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Abstract

The organocatalytic Michael addition of aldehydes to ketones is of continuing interest in

pment of for i synthesis. The Pansare laboratory has focused on

to aid in b bon bond

research p
forming reactions including the Michael addition reaction.

Due to the ability to generate up to three stereocenters and products that are useful
synthetic intermediates, the organocatalytic Michael addition reaction continues to be of special
interest. The work described in this thesis focuses on activation of the nucleophile (Michael
donor) through enamine formation with a chiral amine. Simple pyrrolidine-based diamine
catalysts showed moderate to high enantioselectivities (up to 92% ee) for conjugate Michael

addition reactions of cyclic ketones to nitroalkenes without acid additive. Details regarding the

effect of catalyst side chain pK, on the ivity as well as the i of secondary-

secondary diamine motif and H-bond donor functionality in the organocatalyst for Michael

addition reactions of cyclic ketones to nitroalkenes are discussed.
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Chapter 1

Enantioselective Organocatalysis

L Introduction

Organocatalysis, though a relatively new term, has a fairly old story. The first example
of asymmetric catalysis using an organic molecule was by Wiechert e al. in the 1970s.
Wiechert’s use of L-proline for the intermolecular aldol reaction was later exploited and made
popular by List and Barbas e al. in 2000." Since the turn of the century asymmetric
organocatalysis has become one of the most active fields of research in organic chemistry.”
Organocatalysis provides a mild, practical, and generally simple method of making
enantiomerically-enriched products that have great potential in organic chemistry.”
LA Asymmetric catalysis

The efficiency and scope of asymmetric organocatalysts have made them popular
alternatives to enzyme and transition metal catalysts.' Metal-mediated enantioselective catalysis
has played a significant role in asymmetric synthesis as shown by the Nobel Prize winning work
of chemists such as Sharpless,’ Noyori,’ and Knowles.” Its advantages are due to the properties
of the metal, including its ability to act as a Lewis acid or a Lewis base, the reactivity of which
can be controlled through the ligands surrounding the metal atom. Conventional metal catalysis
does have its disadvantages. In a society focused heavily on environmental awareness, the
toxicity associated with transition metal catalysis makes organocatalysis a ‘green’ alternative.”
Sensitivity to atmospheric oxygen and water * as well as high prices” makes alternative catalytic
processes more favorable. One of those alternative processes includes biocatalysis. Biocatalysis

uses enzymes to perform chemical transformations on organic molecules in a catalytic fashion.



Industrial production has benefited greatly from the of bit is. U

there are some disadvantages associated with the processes. Enzymatic catalysts are often quite
complex in structure and difficult to stabilize and handle.”

(o) lysis for use in ic synthesis has proved advantageous due to its

simplicity. O are very often more robust, more economical and easier

to handle compared to metal-mediated or lytic processes.” Or lysts are stable,

metal-free organic molecules derived from natural chiral-pool sources such as amino acids,

nucleic acids and isti d reactions resemble enzyme-

catalyzed reactions through formation of reversible complexes with substrates. They also have
the ability to mimic Lewis acidity or Lewis basicity through the presence of heteroatoms (mainly

N, O, P, and S) in the organocatalysts.® Although impressive advances have been made in the

field of org; is, many i still remain elusive. Therefore asymmetric
organocatalysis often complements rather than competes with metal-based or enzyme-based
catalysis.”
LB.  Organocatalytic conjugate additions

Asymmetric conjugate additions represent one of the most important carbon-carbon and
carbon-heteroatom bond forming reactions in organic chemistry. These reactions also account for

an exciting and rapidly growing field of org; is. "0 istically, i

between the catalyst and the substrates in an asymmetric conjugate addition are different for

compared  to I-catalyzed processes.  Organocatalysts activate the
nucleophile, the electrophile or both reagents by providing a chiral environment in which weak
or strong interactions play a role. Weak interactions include hydrogen bonding (Figure 1, A) or

ion pairing (Figure 1, B) and strong interactions include covalent bonding. Covalent bonding



can be further broken into two categories for amine organocatalysts; these are activation of the
nucleophile through enamine formation (Figure 1, C) and activation of the acceptor through

iminium ion formation (Figure 1, D).”

NN
AR E /KF\)LR' N R

Nu  cation’
A B c D
Figure 1: O ic activations in conj addition reactions.”
High i ion has been di for recent used for the

conjugate additions of hydride, as well as carbon and hetero-atom nucleophiles to a wide variety

of Michael acceptors such as a,f- carbonyl i vinylic sulfones,

and acrylonitrones.” The newly formed chiral Michael adducts can be transformed into useful
synthetic building blocks in the total synthesis of a variety natural products.’

In 2006, List employed an enantioselective transfer hydrogenation of cyclic enones using
counterion directed organocatalysis."’ The use of a chiral cation such as a valine ester phosphate

salt and a chiral binaphthol derived phosphate 1 in the presence of Hantzsch ester 2 gave

excellent ivity for the transfer ion of a variety of cyclic o,B-unsaturated
enones (Scheme 1).'" This new catalyst system widened the substrate scope of the reaction by
allowing the reduction of simple aliphatic substrates, such as citral, with high

enantioselectivity.'’




d} 1(5-10 mol%)
( 2 (1.2 equiv.), Bu;0, 60 °C, 48 h)

Scheme 1: E i ive transfer

of cyclic enones catalyzed by 1."

Another recent example of the use of organocatalysis for asymmetric conjugate additions
was published in 2008 by Cérdova, who presented the first highly enantioselective chiral amine-
catalyzed conjugate addition of unmodified aldehydes to alkylidine malonates (Scheme 2).""
Previously, most of these catalytic asymmetric processes employed organometallic complexes as

the catalysts; instead this strategy uses the ability of pyrrolidine-based catalysts to form a strong,

covalently bonded enamine transition state.

REO,C._COR?
O RIOC._COR? 3(20 mol%) 9
HJH + \[ Conditions: A: CHCly, -20 “C; B: CHCN, 4 C) HJY“«
R H R

Ph R R! R?  Cond. Time(h) Yield(%) dr ee(%)

» Ph Me  Ph Me B 72 9% 71 >99

H  OTMs Et 4ONCH, Me A 16 77 141 99

3 Bn 4.ONCgH; Me B 48 73 81 98

Scheme 2: O addition of to

catalyzed by 3.




Deng et al. have recently studied a dual-function cinchona alkaloid organocatalyst (4 and
5, Scheme 3 and Scheme 4) for use in an asymmetric tandem, one-step conjugate addition-

protonation reaction of activated to f- jtriles or f-kets 12

a 4(10-20 mol%)
CN  toluene, t, 24-72h

4 (R = phenanthrenyl)

o
& mco,su' 81 24 201 99
o
@—co,au'

Scheme 3: € i ic tandem conj ddition-p ion reaction
catalyzed by 4.”

75 48 201 98

This type of new and versatile organocatalytic approach for the one-step formation of
1,3-tertiary-quarternary stereocenters has been utilized in the total synthesis of natural product
(-)-manzacidin A (Scheme 4)." Mechanistic studies have suggested that hydrogen bonding
between the reacting substrates and the organocatalyst (4 or 5, Scheme 3 and Scheme 4) are

important for selectivity.'>
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N A

Scheme 4: Asymmetric formal synthesis of (-)-manzacidin A.”

Considerable progress has been made in the area of organocatalytic asymmetric
conjugate addition reactions.” These reactions represent a synthetic alternative to procedures that

were traditionally carried out using metal-mediated catalysis or bi is.” Despite the

progress that has been made to date, there is still room for improvement regarding the elucidation
of transition states and new organocatalytic transformations,” as well as reduction of the typically
required high organocatalyst loading (5-20 mol%). Application of the Michael adducts in the

total synthesis of natural products is also less explored.> With these advantages in hand, and in

response to the imp needed in sis, it seems rational to assume that in the
following years, intensive research in this field will lead to new and impressive progress.”
LC.  Classification of organocatalysts

For the purpose of giving organocatalysis a logical structure, broad classifications have
been given, namely: Lewis acids, Lewis bases, Bronsted acids and Bronsted bases.
Bifunctional catalysts have also been a new addition to the field of organocatalysis, where the

catalysts have two distinct functionalities (e.g. a Lewis base and a Bronsted acid) within the

same molecule.' Another very inent class of lysts are amine-based catalysts

such as amino acids, peptides, alkaloids and synthetic nitrogen-containing molecules.'



LD.  Proli effective

Proline has been one of the most widely studied and modified systems used for

It has been ible for the vast majority of amine-based catalysts under
investigation today.'®
Proline is the only natural amino acid with a secondary amine functionality. This
secondary amine allows proline to covalently bond to its substrates forming either an iminium
fon or enamine. The bifunctional nature of proline can be attributed to the presence of secondary
amine and the carboxylic acid. Proline also has the ability to participate in extensive hydrogen
bonding networks."*

%ﬁgon %0 g}*coo = 9000“

bitunctonal HC™ R H,C

Acid/base catalysis Metal catalysis Iminium ion catalysis Enamine catalysis
Figure 2: Modes of action in proline-catalysis.'

Proline catalysis has been used in a large variety of reactions including asymmetric
versions of the aldol, Mannich, and Michael reactions (Scheme 5)."®' Despite its utility to
provide moderate selectivity in several organic reactions, proline does have its disadvantages,

including limited solubility in organic solvents and the need for relatively high catalyst loading.'*
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Scheme 5: Proline (6) catalyzed Michael addition of unmodified ketones to nitroolefins.'!”

