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The asymmetric domino reaction of various o,¢-dicyano ole-
fins to 3-nitro-2H-chromenes was studied employing readily
available cinchona-derived bifunctional thioureas as organ-
ocatalysts. These new transformations were highly regio-,

chemo-, diastereo-, and enantioselective simultaneously giv-
ing chiral multi-functionalized polyheterocyclic benzopyran
derivatives with multi-chiral carbon centers.

Introduction

Benzopyran is a well-known privileged structural motif,
present in a number of physiologically active natural prod-
ucts as well as drugs, and it plays a key role in the regulation
of various biopolymers.['l Some representative active com-
pounds that contain a benzopyran unit are shown in Fig-
ure 1. A number of studies show that delta-9-tetrahydrocan-
nabinol (A, A°>-THC) provides medical benefits for cancer
and AIDS patients by increasing appetite and decreasing
nausea. It has also been shown to assist glaucoma patients
by reducing pressure within the eye, and is used in the form
of cannabis by a number of multiple sclerosis patients to
alleviate neuropathic pain and spasticity.”) Compound C
has been shown to possess considerable hypertriglycer-
idemic activity.’)]. Rhododauri-chromanic acid D (from
Rhododendron dauricum) is of current interest, because it
possesses potent anti-HIV and potent anti-inflammatory
activities.] Owing to their pronounced biological activities,
different approaches towards the synthesis of multi-func-
tionalized polyheterocyclic benzopyran derivatives have
been reported in the past ten years. The Nicolaou group
has developed several reliable and versatile strategies for the
construction of a 10000-membered benzopyran library by
the directed split-and-pool chemistry with NanoKans and
optical encoding.’! The Park group has constructed a poly-
heterocyclic benzopyran library with diverse core skeletons
by using diversity-oriented synthesis.[®! Polyheterocyclic
benzopyran derivatives were also obtained by using [2+2]
annulations by other research groups.l’! To the best of our
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knowledge, there are few reports of a direct catalytic asym-
metric method for the synthesis of optically active multi-
functionalized polyheterocyclic benzopyran derivatives.[®! It
is worthwhile to construct a collection of drug-like small
chiral molecules with diverse benzopyran-containing core
skeletons. As such, the development of new and more gene-
ral catalytic asymmetric methods for their preparation is of
significant interest.
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Figure 1. Some representative examples of benzopyran-containing
natural products.

Results and Discussion

Organocatalytic asymmetric reactions have been used as
efficient tools for the synthesis of enantiopure molecules
under mild and environmentally benign conditions over the
past decades.”! In particular, asymmetric organocatalytic
cascade processes have served as a powerful tool in organic
synthesis because of their advantages, such as operational
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simplicity, environmental friendliness, and rapid one-pot
entries to molecular complexity through atom-, step- and
redox-economic or protecting-group-free protocols.['”!
Herein we present an advance and its direct application in
an atom-economical synthesis of chiral multi-functionalized
polyheterocyclic benzopyran derivatives based on the devel-
opment of an organocatalytic enantioselective domino
Michael-cyclization—tautomerization reaction of o,a-dicy-
ano olefins with 3-nitro-2H-chromenes. Notably, the reac-
tions are highly regio-, chemo-, diastereo-, and enantiose-
lective that simultaneously gives the desired multifunctional
products with up to four vicinal chiral carbon centers.

Bifunctional thioureas 1a—d are efficient organocatalysts
for asymmetric additions of nucleophiles to nitro olefins
(Figure 2),!''"141 and we have reported the highly regio-,
chemo-, diastereo- and enantioselective asymmetric domino
Michael-alkylation reaction of various 1,3-dicarbonyl com-
pounds to a-bromonitroalkenes employing readily available
cinchona-derived bifunctional thioureas as organocata-
lysts.'4l Recently, electron-deficient o,o-dicyano olefins,
which act as versatile direct vinylogous donors in asymmet-
ric Michael-addition reactions of electrophiles with excel-
lent chemo- and stereoselectivity, have been reported.!'>10
We envisioned that bifunctional organocatalysts 1a—f would
be efficient catalysts for the domino Michael-cyclization—
tautomerization reaction of a,u-dicyano olefins to 3-nitro-
2 H-chromenes.

CF3

jol:
FsC NJ\N“'
H H
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Figure 2. Structures of bifunctional organocatalysts 1a—1f.

Table 1 shows some screening results for the reaction of
2a with 3a. Initially, bifunctional thiourea la was investi-
gated as the organocatalyst and very poor results were ob-
tained (Table 1, Entry 1). To our delight, when the reaction
was catalyzed by Takemoto’s catalyst 1b, chiral 4aa and 5aa
were formed in moderate yields and good enantioselectivit-
ies (Table 1, Entry 2). Subsequently, we were pleased to find
that bifunctional thioureas 1¢, 1d and 1e (20 mol-%), which
are readily available from natural cinchona alkaloids, exhib-
ited a much higher catalytic activity when the domino reac-
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tion was carried out at 10 °C after 36 h (Table 1, Entries 3—
5). To our surprise, organocatalyst le, derived from quinine,
proved to be superior to lc in this domino reaction, and
products were obtained with up to 8§9% ee (Table 1, En-
try 5). Catalyst 1f was inert in this reaction (Table 1, En-
try 6). Various solvents were screened, and dichlorometh-
ane turned out to be optimal to give the product in higher
enantioselectivities and yields (Table 1, Entry 5). Similar re-
sults were achieved in other solvents (Table 1, Entries 8-11).
The ee was dramatically decreased by the combination of
DABCO (20 mol-%) with bifunctional thiourea le. By low-
ering the temperature to 0 °C, the enantioselectivity de-
creased in the presence of le (Table 1, Entry 13). Moreover,
kinetic resolution was involved in the domino Michael-cy-
clization—tautomerization reaction, and 2a was obtained
with 55% ee (Table 1, Entry 5).1'7]

Table 1. Screening studies of the organocatalytic domino reaction
of 3-nitro-2H-chromene 2a and o,u-dicyano olefin 3a.[!

- NO2 NC._CN
+
O~ "Ph Ph
2a 3

20 mol-% catalyst
- " =

solvent, 10 °C, 36 h

Ph

iy OrleH2
0~ “Ph
4aa

Entry Catalyst Solvent  Yield® [%]/eel  Yield® [%]/eelc]

[70] [70]

4aa Saa
1 1a DCM 21/0 38/0
2 1b DCM 40/79 35/79
3 1c DCM 33/82 45/83
4 1d DCM 28/83 38/86
5 le DCM 42/88 33/89
6 1f DCM - -
8 le CHCl, 48/75 25/80
9 le THF 44/76 36/81
10 1le hexane 21/79 32/83
11 1le toluene 30/79 37/81
121d] le DCM 68/0 17/0
13kl le DCM 23/71 40/72

[a] Reactions performed with 2a (0.2 mmol), 3a (0.1 mmol), 1
(20 mol-%) in solvent (1 mL) at 10 °C under N, for 36 h; DCM =
dichloromethane. [b] Isolated yield and yield based on 3a. [c] Deter-
mined by chiral HPLC analysis. [d] Adding DABCO (20 mol-%).
[e] At 0 °C under N, for 36 h.

To test the substrate scope of the domino Michael-
cyclization—tautomerization sequence, the reaction of vari-
ous 3-nitro-2H-chromene derivatives 2 with a,a-dicyano
olefins 3 was studied under the optimized conditions by
using 20 mol-% of bifunctional thiourea le as the catalyst.
The results are summarized in Table 2.

