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Abstract

‘The organocatalytic, asymmetr

ic conjugate addition of carbon nucleophiles and

heteroatom nucleophiles to enones

is of interest because the products are useful synthetic

intermediates. We have observed that these re:

ons are catalyzed by proline-derived

guanidines. The present study examines the enantioselective addition of malonates,

oalkanes and heteroatom nucleophiles to a variety of enones in order to provide the

corresponding Michael adducts. The observations from this

study provide some insight

into the reactivity of amine-guanidine bifunctional catalyst motifs and lay the foundation
for designing second generation catalysts having modulated nucleophilic and basic

character.

Enantiomerically pure -nitroketones and their derivatives are an important cf
of organic compounds due to their utility as building blocks for the asymmetric synthesis
of natural products and biologically active molecules. In the present study, the

Michael addi

ion of a 1.3-dione and selected
Jenitro styrenes in the presence of a proline-derived triamine catalyst provided the
conjugate addition products in good yield (83-90%), with high enantiomeric excess (89-

99%) and high diastercoselectivity (219/1). These Michael adducts were utilized in a

stercoselective synthesis of ¢

and trans-3-aryloctahydroindoles. Application of th

methodology is presented in a short formal total synthe

s of the methanomorphanthridine

alkaloid (-)-pancracine.




Enantiomerically enriched y-nitroketones obtained from the triamine catalyzed

organocatalytic Michael addition were also ufilized as starting materials in an efficient

synthesis of indolizidines. The uility of this methodology is highlighted by its application

in a short total synthesis of the arylindolizidine alkaloid (+)-ipalbidine. The synthetic

strategy has potential applications in the preparation of congeners and analogs of several

arylindolizidine alkaloids.
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Chapter 1

pyrrolidine mediated

conjugate addition reactions

Part of the work described in this chapter has been published in

Org. Biomol. Chem. 2009, 7,319-324




Chapter 1

Guanidinyl pyrrolidine mediated organocatalytic
conjugate addition reactions

Introduction

The conjugate addition of malonates and nitroalkanes to cyclic and acyclic -
unsaturated aldehydes and ketones as well as esters and amides is one of the fundamental
C-C bond forming reactions in organic chemistry. The products obtained from these

reactions  have  appl the synthesis of new medicinal agents and

2c tly, the of new methods to achieve asymmetri

conjugate addition of malonates and nitroalkanes to enones in the presence of catalytic
amounts of chiral bases continues to be a subject of active interest with emphasis on

stereocontrol of the C-C bond forming reactions.®

Several synthetic strategies are available for the asymmetric conjugate addition of

carbon and hetero atom nucleophiles to a,f-unsaturated enones. '* The use of a Bronsted

base for the activation of a chiral nucleophile is one of the classical approaches (Scheme
1, B). *° A complimentary strategy involving the use of a chrially modified Michael

acceptor has also been extensively investigated (Scheme 1, C). Metal based catalytic

approaches have also been examined (Scheme 1, A), and all of the above mentioned

methods have been reviewed.’ A conceptually different “metal free” strategy has also



been known for several years but was more recently formalized by MacMillan (Scheme 1,
D)."" In this approach, the Michael acceptor is converted to an iminium ion with a
catalytic amount of a chiral amine. Details of this approach will be the focus of the

following discussion.

Metal catalysts, NuH | X =

A
Na Q Chiral base, NuH
Ry X=RH D
Chiral acceptor, NuH | X = OR®, NR;*
(Chiral esters, a
N O
R~
Scheme 1
Conjugate addition reactions of malonates and nitroalkanes via iminium
catalysis

More recently, the activation of unsaturated aldehydes and ketones for conjugate

addition, by reversible iminium ion formation with chiral amines, was reported as a




highly generalized strategy by MacMillan."" The formation of the iminium ion activates
the substrate to enhance mfacial addition by lowering the LUMO energy of the
electrophile with respect to the HOMO of the nucleophile. This activation effect is similar

to that associated with reactions involving metal-based Lewis acids.'

Imi for several conjugate addition reactions of various

m catalysis forms the bas

Michacl donors such as malonates,''® nitroalkanes'™'* and thiols'” to enones as well as

enals.

for Mukaiyama-Michacl reactions of silyloxyfurans 213 The organocatalytic

ion of malonates and n

conjugate ad roalkanes to cyclic and acyclic enones is an

reactions.

enduring challenge and the search for new and efficient catalysts for thes

continues.'*?'

Studies on the iminium ion-mediated organocatalytic conjugate addition of malonates
to enones have employed catalysts based on functionalized imidazolidinones'* and
modified prolines.'** The first iminium-catalyzed conjugate addition of malonates to
enones was reported by Yamaguchi and co-workers™ using the rubidium salt of S-proline
to obtain moderate-to-good enantioselectivities. Since reactions using metal based

catalysts are beyond the scope of this thesis, the following presentation will be limited

only to reactions catalyzed by organic molecules (organocatalytic reactions).

Kawara and Taguchi®® reported the first organocatalytic Michac addition using chiral
proline-derived  ammonium  hydroxides.  Moderate  yields and  low-to-good

cnantioselectivities (3.9-69% ee) were obtained with cyclic and acyclic enones.




Jorgensen developed the first highly enantioselective organocatalytic Michacl

i

addition'® of malonates to «f-unsaturated enones using an imidazolidine catalyst 3,

which was readily prepared from phenylalanine (Scheme 2).

Me
N
Acon
Ph Hg3 BnO,C.__CO,8n
[ neat, t Ph Me
1 2 4

Scheme 2

A number of malonates were tested, and it was observed that the nature of the alkyl
‘group has a large effect on the asymmetric induction of the reaction. The use of dimethyl
malonate afforded only 73% ce, which is substantially lower than the 91% ee obtained in
the reaction with diethyl malonate. For the sterically more hindered malonates, (iso-
propyl and ferr-butyl) the reaction rate however, was decreased considerably and only
low yields were obtained (26% and <% respectively). The reaction with dibenzyl
malonate on the other hand, afforded the Michael adduct in 93% yield and greater than

99% ee.

Jorgensen has also used the imidazolidine catalyst 3 for the conjugate addition of
nitroalkanes to acyclic a,f-unsaturated enones.’* These reactions proceeded with
moderate to good cnantioselectivities (34-86%). However, only moderate

enantiosclectivity (49%) was obtained using cyclohexenone as the acceptor. Reaction



times were typically between 4.5 to 12.5 days. In addition, the nitroalkane nucleophiles

were employed as the reaction solvent in these earlier studies.

Three years later, the same group reported the use of imidazolidine-2-yltetrazole™ as
an organocatalyst for the conjugate addition of nitroalkanes with improved

enantioselectivities (up to 92%) and the reaction times were halved in most cases (3-8

days, Scheme 3).
Me
N
N.
NN .
Ph HN-N ]
o 7 oNGiR,
B
~
RS, 0.1 moi%),rt .

5 6 8a  upto92%ee

Scheme 3

In this study, nitroalkanes were employed as the solvent, and the catalyst performed
best with acyclic enones (92% ee) relative to cyclic precursors (77% ee). The reason for
improved reaction rates by using catalysts 7 over 3 was suggested to be the better
solubility of 7. It was also proposed that a more sterically well-defined iminium ion
intermediate s obtained from 7 as compared with 3. The observed stercochemistry of the

products was explained in terms of formation of the catalyst-substrate iminium ion

intermediate, in which the benzyl group of the catalyst stacks on the side of the enone
side-chain in 9a and shields the re face of the enone from nucleophilic addition (Figure

1),




]
onfr,

CHy

8a (Major) 8b (Minor)
Figure 1. Proposed iminium intermediate obtained from Jorgensen’s catalyst 7

Ley and co-workers developed an improved organocatalytic conjugate addition of
malonates and nitroalkanes to enones by using prolyltetrazole 12 as a catalyst.'® The

w reaction works well for a range of substrates and furnishes the products in good yield and

with good to high enantioselectivities. The meso base trans-2,5-dimethylpiperazine (13),
was used as an additive for conjugate addition of nitroalkanes to cyelic and acyclic

enones. These reactions (Scheme 4) afford moderate yields (47-84%) and excellent

(94-98% ee) for adducts and moderate to good

enantioselectivities for phenylbutenone adducts (53-84% ee).*



o
NO;
@ =
10 "

Scheme 4

Si

ce malonates (pK, diethyl malonate = 13) are le: ic than nitroalkanes (pK,
nitromethane = 10), a stronger base, piperidine, was examined instead of piperazine. The

reaction of dibenzyl malonate with acyclic enones such as 4-phenyl-3-buten-2-one, which

is a less reactive acceptor, provided the ael adduct in 59% conversion and 83% ee

over 3 days. Also, the addition of dibenzyl malonate to cyclohexenone in CHCl; in the

presence of piperidine as base afforded the Michael adduct in 89% conversion and 92%

ce afier 2 days (Scheme $).

N,
NN

w“"

N

N n=0or1

12 (0.15mol%)

Scheme 5



Tsogoeva and co-workers the utlity of trans-4 proline based di-,

tri-, and tetrapeptides as chiral catalysts in combination with trans-2,5-dimethylpiperazine
13 as an additive for asymmetric conjugate addition of nitroalkanes to prochiral
acceptors. Proline-derived tripeptide 17°7 catalyzed the reaction between 2-nitropropane.

and cyclohexenone in CHCl; to form 14 in 7% ce and 80% yield (Scheme 6)

H O

N3 ac
NO, 17 (15moi%)
. —
N &
10 11 san 14 | N0

N
Ny t00mome) o

Scheme 6

Similar results were obtained with four other cyclic and acyclic nitroalkanes. In the

same year, Tsogoeva and Jagtap introduced two histidine-based dipeptides as catalysts™

for the same transformation. These catalysts exhibited only moderate stercoselectivities

(up 10 60% ee) in conjunction with several chiral and achiral amine additives

In addition to the tripeptide, proline-derived dipeptides and tetrapeptides® were also

studied as catalysts for conjugate addition rea It was observed that steric bulkiness

of the nitroalkane was important for asymmetric induction in these reactions. The large

nucleophile does react slowly, but is more selective with activated enones. The highest
enantioselectivity (88% ee) was therefore observed for nitrocyclopentane, while the

lowest ee was observed for nitromethane (57% ee). Additionally, the ring size of the




enones also affected the enantioselectivity. Higher levels of asymmeric induction were

observed with cyclohexenone (66-88% cc) compared with cyclopentenone (54-77% ec)

Hanessian and Pham'” have studied the conjugate addition of nitroalkanes to cyclic
enones in the presence of S-proline 19 with the achiral base frans-2,5-dimethylpiperazine

(13) (Scheme 7).

Q‘com
H 19

o
¥ RiRGoHNOg w—CIRrRR)
H n=123
Ho.«
n ): ] . 62:93% ee
18 5 .
HAS
Scheme 7

In this study, the organocatalytic asymmetric conjugate addition of various
nitroalkanes to cyclic enones such as cyclopentenone, ~cyclohexenone, and
cycloheptenone proceeded with moderate to high enantioselectivity (62-93% cc).
Promising results were also observed with some acyclic af-unsaturated ketones.
Addition of 2-nitropropane to chalcone (acyelic enone), was reported to afford the adduct
in 68% ce. Later, Hanessian and co-workers investigated the effect of #rans-2,5-
dialkylpiperazines™ as basic additives in the organocatalytic asymmetric conjugate
addition of 2-nitropropane to eyclohexenone in the presence of frans-4,5-methano-L-
proline as catalyst. The chirality or steric bulk of the constituents on the piperazine does

not affect the enantioselectivity. Proline hydroxamic acid"' was also found to be an




effective catalyst, albeit with modest enantioselectivity (75% ce), and a slower reaction

rate as compared with S-proline itself.

Bronsted base-catalyzed rea

A few organocatalysts that do not rely on iminium ion formation have also been
examined for malonate conjugate addition reactions. Mukaiyama and co-workers have

described the asymmetric synthesis of &-oxocarboxylic acids by the Michacl addition

reaction involving a chiral malonic acid derivative. The reaction of (2R, 35)-dimethyl-5,7-

dioxo-2-phenylperhydro-1,4-oxazepine (20) (synthesized from methyl hydrogen malonate

and (1R, 28)-cphedris and 2-cyelopenten-1-one (18) in the presence of

DBU, followed by hydrolysis and decarboxylation of the resulting adduct generates 3-

oxocyclopentane acetic acid (22) in 96% c.¢. (Scheme 8). Low enantioselectivity (55%)

was however observed with 1-phenyl-2-buten-1-one as the Michael acceptor.

o, 0
Z;oj P osy @ 150,
. o, o) oty
0°C, THE GH,COOH
v o
O P b "
L] Me Mo 96% e.0.

18 20 21 2

Scheme 8




Wang and co-workers” developed the cinchona-based thiourea catalyst 25 for

asymmetric conjugate addition of various nucleophiles (nitroalkanes, malonate esters,

ketoesters, 1,3-diketones, nitroesters and 1,1-dinitriles) to enones, providing versatile,

highly enantiomerically-enriched adducts (Scheme 9),

Wy Hon
"
taVint
M
MeO. N .
Me0,C._CO,Mo /\i N 25 o
20 COMo + _—
Ar Ar neat, it Ar O0aMA!
2 2 26 CoMe
(87:98% c0)

Scheme 9

The adducts 26 were obtained in high yields (85-97%) and good to excellent

enantioselectivities (87-98% ce). The nature of the substituent on the aromatic ring in

chalcone (24) had a very limited effect on the reaction. In comparison, the

imidazolidinone catalysts provide better stereoselectivities in these reactions but they

often require a large excess of malonate, whereas proline-based catalysts usually require

jine additives for optimum performance.
Chiral guanidine-catalyzed conjugate addition reactions

Guanidine is one of the most basic forms of neutral nitrogen compounds and

guanidine derivatives are used as strong bases in synthetic chemistry.” In peptides, the

guanidine res

lue of arginine exists in protonated form s a guanidinium ion, which




functions as an efficient recognition moiety of anionic functionalities, such as
carboxylates, phosphate, and nitronate through double hydrogen bond,*
reasonable to expet that the strong basic character of guanidine derivatives coupled with

their ability to act as recognition elements would make them particularly useful

asymmetric base catalysts

However, enantioselective catalysis using chiral guanidine

bases has attracted attention only recently.***® One problem in the development of

‘guanidines as efficient chiral catalysts is their planar and highly symmetric structure. This

has been overcome by constructing chiral guanidines composed of five-, or six-

‘membered rings having chirality in the ring. Another approach involves the use of chiral

amines to prepare acyclic guanidines.*

The conjugate addition of amines to af-unsaturated lactones yielding -

aminolactones is of considerable interest, allowing flexible and enantioselective routes to
f-aminoesters, f-aminoalcohols and f-lactams. In this context, a chiral guanidine-
mediated conjugate addition of pyrrolidine to lactones was reported independently by

Mendoza,”” Murphy,”® and Nagasawa.”

Mendoza and co-workers'” observed more than eight-fold reaction rate enhancement
for conjugate additions of pyrrolidine to «f-unsaturated lactones in the presence of
catalytic amounts of bicyclic chiral guanidinium salts 31. Unfortunately they did not
observe any asymmetric induction during the process. Murphy and co-workers™
investigated the application of the Cy-symmetric chiral guanidine catalyst 30, in the

conjugate addition of pyrrolidine 28 to the unsaturated lactone such as 27 (Scheme 10)




o

€OCly, 1t

o

[\ Guanidium sait 30, 31 or 32

N b

n=tor2 M
2

0
WHBFy fN/j
N . .
Ja RO )\’?‘ ., OR
Me HOR
k/U o
X

30 3 32

Scheme 10

Murphy and co-workers carried out the reaction under identical conditions to those
reported by Mendoza an observed that a 4.3-fold increase in reaction rate was obtained
when guanidine.HBF; salt was employed as a catalyst. In line with the report of

Mendoza, changing the counterion in 30 from tetrafluoroborate to tetraphenylborate led to

4 163-fold increase in reaction rate over the uncatalyzed process. Unfortunately, no
asymmetric induction was observed in this reaction. Nagasawa and co-workers" used
symmetrical pentacyclic guanidine 32 for the asymmetric hetero-Michacl reaction
between pyrrolidine and these af-unsaturated lactones 27 and observed the similar
reaction rate enhancement as Mendoza (8.3 fold increase) and concluded that reaction

rate is more dependent on the size and nature of the catalyst cavity.




An asymmetric Michael addition reaction catalyzed by chiral guanidines was reported
by Ma® in 1999, Several chiral guanidines were evaluated as catalysts for the Michael

5. The success of this reaction led to a

reaction of glycine derivatives with acrylic est

The

new for preparing useful cid derivatives.

reaction was carried out by simply stirring a mixture of the imine, excess acrylic ester and

a catalytic amount of chiral guanidine in a suitable solvent at room temperature (Scheme

1),
Me r Mo
Ph,C=NCH,COOR' + 27 COOR? Phc” Y
OR COOR!
3 34 Me NH Mo 37
[ N . up 10 30% ee
36
Scheme 11

‘The reaction proceeded with high yield (85-99%) and modest enantioselectivity (up to
30% ce). As in many other asymmetric catalytic reactions, the enantioselectivity of the
reaction was highly dependent on the nature of solvent. Although the enantioselectivity
was poor, these results demonstrated the utility of chiral guanidines as asymmetric

catalysts in the Michael addition reaction.

Ishikawa and co-workers attempted a conjugate addition of glycine imine 38 with

derivatives 39 in the presence of modified guanidines. Exploration of various

acrylic aci
conditions led to effective asymmeric induction (55-97% ec) when guanidine 40 was

used as a catalyst cither in solution or without a solvent (Scheme 12).




GHiPh
¥ oH
e N
P 4o Ph
(02 equiv) .
Ph,C=N-CH,COBU + 2R PlCN=CHEO,B(
CH,CHR
» 3 20°CinTHE “
(1 oquiv) (36 equiv) o 55.07% eo

without a solvent

R
R =COMe

Scheme 12

The same group reported the Michael reaction of cyclopentenone with dibenzyl

malonate and epoxidation of chalcones with hydroperoxides with various chiral

ines were screened for the

‘guanidines. A total of twenty-six acyclic and cyclic gua

epoxidation reaction and epoxides were obtained in 15-65% ee.

“The reaction between cyclopentenone 17 and dibenzyl malonate 43 was carried out in
the presence of stoichiometric amount of acyelic guanidines, under refluxing conditions
in chloroform to give the Michael adduct in 80% yield with only 12% ce. When the cyclic
guanidine such as 40, with diphenyl substituents on the imidazolidine ring were used,
moderate asymmetric. induction (43% ec, 65% yield) was observed under reflux
conditions. Enantioselectivity was improved to 62% when the reaction was carried out in

chloroform at room temperature, but the yield was low 11% (Scheme 13),




CHPh
N

MeN*NMe

o
RCH(CO,CHPh); | é (0.1 mol%)
3d, nt -\ CO:LCHPh

43 17 44 R COCHPH
12:65% ee

Scheme 13

A polymer-supported guanidine and a polymeric chiral guanidine were examined as
catalysts for the Michael reaction of -butyl diphenyliminoacetate with methyl vinyl
ketone by Ishikawa and co-workers.” Catalytic activity was observed only with 48. The

expected adduct was produced with moderate asymmetric induction (12-48% ee). The

lack of reactivity in the case of polymer-supported guanidine 47 may be due to steric

hindrance by the p near the reaction 14).
P, Mo catalyst, 25 mol% P, &
N coBu Y e o Me.

9 co,Bu

45
12-48% ee

Scheme 14



“Tan and co-workers” reported the first Michael reaction between diaryl phosphine
oxide 49 and nitroalkenes 50 by using the chiral bicyclic guanidine catalyst 51 (Scheme

15). This s a direct and atom-cconomical method to synthesize chiral A-nitrophosphine

oxides 52 which can be converted to f-aminophosphines by reduction of the nitro group.

Adducts 52 were obtained in moderate to high yields (75-99%) and high

enantioselectivities (90-99% ce).

R
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i
on. PN (10mo%) 51 By
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L A solvent, 0°C A AN
w© 50 P
90-99% oo

Scheme 15

Guanidine 51 also catalyzes reactions of dithiomalonates 54 and f-keto esters and

thioesters with a wide range of acceptors including maleimides 53, cyelic enones and

furanones. The reactions with thiomalonates proceed with good enantioselectivity
(Scheme 16).""
e
9
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0
T o R
0
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R',R?= OMe S5bR',R?=OMe  39% ee




Scheme 16

Terada and coworkers® developed a new class of chiral guanidines with an axially
chiral binaphthyl backbone. The substitutents at the 3,3' positions of the binaphthyl ring

create an efficient chiral environment for asymmetric organic transformations. The

axially chiral guanidine catalyst 58 was used as a catalyst for the conjugate addition of

1,3-dicarbonyl compounds 57 with a broad range of nitroalkenes 56. Various types of
optically active nitroalkane derivatives 59, have been produced by this method in 86-96%

ee (Scheme 17).

o

cach 0
oD 58 A (2 mol%)
.

Mo

-z z-T

s diethyl ether NO;
59
86-96% ee
Scheme 17
Terada also reported the asymmetric 1,4-addition reaction of diphenyl phosphite
60" to nitroalkenes 56, catalyzed by axially chiral guanidines 58. The f-nitro
phosphonates 61, produced in these reactions can be transformed into f-amino

phosphonates by simple reduction of the nitro group. The enantioselectivities obtained in

these reactions are good to excellent (80-97% ee). Nitroalkenes with aliphatic substituents




gave lower enantioselectivitics compared to those with aromatic substituents (Scheme

18),
o
No_ Mo
O
oph H Osp(opn),
RPN, 4 POTG s ST I N
H tert-butyl methyl ether R
56 60 61
80-97% ee
R =alkyl, anyl
Scheme 18
Objective

‘The objective of the study being presented in this thesis was to examine the utility of

bifunctional organocatalysts containing both iminium-ion forming functionality, and

basic functionality, in asymmetric conjugate ad reactions. The concept is

summarized in Figure 2.
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Figure 2. Conjugate additions mediated by bifunctional organocatalysts

It was reasoned that initial iminium formation, followed by deprotonation of the
nucleophile would give an intermediate such as 63 (Figure 2) in which the deprotonated

nucleophile s associated with the basic side-chain in the catalyst. An “interal” delivery

of the nucleophile from one face of the enone would result in an enantioselective
conjugate addition reaction to provide the enamine 64, which after hydrolysis would

regenerate the catalyst and give the required conjugate addition product 65.

A cursory examination of the a

of carbon nucleophiles suggested that a

guanidine moiety would be well-suited as the base for deprotonation of malonate and

nitroalkane nucleophiles. Hence, the synthesis of guanidinyl pyrrolidines 66, 67 and 68

(Figure 3) were chosen as catalyst candidates for this study.
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igure 3. Guanidinyl pyrrolidines designed for this study
Results and discussion

‘The synthesis of 66, 67 and 68 began with Boc-S-Proline (69).* Borane reduction

(NaBH/BF5.0FL) of 69 in isopropyl acetate provided N-Boe prolinol 70 in 98% yield

(Scheme 17).
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Scheme 17
Treatment of 70 with chloride and tri ine in di

at <78 °C gave the mesylate 71 in quantitative yield. The mesylate was converted with
sodium azide in DMF at 60 °C to form azide 72 in 71% yield. Finally, azide 72 was
reduced to provide (5)-N-Boc-aminomethylpyrrolidine (73) as a colorless gum in near

quantitative yield.



With the amine 73 in hand, the synthesis of guanidinyl pyrrolidines 66, 67 and 68 was

readily achieved by reaction of 73 by heating with isopropyl aleohol at reflux with an

appropriate imidazolium species 74, 75 and 76 respectively in refluxing isopropyl alcohol

followed by deprotection of the pyrrolidine ring using TFA. These reactions are shown in

Scheme 18,

NH,
. 2
o 73
(S)-N-Boc-aminomethylpyrrolidine

Scheme 18
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Having developed an efficient synthesis of the chiral guanidinyl pyrrolidines, a

study of the Michael addition between 2-cyclohexene-1-one and dibenzyl malonate was

embarked. Initial experiments involved the screening of the guanidinyl pyrrolidines 66-68

in various solvents to provide the Michael adduct (5)-77a and the results are summarized

in Table 1. Although reasonable yields were obtained with catalysts 66 and 68 the

enantiomeric excess was negligible (0-12%, Table 1, entries 1-6). Results with catalyst

67 however, were more promising.




