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Abstract — An enantioselective construction of trans-fused 2,3,3a,4,5,9b-
hexahydro-1H-pyrrolo[3,2-c]quinolines via Cu-catalyzed asymmetric
intramolecular [3+2]-cycloaddition is described. The method entails the use of
glycine ester imines bearing trisubstituted activated olefins derived from the
adducts of Morita-Baylis-Hillman reactions as substrates to afford the desired
cycloadducts as single diastereomers. A series of trans-fused 2,3,3a,4,5,9b-
hexahydro-1H-pyrrolo[3,2-c]quinoline derivatives were obtained in 19%-93%
yield and 80%-93% ee. These results demonstrate that trisubstituted activated
olefins are effective dipolarophiles in asymmetric intramolecular [3+2]-

cycloadditions.

Transition metal-catalyzed asymmetric [3+2]-cycloaddition of azomethine ylides with activated alkenes is
among the most effective synthetic methods for accessing enantioenriched polysubstituted pyrrolidines.t
Over the past two decades, efficient catalytic systems have been developed to improve the structural scope
and regio- and stereoselectivity of catalytic asymmetric intermolecular [3+2]-cycloadditions.2 The
intramolecular version of this type of reaction enables the formation of nitrogen-containing polycyclic
scaffolds.2 However, only minimal attention has been devoted to exploring catalytic asymmetric
intramolecular [3+2]-cycloaddition compared to intermolecular cycloadditions.? In 2005, Pfaltz et al.
developed an Ag'/Phox-catalyzed highly diastereo- and enantioselective  synthesis  of
hexahydrocromenopyrrolidines as the first example of asymmetric intramolecular [3+2]-cycloaddition.*

Recently, del Pozo and Adrio et al. reported the use of fluorinated dipolarophiles in Cu'-catalyzed
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asymmetric intramolecular [3+2]-cycloaddition of azomethine ylides.%d In these studies, azomethine ylides
derived from aldehydes bearing disubstituted olefins as dipolarophiles on the side chain underwent metal-
catalyzed intramolecular [3+2]-cycloaddition in a diastereo- and enantioselective manner. Considering the
potential application of enantioenriched nitrogen-containing polycyclic compounds in the development of
novel biologically active molecules, further exploration of this type of intramolecular cycloaddition is
valuable.

The cis-fused 2,3,3a,4,5,9b-hexahydro-1H-pyrrolo[3,2-c]quinoline scaffold is an attractive structural motif
found in martinelline, martinellic acid, and related natural products (Scheme 1a).2 Due to the interesting
biological activity of these natural products, several synthetic methods for accessing the scaffold have been
developed.t Compared to the efforts devoted to cis-fused derivatives, studies on the enantioselective
construction of trans-fused 2,3,3a,4,5,9b-hexahydro-1H-pyrrolo[3,2-c]quinolines have been limited
(Scheme 1b).4%” Hence, we envisaged that imines 2, prepared from aldehydes 1, derived from Morita-
Baylis-Hillman adducts,® would be suitable substrates for asymmetric intramolecular [3+2]-cycloaddition
to afford trans-fused nitrogen-containing polycyclic products 3 (Scheme 1c). To the best of our knowledge,
only one example of the use of trisubstituted activated olefin as dipolarophile in the catalytic asymmetric
intramolecular [3+2]-cycloaddition of azomethine ylides has been reported to date.?d2 The trisubstituted
olefins in 2 were expected to induce appropriate facial selection to afford the desired product 3 in an
enantioselective manner. Herein, we report the enantioselective synthesis of trans-fused 2,3,3a,4,5,9b-
hexahydro-1H-pyrrolo[3,2-c]quinoline derivatives 3 via the copper-catalyzed intramolecular [3+2]-

cycloaddition of 2.

martinelline martinellic acid b)
H
R= HZN\H/ N\/Y\;e: R=H
NH
H H H trans-fused 2,3,3a,4,5,9b-hexahydro-
N \ﬂ/ \/Y 1H-pyrrolo[3,2-c]quinoline
NH
¢) This work CO,Me
(0] N .
R2 | H-Gly-OMe-HCI R2 Cu/Ligand
@ﬁ Ar base X | H Ar base
A solvent A solvent
Y Y .
AI"OZS COZRl ArIOZS COle Ar'OZS
1 2 3

