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ABSTRACT

A new synthetic approach to chiral imidazolium salts makes possible the first synthesis of an N-mesityl substituted, aminoindanol-derived
N-heterocyclic carbene precursor, 1 -ClO,4. The successful synthesis allows the first direct comparison of otherwise identical imidazolium and
triazolium precursors across a number of NHC-catalyzed processes. These studies confirm striking differences in reactivity and mechanism
between the two classes.

N-Heterocyclic carbenes derived from azolium salts are also documented diastereoselective annulations of enals and
remarkable and versatile catalysts for a wide range of organicaldehydes to affordy-butyrolactones using imidazolium
transformationd.The classical benzoin and Stetter reactions catalysts.

of simple aldehydes are catalyzed by thiazolium and tri-  The starting materials for many of these annulation

azolium-derived carbenédvore recently, an extensive array - processes are similar or identical, but the reaction outcomes
of new processes operating via reactive intermediates yiffer dramatically by the choice of imidazolium vs triazo-

catalytically generated by internal redox reactionsitinc- lium precatalysts. These disparate results have led to
tionalized aldehydes have been discovéreSuccessful  considerable confusion over the difference between the
developments from our lab include enantioselediveesityl imidazolium and triazolilum precatalysts. Direct comparisons
substituted triazolium-catalyzed annulations affordaigr between the reactivity and mechanistic pathways of these

disubstituted dihydropyranones and dihydropyridind€s, 4 ¢jasses have been precluded by the use of structurally
cyclopentene&; and bicyclics-lactams'd all with exceptional different catalyst classes in each case

levels of diastereo- and enantioselectivity. We and Glorius
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of unique reactive intermediates by internal redox reactions
promoted by the association of an N-heterocyclic carbene
and the enal (Scheme 1). Depending on the structure of the
catalyst and the facility of proton-transfer events, the initially
formed Breslow intermediatiecan ultimately serve as acyl

anion equivalenti, homoenolate equivaleriti, or enolate

In the present communication, we address these importantV- 1N the latter two cases, the aldehyde is simultaneously
issues through the synthesis of chiral imidazolium 4alt oxidized to the carboxylic acid oxidation state. As this
which corresponds to thi-mesityl aminoindanol-derived communication demonstrates, the fate of the Breslow inter-
triazolium salt2 that has served as the most reactive and Mediate is intimately controlled not by the steric demands
selective precatalyst in numerous annulation processes. Thé@f the catalyst but rather by the choice of imidazolium vs
successful synthesis dfallows the first direct comparison ~ triazolium-derived NHCs.
between these two catalyst classes, differing only by a single At the outset of our studies, we sought to address two
atom at a site removed from the reactive center. The distinctrecurring issues in our development of novel, NHC-catalyzed
reactivity of these two classes provides valuable insight into reactions. First, numerous annulation processes were pro-
the mechanistic differences and the challenges associatednoted exclusively by one catalyst type (imidazolium or tri-

with developing enantioselective variants.

Scheme 1. Reactive Intermediates Catalytically Generated by
NHC-Promoted Redox Reactions eff-Unsaturated Aldehydes
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The basis of the novel annulation reactionswgf-unsatu-

azolium) but not the other. Even in the few instances where
a given transformation is promoted by either catalyst class,
such as cyclopentene-forming annulations, we and Nair have
demonstrated that different mechanisms may be oper&ting.
Second, although highly enantioselectiniazolium-catalyzed
processes have been achieved for diverse reaction types, no
examples of highly selectivienidazoliumcatalyzed processes
have been documented. For example, despite extensive
efforts from our group and others, no highly enantioselective
NHC-catalyzed/-lactam and/-lactone formations have been
achieved.

A key feature of the chiral triazolium salts designed by
Leeper! Enders? and Rovi$ is their unsymmetrical, poly-
cyclic structure, which has proven exceptionally successful
in the levels of selectivity provided. They are also readily
prepared by a convenient, modular route from chiral amino
alcohols. Unfortunately, the synthesis of similar chiral imida-
zolium salts has proven challenging. With a few notable ex-
ceptionst® the chiral imidazolium-derived carbenes reported
to date are constructed from either a chiral, C-2 symmetric
diamine backbone or with the chiral centers resident on the
N-substitutent! The requirement, in many of the annulation
reactions, of an ortho,orthaisubsituted aromatic on the

rated aldehydes and electrophiles is the catalytic generationN-substituent further increases the synthetic challenge.