Table 1: Catalyst and solvent sercening for the asymmetric Michael reaction

RO,C._COR Q
P —
calalysts 66-68 (15mol%) / solvent COR 77.R=pn
10 room temp. (5) Cor JBR=Me
Entry" Cat. Solvent Time (h) R Yield  ee (%)
T 6 Toluene 168 Bn 94 7
2 66 CHACly 92 Bn 91 12
3 66 DMF 168 Bn 82 6
4 68 Toluene 36 Bn 4 5
5 68 cHel 36 Bn 35 3
6 68 DMF 36 Bn 75 <1
7 67 - 20 Bn 99 4
8 67 DMF 48 Bn 56 21
9 67 Toluene 48 Bn 68 36
10 67 CH,Cly 48 Bn 4 61
1 67 CHACly 92 Me 94 59
12 67 CHCl 92 Bt 90 52
13 67 CHCly 168 Bu - -

a: 1.2 eq. malonate b chiral HPLC anal;

Also, with 67 as the catalyst, dibenzyl malonate provided higher enantioselectivity
(Table 1, entry 10) compared 1o its dimethyl (77b, 59% cc) and diethyl (77¢, 52% ce)
(Table 1, entries 11, 12) congeners, whereas di-+-butyl malonate (Table 1, entry 13) failed

o react. Interestingly, the enantioselectivity was negligible (4%, entry 7, Table 1) when

dibenzyl malonate was used as the solvent. These observations clearly indicated an

important role of the solvent and we therefore conducted an optimization study with



dibenzyl malonate, cyclohexenone and catalyst 67 in various solvents. The resuls are

summarized in Table 2.

Table 2: Solvent screening for the asymmetric Michael reaction with catalyst 67

o] N

@ H e N
BnO,C._CO8n 2 é\/wﬁn
10 solvent, room temp. (S)-77a COBn

Entry" Solvent Time (h) Yield (%) Ee (%)
1 toluene a8 68 36
2 dioxane 48 - -
3 THF 48 84 50
4 ethylacetate 48 5 EE)
5 CHCly 48 46 49
6 DCE 48 7 58
7 CH,Cl 48 41 61
8 +BuOH 48 45 63
9 DMF 48 56 21
10 DMSO 48 75 43
1 acetonitrile 48 48 39
2 1PA 48 91 3

a: 1.2 eq. malonate b: chiral HPLC analysis

Catalyst 67 was functional in almost all of the conventional organic solvents except
dioxane. This is probably due to the poor solubility of 67 in dioxane. Halogenated

solvents provided better enantioselectivity (Table 2, entries 6, 7), than most of the polar



solvents except (-BuOH which was the best solvent in this study (Table 2, entry 8, 63%

ce).

After completion of the solvent survey, we next examined the effect of catalyst

loading and reaction concentration. These studies are summarized in Table 3.

‘Table 3: Optimization studies with catalyst 67.

XM
o
.
BnO,C._COzBn 5 CO;Bn
10 solvent, room temp. (S)-77a CO,Bn

Entry'  Cat. Solvent  Vol. Malonate (M) Time  Yield  Ee(%)"

(mol%) (mL) m) (%) ‘
T 15 “BuOH 2 [ O 88 3T
2 15 CHClL, 1 0.60 48 41 61 ‘
3 5 CHCL, 2 030 90 16 74
4 10 CHCL 2 030 120 50
s 1s CHCL 2 030 %0 61
6 10 CHClL, 4 0.15 156 27
7 15 DCE 2 030 48 92
8 20 DCE 5 0.12 164 99
9 20 DCE 7 0.090 185 87
10 10 DCE 2 030 40 78
1 10 DCE 4 0.15 156 47
12 10 DCE 3 0.20 140 64

“a: 0.5 mmol cyclohexenone, 1.2 ¢q. malonate b: by chiral FIPLC




Although ert-butyl alcohol had provided the highest enantioselectivity in the solvent
scrcening siudy, it was immediately apparent that dilution was not an option with this

solvent (Table 3, entry 1, 31% ce). Experiments in dichloromethane and 1.2-

uitful, and dil

dichloroethane (DCE) were more g the reaction mixture had a

significant, positive effect on enantioselection in these solvents. For example, doubling

the dilution in dichloromethane with 15 mol% of 67, increased the enantioselectivity from
61% to 82% (entrics 2 and 5, Table 3). Further dilution and a concomitant decrease in
catalyst loading improved the enantioselectivity to 86% (Table 3, entry 6) but at the

expense of the yield.

A similar effect of dilution was also observed in 1,2-dichloroethane but, in this case,
decreasing the catalyst loading was less detrimental to the overall yield. Consequently,
1.2-dichloroethanc was the solvent of choice, and under the optimized conditions 77a was
obtained in 64% yield and 86% ee (Table 3, entry 12). The precise reasons for the effect
of dilution on the enantioselection are not clear at this time. It is hypothesized that at
higher reaction concentrations, deprotonation of the malonate by 67 is faster than
iminium fon formation (direct deprotonation, Figure 4) and this results in a direct
conjugate addition of malonate anion to cyclohexenone with low enantioselectivity. The

poor enantiosclectivity observed in malonate as the reaction medium provides some

support for this hypothesis.




Figure 4. Iminium and direct deprotonation pathway

As the effective concentration of malonate is lowered however, the rate of malonate
deprotonation by free catalyst 67 is sufficiently reduced to allow iminium ion formation,
and conjugate addition to an iminium  species involving 67 proceeds with higher

enantioselectivity m ion pathway, Figure 4). These observations suggest a

bifunctional role for guanidinyl pyrrolidine 67, namely, iminium ion form
malonate deprotonation. It is also plausible that as the dilution increases, self-association
of the malonate (e.g. enolate-cnol association) decreases sufficiently to permit association

with the guanidinium species in the iminium ion via hydrogen bonding. This results in a

“directed” or ‘intramolecular type’ addition of the malonate that is face selective.




With an optimized protacol for the malonate conjugate addition in hand, the conjugate
addition of nitroalkanes to cyclohexenone and cyclopentenone was investigated next.

‘These results are summarized in Table 4.

‘Table 4: Asymmetric conjugate addition of nitroalkanes to cycloalkenones.

CNAL R
AR VIE
hies /R
; R room temp. (5)78-83
Enty” 78° 0 R Cat. Vol. Nitro- Time Yield Ee(%)"
(mol%) (mL) alkame () (%)
(™)
T m2z H 15 z 12 120 31 7
2 H 5 1 25 192 15 72
3 i 15 3 080 168 97 56
4 H 10 3 0.80 164 54 66
5 79 2 CHy 10 4 0.25 156 43 65
6 CH 15 2 050 120 52 58
78 2 (CHL 10 4 060 240 M 41
8 812 (CH) 10 4 025 192 4 45
9 81 H 15 2 15 9% 50 50°
10 81 CH 10 4 030 9% 88 2

ELCHCl 3 ilfet, DCR (o enion 4, S o 1.5 ol alfcalane 2 o Tor entries 5,
6and 8. c: chual HPLC. d: C NMR of ketal with (2R, 3R)-2,3-butanediol

‘The guanidinyl pyrrolidine 67 was again the catalyst of choice in these reactions and a

small excess (2-5 eq.) of the nitroalkane was beneficial for enantioselectivity. Compared




30

with the malonate study, the trend in stercoselection was less predictable and lowering

catalyst loading and increasing dilution did not always increase enantioselectivity.

(78, entries 1, 3 and 4, Table 4). Interestingly, increasing the size of the nitroalkane did

not result in an increase in enantioselectivity as has been observed in some studies and the

with and is lower than the acyclic

nitroalkanes.™*”” It is also noteworthy that

rease in catalyst loading and reaction

time for the nitromethane/cyclohexenone reaction provided 78 in excellent yield (97%,

Table 4, entry 3). This suggests that 78 is stable under the reaction conditions and may
not be reacting further as indicated in studies with the tetrazolyl proline catalyst**

Significantly, all of the malonate and the nitroalkane addition products have the *S™

15162530

configuration whereas the earlier proline-derived  catalysts' provide the

ion of this observation is that initial

products in the majority of cases. A possible explan

iminium ion formation is followed by addition of malonate or nitronate that is doubly

hydrogen-bonded to the protonated guanidine, as shown in Figure .



co8n NO,
cozBn HH

(8)77a (5178

Figure 5. Proposed model for the origin of stereoselectivity with amino guanidine
catalyst 67

This model may also explain the lower enantioselectivity for the substituted
(larger) nitroalkanes as compared to nitromethane. Steric interactions of the nitroalkane
substitutents with the cyclohexenone ring may disfavour the assembly shown in Figure 5,
and consequently result in lower enantioselectivity.

The conjugate addition of other carbon and heteroatom nucleophiles such as

and naphthalene-2-thiol was also effectively catalyzed
with amino guanidine 67 to provide the conjugate addition products respectively (Table 5,

entries 1-3).




Table 5: Asymmetric conjugate additions of other nucleophiles to enones.

Entry Michael adduct Catalyst Solvent T Yield Ee
mol % (O RO O)
= = .
1 Q 15 CHCl, 48 99 39
Ph
07 "Ph L
2 1 CHCL 48 12 80
o

3 é v 1 CHCly 48 95 20
5
Ne. o
4 I)L 1 anch 20 %9 1
Ph o, o

The stereoselectivities for these reactions were strongly dependant on the amount
of catalyst employed, and low catalyst loading was necessary for appreciable
enantioselection. This observation highlights the basicity of the guanidine pendant in
catalyst 67. Presumably, these nucleophiles are rapidly deprotonated due to their higher
acidity, and the direct-deprotonation conjugate addition pathway (Figure 4, page 28)
predominates as the catalyst loading increases. Low catalyst loading increases

enantiosclection but reduces the product yield. For example, 84 (product of

dibenzoylmethane addition to cyclohexenone) was obtained in 99% yield and 39% ce

when 15 mol% of catalyst 67 were employed (Table 5, entryl). However, a similar



reaction with 1 mol% of 67 provided 84 with 80% ce (Table 5, entry 2) but reduced
yield (12%). While this highlights the inherent potential in 67 for asymmetric induction, a

balance between i

inium fon forming ability and basicity seems necessary, especially

when nucleophiles with low pK, values are employed.

onjugate addition of malonate and other nucleophiles to other cyclic

and acyclic enones was also examined with guanidine catalyst 67. The results of these

studies are summarized in Table 6.

“Table 6: Asymmetric conjugate additions of nucleophiles to other enones.

Entry Michael donor Michacl acceptor  Time  Yield  Ee
(h) ) (%)

168 - -

o




Surprisingly the reactions of dibenzyl malonate with cyclopentenone and
cycloheptenone in the presence of 67 were unsuccessful as were the reactions with

acyclic enones (Table 6, entries 1, 2 and 6). The reasons for the failure of these reactions

are not clear at present. However, the more acidic nucleophile, malononitile, (pK, = 11)
provided the Michael adduct with chalcone in quantitative yield. Unfortunately, this

reaction was completely non-enantioselective (2% ee).
Reactions with other amino guanidines

Modifications to the *secondary amine-guanidine’ structural features in 67 were
also examined. Additional chirality was introduced into 67, by employing the C>-
symmetric 1,2-diphenyl ethylene diamine salt 73 for constructing the guanidine portion.
“Thus, reaction of (5)-N-Boc-aminomethylpyrrolidine (73) with the salt 87 (as described
for the synthesis of 67) provided the guanidinyl pyrrolidine 88 in 62% overall yield

(Scheme 20).
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Scheme 20

Asymmetric conjugate addition of malonate and other nucleophiles (naphthalene
thiol and dibenzoylmethane) to cyclohexenone was then examined with guanidine 88 and

the results of these studies are summarized in Table 7.



Table 7: Asymmetric conjugate addition reactions with catalyst 88.

.

Qg
RN
Y~
(10 mol%) of 88 Ph

solvent, room temp.

Entry Michael adduct Solvent  Time (h) Yield (%) Ee (%)
o
1 168 97 26
COz8n
CozBn
2 CHCl, 168 67 66
o
3 Q DCE 168 56 28
Ph
o en
o

‘The Michael adduct of dibenzyl malonate with cyclohexenone was obtained in good
to excellent yields (Table 7, entries 1 and 2). Unfortunately the cnantioselectivity

observed with 88 is lower than that observed with 67. Enantioselection was also low for



reactions of cyclohexenone with dibenzoylmethane and naphthalene  thiol. Thes
observations suggest that chirality in the guanidine portion of these catalysts might not be

beneficial for stereoselection.

The effect of replacing one of the secondary amines in 67 with a primary amino group

was also investigated. The aminoguanidine 94, which is readily prepared from

phenylalanine, was chosen as the candidate for this study. The synthesis of catalyst 94 is

similar to that of catalysts 66-68, and is summarized in Scheme 21

©\j\OOH NaBH, ©\/( o °""
NHBoc  BF,OEl; N BN NHEuc
8 (09%) 0%
NaN,
©0%)
Sme

o X

oo mw/ NT

NH
©\/[ :‘) ©\/E L
2)TFA 3) NaOH NHBo o NNBM
9 (46%) 93 (96%) 92

Scheme 21

Interestingly the reactions which did not proceed with the guanidinyl-pyrrolidine
catalyst 67 did, with catalyst 94, and Michael adducts of dibenzyl malonate with acyclic

enones were obtained in good 1o excellent yields in short reaction times. However, the

cnantiomeric excess of all the products is negligible. These results are summarized in

Table 8.



‘Table 8: Asymmetric conjugate addition reactions with catalyst 94.

Eniry’ Michactacceptor  Michaeladduet Solvent 1(':.';" ‘(’l/‘.')“ (f“/:)
0 o
1 ij é\/mzan CHCL 48 100' 1
COzBn
I
0 5
89
C g Qe w7
CosBn
° o
3 @ é\/mzsn Toluene 24 92' 3
COzBn
- 8100, 0%n
4 K I/‘k THE 48 87 1
Ph Ph i -
o BnO,C._COBn
s eSS Ii cHcL 48 1000 0
PhH Ph
o BnO,C.__CO,Bn
6 P I/K FBUOH 24 70 1
L [ Ph Ph
o NeL oN
7 CHCL 48 83 4
Ph/\)ki’h :(/k o
BnOC. CO;Ens )
8 Q I/‘K CHCL, 48 100"
FhMCH;

7 crude yield, 5 mol% catalyst

The successful nucleophilic conjugate addition to acyclic enones with 94 are of

note and futher studies with 94 and related catalysts arc warranted. It is plausible that




iminium fon formation with the primary amine functionality in 94 is casier than with the

secondary amine in 67. However, the pr

ary amine-derived iminium ion is probably not

rigid, and h i is low.

Conclusion

In conclusion, new organocatalysts incorporating iminium ion forming (pyrrolidine)

and strongly basic (guanidine) functionalities were prepared and examined in the

conjugate addition reactions of cyclohexenone and cyclopentenone with a variety of

nucleophiles. The enantioselectivity for the Michael addition of dibenzyl malonate to

cyclohexenone (86% ce) observed is, to the best of our knowledge, the highest reported

for an organocatalytic variant of this reaction in the absence of an externally added base.
It is also noteworthy that the malonate conjugate additions do not require a large excess
of the malonate and good yields of the products with cyclohexenone are obtained in a
reasonable time (Table 3, 1.2 eq. of malonate, average time 115 h, average yield 63%).

Qualitatively, this implics an increased reaction rate compared o the functionalized

idazolidinone catalysts'® used for this reaction (malonate as reaction medium (8 eq.),

78% yield, 150 h). The observations from thi

study provide some

sight into the

y of amine-guanidine bifunctional catalyst mot

and lay the foundation for

ing second-generation catalysts with modulated nucleophilic and basic character.




Experimental section

General

Al commercially available reagents and solvents were used without
purification. Commercial precoated silica gel (Merck 60F-254) plates were used for
TLC. Silica gel for column chromatography was 230-400 mesh. All melting points are
uncorrected. IR spectra were recorded on a Bruker TENSOR 27 spectrometer. 'H
NMR and "’C NMR spectra were recorded on a Bruker AVANCE-500 instrument.
Coupling constants (J) are given in Hz. Mass spectra were obtained on an Agilent
1100 series LC/MSD chromatographic system. High-resolution mass spectra (EI or
ESI) were obtained on a Waters GCT Premicr Micromass mass spectrometer. Optical
rotations were measured at the sodium D line on a JASCO-DIP 370 digital
polarimeter at ambient temperature.

carboxylate hydroiodide (66a):

To a solution of (S)-N-Boc-2-aminomethylpyrrolidine (73)"* (1.25 g, 6.25 mmol) in
isopropanol (50.0 mL) was added 2-methylthio-2-imidazolinehydroiodide which was
prepared from cthylenediamine by conversion to  imidazolidine-2-thione and

subsequent reaction with iodomethane), (1.53 g, 6.25 mmol), at room temperature.



40

The resulting solution was heated to reflux at 95 °C for 2 days. The solution was

concentrated under reduced pressure and the residue was purified by flash

over silica gel 98/2) to provide 1.40 g,
(57%) of (S)-tert-butyl 2-{(4,5-dihydro-1H-imidazol-2-ylamino)methypyrrolidine-1-
carboxylate hydroiodide (66a) as a white foam.
'H NMR (500 MHz, CDCly): 8 8.57 (s, 1H, NH), 8.36 (s, 1H, NH), 7.59 (s, 1H, NH),
3.77 (s, 4H, NCHyCH:N), 3.68-3.65 (br m, 1H, CHN), 3.39-3.34 (m, 1H, CH;NCO),
334329 (dd, 1H, J = 6, 15, CHCH:N), 3.23-3.12 (m, 2H, CH;NCO, CHCH:N),
2.02-1.87 (m, 4H, CHyCHy), 147 (s, 9H, C(CH;)s); 'C NMR (125.8 MHz, CDC): §
161.1 (NCO), 1563 (NCN), 81.4 (C(CHy)s). 57.6 (CHN), 47.2 (CH;NCO), 46.5
(CHaN), 43.6 (CH;N), 43.3 (CHaN), 304 (CH;CHy), 28.8 (C(CHy)s), 23.8 (CHyCH)):
MS (APCI, Positive): m/z 269.2 ((M-1)", 100); IR: (neat) 2960, 1663, 1291, 1199,

1175, 1127 em™'; HRMS (C): m/z 268.1897 (268.1899 calc. for C13HaNsOz (M-1).

4,5-Dihydro-N-[[(S)-pyrr 2-yljmethyl]-1H-i

&,H
N.
N

4
H
LA

dazol-2-amine (66):

Hydroiodide 66a (0.25 g, 0.63 mmol) was dissolved in dry CH;Cly (3.0 mL), and
trifluoroacetic acid (1.5 mL) was added at 0 °C. After 30 min of stirring, the solution
was brought to room temperature, stirred for 3 h and concentrated under reduced
pressure. The residue was dissolved in ethyl acetate (5.0 mL) and the solution was

extracted with water (2.0 mL). The aqueous phase was cooled (<5 °C), basified with




NaOH pellets and the basic solution was extracted with CHyCl; (3 x 10 mL). The
combined organic layers were dried (NaxSO;) and concentrated under reduced
pressure to give 0.050 g (47%) of 66 as a colourless oil. This material was used
direetly without further purification

'H NMR (500 MHz, CDC): § 3.50 (s, 4H, NCH,CH:N), 3.28-3.23 (m, 1H, CHN),
3.20-3.16 (dd, 1H, J = 3.5, 13.5 CHCH,N), 2.98-2.93 (dd, 1H, J = 8.2, 13.5 CHCH)N),
2.88-2.83 (m, 1H, CHyN), 2.77-2.72 (m, 1H, CH;N), 1.84-1.71 (m, 2H, CHCHy, 1 x
NH), 1.63-1.56 (m, 1H, CH,CH,), 1.63-1.56 (m, 1H, CHyCHy), 1.40-1.31 (m, 1H,

CHyCHy, NH); visible peaks for tautomer: 3.73-3.7 (m); C NMR (125.8 MHz, CDCI

163.4 (NCN), 59.0 (NCHCHoN), 48.5 (br, NCH), 46.8 (br, 2 x NCH,), 29.4 (br,

CHCHy), 26.4 (br, CHCH); visible peaks for minor tautomer: 8 63.9, 49.5, 46.5, 41.9,
31.9; MS (APCI, Positive): m/z 169.2 (M+H)+, 100); IR: (neat): 3261, 2960, 1608, 1559,
1456, 1263, 1199 em’'; HRMS (CI): m/z 169.1454 (169.1453 cale. for CygH7Ny (M+H)+).

[alp™ =332 (c 1, CHCy).

S)-Tert-butyl-2-|(4,5-dihydro-1-methyl-1H-imidazol-2

1-carboxylate hydroiodide (67a):

To a solution of (5)-N-Boc-2-aminomethylpyrrolidine (73) (3.00 g, 15.0 mmol) in

dih;

1-methyl I Heimidazol

isopropanol (50.0 mL) was added 4,



hydroiodide previously prepared from N-methyl ethylenediamine by conversion to 1-
methyl imidazolidin-2-thione and subsequent reaction with iodomethane, (3.87 g, 15.0
mmol) at room temperature and the solution was heated to reflux at 95 °C for 2 days. The
solution was concentrated under reduced pressure to provide 6.13 g (99%) of (S)-tert-

{(4,5-dihydro-1-methyl-1H-imidazol-2 1

butyl-

carboxylate hydroiodide (67a) as a pale yellow solid.

"H NMR (500 MHz, CDCly): 8 8.83 (s, 1H, NH), 8.54 (s, IH, NH), 3.84-3.83 (m, 1H,
CHN), 3.80-3.76 (i, 2H, CH;NCO), 3.68-3.59 (m, 3H, NCH:CHN, CHCH:N), 3.42-
3.35 (m, 2H, NCH,CHyN ), 3.27-3.24 (m, 1H, CHCH;N), 3.14 (s, 3H, NCH,), 2.26 (m,
1H, CHyCHy), 2.04-1.89 (m, 2H, CH:CHy), 1.89-1.85 (m, 1H, CHCHy), 147 (s, 9H,
C(CHy)); “C NMR (1258 MHz, CDCL): § 158.5 (NCO), 1569 (NCN), 81.0
(OC(CHy)3, 56.9 (CHN), 50.3 (CH;NCO), 48.2 (CHCH;N), 47.1 (CHuN), 41.4 (NCHy),

332 (CH:N), 29.7 (CH,CHy), 28.4 (C(CHy)y), 23.7 (CHyCHy);

283.3 (M+H)+, 100); IR (neat): 3199, 2967, 2228, 2024, 1669, 1405 em'; HRMS (CI):

m/z 282.2054 (2822056 cal. for C1gHagNOs (M-1)4).

4,5-Dil hyl-N-1[(S)-pyrrolidin-2-yl]methyl]-1 H-imidazol-2-amine (67):

The hydroiodide salt 67a (1.50 g, 3.61 mmol) was dissolved in dry CH,Cl, (5.00 mL),

and trifluoroacetic acid (5.00 mL) was added at 0 °C. After 30 min of stirring, the solution

was brought to room temperature, stirred for 3 h and concentrated under reduced




pressure. The residue was dissolved in cthyl acetate (5.00 mL) and the solution was

extracted with water (2.00 mL). The aqueous phase was cooled (<5 °C), basified with
NaOH pellets and the basic solution was extracted with CH,Cl; (3 x 10.00 mL). The
combined organic layers were dried (Na;SO,) and concentrated under reduced pressure to

give 624 mg (93%) of 67 as a colourless oil.

"H NMR (500 MHz, CDCL): 8 3.45-3.41 (m, 2H, NCH;CH:N), 3.33-3.28 (m, 1H,
CHN), 3.27-321 (m, 3H, CHCHyN, NCH,CH:N), 3.04-3.00 (dd, 1H, J = 83, 127,
CHCH:N), 2.93-2.85 (m, 2H, CH:N), .73 (m, 3H, CH3N), 1.87-1.79 (m, 1H, CHyCHy),
1.77-1.73 (m, 1H, CH;CHy), 1.70-1.62 (m, 1H, CH,CH), 1.45-138 (m, 1H, CH:CHy);
C NMR (1258 MHz, CDCL): § 161.8 (NCN), 59.5 (CHN), 514 (NCHs), 48.1
(CHCH:N), 46.5 (NCH:CHoN), 41.7 (NCH,CHaN), 33.7 (CHaN), 29.2 (CH,CHy), 26.8

Vz 183.1 (M+H)+, 100); IR (neat): 2958, 2024, 1655,

(CHCHy); MS (APCI Positive):
1409, 1262, 1031 cm'; HRMS (CI): m/z 183.1605 (183.1610 cale. for CoHisNg (M+H)+).

[alo” = - 504 (c 1, CHCL).

carboxylate hydro chloride (68a):

XM
X,
Fot 1

To a solution of (S)-N-Boc-2-aminomethylpyrrolidine (73) (1.38 g, 6.90 mmol) in

acetonitrile  (25.0 mL) was added  commercially-available  2-chloro-1,3-




dimethylimidazo

ium chloride (1.17 g, 6.90 mmol), potassium carbonate (2.86 g, 21.0
mmol) at room temperature and the solution was stirred at room temperature for 2 days.
“The undissolved solids were removed by filtration and the filtrate was concentrated under
reduced pressure. The residue was purified by flash chromatography over silica gel

(dichloromethane/methanol 90/10) to provide 0.780 g (34%) of (S)-terr-butyl-2-((1,3-

-carbosia

(68a) as a white, gummy foam.

