FULL PAPERS

DOI: 10.1002/adsc.201200120

Control of Six Contiguous Stereocenters in an Asymmetric
Organocatalytic One-Pot Michael/Michael/Aldol Addition

Sequence

Dieter Enders,”* Gregor Urbanietz,” Elisa Cassens-Sasse,” Sebastian KeeB,*

and Gerhard Raabe?®

4 TInstitute of Organic Chemistry, RWTH Aachen University, Landoltweg 1, 52074 Aachen, Germany

Fax: (+49)-241-809-2127; e-mail: enders@rwth-aachen.de

Received: February 14, 2012; Revised: April 3, 2012; Published online: Il Il El, 0000

Dedicated to Professor Hans-Joachim Gais on the occasion of his 70" birthday

Supporting information for this article is available on the WWW under http://dx.doi.org/10.1002/adsc.201200120.

Abstract: The asymmetric organocatalytic one-pot
synthesis of polyfunctionalized cyclohexanes is de-
scribed. Starting from f-keto esters, nitroalkenes and
a,p-unstaturated aldehydes and employing a bifunc-
tional norephedrine-based thiourea catalyst, six con-
tiguous stereocenters including one quarternary
center are generated. The one-pot protocol follows
a Michael/Michael/aldol addition sequence and af-

fords the highly substituted cyclohexanes in moder-
ate to very good yields (22-70%), diastereomeric
ratios of dr>95:5 and excellent enantioselectivities
of 91-99% ee.
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Introduction

The rapid development of organocatalysis has opened
new, efficient and elegant routes for the asymmetric
synthesis of chiral building blocks, natural products
and biologically active compounds in general.!!! When
it comes to the construction of complex organic mole-
cules bearing multiple stereocenters, the subfield of
organocatalytic domino/cascade reactions seems to be
ideal for this purpose and has been intensively investi-
gated in recent years.”! Besides the often used enam-
ine/iminium activation modes via Lewis base catalysis,
hydrogen-bonding catalysis employing various enan-
tiopure thiourea catalysts is another elegant option.”!
In this context, the application of organocatalytic
domino reactions in the asymmetric synthesis of poly-
substituted carbocycles, such as cyclohexanes, has at-
tracted a great deal of attention.

Results and Discussion
Herein we report on the asymmetric organocatalytic
one-pot synthesis of polyfunctionalized cyclohexanes

of type A bearing six contiguous stereocenters and
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four different synthetically important aldehyde, alco-
hol, ester and nitro groups. As is depicted in
Scheme 1 the retrosynthetic analysis leads to three
simple substrates, namely the B-keto esters B, the ni-
troalkenes C and the o,-unsaturated aldehydes D.
Mechanistically the new protocol consists of a first
thiourea-catalyzed Michael addition of the f-keto
esters to the nitroalkenes. The resulting intermediate
v-nitro keto esters then serve as the donor in a regio-
selective nitro-Michael addition to the a,B-unsaturat-
ed aldehydes. Subsequent cyclization via an intramo-
lecular aldol addition of the aldehyde to the methyl
ketone function forms the desired cyclohexanecarbal-

aldol addition O o

Michael

ﬂ 'z

Scheme 1. One-pot asymmetric synthesis of polysubstltuted
cyclohexanes via an organocatalytic Michael/Michael/aldol
addition sequence — retrosynthetic analysis.
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Table 1. Catalyst screening for the Michael addition of
methyl 3-oxobutanoate 1a to nitrostyrene 2a to yield 3a.
ph N0z
2a 0)

cat. (10 mol%),
H3CﬁCOZCH3
ON_ oy

toluene (1 M)

0
HSCJ\/COQCH3

1a 3a
cat.:
S S Ph 0.0
AF\NJKNW Ar\NJ\NJ\;/CHs Ph/\N'S\N‘\'
H NMe, H NMe, NMe,
E F G
S Ph S Ph CFs
H I
Entry™  Catalyst  Time [h]  Yield [%]®  ee[%]“
1 E 0.5 91 89ld]
2 F 16 96 91
3 G 24 35 0
4 H 72 69 80l
5 I 24 65 97

[2] The reactions were performed on a 0.4-1.0 mmol scale at
room temperature.

! Yield of isolated product 3a as a ca. 1:1 mixture of epi-
mers.

[ Determined by HPLC analysis on a chiral stationary
phase.

@ The opposite enantiomer ent-3a was obtained.

dehydes in a tandem manner through a substrate-con-
trolled second cycle with pyrrolidine as the catalyst in
order to prevent mismatched pairs and to generate
four of the six stereogenic centers in the final opera-
tion. The challenge of designing such an efficient
strategy mainly depends on the nucleophilicity and se-
lectivity of the y-nitro keto ester intermediate to react
with the a,p-unsaturated aldehydes in a regioselective
and stereoselective manner.

