JIAICIS

ARTIC

L ES

Published on Web 04/04/2006

One-Pot Organocatalytic Domino Michael-Aldol and
Intramolecular S n2 Reactions. Asymmetric Synthesis of
Highly Functionalized Epoxycyclohexanone Derivatives

Mauro Marigo, Sgren Bertelsen, Aitor Landa, and Karl Anker Jgrgensen*

Contribution from The Danish National Research Foundation: Center for Catalysis, Department
of Chemistry, Aarhus Unersity, DK-8000 Aarhus C, Denmark

Received December 14, 2005; E-mail: kaj@chem.au.dk

Abstract: The development of the organocatalytic asymmetric one-pot Michael—Darzens condensation
giving highly functionalized complex epoxycyclohexanone derivatives with up to four chiral centers is
presented. Depending on the reaction conditions, either the polysubstituted 7-oxa-bicyclo[4.1.0]heptan-2-
one ring system or 2-chloro-cyclohex-2-enone derivatives can be formed. For the former class of compounds
a high diversity in substitution pattern is demonstrated, and the optically active products are obtained in
excellent diastereo- and enantioselectivities. The potential synthetic applications of the products have been
demonstrated by performing a series of highly diastereoselective transformations leading to optically active
products useful for the life-science industry. Furthermore, mechanistic investigations on the formation of
the chiral centers in the optically active epoxycyclohexanone are presented.

Introduction

Organocatalysis has in the past few years proved to be a
powerful approach to the preparation of important optically
active building blockd.However, the quest for efficient methods
for the preparation of complex chiral molecules is just at the
beginning. Enantioselective domino, multicomponent and one-
pot reactions try to meet these more challenging requirements

that also takes atom economic principles into account. Along
this line, we thought it highly preferable to develop two
processes that consider a common intermediate (Scheme 1). The
organocatalytic reaction is based on the full stereochemical
control of first a Michael reaction, followed by an aldol reaction,
and finally, depending on the product of choice, i ®r an
E1cB reaction.

because with these strategies, it will be possible to obtain Results and Discussion

optically active products with more than one stereocenter
minimizing the number of manual operations and purificat®ns.

Scope of the ReactionThe one-pot organocatalytic domino

reactions betweep-chloro3-ketoestera—d anda.,f-unsatur-

Here we wish_ to re_port the d_iaste_reo- and enantioselective giaq aldehydda—i occurs in the presence of 2-[bis(3,5-bistri-
one-pot synthesis of highly functionalized epoxycyclohexanone fluoromethylphenyl)trimethylsilanyloxymethyl]pyrrolidié&a

derivatives with up to four new stereocenters, as well as optically ang AcONa as additive in Gi&l,. The product is then converted

active 2-chlorocyclohex-2-enone derivatives (Scheme 1). The

chosen strategy, based on organocatafyaisp benefits from
the use of benign catalysts and reagents.

The polysubstituted 7-oxa-bicyclo[4.1.0]heptan-2-one ring
(epoxycyclohexanones) is a ubiquitous motif in natural products
synthesig, and it is present in many biologically active
compounds. At the same time, substituted 2-chlorocyclohex-
2-enone derivatives show, for example, antifungal activity,
while the a-chloro-o,f-unsaturated carbonyl compounds are
useful intermediates in organic synthesiattracted by these
important synthetic target molecules we elaborated a strategy
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D. W. C.J. Am. Chem. So2005 127, 15051. (j) Yang, J. W.; Hechavarria
Fonseca, M. T.; List, BJ. Am. Chem. So2005 127, 15036 and references
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G. H. Bioorg. Med. Chem2005 13, 3964. (b) Gravel, D.; Bordeleau, J.
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1994 38, 2455.
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Scheme 1. One-Pot Organocatalytic Domino Reactions Leading to Optically Active Epoxycyclohexanone and 2-Chlorocyclohex-2-enone
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Table 1. Scope of the Organocatalyzed One-Pot Michael with an additional double bond&l (entry 12), or aromatic

Addition/Aldol/Sy2 Reaction of a,-Unsaturated Aldehydes and

/-Chloro-B-ketoestersa substituent®&m,n (entries 13, 14) can be obtained under similar

reaction conditions.

