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We describe herein a chiral phosphoric acid catalyzed Friedel-Crafts reaction of indoles with f-

alkoxycarbonyl-f-disubstituted nitroalkenes. A wide variety of substrates participated in this reaction to

afford indoles having all-carbon quaternary centers with excellent selectivities (up to 97% ee). Further

investigation suggested that the olefin geometry and the employment of NH-indole derivatives are

responsible for both reactivity and selectivity.

Introduction

The indole skeleton is prevalent in many biologically active
compounds, natural products, and industrially useful compounds.
Because of their important biological activities, the development
of new approaches for the synthesis of enantio-enriched indole
derivatives is a subject of considerable interest.

In this context, the asymmetric Friedel-Crafts reaction of
indoles with various electrophiles is one of the most
straightforward methods to afford chiral indole derivatives.'
Much effort has been expended on the development of novel and
effective methods>®  However, most of the Michael-type
asymmetric Friedel-Crafts reactions reported so far have focused
on fB-monosubstituted electron-deficient alkenes. The
corresponding reactions with f3,B-disubstituted olefins are
conspicuously limited despite the fact that those processes offer
synthetically useful, chiral indole derivatives with all-carbon
quaternary center. The intrinsic steric hindrance around the f3-
carbon dramatically decreases the reactivity, thereby lending
stereocontrol of the new bond-forming step extremely difficult.”

The first asymmetric Friedel-Crafts reaction of indoles with
B,p-disubstituted electron-deficient alkenes was reported by
Kwiatkowski and coworkers by means of cinchona alkaloid in
20128 Although the results were striking, one of the drawbacks
was the moderate to good selectivities (48—-80% ees). The first
excellent enantioselective Friedel-Crafts reaction for the
construction of an all-carbon quaternary center was accomplished
by Jia and coworkers with a chiral Ni-BOX complex in 2013.°
The CF;-containing all-carbon quaternary center was elegantly
controlled with up to 97% ee. Quite recently, Arai and coworkers
achieved a highly enantioselective Friedel-Crafts reaction of
indole with nitrostyrene derived from isatin.'’ Zhang
subsequently found that an o,f-unsaturated aldehyde derived
from isatin was also a good counterpart for the reaction by means
of the Hayashi-Jorgensen catalyst.' In spite of such
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achievements, the development of new and effective methods for
the asymmetric construction of all-carbon quaternary centers
remains a challenge.

We wish to report herein the first example of a chiral

so phosphoric acid catalyzed enantioselective Friedel-Crafts reaction

of indoles with f,f-disubstituted nitroalkenes. The key to
achieve this goal is the employment of a nitroalkene having an
ester group (electron-withdrawing moiety) at the B-position,'? and
the desired products with all-carbon quaternary centers were
obtained with good to excellent selectivities (up to 97% ee).'*
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Figure 1. Enantioselective Friedel-Crafts reaction of indoles with f3-
alkoxycarbonyl nitroalkenes.

Results and Discussion

The first trial was conducted by using a-methyl-p-nitrostyrene
3 and chiral phosphoric acid 1a (X= SiPh3),'> which exhibited
excellent selectivity in the Friedel-Crafts reaction of indole (2a)
with the simple p-monosubstituted nitroalkenes we previously
developed.®® Adduct 4 was obtained with good selectivity (69%
ee), but the chemical yield was miserably low (3%). Altering the
reaction conditions (catalyst, solvent, reaction temperature, and
additive) improved neither chemical yield nor enantioselectivity.
Fortunately, changing the nitrostyrene moiety from 3 to a-
methoxycarbonyl-B-nitrostyrene Sa offered promising results.
The reaction proceeded under mild conditions (room temperature,
cf. 80 °C in the case of 3) and desired compound 6a was obtained
in 39% yield with 63% ee.
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Scheme 1. Reactivity difference of substituent (Me vs CO,Me).