To guarantee that the first Michael addition pro-
ceeds with high diastereo- and enantioselectivity, we
started our studies of the Michael/Michael/aldol reac-
tion sequence by screening the organocatalysts E-I
for the first Michael reaction of nitrostyrene (2a) with
1 equivalent of methyl 3-oxobutanoate (1a) (Table 1).
The intermediate y-nitro keto ester 3a was obtained
in moderate to excellent yields (35-96%) and good to
excellent enantioselectivities (80-97% ee). It turned
out that only thiourea-based catalysts (Table 1, E, F,
H, I) are suitable to perform the conjugate addition
of B-keto esters and nitroalkenes.”! The sulfuric acid
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diamide-derived catalyst G gave only a low yield of
35% and no enantiomeric excess could be detected
(Table 1, entry 3). Readily accessible norpseudoephe-
drine (Table 1, entry2) and norephedrine (Table 1,
entry 5) derived catalysts H and I, which were devel-
oped recently in our group,'®® have been identified as
efficient bifunctional organocatalysts in asymmetric
Michael reactions of 1a and 2a. With these thiourea
organocatalysts the best enantioselectivities could be
achieved, with the additional option to synthesize
both enantiomers of § at will.

With a suitable catalyst in hand, we then tested if
the y-nitro keto ester 3a can act as an intermediate to
react with cinnamaldehyde (4a) in a regioselective
and stereoselective tandem manner to form the cyclo-
hexane 5a with six contiguous stereocenters (Table 2).
To find the best reaction conditions for the domino
Michael/aldol addition reaction sequence we screened
solvents, the temperature and the catalyst loading. As
the base we used 1 equivalent of pyrrolidine for the
iminium/enamine/activation of 4a to circumvent the
formation of mismatched pairs which could arise
when chiral amines are employed.

Based on the excellent enantioselectivity obtained
with the norephedrine-based bifunctional thiourea

Table 2. Screening of solvent, temperature and loading of
catalyst I in the one-pot tandem sequence of 1a, 2a and 4a
to form cyclohexane 5Sa.

ph” N2
2a
o 1) cat. 1 (10 mol%), OHCHsC,,_ OHCO oH
)K/COzCHs toluene (1M) \é/ 2CH3
HsC 2) pyrrolidine . .,
1a (1.0 equiv.), PR™ " "Ph
Ph/\/CHO NOZ
4a 5a
Entry® Solvent 7T [°C] Imol% Yield [%]® ee [%]€
1 CH,Cl, r.t. 10 37 95
2 CHCI; r.t. 10 36 96
3 THF r.t. 10 31 98
4 CH;CN  r.t. 10 - -
5 toluene 0 10 33 98
6 toluene —26 10 494 96
7 toluene r.t. 20 4714 96
8 toluene r.t. 10 70 96
9 toluene r.t. 5 33 97
10 toluene r.t. 1 30 98
11 toluene r.t. 0 15 -

=

The reactions were carried out on a 1.0 mmol scale for

48 h.

1 Yield of isolated product 5a after chromatography and
crystallization (dr>95:5).

[l Determined by HPLC analysis on a chiral stationary
phase.

' One week reaction time.
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RZ/\/NO2 0

1
o) 2 chﬁCOZR
1 S )
HacJ\/COZR cat. 1 (10 mol%), ONE o

rt., 24 h, toluene (1 M)

1 3
37Xy -CHO | pyrrolidine
R (1.0 equiv.),
4 rt,24h
CF3
S Ph e o
OHC, & _LCOsR
AR
H H f:\l R® . 'R?
J >
I 5
1a R'=Me 2a R2=Ph 4a R°=Ph
1b R'=Et 2b R®=2-BrCeH;  4b R®=4-MeOCqH,

1c R'=tBu 2c R2=3-CIC4H, 4c
2d R?=4-BrCgH, 4d
2e R2=3,4-OCH,0C¢H;

R3 = 2-NO,CgH,
R3 = 2-furyl

Scheme 2. Organocatalytic asymmetric one-pot reaction to
form the highly functionalized cyclohexanes 5.

catalyst I for the first Michael-addition step to form
3a (Table 1, entry5), the sequential one-pot proce-
dure was carried out in toluene with 10 mol% of the
chiral catalyst I. After 24h at room temperature
1 equivalent of pyrrolidine was added” together with
the o,p-unsaturated aldehyde 4a. To our delight, the
enantiomeric excess was conserved in the second
cycle consisting of a diastereoselective domino Mi-
chael/aldol addition to yield the highly substituted cy-
clohexane 5a with excellent stereoselectivity (dr>
95:5, ee=96%, Table 2, entry 8). It turned out that
several other solvents were quite suitable in terms of
enantioselectivity, but the obtained yields of 5a were
quite low (Table 2, entries 1-4). Among the solvents

used, the aprotic, non-polar solvent toluene was the
most suitable one, in which an excellent 70% yield of
5a was obtained with an enantiomeric excess of up to
98% after one recrystallization (Table?2, entry 8).
Temperature as well as catalyst loading had an impact
only on the yields but showed no influence on the dia-
stereo- and enantioselectivities which stayed constant-
ly excellent (>96% ee) (Table 2, entries 5-7, 9, 10). It
is interesting to note that the domino product 5a was
formed in a low yield of 15% using 1 equivalent of
pyrrolidine (Table 2, entry 11) and without the pres-
ence of the bifunctional thiourea catalyst I, of course
as a racemate.