; Q\TIX;S The stereocenter between the two electron-withdrawing
RAANO Ar groups (ketone and ester) is not configurationally stable, and
1a 7a: Ar = 3,5(CF3)xCeHa 2 (J)\ the products are present in equilibrium in a 4:1 to 7:1
+ AcONa K2CO/DMF o@ OR? diastereomeric ratio in CD&lNevertheless, after decarboxy-
o 0 CHzCla, 1t “R1 lation only one diastereoisomer can be detecte89% dia-
CI\)I\/U\ORZ 5a-n stereomeric purity by NMR spectroscopy and GC).
2ad Mechanistic Insight. The proposed mechanism for the chain
entry R! R? yield® (%) det(%)  ee?(%) of transformations is summarized in Scheme 2. The Michael
1 Me — la Et—2a 5a— 57 - 86 addition follows the common path of related organocatalytic
2 allyl—2b  5b—56 99 85 transformation®-8aband the TMS-protected prolinol derivative
2 Et—1b Eltlﬁ E""Zb 23154% - 09 %é 7a forms with the o,S-unsaturated aldehydé the reactive
5 Bn— 2¢ Se— 47 — 84 intermediate. The-ketoester2 approach the planar iminium-
6 n-Pr—1c allyl —2b  5f—48 >99 91 ion from the Re-face due to the steric hindrance of the bulky
7 i-Pr—1d allyl—2b  5¢g—44  >99 97 substituents (Ar and OTMS groups) at the chiral substituent in
8 Me—2d  5h—50 - 97 L . .
9 CH,OBN— 1e allyl —2b 51— 47 ~99 88 '_the pyrro_lldlne ring of catalys’ia._ HydronS|s_of the enamine
10 Me—2d  5j—56 - 88 intermediate leads to the formation of the Michael add@éts
11 CHOTIPS—1f  allyl—2b 5k-51  >99 86 a 1:1 diastereomeric mixture and to the releasg@athat can
ge S‘h?x_sl'ﬁ”e'yjr 19 E't“ﬂ 5 de g'm__“i? =99 gg reenter in the catalytic cycle. The rate of the conjugate addition
14  CHPh—1i allyl—2d 5n—40  >99 92 is generally decreasing with the conversion due to the competi-

tion for the catalyst to react with the aliphatic aldehyland
moal %nvf\ilgir%nsstiir%ﬂg gﬁbﬂé?l %scérﬁil)yfs;ﬁ (slgnm%g@rgf:g ?;é)d'\ilt?o g5gf thea,S-unsaturated aldehyde The role of AcONa is therefore
0.25 r:wmol of2. After 16 h, |2<ZCO3 (0.5 mmol) and DMF (0.5 mL) were to promote_ the aIdo_I reaction and t_he consequent consumption
added and the crude mixture was stirred for othe6 . ? Isolated after of the optically active produc8. Finally, the stronger base
extraction and flash chromatograplfyde after decarboxylation; dr before (K2COs) deprotonates the alcohol and enables the intramolecular
decarboxylation 4:17:1 (see text)d ee determined by GC after decar- S\2 reaction that lead to the one-pot formation of the highly
boxylation ora-chlorination (see Supporting Informatiorf)ln the presence
of AcONa (50 mol %), AcOH (10 mol %) and at &. functionalized products.

The most important feature of this reaction for the formation
of the polysubstituted 7-oxa-bicyclo[4.1.0]heptan-2-one Bng
is the perfect control of the relative configuration of the three
stable chiral centers. The aldol intermedidteas four stereo-
centers, and each of the eight possible diastereoisomers is
characterized by different conformations. However, only those
having both the chlorine and the hydroxy group in axial positions
(antiperiplanar) can lead to the formation of the desired bicyclic
product 5 (Scheme 3). There is a relatively large energy
difference between the intermediatd(l) and the alternative
4d(1l), in which the R-substituent is also in the axial position.
(8) For application of7a in enantioselective reactions, see: (a) Marigo, M.; A Model based on DFT-calculations for the optimized inter-

into the optically active epoxy cyclohexanone in the presence
of K,CO3; and DMF as cosolvent. The reaction is very general
andy-chlorof3-ketoestera—d bearing different ester groups,
all react with similar yields and enantioselectivities (Table 1,
entries 3-5, 8). The nature of thg-substituent in the Michael
acceptorl has a minor effect on this one-pot reaction and the
three reaction steps proceed in high overall yield. At the same
time, the enantiomeric excess is consistently in the range of
84—97% ee. It is worth noticing that more complex products
with differently protected hydroxy grougs—k (entries 9-11),

Frenzen, J.; Poulsen, T. B.; Zhuang, W.; Jgrgensen, KJ.AAm. Chem. mediates using a B3LYP/6-31G(d) basis’ggtve a difference
Soc.2005 127, 4790. (b) Marigo, M.; Schulte, T.; Fnaen, J.; Jergensen, f2 7 keal/mol in f #d(] h R =FEtand B = allvl