Entry 1 shows the results when 1a was used. Examination of
the catalyst suggested that bulkiness of the catalyst was the key to
s achieving excellent selectivity (Entries 2-8). In contrast to the
low selectivity when 1b having an electron-withdrawing group
was used, the use of catalysts having sterically hindered groups,
such as a 9-anthryl group and a mesityl group, led to good
selectivity (63% ee in each case, Entries 3 and 4). 24,6-
10 Triisopropylphenyl-substituted catalyst (TRIP) 1h turned out to
be the most effective in terms of selectivity (88% ee), although
the chemical yield was low (24%). We already found that the
addition of molecular sieves had a beneficial effect on the chiral
phosphoric acid catalyzed Friedel-Crafts reaction of indole with
is p-monosubstituted nitroalkenes.**® The addition of molecular
sieves 5A dramatically enhanced the reactivity to give the
corresponding adduct 6a in 74% yield without erosion of
selectivity (88% ee, Entry 9). Employment of the mixed solvent
system (cyclohexane/CH,Cl, = 4/1, v/v) further enhanced both
2 chemical yield and enantioselectivity of 6a to excellent levels
(91% with 92% ee, Entry 11).

Table 1. Screening for catalyst (R)-1.”

MeO,C
Phu
CO,Me mol%
Y -, e e \
H 1,24 h
2a 5a 6a
Entry X Yield [%]°  Ee[%]
1 SiPh; (1a) 39 63
2 4-NO,CgH, (1b) 10 7
3 9-Anthryl (1c¢) 13 63
4 2,4,6-MesCgH, (1d) 24 63
5 2,6-(iPr),.4-PhC¢H, (1e) 75 76
6 2,6-(iPr),.4-(9- 38 70
Anthryl)C¢H, (1f)
7 2,6-(iPr),CgH; (1) 16 49
8 2,4,6-(iPr);CgH, (1h) 24 88
94 2,4,6-(iPr);CgH, (1h) 74 88
10%  2,4,6-(iPr);C6H, (1h) 89 90
11%¢/ 2,4,6-(iPr);C6H, (1h) 91 92

25 “ Unless otherwise noted, all reactions were conducted with 0.20 mmol of

o

2a and 0.40 mmol of nitrostyrene 5a in the presence of chiral phosphoric
acid 1 (5 mol%) in benzene (1.0 mL) at room temperature. ” Isolated yield.
° DAICEL CHIRALCEL AD-H", flow rate = 1.0 mL/min, hexane/iPrOH
= 10/1. * MS5A was added. ¢ c-hexane/CH,Cl, (v/v = 4/1) was used

30 instead of benzene.” 1.5 equiv. of 5a was employed.
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The reaction outcome was little sensitive to variation of the
ester moiety (Figure 2). Corresponding adducts 6b—e having
ethyl, isopropyl, tert-butyl, and benzyl esters were obtained with
excellent selectivities (over 86% ee). The selectivity of 6e that

s had a benzyl ester moiety, in particular, was almost perfect,

although the chemical yield was moderate (67%, 97% ee). Based
on these results, an examination of the substrate scope was
conducted using nitroalkene with methyl ester.

EtOZC NO bpyozc NO # BuOZC NO BnOZC NO;
95%, 92/069 7%, 86/oee 81%, 91A:ee 67%, 97/oee
(0.4 M)

* 2.0 equiv. of nitrostyrene was employed.

Figure 2. Effect of ester group.

The substrate scope of this asymmetric reaction is illustrated in
Table 2.'® Nitrostyrenes having p-tolyl, p-methoxyphenyl, p-
trifluoromethylphenyl, 2-naphthyl, and 2-thienyl groups afforded
corresponding adducts (6f—j) with excellent selectivities (> 89%
ee, entries 1-5). As expected, the position of the substituent on
the aromatic ring of nitrostyrene was important to realize good
chemical yield: whereas nitrostyrene with an m-tolyl group
afforded adduct 6k in good chemical yield with excellent
selectivity (70%, 91% ee, entry 6), 51 with an o-tolyl group did
not lead to the formation of the desired adduct (entry 7). In
addition, this method is applicable to aliphatic nitroalkenes, albeit
with moderate chemical yields (> 85% ee, entries 8 and 9).

