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DEVELOPMENT OF INTRAMOLECULAR AZA-[3 + 3] ANNULATION REACTION

AND ITS APPLICATIONS IN NATURAL PRODUCT SYNTHESIS

Aleksey Igorevich Gerasyuto
Under the supervision of Professor Richard P. Hsung

At the University of Wisconsin-Madison

Evolution of intramolecular aza-[3 + 3] annulation reaction from its discovery to

applications in natural product synthesis is described.

Part 1 of this thesis concentrates on development of enantioselective version of the
cycloaddition reaction promoted by chiral secondary amine salts. The dependence of
enantioselectivity on the structural features of these catalysts has been thoroughly investigated. A
very interesting reversal of the stereochemistry in the respective annulation products obtained
using C;- and C,-symmetric amine salts was found. On the basis of these experimental results
and semi-empirical calculations, a unified mechanistic model was proposed. Developed
methodology was also successfully applied for total synthesis of enantioenriched R-(+)-

Deplancheine.

Part 2 describes application of the intramolecular aza-[3 + 3] annulation reaction to total
synthesis of Coccinellidae defensive alkaloids. All five members of this family: precoccinelline,

hippodamine, coccinelline, convergine, and myrrhine were successfully synthesized from the

same common intermediate which was derived from a stereoselective aza-[3 + 3] annulation
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reaction. Stereoselectivity of the cycloaddition reaction was rationalized on basis of semi-

empirical calculations. This work provided a de novo stereoselective approach toward 2-methyl-

perhydro-9b-azaphenalene family of alkaloids.

Part 3 focuses on expanding the scope of intramolecular aza-[3 +3] annulation to
vinylogous amides tethered with o,B-unsaturated ketones. Quest for suitable conditions for this

transformation as well as current progress toward synthesis of propyleine alkaloid featuring

discovered reaction are described in the third part of the thesis.
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Part 1

Development of Enantioselective Intramolecular Aza-[3 + 3]

Annulation




1.1. Introduction.

1.1.1 Intermolecular 4Aza-[3 + 3] Annulation.

The aza-|3 + 3] annulation reaction of vinylogous amides with o,p-unsaturated iminium
salts is being intensively studied in our group.' Specifically, this annulation provides a powerful
synthetic strategy to nitrogen heterocycles such as dihydropyridines 5 (Figure 1-1).* It
represents a formal aza-[3 + 3] cycloaddition®® with two of the five carbons along with nitrogen
atom coming from the vinylogous amide 1, and the remaining three carbons coming from the
o,B-unsaturated iminium salt 2. The net result is the formation of two new o-bonds and a
stereocenter adjacent to the nitrogen atom. Mechanistically this intermolecular process
[1+2— 5] constitutes a tandem Knoevenagel condensation—6m-electron electrocyclic ring-
closure involving an 1-azatriene intermediate 4.”°

Figure 1-1. Intermolecular aza-[3 + 3] annulation.

® ©
NR, X

H)‘l
o) (0]
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The latter part of this tandem sequence, the pericyclic ring-closure, can be rendered

stereoselective when driven by a chiral auxiliary on the nitrogen atom or on the C-

m nus of the azatriene (Scheme 1-1). Thus, increase in the bulk of the chiral auxiliary on the
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nitrogen atom of vinylogous amide led to higher diastereoselectivity of the annulation reaction

(6+8— 11 versus 7+ 8 = 12) via forquoselective pericyclic ring-closure of chiral azatriene
intermediates 9 and 10. ** Also, torquoselective ring-closure of the azatriene 15 with chirality on
the C-terminus could be rendered by utilizing sterically encumbered vinylogous amide 13 and
chiral enal 14 in the aza-[3 + 3] annulation reaction providing cycloadduct 16 with high degree
of diastereoselectivity.*?

Scheme 1-1. Stereoselective intermolecular aza-[3 + 3] annulation.

o® r ] 0
0 XNR', 9
H EtOAc/toluene Z | torquoselective | A
——— —_— e *
= I 150 °C, 36-48 h SN Dpr 6x-electrocyclic N"=Pr
NH 5 Pr W o ring closure Hp
Ph R Ph i Ph :
6:R=H 9:R=H 11: 63% (dr 55 : 45)
Z: R =Ph 10: R =Ph 12: 69% (dr 96 : 4)
O
EtOAc/toluene torquoselective | Xy OAc
Ploth: il L) . :
130°C, 24 h 6n—electrocyclic N2
)\ ring closure )\H OAc OAc
Ph” ~Ph OAc OAc Ph”” ~Ph

13 14

13: 54% (dr92 : 8)
The developed intermolecular aza-[3 + 3] annulation methodology was recently applied
to the syntheses of several natural products such as (+)-2-epi-perhydrohistrionicotoxin®® and (-)-

4a-8a-diepi-pumiliotoxin C* (Figure 1-2).

Figure 1-2. Natural products prepared via intermolecular aza-[3 + 3] annulation.

nBu
HO,,‘
N 0, NN
H

14: 2-epi-perhydrohistrionicotoxin 15: (-)-4a-8a-diepi-pumiliotoxin C




1.1.2 Intramolecular Aza-[3 + 3] Annulation.

Our work on intermolecular annulation has also allowed to propose an intramolecular
version of this reaction (Figure 1-3). It was suggested that vinylogous amide 16 bearing the
iminium salt tether could cyclize in a fashion similar to the intermolecular case, producing fused
heterocycles 17, which could be useful intermediates in alkaloid syntheses.

Figure 1-3. Intramolecular aza-|[3 + 3] annulation.

I
).( | I intramolecular
(N

NH'\ aza-[3 + 3] annulation

~o” n

To test the concept of the intramolecular aza-[3 + 3] annulation, cycloaddition precursor
21 was synthesized from commercially available alcohol 18 and bromide 19 (Scheme 1-2). O-
Alkylation followed by removal of the TBS group using TBAF gave allylic alcohol 20 in 36%
overall yield. Oxidation of alcohol 20 with a variety of oxidants such as PDC, PCC and
- TPAP/NMO gave aldehyde 21 with low yields.

Scheme 1-2. Synthesis of the precursor 21.
1. NaH, THF then

o . - 0
r\/\/\
oTBS
‘/d reflux Mn02 acetone |
NH 2 TBAF, THF NH
K/OH K/ o

18 20: 39% overaII 21: 62%
cisltrans = 67 : 33

Dess-Martin oxidation of 11 produced the desired aldehyde with good yield according to
the '"H NMR spectrum of the crude material, but the product could not be separated from the
seriodinane by-products due to its very polar nature. Finally, oxidation of 20 to 21 was

uccessfully accomplished by use of activated MnO, (Scheme 1-2). The main advantage of using




5
this protocol is that the product can be isolated by simple filtration of MnO, and evaporation of

the solvent.

Vinylogous amide 21 was subjected to the reaction conditions generally used for our
intermolecular [3 + 3] annulations reactions. Reaction of amide 21 with piperidine and acetic
anhydride at 80 °C for 1 h followed by heating at 150 °C for 12 h in a sealed tube produced the
desired quinolizidine 22 in 62% yield (Scheme 1-3).

Scheme 1-3. The first example of intramolecular aza-[3 + 3] annulation.

2 ? 1. piperidine, Ac,0, ¥
| EtOAc/toluene, 85°C, 1 h | S
NH 2.150°C, 12 h N
(o 0

21 22:62%

It was later found that the discovered reaction could be promoted by the salts of
secondary amines such as piperidinium acetate (pipH-AcOH).10 Thesé conditions have allowed
for the reaction to be run at a lower temperature (85-100 °C) and with sub-stoichiometric amount
of pipH:AcOH (Scheme 1-4). This protocol was suitable for the synthesis of a variety of
different azadecalines 24-28 which could be difficult to access through the original procedure.

Scheme 1-4. Optimized conditions.

O O @ (@]

] N"© .
H, OAc  (0.1-1.0 equiv) N
| | | I
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0} O 0}
N N N X
| | | |
N N N N

25:80% 26: 60% 27:67% 28: 50%




6
During optimization of the reaction conditions for the intramolecular [3 + 3]

cycloaddition reaction, we also isolated the intermediate 30 of the cycloaddition reaction as a
single diastereomer after heating vinylogous amide 29 with 1 equiv of pipH-AcOH in ethyl
acetate at 85 °C for 2 h (Scheme 1-5).* It is noteworthy that heating of the isolated intermediate
30 in deuterated toluene in a sealed NMR tube at 100 °C for 2 h led cleanly to product 31.

Scheme 1-5. Intermediate of intramolecular annulation.
®

(o) ?
(€] ;
”2 OAc (1 equiv) y toluene-ds 100 °C
EtOAc, 85°C, 2 h N
Ph)\/o Ph)\/o

30: 40% single isomer . 31

This discovery suggested the following mechanism for intramolecular aza-[3 + 3]
annulation that differs from the intermolecular case (Scheme 1-6).

Scheme 1-6. Mechanism of intramolecular annulation.

=

(o)
O N
H 8A l
2 UAC .1 4-additi
| f‘lj N-1,4-addition
N in situ iminium NH

H
lo) salt formation
Ph

29 32
C-1,2-addition

. ’

| A H elimination H tautomerization
N

Ph)\/o Ph © Ph

31 30 34

o,B-Unsaturated iminium salt 32, generated in situ from vinylogous amide 29 undergoes

N-1,4-addition, followed by C-1,2-addition to the iminium salt, that gives the intermediate 30

T ———
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after tautomerization of 34. Subsequent elimination of piperidine furnishes the formation of the

cycloadduct 31. In this case the stereochemistry of the chiral center adjacent to nitrogen atom
formed during 1,4-addition is controlled by the existing phenyl-substituted chiral center.

Consequently, the proposed mechanism has allowed us to envision the possibility of
chiral induction during the N-1,4-addition step by use of the chiral amine salts as the catalysts for
intramolecular [3 + 3] reaction (35 — 25, Scheme 1-7).

Scheme 1-7. Proposed scheme of asymmetric induction.

asymmetric (
' 0
[a)

—-=R
(69)
0 ? [ (3;'(; 0 fl\l induction
| Hy X | N-1,4 addition
=
NH in situ iminium NH
35 L 36

—=R

®

N)

I

H
o
salt formation

l 37

C-1,2-addition

[ =R
-} )
/2 0 N
. O N H
regeneration s
of catalyst tautomerization H
H———————— @
~Z®/
N ©
Hy X

39 L 38
Since this process involves regeneration of the catalyst step (39 — 25, Scheme 1-7) it
could be rendered both enantioselectively and catalytically. Also given that organocatalysis has

11-15

attracted much attention recently, investigations on intramolecular aza-[3 + 3] annulation

could represent an unique opportunity to explore organocatalysis in a tandem process.




1.2. Results and Discussions
1.2.1. Synthetic Feasibility

To explore the feasibility of an enantioselective formal aza-[3 + 3] cycloaddition,
vinylogous amide 35 was chosen as a model system. It was prepared in 5 operational steps from
known THP-protected alkynyl bromide 40'®* (Scheme 1-8). Removal of the THP-protecting
group by treatment with TsOH in MeOH, followed by conversion of bromide to azide by
reaction with NaN3; in DMSO led to azido alcohol 41 in nearly quantitative yield. Reduction of
41 with excess LAH under reflux conditions afforded amino alcohol 42 in 75% yield.

Scheme 1-8. Synthesis of amino alcohol 42.

THPQ 1. p-TsOH, MeOH HQ, LAH, THF
\ S NN N e o ioctilisl isiabaiaile \ — 7NN TN /\/\/\/\
= Br 2 NaN,; DMSO = Na sl NH,
40 41:98% 42:75%

Condensation of the amino alcohol 42 with 1,3-cyclohexanedione led to formation of
vinylogous amide 43 in moderated yield. Activated MnO, oxidation protocol worked well on this
system generally giving 59-73% yield of desired enal 35 (Scheme 1-9).

Scheme 1-9. Synthesis of the annulation precursor 35.

(0] O OH (o} |O
d ‘42, toluene/EtOH ij\ [ MnO, d |
_—
o A NH acetone NH

43:41% 35: 51-73%

With compound 35 in hands its intramolecular aza-[3 + 3] annulation reaction was first
examined using a series of L-proline based amine salts 44a-e, which are C;-symmetric, and

various pyrrolidine based amine salts 45a-c, which are C,-symmetric. The obtained results are

~ summarized in Table 1-1.




Table 1-1. Chiral pyrrolidines catalyzed annulation.

i
d | chiral amine salts
H
NH EtOAc, Na,SO4
80-90°C, 3-6 h
35
NSTR
H
44a: R = COOH 45a: R = CH,OMe, X = Cl
44b: R = COOMe, X =ClI 45b: R = COOMe, X =ClI
44c: R = CH,0H, X = OAc 45¢c: R = CH,OTBDPS, X = OAc

44d: R = CH,OTBDPS, X = OAc
44e: R = C(Ph),0H, X = OAc

entry catalyst mol% yield (%) er(R:S)
1 44a 40 26 56 : 44
2 44b 30 68 52:48
3 44b 100 68 52:48
4 44c 100 52 50 : 50
5 44d 100 56 55: 45
6 44e 40 60 81:19
7 44e 100 63 80:20
8 45a'%° 40 57 50 : 50
9 ent-45b 100 67 60 : 40

10 45¢ 40 46 27: 73|

It can be seen that in all cases the reaction proceeded well to give the annulation product
25 in moderate to good yields. The use of 30-40 mol% of the chiral catalyst was sufficient to
promote the cycloaddition [entries 1, 2, 6, 8, and 10], while increasing the amount of the catalyst
did not necessarily lead to an improved enantioselectivity [entries 3-5, 7 and 9].

More importantly, three features of the annulation captured our attention. First, C,-
symmetric pyrrolidine based catalysts gave higher enantiomeric ratios than those obtained from
using L-proline based derivatives [entries 2 and 5 versus 9 and 10, respectively]. Secondly, the

"_enantioselectivity could be modestly enhanced using sterically more bulky catalysts such as 44e

try 6] and 45c¢ [entry 10] but appear to have reached the maximum. Thirdly, it was found that
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C; and Cj-symmetric catalysts provided cycloadduct 25 with enrichment for the opposite

enantiomer [entry 6 versus 10].

1.2.2. Absolute Configuration Assignment.

In order to assess the origin of observed enantioselectivity, the absolute configuration of
major enantiomer was first determined. We initially tried to functionalize annulation product 25
with hopes to obtain X-Ray quality crystals from derivative containing pre-existing stereogenic
center like 48 (Scheme 1-10). Toward this goal tricycle 25 was treated with 1 equiv of OsO, in
presence of 5 equiv of pyridine at -78 °C. Removal of the solvent led to isolation of osmate ester
46 as very stable brown solid in 92% yield. It is noteworthy that 46 was stable to silica gel and
could be purified by column chromatography. Unfortunately numerous attempts to cleave osmate
ester 46 and convert it to the diol 47 have all failed.

Scheme 1-10. Synthesis of osmate ester 46.

(0]
O OsOy4 (1 equiv), pyr (5 equiv)
N CH.Cl, -78 °C
rac-25 46: 92%
single diastereomer
NaHSO3
M3802NH2
HoS

O OH

X-Ray
At this point we decide to synthesize enantiomerically pure S-53 independently as shown

in Scheme 1-11," featuring a resolution of racemic piperidine 49 with (+)-CSA using a
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procedure developed by Toy."® Amino alcohol was then converted to bromide 50 by treatment

with conc aqueous HBr. Alkylation of diene 51 with bromide 50 afforded compound 52 in 49%

yield. Finally, cleavage of both methyl enol ethers followed by spontaneous cyclization finished

the formation of desired tricycle 53 as S-enantiomer.

Scheme 1-11. Independent synthesis of S-53.

1. (+)-CSA
®
N OH N"© Br
H

2. Amberlite IRA-400 H
3. HBr, reflux 2 Br
rac-49 S-50: 21% overall

OMe
KNH,
NH3
OMe

O
OMe
aq HCl, 40 °C )
H N N
NS then NaOH H
OMe
S-53: 54% S-52: 49%

The absolute configuration of annulation product 25 was determined based on CSP-
HPLC comparison between the scalemic 53 obtained via hydrogenation of the formal
cycloadduct 25 and the enantiomerically pure S-53 (Figure 1-4).

Figure 1-4. Determination of absolute configuration.

o} <|) O 81:19
d | 1. 44e, EtOAc, 80°C U
-
2. H, Pd/ H
" >, Pd/C, MeO
35 53 0
major: T=7.92 min: R
Q\f:;: /U.A[_%\/OP minor: t = 9.69 min: S H
” Ph PO ” ¢ AcOH N°S
44e*AOH 45 p=TBDPS
S-53:t=9.88 min
(0] (I) 0O 27:73
d | 1. 45¢, EtOAc, 80°C UH
NH 2. Hy, Pd/C, MeOH NS
35 53

major: T=9.71 min: S
minor: T=7.94 min: R
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Interestingly, when the S-enantiomer of C;-symmetric catalyst such as 44e was used, the

cycloaddition favored the R-enantiomer, while the 2S,5S-enantiomer of C,-symmetric catalyst

45¢ gave predominantly S-enantiomer.

1.2.3. Catalyst Screening.

In the search for an amine catalyst that can provide improved asymmetric induction,
chiral piperidines S4a-f were screened (Table 1-2). The first observation was that the nature of
counter-anion in the catalyst did not appear to have any impact on the enantioselectivity. For
instance, using the L-tartrate salt of pipecolic acid 54b did not lead to any improvement in the
enantiomeric ratio when compared to the acetate salt 54a [entry 2 versus 1]. Most
disappointingly, none of the chiral piperidines provided any meaningful enantioselectivity.

Table 1-2. Chiral piperidines as catalysts.

” “R 54a-f N
| | JH
NH EtOAc, Na,SO, 80-90 °C, 3-5 h N
35 25
entry piperidine catalyst mol%  vyield (%) er(R:S)

1 54a;tee R COOH 40 45 48: 52

.15a R=COOH ,
2 54b: Wi L ditrabe 40 53 47 :53
3 s4ciieee R=COOMe 65 48 52
4 54d: )F(t: 8:§OTBDPS 100 42 47: 53

R = C(Ph),OH ca15 .
54e:1% 2 49: 51

’ X=Cl - (130 °C)

6 saf:  R=CP0H 4, 62 48:52

X= OzCCFg,
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| Moreover, treatment of vinylogous amide 35 with the amine salt 54e bearing a

diphenylhydroxymethyl substituent did not lead to the desired dihydropyridine 25 under standard
reaction conditions [entry 5]. Instead, the reaction had to be heated at an elevated temperature
(130°C) for 14 h in a sealed tube in which severe decomposition occurred with only ca 50%

conversion. Although we were able to isolate some 35, it was racemic. The reaction temperature

could be lowered to 80 °C when using the more active trifluoroacetate salt 54f (see Section 1.2.3
below for details). In this case, the cycloaddition of 35 went to completion in 2 h and 25 was
isolated in good yield [entry 6]. However, the product remained racemic. These results suggest

that chiral piperidines are even less useful as chiral catalysts than chiral pyrrolidines for this

particular reaction.

Table 1-3. MacMillan's and Jgrgensen's amine salts.

o)
d\ chiral amine salts | S
H
EtOAc, Na;SOy, 80-90 °C, 3-4 h N

25
R2 R2
i ‘(
rTN* r( AHCOOH AF
55a: R'=R2=Me 57a:R'= COOH, RZ=H
55b: R' = t-Bu, R2=H 57b: R' = R2=CH; X = OAc
55¢: R'=H, R2= t-Bu 57¢c: R'=Ph, R2=H, X = OAc

entry  catalyst mol% yield (%) er(R:S)

1 55a'2 50 16 50: 50
2 5512 50 27(rt) 50 : 50
3 55¢1d 50 22 (rt) 58 : 42
4 56749 100 57 60 : 40
5 57a'49 100 53 63:37
6 57b'49 100 48 62:38
7 57¢'49 100 63 50 : 50
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To continue our efforts, we turned to MacMillan’s chiral amine salts 55a-¢'**' (Table 1-

3) as well as those developed by Jgrgensen [S6 and 57a-c].'*® These amines are known to
catalyze a variety of organic transformations in a highly enantioselective manner.'""> As
summarized in Table 1-3, the desired cycloadduct 25 was isolated in all cases, but the highest
enantiomeric ratio was only 63 : 37 when using C,-symmetric catalyst S7a [entry 5]. In addition,
for reactions catalyzed with 55a-¢, a significant amount of decomposition occurred, thereby
leading to lower yields [entries 1-3].

1.2.4. Synthetic Scope.

Based on these results, the acetate salt of a,a-diphenyl-2-pyrrolidinemethanol 44e
appears to be the most efficient catalyst to promote a modestly enantioselective intramolecular
aza-|3 + 3] annulation of vinylogous amide 25. Thus, to explore the synthetic scope of the
developed methodology various other vinylogous amides were prepared. Pyrone containing
annulation precursor 60 was prepared by condensation of bromide 58°° with amino alcohol 42
followed by MnO, oxidation (Scheme 1-12).

Scheme 1-12. Pyrone containing vinylogous amide 60.

NH2

(0]
T e ot )\JEL )\ﬁ |
N Br toluene/EtOH, A acetone NH

58 59: 41% 60: 65%

To prepare cycloaddition precursors 66 and 70 cis-THP-protected amino alcohol 62 was
synthesized (Scheme 1-13). Bromide 40 was converted to azide 61 by treatment with sodium
azide. Cis-amine 62 was obtained in excellent yield upon hydrogenation of 61 over Lindlar’s

catalyst. Condensation of amine 62 with bromide 63* in CH3;CN afforded corresponding

vinylogous amide 64 in good yield. THP-protecting group was removed under acidic conditions
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and allyl alcohol 65 was subjected to MnO, oxidation conditions. Reaction proceeded smoothly

with good yield but with partial isomerization of the double bond to give enal 66 as cis/trans
mixture of isomers. The same protocol was utilized to prepare annulation precursor 70 from
corresponding bromide 67%° (Scheme 1-13).

Scheme 1-13. Annulation precursor syntheses.

THPO NaN;z THPO H, Lindlar
NY——" N "Br — = NN THPO\/=\/\/\NH
DMSO 3 2
40 61: 95% 62: 97%
o} ) c|)
SN ] 62, NEts )ﬁ\ p-TsOH, MeOH N J\/‘\ MnO, \Nﬁ |
1) | Br CH3CN A )\ acetone O)\,\ll NH
63 64: 84% 65: 74% 66: 69%
cisltrans = 73 : 27
OTHP 0 o
é\ 62, NEts é\ p-TsOH, MeOH %:L Mo, _ zj\ |
CH30N A acetone NH
67 74% 69: 72% 70: 77%

cisltrans = 77 : 23
Vinylogous amide containing 3-carbon tether 74 was prepared starting from known
- bromide 71*'* by 3 steps protocol used for synthesis of amino alcohol 42 (Scheme 1-8).
Subsequent condensation of amine 72 with 1,3-cyclohexanedione followed by MnO, oxidation
of allyl alcohol 73 afforded vinylogous amide 74 in modest yield (Scheme 1-14).

Scheme 1-14. Vinylogous amide bearing 3-carbon tether.

1. p-TsOH, MeOH

THPQO 2. NaNz, DMSO
= i 3T HO NN N2
. LAH
7 3 1B 72: 67% overall

O OH o} <|)
d 72, toluene/EtOH ij\ | MnO, ij\ |
0 A NH acetone NH

73:41% 74: 58%
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With annulation precursors in hands they were employed in the intramolecular aza-

[3 + 3] annulation reaction catalyzed by amine salt 44e. As illustrated in Table 1-4, all reactions
proceeded to give the respective cycloadducts 75-78 and 22 in modest to good yields and
comparable enantioselectivity (er ~80 : 20) with the exception of vinylogous amide 74, bearing a
3-carbon tether, which gave only 20% ee [entry 5]. Lower enantioselectivity in this case could
probably be explained on basis of less rigid transition state structure for N-1,4-addition step in
this case (see Section 1.2.5 for details on proposed mechanistic model).

Table 1-4. Synthetic scope.

O
P ¢AcOH

Ph
44e 30-40 mol %
EtOAc, Na,SO,4, 80-90 °C, 2-6 h

entry starting amide cycloadduct yield (%) er(R:S)
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1.2.5. Solvent, Counter-Anion, and Temperature Effects.

Solvent Effect. We subsequently pursued a series of studies to investigate what other
factors could effect or improve the enantioselectivity of this annulation reaction. Toward this
goal, the reaction of vinylogous amide 35 was carried out in different solvents in the presence of
1.0 equiv of the amine salt 44e (Table 1-5). The reaction was kept at rt for 1 h, and was then
heated to 80 °C for 2 h. At this point complete consumption of 35 was observed by TLC. Only in
the case of acetic acid [entry 6], no formation of the desired cycloadduct 25 was detected besides
decomposition of starting material. Under these conditions, it appears to be no significant
dependence of the enantioselectivity on solvent. The observed enantiomeric ratio remained at
about 80 : 20, which was initially found for reactions carried out in EtOAc [entry 1]. Only a
slight increase in selectivity was detected when acetone was used [entry 4].

Table 1-5. Solvent effect.

OH
o O N Ph *AcOH 0
| H Ph
I 44e: 1.0 equiv
NH solvent, Na,;SO4

1hatn, and
35 then 2 h at 80 °C
entry solvent yield? (%) er(R:S)
1 EtOAc 60 81:19
2 CHCI, 57 76 : 24
3 EtOH 42 81:19
1 L4 acetone 53 84:16
5 THF 48 83:17
6 AcOH NA decomp

a) Based on '"H NMR

Counter-Anion Effect. We then examined the possibility of a counter-anion effect in the

‘ case of the most effective amine, a,a-diphenyl-2-pyrrolidinemethanol. Therefore, vinylogous
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amide 66 was allowed to react with three different amine salts 44e-g under standard reaction

conditions (Table 1-6).

Table 1-6. Counter-anion effect.

ph *HX

o o Q‘é
8 | H  Ph
j\ 1 ] 44e-g: 40 mol %
(@) fIl NH
66

EtOAc, Nast4

90-100 °C
entry catalyst time (h) vyield (%) er(R:S)
1 44e: X = OAc 1.5 61 80:20
2 44f: X = O,CCF; 1 58 79:21
3 44g: X = C[?1b 12 66 76 :24

In all cases, the desired cycloadduct 76 was isolated in good yield, but there was again no
significant dependence of enantioselectivity of the reaction on the nature of the counter-anion.
However, there was a noticeable difference in reaction rate between the three catalysts. It turned
out that the trifluoroacetate salt 44f was the most active and provided complete conversion of 66
to 76 in 1 h [entry 2]. The reaction with the acetate salt 44e took longer time to complete [entry
1], while the chloride salt 44g was found to be the least active [entry 3].

The observed difference in reactivity can be rationalized in two possible ways. First, the
chloride salt 44g is not as soluble in EtOAc as the acetate salt 44e or the trifluoroacetate salt 44f.
Secondly, a more important possibility would be that the difference in reactivity is related to the
dissociation capacity of the respective amine salts.

Since both "free amine" and "free acid" are needed in a synergistic manner to generate an
o.p-unsaturated iminium salt from the corresponding aldehyde, the ability of the amine salt to

~ dissociate to its "free amine" and "free acid" can exert an impact on the rate of the iminium salt

* formation. The low reactivity of the chloride salt 44¢g can be attributed to its higher resistance
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toward dissociation, in the other words 44g is simply a tighter ion-pair comparing to the acetate

salt 44e and the trifluoroacetate 44f. At the same time, the formation of a,-unsaturated iminium
salt from the aldehyde and the "free amine" is also promoted by protonation of the carbonyl
group via the "free acid." Consequently, increased reactivity of the trifluoroacetate salt 44f from
the acetate salt 44e can be attributed to a higher acidity of trifluoroacetic acid.

Temperature Effect. Finally, we examined the temperature effect as shown in Table 1-7. \
Vinylogous amide 35 was reacted with chiral amine salt 45¢ and reactive trifluoroacetate 44f at
rt, and the resulting enantiomeric ratios were compared with reactions carried out at 80 °C. The
reaction took much longer at rt and led to lower yields of 25 [entries 1 and 3], and no significant

increase in enantioselectivity was observed in either case.

Table 1-7. Temperature effect.

O O (0] \

[
d | chiral amine salts N H
NH N

EtOAc, Na,SO4

35 25 \
O\(OH HX 'D\/OTBDPS
N Ph* /™ N
H Ph TBDPSO H  *AcOH
44e: X = OAc 45¢

44f: X = 0,CCF3
entry cat (mol %) temp (°C) time (h) yield (%) er(R:S)

1 44f (40) rt 10 43  75:25
2 44e (50) 80 6 60  81:19 ;
3 45c (40) rt 14 16  23:77 ‘
4  45c (40) 80 3 46  27:73

11.2.6. Racemization Possibility and Enal-Geometry.

As was discussed in the introduction, the intermolecular aza-[3 + 3] cycloaddition

undergoes a pericyclic ring-closure of 1-azatriene intermediates en route to the formation of 1,2-
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dihydropyridines (Scheme 1).* Also reversibility of the pericyclic ring-closure was confirmed

by the following experiment. From>l : 1 mixture of cycloadducts 11, prepared as shown in
Scheme 1-1, pure sample of one diastereomer 11a was isolated and then heated in toluene-dj at
150 °C for 60 h. The reaction was monitored by 'H NMR, and observed diastereomeric ratios of
11a/11b as a function of time are shown in Table 1-8. Although the rate of equilibration through
a sequence of ring-opening of 11 to 1-azatriene 9 with subsequent ring-closure of 9 appeared to
be slow, it is unambiguous that the ring closure is reversible and ultimately led to 11a/b with a
ratio [entry 6] matching the original ratio (55 : 45) obtained from annulation reaction (Scheme
1)

Table 1-8. Reversibility of 6m-electrocyclic ring-closure.

(o] (o] [FRiO = 0o
N N 150 °C tol-dg z BN
SR D et @@ e i
N H Pr N ) Pr  ring opening N H Pr ring closure N M Pr
Ph)\‘ Ph"j Ph’\ Ph)\
OTBS oTBS OoTBS oTBS
Na 11b 9: 1-azatriene 11a/b
11a:11b 295:5

entry time (h) dr(11a:11b)

1 0 295:5
2 1.5 93:7
3 12 82:18
4 20 77 :23
5 36 66 : 34
6 60 60:40

ratio from the reaction 55 : 45

410 e still

Although intramolecular reactions proceed through a different mechanism,
* questioned if the modest enantioselectivity obtained from these chiral amine catalyzed

eycloadditions could be a result of racemization of the final cycloadduct via the same 6x-electron

electrocyclic ring-opening and ring-closure through the 1-azatriene intermediate 79 (Table 1-9).
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Table 1-9. Racemization via pericyclic ring-opening.

pericyclic O pericyclic O
nng- ring-
X opening 7 closure S
H | H
S SN N
N tol-dg, A H
|
enriched-S-25 79: 1-azatriene rac-25

AE = + 31 kcal/mol
(Spartan'02: B3LYP/6-31G*)

entry time (h) temp (°C) er(R:S)

1 0 rt 27 :73
3 85 26:74
3 12 130 27:73

To test this possibility, an enantiomerically enriched sample of cycloadduct 25 was
heated in toluene-ds. After 3 h at 85 °C, no loss of ee was detected [entry 2]. More significantly,
even after 25 was heated at 130 °C for 12 h, no racemization had occurred [entry 3]. Ab initio
calculations? indicate that 1-azatriene 79 is destabilized relative to 25 by ~ 31 kcal/mol. Since
the activation barrier would be even higher, we believe that 6m-electrocyclic ring-opening
process is not thermally accessible under our standard reaction conditions.

To examine the influence of the enal-geometry on enantioselectivity, vinylogous amide
35 was prepared as mixture of cis/trans isomers in three steps from 1,3-cyclohexanedione and
amine 62 (Scheme 1-15).

Scheme 1-15. Cis-annulation precursor 35.

0 OTHP

23
gl 62, toluene/EtOH ij\ HCI MeOH d MnO, ij\ i
o acetone NH

81: 53% (2 steps) 35: 56%
cisltrans = 73 : 27

Then it was submitted to standard reaction conditions using 44e (Table 1-10). The

product 35 was isolated in comparable yield and its enantiomeric purity [entry 2] was virtually
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the same as in the reaction of pure frans-isomer [entry 1]. We believe that a facile isomerization

of cis-enal to the more stable trans-isomer takes place under the reaction conditions, thereby
rendering the enal-geometry irrelevant to the asymmetric induction.

Table 1-10. Impact of enal-geometry.

O
0O 0 N ph*AOH o
| H Ph
| 44e: 40 mol % H
NH EtOAc, Na,SO, ‘

80-90°C, 8 h

35 25
E:Z vyield(%) er(R:S)

100:0 60 81:19
27:73 58 77 :23

1.2.7. Detection of the Key Intermediate.

When vinylogous amide 35 was reacted with 1.0 equiv of the amine salt 44e at rt in
EtOH, the formation of the intermediate 83 was detected by 'H NMR and mass spectroscopy
(Scheme 1-16).

Scheme 1-16. Detection of the key intermediate.

N-1,4-addition

2%
44e (1.0 equiv), EtOH
NHI NaySO,, rt, 4 h
35

slow elimination

CDCly, 80°C, 1 h

83 -
ar. 82 : 18 ("H NMR)
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Interestingly, only two of the four possible diastereomers were seen with a ratio of

82: 18, and heating of the intermediate 83 at 80 °C led to the formation of 25 with an
enantiomeric ratio of 81:19. This experimental outcome suggests that the stereochemical

induction most likely occurs during the N-1,4-addition step.

1.2.8 A Proposed Mechanism.

With all of the above experimental findings, we propose the following mechanism for our
enantioselective intramolecular aza-[3 + 3] annulation reaction (Figure 1-5). The initial chiral
iminium salt 84 can undergo N-1,4-addition in either a Re- or Si-facial approach toward the B-
carbon, leading to two diastereomeric enamines R-85 and S-85. At this stage, the enantiomeric
induction is already determined. Protonation of these two enamines should give the respective
iminium salts R-86 and S-86, and a subsequent C-1,2-addition should furnish the second bond in
this annulation sequence, leading to tricyclic intermediates R-87 and S-87.

Figure 1-5. A proposed mechanism for the enantioselective aza-[3 + 3] annulation.

® ,0
0 ¢NR; X

Re-face (.| slow
attack +HX 2 C-1,2-add elimination
o g=== H ——— WH — s
8.0 N R CNR and tautom. N R
O ¢NR; X HNR}
R 88

R-86 - R-26
l) N-1,4-add
—_— '
hﬁ;ip HZNRQ X turns over

Re X o

*
84 Si-face + N O (‘NRZ slow
attack HX y Sl2add C-1,2-add elimination
NS and tautom. (.,N Q ; eN Q
HNR}
587 2

S~88

Finally, given the fact that we were able to detect the diastereomeric mixture (see 83 in
Scheme 1-16) related to R-87 and S-87, regeneration of the chiral amine via elimination is likely
to be slow. This makes intuitive sense, as generation of vinyl iminium salts R-88 and S-88 could

be uphill energetically. Subsequent tautomerization of R-88 and S-88 should lead to the
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enantiomeric 1,2-dihydropyridines R-25 and S-25 concomitant with the chiral amine salt turning

OVer.

1.2.9. Computational Study.

To further probe the origin of the observed enantioselectivity as well as the difference in
the stereochemical outcomes from cycloaddition reactions carried out with C, and C,-symmetric
amine salts, computational studies were performed. Foremost, when an iminium salt such as 84
(see Figure 1-5) is generated with a C,-symmetric catalyst such as 44e, two geometric isomers
can be formed. Ab initio calculations™ using a simplified model system (crotonaldehyde) suggest
that the formation of "cis"-isomer 89 is disfavored by 3.5 kcal/mol relative to "trans"-isomer 90,
presumably due to allylic strain present in 89 (Figure 1-6). Therefore, to simplify the
computational analysis, we assumed the exclusive formation of the "trans"-isomer of the
iminium salt.

Figure 1-6. Iminium salt stereoisomers.

Ph Ph ( \
<) AE = -3.5 kcal/mol e
QSXPh Phg SN
H

OH - *
Spartan'02: B3LYP/6-31G
H)J\lf, 2 HJ\IL

CH 3 CH 3
89: "cis" 90: "trans"

In order to understand the preferred formation of R-enantiomer of 25 when using the S-
1somer of C;-symmetric amine salt 44e, we calculated the stabilities of the two diastereomeric
enamines 91 and 92 (Figure 1-7), which are products after the initial N-1,4-addition step (see
are 5). Using a Monte-Carlo simulation in Spartan’02 program,” we found that enamine 91
ch would give R-25 is ~ 1 kcal/mol more stable than corresponding diastereomer 92 leading

¢ S-enantiomer.
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Figure 1-7. C,-Symmetric amine salts: Enamine stability and conformation.

91: AHg = -20.43 kcal/mol 92: AH¢ = -19.49 kcal/mol

[AaH; = 0.94 kcal/mol |

Based on this product stability analysis and the preferred conformations shown for 91 and
92, the corresponding transition states [TS*] 93 and 94 for the N-1,4-addition step of the reaction
were identified. It is noteworthy that the localization of the transition state structures was proven
by the presence of one negative eigenvalue and corresponding imaginary frequency, which
reflect formation of the N-C bond. Models and their respective energies are shown in Figure 1-8.

Both transition state structures represent a chair conformation with nitrogen substituent
being equatorial and the enal moiety being axial. Calculations indicate that Pro-R TS*-93 is
more stable relative to the corresponding diastereomeric Pro-S TS*-94 by ~ 1.41 kcal/mol. This
is consistent with calculations obtained for the respective enamines 91 and 92. This energy
difference can be rationalized by the steric interaction between the bulky diphenylhydroxymethyl

substituent on the pyrrolidine ring and the cyclohexenone moiety in Pro-S TS*~94 (Figure 1-8).
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Figure 1-8. C,-Symmetric amine salts: Relevant transition states.
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To be cautious, we looked at all six other possible chair transition states that differ in the
relative localized positions of the nitrogen substituent and the enal functionality. Structures for
four pairs of diastereomeric TS*-[93-100] along with their energies are shown in Figure 1-9.
None of the other transition states are lower in energy than Pro-R TS*-93. In particular, TS*-95
and TS*-96 having the nitrogen substituent axial are destabilized in comparison with Pro-R TS
93 due to more severe 1,3-diaxial interactions. A similar interpretation can be made in the case of
TS*-97 and TS*98 where both side chains are axial. Finally, placing both substituents
equatorial as shown in TS*-99 and TS*-100 leads to destabilization of the transition state
structures due to the gauche interaction. Based on these computational results, it can be
postulated that the asymmetric intramolecular aza-[3 +3] annulations promoted with C }-

etrical catalysts such as 44e proceed predominantly through Pro-R TS*-93 giving rise to

2-25 as the major enantiomer.
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Figure 1-9. C,-Symmetrical amine salts: All possible transition states.
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A similar approach was used to rationalize the observed formation of S-enantiomer of 25
when C,-symmetric amine salts are employed. To reduce the computational time, all calculations
were performed with 45b bearing two methyl ester substituents. It should be noted that in this
case only one geometric isomer of the iminium salt exists due to C,-symmetric nature of 45b.
Stabilities and conformations for the two diastereomeric enamines 101 and 102 were again found
~ through Monte-Carlo simulation in Spartan’02 (Figure 1-10). The relative stability of
conformers is now reversed comparing to the C;,-symmetric case. Specifically, enamine 102,

_»which would yield the S-25 is ~ 1 kcal/mol more stable than 101, which would lead to the R-
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Figure 1-10. C,-Symmetric amine salts: Enamine stability and conformation.
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When the corresponding TS*~103 and TS*~104 were localized, the same trend in relative
stabilities was observed. Pro-S TS*-104, which has the nitrogen substituent equatorial and the
enal functionality axial, is lower in energy than Pro-R TS*~103 where now both side chains are
axial (Figure 1-11). Six other chair-like transition states were also modeled but none of them
show greater stability than Pro-S TS*—104.

Most likely the steric interaction between one of the ester groups on 44b and the
piperidine ring is responsible for destabilization of Pro-R TS*~103 in comparison with Pro-S
- TS*-104 (Figure 1-11). An increase in the substituent size as shown in then amine salt 44e
would further disfavor Pro-R TS*~103, thereby leading to enhanced enantioselectivity in favor of
9-25. It can be suggested that this particular steric interaction, which does not exist in C;-

etric amine salts, is responsible for the opposite stereochemical outcome.
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Figure 1-11. C,-Symmetric amine salts: Relevant transition states.
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1.2.10. Effect of a-Methyl Substituent.

One of the key assumptions in‘our mechanistic model is the exclusive formation of the
" "frans"-isomer of the iminium salt 90 (Figure 1-6) for the case of C;-symmetric amine salts. To
validate this assumption, vinylogous amide 108 containing a methyl substituent at the a-position
‘was synthesized (Scheme 1-17).

Scheme 1-17. Synthesis of a-methyl substituted annulation precursor 108.

EtOOC LAH THF
7/\/\/\ OWNH
106

o} 0 <|)
i‘:\L 106, toluene/EtOH ij\ MnOz ij\ |
acetone NH

107: 43% (2 steps) 108: 79%




30
Amino alcohol 106 obtained by LAH reduction of azide 105** was submitted to

condensation reaction with 1,3-cyclohexanedione to afford allyl alcohol 107. Oxidation of 107
with MnO; led to desired annulation precursor 108 in 79% yield.

Since the formation of the "cis"-isomer of iminium salt 112 (see the box in Scheme 1-18)
intuitively should be further disfavored in this case compared to 89, the enantioselectivity of the

cycloaddition should stay the same if not improve.

Scheme 1-18. The effect of the a-methyl substituent.
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It was found that vinylogous amide 108 would undergo intramolecular annulation only if
the most active trifluoroacetate salt 44f was used (Scheme 1-18). No product formation was
detected after running the reaction overnight with chloride salt 44g or acetate salt 44e. In the case
of 44f, only 40% conversion was observed after 14 h at 80 °C, and after hydrogenation of initial
pyeloadduct 109, quinolizidine 110 was isolated as a single isomer. Relative “frans”-
ichefnistry was assigned based on the coupling constants analysis as well as nOe data. But

lour surprise, CSP-HPLC revealed that quinolizidine 110 was nearly racemic.
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Due to the low yielding and sluggish nature of this reaction, it is not clear what caused

the drop in the enantioselectivity and we did not follow up in this pursuit. It could be that the
background reaction gained momentum given that formation of the iminium salt is now more

difficult with severe allylic strain present in both 111 and 112. i
i

1.2.11. Rigid amine salts.

We also tried to use more rigid chiral amine salts, presuming that the conformational
flexibility of pyrrolidine-based amine salts might have compromised the enantioselectivity. To
that end, amine salts 113 and 114> were tested in the cycloaddition of 35 but neither was useful
(Scheme 1-19). It is nonetheless noteworthy that both amine salts were efficient in promoting
the reaction.

Scheme 1-19. Rigid amine salts.
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2.12. SER - Structure and Enantioselectivity Relationship.
Firially substituent with most efficient chiral amine salt 44e in hands that promotes
stramolecular aza-[3 + 3] annulation with highest degree of enantioselectivity we decided to

the structure of this catalyst in rational manner. There are two structural features in this

ital amine salt which could be tweaked. First is the size of the aryl substituents at the
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quaternary center. Our proposed mechanistic model (see Section 1.2.8) suggests that pyrrolidine

catalyst with more bulky substituent should lead to higher enantioselectivity of the reaction. With
this in mind, chiral amine salts 115-117 were employed in the annulation reaction of vinylogous
amide 35 (Scheme 1-20).