The ability to modify and optimize novel proline-based catalysts for use in asymmetric
i conjugate additions has attracted us'® (along with many other researchers'®) into the interesting

field of organocatalytic Michael addition reactions of cyclic ketones to nitroalkenes.
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Scheme 6: Enantioselective conjugate addition of cyclic ketones to nitroalkenes catalyzed
by 7."*

1L Outline of research described in the thesis

Investigations into the utility of proline-derived secondary-secondary diamines as
organocatalysts for the asymmetric Michael addition are discussed in the following chapter. The
effects of changes to the N-substituent in the catalyst side chain and of the acidity of the pendant

secondary amine on the stereoselectivity of the Michael addition are presented in Chapter 2.
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Chapter 2

Enantioselective Organocatalytic Michael
Additions of Ketones to Nitroalkenes

Part of this work has been published in:
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L Introduction

‘Within the realm of conjugate additions, the Michael addition reaction represents one of
the most important carbon-carbon bond forming techniques in organic chemistry' since its
discovery in the 1880s.2 Catalytic enantioselective versions of the Michael addition reaction have
been of considerable interest to organic chemists starting with Wynberg’s use of quinine, a

cinchona alkaloid, as a catalyst back in 1975 (Scheme 1.2

toluene, rt J

Scheme 1: The early use of quinine as an organocatalyst.®

Its atom economy, wide substrate scope, and easily accessible starting materials, along
with the ability to generate as many as three stereocenters in a single step contributes to the
advantages of the Michael addition reaction for carbon-carbon bond formations.*

Ar

o
é J/ _ chiral catalyst __ é)\rNOz

Scheme 2: G s in the Kete i Michael
addition reaction.

The majority of organicatalyzed Michael addition reactions studied today are amine-

ied as ‘covalent” and

based, or ami ysed, reactions. Ami ysis can be broadly clas
“non-covalent’ amine catalysts on the basis of the reaction mechanism." The covalently bonded

aminocatalysis route operates through two possible pathways: iminium ion catalysis and enamine

;S

cataly



Enamine Catalys

RN R

1

e "
R, Ry ale >\\ il

-H0 Ry Ry

k=4

Iminium ion Enamine

Y E R, Ry
\ LN
R; Ry
Iminium Ion Catalysis:
[} R, . R R, - R1
3 Rz)l\/\R:l 1)
W Ry ’|) Ry
t H,0 P
e R Nu” Ry
o
. R B + RyRe
Nu” Ry H

Scheme 3: Enamine and iminium ion catalysis of aminocatalysts®

The work described in this thesis focuses on activation of the nucleophile (Michael

donor) through enamine formation with a chiral amine.

1. Background ;

LA Enamine Catalysis ‘
Since the first example of proline-mediated asymmetric enamine catalysis published by

Hajos and Parrish, and Eder, Sauer and Wicchert in the 1970s.° a vast amount of rescarch has

been done in this area.”




One vital consideration for the enamine aminocatalytic reaction is the ability of the

catalyst to control the facial ivity of the i iate enamine ile as seen in

Scheme 4. Rotational isomers of the enamine intermediate would eventually lead to different

shielding of the two faces of the enamine, and thus result in a mixture of stereoisomeric

o
w N EWG

— e S RJ\(\/EW
R Re-face
N R

o H
0
M _~_&

products.

G
AR
WG

E]

R

Q = catalyst side chain

Scheme 4: Enamine facial ivity in ic

Another potential limitation of enamine catalysis would be the deactivation of the

by the el hile. If the ile is an alkyl halide then this

is often i ible. Some iles, such as ni may react only with
the enamine and not with the amine catalyst while other electrophiles such as aldehydes, enones

and imines can react reversibly with the amine. These side reactions may best be described as

parasitic equilibria since they can limit reaction rates but still allow the formation of the desired
product.”
ILB  Design of chiral organocatalysts for Michael addition reactions

Organocatalytic Michael addition reactions account for one of the most exciting and

rapidly growing fields in sis.$ The first ami ic Michael




additions of carbonyl compounds to nitroalkenes using proline as the catalyst offered only
modest enantioselectivity.” These reactions seemingly accelerated the search for more efficient
chiral catalysts, a significant amount of which has been devoted to the development of proline-

based chiral diamine derivatives.’ Investigations have been carried out on chiral pyrrolidines

10 5 N n 2

a tertiary ami B "' tetrazole,” tetrazolylmethyl,”
il ido,”  methylpyridyl,'* and  1((pyrrolidine-2-
ylmethyl idine,"”  ( i thanol ~silyl-ether,'® yl,®  2-
((imi i 2 ionalities in place of the carboxyl function of proline. Recently,

solid-supported ~ proline and proline-derivatives have been studied as recyclable
organocatalysts.”' A few examples of proline-based catalysts used for the asymmetric conjugate

addition of aldehydes and ketones to nitroalkenes are shown in Figure 1.
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Wfﬁ geNetty

Anwar, 2011 Xu, 2008 Gruttadauria, 2008 Gong, 2006
CroHz1 A
(LN N S e )
ok Hol 2 | E— N
Takabe, Barbas Ill, 2006 Ley, 2005 Oriyama, 2005 Ley, 2005
R
A LN
fopame (INAe () D
HPH S\CFJ N (- o
+2,4-(NO,),PhSO3H
Hay i, 2005 Wang, 2005 Kotsuki, 2004 Alexakis, 2004
O >
[}\,N [;X,N\) Qcoon
TFA H H
Barbas Ill, 2004 Barbas Ill, 2001 List, 2001
Figure 1: Selected proline-based organocatalysts
Despite the ability of these proline-derived ami s to fully catalyze the

Michael addition reactions, some limitations still exist. Many of these pyrrolidine catalysts
require long reaction times, low temperature and a large excess of ketone as well as relatively

lysts to overcome

high catalyst loading.” The P of new, s simple
these limitations would be an asset.
I Objectives

Several simple protonated triamine and diamine proline-based catalysts have been

synthesized and studied previously by the Pansare group (Scheme 5).2 In the presence of a

protic acid, these catalysts showed excellent yields and stereoselectivity for Michael addition

17



reactions of various cyclic ketones to a number of nitrostyrenes. The results also show the
importance of a secondary-secondary diamine motif for the stereoselection of the reactions, with

catalyst 8 and 9 showing the highest enantio- and di ivity. The proposed

of these results involves hydrogen bonding of the protonated catalyst side chain with the Michael

acceptor (nitroalkenes) as shown in Figure 2, intermediate A.>*

o
NO,
R = 8-10/ Protic Acid (20 mol%)
A 4 .
X " DMF, rt, 24-48 h

X=CH,, 0, S

H H
- ArSOgH + ASOH - ArSOgH
8 9 10

Scheme 5: Proline-based catalysts studicd previously by the Pansare Group ™



Figure 2: Proposed catalytic cycle for previous work by the Pansare group .**

One objective of the present study was to determine the viability of the secondary-
secondary proline derived diamine motif for catalysis of Michael addition reactions without the
addition of a protic acid. We anticipated that aminal formation with secondary-secondary
diamines should be reversible as shown in Scheme 6. The water generated in situ during aminal

formation is available for the reverse reaction to liberate the catalyst and carbonyl compound.”*

19




Ri Ry

Scheme 6: Aminal generation and reversibility.

The second objective of this study was to modulate the N-substituent in the side chain of
the proline-based catalysts for optimal selectivity (Figure 3). Modulation of the side chain
included studying the effects of having an aliphatic N-substituent, as in catalyst 11, compared to
a series of aromatic side chains, as in catalysts 12-14. The importance of a secondary-secondary
diamine motif was also examined through direct comparison of catalyst 14 to the secondary-

tertiary diamine catalyst 15.
o :
N OCH, N
N N
H H
" 12 13 CHy
(X/N CHy &NONOZ
- s NN NO, 15
H
14
Figure 3: Proposed catalysts.

It was proposed to examine the effect of the catalyst side chain pK, values™ on the

stereoselectivity for the Michael addition reaction of cyclic ketones to nitrostyrenes (Figure 4).



From the values calculated by using an online pK, calculator,”* one would predict catalyst 14,

with the lowest pK, of 21, to be the superior H-bonding donor and thereby provide the highest
stereoselection (assuming a catalytic cycle similar to that seen in Figure 2). For the aromatic
series of catalysts it was anticipated the stereoselection would decrease with increasing pKa
values from catalyst 14 to 13 to 12 respectively. It was questioned whether the aliphatic catalyst
11 would be less efficient than the aromatic series (catalysts 12-14) since its calculated pK, is

much higher at approximately 34 pK, units.

n PK,= PK=|
26 21
H H
OCH, N N NO,
N N
H H

Decreasing sidechain pK, (and increasing stereoselectivity?)

Figure 4: Side chain pK,**
IV.  Synthesis of organocatalysts

The proline-derived aliphatic diamine 11 was readily prepared by adaptation of a
literature procedure® as shown in Scheme 7. This convenient synthesis begins with the
condensation of N-Boc-proline 16 with isoamyl amine employing the mixed anhydride method
to produce amide 17 in excellent yield. Removal of the Boc protecting group by TFA in

affords the ing amide 18, which was reduced with LAH to give the

desired diamine 11 in moderate yield.



