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Asymmetric synthesis of complex molecules containing
multiple stereocenters is a well-known research area used
for the synthesis of a variety of natural products and other
molecules of interest.l" In this field, strategies which reduce
the number of chemical steps for the final assembly of the
desired products are highly demanded, thereby decreasing the
formation of waste products and increasing the economy of
the processes.”) One of the most important goals in this area is
the generation of more than one bond in a multistep reaction
concomitant with the creation of multiple stereocenters in a
one-pot fashion.['! Recently, asymmetric one-pot syntheses of
complex organic molecules have been achieved with the
generation of up to eight new stereocenters by employing
different methodologies.”) In the field of organocatalysis,
Enders et al. have performed the synthesis of substituted
cyclohexenes by applying a three-component domino reac-
tion,*l and Hayashi et al. have described a two-component
multistep Michael/Henry sequence for the synthesis of
cyclohexane derivatives by using pentane-1,5-dial and 2-
substituted nitroalkenes.* To the best of our knowledge, the
generation of five or more stereocenters by one intermolec-
ular reaction of two compounds in an asymmetric fashion has
not so far been reported.

In the course of our efforts to develop organocatalytic
methodologies to gain rapid access to complex molecules, we
recently achieved the synthesis of cyclohexenals containing
three contiguous stereocenters in good yields and excellent
stereoselectivities by using a multicomponent reaction./*! In
fact, it has been demonstrated with this and other examples!”!
that organocatalysis can be a very valuable tool for control-
ling diverse asymmetric syntheses. Herein we describe the
first one-pot asymmetric formation of five stereocenters by an
intermolecular two-component reaction, which leads in this
particular case to the formation of highly substituted optically

[*] Dr. E. Reyes, H. Jiang, A. Milelli, Dr. P. Elsner, Dr. R. G. Hazell,
Prof. Dr. K. A. Jargensen

Danish National Research Foundation: Center for Catalysis
Department of Chemistry, Aarhus University

8000 Aarhus C (Denmark)

Fax: (+45) 8619-6199

E-mail: kaj@chem.au.dk

This work was made possible by a grant from The Danish National
Research Foundation and OChem School. E.R. thanks the “Eusko
Jaurlaritza-Gobierno Vasco” for financial support (postdoctoral
fellowship).

@ Supporting information for this article is available on the W\WW
under http://www.angewandte.org or from the author.

[7‘: *

T IWILEY
N

{7 InterScience*

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

active cyclohexanols. Furthermore, this reaction represents
one of the few examples of organocatalytic conjugate addition
of nitroalkanes to o,3-unsaturated aldehydes.[** %]

Our studies started with the discovery of a novel nitro-
Michael®/Henry!”! reaction promoted by a 1,3-dinucleo-
phile.® This transformation allows the straightforward syn-
thesis of pentasubstituted cyclohexanes in a one-pot fashion.
In the reaction between aldehyde 1a and dinitroalkane 2a, in
the presence of (S)-2-[bis(3,5-bistrifluoromethylphenyl)(tri-
methylsilyloxymethyl)]pyrrolidine (3a),”’ we observed that
the initially formed Michael adduct cyclized in situ to furnish
the cyclohexanol derivative 4a as the only product

(Scheme 1).
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Scheme 1. Reaction of 2-pentenal 1a with the 1,3-dinitroalkane 2a in
the presence of the catalyst 3 and an external base. DABCO=1,4-
diazabicyclo[2.2.2]octane, TMS =trimethylsilyl, TES =triethylsilyl,
TBDMS = tert-butyldimethylsilyl.