As shown in Table 2, the domino Michael-cyclization—
tautomerization reaction of various a,0-dicyano olefins 3
with 3-nitro-2 H-chromene derivative 2 all gave good yields
and high enantioselectivities of the desired products. High
6925
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Table 2. Evaluation of substrate scope: 3-nitro-2H-chromenes (2) and a,a-dicyano olefins (3).[4

20 mol-% 1e

? N NO2 NC CN
R
2 (0]

DCM, 10°C, 36 h

4

Entry R! Ar! 2 R? 3 Yield® [%)/eel (%] 4 Yield® [%]/eel [%] 5

1 H Ph 2a Ph 3a 40/92 4aa 31/92 5aa
2 H p-BrC¢H, 2b Ph 3a 38/86 4ba 35/86 5ba
3 H p-MeC¢H, 2d Ph 3a 41/74 4da 29/78 5da
4 H p-MeOC¢H,  2e Ph 3a 37/66 4ea 38/68 Sea
5 5-Cl Ph 2f Ph 3a 37/84 4fa 40/84 5fa
6 5-Br Ph 2h Ph 3a 44/32 4ha 23/80 5ha
7 4-MeO Ph 2i Ph 3a 43/91 4ia 30/91 Sia
8 H Ph 2a p-MeC¢H, 3b 41/89 4ab 36/89 5ab
9 5-Cl p-MeCgH,y 2g p-CICcHy 3¢ 43/86 4gc 25/88 5gc
10 H Ph 2a p-CIC¢H, 3c 46/90 4ac 30/90 5ac
11 H p-CIC¢H, 2c p-CIC¢H, 3c 44/85 4cc 32/85 5ce
12 H Ph 2a C,H; 3h 47/82 4ah - -

[a] Reactions performed with 2 (0.2 mmol), 3 (0.1 mmol), 1e (20 mol-%) in DCM (1 mL) at 10 °C under N, for 36 h; DCM = dichloro-
methane. [b] Isolated yield and yield based on 3. [¢] Determined by chiral HPLC analysis.

enantioselectivities were obtained in the domino reaction of
a,0-dicyano olefins with an electron-withdrawing substitu-
ent on the Ar! ring of the 3-nitro-2H-chromene derivatives
(Table 2, Entries 2, 11). On the contrary, an electron-donat-
ing substituent on the Ar! ring of 3-nitro-2H-chromene de-
rivatives tended to decrease the reactivity and enantio-
selectivity (Table 2, Entries 3 and 4). Gratifyingly, the reac-
tion of 3-nitro-2 H-chromene derivatives 3 with an electron-
withdrawing substituent or electron-donating group on the
R! group afforded the desired products with a slight effect
on the enantioselectivities (Table 2, Entries 5-7), and the
enantioselectivities were up to 94%. In addition, the elec-
tronic nature of a substituent on the aromatic moiety of 3
has little effect on the domino Michael-cyclization—tauto-
merization reaction with our organocatalytic protocol
(Table 2, Entries 8, 9). High ee values were also obtained in
the reaction of linear alkyl o,o-dicyano olefin 3h with 3-

NO,
foefe W . NCEKCN 20 mol-% 1e
L " —_—

R o “Ar Ar? DCM, 0°C, 24 h

2 3d: A2 = Ph

3e: Ar? = p-CICgH,
3f: Ar? = p-BrCgH,

nitro-2H-chromene derivative 2a, and product 4ah was ob-
tained with up to 82% ee in the domino reaction (Table 2,
Entry 12). The relative configuration of compounds 4 was
confirmed by the crystallographic study of racemic 4fa.l'8]

Interestingly, for acyclic B-phenyl a,0-dicyano olefins 3d-
3g that have small steric hindrance, only the benzannulation
products were obtained with moderate to excellent enantio-
selectivities when the domino reaction was carried out at
0 °C for 24 h (Scheme 1). Apparently, the domino Michael-
cyclization—tautomerization reaction proceeded smoothly,
then the elimination of the nitro group took place under
these conditions. Moreover, high ee was obtained when an
electron-withdrawing substituent was introduced on the Ar!
ring (Scheme 1, 6¢d). In addition, when R was an electron-
donating substituent, the a,0-dicyano olefin substrate
tended to decrease the reactivity without affecting the
enantioselectivity (Scheme 1, 6id).

79% vyield, 92% ee

78% yield, 83% ee
6cd 6id

(6]
80% yield, 86% ee

71% yield, 77% ee
6ae 6af

Scheme 1. Asymmetric domino reaction of 3-nitro-2H-chromenes 2 with a,a-dicyano olefins 3.
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Notably, high reactivity was observed for bulkier a,o-di-
cyano olefin 3i (Scheme 2), the domino reaction proceeded
smoothly and product 6ai was isolated in 21-30% yields
with good enantioselectivities (89-90% ee). Moreover, bi-
functional thioureas 1c—1e have little effects on the enantio-
selectivity and similar results were achieved.

NH, Ph

el
¢

6ai
1c: 25% yield, 90% ee
1d: 21% yield, 89% ee
1e: 30% yield, 90% ee

NC.__CN NC

o NO2 ]
4
0~ ~Ph

o~ DCM,28h

20 mol-% 1

—_—

2a 3i

Scheme 2. Asymmetric synthesis of pentacyclic dichromene 6ai.

Scheme 3 illustrates the synthetic versatility of the multi-
functional products in this methodology. Benzannulation
product 7fa was obtained when the domino reaction prod-
uct 4fa was heated to reflux in ethanol and catalyzed by
NaOAc (100 mol-%; Scheme 3, Eq. 1). Product 5aa could
be cleanly converted into compound 4aa without affecting
the ee in CH,Cl, under catalyst-free conditions (Scheme 3,
Eq. 2).

Ph Ph

Cl
iy AVH2 NaOAc, ethanol, reflux, 0.5 h
NG,

0~ "Ph
84% ee
4fa 7fa

0~ "Ph

2)

4aa
90% yield, 92% ee

5aa
92% ee

Scheme 3. Selective transformations of the domino reaction prod-
uct.

The absolute configuration of the multi-functionalized
polyheterocyclic benzopyran was confirmed by single-crys-
tal X-ray analysis of representative enantiopure 4ha that be-
ars a bromine atom. As shown in Figure 3, it has a
(7S,8R,13R) configuration.

Br1

Figure 3. X-ray diffraction analysis of compound 4ha.
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The stereochemical outcome of the domino reaction can
be rationalized by the following plausible mechanism. Ac-
cording to the literature,[''-'4 q,a-dicyano olefins can be
easily deprotonated by tertiary amines and 3-nitro-2H-
chromenes 2 may be activated by the thiourea moiety
through double H-bonding, furnishing the corresponding
vinylogous carbanion. Subsequent domino Michael-cycli-
zation—tautomerization reaction affords the desired prod-
ucts (Figure 4). The configuration is in accordance with the
single-crystal X-ray analysis.

favoured disfavoured

Figure 4. Proposed mechanism for the domino reaction.

Conclusions

In conclusion, we have successfully demonstrated the
domino reaction of electron-deficient a,a-dicyano olefins to
3-nitro-2H-chromene derivatives with excellent diastereo-
selectivity and good-to-excellent enantioselectivity. Readily
available bifunctional thiourea le was employed as the or-
ganocatalyst, which is a more effective catalyst than the di-
trifluoromethylated one. This methodology provides facile
access to various enantio-enriched multifunctional com-
pounds. Extension of this methodology to the synthesis of
other natural products is under investigation.