0 Cl O N-CH;
,
Boc

CHy o CH,
\ THF 3
H~ANg
17 (99%)
l TFA, CH,Cly
” O | ra (G S
H CHy 2H H o CHy
11 (58%) 18 (99%)

Scheme 7: Synthesis of diamine 11.

Amine 12 was prepared in a similar manner with the exception of starting with Cbz-
protected proline 19 as shown in Scheme 8. A mixed-anhydride mediated coupling of 19 with p-
anisidine provided amide 20, which was converted to the amino amide 21 by removal of the Cbz
group using palladium-catalyzed hydrogenolysis. Reduction of 21 with LAH provided diamine

12 in moderate yield (Scheme 8).

HiC, 0 N-CH.
oel, -
%on }C, W —©'°°”=

&bz O "sCOO"”z i Cbz O
19 20 (48%)
Hj, Pd-C, MeOH
H i OCH,
L;X,N—Q—OCM 1)LAH, THE, A S N
H 2)H" H o
12 (53%) 21.00%)

Scheme 8: Synthesis of diamine 12.




Diamine 14 was synthesized in much the same manner as diamine 11 except for the

reduction of amide 23 which was achieved using borane/dimethy sulfide adduct in THF so as to

avoid reduction of the nitro group (Scheme 9).

%OH "’c‘(‘o u_o N-CHy. (H/ _O

Boc O o),
16 22(30%)
\TFA. CH,Cl
H
[)\/NONQZ BHy'S (CH)a, THFW —O
N
Ho 14 a3%)
n (69%)

Scheme 9: Synthesis of diamine 14.

The secondary-tertiary diamine 15 was synthesized from N-Boc amide 22 by methylation
of the amide nitrogen (NaH/Mel) to produce compound 24 in good yield. Removal of the Boc
group using TFA followed by reduction of the amide with borane/dimethyl sulfide complex

provided desired product 15 in moderate yield (Scheme 10).
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Scheme 10: Synthesis of diamine 15.

The diamine 13 is commercially available and was used in this study without further

purification. With the N-aliphatic secondary-secondary diamine 11, tic secondary-
secondary diamines 12-14, and N-aromatic secondary-tertiary diamine 15 in hand an
examination of their efficacy in asymmetric Michael addition reactions of cyclic ketones to
nitroalkenes was conducted. The results of these studies are presented below.
V. Asymmetric organocatalytic Michael addition of cyclic ketones to nitroalkenes
Enantioselective conjugate additions of unmodified carbonyl compounds to a few
Michael acceptors have been extensively investigated in recent years."** This study is mostly
confined to the use of moderately-sized symmetrical aliphatic cyclic ketones as Michael donors
and nitroalkenes as Michael acceptors. Nitroalkenes have remained of special interest as
excellent Michael acceptors due to the strong electron-withdrawing effect of the nitro group as
well as its ability to engage in hydrogen-bonding interactions.” In addition, the products of these
reactions may become useful synthetic intermediates for the synthesis of various natural

products.
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Preliminary results on the enantioselective (up to 92% ee) and diasteroselective (up to
25/1) conjugate addition of cyclic ketones to nitroalkenes catalyzed at ambient temperature by
the diamines 11-15 in the absence of protic acid are described below.
V.A  Results and Discussion

The Michael addition reaction of cyclohexanone to (E)-2-(2-nitrovinyl)furan to provide
the y-nitroketone 28 was selected for solvent screening using pyrrolidine-based diamine 13
(Table 1). This reaction had shown moderately good enantioselectivity in previous studies in the
Pansare group using amine/protic acid catalyst systems (up to 88% ee and 15/1 dr),” and clearly,
there is room for optimization of this reaction. Four solvents were examined and toluene
emerged as the solvent of choice in terms of product yield and reaction stereoselectivity.
Gratifyingly, the secondary-secondary diamine 13 did catalyze the conjugate addition reaction.
This observation indicates that aminal formation is not a serious issue with diamine 13.
Presumably, any aminal that is formed reverts back to the iminium ion in situ. Somewhat
surprisingly, practically no product (<1% yield) was obtained in ethanol. Based on the solvent
screening study, it was decided to examine catalysts 11-15 in ketone/nitroalkenes conjugate
addition reactions using toluene as the solvent. All reactions were conducted at ambient

temperature with 20 mol% catalyst and 2.5 equivalents of the ketone.
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Table 1: Solvent screening for asymmetric Michael addition reaction catalyzed by diamine
13.

solvent, rt, 24 h

o
ij oo, NG
26 27

28
Entry Solvent Yield (%) ar® (syn/anti) e (%)(sym)
1 DMF 53 5/ 68
2 Toluene 89 101 89
3 DCM 61 6/1 48
EtOH <1 n/a n/a

4
“Isolated yields. "Determined by 'H NMR anaylsis of the crude product. ‘Chiral HPLC analysis.

Table 2 shows some results for the Michael addition reaction of various cyclohexanones

with a variety of ni Increased ivity for the Michael reactions catalyzed by
the aromatic series (12-14) of proline-based catalysts was expected over the aliphatic catalyst 11.
It was also proposed that the aromatic series of catalysts would show increasing stereocontrol
with a decrease in the pK, value of the side chain nitrogen (Figure 4). According to the results
shown in Table 2, it is evident that the results of the Michael addition reactions were variable
with regards to trends. For Michael adducts 29-31, catalyst 13 showed the highest

ivity, good di ivity and high yields, whereas the other catalysts did not

show any general trend. Catalyst 11 (N-isoamyl) showed the highest stereocontrol for Michael
adduct 32 but no general trend in side chain pK, versus stercoselectivity was observed for the
other catalysts. Michael addition reactions were also carried out using a secondary-tertiary

catalyst 15 as a comparison to the corresponding secondary-secondary catalyst 14 in order to
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examine the importance of the secondary-secondary diamine motif for stereoselectivity. It is
noteworthy that the secondary-tertiary diamine 15 showed very low enantioselectivity for all
Michael adducts (Table 2, entries 5, 10, 15, 21, 26).

The stereoselectivity for Michael adducts 33 and 34 did show the anticipated trend within
the N-aryl catalysts series. Thus, catalyst 14, the catalyst with the lowest pK, value, provided the

highest enantiomeric excess in the series, whereas catalyst 12, with the highest pK,, value of the

series provided the lowest ivity. Despite these ingly logical results, catalyst 11
(N-isoamyl catalyst) which has a calculated side-chain pK, that is significantly higher than
catalyst 12, 13, or 14 provided the highest stereoselectivity for adducts 33 and 34. These results
are summarized in Table 2. Perhaps even more puzzling is the completely opposite trend seen for
product 36 (Table 2). For this case, an increase in stereoselection was seen in going from catalyst
14 to catalyst 12, and catalyst 11 provided the lowest stereoselectivity. In all three reactions, the
secondary-tertiary catalyst 15 provided very low enantioselectivity.

Michael adduct 35 does show some trend within the aromatic series, but the results are
opposite to those expected where catalyst 12, with the higher pK, value, has the best
enantioselectivity of the series. The aliphatic catalyst 11 shows the highest enantiomeric excess

for the reaction and catalyst 12 yielded less then 5% of the desired adduct (enantio- and

diasteri ivity was not
Results for Michael adduct 37 shows no general trend for the secondary-secondary
diamine catalysts and catalyst 13 seemed to have a significantly lower enantiomeric excess than

previously seen. Secondary-tertiary catalyst 15 continued to give near racemic products.
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Table 2: Results from enantioselective organocatalytic Michael additions of ketones to

nitroalkenes.
o
. NO, 20 mol % organocatalyst
A toluene, rt
X

X=CHy0,8

‘Organocatalysts:

&chm (INNH-)-o0m, -0 Fk N-C)-vox " RE)-no,

CHy
1" 12 1 " 15

Entry Product Catalyst  Yield" (%)  dr (ym/anti) e (%) (sym)
1 O/j 1 80 1171 84
2 o O 12 93 1171 83
3 L NOy 13 89 101 89
4 Y 14 81 3N 82
5 2 15 64 3/ 1
6 5 1 97 6/1 71
7 o N 12 20 16/1 79
8 L NOy 13 7 121 82
9 Y 14 89 9/l 77
10 20 15 80 n 9
1 o ph 1 72 1071 25
12 NO, 12 74 15/1 80
13 13 96 11 89
14 o 3 14 81 >15/1 64
15 15 80 >15/1 9
17 O Ph 1 7 9 73
18 NO, 12 90 9/l 71
19 i 13 86 1071 59
20 s” 3 14 74 8/1 72
21 15 98 na 16
2 O Ph 1 69 15/1 86
23 NO, 12 99 15/1 65
24 i 13 80 1711 77
25 32 14 67 10/1 86
26 15 7 15/1 3

“Isolated yields. "Determined by "H NMR analysis of the crude product. “Chiral HPLC analysis.



Table 2 (continued): Results from enantioselective organocatalytic Michael additions of

ketones to nitroalkenes.

Entry Product Catalyst Yield” (%)  dr® (syn/anti) ee (%) (syn)
27 11 79 20/1 92
28 12 97 3/ 76
29 13 77 3n 79
30 14 73 s/ 88
31 15 7 31 n/a
32 11 48 5/ 80
33 12 54 10/1 73
34 13 49 n 71
35 14 80 8/1 66
36 15 <5 na n/a
37 11 97 15/1 80
38 12 74 >20/1 90
39 H 13 99 15/1 86
40 tJ 14 91 18/1 82
41 15 75 201 14
4 O PhoCF, 1 7 8/1 65
43 NO, 12 74 19/1 64
44 H 13 80 11/1 40
45 37 14 82 201 7
46 15 78 10/1 3
47 11 97 25/1 50
48 Q@  BhpOCH, 12 78 12/1 55
49 NO, 13 99 20/1 68
50 25 14 87 25/1 73
51 15 80 20/1 3
52 11 73 n 74
53 1 S 12 76 201 89
54 s d 13 88 9/ 86
55 é/: 14 53 16/1 87
56 15 30 14/1 2

“Isolated yields. "Determined by "H NMR analysis of the crude product. “Chiral HPLC analysis.



