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Abstract

The synthetic utilities of the cyclization reactions based on Ol-sulfinyl carbanions have
been successfully demonstrated for the preparation of 5-alkylidene-2-cyclopentenones, 5-alkylidene-
2-hydroxyalkyl-2-cyclopentenones, enantiomers of pentenomycin I, epipentenomycin I,
desoxypentenomycin and analogs. Moreover, the synthetic strategy was employed for the syntheses
of 1-azabicyclic alkaloids; (+)-tashiromine, indolizidine 167B, indolizidine 209D, (+)-lupinine , (+)-
epilupinine, (+)-swainsonine as well as substituted pyrrolidines and piperidines, starting from

appropriate lactams or amides.

Keywords: intramolecular cyclization, Ol-sulfinyl carbanions, 5-alkylidene-2-cyclopentenones,
S-alkylidene-2-hydroxyalkyl-2-cyclopentenones, pentenomycin I, epipentenomycin I,
desoxypentenomycin, (+)-tashiromine, indolizidine 167B, indolizidine 209D,

(+)-lupinine , (+)-epilupinine, (+)-swainsonine, pyrrolidines, piperidines.



(ulﬁﬂﬁfgﬂﬁi%ﬂﬁﬁ?m cyclization based on Ol-sulfinyl carbanions Tumsmseow 5-
alkylidene-2-cyclopentenones, 5-alkylidene-2-hydroxyalkyl-2-cyclopentenones, enantiomers U®Y
pentenomycin I, epipentenomycin I, desoxypentenomycin L0 analogs, (+)-tashiromine, indolizidine
167B, indolizidine 209D, (+)-lupinine , (+)-epilupinine, (+)-swainsonine, substituted pyrrolidines,

LI substituted piperidines)

Keywords: intramolecular cyclization, Ol-sulfinyl carbanions, 5-alkylidene-2-cyclopentenones,
S-alkylidene-2-hydroxyalkyl-2-cyclopentenones, pentenomycin I, epipentenomycin I,
desoxypentenomycin, (+)-tashiromine, indolizidine 167B, indolizidine 209D,

(+)-lupinine , (+)-epilupinine, (+)-swainsonine, pyrrolidines, piperidines.
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8. MIATUN S-allenylidene-2-cyclopentenones 8¢ S-alkylidene-2-hydroxyalhyl-2-cyclopentenones
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NalOs/MeOH /H20

FVP
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5b (R = Me) 7 = _ °
2 eq. LDA/ITHF / R 1
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/ R S
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5 3b (R = Me)
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2.4.1 MIFUATIZH (2)-Tashiromine (17)

a3 ouilulduansluunuds 7 Taoi5u91n y-lactams 23 (m = 1, R = H) lagwlfaser -

Y o

alkylation @28 PhS(CH,),Br, NaH/DMF 1 0 °C fagaingineatdii product 1 16 11#1 oxidation Tag1d Nalo,, McOH/H,0

9

A IS

N0 °c deguugiiieszlda1s 24a Tu % yield W@ Wold 24a ¥11§A5e10U LIHMDS/THE 11 -78 °C Dgangiivied oz

Lﬁﬂﬂﬁﬁ?m cyclisation U®J a-sulfinyl carbanions ‘ﬁg]ﬂ generate 5um%mﬁ13 24a 1% 1dans 24aA "?leij!,ﬁaﬂi 99
1§A361 reduction @38 NaBH,/MeOH i 0 °C fegqanginosnzlfas indolizidine 25  (69% yield) ludruneuvo
diastereomer 11135 25 T1ih o-hydroxymethylation Tag generate a-sulfinyl carbanion UYDI§17 25 nou Iﬂﬂiﬁ}ﬁ1ﬂﬁﬁ§mﬁu
LDA/THF 11ag paraformaldehyde 9231197 18613 27 (55% yield) $1 361 pyrolysis @15 27 a0 reflux 11 tolucne 92 1da1s 8

(47%) ﬁﬂlﬁﬂﬁﬂﬂﬁiﬂﬁﬁ?m catalytic hydrogenation (H,, Pd/C) 'l (+)-tashiromine (20) NA0INT 86% yield

€

=h.

HUNHAIN 7
0 o)
o Ssph Ssph
(i) Y (i) Z
NH — —
N N
20a 2la 21aA
l (iii)
OH
H
N W OH v
D -
N N N
25 24 22
l (vi)
OH
H
N

(x)-Tashiromine (17)

Reagents and conditions: (i) NaH, DMF, PhS(CH,) Br, 0 °C to rt (75%); then NalO » MeOH, H,0, 0 °C to rt overnight (70%); (ii)
LiHMDS, THF, -78 °C to rt overnight; (iii) NaBH » MeOH,

0 °C to rt (69 % yield from 24a); (iv) LDA, THF, (CH,0),, -78 °C to rt overnight (55%); (v) toluene, reflux, 8 h (47%); (vi) H,,
Pd/C, (86%).
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2.4.2 ﬂ1iﬁ'1\1!ﬂ§1$ﬁ, ()-Indolizidines 167B (18) ttaz 209D (19)
ainaas I3 uunuiaf 6 lactam 20¢ (R = n-Pr: m = 2) 1ag 20¢ (R = n-Hex: m = 2) fluansisudui
sudludmsunsns ey ()-indolizidines 167B (18) ag 209D (19) Soiulusuusniaianusidiufiaedoundon lactams 20b
waz 20c muinaad3lunkuiad 8 Taoisudue1n 2-propyl- 18z 2-hexyleyclopentanone cfdm?ﬂﬂﬁ’mﬂmiﬁm;jﬁ?m
alkylation UBIH 151lsznou 2-carboethoxycyclopentanone A n-propyl bromide ED) n-hexyl bromide Tag 14 anh.

K,CO,/acetone uanh product #'lduh decarboxylation Tag 14 NaCl/DMSO #50 NaCN/DMSO

uRuFaR 8
0 R
R (i) O 0
—_— +
(if) NH NH
4:1
a,R =n-Pr R ()
b, R = n-Hex 20b 26b (67%)
20c 26¢ (60%)
(iii)
(0] SPh R
\)/ Cfo SPh
N \)/
N
R
27a (46%) 28a (14%)
27b (41%) 28b (12%)

Reagents and conditions: (i) NH,OH.HCI, ethanol; (ii) TsCl, NaOH, acetone, rt, overnight; (iii) NaH, DMF, PhS(CH,),Br, 0 °C to

rt, overnight.

faue ﬂﬂuuwuﬁaﬁ 8 ﬂﬁﬁ?m Beckmann Rearrangement U3 oxime derivatives U834€13 2-propylcyclopentanone
1ag 2-hexylcyclopentanone Tagld NaOH/p-TsCl/acetone ﬁqmwgﬁﬁ}m%‘lﬁdauwamm lactams 20b/26b 11a¢ 20c¢/26¢
MUEIFY (@13 lactam 26 1Y regiosomer AR M OURANT lactam 20 FIUHAUTZNN lactams 20 1AZ 26 TFATI
Usgane 4:1 rfieann’llannnsouen lactam 20 AAINTEENIIN lactam 26 71 118915 181A8TE chromatography 5311
drumauves 20 uag 26 liAsededy PhS(CH,),Br/NaH/DMF oz §d uneuuesens 27 uag 28 Feeunsausnoon
nniuldlasdiie Tae chromatography @13 lactam 27b uag 27c (P precursors fideamsdmiunsdaunsizd (-

indolizidine 167B (18) 1% (+)-indolizidine 209D (19)

4
@

AauIahias 27b uaz 27¢ W19 oxidation 1H 14 sulfoxides 21b 1az 21c MUNABINT Tne 14 Nalo,/MeOH/H,0
ﬂﬁﬁ?m cyclisation U®J a-sulfinyl carbanions 1 derived 11910 21b t1az 21c 1agly LiIHMDS/THF/-78 °C ﬁaqmwgﬁﬁ’awﬂﬁ'

@151)52n0 indolizidine 29 (R = n-Pr 118z R = n-Hex) 1 litafios §a'18%1§A5e1 reduction ao Taels NaBH,/MeOH g1

3 ' v A
1 1&as 23a vaz 23b Taaludrunauuea 2 diastereomers utaaaluumusian 9



-12-

UAUAIN 9
Ng—Ph
27a, R=n-Pr (i) ©
or —_—
27b, R= n-Hex N
R
21b (93%)
21c (87%)
l (ii)
H SOPh H SOPh SOPh
3 3 (iii) _—
N + N N
R R R
23aA (41%) 23aB (34%) 29a
23bA (47%) 23bB (45%) 29b

Reagents and conditions: (i) NalO,, MeOH, H,0, O °C to rt, overnight; (i) LIHMDS, THF, -78 °C to rt overnight; (iii) NaBH,,
MeOH, O °C to rt, overnight.

sﬁumuqﬂﬁwﬁm%”umsm%u ()-indolizidine 167B (18) 1ag (£)-indolizidine 209D (19) ADM5111 diastereomer
A 1A% B Y8413 indolizidines 23a 1a 23b TURAAS 0N reductive cleavage Tat14 Nickel Boride (Ni,B) Fusiendunudn
141a891n NiCl,.6H,0/NaBH, 14 McOH:THF (3:1) saiuilorens 23aA wminlfAseiy Ni,B 92 1@@15 ()-indolizidines
167B (18) 82% yield Tuihweafeniuas 23bA vzinlfiseniu Ni,B 1da1s (+)-indolizidines 209D (19) 80% yield dua1s
23aB 8¢ 23bB Lﬁi’)ﬁ1 reductive cleavage Tagld Ni,B w1d (£)-epi-indolizidine 167B (epi-18) Lag (+)-epi-indolizidline 209D

(epi-19) audwuaa laagy 13 lunwudad 10

UHUAIN 10
H :SOPh H
(i)
—_—

N N
B a, R=n-Pr =
R b, R = n-Hex R
23aA 18, 82%); (+)-Indolizidine 167B
23bA 19, 80%; (+)-Indolizidine 209D

H :SOPh H

N

N
R R
23aB epi-18, 74%; (+)-epi-Indolizidine 167B
23bB ei-19, 86%; (+)-epi-Indolizidine 209D

Reagents and conditions: (i) NiCl,.6 H,0-NaBH,, MeOH-THF (3:1), 0 Ctort, 2 h.
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2.5 MsAseN Pentenomycin I #ta¢ Epipentenomycin I

AN Yo as o s Y (aaa .
namsn lananITmsdunszianslsenon cyclopentenones Iﬂﬂi"]ﬁ]gﬂ'imlntramolecular acylation of O-
. 2 o q 9 Iq Yas Ay Yo £ a A o o a .
sulfinyl carbanions %wﬂmimu%ﬂizqm%nmsm”lﬂwmuwuiuﬂmmﬂumiwa@mmmmﬁmm pentenomycin [

18 epipentenomycin I ANDAIU analogs VoI

13 pentenomycin I-1IT (30-32) 148 ¢ dehydropentenomycin (33) (a3 antibiotics N3l oxygenated cyclopentenones
I core structure T3 pentenomycin I (30) U@ pentenomycin II (31) wen ldan Streptomyces eurythermus1 AU 32 uay
33 w#nNIN Streptoverticilium eurocidicum’ 1% Streptomyces cattaleyaZb MmNAIAY aau epipentenomycin (34) uen'ldn

. 3
Perziza sp.

.~ _, Pentenomycin | (30) RI=R?=H
OHOR Pentenomycin Il (31) R = H, R = Ac
Pentenomycin Il (32) R* = Ac, R = H

OR?
0 0
OR! S OH
OH / “OH
o “oH

Dehydropentenomycin (33) Epipentenomycin | (34)

Tuns ﬁﬂy1‘§%ﬁ1 asymmetric synthesis Y8813 (-)-pentenomycin I (30) Lag (-)-epipentenomycin I (34) L1
enantiomers “U?Nﬁ’ﬁ‘ﬁﬂﬁm (ent-30) 1ag ent-35) - Tﬂﬂﬂ"uﬁumimmmuﬁuaﬂﬂu retro-synthetic plan ﬁuﬁmiu LLNuﬁﬂ‘ﬁ
11 o923 uduaINeNs chiral ester (25,55,65)-35 130 ent-35 d13 chiral ester HaapadaamNInesonldionn L-ascorbic
acid 1182 D-mannitol MUSRUMINITV0S Ley’ TasAnnas 36 a5aza3onlaelyl enolate anion U84 chiral ester 35 1

ﬂﬁﬁ?mﬁu 3-phenylsulfanylpropanal MUAIY oxidation V04 adduct NAAYU a5 36 N lAAITIZ hydroxyalkyl group E]EUJ'
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4 o o aaa @ < a . . . ° ]
equatorial position et 36 m‘ﬂﬁ]gﬂifﬂﬂ‘u LDA nNf15392109 intramolecular acylation of a-sulfinyl carbanion m”lﬂqmi 37
S = o . . = o .
Failu key intermediate Tumsnsou pentenomycins Tagazii pyrolysis @& hydrolysis U84 product #1dnmsm pysolysis

(UWURSN 11)

U uAaN 11

OH
HO™ X
HO
o) OMe OH
(-)-Pentenomycin | (30) (-)-Epipentenomycin | (34) |:>
OMe
HO HO 5 pPh
. A ~OH 37 o
Q‘OH 1y
o OMe OH
: 95,
(+)-Pentenomycin | (ent-30)(+)-Epipentenomycin | (ent-34) ?Ph
OMe /~oMme
O

OMe o OMe
— O S~
0~ e
O~ OMe  MeO

OMe H H  OMe
(2S,5S,6S)-35 ent-35

9
v @

= 9}@' =< an = . . . .
1A uAPEITMIRT auans (-)-pentenomycin I (30) a2 (-)-epipentenomycin I (34) 10 chiral ester
(28,55,69)-35 Ta@i3u9INMISIA30W enolate anion VeI (28,5S,65)-35 IagliW1J§nse1ny lithium diisopropylamide (LDA)

Y
wasntiu i aTerny 3-phenylsulfanylpropanal 3¢ I@dIUKANY0Y diastereomeric mixture 38A 1Az 38B (Uszwial 1:1)
Fegunsoausneonnniuld Tasnui hydroxyalkylation IRV stereoselective 191N 14ATU equatorial U®N enolate anion VD
3 7 e & g A v Y 2o ° aaa . .
chiral ester (2S,55,65)-35 " IMNIUFIATINWTIBUV09 S. Ley © 1o 1dens 38A uaz 38B umnm"lﬂmﬂgnim oxidation
Y Y] . o o A o o (aaa L. v o P
78 NalO, 921415 sulfoxide 39A 1Ay 39B AWA1AY tlorhans 39A wRATen cyclization Taals LDA 1§lu base wla
17 40A ‘%Q%Lﬁﬂﬂﬁﬁ?ﬂW sulfoxide elimination 14911 pyrolysis Tag reflux 14 toluene 3214 hydroxycyclopentenone 41A 1o
11 hydrolysis 813 41A A TFA/H,0 wld (-)-pentenomycin I (30) Wi ueUABIN AT 38B aw i (-)-epipentenomycin I (5)

(QUAURIN 12)
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UHUASN 12
OMe OMe OH OMe QH
o//’ O @/2 H
(0] \%/kOM e a O
OMe OMe
35

0 =

SPh + /§/O ' SPh
OMe

0”7 “oMe

(0] OMe
38A (34%) 38B (32%)
OMe H Me H
ok 4. N9k
OMe (80%) OMe
o ,SPh o
39A 40A O 41A
OMe OH OMe OH OMe COH
308 b N20% SPh—>/§/0 A, 4. [Oox A
(87%) OMej:\/\+ OMe (83%) OMeﬁ
O OomMe O SPh (0]
39B 40B © 41B

(-)-Epipentenomycin | (34)

Reagents and Conditions: (a) LDA, THF, —78 °C, then PhS(CH,),CHO; (b) NalO,, MeOH, H,0O; (c) LDA (3.5 equiv),

THF,—78 °C, 2 h then 0 °C, 2 h; (d) toluene, CaCO,, reflux, 15 h; (¢) 90% TFA, 0 °C, 5 h.

1IT1EUTDAT B (+)-pentenomycin I (enz-30) 1ag (+)-epipentenomycin I (ent-34) 'lﬁ'n%mﬁmﬁ’ui@aﬁﬂﬁﬁ?m
milounuaaslunkuian 12 oA uduen (2S,5R,6R)-ester 35 (en-35) (AUAUAIN 13)

HAUAIN 13

o OMe
N~

=.~0

MeoJ\fo¢ =,
H OMe HQ
.~ OH
ent-35 X
OH
(@]

(+)-Epipentenomycin | (ent-34)
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2.6 MY Analogs U943 ent-Pentenomycin I

v
= Gl’yadc!' =< [ 4

e Iananvudunsizy  analogs V@9

4
oA

A = Fs an o Y o =
l‘WE]LLﬁﬂ\‘lﬂ\11]58181"111!‘1]@\1’315ﬂﬁﬁ\ilﬂﬁg‘ﬁ‘ﬂllﬂ AUIVY QN

) a 2 o . ' v &
pentenomycin I 1AgAAI1 analogs IMAHIZUAAINA antibiotic activities N1U1AUTaTe0 W MU precursor Tumsinsouans

highly oxygenated cyclopentanoids Gl aﬁuq

2.6.1 MSIAILNAS ent-o-Phenylsulfanylpentenomycin I (en-42A)
AWNI0ATOUAT enr-42A 18 1A833 117501 Pummerrer rearrangement Y9315 ent-40A 392 18

@15 ent-43A noU 1AIABERIUGNT01 hydrolysis 92 18815 enr-42A mudoamsaauansluunuiah 14

U UAaN 14

OMe OMe
o0 TFAA, CH;CN a0 90% TFA
i ovme 0T

i-ProNEt
OMe
o 0°Ctort O 80% pPhs O
61% PhS
ent-40A ent-43A ent-42A

2.6.2 MsAIEN Pentenomycin Analogs ent-44A Wag ent-46A
A Y3 v A g =
ouaa IR UM en-40A s ldiluasisudulumsnion a-aryl 1ag a-
4

alkynylsubstituted pentenomycin derivatives 183anTeouas enc-44A Vuanlagly en-40A ﬁwﬂﬁﬁ?mﬁu Iz/pyridine/CCl49
™17 ent-44A Wumnssudulumsi Suzuki-Miyauralo g Sonogashira” couplings nuuile Suzuki-Miyaura coupling oo
1% ent-44A ¥1JFA56170 phenylboronic acid Tagld PACL(PPh,), 1ilu catalyst 92 18aNT enr-45A Guiion hydrolysis vz 14
pentenomycin analog ent-46A 11&1’11146&@8’351!1]5]5?&11 Sonogashira coupling Y9I 1T  ent-44A 1 phenyl- U@y
t-butylacetylene Tael¥ conditions fauaasluumuian 15 a21d coupling products ent-47Aa U ent-47Ab Fadiei i

hydrolysis wla pentenomycin analogs ent-48Aa l10i& ent-48Ab MuaIAY (@uwuﬁqﬁ 15)
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U UAIN 15

/ / ent-47Aa (72%) / / ent-48Aa (90%)
ent-47Ab (90%) ent-48Ab (97%)
R aR=PhbR=tBu R

Reagents and Conditions: (a) 1,, pyridine, CCl,; (b) PhB(OH),, PdC1,(PPh,),, Na,CO,, THF, 60 °C; (¢) 90% TFA, 0 °C, 5 h; (d)

Phenylacetylene or -Butylacetylene, PACL,(PPh,), Cul, i-Pr,NH, THF, 0 °C, 45 min.

27 M3A38Y (+)-Desoxypentenomycin 53 #1az Analogs 56, 59 118 60

@ o & = 3
nasnnlszauanudusalumsason pentenomycin [ {18 epipentenomycin I HUD BTUNIAT nioueld
= o Y ] = . = = wa A a A
178N analogs UDINURAIY h],ﬂf;‘f‘lﬂlslft]Gl‘L‘!ﬂTim'iEJiJf;‘ﬂ'iﬂiz'ﬂE’)1J(+)-desoxypen‘[enomycm (53) HDVITUAUTUUANNFIINGIN
wauls Tﬂﬂhl‘i’f}ﬂf] 1381 intramolecular acylation of a-sulfinyl carbanion
MIFUATIZHISUAUIN chiral ester (2S,5R,6R)-ester 35 (ent-35) Faun3on'lad1891n D-mannitol f41dna1n131u
4 1 v ' 1
F101UATINUAD mmm’n’umﬁﬁmﬁm%nmaﬁw intermolecular acylation Y93 a-sulfinyl carbanion ease cyclopentenone
ring 18 anunsonsonldlasly enolate anion UPY ester ent-35 ‘ﬁTﬂf]’ﬁ?mﬁ‘U 1-bromo-3-phenylsulfanylpropane Tu
v i1 k4 1
THF/HMPA 7 -78 °C 09 guvgiiviosaz 1dd15 49 anuin alkylation 928AAN1INAIY equatorial 11Ty iierias 49 1w
U301 oxidation Taeld NalO, Tu methanol vz 18en3 50 1ilo11GA501 cyclization Taeld LDA Tu THF @1 -78 °C 2 2 Tua
o Y £ o o (aaa A L. . Y =L o o
uaz 0 °C 2 ¥ 19 a2 1des 51 g 1vinl§aTen sulfoxide elimination 92 1@ cyclopentenone 52 Fuilu precursor 115UM5

IA383 813 (+)-desoxypententenonuycin (19) Tagn13941 hydrolysis 19 90% TFA asldagd 1A lunmudai 16
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U UAIN 16

Me OMe
0 — 1) LDAITHF -78°C —
)J\;OO = PhS = OO
MeO 2 phs > gy /\/\Ar OMe

ome HMPA, -78 °C to rt MeO™ O
ent-35 77% 49
Nalo,
MeOH/H,0
88%
OMe OMe
;\~\0¢ LDA/THF " /\/\AC\\OQZ\
g OMe -78°Cto 0°C, é Meo o OMe
Phs, O 2h
o 91 79% %0
Toluene
reflux, 15 h
80%
OMe
:‘\\EQ?\ 90% TFA ;‘EOH
Q’ OMe 0°C,5h Q\/
0 85% 0
52 53

119991nAAE15U52N0D highly oxygenated cyclopentenones UsEIANE15 52, 53 1A analogs AI9UAITILT

< 2 o o o 4 ; , ? g g .
dszTomhnalumslfiumssudu dwmfumawsouasdidug allassadegeonnniu Fezduise Teninnlund
@ Q’/‘ 1< a = o

YD organic synthesis guiualdens 52 Wuassudulumswsey analogues U9 (+)-desoxypentenomycin (53) Iagazii

‘]Jﬁ 13671 Heck, Sonogashira 10¥ Miyaura-Suzuki coupling

lﬁﬁliﬁ}ﬁﬁ 52 ﬁﬁjﬁﬁ?m Heck coupling 11 iodobenzene 1a8il Pd(OAc), W catalyst wla coupling product 57
Guiiorh1 hydrolysis Taeld TFA v21des 59 (umudad 17) 18AnBIMIIAT 0N 2-subsituted analogs Veaa15 53 TAi5u
113 521ABA0ATBENT o-iodocyclopentenone 54 Suanrou Taold s 52 NQn3ennu L/pyridine dieriens 54 i
1381 Miyara-Suzuki 1182 Sonogashira Fuaadlunkudai 17 wwannsamiondas 55 uaz 58 ladai i hydrolysis 9

1§ 2-subsituted desoxypentenomycin analogs 56 L8 60
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WA 17

OMe OMe  pdcl(PPhy), (Me
\\\OO\?\ I, , Pyridine \\\OO\?\ ArB(OH), :‘\\\OO
Q/ 1 ccl, Q’ 1 Na,CO,, THF Q\/ T
o 95% O 40°C,10h PO
23 26 75% 29
Pd(OAc), PdCl,(PPh,), 90% TFA
BU4N+BI" F-’hp E-l (';l | 0°C,5h.
Phl, K,CO, i-Pr,NH, Cu
82%
DMF, 60 °C, 12 h THF, 0°C
71% 68% ;‘\OH
Y OMe OMe OH
S ‘\\\O
a0 : O¢ ph O
Ph OMe
OMe o 30
o) Vi
24 P! 27
90% TFA 90% TFA
0
0°C.5h 0°C, 5h
0,
9% 74%
& _OH OI—? "
Ph\Q\"OH
0
o] //
25 Ph 28

2.8 MS5IAS8N (+)-Lupinine (61) #az (+)-Epilupinine (62)

.. . .. S| . C g . 9 . v o o

13 lupinine L18¢ epilupinine 11l quinolizidine alkaloid Llﬂﬂllﬂmﬂﬁ‘]fﬁfm lupinus AINUUIDIUASDUNUS
= oa A a A =2 o q9 = Yt Ay Yo & o s o v o o A
uﬂmauuwmwnmmmﬁu% mm“lwauslimi]s“l%nmfm'lﬂwwuwu“lumimmﬂwmsmammmuamiuuwuww

18 MIAUATIZHITUINATS S-valerolactam 1ao1JA501 N-alkylation Tao1¥NaH/DMF/PhS(CH,),Br vz 18a15 63 Faril1)

aaa

o (222 S Y Y a9 : Y . . lo o o o o ¢ o
#11IA501 oxidation Taald Nalo, 92 1da1515uAY 64 Feazlfiluas intermediate NdAYdMTUMITUATIZH H1)HATeN

cyclization 64 1 1¥ 1815 quinolizidine 651a81% lithium hexamethyldisilazide (LIHMDS) 11 THF 11 -78 °C fagauniiivioq

U

'
A o o

22 18e5 65 nou %9l stable 3991 reduction @28 NaBH, 14 quinolizidine 66 c’fﬁﬁ]umi mﬂtymim?ﬂu (+)-lupinine
(61) 18T (+)-epilupinine (62) TAEADIATINTT 67 11AAT 66 1ABIT a-carboethoxylation YBIA13 66 1% LDA/THF tiiein3 o

a-sulfinyl carbanion 1an trap Ay ethyl chloroformate il 1dans 67 #91in 1191 sulfoxide elimination Ta® reflux 1
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toluene 919 a5 68 Lf}t’]ﬁ1ﬁﬁ 68 ﬁﬁJﬁﬁ?fﬂ catalytic hydrogenation Taels PtO, W catalyst wld quinolizidine ester 69
(e isomer A0 vdea NS 69 11 reduction §98 LIAIH, T ether 1218 (2)-lupinine (61)
TuiueuReINUESOINToNES (+)-epilupinine (62) fidosm31dlaEunnas 68 Tag11n3e1 reduction
YO o.B-unsaturated ester moiety Ay Mg/MeOH UAIMNAIY transesterification LAz epimerization A8 NaOEYEtOH ¢ 18
quinolizidine ester 70 1e isomer A8 Lf]aﬁ”l reduction @13 ester 70 8 LiAlIH /ether a2 ldans (#)-epilupinine (62) ‘ﬁc?fmms

(51902199AA L aA TUUNURIN 18)

U 18

o o
Cy// @), (b)
NH N\/\/\

§Ph
63, n=0 (O)n
64, n=1
i ©
SOPhK SOPhA
H g
() =
N N
66 65
©
OPh O5Et
H COZEt (f) H \2
N N
67 . 68
0}
l @
H SO=Et b COzEt
i I
69
la) l .
L $O=Et p CH20H
I D
70 61, (H)-Lupinine
l(k)
CHL,OH
H
N

62, (¥)-Epilupinine
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2.9 MsdunsIzHa5521aN Pyrrolidines 1ag Piperidines Taamsiszgndlfil§sen Cyclization Vo9 a-Sulfinyl

Carbanions

1 Ay < aaa g/)
nguatsveus lduaasliiiuise Tonin1a1l§d5en cyclization Y94 a-sulfinyl carbanions 41UV intramolecular
A ' I ax ] =)
acylation 19 intramolecular nucleophilic addition M carbonyl group U®N lactams mamnﬂi%’gﬂmﬁmﬂmq Tumsinseon
@15dsznou highly functionalized (:yclopentenonesl’2 FINDINTAST ENATHANNUNTT TN pentenomycin I U@

a o J a A
epipentenomycin I LUUDANUIAT LATHITHAANUNTITUHA indolizidines 167B 11ag 209D™ lipinine 1A epilnpinine’ AIUN

1851eauliudy aguiteveuninnuauldeiiiosninaudinanlumsi Hduisamsi il lumsduaed

asa

S { a o ¢
ﬁ1§ﬂ§$ﬂ@'ﬂ pyrrolidines 1@ piperidines CdﬁQLﬂUﬁ1§ﬂ§$ﬂf]'UﬁW’UiJ'lﬂiuﬁ'liNﬁﬂﬂmcﬂﬁ5311611']@]‘1/13JQ‘VI‘E‘V]1\1"]5’J’J‘VIU'] Iﬂﬂﬂ'ﬁ

o 2 2 o o A g 1o =~ Aaa
ﬁﬂlﬂi1$ﬁ{§]$lill@glluﬁﬂﬂﬁﬁlillgl}u amides AR TULNUFIN 19 fnxmmwumau‘ﬂmﬂmﬁaﬂgmm cyclization U®Y a-

{ 4 g2
sulfinyl carbanions A3 ouN11A sulfoxide 73 1ilpanailuduaouvesmsad piperidine Q¥ pyrrolidine ring

U AN 19

(O)m
SPh SOPh
PhOS
O
Pe NaH/DMF j\ 2.2 LIHMDS/THF gk) _then Hz0 @Q)
R NH L
too PhSCHZCHZ(CHZ)nBr ~78°C to rt Ry N
Rz R2 R2 R,
71 n=1lor2 72,m=0;n=1
73, m=1n=2
-H,0
s
) Ni,B PhOS PhOS
R, T /b _NaBH, /b)
77,n=1 R In n
78'n=2 1 '|\‘ MeOH Ry
/@) reflux 75,n=1 4
R " 76,n=2
Rz
9,n=1
80,n=2

g lauaaa 13 uunudan 19 ansamseuans sulfoxide 3 (n = 1 or 2) 1d1na151/52n0V amides 71 Tagld 1-
bromo-3-phenylsulfanylpropane U350 1-bromo-3-phenylsulfanylbutane Tasld  sodium hydride L‘lcju base Q¥ N,N-

dimethylformamide (DMF) flu solvent ¥4z 1da5 sulfide 72 lﬁﬂ‘ﬁiﬂﬁﬁ?m oxidation @13 72 @2 NalO, 1u H,0/MeOH
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10 °c ldens sulfoxide 73 auNdeans tierhans sulfoxide 73 mﬁwﬂﬁﬁ?mﬁu lithium hexamethyldisilazide Tu
A A : ' Y ' <
tetrahydrofuran 71 -78 °C Deguugines vz 1dens 74 Fanunasdszianiiag lisos stable 1vnmu IAnTeneemuenln

=3

uSqni1ae3t  chromatography Fufuiai crude product vosa13 74 fasenld1uiUFA501 reduction Aolasld

NaBH,/MeOH wla pyrrolidine sulfoxides 75 (68-90% yield) e piperidine sulfoxides 76 (67-72% yield) Taga1s 75 uag 76

ﬁ'léf ﬁ]zulig]} HdJ‘L! diastereomeric mixture Gd]f dluvnansdianunsauen pure diastereomer llﬁ ‘ﬁﬂﬁ 15 75 1iag 76 (diastereomeric

mixture) W precursor FMTUMTATONET pyrrolidines 77 tla piperidines 78 Iﬂﬂﬁiﬂﬁﬁ?m reductive desulfurization Tna 1%
o

& o & 2 0w
Ni,B 11 McOH 1il1 reducing agent sazusnvinidlfiiluasisududmisvmsnion 1,5-dihydropyrrolidines 79 1ag

unsaturated piperidines 80 1911111/%11)§7501 sulfoxide elimination Ta® reflux 11 toluene (9351882 1B8a lunIANUIN )

Table. Preparation of compounds 71-73 and 75-78.

entry % yields”

71 n R, R, 72 73 75 0r 76" 77 or 78 79 or 80
1 71a 1 Ph Ph 72a, 84 73a, 90 75a, 70 77a, 68 79a, 65
2 71b 1 CH, Ph 72b, 88 73b, 92 75b, 68 77b, 60 -
3 T1c 1 n-Pr Ph 72¢, 80 73c¢, 90 75¢, 71 77¢c, 62 -
4 71d 1 Ph PhCH, 72d, 75 73d, 91, 75d, 90 - 79d, 65
5 Tla | 2 Ph Ph 72e, 82 73e, 90 76a, 72 78a, 61 80a, 76
6 71b | 2 CH3 Ph 72f, 85 73f, 90 76b, 67 78b, 70 80b, 72

“Isolated yields.

b . . .
Obtained as mixtures of diastereomers.

“Not performed.
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210 MIFUATIZH (+)-Swainsonine (81)

. - . s v a
Swainsonine 11U polyhydroxylated indolizidine L&D 1&9n fungus Rhizoctonia ligumicola 'agisviatesiia’
. . = A = A 1 . . . dyw 1A wad Y A
(-)-swainsonine u@maummwamwmmﬁu% I¥U  glycosidase inhibitor UBDNIINUIINUNUANTUUADU) A AD
antibacterial, antiviral, antimetastatic Y390 antidiabetes activity ®9U (+)-swainsonine i1l potent inhibitor of naringinase

ay . . v A = a @ Q’,‘ =2 a9 =R ad o J
UDNVINU unnatural analogs VDN swainsonine ﬂﬂﬂﬂmﬁllﬂﬂﬂﬂﬁﬂﬂﬁ/‘lﬂu?ﬁualﬂ @N‘H‘Hfl]\ill@ﬁualﬁ]ﬂﬂﬂHTJﬁﬂﬁﬁ\uﬂi1$1’iﬁﬁ

fanany’

OH
= OH OH
T H H
HO N
N N/ oM
HO"
(-)-Swainsonine (+)-Castanospermine (-)-Lentiginosine

o ' o Aaaa . . . I
MIFUATIZH (+)-swainsonine (81) @11150%1 1A Tae191I§A501 a-sulfinyl carbanion cyclization 1ifu

Ufnsennan TaeisuAuain chiral a-hydroxyimide 82 HlLHAY retro-synthetic plan AauaaslulHUAS 20

U AT 20

OH
2"y OH TBSQ H TBS? oH SOPh QTBSO
OH — T N [ e— [ —
CD‘ Q@ g(\b q/\/\soph
81 (0] (¢] (¢]

ﬂ

oTBS

(o}
L
82

(e}
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2.10.1 M358 chiral imide 82

1Aweneua3on chiral imide 82 Tﬂﬂﬁmm‘i'ﬁﬁﬁé'ﬁmm% (Fauaas s 21) Tag

151910 L-glutamic acid (83)" 151@mN301A3 01a1s 84, 85, 86 1az 87 lannda meu@muaﬂmamﬂmmﬂa 1391 Oxidative

hydrolysis ¥8a¥3] p-methoxyphenyl vosas 87 site 17 1das 82 ideants usnu liaunsanends 82 fidesmsliuseqns
8uaz1d 82 Tu %yield Hid 1N Fatusald

w lﬁ'
UNUNIN 21

OMe
1) (COCI),, CH,Cl, H\/@
H,S0,, NaNO
HOOC — yeiNH, 248772 OE\«OH DMF OA/_)\((N
HoOC 0 o 0
H,0, 49% O 2)PMB-NH,, EtN 0
83 84 CH,Cl,, 1t, 85
68% over 2-steps
t-BuOK, THF
-78°C, 3h
63%
ol
0" N o oTBS OH
PMB CAN, tt, II TBDMSCI, imid. /J:I
CH,CN-H,0 0~ "N o CH,Cl,, 91% 07 N0
+ MB PMB
o 87 86

@ o . L & g A Y o o = aaa L. a ° '
NITIANTIEH AT chiral a-hydroxy imide 88 “]NUJ‘LlﬁﬁljNﬂuﬁWﬁiUmiﬁﬂ‘HTﬂgﬂim cyclization ﬂ%guﬂ‘ﬂﬁﬂﬁ

1383 (+)-swainsonine 1ABISUAUIIN chiral o-lactone carboxylic acid 84 dauaasluunuiei 22 A131501A381A1T chiral
sulfinyl imide 88 Tu Yyield 74

UHUAIN 22

1) (COCI),, DMF, CH,Cl,

H
OH rt,3h N sPh
Oé\/ojj( o o N

o) 2) H,N™"sPh 0
84 Et;N, CH,Cl,, 0°C to rt
16 h, 67% over 2-steps

t-BuOK, THF
-78°C,3h
72% (88%)

OTBS oTBS 0
0 Nalo, MeOH-H,0 . _o TBDMSCI, imid. O
- -
N._~_-SOPh qgoCtor, 16 h, 90% N._~_SPh CH.Cl, 87% N._~_-SPh
(@]

88
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2.10.2  1§A3en cyclization Y04 chiral sulfinyl imide 88
A v o |aaa o X . A o .= ay
N3l 19 88 N1AT810U LIHMDS (2 equivalents) 11 THF 178 °C Dagaiviiivind
(16 %%.) 9218 cyclizedproduct 89 (80%yield) 1 uupananUDA diastereomers ¥4l Tdwenommenudiies 89 liknlgasen
iy p-toluenesulfonic acid/CH,CL /reflux (16 ¥4.) 32'1des 90 (80%yield) Taaludrumauund 2 diastereomers 90a (15%) LAY

£ v WY o o A
96b (65%) “ﬂﬁﬁ1u1iﬂllﬂﬂ@i‘)ﬂﬁ]1ﬂﬂu1ﬂ muﬁﬂﬂuuwuwm 23

U d'
UNUAIN 23
OoTBS o
O TBSO S TBSQ ,, SOPh
o)
N SOPh 2 equivLiHMDS
\/\/ o N
N
O g8 THF, -78°Cto1t,16 h d
80% o 89
\ TSOH

90a 15% O90b 65%

M3 1% LiHMDS 2 equivalents 1HP991INADINS protect qu,' carbonyl U84 cyclic imide Gl,ﬁ}ﬂl;l:sl,u form U®d  enolate

4
v a @ 1

ANUUNIT cyclize VDI a-sulfinyl carbanion na ldnmdy carbonyl group ﬁﬂéaﬂﬂﬂ OTBS group Y ﬂﬁﬁ?fﬂ
cyclization ¥ 4e35 88 Tae 1% 1 equivalent Y94 LIHMDS 1% %yield vo4e35 89 1u %yield i
2.10.3 mam’%’aumi 91 91Na13 90

A1 & . . ) 1% = . . A 1 Y o
@15 91 Do uilu key intermediate @1¥TUNTATYN (+)-swainsonine (81) (HDIINIININ

9
v KX A

sulfoxide elimination Y84a13 91 AMAY cis-dihydroxylation 113272592 1@ (+)-swainsonine (81) MuAnIMs darinudaiinnu
i‘inﬂuﬁﬁmﬁw reduction usiterated sulfoxide 90 137 1¢en3 91

”Lma’fm&'u"lﬁ'%mﬂﬁﬁ?m catalytic hydrogenation UY93&13 90a 90b Taals PtO, W catalyst
10 ethyl acetate 7 4 atm. 1301 16 . W aaead e e sulfide 92 Uszan 58%yield (WHUAIT 24) wiamnlg
Wo101mnAna 1517501 reduction D1 19U Et SIH/TFA/CH,CI,, NaCNBH,/AcOH, NaCNBH,/MeOH, NaBH,/MeOH 4614
M liidluiinels Tavdananaudaes Idmsisudundufuuidounua udnuiuiold NacNBH, Tu AcOH uag 10 mol%
CF,CO,H fi 50°C (5 411.) 3361 reduction 404 90a 1218 76%yield 404 reduction product 93a A1 90b 91 93b 75% il

o aaa 9 .. = [ o A
M1IPATe1e1A conditions 08I (QUALFIN 25)
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U UAIN 24

PtO,, EtOAC

€

a
N

UNUNIN 25

TBSQ |, soph
NaCNBH,, AcOH ~IA

TFA,50°C, 71% (76%)

93a

NaCNBH,, ACOH

TFA, 50°C, 68% (75%)

Relative stereochemistry U89 93a 4ag 93b #10130 confirm Tael4 NOE experiment aulasaadavessiy confirm

Ta® ‘H-NMR, "C-NMR, HMQC ttag COSY-45

2104  MSAENET 94a Haz 94b Jaeii1)§i3en sulfoxide elimination
119111 93a 1Az 93b 1191 sulfoxide elimination 18 reflux 114 toluene 1Az CaCo, 6@]5]}’38%

16 94a 1102 94b 84-85% yield LHUAIT 26
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UAHASN 26
TBSO
TBSO SOPh ° H
toluene, CaCO3 A
reflux 16 h, 80% N
o}
94a
SOPh TBSO
toluene, CaCO :
s N
reflux, 16 h, 85% N
o}
94b

2.10.5 MsASaNa5 (+)-epi-Swainsonine (epi-81)
| AW IAT U (+)-epi-swainsonine (epi-81) TABI5 A9 942 wuduile 1 94a 11
ﬂf] A3610U 0sO /NMO (N-methylmorpholine oxide) Tu acetone-H,0 muﬁ’aﬂﬂﬁ 1561 reduction T 1¥ LiAlH /THF /reflux 9&
18 22% yield VoIdUNEANTENIN epi-swainsonine 1z 95 Tusas1au 1:1 ua lignsausneennniu ldoasiaiumla

1Ay ‘H-NMR (QUIURFIN 27)

TBS(:) H
A 1) 0sO,, NMO, acetone-H,0
N 2) LAH, THF, reflux, 16 h
3 22% over 2 steps 1 : 1
94a epi-81 95

2.10.6  M3MIENAS (+)-Swainsonine (81)

Az sulfoxide elimination ¥09eNs 94b 9218 96 85%yield FarhluinIFATen cis-
dihydroxylation i 0s0,/NMO/acetone- H,0 HAZMNAIY reduction AIY LiAEH, 1wld 97 ﬁ AoIM3IieRAe? 88%yield
HEAAIIN cis-dihydroxylation NALUL stereoselectivity g1

Tasaad1auas relative stereochemistry Y9N 97 €14150 confirm #e IH-, 13C-NMR, 1ag NOE-
experiments Lﬁﬂ‘ﬁmﬁ cleavage Y93 TBS group A28 Dowex 50W-X8(H form) 114 MeOH (24 %11.) wld (+)-episwainsonine
(81) AADINM3T 94 %yicld A1 spectroscopic data 7199 3IUHAAN optical rotation [0],+78.97(c.0.63, MeOH) 9zA3311aE

Indifeenuarnsreaulu literature’ (urnEan 28)
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UHUAIT 28
TESO |, oH HO |, oM
1) 0sO,, NMO, acetone-H,0 S Dowex 50W-X8 (H+-form G
OH OH
2) LAH, THF, reflux, 16 h N N
89% over 2 steps . .
97 (+)-Swainsonine (81)
OsO
H 4 4
OTBS
N
7
I
° A

H
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3. agwaaidelusen 31 Mladufiums

hlﬁ}ﬂ'i$Qﬂ¢‘ﬁ‘f$}ﬂﬁﬁ§m cyclization based on a-sulfinyl carbanions lumsaowu S-alkylidene-2-cyclopentenones, 5-
alkylidene-2-hydroxyalkyl-2-cyclopentenones, enantiomers U84 pentenomycin I, epipentenomycin I, desoxypentenomycin 4Lag
analogs, (+)-tashiromine, indolizidine 167B, indolizidine 209D, (+)-lupinine , (+)-epilupinine, (+)-swainsonine, substituted
pyrrolidines, L8 substituted piperidines
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Abstract—A general method for the preparation of 5-alkylidene-2-cyclopentenones and their 2-phenylsulfanyl substituted derivatives,
involving the intramolecular acylation of a-sulfinyl carbanions with cyclopentadiene-a,B-unsaturated esters as the key reaction followed
by flash vacuum pyrolysis, is described. The reactions start from readily available Diels—Alder adducts, synthons of a-carbanions of a,f3-

unsaturated esters.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Functionalized cyclopentenones are a commonly encoun-
tered structural unit in a number of prostaglandins and vari-
ous bioactive natural products.' Furthermore, they are found
to be versatile building block for the synthesis of some
bioactive compounds possessing cyclopentane units. The
development of strategies for the construction of these units
and related structures has been of considerable interest in
synthetic organic chemistry. These methods include the in-
tramolecular aldol reaction,” the Pauson—-Khand reaction,’
the Nazarov cyclization,*> and metal—carbene strategies.®
As part of our study on the intramolecular acylation of
a-sulfinyl carbanions for the preparation of cyclopentenone
derivatives,” we have reported a general synthesis of 5-alkyl-
idene-4-hydroxy-2-cyclopentenones.® In the present work, a
general route to 5-alkylidene-2-cyclopentenones® and 5-al-
kylidene-2-phenylsulfanyl-2-cyclopentenones 1 is reported.

Our annulation strategy is based on the reaction of an
a-carbanion synthon 2 of o,B-unsaturated esters with 3-bro-
mo-1-phenylsulfinylpropane followed by a tandem intra-
molecular acylation and sulfoxide elimination as outlined
in Scheme 1. Cyclopentadiene-a,-unsaturated ester Diels—
Alder adducts were used as masked o-carbanions of o,
B-unsaturated esters 2.0

Keywords: a-Sulfinyl carbanion; Intramolecular acylation; 5-Alkylidene-

2-cyclopentenones.

* Corresponding authors. Tel.: +66 2 2015158; fax: +66 2 6445126; e-mail
addresses: scmpk @mahidol.ac.th; scvrt@mahidol.ac.th
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Scheme 1.

2. Results and discussion

The synthetic route for the preparation of 5-alkylidene-2-
cyclopentenones started from readily available bicyclic esters
3. The key reaction involves intramolecular acylation of the
a-sulfinyl carbanions derived from sulfoxides 6 leading to
spirocyclopentanones 7 (Scheme 2), which are precursors
for the preparation of cyclopentenones 8, 9, and 11 (Scheme 3).

R R
A?« LDA/THF, A?»
-78°C,2h N

PhS(CH,),Br
-OEt 2/3
COzEt oS ® |HwPa
O Li 78°Ctort
3 4
7 R 22eqlDATHF R
78°Ctont SPh
o COEt  (O),
,SPh
7 0 2 2;2 ) NalO,
Scheme 2.

The results of preparations are summarized in Table 1. The
requisite starting sulfoxides S were obtained in two steps,
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Scheme 3.
Table 1. Preparation of compounds 5, 6, and 7
Entry 3 (endo:exo) Yields of  Yields of  Yields of
5 (%)a,b 6 (%)a,b 7 (%)a,b
1 3a, R=H (>99:1) 5a (90) 6a (98) 7a (90)
2 3b, R=CH; (50:50) 5b (67) 6b (84) 7b (80)
3 3c, R=Ph (65:35) 5c (60) 6¢c (85) 7c (70)
H
OH
7
(0]
4 SPh
; < SPh g
o (g) 7dA (52)
4 O O
3d, (>99:1) 5d, n =0 (47) ;
6d, n =1 (80) 3
HO
//SPh
(@)
7dB (30)

? Yields of isolated products.
® Obtained as a mixture of diastereomers (see Section 4).

beginning with bicyclic esters 3. Thus, treatment of a mixture
(endo:exo >99:1 with respect to the ester group) of bicyclic
ester 3a with lithium diisopropylamide (LDA, 1.1 equiv) in
THF at —78 °C (2 h), followed by trapping of the resulting
enolate anion 4a with 3-bromo-1-phenylsulfanylpropane
in the presence of hexamethylphosphoramide (HMPA) at
—78 °C to room temperature overnight afforded the corre-
sponding alkylated product Sa in 90% yield after chromato-
graphy, as a 86:14 mixture of endo:exo esters. The endo
stereoselectivity for the formation of Sa was presumably
due to the fact that alkylation of the preformed enolate anion
4a occurred preferentially from the less hindered exo-face
leading to an endo-ester Sa as the major isomer. Attempted
separation of both isomers by preparative thin-layer chroma-
tography was unsuccessful. Only a small amount of the
endo-ester Sa was obtained. Similarly, Sb and Sc¢ were pre-
pared as mixtures of diastereomers, employing the standard
conditions as for 5a starting from the mixtures of endo- and
exo-isomers of bicyclic esters 3b and 3c. The 2-endo,3-exo-
and 2-endo,3-endo-isomers of 5S¢ could be separated by
preparative thin-layer chromatography in 44 and 16% yields,
respectively. On the other hand, a 7:29:11:53 mixture of four
diastereomers of Sb was achieved under the standard condi-
tions and the major 2-endo,3-exo-isomer of Sb was obtained
in a small amount after careful preparative thin-layer

chromatography. The major 2-endo,3-exo-isomers of Sb
and Sc could be explained from the fact that alkylation of
the enolate anions 4b and 4¢ occurred from the less hindered
exo-face. Alkylation of compound 3d gave the alkylated
product 5d in 47% yield as the sole product. A comparable
yield (45%) of 5d was achieved when the alkylation was per-
formed in the presence of 1 equiv of Nal instead of HMPA.
The relative stereochemistry at 2- and 3-positions of 2-
endo,3-exo-5b and the minor 2-endo,3-endo-isomer of 5¢
was confirmed by NOE experiments as indicated in Figures
1 and 2.

Oxidation of the diastereomeric mixtures of Sa—c and 5d
was accomplished by using NalO, in aqueous methanol at
0°C to room temperature to furnish the corresponding
sulfoxides 6a—d in good yields as diastereomeric mixtures.
The 2-endo,3-exo-isomer of 6¢ was isolated in pure form
by preparative thin-layer chromatography, and its relative
stereochemistry was established by the NOE experiment as
illustrated in Figure 3.

Cyclization of the diastereomeric mixtures of the sulfoxides
6 to the required spiro-ketosulfoxides 7 was successfully
effected by using LDA (2.2 equiv) in THF at —78 °C for
2 h, and at 0 °C for 2 h, followed by slowly warming up to
room temperature overnight. The reaction proceeded via
the intramolecular acylation of the initially formed a-sulfi-
nyl carbanions of the sulfoxides 6. As expected, spiro-keto-
sulfoxides 7a—c were obtained in good yields as mixtures of
diastereomers. Attempts to separate these diastereomers
were not made, since it was expected that all of them
could be converted into the required 5-alkylidene-2-cyclo-
pentenones 9 and 11. On the other hand, under the standard

4%

3.5%

3.8%

CO,Et

Figure 2. Observed NOE for the minor 2-endo,3-endo-isomer of Sc.

23.3%

Figure 3. Observed NOE for the 2-endo,3-exo-isomer of 6c.
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conditions for the cyclization, the sulfoxide 6d provided
a mixture of compounds 7dA and 7dB in 52 and 30% yields,
respectively. The formation of 7dB resulted from lactol
formation of the initially cyclized product 7dA. The results
are summarized in Table 1.

Having the spiro-ketosulfoxides 7 in hand, the sulfoxide
elimination of 7a and 7b was investigated. Under reflux in
toluene in the presence of CaCOj; for 15 h, 7a and 7b pro-
vided the corresponding spirocyclopentenones 8a and 8b
in 70 and 75% yields, respectively, as mixtures of diastereo-
mers. No traces of a-alkylidene cyclopentenones 9a,b arisen
from the retro-Diels—Alder reactions of compounds 7a and
7b could be detected. However, flash vacuum pyrolysis of
the diastereomeric mixtures of spiro-ketosulfoxides 7a—c
and 7dB at 375-450 °C (0.03-0.05 mmHg) gave quantita-
tive yields of the corresponding o-alkylidene cyclopent-
enones 9a—c. Compounds 9b and 9¢ were obtained in good
yields after preparative thin-layer chromatography, while
compound 9a is unstable due to rapid polymerization: puri-
fication was unsuccessful by preparative thin-layer chroma-
tography. A low yield of compound 9d (30% yield) was
obtained presumably due to its decomposition under the
pyrolytic conditions. The formation of 9 resulted from the
tandem reaction involving the sulfoxide elimination fol-
lowed by the retro-Diels—Alder reaction. The results are
shown in Table 2.

It was anticipated that the spiro-ketosulfoxides 7 could be
used as precursors to functionalized cyclopentenones of
types 10 and 11, which might be useful for further synthetic
applications. Thus, the spiro-ketosulfoxides 7a—c were trans-
formed into the corresponding phenylsulfanyl-substituted
spirocyclopentenones 10a—c in good yields by performing
the second generation Pummerer rearrangement using
trifluoroacetic anhydride in acetonitrile at 0 °C to room
temperature overnight (Scheme 3). Flash vacuum pyrolyses
of 10a—c afforded good yields of the expected cyclopent-
enones 1la—c. However, under the same conditions, 10d
provided 11d in only 20% yield (Scheme 3 and Table 3).

Table 2. Preparation of 5-alkylidene-2-cyclopentenones 9

Entry Spiro-sulfoxide 7 Product 9 % Yield" (E:Z ratio)

1 7a Quantitative

82 (83:17)°

85 (E-isomer)

30 (Z-isomer)

 Isolated yields.
® The ratio was determined by integration of the ethylenic proton of the
crude product.

Table 3. Preparation of spirocyclopentenones 10 by the Pummerer
rearrangement of 7 and their pyrolyses to 2-phenylsulfanyl-5-alkylidene-
2-cyclopentenones 11

Entry 7 10° (% Yield) 11° (% Yield)
o
1 7a, R=H (87:13)  10a (80) Phsw
11a (93)
(]
2 7b, R=CH; 10b (74) Phsﬁ%ms
11b (96)
o)
3 7¢, R=Ph (78:22)  10c (78) Phs\éé\ph
11c (76)
fe) OH
2 <OH _
4 7dA and 7dB o Phs
SPh
10d (78) 11d (20)

* Yields of isolated products.

This result may be due to its rapid decomposition under
the FVP conditions.

3. Conclusion

In summary, the synthetic utility of the intramolecular
acylation of a-sulfinyl carbanion as a general method for
the syntheses of 5-alkylidene-2-cyclopentenones and their
2-phenylsulfanyl substituted derivatives, starting from
Diels—Alder adducts of cyclopentadiene-a,B-unsaturated
esters, is demonstrated. The method could be applied to
the preparation of a wide range of cyclopentanoid natural
products.

4. Experimental
4.1. General

The 'H and '3C NMR spectra were recorded on Bruker
DPX-300 (300 MHz), Bruker DPX-400 (400 MHz), and
Bruker DPX-500 (500 MHz) spectrometer in CDCl; using
tetramethylsilane as an internal standard. The chemical
shifts (0) reported are given in parts per million (ppm) and
the coupling constants (J) are in hertz (Hz). Melting points
were recorded on a Buchi 501 Melting Point Apparatus
and are uncorrected. The IR spectra were recorded on
a GX FTIR system Perkin—Elmer infrared spectrometer.
The mass spectra were recorded by using a Thermo Finnigan
Polaris Q mass spectrometer. The high-resolution mass
spectra were recorded on HR-TOF-MS Micromass model,
Chiangmai University. The elemental analyses were
performed by a Perkin—Elmer Elemental Analyzer 2400
CHN. All glasswares and syringes were oven-dried and
kept in a desiccator before use. The molarity of n-BuLi
(in hexane) was determined by titration with diphenylacetic
acid in THF at 0°C. Tetrahydrofuran (THF) was
distilled from sodium-benzophenone ketyl. Acetonitrile,
dichloromethane, diisopropylamine, hexamethylphosphor-
amide (HMPA), triethylamine, and toluene were dried by
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distilling over calcium hydride. Merck silica gel 60H and 60
PF,,5 were used for column chromatography and prepara-
tive thin-layer chromatography, respectively.

4.2. Preparation of sulfides 5

4.2.1. Ethyl 2-(3'-phenylsulfanylpropyl)bicyclo[2.2.1]-
hept-5-ene-2-carboxylate (5a). General procedure: A
THF solution (4 mL) of endo-3a (1.66 g, 10 mmol) was
added slowly to a solution of LDA (12 mmol) at —78 °C
under an argon atmosphere [prepared by reacting diisopro-
pylamine (1.7 mL, 12 mmol) in THF (30 mL) with n-BuLi
(1.41 M in hexane, 8.5 mL, 12 mmol) at —78 °C]. After stir-
ring at —78 °C for 2 h, HMPA (2.0 mL) was added, followed
by the addition of a THF (10 mL) solution of 3-bromo-1-
phenylsulfanylpropane (2.52 g, 12 mmol). The resulting
solution was stirred at —78 °C to room temperature over-
night, quenched with a saturated aqueous NH,Cl solution
(40 mL), and extracted with hexanes (5x100 mL). The
combined organic layers were washed with water and brine,
and dried (anhyd Na,SO,). The organic phase was concen-
trated to give a 86:14 mixture of endo- and exo-isomers of
the crude product as a viscous liquid. The ratio of the isomers
was determined by 'H NMR of the olefinic protons. The
crude product was purified by column chromatography
(silica gel, 0.5-2% ethyl acetate in hexanes) to give a pure
colorless viscous liquid of a 86:14 ratio of endo:exo-5a
(2.86 g, 90% yield). '"H NMR (300 MHz, CDCl3): 6 7.40—
7.12 (m, 10H, ArH of endo- and exo-isomers), 6.23 (m,
1H, CH=CH of exo-isomer), 6.15 (dd, J=5.6, 3.0 Hz,
1H, CH=CH of endo-isomer), 6.04 (m, 1H, CH=CH of
exo-isomer), 5.96 (dd, J=5.6, 2.8 Hz, 1H, CH=CH of
endo-isomer), 4.10-3.95 (m, 4H, CO,CH,CH; of endo-
and exo-isomers), 2.98-2.77 [m, 8H, (CH,SPh and
CHCH=CHCH) of endo- and exo-isomers], 2.20-1.37 (m,
16H, CHz(CHg)QSPh, CHQCCOzEt, CHQCHzSPh, and CH2
of endo- and exo-isomers), 1.27-1.15 (m, 6H, CO,CH,CH3
of endo- and exo-isomers).

A pure endo-5a was obtained in 68% yield after prepara-
tive thin-layer chromatography (PLC) (2% ethyl acetate
in hexanes). 'H NMR (300 MHz, CDCl;): 6 7.34-7.16
(m, 5H, ArH), 6.16 (dd, J=5.6, 2.9 Hz, 1H, CH=CH),
5.99 (dd, J=5.6, 2.8 Hz, 1H, CH=CH), 4.04 (m, 2H,
CO,CH,CHj3), 2.90 (t, J=6.9 Hz, 2H, CH,SPh), 2.84
(br s, 2H, CHCH=CHCH), 2.05 (dt, J=12.5, 4.8 Hz,
1H, CHH(CH,),SPh), 1.88 (dd, J=12.0, 2.5Hz, IH,
CHHCCO,Et), 1.80-1.40 (m, 6H, CHHCH,CH,SPh,
CHHCCO,Et, and CH,), 1.19 (t, J=7.1Hz, 3H,
CO,CH,CH3). '*C NMR (75MHz, CDCly): 6 176.0
(C=0), 1382 (CH), 1363 (C), 134.6 (CH), 129.1
(2xCH), 128.8 (2xCH), 125.8 (CH), 60.1 (CH,), 54.3
(C), 50.7 (CH), 47.1 (CHy), 42.6 (CH), 39.0 (CH,), 35.7
(CH,), 33.9 (SCH,), 25.5 (CH,), 14.2 (CH3). IR (neat):
Vmax 3060w, 2976s, 1728s, 1584w, 1481m, 1439m,
1334m, 1243s, 1184s, 1159s, 1114m, 1096m, 1060m,
1026m, 739s, 712s, 691m cm~'. MS: m/z (%) relative in-
tensity 318 (M*+2, 6), 317 (M*+1, 25), 316 (M*, 50),
273 (7), 272 (19), 271 (100), 250 (13), 242 (15), 205
(8), 176 (12), 165 (15), 160 (21), 149 (77), 141 (49),
134 (13), 114 (19), 95 (12), 67 (24), 66 (8). Anal. Calcd
for C]9H24028: C, 7211, H, 7.64. Found: C, 7219, H,
7.80.

4.2.2. Ethyl 2-(3'-phenylsulfanylpropyl)-3-methylbicy-
clo[2.2.1]hept-5-ene-2-carboxylate (5b). According to the
general procedure described for compound Sa, a solution
of a 50:50 mixture of endo- and exo-3b (0.45 g, 2.5 mmol)
in THF (1 mL) was added dropwise to a THF (8 mL)
solution of LDA (3 mmol) at —78 °C under an argon atmo-
sphere. After stirring at —78 °C for 2 h, HMPA (1.2 mL) was
added followed by the addition of a THF (3 mL) solution of
3-bromo-1-phenylsulfanylpropane (0.578 g, 2.5 mmol).
After usual work-up, the crude product was purified by
column chromatography (silica gel, 0.5-2% ethyl acetate
in hexanes) to give a pure colorless viscous liquid of Sb
(0.554 g, 67% yield) as a 7:29:11:53 mixture of exo,endo:
endo,endo:exo,exo:endo,exo-isomers. The mixture was used
for further oxidation.

Compound 5b (a mixture of four isomers): 'H NMR
(300 MHz, CDClz): 6 7.40-7.14 (m, ArH), 6.37 (dd,
J=54, 3.0Hz, CH=CH), 6.20 (dd, J=5.6, 3.0 Hz,
CH=CH), 6.14-6.04 (m, CH=CH), 4.16-3.90 (m,
CO,CH,CHj3), 3.03 (br s, CHCH=CHCH), 3.00-2.77 (m,
CH,SPh and CHCH=CHCH), 2.66 and 2.61 (each br s,
CHCH=CHCH), 2.38 (br s, CHCH=CHCH), 2.19-1.98
(m, CHCH; and CHHCH,CH,SPh), 1.93-1.45 (m,
CH,CH,>CH,SPh and CH,), 1.43 (d, J=8.7 Hz, CHH),
1.35 (dd, J=9.0, 1.6 Hz, CHH), 1.28-1.14 (m, CO,CH,CH3;
and CHCHj), 1.10 (d, J=7.2Hz, CHCH3), 0.92 (d,
J=7.2 Hz, CHCH,), 0.86 (d, /=7.2 Hz, CHCH).

CH3
H SPh
CO,Et
endo,exo-5b

A pure colorless viscous liquid of endo,exo-isomer of 5b was
obtained in a small quantity by careful preparative thin-layer
chromatography. endo,exo-5b: 'H NMR (300 MHz,
CDCl3): 6 7.29-7.03 (m, 5H, ArH), 6.10 (dd, J=54,
3.0Hz, 1H, CH=CH), 599 (dd, J=5.4, 2.7Hz, 1H,
CH=CH), 3.91 (m, 2H, CO,CH,CH3), 2.83 (t, J=6.6 Hz,
2H, CH,SPh), 2.72 (br s, IH, CHCH=CHCH), 2.27 (br s,
1H, CHCH=CHCH), 1.95 (dq, J=7.0, 1.4Hz, 1H,
CHCH;), 1.82-1.40 (m, 5SH, CH,CH,CH,SPh and CHH),
1.26 (dd, J=9.0, 1.5 Hz, 1H, CHH), 1.08 (t, J/=7.1 Hz, 3H,
CO,CH,CHs), 1.00 (d, J=7.0 Hz, 3H, CHCH,). '3C NMR
(75 MHz, CDCl,): 6 176.7 (C=0), 138.2 (CH), 136.2 (C),
136.2 (CH), 129.2 (2xCH), 128.8 (2xCH), 125.9 (CH),
59.9 (CH,), 55.4 (C), 49.7 (CH), 49.4 (CH), 43.7 (CH,),
40.6 (CH), 34.2 (CH,), 34.1 (SCH,), 25.8 (CH,), 16.8
(CH3), 14.2 (CH3). IR (neat): vy 3059w, 2963s, 1725s,
1585w, 1481m, 1439m, 1240s, 1175m, 1148m, 1026m,
738s, 718m, 691m cm~!. MS: m/z (%) relative intensity
331 M*+1, 13), 330 (M*, 26), 286 (19), 285 (100), 265
(14), 264 (54), 219 (18), 191 (12), 190 (27), 156 (17), 155
(98), 149 (38), 127 (33), 109 (20), 82 (48), 79 (20), 77 (9),
65 (7). Anal. Calcd for C,0H,60,S: C, 72.69; H, 7.93.
Found: C, 72.83; H, 8.18.

4.2.3. Ethyl 2-(3’-phenylsulfanylpropyl)-3-phenylbicy-
clo[2.2.1]hept-5-ene-2-carboxylate (5¢). According to the
general procedure described for compound Sa, a solution
of a 65:35 mixture of endo- and exo-3c¢ (0.60 g, 2.5 mmol)
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in THF (1 mL) was added dropwise to a solution of
LDA (3 mmol) in THF (8 mL) at —78 °C under an argon
atmosphere. After stirring at —78 °C for 2 h, HMPA (1.2 mL)
was added, followed by the addition of a THF (4 mL)
solution of 3-bromo-1-phenylsulfanylpropane (0.695 g,
3 mmol). After usual work-up, the crude product was puri-
fied by column chromatography (silica gel, 0.2-2% ethyl
acetate in hexanes) to give Sc¢ (0.631 g, 64% yield) as
a 70:30 mixture of endo,exo- and endo,endo-isomers.

Ph H
4 4
H SPh Ph SPh
CO,Et CO,Et
endo,exo-5¢ endo,endo-5c

A mixture of endo,exo- and endo,endo-5¢: 'H NMR
(300 MHz, CDCl3): 6 7.40-7.01 (m, 20H, ArH of endo,exo-
and endo,endo-isomers), 6.67 (m, 1H, CH=CH of
endo,endo-isomer), 6.36 (dd, J=5.4, 3.2 Hz, 1H, CH=CH
of endo,exo-isomer), 6.22 (m, 2H, CH=CH of endo,exo-
and endo,endo-isomers), 4.09 (m, 2H, CO,CH,CHj;
of endo,exo-isomer), 3.65 (m, 1H, CO,CHHCH; of
endo,endo-isomer), 3.37 (m, 1H, CO,CHHCH; of
endo,endo-isomer), 3.25 (s, 1H, CHPh of endo,exo-isomer),
3.11 (d, J=3.0 Hz, 1H, CHPh of endo,endo-isomer), 3.02—
2.83 [m, 6H, CHCH=CHCH of endo,exo-isomers and
(CHCH=CHCH and CH,SPh) of endo,endo-isomer], 2.54
(m, 2H, CH,SPh of endo,exo-isomer), 2.35 (dt, J=12.8,
4.1 Hz, 1H, CHH(CH,),SPh of endo,endo-isomer), 2.02
(d, J=9.0Hz, 1H, CHH of endo,exo-isomer), 1.94-1.67
(m, 3H, CHHCHHCH,SPh and CHH of endo,endo-isomer),
1.65-1.47 [m, 4H, (CHH and CHHCH,SPh) of endo,endo-
isomer and (CHH and CHH(CH,),SPh) of endo,exo-iso-
mer], 1.45-1.17 (m, 6H, CHHCH,SPh, CO,CH,CH; and
CHH(CH,),SPh of endo,exo-isomer), 0.12 (t, J=7.2 Hz,
3H, CO,CH,CHj5 of endo,endo-isomer).

The endo,exo- and endo,endo-isomers were separated by
PLC to give endo,exo-5¢ (0.433 g, 44% yield) and
endo,endo-5¢ (0.158 g, 16% yield) as pale yellow viscous
liquids. endo,exo-5¢ (less polar): 'H NMR (300 MHz,
CDCl): 6 7.35-7.00 (m, 10H, ArH), 6.29 (dd, J=5.5,
3.2Hz, 1H, CH=CH), 6.12 (dd, J=5.5, 2.8 Hz, 1H,
CH=CH), 4.00 (m, 2H, CO,CH,CHs), 3.17 (br s,
1H, CHPh), 2.90 (br s, 1H, CHCH=CHCH), 2.85 (br s,
1H, CHCH=CHCH), 2.45 (m, 2H, CH,SPh), 1.92 (d,
J=8.7 Hz, 1H, CHH), 1.54 (dd, J=8.7, 1.3 Hz, 1H, CHH),
1.39 (m, 1H, CHH(CH,),SPh), 1.30-1.10 (m, 6H,
CHHCH,CH,SPh and CO,CH,CH;). IR (neat): v ax
3060m, 2974s, 1721s, 1601m, 1584m, 1495m, 1481s,
1454s, 1320m, 1237s, 1169s, 1148s, 1092s, 1025s, 740s,
703s, 692scm~!. MS: m/z (%) relative intensity 393
(M*+1, 5), 392 (M, 3), 348 (11), 347 (46), 327 (21), 326
(85), 319 (8), 281 (9), 252 (16), 235 (11), 224 (7), 218 (15),
217 (78), 189 (25), 177 (34), 171 (47), 150 (30), 149 (43),
143 (100), 142 (37), 128 (19), 115 (18),91 (14), 66 (7), 65 (8).

endo,endo-5¢ (more polar): 'H NMR (300 MHz, CDCl5):
0 7.30-6.90 (m, 10H, ArH), 6.58 (dd, J=5.2, 3.2 Hz, 1H,
CH=CH), 6.13 (dd, J=5.2, 3.0 Hz, 1H, CH=CH), 3.56
(dq, J=10.7, 7.1, 7.1 Hz, 1H, CO,CHHCH3), 3.29 (dq,
J=10.7,7.2, 7.1 Hz, 1H, CO,CHHCH5), 3.05 (d, /=2.9 Hz,

1H, CHPh), 2.91 (br s, 1H, CHCH=CHCH), 2.87-2.76
(m, 3H, CHCH=CHCH and CH,SPh), 2.27 (dt, J=
12.7, 4.1 Hz, 1H, CHH(CH,),SPh), 1.87-1.61 (m, 3H,
CHHCHHCH,SPh and CHH), 1.49-1.27 (m, 2H, CHH
and CHHCH,SPh), 0.55 (t, J=7.1 Hz, 3H, CO,CH,CH3).
13C NMR (75 MHz, CDCl,): ¢ 174.5 (C=0), 142.5 (C),
139.9 (CH), 136.2 (C), 133.9 (CH), 129.2 (2xCH), 128.8
(2xCH), 128.6 (2xCH), 127.5 (2xCH), 126.1 (CH),
125.9 (CH), 63.1 (C), 60.0 (CH), 59.8 (CH,), 49.4 (CH),
48.2 (CH), 47.8 (CH,), 40.6 (CH,), 33.9 (SCH,), 25.4
(CH,), 13.3 (CHj3). IR (neat): . 3060w, 2975s, 1721s,
1602w, 1584m, 1495m, 1480m, 1454m, 1439m, 1319w,
1237s, 1169m, 1148m, 1093m, 1026m, 740s, 703m,
691m cm~!. MS: m/z (%) relative intensity 392 (M, 1),
348 (5), 327 (4), 326 (21), 320 (22), 319 (84), 281 (7), 252
(13), 241 (22), 236 (12), 235 (13), 218 (15), 217 (56), 209
(59), 189 (31), 182 (22), 177 (30), 171 (47), 167 (17), 165
(14), 149 (45), 143 (100), 142 (38), 141 (24), 128 (39),
123 (16), 115 (38), 91 (29), 77 (16), 65 (12). HRMS (ESI-
TOF) calcd for C,5H,30,SNa: 415.1708; found: 415.1708.

4.2.4. 2-(3'-Phenylsulfanylpropyl)-3-(hydroxymethyl)bi-
cyclo[2.2.1]hept-5-ene-2-carboxylic acid lactone (5d).
According to the general procedure described for compound
5a, a solution of endo-3d (0.376 g, 2.5 mmol) in THF (1 mL)
was added dropwise to a solution of LDA (3.75 mmol) in
THF (8 mL) at —78 °C under an argon atmosphere. After
stirring at —78 °C for 2h, HMPA (1.2 mL) was added
followed by the addition of a THF (5 mL) solution of
3-bromo-1-phenylsulfanylpropane (2.31 g, 10 mmol). After
usual work-up, the crude product was purified by column
chromatography (silica gel, 10-20% ethyl acetate in hex-
anes) to give a colorless solid of endo-5d (0.354 g, 47%
yield, mp 70-72 °C) and the starting material 3d (0.131 g,
35% yield). The reaction proceeded to give a comparable
yield of 5d (45% yield), when Nal (0.09 g, 0.6 mmol) was
used instead of HMPA.

SPh
\O

(0]
endo-5d

'"H NMR (300 MHz, CDCl5): 6 7.28=7.05 (m, SH, ArH),
6.23 (dd, J=5.2, 2.8 Hz, 1H, CH=CH), 6.17 (dd, J=5.2,
2.8 Hz, 1H, CH=CH), 4.00 (app. t, J=9.6 Hz, 1H,
CO,CHH), 3.65 (dd, J=9.6, 2.8 Hz, 1H, CO,CHH), 3.00-
2.85 (m, 2H, CHHSPh and CHCH=CHCH), 2.85-2.71
(m, 2H, CHHSPh and CHCH=CHCH), 2.55 (td, J=8.7,
3.6 Hz, 1H, CHCH,0OCO), 2.05 (m, 1H, CHHCH,CH,SPh),
1.77-1.53 (m, 5H, CH, and CHHCH,CH,SPh). '3C NMR
(75 MHz, CDCl5): 6 180.0 (C=0), 137.9 (CH), 136.0 (C),
134.5 (CH), 129.3 (2xCH), 128.9 (2xCH), 126.1 (CH),
69.3 (CH,), 58.7 (C), 51.4 (CH), 49.8 (CH,), 46.6 (CH),
45.2 (CH), 35.9 (CH,), 33.8 (CH,), 26.00 (CH,). IR
(neat): vy 3060w, 2972s, 2909m, 1757s, 1583m, 1481m,
1439m, 1381m, 1229m, 1181s, 1148m, 1057m, 1000m,
742s, 692mcm~'. MS: m/z (%) relative intensity 301
(M*+1, 23), 300 (M*, 30), 234 (12), 191 (16), 135 (3), 125
(100), 110 (9), 97 (5), 81 (10), 79 (22), 77 (13), 66 (8), 65
(7). Anal. Calcd for C;gH,¢0,S: C, 71.96; H, 6.71. Found:
C, 71.69; H, 6.71.
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4.3. Preparation of sulfoxides 6

4.3.1. Ethyl 2-(3’-phenylsulfinylpropyl)bicyclo[2.2.1]-
hept-5-ene-2-carboxylate (6a). General procedure: A solu-
tion of endo-5a (3.91 g, 12.37 mmol) in methanol (50 mL)
was added dropwise to a suspension of powdered NalO4
(2.65 g, 12.37 mmol) in water (17 mL) at O °C. The mixture
was stirred at 0 °C to room temperature overnight. The pre-
cipitates of NalO; were filtered and washed several times
with ethyl acetate. The organic layer was separated and the
aqueous layer was extracted with ethyl acetate. The com-
bined organic layers were washed with water, brine and
dried over anhyd Na,SO,. Filtration followed by evaporation
gave a yellow liquid, which was purified by column chroma-
tography (silica gel, 30% ethyl acetate in hexanes) to furnish
a pure colorless viscous liquid of endo-6a (4.03 g, 98%
yield). '"H NMR (300 MHz, CDCls): 6 7.60-7.37 (m, 5H,
ArH), 6.07 (dd, J=5.5, 2.9 Hz, 1H, CH=CH), 5.89 (dd,
J=5.5, 2.7 Hz, 1H, CH=CH), 3.95 (m, 2H, CO,CH,CH3;),
2.70, (m, 4H, CH,SOPh and CHCH=CHCH), 2.02-1.28
(m, 8H, CH,CH,CH,SOPh, CH,, and CH,CCO,Et), 1.10
(dt, J=7.1, 2.3 Hz, 3H, CO,CH,CH3). >C NMR (75 MHz,
CDCl3): 0 175.7 2xC=0), 143.8 and 143.7 (C), 138.3
and 138.2 (CH), 134.5 and 134.5 (CH), 130.9 (2xCH),
129.1 (4xCH), 123.9 (4xCH), 60.2 (2xCH,), 57.4 and
57.3 (CHp), 544 (2xC), 50.7 and 50.6 (CH), 47.1
(2xCH,), 42.6 (2xCH), 39.1 and 39.0 (CH,), 35.8 and
35.6 (CHy), 19.3 and 19.2 (CH,), 14.2 (2xCHj3). IR (neat):
Vmax 3060m, 2976s, 1728s, 1583w, 1478m, 1445s, 1336m,
1240s, 1185s, 1160s, 1087s, 1044s, 751s, 713s,
693m cm~!. MS: m/z (%) relative intensity 334 (M*+1, 8),
333 (M*, 36), 315 (26), 287 (13), 267 (16), 221 (39), 161
(16), 143 (52), 141 (100), 114 (54), 96 (29), 91 (16), 67
(26), 66 (10). Anal. Calcd for C;oH,405S: C, 68.64; H,
7.28. Found: C, 69.09; H, 7.52.

4.3.2. Ethyl 2-(3'-phenylsulfinylpropyl)-3-methylbicy-
clo[2.2.1]hept-5-ene-2-carboxylate (6b). According to the
general procedure described for compound 6a, a mixture
of powdered NalO, (1.35 g, 6.32 mmol) in water (8 mL)
and a solution of a 7:29:11:53 mixture of diastereomers of
5b (2.00 g, 6.32 mmol) in methanol (23 mL) was stirred at
0 °C to room temperature overnight. The organic layer was
separated and the aqueous layer was extracted with ethyl
acetate and concentrated to give a 4:20:6:70 diastereomeric
mixture of isomers of a crude product 6b as a viscous liquid.
The crude product was purified by column chromatography
(silica gel, 30% ethyl acetate in hexanes) to give a pure
colorless viscous liquid of 6b (1.84 g, 84% yield) as a 93:7
mixture of endo,exo- and endo,endo-isomers.

CH3 H
4 4
H SPh CH3 SPh
COEt  § COEt &
endo,exo-6b endo,endo-6b

'"H NMR (300 MHz, CDCl5): 6 7.57-7.34 (m, 10H, ArH of
endo,exo- and endo,endo-isomers), 6.22 (m, 1H, CH=CH
of endo,endo-isomer), 6.07 (dd, J=5.5, 3.0Hz, 1H,
CH=CH of endo,exo-isomer), 595 (dd, J=5.5, 2.7 Hz,
2H, CH=CH of endo,exo- and endo,endo-isomers), 4.07—
3.77 (m, 4H, CO,CH,CHj; of endo,exo- and endo,endo-

isomers), 2.79-2.57 (m, 6H, CH,SOPh and CHCH=CHCH
of endo,exo- and endo,endo-isomers), 2.49 (br s, 1H,
CHCH=CHCH of endo,endo-isomer), 2.25 (br s, 1H,
CHCH=CHCH of endo,exo-isomer), 2.00-1.80 [m, 3H,
(CHCH; and CHHCH,CH,SOPh) of endo,endo-isomer
and CHCH; of endo,exo-isomer], 1.80-1.34 [m, 10H,
(CH, and CHHCH,CH,SOPh) of endo,endo-isomer and
(CHH and CH,CH,CH,SOPh) of endo,exo-isomer], 1.26
(dd, J=9.1, 1.4 Hz, 1H, CHH of endo,exo-isomer), 1.15
(dt, J=7.6, 1.7 Hz, 3H, CO,CH,CHj; of endo,endo-isomer),
1.10 (m, 3H, CO,CH,CH; of endo,exo-isomer), 0.95 (d,
J=73 Hz, 3H, CHCH; of endo,exo-isomer), 0.78 (m,
3H, CHCH; of endo,endo-isomer). '3C NMR (75 MHz,
CDCl;): 6 176.4 (2xC=0), 143.9 and 143.7 (C), 138.2
(2xCH), 136.2 and 136.1 (CH), 131.0 and 130.9 (CH),
129.2 and 129.1 (2xCH), 124.0 (4xCH), 60.0 and 60.0
(CH,), 57.7 and 57.3 (CH,), 55.4 (2xC), 49.5 and 49.1
(CH), 48.9 and 48.3 (CH), 45.9 and 43.7 (CH,), 40.7 and
40.6 (CH), 34.1 and 34.0 (CH,), 19.5 and 18.9 (CH,),
16.8 (2xCHsz), 14.2 (2xCHj3). IR (neat): v, 3059w,
2963s, 1722s, 1583w, 1463m, 1444m, 1369m, 1384m,
1340w, 1237s, 1176m, 1145m, 1088s, 1050s, 1023m,
749m, 693mcm~!. MS: m/z (%) relative intensity 348
(M*+1, 12), 347 (M*, 52), 329 (28), 301 (23), 283 (18),
281 (18), 236 (13), 235 (81), 175 (14), 156 (17),
155 (100), 147 (14), 128 (16), 127 (45), 110 (44), 105
(12), 91 (17), 82 (94), 79 (62), 77 (21), 66 (8). HRMS
(ESI-TOF) caled for C,0H,;03S: 347.1681; found:
347.1681.

4.3.3. Ethyl 2-(3'-phenylsulfinylpropyl)-3-phenylbicy-
clo[2.2.1]hept-5-ene-2-carboxylate (6¢). According to the
general procedure described for compound 6a, a mixture of
powdered NalO, (0.565 g, 2.64 mmol) in water (4 mL) and
a solution of a 70:30 diastereomeric mixture of endo,exo-
and endo,endo-Sc¢ (0.864 g, 2.20 mmol) in methanol
(8 mL) was stirred at 0 °C to room temperature overnight.
The crude product was purified by column chromatography
(silica gel, 25% ethyl acetate in hexanes) to give a pure
pale yellow viscous liquid of 6c (0.77 g, 85% yield) as a
67:33 diastereomeric mixture of endo,exo- and endo,endo-
isomers.