During the screening of this reaction, we discovered a low
dependence on the solvent used and in all cases obtained
good stereoselectivities (1 major out of 32 possible stereoiso-
mers) (Table 1). In fact, in many of the solvents tested and in
the presence of DABCO as the base additive (Table 1,
entries 1-4), the major diastereoisomer could be isolated after
column chromatography in moderate yields with up to
80% ee.'"! The best enantioselectivities were obtained using
CH,(Cl, as the solvent. In these cases, the use of 10 mol % of
DABCO was found to be more efficient with respect to yield
and enantioselectivity (Table 1, entries 5 and 6). It is impor-
tant to note that no epimerization occurs during the
purification. The diastereomeric ratio determined by
"H NMR spectroscopic analysis of the crude reaction mixture
is maintained after isolation of the single isomers. The
reaction temperature was decreased to 4°C to improve the
stereoselectivity of the process (Table 1, entry 7). However, it
was observed that decreasing the reaction temperature gave
no improvement in the enantioselectivity. Other catalysts
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Table 1: Screening of the organocatalytic nitro-Michael/Henry reaction
of a,B-unsaturated aldehyde 1a with dinitro compound 2a.

Entry Solvent 3 Yield [%6]"! d.rld ee (%]
18 iPrOH 3a n.d.f 4:2:1 80
2 AcOEt 3a n.d.M 4:2:1 80
3kl DMF 3a n.d.f 4:1:1 46
46 CHCl, 3a n.d.f 4:2:1 80
5 CH,Cl, 3a 45 (74) 4:2:1 84
6l CH,Cl, 3a 45 4:2:1 90
7eh CH,Cl, 3a 23 4:2:1 89
8lel CH,Cl, 3b0 n.d.f 4:2:1 —58ll
9lel CH,Cl, 3cl 41 4:2:1 89
10 CH,Cl, 340 35 4:2:1 93

[a] The reaction was carried out on a 0.2-mmol scale of 1a and 2a, using
20 mol % of the catalyst 3 and DABCO in a vial containing 0.25 mL of the
appropriate solvent. [b] Yield of the isolated major stereoisomer
(combined yield of the three stereoisomers). [c] Determined by NMR
spectroscopy of the reaction mixture. [d] Determined by HPLC on a chiral
stationary phase. [e] 20 mol % of DABCO was used. [f] Not determined.
[g] 10 mol% of DABCO was used. [h] Reaction performed at 4°C.
[] 10 mol % of 3 was used. [j] The opposite enantiomer was obtained.

(3b-d) were also tested for this transformation. It should be
noted that derivative 3b with a free OH group led to the
formation of the opposite enantiomer (Table 1, entry 8). This
is one of the first examples where opposite induction has been
observed using the pair of catalysts 3a and 3b.[! This result
can be rationalized by a possible hydrogen-bonding inter-
action between the free OH group of catalyst 3b and the
incoming dinitro compound. The more bulky substituted
pyrrolidine catalysts 3¢ and 3d also gave good enantioselec-
tivities (Table 1, entries9 and 10). However, the yield
observed in these cases showed that the use of the common
catalyst 3a was recommended.

Having established the best protocol to extend the
reaction, we studied the possibility of using different alde-
hydes as well as different 1,3-dinucleophiles to synthesize
various pentasubstituted cyclohexane derivatives. Thus, a
broad spectrum of B-alkyl-substituted aldehydes (1a-g)!'!
could be used as the electrophile reacting with 2a, with a
general high preference for one diastereoisomer. The major
isomer was in all cases isolated in good yields and with high
enantioselectivity (Table 2, entries 1-8, in which the yields
given are for the major diastereoisomer). The substituent in
the P position of the aldehyde was found to have a strong
effect on the stereoselectivity of the process. Reactions with
more bulky alkyl substituents proceeded with better enantio-
selectivity (Table 2, entries 2-4). The scope of the reaction
could also be extended to functionalized aldehydes bearing a
protected alcohol (Table 2, entry 6) as well as an alkenyl
moiety (Table 2, entry 7). In both cases the enantioselectivity
is maintained at high levels.

Other 1,3-dinucleophiles were compatible with this meth-
odology. As Table 2 shows, aromatic and heteroaromatic
substituted nucleophiles 2b-i could be used in this reaction,
with the desired products formed with similar yields and
stereoselectivities (Table 2, entries 9-19). Again, the more
bulky isopropyl-substituted aldehyde 1d gave the best results
in terms of diastereoselectivity (Table 2, compare entries 9
and 10). Consequently, the scope of the reaction was

Angew. Chem. 2007, 119, 9362—-9365

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

Table 2: Scope of the organocatalytic nitro-Michael/Henry reaction.”!

