thiourea cocatalyst with much
lower affinity than seen for the cyclic carbonate, paralleling
results seen for linear versus cyclic esters (vide supra).

An organocatalytic route to narrowly dispersed poly-
(siloxanes) and poly(carbosiloxanes) of predictable molecular
weights and end-group fidelity has been descriiédmong
the various organocatalysts employed, NHCs efficiently
catalyze the ring-opening of cyclic silylethers. Polymerization
of TMOSC (2 M toluene solution) with a primary alcohol
initiator in the presence of NHC catalyst produced polymers
with M, up to 10 000 g/mol and narrow PDIs (1:14.19)

39) as the amine gave the most rapid rate of ROP, without (Scheme 40). Reactions with IMek8 carbene reached

causing detrimental transesterification of the polymer chains.

complete conversion within 1 h, whereas polymerizations

This catalyst system was subsequently used to successfullyusing carbene M#Pr 25 were essentially complete in 1 min,

polymerize MDO?83 Polymerization of the MDOs was found
to be significantly slower in comparison to LA: while LA

implying that the more basic carbene M 25is the more-
efficient catalyst. However, high activities do not appear to

polymerizations reached near-quantitative conversions in 2be solely the consequence of high basicity. When TBD and
h, under the same conditions, MDOs failed to reach complete MTBD were screened for the ROP of TMOSC, only the
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Scheme 41. Bifunctional Initiators Capable of Both ROP Using the Hydroxyl Group as Initiator and CRP Using the
Alkoxyamine for NMP and the Dithioester Group for RAFT

QDEL; T/Q/\OH TE/S\\EN\/\OH

‘ 125 °C R1/f 60°C
0”7 "OR,
R
- ssl R
OH
e PAINEs
Sigie SN
¢ N
(e} 0
o 35 (10%) K 35 (10%)
: (0] (-)-sparteine (5%)
_ (0] (-)-sparteine (5%) 50-100 eq
50-100eq [ | CHyCly, RT O\ | CHCl, RT
3 o)
¥ roftyoghor A i
© oo | SN °

Ry =H, Ry = C(CHy);

R1 = CH3, R2 = CH3

R1 = CH3, R2 = CH2CH20H

R1 = CH3, R2 = CHchzN(CHg,)Z

former was an active catalyst. The use of TBD for the ROP be highly suitable for sequential growth of block copolymer
of TMOSC required longer reaction times but with the segments by combining controlled radical polymerization
benefits of slightly better control (PB4 1.05), and minimal ~ (CRP) and ROP techniques (Scheme #3.58Macroinitia-
transetherification was noted even after complete monomertors prepared by established NMP or RAFT procedures were
conversion. When compared to mechanisms proposed forsuccessfully chain-extended by organocatalytic ROP of
polymerization of cyclic ethers, monomer transfer to the LA,%4251VL, CL, TMC,*®° D3, and TMOSC?° The poly-
catalyst seems unlikely for the silyl ethers, leaving hydrogen- vinylic macroinitiators used include hydroxyfunctional poly-
bonding activation of the initiating alcohol or propagating styrene (PS) and poljN-dimethylacrylamide) (PDMA)
silanol to the NHC or TBD as the most likely mechanism. prepared by NMP and hydroxyfunctional poly(methyl meth-
The ROP of D3% (Scheme 40) and other cyclic silox- acrylate) (PMMA), poly(-butyl acrylate) (PtBA), poly{l,N-
aned can also be carried out with organic catalysts. dimethylaminoethylmethacrylate) (PDMAEMA), poly(2-
Compared with the ROP of TMOSC, the ROP of D3 using Vinylpyridine) (P2VP)"?%3and polystyrendslockpoly(methyl
NHCs proceeded with less control as shown by broader methacrylate) (P®-PMMA) prepared by RAFF>!
molecular weight distributions (PD¥ 1.4). The lack of Differences are observed when using different ROP
control was circumvented by using the slightly less active organocatalysts for these sequential CRP/ROP syntheses,
TBD catalyst, which could produce polymer from D3 with making judicious choice of the catalyst important. For

narrow molecular weight distributions (PB4 1.2). instance, when LA was polymerized using PDMAEMA or
P2VP macroinitiators generated by RAFT using the triaz-
12. Disparate Polymerization Techniques olylidene carbene as catalyst at 90, the RAFT end group

was lost during the process. Moreover, PDIs broadened and
Modern controlled radical polymerizations are capable of the length of the second block remained relatively short

producing polyvinylic materials with the controlled molecular before control was logt* For PS and PDMA macroinitiators,
weights and PDIs necessary for good microphase separationthe triazolylidene catalyst was again inappropriate: in
Two methods, nitroxide-mediated polymerization (NMP) and toluene, the preferred solvent, it is believed that micelles
radical addition fragmentation and chain transfer (RAFT), formed with vitrified PLA cores, hampering further poly-
rely on living organic radicals and, therefore, avoid the merization and limiting conversion. When using thiourea
introduction of metallic reagents. Moreover, these radical tertiary amine cocatalyst systems, much better control over
reactions are orthogonal in nature to the functionalities the second block was observed for LA chain extension. The
associated with ROP. Bifunctional initiators were found to sensitive RAFT thioester end group was retained in these
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cases, highlighting the mildness of the thioure@anine- (17) Bredig, G.; Fiske, P. Biochem. 21912 46, 7.
catalyzed ROP conditions. When using the superbasic (18) Hajos, Z. G Parish, D. Rl. Org. Chem1974 39, 1615,

(19) Dalko, P. I.; Moisan, LAngew. Chem., Int. EQR001, 40, 3726.
catalysts TBD, DBU, and MTBD, RAFT end groups on the  (20) paiko. P. I. Moisan, LAngew. Chem., Int. E®004 43, 5138.

macroinitiators were again unstable. Nevertheless, when (21) Enders, D.; Balensiefer, Acc. Chem. Re2004 37, 534.
using TBD, DBU/thiourea, and MTBD/thiourea, PS and gg; f-e?ygd’i'; LISIJ, wfsg-,Bloggbggify&O&& 719.