Finally we investigated the scope of the new one-
pot sequential protocol. Different acyclic PB-keto
esters (la—c), nitroalkenes (2a—e) as well as a,f3-unsa-
turated aldehydes (4a—d) were tested in the one-pot
procedure (Scheme 2; Table 3). These modifications
of the substrates were well tolerated and gave the re-
spective polyfunctionalized cyclohexanes Sa-j with
excellent diastereo- and enantioselectivities after
chromatography. All products 5§ crystallized, except
for 5f which was isolated as yellow oil and gave the
lowest yield. One recrystallization allowed a further
enhancement of the enantiomeric excess to 96-99%.
When the steric demand of the (3-keto esters 1 was in-
creased from R'=methyl to ethyl and tert-butyl,
a slight decrease of the enantioselectivity was ob-
served (Table 3, Sa—c¢). The variation of R? in the aro-
matic o,B-unsaturated aldehydes 4 to electron-donat-
ing (R’=p-MeOCsH,) and electron-withdrawing
groups (R’=p-NO,C.H,) as well as to heterocycles
(R*=2-furyl) led to moderate yields of 42-46% while
still keeping the excellent ee values (Table 3, Sh—j). It
is interesting to note that four of the six stereocenters
of the cyclohexanes § are established in the second re-
action cycle and each substituent occupies the ther-
modynamically preferred equatorial position, except
for the nitro and the hydroxy groups. The relative

Table 3. Scope of the asymmetric one-pot Michael/Michael/aldol addition to polyfunctionalized cyclohexanes Sa—g.

5t R! R’ R’ Yield [%]"! ee [%]
a Me Ph Ph 70 96 (98)
b Et Ph Ph 40 92 (98)
c t-Bu Ph Ph 68 91 (96)
d Me 2-BrC¢H, Ph 63 99

e Me 3-CIC.H, Ph 66 94

f Me 4-BrC¢H, Ph 22 96

g Me 3,4-OCH,0C¢H; Ph 53 92

h Me Ph 4-MeOCH, 42 95 (97)
i Me Ph 2-NO,C¢H, 44 94 (99)
j Me Ph 2-furyl 46 93

2] All reactions were performed on a 0.3-1.0 mmol scale at room temperature with catalyst I with an overall reaction time

of 2 days.

[l Yield of isolated product 5a—g after chromatography (dr > 95:5).
[ Determined by HPLC analysis on a chiral stationary phase, values in brackets after recrystallization.
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Figure 1. Determination of the relative and absolute config-
uration by NOE (5a) and X-ray crystal structure analysis
(5¢).

configuration of the cyclohexanes 5 was determined
by NOE measurements on 5a and the absolute config-
uration is based on a X-ray single crystal structure
analysis of 5¢ (Figure 1) as well as by comparison
with closely related literature data.l®

Conclusions

In summary, we have developed a flexible and simple
to perform asymmetric organocatalytic one-pot se-
quence for the assembly of highly substituted cyclo-
hexanecarbaldehydes 5 bearing hydroxy, ester and
nitro functional groups. Starting from simple f-keto
esters, nitroalkenes and o,B-unsaturated aldehydes
the products were formed in moderate to good yields
(22-70%) with perfect atom economy and high levels
of chemo-, regio- and stercoselectivities (dr>95:5,
91-98% ee). The one-pot procedure is initiated by
a bifunctional thiourea-amine-catalyzed asymmetric
Michael addition, followed by an amine catalyzed Mi-
chael/aldol addition sequence through iminium/enam-
ine activation modes. Three new C—C bonds, six adja-
cent stereogenic centers including one quaternary ste-
reocenter are formed by combining bifunctional weak
Brgnsted acid/base and amine catalysis. Further work
is aimed to expand this concept to the asymmetric
synthesis of natural products and even more complex
molecular structures.

Experimental Section

Flash column chromatography: SIL G-25 UV,s, (size 0.040—
0.063 mm) Machery&Nagel. TLC: silica gel 60 F254 plates,
Merck, Darmstadt. Visualization of the developed TLC
plates was performed with UV radiation (254 nm) or by
staining with a potassium permanganate solution. Elemental
analyses were carried out with a Vario EL element analyzer.
Melting points were determined with a Biichi Melting Point
B-540 apparatus. Optical rotation values were taken on
a Perkin—Elmer P241 polarimeter. The ee-values were deter-
mined by analytical HPLC with a Hewlett-Packard 1100
Series instrument using chiral stationary phases. IR spectra
were recorded on a Perkin—-Elmer FT-IR Spectrum 100
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Spectrometer. 'H and *C NMR spectra were measured at
ambient temperature with Varian Gemini 300, Varian Mer-
cury 300 or Varian Innova 600 spectrometers using TMS as
internal standard. Mass spectra were recorded on a Finnigan
SSQ7000 (EI 70eV) spectrometer, high resolution mass
spectra on a Finnigan MAT 95 and high resolution ESI spec-
tra on a ThermoFisher Scientific LTQ-Orbitrap XL.