"HNMR (500 MHz, CDCly): 8 9.6 (s, 1H, NH), 3.94-3.93 (br m, 1H, CHN), 3.75-3.72
(m, 1H, CHCHN), 3.64 (s, 4H, NCH,CH:N), 3.52-3.48 (m, I1H, CHCH:N), 3.37-332
(m, 2H, CH;NCO), 3.28 (s, 6H, NCH), 2.33-2.29 (m, 1H, CH,CHy), 2.11-2.09 (1H, m,
CHyCHy), 1.93-1.83 (m, 2H, CH,CHy), 1.45 (s, 9H, C(CHy)s); "*C NMR (1258 MHz,
CDCly): § 158.9 (NCO), 156.1 (N=CN), 80.2 (OC(CHy)y, 57.1 (CHN), 49.7 (CHCH:N,
NCHyCH;N), 473 (NCHy), 46.1 (NCHy), 35.3 (CHiNC(0)), 29.5 (C(CHy)y), 284

(NCHCH, ine)), 23.7 (NCH, Visible peaks for isomeric salt: §

157.3, 81.1, 56.1, 53.6, 47.8, 45.6, 30.9; MS (APCI, Positive): m/z 297.2 (M-1)+, 100);

2972, 1684, 1632, 1392, 1166, 1109 cm’; HRMS (CD:

m/z 2962203

IR (neat):

(296.2212 cale. for C1sHxNyO (M-1)+).

N-(13 2-ylidene)[(S)-pyrrolidin-2-




Hydrochloride 68a, (0.320 g, 0.960 mmol) was dissolved in dry CH;Cl (3.00 mL),

and trifluoroacetic acid (1.50 mL) was added at 0

After 30 min of stirring, the solution
was brought to room temperature and stirred for 3h. The solution was concentrated under
reduced pressure. The residue was dissolved in ethyl acetate (5.00 mL) and the solution
was extracted with water (2.00 mL). The aqueous phase was cooled (<5 °C), basified with
NaOH pellets and the basic solution was extracted with CHxCly (3 x 10.0 mL). The

combined organic layers were dried over Na;SO; and concentrated under reduced

pressure to give 138 mg (73%) of 68 as a pale yellow gum.

"H NMR (500 MHz, CDCly): § 3.96-3.92 (m, 1H, CHN), 3.84-3.8 (dd, 1H, J =

2
Hz, 13.0 Hz, CHCH:N), 3.5-3.45 (m, 1H, CH:N), 34337 (dd, 1H, J = 5.7, 13.0 Hz,

CHCH:N), 3.24-3.14 (m, 3H, CH:N, NCH,CH:N), 2.87 (s, 3H, CHiN), 2.82 (br s, 1H,

NH), 2.81-2.76 (m, 3H, NH), 2.45(s, 3H, CHyN), 1.96-1.9 (m, 1H, CH,CHy), 1.82-1.74
(m, 2H, CH;CHy), 1.54-1.47 (m, 1H, CHyCHs); C NMR (125.8 MHz, CDCly): § 167.7
(NCN), 642 (CHN), 586 (CHCH:N), 513 (CH:N), SL1 (NCH:CH:N), 49.4
(NCH;CIN), 36.9 (NCHy), 36.7 (NCHy) 32.4 (CHoCHy), 26.1 (CH;CHy); MS (APCI,
Positive): m/z 197.1 (M+1, 100); IR (neat): 2937, 2231, 2024, 1652, 1603, 1447, 1403,
1288, 1263, 1114 cm; HRMS (CI): m/z 1971774 (197.1766 calc. for CiohaiNs

(M+H)#). [a]p™ = - 54.6 (¢ 1, CHCLy).
General procedure for the guanidine-catalyzed conjugate addition reactions:

All reactions were performed in closed vials without the exclusion of air or moisture.

To a solution of the catalyst in an appropriate solvent was added the enone followed by




the nucleophile. The solution was stirred at ambient temperature for th ed time

and the reaction was monitored by TLC. The mixture was diluted with solvent and the
resulting solution was washed once with aqueous HCI (0.5 ), dried with Na;SO; and
concentrated under reduced pressure to provide the crude product which was purified by

flash chromatography on silica gel.

Al conjugate addition products displayed spectral data in agreement with those

reported in the literature.

‘The enantiomeric excess and absolute configuration of 77a and 77b were assigned by
comparison of the HPLC retention times with those reported in the literature.*' The,
configuration of 77e was assigned by analogy to the retention times for 77a and 77b. The
enantiomeric excess of nitroketones 78a-d and 78f were determined by chiral HPLC
comparison with racemic samples. The enantiomeric excess of 78¢ was determined by
converison 1o diastereomeric ketals with (2R,38)-2,3-butanediol. The absolute
configurations of 78a-f were determined by comparison of the sign of the observed

optical rotations with those reported in the literature,'”

Dibenzyl 2-{(S)-3-oxocyclohexylmalonate (77a)
o

o
COozBn

The reaction of cyclohexenone (50.0 L, 0.500 mmol), dibenzyl malonate (152 pL,

0.600 mmol) and 67 (9.50 mg, 10.0 mol%), according to the general procedure, in 1,2




dichloroethane (3.00 mL) for 139 h gave after purification by flash column

on silica gel 80/20) 125 mg (64%) of 67a as a
colourless solid.
"H NMR (500 MHz, CDCLy): § 7.36-7.34 (m, 6H, ArH), 7.30-7.27 (m, 4H, ArH), 5.16
(AB system, 4H, OCHy), 3.42 (d, 1H, J = 8.3, CH(CO:Bn),), 2.62-2.52 (m, 1H, CHCH),
2.47-2.41 (m, 1, CHy), 2.41-2.36 (m, 1H, CHy), 2.28-2.18 (m, 2H, CH), 2.16-2.00 (m,
1H, CHy), 1.95-1.88 (m, 1H, CHy), 1.7-1.6 (m, 1H, CHa), 1.52-1.44 (m, 1H, CHy); MS
(APCI): m/z 381.1 (M+1); IR (neat): 2928, 1729, 1712, 1257, 1226, 1148 em™.

Enantiomeric excess: 86.3%

I 49.1 MiN; fyinee: 41.6 min (Chiralpak AS-H, 230 nm, hexanes/iPrOH, 95/5, 1

mL/min).
Dimethyl 2-[(S)-3-0xocyclohexyl|malonate (77b):'**'
9

COMe
CoMe

The reaction of cyclohexenone (0.050 mL, 0.50 mmol), dimethyl malonate (71 L.,
0.60 mmol) and 67 (14 mg, 15 mol%), according to the general procedure, in

dichloromethane (1.0 mL) for 92 h gave after purification by flash column

on silica gel 80/20) 110 mg (94%) of 77b as a




"H NMR (500 MHz, CDCly): § 3.76 (s, 3H, OCH;), 3.75 (s, 31, OCH3), 3.47 (d, 1H, J

8.5, CH(CO;Me),), 2.59-2.50 (m, 1H, CHCHy), 2.47-2.41 (m, 1H, CHy), 2.41-2.36 (m,
1H, CHy), 2.28-2.18 (m, 2H, CHy), 2.16-2.00 (m, 1H, CHy), 1.95-1.88 (m, 1H, CHy), 1.7
1.6 (m, 1H, CHy), 1.52-1.44 (m, 1H, CHy); MS (APCI): m/z 229.1 (M+1); IR (neat):
2923, 1732, 1711, 1436, 1257, 1228, 1153 cm™

Enantiomeric excess: 59%

It 262 Min; fyinort 21.6 min (Chiralpak AS-H, 210 nm, hexanes/iPrOH, 85/15, 1

mL/min).
Diethyl 2-[(S)-3-0x0cyclohexylmalonate (77¢):'*!
q
COzEt
CO,Et

“The reaction of eyclohexenone (50.0 L, 0.500 mmol), diethyl malonate (94.0 pL,
0.600 mmol) and 67 (14.0 mg, 15.0 mol%), according to the general procedure, in

dichloromethane (1.00 mL) for 92 h gave after purification by flash column

on silica gel 80/20) 111 mg (90%) of 77¢ as white
solid.
"H NMR (500 MHz, CDCl): § 4.24-4.18 (2 q, 4H, CH,CHy), 3.29 (d, IH, J = 74,

CH(CO:

1)), 2.59-2.50 (m, 1H, CHCHy), 2.49-2.38 (m, 2H, CHy), 2.31-2.22 (m, 2H,

CHy), 2.11-2.03 (m, 1H, CHy), 1.99-1.94 (m, 1H, CHy), 1.73-1.64 (m, 1H, CHy), 1.56-




147 (m, 1H, CHy), 1.29-1.26 (2 t, 6H, CHy); MS (APCI): m/z 257.1 (M+1); IR (neat):

2936, 1727, 1713, 1255, 1227, 1152, 1096, 1028 cm’!
Enantiomeric excess: 52%

fngort 135 Min; fyiport 11.9 min (Chiralpak AS-H, 210 nm, hexanes/iPrOH, 85/15, 1

‘mL/min),

(8)-3-(Nitromethyl)cyclohexanone (78):

@Vw,

The reaction of cyclohexenone (0.050 mL, 0.50 mmol), nitromethane (140 uL, 2.5

mmol) and 67 (14 mg, 15 mol%), according to the general procedure, in dichloromethane

(2.0 mL) for 120 h gave after purification by flash column chromatography on silica gel

(hexanes/ethylacetate 60/40) 25 mg (31%) of 78 as a colourless oil.

"H NMR (500 MHz, CDCL): 8 4.41-435 (d of AB, 2H, J = 74, 12.1, CH;NOy), 2.71-

261 (m, 1H, CHCH,), 2.54-2.44 (m, 2H, CHy), 2.84-2.27 (m, 1H, CHy), 2.21-2.10 (m,

2H, CHy), 2.03-1.96 (m, 1H, CH), 1.80-1.70 (m, 1H, CHy), 1.59-1.48 (m, 1H, CHy); MS

(EL 70 eV): m/z 157 (M"); IR (neat): 2923, 2853, 1710, 1544, 1383, 1229 cm”.
Enantiomeric excess: 72%

frgjort 36.1 Min; finer: 64.1 min (Chiralpak AS-H, 210 nm, hexanes/iPrOH, 85/15, 1

mL/min)



(8)-3-(2-Nitropropan-2-yDeyelohexanone (79):

o

NO;

The reaction of cyclohexenone (0.050 mL, 0.50 mmol), 2-nitropropane (93 pL,

1.0 mmol) and 67 (9.5 mg, 10 mol%), according to the general procedure, in 1.2-

dichloroethane (4.0 mL) for 156 h gave afer purification by flash column

on silica gel 80/20) 42 mg (43%) of 79 as a

colourless solid.

"H NMR (500 MHz, CDCL,): § 2.47-2.35 (m, 3H, CHCH;, CHs), 2.28-2.20 (m, 1H, CHy),
2.16-2.08 (m, 2H, CHy), 1.83-1.77 (m, 1H, CHy), 1.67-1.6 (m, 1H, CHy), 1.57 (s, 3H,
CH), 1.55 (s, 3H, CHy), 1.47-1.38 (m, 1H, CHa); MS (EI, 70 eV): m/z 185 (M"); IR

(neat): 2924, 1711, 1531, 1401, 1314, 1234, 1140 em’; [a]™ = - 27 (c 1, CHCly).
Enantiomeric excess: 65%

It 43.3 MN; figee: 40.5 min (Chiralpak AS-H, 230 nm, hexanes/iPrOH, 95/5, 1

mL/min).
(8)-3-(1-Nitrocyclopentyl)cyclohexanone (80):'

o




‘The reaction of eyclohexenone (50.0 L, 0.500 mmol)), nitrocycloper

WL, 2.50 mmol) and 67 (9.50 meg, 10.0 mol%), according to the general procedure, in

dichloroethane (4.00 mL) for 240 h gave afier purification by flash column

on silica gel 60/40) 47.0 mg (44%) of 80 as a

colourless oil.

'HNMR (500 MHz, CDCly): 8 2.74-2.64 (m, 2H, CHCHy, CHy), 2.49-2.46 (m, 11, CHy),
2.42-235 (m, 1H, CHy), 2.32-2.16 (m, 3H, CHy), 2.15-2.08 (m, 1H, CHy), 1.97-1.91 (m,
1H, CHy), 1.83-1.66 (m, 6H, CHa), 1.65-1.55 (m, 1H, CH), 1.45-136 (m, 1H, CHa); MS
(ELL 70 eV): m/z 211 (M"); IR (neat): 2957, 1713, 1530, 1449, 1434, 1351 em™; [a]p™ =

+6.1(c 1, CHCLy).

Enantiomeric excess: 41%

It 287 MR} fineet 14.6 min (Chiralpak AS-H, 210 nm, hexanes/iPrOH, 85/15, 1

mUmin).
(8)-3-(1-Nitrocyclohexyl)cyclohexanone (81):'

[

‘The reaction of eyclohexenone (50.0 L, 0.500 mmol), nitrocyclohexane (126 uL,
1.00 mmol) and 67 (9.50 mg, 10.0 mol%), according to the general procedure, in 1,2

dichloroethane (4.00 mL) for 192 h gave after purification by flash column



on silica gel 60/40) 49.0 mg (42%) of 81 as a

white solid.

"H NMR (500 MHz, CDCL,): § 2.54-2.45 (m, 31, CHCHs, CHs), 2.43-2.38 (m, 1H, CHa),

2.25-2.14 (m, 1H, CHy), 2.14-2.02 (m, 2H, CHy), 1.96-1.91 (m, 1H, CHa), 1.73-1.62 (m,

3H, CHy), 1.53-1.49 (m, 2H, CHy), 1.40-1.18 (m, 6H, CH>); MS (E

70 eV): m/z 225

(M"); IR (neat): 2925, 2856, 1711, 1677, 1546, 1530, 1346, 1149 em’; [alo™ = - 03 (¢

1, CHCly).
Enantiomeric excess: 45%

frsjort 25.6 MiN; finee: 13.1 min (Chiralpak AS-H, 210 nm, hexanes/iPrOH, 85/15, 1

mL/min).

(8)-3-(Nitromethyl)cyclopentanone (82):'

LNO;

‘The reaction of cyclopentenone (50.0 L, 0.600 mmol)), nitromethane (161 L, 3.00

mmol) and 67 (160 mg, 150 mol%), according to the general procedure, in

dichloromethane (2.00 mL) for 96 h gave after purification by flash column

on silica gel 60/40) 40.0 mg (49%) of 82 as a

colourless oil.



"H NMR (500 MHz, CDCLy): § 4.56-4.45 (m, 2H, CH:NO3), 3.06-2.97 (m, 1H, CHCH),

2.54 (dd, 1H,J = 7.3, 18.2, CHy), 2.44-2.35 (m, 1, CHy), 2.33-2.21 (m, 2H, CHy), 2.02
(dd, 1H, J = 9.6, 18.2, CHy) 1.76-1.67 (m, 1H, CHy); MS (APCI): m/z 142.1 (M-1); IR

(neat): 1738, 1544, 1403, 1383, 1161 cm”.
Enantiomeric excess: 50% (based on "*C spectra of ketal with (2R,3R)-2,3-butanediol).

(S)-3-2-Ni 2 3):7

‘The reaction of cyclopentenone (50.0 L, 0.600 mmol)), 2-nitropropane (276 uL,

1.20 mmol) and 67 (11.0 mg, 10.0 mol%), according to the general procedure, in 1,2-

dichloroethane (4.00 mL) for 96 h gave afler puri

jon by flash column

on silica gel 80/20) 85.0 mg (88%) of 83 as a
colourless gum.

'H NMR (500 MHz, CDCly): & 2.89-2.81 (m, 1H, CHCH;), 2.45-2.32 (m, 2H, CH,),
2.28-2.20 (m, 1H, CHa), 2.14-2.03 (m, 2H, CHy), 1.73-1.65 (m, 1H, CH,), 1.64 (s, 3H,

CH;), 1.62 (s, 3H, CHy): MS (I, 70 eV): m/z 171 (M'); IR (neat): 2926, 1743, 1.

1375, 1348, 1278, 1164, 1148 em™; [a]p™ = - 13.3 (¢ 1, CHCIy).

Enantiomeric excess: 26%




foior: 393 MI; fniner: 58.8 min (Chiralpak AS-H, 210 nm, hexanes/iPrOH, 85/15, 1

mL/min).

3-(1,3-Dioxo-1,3-diphenylpropan-2-yl)cyclohexanone (84):*

“The reaction of cyclohexenone (50.0 L, 0.500 mmol)), dibenzoylmethane (127
mg, 0.60 mmol) and 67 (1.00 mg, ~1.00 mol%), according to the general procedure, in

1,2-dichloroethane (3.00 mL) for 120 h gave after purification by flash column

on silica gel 75/25) 20.0 mg (12%) of 84 as a

white solid.

"H NMR (500 MHz, CDCL): & 8.0-7.96 (m, 4H, ArH), 7.59-7.55 (m, 2H, ArH), 7.47-7.43
(m, 4H, ArH), 525 (d, 1, J = 8.1, CH(COPh),), 3.08-3.00 (m, 1H, CHCH,), 2.46-2.40
(m, 2H, CH), 2.31-2.24 (m, 2H, CH), 2.07-2.02 (m, 1H, CHy), 1.98-1.93 (m, 1H, CHy),

1.75-1.66 (m, 1H, CHa), 1.61-1.52 (m, 1H, C

; MS (APCI): m/z 319.2 (M-1) ; IR

(neat): 2926, 1693, 1664, 1447, 1258, 1229, 1179 cm!
Enantiomeric excess: 80%

fysjor: 36.1 MiN; fpiger: 31.9 min (Chiralpak AS-H, 210 nm, hexanes/iPrOH, 85/15, 1

mU/min).



A similar reaction of eyclohexenone (50.0 L, 0.500 mmol)), dibenzoylmethane (244

mg, 1.00 mmol) and 67 (14.0 mg, 15.0 mol%) in dichloromethane (2.00 mL) for 48 h

gave 167 mg (99%) of 84 with 39% ce.

R)3 2-ylthi 1043

A0

‘The reaction of cyclohexenone (0.050 mL, 0.50 mmol), naphthalene-2-thiol (83
mg, 0.50 mmol) and 67 (1.0 mg, 1.0 mol%), according to the general procedure, in 1,2-

dichloroethane (3.0 mL) at 20 °C for 48 h gave after purification by flash column

80/20) 88 mg (66%) of 85 as a

colourless gum.
"H NMR (500 MHz, CDCl): 8 7.92 (br s, 1H, ArH), 7.83-7.78 (m, 3H, ArH), 7.52-7.48
(m, 3H, ArH), 3.58-3.52 (m, 1H, CHCHy), 2.76-2.72 (m, 1H, CHy), 2.46-2.29 (m, 3H,
CHy),2.22-2.13 (m, 2H, CH), 1.83-1.68 (i, 2H, CHy); MS (EI, 706V): m/z 256 (M"); IR
(neat): 2929, 1709, 1418, 1220 em”.

Enantiomeric excess: 20%

fujor: 169 Min; foiner: 10.9 min (Chiralpak AS-H, 210 nm, hexanes/iPrOH, 85/15, 1

mL/min).



diphenylpropyhmalononitrile (86):*

‘The reaction of trans-chalcone (0.100 g, 0.500 mmol)), malononitrile (38.0 mg,
0.60 mmol) and 67 (4.50 mg, 5.00 mol%), according to the general procedure, in
dichloromethane (1.00 mL) for 20 h gave 132 mg (quant.) of 86 as a solid that was pure

by 'HNMR.

"H NMR (500 MHz, CDCIy): § 7.98-7.96 (m, 2H, ArH), 7.66-7.62 (m, 1H, ArH), 7.52-
741 (m, TH, ArH), 4.66 (d, 1H, CH(CN),), 3.98-3.96 (m, 1H, CHCH,), 3.75-3.67 (m,

2H, CHy): MS (APCI): m/z 273.1 (M-1); IR (neat): 2257, 1681, 1450, 1313, 1235 cm”

Enantiomeric excess: 2%

Tmort 20.9 Min; fnnor: 18.9 min (Chiralpak AS-H, 210 nm, hexanes/iPrOH, 70/30, 1

mL/min),

(S)-Tert-butyl2-(4,5-dihydro-4,5-diphenyl-1H-imidazol-2-

ylamino)methylpyrrolidine -1-carboxylate (88a):

Ph

A+lw

To a solution of (S)-N-Boc-2-aminomethyl pyrrolidine (73)'* (0.405 g, 2.02 mmol) in

isopropanol (20.0 mL) was added (45,55)-4,5-dihydro-2-(methylthio)-4,5-diphenyl-



IH-imidazole hydroiodide ((prepared from (15,25)-1,2-diphenylethane-1,2-diamine
by conversion to diphenylimidazolidine-2-thione and subsequent reaction with
iodomethane, (0.802 g, 2.02 mmol)) at room temperature and the solution was heated
10 reflux at 95 °C for 24 h. The solution was concentrated under reduced pressure and
the residue was purified by flash chromatography over silica gel

(dichloromethane/methanol 98/2) to provide 0.500 g, (45%) of ($)-Tert-butyl2-{(4,5-

dihydro-4,5-diphenyl-1H-imidazol-2- idine-1-carboxylate (88a)
as a white foam.

"H NMR (500 MHz, CDCly): § 9.1-9 (t, 1H, J = 6.7, NH), 8.9 (s, 1H, NH), 7.96 (s,
1H, NH), 7.41-7.39 (m, SH, ArH), 7.29-7.22 (m, 5H, ArH), 4.91-4.90 (d, 1H,J = 7.6,
NCHCHN), 4.84-4.83 (d, 1H, J = 7.6, NCHCHN), 3.82-3.78 (br m, 1H, CHN), 3.51-
346 (dd, 1H, J = 674, 14.6, CHCHN), 3.42-339 (dd, 1H, J = 547, 10.85,
CHCH:N), 3.38-3.31 (m, 1H, CH;NCO), 3.28-3.23 (m, 1H, CH,NCO), 2.14-2 (m, 2H,
CHyCHy), 1.95-1.93 (m, 2H, CHCHy), 127 (s, 9H, C(CH3)y); 'C NMR (125.8 MHz,
CDCly): 8 159.3 (NCN), 129.3 ( 2 x ArC), 129.2 (4 x ArC), 128.7 (4 x ArC), 126.4
(2 x ArC), 81.1 (C(CHy);, 68.3 (NCHCHN), 67.8 (NCHCHN), 57.6 (CHN), 46.9
(CHuNCO), 46 (CH:N), 303 (CH,CHy), 28.2 (C(CHy)s), 23.5 (CHyCHy); MS (APCI,

€): m/z 421.3 (M+H, 100); IR: (neat) 2960, 1663, 1291, 1199, 1175, 1127 em™';

Pos

HRMS n/z 420.2527 (420.2525 calc. for CosHiNOz (M#).

4,5-dihydro-4,5-diphenyl-N-(((S) lidin-2-ylmethyl)-1 Heimidazol-2-amine (88):




‘The above hydroiodide (0.250 g, 0.457 mmol) was dissolved in dry CHyCly (1.50 mL),

and trifluoroacetic acid (1.50 mL) was added at 0 °C. After 30

in of stiring, the solution
was brought to room temperature, stirred for 3 h and concentrated under reduced
pressure. The residue was dissolved in ethyl acetate (5.00 mL) and the solution was
extracted with water (2.00 mL). The aqueous phase was cooled (<5 °C), basified with
NaOH pellets and the basic solution was extracted with CHCly (3 x 10.0 mL). The

combined organic layers were dried (Na;SO4) and concentrated under reduced pressure to

give 0.145 g (99%) of 88 as a colourless oil. This material was used without further

purification.

'H NMR (500 MHz, CDCL): § 7.34-7.11 (m, 10H, ArCH), 4.57-45 (s, 2H,
NCHCHN), 3.38-3.34 (dd, 1H,J = 3.67, 132, CHCH,N), 3.32-3.3 (m, 1H, CHN), 3.12-
3.08 (dd, 1H, J = 7.5, 13.2, CHCH:N), 2.84-2.81 (m, 2H, CHN), 1.85-1.74 (m, 2H,
CHACHy), 1.66-1.62 (m, 1H, CHyCHy), 1.45-1.40 (m, 1H, CHCHy); “C NMR (125.8
MHz, CDCL): 8 161.7 (NCN), 128.6 (2 x ArC), 128.4 (4 x ArC), 127.3 2 x ArC), 1264
(4 x ArC), 77.25 (NCHCHN), 613 (NCH), 464 (CHCH,), 289 (CH,CHy), 262

(CHCH

: visible peaks for minor tautomer: 8 163.8, 613, 463, 29.5, 24, 13.8; MS
(APCI, Positive): m/z 321.2 (M+1, 100); IR: (neat): 2961, 2358, 2230, 2023, 1772, 1652,

1452, 1263, 1197 em™'; HRMS (EI): m/z 320.2004 (320.2001 calc. for CagHsNs (M+)).




ylearbamate (94a):

o}\.ol’l/\

To a solution of (S)-fert-butyll 3 2. (0.400 g, 1.60

mmol) in isopropanol (20.0 mL) was added 4,5-dihydro-1-methyl-2-(methylthio)-1H-
imidazole hydroiodide (75) (prepared from N-methyl ethylenediamine by conversion to
1-methyl imidazolidin-2-thione and subsequent reaction with iodomethane), 0.413 g, 1.60
mmol) at room temperature and the solution was heated to reflux at 95 °C for 2 days. The

solution was concentrated under reduced pressure to provide 0.168 g (32%) of (S)-Tert-

buty3-(4,5-dihydro-1-methyl-1 H-imidazol-2-yl: 1 2

hydroiodide (94a) as a pale yellow solid

N-(($)-2-amino-3-phenylpropyl)-4,5-dihydro-1-methyl-1H-imidazol-2-amine (94):

LY
SN Y,

Hydroiodide (0.140 g, 0.421 mmol) was dissolved in dry CHxCl; (2.00 mL), and

rifluoroacetic acid (2.00 mL) was added at 0 °C. Afier 30 min of stiring, the solution
was brought 1o room temperature, stirred for 3 h and concentrated under reduced

pressure. The residue was dissolved in ethyl acetate (5.00 mL) and the solution was



extracted with water (2.00 mL). The aqueous phase was cooled (<5 °C), basified with

NaOH pellets and the basic solution was extracted with CHCly (3 x 10.0 mL). The
combined organic layers were dried (Na;SO4) and concentrated under reduced pressure to

give 45.0 mg (46%) of 94 as a colourless oil. This was directly used further.