Scheme 1. a) The structures of martinelline and martinellic acid, b) trans-Fused scaffold, ¢) Schematic

representation of the asymmetric intramolecular [3+2]-cycloaddition of 2
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Our initial investigation entailed the Cu-catalyzed asymmetric intramolecular [3+2]-cycloaddition of imine
2a as a model substrate. 2a was readily prepared by condensation of aldehyde 1a with glycine methyl ester
hydrochloride in the presence of N,N-diisopropylethylamine (DIPEA) and MgSQOa. Treatment of crude 2a
with 10 mol% of Cu(MeCN)sBF4 and 12 mol% of (S)-BINAP L1 in the presence of 2.0 equiv of
triethylamine (EtsN) and 4A molecular sieves in THF at 30 °C afforded the desired cycloadduct 3a as a
single diastereomer in 89% yield and 68% ee (Table 1, entry 1). To elevate the enantioselectivity, a variety
of ligands were screened (entries 2-9). (S)-ToIBINAP L2 and (S)-Segphos L3 did not result in improvement
(entries 2 and 3). (S)-H8-BINAP L4 with an 5,5',6,6',7,7',8,8'-octahydro-binaphthyl backbone performed
effectively, and desired 3a was obtained in 91% vyield and 75% ee (entry 4). On the other hand,
bisphosphines L5 and L6 with a biphenyl backbone were found to be ineffective in this reaction (entries
5-6). A series of chiral ligands, L7-L9, were then examined, but they failed to improve the
enantioselectivity (entries 7-9). Next, the effects of copper salts were investigated using L4 to establish an
optimal catalytic system (entries 10-12). Among the copper salts tested, Cu(MeCN)4OTTf delivered the best
results in terms of enantioselectivity (77% ee, entry 11).

Table 1. Screening of chiral ligands and copper salts?

CO,Me

CO,Me

o H-Gly-OMe-HCI (2.0 eq) N copper salt (10 mol%) HN—

| DIPEA (2.0 eq) ligand L (12 mol%) H Ar

d Ar MgSOy (4.0 eq) @LH A EtsN(20eq), MS4A @\)9; e
SRR N ey -
Ts CO,;Me Ts CO;Me Ts
1a (Ar = 4-CICgHy) 2a 3a

Entry L Copper salt Yield of 3a/%" ee/%°
1 L1 Cu(MeCN)4BF4 89 68
2 L2 Cu(MeCN)4BF4 83 63
3 L3 Cu(MeCN)4BF4 79 31
4 L4 Cu(MeCN)4BF4 91 75
5 L5 Cu(MeCN)4BF4 68 10
6 L6 Cu(MeCN)4BF4 89 23
7 L7 Cu(MeCN)4BF4 86 6
8 L8 Cu(MeCN)4BF4 86 1
9 L9 Cu(MeCN)4BF4 89 1

10 L4 Cu(MeCN)4PFs 81 63

11 L4 Cu(MeCN),OTf 86 77

12 L4 Cu(OTf)2 90 27

a Reaction conditions: 1a (0.10 mmol), H-Gly-OMe-HCI (0.20 mmol), DIPEA (0.20 mmol), MgSQ4 (0.40
mmol), and CH2Cl, (0.50 mL) were used for imine formation. Then, all reactions of crude 2a were
performed in the presence of copper salt (10 mol%), ligand L (12 mol%), EtsN (0.20 mmol), and activated
MS4A powder at 30 °C in THF (2.0 mL) under an argon atmosphere. ? Isolated yield of 3a from 1a.

¢ Determined by HPLC analysis.
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PAr, PPh, PPh, PAr,
PArz O Pth PPh2 PAr2

(Ar = Ph) L5 (Ar= Ph)
L2 (Ar= ptoI L6 (Ar = 3,4,5-(MeQ)3CgH>)

The reaction conditions with respect to the reaction solvent and temperature were then optimized using
Cu(MeCN)4OTf and L4 (Table 2). Among the reaction solvents examined (entries 1-7), the asymmetric
intramolecular [3+2]-cycloaddition of 2a proceeded smoothly in 1,4-dioxane and toluene to afford the
desired product 3a in 87% yield and 83% ee, and 85% yield and 80% ee, respectively (entries 3 and 5).
Furthermore, the enantioselectivity increased slightly to 85% ee when the reaction was conducted in 1,4-
dioxane at 15 °C (entry 8). Finally, performing the reaction at 0 °C in a binary solvent system consisting of
1,4-dioxane and toluene (4:1) afforded 3a in 83% yield and 88% ee (entry 10). Optically pure 3a was readily
accessed by recrystallization of the enantioenriched product from CH2Clz, Et2O, and hexane. X-Ray
crystallographic analysis of 3a unambiguously revealed its trans-fused skeleton, and the absolute

configuration of 3a was determined to be (2S,3S,3aR,9bS) on the basis of the Flack parameter (Figure 1).1°

Table 2. Optimization of reaction conditions?

