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Abstract: : The diverse reactivity of N-heterocyclic carbenes (NHCs) in organocatalysis is due to the
possibility of different modes of action. Although NHC-bound enolates and dienolates are known, the
related NHC-bound cross-conju- gated aza-trienolates remain elusive. Herein, we demonstrate the
NHC-catalyzed formal [6+2] annulation of nitro- gen-containing heterocyclic aldehydes with a,a,a-
trifluoroacetophenones leading to the formation of versatile pyrrolooxazolones (29 examples). The
catalytically generated cross-conjugated aza-trienolates (aza-fulvene type) underwent smooth [6+2]
annulation with electrophilic ketones to afford the product in moderate to good yields under mild
conditions. Preliminary DFT studies on the mechanism were also provided.

Over the past three decades, catalysis using N-heterocyclic carbenes (NHCs) has emerged as a flexible
synthetic tool for the unconventional access to target molecules.[1] This catalytically active species is
responsible for the umpolung of aldehydes, thus leading to the generation of nucleophilic Breslow
intermediates.[2] The two fundamental reactions proceeding via NHC-generated acyl anions are the
benzoin condensation[3] and Stetter reaction.[4] Moreover, addition of NHCs to a,B-unsaturated
aldehydes could result in the generation of homoenolate equivalents,[5] and o,B-unsaturated
acylazoliums under oxidative conditions.[6] A variety of carbocycles and heterocycles can easily be
accessed by intercepting the homoenolates/a,bunsaturated acylazoliums. In 2004, the Bode[7] and
Rovis[8] groups independently uncovered the generation of azolium enolates from NHCs by the addition
to a-epoxyaldehydes and a-chloroaldehydes, respectively. The reaction afforded p-hydroxyesters or
saturated esters upon quenching the NHC-enolates with alcohols (Scheme 1, eq. 1, 2). Moreover, the
azolium enolates can also be generated by the treatment of NHCs with ketenes,[9] enals,[10] carboxylic
acids,[11] and aliphatic aldehydes[12] or esters[13] bearing a C-H protons. In 2011, Ye and co-workers
extended the NHC-enolate concept to the generation of NHC bound dienolates.[14] The in situ formed
dienolates were intercepted with activated ketones in a [4+2] fashion to form unsaturated d-lactones
(Scheme 1, eq. 3). Subsequently, Chi and coworkers reported an elegant generation of azolium
dienolates from enals under oxidative conditions employing NHC/Lewis acid cooperative catalysis
(Scheme 1, eq. 4).[15] Interestingly, however, the application of this concept for the generation of NHC-
bound cross-conjugated aza-trienolates followed by their trapping with electrophiles, to the best of our
knowledge is unknown. This will be interesting given that the related cross conjugated enamines and
their aza version are known in secondary amine catalysis.[16] Herein, we demonstrate the NHC-
catalyzed generation of cross-conjugated aza-trienolates from nitrogen-containing heterocyclic
aldehydes followed by their interception with o,a,o-trifluoroacetophenones in a [6+2] fashion resulting
in the synthesis of pyrrolooxazolones derivatives

(eq. 5).
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Scheme 1. Generation and reaction of various NHC-enolates.

The present studies commenced with the treatment of pyrrole carboxaldehyde 1la with
a,o,o—trifluoroacetophenone 2a in the presence of the NHC catalyst generated from the triazolium salt
4 using Cs2CO3 base under oxidative conditions using the bisquinone 5 in CHCls. Interestingly, under
these conditions, the [6+2] annulation product formed by the trapping of the aza-fulvene type trienolate
generated from la and 4 (under oxidative conditions) with the electron-poor carbonyl of 2a, the
pyrrolooxazolone 3a, was formed in 83% yield (Table 1, entry 1). Impressed by this reactivity, various
parameters such as NHC source, base, solvent have been examined. Compared with the carbene
generated from 4, reaction performed using other carbene precursors 6-9 resulted in the reduced yield
of 3a (entries 2-5). Moreover, Cs2CO3 was found to be the best base for this transformation, as the
reactions carried out using other inorganic (K-=CO3z and KOtBu) and organic (DBU and DABCO) bases
returned inferior yields of 3a (entries 6-9). The reactions carried out in solvents such as THF, 1,2-
dichloroethane and toluene did not improve the yield of 3a indicating that CHCIs is the optimal solvent
for this [6+2] annulation (entries 10-12). Notably, reducing the loading of 4 to 10 mol% resulted in the
formation of 3a in 55% yield with 12% recovery of 1la (entry 13). Control experiments performed without
NHC precursor 4 or the oxidant 5 did not afford 3a indicating the role of carbene as well as the oxidant
in this reaction (entries 14,15).[17]
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Having the optimized reaction conditions in hand, the scope and limitations of this [6+2] annulation have
been examined (Scheme 2). A series of a,o,a-trifluoroacetophenone derivatives bearing electron-
donating,-neutral and -withdrawing groups at the 4-position of the aromatic ring are well tolerated under
the present NHC-catalyzed conditions and the desired pyrrolooxazolones are formed in moderate to
good vyields (3a-3j). Notably, substrates having electron-withdrawing groups required 36 h for
completion of the reaction. This sheds light on a stepwise pathway in which the initially generated cross-
conjugated aza-trienolates adds to the electrophilic carbonyl group of 1 forming an alkoxide, which
undergoes an intramolecular acylation to afford the product. Moreover, o,a,o-trifluoroacetophenones
having substituent at the 3-position of the ring worked well under the present conditions furnishing the
desired products in moderate to good yields (3k— 30). Disappointingly, reactions performed using 2-aryl
substituted o, o,a-trifluoroacetophenones provided only traces of the product. Interestingly, the
disubstituted a,a,o-trifluoroacetophenones afforded the desired products under the optimized
conditions. In the case of the dichloro derivative 3q, the structure was confirmed using single-crystal X-
ray analysis.[18] The reaction using pyrenyl trifluoromethyl ketone afforded the product 3s in 27% yield.
In addition, a series of heteroaryl trifluoromethyl ketones readily underwent smooth [6+2] annulation
affording the target products in good vyields (3t—3x) thus demonstrating the versatility of the present
reaction. The introduction of substituent on pyrrole carboxaldehyde la affected the outcome of the
reaction. For instance, the aldehyde having bromine at the 4-position returned only 39% yield of the
product 3y, and iodine at the 4-position afforded 3z in 18% vyield.
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Scheme 2. Scope of the NHC-catalyzed formal [6+2] annulation reaction. General conditions: 1 (0.5 mmol), 3 (0.75 mmol), 4 (20 mol%), Cs2COs (50
mol%), 5 (1.0 equiv), CHCI3 (4.0 mL), 30°C, and 12 h. Yields of the isolated products are given. [a] Reaction run for 36 h. [b] Structure confirmed by
X-ray analysis. [c] Run for 24 h. [d] The product contained _3% of oxidant 5.