K. A. J. Am. Chem. So@005 127, 15710. (c) Zhuang, W.; Marigo, M.;  Of 2.7 kcal/mol in favor of4d(l) when R = Et and R = allyl.
Jorgensen, K. AOrg. Biomol. Chem2005 21, 3383. (d) Ffazen, J.; We postulate that, under the optimized reaction conditions, the

Marigo, M.; Fielenbach, D.; Wabnitz, T. C.; Kjeersgaard, A.; Jgrgensen, . . . . . .
K. A? J. Am. Chem. So@005 18296. () Manjgo, ?A,; Fielenbacr?, D..  aldol reaction is reversible and the diastereoisomers are in
Braunton, A.; Kjeersgaard, A.; Jgrgensen, K. Aagew. Chem., Int. Ed. ilibri i i i i i i i

2005 44 3703. (7 Marigo. M.. Wabnitz T. C.: Fielenbach. D+ Jgrgensen. equilibrium with the reactive intermedia8being irreversibly

K. A. Angew. Chem., Int. EQR005 44, 794. See also: (g) Hayashi, Y.;
Gotoh, H.; Hayashi, T.; Shoji, MAngew. Chem., Int. EQ005 44, 4212. (9) Frisch, M. J.; et alGaussian O3Revision C.02; Gaussian, Inc.: Pittsburgh,
(h) Chi, Y.; Gellman, S. HOrg. Lett.2005 7, 4253. PA, 2003.
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Scheme 2. Mechanism of the Diastereo- and Enantioselective One-Pot Michael Addition/Darzens Condensation Reaction
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Scheme 3. Proposed Explanation for the Highly Diastereoselective Table 2. Solvent Screening for the Michael Addition Reaction
Aldol-Sn2 Reaction (Darzens Condensation)1© between la and 2a?
HO O OH entry solvent yield® (%) ee (%)
0 cl CO,R? OR_R!
M ,— R M 1 CHCl 57 86
R & COzR et REOL—L 2 DCHE! 38 80
cl o R 3 toluene 45 85
3 4 hexane 40 81
I 5 TBME® 37 69
6 MeCN <10 n.d.
g‘?’ aConditions: 0.375 mmol ola, catalyst7a (10 mol %), and AcONa
“_ ” (50 mol %) were stirred in the indicated solvent (0.5 mL) for 15 min before
‘ - AE = 2.7 Keal/mol —s e the addition of 0.25 mmol c2a. After 16 h, K:COz (0.5 mmol) and DMF
Q ) 3 (0.5 mL) were added and the crude mixture was stirred for othe§ .
<9 4d (1) 9 ad ar bsolated after extraction and flash chromatogragtee determined by GC
m aftera-chlorination of the produdia (see Supporting Informationy.DCE
l l = dichloroethane® TBME = tert-butyl methyl ether.
overall yield. Spectroscopic experiments revealed that the
o o Q 0 conjugated addition of thg-chloro3-ketoesteRa to crotonal-
Ozij“ﬂ\oﬂ O..-é"j‘m? dehydelatook place smoothly at room temperature in
o R and the final producba was isolated in good yield over the
5 three steps and with 86% ee (Table 2, entry 1). More polar
>99% <1% solvents seem to suppress the reactivity of the system, and the

reaction essentially did not occur in MeCN (entry 6) while in
transformed to produdi via intermediatetd(l). In Scheme 3 hexane, toluene, and dichloroethane both yields and enantio-
are reported the optimized structures of the aldol intermediatesselectivities were just slightly lower than in GEl, (entries
with both the chlorine and the hydroxy group in axial positions. 2—4).

Solvent and Additive Screening for the Michael Addition The role of AcONa in the mechanism in Scheme 1 has already
and Aldol Reaction. The Michael addition reaction is very  been elucidated in the previous paragraph. We initially decided
important in this multistep reaction, since it will determine the to restrict the search of the suitable additive among the
enantiomeric excess of the product formed at the end of the heterogeneous inorganic bases because these are generally cheap
reaction sequence. We therefore tested the effect of differentand easy to remove from the crude reaction mixture. AcONa
solvents on the enantioselectivity of the process and on theturned out to be superior to, for example, KHE&ahd KHPO,

J. AM. CHEM. SOC. = VOL. 128, NO. 16, 2006 5477
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since the latter reagents did not con\gatiinto the aldol product Table 3. Solvent and Base Screening for the Sy2 Reaction?