"H NMR (500 MHz, CDCly): §7.36-7.23 (m, SH, ArCH), 4.14-4.1 (i, 1H, CHNIL),
3.643.6 (t, 1H, J = 9.9, CHCH>AI), 3.44-3.36 (m, 4H, NCH:CH:N), 3.33-3.28 (m, 1H,
CHCH:A), 3.18-3.13 (m, 2H, CH;NH), 2.74 (s, 3, NCHs); °C NMR (125.8 MHz,

CDCL): § 140 (NCN), 129.4 (2 x ArC), 129.2 (ArC), 128.3 (2 x ArC), 126 (ArC), 47.8

(NCH;), 42.8 (NH,CH), 38.5 ( NCH;CH), 33.5 (NCH,), 30.8 (ArCH,,CHCH,); MS
(APCI, Positive): m/z 233.1 (M+1, 100); HRMS (CI): m/z 233.1774 (233.1766 calc. for
CiabaNs (M+H)).
Dibenzyl 2-(3-0xo-1,3-diphenylpropyl)malonate (95):"
BnO,C._CO,Bn
o

The reaction of trans-chalcone (107 mg, 0.500 mmol), dibenzylmalonate
(01521, 0.619 mmol) and 94 (6.00 mg, 0.050 mol%), according to the general
procedure, in dichloromethane (1.00 mL) for 48 h gave 279 mg (quant) of 95 as a

colourless solid.

"H NMR (500 MHz, CDCl): & 7.81 (d, 2H, J = 7.5, AtH), 7.54-7.47 (m, 1H, AtH), 7.42-

7.35 (m, 2H, ArH), 7.32-7.12 (m, 13H, ArH), 7.09-7 (m, 2H, ArH), 5.17 (d, 1H,J = 7,




OCHy), 5.13 (4, 1H,J = 7, OCHa), 4.9 (s, 2H, OCH), 4.27-4.15 (m, 1H, CH), 3.95 (d,

1H,J=9.5, CH), 3.59-3.42 (d, 2H,J = 6.5, CHy).
Enantiomeric excess: 1 %

et 17.4 Min; fiminor: 16.4 min (Chiralpak OD-H, 254 nm, hexanes/iPrOH, 70/30, 0.5
mL/min).
Dibenzyl 2-(3-0x0-1-phenylbutyl)malonate (96)'*

BnO,C._CO,8n

XX,
PH’ CH;

The reaction of ~frans-4-phenyl-3-butene-2-onc  (50.0 mg, 0340 mmol)),

s

dibenzylmalonate (0.100 mL, 0.41 mmol) and 94 (4.00 mg, 50.0 mmol%), according to
the general procedure, in 1,2-dichloroethane (1.00 mL) for 48 h gave 156 mg of 96 as a

white solid.

"HNMR (500 MHz, CDCLy): 8 7.3-6.97 (m, 15H, ArH), 5.06 (d, 2H,J = 2.7, OCH;), 4.81
(s, 2H, OCH3), 3.9-3.96 (m, 1H, CH), 3.75 (d, 1, J = 9.8, CO,CHCO;), 2.8 (d, 2H,J =

6.6, COCH), 1.8 (s, 3H, CHCO).
Enantiomeric excess: 2 %

fowjort 207 MiN; fyinee: 18.9 min (Chiralpak AS-H, 230 nm, hexanes/iPrOH, 95/5, 1

mL/min).
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Appendix 1:
'H and "*C NMR Spectra for Chapter 1
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Chapter 2

St lective Synthesis of 3-Aryl i and

a Formal Total Synthesis of (-)-Pancracine

Part of the work described in this chapter has been published in

Organic Letters 2010, 12, 556-559



Chapter 2

General Introduction

Chapter 2 is divided into two parts. In the part, the importance of
octahydroindoles and the synthesis of cis and rans-3-aryloctahydroindoles will be
presented. The second part deals with a formal total synthesis of (-)-pancracine along with

a literature overview of the known approaches towards this target.

Part I: Ster i is of 3-Ar oindoles

Introduction

NSEN
A o
> CEDEN
% o\ %
(+)-sceletium A4 aeruginosin 2058 crinamine

Figure 1. Selected natural products having the cis-hydroindole moiety

The hydroindole ring system has attracted considerable attention due to  its
importance in natural product chemistry and medicine. For example, the hydroindole

motif s found in several bioactive natural products including the Amaryllidaceae



alkaloids such as e.g. crinamine (98)," and sceletium (96)** and also the aeruginosins
such as 97 (Figure 1).” Recently, applications of octahydroindole scaffolds in the
diversity-oriented ~ synthesis  of  Amaryllidaceae  alkaloid-type structures,'”

glycomimetics'' and glycosidase inhibitors'? have been reported.

The stereochemistry of the ring junction in the octahydroindole influences

biological profile. Thus, certain cis-octahydroindoles have been utilized in peptide f-turn
mimics'® and have also been known to have noradrenaline uptake inhibitor activity'*
whereas the trans-octahydroindole motif has been employed in preparing ACE
inhibitors.”® The synthesis of octahydroindoles therefore continues to be actively

investigated'**® and selective access to cither the cis or the trans-octahydroindole motif

is of particular interest.

Our interest in octahydroindoles stems from our studies on the enantioselective
organocatalytic synthesis of y-nitroketones 99 from cyclic ketones 103 and 2-nitrovinyl

arenes S0 via an enamine-based, organocatalytic conjugate addition reaction

(Figure )2
o
* A NO;
R R
103 50 99

Figure 2. Organocatalytic conjugate addition reaction of cyclic ketones to nitroalkenes




A large number of studies™ have demonstrated the utility of this reaction and the

development of new catalysts for this reaction continues at a remarkable pace. Clearly,
the full potential of the organocatalytic ketone-nitroalkene conjugate addition reaction

will be realized when the enantiomerically-cnriched

troketone products find

un

applications in other synthetic endeavours.

Generally, y-nitrocarbonyl compounds can be converted to the corresponding

nitrones™ or pyrrolines® selectively and these can serve as precursors to

pyrrolidines.””™ Hence, at the outset, a stercoselective synthesis of octahydroindoles

from cyclohexanone-derived y-nitroketones, by reduction of the derived ni

ones or

PR
imines,

appeared attractive. Stercocontrol in the reduction step may be anticipated to
be a function of the stereocenters which are a-and/or ' to the carbonyl group. These
stereocenters, in turn, are readily set by the organocatalytic Michael addition reaction.
While a few reports describe the reduction of tetrahydrobenzofeJindole (Figure 3,
compound E) and tetrahydropyrrolo/jquinoline (Figure 3, compound G) ring systems

(embedded imine functionality) to the corresponding cis-fused hexahydro products,”****

reduction of a hexahydro[2H]indole (Figure 3, compound I) to a mixture of cis and trans

octahydroindoles has also been reported.™®




NaCNBH,
MeOH Hol
() NaCNBH;
N MeOH Hel
N
G
Ph

NaCNBH;
(\/AO MeOH! HCI

7 steps

1
NN
DL
N
F
N
Pt
N
Hin
H
Ph Ph
G
| § N
HA HH
] 3
. o N
L N

Figure 3. Selected examples of stereoselective synthesis of octahydroindoles

“The challenges associated with the conversion of tetralin-based y-nitroketones (Figure 3,

compound L) into cis or frans octahydrobenze]indoles (M or N) have been addressed in

a recent study.”’ Evidently, methodology that provides stereocontrolled access to

octahydroindoles would be useful.




Objec

“The goal of this study was to utilize the enantiomerically-enriched y-nitroketones
such as 99, obtained from organocatalytic Michael addition reactions, for the synthesis of
cis and trans-3-aryloctahydroindoles. The synthesis of an appropriately substituted cis-3-
aryloctahydroindole that could be utilized in a formal synthesis of (-)-pancracine was also

targeted (Figure 4),

Figure 4. Strategy for synthesis of 3-aryloctahydroindoles

Results and discussion
At the outset, y-nitroketones 105%-107 were prepared by employing the Michael
addition protocol developed in the Pansare group using a secondary-secondary triamine

2122 The nitroketones were obtained in good yield and high

salt as the catalyst
diastereomeric and enantiomeric excess. Partial reduction of the nitro group™ in 105, 106
and 107 to the corresponding hydroxylamines with Zn/aq. NH.CI, provided the cyclic
nitrones 108, 109 and 110 respectively in good yields. These results are summarized in

Table |




ble 1: Synthesis of 3-arylhexahydroindole 1-oxides

R I NoH R

Of Gy J;OZR Ok
H M 104 Zn,NH,CI >
I SRR T ——=
y OMF, t 105107 THFH0 O 108110
AN 24-60h (syn/anti > 19/1)
(syn/anti > )
[
Compound Ar R Yield

(%)
5 34-OCIO}Ph  OCH)0 90

106 4-OMe-Ph [ 8 9
107 2-naphthyl i 90 99
108 34-OCH:0}Ph  O(CH0 70 B
109 4-0Me-Ph i i B
110 2-naphthyl i 6 B

T Chiral HPLC " same as precursor

‘The nitrone 108 was chosen as a candidate for developing suitable reduction
‘methods toward the octahydroindole system. Treatment of 108 with NaBH in methanol
provided a 2/I mixture of the cis and trans hydroxylamines 111 and 112 respectively. A
brief survey of reducing conditions was conducted with the objective of improving the

cisltrans ratio. The results of this study are summarized in Table 2.



‘Table 2: Reduction of nitrone 108

o™ o oo

W oo W o
U Y roducton i ﬁ\)
oducton _ . .
N W N
) wo M Ho M
108 1 112

Entry  Reducing agent/conditions  111/112 Yield 111+112
(%)

T NaBHy/MeOH, 1t & 50
2 NaBH(OAc);, it n 76
3 NaBH;CN/ACOH, -10 °C 21 44
4 NaBHiCNjpivalicacid, 0°C  2.5/1 67
s L-Selectride” n 89
6 LiAlIH; 1 90
7 Hy, PA/C, 1 atm - -

8 PA/C, HCO,NH, A 50

trans-octahydroindole 114 was obtained

Unfortunately, selective reduction of 108 to 111 or 112 was not observed in any of
these experiments, and the best result was obtained using sodium
cyanoborohydride/pivalic acid (111/112 = 2.5/1). Surprisingly, the catalytic
hydrogenation of 108 (Hy, PA/C, 1 or 3 atm. Hy, POy, Hy, 1 atm) in ethanol generated a

complex mixture which did not contain any of the anticipated hydroxylamine or the

products.”” In contrast, transfer ion of 108 provided the frans-
octahydroindole product 112 in a modest yield. This stereochemical result is comparable
o earlier observations made by Sanchez on the catalytic hydrogenation (Hs, RaNi, 50 psi,

55 °C) of an analog of nitroketone 105, lacking the dioxolane functionality, which




provided only the corresponding trans octahydroindole (presumably by reduction of the
nitrone formed in situ).* In our studies, hydrogenation of 105 under less forcing

conditions (RaNi, H, 45 psi, EOH, ambient temperature) provided the pyrroline analog

(imine) of nitrone 108.
Now the hydroxylamines 111 and 112 were separated by flash column

chromatography and reduced with indium metal®® to the cis octahydrindole 113 and its

trans isomer 114 respectively (Scheme 1),

5 9o
A WYL AN
e water
N reflux
OB Lh
11 (i) 113 (ci) 78%
112 (rans) 14 (trans) 64%

Scheme 1
The stereochemical assignments for 113 and 114 (and consequently for 111 and
112) are based on 'H NMR data for the N-Cb derivative of 113 which is in agreement

with that reported in the literature for the corresponding racemate.*! It is noteworthy that

113 is a known i to the ine-type alkaloids, particularly
(-) pancracine.""

Given the lack of stereoselectivity in the reduction of nitrone 108, and the known

s

cis selectivity in the reduction of a tetrahydrobenzofelindole system (Figure 3, pg 88),

we turned our attention to the reduction of the imine analog of 108 as an alternative

approach to the corresponding cis octahydroindole. Although the required imine 115 can




be abtained (along with nitrone 108) by reduction of the nitroketone 105 with Zn/acetic
acid, a route involving deoxygenation of the nitrone 108 with benzyltriethylammonium

tetrathiomolybdate is more efficient * This method is also applicable to the nitrones 109

and 110 to provide the imines

16 and 117 respectively in reasonable yields (Table 3).

Table 3: Conversion of nitrones 108-110 to imines 115-117

A,
BiNEMos,
CHACN N

15117
3 Vield

(%)

115 34-(0CH,0)Ph  OCH):0 70
116 4-OMe-Ph H 62
17 2-naphthyl [ 64

Curiously, reduction of the imines with NaBH provided the trans
octahydroindoles as the major products (Table 4) with some of the cis product being
observed ('H NMR) only in the reduction of 115 and 117 (irans/eis ratio of 10/1 and 6/1,
respectively). The reasons for the marked difference in stereoselectivity of reduction of

the nitrone 108 and the imine 115 as well as the imines 116 and 117 are not apparent.

Also, the dependance of trans

is ratios on the nature of the relatively similar 3-aryl

substituents in 115117 is intriguing



ines to frans-octahydroindoles

“Table 4: Conversion of

A H R

A,
p MeOH >
N “ N
1517 114,118, 119
Entry Ar R Yield  transicis
(%)
T4 OO0 75 To/T
18 i 7 1o’
19 2-naphthyl i 7 6/1

“Single diastercomer by "H NMR

1.4 Conclusion

In concl

octahydroindoles as the major products. However, the cis isomers cannot be produced in

good yield from either the nitrone or the imin

approach has been examined, in which the octahydroindole 113 was chosen as the

representative target. This particular octahydroindole is a key intermediate

synthesis of (-)-pancracine. These studies and the synthesis of an advanced intermediate

to (-)-pancracine from the octahydroindole 113 are described in Section 2 of this

Chapter.

ion, the imine reduction method provides access to the trans 3-aryl

ermediates. Therefore, an alternative




Experimental section
General procedure for the preparation of nitroketones 105-107:

adapted. To a solution of the amine catalys

The literature procedure™

DMF was added the protic acid, ketone and nitrostyrene. The resulting solution was
stirred at ambient temperature for 24-60 h. Ethyl acetate was added and the solution was

washed with water, HCI (aq) (3 N), the layers separated dried (NaySOy), and

concentrated. The residuc was purified by flash chromatography on silica gel to provide

the pure y-nitroketones
AS)TAR-1-(13 i )-2-nitroeth ioxaspirol4.5|decan-8:
10s):"

The reaction of 1.4-cyclohexanedione mono ethylene ketal (3.90 g, 25.0 mmol),

3,4-methylenedioxy-f-nitrostyrene (965 mg, 5.00 mmol), N'.N'-dimethyl-N*-((($)-

pyrrolidin-2-ylmethyl)ethane-1,2-diamine® (171 mg, 1.00 mmol) and methane sulfoni

acid (65.0 pL, 100 mmol) in DMF (10.0 mL) for 60 h according to the general
procedure, followed by purification of the crude product by flash chromatography on

silica gel provided 1.57 g (90%) of 105 as a pale brown foam.



IR (ncat): 2894, 1711, 1550, 1504, 1488, 1442, 1246, 1118, 1037, 932, 907 em™; 'H

NMR (500 MHz, CDCIy): 3 6.77 (d, 1H, /= 8, AtH), 6.67 (d, 1H,/= 1.7, Arf ) 6.63 (dd,
1H, J =8, 1.7, AtH), 5.97 (m, 2H, OCH,0), 4.94-4.89 (dd, 1H, J = 12.4, 4.5, CH;NOy),
4.57-4.53 (dd, 1H, J = 124, 10.1, CH:NOy), 4.02-3.88 (m, 4H, OCH,CH:0 ), 3.719-3.74
(dt, 1H,J = 10.1, 4.7, AtCH), 3.02-2.97 (m, 1H, COCH), 2.74-2.68 (d, 1H,.J = 135,64,
COCH,y), 2.49-245 (m, 1H, COCH,), 2.07-2.04 (m, 1H, CHCH,), 2.0-1.9 (dt, 1H, J =
133, 5.2, CHy), 1.77-1.73 (m, 1H, CHyCHy), 1.59 (8, 1H, J = 13.0, 1H, CH,CHy); °C
NMR (125 Mz, CDCl): 8 2105 (CO), 148.4 (ArCH), 147.4 (ArCH), 131.0 (ArCH),
121.9 (ArCH), 108.9 (ArCH), 108.5 (ArCH), 107.3 (OCO), 1015 (OCH;0), 79.3
(CH:NOy), 65.1 (OCH;CH;0), 64.8 (OCH,CH;0), 48.5 (COCH), 43.5 (ArCH), 39.6
(COCH,), 38.9 (CHy), 35.3 (CH,); HPLC (Chiralpak AS-H, 2-propanol/hexane: 40/60,
flow rate 1.0 mL/min, 254 nm): figer = 16.2 i, fir = 209 min, ee = 89%, dr = 20:1
(average values for multiple reactions).

Nitroketones 106’ and 107*2 were prepared in a similar manner.

(B'R3'S)3(1,3 i 123" 304,617 rof1,3

2,5"indole] 1'-oxide (108):

A solution of NH,CI (76.5 mg, 1.43 mmol) in water (3.00 mL) was added to a
solution of the nitro ketone 105 (0.500 g, 1.43 mmol) in THF (10.0 mL). Activated Zn

powder (936 mg, 14.3 mmol) was added and the mixture was stirred vigorously at room




temperature under nitrogen for 1.5 h. The mixture was filtered through a pad of celite®
and the filtrate was concentrated under reduced pressure to remove volatiles. The crude
product was purified by flash column chromatography on silica gel (CHaCl/MeOH 98/2
1095/5 as the eluant) to provide 319 mg (70%) of 108 as a pale yellow gum.

IR (neat): 2889, 1619, 1504, 1489, 1243, 1122, 1037, 929 em™; 'H NMR (500 MHz,

CDCly):

= 6.81-6.63 (m, 3H, ArH), 5.90 (m, 2H, OCH:0), 4.28-4.24 (m, 1, CH:NO),
4.15-4.10 (m, 1H, CH:NO), 3.96-3.88 (m, 4H, OCH;CH:0), 3.24-3.12 (m, 3H, ArCH,
CHCH;), 2.35-2.26 (br m, 1H, CHC-NO), 2.08-2.04 (ddd, 1H, J = 8.5, 59, 2.5,
N=CCHy), 1.94-1.90 (m, 1H, N=CCH), 1.73-1.67 (dt, 1H,J = 134, 5.9, CHyCH), 1.56-
151 (t, 1H, J = 1222, 1H, CH,CHy); *C NMR (125 MHz, CDCL): 8 148.5 (C=NO),
1473 (AFC), 1462 (ArC), 133.0 (ArC), 1209 (AC), 1088 (ArC), 108.2 (ArC), 107.6
(0C0), 1015 (OCH:0), 69.1 (CH;NO), 64.9 (OCH:CH,0), 648 (OCH:CH0), 48.6
(CHC=NO), 46.1 (CHCH,NO), 40.3 (N=CCHy), 31.9 (CHy), 20.6 (CHa), MS (APCI,
pos): miz 318.1 (M+1); HRMS (CI): m/z 318.1343 (318.1341 cale. for CisHiNOs

(M+H)).

(3R3a5)-3-(4 3,32,4,5,6,7-hexahydro-2H-indole 1-oxide (109):

HiCQ

To a solution of the nitroketone 106 (0.300 g, 1.08 mmol) in THF (5.00 mL) was.
added zine powder (707 mg, 10.8 mmol) and a solution of NH,CI (57.0 mg, 1.08 mmol)

in water (2.00 mL). The mixture was stirred vigorously at room temperature for 6 h and



filtered. The residual solids were washed with THF and the combined filtrates were
concentrated. The residue was purified by flash column chromatography on silica gel
(CHyC1/MeOH, 95/5 as the eluant) to provide 197 mg (74%) of 109 as a colourless, solid
foam.

IR (neat): 2934, 2855, 1626, 1612, 1514, 1451, 1244, 1228, 1179, 1033, 831em™; 'H
NMR (500 MHz, CDCL): 8 7.16 (d, 2H, J = 8.7, AH), 6.89 (d, 2H, J = 8.7, AtH), 4.27-
424 (br m, 1H, NCHy), 4.15-4.10 (br m, 1H, NCHy), 3.81 (s, 3H, OCHs), 3.25-3.15 (m,
2H, ArCH, NCCH;), 2.8-2.7 (m, 1H, ArCHCH), 2.12-1.84 (m, 3H, CHy), 185 (br d, 1H,

J= 128, CHy), 1.45-1.18 (m, 4H, CHy); "*C NMR (125 MHz, CDCL): 8 158.9

=NO),
148.6 (ArCipso), 131.7 (ArCipso), 128.3 (ArC), 114.4 (ArC), 68.4 (NCH,), 55.3 (ArCH),
50.6 (ArCHCH), 45.3 (OCH;3), 32.3 (CHy), 24.3 (CHy), 23.8 (CHy), 23.5 (CHy); MS
(APLES pos.): miz 246.1 (M+H); HRMS (CI pos.): m/z 246.1495 (2461494 calc. for
C1sHxNO; (M+H).

(3R 328)-3- 2-y1)-3,32,4,5,6,7-hexahydro-2H-indole 1-oxide (110):

s
0

A solution of NH,Cl (126 mg, 2.36 mmol) in water (4.00 mL) was added to a
solution of the nitroketone 107 (0.700 g, 2.36 mmol) in THF (15.0 mL). Activated Zn
powder (1.54 g, 23.6 mmol) was added and the mixture was stirred vigourously at room
temperature under nitrogen for § h. The mixture was filtered through a pad of celite® and

the filtrate was concentrated under reduced pressure to remove THF. The residue was
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diluted with ethyl acefate (10.0 mL) and the solution was washed with water, dried
(NS05) and concentrated under reduced pressure. The residue was purified by flash
column chromatography on silica gel (CH,CL/MeOH, 95/5 as the eluant) to provide
0.390 g (63%) of 110 as a pale yellow gum.

IR (neat) 2934, 2857, 2196, 1617, 1508, 1447, 1381, 1251, 1230, 1183, 855 cm™; 'Hl
NMR (500 MHz, CDCly): § 7.85-7.78 (m, 3H, ArH), 7.67 (s, 1H, ArH), 7.5-7.45 (m, 2H,
AtH), 735 (4, 1H, J = 8.5, ArH), 4.33-4.08 (m, 2H, CH:NO), 3.43-335 (q, 1H, J = 9,
AICH), 3.27-3.23 (dd, 1H, J = 5.9, 43, N=CCH), 291 (br, 1H, N=CCH ), 2.13-2.02 (m,
2H, CHy), 1.99-1.96 (m, 1H, CHy), 1.89-1.80 (m, 1H, CHy), 145-1.35 (m, 1H, CHy),
1.35-1.22 (m, 2H, CHy); C NMR (125 Miiz, CDCly): 3 1482 (C=NO), 137.0 (ArC),
1333 (ArC), 132.5 (AFC), 1289 (ArC), 127.6 (ArC), 127.5 (ArC), 126.5 (ArC), 126.1
(AI0), 1259 (ArC), 124.7 (ArC), 682 (CH:NO), 50.4 (ArCH), 459 (N-CCH), 32.4
(
HRMS (CI): miz 265.1472 (265.1467 cale. for CigHiiNO (M")), 2661539 (266.1545

CHy), 24.2 (CHy), 23.8 (CHy), 23.5 (CHa); MS (APCI pos.): m/z 266.1 (M+H);

cale. for CgHzoNO (M+H)).
Reduction of 108 to 111 and 112

To a solution of the nitrone 108 (623 mg, 1.97 mmol) in methanol (15.0 mL) was
added sodium cyanoborohydride (247 mg, 3.93 mmol) followed by pivalic acid (1.00 mL,
9.83 mmol) at 0'C. The mixture was stirred overnight at ambient temperature and then

concentrated under reduced pressure. The residue was b

sified with aqueous NaOH (5%).
The resulting mixture was extracted with ethyl acetate (2 x 10.0 mL). The combined
organic layers were dried (Na;SO4) and concentrated under reduced pressure to give a

colourless foam which was purified by flash column chromatography on silica gel.



tion with hexanc/ethyl acetate (40/60) provided 0300 g (48%) of the cis

hydroxylami

111. Further elution with hexane/ethyl acetate (30/70) provided 0.120 g
(19%) of the frans hydroxylamine 112 as a colourless gum.