Experimental Section

General: Column chromatography was performed with silica gel
(200-300 mesh) eluting with ethyl acetate and petroleum ether. 'H
NMR and '*C NMR spectra were recorded with a Bruker DRX
400 spectrometer at room temperature in CDCl; as solvent. Chemi-
cal shifts for protons are reported relative to residual CHCIl; as
internal reference (0 = 7.26 ppm). Carbon spectra were referenced
to the shift of the '*C signal of CDCl; (6 = 77.0 ppm). IR spectra
were recorded with a Perkin—Elmer 1600 Series FTIR. HRMS
(ESI) spectra were measured with a Finnigan LCQPECA jon trap
mass spectrometer. Optical rotations were measured at 589 nm at
25°C in a 1-dm cell and specific rotations are given in 107!
deg cm? g'!. Enantiomeric excesses were determined by using
HPLC analysis with a Daicel Chiralpak AS column
(4.6 mm X250 mm, 5pum) and Daicel Chiralpak OD column
(4.6 mm X 250 mm, 5 um). Commercial grade solvents were dried
and purified according to standard procedures as specified in
ref.1],

Typical Procedure for the Asymmetric Domino Reaction of 3-Nitro-
2H-chromenes 2 with a,0-Dicyano Olefins 3a-3c, 3h: Compound
2a (50.6 mg, 0.2 mmol), 3a (18.2 mg, 0.1 mmol), and le (9.1 mg,
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0.02 mol) were stirred in CH,Cl, (1 mL) at 10 °C under a nitrogen
atmosphere for 36 h. Flash chromatography on silica gel (8% ethyl
acetate/petroleum ether) gave 4aa (17.4 mg, 40% yield) and Saa
(13.5mg, 31% yield) as pale yellow solids.

(6S,6aR,10aR)-7-Amino-10-methyl-6a-nitro-6,9-diphenyl-6a,10a-di-
hydro-6 H-benzo|[c]chromene-8-carbonitrile (4aa): 17.4 mg, 40%
yield. "TH NMR (400 MHz, CDCls): 6 = 7.37-7.28 (m, 8 H), 7.16—
7.14 (m, 3 H), 7.07-6.98 (m, 2 H), 5.94 (s, 1 H), 5.20 (s, 2 H), 4.14-
4.08 (m, 1 H), 1.92 (s, 3 H) ppm. *C NMR (100 MHz, CDCls): 6
=152.8, 147.7,136.8, 134.4, 129.7, 129.7, 129.3, 128.9, 128.5, 128.1,
126.8, 126.6, 122.3, 117.0, 116.1, 27.0 ppm. IR (KBr): 3350, 3251,
2957, 2202, 1718, 1663, 1565, 1477, 769 cm™'. HRMS (ESI): calcd.
for Cp;H,N3O3 + Na 458.1475; found 458.1481. [a]Ey = +11.1 (¢
= 0.30, CH»Cl,), 92% ee; the enantiomeric ratio was determined
by HPLC on Chiralpak OD column (10% 2-propanol/hexane,
I mL/min), tyajor = 7.98 min, #yino, = 11.10 min.

(6S5,6aR,10aR)-7-Imino-10-methyl-6a-nitro-6,9-diphenyl-
6a,7,10,10a-tetrahydro-6 H-benzo|c|chromene-8-carbonitrile (5aa):
13.5 mg, 31% yield. 'H NMR (400 MHz, CDCl5): 6 = 10.81 (s, 1
H), 7.54-7.52 (m, 2 H), 7.42-7.33 (m, 10 H), 7.10-7.05 (m, 2 H),
6.11 (s, 1 H), 424 (d, J = 59 Hz, 1 H), 3.55-3.51 (m, 1 H), 1.21
(d, J=7.2Hz, 3 H) ppm. '3C NMR (100 MHz, CDCls): § = 166.2,
160.1, 153.1, 136.1, 131.0, 130.0, 129.3, 129.1, 128.3, 128.1, 128.0,
127.0, 122.0, 119.2, 117.9, 90.2, 41.6, 29.7, 18.7 ppm. IR (KBr):
3348, 3244, 2956, 2189, 1706, 1643, 1554, 1474 cm™'. HRMS (ESI):
caled. for C,7H, N3O + Na 458.1475; found 458.1475. [a]y =
-36.3 (¢ = 0.27, CH,Cl,), 92% ee; the enantiomeric ratio was deter-
mined by HPLC on Chiralpak IC column (30% 2-propanol/hex-
ane, 1 mL/min), Zpiner = 10.95 min, 7,50, = 14.03 min.

(6S,6aR,10aR)-7-Amino-6-(4-bromophenyl)-10-methyl-6a-nitro-9-
phenyl-6a,10a-dihydro-6 H-benzo|c|chromene-8-carbonitrile (4ba):
19.5mg, 38% yield. '"H NMR (400 MHz, CDCls): § = 7.44-7.34
(m, 8 H), 7.18-7.16 (m, 4 H), 6.92-6.90 (m, 1 H), 5.95 (s, 1 H),
5.24 (s, 2 H), 4.17-4.11 (m, 1 H), 1.93 (s, 3 H) ppm. '3C NMR
(100 MHz, CDCl;): 6 = 152.5, 136.8, 133.5, 132.0, 129.8, 129.2,
128.6, 128.2, 126.5, 124.0, 122.5, 117.0, 116.2, 27.0, 14.2 ppm. IR
(KBr) : 3347, 3250, 2959, 2202, 1718, 1663, 1565, 1477, 769 cm™!.
HRMS (ESI): calced. for C,7H,(BrN;O3; + Na 536.0580; found
536.0581. [a]E = +9.3 (¢ = 0.42, CH,Cl,), 86% ee; the enantiomeric
ratio was determined by HPLC on Chiralpak OD column (10% 2-
propanol/hexane, 1 mL/min), #yjor = 8.43 min, fyiner = 9.60 min.

(6S,6aR,10aR)-6-(4-Bromophenyl)-7-imino-10-methyl-6a-nitro-9-
phenyl-6a,7,10,10a-tetrahydro-6 H-benzo|c]Jchromene-8-carbonitrile
(5ba): 18.0 mg, 35% yield. 'H NMR (400 MHz, CDCls): 6 = 10.79
(s, 1 H), 7.54-7.47 (m, 5 H), 7.41-7.33 (m, 4 H), 7.25-7.23 (m, 2
H), 7.09-7.07 (m, 2 H), 5.99 (s, 1 H), 4.20 (d, J = 59 Hz, 1 H),
3.51-3.48 (m, 1 H), 1.22 (d, J = 7.1 Hz, 3 H) ppm. '3C NMR
(100 MHz, CDCl;): 6 = 166.3, 160.2, 152.9, 135.9, 133.5, 131.2,
131.1, 130.2, 129.7, 129.3, 128.5, 127.0, 123.2, 122.2, 117.9, 90.3,
41.6,29.7, 18.6 ppm. IR (KBr): 3351, 3248, 2955, 2205, 1708, 1651,
1559, 1473, 771 cm!. HRMS (ESI): calcd. for C,7H50BrN;O; +
Na 536.0580; found 536.0586. [a]y = +24.9 (¢ = 0.39, CH,Cl,),
86% ee; the enantiomeric ratio was determined by HPLC on Chi-
ralpak IC column (30% 2-propanol/hexane, 1 mL/min), fyinor =
9.41 min, fyhj0r = 11.14 min.