General Procedure for the Asymmetric Synthesis of
Cyclohexane Derivatives Sa—j

In a glass vial equipped with a magnetic stirring bar the ni-
troalkene 2 (1.0 equiv., 0.3-1.0 mmol) and catalyst I
(10 mol% ) were dissolved in toluene (1 mLmmol~' nitroal-
kene) and stirred 10 min at room temperature followed by
slow addition of the f-keto ester 1 (2.0equiv., 0.6-
2.0 mmol). After stirring at room temperature for 1 day the
a,p-unsaturated aldehyde 4 (1.1 equiv., 0.33-1.1 mmol) and
pyrrolidine (1.0 equiv., 0.3-1.0 mmol) were added and
stirred for another day at room tempertaure. The crude
product was directly purified by successive flash column
chromatographies (first n-pentane/Et,0=6:1, then n-pen-
tane/ethyl acetate =3:1) to afford the polysubstituted cyclo-
hexanes 5a—j.
3-Formyl-2-hydroxy-2-methyl-5-nitro-4,6-diphenylcyclo-
hexanecarboxylic acid methyl ester (5a): Synthesized ac-
cording to the general procedure using methyl 3-oxobuta-
noate (1a) (0.22 mL, 2.0 mmol), (E)-(2-nitrovinyl)benzene
(2a) (149 mg, 1.0 mmol) and cinnamaldehyde (4a) (0.14 mL,
1.1 mmol); yellow solid; yield: 278 mg (70%); [a]2: +4.8 (c
0.96, CHCL); 98% ee; R;=0.46 (n-pentane/ethyl acetate=
2:1); mp 165°C. IR (film): v=23499, 2829, 1726, 1551, 1496,
1452, 1366, 1253, 1194, 1158, 751, 700 cm™'; 'H NMR
(600 MHz, CDCly): 6=1.47 (s, 3H, CH;), 345 (s, 3H,
CO,CHs;), 3.53 (dd, /=4, 13 Hz, 1H, CHCHO), 3.66 (s, 1H,
OH), 3.89 (d, /=13 Hz, 1H, CHCO,CH,), 4.03 (dd, J=5,
13 Hz, 1H, CHPh), 4.30 (dd, /=5, 13 Hz, 1H, CHPh), 5.05
(t, J=5Hz, 1H, CHNO,), 7.15-7.29 (m, 10H, CH,,), 9.51
(d, J=5Hz, 1H, CHO); "CNMR (150 MHz, CDCl,): 6=
27.3 (CH;), 41.7 (CHPh), 44.1 (CHPh), 49.8 (CHCO,CH3),
521 (CO,CH;), 547 (CHCHO), 72.1 (CCH;OH), 932
(CHNO,), 127.1-129.4 (CH,1om), 1352 (Cyrom)> 135.5 (Curom)s
174.5 (CO,CH;), 202.9 (CHO); MS (EIL 70eV): m/z (%)=
397 [M*] (3), 368 (4), 351 (5), 336 (3), 321 (6), 305 (100),
273 (5), 245 (41), 229 (3), 205 (6), 167 (5), 133 (5), 131 (16),
115 (15), 103 (11), 101 (11), 91 (36), 77 (8), 59 (4); anal.
caled. for C,,H;NO4: C 66.49, H 5.83, N 3.52; found: C
66.30, H 5.65, N 3.43.
3-Formyl-2-hydroxy-2-methyl-5-nitro-4,6-diphenylcyclo-

hexanecarboxylic acid ethyl ester (S5b): Synthesized accord-
ing to the general procedure using ethyl 3-oxobutanoate
(I1b) (0.26 mL, 2.0 mmol), (E)-(2-nitrovinyl)benzene (2a)
(149 mg, 1.0 mmol) and cinnamaldehyde (4a) (0.14 mL,
1.1 mmol); yellow solid; yield: 163 mg (40%); [a]X: +6.8 (c
1.10, CHCLy); 92% ee; R;=0.47 (n-pentane/ethyl acetate =
2:1); mp 120°C. IR (film): v=3515, 2984, 1718, 1549, 1452,
1370, 1257, 1182, 1158, 1027, 750, 699 cm™'; 'HNMR
(300 MHz, CDCl3): 6=0.90 (t, /=7 Hz, 3H, CO,CH,CHs),
1.49 (s, 3H, CH;), 3.53 (dd, /=4, 14 Hz, 1H, CHCHO), 3.84
(d, /=13 Hz, 1H, CHCO,CH,CH3,), 3.85 (s, 1H, OH), 3.94
(g, /=7Hz, 2H, CO,CH,CH;), 4.02 (dd, /=4, 13 Hz, 1H,
CHPh), 4.31 (dd, J=5, 12 Hz, 1H, CHPh), 5.06 (t, J=4 Hz,
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1H, CHNO,), 7.15-7.29 (m, 10H, CH,yn), 9-52 (d, J=4 Hz,
1H, CHO); “CNMR (75MHz, CDCly): 6=13.6
(CO,CH,CH,), 27.2 (CH,), 41.7 (CHPh), 44.3 (CHPh), 49.7
(CHCO,CH,CH,), 54.7 (CHCHO), 61.3 (CO,CH,CH,), 72.0
(CCH;0H), 932 (CHNO,), 127.3-129.3 (CHgqm), 135.3
(Carom)s 135.5 (Cyrom), 174.1 (CO,Me), 202.9 (CHO); MS (EI,
70eV): m/z (%)=412 [M+H]* (2), 394 (2), 373 (4), 365
(5), 348 (3), 331 (7), 320 (26), 319 (100), 284 (16), 273 (5),
246 (9), 245 (43), 205 (5), 177 (4), 131 (12), 115 (10), 103 (8),
91 (15), 77 (5); anal. calcd. for C,3;H,sNOy: C 67.14, H 6.12,
N 3.40; found: C 66.58, H 6.04, N 3.84.
3-Formyl-2-hydroxy-2-methyl-5-nitro-4,6-diphenylcyclo-
hexanecarboxylic acid rert-butyl ester (5c): Synthesized ac-
cording to the general procedure using fert-butyl 3-oxobuta-
noate (1c¢) (0.32mL, 2.0 mmol), (E)-(2-nitrovinyl)benzene
(2a) (149 mg, 1.0 mmol) and cinnamaldehyde (4a) (0.14 mL,
1.1 mmol); colorless solid; yield: 300 mg (68%); [a]X: + 2.7
(¢ 1.01, CHCL); 91% ee; R;=0.68 (n-pentane/ethyl ace-
tate=2:1); mp 207°C. IR (film): v=3461, 2979, 1726, 1550,
1454, 1368, 1349, 1250, 1148, 1071, 836, 747, 699 cm™';
"H NMR (300 MHz, CDCL;): 6=1.10 [s, 9H, C(CH;)s], 1.50
(s, 3H, CHj;), 3.50 (dd, /=3, 12 Hz, 1H, CHCHO), 3.69 (d,
J=13Hz, 1H, CHCO,CH;), 3.95 (dd, J=4, 13Hz, 1H,
CHPh), 4.15 (s, 1H, OH), 430 (dd, J=5, 13Hz, 1H,
CHPh), 5.04 (t, J=4Hz, 1H, CHNO,), 7.15-7.30 (m, 10H,
CH,om), 9:51 (d, J=5Hz, 1H, CHO); "C NMR (75 MHz,
CDCly): =271 (CH,;), 27.4 [CO,C(CH,);], 41.6 (CHPh),
44.6 (CHPh), 49.8 (CHCO,CH,), 54.8 (CHCHO), 72.1
(CCH;0H), 82.9 (CO,C(CH;);), 93.1 (CHNO,), 127.4-129.3
(CHgrom)s 135. (2C410m), 173.8 (CO,CHj;), 203.1 (CHO); MS
(EL 70 eV): m/z (%)=440 [(M+H]* (3), 421 (7), 403 (6),
348 (3), 366 (8), 347 (11), 337 (4), 320 (5), 291 (72), 290 (74),
273 (6), 245 (34), 233 (7), 205 (7), 171 (5), 147 (5), 131 (10),
115 (12), 105 (12), 103 (10), 91 (25), 77 (5), 57 (100); anal.
caled. for C,;H,yNO4: C 68.32, H 6.65, N 3.19; found: C
68.30, H 6.86, N 2.83.
6-ortho-Bromophenyl-3-formyl-2-hydroxy-2-methyl-5-