('R 30'S,70'S)-3'(1,3 i iro[1,3-dioxolane-2,5'-indol]-

1@ Hy-0l (111):

¢

F

IR (neat) 3330, 2927, 1487, 1247, 1037, 934 cm™'; 'H NMR (500 MHz, CDCLy): & 6.81 (s,
IH, ArH), 6.74-6.70 (m, 2H, ArH), 593 (s, 2H, OCH;0), 3.96-3.94 (m, 2H,
OCH;CH;0), 3.91-3.86 (m, 2H, OCH;CH;0), 3.76 (1, 1H, J = 8.9, CHNO), 3.13-3.11 (m,
1H, CH:N), 3.05-2.95 (br s, 1H, CHoN), 2.93-2.89 (m, 1H, CHCH,N), 2.39-2.33 (m, 1H,
CHCHN), 2.01-1.94 (m, 1H, CHa), 1.90-1.78 (i, 3H, CHy), 1.64-1.54 (m, 2H, CHy), 'C
NMR (125 MHz, CDCIy): § 147.9 (ArC), 146.0 (ArC), 1384 (ArC), 120.5 (ArC), 108.8
(AFC), 108.1 (ArC), 107.9 (OC0), 1009 (OCH:0), 664 (NCH), 654 (CH:N), 64.2
(OCH,CH;0) , 64.1 (OCH,CH;0), 46.9 (NCHCH), 43.6 (NCH:CH), 37.0 (C1y), 30.6
(CHy), 23.1 (CHy); MS (APCI, pos.): miz 3202 (M+H); HRMS (CD): m/z 320.1510
(320.1498 calc. for C17HyNOs (M+H)).

(B'R3a'S,Ta'R)-3'-(1,3 3-dioxolane-2,5'-indol]-

1@ H)-0l (112):
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IR (neat) 3400-3000 (br), 2925, 2877, 1734, 1504, 1487, 1441, 1245, 1142, 1099, 1060,
1037, 934 809 em™; "H NMR (500 MHz, CDCly): 8 6.76 (s, 1H, ArH), 6.72 (s, 1H, ArH),
6.64 (brs, 1H, ArH), 5.92 (s, 2H, OCH,0), 3.93-3.75 (br m, SH, OCH,CH:0, CH), 3.50-
3.25 (br m, 2H), 3.00-2.85 (br m, 1H), 2.65-2.45 (br s, 1H), 2.15-2.00 (br m, 1H), 1.90-
1.75 (br m, 3H), 1.65-1.50 (br m, 2H), 1.41-1.26 (br m, 1H); MS (APCI, pos.) m/z 320.1
(M+H); HRMS (EI): miz 3191419 (319.1420 cale. for Ci7HxNOs). A satisfactory 'C

spectrum could not be obtained due gradual decomposition of the product, in soultion at

ambient temperature.
(R30S, Ta'S)-3(1,3 i 3-dioxolane-2,5'-indole]
an):
0/\0
[

‘The cis hydroxylamine 111 (245 mg, 0.770 mmol) was dissolved in a mixture of
EtOH (4.00 mL) and aqueous saturated NH,C1 (2.00 mL). Indium powder (176 mg, 1.54
mmol) was added and the mixture was heated to reflux for 3 h. The mixture was cooled,
filtered through a pad of celite®, and concentrated. Saturated aqueous Na;COs (15.0 mL)

was added to the residue and the mixture was extracted with ethyl acetate (3 x 10.0 mL),
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The combined organic phases were dried (Na;S04) and concentrated to provide 218 mg
(94%) of the amine 113 as a colorless gum that was pure by 'H NMR (500 MHz),
IR (neat): 3333, 2925, 1505, 1488, 1440, 1247, 1096, 1037 cm; 'H NMR (500 MHz,

CDCly): 8 6.78-6.65 (m, 3H, ArH), 5.92 (s, 2H, OCH0), 3.97-3.92 (m, 2H, OCH:CH;0),

3.90-3.85 (m, 2H, OCHyCH0), 3.52-3.47 (dd, 1H, J = 8.6, 10.9, NHCH3), 3.41-3.34 (m,
IH, NCH), 3.28-3.25 (q, 1, J = 8.3), 2.98-2.94 (dd, 1H, J = 8.2, 109, NHCH), 2.24-
217 (m, 1H, CHCHAT), 2.06-2.04 (br s, 1H, NH), 1.82-1.72 (m, 4H, CHy), 1.58-1.51 (m,
2H, CHy); C NMR (125 MHz, CDCLy): § 147.7 (ArC), 145.9 (ArC), 137.6 (ArC), 120.7
(ATC), 108.8 (ArC), 108.1 (AIC), 107.8 (OCO), 100.8 (OCH;0), 64.3 (OCH,CH,0), 63.9
(OCH;CH,0), 56.9 (NCH), 53.6 (CH,N), 48.3 (NCH,CH) , 46.8 (NCHCH), 33.9 (CHy),
315 (CHy), 27.1 (CHa); MS (APCI, pos.): m/z 304.0 (M+H); HRMS (EI): m/z 303.1471

(303.1471 calc. for C17Hz NOs (M),

(3'R,3a'S,7a'R)-3'-(1,3 i i 3-dioxol: -2,5'-indole]
(114):
D/\O
L)
W o
8
\
Hi

‘The trans hydroxylamine 112 (34.0 mg, 0.106 mmol) was dissolved in a mixture
of EtOH (2.00 mL) and aqueous saturated NH,CI (1.00 mL). Indium powder (25.0 mg,
0.213 mmol) was added, and the reaction mixture was heated to reflux for 3 h. The
mixture was cooled, filtered through a pad of celite®, and concentrated. Aqueous

saturated Na;COj (15.0 mL) was added to the residue and the mixture was extracted with




cthyl acetate (3 x 10.0 mL). The combined organic phases were dried (Na;SO4) and

concentrated to provide 25.0 mg (78%) of the amine 114 as a colorless gum that was pure

by 'HNMR (500 MHz).

IR (neat): 3500-3000 (br), 2938, 2882, 1504, 1487, 1441, 1247, 1061, 1037, 929 cn™; 'H
NMR (500 MHz, CDCly): & 6.74-6.70 (m, 2H, ArH), 6.66-6.57 (m, 1H, ArH), 5.92 (s,
2H, OCH,0), 4.13-3.87 (m, 4H, OCH)CH;0), 3.51-3.47 (brt, 1H,J = 103, NCH), 3.05-
3.01 (m, 1H, NCHy), 2.84-2.78 (br q, 1H, J = 9.5, NCHy), 2.66-2.62 (m, 1H, ArCH),
2.04-1.99 (m, 1H, CHy), 1.85-1.70 (m, 3H, CHy, NH), 1.65-1.55 (m, 1H, CHy), 1.55-1.46
(m, 1H, CHy), 1.36-1.34 (4, 1H, J = 124, CHy); 'C NMR (125 MHz, CDCly): § 147.7
(AIC-0), 146.0 (ArC-0), 1362 (ArCiyuo), 120.5 (ArC), 109.4 (ArC), 108.1 (ArC), 107.4
(0C0), 1008 (OCH,0), 6434 (OCH,CH;0), 64.30 (OCH;CH;0), 64.1 (NCH), 54.9
(NCHy), 51.5 (ArCH), 50.5 (NCHCH), 37.4 (CHy), 33.8 (CHy), 284 (CHa); MS (APCI,
pos): miz 3040 (M+H); HRMS (ED: m/z 3031471 (303.1471 cale. for Ci7HyNOy

M),

(BR3S)3(1; i . ' 41.61,7" y iro[1,3-dioxol

2,5'indole] (115):

“To a solution of the nitrone 108 (50 mg, 0.16 mmol) in acetonitrile (2.0 mL) was
added benzy tricthylammonium tetrathiomolybdate (99 mg, 0.19 mmol) and the mixture

was stirred at room temperature for 72 h. The mixture was filtered though a pad of celite™
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with dichloromethane. The combined filtrates were

followed by a wash of the ce
concentrated to provide 33 mg (70%) of 115 as a pale yellow gum.
IR (neat): 2927, 1652, 1504, 1487, 1243, 122, 1037, 930 cm'; 'H NMR (500 MHz,

CDCL): 5673 (d, 2H, J = 7.9, ArH), 6.69 (br s, 1H, ArH), 6.64 (br d, 1H,J =

.9, ArH),
5.93 (s, 2H, OCH0), 4.31-4.26 (br dd, 1H, J = 8.5, 15.0, NCIH), 3.99-3.93 (m, 4H,

OCH,CH;0), 3.68-3.64 (m, 1H, NCH;), 3.05-3.00 (q, 1H, ] = 8.5, AtCH), 2.95-2.90 (br

m, 1H, NCCH), 2.69-2.65 (br dd, 1H, J = 4.0, 14.5, CHy), 2.60-2.50 ( br m, 1H, CH),
220-2.10 (br m, 1H, CHy), 2.00-1.94 (br m, 1H, CHy), 1.85-1.75 (dt, 1H,J = 135, 5.2,
CHy), 1.75-1.65 (br m, 1H, CHy), 1.55 (t, 1H, J = 12.6, CHy); *C NMR (125 MHz,

CDCL): § 177.1 (C=N), 147.8 (ArC-0), 146.1 (ArC-0), 136.1 (ArCip), 120.3 (ArC),

108.2 (2xAC), 107.3 (OC0), 1009 (OCH;0), 67.9 (NCHy), 64.4 (OCH,CH,0), 645
(OCH,CH;0), 51.6 (ArCH), 40.7 (ArCHCH), 36.6 (CHy), 33.8 (CHy), 280 (CHy); MS
(APCL, pos): miz 302.1 (M+H); HRMS (CI):: m/z 3011313 (3011314 cale. for
Ci7HsNOy (MHH)).

(3R.3a5)-3-(d-Methoxypheny))-3,3a,4,5,6,7-hexahydro-2H-indole (116):

HiCO

To a solution of the nitrone 109 (0.10 g, 0.43 mmol) in acetonitrile (2.0 mL) was
added benzyl triethylammonium tetrathiomolybdate (0.27 g, 0.52 mmol) and the mixture
was stirred at room temperature for 96 h. The mixture was filtered though a pad of celite®

and the residue on the celite® was washed with dichloromethane. The combined filtrates
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were concentrated and the residue was purified by flash column chromatography on silica
gel (E1OAC as the cluant) to provide 61 mg (629%) of 116 as a pale yellow gum.

IR (neat): 2931, 2857, 1648, 1612, 1513, 1445, 1244, 1179, 1034, 829 cm™; 'H NMR
(500 MHz, CDCL): § 7.12 (d, 2H, J = 8.7, AtH), 6.85 (d, 2H, J = 8.7, AtH), 4.26-4.21
(dd, 1H, J = 15.2, 9.0, NCH,), 3.79 (s, 3H, OCHs), 3.70-3.65 (br m, 1H, NCH), 3.05-
3.00 (q, 1H, J = 9.0, AfCH), 273 (br m, 1H, ACCHCH), 2.65-2.55 (m, 1H, NCCH),

223-2.17 (m, 2H, CHy), 2.05-1.98 (m, 1H, CHy), 1.85-1.83 (m, 1H, CHy), 1.48-1.37 (m,

2H, CHy), 128-1.20 (m, 1H, CHa); "*C NMR (125 MHz, CDCL): § 179.0 (C=N), 158.1
(ArCipo), 1353 (ArCio), 128.1 (AXC), 114.0 (ArC), 67.2 (NCHy), 56.5 (ArCHCH), 55.2
(OCH3), 50.4 (ArCH), 33.5 (CHy), 31.9 (CHa), 26.3 (Cly), 25.1 (CHy); MS (APL ES,
pos.) m/z 230.1 (M+H); HRMS (TOF, EI): m/z 229.1464 (229.1467 calc. for C15HisNO,
M.

(3R,3a5)-3- 2.y1)-338,4,5,6,7-hexahydro-2H-indole (117):

00

To a solution of the nitrone 110 (0.100 g, 0.380 mmol) in acetonitile (2.00 mL)
was added benzyliricthylammonium tetrathiomolybdate (237 mg, 0.450 mmol) and the
mixture was stirred at temperature for 120 h. Additional benzyltriethylammonium
tetrathiomolybdate (176 mg, 0.340 mmol) was added and stirring was continued for 192
h. The mixture was filtered though a pad of celite®, the celite” was with dichloromethane

(3 x 10.0 mL). The combined filtrates were concentrated and the residue was purified by
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flash column chromatography on silica gel (CHaCl

‘methanol 98/3) to provide 60.0 mg
(64%) of 117 as a gum.

IR (neat): 2928, 2857, 1735, 1648, 1600, 1507, 1446, 1352, 1242, 1041, 1017, 993, 948,
856, 819, 747 cm™; 'H NMR (500 Milz, CDCly): § 7.81-7.74 (m, 4H, ArH), 7.48-7.42
(m, 3H, AtH), 7.35-7.33 (m, 1H, ArH), 437-4.32 (dd, 11, J = 154, 8.9, NCHz), 3.86-3.77
(m, 1H, NCHy), 3.27-3.22 (q, IH, J = 8.6, ArCH), 2.78-2.76 (m, 1H, ACCHCH), 2.27-
2.20 (m, 2H, CHy), 2.04-2.00 (m, TH, CHy), 2.00-1.75 (m, 21, CHy), 1.55-1.40 (m, 2H,
CHy), 1.40-125 (m, 1H, CHy); "C NMR (125 Miiz, CDCly): § 1789 (C-N), 1409
(ATC), 133.5 (AIC), 132.3 (ArC), 128.4 (ArC), 127.6 (ArC), 127.5 (ArC), 126.2 (ArC),
125.7 (ArC), 125.5 (ArC), 125.4 (ArC), 67.3 (CH:N), 56.6 (ArCH), 51.5 (N=CCH), 33.7

(N=CCHy), 32.0 (CHy), 264 (CI

), 25.2 (CHa); MS (APCI, pos.): m/z 250.1 (M+H);

HRMS (TOF, E1): m/z 249.1521 (249.1517 cale. for CigHioN (M)
(3R,3aS,7aR)-3-(4 1Hindole (118):
HiCo
\
[
N
i

A solution of the imine 116 (0.060 g, 0.26 mmol) in ethanol (3.0 mL) was cooled
100 °C and NaBH, (0.020 g, 0.44 mmol) was added. The mixture was stirred at 0 °C for |
h then acidifed to pH 3 with ag. HCI (1 N). The mixture was then basified to pH 9 with
aq. NaOH (5%) and extracted with dichloromethane (2 x 15 mL). The combined extracts

were dried and concentrated to provide 58 mg (96%) of the crude amine. Purification by
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flash chromatography on silica gel (CH:Cly/methanol, 9/1) provided 45 mg (75%) of 118
asa gum.

IR (neat): 3500-3100 (br), 2925, 2854, 1612, 1583, 1444, 1245, 1178, 1035, 827 cm’;
NMR (500 MHz, CDCl): 3 7.14 (d, 2H, J = 8.5, ArH), 6.85 (d, 2H, J = 8.5, ArH), 3.79
(5,31, OCHs), 3.45-3.41 (1, 11,/ = 10.3, NCH), 3.01-2.97 (dd, 11,/ = 8.3, 108, NCF),
282276 (br q, 1, J = 9.3, NCHa), 2.55-2.51 (dt, 1H, J = 3, 10, AtCH), 2.10-2.05 (m,
TH, NCHCH), 1.81-1.70 (m, 4H, CHy), 135125 (m, 3H, CHy), 1.10-1.00 (m, 1H, CHy);
1€ NMR (125 MHz, CDCl): 8 158.5 (ArCips,0), 1324 (ArCipe), 128.6 (2XArC), 114.1

(2XAIC), 643 (NCH), 55.2 (OCH3), 51.4 (NCHy), 48.9 (ArCH), 30.0 (CHy), 28.1 (CHy),

25.0 (CHy), 246 (CHy). MS (AP, ES, pos.) m/z 232.1 (M+H); HRMS (CI, pos.) m/z
232.1697 (232.1701 cale. for C5HNO, M+H)

(3R 3a8,7aR)-3 1H-indole (119):

A solution of the imine 117 (125 mg, 0.500 mmol) in ethanol (5.00 mL) was

cooled to 0 °C and NaBH, (38.0 mg, 1.00 mmol) was added. The mixture was stirred at 0

°C for 1 h then acidifed to pH 3 with ag. HCI (IN). The mixture was then basified to pH 9
with aq. NaOH (5%) and extracted with dichloromethane (2 x 15.0 mL). The combined
extracts were dried and concentrated to provide 125 mg (99%) of 119 as a gum which

was pure by 'H NMR
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IR (neat): 3500-3100 (br), 2923, 2852, 1632, 1599, 1507, 1445, 896, 856 cm’ ' '"H NMR
(500 MHz, CDCl): & 7.85-7.76 (m, 31, ArH), 7.65 (s, 1H, ArH), 7.47-736 (m, 3H,
ArH), 3.50 (1, 1H, J = 10.4, ), 315311 (dd, TH,J = 8.0, 111, ), 3.03-297 (q, 1H, =
9.5,), 2.59-2.55 (m, 1H, ), 2.11-2.09 (m, 1H, NCHCH), 1.86-1.71 (m, 3H, CHy), 1.5-
142 (dg, 1H,J = 3, 11, CHy), 1.35-125 (m, 2H, CHy), 1.20-1.15 (m, 2H, CHy). "°C NMR
(125 MHz, CDCl): § 140.1 (ArCipg), 133.5 (ArCipa), 1323 (AtCip), 128.2 (AIC), 127.6
(AXC), 127.4 (AIC), 1259 (ArC), 125.7 (ArC), 1253 (ArC), 64.9 (NCH), 54.1 (NCH2),

52.8 (NCHCH), 50.8 (ArCH), 31.8 (CHy), 28.4 (CHy), 25.7 (CHa), 24.9 (CHy),

MS (APCI, pos.): m/z 252.2 (M+1). HRMS (CI, pos.): m/z 252.1753 (252.1752 cale. for

CigHnN, M+H).



Part II: Formal Total Synthesis of (-)-Pancracine

Introduction

()-Pancracine, (-)-b 1 . ()-coccinine and h
(Figure 5) are members of the montanine-type Amaryllidaceae alkaloids. ™ These
alkaloids share a pentacyclic 5,11 idine as the core

skelton with a C-1/C-11a double bond and differ only in the nature and stereochemistry of
the oxygen-based substituents at C-2 and C-3 in the E ring (Figure 5).** Wildman and
co-workers isolated these Amaryllidaceae alkaloids in 1955 from various plant species.**

These alkaloids have been shown to display important biological activities including

ffects.©

anxiolytic, weak hypotensive, and P

Compound Ry R, Ry Ry

120 H OH OH H  ()pancracine
121 H OH H  OH (Fbunsvigine
122 H OCH, OH H  (montanine
123 OCHy H OH H  (coccinine
124 H OCHy; OCH; H  ()-manthine

Figure 5. Structures of selccted montanine-type Amaryllidaceae alkaloids



Known synthetic routes to pancracine

“The following summary provides an overview of the syntheses of pancracine in

enantiomerically enriched, as well as racemic, form which have been reported to date.
The Overman synthesis of (-)-pancracine

In 1993, Overman and Shim reported an enantioselective total synthesis of (-)-

pancracine. The key step was a Lewis acid-mediated aza-Cope Mannick

cyclization reaction.*’ The synthesis began with the formation of amino alcohol 126 from

a reaction of oxide, (R hyl in the presence of
trimethylaluminum. Following the formation of the aminoacetonitrile precursor formed
from 126, a Swemn oxidation was conducted to make the ketone 127.* The Corey-Fuchs

procedure was used to convert piperonal (128) to the acetylene starting material 129

(Scheme 2).
NH(AIMe;
_|\' gl OH 1) conHCl 0
1) PN CHy q (HCHO),, KCN q
~
L
3) diastereomer sepn. PR “CHy  (gs5) PR CHy
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<OI>\ 1)2n, CBry, PPhy, <o
u
o oo DU (B1%) o N
128 129 H

Scheme 2




Coupling of (S)-amino ketone 127 with the organocerium reagent derived from
alkyne 129 proceeded with good yields to give the corresponding protected amino alcohol
(Scheme 3). Subsequent removal of the cyanomethyl group gave propargylic alcohol 130
Reduction of 130 to the rrans-allylic alcohol followed by oxazolidine formation using

formaldehyde and camphorsulfonic acid provided 131 in 75% yield. The key aza-Cope-

Mannich rearrangement reaction of 131 was initiated with boron trifluoride etherate and
provided hydroindolone 132. Hydrogenolysis of the a-methyl benzyl group in 132 in the
presence of HCI provided the crystalline hydrochloride salt 133. Compound 133 was then
basified in the presence of formaldehyde and the resulting N-hydroxymethyl intermediate
was treated with 6N HCI to form the Pictet-Spengler cyelization product 134. Reduction

of the ketone in 134 with lithium tri-sec-butylborohydride, dehydration of the secondary

alcohol to the more substituted alkene and subsequent allylic oxidation provided a
mixture of allylic alcohols 135 and 136. Swern oxidation of this mixture provided the
enone 137 which was converted to the dienoxysilane. Dihydroxylation of the silylenol

ether (0504, NMO) and subsequent reduction of the f-hydroxy ketone intermediate with

sodium provided the desired (-)-p 120
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The Weinreb synthesis of (--pancracine

Weinreb and Jin reported an total synthesis of (-)-pancracine in

1997 Their approach involved the use of an intramolecular concerted pericycli

allenylsilane imino ene cycloaddition as a key step. The synthesis began with conversion

of readily available enantiomerically pure epoxy alcohol 138 to the allenyl aldehyde 139

s obtained

via a nine-step sequence. Another starting material, iminophosphorane 141 w

from the known piperonyl alcohol 140 (Scheme 4).

H  OCHPh
\)0:/‘ 9steps P
S ————= Me;PhSir. otes
ozPrsi.

138 H O 139

Br 1) TMSCINal, MeCN _ o Br
< T2)NaNy, OMF, 100°C <°:©L/N:PP":
3) PPhy, mesitylene, 50 °C

140 "

Scheme 4

The key ene-cycloaddition was initiated by heating allenylsilane aldehyde 139 and

iminophosphorane 141 in mesitylene to afford a single ene-cyclization product, 142

(Scheme 5). Desilylation followed by reduction of alkyne 142 using Lindlar’s catalyst
gave the terminal alkene 143, Compound 143 was further transformed by a Heck
cyelization to form a seven-membered exocyclic alkene, which was protected as its N-

tosyl derivative 144. Epoxidation of 144 followed by Lewis acid-induced rearrangement

af

rded the aldehyde which was reduced to alcohol 145, Debenzylation of 145 followed



by N-tosyl removal gave the corresponding amino alcohol. Cyclization using

triphenylphosphine and iodine afforded 146 in 82% yield. Oxidation of 146 using
TPAP/NMO gave the corresponding ketone, which was converted to silyl enol cther 147
using LDA/TMSCI. Compound 147 was successfully converted to cnone 148 by the

Sacgusa method (PA(OAc); in acetonitrile).* Desilylation of 148 followed by reduction

with NaBH(OA ided ()-p in 120 in enantiomerically pure form.
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The Hashimoto formal synthesis of (--pancracine

A recent publication by Hashimoto and co-workers describes an approach to the

synthesis of (-)-pancracine using a catalytic enantiosclective C-H amination process as

the key step.”’ The catalyst used in this approach is the dirhodium(ll) tetrakis[N-
tetrachlorophthaloyl-(R)-rert-leucinate, Rhy(R-TCPTTL), 149, and  successfully

represents the first example of the insertion of nitrene species (obtained from compound

150), and ([(4-nitrophenylsulfonyl)-imino]phenyliodinane, pNsN=Ph), into a

allylic C-H

bond of a silyl enol ether (Scheme 6).
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“The synthesis began with a one-pot 1.4-hydrosilyation/C-H amination of enone 10

with 150 using 2 mol % catalyst 149 to produce the NopNs-protected f-amino silyl enol

ether 151. This product was relatively unstable, so the N-alkylation procedure was carried

out without purification of the erude product, to produce N, N-disubstituted f-amino silyl
enol ether 153 in 58% yield (3 steps). Intramolecular Mukaiyama aldol condensation
produced the bicyclic enone 154 which was converted to 155 by reaction with
tosylhydrazine. Hydrazone 155 was then reduced to give alkene 156 in 64% yield plus

6% of the Cll-cpimer. Removal of the pNs protecting group followed by a Pictet-

Spengler cyclization gave 158 which is an

termediate in the Overman synthesis of (-)-

pancracine.
‘The Chang formal total synthesis of (+)-pancracine

Chang and co-workers reported a formal total synthesis of (+)-pancracine. Their
approach involved the synthesis of a hexahydro-1H-indol-3-one 163 by intramolecular
aldol condensation of ketone 162 (Scheme 7). The synthesis began with trans-4-
hydroxyproline 159 which was transformed into trans-4-hydroxyprolinol 160 in four
steps. Alcohol 160 was converted into alkene 161 by Swern oxidation followed by Wittig
olefination. Alkene 161 was reduced and the product was transformed to ketone 162 by
desilylation with TBAF followed by oxidation of the resulting alcohol with PCC.