(6S,6aR,10aR)-7-Amino-10-methyl-6a-nitro-9-phenyl-6-(p-tolyl)-
6a,10a-dihydro-6 H-benzo|c|chromene-8-carbonitrile (4da): 18.4 mg,
41% yield. "H NMR (400 MHz, CDCls): § = 7.40-7.27 (m, 5 H),
7.16-7.11 (m, 4 H), 7.06-6.98 (m, 4 H), 5.92 (s, 1 H), 5.19 (s, 2 H),
4.15-4.10 (m, 1 H), 2.34 (s, 3 H), 1.95 (s, 3 H) ppm. 3C NMR
(100 MHz, CDCl;): 6 = 152.8, 147.8, 139.8, 136.8, 131.3, 129.6,
129.6, 129.3, 128.5, 128.1, 126.8, 126.6, 122.3, 117.0, 116.1,
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21.3 ppm. IR (KBr): 3357, 3252, 2961, 2214, 1720, 1669, 1553,
1482 cm™!. HRMS (ESI): caled. for CogH»3N305 + Na 472.1632;
found 472.1632. [a]E = +24.0 (¢ = 0.32, CH,Cl,), 74% ee; the enan-
tiomeric ratio was determined by HPLC on Chiralpak OD column
(10% 2-propanol/hexane, 1 mL/min), #yajor = 7.20 min, tyinor =
8.32 min.

(6S,6aR,10aR)-7-Imino-10-methyl-6a-nitro-9-phenyl-6-(p-tolyl)-
6a,7,10,10a-tetrahydro-6 H-benzo|c|chromene-8-carbonitrile (5da):
13.0 mg, 29% yield. '"H NMR (400 MHz, CDCls): 6 = 10.79 (s, 1
H), 7.54-7.53 (m, 3 H), 7.41-7.40 (m, 2 H), 7.32-7.31 (m, 2 H),
7.25-7.23 (m, 2 H), 7.17-7.15 (m, 2 H), 7.09-7.05 (m, 2 H), 6.07
(s, 1 H), 423 (d, / = 59 Hz, 1 H), 3.54-3.50 (m, 1 H), 2.36 (s, 3
H), 1.20 (d, J = 7.1 Hz, 3 H) ppm. '*C NMR (100 MHz, CDCls):
0 = 166.3, 160.2, 153.1, 139.0, 136.1, 131.4, 131.0, 130.0, 129.3,
128.8, 127.9, 127.0, 122.0, 119.1, 117.9, 90.1, 43.1, 41.7, 21.3, 18.7,
18.6 ppm. IR (KBr): 3340, 3247, 2941, 2198, 1705, 1651, 1571 cm ™.
HRMS (ESI): calcd. for C,3H,3N303 + Na 472.1632; found
472.1632. [a] = +13.3 (¢ = 0.24, CH,Cl,), 78% ee; the enantio-
meric ratio was determined by HPLC on Chiralpak IC column
(30% 2-propanol/hexane, 1 mL/min), fpinor = 11.27 min, fypj0r =
15.12 min.

(6S,6aR,10aR)-7-Amino-6-(4-methoxyphenyl)-10-methyl-6a-nitro-9-
phenyl-6a,10a-dihydro-6 H-benzo|c|chromene-8-carbonitrile (4ea):
17.2mg, 37% yield. '"H NMR (400 MHz, CDCls): 6 = 7.39-7.27
(m, 5 H), 7.16-7.14 (m, 2 H), 7.06-7.03 (m, 3 H),6.99-6.97 (m, 1
H), 6.84-6.82 (m, 2 H), 591 (s, 1 H), 5.23 (s, 2 H), 4.14-4.09 (m,
1 H), 3.77 (s, 3 H), 1.94 (s, 3 H) ppm. '3C NMR (100 MHz,
CDCl,): 0 = 160.3, 152.7, 147.8, 136.7, 129.5, 129.1, 128.4, 128.0,
128.0, 127.9, 126.4, 126.1, 122.1, 118.8, 116.9, 116.0, 114.1, 74.6,
55.2, 26.8 ppm. IR (KBr): 3349, 3246, 2946, 2200, 1711, 1659,
1545 cm™!. HRMS (ESI): caled. for C,gH,3N30,4 + Na 488.1581;
found 488.1588. [a]y = +7.6 (¢ = 0.18, CH,Cl,), 66 % ee; the enan-
tiomeric ratio was determined by HPLC on Chiralpak OD column
(10% 2-propanol/hexane, 0.6 mL/min), 7,0 = 10.60 min, tyinor =
11.51 min.

(6S,6aR,10aS)-7-Imino-6-(4-methoxyphenyl)-10-methyl-6a-nitro-9-
phenyl-6a,7,10,10a-tetrahydro-6 H-benzo|c|chromene-8-carbonitrile
(5ea): 17.7 mg, 38% yield. '"H NMR (400 MHz, CDCl5): 6 = 10.82
(s, 1 H), 7.57-7.55 (m, 3 H), 7.44-7.43 (m, 2 H), 7.35-7.30 (m, 4
H), 7.11-7.10 (m, 2 H), 6.91-6.89 (m, 2 H), 6.09 (s, 1 H), 4.26 (d,
J=58Hz 1 H), 3.84 (s, 3 H), 3.57-3.53 (m, 1 H), 1.24 (d, J =
7.2 Hz, 3 H) ppm. *C NMR (100 MHz, CDCls): 6 = 166.3, 160.2,
160.0, 153.1, 136.1, 131.0, 130.0, 129.5, 129.3, 129.2, 127.0, 126.3,
121.9, 118.0, 113.5, 113.4, 90.0, 55.3, 55.3, 43.1, 41.7, 18.7 ppm. IR
(KBr): 3345, 3241, 2887, 2185, 1700, 1651, 1548 cm~'. HRMS
(ESI): calcd. for C,gH,3N30, + Na 488.1581; found 488.1581.
[alty = +32.2 (¢ = 0.48, CH,Cl,), 68% ee; the enantiomeric ratio
was determined by HPLC on Chiralpak IC column (30% 2-propa-
nol/hexane, 1 mL/min), fyinor = 13.79 min, #yaj0r = 19.12 min.

(6S,6aR,10aR)-7-Amino-2-chloro-10-methyl-6a-nitro-6,9-diphenyl-
6a,10a-dihydro-6 H-benzo|c|chromene-8-carbonitrile (4fa): 17.4 mg,
37% yield. '"H NMR (400 MHz, CDCl,): 6 = 7.43-7.34 (m, 6 H),
7.31-7.25 (m, 2 H), 7.18-7.16 (m, 4 H), 6.97-6.95 (m, 1 H), 5.94
(s, 1 H), 5.21 (s, 2 H), 4.16-4.11 (m, 1 H), 1.93 (s, 3 H) ppm. 13C
NMR (100 MHz, CDCl3): 0 = 151.4, 136.4, 133.9, 129.8, 129.7,
129.1, 128.9, 128.5, 128.1, 127.3, 126.6, 125.7, 117.3, 116.7, 60.4,
26.9, 14.1 ppm. IR (KBr): 3350, 3246, 2961, 2210, 1709, 1645,
1558 cm™!. HRMS (ESI): calcd. for C,,H5,CIN;O5 + Na 492.1085;
found 492.1086. [a] = +9.3 (¢ = 0.30, CH,Cl,), 84% ee; the enan-
tiomeric ratio was determined by HPLC on Chiralpak OD column
(10% 2-propanol/hexane, 1 mL/min), fiajor = 8.44 min, fiiner =
10.22 min.

