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Abstract An organocatalytic cascade Michael addition-cyclization re-
action of cyclopentane-1,2-dione with substituted (E)-2-oxobut-3-
enoates, creating two stereocenters and giving bicyclic hemiacetals 3 in
excellent yield (up to 93%) and enantioselectivity (up to 96% ee) was
developed. From 2-chlorophenyl-substituted (E)-2-oxobut-3-enoate,
the adduct revealed pseudo-atropisomerism from the hindered rota-
tion of the phenyl ring. The hemiacetal 3 was reduced with Et;SiH and
Lewis acid affording substituted 1,2-cyclopentanedione 8, and disilylat-
ed with an excess of TMSOTf and Et;N to the dienol disilyl ether 9.

Key words organocatalysis, cascade reactions, atropisomerism,
stereoselectivity

Asymmetric organocatalytic cascade reactions, because
of their efficiency and experimental simplicity, have been
the focus of researchers for many years. Different nucleo-
philes and eletrophiles have been used to build various re-
action cascades. Among the structural fragments, the 1,3-
dicarbonyl compounds have been found suitable for differ-
ent cascade reactions and, therefore, have been investigated
thoroughly.!-6 Thus, different cyclic 1,3-dicarbonyl com-
pounds have been successfully used as nucleophiles with
unsaturated! and saturated aldehydes,? with acetates of ni-
troalkenes,> with a-hydroxymethyl nitroalkenes,* with B-
formyl esters,® and with «,B-unsaturated N-acylated suc-
cinimides.’

In contrast, 1,2-dicarbonyl compounds have received
little attention. There are only a few examples of the use of
cyclohexane-1,2-dione: nucleophilic additions to alde-
hydes,” nitroalkenes,® and keto esters.? Similar 2-hydroxy-
1,4-naphthoquinones have also been used as Michael do-
nors with keto esters.!? For cyclopentane-1,2-dione there is
only one example of the reaction with nitrostyrenes.'" Ad-

ditionally, the reaction with o,B-unsaturated aldehydes
with cyclopentane-1,2-dione dienolate was described by
our group recently.'?

Many research groups have reported the usefulness of
2-oxobut-3-enoates substituted 1,2-dicarbonyl compounds
in various reactions.'®> These compounds when acting as
Michael acceptors afford different cyclic structures of inter-
est: 3-substituted indoles,'* 4-hydroxycoumarins,'> hemi-
acetal esters,' and amino acid derivatives from isocya-
nides.!” In addition, these compounds undergo organocata-
lytic cascade aldol reaction with 1,3-dicarbonyl compounds
giving a bicyclic pyran derivative,'® a hetero-Diels-Alder re-
action with aldehydes'® and dihydropyrans.?® Similar pyran
substructural units have been previously synthesized via
Nazarov cyclization®® and by a tandem Nazarov cyclization—
Michael addition sequence.?! Substituted pyrans and simi-
lar structural units are present in several antiviral ingredi-
ents, being valuable intermediates in the synthesis of bioac-
tive compounds.??

In this article, we present our results on a cascade reac-
tion of cyclopentane-1,2-dione (1) with substituted a-keto
esters 2 giving novel bicyclic pyran derivatives 3 in excel-
lent yields and stereoselectivities.

In organocatalysis, hydrogen bonding catalysis has been
widely studied in recent years,?* because of its evident ben-
efits: high catalytic output, stability in air and water, and
reusability. Similar to aminocatalysts, the H-bonding cata-
lysts activate carbonyl groups in chemical reactions. In our
case, four carbonyl groups are present in the reaction of
«,B-unsaturated keto esters with cyclopentane-1,2-dione in
which two pairs of them are in vicinal position. Therefore,
bifunctional hydrogen bonding catalysts, activating both
electrophile and nucleophile, seemed a reasonable choice
from the group of the organocatalysts.

© Georg Thieme Verlag Stuttgart - New York — Synthesis 2015, 47, 3805-3812

Downloaded by: Tallinn University of Technology Library. Copyrighted material.



3806

Synthesis G. Preegel et al.

The preliminary results of the cascade reaction with cy-
clopentane-1,2-dione (1) with phenyl-substituted keto es-
ter 2a by using Soos’s type organocatalyst 4a in toluene
were promising, affording hemiacetal 3a in 35% yield with
excellent stereoselectivity (96% ee, Table 1, entry 1) in a
very short reaction time (15 min). The formation of pre-
dominantly only one diastereomer was observed.

To find the optimal reaction conditions, a model reac-
tion with cyclopentane-1,2-dione (1) and phenyl-substitut-
ed keto ester 2a-Me was screened using different catalysts
and solvents. The results are presented in Table 1.

We found that with catalyst 4a the stereoselectivity of
the reaction did not notabaly depend on the solvent; the
stereoselectivity in toluene, dichloromethane, CHCl;, and
THF was almost equal. However, the best yields of product 3
were obtained in dichloromethane (Table 1, entries 1-4).
Therefore, the screening of the catalysts was made using di-
chloromethane as the solvent. All of the used H-bonding
catalysts resulted in very high stereoselectivity in the reac-
tion. The best yield of product 3a (89%) was obtained with
the Takemoto-type catalyst 4c¢ (loading of 5 mol%), also af-
fording excellent stereoselectivity (96% ee) in a very short
reaction time (15 min, entry 6).

Table 1 Screening of the Catalyst and the Solvent?

OH

1 2a-Me

catalysts:

0
OMe
N
O/I/i% Ph/\)k’(
o

We propose that the reaction proceeds according to a
pathway presented in Scheme 1, where one of the 1,2-di-
carbonyl compounds, 1,2-cyclopentanedione (1), acts as a
nucleophile and the other, 2-oxobut-3-enoate 2a-Me, as an
electrophile, both activated by the catalyst.

First, a Michael addition of the cyclopentane-1,2-dione
(1) (in keto-enol form) to ,B-unsaturated keto ester 2a-Me
takes place, forming an adduct 5 (in equilibrium with its
enol tautomer 6). The Michael acceptor is activated via hy-
drogen bonds of the thiourea catalyst. At the same time, the
tertiary amino group of the bifunctional catalyst 4¢ acts as
a hydrogen bond, acceptor shifting the equilibrium of cyclic
diketone 1 towards the nucleophilic enol form. Because of
keto-enol tautomerism, only one stereogenic center is
formed in the first step of the cascade. In the preferred tran-
sition state, the si-face of the acceptor is favored, affording
product in R-configuration. The following stereoselective
cyclization of 5 (R-configuration) via hemiacetalization of
enol 6 (S-configuration) resulted in hemiacetal 3a-Me (S-
configuration), which was isolated as a single diastereomer
with OH and Ph groups in the trans-position (according to

15 min
—_—

catalyst

N ~n"
CF, H H
: NV PMe WN_ N CFs
Y
S
CF. / N
3
O O —N 4c CFs
4b
Entry Solvent Catalyst 4 (mol%) Product 3a-Me
Yield (%) ee (%)

1 toluene 4a(10) 35 96
2 CH,Cl, 4a(10) 75 95
3 CHCl; 4a(10) 70 95
4 THF 4a (10) 63 98
5 CH,Cl, 4b (5) 66 95
6 CH,Cl, 4c(5) 89 96>

2 Conditions: 1 (0.24 mmol), 2a-Me (0.2 mmol), catalyst 4 (5 and 10 mol%); r.t., 15 min; isolated yield after column chromatography; ee determined by HPLC
analysis on a Chiralpak AS-H column. Always a single diastereoisomer was obtained.

b Formation of the opposite enantiomer was observed.

© Georg Thieme Verlag Stuttgart - New York — Synthesis 2015, 47, 3805-3812
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(o}
catalyst 4¢
N OMe
+
o o
OH
1

2a-Me

3a-Me 6

Scheme 1 The proposed reaction pathway

NMR spectra and X-ray crystal structure analysis, the abso-
lute configuration according to X-ray crystal structure anal-
ysis). Dehydration product 7 was not detected.