nitro-4-phenylcyclohexanecarboxylic acid methyl ester (5d):
Synthesized according to the general procedure using
methyl 3-oxobutanoate (1a) (0.22 mL, 2.0 mmol), (E)-1-
bromo-2-(2-nitrovinyl)benzene (2b) (228 mg, 1.0 mmol) and
cinnamaldehyde (4a) (0.13 mL, 1.1 mmol); colorless solid;
yield: 301 mg (63%); [a]X: —41.1 (¢ 1.00, CHCL); 99% ee;
R;=0.29 (n-pentane/ethyl acetate=3:1); mp 224°C. IR
(film): v=3455, 2956, 1711, 1547, 1442, 1345, 1270, 1172,
1099, 1070, 1025, 994, 935, 905, 863, 824, 797, 742, 703 cm™;
"H NMR (400 MHz, CDCl;): 6=1.50 (s, 3H, CH,), 3.54 (s,
3H, CO,CH,), 3.57 (s, 1H, OH), 3.57 (d, J=12Hz, 1H,
CHCO,CH;), 391 (d, J=13Hz, 1H, CHCHO), 4.36 (dd,
J=4,13 Hz, 1H, CHPh), 4.69 (dd, /=4, 13 Hz, 1H, CHAr),
5.20 (t, J=4Hz, 1H, CHNO,), 7.10-7.38 (m, 8H, CH ),
7.61 (m, 1H, CH,,), 952 (d, J=4Hz, 1H, CHO);
BCNMR (100 MHz, CDCly): =272 (CH3;), 41.5 (CHPh),
425 (CHAr), 49.7 (CHCO,CH;), 522 (CO,CH;), 54.7
(CHCHO), 72.1 (CCH;0H), 90.7 (CHNO,), 1252 (Cgom),
127.8 (CHgom), 128.0 (2CHgom), 1281 (CHgom), 128.6
(CHarom)’ 129.3 (2 CHarom)7 130.0 (Carom)7 1335 (CI—Iarom)7
135.0 (Cyrom)s 134.3 (Cyrom), 173.9 (CO,CH;), 202.7 (CHO);
MS (EI, 70eV): m/z (%)=431 [M*-HNO;] (6), 429
[M*—HNO;] (6), 385 (100), 383 (100), 325 (54), 323 (54),
244 (83), 229 (18), 204 (24), 171 (25), 145 (15), 128 (24),115
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(45), 91 (59), 77 (24), 59 (31); anal. calcd. for C,,H,BrNOj :
C 5547, H 4.66, N 2.94; found: C 55.56, H 4.75, N 2.78.
6-meta-Chlorophenyl-3-formyl-2-hydroxy-2-methyl-5-
nitro-4-phenylcyclohexanecarboxylic acid methyl ester (Se):
Synthesized according to the general procedure using
methyl 3-oxobutanoate (1a) (0.22 mL, 2.0 mmol), (E)-1-
chloro-3-(2-nitrovinyl)benzene (2¢) (184 mg, 1.0 mmol) and
cinnamaldehyde (4a) (0.13 mL, 1.1 mmol); colorless solid;
yield: 283 mg (66%); [a]X: —28.1 (c 1.00, CHCL); 94% ee;
R;=0.27 (n-pentane/ethyl acetate=3:1); mp 139°C; IR
(film): v=3325, 2931, 1722, 1549, 1437, 1359, 1261, 1153,
1060, 897, 785, 815, 744, 697 cm™'; 'HNMR (400 MHz,
CDCl;): 6=1.49 (s, 3H, CH;), 3.47-3.57 (m, 4H, CO,CH,,
CHCO,CH;), 3.59 (s, 1H, OH), 3.87 (d, J=13Hz, 1H,
CHCHO), 4.03 (dd, /=4, 13 Hz, 1H, CHPh), 430 (dd, /=4,
13 Hz, 1H, CHAr), 5.05 (t, J=4Hz, 1H, CHNO,), 7.06—
713 (m, 1H, CH,,p), 7.14-720 (m, 2H, CH,,), 7.22-7.36
(m, 6H, CH,qn), 9.52 (d, J=5Hz, 1H, CHO); *C NMR
(100 MHz, CDCly): 6=27.2 (CH,), 41.6 (CHPh), 43.7
(CHAr), 49.6 (CHCO,CH;), 522 (CO,CHj), 545
(CHCHO), 72.0 (CCH;0H), 92.9 (CHNO,), 125.6 (Com),
128.0 (CHuom), 1284 (2CHgom), 128.6 (CH,om), 128.8
(CHarom)a 129.3 (2 CHarom)a 130.3 (Carom)’ 134.8 (CHarom)v
135.0 (Cyrom)s> 137.5 (Cyrom), 174.1 (CO,CH3), 202.6 (CHO);
MS (EL 70 eV): m/z (%)=385 [M*—HNO;] (2), 341 (34),
339 (100), 281 (22), 279 (62), 165 (15), 125 (10), 115 (17),
105 (10), 91 (22), 77 (8), 59 (11); anal. caled. for
C,H,,CINO¢: C 61.18, H 5.13, N 3.24; found: C 61.00, H
5.18, N 2.99.
6-para-Bromophenyl-3-formyl-2-hydroxy-2-methyl-5-
nitro-4-phenylcyclohexanecarboxylic acid methyl ester (5f):
Synthesized according to the general procedure using