Intramolecular aldol condensation of ketone 162 under acidi

conditions gave the

hexahydro-1 F-indol-3-one 163, Addition reaction between 163 and a  34-

methylenedioxyphenylmagnesium bromide, followed by reduction of the resulting



tertiary benzylic alcohol gave 164, which is an intermediate in the Banwell synthesis of

pancracine.*

I\
o, 1500, WeOH Ta50, d
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)4 10% PG 00%) Q )j pnon_ 3¢y
onagot81%) ;
w w e
Scheme 7

“The Hoshino total synthesis of (+)-pancracine

The total synthesis of (+)-pancracine by Hoshino involves a convenient route to

the 5,11 idine ring system using a reductive cyclization reaction as its
key step.** The synthesis begins with keto acid 165 which was obtained from the reaction
of  I2ciscyclohex-d-ene  dicaboxylic  anhydride  and 34

‘methylenedioxyphenylmagnesium bromide. (Scheme 8).
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Compound 165 was converted to a separable mixture of 166 and its diastercomer
in nine steps. Wittig reaction of 166 followed by hydroboration and oxidation provided
the primary alcohol which was acetylated to give 167. Hydrolysis of 167 followed by
protection of the vicinal diol gave the benzylidene tosylamide 168. Reductive cyclization
with sodium bis(2-methoxyethoxy) aluminium hydride and subsequent deprotection of

acetal with DIBAH gave 169. Alkene 170 was obtained from 169 via mesylation and



transformed into the

elimination. Epoxidation of 170 was unsuceessful; hence it wa

allylic chloride 171 by using phenylselenenyl chloride followed by~ oxidation.
Debenzylation of 171 with trimethylsilyl iodide produced epoxide 172 which upon

treatment with aqueous sulfuric acid in THE provided (+)-pancracine.

‘The Hoshino formal total synthesis of (4)-paneracine

es a convenient route to a

The formal synthesis of (+)-pancracine by Hoshino
5,1 1-methanomorphanthridine ring system using a radical cyelization reaction as the key

step.* The synthesis began with of the known

4-0l 173" to produce N-(trifluoroacetyl) tetrahydroisoquinolin-4-ol 174 in 78% yield

(Scheme 9).
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Compound 174 was subsequently treated with thiophenol in the presence of Znly
in 1,2-dichloroethane to give the corresponding phenyl sulfide 175. Hydrolysis of 175
provided tetrahydroisoquinoline 176 in near quantitative amounts. Heating a mixture of

176 and 4-bromocyclohex-2-cnone 177°7 in the presence of triethylamine and Et:NI

afforded a 1:1 mixture of inseparable diasteroisomers of 178 in 56% yield. Compound
178 s the precursor for the key radical cyclization reaction using BusSnH and AIBN in o-
xylene o give 5,11-methanomorphanthridin-2-one 179 in 76% yield. Oxidation of ketone

179 using 2,3-dichloro-5,6-dicyanobenzoquinone in 1,4-dioxane afforded the enone 137

which is a known intermediate in the Overman synthesis™ of (+)-pancracine.
“The Ikeda formal total synthesis of (+)-paneracine

‘The formal total synthesis of (+)-pancracine developed by Ikeda utilized the 5-
exo-trig radical cyclization as the key step.’ The synthesis began with the 14-
acetoxychlorination of cyclohexa-1,3-diene 180 in the presence of palladium catalyst to
give (+)-cis-3-acetoxy-6-chlorocyclohexene 181 in 89% yield (Scheme 10)¥  14-
Acctoxychloride 181 was converted to PMB protected amine 182 in 72% yield. Acylation

of 182 with the thiophenyl acetic acid 183 provided the amide 184. Amide 184 was

treated with (TMS);SiH in the presence of AIBN in boiling benzene to give the cis isomer
of the S-exo-trig radical cyclization product stercosclectively. Removal of the acetoxy
group by hydrolysis provided compound 185 as a single stercoisomer in 94% yield.
Swern oxidation of 185 gave ketolactam 186 which was protected as ketal with ethylene

glycol. Subsequent reduction of the amide and heating the obtained tertiary amine with

benzylehloroformate provided the carbamate 187 in 71% yield. Catalytic hydrogenolysis




of 187 in the presence of conc. HCI gave amine hydrochloride 188 which was dircctly
subjected 1o a Pictet-Spengler reaction which proceeded with concomitant deprotection of

the ketal to give 179. The conversion of 179 to the Overman intermediate to (+)-

pancracine has been previously described by Hoshino.**
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The Banwell formal synthesis of (+)-pancracine

The formal synthesis of (+)-pancracine by Banwell*’ began with the DBU-

promoted reaction of 3,4 f-nitrost 189 with
1,3-dione 190 to give the corresponding Michacl adduct in quantitative yield (Scheme

11). This adduct was subsequently acetylated to provide the enol-acetate derivative 191

Luche reduction' of 191 followed by treatment with methanolic potassium carbonate
provided cnone 192 in 67% yield. A second Luche reduction of 192 afforded a 1:1
diastereomeric mixture of allylic alcohols which were separated using chromatography
and the desired diastereomer 193 was carried further. Reduction of the nitro group in 193

was achieved with nickel boride and hydrazine and tosylation of the resulting primary

amine gave sulfonamide 194. Ring closure of 194 was achieved by an intramolecular

Mitsunobu reaction to provide the 3-arylhexahydroindole 195 as a 5.7/1 mixture of
diastercomers. Reductive cleavage of the sulfonamide group in 195 using sodium
naphthalenide followed by treatment of the amine 157 with formic acid-
paraformaldehyde gave the Pictet-Spengler product 158 in 59% yield. Following the

Overman  synthesis, 5,11-methano-morphanthinidine 158 can be converted to (+)-

pancracine in a series of five simple oxidation and reduction steps.




/~0
0, 0,
j\:'; 1.DBU, CH,Cly O ’ 1. NaBH,, CeCly.TH,0
2.Ac,0, DMAP (cat.),
o0, T, 2%coueon

189 NO, 190 (74%) ON" 11 (67%)
_NaBH,, CoCly TH,0 _ 1.NiBy, hydrazine
2. p-TsCl, pyridine
ON (62%)
193 (18%)
192 (+ diasteroomer)
o
o
_DIAD,PPh, _
CHCly
Ty M (e=san O
T H
194 195
HCHO, HOOH
(50%)
158
Scheme 11

‘The Pandey formal total synthesis of (£)-pancracine

Pandey and co-workers reported a formal total synthesis of (+)-pancracine in 2005

using an i [3+2] tion of a azomethine ylide as the




key step to prepare the Overman intermediate to pancracine.”” The synthesis (Scheme 12)

began with the coupling of di-iodo compound 196 and secondary amine 197. The
coupling was followed by benzoylation to produce tertiary amine 198. Compound 198
was then subjected to a modified Heck reaction using PA(OAC); as the catalyst with
methyl vinyl ketone to produce compound 199 in 60% yield. Compound 201 was then
produced from 199 by an intramolecular cycloaddition of an azomethine ylide to provide
200. Removal of the benzoyl group in 200 using LIOH in McOH provided 201. The
deprotection is accompanied by epimerization of the stercocenter o the ketone.

d

However, this stereocenter is not relevant to the synthesis and hence the epimes
alcohol 201 was carried further. Mesylation of 201 followed by intramolecular cyclization

through the kinetic-enolate provided 134. Conversion of 134 o the enol triflate followed

by redu

e climination provided 158 which is an intermediate in the Overman synthesis

of (4)-pancracine.
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Results and Discussion

The work described in this section focuses on studies on the stereoselctive
conversion of a y-nitroketone Michael adduct (105) (made by using a proline derived

mine w© a cis3 indole (113), which is an important

intermediate to the montanine alkaloid (-)-pancracine (120). Considering the lack of



126

stercoselectivity in the reduction of nitrone or imine intermediates to the cis-
octahydroindoles (Part T of this Chapter), an alternative approach to 113 was necessary.
We reasoned that a strategy involving the dircet assembly of the pyrrolidine ring by

stereosclective C-N bond formation from an appropriate precursor derived from the

nitroketone 105 would be more fruitful. Specifically, an invertive cyclization of the

equatorial alcohol 202 d

ed from 105 should provide the required cis-octahydroindole

exclusively (Figure 6).

.
H O H O invertive H
W H;'WQ il n
o7 W [
105 202 13

Figure 6. Synthesis of cis-octahydroindole 113
With this objective in mind, a study of the stereoselective reduction of the 3~
nitroketone 105 under a variety of conditions was undertaken. These results are

summarized in Table 5.




Table 5: Reduction study of nitroketone 105

Reducing agent Yield  Equatorial  Axial alcohol
(%) alcohol (202) (203)
i-BuyAlOi-Pr, THF - NR
Daucus carrota, H,0, EXOH - NR
Baker’s yeast, H;0, Sucrose - NR

NaBHy, CH;COOH, THF 47 1 1

KOH, NaBH, CH;0H, H;0 87 1 16
NaBH,, CH;OH 76 1 23
L-Selectride®, -78 °C, THF 83 1 >30

NR = Starting material was recovered

Treatment of nitro ketone 105 with sodium borohydride under a variety of

conditions provided a inseparable mixture of equatorial (202) and axial (203) alcohols
The stercochemical assignments for 202 and 203 are based on the known trend in
chemical shifls for the alcohol methine proton in structurally related compounds (CH for
equatorial alcohol resonates upfield of CH for axial alcohol).”** Surprisingly, the ketone.
was unreactive toward i-Bu;AIOiPr in THF, a reducing agent that is known to selectively

generate equatorial alcohols™ from cyclic ketones. Attempted reduction of 105 using,




carrot™ or yeast™ was unsuccessful and only unreacted starting material was recovered

from these reactions.

It thus became apparent that a one-step synthesis of 202 from 105 was not

feasible. Therefore, in an alternative approach, the y-nitroketone 105 was subjected to a

® 6

stereoselective reduction with L-Selectride® ** to provide the nitroalcohol 203 (axial

alcohol) as a single diastercomer (Scheme 13). A Mitsunobu reaction of alcohol 203

(PhsP, di i (DMEAD),” 4. ic acid) followed by

hydrolysis of the 4-nitrobenzoate provided the nitroalcohol 202 (equatorial alcohol)

gle diastercomer.***
o o\ oy
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Scheme 13

Mesylation of 202 provided the key substrate for the ring closure reaction.

Gratifyingly, reduction of the nitro group in the mesylate 204 with Fe/NH,CI directly

provided the cis octahydroindole 113 as a single diastercomer in excellent yield (97%).

ion of the

“This result is indicative of a Sx2 type res iermediate amino mesylate which

proceeds with complete inversion at the ring junction (Scheme 14),
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It is reasonable to assume that the overall conversion of 105 to 113

representative of a general approach to s octahydroindoles from cyclohexanone-derived
j-nitroketones. The efficiency of the intramolecular nucleophilic displacement should
render this strategy relatively insensitive to substitution in the y-nitroketone starting
material.

Having established a stereoselective synthesis of the cis octahydroindole 113, we
proceeded to utilize 113 in a formal synthesis of (-)-pancracine. Treatment of 113 with
aqueous formaldehyde followed by removal of the acetal protecting group, by adaptation
of the literature method,*" provided the methanomorphanthridine 179. Oxidation of 179

with DDQ, as described by Hoshino,” provided 137 which is an advanced intermediate

in the Overman synthesis of (-)-pancracine.*” (Scheme 15)
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Conclusion

In conclusion, the stercoselective synthesis of a cis and trans 3-aryl
octahydroindoles were developed from an enantiomerically enriched y-nitroketone. The
‘methodolgy was applied in a short formal total synthesis of (-)-pancracine. The synthetic
route to pancracine developed in this study is the shortest (12 steps) in comparison to any
of the previously reported methods. Overall, these studies provide an efficient synthesis
1o the octahydroindole motif and also highlight the utility of the organocatalytic synthesis

of -nitroketones.



Experimental section

(7S,88)-T-|(1R)-1-(1,3- i 1)-2-ni |-1,4-di iro[4.5]d J
@03):
Q
|9
\y
W o
oN ;>
Ho'

To a solution of the nitroketone 105 (1.0 g, 2.0 mmol) in anhydrous THF (0.010
L) at -78°C under nitrogen was added a solution of L-Selectride® (1 M in THF, 3.5 mL,
3.5 mmol) and the mixture was stirred for 40 min at -78 °C. EIOH (1.5 mL) was added,

followed by H;0 (0.50 mL), aqueous NaOH (10%, 1.0 mL) and aqueous Ha

30%, 1.5

mL). The

ure was then warmed to ambient temperature and saturated aqueous K:COy
(0.020 L) was added. The resulting solution was extracted with ethyl acetate (3 x 0.010

L). The combined organic layers were dried (Na;SO4) and concentrated under reduced

pressure. The residue was purified by flash chromatography on silica gel (ethyl
acetate/hexane: 40/60) to afford 830 mg (83%) of 203 as a colourless foam.

IR (ncat): 3390, 2902, 1549, 1246, 1128, 1055, 1035, 941 cm™; 'H NMR (500 MHz,
CDCL): § 6.74 (d, 1H, J = 7.9, AtH), 6.68 (d, 1H, J = 1.7, ArH) 6.63 (dd, 1H, J = 79,
1.7, ArH), 5.95-5.93 (m, 2H, OCH;0), 4.83-4.79 (dd, 1H, J = 12.4, 4.5, CH:NOy), 4.68-
4.64 (dd, 1H, J = 124, 10.1, CHINOy), 401 (br s, 1H, CHOH), 3.89-3.84 (m, 4H,

oC)

LCH;0), 3.84-3.75 (m, 1H), 3.50-3.45, (dt, 1H,J = 10, 4.8), 2.02-2.0 (m, 1H), 1.86-

176 (m, 3H, CHy), 1.70-1.60 (t, 1H, CHy), 1.60-1.50 (m, 1H, CHy), 1.30-125 (m, 1H



CHy), "°C NMR (125 MHz, CDCLy): § 148.0 (ArC), 1469 (ArC), 1323 (ArC), 121.9

(AFC), 1089 (2 x ArC), 1085 (OCO),101.5 (OCH;0), 79.2 (CHuNO,), 65.3 (CHOH),
64.6 (OCH,CH;0), 64.5 (OCH,CH0), 46.4 (ArCHCH), 43.1 (AICHCH), 34.1 (CHy),

316 (CHy), 28.4 (CHy); HRMS (EI): m/z 351.1332 (3511318 cale. for Ci7HyNO; (M),

(TS,8R)-T-(1R)-1-(1,3: ioxol-5 itrocthyl|-1,4-dioxaspiro[4.5]decan-8-ol

@02):

“To a solution of triphenyl phosphine (1.47 g, 5.48 mmol) in anhydrous THF
mL) at 0 °C, was added dimethoxyethyl azodicarboxylate (128 g, 5.48 mmol) and the
solution was stirred for § min. A solution of the nitroalcohol 203 (962 mg, 2.74 mmol) in
THF (5.00 mL) was added, the mixture was stirred for § min and p-nitrobenzoic acid (916

ed at 0 °C for 30 min and then at

mg, 3.80 mmol) was added. The mixture was

ambient temperature for 3 h. The THEF was removed under reduced pressure, the residue

was dissolved in cthyl acetate (20.0 mL) and the solution was washed with water (2 x
20.0 mL) and aq, saturated NaHCO (2 x 10.0 mL), dried (Na;SO4) and concentrated. The
residue was purified by flash chromatography on silica gel (hexane/ethyl acetate: 80/20)
1o afford 825 mg (60%) of the product p-nitrobenzoate as a pale yellow gum.

"H NMR (500 MHz, CDCLy): § = 8.37-8.35 (d, 2H, J = 8.9, ArH), 8.31-8.28 (d, 2H,

8.9, AtH), 6.71-6.95 (d, 1H, J = 8.0, ArH), 647 (d, 1H, J = 1.4, AtH), 6.38-6.42 (dd,




H, J = 14, 8, ArH), 5.95-5.94 (m, 2H, OCH;0), 4.75-4.71 (dd, 1H, J = 126, 82

CH:NO,), 4.65-4.60 (dd, TH, J = 12.6, 8.2, CHiNOy), 4.63-4.60 (m, 1H), 4.0-3.95 (m,

4H, OCH,CH;0), 3.92 (m, 1H), 2.43-2.37 (m, 1H, AtCHCHCH), 2.20-2.16 (m, 1H,

CHCH), 1.85-1.65 (m, 2H, CH,), 1.60-1.50 (CH,), 1.45-1.35 (CH,).

To a cold (0 °C) solution of the above ester (825 mg, 1.65 mmol) in THF (10.0 mL) was
added a solution of NaOH (132 mg, 3.30 mmol) in water (6.00 mL) and the solution was
stirred at ambient temperature for 24 h. The solution was diluted with ethyl acetate (15.0
mL) and the aqueous layer was separated. The aqueous layer was acidified with aq. HC1
(3 M) and extracted with CH;Cl; (3 x 10.0 mL). The combined extracts were washed with
saturated aq. NaHCO, dried (Na;SO5) and concentrated to give 0.560 g (96%) of the
aleohol 202 as a pale yellow gum. This material was pure by 'H NMR (500 MHz) and
was direetly used in the next step without further purification.

IR (neat): 3337 (br), 1715, 1551, 1503, 1444, 1242, 1035, 926 em™. '"H NMR (500 MHz,

CDCly):

674 (d, 1H,J = 7.9, AtH), 6.7 (d, 1H, J = 1.6, ArH), 6.64-6.62 (dd, 1H, J =
7.9, 1.6, ArH), 5.95-5.94 (apparent d, 2H, J = 2.3, OCH0), 4.86-4.82 (dd, IH J =12.6,
7.0, CH:NOy), 4.69-4.64 (dd, 1H ./ =12.6, 9.5, CH:NO,) 4.02-3.98 (m, 1H), 3.9 (brss, 4H,
OCH,CH;0), 3.24-3.21 (m, 1H), 1.95-1.85 (m, 2H, AtCHCH, CHy), 1.72-1.61 (m, 2H,
CHy), 158-1.61 (m, 1H, CHy), 1.46-1.37 (m, 1H, CHy), 1.25-1.20 (1, 1H, J = 13.1, CHy),
C NMR (125 MHz, CDCL): § 147.7 (ArC), 1469 (ArCip), 1299 (ArCio), 1219
(A1C), 109.0 (ArC), 108.3 (ArC), 108.0 (OCO),101.1 (OCH;0), 78.6 70.7 (CHNO),
64.4 (CHOH), 64.3 (OCH,CH,0), 64.5 (OCH,CH,0), 4.0 (ArCHCH), 43.7 (ArCHCH),
347 (CHy), 32.8 (CHy), 326 (CHy) HRMS (CI): m/z 3511325 (3511318 cale. for

CiHaNO7 (M),
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(TS.8R)-T-(1R)-1-(1,3 i 1)-2-nitroethyl]-1,4-dioxaspiro|d.5]decan-8-

methanesulfonate (204):

To a solution of the nitroalcohol 203 (0.300 g. 0.850 mmol) in dichloromethane
(5.00 mL) at -78 °C was added methanesulfonyl chloride (86.0 L, 1.11 mmol) followed
by triethyl amine (257 pL, 2.20 mmol). The mixture was stirred at -78 °C for | h and then
at ambient temperature for 2 h. The solution was washed with water (2 x 10.0 mL), dried
(N:505) and concentrated to provide 366 mg (quant.) of 204 as a pale yellow foam. This
material was pure by 'H NMR and was used without further purification.

"H NMR (500 MHz, CDCL): § 6.78 (d, 1H, J =

. ArH), 6.74-6.68 (m, 2H, ArH), 5.97
(m, 2H, OCH;0), 4.75-4.65 (m, 2H, CH:NOy), 4.45-4.38 (dt, 1H, J = 4.6, 10.2, CHOMs),
3.97-3.90 (m, SH, OCH,CH:0, ArCH), 2.35-2.28 (m, 1H, ArCHCH), 2.252.15 (m, 1H,
CHy), 1.95-1.85 (m, 1H, CHy), 1.75-1.70 (m, 2H, CHy), 1.50-1.45 (m, 1H, CHy), 135

1.25 (m, 1H, CHy).

Ta'$)- (1,3 i iro[1,3-dioxolane-2,5'-indole]
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A mixture of Fe powder (78.0 mg, 1.39 mmol), aq. NH,CI (24.0 mg, 0460 mmol in 2.00
ml water) and the above nitromesylate (0.100 g, 0.230 mmol) in ethanol (6.00 mL) was
heated at 80 °C (bath temp.) for 3 h. The mixture was cooled to room temperature and
filtered through a pad of celite”. The filtrate was concentrated and the residue was
dissolved in dichloromethane (15.0 mL). The resulting solution was washed with aq.
NaOH (5%, 2 x 10.0 mL), dried and concentrated to provide 68.0 mg (97%) of 113 as a
pale yellow gum. This material was pure by 'H NMR (500 MHz) and can be used further

without purification. A pure reference sample was obtained by purification using flash

column chromatography on gel employing CH,CL/MeOH (9/1) as the eluant
(experimental for compound 113 was reported in part I of this Chapter).

8,9- 5,11- 2-one (179):"!

05

H

A mixture of the amine 113 (0.170 g, 0.560 mmol), formalin (37%, 2.30 mL, 28.0

mmol), methanol (2.30 mL) and tricthyl amine (156 pL, 1.10 mmol) was stirred at

ambient temperature for 15 n

n. The resulting solution was concentrated, and the residue
(176 mg) was treated with aqueous HCI (6 N, 15.0 mL). Methanol (5.00 mL) was added
to provide a solution which was stirred at room temperature for 10 h. The solution was
cooled (ice bath), and aqueous NHyCI (10 mL) was added; the mixture was stirred for a

solution

few minutes and then basified with aqueous NaOH (5%, 0.500 mL). The basi

was extracted with dichloromethane (4 x 10.0 mL) and the combined organi

layers were

dried (Na;SO4) concentrated to provide 87.0 mg (58%) of 179" as a pale yellow oil.
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IR (neat): 2923, 2853, 1710, 1481, 1229, 1029, 932, 823 em’; 'H NMR (500 MHz,

CDCL): 5 6.48 (s, 1H, ArH), 6.46 (s, 1H, ArH), 5.88 (s, 21, OCH,0), 4.35-431 (d, 1H,
=17, AfCH:N), 3.81-3.78 (d, 1H, J = 17, AfCH:N), 3.34-3.28 (m, 1H, NCH), 3.21-3.19

(d, 1H, J = 111, NCHyCH), 3.04-3.02 (d, 1H, J = 111, NC/

H), 2,67 (br s, 1H,
NCH,CH), 2.57-2.53 (m, 1H, NCHCH), 2.45-2.38 (m, 3H, CHCH,CO, CH;CH,CO),
2.252.20 (m, 1H, CHCO), 2.07-2.0 (m, 1H, CHy), 1.84-1.76 (m, 1H, CHa); "'C NMR
(125 MHz, CDCly): § 2119 (CO), 146.6 (ArC), 145.9 (ArC), 135.4 (ArC), 125.0 (ArC),
1069 (ArC), 1064 (ArC), 1007 (OCO), 643 (NCH), 60.4 (ArCHCH:N), 51.9
(AICILN), 469 (NCH,CH), 46.0 (CHCH,CO), 41.5 (CHyCO), 36.7 (CH,CO), 26.1

(NCHCH;); HRMS (EI): m/z 271.1209 ( 271.1208 cale. for C1gHi7NO; (M")).

1,11a -Didehydro-8,9- y i ,11- idin-2-one (137):

The literature procedure™ was adapted. To a solution of the ketone 179 (18 mg,
0.066 mmol) in dioxane (1.5 mL) was added DDQ (45 mg, 0.20 mmol) and the mixture
was heated to reflux for 1 h and cooled to room temperature. The mixture was diluted
with CH,Cl and the solution was washed successively with a saturated, aq. NaHCOs
solution, and brine. Drying (KCO;) and concentration of the organic phase provided 11
mg (62%) of 137 as a pale yellow solid. IR (neat): 2922, 2853, 1657, 1481, 1233,
1035, 932, 811 cm™; 'H NMR (500 MHz, CDCL3): 8 6.57 (s, 1H, ArH), 6.50 (s, 1H,
Att), 5.92 (s, 1H, OCH:0), 5.90 (br s, 2H, OCH:0, CHC(0)), 439 (d, 1H, J = 165,

NCHAr), 3.87 (d, 1H, J = 16.8, NCHAr), 3.58-3.55 (br m, 1H, NCHCH), 3.44 (br s,
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1H, ArCH), 3.22-3.15 (apparent br q, 2H, NCH,CH), 2.56-2.52 (br m, 11, CHy), 2.34-

2.26 (m, 2H, CHy), 1.90-1.82 (m, 11, CH,

'C NMR (125 MHz, CDCL): § 198.8 (CO),

176.3 (C=C-C(0), 147.5 (ArC-0), 1464 (ArC-0), 130.3, 124.5 (ArC, C=C-C(0)), 117.4
(Ar0), 107.7 (ArC), 106.9 (ArC), 1010 (OCH;0), 64.7 (NCH), 60.9 (ArCILN), 549
(NCH,CH), 463 (ArCH), 37.2 (CH,C(0)), 30.7 (CH,CH,C(0)); ((MS (APL-ES pos.):

miz270 (M+H); HRMS (CI pos.): m/z 269.1051 (269.1052 calc. for CygHisNO; (M+)).
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Appendix 2:
'H and "*C NMR Spectra for Chapter 2
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Chapter 3

Total synthesis of (+)-ipalbidine

Part of the work described in this chapter has been published in

Eur. J. Org. Chem. 2011, (DOI: 10.1002/¢joc.201100125)
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Chapter 3

Total synthesis of (+)-ipalbidine

Introduction

Ipalbidine is a naturally occurring indolizidine alkaloid, isolated from seeds of

Ipomoea alba L. The presence of indolizidine alkaloids in [pomoea alba L. was first
reported by Gourley ef al' who isolated the two glycoside alkaloids, ipalbine and
ipomine, and their aglycone, ipalbidine (Figure 1)." A unique structural feature of this

class of alkaloids is the location of the C-methyl group on the hexahydroindolizidine

nucleus.*
W W
e W
] 3 oo ~f
M N @
No’ﬁé’v o
o o
Ho o T
o
o TR0 Reposumaroy
abice pomine oo

Figure 1. Structures of indol|
Apart from their prototypical structures these compounds have remarkable
biological profiles. (+)-Ipalbidine is a non-addictive analgesic, an oxygen free-radical

scavenger, and has demonstrated inhibitory effects on the respiratory burst of leukocytes.