Scheme 1-20. Structure and enantioselectivity relationship (SER).
d chiral amine salt (30-50 mol %)
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It was found that the use of the amine salt 115, which has a more extensive naphthyl-
Substituents relative to 44e, did not lead to any improvement in the enantioselectivity.
Interestingly enough, further increase of the size of the substituent by introducing sterically
emanding trifluoromethyl group'® into the aromatic system (amine salt 116) or by
"j;::"! ogenation of one phenyl ring to cyclohexyl (amine salt 117) actually led to decrease in
tioselectivity of the annulation reaction. It is noteworthy that the reactions with amines 116

d 117 were even performed at room temperature since the active trifluoroacetate salts were
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Second structural feature of the amine salt catalyst 44e which captured our attention is

free tertiary hydroxyl group. To test the importance of this functional group for enantioselectivity
of the annulation reaction series of chiral amine salts 118-122 were prepared and used in the
annulation reaction (Scheme 1-20). Simple removal of hydroxyl group as in amine salt 118 led
to decrease in enantioselectivity of the process. Interestingly, utilizing the amine salts 119%® and
120'* with tertiary hydroxyls being protected as silyl ether in the reaction afforded cycloadduct
25 with the same degree of enantioselectivity as corresponding unprotected analogs 44e and 116.
This experimental finding puzzled us for a while until it was found that TMS-protecting group in
case of 120 does not survive reaction conditions and is cleaved rapidly in the reaction mixture. It
worth to note that amine salt 120 is stable by itself in EtOAc solution even in presence of excess
TFA. With this observation we believe that enantiomeric ratios of the annulations obtained with
amine salts 119 and 120 simply reflect the ratios from reactions promoted with unprotected
precursors 44e and 116 correspondingly. To overcome protecting group cleavage problem
tertiary hydroxyl was capped as a methyl ether (amine salt 121”). Unexpectedly, running the
annulation reaction with this catalyst afforded cycloadduct 25 as racemate. When trifluoroacetate
. of triphenylmethyl pyrrolidine 122® was used to promote the aza-[3 + 3] annulation reaction
tricycle 25 was isolated as racemate as well.
There are two take-home messages that could be drawn from these structure and
antioselectivity relationship studies. First, further increase of the bulk of the substituent on the
_';.“ olidine ring of the catalyst in comparison with 44e leads to decrease in enantioselectivity.
AlSO it appears that unprotected tertiary hydroxyl group also plays an important role in

olling the enantioselectivity of intramolecular aza-[3 + 3] annulation reaction.
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1.2.13. Synthesis of Enantiomerically Enriched R-(+)-Deplancheine.

At the time we have developed enantioselective intramolecular aza-[3 + 3] annulation
methodology we also have been working on total synthesis of Deplancheine alkaloid**** (Figure
1-12) utilizing intramolecular cycloaddition in a key step. Retrosynthetically it was envisioned to
come from tetracyclic precursor 124 where both C and D rings could be constructed

simulteneously via intramolecular aza-[3 + 3] annulation reaction of vinylogous amide 125.

Figure 1-12. Retrosynthesis of Deplancheine featuring aza-[3 + 3] annulation.

| M c mtramolecular
Y = N g |
H N Boc aza-[3 + 3]
123 o}
(+)-Deplancheine
Synthetic approach to cycloaddition precursor 125 was developed earlier® and is outlined

in Schemes 1-21, 1-22.

Scheme 1-21. Annulation precursor synthesis.
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Protected bromo-tryptamine 127 was prepared in 2 steps from tryptamine 126. Protection
of indole nitrogen with Boc-group followed by Heck coupling with methylacrylate gave
phthalimido ester 128 in 72% yield. Phthalimide protecting group was removed by 2 steps
reduction sequence involving treatment of 128 with DIBAL-H and NaBH, followed by
quenching the reaction mixture with AcOH to yield aminoalcohol 130. Crude amino alcohol 130
was condensed with 4-methoxy-3-buten-2-one to afford allyl 131 in 28% overall yield from
phthalimido ester 128. It is noteworthy that vinylogous amide geometry in 131 had Z-

configuration presumably due to strong intramolecular hydrogen bonding.

Oxidation of allyl alcohol 131 with MnO, provided the annulation precursor 125 which
was submitted directly to standard intramolecular aza-[3 + 3] cycloaddition conditions (Scheme

1-22).

Scheme 1-22. (+)-Deplancheine end-game.
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NaBH,, t-BuOH, MeOH TFA/CHoCly (1 : 1), 1t
reflux N N
Boc

123: 67% 133: 90%
(x)-Deplancheine 124: 35% overall from 131

Compound 125 was treated with piperidinium acetate salt in EtOAc at 85 °C. After
o mplete consumption of starting material disubstituted double bond in cycloadduct 132 was

ydrogenated in situ over Pd(OH),/C. Tetracycle 124 was obtained in 35% overall yield from

hlcohol, 131. Boc-protecting group in 124 was removed under acidic conditions to give
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known tetracycle 133’ in excellent yield, thereby formal synthesis of Deplancheine was

completed.” To finish the total synthesis of racemic Deplancheine, indoloquinolizidine 133 was

treated with NaBH, in -BuOH/MeOH mixture.’"® Reduction of vinylogous amide functionality
followed by in situ dehydration led to Deplancheine in 67% yield.”

At this point we realized that utilizing chiral amine salt as a catalyst for the key
intramolecular aza-[3 + 3] annulation (Scheme 1-22) could allow us to access Deplancheine
alkaloid in enantiomerically enriched form. To test this proposal and demonstrate the usefulness
of the developed enantioselective aza-[3 + 3] annulation methodology enal 125 was treated with
chiral amine salt R-45d** (Scheme 1-23). Reaction proceeded smoothly and after in situ
hydrogenation tetracycle 124 was isolated in 23% yield in enantimerically enriched form
favoring R-isomer.

Scheme 1-23. R-(+)-Deplancheine synthesis.
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H PO H «AcOH
w N R45d:P=TBDPS 1. TFAICH,Cl rt IH
N
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Boc : Hp, Pd(OH),/C, EtOAcC BN
125 O R-124: 23% overall 0o 123: R-(+)-Deplancheine
er=69:31(R:9S) 87%, [a]p2® = +19.7° [38% ee]

Employing the same two step sequence used in racemic synthesis (see Scheme 1-22)
pdoloquinolizidine R-124 was converted to enantioenriched Deplancheine 123 in 87% overall
‘1\1- 2 Natural product was isolated with 38% ee enantiopurity which was determined on basis
':' specific rotation.””> This experimental result was in perfect agreement with ratio of
antiomers of tetracycle 124 derived from enantioselective intramolecular aza-[3 + 3]

ulation reaction.
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1.3. Future work.

The most recent findings in our structure and enantioselectivity relationship studies
(SER) (see Section 1.2.12) will motivate us to continue the quest for a better catalyst which
would give higher than 62% ee in the intramolecular aza-[3 + 3] annulation reaction. Achieving
this goal would allow us to better understand the mechanistic origin of the selectivity in this
tandem process. With take-home messages from SER studies in mind we are planning to try
several amine salts which are structurally related to our “the best” catalyst 44e (Scheme 1-24).

Scheme 1-24. Future catalyst designs.
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Firstly, we intend to test whether decreasing the size of the substituents at the quaternary
center will lead to increase in enantioselectivity (amine salt 134). Also pyrrolidine with
diphenylhyroxymethyl substituent (amine salt 44e promoted the aza-[3 + 3] annulation reaction
with the highest degree of enantioselectivity so far. We also plan to test if placing other
bstituents on pyrrolidine ring while retaining diphenylhyroxymethyl group (amine salts 135-
38) will give any advantages in catalyzing the cycloaddition reaction with higher

jantioselectivity.
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1.4. Conclusion.

In conclusion, we have developed an enantioselective version of intramolecular aza-
[3+3] annulation promoted by chiral secondary amine salts. The dependence of
enantioselectivity on the structural feature of these chiral amines has been thoroughly
investigated, and wo found a very interesting reversal of the stereochemistry in the respective
formal cycloadducts obtained using C;- and C,-symmetric amine salts. Effects of solvents,
counter-anions, and temperatures on the enantioselectivity were also investigated and appear to
have no real impact. On the basis of these experimental results and some semi-empirical

calculations, a unified mechanistic model was proposed. Also developed methodology was

successfully applied for total synthesis of enantioenriched R-(+)-Deplancheine.
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Part 2

Application of Intramolecular Aza-[3 + 3] Annulation to Syntheses

of Coccinellidae Defensive Alkaloids




2.1. Introduction.

2.1.1 Applications of Intramolecular Aza-[3 + 3] Annulation in Natural Product
Synthesis.
With well-established intramolecular aza-[3 + 3] annulation methodology we have been
recently applying it in our research group to total syntheses of various natural products and
alkaloids. Historically, the first formal synthesis of Gephyrotoxin alkaloid utilizing this

annulation reaction in a key step was accomplished in 2002 by Dr. Lin-Li Wei.

(+)-Gephyrotoxin.'’

Gephyrotoxin (143) was originally isolated from Dendrobates histrionicus®™ and belongs
" to a class of alkaloids derived from the skins of tropical frogs of the genus Dendrobates. There
~ are three known total syntheses of (x)-Gephyrotoxin.”® Kishi’s synthesis involves the tricyclic
ntermediate 142 en route to this natural product (Scheme 2-1). The only enantioselective

synthesis of (+)-Gephyrotoxin, which was reported by Kishi and Fujimoto, also utilized the

,tically active 142, which was prepared in 18 steps.”’ We envisioned to intercept Kishi’s
intermediate by constructing B and C rings simultaneously via diastereoselective intramolecular
|
za-|3 + 3] annulation reaction of chiral vinylogous amide 141 (Scheme 2-1)."
Synthesis of 141 commenced with preparation of f-keto ester 139 in 3 steps from cheap
mmercially available starting materials. Compound 139 was converted to the amino diol 140
4 steps with good overall yield featuring Noyori asymmetric hydrogenation. Finally,
v densation of amino diol 140 with 1,3-cyclohexanedione followed by selective oxidation of

ic alcohol with MnO, and protection of primary hydroxyl group as TBDPS-silyl ether led to

‘ >_;! aza-|3 + 3] annulation precursor 141.
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Scheme 2-1. Formal total synthesis of Gephyrotoxin via intramolecular aza-[3 + 3].
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Heating of enal 141 with piperidinium acetate salt at 150 °C followed by in situ
hydrogenation over Pd/C and removal of the TBDPS protecting group furnished the formation of
| Kishi’s intermediate 142 as mixture of two diastereomers (o : B = 60 : 40), favoring the desired
:n-isomer. It is noteworthy, that observed diastereomeric ratio of 142 actually rises from
intramolecular aza-[3 + 3] annulation, and TBDPS-protecting group plays an important role in
controlling the selectivity of this transformation. If unprotected 141 is used in the annulation
anly undesired B-isomer is formed. Although the stereoselectivity of the aza-[3 + 3] annulation
ion should be improved to pursue a potential total synthesis of gephyrotoxin, the overall
quence to Kishi's intermediate 142 is short, and demonstrates the synthetic potential of this

amolecular annulation in the synthesis of natural products.

(&)-Tangutorine.’®

Tangutorine (149) was first isolated by Che from the leaves of Nitraria tangutorum in

There was one total synthesis of tangutorine by Jokela and co-workers* at the time when

»
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we became interested in this alkaloid. Pictet-Spengler cyclization was utilized as a key

transformation for C-ring construction of the natural product. Synthesis of this alkaloid was also
completed in 2004 by Zhai*'* and by Ho group in 2006.*"® In our retrosynthestic plan we
envisioned that Tangutorine (149) alkaloid should be attainable from pentacycle 145 (Scheme 2-
2). At the same time, construction of C-D rings in 145 could be achieved via an intramolecular
aza-[3 + 3] annulation of vinylogous amide with a,B-unsaturated aldehyde tether 144.%®

Scheme 2-2. Total synthesis of Tangutorine via intramolecular aza-[3 + 3] annulation.
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3. (Boc),0, DMAP
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Annulation precursor 144 was prepared in 2 steps from amino alcohol 130 which was
also used in our synthesis of Deplancheine alkaloid®* (see Section 1.2.13 for details).
"'densation of 130 with 1,3-cyclohexanedione followed by MnO, oxidation of allylic alcohol
fforded enal 144 in 90% yield. Under standard intramolecular aza-[3 + 3] annulation conditions,
)¢ desired pentacycle 145 was isolated in 43% overall yield after hydrogenation of the
| docyclic olefin.”® Compound 145 was reduced using the dissolving metal protocol reported by
imieri for the reduction of vinylogous amides.” Unfortunately significant reduction of the

onyl group as well as partial removal the Boc-protecting group were also observed. Thus,
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Doering re-oxidation as well as re-protection of the indole nitrogen atom with Boc-anhydride,

were necessary to obtain to pentacycle 146 as a single diastereomer in 61% overall yield.
Refluxing of pentacycle 146 in THF in the presence of NaH and diethyl carbonate led to
regioselective carboxymethylation and formation of known f-keto ester 147% as a mixture of ‘
two diastereomers in a good yield. Jokola’s three steps protocol® was utilized to convert |

pentacycle 147 to tangutorine alkaloid (148) in 61% overall yield.”

(-)-Cylindricine C.*"

Cylindricine C (149) is a member of a big family of cylindricine alkaloids that were first J
isolated from marine ascidians Clavelina Cylindrica by Blackman in 1993.* Due to their unique
tricyclic structural motif cylindricines attracted a lot of attention from synthetic community.*>*

We envisioned possibility to use our stereoselective aza-[3 + 3] annulation methodology for
* construction of the tricyclic core of the Cylindricine C (Figure 2-1). Annulation of the readily
“accessible chiral vinylogous amide 151 should give the key intermediate 150. which could be
ieasily converted to the natural product upon installation of C4-carbonyl group.

Figure 2-1. Retrosynthesis of Cylindricine C.

o H C4-carbonyl stereoselective |
i mstallation N intramol aza-[3 + 3] /é\

| ¢ \

n -Bu i

n-Bu N n -Bu
HO—" TBDPSO—+" TBDPSO—+"
149: (-)-Cylindricine C

Synthesis of annulation precursor 151 started with hydroboration of vinyl oxazoline 152
wed by Suzuki-Miyara coupling to give ester 154 (Scheme 2-3) Protecting group
pulations and reduction of an ester group in 155 with DIBAL-H afforded orthogonally

cted amino diol 156 in 5 steps. Condensation of amine 156 with bromo pyrone 157
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provided vinylogous amide 158 in 49% overall yield from ester 155. Finally, removal of an

acetate with subsequent TPAP/NMO oxidation led to formation of desired annulation precursor
151 in excellent yield.*

Scheme 2-3. Synthesis of the annulation precursor.
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Annulation precursor 151 was heated with piperidinium acetate salt in EtOAc in a sealed
tube at 150 °C for 12 h. Under these conditions intramolecular aza-[3 + 3] annulation proceeded
Stereoselectively to provide cycloadduct 150 in 68% isolated yield mainly as desired
' satereomer (Scheme 2-4). To install C4-carbonyl group elegant three steps protocol was used
which involved intermediate formation of chlorohydrin 159 followed by oxidation of hydroxyl
group and reduction of tertiary chloride with Zn in AcOH. Tetracycle 160 was obtained as single
| stereomer and its stereochemistry was unambiguously confirmed by X-ray analysis.” At this
jint masked hexyl group was unraveled by reductive cleavage of a-pyrone accompanied by
:im Neous decarbo;(ylation to afford tricycle 161 in 86% overall yield upon removal of

IPS-protecting group.
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Scheme 2-4. (-)-Cylindricine C end-game.
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Finally, Na(OAc);BH reduction of vinylogous amide 161 in presence of catalytic AcOH
" led to formation of Cylindricine C (149) as single isomer in 83% yield, thereby enantioselective

synthesis of this alkaloid was completed.*’

[

2.1.2. Coccinellidae Defensive Alkaloids.

,| To advance our quest in demonstrating the utility of our intramolecular aza-[3 + 3]
annulation methodology as a unified strategy to access different N-heterocyclic structure
:g ,;,, olds known in natural alkaloids, we recently became interested in the family of
"cinellidae defensive alkaloids 162-166 (Figure 2-2). Ladybird beetles (Coccinellidae) play

I,portant role in controlling populations of agricultural pests such as aphids, mealy bugs and

llé insects. To protect themselves from their natural predators such as ants and quails, they

e reflex bleeding mechanism*’® in which when being pressed into a defensive mode, they

se orange fluid from their joints which contains a mixture of alkaloids.*’




Figure 2-2. Coccinellidae defensive alkaloids.
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In 1971, Tursch and co-workers reported their isolation of a crystalline substance

d.48a

coccinelline (163) along with its free base precoccinelline (162) from this flui The proposed

structure of (163) was confirmed by a single crystal X-ray analysis.48b Other stereoisomers of the
~ 2-methyl-perhydro-9b-azaphenalene system with the methyl group occupying an equatorial

48ed jts N-oxide convergine

| position were later isolated and characterized as hippodamine (164),
- (165),* and the thermodynamically most stable all-syn myrrhine (166).** Interestingly, N-
“oxide of myrrhine (166) is not known to occur in nature.

The unique structural feature of these alkaloids has attracted a lot of attention in the last
"“0 years. There are 5 syntheses of precoccinelline (162), 3 of hippodamine (164), 2 of 2-epi-
hippodamine and 2 of myrrhine (166) known up to date. The first total syntheses of the whole
mi ly of alkaloids 162-166 was reported by Ayer in 1976.%%°%

In his syntheses of hippodamine and myrrhine Ayer started with dissolving metal
duction of trisubstituted pyridine 167 which led to thermodynamically most stable all-syn
mer 168 as the major product (Scheme 2-5). Purification and treatment with an acid yielded

jiketal 169 via intramolecular cyclization of ketoaldehyde 168. Heating of 169 with p-TSA in

e led to formation of ketone 171 as the only product via intramolecular Mannich
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cyclization of iminium salt 170. Two steps deoxygenation of 171 finished the synthesis myrrhine

(166).**

Scheme 2-5. Ayer syntheses of hippodamine and myrrhine.
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164: hippodamine 166: myrrhine Raney Ni g

Interestingly, treatment of hemiketal 169 with pyrrolidine acetate salt afforded isomeric
mixture of ketones 171 and 173. Ayer rationalized formation of ketone 173 by epimerization at
garbon center adjacent to nitrogen atom (in blue, Scheme 2-5) of iminium salt 170.
ntramolecular Mannich cyclization of iminium salt 172 led to formation of ketone 173. Finally,
onversion of the crude mixture of ketones 171 and 173 to corresponding thioacetals followed by
. ization afforded ~1:1 mixture of hippodamine and myrrhine which were readily
able by column chromatography. Hippodamine (164) was converted to its N-oxide
dnvergine (165) by mCPBA oxidation.*?

Ayer and Feruichi took similar approach to synthesize precoccinelline (162) and

sinelline (163) alkaloids.’® In this case they envisioned to introduce methyl group of the
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natural products later in the synthesis. Thus, disubstituted pyridine 174 was converted to the

corresponding hemiketal 176 via two steps protocol used in Ayer’s synthesis of hippodamine and
myrrhine (Scheme 2-6).** Treatment of tricycle 176 with pyrrolidine acetate afforded 1 : 1
mixture of ketones 178 and 180 which were separated by column chromatography.

Scheme 2-6. Ayer- Feruichi synthesis of precoccinelline.
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Stereoselective MeLi addition to ketone 180 followed by dehydration provided alkene
181. Stereoselective hydrogenation of the double bond in 181 led to formation of precoccinelline
(162).°™ 1t is noteworthy, that Ayer ketone 180 was intercepted as a key intermediate in all
subsequent syntheses of precoccinelline (162) alkaloid. Coccinelline (163) was easily prepared
by mCPBA oxidation of precoccinelline. Ketone 178 was also shown to be useful in synthesis of

myrthine (166) by the same three steps protocol which was used for conversion of 180 to

precoccinelline (Scheme 2-6).
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In 1979 Stevens and Lee reported their approach to precoccinelline (162) utilizing

50d .
Amino

Robinson-Schopf annulation to build the azaphenalene core of the natural product.
diacetal annulation precursor 184 was prepared startihg from dimethyl malonate and acrolein.
Dimerization of ester 182 followed by decarboxylation afforded ketone 183. Reductive

amination of ketone 183 furnished the amine 184 (Scheme 2-7).

Scheme 2-7. Stevens-Lee synthesis of precoccinelline.

y lO‘W s <002Me 2 steps (\CH(OMG)Q 1. NaH CH(OMe), NH4OAc CH(OMe),
J , — _— o) S NH,
NaBH3;CN
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Ph3P=CH2 NaCl H=2
e ki P MeO,C” Y~ "COMe
then Hy wet DMF E o)
6] E O 185
162: precoccinelline 180: Ayer ketone 186: E=CO,Me

Condensation of amino diacetal 184 with dimethyl acetonedicarboxylate (185) under
acidic conditions afforded tricyclic ketone 186 as the only isomer. Hydrolysis of both ester
- groups with subsequent decarboxylation led to formation of known Ayer ketone 180.°% Methyl

~ group of the natural product was installed by Wittig olefination-hydrogenation sequence to finish

'._ the synthesis of precoccinelline (162) (Scheme 2-7).5%

49b,50b,c

Mueller and co-workers in series of papers reported their approach to azaphenalene

f, kaloids with perhydroboraphenalene 187 as the starting point.

b merhydroboraphenalene 187 was submitted to

In synthesis of precoccinelline
oxidation conditions with N-chloro-O-(2,4-dinitrophenyl)hydroxylamine and H,O, to give amino

leohol 188 which was converted without purification to enamine 189 by treatment with Jones

gagent (Scheme 2-8).
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Scheme 2-8. Mueller synthesis of precoccinelline.
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Enamine 189 was then isomerized to tricyclic alkene 192 in three steps involving
nitrogen quaternization with methyl triflate to give salt 190, followed by LDA promoted
isomerization to endocyclic olefin 191 and demethylation with lithium thioethylate (Scheme 2-
8). By epoxidation of the double bond in 192 with peroxytrifluoroacetic acid and regioselective
reduction of intermediate epoxide with subsequent oxidation of the secondary hydroxyl group
Mueller and co-workers intercepted the known ketone 180.°% They used Stevens-Lee three steps
‘ protocolS % {0 access precoccinelline (162) from Ayer ketone 180 (Scheme 2-7).

To synthesize hippodamine alkaloid (164) Mueller and co-workers*”** started with
hy droboration of the enamine 189 used in their synthesis of precoccinelline (162). Two
diastereomeric alcohols 193 and 194 were obtained in 3 : 1 ratio favoring the desired one 193
"13 heme 2-9). This mixture was taken forward into the oxidation with Jones reagent to give
eparable mixture of corresponding isomeric ketones 195 and 196. Moreover, it was found that

the minor isomer 195 could be readily equilibrated to the desired one 196 under action of sodium
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Scheme 2-9. Mueller synthesis of hippodamine.

H
: _ BrgDMs o
3
then H202/NaOH
H
189

195
dr193 194=3: 1 NaOCH,

dr196:195=9: 1
1 Li bronze
“H  then |_| EDA H H 2. H2/Pd

164: hlppodamlne 198 197 NMe;

I

MeOCH(NMez)2

Equatorial methyl group of the natural product was installed by treatment of ketone 196

with Bredereck reagent’’ that afforded vinylogous amide 197. Reduction of amide 197 with Li-

bronze followed by catalytic hydrogenation of intermediate -amino ketone led to formation of

- methyl ketone 198 as the only isomer. Finally, hippodamine (164) was obtained after
deoxygenation of ketone 198 (Scheme 2-9).

Mueller and co-workers also synthesized myrrhine (166) starting from

.' hydroboraphenalene 187.°% In this case desired all-syn strereochemistry at the ring junctions

as obtained by oxidation of 187 to triketone 199 and subsequent reductive amination to give

fiary amine 200 (Scheme 2-10). Tricycle 200 was converted to enamine 201 by oxidation with

nercury acetate. Stereoselective hydroboration of enamine 201 followed by Jones oxidation of

.hol 202 gave ketone 203.
Installation of the equatorial methyl group required a lot of effort. Thus, treatment of

me 203 with Bredereck reagent gave vinylogous amide 204 which was converted to

esponding vinylogous thioester 205 by reaction with BuSH (Scheme 2-10).
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Scheme 2-10. Mueller synthesis of myrrhine.
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Regioselective 1,2-reduction of 205 with lithium aluminum hydride followed by acidic
- work-up afforded enal 206 as the only product. Conjugated reduction of enal 206 with Li-bronze
, gave predominantly equatorial aldehyde 207. Aldehyde 207 was converted to mesylate 208 by
_ LiAlH, reduction and treatment of intermediate alcohol with MsCI. Finally, reduction of the
“mesylate 208 with LiBHEL; finished the synthesis of myrrhine alkaloid (166).
The next landmark in syntheses of azaphenalene alkaloids was Adams’ synthesis of 2-
;'i-hippodamine accomplished in 1991*. He started with 1,3-dipolar cycloaddition between
‘i" ne 211 and nitrone 210 generated in situ from ester 209 and hydroxyl amine (Scheme 2-11).
J?‘-w 212 was obtained predominantly as one diastereomer. Reduction of N-O bond in 212

pllowed by intramolecular Michael addition led to diester 214. To finish the formation of

ficyelic azaphenalene core, secondary hydroxyl group was first protected as TBS silyl ether and
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resulting product was treated with LDA to give ketoester 215 as mixture of regioisomers. Ester

hydrolysis and decarboxylation yielded ketone 216.
Scheme 2-11. Adams synthesis of 2-epi-hippodamine.
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216: P = TBS 217 S 218 219: epi-hippodamine

At this point Adams and co-workers installed methyl group required for the natural
foduct by the Wittig olefination of ketone 216 followed by hydrogenation of exo-cyclic double
ond. It turned out that facial selectivity of the hydrogenation was exactly opposite of what was
ed and tricycle 217 was obtained with epi-stereochemistry at C2-position with respect to
 hippodamine alkaloid (164) (Scheme 2-11). Nonetheless, amino alcohol 217 was taken
:-';i d into the deoxygenation reaction via xanthate ester 218 to accomplish the synthesis of 2-
lippodamine (219)."*°
'- Interestingly, Adams and co-workers have never pursued, what appears to be obvious,
'/w ation of their intermediate 216 to the known Ayer ketone 180°* (Figure 2-3). This

ha allowed them to synthesize precoccinelline natural product (162).
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Figure 2-3. Possible route to precoccinelline.
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In 1994 Royer and co-workers accomplished the forth synthesis of the precoccinellinesoe
by intercepting Ayer ketone 180 which was prepared from trans-2,6-disubstituted piperidine 227

(Scheme 2-12). It is noteworthy, that similar cis-ketoaldehyde 175 was the key intermediate in

Ayer’s synthesis of precoccinelline (Scheme 2-6).>%

Scheme 2-12. Royer synthesis of precoccinelline.
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To construct piperidine 227 Royer utilized his “CN(R,S)” methodology which allows to
hesize 2,6-trans or 2,6-cis-disubstituted piperidines stereoselectively.”® Thus, stereoselective
lation of oxazolopiperidine 221 with bromide 222 yielded the precursor 223 for tandem

lation/aza-Cope sequence. Upon in situ generation of the iminium salt from cyanide 223 and
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TBDMSOTT it was reacted with Grignard reagent 224 to give zwitterionic intermediate 22S5.

Aza-Cope rearrangement of iminium salt 225 with subsequent cyclization afforded
oxazolopiperidine 227. Lithium aluminum hydride reduction of 227 provided exclusively 2,6-
cis-piperidine 228 which was converted to diacetal 229 by treatment with formic acid in
methanol followed by cleavage of benzyl protecting group of the nitrogen atom by
hydrogenation.

Under acidic conditions piperidine 229 underwent tandem cyclization to give tricyclic
Ayer ketone 180.°% Conversion of 180 to precoccinelline (162) was first accomplished by

AyerSOa

(see Scheme 2-6) and then reported by Stevens ™ and Mueller’®* in their syntheses of
162 (see Schemes 2-8, 2-9).

The most recent formal total synthesis of precoccinelline (162) was a published by
Takahata and co-workers in 2002.°" As in all preceding syntheses of this natural product they
also intercepted the Ayer ketone 180 in their synthetic route. The key 2,6-trans-diallyl piperidine
234 was derived in 3 steps from allylboration reaction of dialdehyde 232 with B-
allyldiisocamphenylborane (Scheme 2-13). C,-Symmetric diol 233 was obtained as major
product along with somé meso-isomer. Diol 233 was converted to ditosylate and then treated
with benzylamine to form piperidine ring. Finally, changing protecting group on the nitrogen
" fiom benzyl to carbamate furnished Takahata’s key building block 234. Intramolecular
jodocarbamation reaction of 234 served as elegant way to temporarily protect one of the double
“bonds while second allyl group was converted to methyl ketone 236 using Wacker oxidation

protocol. At this point masked double bond was liberated by treatment of oxazolidinone 236 with

in acetic acid. Protection of the nitrogen as Boc-carbamate provided ketone 237.
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Scheme 2-13. Takahata synthesis of precoccinelline.
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Oxidative cleavage of terminal double bond with subsequent Wittig olefination of the
“intermediate aldehyde ga\;e enal 238 as mixture of geometrical isomers. This mixture was taken
orward into the hydrogenation reaction over Pd(OH), catalyst to yield ketoaldehyde 239.
Removal of the Boc-protecting group with TFA led to in situ formation of ketoaldehyde 230 (see

0°* upon heating with

Scheme 2-12) which spontaneously cyclized to known Ayer ketone 18
A, Thereby the formal total synthesis of precoccinelline alkaloid (162) was accomplished.

The latest reported synthesis of azaphenalene alkaloids was Stockman’s approach to
ppodamine natural product published in 2005.% As a key strategy for construction of the
phenalene core Stockman and co-workers utilized tandem intramolecular double-Michael
ition — Dieckmann condensation sequence (Scheme 2-14). The precursor 242 for this
sformation was prepared from alcohol 240 by Mitsunobu reaction to install phthalimide

ity followed by oxidative cleavage of both terminal alkenes and subsequent Horner-

sworth-Emmons olefination.
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Scheme 2-14. Stockman synthesis of hippodamine and 2-epi-hippodamine.
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Phthalimide protecting group in diester 242 was cleaved under reductive conditions and
“upon acidic work-up intermediate amine salt 243 underwent sponteneous double-Michael
'dition to give quinolizidine 244 as single diastereomer. To finish the formation of

azz phenalene framework bicycle 244 was submitted to Dieckmann condensation reaction with 7-
3uOK. Resulting mixture of diastereomeric ketoesters 245 was treated with LiCl in wet DMF to ;
provide ketone 246. Exo-cyclic olefin 247 was obtained by Wittig reaction of ketone 246. It is ‘
orthy, that similar approach was also used earlier in 1991 by Adams** in his synthesis of
i-hippodamine (219) (see 214 — 216 in Scheme 2-11). At this point Stockman and co-
ran into the same problem Adams experienced in his synthesis — facial selectivity of the

drogenation reaction. Thus, hydrogenation of the exo-cyclic olefin under standard conditions
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(1 atm H,, Pd/C) afforded the mixture of hippodamine (164) and 2-epi-hippodamine (219) with

219 being a major product. After extensive screening of reaction conditions such as temperature,

solvent nature and various additives they found that running the hydrogenation in THF with 2

equiv of mesitylenesulfonic acid allowed them to obtain hippodamine (162) as a major product.




59

2.2 Results and discussion
2.2.1 Intramolecular Aza-[3 + 3] Annulation Approach to Azaphenalene Alkaloids.
In all known syntheses of Coccinellidae defensive alkaloids 162-166 generally distinct

synthetic strategies are used to access different members of this family of natural products. Also

4% the equatorial methyl group is being introduced in

in all syntheses with the exception of one,
the latter steps of the synthetic sequence. We envisioned accessing the entire family of
Coccinellidae alkaloids featuring the construction of their azaphenalene core (Figure 2-4) from a
common aza-tricycle 249 attained via an intramolecular aza-[3 + 3] annulation of vinylogous

amide 250.

Figure 2-4. An aza-[3 + 3] annulation approach to azaphenalenes.

o

R .'111"\ intramolecular R | |
— i O — KIE
aza-[3 + 3]
248: 2-methyl-azaphenalene 249 250

162: precoccinelline 164: hippodamine 166: myrrhine
163: N-oxide: coccinelline 165: N-oxide: convergine

. Retrosynthetic Plan.

Due to the symmetric nature of precoccinelline (162), hippodamine (164), and myrrhine

, tetrosynthetically, they could be derived via four distinct pathways depending upon the
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stereochemical outcome of intramolecular aza-[3 + 3] annulation and the location of the methyl

substituent (Figure 2-5). If the aza-[3 + 3] annulation of vinylogous amide 251 proceeds
selectively to favor the anti [defined by the angular hydrogen atoms in blue] annulation product
252 as shown in pathway A, we could then quickly access both precoccinelline 162 and
hippodamine 164, as 252 would match three of the four stereocenters in 162 and 164. However,
an appropriate epimerization of 252 would be required to access myrrhine 166. A more direct
synthesis of 166 would be to employ the syn [defined by the angular hydrogen atoms in red] aza-
tricycle 253 via a syn-selective annulation of 251 [pathway B].

Figure 2-5. Retrosynthetic analysis.
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In pathway C, the methyl group required for these natural products is envisioned to be on
the carbon tether of vinylogous amide 254, and if 254 could be accessed in an optically enriched
janner, it would constitute an enantioselective total synthesis of 164 (162 and 166 are achiral or
eso). Finally, these alkaloids could also be derived from 255 and/or 256 that can be attained
an intramolecular aza-[3 + 3] annulation reaction of vinylogous amide 257, which would
gire an enone annulation (see pathway D in Figure 2-5). We focused on pathways A and B

Se it is not trivial to prepare 254 in an optically enriched manner and we have not yet
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developed a useful enone version of aza-[3 + 3] annulation reaction at that time (see Part 3 for

disscusion).

2.2.3. Model Study.

Based on our retrosynthetic analysis, a foremost critical question that needs to be
addressed would be the stereochemical outcome of the strategic aza-[3 + 3] annulation reaction.
To explore the feasibility and stereoselectivity of this key transformation, we commenced our

efforts with a model system involving the annulation precursor 258 (Figure 2-6), which should

be accessible from Meldrum’s acid derivative 259 prepared from lactam 260 along with bromide
262 and glutarimide 261.

Figure 2-6. Retrosynthesis of the annulation precursor.
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To prepare vinylogous urethane 258, alkylation of TBDPS-protected propargyl alcohol
263" employing excess 1,3-dibomopropane followed by Lindlar hydrogenation led to bromide
b2 in 59% overall yield (Scheme 2-15). Lactam 260 was prepared via reductive alkylation‘54 of
imide 261. The Grignard reagent generated from bromide 262 was added to the Mg-salt
Mla formed in situ from glutarimide 261 and 1.0 equiv of CH3MgCl. Subsequent reduction of

themi-aminal intermediate 264 with NaBH3CN and AcOH gave lactam 260 in 65% yield over

€ steps.
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Scheme 2-15. Reductive alkylation.
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After an extensive screening of various methylating conditions, O-methyl imidate 265
was prepared in nearly quantitative yield via treatment of lactam 260 with freshly distilled
MeOTf in CH,Cl, (Scheme 2-16).>> Without further purification, it was submitted for the
condensation reaction with Meldrum’s acid in the presence of Ni(acac), catalyst.>®

Scheme 2-16. Synthesis of Meldrum’s acid derivative.
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The two-step sequence led to piperidine 259 in 30-45% overall yield. Alternatively,
peridine 259 was prepared in three steps with a higher yield from lactam 260: 1) Lawesson’s

7,;;« 2) methylation, and 3) Ni(acac), catalyzed condensation with Meldrum’s acid.
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Treatment of piperidine 259 with an excess of MeONa in refluxing MeOH led to the

formation of vinylogous urethane 268-Z in 66% yield exclusively as a Z-isomer (Scheme 2-
17),° and the TBDPS group was also cleaved under the reaction conditions. Mechanistically, the
intriguing selectivity for the Z-isomer could be rationalized via a regioselective addition of
methoxide anion to the carbonyl group [in red] in 259 that is activated by intramolecular
hydrogen bonding to give sodium carboxylate 269. Upon protonation of 269 during the work up,
a neutral vinylogous carbamic acid 270 could be attained. However, this carbamic acid could
also exist in equilibrium with the zwitterion 271 as shown through the arrow pushing [although
proton could come from external sources]. The zwitterion 271 would represent the most suitable
intermediate to undergo a facile decarboxylation, ieading to Z-urethane 268-Z. Alternatively, if
decarboxylation of 271 would give enamine 268-E, it could still be converted to the Z-isomer via
the iminium intermediate 272 upon protonation of 268-E. Rotation around C-C bond in
intermediate 272 followed by deprotonation will lead to the thermodynamically more stable 268-

A

Scheme 2-17. Proposed mechanism for derboxylation.
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Various oxidation protocols were evaluated to efficiently convert allyl alcohol 268-Z to
the corresponding enal 258 (Scheme 2-18). MnO, oxidation was relatively slow giving only 49%
yield of the desired enal 258 [entry 1], but under these conditions, a mixture of both cis and trans

enals was obtained. The Swern oxidation conditions>®® allowed us to access enal 258 in

quantitative yield [entry 2] exclusively as cis isomer, but the Z geometry in the vinylogous
urethane fragment was completely scrambled.  Finally, the Doering-Parikh oxidation
protocolsgb’C provided 258 in excellent yield with retention of the Z geometry in the vinylogous

urethane moiety [entry 3].

Scheme 2-18. Screening of oxidation protocols.

OH cis/trans?
cis | oxidant /(j\/\ﬁ
Z "N B\
2 H Z/E/i H
MeO” SO 268 MeO™ “O 258
entry oxidants yield [%] enal and amide ratios
1 MnO, 49 cis :trans=3 : 1 (enal)
2 (COCl),/DMSO 100 Z:E=1:1 (amide)

3 Py-sOyOMSO 87 cis:trans=7:1 (enal)|

Enal 258 (cis : trans = 7 : 1) was subjected to the aza-[3 + 3] annulation conditions
employing piperidinium acetate salts in EtOAc (Scheme 2-19). After 24 h at rt, only a trace
~amount of the desired aza-tricycle 273 was detected by 'H NMR [entry 1]. Subsequent heating of
'the reaction mixture to 85 °C for 3 h led to the decomposition of 258 [entry 2]. Upon using the
more reactive piperidinium trifluoroacetate salt [entry 3], complete consumption of 258 was
observed at 25 °C after 3 h, and the desired aza-tricycle 273 was isolated in 35% yield as a single
diastereomer. Its anti stereochemistry at the ring junctions was established via nOe experiments.

Because of the precarious nature of 273, we found it more convenient to hydrogenate the
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reaction mixture over Pd-C after the annulation.'® This one-pot protocol allowed us to access the

more stable aza-tricyclic 274 in 38% overall yield.

Scheme 2-19. Intramolecular aza-[3 + 3] annulation.

50 mol% O

N~
y < HX

EtOAc, Na,SO,

258: E = CO,Me 273: E=CO,Me
MGOQC

1 HOAc 25 24 trace
2 HOAc 85 3 decomp H
3 HOLCCF, 5 3 35% 274: a single isomer

38% over 2 steps

= 224 An Approach to Precoccinelline, Hippodamine, Coccinelline and Convergine.

Having succeeded in the model study, we turned our attention to the actual total
{l;yntheses of alkaloids 162-166 via the same route developed above for the des-methyl model.
Toward this end, lactam 278 was prepared similarly to des-methyl case via reductive alkylation®
of 4-methyl glutarimide 275> (Scheme 2-20).

Scheme 2-20. Stereoselective reductive alkylation.

oP
1. Mg, THF
PO —~_~_Br |
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The Grignard reagent generated from bromide 262 was added to the Mg-salt 275a formed

in situ from glutarimide 275 and 1.0 equiv of CH3MgCl, and after stirring overnight at rt,
NaBH3;CN and AcOH were added to reduce the intermediate hemi-aminal 276. The reduction
proceeded stereoselectively and afforded lactam 278 in 73% overall yield exclusively as the 2,4-
syn isomer. This is likely a result of axial approach of hydride to the conformation shown for N-
acyliminium ion 277.

After converting lactam 278 to methyl imidate 279 using fresh MeOTf in CH,Cl,, lactim
ether 279 was subjected to the condensation reaction with Meldrum’s acid in the presence of
Ni(acac), catalyst (Scheme 2-21).°° However, in this case, the desired piperidine 280 was
*isolated only in 16% yield over two steps along with 14% of vinylogous urethane 281.

Scheme 2-21. Assignment of relative stereochemistry.

OTBDPS OTBDPS OTBDPS OTBDPS
MeOTf Meldrum's acid
|
CH.Cl, MeO Ni(acac),, CHCIa
reflux
MeO O

279 (90% crude)

280 (16%) 281 (14%)

X-Ray

1. TBAF
2. p-bromobenzoyl chloride, DMAP

282 (90% overall)

The formation of 281 was likely a result of ring-opening of the 1,3-dioxanone ring in 280
th MeOH generated in situ during the condensation reaction followed by decarboxylation (see
heme 2-17). Nevertheless, we were able to unambiguously assign the relative stereochemistry
“-L espect to C4 and C6 on the piperidine ring as syn based on the single crystal X-ray analysis

fomo-benzoate derivative 282 prepared in two steps from 280.
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To access vinylogous urethane 281 more effectively, we investigated an alternative

approach that would feature Eschenmoser sulfide contraction reaction.®*® As shown in Scheme
2-22, thiol imidate 283 was prepared in two steps from the lactam 278, and was subsequently
treated with PPh; in the presence of NEt; in CH3CN. After 72 h at rt, no formation of the desired
vinylogous urethane 281 was observed [entry 1]. After addition of DBU and refluxing in CH;CN
for 48 h, vinylogous urethane 281 was isolated in 69% yield along with an interesting by-product
thiazolidinone 284 [entry 2]. There are literature precedents®™ for the formation of this by-
product in the Eschenmoser sulfide contraction reaction when using strong base such as DBU.
After tuning both the base and the solvent for the reaction, an excellent yield of the desired
vinylogous urethane 281 could be achieved [entry 4].

Scheme 2-22. Eschenmoser sulfide contraction.

OTBDPS OP OP OP
1. Lawesson, THF, rt PPhg
—_— *
| 2. BrCH,CO,Me " | | |
(@] N N =z H S\\<N
(6]

K,COg, acetone i

278 CO,Me MeO™ ~O
283: 90% 2 steps
P = TBDPS 281: P = TBDPS 284: P = TBDPS

entry base solvent temp [°C] time [h] yield [%]: 281 284

1 NEt; CH3CN 25 72 norxn no rxn

2 NEty/DBU CH;CN 80 48 69% 5-10%

3 DIPEA toluene 100 96 60% trace
{4 DIPEA CHs CN 100 48 82-95 trace |

Cleavage of the TBDPS-protecting group with TBAF furnished allyl alcohol 285
Scheme 2-23). It is noteworthy that the described sequence was suitable for multi-gram scale
pthesis of alcohol 285 with a 71-82% overall yield starting from lactam 278. Subsequent
180; oxidation of allyl alcohol 285 led to the corresponding enal 286 as a 7 : 1 cis/trans
me; ic mixture. Enal 286 was subjected to the aza-[3 + 3] annulation conditions employing

e um trifluoroacetate in EtOAc. The desired cycloadduct 287 was obtained as a single
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diastereomer in 51% yield, and its anti relative stereochemistry at the ring junction was

established using nOe [see the box] and by X-ray of a later intermediate.

Scheme 2-23. The key intramolecular aza-[3 + 3] annulation.