Ar
Ar OH
? NO, N Omms 3 NO,
H . Hi Ar: 3,5-(CF3),-CoHs
1J R? R Y7 R?
R NO, DABCO, CH,Cl,, RT NO,
1a-h 2a-i 4a-s
Entry 1 (R) 2 (R) Yield [%]®  d.rl ee [%6]9
1 Ta (Et) 2a (Ph) 4a: 45 4:2:1 90
2 1b (Me) 2a (Ph) 4b:43 (61) 4:1:1 75
3 Tc (n-Pr) 2a (Ph) 4c: 44 4:2:1 86
4 1d(iPy 2a (Ph) 4d:38 (60) 3:1:1 90
5 Te (nBu) 2a (Ph) 4e: 43 4:21 87
6 1f 2a (Ph) 4f: 561 3:1:0 94
(CH,OTIPS)
7 1g (cis-CeHy;)  2a (Ph) 4g:52 4:2:1 86
8  1h(GHy)  2a(Ph) 4h: 50 421 87
9 Ta(EY 2b (p- 4i: 48 421 92
MeOC,H,)
10" 1d (iPr) 2b (p- 4j: 53 5:1:1 89
MeOCH,)
1 1d (iPr) 2c (m- 4k: 65 12:2:3 90
MeOC,H,)
12 1d (P 2d (0-MeCgH,) 41:48 (71) 5:2:1 90
13 1d (iPr) 2e (p-MeCiH,) 4m: 40 5:1:1.2 84
14 1d (iPr) 2f (p-CICH,)  4n: 47 5::1 88
15 1d (iPr) 2g (naphth-2-yl) 40: 61 5:0:1 88
16 Ta (Et) 2h (furan-2.yl)  4p: 60 4:2:1 86
17 1d (iPr) 2h (furan-2-yl)  4q:43 6:1:0 88
(52%)
18 Ta (Et) 2i (thiophen-2-  4r: 42 4:0:1 80
yl)
19 1d (iPr) 2i (thiophen-2- 4s: 43 5:1:1 90
yl)

[a] The reaction was carried out on a 0.2-mmol scale of 1a and 2a, using
20 mol % of the catalyst 3a and DABCO (10 mol %) in a vial containing
0.25mL of CH,Cl,. [b]Yield of the isolated major stereoisomer
(combined yield of the three stereoisomers). [c] Determined by NMR
spectroscopy of the reaction mixture. The minor diastereoisomers were
also characterized for 4a. [d] Determined by HPLC on a chiral stationary
phase. [e] Combined yield of the two stereoisomers. [f] Reaction carried
out on a 0.1-mmol scale. TIPS =triisopropylsilyl.

evaluated by treating 1d with the different dinitro compounds
2b-i. Changing the electronic properties of the aromatic
substituent in the nucleophile had no major effect on the
stereoselectivity of the reaction. Electron-withdrawing as well
as electron-donating groups could be attached to the aromatic
moiety, and gave rise to the cyclohexanols 4j—o with
comparable diastereoselectivities and enantioselectivities in
the range of 88-90% ee. Only in the case of the p-tolyl-
substituted nucleophile 2e was a slight decrease in enantio-
selectivity observed (Table 2, entry 13). Finally, furanyl- and
thiophenyl-substituted nucleophiles 2h and 2i were also
shown to be compatible in this reaction, and provided the
corresponding cyclohexanol derivatives 4p-s with yields and
diastereoselectivities within the ranges observed before, and
with enantioselectivities of up to 90 % ee. Similar results were
obtained from reactions giving 4a and 4¢ performed on a 1-
mmol scale.
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The asymmetric domino organocatalytic nitro-Michael/
Henry reaction for the synthesis of the cyclohexanol deriv-
atives 4 can be explained by an initial iminium activation of
the a,B-unsaturated aldehyde 1 by catalyst 3, followed by an
intramolecular nitro-aldol reaction as outlined in Scheme 2.
In the first step, an activation of the aldehyde as an iminium

