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The last decade has seen significant advances in carbene
chemistry, including the isolation of the first heteroatom-
subsituted singlet carbene and persistent triplet diarylcar-
benes.[1, 2] These advances have stimulated renewed interest
and expanded the scope of possibilities engendered by these
reactive species. Following the pioneering work by Wanzlick
et al. ,[3] the research groups of Bertrand[4] and Arduengo[5]

isolated and characterized stable N-heterocyclic carbenes,
and over the last decade the steric and electronic require-
ments for stable imidazolin-2-ylidene and imidazol-2-ylidene
carbenes have been described.[6] Consequently, investigation
into the properties and uses of N-heterocyclic carbenes
(NHCs) has become a major area of research.[2, 7] For
example, the use of NHCs in place of phosphine ligands
produces transition-metal complexes that exhibit enhanced
catalytic performance and stability.[8] N-Heterocyclic car-
benes have also proven to be effective organic catalysts for

benzoin condensations, Stetter reactions, acylation/trans-
esterification reactions, and the polymerization of cyclic
esters.[9]

Despite advances in structural modifications to enhance
the stability of N-heterocyclic carbenes[10] and the develop-
ment of in situ methods for their generation,[11,12] the use of
NHCs is complicated by their extreme air and moisture
sensitivity, which necessitates the use of glove-box techniques.
Our attention has been drawn towards the preparation and
application of protected NHCs, particularly those that could
be activated thermally. Many research groups realized in early
studies that strongly nucleophilic carbenes underwent C�H
insertion reactions with compounds containing acidic C�H
bonds to form adducts in high yields.[13] Chloroform and
pentafluorobenzene adducts of saturated carbenes[12] are
useful precursors to transition-metal–carbene complexes;
they also catalyze the ring-opening polymerization (ROP)
of lactide (Scheme 1) at elevated temperatures.[12h] Grubbs

and co-workers showed that imidazolium tetrafluoroborate
salts could be treated with potassium tert-butoxide to
reversibly generate 2-alkoxy-4,5-dihydroimidazoles.[14]

Enders et al.[15] prepared alcohol adducts of the triazolylidene
carbene; thermolysis of these adducts (80 8C) generated free
carbene and alcohol. Our attention was drawn to alkoxytri-
azolines as possible unimolecular catalyst/initiator systems.
Moreover, we anticipated that the hydroxy-terminated poly-
mer and free carbene present in solution during the polymer-
ization could react reversibly with each other to form an
adduct after each propagation step,[14b] hence minimizing the
concentration of the active species and possible adverse
transesterification side reactions, which is a problem typical of
other controlled/living polymerization procedures above
85% conversion.[16] Herein, we describe the use of the
commercially available 1,3,4-triphenyl-4,5-dihydro-1H-1,2-
triazol-5-ylidene carbene (1) for the living ROP of lactide to
generate functional, block, and dendritic star copolymers.

Polymerization of l-lactide (LA: 1–2m solution in THFor
toluene) by imidazolylidene carbenes in the presence of an
initiator such as methanol (one equivalent of initiator to
catalyst) is generally accomplished within a few minutes at
25 8C, depending on the targeted molecular weight.[14b] Only
16% conversion was observed at 25 8C after 100 h for the
polymerization of LA (1m in toluene) with the triazolylidene
carbene under similar conditions, whereas 40% conversion
was observed at 50 8C. Polymerization of LA at 90 8C
proceeded with near quantitative monomer conversion in
50 h to give polylactide with a degree of polymerization (DP)

Scheme 1. Polymerization of lactide with adducts of saturated
N-heterocyclic carbenes.
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of 70 (Mn= 10000) and a polydispersity (Mw/Mn) of 1.09. The
diminished reactivity of the triazole carbenes for lactide
polymerization compared to that observed with saturated
imidazolin-2-ylidene or unsaturated imidazol-2-ylidene car-
benes[9o14b] suggested that some process was attenuating the
reactivity of these carbenes towards polymerization. On the
basis of the pioneering work by Enders et al. on the reactivity
of triazolylidenes, we suspected that the reversible formation
of alcohol adducts might be responsible for this behavior
(Scheme 2).[15]

As reported by Enders et al. ,[15] treatment of the triazo-
lylidene with a slight excess of MeOH at room temperature
readily generates the methoxytriazoline, as evidenced by
resonances at d= 46.8, 101.0, and 142.9 ppm in the 13C NMR
(C6D6) spectrum. This alcohol adduct is stable at 50 8C, but
dissociates at 90 8C into a mixture of the methoxytriazoline,
free triazolylidene 1, and free methanol, as evidenced by 1H
and 13C NMR spectroscopic analysis. Spectroscopic analysis
shows that cooling this mixture to room temperature regen-
erates the methoxytriazoline, thus revealing a temperature-
dependent equilibrium between the triazolylidene carbene
and methanol adduct: only the alcohol adduct is observed at
room temperature in the presence of alcohols, and elevated
temperatures are required to generate the free carbene and
the alcohol.