OTBDPS
TBAF, THF
" oe%

MeO O MeO O
285: 71-82% overall from 278 285: E = CO,Me
H
MeO,C ﬂ
Pyr-SO5 DMSO | _ .
Me . DIPEA, CH,Cl,, 0 °C | 367
nOe | (H ¥
of287 H_ |

MeO.C 1atmH, | MeO,C
H Pd(OH),/C

—-—

50 mol% (@j ©
-

NI CF3CO
g2

E'(OAC, Na2804, , 2h

H

288: 43% from 286 287: 51% 286:~7 : 1 cisltrans '
single isomer 1

A one-pot protocol involving in situ hydrogenation of the disubstituted double bond over
_Pd(OH)z/C after the annulation afforded aza-tricycle 288 in a reproducible 43% yield over two
steps. We chose Pd(OH),/C here because it is less prone to amine poisoning than Pd/C that was
'viously used for the hydrogenation of 273 (see Scheme 2-19), and we did not go back and

peat this work using Pd(OH),/C. It is noteworthy that aza-tricycle 288 contains three of the

our stereocenters required for precoccinelline (162) and hippodamine (164).

Mechanistic and Computational Studies.
To rationalize the exclusive formation of anmti stereochemistry at the ring junction

served for the annulation product 287 (Figure 2-7), transition state structures for the key N-
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1,4-addition step of the reaction where the new stereogenic center is being set were located.

Calculations were carried out on the simplified iminium salt derived from enal 286 and dimethyl
“amine using the Spartan’02 program at PM3 level of theory.?*?’

Figure 2-7. Mechanism of the intramolecular aza-[3 + 3] annulation.

® 0O
HNR; X
—_—
in situ iminium
salt formation
286: E = CO,Me 290

C-1,2-addition J

NRp X

regeneration
of the catalyst H  tautomerization

e

H HNR, X H
287: E = CO,Me 292 L 291

Location of transition state structures was confirmed by the presence of one 'negative
alue and corresponding imaginary frequency, which reflects formation of the N-C bond
N-1,4 addition step of the reaction. Models and their respective energies are shown in
re 2-8.
- There are two possible pro-syn and pro-anti transition states 293/294 and 295/296, which
--- the chair flip of the piperidine ring. In 293/294, the lone pair on the nitrogen atom
the pseudo-equatorial position whereas in 295/296 it is pseudo-axial making it more
philic. It turned out that both pro-syn-TS-293 and pro-anti-TS-294 (left side in Figure 2-
rgetically disfavored in comparison with pro-syn-TS-295 and pro-anti-TS-296 (right

e of the Z-geometry of the vinylogous urethane, the methoxy carbonyl group in
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both 293 and 294 appear to be bumping into the iminium ion fragment during formation of N-C

bond, thereby destabilizing both transition states.

Figure 2-8. Transition states for the initial N-1,4-addition.

AH; = 85.9 kcal/mol AH; = 93.1 kcal/mol AH; = 84.9 kcal/mol AH; = 79.8 kcal/mol

293: pro-syn-TS* 294: pro-anti-TS* 295: pro-syn-TSt 296: pro-anti-TS*

On the other hand, this interaction is minimized in pro-syn-TS-295 and pro-anti-TS-296,

shown in the models (right side in Figure 2-8). Within these two possible transitions states,

“anti-TS-296 was estimated to be 5.1 kcal/mol more stable than pro-syn-TS-295, which is

y due to the severe 1,3-diaxial interaction in 295. According to computational results, the
lation reaction should be favored to proceed via pro-anti-TS-296, leading to the observed

somer 287.

‘Syntheses of Precoccinelline, Hippodamine, Coccinelline and Convergine.
With aza-tricycle 288 in hand, we hydrogenated the internal double bond employing
s catalyst® (Scheme 2-24). To our advantage, hydrogenation occurred in a

vergent manner, leading to both isomers 297 and 298 with a ratio of 2 : 1. It is
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noteworthy that major isomer 297 resembles the aza-tricyclic manifold in precoccinelline (162),

whereas 298 has the framework of hippodamine (164).

Scheme 2-24. A stereodivergent hydrogenation.

MeOZC Me02C M302C/,'
H 1 atm H2 H/,. H H H
+
| PtO,, MeOH | |
A H H
288 297

208

I

H
CO,Me

H  hindered
299: 49% from 288 2 " 1

Although esters 297/298 could be separated by tedious alumina gel column, it was found

they could be readily resolved via a selective alkaline hydrolysis of the equatorial ester 297

eme 2-24). Upon treatment of the crude hydrogenation mixture with 1.7 M aq KOH,

ted axial ester 298 was recovered by simple extraction in 36% overall yield from 288.

n acidification of the aqueous phase, acid 299 was isolated in 49% yield with its assigned

ve stereochemistry Being supported by nOe. Structure of 298 was unambiguously assigned
-ray analysis of its corresponding picrate salt (Figure 2-9).

Figure 2-9. X-ray structure of picrate salt of 298.
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To complete the total synthesis of precoccinelline (162), acid 299 was subjected to

Barton’s decarboxylation conditions® (Scheme 2-25). The desired alkaloid was isolated in 43%
overall yield with all physical data matching the reported literature data.’°>% Subsequent
oxidation of precoccinelline employing m-CPBA provided coccinelline (163) in excellent yield.
Scheme 2-25. Completion of total syntheses of precoccinelline and coccinelline.
1. i-BuUOCOCI, DIPEA, -5 °C

S
and then @ DIPEA, rt

N” sH

Oe
2. +-BuSH, hv - W-lamp
Barton's decarboxylation

o

162: precoccinelline 163: coccinelline

43% overall
The synthesis of hippodamine (164) turned out to be more challenging, as all attempts to
ectly hydrolyze of ester 298 failed. This can be attributed to the inaccessibility of the hindered
dal ester group in 298. We attempted to epimerize the axial ester to the more stable equatorial
one using K,CO3/MeOH and DBU/toluene protocols, but neither condition was suitable with
ilfu recovery of the starting material.
Ultimately, we found that treatment of ester 298 with KHMDS* at -78°C with

bsequent quenching of the reaction mixture with MeOH at 0°C led to the desired equatorial

er 300 with 86% yield (Scheme 2-26). Hydrolysis of the 300 was successful using 1.7 M aq

H at 50 °C, leading to carboxylic acid 301 in 44% yield. Subsequently, hippodamine (164)
 obtained in 43% overall yield after decarboxylation of 301 under Barton’s conditions.®
essive oxidation of 164 with m-CPBA afforded convergine (165) in 88% yield. Both natural

icts matched the literature spectroscopic data.**%%




Scheme 2-26. Hippodamine and convergine end-game.

MeO,C HO.C
KHMDS, THF H H 1.7 MaqKOH H

—— _— .
-78°C 10 0 °C | MeOH, 50 °C |
then MeOH A w

300: 86% 301: 44%

Barton's decarboxylation

165: convergine 164: hippodamine 164: hippodamine
43% overall

2.2.7. Total Synthesis of Myrrhine.
After successful conversions of aza-tricycle 287 to precoccinelline (162), hippodamine
), and their corresponding N-oxides, we were poised to achieve a total synthesis of myrrhine
6, the final member of Coccinellidae family of defensive alkaloids, also from the same
mmon intermediate 287. However, the challenge in this endeavor was to achieve an
propriate epimerization at the stereocenter shown in red in aza-tricycle 287 (Figure 2-10).

vard this end, we envisioned two possible approaches for this transformation. The first one

Ives a 6m-electrocyclic ring-opening of anti-tricycle 287 under thermal conditions en route

-2 atriene 302, which upon 6m-electrocyclic ring-closure, could lead to the
10dyna ically more stable syn aza-tricycle 303. The second approach consists of an
fization of the dihydropyridine ring in 287 via hydride abstraction followed by syn-
reduction of the pyridinium salt 304 to furnish all-syn stereochemistry at the ring

1 required for myrrhine 166.
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Figure 2-10. Possible epimerization approaches.

6n-electron MeO,C 6m-electron
ring-opening ring-closure
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302: Approach | MeO,C
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303
M902C X [
hydride | ® syn-selective
abstraction Nig reduction

2
304: Approach Il

To probe the feasibility of shuttling the anti aza-tricycle 287 to the more stable syn-303
hrough 1-azatriene 302, compound 287 was heated at 80 °C for 6 h in toluene-ds (Scheme 2-27).
- ever, no formation of desired isomer 303 was observed under these conditions. Heating of
87 at higher temperatures for longer time [150 °C, 12 h, then 230 °C 2 h] was pursued but only
d to decomposition of the starting material.

Scheme 2-27. Failed isomerization attempts.

6m-electron | MeOC 6n-electron
ring-opening ring-closure

A MeO,C
302 «H

N
toluene-dg, T=80°C -230°C, 24 h

302 versus 287: AE = + 30.8 kcal/mol
[B3LYP/6-31G*]

" Ab initio calculations (B3LYP/6-31G*)**?*® indicated that 1-azatriene 302 is relatively

lized in comparison with aza-tricycle 287 [by ~ 31 kcal/mol]. Since the activation barrier

be even higher, we believed that 6mt-electrocyclic ring-opening approach is not a thermally
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feasible option for our purpose. This experimental data is also in accord with our earlier findings

(see Section 1.2.6).'"

After failure of isomerization approach we then investigated the aromatization-reduction
- route. Des-methy] tricycle 273 served as a model system for this study. It was first treated with
- triphenylcarbonium tetrafluoroborate in CH,Cl, (Scheme 2-28). Interestingly, instead of the
hydride abstraction triphenylcarbonium cation added across electron rich azadiene to give
/« rafluoroborate 305 in nearly quantitative yield.

Scheme 2-28. Aromatization-reduction approach.

@6 MEOQC = .‘\CPh3 MGOQC
PhsC BF, o DIPEA
N
CH,Cl, N BF,
: A

306: ~70% for 2 steps

ar2:1

ﬂ H
MeOQC

1 atm Hy H,,

Pd(OH),/C
EtOAc

A
308: 35% over 2 steps 309: 84%,

~ Subsequent treatment of the salt 305 with Hunig’s base regenerated dihydropyridine
I fo form tricycle 306 but it was a “dead-end” for synthesis of a myrrhine alkaloid.
ation of the tricycle 273 with DDQ in CH,CL* led to isolation of the pyridinium salt 307
‘was directly reduced with sodium borohydride in MeOH. Luckily, hydride addition
stereoselectively leading to the desired syn-tricycle 308 in 35% over 2 steps. To our
g, both double bonds in syn-tricycle 308 can be reduced simultaneously by hydrogenation

d(OH),/C catalyst and 1 atm of H,. It is noteworthy that in case of anfi-tricycles 273 and

‘."vi isubstituted double bond was hydrogenated under these conditions (see Schemes 2-19,
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2-23). This result could most likely be attributed to better accessibility of the internal double

bond in flatter syn-tricycle 308. All-syn azaphenalene 309 was obtained in 84% yield as mixture
| of two ester diastereomers. All-syn relative stereochemistry of 309 was assigned based on the
chemical shifts analysis of hydrogens adjacent to the nitrogen atom which are known to be
- shielded in all-syn azaphenalenes [shown in blue] comparing to anti-syn tricycles [in red] by
about 1 ppm on average (Figure 2-11).

Figure 2-11. Chemical shifts of a-hydrogens in azaphenalene systems.

292 H H 2.90
A A 276
166: myrrhine 162: precoccinelline 164: hippodamine
H <2.00 H <2.00 H<200 H <281
2.34 EE\S)H 2.34 2.35 H" “H <200 H" “H 3.26 H H 3.26
“OH

202 CHO o}

208 OMS 180: Ayer ketone

MGOQC MeO,C

2.05 EE\E)H <2.00 312 H H 3.05
H <200 f 276
309 300

It is very consistent trend in azaphenalene alkaloids [166 versus 162, 164] as well as in
 synthetic intermediates prepared by different groups™*° [202, 207, 208 versus 180] and
n route to precoccinelline and hippodamine natural products [309 versus 297, 298, 300].
Employing the epimerization protocol developed for our model system 273, pyridinium

was prepared in 85% yield from aza-tricycle 287 and DDQ in CH,Cl, (Scheme 2-29).
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Scheme 2-29. Hydrogenation of a pyridinium salt.

MeO,C MeO,C. 0®
H DDQ, rt, CHCl, @ of
—— &
85% N
3 2 Cl
H H OH

MeOzC H
1 1 1 1
H HH H MeO,C HH H

311-ax: major isomer 311-eq

entry catalyst H, [psi]  solvent yield [%] dr:ax:eq

1 PO, 60 MeOH 61 21
PdOH),/C 14 MeOH 44 5:1
| 3 PO, 60 AcOH 63 g:1 |

At this point we discovered that pyridinium salt 310 could be directly converted to the
ssired all-syn tricycle 311 by hydrogenation avoiding intermediate NaBH, reduction to syn-
droazaphenalene like 308 (Scheme 2-28). Thus, hydrogenation of the salt 310 over PtO,

ms’ catalyst] in MeOH afforded 61% yield of the all-syn aza-tricycle 311 as a 2 : 1 mixture
diastereomers with respect to the stereochemistry at the ester group [entry 1]. This is likely a
_Of partial epimerization of the initially formed axial isomer 311-ax to the
jodynamically more stable equatorial 311-eq under the reaction conditions. Using

H),/C as a catalyst for the hydrogenation led to the formation of 311 with some

fization but also a lower yield [entry 2]. The cleanest reaction with the highest isolated

was obtained when the hydrogenation was carried out over Adams’ catalyst in AcOH

@‘61 The all-syn stereochemistry at the ring junctions was confirmed by the presence of
Johlmann bands® in IR spectra [2793, 2734, 2619 cm™'] of the 311 as well as by

':_. it analysis similar to des-methyl system 309 (Figure 2-11).
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Saponification of a mixture of ester 311-ax and 311-eq [ax : eq = 3 : 1] with aqueous

KOH in MeOH at 50 °C for 36 h led to predominantly the formation of equatorial acid 312-eq
(Scheme 2-30), thereby suggesting that significant epimerization of the axial isomer to the more
stable equatorial one had occurred. However, subjecting this mixture to Barton's decarboxylation
conditions® led to myrrhine 166 in a very low yield with almost complete recovery of the
] equatorial acid 312-eq. This result suggested that the axial acid 312-ax is more reactive in the
 decarboxylation reaction than 312-eq.

Scheme 2-30. Myrrhine end-game.

MeO,C
2 N 1.7 M aq KOH, MeOH, 50°C, 36h  H m
H lll |l| 50% I'Il |1|
oc Ml

H H
311-ax major 312-eqlax:eq:1:7]
Lil 1. i-BuOCOCI, DIPEA, -5 °C, and then

EtOéAc 73% 2-mercaptopyridine-1-oxide, DIPEA, rt | low yield
80°C 2. +BuSH, hv - W-lamp

LiO,C HCI and then
4‘% Barton's decarboxylation
! ! 31% overall yield :
g Al A H]  H
H
313-ax[ax :eq: 5 : 1] 166: myrrhine

To explore this hypothesis, ester 311 [5 : 1 isomer ratio in favor of 311-ax] was
nified by treatment with Lil in EtOAc at 80 °C. Under this condition, no epimerization was
rved and the diastereomeric ratio of the isolated lithium carboxylate remained at ~ 5 : 1 in

0f 313-ax. Finally, acidification of this mixture and subjecting the resulting free acid 312-

) the Barton’s decarboxylation conditions afforded myrrhine 166 in 31% yield over 4

jonal steps. Our synthetic sample matched the literature spectroscopic data for the natural

e 166.500’63
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2.3. Conclusion.

We have accomplished total syntheses of Coccinellidae defensive alkaloids featuring an
intramolecular aza-[3 + 3] annulation reaction as the key transformation. All five members of
this family, precoccinelline, coccinelline, hippodamine, convergine, and myrrhine have been
prepared from the same common intermediate derived from a stereoselective aza-[3 + 3]
annulation reaction. A rhechanistic model for the observed anti stereoselectivity in the annulation

~ step based on semi-empirical calculations was also established. This work provides a de novo

-~ stereoselective approach toward 2-methyl-perhydro-9b-azaphenalene family of alkaloids.
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Part 3

~ Enone Version of Intramolecular Aza-|3 + 3] Annulation Reaction
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3.1. Introduction.
One of the significant limitations of our aza-[3 + 3] annulation methodology was inability
to employ o,B-unsaturated ketones in this transformation. No formation of desired C4-

substituted azadecalines 316 was observed in intermolecular [3 +3] annulations between

vinylogous amides 314 and enones 315 under standard reaction conditions (Figure 3-1).
Moreover, we were also unsuccessful in finding any other suitable conditions for this
transformation so far. Generally, reactions were messy and formation of the complex mixture of

- products was observed.

Figure 3-1. Limitation of aza-[3 + 3] annulation methodology.

0 0 piperidine/Ac,0, EtOAc 0 Rs
85°C,1h N
X Ry NA X I 4
el + I 7\ ‘Y A AR
R7~"  NHR Ry~ "Rz then add 1 in toluene R ' R,
314 315: Ry 2 H 150°C, 24 h 316"
|
|
O o \
X ?
. IR
“r” NH intramolecular
Iy [3 + 3] annulation
ST n
317:R#H i

On the other hand, as described earlier (see Parts 1, 2), intramolecular aza-[3 + 3] ‘

inulations of vinylogous amides tethered with a,B-unsaturated aldehydes require less harsh

nditions and in some cases proceed readily at temperatures as low as 25 °C. Therefore, we

it we might have more success with development of the enone version of intramolecular

[3 + 3] cycloaddition reaction (317 — 318, Figure 3-1).

Expanding scope of our intramolecular annulation methodology in such a way will open

)

W horizons in syntheses of various natural products. Such natural products as geissoschizine

1§
” emetine (320) and its related alkaloids (321-322)* having the substituent at C4-position
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of piperidine ring (shown in red, Figure 3-2) should be readily accessible using enone version of

intramolecular annulation.

Figure 3-2. Possible targets for enone version of aza-[3 + 3] annulation.

319: geissoschizine 320: emetine 321: tubulosine 322: protoemetine

0 0
| S enone aza-[3 + 3] )1‘1[ | aF
OMe —————>

annulation NE

OMe OMe
322: protoemetine
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3.2. Results and discussion.

3.2.1. Synthetic Feasibility.

To test the feasibility of enone version of intramolecular aza-[3 + 3] annulation precursor
330 was synthesized in several steps starting with alkylation of THP-protected 1-butyne-3-ol
325% with excess of dibromobutane to give bromide 326 in 88% yield. Cleavage of THP-
protecting group under acidic conditions with subsequent treatment of intermediate
bromoalcohol with NaN; afforded azide 327 in 94% overall yield. After LAH reduction of
azidoalcohol 327 crude amino alcohol 328 was condensed with 1,3-cyclohexanedione to provide
vinylogous amide 329 in 47% yield over two steps. Finally, annulation precursor 330 was
‘prepared by MnO, oxidation of allyl alcohol 329.

Scheme 3-1. Synthesis of enone 330. |

n-BuLi, THF, then
Br\/\/\B ‘

:
THPO (5 equiv) THPO 1. p-TsOH, MeOH HO
_— —— Br - . )%MN:i
/ 2. NaN, DMSO
325 rah 326: 88% 3 327: 94%

LAH, THF
A

MnOz acetone ij\ )\/\/\/\
—

loluene/EtOH
328: ~90% crude

330: 60% 329: 47% from 327
With enone 330 in hands we investigated the feasibility of intramolecular annulation
;.piperidinium acetate and trifluoacetate salts. When vinylogous amide 330 was heated with
ridinium acetate salt in EtOAc at 85 °C overnight no desired cycloadduct 331 was formed,

minor decomposition of starting material was observed [entry 1]. We were excited to find

innulation of the enone 333 could be successfully promoted simply by switching to more
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reactive piperidinium trifluoroacetate salt [entry 2]. Unfortunately, under these conditions

reaction stopped at ~60% conversion and longer heating did not lead to any improvement in
product/starting material ratio. The desired cycloadduct 331 was isolated in ~60% BORSM
yield. Nonetheless, we were interested in why did this annulation reaction stop at certain point
and never went to completion. We realized that one of the possible side reactions is amidation of
the solvent (EtOAc) with piperidinium salt catalyst, to give corresponding N-acetylpiperidine.
This will eventually lead to quenching of the amine salt catalyst therefore shutting down the
| annulation reaction. To test this proposal enone 330 was heated at 120 °C in toluene with 1 equiv
of the piperidinium trifluoroacetate [entry 3]. Indeed, after 5 h complete consumption of starting
‘material 330 was observed and desired annulation product 331 was isolated in 52% yield. It is
noteworthy that annulation reaction could be carried out at lower temperature (85 °C) with
comparable yield (50%) using toluene as the solvent [entry 4]. We also tried to lower the loading
j;the piperidinium trifluoroacetate salt catalyst to 50 mol% but in this case product 331 was
btained with much lower yield [entry 5].

Table 3-1. Enone version of intramolecular aza-|3 + 3] annulation.

(0]
0 0 (Nj oHX
NH solvent, Na,SO4 N

330 331
entry HX (mol %) solvent time (h) temp conversion vyield (%)
1 HOAc (100) EtOAc 12 85 no rxn N/A
2 HO,CCF3 (100) EtOAc 12 85 60 ~60
3 HO,CCF3 (100) toluene 5 120 100 52
4 HO,CCF3 (100) toluene 5 85 100 50
= HO,CCF3 (50) toluene 7 100 100 23
6 HO,CCF3 (100) EtOAc/toluene 1 microwave 100 54
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It is well-known that microwave irradiation may have advantage over conventional

heating for reactions that require harsh conditions.” There is also a recent report in the literature
- by Beifuss and co-workers on microwave-assisted intermolecular oxa-[3 + 3] annulations.”®
- They found that microwave assisted reactions generally require less time to go to completion and
- sometimes are higher yielding when compared to reactions performed with conventional heating.
‘ With this in mind, enone 330 was microwaved in EtOAc/toluene mixture in a sealed tube with 1
uiv of piperidinium trifluoroacetate salt [entry 6]. After one hour (4 x 15 min) complete
consumption of the starting material was observed and the desired cycloadduct 331 was isolated
’ 54% yield. Indeed, there was a noticeable rate acceleration for the annulation reaction
performed under microwave irradiation conditions comparing to reaction performed with

onventional heating but isolated yields of the product 331 were comparable [entry 6 versus 3,

i

..2. Studies Toward Propyleine.

After establishing the feasibility of enone version of intramolecular aza-[3 + 3]
ulation we turned our attention to propyleine alkaloid (332) as a possible synthetic target
. the developed methodology (Figure 3-3). Propyleine was isolated in 1972 from
wlaea quatuordecimpunctata aé a continued efforts by Tursch and co-workers’ in their
‘. of azaphenalene family of defensive alkaloids from various ladybug beetles (See
' | 2.1.2).* Mueller and Thompson in 1980 found it interesting that isomeric enamine
 isopropyleine (334) was not reported in original paper” taking into the account isolation
'.f:‘- S (acid-base extraction). It is conceivable that propyleine (332) and isopropyleine (334)

¢ interconvertable under acidic conditions via intermediate iminium salt 333.
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Figure 3-3. Tentative propyleine-isopropeleine interconversion.

332: propyleine 333 334: isopropyleine
To investigate this matter Mueller and Thompson carried out the first and the only
synthesis of propyleine known up to date (Scheme 3-2).” They started with reduction of methyl

ketone 198 which was the key intermediate in their earlier synthesis of hippodamine (164)*®

(see
. heme 2-9). Subsequent treatment of intermediate alcohol with MsCl afforded mesylate 335 as

Single diastereomer.

Scheme 3-2. Mueller synthesis of propyleine.

MsO
1. LiAH, H KeCOy H'- H
2 MsCl DMsO
198
...H'

332: propylelne 333 334: |sopropyle|ne

Mesylate 335 was ionized under conditions favoring E1 elimination to give intermediate
) ‘336 which upon 1,2-hydride shift presumably led to formation of iminium salt 333.
y, deprotonation of 333 afforded mixture of propyleine and isopropyleine with 1 : 3 ratio as
. by 'H NMR. After addition of TFA to this mixture two sets of signals in proton
A collapsed into one set of resonances for the corresponding iminium salt 333, therefore

ting that propyleine (332) and isopropyleine (334) could equilibrate under acidic
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conditions. Based on observed ratio of 332 and 334 authors claimed that isopropyleine is

thermodynamically more stable than propyleine.”” With all this experimental findings Mueller
and Thompson concluded that alkaloid isolated from Propylaea quatuordecimpunctata by
Tursch and co-workers” was actually a mixture of 332 and 334 which are readily
interconvertable.

We found that controversy in isolation and total synthesis papers is interesting and
- deserves further investigation. To begin with we performed ab initio calculations on
: regioisomeric enamines 332 and 334 to get better insight on their relative thermodynamic
stability. Models of most stable conformers and their corresponding energies are shown in
e 3-4. To our surprise, it turned out that propyleine is 2.59 kcal/mol more stable than
isopropyleine which is opposite with what was postulated by Mueller.”

Figure 3-4. Relative thermodynamic stabilities of propyleine an isopropyleine.

Spartan' 02
B3LYP/6-31G*

332: propyleine 334: isopropyleine
E =-562.7870479 a.u. E =-562.7829256 a.u.

AE = 2.59 kcal/mol
With our computational results it is apparent that ratio of enamines 332 and 334 obtained
1l elimination reaction in Mueller’s synthesis of propyleine (Scheme 3-2) was determined by
tics of the deprotonation of iminium salt 333, not by thermodynamics as originally proposed.

his point we thought that additional studies on possible interconversion of propyleine (332)




88
and isopropyleine (334) are necessary to resolve controversy existing in the literature. Toward

this end, it would be desirable to synthesize these alkaloids as individual entities.

In our approach we envisioned propyleine (332) to come from decarboxylation reaction
of vinylogous carbamic acid 337 which could be derived from stereoselective hydrogenation of
endocyclic olefin in tricycle 338 (Figure 3-5). Vinylogous urethane 338 should be accessible via
our intramolecular aza-|3 + 3] annulation of enone 339.

Figure 3-5. Retrosynthesis of propyleine.

enone aza-[3 + 3]

annulation

H
332: propyleine

339: E=CO,Me

In forward direction to prepare annulation precursor 339 we used the approach developed
in our model study for synthesis precoccinelline, hippodamine and myrrhine alkaloids (see
Section 2.2.3). Thus, TBDPS-protected 1-butyne-3-ol 340 was converted to bromoalkene 341 in
2 steps involving alkylation with excess of dibromopropane and subsequent Lindlar’s
drogenation (Scheme 3-3). Reductive alkylation® of glutarimide salt 261a with Grignard
gent prepared from bromide 341 afforded lactam 342 as inseparable 1:1 mixture of 2
,teteomers in 77% overall yield. Piperidine 343 was prepared by O-methylation of lactam 342
f'h freshly distilled MeOTf followed by condensation with Meldrum’s acid in presence of
i(acac), catalyst. Treatment of compound 343 with MeONa in MeOH under refluxing
ditions gave vinylogous urethane 344. Cleavage of TBDPS-protecting group of the secondary

froxyl with TBAF provided allyl alcohol 345 in 79% from 343.
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Scheme 3-3. Synthesis of allyl alcohol 345.

1. Mg, THF
2.
X L
1. n-BuLi, THF, then CIMgO™ NS0

TBDPSO, __ 1,3-dibromopropane  TRppsSO Br 261a |

= 0" "N

g 2. Hp 5% Pd/BaSO, w 3. NaBH3CN, AcOH H
340 341:74% 2 steps 342: P = TBDPS

77% overall

1. MeOTf, CH,Cl,
2. Meldrum's acid
Ni(acac), CHClg

OH oP
| TBAF THF MeONa MeOH 0 |
N T el O ”
H
o o)

MeO™ ~O MeO O

345: 79% 2 steps 344: P = TBDPS 343: P = TBDPS
52% overall

To our surprise, submission of allyl alcohol 345 to standard MnO, oxidation procedure

did not lead to formation of desired enone 339 and only starting material was recovered (Table

Table 3-2. Synthesis of annulation precursor 339.

OH O

| oxidant
——————

Z "N Z "N
H H

MeO O 445 MeO™ “O 339

entry oxidants solvent yield [%]

MnO, CHyCl, no rxn (rt)
MnO, CH,Cl, decomp (40 °C)
BaMnO,4 CHJCl, no rxn
DMP CHyCl, slow decomp
PCC CH.Cl, decomp
TEMPO/oxone  toluene no rxn
TPAP/NMO CH.Cl, decomp
Pyr-SO3/DMSO  CH,Cl, 72%

1
2
3
4
5
6
7
8

—




90

After extensive screening of various oxidation protocols we were successful in carrying

out this transformation only under Doering-Parikh conditions. Allyl alcohol 345 was oxidized

to enone 339 using SO,pyr/DMSO with good 72% yield. In addition geometry of cis-double

- bond was preserved under these conditions.

With enone 339 in hands we studied its intramolecular aza-|3 + 3| annulation reaction

utilizing piperidinium salts (Table 3-3). When compound 339 was treated with acetate salt in

EtOAc at rt no reaction was observed after 18 h [entry 1]. Heating this reaction mixture at 85 °C

for 12 h only led to slow isomerization of cis-enone 339 to thermodynamically more stable

frans-isomer again with no formation of desired cycloadduct 338 [entry 2]. Inefficiency of

piperidinium acetate salt in intramolecular aza-[3 + 3] annulation of enones was consistent with

our previous findings (see Table 3-1).

Table 3-3. Intramolecular aza-|3 + 3] annulation.

N .
1equiv H HX

solvent, Na,SO,4

solvent

temp [°C] time [h] yield [%)]

EtOAc

HOAc EtOAc
HO,CCF3 EtOAc
HO,CCF3 EtOAc

25
85
55
130

18 no rxn

12 trans-339

12 trans-339

12 trans-339/decomp

HO,CCF3 toluene

100

5  ~20 (NMR) |

- We were also not successful in converting enone 339 to desired tricycle 338 by switching

e reactive trifluoroacetate salt. In this case also only isomerization to frans-enone was

lentry 3]. Heating this reaction to 130 °C led to eventual decomposition of starting

il [entry 4]. Interestingly, when enone was heated with trifluoroacetate salt at 100 °C in
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toluene complete consumption of starting material was observed after 5 h [entry 5]. Even though

reaction was relatively messy formation of desired cycloadduct 338 was confirmed by presence
of characteristic signals in '"H NMR spectra of the crude mixture. Unfortunately, attempts to
isolate annulation product in pure form were not successful probably due to high instability of
electron-rich dihydropyridine moiety in 338. Based on our previous experience with precarious
annulation products it is possible that in situ hydrogenation of endocyclic olefin in 338 might
help to overcome product instability problem.

It is clear that additional studies are desirable to find conditions suitable for synthesis of
tricycles 338 or 346 with acceptable yield. But our preliminary results are encouraging and show
jproof of principle for possible application of enone version of intramolecular aza-[3 + 3]

annulation reaction to synthesis of natural products such as propyleine (332).
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3.3. Future Work.

After finding optimal conditions for the key transformation (see 339 — 346, Table 3-3)
in our propyleine synthesis we will be only two steps away from the natural product.
Saponification of the ester 346 with subsequent decarboxylation of vinylogous urethane 337
should lead to the desired alkaloid (Figure 3-6).

Figure 3-6. Proposed propyleine end-game.

MeO,C._ - HO,C._- :
E’“})H - E%]H : (E%H

H H H
346 337 332: propyleine

Recently Schroder and Lebrun reported isolation of interesting dimeric azaphenalene
-alkaloids named psylloborine A™ and isopsylloborine A" from ladybird beetles. We believe
{: biomimetically they might derive from monomeric dehydroazaphenalenes such as

opyleine (332) via acid-catalyzed Michael addition/intramolecular Mannich cascade (Figure 3-

Presumably, propyleine is first oxidized (332) to dehydropropyleine 347 under biological

onditions. Subsequent protonation of enamine 347 will lead to o,p-unsaturated iminium salt

48 which can react with second molecule of propyleine to give dimer 349. After isomerization

348 to 351 via dienamine 349 intramolecular Mannich condensation will furnish the formation
-member ring to give heptacycle 351. Finally, deprotonation of iminium salt 351 could lead

\ ) regioisometric enamines psylloborine (352) and isopsylloborine (353).



Figure 3-7. Proposed biomimetic synthesis of psylloborine A and isopsylloborine A.

347: dehydropropyleine

[0] T

H
352: psylloborine A

H

Michael
“H  addition

332: propyleine

intramolecular
Mannich

H
352: isopsylloborine A
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Accomplishing synthesis of propyleine via our key intramolecular aza-[3 + 3] annulation

Il allow us to test this proposed biomimetic transformation to form dimeric azaphenalene
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3.3. Conclusion.

Enone version of intramolecular aza-[3 + 3] annulation reaction has been developed. Use
of piperidinium trifluoroacetate salt and toluene as a solvent were shown to be critical for
successful transformation. We also demonstrated for the first time that microwave irradiation can

- accelerate aza-[3 + 3] annulation reactions. Expanding the scope of our cycloaddition
: methodology in such a way has allowed us to envision the access to propyleine alkaloid with a

fitle reaction in a key step. Synthesis of enone annulation precursor was successfully

accomplished, and its cycloaddition revealed encouraging preliminary results. Future

investigations should culminate in finishing the synthesis of propyleine alkaloid, which could be
;: er converted to interesting dimeric alkaloids such as psylloborine and isopsylloborine via

proposed biomimetic pathway.




Experimental Procedures




PART 1.

PREPARATION OF CHIRAL AMINE SALTS.

- Amine 44d.

i_ [—)'\/OTBDPS

44d

To a solution of (S)-prolinol (553.0 mg, 5.47 mmol) in CH,Cl, (18 mL) were imidazole

- (445.0 mg, 6.54 mmol), DMAP (20.0 mg), and TBDPSCI (1.70 mL, 6.54 mmol) dropwise at

“0 °C. The reaction mixture was allowed to warm up to rt and stirred overnight before CH,Cl, (15
,“ ) and watér (20 mL) were added. Thé aqueous layer was extracted with CH,Cl, (3 x 30 mL),
combined organic fractions were washed with sat aq NaCl (30 mL) and dried over Na,SOs.
moval of the solvent under reduced pressure proyided amine 44d (1.662 g, 89%) as colorless
which solidified upon addition of hexane (5 mL). |
fj_t. i Ry=0.32 [CH,CL, : CH;O0H =7 : 1]; mp = 145-150 °C; [a]p® =—4.4 ° [c = 1, CHCL];
INMR (300 MHz, CDCl3) 6 1.09 (s, 9 H), 1.65 — 1.87 (m, 1 H), 1.90 - 2.08 (m, 3 H), '3.49 (dd,
',J= 75, 6.3 Hz), 3.71 - 3.79 (m, 1 H), 3.84 (dd, 1H, J=11.1, 5.2 Hz), 3.94 (dd, 1 H, J =
.[:f 4.8 Hz), 7.37 — 7.43 (m, 6 H), 7.67 — 7.73 (m, 4 H); °C NMR (75 MHz, CDCl3) & 194,
27.1,45.8, 60.2, 63.0, 128.1, 130.1, 130.2, 132.5, 132.7, 135.8, 135.9 (two carbons missing
overlap); IR (ﬁlm) cm’! 3071m, 3048m, 2954-2857s, 2741m, 2482m, 1589m, 1428m,
f% mass spectrum [EI] m/e (% relative intensity) 339 (1) M", 324 (1), 282:(70), 204 (14),

1), 70 (100); m/e caled for C, HzNOSi 340.2097 (M" + H), found 340.2093.
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Acetate 44e.

O\f” AcOH
N PR’ "C
H

Ph
44e

To a solution of (S)-a,a-diphenyl-2-pyrrolidinemethanol (726.0 mg, 2.87 mmol) in
MeOH (10 mL) was added glacial AcOH (0.80 mL, 14.00 mmol). The reaction mixture was kept
atrt for 15 min before MeOH was evaporated under reduced pressure. To the glass-looking solid
j_ residue was added Et,O (10 mL) and the mixture was stirred until formation of white flakes was
'_ complete. The precipitate was filtered and the filter cake was washed with Et,0 (2 x 5 mL) to
" give 44e (0.813 g, 90%) as white solid. |
 de: mp = 182-185 °C; [a]p™® = +37.2 ° [c = 1, CH;0H]; 'H NMR (500 MHz, CDCl;) & 1.49 —
".1.55 (m, 1 H), 1.68 — 1.77 (m, 1 H), 1.83 — 1.86 (m, 1 H), 1.88 (s, 3 H), 1.90 — 2.01 (m, 1 H),
'.,;2.83 (ddd, 1 H, J=16.5, 9.5, 6.2 Hz), 3.02 (ddd, 1 H, J=10.5, 7.0, 4.5 Hz), 7.05 (brs, 2 H, NH),
215 (t, 1 H, /= 7.5 Hz), 7.19~ 7.28 (m, 5 H), 741 (d, 2 H, J = 7.5 Hz), 7.54 (d, 2 H, J = 7.5
Hz); °C NMR (125 MHz, CDCl;) 6 23.9, 25.9, 26.9, 46.8, 64.9, 77.7, 125.5, 126.3, 126.9,

_7.4, 128.3, 128.8, 144.9, 145.6, 178.5; IR (film) cm™ 3365brs, 3058w, 2978s, 1576s, 1418m.

rifluoroacetate 44f.

~ \_ OH

B ph TTA

i Ph

g Trifluoroacetate 44f (272.0 mg, 94%) was prepared using the similar procedure as

5‘;-1-‘-‘0 above for 44e starting from (S)-a,0-diphenyl-2-pyrrolidinemethanol (0.20 g, 0.79

? and trifluoroacetic acid (0.20 mL, 2.60 mmol).
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44f: mp = 221-225 °C (decomp); [a]p™’ =-119.0 ° [c = 1, CDCL3]; 'H NMR (500 MHz, CDCl5)

81.54—1.60 (m, 1 H), 1.70 - 1.80 (m, 1 H), 1.86 — 1.91 (m, 1 H), 1.96 — 2.04 (m, 1 H), 2.69 (dd,

1H,J=16.5,9.5 Hz), 2.81 - 2.84 (m, 1 H), 4.64 (dd, 1 H, J= 8.0, 7.5 Hz), 5.15 (brs, 1 H, OH), |
7.09 - 7.14 (m, 2 H), 7.18 - 7.21 (m, 4 H), 7.34 (d, 2 H, /= 7.5 Hz), 7.44 (d, 2 H, J = 7.5 Hz), |
~ 831 (brs, 1 H, NH), 9.92 (brs, 1 H, NH); *C NMR (125 MHz, CDCly) & 25.0, 26.6, 47.1, 65.9,

- 77.5,125.3,125.8, 127.4, 127.8, 128.6, 129.0, 143.8, 144.1; '°F NMR (CDCL) § -76.1; IR (film)

 cm! 3389m, 3220m, 2997s, 2790m, 2577m, 1683s, 16555, 1637m.

: Hydrochloride 45b.

MeO 'Q"’COzMe
i H <HCI

45b

Dry HCl was bubbled throﬁgh a solution of (2R,5R)-dimethyl-pyrrolidine-2,5-
boxylate'® (83.7 mg, 0.45 mmol) in Et,O (7 mL). The precipitate 45b (72.4 mg, 72%) was
ected by filtration.

_: mp = 160-162 °C; [a]p*® = +33.0 ° [c = 0.6, CD;0D]; 'H NMR (300 MHz, CD;0D) &
=230 (m, 2 H), 2.44 (m, 2 H), 3.87 (s, 6 H), 4.53 — 4.59 (m, 2 H); 3C NMR (75

5

1,CDCls) § 28.9, 54.2, 61.2, 170.2; IR (film) cm™ 2944w, 2882m, 1746s, 1260m.

M

ine 45c.

b/ OH
1. Hp, Pd(OH),/C OTBDPS
Qv TBDPSO\\‘_.Q\/

3 2. TBDPSCI, imid H
". s1 45¢c
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A solution of diol $1'® (183.0 mg, 0.78 mmol) in MeOH (6 mL) was subjected to

hydrogenation conditions in a Paar apparatus at 40-50 psi H, over 20% Pd(OH),/C (0.12 g) for 3
h. The reaction mixture was filtered through Celite and the filter cake was washed with MeOH (5
mL). After evaporation of the solvent under reduced pressure, the crude residue was dissolved in
CH;Cl, (7 mL), and to this solution were successively added imidazole (0.14 g, 2.06 mmol),
DMAP (20.0 mg), and TBDPSCI (0.53 mL, 2.04 mmol). The reaqtion mixture was stirred
overnight before CH,Cl, (15 mL) and water (20 mL) were added. The organic layer was
separated and the aqueous phase was extracted with CH,Cl, (3 x 20 mL). The combined organic
_‘ fractions were washed with sat aq NaCl (30 mL) and dried over Na,SO,. Evaporation of the
 solvent under reduced pressure gave amine 45c¢ (430.0 mg, 91% overall) as colorless oil.

:?45c: Ry=0.57 [CHyCl, : CH30H =11 : 1], R;= 0.61 [EtOAc : hexanes = 1 : 1]; [a]p*’ = —1.5° [c
2.12, CHCL;], (lit.** [a]p® = +1.5 © for (2R,5R)-isomer); 'H NMR (500 MHz, CDCL3) & 1.08
.";_?: 18 H), 1.41 — 1.48 (m, 2 H), 1.78 — 1.86 (m, 2 H), 3.38 (quint, 2H,J=6.0Hz),3.56 (d,4 H, J
6.0 Hz), 7.37 — 7.45 (m, 8 H), 7.68 — 7.71 (m, 12 H); *C NMR (125 MHz, CDCl;) § 19.5,
27.1, 27.4, 58.9, 67.5, 127.9, 129.8, 133.9, 134.0, 135.8, 135.9 (two carbons missing due to
lap); IR (film) cm’! 3070m, 3049m, 2958-2857s, 1589w, 1428m, 1112s; m/e calcd for

" 50NO,Si; 608.3380 (M" + H), found 608.3392.

nine 54d.

b

,,_,' _OTBDPS

- To a suspension of LAH (0.32 g, 8.42 mmol) in THF (15 mL) was added in portions the

f? (R)-methylpipecolate hydrochloride'™® (54¢) (0.50 g, 2.78 mmol) at 0°C. The
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reaction mixture was heated to reflux for 3 h. After which, the excess LAH was quenched upon

cooling to rt via addition of sat aq Na,SO, (éa. 3 mL). The resulting white precipitate was
filtered and washed with #-butyl methyl ether [MTBE] (2 x 20 mL). The filtrate was dried over
| Na,SO;4 and concentrated under reduced pressure to yield (2R)-piperidinylmethanol (235.0 mg,
75%) as colorless oil.
To a solution of the amino alcohol obtained above in CH,Cl, (7 mL) were added
I( successively imidazole (0.152 g, 2.23 mmoi), DMAP (20.0 mg), and TBDPSCI (0.58 mL, 2.23
' mmol). The reaction mixture was stirred overnight before CH,Cl, (10 mL) and water (15 mL)
" were added. The organic layer was separated and the aqueous phase was extracted with CH,Cl,
(3 x 20 mL). The combined organic fractions were washed with sat aq NaCl (25 mL) and dried
:, over Na,SO4. Evaporation of the solvent under reduced pressure afforded amine 54d (0.46 g,
64 %) as a colorless oil.
Ry=0.28 [CH,Cl, : CH;0H =7 : 1]; [a]p™® = 7.6 ° [c = 1, CDCL]; "H NMR (300 MHz,
Cl3) 0 0.84 — 1.13 (m, 1 H), 1.06 (s, 9 H), 1.24 — 1.39 (m, 1 H), 1.42 (dd, 1 H, J= 7.8, 4.0
), 149 (dd, 1 H, J=17.8, 4.0 Hz), 1.57 - 1.63 (m, 1 H), 1.73 — 1.78 (m, 1 H), 2.31 (brs, 1 H,
,2.63 (dd, 1 H, J = 11.7, 2.7 Hz), 2.66 — 2.73 (m, 1 H), 3.10 (ddd, 1 H, J = 13.5, 3.8, 2.7
951 (dd, 1 H, J=9.8, 8;0 Hz),3.57 (dd, 1 H,J=9.8, 4.1 Hz), 7.34 — 7.42 (m, 6 H), 7.64 —
(m, 4 H); °C NMR (75 MHz, CDCL3) & 19.4, 24.5, 26.6, 27.0, 28.6, 46.8, 58.4, 68.6, 127.6,
7.7, 129.6, 133.5, 133.7, 135.5, 135.6 (one carbon missing due to overlap); IR (film) cm™
u 3048m, 2930s, 2856s, 2799m, 1428m, 1112s; mass spectrum [EI] m/e (% relative
ty) 353 (1) M, 338 (1), 218(10), 199 (8), 181 (8), 84 (100); m/e calcd for Cp,H3,NOSi

2253 (M" + H), found 354.2249.
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Trifluoroacetate 54f.