Eur. J. Org. Chem. 2012, 6924-6932



Multi-Functionalized Polyheterocyclic Benzopyran Derivatives

Eur

(6S,6aR,10aR)-2-Chloro-7-imino-10-methyl-6a-nitro-6,9-diphenyl-
6a,7,10,10a-tetrahydro-6 H-benzo|c|chromene-8-carbonitrile (5fa):
18.8 mg, 40% yield. '"H NMR (400 MHz, CDCl3): 6 = 10.85 (s, 1
H), 7.56-7.54 (m, 3 H), 7.40-7.36 (m, 5 H), 7.32-7.28 (m, 4 H),
7.05-7.02 (m, 1 H), 6.09 (s, 1 H), 4.20 (d, J = 5.7 Hz, 1 H), 3.50—
3.46 (m, 1 H), 1.21 (d, J = 7.2 Hz, 3 H) ppm. '3*C NMR (100 MHz,
CDCl): 6 = 165.7, 159.7, 151.7, 135.9, 131.1, 130.1, 129.3, 129.2,
128.1, 128.0, 127.8, 126.9, 119.3, 89.7, 41.4, 18.7 ppm. IR (KBr):
3338, 3241, 2937, 2197, 1713, 1658, 1560, 1472 cm™!. HRMS (ESI):
caled. for C7H5oCIN;O5 + Na 492.1085; found 492.1084. [a]E =
+39.5 (¢ = 0.85, CH,Cl,), 84% ee; the enantiomeric ratio was deter-
mined by HPLC on Chiralpak OD column (30% 2-propanol/hex-
ane, 1 mL/min), Zyinor = 9.035 min, #y4j0, = 10.77 min.

(6S,6aR,10aR)-7-Amino-2-bromo-10-methyl-6a-nitro-6,9-diphenyl-
6a,10a-dihydro-6 H-benzo|c|chromene-8-carbonitrile (4ha): 22.6 mg,
44% yield. '"H NMR (400 MHz, CDCl5): § = 7.49-7.47 (m, 2 H),
7.42-7.29 (m, 5 H), 7.19-7.00 (m, 6 H), 5.89 (s, 1 H), 5.15 (s, 2 H),
4.17-4.11 (m, 1 H), 1.92 (s, 3 H) ppm. '3C NMR (100 MHz,
CDCl): 0 = 151.9, 136.4, 133.9, 132.6, 130.9, 129.8, 129.2, 129.1,
128.9, 128.5, 128.2, 128.0, 127.9, 126.9, 126.6, 125.8, 121.9, 117.9,
116.6, 114.6, 29.7, 18.6 ppm. IR (KBr): 3340, 3243, 2952, 2197,
1711, 1656, 1558, 1470, 762 cm~'. HRMS (ESI): calcd. for
C,;H,BrN;05 + Na 536.0581; found 536.0580. [a]s = +9.3 (¢ =
0.42, CH,Cl,), 82% ee; the enantiomeric ratio was determined by
HPLC on Chiralpak OD column (10% 2-propanol/hexane, 1 mL/
min), tmajor = 8.79 Min, fine: = 10.61 min.

(6S,6aR,10aR)-2-Chloro-7-imino-10-methyl-6a-nitro-6,9-diphenyl-
6a,7,10,10a-tetrahydro-6 H-benzo|c|chromene-8-carbonitrile (Sha):
11.8 mg, 23% yield. '"H NMR (400 MHz, CDCl5): 6 = 10.82 (s, 1
H), 7.53-7.52 (m, 2 H), 7.42-7.34 (m, 8 H), 7.31-7.30 (m, 2 H),
6.96 (d, J = 8.6 Hz, 1 H), 6.07 (s, | H), 4.18 (d, J/ = 59 Hz, 1
H), 3.49-3.42 (m, 1 H), 1.19 (d, J = 7.2 Hz, 3 H) ppm. '*C NMR
(100 MHz, CDCl3): 0 = 165.7, 159.6, 152.1, 133.0, 131.0, 129.3,
129.2, 128.1, 128.0, 127.8, 126.9, 119.7, 114.1, 89.7, 42.9, 41.4,
18.6 ppm. IR (KBr): 3345, 3247, 2954, 2199, 1715, 1660, 1562,
1473, 765 cm™'. HRMS (ESI): calcd. for C,7;H,oBrN;NaO;
536.0581; found 536.0585. [a]s = +24.9 (¢ = 0.39, CH,Cl,), 81%
ee; the enantiomeric ratio was determined by HPLC on Chiralpak
IC column (30% 2-propanol/hexane, 1 mL/min), finor = 9.69 min,
Imajor = 11.75 min.

(6S,6aR,10aR)-7-Amino-3-methoxy-10-methyl-6a-nitro-6,9-di-
phenyl-6a,10a-dihydro-6 H-benzo|c|chromene-8-carbonitrile (4ia):
20.0 mg, 43% yield. '"H NMR (400 MHz, CDCl5): 6 = 7.40-7.32
(m, 7 H), 7.19-7.14 (m, 4 H), 6.65-6.63 (m, 1 H), 6.54 (d, J =
2.5Hz, 1 H), 591 (s, 1 H), 5.10 (s, 2 H), 4.15-4.10 (m, 1 H), 3.83
(s, 3 H), 1.91 (s, 3 H) ppm. '*C NMR (100 MHz, CDCl): J =
160.7, 153.6, 134.3, 129.7, 129.2, 128.8, 128.5, 128.0, 127.1, 109.4,
55.4,29.7 ppm. IR (KBr): 3349, 3253, 2962, 2205, 1713, 1656, 1567,
1479 cm!'. HRMS (ESI): caled. for C,gH,3N30,4 + Na 488.1579;
found 488.1581. [a] = +7.1 (¢ = 0.17, CH,Cl,), 91% ee; the enan-
tiomeric ratio was determined by HPLC on Chiralpak OD column
(10% 2-propanol/hexane, 1 mL/min), fpjor = 9.56 min, tyinor =
12.72 min.

(6S,6aR,10aR)-7-Imino-3-methoxy-10-methyl-6a-nitro-6,9-diphen-
yl-6a,7,10,10a-tetrahydro-6 H-benzo| c|chromene-8-carbonitrile (5ia):
14.0 mg, 30% yield. '"H NMR (400 MHz, CDCl5): 6 = 10.83 (s, 1
H), 7.52-7.51 (m, 3 H), 7.39-7.31 (m, 7 H), 7.21-7.19 (m, 1 H),
6.63-6.59 (m, 2 H), 6.11 (s, 1 H), 4.17 (d, J = 5.5 Hz, 1 H), 3.80
(s, 3 H), 3.54-3.47 (m, 1 H), 1.17 (d, J = 7.2 Hz, 3 H) ppm. 13C
NMR (100 MHz, CDCls): 6 = 166.2, 160.9, 159.9, 154.0, 130.9,
129.2, 129.1, 128.1, 128.0, 127.9, 127.0, 113.7, 110.9, 109.4, 102.1,
90.0, 55.5, 41.6, 29.7, 18.6 ppm. IR (KBr): 3348, 3248, 2956, 2198,
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1717, 1658, 1564, 1476, 767 cm™'. HRMS (ESI): calcd. for
C,sH,3N304 + Na 488.1579; found 488.1588. [a]y = —23.9 (¢ =
0.30, CH,Cl,), 91% ee; the enantiomeric ratio was determined by
HPLC on Chiralpak IC column (30% 2-propanol/hexane, 1 mL/
min), fminor = 11.87 min, f4jor = 14.46 min.

(6S,6aR,10aR)-7-Amino-10-methyl-6a-nitro-6-phenyl-9-(p-tolyl)-
6a,10a-dihydro-6 H-benzo|c|chromene-8-carbonitrile (4ab): 18.4 mg,
41% yield. '"H NMR (400 MHz, CDCl): 6 = 7.39-7.29 (m, 6 H),
7.20-7.18 (m, 3 H), 7.08-7.00 (m, 4 H), 5.96 (s, 1 H), 5.22 (s, 2 H),
4.16-4.11 (m, 1 H), 2.36 (s, 3 H), 1.94 (s, 3 H) ppm. 3C NMR
(100 MHz, CDCly): 0 = 152.7, 147.6, 137.6, 134.4, 133.7, 129.5,
129.5, 129.1, 129.0, 128.7, 128.3, 126.7, 126.2, 122.1, 117.0, 116.0,
29.6,21.2, 14.1 ppm. IR (KBr): 3350, 3253, 2938, 2212, 1681, 1649,
1561, 1464 cm™'. HRMS (ESI): calcd. for C,3H,3N305 + Na
472.1633; found 472.1641. [a]5 = +29.1 (¢ = 0.27, CH,Cl,), 90%
ee; the enantiomeric ratio was determined by HPLC on Chiralpak
OD column (10% 2-propanol/hexane, 1 mL/min), £,,jor = 7.50 min,
tminor = 9.20 min.