Ph H
4 4
H ﬁPh Ph SPh
COEt ¢ COEt  §
endo,exo-6¢ endo,endo-6¢

A mixture of endo,exo- and endo,endo-6¢c: 'H NMR
(300 MHz, CDCls): 6 7.65-7.45 (m, 10H, SOArH of
endo,exo- and endo,endo-isomers), 7.38-6.95 (m, 10H,
ArH of endo,exo- and endo,endo-isomers), 6.65 (br s, 1H,
CH=CH of endo,endo-isomer), 6.35 (m, 1H, CH=CH of
endo,exo-isomer), 6.23 (br s, 2H, CH=CH of endo,exo-
and endo,endo-isomers), 4.20-3.98 (m, 2H, CO,CH, of
endo,exo-isomer), 3.64 (m, 1H, CO,CHH of endo,endo-
isomer), 3.37 (m, 1H, CO,CHH of endo,endo-isomer),
3.24 (s, 1H, CHPh of endo,exo-isomer), 3.09 (d, J/=3.0 Hz,
1H, CHPh of endo,endo-isomer), 3.00 (br s, 2H, CHCH=
CHCH of endo,exo- and endo,endo-isomers), 2.94 (br s,
1H, CHCH=CHCH of endo,exo-isomer), 2.89 (br s, 1H,
CHCH=CHCH of endo,endo-isomer), 2.78 (m, 2H,
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CH,SOPh of endo,endo-isomer), 2.53-2.20 (m, 3H,
CH,SOPh of endo,exo-isomer and CHH(CH,),SOPh
of endo,endo-isomer), 2.00-1.05 [m, 14H, (CH, and
CHHCH,CH,SOPh) of endo,endo-isomer and (CH,,
CH,CH,CH,SOPh and CO,CH,CH;) of endo,exo-isomer],
0.64 (td, J=13.1, 6.8 Hz, 3H, CO,CH,CH3; of endo,endo-
isomer).

A pure endo,exo-6¢ was partially obtained by PLC as a pale
yellow viscous liquid. 'H NMR (300 MHz, CDCl5): 6 7.59—
7.34 (m, 5H, SOArH), 7.30-7.05 (m, 5H, ArH), 6.29 (m,
1H, CH=CH), 6.14 (m, 1H, CH=CH), 4.01 (m, 2H,
CO,CH,CH3), 3.17 (d, J=2.2 Hz, 1H, CHPh), 2.95 (d,
J=6.7Hz, 1H, CHCH=CHCH), 2.85 (br s, 1H,
CHCH=CHCH), 2.46-2.14 (m, 2H, CH,SOPh), 1.95-
1.00 (m, 9H, CHzCHzCstOPh, COzCHzCH3, and CHz)
13C NMR (75 MHz, CDCl3): ¢ 176.2 (2xC=0), 143.8
and 143.4 (C), 141.5 and 141.5 (C), 139.7 2xCH), 137.4
(2xCH), 130.9 and 130.7 (CH), 129.1 and 129.0 (2xCH),
127.9 (8xCH), 126.1 (2xCH), 123.9 and 123.8 (2xCH),
60.44 and 60.36 (CH,), 57.65 and 56.63 (OSCH), 57.1
(2xC), 51.68 and 51.65 (CH), 48.1 and 48.0 (CH), 47.2
(2xCH), 45.31 and 45.27 (CH,), 36.0 and 35.8 (CH,),
19.2 and 17.9 (CH,), 14.3 and 14.2 (CH3). IR (neat): vpax
3060m, 3028m, 2977s, 1728s, 1716s, 1602m, 1583w,
1495m, 1478m, 1454s, 1445s, 1368m, 1323m, 1234s,
1165s, 1145s, 1089s, 1046s, 911m, 750s, 701s cm~'. MS:
mlz (%) relative intensity 409 (M™*, 10), 391 (3), 344 (11),
343 (41), 297 (31), 283 (7), 279 (6), 247 (13), 217 (39),
209 (9), 189 (27), 172 (18), 171 (100), 144 (21), 143 (67),
129 (19), 128 (20), 117 (15), 115 (19), 91 (15), 77 (6), 66
(5), 65 (6). HRMS (ESI-TOF) calcd for C,sH,303SNa:
431.1657; found: 431.1656.

4.3.4. 2-(3'-Phenylsulfinylpropyl)-3-(hydroxymethyl)bi-
cyclo[2.2.1]hept-5-ene-2-carboxylic acid lactone (6d).
According to the general procedure described for compound
6a, a mixture of powdered NalO, (0.757 g, 3.54 mmol)
in water (SmL) and a solution of endo-5d (0.887 g,
2.95 mmol) in methanol (10 mL) was stirred at 0 °C to
room temperature overnight. The crude product was purified
by column chromatography (silica gel, 40-50% ethyl acetate
in hexanes) to give a pure colorless solid of endo-6d (0.75 g,
80% yield, mp 86-88 °C). 'H NMR (300 MHz, CDCl5):
0 7.60-7.40 (m, 5H, ArH), 6.24 (br s, 2H, CH=CH),
4.10 (td, J=23.4, 9.3 Hz, 1H, CO,CHHCH3), 3.70 (m,
1H, CO,CHHCHj;), 3.00 (br s, 1H, CHCH=CHCH),
2.85-2.61 (m, 4H, CH,SOPh, CHCH,OCO, and
CHCH=CHCH), 2.61-1.41 (m, 6H, CH,CH,CH,SOPh
and CH,). ')C NMR (75MHz, CDCly): 6 179.7
(2xC=0), 143.6 and 143.1 (C), 137.5 (2xCH), 134.5
(2xCH), 130.9 (2xCH), 129.1 (4xCH), 123.7 and 123.6
(2xCH), 69.2 (2xCH,0), 58.6 (2xC), 57.0 and 56.4
(CH,), 51.3 and 51.2 (CH), 49.7 and 49.6 (CH,), 46.50
and 46.48 (CH), 44.72 and 44.67 (CH), 35.9 and 35.3
(CH,), 20.0 and 18.7 (CH,). IR (neat): vy.x 3061w, 2973s,
1755s, 1643w, 1479m, 1444m, 1382m, 1342w, 1219m,
1183s, 1147m, 1088m, 1038s, 999s, 751s, 694m cm™!.
MS: m/z (%) relative intensity 317 (M™, 10), 299 (2), 251
(3), 199 (11), 191 (6), 126 (9), 125 (100), 115 (4), 107 (3),
97 (16), 91 (9), 81 (17), 79 (50), 78 (10), 77 (28), 66 (7),
65 (8). HRMS (ESI-TOF) calcd for C;gH,y03SNa:
339.1031; found: 339.1031.

4.4. Preparation of spiro-sulfoxides 7 by cyclization of
sulfoxides 6

4.4.1. 2’-Ox0-3'-phenylsulfinylcyclopentane-1'-spiro-2-
bicyclo[2.2.1]hept-5-ene (7a). General procedure: A solu-
tion of a 86:14 mixture of endo- and exo-6a (0.50 g,
1.5 mmol) in THF (4.50 mL) was added dropwise at
—78 °C to a solution of lithium diisopropylamide (LDA) un-
der an argon atmosphere [prepared by reacting diisopropyl-
amine (0.47 mL, 3.30 mmol) in THF (5 mL) with n-BuLi
(1.41 M in hexane, 2.55 mL, 3.30 mmol) at —78 °C for
1 h]. The mixture was stirred at —78 °C for 2 h, 0 °C for
2h and then quenched with a saturated NH4Cl solution
(6 mL). The mixture was extracted with EtOAc
(3x25 mL). The combined organic layers were washed
with water, brine and dried over anhyd Na,SO,. After re-
moval of solvent under reduced pressure, a crude product
7a was purified by preparative thin-layer chromatography
(silica gel, 20% ethyl acetate in hexanes) to give three bands
(PLC,, PLC,, and PLC3;) of 7a (0.387 g, 90% combined
yield) as a diastereomeric mixture.

PLC; (less polar): a pure isomer as a white solid (43 mg,
10% yield, mp 116-118 °C). 'H NMR (300 MHz, CDCl5):
0 7.60-7.36 (m, SH, ArH), 6.23 (dd, J=5.5, 3.0 Hz, 1H,
CH=CH), 6.05 (dd, J=5.5, 3.1 Hz, 1H, CH=CH), 3.26
(dd, J=9.8, 8.6 Hz, 1H, CHSOPh), 3.15 (br s, 1H,
CHCH=CHCH), 2.86 (br s, 1H, CHCH=CHCH), 2.37
(m, 1H, CHHCH,CHSOPh), 2.10 (dd, J=11.5, 3.6 Hz,
1H, CHHCCO), 1.85-1.31 (m, 4H, CHH and
CHHCH,CHSOPh), 1.21 (d, /=8.9 Hz, 1H, CHH), 0.74
(dd, J=11.5, 2.9 Hz, 1H, CHHCCO). '3C NMR (75 MHz,
CDCls): 6 214.0 (C=0), 142.3 (C), 140.6 (CH), 1334
(CH), 130.9 (CH), 129.2 2xCH), 1239 (2xCH), 71.4
(CH), 57.5 (C), 45.58 (CH), 45.56 (CH,), 43.1 (CH), 37.6
(CH,), 33.0 (CH,), 14.8 (CH,). IR (Nujol): v 2955s,
1724m, 1334w, 1235w, 1163w, 1086w, 1046m, 1029w,
754w, 740w, 725m, 691w cm™~!. MS: m/z (%) relative inten-
sity 287 (M*+1, 14), 269 (6), 162 (12), 161 (100), 143 (20),
133 (10), 128 (12), 126 (8), 117 (6), 105 (13), 97 (12), 95
(35), 91 (21), 79 (11), 78 (14), 77 (11), 67 (17), 66 (11),
65 (12).

PLC, (more polar): a pure isomer as a white solid (0.168 g,
39% yield, mp 119-121 °C). 'H NMR (300 MHz, CDCls5):
0 7.61-7.36 (m, 5H, ArH), 6.22 (dd, J=5.6, 3.0 Hz, 1H,
CH=CH), 5.80 (dd, J=5.6, 2.9 Hz, 1H, CH=CH), 3.24
(app. t, J=9.6 Hz, 1H, CHSOPh), 3.07 (br s, 1H,
CHCH=CHCH), 2.83 (br s, 1H, CHCH=CHCH), 2.50
(m, 1H, CHHCH,CHSOPh), 2.07 (dd, J=12.4, 7.2 Hz,
1H, CHHCHSOPh), 195 (dd, J=12.4, 6.8Hz, 1H,
CHHCHSOPh), 1.60-1.33 (m, 5H, CH,, CH,CCO and
CHHCH,CHSOPh). '*C NMR (75 MHz, CDCl5): § 213.1
(C=0), 142.4 (C), 137.8 (CH), 132.6 (CH), 130.9 (CH),
129.2 (2xCH), 123.9 (2xCH), 71.1 (CH), 56.9 (C), 49.0
(CH), 48.6 (CH,), 42.9 (CH), 38.4 (CH,), 35.0 (CHy), 15.0
(CHy). IR (Nujol): vy 2955s, 1727m, 1334w, 1238w,
1085w, 1048m, 1020w, 760w, 743w, 728m, 692w cm™!.
MS: m/z (%) relative intensity 286 (M*, 3), 267 (11), 243
(23), 231 (23), 205 (14), 203 (12), 201 (20), 193 (19), 181
(69), 178 (24), 149 (31), 143 (23), 131 (100), 125 (34), 121
(22), 109 (21), 99 (24), 97 (21), 95 (26), 93 (25), 83 (24),
81 (41), 79 (27), 77 (22), 69 (80), 67 (38), 65 (12), 51 (8).
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PLC; (most polar): a 69:31 mixture of two isomers (A-
and B-isomers) (0.176 g, 41% yield, mp 122-125 °C).
'"H NMR (300 MHz, CDCl5): 6 7.70-7.45 (m, 10H, ArH of
A- and B-isomers), 6.31 (dd, J=5.5, 3.0 Hz, 1H, CH=CH
of B-isomer), 6.20 (dd, J=5.5, 3.1 Hz, 1H, CH=CH of
A-isomer), 5.94 (dd, J=5.5, 2.8 Hz, 1H, CH=CH of B-iso-
mer), 5.68 (dd, J=5.5, 2.9 Hz, 1H, CH=CH of A-isomer),
3.82 (app. t, J=9.3 Hz, 1H, CHSOPh of A-isomer), 3.41
(dd, J=9.4, 52 Hz, 1H, CHSOPh of B-isomer), 2.94
(br s, 1H, CHCH=CHCH of B-isomer), 2.84 (br s, 1H,
CHCH=CHCH of A-isomer), 2.75 (br s, 1H, CHCH=
CHCH of B-isomer), 2.51 (m, 1H, CHHCH,CHSOPh
of B-isomer), 2.43-2.30 (m, 2H, CHHCH,CHSOPh and
CHCH=CHCH of A-isomer), 2.28-2.12 (m, 2H,
CHHCH,CHSOPh of A- and B-isomers), 2.10-1.84 (m,
4H, CH,CHSOPh of A- and B-isomers), 1.66 (d,
J=11.8 Hz, 1H, CHHCCO of B-isomer), 1.60-1.22 [m,
7H, (CH,, CHHCCO, and CH,CCO) of A-isomer and
(CH, and CHHCCO) of B-isomer]. '*C NMR (75 MHz,
CDCl;) of A-isomer: 6 212.1 (C=0), 140.6 (C), 137.6
(CH), 132.7 (CH), 131.5 (CH), 128.9 (2xCH), 125.3
(2xCH), 69.0 (CH), 56.7 (C), 49.5 (CH), 48.8 (CH,), 42.7
(CH), 39.8 (CH,), 35.7 (CH,), 19.7 (CH,); B-isomer:
0 213.0 (C=0), 142.7 (C), 138.3 (CH), 132.3 (CH), 131.0
(CH), 129.2 (2xCH), 124.2 (2xCH), 71.0 (CH), 56.9 (C),
51.2 (CH), 49.3 (CH,), 43.0 (CH), 39.1 (CH,), 36.5 (CH,),
17.0 (CHy). IR (Nujol): wpax 2956s, 1735m, 1476m,
1444m, 1334m, 1238w, 1083m, 1042m, 1024m, 755m,
746m, 721m, 689m cm™'. MS: m/z (%) relative intensity
286 (M*, 8), 281 (18), 243 (16), 231 (22), 203 (27), 201
(46), 193 (26), 181 (60), 159 (25), 149 (57), 143 (27), 131
(94), 125 (100), 121 (32), 117 (34), 109 (31), 99 (82), 97
(35), 95 (54), 93 (46), 91 (40), 81 (80), 79 (41), 77 (35), 69
(86), 67 (53). Anal. Calcd for C;7H,;g0,S: C, 71.30; H,
6.64. Found: C, 71.15; H, 6.50.

4.4.2. 2'-Ox0-3'-phenylsulfinylcyclopentane-1’'-spiro-2-
(3-methylbicyclo[2.2.1]hept-5-ene) (7b). According to the
general procedure described for compound 7a, a diastereo-
meric mixture of 6b (0.79 g, 2.28 mmol) was reacted with
LDA (5.02 mmol) in THF (7 mL) to give a crude product,
which was purified by preparative thin-layer chromato-
graphy (silica gel, 20% ethyl acetate in hexanes) to give
three bands (PLC,, PLC,, and PLCj3) of 7b (0.548 g, 80%
combined yield) as a diastereomeric mixture.

PLC, (less polar): a pale yellow solid of a mixture of diaste-
reomers (0.137 g, 20% yield): 'H NMR (300 MHz, CDCl,):
07.60-7.38 (m, ArH), 6.30-6.20 (m, olefinic protons), 6.18—
5.98 (m, olefinic protons), 4.10 (m, CHSOPh of the minor
isomer), 3.30-3.17 [m, (CHSOPh and CHCH=CHCH) of
the major isomer and CHSOPh of the minor isomer], 2.86
(br s, CHCH=CHCH of the minor isomer), 2.75-2.55 (m,
CHCH=CHCH of the major and minor isomers), 2.54—
1.75 [m, CH,CH,CHSOPh of the major isomer and
(CH,CH,CHSOPh, CHH, and CHCH=CHCH) of the mi-
nor isomer], 1.70 (d, J=8.7 Hz, CHH of the major isomer),
1.67-0.50 [m, CH,, (CH,CHSOPh and CHCH3) of the major
and minor isomers], 0.13 (d, J=7.3 Hz, CHCH of the minor
isomer). IR (CHCI3): v 3064w, 3010s, 2969s, 1726s,
1584w, 1478m, 1445m, 1345w, 1317m, 1158m, 1085s,
1048m, 691m, 665m cm™'. MS: m/z (%) relative intensity
300 (MY, 2), 251 (5), 235 (9), 217 (8), 175 (33), 157 (15),

149 (10), 147 (10), 133 (9), 129 (13), 125 (12), 110 (13),
109 (100), 105 (18), 97 (16), 93 (25), 91 (46), 81 (27), 79
(54), 77 (59), 66 (13), 65 (23).

PLC, (more polar): a pale yellow solid of a mixture of dia-
stereomers (0.158 g, 23% yield): '"H NMR (300 MHz,
CDCl3): 6 7.60-7.35 (m, ArH), 6.30-6.20 (m, olefinic pro-
tons), 6.29-6.00 (m, olefinic protons), 5.77 (dd, J=5.2,
2.8 Hz, olefinic proton of the major isomer), 5.60 (dd,
J=5.6, 2.8 Hz, olefinic proton of the minor isomer), 4.01
(d, J=9.3 Hz, CHSOPh of the minor isomer), 3.90-3.69
(m, CHSOPh of the minor isomer), 3.20 (m, CHSOPh of
the major isomer), 3.02 (br s, CHCH=CHCH of the major
isomer), 2.90 (br s, CHCH=CHCH of the minor isomer),
2.85 (br s, CHCH=CHCH of minor isomer), 2.73-1.13
(m, CHCH=CHCH, CH,CH,CHSOPh, CHCH; and CH,
of the major and minor isomers), 1.10-0.63 (m, CHCH; of
the major and minor isomers), 0.55 (d, J/=7.2 Hz, CHCH;
of the minor isomer), 0.35 (d, J/=7.3 Hz, CHCH; of the mi-
nor isomer). IR (CHCI): v, 3067w, 3010s, 2968s, 1728s,
1584w, 1478m, 1458m, 1445m, 1341w, 1315m, 1150m,
1086s, 1042m, 1023m, 690m cm™'. MS: m/z (%) relative in-
tensity 300 (M*, 2), 251 (2), 235 (11), 176 (17), 175 (100),
157 (53), 147 (28), 142 (17), 133 (17), 129 (27), 125 (22),
119 (20), 115 (17), 110 (19), 109 (99), 105 (34), 97 (38),
93 (19), 91 (60), 81 (30), 79 (66), 77 (55), 66 (22), 65 (31).

PLC; (most polar): a pale yellow viscous liquid of a 66:34
mixture of two diastereomers (A- and B-isomers) (0.253 g,
37% yield). 'TH NMR (400 MHz, CDCls): 6 7.67-7.45
(m, 10H, ArH of A- and B-isomers), 6.39 (dd, J=5.7,
3.1Hz, 1H, CH=CH of A-isomer), 6.26 (dd, J=5.6,
3.1 Hz, 1H, CH=CH of B-isomer), 5.76 (dd, J=5.7,
2.9 Hz, 1H, CH=CH of A-isomer), 5.56 (dd, /=5.6,2.9 Hz,
1H, CH=CH of B-isomer), 3.76 (dd, /=10.4, 8.9 Hz, 1H,
CHSOPh of B-isomer), 3.39 (dd, J/=9.8, 3.3 Hz, 1H,
CHSOPh of A-isomer), 2.71 (br s, IH, CHCH=CHCH of
A-isomer), 2.55-2.47 (m, 3H, CHCH=CHCH of A-isomer
and CH,CH,CHSOPh of B-isomer), 2.43-2.23 (m, 4H,
CH,CH,CHSOPh of A-isomer and CHCH=CHCH of
B-isomer), 2.08-1.68 [m, 6H, (CH,CHSOPh and CHCHs)
of A-isomer and (CH,CHSOPh and CHCH3) of B-isomer],
1.66 (d, J=8.9Hz, 1H, CHH of A-isomer), 1.52 (d,
J=8.8 Hz, 1H, CHH of B-isomer), 1.45 (ddd, J=8.9, 3.5,
1.7 Hz, 1H, CHH of A-isomer), 1.33 (ddd, J=8.8, 3.3,
1.7 Hz, 1H, CHH of B-isomer), 1.01 (d, J=7.2 Hz, 3H,
CHCH; of A-isomer), 0.93 (d, /=7.2 Hz, 3H, CHCH; of
B-isomer). '3C NMR (100 MHz, CDCl;) of A-isomer:
0 213.6 (CO), 143.7 (C), 139.9 (CH), 131.8 (CH), 131.6
(CH), 129.8 (2xCH), 125.0 (2xCH), 71.3 (CH), 60.0 (C),
52.9 (CH), 51.3 (CH), 47.1 (CH,), 41.2 (CH), 32.4 (CH,),
18.8 (CH,), 18.3 (CH3); B-isomer: 6 212.4 (CO), 153.2
(©), 138.8 (CH), 132.8 (CH), 132.1 (CH), 129.5 (2xCH),
126.0 (2xCH), 69.7 (CH), 60.0 (C), 51.2 (CH), 51.2 (CH),
46.7 (CH,), 41.8 (CH), 31.1 (CH,), 20.9 (CH,), 18.3
(CH3). IR (CHCl3): vpax 3066w, 3010s, 2969s, 1726s,
1584w, 1478m, 1464m, 1445m, 1332w, 1154w, 1086m,
1048m, 1024m, 691m cm™'. MS: m/z (%) relative intensity
300 (M™, 10), 254 (6), 217 (10), 175 (74), 157 (43), 147 (21),
142 (18), 129 (25), 110 (31), 109 (100), 105 (28), 97 (17),
91 (56), 81 (33), 79 (62), 77 (44), 66 (18), 65 (22). Anal.
Calcd for CgH,00,S: C, 71.97; H, 6.71. Found: C, 71.83;
H, 6.87.
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4.4.3. 2'-Ox0-3'-phenylsulfinylcyclopentane-1’'-spiro-2-
(3-phenyl-bicyclo[2.2.1]Thept-5-ene) (7c). According to
the general procedure described for compound 7a,
a 70:30 mixture of endo,exo- and endo,endo-6¢ (1.27 g,
3.22 mmol) was reacted with LDA (7.09 mmol) in THF
(10 mL) to give a crude product, which was purified by pre-
parative thin-layer chromatography (silica gel, 20% ethyl
acetate in hexanes) to give two bands (PLC; and PLC,;) of
7c¢ (0.817 g, 70% combined yield) as a diastereomeric mix-
ture. 'H NMR (300 MHz, CDCl5) of a mixture of four dia-
stereomers of 7¢ (A-, B-, C-, and D-isomers): 6 7.59-7.36
(m, 20H, SOArH), 7.29-6.88 (m, 20H, ArH), 6.46 (m, 3H,
CH=CH of A-, B-, and D-isomers), 6.35 (m, 2H,
CH=CH of A-isomer and CH=CH of C-isomer), 5.94
(dd, J=5.5, 29 Hz, CH=CH of D-isomer), 5.88 (dd,
J=5.6, 29 Hz, 1H, CH=CH of B-isomer), 5.73 (dd, J=
5.5, 29 Hz, 1H, CH=CH of C-isomer), 3.58 (app. t,
J=9.4 Hz, 1H, CHSOPh of C-isomer), 3.39 (dd, J=9.3,
4.6 Hz, 1H, CHSOPh of B-isomer), 3.33 (d, J/=2.9 Hz, 1H,
CHPh of A-isomer), 3.24-2.82 [m, 10H, CHCH=CHCH
of A-isomer, (CHCH=CHCH and CHPh) of B- and C-iso-
mers and (CHSOPh, CHCH=CHCH, and CHPh) of D-iso-
mer], 2.77 (br s, 1H, CHCH=CHCH of B-isomer), 2.60 (dd,
J=9.5, 6.6 Hz, 1H, CHSOPh of A-isomer), 2.50 (br s, 1H,
CHCH=CHCH of C-isomer), 2.43-2.02 (m, 7H, CH,CCO
of A-, B-, and C-isomers and CHHCCO of D-isomer), 1.95
(d, J/=8.9 Hz, 2H, CHH of A- and D-isomers), 1.90-1.12 [m,
16H, (CHH and CH,CHSOPh) of A-isomer, (CH, and
CH,CHSOPh) of B- and C-isomers and (CH, and
CHHCH,CHSOPh) of D-isomer].

PLC; (less polar): 0.630 g, 54% yield as a yellow solid
of three isomers (A-, B-, and C-isomers). 'H NMR
(300 MHz, CDCl): 6 7.59-7.32 (m, 15H, SOArH), 7.30—
6.88 (m, 15H, ArH), 6.45 (m, 2H, CH=CH of A- and B-iso-
mers), 6.35 (m, 2H, CH=CH of A-isomer and CH=CH of
C-isomer), 5.87 (dd, J=5.6, 2.8 Hz, CH=CH of B-isomer),
5.72 (dd, J=5.6, 2.9 Hz, 1H, CH=CH of C-isomer), 3.59
(app. t, J=9.4 Hz, 1H, CHSOPh of C-isomer), 3.38 (dd,
J=93, 4.6Hz, 1H, CHSOPh of B-isomer), 3.33 (d,
J=29 Hz, 1H, CHPh of A-isomer), 3.13-2.86 [m, 6H,
CHCH=CHCH of A-isomer and (CHCH=CHCH and
CHPh) of B- and C-isomers], 2.76 (br s, IH, CHCH=CHCH
of B-isomer), 2.60 (dd, /=9.6, 6.6 Hz, 1H, CHSOPh of A-
isomer), 2.50 (br s, 1H, CHCH=CHCH of C-isomer),
2.44-2.02 (m, 6H, CH,CCO of A-, B-, and C-isomers),
1.95 (d, J/=8.2 Hz, 1H, CHH of A-isomer), 1.90-1.10 [m,
11H, (CHH and CH,CHSOPh) of A-isomer and (CH, and
CH,CHSOPh) of B- and C-isomers]. IR (CHCl3): vpax
3436w, 3066w, 3012s, 1729s, 1602w, 1498w, 1478w,
1445m, 1332w, 1241m, 1175w, 1153w, 1086m, 1050m,
706m cm~!. MS: m/z (%) relative intensity 363 (M*, 1),
298 (3), 297 (14), 237 (16), 236 (4), 219 (3), 173 (5), 172
(31), 171 (100), 170 (10), 169 (30), 153 (20), 141 (11),
129 (11), 128 (14), 115 (13), 91 (7), 78 (7), 66 (4), 65 (6).

PLC, (more polar): a pale yellow solid of a pure D-isomer
(0.187 g, 16% yield, mp 142-144°C). 'H NMR
(300 MHz, CDCl3): 6 7.58-7.32 (m, 5H, SOArH), 7.30-
6.84 (m, 5H, ArH), 644 (dd, J=5.4, 3.2Hz, 1H,
CH=CH), 5.94 (dd, J=5.4, 2.9 Hz, 1H, CH=CH), 3.26—
3.12 (m, 2H, CHCH=CHCH and CHSOPh), 3.08 (br s,
1H, CHCH=CHCH), 3.00 (br s, 1H, CHPh), 2.39 (m, 1H,

CHHCH,CHSOPh), 1.95 (d, J=8.8 Hz, 1H, CHH), 1.67
(d, J/=8.8 Hz, 1H, CHH), 1.45 (m, 1H, CHHCH,CHSOPh),
1.40-1.10 (m, 2H, CH,CHSOPh). '3C NMR (75 MHz,
CDCls): 6 212.6 (C=0), 142.1 (C), 1419 (C), 139.3
(CH), 133.7 (CH), 130.8 (CH), 129.1 (2xCH), 1284
(2xCH), 128.1 (2xCH), 126.2 (CH), 123.8 (2xCH), 70.8
(CH), 61.2 (C), 52.3 (CH), 49.1 (CH), 48.4 (CH), 479
(CH,), 31.5 (CH,), 14.9 (CH,). IR (CHCI3): vax 3066w,
3010m, 1729s, 1602w, 1584w, 1498m, 1478w, 1446m,
1332w, 1242m, 1153m, 1086m, 1051m, 705m cm~'. MS:
mlz (%) relative intensity 363 (M™, 2), 297 (13), 237 (42),
236 (12), 219 (10), 172 (31), 171 (100), 170 (14), 169
(38), 154 (9), 153 (21), 129 (16), 128 (20), 115 (18), 92
(15), 78 (7), 66 (5), 65 (6). Anal. Calcd for C,3H,,0,S: C,
76.21; H, 6.12. Found: C, 76.06; H, 6.32.

4.4.4. 2'-Oxo0-3'-phenylsulfinylcyclopentane-1’-spiro-2-
(3-hydroxymethylbicyclo[2.2.1]hept-5-ene) (7dA) and
compound 7dB. According to the general procedure de-
scribed for compound 7a, a 90:10 diastereomeric mixture
of 6d (0.442¢g, 1.40mmol) was reacted with LDA
(3.08 mmol) in THF (4.5 mL) to give a crude product, which
was purified by preparative thin-layer chromatography (sil-
ica gel, 70% ethyl acetate in hexanes) to afford two bands
(PLC; and PLC,) of products (0.365 g, 82% combined
yield).

PLC, (Iess polar) was obtained as a colorless solid of a single
diastereomer of 7dB (0.135 g, 30% yield, mp 134-136 °C).
'"H NMR (300 MHz, CDCls): 6 7.75-7.47 (m, 5H, ArH),
6.57 (dd, J=5.6, 3.0 Hz, 1H, CH=CH), 6.15 (dd, J=5.6,
29Hz, 1H, CH=CH), 4.10 (app. t, J=8.5Hz, 1H,
CHHO), 3.49 (app. t, /=8.5 Hz, 1H, CHHO), 3.05 (dd,
J=12.0, 6.1 Hz, 1H, CHSOPh), 2.87-2.74 (m, 2H,
CHCH=CHCH and CHCH,0), 2.65 (br s, 1H, OH), 2.58
(br s, 1H, CHCH=CHCH), 2.00-1.70 (m, 5H,
CH,CHHCHSOPh and CH,), 1.27 (m, 1H, CHHCHSOPh).
13C NMR (75 MHz, CDCl5): 6 143.4 (C), 138.8 (CH), 132.5
(CH), 131.5 (CH), 129.2 (2xCH), 124.5 2xCH), 112.2 (C-
0), 74.6 (CH), 70.7 (CH,), 68.2 (C), 60.3 (CH), 53.7 (CH,),
51.6 (CH), 44.3 (CH), 39.4 (CH,), 23.2 (CH,). IR (Nujol):
Vmax 3385m, 3053w, 2956s, 1441m, 1253w, 1242w,
1173w, 1027m, 1013m, 995m, 748m, 700w cm~'. MS:
miz (%) relative intensity 316 (M™*, 1), 299 (12), 233 (48),
191 (75), 173 (50), 160 (36), 153 (38), 145 (64), 135 (28),
129 (30), 125 (100), 117 (49), 97 (32), 91 (68), 79 (61), 77
(60), 66 (39), 65 (37), 51 (26). HRMS (ESI-TOF) calcd for
CsH2003SNa: 339.1031; found: 339.1031.

PLC, (more polar) was obtained as a pale yellow solid of
7dA (0.231 g, 52% yield) as a mixture of diastereomers:
'H NMR (300 MHz, CDCl,): 6 7.70-7.35 (m, ArH), 6.52
(m, an olefinic proton of the minor isomer), 6.40 (dd,
J=5.6, 3.0 Hz, olefinic proton of the major isomer), 6.27
(m, an olefinic proton of the major isomer), 6.20 (m, an ole-
finic proton of the minor isomer), 6.15-5.95 (m, olefinic pro-
tons of the minor isomer), 4.04 (app. t, J/=8.6 Hz, CHHOH
of the major isomer), 3.70 (app. t, /=8.8 Hz, CHHOH of
the minor isomer), 3.50-3.28 (m, CHHOH of the major
and minor isomers), 3.22 (app. t, J=10.7 Hz, CHSOPh of
the minor isomer), 3.14-2.95 (m, CHSOPh of the major
and minor isomers), 2.88-2.50 [m, (CHCH=CHCH and
CHCH,0H) of the major isomer and CHCH=CHCH of
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the minor isomer]|, 2.50-2.08 (m, CH,CH,CHSOPh,
OH, and CHCH,OH) of the minor isomer and
(CHHCH,CHSOPh and OH) of the major isomer), 2.08—
1.45 [m, (CHHCH,CHSOPh and CH,) of the major and mi-
nor isomers], 1.35 (d, /=9.4 Hz, CHH of the minor isomer).
IR (neat): v, 3419s, 3060m, 2964s, 2874s, 1728s, 1651w,
1583w, 1479s, 1445s, 1341m, 1256s, 1085s, 1046s, 997s,
752s, 695s cm~!. MS: m/z (%) relative intensity 317 (M?*,
4), 299 (13), 233 (38), 191 (86), 173 (53), 160 (32), 153
(33), 145 (59), 135 (23), 131 (23), 126 (29), 125 (100),
117 (44), 107 (28), 97 (26), 92 (68), 79 (62), 77 (39), 66
(28), 65 (28), 51 (19). HRMS (ESI-TOF) calcd for
CsH»003SNa: 339.1031; found: 339.1029.

4.5. Preparation of spirocyclopentenones 8

4.5.1. 2'-Oxocyclopent-3'-ene-1'-spiro-2-bicyclo[2.2.1]-
hept-5-ene (8a). A diastereomeric mixture of 7a (1 g,
3.5 mmol) was dissolved in dry toluene (10 mL) and dry
CaCOs (0.35 g, 3.5 mmol) was added. The mixture was re-
fluxed under an argon atmosphere overnight. The precipitate
of CaCOj3 was filtered and washed with ethyl acetate. The
organic layer was concentrated to give an 88:12 mixture of
endo- and exo-8a, which was purified by column chromato-
graphy (silica gel, 10% ethyl acetate in hexanes) to give two
fractions of 8a (0.395 g, 70% combined yield).

(¢}
4 7
O
exo-8a endo-8a

The first fraction (less polar) of a 91:9 mixture of endo- and
exo-8a was obtained as a pale yellow liquid (45 mg, 8%
yield). 'TH NMR (300 MHz, CDCl;): ¢ 7.62 (td, J=5.8,
2.8 Hz, 2H, CH=CHCO of endo- and exo-isomers), 6.38
(dd, J=5.6, 3.1 Hz, 1H, CH=CH of exo-isomer), 6.34 (m,
1H, CH=CH of endo-isomer), 6.17 [dd, J=5.4, 2.9 Hz,
2H, (CH=CH and CH=CHCO) of exo-isomer and
CH=CHCO of endo-isomer], 5.97 (dd, J=5.7, 3.1 Hz,
1H, CH=CH of endo-isomer), 2.94 (br s, 1H,
CHCH=CHCH of endo- and exo-isomers), 2.82 (dd,
J=18.7, 2.8 Hz, 1H, CHHCCO of endo-isomer), 2.71-2.57
[m, 4H, (CHHCH=CHCO and CHCH=CHCH) of
exo- and endo-isomers], 2.38 (dd, J=19.5, 2.3 Hz,
1H, CHHCH=CHCO of exo-isomer), 2.28 (d, J=8.5 Hz,
1H, CHH of exo-isomer), 2.12 (dd, J=11.4, 3.6 Hz, 1H,
CHHCCO of exo-isomer), 1.69 (dd, J=11.5, 3.7 Hz, 1H,
CHHCCO of endo-isomer), 1.59-1.44 (m, 3H, CH, and
CHHCCO of endo-isomer), 1.32 (d, /=8.5 Hz, 1H, CHH
of exo-isomer), 1.08 (dd, J=11.4, 2.9 Hz, 1H, CHHCCO
of exo-isomer). IR (neat): v,.x 3063m, 2964s, 1695s,
1592m, 1475m, 1442m, 1344s, 1307m, 1147s, 1086m,
1016m, 798m, 755m, 723m, 690w, 596w cm~'. MS: m/z
(%) relative intensity 160 (M*, 78), 149 (89), 131 (76),
130 (35), 129 (36), 125 (54), 115 (36), 105 (56), 99 (40),
91 (80), 81 (59), 78 (45), 77 (100), 67 (67), 55 (79).

The second fraction (more polar) of endo-8a was obtained as
a pale yellow liquid (0.35g, 62% yield. 'H NMR
(300 MHz, CDCls): 6 7.65 (td, J=5.9, 2.7Hz, 1H,
CH=CHCO), 6.35 (dd, J=5.5, 3.0Hz, 1H, CH=CH),

6.16 (td, J=5.9, 2.2Hz, 1H, CH=CHCO), 5.99 (dd,
J=5.5, 29Hz, 1H, CH=CH), 298 (d, J=0.7 Hz,
1H, CHCH=CHCH), 2.90 (dd, J=19.0, 2.2 Hz, IH,
CHHCH=CHCO), 2.73 (dd, J=19.0, 2.4 Hz, 1H,
CHHCH=CHCO), 2.51 (br s, 1H, CHCH=CHCH), 1.69
(dd, J=11.9, 3.6 Hz, 1H, CHHCCO), 1.50 (m, 3H, CH,
and CHHCCO). '3C NMR (75 MHz, CDCls): 6 211.8
(C=0), 161.0 (CH), 133.6 (CH), 132.6 (CH), 54.6 (CH),
52.4 (C), 50.1 (CH,), 47.2 (CH,), 43.5 (CH), 39.3 (CH,).
IR (neat): vp.x 3063m, 2964s, 1699s, 1593m, 1475m,
1443m, 1328s, 1309m, 1146s, 1078m, 797m, 753s, 717m,
687s, 595s cm~!. MS: m/z (%) relative intensity 160 (M*,
4), 159 (15), 141 (28), 131 (11), 125 (100), 115 (8), 109
(21), 97 (23), 95 (28), 91 (10), 77 (56), 65 (21), 51 (18).
HRMS (ESI-TOF) calcd for C,;H;,ONa: 183.0786; found:
183.0786.

4.5.2. 2'-Oxocyclopent-3’-ene-1'-spiro-2-(3-methyl-
bicyclo[2.2.1]hept-5-ene) (8b). A diastereomeric mixture
of 7b (0.40 g, 1.33 mmol) was dissolved in dry toluene
(5 mL) and dry CaCO; (0.13 g, 1.33 mmol) was added.
The mixture was refluxed under an argon atmosphere over-
night. The crude product was purified by column chromato-
graphy (silica gel, 10% ethyl acetate in hexanes) to give two
fractions of 8b (0.174 g, 75% combined yield).

o o]

endo,endo-8b endo,exo-8b

The first fraction (less polar) was obtained as a pale yellow
liquid of pure endo,endo-8b (21 mg, 19% yield). '"H NMR
(400 MHz, CDCl3): 6 7.62 (td, J=59, 2.8Hz, 1H,
CH=CHCO), 6.31 (2dd, J=5.7, 2.9 Hz, 2H, CH=CH),
6.06 (td, J=5.9, 2.1 Hz, 1H, CH=CHCO), 2.90 (td, ABX
system, J=19.2, 2.4 Hz, 1H, CHHCH=CHCO), 2.79 (td,
ABX system, J=19.2, 2.5Hz, 1H, CHHCH=CHCO),
2.74 (m, 1H, CHCH=CHCH), 2.57 (br s, 1H,
CHCH=CHCH), 2.37 (dq, J=7.2, 3.3 Hz, 1H, CHCHj;),
1.57 (d, J/=8.4 Hz, 1H, CHH), 1.51 (td, J/=8.4, 1.7 Hz, 1H,
CHH), 0.84 (d, J=72Hz, 3H, CHCH;). '*C NMR
(100 MHz, CDCly): 6 211.5 (C=0), 161.7 (CH), 136.7
(CH), 135.6 (CH), 135.1 (CH), 55.6 (CH), 50.4 (CH), 50.0
(CH,), 49.7 (CH,), 49.6 (CH), 30.3 (C), 17.0 (CH3). IR
(CHCL3): Vpax 3064w, 3020m, 2965m, 2876w, 1694s,
1596w, 1448m, 1346m, 1325m, 1261w, 1147s, 1085m,
1014m, 688m, 597s cm~!. MS: m/z (%) relative intensity
175 (M*+1, 7), 167 (11), 149 (34), 141 (12), 125 (100),
109 (28), 99 (36), 97 (31), 95 (11), 91 (13), 81 (27), 79
(13), 77 (59), 69 (18), 67 (12), 65 (18). HRMS (ESI-TOF)
calcd for C;,H4ONa: 197.0942; found: 197.0943.

The second fraction (more polar) was obtained as a 73:37
mixture of endo,exo- and endo,endo-isomers (0.13 g, 56%
yield) as a pale yellow liquid. '"H NMR (300 MHz,
CDCls): 6 7.59-7.50 (m, 2H, CH=CHCO of endo,exo-
and endo,endo-isomers), 6.34 (dd, J=5.6, 3.2 Hz, 1H,
CH=CH of endo,exo-isomer), 6.20 (m, 2H, CH=CH
of endo,endo-isomer), 6.02 (td, /=3.6, 2.2 Hz, 1H, CH=
CHCO of endo,exo-isomer), 5.96 (td, J=3.6, 2.2 Hz,
1H, CH=CHCO of endo,endo-isomer), 5.83 (dd, J=5.6,
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29Hz, 1H, CH=CH of endo,exo-isomer), 2.90 (dd,
J=19.0, 2.1 Hz, 1H, CHHCH=CHCO of endo,exo-isomer),
2.80 (dd, J=19.2, 2.3Hz, 1H, CHHCH=CHCO of
endo,endo-isomer), 2.74-2.60 (m, 2H, CHHCH=CHCO
and CHCH=CHCH of endo,endo-isomer), 2.47 (br s,
1H, CHCH=CHCH of endo,endo-isomer), 2.42 (br s,
1H, CHCH=CHCH of endo,exo-isomer), 2.37 (br s, 1H,
CHCH=CHCH of endo,exo-isomer), 2.32-2.22 (m, 2H,
CHHCH=CHCO of endo,exo-isomer and CHCH; of
endo,endo-isomer), 1.74 (q, J=7.0Hz, 1H, CHCH; of
endo,exo-isomer), 1.55-1.33 (m, 4H, CH, of endo,exo-
and endo,endo-isomers), 0.94 (d, J=7.0 Hz, 3H, CHCH;
of endo,exo-isomer), 0.74 (d, J=7.2 Hz, 3H, CHCH; of
endo,endo-isomer). IR (neat): v,.x 3063m, 2960s, 2873m,
1698s, 1594m, 1449m, 1376w, 1343m, 1200m, 1147s,
1078m, 1016w, 753m, 730m, 688m, 596s cm™'. MS: m/z
(%) relative intensity 175 (M*+1, 28), 174 (M*, 41), 173
(26), 161 (17), 149 (20), 147 (30), 145 (30), 133 (35), 131
(34), 125 (23), 115 (20), 110 (25), 109 (100), 107 (26), 95
(22), 91 (62), 81 (30), 79 (48), 77 (46), 67 (14), 66 (20),
65 (23), 51 (13).

4.6. Flash vacuum pyrolysis of compounds 6 leading to
5-alkylidene-2-cyclopentenones

4.6.1. 5-Methylene-2-cyclopentenone (9a).°® Flash vac-
uum pyrolysis of a diastereomeric mixture of 7a (100 mg,
0.35 mmol) (conditions: oven temperature 240 °C; column
temperature 375 °C; pressure 0.03 mmHg) gave a crude col-
orless pyrolysate of 9a in quantitative yield. Purification of
9a was unsuccessful due to its rapid decomposition. 'H
NMR (300 MHz, CDCl3): 6 7.55 (app. t, J=3.1 Hz, 1H,
CH=CHCO), 6.30 (td, J=5.7, 3.0 Hz, 1H, CH=CHCO),
6.03 (s, 1H, CHH=CCO), 5.37 (s, 1H, CHH=CCO), 3.17
(s, 2H, CH,). IR (CHCl3): vpax 3015s, 2970m, 1701s,
1650s, 1582m, 1430m, 1416m, 1344m, 1253m, 1138m,
933m, 909s, 836m, 747m, 697m cm~'. MS: m/z (%) relative
intensity 95 (M*+1, 100).

4.6.2. 5-Ethylidene-2-cyclopentenone (9b).° Flash vac-
uum pyrolysis of a diastereomeric mixture of 7b (100 mg,
0.33 mmol) gave a 85:15 mixture of E:Z-isomers of a crude
pyrolysate of 9b, which was purified by preparative thin-
layer chromatography (silica gel, 15% ethyl acetate in hex-
anes) to give a yellow liquid of the E-isomer of 9b (28 mg,
82% yield). The Z-isomer of 9b was not obtained in pure
form. '"H NMR (300 MHz, CDCl5) of the crude product of
9b containing a mixture of E- and Z-isomers: 6 7.60-7.00
(m, 7H, CH=CHCO of E- and Z-isomers), 6.63 (q,
J=69 Hz, 1H, C=CHCHj; of E-isomer), 6.30 (app. d,
J=6.0 Hz, 2H, CH=CHCO of E- and Z-isomers), 6.13 (m,
1H, C=CHCHj3; of Z-isomer), 3.13 (br s, 2H, CH, of E-iso-
mer), 2.54 (s, 2H, CH, of Z-isomer), 2.18 (d, J=7.3 Hz,
3H, C=CHCH; of Z-isomer), 1.82 (d, J=6.9 Hz, 3H,
C=CHCHj; of E-isomer).

(E)-9b: 'H NMR (300 MHz, CDCly): ¢ 7.52 (m, IH,
CH=CHCO), 6.59 (q, /=7.0 Hz, 1H, C=CHCH3), 6.28
(td, J=5.9, 2.1 Hz, 1H, CH=CHCO), 3.13 (br s, 2H,
CH,), 1.81 (d, J=7.0Hz, 3H, C=CHCH;). '3*C NMR
(75 MHz, CDCls): 6 196.2 (C=0), 156.8 (CH), 135.9
(CH), 135.1 (C), 130.7 (CH), 31.8 (CH,), 15.0 (CH3). IR
(neat): vpax 3058m, 2961m, 2915m, 1699s, 1656s, 1582m,

1440m, 1415m, 1351m, 1272m, 1222s, 1092w, 977w,
940m, 782s, 765s, 737s cm™'. MS: m/z (%) relative intensity
219 2M*+2, 9), 218 (2M*+1, 46), 168 M*+60, 11), 149
(M*+41, 15), 110 (M*+2, 100), 109 (M*+1, 90), 108 (M,
23), 95 (15), 91 (17), 81 (40), 79 (67), 77 (42), 66 (21), 65
(23), 51 (13).

4.6.3. 5-Phenylidene-2-cyclopentenone (9¢).¢ Flash vac-
uum pyrolysis of PLC, of 7¢ (100 mg, 0.28 mmol) gave
a crude pyrolysate of the (E)-isomer of 9¢, which was purified
by preparative thin-layer chromatography (silica gel, 15%
ethyl acetate in hexanes) to give a pale yellow solid of
(E)-9¢ (40.5mg, 85% yield, mp 66-69 °C). 'H NMR
(300 MHz, CDCl3): ¢ 7.68 (m, 1H, CHPh), 7.63-7.32 (m,
6H, ArH and CH=CHCO), 6.48 (td, /=6.0, 2.1 Hz, 1H,
CH=CHCO), 3.59 (d, J=1.7Hz, 2H, CH,). '*C NMR
(75 MHz, CDCl3): ¢ 197.5 (C=0), 157.1 (CH), 135.5
(CH), 135.1 (C), 132.3 (C), 132.1 (CH), 130.4 (2xCH),
129.5 (CH), 128.9 (2xCH), 34.3 (CH,). IR (Nujol): v«
1688s, 1633s, 1590m, 1572m, 1493m, 1374w, 1292w,
1273m, 1228m, 1186s, 1099m, 950m, 789s, 690m cm~!.
MS: m/z (%) relative intensity 171 (M*+1, 8), 170 (34),
169 (100), 143 (16), 141 (36), 116 (8), 115 (29), 89 (6), 63 (6).

4.6.4. 5-(Hydroxymethyl)methylidene-2-cyclopentenone
(9d). Flash vacuum pyrolysis of a mixture of diastereomeric
mixture of 7dA (70 mg, 0.22 mmol) (conditions: oven tem-
perature 250 °C, column temperature 450 °C, pressure
0.05 mmHg) gave a crude pyrolysate of 9d, which was puri-
fied by preparative thin-layer chromatography (silica gel,
40% ethyl acetate in hexanes) to give a pale yellow liquid of
a labile (2)-9d (8.3 mg, 30% yield). 'H NMR (300 MHz,
CDCl;): 6 7.56 (m, 1H, CH=CHCO), 6.60 (app. t,
J=5.4 Hz, 1H, CHCH,0OH), 6.34 (td, J=6.0, 2.2 Hz, 1H,
CH=CHCO), 4.43 (d, J=5.4Hz, 2H, CH,OH), 3.23
(s, 2H, CH,), 1.60 (br s, 1H, OH). '3C NMR (75 MHz,
CDCl3): 6 195.6 (C=0), 157.6 (CH), 135.8 (CH), 132.6
(C), 129.3 and 129.1 (CH), 60.9 (CH,0OH), 32.2 (CH,). IR
(neat): vpax 3420s, 2964s, 2926s, 1699s, 1447w, 1413w,
1261s, 1091s, 1022s, 800s, 736w cm ™. MS: m/z (%) rela-
tive intensity 125 (M*+1, 21), 124 (M*, 8), 123 (18), 121
(23), 120 (16), 115 (13), 111 (24), 105 (23), 97 (28), 95
(100), 92 (38), 91 (28), 83 (29), 81 (39), 78 (58), 77 (66),
71 (22), 69 (28), 67 (73), 65 (42), 63 (23), 57 (32), 55
(42), 51 (20). HRMS (ESI-TOF) calcd for C;HgO,SNa:
147.0422; found: 147.0424.

4.7. The Pummerer rearrangement of spiro-sulfoxides
6: preparation of spirocyclopentenones 10

4.7.1. 2'-Ox0-3'-phenylsulfanylcyclopent-3'-ene-1'-spiro-
2-bicyclo[2.2.1]hept-5-ene (10a). General procedure: Tri-
fluoroacetic anhydride (0.08 mL, 0.60 mmol) was added
slowly to an acetonitrile solution (3 mL) of an 88:12 dia-
stereomeric mixture of 7a (0.172 g, 0.6 mmol) under an
argon atmosphere at 0 °C. The resulting solution was stirred
at 0 °C to room temperature overnight. The mixture was
quenched with water (3 mL) and extracted with EtOAc
(3%25 mL). The combined organic layers were washed
with water, brine and dried over anhyd Na,SO,. The organic
phase was concentrated and purified by column chromato-
graphy to give an 88:12 mixture of endo- and exo-isomers
of 10a. The mixture of endo- and exo-10a were separated
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by preparative thin-layer chromatography (silica gel, 5-10%
ethyl acetate in hexanes) to give two fractions (PLC;: endo-
isomer and PLC,: exo-isomer) of 10a (80% combined yield).

(0]
7 7
SPh
(0]
SPh

exo-10a endo-10a

PLC, (less polar) was obtained as a pale yellow solid of exo-
10a (16.7 mg, 10% yield, mp 118-119 °C): 'H NMR
(300 MHz, CDCl3): 6 7.47-7.21 (m, SH, ArH), 6.83
(t, J=2.9Hz, 1H, CH=CSAr), 6.30 (dd, J=5.5, 3.0 Hz,
1H, CH=CH), 6.06 (dd, J=5.5, 2.9 Hz, 1H, CH=CH),
2.89 (br s, 1H, CHCH=CHCH), 2.68 (br s, 1H, CHCH=
CHCH), 2.47 (dd, J=19.4, 3.1 Hz, 1H, CHHCH=CSAr),
2.30-2.15 (m, 2H, CHHCH=CSAr and CHH), 2.10 (dd,
J=11.4, 3.6 Hz, 1H, CHHCCO), 1.26 (d, J=8.5 Hz, 1H,
CHH), 1.03 (dd, J=11.4, 2.9 Hz, 1H, CHHCCO). '*C
NMR (75 MHz, CDCl3): 6 208.5 (C=0), 153.1 (CH),
141.2 (C), 140.8 (CH), 135.2 (CH), 133.3 (2xCH), 131.3
(©), 129.4 (2xCH), 128.4 (CH), 53.7 (C), 51.3 (CH), 46.8
(CH,), 43.2 (CH), 42.9 (CH,), 41.6 (CH,). IR (CHCl;):
Vmax 3064w, 3012m, 2967m, 1698s, 1630m, 1582m,
1477m, 1441m, 1373m, 1301m, 1276m, 1025m, 991w,
692m cm~!. MS: m/z (%) relative intensity 268 (M*, 42),
235 (5), 219 (13), 218 (15), 204 (20), 203 (100), 202 (16),
174 (11), 173 (13), 167 (14), 149 (20), 141 (11), 129 (13),
97 (24), 91 (9), 77 (9), 65 (18).

PLC, (more polar) was obtained as a pale yellow solid of
endo-10a (0.112 g, 70% yield, mp 128-130 °C): 'H NMR
(300 MHz, CDCl3): 6 7.55-7.27 (m, 5H, ArH), 6.92 (t,
J=29 Hz, 1H, CH=CSAr), 6.34 (dd, J=5.4, 3.1 Hz, 1H,
CH=CH), 5.97 (dd, J=5.4, 2.9 Hz, 1H, CH=CH), 2.98
(br s, 1H, CHCH=CHCH), 2.82 (dd, J=18.7, 2.7 Hz,
1H, CHHCH=CSAr), 2.64 (dd, J=18.7, 3.2 Hz, 1H,
CHHCH=CSAr), 2.58 (br s, 1H, CHCH=CHCH), 1.71
(dd, J=11.5, 3.7 Hz, 1H, CHHCCO), 1.60-1.40 (m, 3H,
CH, and CHHCCO). '*C NMR (75 MHz, CDCly): 6
206.2 (C=0), 151.8 (CH), 141.8 (C), 138.2 (CH), 133.3
(CH), 132.5(2xCH), 131.3 (C), 129.4 (2xCH), 128.3 (CH),
54.9 (CH), 53.6 (C), 49.9 (CH,), 45.7 (CH,»), 43.6 (CH), 39.8
(CHy). IR (Nujol): vpax 3059w, 1699s, 1577m, 1468m,
1283m, 1273m, 1021m, 992m, 758m, 693m, 634w cm™".
MS: m/z (%) relative intensity 270 (M*+2, 19), 269
M*+1, 79), 268 (M*, 100), 235 (7), 203 (53), 202 (15),
174 (21), 173 (24), 159 (14), 158 (17), 141 (10), 129 (11),
115 (5), 97 (15), 91 (9), 65 (7). Anal. Calcd for C7H;c0S:
C, 76.08; H, 6.01. Found: C, 75.75; H, 6.02.

4.7.2. 2'-Oxo0-3'-phenylsulfanylcyclopent-3'-ene-1’-spiro-
2-(3-methylbicyclo[2.2.1]hept-5-ene) (10b). According to
the general procedure described for compound 10a, the reac-
tion of a diastereomeric mixture of 7b (0.20 g, 0.66 mmol)
with an acetonitrile solution (3 mL) of trifluoroacetic an-
hydride (0.08 mL, 0.60 mmol) gave a crude product of
a 34:44:13:9 mixture of isomers of 10b. It was purified by
preparative thin-layer chromatography (silica gel, 5-10%
ethyl acetate in hexanes) to give three fractions (PLC,,
PLC,, and PLCj3) of 10b (0.138 g, 74% combined yield).
A mixture of endo,endo- and endo,exo-isomers (A- and
B-isomers) and exo,exo- and exo,endo-isomers (C- and

D-isomers) of 10b: 'H NMR (300 MHz, CDCl3): ¢ 7.60-
7.20 (m, 20H, ArH), 6.95 (t, J=3.0 Hz, 1H, CH=CSAr of
B-isomer), 6.92-6.85 (m, 3H, CH=CSAr of A-, C-, and
D-isomers), 6.42 (dd, J=5.6, 3.0 Hz, 2H, CH=CH of
B- and D-isomers), 6.37-6.19 (m, 4H, CH=CH of A- and
C-isomers), 6.12 (m, 1H, CH=CH of D-isomer), 5.90 (dd,
J=5.6, 2.8 Hz, 1H, CH=CH of B-isomer), 2.81 (dd,
J=18.8, 2.8 Hz, 1H, CHHCH=CSAr of B-isomer), 2.86—
1.92 [m, 19H, (CH,CH=CSAr, CHCH=CHCH, and
CHCH3;) of A-isomer, (CHHCH=CSAr and CHCH=
CHCH) of B-isomer, (CH,CH=CSAr, CHCH=CHCH,
CHCH;, and CHH) of C-isomer and (CH,CH=CSAr,
CHCH=CHCH, and CHCHj) of D-isomer], 1.87 (q,
J=7.5Hz, 1H, CHCHj; of B-isomer), 1.70-1.20 (m, 7H,
CH, of A-, B-, and D-isomers and CHH of C-isomer), 1.04
(d, J=7.5 Hz, 3H, CHCHj; of B-isomer), 0.94 (d, J/=7.8 Hz,
3H, CHCH; of D-isomer), 0.85 (d, /=7.2 Hz, 3H, CHCH;
of A-isomer), 0.76 (d, J=7.2 Hz, 3H, CHCHj; of C-isomer).

Q_CH3 Q H
7 4
SPh SPh
ex0,ex0-10b(C) exo,endo-10b(D)

PLC, (less polar) was obtained as a yellow liquid of a 1.5:1
mixture of exo,exo- and exo,endo-diastereomers (C- and D-
isomers) (37 mg, 20% yield). '"H NMR (300 MHz, CDCl5):
0 7.45-7.20 (m, 10H, ArH of C- and D-isomers), 6.84
(t, J=3.0Hz, 1H, CH=CSAr of C-isomer), 6.80 (t,
J=3.0 Hz, 1H, CH=CSAr of D-isomer), 6.34 (dd, J=5.6,
3.1Hz, 1H, CH=CH of D-isomer), 6.26 (dd, J=
5.4, 3.0Hz, 1H, CH=CH of C-isomer), 6.14 (dd, J=5.4,
3.1 Hz, 1H, CH=CH of C-isomer), 6.04 (dd, J=5.6,
29 Hz, 1H, CH=CH of D-isomer), 2.72-2.61 (m, 4H,
CHCH=CHCH of C- and D-isomers), 2.49-2.28 (m, 4H,
CHHCH=CSAr and CHCHj; of C- and D-isomers), 2.28—
2.17 (m, 2H, CHH of C-isomer and CHHCH=CSAr of
D-isomer), 2.08 (dd, /=19.5, 3.1 Hz, 1H, CHHCH=CSAr
of C-isomer), 1.56 (d, /=7.3 Hz, 1H, CHH of D-isomer),
1.31 (d, J=73Hz, 1H, CHH of D-isomer), 1.24 (d,
J=8.6 Hz, 1H, CHH of C-isomer), 0.96 (d, /=7.2 Hz, 3H,
CHCH; of D-isomer), 0.66 (d, J=7.2 Hz, 3H, CHCH; of
C-isomer). IR (CHCl3): v 3064w, 2966m, 1695s,
1630w, 1583w, 1477m, 1441m, 1374m, 1302w, 1261m,
1087w, 1024w, 691m cm™~!. MS: m/z (%) relative intensity
282 (M™, 44), 218 (16), 217 (100), 216 (22), 188 (12), 173
(15), 111 (10), 110 (18), 91 (6), 79 (8), 77 (7), 66 (6), 65 (6).

PLC, (more polar) was obtained as a yellow solid of
endo,endo-10b (A-isomer) (53 mg, 28% yield, mp 65—
66 °C). "H NMR (300 MHz, CDCls): 6 7.46-7.20 (m, 5H,
ArH), 6.82 (t, J=29Hz, 1H, CH=CSAr), 6.27-6.15
(m, 2H, CH=CH), 2.75 (dd, J=19.0, 29Hz, 1H,
CHHCH=CSAr), 2.68-2.56 (m, 2H, CHCH=CHCH and
CHHCH=CSAr), 2.54 (br s, 1H, CHCH=CHCH), 2.30
(dq, J=7.1, 3.2 Hz, 1H, CHCH3;), 1.45 (m, 2H, CH,), 0.77
(d, J=7.1 Hz, 3H, CHCH3). '>*C NMR (75 MHz, CDCl5):
0 204.8 (C=0), 152.0 (CH), 142.3 (C), 135.7 (CH), 135.2
(CH), 133.5 (2xCH), 131.3 (C), 129.3 (2xCH), 128.3
(CH), 57.2 (C), 55.2 (CH), 50.0 (CH), 49.1 (CHy), 49.0
(CH), 47.3 (CHy), 16.3 (CHj). IR (neat): vy, 3061m,
2961s, 1699s, 1622s, 1583m, 1477m, 1440m, 1373m,
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1299m, 1146m, 1024m, 990m, 743m, 692m cm~'. MS:
mlz (%) relative intensity 282 (M*, 100), 249 (13), 232
(15), 218 (15), 217 (75), 216 (59), 188 (32), 183 (23), 173
(40), 111 (26), 110 (63), 91 (22), 79 (16), 77 (25), 66 (18),
65 (14).

PLC; (most polar) was obtained as a yellow solid of
endo,exo-10b (B-isomer) (49 mg, 26% yield, mp 86-87 °C).
'"H NMR (300 MHz, CDCl5): ¢ 7.50-7.28 (m, 5H, ArH),
6.96 (t, J=3.0Hz, 1H, CH=CSAr), 6.41 (dd, J=5.5,
3.0Hz, 1H, CH=CH), 5.89 (dd, J=5.5, 2.8 Hz, 1H,
CH=CH), 2.90 (dd, /=18.9, 2.7 Hz, 1H, CHHCH=CSAr),
2.52 (br s, 2H, CHCH=CHCH), 2.28 (dd, /=18.9, 3.2 Hz,
1H, CHHCH=CSAr), 1.87 (dq, J=7.3, 1.6Hz, 1H,
CHCHs), 1.58 (d, J/=8.7 Hz, 1H, CHH), 1.46 (dd, J=8.7,
1.6 Hz, 1H, CHH), 1.03 (d, J=7.3 Hz, 3H, CHCH;). '3C
NMR (75 MHz, CDCl3): 6 206.5 (C=0), 152.5 (CH),
141.2 (C), 139.1 (CH), 133.1 (2xCH), 131.8 (CH), 131.4
(O), 129.3 (2xCH), 128.3 (CH), 56.8 (C), 56.6 (CH), 51.0
(CH), 47.3 (CH,), 41.6 (CH), 39.5 (CH,), 18.7 (CH3). IR
(Nujol): vpax 3056w, 1695s, 1577m, 1456s, 1279m,
1020w, 1000w, 833m, 758m, 733m, 697m cm~'. MS: m/z
(%) relative intensity 282 (M*, 100), 249 (9), 218 (17),
217 (94), 216 (48), 188 (21), 173 (30), 112 (21), 110 (28),
91 (11), 80 (11), 77 (11), 66 (9), 65 (7). HRMS (ESI-TOF)
calced for CgH;gOSNa: 305.0976; found: 305.0976.

4.7.3. 2’-Ox0-3'-phenylsulfanylcyclopent-3'-ene-1’-spiro-
2-(3-phenylbicyclo[2.2.1]hept-5-ene) (10c). According to
the general procedure described for compound 10a, the reac-
tion of a diastereomeric mixture of 7¢ (0.281 g, 0.78 mmol)
with an acetonitrile solution (4 mL) of trifluoroacetic an-
hydride (0.10 mL, 0.78 mmol) gave a 78:22 mixture of
endo,exo- and endo,endo-isomers of 10c. The mixture of
isomers was separated by preparative thin-layer chromato-
graphy (silica gel, 5-10% ethyl acetate in hexanes) to give
two fractions (PLC; and PLC,) of 10c (0.208 g, 78% com-
bined yield). A mixture of endo,exo- and endo,endo-10c:
'"H NMR (300 MHz, CDCl5): 6 7.44-6.90 [m, 21H, (ArH
and SArH) of endo,exo-isomer and (ArH, CH=CSAr, and
SArH) of endo,endo-isomer], 6.72 (t, J=3.0 Hz, 1H,
CH=CSAr of endo,exo-isomer), 6.54-6.45 (m, 2H,
CH=CH of endo,exo- and endo,endo-isomers), 6.21 (dd,
J=5.6, 3.1 Hz, 1H, CH=CH of endo,endo-isomer), 6.04
(dd, J=5.5, 2.8 Hz, 1H, CH=CH of endo,exo-isomer),
3.68 (d, /=3.0 Hz, 1H, CHAr of endo,endo-isomer), 3.18
(br s, 1H, CHCH=CHCH of endo,endo-isomer), 3.15—
2.99 [m, 3H, (CHAr and CHCH=CHCH) of endo,exo-iso-
mer and CHHCH=CSAr of endo,endo-isomer), 2.85 (dd,
J=19.1, 3.2 Hz, 1H, CHHCH=CSAr of endo,endo-isomer),
2.63 (br s, 2H, CHCH=CHCH of endo,exo- and endo,endo-
isomers), 2.15-1.94 (2dd, J=20.3, 2.8Hz, 2H,
CH,CH=CSAr of endo,exo-isomer), 1.85 (d, AB system,
J=8.6Hz, 1H, CHH of endo,exo-isomer), 1.68 (d,
J=8.7 Hz, 2H, CHH of endo,exo- and endo,endo-isomers),
1.59 (d, J=8.6 Hz, 1H, CHH of endo,endo-isomer).

Ph
/
o} o}
SPh SPh

endo,endo-10c

endo,exo-10c

PLC, (Iess polar) was obtained as a yellow solid of endo,exo-
10c (0.154 g, 57% yield, mp 95-98°C). 'H NMR
(300 MHz, CDCl5): 6 7.42-6.90 (m, 10H, ArH and SArH),
6.73 (t, J=3.0Hz, 1H, CH=CSAr), 6.49 (dd, J=5.5,
3.3Hz, 1H, CH=CH), 6.05 (dd, J=5.5, 2.8 Hz, 1H,
CH=CH), 3.08 (br s, 1H, CHCH=CHCH), 3.02 (s, 1H,
CHAr), 2.64 (br s, 1H, CHCH=CHCH), 2.15-1.98 (2dd,
J=20.7, 2.7 Hz, 2H, CH,CH=CSAr), 1.85 (d, J=8.6 Hz,
1H, CHH), 1.66 (dd, J=8.6, 1.6 Hz, 1H, CHH). '*C NMR
(75 MHz, CDCls): 6 206.2 (C=0), 153.7 (CH), 142.3 (O),
141.0 (C), 139.7 (CH), 133.6 (CH), 133.1 (2xCH), 131.4
(©), 129.3 2xCH), 128.6 (2xCH), 128.3 (CH), 127.7
(2xCH), 126.3 (CH), 58.2 (C), 55.4 (CH), 54.1 (CH), 49.4
(CH,), 48.4 (CHAr), 40.9 (CHy). IR (Nujol): vax 3055w,
1695s, 1580m, 1456s, 1274m, 1023m, 1005w, 839m,
751m, 734m, 702m cm~'. MS: m/z (%) relative intensity
344 (M*, 31), 279 (15), 278 (52), 277 (27), 173 (15), 170
(19), 169 (100), 142 (14), 141 (47), 129 (9), 116 (14), 115
(25), 91 (10), 65 (4).

PLC, (more polar) was obtained as a pale yellow solid of
endo,endo-10c (54 mg, 20% yield, mp 118-120 °C).
'"H NMR (300 MHz, CDCl5): 6 7.32-6.95 (m, 11H, ArH,
SArH and CH=CSAr), 6.57 (dd, J=5.3, 2.9 Hz, 1H,
CH=CH), 6.28 (dd, J=5.3, 3.2 Hz, 1H, CH=CH), 3.74
(d, J=2.5 Hz, 1H, CHAr), 3.26 (br s, 1H, CHCH=CHCH),
3.16 (dd, J=19.1, 2.8 Hz, 1H, CHHCH=CSAr), 2.91 (dd,
J=19.1, 3.1 Hz, 1H, CHHCH=CSAr), 2.64 (br s, 1H,
CHCH=CHCH), 1.74 (d, J=8.5Hz, 1H, CHH), 1.65 (d,
J=8.5Hz, 1H, CHH). '3C NMR (75 MHz, CDCls):
6 203.0 (C=0), 151.8 (CH), 142.5 (C), 140.4 (C), 135.8
(CH), 1353 (CH), 132.7 (2xCH), 131.5 (C), 129.2
(2xCH), 128.6 (2xCH), 127.9 (CH), 127.8 (2xCH),
126.1 (CH), 61.3 (CH), 59.6 (C), 55.5 (CH), 49.9 (CH,),
48.1 (CHAr), 47.7 (CH,). IR (neat): vp.x 3060s, 3025s,
2959s, 2247w, 2053w, 1952w, 1885w, 1714s, 1695s,
1682s, 1582s, 1496s, 1479s, 1441s, 1339s, 1277s, 1190m,
1147m, 1024m, 911m, 741s, 701s cm™~'. MS: m/z (%) rela-
tive intensity 344 (M*, 2), 280 (6), 279 (21), 278 (75), 173
(14), 170 (19), 169 (100), 142 (14), 141 (40), 129 (9), 116
(11), 115 (25), 91 (10), 65 (5). Anal. Calcd for C,3H,,0S:
C, 80.20; H, 5.85. Found: C, 79.97; H, 5.71.

4.7.4. 2'-Oxo0-3'-phenylsulfanylcyclopent-3'-ene-1’-spiro-
2-(3-hydroxymethyl)bicyclo[2.2.1]hept-5-ene (10d). Ac-
cording to the general procedure described for compound
10a, the reaction of a mixture of 7dA and 7dB (0.316 g,
1 mmol) with an acetonitrile solution (5 mL) of trifluoroace-
ticanhydride (0.13 mL, 1 mmol) gave a crude product, which
was purified by preparative thin-layer chromatography (sil-
ica gel, 5-10% ethyl acetate in hexanes) to give a pure white
solid of 10d (0.232 g, 78% yield, mp 150-152 °C).

OH

SPh

'H NMR (400 MHz, CDCls): 6 7.58-7.33 (m, 5H, ArH),
700 (t, J=3.0Hz, 1H, CH=CSAr), 6.33 (dd, J=5.6,
32Hz, IH, CH=CH), 6.18 (dd, J=5.6, 2.8 Hz, 1H,
CH=CH), 3.60 (m, 2H, CHCH,OH), 2.96-2.92 (m, 2H,
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CHCH=CHCH, and CHHCH=CSAr), 2.75 (dd, J=18.8,
3.2Hz, 1H, CHHCH=CSAr), 2.64 (br s, 1H,
CHCH=CHCH), 2.56 (ddd, J=9.2, 5.5, 3.1 Hz, 1H,
CHCH,O0H), 2.05 (br s, 1H, OH), 1.63-1.56 (m, 2H, CH,).
13C NMR (100 MHz, CDCly): § 206.6 (C=0), 153.5
(CH), 142.3 (C), 136.5 (CH), 135.2 (CH), 133.8 (2xCH),
132.0 (C), 130.0 (2xCH), 129.0 (CH), 63.4 (CH,), 58.7
(CH), 56.9 (C), 56.0 (CH), 50.1 (CH,), 47.9 (CH,), 46.4
(CH). IR (CHCl3): vpax 3456m, 3026s, 3013s, 2971s,
1695s, 1583m, 1476m, 1441m, 1339m, 1305m, 1281m,
1025s, 833s, 692m cm™'. MS: m/z (%) relative intensity
298 (M*, 8), 268 (32), 267 (25), 203 (17), 190 (30), 186
(18), 171 (23), 158 (100), 157 (58), 147 (10), 144 (14),
130 (18), 129 (54), 128 (33), 115 (19), 110 (16), 105 (9),
91 (16), 77 (15), 66 (17), 65 (18). HRMS (ESI-TOF) calcd
for ClnggozsNa: 3210925, found: 321.0927.

4.8. Flash vacuum pyrolysis of compounds 10 leading to
cyclopentenones 11

4.8.1. 5-Methylidene-2-phenylsulfanyl-2-cyclopentenone
(11a). Flash vacuum pyrolysis of a 87:13 mixture of endo-
and exo-10a (51 mg, 0.19 mmol) gave a crude pyrolysate,
which was purified by preparative thin-layer chromato-
graphy (silica gel, 5-7% ethyl acetate in hexanes) to give
a pale yellow solid of 11a (39 mg, 93% yield, mp 76—
78 °C). '"H NMR (300 MHz, CDCls): 6 7.60-7.30 (m, 5H,
ArH), 6.85 (dt, J=2.9, 0.9 Hz, 1H, CH=CSAr), 6.18 (m,
J=0.9 Hz, 1H, CHH=CCO), 5.49 (app. d, /=0.9 Hz, 1H,
CHH=CCO), 3.20 (td, J=2.8, 1.5Hz, 2H, CH,). *C
NMR (75 MHz, CDCl3): 6 191.5 (C=0), 148.2 (CH),
145.0 (C), 140.6 (C), 133.9 (2xCH), 130.5 (C), 129.5
(2xCH), 128.7 (CH), 118.6 (CH,), 32.9 (CH,). IR (Nujol):
Vmax 2727w, 1699s, 1646m, 1581m, 1307m, 1282m,
1024m, 838w, 742s, 691s cm~!. MS: m/z (%) relative inten-
sity 204 (M*+2, 8), 203 (M*+1, 28), 202 (M*, 100), 201 (18),
174 (25), 173 (48), 141 (11), 129 (11), 97 (42), 65 (12).
HRMS (ESI-TOF) calcd for C;,H;;0S: 203.0531; found:
203.0531.

4.8.2. 5-Ethylidene-2-phenylsulfanyl-2-cyclopentenone
(11b). Flash vacuum pyrolysis of a pure diastereomer of
10b obtained from PLC3 (47.4 mg, 0.168 mmol) gave a crude
pyrolysate, which was purified by preparative thin-layer
chromatography (silica gel, 5-7% ethyl acetate in hexanes)
to give a pale yellow solid of (E)-isomer of 11b (45.4 mg,
96% yield, mp 66-68 °C). '"H NMR (300 MHz, CDCls):
6 7.60-7.30 (m, SH, ArH), 6.80-6.65 (m, 2H, CH=CSAr
and C=CHCH,), 3.13 (br s, 2H, CH,), 1.90 (d, J=7.1 Hz,
3H, C=CHCHj;). *C NMR (75 MHz, CDCl5): 6 191.3
(C=0), 146.8 (CH), 144.9 (C), 134.9 (C), 133.7 and 133.7
(2xCH), 132.4 and 132.3 (CH), 131.0 and 130.9 (C), 129.5
and 129.4 (2xCH), 128.53 and 128.49 (CH), 30.9 (CH,),
15.1 and 15.0 (CH3). IR (neat): vy, 2925m, 1696s, 1658s,
1651s, 1475w, 1440m, 1378m, 1263m, 1087w, 1024m,
865m, 740m, 690m cm~'. MS: m/z (%) relative intensity
218 (M*+2, 18), 217 (M*+1, 36), 216 (M*, 100), 188 (34),
183 (23), 173 (47), 155 (16), 149 (15), 111 (31), 110 (74),
79 (18), 78 (17), 77 (43), 66 (14), 65 (15). HRMS (ESI-
TOF) calcd for C;3H;30S: 217.0687; found: 217.0687.

4.8.3. 5-Phenylidene-2-phenylsulfanyl-2-cyclopentenone
(11c). Flash vacuum pyrolysis of a 78:22 mixture of

endo,exo- and endo,endo-10c (100 mg, 0.29 mmol) gave
a 86:14 mixture of (E)- and (Z)-11c. The crude product
was purified by preparative thin-layer chromatography (sil-
ica gel, 5—7% ethyl acetate in hexanes) to give a pale yellow
solid of (E)-11c¢ (60 mg, 76% yield, mp 104-105 °C). A
mixture of (E)- and (Z)-11¢ of the crude product: '"H NMR
(300 MHz, CDCls): 6 7.55-7.00 (m, 22H, ArH, SArH and
C=CHAr of E- and Z-isomers), 6.78 (app. t, J=2.6 Hz,
1H, ArSC=CH of E-isomer), 6.69 (app. s, 1H, ArSC=CH
of Z-isomer), 3.44 (m, 2H, CH, of E- and Z-isomers).

(E)-11c: '"HNMR (300 MHz, CDCl3): 6 7.50-7.17 (m, 11H,
ArH, SArH and C=CHAr), 6.75 (m, 1H, CH=CSAr), 3.39
(app. t, J=2.2 Hz, 2H, CH,). '3*C NMR (75 MHz, CDCl5):
0 192.5 (C=0), 146.9 (CH), 144.6 (C), 1349 (C), 133.8
(2xCH), 133.1 (CH), 1319 (CH), 130.6 (C), 130.5
(2xCH), 129.7 (CH), 129.5 (2xCH), 128.9 (2xCH),
128.6 (CH), 33.4 (CH,). IR (Nujol): v,.c 1687m, 1637m,
1568w, 1449m, 1285m, 1181m, 916m, 771m, 758m,
747m, 690m cm~!. MS: m/z (%) relative intensity 280
M*+2, 35), 279 M*+1, 23), 278 (M*, 100), 277 (17), 250
(9), 234 (13), 218 (15), 178 (27), 173 (33), 171 (38), 169
(78), 167 (17), 149 (15), 110 (15). HRMS (ESI-TOF) calcd
for C;gH140OSNa: 301.0663; found: 301.0663.

4.8.4. 5-(Hydroxymethyl)methylidene-2-phenylsulfanyl-
2-cyclopentenone (11d). Flash vacuum pyrolysis of 10d
(100 mg, 0.29 mmol) (conditions: oven temperature 240 °C,
column temperature 425 °C, pressure 0.05 mmHg) gave
a crude pyrolysate, which was purified by preparative thin-
layer chromatography (silica gel, 15% ethyl acetate in hex-
anes) to give a pale yellow liquid of (Z)-11d (13.5 mg, 20%
yield). 'H NMR (300 MHz, CDCl3): 6 7.52-7.25 (m, 5H,
ArH), 6.72 (s, 1H, CH=CSAr), 6.58 (t, J=6.1 Hz, 1H,
C=CHCH,0H), 4.71 (d, J=6.1 Hz, 2H, C=CHCH,0H),
3.15 (s, 2H, CH,), 1.60 (br s, 1H, OH). HRMS (ESI-TOF)
calcd for C;3H;,0,SNa: 255.0456; found: 255.0461.
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functionalized cyclopentenon&s(Scheme 1), which may be
used as useful precursors for further synthetic manipulation
leading to highly substituted cyclopentanoid natural products.
To the best of our knowledge, there have been no reports on
utilizing such a synthon for the preparation of this type of
compound previously. The use of tertiary phosphines as Lewis
bases has been described previoddhke™8In general, the
reactions proceed completely in a short period of time. Initially,
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phenol provided the corresponding MoritBaylis—Hillman
adducts, which were subjected to flash vacuum pyrolysis to
afford 5-alkylidene-2-(hydroxyalkyl)-2-cyclopentenones.

The Morita—Baylis—Hillman (MBH) reaction is one of the
most versatile carboencarbon bond forming reactions at the
a-carbon of activated alkenes with various types of electrophiles,
providing a convenient method for the synthesistefinction-
alized activated alkenésA considerable amount of effort has
been devoted to the improvement of reaction conditions,
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and electrophile3. Moreover, the MBH reaction has been
applied to catalytic asymmetric synthesis using a chiral catalyst.
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The MBH adducts have also proven to be versatile precursorsy. |. Tetrahedror2006,62, 4563—4572. (g) Kabalka, G. W.; Venkataiah,
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It is anticipated that a general entry to 5-alkylidene-2-
(hydroxyalkyl)-2-cyclopentenones of the typé could be
achieved by utilizing the spiro-cyclopentendtteas a carbanion
synthon2. The reaction ofl with aldehydes, using MBH-type
reaction conditions followed by pyrolysis, would give the highly

* Corresponding authors. Tel.: 66-(0)2-2015158; fax: 66-(0)2-6445126.

(1) For reviews, see: (a) Basavaiah, D.; Rao, P. D.; Hyma, R. S.
Tetrahedron1996,52, 8081—8062. (b) Ciganek, Birg. React1997,51,
201—350. (c) Drewes, S. E.; Roos, G. H.TRtrahedronl998,44, 4653—
4670. (d) Langer, PAngew. Chem., Int. EQ000, 39, 3049—3052 and
references therein.

5418 J. Org. Chem2007,72, 5418—5420

B.; Chen, CTetrahedron Lett2006 47, 4187-4189. (h) Das, B.; Banerjee,
J.; Chowdhury, N.; Majhi, A.; Mahender, Glely. Chim. Acta2006, 89,
876—883. (i) Singh, V.; Batra, Synthesi®006, 63-72. (j) Gowrisankar,
S.; Lee, K. Y.; Kim, J. N.;Tetrahedron Lett2005, 46, 4859—4863. (k)
Aggarwal, V. K.; Patin, A.; Tisserand, ®rg. Lett.2005,7, 2555—2557.
() Batra, S.; Singh, V.; Saxena, B. Org. Chem2005,70, 353—356. (m)
Kabalka, G. W.; Dong, G.; Venkataiah, B.; Chen,JCOrg. Chem2005,
70, 9207—-9210. (n) Krische, M. J.; Cho, C. \Wngew. Chem., Int. Ed.
2004,43, 6689—6691. (0) Basavaiah, D.; Rao, J. S.; Reddy, R. Qrg.
Chem2004 69, 7379-7382. (p) Das, B.; Banerjee, J.; Majhi, A.; Mahender,
G. Tetrahedron Lett2004,45, 9225—9227.

(5) Pohmakotr, M.; Thamapipol, S.; Tuchinda, P.; ReutrakulT®tra-
hedron2007,63, 1806—1820.

