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transformations as the benzoin and the Stetter reac-
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tions. As there are still some challenging issues asso- aldehydes X=0,NR, S
ciated with these pioneering reactions, they are still o
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NHC transformations.'®! Independently, the groups of
Glorius, Bode, and Rovis presented homoenolates and
acyl azolium species generated from o-functionalized

activated esters !
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aldehydes as new reactive NHC-derived intermediates 1™ Work: 5
in 2004.1 Furthermore, just one year later, Reynolds o A
and Rovis reported azolium enolates as new reactive R? [2+3] cycloaddition

NHC-based species which were formed from a-chloro-
aldehydes.”! Importantly, recent work gives more and
more evidence that all three reactive intermediates can
be generated from the same substrates such as ketenes,
a-functionalized aldehydes, enals, and activated esters
(Scheme 1). In addition, this diversity was extended by the
discovery of the oxidative interconversion of NHC
adducts.""® This concept enabled the use of unfunctionalized
aldehydes as precursors for homoenolates, azolium enolates,
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Scheme 1. NHC-catalyzed cycloadditions. EWG = electron-withdrawing group.

and acyl azolium species in the presence of an external
oxidant. The conclusion is that the desired NHC intermediate
can be generated selectively depending on the reaction
conditions but independent of the chosen substrate.

Within the broad range of reaction modes formal cyclo-
additions are an important subfield of NHC catalysis and can
be used to synthesize different N- and O-heterocycles with
significant biological activities.! In this context, each NHC-
based intermediate leads to distinct reactions. For instance,
o,B-unsaturated acyl azolium species are predestined for
Claisen-type [34+3] additions,”” while with homoenolate
intermediates usually [3+2] and very recently [3+4] cyclo-
additions have been observed (Scheme 1).’l However, the
broadest diversity is enabled by the azolium enolate resulting
in various [242],”) [24242],' and [244] cycloadditions!"!!
(Scheme 1). On the other hand, the [2+3] cycloadditions!'?!
with NHC enolates are rare. This is because, in contrast to the
homoenolate intermediate, the NHC enolate exhibits no
polarity reversal. Hence, such [243] products with an
unevenly sized ring are only possible if the 3C building
block has reversed polarity. In fact, to the best of our
knowledge, there are only two publications addressing this
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topic. Ye etal. reported a highly enantioselective [2+43]
cycloaddition of ketenes to oxaziridines forming oxazolin-4-
ones.'? Furthermore, Wang et al. showed the reaction of
indol-2-carbaldehydes with a-cyclopropyl aldehydes yielding
racemic pyrroloindolones.'?*! Therefore, this class of reac-
tions has been rarely represented in the literature. In the
course of our own studies on NHC-catalyzed reactions we
envisaged that 2-nitrovinylindoles would be suitable sub-
strates for a formal [2+3] cycloaddition with an NHC enolate
generated from a o-functionalized chloroaldehyde
(Scheme 1, bottom). In this context, the electron-withdrawing
nitrovinyl group reverses the polarity at C3, leading to an
umpolung of this NCC unit. Herein we report our results on
this very rare, highly enantioselective [24+3] annulation
resulting in valuable 1H-pyrrolo[1,2-a]indol-3-(2H)-ones.

We began to evaluate the reaction conditions by screening
various bases (Table 1, entries 1-8). With inorganic bases such
as NaOAc, K,CO;, and K;PO, the desired product was
obtained with excellent diastereo- and enantioselectivity
(Table 1, entries 1-4). Similar results were obtained with
organic amine bases such as DMAP, DIPEA, and NEt; with
the latter being the best of the tested bases with respect to
yield (Table 1, entries 6-8). DBU was an the only base that
afforded no product at all (Table 1, entry 5). Next, a number
of solvents were tested utilizing NEt; as the base. Although
the diastereoselectivities and ee values were excellent in all
cases, the highest yield remained that for the reaction in
toluene (Table 1, entries 10-13).

In order to determine the absolute configuration of the
products, we performed an X-ray crystallographic analysis on
compound 3e and we could unambiguously confirm that the

Table 1: Optimization of the reaction conditions.?!

