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Currently, there is a renewed interest in reactions that are catalyzed by organic compounds. Typical organic catalysts for acylation or
transesterification reactions are based on either nucleophilic tertiary amines or phosphines. This communication discusses the use of nucleophilic
N-heterocyclic carbenes as efficient transesterification catalysts. These relatively unexplored and highly versatile organic catalysts were found
to be mild, selective, and more active than traditional organic nucleophiles.

Growing trends in asymmetric synthesis for classic reactions lidinone! Several groups have reported effective nonenzy-
that use organic molecules as promoters have provided ammatic catalysts for the kinetic resolution of secondary
alternative to traditional organometallic reagents. Simple alcohols using chiral phosphirfes amine catalystdThese
organic molecules in enantiomerically pure form have nucleophilic catalysts, particularly the “planar-chiral” het-
demonstrated high reactivity and stereospecificity for a erocycles based on the tertiary phosphine and amine frame-
number of useful organic transformation8.MacMillan has works, provide good levels of enantiomeric excess. To some
reported the first highly enantioselective organocatalytic degree this strategy mimics that carried out by enzyes.
inter- and intramolecular DietsAlder reactions, 1,3-dipolar  These trends toward environmentally sound catalysts have
cycloadditions, and 1,4-conjugate Fried€rafts additions been reviewed in a recent issueGliemical and Engineering
involving pyrroles, as well as the first enantioselective News “Improving classics: organocatalysts inspire “greener”
organocatalytic alkylation of indoles catalyzed by imidazo- asymmetric versions of classic synthetic reactions”.
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Recently, we reported the first example of N-heterocyclic ||| A NRINRNECECEE

carbenes (NHC) as catalysts for the living ring-opening  scheme 1. Electronic and Steric Versatility of Nucleophilic

polymerization (ROP) of cyclic esters. We believed that the N-Heterocyclic Carbenes
extension of organic catalysis to controlled polymerization R, Ro
procedures would be a highly desirable alternative to

traditional organometallic approaches, and ongoing work in RfN\../N\Rs

this area shows promise. During our initial survey of a variety
of potential nucleophilic catalysts including tertiary amines
and phosphines for ROP, it was discovered that the N- mesity] and 2,6_diisopr0py|pheny| groups with smaller
heterocyclic carbenes were by far the most active. It was sypstituents at the 1,3-positions. Alkylation of 1-methyl
pOStUlated that the NHC activates the substrate toward attaCKmidazo|e with methy' jodide provides a convenient Synthesis
from the initiating/propagating alcohdBreslow, Setter, and  of 1, 3-dimethylimidazolium iodide salt precursor that can
others demonstrated that thiazolium-based carbenes promotegubsequenﬂy be deprotonated to yield 1,3-dimethylimidazol-
organic transformations such as the benzoin condensationz_y”dene,g_ In addition, 1-ethyl-3-methylimidazol-2-ylidene,
reaction, where Breslow proposed acyl activation by a 4 can be synthesized from commercially available 1-ethyl-
carbene intermediate. 3-methyl imidazolium chloride. To demonstrate the feasibil-
One can regard the conversion of a cyclic ester to a ity of imidazolin-2-ylidene nucleophilic catalysts, we were
polymer as successive transesterification reactions thatprompted to explore the utility of “Wanzlick” carbenes as
selectively give a ring-opened product where the length of potential polymerization catalyst§)(° Although the imi-
polymer chains is controlled by the amount of initiator added. dazolin-2-ylidene carbenes are prone to dimerize in the
With this in mind, we decided to extend this general absence of bulky groups at the 1,3-positions, Wanzlick’s
transesterification principle to the synthesis of organic original work demonstrated that tetraaminoethylene com-
molecules. Moreover, as a general transesterification catalystplexes have reactivity characteristic of nucleophilic carbenes.
we wish to extend the NHC catalysts platform to effect  yne jsolation of NHC is complicated by their extreme air
polycondensation polymerization reactions as a practical gnq moisture sensitivity and, in some cases, their tendency

route to engineering polyesters. to dimerize. Recent investigations by Nolan and Grubbs
Since the initial description of the synthesis, isolation and demonstrated that free carbenes can be generated in situ and
characterization of stable carbenes by Arduehtite ex-  girectly used to form N-heterocyclic carbene-coordinated
ploration of their versatility and chemical reactivity has catalysts in a greatly simplified procedsThe in situ
become a major area of reseafdBarbenes can be synthe-  generation of the N-heterocyclic carbene catalysts directly
sized with considerable diversity by the sterics and electron- f,om their respective salts allowed the rapid screening of
ics of the groups attached to the imidazole ring-GRand  these catalyst libraries and reaction conditions for both the

the nitrogen(s) (R4) and the ethylene backbone (e.9., organic transformations and polycondensation reactions
saturated vs unsaturated), (Scheme 1). The high reactivityscheme 2}2 Importantly, isolated carbeng and in situ

of the 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidert, generated carberiegave nearly identical results.
for the ring-opening polymerization of lactide inspired us to

investigatel as a general transesterification catalyst together _
with 1,3-bis(2,6-diisopropyl)imidazol-2-ylideng, We were

also interested in exploring the effect of replacing bulky Scheme 2. Procedure for in Situ Generation af
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Table 1. Model Transesterification Reactions with Subsitituted Scheme 4. Polymerization via Transesterificaton Reactions