(6) Yamada, Y. M. A.; lkegami, STetrahedron Lett2000,41, 2165—
2169.

10.1021/jo0705566 CCC: $37.00 © 2007 American Chemical Society
Published on Web 06/08/2007



JOCNote

HO :_- Ph

jas)

OH

endo-3a (A) endo-3a (B) exo-3a (C) exo-3a (D)

FIGURE 1. Diastereomers afndo3a (A and B) andexo3a(C and D) obtained from the MBH reaction b (endoexo= 88:12) with benzaldehyde.

TABLE 1. Preparation of Compounds 3 by the MBH Reaction of 1a with Aldehydes Catalyzed by PByin the Presence of Phenol in THF
and Their FVP to Highly Functionalized Cyclopentenones 4

Entry RCHO 3 (% yield)™? 4 (% yield)”
1 ©/ 3a (82) 4a (86)°
2 O 3b (60) 4b (68)°
3 § /Q/ 3¢ (80) () O 4c (70)
4 /©/ 3d (78) 4d (75)°
5 @/ 0 3e (75) y de (80)°
X -CHO il qu
6 @N 31 (74) O d O 4f (49)
_x_CHO I an
7 O 3g(73) O 0 4g (45)
8 0 3h (74) §é)\/ 4h (76)°
9 PN 3i (80) ﬁ)\/\ 4i (85)°
10 ©/\/c HO 3j (74) 4j (82)6‘

aYields refer to the purified product8.Obtained as mixtures of diastereomers of endo- and exo-isof@rmntitative yield of the crude product was
obtained.

the reaction ofla (endo/exo isomers- 88:12) with benzalde- exo-3a(Figure 1D), respectively (Figure 1). To further probe
hyde (1.5 equiv) in the presence of 20 mol % EBas an the scope of the reactiod,was reacted with various aliphatic
organocatalyst and 20 mol % phehat room temperature for  and aromatic aldehydes including unsaturated aldehydes. Thus,
1 h gave mainly the starting materials and a small amount of the MBH adducts3b—j were prepared in good yield by
the expected MBH adduct. Fortunately, the reaction performed emp|oying standard conditions. The results are summarized in
at the same tempgrature overnight (15 h) afforded the expectedrapie 1. |n all cases, the reactions provided mixtures of four
° o
MBH adduct3a (R® = Ph) in 82% yield after chromatography diastereomers as indicated in Figure 1. Separation of these

as a 46:42:12:trace mixture of diastereomers, presuneaaly diastereomers was not attempted because they were expected
Fi 1A do-3a(Fi 1B -3a(Fi 1
3a(Figure 1A),endo-3a(Figure 1B),exo-3a(Figure 1C), and to lead to the same 2-(hydroxyalkyl)-5-methylene-2-cyclopen-

(7) Phenol acts as an intramolecular H-bonding donor (a Brgnsted acid) tenonesd' after flash vaquum pyme?iS- Howeve?ndo'sb
to accelerate the reaction; see ref 2m. (Figure 2A) andendo-3b(Figure 2B) (Figure 2) obtained from
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endo-3b (A)

endo-3b (B)

FIGURE 2. Diastereomerendo-3b(A) and endo-3b(B) obtained
from the reaction ofla (endo:exo= 88:12) with p-nitrobenzal-
dehyde of which the stereochemistries were confirmed by X-ray
crystallography.

SCHEME 2. Preparation of 5-Alkylidenecyclopentenone 4k
0
7 M ; Me  Evp oH
e h —
Y/, P Me
o o
Ph
HO
3k

1b (endo.exo = 86:14) 4k
the reaction ofla with 4-nitrobenzaldehyde were successfully

€ PhCHO/THF
—_—
PBu,/PhOH

separated by chromatography. Their structures and relative36

mmol), benzaldehyde (0.298 g, 2.81 mmol), and phenol (0.035 g,
0.375 mmol) was added PB(0.093 mL, 0.375 mmol) at 15C
under an argon atmosphere. After stirring at room temperature
overnight (15 h), the organic solution was concentrated to give a
crude liquid, which was purified by column chromatography
(silica gel, 10% EtOAc in hexanes) to give a 46:42:12:trace
mixture of diastereomers. The ratio was determinedHhyNMR

of the olefinic protons. Attempted separation of diastereomers
was made by chromatotron (silica gel, 10% EtOAc in hex-
anes) to give two fractions oBa (0.412 g, 82% combined
yield).

The first fraction (less polar) was obtained as a pale yellow solid
containing a 77:18:5 mixture of three isomers (0.2197 g, 44% yield).
IH NMR (300 MHz, CDC}): ¢ 7.25—7.16 (m, 15H), 7.06 (m,
3H), 6.32—6.18 (m, 3H), 6.06 (dd,= 5.5, 2.9 Hz, 1H), 5.90 (dd,
J=5.5,2.9 Hz, 1H), 5.58 (dd] = 5.6, 3.0 Hz, 1H), 5.49 (s, 1H),
5.44 (s, 2H), 3.60 (br s, OH), 2.92.78 (m, 3H), 2.71 (dtJ =
17.5, 2.0 Hz, 1H), 2.55 (app. d,= 17.5 Hz, 1H), 2.50—2.10 (m,
9H), 2.09—-1.98 (m, 2H), 1.60 (dd,= 11.9, 3.7 Hz, 1H), 1.47
1.06 (m, 5H), 1.02 (m, 2H); MSm/z (%) relative intensity 266
(M+, 2), 248 (9), 183 (100).

The second fraction (more polar) was obtained as a pale yellow
viscous liquid of pureendo-3a(0.1915 g, 38% yield):!H NMR
(300 MHz, CDC}): ¢ 7.35—7.15 (m, 5H), 7.05 (s, 1H), 6.25 (dd,
J=5.4,3.1 Hz, 1H), 5.84 (ddl = 5.4, 2.9 Hz, 1H), 5.46 (s, 1H),

5 (br s, OH), 2.90 (br s, 1H), 2.71 (k= 18.9, 2.0 Hz, 1H),

stereochemistry were established by X-ray crystallography (see; g4 (dt,J = 18.9, 2.2 Hz, 1H), 2.42 (br s, 1H), 1.62 (dii=

Supporting Information). It should be noted that the reaction
of 1a with cyclopentanone or cyclohexanone, instead of an
aldehyde, gave no MBH adducts, presumably due to the steric
effect and the low electrophilicity of the carbonyl carbons.
Having succeeded in preparing the MBH addwgas-j, we
then turned our attention to the generation of the required
2-(hydroxyalkyl)-5-methylene-2-cyclopentenoed hus, flash
vacuum pyrolysis oBa—j at 375°C/0.05 mmHg afforded the
corresponding cyclopentenond&s—j in moderate to good yields
after chromatography. Low yields of cyclopentenondgy

(Table 1, entries 6 and 7) were obtained due to their decomposi-

tion during purification as monitored by4 NMR analyses.

To demonstrate the generality of this method, the MBH
reaction oflb (endo/exo isomers: 86:14) was investigated. A
crude MBH adducBk was obtained in good yield as a 43:37:
20:trace mixture of diastereomers, wheln was treated with

11.7, 3.7 Hz, 1H), 1.481.33 (m, 3H);3C NMR (75 MHz,
CDCly): 0 211.3, 155.4, 146.5, 141.3, 138.1, 132.5, 128.4, 127.7,
126.3, 70.2, 54.8, 54.0, 50.0, 45.0, 43.6, 39.6; IR (GHChmax
3474 m, 1687s, 1635 m, 1494 m, 1456 m¢émMS: m/z (%)
relative intensity 266 (M, 2), 248 (11), 183 (100). Anal. Calcd
for C1gH180,: C, 81.17; H, 6.81. Found: C, 81.15; H, 6.75.
Preparation of Cyclopentenones 4 from MBH Adducts 3 by
Flash Vacuum Pyrolysis 2-(Hydroxy(phenyl)methyl)-5-meth-
ylene-2-cyclopentenone (4a). General ProcedurElash vacuum
pyrolysis of3a (50 mg, 0.19 mmol) (conditions: oven temperature
240°C, column temperature 37%&, pressure 0.07 mmHg) gave a
crude pyrolysate, which was purified by chromatotron (silica gel,
15% ethyl acetate in hexanes) to give a pale yellow solidlaq33
mg, 86% yield, mp 116118 °C); 'H NMR (300 MHz, CDC}):
0 7.43—7.25 (m, 5H), 7.20 (app. sepl.= 1.3 Hz, 1H), 6.14 (m,
1H), 5.62 (d,J = 1.3 Hz, 1H), 5.49 (s, 1H), 3.18 (app. quini.=
1.9 Hz, 2H), 3.10 (br s, OH¥3C NMR (75 MHz, CDC}): ¢ 195.5,

benzaldehyde under standard conditions. Further flash vacuum>2-6, 149.3, 141.7, 141.1, 128.5, 127.9, 126.4, 118.3, 70.2, 32.1;

pyrolysis of 3k afforded the required cyclopentenodk as a
mixture of E andZ isomers (88:12). Purification of the crude
pyrolysate provided a colorless liquid of a 98:2 mixturetof
andZ isomers ofdk in 68% yield (Scheme 2).

IR (CHCl): vmax 3487 m, 1696 s, 1649 m, 1622 w, 1493 wTm
MS: m/z (%) relative intensity 201 (M + 1, 10), 200 (M, 58),

199 (100). HRMS (ESI-TOF) for GH1,0.Na: calcd, 223.0735;
found, 223.0735.

In summary, we have successfully developed a general and - 5cxnowledgment. We thank the Center for Innovation in

convenient method for the synthesis of 2-(hydroxyalkyl)-5-
methylenecyclopentenones via the MBH reaction of a masked
5-alkylidene-2-cyclopentenorig followed by the FVP of the
resulting adducts. These highly functionalized cyclopentenones
appear to be versatile precursors for further synthetic manipula-
tions, and efforts in this area are in progress.

Experimental Section

General Procedure for the Preparation of MBH Adducts 3.
2'-0x0-3-hydroxy(phenyl)methylcyclopent-3-ene-1-spiro-2-
bicyclo[2.2.1]hept-5-ene (3a)To a solution ofla (1.30 g, 1.875

5420 J. Org. Chem.Vol. 72, No. 14, 2007

Chemistry: Postgraduate Education and Research Program in
Chemistry (PERCH-CIC) and the Thailand Research Fund
(TRF) for financial support (BRG49800005 to M.P. and
TRF4780020 to P.K.).

Supporting Information Available: Complete experimental
procedures and characterization dathA MR, 13C NMR, IR, MS,
HRMS, X-ray, and/or elemental analysis) and4. This material
is available free of charge via the Internet at http://pubs.acs.org.
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Abstract

(£)-Indolizidines 167B and 209D, their epimers and (3)-tashiromine have been successfully synthesized, starting from simple y- or a-lac-
tams. The strategy involves the cyclization of a-sulfinyl carbanion onto the carbonyl group of the lactam ring as the key step, leading to the
indolizidines containing the phenylsulfinyl group, which are used as precursors for the preparation of the title compounds.

© 2008 Elsevier Ltd. All rights reserved.

Keywords: Cyclization; a-Sulfinyl carbanion; (z)-Tashiromine; (£)-Indolizidine 167B; (&£)-Indolizidine 209D

1. Introduction

Indolizidine alkaloids' constitute a class of natural prod-
ucts, which include a large number of pharmaceutically impor-
tant substances. Tashiromine (1) and indolizidines 167B (2a)
and 209D (2b) (Fig. 1) are simple representatives of the series
of this class of alkaloids. Tashiromine (1) was isolated from
the stems of a leguminous plant Maackia tashiroi, a deciduous
shrub of subtropical Asia.”? Indolizidines 167B (2a) and 209D
(2b) have been isolated from the skin secretions of neotropical
frogs of the family Dendrobatidae,*> from Central and South
America. These compounds have been shown to function as
noncompetitive blockers for muscle type and ganglionic nico-
tinic receptor channels.® Because of the interesting structural
features and potent biological activities of these alkaloids

* Corresponding authors. Tel.: +66 (0)2 2015158; fax: +66 (0)2 6445126.
E-mail address: scmpk@mahidol.ac.th (M. Pohmakotr).

0040-4020/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2008.01.008

and often minute natural abundance, a number of synthetic
methodologies of indolizidines have been developed.®®’

As part of our ongoing research on the cyclization based on
the a-sulfinyl carbanions, we have recently reported a general
synthetic method for the preparation of 1-azabicyclo[m.n.0]
alkanes, starting from lactams.® In continuation of our success-
ful results, we herein report a concise synthesis of (&£)-tashiro-
mine (1), (4)-indolizidines 167B (2a) and 209D (2b), and
their epimers. Our retrosynthetic analysis is outlined in
Scheme 1. It is anticipated that the syntheses of (4-)-tashiro-
mine (1) and (+)-indolizidines 167B (2a) and 209D (2b)
would be accomplished by cyclization of a-sulfinyl carbanions
onto the carbonyl group of the lactam moiety providing the
key intermediates 5 and 6. The presence of the phenylsulfinyl
group in indolizidines 5 and 6 would permit further synthetic
transformation at the a-carbon. The intermediate of type 5
(R=H) would be used as the precursor for the preparation of
(£)-tashiromine (1) by a-hydroxymethylation followed by re-
ductive cleavage of the phenylsulfinyl group. Reductive desul-
furization of the resulting indolizidine 6 would provide the
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1 2a
Tashiromine Indolizidine 167B

2

Indolizidine 209D

Figure 1.

required indolizidines 2a and 2b. We anticipated that the key
starting sulfinyl lactam 4 could be easily prepared from lactam
3 by N-alkylation, using 3-bromo-1-phenylsulfanylpropane or
4-bromo-1-phenylsulfanylbutane, followed by oxidation.

2. Results and discussion
2.1. Synthesis of (£)-tashiromine (1)

Our investigation began with the preparation of (%)-tashiro-
mine (1), starting from commercially available y-lactam 3a
(R=H; n=1). N-Alkylation of y-lactam 3a with 4-bromo-1-
phenylsulfanylbutane, employing NaH as a base in DMF at
0 °C to room temperature overnight, afforded the correspond-
ing sulfide in 75% yield after column chromatography on sili-
ca gel, which was oxidized with NalO, in aqueous methanol at
0 °C to give the required starting sulfoxide 4a (m=1; n=2) in
70% yield. Cyclization of the sulfoxide 4a to indolizidine 5§
was achieved by treatment with 2.2 equiv of lithium hexame-
thyldisilazide (LiHDMS) in THF at —78 °C to room tempera-
ture overnight, followed by reduction of the resulting crude
cyclized product 4aA with NaBH, in methanol at 0 °C for
4 h to provide indolizidine 5 in 69% yield as a mixture of in-
separable diastereomers. It was found that the cyclized product
4aA was slowly decomposed during attempted isolation by
chromatography on silica gel. It was therefore converted to
the corresponding indolizidine 5 by reduction with NaBHj.
Compound 4aA was formed by the intramolecular nucleo-
philic addition of the initially formed o-sulfinyl carbanion

OH (0N
H H 5-Ph
J = C’ﬁ
1 5
Yg-Ph
H H S
=
R R
2a, R=n-Pr 6
2b, R = n-Hex

derived from 4a onto the carbonyl group of the lactam moiety

followed by elimination of the hydroxy group during work-

up.®

Having the key intermediate indolizidine 5 in hand, the
next step was to carry out the a-hydroxymethylation at the
a-carbon of the phenylsulfinyl group, following by reductive
cleavage. Thus, the a-sulfinyl carbanion of indolizidine 5 gen-
erated using lithium diisopropylamide (1.4 equiv) in THF at
—78 °C for 1 h was treated with paraformaldehyde (1.2 equiv)
to furnish the corresponding diastereomeric mixture of hy-
droxymethylated indolizidine 7 in 55% yield after chromato-
graphy. Pyrolysis of 7 by refluxing in dry toluene in the
presence of CaCOj; provided unsaturated indolizidine 8 in
47% yield, which underwent highly stereoselective hydroge-
nation in ethyl acetate using Pd/C as catalyst to give (&£)-
tashiromine (1) in 86% yield (Scheme 2).

2.2. Synthesis of indolizidines 167B (2a) and 209D (2b)

Synthesis of the requisite d-lactams 3b and 3¢ was achieved
by Beckmann rearrangement of oxime derivatives of 2-propyl-
cyclopentanone and 2-hexylcyclopentanone employing NaOH/
p-TsCl in acetone at room temperature overnight. It was found
that inseparable mixtures (4:1) of required d-lactams 3b/9b
and 3c¢/9¢ were obtained in 67% and 60% yields, respectively.
The mixture of 3 and 9 was used directly in the next step
(Scheme 3).

Treatment of the mixture of 3b and 9b with 1-bromo-3-phe-
nylsulfanylpropane using NaH in DMF at 0 °C overnight af-
forded 10a and 11a in 46% and 14% yields, respectively.
Under the same conditions, the mixture of 3¢ and 9c gave
10b and 11b in 41% and 12% yields, respectively. Subsequent
oxidation of sulfides 10a and 10b with NalO, in aqueous
methanol at 0 °C afforded the corresponding sulfoxides 4b
and 4c in good yields as diastereomeric mixtures (Scheme 4).

Cyclization of the sulfoxides 4b and 4c to the correspond-
ing 1-azabicyclic compounds 12a and 12b was accomplished
by employing LIHMDS in THF at —78 °C to room tempera-
ture overnight. Due to the rapid decomposition of 12a and

i
O _S. o
(Om Ph (Um
N )n p— NH
R R
/ 4a,m=1;n=2 3a, R=H
4b, m=2;n=1 3b, R =n-Pr
4c,m=2;n=1 3c, R = n-Hex

Scheme 1. Retrosynthetic analysis.
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O, SN
o “SPh SPh
. o) y
(i) (ii Z
Ii/fNH V. CU A !
3a 4a 4aA
'(iii)
OH
Osg-Ph Osg-Ph
H H OH H
N W (iv)
N N N
8 7 5
l(vi)
OH
H
N

(%)-Tashiromine (1)

Scheme 2. Reaction conditions: (i) NaH, DMF, PhS(CH,)4Br, 0 °C to rt (75%);
then NalO4, MeOH, H,O, 0°C to rt overnight (70%); (ii) LiHMDS, THF,
—78 °C to rt overnight; (iii) NaBH4, MeOH, 0°C to rt (69% yield from
4a); (iv) LDA, THF, (CH,0),, —78 °C to rt overnight (55%); (v) toluene,
reflux for 8 h (47%); (vi) H,, Pd/C (86%).

12b during chromatography on silica gel, they were used with-
out purification for the reduction with NaBH, in MeOH to pro-
vide a mixture of two diastereomers of 6aA/6aB and 6bA/
6bB, respectively, in good overall yields (Scheme 4).

The complete assignment of "H NMR chemical shifts of
6aA, 6aB and 6bA, 6bB was made by comparing their 'H
NMR spectral data with those of 13 (Fig. 2) (for preparation
and complete characterization of 13, see Supplementary data).

The relative stereochemistry of 6aA/6bA and 6aB/6bB was
also made by comparison of the chemical shifts of C-5 protons
with those of 13. The chemical shifts of Cs-H, of 6aA and
6bA appear at higher field than Cs-H. of 6aB and 6bB.
Cs-H, of the latter diastereomers resonate at lower field due

o

R
oo Ay
(i) C'L//H " LM
3b 9b (67%), R = n-Pr
3c 9c (60%), R = n-Hex
l(iii)
R

10a (46%, R = n-Pr)
10b (41%, R = n-Hex)

11a (14%, R = n-Pr)
11b (12%, R = n-Hex)

Scheme 3. Reaction conditions: (i) NH,OH-HCI, ethanol; (ii) TsCl, NaOH,
acetone, rt, overnight; (iii) NaH, DMF, PhS(CH,);Br, 0 °C to rt, overnight.

Qxg-Ph
10a, R = n-Pr (i) o
or - N
10b, R= n-Hex
R
4b (93%, R = n-Pr)
4c (87%, R = n-Hex)
(i)
H §0Ph H §0Ph SOPh
R ' (iii) =
N + N N
R R R
6aA (41%) 6aB (34%) 12a, R = n-Pr
6bA (47%) 6bB (45%) 12b, R = n-Hex

Scheme 4. Reaction conditions: (i) NalO4, MeOH, H,O, 0 °C to rt overnight;
(i) LiHMDS, THF, —78 °C to rt overnight; (iii) NaBH4, MeOH, 0 °C to rt
overnight.

to strong deshielding effect caused by the proximate nitrogen
lone pair electrons.” Moreover, compounds 6aA and 6bA ex-
hibit strong infrared Bohlmann bands at 2778 and 2783 cm” Y,
respectively, indicating that the hydrogen on carbon atoms ad-
jacent to the nitrogen oriented trans to lone pair electrons.'”
These characteristic absorption bands in the infrared spectra
were not found in compounds 6aB and 6bB.

To complete the synthesis of 2a and 2b from 6aA and 6bA
by reductive desulfurization, we began our study with 6%
Na(Hg)/MeOH/NaH,PO, or Raney-nickel. All attempts led
to unsatisfactory results, providing mainly the recovered start-
ing materials. Fortunately, reductive desulfurization of 6aA
and 6bA was successfully made by employing nickel boride
(NizB).11 Thus, treatment of 6aA and 6bA with Ni,B, gener-
ated in situ from NiCl,-6H,0 and NaBH, in a mixture of
MeOH and THF (3:1), at 0 °C to room temperature gave the
required (4)-indolizidines 167B (2a) and 209 D (2b) in 82%
and 80% yields, respectively. Their spectroscopic data were

g 4 SOPh
1
7 9
65N 2
- 3
Ha" ‘He

51.88 (di) $3.17 (br d)

y SOPh H SOPh

Ha" R R He

6aA, 54 1.58-1.85 (m)
BDA, Spa 1.79-2.04 (m)

6aB, dpe 2.89-3.02 (M)
6bB, Spe 3.02 (M)

Figure 2. Comparing of "H NMR data of C-5 protons of compounds 6aA/6aB
and 6bA/6bB with compound 13.
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consistent with those of the reported values in the literature.”
Similarly, under the same reduction conditions, the diastereo-
mers 6aB and 6bB furnished the corresponding (4)-epi-indo-
lizidine 167B (2a) and (=)-epi-indolizidine 209D (2b)’® in
74% and 86% yields (Scheme 5).

H SOPh H
N a, R=n-Pr N
H b, R = n-Hex :
R R
6aA 2a, 82%; (+)-Indolizidine 167B
6bA 2b, 80%; (+)-Indolizidine 209D

H SOPh H

@i

N N
R R
6aB epi-2a, 74%; (+)-epi-Indolizidine 167B
6bB epi-2b, 86%; (+)-epi-Indolizidine 209D

Scheme 5. Reaction conditions: (i) NiCl,-6H,O/NaBH,;, MeOH/THF (3:1),
0°Ctort, 2h.

3. Conclusion

In conclusion, we have developed a concise method for the
synthesis of (£)-tashiromine (1), (£)-indolizidine 167B (2a)
and 209D (2b), and their epimers, starting from 2-propyl or
2-hexyl substituted d-lactams, respectively. The synthesis
demonstrates the utilities of the cyclization of a-sulfinyl carb-
anions onto the carbonyl group of the lactam rings as a conve-
nient entry to the indolizidines containing the sulfoxide
functional group that can be employed as the key indolizidines
for the preparation of the title compounds.

4. Experimental
4.1. General methods

The 'H NMR spectra were recorded on either Bruker DPX-
300 (300 MHz) or Bruker Avance-500 (500 MHz) spectrome-
ter in CDCl3 using tetramethylsilane as an internal standard.
The '>C NMR spectra were recorded on a Bruker Avance-
500 (500 MHz) spectrometer using tetramethylsilane as an in-
ternal standard. The IR spectra were recorded on either a Jasco
A-302 or a Perkin—FElmer 683 infrared spectrometer. The mass
spectra were recorded using Thermo Finnigan Polaris Q mass
spectrometer. The high resolution mass spectra were recorded
on MS Micromass model VQ-TOF2. Elemental analyses were
performed by a Perkin—Elmer Elemental Analyzer 2400
CHN. Melting points were recorded on a Biichi 501 Melting
Point Apparatus and uncorrected. Tetrahydrofuran (THF)
was distilled from sodium-benzophenone ketyl. Dry N,N-di-
methylformamide (DMF) was obtained by distilling over cal-
cium hydride. Other common solvents (hexanes, ethyl acetate,

methanol, and acetone) were distilled before use. All glass-
wares and syringes were oven-dried and kept in a dessicator
before use. Preparative thin layer chromatography and column
chromatography were performed using Merck silica gel 60F;s4
(Merck, Art. 7749) and silica gel 60H (Merck, Art. 7736),
respectively.

4.2. Preparation of (x)-tashiromine (1)

4.2.1. 1-(4-Phenylsulfinylbutyl)pyrrolidin-2-one (4a)

General procedure. To a suspension of NaH (1.55g,
38.7mmol, 80% suspension in mineral oil) in DMF
(58 mL), a DMF (12mL) solution of <y-lactam (3.0g,
35 mmol) was slowly added at 0 °C under an argon atmo-
sphere. The reaction mixture was stirred for 1h until the
generation of hydrogen ceased and 1-bromo-4-phenylsulfanyl-
butane (9.5 g, 38.7 mmol) was then added. After the reaction
mixture was stirred at 0 °C to room temperature overnight, it
was poured into ice-water and extracted with EtOAc
(4x100 mL). The combined organic layers were washed
with H,O and brine, and dried over anhyd Na,SO,. Filtration
followed by concentration in vacuo gave a residue, which was
purified by column chromatography on silica gel (20% EtOAc
in hexanes) to give a pale yellow liquid of 1-(4-phenylsulfa-
nylbutyl)pyrrolidin-2-one (6.6 g, 75% yield). 'H NMR
(300 MHz, CDCl3): 6 7.36—7.22 (m, 4H), 7.19—7.13 (m,
1H), 3.38—3.19 (m, 4H), 2.94 (t, J=6.5Hz, 2H), 2.36
(t, J=8.0 Hz, 2H), 1.95 (quint, J=7.5 Hz, 2H), 1.74—1.56
(m, 4H). '3C NMR (75 MHz, CDCly): 6 174.9, 136.3, 129.1
(2C), 128.8 (20), 125.8, 46.9, 41.7, 33.1, 30.9, 26.0 (2C),
17.8. IR (neat): v 1681 (s), 1583 (m), 1480 (s), 1463 (s),
1290 (s), 1267 (s) cm™'. MS: m/z (%) relative intensity 250
(M1, 9), 140 (71), 123 (11), 98 (100), 70 (32), 68 (9).
HRMS (ESI): caled for C;4H,,NOS, 250.1267; found,
250.1232.

A solution of 1-(4-phenylsulfanylbutyl)pyrrolidin-2-one
(5.0 g, 20 mmol) in MeOH (11 mL) was slowly added to a sus-
pension of NalO, (4.7 g, 22 mmol) in MeOH (48 mL) and
H,O (12mL) at 0°C. The mixture was stirred vigorously
and slowly warmed up to room temperature overnight
(12 h). The precipitates of NalO; were filtered and washed
several times with EtOAc (3x60 mL). The combined extracts
were washed with H,O and brine, and dried over anhyd
Na,SO,. Filtration followed by concentration in vacuo gave
a pale yellow liquid of a crude product, which was purified
by column chromatography (100% EtOAc) to afford a color-
less viscous liquid of 4a (3.75g, 70% yield). 'H NMR
(300 MHz, CDCl3): 6 7.41—7.31 (m, 2H), 7.31-7.19 (m,
3H), 3.34—3.10 (m, 4H), 2.71-2.52 (m, 2H), 2.08
(t, J=7.8 Hz, 2H), 1.78—1.66 (m, 2H), 1.23—1.59 (m, 4H).
3C NMR (75 MHz, CDCls): 6 147.2, 142.8, 130.2, 128.5
(20), 123.2 (20), 55.3, 46.2, 40.7, 30.2, 25.0, 18.4, 17.1. IR
(neat): v 1679 (s), 1494 (m), 1464 (s), 1443 (s), 1290 (s),
1087 (s)cm™'. MS: m/z (%) relative intensity 266 (M'+1,
51), 248 (39), 165 (23), 163 (22), 140 (87), 138 (30), 98
(100), 70 (47). HRMS (ESI): caled for C;4H(NO,S,
266.1216; found, 266.1182.
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4.2.2. 8-Phenylsulfinyl-1,2,3,5,6,7,8,9-octahydroindolizine
(5)

General procedure. A THF (18 mL) solution of 4a (2.29 g,
8.64 mmol) was added dropwise to a cooled (—78 °C) THF
(100 mL) solution of LIHMDS [prepared by reacting n-BuLi
(1.36 M in hexane; 14 mL, 19 mmol) with THF (93 mL) solu-
tion of hexamethyldisilazane (HMDS) (4.3 mL, 20.7 mmol) at
—78 °C for 30 min] under an argon atmosphere. The resulting
mixture was stirred and slowly warmed up from —78 °C to
room temperature overnight (15 h). The resulting yellow solu-
tion was quenched with H,O and extracted with EtOAc
(3x100 mL). The combined organic extracts were washed
with H,O and brine, and dried over anhyd Na,SO,. Filtration
followed by concentration in vacuo afforded a viscous liquid
of a crude product 4aA, which was directly subjected to reduc-
tion using NaBH, as described below.

To a solution of the crude product 4aA in MeOH (21 mL) at
0 °C under argon atmosphere, NaBH, (3.9 g, 103.6 mmol) was
gradually added over 15 min. The mixture was stirred at room
temperature overnight, diluted with 1 N NaOH (63 mL) and
H,O (38 mL), and extracted with EtOAc (3x100 mL). The
combined organic extracts were washed with brine, dried
over anhyd Na,SO,, and concentrated. The crude product
was purified by column chromatography (SiO,, 10% MeOH
in EtOAc containing 0.15% NH4OH solution) to afford a mix-
ture of three diastereomers of 5 (1.49 g, 69% yield).

F, (less polar) was obtained as a yellow viscous liquid of
a mixture of two diastereomers. 'H NMR (300 MHz,
CDCl3): 6 7.64—7.58 (m, 2H, ArH), 7.57—7.42 (m, 8H,
ArH), 3.13 (dt, J/=8.6, 1.9 Hz, 1H), 3.09—3.01 (m, 3H),
2.81-2.79 (m, 1H), 2.52—2.35 (m, 4H), 2.32—2.18 (m, 2H),
2.18—1.98 (m, 2H), 1.98—1.43 (m, 13H), 1.26—1.22 (m,
1H), 1.07 (dq, J=12.6, 4.4 Hz, 1H). >*C NMR (75 MHz,
CDCl;): 6 141.3, 141.2, 131.2, 130.5, 128.9 (2C), 128.9
(20), 125.4 (2C), 124.2 (20), 66.1, 65.7, 63.8, 63.4, 53.9,
53.2, 51.7, 29.4, 29.2, 24.8, 24.2, 23.4, 20.9, 20.6, 18.1. IR
(neat): vpmax 2939 (s), 2788 (s), 1582 (w), 1478 (m), 1461
(m), 1443 (s), 1362 (s), 1086 (s), 1045 (s), 749 (s)cm .
MS: m/z (%) relative intensity 250 (M 41, 13), 124 (53),
123 (85), 122 (100), 96 (47). HRMS (EI): calcd for
C4H,oNOS, 250.1260; found, 250.1259.

F, (more polar) was obtained as a colorless viscous liquid
of a single diastereomer. '"H NMR (300 MHz, CDCls):
0 7.64—7.52 (m, 2H, ArH), 7.49—7.36 (m, 3H, ArH), 3.16—
2.92 (m, 3H), 2.57-2.39 (m, 1H), 2.41—1.59 (m, 8H),
1.58—1.34 (m, 2H). >°C NMR (75 MHz, CDCl3): & 145.4,
130.7, 129.2 (2C), 124.6 (2C), 63.9, 63.3, 54.4, 51.9, 25.8,
22.8, 21.3, 20.9. IR (neat): vpn.x 2938 (s), 2786 (s), 1582
(w), 1442 (s), 1041 (s), 753 (s) cm™ . MS: m/z (%) relative in-
tensity 250 (M 741, 1), 232 (100), 122 (63), 96 (35), 94 (14).
HRMS (ESI): caled for C;4H,oNOS, 250.1260; found,
250.1262.

4.2.3.[1,.2,3,5,6,7,8,9-Octahydro-8-(phenylsulfinyl)indolizin-
8-yl]methanol (7)

n-BuLi (1.36 M in hexane; 4.0 mL, 5.4 mmol) was added to
a cooled (—78 °C) THF (5 mL) solution of diisopropylamine

(0.86 mL, 6 mmol) under an argon atmosphere. After stirring
at —78 °C for 30 min, a THF (12 mL) solution of § (1.0 g,
4 mmol) was added dropwise and allowed to stir for 30 min.
Paraformaldehyde (145 mg, 4.8 mmol) was added as a solid
to the resulting solution at —78 °C and the resulting mixture
was allowed to stir and slowly warmed up to room temperature
overnight (15 h). The resulting yellow solution was quenched
with H,O and extracted with EtOAc (3x70 mL). The com-
bined organic extracts were washed with H,O and brine, and
dried over anhyd Na,SO,. Filtration followed by evaporation
gave a crude product, which was purified by column chroma-
tography (SiO,, 10% MeOH in EtOAc) to afford a pale yellow
viscous liquid of 7 (0.62 g, 55% yield) as a mixture of three
diastereomers. 'H NMR (300 MHz, CDCl3): 6 7.79—7.70
(m, 3H), 7.56—7.39 (m, 12H), 4.42 (d, J=11.7Hz, 1H),
4.17-4.06 (m, 2H), 3.81 (d, J=I114Hz), 351 (d,
J=12.7Hz, 1H), 3.31 (d, J=10.6 Hz, 1H), 3.23—3.13 (m,
3H), 3.13—2.94 (m, 3H), 2.76—2.59 (m, 1H), 2.49—1.52 (m,
31H), 1.43—1.39 (m, 1H), 1.21—-1.03 (m, 2H), 0.82 (dt,
J=4.79, 13.9 Hz, 1H). '3C NMR (75 MHz, CDCl;): 6 139.5,
138.6, 137.8, 131.8 (2C), 131.6 (2C), 128.9 (2C), 128.7
(20), 126.7 (20), 126.2 (3C), 125.9 (2C), 69.9, 67.7, 67.6,
66.2, 64.6, 62.5, 62.4, 61.2, 604, 54.1, 53.9, 53.6, 52.8,
52.3, 52.2, 29.7, 28.1, 27.2, 253, 244, 23.9, 22.7, 22.6,
21.8, 20.9, 20.9, 20.6. IR (neat): vy,x 3367 (br), 2709 (s),
1582 (w), 1475 (w), 1443 (s), 1032 (s), 749 (s), 699
(s)em™'. MS: miz (%) relative intensity 280 (M"+1, 1),
153 (32), 136 (100), 122 (15). HRMS (ESI): calcd for
C,5sH2,NO,S, 280.1366; found, 280.1353.

424. (1,2,3,5,6,8a-Hexahydroindolizin-8-yl)methanol (8)

A toluene (15 mL) solution of 7 (0.32 g, 1.17 mmol) in the
presence of CaCOj; was stirred at reflux under an argon atmo-
sphere for 8 h. CaCO;3; was filtered off and the filtrate was
evaporated to dryness to give a crude product, which was pu-
rified by preparative thin layer chromatography (SiO,, 30%
MeOH in EtOAc) to give a pale brown liquid of 8 (89 mg,
47% yield). '"H NMR (300 Hz, CDCl3): 6 5.61 (br s, 1H),
4.25 (br s, 1H), 3.98 (br s, 2H), 3.20 (t, 1H, J=7.8 Hz),
2.88—2.79 (m, 1H), 2.65—2.79 (m, 2H), 2.59—2.46 (m, 1H),
2.15 (br s, 2H), 2.19—2.06 (m, 1H), 1.91-1.63 (m, 2H),
1.56—1.42 (m, 1H). *C NMR (75 MHz, CDCl3): 6 139.4,
120.1, 64.5, 60.1, 52.9, 46.3, 27.9, 24.7, 22.1. IR (neat):
Vmax 3351 (br), 2876 (s), 2729 (s), 1663 (m), 1576 (w), 1457
(8), 1434 (s), 1062 (s), 1018 (s) cm™ . MS: m/z (%) relative in-
tensity 154 (M"+1, 36), 152 (36), 136 (16), 122 (100), 120
(23), 94 (14), 79 (12). HRMS (ESI): calcd for CoH;¢NO,
154.1226; found, 154.1230.

4.2.5. (£)-Tashiromine (1)

To a suspension of 10% Pd/C (40 mg, 0.038 mmol) in
EtOAc (2mL), an EtOAc (3 mL) solution of 8 (58 mg,
0.38 mmol) was slowly added at room temperature under hy-
drogen atmosphere. The reaction mixture was allowed to stir
overnight (15 h) followed by filtration over Celite. The filtrate
was evaporated in vacuo to give a crude product, which was
purified by preparative thin layer chromatography (Al,O3,
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100% EtOAc) to give a pale yellow viscous liquid of (&)-
tashiromine (1) (51 mg, 86% yield). '"H NMR (300 MHz,
CDCl3): 6 3.64—3.52 (m, 1H), 3.49—3.38 (m, 1H), 3.14—
3.01 (m, 2H), 2.17—1.36 (m, 11H), 1.11—0.99 (m, 1H). *C
NMR (75 MHz, CDCls): § 66.5, 65.6, 54.0, 52.6, 44.2, 28.9,
27.4, 24.9, 20.6. IR (neat): vy 3392 (br), 2799 (s), 1648
(m), 1445 (m) cm™ . MS: miz (%) relative intensity 156
M*41, 100), 154 (74), 136 (39), 110 (26), 84 (64). HRMS
(ESI): calcd for CoH gNO, 156.1383; found, 156.1393. The
spectroscopic data are consistent with the literature.>>"3¢

4.3. Preparation of (+)-indolizidine 167B (2a) and 209D (2b)

4.3.1. 6-Propyl-2-piperidone (3b)?

General procedure. To a solution of hydroxylamine hydro-
chloride (0.28 g, 4.0 mmol) and NaOH (0.22 g) in EtOH
(5mL) was added a solution of 2-propylcyclopentanone
(0.39 g, 3.1 mmol) in EtOH (1 mL). The mixture was stirred
at reflux for 2 h, poured into ice-water after cooling to room
temperature, and extracted with EtOAc (3x 15 mL). The com-
bined organic layers were washed with H,O and brine, and
dried over anhyd Na,SO,. Filtration followed by evaporation
gave a crude product of a syn- and anti-mixture of 2-propylcy-
clopentanone oxime. A solution of the crude product of 2-pro-
pylcyclopentanone oxime (0.41 g, 2.9 mmol) in acetone
(3.8 mL) was treated with 1 N NaOH (5mL) at 0°C and
p-TsCl (0.72 g, 3.8 mmol) in acetone (2.2 mL) was added
dropwise. Aftre stirring the resulting mixture for 18 h at 25 °C,
it was diluted with H,O (8 mL) and extracted with EtOAc
(3x15mL). The combined organic extracts were washed
with H,O and brine, and dried over anhyd Na,SO,. The crude
product was purified by column chromatography (SiO,, 30%
EtOAc in hexanes) to afford a white solid of a 4:1 mixture
of 6-propylvalerolactam (3b) and 3-propylvalerolactam (9b)
(0.293 g, 67% yield). '"H NMR (300 MHz, CDCl5): 6 6.61
(br s, 1H), 6.42 (br s, 1H), 3.39—3.31 (m, 1H), 3.31-3.19
(m, 2H), 2.44—2.16 (m, 3H), 1.99—1.20 (m, 16H), 0.92 and
091 (each t, J=7.1Hz, 2x3H). C NMR (75 MHz,
CDCl3): 6 175.3, 172.4, 52.7, 42.2, 40.6, 38.9, 33.5, 31.2,
28.2, 259, 21.1, 20.0, 19.6, 18.4, 13.9, 13.8. IR (Nujol):
Vmax 1667 (s), 1462 (s), 1403 (m), 1377 (s), 1333 (m) cm ™',
MS: m/z (%) relative intensity 143 (MT42, 9), 142 (M +1,
100), 98 (50), 70 (29).

4.3.2. 6-Hexyl-2-piperidone (3c)

According to the general procedure described for 3b, hy-
droxylamine hydrochloride (2.02 g, 29.01 mmol) in an ethanol
(50 mL) solution of NaOH (30 mmol) was reacted with a solu-
tion of 2-hexylcyclopentanone (3.88 g, 23.10 mmol). The
crude product obtained from the above reaction was treated
with 1 N NaOH (30 mL) and a solution of p-TsCl (5.68 g,
29.82 mmol) in acetone (17 mL). After the usual work-up,
the crude product was purified by column chromatography
(8105, 30% EtOAc in hexanes) to afford a yellow liquid of
a 4:1 mixture of 6-hexylvalerolactam (3¢) and 3-hexylvalero-
lactam (9¢) (2.54 g, 60% yield). '"H NMR (300 MHz, CDCl5):
0 6.55 (br s, 1H), 6.34 (br s, 1H), 3.37—3.17 (m, 3H), 2.43—

2.13 (m, 3H), 1.96—1.12 (m, 28H), 0.91—0.79 (m, 6H). '*C
NMR (75 MHz, CDCLy): 6 175.2, 172.4, 53.0, 42.2, 40.8,
36.8, 31.6, 31.5, 31.4, 31.2, 29.2, 29.0, 28.2, 26.8, 25.9,
25.1, 22.5, 22.4, 212, 19.6, 13.9, 13.9. IR (Nujol): vpmax
1668 (s), 1485 (s), 1469 (s), 1403 (s), 1377 (m), 1346
(m)cm ™. MS: m/z (%) relative intensity 184 (M1, 8),
183 (M™, 9), 112 (22), 99 (21), 98 (100), 70 (58), 55 (70).
HRMS (ESI): caled for C;;{H,;NONa, 206.1521; found,
206.1522.

4.3.3. Preparation of a mixture of 6-alkyl-1-(3-phenyl-
sulfanylpropyl)piperidin-2-one 10 and 3-alkyl-1-(3-phenyl-
sulfanylpropyl)piperidin-2-one 11

4.3.3.1. A mixture of 6-propyl-1-(3-phenylsulfanylpropyl)piper-
idin-2-one (10a) and 3-propyl-1-(3-phenylsulfanylpropyl)pi-
peridin-2-one (11a). General procedure. To a suspension of
NaH (1.01 g, 33.75 mmol, 80% suspension in mineral oil)
in DMF (80 mL), a DMF (7 mL) solution of a 4:1 mixture
of 3b and 9b (3.16 g, 22.41 mmol) was slowly added at
0 °C under an argon atmosphere. The reaction mixture was
stirred for 1h until the generation of hydrogen ceased and
1-bromo-3-phenylsulfanylpropane (6.20 g, 26.84 mmol) was
then added. After the reaction mixture was stirred at 0 °C
to room temperature overnight (15 h), it was quenched with
water and extracted with EtOAc (4x80 mL). The combined
organic layers were washed with H>O and brine, and dried
over anhyd Na,SO,. Filtration followed by concentration in
vacuo gave a residue, which was purified by column chroma-
tography (SiO,, 50% EtOAc in hexanes) to give a pale yellow
liquid of 10a (2.99 g, 46% yield) and 11a (0.94 g, 14%
yield).

Compound 10a: 'H NMR (400 MHz, CDCl5): 6 7.35—7.21
and 7.19—7.11 (each m, 5H), 3.86 (ddd, /=14.1, 8.0, 5.6 Hz,
1H), 3.31—-3.21 (m, 1H), 2.99 (ddd, J=13.7, 8.3, 5.6 Hz, 1H),
291 (t, J=7.2 Hz, 2H), 2.38—2.26 (m, 2H), 1.99—1.09 (m,
10H), 0.91 (t, J=7.3 Hz, 3H). '*C NMR (100 MHz, CDCl5):
0 170.7, 136.9, 129.8 (2C), 129.5 (2C), 126.5, 57.2, 45.1,
354, 325, 31.9, 27.7, 26.7, 19.9, 17.7, 14.6. IR (neat): vy,
1637 (s), 1585 (m), 1473 (s), 1418 (m), 1360 (m)cm .
MS: m/z (%) relative intensity 292 (M*41, 8), 183 (12),
182 (100), 113 (22). HRMS (ESI): calcd for C;7H,sNONaS,
314.1555; found, 314.1553.

Compound 11a: "H NMR (300 MHz, CDCl5): 6 7.29—7.09
(m, 5H), 3.47—3.28 (m, 2H), 3.23—3.08 (m, 2H), 2.83 (t,
J=7.4Hz, 2H), 2.25—2.13 (m, 1H), 1.92—1.13 (m, 10H),
0.85 (t, J=7.2Hz, 3H). >*C NMR (75MHz, CDCl):
0 172.8, 136.2, 129.1 (2C), 128.8 (2C), 125.9, 48.1, 46.3,
41.2, 34.0, 31.1, 26.8, 26.2, 21.6, 20.1, 14.0. IR (neat): v«
1636 (s), 1584 (m), 1490 (s), 1464 (s), 1439 (s), 740
(s)yem™'. MS: m/z (%) relative intensity 292 (MT+1, 1),
291 (M™, 2), 183 (13), 182 (100), 154 (15).

4.3.3.2. A mixture of 6-hexyl-1-(3-phenylsulfanylpropyl)piperi-
din-2-one (10b) and 3-hexyl-1-(3-phenylsulfanylpropyl)piperi-
din-2-one (11b). According to the general procedure
described for 10a, a 4:1 mixture of 3¢ and 9¢ (4:1) (1.40 g,



M. Pohmakotr et al. | Tetrahedron 64 (2008) 2339—2347 2345

7.65 mmol) in DMF (3 mL) was treated with NaH (0.29 g,
9.58 mmol, 80% suspension in mineral oil) and 1-bromo-3-
phenylsulfanylpropane (2.11 g, 9.13 mmol) in DMF (16 mL)
to afford a crude product, which was purified by column chro-
matography (SiO,, 50% EtOAc in hexanes) to give a pale yel-
low liquid of 10b (1.0412 g, 41% yield) and 11b (0.3094 g,
12% yield).

Compound 10b: 'H NMR (300 MHz, CDCls): 6 7.36—7.13
(m, 5H), 3.88 (ddd, J=13.8, 8.2, 6.0 Hz, 1H), 3.32—3.21 (m,
1H), 3.00 (ddd, J=13.7, 8.2, 5.7 Hz, 1H), 2.93 (t, J/=7.2 Hz,
2H), 2.39—-2.28 (m, 2H), 2.02—1.09 (m, 16H), 0.90 (t,
J=6.7 Hz, 3H). °C NMR (75 MHz, CDCl,): 6 170.1, 136.2,
129.1 (2C), 128.8 (2C), 125.9, 56.8, 44.4, 32.5, 31.8, 31.6,
31.2, 29.1, 27.0, 26.0, 26.0, 22.5, 17.0, 14.0. IR (neat): vy«
1640 (s), 1585 (w), 1470 (s), 1439 (s), 1275 (m), 738
(s)yem ™ '. MS: m/z (%) relative intensity 334 (M'"+1, 4),
225 (15), 224 (100). HRMS (ESI): calcd for C;oH3;NONasS,
356.2024; found, 356.2024.

Compound 11b: "H NMR (300 MHz, CDCl;): 6 7.36—7.10
(m, 5H), 3.54—3.34 (m, 2H), 3.29—3.13 (m, 2H), 2.90 (t,
J=17.3 Hz, 2H), 2.30—2.17 (m, 1H), 1.98—1.17 (m, 16H),
0.96—0.79 (m, 3H). '>C NMR (75 MHz, CDCly): 6 172.5,
136.1, 128.9 (2C), 128.6 (2C), 125.7, 47.9, 46.1, 41.2, 31.7,
31.5, 30.9, 29.1, 26.8, 26.6, 26.1, 22.4, 21.5, 13.8. IR (neat):
Vmax 1637 (s), 1584 (m), 1490 (m), 1465 (m), 1439 (m),
1352 (m) cm~ L. MS: m/z (%) relative intensity 334 (M*4+1,
3), 225 (15), 224 (100), 196 (14), 168 (15).

4.3.3.3. 6-Propyl-1-(3-phenylsulfinylpropyl)piperidin-2-one (4b).
According to the general procedure as described for 4a, a
solution of 10a (0.21 g, 0.72 mmol) in MeOH (0.5 mL) was
reacted with NalO4 (0.16 g, 0.75 mmol) in MeOH (1.6 mL)
and H,O (0.4 mL). The crude product obtained was purified
by column chromatography (SiO,, 100% EtOAc) to afford a
colorless viscous liquid of 4b (0.204 g, 93% yield) as a 1:1
mixture of two diastereomers. '"H NMR (300 MHz, CDCl;):
0 7.65—7.58 and 7.57—7.45 (each m, 2x5H), 4.02—3.87 (m,
2H), 3.40—3.22 (m, 2H), 3.05—2.68 (m, 6H), 2.42—2.22
(m, 4H), 2.21—1.11 (m, 20H), 0.94 (t, J=7.2 Hz, 3H), 0.93
(t, J=7.2Hz, 3H). 3C NMR (75 MHz, CDCl;): 6 170.4,
170.2, 143.6, 143.5, 130.8 (4C), 129.1 (4C), 123.9, 123.8,
56.2, 56.2, 54.7, 54.5, 43.8, 43.6, 34.6, 34.6, 31.8, 31.7,
26.0, 25.9, 20.5, 20.5, 19.2 (20C), 16.9 (20C), 13.9 (20); IR
(neat): vyax 3055 (w), 2955 (m), 2872 (m), 1634 (s), 1473
(m), 1446 (m), 1086 (m), 1045 (m), 751 (m) cm™~'. MS: m/z
(%) relative intensity 308 (M 41, 7), 290 (29), 182 (100),
180 (27), 112 (67). HRMS (ESI): caled for C;7H,sNO,NaS,
330.1504; found, 330.1511.

4.3.3.4. 6-Hexyl-1-(3-phenylsulfinylpropyl)piperidin-2-one (4c).
According to the general procedure described for 4a, a
solution of 10b (2.38 g, 7.15 mmol) in MeOH (5 mL) was
treated with a suspension of NalO,4 (1.68 g, 7.85 mmol) in
MeOH (16 mL) and H,O (4 mL). The crude product was
purified by column chromatography (SiO,, 100% EtOAc) to
afford a colorless viscous liquid of 4¢ (2.18 g, 87% yield)
as a mixture of two diastereomers. 'H NMR (300 MHz,

CDCls): 6 7.66—7.57 and 7.57—7.44 (each m, 2x5H),
4.03—3.88 (m, 2H), 3.40—3.19 (m, 2H), 3.05—2.67 (m, 6H),
2.42—2.20 (m, 4H), 2.19—1.08 (m, 32H), 0.89 (t, /=6.6 Hz,
6H). '3C NMR (75 MHz, CDCl5): 6 170.4, 170.2, 143.6,
143.5, 130.8 (4C), 129.1 (4C), 123.9, 123.8, 56.5, 56.4,
54.7, 54.5, 43.8, 43.6, 32.5, 32.4, 31.8, 31.7, 31.6 (2C), 29.1
(20), 25.9 (40), 22.4 (2C), 20.5, 20.5, 16.9 (2C), 13.9 (20).
IR (neat): v, 1634 (s), 1471 (s), 1444 (m), 1087 (m),
1046 (s), 749 (m)cm '. MS: m/z (%) relative intensity
350 (MT+1, 3), 224 (100), 222 (29), 138 (20), 112 (69).
HRMS (ESI): calcd for C,oH5;NO,NaS, 372.1973; found,
372.1974.

4.3.3.5. 1-Phenylsulfinyl-5-propyl-1,2,3,5,6,7,8,9-octahydro-
indolizine (6a). According to the general procedure for the
preparation of 5, a THF (12 mL) solution of 4b (1.86 g,
6.06 mmol) was treated with LIHMDS (14.4 mmol) to afford
a crude product (1.73 g, 5.99 mmol), which was dissolved in
methanol (30 mL) followed by treatment with NaBH,
(1.49 g, 39.4 mmol) in a small portion over 15 min. The crude
product obtained was purified by column chromatography
(8103, 2% MeOH in EtOAc containing 0.15% NH,OH
solution) to afford two separated diastereomers of 6aA and
6aB.

F; (less polar) was obtained as a yellow solid of 6aA
[0.72 g, 41% yield; mp 66—68 °C (EtOAc)]. 'H NMR
(300 MHz, CDCl3): 6 7.38—7.21 (m, 5H), 3.09 (dt, /=84,
1.1 Hz, 1H), 2.91-2.78 (m, 1H), 2.23—2.04 (m, 2H), 1.85—
1.58 (m, 5H), 1.50—1.30 (m, 2H), 1.28—0.90 (m, 6H), 0.68
(t, J=7.0Hz, 3H). °C NMR (75 MHz, CDCl;): 6 143.8,
130.2, 128.9 (2C), 124.2 (2C), 66.8, 66.4, 63.9, 50.5, 36.3,
29.7, 27.6, 24.9, 18.6, 17.6, 14.4. IR (Nujol): vpax 2778 (s),
1441 (s), 1047 (s), 751 (s) cm . MS: mi/z (%) relative
intensity 292 (M*+1, 5), 274 (83), 164 (34), 124 (60), 122
(100).

F, (more polar) was obtained as a yellow solid of 6aB
[0.60 g, 34% yield; mp 81—83°C (EtOAc)]l. 'H NMR
(300 MHz, CDCl3): 6 7.52—7.33 (m, 5H), 3.02—2.89 (m,
3H), 2.85 (dt, J=8.6, 2.5 Hz, 1H), 2.55 (q, /=8.0 Hz, 1H),
2.38—2.23 (m, 1H), 1.96—1.55 (m, 4H), 1.53—1.00 (m, 7H),
0.83 (t, J=7.1Hz, 3H). '*C NMR (75MHz, CDCl,):
0 143.5, 130.3, 128.8 (20), 124.1 (20), 65.9, 56.9, 55.1,
48.1, 26.9, 26.2, 25.7, 20.6, 19.1, 17.5, 14.2. IR (Nujol):
Vmax 2780 (m), 1582 (w), 1457 (m), 1441 (m), 1041 (s), 748
(m) cm™'. MS: m/z (%) relative intensity 292 (MT+1, 21),
274 (75), 122 (100), 96 (21). HRMS (ESI): caled for
C,7H,5NONaS, 314.1555; found, 314.1549.

4.3.3.6. 1-Phenylsulfinyl-5-hexyl-1,2,3,5,6,7,8,9-octahydro-
indolizine (6b). According to the general procedure described
for 5, the reaction of LiIHMDS (15.4 mmol) in THF (77 mL)
with a THF (14 mL) solution of 4¢ (2.42 g, 6.93 mmol) gave
a viscous liquid of a crude product (2.20 g, 6.65 mmol). The
crude product obtained was dissolved in MeOH (34 mL) and
treated with NaBH, (1.62 g, 42.63 mmol). After the usual
work-up, the crude product was purified by column chroma-
tography (SiO,, 2% MeOH in EtOAc containing 0.15%
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NH,4OH solution) to afford two separated diastereomers 6bA
and 6bB.

F; (less polar) was obtained as a yellow solid of 6bA
[1.08 g, 47% yield; mp 54—56°C (EtOAc)]. 'H NMR
(300 MHz, CDCl5): 6 7.59—7.37 (m, 5H), 3.09 (t, /=8.2 Hz,
1H), 3.05 (ddd, J=9.3, 7.7, 6.0 Hz, 1H), 2.42—2.26 (m, 2H),
2.04—1.79 (m, 5H), 1.72—1.52 (m, 2H), 1.47—1.10 (m,
12H), 0.88 (t, J=6.6 Hz, 3H). '>C NMR (75 MHz, CDCl5):
0 143.7, 130.3, 128.9 (2C), 124.2 (2C), 66.8, 66.4, 64.2,
50.6, 34.0, 31.7, 29.8, 29.6, 27.7, 25.5, 24.9, 22.5, 17.6,
14.0. IR (Nujol): viax 2783 (s), 1441 (s), 1376 (s), 1084 (s),
1045 (s), 751 (s), 704 (s) cm . MS: m/z (%) relative intensity
334 MT+1, 1), 316 (30), 122 (100), 94 (16).

F, (more polar) was obtained as a yellow solid of 6bB
[1.04 g, 45% yield; mp 58—60°C (EtOAc)]l. 'H NMR
(300 MHz, CDCl3): 6 7.88—7.59 (m, 5H), 3.10—2.91 (m,
3H), 2.91 (dt, J=8.6, 2.3 Hz, 1H), 2.62 (q, /=8.0 Hz, 1H),
2.47-2.24 (m, 1H), 2.03—1.63 (m, 4H), 1.60—1.06 (m,
13H), 0.88 (t, J=6.6 Hz, 3H). '>°C NMR (75 MHz, CDCl5):
0 143.4, 130.3, 128.8 (2C), 124.1 (2C), 65.9, 56.9, 55.4,
48.1, 31.8, 29.5, 27.4, 27.1, 25.8, 23.5, 22.5, 19.2, 17.5,
14.0; IR (Nujol): vpax 2783 (m), 1461 (m), 1039 (s), 750
(m)cm™'. MS: m/z (%) relative intensity 334 M*'+1, 1),
316 (29), 248 (10), 123 (25), 122 (100). HRMS (ESI): calcd
for C,oH3,NOS, 334.2205; found, 334.2209.

4.3.3.7. (£)-Indolizidine 167B (2a). General procedure. A
stirred solution of 6aA (0.21 g, 0.72 mmol) and NiCl,-6H,0
(1.56 g, 6.56 mmol) in a 1:3 mixture of THF and MeOH
(6 mL) was cooled to 0°C. NaBH,; (0.79 g, 20.79 mmol)
was added in small portions within 20 min at such a rate
that the temperature was kept below 10 °C. The mixture was
stirred at room temperature for 2 h. The black precipitate
was filtered off over Celite and washed with hexanes
(3x20 mL). The combined extracts were washed with H,O
and brine, and dried over anhyd Na,SO,. Filtration followed
by concentration in vacuo gave a colorless liquid of a crude
product, which was purified by column chromatography
(Al,03, hexanes) to afford a colorless liquid of (%)-indolizi-
dine 167B (2a) (0.098 g, 82% yield). '"H NMR (400 MHz,
CDCl3): 6 3.29 (dt, J=8.7, 2.2 Hz, 1H, Cs-H.), 1.97 (q,
J=9.0Hz, 1H, Cs-H,, 1.93—1.09 (m, 16H), 091 (t,
J=7.2 Hz, 3H). >*C NMR (100 MHz, CDCl;): 6 65.6, 64.3,
52.0, 374, 31.5, 31.3, 31.1, 25.2, 20.9, 19.6, 15.0. IR (neat):
Vmax 2781 (s), 1458 (m), 1129 (m), 1056 (w) cm™'. MS: m/z
(%) relative intensity 168 (M*+1, 6), 124 (100), 96 (73), 81
(21). The spectroscopic data were consistent with the
literature.”

4.3.3.8. (£)-epi-Indolizidine 167B (epi-2a). According to the
general procedure described for (%)-indolizidine 167B (2a),
a reaction of 6aB (0.28 g, 0.96 mmol), NiCl,-6H,O (2.08 g,
8.75 mmol), and NaBH, (1.14 g, 30 mmol) in a mixture of
THF (2.5 mL) and MeOH (7.5 mL) gave a pale yellow liquid
of a crude product, which was purified by column chromato-
graphy (Al,O3, 100% hexanes) to afford a colorless liquid of
epi-2a (0.118 g, 74% yield). '"H NMR (400 MHz, CDCl;):

0 3.01-2.93 (m, 1H), 2.88 (dt, /=8.9, 3.4 Hz, 1H, Cs-H.),
2.71 (q, J/=8.2 Hz, 1H, Cs-H,), 2.63—2.52 (m, 1H), 1.91—
1.31 (m, 14H), 0.94 (t, J=7.2 Hz, 3H). '*C NMR (100 MHz,
CDCl5): 6 55.8, 55.8, 49.3, 31.5, 31.0, 28.0, 26.5, 21.4, 21.3,
19.8, 14.9; IR (neat): v, 2930 (s), 2872 (s), 2804 (m),
1457 (m) cm~ . MS: m/z (%) relative intensity 168 (M*4+1,
9), 167 (M, 67), 150 (26), 149 (100), 124 (40), 122 (38),
96 (31), 55 (25). The spectroscopic data were consistent
with the literature.”

4.3.3.9. (+)-Indolizidine 209D (2b). According to the general
procedure described for (+)-indolizidine 167B (2a), the reac-
tion of 6bA (0.23 g, 0.69 mmol), NiCl,-6H,O (1.63 g,
6.86 mmol), and NaBH, (0.79 g, 20.79 mmol) in a mixture
of THF (2 mL) and MeOH (6 mL) gave a pale yellow liquid
of a crude product, which was purified by column chromato-
graphy (Al,O3, hexanes) to afford a colorless liquid of (4)-in-
dolizidine 209D (2b) (0.116g, 80% vyield. 'H NMR
(400 MHz, CDCl3): o 3.26 (dt, J=8.7, 2.0 Hz, 1H, Cs-H.),
1.97 (q, J/=8.8 Hz, 1H, Cs3-H,), 1.92—1.07 (m, 22H), 0.89
(app t, J=6.6 Hz, 3H). '>*C NMR (100 MHz, CDCl5): 6 65.6,
64.5, 52.1, 35.2, 32.4, 31.5, 31.4, 31.1, 30.3, 264, 25.3,
23.2, 21.0, 14.6; IR (neat): vn. 2781 (s), 1457 (m), 1381
(m), 1129 (m) cm . MS: mi/z (%) relative intensity 210
(M1, 6), 149 (35), 124 (100), 96 (43). The spectroscopic
data were consistent with the literature.”

4.3.3.10. (£)-epi-Indolizidine 209D (epi-2b). According to the
general procedure described for (%)-indolizidine 167B (2a),
a reaction of 6bB (0.236 g, 0.71 mmol), NiCl,-6H,0
(1.64 g, 6.90 mmol), and NaBH,; (0.79 g, 20.79 mmol) in
a mixture of THF (2 mL) and MeOH (6 mL) gave a pale yel-
low liquid of a crude product, which was purified by column
chromatography (Al,O5, 100% hexanes) to afford a colorless
liquid of epi-2b (0.127 g, 86% yield). '"H NMR (300 MHz,
CDClz): 60 2.97—2.87 (m, 1H, Cs-H), 2.82 (dt, J=8.8,
3.2 Hz, 1H, Cs-H.), 2.64 (q, J=8.4 Hz, 1H, C3-H,), 2.53—
2.40 (m, 1H), 1.94—1.01 (m, 20H), 0.92—0.79 (m, 3H). "*C
NMR (75 MHz, CDCl3): 6 55.5, 55.1, 48.7, 31.9, 31.2, 30.6,
29.6, 27.6, 27.5, 23.4, 22.6, 20.8, 19.3, 14.0. IR (neat): vyax
2929 (s), 2859 (s), 2804 (m), 1459 (m) cm™~'. MS: m/z (%) rela-
tive intensity 209 (M™, 2), 149 (28), 124 (100), 96 (53). The
spectroscopic data were consistent with the literature.’

Acknowledgements

We thank Center for Innovation in Chemistry: the Postgrad-
uate Education and Research Program in Chemistry (PERCH-
CIC), the Thailand Research Fund (BRG49800005 to M.P.)
and the Commission on Higher Education (CHE-RES-RG)
for financial support.

Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.tet.2008.01.008.


http://dx.doi.org/doi:10.1016/j.tet.2008.01.008

M. Pohmakotr et al. | Tetrahedron 64 (2008) 2339—2347

References and notes

1. (a) Michael, J. P. Nat. Prod. Rep. 2000, 17, 579—602; (b) Michael, J. P.

Nat. Prod. Rep. 2001, 18, 520—542; (c) Michael, J. P. Nat. Prod. Rep.

2003, 20, 458—475.

. Ohmiya, S.; Kubo, H.; Otomatsu, H.; Saito, K.; Murakoshi, I. Heterocy-

cles 1990, 30, 537—542.

. For some recent syntheses of tashiromine, see: (a) Belanger, G.; Larouche-
Gauthier, R.; Menard, F.; Nantel, M.; Barabe, F. J. Org. Chem. 2006, 71,
704—712; (b) McElhinney, A. D.; Marsden, S. P. Synlett 2005, 2528—
2530; (c) Dieter, R.; Chen, N.; Watson, R. T. Tetrahedron 2005, 61,
3221-3230; (d) Dieter, R. K.; Watson, R. T. Tetrahedron Lett. 2002,
43, 7725—7728; (e) Banwell, M. G.; Beck, D. A. S.; Smith, J. A. Org.
Biomol. Chem. 2004, 2, 157—159; (f) Kim, S.-H.; Kim, S.-1.; Lai, S.;
Cha, J. K. J. Org. Chem. 1999, 64, 6771—6775; (g) Bates, R. W
Boonsombat, J. J. Chem. Soc., Perkin Trans. 1 2001, 654—656; (h) David,
0O.; Blot, J.; Bellec, C.; Fargeau-Bellassoued, M.-C.; Haviari, G.; Celereir,
J.-P.; Lhommet, G.; Gramain, J.-C.; Gardette, D. J. Org. Chem. 1999, 64,
3122—-3133; (i) Gage, J. L.; Branchaud, B. P. Tetrahedron Lett. 1997, 38,
7007—7010; (j) Paulvannan, K.; Stille, J. R. J. Org. Chem. 1994, 59,
1613—1620.

. (a) Daly, J. W.; Spande, T. F. Amphibian Alkaloids: Chemistry, Pharma-
cology and Biology. Alkaloid: Chemical and Biological Perspective;
Pelletier, S. W., Ed.; Wiley: New York, NY, 1986; Vol. 4, pp 1-274;
(b) Daly, J. W.; Brown, G. B.; Mensah-Dwumah, M. Toxicon 1978, 16,
163—188; (c) Daly, J. W.; Myers, C. W.; Whittaker, N. Toxicon 1987,
25, 1023—1095.

. (a) Michael, J. P. Alkaloids; Cordell, G. A., Ed.; Academic: London, 2001;
Vol. 55, pp 91—258; (b) Aronstam, R. S.; Daly, J. W.; Spande, T. F,;
Narayanan, T. K.; Albequerque, E. X. Neurochem. Res. 1986, 11,
1227—1240.

6.

10.

11.

2347

For some recent syntheses of indolizidine 167B, see: (a) Peroche, S.;
Remuson, R.; Gelas-Mialhe, Y.; Gramain, J.-C. Tetrahedron Lett. 2001,
42, 4617—4619; (b) Michael, J. P.; Gravestock, D. Pure Appl. Chem.
1997, 69, 583—588; (c) Amat, M.; Llor, N.; Hidalgo, J.; Escolano, C.;
Bosch, J. J. Org. Chem. 2003, 68, 1919—1928; (d) Zaminer, J.; Stapper,
C.; Blechert, S. Tetrahedron Lett. 2002, 43, 6739—6741; (e) Back, T. G.;
Nakajima, K. Org. Lett. 1999, 1, 261—263; (f) Chalard, P.; Remuson, R.;
Gelas-Mialhe, Y.; Gramain, J.-C.; Canet, 1. Tetrahedron Lett. 1999, 40,
1661—1664.

. For some recent syntheses of indolizidine 209D, see: (a) Chénevert, R.;

Ziarani, G. M.; Morin, M. P.; Dasser, M. Tetrahedron: Asymmetry 1999,
10, 3117—3122; (b) Comins, D. L.; Zhang, Y.-M. J. Am. Chem. Soc.
1996, 118, 12248—12249; (c¢) Takahata, H.; Kubota, M.; Ihara, K.
Okamoto, N.; Momose, T.; Azer, N.; Eldefrawi, A. T.; Eldefrawi, M. E.
Tetrahedron: Asymmetry 1998, 9, 3289—3301; (d) Kim, G.; Jung, S.-D;
Kim, W.-J. Org. Lett. 2001, 3, 2985—2987; (e) Polniaszek, R. P.; Belmont,
S. E. J. Org. Chem. 1990, 55, 4688—4693; (f) Back, T. G.; Nakajima, K.
J. Org. Chem. 2000, 65, 4543—4552.

. Pohmakotr, M.; Numechai, P; Prateeptongkum, S.; Tuchinda, P;

Reutrakul, V. Org. Biomol. Chem. 2003, 1, 3495—3497.

. Fleurant, A.; Saliou, C.; Célérier, P.; Platzer, N.; Moc, T. V.; Lhommet, G.

J. Heterocycl. Chem. 1995, 32, 255—258.

Hamlow, H. P.; Okuda, S.; Nakagawa, N. Tetrahedron Lett. 1964, 2553—
2559 and references cited.

(a) Euerby, M. R.; Waigh, R. D. Synth. Commun. 1986, 16, 779—784;
(b) Back, T. G.; Yang, K.; Krouse, H. R. J. Org. Chem. 1992, 57,
1986—1993.

. Keith, W. R.; Metz, S.; Moore, W. M.; Connor, J. R.; Currie, M. G.; Fok,

K. F; Hagen, T. J.; Hansen, D. W., Jr.; Jerome, G. M.; Manning, P. T.;
Pitzele, B. S.; Toth, M. V.; Trivedi, M.; Zupec, M. E.; Tjoeng, F. S.
J. Med. Chem. 1998, 41, 96—101.



Tetrahedron 64 (2008) 6315-6323

Contents lists available at ScienceDirect

Tetrahedron

journal homepage: www.elsevier.com/locate/tet

Asymmetric synthesis of pentenomycin I, epipentenomycin I, and their analogs

Manat Pohmakotr *, Supakeat Kambutong, Patoomratana Tuchinda, Chutima Kuhakarn

Department of Chemistry, Faculty of Science, Mahidol University, Rama VI Road, Bangkok 10400, Thailand

ARTICLE INFO ABSTRACT

Article history:

Received 5 February 2008

Received in revised form 11 April 2008
Accepted 24 April 2008

Available online 29 April 2008

Dedicated to Professor Dieter Seebach on
the occasion of his 70th birthday

The synthetic utility of the intramolecular acylation of a-sulfinyl carbanions as an efficient and general
synthetic approach for the preparation of (—)-pentenomycin I (1) and (—)-epipentenomycin I (5) and
their enantiomers (ent-1 and ent-5), starting from chiral (2S5,55,6S)-ester 6 and ent-6, respectively, has
been demonstrated. Easy accesses to pentenomycin analogs have also been demonstrated through the
Pummerer, Suzuki-Miyaura, and Sonogashira reactions.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Natural products containing highly oxygenated cyclopentenoid
skeleton, for example, cryptosporiopsin,! kjellmanianone,? reduc-
tiomycin,> and didemnenones,* have attracted considerable at-
tention due to their interesting biological activities. Among these
classes of compounds, pentenomycins I-Ill (1-3) and dehy-
dropentenomycin (4) are representatives of small highly oxygen-
ated cyclopentenone antibiotics (Fig. 1). Pentenomycin I (1) and
pentenomycin II (2) were first isolated from aerobic culture broths
of a mutant strain of Streptomyces eurythermus.” Pentenomycin 111
(3)% and dehydropentenomycin (4)%® (antibiotic G-2201-C) were
isolated from Streptoverticillium eurocidicum SF-1768 and Strepto-
myces cattleya, respectively. (+)-Epipentenomycin I (ent-5) was
found in carpophores of Perziza sp. collected from horse manure.”
Pentenomycins I and Il (1 and 2) exhibit moderate to strong activity
in vitro against a variety of both Gram-positive and Gram-negative
bacteria.” Because of their important biological activities as well as
their highly oxygenated structures, there have been several studies
directed toward the synthesis of pentenomycins and analogs in
both enantiomeric and racemic forms.%°

2. Results and discussion

Previously, we reported intramolecular acylation of a-sulfinyl
carbanions as general strategies for the preparation of highly
functionalized cyclopentenones,'® cyclohexenones,!! and «,p-un-
saturated-y- and 8-butyrolactones.!? The method was successfully
applied to the racemic synthesis of (+)-pentenomycin I (1) and
(+)-epipentenomycin I (5) as well as dehydropentenomycin I (4),

* Corresponding author. Tel.: +66 2 201 5158; fax: +66 2 354 7151.
E-mail address: scmpk@mahidol.ac.th (M. Pohmakotr).

0040-4020/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2008.04.089

starting from (=)-methyl glycerate acetonide.’> We report herein
asymmetric synthesis of pentenomycin I and epipentenomycin I
and their analogs starting from an appropriate chiral ester 6 or ent-
6.1 A retrosynthetic analysis of (—)-pentenomycin I (1) and
(—)-epipentenomycin I (5) and their enantiomers is presented in
Figure 2. Of interest to our laboratory is the convergent synthesis of
highly functionalized cyclopentenones via intramolecular acylation
of a-sulfinyl carbanions.!'®"® Accordingly, we anticipated that the
key feature of our retrosynthetic analysis is a diastereoselective
hydroxyalkylation of the enolate anion derived from chiral ester 6
with 3-phenylsulfanylpropanal, which, after oxidation, leads to the
expected equatorial-sulfoxide 8. The sulfinylcyclopentanone 9
would be constructed via the intramolecular acylation of a-sulfinyl
carbanion generated from sulfinylester 8. Finally, pyrolysis followed
by hydrolysis should provide the required pentenomycin I (1) and
epipentenomycin I (5) with high enantioselectivity. In the forward
synthetic sense, (—)-pentenomycin I (1) and (—)-epipentenomycin [
(5) are derived from chiral ester 6 while ent-6 provides (+)-pen-
tenomycin I (ent-1) and (+)-epipentenomycin I (ent-5).

Efforts toward the synthesis of (—)-pentenomycin I (1) and
(—)-epipentenomycin I (5) began with the chiral ester 6 (Scheme 1).

., Pentenomycin | (1) R1=R2=H
OHOR Pentenomycin I (2) R = H, R? = Ac
Pentenomycin Il (3) R = Ac, R =H

o] (0]
© “OH
Dehydropentenomycin (4)  Epipentenomycin | (5)

Figure 1. Pentenomycins, dehydropentenomycin, and epipentenomycin I.
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OH OH
HO—, HO—,

HO™ HO™™

(0] (6]

(-)-Pentenomycin | (1) (-)-Epipentenomycin | (5)

HO HO
~—OH

OH OH
o ¢}

(+)-Pentenomycin | (ent-1) (+)-Epipentenomycin | (ent-5)

~—OH

= B

OMe
(25,55,69)-6 ent-6

Figure 2. Retrosynthetic analysis.

Ley and co-workers previously reported that the enolate anions of
(25,55,6S)-ester 6 and ent-6 reacted with electrophiles at the
equatorial position with high stereoselectivity.'*'> Thus, treatment
of (25,55,6S)-ester 6 with lithium diisopropylamide (LDA)
(1.25 equiv) followed by reaction with 3-phenylsulfanylpropanal
afforded the expected sulfide 7 in 66% yield as a mixture of di-
astereomers. Separation of the diastereomers was made by column
chromatography to give 7A and 7B in 34 and 32% yields, re-
spectively. It is worth mentioning that axial adducts were not ob-
served as revealed by 'H NMR, '3C NMR as well as TLC analysis.
Oxidation of sulfides 7A and 7B with sodium metaperiodate (NalOg,
1.2 equiv) in aqueous methanol at 0 °C to room temperature over-
night gave the corresponding sulfoxides 8A and 8B in 89 and 87%
yields, respectively, each as a mixture of diastereomers. Treatment
of 8A or 8B with LDA (3.5 equiv) in THFat —78 °Cfor 2 hand 0 °C for
2 h followed by quenching with saturated ammonium chloride
solution afforded spiroketosulfoxide 9A or 9B, each as a mixture of
diastereomers in quantitative yield. Subsequent sulfoxide elimi-
nation of the crude products 9A and 9B in refluxing toluene in the
presence of CaCOs3 for 15 h yielded the corresponding hydroxyl-
spirocyclopentenones 10A and 10B in 80 and 83% yields, re-
spectively. Eventually, hydrolysis of the butanediacetal (BDA)

OMe OMe

6

7A (34%)

OH

OMe
7,
7A—2» /§/OO < SPh——~
(89%) OMe +

O~ "OMe
8A

OMe OH OMe
b o0—=

7B——

(87%)

O~ "OMe O [e)

8B 9B o

o/’
(80%)

- OMe . OH
/x/ I\ASPh*’/x/O ﬁ ﬁ HOEQ
OMe (83%)

protecting group of 10A and 10B using 90% TFA at 0°C for 5h
readily afforded (—)-pentenomycin I (1) and (—)-epipentenomycin I
(5) in quantitative yield. Chemical structures and optical proper-
ties of the synthesized (—)-pentenomycin I (1) and (-)-epi-
pentenomycin I (5) were established and confirmed by comparing
the 'H NMR and 3C NMR as well as the sign of the optical rotations
with those reported in the literature. The data are in good agree-
ment with the reported values.>®

Having accomplished the synthesis of (—)-pentenomycin I (1)
and (-)-epipentenomycin I (5), the syntheses of their corre-
sponding enantiomers, (+)-pentenomycin 1 (ent-1) and
(+)-epipentenomycin I (ent-5), respectively, were straightforward
starting from ent-6 using the reaction conditions described in
Scheme 1. Yields in each step were comparable to those obtained in
the prior synthetic route starting from (2S,5S,6S)-ester 6. The
spectroscopic data and optical properties of (+)-pentenomycin I
(ent-1) and (+)-epipentenomycin I (ent-5) were in agreement with
those reported in the literature (Fig. 3).’

At this stage, we would like to demonstrate the synthetic ver-
satility of our synthesis by preparing some pentenomycin analogs
from common intermediates isolated from our synthetic approach
to the pentenomycins. Accordingly, spiroketosulfoxide ent-9A was

OMe
> i/ SPh +
OMe OMe y-O f\/\ I\/\

O~ "OMe
7B (32%)

OMe

OH
O

(-)-Pentenomycin | (1)

10B (-)-Epipentenomycin | (5)

Scheme 1. Synthesis of (—)-pentenomycin I (1) and (—)-epipentenomycin I (5). Reagents and conditions: (a) LDA, THF, —78 °C, then PhS(CH;),CHO; (b) NalO4, MeOH, H,0; (c) LDA
(3.5 equiv), THF, —78 °C, 2 h then 0 °C, 2 h; (d) toluene, CaCOs, reflux, 15 h; (e) 90% TFA, 0°C, 5 h.
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HO
~—OH
OH
o

o OMe (1) pentenomycin I (ent-1)

S50
Meo&o\ﬁ

H OMe HO
S ~—OH

OH
O

—
—

ent-6

(+)-Epipentenomycin | (ent-5)

Figure 3. Synthetic approach to ent-1 and ent-5.

subjected to the Pummerer rearrangement.'® Reaction employing

acetic anhydride led to the recovery of the starting material. Grat-
ifyingly, treatment of ent-9A with trifluoroacetic anhydride
(1.1 equiv) and ethyldiisopropylamine in acetonitrile at 0°C to
room temperature overnight, after chromatography, provided ent-
11Ain 61% yield (Scheme 2). Subsequent standard hydrolysis of the
BDA-protecting group (90% aqueous TFA, 0°C, 5h) provided
a-phenylsulfanylpentenomycin (ent-12A) in 80% yield as colorless
crystals. Highly oxygenated cyclopentenones of type ent-11A and
ent-12A may be useful as starting materials for further synthetic
manipulation.

OMe Ho OMe HO
"3 \og?\ TFAA, CHsCN \OO\Z\ 90% TFA ~TOH
[ i-ProNEt 0°C OH
OMe OMe
o 0°Ctort (6] 80% phs (o)
PhS 61%  PhS
‘o ent-9A ent-11A ent-12A

Scheme 2. Preparation of ent-a-phenylsulfanylpentenomycin I (ent-12A).

Compound ent-10A has proven to be a crucial intermediate for
the synthesis of a-aryl- and a-alkynyl-substituted pentenomycin
derivatives by employing the Suzuki-Miyaura and Sonogashira
reactions, respectively (Scheme 3). Initially, a-iodo derivative ent-
13A was prepared by treatment of ent-10A with I, in the presence of
an amine base such as DMAP and pyridine. Under optimal condi-
tions, Io/pyridine in CCly,” ent-13A was obtained in 97% yield from
ent-10A.

The Suzuki-Miyaura coupling reaction'® of ent-13A with phe-
nylboronic acid was carried out by treatment of ent-13A with
phenylboronic acid in THF in the presence of 10 mol % PdCl;(PPhs),
and NaCOs at 40 °C for 15 h under an argon atmosphere to afford

oM
(@]

6317

the expected a-phenyl-substituted derivative ent-14A in 70% yield
together with 25% yield of the recovered starting material. The
reaction employing K>COs in THF and DMF provided low yield of
ent-14A. «-Phenylspirocyclopentenone ent-14A was hydrolyzed
under standard conditions to give the corresponding «-phenyl-
pentenomycin ent-15A as a white solid in 84% vyield after
chromatography.

Our success of the Suzuki-Miyaura coupling reaction of ent-14A
led us to further investigate the Sonogashira coupling reaction.!®
The optimum conditions were found to employ PdCl;(PPhs),, Cul,
and diisopropylamine in THE. The reactions of ent-13A with both
phenylacetylene and tert-butylacetylene were completed within
45 min and gave good yields of the corresponding coupling prod-
ucts ent-16Aa,b (Scheme 3).

