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A new class of chiral secondary amine organocatalyst was rationally designed as an efficient catalyst to catalyze the elusive Michael addition of
aldehydes to vinyl sulfones. High yield and excellent enantioselectivities could be obtained at room temperature without having to resort to high
catalyst loading, anhydrous solvents, and low temperatures. Efficient control of enamine conformation and face shielding as well as the rigid
nature of the tricyclic skeleton, with an inherent chiral pocket, provide a well-organized chiral environment to effect this elusive reaction

efficiently.

In recent years, we have witnessed an exponential growth
in the field of organocatalysis. This is due to the many
advantages they can offer.! Among the organocatalysts,
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chiral secondary amines which involve enamine catalysis
have been used widely in many different organic transfor-
mations to generate products in high optical purities.
In addition to the widely employed naturally occurring
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Figure 1. Typical chiral secondary amine organocatalysts 1—3.

proline,”> chemists have also rationally designed several
other impressive chiral secondary amines as organocatalysts.
Representative examples are MacMillan’s imidazolidi-
nones catalyst 1,> Hayashi and Jergensen’s a,a-diarylpro-
linol ether catalyst 2* and Maruoka’s binaphthyl-based
chiral secondary amine catalyst 3,% which were found to
induce high enantioselectivities in a large number of reac-
tions that proline failed (Figure 1). Despite these significant
progresses, there are still many limitations such as high
catalytic loading, low temperature, low enantioselectivity
and reactivity in many other reactions which could not be
resolved using existing organocatalysts. Therefore, there is
a tremendous amount of effort directed at the design of
more efficient organocatalysts." Toward solving some of
these limitations, we rationally designed a new class of

(3) (a) Beeson, T. D.; Mastracchio, A.; Hong, J.-B.; Ashton, K.;
MacMillan, D. W. C. Science 2007, 316, 582. (b) Jang, H.-Y.; Hong, J .-
B.; MacMillan, D.W. C. J. Am. Chem. Soc. 2007, 129, 7004. (c) Kim, H.;
MacMillan, D.W. C. J. Am. Chem. Soc. 2008, 130, 398. (d) Lelais, G.;
MacMillan, D. W. C. Aldrichim. Acta 2006, 39, 79.

(4) For reviews, see: (a) Palomo, C.; Mielgo, A. Angew. Chem., Int.
Ed. 2006, 45, 7876. (b) Mielgo, A.; Palomo, C. Chem. Asian J. 2008, 3,
922. For the pioneering work, see: (c) Hayashi, Y.; Gotoh, H.; Hayashi,
T.; Shoji, M. Angew. Chem., Int. Ed. 2005, 44, 4212. (d) Marigo, M.;
Wabnitz, T. C.; Fielenbach, D.; Jorgensen, K. A. Angew. Chem., Int. Ed.
2005, 44, 794. (e) Marigo, M.; Fielenbach, D.; Braunton, A.; Kjasgaard,
A.; Jorgensen, K. A. Angew. Chem., Int. Ed. 2005, 44, 3703. (f) Franzén,
J.; Marigo, M.; Fielenbach, D.; Wabnitz, T. C.; Kjersgaard, A.;
Jorgensen, A. K. J. Am. Chem. Soc. 2005, 127, 18296.

(5) For reviews, see: (a) Maruoka, K. Bull. Chem. Soc. Jpn. 2009, 82,
917. (b) Kano, T.; Maruoka, K. Chem. Commun. 2008, 5465. For
selected examples, see: (c) Kano, T.; Takai, J.; Tokuda, O.; Maruoka, K.
Angew. Chem., Int. Ed. 2005, 44, 3055. (d) Kano, T.; Tokuda, O.; Takai,
J.; Maruoka, K. Chem. Asian J. 2006, 1, 210. (¢) Kano, T.; Yamaguchi,
Y.; Maruoka, K. Angew. Chem., Int. Ed. 2007, 46, 1738. (f) Kano, T.;
Yamaguchi, Y.; Tokuda, O.; Maruoka, K. J. Am. Chem. Soc. 2005, 127,
16408. (g) Kano, T.; Yamaguchi, Y.; Maruoka, K. Angew. Chem., Int.
Ed. 2009, 48, 1838.