Under the used conditions (catalyst 4¢, 5 mol%; «,B-un-
saturated methyl keto ester 2a-Me, CH,Cl,, r.t., 15 min,), the
scope of the cascade reaction of cyclopentane-1,2-dione (1)
with substituted (E)-2-oxobut-3-enoates 2 was investigat-
ed. The obtained results are presented in Scheme 2. Always
the formation of single diastereoisomers was observed.

The electronic properties of the aromatic ring of o,-un-
saturated keto esters 2 did not influence the reaction: both
2e (with an electron-donating group) and 2f (with an elec-
tron-withdrawing group) reacted smoothly and afforded
similar stereoselectivies. In addition, heteroaromatic thio-
phene substituted 2g afforded the hemiacetal 3g in slightly
lower yield, but with good stereoselectivity. The change of
methyl ester 2a-Me to the more bulkier ethyl 2a-Et and iso-
propyl ester 2a-iPr slightly decreased the yield and enanti-
oselectivity of the reaction. It is noteworthy that alicyclic B-
unsaturated-a-keto ester 2h also afforded the addition-cy-
clization product 3h with good enantioselectivity, although
in slightly lower yield. 3-Substituted cyclopentane-1,2-di-
ones gave unsuccessful results in the reaction with (E)-2-
oxobut-3-enoates.

A special case was the 2-Cl-substituted hemiacetal 3d
(Scheme 2). In the NMR spectra, a hindered rotation of the
singly 2-chloro-substituted phenyl ring around the substi-
tuted pyran ring was observed and a dynamic equilibrium
between the two conformers exists. This phenomenon is

CF3

CF3

Ph

best illustrated by the temperature dependence of the NMR
spectra of the compound 3d. In Figure 1, the fragments
from 'H and '3C spectra of 3d at room temperature and at
-20 °C are presented.

-0 0,

N
253 K s a4 s a

3 3
6 OH & OH

7a 4a g;(o}w/o gnj(ojﬁ/o 1 2 3 6 |45
i 4 T

o

OMe
‘A Jl

T T T T T T
148 146 144 142 140 138 136 134 132 130 ppm

Figure 1 Fragments from *C and "H NMR spectra of compound 3d at
303 and 253 K, showing the rotational isomers of the 2-Cl-substituted
phenyl ring

© Georg Thieme Verlag Stuttgart - New York — Synthesis 2015, 47, 3805-3812
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f 15 mi
. min
/]/i% . Re/\)j\[( OR _ >
o catalyst 4¢

Cl Br

T

o

3a-Me 3a-Et? 3a-iPr?

C
89%, 96% ee 70%, 87% ee 93%, 95% ee

OMe NO,

(0]

qj{,OHOMe wOHOMe
o) ]c])/ (¢ ”/

3d 3e 3f
86%, 94% ee

48%, 94% ee 69%, 91% ee

OHOM
r

3g 3h
59%, 88% ee 42%, 90% ee

Scheme 2 Scope of the reaction. All yields are isolated yields after column chromatography; all ee values were determined by HPLC on a Chiralpak

AS-H column. 2 Reaction time 1 h.

The spectra of 3d single diastereomer and the tempera-
ture dependence of the isomeric ratio point to atropisomer-
ism with a comparatively low energy interconversion barri-
er between unequally populated rotational isomers. Atrop-
isomers are usually defined with a half-life of at least 1000
seconds at 300 K.>#% In the present case, the room tem-
perature half-life of 3d is in millisecond range, with an atrop-
isomer ratio of 5 to 1, the main isomer being P (aR, axially
Rectus, plus) with the chlorine atom pointing towards the
OH group (Figure 1). The assignment of the P configuration
of the main isomer is based on the large downfield shift of
H-3,, from the inductive effect of chlorine in the minor iso-
mer, the strongest NOE effect being from H-6 of the main
isomer to H-3, and on the AM1 calculations of the opti-
mized geometry of the P and M (aS, axially Sinister, minus)
conformers of 3d with an Arguslab 4.0.1?¢ program. In both
the P and M conformers, the calculated dihedral angle be-
tween C2*C1*C4H4 for optimized geometry was close to
zero degree, which is also close to that obtained from X-ray
data for compound 3b (Figure 2, 3.5°). The P-isomer was
calculated to be more stable by 1.1 kcal/mol, which should
be compared with the experimental value from the 5 to 1

ratio of the isomers, giving a 0.95 kcal/mol energy differ-
ence for the conformers.

Cl

Figure 2 X-ray crystal structure of compound 3b

The absolute configuration of the product 3b was deter-
mined by an X-ray single crystal structure analysis to be
2R,4S. The absolute configurations of the other obtained
compounds were proposed by analogy with the crystal
structure (Figure 2).

By reducing bicyclic product 3a-Me with Et;SiH in the
presence of Lewis acid, the monocyclic product 8 was ob-
tained (Scheme 3). The keto group in the keto ester moiety

© Georg Thieme Verlag Stuttgart - New York — Synthesis 2015, 47, 3805-3812
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OMe  EtsSiH, BF3-OEt,

-

CHCly
o

TMSOTH, EtsN
OH _—
OMe CH,Cl,

(0]

8 3a-Me 9

47%, 97% ee, 4:1 dr 96% ee

71%, 93% ee

Scheme 3 Transformation of hemiacetal 3a-Me to substituted cyclopentane-1,2-dione derivatives

was reduced to an alcohol group. Two diastereoisomers
were obtained in a 4 to 1 ratio with the prevailing thermo-
dynamically more stable trans-isomer.

Furthermore, bicyclic product 3a-Me when treated with
an excess of silylating agent TMSOTf and Et;N gave a disi-
lylated dienol 9 (Scheme 3). The compounds 8 and 9 are
valuable starting materials for further derivatizations, for
example, for asymmetric oxidation, resulting in lactone car-
boxylic acids.?”

Full assignments of the 'H and '3C chemical shifts are based on the 1D
and 2D FT NMR spectra measured on a Bruker Avance I11 400 and 800
MHz instruments. The residual solvent peaks (CHCl;/CDCl;, & =
7.26/77.2) or TMS (TMS, 8 = 0.00) were used as the chemical shift ref-
erences. The chiral HPLC was performed using a Chiralpak AS-H col-
umn. The mass spectra were recorded on Agilent Technologies 6540
UHD Accurate-Mass Q-TOF LC/MS spectrometer by using AJ-ESI ion-
ization. The optical rotations were measured using an Anton Paar
GWB Polarimeter MCP 500. The IR spectra were recorded on a Bruker
Tensor 27 Fourier transform IR spectrophotometer. The absolute
structure of a single crystal was obtained with a Rigaku Saturn944+
diffractometer. The Merck precoated silica gel 60 F,s, plates were
used for TLC, whereas for column chromatography the Merck 60
(0.040-0.063 mm) mesh silica gel was used. The commercial reagents
and solvents were generally used as received.

Cyclopentane-1,2-dione (1) was prepared according to literature pro-
cedure?® from commercially available cyclopentanone. y-Aryl-B,y-un-
saturated-a-keto esters 2a-g were prepared according to literature
procedure?®® from the corresponding commercially available carbalde-
hydes and pyruvic acid. y-Alkyl-B,y-unsaturated-a-keto ester 2h was
prepared also according to the literature procedure3 from the corre-
sponding carbaldehyde and methyl pyruvate.

Thiourea catalysts 4a,>! 4¢,*2 and squaramide catalyst 4b* were pre-
pared according to the literature procedures.