O OH . TFA

N Ph
B P
54f

Trifluoroacetate 54f (0.202 g, 62%) was prepared using the similar procedure as
described above for 44e starting from (R)-pipradrol'® (230.0 mg, 0.86 mmol) and trifluoroacetic
| acid (0.15 mL, 1.95 mmol).

. 44f: mp = 195-198 °C (decomb); [a]p? = +38.7 ° [c = 1.05, CHCl;]; 'H NMR (300 MHz,
I' CDCl3) 8 1.40 — 1.48 (m, 1 H), 1.61 (d, 1'H,J=13.5 Hz), 166 d, 1 H, J=13.5 Hz). 1.77(d,
- 1H,J=13.5Hz), 1.82 - 1.91 (m, 2 H), 2.81 (dd, 1 H, J=12.5, 12.0 Hz), 2.97 (d,1H,J=12.0
| ), 3.78 (brs, 1 H, OH), 3.98 (d, 1 H, J=11.0 Hz), 7.19 (d, 1 H, J = 8.0 Hz), 7.22 (d, 1 H, J=
O Hz),7.26 - 7.33 (m, 4 H), 7.43 (d, 2 H, J= 8.0 Hz), 7.53 (d, 2 H, J = 8.0 Hz), 7.84 (brs, 1 H,
\ 8.73 (brs, 1 H, NH); C NMR (75 MHz, CDCls) § 22.5, 22.7, 23.9,46.3, 63.5, 78.3, 125.5,
-s.s, 1275, 1282, 128.7, 129.2, 142.7, 142.8; ’F NMR (CDCl3) & -75.9; IR (film) cm™

'*4brs, 3062m, 3027m, 2949s, 2870m, 1671s, 1201s.

cetate 113.

1. Hy, Pd(OH),/C
B * AcOH
2. AcOH N

H

113

.- A solution of amine $2"* (322.0 mg, 1.40 mmol) in EtOAc (10 mL) was subjected to
‘enation conditions in a Paar-shaker apparatus at 5060 psi H, over 20% Pd(OH),/C (0.12
16 h. The reaction mixture was filtered through Celite and washed with MeOH (5 mL).

a was concentrated very carefully under reduced pressure at rt (product is volatile) and
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the residue was dissolved in Et,0 (5 mL). To this solution was added glacial AcOH (0.20 mL,

3.49 mmol) and the mixture was placed to the freezer for 48 h. The resulting precipitate was
filtered and washed with Et;O (2 x 3 mL) to give 58 (0.162 g, 58%) as colorless needles.

113: mp = 73-74 °C; [a]p”® = -13.8 ° [c = 1, CDCL]; 'H NMR (300 MHz, CDCl;) & 0.92 (s, 3
H), 1.03 (s, 3 H), 1.24 (s, 3 H), 1.46 (ddd, 1 H, J = 13.0, 9.0, 4.0 Hz), 1.65 (ddd, 1 H, J = 13.8,
-~ 9.0,4.0Hz), 1.77 - 1.88 (m, 1 H), 1.93 (s, 3 H), 1.94 — 2.07 (m, 2 H), 2.90 (d, 1 H, J=10.8 Hz),
- 324 (dt, 1 H, J=11.1, 3.6 Hz), 9.98 (brs, 2 H, NH); °C NMR (75 MHz, CDCL3) & 13.1, 17.9,

- 19.1,23.2,26.3,32.4,44.6, 47.9, 48.7, 69.6, 177.5; IR (film) cin™ 2965m, 1715m, 1567s, 1399s,

 1261m.

' PREPARATION OF THE ANNULATION PRECURSORS.

‘Amino alcohol 42.

1. p-TsOH, MeOH HO LAH, THF

. - T ol il L ke 43 = NN
e NaN,. DMSO e S NH,

¢ 40 41 42

To a solution of bromide 40'®* (6.83 g, 24.8 mmol) in MeOH (70 mL) was added p-TsOH
).2 g 1.3 mmol). After stirring at rt for 2 h, ‘the starting material disappeared as observed using
T'*l analysis [10% EtOAc in petroleum ether]. The acid was neutralized by addition of solid
€O; (0.40 g), and the excess solid was filtered off and MeOH was evaporated under reduced
Te.

To a solution of the above crude residue in DMSO (60 mL) was added NaNj3 (2.02 g,
% amol). The reaction mixture was stirred for 2 h at rt before water (200 mL) was added. The
?w layer was extracted with MTBE (4 x 80 mL), and the combined organic fractions were

ed with sat aq NaCl (70 mL) and dried over MgSO4. Removal of the solvent under reduced




103
pressure provided azide 41 (3.75 g, 98%) as colorless oil, which was used for the next step

without further purification. Product could be purified by filtration through short silica gel

column with MTBE as isocratic eluent.
41: R,= 0.60 [MTBE]; 'H NMR (300 MHz, CDCl3) 6 1.53 — 1.64 (m, 2 H), 1.65 — 1.76 (m, 2 H),

2.03 (brs, 1 H, OH), 2.27 (t, 2 H, J= 6.6, 2.1 Hz), 3.30 (t, 2 H, J= 6.6 Hz), 4.23 (t, 2 H, J = 6.0,

2.1 Hz); mass spectrum [EI] m/e (% relative intensity) 153 (67) M", 125 (88), 108 (29), 96 (55),
84 (100).

To a suspension of LAH (3.11 g, 81.9 mmol) in THF (150 mL) was added slowly
‘. dropwise a solution of 41 (2.51 g, 16.4 mmol) in THF (50 mL) while keeping the temperature
;}' below 30 °C. When the reaction slowed down, the mixture was heated to reflux for 24 h. The
;xcess LAH was quenched by addition of sat aq Na,SOs (ca. 5 mL). The resulting white
vjjs: ecipitate was filtered off and the filter vcake. was washed with MTBE (2 x 30 mL). The filtrate
"*: dried over Na,SO4 and concentrated under reduced pressure to yield amino alcohol 42 (1.57
75%) as pale yellow oil.

2: 'H NMR (300 MHz, CDCl;) 8 1.36 — 1.56 (m, 4H), 1.81 (brs, 3H, NH, + OH), 2.08 (dd,
J=3.9,6.9 Hz),2.70 (t, 2 H, J= 6.9 Hz), 4.07 (d, 2 H, J= 2.7 Hz), 5.57 — 5.63 (m, 2 H);
NMR (75 MHz, CDCl;) 8 26.5, 32.1, 33.2, 42.1, 63.7, 129.7, 132.9; IR (film) cm™' 3333brs,
._:‘s, 2859s, 1573m, 1488s, 1323m; mass spectrum [EI] m/e (% relative intensity} 128 (1) M" —
1 (44), 94 (19), 86 (23), 79 (49), 56 (100); m/e calcd for C;H;sNO (M + H) 130.1232,

d 130.1236.

o




104

Amine 62.

HFC % NaN; THPQ : Hy, Lindlar BeG
i DMSO R 3 - NH,
40 61 62

To a solution of bromide 40'®* (5.00 g, 18.2 mmol) in DMSO (35 mL) was added NaNj
(1.75 g, 26.9 mmol). The reaction mixture was stirred for 2 h at rt before water (70 mL) was
added. The aqueous layer was extracted with MTBE (4 x 50 mL), and the combined organic
fractions were washed with sat aq NaCl (40 mL) and dried over Na,SO4. Removal of the solvent
- under reduced pressure provided azide 61 (4.10 g, 95%) as colorless oil, which was used for the
: next step without further purification.
- 61: R;= 0.59 [EtOAcC : hexanes = 1 : 9]; '"H NMR (500 MHz, CDCl3) 6 1.51 — 1.56 (m, 2 H),
,_1.59 = 1.66 (m, 4 H), 1.67 — 1.74 (m, 3 H), 1.81 — 1.87 (m, 1 H), 2.28 (tt, 2 H, J= 7.0, 2.5 Hz),
7« 30(t, 2 H, J=7.0 Hz), 3.53 (dtd, 1 H, J=10.0, 4.5, 2.0 Hz), 3.84 (ddd, 1 H, J=11.0, 9.0, 3.5
), 4.19 (dt, 1 H, J=13.0, 2.0 Hz), 4.29 (dt, 1 H, J = 13.0, 2.0 Hz), 4.80 (t, 1 H, J = 3.5 Hz);
5 NMR (125 MHz, CDCl3) 8 19.5, 20.2, 22.7, 25.6, 29.9, 30.6, 46.4, 60.2, 62.3, 98.2, 115.5,

132.6; IR (film) cm™' 29265, 2854m, 2096m, 1719m, 1702m, 1024s; mass spectrum (APCI): m/e

relative intensity) 238 (5) M + 1, 154 (100), 138 (5), 128 (5), 108 (30); m/e calcd for

1H0N;0, (M + H) 238.1570, found 238.1556.

A solution of azide 61 (4.10 g, 17.3 mmol) in MeOH (100 mL) was subjected to

- genation conditions at 1 atm H, over Lindlar’s catalyst (1.10 g). The reaction was

\

nitored using TLC analysis [20% EtOAc in hexanes], and a complete conversion of starting

was observed in 6 h. The Pd catalyst was filtered off through Celite and removal of

under reduced pressure gave the desired amine 62 (3.57 g, 97%) as pale yellow oil,

h was used for the next step without further purification.
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62: Ry=0.19 [CH,Cl, : CH;0H =7 : 1]; 'H NMR (500 MHz, CDCLs) & 1.38 — 1.49 (m, 4 H),
1.52 - 1.56 (m, 2 H), 1.58 — 1.62 (m, 2 H), 1.70 - 1.75 (m, 1 H), 1.80 — 1.86 (m, 1 H), 2.10 (q,
- 2H,J=7.0Hz),2.69 (t, 2 H,J=7.0 Hz), 3.51 (dd, 1 H, J=11.0, 4.5 Hz), 3.89 (ddd, 1 H, J =
| 115, 8.0, 3.0 Hz), 4.08 (dd, 1 H, J = 12.0, 6.0 Hz), 4.25 (dd, 1 H, J = 12.0, 5.0 Hz), 4.64 (dd,
- 1H,J=4.0,3.5Hz), 5.58 (ddd, 2 H, J=14.5, 9.5, 5.5 Hz); *C NMR (125 MHz, CDCl;) 6 19.6,
' 25.6,26.2,27.4, 30.7, 33.5, 42.2, 62.3, 62.8, 98.0, 126.2, 133.5; IR (film) cm™ 3234brs, 3017m,
- 2943s, .2867s, 2097s, 1665m; mass spectrum (APCI): m/e (% relative intensity) 212 35) M" - 1,

154 (60), 138 (5), 128 {100), 110(42); mle caled for Ci;HuNO, (M* + H) 214.1807, found

214.1791.

mino alcohol 72.

1. p-TsOH, MeOH

\ HPO E Br 2. NaN3, DMSO HO/\/\/\/NHZ

7 3. LAH, THF, A 72

Amino alcohol 72 (2.45 g, 67% overall) was synthesized using the similar procedure as

ibed above for 42 starting from the corresponding THP-protected bromide 717 (8.26 g,

‘ mmol).
'HNMR (500 MHz, CDCl3) 8 1.54 (quint, 2 H, J = 7.5 Hz), 1.82 (brs, 3 H, NH,+OH), 2.09
'H,J= 8.0 Hz), 2.70 (t, 2 H, J= 7.5 Hz), 4.07 (d, 2 H, J = 4.5 Hz), 5.62 — 5.71 (m, 2 H); *C
(125 MHz, CDCL;) 8 29.8, 32.2, 41.8, 63.6, 129.8, 132.3; IR (film) cm™ 3333brs, 2932s,
'—-1572m, 14865, 1322m; mass spectrum [EI] m/e (% relative intensity) 114 (2) M -1, 98
;"84 (21), 70 (19), 67 (37), 56 (66); m/e calcd for CéHisNO (M* + H) 116.1075, found
0.
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Aldehyde 21.

oTBS O OTBS (0] OH (0} (I)
NaH THF | TBAF I MnO, I
N H NH acetone NH

K/O K/O o

S3 20 21

NaH (60%, 0.42 g, 10.5 mmol) was washed with pentane and suspended in THF (25 mL).
- To this suspension was added 3-(2-Hydroxyethylamino)-5,5-dimethylcyclohex-2-enone 18 (1.40
- g, 7.64 mmol) in one portion and the mixture was stirred at rt for 1 h. After which, a solution of
: bromide 197 (2.20 g, 8.28 mmol) in THF (20 mL) was added to the reaction and the mixture was
- heated to reflux for 12 h. The precipitate was filtered and washed thoroughly with EtOAc (2 x 25
;mL). The solvents were removed under reduced pressure and the residue was purified via silica
Lgel flash column chromatography [gradient eluent: EtOAc to EtOAc/MeOH (7 : 1)] to give TBS-
‘ p otected alcohol S3 (1.00 g, 42%) as a colorless oil.

: Rf¥ 0.44 [acetone : EtOAc =3 : 1]; "H NMR (200 MHz, CDCL) § 0.07 (s, 6 H), 0.91 (s,

'.H), 1.07 (s, 6 H), 2.19 (s, 4 H), 3.25 (g, 2 H, J= 5.2 Hz), 3.61 (t, 2 H, J = 5.2 Hz) 4.09 (dd,

J=6.4,1.0 Hz), 4.24 (dd, 2 H, J=5.8, 1.0 Hz), 4.72 (brs, 1 H, NH), 5.10 (s, 1 H), 5.57 (dtt,

J=114,6.4,1.0 Hz), 5.73 (dtt, 1 H, J=11.4, 5.8, 1.0 Hz); *C NMR (50 MHz, CDCl;) 8 -

18.3,25.9, 28.3, 32.8, 42.4, 43.5, 50.3, 59.5, 66.8, 67.3, 95.8, 126.3, 133.1, 162.5, 196.9; IR
71% cﬁ'l 3258brs, 2955m, 1548s, 1253s, 1151s; mass spectrum [EI] m/e (% relative intensity)

(2)M 352 (2), 310 (100), 240 (19), 184 (44) 127 (49).

1 To a stirred solution of the above TBS-protected alcohol $3 (1.00 g, 2.72 mmol) in THF

was added TBAF (1.0 M in THF, 3.00 mL, 3.00 mmol). The reaction mixture was

datrt for 1 h and then the solvent was evaporated. The residue was filtered through a short
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silica gel column with acetone/EtOAc (3 : 1) as isocratic eluent to afford alcohol 20 (0.63 g,

92%) as a pale yellow oil.

20: R;=0.13 [acetone : EtOAc =3 :1]; Ry=0.26 [CH,Cl, : MeOH =7 : 1]; '"H NMR (300 MHz,
CDCl3) 8 1.07 (s, 6 H), 2.17 (s, 2 H), 2.19 (s, 2 H), 3.00 (brs, 1 H, OH), 3.26 (q, 2 H, J= 5.1 Hz),
3.61 (t,2H, J=5.1 Hz),4.09 (dd,2 H, J=6.3, 1.0 Hz)., 421 (d,2 H, J=6.3 Hz), 5.08 (s 1 H),
3.16 (brs, 1 H, OH), 5.65 (dtt, 1 H, J=11.4, 6.3, 1.0 Hz), 5.84 (dtt, 1 H, J = 11.4, 6.3, 1.0 Hz);
“C NMR (50 MHz, CDCl) 6 28.3, 32.8, 42.5, 43.3, 50.1, 58.2, 66.5, 67.2, 95.2, 127.3, 133.2,
- 163.6, 197.2; IR (film) cm™ 3264brs, 2955m, 1548s, 1273s; mass spectrum [EI] m/e (% relative
intensity) 253 (4) M", 238 (30), 221 (92), 207 (30), 182 (39), 152 (42), 83 (100).

| According to the general procedure, oxidation of alcohol 20 (221.4 mg, 0.87 mmol) with
-',activated MnO, (88%, 1.75 g, 17.7 mmol) in acetone (9 mL) afforded aidehyde 21 (136.0 mg,
62%, cis : trans = 67 : 33) as yellow oily solid.

l: Major Product: cis aldehyde: Ry = 0.39 [CH,Cl, : MeOH = 7 : 1]; '"H NMR (300 MHz,

CDCl3) 8 1.04 (s, 6 H), 2.15 (s, 2 H), 2.19 (s, 2 H), 3.29 (q, 2 H, J= 5.1 Hz), 3.67 (t, 2 H, J= 5.1

Hz),4.51 (dd, 1 HJ = 5.4, 1.8 Hz), 5.07 (s, 1 H), 5.11 (brs, 1 H, NH), 6.06 (ddt, 1 H, J=11.7,
0, 1.8 Hz), 6.83 (dt, 1 H, J= 117, 5.4 Hz), 9.99 (d, 1 H, J = 6.0 Hz); C NMR (75 MHz,

1) 6 28.4, 33.0, 42.6, 43.6, 50.4, 68.2, 69.7, 95.8, 129.7, 146.9, 163.1, 191.3, 197.2.

1: Minor Product: trans aldehyde: Ry= 0.35 [CH,Cl, : MeOH = 7 : 1]; 'H NMR (300 MHz,
13) 6 1.03 (s, 6 H), 2.13 (s, 2 H), 2.20 (s, 2 H), 3.29(q, 2 H, J= 5.1 Hz), 3.67 (t, 2 H, J= 5.1

),4.27 (dd, 1 HJ = 4.2, 2.1 Hz), 5.06 (s, 1 H), 5.11 (brs, 1 H, NH), 6.31 (ddt, 1 H, J = 15.6,

, 2.1 Hz), 6.83 (dt, 1 H, J = 15.6, 4.2 Hz), 9.99 (d, 1 H, J = 6.0 Hz); *C NMR (75 MHz,
;) 0 28.5, 32.9, 42.6, 43.6, 50.4, 68.3, 68.4, 95.8, 131.9, 152.3, 163.1, 193.2, 197.2; IR

* em’ 3262 brs, 3073m, 2956s, 1684s, 1557s, 1471w, 1367w, 1272m, 1119m; mass
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spectrum (APCI): m/e (% relative intensity) 252 (100) M" + 1, 234 (148), 184 (52), 166 (32),

152 (20); m/e calcd for C14HxNO; (M* + H) 252.1600, found 252.1602.

Aldehyde 35 (trans).
O O
42, toluene/EtOH MnO,
acetone NHl
35

A solution of amino alcohol 42 (2.05 g, 15.87 mmol) and 1,3-cyclohexanedione (1.70 g,

I‘ 15.16 mmol) in toluene (70 mL) and EtOH (5 mL) was heated at 100 °C for 6 h. The solvents
', were removed under reduced pressure, and the residue was purified via silica gei flash column
., chromatography [gradient eluent: CH,Cl, to CH,Cl,/MeOH (6 : 1)] to give amide 43 (1.37 g,
:,41%) as a yellow solid. ‘

: Rr=0.23 [CH,Cl, : CH30H =7 : 1]; mp = 54-58 °C; 'H NMR (300 MHz, CDCl;) 6 1.45
(quint, 2 H, J= 7.2 Hz), 1.61 (quint, 1 H, J= 7.5 Hz) 1.96 (quint, 2 H, J= 6.3 Hz),2.09(q,2 H,
71"= 6.9 Hz), 2.29 — 2.35 (m, 4 H), 3.08 (q, 2 H, J= 6.9 Hz), 4.11 (d,2H,J=4.2 Hz), 4.67 (brs, 1
NH), 5.14 ('s, 1 H), 5.59 - 5.73 (m, 2 H); mass spectrum [EI] m/e (% relative intensity) 223
33) M, 206 (30), 194 (14), 178 (16), 164 (22), 152 (49), 138 (60), 125 (100).

._ eral Procedure for the MnO, Oxidation.

To a 0.1 M solution of amide 43 (45-250 mg, 0.20-1.12 mmol) in acetone was added
fl.f. MnO, (88%, 20 equiv). The reaction mixture was stirred for 2 h and monitored through
‘-.analysis [CH,Cl,/MeOH (7 : 1)]. After which, the solid was filtered off and the filter cake

washed with acetone. The filtrate was concentrated under reduced pressure to provide
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aldehyde 35 in 51-73% yield range as yellow oil, which was pure enough to be submitted to the

forfnal aza-[3 + 3] cycloaddition reaction. The product could be further purified by filtration

through short silica gel column with EtOAc/MeOH (7 : 1) as isocratic eluent.

35: Rr=0.35 [CH,CL, : CH3O0H =7 : 1]; '"H NMR (300 MHz, CDCl;) & 1.50 — 1.67 (m, 4 H),

1.87-1.96 (m, 2 H), 2.24 - 2.38 (m, 6 H), 3.07 (q, 2 H, J= 6.5 Hz), 4.68 (brs, 1 H, NH), 5.11 (s,

1 H), 6.08 (ddt, 1 H, J=15.7, 7.8, 1.5 Hz), 6.81 (dt, 1H,J=15.7,6.8 Hz),9.51 (d, 1 H,J=17.8
- Hz); °C NMR (75 MHz, CDCl3) § 22.0, 25.2, 27.9, 29.7, 32.2, 36.4, 425, 96.5,.133.2, 157.7,
;i 164.7, 194.0, 197.2; IR (film) cm™ 3266brm, 2937m,‘16885, 1541s, 1456w, 1372m, 1258m;
: mass spectrum [EI] m/e (% relative intensity) 221 (2) M", 165 (100), 143 (50); m/e calcd for

- Ci3HisNO,Na (M" + Na) 244.1313, found 244.1309.

y dehyde 35 (cis/trans mixture).

0
-f 62, toluene/EtOH ij\ HCI, MeOH d _MnO, d
4 acetone NH

A mixture of crude amine 62 (2.62g, 12.29 mmol) and 1,3-cyclohexanedione (1.40 g,
3328 mmol) in toluene (40 mL) and EtOH (2 mL) was heated at 100 °C for 6 h. The solvents
s removed under reduced pressure to give the desired amide 80 (3.77 g) as yellow oil, which
jused for the next step without further purification.

'Rf= 0.49 [CH,Cl, : CH;0H = 10 : 1]; 'H NMR (500 MHz, CDCls) 6 1.42 (quint, 2 H, J =
' ), 1.54 — 1.62 (m, 7 H), 1.70 — 1.85 (m, 2 H), 1.97 (quint, 2 H, J = 6.5 Hz), 2.14 (quint,
= 6.5 Hz), 2.32 (quint, 2 H, J= 6.5 Hz), 3.08 (dd, 2 H, J=13.0, 7.0 Hz), 3.51 (dd, 1. H, J =

5.5 Hz), 3.88 (ddd, 1 H, J=10.5, 8.0, 4.0 Hz), 4.07 (dd, 1 H, J= 12.0, 6.0 Hz), 4.24 (dd, 1
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H,J=12.0, 6.0 Hz), 4.64 (dd, 2 H, J= 4.5, 3.0 Hz), 5.12 (s, 1 H), 5.57 (dd, 1 H, J=11.5, 6.0

Hz), 5.59 (dd, 1 H,J=11.5, 6.0 Hz).

Conc aq HCI (37%, 12 mL, 1.25 mmol) was added to the solution of amide 81 (3.77 g,
12.28 mmol) in MeOH (70 mL). After stirring at rt for 36 h, the starting material disappeared as
observed through TLC aﬁalysis [CH,Cl, : CH30H = 10 : 1]. At which time, MeOH was
- evaporated under reduced pressure. The crude residue was dissolved in CH,Cl, (50 mL), and the
‘, resulting solution was washed with sat aqg NaHCO; (3 x 10 mL) and sat aq NaCl (10 mL). The
organic layer was dried over Na,SO,4, and removal of the solvent under reduced pressure
.: provided a crude residue that was purified via silica gel flash column chromatography [isocratic
gluent: CHxCl, : CH;0H = 10 : 1] to afford amide 82 (1.45 g, 53 % over 2 steps) as yellow oil.
' 81: Rr= 0.34 [CH,Cl, : CH30H = 10 : 1]; '"H NMR (500 MHz, CDCl;) & 1.43 (quint, 2 H, J =
75 Hz), 1.60 (quint, 2 H, J = 7.5 Hz), 1.95 (quint, 2 H, J = 6.5 Hz), 2.11 (q, 2 H, J = 7.5 Hz),
‘- 30(t, 2 H, J= 6.5 Hz), 2.36 (t, 2 H, J = 6.5 Hz), 3.08 (dd, 2 H, J = 13.5, 7.0 Hz), 3.47 (brs,
1H, OH), 4.19 (d, 2 H, J= 6.0 Hz), 5.09 (s, 1 H), 5.31 (brs, 1 H, NH), 5.45 (ddd, 1 H, J=11.0,

6.5, 3.0 Hz), 5.64 (ddd, 1 H, J = 11.0, 6.5, 3.5 Hz); °C NMR (125 MHz, CDCl;) & 22.1, 26.8,

6.9,27.7, 29.6, 36.4, 42.7, 58.1, 95.8, 130.0, 131.1, 165.8, 197.4; IR (film) cm™ 3428brs, 3054s,

986m, 2943m, 2855m, 1609m, 1584s, 1265s; mass spectrum (APCI): m/e (% relative intensity)

24 (15) M" + 1, 223 (5) M, 205 (100), 110 (60); m/e caled for Ci3HNO;Na (M + Na)

6.1470, found 246.1458.

According to the general procedure, oxidation of alcohol 81 (191.0 mg, 0.86 mmol) with

* =1,= ed MnO, (88%, 1.68 g, 17.11 mmol) in acetone (4 mL) afforded aldehyde 35 (107.0 mg,

'i-‘cis i trans = 73 : 27) as yellow oil.
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35: Major Product: cis-aldehyde: Ry= 0.29 [CH,Cl, : CH;0H = 7 : 1]; '"H NMR (500 MHz,

CDCl3) 8 1.53 (quint, 2 H, J = 7.5 Hz), 1.64 (quint, 2 H, J = 7.5 Hz), 1.92 (quint, 2 H, J=6.5
Hz),2.26 (t, 2 H, J= 6.5 Hz), 2.32 (t, 2 H, J= 6.5 Hz), 2.61 (q, 2 H, J= 7.5 Hz),3.08 (dd,2 H, J
=13.5,7.0 Hz), 5.06 (s, 1 H), 5.45 (brs, 1 H, NH), 5.95 (dd, 1 H, J=11.0, 9.5 Hz), 6.56 (dt, 1 H,
- J=11.0, 7.5 Hz), 10.01 (d, 1 H, J = 7.5 Hz); °C NMR (125 MHz, CDCls) 6 22.1, 26.7, 27.7,
29.7,32.7, 36.5, 42.6, 96.5, 130.5, 152.3, 165.8, 190.9, 197.3; IR (film) cm™ 3243brm, 3009w,
2948m, 1688s, 1549s, 1260m; mass spectrum (APCI): m/e (% relative intensity) 221 (2) M", 165

" (100), 143 (50); m/e calcd for C;3H;sNO,;Na (M + Na) 244.1313, found 244.1316.

Aldehyde 60.
k.

| _ A2NE; /é\B /é\B

N\ A\, toluene/EtOH, A acetone

- .

A mixture of amino alcohol 42 (0.70 g, 5.42 mmol), NEt; (0.60 mL, 4.18 mmol), and 4-
omo-6-methyl-2H-pyran-2-one®® 58 (0.79 g, 4.30 mmol) in toluene (15 mL) and EtOH (4 mL)
" heated at 80 °C for 4 h. After which, the solvent and excess of reagents were evaporated
reduced pressure, and the crude residue was purified via silica gel flash column
u ography [gradient eluent: CH,Cl, to CH,Cl,/MeOH (12 : 1)] to yield amide 59 (355.0
1% based on recovered starting material) as orange-yellow solid.

0.32 [CH,Cl, : CH;0H =7 : 1]; "H NMR (500 MHz, CDCl3) 6 1.46 (quint, 2 H, J=7.0
. (quint, 2 H, J = 7.5 Hz), 1.97 (brs, 1 H, OH), 2.07 — 2.11 (m, 2 H), 2.14 (s, 3 H), 3.11

[, J= 6.5 Hz), 4.1 (s, 2 H), 4.95 (brs, 1 H, NH), 4.97 (d, 1 H, J= 2.0 Hz), 5.56 (s, 1 H),
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5.62 - 5.70 (m, 2 H); mass spectrum [EI] m/e (% relative intensity) 237 (20) M*, 220 (16), 208

(11), 194 (20), 166 (36), 152 (67), 139 (100), 110 (43).

According to the general procedure, oxidation of alcohol 59 (354.9 mg, 1.50 mmol) with
activated MnO, (88%, 3.00 g, 30.37 mmol) in acetone (11 mL) afforded aldehyde 60 (227.9 mg,
65%) as yellow oil.

60: R;= 0.46 [CH,Cl, : CH;0H = 7 : 1]; '"H NMR (500 MHz, CDCl;) 8 1.57 e 1.63 (m, 2H),
- 1.64 - 1.69 (m, 2H), 2.12 (s, 3H), 2.37 (qd, 2H, J = 7.5, 1.5 Hz), 3.13 (q, 2H, J = 6.5 Hz), 4.98
" (d, 1H J = 2.1 Hz), 5.48 (brs, 1H, NH), 5.62 (s, 1H), 6.10 (ddt, 1H, J = 15.5, 7.5, 1.5 Hz), 6.83
(dt, 1H, J = 15.5, 7.5 Hz), 9.48 (d, 1H, J = 7.5 Hz); *C NMR (125 MHz, CDCl3) & 20.0, 25.3,
.: ,2'8.1, 32.4, 42.4, 80.1, 99.4, 133.4, 157.8, 158.3, 160.9, 165.7, 194.1; IR (film) cm™ 3281brs,
3105m, 2938m, 1683s, 1557s, 1471w, 1291m, 1158m; mass spectrum (APCI): m/e (% relative
,tenéity) 236 (35) M + 1, 218 (100), 208 (5), 190 (11), 125 (10); m/e calcd for Ci3Hi7NO;Na

(M" + Na) 258.1106, found 258.1091.

Idehyde 66.

OTHP

o 0o (o}
i l
62, NEt3 p-TsOH, MeOH \N MnOz N/lj\ l
N Br CH3CN A acetone )\T NH
66

\
4

: A mixture of crude amine 62 (1.14 g, 5.32 mmol), NEt; (0.91 mL, 6.54 mmol), and 6-
i ij 1,3-dimethyluracil®® 63 (1.30 g, 5.94 mmol) in CH3CN (40 mL) was heated to 80 °C for 4
et which, the solution was concentrated under reduced pressure, and the crude residue was

ied via silica gel flash column chromatogfaphy [gradient eluent: CH,Cl, to CH,Cl,/MeOH

)] to give amide 64 (1.57 g, 84 %) as orange-yellow oil.
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64: R;=0.58 [CH,Cl, : CH;OH =7 : 1]; "H NMR (500 MHz, CDCL;) & 1.45 (q, 2 H, J= 7.0 Hz),

148 — 1.60 (m, 4 H), 1.64 — 1.85 (m, 4 H), 2.10 - 2.18 (m, 2 H), 3.11 (dd, 1 H, J = 13.0, 7.0 Hz),

3.32 (s, 1 H), 3.33 (s, 3 H), 3.40 (s, 3 H), 3.49 —3.53 (m, 1 H), 3.88 (td, 1 H, J = 7.5, 3.5 Hz),

4.09 (dd, 1 H, J=12.0, 6.5 Hz), 4.25 (dd, 1 H, J=12.0, 6.5 Hz), 4.49 (dd, 1 H, J = 4.0, 2.5 Hz), .

| 466 (dd, 1 H,J = 4.0, 3.0 Hz), 4.86 (s, 1 H), 5.54 - 5.63 (m, 2 H); °C NMR (125 MHz, CDCly)

0 19.6, 25.6, 26.7, 27.0, 28.7, 30.9, 36.8, 43.0, 62.2, 62.5, 74.9, 77.7, 105.9, 126.7, 132.5, 151.9,

153.2, 163.0. |

To a solution of amide 64 (1.57 g, 4.45 mmol) in MeOH (50 mL) was added p-TsOH
(100.0 mg, 0.53 mmol). After stirring at rt for 6 h, tﬁe starting material disappeared as observed
i by TLC [CH,Cl, : CH;0H = 8 : 2]. The acid was neutralized by addition of NaHCO; (0.10 g) to
;"the reaction mixture, and the solid was then filtered off and MeOH was evaporated under
" educed pressure. The crude product was purified via silica gel flash column chromatography
iisocratic eluent: CH,Cl, : CH30H =7 : 1] to afford alcohol 65 (0.95 g, 74 %) as yellow oil.
v:»Rf= 0.28 [CH,Cl, : CH30H = 10 : 1]; '"H NMR (500 MHz, CDCl3)>6 1.24 (quint, 2 H, J =
V.Hz), 145 (quint, 2 H, J=7.5Hz), 1.90 (q, 2 H, J= 7.5 H2), 2.92 (dd, 2 H, J= 12.5, 7.5 Hz),
.06 (s, 3 H), 3.20 (s, 3 H), 3.47 (brs, 1 H, OH), 3.97(d,2H,J=6.0 Hz), 4.60 (s, 1 H), 5.25 (dt,
t,_J= 10.5, 7.5 Hz), 5.41 (dt, 1 H, J=10.5, 7.5 Hz), 6.07 (dd, 1 H, J= 5.5, 5.0 Hz); *C NMR
,MHz, CDCl;) 6 26.3, 27.2, 27.4, 28.9, 42.6, 49.7, 57.7, 74.1, 129.5, 130.9, 151.8, 153.5,
, IR (film) cm™ 3455brs, 3057s, 2988 — 2940m, 1692m, 1638s, 1611m, 1266s; mass
m (APCI): m/e (% relative intensity) 268 (15) M" + 1, 267 (45) M, 259 (100), 154 (15),

.0); mle calcd for C13H,N305Na (M + Na) 290.1481, found 290.1469.
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According to the general procedure, oxidation of alcohol 65 (353.0 mg, 1.32 mmol) with

activated MnO, (88%, 2.66 g, 26.9 mmol) in acetone (8 mL) afforded aldehyde 66 (243.0 mg,
69%, cis : trans = 77 : 23) as yellow oil.
66: Major Product: cis aldehyde: Ry= 0.39 [CH,Cl, : CH;0H = 10 : 1]; 'H NMR (500 MHz, “
. CDCl3) 8 1.61 (quint, 2 H, J = 7.5 Hz), 1.72 (quint, 2 H, J = 7.5 Hz), 2.68 (q, 2 H, J=17.5 Hz),
7 3.15 (ddd, 2 H, J = 12.0, 7.5, 4.5 Hz), 3.32 (s, 3 H), 3.40 (s, 3H), 4.45 (brs, 1 H, NH), 4.87(s,
1 1 H), 6.03 (dd, 1 H,J=11.0, 7.5 Hz), 6.58 (dt, 1 H, J=11.0, 7.5 Hz), 10.05 (d, 1 H, J= 7.5 Hz); ﬂ
BC NMR (125 MHz, CDCl;) & 26.5, 28.0, 28.1, 28.8, 32.3, 43.1, 75.7, 130.6, 151.8, 153.1,

~ 157.3,163.2, 190.8.

- 66: Minor Product: trans aldehyde: Ry=0.36 [CH,Cl, : CH;0H = 10 : 1]; '"H NMR (500 MHz,

C€DCly) 8 1.61 (quint, 2 H, J = 7.5 Hz), 1.72 (quint, 2 H, J = 7.5 Hz), 2.41 (q, 2 H, J = 7.5 Hz),

_‘..15 (ddd, 2 H, J = 12.0, 7.5, 4.5 Hz), 3.32 (s, 3 H), 3.40 (s, 3 H), 4.39 (brs, 1 H, NH), 4.87(s,
1H), 6.13 (dd, 1 H, J=15.5, 7.5 Hz), 6.83 (dt, 1 H, J = 15.5, 7.5 Hz), 9.52 (d, 1 H, J= 7.5 Hz);
E‘." NMR (125 MHz, CDCls) & 25.3, 27.8, 28.0, 28.2, 32.3, 43.2, 75.7, 133.6, 152.1, 153.1,
157.3, 163.2, 194.0.
f:(ﬁlm) cm’! 3350brm, 3011m, 2987s, 2939s, 2788s, 1710s, 1620s, 1570m; mass spectrum
p : m/e (% relative intensity) 267 (10) M" + 1, 266 (5) M", 154 (100), 113 (10); m/e calcd
’:,.13H|9N3O3Na (M" + Na) 288.1324, found 288.1326.

‘. i yde 70.

OTHP

o)
: )
. G2 NEt é\ p-TSOH, MeOH b\ _Mno; zj\ |
’:1?; CHacN A acetone NH
. 70
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Amide 68 (0.73 g, 74 %) was synthesized using the procedure described above for 64

- starting from 4-bromo-5H-furan-2-one”® 67 (0.60 g, 3.70 mmol), amine 62 (0.71 g, 3.33 mmol),
and NEt; (0.56 mL, 4.11 mmol) in CH3CN (40 mL).

68: R;= 0.45 [CH,Cl, : CH;0H = 10 : 1]; 'H NMR (500 MHz, CDCL3) & 1.45 (quint, 2 H, J =
1.5 Hz), 1.52— 1.64 (m, 5 H), 1.70 — 1.75 (m, 1 H), 1.80 — 1.85 (m, 1 H), 2.10 — 2.18 (m, 3 H),
1 3.12 (dd, 2 H, J = 12.0, 7.0 Hz), 3.46 (s, 1 H), 3.50 (ddd, 1 H, J=12.0, 10.0, 4.5 Hz), 3.88 (ddd,
l 1 H, J=12.0, 8.0, 3.0 Hz), 4.07 (dd, 1 H, J = 12.0, 5.5 Hz), 4.24 (dd, 1 H, J = 12.0, 4.5 Hz),
4.61- 4.63 (m, 1 H), 4.67 (s, 2 H), 5.56(dd, 1 H, J = 11.0, 6.0 Hz), 5.60 (dd, 1 H, J=11.0, 6.0
3 Hz), 6.98 (s, 1 H); °C NMR (125 MHz, CDCl;) & 19.6, 25.5, 26.7, 26.9, 27.0, 30.8, 44.9, 62.4,
:63.7, 67.8, 80.1, 98.0, 126.5, 132.9, 168.6, 176.6; IR (film) cm™ 3290brs, 3082w, 3017w, 2953s,
.?8585, 1758m, 1716s, 1618s.

| Amide 69 (375.0 mg, 72 %) was prepared using the similar procedure as described above
65 starting from THP—protected alcohol 68 (730.0 mg, 2.47 mmol) and p-TsOH (40.0 mg,
1 mmol) in CH;0H (30 mL).

: Rr=0.40 [CH,Cl, : CH;0H = 7 : 1]; "H NMR (500 MHz, CDCl3) § 1.47 (quint, 2 H,J=17.5

4 1.66 (quint, 2 H, J= 7.5 Hz), 2.01 (q, 2 H,J=7.5Hz),3.17(q, 2 H, J= 6.5 Hz), 3.65 (brs,

H), 4.14(d, 2 H, J = 6.5 Hz), 4.56 (s, 1 H), 4.66 (s, 2 H), 5.43 (ddd, 1 H, J = 18.0, 12.0, 7.0 Hz),

59 (ddd, 1 H, J = 18.0, 12.0, 7.0 Hz), 6.75 (s, 1 H); >C NMR (125 MHz, CDCl;) & 26.5, 27.6,

8,44.6, 57.7, 67.6, 78.9, 129.4, 130.9, 168.9, 176.7; IR (film) cm™! 3291brs, 3075 — 3012m,

4s, 2860s, 1713s, 1614s; mass spectrum (APCI): m/e (% relative intensity) 212 (30) M* + 1,

(5) MY, 193 (100), 101 (15), 56 (50); mle caled for Cr,HsNOsNa (M" + Na) 234.1106,

d234.1111.
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According to the general procedure, oxidation of alcohol 69 (132.0 mg, 0.63 mmol) with

activated MnO, (88%, 1.23 g, 15.21 mmol) in acetone (4 mL) afforded aldehyde 70 (101.0 mg,

1%, cis : trans = 73 : 27) as yellow oil.

70: Major Product: cis aldehyde: Ry = 0.35 [CH,Cl, : CH;0H = 7 : 1]; 'H NMR (500 MHz,
' CDCI;) 8 1.63 (quint, 2 H, J = 7.0 Hz), 1.69 (quint, 2 H, J = 7.0 Hz), 2.68 (q, 2 H, J=1.5 Hz),
.‘ 3.16 (9,2 H, J= 6.5 Hz), 4.58 (s, 1 H), 4.71 (s, 2 H), 5.99 (dd, 1 H, J=11.0, 8.0 Hz), 6.80 (dd, 1
| H,J=5.5,4.5 Hz), 6.64 (dt, 1 H, J=11.0, 8.0 Hz), 10.07 (d, 1 H, J = 8.0 Hz); *C NMR (125
-.MHz, CDCl;) 6 26.5, 27.8, 32.3, 44.8, 68.0, 79.9, 133.3, 152.7, 169.0, 176.8, 191.0.
' 70: Minor Product: trans aldehyde: R;=0.47 [CH,Cl, : CH;OH =7 : 1]; "H NMR (500 MHz,
j‘.u' Cls) 6 1.63 (quint, 2 H, J = 7.0 Hz), 1.69 (quint, 2 H, J= 7.0 Hz), 2.40 (q, 2 H, J = 7.0 Hz),
16 (@,2H, J= 6.5 Hz), 4.57 (s, 1 H), 4.70 (s, 2 H), 6.11 (dd; 1 H,J=16.0, 8.0 Hz), 6.80 (dd, 1
‘, J=5.5,4.5 Hz), 6.89 (dt, 1 H, J=16.0, 7.5 Hz), 9.49 (d, 1 H, ‘}= 7.5 Hz); *C NMR (125
1 z, CDCl;) 6 24.9, 27.9, 32.2, 44.7, 67.9, 79.3, 133.1, 158.4, 169.2, 176.9, 194.2. IR (film)
'l 3412brm, 3011m, 2927s, 2855s, 1717m, 1617s, 1559m; mass spectrum (APCI): m/e (%
at e intensity) 210 (3) M" + 1, 208 (5), 191 (100), 101 (45); m/e calcd for C;;H;sNOsNa (M*

Na) 232.0950, found 232.0950.
'vyde 74.

1 0 0

'i" 12, toluene/EtOH ij\ Mn02 @\ |
aoetone NH
1 74

5 A mixture of amino alcohol 72 (318.0 mg, 2.76 mmol) and 1,3-cyclohexanedione (310.0

ﬁ mmol) in toluene (15 mL) and EtOH (1 mL) was heated at 100 °C for 6 h. The solvents
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were removed under reduced pressure, and crude the residue was purified via silica gel flash

column chromatography [gradient eluent: CH,Cl, to CH,Cl,/MeOH (6 : 1)] to give amide 73
(462.0 mg, 41%) as a yellow solid.