This is an indication of the role p-electron cloud of aldehyde on this [6+2] annulation. Furthermore,
unsubstituted indole 2- carboxaldehyde afforded the desired product 3aa in 72% yield. Finally,
substitution at the 3-position of indole 2-carboxaldehyde did not affect the outcome of the reaction and
the target products are formed in moderate to good yields (3ab— 3ac). To gain insight into the
mechanism of the reaction, we performed a few experiments. When the reaction of 1a and 2a was
performed in the absence of NHC pre-catalyst 4, the desired product 3a was not formed indicating the
role of NHC in this [6+2] annulation (Scheme 3, eq 6). Moreover, the acetal 10a (likely formed by the N-
H addition of 1a to 2a followed by intramolecular cyclization) was not observed under these conditions
showing that the direct N-H addition of initially formed acylazolium and cyclization in a [3+2] pathway is
not operating in this case.[19] In addition, when the reaction was performed using N-Boc protected
aldehyde 11 a, the product 3a was not formed signifying the role of N-H moiety in forming the NHC-
bound cross-conjugated aza-trienolates (eq 7).
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Scheme 3. Control experiment and reaction using N-Boc aldehyde.
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Mechanistically, the free carbene generated from 4 adds to the aldehyde l1a forming the Breslow
intermediate B (via the tetrahedral intermediate A),[2a, 20] which is subsequently oxidized by the
bisquinone 5 to the NHC-acylazolium intermediate C (Scheme 4). The intermediate C could tautomerize
to the cross-conjugated aza-trienol D. The intermediate C or its tautomer D was detected in high
resolution mass spectrum (ESI) of a stoichiometric reaction carried out using 1a, 4, Cs2COs under
oxidative conditions.[17, 21] Under basic conditions, deprotonation of intermediate C/D could generate
the key cross-conjugated aza-trienolates (aza-fulvene type) E. Efforts to isolate the intermediate C, D,
or E failed in our hands. The nucleophilic aza-trienolate E could add to the carbonyl group of 2a resulting
in the generation of the acyl azolium F, which could undergo an intramolecular acylation to form the
desired product 3a with the regeneration of the NHC catalyst. To get further insight into the proposed
mechanism, we have carried out a preliminary DFT study with the B3LYP functional.[22] Given that the
formation of a Breslow intermediate and its subsequent oxidation is well documented,[1c, d] we focused
on the newly proposed intermediate E and its reaction with the ketone 2a. Two different configurations,
i.e., E and Z, were optimized for intermediate E. Further calculations were performed with the E isomer
as it was about 5 kcalmol-! lower in energy than the Z isomer. The conversion of E to F proceeds via
transition state TS(E—F) and the activation free-energy was found to be about 15 kcalmol-* making this
a facile step. The optimized geometries of transition state and the intermediates E—2a (pre-reacting
complex between E and 2a), and F are shown in Figure 1. It should be noted that intermediate F is pre-
organized for the final C-O bond formation, where the C-O distance is 2.17 A. The final step leading to
the product 3a and generation of the free carbene takes place via a concerted late transition state TS(F—
3a) where the C-O bond distance is 1.50 A, and the activation barrier is 8.6 kcalmol-1. We also looked
at the thermodynamic stability of the intermediate C, Scheme 3. Control experiment and reaction using
N-Boc aldehyde. its enol form D and the deprotonated form E.[23] It was found
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that the keto form C is _19 kcalmol_1 lower in energy than the enol form. Further, intermediate E which
arises as a result of deprotonation with the Cs2COs base, was found to be _47 kcalmol_1 lower in energy
than C. We have also performed the preliminary studies on the enantioselective version of this [6+2]
annulation. Thus, treatment of the indole aldehyde 1d with 2a using the carbene generated from the
chiral triazolium salt 12 using Cs2COs3 as the base resulted in the formation of the desired product chiral-
3 aain 72% yield and 89:11 er (Scheme 5).
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Scheme 5. Preliminary study on the enantioselective version.

In conclusion, we have demonstrated the NHC-catalyzed formal [6+2] annulation of nitrogen-containing
heterocyclic aldehydes with a,o,a-trifluoroacetophenones allowing the synthesis of pyrrolooxazolones
in moderate to good yields.[24] The key to the success of the present reaction is the generation of cross-
conjugated aza-trienolates (aza-fulvene type) from NHC and heteroaldehydes (supported by DFT
studies). Mild reaction conditions, broad scope, new mode of carbene reactivity are the notable features
of the present annulation. Further studies on NHC-bound cross-conjugated aza-trienolates are ongoing
in our laboratory.
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