3. Conclusion

The work described in this article demonstrated the synthetic
utility of the intramolecular acylation of a-sulfinyl carbanions as an
efficient and general synthetic approach for the preparation of both
enantiomers of pentenomycin I and epipentenomycin I, starting
from readily available chiral ester (2S,55,65)-6 and ent-6. Syntheses
of pentenomycin analogs have been carried out via the Pummerer,
Suzuki-Miyaura, and Sonogashira reactions. Compound ent-10A, a
precursor for ent-pentenomycin I (ent-1), was employed as a
versatile starting material for the preparation of a-alkynyl- and
a-phenyl-substituted pentenomycins.

4. Experimental
4.1. General

TH NMR and 3C NMR were recorded on a Bruker DPX-300 or
a Bruker DPX-500 spectrometer. IR spectra were recorded either
with a Jasco A-302 or a Perkin-Elmer 683 infrared spectrometer.
Mass spectra were performed on a Thermo Finnigan Polaris Q mass
spectrometer. Microanalyses were performed with a Perkin-Elmer
Elemental analyzer 2400 CHN. High resolution MS were obtained
from either HR-TOF-MS Micromass model VQ-TOF2 or Finnigan
MAT 95 mass spectrometer. All chemicals used are of commercial
grade.

4.2. (2S,5S,65)-2-(1'-Hydroxy-3'-(phenylsulfanyl)propyl)-5,
6-dimethoxy-5,6-dimethyl-[1,4]dioxane-2-carboxylic acid
methyl ester (7)

General procedure A: a THF (15 mL) solution of (2S,5S,6S)-ester
6 (5.39 g, 23.00 mmol) was added slowly to a THF (25 mL) solution

e OMe OMe HO
R EECyAITIS Wy IS W A ~—OH
b ; a0 .OH
Me 97% OMe 70% OMe 84%
o o o PH O
[ PH

ent-10A ent-13A

1 d
OMe

/|| ent-16Aa (72%)
ent-16Ab (90%)

ent-14A

ent-15A

/|| ent-17Aa (90%)
ent-17Ab (97%)

R aR=Phb,R=tBu R

Scheme 3. Preparation of ent-15A and ent-17A. Reagents and conditions: (a) I, pyridine, CCls; (b) PhB(OH),, PdCl,(PPhs),, Na,COs, THF, 60 °C; (c) 90% TFA, 0°C, 5 h; (d) phe-

nylacetylene or tert-butylacetylene, PdCl(PPhs), Cul, i-ProNH, THF, 0 °C, 45 min.
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of LDA [(28.75 mmol), prepared by reacting N,N-diisopropylamine
(4.53 mL, 32.2 mmol) with n-BuLi (1.35M in hexane, 22.0 mL,
28.75 mmol)] at —78 °C. The mixture was stirred at —78 °C for 2 h.
To this solution was added a THF (5.75 mL) solution of 3-phenyl-
sulfanylpropanal [freshly prepared by reacting of EtsN (4.0 mL,
28.75 mmol), thiophenol (4.57 mL, 36.0 mmol) with acrolein
(1.90 mL, 28.75 mmol)]. The resulting mixture was stirred at —78 °C
for 2h and quenched with saturated aqueous NH4Cl solution
(30 mL). Layers were separated and the aqueous phase was
extracted with ethyl acetate (3x25 mL). The combined organic
layers were washed with water, brine, and dried over anhydrous
NaS04. The organic phase was concentrated (aspirator then in
vacuo) to give a crude pale yellow liquid, which was purified by
column chromatography (silica gel, 25% ethyl acetate in hexanes).
The less polar fraction was 7A (3.129g, 34% yield): 'H NMR
(300 MHz, CDCl3): ¢ 7.28-7.00 (m, 5H, ArH), 3.98 (d, J=11.6 Hz, 1H,
C-CHH), 3.96-3.89 (m, 1H, C-CH), 3.86 (d, J=11.6 Hz, 1H, C-CHH),
3.53 (s, 3H, CO,CH3), 3.15 (s, 3H, OCH3), 3.12 (s, 3H, OCH3), 3.10-3.05
(m, 2H, CHH-CH; and br OH), 2.90-2.78 (m, 1H, CHH-CH,), 1.50-
1.35 (m, 1H, CH-CHH), 1.35-1.20 (m, 4H, CH3, CH-CHH), 1.20 (s, 3H,
CH3). 3C NMR (75 MHz, CDCl3): 6 171.7 (C=0), 135.6 (C), 129.2
(2xCH), 128.7 (2xCH), 125.8 (CH), 99.7 (C), 97.6 (C), 76.1 (CH), 72.6
(CH), 56.4 (CHy), 52.1 (CH), 50.2 (CH), 48.0 (CH3s), 30.0 (CH3), 28.4
(CH3),17.5 (CH3), 17.4 (CH3). IR (neat): vmax 3480 m, 1739 s, 1584 m,
1482 '5,1375 5,1148 5,1037 s, 740 m, 692 m cm™~ .. MS: m/z (% relative
intensity): 400 (M1, 0.6), 337 (46), 143 (100), 136 (81), 123 (62), 110
(58), 93 (45). HRMS (ESI-TOF) calcd for Ci9Hg07SNa: 423.1453;
found: 423.1454. [0.]3° +139.7 (c 0.9, CHCl3). The more polar fraction
was 7B (2.945 g, 32% yield): 'H NMR (300 MHz, CDCls): 6 7.20-7.06
(m, 5H, ArH), 4.05 (d, J=11.7 Hz, 1H, CHH), 3.76 (dd, J=8.8, 3.9 Hz,
1H, CHO), 3.69 (s, 3H, CO,CH3), 3.65 (d, J=11.7 Hz, 1H, CHH), 3.19 (s,
2x3H, OCH3), 3.11-3.03 (m, 1H, CHH-CH3), 2.96-2.85 (m, 1H, CHH-
CH,), 2.10-1.85 (br s, 1H, OH), 1.61-1.49 (m, 2H, CH-CH>), 1.24 (s,
3H, CH3),1.20 (s, 3H, CH3). 3C NMR (75 MHz, CDCl3): § 171.8 (C=0),
135.9(C), 129.4 (2xCH), 128.8 (2xCH), 126.0 (CH), 99.4 (C), 97.9 (C),
75.3 (C), 73.3 (CH), 59.5 (CHy), 52.1 (CH3), 50.5 (CH3), 48.2 (CH3),
30.4 (CH>), 30.3 (CHy), 17.7 (CH3), 17.6 (CH3). IR (neat): vmax 3480 m,
17395,1634 w, 1585 m, 1482 m, 1440 s, 1252 s, 1147 5,1101 s, 1050 s,
1037 m cm™ . MS: m/z (% relative intensity): 400 (M*, 0.2), 251 (47),
220(45),192 (49),143(100), 136 (92),123 (76), 110 (82). HRMS (ESI-
TOF) calcd for C19H2307SNa: 423.1453; found: 423.1450. [a]3° +60.6
(c 1.75, CHCl3).

4.3. (2R,5R,6R)-2-(1'-Hydroxy-3'-(phenylsulfanyl)propyl)-
5,6-dimethoxy-5,6-dimethyl-[1,4]dioxane-2-carboxylic acid
methyl ester (ent-7)

According to the general procedure A, a THF (15 mL) solution of
(2R,5R,6R)-ester ent-6 (4.683 g, 20.0 mmol) was treated with a THF
(20 mL) solution of LDA (25 mmol) at —78 °C. The resulting solution
was reacted with a THF (5mL) solution of 3-phenylsulfanyl-
propanal [freshly prepared from Et3N (3.48 mL, 25.0 mmol), thio-
phenol (3.98 mL, 31.25 mmol) and acrolein (1.65 mL, 25.0 mmol)).
The crude product was purified by column chromatography (silica
gel, 25% ethyl acetate in hexanes) to give two separable dia-
stereomers of ent-7. A less polar fraction was ent-7A (2.637 g, 33%
yield): "TH NMR (300 MHz, CDCls): 6 7.28-7.00 (m, 5H, ArH), 3.98 (d,
J=11.6 Hz, 1H, C-CHH), 3.96-3.89 (m, 1H, C-CH), 3.86 (d, J=11.6 Hz,
1H, C-CHH), 3.53 (s, 3H, CO,CH3), 3.15 (s, 3H, —-OCH3), 3.12 (s, 3H,
OCHs), 3.10-3.05 (m, 1H, CHH-CHy), 2.90-2.78 (m, 2H, CHH-CH,
and br OH), 1.50-1.35 (m, 1H, CH-CHH), 1.35-1.20 (m, 4H, CH3, CH-
CHH), 1.20 (s, 3H, CHs). [¢]%° —110.6 (c 0.98, CHCl3). A more polar
fraction was ent-7B (liquid, 2.482 g, 31% yield): 'H NMR (300 MHz,
CDCl3): 6 7.20-7.06 (m, 5H, ArH), 4.05 (d, J=11.7 Hz, 1H, CHH), 3.76
(dd, J=8.8, 3.9Hz, 1H, C-CH), 3.66 (s, 3H, CO,CHs3), 3.65 (d,
J=11.7 Hz, 1H, CHH), 3.19 (s, 2x3H, OCH3), 3.11-3.03 (m, 1H, CHH-

CHy), 2.96-2.85 (m, 1H, CHH-CH>), 1.56-1.49 (m, 3H, CH-CH, and
br OH), 1.24 (s, 3H, CH3), 1.20 (s, 3H, CH3). [a]3’ —67.0 (c 1.76, CHCl5).

4.4. (2S,55,65,1'S)-2-(1’-Hydroxy-3'-(phenylsulfinyl )propyl)-
5,6-dimethoxy-5,6-dimethyl-[1,4]dioxane-2-carboxylic acid
methyl ester (8A)

General procedure B: a solution of (2S,55,65,1'S)-7A (3.00 g,
7.48 mmol) in methanol (36 mL) was added dropwise to a suspen-
sion of NalO4 (0.942 g, 8.976 mmol) in water (10 mL) at 0 °C. The
resulting mixture was stirred at 0 °C to room temperature overnight.
The precipitate of NalO3; was filtered and washed several times with
ethyl acetate. The organic layer was separated and the aqueous layer
was extracted with ethyl acetate (3x20 mL). The combined organic
layers were washed with water (20 mL) and brine (20 mL), and dried
over anhydrous NaySOg. Filtration followed by evaporation (aspira-
tor then in vacuo) gave a yellow liquid of the crude product, which
was purified by column chromatography (silica gel, 80% ethyl acetate
in hexanes) to furnish a pale yellow liquid of (2S,55,65,1'S)-8A
(2.776 g, 89% yield) as a 1:1 mixture of two diastereomers. 'H NMR
(300 MHz, CDCl3, data are reported for both diastereomers): ¢ 7.60-
742 (m, 2x5H, ArH), 412 (d, J=11.5Hz, 1H, OCHH), 4.04 (d,
J=11.5Hz, 1H, OCHH), 3.81 (d, J=11.5Hz, 1H, OCHH), 3.77 (d,
J=11.5Hz, 1H, OCHH), 3.69-3.61 (br s, 4H, OCH3 and CHOH), 3.62 (s,
3H, OCH3), 3.30 (br, 1H, OH), 3.16 (s, 3H, OCH3), 3.14 (s, 3H, OCH3),
3.12 (s, 3H, OCH3), 3.07 (s, 3H, OCH3), 3.20-3.02 (m, 3x 1H, CHH-CH,
and CHOH), 2.85 (br, 1H, OH), 2.83-2.65 (m, 2x1H, CHH-CH>), 1.80-
1.40 (m, 2x2H, CH,-CH), 1.21 (s, 2x 3H, CH3), 1.17 (s, 2x 3H, —-CH3). 13C
NMR (75 MHz, CDCl3): 6 171.4 (C=0), 171.3 (C=0), 143.1 (C), 142.7
(C), 130.8 (2xCH), 129.06 (2xCH), 129.02 (2xCH), 123.9 (2xCH),
123.8 (2xCH), 99.64 (C), 99.61 (C), 97.69 (C), 97.67 (C), 75.6 (C), 75.4
(C), 73.7 (CH), 73.3 (CH), 58.0 (CHy), 57.5 (CHy), 54.0 (CH,), 53.9
(CHy), 53.3 (2xC), 52.3 (CH3), 52.1 (CH3), 50.2 (2xCH3), 48.0 (CH3),
47.9 (CH3), 23.2 (CHy), 22.8 (CH3y), 17.5 (CH3), 17.4 (CH3). IR (neat):
Vmax 3364 m, 1738 s5,1732 5,1445 5,1374 5,1251 5,1146 5, 1046 m, 883
s, 751 m, 692 m cm~ L. MS: m/z (% relative intensity): 416 (M*, 0.3),
143 (87), 125 (65), 109 (64), 93 (48), 83 (59), 73 (100). HRMS (ESI-
TOF) calcd for C19H80gSNa: 439.1403; found: 439.1390.

4.5. (2S,5S,6S,1'R)-2-(1'-Hydroxy-3'-(phenylsulfinyl)propyl)-
5,6-dimethoxy-5,6-dimethyl-[1,4]dioxane-2-carboxylic acid
methyl ester (8B)

According to the general procedure B, a solution of
(2S5,55,65,1'R)-7B (2.019 g, 5.00 mmol) in methanol (24.00 mL) was
treated with NalO4 (0.634 g, 6.0 mmol) in water (24 mL) at 0 °C to
room temperature overnight to give a crude product, which was
purified by column chromatography (silica gel, 80% ethyl acetate in
hexanes) to furnish a yellow syrup of (25,5S,65,1'R)-8B (1.828 g, 87%
yield) as 1:1 mixture of diastereomers. 'TH NMR (300 MHz, CDCls,
data are reported for both diastereomers): ¢ 7.58-7.31 (m, 2x5H,
ArH), 415 (d, J=11.5 Hz, 1H, O-CHH), 4.12 (d, 1H, J=11.5 Hz, O-CHH),
3.71 (s, 3H, OCH3), 3.69 (m, 2x1H, CH-0H), 3.68 (s, 3H, CO,CH3),
3.56 (d, J=11.5 Hz, 2x1H, OCHH), 3.18 (s, 3H, OCH3), 3.14 (s, 2x3H,
0OCHs3), 3.10 (s, 3H, OCHs), 3.10-3.01 (m, 2x1H, CHH-CH,), 2.90-
2.62 (m, 2x2H, CHH-CH and br OH), 2.20-1.91 (m, 2x1H, CHH-CH),
1.69-1.61 (m, 2x1H, CH-CHH), 1.21 (s, 3H, CH3), 1.13 (s, 3H, CH3),
119 (s, 3H, CH3), 1.17 (s, 3H, CH3). 3C NMR (75 MHz, CDCl3): 6 172.4
(C=0), 1721 (C=0), 143.1 (C), 142.0 (C), 131.0 (CH), 130.9 (CH),
129.2 (2xCH),129.1 (2xCH), 124.2 (2xCH), 124.0 (2xCH), 99.37 (C),
99.32 (C), 97.9 (2xC), 75.0 (C), 74.9 (C), 74.1 (CH), 73.8 (CH), 58.6
(CHy), 58.2 (CHy), 54.7 (CHy), 53.7 (CHy), 52.3 (CH3), 52.2 (CH3),
50.35 (2xCH3s), 48.1 (CHs), 48.0 (CH3), 25.2 (CHy), 24.7 (CH,), 17.64
(2xCHs3), 17.58 (2xCH3). IR (neat): vmax 3554 s, 2923 5, 2583 5, 1726
s, 1455 s, 1377 s, 1303 m, 1253 m, 1145 s cm™~ L. MS: m(z (% relative
intensity): 416 (M*, 0.1), 143 (78),141.2 (78),125 (55), 115 (100), 109
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(48), 83 (74). HRMS (ESI) calcd for C;gH230gSNa: 439.1403; found:
439.1400.

4.6. (2R,5R,6R,1'R)-2-(1'-Hydroxy-3'-(phenylsulfinyl)propyl)-
5,6-dimethoxy-5,6-dimethyl-[1,4]dioxane-2-carboxylic acid
methyl ester (ent-8A)

According to the general procedure B, a solution of
(2R,5R,6R,1'R)-ent-7A (2.082 g, 5.20 mmol) in methanol (25 mL)
was treated with NalO4 (0.654 g, 1.39 mmol) in water (10 mL) at
0 °C to room temperature overnight to give a crude product, which
was purified by column chromatography (silica gel, 80% ethyl ace-
tate in hexanes) to furnish a pale yellow syrup of (2R,5R,6R,1'R)-ent-
8A (1.832 g, 87% yield) as a mixture of diastereomers. The 'H NMR
spectrum was identical to that of 8A: TH NMR (300 MHz, CDCl3,
data are reported for both diastereomers): ¢ 7.60-7.42 (m, 2x5H,
ArH), 412 (d, J=11.5 Hz, 1H, OCHH), 4.04 (d, J=11.5 Hz, 1H, OCHH),
3.81 (d,J=11.5 Hz, 1H, OCHH), 3.77 (d, J=11.5 Hz, 1H, OCHH), 3.69 (s,
3H, OCH3), 3.62 (s, 4H, OCH3 and CHOH), 3.16 (s, 4H, OCH3; and
CHOH), 3.14 (s, 3H, OCH3), 3.12 (s, 3H, OCH3), 3.07 (s, 3H, OCH3), 3.02
(m, 2x1H, CHH-CH3), 2.83-2.75 (m, 2x1H, ~-CHH-CH3), 2.70 (br s,
2x1H, OH), 1.80-1.40 (m, 2x2H, CH,-CH), 1.21 (s, 2x3H, CH3), 1.17
(s, 2x3H, CH3).

4.7. (2R,5R,6R,1'S)-2-(1'-Hydroxy-3'-(phenylsulfinyl )propyl)-
5,6-dimethoxy-5,6-dimethyl-[1,4]dioxane-2-carboxylic acid
methyl ester (ent-8B)

According to the general procedure B, a solution of (2R,5R,6R,1'S)-
ent-7B (2.403 g, 6.00 mmol) in methanol (38 mL) was treated with
NalO4 (0.755 g, 1.60 mmol) and water (10 mL) at 0 °C to room tem-
perature overnight to give a pale yellow syrup of a crude product,
which was purified by column chromatography (silica gel, 80% ethyl
acetate in hexanes) to furnish a pale yellow syrup of (2R,5R,6R,1'S)-
ent-8B (2.125 g, 85% yield) as a mixture of diastereomers. The 'H
NMR spectrum was identical to that of 8B: "TH NMR (300 MHz, CDCls,
data are reported for both diastereomers): ¢ 7.51-7.40 (m, 2x5H,
ArH), 422 (d, J=11.5 Hz, 1H, OCHH), 4.19 (d, J=11.5 Hz, 1H, OCHH),
3.78 (s, 3H, CO,CH3), 3.76 (m, 2x1H, CHOH), 3.75 (s, 3H, CO,CH3),
3.63 (d, 2x1H, J=11.5 Hz, OCHH), 3.25 (s, 3H, OCH3), 3.21 (s, 2x3H,
OCH3), 3.17 (s, 3H, OCH3), 3.05-2.75 (m, 2 x2H, CH,-CH; and br OH),
2.88 (m, 2x1H, CHH-CH), 2.04-1.98 (m, 2x1H, CHH-CH), 1.76-1.68
(m, 2x1H, CH-CHH), 1.28 (s, 3H, CHs), 1.27 (s, 3H, CH3), 1.26 (s, 3H,
CH3), 1.24 (s, 3H, CHs).

4.38. (2S,5S8,6S,5'S)-5'-Hydroxy-2'-oxo0-3'-phenylsulfinyl
spirocyclopentane-5,6-dimethoxy-5,6-dimethyl-[1,4]-
dioxane (9A)

General procedure C: a THF (11 mL) solution of (2S,5S,6S,5'S)-8A
(1.806 g, 5.00 mmol) was slowly added to a cooled (—78 °C) THF
(12 mL) solution of LDA [(17.50 mmol), prepared by reacting N,N-
diisopropylamine (2.76 mL, 19.6 mmol) with n-Buli (1.35M in
hexane, 13.35 mL, 17.5 mmol)]. The reaction mixture was stirred
at —78°C for 2 h and at 0°C for 2 h. The resulting dark-orange
solution was quenched with saturated aqueous NH4Cl solution
(40 mL) and extracted with ethyl acetate (3x30 mL). The organic
phase was washed with water (30 mL), brine (20 mL), and dried
over anhydrous Na;SO4. The crude product obtained was purified
by column chromatography (silica gel, 30-65% ethyl acetate in
hexanes) to give two fractions of 9A. Fraction I (less polar) was
obtained as a white solid (0.317 g, 19% yield, mp 172-175 °C; a sin-
gle diastereomer): '"H NMR (300 MHz, CDCls): 6 7.59-7.54 (m, 5H,
ArH), 4.25 (d, J=8.8 Hz, 1H, C-CHH), 4.00-3.95 (m, 2H, C-CHH and
CHH-CHOH), 3.74 (d, J=11.6 Hz, 1H, SOCH), 3.28 (s, 3H, OCH3s), 3.15
(s, 3H, OCH3), 2.72 (ddd, J=15.7, 11.6, 4.3 Hz, 1H, CHH-CHOH), 2.01

(d,J=15.7 Hz, 1H, CHOH), 1.65 (br s, 1H, OH), 1.32 (s, 3H, CH3), 1.25 (s,
3H, CH3). 3C NMR (75 MHz, CDCl3): 6 205.9 (C=0), 140.2 (C), 131.5
(CH), 129.5 (2xCH), 124.1 (2xCH), 99.5 (C), 97.9 (C), 77.0 (C), 71.9
(CH), 69.5 (CH), 57.1 (CHy), 49.1 (CHs), 48.2 (CHs), 26.5 (CHy), 18.1
(CH3), 17.7 (CH3). IR (CHCl3): ¥max 3290 w, 1755 s, 1445 m, 1146 s,
1114'5,1032 m, 969 m cm™~ . MS: m/z (% relative intensity): 384 (M™,
0.7), 227 (66), 195 (61), 126 (53), 115 (99), 101 (55), 73 (100). HRMS
(ESI-TOF) calcd for C1gH2407SNa: 407.1140; found: 407.1140. [o.]3
+375.0 (¢ 0.60, CHCl3). Fraction II (more polar) was obtained as
a pale yellow viscous liquid (0.716 g, 43% yield; a mixture of two
diastereomers): 'H NMR (300 MHz, CDCl;, data are reported for
both diastereomers): ¢ 7.61-7.42 (m, 10H, ArH), 4.19 (br, 1H), 3.95
(br, 1H), 3.95 (d, J=12.3 Hz, 1H), 3.78-3.73 (m, 3H), 3.44 (dd, J]=12.2,
10.4 Hz, 2H), 3.19 (s, 3H, OCH3), 3.18 (s, 3H, OCHs), 3.16 (s, 3H,
OCHs), 2.89 (s, 3H, OCH3), 2.81 (d, J=15.5 Hz, 1H), 2.42 (br d,
J=15.5 Hz, 1H), 1.51 (dd, J=13.7,10.0 Hz, 2H), 1.40-1.10 (br, 2H, OH),
1.25 (s, 3H, CH3), 1.21 (s, 3H, CHs), 1.17 (s, 3H, CH3), 1.14 (s, 3H, CH3).
13C NMR (75 MHz, CDCl3): 6 205 (C=0), 203.8 (C=0), 142.5 (C), 138
(C), 1314 (CH), 131.0 (2xCH), 129.2 (2xCH), 128.9 (2xCH), 124.7
(CH), 123.8 (2xCH), 99.4 (C), 99.1 (C), 98.2 (C), 97.9 (C), 76.6 (C), 75.4
(C), 74.4 (CH), 72.7 (CH), 69.1 (CH), 63.3 (CH), 57.3 (CH3), 56.5 (CHa),
49.5 (CHs), 48.7 (CHz), 48.3 (CH3), 48.1 (CH3), 31.4 (CH>), 23.2 (CHa),
18.2 (2xCHs), 17.7 (CH3), 17.6 (CHs). IR (CHCl3): 7max 3368 w, 3028
m, 1755 s, 1445 m, 1147 s, 1112 s, 1036 m cm ™. MS: m/z (% relative
intensity): 384 (M*, 0.4), 227 (43), 195 (56), 125 (77), 115 (74), 111
(88), 109 (48), 99 (61), 97 (43), 73 (100). HRMS (ESI-TOF) calcd for
Ci1gH2407SNa: 407.1132; found: 407.1108.

4.9. (2S,58,6S,5' R)-5'-Hydroxy-2'-0x0-3'-phenylsulfinyl
spirocyclopentane-5,6-dimethoxy-5,6-dimethyl-[1,4]-
dioxane (9B)

According to the general procedure C, a THF (10 mL) solution of
(25,55,65,5'R)-8B (1.611 g, 4.45 mmol) was added slowly to a cooled
(=78 °C) THF (10 mL) solution of LDA (15.60 mmol). After stirring
at —78°C for 2 h, the mixture was stirred at 0°C for 2 h and
quenched with saturated aqueous NH4Cl solution (40 mL) and
extracted with ethyl acetate (3x30 mL). The organic phase was
washed with water (30 mL), brine (20 mL), and dried over anhy-
drous NayS04. The crude product obtained was purified by column
chromatography (silica gel, 30-65% ethyl acetate in hexanes) to
give two fractions of 9B. Fraction I (less polar) was obtained as
a white solid of (0.267 g, 18% yield, 165-168 °C; a single dia-
stereomer): 'H NMR (300 MHz, CDCl3): 6 7.58-7.34 (m, 5H, ArH),
419 (dd, J=5.0, 3.0 Hz, 1H, CHOH), 4.03 (d, J=11.9 Hz, 1H, OCHH),
3.74 (d,J=11.9 Hz, 1H, OCHH), 3.56 (t,J=9.1 Hz, 1H, CH,-CH), 3.28 (s,
3H, OCHs), 3.48 (s, 3H, OCH3), 2.56 (ddd, J=14.5, 9.1, 5.0 Hz, 1H,
CHH), 1.80 (ddd, J=15.6,11.9, 3.0 Hz, 1H, CHH), 1.6 (br s, 1H, OH), 1.36
(s, 3H, CH3), 1.34 (s, 3H, CH3). 13C NMR (75 MHz, CDCl3): 6 207.3
(C=0), 141.3 (C), 131.2 (CH), 129.3 (2xCH), 123.8 (2xCH), 100.6 (C),
99.3 (C), 81.1 (C), 70.9 (CH), 67.7 (CH), 58.3 (CH>), 48.9 (CH3), 48.1
(CHs), 21.5 (CH3), 18.6 (CH3), 18.3 (CH3). IR (CHCI3): vmax 3288 m,
1749 s, 1460 m, 1377 m, 1145 m, 1032 m cm™ . MS: m/z (% relative
intensity): 384 (M*, 0.5), 153 (57), 149 (54), 126 (71), 111 (90), 109
(55), 73 (100). HRMS (ESI-TOF) calcd for CigH2407Na: 407.1140;
found: 407.1140. [«]3’ +305.9 (c 0.35, CHCl3). Fraction Il (more
polar) was obtained as a pale yellow liquid (0.654 g, 44% yield;
mixture of two diastereomers): 'H NMR (300 MHz, CDCls, data are
reported for both diastereomers): 6 7.63-7.45 (m, 10H, ArH), 4.20
(dd, J=10.1, 6.0 Hz, 1H), 3.74-3.65 (m, 3H), 3.42-3.30 (m, 1H), 3.30
(s, 3H, OCH3), 3.27-3.05 (m, 5H), 3.23 (s, 3H, OCH3), 3.21 (s, 3H,
OCH3), 3.13 (s, 3H, OCH3), 2.71-2.65 (m, 1H), 2.56-2.40 (m, 1H),
2.39-2.29 (m, 1H), 1.90-1.74 (m, 1H), 1.31 (s, 3H, CH3), 1.28 (s, 3H,
CH3), 1.23 (s, 3H, CH3), 1.21 (s, 3H, CH3). 3C NMR (75 MHz, CDCls):
0 205.3 (C=0), 204.8 (C=0), 142.6 (C), 139.6 (C), 131.9 (CH), 131.2
(CH), 129.3 (2xCH), 129.1 (2xCH), 125.2 (2xCH), 123.9 (2xCH),
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100.2 (C), 99.7 (C), 98.6 (C), 98.4 (C), 78.3 (C), 75.6 (C), 71.0 (CH),
70.2 (CH), 69.1 (CH), 66.8 (CH), 58.1 (CH3), 57.5 (CHy), 49.6 (CH3),
48.9 (CH3), 48.3 (CH3), 48.0 (CH3), 25.8 (CHy), 22.9 (CH3), 18.3 (CH3),
18.1 (CH3), 17.9 (CH3), 17.8 (CH3). IR (CHCl3): vmax 3386 m, 1754 s,
1445 m, 1376 m, 1147 s, 1112 s, 1055 m, 1036 m cm™ . MS: m/z (%
relative intensity): 385 (M*+1, 0.6), 227 (61), 195 (47), 126 (75), 115
(79), 109 (51), 69 (100). HRMS (ESI-TOF) calcd for CigHp407Na:
407.1140; found: 407.1136.

4.10. (2R,5R,6R,5' R)-5'-Hydroxy-2'-0x0-3'-phenylsulfinyl
spirocyclopentane-5,6-dimethoxy-5,6-dimethyl-[1,4]dioxane
(ent-9A)

According to the general procedure C, a THF (10 mL) solution of
(2R,5R,6R,5'R)-ent-8A (1.695 g, 4.69 mmol) was treated with a THF
(12 mL) solution of LDA (16.42 mmol) to provide a crude product,
which was purified by column chromatography (silica gel, 30-65%
ethyl acetate in hexanes) to give two fractions of ent-9A. Fraction I
(less polar) was obtained as a white solid (0.3129 g, 20% yield, mp
174-175 °C; a single diastereomer): TH NMR (300 MHz, CDCls):
0 7.59-7.54 (m, 5H, ArH), 4.25 (d, J=8.8 Hz, 1H, C-CHH), 4.00-3.95
(m, 1H, C-CHH), 3.74 (d, J=11.6 Hz, 1H, S(O)CH), 4.00-3.90 (m, 1H,
CHH-CHOH), 3.28 (s, 3H, OCH3), 3.15 (s, 3H, OCH3), 2.72 (ddd,
J=15.7,11.6, 4.3 Hz, 1H, CHH-CHOH), 2.01 (d, J=15.7 Hz, 1H, CHOH),
1.75 (brs, 1H, OH), 1.32 (s, 3H, CH3), 1.25 (s, 3H, CH3). [2.]3° —380.9 (¢
0.31, CHCls). Fraction Il (more polar) was obtained as a yellow liquid
(0.655¢g, 42% yield; mixture of two diastereomers): 'H NMR
(300 MHz, CDCl3, data are reported for both diastereomers): 6 7.61-
7.42 (m, 2x5H, ArH), 4.15 (br, 1H), 3.95 (br, 1H), 3.81 (d, J=12.3 Hz,
1H), 3.80-3.61 (m, 3H), 3.44 (dd, J=12.2, 10.4 Hz, 2H), 3.19 (s, 3H,
0OCHs), 3.18 (s, 3H, OCH3), 3.16 (s, 3H, OCH3), 2.89 (s, 3H, OCH3), 2.81
(d, J=14.5 Hz, 1H), 2.42 (d, J=15.5 Hz, 1H), 1.51 (dd, J=13.7, 10.0 Hz,
2H), 1.30-1.11 (br, 2x1H, OH), 1.25 (s, 3H, CH3), 1.21 (s, 3H, CH3), 1.17
(s, 3H, CH3), 1.14 (s, 3H, CH3).

411. (2R,5R,6R,5'S)-5'-Hydroxy-2'-oxo-3'-phenylsulfinyl
spirocyclopentane-5,6-dimethoxy-5,6-dimethyl-[1,4]dioxane
(ent-9B)

According to the general procedure C, a THF (10 mL) solution of
(2R,5R,6R,5'S)-ent-8B (2.080 g, 5.00 mmol) was treated with a THF
(12 mL) solution of LDA (17.47 mmol) to provide a crude product,
which was purified by column chromatography (silica gel, 30-65%
ethyl acetate in hexanes) to give two fractions of ent-9B. Fraction I
(less polar) was obtained as a white solid (0.439 g,17% yield, mp 167-
169 °C; a single diastereomer): '"H NMR (300 MHz, CDCl3): 6 7.58—
7.34 (m, 5H, ArH), 419 (dd, J=5.0, 3.0 Hz, 1H, CHOH), 4.03 (d,
J=11.9 Hz, 1H, OCHH), 3.74 (d, J=11.9 Hz, 1H, OCHH), 3.56 (t, ]=9.1 Hz,
1H, CH,-CH), 3.28 (s, 3H, OCH3), 3.48 (s, 3H, OCH3), 2.56 (ddd, J=14.5,
9.1,5.0 Hz,1H, CHH),1.80(ddd, J=15.6,11.9, 3.0 Hz, 1H, CHH), 1.68 (br,
1H, OH), 1.36 (s, 3H, CH3), 1.34 (s, 3H, CH3). [2]3” —306.86 (c 0.35,
CHCl3). Fraction II (more polar) was obtained as a pale yellow liquid
(0.712 g, 43% yield; a mixture of diastereomers): 'H NMR (300 MHz,
CDCl3, data are reported for both diastereomers): ¢ 7.63-7.45 (m,
2x5H, ArH), 4.20 (dd, J=10.1, 6.0 Hz, 1H), 3.75-3.68 (m, 2H), 3.37 (d,
J=11.9 Hz, 1H), 3.30 (s, 3H, OCH3), 3.23 (s, 3H, OCH3), 3.25-3.18 (m,
2H), 3.21(s,3H, OCH3), 3.13 (s, 3H, OCH3),3.10(d,J=11.9 Hz,1H), 3.09
(d, J=16.2 Hz, 1H), 2.71-2.65 (m, 1H), 2.56-2.40 (m, 1H), 2.39-2.29
(m,1H),2.81-1.94 (m, 1H),1.80-1.78 (br, 2x1H, OH), 1.31 (s, 3H, CH3),
1.28 (s, 3H, CH3), 1.23 (s, 3H, CH3), 1.21 (s, 3H, CH3).

4.12. (28,5S,6S,5'S)-5'-Hydroxy-2'-oxospirocyclopent-3'-
ene-5,6-dimethoxy-5,6-dimethyl-[1,4]dioxane (10A)

A mixture of diastereomers of (25,55,65,5S)-9A (0.385¢g,
1.00 mmol) and anhydrous CaCOs (3.0 g) in dry toluene (15 mL)

was refluxed at 110 °C for 10 h under an argon atmosphere. After
removal of toluene (aspirator then in vacuo), the residue was pu-
rified by column chromatography (silica gel, 23% ethyl acetate in
hexanes) to give a single diastereomer of (2S,5S,65,5'S)-10A as
a white solid (0.205 g, 80% yield, mp 96-99 °C). 'H NMR (300 MHz,
CDCl3): 6 7.63 (dd, J=6.1 Hz, 1H, =CHp), 6.28 (dd, J=6.1 Hz, 1H,
=CH,), 4.59 (s, 1H, CCH), 4.22 (d, J=10.9 Hz, 1H, CHH), 3.46 (s, 3H,
OCHs3), 3.34 (d, J=10.9 Hz, 1H, CHH), 3.31 (s, 3H, OCH3), 1.34 (s, 3H,
CH3),1.33 (br's, 1H, OH), 1.31 (s, 3H, CH3). '>*C NMR (75 MHz, CDCl3):
6 203.1 (C=0), 161.1 (CH), 133.6 (CH), 133.9 (CH), 100.9 (C), 99.98
(C), 771 (C), 63.6 (CH>), 48.6 (CH3), 48.0 (CH3), 18.78 (CH3), 18.73
(CH3). IR (Nujol): vmax 3501 m, 1728 5, 1596 w, 1463 m, 1150 5, 1114 s,
1075 s cm™ L. MS: m/z (% relative intensity): 258 (M*, 0.8), 195 (76),
110 (71), 109 (20), 101 (37), 89 (36), 82 (52), 73 (100), 55 (23), 53
(23). HRMS (ESI-TOF) calcd for CiHis0gNa: 281.1001; found:
281.1002. [a]3” +58.6 (c 1.33, CHCl3).

4.13. (2S,58,6S,5'R)-5'-Hydroxy-2'-oxospirocyclopent-3’-
ene-5,6-dimethoxy-5,6-dimethyl-[1,4]dioxane (10B)

A mixture of diastereomers of (25,55,65,5R)-9B (0.365 g,
0.95 mmol) and anhydrous CaCOs (3.0 g) in dry toluene (15 mL)
was refluxed at 110 °C for 10 h under an argon atmosphere. After
removal of toluene (aspirator then in vacuo), the residue was pu-
rified by column chromatography (silica gel, 27% ethyl acetate in
hexanes) to give a single diastereomer of (25,55,65,5R)-10B as
a colorless liquid (0.201 g, 83% yield). 'TH NMR (300 MHz, CDCl3):
67.43 (dd, J=5.9 Hz, 1H, =CHp), 6.14 (dd, ]=5.9 Hz, 1H, =CH,), 4.87
(s, 1H, CCH), 411 (d, J=10.9 Hz, 1H, CHH), 3.77 (d, J=10.9 Hz, 1H,
CHH), 3.41 (s, 3H, OCH3), 3.36 (s, 3H, OCH3), 3.32 (br's, 1H, OH), 1.45
(s, 3H, CH3), 1.36 (s, 3H, CH3). *C NMR (75 MHz, CDCls): § 202.4
(C=0), 160.5 (CH), 132.9 (CH), 100.58 (C), 100.52 (C), 81.1 (C), 79.9
(CH), 60.3 (CH,), 49.2 (CH3), 48.4 (CH3), 18.8 (CHs), 18.6 (CH3). IR
(CHCI3): ymax 3565 w, 1725 s, 1597 w, 1456 w, 1376 m, 1153 s, 1141
scm~ L. MS: m/z (% relative intensity): 258 (M, 0.8), 110 (71), 89
(36), 82 (52), 74 (100). HRMS (ESI-TOF) calcd for CipH;30gNa:
281.1001; found: 281.1001. [2]3’ +76.2 (c 0.18, CHCl5).

4.14. (2R,5R,6R,5' R)-5'-Hydroxy-2'-oxospirocyclopent-3'-
ene-5,6-dimethoxy-5,6-dimethyl-[1,4]dioxane (ent-10A)

A mixture of (2R,5R,6R,5'R)-ent-9A (0.351 g, 0.91 mmol) and
anhydrous CaCO3 (3.0 g) was refluxed in dry toluene (15 mL) for
10 h under an argon atmosphere. The crude product was purified
by column chromatography (silica gel, 23% ethyl acetate in hex-
anes) to give a single diastereomer of (2R,5R,6R,5'R)-ent-10A as
awhite solid (0.189 g, 80% yield, mp 97-101 °C). '"H NMR (300 MHz,
CDCl3): ¢ 7.63 (dd, J=6.1 Hz, 1H, =CHp), 6.28 (dd, ]=6.1 Hz, 1H,
=CH,), 4.59 (s, 1H, CCH), 4.30 (d, J=10.9 Hz, 1H, CHH), 3.52 (s, 3H,
OCHs3), 3.40 (d, J=10.9 Hz, 1H, CHH), 3.39 (s, 3H, OCH3), 1.80 (br s,
1H, OH), 1.42 (s, 3H, CH3), 1.41 (s, 3H, CH3). [«]3’ —52.8 (c 0.175,
CHCls).

4.15. (2R,5R,6R,5'S)-5'-Hydroxy-2'-oxospirocyclopent-3'-
ene-5,6-dimethoxy-5,6-dimethyl-[1,4]dioxane (ent-10B)

A mixture of (2R,5R,6R,5'S)-ent-9B (0.2176 g, 0.57 mmol) and
anhydrous CaCOs (3.0 g) in dry toluene (10 mL) was refluxed at
110 °C for 10 h under an argon atmosphere. The crude product was
purified by column chromatography (silica gel, 27% ethyl acetate in
hexanes) to give a single diastereomer of (2R,5R,6R,5'S)-ent-10B as
a colorless liquid (0.1227 g, 84%). 'H NMR (300 MHz, CDCl5): 6 7.50
(dd, J=5.9 Hz, 1H, =CHjp), 6.23 (dd, J=5.9 Hz, 1H, =CH,), 4.95 (s, 1H,
CCH), 418 (d,J=10.9 Hz, 1H, CHH), 3.85 (d,J=10.9 Hz, 1H, CHH), 3.49
(s,3H, OCH3), 3.44 (s, 3H, OCH3), 1.80 (br s, 1H, OH), 1.45 (s, 3H, CH3),
1.36 (s, 3H, CH3). [a]&’ —74.1 (c 0.2053, CHCl3).
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4.16. (—)-Pentenomycin I (1)

(25,55,65,5’S)-10A (0.118 g, 0.45 mmol) was treated with 90%
trifluoroacetic acid (7 mL) at 0 °C. The mixture was slowly warmed
up to room temperature for 5h. The solvents were freeze-dried
overnight to give a crude product, which was purified by pre-
parative thin layer chromatography (PLC, silica gel, 1% MeOH in
EtOAc) to give (—)-pentenomycin I (1) (54 mg, 83% yield) as an
amorphous powder (viscous liquid or syrup on standing). "H NMR
(300 MHz, D;0): 6 7.73 (dd, J=4.4, 2.7 Hz, 1H, =CHp), 6.32 (d,
J=4.4Hz, 1H, =CH,), 4.73 (s, 1H, CHOH), 3.72 (ABq, J=11.8 Hz, 1H,
CHaHp-OH), 3.69 (ABq, J=11.8Hz, 1H, CHaHz-OH). 3C NMR
(75 MHz, D,0): 6 210.1 (C=0), 164.9 (CH), 133.7 (CH), 76.6 (C), 71.9
(CH), 63.3 (CHy). IR (neat): vmax 3416 s,1712 5,1636 m, 1385 m, 1262
m, 1162 m, 1047 m cm™ 1. MS: m/z (% relative intensity): 145 (M*+1,
12), 125 (100), 99 (70), 95 (56), 81 (77), 67 (71). [2]8” —31.2 (c 1.50,
EtOH) (lit.> [a]p —32.0 (c 0.3, EtOH)).

4.17. (+)-Pentenomycin I (ent-1)

(2R,5R,6R,5'R)-ent-10A (0.135 g, 0.52 mmol) was treated with
90% trifluoroacetic acid (8 mL) at O °C to room temperature for 5 h.
The solvents were freeze-dried overnight to give a crude product,
which was purified by PLC (silica gel, 2% MeOH in EtOAc) to give
[(+)-pentenomycin I (ent-1) (61 mg, 82% yield) as an amorphous
powder (viscous liquid or syrup on standing). '"H NMR (300 MHz,
D,0): 6 7.73 (dd, J=4.4, 2.7 Hz, 1H, =CHjp), 6.32 (d, J=4.4 Hz, 1H,
=CH,), 4.73 (s, 1H, CHOH), 3.72 (ABq, J=11.8 Hz, 1H, CH4Hg-OH),
3.69 (ABq, J=11.8 Hz, 1H, CHpHp-OH). [a]3° +37.1 (c 0.28, EtOH)
(1it.%¢ [a]p +30.0 (c 0.1, EtOH)).

4.18. (+)-Epipentenomycin I (ent-5)

(2R,5R,6R,5'S)-ent-10B (0.153 g, 0.59 mmol) was treated with
90% trifluoroacetic acid (9 mL) at 0 °C to room temperature for 5 h.
The solvents were freeze-dried overnight to give a crude product,
which was purified by PLC (silica gel, 4% MeOH in EtOAc) to give
(+)-epipentenomycin I (ent-5) (69 mg, 81% yield) as a colorless
viscous liquid. "TH NMR (300 MHz, D;0): 6 7.79 (dd, J=6.1, 2.3 Hz, 1H,
=CHp), 6.47 (d, J=6.1 Hz, 1H, =CH,), 4.85-4.60 (m, 1H, CHOH), 3.84
(d,J=12.0 Hz, 1H, CHH), 3.63 (d, J=12.0 Hz, 1H, CHH). [a]3’ +68.9 (¢
0.25, EtOH) (lit.” [a]p +130.0 (c 0.51, H,0)).

419. (—)-Epipentenomycin I (5)

(25,55,65,5'R)-10B (0.086 g, 0.33 mmol) was treated with 90%
trifluoroacetic acid (5 mL) at 0 °C. The mixture was slowly warmed
up to room temperature for 5h. The solvents were freeze-dried
overnight to give a crude product, which was purified by PLC (silica
gel, 1% MeOH in EtOAc) to give (—)-epipentenomycin I (5) (40 mg,
80% yield) as a colorless viscous liquid. 'H NMR (300 MHz, D,0):
6 7.79 (dd, J=6.1, 2.3 Hz, 1H, =CHp), 6.47 (d, J=6.1 Hz, 1H, =CH,),
4.85-4.60 (m, 1H, CHOH), 3.84 (d, J=12.0 Hz, 1H, CHH), 3.63 (d,
J=12.0 Hz, 1H, CHH). 13C NMR (75 MHz, D,0): 6 215.9 (C=0), 161.7
(CH), 135.6 (CH), 102.3 (C), 79.3 (CH), 65.0 (CH3). IR (neat): vmax
34495,1722 m, 1638 5,1259 m, 1106 s, 1044 m, 925 s cm ™~ .. MS: m/z
(% relative intensity): 145 (M +1, 12), 135 (23), 121 (32), 113 (100),
97 (46), 95 (53), 81 (57). [a]3° —74.1 (¢ 0.20, EtOH) (lit.* [a]p —75.3
(c 1.15, MeOH)).

4.20. (2R,5R,6R,5'R)-5'-Hydroxy-2'-o0xo0-3'-phenylsulfanyl
spirocyclopentene-5,6-dimethoxy-5,6-dimethyl-[1,4]dioxane
(ent-11A)

Trifluoroacetic anhydride (0.14 mL, 1.10 mmol) was added to
a cooled (0°C) solution of (2R5R,6R,5R)-ent-9A (0.258 g,

1.00 mmol) in acetonitrile (5 mL) followed by the addition of dii-
sopropylethylamine (0.11 mL, 0.8 mmol). After stirring at room
temperature overnight (12 h), a dark-brown solution was quenched
with 1 M HCI and extracted with ethyl acetate. The organic phase
was washed with water (20 mL) and brine (20 mL), and dried over
anhydrous Na;SO4. The crude product obtained was purified by PLC
(silica gel, 22% ethyl acetate in hexanes) to give (2R,5R,6R,5'R)-ent-
11A as a pale yellow viscous liquid (0.285 g, 61% yield). 'H NMR
(300 MHz, CDCl3): 6 7.45-7.40 (m, 2H, ArH), 7.40-7.33 (m, 3H, ArH),
6.65 (d, J=3.1 Hz, 1H, CH=C), 4.42 (d, J=3.1 Hz, 1H, CHOH), 4.27 (d,
J=5.5Hz, 1H, CHH), 3.44 (s, 3H, OCH3), 3.35 (d, J=5.5 Hz, 1H, CHH),
3.26 (s, 3H, OCH3), 1.50 (br s, 1H, OH), 1.35 (s, 3H, CH3), 1.32 (s, 3H,
CHs). 13C NMR (75 MHz, CDCl3): 6 195.9 (C=0), 148.3 (CH), 143.6
(C),134.6 (2xCH), 129.7 (2xCH), 129.4 (CH), 128.8 (C), 99.6 (C), 98.1
(C),82.2(CH), 77.1(C), 61.1 (CH;), 50.0 (CH3), 48.2 (CH3),17.74 (CH3),
17.71 (CH3). IR (neat): vmax 3427 m, 1731 s, 1558 w, 1384 m, 1124 s,
1043 s, 754 s cm™ . MS: m/z (% relative intensity): 367 (M*+1, 0.5),
139 (56), 123 (56), 123 (100), 111 (68). HRMS (ESI-TOF) calcd for
C1gH2206SNa: 389.1027; found: 389.1015. [«]3® —85.35 (¢ 1.14,
CHCl3).

4.21. (+)-4,5-Dihydroxy-2-phenylsulfanyl-5-hydroxymethyl-
2-cyclopentenone (ent-12A)

(2R,5R,6R,5'R)-ent-11A (0.122 g, 0.34 mmol) was stirred with
90% trifluoroacetic acid (4 mL) at 0 °C. The mixture was slowly
warmed up to room temperature for 3.5 h. The solvent was freeze-
dried overnight to give a crude product, which was purified by PLC
(silica gel, 77% EtOAc in hexanes) to give ent-12A as colorless
crystals (67.2 g, 80% yield, mp 134-136°C). 'H NMR (300 MHz,
acetone-dg): 0 7.61-7.44 (m, 5H, ArH), 6.71 (d, J=2.8 Hz, 1H, =CH),
457 (d, J=2.8 Hz, 1H, CHOH), 3.83 (d, J=11.6 Hz, 1H, CHH), 3.65 (d,
J=11.6 Hz, 1H, CHH), 2.9 (br s, 3H OH). 13C NMR (75 MHz, CDCl3):
6 200.7 (C=0), 147.9 (CH), 146.8 (C), 134.9 (2xCH), 130.8 (2xCH),
130.3 (CH), 102.0 (C), 78.6 (CH), 76.5 (C), 65.6 (CH>). IR (Nujol): ¥max
3528 m, 1723 s, 1456 m, 1115 s, 1040 m, 769 s cm™~'. MS: m/z (%
relative intensity): 252 (M*-+1, 45), 250 (34), 234 (100), 91 (31), 69
(34). HRMS (ESI-TOF) calcd for Ci3H1204SNa: 275.0333; found:
275.0346. [a]3’ +81.8 (c 0.17, CHCl3).

4.22. (2R,5R,6R,5' R)-5'-Hydroxy-2'-o0x0-3'-iodospiro-
cyclopent-3'-ene-5,6-dimethoxy-5,6-dimethyl-[1,4]dioxane
(ent-13A)

A solution of (2R,5R,6R,5'R)-ent-10A (0.625 g, 2.41 mmol), pyri-
dine (5 mL), and carbon tetrachloride (5 mL) was added to a solu-
tion of iodine (2.43 g, 9.64 mmol) in pyridine (5 mL) and carbon
tetrachloride (5 mL). After stirring for 1 h at room temperature in
the dark, the mixture was diluted with Et,0 (3 x15 mL) and washed
successively with water (20 mL), 1 M HCI (5 mL), saturated Na;S,03
(20 mL), and brine (15 mL). The aqueous layer was extracted with
Et,0 and the combined organic layers were dried over anhydrous
Na,SO04. After filtration and evaporation, the residue was purified by
column chromatography on silica gel (silica gel, 20% EtOAc in
hexanes) to give ent-13A as a white solid (0.901 g, 97% yield, mp
98-100 °C), which was unstable on standing at room temperature.
TH NMR (300 MHz, CDCl3): 6 7.92 (d, J=2.7 Hz, 1H, =CH), 4.49 (d,
J=2.7 Hz,1H, CHOH), 4.24 (d, J=11.2 Hz, 1H, CHH), 3.99-3.89 (br, 1H,
OH), 3.43 (s, 3H, OCH3), 3.37 (d, J=11.2 Hz, 1H, CHH), 3.30 (s, 3H,
OCHs), 1.34 (s, 3H, CH3), 1.33 (s, 3H, CH3). >C NMR (75 MHz, CDCl5):
0 198.0 (C=0), 166.4 (CH), 104.4 (C), 101.1 (C), 99.9 (C), 75.2 (CH),
74.7 (C), 63.1 (CH>), 48.7 (CH3), 48.1 (CH3), 18.68 (CH3), 18.60 (CH3).
IR (Nujol): vmax 3388 s, 1715 s, 1631 m, 1452 m, 1115 m, 1049
m cm~ L. MS: m/z (% relative intensity): 384 (M™, 0.27), 250 (45), 141
(41), 110 (100). HRMS (ESI-TOF) calcd for Ci3H1706Nal: 406.9968;
found: 406.9969. [0.]3> —27.29 (c 0.98, CHCls).
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4.23. (2R,5R,6R,5'R)-2'-0x0-3'-phenylspirocyclopent-3'-ene-
5,6-dimethoxy-5,6-dimethyl-[1,4]dioxane (ent-14A)

A round-bottomed flask was charged with phenylboronic acid
(46 mg, 0.38 mmol), (2R,5R,6R,5'R)-ent-13A (96 mg, 0.249 mmol),
and PdCly(PPhs); (10 mg, 0.012 mmol, 5 mol %). THF (1.5 mL) was
added followed by 2 M NaCOs3 (0.7 mL, 1.8 mmol). The resulting
reaction mixture was heated at 40 °C under an argon atmosphere
overnight. The mixture was cooled to room temperature and ethyl
acetate (10 mL) was added followed by saturated NaHCO3 (20 mL)
and water (15 mL). The aqueous layer was extracted with EtOAc
(2x10 mL). The combined organic layers were washed with 0.5 N
NaOH (2x10mL), brine (2x10mL) and dried over anhydrous
Na;S0.. Filtration followed by evaporation gave the a crude prod-
uct, which was purified by column chromatography (silica gel, 25%
EtOAc in hexanes) to give (2R,5R,6R,5'R)-ent-14A as a white solid
(58.5g, 70% yield, mp 171-172°C). 'H NMR (300 MHz, CDCls):
0 7.80-7.75 (m, 2H, ArH), 7.71 (d, J=2.1 Hz, 1H, =CH), 7.38-7.30 (m,
3H, ArH), 4.87 (d, J=2.1 Hz, 1H, CHOH), 3.89 (d, J=11.1 Hz, 1H, CHH),
3.74 (d, J=11.1 Hz, 1H, CHH), 3.43 (s, 3H, OCH3), 3.31 (s, 3H, OCH3),
147 (s, 3H, CH3), 1.35 (br s, 1H, OH), 1.34 (s, 3H, CH3). °C NMR
(75 MHz, CDCl3): ¢ 198.6 (C=0), 153.4 (CH), 141.1 (C), 130.0 (C),
129.3 (CH), 128.5 (2xCH), 127.1 (2xCH), 99.5 (C), 98.0 (C), 83.2 (C),
76.3 (CH), 61.2 (CH3), 50.1 (CH3), 48.2 (CH3), 17.7 (2x CH3). IR (neat):
Vmax 3522 s, 1722 s, 1449 s, 1104 s, 1032 s, 997 s cm~ L MS: m/z (%
relative intensity): 334 (M*+1, 1), 234 (54), 142 (24), 140 (100), 114
(73). HRMS (ESI-TOF) calcd for CygHz20gNa: 357.1313; found:
387.1304. [a]3° —290.7 (c 0.15, CHCl3).

4.24. (+)-4,5-Dihydroxy-5-hydroxymethyl-2-phenyl-2-
cyclopentenone (ent-15A)

(2R,5R,6R,5'R)-ent-14A (50 mg, 0.176 mmol) was treated with
90% trifluoroacetic acid (1 mL) at 0 °C. The mixture was slowly
warmed up to room temperature for 3.5 h. The solvent was freeze-
dried overnight to give a crude product, which was purified by PLC
(silica gel, 67% EtOAc in hexanes) to give ent-15A as a white solid
(27 mg, 90% yield, mp 127-130°C). 'H NMR (300 MHz, CDCls):
6 7.73-7.71 (m, 3H, ArH and =CH), 7.43-7.39 (m, 3H, ArH), 4.83 (d,
J=2.6 Hz, 1H, CHOH), 3.91 (d, J=11.7 Hz, 1H, CHH), 3.77 (d, J=11.7 Hz,
1H, CHH), 2.40 (s, 3H, OH). 3C NMR (75 MHz, CDCl3): 6 202.7
(C=0), 151.8 (CH), 143.7 (C), 129.5 (C), 128.7 (CH), 128.0 (2xCH),
127.3 (2xCH), 1014 (C), 76.5 (CH), 65.7 (CH,). IR (Nujol): vmax 3417
m, 1704 s, 1597 m, 1571 m, 1449 m, 1038 m, 759 s, 701 m cm ™. MS:
m|z (% relative intensity): 221 (M™, 0.54), 189 (100), 115 (34), 91
(57), 77 (13). HRMS (ESI-TOF) caled for CioHq204Na: 463.1360;
found: 463.1347. [’ +23.8 (c 0.31, EtOH).

4.25. (2R,5R,6R,5'R)-5'-Hydroxy-2'-0x0-3'-phenylacetylenyl
spirocyclopent-3'-ene-5,6-dimethoxy-5,6-dimethyl-
[1,4]dioxane (ent-16Aa)

General procedure D: a mixture of (2R,5R,6R,5'R)-ent-13A
(132 mg, 0.342 mmol), phenylacetylene (0.174 mL, 1.71 mmol),
PdCly(PPh3); (12.3 mg, 0.015 mmol, 5mol%), and Cul (8.6 mg,
0.034 mmol) was treated with N,N-diisopropylamine (0.14 mL,
1.026 mmol) at 0 °C. The resulting yellow to dark-brown solution
was stirred at 0 °C for 1 h. The mixture was partitioned with Et,0
and 1 M HCI. The aqueous layer was extracted with Et,0 (3x20 mL).
The combined organic layers were washed with brine and dried
over anhydrous Na,SOg. Filtration and concentration gave the crude
reaction mixture, which was purified by column chromatography
(silica gel, 21% EtOAc in hexanes) to give ent-16Aa as a pale yellow
viscous liquid (88.8 mg, 72% yield). 'H NMR (300 MHz, CDCl3):
6757 (d,J=2.07 Hz, 1H, —=CH), 7.61-7.50 (m, 2H, ArH), 7.34-7.30 (m,
3H, ArH), 5.00 (d, J=2.07 Hz, 1H, CHOH), 4.25 (d, J=10.71 Hz, 1H,

CHH), 3.90 (d, J=10.71 Hz, 1H, CHH), 3.51 (s, 3H, OCH3), 3.44 (s, 3H,
OCH3), 1.44 (s, 3H, CHs), 1.36 (s, 3H, CH3), 1.33 (br s, 1H, OH). °C
NMR (75 MHz, CDCl3): 6 198.9 (C=0), 159.5 (CH), 132.0 (2xCH),
129.2 (CH), 128.9 (C), 128.3 (2xCH), 121.9 (C), 109.79 (C), 100.74 (C),
97.5 (C), 81.6 (C), 78.6 (CH), 60.4 (CH3), 49.4 (CH3), 48.6 (CH3), 29.6
(CH), 18.9 (CH3), 18.7 (CH3). IR (neat) vmax 3497 s, 2221 m, 1732 s,
1615 m, 1457 m, 1039 m, 755 m cm™ . MS: m/z (% relative intensity):
358 (M™, 0.3), 336 (26), 220 (100), 149 (29), 93 (34), 73 (51). HRMS
(ESI-TOF) caled for CpoH20gNa: 381.1409; found: 381.1442. [a]’
—29.87 (c 0.23, CHCl3).

4.26. (2R,5R,6R,5'R)-3'-tert-Butylacetylenyl-5'-hydroxy-
2’-oxospirocyclopentene-5,6-dimethoxy-5,6-dimethyl-
[1,4]dioxane (ent-16Ab)

According to the general procedure D as described for ent-16Aa,
the reaction of (2R,5R,6R,5'R)-ent-13A (173 mg, 0.450 mmol), tert-
butylacetylene (0.164 mL, 2.25mmol), PdCly(PPh3); (16 mg,
0.023 mmol, 5 mol %), Cul (9 mg, 0.045 mmol), and N,N-diisopro-
pylamine (0.19 mL, 1.35 mmol) provided a crude product, which
was purified by column chromatography (silica gel, 20% EtOAc in
hexanes) to give ent-16Ab as a white solid (152.8 mg, 90% yield,
139-141 °C). 'TH NMR (300 MHz, CDCl3): & 7.33 (d, J=2.5 Hz, 1H,
=CH), 4.85 (d, J=2.5 Hz, 1H, CHOH), 4.28 (d, J=10.8 Hz, 1H, -CHH),
3.77 (d, J=10.8 Hz, 1H, CHH), 3.42 (s, 3H, OCH3), 3.36 (s, 3H, OCH3),
1.60 (br s, 1H, OH), 1.35 (s, 3H, CH3), 1.27 (s, 3H, CH3), 1.23 (s, 3x3H,
CCH3). 13C NMR (75 MHz, CDCl3): 6 199.4 (C=0), 158.8 (CH), 129.3
(C), 107.5 (C), 100.7 (C), 81.6 (C), 78.5 (CH), 77.2 (C), 68.9 (C), 60.5
(CH>), 49.4 (CH3), 48.6 (CH>), 30.6 (3xCH3), 28.1 (C), 18.9 (CH3), 18.8
(CH3). IR (film): ymax 3479 m, 2222 w, 1731 5, 1455 m, 1265 5, 1114 s,
1036 s cm™ L. MS: m/z (% relative intensity): 338 (M, 0.6), 175 (100),
147 (33), 119 (24), 115 (47), 91 (60). HRMS (ESI-TOF) calcd for
C1sH2606Na: 361.1619; found: 361.1629. [a]3° —29.73 (c 0.4, CHCl3).

4.27. (+)-4,5-Dihydroxy-5-(hydroxymethyl)-2-
phenylacetylenyl-2-cyclopentenone (ent-17Aa)

(2R,5R,6R,5'R)-ent-16Aa (86 mg, 0.238 mmol) was treated with
90% trifluoroacetic acid (1 mL) at 0 °C. The mixture was slowly
warmed up to room temperature for 3.5 h. The solvent was freeze-
dried overnight to give a crude product, which was purified by PLC
(silica gel, 70% EtOAc in hexanes) to give ent-17Aa as a colorless
viscous liquid (45.5 mg, 90% yield). '"H NMR (300 MHz, acetone-dg):
6 7.65 (br s, 1H, =CH), 7.61-7.50 (m, 2H, ArH), 7.40-7.28 (m, 3H,
ArH), 4.78 (br s, 1H, CHOH), 3.90-3.0 (m, 5H, CH, and 3xOH). 3C
NMR (75 MHz, CDCl3): ¢ 205.2 (C=0), 161.9 (CH), 131.7 (C), 131.5
(2xCH), 129.4 (C), 129.1 (CH), 128.5 (2xCH), 102.6 (C), 90.9 (C), 77.0
(CH), 74.7 (C), 64.5 (CHy). IR (film): vmax 3424 s, 3019 m, 2241 m,
1730 m, 1620 m cm™ . MS: m(z (% relative intensity): 243 (M*—1,
0.9), 125 (67), 78 (100). HRMS (ESI-TOF) calcd for Ci4H1204Na:
267.0632; found: 267.0646. [«]3’ +16.0 (c 0.50, EtOH).

4.28. (+)-tert-2-Butylacetylenyl-4,5-dihydroxy-
5-(hydroxymethyl)-2-cyclopentenone (ent-17Ab)

(2R,5R,6R,5'R)-ent-16Ab (69 mg, 0.292 mmol) was treated with
90% trifluoroacetic acid (1 mL) at 0 °C. The crude product was pu-
rified by PLC (silica gel, 60% EtOAc in hexanes) to give (+)-ent-17Ab
as a white solid (23.3 mg, 97% yield, mp 98-101°C). 'H NMR
(300 MHz, acetone-dg): ¢ 7.38 (d, J=2.2 Hz, 1H, =CH), 4.89 (br, 1H,
OH), 4.64 (br, 1H, CHOH), 4.50 (br, 1H, OH), 3.62 (br, 2H, CH>), 3.58
(br, 1H, OH), 3.05 (s, 3x3H, CH3). 3C NMR (75 MHz, CDCl3): 6 203.6
(C=0), 161.6 (CH), 129.9 (C), 106.6 (C), 81.6 (C), 77.8 (CH), 70.6 (C),
76.6 (C), 65.4 (CHy), 30.5 (3xCH3). IR (Nujol): vmax 3418 s, 1714 s,
1633 s, 1465 m, 1050 s, 757 s cm ™. MS: m/z (% relative intensity):
223 (MY, 2), 167 (31), 149 (100), 125 (26), 91 (51), 81 (29). HRMS
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(ESI-TOF) caled for CioHig04Na: 247.0938; found: 247.0928. [a]E’
+21.84 (¢ 0.2, CHCls).
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Abstract: (£)-Lupinine and (1)-epilupinine have been prepared
starting from commercially available -valerolactam. The synthetic
route involves the advantages of the cyclization based on a-sulfinyl
carbanions.
Key words: (2)-lupinine, (£)-epilupinine, a-sulfinyl carbanion,
cyclization

Quinalizidine alkaloids are important class of compounds
as they are frequently encountered in a large number of
natural products. Among these compounds, the lupin al-
kaloids are of particular interest dueto their wide range of
biological activities. Lupinine and epilupinine belonging
to this class of akaloid have been isolated from the aeria
parts of plants in genus Lupinus, such as Lupinus leteus,
Lupinus albu.! growing wild in North Africa, South Eu-
rope, North America, and Australia. Their relatively sim-
ple bicyclic quinolizidine structures and the interesting
biological activities have challenged organic chemists to
find an efficient approach to the synthesis of lupinine and
epilupinine.?

We have recently developed a general route to 1-azabicy-
clo[m.n.0]a kanesincluding the quinolizidine skeleton via
cyclization based on a-sulfinyl carbanions.? It is anticipat-
ed that the use of this method would permit asimple prep-
aration of ()-lupinine (1) and (%)-epilupinine (2). As
summarized in Scheme 1, our strategy involves an in-
tramol ecular nucleophilic addition of a-sulfinyl carbanion
onto the carbonyl group of the amide moiety leading to the
key intermediate quinolizidine containing a phenylsulfi-
nyl group. The synthesis started with N-alkylation of the
readily available 5-valerolactam with 4-bromo-1-phenyl-
sulfanylbutane employing NaH in DMF at 0 °C to room
temperature to give sulfide 3 in 91% yield. Thiswas fol-
lowed by oxidation with NalO, in aqueous methanol at
0 °C to room temperature to provide the corresponding
sulfoxide 4 in 91% yield. The key cyclization step for the
construction of the quinolizidine derivative 5 was carried
out by treatment of the sulfoxide 4 with 2.2 equivalents of
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Scheme 1l Reagentsand conditions: (a) NaH, DMF, PhS(CH,),Br,
0°Ctor.t.; (b) NaO,, MeOH, H,0, 0 °C; (c) LIHMDS, THF, -78 °C
tor.t; (d) NaBH,, MeOH, 0 °C; (e) LDA (1.5 equiv), THF, —78 °C
(1 h); ethyl chloroformate (2.2 equiv), =78 °C, 2 hand r.t., 1 h; (f)
toluene, reflux; (g) H, PtO, MeOH; (h) LiAlH, Et,O; (i) Mg,
MeOH, 2 h; (j) NaOEt, EtOH, reflux, overnight; (k) LiAIH,, Et,O.
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lithium hexamethyldisilazide (LiIHMDS) in THF over-
night at —78 °C to room temperature, followed by reduc-
tion of the labile unsaturated quinolizidine 5 with NaBH,,
in methanol at 0 °C. The expected quinolizidine 6 was ob-
tained in 94% overal yield as a mixture of two diaste-
reomers, the ratio of which ratio could not be determined
by *H NMR spectroscopy. However, the major 1,8a-cis-
isomer could be obtained by fractiona crystallization
from ethyl acetate.

The formation of compound 5 resulted from the intramo-
lecular nucleophilic addition of the a-sulfinyl carbanion
derived from the sulfoxide lactam 4 onto the amide group
followed by dehydration during workup.

The key starting intermediate 8 was prepared in two steps
by carboethoxylation of the sulfinylquinolizidine 6 and
sulfoxide elimination. Thus, lithiation of the diastereo-
meric mixture of 6 with lithium diisopropylamide (LDA)*
in THF followed by treatment with ethyl chloroformate
gave compound 7, which was subjected to sulfoxide elim-
ination by refluxing in anhydrous toluene to give the re-
guired compound 8 in 48% yield after chromatographic
purification.

Having compound 8 in hand, the preparation of (+)-lupin-
ine (1) and (£)-epilupinine (2) was performed as summa-
rized in Scheme 1. Catalytic hydrogenation of unsaturated
ester 8 using PtO, as a catalyst in methanol afforded cis-
quinolizidine ester 9 in 80% yield as the sole isomer. Re-
duction of the ester group of 9 with LiAIH, in anhydrous
diethyl ether furnished (+)-lupinine (1) in 80% yield.%P
On the other hand, the reaction of 8 with Mg in methanol
under reflux provided a mixture of cis- and trans-isomers
of the corresponding mixture of methyl and ethyl ester de-
rivatives of 10. Treatment of 10 with sodium ethoxide in
refluxing ethanol was donein order to equilibrate the less
stable cis-isomer to the thermodynamically more stable
trans-isomer of the quinolizidine ester 10 and to perform
transesterification of the methyl ester into the ethyl ester
(78% yield).® Finally, (+)-epilupinine (2) was prepared in
71% yield by reduction of trans-quinoline ester 10 with
LiAIH, in diethyl ether.>

In summary, we have demonstrated a short entry to (+)-lu-
pinine (1) and (z)-epilupinine (2) starting from commer-
cidly available s-valerolactam by using the synthetic
utilities of cyclization based on a-sulfinyl carbanions.

The *H and *C NMR spectra were recorded on Bruker DPX-300
(300 MHz) spectrometer in CDCl; using tetramethylsilane asan in-
ternal standard. Melting points were recorded on a Buichi 501 Melt-
ing Point Apparatus and were uncorrected. The IR spectra were
recorded on aGX FT-IR system Perkin-Elmer IR spectrometer. The
mass spectra were recorded by using a Thermo Finnigan Polaris Q
mass spectrometer. The high-resolution mass spectrawere recorded
on HR-TOF-M S Micromass spectrometer. The elemental analyses
were performed by a Perkin-Elmer Elemental Analyzer 2400 CHN.
All glassware and syringes were oven-dried and kept in adesiccator
before use. The molarity of n-BuLi (in hexane) was determined by
titration with diphenylacetic acidin THF at 0 °C. THF was distilled
from sodium benzophenone ketyl. i-Pr,NH, hexamethyldisilazane,
and toluene were dried by distilling over CaH,. Merck silica gel
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60H and 60 PF,,s were used for column chromatography and pre-
parative TLC, respectively.

1-(4-Phenylsulfanylbutyl)piperidin-2-one (3)

To asuspension of NaH (2.42 g, 55 mmol, 55% suspension in min-
eral oil) in DMF (100 mL) was slowly added a DMF (8 mL) solu-
tion of d-valerolactam (5.0 g, 50 mmol) at O °C under argon. The
mixture was stirred for 1 h until the generation of H, ceased, and 1-
bromo-4-phenylsulfanylbutane (1.594 g, 55 mmol) was then added.
After stirring the mixture overnight (15 h) at 0 °C to r.t., it was
quenched with H,O (2 x 50 mL) and extracted with EtOAc (4 x 100
mL). The combined organic layers were washed with H,O (2 x 50
mL) and brine (50 mL), and dried (Na&,SO,). Filtration followed by
evaporation in vacuo afforded aresidue, which was purified by col-
umn chromatography (SiO,, 80% in hexanes) to give 3asapaeyel-
low liquid; yield: 12.09 g (91%).

IR (neat): 1638, 1584, 1494, 1481, 1466, 1353, 1300, 741, 692 cm™.

IH NMR (300 MHz, CDCly): § = 7.26-7.17 and 7.10-7.06 (2 m, 5
H), 3.28 (t, J= 6.8 Hz, 2 H), 3.15 (br s, 2 H), 2.87 (t, J= 6.5 Hz, 2
H,), 2.27 (br s, 2 H, CH,CON), 1.67-1.58 (m, 8 H).

13C NMR (75 MHz, CDCl): § = 169.6 (C=0), 136.3 (C), 129.0 (2
CH), 128.7 (2CH), 125.7 (CH), 47.6 (CH,), 46.2 (CH.,), 33.2 (CH.,),
32.2 (CH,), 26.2 (CH,), 25.9 (CH,), 23.1 (CH,), 21.2 (CH,).

MS: miz (%) = 264 (M* + 1), 154 (100), 112 (77), 84 (71), 56 (18).

Anal. Calcd for C;sH,,NOS: C, 68.63; H, 8.04; N, 5.32. Found: C,
68.33; H, 8.22; N, 5.02.

1-(4-Phenylsulfinylbutyl)piperidin-2-one (4)

A solution of 3 (6.32 g, 24 mmol) in MeOH (15 mL) was slowly
added to acooled (0 °C) suspension of NalO, (5.6487 g, 26 mmol)
in MeOH (58 mL) and H,O (14 mL). The mixture was stirred vig-
orously and dowly warmed up overnight (16 h) from0°Ctor.t. The
precipitate of NalO; was filtered and washed with EtOAc (4 x 70
mL). The combined extracts were washed with H,O (2 x 25 mL)
and brine (25 mL ), and dried (Na,SO,). Filtration followed by evap-
orationinvacuo gave aresidue, which was purified by column chro-
matography (SO,, 100% EtOAc to 2% MeOH in EtOAc) to
provide 4 as a colorless viscous liquid; yield: 6.073 g (91%).

IR (neat): 1634, 1496, 1467, 1444, 1044, 753, 694 cm ™.

IH NMR (300 MHz, CDCly): § = 7.52-7.48 and 7.42-7.38 (2 m, 5
H), 3.2 (appt, J = 5.9 Hz, 2 H), 3.12 (br s, 2 H), 2.74 (q, J = 8.8 Hz,
2H), 2.20 (br s, 2 H), 1.67-1.58 (m, 8 H).

13C NMR (75 MHz, CDCl,): § = 169.4 (C=0), 143.2 (C), 130.6
(CH), 128.8 (2 CH), 123.6 (2 CH), 55.9 (CH,), 44.4 (CH,), 45.4
(CH,), 31.8 (CH,), 25.5 (CH,), 22.8 (CH.,), 20.9 (CH,), 18.9 (CH,).

MS: m/z (%) = 279 (M*, 2), 262 (78), 165 (47), 154 (86), 112 (69),
84 (100), 56 (44).

HRMS (ESI-TOF): m/z calcd for CysH,,NO,S: 279.1298; found:
279.1291.

1-Benzenesulfinyloctahydroquinolizidine (6)

n-BuLi (1.35 M in hexane; 52.93 mL, 71.45 mmol) was added to a
cooled (—78 °C) THF (292 mL) solution of hexamethyldisilazane
(HMDS) (1 mL, 4.8 mmol) under argon. After stirring at —78 °C for
40 min, aTHF (64 mL) solution of 4 (9.061 g, 32 mmol) was added
dropwise. The resulting mixture was allowed to stir and slowly
warmed up overnight (15 h) from —78 °C tor.t. Theresulting yellow
solution was quenched with H,O (100 mL) and extracted with
EtOAC (4 x 100 mL). The combined organic layers were washed
with H,O (2 x 50 mL) and brine (50 mL) and dried (N&,SO,). Fil-
tration followed by evaporation in vacuo to dryness afforded avis-
cous yelow liquid of crude 9-benzenesulfinyl-1,3,4,6,7,8-
hexahydro-2H-quinolizine (5; yield: 8.22 g, 31 mmol), which was
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directly subjected to reduction by using NaBH, asfollows. To aso-
lution of the crude product 5 in MeOH (160 mL) at 3-5 °C under
argon, was added NaBH,, (7.614 g, 201 mmol) in a small portion
over 4 h. The mixture was stirred for 1 h at the same temperature,
diluted with ag 1 N NaOH (100 mL) and extracted with EtOAc (3 x
100 mL). The combined extracts were washed with H,O (2 x 50
mL) and brine (50 mL), and dried (N&a,SO,). Filtration followed by
evaporation in vacuo gave aresidue, which was purified by column
chromatography (SiO,, 2% MeOH in EtOAc containing 0.15%
NH,OH) to afford a white semi-solid of 6 as a mixture of two dia
stereomers; yield: 8.034 g (94%). The major diastereomer could be
obtained by fractional crystalization from EtOAc to give 1,9-Cis-6
as a white solid; mp 112113 °C). The minor diastereomer could
not be separated.

IR (Nujol): 2749, 1463, 1446, 1302, 1084, 1034, 752, 690 cm2.

H NMR (300 MHz, CDCl,): § = 7.66-7.63 and 7.53-7.43 (2 m, 5
H), 3.01(m, 2H), 2.73(t, J = 40 Hz, 1 H), 2.41 (appd, J = 11.9 Hz,
1 H), 2.30-2.18 (m, 2 H), 2.20-2.10 (m, 1 H), 2.14-2.06 (M, 1 H),
2.06-1.93 (M, 1 H), 1.89-1.80 (m, 1 H), 1.79-1.63 (m, 1 H), 1.55—
1.46 (m, 3 H), 1.49-1.40 (m, 1 H), 1.38-1.27 (m, 1 H).

13C NMR (75 MHz, CDCl,): § = 145.9 (C), 130.5 (CH), 129.0 (2
CH), 124.7 (2 CH), 66.3 (CH), 62.9 (CH), 56.8 (CH,), 54.4 (CH.,),
28.5 (CH,), 24.9 (CH,), 23.9 (CH,), 22.9 (CH,), 21.9 (CH,).

MS: Mz (%) = 264 (M* + 1, 8), 246 (100), 136 (93), 110 (30).

Anal. Calcd for C;5H,,NOS: C, 68.04; H, 8.04; N, 5.32. Found: C,
68.26; H, 8.15; N, 5.67.

3,6,7,8,9,9a-Hexahydr o-4H-quinolizine-1-car boxylic Acid

Ethyl Ester (8)

A solution of 6 (3.95 g, 15 mmol) in THF (30 mL) was added drop-
wise at —78 °C to a THF solution of LDA [prepared by reacting i-
ProNH (3.50 mL, 24.75 mmol) in THF (90 mL) with n-BuLi (1.35
M in hexane, 16.7 mL. 22.5 mmol) at —78 °C for 30 min ] under ar-
gon. After stirring for 30 min, ethyl chloroformate (3.15 mL, 33
mmol) was added dropwise. The resulting mixture was stirred at
—78°Cfor2handat r.t. for 1 h. It was quenched with H,O (50 mL)
and extracted with EtOAc (4 x 50 mL). The combined organic lay-
ers were washed with H,O (50 mL) and brine (50 mL) and dried
(N&a,SO,). The organic phase was concentrated to give ayellow vis-
cous liquid of the crude product 1-benzenesulfinyl octahydroquino-
lizine-1-carboxylic acid ethyl ester (7), which was directly
subjected to sulfoxide elimination by refluxing in toluene as fol-
lows. A solution of the crude product 7 (3.954 g, 12 mmol) in anhyd
toluene (140 mL) in the presence of CaCO; (0.5 g) wasstirred at re-
flux under argon for 16 h. The mixture was filtered and the filtrate
was evaporated to drynessto give a crude product, which was puri-
fied by column chromatography (SiO,, 80% EtOAc in hexanes) to
provide 8% asayellow liquid; yield: 1.52 g (48%).

IR (neat): 1714, 1466, 1255, 1173, 1097, 1051 cm ™.

H NMR (300 MHz, CDCl.): § = 6.78-6.76 (m, 1 H), 4.19-1.03 (m,
2 H), 2.98-2.94 (m, 1 H), 2.89-2.84 (m, 1 H), 2.78-2.73 (m, 1 H),
2.48-2.33 (m, 1 H), 2.46-2.33 (m, 1 H), 2.17-2.11 (m, 1 H), 2.11—
2.05 (m, 1 H), 2.02-2.01 (m, 1 H), 1.76-1.71 (m, 1 H), 1.64-1.45
(m, 2 H), 1.45-1.31 (m, 1 H,), 1.21 (t, J= 7.1 Hz, 3 H), 1.20-1.06
(m, 1 H).

13C NMR (75 MHz, CDCl,): § = 166.4 (C=0), 136.7 (CH), 133.8
(C), 60.2 (CH), 59.9 (CH,), 55.9 (CH,), 48.8 (CH,), 28.5 (CH.,),
26.3 (CH,), 24.9 (CH,), 24.4 (CH,), 14.1 (CH,).

MS: m/z(%) = 210 (M* + 1, 100), 209 (M*, 39), 180 (94), 137 (53),
136 (40), 124 (47).

These spectroscopic dataarein agreement with those reportedin the
literature.

Ethyl (1R*,9aR*)-Octahydro-2H-quinolizine-1-car boxylate (9)
Toasolution of 8 (70 mg, 0.364 mmal) in anhyd MeOH (2 mL) was
added PO, (8.25 mg, 0.0364 mmol). The reaction flask was con-
nected viaatwo-way tap connected to a balloon of H, at atmospher-
ic pressure and a vacuum pump. It was evacuated and flushed with
H, severa timestoremovetheair. Thenit was stirred for 16 hwhile
maintai ning an atmosphere of H, at aslight positive pressure. At the
end of thistime, the H, was disconnected and the reaction flask was
flushed with N,. The catalyst was removed by filtration, followed
by evaporation in vacuo to provide aresidue, which was purified by
TLC (SIO,, 0.15% NH,OH in EtOAC) to give 9 asapaeyellow lig-
uid; yield: 61 mg (80%).

IR (neat): 1733, 1444, 1373, 1318, 1146, 1035 cm™.

IH NMR (300 MHz, CDCl.): § = 4.11 (m, 2 H, OCH,), 2.87-2.84
(m, 2H), 2.05 (t, J= 4.1 Hz, 1 H), 2.15-1.93 (m, 4 H), 1.90-1.80
(m, 1H), 1.75-1.65 (m, 1 H), 1.65-1.40 (m, 6 H), 1.30-1.15 (m, 1
H), 1.18 (t, J = 7.0 Hz, 3H, CH.,).

13C NMR (75 MHz, CDCl,): § = 173.4 (C=0), 62.6 (CH), 59.8
(CH,), 56.9 (CH,), 54.6 (CH,), 44.4 (CH), 28.5 (CH,), 26.1 (CH.,),
24.8 (CH,), 24.2 (CH,), 22.1 (CH,), 14.2 (CH,).

MS: Mz (%) = 211 (M*, 14), 182 (60), 137 (100), 110 (57), 98 (40),
82 (39).