Indoles with various substituents at 5,6,7-positions afforded
corresponding adducts 60-v in good yields with excellent
selectivities (88-94% ee, entries 10-17) regardless of the
electronic circumstances. It should be noted that 7-methylindole
afforded corresponding adduct 6v with excellent selectivity (88%
ee, entry 17) although 7-methylindole led to low selectivity in the
asymmetric Friedel-Crafts reaction with o,f-unsaturated acyl
phosphonates (19% ee).®® 2-Methylindole, however, led to both
low enantioselectivity and low chemical yield (41%, 26% ee).
The absolute configurations of those products were surmised as
depicted in Figure 2 and Tables 1 and 2 by analogy to 6a, whose
absolute stereochemistry was unambiguously established by
single-crystal X-ray analysis after some transformations (vide

infra).

Table 2. Substrate scope.”

® COMe 1h (5 mol%)

6 27X ~NO2 c-hexane/CH,Cly

RU7 5 (V{\\A’S5A1)

70 rt, 24 h
Entr R R? 6  Yield Ee
y [ [%]
1 H (2a) 4-MeCgH, (5f) 6f 87 89
24 H (2a) 4-MeOC¢H, (5g) 6g 81 89
3¢ H (2a) 4-CF5C¢Hs (5h)  6h 72 93
4 H (2a) 2-Naphthyl (5i)  6i 88 90
5 H (2a) 2-Thienyl (5§) 6j 75 89
6 H (2a) 3-MeC¢Hys (5k) 6k 70 91
7 H (2a) 2-MeCgH,4 (51 61 trace -
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8 H (2a) PhCH,CH; (5Sm) 6m 52 87 s suggest that indole attacks the same enantioface of the
9 H (2a) Bu (5n) 6n 43 85 nitroalkene moiety irrespective of the geometry of alkene, and the
10 5-Me (2b) Ph (5a) 60 87 93 syn-orientation of the ester group and the nitro group is the key to
11 5-OBn (2¢) Ph (5a) 6p 80 90 achieve both good chemical yield and excellent selectivity.
12 5-F 2d) Ph (5a) 6q 72 94
13 5-Cl(2¢)  Ph(5a) 6r 72 94 g veosc O,
14° 5-Br (2f) Ph (5a) 6s 75 91 Me 250
15"_ 5-1(2g) Ph (5a) 6t 57 91 1h (5 mol%)
16/ 6-Cl(2h)  Ph(5a) 6u 61 89 i N
. MS5A -6X
17% 7-Me (2i) Ph (5a) 6v 88 88 mEN 753 84% eéR’ 6
18° 2-Me (2j) Ph (5a) 6w 41 26 @
¢ Unless otherwise noted, all reactions were conducted with 0.20 mmol of N MeO,C  NO:

a

<)

>

w

©

2 and 0.30 mmol of nitrostyrene 5 in the presence of chiral phosphoric
acid 1h (5 mol%) and MS5A in cyclohexane/CH,CL (v/v = 4/1, 1.0 mL).
® Isolated yield. ¢ Enantiomeric excess was determined with a chiral
stationary phase. ¢ 53 h. © 0.5 mL of cyclohexane/CH,Cl, (v/v = 4/1) was
employed.” 67 h.£48 h.