73: Ry = 0.18 [CHyCl, : MeOH = 7 : 1]; mp = 48-51°C; 'H NMR (500 MHz, CDCl;) & 1.68
(quint, 2 H, J=1.5 Hz), 1.95 (quint, 2 H, J = 6.9 Hz), 2.09 - 2.12 (m, 2 H), 2.30 (t, 2 H, J = 6.9

Hz),2.33 (t, 2 H, J = 6.9 Hz), 2.70 (brs, 1 H, OH), 3.09 (q, 2 H, J= 6.5 Hz), 4.09 (s, 2 H), 5.05

E (brs, 1 H, NH), 5.11 (s, 1 H), 5.62 —5.70 (m, 2 H); mass spectrum m/e (% relative intensity) 209
(32) M, 192 (13), 178 (12), 150 (20), 138 (48), 125 (67), 97 (100).
According to the general procedure, oxidation of alcohol 73 (233.4 mg, 1.12 mmol) with
."fgctivated MnO; (88%, 2.20 g, 22.27 mmol) in acetone (10 mL) afforded aldehyde 74 (133.6 mg,
58%) as yellow solid.
4: Rr=0.29 [CH,Cl, : MeOH = 7 : 1]; mp = 86-89°C; 'H NMR (500 MHz, CDCl;) & 1.82
quint, 2 H, /= 7.0 Hz), 197(qu1nt,2H J=69Hz),232 (t,2H,J/=69Hz),233(,2H,J=
Hz) 2.41 (qd, 2H J=1.0,1.5Hz),3.15(q, 2 H, J= 7.0 Hz), 4.75 (brs, 1 H, NH), 5.12 (s, 1
;6.14 (ddt, 1 H, J=16.0, 7.5, 1.5 Hz), 6.83 (dt, 1 H, J=16.0, 7.0 Hz), 9.51 (d, 1 H, J= 7.5
.; BC NMR (75 MHz, CDCl3) 6 21.9, 26.3, 2.9.3, 30.1, 36.4, 42.0, 95.8, 133.2, 157.4, 165.6,
"7‘ 197.1; IR (film) cm™ 3250brm, 3066w, 2942m, 1686s, 1541s, 1457w, 1255m, 1190m;
spectrum [EI] m/e (% relative intensity) 207 (1) M, 188 (100), 172 (13), 158 (22}, 132

)i mile calcd for C,,H;sNO, (M + H) 208.1338, found 208.1324.

ARATION OF THE AZA [3 + 3] ANNULATION PRODUCTS.

‘General Procedure. To a 0.05-0.08 M solution of freshly prepared aldehyde (0.20—

imol) in EtOAc (4 — 12 mL) in a flame-dried round bottom flask were added solid Na;SO4
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(0.10 - 0.30 g) and an appropriate amount of chiral amine salt. In cases where in situ generation

of the catalyst was noted, free amine and 1 equiv of AcOH were premixed in EtOAc followed by
successive addition of Na,SOy and starting aldehyde. The reaction flask was then sealed under
nitrogen with a new rubber septum and heated to desired temperature (usually 80-90 °C). For the
~ reaction performed at 100 °C and above, a proper sealed tube was used instead of a round-
,‘ bottom flask. The course of the reaction was monitored using TLC analysis (in all cases
'. cycloadducts show lower polarity and higher Ry values). Upon completion, Na,SO4 solid was
« filtered, and the filter cake was washed with excess EtOAc. The organic solvent was removed
under reduced pressure to give a crude residue that was purified via silica gel flash column
.,chromatography. All cycloadducts were not very stable and decomposed relatively fast if siored
‘l in air at rt. However, if they were kept under nitrogen in the freezer, no noticeable decomposition

‘was observed.

Cycloadduct 22.

* AC
N Ph o

9 ] - Py

r‘ 44e: 30% mol X "

e EtOAc, Na,SO, N
80-90 °C

(0]

.0

2 I\/ 22
» According to the general procedure, the annulation reaction of amide 21 (113.6 mg, 0.55
" l) through treatment with amine salt 44e (42.0 mg, 0.13 mmol) in EtOAc (12 mL) afforded
:‘m duct 22 (64.2 mg, 61%) as yellow oil upon purification on silica gel column [isocratic
: EtOAc].

'j= 0.45 [CH,Cl, : MeOH =7 : 1], R;= 0.75 [EtOAc : MeOH : hexanes =1 :1 : 1]; '"H NMR

MHz, CDCL3) 8 1.05 (s, 3 H), 1.07 (s, 3 H), 2.17 (s, 2 H), 222 (d, 2 H, J = 2.7 Hz), 3.08

1]




_ 119
(ddd, 1 H, J=13.5, 12.0, 3.3 Hz), 3.58 - 3.62 (m, 3 H), 3.71 (d, 1 H, J = 14.1 Hz), 3.90 (dd, 1 H,

J=114,2.1 Hz), 4.50 (m, 1 H), 4.83 (dd, 1 H, J = 10.2, 2.7 Hz), 6.45 (dd, 1 H, J = 10.2, 1.8
Hz); “C NMR (75 MHz, CDCl3) & 28.8, 29.5, 31.9, 39.6, 47.3, 49.0, 59.6, 67.8, 71.2, 105.0,
109.6, 122.5, 158.1,191.2; IR (film) cm™ 2960s, 2929s, 1659s, 1543s, 1423m; mass spectrum
(EI] m/e (% relative intensity) 233 (6) M, 218 (16), 203 (5), 188 (100), 175 (10), 160 (14), 119
. (32); mle calcd for C14H;sNO,Na (M + Na) 256.1313, found 256.1300; CSP-HPLC (Chiralcel

) column, IPA/hexane [20 : 80], 0.75 mL/min) t = 18.0 min (27%, R), T=20.1 min (73%, S).

- Cycloadduct 25.

o

[MOH AcOH .
N gy BEOH
N Ph

44e: 40% mol

EtOAc, Na,SO,
80-90 °C

25
As in the general procedure, the annulation reaction of amide 35 (61.1 mg, 0.28 mmol)
hrough treatment with amine saIt 44e (33.2 mg, 0.11 mmol) in EtOAc (5 mL) afforded
oadduct 25 (34.1 mg, 61%) as yellow solid upon purification on silica gel column [gradient
uent: CH,Cl, to CH,Cl/MeOH (10 : 1)].

:Rf= 0.46 [CH,Cl, : MeOH = 7 : 1]; mp = >90 °C (decomp); '"H NMR (300 MHz, CDCls)
— 1.63 (m, 4 H), 1.72 - 1.79 (m, 2 H), 1.93 — 2.00 (m, 2 H), 2.21 - 2.33 (m, 2 H), 2.41 —
l‘(m, 2H),2.78 (td, 1 H,J=12.3,2.4 Hz),3.96 (d, 1 H, J=13.5Hz), 422 (d, 1 H, J=11.1
,5.00 (dd, 1 H, /=102, 3.9 sz, 6.60 (d, 1 H, J=10.2 Hz); "C NMR (125 MHz, CDCl;)
, 25.1,25.9, 26.9, 34.6, 35.0, 48.5, 61.0, 105.2, 114.7, 119.7, 159.8, 191.1; IR (film) cm™

2856w, 1626s, 1526s, 1462s, 1360m, 1319m, 1268m, 1>195w, 1146w; mass spectrum
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[EI] m/e (% relative intensity) 203 (90) M, 174 (62), 161 (45), 146 (58), 119 (100), 91 (27); mle

- caled for C13H;7NONa (W + Na) 226.1208, found 226.1199; CSP-HPLC (Chiralcel OD column,

IPA/hexane [30 : 70], 0.75 mL/min) © = 11.0 min (81%, R), T = 12.1 min (19%, S).

5 Cycloadduct 75.

* AcOH

1 )ﬁ 4de: 30% mol
3 EtOAc, Na,SO,

80-90 °C

According to the general procedure, the annulation reaction of amide 60 (153.7 mg, 0.65
:u mol) through treatment with émine salt 44e (60.9 mg, 0.19 mmol) in EtOAc (12 mL) afforded
-f. yeloadduct 75 (78.8 mg, 56%) as yellow solid upon purification on silica gel column [isocratic
: uent: EtOAC].

:Rf= 0.34 [EtOAc]; mp =>90 °C (decomp); 'H NMR (300 MHz, CDCl3) 6 1.51 - 1.63 (m, 3
1), 1.93 - 1.98 (m, 1 H), 1.93 — 2.00 (m, 2 H), 2.20 (s, 3 H), 2.79 (td, 1 H, J = 12.6, 3.0 Hz),
90 (dd, 1 H, J=15.3,3.0 Hz), 4.24 (dt, 1 H, J=11.1 1.5 Hz), 5.13 (dd, 1 H, J = 10.2, 3.9 Hz),
;B (s, 1 H), 6.45 (d, 1 H, J = 10.2 Hz); >C NMR (75 MHz, CDCl;) §20.9, 24.8, 26.3, 34.3,
.' 60.0, 91.6, 94.6, 117.5, 120.1, 152.5, 161.9, 162.4; IR (film) cm™ 2928m, 2854m, 1675s,
" s, 1329m; mass spectrum [EI] m/e (% relative intensity) 216 (100) M" — 1, 187 (32), 160
146 (20), 119 (24); mle calcd for C;3H;6NO, (M + H) 218.1181, found 218.1186; CSP-
(Chiralcel OD column, IPA/hexane [30 : 70], 0.75 mL/min) t = 12.3 min (25%, S), T =

min (75%, R).
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Cycloadduct 76.

OH
0 ) Q\th' AcOH 0
| H Pph
N N
)N\ | , 44e: 40% mol
0 til NH EtOAc, Na,SO,
66

90-100 °C

: mmol) through treatment with amine salt 44e (104.0 mg, 0.33 mmol) in EtOAc (12 mL) afforded
~ cycloadduct 76 (56.4 mg, 68%) as yellow solid upon purification on silica gel column [isocratic
' eluent: EtOAc]. .

- 76: Ry=0.42 [CH,Cl, : CH;0H = 10 : 1], R;=0.21 [EtOAc : hexane = 2 : 3]; mp = 108-110 °C;
mHNMR (500 MHz, CDCl;) 6 1.39 (dddd, 1 H, J=24.0, 13.5, 4.5, 3.5 Hz), 1.52 (dddd, 1 H, J =
24.0,13.5, 4.5, 3.5 Hz), 1.61(ddd, 1 H, J = 13.0, 3.0, 2.5 Hz), 1.70 (ddd, 1 H, J = 13.0, 3.0, 2.5
), 1.91 — 1.96 (m, 2 H), 2.51 —2.60 (m, 2 H), 3.38 (s, 3 H), 3.45 (s, 3 H), 3.69 (ddd, 1 H, J =
'Z, 4.5,3.0 Hz), 5.29 (dd, 1 H, J=9.0, 3.0 Hz), 6.68 (dd, 1 H, J= 9.0, 3.0 Hz); *C NMR (125
iHz, CDCl5) § 19.9, 24.0, 28.1, 28.4, 30.9, 42.6, 54.0, 101.0, 1193, 131.6,1582.1,1556,161.5;
:l-(ﬁlm) em™ 3044w, 2978s, 2855s, 1703s, 1211m; mass spectrum (APCI): m/e (% relative
fensity) 192 (100) M" + 1, 191 (40) M", 156 (30), 81 (10) ; m/e éalcd for C13H;7N30,Na (M +
:270.1218, found 270.1195; CSP-HPLC (Chiralcel OD column, IPA/hexane [1.5 : 98.5], 0.75

o

/min) T = 58.4 min (20%, S), T = 66.7 min (80%, R).

According to the general procedure, the annulation reaction of amide 66 (219.0 mg, 0.83 -
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Cycloadduct 77.

« AcOH %OH
Q P
b\ 9e: 40% mol
EtOAc, N82304
90-100 °C

According to the general procedure, the annulation reaction of amide 70 (101.1 mg, 0.48

S4:dr- 74 .26 J

~ mmol) through treatment with amine salt 44e (60.9 mg, 0.19 mmol) in EtOAc (6 mL) afforded
’_ cycloadduct 77 (37.6 mg, 41 %) as yellow solid upon purification on silica gel column [isocratic
: eluent: EtOAc]. Enantiomers of the product were found to be inseparable on CSP-HPLC.
‘,Enantiomeric ratio was determined based on the ratio of diastereomeric intermediates S4 in the
f‘reaétion sample upon 1 h of heating as determined by LC/MS analysis.

77 R7=0.42 [CH,Cl, : CH3;0H =10 : 1]; mp =>100 °C (decomp); 'H NMR (500 MHz, CDCls)
81.52-1.65 (m, 3 H), 1.73 - 1.79 (m, 1 H), 1.80 - 1.86 (m, 1 H), 1.95 — 2.01 (m, 1 H), 2.96 (dt,
:; H,J=13.0,3.0 Hz),3.23 (dt, 1 H,J=13.0, 2.0 Hz), 4.40 (dq, 1 H, J=11.5, 2.5 Hz), 4.64 (s, 2
I}‘ 496 (dd, 1 H, J = 10.0, 3.0 Hz), 6.07 (dd, 1 H, J = 10.0, 2.0 Hz); 3C NMR (125 MHz,
C13) 0 24.4, 26.2, 33.9, 48.6, 60.8, 64.5, 91.6, 117.2, 117.9, 164.7, 171.5; IR (film) cm™
"7s, 2988s, 2864s, 1632s, 1265m; mass spectrum (APCI): m/e (% relative intensity) 192 (100)
f+ 1, 191 (40) M, 156 (30), 81 (10) ; m/e calcd for C;;H;3NO,Na (M" + Na) 214.0844, found
‘0835; LC/MS for intermediates S4 (ZORBAX Eclipse XDB-C8 column, 5 min H,O/AcCN
52 5], 0.70 mL/min, then 10 min H,0/AcCN [5:95], 0.70 mL/min) © = 8.75 min (74%), m/e

5 (M" + 1), T = 9.42 min (26%), m/e 445 (M" + 1),
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Cycloadduct 78.

d 44e: 40% mol
EtOAc, Na,SO4

80-90 °C

78

Accordlng to the general procedure, the annulation reaction of amide 74 (128.5 mg, 0.62
mmol) through treatment with amine salt 44e (78.0 mg, 0.25 mmol) in EtOAc (8 mL) afforded
'. cycloadduct 78 (52.1 mg, 44%) upon purification on silica gel column [gradient eluent: CH,Cl,
? to CH,Cl,/MeOH (9 : 1)].

: 78: Rr=0.40 [CH,Cl, : MeOH =7 : 1]; '"H NMR (500 MHz, CDCl;) & 1.78 - 2.01 (m, 5 H), 2.20
V; =225 (m, 1 H), 2.27 - 2.36 (m, 2 H), 2.38 — 2.51 (m, 2 H), 3.42 (ddd, 1 H, J = 13.0, 11.0, 3.5
" Hz),3.60 (dt, 1 H, J=11.0, 8.5 Hz), 4.38 — 4.42 (m, 1 H), 5.07 (dd, 1 H, J = 10.0, 1.5 Hz), 6.62
\‘(dd, 1 H, J=10.0, 2.5 Hz); ®C NMR (125 MHz, CDCly) 8 21.1, 22.3, 27.1, 32.6, 35.6, 47.0,
:‘60.1, 107.3, 111.7, 121.7, 160.6, 190.8; IR (film) cm™ 2942s, 2872w, 1606s, 1525s, 1465s,
-"1420m, 1289m, 1186m; mass spectrum [EI] m/e (% relative intensity) 189 (59) M, 188 (100)
M- 1, 172 (13), 161 (11), 132 (20); m/e calcd for Ci2HisNO (M + H) 190.1232, found
l90.1222; CSP-HPLC (Chiralcel OD column, IPA/hexane [30 : 70], 0.75 mL/min) T = 11.4 min

(60%, R), © = 12.7 min (40%, 5).




ABSOLUTE CONFIGURATION ASSIGNMENT.

Osmate ester 46.

BN OsOy (1 equiv), pyr

N CH,Cl, -78°C

25

To a solution of cycloadduct 25 (0.105 g, 0.52 mmol) in CH,Cl, (6 mL) at -78 °C a
:,solution of OsO4 (0.131g, 0.52 mmol) and pyridine (0.20 mL, 2.45 mmol) in CH,Cl, (2 mL) was
added dropwise. Immediate color change from pale yellow to dark brown occurred. Reaction
,,?” e was allowed to warm up to rt and stirred at this temperature fof 1 h. Solvent was
aporated under reduced pressure to yield osmate ester .46 (0.30 g) as brown solid in nearly
' titative yield. Product may be further purified by silica gel column chromatography (CH,Cl,
MeOH=7: 1)

, Ry= 0.50 (brown spot) [CH,Cl, : MeOH = 7 : 1]; "H NMR (500 MHz, CDCl3) & 1.39 (qd, 1
.5, 3.5 Hz), 1.45 ~1.57 (m, 2 H), 1.77 (dd, 1 H, J = 13.5, 2.0 Hz), 1.89 (brd, 1 H,J=
;’ Hz), 1.94 — 2.08 (m, 2 H), 2.33 - 2.41 (m, 3 H), 2.52 — 2.62 (m, 2 H), 2.77 (td, 1 H, J =
;.2.0 Hz),3.57 (td, 1 H, J=10.5, 2.5 Hz), 3.67 (dd, 1 H, J=10.5, 4.5 Hz),3.95(d, 1 H, J =
,;Hz), 3.74(d, 1 H, J = 4.5 Hz), 7.45 (brs, 4 H), 7.82 (brs, 2 H), 8.84 (brs, 4 H); *C NMR (75
CDCL;) 8 222, 23.7, 26.2, 27.8, 30.5, 36.4, 47.1, 54.7, 82.3, 86.9, 106.9, 125.4, 140.3,

6 and 150.3, 162.2, 195.3.

124

e
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SYNTHESIS OF S-53

OMe
HBr, A O aq HCI, A
. @ H
N Br KNHZ NH3 OMe then NaOH N7s
H, Br
S-50 S-52 S-53
. Hydrobromide S-50.""

A mixture of (2S)-(2-bromoethyl)-piperidine'® S-49 (5.00 g, 38.7 mmol) and conc aq HBr
3 (48%, 15 mL) was heated to reflux for 1 h. After which, an additional 10 mL of conc aq HBr was
.I_added and the solution was refluxed for 6 h. Excess of the acid was evaporated under reduced
-. pressure. Thé residue was washed with EtOAc (2 x 10 mL) and recrystallized from EtOH to give
}‘)’-50 (5.50 g, 52%) as colorless needles.

~: mp = 195-197 °C; [a]p® = +5.8 ° [c = 2, CHCL]; "H NMR (500 MHz, CDCl3) & 1.48 —
»?.,56 (m, 1 H), 1.74 — 1.83 (m, 1 H), 1.88 (d, 1 H, J=14.5 Hz), 1.94 — 2.04 (m, 3 H), 2.32 (sextet,
Z‘, H, J=7.0 Hz) 2.69 (sextet, 1 H, J= 7.0 Hz), 2.88 (brs, 1 H), 3.33 (brs, 1 H), 3.50 — 3.55 (m, 2
H),3.70 (dt, 1 H, J = 10.5, 6.5 Hz), 8.9 (brs, 1 H, NH), 9.21 (brs, 1 H, NH); 3C NMR (125
ﬁv'.‘i, CDCL3) 8 22.1, 22.4, 27.9, 28.3, 35.8, 45.1, 56.4; IR (film) cm™ 2939s, 2830m, 2797s,
Im, 1577w, 1453w; m/e calcd for C;H;sBrN 192.0388, 194.0367 (M" + H), found 192.0378,

94,0360,

mpound S-52."
To a mixture of KNH, (prepared from 0.40 g (10.3 mmol) of K metal) in liquid NH; (35
';was added 2,5-dihydro-1,3-dimethoxybenzene 51 (1.00 g, 7.13 mmol). The resulting red

'oh was stirred for 20 min before 13 (1.23 g, 4.51 mmol) was added in portions over 30 min




126
to discharge the color. After most of liquid NH; was evaporated, H,O (15 mL) was added. The

aqueous mixture was extracted with Et,0 (3 x 20 mL), and the combined organic fractions were
washed with sat aq NaCl (20 mL) and dried over Na;SO4. Removal of the solvent under reduced
pressure to provide the crude 52 that was purified by distillation (bp = 140-145 °C at 3 mmHg)
giving compound S-52 (0.56 g, 49%) as colorless oil.

~ 52: [a]p” =-1.5 ° [c = 2, CHCls]; 'H NMR (500 MHz, CDCl3) 6 1.00 (m, 1 H), 1.14 - 1.19 (m,
2 H), 1.29 (ddt, 1 H, 25.0, 13.0, 4.0 Hz), 1.31 = 1.37 (m, 1 H), 1.38 (ddt, 1 H, J=25.0, 13.0, 4.0
" Hy), 1.55 (dm, 1 H,J=12.5 Hz), 1.63 (dm, 1 H, J=13.5 Hz), 1.70— 1.7 (m, 3 H), 2.35 (ddd, 1
] H,J=17.0, 7.5, 2.5 Hz), 2.59 (td, 1 H, J=11.5, 3.0 Hz), 2.74 (dq, 1 H, J = 21.0, 4.0 Hz), 2.81
.;l(dq, 1 H,J=21.0,3.0 Hz), 2.95 (tt, 1 H, J= 6.0, 4.5 Hz)v, 3.00 (dm, 1 H,J=11.5 Hz), 3.52 (s, 3
;vH), 3.53 (s, 3 H), 4.70 (dd, 2 H, J=17.5, 3.5 Hz); °C NMR (125 MHz, CDCL3) § 24.7, 25.2,
:'26.1, 26.9,32.1,33.2,40.8, 47.5, 54.5, 57.4, 91.9, 154.4; m/e calcd for C;sHysNO; 252.1964 (M*

+H), found 252.1964.

Tricycle S-53.7

A solution of 52 (0.56 g, 2.23 mmol) in aq HCI (2 M, 4 mL) was heated to 40 °C for 30
: After being cooled to rt, it was neutralized with 10% aq NaOH. The reaction mixture was
tracted with Et,0 (4 x 15 mL), and the combined organic fractions were washed with sat aq
:f,l (20 mL) and dried over Na;SOy. After removal of the solvent under reduced pressure, the
"ue was purified by silica gel flash column chromatography [isocratic eluent: EtOAc : MeOH
1] to afford tricycle S-53 (0.25 g, 54%) as white solid.

-j =0.32 [EtOAc : MeOH =7 : 1]; mp = 74-77 °C; [a]p’’ = +4.1 ° [c = 2, CDCL]; 'H NMR

) MHz, CDCl3) & 1.37 - 1.44 (m, 2 H), 1.51 (ddt, 1 H, J=25.5, 13.0, 4.0 Hz), 1.58 — 1.63 (m,
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2H), 1.66 -1.70 (m, 1 H), 1.84 — 1.89 (m, 2 H), 1.90 — 1.96 (m, 2 H), 2.27 — 2.32 (m, 3 H), 2.34

~2.40 (m, 3 H),2.78 (td, 1 H, J=13.5, 2.5 Hz), 3.05—-3.08 (m, 1 H), 3.87 (dd, 1 H,J=13.5, 1.5
Hz); °C NMR (125 MHz, CDCls) & 17.8, 22.2, 24.7, 26.6, 27.3, 28.1, 32.4, 35.8, 48.2, 57.1,
108.1, 159.4, 194.5; IR (film) cm’ 2934m, 2853w, 1616m, 1560s, 1437m, 1186w; mass
spectrum [EI] m/e (% relative intensity) 205 (88) M", 190 (100), 176 (30), 162 (12), 149 (51),

134 (18), 120 (15); m/e caled for C;3H;sNONa 228.1364 (M + Na), found 228.1355; CSP-

HPLC (Chiralcel OD column, IPA/hexane [30 : 70], 0.75 mL/min) T = 9.9 min (99% ee, S), for
~ Reisomer T = 7.9 min (determined from scalemic sample of 53 obtained by hydrogenation of

~ cycloadduct 25).

- SYNTHESIS OF 110. THE EFFECT OF a-METHYL SUBSTITUENT.

‘Amino alcohol 106.

- Et00C LAH, THF
] j/\/\/\’% e ML HOW NH,

105 106
To a suspension of LAH (0.33 g, 8.70 mmol) in THF (15 mL) was added slowly
opwise a solution of azido ester 105** (0.614 g, 2.91 mmol) in THF (10 mL) at 0 °C. The
tion mixture was stirred at 0 °C for 30 min before it was allowed to warm up to 1t and was
» at this temperature for an additional 3 h. The excess LAH was quenched by addition of sat
g Na;SOy (ca. 2 mL). The resulting white precipitate was filtered off and the filter cake was
7"'_»a with MTBE (2 x 10 inL). The filtrate was dried over Na;SO4 and concentrated under
,Zi- ed pressure to yield amino alcohol 106 (335.0 mg) as colorless oil that was used for the

xt step without further purification.
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106: "H NMR (300 MHz, CDCl3) 8 1.30 — 1.51 (m, 7 H), 1.67 (s, 3 H), 2.06 (g, 2 H, J = 6.9 Hz),

2.69 (t, 2 H, J = 6.9 Hz), 4.00 (s, 2 H), 5.41 (td, 1 H, J = 6.9, 1.2 Hz); *C NMR (75 MHz,
CDCls) & 13.9, 26.9, 27.4, 33.0, 42.0, 68.7, 125.7, 135.4; IR (film) cm™ 3286brs, 2928s, 2856s,
1582w, 1456m, 1017m; mass spectrum [EI] m/e (% relative intensity) 142 (1) M' — 1, 126 (23),

110 (65), 93 (66), 82 (18), 67 (29), 56 (100).

~ Amide 108.

E 0 o

: 106, toluene/EtOH Mn02
1 acetone NH I
108

A mixture of crude amino alcohol 106 (0.335 g, 2.34 mmol) and 1,3-cyclohexanedione

- (0.26 g, 2.32 mmol) in toluene (8 mL) and EtOH (2 mL) was heated at 80 °C overnight. After

"wh_ich, the solvent were removed under reduced pressure, and the crude residue was purified via
silica gel flash column chromatography [gradient eluent: CH,Cl, to CH,Cl,/MeOH (11 : 1)] to
4{'—; amide 107 (296.0 mg, 43% over two steps) as a yellow oil.
.07: Rs=0.18 [CH,Cl, : MeOH = 10 : 1]; 'H NMR (500 MHz, CDCl3) & 1.42 (quint, 2 H, J =
Hz), 1.60 (quint, 2 H, J= 7.5 Hz), 1.65 (s, 3 H), 1.94 (quint, 2 H, J= 6.5 Hz), 2.06 (g, 2 H, J
‘7.5 ). 2.29 (t,2 H, J=6.5 Hz), 2.32 (t, 2 H, J= 6.5 Hz), 2.58 (brs, 1 H, OH), 3.05 (dd, 2 H,
i, TS Hz), 3.99 (s, 2 H), 5.01 (brs, 1 H, NH), 5.10 (s, 1 H), 5.38 (td, 1 H, J=17.5, 1.5 Hz);
;‘NMR (125 MHz, CDCls) 8 13.9, 22.2, 26.8, 27.0, 27.9, 29.9, 36.5, 42.9, 68.6, 96.7, 124.9,
';9, 164.9, 197.6; mass spectrum [EI] m/e (% relative intensity) 237 (34) M", 220 (25), 208

3), 176 (14), 164 (19), 152 (43), 138 (62), 125 (100).
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According to the general procedure, oxidation of alcohol 107 (295.6 mg, 1.25 mmol)

with activated MnO, (88%, 2.50 g, 25.30 mmol) in acetone (9 mL) afforded aldehyde 108 (231.8
mg, 79%) as a yellow oil.

‘j 108: R;=0.31 [CH,Cl: MeOH = 10: 1]; 'H NMR (500 MHz, CDCL3) & 1.49 — 1.56 (m, 2 H),
:'_ 1.59 - 1.65 (m, 2 H), 1.68 (s, 3 H), 1.90 (quint, 2 H, J = 6.5 Hz), 2.24 (t, 2 H, J= 7.5 Hz), 2.32
(L 2H,J=6.5Hz),2.35 (t,2 H, J= 6.5 Hz), 3.06 (dd, 2 H, J=13.5, 6.5 Hz), 5.03 (s, 1 H), 5.64
(brs, 1 H, NH), 6.42 (td, 1 H, J=7.5, 1.0 Hz), 9.3 (s, 1 H); *C NMR (125 MHz, CDCls) § 9.3,
.22.1, 25.9, 28.2, 28.6, 29.7, 36.5, 42.7, 96.3, 139.8, 153.9, 165.1, 195.2, 197.2; IR (film) cm™
'3258brm, 3073w, 2928s, 2857m, 1683m, 1557s, 1256m, 1190m; mass spectrum [EI] m/e (%
lative intensity) 235 (39) M, 218 (5), 204 (32), 192 (6), 178 (18), 164 (23), 152 (100), 138
" 1), 124 (71); mf/e calcd for C14H,NO, (M* + H) 236.1651, found 236.1626.

Cycloadduct 109.

g © O-ACOH 0
N
" 0

EtOAC, Na2$O4 N
100 °C
109

: As in the general procedure, the cycloaddition of 108 (133.3 mg, 0.57 mmol) via
”ent with piperidinium acetate (82.3 mg, 0.57 mmol) in EtOAc (10 mL) at 100 °C
féht to afford i09 (55.6 mg, 45%) as yellow oil upon purification on silica gel column
',t eluent: CH,Cl, to CH,Cl,/MeOH (11 : 1)].

=0.40 [CH,CL, : MeOH =10 : 1]; '"H NMR (500 MHz, CDClI3) 6 1.47 — 1.62 (m, 3 H),
H), 1.69 - 1.72 (m, 1 H), 1.77 — 1.80 (m, 1 H), 1.91 — 1.98 (m, 3 H), 2.26 (ddd, 1 H, J

),7.5, 6.0 Hz), 2.31 (ddd, 1 H, J= 17.0, 7.5, 6.0 Hz), 2.41 (dt, 1 H, J= 16.5, 6.5 Hz), 2.48
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(dt, 1 H,J=16.5, 6.5 Hz), 2.78 (td, 1 H, J = 14.0, 2.5 Hz), 3.95 - 3.98 (m, 2 H), 6.36 (s, 1 H);

BC NMR (125 MHz, CDCl3) 8 19.8, 21.3, 25.5, 25.7, 26.5, 30.1, 35.3, 48.8, 65.3, 106.0, 115.6,

RIS, 157.7, 191.2.

Tricycle 110.

E d 44f: 40% mol
EtOAc, Na,SO,

80-90 °C

A mixture of amide 108 (69.7 mg, 0.30 mmol), amine salt 44f (43.3 mg, 0.12 mmol), and
.'-_Na2804 (ca. 50.0 mg) in EtOAc (6 mL) was heated at 100 °C overnight. About 40% conversion
.'f_of" the starting material to the desired cycloadduct 109 was observed via 'H NMR. The
‘r, cloadduct was isolated by purification on silica gel column [gradient eluent: CH,Cl, to
L 2CL/MeOH (11 : 1)] and subjected to hydrogenation conditions at 1 atm H, over 10% P&/C
(80 mg) in MeOH (4 mL). After 14 h, the Pd catalyst was filtered off using Celite, and MeOH‘
evaporated under reduced pressure to give a crude residue that was purified by silica gel
sh column chromatography [isocratic eluent: EtOAc : MeOH (8 : 1)], providing tricycle 110
-'3;: single diastereomer (17.3 mg, 67% over 2 steps based on 40% cbnversion).

“ Ry=0.42 [EtOAc : MeOH = 7 : 1]; '"H NMR (500 MHz, CDCl;) § 0.98 (d,3H,J=6.5Hz
7 (ddd, 1 H, J=125.0, 12.5, 3.5 Hz), 1.38 (ddt, 1 H, J=26.0, 12.5, 4.0 Hz) 1.51 — 1.66 (m, 3
'1 :87-2.00 (m, 5 H), 2.27 - 2.38 (m, 3 H), 2.47 (dt, 1 H, J=16.5, 5.0 Hz), 2.53 (dd, 1 H, J =
“.4.0 Hz),2.93 (td, 1 H, /= 14.0, 2.5 Hz), 3.10 (dt, 1 H, J=11.5, 2.0 Hz), 3.90 (dt, 1 H, J =

L 2.0 Hz); *C NMR (75 MHz, CDCl;) & 17.4, 22.0, 24.6, 25.0, 25.1, 26.7, 27.0, 29.7, 35.7.
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- 496, 62.4, 107.4, 158.4, 194.4; IR (film) cm 29425, 2853m, 1606m, 1557s, 1432m, 1178w;

mass spectrum [EI] m/e (% relative intensity) 219 (38) M, 204 (100), 190 (38), 176 (9), 162 (8),
148 (12),; m/e calcd for C4HuNO 220.1701 (M* + H), found 220.1694; CSP-HPLC (Chiralcel

~ OD column, IPA/hexane [10 : 90], 0.75 mL/min) t = 14.7 min (48%), T = 17.6 min (52%).

- SYNTHESIS OF ENANTIOMERICALLY ENRICHED R-(+)-DEPLANCHEINE.

. Aldehyde 125.
: i i !
H H
NH, MeO ~ N\j/ N\j/

I \/\g/ I Mn02 I
N N ST N |
| | ! l . !
Boc OH Boc Boc
130 131 OH 125 o

~ Crude amino alcohol 130*** (500.0 mg, 1.58 mmol) was dissolved in CH,Cl, (5 mL).
‘riethylamine (0.35 mL, 2.50 mmol) was added followed by addition of 4-methoxy-3-buten-2-
(0.20 niL, 1.80 mmol), and the reaction mixture was allowed to stir at rt for 20 h.
ification of the concentrated mixture by silica gel column chromatography afforded
flogous amide 131 as a yellow oil (200.0 mg, 33%).

:? Ry=0.21 (EtOAc : hexane = 4 : 1); 'H NMR (500 MHz, CDCl;) & 1.61 (s, 9 H), 1.95 (s,
, 2.96 (t,2 H, J= 6.5 Hz), 3.34 (q, 2 H, J= 6.5 Hz), 3.98 (brs, 1 H, OH), 4.23 (dd, 2 H, J =
15 Hz), 4.77 (d, 1 H, J=17.5 Hz), 5.89 (dt, 1 H, J = 16.0, 5.5 Hz), 6.20 (dd, 1 H, J = 13.5,
‘Lli ), 6.58 (d, 1 H, J=16.0 Hz), 7.15 (t, 1 H, J=7.5Hz), 7.21 (t, 1 H, J = 7.5 Hz), 7.34 (d,
=7.5Hz), 8.04 (d, 1 H, J= 7.5 Hz), 9.82 (brs, 1 H, NH); *C NMR (125 MHz, CDCl;) &
?28.3, 28.9, 49.4, 63.2, 84.1, 93.7, 115.6, 115.7, 118.2, 122.2, 122.8, 124.7, 129.4, 133.0,

8, 135.9, 150.4, 1533, 197.7; IR (thin film) cm™ 3440brs, 3109s, 2970s, 2863s, 17255,

A
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1622s; mass spectrum (APCI): m/e (% relative intensity) 385 (1) M+H", 367 (10), 311 (45), 267

(100), 182 (80), 170 (30); HRMS: m/e calcd for CyHsN,O4Na 407.1947 (M'+Na), found
407.1921.

A solution of alcohol 131 (200.0 mg, 0.52 mmol) in acetone (3 mL) was stirred with
: MnO, (1.02 g, 10.4 mmol, 20 equiv) at rt for 6 h. Filtration through Celite and removal of the
"‘ solvent under reduced pressure afforded the pure aldehyde 125 (133.0 mg, 67 %) as a yellow oil.
{ 125: Rr=0.33 (EtOAc : hexane =4 : 1); 'TH NMR (500 MHz, CDCl3) & 1.67 (s, 9 H), 2.01 (s,
* 3H),3.07 (t,2H,J=6.5Hz),3.45(q,2H,J=6.5 Hz); 492 (d, 1H,J=12.0 Hz), 6.33 (dd,
' 1H,J=16.0,7.5Hz), 6.42 (dd, 1 H, J=12.0, 7.5 Hz), 7.28 (td, 1 H,J=7.5, 1.0 Hz), 7.40 (td,
- 1H,J=175,1.0Hz),7.53 (d, 1 H,J=7.5Hz), 7.88 (d, 1 H, J= 16.0 Hz),8.11(d, 1 H,J=17.5
‘Hz), 9.68 (d, 1 H,J=7.5 Hz), 9.83 (brs, 1 H, NH); °C NMR (125 MHz, CDCl3) § 27.4, 28.4,
‘9.2, 48.9,85.4,94.7,116.0, 119.7, 121.7, 123.6, 126.8, 129.3, 130.2, 132.4, 137.0, 143.6, 150.4,
'52.1, 193.7, 197.8; IR (thin film) cm’! 3452brs, 3024s, 2970s, 2844m, 1731s, 1683s, 1652s;
spectrum (APCI): m/e (% relative intensity) 383 (5) M+H", 283 (75), 263 (30), 198 (100),

180 (40), 170 (50); HRMS: m/e calcd for Co;HygN;04Na 405.1790 (M*+Na), found 405.1802,

etracycle R-124.

oP
3 H PO H «AcOH
NZ R-a5d:P = TBDPS
I IR
N | Na,SO,, 85°C, then N ,
- Boc Hy, Pd(OH),/C, EtOAc Boc
125 cl)' R-124 o)

To a solution of aldehyde 125 (27.4 mg, 0.072 mmol) in EtOAc (3 mL) were added

(~100 mg), amine salt R-45d** (20.0 mg, 0.033 mmol) and AcOH (2 pL, 0.035 mmol).
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The mixture was sealed under nitrogen and heated in an 85°C oil bath for 2 h. After cooling the

mixture, Pd/C (25 mol%) was added and the mixture was stirred under 1 atm of H, for 12 h.
Filtration through Celite, removal of solvent under reduced pressure, and purification of the
crude residue via silica gel column chromatography [EtOAc : hexanes = 2 : 3] afforded the
| - cycloadduct 124 (6.0 mg, 23 %).

R-124: Ry = 0.16 (EtOAc); [a]p”’ = +44.8° [c = 0.50, CHCI3]; 'H NMR (500 MHz, CDCl3) &
i 1.31 (ddd, 1 H, J = 24.0, 13.0, 5.5 Hz), 1.59 (s, 9 H), 2.05 (s, 3 H), 2.24 — 2.30 (m, 1 H), 2.53
- (dd, 1 H, J=13.0, 5.5, 4.5, 2.5 Hz), 2.67 (dd, 1 H, J=16.5, 2.5 Hz), 2.73 (ddd, 1 H, J = 15.5,
2.0 Hz), 2.78 (ddd, 1 H, J=10.0, 5.5, 2.5 Hz), 3.57 (ddd, 1 H, J = 13.0, 5.5, 1.5 Hz), 3.63
-.j.(dd, L. = 13.0, 3.5 Hz), 4.76 (dd, 1 H, J=10.0, 1.5 Hz), 7.19 (td, 1 H, J= 7.5, 1.0 Hz), 7.25
(td,‘ 1H,J=17.5,1.0Hz), 7.36 (d, 1 H, J= 7.5 Hz), 7.37 (s, 1H), 8.08 (d, 1 H, J= 7.5 Hz); *C
NMR (125 MHz, CDCl3) § 21.2, 22.8, 24.2, 28.4, 29.5, 51.0, 54.3, 86.4, 115.9, 116.5, 118.2,
1232, 124.9, 128.6, 134.5, 137.0, 148.2, 150.1, 179.5, 193.7; IR (thin film) cm™ 2974m, 2924m,
1728s, 1660m, 1588s, 1456m, 1402m; mass spectrum (APCI): m/e (% relative intensity) 367 (1)
HH, 311 (100) M*-Boc, 267 (45), 261 (10), 170 (20), 144 (15); HRMS: m/e calced for
26N203Na  389.1841 (M'+Na), found 389.1830; CSP-HPLC (Chiralcel OD column,

Afhexane [10 : 90], 0.75 mL/min) t =20.2 min (31 %, S), T = 24.3 min (69 %, R); 38% e¢.

b
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R-(+)-Deplancheine 123.

NaBH, t+BuOH/MeOH
€ lhds [w) . e
N
H

=z
Iz

=R
R-124 R-133
o o 123: R-(+)-Deplancheine

A solution of annulation product R-124 (6.20 mg, 0.017 mmol) in CH,Cl, : TFA (1 : 1,
- 0.5 mL) was stirred at rt for 20 h. The reaction mixture was diluted with CH,Cl; (2 mL) and 10%
| aq NH4OH (2 mL). The layers were separated and aqueous layer was extracted with CH,Cl, (Bx
>_,2 mL). The combined organic layers were dried (Na;SO4) and concentrated under reduced
-‘_pressure to give desired R-133 (4.5 mg, 95%) as a yellow oil wﬁich was used for the next step
i.""Without further purification.

R-133: Ry = 0.12 (EtOAc : hexanes = 4 : 1); [o]p2° = +18.0 ® [c = 0.1, CHCL;]; '"H NMR (500
MHz, CDCl;) 8 1.75 (ddd, 1H, J = 24.0, 12.5, 5.0 Hz), 2.22 (s, 3H), 2.34 (ddd, 1 H, J = 17.0,
5.5, 3.0 Hz), 2.45 — 2.50 (m, 1 H), 2.76 (ddd, 1 H, J = 16.5, 5.0, 2.5 Hz), 2.85 (dddd, 1 H, J =
16.5, 4.0, 2.5, 1.0 Hz), 2.94 —3.01 (m, 1 H), 3.68 (ddd, 2 H, J = 24.0, 12.5, 5.0 Hz), 4.54 (brd, 1
1J= 11.0 HZ), 714 (td, 1H,J=17.5,1.0Hz), 721 (td, 1 H,J=7.5,1.0Hz), 7.37(d, 1 H, J =
sz), 7.45 (s, 1 H), 7.51 (d, 1H, J = 8.0 Hz), 8.17 (brs, 1 H, NH); °C NMR (125 MHz,
) 15) 6 20.0, 22.2, 24.1, 28.6, 51.7, 52.4, 81.4, 108.4, 111.3, 118.4, 120.1, 122.4, 127.0, 132.9,
148.5, 193.8; IR (neat) cm’! 3228m, 2960m, 1574s, 1440m, 1402m; mass spectrum
I): m/e (% relative intensity) 267 (100) M+H", 263 (10), 238 (5), 223 (5), 196 (5), 170 (70),
35); HRMS: m/e calced for Ci7H;9N,O 267.1497 (M++H), found 267.1526.

‘; - Amide R-133 (4.50 mg, 0.017.mmol) was dissolved in #-BuOH (1 mL) and NaBH, (7.00
0.18 mmol) was added then. Reaction mixture was refluxed with occasional addition of

H (0.10 mL) in portions for 6 h. When most of the starting material was consumed as

‘‘‘‘‘‘
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indicated by TLC analysis (eluent EtOAc : hexanes = 4 : 1), the reaction mixture was cooled

down to room temperature, water (1.5 mL) was added and excess of +-BuOH was removed in
- vacuo. The residue (containing E- and Z-deplancheine as 9:1 mixture) was purified by
preparative silica gel TLC plate [eluent EtOAc : hexanes = 2 : 1] to yield enantiomerically
!‘ enriched R-(+)-deplancheine (123) (1.50 mg, 87 % BORSM) as yellowish gummy solid. The

i spectral data of 123 was in accordance with those reported in literature.*?