These spectroscopic dataarein agreement with those reported inthe
literature.50

1R* ,9aR*)-Octahydr o-2H-quinalizine-1-ylmethanol [(+)-L upi-
nine (1)]

A solution of 9a (83 mg, 0.393 mmol) in anhyd Et,O (3 mL) was
added to a stirred suspension of LiAIH, (33 mg, 0.865 mmol) in an-
hyd Et,O (2 mL) at 0 °C under argon. The resulting mixture was re-
fluxed for 4 h, cooled to 0 °C, and quenched by sequentia addition
of EtOAc (5 mL) and H,O (0.5 mL). The mixture was filtered
through Celite. The filtrate was evaporated to give a crude product,
which was purified by TLC on silica gel (SiO,, 0.15% NH,OH in
EtOAcC) to give (x)-lupinine (1) asapale yellow solid; yield: 49 mg
(74% yield); mp 55-56 °C (EtOAC) (Lit.>* mp 55-57 °C).

IR (neat): 3391, 1468, 1445, 1351, 1296, 1067 cm™.

IH NMR (300 MHz, CDCl,): § = 4.12 (br s, 1 H, OH), 4.07 (d,
J=7.0Hz, 1 H), 3.63 (d, J=10.8 Hz, 1 H), 2.81-2.74 (m, 2 H),
2.12-1.64 (M, 7 H), 1.60-1.45 (m, 6 H), 1.30-1.25 (m, 1 H).

13C NMR (75 MHz, CDCly): & = 65.6 (CH,), 64.9 (CH), 56.9 (2
CH,), 38.2 (CH), 30.9 (CH), 29.4 (CH,), 25.3 (CH,), 24.5 (CH,),
22.8 (CH,).

MS: miz (%) = 169 (M*, 42), 168 (89), 152 (94), 138 (82), 110 (61),
98 (100), 83 (50).

These spectroscopic dataarein agreement with those reported inthe
literature.”

Ethyl (1R*,9aS*)-Octahydro-2H-quinolizine-1-car boxylate
(10)6a,b

A solution of 8 (1.033 g, 0.48 mmol) in MeOH (5 mL) and Mg turn-
ings (0.12 g, 4.80 mmol) were stirred and refluxed under argon for
3h, then cooled tor.t. and diluted with H,O (50 mL). The white pre-
cipitate wasfiltered and washed with EtOAc (4 x 50 mL). The com-
bined organic layers were washed with H,O (2 x 25 mL) and brine
(25 mL), and dried (N&,SO,). The organic phase was concentrated
to give apale yellow viscous liquid of a crude product containing a
mixture of ethyl and methyl octahydro-2H-quinolizine-1-ylmeth-
anol (90.1 mg), which was directly subjected to epimerization and
transesterification by using in NaOEt in EtOH as follows. A solu-
tion of the crude product in EtOH (2 mL) at r.t. under argon was
added to a NaOEt solution in EtOH [2 mL, prepared by reacting Na
(40 mg, 1.74 mmol) with EtOH (2 mL)]. The mixture was stirred
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under reflux overnight (16 h). After cooling the mixture to r.t., it
was diluted with H,O (10 mL) and extracted with EtOAc (3 x 20
mL). The combined organic layers were washed with H,O (15 mL)
and brine (15 mL) and dried (N&,SO,). The organic phase was con-
centrated to give a pale yellow viscous liquid of the crude product,
which was purified by TLC on silica gel (SiO,, 0.15% NH,OH in
EtOAC) to give 10 as apale yellow liquid of; yield: 79 mg (78%).

IR (neat): 1733, 1445, 1259, 1172, 1131, 1035 cm™.

IH NMR (300 MHz, CDCl.): § = 4.07 (g, J = 7.1 Hz, 2 H), 2.75 (,
J=113 Hz, 2 H), 2.24-2.16 (m, 1 H), 2.07-1.92 (m, 3 H), 1.88—
1.83 (M, 1 H), 1.64-1.37 (m, 7 H), 1.28-1.13 (m, 2 H), 1.19 (t,
J=7.2Hz, 3H, CH,).

13C NMR (75 MHz, CDCl,): & = 174.8 (C=0), 63.5 (CH), 60.2
(CH,), 56.6 (CHy), 55.9 (CH,), 49.3 (CH), 30.7 (CH,), 28.6 (CH.,),
25.6 (CH,), 24.4 (CH,), 24.2 (CH,), 14.2 (CH,).

MS: Mz (%) = 211 (M*, 20), 182 (100), 178 (31), 138 (69), 110
(62), 96 (60), 83 (43).

These spectroscopic dataarein agreement with those reportedin the
literature.®*P

(1R*,9aS*)-Octahydro-2H-quinalizine-1-ylmethanol [(x)-Epi-
lupinine (2)]

As described for (1)-lupinine (1), a solution of 10 (80 mg, 0.38
mmol) in anhyd Et,O (3 mL) was added to a stirred suspension of
LiAlH, (32 mg, 0.83 mmoal) in anhyd Et,O (2mL) at 0 °C under ar-
gon to give (x)-epilupinine (2) as a colorless solid; yield. 45 mg
(71%); mp 80-81 °C (Lit.”2mp 79-80 °C.

IR (neat): 3347, 1466, 1358, 1296, 1113, 1067 cm ™.

!H NMR (300 MHz, CDCl,): § = 3.56 (dg, J=15.7, 3.2 Hz, 2 H),

2.77 (t, 3= 11.9 Hz, 2 H), 2.03-1.44 (m, 3 H), 1.86-1.55 (m, 8 H),
1.45-1.35 (m, 1 H), 1.30-1.10 (m, 2 H).

13C NMR (75 MHz, CDCl,): § = 64.3 (CH), 64.1 (CH,), 56.5 (CH.,),
56.1 (CH,), 43.1 (CH), 28.9 (CH,), 27.7 (CH,), 24.8 (CH,), 24.2
(CH,), 24.1 (CH,).

MS: m/z (%) = 169 (M*, 44), 168 (93), 152 (91), 138 (84), 124 (68),
110 (64), 96 (100), 82 (83).

These spectroscopic dataarein agreement with those reportedin the
literature.”
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Abstract

A general synthetic strategy for the preparation of pyrrolidines, piperidines and their unsaturated
analogs is described, which involves intramolecular cyclization of a-sulfinyl carbanions onto the
carbonyl group of the readily prepared N-phenylsulfinylpropyl- or N-phenylsulfinylbutylamides,
followed by reductive desulfurization or sulfoxide elimination of the resulting cyclized products.

Keywords: a-Sulfinyl carbanion, pyrrolidines, piperidines, intramolecular cyclization

Introduction

N-Heterocycles occur in many interesting classes of compounds, for example, naturally
occurring substances, pharmaceuticals, polymers, electronic materials, and sensors. In particular,
pyrrolidine and piperidine derivatives are present in a large number of physiologically interesting
natural products. As a result, a considerable number of synthetic approaches to pyrrolidines and
piperidines have been reviewed? and the search for alternative, general, and convenient
procedures for their synthesis is still desirable. As part of our research program on the synthetic
utility of cyclization based on a-sulfinyl carbanions for the preparation of 1-azabicyclic
compounds,®® we report a general route for the preparation of pyrrolidines and piperidines
starting from simple amides.

Results and Discussion

The pyrrolidine and piperidine derivatives 5-6 were prepared according to the synthetic analysis
outlined in Scheme 1, which involves N-alkylation of secondary amides with 1-bromo-3-
phenylsulfanylpropane or 1-bromo-4-phenylsulfanylbutane, and oxidation of the resulting
adducts to the corresponding sulfoxides followed by a-sulfinyl carbanions- mediated cyclization,
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and reduction. The synthetic utility of our syntheses was further demonstrated by preparing
substituted pyrrolidines or piperidines 7, 8 as well as their unsaturated analogs 9, 10.

©)p, e 7
I
SPh SPh Phsﬁ?
©
0
NaH, DMF JOJ\ ) 2.2 equiv LIHMDS, THF O) H,0 \HO
Rl NH , 1PN A Jy 22 equivLi , RlJ\N )n bl R )n
Rz PNSCH,CHa(CH)Br Flez 789 ot ' REN
n=1,2 R R
1 2,m=0;n=1,2 B _
>NaIO4
3 m=1;n=1,2
Hzol

) o] o]
R2 ‘% PhS” PhS”
n= NaBH4
n= ) - / )
1 n
)

7,n=1
8.n=2
RN /n MeOH RN
I
— 2
[ é) PhCHa, reflux R R2
RSN /n 5n=1 4
Flzz 6.n=2
9,n=1
10.n=2

Scheme 1. Synthetic pathway.

The required starting sulfoxides 3 (n = 1 or 2) were prepared in good yields by treatment of
the secondary amides 1 with 1-bromo-3-phenylsulfanylpropane or 1-bromo-4-
phenylsulfanylbutane, using NaH as a base in N,N-dimethylformamide (DMF) at 0 °C followed
by oxidation of the resulting sulfides 2 with NalO, in aqueous methanol at 0 °C to room
temperature overnight. The results are summarized in Table 1.

Having the starting sulfoxides in hand, we explored the intramolecular cyclization,
exploiting compound 3a as a model substrate. In preliminary experiments, treatment of the
sulfoxide 3a with 1.0 or 1.2 equivalents of lithium hexamethyldisilazide (LiIHMDS) in THF at —
78 °C followed by slowly warming to room temperature overnight (12-16 h) led to a low yield of
the expected cyclized product 4a. The starting sulfoxide 3a still remained, as revealed by thin-
layer chromatography and *H NMR analyses of the crude product. It is worth mentioning that the
obtained cyclized product 4a decomposed slowly upon standing, or purification on silica gel. To
circumvent the decomposition problem, the crude material after the cyclization step was
immediately subjected to reduction, employing NaBH, in methanol. A good yield (66%) of
phenylsulfinylpyrrolidine 5a was obtained when 2.0-2.2 equivalents of LIHMDS were employed
for the cyclization step, followed by reduction of the initial cyclized product 4a with NaBH, in
methanol at room temperature. By performing the sequential cyclization and reduction reaction
under the same reaction conditions as for 5a, the phenylsulfinylpyrrolidines 5b—d and
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piperidines 6a and b were prepared in moderate to good yields from the corresponding starting
sulfoxides 3b—d and 3e—f, respectively, as summarized in Table 1.

Table 1. Pyrrolidine and piperidine derivatives prepared by this methodology

Entry Amide Rl R? Product )gieldsb(%)a

1 2 n 3 5" or 6 7o0r8 9o0r10
1 la Ph  Ph 2a,84 1 3a,90 ba, 66 7a,68 9a, 65
2 1b Me Ph 2b,88 1 3b,92 5b, 50 7b,60 °©
3 1c n-Pr Ph 2c, 80 1 3c, 90 5¢c, 57 7c, 62 ¢
4 1d Ph  Bn 2d,57 1 3d,91 5d, 58 ¢ 9d, 65
5 la Ph  Ph 2,82 2 36,90 6a,72 8a,61 10a, 76
6 1b Me Ph 2f, 85 2 3f, 90 6b, 56 8b,70  10b, 72

% 1solated yields. ® Obtained as mixtures of diastereomers. ¢ Not performed.

It is worth noting that the phenylsulfinylpyrrolidines 5a—d and phenylsulfinylpiperidines
6a—b, in all cases, were obtained as a mixture of diastereomers. A maximum of four
diastereoisomer was expected from those possess three chiral centers and their stereochemical
outcomes can be explained as shown in Scheme 2. It was believed that the iminium ions A
readily formed under protic conditions. Subsequent reduction by sodium borohydride gave 5a—d
and 6a-b. Since the hydride anion can access the iminium ion from both the top- and the bottom-
face of the iminium ions, this resulted in the formation of diastereomeric products of 5 and 6.

H H
N—R
PhOS

Top-face Rl
:/(\) MeOH H n
phos——NTR? ——— =N—R®  NaBH,
1 PhOS 1
R R H R! )
4n=1,2 A _@\N”_Rz
Bottom-face
PhOS
H
5o0r6

Scheme 2. Formation of compounds 5a—d and 6a-b.

Having established the efficient access to pyrrolidine and piperidine core units, we
envisioned that the presence of the phenylsulfinyl group in compounds 5 and 6 makes them
useful for further synthetic manipulation. The preparation of pyrrolidines 7 and piperidines 8 as
well as their unsaturated analogs 9 and 10 from compounds 5 and 6 were demonstrated. Thus,
reductive cleavage of the phenylsulfinyl group of 5a was carried out by treatment with an excess
of nickel boride (Ni,B)® in methanol at 3-5 °C, affording pyrrolidine 7a in 68% yield (Table 1,
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entry 1). Similarly, reductive desulfurization of 5b—c and 6a-b gave the corresponding
pyrrolidines 7b—c and piperidines 8a—b in 60-70% yields as summarized in Table 1 (entries 2-3
and 5-6).

It was observed that further reductive cleavage of the carbon-nitrogen bond of pyrrolidines
7b and 7c occurred to give the corresponding ring—opening products N-pentylaniline 11a and N-
heptylaniline 11b in 14 and 15% yields, respectively. The formation of both compounds arose
presumably by the hydrogenolysis of the initially formed 7b and 7c via a mechanism as proposed
in Scheme 3.

MeOH 1/ >

Rl/Q R\_/Q R1 '
Q) or HZO
5 S o™
+e'l

7b, Rt =Me
7c,R1=nPr

R AN MeOH RO

—_ |
11a, R =Me

11b, R =n-Pr

Scheme 3. Plausible mechanism for the formation of 1la or 11b from the corresponding
compounds 7b or 7c.

Finally, the pyrrolidines 5a, 5d and piperidines 6a—b were subjected to sulfoxide elimination
conditions (toluene, reflux), leading to the corresponding unsaturated derivatives 9a, 9b and
10a—b in 65-76% yields as shown in Table 1 (entries 1, 4, 5 and 6).

Conclusions

Cyclization based on a-sulfinyl carbanions is shown to be a useful, general strategy for the
preparation of substituted pyrrolidines and piperidines, and their unsaturated analogs, starting
from simple amides.

Experimental Section

General. *H NMR and *C NMR were recorded on a Bruker DPX-300 or a Bruker DPX-500
spectrometer. IR spectra were recorded either with a Jasco A-302 or a Perkin Elmer 683 Infrared
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spectrometer. Mass spectra were performed on a Thermo Finnigan Polaris Q mass spectrometer.
High resolution MS were obtained from either HR-TOF-MS Micromass model VQ-TOF2 or
Finnigan MAT 95 mass spectrometer. Microanalyses were performed with a Perkin—-Elmer
Elemental Analyzer 2400 CHN. Melting points were determined on a Buchi 501 Melting Point
Apparatus and were uncorrected. Tetrahydrofuran (THF) was freshly distilled from sodium-
benzophenone ketyl. The molarity of n-BuLi (in hexane) was determined by titration with
diphenylacetic acid in THF at 0 °C. The reactions dealing with anions were carried out under an
argon atmosphere. Preparative plates were performed using Merck silica gel 60 PF;s4. Column
chromatography was performed on Merck silica gel 60 H. Radial chromatography on a
Chromatotron was performed with Merck silica gel 60 PFys4.

Sulfide 2. General procedure

To a suspension of NaH (1.1 equiv.) in DMF (~0.37 M) at 0 °C, was added a solution of amide
(1 equiv.) in DMF (~1 M) under an argon atmosphere. The reaction mixture was stirred for 1 h
until the generation of hydrogen ceased. To this mixture, was added a solution of 1-bromo-3-
phenylsulfanylpropane (1.1 equiv.) in DMF (~2.75 M). After the reaction mixture was stirred at
0 °C to room temperature overnight (15 h), it was quenched with water and extracted with EtOAc
(3 x 100 mL). The combined organic layers were washed with H,O, brine, dried (anhydrous
Na,SO;), and filtered. Removal of solvent gave a residue, which was further purified by column
chromatography (silica gel) to furnish the analytically pure product.
N-Phenyl-N-(3-phenylsulfanylpropyl)benzamide (2a). Prepared from N-phenylbenzamide
(1.97 g, 10 mmol) and 1-bromo-3-phenylsulfanylpropane (2.7052 g, 11 mmol). Column
chromatography (10% EtOAc-hexanes) gave 2a (2.9079 g, 84%:; colorless liquid). *H NMR
(300 MHz, CDCls): 6 7.36—-7.14 (m, 13H, ArH), 7.02 (app. d, J = 7.6 Hz, 2H, ArH), 4.12 (t, J =
7.4 Hz, 2H, NCHy), 3.02 (t, J = 7.4 Hz, 2H, CH,S), 2.04 (quintet, J = 7.4 Hz, 2H, NCH,CH,).
3¢ NMR (75 MHz, CDCls): & 171.14 (C=0), 143.91 (C), 136.74 (C), 136.68 (C), 130.3 (2 x
CH), 130.2 (CH), 129.8 (2 x CH), 129.5 (2 x CH), 129.3 (2 x CH), 128.3 (4 x CH), 127.3 (CH),
126.8 (CH), 49.9 (CH,), 32.2 (CH,), 28.0 (CH,). IR (neat) vmad/cm™: 1642, 1595, 1579, 1493,
739, 699. MS: m/z (% relative intensity): 347 (M", 6), 238 (100), 210 (8), 106 (15), 105 (73), 77
(34). HRMS (ESI-TOF): m/z [M"] Calcd for C»,H»:NOS: 347.1344. Found: 347.1335.
N-Phenyl-N-(3-phenylsulfanylpropyl)acetamide (2b). Prepared employing N-phenylacetamide
(4.0551 g, 30 mmol and 1-bromo-3-phenylsulfanylpropane (7.6283 g, 33 mmol). Column
chromatography (10% EtOAc-hexanes) gave 2b (7.5079 g, 88%:; pale yellow liquid). *H NMR
(300 MHz, CDCl3): 8 7.46-7.01(m, 10H, ArH), 3.82 (t, J = 7.3 Hz, 2H, NCH,), 2.90 (t, J = 7.4
Hz, 2H, CH,S), 1.90-1.71 (m, 2H, NCH,CH,), 1.81 (s, 3H, CHs). **C NMR (75 MHz, CDCls): &
170.9 (C=0), 142.4 (C), 135.9 (C), 129.8 (2 x CH), 129.8 (2 x CH), 128.8 (2 x CH), 128.1 (CH),
127.8 (2 x CH), 126.1 (CH), 48.3 (CH,), 31.4 (CH,), 27.3 (CH,), 22.5 (CH5). IR (neat) vma/cm™:
1656, 1595, 1496, 1397, 741, 701. MS: m/z (% relative intensity): 286 (M+H", 7), 285 (M", 2),
176 (100), 134 (33), 106 (46), 79 (6), 77 (10). Anal. Calcd for C1;H19NOS: C, 71.54; H, 6.71; N,
4.91. Found: C, 71.34; H, 6.66; N, 4.66.
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N-Phenyl-N-(3-phenylsulfanylpropyl)butyramide (2c). Prepared from N-phenylbutyramide
(3.5401 g, 20 mmol) and 1-bromo-3-phenylsulfanylpropane (5.082 g, 22 mmol). Column
chromatography (10% EtOAc-hexanes) gave 2c (4.9587g, 80%; pale yellow liquid). *H NMR
(300 MHz, CDCls): § 7.50-7.05 (m, 10H, ArH), 3.83 (t, J = 7.3 Hz, 2H, NCH,), 2.93 (t, J = 7.3
Hz, 2H, CH,S), 2.11-1.91 (m, 2H, CH,CH,CH,), 1.91-1.75 (m, 2H, CH,CO), 1.70-1.50 (m, 2H,
CH3CH,), 0.83 (m, 3H, CHs). *C NMR (75 MHz, CDCls): 6 172.9 (C=0), 142.5 (C), 136.1 (C),
129.7 (3 x CH), 129.5 (CH), 128.8 (2 x CH), 128.2 (2 x CH), 127.8 (CH), 126.1 (CH), 48.2
(CHy), 36.2 (CHy), 31.4 (CHy), 27.5 (CH,), 18.8 (CH,), 13.8 (CHs). IR (neat) vmad/cm™: 1655,
1595, 1495, 740, 701. MS: m/z (% relative intensity): 314 (M*+1, 19), 313 (M", 3), 205 (16), 204
(100), 134 (28), 106 (48), 77 (10). HRMS (ESI-TOF): m/z [M+Na']. Calcd for C1sH23sNOSNa:
336.1398. Found: 336.1395.

N-Benzyl-N-(3-phenylsulfanylpropyl)benzamide (2d). Prepared from N-benzylbenzamide
(455 g, 20 mmol) and 1-bromo-3-phenylsulfanylpropane (5.082 g, 22 mmol. Column
chromatography (40% EtOAc—hexanes) gave 2d (4.1154 g, 57%; colorless liquid) as a mixture
of two rotamers. *H NMR (300 MHz, CDCls): & 7.52-7.00 (m, 15H, ArH), 4.75 and 4.49 (each
br. peak, 2H, NCH,Ph), 3.55 and 3.26 (each br. peak, 2H, NCH,CH,), 2.94 and 2.63 (each br.
peak, 2H, CH,CH,S), 2.13 and 1.78 (each br. peak, 2H, CH,CH,CH,). *C NMR (75 MHz,
CDCls): 172.8 (C=0), 137.02 (3 x C), 130.2 (2 x CH), 129.6 (2 x CH), 129.4 (CH), 129.2 (2 x
CH), 128.8 (CH), 128.3 (2 x CH), 127.6 (CH), 127.2 (2 x CH), 126.8 (CH). All CH, peaks split
into two peaks due to rotamers: 53.6 (CH,), 48.2 (CH,), 47.8 (CH,), 44.5 (CH,), 32.0 (CH,),
31.5 (CHy), 28.2 (CHy), 27.3 (CHy). IR (neat) vma/cm™: 1634, 1578, 1496, 738, 700. MS: m/z (%
relative intensity): 361 (M", 3), 256 (74), 252 (98), 224 (9), 151 (8), 105 (100), 77 (35). HRMS
(ESI-TOF): m/z [M+H"] Calcd for C,3H24NOS: 362.1579. Found: 362.1574.
N-Phenyl-N-(4-phenylsulfanylbutyl)benzamide (2e). Prepared from N-phenylbenzamide
(5.872 g, 30 mmol) and 1-bromo-4-phenylsulfanylbutane (8.085 g, 33 mmol). Column
chromatography (40% EtOAc-hexanes) gave 2e (8.6640 g, 82%:; colorless liquid). *H NMR (300
MHz, CDCl3): 6 7.33-7.08 (m, 13H, ArH), 7.01-6.93 (m, 2H, ArH), 3.92 (t, J = 7.0 Hz, 2H,
NCH2CHy), 2.92 (t, J = 6.8 Hz, 2H, CH,CH,S), 1.83-1.64 (m, 4H, CH,CH,). *C NMR (75
MHz, CDClg): 6 171.1 (C=0), 143.9 (C), 137.1 (C), 136.8 (C), 130.1 (CH), 129.9 (2 x CH),
129.8 (2 x CH), 129.5 (2 x CH), 129.3 (2 x CH), 128.4 (2 x CH), 128.3 (2 x CH), 127.3 (CH),
126.5 (CH), 50.3 (CH,), 33.9 (CH,), 27.5 (CH,), 27.2 (CH,). IR (neat) vmad/cm™: 1643, 1595,
1493, 739, 699. MS: m/z (% relative intensity): 361 (M", 2), 197 (14), 146 (8), 105 (100), 77
(33). HRMS (ESI-TOF): m/z [M+Na'] Calcd for C,3H23sNOSNa: 384.1399; Found: 384.1398.
N-Phenyl-N-(4-phenylsulfanylbutyl)acetamide (2f). Prepared employing N-phenylacetamide
(4.0551 g, 30 mmol) and 1-bromo-4-phenylsulfanylbutane (8.0850 g, 33 mmol). Column
chromatography (40% EtOAc-hexanes) gave 2f (7.5264 g, 85%; colorless liquid). *H NMR (300
MHz, CDCls): § 7.45-7.21 (m, 7H, ArH), 7.20-7.07 (m, 3H, ArH), 3.70 (br. t, J = 6.7 Hz, 2H,
NCH,CH,), 2.91 (br. t, J = 6.7 Hz, 2H, CH,CH,S), 1.80 (s, 3H, CHs), 1.70-1.55 (m, 4H,
CH3CH,). *C NMR (75 MHz, CDCls): § 170.3 (C=0), 142.8 (C), 136.4 (C), 129.7 (2 x CH),
129.1 (2 x CH), 128.8 (2 x CH), 128.01 (2 x CH), 127.8 (CH), 125.8 (CH), 48.2 (CH,), 33.2
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(CH,), 26.8 (CH,), 26.3 (CH,), 22.7 (CHs). IR (neat) vmad/cm™: 1658, 1595, 1496, 1481, 1439,
1301, 740, 701. MS: m/z (% relative intensity): 299 (M, 2), 191 (13), 190 (92), 148 (21), 135
(9), 123 (7), 106 (100), 93 (16), 79 (6), 77 (10). Anal. Calcd for C1gH,1NOS: C, 72.20; H, 7.07;
N,4.68. Found: C, 72.28; H, 7.02; N, 4.46.

Sulfoxide 3. General procedure

To a suspension of NalO4 (1.1 equiv) in 2:1 of MeOH : H,O (~0.5 M) at 0 °C, was slowly added
a solution of 2 (1 equiv) in MeOH (~0.67 M). The resulting mixture was stirred vigorously and
slowly warmed up from 0 °C to room temperature overnight. The precipitates of NalO3; were
filtered and washed with EtOAc (3 x 50 mL). The combined organic mixtures were washed with
H,0, brine and dried (anhydrous Na,SO,). Filtration followed by evaporation gave a crude
product, which was purified by column chromatography (silica gel) to provide an analytically
pure product.

N-Phenyl-N-(3-phenylsulfinylpropyl)benzamide (3a). Compound 2a (2.4186 g, 6.96 mmol)
was employed. Column chromatography (50% EtOAc-hexanes to 100% EtOAc) provided 3a
(2.3374 g, 90%, pale yellow viscous oil). *H NMR (400 MHz, CDCls): & 7.60-7.53 (m, 2H,
ArH), 7.49-7.41 (m, 3H, ArH), 7.25-7.05 (m, 8H, ArH), 6.96-6.90 (m, 2H, ArH), 4.03 (t, J =
7.0 Hz, 2H, NCH,CH,), 3.00-2.74 (m, 2H, CH,), 2.18-1.85 (m, 2H, CH;SO). **C NMR (75
MHz, CDCls): § 171.3 (C=0), 144.2 (C), 143.5 (C), 136.4 (C), 131.6 (CH), 130.3 (CH), 129.9 (2
x CH), 129.9(2 x CH), 129.2 (2 x CH), 128.4 (4 x CH), 127.6 (CH), 124.6 (2 x CH), 55.3 (CHy),
49.5 (CH,), 21.5 (CHy). IR (neat) vmad/cm™: 1639, 1594, 1578, 1494, 1087, 1044, 749, 730.
MS: m/z (% relative intensity): 363 (M", 1), 238 (40), 198 (25), 132 (23), 105 (100), 77 (40).
HRMS (ESI-TOF): m/z [M+Na'] Calcd for C»,H,:NO,SNa: 386.1191. Found: 386.1191.
N-Phenyl-N-(3-phenylsulfinylpropyl)acetamide (3b). Compound 2b (5.7082 g, 20 mmol) was
employed. Column chromatography (100% EtOAc to 5% MeOH in EtOAc) provided 3b (1.2431
g, 92%; viscous liquid). *H NMR (300 MHz, CDCls): & 7.65-7.47 (m, 5H, ArH), 7.47-7.32 (m,
3H, ArH), 7.12 (app. d, J = 7.3, 2H, ArH), 3.82 (t, J = 6.9 Hz, 2H, NCH,CH, ), 3.02-2.70 (m,
2H, CH,CH,S0), 2.11-1.72 (m, 2H, CH,CH,CH,), 1.83 (s, 3H, CHs). *C NMR (75 MHz,
CDCl5): 6 170.8 (C=0), 143.5 (C), 142.4 (C), 130.9 (CH), 129.9 (2 x CH), 129.2 (2 x CH), 128.2
(CH), 128.0 (2 x CH), 123.9 (2 x CH), 54.4 (CHy), 47.6 (CHy), 22.7 (CHj3), 20.6 (CHy). IR (neat)
Vmax/cm™: 1655, 1595, 1496, 1044, 750, 701. MS: m/z (% relative intensity): 302 (M+H", 1), 176
(98), 134 (26), 132 (37), 106 (100), 77 (15). HRMS (ESI-TOF): m/z [M+Na'] Calcd for
Ci17H19NO,SNa: 324.1034. Found: 324.1035.
N-Phenyl-N-(3-phenylsulfinylpropyl)butyramide (3c). Compound 2c¢ (1.5650 g, 5 mmol) was
employed. Column chromatography (80% EtOAc-hexanes to 5% MeOH in EtOAc) provided 3c
(1.4775 g, 90%; pale yellow viscous liquid). *"H NMR (300 MHz, CDCls): 7.69-7.30 (m, 8H,
ArH), 7.10 (d, J = 6.93 Hz, 2H, ArH), 3.91-3.71 (m, 2H, NCH,), 3.04-2.88 (m, 1H, CHHSO),
2.85-2.72 (m, 1H, CHHSO), 2.15-1.91 (m, 3H, CHHCH,C=0 and CH,C=0), 1.90-1.72 (m, 1H,
CHHCH,C=0) 1.56 (sextet, J = 7.4 Hz, 2H, CHsCHy), 0.80 (t, J = 7.4 Hz, 3H, CHsCH,). **C
NMR (75 MHz, CDCls): § 173.98 (C=0), 144.2 (C), 142.8 (C), 131.6 (CH), 130.5 (2 x CH),
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129.9 (2 x CH), 128.9 (2 x CH), 128.8 (CH), 124.7 (2 x CH), 55.3 (CH,), 48.4 (CH,), 36.8
(CHy), 21.4 (CH.), 19.5 (CHy), 14.4 (CHs). IR (neat) vma/cm™: 1650, 1594, 1495, 1043, 750,
702. MS: m/z (% relative intensity: 329 (M, 1), 242 (16), 204 (100), 132 (34), 106 (95), 77 (15).
HRMS (ESI-TOF): m/z [M+Na'] Calcd for C19H,3NO,SNa: 352.1449. Found: 352.1347.
N-Benzyl-N-(3-phenylsulfinylpropyl)benzamide (3d). Compound 2d (3.1602 g, 8.75 mmol)
was employed. Column chromatography (100% EtOAc to 5% MeOH in EtOAc) provided 3d
(3.0127 g, 91%; colorless viscous liquid). *H NMR (300 MHz, CDCls): & 7.70-7.01 (m, 15H,
ArH), 4.75 and 4.50 (each br. peak, 2H, NCH,Ph), 3.51 and 3.26 (each br. peak, 2H,
NCH,CH,CH,), 2.94 and 2.82 (each br. peak, 2H, CH,CH,CH,S), 2.15-1.96 (br. , 2H,
CH3CH,CH,). *C NMR (75 MHz, CDCls): § 172.32 (C=0), 143.56 (C), 136.45 (C), 136.12 (C),
131.02 (CH), 129.65 (CH), 129.29 (CH), 129.27 (2 x CH), 129.85 (2 x CH), 128.57 (2 x CH),
127.71 (CH), 126.54 (2 x CH), 123.94 (3 x CH), 54.65 (CHy), 52.40 (CHy), 43.17 (CH), 20.02
(CHy), 14.18 (CHg). IR (neat) vma/cm™: 1631, 1496, 1047, 749, 700. MS: m/z (% relative
intensity): 378 (M+H*, 15), 272 (42), 252 (79), 146 (43), 105 (100), 91 (84), 77 (44). HRMS
(ESI-TOF): m/z [M+Na'] Calcd for C,3H,3NO,SNa: 400.1347. Found: 400.1343.
N-Phenyl-N-(4-phenylsulfinylbutyl)benzamide (3e). Compound 2e (6.2503 g, 17.30 mmol)
was employed. Column chromatography (100% EtOAc to 5% MeOH in EtOAc) provided 3e
(5.8645 g, 90%; pale yellow viscous liquid). *H NMR (300 MHz, CDCls): & 7.65-7.43 (m, 5H,
ArH), 7.26-7.06 (m, 8H, ArH), 6.99-6.92 (m, 2H, ArH), 3.92 (t, J = 6.98 Hz, 2H, NCH,CH,),
2.96-2.75 (m, 2H, CH,CH,S), 1.90-1.55 (m, 4H, 2 x CH,). *C NMR (75 MHz, CDCl,): 5 170.3
(C=0), 143.5 (C), 142.9 (C), 135.8 (C) 130.9 (CH), 129.5 (CH), 129.1 (4 x CH), 128.5 (2 x CH),
127.6 (4 x CH), 126.7 (CH), 123.9 (2 x CH), 56.3 (CH,), 49.3 (CH,), 26.4 (CH,), 19.2 (CH,). IR
(neat) vma/cm™: 1643, 1595, 1494, 1044, 752, 699. MS: m/z (% relative intensity): 359 (M*-
H,0, 36), 252 (13), 146 (42), 105 (100), 77 (45). HRMS (ESI-TOF): m/z [M+H"] Calcd for
Ca3H24NO,S: 378.1528. Found: 378.1526.

N-Phenyl-N-(4-phenylsulfinylbutyl)acetamide (3f). Compound 2f (0.8405 g, 2.80 mmol) was
employed. Column chromatography (100% EtOAc to 5% MeOH in EtOAc) provided 3f (3.0127
g, 90%; colorless viscous liquid). *H NMR (300 MHz, CDCls): & 7.65-7.47 (m, 5H, ArH), 7.46—
7.32 (m, 3H, ArH), 7.15-7.08 (m, 2H, ArH), 3.70 (t, J = 7.0 Hz, 2H, NCH,CHy), 2.94-2.72 (m,
2H, CH,CH;S), 1.82 (s, 3H, CHs), 1.85-1.53 (m, 4H, 2 x CH,). *C NMR (75 MHz, CDCls): &
170.3 (C=0), 143.5 (C), 142.6 (C), 130.8 (CH), 129.7 (2 x CH), 129.1 (2 x CH), 127.9 (CH),
127.8 (2 x CH), 123.9 (2 x CH), 56.3 (CHy), 47.9 (CH,), 26.5 (CH,), 22.6 (CH3), 19.03 (CH,).
IR (neat) vma/cm™: 1652, 1595, 1496, 1036, 752, 701. MS: m/z (% relative intensity): 298
(M+H*-H,0, 62), 256 (38), 146 (94), 106 (100), 77 (21). HRMS (ESI-TOF): m/z [M+H"] Calcd
for C18H22NOZS: 316.1371. Found: 316.1372.

Pyrrolidine sulfoxides 5 and piperidine sulfoxides 6. General procedure

To a cooled (78 °C) solution of hexamethyldisilazane (2.4 equiv.) in THF (~0.3 M) under an
argon atmosphere, was added n-BuL.i (2.2 equiv.). After stirring at —78 °C for 30 min, a solution
of compound 3 (1 equiv.) in THF (~0.5 M) was added dropwise. The resulting mixture was
slowly warmed up from —78 °C to room temperature overnight (15 h). The resulting red solution
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was quenched with H,O (10 mL) and extracted with EtOAc (3 x 50 mL). The combined organic
extracts were washed with H,O, brine, dried (anhydrous Na,SO,) and filtered. The filtrate was
evaporated to yield a viscous oil of a crude product which was directly subjected to reduction by
using NaBH,.

To a solution of the crude product in MeOH (~0.25 M) at 3-5 °C under an argon atmosphere,
NaBH, (5.73 equiv) was gradually added over 15 min. The mixture was stirred for 2 h at the
same temperature before it was diluted with 1 N NaOH (20 mL) and H,O (100 mL). The
resulting mixture was extracted with EtOAc (3 x 100 mL). The combined organic extracts were
washed with brine and dried (anhydrous Na,SQ,). Filtration followed by evaporation afforded a
crude product as a mixture of diastereomers which was further purified by column
chromatography (silica gel).

1,2-Diphenyl-3-(phenylsulfinyl)pyrrolidine (5a). Compound 3a (1.2841 g, 3.54 mmol) was
employed to produce the title compound. Column chromatography (40% EtOAc—hexanes) gave
three fractions (F1, F, and F3) of 5a.

F1 (Isomer A, less polar): (0.2083 g, 17%; a white solid of a single isomer of 5a; mp 136-137 °C
after crystallization from EtOAc-hexanes). *H NMR (500 MHz, CDCls): 7.72-7.58 (m, 5H,
ArH), 7.35 (m, 3H, ArH), 7.18-7.05 (m, 4H, ArH), 6.75 (t, J = 8.0 Hz, 1H, ArH), 6.47 (d, J=8.0
Hz, 2H, ArH), 5.32 (s, 1H, NCHPh), 3.30-3.10 (m, 2H, CH,CHN), 2.79 (ddd, J = 8.8, 3.6, 1.2
Hz, 1H, CH,CHSO), 2.47-2.35 (m, 1H, CHHCH;N), 2.19-2.08 (m, 1H, CHHCH,N). *C NMR
(125 MHz, CDClg): 6 141. (C), 141.3 (2 x C), 132.1 (CH), 130.2 (2 x CH), 129.9 (2 x CH), 129.3
(CH), 129.1 (CH), 128.1 (CH), 125.9 (2 x CH), 125.3 (2 x CH), 119.3 (CH), 114.4 (2 x CH),
71.03 (CH), 66.4 (CH), 42.8 (CHy), 23.4 (CH,). IR (CHCls) vma/cm™: 1603, 1506, 1477, 750,
702. MS: m/z (% relative intensity): 348 (M+H", 22), 330 (56), 220 (33), 132 (52), 106 (100), 77
(48). HRMS (ESI-TOF): m/z [M"] Calcd for C,,H»1NOS: 347.1344; Found: 347.1347.

F, (mixture of isomers B and C, more polar): (0.3091 g, 28%; pale yellow syrup of a 3:2 mixture
of isomer B : isomer C of 5a). *H NMR (300 MHz, CDCls, mixture of two diastereomers): 7.71-
7.64 (m, 2H, ArH), 7.55-7.40 (m, 8H, ArH), 7.36-7.23 (m, 10H, ArH), 6.97-6.91 (m, 4H, ArH),
6.56-6.51 (m, 2H, ArH), 6.07-6.02 (m, 4H, ArH), 5.32 (d, J = 2.1 Hz, 1H, NCHPh of isomer B),
4.79 (d, J = 9.3 Hz, 1H, NCHPh of isomer C), 3.31-3.20 (m, 1H, CHSOPh of isomer C), 2.89—
2.82 (m, 1H, CHSOPh of isomer B), 2.52-2.35 (m, 2H, CH,N of isomer B), 2.32-2.18 (m, 2H,
CH,CH3N of isomer B), 2.07-1.84 (m, 2H, CH,N of isomer C), 1.58-1.51 (m , 1H, CHHCH;N
of isomer C), 1.35-1.19 (m, 1H, CHHCH,N of isomer C). **C NMR (75 MHz, CDCls;, mixture
of two diastereomers): 6 147.4 (C), 147.2 (C), 141.3 (C), 141.2 (C), 141. (C), 140.2 (C), 131.9
(CH), 131.2 (CH), 129.3 (2 x CH), 129.3 (2 x CH), 129.1 (2 x CH), 129.0 (2 x CH), 128.8 (2 x
CH), 128.7 (2 x CH), 128.01 (CH), 127.4 (CH), 125.9 (2 x CH), 124.5 (2 x CH), 117.4 (CH),
117.3 (CH), 112.7 (2 x CH), 112.5 (2 x CH), 75.9 (CH), 73.5 (CH), 68.02 (CH), 67.1 (CH), 42.2
(CHy), 41.3 (CH,), 24.03 (CH,), 20.1 (CH,). IR (CHCls) vma/cm™: 1603, 1507, 1477, 1452,
1028. MS: m/z (% relative intensity): 348 (M*+1, 8), 330 (34), 220 (38), 147 (92), 132 (72), 117
(32), 106 (100), 93 (32), 77 (65).
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F3 (Isomer D, most polar): (0.2821 g, 21%; a white solid of a single isomer of 5a; mp 132-133
°C after crystallization from EtOAc—hexanes). *H NMR (500 MHz, CDCls): 7.64-7.52 (m, 5H,
ArH), 7.47-7.30 (m, 5H, ArH), 7.06 (t, J = 7.6 Hz, 2H, ArH), 6.72 (d, J = 7.60 Hz, 1H, ArH),
6.15 (d, J = 8.0 Hz, 2H, ArH), 5.06 (d, J = 8.4 Hz, 1H, NCHPh), 3.12-3.02 (m, 1H, CH,CHSO),
252 (t, J = 6.8 Hz, 2H, CH,CH,N), 1.97-1.85 (m, 1H, CHHCH,N), 1.65-1.55 (m, 1H,
CHHCH:N). **C NMR (125 MHz, CDCls): § 147.1 (C), 141.6 (C), 141.5 (C), 131.7 (CH), 129.9
(2 x CH), 129.8 (2 x CH), 129.5 (2 x CH), 129.3 (CH), 127.6 (2 x CH), 125.4 (2 x CH), 119.1
(CH), 114.1 (2 x CH), 74.9 (CH), 68.3 (CH), 42.9 (CH,), 23.0 (CH,). IR (CHCl3) vma/cm™:
1603, 1506, 1487, 1036. MS: m/z (% relative intensity): 348 (M+H", 4), 147 (100), 132 (92), 106
(90), 93 (42), 77 (66).

2-Methyl-1-phenyl-3-(phenylsulfinyl)pyrrolidine (5b). Compound 3b (1.6032 g, 5.32 mmol)
was employed to produce the title compound. *H NMR of the crude product exhibited a 9:1 ratio
of two diasteroisomers. Column chromatography (20% to 50% EtOAc—hexanes) gave a major
isomer of 5b (0.7556 g, 50%; a white solid; mp 151-153 °C after crystallization from EtOAc-
hexanes). 'H NMR (300 MHz, CDCls): 7.71-7.63 (m, 2H, ArH), 7.57-7.45 (m, 3H, ArH), 7.26—
7.15 (m, 2H, ArH), 6.68 (t, J = 7.3 Hz, 1H, ArH), 6.53 (d, J = 8.1 Hz, 2H, ArH), 4.12 (quint., J =
6.6 Hz, 1H, NCHCH3), 3.49 (dt, J = 9.1, 1.8 Hz, 1H, CH,CHHN), 3.36-3.24 (m, 1H,
CH,CHSO0), 3.22 (q, J = 8.9 Hz, 1H, CH,CHHN), 2.80-2.61 (m, 1H, CHHCH_N, 2.09-1.91 (m,
1H, CHHCH;N), 1.39 (d, J = 6.4 Hz, 3H, CH3). *C NMR (75 MHz, CDCls): § 145.56 (C),
143.20 (C), 131.10 (2 x CH), 129.23 (3 x CH), 124.22 (2 x CH), 116.34 (2 x CH), 111.83 (CH),
66.36 (CH), 54.54 (CH), 45.37 (CH,), 19.79 (CH,), 14.78 (CHas). IR (Nujol) vma/cm™: 1598,
1502, 1489, 1032, 749. MS: m/z (% relative intensity): 386 (M*+1, 6), 268 (100), 160 (46), 158
(89), 118 (25), 77 (28). Anal Calcd for C17H1gNOS; C, 71.54; H, 6.71; N, 4.91 Found: C, 71.45;
H, 6.63; N, 4.87.

1-Phenyl-3-phenylsulfinyl-2-propylpyrrolidine (5¢). Compound 3c (1.2801 g, 3.80 mmol) was
employed to produce the title compound. Column chromatography (30% EtOAc—hexanes) gave
three fractions (F1, F, and F3) of 5c.

F1 (less polar): (0.5292 g, 44%; a white solid of a pure isomer of 5¢c; mp 107-109 °C after
crystallization from EtOAc-hexanes). *H NMR (300 MHz, CDCls): 7.72-7.61 (m, 2H, ArH),
7.59-7.50 (m, 3H, ArH), 7.24 (t, J = 7.8 Hz, 2H, ArH), 6.72 (t, J = 7.2 Hz, 1H, ArH), 6.56 (d, J
= 8.1 Hz, 2H, ArH), 4.10 (dt, J = 11.4, 6.7 Hz, 1H, NCHCH,CH,CHs), 3.56 (td, J = 9.0, 1.7 Hz,
1H, CH,CHHN), 3.26 (t, J = 7.1 Hz, 1H, CH,CHHN), 3.20-3.15 (m, 1H, CH,CHSO), 2.73-2.61
(m, 1H, CHHCH;N), 2.10-1.90 (m, 1H, CHHCH,CHs), 2.00-1.82 (m, 1H, CHHCH,N), 1.80-
1.52 (m, 3H, CHHCH,CHs), 1.01 (t, J = 7.0 Hz, 3H, CH3). *C NMR (75 MHz, CDCls): 5 146.6
(C), 143.5 (C), 130.9 (CH), 129.2 (2 x CH), 129.1 (2 x CH), 124.2 (2 x CH), 116.3 (CH), 111.9
(2 x CH), 66.3 (CH), 59.01 (CH), 46.3 (CHy), 32.9 (CH,), 20.3 (CH,), 20.04 (CHy), 14.5 (CHj3).
IR (Nujol) vma/cm™: 1594, 1505s, 1043, 1033, 745, 690. MS: m/z (% relative intensity): 313
(M*, 27), 296 (69), 188 (59), 145 (46), 144 (32). Anal Calcd for C19H3NOS; C, 72.80; H, 7.40;
N, 4.47 Found: C, 73.15; H, 7.18; N, 4.31.
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F, (more polar): (0.0819 g, 7%; pale yellow syrup of a pure isomer of 5c). *H NMR (300 MHz,
CDCls): 7.81-7.69 (m, 2H, ArH), 7.60-7.50 (m, 3H, ArH), 7.28-7.16 (m, 2H, ArH), 6.70 (t, J =
7.3 Hz, 1H, ArH), 6.58 (d, J = 8.0 Hz, 2H, ArH), 4.44 (q, J = 6.1 Hz, 1H, NCHCH,CH,CHz),
3.52-3.36 (m, 2H, CH,CHHN and CH,CHSO), 3.18 (q, J = 8.9 Hz, 1H, CH,CHHN), 2.17-2.02
(m, 2H, CH,CH,N), 1.90-1.30 (m, 4H, NCHCH,CH,CHs) 0.98 (t, J = 7.2 Hz, 3H, CHs). *C
NMR (75 MHz, CDCls): & 146.7 (C), 142.9 (C), 131.8 (CH), 129.4 (2 x CH), 129.2 (2 x CH),
124.9 (2 x CH), 116.2 (CH), 111.8 (2 x CH), 68.9 (CH), 58.3 (CH), 46.7 (CHy), 32.1 (CHy), 24.7
(CHy), 20.1 (CH,), 14.6 (CH3). IR (neat) vma/cm™: 1599, 1505, 1043, 1033, 748, 692. MS: m/z
(% relative intensity): 313 (M*, 21), 296 (42), 188 (100), 158 (30), 145 (76), 104 (28), 77 (21).
Fs (most polar): (0.0706 g, 6%:; yellow syrup of a pure isomer of 5¢). *H NMR (300 MHz,
CDCly): 7.71-7.64 (m, 2H, ArH), 7.57-7.45 (m, 3H, ArH), 7.25-7.15 (m, 2H, ArH), 6.80-6.65
(m, 1H, ArH), 6.55-6.40 (m, 2H, ArH), 3.67 (app. d, J = 8.4 Hz, 1H, NCHCH,CH,CH), 3.48
(td, J = 9.2, 1.9 Hz, 1H, CH,CHHN), 3.32 (t, J = 9.2 Hz, 1H, CH,CHHN), 3.30-3.25 (m, 1H,
CH,CHSO), 2.82-2.68 (m, 1H, CHHCH;N), 2.48-2.31 (m, 1H, CHHCH2N), 1.69-1.52 (m, 1H,
NCHCHHCH,), 1.41-1.19 (m, 1H, NCHCHHCH,), 1.06-0.79 (m, 2H, CH,CH,CHg), 0.71 (t, J
= 7.1 Hz, 3H, CHs). *C NMR (75 MHz, CDCls): § 146.04 (C), 142.6 (C), 131.8 (2 x CH),
129.3(2 x CH), 129.3 (2 x CH), 125.4 (2 x CH), 116.3 (CH), 112.0 (CH), 70.3 (CH), 58.1 (CH),
46.3 (CH,), 34.4 (CH,), 23.5 (CH,), 18.7 (CH,), 13.6 (CHs). IR (neat) vmad/cm™: 1594, 1505,
1043, 1033, 745, 690. MS: m/z (% relative intensity): 313 (M", 2), 187 (82), 159 (100), 144 (48),
104 (20), 77 (19).

1-Benzyl-2-phenyl-3-(phenylsulfinyl)pyrrolidine (5d). Compound 3d (2.6514 g, 7.03 mmol)
was employed to produce the title compound. Column chromatography (50% EtOAc-hexanes)
gave two fractions (F; and F,) of 5d.

F1 (less polar): (1.2828 g, 50%; colorless needles of a pure isomer of 5d; mp 146-148 °C after
crystallization from EtOAc-hexanes). *H NMR (300 MHz, CDCls): 7.61 (app. d, J = 7.3 Hz, 2H,
ArH), 7.49-7.20 (m, 13H, ArH), 3.96 (d, J = 13.4 Hz, 1H, NCHHPh), 3.86 (d, J = 8.1 Hz, 1H,
NCHPh), 3.39-3.30 (m, 1H, CHSO), 3.22 (t, J = 8.4 Hz, 1H, CH,CHHN), 3.06 (d, J = 13.4 Hz,
1H, NCHHPh), 2.70-2.53 (m, 1H, CHHCH,N), 2.20 (q, J = 8.6 Hz, 1H, CH,CHHN), 1.70-1.55
(m, 1H, CHHCH,N). *C NMR (75 MHz, CDCls): & 143.9 (C), 138.2 (C), 137.3 (C), 130.2
(CH), 129.1 (CH), 128.8 (2 x CH), 128.6 (2 x CH), 128.6 (2 x CH), 128.2 (CH), 128.1 (2 x CH),
126.9 (CH), 124.2 (3 x CH), 71.4 (CH), 68.9 (CH), 57.3 (CH,), 51.7 (CH,), 19.02 (CH,). IR
(nujol) vma/om™: 1495, 1455, 1040, 746, 710. MS: m/z (% relative intensity): 362 (M+H", 16),
344 (76), 326 (15), 236 (44), 91 (100). Anal. Calcd for C,3H,3NOS: C, 76.42; H, 6.59; N, 3.52.
Found: C, 76.52; H, 6.59; N, 3.52.

F, (more polar): (0.2015 g, 8%; yellow viscous oil of a pure isomer of 5d). *H NMR (300 MHz,
CDCl3): 7.60 (d, J = 7.4 Hz, 2H, ArH), 7.57-7.51 (m, 2H, ArH), 7.43-7.08 (m, 11H, ArH), 3.99
(d, J = 8.5 Hz, 1H, NCHPh), 3.80 (d, J = 13.3 Hz, 1H, NCHHPh), 3.44 (g, J = 8.9 Hz, 1H,
CHSO), 3.25 (d, J = 13.2 Hz, 1H, NCHHPh), 3.04 (t, J = 8.1 Hz, 1H, CH,CHHN), 2.19-2.04 (m,
1H, CH,CHHN), 1.60-1.43 (m, 1H, CHHCH,N), 1.25-1.10 (m, 1H, CHHCH,N). **C NMR (75
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MHz, CDCly): 6 143.2 (C), 138.3 (C), 137.2 (C), 131.3 (CH), 129.6 (2 x CH), 128.9 (3 x CH),
128.6 (CH), 128.3 (2 x CH), 128.1 (CH), 128.1 (2 x CH), 126.9 (CH), 125.6 (2 x CH), 70.3
(CH), 69.4 (CH), 57.1 (CH,), 51.3 (CHy), 26.3 (CHy). IR (neat) vma/cm™: 1494, 1453, 1046,
699. MS: m/z (% relative intensity): 362 (M+H", 4), 344 (40), 236 (16), 144 (11), 92 (8), 91
(100).

1,2-Diphenyl-3-phenylsulfinylpiperidine (6a). Compound 3e (2.8425 g, 8.12 mmol) was
employed to produce the title compound. Column chromatography (40% EtOAc—hexanes)
afforded three fractions (F1, F, and F3) of 6a.

F1 (less polar): (0.6605 g, 22%:; pale yellow syrup of a pure isomer of 6a). *H NMR (300 MHz,
CDCls): 7.60-7.45 (m, 5H, ArH), 7.27-6.95 (m, 7H, ArH), 6.62 (t, J = 7.3 Hz, 1H, ArH), 6.40
(d, J = 8.0 Hz, 2H, ArH), 5.20 (s, 1H, NCHCH), 2.98-2.80 (m, 2H, CH,CH;N), 2.51-2.40 (m,
1H, CHCHSO), 2.17-2.00 (m, 1H, CHHCH:N), 1.87-1.60 (m, 2H, CHHCH;N and
CHHCHSO), 1.53-1.32 (m, 1H, CHHCHSO). *C NMR (75 MHz, CDCly): & 147.4 (C),
141.2(C), 140.8 (C), 131.3 (CH), 129.5 (2 x CH), 129.2 (2 x CH), 128.3 (2 x CH), 127.3 (CH),
125.2 (2 x CH), 124.5 (2 x CH), 117.6 (CH), 112.9 (2 x CH), 70.4 (CH), 68.6 (CH), 43.4 (CH,),
26.7 (CHy), 20.02 (CH,). IR (neat) vmad/cm™: 1600, 1504, 1476, 1454, 1260, 1088, 1019, 799.
MS: m/z (% relative intensity): 362 (M+H", 6), 344 (43), 254 (26), 132 (46), 106 (100), 91 (32),
77 (37).

F, (mixture of two isomers, more polar): (0.6822 g, 23%; pale yellow syrup of a 1:1 mixture of
isomers of 6a. '"H NMR (300 MHz, CDCls, mixture of two diastereomers): 7.64-7.61 (m, 2H,
ArH), 7.52-7.33 (m, 8H, ArH), 7.32-7.18 (m, 10H, ArH), 7.09-6.98 (m, 4H, ArH), 6.63-6.58
(m, 2H, ArH), 6.33-6.30 (m, 4H, ArH), 5.27 (d, J = 3.6 Hz, 1H, NCHPh of an isomer), 4.87 (d, J
= 9.2 Hz, 1H, NCHPh of an isomer), 3.12-3.00 (m, 1H, CHSOPh of an isomer), 2.52 (q, J = 4.7
Hz, 1H CHSOPh of an isomer), 2.68-2.50 (m, 4H, CH,CH,NPh of both isomers), 1.86-1.60 (m,
2H, CH,), 1.44-1.24 (m, 1H of CH,), 1.12-0.75 (m, 6H, CH, of both isomers). **C NMR (75
MHz, CDCl3, mixture of two diastereomers): 6 147.3 (C), 147.1 (C), 141.8 (C), 141.3 (C), 141.2
(C), 140.3 (C), 131.8 (CH), 131.1 (CH), 129.3 (2 x CH), 129.2 (2 x CH), 129.1 (2 x CH), 129.1
(2 X CH), 128.6 (2 x CH), 128.5 (2 x CH), 127.9 (2 x CH), 127.3 (2 x CH), 125.8 (2 X CH),
125.6 (2 x CH), 124.3 (2 x CH), 117.7 (CH), 117.6 (CH), 113.2 (2 x CH), 112.9 (2 x CH), 75.8
(CH), 73.1 (CH), 69.9 (CH), 69.4 (CH), 43.5 (CH,), 43.1 (CH,), 27.7(CH,), 26.3 (CH,), 22.2
(CH,), 17.8 (CH.). IR (neat) vma/cm™: 1603, 1506, 1086, 1027, 997. MS: m/z (% relative
intensity): 362 (M+H", 2), 254 (17), 236 (13), 130 (24), 126 (22), 106 (100), 77 (33).

F3 (most polar): (0.7906 g, 27%; pale yellow syrup of a pure isomer of 6a). *H NMR (500 MHz,
CDCly): 7.67-7.51 (m, 5H, ArH), 7.48-7.30 (m, 5H, ArH), 7.20-7.15 (m, 1H, ArH), 6.78 (t, J =
7.2 Hz, 1H, ArH), 6.52 (d, J = 7.2 Hz, 2H, ArH), 5.04 (d, J = 8.0 Hz, 1H, NCHCH), 3.15-2.95
(m, 1H, CHSOPh), 2.87-2.72 (m, 2H, CH,NPh), 1.65-1.53 (m, 1H, CHHCH,), 1.48-1.34 (m,
1H, CHHCHy), 1.29-1.80 (m, 2H, CHHCHy,). **C NMR (125 MHz, CDCls): & 147.3 (C), 141.8
(C), 141.0 (C), 131.7 (CH), 130.2 (2 x CH), 129.9 (2 x CH), 129.9 (2 x CH), 129.35 (2 X CH),
129.08 (CH), 127.49 (2 x CH), 125.48 (2 X CH), 119.12 (CH), 114.3 (2 x CH), 74.9 (CH), 69.3
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(CH), 44.6 (CH,), 27.5 (CH,), 21.3 (CH,). IR (neat) vma/cm™: 1601, 1505, 1477, 1455. MS: m/z
(% relative intensity): 362 (M+H", 2), 254 (17), 130 (26), 106 (100), 77 (32). HRMS (ESI-
TOF): m/z [M™] Calcd for C3H23NOS: 361.1500. Found: 361.1511.

2-Methyl-1-phenyl-3-phenylsulfinylpiperidine (6b). Compound 3f (1.6013 g, 5.08 mmol) was
employed to produce the title compound. Column chromatography (20% EtOAc—hexanes) gave
three fractions (F1, F, and F3) of 6b.

F1 (lees polar): (0.3139 g, 21%; a white solid of a pure isomer of 6b; mp 121-122 °C after
crystallization from EtOAc-hexanes). *H NMR (300 MHz, CDCls): 7.68-7.48 (m, 5H, ArH),
7.24 (t,J=7.9 Hz, 2H, ArH), 6.80 (t, J = 7.3 Hz, 1H, ArH), 6.52 (d, J = 7.7 Hz, 2H, ArH), 4.40-
4.25 (m, 1H, NCHCH), 3.37-3.18 (m, 2H, CH,CH;N), 2.40-2.29 (m, 1H, CHCHSO), 2.26-1.94
(m, 3H, CH,CH;N and CHHCHSO), 2.00-1.80 (m, 1H, CHHCHSO), 1.14 (d, J = 6.6 Hz, 3H,
CHs). *C NMR (75 MHz, CDCls): & 146.9 (C), 141.1 (C), 131.2 (2 x CH), 129.4 (3 x CH),
124.6 (2 x CH), 118.5 (CH), 113.6 (2 x CH), 67.5 (CH), 65.6 (CH), 44.3 (CH,), 27.3 (CHy), 20.9
(CHy), 20.7 (CHs). IR (CHCls) vna/cm™: 1603, 1506, 1478, 1085, 997, 692. MS: m/z (% relative
intensity): 300 (M+H", 37), 282 (52), 207 (19), 192 (45), 174 (42), 172 (48).

F, (more polar): (0.3101 g, 20%; yellow syrup of a pure isomer of 6b). *H NMR (300 MHz,
CDCls): 7.66-7.54 (m, 2H, ArH), 7.48-7.31 (m, 3H, ArH), 7.09 (t, J = 7.9 Hz, 2H, ArH), 6.65 (t,
J = 7.3 Hz, 1H, ArH), 6.47 (d, J = 8.3 Hz, 2H, ArH), 4.19 (quintet, J = 6.4 Hz, 1H, NCHCH),
3.01-2.83 (m, 2H, CH.CH)N), 2.80-2.70 (m, 1H, CHCHSO), 1.73-1.30 (m, 4H,
CH,CH,CHSO), 1.23 (d, J = 6.3 Hz, 3H, CH3). **C NMR (75 MHz, CDCls): § 147.5 (C), 142.2
(C), 131.6 (CH), 129.2 (2 x CH), 129.2 (2 x CH), 125.4 (2 x CH), 117.6 (CH), 112.9 (2 x CH),
67.9 (CH), 68.2 (CH), 43.4 (CH,), 26.5 (CH,), 22.5 (CH,), 20.8 (CH3). IR (CHCl3) vmad/cm™:
1603, 1506, 1444, 1085, 996. MS: m/z (% relative intensity): 300 (M+H", 19), 282 (18), 207
(28), 192 (28), 172 (28), 146 (14), 132 (9), 118 (19), 106 (100), 77 (25).

F3 (most polar): (0.2182 g, 15%; a white solid of a pure isomer of 6b; mp 109-111 °C after
crystallization from EtOAc-hexanes). *H NMR (300 MHz, CDCls): 7.68-7.45 (m, 5H, ArH),
7.17 (t,J =7.8 Hz, 2H, ArH), 6.72 (t, J = 7.3 Hz, 1H, ArH), 6.52 (d, J = 8.3 Hz, 2H, ArH), 4.52—
4.40 (m, 1H, NCHCH), 2.92 (t, J = 6.8 Hz, 2H, CH,CH,N), 2.58-2.54 (m Hz, 1H, CHCHSO),
1.97-1.67 (m, 2H, CH,CH3N), 1.51-1.45 (m, 1H, CHHCHSO), 1.42 (d, J = 6.5 Hz, 3H, CHj3),
1.21-1.10 (m, 1H, CHHCHSO). *C NMR (75 MHz, CDCls): & 147.6 (C), 142.8 (C), 130.9
(CH), 129.2 (4 x CH), 124.2 (2 x CH), 117.6 (CH), 112.9 (2 x CH), 69.7 (CH), 68.03 (CH), 43.7
(CHy), 28.4 (CH,), 21.02 (CHy), 18.1 (CHs). IR (CHCls) vma/cm™: 1603, 1506, 1444, 1086,
1020. MS: m/z (% relative intensity): 300 (M+H", 25), 282 (43), 192 (41), 172 (49), 118 (26),
106 (100), 77 (42).

Pyrrolidine 7 and Piperidine 8. General procedure

To a stirred 0 °C solution of compound 5 or 6 (1 equiv) and NiCl,6H,0 (10 equiv) in solvent
(see details for each reaction), was added portionwise NaBH, (30 equiv) at such a rate that the
temperature was kept below 10 °C (about 20 min). The resulting mixture was stirred at room
temperature for 2 h. The black precipitate was filtered off over Celite and washed several times
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with EtOAc. The organic phase was washed with H,O, brine, dried (anhydrous Na,SO,) and
filtered. Removal of solvent gave a crude product which was further purified by radial
chromatography (silica gel).

1,2-Diphenylpyrrolidine (7a).”® Compound 5a as a mixture of isomers (0.1735 g, 0.50 mmol)
and MeOH (6 mL) was employed to vyield, after radial chromatography (100% hexanes),
compound 7a (0.0758 g, 68%:; pale yellow liquid). *H NMR (300 MHz, CDCls): § 7.29-7.05 (m,
5H, ArH), 6.71-6.59 (m, 3H, ArH), 6.62 (d, J = 7.7 Hz, 2H, ArH), 4.65-4.56 (dd, J = 7.4, 5.0
Hz, 1H, NCHPh), 3.06 (t, J = 6.6 Hz, 2H, CH,N), 1.90-1.50 (m, 4H, CH,CH,CH). **C NMR (75
MHz, CDCl3): 6 146.9 (C), 144.46 (C), 129.26 (2 x CH), 128.46 (2 x CH), 127.56 (CH), 125.79
(2 x CH), 118.59 (CH), 113.9 (2 x CH), 74.2 (CH), 44.9 (CH,), 36.5 (CH,), 25.5 (CH,). IR (neat)
vmadcm™: 1603, 1505, 1477, 750, 700. MS: m/z (% relative intensity): 224 (M+H", 11), 23 (M*,
21), 147 (11), 146 (52), 106 (100), 93 (16), 77 (36).

2-Methyl-1-phenylpyrrolidine (7b).® Compound 5b as a single isomer (0.4671 g, 1.64 mmol),
THF (8 mL) and MeOH (24 mL) were employed to yield, after radial chromatography (100%
hexanes), compound 7b and N-pentylaniline (11a).

F1 (less polar): 7b (0.1577 g, 60%; colorless liquid). *H NMR (300 MHz, CDCls): & 7.16-7.08
(m, 2H, ArH), 6.59-6.49 (m, 3H, ArH), 3.80-3.76 (m, 1H, NCHCHj3), 3.35-3.29 (m,1H,
CHHN), 3.13-3.01 (m, 1H, CHHN), 2.08-1.82 (m, 3H, CH,CHH), 1.65-1.58 (m, 1H,
CH,CHH), 1.11 (d, J = 6.9 Hz, 3H, CHs). *C NMR (75 MHz, CDCls): § 147.1 (C), 129.1 (2 x
CH), 115.1 (CH), 111.7 (2 x CH), 53.5 (CH), 48.1 (CH,), 32.9 (CH,), 23.2 (CH,), 19.3 (CHs). IR
(neat) vmad/cm™: 1599, 1505, 1459, 1362, 1162, 1036, 994, 745, 691. MS: m/z (% relative
intensity): 161 (M*, 29), 157 (5), 146 (100), 145 (6), 130 (6), 125 (12), 117 (9), 111 (6), 104
(25), 99 (9), 91 (10), 81 (9), 77 (29), 71 (8), 57 (9).

F, (more polar): N-pentylaniline (11a)® (0.0374 g, 14%; colorless liquid). *H NMR (300 MHz,
CDCly): 8 7.12-7.07 (m, 2H, ArH), 6.76-6.64 (m, 3H, ArH), 3.16 (t, J = 7.1 Hz, 2H, NCH,CH,),
1.79-1.57 (m, 2H, CH,CH;N), 1.52-1.30 (m, 4H, CH,CH,CHj3), 1.05-0.91 (m, 3H, CHs). *C
NMR (75 MHz, CDCls): 8 148.4 (C), 129.2 (2 x CH), 117.1 (CH), 112.7 (2 x CH), 44.0 (CHy),
29.3 (CHy), 29.2 (CH,), 22.5 (CH,), 14.01 (CHs). IR (neat) vma/cm™: 1604, 1506, 1321, 747,
692. MS: m/z (% relative intensity): 163 (M", 23), 149 (34), 106 (68), 93 (100), 77 (36), 71 (40).
1-Phenyl-2-propylpyrrolidine (7c).® Compound 5¢ as a mixture of isomers (0.1768 g, 0.56
mmol), THF (3 mL) and MeOH (9 mL) were employed to yield, after radial chromatography
(100% hexanes), compound 7c and N-heptylaniline (11b).

F1 (less polar): 7c (0.0662 g, 62%; colorless liquid). *H NMR (300 MHz, CDCl3): & 7.29-7.24
(m, 2H, ArH), 6.71-6.59 (m, 3H, ArH), 3.78-3.61 (m, 1H, NCHCH,), 3.47 (app. t, J = 7.4 Hz,
1H, CH,CHHN), 3.25-3.10 (m, 1H, CH,CHHN ), 2.18-1.25 (m, 8H of CH,), 1.02 (t, J = 7.2 Hz,
3H, CH3). *C NMR (75 MHz, CDCls): § 147.30 (C), 129.12 (2 x CH), 115.08 (CH), 111.74 (2 x
CH), 58.36 (CH), 48.18 (CHy), 35.28 (CHy), 30.24 (CH,), 23.43 (CH,), 19.85 (CH,), 14.20
(CHs). IR (neat) vma/cm™: 1598, 1505, 1479, 745, 691. MS: m/z (% relative intensity): 189 (M*,
20), 188 (60), 146 (100), 117 (28), 104 (24), 77 (28).
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F, (more polar): N-heptylaniline (11b)*® (0.0160 g, 15%; colorless liquid). *H NMR (300 MHz,
CDCls): § 7.18-7.07 (m, 2H, ArH), 6.64—6.52 (m, 3H, ArH), 3.02 (t, J = 7.1 Hz, 2H, PANCH,),
1.55 (app. quint., J = 7.4 Hz, 2H, CHy), 1.40-1.05 (m, 8H, 4 x CH,), 0.81 (t, J = 6.6 Hz, 3H,
CHs). *C NMR (75 MHz, CDCls): & 148.40 (C), 129.20 (2 x CH), 117.18 (CH), 112.78 (2 x
CH), 44.09 (CH,), 31.80 (CHy), 29.54 (CHy), 29.10 (CH,), 27.13 (CH,), 22.60 (CH,), 14.07
(CHs). IR (neat) vmad/cm™: 1603, 1505, 1365, 747, 691. MS: m/z (% relative intensity): 191 (M",
25), 149 (37), 106 (100), 97 (22), 81 (31), 77 (26).

1,2-Diphenylpiperidine (8a)."* Compound 6a as a mixture of isomers (0.3705 g, 1.03 mmol),
and MeOH (20 mL) were employed to yield, after radial chromatography (100% hexanes),
compound 8a (0.1470 g, 61%; colorless liquid). *H NMR (300 MHz, CDCls): & 7.28-7.13 (m,
5H, ArH), 7.07 (br. t, J = 7.8 Hz, 2H, ArH), 6.61 (t, J = 7.3 Hz, 1H, ArH), 6.49 (d, J = 7.8 Hz,
2H, ArH), 4.68 (app. t, J = 6.6 Hz, 1H, NCHPh), 3.12 (t, J = 7.0 Hz, 2H, CH,CH;N), 1.97-1.28
(m, 6H, 3 x CH,). **C NMR (75 MHz, CDCls): 6 147.9 (C), 144.6 (C), 129.2 (2 x CH), 128.4 (2
x CH), 127.5 (CH), 125.8 (2 x CH), 117.4 (CH), 112.9 (2 x CH), 74.3 (CH), 43.9 (CH,), 38.6
(CHy), 29.1 (CH,), 23.3 (CH,). IR (neat) vma/cm™: 1603, 1506, 1028, 750, 700. MS: m/z (%)
relative intensity 237 (M*, 6), 160 (15), 106 (100), 93 (12), 77 (25).
2-Methyl-1-phenylpiperidine (8b).® Compound 6b as a mixture of isomers (0.1615 g, 0.54
mmol) and MeOH (11 mL) were employed to yield, after radial chromatography (100%
hexanes), compound 8b (0.0658 g, 70%; colorless liquid). *H NMR (300 MHz, CDCls): & 7.22—-
7.17 (m, 2H, ArH), 6.74-6.70 (m, 1H, ArH), 6.65-6.62 (m, 2H, ArH), 3.85-3.80 (m, 1H,
NCHCHg), 3.14 (t, J = 7.0 Hz, 2H, CH,CH;N), 1.63-1.60 (m, 1H of CH,), 1.60-1.40 (m, 5H of
CH,), 1.21 (d, J = 6.4 Hz, 3H, CHCHj). *C NMR (75 MHz, CDCl;): & 148.7 (C), 129.9 (2 x
CH), 118.2 (CH), 113.7 (2 x CH), 68.6 (CH), 44.8 (CH,), 39.6 (CH), 30.1 (CHy), 24.2 (CHs3),
23.9 (CHy). IR (neat) vma/cm™: 1603, 1508, 1477, 1322, 750, 693. MS: m/z (% relative
intensity): 175 (M*, 1), 106 (100), 93 (4), 79 (14), 77 (16).

Unsaturated derivatives 9 and 10. General procedure

A solution of compound 5 or 6 in dry toluene (~0.05 M) was refluxed under an argon atmosphere
overnight. After cooling to room temperature, the resulting solution was concentrated to give a
crude product, which was further purified by radial chromatography (silica gel).
1,2-Diphenyl-2,5-dihydro-1H-pyrrole (9a). Compound 5a as a mixture of isomers (0.1730 g,
0.49 mmol) was employed to produce, after radial chromatography (100% hexanes), compound
9a (0.0704 g, 65%; pale yellow liquid). *H NMR (300 MHz, CDCls): & 7.37-7.09 (m, 8H, ArH),
6.83-6.78 (m, 2H, ArH), 5.96-5.87 (m, 2H, CH,HC=CHCH), 5.16-5.10 (m, 1H, NCHPh), 3.80-
3.70 (m, 2H, NCH,CH). *C NMR (75 MHz, CDCls): & 144.5 (C), 142.3 (C), 136.3 (CH), 129.4
(2 x CH), 128.6 (CH), 128.5 (2 x CH), 127.7 (CH), 126.2 (2 x CH), 126.03 (CH), 120.7 (CH),
115.7 (CH), 74.2 (CH), 47.7 (CH,). IR (neat) vmax/cm™: 1602, 1505, 1452, 750, 695. MS: m/z (%
relative intensity): 221 (M*, 47), 220 (15), 146 (100), 132 (41), 117 (42), 93 (68), 77 (51).
HRMS (ESI-TOF): m/z [M"] Calcd for C1gH1sN: 221.1204. Found: 221.1211.
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1-Benzyl-2-phenyl-2,5-dihydro-1H-pyrrole (9d). Compound 5d as a mixture of isomers
(0.4826 g, 1.34 mmol) was employed to produce, after radial chromatography (100% hexanes),
compound 9d (0.2046 g, 65%; yellow oil). *H NMR (300 MHz, CDCls): & 7.35 (d, J = 7.3 Hz,
2H, ArH), 7.32-7.08 (m, 8H, ArH), 5.81-5.74 (m, 1H, HC=CHCH), 5.68-5.59 (m, 1H,
CH,CH=CH), 4.54-4.50 (m, 1H, NCHPh), 3.89 (d, J = 13.3 Hz, 1H, NCHHPh), 3.76-3.61 (m,
1H, CHCHHN), 3.48 (d, J = 13.4 Hz, 1H, NCHHPh), 3.30-3.18 (m, 1H, CHCHHN). *C NMR
(75 MHz, CDCl3): 6 143.8 (C), 140.5 (C), 133.4 (CH), 129.9 (2 x CH), 128.9 (2 x CH), 128.8 (2
x CH), 128.5 (2 x CH), 127.9 (CH), 127.8 (CH), 127.5 (CH), 74.9 (CH), 59.8 (CH,), 58.1 (CH,).
IR (neat) vmad/cm™: 1490, 1452, 1372, 1029, 759, 738, 700 cm™. MS: m/z (% relative intensity):
236 (M*+1, 100), 235 (M*, 45), 234 (29), 158 (45), 144 (42), 91 (80). HRMS (ESI-TOF): m/z
[M+H"] Calcd for Cy7H1sN: 236.1439. Found: 236.1449.
1,2-Diphenyl-1,2,3,6-tetrahydropyridine (10a)."> Compound 6a as a mixture of isomers
(0.2013 g, 0.55 mmol) was employed to produce, after radial chromatography (100% hexanes),
compound 10a (0.0983 g, 76%; pale yellow oil). *H NMR (300 MHz, CDCls): § 7.45-7.27 (m,
5H, ArH), 7.25-7.18 (m, 2H, ArH), 6.75 (br. t, J = 7.6 Hz, 1H, ArH), 6.63 (br. d, J = 7.6 Hz, 2H,
ArH) 5.83-5.78 (m, 2H, HC=CH), 5.24-5.18 (m, 1H, NCHPh), 3.22 (t, J = 7.0 Hz, 2H, CH;N),
2.47-2.37 (m, 2H, CHCH,CH,). *C NMR (75 MHz, CDCls): & 147.9 (C), 143.1 (C), 134.9
(CH), 129.2 (2 x CH), 128.7 (CH), 128.5 (2 x CH), 127.6 (CH), 126.1 (2 x CH), 117.6 (CH),
113.1 (2 x CH), 74.9 (CH), 43.1 (CH,), 32.0 (CH,). IR (neat) vmad/cm™: 1602, 1505, 1475, 749,
694. MS: m/z (%) relative intensity 235 (M*, 8), 146 (6), 130 (33), 106 (100), 77 (36).
2-Methyl-1-phenyl-1,2,5,6-tetrahydropyridine (10b). Compound 6b as a mixture of isomers
(0.1015 g, 0.33 mmol) was employed to produce, after radial chromatography (100% hexanes),
compound 10b (0.0411 g, 72%; pale yellow oil). *H NMR (300 MHz, CDCls): § 7.10 (br. t, J =
7.9 Hz, 2H, ArH), 6.64 (br. t,J = 7.3 Hz, 1H, ArH), 6.53 (d, J = 8.0 Hz, 2H, ArH), 5.60-5.52 (m,
2H, HC=CH), 4.28-4.12 (m, 1H, NCHCHj3), 3.10 (t, J = 6.8 Hz, 2H, CH,N), 2.34-2.19 (m, 2H,
CHCH,CH,), 1.19 (d, J = 6.3 Hz, 3H, CHs). *C NMR (75 MHz, CDCls): & 147.9 (C), 136.7
(CH), 129.2 (2 x CH), 127.3 (CH), 117.6 (CH), 113.1 (2 x CH), 68.6 (CH), 43.3 (CH,), 31.9
(CH,), 23.8 (CHs). IR (neat) vma/cm™ 1603, 1506, 1320, 750, 693. MS: m/z (% relative
intensity): 173 (M*, 1), 106 (100), 79 (28), 77 (43). HRMS (ESI-TOF): m/z [M"] Calcd for
Ci2H1sN: 173.1204. Found: 173.1211.
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A concise asymmetric synthesis of (+)-swainsonine (ent-1) is described starting from 2, which was
readily prepared from commercially available L-glutamic acid. The method features installation of
the indolizidine ring via an intramolecular cyclisation of a-sulfinyl carbanion as a key step. (+)-

Swainsonine was obtained in 9.4% overall yield in 10 steps.

Introduction

Polyhydroxylated indolizidine alkaloids have attracted
significant attention to synthetic community due to their
interesting structures and potent biological activities.™?
Among those, (-)-swainsonine (1), which was first isolated
from the fungus Rhizoctonia leguminicola® and later found in
several plants and fungi,* exhibits potent and selective
glycosidase inhibitory properties.® It has also been tested as a
treatment for cancer, HIV and immunological disorders.® Its
biological importance and interesting structure has triggered a
number of synthetic approaches towards the total syntheses of
natural occurring (-)-swainsonine (1) and its analogues™® as
well as (+)-swainsonine (ent-1).° These classes of molecules
are still attractive targets for organic chemists to develop new
synthetic strategies and methodologies.

Our analysis of efficient route to (+)-swainsonine (ent-1)
evolved from our previously reported work on intramolecular
cyclisation of a-sulfinyl carbanions as convenient strategies
to the preparation of 1-azabicyclic compounds.’® In the early
studies, we had demonstrated the synthetic utility of this
strategy for syntheses of (+)-tashiromine, (x)-lupinine, (£)-
epilupinine, and (#)-indolizidines 167B and 209D.!**? To
further advance our synthetic methodology, we describe
herein a concise asymmetric synthesis of (+)-swainsonine
(ent-1) via intramolecular cyclisation of a-sulfinyl carbanions.

Results and discussion

As shown in Scheme 1, the synthesis of (+)-swainsonine (ent-
1) commenced with chiral carboxylic acid 2, which was
readily prepared from L-glutamic acid by following the
previously reported procedure.™® The carboxylic acid 2 was
treated with oxalyl chloride in CH,Cl, in the presence of a
catalytic amount of DMF followed by gentle addition of 3-
phenylsulfanyl-1-aminopropane and triethylamine at room
temperature for 16 h to afford amide 3 in 67% vyield. The
requisite chiral hydroxyimide 4 was obtained in 72% yield by
treatment of the amide 3 with t-BuOK in THF at -78 °C for 3
h. The hydroxyl group of 4 was protected with TBS group
under standard conditions (TBSCI, imidazole, DMF, 0 °C to
room temperature) which afforded 5 in 87% yield. Subsequent
sulfide oxidation with sodium metaperiodate (NalO,)

aqueous methanol furnished the prerequisite chiral
sulfinylimide 6 in 90% vyield as an inseparable mixture of two
diastereomers (Scheme 1).
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s Scheme 1 Preparation of the starting chiral sulfinylimide 6
from L-glutamic acid.

Through extensive investigation of various experimental
parameters particularly the mole equivalents of lithium
ss hexamethyldisilazide (LIHMDS) employed, we established
that cyclisation of 6 to give 7 required treatment of 6 with 2.2
equiv of LIHMDS in THF at -78 °C followed by slowly
warming up to room temperature for 16 h. Recovery of 6 was
observed when LIHMDS was utilised in lesser amount. These
o results implied competitive proton abstraction that occurred
preferentially at the a-imide proton rather than the a-proton
adjacent to the phenylsulfinyl moiety of sulfinylimide 6.
Therefore, proton abstraction of the initially formed enolate
6A by a second equivalent of LIHMDS gave a-sulfinyl
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carbanion 6B which readily underwent cyclisation to yield
hydroxyindolizidine 7. Formation of the enolate 6A was found
crucial to protection of the carbonyl group at the 6-position
from the intramolecular nucleophilic attack by the a-sulfinyl

s carbanion.  On this basis, cyclisation took place
chemoselectively at the carbonyl carbon at the 2-position.
Without  prior purification, the crude residue of

hydroxyindolizidine 7 was exposed to p-TsOH in refluxing
CH,Cl, to afford, after column chromatography, 8a and 8b in

1015% and 65% vyields, respectively. Poorer yields were
obtained if the reactions were carried out at room temperature
for 16-36 h, leading to 8 in 25-30% yield. The structures of
compounds 8a and 8b were established by 'H NMR (500
MHz), COSY-45 and HMQC spectra (see Supporting

1s Information). Since the absolute configurations at the sulfinyl
groups of 8a and 8b were not determined, it was tentatively
assumed that 8a and 8b possess R- and S-configurations,
respectively, as shown in Scheme 2.
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Scheme 2 Intramolecular cyclisation of a-sulfinyl carbanion
derived from 6 to 8a and 8b.