The quaternary stereogenic center thus constructed was
maintained through some transformations (Scheme 2). The
reduction of the nitro group by the combination of NaBH, and
NiCL*6H,0 followed by the Pictet-Spengler reaction with
benzaldehyde afforded tetrahydro-f-carboline 8, which is found
in many useful biologically active compounds, in 78% yield.**!”
Synthetically important cyclic carbamate 9 and f-lactam 10 were
also obtained from primary amine 7 with almost retaining the
chiral information. Bromobenzamide 11 gave a nice single
crystal whose X-ray analysis allowed us to determine the absolute
configuration.'®

MeO,C  NO2 Me020 NH cone

Phir-)
Ts
N\ _a
N

6a, 92% ee

8, 92% ee

d,e 9
f
o]

NH Ox_NH MeOZC HN o
Phin
A\
N
i 11,92% e
9. 91% ee 10, 86% ee Ar = 4-BrCgH,

Scheme 2. Further transformations to more complex framework.
Conditions: (a) NaBH, (5.0 equiv.), NiClL*6H,0O (1.2 equiv.), MeOH, rt,
60 min; (b) PhCHO (1.2 equiv.), CF;CO,H, MgSO,, CH,Cl,, rt, 48 h,
97% (2 steps, single diastereomer); (c) TsCl (5.0 equiv.), Et;N (6.0
equiv.), CH,Cl,, reflux, 6 h, 80%, 92% ee; (d) LiAlH, (1.5 equiv.), THF,
0 °C, 10 min; (e) triphosgene (0.5 equiv.), iPr,NEt, CH,CL, 0 °C, 3 h,
70%, 91% ee (3 steps); (f) iPrMgBr (8.0 equiv.), THF, rt, 1 h, 50%, 86%
ee (2 steps); (g) 4-bromobenzoyl chloride (1.5 equiv.), pyridine (2.0
equiv.), DMAP, CH,Cl,, rt, 4.5 h, 70%, 92% ee (2 steps).

Further examination revealed that the enantioselectivity was
strongly governed by the olefin geometry (Scheme 3). (2)--
Methyl nitroalkene 50 afforded corresponding adduct 6x in 75%
yield with 84% ee in favor of the R-isomer. On the other hand,
the S-isomer was favored in the reaction of (E£)-nitroalkene 5o,
albeit with lower enantioselectivity (32% ee). These results

40

"
ot

60

65

s thereby affording the R-isomer.

Me==;

same as above

N
H

(S)-6x
15%, 32% ee

Scheme 3. Effect of alkene geometry.

The NH group of indole derivatives is also responsible for both
reactivity and selectivity (Figure 3). N-Methylindole (12)
afforded adduct 13 in low yield with considerably low selectivity

s (20%, 8% ee). This result clearly suggests that the Friedel-Crafts

19,20 -
m

reaction proceeded via a 12-membered-ring transition state
which concomitant activation of the indole N-H moiety by
phosphoryl oxygen and the nitro group by a Brensted acidic site
is involved.

The proposed transition state model of this reaction is
illustrated in the lower part of Figure 3. Due to the steric
repulsion between the indole (or nitroalkene) and the
triisopropylphenyl group at 3,3’-positions of the catalyst, the
indole and the nitroalkene assume an endo orientation,lgi’20a
The low reactivity and
selectivity in (E)-nitroalkenes are ascribed to the steric repulsion
between the R group of alkene and the catalyst.

Me0,C  NO2
Ph
A\ COMe 1h (5 mol%) N
* )\/Noz T ohexanelCH.C
N Ph c-hexane/CH,Cl, N
Me (vIv=4/1) Me

MS5A

240 0%, 8% ee

Bronsted acid activation

Lewis base activation

Figure 3. Reaction of N-Me indole moiety and proposed transition state
model.

Conclusions

In summary, we have developed a highly enantioselective
Friedel-Crafts reaction of indoles with f-alkoxycarbonyl-f3-
disubstituted nitroalkenes. The salient feature of the reaction is

that the enantioselectivity of the all-carbon quaternary

This journal is © The Royal Society of Chemistry [year]
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stereogenic center, which is considered the most challenging
target in the field of asymmetric reactions, could be very well
controlled (up to 97% ee). Furthermore, the corresponding
adduct was readily converted into synthetically useful tetrahydro-
B-carboline, cyclic carbamate, and p-lactam without erosion of
chiral information. Further work is underway to clarify the
details of the stereocontrol mechanism and its application to other
asymmetric reactions for the construction of all-carbon
quaternary centers.
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