It may be noted that the nitroalkene substrate that provides adduct 36 has an ‘ortho’
substituent (OCH) in the aromatic ring. Previous studies in the Pansare group® had indicated

that ivities with such ni were lower than the sterically less crowded para

isomers. Hence, in order to minimize steric contributions from the substrate, we investigated the
4-OCHj nitroalkene isomer as a substrate. At the same time, it was wondered if a direct catalyst-

substrate interaction could be better established by changing the electronic properties of the

as well. C , the 4-NO; nif substrate was examined as a direct
comparison with the 4-OCHj substrate. If catalyst side chain pK,, is the dominating factor for
reactions of these two substrates, then in addition to a logical trend in pK, versus
stereoselectivity, one should see lower overall stercoselectivity for the 4-NO, isomer which

would be a weaker H-bond acceptor than the 4-OCH; analog. The results of these studies are

summarized in Table 2. Again, these results are difficult to rationalize on the basis of a single,
predominant effect.

One of the main objectives of the described research was to determine the viability of
secondary-secondary proline-based diamine catalysts for the Michael addition reactions of cyclic
ketones to nitroalkenes without the use of protic acid additives. Our results indeed show that
secondary-secondary diamines are effective at catalyzing the Michael addition reaction for a
variety of cyclic ketone and nitrostyrene substrates as shown in Tables 1-2. Moderate to good
enantiomeric and diastercomeric excesses (up to 92% ee and 25/1 dr) and yields were achieved

with moderate catalyst loading (20 mol%) and cyclic ketone exce: (2.5 eq.) under room

temperature conditions. Although the stereosel s are not as high as those previously

studied by the Pansare group, they do allow for simplicity in the reaction conditions.
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Another objective of the detailed project was to establish the importance of a secondary-
secondary diamine motif for stereocontrol of the desired Michael reactions. Figure 5 shows a
simple graphical interpretation of a portion of the reactions. The drastic difference in
enantioselectivity for the reactions can be seen in this presentation where secondary-secondary
diamine catalysts 11-14 provide enantiomeric excesses of 40-92% whereas the secondary-tertiary

diamine catalyst 15 is far less efficient (1-14% ce).

"
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Figure 5: Organocatalytic Michael addition of substrate with cyclohexanone
These findings seem to support the proposed ability of a secondary-secondary diamine
catalyst to form a H-bond with nitroalkenes where as the secondary-tertiary diamine catalyst 15

lacks the H-bonding ability (Figure 6). However, it is possible that other factors such as

and subs I

side chain interactions may also play an important role in

deciding reaction stereoselectivity.




Catalyst 14

Catalyst 15
(H-Bond formation) (No H-bond formation)

Figure 6: H-bonding of nitroalkene with catalyst 14 and not with catalyst 15.

77
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Gy D00 D) D0 XA v

Organocatalyst

Figure 7: Average Enanti ion for each

The other objective of this research was to study the effect of changing the pK,, values for
the N-substituent. This was investigated through testing an aliphatic side chain catalyst to a series
of aromatic side chain catalysts where the calculated catalyst side chain pK, values range from

21 to 34 pK,, units. A general trend of decreased enantioselection of the catalyst with higher pK,

values was anticipated. Figure 7 shows a graphical repi ion of the average

excess for each organocatalyst. According to these results, the N-aryl organocatalyts (12-14)
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y observed a predictable trend side-chain pK, versus ion. Figure 7
illustrates a distinct trend in side-chain pK, versus average stereoselection indicating the
importance of H-bond donor functionality in the catalyst.

VL. Alternative Michael acceptor

It was also of interest to briefly test the ability of these proline-based diamine catalysts
for use in asymmetric conjugate Michael additions with an alternative Michael acceptor. The
reaction attempted was that of cyclohexanones and phenyl vinyl sulfone in the presence of
organocatalyst 11. The solvent of choice was DMF on account of limited solubility of the

reagents in toluene.

40 4 42 (19% yield)
Scheme 11: Michael addition of cyclohexanone to phenyl vinyl sulfone.

As seen in Scheme 11, the reaction did provide the expected Michael adduct 42, but in
low yield (19%). Further investigation into the efficiency and stereoselectivity of this reaction is
needed.

VL. Studies with prolinol catalysts

During the course of these studies with diamines, it was noticed that aminoalcohols have
not been examined as organocatalysts for conjugate addition reactions. It seemed plausible that
amino alcohols should behave like the secondary-secondary diamine catalysts and prolinol (43)
and diphenyl prolinol (44) were examined as alternative organocatalysts for the

ketone-nitroalkene Michael addition reaction.




Tz,
&
o
I
:\:?
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Figure 8: Prolinol organocatalysts examined in this study.

The Michael addition reaction of cyclohexanone and (E)-2-(2-nitrovinyl)furan to provide
the nitroketone 29 was selected for catalyst testing (Table 3). This reaction had shown
moderately good enantioselectivity in previous studies in using secondary-secondary diamine
catalysts (up to 89% e and 10/1 dr, Table 2), and clearly, there is room for optimization of this
reaction. The results for this reaction are shown in Table 3 below. The use of prolinol catalyst 43
provided the expected product 29 in low yield (34%) with a diastereomeric ratio of 6/1 and
moderate enantioselectivity of 64%. Conversely, diphenylprolinol catalyst 44 yielded no product.
It is important to note that these reactions were allowed to proceed for a week as compared to the

diamine catalyzed reactions previously discussed which were complete within 24-48 hours.

Table 3: Results from prolinol organocatalytic Michael additions of ketones to

nitroalkenes.
OO
o

o
i @/\/Noz 20 mol % ol lyst -
\0 toluene, rt i‘:A/ 2
29

Organocatalyst:
N Yor “on
H
“ “
\
Entry Catalyst Yield (%) dr (syw/anti) __ee" (%o)(syn)
1 3 34 6/1 64

|
2 44 n/a n
“Isolated yields. "Determined by 'H NMR analysis of the crude product, ‘Chiral HPLC analysis.

\

34



It was previ i that secondar 'y amis lysts have the potential

to form aminals with carbonyl substrates as shown in Scheme 6. The prolinol catalysts also have
the ability to form cyclic intermediates (oxazolidines) as shown in Scheme 12. From the results
seen in Table 3, it is likely that the reversibility of any potential oxazolidine intermediates is
much less for catalyst 44 than for catalyst 43, presumably due to the Thorpe-Ingold effect’” that
favours oxazolidine formation from the iminium ion.

o

N R) R
R, R
NXO S N ><0‘H
Ri Ry H* Ri Ry

Scheme 12: Oxazolidine generation and reversibility.

VI Conclusion
In summary, simple pyrrolidine-based diamine catalysts were developed for the moderate
to highly enantioselective conjugate Michael addition of cyclic ketones to nitroalkenes without

an acid additive. The results support the importance of a secondary-secondary diamine motif for

good stercocontrol of the Michael reactions. A predictable trend in side-chain pK, versus

s. More

stereoselection for a series of N-aryl organocatalysts (12-14) was observed in a few cas

importantly, a distinct trend in side-chain pK, versus average stereoselection is identified

7). This observation, combined with the low selectivity of the secondary-tertiary catalyst 15




emphasizes the importance of a H-bond donor functionality in the catalyst. Further optimization
of the pyrrolidine side chains is needed to improve the enantioselectivity of the reaction in the

absence of a protic acid.
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IX.  Experimental Section

Reactions requiring anhydrous conditions were performed under a positive pressure of
nitrogen using oven-dried glassware (100 °C). All organic layers obtained from extractions were
dried over anhydrous sodium sulfate. THF was distilled from sodium benzophenone ketyl, and
dichloromethane was distilled from calcium hydride prior to use. Reactions were monitored by
TLC on commercial precoated silica (Merck 60F-254) by staining with iodine. Chromatographic
purification of products was done using flash column chromatography on Merck 60F 230-400
mesh silica gel according to the standard procedure. All melting points are uncorrected.