methyl 3-oxobutanoate (1a) (0.06 mL, 0.52 mmol), (E)-1-
bromo-4-(2-nitrovinyl)benzene (2d) (60 mg, 0.26 mmol) and
cinnamaldehyde (4a) (0.04 mL, 0.29 mmol); yellow soluid:
yield: 27 mg (22%); [a]¥: +3.1 (c 1.11, CHCL); 96% ee;
R;=0.44 (n-pentane/ethyl acetate =2:1). IR (film): v=3507,
2927, 1715, 1549, 1491, 1439, 1354, 1258, 1162, 1075, 1008,
909, 815, 731, 700 cm™'; '"HNMR (300 MHz, CDCL;): 6=
1.47 (s, 3H, CH;), 1.58 (s, 1H, OH), 3.51 (s, 3H, CO,CH,;),
3.54 (dd, J=2, 12 Hz, 1H, CHCHO), 3.84 (d, /=13 Hz, 1H,
CHCO,Me), 4.00 (dd, /=4, 13 Hz, 1H, CHPh), 4.28 (dd,
J=5, 13Hz, 1H, CHPh), 5.00 (t, /=4 Hz, 1H, CHNO,),
7.07-7.09 (m, 2H, CH o), 7.13-7.17 (m, 2H, CH,,,), 7.26—
7.30 (m, 3H, CH,on), 7.42-7.44 (m, 2H, CH 1), 9.50 (d, J=
4Hz, 1H, CHO); "CNMR (75MHz, CDCly): 6=27.2
(CH;), 41.6 (CHPh), 43.6 (CHPh), 49.7 (CHCO,CH,), 52.2
(CO,CH,), 54.5 (CHCHO), 72.0 (CCH;0OH), 92.9 (CHNO,),
122.7 (Cyom)s 127.3-132 (CHgpom), 134.6 (Curom), 140.0
(Carom)> 174.2 (CO,CH,;), 202.6 (CHO); MS (EIL 70 eV): m/z
(%)=475 [M+H] (5), 460 (1), 429 (26), 399 (18), 385
(100), 383 (90), 369 (18), 353 (11), 337 (12), 325 (29), 319
(10), 295 (5), 271 (5), 258 (5), 244 (21), 229 (8), 204 (9), 192
(7), 171 (14), 145 (6), 131 (10), 128 (14), 115 (23), 105 (18),
91 (37), 77 (13), 65 (4), 59 (12); HR-MS (ESI): m/z=
498.0523, calcd. for C,,H,,NO¢BrNa: 498.0528.
6-(Benzo[d][1,3]dioxol-5-yl)-3-formyl-2-hydroxy-2-
methyl-S-nitro-4-phenylcyclohexanecarboxylic acid methyl
ester (5g): Synthesized according to the general procedure
using methyl 3-oxobutanoate (1a) (0.22 mL, 2.0 mmol), (E)-
5-(2-nitrovinyl)benzo[d][1,3]dioxole (2e) (193 mg, 1.0 mmol)
and cinnamaldehyde (4a) (0.13mL, 1.1 mmol); colorless
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solid; yield: 234 mg (53%); [a]¥: —81.8 (¢ 1.00, CHCl,);
72% ee; R;=0.24 (n-pentane/ethyl acetate=3:1); mp98°C.
IR (film): v=3497, 2922, 1717, 1549, 1493, 1444, 1359, 1241,
1104, 1034, 928, 865, 805, 754, 700 cm™'; "H NMR (400 MHz,
CDCl,): 6=145 (s, 3H, CH;), 3.50 (dd, /=2, 13Hz, 1H,
CHCO,CHs;), 3.54 (s, 3H, CO,CH;), 3.59 (d, J=2Hz, 1H,
OH), 3.79 (d, /J=13Hz, 1H, CHCHO), 3.94 (dd, J=4,
13 Hz, 1H, CHPh), 4.26 (dd, /=5, 13 Hz, 1H, CHAr), 5.00
(t, J=4Hz, 1H, CHNQO,), 591 (d, J=2Hz, 1H, CH,), 5.92
(d, J=2Hz, 1H, CH,), 6.61-6.76 (m, 3H, CH,y,), 7.14 (dd,
J=2,8Hz, 1H, CH,n), 7.22-7.33 (m, 4H, CH,,,), 9.49 (d,
J=5Hz, 1H, CHO); *CNMR (100 MHz, CDCl,): §=27.3
(CH;), 41.7 (CHPh), 43.8 (CHAr), 50.0 (CHCO,CHj,), 52.2
(CO,CH,), 54.6 (CHCHO), 72.1 (CCH;0H), 93.4 (CHNO,),
101.3 (OCH,0O), 108.1 (CH,qom), 108.7 (CH,pom), 121.3
(CHyom)s 1252 (Coom)s 1278 (CHyom), 128.1 (2CH,0m),
128.6 (Cyrom)s 1292 (2CH,0m), 1293 (Cyrrom)s 1352 (Cyrom)s
174.5 (CO,CH;), 202.8 (CHO); MS (EIL, 70 eV): m/z (%)=
441 [M™*] (100), 317 (15), 291 (31), 260 (48), 229 (57), 215
(20), 197 (19), 175 (29), 152 (50), 135 (39), 115 (52), 91 (96),
77(33), 59 (17); anal. caled. for C;sH,;NOg: C 62.85, H 5.25,
N 3.17; found: C 62.68, H 5.16, N 3.08.
3-Formyl-2-hydroxy-4-para-methoxyphenyl-2-methyl-5-
nitro-6-phenylcyclohexanecarboxylic acid methyl ester (Sh):
Synthesized according to the general procedure using