4a due to their scarce basicity or poor solubility. On the other o 0 o o
hand, KCO;s turned out to be too strong catalyzing also the C'ﬁj\oa <‘jf“\oﬂ
Michael addition step with consequent detriment of the enan- o o HO °
tiomeric excess. Under the optimized reaction conditions, the I Base 4a 5a
main reason for the loss in chemical yield is the partial ﬁJ OBt —
decomposition of the-chlorof-ketoesterfa—d. o N Q OL oH O

Catalyst Investigations. For the first important Michael 3a \é) OEt OEt
addition step we relied on 2-[bis(3,5-bistrifluoromethylphenyl)- 2
trimethylsilanyloxymethyl]pyrrolidin&a as the organocatalyst. 6 8
This choice was based on the fact that we recently demonstrated base time
the efficiency of this chiral amine for the iminium-ion activation ety (2equv)  soent — (h)  4a°(%) 5a°(%)  6°(%) 8 (%)
of o,B-unsaturated aldehyd&a? Nevertheless, to evaluate the 1 EtN CHCl, 72 15 15 25 45
properties of catalysta, other common chiral organocatalysts 2~ K:€0s  CHCl, 24 5 025 -

, . K:CO; CHClY/ 3 - 85 15 -

have been tested in the one-pot reaction betweemp-ttdoro- CH:CN
[-ketoesteRa and 2-pentendlb. L-Proline and_-prolinamide (/1)
turned out not to be catalytically active under the same reaction 4 KoCO;  CHClf 1 5 >90 <5 -
conditions. On the other hand, in the presence of @e (D1’>A1§
symmetric RR)-2,5-diphenylpyrrolidine or L-2-methoxymethyl-
pyrrolidine, the epoxycyclohexanongés was obtained in good aTo a solution containing 0.25 mmol @ in CH,Cl, (0.5 mL) were

yield, but as a racemate. The organocatalystwhich has been added the indicated base (0.5 mmol) and solvent (0.5 mL), and the crude
successfully applied to the enantioselective conjugate addition gg’gs”igfe"‘ﬁgdsgggd;;:%gf;g%‘;ﬁ?\/‘lﬁ'g?;f:gg‘ég;féﬂbtﬁgogl%éhree;%‘tjiron
of nitroalkenes toa,S-unsaturated keton¥salso lead to the mixture.

formation of almost racemic produchlf: 5% ee), while the
organocatalystc, closely related t@a, showed good enantio-
selectivity, but gave lower yield5p: 34% yield, 74% ee) 1) 7a (10 mol%) o o
compared to catalysia This last result also highlights the 0 O AcONa, rt ol §
importance of the trifluoromethyl substituents on the aromatic SN, Cl\)J\/”\

rings of the catalys?a.?

Scheme 4. One-Pot Domino Organocatalytic Michael-Aldol and
Elimination Reaction?

OFEt
OEt  2) EtzN (5 mol%)
N82304, 50 OC

“t,

1a 2a 6
/ 49% yield

N N OTMS 4:1 dr (CDCl3), 85% ee

N)““(/ N Q\‘*Ph aConditions: 0.375 mmol ola, catalyst7a (10 mol %), and AcONa
Ph H HN-N H ph (50 mol %) were stirred in toluene (0.5 mL) for 15 min before the addition
of 0.25 mmol of2a. After 16 h, EgN (5 mol %) and NaSOs (150 mg)
7b 7c were added to the crude mixture and stirred at60for 48 h.
40% yield 36% yield ;

5% o0 74% oo we reasoned that a catalytic amount ofNEtthe presence of a

dehydrating agent (N&80Qy), and a slightly higher temperature

Optimization of the Sy2 Reaction. The destiny of the (50°C, in toluene) could enhances the rate of the E1cB reaction
enantioselective organocatalytic domino reaction is dependentover the 2 reaction. In fact, after full conversion of the
on small variations in the cyclization reaction conditions (Table intermediates, the 3-chloro-6-methyl-2-oxo-cyclohex-3-enecar-
3). When 2 equiv of BN were added to a C§€l, solution boxylic acid ethyl este6 was isolated in good yield and
containing the Michael adducBa, a complex mixture of enantiomeric excess after three steps and only tracga afd
products could be detected. After 72 h, we observed, along with of the aromatic produd where detected in the crude mixture
the aldol intermediatda, also the expected produdia ands, (Scheme 4).
but the aromatized derivativ@ appeared to be the main Products Elaboration. It is important to highlight the fact
component in the crude mixture (Table 3, entry 1). On the that all the carbon atoms of epoxycyclohexanone ag-n
contrary, when KCO; was chosen as base, the product of the are chemically different and therefore prompt for being chemo-
Darzens condensation was the most abundant is solution (entryselectively further elaborated (Scheme 5). Our attention has been
2). To favor the formation of the 7-oxa-bicyclo[4.1.0]heptan- focused on the versatile products bearing the allyl ester group.
2-one ring, we increased the polarity of the reaction media by The diastereomerically pure produ&@svere obtained quanti-
adding MeCN or DMF. In the latter solvent the desired tatively by decarboxylation (see Table®)Allylic S-ketoesters
compoundsa was the only product formed (entry 4). can undergo stereoselective decarboxylative allylatias also