. . ist, B.; Yang, J. cienc .
PDMA macroinitiators were successful in the growth by ROP (24) Lelais, G.: Macmillan, D. W. CAldrichim. Acta2006 39, 79.
of LA, VL, CL, TMC, and TMOSC segmented block

) ! (25) Taylor, M. S.; Jacobsen, E. Mingew. Chem., Int. EQR006 45,
copolymers. Commercially available monohydroxy-func- 1520.

tionalized PEO could also be successfully chain-extended (26) Berkessel, A.. Gger, H. Asymmetric Organocafalysis: From

. I Biomimetic Ci ts to Applicati in A tric Synthéélsy-
using the appropriate ROP organocataly&tgs! v'é’.T;'m\f/é?nh‘é?ri?%ir%aﬁﬁ,g%gﬁs " Asymmetrc Syninésiey

(27) Kricheldorf, H. R.; Berl, M.; Scharnagl, NMlacromoleculesl 988
21, 286.

(28) Degee, P.; Dubois, P.; Jerome, R.; Jacobsen, S.; Fritz, H.-G.
Macromol. Symp1999 144, 289.

(29) Gibson, V. C.; Marshall, E. IlComprehensie Coord. Chem. |IR004
9 1.

13. Conclusions

The ring-opening polymerization of lactones and other
strained cyclic monomers provides an efficient route to
thermoplastics derived from renewable resoufé¢edrga- ¢ e, B Al
nocatalytic methods for .ROP provide a complementary (31) Crr?igﬁblm,]ﬁﬂ.H.;Gallucci,J.;Phomphrai,&hem. Commur2003
approach to those mediated by metal alkoxdde$ or 28,
enzymes?244459¥% The rates and selectivities of organo-  (32) Albertsson, A. C.; Varma, I. KBiomacromolecule2003 4, 1466.
catalysts can be competitive with the most active and (33) Hedrick, J. L.; Magbitang, T.; Connor, E. F.; Glauser, T.; Volksen,

selective metal-based or enzyme catalysts. Moreover, the \év'ég'oeé""ker' C.J; Lee, V. Y.; Miller, R. DChem-—Eur. J. 2002

different mechanisms of enchainment engendered by the (34) wender, P. A.: Handy, S. T.; Wright, D. Chem. Ind.1997, 756.
different classes of organocatalysts provide new opportunities (35) Odian, GPrinciples of Polymerizatiorth ed.; Wiley-Interscience:

for the controlled synthesis of macromolecules. For example, Hoboken, NJ, 2004.
the thi b d catalvst hibit kabl lectiviti (36) Trost, B. M.Sciencel991, 254, 1471.
€ thiourea-based catalysts exnibit remarkable selectvilies (37) Drumright, R. E.; Gruber, P. R.; Henton, D. &dv. Mater. 200Q

for ring-opening relative to transesterification (section 8), 12, 1841.
and the carbene-derived catalysts enable the facile synthesis(38) Flory, P. JJ. Am. Chem. S0d.94Q 62, 1561.
of novel polymer architectures such as cyclic polyesters (3% Gold, L.J. Chem. Physi95 2§, 91.

. . ! 40) Beste, L. F.; Hall, H.'KJ. Phys. Cheml964 68, 269.
(section 7.2.2) or H-shaped triblock copolymers (section §41§ Pepper, D. CEur. Polym. J_fégQ 16, 407_4

7.3.5). These advances, coupled with those from enzymatic (42) Penczek, S.; Duda, A.; Szymanski, R.; BielaMacromol. Symp.

and metal-based methods for ring-opening, provide the @) ngg?n;ﬁikil-wacmmol Theory SImuLloss 7, 27

synthetic chem|s:t with a powerful class of strategies to (44) Gross, R. A.- Kumar, A.: Kalra, Bchem. Re. 2001 101, 2097.

challenge nature’s monopoly on the construction of macro- (45) Kobayashi, SMacromol. Symp2006 240, 178.

molecules with well-defined structure and function. (46) gi;h%ciorf, H. R Jonte, J. M.; Dunsing, Rlakromol. Chem1986

(47) Kriéheldbrﬁ H. R.; Dunsing, R.; Serra, AMacromoleculesl987,
20, 2050.

(48) Kricheldorf, H. R.; Dunsing, RMakromol. Chem1986 187, 1611.

(49) Kricheldorf, H. R.; Kreiser, IMakromol. Chem1987, 188 1861.

(50) Hofman, A.; Szymanski, R.; Slomkowski, S.; Penczelvig8kromol.
Chem.1984 185 655.

(51) Albertsson, A. C.; Palmgren, BR.Macromol. Sci., Pure Appl. Chem.
1996 A33 747.

(52) Dittrich, W.; Schulz, R. CAngew. Makromol. Chem971, 15, 109.

(53) Bourissou, D.; Martin-Vaca, B.; Dumitrescu, A.; Graullier, M.;

(30) O’Keefe, B. J.; Hillmyer, M. A.; Tolman, W. Bl. Chem. Soc., Dalton
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