COZMe
\COzMe
o H-Gly-OMe-HCI (2.0 eq) N Cu(MeCN),OTf (10 mol%) HN—¢
| DIPEA (2.0 eq) L4 (12 mol%) H Ar
EJ\) Ar__MgSO, (4.0 eq) @J\H Ar _ EtN(20eq), MS4A "1coMe
CH,Cl, (0.2 M lvent (0.050 M 2
'}‘&% 30 °2C(,4h ) '}‘&% SO\{:r?wp(.,zm ) N
Ts CO;Me Ts CO;Me Ts
1a (Ar = 4-CICgHy) 2a 3a
Entry Solvent Temp./°C  Yield of 3a/%" ee/%°
1 THF 30 86 77
2 Et.O 30 75 70
3 1,4-dioxane 30 87 83
4 CHxCl; 30 30 32
5 toluene 30 85 80
6 MeOH 30 33 6
7 MeCN 30 13 2
8 1,4-dioxane 15 88 85
9 1,4-dioxane—toluene (1:1) 0 83 87
10 1,4-dioxane—toluene (4:1) 0 83 88 (>99)¢
11 1,4-dioxane—toluene (6:1) 0 79 87

2 Reaction conditions: 1a (0.10 mmol), H-Gly-OMe-HCI (0.20 mmol), DIPEA (0.20 mmaol), MgSQ4 (0.40
mmol), and CH,Cl, (0.50 mL) were used for imine formation. Then, all reactions of crude 2a were
performed in the presence of Cu(MeCN)4OTf (10 mol%), L4 (12 mol%), EtsN (0.20 mmol), and activated
MS4A powder at indicated temperature in solvent (2.0 mL) under an argon atmosphere.
b Isolated yield of 3a from 1a. ¢ Determined by HPLC analysis. ¢ After recrystallization.
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Figure 1. POV-Ray drawing of 3a with probability ellipsoids drawn at the 50% level. Hydrogen atoms,

except for important ones, are omitted for clarity. (a) Top view and (b) front view.

With the optimal reaction conditions in hand, the substrate scope of this transformation was studied (Table
3). Imines bearing a phenyl group (2b) and electron deficient aromatic rings (2d and 2e) at the -position
of the a,,B-unsaturated ester proved to be excellent substrates, affording the corresponding cycloadducts 3b,
3d, and 3e in 87%-93% vyield and 87%-89% ee. Furthermore, excellent results were obtained with
chlorinated aromatic imines 2j and 2k, and the corresponding cycloadducts 3j and 3k formed in 75% and
77% yield, and 85% ee and 92% ee, respectively. Similar to the tosyl group of 2b, N-arylsulfonyl groups,
including o-nitrobenzenesulfonyl (2n), mesitylenesulfonyl (20), and 1-naphthalenesulfonyl (2p) were
tolerated as protecting groups, leading to the formation of the corresponding cycloadducts 3n, 30, and 3p
in 53%—77% yield and 80%-89% ee. In addition, 2c bearing an electron donating aromatic ring at the p3-
position of the a,,3-unsaturated ester moiety, benzyl ester 2h, and 2l comprising a 1,3-benzodioxole skeleton,
participated in this cycloaddition to afford cycloadducts 3c, 3h, and 3l in 88%-93% ee, albeit in low to
moderate chemical yields. In contrast, substrates 2f, 2i, and 2m containing 1-naphthyl, tert-butyl ester, or
electron rich aromatic substituents performed poorly due to their low reactivity, and the desired
cycloadducts 3f, 3i, and 3m were not formed. Additionally, the reaction of substrate 2g, which lacked an

aromatic ring at the B-position of the a,3-unsaturated ester, resulted in a complex mixture.
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Table 3. Scope of the asymmetric intramolecular [3+2]-cycloaddition?