(6S,6aR,10aR)-7-Imino-10-methyl-6a-nitro-6-phenyl-9-(p-tolyl)-
6a,7,10,10a-tetrahydro-6 H-benzo|c|chromene-8-carbonitrile (5ab):
16.2 mg, 36% yield. '"H NMR (400 MHz, CDCl5): 6 = 10.76 (s, 1
H), 7.36-7.33 (m, 10 H), 7.10-7.05 (m, 3 H), 6.10 (s, 1 H), 4.23 (d,
J =58Hz 1 H), 3.55-3.51 (m, 1 H), 244 (s, 3 H), 1.21 (d, J =
7.1 Hz, 3 H) ppm. '3C NMR (100 MHz, CDCls): § = 166.4, 160.3,
153.1, 141.6, 133.2, 130.0, 130.0, 129.2, 129.1, 128.3, 128.1, 128.0,
127.0, 122.0, 117.9,90.3, 41.4, 29.7, 21.5, 21.3, 18.8 ppm. IR (KBr):
3351, 3255, 2963, 2206, 1715, 1664, 1545, 1471 cm™'. HRMS (ESI):
calcd. for CygH,3N305 + Na 472.1633; found 472.1632. [a]y =
+11.3 (¢ = 0.22, CH,Cl,), 89% ee; the enantiomeric ratio was deter-
mined by HPLC on Chiralpak IC column (30% 2-propanol/hex-
ane, 1 mL/min), tyinor = 11.49 min, fy,0r = 14.27 min.

(6S,6aR,10aR)-7-Amino-2-chloro-9-(4-chlorophenyl)-10-methyl-
6a-nitro-6-(p-tolyl)-6a,10a-dihydro-6 H-benzo|c]chromene-8-carbo-
nitrile (dgc): 22.2 mg, 43% yield. 'TH NMR (400 MHz, CDCl): 6
=17.37-7.34 (m, 2 H), 7.29-7.26 (m, 1 H), 7.19-6.92 (m, 8 H), 5.89
(s, 1 H), 5.26 (s, 2 H), 4.13-4.04 (m, 1 H), 2.34 (s, 3 H), 1.93 (s, 3
H) ppm. *C NMR (100 MHz, CDCl5): 6 = 150.4, 131.8, 130.7,
130.6, 130.2, 130.1, 129.8, 129.6, 128.9, 128.8, 127.1, 127.1, 29.7,
21.2 ppm. IR (KBr): 3351, 3249, 2955, 2186, 1709, 1656, 1564,
1471 cm™!'. HRMS (ESI): calced. for C,3H,;ClI,N;05 + Na
540.0855; found 540.0853. [a]E = +9.5 (¢ = 0.43, CH,Cl,), 86% ee;
the enantiomeric ratio was determined by HPLC on Chiralpak OD
column (10% 2-propanol/hexane, 1 mL/min), tyajor = 6.99 min,
tminor = 8.09 min.

(6S,6aR,10aR)-2-Chloro-9-(4-chlorophenyl)-7-imino-10-methyl-
6a-nitro-6-(p-tolyl)-6a,7,10,10a-tetrahydro-6 H-benzo|c|chromene-
8-carbonitrile (5gc): 12.9 mg, 25% yield. '"H NMR (400 MHz,
CDCl;): 0 = 10.69 (s, 1 H), 7.54-7.52 (m, 2 H), 7.44-7.39 (m, 2 H),
7.26-7.13 (m, 6 H), 7.02-6.99 (m, 1 H), 6.04 (s, 1 H), 4.14 (d, J =
6.7 Hz, 1 H), 3.52-3.49 (m, 1 H), 2.34 (s, 3 H), 1.20 (d, / = 7.2 Hz,
3 H) ppm. '*C NMR (100 MHz, CDCls): 6 = 166.3, 160.0, 151.5,
138.9, 130.9, 129.2, 129.0, 128.6, 128.6, 127.9, 127.9, 127.0, 126.9,
119.1, 91.9, 89.9, 42.5, 41.8, 21.2, 18.4 ppm. IR (KBr): 3351, 3249,
2961, 2203, 1709, 1658, 1549, 1469, 771 cm~!. HRMS (ESI): calcd.
for C,5H,;C1,N305 + Na 540.0852; found 540.0851. [a]y = +32.2
(¢ = 0.18, CH,Cl,), 88% ee; the enantiomeric ratio was determined
by HPLC on Chiralpak IC column (30% 2-propanol/hexane, 1 mL/
min), finor = 8.04 min, 7,50, = 9.00 min.

(6S,6aR,10aR)-7-Amino-9-(4-chlorophenyl)-10-methyl-6a-nitro-6-
phenyl-6a,10a-dihydro-6 H-benzo|c|chromene-8-carbonitrile (4ac):
21.6 mg, 46% yield. "H NMR (400 MHz, CDCls): 6 = 7.38-7.32
(m, 7 H), 7.19-7.03 (m, 6 H), 6.00 (s, 1 H), 5.43 (s, 2 H), 4.17-4.13
6929
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(m, 1 H), 1.97 (s, 3 H) ppm. 3C NMR (100 MHz, CDCls): § =
152.8, 148.3, 135.3, 134.4, 134.0, 130.8, 129.8, 129.0, 128.8, 127.6,
127.0, 127.0, 126.8, 122.4, 118.7, 117.0, 116.2, 74.9, 29.8, 21.8 ppm.
IR (KBr): 3346, 3249, 2958, 2201, 1717, 1662, 1564, 1476,
768 cm™'. HRMS (ESI): calcd. for C,7H,,CIN;O5; + Na 492.1085;
found 492.1093. [a]E = +21.2 (¢ = 0.26, CH,Cl,), 90% ee; the enan-
tiomeric ratio was determined by HPLC on Chiralpak OD column
(10% 2-propanol/hexane, 1 mL/min), fmajor = 7.57 min, fiiner =
10.13 min.

(6S,6aR,10aR)-9-(4-Chlorophenyl)-7-imino-10-methyl-6a-nitro-6-
phenyl-6a,7,10,10a-tetrahydro-6 H-benzo|c|chromene-8-carbonitrile
(5ac): 14.1 mg, 30% yield. '"H NMR (400 MHz, CDCls): 6 = 10.87
(s, 1 H), 7.52-7.50 (m, 2 H), 7.36-7.27 (m, 9 H), 7.09-7.07 (m, 2
H), 6.11 (s, 1 H), 4.24 (d, J = 5.5Hz, 1 H), 3.53-3.50 (m, 1 H),
1.20 (d, J = 7.2 Hz, 3 H) ppm. '3C NMR (100 MHz, CDCl;): 6 =
134.3, 130.0, 129.5, 129.0, 128.6, 128.3, 128.0, 127.8, 121.9, 117.8,
60.29, 18.5, 14.09 ppm. IR (KBr): 3350, 3245, 2961, 2191, 1702,
1658, 1557, 1466, 751 cm~'. HRMS (ESI): calcd. for
C,7H,(CIN;O5+ Na 492.1085; found 492.1086. HRMS (ESI):
caled. for C,gH sN,NaO 397.13137, found 397.13113. [a] = +91.6
(¢ = 0.49, CH,Cl,), 90% ee; the enantiomeric ratio was determined
by HPLC on Chiralpak IC column (30% 2-propanol/hexane, 1 mL/
min), fuinor = 9.48 min, 7,50, = 11.63 min.