4-Substituted Methyl 2-Hydroxy-7-0x0-2,3,4,5,6,7-hexahydrocy-
clopenta[b]pyran-2-carboxylates; Methyl (2R,4S)-2-Hydroxy-7-
oxo0-4-phenyl-2,3,4,5,6,7-hexahydrocyclopenta[b]pyran-2-carbox-
ylate (3a-Me); Typical Procedure

2-Hydroxycyclopent-2-enone (1; 23.5 mg, 0.24 mmol), keto ester 2a
(38.0 mg, 0.2 mmol), and the organocatalyst 4c (4.1 mg, 0.01 mmol)
were dissolved in CH,Cl, (0.7 mL). The mixture was stirred at r.t. until
completion of the reaction (TLC monitoring, eluent: CH,Cl,-EtOAc,
25:1). The mixture was purified by column chromatography (CH,Cl,-

EtOAc, 25:1) to afford 3a-Me as a white solid; yield: 51 mg (89%); mp
124-126 °C; [a]p?® +152.4 (¢ 0.05, MeOH); 96% ee [deteremined by
HPLC: Chiralpak AS-H; hexane-i-PrOH (9:1), 1 mL/min, 254 nm;
tz (major) = 37.7 min, t; (minor) = 62.7 min].

IR (KBr): 3244, 2981, 1753, 1696, 1646, 1455, 1288, 1140, 1113, 1016,
703 cm.

'H NMR (400 MHz, CDCl,): & = 7.41-7.20 (m, 5 H), 4.83 (s, 1 H), 3.98
(ddm, J=11.9, 6.8 Hz, 1 H), 3.86 (s, 3 H), 2.42-2.24 (m, 6 H).

13C NMR (101 MHz, CDCl;): § = 200.7, 169.3, 148.4, 148.2, 139.5,
129.1,128.2, 127.6, 95.6, 53.6, 38.4, 36.1, 32.8, 23.3.

HRMS (ESI): mjz [M + H]* calcd for [C¢H;605]*: 289.1071; found:
289.1071.

Ethyl (2R 4S)-2-Hydroxy-7-oxo0-4-phenyl-2,3,4,5,6,7-hexahydrocy-
clopenta[b]pyran-2-carboxylate (3a-Et)

Yield: 40 mg (66%); colorless oil; [«];> +139.3 (¢ 0.04, MeOH); 94% ee
[determined by HPLC: Chiralpak AS-H; hexane-i-PrOH (8:2), 1
mL/min, 254 nm; tz (major) = 9.8 min, ty (minor) = 18.7 min].

IR (film): 3392, 2983, 1748, 1712, 1648, 1495, 1454, 1228, 1137,
1110, 1024, 844, 755 cm™.

'H NMR (400 MHz, CDCl,): 8 = 7.41-7.21 (m, 5 H), 4.72 (d,J = 1.7 Hz, 1
H), 4.38-4.24 (m, 2 H), 3.97 (ddm, J = 11.9, 6.6 Hz, 1 H), 2.43-2.24 (m,
6H),1.33(t,J=7.2 Hz, 3 H).

13C NMR (101 MHz, CDCl;): & = 200.4, 168.9, 148.5, 148.0, 139.6,
129.1,128.3, 127.6, 95.5, 63.3, 38.5, 36.2, 32.8, 23.3, 14.0.

HRMS (ESI): m/z [M + HJ* calcd for [C;;H;305]: 303.1227; found:
303.1231.

Isopropyl (2R,4S)-2-Hydroxy-7-oxo0-4-phenyl-2,3,4,5,6,7-hexahy-
drocyclopenta[b]pyran-2-carboxylate (3a-i-Pr)

Yield: 44 mg (70%); white solid; mp 55-56 °C; [a],*> +130.5 (c 0.04,
MeOH); 87% ee [determined by HPLC: Chiralpak AS-H; hexane-
i-PrOH (8:2), 1 mL/min, 254 nm; ty (major)=7.5 min, t; (minor)=
11.8 min].

IR (KBr): 3229, 2983, 1741, 1699, 1643, 1495, 1405, 1246, 1179, 1099,
846, 767 cm™.

'H NMR (400 MHz, CDCl,): § = 7.42-7.21 (m, 5 H), 5.12 (hept, J = 6.3
Hz, 1 H),4.70 (d, ] = 1.9 Hz, 1 H), 3.99-3.91 (m, 1 H), 2.43-2.23 (m, 6
H),1.29and 1.33 (2d,J=6.3 Hz, 6 H).

13C NMR (101 MHz, CDCl;): 8 = 198.8, 166.6, 146.8, 146.2, 137.9,
127.3,126.5,125.7,93.6, 69.8, 36.8, 34.4, 31.0, 21.4, 19.8.

HRMS (ESI): m/z [M + H]" caled for [C;gH,005]*: 317.1384; found:
317.1384.

© Georg Thieme Verlag Stuttgart - New York — Synthesis 2015, 47, 3805-3812
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Methyl (2R,4S)-4-(4-Chlorophenyl)-2-hydroxy-7-oxo-2,3,4,5,6,7-
hexahydrocyclopenta[b]pyran-2-carboxylate (3b)

Yield: 47 mg (73%); white solid; mp 141-142 °C; [a],2* +186.0 (¢ 0.04,
MeOH); 89% ee [determined by HPLC: Chiralpak AS-H; hexane-
i-PrOH (8:2), 1 mL/min, 254 nm; t; (major) = 20.1 min, t; (minor) =
29.5 min].

IR (KBr): 3400, 2955, 1753, 1708, 1648, 1492, 1381, 1244, 1180, 1111,
1015, 845,818 cm".

1H NMR (400 MHz, CDCl,): § = 7.38-7.33 (m, 2 H), 7.20-7.15 (m, 2 H),
4.77 (s, 1 H), 3.96 (ddm, J = 11.9, 6.9 Hz, 1 H), 3.87 (s, 3 H), 2.44-2.21
(m, 6 H).

13C NMR (101 MHz, CDCl;): § = 200.4, 169.1, 148.5, 147.1, 138.0,
133.4,129.6,129.3,95.5, 53.7, 37.9, 36.0, 32.7, 23.2.

HRMS (ESI): m/z [M + HJ* calcd for [C;sH;5ClOs]*: 323.0681; found:
323.0681.

Methyl (2R,4S)-4-(4-Bromophenyl)-2-hydroxy-7-oxo0-2,3,4,5,6,7-
hexahydrocyclopenta[b]pyran-2-carboxylate (3c)

Yield: 68 mg (93%); white solid; mp 140-142 °C; [a]p?* +119.5 (¢ 0.05,
MeOH); 95% ee [determined by HPLC: Chiralpak AS-H; hexane-
i-PrOH (8:2), 1 mL/min, 254 nm; t; (major) = 19.5 min, t; (minor) =
30.8 min].

IR (KBr): 3400, 2954, 1753, 1708, 1648, 1489, 1283, 1244, 1179, 1112,
1073, 1010, 904, 818 cm™".

H NMR (400 MHz, CDCly): 8 = 7.54-7.49 (m, 2 H), 7.14-7.09 (m, 2 H),
4.68 (s, 1H),3.94 (ddm, J=11.9, 6.9 Hz, 1 H), 3.87 (s, 3 H), 2.43-2.21
(m, 6 H).

13C NMR (101 MHz, CDCl,): § = 200.4, 169.1, 148.5, 146.9, 138.5,
132.3,130.0, 121.5, 95.5, 53.7, 38.0, 36.0, 32.7, 23.2.

HRMS (ESI): m/z [M + HJ" calcd for [Cy¢H,;5BrOs]*: 367.0176; found:
367.0174.

Methyl (2R 4R)-4-(2-Chlorophenyl)-2-hydroxy-7-oxo-2,3,4,5,6,7-
hexahydrocyclopenta[b]pyran-2-carboxylate (3d)

Yield: 31 mg (48%); white solid; mp 65-66 °C; [a]p?® +82.3 (c 0.04,
MeOH); 94% ee [determined by HPLC: Chiralpak AS-H; hexane-
i-PrOH (8:2), 1 mL/min, 254 nm; ti (major) = 16.8 min, t; (minor) =
40.0 min].