.' R-123: R;= 0.20 (EtOAc : hexanes = 4 : 1); [a]p® = +19.7 ° [c = 0.2, CHCl;]; 38.0 % ee (31 %
s 69 % R). Lit.**® [a]p”® = +52.0 ° [c = 1, CHC;]; '"H NMR (500 MHz, CDCl3) & 1.55 — 1.61 1
l:{m, 1H), 1.64 (d, 3 H, J= 7.0 Hz), 2.01 (br t, 1 H, J = 10.0 Hz), 2.18 — 2.20 (m, 1 H), 2.62 —
37.69 (m, 1 H), 2.72 —2.76 (m, 1 H), 2.80 — 2.85 (m, 1 H), 3.01 —3.13 (m, 3 H), 3.36 (d, 1 H, J =
12,5 Hz), 3.42 - 3.45 (m, 1 H), 5.45 (q, 1 H, J=7.0 Hz), 7.09 (td, 1 H, J=7.5, 1.0 Hz), 7.14 (td,
1H,J=75,1.0 Hz), 732 (d, 1 H, J=8.0 Hz), 7.48 (d, | H, J = 8.0 Hz), 7.73 (brs, 1 H, NH);
NMR (125 MHz, CDCl3) & 12.9, 21.8, 26.1, 30.5, 53.1, 60.4, 63.6, 108.4, 110.9, 118.4,
9.6, 119.7, 121.6, 127.7, 134.1, 134.8, 136.4; IR (neat) cm’” 3415s, 3123m, 2867s, 2790m,
' 6m; mass spectrum (GC/MS, EI): m/e (% relative intensity) 252 (90) M", 251 (100), 237
223 (25), 169 (50), 156 (30); HRMS: m/e calcd for C;7Hy N, 253.1705 (M*+H), found

3.1678.
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NMR Data for the Synthetic Deplancheine Reported Data for Deplancheine’
PCNMR, 8
'HNMR, 8, J 'H NMR, & PCNMR, &
(Ad with lit. data)
1.55 - 1.61 12.9 (0.2) 1.52-1.60 12.7
1.64 (0.01) 21.8(0.2) 1.63 21.6
2.01 26.1(0.2) 1.95-2.02 25.9
B 2.18-2.20 30.5 (0.2) 2.15-2.20 30.3
L 2.62—2.69 53.1(0.2) 2.61~275 52.9
2.72-2.76 60.4 (0.2) 60.2
2.80 - 2.85 63.6 (0.1) 2.80 - 2.84 63.5
3.01-3.13 108.4 (0.0) 2.98 -3.11 108.4
3.36 110.9 (0.2) 3.32-3.35 110.7
3.42 - 3.45 118.4(0.2) 3.38 -3.41 118.2
5.45 119.6 (0.2) 5.43 119.4
7.09 119.7 (0.3) 7.06 —7.15 119.4
7.14 121.6 (0.3) 121.3
R 732 12'7.7 (0.3) 7.30 -7.33 127.4
7.48 134.1 (0.1) 7.46 —7.48 134.0
k- 7.73 134.8 (02) 7.76 134.6
136.4 (0.4) 136.0
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PART 2.

MODEL STUDY.

* Bromide 262.

n-BuLi, THF, then Hy Pd/BaSO,
B C O TBOPSO Bt quoine  TBOPSO. = -~ Br

== = —_——

263 S5 262

To a solution of TBDPS-protected propargyl alcohol® (49.4 g, 0.168 mol) in THF (200
[, mL) was added »-BuLi (2.5 M in hexanes, 84.0 mL, 0.210 mol) at -78 °C. The reaction was
;_stirred at this temperature for 20 min before 1,3-dibromopropane (87.0 mL, 0.853 mol) was
'»ded in one portion. The resulting mixture was allowed to warm up to rt and was stirred for 72
A before it was quenched with H,O (100 mL). Aqueous layer was back-extracted with CH,Cl, 2
50 mL). The combined organic. layers were washed with sat aq NaCl (100 mL) and dried over
pS0;4. Solvents and excess of 1,3-dibromopropane were removed under reduced pressure and
",', - crude residue was purified via Kugelrohr distillation. Bromide S5 (46.1 g, 66%) was
ollected at 170-180 °C (0.1 MHg) as pale yellow oil.

Ry=0.52 [10% EtOAc in hexanes]; '"H NMR (300 MHz, CDCl;): 6 1.05 (s, 9 H), 1.95 (quint,
J=6.6 Hz), 2.34 (tt, 2 H, J= 6.6, 2.1 Hz), 3.44 (t, 2H, J= 6.6 Hz), 431 (, 2 H, J = 4% |
" 7.38-7.42 (m, 6 H), 7.72 (d, 4 H, J = 7.5 Hz).

: A suspension of 5% Pd/BaSOy catalyst (0.660 g) in peﬁoleum ether (110 mL) was pre-

uced via hydrogenation until the color changed from complete brown to black (within ~ 20-30

l was stirred for 15 min before a solution of bromide S1 (24.2 g, 58.3 mmol) in petroleum

£ (110 mL) was added. The reaction mixture was hydrogenated with an H,-balloon for 9 h

After which, quinoline (0.700 mL) was added to the above suspension and the resulting
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until complete consumption of the starting material was observed through '"H NMR. The excess

solvent was removed under reduced pressure and the crude residue was purified via Kugelrohr
distillation. Bromide 262 (21.7 g, 89%) was collected at 160-165 °C (0.1 mmHg) as a yellow oil.
262: Ry = 0.47 [10% EtOAc in hexanes]; 'H NMR (500 MHz, CDCL3) & 1.05 (s, 9 H), 1.81
- (quint, 2 H, J=7.0 Hz), 2.00 (q, 2 H,J=7.5Hz), 3.29 (t, 2 H, J=7.0 Hz), 4.26 (d, 2 H, J = 6.5
-‘ Hz), 5.32 - 5.37 (m, 1 H), 5.64 - 5.68 (m, 1 H), 7.37 — 7.44 (m, 6 H), 7.68 (dd, 4 H, J= 7.5, 1.5
Hz); "C NMR (125 MHz, CDCl;) & 19.3, 26.2, 27.0, 32.6, 33.2, 604, 127.9 1289, 12938,
130.9, 133.9, 135.8; IR (Film) cm’! 2932, 2853s, 1473m, 1429s, 1109s, 701s; mass spectrum
(TOF ES): m/e (% relative intensity) 439 (100) M* + Na, 441 (100) M" + Na, 359 (40), 250 (25),
227(90),

'Lactam 260.

OTBDPS

1. CHaMgCl
INIO 2. TBDPSO\/MMQBI’ o) N l
e H 3. NaBH,CN, AcOH H
261 : 260

To a solution of glutarimide 261 (2.40 g, 21.2 mmol) in THF (100 mL) was added
CH;MgCl (3 M in THF, 7.50 mL, 22.5 mmol) dropwise at 0 °C. The reaction mixture was
owed to warm up to rt and was stirred for 30 min and then cooled back down to 0 °C. A warm
olution of Grignard reagent (35-40 °C to prevent precipitation) in THF (30 mL) prepared from
;?:«u 262 (13.2 g, 31.7 mmol) and Mg (0.850 g, 35.0 mmol) through activation using
romoethane (0.150 mL, 1.74 mmol) was added vig a cannula. The resulting reaction mixture

s stirred for 12 h at rt before NaBH;CN (1.37 g, 23.4 mmol) and HOAc (4.5 mL) were added

cessively. After stirring at ambient temperature for 45 min, reaction was quenched with sat aq
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NaHCO; solution (65 mL). After layer separation, the organic phase was washed with an

additional portion of NaHCO; solution (65 rﬁL). Aqueous washes were back-extracted with
EtOAc (3 x 70 mL). The combined organic layers were washed with sat aq NaCl (2 x 50 mL)
and dried over Na;SOy. After solvent removal under reduced pressure, the crude residue was
‘{ purified through two silica gel columns (1*: 0%-50% acetone in EtOAc; 2™: 7%-10% MeOH in
- CH;Cl) to afford lactam 260 (5.96 g, 65%) as thick colorless oil.
© 260: R;= 0.43 [EtOAc : acetone = 1 : 1]; 'H NMR (500 MHz, CDCl3) & 1.05 (s, 9 H), 1.25 -
“ 1.32 (m, 3 H), 1.34 — 1.38 (m, 2 H), 1.60 — 1.68 (m, 1 H), 1.82 — 1.89 (m, 4 H), 2.25 (ddd, 1 H, J
- =17.0, 11.0, 6.0 Hz), 2.36 (brd, 1 H, J = 17.0 Hz), 3.26 — 3.30 (m, 1 H), 4.23 (d, 2 H, J = 6.0
:,Hz), 5.36 (dt, 1 H,J = 11.0, 7.5 Hz), 5.63 (dt, 1 H, J = 11.0, 6.0 Hz), 5.90 (brs, 1 H), 7.37 — 7.44
‘(m, 6 H), 7.68 (dd, 4 H, J= 7.5, 1.5 Hz); >C NMR (125 MHz, CDCl3) & 19.3, 19.9, 25.3, 27.0,
‘7.4, 28.4,31.5, 36.5, 53.2, 60.4, 127.8, 129.8, 130.1, 130.2, 134.0, 135.8, 172.7; IR (Film) cm™
219m, 3072m, 2932s, 2858s, 1666s, 1428m, 1111s, 1083s; mass spectrum (APCI): m/e (%
relative intensity) 436 (10) M" + H, 358 (100); m/e caled for CyH3;NO,SiNa (M* + Na)

158.2491, found 458.2489.

fleldrum’s Acid Derivative 259. Route A.

OTBDPS

|

OTBDPS OTBDPS
MeOTf, CH.Cl, Meldrum's acid lo)

.

MeO” SN Ni(acac),, CHCl; O N

H
265 7\0 O 259

To a solution of lactam 260 (2.32 g, 5.33 mmol) in CH,Cl, (20 mL) was added freshly
tilled MeOTf (0.750 mL, 6.62 mmol). The reaction mixture was stirred at ambient

perature for 10 h before the excess solvent was evaporated under reduced pressure. The oily
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residue was treated with cold 5% aq Na,CO; (40 mL), and the resulting mixture was extracted

with CH,Cl, (3 x 30 mL), washed with sat aq NaCl (2 x 40 mL), and dried over Na,SO,.
Removal of the excess solvent gave lactim ether 265 (2.07 g) as colorless oil, which was used for
the next step without further purification.

‘, 265: R;= 0.66 [30% EtOAc in hexanes]; "H NMR (500 MHz, CDCl3) & 1.04 (s,9H),1.06-1.13
(m, 1 H), 1.29 - 1.50 (m, 4 H), 1.53 —1.60 (m, 1 H), 1.67 (ddd, 1 H, J= 13.0, 8.0, 4.0 Hz), 1.74
= 1.80 (m, 1 H), 1.90 (g, 2 H, J = 7.0 Hz), 2.05 (dddd, 1 H, J = 17.5, 9.0, 7.0, 2.0 Hz), 2.12 (ddd,
" 1H,J=17.5,7.0, 4.0 Hz), 3.26 (brs, 1 H), 3.58 (s, 3 H), 4.26 (4, 2 H, J= 6.5 Hz), 5.4 (dt, 1 H,
- J=11.0,7.0 Hz), 5.60 (dt, 1 H, J = 11.0, 6.5 Hz), 7.37 — 7.43 (m, 6'H), 7.69 (dd,4H,J=1.5,
1.5 Hz); C NMR (125 MHz, CDCl;) § 19.4, 19.6, 25.8, 26.4, 27.0,27.9,28.1, 379 518, 55.9,
?60.5, 127.8, 129.3, 129.7, 131.4, 134.2, 135.8, 161.9; IR (Film) cm™ 2928s, 2856s, 1680s,
;1428m, 1231s, 1110s 1086s; m/e calced for CosHygNO,Si (M' + H) 450.2828, found 450.2831.

! To a solution of the above lactim ether 265 (2.07 g, 4.60 mmol) in CHCl; (30 mL) were
cessively added Meldrum’s acid (0.720 g, 5.27 mmol) and Ni(acac), catalyst (ca. 50.0 mg).
', he reaction mixture was refluxed for 18 h under N, atmosphere. Upon solvent removal under
uced pressure, the crude residue was purified by silica gel flash column chromatography
'%-50% EtOAc in hexanes) to give Meldrum’s acid derivative 259 (1.14 g, 38% over 2 steps)
colorless oil.

Ry=0.53 [50% EtOAc in hexanes]; "H NMR (500 MHz, CDCl3) § 1.04 (s, 9 H),1.33-1.42
;2H), 1.43 - 1.58 (m, 3 H), 1.61 — 1.65 (m, 1 H), 1.67 (s, 3 H), 1.68 (s, 3 H), 1.89 — 1.94 (m,
2.96 (ddd, 1 H, J=19.5, 10.0, 6.0 Hz), 3.33 (brd, 1 H, J=19.5 Hz), 3.36 — 3.42 (m, 1 H),
"(d, 2H,J=6.0Hz), 5.39 (dt, 1 H, J=11.0, 7.0 Hz), 5.65 (dt, 1 H, J=11.0, 6.0 Hz), 7.37 —

4 (m, 6 H), 7.69 (dd, 4 H, J= 7.5, 1.5 Hz), 11.66 (brs, 1 H); *C NMR (125 MHz, CDCL) &
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18.2, 19.3, 25.4, 26.3, 26.9, 27.0, 27.1, 27.2, 29.4, 35.8, 53.4, 60.4, 83.1, 102.6, 127.8, 129.8,

130.0, 130.2, 134.0, 135.7, 163.2, 167.8, 174.0; IR (Film) cm™ 3071w, 2928s, 2858s, 1713s;
1657s, 1599s, 1391s, 1331s, 1206m, 1110m; mass spectrum (APCI): m/e (% relative intensity)
= 518 (20) M" — CO, + H, 492 (30), 458 (45), 434 (55), 426 (100); m/e calcd for C33H4;3NOsSiNa

- (M’ +Na) 584.2808, found 584.2830.

" Thioimidate 267.

iy Lawesson's : OTBOPS Mel, KoCO4 OTBOPS
| reagent | acetone |
= N T e MeS” N
- 260 266 267

To a solution of lactam 260 (0.668 g, 1.53 mmol) in THF (10 mL) was added Lawesson’s
teagent (0.470 g, 1.16 mmol), and the resulting mixture was stirred at rt for 1 h. After removal of
the excess solvent under reduced pressure, the pure thiolactam 266 (0.647 g, 93%) was isolated

y silica gel column chromatography (25% EtOAc in hexanes) as thick pale yellow oil.

* Rj= 0.46 [40% EtOAc in hexanes]; '"H NMR (500 MHz, CDCl3) 6 1.04 (s, 9 H), 1.30 - 1.36

88(q, 2 H, J = 6.0 Hz), 2.74 (ddd, 1 H, J = 19.0, 10.5, 6.0 Hz), 2.98 (dt, 1 H, J = 19.0, 4.5

2), 3.24 - 3.30 (m, 1 H), 423 (d, 2 H, J= 6.0 Hz), 5.37 (dtt, 1 H, J = 11.0, 7.5, 1.5 Hz), 5.65
I:l H,J=11.0,6.0, 1.5 Hz), 7.37 — 7.45 (m, 6 H), 7.68 (dd, 4 H, J = 8.0, 1.5 Hz), 7.94 (brs, 1
130 NMR (125 MHz, CDCls) 8 19.4, 19.8, 25.2, 27.0, 27.2, 27.3, 35.6, 39.3, 56.0, 60.4,
129.8, 129.9, 130.4, 134.0, 135.8, 203.5; IR (Film) cm™ 3176m, 3047m, 2930s, 2856s,
.iu 1554s, 1460m, 1109s 1080s; mass spectrum (APCI): m/e (% relative intensity) 452 (80)

'H, 420 (15), 374 (100), 358 (15), 196 (25).

b
m, 3 H), 1.38 — 1.46 (m, 2 H), 1.58 — 1.67 (m, 2 H), 1.80 (dddd, 1 H, J = 15.0, 7.5, 6.0, 4.0 Hz), -
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To a solution of the above thiolactam 266 (1.47 g, 3.26 mmol) in acetone (25 mL) were

successively added powdered K,COs (0.900 g, 6.52 mmol) and CH;l (0.400 mL, 6.42 mmol).
The reaction mixture was stirred at rt for 6 h and then solids were filtered. After solvent removal
under reduced pressure, 10% EtOAc in hexanes (20 mL) was added to the crude residue.
i Precipitate (KI) was filtered off using Celite™ and washed with 10% EtOAc in hexanes (20
mL). Upon concentration of the mother liquor under reduced pressure, thiol ether 267 (1.38 g,
91%) was obtained as pale yellow oil.

“1‘-.267: R;=0.68 [40% EtOAc in hexanes]; "H NMR (500 MHz, CDCl;) & 1.04 (s, 9 H), 1.12-1.20
(m, 1 H), 1.34 - 1.49 (m, 3 H), 1.51 - 1.64 (m, 2 H), 1.70 — 1.78 (m, 2 H), 1.92 (¢, 2 H, J= 7.0
r ), 2.21 —2.26 (m, 2 H), 2.24 (s, 3 H), 3.28 —3.34 (m, 1 H), 4.26 (d, 2 H, J= 6.0 Hz), 5.44 (dt,
: H,J=115,7.0 Hz), 5.61 (dt, 1 H, J=11.5, 6.0 Hz), 7.36 — 7.44 (m, 6 H), 7.69 (dd, 4 H, J =
‘5, 1.5 Hz); >C NMR (125 MHz, CDCl;) & 11.9, 19.4, 19.8, 26.4, 27.0, 271.9.286, 31.6, 37.6,
60.5, 127.8, 129.4, 129.8, 131.4, 134.2, 135.8, 163.9; IR (Film) cm™ 3070w, 2931s, 2857s,
31s, 1472m, 1427m, 1109s 1071s; mass spectrum (APCI): m/e (% relative intensity) 464 (100)

£~ 1,372 (20).

- am’s acid derivative 259. Route B.

OTBDPS L it

Meldrum's acid 0

b I
ar Ni(acac),, CHCIy refux O N

oo,
267 0" 70 259

3 To a solution of the above thiol ether 267 (1.08 g, 2.31 mmol) in CHCI; (20 mL) were
essively added Meldrum’s acid (0.350 g, 2.42 mmol) and Ni(acac), catalyst (ca. 25.0 mg).

?}: tion mixture was refluxed for 6 h under N, atmosphere. Upon solvent removal under
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reduced pressure, the crude residue was purified by silica gel flash column chromatography

(40%-50% EtOAc in hexanes) to give Meldrum’s acid derivative 259 (1.02 g, 79%) as colorless

oil.

- Alcohol 268.

OTBDPS OH
l MeONa, MeOH, reflux

0 N Z N
H H

K 7\0 0o MeO”™ ~O

259 268

To a solution of MeONa prepared by dissolving Na metal (0.420 g, 183 mmol) in anhyd
‘MeOH (15 mL) was added a solution of compound 259 (1.45 g, 2.58 mmol) in MeQH (10 mL).
ie reaction mixture was heated to reflux until complete ring-opening and desilylation was
_'served by TLC analysis (~12 h) as indicated by disappearance of the KMnQOy-active spot with
= 0.80 in 50% EtOAc in hexanes (TBDPS-protected alcohol 268). After cooling the reaction
nixture to rt, MeOH was evaporated and H,O (20 mL) was added to the crude residue, and
sequently, aq HCI (3 M) was also added dropwise to adjust pH to 5-6. The resulting mixture
‘;"»» extracted with CHCl3 (3 x 25 mL), the combined organic layers were washed with sat aq
sl (2 x 25 mL) and dried over Na,SO4. Upon removal of excess solvents under reduced
. e, the crude residue was purified via silica gel flash column chromatorgraphy (20%-60%
¢ in hexanes). Alcohol 268 (0.430 g, 66%) was isolated as colorless oil.

': Rf= 0.34 [50% EtOAc in hexanes]; '"H NMR (500 MHz, CDCl3) § 1.37 (dddd, 1 H, J =
), 11.5, 10.0, 3.5 Hz), 1.47 — 1.63 (m, 5 H), 1.70 (brs, 1 H, OH), 1.75 — 1.81 (m, 1 H), 1.90
L H,J=13.0, 8.5, 4.5 Hz), 2.06 — 2.20 (m, 2 H), 2.33 (q, 2 H, J = 4.5 Hz), 3.24 (sextet,

U= 5.0 Hz), 3.62 (s, 3 H), 4.14 — 4.24 (m, 2 H), 4.37 (5, 1 H), 5.55 (dt, 1 H, J = 11.0, 7.5
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Hz), 5.65 (dtt, 1 H, J = 11.0, 7.0, 1.5 Hz), 8.86 (brs, 1 H); *C NMR (125 MHz, CDCl;) & 19.7,

R 272, 29.4, 29.5, 36.7, 50.1, 51.8,. 58.6, 79.9, 129.5, 132.2, 163.1, 171.4; IR (Film) cm’
3442s, 2924s, 2860s, 1649s; 1604s, 1338m, 1271s, 1241s, 1168s, 1064m; mass spectrum

(APCI): m/e (% relative intensity) 254 (100) M" + H, 236 (15), 222 (15), 196 (50); m/e calcd for

C14H24NO3; (M" + H) 254.1756, found 254.1754.

~ Aldehyde 258.

OH

MnO,, acetone

f —— l

v Z N Z "N
) H H

- Me0”0 268 MeO” ~O 258

To a solution of alcohol 268 (44.4 mg, 0.180 mmol) in acetone (4 mL) was added
» ivated MnO,; (Acros, 88%, 0.350 g, 3.54 mfnol). The reaction mikture was stirred at rt before
>: other portion of MnO, (0.350 g, 3.54 mmol) was added. After which, the reaction mixture was
ed until complete conversion to an aldehyde was observed via TLC analysis. MnO, was

iltered off and the filter cake was washed with acetone (2 x 5 mL). Concentration of the filtrate

lixture (cis/trans = 3 : 1) of isomers.

—;j?j« 0.52 [50% EtOAé in hexanes];

'.cis: 'H NMR (500 MHz, CDCL;) 6 1.38 (dddd, 1 H, J=16.5, 14.5, 12.5, 4.5 Hz), 1.49 — 1.65
v4 H), 1.67 - 1.74 (m, 1 H), 1.76 — 1.84 (m, 1 H), 1.91 (ddd, 1 H, J= 16.5, 10.5, 5.5 Hz), 2.32
'5 (m, 2 H), 2.67 (qd, 2 H, J=9.0, 1.5 Hz), 3.29 (sextet, 1 H, J= 6.0 Hz), 3.62 (s, 3 H), 4.39
H), 3.99 (ddt, 1 H, J=13.5, 10.0, 1.5 Hz), 6.62 (dt, 1 H, J = 13.5, 10.0 Hz), 8.85 (brs, 1 H),

07 (d, 1 H, J = 10.0 Hz).

der reduced pressure provided aldehyde 258 (21.6 mg, 49%) as a yellow oil as inseparable
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258 trans: 'H NMR (500 MHz, CDCl3) & 1.38 (dddd, 1 H, J = 16.5, 14.5, 12.5, 4.5 Hz), 1.49

1.65 (m, 4 H), 1.67 - 1.74 (m, 1 H), 1.76 - 1.84 (m, 1 H), 1.91 (ddd, 1 H, /= 16.5, 10.5, 5.5 Hz),

2.32-2.35 (m, 2 H), 2.67 (qd, 2 H, J= 9.0, 1.5 Hz), 3.29 (sextet, 1 H, J= 6.0 Hz), 3.62 (s, 3 H),

4.39 (s, 1 H), 6.14 (ddt, 1 H, J=19.5, 9.5, 2.0 Hz), 6.85 (dt, 1 H, J = 19.5, 9.0 Hz), 8.85 (brs, 1
H),9.53 (d, 1 H, J = 9.5 Hz); mass spectrum (APCI): m/e (% relative intensity) 252 (100) M* +

" H, 234 (10), 220 (10), 194 (15).

OH ?
| pyr- SOz DMSO l
=z Z "N
N N

- MeO” SO 268 MeO™ ~O 258

| To the pyreSO; complex (0.310 g, 1.95 mmol) were added pyridine (0.160 mL, 2.00
MOI) and DMSO (0.350 mL, 4.93 mmol) successively at rt. The resulting suspension was
sti ed at rt for 15 min, and after which, CH,Cl, (2 mL) was added and the mixture was cooled to
“C. A pre-cooled solution of alcohol 268 (0.244 g, 0.970 mmol), diisopropylethylamine (0.560
; 3.39 mmol), and DMSO (0.350 mL, 4.93 mmol) in CH,Cl, (5 mL) was added to the
. ension over 2 min. The reaction mixture was stirred at 0 °C for 40 min before H,O (5 mL)
; added. After layers were separated, the organic phase was washed once with H,O (5 mL).
he combined aqueous washes were back-extracted with CH,Cl, (2 x 7 mL). The combined
nic phases were washed with 1.5% aq HCI (2 x 7 mL), aq NaHCOs (5 mL), sat aq NaCl (10

, and dried over Na,SO4. Removal of the excess solvent gave aldehyde 258 (210.3 mg, 87%)

yellow oil and as an inseparable mixture (cis/trans = 7 : 1) of isomers. It was used for the next

p without further purification.
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OH IO
(COCl), DMSO I
Z>N ZN\
H H
MeO” ~O 268 MeO” ~O 258

Toa sblution of DMSO (100.0 mL, 1.41 mmol) in CH,Cl, (2 mL) was added an oxalyl
.. chloride solution (2 M in CH,Cl,, 0.350 mL, 0.70 mmol) carefully dropwise at -78 °C. The
reaction mixture was stirred for 20 min before a solution of alcohol 268 (0.103 g, 0.410 mmol) in
‘ CH,Cl, (2 mL) was added dropwise over 10 min. The resulting mixture was stirred for 45 min at
';-'78 °C, and after which, diisopropylethylamine (0.340 mL, 2.06 mmol) was added. The mixture
was kept at this temperature for 15 min before being warmed up to 0 °C and quenched by
dition of H,O (6 mL). The aqueous layers were extracted with CH,Cl, (2 x 7 mL). The
mbined organic layers were washed successively with 1% aq HCI (6 mL), aq NaHCO; (6 mL),
aq NaCl (6 mL), and then dried over Na,SO,. Evaporation of the excess solvent afforded cis

Idehyde 258 (0.102 g, ~ 100%) as a mixture of isomers with respect to the vinylogous amide

louble bond (E/Z=~ 1 : 1),

“ycloadduct 273.

N
N H
e0” "0 258 273

To a solution of freshly prepared aldehyde 258 (77.0 mg, 0.310 mmol) in freshly distilled
:i:,. ¢ (10 mL) under N, atmosphere were added powdered Na,SO; (~ 100.0 mg) and
dlmum trifluoroacetate (30.0 mg, 0.150 mmol). The reaction mixture was stirred at rt for 3

efore the excess solvent was evaporated under reduced pressure [Note: Be sure the
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. evaporation temperature is at rt]. The crude residue was submitted to flash column

-i chromatography using silica gel deactivated with NEt; (2% in EtOAc : hexanes = 9 : 1) eluted
~ with 10% EtOAc in hexanes). Cycloadduct 273 (25.6 mg, 35%) was obtained as very air-
» sensitive yellow oil.

- 273: Ry= 0.28 [10% EtOAc in hexanes, neutral ALO;]; '"H NMR (400 MHz, CDCl;) 6 1.49 —
1'1.59 (m, 1 H), 1.63 —1.74 (m, 6 H), 1.78 - 1.92 (m, 2 H), 1.95 — 2.06 (m, 1 H), 2.79 (dt, 1 H, J =
}’16.8, 6.8 Hz), 3.35 (dt, 1 H, J=16.8, 6.4 Hz), 3.41 - 3.48 (m, 1 H), 3.66 (s, 3 H), 4.01 (ddt, 1 H,
’J= 12.0, 4.0, 2.0 Hz), 4.64 (dd, 1 H, J = 9.2, 2.0 Hz), 6.48 (dd, 1 H, J = 9.2, 2.0 Hz); °C NMR
.125 MHz, CD,Cl) 6 19.1, 19.5, 27.5, 29.9, 30.1,-30.5, 50.5, 52.4, 54.2, 97.8, 110.6, 125.6,
:61.4, 167.7; IR (Film) cm™ 2942m, 2864m, 1676s; 1643s, 1526s, 1499s, 1277s, 1162s, 1110s,
@ls, 1070s; mass spectrum (APCI): m/e (% relative intensity) 234 (100) M* + H, 226 (20),

202 (20); m/e caled for C14HyNO, (M* + H) 234.1494, found 234.1486.

ricycle 274.

0 O “TFA  MeO,C

| N H
| L
N then H/Pd/C !

0”0 258

H
274

To a solution of aldehyde 258 (56.0 mg; 0.220 mmol) in freshly distilled EtOAc (10 mL)
der N, atmosphere were added powdered Na;SO4 (~ 100.0 mg) followed by piperidinium
v‘roacetate (30.0 mg, 0.150 mmol). The reaction mixture was stirred at rt and monitored by
ALO;). After complete consumption of starting material (~ 2 h), 10% Pd/C (20.0 mg) was
,.‘ and the resulting mixture was hydrogenated with an H-balloon for 3 h until the

mediate cycloadduct 273 was not detected via TLC analysis (ALLO3). After filtering off the
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catalyst and Na,SOs, the EtOAc filtrate was evaporated under reduced pressure and the crude

residue was purified using silica gel flash column chromatography deactivated with NEt; (2% in
; EtOAc : hexanes = 9 : 1) (eluent: 10% EtOAc in hexanes) to afford tricycle 274 (20.0 mg, 38%)
1 as yellow oil.

; 274: Ry= 0.37 [10% EtOAc in hexanes, neutral Al 03]; '"H NMR (500 MHz, CDCl;) & 1.40 —
1.82 (m, 12 H), 2.21 (dddd, 1 H, J = 16.0, 13.0, 7.0, 1.5 Hz), 2.49 (dd, 1 H, J = 16.0, 5.5 Hz),
2.68 (tt, 1 H, J=10.5, 4.5 Hz), 3.07 — 3.16 (m, 3 H), 3.64 (s, 3 H); *C NMR (125 MHz, CDCl3)
019.0,21.5,25.4,27.5,29.1,29.5, 31.9, 32.1, 50.6, 53.7, 54.6, 97.8, 159.1, 170.2; IR (Film) cm’
! 2940s, 2863m, 1674s; 1538s, 1433m, 1266s, 1244s, 1222s, 11165, 1087s; mass spectrum
(APCI): m/e (% relative intensity) 236 (100) M" + H, 204 (10); m/e calcd for C14H;,NO, (M +
236.1651, found 236.1642.

ICOCCINELLINE, HIPPODAMINE, COCCINELLINE, AND CONVERGINE.

f’_ ,actam 278.

OTBDPS
1. CHaMgCl b\/\i
I
N o) 2. TBDPSO\/=\/\/MQBI' o) N
H 3. NaBH4CN, AcOH : H
s 278

To a solution of 4-methylglutarimide® 275 (2.90 g, 22.8 mmol) in THF (100 mL) was
"'m CH;MgCI (3 M in THF, 8.00 mL, 24.0 mmol) dropwise at 0 °C. The mixture was allowed
arm up to rt and stirred for 30 min before being cooled back down to 0 °C. A warm solution
A‘-i ignard reagent (35-40 °C to prevent precipitation) in THF (30 mL) prepared from bromide
2 (14.3 g, 34.4 mmol) and Mg (0.920 g, 37.8 mmol) activated with 1,2-dibromoethane (0.150

1.74 mmol) was added via a cannula. The mixture was stirred at rt for 12 h before
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NaBH;CN (1.60 g, 25.5 mmol) and HOAc (4.5 mL) were added successively. After stirring at

ambient temperature for 45 min, it was quenched with sat aq NaHCO; (65 mL). After layers

were separated, the organic phase was washed with additional portions of sat aq NaHCO;

:. solution (65 mL). The combined aqueous washes were back-extracted with EtOAc (3 x 70 mL),
- and the combined organic layers were washed with sat aq Naél (2 x 50 mL) and dried over
Na;SO4. After removal of excess solvents under reduced pressure, the crude residue was purified i
'5 via two silica gel columns (1%: 0%-50% acetone in EtOAc; 2": 7%-10% MeOH in CH,Cl,) to g
 afford lactam 278 (7.44 g, 73%) as thick colorless oil.

}278: Ry=0.40 [EtOAc : acetone = 2 : 1]; '"H NMR (500 MHz, CDCl3) 8 0.97 — 1.01 (m, 1 H),
.99 (d,3 H,J=5.5Hz), 1.05 (s, 9 H), 1.28 — 1.38 (m, 4 H), 1.78 (brd, 1 H, J=13.0 Hz), 1.85 -
f .89 (m, 4 H), 2.40 (dd, 1 H, J = 22.0, 11.0 Hz), 3.27 - 3.32 (m, 1 H), 4.24 (d, 2 H, J= 6.5 Hz),
,34—5.40 (m, 1 H), 5.61 -5.66 (m, 1 H), 6.10 (brs, 1 H) 7.38 — 7.45 (m, 6 H), 7.69 (d, 4 H, J =
“‘" Hz); "C NMR (125 MHz, CDCL) 6 19.3, 21.7, 25.1, 27.0, 27.4, 27.6, 36.6, 37.4, 39.8, 53.1,
.4, 127.8, 129.8, 130.1, 130.2, 134.0, 135.8, 173.0; IR (Film) cm™ 3219m, 2929s, 2856m,
1458m, 1241s, 1108s; mass spectrum (APCI): m/e (% relative intensity) 448 (25) M" — H,

; (100); m/e calcd for C,3H3oNO,SiNa (M" + Na) 472.2648, found 472.2650.

G

eldrum’s Acid Derivative 280.

b OTBDPS OTBDPS OTBDPS
’ MeOTf /L/'j\/\i Meldrum's acid
4‘ CH20I2 MeO N|(acac)2 CHCI:,

» reflux

278

O O 280 MeO O
281: P = TBDPS

To a solution of lactam 278 (3.23 g, 7.18 mmol) in CH,Cl, (28 mL) was added freshly

lled MeOTf (1.00 mL, 8.84 mmol). The mixture was stirred at rt for 8 h before the excess

g
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solvent was evaporated under reduced pressure. The oily crude residue was treated with cold 5%

aq Na,COs (50 mL), and the resulting mixture was extracted with CH,Cl, (3 x 40 mL), washed
,_ with sat aq NaCl (2 x 50 mL), and dried over MgSO,4. Removal of the excess solvent under
~ reduced pressure gave lactim ether 279 (2.96 g, 89% crude) as colorless oil, which was used for
- the next step without further purification.

: '279: Ry= 0.73 [30% EtOAc in hexanes]; 'H NMR (300 MHz, CDCl3) $ 0.70 (g, 1 H, J = 12.0
Hz), 0.96 (d, 3 H, J = 6.0 Hz), 1.05 (s, 9 H), 1.26 — 1.52 (m, 4 H), 1.57 - 1.77 (m, 3 H), 1.91 (q,
>. 2H,J=6.9Hz),2.21 (dd, 1 H,J = 16.5, 5.1 Hz), 3.27 (brs, 1 H), 3.60 (s, 3 H), 4.26 (d,2 H, J=
1_6.3 Hz), 5.45 (dtt, 1 H, J = 11.1, 7.2, 1.5 Hz), 5.61 (dtt, 1 H, J = 11.1, 6.3, 1.5 Hz), 7.37 — 7.44
:'f(m, 6H),7.70 (dd, 4 H, J=17.5, 2.1 Hz).

' To a solution of the above lactim ether 279 (2.96 g, 6.38 mmol) in CHCI; (45 mL, freshly
distilled over CaH, to remove any traces of EtOH stabilizer) were added Meldrum’s acid (0.920
6.38 mmol) and Ni(acac), catalyst (ca. 50.0 mg). The mixture was refluxed for 24 h under N,

atmosphere. After removal of the excess solvent under reduced pressure, the crude residue was

ed by silica gel flash column chromatography (20-60% EtOAc in hexanes) to give
acid derivative 280 (0.600 g, 16%) and urethane 281 (0.440 g, 14%) as colorless oils.
80: R;= 0.57 [50% EtOAc in hexanes]; 'H NMR (500 MHz, CDCl3) 6 1.02 (q, 1 H, J = 12.5
1.04 (s, 9 H), 1.07 (d, 3 H, J = 6.5 Hz), 1.34 — 1.42 (m, 1 H), 1.46 — 1.53 (m, 3 H), 1.67 (s,
.‘5" 1.68 (S, 3H),1.74 - 1.81 (m, 1 H), 1.87 (brd, 1 H, J = 13.0 Hz), 1.92 (q, 2 H, J = 6.5 Hz),
9(dd, 1 H, /= 19.5, 12.0 Hz), 3.42 (sextet, 1 H, J = 5.5 Hz), 3.5 (dd, 1 H, J=19.5, 3.5 Hz),
(d, = 5.5 Hz), 5.39 (dt, 1 H,J=11.0, 7.5 Hz), 5.65 (dt, 1 H, J=11.0, 5.5 Hz), 7.36 -

4 (m, 6 H), 7.69 (dd, 4 H, J = 7.5, 1.5 Hz), 11.66 (brs, 1 H); °C NMR (125 MHz, CDCl;) &
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19.3, 21.8, 25.1, 26.0, 27.0, 27.1, 27.2, 35.8, 36.0, 37.4, 54.3, 60.3, 82.9, 102.5, 127.8, 129.8,

130.0, 130.2, 134.0, 135.7, 163.0, 167.8, 173.5.

281: R;= 0.50 [20% EtOAc in hexanes]; 'H NMR (500 MHz, CDCl;) § 0.95 (q, 1 H, J=11.5
._ Hz), 0.96 (d, 3 H, J = 6.5 Hz), 1.04 (s, 9 H), 1.34 — 1.46 (m, 4 H), 1.67 — 1.75 (m, 1 H), 1.78
(brd, 1 H, J=13.0 Hz), 1.89 (q, 2 H, J= 6.5 Hz) 1.96 (dd, 1 H, J = 16.5, 12.0 Hz), 2.27 (ddd, 1
j H,J=16.5,4.5,2.5Hz),3.17-3.23 (m, 1 H), 3.61 (s, 3 H), 4.24 (d, 2 H, J= 5.5 Hz), 4.35 (s, |
»- H), 5.37 - 5.42 (m, 1 H), 5.60 — 5.65 (m, 1 H), 7.36 — 7.42 (m, 6 H), 7.68 (dd, 4 H, J=8.0, 1.5
,JHz), 8.72 (brs, 1 H); "C NMR (125 MHz, CDCl3) & 19.4, 22.0, 25.4, 27.0, 27.2, 21.5, 36.9, 38.0,
1384, 50.1, 52.9, 60.4, 79.9, 127.8, 129.8, 129.9, 130.5, 134.1, 135.8, 162.6, 171.3; IR (Film) cm’
= 2927s, 2855s, 1649s; 1602s, 1427m, 1239s, 1168s, 1109s; mass spectrum (APCI): m/e (%
relative intensity) 506 (IO)IM+ + H, 504 (15) M - H, 279 (100), 184 (60); m/e caled for

CyiHisNO;SiNa (M* + Na) 528.2910, found 528.2926.

pmobenzoate 282.

OTBDPS OJ\@\
1. TBAF o Br

N 2. p-bromobenzoyl chloride, DMAP -

o N
H #\ H
B ao 0" "0 a8

To a solution of compound 280 (118.6 mg, 0.210 mmol) in CH,Cl, (3 mL) was added

S
O

AF (1 M in THF, 0.500 mL, 0.500 mmol), and the resulting mixture was stirred at rt for 2 h.
which, the excess solvent was removed under reduced pressure and the crude residue was
ified on short silica gel column (EtOAc). The resulting allyl alcohol (0.0630 g, 0.190 mmol)

ickly dissolved in CH,Cl, (2 mL) and treated with DMAP (28.0 mg, 0.230 mmol) and p-
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] bromonenzoyl chloride (50.0 mg, 0.230 mmol). The reaction mixture was stirred at rt overnight,

} and after which, the excess solvent was removed under reduced pressure, and the crude residue
-‘ was purified by silica gel column chromatography (60% EtOAc in hexanes) to yield
, - bromobenzoate 282 (94.0 mg, 90% over two steps) as colorless solid.

282 Ry=0.39 [50% EtOAc in hexanes]; mp = 79 — 82 °C; '"H NMR (500 MHz, CDCl;) & 1.07
(g, 1 H,J = 12.0 Hz), 1.08 (d, 3 H, J = 6.5 Hz), 1.50 — 1.58 (m, 1 H), 1.62 — 1.66 (m, 3 H), 1.67
(8,3 H), 1.69 (s, 3 H), 1.79 — 1.85 (m, 1 H), 1.92 (brd, 1 H, J = 11.5 Hz), 2.25 (q,2H,J=6.5
?’Hz), 2.43 (dd, 1 H,J=19.5, 6.0 Hz), 3.48 —3.55 (m, 1 H), 3.57 (ddd, 1 H, J=19.5, 5.0, 1.5 Hz),
i4.86 (d,2 H, J= 6.0 Hz), 5.66v —5.74 (m,2 H), 7.58 (d,2 H,J=8.5Hz), 7.90 (d, 2 H, J= 8.5
Hz), 11.73 (brs, 1 H); °C NMR (125 MHz, CDCl3) 6 21.9, 25.2, 26.08, 26.12, 27.2, 27.4, 36.0,
.’.1, 37.5,54.3, 61.1, 83.0, 102.6, 124.4, 128.3, 129.3, 131.4, 132.0, 134.8, 163.1, 166.0, 167.9,
.‘73.7; mass spectrum (APCI): m/e (% relative intensity) 520 (100), 518 (100) M* — H, 418 (10),
416 (10).

thiol Ether 283.

k- OTBDPS OTBDPS OTBDPS
' I Lawesson's reagent b\/\ﬁ BrCH,CO.Me b\/\j
Ay s KoCOs SN

s

s6 I\COQMe 283

Lawesson’s reagent (5.30 g, 13.1 mmol) was added to a solution of lactam 278 (7.82 g,
"f_:‘ mmol) in THF (100 mL), and the resulting mixture was stirred at rt for 1 h. After removal of
excess solvent under reduced pressure, the pure thiolactam S6 (7.26 g, 90%) was obtained via

";_»- gel flash column chromatography (30% EtOAc in hexanes) as thick pale yellow oil.
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86: Rr= 0.24 [20% EtOAc in hexanes]; 'H NMR (500 MHz, CDCl3) 8 0.98 (d, 3 H, J = 6.5 Hz),

0.98 - 1.02 (m, 1 H), 1.05 (s, 9 H), 1.30 — 1.36 (m, 2 H), 1.39 — 1.46 (m, 2 H), 1.81 — 1.92 (m, 4
H),2.29 (dd, 1 H, J = 18.5, 12.0 Hz), 3.09 (ddd, 1 H, J = 18.5, 4.5, 2.5 Hz), 3.29 — 3.34 (m, 1
t H); 424 (d, 2 H, J= 6.5 Hz), 5.34 — 5.39 (m, 1 H), 5:63 — 5.68 (m, 1 H), 7.38 — 7.44 (m, 6 H),
7.69 (dd, 4 H, J = 8.0, 1.5 Hz), 7.92 (brs, 1 H); *C NMR (125 MHz, CDCl) 8 19.4, 21.2, 25.0,
,. 26.0, 27.3, 27.4, 35.7, 36.1, 47.7, 56.6, 60.4, 127.9, 129.8, 129.9, 130.4, 134.0, 135.8, 203.1;
1 fnass spectrum (APCI): m/e (% relatiye intensity) 466 (95) M" + H, 388 (100), 210 (30).

| To a solution of the above thiolactam S6 (7.26 g, 15.6 mmol) in acetone (100 mL) were
isuccessively added powdered K,COj3 (4.30 g, 31.1 mmol) and methyl a-bromo acetate (1.70 mL,
::18.4 mmol). The reaction mixture was stirred at rt for 12 h, and after which, the solids were
P tered off. After removal of the excess solvent under reduced pressure, thiol ether 283 (8.27 g,
“00%) was obtained as yellow oil.