Known synthetic routes to ipalbidine

“The following summary provides an overview of the syntheses of ipalbidine i

enantiomerically enriched as well as racemic form.

‘The Jin synthesis of (+)-ipalbidine

Jin and co-workers reported the first enantioselective total synthesis of (+)-

ipalbidine in 1985. The synthesis begins with (S)-proline 18 (Scheme 1), which is
homologated to 209 in four steps by using Amdt-Eistert reaction conditions. N-alkylation
of 209 with 2-(4-methoxyphenyl)acetyl chloride provided the amide 211. Amide 211 was
cyelized in the presence of NaH in THF to give the f-keto amide, which upon treatment
with triethyl orthoformate provided 212. The amide in 212 was reduced to the amine
using AlH;, and the enol ether was hydrolysed with HCI to generate ketone 213. The
ketone 213 was reacted with methyl lithium to provide tertiary alcohol 214, which upon
dehydration and subsequent demethylation provided the natural product (+)-ipalbidine

207 in a stereoselective fashion.
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.
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Scheme 1

The Honda synthesis of (+)-ipalbidine
of (+)-

In 2003, Honda and coworkers reported an enantiospecific total synthe:
ipalbidine.” The key step in this synthesis is an intramolecular McMurray coupling using
a low-valent titanium reagent. The synthesis starts with (-)-pyroglutamic acid methyl ester

215 (Scheme 2), which was converted to tosylate 216."
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Scheme 2

‘Treatment of 216 with higher-order cuprate reagent 217 gave the desired olefinic
amide 218. N-alkylation of amide 218 with bromide 219 afforded diene 220 in good
yield. Ring closing metathesis of the diene 220 in the presence of the Grubbs, Hoveyda or
Schrock catalysts was unsuccessful and hence an altemative strategy for constructing the
six-membered ring of ipalbidine was followed. Ozonolysis of the dicne 220 followed by
reductive work-up with dimethyl sulfide provided the diketone 221, which on treatment
with titanium (0), (prepared from TiCl THF complex and Zn-Cu couple) in DME

furnished the desired product 222 in only 30% yield. Reduct

n of the amide using LAH

followed by hydrogenolysis of the benzyl ether provided (+)-ipalbidine (207).



‘The Georg synthesis o

albidine

Georg and Niphakis reported an enar 4

elective total synthesis of (+)-ipalbidine.
Their synthesis starts with Boc-S-proline 69, which was homologated using standard

Amdt-Eistert

reaction conditions. The acid was first converted into diazoketone 223

which was then subjected to a Wolff rearrangement with catalytic C

,Ag (Scheme 3)

in the presence of freshly distilled A

O-dimethylhydroxylamine to provide the Weinreh

amide 224 (97%). Ynone 225 was prepared by treatment of 224

ethynylmagnesium

bromide.
o oue
HOLC, O EWN, CICO,EL Nos L cryc0,Ag (20 mot) M;”“Y'
o’ THE, CHaN; [ “HNOMoe, EWN 0
= w0 syl o 224 o
Ctivger
[os%) THF, NaHSO,
N
! " =
O\ KiCO, MeOH [\‘/Y (| oo \('(
N w0 | On o N
227 226 Bog

PA(OAC),, Cu(OAC),
70%) | PURE 16COy

oGS0
2051160 °C
LiSolocride, THF, 110 o
OJLO o
65%) ooy
207

Scheme 3
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Initially, enaminone 227 was prepared from the ynone 225 by stepwise treatment

with aqueous 4 N HCI in dioxane followed by addition of methanolic K:COs. However,

this protocol led to ization of 225, a milder d protocol

(formic acid and Nal) was used to mitigate racemisation at the -stercocentre. Treatment
of the obtained vinyl iodide 226 with K;COs gave enaminone 227. A Pd(Il)-catalyzed C-
H arylation of 227 with an appropriate ~organotrifluoroborate produced ~the
arylindolizidinone 228. The enaminone 228 was reduced to the ketone with L-Selectride
using the Liu’s protocol.* Treatment of the ketone with methyllithium fumished the

tertiary alcohol 229. Dehydration of the tertiary alcohol using SOCI; in pyridine, followed

by demethylation with BB fumished (+)-ipalbidine (207) in enantiomerically pure form.
‘The Govindachari total synthesis of (+)-ipalbidine

“The first total synthesis of (+)-ipalbidine by Govindachari describes a convenient
route to arylindolizidine alkaloids in general.' The synthesis begins with
hydroxymethylene derivative 230 which was prepared from ethyl 4-methoxyphenyl

acetate by treatment with sodium and ethyl formate (Scheme 4).
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Compound 230 was subsequently reduced with sodium borohydride to the
corresponding f-hydroxy ester which was then converted to the f-chloro ester 231 with
SOCL,. The chloroester 231 was condensed with ethyl 2-pyrrolidinyl acetate to give
diester 233. Dieckmann cyclization of 233 followed by hydrolysis and decarboxylation
afforded the ketone 213. Ketone 213 was reacted with methyl lithium to yield tertiary
alcohol 214, Dehydration of the tertiary alcohol 214 using sulfuric acid, followed by

demethylation of the methyl ether with aluminum bromide, yielded racemic ipalbidine

207,

total synthesis of (+)-ipalbidine

In 1971, Wick and co-workers reported the total synthesis of ()-ipalbidine."" The
synthesis begins with 2-methoxy pyrrolidine 234. Compound 234 was condensed with
methyl acetoacetate 235 to give keto ester 236. Keto ester 236 was acylated with

p-methoxyphenylacetyl chloride 210. Cyclization of the resulting amide provided the



pyridone 237 which was further and in hot

acid to the substituted pyridone 238. Reduction of 238 with excess alane (made from

AICI;-LAH) in THF provided racemic ipalbidine (207) (Scheme 3).

K'(CHJ COOCH;
ocH; [ d CHy 1) Nak, benzene z
o Ayt X
e Y
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b
X LT {%
OH & OH
-
Scheme 5
‘The Stevens total synthesis of (+)-ipalbidine

Stevens and Luh reported a total synthesis of (+)-ipalbidine in 1977." Their

approach uses an acid-catalyzed of a to generate a 3-

phenylthio-2-pyrroline synthon as a key step (Scheme 6).
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The synthesis began with readily available p-methoxybenzyl cyanide 239

Compound 239 was acylated (LDA/ethylacetate) to provide 240. Ketalization of the
ketone in 240 followed by reduction of the cyano group afforded the amine 241. The
requisite cyclopropyl imine 243 was prepared by condensation of aldehyde 242 and
amine 241. The key acid-catalyzed rearrangement of 243 took place in the presence of
ammonium chloride to form the corresponding 2-pyrroline 244, Treatment of compound
244 with methanolic HCI and trimethyl orthoformate produced indolizidine 245,
Desulfurization of 245 using Ra-Ni afforded ketal 246 which was hydrolysed to the
corresponding etone. The conversion of this ketone to ipalbidine was previously

reported by Govindachari and Wick."™""



‘The Danishefsky total synthesis of (+)-ipalbidine

Danishefsky and Vogel outlined an approach to (+)-ipalbidine which utilized a
Lewis-acid catalyzed cycloaddition of a silyloxydiene with an aldimine as the key step

(Scheme 7)."
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Scheme 7

The synthesis began with the known a-aryl-f-methylerotonate derivative 247,'

h was converted to the silylketene acetal 248 by deprotonation with LDA followed
by O-silylation with rert-butyldimethylsilyl chloride. Reaction of silylketene acetal 248
with the pyrroline 249 in the presence of boron trifluoride etherate at -78 °C afforded the
unsaturated lactam 250. Reduction of the lactam 250 using alane (LAH-AICT;) followed

by on of the resulting

with boron tribromide produced

(&)-ipalbidine.




Jefford total synth

|
of (£)-ipalbidine !
Jefford and coworkers reported the total synthesis of (+)-ipalbidine."* Their ‘

strategy involves a rhodium (II) acetate-catalyzed C-H insertion of the diazo ketone 254

to form dihydroindolizidine 255 as key the intermediate (Scheme 8).
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The synthesis begins with arylpropenoate 251 which was prepared from the
corresponding arylacetic acid. Michael addition of pyrrole (252) to 251 gave the adduct

2

. The ester in the adduct underwent hydrolysis during the course of the reaction

Conversion of the acid into diazoketone 254 was achieved by conversion to the mixed

‘ anhydride followed by reaction with diazomethane. Rh(OAc); catalyzed decomposition

of diazobutanone 254 yielded the key inone 255 as the

iermediate dihydroindol
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product of an insertion reaction of the diazocarbonyl into the pyrrole C-H bond.
Hydrogenation of 255 using PtO; afforded the amino alcohol 256 which was oxidised
using the Jones reagent to provide the ketone 213. Reaction of the ketone with excess
MeLi resulted in the formation of tertiary alcohol and concomitant demethylation of the

methyl ether. Treatment of this product with acetic anhydride yielded the diacetate which

upon treatment with hot HBr gave (+)-ipalbidine (207).

‘The Padwa total synthesis of (£)-ipalbidine

The total synthesis of (£)-ipalbidine by Padwa and Shechan describes a

convenient route to indolizidine alkaloids.'® The synthesis begins with the [3+2]

of a-diazoimide 257 with cis-1 1-propene in the presence
of Rip(OAc) to provide pyridone 259 (Scheme 9). This reaction proceeds via the
formation of a_ carbonyl ylide from 257 which functions as the 13 dipole in the

cycloaddition.
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Conversion of the cycloadduct 259 to the corresponding triflate, followed by a

Stille coupling using tributyl(4 tin gave the aryl-substituted 2-pyridone
260. Desulfonylation of 260 using Ra-Ni followed by demethylation provided 2-pyridone

238. Complete reduction of the enamide in 238 afforded (+)-ipalbidine.

The Ikeda total synthesis of (2)-

pall

The total synthesis of (+)-ipalbidine by Ikeda utlizes a G-exo-frig radical

[

cyclization as the key reaction.” The synth

begins with the N-Boc-(S)-prolinol 70.
Oxidation of 70 followed by Wittig olefination provided 261. Hydroboration of the olefin

in 261 followed by oxidation afforded aldehyde 262 (Scheme 10).
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“The aldehyde 262 was treated with diphenyl(phenylthiomethyl)phosphine oxide i

the presence of NaH to give vinyl sulfide 263 as a 1:2 mixture of £/Z isomers. Removal
of the Boc group followed by acylation of the amine with p-methoxyphenylacetyl

chloride (210) gave the corresponding amide which was converted to the sulfide 264. The

key 6-exo-rrig radical cyclization of amide 264 was initiated with BusSnH in the presence

of AIBN in boiling benzene to provide the lactam 265 as a 1:1 mixture of diastercomers.
‘Treatment of 265 with sodium metaperiodate followed by heating the resulting sulfoxide
in chlorobenzene at 160 °C provided the unsaturated lactam 250. The conversion of 250

to the (+)-ipalbidine was achieved as previously described by Danishefsky and Vogel."*

‘The Kibayashi formal total synthesis of (+)-ipalbidine
Kibayshi and coworkers reported a formal total synthesis of (+)-ipalbidine.' They

have synthesized bicyclic ketone 213 using a 1,3 dipolar cycloaddition and Dieckmann

condensation as the key reactions (Scheme 11). Ketone 213 is an advanced intermediate

in the synthesis of (+)-ipalbidine.
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‘The synthesis begins with a 1,3-dipolar cycloadd

n between nitrone 267 and p-

methoxy allyl benzene (266) to provide the cycloadduct 268 as a single diastercomer. N-
benzylation of 268 provided the salt 269 which was subjected to N-O bond cleavage with
Zn/CHyCOOH and subsequent hydrogenolysis of the benzyl group to provide the amino
alcohol 270. Aminoaleohol 270 was then N-formylated to provide 271 by heating in
formic acid. Subsequent Collins oxidation followed by an  intramolecular  aldol
condensation (using aluminium -butoxide according to Ban’s method"”) yielded the
bicyelic enaminone 228, Selective reduction of the alkene in 228 using lithium in liq. NH,
produced amino ketone 213 which is an advanced intermediate in the synthesis of

ipalbidine.*




Objective

The aim of the present study was to utilize the enantiomerically-enriched -
nitroketone 274, obtained from an organocatalytic Michal addition, as a starting material

for the stereoselective synthesis of (+)-ipalbidine 207 (Figure 2).

MeQ

274 207

Figure 2. y-Nitroketone 274 as a starting material for the synthesis of (+)-ipalbidine

Results and discussion
Initially, p-nitroketone 274 was prepared from 14-cyclohexanedione

monoethylene ketal (272) and 4-methoxy -nitrostyrene (273) by employing the

secondary-secondary diamine salt-catalyzed Michal addition protocol developed in our
group (as discussed in Chapter 2)."?' The nitroketone 274 was obtained in good yield

and high diastereomeric and enantiomeric excess (dr > 20/1, 96/4 er). Baeyer-Vi

iger
oxidation of 274 with mCPBA provided the lactone 275 in 98% yield. Methanolysis of
the lactone under basic conditions provided the hydroxy ketal 276 in 95% yield (Scheme

12).
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‘ Deprotection of the acetal in 276 (6 N HCI, MeOH) furnished the hydroxy ketone
‘ 277 in 95% yield. Partial reduction of the nitroketone with Zn/NH,C1 provided the nitrone

278 in 95% yield. This step constructs the six -membered ring of the required indolizidine

moiety (Scheme 13).
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“The nitrone 278 was subjected o stereoselective reduction under a variety of

conditions and the results are summarized in Table 1

‘Table 1. Conversion of nitrone 278 to hydroxylamines

o "
"N 07 Raducing agont o
Mo on

. m — e ED

Reducing agent Vield  Hydroxylamine Hydroxylamine
(%)

NaBH; a T T

LAH,-78°C - reduction of ester

L-Selectride, -78 °C - reduction of ester

(CH)NCHICO):BH,0°C 83 only hydroxyl amine 279a

“Treatment of the nitrone with NaBH; provided a 1:1 mixture of hydroxyl amines
279 and 279b. Reaction with LAH or L-Selectride resulted in reduction of the ester

functionality. However, the use of MeqNBH(OAc); provided hydroxyl amine 279a as a

imed that the diastereoselectivity of

single diastereomer in 83% yield. It is pres
reaction may be due to a substrate-directed stereoselective reduction, via ligand exchange
of the acetoxy group in the reducing agent with the hydroxy functional group™ in the

termediate, in turn, delivers the hydride intramolecularly

substrate (A, Scheme 14). Th

o reduce the nitrone stercoselectively.
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Deoxygenation of the hydroxylamine 279 was achieved with I/NHLCI to
| provide the piperidine 280 in 67% yield. During this reaction, some of the amino ester
280 was converted into lactam 281. Complete conversion of this mixture (o lactam 281
was achieved by heating with Hunig’s base. Comparison of the 'H NMR data of 281
with that of the racemate'® established its relative stereochemistry, thereby confirming the
stereochemistry of the reduction of 278 to 279a. The alcohol in lactam 281 was then

oxidized to the ketone with IBX to provide the ketolactam 282 (Scheme 15).
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Our initial attempt to form tertiary alcohol 283 by methylation of the amido ketone 282
was unsuccessful, presumably due to competing addition to the lactam carbonyl (Scheme

16). Hence, an alternative synthetic sequence was examined.

oM o SHa H
CHyLi, THF
N N
78°Clont
)
MeO’ MeO'
282 283

Scheme 16
In this altemative approach, lactam 281 was reduced to the amino alcohol 284 with LAH,

Oxidation of 284 (SOs. pyridine/DMSO) provided the ketone 213. Conversion of ketone

213 10 the tertiary alcohol 214 was now readily possible by reaction with methyllithium.

Dehydration of 214 at low temperature (-30 to 10 °C) with only a slight excess of SOCI,
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and pyridine provided the indolizidine 285 in 95% yield. Removal of the O-methyl group

in 285 with BBry provided (+)-ipalbidine (207) (Scheme 17). The synthetic ipalbidine

exhibited 'H and "*C spectroscopic data in agreement with that reported for the natural

product” The sign of the observed optical rotation confirmed the S-stercochemistry

([ =+ 199 (¢ 1, CHCIy); lit."" [a]

as

b= +233 (¢ 1, CHCly) for the S enantiomer with

98% ce). The enantiomeric ratio for (+)-ipalbidine was 97.2: 2.8 (94.4% ee, Chiralcel OJ-

H, 2-propanol, 2-20% in hexanes, 30 min, 1.0 mL/ min, 254 nm; f, = 13.9 min (minor); f5

= 15.2 min (major)).
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Conclusion

In conclusion, an Michael - addition-based

synthesis of the indolizidine framework was developed. The utilty of this methodology is

highlighted by application in a total synthesis of (+)-ipalbidine. A unique feature of our

methodology is the creation of the stereocenter in (+)-ipalbidine by using a stereocenter

constructed by the enantioselective, organocatalytic Michael addition step. All other

enantiosclective approaches to ipalbidine begin roline (pre-existing stercocenter),

Another advantage of our approach is the potential for adaptation for the synthesis of

on in the

congeners and analogs of the target alkaloids. This may be achieved by a) vari
ketone and nitrostyrene and b) embellishment of the propanoate side chain in 279a. The

utilty of our strategy is augmented by the large number of methods available for the

nas

stercoselective synthesis of a variety of y-nitroketones.**2* The overall efficiency of our

synthetic. protocol coupled with the high enantioselectivity strongly advocates an

investigation of the application of these methods in the synthesis of selected, naturally

occurring indolizidines and their analogues.




Experimental section

(TS)T-{(1R)-1-4 yI-2-nitrocthyl|-1.d-dioxaspiro[4.5]decan-8-one

@74):

HCQ

To a solution of 1,4-cyclohexanedione monoethylene ketal (13.0 g, 83.7 mmol),

N' N'-dimethyl-N-(((S)-pyrrolidin-2-y)methyl)ethane-1 2-diamine™ (572 mg, 3.34

mmol) and p-toluene sulfonic acid monohydrate (634 mg, 3.34 mol) in DMF (10 mL) was

added a solution of 4-methoxy-f-nitrostyrene (3.00 g, 16.7 mmol) in DMF (20 mL) and

ed at ambient temperature for 48 h. Ethyl acetate (100 mL)

was added and the solution washed with water, and aq. HCI (3 N), dried (Na;S04) and

concentrated. The residue obtained was purified by flash chromatography on silica gel to
provide 4.60 g of a solid. This was dissolved in ethyl acetate (23 mL) and precipitated by
addition of hexanes (70 mL). The procedure was repeated once to provide 3.50 g (62%)
of 274 with 92% ce. In repeated runs, 274 was obtained in 90-96% ce.

IR (neat): 2897, 2360, 1712, 1548, 1512, 1247, 1132, 1026, 950, 832 em”; '"H NMR (500
Mz, CDCly): 3 7.08 (d, 2H, J = 8.7, ArH), 6,85 (d, 2H, J = 8.7, ArH ), 4.93-4.89 (dd,
1H,J = 123, 4.8, CH:NOy), 4.58-4.54 (dd, 11, J = 12.3,9.9, CH:NOy), 4.0-3.83 (m, 4H,

OCH,CH;0 ), 3.78 (s, 3H, OCH3), 3.04-2.98 (m, 1H, ArCH), 2.72-2.66 (dt, 1H,J = 13.8,



6.4, COCH), 2.4

3 (m, 1H, COCHy), 2.07-2.01 (m, 1H, COCHy), 1.98-1.92 (dt, 1H, J ‘

13.3, 5.2, CHCH,), 1.72-1.68 (m, 1H, CHCH,), 1.57-1.51 (apparent t, 2H, J = 13.4,

CH,CHy), "C NMR (125 MHz, CDCl): § 210.4 (CO), 159 (ArC), 129.2 (2xArC), 129.0
(AFC), 1144 (2xAIC), 107.1 (0CO), 79.1 (CH:NOa), 64.8 (OCH,CH:0), 64.6
(OCH,CH;0), 552 (OCH3), 48.3 (COCH), 42.7 (CHCHNOy), 39.3 (COCH,), 38.6
(CHa), 35.1 (CHo); MS (APCI, pos): m/z 336 (M+1); HRMS (EI): m/z 335.1367
(335.1369 cale. for Ci7HxNOg (M")); HPLC (Chiralpak AS-H, hexane/2- propanol:
60/40, flow rate 1.0 mL/min, 254 nm): fsiner = 945 M, fyjer = 12.97 min, ee = 92%, dr =

20:1 (average values from multiple reactions).

$)7-(R)-1-(d 2-nitroethyl)-1,4,8-trioxaspiro[4.6]undecan-9-
@75): ‘
HyCQ |
\

H

o7
o 1

To a solution of the nitroketone 274 (3.10 g 924 mol) in anhydrous
dichloromethane (60 mL) at ambient temperature, was added solid sodium phosphate
(3.21 g, 12.0 mol) followed by m-chloro perbenzoic acid (~77%, 4.94 g, 28.6 mmol). The

resulting white slurry was stirred vigorously for 16 h. Dichloromethane (100 mL) was
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added and the solution was washed with 5% aq. NaOH (2 x 60 mL). The organic layer
was dried (Na;S05) and concentrated to provide 3.20 g, (98%) of 275 as a white, solid
foam. This material was pure by 'H NMR (500 MHiz) and was diretly used further.

IR (neat): 2962, 1736, 1550, 1514, 1249, 1154, 1117, 1099, 1029, 834 em™; 'H NMR
(500 MHz, CDCLy): 8 7.15 (d, 21, J = 116, Ark), 6.89 (d, 2H, J = 116, Atf ), 4.95-4.92

(dd, 1H, J = 12.6, 4.7, CH:NO,), 4.76-4.69 (m, 2H, CHNO,, (CO)OCH)), 3.89-3.85 (m,

2H, OCH;CH,0), 3.80 (4H, OCHs, OCH,CH;0), 3.62-3.58 (d1, 1H, ./

.3, 4.7, Ar-CH),

3.54-3.51 (m, 1H, OCH,CH,0), 2.88-2.81 (m, 1H, CH,CO0), 2.65-2.60 (m, 1H, CHCO),
1.93-1.89 (m, 2H, CHy(C)CHy), 1.86-1.79 (m, 2H, CHx(C)CHa); "*C NMR (125 MHz,
CDCL): § 1735 (CO), 159.5 (ArC), 129.3 (2xArC), 127.8 (ArC), 114.6 (2xArC), 107.2
(0C0), 77.7 (CH:NO,), 75.8 (COC(0)), 65.0 (OCH;CH,0), 64.3 (OCH;,CH;0), 55.3
(OCHy), 48.1 (OCHCI), 41.5 (CHCH;NO,), 33.1 (CHy(C)CH), 29.3 (CHy(C)CHy);

HRMS (CI): m/z 3511308 (351.1318 calc. for C17HaNO; (M+H)).

Methyl 3-(2-((25, 3R)-2-hydroxy-3-(4 A-nitrobutyl)-1, 3-dioxolan-2-

1) propanoate (276):

OCH;
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A solution of the lactone 275 (3.40 g, 9.68 mmol) in methanol (70 mL) was cooled to 0

irred at

°C and potassium carbonate (2.67 g, 19.4 mmol) was added. The mixture was
room temperature for 30 min. The mixture was cooled to 0 °C, neutralized with aq. HCI
(0.5 M) and the solution was extracted with CH,Cl, (2x50 mL). The combined organic
layers were dried (Na;S04) and concentrated to provide 3.50 g (95%) of the nitroketal
276 as a light brown gum. This material was pure by 'H NMR (500 MHz) and was
directly used further.