Scheme 2. Synthesis of Aminoindanol-Derived Imidazolium SakCIO,
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Our initial attempts to prepare chiral, bicyclic imidazolium ||| N N

salts bearing the essenthdimesityl substituent were unsuc-  gcheme 3. Reactions Catalyzed Preferentialy by Triazolium

cessful using established methods such as those reported by NHC-Precatalys2-ClO42
Arduengo!? Kuhn® and Waymouth and Hendridk.We (a) aza-diene Diels Alder annulations:®
were intrigued, however, by a recent, elegant approach to o 0P 10 mol % cat. 2 Q.0
trical imidazolium salts disclosed by Firsffier. o + § \©\ R 20
un_symme : y . NH Ph/\/kH OMe 0-05M 10:1 Tol THF -
This approach allowed for a redesign of our synthetic o ) 20°C. 23 o
With imidazolium 1+Cl0O, as catalyst: no reaction

strategy, by reducing the synthetic challenge to the prepara-

. . . ) . With friazolium 2¢Cl0Q, as catalyst: 76% yield, >50:1 dr, >99% ee
tion of N-formyl bicyclic ketone8. This precursor, in turn,

was prepared fromis-aminoindanoB by alkylation, formy- {(b) oxo-diene Diels Alder annulations:*

lation, epoxidation, intramolecular epoxide openthgnd ° o 5 mol % cat. i
oxidation as shown in Scheme 2. Wighin hand, a slight Ph/\{lLH + ©)VYOMe 1.2 equiv TEA phﬁ
modification of Firstner’s protocol allowed the introduction & ° S2UERTS MeOL Ph
of the N-mesityl substituent and formation of the imidazolium  With imidazolium 1+ClO, as catalyst: ~ no reaction’

ring. This approach proved to be robust and reliable and With triazolium 2Cl0, as catalyst: 95% yield, >20:1 dr, >99% ee
allowed for the preparation of a range Nfsubstituents’ (c) cyclopentene-forming Ic>enzoin—oxgé-{?:fﬂ;:fmreactionss:1

With chiral imidazolium precatal [ Q ? %

: preca ystl in hand, we . MeON 1Smol%DBU Q\

undertook a systematic comparison of imidazolium vs Ph H I Ph ) i McicH,ch,Cl N Ph
X . . . 0°Coit, 18 h

triazolium precatalysts in reactions known to be catalyzed -y iia70/1m 1410, as catalyst: 10% yield, 1.6:1 dr, 99% ee

by N-heterocyclic carbenes. Our previous studies employed  ith triazolium 2¢CIO, as catalyst:  85% yield, 7:1 dr, 99% ee

triazolium salt2-Cl as the precatalyst, but our corresponding
(d) bicyclo-plactam formation via aza-benzom—oxy-Cope

imidazolilum salt was most easily prepared and handled as 0,0 1o mol 9 cot. on

the perchlorate salfl-ClO4). To avoid any concern over TR Nl’s\©\ 15 mol % DBU d“

counterion effects, we prepared and employed triazolium P Ho s oo S owe O1MEQR PN R TS0

2:ClO,4 for comparison. A brief survey showed that this salt  with imidazolium 1+CIO, as catalyst: ~5% yield, 96% ee

had identical reactivity as the chloride variant. With triazolium 2.ClO, as catalyst:  84% yield, 7:1 dr, 99% ee
The results of the catalyst comparison confirmed, for the (e) .ntrammecmar Stetter reaction:**

first time, that profound reactivity differences exist between 20 mol % cat. o

the two classes of NHC-precatalysts. Of nine discrete reaction @[lL 20 mol % KHMDS @fj\“‘\coza

types screened, six processes were promoted almost exclu- coEt 9T o

sively by the triazolium precatalys2{ClO,) (Scheme 3). With imidazolium 1+ClO, as catalyst: no reaction’

Another three processes, all of which invoke catalytically With triazolium 2+C10, as catalyst: 94% yield, 98% ee

generated homoenolates as the putative reactive intermedif) intermolecular benzoin dimerization:*

ates, were preferentially promoted by the imidazolium salt 0o 10 mol % cat. o] O

1-CIO4 (Scheme 4). In all cases, the reaction conditions H 10 mol % KO'Bu

screened were identical, save for the catalyst structure, and 20 1an O OH

no attempts were made to optimize the reacton conditions with imidazolium 1+CIO, as catalyst: 11% yield"

for improved yields or stereoselectivities. As we anticiapted With triazolium 2¢C10, as catalyst: 83% yield’

20(()%) ’i‘;éfésg/fg??;h S.; Poonoth, M.; Suresh, E.Am. Chem. Soc. _@All reactions run under identical conditions with the two
(7), Kniéht, RL. Leéper, F..J0. Chem. Soc., Perkins 1998, 1891— dlffer_ent precat_alysgs. No attempts were made to optimize the

1893, reaction conditions®Unreacted enal was detected Hy NMR
(8) (a) Enders, D.; Breuer, K.; Runsink, J.; Teles, JHely. Chim. Acta. analysis of the unpurified reaction mixtuf& ee not determined.

1996,79, 1899—1902. (b) Enders, D.; Kallfass, Ahgew. Chem., Int. Ed.
2002,41, 1743—1745.