[ I\\/ N O e ) ; ~NO,
” * OH\Bn solvent (0.1 M) Bn
50°C, 15h o
1a 2a 3a
Entry Solvent Base Yield [96]" d.rid ee [%]“
1 toluene NaOAc 56 15:1 99
2 toluene K,CO4 58 >20:1 99
3 toluene Cs,CO, 26 >20:1 99
4 toluene K;PO, 50 >20:1 99
5 toluene DBU n.r. - -
6 toluene DMAP 42 >20:1 92
7 toluene DIPEA 38 >20:1 98
8lel toluene NEt, 78 >20:1 99
9lfl toluene NEt, 61 >20:1 99
10 CH,Cl, NEt, 62 >20:1 98
11 THF NEt; 33 >20:1 98
12 CHcl, NEt, 66 >20:1 96
13 EtOAc NEt, 52 >20:1 99
148 toluene NEt, 73 >20:1 93

[a] Reaction conditions: Ta (0.2 mmol), 2a (0.4 mmol), 4c (10 mol %),
base (2.2 equiv), solvent (2 mL), at 50°C for 15 h. [b] Yield of isolated
product 3 after column chromatography. [c] Determined by '"H NMR
spectroscopy. [d] The ee value was determined by HPLC on a chiral
stationary phase. [e] Reaction time: 2 h. [f] 5 mol % 4c was used.

[g] Reaction was performed on a 5 mmol scale. DBU =1,8-diazabicyclo-
[5.4.0Jundec-7-ene, Mes = 2,4,6-trimethylphenyl, DIPEA= N,N-diiso-
propylethylamine, DMAP = 4-dimethylaminopyridine, TBDPS =tert-
butyldiphenylsilyl, n.r.=no reaction.
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outlined 1H-pyrrolo[1,2-alindol-3(2H)-ones 3 are 152R con-
figured (see the Supporting Information).!”! Interestingly, the
observed trans configuration is opposite to that in our
previous report on the TMS-prolinol-based synthesis of this
class of compounds."¥! Finally, we tested the best reaction
conditions from this optimization on a gram scale (Table 1,
entry 14). Indeed, 1.2 g (73 % yield) of the desired product 3a
with good diastereo- and enantioselectivity (>20:1 d.r.,
93% ee).

With the optimized reaction conditions in hand we
investigated whether variation of the leaving group in o-
position to the aldehyde carbonyl group would influence the
reactivity and selectivity.""! Indeed, the reaction of 2-nitro-
vinylindole 1a with different a-functionalized aldehydes
2a-e furnished the same product 3a. As shown in Scheme 2,

X .
\ /N 4a (10 mol%) M No,
+ H\Bn _—— N
N cl) EtsN, 50° C Bn
toluene [¢]
1a 2 d.r.>20:1 3a
o
9’\:,\‘ BF4 2a,X=Cl 2 h, 78%, 99% ee
‘ \OMe 2b, X =AcO 2h, 77%, 99% ee
N
VIR e 26 X=Br 6 h, 52%, 98% ee
( \ 2d, X = PhCO, 24 h, 44%, 94% ee
~/ 4a 2e, X = 4-NO,CgH4CO, 24 h, 61%, 96% ee

Scheme 2. Influence of the functional group of 2 on yield and
diastereo- and enantioselectivity.

all reactions proceeded smoothly with excellent diastereose-
lectivity (>20:1) and ee values (94-99 % ee), while a signifi-
cant deviation in yield was observed. In the case of 2a and 2b
the same good yield was obtained after a reaction time of just
2h. However, when aldehydes 2c-e were employed as
substrates, even with a prolonged reaction time of up to
24 h only moderate yields (44-61 % yield) were obtained.

Next we evaluated the substrate scope of the nitrovinyl-
indoles 1. As shown in Scheme 3, the reaction proceeded
smoothly for a variety of indole substrates 1 bearing either
electron-withdrawing or electron-donating groups. In most
cases the corresponding products 3a-h were obtained in good
yields and excellent diastereo- (>20:1) and enantioselectiv-
ities (96-99 % ee). The only exception was the formation of
the product 3d, where only a low yield of 30 % was observed.
The low yield was probably due to the steric hindrance of the
methyl group on the C3 position. Notably, pyrrole derivative
1i was also suitable for the outlined reaction affording 1H-
pyrrolizin-3(2H)-one 3i in excellent selectivities, however,
with rather low yield. Additionally, N-Me-protected nitro-
vinylindole was also tested, but no reaction was observed;
even the Michael addition did not occur. We finalized the
substrate scope with regard to a-chloroaldehydes 2 and
fortunately, all aldehydes with unbranched alkyl chains
generated the desired product in 49-78 % yield with excellent
diastereo- and enantioselectivities (3j—n).