(6) For reviews of natural products containing hexahydropyrrolo
[2,3-blindole, see: (a) Crich, D.; Banerjee, A. Acc. Chem. Res. 2007, 40,
151. (b) Ruiz-Sanchis, P.; SdVll’ld S. A.; Albericio, F.; Alvarez M.
Chem.— Eur. J. 2011, DOIL: 10 1002/chem. 201001451 Forcmchonaa]kalmds-
derived catalysts, see: (c) Tian, S. K.; Chen, Y.; Hang, J.; Tang, L.; McDaid,
P.;Deng, L. Acc. Chem. Res. 2004, 37, 621. (d) Kacprzak, K.; Gawronski,
J. Synthesis 2001, 961. For the pioneering work using natural product
nornicotine as a catalyst, see: (e) Dickerson, T. J.; Janda, K. D. J. 4m.
Chem. Soc. 2002, 124,3220. (f) Brogan, A. P.; Dickerson, T. J.; Janda, K.
D. Chem. Commun. 2007, 4952. (g) Rogers, C. J.; Dickerson, T. J.;
Brogan, A. P.;Janda, K. D. J. Org. Chem. 2005, 70, 3705. (h) Dickerson,
T. J.; Lovell, T.; Meijler, M. M.; Noodleman, L.; Janda, K. D. J. Org.
Chem. 2004, 69, 6603. (i) Rogers, C. J.; Dickerson, T. J.; Janda, K. D
Tetrahedron 2006, 62, 352.

(7) (a) Xiao, J.; Xu, F. X.; Lu, Y. P.; Loh, T. P. Org. Lett. 2010, 12,
1220. (b) Xiao, J.; Wong, Z. Z.; Lu, Y. P.; Loh, T. P. Adv. Synth. Catal.
2010, 352, 1107. (c) Xiao, J.; Liu, Y. L.; Loh, T. P. Synlett 2010, 2029. (d)
Xiao, J.; Loh, T. P. Org. Lett. 2009, 11, 2876. (¢) Xiao, J.; Loh, T. P.
Synlett 2007, 815. (f) Xiao, J.; Loh, T. P. Tetrahedron Lett. 2008, 49,
7184. For a discussion of “privileged” chiral catalyst, see: (g) Yoon,
T. P.; Jacobsen, E. N. Science 2003, 299, 1691.

Org. Lett,, Vol. 13, No. 5, 2011

Scheme 1. Rationally Designed New Class of Chiral Secondary
Amine Organocatalyst 4 with a Chiral Pocket

chiral pocket
ﬂ efficient face
shielding group

¢ I
rational design z

—> Cco, O

H H EtoéHH O
S

natural product skeleton .
enamine control factor

Scheme 2. Synthesis of Chiral Organocatalyst 4
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chiral secondary amine 4 (Scheme 1) based on the naturally
occurring hexahydropyrrolo[2,3-blindole skeleton,® which
has been identified as a new privileged chiral skeleton for
asymmetric catalysis in our group.” In our new design of 4,
in addition to the intrinsic chiral pocket brought about by
the conformation of the tricyclic skeleton, the ethyl carba-
mate group serves to control the conformation of the
enamine while the bulky naphthyl group efficiently shields
the top face of the pocket. It is anticipated that the unique
rigid tricyclic structure, together with the inherent hydro-
phobic pocket, will bestow upon catalyst 4 more promising
and superior properties as compared to other chiral sec-
ondary amine catalysts. In this paper, we report a new class
of organocatalyst 4 with high potential as demonstrated in
the highly enantioselective organocatalytic Michael reac-
tion of aldehydes to vinyl sulfones.