45

With the success on the construction of the core

indolizidine structure, conversion of the unsaturated
phenylsulfinyl derivatives 8 into the corresponding saturated
phenylsulfoxide 9 was attempted. Initially, catalytic

so hydrogenation of a diastereomeric mixture of 8a and 8b using
atmospheric pressure of hydrogen gas in the presence of PtO,
as a catalyst in ethyl acetate at room temperature for 16 h
gave complete recovery of the starting material. By
performing the reaction under 4 atm of H,, each diastereomer

55 8a or 8b underwent reductive deoxygenation of the sulfoxide
to furnish the corresponding phenylsulfanyl derivative in 58%
yield. Comparable yield (50%) was also obtained, when the
reaction was performed under 1 atm of H, and in the presence

of 10 mol% of trifluoroacetic acid.

e  Efforts to carry out the reduction using Et;SiH as a hydride
source under acidic conditions were briefly investigated.
Treatment of 8 as a diastereomeric mixture with 3 equivalents
of Et;SiH in the presence of trifluoroacetic acid (2 equiv) at 0
°C to room temperature for 16 h vyielded the required

es reduction product 9 in only 20% vyield along with a complex
mixture of unidentified products. The reactions employing
NaBH,/MeOH, NaCNBHz/MeOH, NaCNBH3/AcOH or
NaCNBH3/AcOH/TFA (10 mol%) at 0 °C to room
temperature for 16 h did not give the reduction product 9 but

70 led to recovery of the starting material. Gratefully, treatment
of 8a or 8b using NaCNBH3/AcOH/TFA (10 mol%) at 0 °C
followed by heating at 50 °C for 5 h furnished the respective
product 9a or 9b in good yields, each as a single isomer
(Scheme 3).
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Scheme 3 Reduction of 8a and 8b to the corresponding
sulfoxides 9a and 9b.

os  The stereoselectivity of the reduction was realised and the
stereochemical outcomes can be rationalized by Cieplak effect
as shown in Scheme 4.'* Facial selection of protonation was
governed by homoconjugative assistance of the lone-pair
electrons of the oxygen atom of the sulfinyl group (Cieplak

100 effect) and minimized steric interaction between the phenyl
group and the silyloxy group. As a result, 8a underwent
protonation leading to an iminium intermediate 8A.
Subsequent trapping by a hydride from the less sterically
hindered face furnished the reduction product 9a whose

105 bridgehead hydrogen is relatively trans to the silyloxy group.
According to the same reasons, protonation of 8b occurred
from the opposite face to that of 8a leading to an iminium
intermediate 8B. A hydride approaches from the bottom face
leading to the reduction product 9b whose bridgehead

1o hydrogen is relatively cis to the silyloxy group. The relative
stereochemistries at 8- and 8a-position of 9a and 9b were
assigned by means of NOE experiments as shown in Figure 1.
It is worth mentioning that the relative stereochemistries
obtained in 9a and 9b also supported and were in good

us agreement with the absolute stereochemistries assigned for the
sulfinyl groups of 8a and 8b.
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Scheme 4 Proposed transition states for the reduction of 8a
and 8b to the corresponding 9a and 9b.

35

2.0%
H /" H
H SOPh
40 OTBS
N 8
H
)
© H
9%a 9b
45 3 =3.0Hz 3 =8.0 Hz
H8-H8a . H8-H8a .

Figure 1 NOE experiments of 9a and 9b.

Removal of the phenylsulfinyl group in compounds 9a and

s0 9b was achieved by pyrolysis under refluxing toluene in the

presence of anhydrous CaCOj; to afford the corresponding

compounds 10a and 10b in 80% and 85% yields, respectively,

as shown in Scheme 5. The relative stereochemistries assigned

to the 8- and 8a-positions of 10a and 10b are based upon the
ss NOE experiments (Scheme 5).
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Scheme 5 Sulfoxide elimination of 9a and 9b to 10a and 10b
and their NOE experiments.
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Scheme 6 Conversion of 10b to (+)-swainsonine (ent-1).

umo  To complete the synthesis of (+)-swainsonine (ent-1), cis-
dihydroxylation of 10b with NMO and a catalytic amount of
0Os0O, in aqueous acetone provided the crude dihydroxylated
product. Without chromatographic purification, the crude
mixture was subjected to reduction using LAH in refluxing
us THF to give 11 in 89% vyield as a single isomer without
contamination of the isomer (Scheme 6). The facial selectivity
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in the osmylation of 10b can be rationalised according to
Hirama’s explanation.® The oxidizing agent approaches to the
double bond of 10b from the face opposite to the two axially
oriented allylic hydrogens (Hz and Hg,) to avoid the two 1,2-
torsional strain since the 1,3-steric interaction is less
important when the reagent is small.

Finally, removal of the silyl-protected swainsonine 11 was
primarily carried out under standard conditions (TBAF, THF,
room temperature, 16 h). The *H-NMR spectrum of crude
product indicated the characteristic signals of the expected
(+)-swainsonine (ent-1) but it was unable to be isolated in
pure form by using conventional chromatography. Attempted
deprotection using KF in aqueous methanol at room
temperature for 16 h led to recovery of the starting compound
11. Fortunately, treatment of 11 with Dowex 50W-X8 (H*
form) in methanol at room temperature for 24 h afforded 94%
yield of (+)-swainsonine (ent-1). The 'H-NMR data (see,
Supporting Information) as well as the optical rotation ([o]p?°
+78.97 (c 0.63, MeOH)) of our synthesized product were
consistent with the values reported in the literature.>*® The
relative stereochemistries at 1-, 2-, 8- and 8a-positions of (+)-
swainsonine (ent-1) were assigned by the NOE experiments.

Conclusions

The synthesis of (+)-swainsonine (ent-1) reported here is
concise and highly efficient. The synthetic strategy illustrates
the utility of a-sulfinyl carbanion cyclization. We believe that
this strategy can be tailored to the preparation of a range of
biologically active polyhydroxylated indolizidine and
quinolizidine alkaolids by starting from appropriate chiral
imides or lactams.

Experimental

General

The 'H NMR spectra were recorded on a Bruker Avance-500
(500 MHz) spectrometer using tetramethylsilane as an internal
standard. The *C NMR spectra were recorded on a Bruker
Avance-500 (125 MHz) using residual non-deuterated solvent
peak as an internal standard. Assignments of individual
signals were carried out using COSY, HMQC, HMBC, DEPT
experiments. The IR spectra were recorded on either a Jasco
A-302 or a Perkin Elmer 683 infrared spectrometer. The mass
spectra were recorded by using Thermo Finnigan Polaris Q
mass spectrometer. The high resolution mass spectra were
recorded on an MS Micromass model VQ-TOF2. Melting
points were recorded on a Buchi 501 Melting Point Apparatus
and were uncorrected. The optical rotations were recorded on
a Jasco DIP-370 Digital Polarimeter.

(S)-5-Oxotetrahydrofuran-2-carboxylic acid (2)

To a solution of L-glutamic acid (18.0 g, 122.4 mmol) and
NaNO; (9.29 g, 134.6 mmol) in H,O (120 mL), was slowly
added 2 N H,SO, (60 mL) at 0 °C. After the mixture was
allowed to stir at 0 °C for 3 h, it was slowly warmed up to
room temperature and stirring was continued for an additional
16 h. The resulting colorless solution was concentrated until a
ss white and sticky mixture was obtained. The mixture was

o

diluted using hot acetone followed by filtration. The filtrate
was concentrated to give a colorless viscous liquid which was
diluted with EtOAc. The EtOAc solution was stirred in
anhydrous Na,SO, at room temperature for 16 h. Filtration
and removal of solvent furnished a white solid of compound 2
[7.8 g, 49% yield, m.p. 71.2-72.4 °C, [0]p® +9.17 (c 1.1,
MeOH)] [Lit**® [o]p?® +10.6 (c 5.0, MeOH)]. The
spectroscopic data are consistent with the literature.™®® *H-
NMR (500 MHz, CDCls): ¢ 8.84 (br s, 1H), 5.04-5.00 (m,
1H), 2.56-2.17 (m, 3H), 2.47-2.39 (m, 1H). *C-NMR (125
MHz, CDClg): ¢ 175.9, 173.5, 75.1, 26.6, 25.8. IR (neat): v
3451 (O-H), 1760 (C=0) cm™. MS (El) [m/z (% relative
intensity)]: 131 (M* + H, 13), 86 (5), 85 (100), 59 (4), 58 (54),
55 (4).

(S)-5-Oxo-N-(3-(phenylsulfanyl)propyl)tetrahydrofuran-2-
carboxamide (3)

A solution of carboxylic acid 2 (5.7 g, 44.0 mmol) and oxalyl
chloride (4.5 mL, 52.8 mmol) in CH,CI, (100 mL) in the
presence of a catalytic amount of N,N-dimethylformamide
(DMF) was stirred at room temperature for 3 h. An excess of
oxalyl chloride was removed in vacuo. The residue was
dissolved in dry CH,Cl, (90 mL). The resulting solution was
brought to 0 °C followed by addition of triethylamine (7.3 mL,
52.8 mmol) and a solution of 3-(phenylsulfanyl)propan-1-
amine (8.8 mL, 52.8 mmol) in CH,ClI; (30 mL) under an argon
atmosphere. After being stirred at room temperature overnight
(16 h), water (20 mL) was added. Layers were separated and
the aqueous phase was extracted with CH,CI, (4 x 60 mL).
The combined organic layers were washed with brine (20
mL), dried over anhydrous Na,SO,, filtered and concentrated
to give a white solid of 3 [8.2 g, 67% yield, m.p. 77.3-77.9 °C,
[a]p** -7.68 (c 0.86, CHCI5)]. *H-NMR (500 MHz, CDCly): &
7.35-7.28 (m, 4H), 7.22-7.18 (m, 1H), 6.59 (br s, 1H), 4.83 (t,
J = 7.1 Hz, 1H), 3.49-3.37 (m, 2H), 2.94 (t, J = 7.1 Hz, 2H),
2.67-2.61 (m, 1H), 2.58-2.52 (m, 2H), 2.36-2.26 (m, 1H),
1.90-1.84 (m, 2H). *C-NMR (125 MHz, CDCls): 6 175.6,
169.3, 135.7, 129.6, 129.0, 126.3, 77.4, 38.3, 31.3, 28.7, 27.5,
25.8. IR (neat): v 3367 (N-H), 1780 (C=0, lactone), 1652
(C=0, amide) cm™. MS (El) [m/z (% relative intensity)]: 280
(M* + H, 46), 279 (M", 25), 171 (10), 170 (100), 142 (7), 109
(5). HRMS (ESI-TOF) Calc. for Cy4Hi1gNO3S (M + H)*,
280.1007; found, 280.1016.

(S)-3-Hydroxy-1-(3-(phenylsulfanyl)propyl)piperidine-2,6-
dione (4)

To a suspension of potassium tert-butoxide (1.86 g, 16.6
mmol) in THF (10 mL), was added a solution of 3 (8.0 g, 28.7
mmol) in THF (80 mL) at —78 °C under an argon atmosphere.
After being stirred for 3 h at -78 °C, the reaction was
quenched with saturated NH,CI solution and extracted with
EtOAc (3 x 60 mL). The combined organic extracts were
washed with H,O (3 x 20 mL), brine (20 mL), dried over
anhydrous Na,SO,. Filtration followed by removal of solvent
gave a crude product, which was purified by column
chromatography (SiO,, 40% EtOAc in hexanes) to give a
white solid of 4 [5.8 g, 72% vyield, m.p. 76.7-78.3 °C, [a]p* -
26.75 (c 0.88, CHCI3)]. *H-NMR (500 MHz, CDCl5): ¢ 7.35-
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7.26 (m, 4H, ArH), 7.21-7.17 (m, 1H, ArH), 4.21 (ddd, J =
12.5, 5.5, 1.3 Hz, 1H, CH,CHOH), 3.95 (dt, J = 13.3, 6.8 Hz,
1H, NCHHCH,), 3.86 (dt, J = 13.3, 6.8 Hz, 1H, NCHHCH,),
3.53 (d, J = 1.3 Hz, 1H, OH), 2.90 (t, J = 7.3 Hz, 2H,
CH,SPh), 2.89 (ddd, J = 18.0, 4.7, 2.6 Hz, 1H, COCHHCH),)
2.63 (ddd, J = 18.0, 13.8, 5.4 Hz, 1H, COCHHCH,), 2.36-2.31
(m, 1H, CH,CHHCHOH), 1.94-1.84 (m, 3H, CH,CHHCHOH
and NCH,CH,CH,). *C-NMR (125 MHz, CDCl3): § 175.2
(C=0), 171.1 (C=0), 136.0 (C), 129.8 (2 x CH), 128.9 (2 x
CH), 126.3 (CH), 68.3 (CH), 39.6 (CH,), 31.6 (CH,), 30.8
(CH,), 27.4 (CH,), 25.3 (CH,). IR (film): v 3460 (O-H), 1731,
1674 cm™. MS (EI) [m/z (% relative intensity)]: 280 (M" + H,
35), 279 (M, 42), 170 (100), 151 (10), 142 (28), 58 (7).
HRMS (ESI-TOF) Calc. for C14H:gNO3S [M + H]", 280.1007;
found, 280.0997.

(S)-3-(tert-Butyldimethylsilyloxy)-1-(3-
(phenylsulfanyl)propyl)piperidine-2,6-dione (5)

To a mixture of 4 (5.5 g, 19.7 mmol), imidazole (2.7 g, 39.0
mmol) and a catalytic amount of N,N-dimethylaminopyridine
(DMAP) in CH,Cl, (40 mL) at 0 °C under an argon
atmosphere, was slowly added a solution of tert-
butyldimethylchlorosilane (3.54 g, 23.6 mmol) in CH,Cl, (20
mL). After being stirred at room temperature overnight, water
(10 mL) was added. The aqueous phase was separated and the
organic layer was washed with brine (20 mL) and dried over
anhydrous Na,SO,. Filtration followed by removal of solvent
gave a crude product, which was purified by column
chromatography (SiO,, 20% EtOAc in hexanes) to give a
colourless viscous liquid of 5 [6.74 g, 87% yield, [o]p** -
10.83 (c 0.75, CHCIl3)]. *H-NMR (500 MHz, CDCly): 6 7.35-
7.33 (m, 2H, ArH), 7.29-7.26 (m, 2H, ArH), 7.19-7.16 (m,
1H, ArH), 4.29 (dd, J = 8.0, 4.1 Hz, 1H, CH,CHOSi), 3.86 (t,
J = 7.2 Hz, 2H, NCH,CH,), 2.93-2.87 (m, 1H, COCHHCH,),
2.88 (t, J = 7.5 Hz, 2H, CH,SPh), 2.59 (ddd, J = 17.8, 8.1, 5.3
Hz, 1H, COCHHCH,), 2.06-1.97 (m, 2H, CH,CH,CHOSi),
1.85 (quint, J = 7.3 Hz, 2H, NCH,CH,CH,), 0.96 (s, 9H), 0.14
(s, 3H), 0.13 (s, 3H). *C-NMR (125 MHz, CDCly): ¢ 172.3
(C=0), 171.8 (C=0), 135.2 (C), 129.7 (2 x CH), 128.9 (2 x
CH), 126.1 (CH), 69.3 (CH), 39.0 (CH,), 31.5 (CH,), 29.1
(CH,), 27.5 (CHy), 26.5 (CH,), 25.6 (3 x CHj3), 18.2 (C), —
4.7(CH3), -5.4(CHs). IR (neat): v 1735, 1685 cm™; MS (El)
[m/z (% relative intensity)]: 394 (M* + H, 5), 336 (47), 151
(100), 123 (20), 75 (4). HRMS (ESI-TOF) Calc. for
CongzNOgSSi [M + H]+, 394.1872; found, 394.1795.

(3S)-3-(tert-Butyldimethylsilyloxy)-1-(3-
(phenylsulfinyl)propyl)piperidine-2,6-dione (6)

A solution of 5 (6.7 g, 17.0 mmol) in MeOH (10 mL) was
slowly added to a suspension of NalO4 (4.0 g, 18.7 mmol) in
MeOH (48 mL) and H,O (12 mL) at 0 °C. The mixture was
vigorously stirred and slowly warmed up to room temperature
overnight (12 h). The precipitates of NalO3 were filtered and
washed with EtOAc (3 x 60 mL). The combined extracts were
washed with H,O (3 x 20 mL), brine (20 mL) and dried over
anhydrous Na,SO,. Filtration followed by removal of solvent
gave a crude product, which was purified by column
chromatography (SiO,, 70% EtOAc in hexanes) to afford a
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colourless viscous liquid of 6 as a mixture of two
diastereomers (6.3 g, 90% yield). 'H-NMR (500 MHz,
CDClg): 6 7.63-7.61 (m, 4H), 7.53-7.49 (m, 6H), 4.31-4.29
(m, 2H), 3.92-3.82 (m, 4H), 2.9-2.74 (m, 6H), 2.63-2.60 (m,
2H), 2.09-1.94 (m, 6H), 1.88-1.79 (m, 2H), 0.90 and 0.86 (s
each, 18H), 0.14 and 0.13 (s each, 12H). *C-NMR (125 MHz,
CDCl3): ¢ 172.46, 172.44, 171.85, 171.77, 143.6, 130.95,
130.93, 129.2, 124.02, 124.01, 69.22, 69.20, 54.74, 54.67,
38.58, 38.52, 29.14, 29.08, 26.4, 25.6, 21.1, 18.2, -4.7, -5.4.
IR (neat): v 1732, 1682 cm™ MS (El) [m/z (% relative
intensity)]: 410 (M* + H, 6), 352 (42), 284 (21), 226 (53), 167
(100), 143 (11), 109 (9). HRMS (ESI-TOF) Calc. for
CaoH32NO,SSi [M + H], 410.1821; found, 410.1833.

(8S)-8-(tert-Butyldimethylsilyloxy)-1-(phenylsulfinyl)-
2,3,7,8-tetrahydroindolizin-5(6H)-ones (8a) and (8b)

A solution of sulfoxide 6 (6.2 g, 15 mmol) in THF (18 mL)
was added dropwise to a cooled (-78 °C) THF (100 mL)
solution of LIHMDS [prepared by reacting n-BuLi (1.35 M in
hexane; 25 mL, 33.75 mmol) with a solution of
hexamethyldisilazane (HMDS) (7.6 mL, 36.4 mmol) in THF
(40 mL) at -78 °C for 45 min] under an argon atmosphere.
The resulting mixture was stirred and slowly warmed up from
-78 °C to room temperature overnight (15 h). The resulting
yellow solution was quenched with H,O (20 mL) and
extracted with EtOAc (3 x 100 mL). The combined organic
extracts were washed with H,O (3 x 20 mL), brine (20 mL)
and dried over anhydrous Na,SO,. Filtration followed by
removal of solvents furnished a crude residue of
hydroxyindolizidine 7 (4.9 g) which was used in the next step
without prior purification. A crude residue of 7 (4.9 g) was
diluted with CH,Cl, (50 mL). The resulting solution was
added a catalytic amount of p-TsOH and the mixture was
brought to refluxing temperature under an argon atmosphere
for 16 h. The resulting solution was diluted with H,O (20 mL)
and extracted with CH,Cl, (3 x 70 mL). The combined
organic extracts were washed with H,O (3 x 20 mL), brine (20
mL), dried over anhydrous Na,SO,. Filtration followed by
removal of solvent gave a crude product, which was purified
by column chromatography (SiO,, 100% EtOAc) to afford
colourless viscous liquid of 8a (0.71 g, 15% vyield) and 8b
(3.07 g, 65% yield).

F1 (less polar) was obtained as a colourless viscous liquid of
8a; [a]p?® +40.04 (c 1.17, CHCIs). H-NMR (500 MHz,
CDCl3): ¢ 7.55-7.48 (m, 5H), 5.20 (dd, J = 4.0, 2.2 Hz, 1H),
3.91 (ddd, J = 12.0, 12.0, 5.6 Hz, 1H), 3.76 (ddd, J = 12.0,
12.0, 8.2 Hz, 1H), 2.94-2.85 (m, 2H), 2.47 (ddd, J = 17.3, 4.8,
2.8 Hz, 1H), 2.17-2.12 (m, 1H), 2.07 (ddd, J = 15.7, 11.5, 8.2
Hz, 1H), 1.88-1.84 (m, 1H), 0.94 (s, 9H), 0.29 (s, 3H), 0.28 (s,
3H). ®C-NMR (125 MHz, CDCl3): § 167.9, 148.8, 142.2,
130.6, 129.2, 124.2, 120.8, 60.0, 44.3, 28.8, 27.1, 25.7, 22.2,
18.0, —4.4, —4.8. IR (CHCI3): v 1667, 1627 cm™. MS (El) [m/z
(% relative intensity)]: 391 (M*, 0.3), 334 (100), 229 (86),
225 (88), 210 (45), 188 (43), 150 (40), 75 (34); HRMS (ESI-
TOF) Calc. for CyH3oNO3SSi [M + H]*, 392.1716; found,
392.1722.

F, (more polar) was obtained as a colourless viscous liquid of
8b; [u]p® -32.82 (c 1.01, CHCls). H-NMR (500 MHz,

This journal is © The Royal Society of Chemistry [year]
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CDCly): 6 7.58-7.50 (m, 2H), 7.49-7.29 (m, 3H), 5.18-5.17
(m, 1H), 3.87 (ddd, J = 12.0, 12.0, 6.7 Hz, 1H), 3.78 (ddd, J =
12.0, 12.0, 7.1 Hz, 1H), 2.83 (ddd, J = 16.1, 11.8, 7.1 Hz, 1H),
2.74 (ddd, J = 17.0, 12.5, 4.9 Hz, 1H), 2.44 (dt, J = 17.2, 3.8
Hz, 1H), 2.08-2.00 (m, 2H), 1.97-1.90 (m, 1H), 0.90 (s, 9H),
0.18 (s, 3H), 0.15 (s, 3H). *C-NMR (125 MHz, CDCly): ¢
167.7, 149.6, 141.6, 130.2, 129.0, 124.4, 120.4, 60.7, 44.3,
28.5, 27.0, 25.6, 22.2, 17.8, —4.40, —4.36. IR (CHCls): v 1671,
1628 cm™. MS (EI) [m/z (% relative intensity)]: 391 (M*,
0.8), 334 (87), 225 (100), 170 (12), 125 (10); HRMS (ESI-
TOF) Calc. for CyH3NO3SSi [M + H]", 392.1716; found,
392.1704.

(1R,8S,8aR)-8-(tert-Butyldimethylsilyloxy)-1-(R)-
phenylsulfinyl)hexahydroindolizin-5(1H)-one (9a)

To a solution of 8a (0.7 g, 1.8 mmol) in AcOH (5 mL) in the
presence of a catalytic amount of TFA (0.02 mL) at 0 °C
under an argon atmosphere, NaCNBHj; (0.4 g, 5.3 mmol) was
gradually added over 15 min. The mixture was stirred at 50
°C for 5 h. The resulting mixture was diluted with 1 N NaOH
(5 mL) and H,0 (5 mL), and extracted with CH,CI, (3 x 50
mL). The combined organic extracts were washed with brine
(20 mL), dried over anhydrous Na,SO,. Filtration followed by
removal of solvent gave a crude product, which was purified
by column chromatography (SiO,, 100% EtOAc) to afford a
colourless viscous liquid of 9a [0.5 g, 71% yield; 76% yield
calculated based on the recovered 8a, [a]p?® —90.07 (c 0.95,
CHCI3)] and 8a (34 mg). *H-NMR (500 MHz, CDCls): 6 7.67-
7.65 (m, 2H), 7.58-7.52 (m, 3H), 4.55 (dt, J = 5.6, 3.0 Hz,
1H), 4.14 (ddd, J = 11.5, 8.6, 5.6 Hz, 1H), 3.77 (dd, J = 7.0,
3.1 Hz, 1H), 3.33 (app. q, J = 7.1 Hz, 1H), 3.26 (ddd, J =
11.5, 8.2, 6.7 Hz, 1H), 2.58 (dt, J = 17.7, 7.8 Hz, 1H), 2.43-
2.33 (m, 2H), 2.22-2.15 (m, 1H), 1.95-1.87 (m, 2H), 0.99 (s,
9H), 0.27 (s, 3H), 0.22 (s, 3H). *C-NMR (125 MHz, CDCly):
0 168.6, 144.6, 131.1, 129.4, 124.5, 66.4, 66.1, 62.7, 44.9,
29.3, 27.7, 26.1, 22.2, 18.2, -3.8, -4.2. IR (CHCIy): v 1635
(C=0) cm™. MS (EI) [m/z (% relative intensity)]: 394 (M* +
H, 6), 336 (68), 268 (57), 210 (50), 136 (100), 73 (43). HRMS
(ESI-TOF) Calc. for CyHzNOsSSi [M + H]', 394.1872;
found, 394.1865.

(1S,8S,8aS)-8-(tert-Butyldimethylsilyloxy)-1-(S)-

phenylsulfinyl)hexahydroindolizin-5(1H)-one (9b)

By following the procedure described for 9a, a solution of 8b
(2.9 g, 7.4 mmol) in AcOH (20 mL) in the presence of a
catalytic amount of TFA (0.01 mL) at 0 °C was treated with
NaCNBH; (4.9 g, 22.2 mmol) to give a crude product, which
was purified by column chromatography (SiO,, 100% EtOAc)
to afford 8b (0.2 g) and a colourless viscous liquid of 9b
[1.97 g, 68% yield; 75% vyield based on recovered 8b, [a]p?®
+132.14 (c 1,05, CHCIly)]. *H-NMR (500 MHz, CDCly): §
7.70-7.68 (m, 2H), 7.56-7.29 (m, 3H), 4.80 (ddd, J = 10.4,
8.1, 3.8 Hz, 1H), 3.82 (dd, J = 8.2, 4.1 Hz, 1H), 3.54 (dd, J =
6.1, 4.3 Hz, 1H), 3.29 (t, J = 10.6 Hz, 1H), 3.16 (dd, J = 18.5,
9.3 Hz, 1H), 2.55 (ddd, J = 17.8, 5.6, 3.4 Hz, 1H), 2.44 (ddd,
J =178, 11.9, 5.8 Hz, 1H), 2.16-2.10 (m, 1H), 1.94-1.73 (m,
3H), 0.94 (s, 9H), 0.29 (s, 3H), 0.19 (s, 3H). ’C-NMR (125
MHz, CDCl3): 6 168.3, 142.0, 132.1, 129.3, 125.6, 67.7, 66.6,
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66.0, 43.0, 31.1, 29.6, 25.8, 23.7, 17.9, -4.4. IR (CHCIy): v
1635 (C=0) cm™. MS (EI) [m/z (% relative intensity)]: 394
(M*+ H, 5), 336 (60), 268 (64), 210 (78), 136 (100), 108 (30),
73 (41). HRMS (ESI-TOF) Calc. for CyH3,NO3SSi [M + HIY,
394.1872; found, 394.1909.

(8S,8aS)-8-(tert-Butyldimethylsilyloxy)-6,7,8,8a-
tetrahydroindolizin-5(3H)-one (10a)

A toluene (5 mL) solution of 9a (0.38 g, 0.97 mmol) in the
presence of CaCO; (30 mg) was stirred at reflux under an
argon atmosphere for 16 h. CaCO; was filtered off and the
filtrate was evaporated to dryness to give a crude product,
which was purified by preparative thin-layer chromatography
(SiO,, 100% EtOAC) to give a colourless viscous liquid of 10a
[0.21 g, 80% vyield, [o]p® -53.73 (c 1.10, CHCI3)]. *H-NMR
(500 MHz, CDCl3): ¢ 5.93-5.90 (m 1H), 5.69-5.66 (m, 1H),
4.53-4.48 (m, 1H), 4.37-4.35 (m, 1H), 4.24-4.22 (m, 1H),
4.05-4.01 (m, 1H), 2.49 (dt, J = 17.8, 9.1 Hz, 1H), 2.40 (ddd,
J =178, 6.7, 4.3 Hz), 1.94-1.90 (m, 2H), 0.82 (s, 9H), 0.05 (s,
3H), 0.08 (s, 3H). ¥C-NMR (125 MHz, CDCl;): & 169.3,
127.3, 127.0, 68.9, 65.1, 53.3, 28.7, 26.7, 25.5, 17.9, 4.6, —
4.9. IR (CHCI,): v 1639 (C=0) cm™. MS (EI) [m/z (% relative
intensity)]: 267 (M*, 9), 242 (46), 224 (57), 210 (92), 196
(45), 150 (81), 122 (36), 81 (39), 75 (100). HRMS (ESI-TOF)
Calc. for C14H,6NO,Si [M + H]*, 268.1733; found, 268.1730.

(8S,8aR)-8-(tert-Butyldimethylsilyloxy)-6,7,8,8a-
tetrahydroindolizin-5(3H)-one (10b)°

According to the procedure described for 10a, a toluene (15
mL) solution of 9b (1.97g, 5.0 mmol) in the presence of
CaCO;z (100 mg) was stirred at reflux under an argon
atmosphere for 16 h. Purification by preparative thin-layer
chromatography (SiO,, 100% EtOAc) yielded a colourless
viscous liquid of 10b [1.07 g, 80% vyield, [a]o®® -53.73 (c
1.10, CHCI3)]. *H-NMR (500 MHz, CDCls): § 5.96-5.90 (m,
2H), 4.50-4.46 (m, 1H), 4.17-4.14 (m, 1H), 4.06-4.03 (m, 1H),
3.57 (td, J = 9.5, 5.2 Hz, 1H), 2.63 (ddd, J = 17.8, 8.5, 3.6 Hz,
1H), 2.42 (dt, J = 17.9, 8.5 Hz, 1H), 2.05-1.99 (m, 1H), 1.84-
1.75 (m, 1H), 0.90 (s, 9H), 0.08 (s, 6H). **C-NMR (125 MHz,
CDClg): ¢ 168.4, 128.5, 126.7, 71.1, 69.1, 53.2, 30.2, 29.7,
25.6, 17.9, —4.3, —4.8. IR (CHCl5): v 1638 (C=0), 1613 cm™.
MS (El) [m/z (% relative intensity)]: 267 (M*, 9), 210 (100)
196 (29), 150 (44), 122 (29), 81 (31), 75 (71). HRMS (ESI-
TOF) Calc. for C14H6NO,Si [M + H]*, 268.1733; found,
268.1741.

(1R,2S,8S,8aR)-8-(tert-
butyldimethylsilyloxy)octahydroindolizine-1,2-diol (11)

To a solution of 10b (0.47 g, 1.75 mmol) in a 3:1 mixture of
acetone-H,0 (6 mL) was added N-methylmorpholine N-oxide
(0.48 g, 3.5 mmol) and 4% aqueous OsO,, (1.0 mL). The
reaction mixture was stirred at room temperature for 3 h.
After addition of aqgueous NaHSO; solution (3 mL), the
mixture was stirred for an additional 1 h at room temperature
and extracted with EtOAc (3 x 50 mL). The combined
organic extracts were dried over anhydrous Na,SO,. Filtration
followed by removal of solvent gave the corresponding
dihydroxlated product, which was used for in the next step
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This journal is © The Royal Society of Chemistry [year]



3

1

S)

1!

o

2

S

2

o

3

S

3!

G

4

S

4

o

5

S

55

Organic & Biomolecular Chemistry - For Review Only

without purification.

To a suspension of LiAlH, (0.4 g, 10.5 mmol) in THF (30
mL), the crude dihydroxylated product was added. The
mixture was heated at reflux for 16 h. Under ice cooling, the
mixture was quenched by careful addition of water (4.0 mL)
and 1 N NaOH (4.0 mL). The resulting mixture was filtered
over a celite pad and the filtrate was concentrated to afford a
viscous liquid of 11 [0.45 g, 89% vyield, [a]p?® +29.34 (c 1.06,
CHCl5)]. *H-NMR (500 MHz, CD;0D): ¢ 4.19 (ddd, J = 7.9,
5.8, 2.3 Hz, 1H), 4.07 (dd, J = 5.9, 3.5 Hz, 1H), 3.89 (ddd, J =
10.3, 9.0, 4.8 Hz, 1H), 2.89 (br d, J = 2.3 Hz, 1H), 2.87 (br d,
J =23 Hz, 1H), 2.42 (dd, J =10.5, 7.8 Hz, 1H), 1.98-194 (m,
1H), 1.85 (td, J = 11.4, 3.1 Hz, 1H), 1.74 (dd, J = 8.9, 3.5 Hz,
1H), 1.66-1.51 (m, 2H), 1.23-1.14 (m, 1H), 0.89 (s, 9H), 0.12
(s, 3H), 0.09 (s, 3H). *C-NMR (125 MHz, CD;0D): 6 75.5,
70.9, 70.0, 68.4, 63.0, 53.2, 35.2, 26.4, 24.5, 18.8, —4.1, -4.5.
IR (KBr): 3399 (O-H), 1472, 1247, 1112 cm™. MS (El) [m/z
(% relative intensity)]: 288 (M* + H, 3), 230 (100), 212 (32),
138 (20), 120 (52), 116 (30), 75 (16). HRMS (ESI-TOF) Calc.
for C14H3NO5Si [M + H]*, 288.1995; found, 288.1961.

(+)-Swainsonine (ent-1)

A mixture of 11 (90 mg, 0.31 mmol) and a cation exchange
resin, Dowex 50W-X8 (H* form), in MeOH was stirred at
room temperature for 24 h. The resin was filtered off and
washed with 10% NH4;OH (30 mL). The filtrate was
evaporated to dryness followed by lyophilization to give a
white solid of (+)-swainsonine (ent-1) [51 mg, 94% yield,
m.p. 140-143 °C, [a]p>® +78.97 (c 0.63, MeOH): Lit.” m.p.
143-145 °C, [o]p +83.3 (¢ 0.5, MeOH); Lit.*® m.p. 142-143
°C, [a]p +84.3 (c 1.02, H,0)].

'H-NMR (500 MHz, CD;0D): ¢ 4.25-4.19 (m, 2H), 3.79 (ddd,
J =112, 10.1, 4.6 Hz, 1H), 2.96-2.93 (m, 2H), 2.48 (dd, J =
10.4, 7.5 Hz, 1H), 2.04-2.01 (m, 1H), 1.96 (td, J = 11.9, 2.5
Hz, 1H), 1.82 (dd, J = 9.1, 3.0 Hz, 1H), 1.70-1.68 (m, 1H)
1.64-1.55 (m, 1H), 1.22 (qd, J = 12.9, 4.6 Hz, 1H). *C-NMR
(125 MHz, CD;0D): ¢ 75.1, 70.6, 69.8, 66.8, 62.8, 53.0, 33.9,
24.3. IR (neat): v 3367 (O-H), 1643, 1448, 1384, 1145, 1084
cm™. MS (El) [m/z (% relative intensity)]: 173 (M*, 5), 155
(36), 120 (17), 110 (27), 96 (100), 84 (26), 68 (12). HRMS
(ESI-TOF): Calc. for CgH1gNO3 [M + H]*, 174.1125; found,
174.1150.
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Graphical abstract

(+)-Swainsonine (ent-1)

A concise asymmetric synthesis of (+)-swainsonine (ent-1) is described. The method
features installation of the indolizidine ring via an intramolecular cyclisation of a-

sulfinyl carbanion as a key step.
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'"H-NMR spectrum of 3 (500 MHz, CDCls)
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'H-NMR spectrum of 4 (500 MHz, CDCl5)
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'H-NMR spectrum of 5 (500 MHz, CDCl5)
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'H-NMR spectrum of 6 (500 MHz, CDCls)
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'H-NMR spectrum of 8a (125 MHz, CDCls)
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Table 1. 500 MHz COSY-45 correlations of some protons of compound 8a.

on (ppm) dn (ppm) of correlated protons
5.20 (Cg-H) 2.17-2.12 (Cg-H), 1.88 (C+-H)
2.94-2.85 (Cg-H) 1.88 (C;-H), 2.47 (C+-H)
2.47 (C-H) 1.88 (C7-H)
2.17-2.12 (Ce-H) 1.88 (C7-H)

3.91 (Cs-H)

2.94-2.85 (C,-H), 2.07 (Co-H)

3.76 (Co-H)

2.94-2.85 (Co-H), 2.07 (C2-H)

Table 2. Observed C-H correlations from HMQC spectrum of 8a.

dc (ppm) on (ppm) Assignment
167.9 - Cs
148.8 - Cea
120.8 - C,
60.0 5.20 (dd, J = 4.0, 2.2 Hz, 1H) Cs
3.91 (ddd, J =12.0, 12.0, 5.6 Hz, 1H) and
44.3 Cs
3.76 (ddd, J =12.0, 12.0, 8.2 Hz, 1H)
2.47 (ddd, J =17.3, 4.8, 2.8 Hz, 1H) and
28.8 C;
1.88 (m 1H)
27.1 2.94-2.85 (m, 1H) and 2.17-2.12 (m, 1H) Ce
2.94-2.85 (m, 1H) and 2.07 (ddd, J = 15.7,
22.2 C,
11.5, 8.2 Hz, 1H)
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'H-NMR spectrum of 8b (500 MHz, CDCl5)
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Table 3. 500 MHz COSY-45 correlations of some protons of compound 8b.

ou (ppm) dn (ppm) of correlated protons
5.18-5.17 (Cg-H) 1.97-1.90 (C-H)

3.87 (Cs-H) 2.08-2.00 (C,-H), 2.83 (C,-H)

3.78 (Cs-H) 2.08-2.00 (C2-H), 2.83 (C2-H)
2.83 (C-H) 2.08-2.00 (C2-H)
2.74 (Ce-H) 1.97-1.90 (C+-H)
2.44 (Cg-H) 1.97-1.90 (C;-H)

Table 4. Observed C-H correlations from HMQC spectrum of 8b.

dc (ppm) ou (ppm) Assignment
167.7 - Cs
149.5 - Cea
141.6 - C
60.7 5.18-5.17 (m, 1H) Ce
3.87 (ddd, J=12.0, 12.0, 6.7 Hz, 1H) and 3.78
44.3 Cs
(ddd, J =12.0,12.0, 7.1 Hz, 1H)
28.5 2.08-2.00 (m, 2H) and 1.97-1.90 (m, 1H) C;
2.74 (ddd, J =17.0, 12.5, 4.9 Hz, 1H) and 2.44
27.0 Cs
(dt,J=17.2, 3.8 Hz, 1H)
2.83 (ddd, J=16.1, 11.8, 7.1 Hz, 1H) and
22.2 C
2.08-2.00 (m, 2H)
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'"H-NMR spectrum of 9a (500 MHz, CDCls)
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Table 5. 500 MHz COSY-45 correlations ofsome protons of compound 9a.

TBSO \
gt BN

dn (ppm) dn (ppm) of correlated protons

4.55 (Cg-H) 1.95-1.87 (Cs-H), 2.22-2.15 (C;-H), 3.77 (Cga-H)

4.14 (Cs-H) 1.95-1.87 (C,-H), 2.43-2.33 (C»-H), 3.26 (Cs-H)

3.77 (Cga-H) 3.33 (C-H)

3.33 (C-H) 1.95-1.87 (C,-H), 2.43-2.33 (Co-H)

3.26 (Cs-H) 1.95-1.87 (C,-H), 2.43-2.33 (C,-H)

2.58 (Ce-H) 1.95-1.87 (C7-H), 2.22-2.15 (C+-H), 2.43-2.33 (Cs-H)
2.22-2.15 (C-H) 1.95-1.87 (C;-H)

Table 6. Observed C-H correlations from HMQC spectrum of 9a.

dc (ppm) Sn (ppm) Assignment
168.6 - Cs
66.4 4.55 (dt, J = 5.6, 3.0 Hz, 1H) Cs
66.1 3.33 (app. q,J=7.1Hz, 1H) Ci
62.7 3.77 (dd, J=7.0, 3.1 Hz, 1H) Csa
4.14 (ddd, J=11.5, 8.6, 5.6 Hz, 1H) and 3.26
44.9 Cs
(ddd, J =115, 8.2,6.7 Hz, 1H)
29.3 2.22-2.15 (m, 1H) and 1.95-1.87 (m, 2H) C;
2.58 (dt, J =17.7, 7.8 Hz, 1H) and
27.7 Cs
2.43-2.33 (m, 2H)
22.2 2.43-2.33 (m, 2H) and 1.95-1.87 (m, 2H) C,

11
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Table 7. NOE enhancements observed in compound 9a.

2.3% 8.3%

(\
H O\ ’ |-|Sa !

8
SOPh
g N
OTBS
9a

Irradiation Results

2.7% enhancement of C3-H,
C;-H 8.9% enhancement of Cg,-H

3.7% enhancement of C,-H,

8.3% enhancement of Cg-H
Cga-H 8.7% enhancement of C;-H

3.9% enhancement of C,-H,

8.1% enhancement of Cg-H
Cs-H 2.3% enhancement of C;-H,

3.0% enhancement of C,-H,

12
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'H-NMR spectrum of 9b (500 MHz, CDCl5)
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Table 8. 500 MHz COSY-45 correlations of some protons of compound 9b.

o
TBSO o

dn (ppm) dn (ppm) of correlated protons

4.80 (Cg-H) 1.94-1.73 (C-H), 3.82 (Cga-H)

3.82 (Cga-H) 3.54 (C4-H)

3.54 (C1-H) 1.94-1.73 (C-H)

3.29 (Cs-H) 1.78-1.73 (C,-H), 1.94-1.87 (C,-H), 3.16 (C5-H)

3.16 (Cs-H) 1.94-1.73 (C,-H), 1.94-1.73 (Co-H)

2.55 (Ce-H) 1.94-1.73 (C;-H), 2.16-2.10 (C+-H), 2.44 (C¢-H)

2.44(Cg-H) 1.94-1.73 (C7-H), 2.16-2.10 (C+-H)
2.16-2.10 (C-H) 1.94-1.73 (C;-H)

Page 24 of 31
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'H-NMR spectrum of 10a (500 MHz, CDCls)
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Table 9. 500 MHz COSY-45 correlations of some protons of compound 10a.

o (ppm)

dn (ppm) of correlated protons

5.93-5.90 (Co-H)

4.05-4.01 (C3-H), 4.37-4.35 (Cga-H), 4.53-4.48 (C3-H),
5.69-5.66 (Cy-H)

5.69-5.66 (C1-H)

4.05-4.01 (C3-H), 4.37-4.35 (Cgs-H), 4.53-4.48 (C3-H)

4.53-4.48 (C3-H)

4.05-4.01 (C5-H)

4.24-4.22 (Cg-H)

1.94-1.90 (C;-H)

2.49 (Ce-H)

1.94-1.90 (C7-H)

2.40 (Ce-H)

1.94-1.90 (Cr-H)

Table 10. Observed C-H correlations from HMQC spectrum of 10a.

dc (ppm) dn (ppm) Assignment
169.3 - Cs
127.3 5.69-5.66 (m, 1H) Ci
127.0 5.93-5.90 (m, 1H) C
68.9 4.37-4.35 (m, 1H) Cea
65.1 4.24-4.22 (m, 1H) Ce
4.53-4.48 (m, 1H) and
53.3 Cs
4.05-4.01 (m, 1H)
28.7 1.94-1.90 (m, 2H) C;
2.49 (dt, J=17.8, 9.1 Hz, 1H) and
26.7 Ce
2.40 (ddd, J = 17.8, 6.7, 4.3 Hz, 1H)

16
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Table 11. NOE enhancements observed in compound 10a.

mm%
5.3% 5-8%

- 2.7%
H /\H_)Hs.s%
7 8 s H
a \ 1
6 4 5 | N—"3

Irradiation Results
5.81% enhancement of Cg,-H
Cof 5.3% enhancement of C;-H,
5.3% enhancement of Cg-H
Cga-H 2.70% enhancement of C;-H
2.4% enhancement of C;-H,

17
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'H-NMR spectrum of 10b (500 MHz, CDCl5)

Page 28 of 31

\L MTIL‘ i J | #‘—_
| AN / \
P B LR CHEWH B
13C-NMR spectrum of 10b (125 MHz, CDCl3)

———30.155
="

,,,,,,,,,,,,,,,,,,,,,,,,,

18



Page 29 of 31 Organic & Biomolecular Chemistry - For Review Only

'H-NMR spectrum of 11 (500 MHz, CD;0D)
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'H-NMR spectrum of (+)-swainsonine (ent-1) (500 MHz, CD3;0D)
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Abstract—The reaction of the (bis)trimethylsilyloxy derivative of diethyl succinate with imines in the presence of ZnCl, provides a general

stereoselective entry to B-carboethoxy-vy-lactams.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

The y-lactam structure is an important subunit widely found
in many classes of nitrogen heterocycles.! Moreover, this
class of compound can be utilised as a versatile starting
material for many synthetic manipulations.” Numerous syn-
thetic methods for the construction of y-lactams have been,
therefore, extensively investigated. The general methods
are based on Rh-catalysed intramolecular C-H insertion of
diazo derivatives,® Pd-catalysed cyclisation,* N-heterocyclic
carbene-catalysed addition of enals to imines,’ addition of
homoenolates to imines,® ring-expansion of B-lactams’ and
cycloaddition strategies.®

In continuation of our work in developing new synthetic
methods using succinic ester derivatives as four-carbon
building blocks,” it was anticipated that the reaction of
(bis)trimethylsilyloxy derivative 1 derived from diethyl

OTMS
OEt
EtO e
OTMS 1) 1 M ZnCl,, THF
-78°Ctort
+ R3 2)H,0,1h
N
R2 '
H
Rl
2

Scheme 1.

EtO

succinate'® with imine 2 in the presence of a Lewis acid'’

would lead to adduct 3, which should undergo subsequent
cyclisation to afford B-carboethoxy-y-lactam 4 (Scheme 1).

2. Results and discussion

1,4-Bis(trimethylsilyloxy)-1,4-diethoxy-1,3-butadiene 1
was readily prepared according to Rathke’s procedure.!”
The 'H and '*C NMR spectra of 1 revealed that it was a mix-
ture of at least two geometrical isomers in the ratio of 2:3. In
the preliminary study, a search for a Lewis acid suitable for
promoting the reaction was carried out. A collection of
Lewis acids (BF;-OEt,, SnCl,, Yb(OTf);, ZnBr, and
ZnCl,) was employed to mediate the reaction of (bis)tri-
methylsilyloxy derivative 1 derived from diethyl succinate '’
with imine 2g (Table 1). The best yield of lactam 4g
(48%) was obtained when the reaction was carried out in

* Corresponding authors. Tel.: +66 2 201 5158; fax: +66 2 354 7151; e-mail addresses: scmpk @mahidol.ac.th; scvrt@mahidol.ac.th

0040-4020/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2007.03.006
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Table 1. Lewis acid optimization
.Ph
N

EtO,C
OTMS | 1) Lewis acid, THF I/Eo
H -78°Ctort
X OEt _-fettont _ N
Eto}\/\/ * 2)H,0,1h © Ph
OTMS
1 29 4g

Entry Lewis acid % Lactam 4a® (cis/trans)h

1 BF;-OEt, 36 (30:70)

2 SnCly 27 (27:73)

3 Yb(OTf);3 36 (24:76)

4 ZnBr, 41 (30:70)

5 ZnCl, 48 (20:80)

# Isolated yields.
® Determined by integration of the 'H NMR (300 MHz) spectra of the crude
product.

the presence of ZnCl, (Table 1, entry 5). Therefore, ZnCl,
was chosen for further study in order to test the generality
of the reaction.

The scope of the Mukaiyama aldol-type reaction of 1,4-bis-
(trimethylsilyloxy)-1,4-diethoxy-1,3-butadiene 1 with a
range of imine derivatives was examined under the opti-
mised conditions using ZnCl, as a Lewis acid (Table 2).
Treatment of 1 (1 equiv), as a 2:3 mixture of stereoisomers,
with imine 2a (R3>=benzyl) (1 equiv) in THF in the presence
of ZnCl, (1 equiv, 1 M solution in THF) at —78 °C to room
temperature overnight provided y-lactam 4a in 70% yield,
as a 90:10 mixture of cis- and trans-isomer (J.;=9.2 Hz
and Jyans=35.4 Hz) (Table 2, entry 1).!? No trace of the cor-
responding B-lactam was observed. Similar results were ob-
tained when 1 was reacted with imines 2b—e to afford good
yields of the expected cis- and trans-y-lactam 4b—e (Table 2,
entries 2-5).

However, the reaction of 1 with imine 2f under the same
conditions gave a mixture of y-lactam 4f (57% yield, cis/
trans=75:25) and an uncyclised adduct 3f (33% yield, dia-
stereomeric ratio=42:58). Fortunately, treatment of the
crude mixture of 3f (diastereomeric ratio=42:58) and 4f
(cis/trans=75:25) with 1 equiv of K,CO; under refluxing
ethanol (4 h) led to complete cyclisation of the initial adduct

Table 2. Reaction of compound 1 with imines 2 catalysed by ZnCl,

Entry Imine 2 % Lactam {‘ % Adduct 3
1 > 3 (cis/trans) (diastereomeric

2 R R R ratio)h
1 2a H H Bn 4a, 70 (90:10) 3a (—)
2 2b OMe H Bn 4b, 72 (90:10) 3b (—)
3 2¢ H Bn 4c, 76 (92:8) 3¢ (—)
4 2d NO, H Bn 4d, 70 (92:8) 3d (—)
5 2¢ H OMe Bn d4e, 75 (85:15) 3e (—)
6 2f OMe OMe Bn d4f 57 (75:25) 3f, 33 (42:58)
7 2¢ H H Ph  4g, 48 (20:80) 3g, 32 (83:17)
8 2h (I H Ph  4h, 48 (9:91) 3h, 36 (60:40)
9 2i NO, H Ph  4i, 16 (0:100)  3i, 62 (50:50)
10 2j H OMe Ph 4j, 81 (25:75)  3j, 13 (42:58)
11 2k OMe OMe Ph 4k, 33 (16:84) 3k, 53 (60:40)

12 21 OMe

jan)
v}
=

41, 83 (20:80) 31 (—)

# Isolated yields.
" Determined by integration of the 'H NMR (300 MHz) spectra of the crude
products.

3f to the desired y-lactam 4f (90% yield, cis/trans=20:80)
(Jeis=9.3 Hz and Ja,s=5.8 Hz). The equivalent of base
(K,CO3) employed is critical to the stereochemistry of the
y-lactam. When an excess of K,CO;3; (3 equiv) was em-
ployed, a 10:90 ratio of cis- and trans-isomer 4f resulted.
This observation indicated that the cis-4f having a larger cou-
pling constant (J.;s=9.3 Hz) was isomerised to a thermo-
dynamically more stable frans-4f whose coupling constant
was smaller (Ji4ns=5.8 Hz). This experiment confirmed the
assigned stereochemistry of both cis- and trans-y-lactam 4.

With the optimum conditions established, we sought to
examine the reaction with other N-phenylimines. Therefore,
1 and 2g were subjected to the standard conditions, resulting
in a mixture of y-lactam 4g (48% yield, cis/trans=20:80)
and uncyclised adduct 3g (32% yield, diastereomeric
ratio=83:17) (Table 2, entry 7). To our surprise, the reaction
of 1 with N-phenylimine 2g gave the trans-y-lactam 4g as the
major isomer. It should be noted that, the stereochemical out-
comes are in sharp contrast to those observed when N-benzyl
imines were employed as imine partners. Treatment of the
crude mixture of 3g and 4g with anhydrous K,COj; (1 equiv)
in refluxing ethanol furnished y-lactam 4g in 82% yield as
a 10:90 mixture of cis- and trans-isomer. As summarised in
Table 2 (entries 8-12), the mixtures of adducts 3h—k and
v-lactams 4h-k were afforded from the condensation of 1
with imines 2h—k, except for the reaction with 2l, where
only y-lactam 41 was obtained as the sole product (Table 2,
entry 12). The reactions of the mixtures of 3g/4g, 3j/4j and
3k/4k (Table 2, entries 7, 10 and 11) with anhydrous
K,COs5 in absolute ethanol under reflux for 4 h led to com-
plete cyclisation and furnished the corresponding y-lactams
4g (82% yield, cis/trans=10:90), 4j (90% yield, cis/trans=
0:100) and 4k (75% yield, cis/trans=5:95), respectively.

At this point, on the basis of the stereochemistry seen in the
reactions summarised in Table 2, we shall advance a model
for the mechanism of Lewis acid mediated reactions of (bis)-
trimethylsilyloxy derivative 1 with N-phenyl imines and
N-benzyl imines. The transition state model employed to
explain the stereochemical outcomes observed in our study
has been proposed based on previous report by Mukaiyama. '
The work described Lewis base catalysed Mannich-type
reactions between trimethylsilyl enol ethers and N-tosyl
imines, irrespective of geometries of the silyl enol ethers,
to give the corresponding adducts with stereoconvergent
(anti) selectivity.

The reaction was assumed to undergo via the staggered acy-
clic transition states. Selectivity was achieved by the steric
effect in the way that repulsion of the group attached to nitro-
gen atom and substituent of the enol ether being greater than
that of an aryl group of imine and the group on nitrogen atom.
In our current study, we employed Lewis acid (ZnCl,) to
catalyse the reaction. It is assumed that ZnCl, occupies a co-
ordination site on the nitrogen atom such that it is cis to the
substituent at the imine carbon (Scheme 2). In the case of
N-benzyl imines, the selectivity was achieved by the steric
effect caused by the repulsive interaction of the benzyl group
and the substituent G of 1, leading preferably to anti-adduct 3
via transition state 5B (Scheme 2). This observation is anal-
ogous to the results previously reported by Mukaiyama.'3
Except for 3f, most often, the firstly formed anti-adduct 3
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Ph .ZnCly
SN NHPh EtO,C,
then H,O H7 >Ar Hio
G H —_— H
H Ar BtO2CHC L H A Ph ;
CO,Et
EtO OTMS
5A syn-3 trans-4
B .ZnCl
n_ .. 2 NHBn EtO,C
then H,O H7 >Ar Hii
H G —_— —_
H CH,CO,Et N ¢}
H Ar 22 Ar B
CO,Et
TMSO OEt ) )
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OTMS
G= —C
H  oEt
Scheme 2.

was not isolated but underwent cyclisation under the reaction
conditions to yield cis-y-lactam 4. Opposite stereoselectivity
was observed when N-phenyl imines were employed as the
reaction partners. This could be attributed to a greater steric
demanding of ZnCl, causing 1,4-bis(trimethylsilyloxy)-1,4-
diethoxy-1,3-butadiene 1 to approach the N-phenyl imines
such that the substituent G being anti to the ZnCl, (transition
state SA, Scheme 2), leading to syn-adduct 3. However, due
to a poor nucleophilicity of the nitrogen atom of the N-phenyl
amine, cyclisation did not readily occur and a mixture of ad-
duct 3 as a mixture of two diastereoisomers in varying ratio'*
and y-lactam 4 (favouring trans-isomer) was obtained. We
believed that cyclisation of the syn-adduct 3 to trans-y-lac-
tam 4 proceeded more rapidly than that of the anti-adduct 3
to cis-y-lactam 4. Therefore, the observed diastereoselectiv-
ity of adducts 3g—k in the N-phenyl series does not reflect the
cis/trans ratios of the y-lactams 4g—k. Attempted separation
of both isomers of 4a—f by preparative thin-layer chromato-
graphy (silica gel) was unsuccessful, except for cis-4a
wherein a white solid was obtained upon standing at room
temperature.

Ultimately, the isomerisation of cis-y-lactam to the thermo-
dynamically more stable frans-y-lactam was investigated.
Thus, treatment of a mixture of cis- and trans-y-lactam
4a—d and 4f with catalytic DBU in THF at room temperature
overnight furnished the frans-y-lactams 4a—d and 4f as the
major isomer. The results are listed in Table 3.

Table 3. Equilibration of cis/trans mixture of y-lactam 4 employing DBU
(0.25 equiv) in THF at rt

y-Lactam 4 (cis/trans)” % Yield® of y-lactam 4 (trans/cis)”

4a (90:10) 80 (80:20)
4b (90:10) 85 (85:15)
4c (92:8) 80 (90:10)
4d (92:8) 60 (80:20)
4f (80:20) 70 (90:10)

# Isolated products were used.

® Isolated yields.

¢ Determined by integration of the '"H NMR (300 MHz) spectra of the
isolated products.

H400\
2.1%( 4.9%( . o
N
Ph Bn
4aA

Figure 1.

The cis or trans stereochemistry of y-lactam 4a was conclu-
sively established by the NOE experiment of the correspond-
ing carboxylic acid derivative 4aA of cis-y-lactam 4a, which
was obtained by hydrolysis of the 90:10 mixture of 4a
employing 6 M HCl in dioxane under reflux for 1 h (Fig. 1).

3. Conclusion

In conclusion, we have established an efficient stereoselec-
tive synthesis of yy-lactams possessing -carboethoxy group
by treatment of bis(trimethylsilyloxy) derivative of diethyl
succinate with imines catalysed by ZnCl,. This type of
compound might be useful as starting materials in organic
synthesis. Simplicity of the procedure, readily available
starting materials and a possible stereocontrol of the reaction
are noteworthy. Work aimed at enantioselective synthesis of
this type of yy-lactam is currently underway.

4. Experimental
4.1. General

The 'H and '*C NMR spectra were recorded on Bruker
DPX-300 (300 MHz), Bruker DPX-400 (400 MHz) and
Bruker DPX-500 (500 MHz) spectrometers in CDCl; using
tetramethylsilane as an internal standard. The chemical
shifts (6) reported are given in parts per million (ppm) and
the coupling constants (J) are in hertz (Hz). Melting points
were recorded on a Buchi 501 Melting Point Apparatus
and were uncorrected. The IR spectra were recorded on
a GX FTIR system Perkin—Elmer infrared spectrometer.
The EI mass spectra were recorded by using a Thermo
Finnigan Polaris Q mass spectrometer. The high-resolution
mass spectra were recorded on HR-TOF-MS Micromass
model at Chiangmai University. The elemental analyses
were performed by a Perkin—Elmer Elemental Analyzer
2400 CHN. Merck silica gel 60 PF,s, was used for prepara-
tive thin-layer chromatography.

4.2. Reaction of the 1,4-bis(trimethylsilyloxy)-1,4-
diethoxy-1,3-butadiene (1) with imines using ZnCl,
as a catalyst

4.2.1. Ethyl 1-benzyl-5-0xo0-2-phenylpyrrolidine-3-
carboxylate (4a).

4.2.1.1. General procedure. A mixture of imine 2a
(0.195 g, 1 mmol) and zinc chloride solution (1 M in
THEF, 1 mL) was added dropwise at —78 °C to a solution of
1,4-bis(trimethylsilyloxy)-1,4-diethoxy-1,3-butadiene (1)
(0.318 g, 1 mmol) in THF (2 mL) under an argon atmo-
sphere. The resulting mixture was slowly warmed up to
room temperature overnight (16 h). The resulting mixture
was quenched with H,O, stirred to reach room temperature
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for 1h, and then extracted with EtOAc (3x30 mL). The
combined organic layers were washed with water, brine
and dried over anhydrous Na,SO,. After removal of solvent
under reduced pressure, a crude product 4a, which consisted
of a 90:10 mixture of cis/trans isomer, was purified by
preparative thin-layer chromatography (SiO,, 20% EtOAc
in hexanes, triple runs) to give a 90:10 mixture of cis/trans
isomer of 4a (0.226 g, 70% yield). The pale yellow solid ob-
tained from PLC was recrystallised from i-PrOH—/hexanes
to give a white solid of a pure cis-4a isomer (0.203 g, 62%,
mp 80-81 °C) and a pale yellow oil of trans-4a (0.023 g, 8%
yield) contaminated with a small amount of cis-4a.

4.2.1.2. cis-4a. "H NMR (300 MHz, CDCl5): 6 7.40-7.20
(m, 6H), 7.18-7.01 (m, 4H), 5.15 (d, J/=14.7 Hz, 1H), 4.63
(d, J4s=9.2Hz, 1H), 3.80-348 (m, 3H), 3.43 (d,
J=14.7 Hz, 1H), 3.21 (dd, J=17.3, 10.2 Hz, 1H), 2.62 (dd,
J=17.3, 9.2 Hz, 1H), 0.87 (t, J=7.1 Hz, 3H). '3C NMR
(75 MHz, CDCl3): ¢ 173.1, 169.9, 135.9, 135.7, 128.8,
128.7, 128.6, 128.4, 127.7, 127.6, 62.2, 60.9, 44.5, 43.0,
31.9, 13.9. IR (CHCl3): vpax 1734 (C=0 of ester), 1683
(C=O0 of amide) cm~'. MS: m/z (%) relative intensity 324
(IM+17%, 23), 323 ([M]*, 6), 232 (100), 119 (18), 118 (32),
117 (13), 105 (6), 91 (27), 77 (4), 65 (6). Anal. Calcd for
C,0H,1NO;: C, 74.28; H, 6.55; N, 4.33. Found: C, 74.57;
H, 6.80; N, 4.44.

4.2.1.3. trans-4a. "H NMR (300 MHz, CDCl5): 6 7.35—
7.25 (m, 3H), 7.25-7.15 (m, 3H), 7.15-7.01 (m, 2H),
7.01-6.91 (m, 2H), 5.03 (d, J=14.7 Hz, 1H), 4.53 (d,
Juans=5.4 Hz, 1H), 4.04 (q, J=7.1Hz, 2H), 341 (d,
J=14.7 Hz, 1H), 3.20-2.60 (m, 3H), 1.09 (t, J=7.1 Hz,
3H). *C NMR (75 MHz, CDCly): 6 172.9, 172.1, 138.9,
135.5, 129.1, 128.6, 128.4, 127.6, 126.9, 63.6, 61.3, 46.0,
44.4, 33.5, 14.0. IR (neat): vy, 1732 (C=O0 of ester),
1695 (C=O0 of amide) cm~'. MS: m/z (%) relative intensity
324 ([M+1]%, 23), 323 ([M]*, 6), 232 (100), 119 (18), 118
(32), 117 (13), 105 (6), 91 (27), 77 (4), 65 (6). HRMS
(ESI-TOF) calcd for C,oH,,NO; [M+Na]*: 346.1419;
found: 346.1415.

4.2.2. Ethyl 1-benzyl-2-(4-methoxyphenyl)-5-oxopyrrol-
idine-3-carboxylate (4b). According to the general proce-
dure as described for compound 4a, a solution of 1 (0.318 g,
1 mmol) in THF (2 mL) was treated with imine 2b (0.225 g,
1 mmol) under an argon atmosphere. A crude product 4b,
which consisted of a 90:10 mixture of cis/trans isomer,
was purified by preparative thin-layer chromatography
(8105, 20% EtOAc in hexanes, triple runs) to give a pale
yellow solid of product 4b (0.254 g, 72% yield, cis/
trans=90:10, mp=>55-56 °C). '"H NMR (300 MHz, CDCl;,
cis-isomer marked as *): 6 7.29-7.10 (m, 4H, ArH of cis-
and trans-isomer), 7.10-6.89 (m, 10H, ArH of cis- and
trans-isomer), 6.89—6.71 (m, 4H ArH of cis- and trans-iso-
mer), 5.07* (d, J/=14.7 Hz, 1H), 5.00 (d, J=14.7 Hz, 1H),
4.57* (d, J.s=9.3 Hz, 1H), 4.49 (d, Jyans=5.8 Hz, 1H),
4.05 (g, J=T7.1 Hz, 2H), 3.48-3.80* (m, 3H), 3.76 (s, 3H),
3.73* (s, 3H), 3.35 (d, J=14.7 Hz, 2H, NCHHAr of cis-
and trans-isomer), 3.00-2.90 (m, 1H), 2.85-2.65 (m, 2H),
3.18*% (dd, J=17.3, 10.3 Hz, 1H), 2.53* (dd, J=17.3,
9.3 Hz, 1H), 1.09 (t, J=7.1 Hz, 3H), 0.85* (t, J=7.1 Hz,
3H). 3C NMR (75 MHz, CDCl,, cis-isomer marked as *):
o 172.9%, 172.6, 172.1, 169.9%, 159.8*, 159.6, 135.9%,

135.6, 128.7 (cis- and trans-isomer), 128.6% 1284,
128.35%, 128.3, 128.1, 127.6*, 127.5, 127.4%*, 114.3, 113.9%*,
63.1, 61.7*%, 61.2, 60.9*%, 55.2, 55.16%, 46.1, 44.3*%, 44.2,
42,9*%, 33.6, 31.9*%, 13.9, 13.6*. IR (KBr): vn. 1726
(C=0 of ester), 1675 (C=0 of amide) cm—'. MS: m/z
(%) relative intensity 354 ((M+1]*, 9), 353 ([M]*, 18), 262
(100), 119 (23), 118 (25), 91 (84), 77 (10), 65 (13). HRMS
(ESI-TOF) calcd for C,;H,3NO4Na [M+Na]*: 376.1525;
found: 376.1525.

4.2.3. Ethyl 1-benzyl-2-(4-chlorophenyl)-5-oxopyrrol-
idine-3-carboxylate (4c¢). According to the general proce-
dure as described for compound 4a, a solution of 1
(0.318 g, 1 mmol) in THF (2 mL) was treated with imine
2¢ (0.229 g, 1 mmol) under an argon atmosphere. A crude
product 4¢, which consisted of a 92:8 mixture of cis/trans iso-
mer, was purified by preparative thin-layer chromatography
(S810,, 20% EtOAc in hexanes, triple runs) to give a pale yel-
low oil of product 4¢ (0.271 g, 76% yield, cis/trans=92:8).
'H NMR (300 MHz, CDCl;, cis-isomer marked as *):
0 7.30-6.80 (m, 18H, ArH of cis- and trans-isomer), 5.08*
(d, J=14.7 Hz, 1H), 5.03 (d, J=14.7 Hz, 1H), 4.58* (d,
Jis=9.3 Hz, 1H), 4.49 (d, Jyans=5.4 Hz, 1H), 4.05 (q,
J=17.1 Hz, 2H), 3.90-3.30* (m, 3H), 3.33 (d, J=14.7 Hz,
2H, NCHHAr of cis- and trans-isomer), 2.55* (dd, J=17.3,
9.4 Hz, 1H), 3.09* (dd, J=17.3, 10.2 Hz, 1H), 3.10-2.85
(m, 1H), 2.85-2.60 (m, 2H), 1.09 (t, /=7.1 Hz, 3H), 0.85*
(t, J=7.1 Hz, 3H). '3C NMR (75 MHz, CDCls, cis-isomer
marked as *): 6 172.9% 172.6, 172.8, 169.7*, 137.5,
135.6%, 135.3, 134.6%*, 134.3 (cis- and trans-isomer), 129.3,
128.9, 128.8*, 128.7 (cis- and trans-isomer), 128.3%*, 127.8%,
127.6,62.9,61.5%,61.4,60.9%,46.0,44.5%,44.4,42.8%,33 4,
31.7*%,13.9,13.6*. IR (neat): v, 1724 (C=O0 of ester), 1678
(C=0O0 of amide) cm~'. MS: m/z (%) relative intensity 358
(IM+17%, 15), 357(IM]*, 7), 266 (100), 119 (28), 118 (33),
91 (50), 77 (4), 65 (14). HRMS (ESI-TOF) calcd for
C5oH20NO3CINa [M+Na]*: 380.1029; found: 380.1028.

4.2.4. Ethyl 1-benzyl-2-(4-nitrophenyl)-5-oxopyrrol-
idine-3-carboxylate (4d). According to the general proce-
dure as described for compound 4a, a solution of 1 (0.318 g,
1 mmol) in THF (2 mL) was treated with imine 2d (0.241 g,
1 mmol) under an argon atmosphere. A crude product 4d,
which consisted of a 92:8 mixture of cis/trans isomer, was
purified by preparative thin-layer chromatography (SiO,,
20% EtOAc in hexanes, triple runs) to give a brown oil of
product 4d (0.257 g, 70% yield, cis/trans=92:8). 'H NMR
(300 MHz, CDCl;, cis-isomer marked as *): ¢ 8.20 (d,
J=8.5Hz, 4H, ArH of cis- and trans-isomer), 7.40-7.20
(m, 10H, ArH of cis- and trans-isomer), 7.15-7.00 (m, 4H
ArH of cis- and trans-isomer), 5.16* (d, J=14.7 Hz, 1H),
5.00 (d, J/=14.7 Hz, 1H), 4.69* (d, J.;x<=9.4 Hz, 1H), 4.62
(d, Jians=6.0 Hz, 1H), 4.05 (q, J/=7.1 Hz, 2H), 3.85-3.40%*
(m, 3H), 3.37 (d, J=14.7 Hz, 2H, NCHHATr of cis- and
trans-isomer), 3.08* (dd, J=17.4, 10.2 Hz, 1H), 2.57* (dd,
J=17.4, 9.4 Hz, 1H), 3.10-2.85 (m, 1H), 2.85-2.65 (m,
2H), 1.10 (t, J=7.1 Hz, 3H), 0.93* (t, J=7.1 Hz, 3H). '3C
NMR (75 MHz, CDCl;, cis-isomer marked as *): § 172.9%,
172.7, 171.4, 169.4%*, 148.1*%, 146.4, 143.4 (cis- and trans-
isomer), 135.2%, 134.9, 128.9%, 128.7, 128.6 (cis- and
trans-isomer), 128.4*, 128.3, 128.0%, 127.9, 124.3, 123.8%*,
62.8, 61.7, 61.5%, 61.2%, 45.8, 44.9%, 44.8, 42.8*%, 33.3,
31.7*%, 14.0, 13.7*. IR (neat): vy, 1732 (C=O0 of ester),
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1695 (C=0 of amide) cm~!. MS: m/z (%) relative intensity
369 ((IM+1]%, 9), 368 ([M]*, 13), 274 (100), 147 (30), 146
(56), 119 (27), 118 (47), 116 (20), 115 (13), 106 (23), 104
(52), 91 (80), 77 (8), 65 (20). Anal. Calcd for C,oH,oN,Os:
C,64.21;H,5.47;N, 7.60. Found: C, 64.24; H, 5.13; N, 7.75.

4.2.5. Ethyl 1-benzyl-2-(3-methoxyphenyl)-5-oxopyrrol-
idine-3-carboxylate (4e). According to the general proce-
dure as described for compound 4a, a solution of 1
(0.318 g, 1 mmol) in THF (2 mL) was treated with imine
2e (0.225 g, 1 mmol) under an argon atmosphere. A crude
product 4e, which consisted of an 85:15 mixture of cis/trans
isomer, was purified by preparative thin-layer chromato-
graphy (SiO,, 20% EtOAc in hexanes, triple runs) to give
a pale yellow solid of product 4e (0.264 g, 75% yield, cis/
trans=85:15, mp=160-164°C). 'H NMR (300 MHz,
CDCls, cis-isomer marked as *): 6 7.30-6.53 (m, 18H, ArH
of cis- and trans-isomer), 5.10* (d, J=14.7 Hz, 1H), 5.02
(d, J=14.7Hz, 1H), 4.58 (d, J=9.2 Hz, 1H), 4.51* (d,
J=5.5Hz, 1H), 4.05 (q, J=7.1 Hz, 2H), 3.80-3.25* (m,
3H), 3.81* (s, 3H), 3.83 (s, 3H), 3.37 (d, J/=14.7 Hz, 2H,
NCHHATr of cis- and trans-isomer), 3.21* (dd, J=17.3,
10.2 Hz, 1H), 2.55* (dd, J=17.3, 9.3 Hz, 1H), 3.10-2.85
(m, 1H), 2.85-2.65 (m, 2H), 1.16 (t, J=7.1 Hz, 3H), 0.87*
(t, J=7.1 Hz, 3H). '3C NMR (75 MHz, CDCl5, cis-isomer
marked as *): 0 173.1%, 172.8, 172.1, 169.9%, 160.2,
159.7%, 140.6, 137.3*, 135.9%, 135.6, 130.2*, 129.7, 128.6*,
128.5, 128.43*, 128.40, 127.7*, 127.6, 119.8*, 119.0,
113.9%, 113.86, 113.3*, 112.3, 63.5, 62.1*%, 61.3, 60.8%,
55.24, 55.2%, 45.8, 44.5%, 44.4, 42.9%, 33.5, 31.9%, 14.0,
13.6. IR (neat): v, 1732 (C=0 of ester), 1695 (C=0 of
amide) cm~!. MS: m/z (%) relative intensity 354 ([M+1]*,
23), 353 ((M]*, 6), 225 (50), 147 (39), 146 (28), 119 (28),
118 (51), 104 (34), 91 (100), 77 (18), 65 (25). HRMS (ESI-
TOF) calcd for C,;HyyNO, [M+1]*: 354.1705; found:
354.1705.

4.2.6. Ethyl 1-benzyl-2-(3,4-dimethoxyphenyl)-5-oxopyr-
rolidine-3-carboxylate (4f) and diethyl 2-[(benzylamino)-
(3,4-dimethoxyphenyl)methyl]succinate (3f). According
to the general procedure as described for compound 4a, a
solution of 1 (0.318 g, 1 mmol) in THF (2 mL) was treated
with imine 2f (0.255 g, 1 mmol) under an argon atmosphere.
A crude product 4f was purified by preparative thin-layer
chromatography (SiO,, 20% EtOAc in hexanes, triple
runs) to give a pale yellow oil of a 75:25 mixture of cis/trans
isomer of product 4f (0.218 g, 57% yield cis/trans=75:25)
and an adduct 3f (0.141 g, 33% yield) as a 42:58 mixture
of isomers.

4.2.6.1. Carboxylate 4f. '"HNMR (300 MHz, CDCl; cis-
isomer marked as *): 6 7.30-6.53 (m, 16H, ArH of cis- and
trans-isomer), 5.05* (d, J=14.6Hz, 1H), 4.96 (d,
J=14.6 Hz, 1H), 4.56* (d, J=9.3Hz, 1H), 4.47 (d,
J=6.0 Hz, 1H), 4.02 (q, J=7.1 Hz, 2H), 3.30-3.90* (m,
3H), 3.82 (s, 3H), 3.80%* (s, 3H), 3.74 (s, 6H, OCHj; of cis-
and trans-isomer), 3.37 (d, J=14.6 Hz, 2H, NCHHAr of
cis- and trans-isomer), 3.21% (dd, J=17.3, 10.1 Hz, 1H),
2.55% (dd, J=17.3, 9.4 Hz, 1H), 3.05-2.85 (m, 1H), 2.85-
2.65 (m, 2H), 1.10 (t, J/=7.1 Hz, 3H), 0.84* (t, J=7.1 Hz,
3H). '3C NMR (75 MHz, CDCls, cis-isomer marked as *):
0172.9%,172.6,172.1, 170.0%, 149.4, 149.2*, 149.1, 149.0%,
135.9*%, 135.7, 131.0, 128.6%, 128.4, 128.37 (cis- and trans-

isomer), 127.9*, 127.6*, 127.5, 120.1*, 119.5, 111.2,
110.9%, 110.4*, 109.4, 63.6, 62.1*, 61.2, 60.8%, 55.84%*,
55.8,46.1, 44.45, 44.4*% 42.9*% 33.7,31.9%, 14.0, 13.7*. IR
(CHCI3): vpmax 1720 (C=0 of ester), 1673 (C=O0 of
amide) cm~!. MS: m/z (%) relative intensity 384 ([M+1]",
23), 383 (IM]*, 6), 292 (58), 149 (66), 146 (28), 119 (22),
118 (23), 104 (12), 91 (100), 77 (32), 65 (26), 55 (44).
HRMS (ESI-TOF) calcd for C,,H,sNOsNa [M+Na]*:
408.1630; found: 408.1630.

4.2.6.2. Succinate 3f. '"HNMR (300 MHz, CDCl;, minor-
isomer marked as *): 6 7.00 (t, J=8.1 Hz, 4H, ArH of major-
and minor-isomer), 6.80-6.68 (m, 6H, ArH of major- and
minor-isomer), 6.60-6.50 (m, 2H, ArH of major- and mi-
nor-isomer), 6.50-6.39 (m, 4H ArH of major- and minor-iso-
mer), 4.63* (d, Jminor=5.4 Hz, 1H), 4.45 (d, Jmajor=0.8 Hz,
1H), 4.09-3.95 (m, 8H, OCH,CH3; of major- and minor-iso-
mer), 3.77 (s, 16H, OCH;3 and NCH,Ar of major- and minor-
isomer), 3.26-3.20 (m, 1H), 3.20-3.10* (m, 1H), 2.74 (dd,
J=17.1, 10.1 Hz, 2H, CHCHHCO of major- and minor-
isomer), 2.45-2.32 (m, 2H, CHCHHCO of major- and
minor-isomer), 1.22-1.02 (m, 12H, OCH,CH; of major-
and minor-isomer). '3C NMR (75 MHz, CDCl;, minor-
isomer marked as *): 6 173.3, 172.7*%, 172.0*%, 171.6, 149.2,
149.1*, 148.4, 146.8%, 146.7 (major- and minor-isomer),
133.0, 132.3* 129.04, 129.0*, 119.1, 119.0%, 117.8%*,
117.6, 113.7*, 113.4, 111.14*_111.1, 109.7*, 109.5, 61.1%*,
61.0, 60.8, 60.3*, 58.7, 58.6*, 55.85, 55.8*, 48.1, 48.0%*,
44.45, 44.4* 348, 32.1*%, 14.03, 14.0*. IR (neat): V.«
3395 (N-H), 1732 (C=0 of ester) cm™'. MS: m/z (%) rela-
tive intensity 429 ([M]*, 0.05), 242 (100), 104 (32),91 (1), 77
(10). HRMS (ESI-TOF) calcd for C,4H3;NOg [M]*:
429.2151; found: 429.2150.

4.2.7. Ethyl 5-0x0-1,2-diphenylpyrrolidine-3-carboxylate
(4g) and diethyl 2-(phenyl(phenylamino)methyl)succi-
nate (3g). According to the general procedure as described
for compound 4a, a solution of 1 (0.318 g, 1 mmol) in
THF (2 mL) was treated with imine 2g (0.181 g, 1 mmol)
under an argon atmosphere. A crude product 4g was purified
by preparative thin-layer chromatography (SiO,, 20%
EtOAc in hexanes, triple runs) to give a pure trans-isomer
(0.110 g, 36% yield as a pale yellow solid, mp=115-
116 °C) and cis-isomer (38 mg, 12% yield as a yellow oil)
of 4g, and an adduct 3g (0.113 g, 32% yield) as an 83:17
mixture of isomers.

4.2.7.1. trans-4g. "H NMR (300 MHz, CDCl5): 6 7.39 (d,
J=17.6 Hz, 2H), 7.35-7.19 (m, 7H), 7.06 (t, J=7.5 Hz, 1H),
5.53 (d, Jyans=4.6 Hz, 1H), 4.22 (q, J=7.1 Hz, 2H), 3.20—
2.80 (m, 3H), 1.27 (t, J=7.1 Hz, 3H). >*C NMR (75 MHz,
CDCls): 6 172.15, 172.1, 139.7, 137.5, 129.0, 128.7,
128.2, 126.1, 125.3, 122.7, 65.8, 61.6, 46.4, 34.3, 14.1. IR
(CHCIL3): vpax 1731 (C=0 of ester), 1698 (C=O of
amide) cm~!. MS: m/z (%) relative intensity 310 ((M+1]",
24), 309 (IM]*, 97), 236 (100), 208 (99), 180 (71), 91
(24), 77 (38), 50 (11). Anal. Calcd for C;oH;9NO3: C,
73.77; H, 6.19; N, 4.53. Found: C, 73.79; H, 6.25; N, 4.41.

4.2.7.2. cis-4g. "H NMR (300 MHz, CDCl5): 6 7.42 (d,
J=7.9 Hz, 2H) 7.35-7.10 (m, 7H), 7.06 (t, J=7.3 Hz, 1H),
548 (d, J.;.=8.8 Hz, 1H), 3.88-3.65 (m, 3H), 3.32 (dd,
J=17.3, 10.2 Hz, 1H), 2.72 (dd, J=17.3, 8.8 Hz, 1H), 0.99
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(t, J=7.2 Hz, 3H). '3C NMR (75 MHz, CDCly): ¢ 172.7,
169.5, 137.8, 136.2, 128.7, 128.62, 128.6, 127.0, 125.3,
122.1, 65.1, 61.0, 43.7, 32.9, 13.7. IR (neat): v, 1732
(C=0 of ester), 1707 (C=O0 of amide) cm™'. MS: m/z
(%) relative intensity 310 ([M+1]*, 29), 309 ([M]*, 75),
281 (51), 236 (100), 208 (78), 91 (21), 77 (33), 65 (3).
HRMS (ESI-TOF) calcd for C;oH;oNOs;Na [M+Na]":
332.1263; found: 332.1263.

4.2.7.3. Succinate 3g. 'H NMR (300 MHz, CDCl;, mi-
nor-isomer marked as *): § 7.40-6.40 (m, 20H, ArH of ma-
jor- and minor-isomer), 4.67* (d, Jinor=25.5 Hz, 1H), 4.52
(d, Jmajor=0.5 Hz, 1H), 4.10-3.90 (m, 8H, OCH,CH3 of
major- and minor-isomer), 3.35-3.20* (m, 1H), 3.20-3.10
(m, 1H), 2.85-2.70 (m, 2H, CHCHHCO of major- and mi-
nor-isomer), 2.45-2.30 (m, 2H, CHCHHCO of major- and
minor-isomer), 1.12 (t, J=7.1 Hz, 6H, OCH,CH3; of major-
and minor-isomer), 1.03 (t, J/=7.1 Hz, 6H, OCH,CH; of
major- and minor-isomer). '*C NMR (75 MHz, CDCl;, minor-
isomer marked as *): 6 173.2, 172.6*, 172.0*%, 171.5, 146.6*,
146.5,140.4,139.8%*, 129.1, 129.0%, 128.6 (major- and minor-
isomer), 127.5 (major- and minor-isomer), 126.8*, 126.7,
117.8, 117.5%, 113.6*, 113.3, 61.1%, 61.0, 60.8 (major- and
minor-isomer), 58.7 (major- and minor-isomer), 48.0,
47.9%, 34.5, 32.0%, 14.04 (major- and minor-isomer), 13.96
(major- and minor-isomer). IR (neat): v,x 3386 (N-H),
1734 (C=0O0 of ester) cm~'. MS: m/z (%) relative intensity
356 (IM+1]*, 8), 355 (IM]*, 1), 182 (100), 180 (4), 104
(16), 91 (1), 77 (12). HRMS (ESI-TOF) calcd for
C,,H,505Na [M+Na]™: 356.1862; found: 356.1862.

