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Abstract: The first asymmetric metal-catalyzed Nazarov
cyclization of N-heterocycles has been developed. The use of
a chiral catalyst allows the enantioselective electrocyclization
of N-heterocycles under mild conditions and the correspond-
ing products are obtained in good yields with excellent enantio-
and diastereoselectivity. The reaction mechanism and the
absolute configuration of the obtained products are explained
by means of computational studies.

Chiral five-membered rings are not only important building
blocks in organic synthesis, but also form the core structure of
many natural products and biologically active compounds. A
particularly versatile method for the construction of such five-
membered rings is the Nazarov reaction, a 4m-electrocycliza-
tion of cross-conjugated dienones.!"! In general, the reaction
can be carried out using Brgnsted or Lewis acid catalysis;
however, only few asymmetric versions have been devel-
oped.”?! With regard to the asymmetric versions, the Nazarov
cyclization of aromatic and heteroaromatic substrates pres-
ents a major challenge.”! To our knowledge, an asymmetric
4m-electrocyclization of N-heterocycles has not been de-
scribed so far.

Many alkaloids with interesting biological properties
contain a cyclopenta[blindole structural motif.® Therefore,
the development of a Nazarov cyclization of indole deriva-
tives appeared to be of great importance, since it would also
be the first example of an asymmetric reaction of this
substrates class.

We began our study with the search for a suitable catalyst
for the asymmetric electrocyclization of indole-f3-keto ester
1a. Several chiral Brgnsted acids were tested and it was found
that even the highly acidic N-triflylphosphoramides” were
not able to catalyze the reaction, which demonstrates the poor
reactivity of these substrates. Since metal complexes such as
[Cu"(box)] and [Cu"(pybox)] complexes have served as
strong Lewis acids in various enantioselective reactions, as
well as in the Nazarov cyclization,**¥ we decided to inves-
tigate the Nazarov reaction of 1a in the presence of Lewis
acid catalysts (Table 1). Initial experiments showed already
that the reaction can be catalyzed by chiral [Cu"(pybox)]
complexes 3;1%! however, the product was formed in all
cases with only a low to moderate enantioselectivity. Com-
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Table 1: Evaluation of Lewis acid catalysts and solvents for the
enantioselective Nazarov cyclization.

COzMe catalyst

RT

2+
|
3 o 2 SbFg~
%/ 2 SbFg™

e

AN CO;Me

Ph
2a

Entry®  Cat. R' R* R®  Solvent t [h] e.r
1 32 iPr - -  CH), 12 25:75
2 4a  Ph Bn -  CH, 48 765235
3 4a Ph Bn - CHCl, 96 81:19
4 4a  Ph Bn -  CH,ClL/CHCl, 24 74:26
10:1
5 4a  Ph Bn -  CH,ClL/CHCl, 36 80:20
1:1
6 4b Bn Me - CH,Cl, 58 74.5:25.5
7 4c  Bn Et -  CH,C 60 75:25
8 4d  Bn Bn -  CH,C 36 57.5:425
9 5a - - Et CH,Cl, 2 84.5:15.5
10 5a - - Et CHCl, 3 90:10
11 5b - - Me  CHCl, 3 89.5:10.5
12 5c - - Bn CHCl, 2 95:5

[a] Reaction conditions: Substrate (E)-Ta, 10 mol % catalyst 3, 4, or 5 in
the solvent noted (0.05 m). [b] Enantiomeric ratio was determined by
HPLC analysis on a chiral stationary phase (Chiralcel AD-H).

pared to the best [Cu"(pybox)] complex 3a, which afforded
the product in 70 % yield and an enantiomeric ratio of 75:25,
the use of [Cu"(box)] complex 4a delivered the product with
a higher yield of 82 % and a selectivity of 76.5: 23.5. Based on
these results we have investigated different substituted box
ligands in further experiments.