IR (KBr): 3400, 2955, 1754, 1710, 1648, 1440, 1284, 1229, 1180, 1112,
1077, 1036, 904, 758 cm™.

2R, 4R-Isomer (major, P-configuration)

'H NMR (800 MHz, CDCls, 253 K): 8 = 7.42 (dd, J = 8.0, 1.0 Hz, 1 H, H-
3*),7.29 (ddd, J=8.0,7.5, 1.0 Hz, 1 H, H-5%), 7.24 (td, ] = 8.0, 1.5 Hz, 1
H, H-4*), 7.13 (dd, J= 7.5, 1.5 Hz, 1 H, H-6*), 5.11 (d, J= 1.3 Hz, 1 H,
OH), 4.63 (dd,J =12.2,6.1 Hz, 1 H, H-4), 3.84 (s, 3 H, OCH3), 2.44 (m, 2
H, H-6), 2.37 (dd, J = 13.6, 6.1 Hz, 1 H, H-3eq), 2.32 (m, 2 H, H-5), 2.21
(ddd, J=13.6, 12.2, 1.3 Hz, 1 H, H-3ax); * refers to the numbering of
the aromatic ring.

13C NMR (201 MHz, CDCl;, 253 K): & = 201.3 (C-7), 169.2 (CO,), 149.1
(C-7a), 147.9 (C-4a), 137.0 (C-1*), 134.4 (C-2*), 130.0 (C-3*), 128.9 (C-
6%), 128.8 (C-4%), 127.6 (C-5%), 95.6 (C-2), 54.0 (OCH,), 35.1 (C-3), 34.5
(C-4), 32.7 (C-6), 23.2 C-5); * refers to the numbering of the aromatic
ring.

2R 4R-Isomer (minor, M-configuration)

H NMR (800 MHz, CDCls, 253 K): & = 7.36 (br m, 1 H, H-6*), 7.34 (br
m, 1 H, H-3%), 7.29 (br m, 2 H, H-4* H-5*),5.09 (d, ] = 1.3 Hz, 1 H, OH),
435 (brm, 1 H, H-4), 3.85 (s, 3 H, OCH;), 2.85 (brt,/ = 2 x 12.5 Hz, 1 H,
H-3ax), 2.44 (m, 2 H, H-6), 2.32 (m, 2 H, H-5), 2.11 (dd, = 13.5, 5.8
Hz, 1 H, H-3eq); * refers to the numbering of the aromatic ring.

13C NMR (201 MHz, CDCl;, 253 K): § = 201.2 (C-7), 169.4 (CO,), 148.7
(C-7a), 147.7 (C-4a), 136.0 (C-1%), 133.4 (C-2*), 133.0 (C-3*), 131.2 (C-
6%), 129.5 (C-4*), 127.6 (C-5*), 95.5 (C-2), 54.0 (OCH3), 39.7 (C-4), 32.8
(C-6), 32.0 (C-3), 23.8 C-5); * refers to the numbering of the aromatic
ring.

HRMS (ESI): m/z [M + H]* calcd for [C;6H;5Cl05]*: 323.0681; found:
323.0678.

Methyl (2R,4R)-2-Hydroxy-4-(4-methoxyphenyl)-7-oxo-
2,3,4,5,6,7-hexahydrocyclopenta[b]pyran-2-carboxylate (3e)

Yield: 44 mg (69%); white solid; mp 64-66 °C; [a]y?® +162.2 (c 0.04,
MeOH); 91% ee [determined by HPLC: Chiralpak AS-H; hexane-
i-PrOH (8:2), 1 mL/min, 254 nm; tz (major) = 25.3 min, tz (minor) =
53.9 min].

IR (KBr): 3398, 2955, 1753, 1708, 1646, 1513, 1442, 1253,1179, 1110,
1077,1030, 838,819 cm™.

'H NMR (400 MHz, CDCl,): 6 = 7.17-7.12 (m, 2 H), 6.93-6.88 (m, 2 H),
4.64 (d, J=1.7 Hz, 1 H), 3.92 (dd, J=11.7, 6.6 Hz, 1 H), 3.87 (s, 3 H),
3.82(s,3H),2.41-2.24 (m, 6 H).

13C NMR (101 MHz, CDCl;): 8 = 200.6, 169.3, 159.0, 148.6, 148.2,
131.4,129.2,114.4, 95.6, 55.3, 53.7,37.6, 36.2, 32.8, 23.3.

HRMS (ESI): m/z [M + H]* caled for [Cy,H;306]*: 319.1176; found:
319.1176.

Methyl (2R,4S)-2-Hydroxy-4-(4-nitrophenyl)-7-0x0-2,3,4,5,6,7-
hexahydrocyclopenta[b]pyran-2-carboxylate (3f)

Yield: 57 mg (86%); white solid; mp 145-146 °C; [«],? +137.2 (¢ 0.04,
MeOH); 94% ee [determined by HPLC on Chiralpak AS-H; hexane-
i-PrOH (8:2), 1 mL/min, 254 nm; tz (major) = 52.3 min, t; (minor) =
84.2 min].

IR (KBr): 3307, 2958, 1758, 1707, 1644, 1521, 1439, 1346, 1142, 1116,
980, 865, 722 cm™.

'H NMR (400 MHz, CDCl,): 6 = 8.29-8.23 (m, 2 H), 7.46-7.41 (m, 2 H),
474 (s, 1H),4.12 (t,] = 9.2 Hz, 1 H), 3.88 (s, 3 H), 2.46-2.20 (m, 6 H).
13C NMR (101 MHz, CDCl;): § = 200.1, 168.8, 148.8, 147.5, 147.1,
145.1,129.2,124.4,95.3, 53.8, 38.4, 35.8, 32.7, 23.1.

HRMS (ESI): m/z [M + H]* calcd for [C;6H;5NO,]*: 334.0921; found:
334.0919.

Methyl (2R,4S)-2-Hydroxy-7-oxo0-4-(thiophen-2-yl)-2,3,4,5,6,7-
hexahydrocyclopenta[b]pyran-2-carboxylate (3g)

Yield: 35 mg (59%); white solid; mp 132-133 °C; [a]p?* +122.8 (¢ 0.04,
MeOH); 88% ee [determined by HPLC: Chiralpak AS-H; hexane-
i-PrOH (8:2), 1 mL/min, 254 nm; tz (major) = 26.4 min, t; (minor) =
45.1 min].

IR (KBr): 3243, 2951, 1751, 1696, 1647, 1436, 1296, 1108, 1013, 706
cm .

TH NMR (400 MHz, CDCl;): 6 = 7.28-7.25 (m, 1 H), 7.03-6.96 (m, 2 H),
475 (d, J=1.3 Hz, 1 H), 4.34 (dd, J = 10.5, 7.9 Hz, 1 H), 3.88 (s, 3 H),
2.46-2.31(m, 6 H).
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13C NMR (101 MHz, CDCly): § = 200.5, 169.1, 147.5, 147.2, 141.9,
127.1,125.9,124.7, 95.6, 53.8, 36.3, 33.6, 32.7, 23.2.

HRMS (ESI): mjz [M + HJ* caled for [Cy4H;405S]*: 295.0635; found:
295.0634.

Methyl (2R,4S)-4-Cyclohexyl-2-hydroxy-7-o0xo0-2,3,4,5,6,7-hexahy-
drocyclopenta[b]pyran-2-carboxylate (3h)

Yield: 25 mg (42%); white solid; mp 114 °C; [a]y*® +49.5 (¢ 0.05,
MeOH); 90% ee [determined by HPLC: Chiralpak AS-H; hexane-
i-PrOH (8:2), 1 mL/min, 254 nm; tz (major) = 15.2 min, t (minor) =
21.3 min].