4.2.8. Ethyl 2-(4-chlorophenyl)-5-ox0-1-phenylpyrrol-
idine-3-carboxylate (4h) and diethyl 2-[(4-chlorophenyl)-
(phenylamino)methyl]succinate (3h). According to the
general procedure as described for compound 4a, a solution
of 1 (0.318 g, 1 mmol) in THF (2 mL) was treated with
imine 2h (0215 g, 1 mmol) under an argon atmosphere. A
crude product 4h was purified by preparative thin-layer
chromatography (SiO,, 20% EtOAc in hexanes, triple
runs) to give a pure trans-isomer (0.141 g, 41% yield, as
a pale yellow solid, mp=117-119°C) and cis-isomer
(27 mg, 7% yield, as a yellow oil) product of 4h, and an
adduct 3h (0.140 g, 36% yield as a 60:40 mixture of isomers).

4.2.8.1. trans-4h. '"H NMR (300 MHz, CDCls): ¢ 7.27
(m, 2H), 7.20-7.05 (m, 6H), 7.01 (m, 1H), 5.44 (d,
Jians=4.8 Hz, 1H), 4.15 (q, J=7.1 Hz, 2H), 3.00-2.70 (m,
3H), 1.20 (t, J=7.1 Hz, 3H). '3C NMR (75 MHz, CDCl5):
0 171.8, 138.2, 137.1, 134.0, 129.2, 128.8, 127.7, 125.6,
122.7, 65.0, 61.7, 46.4, 34.3, 14.1. IR (neat): vy, 1731
(C=O0 of ester), 1714 (C=0 of amide) cm~'. MS: m/z
(%) relative intensity 344 ([M+1]*, 16), 343 ([M]*, 63),
270 (83), 242 (100), 240 (23), 216 (59), 91 (9), 77 (81), 55
(12). Anal. Calcd for C;oH;sNO;CI: C, 66.38; H, 5.28; N,
4.07. Found: C, 66.17; H, 4.92; N, 4.00.

4.2.8.2. cis-4h. "H NMR (300 MHz, CDCL): 6 7.32 (m,
2H), 7.21-7.16 (m, 4H), 7.16-6.95 (m, 3H), 5.41 (d,
Ji=8.8 Hz, 1H), 3.90-3.60 (m, 3H), 3.22 (dd, J=17.3,
10.5Hz, 1H), 2.67 (dd, J=17.3, 9.3 Hz, 1H), 0.96 (t,
J=7.1Hz, 3H). 3C NMR (75MHz, CDCly): & 172.4,
169.4, 137.4, 134.8, 134.5, 128.6, 128.4, 125.5, 122.1,
64.4, 61.2, 43.4, 32.8, 13.7. IR (CHCL3): vpma 1732 (C=0

of ester), 1698 (C=0 of amide) cm~'. MS: m/z (%) relative
intensity 344 ([M+1]%, 21), 343 ([M]*, 93), 270 (90), 242
(100), 216 (71), 91 (9), 77 (53), 50 (12). HRMS (ESI-TOF)
calcd for C19HoNO5Cl [M+1]*: 344.1503; found: 344.1502.

4.2.8.3. Succinate 3h. 'H NMR (400 MHz, CDCls,
minor-isomer marked as *): 6 7.40-7.20 (m, 8H, ArH of
major- and minor-isomer), 7.09 (t, /=8.0 Hz, 4H, ArH of
major- and minor-isomer), 6.67 (t, J=6.8 Hz, 4H, ArH
of major- and minor-isomer), 6.65 (t, J=7.3 Hz, 2H, ArH
of major- and minor-isomer), 4.78 (d, Jmajor=5.6 Hz, 1H),
4.63* (d, Jminor=>5.6 Hz, 1H), 4.20-4.05 (m, 8H, OCH,CH;
of major- and minor-isomer), 3.45-3.35* (m, 1H), 3.35-3.25
(m, 1H), 2.91-2.80 (m, 2H, CHCHHCO of major- and
minor-isomer), 2.60-2.40 (m, 2H, CHCHHCO of major-
and minor-isomer), 1.22 (t, J=7.1 Hz, 6H, OCH,CH;3 of
major- and minor-isomer), 1.13 (t, J=7.1 Hz, 6H, OCH,CH3
of major- and minor-isomer). '3C NMR (125 MHz, CDCl;,
minor-isomer marked as *): ¢ 173.9%, 173.3, 172.7, 172.2%*,
147.3*%, 147.15, 141.1 (major- and minor-isomer), 140.6
(major- and minor-isomer), 129.8%, 129.7, 129.3 (major-
and minor-isomer), 128.3 (major- and minor-isomer),
127.5, 127.4*%, 118.5*%, 118.3, 114.4, 114.1*%, 61.8, 61.7*,
61.5 (major- and minor-isomer), 59.5, 59.4%, 48.6 (major-
and minor-isomer) 35.2%, 32.8, 14.7 (major- and minor-
isomer), 14.66 (major- and minor-isomer). IR (neat): v.x
3396 (N-H), 1731(C=0 of ester) cm~'. MS: m/z (%) rela-
tive intensity 401 ([M+1]*, 6), 400 ([M]™, 4), 227 (100), 212
(50), 104 (15), 91 (2), 77 (11). HRMS (ESI-TOF) calcd for
C,H,5NO4CI [M+1]%: 390.1472; found: 390.1471.

4.2.9. Ethyl 2-(4-nitrophenyl)-5-oxo-1-phenylpyrrol-
idine-3-carboxylate (4i) and diethyl 2-((4-nitrophenyl)-
(phenylamino)methyl)succinate (3i). According to the
general procedure as described for compound 4a, a solution
of 1 (0.318 g, 1 mmol) in THF (2 mL) was treated with
imine 2i (0.226 g, 1 mmol) under an argon atmosphere. A
crude product 4i was purified by preparative thin-layer chro-
matography (SiO,, 20% EtOAc in hexanes, triple runs) to
give a pure trans-isomer 4i (58 mg, 16% yield, as a pale
yellow solid, mp=132-133 °C) and an adduct 3i (0.248 g,
62% yield, as a 50:50 mixture of isomers).

4.2.9.1. trans-4i. "H NMR (300 MHz, CDCl5): 6 8.08 (d,
J=8.6 Hz, 2H), 7.38 (d, J=8.6 Hz, 2H), 7.35-7.10 (m, 4H),
7.02 (m, 1H), 5.60 (d, Jyrans=5.1 Hz, 1H), 4.17 (q, J=7.1 Hz,
2H), 3.10-2.81 (m, 3H), 1.22 (t, J=7.1 Hz, 3H). '3C NMR
(75 MHz, CDCls): 6 171.6, 171.4, 147.7, 147.0, 137.0,
129.0, 127.3, 125.9, 124.3, 122.6, 64.7, 62.0, 46.1, 34.3,
14.1. IR (neat): v 1731 (C=O0 of ester), 1714 (C=0 of
amide) cm~'. MS: m/z (%) relative intensity 354 ([M]*, 1),
242 (100), 216 (59), 91 (15), 77 (92), 55 (10). Anal. Calcd
for C19H18N205: C, 6421, H, 547, N, 7.60. Found: C,
64.24; H, 5.13; N, 7.75.

4.2.9.2. Succinate 3i. 'H NMR (400 MHz, CDCl;, one
isomer marked as *): 6 8.19 (d, J=8.8 Hz, 4H, ArH of both
isomers), 7.53 (m, 4H, ArH of both isomers), 7.10 (m, 4H,
ArH of both isomers), 6.70 (q, J=7.2 Hz, 2H, ArH of both
isomers), 6.47 (m, 4H, ArH of both isomers), 5.10*
(br, 1H), 4.75 (br, 1H), 4.86 (d, Jmajor=>5.3 Hz, 1H), 4.79*
(d, Jminor=5.1 Hz, 1H), 4.05-4.20 (m, 8H, OCH,CH; of
both isomers), 3.30-3.43 (m, 2H, CH,CHCO,Et of both
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isomers), 2.90 (dd, J/=17.0, 8.2 Hz, 1H), 2.84* (dd, J=17.0,
9.5 Hz, 1H), 2.66* (dd, J=17.0, 5.6 Hz, 1H), 2.43 (dd,
J=17.0, 4.8 Hz, 1H), 1.23* (t, J=7.1 Hz, 3H), 1.22 (t,
J=7.1Hz, 3H), 1.15 (t, J=7.1 Hz, 3H), 1.10* (t, J=7.1 Hz,
3H). '3C NMR (125 MHz, CDCl;, one isomer marked as *):
o 173.2%, 172.6, 172.3, 171.9%, 149.3* 148.5, 148.2,
148.1%, 146.6*, 146.5, 130.0*, 129.9, 128.6, 128.4*, 124.6,
124.5%, 119.2, 118.9%, 114.3, 113.9*%, 62.2, 62.0*, 61.7
(both isomers), 59.1, 58.5%, 48.13, 48.07*, 35.0*, 32.8,
14.7 (both isomers), 14.6 (both isomers). IR (neat): v,ay
3400 (N=H), 1731 (C=0 of ester) cm~'. MS: m/z (%) rela-
tive intensity 401 ([M+1]*, 6), 400 ([M]", 4), 227 (100), 212
(50), 104 (15), 91 (2), 77 (11). HRMS (ESI-TOF) calcd for
C, H54N,0O5CINa [M+Na]*: 423.1532; found: 423.1531.

4.2.10. Ethyl 2-(3-methoxyphenyl)-5-oxo-1-phenylpyr-
rolidine-3-carboxylate (4j) and diethyl 2-[(3-methoxy-
phenyl)(phenylamino)methyl]succinate (3j). According to
the general procedure as described for compound 4a, a solu-
tion of 1 (0.318 g, 1 mmol) in THF (2 mL) was treated with
imine 2j (0.211 g, 1 mmol) under an argon atmosphere. A
crude product 4j was purified by preparative thin-layer chro-
matography (SiO,, 20% EtOAc in hexanes, triple runs) to
give a pure trans-isomer (0.205 g, 61% yield, as a pale yel-
low solid, mp=117-119 °C) and cis-isomer (69 mg, 20%
yield, as a yellow oil) of product 4j (0.274 g, 81% yield),
and an adduct 3j (50 mg, 13% yield as a 42:58 mixture of
isomers).

4.2.10.1. trans-4j. '"HNMR (300 MHz, CDCl3): 6 7.32 (d,
J=17.7 Hz, 2H), 7.30-7.10 (m, 3H), 7.00 (t, J=7.3 Hz, 1H),
6.80-6.50 (m, 3H), 5.42 (d, Jyans=4.5 Hz, 1H), 4.15 (q,
J=7.1Hz, 2H), 3.66 (s, 3H), 2.80-3.10 (m, 3H), 1.21 (t,
J=7.1Hz, 3H). 3C NMR (75MHz, CDCL): § 172.2,
172.1, 160.0, 141.4, 137.5, 130.2, 128.8, 125.4, 122.7,
118.3, 113.4, 111.9, 65.8, 61.7, 55.2, 46.7, 34.4, 14.2. IR
(neat): vpax 1732 (C=O0 of ester), 1706 (C=0 of
amide) cm™~!. MS: m/z (%) relative intensity 340 ([M+1]",
7), 339 (IM]*, 76), 210 (100), 91 (31), 77 (78), 55 (12).
HRMS (ESI-TOF) caled for C,yH;pNO, [M+1]*:
340.1549; found: 340.1545.

4.2.10.2. cis-4j. 'H NMR (300 MHz, CDCl5): ¢ 7.36 (d,
J=8.3 Hz, 2H), 7.25-7.05 (m, 3H), 7.01 (t, J=7.3 Hz, 1H),
6.80-6.60 (m, 3H), 5.37 (d, J.=8.8 Hz, 1H), 3.90-3.60
(m, 3H), 3.67 (s, 3H), 3.24 (dd, J=17.3, 10.8 Hz, 1H),
2.64 (dd, J=17.3, 8.8 Hz, 1H), 0.96 (t, J=7.1 Hz, 3H). 3C
NMR (75 MHz, CDCls): 6 172.7, 169.5, 159.8, 137.8,
129.7, 128.8, 125.3, 122.1, 119.2, 113.6, 113.0, 65.0, 61.1,
55.2, 43.7, 33.0, 13.8. IR (CHCI3): v, 1736 (C=0 of
ester), 1697 (C=O0 of amide) cm~!. MS: m/z (%) relative
intensity 340 ([M+1]*, 21), 339 ([M]*, 100), 266 (92), 91
(11, 77 (29), 55 (6). HRMS (ESI-TOF) calcd for
C,oH5oNO, [M+1]%: 340.1549; found: 340.1550.

4.2.10.3. Succinate 3j. 'H NMR (300 MHz, CDCl;, mi-
nor-isomer marked as *): 6 7.09 (t, J=8.3 Hz, 4H, ArH of
major- and minor-isomer), 6.94 (t, J=7.6 Hz, 4H, ArH of
major- and minor-isomer), 6.90-6.45 (m, 8H, ArH of major-
and minor-isomer), 6.39 (t, J=7.3 Hz, 2H, ArH of major-
and minor-isomer), 4.62* (d, Jpinor=>5.3 Hz, 1H), 4.44 (d,
Jmajor=06.8 Hz, 1H), 4.10-3.90 (m, 8H, OCH,CH3; of major-
and minor-isomer), 3.37 (s, 6H, OCHj; of major- and minor-

isomer), 3.30-3.20* (m, 1H), 3.20-3.10 (m, 1H), 2.80-2.60
(m, 2H, CHCHHCO of major- and minor-isomer), 2.40-2.25
(m 2H, CHCHHCO of major- and minor-isomer), 1.15—
0.90 (m, 12H, OCH,CHj; of major- and minor-isomer). '3C
NMR (75 MHz, CDCl;, both isomers): 6 173.9, 172.2,
160.5, 147.2, 143.0, 130.3, 129.7, 119.8, 118.2, 114.0,
113.5, 113.2, 61.7, 61.5, 59.5, 55.8, 48.6, 35.2, 14.7, 14.6.
IR (neat): v, 3385 (N-H), 1721 (C=O0 of ester) cm~'. MS:
m/z (%) relative intensity 386 ((M+1]*, 32), 385 (IM]*, 4), 215
(100), 104 (26), 91 (3), 77 (16). HRMS (ESI-TOF) calcd
for C,,H,gNOs [M+1]*: 386.1969; found: 386.1967.

4.2.11. Preparation of ethyl 2-(3,4-dimethoxyphenyl)-5-
oxo-1-phenylpyrrolidine-3-carboxylate (4k) and diethyl
2-[(3,4-dimethoxyphenyl)(phenylamino)methyl]succi-
nate (3k). According to the general procedure as described
for compound 4a, a solution of 1 (0.318 g, 1 mmol) in
THF (2 mL) was treated with imine 2k (0.242 g, 1 mmol)
under an argon atmosphere. A crude product 4k was purified
by preparative thin-layer chromatography (SiO,, 20%
EtOAc in hexanes, triple runs) to give a pure trans-isomer
(0.099 g, 26% yield, as a pale yellow solid, mp=136—
137 °C) and cis-isomer (28 mg, 7% yield, as a yellow oil)
of product 4k, and an adduct 3k (0.220 g, 53% yield as
a 60:40 mixture of isomers).

4.2.11.1. trans-4k. '"H NMR (300 MHz, CDCl5): 6 7.29
(d, J=8.4 Hz, 2H), 7.20-6.90 (m, 4H), 6.80-6.50 (m, 2H),
5.39 (d, Jyans=5.0 Hz, 1H), 4.15 (q, J=7.1 Hz, 2H), 3.75
(s, 3H), 3.72 (s, 3H), 2.78-3.08 (m, 3H), 1.21 (t,
J=7.1Hz, 3H). 3C NMR (75MHz, CDCl5): 6 177.3,
172.0, 149.4, 148.8, 137.5, 132.0, 128.7, 125.5, 122.9,
118.7, 111.3, 108.9, 66.0, 61.6, 55.9, 55.8, 46.7, 34.5,
14.1. IR (CHCI)): vyna 1731 (C=0 of ester), 1695 (C=0
of amide) cm~!. MS: m/z (%) relative intensity 371
(IM+21%, 6), 370 ([M+1]%, 24), 369 (IM]*, 100), 240 (57),
91 (12), 77 (22). HRMS (ESI-TOF) calcd for C,;H»3NOsNa
[M+Na]*: 392.1474; found: 392.1477.

4.2.11.2. cis-4k. "H NMR (300 MHz, CDCl5): 6 7.41 (d,
J=8.1 Hz, 2H), 7.26 (t, J=6.7 Hz, 2H), 7.09 (t, J=7.4 Hz,
1H), 6.70 (s, 2H), 6.67 (s, 1H), 5.43 (d, J.;x~=8.8 Hz, 1H),
3.75-3.95 (m, 3H), 3.82 (s, 3H), 3.81 (s, 3H), 3.31 (dd,
J=17.3, 10.0 Hz, 1H), 2.72 (dd, J=17.3, 8.9 Hz, 1H), 1.03
(t, J=7.1 Hz, 3H). '3C NMR (75 MHz, CDCly): 6 172.7,
169.7, 149.2, 149.1, 137.9, 128.8, 128.6, 125.4, 122.3,
119.6, 111.1, 110.1, 65.0, 55.9, 55.8, 43.8, 33.1, 29.7,
13.8. IR (CHCI3): vpmax 1731 (C==0 of ester), 1696 (C=0
of amide) cm~!. MS: m/z (%) relative intensity 371
(IM+21*, 7), 370 ([M+1]1%, 37), 369 (IM]*, 100), 91 (12),
77 (30). HRMS (ESI-TOF) calcd for C, H,3NOsNa
[M+Nal*: 392.1474; found: 392.1477.

4.2.11.3. Succinate 3k. 'H NMR (400 MHz, CDCl;,
minor-isomer marked as *): 6 7.00 (t, J=8.1 Hz, 4H, ArH
of major- and minor-isomer), 6.80-6.68 (m, 6H, ArH of
major- and minor-isomer), 6.60—6.50 (m, 2H, ArH of major-
and minor-isomer), 6.50—6.39 (m, 4H, ArH of major- and mi-
nor-isomer), 4.63 (d, J/=5.4 Hz, 1H), 4.45* (d, J=6.9 Hz,
1H), 4.85 (br, 1H, NH of major- and minor-isomer), 4.09
(q, J=7.1 Hz, 4H), 4.08* (q, J=7.1 Hz, 4H), 3.84 (s, 12H,
OCH3; of major- and minor-isomer), 3.40-3.30* (m, 1H),
3.30-3.20 (m, 1H), 2.74 (dd, J=17.1, 10.1 Hz, 1H,
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CHCHHCO of major- and minor-isomer), 2.45-2.32 (m,
CHCHHCO of major- and minor-isomer), 1.21% (t,
J=7.1 Hz, 3H), 1.20 (t, J=7.1 Hz, 3H), 1.16 (t, J=7.1 Hz,
3H), 1.15% (t, J=7.1 Hz, 3H). '3C NMR (125 MHz, CDCl;,
minor-isomer marked as *): 6 174.0%, 173.4, 172.7, 171.3%*,
149.85%, 149.8, 149.05*, 149.0, 147.4, 147.3*, 133.7%,
133.0, 129.73*, 129.7, 119.8*, 119.7, 118.5, 118.3*, 114.4,
114.1*, 111.8, 111.76*, 110.4, 110.2*, 61.8, 61.7*, 61.5
(major- and minor-isomer), 59.4*% 59.2, 56.53*, 56.5,
48.8%,48.7, 35.2* 32.8, 14.74, 14.7*. IR (neat): vy 3395
(N-H), 1732 (C=0 of ester) cm ™. MS: m/z (%) relative in-
tensity 416 ([M+1]*, 7), 415 ([M]*, 2), 242 (100), 104 (32),
91 (1), 77 (10). HRMS (ESI-TOF) calcd for C,5H3oNOg
[M+1]*: 416.2073; found: 416.2070.

4.2.12. Preparation of ethyl 2-(4-methoxyphenyl)-5-oxo-
1-phenylpyrrolidine-3-carboxylate (41). According to the
general procedure as described for compound 4a, a solution
of 1 (0.318 g, I mmol) in THF (2 mL) was treated with
imine 21 (0.211 g, 1 mmol) under an argon atmosphere. A
crude product 4l was purified by preparative thin-layer chro-
matography (SiO,, 20% EtOAc in hexanes, triple runs) to
give a pure trans-isomer (0.210 g, 62% yield as a pale yellow
oil) and cis-isomer (71 mg, 21% yield as a pale yellow oil) of
product 41.

4.2.12.1. trans-41. 'H NMR (300 MHz, CDCls): 6 7.27
(d, J=7.8Hz, 2H), 7.16 (t, J=7.3 Hz, 2H), 7.08 (d,
J=8.6 Hz, 2H), 6.99 (t, J=7.3 Hz, 1H), 6.78 (d, J/=8.6 Hz,
2H), 5.39 (d, Jyans=4.9 Hz, 1H), 4.14 (q, J=7.1 Hz, 2H),
3.66 (s, 3H), 2.75-3.10 (m, 3H), 1.19 (t, J/=7.1 Hz, 3H).
13C NMR (75 MHz, CDCl5): 6 172.2, 172.0, 159.3, 137 .4,
131.5, 128.6, 127.4, 125.3, 122.9, 114.3, 654, 61.5, 55.1,
46.7, 34.4, 14.1. IR (neat): v, 1732 (C=O0 of ester),
1704 (C=0 of amide) cm~'. MS: m/z (%) relative intensity
340 ([M+17%, 24), 339 ([M]*, 55), 210 (100), 91 (43), 77
(65). HRMS (ESI-TOF) calcd for C,oH»poNO, [M+1]*:
340.1549; found: 340.1549.

4.2.12.2. cis-41. 'H NMR (300 MHz, CDCl5): 6 7.35 (d,
J=8.0 Hz, 2H), 7.15 (m, 2H), 7.05 (t, J=8.7 Hz, 3H), 6.74
(d, J=8.7 Hz, 2H), 5.38 (d, J.=8.8 Hz, 1H), 3.90-3.60
(m, 3H), 3.68 (s, 3H), 3.28 (dd, J=17.5, 10.9 Hz, 1H),
2.67 (dd, J=17.5, 8.9 Hz, 1H), 0.97 (t, J=7.1 Hz, 3H). 13C
NMR (125 MHz, CDCls): 6 172.6, 169.6, 159.6, 137.8,
128.7, 128.2, 128.0, 125.2, 122.2, 113.9, 64.7, 61.0, 55.1,
43.7, 32.9, 13.8. IR (CHCl3): vpax 1732 (C=O0 of ester),
1697 (C=O0 of amide) cm~'. MS: m/z (%) relative intensity
340 ([M+1]%, 20), 339 ([M]*, 100), 266 (61), 210 (90), 91
(16), 77 (22). HRMS (ESI-TOF) calcd for C,oH,;NO4Na
[M+Na]*: 362.1368; found: 362.1368.

4.2.13. Cyclisation of a mixture of 3g and 4g to y-lactam
4g. According to the general procedure as described for
compound 4a, a solution of 1 (0.320 g, 1 mmol) in THF
(2 mL) and imine 2g (0.181 g, 1 mmol) were employed, af-
ter aqueous work-up, to yield the crude material. Without
chromatographic purification, the crude product was treated
with K,CO5 (0.138 g, 1 mmol) in dry EtOH (20 mL) and the
mixture was refluxed for 4 h under an argon atmosphere. Af-
ter the mixture was cooled to room temperature, the reaction
mixture was quenched with 1 M HCI, and EtOH was re-
moved (aspirator). The residue was extracted with EtOAc

(3x20 mL). The combined organic layers were washed
with water and brine, and dried over anhydrous Na,SO,. Af-
ter removal of solvent under reduced pressure, a crude prod-
uct was purified by preparative thin-layer chromatography
(Si0,, 20% EtOAc in hexanes, triple runs) to give a mixture
of cis/trans isomer of 4g (82% yield, cis/trans=10:90).

4.2.14. Cyclisation of a mixture of 3j and 4j to y-lactam
4j. According to the general procedure as described for com-
pound 4a, a solution of 1 (0.316 g, 1 mmol) in THF (2 mL)
and imine 2j (0.211 g, 1 mmol) were employed, after aque-
ous work-up, to yield the crude material. Without chromato-
graphic purification, the crude product was treated with
K,CO;3 (0.138 g, 1 mmol) in dry EtOH (20 mL) and the mix-
ture was refluxed for 4 h under an argon atmosphere. After
the mixture was cooled to room temperature, the reaction
mixture was quenched with 1 M HCI, and EtOH was re-
moved (aspirator). The residue was extracted with EtOAc
(3x20 mL). The combined organic layers were washed
with water and brine, and dried over anhydrous Na,SO,. Af-
ter removal of solvent under reduced pressure, a crude prod-
uct was purified by preparative thin-layer chromatography
(Si0,, 20% EtOAc in hexanes, triple runs) to give a mixture
of cis/trans isomer of 4j (82% yield, cis/trans=0:100).

4.2.15. Cyclisation of a mixture of 3k and 4k to y-lactam
4k. According to the general procedure as described for
compound 4a, a solution of 1 (0.318 g, 1 mmol) in THF
(2 mL) and imine 2k (0.241 g, 1 mmol) were employed, af-
ter aqueous work-up, to yield the crude material. Without
chromatographic purification, the crude product was treated
with K,CO5 (0.138 g, 1 mmol) in dry EtOH (20 mL) and the
mixture was refluxed for 4 h under an argon atmosphere. Af-
ter the mixture was cooled to room temperature, the reaction
mixture was quenched with 1 M HCI, and EtOH was re-
moved (aspirator). The residue was extracted with EtOAc
(3x20 mL). The combined organic layers were washed
with water and brine, and dried over anhydrous Na,SO,. Af-
ter removal of solvent under reduced pressure, a crude prod-
uct was purified by preparative thin-layer chromatography
(Si0,, 20% EtOAc in hexanes, triple runs) to give a mixture
of cis/trans isomer of 4k (82% yield, cis/trans=5:95).

4.3. Isomerisation of cis-y-lactam 4 to trans-y-lactam 4

4.3.1. General procedure. To a solution of the mixture of
diastereomers of 4a (87.5 mg, 0.25 mmol) in THF (1 mL)
was added dropwise a THF solution of DBU (10 mg,
0.063 mmol) at 0 °C under an argon atmosphere. The reac-
tion mixture was slowly warmed up to room temperature
and stirred for 2 days. It was quenched with 0.5 N HCI
(0.5 mL) and extracted with EtOAc (3x20 mL). The com-
bined organic layers were washed with water and brine,
and dried over anhydrous Na,SQOy. The crude product, which
consisted of an 80:20 mixture of trans/cis diastereomer was
purified by preparative thin-layer chromatography SiO,
20% EtOAc in hexanes) to give a yellow oil (70 mg, 80%
yield, trans/cis=80:20). 'H NMR (300 MHz, CDCls,
cis-isomer marked as *): 6 7.45-7.00 (m, 20H, ArH of trans-
and cis-isomer), 5.10% (d, J=14.7 Hz, 1H), 5.09 (d, J=
14.7 Hz, 1H), 4.68* (d, J.;s=9.3 Hz, 1H), 4.60 (d, Jyans=
5.5 Hz, 1H), 4.08 (q, J/=7.1 Hz, 2H), 3.55-3.80* (m, 3H),
3.48 (d, J=14.7 Hz, 1H), 3.42* (d, J=14.7 Hz, 1H), 3.17*
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(dd, J=17.3, 10.2 Hz, 1H) 2.60* (dd, /=17.3, 9.3 Hz, 1H),
3.10-2.90 (m, 1H), 2.90-2.70 (m, 2H), 1.16 (t, J=7.1 Hz,
3H), 0.87* (t, J=7.1 Hz, 3H). '3C NMR (75 MHz, CDCl;,
cis-isomer marked as *): 6 173.1%*, 172.7, 172.0, 169.9%,
138.8, 135.7*, 135.6*, 135.5, 129.1%*, 129.0, 128.5*%, 128.4,
128.3*, 128.2, 127.5*%, 127.4, 126.8*, 126.7, 63.5, 62.1%,
61.2, 60.7*%, 45.8, 44.4*, 443, 42.8*, 333, 31.7%, 13.9,
13.5%. IR (CHCls): v, 1731 (C=0 of ester), 1682 (C=0
of amide) cm~!. MS: m/z (%) relative intensity 324
(IM+171%, 3), 323 (IM]%, 9), 232 (100), 146 (10), 145 (8),
119 (9), 118 (18), 91 (31), 77 (5), 65 (7). HRMS (ESI-
TOF) calcd for C,oH,;NO3Na [M+Na]*: 346.1411; found:
346.1419.

4.3.2. Isomerisation of yy-lactam 4b. According to the gen-
eral procedure, a solution of 4b (0.1765 g, 0.5 mmol) in THF
(1 mL) was reacted with a THF solution of DBU (20 mg,
0.12 mmol) to give an 85:15 mixture of trans/cis isomer of
4b. It was purified by thin-layer chromatography (SiO,,
20% EtOAc in hexanes) to afford a pale yellow oil of 4b
(0.1498 g, 85% yield, trans/cis=85:15). 'H NMR
(300 MHz, CDCl;, cis-isomer marked as *): ¢ 7.29-7.10
(m, 6H, ArH of trans- and cis-isomer), 7.10-6.89 (m, 8H,
ArH of trans- and cis-isomer), 6.89-6.71 (m, 4H, ArH of
trans- and cis-isomer), 5.06* (d, J=14.7 Hz, 1H), 4.99 (d,
J=14.7Hz, 1H), 4.57* (d, J.4=9.3 Hz, 1H), 4.48 (d,
Juans=5.8 Hz, 1H), 4.00 (q, J=7.1 Hz, 2H), 3.80-3.48*
(m, 3H), 3.75 (s, 3H), 3.73* (s, 3H), 3.40 (d, J=14.7 Hz,
2H, NCHHAr of trans- and cis-isomer), 3.05-2.85 (m,
1H), 2.85-2.65 (m, 2H), 3.12* (dd, J=17.3, 10.3 Hz, 1H),
2.54* (dd, J=17.3, 9.3 Hz, 1H), 1.09 (t, J=7.1 Hz, 3H),
0.85* (t, J=7.1 Hz, 3H). '3C NMR (75 MHz, CDCl;, cis-
isomer marked as *): 6 174.8%*, 172.9 (trans- and cis-isomer),
172.2, 159.7 (trans- and cis-isomer), 135.5 (trans- and cis-
isomer), 130.6 (trans- and cis-isomer), 128.7*, 128.5,
128.44*, 128.4, 128.3*, 128.2, 127.7, 127.3* 114.4,
114.0%, 63.3, 63.2*%, 61.8%, 61.3, 55.3, 55.26%, 46.2, 45.9%,
44.4*%, 443, 33.7, 31.9*%, 14.0, 13.7*. IR (CHCl3): vpax
1735 (C=0 of ester), 1683 (C=0 of amide) cm~'. MS:
m/z (%) relative intensity 354 ([M+1]*, 9), 353 ([M]*, 18),
262 (100), 119 (23), 118 (25), 91 (84), 77 (10), 65 (13).
HRMS (ESI-TOF) caled for C, H,uNO4;Na [M+Na]*:
376.1525; found: 376.1524.

4.3.3. Isomerisation of y-lactam 4c. According to the gen-
eral procedure, a solution of 4¢ (0.168 g, 0.46 mmol) in THF
(1 mL) was reacted with a THF solution of DBU (18 mg,
0.12 mmol) to give a crude product, which consisted of
a 90:10 mixture of trans/cis isomer of 4c. It was purified
by preparative thin-layer chromatography SiO,, 20% EtOAc
in hexanes) to give a pale yellow oil of 4¢ (0.135 g, 80%
yield, trans/cis=90:10). '"H NMR (300 MHz, CDCls, cis-
isomer marked *): 6 7.30-6.80 (m, 18H, ArH of trans- and
cis-isomer), 5.08* (d, J=14.7Hz, 1H), 5.02 (d,
J=14.7Hz, 1H), 4.58* (d, J.=9.3 Hz, 1H), 4.50 (d,
Jians=5.7 Hz, 1H), 4.03 (q, J=7.1 Hz, 2H), 3.90-3.40*
(m, 3H), 3.45 (d, /=14.7 Hz, 2H, NCHHAr of trans- and
cis-isomer), 2.56* (dd, J=17.3, 9.40 Hz, 1H), 3.10* (dd,
J=17.3, 10.2 Hz, 1H), 3.05-2.85 (m, 1H), 2.85-2.65 (m,
2H), 1.09 (t, J=7.1 Hz, 3H), 0.83* (t, J=7.1 Hz, 3H). 3C
NMR (75 MHz, CDCl;, cis-isomer marked as *): § 174.1%,
173.0*%, 172.9, 171.8, 137.5*%, 137.4, 135.2 (trans- and cis-
isomer), 134.4 (trans- and cis-isomer), 129.3, 129.0%,

128.9%, 128.6, 128.44%*, 128.45, 127.9*, 127.7, 63.0 (trans-
and cis-isomer), 61.5, 60.4*, 46.0, 45.7*, 44.5, 42.8*, 33.5,
31.8%, 14.0, 13.7%*. IR (CHCl3): v1pax 1735 (C=O0 of ester),
1686 (C=0 of amide) cm~!. MS: m/z (%) relative intensity
358 ((M+1]%, 15), 357(IM]*, 10), 266 (100), 119 (15), 118
(25), 91 (43), 77 (5), 65 (11). HRMS (ESI-TOF) calcd for
C,0H,oNOsCINa [M+Na]*: 380.1022; found: 380.1029.

4.3.4. Isomerisation of y-lactam 4d. According to the gen-
eral procedure, a solution of 4d (0.190 g, 0.5 mmol) in THF
(1 mL) was reacted with a THF solution of DBU (20 mg,
0.13 mmol) to give a crude product, which consisted of an
80:20 mixture of trans/cis isomer of 4d. Purification by pre-
parative thin-layer chromatography (SiO,, 20% EtOAc in
hexanes) afforded a pale yellow oil of 4d (0.114 g, 60% yield,
trans/cis=80:20). y-Lactam 4d: 'HNMR (300 MHz, CDCls,
cis-isomer marked as *): ¢ 8.17 (d, J=8.7 Hz, 4H, ArH of
trans- and cis-isomer), 7.27 (d, J=8.7 Hz, 4H, ArH of trans-
and cis-isomer), 7.15-7.35 (m, 6H, ArH of trans- and cis-iso-
mer), 6.95-6.85 (m, 4H, ArH of trans- and cis-isomer), 5.16*
(d, J=14.7Hz, 1H), 5.05 (d, J=14.7 Hz, 1H), 4.71* (d,
Jeis=9.4 Hz, 1H), 4.64 (d, Jyans=5.8 Hz, 1H), 4.05 (q,
J=7.1 Hz, 2H), 3.40-3.85* (m, 3H), 3.45 (d, J=14.7 Hz,
2H, NCHHAr of trans- and cis-isomer), 3.10* (dd, J=17.4,
10.2 Hz, 1H), 2.61* (dd, J=17.4, 9.4 Hz, 1H), 3.00-2.85
(m, 1H), 2.85-2.60 (m, 2H), 1.11 (d, J/=7.1 Hz, 3H), 0.86*
(t, J=7.1 Hz, 3H). '3C NMR (75 MHz, CDCl;) of the major
trans-isomer: ¢ 172.7, 171.3, 148.0, 146.4, 1349, 128.7,
128.3, 127.9, 127.86, 124.3, 62.8, 61.7, 45.8, 44.8, 33.2,
14.0. IR (neat): v 1733 (C=O0 of ester), 1691 (C=0 of
amide) cm~!. MS: m/z (%) relative intensity 369 ([M+1]",
3), 368 (IM]*, 11), 274 (100), 119 (8), 118 (19), 91 (41), 77
(5), 65 (9). HRMS (ESI-TOF) calcd for C,oH,,N,OsNa
[M+Na]*: 391.1270; found: 391.1269.

4.3.5. Isomerisation of y-lactam 4f. According to the gen-
eral procedure, a solution of 4f (0.191 g, 0.5 mmol) in THF
(1 mL) was reacted with a THF solution of DBU (20 mg,
0.13 mmol) to give a crude product, which consisted of
a90:10 mixture of trans/cis isomer of 4f. Purification by pre-
parative thin-layer chromatography (SiO,, 20% EtOAc in
hexanes) afforded a pale yellow oil of 4f (0.133 g, 70% yield,
trans/cis=90:10). '"H NMR (300 MHz, CDCls, cis-isomer
marked as *): § 7.30-6.53 (m, 16H, ArH of trans- and cis-iso-
mer), 5.13* (d, J=14.6 Hz, 1H), 5.04 (d, J=14.6 Hz, 1H),
4.64*% (d, J.is=9.3 Hz, 1H), 4.55 (d, Jyans=6.0 Hz, 1H),
4.10 (q, J=7.1 Hz, 2H), 3.90-3.30* (m, 3H), 3.90 (s, 3H),
3.88* (s, 3H), 3.82 (s, 6H, OCHj; of trans- and cis-isomer),
3.56 (d, J=14.6 Hz, 1H), 3.48* (d, J=14.6 Hz, 1H), 3.21*
(d, J=17.3, 10.1 Hz, 1H), 2.55*(dd, J=17.3, 9.4 Hz, 1H),
3.10-3.00 (m, 1H), 2.90-2.65 (m, 2H), 1.10 (d, J=7.1 Hz,
3H), 0.84* (t, J=7.1 Hz, 3H). '*C NMR (75 MHz, CDCl;,
cis-isomer marked as *): 6 173.0%, 172.7, 172.2, 170.0%*,
149.5, 149.2*, 149.1, 149.0*, 136.0%, 135.7, 131.1 (trans-
and cis-isomer), 128.6%, 128.5, 128.4 (trans- and cis-isomer),
128.0%, 127.7*%,120.2, 119.5%, 111.2, 110.9%, 110.4*, 109.5,
63.6, 62.1*%, 61.3, 60.8*%, 55.9, 55.8%, 46.2, 44.5, 44.47%,
42.9%, 33.8, 32.0%, 14.0, 13.7*. IR (CHCl3): vy 1730
(C=0 of ester), 1682 (C=O0 of amide) cm~'. MS: m/z (%)
relative intensity 384 ([M+1]%, 8), 383 ((M]*, 34), 292
(100), 119 (11), 118 (17), 91 (56), 77 (6), 65 (12). HRMS
(ESI-TOF) calcd for C,,H,sNOsNa [M+Na]*: 406.1630;
found: 406.1631.
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Functionalizedy-lactams are found to be crucial intermedi-
ates in the synthesis of biologically important natural

‘Ar
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products. We herein described a highly diastereoselective

synthesis of 5-carboxy-y-lactams and their ethyl ester
derivatives, in high yields with high diastereomeric ratio,
via the Mukaiyama-aldol type reaction of 2,5-bis(trimethysi-
lyloxy)furan with imines, employing Sc(OTfgs a catalyst.

The construction of-lactam functionality has been a topic
of great interest for many years since thdactam unit is a
prominent structural feature found in a number of biologically
active natural productsin addition, functionalized-lactams

carbene catalyzed addition of enals to imifemdition of
homoenolates to iminésring expansion of3-lactamsS and
cycloaddition strategies.

Recently, we have developed an alternative approach to
pB-carboethoxy-y-lactam synthesis. The methodology is based
on the reaction of bis(trimethylsilyloxy)-1,4-diethoxy-1,3-buta-
diene with imines via imino Mukaiyama-aldol type reaction
mediated by ZnGl Regarding the stereochemical outcome, the
relative stereochemistry of the carboethoxy group & énd
the aryl group at G+ depends on the type of substituent on the
nitrogen atom of the imines (eq ).
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We now report our findings on a highly diastereoselective
synthesis of the trans isomers ffcarboxy-y-aryl-y-lactams
and their ethyl esters from the reaction of 2,5-bis(trimethylsi-
lyloxy)furan (1) and imines catalyzed by Sc(Offrhe 2,5-
bis(trimethylsilyloxy)furan (1) was prepared according to the
previously reported procedufe.lt has been used for the
synthesis of/-hydroxybutenolideland as diene for the Diels
Alder reactions?® With 2,5-bis(trimethylsilyloxy)furan (1) in
hand, we next examined the Lewis acid suitable for promoting
the reaction. A collection of Lewis acids, i.e., Ti@), and
M(OTf), were tested anbl-benzylimine derived from benzal-
dehyde was selected as a model substrate (Table 1). Compound
1 was treated with a THF solution of imir#a and Lewis acid
at —78 °C and the reaction was allowed to proceed at room
temperature (16 h). After being exposed to acidic aqueous
stirring (NH,Cl) at room temperature for 1 h followed by
conventional workup, it provideg-lactamcarboxylic acida
with excellent diastereoselectivity (99:1 of trans:cis), which was
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of synthetic approaches tp-lactam synthons. As they are
considered the general methods for assemblitgctam unit,
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of diazo derivativeg,Pd-catalyzed cyclizatiohN-heterocyclic
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TABLE 1. Screening of Lewis Acids TABLE 2. Sc(OTf)s-Catalyzed Reaction of Compound 1 with
/@ Imines 2a—1|
™SO o~ “OTMS CO,H /@
1 1) Lewis acid ﬁ TMSO™ 0° OTMS CO.R
. THE.78°Clort 0PN e 1 D)SclOT, o)
Bn 2)NHCLr, 1h Bn + THF, 78°Ctort 2N~ i,
N R 2)NHCLrt, 1h Y
| 3a N~ R
Ph 2a Ar)] 3a-b, 3f, 3Ij; R=H
2a-h: R' = Bn 3c-e, 39, 3i-l; R=Et
yield (%) 2i-l; R =Ph
entry Lewis acidt trans:ci§
1 Ti(O'Pr) 60; 99:1 imine lactam yield (%)2
2 Sc(OTf) 86; 99:1 entry 2 Ar 3 trans:ci8
3 Yb(OTf); 67;99:1
4 Zn(OTf) 74;99:1 1 2a CeHs 3a 86;99:1
5 In(OTf)s 80; 99:1 2 2b 4-MeOGH4 3b 72;99:1
a o o 0 b . 3 2c 3-MeOGH4 3c 74, 99:1
100 mol % for Ti(OPr) ar;d 5 mol % for M(OTH). * Isolated yields 4 2d 3,4-(MeOYCeH3 3d 65; 90:10
after crystallization fromiPrOH. ¢ Determined by integration _of tr_i'ei NMR 5 %26 4-MeGsHa 3e 70; 99:1
(300 MHz) spectra of the crude products before crystallization. 6 of 4-CICsH, 3f 89: 99:1
7 29 4-NO,CgHa 39 63;99:1
. . . 8 2h 2-furyl 3h 75;99:1
determined by integration of thid NMR (:_%00 MHz) spectra 9 2i CGH;y 3i 60- 8020
of the crude product. Purteans-3a, with yields ranging from 10 2j 4-MeOGH, 3j 70; 80:20
60% to 86% depending on the types of Lewis acid employed, 11 2k 3,4-MeOGHs 3k 60; 80:20
was obtained after single crystallization froPrOH. A sto- 12 2 4-ClGeHq 8l 65;,90:10
ichiometric amount of Ti(@Pr); showed moderate reactivity, a|solated yields of the acid or ethyl ester derivativeBetermined by
y ) ¢ A
affording lactanBain moderate yield (60%, Table 1, entry 1).  integration of théH NMR (300 MHz) spectra of the crude lactamcarboxylic
Metal triflates, Yb(OTf}, Zn(OTf),, In(OTf);, and Sc(OTH acids before crystallization or exposure to esterification.

as catalysts gave better results{®6%, Table 1, entries-25).
Among these, Sc(OTf)was found to be the best catalyst. In  with lower yields and diminished diastereoselectivity {60%
addition, Sc(OTf-catalyzed Mukaiyama-aldol reactions and yields with trans:cis= 80:20 to 90:10; Table 2, entries-42).
imine activation are extensively documeniéd. These results are in sharp contrast to our earlier work on the
The Sc(OTf}-catalyzed imino Mukaiyama-aldol type reaction ZnCl,-catalyzed reaction of bis(trimethylsilyloxy)-1,4-diethoxy-
of 2,5-bis(trimethylsilyloxy)furan 1) was further studied with  1,3-butadiene witiN-benzyl- andN-phenylimimes (eq 13.1t
other imine substrates and the results were summarized inis worth emphasizing that in the present work the trans isomer
Table 2. The diastereomeric ratios in all cases as shown in Tableis preferentially formed regardless of the type of substituent
2 were established from tH&l NMR integration of the crude  (phenyl or benzyl) on the imine nitrogen. Even though the
materials of the/-lactamcarboxylic acids. Thelactam products diastereoselectivities are moderate in cas&lgfhenylamine,
were isolated either as the carboxylic acid derivative in the casepure diastereomer can be obtained by simple chromatographic
when the crystallization was allowed or as ethyl ester by purification.
exposure of the crude mixture to SQE8 equiv) in ethanol, On the basis of our previous report and our current studies,
—78 °C to room temperature for 5 h, followed by chromato- the possible mechanistic pathway of the imino Mukaiyama-aldol
graphic purification and crystallization. Measurement of the reaction of 2,5-bis(trimethylsilyloxy)furari) and imines cata-
diastereomeric ratios of the ethyl ester derivativesthNMR lyzed by Sc(OTf}is illustrated in Scheme 1. The reaction was
integration of the crude materials confirmed that no epimeriza- proposed to proceed via the staggered acyclic transition’$tate.
tion took placed under the esterification reaction conditions |t js assumed that the Sc(OFfccupied a coordination site on
employed. Finally, relative stereochemistry of thdactam the nitrogen atom of the imine such that it is cis to the Ar group
products was established and assigned by analogy with ourof the imine carbon. Now 2,5-bis(trimethylsilyloxy)furaf)(
previous work® Generally, N-benzylimine substrates can approach the imine by transition staa or 4B. It is
(Table 2, entries 18) producedy-lactam products with good  envisioned that the diastereoselectivity was governed by the
to moderate yields (6389%) with high diastereoselectivity  steric effect caused by repulsion interaction of the Sc(©driy
(trans:cis= 99:1) except foN-benzylimine derived from 3,4-  the carbon atom (§ of the furan ring. Therefore, transition
dimethoxybenzaldehyde (Table 2, entry 4, inseparable mixture state 4A is more favorable by positioning the least steric
of trans:cis= 90:10). From the experimental results, there is hydrogen atom at gof the furan ring being cis to the Sc(O3;)
no obvious relationship between the electron density of the Ar leading preferably to trans-lactam after aqueous workup. The
group of the arylimine substrates and the yields of the corre- reaction ofN-phenylimines with compounti leading to lower
spondingy-lactam products. The reaction df-phenylimime  djastereoselection may result from slow cyclization due to the
also proceeded under the same reaction conditions, howeverjow nucleophilicity of the nitrogen atom. Thus, the equilibration
at the stereogenio-carbon adjacent to the anhydride group
(11) (a) Kobayashi, SEur. J. Org. Chem1999, 15-27. (b) Maity, B. occurred.
C.; Puranik, V. G.; Sarkar, ASynlett2002, 504—506. (c) France, S.; Shah,
M. H.; Weatherwax, A.; Wack, H.; Roth, J. P.; Lectka, JJ.Am. Chem.

S0c.2005,127, 1206—1215. (d) Anderson, J. C.; Blake, A. J.; Howell, G. (12) Fujisawa, H.; Takahashi, E.; Mukaiyama,hem. Eur. J2006,
P.; Wilson, C.J. Org. Chem2005,70, 549—555. 12, 5082—5093.
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SCHEME 1 1 mmol) in THF (2 mL) was added dropwise. The resulting mixture
R1 ,Sc(0Tf)3 was slowly warmed to room temperature and stirred overnight. After
‘ TMS—NR' 16 h, saturated aqueous NE (2 mL) was added and the mixture
was stirred at room temperature for 1 h before it was extracted
H H r with EtOAc (3 x 30 mL). The combined organic layers were
Ar _— washed with water (& 30 mL) and brine (30 mL) and dried over
74 anhydrous Ng80Oy. After removal of the solvents, the diastereomeric
0 ¢ ratio of the crudey-lactamcarboxylic aci®a was determined by
IH NMR integration to consist of a 99:1 mixture of trans:cis isomer.
aqueous NH4Cll A pure trans isomer 08a was obtained after single crystallization
from IPrOH (0.253 g, 86%, mp 171172°C). *H NMR (300 MHz,
NHR! CDClg) 6 7.45—6.95 (m, 10H), 5.09 (d,= 14.7 Hz, 1H), 4.63 (d,

CO,H
Z J = 5.6 Hz, 1H), 3.47 (dJ = 14.7 Hz, 1H), 3.153.05 (m, 1H),
- 3.00—2.75 (m, 2H)23C NMR (75 MHz, CDC}) ¢ 175.7, 173.0,
0" 'N” "Ar H
R
070

I

TMSO T™MSO

N
N
/H/
(0] OTMS
4A

138.6, 135.4, 129.2, 128.7, 128.6, 128.4, 127.7, 127.0, 63.5, 45.6,
445, 33.5. IR (KBr)vmax 3448, 3033, 1731, 1655 cth MS m/z
(%) relative intensity 296 ([M+ 1], 5), 295 ([M]*, 30), 204 (100),
147 (22), 146 (51), 132 (29), 119 (19), 118 (60), 117 (13), 115
R1\ .8c(OTf)s (22), 104 (45), 91 (42), 77 (11), 65 (14). HRMS (ESI-TOF) calcd
N'WA for CigH17NOsNa [M + NaJ" 318.1106, found 318.1110.
H COH Preparation of Ethyl 5-Oxo-1,2-diphenylpyrrolidine-3-car-
P “—0TMs J\—g\ boxylate (3i). To a 50 mL round-bottomed flask charged with Sc-
H Ar %’ 07 'N” MAr (OTf)z (49 mg, 0.05 mmol) was added a solution of imidie
™SO o R (0.185 g, 1 mmol) in THF (1 mL) at room temperature. The mixture
4B ] was further stirred at room temperature under an argon atmosphere
cis-3 for 30 min. The mixture was brought te78 °C (dry ice—acetone)
and a solution of 2,5-bis(trimethylsilyloxy)furarnl)( (0.244 g,

In summary, we have developed an efficient and highly 1 mmol) in THF (2 mL) was added dropwise. The resulting mixture
diastereoselective synthesisftarboxy-y-aryl-y-lactams and  was slowly warmed to room temperature and stirred overnight. After
their ethyl esters from the reaction of 2,5-bis(trimethylsilyloxy)- 16 h, saturated aqueous NE (2 mL) was added and the mixture
furan and imines catalyzed by Sc(Offfhe methodology offers ~ was stirred at room temperature for 1 h before it was extracted
an alternative and efficient method for the synthesis of func- with EtOAc (3 x 30 mL). The combined organic layers were
tionalized y-lactams in terms of simplicity of the procedure, Washed with water (3 30 mL) and brine (30 mL) and dried over
readily available starting materials, mild reaction conditions, anhydrous NzSO,. After removal of the solvents, the diastereomeric
and high diastereoselectivity. A study of the enantioselective m%?rfntehgeractggg?Qﬁfi{:f;rgg)éyél-czgfﬁ?xm?: c()jfettrzgz-lgizdis?ﬂers
synthesis of this type of-lactam is currently underway. The ethyl ester derivative was then prepared according to General
) ) Procedure A: Thionyl chloride (0.2 mL, 3 mmol) was added
Experimental Section dropwise to a stirred-78 °C dry EtOH (20 mL) solution. To this
mixture was added a solution of a crugdactamcarboxylic acid
in dry EtOH (5 mL). The reaction mixture was allowed to warm
to room temperature under an argon atmosphere. After 5 h, EtOH
was removed (aspirator). The residue was quenched by slow
addition of saturated aqueous Jq&; at 0°C. The aqueous layer
was extracted with EtOAc (% 20 mL). The combined organic
layers were washed with @ (25 mL) and brine (25 mL), dried

O
trans-3

General Procedure for the Reaction of 2,5-Bis(trimethylsi-
lyloxy)furan (1) with Imines, Using Sc(OTf); as a Catalyst.
To a 50 mL round-bottomed flask charged with Sc(QT#9 mg,
0.05 mmol) was added a solution of imine (1 mmol) in THF
(2 mL) at room temperature. The mixture was further stirred at
room temperature under an argon atmosphere for 30 min. The

mixture was brought te-78 °C (dry ice—acetone) and a solution ) )
of 2,5-bis(trimeth;glllsilyloxy)furafn1y) (0.244 g, 1 anmol) in THE (NaSQy), filtered, and concentrated. A crude ethyl ester residue

(2 mL) was added dropwise. The resulting mixture was slowly Was purified by preparative thin-layer chromatography ¢SED%
warmed to room temperature and stirred overnight. After 16 h, EOAC in hexanes, triple runs). The hlgherlwastrans-& (0.161
saturated aqueous NEI (2 mL) was added and the mixture was 9 52%; a pale yellow solid, mp 13316°C). *H NMR (300 MHz,
stirred at room temperature for 1 h before it was extracted with CDCl) 0 7.39 (d,J = 7.6 Hz, 2H), 7.357.19 (m, 7H), 7.06 (tJ
EtOAc (3 x 30 mL). The combined organic layers were washed = /-5 Hz, 1H), 5.53 (dJyans= 4.6 Hz, 1H), 4.22 (q) = 7.1 Hz,
with water (3 x 30 mL) and brine (30 mL) and dried over 2H), 3.20-2.80 (m, 3H), 1.27 (tJ = 7.1 Hz, 3H).*C NMR
anhydrous Ng80,. Removal of solvents (aspirator then vacuo) (75 MHz, CDCE) 6 172.15, 172.09, 139.7, 137.5, 129.0, 128.7,
yielded a crude-lactamcarboxylic acid whose diastereomeric ratio 128.2, 126.1,125.3,122.7, 65.8, 61.6, 46.4, 34.3, 14.1. IR (HCI
was determined byH NMR integration. The crude material was Vmax 1731 (C=O of ester), 1698 (C=0O of amide) tlmMS m/z
purified by crystallization to yield the acid derivative or conversion (%) relative intensity 310 ([M+ 1]*, 24), 309 ([M]" 97), 236 (100),
to ethyl ester derivative (SO&IEtOH, —78 °C to rt) before 208 (99), 180 (71), 91 (24), 77 (38), 50 (11). Anal. Calcd fosGs
chromatographic purification when the crystallization of the first NOs: C, 73.77; H, 6.19; N, 4.53. Found: C, 73.79; H, 6.25; N,
formed acid was found difficult. 4.41. The lowelR: wascis-3i (25 mg, 8%, a pale yellow oil}H
Preparation of 1-Benzyl-5-oxo-2-phenylpyrrolidine-3-car- NMR (300 MHz, CDC}) 6 7.42 (d,J = 7.9 Hz, 2H) 7.35-7.10
boxylic Acid (3a). To a 50 mL round-bottomed flask charged with ~ (m, 7H), 7.06 (t,J = 7.3 Hz, 1H), 5.48 (dJis = 8.8 Hz, 1H),
Sc(OTfk (49 mg, 0.05 mmol) was added a solution of imi2e 3.88—3.65 (m, 3H), 3.32 (dd, = 17.3, 10.2 Hz, 1H), 2.72 (dd,
(0.195 g, 1 mmol) in THF (1 mL) at room temperature. The mixture = 17.3, 8.8 Hz, 1H), 0.99 (] = 7.2 Hz, 3H).3C NMR (75 MHz,
was further stirred at room temperature under an argon atmosphereCDCls) 6 172.7, 169.5, 137.8, 136.2, 128.7, 128.62, 128.60, 127.0,
for 30 min. The mixture was brought te78 °C (dry ice—acetone) 125.3,122.1, 65.1, 61.0, 43.7, 32.9, 13.7. IR (neat} 1732 (C=
and a solution of 2,5-bis(trimethylsilyloxy)furari)( (0.244 g, O of ester), 1707 (€0 of amide) cml. MS m/z (%) relative
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intensity 310 ([M+ 1], 29), 309 ([M], 75), 281 (51), 236 (100), Fund to M.P. (BRG 49800005) and to V.R. (Senior Research

208 (78), 91 (21), 77 (33), 65 (3). HRMS (ESI-TOF) calcd for Scholar) is gratefully acknowledged.
CigH1gNOsNa [M + Na]* 332.1263, found 332.1263. . . . . .
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Abstract—PhSCF,SiMe; has been demonstrated as difluoromethyl carbanion synthon (TCF,H). It reacts chemoselectively with o- and vy-
ketoesters at the keto group in the presence of a catalytic amount of TBAF in THF to give the corresponding a-hydroxy ester adducts as
well as y-gem-difluorophenylsulfanylmethylated-y-butyrolactones in good yields. Reductive cleavage of the phenylsulfanyl group of these
products employing Bu;SnH/AIBN gives the corresponding gem-difluoromethylated a-hydroxyesters and y-butyrolactones in good yields.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Organofluorine compounds have received remarkable inter-
est due to their utilities in several fields, such as medicinal,
biological, and agricultural chemistry.! These compounds
have been found to display interesting biological effects,
which are attributed to the unique properties of the fluorine
atom. Because of the potential applications in many fields,
the fluorine-containing analogues of natural products as
well as development of new synthetic methods for the incor-
poration of fluorine atom(s) into organic molecules have
been extensively investigated.? Of particular interest is the in-
troduction of a gem-difluoromethyl moiety into organic mol-
ecules. It has been reported that the difluoromethyl group
(CF,H) is isosteric and isopolar to a CH,OH group. !> Direct
methods for the preparation of gem-difluorinated compounds
by reacting appropriate substrates with fluorinating agents
such as DAST,* SF,,> TBAF,® BrF;,” Selectfluor® or NFSI’
have been reported. Several nucleophilic gem-difluorome-
thylation building blocks employing difluoromethylphenyl-
sulfone (PhSO,CF,H),'° bromodifluoromethylphenylsulfone
(PhSO,CF,Br),!! (trifluoromethyl)trimethylsilane (CF;Si
Me;),'?  [(difluoromethyl)(phenylsulfonyl)]trimethylsilane
(PhSO,CF,SiMe3),'? [(difluoromethyl)(phenylsulfanyl)]tri-
methylsilane (PhSCF,SiMes) (1),'* and [difluoro(phenyl-
seleno)methyl]trimethylsilane (PhSeCF,SiMes)' have been
extensively studied.

Keywords: gem-Difluoromethylation; gem-Difluorinated y-butyrolactones;

gem-Difluorinated o-hydroxyesters; [(Difluoromethyl)(phenylsulfanyl)]tri-

methylsilane.

* Corresponding authors. Tel.: +66 (0)2 2015158; fax: +66 (0)2 6445126;
e-mail addresses: scmpk @mahidol.ac.th; scvrt@mahidol.ac.th

0040-4020/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2007.06.096

The report by Prakash et al.,'>!*® Hu,'%° and our recent com-
plementary studies'** on the use of 1 as the gem-difluoro-
methylated building block with carbonyl compounds
demonstrated the versatility of this strategy. We envisaged
that with a-, B-, and y-ketoesters as the carbonyl compo-
nents, this technology would lead to high functionalized
gem-difluoromethylated derivatives. We are pleased to re-
port that such studies have been successful. Additionally,
the chemoselectivity of 1 with y-ketoesters led to y-butyro-
lactones possessing gem-difluoromethyl group at yy-position.

2. Results and discussion

Initially, the reaction of 1 with methyl benzoate catalyzed by
TBAF was studied. It was found that no expected benzoy-
lated product, o,o-difluoro-a-phenylsulfanylacetophenone,
could be detected. Methyl benzoate was completely recov-
ered. Prakash*®!'® reported that the same reaction using
tetrabutylammonium triphenyldifluorosilicate (TBAT) pro-
vided a moderate yield of the expected benzoylated product.
The reaction employing TBAF implied that the reaction of 1
toward ketoesters might be chemoselective providing the
adducts arisen from the addition to only the keto functional
group. Indeed, the treatment of a-ketoester 2a with 1 equiv
of 1 in the presence of 10 mol % of TBAF in THF at
—78 °C to room temperature afforded the expected adduct
3a in 68% yield after chromatography (Scheme 1 and Table
1, Entry 1). The best result was observed when 2 equiv of 1
was employed under the same conditions; 3a was isolated in
87% yield (Table 1, Entry 1). Following the standard condi-
tions, a variety of adducts of type 3 were prepared in good
yields from a wide range of a-ketoesters (Scheme 1). The
results are summarized in Table 1. Having the adducts 3 in
hands, reductive cleavage of the phenylsulfanyl group to
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the corresponding gem-difluorinated compounds 4 was
achieved by treatment with Bu;SnH/AIBN in refluxing tolu-
ene for 15 h (Table 1).

[0}

HO_ R
OEt 10 mol% TBAF OEt
PhSCF,SiMe; + R 4’_”_”: PhSCF3
(0] (0]
1 2a-g 3a-g

BuzSnH/AIBN
toluene/reflux

Scheme 1.

To investigate the generality of the reaction, we studied the
reaction of 1 with B-ketoesters and -diketones, which con-
tain highly acidic methylene protons. The reaction of 1 with
highly enolizable ethyl acetoacetate (5a) and 2,4-pentane-
dione (5b) under the standard conditions provided low yields
of the corresponding adducts 5a and Sb (Scheme 2). The re-
sults may be due to competitive proton abstraction of the
methylene protons of ethyl acetoacetate (Sa) and 2,4-penta-
dione (5b) during the reaction.

Encouraged by the above results, we expected that when a y-
ketoester 7 was reacted under the same reaction conditions,

Table 1. Preparation of adducts 3 by fluoride-catalyzed addition of
PhSCF,SiMe; (1) to a-ketoesters 2 and their reduction to gem-difluorinated
adducts 4

Entry o-Ketoesters 2 Adducts 3*° (%)  Products 4* (%)

1 2a, R=CH, 3a, 87 (68)° 4a, —°
2 2b, R=Ph 3b, 77 (60)° 4b, 74
3 2¢,R= Me@ 3c, 91 (65)° 4c, 80

4 24 R= Meo©— 3d, 98 4d, 88
OMe

5 2e, R = @7 3e, 98 4e, 91

6  2R= 3t 77 4, 89

7 2g, R= Br 3g, 96 4g, 90
HO_ CHs
o}
CH PhSCF2>%( CHa
8 2h 8 o -1
HaC .
o 3h, 80 (77)

# Isolated yields by preparative thin-layer chromatography on silica gel.

® Two equivalents of 1 was employed.

¢ Yields given in parentheses are of the products obtained from the reaction
using 1 equiv of 1.

4 The reductive product could not be isolated due to its volatility.

O O HO CH3 O

10 mol% TBAF
PhSCF,SiMes + CHM 0

3 OEt THF PhSCF; OEt

1 5a (6a, 35% yield)
1 7 10 1% TBAF HO_FHs
) mol%
PhSCF,SiMe; + (;|.|3)J\/U\CH3 ? PhSCF; CHs
1 5b (6b, 28% yield)

Scheme 2.

high chemoselectivity of the reaction leading to an adduct of
type 8 would be obtained. Lactonization of the adduct 8
would furnish the corresponding <y-butyrolactone 9 con-
taining gem-difluoro moieties (Scheme 3). As expected,
fluoride-catalyzed addition reaction of 1 (2 equiv) with
v-ketoester 7a proceeded with high chemoselectivity to
give a mixture of adduct 8a and y-butyrolactone 9a, which
was treated with a catalytic amount of p-TsOH in CH,Cl, to
furnish y-butyrolactone 9a in 90% yield. The results for the
preparation of y-butyrolactones 9 are summarized in Table
2. Treatment of 9a with Bu3SnH and a catalytic amount of
AIBN in refluxing toluene for 15 h afforded gem-difluori-
nated adduct 10a in 76% yield. Under the same conditions,
gem-difluorinated adducts 10 were prepared in good yields
as summarized in Table 2.

o}
PRSCF,SiMes R~ Ot 10 mols TBAF O R
—_— PhSCFZX/\r( Et
o THF S
1 7 8
p-TSOH/CH,Cl,
R>& BusSNH/AIBN R>&
HeFs 07 O toluenefreflux phscry” 07 O
10 9

Scheme 3.

Table 2. Preparation of gem-difluorinated y-butyrolactones 9 and 10

Entry  y-Ketoesters 7 9" (%) 10" (%)
1 7a, R=Ph 9a, 90 10a, 76
2 7b, R = c%@— 9b,72  10b, 74

3 7e,R = 9c,75  10c, 80" (R=Ph)

O
4 7d, R= Me© 9d, 93
OMe

10d, 85

5 7e,R = 9e, 72 10e, 82

 Isolated yields by preparative thin-layer chromatography on silica gel.
® Both C-S and C-Br bonds were cleaved.
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3. Conclusion

In conclusion, we have demonstrated a general and efficient
gem-difluoromethylation of a-, B-, and y-ketoesters by
a two-step fluoride-catalyzed (phenylsulfanyl)difluoro-
methylation employing PhSCF,SiMej; and reductive cleavage
of the phenylsulfanyl group strategy. PhSCF,SiMe; can be
considered as a versatile difluoromethyl carbanion equiva-
lent (TCF,H).

4. Experimental
4.1. General methods

The "H NMR spectra were recorded on either Bruker DPX-
300 (300 MHz) or Bruker Avance-500 (500 MHz) spectrom-
eter in CDCl; using tetramethylsilane as an internal standard.
The '*C NMR spectra were recorded on a Bruker Avance-500
(500 MHz) spectrometer using tetramethylsilane as an inter-
nal standard. The 'F NMR spectra were recorded on a Bruker
Avance-500 (470 MHz) spectrometer and chemical shifts (6)
were measured with fluorotrichloromethane (6=0) as an
internal standard. The IR spectra were recorded on either
a Jasco A-302 or a Perkin Elmer 683 infrared spectrometer.
The mass spectra were recorded by using Thermo Finnigan
Polaris Q mass spectrometer. The high resolution mass spec-
tra were recorded on an MS Micromass model VQ-TOF2.
Elemental analyses were performed by a Perkin Elmer
Elemental Analyzer 2400 CHN. Melting points were re-
corded on a Buechi 501 Melting Point Apparatus and uncor-
rected. Tetrahydrofuran (THF) was distilled from sodium
benzophenone ketyl. Dry dichloromethane (CH,Cl,) and
dry N,N-dimethylformamide (DMF) were obtained by dis-
tilling over phosphorous pentoxide and calcium hydride, re-
spectively, and stored over molecular sieves (4 A). Other
common solvents (hexanes, ethyl acetate, methanol, and ace-
tone) were distilled before use. All glasswares and syringes
were oven dried and kept in a dessicator before use. Radial
chromatography (chromatotron) and column chromato-
graphy were performed by using Merck silica gel 60 F,sy4
(Art. 7749) and silica gel 60H (Art. 7736), respectively.

The starting compound PhSCF,SiMe; (1) was prepared
according to the literature procedure.'*

4.2. Preparation of compounds 3 by fluoride-catalyzed
condensation of compound 1 with a-ketoesters

4.2.1. Preparation of ethyl 3,3-difluoro-2-hydroxy-2-
methyl-3-(phenylsulfanyl)propanoate (3a). General pro-
cedure. To a mixture of compound 1 (0.928 g, 4.0 mmol)
and ethyl pyruvate (2a) (0.232 g, 2.0 mmol) in THF
(5 mL) was added 10 mol % TBAF (0.4 mL, 0.4 mmol,
1 M solution in THF). The reaction mixture was stirred at
—78 °C to room temperature overnight, quenched with
1M HCI (3mL), and extracted with EtOAc (3x25 mL).
The combined organic phases were washed successively
with water and brine, and dried over anhydrous Na,SO,. Af-
ter solvent removal, the crude product was purified by radial
chromatography (SiO,, 10% EtOAc in hexanes) to give
a white solid of 3a (0.240 g, 87% yield, mp=55-57 °C).
'H NMR (300 MHz, CDCl3): 6 7.65 (d, J=7.0 Hz, 2H,

ArH), 7.45-7.31 (m, 3H, ArH), 4.40-4.30 (m, 2H, CH,),
4.00 (br s, 1H, OH), 1.65 (s, 3H, CH3), 1.35 (t, J=7.1 Hz,
3H, CH;). 3C NMR (75 MHz, CDCl5): 6 171.4 (C=0),
136.7 (CH), 1299 (CH), 129.0 (2xCH), 128.9 (t,
J=289.0 Hz, CF,), 128.8 (CH), 125.5 (C), 78.0 (t, J=
25.5Hz, C), 63.2 (CH,), 20.0 (CH;), 13.8 (CH;). '°F
NMR (470 MHz, CDCls): 6 —81.74 (d, J=205.7 Hz, 1F),
—83.48 (d, J=205.7 Hz, 1F). IR (CHCI3): v, 3510 (OH),
1733 (C=0) cm!. MS: m/z (%) relative intensity 276
M*, 11), 231 (7), 203 (4), 185 (20), 183 (22), 159 (100),
109 (19), 77 (20). Anal. Calcd for C;,H;4F,05S: C, 52.16;
H, 5.11. Found: C, 52.34; H, 4.99.

4.2.2. Ethyl 3,3-difluoro-2-hydroxy-2-phenyl-3-(phenyl-
sulfanyl)propanoate (3b). According to the general proce-
dure, the reaction of 1 (0.928 g, 4.0 mmol) with ethyl 2-oxo-
2-phenylacetate (2b) (0.356 g, 2.0 mmol) in THF (5 mL)
afforded a white solid of 3b (0.260 g, 77% yield, mp=62—
64 °C). '"H NMR (500 MHz, CDCls): 6 7.80 (s, 2H, ArH),
7.54-7.50 (m, 2H, ArH), 7.35-7.33 (m, 4H, ArH), 7.30-
7.28 (m, 2H, ArH), 4.60 (br s, 1H, OH), 4.47-4.37 (m, 1H,
CHH), 4.35-4.28 (m, 1H, CHH), 1.35 (t, J/=7.1 Hz, 3H,
CH;). 3C NMR (125 MHz, CDCl;): 6 170.0 (C=0),
136.8 (CH), 134.8 (C), 134.1 (CH), 130.0 (C), 129.8 (CH),
129.1 (CH), 128.9 (2xCH), 128.3 (t, /=290.9 Hz, CF,),
128.0 (2xCH), 127.3 (CH), 1259 (CH), 80.5 (t, J=
25.7 Hz, C), 64.0 (CH,), 13.9 (CH3). '°F NMR (470 MHz,
CDCl3): 6 —79.08 (d, J=205.6Hz, 1F), —80.24 (d,
J=205.6 Hz, 1F). IR (Nujol): vna.x 3475 (OH), 1719
(C=0) cm~!. MS: m/z (%) relative intensity 339 (M™, 6),
319 (24), 301 (17), 300 (13), 299 (59), 257 (43), 217 (26),
209 (25), 197 (18), 185 (15), 179 (23), 105 (100), 77 (25).
Anal. Calcd for C;;HcF>05S: C, 60.34; H, 4.77. Found:
C, 60.73; H, 4.81.

4.2.3. Ethyl 3,3-difluoro-2-hydroxy-3-(phenylsulfanyl)-2-
p-tolylpropanoate (3c). According to the general proce-
dure, the reaction of 1 (0.928 g, 4.0 mmol) with ethyl
a-oxo-p-tolylacetate (2¢) (0.380 g, 2.0 mmol) in THF
(5 mL) afforded a pale yellow liquid of 3¢ (0.320 g, 91%
yield). "H NMR (500 MHz, CDCl5): 6 7.75 (d, J=8.2 Hz,
2H, ArH), 7.50 (d, J=7.3 Hz, 2H, ArH), 7.38-7.22 (m,
3H, ArH), 7.15 (d, J=8.2 Hz, 2H, ArH), 4.60 (br s, 1H,
OH), 4.45-4.30 (m, 2H, CH,), 2.35 (s, 3H, CH3), 1.35 (t,
J=7.2Hz, 3H, CH;). '>*C NMR (75 MHz, CDCl;): 6 169.9
(C=0), 136.6 (2xCH), 131.1 (C), 129.6 (CH), 128.7
(2xCH), 128.6 (2xCH), 1284 (t, J=290.9 Hz, CF,),
128.3 (C), 127.1 (2xCH), 125.7 (C), 80.3 (t, J=25.6 Hz,
C), 63.7 (CH,), 20.8 (CHj), 13.6 (CH3). 'F NMR
(470 MHz, CDCl;3): 6 —78.89 (d, J=205.5Hz, 1F),
—79.99 (d, J=205.5 Hz, 1F). IR (neat): v, 3475 (OH),
1728 (C=0) cm~!. MS: m/z (%) relative intensity 352
(M*, 6), 316 (22), 315 (100), 313 (34), 287 (10), 271 (25),
231 (11), 119 (23). HRMS (ESI-TOF) calcd for
C,gH;gF,03SNa [M+Na]*: 375.0842; found: 375.0832.

4.2.4. Ethyl 3,3-difluoro-2-hydroxy-2-(4-methoxy-
phenyl)-3-(phenylsulfanyl)propanoate (3d). According
to the general procedure, the reaction of 1 (0.928 g,
4.0 mmol) with ethyl a-oxo-p-methoxyphenylacetate (2d)
(0.382 g, 2.0 mmol) in THF (5 mL) afforded a yellow liquid
of 3d (0.360 g, 98% yield). "H NMR (500 MHz, CDCl5):
0 7.95 (d, J/=8.8 Hz, 2H, ArH), 7.70 (d, J=7.2 Hz, 2H,
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ArH), 7.50-7.45 (m, 1H, ArH), 7.40-7.35 (m, 2H, ArH),
7.04-7.00 (m, 2H, ArH), 4.75 (br s, 1H, OH), 4.50-4.40
(m, 2H, CH,), 3.80 (s, 3H, OCH>), 1.35 (t, J=7.1 Hz, 3H,
CH;). 3C NMR (125 MHz, CDCl;): 6 170.0 (C=O0),
160.0 (C), 136.9 (C), 136.6 (CH), 130.6 (CH), 129.6 (CH),
129.2 (CH), 128.9 (CH), 128.8 (CH), 128.7 (CH), 128.5
(CH), 128.4 (t, J=290.7 Hz, CF,), 125.9 (C), 113.3 (CH),
80.2 (t, J=25.7Hz, C), 63.7 (CH,), 549 (CHj), 13.7
(CH;). "F NMR (470 MHz, CDCly): 6 —79.08 (d,
J=205.4 Hz, 1F), —80.20 (d, J=205.4 Hz, 1F). IR (neat):
Vimax 3479 (OH), 1732 (C=0) cm~!. MS: m/z (%) relative
intensity 368 (M™*, 0.1), 275 (2), 247 (9), 209 (29), 159 (3),
136 (9), 135 (100), 109 (2), 108 (3), 107 (4), 77 (10).
HRMS (ESI-TOF) calcd for C,gH;sF,O,SNa [M+Na]*:
391.0792; found: 391.0782.

4.2.5. Ethyl 3,3-difluoro-2-hydroxy-2-(2-methoxy-
phenyl)-3-(phenylsulfanyl)propanoate (3e). According to
the general procedure, the reaction of 1 (0.928 g,
4.0 mmol) with ethyl a-oxo-o-methoxyphenylacetate (2e)
(0.382 g, 2.0 mmol) in THF (5 mL) afforded a white solid
of 3e (0.361g, 98% yield, mp=89-91°C). 'H NMR
(500 MHz, CDCl3): 6 7.80 (dd, J=7.9, 1.3 Hz, 1H, ArH),
7.70-7.65 (m, 2H, ArH), 7.45-7.30 (m, 4H, ArH), 7.02
(ddd, J=7.9, 7.9, 1.3Hz, 1H, ArH), 6.85 (dd, J=8.3,
0.9 Hz, 1H, ArH), 4.80 (br s, 1H, OH), 4.38-4.25 (m, 2H,
CH.,), 3.75 (s, 3H, CH3), 1.25 (t, J=7.1 Hz, 3H, CH5). 13C
NMR (125 MHz, CDCl3): 6 170.2 (C=0), 157.5 (O),
136.9 (2xCH), 130.3 (2xCH), 129.2 (2xCH), 129.0
(2xCH), 128.6 (t, J=290.6 Hz, CF,), 124.7 (C), 120.5
(CH), 111.7 (CH), 80.5 (t, J/=25.0Hz, C), 62.9 (CH,),
55.6 (OCHj3), 13.9 (CH;). '°F NMR (470 MHz, CDCls):
0 —76.31 (d, J=208.2 Hz, 1F), —78.85 (d, J=208.2 Hz,
1F). IR (neat): v,y 3451 (OH), 1747 (C=0) cm™'. MS:
mlz (%) relative intensity 368 (M*, 0.2), 209 (13), 136 (9),
135 (100), 123 (7), 109 (5), 107 (4), 77 (28). Anal. Calcd
for CgH,gF>0,4S: C, 58.69; H, 4.92. Found: C, 58.44; H,
4.92.

4.2.6. Ethyl 3,3-difluoro-2-hydroxy-2-(naphthalene-2-
yl)-3-(phenylsulfanyl)propanoate (3f). According to the
general procedure, the reaction of 1 (1.392 g, 6.0 mmol)
with ethyl o-oxo-B-naphthylacetate (2f) (0.678 g,
3.0 mmol) in THF (5 mL) afforded a pale yellow liquid of
3f (0.895g, 77% yield). 'H NMR (500 MHz, CDCls):
0 8.50 (s, 1H, ArH), 8.00 (d, J=8.8 Hz, 1H, ArH), 7.79-
7.78 (m, 1H, ArH), 7.77-7.76 (m, 2H, ArH), 7.55-7.53
(m, 4H, ArH), 7.45-7.40 (m, 1H, ArH), 7.35-7.30 (m, 2H,
ArH), 470 (br s, 1H, OH), 4.50-4.43 (m, 1H, CHH),
4.41-4.35 (m, 1H, CHH), 1.35-1.30 (m, 3H, CH;). 3C
NMR (125 MHz, CDCl5): 6 161.0 (C=0), 136.8 (2xCH),
133.4 (C), 132.8 (C), 131.6 (C), 130.9 (C), 129.8 (CH),
128.9 (2xCH), 128.8 (CH), 128.6 (t, J=246.5 Hz, CF,),
127.6 (CH), 127.4 (CH), 127.2 (CH), 126.8 (CH), 126.2
(CH), 124.6 (CH), 80.7 (t, J=26.0 Hz, C), 64.1 (CH,),
13.9 (CH;). F NMR (470 MHz, CDCls): 6 —78.78
(d, J=205.9 Hz, 1F), —79.72 (d, J=205.9 Hz, 1F). IR
(neat): . 3472 (OH), 1732 (C=0) cm~!. MS: m/z (%)
relative intensity 388 (M*, 2), 351 (6), 307 (3), 278
(3), 267 (5), 259 (4), 247 (6), 229 (13), 156 (13), 155
(100), 128 (13), 127 (41), 126 (4), 77 (3). Anal. Calcd
for C, HgF>03S: C, 64.93; H, 4.67. Found: C, 65.03;
H, 4.63.

4.2.7. Ethyl 2-(4-bromophenyl)-3,3-difluoro-2-hydroxy-
3-(phenylsulfanyl)propanoate (3g). According to the
general procedure, the reaction of 1 (1.392 g, 6.0 mmol)
with ethyl o-oxo-p-bromophenylacetate (2g) (0.768 g,
3.0 mmol) in THF (5 mL) afforded a pale yellow liquid of
3g (1.190 g, 96% yield). '"H NMR (500 MHz, CDCls):
0 7.75-7.55 (d, J/=8.8 Hz, 2H, ArH), 7.50-7.42 (m, 4H,
ArH), 7.35-7.33 (m, 1H, ArH), 7.25-7.23 (m, 2H, ArH),
4.48 (br s, 1H, OH), 4.37-4.30 (m, 1H, CHH), 4.27-4.23
(m, 1H, CHH), 1.25 (t, J=7.2 Hz, 3H, CH;). '*C NMR
(125 MHz, CDCl;): 6 169.5 (C=0), 136.8 (2xCH), 133.0
(C), 131.2 2xCH), 129.9 (CH), 129.2 (2xCH), 128.9
(2xCH), 128.1 (t, J=290.9 Hz, CF,), 125.6 (C), 123.7 (C),
80.2 (t, J=26.2 Hz, C), 64.3 (CH,), 13.9 (CH3). '°F NMR
(470 MHz, CDCl3): 6 —79.21 (d, J/=206.6 Hz, 1F), —80.37
(d, J=206.6 Hz, 1F). IR (neat): vp,x 3470 (OH), 1732
(C=0) cm~!. MS: m/z (%) relative intensity 415 (M™, 5),
397 (5), 381 (13), 379 (25), 376 (15), 337 (17), 335 (15),
309 (14), 307 (13), 259 (12), 257 (25), 256 (74), 224 (22),
185 (100), 183 (99), 159 (10), 155 (12). Anal. Calcd for
C,7H,5BrF,03S: C,48.93; H, 3.62. Found: C, 49.02; H, 3.53.