CO,Me
(@) H-Gly-OMe-HCI (2.0 eq) N Cu(MeCN),OTf (10 mol%)
R? | DIPEA (2.0 eq) R?2 L4 (12 mol%)
X | Ar MgSOy, (4.0 eq) X | H Ar EtsN (2.0 eq), MS4A
X N = CH,Cl, (0.20 M) A N ~  1,4-dioxane-toluene (4:1, 0.050 M)
! 30°C,4h ! 0°C,24h
ArO,S  CO,R!? ArO,S  CO,R?
1 2
LOyMe

3a 3b 3c 3d
83%, 88% ee 87%, 89% ee (95% ee)P 25%, 88% ee 90%, 88% ee

CO,Me

CO,Me

=, Cl

l}l CO,Me
Ts
3e

93%, 87% ee

CO,Me

3n 30 3p
53%, 80% ee 75%, 81% ee 77%, 89% ee

2@ Reaction conditions: 1 (0.10 mmol), H-Gly-OMe-HCI (0.20 mmol), DIPEA (0.20 mmol), MgSO4 (0.40 mmol), and
CHCl; (0.50 mL) were used for imine formation. Then, all reactions of crude 2 were performed in the presence of
Cu(MeCN)4OTf (10 mol%), L4 (12 mol%), EtzN (0.20 mmol), and activated MS4A powder at 0 °C in 1,4-dioxane—
toluene (4:1, 2.0 mL) under an argon atmosphere. Yields of 3 were isolated yields from 1. Enantiomeric excesses were
determined by HPLC analysis. ® After recrystallization.
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To explain the stereochemical outcome of Cu-(S)-H8-BINAP L4-catalyzed asymmetric intramolecular
[3+2]-cycloaddition of 2, a plausible stereochemical pathway based on the experimental results and the
absolute configuration of 3b is proposed in Figure 2. Cu(l) is coordinated by the bidentate phosphine ligand
L4 and glycine ester imine 2 in a tetrahedral arrangement.“¢4¢1 Deprotonation by EtsN generates the
azomethine ylide, which undergoes [3+2]-cycloaddition with the intramolecularly tethered trisubstituted
activated olefin. The cycloaddition proceeds from the back side of the azomethine ylide to avoid
unfavorable steric interactions between the diphenylphosphino group of L4 and the arylsulfonamide moiety
of 2.44 Facial differentiation of the trisubstituted activated olefin is achieved by means of the C2-symmetric
environment created by the two diphenylphosphino groups of (S)-H8-BINAP L4. Cycloaddition onto the
trisubstituted olefin face opposite to that shown in Figure 2 would result in unfavorable interactions between

the aryl group at the -position of the o, 3-unsaturated ester and the phenyl group pointing towards the back.

co Me
i es oo 1
pPh, Y

. HN
CU R2 H Al
2 —_— P/ \+ _ . I'1
O PPh, Et;N @ ‘COR
—s\ N
é/

|
Ar ozs cozR1 Ar'o,S

R2
2 L4 3

Figure 2. A plausible stereochemical pathway for the asymmetric intramolecular [3+2]-cyc|oaddition of 2
catalyzed by Cu-(S)-H8-BINAP L4

With the successful enantioselective construction of the trans-fused 2,3,3a,4,5,9b-hexahydro-1H-
pyrrolo[3,2-c]quinoline scaffold, further derivatizations of 3b were examined (Scheme 2). DDQ-mediated
dehydrogenation of the pyrrolidine moiety in 3b was performed.”2 Owing to the polyfunctional structure
of the pyrrolidine ring of 3b, partial dehydrogenation proceeded to afford cyclic iminoester 4 in 95% yield.
Moreover, treatment of 3b with m-CPBA delivered the nitrone 5 in 90% yield.12 Notably, the enantiopurity
of starting material 3b was maintained in the products. Furthermore, 4 and 5 are amenable to further

functionalization of the scaffold via nucleophilic addition or cycloaddition.1412

CO,Me
=)
DDQ (4.0 eq) O m-CPBA (2.1 eq)
- “ —_—
toluene, rt N COMe CH,Cly, rt
4h ) 14 h
Ts
3b
95%, 95% ee 95% ee 90%, 95% ee

Scheme 2. Synthetic transformations of 3b
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In summary, we have developed a Cu-catalyzed asymmetric intramolecular [3+2]-cycloaddition of
azomethine ylides using trisubstituted activated olefins as dipolarophiles. Our method provides facile
access to trans-fused 2,3,3a,4,5,9b-hexahydro-1H-pyrrolo[3,2-c]quinolines in high enantiomeric excess.
This method is expected to be applicable in the synthesis of biologically active pyrrolo[3,2-c]quinoline-

based polycyclic compounds.