J_“J : Rr= 0.44 [20% EtOAc in hexanes]; '"H NMR (500 MHz, CDCl3) § 0.77 (9, 1H,J=12.0
h), 0.92 (d, 3 H, J = 6.5 Hz), 1.06 (s, 9 H), 1.33 — 1.41 (m, 3 H), 1.51 — 1.59 (m, 1 H), 1.67
‘ 1 H,J=12.5 Hz), 1.72 - 1.79 (m, 1 H), 1.83 (ddd, 1 H, J=17.0, 11.5, 3.0 Hz), 1.91 (q, 2
';.J= 6.5 Hz), 2.33 (dd, 1 H, J = 17.0, 10.0 Hz), 3.26 (brs, 1 H), 3.62 (d, 1 H, J= 16.0 Hz), 3.65
"3 H),3.71 (d, 1 H,J=16.0 Hz), 426 (d,2 H,J=5.5 Hz), 5.41 — 5.46 (m, 1 H), 5.59 — 5.64
1 H), 7.36 — 7.43 (m, 6 H), 7.69 (dd, 4 H, J = 8.0, 1.5 Hz); C NMR (125 MHz, CDCL3) &
1‘_ BRS26.0, 27.0, 27.4, 27.7, 31.4, 37.6, 37.9, 39.6, 52.4, 60.5, 60.6, 127.8, 129.3, 129.7,
3, 134.1, 135.7, 161.4, 170.6; IR (Film) cm™ 2928s, 2856s, 1741s; 1637s, 1423m, 1293s,
f: 1059s; mass spectrum (APCI): m/e (% relative intensity) 538 (100) M* + H, 506 (10), 372

); mle caled for C3HyNO3SSi (M + H) 538.2811, found 538.2807.
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Urethane 281.
1 OTBDPS OTBDPS OTBDPS
: /(5\/\5 NEty/DBU,PPh, :
3 | | | |
B s N CHCN 7~ N S” N
CO,Me 283 MeO” YO 281 L<o 284

A mixture of thiol ether 283 (0.983 g, 1.82 mmol), PPh; (600.0 mg, 2.29 mmol),
:- triethylamine (50.0 mL, 0.360 mmol), and DBU (0.100 mL, 0.660 mmol) in CH;CN (5 mL) was
refluxed for 48 h. After removal of the excess solvent under reduced pressure, a solvent mixture
I of EtOAc/hexanes (1 : 1, 5 mL) was added to the crude residue and the resulting precipitate
-‘(S=PPh3) was filtered off. After concentration of the filtrate under reduced pressure, the crude
residue was subjected to silica gel column chromatography (5-20% EtOAc in hexanes) to give
urethane 281 (0.640 g, 69%) and thiazolidinone 284 (~ 70.0 mg, 7%) as colorless oils.

4: 7= 0.32 [20% EtOAc in hexanes]; "H NMR (500 MHz, CDCls) § 1.04 (s, 9H), 1.09(d, 3
J =175 Hz), 1.26 — 1.42 (m, 3 H), 1.50 — 1.58 (m, 1 H), 1.71 (brd, 1 H, J = 15.0 Hz), 1.82 —
1.91 (m, 3 H),2.38 —2.44 (m, 1 H) 3.64 (d, 1 H, J= 16.0 Hz), 3.70‘.(d, 1H,J=16.0Hz),4.13 -
8 (m, 1 H),4.23 (d,2 H, J=6.5 Hz), 4.81 (d, 1 H, J= 5.0 Hz), 5.39 (dtt, 1 H, J=11.0, 7.5,
Hz),5.61 (dt, 1 H, J=11.0, 6.5 Hz), 7.36 — 7.44 (m, 6 H), 7.69 (dd, 4 H, J = 8.0, 1.5 Hz); *C
IMR (125 MHz, CDCl3) & 19.3, 22.8, 26.4, 27.0, 27.41, 27.43, 30.0, 32.1, 32.3, 51.9, 60.4,

‘;.1, 127.9, 129.8, 130.0, 130.6, 133.6, 134.1, 135.9, 169.9.

.
OTBDPS OTBDPS
PPhy, DIPEA

CH4CN 2N
OMe 283 MeO” YO 281
l

. A mixture of thiol ether 283 (8.37 g, 15.6 mmol), PPh; (5.30 g, 20.2 mmol), and

: opylethylamine (1.00 mL, 6.06 mmol) in CH;CN (85 mL) was heated in a sealed tube at




155
100 °C for 60 h. After evaporating the excess solvent under reduced pressure, a solvent mixture ;

- of EtOAc/hexanes (1 : 1, 50 mL) was added to the crude residue and the resulting precipitate
- (S=PPhs) was filtered off. After concentration of the filtrate under reduced pressure, the crude

~ residue was subjected to silica gel flash column chromatography (5-10% EtOAc in hexanes) to

i

- give urethane 281 (7.50 g, 95%) as colorless oil.

Aldehyde 286. &
OTBDPS

TBAF || Pyr-S0s,DMSO.

0] 281 MeO” SO 235 MeO” SO 286

To a solution of urethane 281 (7.50 g, 14.8 mmol) in THF (80 mL) TBAF (1 M in THF,
20.0 mL, 20.0 mmol) was added, and the resulting mixture was stirred at ambient temperature 1
I h. After which, the excess solvent was remoyed under reduced pressure and the crude
"due was purified on a short silica gel column (20-60% EtOAc in hexanes). Alcohol 285 (3.79
'96%) was isolated as colorless oil.

Ry= 0.44 [60% EtOAc in hexanes]; '"H NMR (500 MHz, CDCls)  0.98 (d, 3 H, J = 6.5
2),1.02 (g, 1 H, J=12.5 Hz), 1.48 — 1.53 (m, 3 H), 1.54 — 1.60 (m, 1 H), 1.65 (t, OH, J= 6.0
32 1.73 - 1.79 (m, 1 H), 1.84 (brd, 1 H, J=13.0 Hz) 1.99 (dd, 1 H, J= 16.0, 12.0 Hz), 2.08 —
';?j (m, 2 H), 2.30 (ddd, 1 H, J = 16.0, 4.5, 2.0 Hz), 3.27 - 3.31 (m, 1 H), 3.62 (s, 3 H), 4.14 —
4 (m, 2 H), 4.36 (s, 1 H), 5;52 — 5.57 (m, 1 H), 5.62 — 5.68 (m, 1 H), 8.84 (brs, 1 H); °C

":‘ﬁ- (100 MHz, CDCls) & 22.0, 25.6, 27.2, 27.3, 36.8, 37.9, 38.5, 50.2, 52.7, 58.6, 80.0, 129.4,

,' 162.8, 171.5; IR (Film) cm™ 3394s, 2924m, 2854m, 1635s; 1597s, 1457m, 1297s; 1239s,
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1168s, 1043s; mass spectrum (APCI): m/e (% relative intensity) 268 (100) M" + H, 236 (10),

~ 210 (40); m/e calcd for C1sHysNO;Na (M + Na) 290.1732, found 290.1715.

| To the pyrsSO; complex (4.50 g, 28.3 mmol) were added pyridine (2.30 mL, 28.7 mmol)
‘. ‘and DMSO (5.00 mL, 70.4 mmol) successively at rt. The resulting suspension was stirred at rt
3 for 15 min, and after which, CH,Cl, (20 mL) was added and mixture was cooled down to 0 °C. A
j_pre-cooled solution of alcohol 285 (3.74 g, 14.0 mmol), diisopropylethylamine (8.00 mL, 48.5
;mmol), and DMSO (5.00 mL, 70.4 mmol) in CH,Cl, (80 mL) was added to suspension over 10
The reaction mixture was stirred at 0 °C for 40 min before H,0 (50 mL) was added. After
‘arating the layers, the organic phase was washed once with HO (50 mL). The combined
eous layers were back-extracted with CH,Cl, (2 x 50 mL). The combined organic phases
were washed with 1.5% aq HCI (1 x 100 mL, 1 x 50 mL), sat aq NaHCOs (50 mL), sat aq NaCl
00 mL) and dried over Na;SO,. Removal of the éxcess solvent under reduced pressure gave
‘ 286 (3.19 g, 86%) as yellow oil, which was used for the next step without further
cation.

Ry= 0.56 [60% EtOAc in hexanes]; '"H NMR (500 MHz, CDCl;) & 0.99 d,3H,J=6.5
4 1.03 (g, 1 H, J = 12.5 Hz), 1.53 — 1.65 (m, 3 H), 1.69 — 1.79 (m, 2 H), 1.85 (dd, 1 H, J =
.0,2.5 Hz) 1.99 (dd, 1 H, J=16.5, 12.0 Hz), 2.30 (ddd, 1 H, J = 16.5, 4.5, 2.0 Hz), 2.66 (qd, 2
‘=7.5, 1.5 Hz), 3.31 - 3.35 (m, 1 H), 3.62 (s, 3 H), 4.38 (s, 1 H), 5.99 (ddd, 1 H, J = 11.0,
,.1‘5 Hz), 6.61 (dt, 1 H, J = 11.0, 7.5 Hz), 8.83 (brs, 1 H), 10.07 (d, 1 H, J = 8.0 Hz); °C
(100 MHz, CDCl3) § 22.0, 25.1, 27.2, 28.1, 36.8, 37.9, 38.3, 50.2, 52.7, 80.3, 130.7, 152.3,
171.4, 190.9; IR (Film) cm™ 2947m, 2854m, 1679s; 1644s, 1598s, 1499m, 1297s, 1238s,
1044s; mass spéctrum (APCI): m/e (% relative intensity) 266 (100) M" + H, 248 (10),

(15), 208 (5); m/e calcd for C;sHpsNO; (M* + H) 266.1756, found 266.1753.
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~ Cycloadduct 287.

(0]
| ﬁ H
| gl i S
Z N |
N :

- MeO” ~O 286 287

To a solution of aldehyde 286 (95.7 mg, 0.360 mmol) in freshly distilled EtOAc (10 mL)
'_.under N, atmosphere were added powdered Na;SOs (~ 100.0 mg) and piperidinium
Iiiriﬂuoroacetate (38.0 mg, 0.190 mmol). The mixture was stirred at rt for 3 h before the excess
;solvent was removed under reduced pressure [Note: Be sure the evaporation temperature is at rt].

he crude residue was submitted to flash silica gel column chromatography with NEt;-

deactivated (2% in EtOAc : hexanes = 9 : 1) silica gel (eluent: 10% EtOAc in hexanes).
Cycloadduct 287 (45.6 mg, 51%) was obtained as air-sensitive yellow oil, which slowly
lidifies upon keeping under a high vacuum. -

:',7: R;=0.38 [10% EtOAc in hexanes, neutral Al;Os]; mp = 48 — 50 °C; '"H NMR (500 MHz,
f!@‘ 13)61.00(d,3H,J=7.0 Hz), 1.17(q, 1 H,J=12.0 Hz), 1.58 — 1.78 (m, 5 H), 1.83 (dtd, 1
1J= 13.0, 4.0, 2.5 Hz), 1.88 — 1.94 (m, 1 H), 2.02 - 2.11 (m, 1 H), 2.46 (dd, 1 H, J = 17.0, 6.0,
3.25 (ddd, 1 H, J = 17.0, 4.5, 2.5 Hz), 3.37 (tt, 1 H, J = 11.0, 3.5 Hz), 3.67 (s, 3 H), 4.01
dt, 1 H,J=115,3.5,2.0 Hz), 4.61 (dd, 1 H, J = 9.0, 2.0 Hz), 6.51 (dd, 1 H, J = 9.0, 2.0 Hz);
(125 MHz, CDCl3) 6 18.6, 22.4, 26.6, 29.5, 30.3, 36.3, 39.7, 50.5, 53.0, 54.0, 98.6,
125.7, 159.7, 167.7; IR (Film) cm™ 2945m, 16715; 1638s, 1494s, 1277s, 1238s, 1126s,
'_s, 1041s; mass spectrum (APCI): m/e (% relative intensity) 248 (100) M" + H, 216 (20); m/e

d for C1sH,NO, (M" + H) 248.1651, found 248.1643.
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Tricycle 288.
0 O-TFA MeO,C
| N H
| H
z N then Hy/Pd(OH), X
A
MeO” ~O 286 288

To solution of aldehyde 286 (2.77 g, 10.4 mmol) in freshly distilled EtOAc (240 mL)
A‘ under N, atmosphere were added powdered Na,SO4 (~ 1.00 g) and piperidinium trifluoroacetate
(1.00 g, 5.02 mmol). The reaction mixture was stirred at rt and monitored by TLC (Al,O3). After
- complete consumption of the starting material with ~ 2 h, 20% Pd(OH),/C (1.50 g) was added
- and the resulting mixture was hydrogenated with a H,-balloon for 3 h until the intermediate
__'x':ycloadduct 287 was no longer detectable by TLC analysis (Al;03). After filtering off the
_: alyst and Na,SOys, the EtOAc filtrate was concentrated under reduced pressure, and the crude
esidue was purified via flash column chromatography using NEt; deactivated (2% in EtOAc :
anes = 9 : 1) silica gel (eluent: 10% EtOAc in hexanes) to afford tricycle 288 (1.10 g, 43%)
S S'ellow oil.

1'5 : Rr= 0.49 [10% EtOAc in hexanes, neutral Al,O;]; 'H NMR (500 MHz, CDCl3) & 0.96 (d, 3
E_J= 6.5 Hz), 1.12 (q, 1 H, J=12.0 Hz), 1.43 (ddd, 1 H, J = 24.0, 11.5, 6.5 Hz), 1.49 — 1.67
n, 5 H), 1.69 — 1.85 (m, 4 H), 2.02 (t, 1 H, J=15.5 Hz), 2.20 (dddd, 1 H, J=16.5, 12.5, 7.5, 2.5
251 (dd, 1 H, J = 16.5, 5.5, Hz), 3.01 — 3.09 (m, 2 H), 3.37 (ddd, 1 H, J = 15.5, 4.0, 2.5
IA‘3.65 (s, 3 H); "H NMR (400 MHz, toluene-ds)  0.83 (d, 3 H, J= 6.4 Hz), 0.88 (q, | H,J =
‘ 1.04 — 1.52 (m, 10 H), 2.06 (tt, 1 H, J = 14.8, 2.4 Hz), 2.28 (dddd, 1 H, J = 16.8, 12.8,
, @WHz), 2.54 (tt, 1 H,J=11.2,3.2 Hz),2.71 (dd, 1 H, J = 16.8, 5.6 Hz), 2.75 — 2.79 (m, 1
3.59 (s, 3 H), 3.77 (ddd, 1 H, J = 14.8, 4.4, 2.4 Hz);"”C NMR (125 MHz, CDCls) 8 19.1,

£25.8, 27.0,28.9, 29.6, 32.4, 37.7, 41.1, 50.7, 54.3, 54.8,98.9, 158.4, 170.2; IR (Film) cm™
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2939m, 1672s; 1533s, 1430m, 1230s, 1179s, 1122s, 1084s; mass spectrum (APCI): m/e (%

relative intensity) 250 (100) M" + H, 218 (10); m/e calcd for C;sH23sNO,Na (M* + Na) 272.1626,

found 272.1617.

- Esters 297 and 298. Hydrogenation of 288.

r M6020 M9020 MeOZC/,'
+

H H H
288 297 298
2 : 1

Adams catalyst (0.4 g) was hydrogenated in MeOH (10 mL) until formation of black
4 _;Sponge was completed (~30 min). Solution of urethane 288 (0.95 g, 3.81 mmol) in MeOH (30
‘mL) was added via canula. Mixture was hydrogenated with H, balloon until complete
,nsumption of starting material (~3 h). Catalyst was filtered, washed with MeOH (10 mL) and
mother liquor was concentrated to afford diastereomeric mixture of esters 297 and 298 (0.934 g,
98%, dr: 2 : 1 =297 : 298) as pale yellow oil .

197: Rr=0.29 [2 x 10% EtOAc in hexanes, neutral ALO3]; "H NMR (500 MHz, CDCly):  0.90
»_.92 (m, 1 H), 1.05 (d, 3 H, J = 6.5 Hz), 1.05 (brd, 1 H, J = 13.5 Hz), 1.10 — 1.21 (m, 2 H),
3 (g, 1 H, J =12.5 Hz), 1.47 — 1.54 (m, 3 H), 1.56 — 1.68 (m, 5 H), 1.70 — 1.77 (m, 1 H), 1.81
I-‘,‘88 (m, 1 H), 2.72 (t, 1 H, J =11.0 Hz), 2.86 (dt, 1 H, J = 12.5, 4.5 Hz), 3.00 (brd, 1 H, J =
20 Hz), 3.29 (ddd, 1 H, J = 12.5, 4.5, 2.5 Hz) 3.67 (s, 3 H); 13C.NMR (125 MHz, CDCl;):
_, 21.5,22.8,27.2,31.2, 31.4, 32.4, 33.6, 34.5, 46.4, 47.7, 51.8, 58.5, 59.7, 174.5; IR (Film,
) 2944s, 2864m, 2574m, 1726s, 1456m, 1377m, 1218s, 1197s, 1181s, 1044m; mass

ctrum (APCI): m/z (% rel intensity) 252 (100) M" + H.
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298: Ry = 0.40 [2 x 10% EtOAc in hexanes, neutral ALO;3]; Ry= 0.37 [0.5% CH,Cl, in MeOH,

neutral Al,03]; "H NMR (500 MHz, CDCl3): 6 0.71 (q, 1 H, J =12.0 Hz), 0.77 (d, 3 H, J=6.5
.! Hz), 0.89 — 0.98 (m, 2 H), 1.22 - 1.32 (m, 1 H), 1.41 — 1.50 (m, 5 H), 1.52 (dt, 1 H, J = 11.0, 1.5
| Hz), 1.65 (tdd 1 H, J = 13.5, 5.5, 4.5 Hz), 1.74 (tt, 1 H, J = 13.5, 5.5 Hz), 1.81 (ddt, 1 H, J =
' 13.5, 4.0, 2.0 Hz), 2.03 (brd, 1 H, J = 13.5 Hz), 2.23 (t, 1H,J=55Hz),2.46 (qd, 1 H, J = 13.5,
e z), 2.91 (dd, 1 H,J =13.5, 5.5 Hz),3.02 (t, 1 H,J = 11.0, 2.5 Hz), 3.21 (t, 1 H, J = 5.5
" Hz), 3.58 (s, 3 H); >C NMR (125 MHz, CDCls): 19.9, 20.1, 22.8, 26.0, 29.0, 32.0, 35.0, 37.9,
l 40.9, 43.1, 48.7, 51.6, 58.4, 59.1, 178.8; IR (Film) cm™ 2923s, 2861m, 1730s, 1445m, 1381m,
1 1195ss, 1156s, 1086s; mass spectrum (APCI): m/z (% rel intensity) 252 (100) M" + H; m/e calcd
for CisHa6NO, (M + H) 252.1964, found 252.1964.

The picrate salt of 298: mp = 163 — 165 °C; '"H NMR (400 MHz, CDCl;): 0.92 (d,3 H, J = 6.4
H ), 143 — 1.49 (m, 1 H), 1.52 (dd, 1 H, J = 13.2, 3.2 Hz), 1.65 — 1.90 (m, 9 H), 1.94 (dd,-l H,J
=13.2, 4.4 Hz), 2.02 - 2.10 (m, 1 H), 2.13 (brd, 1 H, J = 14.4 Hz), 2.74 (qd, 1 H, J = 13.2, 3.6
Hz), 2.85 (t, 1 H, J = 6.0 Hz), 3.70 (brd, 1 H, J = 16.4 Hz), 3.75 (s, 3 H), 3.86 —3.90 (m, 1 H),

194 (t, 1 H, J = 6.0 Hz), 8.90 (s, 2 H), 9.71 (brs, 1 H).

‘,:~ 299. Selective Hydrolysis.

MeO,C,, HO,C MeO,C,,
- + —_— 9%

9 | | MeOH | |
: H H A H
297 299 298

298
2 : 1

A crude mixture of esters 297 and 298 (0.183 g, 0.73 mmol) was dissolved in MeOH (10

:'gu KOH (1.7 M in H,0, 4 mL, 6.80 mmol) was added. Reaction was stirred at ambient

ature and monitored by TLC (ALO;). After complete disappearance of equatorial ester
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297 (~6 h) MeOH was evaporated and H,O (4 mL) was added. The unreacted axial ester 298 was

extracted with CH,Cl, (3 x 7 mL), and the combined organics were washed with sat aqg NaCl (8
mL) and dried over Na;SOq. To isolate acid 299, the aqueous phase was acidified with 1 A HCI
» until pH = 3 - 4, and after which, it was saturated with solid NaCl. Product was extracted with
- CHCI; (5 x 15 mL), and the combined organics were washed with sat aqg NaCl (15 mL) and dried
over Na;SO4. Removal of the solvent under reduced pressure afforded acid 299 (0.0851 g, 49%)
s colorless solid along with the recovered ester 298 (0.0626 g, 39%) as pale yellow oily solid,
L:which could be further purified by column chromatography on neutral alumina gel (1% MeOH in
l-CH2C12).

299: mp = >250 °C; '"H NMR (500 MHz, CD;0D): 6 1.07 (d, 3 H, J = 5.5 Hz), 1.52 — 2.00 (m,
14 H), 2.07 (tt, 1 H, J = 14.0, 5.0 Hz), 3.09 (dt, 1 H, J=13.0, 4.0 Hz), 3.61 — 3.65 (m, 1 H), 3.70
. J =12.0, 3.0 Hz), 3.84 (tt, 1 H, J =13.0, 4.0 Hz); >C NMR (125 MHz, CD;0D): 18.6,
.8, 21.6, 28.3, 29.9, 31.2, 31.6, 32.1, 32.4, 45.2, 52.6, 62.1, 62.3, 173.4; IR (Film, cm™):
923s, 2866m, 2574m, 1735s, 1443m, 1366m, 1237m 1172s, 1132s; mass spectrum (APCI): m/z
% rel intensity) 237 (100) M + H; mle calcd for C14H4NO, (M" + H) 238.1807, found

38.1809.

~ To solution of ester 298 (0.1665 g, 0.66 mmol) in THF (10 mL) at -78 °C was added

D S (0.5 M in toluene, 4.00 mL, 2.00 mmol). Reaction was stirred at this temperature for 15
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~ min and was allowed to warm up to 0 °C and stirred for another 2 h until complete conversion

was observed by TLC. The reaction was quenched by addition of MeOH (1.5 mL). Solvents
v, were removed under reduced pressure, and H,O (7 mL) was added and product was extracted
with CHZCIZ (3 x 8 mL). Combined organics were washed with sat aq NaCl (6 mL) and dried
"_ over Na;SO4. Removal of the solvent afforded ester 300 (0.142 g, 86%) as pale yellow oil, which
- was used for the next step without further purification.

- 300: R;= 0.49 [0.5% CH,Cl, in MeOH, neutral ALOs]; 'H NMR (400 MHz, CDCls): 8 0.83 (g, 1
:H,J =11.2 Hz), 0.84 (d, 3 H, J = 6.4 Hz), 1.05 — 1.19 (m, 2 H), 1.32 — 1.60 (m, 7 H), 1.64 —
1.72 (m, 1 H), 1.75 - 1.88 (m, 2 H), 1.92 (qd, 1 H, J = 12.8, 3.6 Hz), 2.04 (ddd, 1 H, J = 11.6,
".4, 3.6 Hz), 2.76 (tt, 1 H, J=11.2, 2.8 Hz), 2.88 (td, 1 H, J=11.2, 3.6 Hz), 3.03 — 3.07 (m, 1
H),3.12 (ddd, 1 H, J =11.2, 6.0, 2.0 Hz), 3.67 (s, 3 H); °C NMR (100 MHz, CDCl;): 19.7, 21.3,
22.6,25.7,29.7, 31.2, 34.8, 37.5, 38.5, 43.3, 48.8, 51.6, 57.8, 60.7, 176.5; IR (Film) cm™ 2926s,
:5m, 1730s, 1455m, 1366m, 1320s, 1253m, 1161s, 1108s; mass spectrum (APCI): m/z (% rel
;f-- ity) 252 (100) M" + H, 219 (20); m/e calcd for C;sHpNO, (M" + H) 252.1964, found

52.1975.

Cl d 301.
HOLC
P H H  KoH H H
Bl | MeOH |
B q A
300 301

- To solution of ester 300 (0.131 g, 0.52 mmol) in MeOH (7 mL) was added KOH (1.7 M
0, 3 mL, 5.10 mmol). Reaction was heated at 50 °C for 18 h and monitored by TLC

03). After complete consumption of starting material, the reaction mixture was cooled down




163
to room temperature, and MeOH was evaporated under reduced pressure, and H,O (7 mL) was

~ added subsequently. Aqueous phase was extracted with CH,Cl; (2 x 7 mL) to remove impurities,
f and fhen acidified with 1 M HCI until pH = 3 - 4 before being saturated with solid NaCl. Product
1 was extracted with CHCl; (5 x 15 mL) and the combined organics were dried over Na,;SOs.
- Removal of the solvents under reduced pressure afforded acid 301 (0.062 g, 44%) as an HCI salt.
~ 301: mp = 179 — 184 °C; "H NMR (400 MHz, CD;0D): § 1.03 (d, 3 H, J = 6.0 Hz), 1.26 (q, 1 H,
.:J= 12.4 Hz), 1.54 — 2.15 (m, 12 H), 2.27 - 2.32 (m, 1 H), 2.36 (qd, 1 H, J = 13.6, 4.0 Hz), 3.27
;(td, 1 H,J=124,4.0 Hz), 3.63 - 3.70 (m, 2 H) 3.82 (t, 1 H, J = 12.4 Hz); *C NMR (100 MHz,
'@DClg): 17.8, 21.5, 22.5, 24.3, 27.4, 28.4, 31.3, 34.5, 39.4, 40.0, 52.9, 59.5, 60.7, 173.3; IR
(Film) em” 3063s, 2949s, 1715s, 1438s, 1198s, 1038s; mle caled for Ci14H;NO, (M — H)

236.1651, found 236.1657.

Precoccinelline (162).

H, H Barton's H.., H

3 | decarboxylation | o
B § A

299

162: precoccinelline

'. - To suspension of acid 299 (0.053 g, 0.22 mmol) in THF (4 mL) was added
opropylethylamine (0.075 ml, 0.45 mmol) and the resulting mixture was cooled down to -10
i—BuOCOCl (0.05 ml, 0.38 mmol) was then‘ added and the mixture was stirred at -10 °C for
i"?: before being allowed to warm up to room temperature. After 2 h at rt, the mixture was
_la back down to -10 °C and a solution of 2-mercaptopyridine-N-oxide (0.057 g, 0.45 mmol)
isopropylethylamine (0.075 ml, 0.45 mmol) in THF (2 mL) was added. Reaction was

at this temperature for 2 h shielded from light. Then #-BuSH (0.4 ml, 3.55 mmol) was
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added and the mixture was irradiated with W-lamp (200 W), while being cooled with water bath.

- Solvent and excess of #-BuSH were removed under reduced pressure and NaHCO; (5% in H;0, 7
mL) was added. Aqueous phase was extracted with CH,Cl, (4 x 5 mL), and the combined
organics were washed with sat aq NaCl (5 mL) and dried over MgSQy. After solvent removal
" under reduced pressure, the crude residue was purified by column chromatography on neutral
] alumina gel (0.5%-1% MeOH in CH,Cl,) to yield precoccinelline (162) (0.0184 g, 43%) as
'z;col'orless oil.

162: R;= 0.29 [Et,0, neutral Al,03]; "H NMR (400 MHz, CDCl;): & 0.93 (d, 3 H, J = 6.8 Hz),
101 (brd, 2 H, J = 12.8 Hz), 1.11 - 1.21 (m, 2 H), 1.46 — 1.55 (m, 10 H), 1.57 — 1.66 (m, 1 H),
'. 82- 191 (m, 2 H), 2.71 (tt, 1 H, J = 11.2, 2.4 Hz), 2.94 (brd, 2 H, J = 12.0 Hz); °C NMR_
(100 MHz, CDCL3): 20.0, 22.9, 31.3, 31.4, 32.8, 34.9, 48.4, 58.3; IR (Film) cm™ 2931s, 2865m,
1730s, 14565, 1282m, 1196m, 1099s; mass spectrﬁm (APCI): m/z (% rel intensity) 194 (100) M"

“H; mle calcd for C13HpN (M' + H) 194.1909, found 194.1917.

pecinelline (163).

b H m-CPBA

/ “H
&/ N H

5 o 1
: precoccinelline 09
y 163: coccinelline

To solution of precoccinelline (0.017 g, 0.09 mmol) in CH,Cl, (2 mL) at 0 °C was added
;BA (88%, 0.030 g, 1.5 mmol). The resulting mixture was stirred at this temperature for 3 h.
;which, solvent was removed under reduced pressure, and the crude residue was purified by
“L! chromatography on neutral alumina gel (2% MeOH in CH,Cl,) to afford coccinelline

0.0177 g, 96%) as light tan solid.
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163: R;= 0.48 [CH,Cl, : MeOH = 10 : 1, neutral ALO3]; mp = >200 °C (decomp), lit.* mp =

- >205°C (decomp); "H NMR (400 MHz, CDCL;): & 0.94 (d,3H,J=6.0Hz),1.22 (brt,4H,J =
: 12.4 Hz), 1.44 — 1.51 (m, 4 H), 1.54 (brd, 2 H, J = 144 Hz), 1.73 (g, 2 H, /= 13.6 Hz), 1.80 —
:= 1.88 (m, 1 H), 2.02 - 2.13 (m, 2 H), 2.77 — 2.86 (m, 2 H), 3.24 (brd, 2 H, J = 12.0 Hz), 3.36 (tt, 1
H,J=11.6, 2.8 Hz); C NMR (100 MHz, CDCls): 18.3, 21.6, 25.7, 27.6, 30.7, 36.0, 58.9, 73.9;
IR (Film) cm’ 29255, 2869s, 1444s, 1374s, 1299s, 1208m, 1044s; mass spectrum (APCI): m/z

(% rel intensity) 210 (50) M" + H, 194 (100); m/e calcd for C;3H2sNO (M + H) 210.1858, found

210.1856.

Hippodamine (164).

0,C
g H H  Barton's H H
! decarboxylation |
B A A
301 164: hippodamine
To suspension of the HCI salt of acid 301 (0.0561 g, 0.20 mmol) in THF (4 mL) was
ddec diisopropylethylamine (0.085 ml, 0.51 mmol), and the resulting mixture was cooled down
—.'le °C. After which, i-BuOCOCI (0.045 ml, 0.34 mmol) was added and reaction was stirred at
’C for 15 min and allowed to warm up to room temperature. After 2 h, the mixture was
oled down to -15 °C and a solution of 2-mercaptopyridine-N-oxide (0.052 g, 0.40 mmol) and

sopropylethylamine (0.075 ml, 0.45 mmol) in THF (2 mL) was added. The reaction mixture

§ stirred at this temperature for 2 h while being shielded from light. Subsequently, -BuSH

ml, 3.11 mmol) was added and the mixture was irradiated with W-lamp (200 W) while

cooled with water bath. Solvent and excess of -BuSH were removed under reduced

ure and NaHCO; (5% in H,0, 7 mL) was added. Aqueous phase was extracted with CH,Cl,
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(4 x 6 mL), and the combined organics were washed with sat aq NaCl (6 mL) and dried over

Na,SO4. After solvent removal residue was purified by column chromatography on neutral
alumina gel (0.5%-1% MeOH in CH,Cl,) to yield hippodamine (164) (0.0171 g, 43%) as
colorless oil.

- 164: ;= 0.27 [Et,0, neutral AL,05]; '"H NMR (400 MHz, CDCl5): § 0.83 (q, 1 H, J = 12.4 Hz),
- 0.85 (d,3H,J=6.4 Hz), 0.94 - 1.03 (m, 2 H), 1.09 — 1.20 (m, 1 H), 1.44 — 1.58 (m, 8 H), 1.60 —
: 171 (m, 1 H), 1.77 - 1.92 (m, 4 H), 2.83 (tt, 1 H, J = 11.2, 2.8 Hz), 2.95 — 3.01 (m, 2 H); 1*C
NMR (100 MHz, CDCLy): 19.9, 22.5, 22.7, 23.3, 25.9, 26.3, 31.5, 34.8, 40.2, 43.6, 48.1, 58.3,
'59.0; IR (Film) cm’” 2924s, 2863m, 1444s, 1364m, 1295m, 1132s, 1081m; mass spectrum
(APCI): m/z (% rel intensity) 194 (100) M" + H; m/e caled for Ci3HaN (M* + H) 194.1909,

found 194.1918.

Lonvergine (165).

i 00
|
‘g. m-CPBA H\|£N
H : H :
g :
164: hippodamine 165: convergine

To solution of hippodamine (0.0162 g, 0.08 mmol) in CH,Cl, (2 mL) at 0 °C was added

CPBA (88%, 0.030 g, 1.5 mmol). Reaction was stirred at this temperature for 3 h. Then it was

-- with KOH (10% in H,0, 5 mL) and aqueous phase was back-extracted with CH,Cl, (4 x

‘,). Combined organics were washed with sat aq NaCl (4 mL) and dried over Na,SO,.

oval of the solvent gave convergine (165) (0.0154 g, 88%) as light tan solid.

&= 0.65 [CH,Cl, : MeOH = 7 : 1, neutral Al,O3]; mp (165-HCI)= 234 -239 °C (decomp),

‘mp = 225 - 230 °C (decomp); 'H NMR (400 MHz, CDCls): § 0.92 (d, 3 H, J = 6.4 Hz),
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~ 1.26-1.33 (m, 4 H), 1.51 — 1.58 (m, 2 H), 1.61 — 1.69 (m, 3 H), 1.73 — 1.83 (m, 1 H), 1.85 (g, 1

N H,J = 12.4 Hz), 1.86 — 1.91 (m, 1 H), 2.00 - 2.20 (m, 3 H), 2.58 (td, 1 H, J=13.2, 5.2 Hz), 2.85
' ~295 (m, 1 H), 3.34 (brs, 2 H), 3.49 (tt, 1 H, J=11.6, 2.8 Hz); >C NMR (100 MHz, CDCl):
- 183,21.7, 23.8, 24.8, 25.8, 27.5, 27.6, 28.3, 34.2, 36.1, 58.8, 74.0, 74.7; IR (Film) cm* 2927,
- 2870m, 1448s, 1371m, 1273m, 1211m, 1124m, 1034m; mass spectrum (APCI): m/z (% rel
jntensity) 210 (40) M" + H, 194 (100); m/e calcd for Ci3H;sNO (M' + H) 210.1858, found

210.1851.
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- PRECOCCINELLINE COMPARISON NMR TABLE.

| Data for the Synthetic Precoccinelline Reported Data for Precoccine»lline63 1»
'H NMR with TMS reference set at & = 0.00 'H NMR with TMS reference set at & = 0.00
BCNMR with CDCl; reference set at 8 = 77.1 | 3C NMR with CDCl; reference set at § = 77.1 !
'HNMR, “CNMR, 8 |
'HNMR, & PCNMR,
(Ad with lit. data) (Ad with lit. data)
0.93 (0.01) 19.9 (0.1) 0.94 19.8
1.01 (0.02) 22.8 (0.1) 102 229
1.16 (0.02) 31.2(0.1) 1.18 31.1
1.46 —1.55 < 3L.30]) 1.50-1.56 31.2
1.62 (0.00) 32.7 (0.1) 1.62 32.6
1.87 (0.01) 34.7 (0.1) 1.88 34.6
2.71 (0.03) 48.3 (0.0) 2.74 48.3 |
2.94 (0.01) 58.2(0.1) 295 58.1
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NMR Data for the Synthetic Coccinelline
1H NMR with TMS reference set at = 0.00

SCNMR with CDCI; reference set at & = 77.1

Reported Data for Coccinelline’™

"H NMR with TMS reference set at & = 0.00

13 NMR with CDCl; reference set at 8 = 77.1

'HNMR, &

BCNMR, 8

73.6 (0.2)

4 '"HNMR, 6 PCNMR, &
(Ad with lit. data) (A3 with lit. data)

-~ 0.94(0:07) 18.1(0.3) 1.01 17.8
f 2.08 (0.08) 21.4(0.3) 2.16 21.1
~2.82 (0.09) 25.5 (0.3) 2.91 252
'3.24 (0.05) 27.4(0.3) 3.29 371
73.36 (0.08) 30.5(0.2) 3.44 30.3
35.8 (0.3) 355
58.6 (0.4) 58.2
734




- HIPPODAMINE COMPARISON NMR TABLE.

[ NMR Data for the Synthetic Hippodamine

| 'H NMR with TMS reference set at & = 0.00

- BCNMR with CDCl; reference set at & = 77.1

Reported Data for Hippodamine

"H NMR with TMS reference at & = 0.00**

BC NMR with CDCl; reference at & = 77.1%

'HNMR, §, J BCNMR, &

3 ‘ 'HNMR, 6 PCNMR, &

] (Ad with lit. data) (Ad with lit. data)

083 (0.05) 19.8 (0.1) 0.78—0.87 19.7
0.85 (0.07) 224 (0.1) 0.78 773
1.94—1.03 22.6 (0.2) 0.94—1.04 22.4

~ 1.09-120 232 (0.2) 1.12-1.21 23.0
1.44 —1.58 25.8 (0.2) 144-1.59 25.6

.' 1.60—1.71 26.2 (0.2) 1.63-1.70 26.0
177-192 31.4 (0.1) 1.77-1.93 31.3
'ﬂ 2.83 (0.00) " 34.7(02) 2.83 345
;.2.95 E 301 40.1 (0.2) 2.95-3.00 39.9
3.36 (0.08) 435 (0.2) 3.44 433
48.0 (0.1) 479

58.2 (0.2) 58.0

58.9 (0.1) 58.8




CONVERGINE COMPARISON NMR TABLE.

NMR Data for the Synthetic Convergine Reported Data for Convergine®

| 'H NMR with TMS reference set at § = 0.00 'H NMR with TMS reference setat 3 =0.00

-. ) NMR with CDCI; reference set at & = 77.1 | 3C NMR with CDCl; reference set at § = 77.1

THNMR, 6, BCNMR, 8 *
j 'HNMR, $ PCNMR, 8
~ (Ad with lit. data) “(Ad with lit. data)

0.92 (0.01) 18.2(0.2) 0.91 18.0

126 -1.33 21.6 (0.1) 1.31-1.34 215

1.55 (0.01) 23.7(0.2) 1.56 23.5

1.61 - 1.69 24.6 (0.1) 1.65—-1.68 24.5

J

~ 1.78 (0.00) 25.7(0.1) 1.78 25.6

~1.85 (0.03) 27.41 (0.12) 1.82 27.29

1.8 (0.03) 27.47 (0.14) 1.85 27.33

2.00-220 281(0.10) 2.02-2.13 28.0

2,58 (0.04) 34.1(0.2) 2.54 33.9

290 (0.1) 35.9(0.1) 2.78 35.8

332 58.6 (0.1) 3.39—3.42 58.7

3.49 (0.04) 739 (0.2) 353 737

74.5 (0.2) 743
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SYNTHESIS OF MYRRHINE.

" Tetrafluoroborate salt 305.

- MeOC @9 MeOL -~ .CPhy
E H PhsC BF, 4 \@ H o
:_ CH,Cl, N BF4

H H
273 305

To a solution of tricycle 273 (19.3 mg, 82.83 umol) in CH,Cl, (2 mL) was added a
triphenylcarbonium tetrafluoroborate (34.0 mg, 102.99 umdl) in one portion at rt. The reaction
.' e was stirred for 1 h at rt and then solvent was removed under reduced pressure.
Tetrafluoroborate 305 (52.3 mg, ~100%) was obtained as pale yellow solid.

iﬂ' : '"H NMR (500 MHz, CDCl3) 6 1.15-1.24 (m, 1 H), 1.30 - 1.41 (m,2H), 1.73-2.00 (m, 5
2.09-2.23 (m, 2 H), 2.95 (br t, 1 H, J=14.0 Hz), 3.02 (brd, 1 H, J=21.5 Hz), 3.26 — 3.33
m, 1 H), 3.74 (s, 3 H), 4.47 (brs, 1 H), 5.51 (d, 1 H, J= 15.5 Hz), 7.26 — 7.35 (m, 15 H), 8.00 (d,

H,J= 1.5 Hz).

l- yele 306.

0,0._~_..CPhg MeO,C CPh,
e L+ DPEA H
_" N BF4
N A
305 306

~ To a solution of tetrafluoroborate 305 (52.3 mg, 92.89 umol) in CDCI; (1 mL) was added
; pylefhylamine (20.0 pL, 122.08 umol). The reaction mixture was kept for 15 min at rt
olvent was removed under reduced pressure. Tricycle 306 was isolated in ~70% yield via

gel column chromatography (50% EtOAc in hexanes) as pale yellow solid.

|
|
|
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306: "H NMR (500 MHz, CDCl5) & 1.01 — 1.09 (m, 2 H), 1.26 — 1.29 (m, 2 H), 1.33 —

© 145 (m, 2 H), 1.47 - 1.51 (m, 1 H), 1.58 — 1.78 (m, 3 H), 2.59 — 2.68 (m, 1 H), 2.96 — 2.99 (m, 1
' H),3.57 - 3.61 (m, 1 H), 3.59 (s, 3 H), 3.68 (brd, 1 H, J = 21.0 Hz), 6.40 (s, 1 H), 7.24 — 7.33

(m, 15 H).

-~ Tricycle 308.
MeO,C MeOC o® MeO,C
| ] H DDQ, CHzclz ' @/ NC Cl NaBH4 -‘\H
' 3 2 NC Cl 2
! H H OH H
. 273 307 308

To a solution of tricycle 273 (0.086 g, 0.37 mmol) in CH,Cl, (7 mL) was added a DDQ
;;.,092 g, 0.41 mmol) in one portion at 0 °C. An immediate color change from yellow to dark
rown was observed. The reaction mixture was stirred vigorously for 1 h at rt and the formation
f dark brown oil on the bottom of the flask occurred, at which time, the stirring was stopped.
¢ reaction mixture was cooled down to 0 °C, and CH,Cl, was carefully decanted, leaving
\:‘m the precipitated brown oil that solidified upon placing the flask on the high vacuum. The
0 solid was pulverized, washed with Et;O (7 mL), and dried on high vacuum to give
idinium salt 307 (0.155 g, 87%) as brown solid.

: 'H NMR (500 MHz, CD;0D) & 1.87 — 1.95 (m, 4 H), 2.08 —2.15 (m, 2 H), 2.42 — 2.46 (m,
3.26 —3.42 (m, 3 H), 3.86 (dt, 1 H, J=18.0, 6.5 Hz), 4.02 (s, 3 H), 4.56 (septet, 1 H, J =
f‘), 788 (d, 1 H,J=8.5Hz),8.72(d, 1 H, J= 8.5 Hz).

To a stirring solution of pyridinium salt 307 (29.0 mg, 0.0637 mmol) in MeOH (1 mL)
H- a NaBH, (~10.0 mg, 0.27 mmol) at rt. The reaction mixture was stirred at rt and then

‘i'.e, was evaporated. Residue was submitted to flash column chromatography using NEt;
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~ deactivated (2% in EtOAc : hexanes =9 : 1) silica gel (eluent: 10% EtOAc in hexanes). Tricycle

'_ 308 (6.0 mg, 41%) was obtained as yellow oil.
- 308: 'H NMR (400 MHz, CDCl3) 6 1.43 (brd, 1 H, J = 12.8 Hz), 1.57 — 2.34 (m, 9 H), 2.92 —
299 (m, 2 H), 3.21 (tt, 1 H, J = 18.8, 5.2 Hz), 3.62 (s, 3 H), 4.18 (brd, 1 H, J = 11.2 Hz), 4.77

%{dd, L J = 10.0,3.6 Hz), 6.38 (dd, 1 H, J=10.0, 1.2 Hz).

Hydrogenation of tricycle 308.