The interesting optically active compour] under the recently demostrated by the groups of Stditand Nakamuré‘c
described reaction conditions (Table 3), could be isolated only We were pleased to find that the produt®, with four
as minor product. On the basis of the mechanism in Scheme 2,

(13) Rouillard, A.; Bonin, M.-A.; Deslongchamps, Relv. Chem. Acte2003

(10) For stereoselective Darzen condensations see: (a) Arai, S.; Shirai, Y.; Ishida, 86, 3730.

T.; Shioiri, T. Tetrahedron1999 55, 6375. (b) Aggarwal, V. K.; Hynd, (14) (a) Tsuda, T.; Chujo, Y.; Nishi, S.; Tawara, K.; Saegusa, Rm. Chem.

G.; Picoul, W.; Vasse, J. Am. Chem. So2002 124, 9964. Soc.198Q 102 6384. For recent developments, see: (b) Mohr, J. T.;
(11) Prieto, A.; Halland, N.; Jgrgensen, K. @rg. Lett.2005 7, 3897. Behenna, D. C.; Harned, A. M.; Stoltz, B. Mngew. Chem., Int. E@005
(12) For arationalization of the effect on the enantioselectivity of the substituents 44, 6924. (c) Nakamura, M.; Hajra, A.; Endo, K.; Nakamura,ABgew.

of the aromatic ring of TMS-protected diaryl prolinol see ref 8d. Chem., Int. Ed2005 44, 7248.
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Scheme 5. Product Elaboration (the dr refers to diastereoisomers
that are epimeric at C6. No other diastereoisomers are observed)? )

o o
@ i ii @V/ Q (o]
[®) O] &
oy 5 v
R! ‘CH,0Bn / Cl

9 o] 10 A

A smg!e COLAllyl dr >20:1
diastereoisomer o

R 1
o) 5 O _CO,Me O COyMe m .
gl CO,Allyl COLAllyl Figure 1. X-ray structure of 3-chloro-2-oxo-4-phenyl-7-oxa-bicyclo[4.1.0]-
o ,_”_. o) — = 0 heptane-3-carboxylic acid ethyl estetm.
et i iv et v -
11 12 13
dr=10:1 dr=10:1 dr=4:1

Condii () PAPPY holine. THE. rt 1 h ¢ (i) cally stable product 13). It should be noted that the two
a Conditions: (i 5, morpholine, , I, , quant. (ii . . . .
PA(PPB)s, DMF, 1t, 1 h, 53%. (iii) NCS, Cu(OT§) CHyCly, 1t, 6 h, 85%. diastereoisomers in the last reaction can be separated by flash

(iv), TBAI, K ,COs, BrCH,CO,Me, acetone, rt, 14 h, 69%, (v) Pd(Rph chromatography.
morpholine, THF, rt, 1 h, quant. )
Conclusions

stereocenters, was obtained as a single diastereoisomer, follow- | symmary, we have developed a simple and versatile

ing simple literature procedures (Scheme 5). organocatalytic strategy for the preparation of structurally
On the other hand, the presence of the ester functionality complex molecules having up to four stereocenters. The
adjacent to the ketone is a superb handle for a variety of products, epoxycyclohexanone or 2-chlorocyclohex-2-enone
transformation since thes-ketoester motif can react with  gerjvatives, were isolated in good yields with very good
different electrophiles. The rigid bicyclic structure guarantees enantiomeric excess and high diastereomeric ratio using a chiral
excellent stereocontrol in the formation of a new quaternary gmine as the catalyst and AcONa andCiO; as the bases.
stereocenter, e.ga-halogenation leading td.1 with high Furthermore, the potential synthetic applications of the products

diastereomeric ratio (Scheme 5). The use of Cu(©Wias have been demonstrated by performing a series of highly
essential for this reaction since the use of a base suchglls Et jigstereoselective transformations.

as catalyst leads to poor conversion and lower diastereoselec-

tivity. The productl1m bearing an aromatic substituent}(R Acknowledgment. This work was made possible by a grant
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