Catalyst 4 could be easily prepared in four steps from 5
as shown in Scheme 2. DCC coupling of 5 with 1-naphthol
furnished 6, which was treated with TFA to afford an endo
and exo mixture of 7. Reaction of 7 with ethyl chlorofor-
mate in the presence of sodium carbonate, followed by
hydrogenation, gave the desired catalyst 4 in good yield.
The unique structure and stereochemistry of 4 has been
unambiguously confirmed by X-ray crystallography.
X-ray crystallographic analysis indicates that there is a
face tilted-T orientation of the naphthyl and phenyl rings
with H, lying 2.77 A perpendicularly under the face of the
phenyl ring with an inter-ring angle of 77° (Figure 2). This
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Figure 2. Crystal structure of organocatalyst 4.

preferred conformation is primarily driven by the relief of
torsional strain, further enhanced by attractive edge-to-
face 7—a interactions.®

Asarepresentative example, we focus on the asymmetric
Michael addition of aldehydes to vinyl sulfones. If success-
ful, this method will provide facile access to various
optically pure sulfones, which are featured widely in many
bioactive molecules,” and after desulfonylation, a wide
range of optically pure aldehydes will be obtained, which
offer an alternative solution to the problematic asymmetric
alkylation of aldehydes.'® Despite its apparent importance
in organic synthesis, the highly enantioselective Michael
addition of aldehydes to vinyl sulfones still remains a great
challenge.'" Only limited examples afford high enantio-
selectivities and most of them suffered from using high
catalystloading (up to 25 mol %), low temperature (—60 to
0 °C) and anhydrous solvents, which limit their applic-
ability to organic synthesis.

At the onset, the Michael addition of isovaleraldehyde to
vinyl sulfone was chosen as the testing ground. To our
delight, the desired product could be obtained in 53% yield
and 98% ee in the presence of 10 mol % catalyst 4 at room
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Table 1. Evaluation of 4 as a Catalyst for the Asymmetric
Michael Addition of Isovaleraldehyde to Vinyl Sulfone”

. O

o Na N OH
0,Ph EtOC

HH
NaBH, SO,Ph
H * MeOH  :
SOPh solvent eOF A so,Ph

entry loading (mol %) solvent yield (%)° ee (%)
1 10 MeOH 10 39
2 10 THF 42 -
3 10 CHCl;s <10 -
4 10 MeCN 16 —
5 10 CH,Cly 53 98
6 10 CH,Cly? <10 -
7 10 CH,Cly 66 99
8 5 CH,Cly* 63 99
9 5 CH,Cl, 99 99
10 5 CH,CL, 71 95
11 5 CH,Cl*® <10 —
12 2 CH,Cly 51 97

“Reactions were conducted with 3 equiv of aldehyde, 1 equiv of vinyl
sulfone at room temperature in the presence of catalyst. ® Isolated yield.
¢ee was determined by chiral HPLC on a chiral stationary phase. 93-
NO,PhCO,H (10 mol %) was added. ¢ Aldehyde (4 equiv) was used.

7 Aldehyde (2 equiv) was used. ¢ Anhydrous CH,Cl, was used or

molecular sieves (4 A) was added.

temperature in AR grade CH,Cl, (Table 1, entry 5).
However, for other organic solvents, the results were not
satisfactory (Table 1, entries 1—4). The addition of acid
was not beneficial to this reaction (Table 1, entry 6). It was
found that excellent yield and enantioselectivity could be
obtained with only 5 mol % 4 and 3 equiv of isovaleralde-
hyde (Table 1, entries 7—10). Interestingly, use of anhy-
drous solvent or addition of molecular sieves impede this
reaction, which is different from the previous report
(Table 1, entry 11). Catalyst 4 still shows high reactivity
and retains the enantioselectivity even when the catalyst
loading was decreased to 2 mol % (Table 1, entry 12).

