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Given the importance of indane derivatives in both organic
and medicinal chemistry, the development of an effective
synthetic protocol for the preparation of multifunctionalized
1,2,3-trisubstituted indane derivatives is of considerable
interest. In this paper, we developed a cascade regio- and
enantioselective double Michael addition to construct chal-
lenging multifunctionalized chiral indane derivatives in the
presence of a bifunctional acid-base organocatalyst. The re-

sulting optically active indane derivatives with three alter-
nating trans stereocenters were produced in moderate to
good yields with excellent diastereoselectivities and excel-
lent enantioselectivities. Remarkably, the resulting products
were facilely converted into multifunctionalized optically
active (1l-indanylmethyl)amine and tetrahydroindeno-
[2,1-b]pyrrole derivatives.

Introduction

Indane skeletons occur in various natural products and
serve as valuable synthons for the synthesis of interesting
complex organic compounds.l'! In particular, chiral indane
units constitute core structural elements that are ubiquitous
in a large number of biologically and pharmaceutically
active molecules.”’! For example, indatraline is a drug used

in the treatment of depression and addiction.P! Indinavir is
a protease inhibitor used as a component of highly active
antiretroviral therapy to treat HIV infection and AIDS.®
Rasagiline is an irreversible inhibitor of monoamine ox-
idase used as a monotherapy in early Parkinson’s disease
and as an adjunct therapy in more advanced cases.’! PNU-
99194 A was reported to be a selective dopamine D3 recep-
tor antagonist with potential antipsychotic properties in
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Scheme 1. Proposed mechanism for cascade double Michael addition reactions between 2 and 3.
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animal models.! Given the importance of indane deriva-
tives in both organic and medicinal chemistry, the develop-
ment of an effective synthetic protocol for the preparation
of multifunctionalized substituted indane derivatives is of
considerable interest.

Despite the great importance of chiral indane motifs,
only a few methods have been developed for the stereoselec-
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tive construction of disubstituted and/or trisubstituted in-
danes by the use of chiral secondary amines, " chiral transi-
tion-metal complexes,® and N-heterocyclic carbenes
(NHCs) as catalysts.”) In addition, the Studer group re-
ported the highly enantioselective synthesis of 1,2,3-trisub-
stituted indanes through asymmetric oxidative NHC cataly-
sis in 2011.11%111 Very recently, Enders et al. reported an
asymmetric organocatalytic Michael/Henry domino reac-
tion and successfully generated cis-vicinal trisubstituted in-
dane derivatives with high enantioselectivities.['”l In this
context, the development of new methodology for the gen-
eration of trams-1,2,3-trisubstituted indanes with multiple
stereogenic carbon centers in a cascade manner!'3! remains
challenging and is still in great demand. Herein, we report
our preliminary results on the highly enantioselective syn-
thesis of 1,2,3-trisubstituted indanes through an asymmet-
ric intermolecular and intramolecular tandem double
Michael addition approach in the presence of a bifunctional
acid—base organocatalyst.!'4]

As illustrated in Scheme I, we envisaged that o-divin-
ylbenzenes 2 would react with an active methylene-contain-
ing Michael donor, such as nitromethane (3), to form
mono-Michael adducts through activation of an appropri-
ate enantiopure bifunctional acid—base organocatalyst. The
resulting mono-Michael adducts would be in situ deproton-
ated to yield enolate I or nitroenolate IT under Brensted
base catalysis. Subsequently, two possible cyclization path-
ways could take place through the rapid reaction of the
enols with other electron-poor olefin acceptors, which
would generate multifunctionalized indane derivatives 4
and 4'.