1 dar.2:1(ax:eq)
‘MeO MeO,C H
H o Hy(1atm) 50 R
b A Pd(OH),, MeOH L
: H H
308 309

A solution of tricycle salt 308 (6.0 mg, 25.8 mmol) in glacial MeOH (1 mL) was
‘ ogenated over Pd(OH),/C (5.0 mg) at 1 atm of H, overnight. After filtering off the catalyst,
was evaporated under reduced pressure and the crude product was purified by filtration
ough short column chromatography using NEt; deactivated (2% in EtOAc : hexanes = 9 : 1)
;gel (eluent: 10% EtOAc in hexanes) to afford the all-syn tricycle 309 (5.1 mg, 84%) as an
able 2 : 1 mixture of axial and equatorial esters.

ax: 'H NMR (400 MHz, CDCl3) & 1.26 — 1.39 (m, 4 H), 1.28 — 1.80 (m, 12 H), 1.88 — 1.98

2H), 2.07 (ddd, 1 H, J=11.2, 3.6, 2.8 Hz), 2.51 — 2.55 (m, 1 H), 3.65 (s, 3 H).
q: "H NMR (400 MHz, CDCl;) & 1.26 - 1.39 (m, 4 H), 1.28 — 1.80 (m, 12 H), 1.88 — 1.98

H), 2.15 (t, 1 H, J=10.0 Hz), 2.38 (ddd, 1 H, J=12.0, 10.0, 3.6 Hz), 3.66 (s, 3 H).

afTa—
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~ Pyridinium salt 310.

~ MeO,C MeOC. 0®
v H DDQ, CH.Cl, le@ | Nc Cl
: e ‘&N
2 2 NC Cl
H H OH
' 287 310

To a solution of tricycle 287 (0.253 g, 1.02 mmol) in CH,Cl, (7 mL) was added a warm H

solution of DDQ (0.270 g, 1.19 mmol) in CH,Cl, (20 mL). An immediate color change from

' ellow to dark brown was observed. The reaction mixture was stirred vigorously for 1 h at rt and

s T

the formation of dark brown oil on the bottom of the flask occurred, at which time, the stirring
stopped. The reaction mixture was cooled down to 0 °C, and CH,Cl, was carefully

anted, leaving behind the precipitated brown oil that solidified upon placing the flask on the

_u vacuum. The brown solid was pulverized, washed with Et;O (7 mL), and dried on high
uum to give pyridinium salt 310 (0.414 g, 85%) as orange solid.

10: mp = 125 — 130 °C (decomp); '"H NMR (400 MHz, CD;0D) & 1.14 (d, 3 H, J = 6.4 Hz),
.5 (q,1 H,/=12.4 Hz), 1.70 - 1.90 (m, 2 H), 2.11 — 2.25 (m, 2 H), 2.38 — 2.44 (m, 2 H), 2.49

2.59 (m, 1 H), 3.18 — 3.36 (m, 2 H), 3.62 (ddd, 1 H, J = 18.8, 5.2, 2.4 Hz), 3.97 (s, 3 H), 4.54

I H,J=112,44Hz), 7.84 (d, 1 H, J= 8.4 Hz), 8.66 (d, 1 H, J = 8.4 Hz); >C NMR (100

:"_w CD;0OD) 6 17.3, 21.6, 25.17, 25.25, 30.0, 37.9, 54.1, 55.0, 64.0, 100.6, 116.4, 126.9,

ﬂ., 131.5, 145.5, 154.3, 159.1, 161.9, 165.1; IR (Film) cm™ 2956m, 22265, 1734s; 1618s,

m, 14375, 1278s, 1207s, 1135s, 1079s.
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Hydrogenation of Pyridinium Salt 310.

ar.2:1(ax: eq)
S]
MeOQC ‘ X (0] MeOZC H
’63/ NC Cl H, (60 psi) H,. JH
: NC Cl  PtO,, AcOH
H OH 4

310

A solution of pyridinium salt 310 (40.0 mg, 90.0 mmol) in glacial AcOH (2 mL) was
2 hydrogenated over pre-reduced Adams' catalyst PtO, (10.0 mg) in a Parr apparatus at 60 psi of
- H, overnight. After filtering off the catalyst, AcCOH was evaporated under reduced pressure, and
- aq NaOH (1 M, 0.5 mL) and H,O (1 mL) were added to the highly colored residue. The resulting
: mixture was extracted with Et,O (5 x 4 mL), and the combined organic layers were washed with
sat aq NaCl (5 mL) and dried over MgSO,. After removal of excess solvents under reduced
| pressure, the crude product was purified by flash column chromatography using NEt; deactivated
: (2% in EtOAc : hexanes = 9 : 1) silica gel (eluent: 30% EtOAc in hexanes) to afford the all-syn
| tricycle 311 (13.3 mg, 63%) as an inseparable 2 : 1 mixture of axial and equatorial esters.
,311-ax: Rs=0.29 [10% EtOAc in hexanes, neutral Al,O;]; "H NMR (400 MHz, CDCI3) 8 0.86
(d,3H,J=64Hz),1.00(q, | H,J=11.6 Hz), 1.17 (q, 1 H,J=11.6 Hz), 1.26 - 1.59 (m, 10 H),
1.61 - 1.66 (m, 1 H), 1.71 — 1.79 (m, 2 H), 1.87 — 1.95 (m, 2 H), 2.09 (ddd, 1 H, J = 11.6, 4.0,
. 4 sz, 2.54 (ddt, 1 H, J= 6.8, 4.0, 1.6 Hz), 3.66 (s, 3 H); °C NMR (100 MHz, CDCl3) § 22.2,
24.5,27.0,29.9, 31.0, 34.0, 34.2, 40.5, 42.5, 45.2, 51.2, 62.9, 63.2, 63.4, 174.3.

ll-eq: Rr=0.29 [10% EtOAc in hexanes, neutral ALOs]; 'H NMR (400 MHz, CDCl3) & 0.85
(d,3 H, J = 6.4 Hz), 0.89 — 1.06 (m, 2 H), 1.26 — 1.59 (m, 10 H), 1.61 — 1.66 (m, 1 H), 1.71 —
;.79 (m, 2 H), 1.87 — 1.95 (m, 2 'H), 2.18 (td, 1 H, J=10.8, 2.0 Hz), 2.37 (ddd, 1 H, J = 124,

0.8, 4.0 Hz), 3.67 (s, 3 H); °C NMR (100 MHz, CDCl3) 8 22.1, 24.2, 28.4, 30.1, 32.8, 34.3,
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- 34.4,40.1,42.6,49.9, 51.7, 61.8, 62.2, 62.9, 175.9; IR (Film) cm™ 2925s, 2862s, 2793m, 2734m,

| 2619m, 1737s, 1445m, 1374m, 1152s; mass spectrum (APCI): m/e (% relative intensity) 252

- (100) M" +‘H.

dar.5:1(ax:eq)

~ MeO,C N 0® MeO,C H
‘ ﬁl ﬁ/ NC Cl H, (1 atm) H,
: p NC Cl Pd(OH),, MeOH
H

OH .

A
311

310

A solution of pyridinium salt 310 (0.131 g, 0.280 mmol) in MeOH (2 mL) was hydrogenated
over Pd(OH),/C (10.0 mg) with H,-balloon for 8 h. After filtering off the catalyst, MeOH was
evaporated under reduced pressure, and aqg NaOH (1 M, 0.5 mL) and H,0 (1 mL) were added to
the highly colored residue. The resulting mixture was extracted with Et,O (5 x 4 mL), and the
; mbihed organic layers were washea with sat aq NaCl (5 mL) and dried over MgSO,. After
'lvent removal under reduced pressure, the crude product was purified by flash column
ch omatography using NEt; deactivated (2% in EtOAc : hexanes = 9 : 1) silica gel (eluent: 30%
EtOAc in hexanes) to afford the all-syn tricycle 311 (30.0 mg, 44%) as an inseparable 5 : 1

mixture of axial and equatorial esters.

\OH-Hydrolysis of Ester 311.

eq

Hozc,,,l
1.7 MKOH H., WH
MeOH, 50 °C

H
312-eq
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To a solution of esters 311 (20.8 mg, 80.0 mmol) in MeOH (1.5 mL) was added KOH

. (1.7 M in H,O, 500.0 mL, 8.50 mmol). The reaction mixture was heated at 50 °C for 36 h and
monitored by TLC (Al;03). After complete consumption of the starting material, the mixture was
‘:.“ to rt, and after which, MeOH was evaporated under reduced pressure and H,O (2 mL)
wa added. The aqueous phase was extracted with CH,Cl, (1 x 2 mL) to remove impurities, and
then acidified with 1 A HCI until pH = 3 - 4 before being saturated with solid NaCl. The crude
roduct was extracted with CHCl3 (6 x 5 mL) and the combined organic layers were dried over
504. Removal of CHCI; under reduced pressure afforded acid 56-eq (9.80 mg, 50%) as
tless solid.
2-eg: "H NMR (500 MHz, CDCl3) & 0.96 (d, 3 H, J = 6.0 Hz), 1.54 (at, 1 H, J=13.5,3.5 Hz),
=191 (m, 9 H), 1.98 (brd, 1 H, J= 13.5 Hz), 2.13 - 2.23 (m, 3 H), 2.30 (q, 1 H, J=13.0
2.80 (t, 1 H, J=12.0 Hz), 2.87 (t, 1 H, J=12.0 Hz), 3.09 (t, 1 H, J=11.5 Hz), 3.25 (td, 1

J=11.5,3.5 Hz), 11.15 (brs, 1 H).

Hy drolysis of Ester 311.
i': (ax: eq) .dn5:1 (ax: eq)

LiOoC i
H  Lil, EtOAc /HWO/\ijH

H
313-ax

A solution of ester 311 (29.9 mg, 0.120 mmol) and Lil (65.0 mg, 0.490 mmol) in EtOAc

.) was heated at 80 °C in a sealed tube overnight shielded from light with Al-foil. The

| mixture was cooled down to rt, and the precipitate was filtered off, and the filter cake
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- was washed with EtOAc (1 mL) and Et;O (1 mL), and dried on high vacuum to afford Li-

Z' carboxylate 313-ax (21.0 mg, 73%) as slightly brown solid.

313-ax: mp = > 200 °C; 'H NMR (400 MHz, CD;0D) & 0.96 (d, 3 H, J = 6.0 Hz), 1.25 (q, 1 H,
fJ= 12.0 Hz), 1.55 — 1.70 (m, 4 H), 1.77 — 2.02 (m, 10 H), 2.59 (brs, 1 H), 3.07 (tt, 1 H, J = 12.0,
.4 Hz), 3.10 - 3.18 (m, 1 H) 3.21(dd, 1 H, J= 11.6, 2.4 Hz); C NMR (100 MHz, CD;0D) &
216,233, 24.3, 26.9, 29.3, 29.7, 33.1, 33.6, 38.9, 40.7, 64.8, 65.5, 65.8, 180.4; IR (Film) cm’

2931s, 2871s, 2730m, 2652m, 1573s, 1425s, 1415s, 1187m, 1047m.

Synthesis of Myrrhine (166).

i0; HO,C
H.)  |H He H.., ~H Bartons
3 ) ] decarboxylat/on
) 2

| 3Mdax 312-ax 166: myrrhlne
| Li-carboxylate 313-ax (11.8 mg, 50.0 mmol) was dissolved in H,O and acidified with 1%
; 1 until pH = 3—4 before being saturated with solid NaCl. The mixture was extracted with
;3 (5 x 5 mL) and the combined organic layers were dried over Na,SO,. Removal of CHCl,
l’;freduced pressure afforded acid 312-ax (3.80 mg) as colorless solid.
lH NMR (500 MHz, CDCl3) 6 0.91 (d, 3H, J = 6.5 Hz), 1.17 (q, 1 H, J=11.5 Hz), 1.40
'.{m, 3 H), 1.53 - 1.60 (m, 1 H), 1.64 (brd, 1 H, J= 14.0 Hz), 1.68 — 1.79 (m, 8 H), 2.06 —
1H),2.24 (t, 1H,J=11.5,2.4 Hz),2.32(t, 1 H,J=10.5Hz),2.44 (d, 1 H, J=11.0

61 (brs, 1 H); *C NMR (125 MHz, CDCls) 8 21.6, 23.6, 27.0, 29.4, 29.7, 33.3, 33.7, 39.2,

6.9, 62.7, 62.9, 63.2, 176.5; mass spectrum (APCI): m/e (% relative intensity) 238 (100)
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To a suspension of above acid 312-ax (3.80 mg, 16.0 mmol) in THF (0.5 mL) was added

~ diisopropylethylamine (8.00 mL, 48.0 mmol) and the resulting mixture was cooled down to -10
.'._ °C. i-BuOCOCI (4.00 mL, 31.0 mmol) was then added and the mixture was stirred at -10 °C for

15 min before being allowed to warm up to rt. After 2 h at rt, the mixture was cooled back down

'tp -10 °C and a solution of 2-mercaptopyridine-N-oxide (40.0 mg, 31.0 mmol) and

“diisopropylethylamine (6.00 mL, 36.0 mmol) in THF (0.5 mL) was added. The reaction mixture
“was stirred at this temperature for 2 h while being shielded from light. After which, -BuSH (30.0
‘s , 0.270 mmol) was added and the mixture was irradiated with W-lamp (200 W), while being
cooled in a water bath. Excess of solvent and /-BuSH were removed under reduced pressure and
'i- aq NaHCO; (2 mL) was added. The aqueous phase was extracted with Et,0 (5 x 3 mL), and
fhe combined organic layers were washed with sat aq NaCl (2 mL) and dried over MgSO4. After
,‘centration under reduced pressure, the crude residue was filtered through a short plug of
tivated silica gel (2% NEt; in 10% EtOAc in hexénes) with 20% EtOAc in hexanes. Solvent
moval under reduced pressure afforded myrrhine 166 (ca. 2.90 mg, 75%) as colorless oil.
;; Ry=0.60 [10% EtOAc in hexanes, neutral Al,0s]; '"H NMR (400 MHz, CDCl;) & 0.86 (d, 3
v‘= 6.4 Hz), 1.04 (q,2 H, J=12.0 Hz), 1.30 — 1.38 (m, 6 H), 1.44 — 1.50 (m, 1 H), 1.52 = 1.57
..H), 1.64 — 1.67 (m, 2 H), 1.79 — 1.84 (m, 1 H), 1.86 (brt, 2 H, J=10.0 Hz); >*C NMR (100
; CDCL;) 8 22.1, 24.3, 304, 34.0, 34.1, 42.6, 62.3, 62.5; IR (Film) cm™ 2924s, 28525,

: 1464s, 1426rﬁ, 1377m, 1315m; mass spectrum (APCI): m/e (% relative intensity) 194

]ﬁ + H; m/e calcd for C3HyN (M+ + H) 194.1909, found 194.1915.




] MYRRHINE COMPARISON NMR TABLE.

NMR Data for the Synthetic Myrrhine

_ 'H NMR with TMS reference set at 8 = 0.00
|
' BCNMR with CDCl; reference set at 8 = 77.1

Reported Data for Myrrhine®
'H NMR with TMS reference set at 8 = 0.00

3C NMR with CDCl; reference set at 8 = 77.1

"HNMR, & BCNMR, &

- (Ad with lit. data) (Ad with lit. data)

THNMR, & BCNMR, &

0.86 (0.00) 22.1(0.1)

0.86 22.0

1.04 (0.00) 243 (0.0)

1.04 243

1.30 - 1.38 30.4 (0.1)

1.34,1.38 30.3

1.44 - 1.50 34.0 (0.0)

1.47 34.0

2157 34.1(0.0)

1.54,1.56 34.0

164 1.67 42.6 (0.0)

1.65 42.6

79— 1.84 (0.01) 62.3 (0.1)

1.82 62.2

1.86 (0.01) 62.5 (0.3)

1.85 62.2




" PART3.
" ENONE VERSION OF INTRAMOLECULAR AZA-|3 + 3] ANNULATION.

- Bromide 326.

n-BulLi, THF, then
B
NN Br

To a solution of THP-protected propargyl alcohol® 325 (8.08 g, 52.40 mmol) in THF (65
mL) was added n-BuLi (2.5 M in hexanes, 26.0 mL, 65.0 mol) at -78 °C. The reaction was stirred
it this temperature for 40 min before 1,3-dibromobutane (31.0 mL, 261.0 mmol) was added in
a portion. The resulting mixture was allowed to warm up to rt and was stirred for 72 h before it
"‘-: quenched with H,O (2 mL). Reaction mixture was concentrated under reduced pressure and
f_w diluted with H,O (60 mL) Aqueous layer was back-extracted with CH,Cl, (3 x 50 mL). The
‘_bined organic layers were washed with sat aq NaCl (100 mL) and dried over Na,SO,.
ents and excess of 1,3-dibromobutane were removed under reduced pressure and the crude
e was purified via Kugelrohr distillation. Bromide 326 (13.40 g, 88%) was collected at
3340 °C (0.15 mmHg) as inseparable 4.5 : 1 mixture of two diastereomers.
k7= 0.45 [15% EtOAc in petroleum ether];
isomer: "H NMR (500 MHz, CDCls): § 1.43 (d,3H,J=7.0Hz), 1.53 - 1.62 (m, 4 H),

(quint, 2 H, /= 7.5 Hz), 1.72— 1.78 (m, 1 H), 1.81 — 1.86 (m, 1 H), 1.77 (quint, 2 H, J=7.5

2.26 (td, 2 H, J = 7.0, 2.0 Hz), 3.43 (t, 2 H, J = 6.5 Hz), 3.50 — 3.54 (m, 1 H), 3.82 (ddd, 1

115, 8.0, 3.5 Hz), 4.53 (qd, 1 H, J=7.0, 2.0 Hz), 4.92 (t, 1 H, J = 3.0 Hz).
isomer: "H NMR (500 MHz, CDCLy): 8 1.41 (d, 3 H, J = 6.5 Hz), 1.53 — 1.62 (m, 4 H),

‘t.71 (m, 2 H), 1.72-1.78 (m, 1 H), 1.81 - 1.86 (m, 1 H), 1.92 (quint, 2 H, J = 7.5 Hz), 2.27
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- (td,2H,J=7.0,2.0 Hz), 3.43 (t, 2 H, J= 6.5 Hz), 3.50 — 3.54 (m, 1 H), 3.98 (ddd, 1 H, J=11.5,

* 8.0,3.0Hz),4.46 (qd, 1 H, J=6.5,2.0 Hz), 4.75 (t, 1 H, J= 3.5 Hz).

IR (film) cm™ 29415, 2868s, 2362w, 2212m, 1728s, 1712s, 1676s, 1440s, 1116s.

" Amino alcohol 328.

OH
1. p-TsOH, MeOH HO,

———»LAH' s )\/\/\/\
= 1.p-TsOH, MeOH e
B e NaNj;, DMSO )= LY NH,

326 327 328

To a solution of bromide 326 (5.27 g, 18.2 mmol) in MeOH (50 mL) was added p-TsOH

.30 g, 1.6 mmol). After stirring at rt for 1.5 h, the starting material diéappeared as observed

:‘m TLC analysis [R; = 0.14, 15% EtOAc in petroleum ether]. The acid was neutralized by

"tion of solid NaHCO; (0.40 g), and the excess solid was filtered off and MeOH was

porated under reduced pressure. |

To a solution of the above crude residue in DMSO (60 mL) was added NaNj3 (2.32 g,

1 mmol). The reaction mixture was stirred for 2 h at rt before water (100 mL) was added. The

ueous layer was extracted with MTBE (4 x 70 mL), and the combined organic fractions were

shed with sat aq NaCl (70 mL) and dried over Na;SO4. Removal of the solvent under reduced

e pfovided azide 327 (2.85 g, 94% over two steps) as colorless oil, which was used for the

1 ep without further purification. Product could be purified by filtration through short silica
umn with MTBE as isocratic eluent.

NMR (300 MHz, CDCl3) 6 1.19 (s, 1 H, OH), 1.43 (d, 3 H, J = 6.6 Hz), 1.54 — 1.65 (m,

,.,.67 = 1.77 (m, 2 H), 2.27 (td, 2 H, /= 6.9, 2.1 Hz), 3.31 (t, 2 H, J = 6.6 Hz), 4.47 — 4.57

1l
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To a suspension of LAH (3.90 g, 102.77 mmol) in THF (150 mL) was added slowly

_ dropwise a solution of azido alcohol 327 (2.85 g, 17.04 mmol) in THF (50 mL) while keeping

the temperature below 30 °C. When the reaction slowed down, the mixture was heated to reflux

j: for 36 h. The excess LAH was quenched by addition of sat aq Na;SO4 (ca. 10 mL). The resulting

white precipitate was filtered off and the filter cake was washed with MTBE (2 x 30 mL). The

"[_filtrlate was dried over NaZSO4V and concentrated under reduced pressure to yield amino alcohol
;45328 (2.20 g, 90%) as pale yellow oil.

28: 'H NMR (300 MHz, CDCl;) 6 1.25 (d, 3 H, J = 6.3 Hz), 1.41 — 1.63 (br m, 7 H), 2.04 (q; 2

H,J=6.3 Hz), 2.69 (1, 2 H, /= 6.9 Hz), 4.26 (quint, 1 H, J= 6.3 Hz), 5.48 — 5.68 (m, 2 H).

‘:‘s none 330.

3
0

; O OH O O

) 328, toluene/EtOH d MnO, d

_, | (g l

Yo A NH acetone NH :
. 329 330

A solution of amino alcohol 328 (2.20 g, 15.36 mmol) and 1,3-cyclohexanedione (1.72 g,
mmol) in toluene (50 mL) and EtOH (5 mL) was heated at 80 °C for 6 h. The solvents
removed under reduced pressure, and the residue was purified via silica gel flash column
;.: ography [gradient eluent: CH,Cl,/MeOH (10 : 1) to CH,Cl,/MeOH (7 : 1)] to give amide
91 g, 47%) as a yellow solid.
0.34 [CH2C12 : CH3;0H =7 : 1]; 'H NMR (500 MHz, CDCl3) 6 1.26 (d,3 H, J=6.5
45 (quint, 2H, J = 7.5 Hz), 1.57 — 1.63 (m, 2 H), 1.97 (quint, 2 H, J= 7.0 Hz), 2.07 (q, 2
7.0 Hz),2.32 (t, 2 H, J = 6.5 Hz), 2.33 (t,2H,J=6.5Hz), 3.08 (g, 2 H, J= 6.5 Hz), 4.28

ILH, J=6.5 Hz), 4.52 (brs, 1 H, NH), 5.13 (s, 1 H), 5.55 (dd, 1 H, J= 15.5, 6.0 Hz), 5.55
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' (@, 1 H, J=15.5, 6.0 Hz); °C NMR (125 MHz, CDCl;) O 22.1, 23.7, 26.5, 27.8, 29.9, 31.6,

. 36.5, 42.8, 68.6, 96.6, 129.7, 135.5, 164.9, 197.4; IR (film) cm™ 3256brm, 3073m, 2934m,

'_15345, 1454m, 1368m, 1255s; mass spectrum (APCI): m/e (% relative intensity) 238 (85) M" +

H, 220 (100), 192 (10).

To a solution of allyl alcohol 329 (0.6556 g, 2.76 mmol) in acetone (30 mL) was added
activated MnO, (5.5 g, 88% Acros, 71.89 mmol). The reaction mixture was stirred for 2 h and
onitored through TLC analysis [CH,Cl,/MeOH (7 : 1)]. After which, the solid was filtered off
,',vu the filter cake was washed with acetone. The filtrate was concentrated under reduced

e and crude product was purified by filtration through short silica gel column with
, Ac/MeOH (7 : 1) as isocratic eluent. Enone 330 (0.3868, 60%) was obtained as yellow oil.
ZC: }if= 0.45 [CH.Cl, : CH30H = 7 : 1]; 'H NMR (500 MHz, CDC13) 8 1.51 — 1.58 (m, 2 H),
60 - 1.66 (m, 2 H), 1.98 (quint, 2 H, J = 6.5 Hz), 2.25 (s, 3 H), 2.26 (qd, 2 H, /= 7.0, 1.5 Hz),
‘(t, L= 6.5 Hz), 3.10 (q, 2 H, J; 6.5 Hz), 4.42 (brs, 1 H, NH), 5.12 (s, 1 H), 6.09 (dt, 1
>‘= 15.5, 1.5 Hz), 6.77 (dt, 1 H, J=15.5, 7.0 Hz), 9.51 (d, 1H, J = 7.8 Hz); °C NMR (125
12 CDCls) 8 22.1, 25.6, 27.1, 28.1, 29.8, 32.1, 36.6, 42.7, 96.6, 131.7, 147.4, 164.9, 194.3,
IR (film) cm’! 3254brm, 3073m, 2942m, 1673s, 1538s, 1470m, 1364m, 1254s, 1190s;

$spectrum [APCI] m/e (% relative intensity) 236 (100) M" + H, 218 (15)

dduct 331.
:’7;]' (Nj «TFA

7 H
v % toluene, Na,SO,
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- Procedure with conventional heating.

To solution of an enone 330 (0.0324 g, 0.138 mmol) in toluene (4 mL) were added
- powdered Na,SO4 (~0.10 g) and piperidinium trifluoroacetate salt (0.0274 g, 0.138 mmol).
Reaction was heated under N, atmosphere at 85 °C for 5 hours until complete consumption of the
;.:,, ling material was observed by TLC analysis. After cooling the reaction to rt it was diluted
ith EtOAc (4 mL) and successively washed with H,O (3 mL) and sat aq NaHCO; (4 mL).
’ queous washes were back-extracted with EtOAc (4 mL). Combined organic phase were
shed with brine (6 mL) and dried over Na,SO4. Evaporation of the solvent afforded tricycle
(0.015 g, 50%) as yellow oil which slowly solidified upon keeping on high vacuum. Product
d also be further purified by silica gel column chromatography [gradient eluent: CH,Cl, to
H,Cl/MeOH (10 : 1)].
f: 'H NMR (500 MHz, CDCl3) 8 1.46 (brd, 1 H, J = 12.5 Hz), 1.50.— 1.61 (m, 2 H), 1.67 —
f_(m, 2H), 1.87 -1.93 (m, 3 H), 2.12 (s, 3 H), 2.27 (t, 2 H, J= 7.5 Hz), 2.38 (ddd, 1H, J =
—fﬂ 8.0, 5.5 Hz), 2.51 (dt, 1 H, J=17.0, 6.0 Hz), 2.77 (td, 1 H, J = 12.5, 2.5 Hz), 3.96 — 4.02
H), 4.73 (dd, 1 H, J = 3.5, 1.5 Hz); °C NMR (125 MHz, CDCl3) § 20.8, 22.6, 25.1, 26.9,
333.7, 37.3,48.7, 60.4, 107.9, 113.9, 132.2, 160.7, 192.8.
re with microwave irradiation.

E.Mixture of an enone 330 (0.0759 g, 0.322 mmol), piperidinium trifluoroacetate salt

) g, 0.095 mmol, 30 mol%) and powdered Na;SO;4 (~O.10‘ g) in EtOAc (3 mL) and toluene

was microwaved on high (2. x 15 min) in a sealed tube. Additional portion of
inium trifluoroacetate (0.037 g, 0.186 mmol, 60 mol%) was added to reaction mixture and

irradiation continued for another 3 x 20 min. After cooling the reaction to rt it was




 diluted with EtOAc (4 mL) and washed with H,O (2 x 10 mL). Aqueous washes were back-

. ': extracted with EtOAc (10 mL). Combined organic phase were washed with brine (10 mL) and
~ dried over Na;SO,4. Evaporation of the solvent afforded tricycle 331 (0.048 g, 68%) as dark \‘
i “"
yellow oil. Product was purified by silica gel column chromatography [gradient eluent: CH,Cl, F

-io CH,Cl,/MeOH (10 : 1)] to afford pure cycloadduct 331 (0.0337 g, 54%) as yellow oil which

slowly solidified upon keeping on high vacuum.

STUDIES TOWARD PROPYLEINE.

Bromide 341.

; 1. n-BulLi, THF, then
BDPSO. 1,3-dibromopropane  1gppso H,, Pd/BaSO, TBDPSO Ll Br

)= A T YW\/

340 s7 341

To a solution of 1-butyne-3-ol (16.5 mL, 0.210 mol) and imidazole (12.85 g, 0.188 mol)
‘:‘!' [F (80 mL) was added solution of TBDPSCI (51.87 g, 0.188 mol) in THF (50 mL) dropwise
15-20 min. Reaction was allowed to stir at rt for 3 h before H,O (100 mL) was added. ‘
s were separated and aqueous phase was back-extracted with CH,Cl, (2 x 50 mL). The i
ed'organic layers were washed with sat ag NaCl (100 mL) and dried over Na,SO;.
':;a were removed under reduced pressure and the crude residue was purified by vacuum |
'on. Alkyne 340 (48.37 g, 83%) was collected at 130-135 °C (0.3 mmHg) as colorless oil.
NMR (500 MHz, CDCl3): 6 1.08 (s, 9 Hj, 139 3H, J=65Hz),;233(d,2H, J= 240
(qd, 1 H, J=6.5, 2.0 Hz), 7.36 — 7.40 (m, 4 H), 7.41 — 7.45 (m, 2 H), 7.68 (dd, 2 H, J =

5Hz),7.75 (dd, 2 H, J= 8.0, 1.5 Hz).



188
To a solution of alkyne 340 (48.37 g, 0.157 mol) in THF (200 mL) was added n-BuLi

‘ (2.5 M in hexanes, 80.0 mL, 0.200 mol) at -78 °C. The reaction was stirred at this temperature for
. 20 min before 1,3-dibromopropane (80.0 mL, 0.785 mol) was added in one portion. The
‘,resulting mixture was allowed to warm up to rt and was stirred for 72 h before it was quenched
with H;0 (100 mL). Aqueous layer was back-extracted with MTBE (2 x 50 mL). The combined
e ganic layers were washed with sat aq NaCl (100 mL) and dried over Na,SO,. Solvents and
‘ cess of 1,3-dibromopropane were removed under reduced pressure and the crude residue was
purified via Kugelrohr distillation. Bromide S7 (59.63 g, 88%) was collected at 190-195 °C (0.3
mmHg) as pale yellow oil.

'H NMR (500 MHz, CDCl3): & 1.06 (s, 9 H), 1.39(d, 3 H, J= 6.5 Hz), 1.87 (quint, 2 H, J =

? Hz),2.25 (td, 2 H, J= 7.0, 2.0 Hz), 3.36 (t, 2 H, J = 6.5 Hz), 4.47 (qt, 1 H,J=6.5, 2.0 Hz),

36—~ 7.44 (m, 6 H), 7.69 (dd, 2 H, J=7.5, 1.5 Hz), 7.74 (dd, 2 H, J = 8.0, 1.5 Hz); *C NMR
25 MHz, CDC3) 8 17.6, 19.4, 25.6, 27.1, 31.5, 32.6, 60.3, 82.2, 84.0, 127.6, 127.8, 129.8,
99, 134.1, 134.2, 136.0, 136.2.

A suspension of 5% Pd/BaSOy catalyst (2.04 g) in petroleum ether (120 mlL) was pre-

iced via hydrogenation until the color changed from complete brown to black (within ~ 20-30
After which, quinoline (2.0 mL) was added to the above suspension and the resulting

ure was stirred for 15 min before a solution of bromide S7 (24.2 g, 56.35 mmol) in

i

m ether (120 mL) was added. The reaction mixture was hydrogenated with a H,-balloon
h until completé consumption of the starting material was observed through "H NMR. The
solvent was removed under reduced pressure and the crude residue was purified via

tohr distillation. Bromide 341 t23.0 g, 95%) was collected at 165-170 °C (0.1 mmHg) as a

llow oil.
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~ 341: 'HNMR (300 MHz, CDCl3) 8 1.04 (s, 9 H), 1.18 (d, 3 H, J = 6.3 Hz), 1.59 — 1.86 (m, 4 H),

* 3.17(t, 2 H, J= 6.6 Hz), 4.57 (quint, 1 H, J= 6.6 Hz), 5.10 (dt, 1 H, J = 11.1, 6.6 Hz), 5.55 (dd,
- 1H,J=11.1,8.7 Hz), 7.32 - 7.45 (m, 6 H), 7.65 — 7.70 (m, 4 H); >C NMR (75 MHz, CDCl;) & ]
1194, 24.9,26.1, 27.1, 32.6, 33.3, 66.0, 126.3, 127.6, 127.7, 129.68, 129.73, 134.4, 134.7, 136.0, : [?

136.1, 136.3. 1

Lactam 342. 2

OTBDPS

_‘ 1. CHgMgCl I ‘
07 N Yo 2 TBDPSO. _— MgBr o2y » ::

H H ‘
21 3. NaBH4CN, AcOH 342 |

To a solution of glutarimide (2.85 g, 25.20 mmol) in THF (80 mL) was added CH3;MgCl

g

3 Min THF, 9.0 mL, 27.0 mmol) dropwise at 0 °C. The reaction mixture was allowed to warm

D to 1t and was stirred for 30 min and then cooled back down to 0 °C. A warm solution of

tignard reagent (35-40 °C to prevent precipitation) in THF (30 mL) prepared from bromide 341
f 3 g, 37.60 mmol) and Mg (1.04 g, 43.33 mmol) through activation using dibromoethane

)0 mL, 5.80 mmol) was added via a cannula. The resulting reaction mixture was stirred for 12

1t before NaBH;CN (1.74 g, 27.69 mmol) and HOAc (7.5 mL) were added successively.
}‘stirring at ambient temperature for 45 min, reaction was quenched with sat aq NaHCO;
w (80 mL). After layer separation, the organic phase was washed with an additioﬁal
v"' of NaHCOj; solution (80 mL). Aqueous washes were back-extracted with EtOAc (3 x 80 : “
-‘"é combined organic layers were washed with sat aq NaCl (2 x 50 mL) and dried over

0y. After solvent removal under reduced pressure, the crude residue was purified through

Y4
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~ two silica gel columns (1%: 0%-50% acetone in EtOAc; 2™: 7%-10% MeOH in CH,Cl,) to afford

. lactam 342 (8.70 g, 77%) as thick colorless oil.
342: '"H NMR (300 MHz, CDCl3) 8 0.95 — 1.09 (m, 1 H), 1.07 (s, 9 H), 1.13 — 1.27 (m, 6 H),
117 (d, 3 H, J = 6.0 Hz), 1.57 - 1.71 (m, 3 H), 1.78 - 1.89 (m, 2 H), 2.22 (td, 1 H, J = 6.0, 3.0 <
'-_Hz), 2.31-2.62 (m, 1 H), 3.18 — 3.26 (m, 1 H), 4.54 (quint, 1 H, J=6.3 Hz), 5.12 (dt, 1 H, J =
120, 7.2 Hz), 5.53 (dd, 1 H, J = 12.0, 8.4 Hz), 5.66 (brs, 1 H, NH), 7.33 - 7.46 (m, 6 H), 7.63 — ,}}s«w

271 (m, 4 H). / 3

Meldrum’s Acid Derivative 343.

OTBDPS OTBDPS OTBDPS
MeOTf, CH,Cl, Meldrum's acid o)

S X, |

; | |
N MeO” N Ni(acac),, CHCl 70\ N
' 341 S8 0" 70 343

To a solution of lactam 341 (1.10 g, 2.45 mmol) in CH,Cl, (15 mL) was added freshly

»:;; ed MeOTf (0.35 mL, 3.09 mmol). The reaction mixture was stirred at ambient temperature
h before reaction mixture was treated with cold 5% aq Na,CO; (20 mL). After layers
ation aqueous phase was extracted with CH,Cl, (2 x 10 mL). Combined organics were
v ed with sat aqg NaCl (15 mL), and dried over Na;SO4. Removal of the excess solvent gave
u ether S8 as colorless oil, which was used for the next step without further pﬁriﬁcation.
'.; To a solution of the above lactim ether S8 in CHCI; (15 mL) were successively added
"':f'- n’s acid (0.350 g, 2.43 mmol) and Ni(acac), catalyst (ca. 25.0 mg). The reaction mixture

ed in sealed tube at 70-80 °C for 18 h under N, atmosphere. Upon solvent removal under

ed pressure, the crude residue was purified by silica gel flash column chromatography
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- (20%-50% EtOAc in hexanes) to give Meldrum’s acid derivative 343 (0.74 g, 52% over 2 steps)

as colorless oil.

’v343: 'H NMR (500 MHz, CDCl;) 8 1.03 (s, 9 H), 1.17 (d, 3 H, J = 6.0 Hz),.1.22 —~1.41 (m, 5 H),
:'1.60 ~1.71 (m, 3 H), 1.67 (s, 3 H), 1.68 (s, 3 H), 1.86 — 1.91 (m, 2 H), 2.92 — 2.99 (m, 1 H), 3.31
—3.36 (m, 2 H), 4.52 —4.58 (m, 1 H), 5.15 (dt, 1 H, J=11.0, 7.0 Hz), 5.54 (t, 1 H, J=11.0 Hz),

7.33—7.44 (m, 6 H), 7.65 — 7.69 (m, 4 H), 11.62 (brs, 1 H, NH).

OTBOPS OTBDPS OH
0 MeONa, MeOH TBAF
x] | ek |
0 7N Z N Z >N
H H H
| MeO M
00 3 Y e

To a solution of MeONa prepared by dissolving Na metal (0.640 g, 27.82 mmol) in
" 'ﬂ MeOH (35 mL) was added a solution of compound 343 (3.22 g, 5.59 mmol) in MeOH (35
): The reaction mixture was heated to reflux overnight. After cooling the reaction mixture to
OH was evaporated and H,O (60 mL) was added to the crude residue, and subsequently,
1( 1 (1 M) was also added dropwise to adjust pH to 5-6. The resulting mixture was extracted
CH2C13 (3 x 70 mL), the combined organic layers were washed with sat aq NaCl (2 x 25
,- dried over Na,SO4. Upon removal of excess solvents under reduced pressure, the crude
ous urethane 344 was submitted to the next step without further purification.

To a solution of crude vihylogous urethane 344 in THF (30 mL) was added TBAF

“;portion of TBAF solution (5.0 mL, 5.0 mmol) was added. After complete consumption

:_n:v material as observed by TLC analysis THF was removed under reduced pressure and

on (1 M in THF, 6.4 mL, 6.4 mmol). Reaction mixture was stirred at rt for 2 h before
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‘{ the residue was purified by silica gel column chromatography (50% EtOAc in hexanes) to yield

! allyl alcohol 345 (1.18 g, 79% over 2 steps) as colorless oil. >*C NMR spectra confirmed
presence of two diatereomers in 1 : 1 ratio.

345: "H NMR (500 MHz, CDCls) 8 1.25 (d, 3 H, J = 6.0 Hz), 1.36 (qd, 1 H, J = 10.5, 3.5 Hz),
'__1.46 - 1.66 (m, 5 H), 1.75 — 1.81 (m, 1 H), 1.87 - 1.94 (m, 1 H), 2.03 — 2.14 (m, 1 H), 2.16 —
’2.26 (m, 1 H), 2.31 —2.35 (m, 2 H), 3.27 (brs, 1 H), 3.61 (s, 3 H), 4.37 (s, 1 H), 4.64 (brs, 1 H),

5.40 - 5.48 (m, 2 H), 8.85 (brs, 1 H, NH) 8.89 (brs, 1 H, NH); °C NMR (125 MHz, CDCl;) &

19.7,23.7, 23.8, 25.76, 25.84, 27.1, 27.6, 29.4, 29.5, 29.6, 36.5, 36.8, 50.1, 50.2, 51.6, 52.0, 63.7,

3.9, 79.88, 79.92, 130.2, 130.4, 134.8, 134.9, 163.0, 163.1, 171.4.

OH
pyr-SO3 DMSO

f —
Z N
H

0 345 MeO” ~O 339
To the pyreSO; complex (0.273 g, 1.72 mmol) were added pyridine (0.14 mL, 1.75
‘gv- and DMSO (0.30 mL, 4.22 mmol) successively at rt. The resulting suspension was stirred
for 15 min before CH,Cl, (2 mL) was added, and then the mixture was cooled to 0 °C. A
1».0 oled solution of alcohol 345 (0.2293 g, 0.86 mmol), diisopropylethylamine (0.50 mL, 3.01
1 ), and DMSO (0.30 mL, 4.22 mmol) in CHz“C‘lz (5 mL) was added to the suspension
ise. The reaction mixture was stirred at 0 °C for 1 h before HO (6 mL) was added. After
't were separated, the organic phase was washed once with H;O (6 mL). The c;)mbined

ous washes were back-extracted with CH,Cl, (2 x 6 mL). The combined organic phases

‘i hed with 1.0% aq HCI (2 x 7 mL), aqg NaHCO; (6 mL), sat aq NaCl (6 mL) and dried

T —
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" over Na,SO,. Removal of the excess solvent gave enone 339 (0.1938 g, 85%) as yellow oil. It

was used for the annulation reaction without further purification.

. 339-cis: '"H NMR (500 MHz, CDCl3) & 1.36 (dddd, 1 H, J = 13.5, 11.5, 10.0, 3.5 Hz), 1.49 —
'1.63 (m, 5 H), 1.75 — 1.80 (m, 1 H), 1.88 — 1.93 (m, 1 H), 2.21 (s, 3 H), 2.32 (g, 2 H, J = 5.5 Hz),
‘_2.65 (qd, 2 H,J=7.0, 1.0 Hz), 3.25 - 3.29 (m, 1 H), 3.62 (s, 3 H), 4.36 (s, 1 H), 6.06 (dt, 1 H,}J
=11.5, 7.5 Hz), 6.16 (brd, 1 H, J = 11.5 Hz), 8.81 (brs, 1 H, NH); °C NMR (1'275 MHz, CDCl3)
019.7,25.2, 29.2, 29.38, 29.40, 31.8, 36.9, 50.0, 51.9, 79.9, 127.6, 147.8, 163.0, 171.2, 199.4.

Enone 339 isomerization.

N
H
e ey |
z EtOAc Z>N
H
80" "0 339-cis MeO” ~O 339-trans

To a solution of freshly preparéd enone 339 (30.8 mg, 0.116 mmol) in freshly distilled
, ¢ (4 mL) under N, atmosphere were added powdered Na,SO4 (~ 10070 mg) and
'dinium trifluoroacetate (23.0 mg, 0.115 mmol). The reaction mixture was heated at 55 °C
‘. complete consumption of strating material (~12-14 h) as indicated by TLC analysis (339-
,has lower Rs-value). Then the excess solvent was evaporated under reduced pressure. The
;residue was submitted to silica gel flash column chromatography (50% EtOAc in hexanes).
-,339-trans (25.0 mg, 85%) was obtained as yellow oil.

1 : '"H NMR (400 MHz, CDCls) & 1.34 — 1.40 (m, 1 H), 1.49 - 1.70 (m, 5 H), 1.75-1.83
‘ ), 1.89 — 1.93 r(m, 1 H), 2.25 - 2.29 (m, 2 H), 2.25 (s, 3 H), 2.30 — 2.35 (m, 2 H), 3.27
',1 H,J = 5.6 Hz), 3.62 (s, 3 H), 4.38 (s, 1 H), 6.09 (dt, 1 H, J= 16.0, 1.6 Hz), 6.78 (dt, 1

16.0, 6.8 Hz), 8.84 (brs, 1 H, NH).
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- Cycloadduct 338.

l .
0 O "TFA  MeO,C
N

Z N toluene
H

MeO” YO 339

To a solution of freshly prepared enone 339 (193.8 mg, 0.730 mmol) in dry degassed
_luene (7 mL) under N, atmosphere were added powdered Na,SO; (~ 100.0 mg) and
'j:n eridinium trifluoroacetate (150.0 mg, 0.750 mmol). The reaction mixture was heated at 100
for 5 h before the excess solvent was evaporated under reduced pressure. The crude residue
submitted to flash column chromatography using silica gel deactivated with NEt; (2% in
Ac : hexanes = 9 : 1) eluted with 10% EtOAc in hexanes). Cycloadduct 338 (60.3 mg) was
u as very air-sensitive yellow oil with significant contamination according to 'H NMR

alysis.

]
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