IR (KBr): 3231, 2925, 2851, 1738, 1689, 1643, 1439, 1290, 1113, 1003,
831 cm™.

'H NMR (400 MHz, CDCLy): & = 4.54 (s, 1 H), 3.86 (s, 3 H), 2.80-2.72
(m, 1 H), 2.58-2.41 (m, 4 H), 2.04 (dt, J = 13.7, 6.3 Hz, 1 H), 1.95 (dd,
J=13.4,62Hz,1H), 1.87-1.62 (m, 5 H), 1.38-1.04 (m, 6 H).

13C NMR (101 MHz, CDCl;): & = 200.5, 169.7, 149.7, 148.6, 95.8, 53.6,
38.6, 36.5, 32.8, 31.0, 28.2, 28.0, 26.8, 26.6, 26.4, 23.2.

HRMS (ESI): m/z [M + H]* caled for [Cy6H,,05]*: 295.1540; found:
295.1539.

Methyl 2-Hydroxy-4-(2-hydroxy-3-oxocyclopent-1-en-1-yl)-4-
phenylbutanoate (8)

According to a modified literature procedure,> hexahydrocyclopen-
ta[b]pyran-2-carboxylate 3a-Me (80 mg, 0.28 mmol) was dissolved in
anhydrous CH,Cl, (1 mL). Et;SiH (49 mg, 0.42 mmol) and BF;-OEt, (45
mg, 0.32 mmol) were added under dry argon flow at -76 °C. The mix-
ture was warmed to 0 °C over 4 h and stirred overnight at 0 °C. The
reaction was quenched with H,0 (5 mL) and the mixture was extract-
ed with CH,Cl, (3 x5 mL). The organic phases were combined and
dried (Na,SO,). The solvent was evaporated and the crude product
was purified by column chromatography (CH,Cl,-EtOAc, 5:1) to af-
ford the product as a transparent oil; yield: 38 mg (47%); colorless oil;
[a]p* -6.8 (c 0.04, MeOH); 97% ee [determined by HPLC: Chiralpak
AS-H; hexane-i-PrOH (8:2), 1 mL/min, 254 nm; tz (major) = 22.7 min,
tz (minor) = 30.8 min].

IR (film): 3356, 2954, 1695, 1651, 1601, 1495, 1441, 1391, 1225,
1102,913,732,703 cm™".

Ratio of 2S/2R = 4:1. In the most stable conformation, the chain from
C-1 to phenyl ring is trans oriented. In this conformation, H-2 and H-4
from S,S-isomer are low-field shifted from the OH group of the five-
membered ring and from the 2-OH, correspondingly. The 2S,4S-iso-
mer is, according to AM1 calculations, more stable by 0.56 kcal/mol.

2S5,4S-Isomer (major)

'H NMR (800 MHz, CDCl,): § = 7.29-7.26 (m, 4 H, CgH; H-o,m), 7.21-
7.19 (m, 1 H, CgHs H-p), 6.14 (br s, 1 H, enol OH), 4.19 (dd, J = 104, 5.5
Hz, 1 H, H-4), 4.15 (dd, J = 9.3, 3.7 Hz, 1 H, H-2), 3.65 (s, 3 H, OCH;),
3.06 (brs, 1 H, 2-OH), 2.68 (ddd, J = 13.9, 10.4, 3.7 Hz, 1 H, H-3), 2.39
(m, 1 H, H-5%), 2.32 (m, 2 H, H-4%), 2.27 (m, 1 H, H-5%), 2.15 (ddd,
J=13.9,9.3,5.5 Hz, 1 H, H-3); * refers to the numbering of cyclopen-
tenyl ring.

13C NMR (201 MHz, CDCl,): & = 203.7 (C-3*), 175.4 (CO,), 148.8 (C-2*),
146.9 (C-1*), 141.4 (C-i), 128.9 (C-m), 128.2 (C-0), 127.3 (C-p), 68.9 (C-
2),52.8 (OCH3;), 41.6 (C-4), 37.0 (C-3), 31.9 (C-4*), 23.8 C-5%); * refers
to the numbering of cyclopentenyl ring.

2R 4S-Isomer (minor)

H NMR (800 MHz, CDCl;): 6 = 7.29-7.26 (m, 4 H, CgHs H-o,m), 7.21-
7.19 (m, 1 H, CgHs H-p), 6.07 (br s, 1 H, enol OH), 4.19 (dd, J = 9.9, 5.8
Hz, 1 H, H-4), 4.15 (dd, J = 9.6, 3.5 Hz, 1 H, H-2), 3.70 (s, 3 H, OCH;),
2.91 (brs, 1 H, 2-OH), 2.57 (ddd, J = 14.0, 9.9, 3.5 Hz, 1 H, H-3), 2.39
(m, 1 H, H-5%), 2.32 (m, 2 H, H-4*), 2.27 (m, 1 H, H-5*), 2.26 (ddd,
J=14.0,9.6, 5.9 Hz, 1 H, H-3); * refers to the numbering of cyclopen-
tenyl ring.

13C NMR (201 MHz, CDCl,): § = 203.9 (C-3*), 175.7 (CO,), 148.3 (C-2*),
147.7 (C-1*), 140.5 (C-i), 129.0 (C-m), 128.4 (C-0), 127.4 (C-p), 68.5 (C-
2), 52.8 (OCH3), 42.2 (C-4), 37.0 (C-3), 31.8 (C-4%), 24.1 C-5*); * refers
to the numbering of cyclopentenyl ring.

HRMS (ESI): m/z [M + H]" caled for [Ci6H;505]*: 291.1188; found:
291.1228.

Methyl (Z)-4-{3-0xo-2-[(trimethylsilyl)oxy]cyclopent-1-en-1-yl}-
4-phenyl-2-[(trimethylsilyl)oxy]but-2-enoate (9)

According to a modified literature procedure,*> hexahydrocyclopen-
ta[b]pyran-2-carboxylate 3a-Me (50 mg, 0.17 mmol) was dissolved in
anhydrous CH,Cl, (1 mL). Et;N (45 mg, 0.53 mmol) and TMSOTf (118
mg, 0.53 mmol) were added, respectively, to the mixture at 0 °C. The
reaction mixture was stirred at r.t. until the end of reaction (TLC
monitoring, eluent: CH,Cl,-EtOAc, 10:1). The reaction was quenched
with sat. aqg NaHCO; (5 mL) and the mixture was extracted with
CH,Cl, (3 x 5 mL). The organic phases were combined and dried (Na,SO,).
CH,Cl, was evaporated and the crude product was purified by column
chromatography (CH,Cl,~EtOAc 40:1) to give 9 as a transparent oil;
yield: 53 mg (71%); colorless oil; [a]y?> -=12.3 (c 0.04, MeOH); 93% ee
[determined by HPLC: Chiralpak OD-H; hexane-i-PrOH (99:1), 1
mL/min, 254 nm; tg (major) = 5.3 min, tz (minor) = 5.7 min].

IR (film): 2956, 1728, 1712, 1643, 1494, 1439, 1498, 1252, 1139,
1112, 872, 849, 758, 701 cm™.

'H NMR (400 MHz, CDCl,): § = 7.34-7.19 (m, 5 H), 6.50 (d,] = 9.9 Hz, 1
H), 5.12(d,J=9.9 Hz, 1 H), 3.78 (s, 3 H), 2.53-2.44 (m, 1 H), 2.39-2.29
(m, 3 H), 0.25-0.23 (m, 9 H), 0.18-0.15 (m, 9 H).

13C NMR (101 MHz, CDCl;): & = 203.4, 165.2, 153.0, 149.2, 141.3,
140.9,128.9,127.7,127.0,120.2, 52.2, 41.2, 32.2, 23.0, 1.2, 0.7.