The reversible formation of alcohol adducts provides an
explanation for the low reactivity of the triazole carbenes in
the polymerization of LA at room temperature. Therefore,
the polymerization of LAwith a variety of initiating alcohols
was carried out at 90 8C (1m in toluene). The molecular
weights obtained under these conditions correlated with those
predicted with monomer to initiator ratios ranging from 25:1
to 350:1 and yielded polymers with narrow dispersities
(Table 1). A plot of the molecular weight and polydispersity
versus conversion for the ROP catalyzed by 1 was linear
(Figure 1) and the gel permeation chromatography (GPC)
traces of polylactide generated with a 4-pyrene-1-butanol
initiator and using both refractive index and UV detectors
(410 and 350 nm, respectively) clearly show pyrene is
distributed throughout the sample (Figure 1). This was
corroborated by 1H NMR analysis of the polymer end-

groups which indicated the presence of one initiator per
polymer chain, thus confirming the end-group fidelity.

A chain-extension experiment with an initial polymeri-
zation ([LA]0= 1m ; [pyrenebutanol]0= 0.04m ; [catalyst]0=
0.02m) was performed at 90 8C for 19 h to give polylactide
of Mn= 2500 gmol�1, as determined by 1H NMR spectro-
scopic analysis. l-lactide (3.47 D 10�4 mol) and 1 (2.36 D
10�5 mol) were added to this solution and the solution
heated to 90 8C for an additional 7 h. The molecular weight
of the sample increased to 9000 gmol�1 as deduced by
1H NMR spectroscopic analysis. GPC analysis of the sample
revealed an absolute molecular weight of 7300 gmol�1 and a
PDI of 1.36. This solution was charged again with 3.47 D
10�4 mol of l-lactide without any further catalyst and
heated to 90 8C for 7 h. The final molecular weight increased
to 14000 gmol�1, as determined by 1H NMR spectroscopic
analysis (Mn(GPC)= 12000 gmol�1), with no change in the
polydispersity (1.34). Thus, this system exhibits the character-
istics of a living polymerization.[16a]

A unique feature of this particular system is that
polymerization can be reversibly terminated simply by
modulating the temperature. Heating a 1m solution of LA

Scheme 2. Polymerization of lactide with triazole carbenes.

Table 1: Selected polymerization data of l-lactide using triazolium
carbene as a catalyst.

Entry I (cat./I)[a] M/I[b] Time
of polym. [h]

Conv.[c] DP[d] PDI[e]

1 MeOH (2:1) 25:1 19 72 18
2 MeOH (4:1) 50:1 [f ] 94 50 1.36
3 MeOH (4:1) 100:1 [f ] 97 84 1.34
4 pyrenebutanol (1:1) 100:1 95 85 72 1.09
5 pyrenebutanol (1:1) 150:1 113 90 130 1.06
6 pyrenebutanol (1:1) 350:1 96 35
7 PEO-OH (1:1) 100:1 63 88 90 1.17
8 bis-MPA (24:1) 40:1 42 96 38[g] 1.14

[a] Initiator (catalyst:initiator ratio). [b] Monomer:initiator ratio. [c] Con-
version as measured by 1H NMR spectroscopy. [d] Degree of polymer-
ization determined by gel permeation chromatography using Mark–
Houwink parameters from a polystrene calibration. [e] Polydispersity
index, measured by gel permeation chromatography. [f ] See Figure 2.
[g] DP obtained for each arm of the star polymer.

Figure 1. Evolution of molecular weight (^), as determined by GPC,
and PDI (~) versus conversion for the polymerization of LA (Table 1,
entry 4) together with GPC scans using both RI (410 nm) and UV
(350 nm) detectors.
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to 90 8C in the presence of 1 and 4-pyrene-1-butanol results in
the conversion of LA, which stops upon rapid cooling of the
solution to 20 8C (Figure 2; 4-pyrene-1-butanol/catalyst= 3:1,
l-lactide/4-pyrene-1-butanol= 50:1). Re-initiation of the

polymerization occurs upon re-heating at 90 8C, with deacti-
vation occurring upon cooling again to 20 8C. This process was
repeated four times. Figure 2 demonstrates clearly that the

polymerization can be activated/deactivated with temper-
ature on demand. Significantly, analysis of the polymer after
four successive heating and cooling cycles revealed quantita-
tive conversion of the monomer to give polylactide withMn=

5900 (DP= 41) and Mw/Mn= 1.13:1. Further heating of this
sample at 90 8C for 720 minutes revealed little discernable
change in the molecular weight or polydispersity (Mn(GPC)=
5400; PDI= 1.29), thus suggesting that the polylactides
prepared under these conditions are resistant to further
transesterification reactions.