methyl 3-oxobutanoate (1a) (0.22 mL, 2.0 mmol), (E)-(2-ni-
trovinyl)benzene (2a) (149 mg, 1.0 mmol) and (E)-3-(4-me-
thoxyphenyl)acrylaldehyde (4b) (180 mg, 1.1 mmol); color-
less solid; yield: 179 mg (42%); [a]X: +3.8 (c 0.48, CHCL,);
95% ee; R;=0.49 (n-pentane/ethyl acetate =2:1); mp 215°C.
IR (film): v=3519, 2957, 1720, 1612, 1552, 1512, 1437, 1354,
1308, 1256, 1156, 1098, 1030, 937, 913, 815, 745cm™;
"H NMR (300 MHz, CDCl;): 6=1.46 (s, 3H, CH,), 3.47 (s,
1H, OH), 3.47 (s, 3H, CO,CH,), 3.48 (dd, /=2, 13 Hz, 1H,
CHCHO), 3.74 (s, 3H, OCH;), 3.87 (d, /J=13Hz, 1H,
CHCO,CH;), 4.00 (dd, J=4, 13 Hz, 1H, CHPh), 4.25 (dd,
J=5, 12Hz, 1H, CHPh), 5.01 (t, J=4Hz, 1H, CHNO,),
6.79-6.83 (m, 2H, CH,,..), 7.05-7.10 (m, 2H, CH,,,,), 7.17—
721 (m, 2H, CH,o), 7.25-7.31 (m, 3H, CH,o), 949 (d, J =
5Hz, 1H, CHO); "CNMR (75MHz, CDCL): 6=27.3
(CH;), 40.9 (CHPh), 442 (CHPh), 49.8 (CHCO,CH,;), 52.1
(CO,CH3;), 54.9 (CHCHO), 55.2 (OCH;), 72.1 (CCH;0H),
93.4 (CHNO,), 114.7 (CHgom), 127.0 (Cyrom), 127.8-129.3
(CHgpom)s 135.3 (Cyrom)s 159.5 (Cyrom), 174.6 (CO,CHj), 203.0
(CHO); MS (EI, 70 eV): m/z (%)=427 [M*] (100), 396 (3),
363 (4), 335 (67), 321 (5), 303 (6), 275 (25), 265 (12), 243 (4),
201 (12), 163 (10), 145 (8), 131 (13), 121 (22), 108 (15), 91
(21), 77(9), 59 (7); anal. calcd. for C,;HysNO;: C 64.63, H
5.90, N 3.28; found: C 64.93, H 5.97, N 2.82.
3-Formyl-2-hydroxy-2-methyl-5-nitro-4-ortho-nitrophenyl-
6-phenylcyclohexanecarboxylic acid methyl ester (5i): Syn-
thesized according to the general procedure using methyl 3-
oxobutanoate (1a) (0.22 mL, 2.0 mmol), (E)-(2-nitrovinyl)-
benzene (2b) (149 mg, 1.0 mmol) and (E)-3-(2-nitrophenyl)
acrylaldehyde (4¢) (195 mg, 1.1 mmol); red solid; yield:
193 mg (44%); [a]¥: —51.4 (c 1.36, CHCl;); 94% ee; Ri=
0.42 (n-pentane/ethyl acetate=2:1); mp 200°C. IR (film):
v=3663, 3506, 3063, 2850, 1959, 1734, 1608, 1550, 1441,
1379, 1073, 1032, 1006, 940, 857, 828, 791, 737, 704 cm™;
'H NMR (300 MHz, CDCL,): 6=1.51 (s, 3H, CH,), 3.46 (s,
3H, CO,CH,), 3.60 (dd, /=4, 12 Hz, 1 H, CHCHO), 3.74 (s,
1H, OH), 3.98 (d, /=13 Hz, 1 H, CHCO,CH,), 4.08 (dd, J =
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4, 13Hz, 1H, CHPh), 493 (dd, /=4, 12 Hz, 1H, CHPh),
545 (t, J=4Hz, 1H, CHNO,), 7.17-7.19 (m, 1H, CH ),
7.24-730(m, 5H, CH,y), 7.36-7.42(m, 1H, CH,,), 7.46—
7.49 (m, 1H, CH o), 7.91-7.94 (m, 1H, CH ), 951 (d, J=
4Hz, 1H, CHO); "CNMR (75MHz, CDCl): 6=27.3
(CHs;), 36.2 (CHPh), 42.3 (CHPh), 49.8 (CHCO,CH,), 52.2
(CO,CH,), 55.5 (CHCHO), 71.9 (CCH;0H), 91.8 (CHNO,),
125.6 (CH,pm), 127.9-129.4 (CH,m), 1304 (Curom), 133.9
(CHgrom)s 135.3 (Cyrom)s 149.8 (Cyrom), 174.1 (CO,CHy), 201.7
(CHO); MS (EI 70eV): m/z (%)=443 [M+H]* (4), 427
(12), 396 (13), 378 (8), 350 (44), 332 (66), 317 (14), 300 (33),
290 (23), 272 (100), 256 (70), 244 (25), 230 (23), 216 (19),
204 (23), 178 (11), 175 (41), 159 (21), 145 (37), 131 (61), 115
(51), 103 (38), 91 (50), 77 (31), 59 (30); anal. caled. for
C,H,,N,O4: C 59.73, H 5.01, N 6.33; found: C 59.44, H 5.35,
N 6.17.
3-Formyl-4-furyl-2-hydroxy-2-methyl-5-nitro-6-phenylcy-