(6S,6aR,10aR)-7-Amino-6,9-bis(4-chlorophenyl)-10-methyl-6a-nitro-
6a,10a-dihydro-6 H-benzo|c|chromene-8-carbonitrile (4cc): 22.1 mg,
44% yield. "H NMR (400 MHz, CDCl;): 6 = 7.38-7.26 (m, 6 H),
7.12-7.00 (m, 6 H), 5.93 (s, 1 H), 5.29 (s, 2 H), 4.17-4.11 (m, 1 H),
1.93 (s, 3 H) ppm. 3C NMR (100 MHz, CDCl5): 6 = 152.3, 147.6,
135.7, 135.0, 134.0, 132.7, 130.5, 129.8, 129.0, 128.7, 128.1, 126.9,
122.4, 118.2, 116.6, 116.1, 74.0, 14.1 ppm. IR (KBr): 3341, 3244,
2953, 2196, 1712, 1657, 1558, 1471, 762 cm™'. HRMS (ESI): calcd.
for C,7H,9CI,N305 + Na 526.0693; found 526.0686. [a]y = +11.4
(¢ = 0.41, CH,Cl,), 85% ee; the enantiomeric ratio was determined
by HPLC on Chiralpak OD column (10% 2-propanol/hexane,
I mL/min), fy,jor = 7.60 min, fyine = 8.88 min.

(65,6aR,10aR)-6,9-Bis(4-chlorophenyl)-7-imino-10-methyl-6a-
nitro-6a,7,10,10a-tetrahydro-6 H-benzo|c|chromene-8-carbonitrile
(5¢c): 16.1 mg, 32% yield. '"H NMR (400 MHz, CDCl5): 6 = 10.76
(s, 1 H), 7.52-7.48 (m, 2 H), 7.40-7.38 (m, 2 H), 7.33-7.27 (m, 6
H), 7.08-7.04 (m, 2 H), 6.01 (s, 1 H), 4.16 (d, J = 6.6 Hz, 1 H),
3.50-3.47 (m, 1 H), 1.20 (d, J = 7.2 Hz, 3 H) ppm. '3*C NMR
(100 MHz, CDCl3): 6 = 165.1, 159.9, 152.6, 137.1, 134.7, 134.1,
132.7, 130.0, 129.4, 129.4, 129.3, 128.4, 128.3, 128.0, 122.0, 118.7,
117.6, 113.3,90.1, 75.7, 42.6, 41.3, 18.3 ppm. IR (KBr): 3343, 3245,
2952, 2210, 1711, 1659, 1559, 1466 cm™'. HRMS (ESI): calcd. for
C,7H oCI2N;05 + Na 526.0693: found 526.0695. [a]y = +47.8 (c
= 0.35, CH,Cl,), 85% ee; the enantiomeric ratio was determined
by HPLC on Chiralpak IC column (30% 2-propanol/hexane, 1 mL/
min), tminor = /.54 Min, f,i0r = 8.74 min.

(65,6aR,10aR)-7-Amino-9-ethyl-10-methyl-6a-nitro-6-phenyl-
6a,10a-dihydro-6 H-benzo|c|chromene-8-carbonitrile (4ah): 18.2 mg,
47% yield. "H NMR (400 MHz, CDCls): § = 7.34-7.32 (m, 1 H),
7.27-7.26 (m, 3 H), 7.21-7.14 (m, 3 H), 7.04-6.93 (m, 2 H), 5.67
(d, J=7.0Hz 2 H),4.93 (s, 2 H), 4.10 (d, J = 4.3 Hz, 1 H), 3.41-
338 (m, 1 H), 1.73 (d, J = 7.1 Hz, 3 H), 1.14 (d, J = 7.1 Hz, 3
H) ppm. *C NMR (100 MHz, CDCly): § = 152.4, 144.9, 134.5,
130.9, 129.5, 128.8, 128.5, 127.6, 127.3, 122.3, 122.0, 121.8, 117.3,
116.5, 89.6, 78.5, 40.1, 33.2, 18.9, 13.2 ppm. IR (KBr): 3319, 3248,
3027, 2194, 1713, 1651, 1547, 1469, 753 cm™!. HRMS (ESI): calcd.
for C,3H,;N3O5 + Na 410.148; found 410.1475. [a]fs = -31.0 (¢ =
0.42, CH,Cl,), 82% ee; the enantiomeric ratio was determined by
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HPLC on Chiralpak OD column (10% 2-propanol/hexane, 1 mL/
min), fmajor = 6.65 Min, fyiner = 8.13 min.

Typical Procedure for Asymmetric Domino Reaction of 3-Nitro-2H-
chromenes (2) and a,a-Dicyano olefins (3d-3f): Compound 2¢
(57.4 mg, 0.2 mmol), 3d (16.8 m, 0.1 mmol), 1e (9.1 mg, 0.04 mmol)
were stirred in CH,Cl, (1 mL) at 0 °C under a nitrogen atmosphere
for 24 h. Flash chromatography on silica gel (8% ethyl acetate/pe-
troleum ether) gave 6cd (32.2 mg, 79% yield) as a pale yellow solid.

(S)-7-Amino-6-(4-chlorophenyl)-9-phenyl-6 H-benzo|c|chromene-
8-carbonitrile (6¢d): 32.2 mg, 79 % yield. '"H NMR (400 MHz,
CDCly): 0 = 7.72-7.69 (m, 1 H), 7.65-7.63 (m, 2 H), 7.53-7.51 (m,
3 H), 7.30-7.26 (m, 6 H), 7.03-7.01 (m, 1 H), 6.91-6.89 (m, 1 H),
6.30 (s, 1 H), 4.36 (s, 2 H) ppm. '*C NMR (100 MHz, CDCls): 6
=152.3, 146.0, 135.6, 131.2, 129.3, 129.2, 128.9, 128.8, 128.6, 124.1,
122.5, 118.5, 115.9, 113.8, 73.1 ppm. IR (KBr): 3397, 3106, 2184,
1701, 1632, 1581, 1438, 759 cm~!. HRMS (ESI): calcd. for
C,sH7CIN,O + Na 431.092; found 431.0921. [a]y = -252.7 (¢ =
0.28, CH,Cl,), 92% ee; the enantiomeric ratio was determined by
HPLC on Chiralpak IC column (20% 2-propanol/hexane, 1 mL/
min), fmajor = 7.64 Min, fyiner = 8.54 min.

(8)-7-Amino-3-methoxy-6,9-diphenyl-6 H-benzo|c|chromene-8-
carbonitrile (6id): 31.5 mg, 78% yield. 'H NMR (400 MHz,
CDCl;): 0 = 7.65-7.62 (m, 2 H), 7.53-7.51 (m, 3 H), 7.34-7.23 (m,
7 H), 6.58-6.56 (m, 1 H), 6.44-6.44 (m, 1 H), 6.32 (s, 1 H), 4.30 (s,
2 H), 3.77 (m, 3 H) ppm. '3C NMR (100 MHz, CDCl;): § = 129.2,
129.0, 128.6, 128.5, 127.8, 113.0, 109.0, 103.0, 74.3, 55.3 ppm. IR
(KBr): 3503, 3310, 3116, 2206, 1709, 1633, 1557, 1411, 743 cm™.
HRMS (ESI): caled. for C»;H,0N,>NaO, 427.141; found 427.1417.
[a]s = -165.0 (¢ = 0.22, CH,Cl,), 83% ee; the enantiomeric ratio
was determined by HPLC on Chiralpak IC column (20% 2-propa-
nol/hexane, 1 mL/min), fyaj0r = 7.85 Min, fiyinor = 9.28 min.