Next, various substrates were examined and the reaction
exhibited broad applicability in terms of the aldehyde
substrate. The adducts were obtained in good yields and
excellent enantioselectivities (up to 99% ee) in the presence
of 5 mol % or 10 mol % of catalyst 4 (Table 2).'> Further
experimentation showed that when the naphthyl group
was replaced by a methyl, phenyl and 2-(1-adamantyl)-4-
methylphenyl group in catalyst 4, the chiral product 10f
could be obtained in 81, 89, and 88% ee, respectively.
Under the same conditions, however, MacMillan’s imida-
zolidinones catalyst 1 gave the same product in low yield
and low ee."”

(12) Epimerization of the aldehydes products was observed during
the purification step; therefore, the corresponding aldehydes adducts
were reduced to alcohols for determination of yield and ee.

(13) For instance, the product 10a was obtained only in 30% yield
and 31% ee in the presence of 10 mol % 1.
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Table 2. Asymmetric Michael Addition of Aldehydes to Vinyl

Sulfone®
: @
e
NN
gtoc HH
o) 0
)H ) 0,Ph 5-10 mol % NaBH, 0,Ph " -
H 1 SO,Ph CHCl,rt,48h  MeOH & $0,Ph
9a-i 10a-i Figure 3. Lowest energy enamine conformation 3A and 3B.
entry R product yield (%)° ee (%)
1 CH; 10a 82 92
2 CHs; 10a 59 96
3 CoH; 10b 66 93
4 CoH; 10b 71 94
5 CsH, 10c 56 94
6 CsH; 10c 88¢ 95
7 C4Hyg 10d 49 92
8 C4Hyo 10d 93 92
9 CGH13 10e 55 920
10 CeHys 10e 60 93
11 C;Hys 10f 71 91
12 i-Pr 10g 99 99
13 PhCH, 10h 95 93
14 BnO(CHy)s 10i 66 97

“Reactions were conducted with 0.1 mmol vinyl sulfone, 0.3 mmol
aldehyde and 5 mol % (entries 1,3,5,7,9) or 10 mol % 4 (entries
2,4,6,8,10—14) at room temperature. ®Yield of the isolated products.
¢ ee was determined by HPLC analysis on chiral stationary phases after
purification. “The stereochemistry has been assigned R configuration
by X-ray crystallography, see the Supporting Information for details.

To probe the mechanism of this reaction, eight possible
enamine geometries and the relative orientation of
naphthalene were subjected to DFT calculation. The most
stable conformation is syn enamine conformation 3A with
the naphthalene ring puckered in the chiral pocket, which
is more favored by 2.64 kcal/mol than the second lower
energy conformation 3B with the naphthalene ring stretch-
ing out (Figure 3)."* In addition to the relief of torsional
strain, a weak hydrogen bond interaction between hydro-
gen in the naphthalene ring and the oxygen in the ester
group was found to lock the naphthalene ring.

On the basis of the above analysis and the observed
stereochemistry of the Michael product, we proposed a
plausible transition state model C. In this transition state
model, the ethyl carbamate group favors the enamine
conformation 3A and the bulky naphthyl group efficiently
shields the Si face of the enamine to force the vinyl
sulphone attack from the Re face to afford the product
in R configuration (Figure 4).

(14) See Supporting Information for the calculation details.
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Figure 4. Proposed Transition State C.

In summary, we have developed a new class of chiral
secondary amine organocatalyst 4 which can catalyze the
elusive Michael addition of aldehydes to vinyl sulfones in
good yields and excellent enantioselectivities. The desired
chiral products could be obtained with high stereocontrol
at room temperature without having to resort to high
catalyst loading, anhydrous solvents and low tempera-
tures. Efficient control of enamine conformation and face
shielding as well as the rigid nature of the tricyclic skeleton,
with an inherent chiral pocket provide a well-organized
chiral environment to enable this elusive reaction to pro-
ceed smoothly. This chiral pocket directed asymmetric
enamine catalysis opens new perspective and will find more
application in asymmetric catalysis.
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