clohexanecarboxylic acid methyl ester (5j): Synthesized ac-
cording to the general procedure using methyl 3-oxobuta-
noate (la) (0.22 mL, 2.0 mmol), (E)-(2-nitrovinyl)benzene
(2b) (149 mg, 1.0 mmol) and (E)-3-(furan-2-yl)acrylaldehyde
(4d) (135 mg, 1.1 mmol); yellow solid; yield: 178 mg (46%);
[a]®: +18.6 (c 1.14, CHCL); 93% ee; R;=0.49 (n-pentane/
ethyl acetate=2:1); mp 147°C. IR (film): v=3509, 2958,
1715, 1554, 1498, 1437, 1346, 1262, 1197, 1153, 1120, 1069,
1011, 940, 817, 742, 700 cm™'; '"H NMR (300 MHz, CDCl,):
0=146 (s, 3H, CH;), 3.30 (ddd, J=2, 4, 13Hz, 1H,
CHCHO), 3.45 (s, 3H, CO,CH,), 3.66 (s, 1H, OH), 3.85 (d,
J=13Hz, 1H, CHCO,CH;), 3.99 (dd, /=4, 13Hz, 1H,
CHPh), 4.43 (dd, J=5, 13 Hz, 1H, CHPh), 5.26 (t, J=4 Hz,
1H, CHNG,), 6.07-6.09 (m, 1H, CH,y), 6.23-6.25 (m, 1H,
CHpyy), 7.17-722 (m, 2H, CH,,n), 7.26-7.31 (m, 3H,
CH rom: 1H, CHy,ry), 959 (d, J=4 Hz, 1H, CHO); "C NMR
(75MHz, CDCL): 0=26.5 (CHj;), 359 (CHPh), 434
(CHPh), 49.6 (CHCO,CH;), 521 (CO,CH;), 542
(CHCHO), 71.8 (CCH;0H), 90.5 (CHNO,), 109.2 (CHyy),
110.6 (CHyyy), 126.7-129.1 (CH,on), 1354 (Cyrom), 143.0
(CHgyy), 1494 (Cpyy1), 1743 (CO,CH;), 202.3 (CHO); MS
(EL, 70 eV): m/z (%) =387 [M*] (24), 356 (2), 341 (10), 323
(5), 295 (100), 280 (11), 263 (8), 235 (74), 225 25), 219 (25),
192 (14), 165 (22), 161 (30), 152 (12), 141 (17), 131 (25), 115
(30), 103 (19), 91 (55), 77 (24), 65 (15), 55 (23); anal. calcd.
for C,0H, NO,: C 62.01, H 5.46, N 3.62; found: C 62.18, H
5.23,N 3.21.
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