EXPERIMENTAL

Typical Procedure for Cu-catalyzed asymmetric intramolecular [3+2]-cycloaddition of 2.

Dimethyl (2S,3S,3aR,9bS)-3-(4-chlorophenyl)-5-(4-methylbenzene-1-sulfonyl)-2,3,3a,4,5,9b-
hexahydro-1H-pyrrolo[3,2-c]quinoline-2,3a-dicarboxylate (3a). To a round bottom flask charged with
aldehyde la (48.4 mg, 0.10 mmol), glycine methyl ester hydrochloride (25.1 mg, 0.20 mmol), and
anhydrous MgSO. (48.1 mg, 0.40 mmol) under the Ar atmosphere, dry CH2Cl, (0.50 mL, 0.20 M) and
DIPEA (34.5 uL, 0.20 mmol) were added. The reaction mixture was stirred at 30 °C for 4 h. The reaction
mixture was filtered and washed with water. The aqueous layer was extracted with Et,O. The combined
organic layer was washed with brine, dried over anhydrous Na>SOs, and concentrated in vacuo to give
crude imine 2a. To a Schlenk flask charged with Cu(MeCN)4OTf (3.8 mg, 0.010 mmol), (S)-H8-BINAP
L4 (7.6 mg, 0.012 mol), and activated MS4A (80.0 mg) under the Ar atmosphere, dry 1,4-dioxane—toluene
(4:1, 0.50 mL) were added. The reaction mixture was stirred at 30 °C for 30 min and cooled to 0 °C. To
this mixture, the solution of crude imine 2a in dry 1,4-dioxane-toluene (4:1, 1.5 mL) was added. After
addition of triethylamine (27.7 uL, 0.20 mmol), the entire mixture was stirred at 0 °C for 24 h. The reaction
mixture was filtered through a short plug of silica gel, which was rinsed with n-hexane and EtOAc (1:1).
The filtrate was evaporated in vacuo and the residue was purified by column chromatography on silica gel
(n-hexane : EtOAc = 3:1 to 1:1) to afford 3a (46.3 mg, 0.083 mmol, 83%) as pale yellow amorphous solid;
IR (KBr): 3310, 2953, 1740, 1599, 1492, 1354, 1218, 1167, 829, 814, 759 cm™?; [a]o?® +75.5 (c 1.00,
CHCls, 88% ee); *H NMR (500 MHz, CDCls): 62.44 (s, 3 H), 2.83 (d, J = 11.9 Hz, 1 H), 3.25-3.27 (m, 4
H), 3.36-3.41 (m, 1 H), 3.73 (s, 3 H), 3.83 (d, J =4.8 Hz, 1 H), 3.91 (d, J = 11.9 Hz, 1 H), 4.20 (dd, J = 8.9
Hz, 4.8 Hz, 1 H), 6.91 (brd, J = 8.3 Hz, 2 H), 7.12 (br d, J = 8.3 Hz, 2 H), 7.18 (br d, J = 8.3 Hz, 2 H),
7.216-7.225 (m, 2 H), 7.31-7.35 (m, 3 H), 7.74 (br d, J = 8.0 Hz, 1 H); *C{*H} NMR (126 MHz, CDCls):
021.6,50.2,52.2,52.6,56.4,60.1, 64.6,69.7, 122.3, 125.8, 126.2, 126.8, 128.1, 129.5, 129.6, 129.9, 130.3,
134.0, 134.90, 134.92, 136.7, 143.9, 171.9, 173.1; HRMS (ESI-TOF): m/z [M + Na]* calcd for
C2sH27°°CIN2NaOgS, 577.1171; found, 577.1172; The enantiomeric excess was determined by HPLC
analysis to be 88% ee, tr = 26.6 min (minor), tr = 42.9 min (major) (Chiralpak AS-H, n-hexane/i-PrOH =
2/1, flow rate = 0.5 mL/min, A = 254 nm).
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