'H NMR and "*C NMR spectra were recorded on a Brucker AVANCE 500 instrument
operating at 500 MHz and 125.8 MHz, respectively at room temperature. The chemical shifts
are reported in ppm downfield to TMS (3 = 0) for '"H NMR and relative to the central CDCly
resonance (8 = 77.23) for "*C NMR. Data for 'H are reported as follows: chemical shift (8 ppm),
multiplicity (s singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, m =
multiplet), integration, coupling constant (Hz) and assignment. Data for '*C NMR are reported in
terms of chemical shift. IR spectra were recorded on a Brucker TENSOR 27 spectrometer and

are reported in wavenumbers (cm™). Mass spectra (APCI or ESI) were obtained on an

spheric Pressure lonization-Mass Sp (API-MS, Agilent 1100 series LC/MSD
chromatographic system) at an ionization potential of 70 eV. High-resolution mass spectra
(HRMS) were obtained on a Waters/Micromass GCT Time of Flight Mass Spectrometer, (CI gas
ammonia). Optical rotations were measured at the sodium D line on a JASCO DIP-370

at ambient “nanti ic excess (ee) was determined by high

performance liquid chromatography (HPLC) on a Waters instrument equipped with a 1525

Binary HPLC pump using cither a Chiralpak AD-H column (1.6 x 25 em) or Chiralpak AS-H
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(1.6 x 25 cm) column. All Michael addition reactions were carried out in closed vials without the
exclusion of air or moisture.
Materials

All solvents and commercially available chemicals were used as received. Organic

substrates 1 i 4-one, 4-one, 4-

(1,3-dioxolane)-cyclohexanone, acetone, L-proline, I-nitro-4-((E)-2-nitrovinyl)benzene, 1-

thoxy-2-((E)-2-nitrovinyl)benzene, 3-methoxy-2-((E)-2-nitrovinyl)benzene, 1-
(trifluoromethyl)-2-((E)-2-nitrovinylbenzene,  2-(E)-2-nitrovinyDfuran, and  2-((£)-2-
nitrovinyl)thiophene were obtained from commercial sources and were used without any
purification. Michael acceptor 1-((E)-2-nitrovinyl)benzene was prepared according to the

literature procedure.”*



Procedures

23

(8)-3-Methyl-N-(pyrrolidin-2 1-amine(11):
&/n CH,
N \/\I/ 3
H CHy

To a solution of Boc-L-proline 16 ( 2.15 g, 10.0 mmol) in 10.0 mL dry CH,Cl, at -10 °C
under N, was added N-methylmorpholine (1.10 mL, 10.0 mmol). The resulting mixture was
stirred for 15 minutes, treated with isobutylchloroformate (1.30 mL, 10.0 mmol) and stirred an
additional 15 minutes. Isoamylamine (1.19 mL, 10.2 mmol) was added and the reaction mixture
stirred at room temperature for 48 h. The mixture was diluted with EtOAc (120 mL) and the
solution washed with H;0 (1 x 20 mL), saturated aqueous NaHCO; (1 x 20 mL), 0.500 N HCI (2
X 15 mL), and brine (1 x 5 mL). The organic layer was dried (Na;SOx), filtered and concentrated
under reduced pressure to provide 2.95 g (99%) of the N-Boc amide 17 as a clear, pale yellow oil
that was pure by 'H NMR and was used further without purification.

To a cold (<5 °C) solution of the crude N-Boc-amide 17 (2.95 g, 10.4 mmol) in dry
CH,Cl, (10.0 mL) was added TFA (5.50 mL, 104 mmol). The solution was stirred at room
temperature for 3 h and then concentrated under reduced pressure to remove excess TFA. The
residue was dissolved in CH,Cl, (50.0 mL) and the solution was extracted with water
(3x 15mL). The aqueous phase was cooled (5 °C), basified with NaOH pellets and extracted
with CHyCly (3 x 15 mL). The combined organic layers were dried (Na;SO4) and concentrated
under reduced pressure to provide 1.90 g (99%) of the amino amide 18 as a clear, yellow oil that
was pure by "H NMR and was used further without purification.

To a solution of the above amino amide (1.90 g, 10.5 mmol) in dry THF (35.0 mL) at 0°C

under N, was added LAH (1.70 g, 45.0 mmol). The mixture was brought to room temperature,
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heated to reflux for 24 h and then cooled to 0 °C. Solid NaySO4'10H0 (6.00 g) was added over
1.5 h and the resulting suspension was filtered through Celite® twice. The residue was washed
with THF and the combined filtrate was dried (Na,SO4) and concentrated under reduced pressure
to a give pale yellow liquid. Purification of the crude product by Kugelrohr distillation under
reduced pressure gave 1.02 g (58%) of 11. %
Bp:  115°C (air bath)/0.500 torr.
'"H NMR (500 MHz, CDCl;):
8 3.19-3.16 (m, 1H, NCH), 2.91-2.88 (m, 2H, NCH; (ring)), 2.61-2.57 (m, 4H,
CHCH;NH, NHCH,, NHCH, NH), 2.46 (dd, 1H, J = 10.0, 7.0, CHCH;NH), 1.89-1.85
(m, 1H, CH;CHy), 1.75-1.73 (m, 1H, CH;CH,), 1.73-1.68 (m, 1H, CH,CHy), 1.68-1.60

(m, 1H, CH,CHy), 1.34-1.26 (m, 3H, CH,CH), 0.90 (d, 6H, J = 7.3, CH(CH;),).

(8)-4-Methoxy-N- idine-2. ine (12):2

H
N
H

Prepared by adaptation of literature procedure.”® A solution of Cbz-L-proline 19 (0.750 g,

3.00 mmol) in 40 mL dry THF under N; was cooled to -15 °C and stirred for 15 minutes. N-
methylmorpholine (0.330 mL, 3.00 mmol) was added and the mixture was stirred an additional
15 minutes after which isobutylchloroformate (0.290 mL, 3.00 mmol) was added followed by
stirring for 15 minutes. 4-Methoxyaniline (0.380 g, 3.03 mmol) was added and the mixture was
stirred at room temperature for 24 h. EtOAc (150 mL) was added, and the solution was washed
with H;0 (1 x 50 mL), saturated NaHCO; (1 x 20 mL), 0.500 N HCI (1 x 20 mL), and brine (1 x

10 mL). The organic layer was dried (Na;SOy), filtered and concentrated under reduced pressure.
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The resulting solid was triturated with hexanes and then recrystallized (EtOAc/hexanes) to
provide 0.510 g (48%) of the N-Cbz amide 20 as a white solid.

To a solution of N-Cbz amide 20 (500 mg, 1.40 mmol) in 10.0 mL methanol under N,
was added Pd-C (10%) (12.0 mg). The system was flushed with H, and stirred at room
temperature under Hy. After 3 h, the reaction mixture was filtered through Celite® and washed
with methanol. The resulting filtrate was concentrated under reduced pressure to provide 279 mg
(96%) of amide 21 as a clear, colourless oil.

A solution of amide 21 (850 mg, 4.08 mmol) in 20.0 mL of dry THF and cooled on ice.
LAH (387 mg, 10.2 mmol) was added carefully to the solution and refluxed under N, for 3 h.
Sodium sulfate decahydrate (2.00 g) was added and stirred for 1.50 h. The mixture was filtered
through Celite® and washed with ethyl ether (2 x 10 mL). The ether layer was concentrated
under pressure. Purification of the crude brown oil by Kugelrohr distillation under reduced
pressure gave 465 mg (53%) of clear oil 12.

Bp: 175 °C (air bath)/0.500 torr.
"H NMR (500 MHz, CDCl5):

86.78-6.76 (d, 2H, .

=10.0, ArH, meta to OCH3), 6.62-6.60 (d, 2H, J = 10.0, ArH, ortho
to OCH3), 3.75 (s, 3H, OCHj), 3.39-3.34 (m, 1H, CHCH;NH), 3.13-3.10 (m, IH,
CH,NH), 2.94-2.88 (m, 4H, CH;NH, CH;NH), 1.95-1.87 (m, 1H, CH,CH,), 1.83-1.77

(m, IH, CH;CH,) 1.77-1.70 (m, IH, CH,CH5), 1.48-1.45 (m, 1H, CH,CH;).
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4-Nitro-N-((S)-pyrrolidin-2-y)methyl)benzenamine (14):

Amide 23 (1.900 g, 8.050 mmol) was dissolved in borane-methyl sulfide adduct (2.000
M in THF, 16.00 mL, 32.00 mmol) and the solution was stirred at room temperature under N, for
48 h. The reaction mixture was cooled to 0 °C, 6.00 N HCI (30.0 mL) was added followed by
stirring for 3 h. The resulting mixture was then concentrated under reduced pressure. The residue
was dissolved in H,0 (20.00 mL) and the solution was washed with EtOAc (2 x 10 mL). The
organic layer was dried (Na;SO), filtered and concentrated. The crude product was purified
using flash chromatography on silica gel (15:85 — 70:30 EtOAc/hexanes) to provide 644.0 mg
(36%) of diamine 14 as a yellow solid.
"H NMR (500 MHz, CDCI3):
88.07 (d, 2H,J = 10.0, ArH, ortho to NOy), 6.53 (d, 2H, J = 10.0, ArH, meta to NOy),
5.18 (br, 1H, NHAr), 3.44 (m, 1H, CHCH;NH), 3.24 (m, 1H, CH;NH), 2.97 (m, 3H,
CH)NH, CHyNH(ring)), 2.00-1.90 (m, 2H, NH, CH,CH,NH), 1.89-1.79 (m, IH,
CH,CHy), 1.79-1.70 (m, 1H, CHyCHy), 1.53-1.43 (m, 1H, CH,CH).
3C NMR (125.8 MHz, CDCl):
5 153.8 (CNO; (ipso)), 137.8 (CNH (ipso)), 126.5 (ArC (ortho to NOy), 111.3 (ArC),
57.2 (CHNH(ring)), 47.4 (CH;NH), 46.6 (CH;NH), 29.6 (CH,CH), 25.9 (CH,CH).
IR (neat):
1600, 1474, 1304, 1111, 827 cm™*
HRMS (EI):

miz 221,163 (221.1164 calc. for CyHisN:Oz (M")).