Alcoholst with N-Heterocyclic Carbenes
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Catalyst Alcohol  Cat./methyl Conv. HsC-N_N-~CH, NN
Benzoate % °t or @ @
(mol%) 3 5 o
EtOH 4.4 85 o oH
eihgs,  FPrOH 37 11 HO\/\O/“—O—“\O/\/
' t-BuOH 3.8 <1 © @ BHET
1 N N]
@ o
N} EtOH 4.6 79 ~OH
H,C N—cH HO
¥ 7% iprOH 37 72 o a
3 t-BuOH 3.7 <1 POLYMERIZATION
EtOH 47 81 2 ?
T : OH
“3°\/“Q ~cHs;  iPrOH 39 61 HO Q/ILO_LO -
4 t-BuOH 3.8 <1 PET

aTypical procedure: inert atmosphere, 6.6.0-° mol of N-heterocyclic
carbene in 2 mL of THF (generated in situ; 0.8 equiv of K&W1 equiv .
of carbene salt, 25C, 1 h and then filtered) was added to 20 mol of EtOH ~What analogous to the procedure by Frechet using DMAP,

and 0.0015 mol of methylbenzoate, 20 h, Z5 Yield from GC/MS. and will be elaborated in a subsequent publication.
It is of great interest to extend this catalyst’s platform to
) . o ) . show polymerizations via typical transesterification/poly-

alcohols was extremely effective and considerably better thanyyere directed toward those traditionally obtained by classical
secondary or tertiary alcohols, consistent with the nucleo-

philic character of the alcohol and perhaps the sterics._

However, transesterifications in the presence of 2-propano|T ble 2. T ification Reactions That G
with smaller catalyst8 and 4 were much more efficient. ~ 12°:¢ 2. Transesterification Reactions That Generate
Biodegradable Polysetérs

Transesterification reactions with tertiary alcohols, such as
tert-butyl alcohol, were ineffective irrespective of the catalyst /\

2 HC—N_ N~cH It
used. N,
A~ )L(\/),nOH e /‘GO)L(\/);C}: + EtoH4
Substrate Substrate Mn PDI  Conv.

Scheme 3. Acylation of Disubstituted Alcohol through % ©
N-heterocyclic Carbene Catalysis

/_} 100 mol% 21,000 1.57 95
| HSC’N\/ ~CHj3 (3\_€S>< [o]
Si H . 1.O )L(\/),OH
%_l X g _— Si >Cg o 5
g Y 5
/\o)“€§< (o] 50 mol% 50 mol% 8,000 1.85 90
7 8

o o
6 /\o)l\/o” /\O)L(V)’SOH
100 mol% (b) (b) 80
In addition, we examined the transesterificatiorbafith o~ )K/OH

7 in the presence of eith&or 3 carbene catalysts (Scheme
4). In this casl_eilvgas_ usbe(ilkin 28% excess and the reacti(r)]n SOmol%_  S0mol% 9800 160 95
was accomplished in bulk under vacuum to remove the . oH

. . . o NS
condensation byproduct. Only a 60% yieldSofvas obtained g N -

with catalyst2, whereas quantitative conversion 8owas ]

i i ; ; aTypical procedure: reduced pressure (0.1 mm/Hg),x618) > mol of
achieved for the less sterically hindered catglg%sﬂ,n this N-heterocyclic carbene (generated in situ; 0.8 equiv of tBOL equiv of
example, catalyst structure clearly plays an important role. carbene salt, 2 mL of THF, 25C, 1 h and then filtered) added to 20 mol
Removal of excesg was accomplished by distillation at 75 ©f AB monomer, 20 h, 25°C. My, molecular weight; PDI, NI/Muw)

o . . . polydispersity index, measured by gel permeation chromatography (THF).
C. This general procedure may provide an extremely simple b jnsojuble in THF.< Isolated yield.

and accelerated route to dendrons, dendrimersi%tome-
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ring-opening methods including poly€aprolactone), poly-  THF or precipitation. In each case tH¢ NMR spectra was
(glycolide), etc. Toward this goal, ethyl 6-hydroxyhexanoate identical to that of the commercial BHET. The melt
and ethyl glycolate were self-condensed in bulk at°60 condensation of BHET was performed in the presence of
under vacuum for 24 h (Table 2). High molecular weight catalyst5 using a slow heating ramp to 28@C under
poly(e-caprolactone) was obtained and characterized, but thevacuum, generating PET polymer. Importantly, the spectral
poly(glycolide) formed was highly crystalline and insoluble and thermal (mp of 280C) characteristics of the polymer
in our GPC solvents. Thermal analysis of the poly(glycolide) made fromb are identical to commercial PET polymer (see
was comparable to that reported for high molecular weight Supporting Information).
poly(glycolide). To facilitate solubility, a copolymer was In conclusion, NHCs are efficient transesterification
obtained simply by the condensation of the two monomer catalysts. Transesterification reactions with primary alcohols
types (Table 2). In addition, dimethyl adipate and ethylene were the most successful, and little to no reaction was
glycol were condensed in bulk at 8& under vacuum (24  observed in the presence of tertiary alcohols. Transesterifi-
h). This AA/BB monomer system also produced high cation reactions with secondary alcohols were difficult with
molecular weight polymer. the sterically demanding cataly$tbut more facile when
Another important commercial polyester, poly(ethylene smaller NHC catalysts3(and4) were used. We have also
terephthalate) (PET), is generally prepared by a two-stepdemonstrated the utility of NHC catalysts for polymer-
process: condensation of dimethyl terephthalate (DMT) with forming reactions. NHC-mediated poly-condensation po-
excess ethylene glycol (EG) to generate bis(2-hydroxyethyl) lymerization reactions provide a convenient route to biode-
terephthalate (BHET), followed by the self-condensation of gradable and commodity polymers as well as rapid entry into
BHET at high temperatures (27290 °C) using mixed dendrimer precursors. Applications of NHC catalysts as a
organometallic catalysts optimized for their reactivity and general platform for synthesis are ongoing.
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