(9) (a) Kerr, M. S.; Read de Alaniz, J.; Rovis, J. Am. Chem. Soc. . L .
2002,124, 10298—10299. (b) Kerr, M. S.; Read de Alaniz, J.; Rovisl. 7. from our results using achiral imidazolium sdftgrecatalyst

Or%i(%rglrgriososg_o,A5|t22n5h;f5f72§._ Goddard. R Lehmann. Chem 1-ClO4 was ineffective for NHC-catalyzed inverse electron-
Commun2002, 2704—2705. Y ' ' demand Diels—Alder processes. This was true regardless of

(11) For an excellent review of chiral N-heterocyclic carbenes, see: Perry, how the key catalyst-bound enolate was generated, either
M. C.; Burgess, KTetrahedron: Asymmetr2003,14, 951—961.
(12) Arduengo, A. J.; Krafczyk, R.; Schmutzler, R Craig, H. A; Via redox reactions of electron-deficient enals (Scheme 3a)

Goerlich, J. R.; Marshall, W. J; Unverzagt, Metrahedron1999, 55, or a-chloro aldehydes (Scheme 38).They were also
14523—-14534.

(13) Kuhn, N.: Kratz, T Synthesi<.993, 561—562. unreactive in our recently disclosed annulation of enals and
(14) Nyce, G. W.; Csihony, S.; Waymouth, R. M.; Hedrick, JOhem- electron-deficient enones (Scheme 3cNesulfonyl imines
Eur. J.2004,10, 4073—4079.
(15) Furstner, A.; Alcarazo, M.; César, V.; Lehmann, C. Ghem.
Commun2006, 2176—2178. (18) The most common achiral imidazolium salt employed for homoeno-
(16) Potter, G. W. H.; Monro, A. MJ. Heterocycl. Cheml 972, 299— late based annulations is IMesCl:
301. Me Me
(17) See the Supporting Information for complete experimental proce- /\
dures for the synthesis dfClO,. Further details on the development of /CZ/EVN@\
this route and its use to prepare a rang&ledubstituted derivatives is the Me cr Me
subject of forthcoming full account. Me Me
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Scheme 4. Reactions Catalyzed Preferentialy logidazolium
NHC-PrecataIystLa
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s0ec, 15 P ECH

7 mol % DBU Ph,
With imidazolium 1+ClO, as catalyst:

L.

7 o7 0
55% yield, 1.4:1 dr,

32% ee” (cis), 34% ee (trans)
14% yield®, 1.3:1 dr°

With triazolium 2+ClOQ, as catalyst:

(b) rlactam-forming annulation:®

o}
15 mol % cat.
10 mol % DBU N-SOAr

\\ L0
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OMe 0.1 M +-BuCH Tol
60°C,15h O p-to
Me

With imidazolium 1¢CIO, as catalyst: 25% vyield’, 10:1 dr, 24% ee”
With triazolium 2-CI04 as catalyst: trace aza-benzoin product’

(¢) cyclopentanone-forming annulation:*

o
Ph/VLH !

10 mol % cat.
15 mol % DBU

CICH,CH,CI
0°Cort, 18 h

With imidazolium 1+CI0, as catalyst: 34% yield, >10:1 dr, 85% ee”
With triazolium 2¢CIQ, as catalyst: ~10%yield , ~5:1 dr, 92% ee’

aAll reactions run under identical conditions with the two
different precatalysts. No attempts were made to optimize the
reaction conditions?Absolute configuration not determined. Un-
reacted enal was detected Hy NMR analysis of the unpurified
reaction mixture® ee not determined.

these processes work well with this catalyst, only a single
report of an enantioselective variant has appeared in the work
of Glorius, who obtained a maximum of 25% ee for a related
annulatiorp® Despite the high reactivity of triazolium-derived
carbenes for the processes shown in Schenze@@0, and
related triazolium salts are almost ineffective for the reactions
shown in Scheme 4. The difference in reactivity between
the annulations shown in Scheme 3d and Scheme 4b is
particularly striking.

The cyclopentanone-forming annulation shown in Scheme
4c was recently reported by Nair and co-work&rsyho
believe that it proceeds via the intermediacy of a catalytically
generated homoenolate. In support of this hypothesis, tri-
azolioum2, which is typically a poor catalyst for homoeno-
late-based annulations, is almost unreactive. In contrast,
imidazolium 1 effects the expected transformation in 85%
ee, the highest level of enantioselectivity yet reported for
any transformation catalyzed by a chiral imidazolium-derived
NHC.

In summary, we have reported the synthesis of chiral
N-mesityl substituted imidazolium salt. In addition to
providing a viable, potentially modular route to synthetically
challenging chiral imidazolium salts, its successful synthesis
allowed for the first time direct comparisons of otherwise
structurally identical chiral imidazolium and triazolium NHC-
precatalysts. The distinct reactivity profiles of these two
classes reveal pronounced and unexpected differences in
reactivity from a molecular replacement remote from the
catalyst active site. The origin of this discrepancy, and the
development of new catalytic reactions and enantioselective

(Scheme 3d), processes that we believe proceed via aariants are the subject of ongoing investigations.

benzoin—oxy-Cope reaction. Interestingly, triazolium pre-
catalyst2, but not its imidazolium counterpart, was highly
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