(S)-7-Amino-9-(4-chlorophenyl)-6-phenyl-6 H-benzo|c|chromene-
8-carbonitrile (6ae): 32.6 mg, 80% yield. '"H NMR (400 MHz,
CDCls): 0 = 7.71-7.48 (m, 5 H), 7.31-7.22 (m, 7 H), 6.99-6.88 (m,
2 H), 6.31 (s, 1 H), 4.34 (s, 2 H) ppm. '3C NMR (100 MHz,
CDCls): 0 = 152.5, 146.4, 136.9, 134.4, 131.2, 129.9, 129.2, 129.0,
128.9, 127.8, 123.9, 122.2, 118.5, 117.2, 113.5, 73.9, 29.7 ppm. IR
(KBr): 3451, 3306, 3019, 2101, 1705, 1651, 1570, 1395, 718 cm™ .
HRMS (ESI): caled. for C,4H;7CIN,O + Na 431.092; found
431.0921. [a]y = —451.0 (¢ = 0.24, CH,Cl,), 86% ee; the enantio-
meric ratio was determined by HPLC on Chiralpak IC column
(20% 2-propanol/hexane, 1 mL/min), fyajor = 6.14 min, tyiner =
7.42 min.

(S)-7-Amino-9-(4-bromophenyl)-6-phenyl-6 H-benzo|c|chromene-
8-carbonitrile (6af): 32.1 mg, 71 % yield. '"H NMR (400 MHz,
CDCls): 6 = 7.69-7.63 (m, 3 H), 7.50-7.48 (m, 2 H), 7.30-7.18 (m,
7 H), 7.00-6.87 (m, 2 H), 6.30 (s, 1 H), 4.33 (s, 2 H) ppm. 13C
NMR (100 MHz, CDCl,): 6 = 152.6, 146.5, 134.5, 131.9, 131.3,
130.2, 129.3, 129.0, 127.9, 124.0, 122.3, 118.5, 113.4, 74.0 ppm. IR
(KBr): 3391, 3217, 2209, 1684, 1627, 1527, 1461, 673 cm™'. HRMS
(ESI): caled. for C,6H7BrN,O + Na 475.04; found 475.0417.
[a]s = —404.8 (c = 0.29, CH,Cl,), 77% ee; the enantiomeric ratio
was determined by HPLC on Chiralpak IC column (20% 2-propa-
nol/hexane, 1 mL/min), fyaj0r = 6.35 Min, fyinoy = 7.65 min.

14-Amino-1-phenyl-1,7-dihydrobenzo[1,2-¢:3,4-¢'|dichromene-13-car-
bonitrile (6ai): 12.1 mg, 30% yield. '"H NMR (400 MHz, CDCl;): §
=837 (d, J=79Hz 1 H), 7.39-7.35 (m, 1 H), 7.21-7.19 (m, 3
H), 7.10-6.96 (m, 5 H), 6.30 (s, 1 H), 5.46 (d, J = 13.0 Hz, 1 H),
5.09 (d, J = 13.0 Hz, 1 H), 4.35 (s, 2 H) ppm. '3C NMR (100 MHz,
CDCl,): 0 = 130.9, 129.2, 128.9, 128.0, 125.9, 122.5, 119.3 ppm. IR
(KBr): 3472, 3361, 3104, 2172, 1736, 1607, 1569, 1416, 739 cm™!.
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HRMS (ESI): caled. for C,;H5sN>O, + H 403.145; found 403.1441.
[aly = +21.8 (¢ = 0.43, CH,Cl,), 90% ee; the enantiomeric ratio
was determined by HPLC on Chiralpak IC column (30% 2-propa-
nol/hexane, 1 mL/min), #yajor = 5.10 min, Zpino, = 5.44 min.

(S)-7-Amino-2-chloro-10-methyl-6,9-diphenyl-6 H-benzo|c|chromene-
8-carbonitrile (7fa): Compound 4fa (47.0 mg, 0.2 mmol) and
NaOAc (1 mmol) were heated to reflux in ethanol (2 mL) for 0.5 h.
Then the mixture was dried and concentrated. The residue was
purified by using flash chromatography on silica gel (10% ethyl
acetate/petroleum ether) to give 7fa (39.0 mg, 93% yield) as a yel-
low solid. '"H NMR (400 MHz, CDCls): § = 7.66-7.65 (m, 1 H),
7.54-7.29 (m, 9 H), 7.12-7.09 (m, 1 H), 6.87-6.85 (m, 1 H), 6.29
(s, 1 H), 4.12 (s, 2 H), 2.30 (s, 3 H) ppm. '3C NMR (100 MHz,
CDCl;): 0 = 152.5, 143.0, 138.7, 135.6, 129.7, 129.3, 129.0, 128.9,
128.6, 128.5, 128.1, 128.0, 126.5, 125.3, 123.1, 121.1, 120.3, 116.9,
20.4 ppm. IR (KBr): 3517, 3361, 2192, 1751, 1639, 1601, 1555,
1394, 710 cm™'. HRMS (ESI): calcd. for C,,H,oCIN,O + Na
445.107; found 445.1078. [a]ly = —238.5 (¢ = 0.31, CH,Cl,), 85%
ee; the enantiomeric ratio was determined by HPLC on Chiralpak
IC column (20% 2-propanol/hexane, 1 mL/min), f,jnor = 7.61 min,
Imajor = 10.43 min.

Procedure for Converting 5aa to 4aa: Compound 5aa (13.1 mg) was
heated to reflux in CH,Cl, (1 mL) for 5 h. Flash chromatography
on silica gel (20% ethyl acetate/petroleum ether) gave 4aa (11.8 mg,
90% yield) as a pale yellow solid.

Crystal Data for 4ha: C,;H,,BrN;O3-H,O (532.39), tetragonal,
P4(3)2(1)2, a = 11.9954(8) A, o = 90°, b = 11.9954(8) A, B = 90°,
¢ = 362557 A, y = 90°, ¥V = 5216.7(11) A3, Z = 8, specimen
0.34%0.18X0.14mm? T = 296(2) K, SIEMENS P4 dif-
fractometer, absorption coefficient 1.612 mm™!, reflections col-
lected 22217, unique 3420 [R(int) = 0.4527], refinement by Full-
matrix least-squares on F2, data/ restraints/ parameters 3420/6/317,
goodness-of-fit on F> = 0.916, final R indices [/>2c(])] Rl =
0.0903, wR2 = 0.2506, R indices (all data) R1 = 0.2889, wR2 =
0.3411, largest diff. peak and hole 1.162 and —0.507 ¢ A 3.

Crystal Data for 4fa: C,;H,,CIN;0;-C4HgO, (EtOAc) (558.01),
monoclinic, space group C2/c, a = 32.3285(19) A, b = 9.4572(5) A,
¢ = 20.5404(10) A, ¥V = 6260.5(6)A3, Z = 8, specimen
0.41 X0.23X0.11mm? T = 296(2) K, SIEMENS P4 dif-
fractometer, absorption coefficient 0.163 mm™', reflections col-
lected 47924, independent reflections 7185 [R(int) = 0.0514], refine-
ment by Full-matrix least-squares on 2, data/restraints/parameters
7185/0/362, goodness-of-fit on F? = 1.015, final R indices [I>2c([)]
R1 =0.0925, wR2 = 0.2549, R indices (all data) R1 = 0.1482, wR2
= 0.3076, largest diff. peak and hole 1.094 and —0.519 ¢ A3,

CCDC-900158 (for 4fa) and -900159 (for 4ha) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): NMR spectra and HPLC spectra are available in the Support-
ing Information.
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