Results and Discussion

Initially, we examined the model reaction between 2a and
3 in the presence of acidic and/or basic organocatalysts
la—d (10 mol-%) in toluene, and almost no reaction oc-
curred (Table 1, Entries 1-4). If chiral thiourea 1e or 1f was
employed for the cascade Michael addition reaction, de-
sired product 4a was obtained in low yield (31 and 36%
yield, respectively), albeit with a high diastereomeric ratio
(dr) and a high enantiomeric excess (ee) (>20:1dr, 88 and
94% ee, respectively; Table 1, Entries 5 and 6). Encouraged
by these promising results, thiourea-modified cinchona al-
kaloid catalysts 1g, 1h, and 1j were examined (Table 1, En-
tries 7-9). To our delight, if chiral thiourea 1h derived from
hydroquinidine was used as the catalyst, both the stereose-
lectivity and the yield were improved (40% yield, >20:1dr,
96%ee; Table 1, Entry 8). After further delicate optimiza-
tion of other parameters, including reaction medium, cata-
lyst loading, the addition of molecular sieves (MS), reaction
temperature, molar ratio of the reactants, as well as their
concentrations, we finally found that the 1h-catalyzed cas-
cade double Michael addition of 2a and 3 provided desired
product 4a in 77% yield, with >20:1dr and 97 % ee by using
5equiv. of 3 and 4 A MS (20 mg) with a reaction concentra-
tion of 0.125 M relative to 2a at 40 °C in toluene (Table 1,
2678
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Table 1. Optimization of the reaction conditions.!!

Ph Ph
o o
A Ph cat. 1
10-30 mol-%) NO
o Ph ( mol-%) H ; )
2a 40 °C 48 h z
+ 0O toluene N 0]
CH3NO, ON 4o pp 4a’

Q “’Q
R2 Q FaC HN CF
/J§ HNAS
HN s N N
Q it

F3C CF3 MeO

1e:R', R2=CH, 1g:R= CH-CH2 1i: R = CH,CHj,
1f: R', R? = CHy(CH,)4,CH, 1h: R=CH,CHs 1j: R = CH=CH,
Entry Cat. Solvent Yield™® drtl eel]
(mol-%) [%] [%]
1 1a (10) toluene trace - -
2 1b (10) toluene trace - -
3 1c (10) toluene trace - -
4 1d (10) toluene trace - -
5 1e (10) toluene 31 >20:1 88
6 1f (10) toluene 36 >20:1 94
7 1g (10) toluene 26 >20:1 97
8 1h (10) toluene 40 >20:1 96
9 1j (10) toluene 36 >20:1 -96
10 1h (20) toluene 47 >20:1 96
11 1h (30) toluene 45 >20:1 96
126 1h (20) toluene 52 >20:1 96
1301 1h (20) toluene 60 >20:1 96
141 1h (20) o-xylene 48 >20:1 96
15 1h (20) benzene 54 >20:1 96
16l 1h (20) PhCl 56 >20:1 96
171 1h (20) mesitylene 48 >20:1 97
18(fel 1h (20) toluene 68 >20:1 97
1916:0] 1h (20) toluene 77 >20:1 97
20(6:0] 1i (20) toluene 80 >20:1 -97

[a] Unless noted, the reactions were performed with toluene
(1.0mL), 2a (0.1 mmol, 1.0equiv.), 3 (2.0 mmol, 20 equiv.).
[b] Yield of isolated 4a. [c] Determined by analysis of the crude
products by 'H NMR spectroscopy. [d] Determined by HPLC, ent-
4a for Entries 9 and 20. [¢] 3 A MS (20 mg) were added. [f]4 A MS
(20 mg) were added. [g] Compound 3 (5equiv.). [h] Toluene
(0.8 mL).
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Entry 19 vs. Entries 14-18). In addition, hydroquinine-de-
rived thiourea catalyst 1i as a pseudoenantiomer of 1h was
also investigated in this reaction under otherwise identical
conditions, and its use led to the enantiomer of 4a in 80%
yield with >20:1dr and 97%ee (Table 1, Entry 20). No-
tably, Michael product 4a’ was not observed on the basis
of TLC stains and 'H NMR spectroscopy analysis, wherein
enolate I was unambiguously proven to be the active inter-
mediate of the cyclic Michael addition reaction.

The substrate scope of this cascade asymmetric double
Michael addition reaction was then investigated with 1h
and 1i as the catalysts under the optimized reaction condi-
tions. The results are summarized in Table 2. All the reac-
tions between dienones 2a-o0 and 3 proceeded smoothly
with the cascade catalytic actions to afford corresponding
optically active 1,2,3-trisubstituted indanes 4 in moderate
to high yields with good to excellent stereoselectivities. Ap-
parently, substrates 2b—k bearing halogen substituents (2-
F, 3-F, 4-F, 4-Cl, 4-Br, 4-1, 3,4-Cl,) and electron-donating
substituents (4-Me, 3-OMe, 4-OMe, 4-n-pentyl) on the
phenyl rings had a very small influence on the enantio-
selectivity of the corresponding reactions (Table 2, En-
tries 2-12). Dienones 2m and 2n containing biphenyl and a
heteroaromatic ring were also suitable substrates for the 1h-
and li-catalyzed cascade double Michael additions, and de-
sired products 4m, ent-4m, 4n, and ent-4n were obtained in
73-82% yield with >20:1dr and 86-96%ee (Table 2, En-
tries 13 and 14). In addition, unsymmetrical dienone 20 was

Table 2. Substrate scope.[!