4.2.8. 4,4-Difluoro-3-hydroxy-3-methyl-4-(phenylsulfa-
nyl)butan-2-one (3h). According to the general procedure,
the reaction of 1 (0.928 g, 4.0 mmol) with 2,3-butanedione
(2h) (0.17 g, 2.0 mmol) in THF (5 mL) afforded a white
solid of 3h (0.394 g, 80% yield, mp=55-58 °C). 'H NMR
(300 MHz, CDCl3): 6 7.60 (d, J=7.1 Hz, 2H, ArH), 7.45-
7.32 (m, 3H, ArH), 4.55 (br s, 1H, OH), 2.35 (s, 3H, CH3),
1.60 (s, 3H, CH5). '3*C NMR (75 MHz, CDCl5): 6 205.1
(C=0), 136.8 (CH), 133.1 (CH), 130.0 (CH), 129.3 (CH),
129.2 (C), 129.0 (CH), 125.5 (t, J=285.3 Hz, CF>), 81.7 (t,
J=25.7Hz, C), 25.1 (CH;), 20.0 (CH;). 'F NMR
(376 MHz, CDCl3): 6 —79.80 (d, J=208.0Hz, 1F),
—81.50 (d, /=208.0 Hz, 1F). IR (CHCl3): v;p.x 3442 (OH),
1717 (C=0) cm~!. MS: m/z (%) relative intensity 246
(M*, 40), 203 (57), 159 (31), 121 (50), 110 (100), 109
(34), 77 (26). Anal. Calcd for C,H;,F>,0,S: C, 53.65; H,
4.91. Found: C, 53.64; H, 4.81.

4.2.9. Ethyl 4,4-difluoro-3-hydroxy-3-methyl-4-(phenyl-
sulfanyl)butanoate (6a). According to the general proce-
dure, the reaction of 1 (0.928 g, 4.0 mmol) with ethyl
acetoacetate (5a) (0.26 g, 2.0 mmol) in THF (S5 mL) af-
forded a colorless liquid of 6a (0.163 g, 28% yield). 'H
NMR (500 MHz, CDCl5): 6 7.55 (d, J=7.0 Hz, 2H, ArH),
7.35-7.30 (m, 1H, ArH), 7.29-7.26 (m, 2H, ArH), 4.75 (br
s, 1H, OH), 4.25-4.15 (m, 2H, CH,), 2.80 (d, J=15.9 Hz,
1H, CHH), 2.50 (d, /=159 Hz, 1H, CHH), 1.50 (s, 1H,
CHs), 1.20 (t, J=7.2 Hz, 3H, CH3). '3C NMR (125 MHz,
CDCl;): 6 172.1 (C=0), 136.8 (2xCH), 131.5 (t,
J=285.8 Hz, CF,), 129.8 (CH), 128.9 (2xCH), 125.9 (C),
77.0 (t, J=24.1Hz, C), 61.3 (CH,), 39.3 (CH,), 23.3
(CH3), 14.0 (CH;). F NMR (470 MHz, CDCls):
0 —83.80 (d, J=204.9 Hz, 1F), —84.28 (d, J=204.9 Hz,
IF). IR (neat): vy, 3441 (OH), 1714 (C=0) cm™'. MS:
mlz (%) relative intensity 290 (M™*, 1), 197 (11), 177 (16),
149 (18), 135 (12), 131 (100), 110 (10), 109 (12), 103
(26), 85 (58). HRMS (ESI-TOF) calcd for C13H;¢F,0O3SNa
[M+Na]*: 313.0686; found: 313.0688.

4.2.10. 5,5-Difluoro-4-hydroxy-4-methyl-5-(phenylsulfa-
nyl)pentan-2-one (6b). According to the general procedure,
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the reaction of 1 (0.928 g, 4.0 mmol) with 2,4-pentanedione
(5b) (0.2 g, 2.0 mmol) in THF (5 mL) afforded a colorless
liquid of 6b (0.184 g, 35% yield). 'H NMR (500 MHz,
CDCls): 6 7.64-7.62 (m, 2H, ArH), 7.45-7.25 (m, 1H,
ArH), 7.40-7.37 (m, 2H, ArH), 3.12 (d, J=16.9 Hz, 1H,
CHH), 2.60 (d, /=169 Hz, 1H, CHH), 2.44 (s, 3H, CH;),
1.60 (br s, 1H, OH), 1.50 (s, 3H, CH;). 3C NMR
(125 MHz, CDCls): 6 208.4 (C=0), 137.5 (CH), 133.0 (t,
J=286.0 Hz, CF,), 130.7 2xCH), 129.9 2xCH), 127.2
(©), 76.9 (t, J=23.9 Hz, C), 47.9 (CH,), 32.3 (CHjy), 22.7
(CH;). 'F NMR (470 MHz, CDCl;): 6 —82.86 (d,
J=204.2Hz, 1F), —83.82 (d, J=2042Hz, 1F). IR
(CHCL3): vpax 3020 (OH), 1705 (C=0) cm~'. MS: m/z
(%) relative intensity 260 (M™*, 2), 202 (6), 160 (23), 159
(18), 110 (16), 109 (18), 101 (100), 77 (16), 65 (14), 59
(63). HRMS (ESI-TOF) caled for C;,H{4F,0,SNa
[M+Na]*: 283.0580; found: 283.0571.

4.3. Preparation of compounds 9 by fluoride-catalyzed
condensation of compound 1 with y-ketoesters

4.3.1. 5-(Difluoro(phenylsulfanyl)methyl)-5-phenyldihy-
drofuran-2(3H)-one (9a). General procedure. To a mixture
of compound 1 (0.696 g, 3.0 mmol) and ethyl 4-ox0-4-phe-
nylbutanoate (7a) (0.412 g, 2.0 mmol) in THF (5 mL) was
added 10 mol % TBAF (0.3 mL, 0.3 mmol, 1 M solution in
THF). The reaction mixture was stirred at —78 °C to room
temperature overnight (15 h), quenched with 1M HCI
(3 mL), and extracted with EtOAc (325 mL). The organic
phase was washed successively with water and brine, and
dried over anhydrous Na,SQO,. After solvent removal, the
crude product was treated with p-TsOH in CH,Cl, at 0 °C.
The resulting mixture was stirred at room temperature over-
night (15h) and extracted with EtOAc (3x20 mL). The
combined organic phase was washed successively with wa-
ter and brine, and dried over anhydrous Na,SO,. The crude
product was purified by radial chromatography (SiO,, 30%
EtOAc in hexanes) to give a pale yellow solid of 9a
(0.578 g, 90% yield, mp=75-78 °C). '"H NMR (500 MHz,
CDCl3): 6 7.59-7.55 (m, 2H, ArH), 7.51-7.48 (m, 2H,
ArH), 7.43-7.37 (m, 4H, ArH), 7.33-7.29 (m, 2H, ArH),
3.18-3.09 (m, 1H, CHH), 2.80-2.72 (m, 1H, CHH), 2.58-
2.50 (m, 2H, CH,). '3C NMR (125 MHz, CDCl5): 6 174.7
(C=0), 136.7 (2xCH), 130.0 (CH), 1299 (C), 129.2
(CH), 129.1 (t, J=286.9 Hz, CF,), 129.0 (2xCH), 128.4
(2xCH), 126.4 (2xCH), 122.7 (C), 88.3 (t, J=24.2 Hz,
C), 30.2 (CH,), 28.0 (CH,). '°F NMR (470 MHz, CDCl5):
0 —82.30 (d, J=209.4 Hz, 1F), —85.29 (d, J=209.4 Hz,
1F). IR (KBr): a5 1802 (C=0) cm~'. MS: m/z (%) relative
intensity 321 (M*, 1), 162 (12), 161 (100), 133 (19), 117 (4),
115 (10), 106 (3), 105 (19), 77 (8). HRMS (ESI-TOF) calcd
for C;7H4F,0,SNa [M+Na]*: 343.0580; found: 343.0579.

4.3.2. 5-(4-Chlorophenyl)-5-(difluoro(phenylsulfanyl)-
methyl)dihydrofuran-2(3H)-one (9b). According to the
general procedure, the reaction of 1 (0.464 g, 2.0 mmol)
with ethyl 4-(chlorophenyl)-4-oxobutanoate (7b) (0.238 g,
1.0 mmol) in THF (3 mL) afforded a white crystal of 9b
(0.263 g, 72% yield, mp=102-104°C). 'H NMR
(500 MHz, CDCl5): ¢ 7.43 (d, J=7.8 Hz, 4H, ArH), 7.35-
7.31 (m, 3H, ArH), 7.28-7.22 (m, 2H, ArH), 3.09-3.01
(m, 1H, CHH), 2.76-2.68 (m, 1H, CHH), 2.53-2.38 (m,
2H, CH,). '3*C NMR (125 MHz, CDCl5): 6 174.4 (C=0),

136.7 (2xCH), 135.5 (C), 131.3 (C), 130.1 (CH), 129.0
(2xCH), 128.7 (2xCH), 1279 (@2xCH), 126.7 (t,
J=223.1 Hz, CF,), 124.9 (C), 88.0 (t, J/=26.6 Hz, C), 30.2
(CH,), 28.0 (CH,). "F NMR (470 MHz, CDCls):
0 —82.41 (d, J=210.1 Hz, 1F), —85.43 (d, J=210.1 Hz,
1F). IR (Nujol): max 1799 (C=0) cm~'. MS: m/z (%) rela-
tive intensity 355 (M*, 2), 197 (33), 196 (11), 195 (100), 169
(10), 167 (11), 161 (5), 151 (8), 149 (16), 141 (20), 139 (64),
115 (10), 111 (23), 75 (9). Anal. Calcd for C7H;3CIF,0,S:
C, 57.55; H, 3.69. Found: C, 57.31; H, 3.41.

4.3.3. 5-(4-Bromophenyl)-5-(difluoro(phenylsulfanyl)-
methyl)dihydrofuran-2(3H)-one (9¢). According to the
general procedure, the reaction of 1 (0.930 g, 4.0 mmol)
with ethyl 4-(bromophenyl)-4-oxobutanoate (7¢) (0.568 g,
2.0 mmol) in THF (5§ mL) afforded a white crystal of
9c (0.544g, 70% yield, mp=103-104°C). 'H NMR
(500 MHz, CDCl3): 6 7.58-7.55 (m, 2H, ArH), 7.50-7.48
(m, 2H, ArH), 7.45-7.40 (m, 3H, ArH), 7.36-7.31 (m, 2H,
ArH), 3.15-3.10 (m, 1H, CHH), 2.82-2.76 (m, 1H, CHH),
2.60-2.46 (m, 2H, CH,). 3C NMR (125 MHz, CDCl,):
0 174.4 (C=0), 136.7 (2xCH), 136.0 (C), 131.7 (2xCH),
130.1 (CH), 129.0 2xCH), 128.9 (t, /=286.9 Hz, CF,),
128.2 (2xCH), 124.9 (C), 123.7 (C), 88.0 (t, J=26.6 Hz,
C), 30.1 (CH,), 28.0 (CH,). '°F NMR (470 MHz, CDCl5):
0 —82.46 (d, J=210.3 Hz, 1F), —85.49 (d, J=210.3 Hz,
1F). IR (Nujol): ¥ax 1799 (C=0) cm™'. MS: m/z (%) rela-
tive intensity 399 (M*, 2), 242 (11), 241 (100), 240 (13), 239
(97), 213 (16), 211 (16), 185 (18), 183 (19), 116 (10), 77
(44). Anal. Calcd for C7H3BrF,0,S: C, 51.14; H, 3.19.
Found: C, 51.40; H, 3.19.

4.3.4. 5-(Difluoro(phenylsulfanyl)methyl)-5-(2,5-dime-
thoxyphenyl)dihydrofuran-2(3H)-one (9d). According to
the general procedure, the reaction of compound 1 (1.92 g,
8.0 mmol) with ethyl 4-(2,5-dimethoxyphenyl)-4-oxobuta-
noate (7d) (1.30 g, 4.0 mmol) in THF (6 mL) afforded
a white crystal of 9d (1.427 g, 93% yield, mp=104—
105°C). 'H NMR (500 MHz, CDCly): & 7.53 (d,
J=8.0 Hz, 2H, ArH), 7.40 (dd, J=7.0, 1.0 Hz, 1H, ArH),
7.35-7.30 (m, 3H, ArH), 6.95-6.88 (m, 2H, ArH), 3.95 (s,
3H, OCH3), 3.90 (s, 3H, OCHj3), 3.25-3.19 (m, 1H, CHH),
2.82-2.69 (m, 2H, CH,), 2.60-2.50 (m, 1H, CHH). *C
NMR (125 MHz, CDCl;): 6 1752 (C=0), 1534 (C),
151.1 (C), 136.8 (2xCH), 130.0 (t, J=289.0 Hz, CF,),
129.8 (CH), 128.9 (2xCH), 125.8 (C), 125.6 (C), 116.1
(CH), 114.5 (CH), 113.4 (CH), 88.5 (d, J/=26.8 Hz, C),
56.1 (CH3), 55.9 (CH3), 29.5 (CH,), 28.4 (CH,). '°F NMR
(470 MHz, CDCl3): 6 —80.96 (d, J=205.1Hz, 1F),
—84.15 (d, J=205.1 Hz, 1F). IR (KBr): v, 1788 (C=0)
cm~!. MS: m/z (%) relative intensity 380 (M*, 14), 222
(14), 221 (100), 194 (12), 193 (97), 165 (15), 161 (16),
137 (9), 109 (4), 77 (8). Anal. Calcd for C;oH;gF,0,S: C,
59.99; H, 4.77. Found: C, 59.69; H, 4.66.

4.3.5. 5-(Difluoro(phenylsulfanyl)methyl)-5-(3,4-di-
methoxyphenyl)dihydrofuran-2(3H)-one (9e). According
to the general procedure, the reaction of 1 (0.464 g,
2.0 mmol) with ethyl 4-(2,5-dimethoxyphenyl)-4-oxobuta-
noate (7e) (0.262 g, 1.0 mmol) in THF (3 mL) afforded
a white crystal of 9e (0.273 g, 72% yield, mp=102—
105 °C). 'H NMR (500 MHz, CDCl;): 6 7.52-7.50 (m,
2H, ArH), 7.45-7.40 (m, 1H, ArH), 7.35-7.30 (m, 2H,
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ArH),7.15-7.10 (m, 2H, ArH), 6.90 (d, J/=8.4 Hz, 1H, ArH),
3.15-3.08 (m, 1H, CHH), 2.85 (s, 6H, 2xOCH3), 2.81-2.73
(m, 1H, CHH), 2.62-2.51 (m, 2H, CH,). 3C NMR
(125 MHz, CDCls): 6 174.8 (C=0), 149.8 (C), 148.8 (C),
136.6 (2xCH), 131.6 (CH), 129.3 (t, /=286.9 Hz, CF,),
129.0 (C), 128.9 (2xCH), 125.3 (C), 119.0 (CH), 110.8
(CH), 109.8 (CH), 88.2 (t, J=24.3 Hz, C), 56.1 (CHj3),
55.9 (CHj3), 30.1 (CH,), 28.1 (CH,). '°F NMR (470 MHz,
CDCl3): 6 —82.31 (d, J=208.7Hz, 1F), —85.18 (d,
J=208.7 Hz, 1F). IR (Nujol): vy, 1793 (C=0) cm .
MS: m/z (%) relative intensity 380 (M*, 4), 266 (15), 222
(13), 221 (100), 193 (7), 192 (5), 166 (6), 165 (42), 125
(5), 91 (9). Anal. Calcd for C;oH,gF,0,4S: C, 59.99; H,
4.77. Found: C, 60.25; H, 4.75.

4.4. Preparation of gem-difluorinated compounds
4 and 10

4.4.1. Ethyl 3,3-difluoro-2-hydroxy-2-phenylpropanoate
(4b). General procedure. Argon was bubbled through a solu-
tion of 3b (0.338 g, 1.0 mmol) in dry toluene (5 mL) for
30 min and BuzSnH (0.47 mL, 1.75 mmol) was added.
Deoxygenation was continued for 5 min. AIBN (25 mg,
0.15 mmol) was added and the solution was refluxed for
15 h. Volatiles were evaporated and the residue was dis-
solved in EtOAc (5 mL). The solution was stirred overnight
with KF/H,O (30 mg /0.3 mL) and extracted with EtOAc
(3x20 mL). The organic phase was washed successively
with water and brine, and dried over anhydrous Na,SO,. Af-
ter solvent removal, the crude product was purified by radial
chromatography (SiO,, hexanes then 20% EtOAc in hex-
anes) to give a colorless liquid of 4b (0.170 g, 74% yield).
'H NMR (300 MHz, CDCl3): 6 7.60 (d, J=7.6 Hz, 2H,
ArH), 7.45-7.31 (m, 3H, ArH), 6.25 (t, J=54.4 Hz, 1H,
CF,H), 4.40-4.20 (m, 2H, CH»), 3.90 (br s, 1H, OH), 1.35
(t, J=72Hz, 3H, CH;). '3C NMR (75 MHz, CDCl,):
0 170.2 (C=0), 134.6 (C), 129.0 (CH), 128.7 (CH), 128.6
(CH), 125.9 (CH), 125.7 (CH), 114.7 (t, J=247.9 Hz,
CF,H), 77.9 (t, J=21.1 Hz, C), 63.5 (CH,), 13.9 (CHj).
F NMR (470 MHz, CDCls): 6 —129.15 (dd, J=278.0,
54.5Hz, 1F), —133.86 (dd, J=278.0, 54.5Hz, 1F). IR
(neat): v 3494 (OH), 1739 (C=0) cm~'. MS: m/z (%)
relative intensity 231 (M*, 88), 214 (16), 213 (100), 194
(14), 193 (50), 179 (11), 109 (10), 105 (16). HRMS (ESI-
TOF) calcd for C;;H;,F,03;Na [M+Na]*: 253.0652; found:
253.0649.

4.4.2. Ethyl 3,3-difluoro-2-hydroxy-2-p-tolylpropanoate
(4¢). According to the general procedure, the reaction of
3¢ (0.352 g, 1.0 mmol) with Bu3SnH (1.75 mmol) and a cat-
alytic amount of AIBN in toluene (5 mL) afforded a colorless
liquid of 4¢ (0.236 g, 82% yield). '"H NMR (500 MHz,
CDCl;): 6 745 (d, J=83Hz, 2H, ArH), 7.10 (d,
J=7.8Hz, 2H, ArH), 6.12 (t, J=54.4Hz, 1H, CF,H),
4.23-4.20 (m, 2H, CH,), 3.95 (br s, 1H, OH), 2.10 (s, 3H,
CHs>), 1.08 (t, J=6.9 Hz, 3H, CH3). '3C NMR (125 MHz,
CDCls): 6 170.3 (C=0), 138.9 (C), 136.7 (C), 129.6
(CH), 129.4 (CH), 125.8 (CH), 125.5 (CH), 114.8 (t,
J=247.6 Hz, CF,H), 77.8 (t, J=20.9 Hz, C), 63.4 (CH,),
20.9 (CH;), 13.8 (CH3). 'F NMR (470 MHz, CDCl5):
0 —129.20 (dd, J=276.8, 543 Hz, 1F), —134.00 (dd,
J=276.8, 54.3 Hz, 1F). IR (neat): v,x 3501 (OH), 1739
(C=0) cm~!. MS: m/z (%) relative intensity 245 (M™, 4),

228 (13), 227 (100), 209 (7), 207 (22), 193 (10). HRMS
(ESI-TOF) calcd for C,H4F,0sNa [M+Na]*: 267.0809;
found: 267.0810.

4.4.3. Ethyl 3,3-difluoro-2-hydroxy-2-(4-methoxyphe-
nyl)propanoate (4d). According to the general procedure,
the reaction of 3d (0.574 g, 1.5 mmol) with BuzSnH
(2.6 mmol) and a catalytic amount of AIBN in toluene
(5 mL) afforded a colorless liquid of 4d (0.338 g, 88%
yield). 'H NMR (500 MHz, CDCls): 6 7.60-7.50 (m, 2H,
ArH), 7.00-6.80 (m, 2H, ArH), 6.20 (t, J=54.5 Hz, 1H,
CF,H), 4.35-4.20 (m, 2H, CH,), 3.75 (s, 3H, OCH>), 1.30
(t, J=7.2Hz, 3H, CH;). '3C NMR (125 MHz, CDCl;):
6 1704 (C=0), 160.1 (C), 127.3 (2xCH), 126.5 (C),
114.7 (t, J=248.0 Hz, CF,H), 114.0 (2xCH), 77.6 (t,
J=21.1Hz, C), 63.5 (CH,), 55.3 (CH3), 14.0 (CH;). '°F
NMR (470 MHz, CDCl3): 6 —128.96 (dd, J=276.8,
54.5Hz, 1F), —133.93 (dd, J=276.8, 54.5 Hz, 1F). IR
(neat): vmax 3492 (OH), 1739 (C=0) cm~!. MS: m/z (%)
relative intensity 260 (M*, 4), 259 (25), 244 (14), 143
(100), 209 (15), 187 (28), 140 (6), 139 (63), 135 (33), 109
(5), 91 (4), 77 (5). Anal. Calcd for Cj,H4F>04: C, 55.38;
H, 5.42. Found: C, 55.06; H, 5.54.

4.4.4. Ethyl 3,3-difluoro-2-hydroxy-2-(2-methoxyphe-
nyl)propanoate (4e). According to the general procedure,
the reaction of 3e (0.259 g, 1.0 mmol) with BuzSnH
(1.75 mmol) and a catalytic amount of AIBN in toluene
(5 mL) afforded a white solid of 4e (0.170 g, 91% yield,
mp=73-75 °C). 'H NMR (500 MHz, CDCl5): 6 7.45 (d,
J=7.8 Hz, 1H, ArH), 7.35-7.30 (m, 1H, ArH), 7.05 (ddd,
J=7.8,7.8, 1.1 Hz, 1H, ArH), 6.90 (dd, /=8.3, 0.7 Hz, 1H,
ArH), 6.52 (t, J=54.5 Hz, 1H, CF,H), 4.28-4.25 (m, 2H,
CH,), 4.20 (br s, 1H, OH), 3.85 (s, 3H, CH3), 1.25 (t,
J=7.8 Hz, 3H, CH;). '*C NMR (125 MHz, acetone-dg):
0 170.6 (C=0), 157.5 (C), 130.8 (CH), 128.7 (CH), 126.2
(©), 121.3 (CH), 115.0 (t, J=243.5Hz, CF,H), 112.2
(CH), 77.6 (t, J=21.2 Hz, C), 62.4 (CH,), 55.9 (OCHs;),
14.2 (CH3). '°F NMR (470 MHz, CDCl;): 6 —128.69 (dd,
J=280.1, 54.5 Hz, 1F), —132.14 (dd, J=280.1, 54.5 Hz,
1F). IR (Nujol): v« 3452 (OH), 1716 (C=0) cm~'. MS:
miz (%) relative intensity 260 (M*, 10), 243 (54), 188 (6),
187 (62), 167 (17), 157 (13), 139 (29), 135 (28), 121 (9),
109 (73), 107 (7), 92 (10), 91 (100), 77 (21), 65 (22).
Anal. Calcd for C;,H,;4F,0,4: C, 55.38; H, 5.42. Found: C,
55.25; H, 5.34.

4.4.5. Ethyl 3,3-difluoro-2-hydroxy-2-(naphthalene-2-
yl)propanoate (4f). According to the general procedure,
the reaction of 3f (0.679 g, 1.8 mmol) with BuzSnH
(3.15 mmol) and a catalytic amount of AIBN in toluene
(5 mL) afforded a colorless liquid of 4f (0.437 g, 89% yield).
'H NMR (500 MHz, CDCls): 6 8.12-8.10 (d, J=1.2 Hz, 1H,
ArH), 7.80-7.76 (m, 3H, ArH), 7.68-7.65 (dd, J=8.8,
1.8 Hz, 1H, ArH), 7.45-7.40 (m, 2H, ArH), 6.27 (t,
J=54.3 Hz, 1H, CF,H), 4.35-4.22 (m, 2H, CH,), 4.00 (br
s, 1H, OH), 1.25 (t, J=7.1Hz, 3H, CH;). '3C NMR
(125 MHz, CDCls): 6 170.6 (C=0), 133.3 (C), 132.9 (C),
1319 (C), 128.5 (CH), 128.4 (CH), 127.5 (CH), 126.9
(CH), 126.5 (CH), 125.8 (CH), 123.1 (CH), 114.8 (t,
J=248.1 Hz, CF,H), 78.1 (t, J=21.1 Hz, C), 63.6 (CH,),
14.0 (CH3). 'F NMR (470 MHz, CDCl): 6 —128.97 (dd,
J=2717.3, 54.5Hz, 1F), —133.45 (dd, J=277.3, 54.5 Hz,
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1F). IR (neat): v,,.x 3493 (OH), 1739 (C=0) cm~'. MS: m/z
(%) relative intensity 280 (M™*, 17), 263 (30), 215 (10), 207
(17), 159 (47), 156 (14), 155 (100), 133 (10), 128 (23), 127
(49), 126 (11). Anal. Calcd for Cy5H;4F,03: C, 64.28; H,
5.03. Found: C, 64.43; H, 5.05.

4.4.6. 5-(Difluoromethyl)-5-phenyldihydrofuran-2(3H)-
one (10a). According to the general procedure, the reaction
of 9a (0.354 g, 1.0 mmol) with BusSnH (1.75 mmol) and
a catalytic amount of AIBN in toluene (5 mL) afforded a col-
orless liquid of 10a (0.160g, 76% yield). 'H NMR
(500 MHz, CDCly): 6 7.45-7.30 (m, 5H, ArH), 5.80 (t,
J=55.5Hz, 1H, CF,H), 2.98-2.93 (m, 1H, CHH), 2.82—
2.74 (m, 1H, CHH), 2.61-2.54 (m, 1H, CHH), 2.51-2.45
(m, 1H, CHH). '3C NMR (125 MHz, CDCls): 6 174.9
(C=0), 136.6 (C), 129.1 (2xCH), 128.7 (CH), 125.8
(2xCH), 115.1 (t, J=248.8 Hz, CF,H), 85.4 (t, J/=23.7 Hz,
C), 27.9 (CH,), 27.7 (CH,). '°F NMR (470 MHz, CDCl5):
0 —129.88 (dd, J=279.7, 55.7 Hz, 1F), —130.52 (dd,
J=279.7, 55.7 Hz, 1F). IR (neat): vpax 1794 (C=0) cm .
MS: m/z (%) relative intensity 213 (M™, 5), 162 (12), 161
(100), 133 (28), 117 (5), 105 (37), 91 (3), 77 (14). Anal.
Calcd for C;;HoF,0,: C, 62.26; H, 4.75. Found: C, 62.65;
H, 4.62.

4.4.7. 5-(4-Chlorophenyl)-5-(difluoromethyl)dihydro-
furan-2(3H)-one (10b). According to the general proce-
dure, the reaction of 9b (0.354 g, 1.0 mmol) with BusSnH
(1.75 mmol) and a catalytic amount of AIBN in toluene
(5 mL) afforded a colorless liquid of 10b (0.182 g, 74%
yield). "H NMR (500 MHz, CDCl3): 6 7.55-7.40 (m, 4H,
ArH), 5.75 (t, J=55.7Hz, CF,H), 3.00-2.90 (m, 1H,
CHH), 2.85-2.70 (m, 1H, CHH), 2.65-2.55 (m, 1H,
CHH), 2.50-2.38 (m, 1H, CHH). '3C NMR (125 MHz,
CDCl3): 6 174.6 (C=0), 1354 (C), 135.0 (C), 129.0
(2xCH), 127.3 (2xCH), 114.8 (t, J=249.0 Hz, CF,H),
85.0 (t, J=23.9 Hz, C), 27.9 (CH,), 27.8 (CH,). '°F NMR
(470 MHz, CDCls): 6 —130.13 (d, J=55.4 Hz, 2F). IR
(neat): ¥max 1799 (C=0) cm~!. MS: m/z (%) relative inten-
sity 247 (M*, 6), 197 (34), 196 (12), 195 (100), 167 (24), 149
(7), 141 (13), 139 (33), 115 (5). Anal. Calcd for C;,HoF,0,:
C, 53.57; H, 3.68. Found: C, 53.66; H, 3.58.

4.4.8. 5-(Difluoromethyl)-5-(2,5-dimethoxyphenyl)di-
hydrofuran-2(3H)-one (10d). According to the general pro-
cedure, the reaction of 9d (0.39 g, 1.0 mmol) with Bu3;SnH
(1.75 mmol) and a catalytic amount of AIBN in toluene
(5 mL) afforded a white crystal of 10d (0.232 g, 85% yield,
mp=85-87 °C). 'H NMR (500 MHz, CDCl;): 6 7.20
(dd, J=2.2, 0.9 Hz, 1H, ArH), 6.85 (s, 1H, ArH), 6.85—
6.80 (m, 2H, ArH), 6.25 (t, J=54.2 Hz, CF,H), 3.80 (s,
3H, OCHs;), 3.75 (s, 3H, OCHs), 2.95 (m, 1H, CHH). '3C
NMR (125 MHz, CDCls): 6 175.5 (C=0), 154.0 (C),
149.2 (C), 126.3 (C), 114.2 (t, J=245.8 Hz, CF,H), 112.5
(CH), 122.4 (CH), 112.2 (CH), 85.4 (dd, J=21.3, 18.3 Hz,
C), 55.9 (2x0OCHj;), 29.2 (CH,), 27.8 (CH,). '°F NMR
(470 MHz, CDClz): 6 —128.53 (dd, J=279.7, 54.8 Hz,
1F), —134.03 (dd, J=279.7, 54.8 Hz, 1F). IR (Nujol):
Vmax 1790 (C=0) cm~!. MS: m/z (%) relative intensity
272 (M*, 50), 221 (57), 194 (12), 193 (100), 165 (21),
150 (10), 137 (12), 107 (4), 77 (6), 55 (14). Anal.
Calcd for C;3H4F,0,: C, 57.35; H, 5.18. Found: C, 57.48,;
H, 5.26.

4.4.9. 5-(Difluoromethyl)-5-(3,4-dimethoxyphenyl)dihy-
drofuran-2(3H)-one (10e). According to the general proce-
dure, the reaction of 9e (0.19 g, 0.5 mmol) with BuzSnH
(0.88 mmol) and a catalytic amount of AIBN in toluene
(5§ mL) afforded a white crystal of 10e (0.112 g, 82% yield,
mp=92-94 °C). '"H NMR (500 MHz, CDCls): 6 7.00-6.95
(m, 2H, ArH), 690-6.80 (m, 1H, ArH), 5.85 (t,
J=55.8 Hz, CF,H), 3.95 (s, 6H, 2x0OCH3), 2.96-2.85 (m,
1H, CHH), 2.83-2.75 (m, 1H, CHH), 2.64-2.57 (m, 1H,
CHH), 2.53-2.45 (m, 1H, CHH). '3C NMR (125 MHz,
CDCl3): 6 175.0 (C=0), 149.7 (C), 149.1 (C), 128.8 (C),
118.3 (CH), 115.1 (t, J=248.7 Hz, CF,H), 111.1 (CH),
109.1 (CH), 85.3 (t, J=23.6 Hz, C), 56.0 (OCHj3), 55.9
(OCHj3), 28.0 (CH,), 27.6 (CH,). 'F NMR (470 MHz,
CDCl3): 6 —129.65 (dd, J=281.1, 56.5 Hz, 1F), —130.30
(dd, J=281.1, 56.5 Hz, 1F). IR (Nujol): v,.x 1779 (C=0)
cm~!. MS: m/z (%) relative intensity 272 (M*, 20), 222
(11), 221 (100), 193 (12), 166 (10), 165 (47), 137 (5), 122
4), 91 (3), 79 (4), 77 (6). Anal. Calcd for C;3H4F,04: C,
57.35; H, 5.18. Found: C, 57.59; H, 4.88.
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and references cited therein; (c) Jonet, S.; Cherouvrier, F.;
Brigaud, T.; Portella, C. Eur: J. Org. Chem. 2005, 4304-4312.
Ni, C.; Hu, J. Tetrahedron Lett. 2005, 46, 8273-8277.

(a) Pohmakotr, M.; Boonkitpattarakul, K.; Ieawsuwan, W.;
Jarussophon, S.; Duangdee, N.; Tuchinda, P.; Reutrakul, V.
Tetrahedron 2006, 62, 5973-5985; (b) Prakash, G. K. S.; Hu,
J.; Wang, Y.; Olah, G. A. J. Fluorine Chem. 2005, 126, 529—
534; (¢) Li, Y.; Hu, J. Angew. Chem., Int. Ed. 2007, 46,
2489-2492.

(a) Qin, Y.-Y;; Qiu, X.-L.; Yang, Y.-Y.; Meng, W.-D.; Qing,
F-L. J. Org. Chem. 2005, 70, 9040-9043; (b) Qin, Y.-Y.;
Yang, Y.-Y.; Qiu, X.-L.; Qing, F.-L. Synthesis 2006, 1475-1479.
Fluoride-catalyzed reaction of TMSCF; with esters, see:
Wiedemann, J.; Heiner, T.; Mloston, G.; Prakash, G. K. S.;
Olah, G. A. Angew. Chem., Int. Ed. 1998, 37, 820-821.
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PhSCF,SiMe;

CF,SPh CF,H
1 TBAF BU3SHH
TABN
0
O;((N—R 3 4R= Me, Bn, CO,Et
o] Bu,SnH, AIBN
2
£ F EF o F F N F 5
H WR! AR R2 R S50
BF, OEt, : R2SiMe, ) R3M
N } - n N n——o—»— N
Et;SiH Lewis acid 2) NaBH;CN N,
O 0 O n=1 H R
7.n=1,R'=Bn 5,n=1 9.n= R' = Bn 13, R% = n-Bu
8,n=2R'=Me 6,n=2 10,n= R2 = allyl 14, R® = -Pr

PhSCF,SiMe; (1) was found, for the first time, to undergo fluoride-catalyzed nucleophilic difluoro-
(phenylsulfanyl)methylation reaction to cyclic imides 2, affording the corresponding adducts 3 in moderate
to good yields. Reductive cleavage of the phenylsulfanyl group of N-alkylated adducts 3 with BusSnH/
AIBN yielded gem-difluoromethylated products 4. Under the same reduction conditions, N-alkenylated
and N-alkynylated adducts 3 afforded the corresponding gem-difluoromethylenated 1-azabicyclic
compounds 5 and 6 with trans stereoselectivity. These compounds were employed as precursors for
preparing substituted gem-difluoromethylenated pyrrolizidinones and indolizidinones 7 and 8 by treatment
with Et;SiH/BF;+OEt,, and compounds 9 and 10 by nucleophilic displacement of the hydroxyl group,
using organosilanes in the presence of BF;+OEt,. The synthesis of highly substituted gem-difluorom-
ethylenated pyrrolizidines 13 and 14 was also demonstrated.

Introduction

gem-Difluoromethylene moiety has been incorporated into
bioactive compounds due to its properties as an isopolar and
isosteric substituent for an oxygen.* The presence of the gem-
difluoromethylene group can enhance the biological properties

" Department of Chemistry and Center for Innovation in Chemistry
(PERCH-CIC).

* Center for Excellence in Protein Structure and Function.

(1) (a) Hiyama, T., Ed. Organofluorine Compounds, Chemistry and Applica-
tions; Springer: New York, 2000. (b) Hiyama, T.; Shimizu, M. Angew. Chem.,
Int. Ed 2005, 44, 214-231, and references cited.
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of drug molecules.? Therefore, syntheses of gem-difluorometh-
ylenated analogs of natural products have been extensively
investigated.® Few general synthetic methods for constructing

(2) See for examples: (a) Welch, J. T. Ed.; Selective Fluorination in Organic
and Bioorganic Chemistry; American Chemical Society: Washington, D.C., 1991.
(b) Fried, J.; Mitra, D. K.; Nagarajan, M.; Mehrotra, M. M. J. Med. Chem. 1980,
23, 234-237. (c) Nakano, T.; Makino, M.; Morizawa, Y.; Matsumura, Y. Angew.
Chem., Int. Ed. Engl. 1996, 35, 1019-1021. (d) Chang, C.-S.; Negishi, M;
Nakano, T.; Morizawa, Y.; Matsumura, Y.; Ichikawa, A. Prostaglandins 1997,
53, 83-90.

(3) Soloshonok, V. A., Ed. Enantiocontrolled Synthesis of Fluoro-organic
Compounds, Stereochemical Challenges and Biomedicinal Targets; John Wiley
and Sons, Ltd.: New York, 1999.

10.1021/j0802794u CCC: $40.75 [J 2009 American Chemical Society
Published on Web 04/16/2009
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gem-difluoromethylenated compounds were previously re-
ported.® It is still desirable to develop new flexible and facile
strategies for the preparation of these compounds. Recently,
PhSCF,SiMe; (1) has been demonstrated as a useful gem-
difluoromethylene building block.> Compound 1 reacts exten-
sively with carbonyl derivatives,® y-ketoesters,” imines,® and
alkyl bromides,® providing convenient routes for the preparation
of the corresponding gem-difluoromethylated alcohols, y-lac-
tones, amines, and alkanes, respectively. Furthermore, the
stereoselective difluoromethylenation of chiral imines using
PhSCF,SiMe; (1) and the synthesis of chiral disubstituted gem-
difluoromethylenated pyrrolidines have been recently
reported.’®® In addition, alternative new entries to assemble
various fluorinated S-, O-, and N-heterocycles have also been
developed. v~

As a part of our ongoing research interest in developing
methodologies for the preparation of 1-azabicyclic derivatives,**
we sought for a general method to synthesize gem-difluorom-
ethylenated 1-azabicyclic analogs, employing 1 as a gem-
difluoromethylene building block. It has been demonstrated that
cyclic imides can undergo fluoride-catalyzed trifluoromethyla-
tion, using (trifluoromethyl)trimethylsilane (CF3SiMes).*? Hence,
it is anticipated that fluoride-catalyzed nucleophilic difluoro-

(4) See for examples: (a) Guo, Y.; Fujiwara, K.; Amii, H.; Uneyama, K. J.
Org. Chem. 2007, 72, 8523-8526. (b) Arimitsu, S.; Hammond, G. B. J. Org.
Chem. 2007, 72, 8559-8561. (c) Fustero, S.; Fernandez, B.; Sanz-Cervera, J. F.;
Mateu, N.; Mosulén, S.; Carbajo, R. J.; Pineda-Lucena, A.; Ramirez de Arellano,
C. J. Org. Chem. 2007, 72, 8716-8723. (d) Niida, A.; Mizumoto, M.; Narumi,
T.; Inokuchi, E.; Oishi, S.; Ohno, H.; Otaka, A.; Kitaura, K.; Fujii, N. J. Org.
Chem. 2006, 71, 4118-4129. (e) You, Z.-W.; Zhang, X.; Qing, F.-L. Synthesis
2006, 2535-2542. (f) You, Z.-W.; Jiang, Z.-X.; Wang, B.-L.; Qing, F.-L. J. Org.
Chem. 2006, 71, 7261-7267. (g) Fustero, S.; Sanchez-Rosell6, M.; Rodrigo, V.;
del Pozo, C.; Sanz-Cervera, J. F.; Simon, A. Org. Lett. 2006, 8, 4129-4132. (h)
Arimitsu, S.; Hammond, G. B. J. Org. Chem. 2006, 71, 8665-8668. (i) Zheng,
F.; Zhang, X.-H.; Qiu, X.-L.; Zhang, X.; Qing, F.-L. Org. Lett. 2006, 8, 6083—
6086. (j) Wang, R.-W.; Qing, F.-L. Org, Lett. 2005, 7, 2189-2192. (k) Crowley,
P. J.; Fawcett, J.; Griffith, G. A.; Moralee, A. C.; Percy, J. M.; Salafia, V. Org.
Biomol. Chem. 2005, 3, 3297-3310. (I) De Kimpe, N.; Van Brabandt, W. Synlett
2006, 2039-2042. (m) Qin, Y.-Y.; Yang, Y.-Y.; Qiu, X.-L.; Qing, F.-L. Synthesis
2006, 1475-1479. (n) Sato, K.; Tarui, A.; Matsuda, S.; Omote, M.; Ando, A.;
Kumadaki, I. Tetrahedron Lett. 2005, 46, 7679-7681. (0) Yue, X.; Zhang, X.;
Qing, F.-L. Org. Lett. 2009, 11, 73-76. (p) Diab, S. A.; Sene, A.; Pfund, E.;
Lequeux, T. Org. Lett. 2008, 10, 3895-3898. (q) Xu, W.; Dolbier, W. R., Jr.;
Salazar, J. J. Org. Chem. 2008, 73, 3535-3538. (r) Jakowiecki, J.; Loska, R.;
Makosza, M. J. Org. Chem. 2008, 73, 5436-5441. (s) Hang, X.-C.; Chen, Q.-
Y.; Xiao, J.-C. Synlett 2008, 1989-1992. (t) Huguenot, F.; Billac, A.; Brigand,
T.; Portella, C. J. Org. Chem. 2008, 73, 2564-2569. (u) Beier, P.; Alexandrova,
A. V.; Zibinsky, M.; Prakash, G. K. S. Tetrahedron 2008, 64, 10977-10985.
(v) Ramachandran, V. P.; Chatterjee, A. Org. Lett. 2008, 10, 1195-1198. (w)
Uneyama, K. J. Fluorine Chem. 2008, 129, 550-576.

(5) (a) Prakash, G. K. S.; Hu, J. Acc. Chem. Res. 2007, 40, 921-930, and
references cited. (b) Prakash, G. K. S.; Hu, J.; Olah, G. A. J. Org. Chem. 2003,
68, 4457-4463.

(6) (a) Prakash, G. K. S.; Hu, J.; Wang, Y.; Olah, G. A. J. Fluorine Chem.
2005, 126, 529-534. (b) Pohmakotr, M.; Boonkitpattarakul, K.; leawsuwan, W.;
Jarussophon, S.; Duangdee, N.; Tuchinda, P.; Reutrakul, V. Tetrahedron 2006,
62, 5973-5985. (c) Mizuta, S.; Shibata, N.; Ogawa, S.; Fujimoto, H.; Nakamura,
S.; Toru, T. Chem. Commun. 2006, 2575-2577.

(7) Pohmakotr, M.; Panichakul, D.; Tuchinda, P.; Reutrakul, V. Tetrahedron
2007, 63, 9429-9436.

(8) Li, Y.; Hu, J. Angew. Chem., Int. Ed. 2005, 44, 5882-5886.

(9) Li, Y.; Hu, J. J. Fluorine Chem. 2008, 129, 382-385.

(10) (a) Li, Y.; Hu, J. Angew. Chem., Int. Ed. 2007, 46, 2489-2492. (b)
Verniest, G.; Surmont, R.; Hende, E. V.; Deweweire, A.; Deroose, F.; Thuring,
J. W.; De Kimpe, N. J. Org. Chem. 2008, 73, 5458-5461. (c) Kishi, Y.; Nagura,
H.; Inagi, S.; Fuchigami, T. Chem. Commun. 2008, 3876-3878. (d) Hende, E. V.;
Verniest, G.; De Kimpe, N. J. Org. Chem. 2009, 74, 2250-2253.

(11) (a) Pohmakotr, M.; Numeechai, P.; Prateeptongkum, S.; Tuchinda, P.;
Reutrakul, V. Org. Biomol. Chem. 2003, 1, 3495-3497. (b) Pohmakotr, M.;
Prateeptongkum, S.; Chooprayoon, S.; Tuchinda, P.; Reutrakul, V. Tetrahedron
2008, 64, 2339-2347. (c) Pohmakotr, M.; Seubsai, A.; Numeechai, P.; Tuchinda,
P. Synthesis 2008, 1733-1736.

(12) (a) Hoffmann-Roder, A.; Seiler, P.; Diederich, F. Org. Biomol. Chem.
2004, 2, 2267-2269, and references cited. (b) Hoffmann-Rdder, A.; Schweizer,
E.; Egger, J.; Seiller, P.; Obst-Sander, U.; Wagner, B.; Kansy, M.; Banner, D. W.;
Diederich, F. Chem. Med. Chem. 2006, 1, 1205-1215.
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SCHEME 1. Fluoride-Catalyzed Nucleophilic
Difluoro(phenylsulfanyl)methylation of 1 with Imides 2 and
Synthetic Conversion of the Resulting Adducts 3 into
Compounds 4, 5, and 6 and Subsequently to Compounds 13
and 14

PhSCF,SiMe; CF,SPh CF,H
1 TBAF _BugSnH_
AIBN
0
N-R
Y BusSnH, AIBN
2
F
HO AR
1) R%SiMe;
Nt
2) R°M then .
o) reduction H R®
ens 13 and 14

(phenylsulfanyl)methylation of 1 to cyclic imides 2 would
generate the corresponding adducts 3. When R groups of adducts
3 are allylic and homoallylic, reductive cleavage of the
corresponding phenylsulfanyl moiety could afford radical
intermediate that should then undergo intramolecular radical
cyclization, providing gem-difluoromethylenated 1-azabicyclic
compounds 5 and 6, respectively (Scheme 1). Furthermore,
nucleophilic displacement of the hydroxyl group and subsequent
organometallic addition to carbonyl group followed by reduction
would lead to highly substituted difluoromethylenated 1-azabi-
cyclic compounds 13 and 14. The proposed synthetic operations
are summarized in Scheme 1.

Results and Discussion

The initial investigation involved fluoride-catalyzed nucleo-
philic difluoro(phenylsulfanyl)methylation of imide 2a with
PhSCF,SiMe; (1). The expected adduct 3a was obtained in 95%
yield when the reaction was carried out using 10 mol % of
anhydrous tetrabutylammonium fluoride (TBAF) in dry THF

—78 °C to room temperature overnight followed by acidic
workup (2 M HCI; Table 1, entry 1). To demonstrate the
generality of the reaction, the reactions of 1 with N-substituted
phthalimide and succinimide derivatives, which were prepared
by base-catalyzed N-alkylation of imides™ with alkylating agents
(Table 1, entries 1—6, 8, 10—13, 15 and 17), Mitsunobu reaction
of imides with alcohols'* (Table 1, entries 7, 14 and 16), and
cross-olefin metathesis™® of N-alkenylated imides with alkenes
(Table 1, entries 9 and 18), were investigated. The results are
summarized in Table 1. Except for some cases, the reactions of
1 with imide derivatives conducted under the standard conditions
as for 3a readily gave the corresponding adducts; yields range
from moderate to good (Table 1). In case of imide 2i, under
the standard conditions, adduct with double bond transposition
was obtained as a major product (33% yield). Gratifyingly, the
reaction employing tetrabutylammonium triphenyldifluorosili-
cate (TBAT) in place of TBAF gave adduct 3i in moderate yield

(13) Marson, C. M.; Khan, A.; Porter, R. A. J. Org. Chem. 2001, 66, 4771-
4T75.

(14) (a) Mitsunobu, O. Synthesis 1981, 1-28. (b) Mitsunobu, O.; Wada, M.;
Sano, T. J. Am. Chem. Soc. 1972, 94, 679-680. (c) Martin, S. F.; Chen, H. J;
Courtney, A. K.; Liao, Y.; Patzel, M.; Ramser, M. N.; Wagman, A. S.
Tetrahedron 1996, 52, 7251-7264.

(15) (a) Blechert, S.; Connon, S. J. Angew. Chem., Int. Ed. 2003, 42, 1900—
1923. (b) McElhinney, A. D.; Marsden, S. P. Synlett 2005, 2528-2530.
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TABLE 1. Preparation of Adducts 3, gem-Difluoromethylated Lactams 4, and gem-Difluoromethylenated 1-Azabicyclic Compounds 5 or 6
t imides 2 3 (% yield)“” 45016 1 imides 2 3 (% vield)y” 4.50r6
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asolated yields. ® Unless otherwise noted, all reactions were carried out employing 10 mol % TBAF/THF, —78 °C to rt. °By using 10 mol %
TBAT/DMF, —78 °C to rt. By using 10 mol % TBAT/THF, —78 to 15 °C, 5 h. ® By using 10 mol % TBAT/THF, —78 °C to rt. fRatio of E- and
Z-isomers was determined by *H NMR integration of the crude product. ¢ Ratios of isomers (trans/cis) were determined by *H NMR integration of the

crude products.

(55%) and the double bond transposition adduct was not
observed (Table 1, entry 9). It is also worth mentioning that
the reaction of 1 with N-trimethylsilylpropargyl succinimide 2n
under the standard conditions furnished the expected product
3nin only 2% yield, but the desilylated adduct 3o was obtained
as a major product (30% yield). However, the reaction employ-
ing 10 mol % of TBAT in dry DMF at —78 °C to room
temperature gave the desired product 3n in 45% yield together
with 30 (10% vyield; Table 1, entry 14). Similar results, that is,
3n (40% vyield) and 30 (8% yield) were obtained when the

3800 J. Org. Chem. Vol. 74, No. 10, 2009

reaction was carried out using THF as the solvent. Interestingly,
treatment of 1 with N-propargylphthalimide 2m employing 10
mol % TBAT in DMF at —78 °C to room temperature
unexpectedly provided trimethylsilylated derivative 3m in 68%
yield (Table 1, entry 13).

The reductive desulfenylation of adducts 3a—e was achieved
by treating with BusgSnH and a catalytic amount of AIBN in
refluxing toluene. The gem-difluoromethylated products 4a—e
were obtained in moderate to good yields (66—86%; Table 1,



gem-Difluoromethylenated 1-Azabicyclic Compounds

SCHEME 2.

F F
e sPn Bu;SnH, AIBN
— 3 ,
N~

e}
3f

F

3p

entries 1—5).5°¢ The gem-difluoromethyl radical intermediate,
generated by CF,—SPh bond cleavage of the adducts 3 contain-
ing the N-unsaturated substituents, could be trapped intramo-
lecularly by an unsaturated functional moiety,*” affording gem-
difluoromethylenated 1-azabicyclic compounds 5. Thus, under
similar radical conditions, intramolecular radical cyclization of
3f readily proceeded to provide 5a in 73% yield as a 94:6
mixture of trans- to cis-isomers together with a small amount
of the corresponding reduced product. A single trans-5a was
obtained in pure form after purification by either preparative
thin-layer chromatography on silica gel or crystallization. Its
relative stereochemistry was established by X-ray crystal-
lography (see Supporting Information).

To demonstrate the efficiency and viability of our methodol-
ogy, series of gem-difluoromethylenated pyrrolizidine derivatives
5b—g, as mixtures of isomers, were synthesized, in moderate
to good yields, by treatment of adducts 3g—I under standard
radical conditions (Table 1, entries 7—12). Based on the X-ray
crystallographic data of the major trans-isomer of 5a, we

(16) Buttle, L. A.; Motherwell, W. B. Tetrahedron Lett. 1994, 35, 3995—
3998.

(17) Radical mediated the construction of 1-azabicyclic compounds, see for
examples: (a) Zard, S. Z. Radical Reactions in Organic Synthesis; Oxford
University Press: New York, 2003. (b) Chen, M.-J.; Tsai, Y.-M. Tetrahedron
Lett. 2007, 48, 6271-6274. (c) Bryans, J. S.; Large, J. M.; Parsons, A. F. J. Chem.
Soc., Perkin Trans. 1 1999, 2905-2910. (d) Keusenkothen, P. F.; Smith, M. B.
Tetrahedron 1992, 48, 2977-2992. (e) Knapp, S.; Gibson, F. S. J. Org. Chem.
1992, 57, 4802-4809. (f) Knapp, S.; Gibson, F. S.; Choe, Y. H. Tetrahedron
Lett. 1990, 31, 5397-5400. (g) Burnett, D. A.; Choi, J.-K.; Hart, D. J.; Tsai,
Y.-M. J. Am. Chem. Soc. 1984, 106, 8201-8209. (h) Hart, D. J.; Tsai, Y.-M.
J. Am. Chem. Soc. 1984, 106, 8209-8217. (i) Choi, J.-K.; Hart, D. J.; Tsai, Y.-
M. Tetrahedron Lett. 1982, 23, 4765-4768.

F
HQO SPh
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Proposed Transition States for the Radical Cyclization

HO
Ao P .
N.J\ i N7
F F
(0]

A (favored TS)

trans-5a cis-5a
(major) (minor)
OH F OH F |
- -
N/\|/\ + N~
F F
) /]
C (favored TS) D
g F CHs
HO, 7

e}
trans-6a cis-6a
(major) (minor)

assumed that the trans-isomers of 5b—g were the major isomers.
Notably, similar radical cyclization of N-propargyl substituted
adducts proceeded smoothly, providing the cyclized products
in moderate yields (Table 1, entries 13—15). Cyclization of
silylated alkynyl derivatives 3m and 3n afforded compounds
5h and 5i as a mixture of E- and Z-isomers. The E-isomer was
obtained as a major isomer, of which the stereochemistry was
established by NOE experiments (see Supporting Information).
Irradiation of the olefinic proton of 5h or 5i led to no
enhancement of the allylic protons. The formation of tributyl-
stannylated product 5j (Table 1, entry 15) presumably resulted
from consecutive addition of the tributylstannyl group to the
triple bond followed by gem-difluoromethyl radical addition to
the resulting vinylstannane derivative.*® The presence of the
exocyclic methylene moiety in compounds of types 5h and 5i
should be valuable for further synthetic modification.

Having established an efficient access to gem-difluorometh-
ylenated pyrrolizidine derivatives 5, we further demonstrated
that our method could be used as a general route for the
synthesis of gem-difluoromethylenated indolizidine derivatives
6. Thus, N-homoallylated adducts 3p—r were treated with
BusSnH/AIBN in refluxing toluene, yielding the corresponding
gem-difluoromethylenated indolizidines 6a—c as a mixture of
trans- and cis-isomers (Table 1, entries 16—18). The relative
stereochemistry of the major trans-6a was confirmed by X-ray
crystallography (see Supporting Information).

(18) (a) Huang, J.-M.; Hong, S.-C.; Wu, K.-L.; Tsai, Y.-M. Tetrahedron Lett.
2004, 45, 3047-3050. (b) Lee, E.; Tae, J. S.; Lee, C.; Park, C. M. Tetrahedron
Lett. 1993, 34, 4831-4834. (c) Capella, L.; Montevecchi, P. C.; Nanni, D. J. J.
Org. Chem. 1994, 59, 3368-3374.
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Lewis Acid-Catalyzed Nucleophilic Substitution of the Hydroxyl Group of Compounds 5b and 6a
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9a (67%) 10a (53%)

The stereochemical outcomes of compounds 5 and 6 can be
rationalized as shown in Scheme 2. The radical mediated
cyclization was proposed to proceed via 5-exo or 6-exo
cyclization mode.* Transition states A and C are energetically
more favorable due to minimized steric interaction between the
pseudoaxial hydroxyl group and the vinylic double bond,
resulting in the formation of thermodynamically more stable
trans-isomer of pyrrolidine or piperidine heterocycles.

Having a general route to synthesize derivatives 5 and 6, we
subsequently focused on the synthetic utilities of these adducts
as precursors for the preparation of substituted gem-difluorom-
ethylenated pyrrolizidines and indolizidines. It is anticipated that
the presence of hydroxyl group in adducts 5 and 6 should
provide a convenient access to an iminium intermediate,?>%
which, in principle, can be trapped by an appropriate nucleo-
phile. The results are summarized in Scheme 3. The adducts
5b (trans/cis; 77:23) and 6a (trans/cis; 88:12) were reduced
with BF5+OEt, and Et;SiH?? in CH,Cl, at —78 °C to room
temperature, generating the corresponding lactams 7 (77% yield)
and 8 (98% yield) as a single isomer, as confirmed by the NOE
experiments (see Supporting Information). Alkylation of 5b with
Grignard reagents (MeMgBr or i-PrMgCl in THF in the presence
of BF;+OEt, at 0 °C to rt, overnight) or organocoppers
(n-Bu,CuLi or n-Bu,Cu(CN)Li, in THF in the presence of
BF;-OEt, at —30 °C to rt overnight) was unsuccessful, and only

(19) (a) Beckwith, A. L. J. Tetrahedron 1981, 37, 3073-3100. (b) Spellmeyer,
D. C.; Houk, K. N. J. Org. Chem. 1987, 52, 959-974.

(20) For reviews on N-acyliminium ion chemistry, see: (a) de Koning, H.;
Speckamp, W. N. In Houben-Weyl, Stereoselective Synthesis; Helmchen, G.,
Hoffmann, R. W., Mulzer, J., Schaumann, E., Eds.; Thieme Medical Publishers:
New York, 1995; Vol. E21, p 1953. (b) Speckamp, W. N.; Moolenaar, M. J.
Tetrahedron 2000, 56, 3817-3856. (c) Maryanoff, B. E.; Zhang, H.-C.; Cohen,
J. H.; Turchi, 1. J.; Maryanoff, C. A. Chem. Rev. 2004, 104, 1431-1628.

(21) For some recent examples on the reactions of N-acyliminium ions with
carbon nucleophiles, see: (a) Raheem, I. T.; Thiara, P. S.; Jacobsen, E. N. Org.
Lett. 2008, 10, 1577-1580. (b) Vieira, A. S.; Ferreira, F.; Fiorante, P. F.;
Guadagnin, R. C.; Stefani, H. A. Tetrahedron 2008, 64, 3306-3314. (c) Morgan,
I. R.; Yazici, A.; Pyne, S. G. Tetrahedron 2008, 64, 1409-1419. (d) Yu, D.-S.;
Xu, W.-X.; Liu, L.-X.; Haung, P.-Q. Synlett 2008, 1189-1192. (e) Zhang, F
Simpkins, N. S.; Wilson, C. Tetrahedron Lett. 2007, 48, 5942-5947. (f)
Tranchant, M.-J.; Moine, C.; Othman, R. B.; Bousquet, T.; Othman, M.; Dalla,
V. Tetrahedron Lett. 2006, 47, 4477-4480. (g) Osante, I.; Lete, E.; Sotomayor,
N. Tetrahedron Lett. 2004, 45, 1253-1256. (h) Ollero, L.; Mentink, G.; Rutjes,
F. P. J. T.; Speckamp, W. N.; Hiemstra, H. Org. Lett. 1999, 1, 1331-1334.

(22) For an example, see Chen, M.-D.; Zhou, X.; He, M.-Z.; Ruan, Y.-P.;
Huang, P.-Q. Tetrahedron 2004, 60, 1651-1657.
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SCHEME 4. Proposed Transition States for the Formation
of trans-lIsomers of Products 7—10
_ N —
/ F
O P F_H
N
o © Q
BF5 OFEt,
b or 68 —— or —— > 7,8 9a-c and 10a-c
Nu-SiMe,
=]
Nu
Iy
N | CHs

starting material was recovered. However, allylation reaction
of 5b, employing allyltrimethylsilane with BF;-OEt, in CH,Cl,

—78 °C to rt overnight, led to 9a in low yield (10% yield)
together with recovery of 5b. Gratifyingly, when the reaction
was performed under refluxing conditions for 3 h, 9a was
obtained in moderate yield (67% yield). Similarly, under the
same conditions, 10a was synthesized in 53% yield from the
corresponding compound 6a. Both compounds 9a and 10a were
obtained as a single isomer (see Supporting Information).
Similarly, treatment of 5b and 6a with cinnamyltrimethylsilane
afforded adducts 9b and 10b, respectively, as a mixture of
diastereomers, as shown in Scheme 3. The reactions of 5b and
6a with phenyltrimethylsilylacetylene employing trimethylsilyl
triflate (TMSOTT) as the Lewis acid at —78 °C to rt overnight
provided the respective adducts 9c (54% yield as a 93:7 mixture
of isomers) and 10c (67% yield as a 86:14 mixture of isomers).
The use of BF3+OEt,, SnCly, and TiCl, did not furnish to the
desired products but led to the recovery of the starting material
5b and phenylacetylene. This result may be due to extensive
decomposition of phenyltrimethylsilylacetylene to phenylacety-
lene prior to its addition to iminium ion intermediate. The
relative trans stereochemistries of adducts 7 and 9 could be
rationalized based on the fact that the nucleophiles (hydride or
organosilanes) attack the initially formed iminium ion interme-
diate from the face opposite to the benzyl group to avoid steric
interaction (Scheme 4). In addition, attack of nucleophiles to
the iminium ion derived from 6a from the pseudoaxial direction
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SCHEME 5.

LiAlH,, THF
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1) n-BuLi, CeCls,
THF
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could be further explained by stereoelectronic principle, leading
preferably to the trans-isomers of adducts 8 and 10.

The conversions of compounds 9a and 10a to alkyl-
substituted gem-difluoromethylenated pyrrolizidines and in-
dolizidines proceeded smoothly (Scheme 5). Reduction of
compounds 9a and 10a using LiAlH, in refluxing THF provided
the corresponding gem-difluoromethylenated pyrrolizidine 11
(84% vyield) and indolizidine 12 (60% yield), respectively
(Scheme 5). The reaction of 9a with n-BuLi/CeCl; in THF*
followed by acidification generating in situ iminium ion
intermediate, which was subsequently reduced by sodium
cyanoborohydride (NaBH3;CN) to afford butyl-substituted gem-
difluoromethylenated pyrrolizidine 13 in 80% vyield as a single
diastereomer. Similarly, a single diastereomer of isopropyl-
substituted gem-difluoromethylenated pyrrolizidine 14 was
produced in 65% vyield. The relative stereochemistries of
compounds 11—14 were established by NOE experiments (see
Supporting Information). The observed stereochemical outcomes
of the reactions can be explained that the addition of organo-
metallic reagents followed by acidification afforded iminium
ions which were preferably reduced from the less sterically
hindered face opposite to the allyl substituent (Scheme 5). It is
worth mentioning that compound 10a did not react with either
n-BuLi/CeCl; or i-PrMgCl in THF under the same conditions
as for 9a.

Conclusion

In conclusion, we have successfully developed for the novel
fluoride-catalyzed nucleophilic difluoro(phenylsulfanyl)meth-
ylation reactions of PhSCF,SiMe; to succinic and phthalimide
derivatives. The resulting adducts were employed as useful
precursors for the preparation of gem-difluoromethylenated
pyrrolizidines and indolizidines. The synthetic operation involves
sequential intramolecular radical cyclization, nucleophilic dis-
placement of the hydroxyl functionality using Lewis acid/
allyltrimethylsilanes or trimethylsilylacetylenes, organometallic
addition employing n-BuLi/CeCl; and i-PrMgCl onto the

(23) Nukui, S.; Sodeoka, M.; Sasai, H.; Shibasaki, M. J. Org. Chem. 1995,
60, 398-404.
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Preparation of Alkyl-Substituted gem-Difluoromethylenated Pyrrolizidines 11, 13, and 14 and Indolizidine 12

N or

11 (84%)

NaBH5CN

H -Pr
14 (65%)

carbonyl group of the y-lactam moiety, followed by reduction
of the resulting adducts with NaBH3;CN. The synthetic applica-
tion of our method for preparation of gem-difluoromethylenated
analogs of some polyhydroxylated natural products is currently
being investigated.

Experimental Section

General Procedure for the Preparation of Compounds 3.
2-Benzyl-3-(difluoro(phenylsulfanyl)methyl)-3-hydroxy-isoindolin-
1-one (3a). To a mixture of compound 1 (0.928 g, 4 mmol) and
2-benzylisoindoline-1,3-dione (2a; 0.470 g, 2 mmol) in THF (5
mL), was added 10 mol % TBAF (0.4 mL, 0.4 mmol, 1 M solution
in THF). The reaction mixture was stirred at —78 °C followed by
slowly warming up to room temperature overnight. The solution
was quenched with 1 M HCI (3 mL) and extracted with EtOAc (3
x 25 mL). The organic phase was washed successively with water
and brine and dried over anhydrous Na,SO,. After solvent removal,
the crude product was purified by radial chromatography (SiO,
10—20% EtOAc in hexanes) to give a white crystal of 3a (0.753
g, 95% yield, mp = 142—144 °C). 'H NMR (300 MHz, CDCly):
0 7.86—7.83 (m, 1H, ArH), 7.72—7.68 (m, 1H, ArH), 7.60—7.58
(m, 2H, ArH), 7.35—7.25 (m, 3H, ArH), 7.20—7.10 (m, 7H, ArH),
4.95 (d, J = 15.6 Hz, 1H, CHH), 4.45 (d, J = 15.6 Hz, 1H, CHH),
3.85 (brs, 1H, OH). *C NMR (125 MHz, CDCly): ¢ 168.3 (C=0),
141.9 (C), 137.5 (2 x C), 136.7 (2 x CH), 132.8 (CH), 131.5 (C),
131.0 (2 x CH), 130.1 (CH), 129.24 (t, J = 187.5 Hz, CF,), 129.0
(2 x CH), 128.5 (3 x CH), 127.4 (CH), 124.2 (CH), 123.8 (CH),
91.2 (t, J = 25.0 Hz, C), 43.5 (CHy). **F NMR (470 MHz, CDCly):
0 —80.48 (d, J = 211.0 Hz, 1F), —81.57 (d, J = 211.0 Hz, 1F). IR
(nujol): vmax 3207br, 1682s, 1612s, 1612m, 1497m, 1471s, 1456s,
1455s, 1427m, 1397s, 1361s, 1163s, 1137m, 1108m, 1073m, 10615,
1027m, 1012m, 974m, 945m, 907m, 897m, 886m, 845m, 823m,
770s, 752s, 709s, 700s, 690s cm~1. MS: m/z (%) relative intensity
398 (M*, 10), 380 (7), 250 (6), 238 (47), 161 (11), 160 (100), 91
(20), 65 (7). HRMS (ESI-TOF) Calcd for Cx,H;7F,NO,SNa [M +
Na]*, 420.0846; found, 420.0851.

General Procedure for the Reductive Cyclization of Com-
pounds 3 to Compounds 5. Preparation of 1,1-Difluoro-9b-
hydroxy-2-methyl-2,3-dihydro-1H-pyrrolo[2,1-a]isoindol-5(9bH)-
one (5a). Argon was bubbled through a solution of 3f (0.374 g, 1
mmol) in toluene (2 mL) for 30 min, and a mixture of BuzSnH
(0.47 mL, 1.75 mmol) and AIBN (25 mg, 0.15 mmol) in toluene
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(8 mL) was added dropwise at reflux over a 1 h period followed
by refluxing for an additional 4 h. Volatiles were evaporated and
the tin byproduct were removed by column chromatography (SiO,,
CH,CI, then EtOAC) to give a crude product, which was purified
by column chromatography (SiO,, 20% EtOAc in hexanes) to afford
white crystals of 5a (0.191 g, 73% yield, mp = 122—125 °C) as a
94:6 mixture of trans- and cis-isomers. *H NMR (500 MHz, CDCl5,
cis-isomer marked*): ¢ 7.68—7.64 (m, 6H, ArH of trans- and cis-
isomers), 7.57—7.55 (m, 2H, ArH of trans- and cis-isomers), 4.12*
(dd, J =12.0, 9.3 Hz, 1H, CHH), 3.72 (br s, 2H, OH of trans- and
cis-isomers), 3.68—3.63 (m, 1H, CHH), 3.39—3.27 (m, 3H, CHH
of the trans-isomer and CH of trans- and cis-isomers), 3.13* (dd,
J=12.0,4.9 Hz, 1H, CHH), 1.50* (d, J = 7.5 Hz, 3H, CH3), 1.19
(d, J = 6.8 Hz, 3H, CH3). **C NMR (125 MHz, CDCly): 6 170.7
(C=0), 141.4 (C), 133.2 (CH), 132.9 (C), 130.9 (CH), 123.9 (CH),
123.2 (CH), 122.9 (t, J = 258.2 Hz, CF,), 93.1 (t, J = 25.1 Hz,
C), 46.4 (d, J = 7.4 Hz, CH,), 39.3 (t, J = 22.7 Hz, CH), 9.5 (d,
J = 7.1 Hz, CHy). F NMR (470 MHz, CDCls;, cis-isomer
marked*): 6 —101.16* (dd, J = 232.2, 23.5 Hz, 1F), —126.86* (d,
J =232.2 Hz, 1F), —127.82 (dd, J = 220.9, 24.9 Hz, 1F), —129.60
(dd, J =220.9, 6.8 Hz, 1F). IR (nujol): vya 3237br, 1681s, 1616s,
1469s, 1378m, 1239m, 1147m, 1123m, 1958m, 1003m, 759s, 709m,
701m, 604m cm~t. MS: m/z (%) relative intensity 239 (M, 33),
203 (22), 201 (62), 200 (100), 188 (66), 172 (23), 161 (34), 160
(42), 145 (27), 133 (48), 132 (22), 125 (25), 117 (59), 91 (28), 77
(41). HRMS (ESI-TOF) Calcd for Cy,H;3F,NO,Na [M + Na]™,
262.0656; found, 262.0634.

General Procedure for the Preparation of Compounds 9 and
10. Preparation of (2R*,9bR*)-9b-Allyl-2-benzyl-1,1-difluoro-2,3-
dihydro-1H-pyrrolo[2,1-a]isoindol-5(9bH)-one (9a). BF;- OEt; (0.6
mL, 4.93 mmol) and allyltrimethylsilane (2.6 mL, 16.5 mmol) were
added to a stirred solution of 5b (1.04 g, 3.3 mmol) in CH,Cl, (12
mL) at room temperature and the mixture was heated at reflux for
3 h. The reaction was quenched with a saturated aqueous sodium
hydrogen carbonate and extracted with CH,Cl, (3 x 20 mL). The
combined extracts were washed with brine and dried over anhydrous
Na,SO,. Filtration followed by evaporation gave a crude product,
which was purified by preparative thin-layer chromatography (SiO,,
10% EtOAc in hexanes) to give a white solid of 9a as a trans-
isomer (0.75 g, 67% yield, mp = 91—93 °C). *H NMR (500 MHz,
CDClg): 6 7.83 (d, J = 7.6 Hz, 1H, ArH), 7.63 (td, J = 7.5, 1.2
Hz, 1H, ArH), 7.54 (td, J = 7.5, 1.0 Hz, 1H, ArH), 7.50 (d, J =
7.6 Hz, 1H, ArH), 7.35 (t, J = 7.6 Hz, 2H, ArH), 7.30—7.25 (m,
3H, ArH), 5.31 (ddt, J = 17.1, 10.1, 7.1 Hz, 1H, CH), 5.03 (dd, J
=17.1, 1.4 Hz, 1H, CHH), 4.97 (d, J = 10.0 Hz, 1H, CHH), 3.73
(dd, J = 12.1, 8.7 Hz, 1H, CHH), 3.56 (dd, J = 12.1, 9.5 Hz, 1H,
CHH), 3.39—3.29 (m, 1H, CH), 3.11 (dd, J = 13.9, 5.3 Hz, 1H,
CHH), 2.91 (dd, J = 14.1, 7.0 Hz, 1H, CHH), 2.75 (dd, J = 13.9,
9.4 Hz, 2H, CHH). 3C NMR (125 MHz, CDCls): 6 172.1 (C=0),
142.8 (d, J = 4.3 Hz, C), 137.9 (C), 133.8 (C), 132.4 (CH), 129.7
(CH), 129.4 (CH), 128.74 (2 x CH), 128.67 (2 x CH), 126.8 (CH),
124.9 (dd, J = 263.4, 255.4 Hz, CF,), 124.2 (CH), 122.5 (CH),
120.2 (CHy), 74.5 (t, J = 25.3 Hz, C), 48.3 (t, J = 22.6 Hz, CH),
45.1(d, J=7.4Hz, CH,), 37.0(d,J = 2.4 Hz,CH,),329(d,J =
7.8 Hz, CH,). *°F NMR (470 MHz, CDCly): 6 —118.14 (dd, J =
226.5,23.0 Hz, 1F), —121.05 (dd, J = 226.5, 7.1 Hz, 1F). IR (KBr):
Vmax 1703s, 1643w, 1612w, 1491w, 1467m, 1363s, 1220s, 1049s,
751m, 704s cm™t. MS: m/z (%) relative intensity 340 (M + 1,
11), 339 (M™, 2), 298 (100), 249 (20), 91 (64), 65 (11). HRMS
(ESI-TOF) Calcd for Cy;Hi9F,NONa [M + Na]*, 362.1332; found,
362.1319.

Preparation of (2R*,9bR*)-9b-Allyl-2-benzyl-1,1-difluoro-2,3,5,9b-
tetrahydro-1H-pyrrolo[2,1-a]isoindole (11). To a suspension of
LiAIH, (4.3 mg, 1.13 mmol) in THF (3 mL) was added a solution
of 9a (0.153 g, 0.45 mmol) in THF (4 mL). The mixture was heated
at reflux overnight and quenched at 0 °C by careful addition of
water (0.5 mL) followed by 1 M NaOH (0.5 mL). The resulting
mixture was filtered through a Celite pad and the filtrate was
concentrated under reduced pressure. Purification of the crude
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product by column chromatography (SiO,, 5% EtOAc in hexanes)
gave a pale yellow oil of 11 (0.123 g, 84% yield). *H NMR (500
MHz, CDCly): ¢ 7.30—7.25 (m, 5H, ArH), 7.21-7.15 (m, 4H,
ArH), 5.50 (ddt, J = 17.2, 10.1, 7.0 Hz, 1H, CH), 4.95 (dd, J =
17.2, 1.8 Hz, 1H, CHH), 4.91 (d, J = 10.2 Hz, 1H, CHH), 4.23 (d,
J =15.1 Hz, 1H, CHH), 3.76 (d, J = 15.1 Hz, 1H, CHH), 3.29 (t,
J = 7.4 Hz, 1H, CHH), 3.02 (dd, J = 13.9, 5.1 Hz, 1H, CHH),
2.90—2.86 (m, 1H, CH), 2.63—2.58 (m, 2H, CHH, CHH), 2.46
(dd, J=13.9, 7.4 Hz, 1H, CHH), 2.42 (ddd, J = 11.2, 9.1, 1.7 Hz,
1H, CHH). 3C NMR (125 MHz, CDCl5): ¢ 140.7 (C), 139.1 (C),
138.8 (d, J = 7.5 Hz, C), 132.8 (d, J = 1.4 Hz, CH), 128.6 (2 x
CH), 128.5 (2 x CH), 127.9 (CH), 127.0 (CH), 126.9 (t, J = 261.0
Hz, CF,), 126.3 (CH), 123.9 (CH), 122.5 (CH), 118.4 (CH,), 81.5
(t, J =22.8 Hz, C), 60.2 (CH,), 57.3 (d, J = 9.1 Hz, CH,), 46.6 (t,
J =21.6 Hz, CH), 43.1 (t, J = 3.0 Hz, CH,), 31.0 (d, J = 6.0 Hz,
CHy). F NMR (470 MHz, CDCl3): 6 —109.23 (dd, J = 224.2,
23.0 Hz, 1F), —115.08 (dd, J = 223.7, 6.1 Hz, 1F). IR (neat): vmax
1641m, 1456s, 1218s, 724s cm™t. MS: m/z (%) relative intensity
278 (9), 236 (100), 216 (7), 194 (18), 176 (7), 130 (6). HRMS
(ESI-TOF) Calcd for CyHx»FoN [M 4+ H]F, 326.1722; found,
326.1767.

Preparation of (2R*,5S5*9bR*)-9b-Allyl-2-benzyl-5-butyl-1,1-
difluoro-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindole (13). To a
solution of CeCl; (0.65 g, 1.75 mmol) in THF (5 mL) was added
n-BuLi (1.2 mL, 1.74 mmol, 1.46 M solution in hexane) at —78
°C. After stirring at —78 °C for 1 h, a solution of 9a (0.12 g, 0.35
mmol) in THF (5 mL) was added. The mixture was stirred at —78
°C for 10 h and then gradually warmed to —20 °C, and quenched
by the addition of 4 M HCIl-dioxane in MeOH (4 M HCI-dioxane/
MeOH, 1:29, 5 mL) followed by excess NaBH3;CN. The resulting
reaction mixture was stirred at 0 °C for 1 h and 10% aqueous NaOH
solution (5 mL) was then added. The mixture was diluted with
CH,CI, and extracted with CH,Cl, (3 x 20 mL). The combined
extracts were washed with brine and dried over anhydrous Na,SOj.
Filtration followed by evaporation gave a crude product, which was
purified by radial chromatography (SiO,, 5% EtOAc in hexanes)
to afford a colorless oil of 13 (0.094 g, 80% yield). *H NMR (500
MHz, CDCly): ¢ 7.31-7.18 (m, 8H, ArH), 7.13—7.11 (m, 1H,
ArH), 5.59 (ddt, J = 17.3, 10.4, 7.1 Hz, 1H, CH), 4.96—4.92 (m,
2H, CH,), 3.83 (dd, J = 9.1, 3.4 Hz, 1H, CH), 3.40 (t, J = 7.9 Hz,
1H, CHH), 3.04 (dd, J = 13.7, 4.9 Hz, 1H, CHH), 2.97—2.90 (m,
1H, CH), 2.63 (dd, J = 13.7, 9.7 Hz, 1H, CHH), 2.57—2.53 (m,
2H, CHH, CHH), 2.47 (dd, J = 13.9, 7.3 Hz, 1H, CHH), 1.72—1.68
(m, 1H, CHH), 1.52—1.26 (m, 5H, CHH, 2 x CH,), 0.89 (t, J =
7.3 Hz, 3H, CHa). *3C NMR (125 MHz, CDCly): 6 144.9 (C), 139.2
(C), 138.2 (d, J = 6.8 Hz, C), 133.9 (CH), 128.7 (2 x CH), 128.5
(2 x CH), 127.9 (CH), 127.0 (dd, J = 263.5, 251.9 Hz, CF,), 127.0
(CH), 126.3 (CH), 123.0 (CH), 122.3 (CH), 118.0 (CH,), 80.5 {t,
J=22.0Hz C), 73.5 (CH), 58.4 (d, J = 9.6 Hz, CH,), 46.3 (t, J
= 22.0 Hz, CH), 43.0 (d, J = 3.8 Hz, CH,), 38.1 (CH,), 31.7 (d,
J = 5.5 Hz, CHy), 29.1 (CH,), 22.7 (CHy), 14.1 (CHs). *F NMR
(470 MHz, CDCly): 6 —113.12 (dd, J = 222.3, 24.4 Hz, 1F),
—120.03 (d, J = 222.3 Hz, 1F). IR (neat): vma 1642w, 1496m,
1455m, 1220s, 760m, 700s cm™1. MS: m/z (%) relative intensity
382 (M* + 1, 14), 340 (100), 324 (9), 284 (7), 117 (12), 91 (16).
HRMS (ESI-TOF) Calcd for CysHzoF,N [M + H]t, 382.2348;
found, 382.2322.

Preparation of (2R*,55*9bR*)-9b-Allyl-2-benzyl-1,1-difluoro-
5-isopropyl-2,3,5,9b-tetrahydro-1H-pyrrolo[2,1-a]isoindole (14). i-
Propylmagnesium chloride (0.3 mL, 0.6 mmol, 2 M solution in
THF) was slowly added to a solution of 9a (0.04 g, 0.12 mmol) in
THF (1 mL) at 0 °C. The reaction mixture was warmed to room
temperature and stirred for 4 h. The reaction mixture was cooled
to 0 °C and 4 M HCl-dioxane in MeOH (4 M HClI-dioxane/MeOH,
1:29, 5 mL) was added, followed by the addition of excess
NaBH;CN. After removal of the ice-bath, the reaction mixture was
stirred for an additional 1 h and 10% aqueous NaOH solution (5
mL) was then added. The mixture was diluted with CH,CI, and
extracted with CH,Cl, (3 x 20 mL). The combined extracts were
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washed with brine and dried over anhydrous Na,SQO,. Filtration
followed by evaporation gave a crude product, which was purified
by radial chromatography (SiO,, hexanes then 5% EtOAc in
hexanes) to afford a pale yellow solid of 14 (0.029 g, 65% yield,
mp = 87—89 °C). 'H NMR (500 MHz, CDCly): ¢ 7.31—7.14 (m,
9H, ArH), 5.88—5.80 (m, 1H, CH), 5.06 (d, J = 17.2 Hz, 1H,
CHH), 5.02 (d, J = 10.1 Hz, 1H, CHH), 3.79 (d, J = 4.7 Hz, 1H,
CH), 3.41 (dd, J = 9.3, 7.7 Hz, 1H, CHH), 3.03 (dd, J = 13.8, 4.7
Hz, 1H, CHH), 3.03—2.93 (m, 1H, CH), 2.65—2.59 (m, 2H, CHH,
CHH), 2,55 (t, J = 9.9 Hz, 1H, CHH), 2.49—2.45 (m, 1H, CHH),
1.97—1.90 (m, 1H, CH(CHs,),), 1.04 (d, J = 6.8 Hz, 3H, CHjy),
0.76 (d, J = 6.7 Hz, 3H, CH3). **C NMR (125 MHz, CDCly): ¢
143.3 (C), 139.4 (d, J = 6.8 Hz, C), 139.3 (C), 134.3 (CH), 128.7
(2 x CH), 1285 (2 x CH), 127.8 (CH), 127.0 (dd, J = 264.0,
251.8 Hz, CF,), 126.9 (CH), 126.3 (CH), 122.8 (CH), 122.7 (CH),
118.0 (CHy), 80.0 (t, J = 22.0 Hz, C), 79.8 (CH), 59.2 (d, J = 9.8
Hz, CH,), 46.5 (t, J = 21.1 Hz, CH), 43.0 (d, J = 4.3 Hz, CH)),
34.0 (CH), 31.9 (d, J = 5.9 Hz, CH,), 20.6 (CHs3), 18.0 (CHs). **F

JOC Article

NMR (470 MHz, CDCl,): 6 —112.35 (dd, J = 222.8, 24.9 Hz,
1F), —120.23 (d, J = 222.3 Hz, 1F). IR (KBIr): vax 3074br, 1458m,
1210s, 1017s, 761s, 699s cm™. MS: m/z (%) relative intensity 368
(M* +1,7), 326 (100), 284 (26), 117 (14), 91 (14). HRMS (ESI-
TOF) Calcd for CysHasF>N [M + H]*, 368.2192; found, 368.2243.
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