The pyrrolo[1,2-alindole scaffold is a crucial substructure
in many bioactive molecules.'” With the trans-disubstituted
3a in hand, we conducted several transformations
(Scheme 4). For instance, the nitro group was converted
into a primary amine and protected with a fert-butoxycar-
bonyl (Boc) group in moderate yield while maintaining
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1 in all cases 3

MeO
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N
Bn
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3d: 30%; 97% eel 3e:72%; 96% ee 3f: 66%; 99% ee
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Scheme 3. Scope of the nitrovinylindoles 1. All reactions were per-
formed on a 0.5 mmol scale. Yields of isolated products 3 after
column chromatography. Diastereomeric ratios were determined by
"H NMR spectroscopy. The ee values were determined by HPLC
analysis on a chiral stationary phase. [a] Reaction time: 24 h.

excellent diastereomeric and enantiomeric ratios. Remark-
ably, the tetracyclic pyrrolo[1,2-a]indole skeleton 6a was
synthesized by the reduction of the nitro group and a sub-
sequent Pictet-Spengler reaction in 76 % overall yield and
excellent diastereo- and enantioselectivity (d.r. >20:1,
97 % ee).'”! This class of compounds has received attention
recently because they have been tested as psychotropic
drugs™ as well as for treatment of cardiovascular and renal
disorders (Scheme 4, bottom).!"’]

Regarding the mechanism of the reaction, a proposed
catalytic cycle is illustrated in Scheme 5. First, the free
carbene 4a’ is generated by deprotonation of the triazolium
salt 4a. The nucleophilic addition of the NHC organocatalyst
4a’ to the a-chloroaldehyde 2 a results in the formation of the
zwitterionic species IN1. It is well established that this adduct
generates the Breslow intermediate IN2?" by a [1,2] H-shift,
which is a consequence of two intermolecular proton-
exchange processes.”!! The elimination of chloride leads to
the formation of the enol structure presented in the inter-
mediate IN3. We do not exclude completely that the
corresponding enolate structure may be also generated
directly from the zwitterionic intermediate IN1 by a base-
mediated elimination. However, it is likely that the formation
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1) NaBHj, NiCly-H,0

MeOH, 1 h
2) Boc,O, NEts
CH,Cl, 3 h
5a
51% over 2 steps
d.r. > 20:1, 99% ee
3a, 99% ee i Et
+ 99% 1) NaBH, NiCl,-H,0
MeOH, 1 h
2) Propanal, TFA
CH,Cly, 24 h
76% over 2 steps
d.r. >20:1, 97% ee
Me
cl N
\
N
N
0 I A\
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Scheme 4. Top: Derivatization of 3a; bottom: examples of psycho-
tropic compounds with this scaffold.

of the Breslow intermediate is faster than the elimination of
chloride by a weak base such as triethylamine. In agreement
with previous reports on formal [2+2] and [2+4] cyclo-
additions with NHC-enolates, we postulate that the enol
structure in the intermediate IN3 is Z-configured.”!'!) This
may be due to the strong 1,3-allylic strain between the N-
heterocyclic carbene and the moiety on the enol.”? In the
intermediate IN3 the chiral backbone of the NHC efficiently
shields the Re face of the enolate species to force the Michael
addition from the Si face. The nitrovinylindol approaches with
its Re face.” During this Michael addition a certain addi-
tional stabilization can be rationalized by the positive charge
of the triazolium ring and the developing negative charge of
the nitronate.” The consequence is the observed trans
selectivity of the outlined reaction. Finally, the catalytic
cycle is completed by the intramolecular lactamization of the
intermediate IN4 liberating the catalyst and 1H-pyrrolo-
[1,2-alindol-3(2H)-ones 3a as the final product. This can
occur either directly after the protonation of the nitronate
formed in the meantime or by passing through a [4+2]
cycloaddition giving an oxazine-type intermediate.”

In conclusion, we have developed an asymmetric, NHC-
catalyzed approach towards trans-disubstituted pyrroloindo-
lones 3. The desired products were obtained in moderate to
good yields with excellent diastereo- and enantioselectivities.
Further derivatizations of the products 3 resulted in new
scaffolds with potential bioactivity. Mechanistically, this
unprecedented [2+3] annulation method involves the
Michael addition of the in situ generated enolate species
from a-functionalized aldehydes 2 to nitroalkenes 1, followed
by a ring-closing reaction between indole nitrogen and the
acyl azolium carboxyl surrogate. We are currently investigat-
ing the scope and applications of this reaction.
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Scheme 5. Proposed mechanism.

Experimental Section

A dried and argon-filled Schlenk flask was charged with (E)-2-(2-
nitrovinyl)-1H-indole 1 (0.5 mmol, 1.0 equiv) and triazolium salt 4a
(0.05 mmol, 10 mol %) in 5 mL toluene. Subsequently, 2-chloroalde-
hyde 2 (1 mmol, 2.0 equiv) and triethylamine (1.1 mmol, 2.2 equiv)
were added. The mixture was stirred at 50°C until the reaction was
complete according to TLC. After purification by column chroma-
tography on silica gel (pentane/ether 10:1) the desired product 3 was
obtained as a yellow oil or solid.
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