European Journal
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also examined, and it provided the desired product in mod-
erate yield with excellent diastereoselectivity, albeit with in-
ferior regioselectivity (Table 2, Entry 15), which presumably
resulted from difficulties in differentiating the two
enantiofaces of the substrate attacked by the nucleophile
in the first Michael addition step. Furthermore, dienone 2r
bearing two methyl groups was subjected to the reaction
conditions. However, no reaction occurred for this transfor-
mation after 48 h (Table 2, Entry 16). To our delight, X-ray
crystallographic analysis (Figure 1) of a single crystal of
ent-4h obtained by recrystallization allowed us to make an

Figure 1. X-ray crystal structure of ent-4h.

(6]
o R4
. % i R2
AN R; + CHaNO, cat. 1h or 1i (20 mol-%) ®E>—<
AN R toluene 4 A MS, 40 °C 2010
© oN’
2 3 cat.1h for 4
(cat. 1i for ent-4)
Entry 2 R! R? t Yield®! drlc) eeldl
[h] (7] [70]
1 2a Ph Ph 48 77 (80) >20:1 97 (97)
2 2b 2-FC¢H,4 2-FC¢H, 36 55 (71) >20:1 88 (93)
3 2c 3-FC¢Hy 3-FC¢Hy 36 72 (82) >20:1 94 (98)
4 2d 4-FC¢Hy 4-FC¢H,4 36 72 (76) >20:1 99 (99)
5 2e 4-CIC¢H4 4-CIC¢H4 36 81 (73) >20:1 99 (99)
6 2f 4-BrC¢H,4 4-BrC¢H,4 36 77 (78) >20:1 94 (98)
7 2g 4-1C¢H4 4-1C¢H4 36 87 (85) >20:1 98 (99)
8 2h 3,4-Cl,C4Hj; 3,4-Cl,C4Hj; 36 91 (87) >20:1 98 (99)
9 2i 4-MeC¢Hy4 4-MeCgHy 48 69 (68) >20:1 97 (97)
10 2j 3-MeOCeHy 3-MeOC¢Hy 36 55 (71) >20:1 94 (97)
11 2k 4-MeOCg¢Hy4 4-MeOCg¢H,4 48 51 (53) >20:1 96 (97)
12 21 4-n-pentylC¢Hy 4-n-pentylC¢Hy 36 61 (60) >20:1 95 (97)
13 2m 4-PhC¢Hy4 4-PhC¢Hy4 48 73 (74) >20:1 90 (94)
14 2n 2-furyl 2-furyl 24 81 (82) >20:1 86 (96)
156 20 Ph 4-MeOCgH,4 48 64 (65) 96/97 (95:95)
16 2r Me Me 48 - - -

[a] Unless noted, the reactions were performed with 2a (0.2 mmol), 3 (1.0 mmol), and 1h or 1i (20 mol-%) in toluene (1.6 mL). PMP =
p-methoxyphenyl. [b] Yield of isolated product with the use of 1h. The yield of the isolated product obtained with the use of 1i is given
in parentheses. [c] Determined by analysis of the crude products by 'H NMR spectroscopy. [d] Determined by HPLC. The ee value for
the product obtained with the use of 1i is given in parentheses. [e] The regioselectivity was 2:1; >20:1dr for both isomers.
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cat. 1h or 1i (20 mol-%)

(]
= Ph  CH3NO, (3, 5.0 equiv.)
N o toluene, 4 A MS,

2 40°C,36h

Scheme 2. Domino Michael-Michael reaction of 2p and 3.

unambiguous assignment of the relative and absolute con-
figuration.[!3]

Upon using dienone 2p bearing two contiguous methoxy
groups on the parent benzene ring as the substrate for this
transformation, a regioselective Michael cyclization path-
way was observed with the use of catalysts 1h and 1i under
otherwise identical reaction conditions, which generated
multifunctionalized 1,2,3-trisubstituted indane derivatives
4p and 4p’ or ent-4p and ent-4p’ in 37-52% yield with 92—
99%ee and >20:1dr (Scheme 2).