HRMS (ESI): m/z [M + HJ* caled for [Cy,H3,05Si,]": 433.1822; found:
433.1855.
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Abstract: A general organocatalytic cross-dienamine activa-
tion strategy to produce chiral multifunctionalized norcam-
phor compounds having a large diversity in substitution
pattern is presented. The strategy is based on a Diels—Alder
reaction of an amino-activated cyclopentenone reacting with
most common classes of electron-deficient olefins, such as
nitro-, ester-, amide-, and cyano-substituted olefins, chalcones,
conjugated malononitriles, CF;-substituted enones, and fuma-
rates. The corresponding norcamphor derivatives are formed
in good yield, excellent enantioselectivities, and with complete
diastereoselectivity. Furthermore, it is demonstrated that qua-
ternary stereocenters and spiro norcamphor compounds can
be formed with high stereoselectivity. The present development
provides a simple, direct, and efficient approach for the
preparation of important norcamphor scaffolds.

The Diels—Alder reaction is one of the most important
synthetic transformations known and it provides easy access
to six-membered carbo- and heterocycles in a chemo-, regio-,
and stereoselective manner.!"! Considerable effort has been
devoted to the development of catalytic asymmetric versions
of this reaction, with most examples focusing on a LUMO-
lowering strategy through activation of electron-deficient
dienophiles with chiral Lewis acids.”) The HOMO-activation
strategy is mainly dominated by organocatalytic approaches
focused on enamine-,”! dienamine-,* and trienamine acti-
vation of alkyl- and vinyl aldehydes and ketones with chiral
aminocatalysts.

The bicyclo[2.2.1]heptane scaffold is an important molec-
ular entity and a Reaxys substructure search on this scaffold
returned more than 100000 hits, of which more than 15000
compounds have shown bioactivity.”) A vast number of
bioactive compounds have been applied within all areas of
the life sciences and a few examples are shown in Figure 1.
Sordarins, a new class of selective antifungal agents, and
camphor are natural products containing the bicyclo-
[2.2.1]heptane scaffold.”” Numerous synthetic drugs and
drug candidates have been created based on the bicyclo-
[2.2.1]heptane scaffold. Both Setrobuvir and LMV-601 are
antiviral agents displaying activity against hepatitis C and
HPV respectively.®! The library of uncompetitive N-methyl-
p-aspartate (NMDA) receptor antagonists are potential new
drugs as this receptor has been targeted for the treatment of
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Figure 1. A few selected bioactive compounds containing the bicyclo-
[2.2.1]heptane scaffold.

Alzheimer’s disease, but is also implicated in a range of other
neurological and neuropsychiatric diseases.”’ AMG 221, an
inhibitor of 113-HSDI, has entered clinical trials for the
treatment of type II diabetes, while the ALR1/ALR2 inhib-
itors also show promising in vivo antidiabetic activity.!'")

We envisioned that organocatalysis could be used to
develop a simple, direct, and efficient approach for the
preparation of this very important molecular scaffold, provid-
ing a method that was diversity oriented, both in terms of
substrates and substituents. Diels—Alder reactions of linear
dienamines yield allylic amines, which cannot undergo
hydrolysis. Thus, to achieve catalytic turnover, the amino-
catalyst needs to be excluded in another manner (for example
by ElcB elimination).l*" A more direct strategy for the Diels—
Alder reaction can be achieved by applying cross-dienamines
which directly results in hydrolyzable enamines and thus
catalytic turnover.'!)

Surprisingly, organocatalytic cross-dienamine-activated
Diels—-Alder reactions of cyclopentenones have been almost
completely ignored, whereas numerous examples have been
reported on the reactions of open-chain vinyl ketones,'”
cyclohexenones, "% and cycloheptenones.™ ¢ In fact, only
three papers have been published, each containing a single
entry, on the Diels—Alder reaction of cyclopentenone with for
example, electron-deficient polyenes (with  modest
results),®™ whereas several papers report unsuccessful
attempts.'* This stands in stark contrast to the importance
of the bicyclo[2.2.1]heptane scaffold.

Herein, we will present the asymmetric aminocatalytic
reaction of cyclopentenone with a variety of different
dienophiles and investigate its versatility towards the diversi-
fication of privileged structures (Scheme 1).

Initially, we focused our attention on the development of
the Diels—Alder reaction between cyclopentenone 2 and
nitrostyrene 3a. The reaction was found to proceed in the
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Scheme 1. Aminocatalytic Diels—Alder reactions providing multifunc-
tionalized norcamphor scaffolds.

presence of catalyst 1a, but the desired product 4a was only
formed in 9% yield as a nearly racemic mixture (5% ee;
Table 1, entry 1). It was observed that the conversion was
much higher than the corresponding yield, which was ascribed
to a polymerization of 3a. Improved yield (26%) and
enantioselectivity (28% ee) were obtained when primary
aminocatalyst 1b was employed (Table 1, entry2). In an
attempt to improve yield and enantiocontrol, the bifunction-
alized catalyst 1¢, derived from 1b, was employed. However,
only the racemate of 4a was obtained in a very low yield
(entry 3). The quinine-based catalyst 1d"* was found to be
superior to all other catalysts applied, producing 4a in good

Table 1: Screening of the reaction conditions for the Diels—Alder reaction
of cyclopentenone 2 and nitrostyrene 3a.

) I/Noz Catalyst (20 mol%) Ph o
A
2 3a 4a
Z
Q s _Q CFs R o /Z’7
1a N Ph i /@\ N
A S e e ®
" NH, NH;
NH, 1c 1d R = OMe
1b 1eR=H
Entry! Cat. Solvent Additive  Conv./Yield [%]9 d.rld  ee[96]
1 la CDCl;  EtCO,H 50/9 >20:1 sl
2 1b  CDCl;  EtCOH 67/26 >20:1 28
3 1c CDCly EtCO,H 42/5 >20:1 1
4 1d CDCly EtCO,H 79/49 >20:1 83
5 1d Toluene EtCO,H 91/52 >20:1 90
6 1d THF EtCO,H 35/17 >20:1 91
7 1d Heptane EtCO,H 100/18 >20:1 82
8 1d Toluene PhCO,Na 68/20 >20:1 91
9 1d Toluene PhCO,H 100/51 >20:1 90
10 1d Toluene SA 90/44 >20:1 91
1 1d Toluene p-NBA 90/34 >20:1 87
12 1d Toluene TFA 62/14 >20:1 90
13 le Toluene EtCO,H 73/39 >20:1 84
1401 1d Toluene EtCO,H 89/65 >20:1 90

[a] Reactions were performed with 2 (0.2 mmol), 3a (0.1 mmol),

1 (0.02 mmol), and additive (0.02 mmol) in solvent (0.1 mL). [b] 2
(0.15 mmol) and 30 h reaction time. [c] Determined by '"H NMR
spectroscopy on the crude reaction mixture with 1,3,5-tris(trifluoro-
methyl)benzene as the internal standard. [d] Determined by ultra-
performance convergence chromatography (UPC?) on a chiral stationary
phase. [e] 4a was isolated in 62% yield after flash column chromatog-
raphy on silica gel. [f] Negative ee values indicate that the opposite
enantiomer of 4a was formed preferentially. p-NBA = p-nitrobenzoic
acid, SA=salicylic acid, TFA=trifluoroacetic acid.
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yield (49 % ) and high enantioselectivity (83 % ee; entry 4). A
solvent screening revealed that enantiocontrol could be
enhanced in toluene (90% ee) while maintaining the same
yield as in CDCl; (entries 4-7). Several additives were
evaluated and found only to have minor influences on the
enantioselectivity of the reaction (87-91% ee; Table 1,
entries 8-12). The reaction performed best in weakly acidic
mediums, whereas bases or stronger acids reduced the yield of
4a (entries 8, 11, 12). Finally, the yield could be improved by
increasing the reaction time to 30 h (entry 14).