In the presence of complex 4a in CH,Cl,, the reaction
proceeded only with moderate yield and selectivity. An
increase in the selectivity could be obtained when the reaction
was carried out in CHCl;, whereby a much longer reaction
time was needed (Table 1, entries 1 and 2). With a 1:1 ratio of
CH,Cl, and CHCI;, the reaction proceeded faster, but with
alower level of enantioselectivity (Table 1, entry 5). Catalysts
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4b-d were not particularly effective (Table 1, entries 6-8). A
significant increase in the selectivity could be achieved when
the sterically demanding catalyst 5a was used. Interestingly,
with 5a as the catalyst the reaction proceeded fast in both
CH,Cl, and CHCI;, with the best enantiomeric ratio being
obtained in CHCI; (Table 1, entries 9 and 10). When the
benzyl-substituted catalyst 5¢ was employed, the product 2a
was isolated with an enantiomeric ratio of 95:5 (Table 1,
entry 12). In addition, the reaction was completed within 2 h.

Next, we studied the Nazarov reaction in the presence of
various amounts of the Cu complex 5S¢ at different temper-
atures (Table 2). The catalyst loading was reduced to 2 mol %
without loss of enantioselectivity, albeit the reaction time had
to be extended. Even at 0°C the product was obtained in the
presence of 2 mol % Sec with an excellent enantiomeric ratio
(Table 2, entry 9). With methyl ester 1a as the substrate, the
best result was produced with a catalyst loading of 5 mol % at
10°C (Table 2, entry 5).

Under the optimized conditions, the scope of the asym-
metric Nazarov reaction was then investigated (Table 3). In
general, substrates bearing either aromatic residues with
electron-withdrawing or electron-donating substituents or
heteroaromatic residues were used to give products with good
enantio- and diastereoselectivities (Table 3). The absolute

Table 2: Evaluation of the reaction parameters for the enantioselective
Nazarov cyclization !

H O 5 0, O
N CO,R ¢ (x mol%) CO.R
I CHCl HN— 2
Ph Ph
1a: R=Me, 1b: R=Et 2a,b

Entryt xmol % 5¢ la/b T°q] t[h] e.rl
1 10 1a RT 2 95:5
2 5 T1a RT 5 95:5
3 2 1a RT 10 94.5:5.5
4 10 1a 10 9 96:4
5 5 T1a 10 13 96:4
6 2 1a 10 22 96:4
7 10 Tla 0 15 96:4
8 5 Tla 0 36 96:4
9 2 1a 0 48 96:4
10 5 1a 50 0.5 93:7
11 5 1b RT 7 94:6

[a] Reaction conditions: Substrate (E)-1 and catalyst 5¢ in Chloroform
(0.05 m). [b] Enantiomeric ratio was determined by HPLC analysis on
a chiral stationary phase (Chiralcel AD-H).

configuration of the products was determined as 25,3R by X-
ray structure analysis of 2j.['”!

The products obtained in the Nazarov cyclization can be
easily modified. For example, product 2a can be quantita-
tively decarboxylated in the presence of 1,4-diazabicyclo-
[2.2.2]octane (DABCO; Scheme 1).

Regarding the reaction mechanism, we propose that in the
first step, the P-keto ester (E)-1a coordinates with the two
carbonyl oxygen atoms to the [Cu"(box)] complex, resulting
in a six-membered chelate ring 7 which possesses a boat
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Table 3: Scope of the Lewis acid catalyzed Nazarov cyclization.?!

CO,Me
5¢ (5 mol%)

B —
10 °C, CHCl3

YV 2
RZ

Entry? R R2 2 Yield [%]"  e.r dor.

1 Ph H 2a 89 96:4 93:7
2 Ph 5-F 2c 87 95:5 97:3

3 4-MeCH, H 2d 89 97.5:2.5  95:5
4 3-MeC¢H, H 2e 86 95.5:45 >99:1
5 2,4-Me,CgH, H  2f 90 93.5:6.5 94:6
6 4-MeOCH, H 2g 77 93:7 94:6
7 2-MeOC¢H, H  2h 90 93.7 95:5
8 4-FCH, H 2i 85 96.5:3.5 95:5