Substrate 2q containing additionally two methoxy groups
on the dienone moiety was further employed as a substrate
to investigate the regioselectivity of this transformation. In-
triguingly, we found that only 4q and ent-4q were produced
in 57 and 58 % yield with 99 and 97% ee, respectively, with
>20:1dr after 48 h of reaction (Scheme 3), which thus indi-
cates that the regioselective reaction pathway is determined
by the electronic properties of the substituents attached to
the parent phenyl ring.

PMP

o o}
MeO cat. thor 1i MeO

¢ N PMP (20 mol-%) NO
_~__PMP , 2

MeO CH3NO, (5.0 equiv.)  MeO :

o) toluene, 4 AMS o

40°C, 48 h
2q PMP

cat. 1h: 4q, 57 % yield, >20:1 dr, 99 % ee

cat. 1i: ent-4q, 58 % yield, >20:1 dr, 97 % ee
Scheme 3. Cascade double Michael reaction of 2q and 3.

(1-Indanylmethyl)amine and 2-aminoindane derivatives
show a broad spectrum of pharmacological actions, includ-
ing hypotensive, analgesic, antipsychotic, and muscle-relax-
ant activities.'9 Multifunctionalized 1,2,3-trisubstituted in-
dane derivatives 4 containing nitro groups can be facilely
converted into optically active (1-indanylmethyl)amine and
tetrahydroindeno[2,1-b]pyrrole derivatives. Multifunction-
alized indane derivative 4a was reduced in the presence of
Pd/C in anhydrous methanol, followed by tert-butoxycarb-
onyl (Boc) protection of the NH group to furnish enantio-
merically enriched (1-indanylmethyl)amine derivative 5 in
41% yield over the two steps with >20:1dr and 96%ee. In
addition, resulting 2-nitro-2,3-dihydro-1H-indenes 4q and
ent-4q were readily converted into enantioenriched tetra-
2680
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4p, 44 % yield
>20:1 dr, 92 % ee

4p', 37 % yield
>20:1dr, 99 % ee

ent-4p, 52 % yield
>20:1 dr, 95 % ee

ent-4p', 39 % yield
>20:1 dr, 98 % ee

hydroindeno[2,1-b]pyrrole derivatives 6 and ent-6 by cas-
cade reductive amination in 88 and 85% yield with 99 and
96 % ee, respectively, and >20:1dr (Scheme 4).117]

Ph Ph
o 1) Pd/C (20 mol-%) o
MeOH, H, (0.5 MPa) Ph
Ph 8h _””\/\
""'\<O 2) (Boc),0, MeOH o)
rt., 12h
O,N BocHN
ent-4a 5:41 % yield
>20:1 dr, 96 % ee
PMP
o PMP
MeO.
NO, Zn, AcOH )
CH,CI “N
MeO B s 212 MeO 4 I
0°Ctor.t. "/k
oi( 12 h PMP
PMP
ent-4q ent-6: 85 % yield, >20:1dr, 96 % ee
4q 6: 88 % yield, >20:1 dr, 99 % ee

Scheme 4. Synthesis of optically active (1-indanylmethyl)amine and
indenopyrrole compounds.

Conclusions

We developed a new type of organocatalytic cascade
asymmetric double Michael addition to construct challeng-
ing multifunctionalized chiral indane derivatives with three
alternating frans stereocenters in moderate to good yields
with excellent diastereoselectivities and excellent enantio-
selectivities. Remarkably, the resulting products were readily
converted into optically active (1-indanylmethyl)amine and
tetrahydroindeno[2,1-b]pyrrole derivatives. Further expan-
sion of the substrate scope of this catalytic system, as well
as biological evaluation of the resulting products, are in
progress in our laboratory.

Experimental Section

General Procedure for the Addition of Nitromethane to Dienones: A
powder of activated 4 A molecular sieve (40 mg) was added to a
solution of 2 (0.2 mmol), 3 (1.0 mmol), and the organocatalyst
(20 mol-%) in anhydrous toluene (1.6 mL). The reaction mixture
was stirred at 40 °C for 1-2 d, and the solvent was then removed

Eur. J Org. Chem. 2014, 2677-2681
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under vacuum. The residue was purified by silica gel chromato-
graphy to yield desired products 4a—q.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental details and spectroscopic data.
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