R!
Catalyst
H,O

OH

@
\?/ NOZ
B:

@
N02 NOZ

Scheme 2. Proposed mechanism for the organocatalyzed asymmetric
nitro-Michael/Henry domino reaction.

ion occurs, which allows the formation of the Michael adduct
by attack of the nucleophile from the less hindered face. After
hydrolysis of the iminium ion, the nitroaldehyde intermediate
undergoes a subsequent intramolecular Henry reaction which
generates the final product 4 with five contiguous stereocen-
ters.

The absolute configuration of the major stereoisomer was
assigned by single-crystal X-ray analysis of the p-chloroben-
zoate derivative of 4a (Figure 1).!”! The structure leads to a
1R2S3RA4R5R assignment of the formed stereocenters,

Figure 1. X-ray structure of the p-chlorobenzoate derived from 4a.
C gray, N blue, O red, Cl green. H atoms are omitted for clarity.
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which indicates that the initial addition takes place from the
Re face through the control of the catalyst. From the absolute
configuration at C-1 and C-2, we assume that the final
assembly takes place from the Si face of the carbonyl group,
which suggests no catalyst involvement during this bond
formation.

In conclusion, we have developed the addition of nitro-
alkanes to o,fB-unsaturated aldehydes followed by an intra-
molecular Henry reaction which leads to the formation of
highly substituted cyclohexanols with control over five
contiguous stereocenters. This novel domino reaction cata-
lyzed by the commercially available diarylprolinol silyl ether
3a proceeds with moderate to good yields and with high
diastereo- and enantioselectivity. The optically active cyclo-
hexanols arising from this domino process constitute valuable
chiral building blocks since they contain the $-amino alcohol
functional motif which is ubiquitous in biologically active
compounds.'!

Experimental Section

An ordinary vial equipped with a magnetic stirring bar was charged
with catalyst 3a (0.04 mmol, 20 mol%), DABCO (0.02 mmol,
10 mol %), and CH,Cl, (0.25 mL). Then, 2 (0.2 mmol) and the a,f-
unsatured aldehyde 1 (0.2 mmol) were added. The stirring was
maintained at room temperature until completion of the reaction and
the crude reaction mixture was directly charged on to silica gel and
subjected to flash chromatography.

Representative example: (1R,2S8,3R,4R,5R)-5-Ethyl-2,4-dinitro-
3-phenylcyclohexanol (4a) was isolated by flash chromatography (r-
hexane/AcOEt gradient from 9.5:0.5 to 8:2) in 45% yield. '"H NMR
(400 MHz, CDCl;): 6 =7.53-7.08 (m, 5H), 5.93 (dd, /=12.4, 2.5 Hz,
1H), 5.02 (t, J=4.4Hz, 1H), 479 (brs, 1H), 417 (dd, J=12.4 Hz,
1H),2.58 (brs, 1H), 2.53-2.42 (m, 1H), 2.20 (td, /=13.5,2.0 Hz, 1 H),
2.06 (td, J=14.5, 42 Hz, 1H), 1.45-1.20 (m, 2H), 1.01 ppm (t, /=
7.4 Hz, 3H); "CNMR (100 MHz, CDCl;): 6 =134.3, 129.3, 128.6,
127.0, 92.1, 85.9, 67.5, 41.7, 34.7, 32.1, 24.6, 11.3 ppm; HRMS: calcd
for [C,H;sN,OsNa]*: 317.1113; found: 317.1122. M.p. 153-155°C (n-
hexane/AcOEt). The eevalue was determined by HPLC on a
Chiralpak AS column (hexane/iPrOH 95:5); flow rate 1.0 mLmin™;

Trnajor = 20.8 MiN, Tpyinor=24.4 min (90% ee). [a]5"=-49.8 (c¢=0.75,
CHCL).
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