To evaluate the generality of the reaction, a series of
nitrostyrenes 3 were subjected to the reaction with cyclo-
pentenone 2 (Table 2). Both electron-donating and electron-

Table 2: Scope of the Diels—Alder reaction of cyclopentenone 2 with

nitrostyrenes 3.
R E _0

0 1d (20 mol%)
J/ NO, EtCO,H (20 mol%)
R

Toluene, 40 °C

NO,
2 3 4
Entry® R Product  Yield [%]®  d.rld e [9%]
1 Ph 4a 62 >20:1 90
2 p-Me(CeH,) 4b 50 >20:1 90
3 p-F(CeHy) 4c 56 >20:1 89
4 p-Br(CeH,) 4d 56 >20:1 92
5 0-Cl(CgH,) 4e 81 >20:1 95
6 0-MeO(CgH,) 4f 79 >20:1 95
7 m-MeO (CgH,) 4g 48 >20:1 90
8 p-MeO(CeH,) 4h 48 >20:1 86
9 2-naphthyl 4i 49 >20:1 89
10 2-furyl 4j 59 >20:1 84
11 PhCH=CH 4k 41 9:1 87

[a] Reactions were performed with 2 (0.15 mmol), 3 (0.1 mmol), 1d
(0.02 mmol), and propionic acid (0.02 mmol) in toluene (0.1 mL).

[b] Yield of isolated product. [c] Determined by "H NMR spectroscopy on
the crude reaction mixture. [d] Determined by UPC? on a chiral stationary
phase.

withdrawing substituents on the aromatic system were well-
tolerated (entries 2-8), whereas aliphatic nitroolefins or very
electron-poor nitro-substituted nitrostyrenes primarily lead
to polymerization of the nitroolefin.!"! Nitrostyrenes 3 f-h,
with a methoxy group placed in each position on the aromatic
ring, were evaluated (entries 6-8). Both yields and enantio-
selectivities followed the order ortho > meta > para and 4 f-h
could be obtained in 48-79 % yield and 86-95 % ee. This trend
was also apparent for the halide-substituted nitrostyrenes 3¢—
e (entries 3-5). Polyaromatic, as well as heteroaromatic
moieties, could be implemented in the products 4i and 4j in
good yields and with high enantioselectivities (entries 9, 10).
In a final reaction, the less reactive nitrodiene 3k was reacted
with 2 and product 4k was obtained with 87% ee, but in
a lower yield relative to the other entries (entry 11).

During the study of the scope of nitrostyrenes 3, we
realized that chalcones 5 also readily underwent a Diels—
Alder reaction with cyclopentenone 2 under identical reac-
tion conditions. This type of cross-enone reaction has
previously been deemed difficult as a result of self-condensa-
tion of the starting materials.'”') Generally, chalcones 5

www.angewandte.org

dte

Chemie

13631



Angewandte

13632

Communications

were found to be slightly less reactive than 3, but also more
stable towards polymerization. As a result, most reactions
were performed at higher temperatures. Thus, it turned out
that the present catalytic method could be expanded to also
include chalcones providing access to new classes of differ-
ently substituted norcamphor compounds.

In the first experiment, chalcone 5a was reacted with
cyclopentenone 2. The desired cycloadduct 6a was obtained
in 79 % yield and 93 % ee (Table 3, entry 1). Both weakly and
strongly electron-withdrawing groups were well-tolerated on

Table 3: Scope of the Diels—Alder reaction of cyclopentenone 2 with
chalcones 5.

0 0 1d (20 mol%) R o
é . %Rz EtCO,H (20 mol%)
R1J Toluene, 18 h RZ X0
2 5 6
Entry) R'/R? Product T  Yield  d.rld ee
e (%]
1 Ph/Ph 6a 60 79 >20:1 93
2 p-Br(CeH,)/Ph 6b 60 66 >20:1 9%
3 m-NO,(C¢H,) /Ph 6¢c 40 63 >20:1 96
4 p-NO,(CsH.)/Ph 6d 40 52 >20:1 99
5 0-MeO(CeH,)/Ph 6e 60 75  >201 99
6 m-MeO (CgH,)/Ph 6f 80 52 >201 96
7 p-MeO(CgH,)/Ph 6g 100 38  >20:1 87
8 2-furyl/Ph 6h 80 62 >20:1 87
9 2-thiophenyl/Ph 6i 80 58 >20:1 91
10 2-naphthyl/Ph 6j 80 47  >201 91
1 Ph/p-NO,(CeH.) 6k 60 85  >20:1 96
12 p-Br(CeH,)/p-NO,- 6l 40 91 >20:1 99
(CoH.)
136 Me/Ph 6m 40 32 >20:1 91
141 Ph/Me 6n 60 19 >20:1 92

[a] Reactions were performed with 2 (0.2 mmol), 5 (0.1 mmol), 1d
(0.02 mmol), and propionic acid (0.02 mmol) in toluene (0.1 mL).

[b] Yield of isolated product. [c] Determined by 'H NMR spectroscopy on
the crude reaction mixture. [d] Determined by UPC? on a chiral stationary
phase. [e] Reaction time 50 h. [f] Reaction time 72 h.

the aromatic rings (entries 2-4, 11, 12). The nitro-substituted
chalcones 5¢,d having the nitro group in the meta and
para positions readily underwent reactions with 2 to form
products 6¢ and 6d in good yields and with almost perfect
enantioselectivities (entries 3, 4).'7 Electron-donating groups
in ortho, meta, and para positions were also evaluated and, as
for the nitrostyrenes 3 f-h, both yields and enantioselectivities
followed the order ortho > meta > para for 5 e-g (entries 5-7).
It should be noted that a temperature of 100°C was necessary
for the reaction with 5§g. Although the product could only be
obtained in a low yield (38 % ), it still performed well in terms
of enantioselectivity (87 % ee) considering the high reaction
temperature. Polyaromatic and heteroaromatic moieties
could also be incorporated in the products 6h—j in 47-62 %
yields and 87-91% ee (entries 8-10). Additionally, it was
demonstrated that substituents on the other aromatic ring
(R?) could also be present when using chalcone compounds
5k and 51, giving the desired products 6k and 61 in 85-91 %
yields and 96-99 % ee (entry 11, 12). With aliphatic groups in
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either the R' or R’ position, vinyl ketones Sm and 5n
underwent the reaction with excellent stereoselectivities
(>20:1 dur., 91-92% ee), albeit in low yield (19-32%).1t
should be noted that the reaction of enone 5n may pose
a potential challenge, as two cross-dienamines are possible.
However, only one product 6n was formed in the reaction.

A recent paper by Houk and Lam described the mech-
anistic aspects of an organocatalytic intramolecular aldol
reaction catalyzed by cinchona alkaloid primary amines.!"!
Based on the reaction mechanism proposed by the authors,
we suggest a related transition state for this intermolecular
aminocatalyzed Diels-Alder reaction (Scheme 2). Initially,

Y4
HoN
0 ‘)Ci A:)\[N C_/AN,/H\(T)A' Ar o
é . R~ |\ Not- ‘Oﬁ; —,
ArJ H®  H0 \\ R R N0

Scheme 2. Proposed reaction pathway for the aminocatalyzed cyclo-
addition reaction.

the cinchona alkaloid aminocatalyst condenses with cyclo-
pentenone to form a cross-dienamine intermediate. By
protonation of the quinuclidine part of the catalyst, the
dienophile is activated and directed into the appropriate
position by hydrogen bonding. After the cycloaddition step,
the formed enamine is hydrolyzed to the corresponding
ketone while liberating the aminocatalyst. Based on the
diastereoselectivity obtained, we propose that the reaction
might proceed via an asynchronous concerted cycloaddition,
as more than 20:1 d.r. is obtained for all products except two
(Table 2, entry 11 and Table 4, compound 8b (see below)).
However, we cannot exclude that a stepwise mechanism

Table 4: Scope of the Diels—Alder reaction of cyclopentenone 2 with
dienophiles 7.1

o 1d (20 mol%) 4
R2__R® E{CO,H (20 mol%) R 0
+ R
R Toluene R3
2 7 8
Ph
Ph 0o = o Ph O MeO,C. o
NC NC.
CN CN COCF; CO,Me
8a 8b 8c 8d
53% yield 62% yield 71% yield 74% yield
>20:1d.r., 42% ee 19:1d.r, 83% ee >20:1d.r.,, 98% ee >20:1d.r., 65% ee
Ph o
Ph o Ph o o
NC. NC
CO,Et CONHBn
8e 8f 8g
79% yield 84% yield 27% yield

>20:1d.r., 80% ee >20:1d.r,, 87% ee >20:1d.r,, 90% ee

[a] Reactions were performed with 2 (0.2 mmol), 3 (0.1 mmol), 1d
(0.02 mmol), and propionic acid (0.02 mmol) in toluene (0.1 mL). In
each case, the yield given is that of the isolated product. The d.r. values
were determined by 'H NMR spectroscopy on the crude reaction
mixture, and ee values were determined by UPC’ on a chiral stationary
phase.
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might also be operating for some dienophiles, such as those in
which the reacting olefin is in conjugation with another olefin.