| (8)-N-Methyl-4-nitro-N-(pyrrolidin-2-ylmethyl)benzenamine (15):

oHs
; Fux,u—@—uoz
Amide 25 (0.160 g, 0.100 mmol) was dissolved in borane-methyl sulfide adduct (2.00 M
in THF, 1.9 mL, 3.84 mmol) and the solution was stirred at room temperature under N for 48 h.
The reaction mixture was cooled to 0 °C, treated with 6.00 N HCI (2 mL) and stirred for 3 h after
which time the resulting mixture was concentrated under reduced pressure. The residue obtained
was dissolved in H,O (5 mL) and the solution was washed with EtOAc (2 x 5 mL). The organic
layer was dried (Na;SO), filtered and concentrated. The crude product was purified using flash
chromatography on silica gel (3% CH;OH/CH;Cl, — 10% CH;OH/CH;Cy) to provide 94.70 mg
(63%) of diamine 15 as a yellow solid.
"H NMR (500 MHz, CDCl;):
8 8.11 (d, 2H, J = 10.0, ArH, ortho to NO;), 6.57 (d, 2H, J = 10.0, ArH, meta to NO,),
3.96 (m, 1H, CHCHy), 3.47 (m, 1H, CH:N), 3.27 (m, 1H, CH;N), 2.75 (m, 1H,
CHyNCH3), 2.60 (m, 1H, CH;NCH3), 2.48 (m, 3H, NCHs), 2.12-2.01 (m, 5H, CH,CH,, .
NH)..
3C NMR (125.8 MHz, CDCly):
§152.0 (ArCNOy), 137.4 (ArCN), 126.7 (ArC, ortho to NOy), 111.3 (ArC), 59.1 (CHN),
53.5 (CH,N), 49.0 (CHyN), 37.1 (NCHs), 29.8 (CH,), 23.5 (CH).
IR (neat):
1594, 1478, 1288, 1195, 1108, 822 em™
MS (APCI, positive):

miz 236.1 (IM+1]', 100)




HRMS:

m/z  235.1324 (235.1321 calc. for C1oHiN;0; (M")).

(8)-tert-Butyl 2-(4-ni idine-1 (22):
N
Boc O
A solution of Boc-L-proline 16 (3.225 g, 15.00 mmol) in 40.00 mL dry THF under Ny
was cooled to -15 °C and stirred for 15 minutes. N-methylmorpholine (1.650 mL, 15.00 mmol)
was added and the mixture was stirred an additional 15 minutes after which
isobutylchloroformate (1.960 mL, 15.00 mmol) was added followed by stirring for 15 minutes.
4-Nitroaniline (2.130 g, 15.45 mmol) was added and the mixture was stirred at room temperature
for 24 h. EtOAc (15 mL) was added, and the solution was washed with H0 (1 x 50 mL),
saturated NaHCO; (1 x 20 mL), 0.5000 N HCI (1 x 20 mL), and brine (1 x 10 mL). The organic
layer was dried (Na;SO,), filtered and concentrated under reduced pressure. The resulting solid
was triturated with hexanes and then recrystallized (EtOAc/hexanes) to provide 4.000 g (80%) of
the N-Boc amide 22 as a pale yellow solid.
'"H NMR (500.0 MHz, CDCly):
51024 (brs, 1H, NH), 8.19 (d, 2H, J = 10.0, AtH, ortho to NOy), 7.67 (d, 2H, J = 10.0,
ArH, meta to NOy), 4.50 (br m, 1H, CHCO), 3.43-3.36 (br m, 2H, CH,N), 2.59 (br m,
1H, CH,CH), 1.95 (br m, 3H, CH:CH, CHyCH,N), 1.52 (br s, 9H, C(CH3)3).
3C NMR (125.8 MHz, CDCls):

51707 (CO), 156.5 (NC=00), 144.2 (CNHCO (ipso)), 143.2 (CNO; (ipso)), 125.9 (ArC
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(ortho to NOy)), 118.9 (ArC), 81.32 (C(CHs)s), 59.9 (CHCO), 47.3 (CHNH), 28.1
(C(CH3)3), 27.4 (CH,CH), 24.5 (CH,CH:N).
IR (neat):
3273, 1703, 1663, 1407, 1111, 986, 926 cm™!
MS (APCI, positive):
m/z  236.1 (100, M-(1Boc) )
HRMS (EI):

m/z  335.1477 (335.1481 calc. for C16HyN3Os (M")).

To a solution of N-Boc amide 22 (3.620 g, 10.70 mmol) in dry CHyCl, (15.00 mL) at
0 °C under N, was added TFA (13.30 mL, 161.9 mmol). The reaction mixture was stirred at
room temperature for 20 h and concentrated under reduced pressure. The residue was dissolved
in CHCl, (20 mL) and the solution was extracted with H,0 (2 x 15 mL). The aqueous layer was
cooled (<5 °C), basified to pH 12 with NaOH pellets and extracted with CHyCl (2 x 15 mL).
The combined organic layers were dried (Na;SOy), filtered and concentrated. The resulting solid
was recrystallized (EtOAc/hexanes) to provide 1.780 g (69%) of the amide 23 as a yellow solid.
"H NMR (500.0 MHz, CDCI3):

510.18 (s, 1H, NHCO), 8.21 (d, 2H,J = 10.0, ArH, ortho to NO2), 7.78 (d, 2H, J = 10.0,

ArH meta to NO3), 3.90 (m, 1H, CHCO), 3.11 (m, 1H, CH5N), 3.00 (m, 1H, CH:N), 2.25

(m, 2H, NH, CH,CH), 2.25 (m, 1H, CHCH), 1.79 (m, 2H, CH,CH,NH).
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3C NMR (125.8 MHz, CDCl3):

8174.3 (CO), 143.7 (CNO, (ipso)), 143.4 (CNHCO (ipso)), 125.2 (ArC(ortho to
NO,), 118.8 (ArC), 61.2 (CHCO), 47.5 (CH;NH), 30.8 (CH,CH), 26.5 (CH,CH;NH).
IR (neat):
3203, 1687, 1599, 1403, 1100 cm”!.
MS (APCI, positive):
m/z  236.1 (IM+1]',100.00)
HRMS (EI):

m/z  235.0958 (235.0957 cale. for C1iHisN;Os (M)).
($)-tert-Butyl 2-(methyl(4-nitrop pyrrolidine-1-carboxylate (24):

oty
N NO,
(N

Boc O

A solution of N-Boc-amine 22 (1.440 g, 4.270 mmol) in THF (15.00 mL) was cooled for
10 min (5 °C) under N,. NaH (170.3 mg, 1.470 mmol) was added cautiously. After 10 minutes
CH3l (2.020 mL, 3245 mmol) was added and the reaction mixture was stirred at room
temperature for 24 h. The mixture was concentrated and then diluted with EtOAc (40 mL). The
resulting solution was washed with HO (1 x 10 mL) and brine (1 x 10 mL). The organic layer
was then dried (Na;SOy), filtered and concentrated under reduced pressure. The residue obtained
was purified using flash chromatography on silica gel (50/50 EtOAc/hexanes) to provide 1.040 g

(70%) of the amide 24 as a pale yellow gum.



"H NMR (500.0 MHz, CDCl):
Major rotamer: & 8.28 (d, 2H, J = 10.0, ArH, ortho to NOy), 7.58 (d, 2H, J= 10.0,
ArH, meta to NOy), 4.32 (br, [H, CHCO), 3.56-3.51 ( br m, 2H, CH;N-Boc)), 3.45-3.32
(br's, 3H, NCH3), 2.04-1.74 (m, 4H, CH,CH), 1.45 (br s, 9H, C(CHs)3).
Visible signals for the minor rotamer: & 8.28 (d, 2H, J = 10.0, ArH, ortho to NO,), 7.41
(d, 1H, J=10.0, ArH), 4.24 (br, 1H, CHCO).
*C NMR (125.8 MHz, CDCl3):
Major rotamer: § 172.6 (CO), 154.4 (NC=00), 149.6 (CNHCO (ipso)), 146.9 (CNO,
(ipso)), 128.4 (ArC (ortho to NO,)), 125.1 (ArC), 79.6 (C(CH3)3), 47.0 (CHCO), 37.7
(CH,NH), 28.6 (NCHs), 28.5 (C(CHa)3), 24.3 (CH,CH), 23.5 (CH;CH,N).
Visible signals for the minor rotamer: 8 172.3 (CO), 153.5 (NC=00), 179.2 (CNHCO
(ipso)), 80.0 (C(CHs)3), 57.2 (CHCO), 56.9 (CHNH), 30.2 (NCH3), 14.2 (CH,CH:N).
IR (neat):
3279, 1703, 1509, 1407, 1338, 1159, 1111, 853 cm’!
MS (APEI, positive):
miz 3492 ((M+1]", 100.00))
HRMS (EI):

m/z  350.1723 (350.1716 calc. for Ci7HN305 (M")).
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(S)-N-Methyl-N-(4-ni idine-2- ide (25):

To a solution of N-Boc amide 24 (1.00 g, 2.86 mmol) in dry CH,Cl, (5.00 mL) at 0 °C
under N, was added TFA (2.35 mL, 28.6 mmol). The reaction mixture was stirred at room
temperature for 3 h and concentrated under reduced pressure to remove CH,Cl, and TFA. The
resulting residue was dissolved in EtOAc (30.0 mL) and the solution was extracted with HO (2
X 15.0 mL). The aqueous layer was cooled (<5 °C), basified to pH 12 with NaOH pellets and
extracted with CH,Cl (2 x 15.0 mL). The combined organic layers were dried (Na,SOy), filtered
and concentrated to provide 571 mg (80%) of the amide 25 as a yellow solid.