IR (neat): 3501, 2956, 1732, 1548, 1514, 1249, 1179, 1134, 1030, 831 em’; 'H NMR
(500 MHz, CDCLy): § 7.10 (d, 2H, J = 8.6, ArH), 6.85 (d, 2H, J = 8.6, ArH), 5.06-5.02
(dd, 1H, J = 5.2, 12.7, CHINOy), 4.61-4.56 (dd, 1H, J = 9.7, 12.7, CH:NOy), 4.05-4.02
(m, 1H, Ar-CH) 401-3.91 (i, 4H, OCH,CH;0), 3.86 (5, 1H, CHOH), 3.78 (31,
AtOCH;) 3.64 (5,3, OCHs), 3.42-3.37 (dt, 1H, J = 5.3, 9.5, CHOH), 2.25-2.16 (m, 2H,
COCHy), 2.02-1.97 (m, 1H, CHy(C)CHy), 1.79-1.85 (m, 1H, CHy(C)CH:),1.64-1.62 (m,
2H, CHy(C)CHy); °C NMR (75 MHz, CDCls): 3 173.5 (COCHs), 1592 (ArC), 129.2
(AI0), 129.1 (ArC), 1145 (ArC), 1109 (OCO), 78.5 (CH;NO2), 70.0 (CHOH), 65.1
(OCH,CH,0), 64.7 (OCH,CH;0), 552 (ATOCH;), 51.7 (CO:CHy), 50.3 (HO-CCHy),
40.5 (Ar-CH), 31.7 (CH;CH,CO,CH), 28.4 (CH,CO,CHs); MS (APCI, pos.): m/z 366

(M-OH); HRMS (CI): m/z 384.1647 (384.1658 calc. for C5HosNOg (M+H),




(68.7R)-Vethyl 6-hyd: 4 y1)-8-nitro-4 277):

OCH;

OCH;

To a solution of the nitroketal 276 (3.50 g, 10.3 mmol) in methanol (70 mL) at 0 °C, was
added ag. HCI (6 N, 40 mL), and the mixture was stirred at room temperature overnight
‘The methanol was removed under reduced pressure and the aqueous layer was extracted
with dichloromethane (2x50 mL). The combined organic layers were dried (Na;SO4) and
concentrated to provide 2.90 g (95%) of the nitro ketone 277 as a light brown solid. This
‘material was pure by 'H NMR (500 MHz) and was directly used further.

IR (neat): 3436, 2953, 1723, 1710, 1553, 1514, 1380, 1251, 1204, 1179, 1157, 1102,
1032, 819 em”; 'H NMR (500 Miiz, CDCLy): 5 7.10 (d, 2H, J = 6.6, ArH), 6,87 (d, 2H,
= 6.6, A1), 5.09-5.05 (dd, 1H, /= 5.1, 12.8, CH:NOy), 4.58-4.63 (dd, 1H, /=99, 128,
CH:NOy), 4.24-4.19 (m, 1H, Ar-CH), 3.79 (s, 3H, AtOCH3) 3.65 (5, 3H, OCH3), 3.55 (d,
IH, J = 4, CHOH) 3.51-346 (di, 1H, J = 52, 9.8, CHOH), 257264 (m, 4H,
CH,COCH), 2.41-2.52 (m, 2H, CH,CO,CHy ); "C NMR (125 MHz, CDCIy): § 209.7
(CO), 173.1 (COLCHy), 159.3 (ArC) 129.0 (2XAIC), 128.6 (ArC), 114.6 (0CO), 78.4
(CH;NOy), 69.8 (CHOH), 55.2 (ArCOCHy), 519 (CO,CHs), 49.2 (HO-CCH,CO), 47
(Ar-CH), 37.7 (COCTy), 27.4 (CH,CO,CHy); MS (APCIL, pos.): m/z 322 (M-OH); HRMS

(Cl): m/z 322.1284 (322.1291 cale. for Ci5HxNOg (M-OH)
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(3R,48)-4-Hyd 3-methoxy-3-oxopropyl)-3-(4 y 23,45

tetrahydropyridine-1-oxide (278):

A solution of NH,CI (0.368 g, 6.00 mmol) in water (5 mL) was added to a solution of the
nitroketone 277 (2.3 g, 6.00 mmol) in THE (20 mL). Activated Zn powder (4.37 g, 60.0
mmol) was added and the mixture was stirred vigorously at room temperature under
nitrogen for 3 h. The mixture was filtered (celite), the residue was washed with TH, and
the combined filtrates were concentrated under reduced pressure. The residue was diluted
with dichloromethane (50 mL) and the mixture was washed with water (10 mL), dried
(N:505) and concentrated under reduced pressure to provide 2.00 g, (95%) of 278 as a

brown foam. This material was pure by 'H NMR (500 MHz) and was directly used

further. An analytical sample was obtained by flash chromatography on silica gel
(CH:CL/MeOH, 95/5).

IR (neat): 2953, 1738, 1612, 1512, 1434, 1249, 1175, 1134, 1070, 1033 cm’; 'H NMR
(500 MHz, CDCIL): §7.22 (d, 2H, J = 8.6, ArH), 6.88 (d, 2H, J = 8.6, AtH ), 4.34-4.29
(brt, 1H, J/ = 133, AcCH), 418 (br s, 1H, CHOH), 3.93-3.86 (dd, 1H, J = 149, 5.5,

CH:N), 3.79 (s, 3H, AfOCH; ), 3.68 (s, 3H, CO,CHy), 3.22-3.19 (dd, 1H, J = 11.9, 4.8,



CHoN), 294268 (m, 6H, CHxC-N, COCH,CH,, COCHy), *C NMR (125 MHz,

CDChL): & 1737 (CO), 159.1 (ArC), 144.7 (C=NO), 129.7 (ArC), 128.8 (2xArC), 114.3

(2xAIC), 65.2 (CH;NO), 57.8 (Ar-CH), 55.3 (OCHs), 51.8 (COCHy), 43.7 (CHOH),
38.7 (CHyCO,CH), 28.3 (N=CCH), 27.5 (N=CCHy); MS (APCI, pos.): m/z 308 (M+1);

HRMS (CI): m/z 308.1499 (308.1498 calc. for CygH:NOs (M+H)).

Methyl-3-((2R,4S,55)-4-hydroxy-5-(4- N iperidin-2-

y)propanoate (279a):

Ho,

To a solution of tetramethylammonium triacetoxyborohydride (3.25 g, 12.0 mmol) in
acetonitrile (10 mL) was added acetic acid (10 mL). The mixture was stirred at 0 °C for 5
min and a solution of the nitrone 278 (1.90 g, 6.00 mmol) in acetonitrile (5 mL) was
added. The mixture was stirred at 0 °C for 1 h and the pH of the solution was adjusted
(pH 7 to 8) with aqueous NaOH (5% solution). The mixture was extracted with
dichloromethane (2 x 50 mL) and the combined extracts were dried (Na;SO4) and
concentrated to give 1.59 g (83%) of 279a as a white solid. This material was pure by 'H

NMR (500 MHz) and was directly used further.
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IR (neat): 3518, 3203, 2920, 1715, 1511, 1437, 1245, 1205, 1175, 1105, 1025, 981, 819
em™; 'H NMR (500 MHz, CDCLy): § 7.14 (d, 2H, J = 8.7, ArH), 688 (d, 2H, J = 8.7,
ArH), 3.93 (d, 1H, /= 12.3, 4.8, ArCH), 3.79 (s, 3H, OCH3), 3.69 (s, 3H, COCHj ), 3.52-
344 (i, 1H, J = 101, CHOH), 331-3.13 (m, 1H, AICHCH,), 3.07-29 (m, 1H,
ArCHCH,), 2.53-2.32 (m, 2H, COCH,), 2.22-2.14 (m, 1H, NCH), 2.04-1.98 (dt, 1H, J =
133, 5.2, OHCHCH), 1.92-1.84 (m, 1H, OHCHCH,), 1.74-1.66 (m, 1H, NCHCHy),
1.54-1.50 (m, 1H, NCHCH:); MS (APCI, pos.): miz 272 (M-OCHy+1), 310 (M+1);

HRMS (CI): m/z 310.1636 (310.1654 cal. for C1eHasNOs (M+H)).

(6R,7S h 4 i 3(5H 281):

Ho,

HyCO

“The hydroxylamine 279 (1.65 g, 5.34 mmol) was dissolved in a mixture of EtOH
(20 mL) and saturated aqueous NH,CI (10 mL). Indium powder (1.2 g, 10.0 mmol) was
added and the mixture was heated to reflux for 4 h. The mixture was cooled, filtered
through a pad of celite, and the filtrate was concentrated. The residue was diluted with
dichloromethane (40 mL) and the aqueous layer was separated. The organic layer was
washed with sataturated aqueous NaHCO; soln (3 x 10 mL) dried (Na;SO;) and

concenirated to give 1.04 g of a yellow gum. This material is a mixture of the amino ester
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and the cyclization product (lactam 281, ~30%). The mixture was therefore dircctly

converted to the lactam as follows:

To a solution of the ¢ ino ester and lactam mixture (100 g) in THE (15 mL) was
added diisopropylethyl amine (1.49 mL, 8.00 mmol) and the solution was heated to reflux
for 5 h. The THF was removed under reduced pressure, the residue was dissolved in
dichloromethane (30 mL) and the resulting solution was washed with aqueous HCI (0.5
M, 2 x 10 mL). The organic layer was dried (Na;S05) and concentrated to provide 0.820
£(60% from 279a) of the lactam (281) as a pale yellow foam. This material was pure by
'H NMR (500 MHz) and was direetly used further.

IR (neat): 3356, 2923, 1652, 1510, 1453, 1242, 1175, 1027, 828 em™; 'H NMR (500
Mz, CDCly): 8 7.17 (d, 2H, J = 8.7, AtH), 6,89 (d, 2H, J = 87, At ), 4.13 (br s, 1H,
CHOM), 4.12 (dd, 1H, J = 47, 12.6, NCHy), 3.97-3.91 (m, 1H, ArCH), 38 (s, 3H,
OCHy), 3.37-3.32 (1, 1H, J = 12,6, NCHy), 2.81-2.77 (dt, 1H, J = 4.6, 1.8, NCH), 2.44-
241 (br t, 2H, J = 7.1, COCHy), 2.292.22 (m, 1H, CH,CHOH), 2.21-2.16 (m, 1H,
NCHCH), 1.65-1.61 (m, 2H, CHCHyCH), 1.6-1.52 (dt, 1H, J = 2.4, 9.6, NCHCHy), °C
NMR (125 Mz, CDCL): 8 173.6 (CO), 158.8 (ArCip), 131.5 (ArCyuo), 1286 (ArC),
114.2 (ArC), 69.1 (CHOH), 55.3 (OCHs), 50.8 (NCH), 44.8 (NCHy), 39.6 (ArCH), 38.1
(HOCHCH), 30.6 (NCOCH;), 24.7 (NCHCH); MS (APCIL, pos.): m/z 262 (M+1);

HRMS (EI): m/z 261.1364 (261.1365 cale. for C1sHisNOs (M),
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(6R825)-Hexahydro-6-(4 indolizine-3,7-dione (282):

HyCO'

To a stirred solution of the alcohol 281 (0.20 g, 0.77 mmol) in dichloromethane (7 mL)
was added DMSO (3.5 mL) followed by DIPEA (1 mL) at 0 °C. Solid SO pyridine (0.36
2.3 mmol) was added portion wise and the mixture was stirred at 0 °C for 1 h. Water (3
mL) was added and the mixture was diluted with dichloromethane (10 mL). The mixture
was washed with water (2x15 mL) and the organic layer was dried (Na;SO;) and

concentrated to provide a brown solid which was purified by flash chromatography on

ica gel (EtOAC) to provide 0.14 g (70%) of 282 as a white solid.
IR (neat): 2955, 1714, 1673, 1515, 1455, 1239, 1186, 1036, 833 cm”; 'H NMR (500

ME

"DCLy): § 7.06 (d, 2H, J = 8.7, ArH), 6.90 (d, 2H, J = 8.7, ArH ), 4.61-4.57 (dd,

1H,J = 13.1, 6.9, AICCH), 4.01-3.96 (m, 1H, NCH) 3.80 (s, 3H, OCHy), 3.65-3.61 (dd,
1H, J = 12,0, 6.9, NCHy), 3.11-3.06 (t, 1H, J = 12.5, NCHy), 2.76-2.72 (dd, 1H, J = 3.8,
13.6, COCHy), 2.56-2.46 (m, 2H, COCH,, NCOCH;) 244-2.40 (m, 2H, NCOCH;CH,,
COCH,CHy), 1.83-1.79 (m, 1H, COCH,CHy); "C NMR (75 MHz, CDCLy): § 205.5 (CO),
173.5 (NCO), 159.1 (ArCOCH3), 1300 (ArCH), 1264 (ArC), 114.1 (ArCH), 57.2

(NCH), 55.3 (OCH), 54.9 (ArCCH), 48.6 (NCH,), 45.1 (COCH,), 29.7 (NCOCH,), 24.7
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(COCH,CHy); MS (APCI pos.): m/z 260.1 (M+1); HRMS (CE): m/z 259.1214 (259.1208

cale. for CisHisNOy M),

(6R,7S,825)-Octahydro-6-(4-methoxyphenyl)indolizin-7-o (284):

Ho

HyCO

To a suspension of LAH (436 mg, 11.0 mmol) in dry THF (10 mL) at 0 °C was
slowly added a solution of the lactam 281 (0.750 g, 2.87 mmol) in THF (10 mL). After
stirring for an hour at 0 °C, the mixture was stirred at ambient temperature for 24 h. It was
then cooled to 0 °C and water (0.210 mL, 10.0 mmol), IN NaOH (0.210 mL, 10.0 mmol)
and water (0.620 mL, 0.030 mol), were added sequentially with vigorous stirring. The
precipitated inorganic salts were filtered and washed with dichloromethane. The
combined filtrates were dried (Na;SO;) and concentrated 10 provide 638 mg, (90%) of
284 as a pale yellow gum. This material was pure by 'H NMR (500 MHz) and was
directly used further.

IR (neat): 3345, 2909, 2831, 1738, 1610, 1511, 1461, 1243, 1177, 1033, 824 em™; 'H
NMR (500 MHz, CDCl): & 7.20 (d, 2H, J = 8.6, ArH), 6.89 (d, 2H, J = 8.6, AtH), 407

(brm, 1H, CHOH), 3.80 (s, 3H, OCH3), 3.09-3 (m, 3H, ArCH, ArCHCH,, NCH,), 2.74-

270 (t, 1H, J = 108, NCHy), 235-231 (m, 1H, NCH), 227222 (q, IH, J = 89,




AICHCH,), 2.15-2.11 (ddd, 1H, J = 2.7, 5.6, 134, HOCHCH,), 1.88-1.85 (m, 2H,

CH,CH,C

), 1.79-173 (m, 1H, CHCH;CIL), 1.63-1.57 (ddd, 1H, J = 13, 12, 3,
CH,CHOH), 1.43-139 (m, 1H, CHCH,CH,); 'C NMR (125 MHz, CDCly): § 158.5
(ArCipo), 132.9 (ArCigss), 129.0 (AKC), 114.1 (A1C), 69.4 (CHOH), 57.3 (NCH), 553
(OCH3), 54.0 (NCH,CH), S1.1 (NCHAT), 464 (ArCH), 37.6 (HOCHCH,), 30.1
(NCHCH,), 21.2 (NCH,CHy); MS (APCIL, pos.): m/z 248.1 (M+1); HRMS (CI): m/z
247.1569 (247.1572 cale. for CisHaNO; (M+)), 248.1653 (248.1651 cale. for Cy5HNO;

(M+H).

R)-Hexahydro-6-(4 yDindolizin-7(1H)-one (213):

HyCO'

To a stirred solution of the amino alcohol 284 (0.740 g, 2.99 mmol) in

dichloromethane (26 mL) was added DMSO (13 mL) followed by

propylethylamine
(4.0 mL) at 0 °C. Solid SO pyridine (1.43 g, 8.98 mmol) was added in portions and the
mixture stirred at 0 °C for 1 h. Water (10 mL) was added and the mixture was diluted
with dichloromethane (50 mL). The phases were separated and the organic layer was
washed with water (3 x 20 mL), dried (Na;SO;) and concentrated to provide 0.690 g

(94%) of the

ketone 213 as a cream-coloured solid. This material was pure by 'H



NMR (500 MHz) and was directly used further. An analytical sample was obtained by

flash chromatography on silica gel (ethylacetate).
IR (neat): 2920, 1652, 1510, 1451, 1242, 1173, 1026, 826 cm ' 'H NMR (500 MHz,
CDCL): 5 7.06 (d, 2H, J = 8.7, AcH), 6.89 (d, 2H, J = 87, ArH ), 382375 (m, 1H,
ArCH), 3.81 (s, 3H, OCHj), 3.48-3.45 (dd, 1H,J = 6.3, 11, ArCHCH), 3.2-3.16 (dt, 1H,
J=2.1, 8.6, NCHy), 2.67-2.63 (4, 1H, J = 10.7, CH,CO), 2.58-2.53 (1, 1H, J = 113,
NCH,), 2.49-2.44 (m, 2H, COCHy, NCH), 2.31-2.25 (q, 1H, J = 8.9, NCH,), 2.04-1.99
(m, 2H, CHCHy, CHCH,CHy), 1.88-1.84 (m, 1H, CHCH,CHy), 1.64-1.58 (m, 1H,
CHCHy); "C NMR (125 MHz, CDCL): 8 207.9 (CO), 1585 (ArCieo), 130.0 (ArC),
128.3 (ArCo), 113.7 (ArC), 64.7 (NCH), 57.9 (COCH), 55.2 (OCH;), 55.0 (NCH), 52.7
(ArCHCH;), 47.0 (COCHy), 31.3 (NCHCH,), 22.3 (NCH,CHy); MS (APCI, pos.): m/z
246.1 (M+1); HRMS (CI): m/z 245.1413 (245.1416 caled for C15HioNO; (M+), 246.1488

(246.1494 cale. for CisHagNO, (M+H)).

(6R,75,8a5)-Octahydro-6-(4- 7. izin-7-ol (214):

HO,
HC

HyCO

To a stirred solution of the ketone 213 (0.300 g, 1.00 mmol) in dry THF (5 mL)

was added methyllithium (1.6 M in diethyl ether, 3.8 mL, 7.00 mmol) at 0 °C and the



mixture was stired for 30 min. The rea

n mixture was then stired at ambient
temperature for 24 h. Saturated, aqueous NH,Cl (3 mL) was added, the mixture was

bas

with aqueous NaOH (5%) and the aqueous layer was extracted with
dichloromethane (3 x 20 mL). The combined organic layers were dried (Na;SOs) and
concentrated. The residue was purified by flash chromatography on silica gel
(hexanes/ethylacetate 4/1, 1% triethylamine)” to provide 0.240 g, (75%) of 214 as a white
erystalline solid.

IR (neat): 2955, 2807, 1609, 1507, 1452, 1361, 1294, 1168, 1122, 1031, 820 em™; 'H
NMR (500 MHz, CDCLy): 8 7.2 (d, 2H, J = 8.6, ArH), 6.87 (d, 2H, J = 8.6, Ari1 ), 38 (5,
3H, OCHs), 3.093.05 (dt, 1H, J = 18, 10.5, ArCH), 2.95-2.93 (dd, 1H, J = 3.9, 106,
NCH;), 2.84-2.81 (dd, 1H, J = 3.9, 119, NCHy), 2.69-2.65 (t, 1H,./ = 9, NCHy), 2.4-2.3¢
(m, 1H, NCH), 225-2.2 (g, 1H, J = 8.9, NCH,CHy), 1.98-195 (dd, 1H, J = 2.6, 133,
HOCHCH,), 1.89-1.85 (m, 2H, NCHCH), 1.83-1.75 (m, 1H, OHCHCHy), 1.49-1.39 (m,
2H, CHCH,CHy), 1.05 (s, 3H, CHy); C NMR (125 Mz, CDCly): 8 158.6 (ArCio),
1318 (ArCipo), 130.3 (AXC), 113.7 (ArC), 70.4, (OHC), 59.5 (NCH), 55.2 (NCH,CHy),
53.7 (OCH;), 53.6 (NCH:CH), 51.3 (AtCH), 442 (HOCCHy), 30.1 (NCHCHy), 29.6

(NCH,CH), 21.3 (CHs); MS (APES, pos.): m/z 262.0 (M+1).
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HyCO'

A solution of the amino alcohol 214 (0.135 g, 0.520 mmol) in dry THF (5 ml) was
cooled to -50 °C and pyridine (0.210 mL, 2.59 mmol) and thionyl chloride (94.0 L., 1.29
mmol) were added. The reaction mixture was allowed to warm t0 0 °C (30 min) and then
maintained at 0 °C for 30 min. Aqueous NaOH (5%) was added and the mixture was
extracted with dichloromethane (3 x 20 mL). The combined oraganic layers were dried
(Na;S0;) and concentrated to provide 0.120 g (95%) of 285 as a brown oil which was
used further without purification.

IR (neat): 2907, 2783, 1606, 1508, 1451, 1285, 1239, 1170, 1034, 827 cm™; 'H NMR
(500 MHz, CDCLL): 87,10 (d, 2H, J = 8.7, ArH), 6,87 (d, 2H, J = 8.7, ArH), 3.80 (s, 3H,
OCHy), 3.63 (d, 1H, J = 15.4, AtCCHy), 3.24-32 (d, 1H, J = 2, 10.6, NCHy), 2.92-2.88
(d, 1H,J = 154, ArCCH2), 2.29-2.21 (m, 2H, NCH, CH;CCHy), 2.19-2.14 (g, 1H,J =9,
CHCCHy), 2.14-2.06 (m, TH, NCHz), 2.06-2.0 (m, 1H, NCHCHy), 1.92-1.86 (m, 1H,
NCHCH), 181-175 (m, 1H, NCH.CHy), 1.6 (s, 3H, CHy), 1.54-146 (m, 1H,

NCH;CHa); ’C NMR (125 MHz, CDCI

5 158.1 (ArC), 133.8 (CH;C=CAr), 1304

(A1C), 129.8 (ArC), 127.9 (CH;C=CAr), 113.5 (ArC), 60.2 (NCH), 57.9 (ArCCH,N),




552 (OCH), 54.2 (NCHy), 38.6 (CHiCCHy), 30.9 (NCHCHy), 21.4 (NCH;CHy), 20.0

(CHy); MS (APLES, pos.): m/z 244.1 (M+1).

4-($)-1,2,3,5,8,8a-Hexahydro-7-methylindolizin-6-y)phenol (+)-ipalbidine (207):

To a solution of 285 (0.10 g, 0.41 mmol) in dichloromethane (2 mL) was added
BBr; (1.0 M in dichloromethane, 0.41 mL, 0.41 mmol) at -78 °C. The reaction mixture
was gradually warmed to ambient temperature and stirred for 12 h. Water (2 mL) and
saturated, aqueous NaHCO; (10 mL) were added. The resulting mixture (which contained
a dark, gummy material) was diluted with dichloromethane (20 mL) and the phases were
separated. The aqueous phase was extracted with dichloromethane (3x10 mL) and the

combined organic extracts were dried (Na;SO4) and concentrated to provide a pale yellow

gum. This was purified by flash on silica gel 1,
1% triethylamine) to provide 0.076 g (80%) of 207 as a white solid.

IR (neat): 2911, 2791, 1607, 1511, 1440, 1376, 1234, 1165, 998, 831 em™; 'H NMR (500
Mz, CDCly): § 7.02 (d, 2H, J = 8.7, ArH), 6.78 (d, 2H, J = 8.7, ArH), 3.69 (d, 1H, J =
15.6, AICCH;), 3.27-3.23 (d, 1H, J = 2.1, 108, NCHy), 299 (br d, 1H, J = 156,

AICCH), 2.38-2.33 (m, 1H, NCH), 2.28-2.25 (m, 1H, CH;CCH), 2.22-2.15 (m, 2H,




215

NCHy, CHyCCHy), 2.06-2.03 (m, 1H, NCHCH;), 1.96 (m, 1H, NCHCH,), 1.82-1.80 (m,
1H, NCH,CHy), 1.63-1.55 (m, 1H, NCHCHy), 1.59 (s, 3H, CH); 'C NMR (125 MHz,
CDCL): 8 155.6 (ArCipw), 1324 (CHyC=CAT), 130.0 (ArCipo), 129.7 (ArC), 1282

(CHC

A, 1154 (AC), 60.6 (NCH), 578 (ACCH:N), 54.1 (NCH), 37.8
(CH,CCHy), 30.3 (NCHCH), 21.2 (NCHLCH), 20,0 (CH3); MS (APES, pos.): m/z 230.1
(M+1); HRMS (EI): m/z 229.1467 (229.1467 cale. for C;sHiNO (M+); [a]”’ = + 199 (¢
1, CHCly; Lit."" [a]* = +233 (¢ = 1, CHCI, for the § enantiomer)).

The enantiomeric ratio for (+)-ipalbidine was 97.2: 2.8 (94% ec); Chiralcel OJ-H, 2-
propanol, 2-20% in hexanes, 30 min, 1.0 mL/ min, 254 nm; f = 13.9 min (minor); fs

15.2 min (major).
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Appendix 3:
'H and "*C NMR Spectra for Chapter 3
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