9 4-CIC¢H, H 2j 80 97:3 94:6
10 4-BrC¢H, H 2k 78 96:4 97:3
11 4-CF;CeH, H 21 87 99:1 >99:1
12 2-FCgH, H 2m 84 92.5:7.5 93:7
13 2-CIC¢H, H 2n 81 92:8 94:6
14 2-CF;CeH, H 20 89 92:8 95:5
15 1-naphthyl H 2p 93 96:4 96:4
16 thienyl H 2q 80 98:2 97:3
17 4-PhCgH, H 2r 93 97:3 98:2
18 ipr! H 2s 64 80:20 >99:1

[a] Reaction conditions: Substrate (E)-1 and 5 mol% 5c in chloroform
(0.05 m) at 10°C. [b] Yields after purification by column chromatography.
[c] Enantiomeric ratio was determined by HPLC analysis on a chiral
stationary phase (Chiralcel AD-H and 1A) and supercritical liquid
chromatography (SFC). [c] Reaction at room temperature.

Ph Ph

wCO,Me
\ \
toluene, reflux, 24h

T .

N N

H e} H o
2a 6a

DABCO

Scheme 1. Decarboxylation of 2a with DABCO.

conformation.® Isomerization""! and 4m conrotatory electro-
cyclization or direct cyclization affords after subsequent
deprotonation/protonation the product 2a (Scheme 2). In
considering the catalytic cycle, a series of questions regarding
the detailed reaction mechanism and the observed high
asymmetric induction arose. In particular, the catalyst struc-
ture provided no clear explanation for the course of the
reaction and the observed absolute configuration of the
products.

Therefore, we decided to perform DFT calculations to
verify our proposed mechanism and to determine the origin of
the enantioselectivity. The geometry optimization and fre-
quency calculations of the complexes and transition states
were performed using the Gaussian 09 program package!™>"!
at the UB3LYP/6-31G* level." The thermal corrections
were calculated at 298 K. Solvent effects were taken into
account at the PCM/UB3LYP/6-31G*//UB3LYP/6-31G*
level.® The corrections for dispersion interactions were
calculated with the DFT-D3 program developed by
Grimme.!]
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Scheme 2. Currently proposed reaction mechanism. LA* = chiral Lewis
acid.

Due to the substrate structure, two diastereomeric com-
plexes 7a and 7b are possible (Scheme 3, Figure 1S1). In these
two diastereomeric complexes copper coordinates with the
two carbonyl oxygen atoms of the substrate, leading to two
six-membered ring chelates which possess a boat conforma-
tion with the copper and alkenyl group at the apices.
According to our calculations, complexation through the
carbonyl and NH groups is less probable as the resulting
complex is higher in energy. Isomerization leads to inter-
mediates 8a and 8b which finally undergo cyclization to give
derivatives 9a and 9b.”? In the case of 8a, in which the
CHCHPh residue is below the plane of the indole group,
a counterclockwise conrotatory cyclization is favored.”! In
the case of 8b, where the CHCHPh residue is above the plane
of the indole group, a clockwise conrotatory cyclization is
favored. Following the Curtin-Hammett principle, when 7a

8a(4.39) 8b (6.76)
TSz cyclizationt TSz cyclization2
. (counterclockwise) (clockwise)
v (24.50) (22.48)
OMe OMe
0=
LAX,
o)
HN
9a (11.62) 9b (9.48)
A B

Scheme 3. lllustration of the proposed reaction course. Values in
brackets: relative energies in kcalmol™".
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and 7b are in equilibrium, pathway B (Scheme 3 right) is
favored as the transition state for the isomerization is lower in
energy than that in pathway A.

In summary, we have developed a catalytic asymmetric
Nazarov cyclization of indole derivatives. This copper-cata-
lyzed reaction gives the corresponding cyclopenta[b]indole
products in good yields and with excellent selectivities under
mild reaction conditions. The computer-aided studies on the
asymmetric Nazarov reaction provide a better understanding
of the reaction mechanism and explain the absolute config-
uration of the products. Given these results, further DFT
calculations should lead to the development of suitable
catalysts for such processes and an acceleration of the
reaction optimization which demonstrates the advantage of
the interplay between computational studies and experiment.
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