Normally, bifunctionalized catalysts are sensitive towards
small variations of the hydrogen-bond acceptor groups of the
electrophiles and extensive screenings need to be performed
for each electrophile applied. Since the present reaction
performed well for both nitrostyrenes and chalcones under
identical reaction conditions, we were curious to see how well
the reaction would perform towards different types of
dienophiles. It turned out that the organocatalytically acti-
vated cyclopentenone shows unique general reactivity, as it
reacts with most common classes of electron-deficient olefins.
Furthermore, it allows for the formation of quaternary
stereocenters and spirocyclic compounds. Table 4 shows an
example of each of these reactions, without outlining all of the
different substituent patterns as shown for the nitroolefins
(Table 2) and chalcones (Table 3), and shows that varying the
substituents does not change the diastereoselectivity of the
reaction significantly. The following reactions were per-
formed without further optimization of the reaction condi-
tions used for the nitroolefins and chalcones.

Although the reaction with malononitrile 7a only pro-
duced the cycloadduct 8a in moderate enantioselectivity
(42% ee), the reaction with the polyconjugated malononitrile
7b afforded 8b in good yield and high enantioselectivity
(62% vyield, 83% ee). Pleasingly, the CF;-substituted enone
7 ¢ readily underwent the cycloaddition to produce 8¢ in 71 %
yield and almost perfect enantioselectivity (98% ee). The
cycloadduct 8d (from reaction of frans-dimethyl fumarate)
could easily be generated in high yield but with modest
enantiomeric excess. It was also demonstrated that quater-
nary stereocenters could be incorporated into the bicyclo-
[2.2.1]heptane scaffold by reaction of cyclopentenone 2 with
cyanoacrylate 7e or cyanoacrylamide 7f to produce the
desired cycloadducts 8e and 8f in high yield and enantiose-
lectivities (79-84% yield, 80-87% ee). Finally, the spiro
norcamphor 8g could also be obtained with high enantio-
meric excess, albeit in low yield under these nonoptimized
reaction conditions. The examples in Table 4 highlight the
generality of the catalytic system, since different types of
dienophiles 7 can be applied under identical conditions as for
nitrostyrenes 3 and chalcones 5.

A few selected transformations were performed on 4a to
demonstrate the synthetic potential of the substituted nor-
camphor products. First, a Baeyer—Villiger oxidation led to
the lactone 9 which could be ring-opened under acidic
conditions to provide the highly substituted cyclopentane 10
containing four contiguous stereocenters (Scheme 3, top).
Many bioactive products contain an amine moiety attached to
the bicyclo[2.2.1]heptane scaffold (Figure 1). Therefore, we
demonstrated a diastereoselective reductive amination of 4a
to form compound 11, containing an additional stereocenter,
in good yield (59 %; Scheme 3, bottom).

The absolute configurations of compounds 61 and 11 were
unambiguously determined by single-crystal X-ray diffraction
and the configurations of all remaining products were
assigned by analogy.!"”)

In conclusion, we have demonstrated a straightforward
procedure for the generation of a variety of 5,6-substituted
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Scheme 3. Synthetic transformations of cycloadduct 4a. mCPBA=
meta-chloroperbenzoic acid.

norcamphor derivatives by means of an asymmetric organo-
catalytic reaction. Remarkably, the reaction conditions
turned out to be very general allowing most common
electron-deficient olefins to be applied in the cycloaddition
without further optimizations. The norcamphor scaffolds are
obtained in generally good to high yields and high to excellent
stereoselectivities, providing a simple and efficient process for
the preparation of an important class of privileged structures.
Additionally, a few selected transformations were demon-
strated to show that an additional stereocenter could be
introduced by a diastereoselective reductive amination and
that the norcamphor products could undergo an oxidative
ring-opening reaction to generate highly substituted cyclo-
pentanes.
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ABSTRACT

In the present work, an investigation of asymmetric organocatalytic reactions of
cyclopent-2-en-1-one (Diels-Alder reaction) and cyclopentane-1,2-dione (Michael
reaction) with electron-deficient olefins has been carried out.

It was found that the activation of cyclopentane-1,2-dione and nitro-olefins by
bifunctional thiourea organocatalysts can result in a Michael reaction product of 3-
substituted diketones in a high yield (up to 90%) and good enantioselectivity (up to
76% ee). In further derivatization, bioactive compounds can be obtained.

By changing nitro-olefins to unsaturated ketoesters, in the presence of
organocatalysts a reaction still occurs with additional cyclization, resulting in
heterobicyclic hemiacetals in excellent yield (up to 93%) and stereoselectivity (dr >
20:1; up to 96% ee). With further derivatization, bioactive compounds are
obtained.

It has also been shown that multifunctionalized bioactive norcamphor scaffolds
are synthesized through an asymmetric organocatalytic Diels-Alder reaction
between cyclopent-2-en-1-one and the most common classes of electron-deficient
olefins. For this, a Cinchona alkaloid primary amine derivate was used as a catalyst.
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KOKKUVOTE

Kdesolevas tods uuriti tsiklopent-2-een-1-ooni ja tsiiklopentaan-1,2-diooni
asiummeetrilisi organokatallittilisi reaktsioone (esimesel juhul Diels-Alderi
reaktsiooni ja teisel juhul Michael reaktsiooni) elektronvaeste olefiinidega.

Uurimuse tulemusel leidsime, et aktiveerides tsiiklopentaan-1,2-diooni ning nitro-
alkeene bifunktsionaalsete tiouurea-organokatallisaatoriga saame Michaeli
reaktsiooni produktideks kdrge saagise (kuni 90%) ning hea enantioselektiivsusega
(kuni 76% ee) 3-asendatud 2-hudroksutstiklopent-2-en-1-ooni derivaate, mida on
v&imalik edasi muundada bioaktiivseteks molekulideks.

Vahetades nitroalkeenid kiillastamata ketoestrite vastu, saame tulemuseks
kaskaadreaktsiooni Michaeli reaktsioon — tsukliseerumine, mille tulemusena
saame suureparase saagise (kuni 93%) ja stereoselektiivusega (dr > 20:1; kuni 96%
ee) heterobitsiiklilised poolatsetaalid, milledest on samuti vdimalik edasiste
muundamiste kaigus luua bioaktiivseid lihendeid.

Tootati valja norkampri asendatud derivaatide slinteesi tee tsiiklopent-2-een-1-
ooni ja elektronvaesete alkeenide Diels-Alderi reaktsiooni kaudu. T66s slinteesiti
rida bitstklilisi struktuure, mis voivad olla |dhtetihenditeks bioaktiiivse ihendite
saamiseks. Organokatallisaatorina kasutati Cinchona alkaloidi primaarse amiini
derivaate.
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