"H NMR (500.0 MHz, CDCly):

5 8.14 (d, 2H, J = 10.0, ArH, ortho to NOy), 6.56 (d, 2H, J = 10.0, ArH), 4.19-4.17 (m,

1H, CHCO), 3.69 (m, 1H, CH,NH), 3.40-3.35 (m, 2H, CH,NH, CH,NH), 2.80 (br s, 3H,

NCH;), 2.31 (m, 2H, CHyCH), 2.12 (m, 1H, CHCH), 2.02 (m, 1H, CHy,CHy).

MS (APCI, positive):

m/z  250.1 ([M+1], 100.00)

HRMS (EI):

m/z  249.1120 (249.1113 cale. for CjoHysNsO5 (MY)).



General experimental procedure for the Michael addition of ketones to nitroalkenes:

To a solution of the amine catalyst (0.10 mmol) and the nitroalkene (0.50 mmol) in
toluene (1.0 mL) was added the ketone or aldehyde (2.5 mmol), and the solution was stirred at
ambient temperature for 24 h except when noted otherwise. Ethyl acetate (10 mL) was added
and the solution was washed with water, aqueous 0.50 N HCI, dried (Na;SOx), filtered and
concentrated to give the crude product, which was purified by flash chromatography on silica
gel.

The relative configurations of the products (syn or anti) were determined by comparison
of 'H NMR spectral data with those reported in the literature. The absolute configurations of
each product were determined either by comparison of optical rotation values with those reported
in the literature or by comparison of HPLC retention times. All the compounds reported here and

in Tables 1-4 have previously been reported in the literature. > '*
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(S2(S)1-F

Reaction of cyclohexanone (0.260 mL, 2.50 mmol) and 2-((£)-2-nitrovinyl)furan (70.0
mg, 0.500 mmol) in the presence of catalyst 13 (17.0 mg, 0.100 mmol) according to the general
procedure gave, after purification by flash chromatography on silica gel (cthyl acetate/hexane:
20/80), 210 mg (89%) of 28 as a yellow solid.

"H NMR (500 MHz, CDCly):

§7.57 (brs, 1H, ArH), 6.29 (dd, 1H, J = 3.0, 2.0, AH), 6.18 (d, 1H,J = 2.0, ArH), 4.80

(dd, TH, J = 9.0, 6.0, CH;NO,), 4.68 (dd, 1H, J = 12.0, 9.0, CH;NOy), 4.00 (dt, 1H, J =

9.0, 4.5 CHCH,NOy), 2.78-2.73 (m, 1H, CHC(O)), 2.48-2.50 (m, 1H, CH,C(0)), 2.40-

233 (m, 1H, CH,C(0)), 2.18-2.09 (m, 1H, CHy), 192-1.82 (m, 1H, CH,), 1.82-1.75 (m,

1H, CHy), 1.71-1.60 (m, 2H, CH), 1.35-1.26 (m, 1H, CH,).

HPLC (Chiralpak AD-H):

(hexane/i-PrOH, 95/5, flow rate 1.00 mL/min, conc. 1.00 mL/min., & = 254 nm):

bgior = 13.8 Min; Loy = 16.4 min.

‘ ce: 89%
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‘ Reaction of cyclohexanone (0.260 mL, 2.500 mmol) and 2-((E)-2-nitrovinyl)thiophene

(77.6 mg, 0.500 mmol) in the presence of catalyst 13 (17 .0 mg, 0.100 mmol) according to the
‘ general procedure gave, after purification by flash chromatography on silica gel (cthyl
acetate/hexanc: 20/80), 97.5 mg (77%) of 30 as a white solid.
'H NMR (500 MHz, CDCL):
57.23 (d, 1H, J = 5.0, ArH), 6.94 (dd, 1H,J = 5.0, 3.0, ArF), 6.8 (d, 1H, J = 3.0, 3.0,
ArH), 4.90 (dd, 1H,J = 13.0, 4.0, CH:NOy), 4.67 (dd, 1H, J = 13.0, 9.0, CH:NO,), 4.14
(dt, 1H, J = 9.0, 4.0, CHCH;NOy), 2.722.67 (m, 1H, CHC(0)), 2.50-2.46 (m, IH,
CHyC(0)), 242-2.36 (m, 1H, CH,C(0)), 2.13-2.10 (m, 1H, CHy), 1.96-1.90 (m, 1H,
| CHy), 1.88-1.85 (m, 1H, CHy), 1.73-1.56 (m, 2H, CH2), 1.38-1.24 (m, 1H, CH).

HPLC (Chiralpak AD-H):

(hexane/i-PrOH, 95/5, flow rate 1.00 mL/min, conc. 1.00 mL/min., & =254 nm):
Imajor = 15.3 Min; yinor = 17.6 min.

ee:  82%



(§)-T 3-((R)-2-nitro-1 4 @12

e
&NNOZ

[

Reaction of ftetrahydropyran-4-one (0230 mL, 2.50 mmol) and 1-(E)-2-
nitrovinyl)benzene (74.5 mg, 0.500 mmol) in the presence of catalyst 13 (17.6 mg, 0.100 mmol)
according to the general procedure gave, after purification by flash chromatography on silica gel
(ethyl acetate/hexane: 40/60), 239 mg (96%) of 31 as a white solid.

'H NMR (500 Mz, CDCly):

5:7.39-7.31 (m, 3H, ArH), 7.21 (d, 2H, J = 7.0, ortho AtH), 4.96 (dd, 1H, ] = 12.5,4.7,

CHINOy), 4.68 (dd, 1H,J = 12,5, 10.0, CHNOy), 420-4.15 (m, 1H, CHCH;NO,), 3.89-

3.79 (m, 2H, OCH;), 3.73 (dd, 1H,J = 12.0, 5.3, OCH,CH), 3.31 (dd, 1H,J = 12.0, 8.8,

OCH,CH), 2.94-2.89 (m, 1H, CHC(0)), 2.72-2.67 (m, 1H, CHC(0)), 2.62-2.58 (m, 1H,

CHC(O)).

HPLC (Chiralpak AS-H):
(hexane/i-PrOH, 50/50, flow rate 0.500 mL/min, conc. 1.00 mg/mL, L= 247 nm):
gjor= 21.3 Min, Linor = 17.8 min

ee: 89%



(5)-T 3-((R)-2-nitro-1 i 4-one (32):”

Reaction of tetrahydrothiopyran-4-one (290 mg, 250 mmol) and 1-((£)-2-
nitrovinyl)benzene (74.5 mg, 0.500 mmol) in the presence of catalyst 11 (16.7 mg, 0.100 mmol)
according to the general procedure gave, after purification by flash chromatography on silica gel
(ethyl acetate/hexane: 20/80), 188 mg (71%) of 32 as a white solid.

"H NMR (500 MHz, CDCly):

5:7.36-7.33 (m, 2H, ArH), 7.33-7.29 (m, 1H, ArH), 7.19 (m, 2H, ArH), 4.73 (dd, 1H, J =

127, 4.5, CH:;NO,), 4.63 (dd, 1H, J = 12.7, 10.0, CH:NOy), 3.98 (dt, 1H, J=10.0, 4.5,

PhCH), 3.07-3.00 (m, 1H, CHC(0)), 3.00-2.94 (m, 2H, CH;C(0)), 2.88-2.84 (m, 2H,

SCH,), 2.84-2.77 (m, 1H, SCH2), 2.64-2.60 (m, 1H, SCH,CH)), 2.45 (dd, 1H, J = 138,

9.7, SCH;CH).

HPLC (Chiralpak AS-H):
(hexane/i-PrOH, 50/50, flow rate 0.500 mL min”, conc. 1.00 mg/mL, = 247 nm):
Ingior= 192 M., Loy = 15.9 min.

ce: 73%




| (8)-2-((R)-2-Nitro-1 @3
e
é/\/Noz

Reaction of cyclohexanone (0.260 mL, 2.50 mmol) and 1-((E)-2-nitrovinyl)benzene (74.5

mg, 0.50 mmol) in the presence of catalyst 12 (16.7 mg, 0.100 mmol) according to the general
procedure gave, after purification by flash chromatography on silica gel (ethyl acetate/hexane:
20/80), 85.0 mg (69%) of 33 as a white solid.
'"H NMR (500 MHz, CDCl):
§:7.37-7.39 (m, 3H, ArH), 7.19 (d, 2H, J = 7.7, ortho ArH), 4.96 (dd, 1H, J = 12.4, 4.5,
CHoNOy), 4.67 (dd, 1H, J = 124, 9.5, CH;NOy), 3.79 (dt, 1H, J = 10.0, 4.5,
CHCH,NOy), 2.75-2.69 (m, 1H, CHC(0)), 2.53-2.50 (m, 1H, CH,C(0)), 2.50-2.39 (m,
IH, CH(0)), 2.13-2.08 (m, 1H, CH,), 1.84-1.57 (m, 4H, CH,), 1.31-1.23 (m, 1H, CH;).
HPLC (Chiralpak AD-H):
(hexane/i-PrOH, 90/10, flow rate 1.00 mL min”', cone. 1.00 mg/mL, A= 247 nm):
gjor=10.6 Min., Lyiner = 8.84 min.

ce: 86%
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(8)-2-[(R)-2-Nitro-1-p 4-{1,3-di @9

Reaction of 4-(1,3-dioxolanyl)-cyclohexanone (395 mg, 2.50 mmol) and 1-((E)-2-
nitrovinyl)benzene (74.5 mg, 0.500 mmol) in the presence of catalyst 12 (16.7 mg, 0.100 mmol)
according to the general procedure gave, after purification by flash chromatography on silica gel
(ethyl acetate/hexane: 40/60), 241 mg (79%) of 34 as a white solid.