A kinetic study of the polymerization of l-lactide (LA)
initiated by 4-pyrene-1-butanol (ROH) and catalyzed by 1
was performed at 90 8C using an initial monomer concen-
tration [LA]0 of 1m. The dependence of ln([LA]0/[LA]) on
time at constant triazole concentration ([triaz]0= 0.02m) was
linear with an intercept at zero, which indicates that the
polymerization is first order in monomer and that the number
of growing species does not change during the polymeri-
zation. Plots of kobs versus [triaz] or [ROH] reveal that the
rate is first order both in triazole and alcohol for [triaz]/
[ROH]= 1:1. These results demonstrate that the polymeri-
zation is first order with respect to catalyst, alcohol, and
monomer, according to the rate law given in Equation (1),
where [ROH]= [ROH]0, [triaz]= [triaz]0, and kp=

530 L2mol�2 s�1.

�d½LA�
dt

¼ kp½LA�½ROH�½triaz� ð1Þ

Figure 2. Time dependence of ln([LA]0/[LA]) as a function of time
([LA]0=1m ; [alcohol]0=0.02m ; [alcohol]0/[catalyst]0=1:3) with alterna-
tion of high (90 8C) and low (20 8C) temperature. The molecular
weights and polydispersity index for �1 and �2 are 5900 (1.13) and
5400 (1.29), respectively, as determined by GPC. Inset: the first 4 h of
the reaction.

Scheme 3. Generation of block and star copolymers from triazolium alcohol adducts.
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The well-defined polymerization behavior of the alkoxy-
triazoline catalyst systems is ideally suited for the preparation
of block copolymers and complex macromolecular architec-
tures. Several adducts of hydroxy-functionalized oligomers
and multifunctional alcohols were synthesized either in situ,
or isolated and used as thermally stable macroinitiators for
the ring-opening polymerization of lactide at 90 8C. A
monohydroxypoly(ethylene oxide) oligomer (PEO-OH)
(MW= 2000 gmol�1, PDI= 1.05) was treated with 1 in toluene
at RT for 12 h to give quantitative conversion of the
corresponding alkoxytriazoline. The oligo-alkoxytriazoline is
stable at room temperature, but readily polymerizes LA at
90 8C to yield a narrowly dispersed diblock copolymer in near
quantitative yields (ca. 90%; Table 1, entry 7; Scheme 3a).
Dendritic star-shaped polymers were prepared from a hy-
droxy-functionalized third generation dendrimer derived
from 2,2’-(bishydroxymethyl)propionic acid (bis-MPA).[17,18]

The dendrimer, 24 equivalents of 1, and lactide were sus-
pended in toluene and after approximately two hours at room
temperature, the solution became homogeneous. The temper-
ature was then increased to 90 8C to yield a narrowly
dispersed, 24-arm star polymer (Table 1, entry 8; Scheme 3b,
40 h, ca. 96% conversion). The functional groups of the bis-
MPA repeating units provide sensitive markers for the
spectroscopic analysis of the polymers, since the quartenary
carbon atom and the protons on the methylene group are very
sensitive to the substitution of the neighboring hydroxy
groups.[19] 1H and 13C NMR spectroscopic analyses showed
that the efficiency of the initiation was quantitative and
afforded a well-defined 24-arm star polymer (Table 1, entry 8;
Scheme 3b). Significantly, the ester functionality of the
dendritic core was retained, thus indicating that the catalyst
polymerizes lactide without degrading the polyester-derived
dendritic core under these conditions.

In summary, alkoxytriazolines were shown to reversibly
dissociate at 90 8C to generate an initiating/propagating
alcohol and triazolium carbene for the on-demand living
polymerization of lactide. The kinetic results demonstrate
that the polymerization is first order with respect to catalyst,
alcohol, and monomer, thus suggesting that all the compo-
nents have an equal role in the propagation step of the
mechanism. We have also demonstrated that 1 reversibly
forms alcohol adducts that result in an active and dormant
form of the catalyst. We postulate that dissociation of the
carbene and alcohol from the adduct results in activation of
the monomer by the nucleophilic carbene, with propagation
occurring through a step involving the activated monomer–
carbene adduct and the alcohol. The recombination of the
carbene with the new alcohol species results in the formation
of the dormant carbene–alcohol adduct. This reversible
dissociation is believed to be responsible for the exquisite
control of molecular weight, narrow polydispersities, and end-
group fidelity, analogous to modern controlled radical
procedures.[20]
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