"H NMR (500 MHz, CDCl3):

8:7.35-7.28 (m, 3H, ArH), 7.21 (d, 2H, J = 7.2, ortho ArH), 4.95 (dd, 1H, J = 12.5, 4.7,

CH;NO,), 4.63 (dd, 1H, J = 12.5, 9.8, CH;NO;), 4.04-3.81 (m, 5H, PhCH, OCH,CH,0),

3.10-3.05 (m, 1H, CHC(0)), 2.71 (m, IH, CH,CH,), 2.52 (m, 1H, CH,CHy), 2.04-2.01

(m, 1H, CH,CHy), 2.00-1.91 (m, 1H, CHxCHy), 1.72-1.66 (m, 1H, CH>CH), 1.60-1.52

(m, 1H, CH,CH).

HPLC (Chiralpak AS-H):

(hexane/i-PrOH, 90/10, flow rate 0.500 mL min™', conc. 1.00 mg/mL, A= 254 nm):

tmajor="59.6 Min., lyinor = 47.5 min.

ee: 92%



(5)-2-(R)-1-(Benzo(d)(1,3)dioxyol-6-yl)-2-ni 41,3

@35):'%

Reaction of 4-(1,3-dioxolanyl)-cyclohexanone (395 mg, 2.50 mmol) and (E)-5-(2-
nitrovinyl)benzo[ 1,3]dioxole (96.6 mg, 0.500 mmol) in the presence of catalyst 12 (16.7 mg,
0.100 mmol) according to the general procedure gave, after purification by flash chromatography
onsilica gel (ethyl acetate/hexane: 30/70), 83.8 mg (48%) of 35 as a white solid.
'H NMR (500 MHz, CDCly):
5:6.72-6.70 (d, 1H, J = 7.9, ortho ArH), 6.62-6.58 (m, 2H, AtH), 5.93-5.94 (d, 2H, J =
3.5, OCH;0), 4.87-4.85 (dd, 1H, J = 12,0, 4.7, CH:NOy), 4.51-4.48 (dd, 1H, J = 12.0,
10.0, CH;NOy), 3.97-3.80 (m, 4H, OCH,CH;0), 3.77-3.70 (m, 1H, CHCHy), 2.97-2.92
(m, 1H, CHC(0)), 2.70-2.67 (m, 1H, CH,CHy), 2.43-2.37 (m, 1H, CH:CHy), 2.02-1.96
(m, 1H, CHyCHy), 1.82-1.79 (m, 1H, CH,CHy), 1.71-1.69 (m, 1H, CH,CHy), 1.53-1.50
(m, 1H, CH;CH,).
HPLC (Chiralpak AS-H):
(hexane/i-PrOH, 60/40, flow rate 1.00 mL/min, conc. 1.00 mg/mL, & =2 54 nm);
Ingior = 2044 MinL, yinor = 15.8 min.

ee: 80%



($)2-(@R)-1-2 phenyl)-2-ni 36):

o rom

NO,

Reaction of cyclohexanones (0.260 mL, 2.50 mmol) and 1-methoxy-2-((E)-2-
nitrovinyl)benzene (90.0 mg, 0.500 mmol) in the presence of catalyst 12 (20.6 mg, 0.100 mmol)
at room temperature for 24 h gave, 143 mg (74%) of 36 as a clear colorless oil that was pure by
'"HNMR.

"H NMR (500 MHz, CDCl3)

§7.26 (m, 1H, Arf), 7.10 (dd, 1H,J = 7.6, 1.0, ArH), 6.92-6.88 (m, 2H, ArH), 4.88-4.80

(m, 2H, CH;NO), 3.98 (dt, 1H, J = 10.0, 5.0, CHCH,NOy), 3.85 (s, 3H, OCH;), 3.02-

2.96 (m, 1H, CHC(0)), 2.52-2.47 (m, 1H, CH,C(0)), 2.43-2.36 (m, IH, CH,C(0)), 2.10-

2.06 (m, 1H, CHy), 1.81-1.77 (m, 1H, CHy), 1.71-1.66 (m, 2H, CH,), 1.66-1.55 (m, 1H,

CH,), 1.27-1.21 (m, 1H, CHy).

HPLC (Chiralpak AS-H):

(hexane/i-PrOH, 90/10, flow rate 0.500 mL/min, conc. 1.00 mg/mL, & = 254 nm);

ngjor = 28.8 Min., tyinor = 24.5 min.

ee: 90%



: (8)-2-((R)-2-nitro-1-(2~(tri @7

| L
o CFy

| Ao,

Reaction of cyclohexanones (0.260 mL, 2.50 mmol) and 1-(trifluoromethyl)-2-((E£)-2-
nitrovinyl) benzene (109 mg, 0.500 mmol) in the presence of catalyst 14 (22.2 mg, 0.100 mmol)
according to the general procedure gave, after purification by flash chromatography on silica gel
(ethyl acetate/hexane; 20/80), 129 mg (82%) of 37 as yellow oil.

"H NMR (500 MHz, CDC):

5=7.71(d, 1H,J =75, ArH), 7.57 (t, 1H,J = 7.5, AtH), 7.41 (t, IH,J= 7.5, ArH), 7.39

(d, 1H,J = 7.5, ArH), 5.05 (dd, 1H, J = 12.0, 7.0, CHENO,), 4.77 (dd, 1H, J = 12.0, 3.7,

CHyNO), 4.12-4.07 (m, 1H, CHCH,NO,), 3.05-3.0 (m, 1H, CHC(0)), 2.53-2.41 (m, 2H,

CHyC(0)), 2.17-2.11 (m, 1H, CHy), 1.83-1.78 (m, 1H, CHy), 1.76-1.64 (m, 2H, CHy),

1.64-1.55 (m, 1H, CHy), 138-128 (m, 1H, CH).

HPLC (Chiralpak AS-H):
(hexane/i-PrOH, 90/10, flow rate 1.00 mL/min, conc. 1.00 mg/mL, = 254 nm):
Ingjor = 10.4 MiN., 5 = 8.70 min.

ee: 76%



(8)-2-[(R)-1-(4 P 2-ni (38):"

Reaction of cyclohexanone (0.260 mL, 2.50 mmol) and I-methoxy-4-(£)-2-
nitrovinyl)benzene (90.0 mg, 0.500 mmol) in the presence of catalyst 12 (22.2 mg, 0.100 mmol)
according to the general procedure gave, after purification by flash chromatography on silica gel
(ethyl acetate/hexane: 20/80), 241 mg (87%) of 38 as a white solid.

'H NMR (500 MHz, CDCly):

5:7.09 (d, 2H, J = 8.0, ArH), 6.86 (d, 2H, J = 8.0, ArH), 491 (dd, 1H, J = 12.0, 45,

CH;NO,), 4.60 (dd, TH, J = 12.0, 10.0, CH:NO,), 3.80 (s, 3H, OCH;) 3.72, (dt, 1H, J =

10.5, 5.0, ArCH), 2.69-2.63 (m, 1H, CHC(0)), 2.50 - 2.46 (m, 1H, CH,C(0)), 2.42-2.36

(m, 1H, CH;), 2.10-2.06 (m, 1H, CHy), 1.82-1.55 (m, 4H, CHy), 1.28-1.21 (m, 1H, CH,).
HPLC (Chiralpak AD-H):

(hexane/i-PrOH, 90/10, flow rate 0.500 mL min”, cone. 1.00 mg/mL, &= 254 nm):

Lngjor = 29.7 MinL., tyingy = 23.7 min.

ee: 73%




(8)-2-I(R)-2-Nitro-1-(d-nitrop! @9

Reaction of cyclohexanone (0.260 mL, 2.50 mmol) and I-nitro-4-((E)-2-
nitrovinyl)benzene (97.6 mg, 0.500 mmol) in the presence of catalyst 12 (20.6 mg, 0.100 mmol)
according to the general procedure gave, after purification by flash chromatography on silica gel
(cthyl acetate/hexane: 30/70), 111 mg (76%) of 39 as a yellow solid.

"H NMR (500 MHz, CDCl3):

5: 8.19 (d, 2H, J = 9.0, ArH), 7.39 (d, 2H, J = 9.0, ArH), 4.98 (dd, 1H, J = 13.1, 4.5,

CH;NO,),4.71 (dd, 1H, J=13.1, 4.4, CH;NOy), 3.92 (dt, 1H, J = 12.0, 4.5, ArCH), 2.74-

2.69 (m, 1H, CHC(0)), 2.52-2.47 (m. 1H, CH,C(0)), 2.45-2.34 (m. 1H, CH>C(0)), 2.14-

2.06 (m, 1H, CHy), 1.85-1.82 (m, 1H, CH;), 1.73-1.56 (m, 3H, CH,), 1.33-1.20 (m, 1H,

CH;)

HPLC (Chiralpak AS-H):

(hexane/i-PrOH, 90/10, flow rate 1.0 0mL min™', conc. 1.00 mg/mL, A = 254 nm):

gjor=26.1 MiN., Lyinor = 12.5 min.

ce: 89%
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