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Abstract 

Studies Directed Toward the Synthesis of the A-rlng
of Thzol

By
Pauline McDonald Hamilton

Advisor: Professor WF. Berkowiitz

Taxol 1. a  novel a n tica n ce r agen t, iso lated  from  T axus 

brevifolia, is a  m em ber of the class of taxane diterpenes. Since its 

isolation and  characterization  (in 1971 by Wall and collaborators) 

m any groups around the  world using varied approaches have m ade 

sign ifican t co n trib u tio n s  tow ard th e  assem b ly  of th e  tax an e  

framework and  ultim ately to taxol itself.

The focus of th is investigation was directed tow ards m aking a  fully 

functionalized  A -ring syn thon  of taxol. Toward th is  end th ree  

approaches were explored. These approaches to the  A-ring involve a  

R obinson annu la tion , an  alkoxide accelerated vlnylcyclobutane to 

cyclohexenol rea rrangem en t (developed by D anheiser), and  acid 

catalyzed  e lectroph illc  cyclization of geranyl a c e ta te  an d  its  

derivatives. E arly difficulties w ith the  alkoxide accelerated  ring 

expansion  approach  resu lted  in it being aborted . The o th er two 

approaches led to Interesting interm ediates with the requisite
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num ber of carbon atom s and la ten t functionalities. However, later 

efforts to  transfo rm  these  in te rm ed ia tes to the  targeted  A-ring 

synthon were futile.
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Chapter One

A brief introduction to taxol and the taxanea

l.I Background

Taxol (1) and structurally  related com pounds1,2 a re  m em bers

of a  group of diterpenoids known as the taxanes. The diterpenes^ are

C20  co m p o u n d s b iogenetically  derived  from  g e rany lgerany l 

pyrophosphate and the taxanes are a particularly  in teresting  group 

with the  tricyclo [9 .3 .l.O lpentadecane skeleton show n by 2. Taxol. 

the m ost complex m em ber of th is group is an  im portan t an ticancer

agent4 . It h a s  been isolated in low yield from several species (T.

cuspidata, T. baccata L, T. waUichiana and T. brevlfolia) of Taxus

p lan ts1. However, the m ain source h as been from the b a rk  of the

pacific yew. T axus brevifolia}. In terest in taxol s ta rted  in the  late

1960s when a crude extract of bark  from the pacific yew w as tested 

by the National Cancer Institu te (NCI) in a large scale screening test. 

A few years later, taxol, the  active com ponent of the  b a rk  extract,

was isolated and characterized by Wall1 and collaborators. Extensive

phase II and III clinical studies4 with taxol confirmed activity against

ovarian cancer and  some leukem ias, and gave indication of activity

against o ther types of cancers®. The effectiveness of taxol in these

stu d ies  h as  heightened public aw areness and  led to Increased 

dem and. Taxol, however, is toxic, has poor aqueous solubility and 

the procedure for extracting it is long, tedious and low yielding.

These factors in itially  ham pered  the  NCI’s investigations®  and
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consequently slowed the development of taxol as a  drug.

O
A e O

p h A / H
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g  o  H

OH

1
OAc

1 .2  M echanism  q f action

Taxol is a  confirm ed an tim icro tubu le  ag en t w ith a  novel 

m ech an ism  of ac tio n . M icro tubu les a re  u b iq u ito u s  c e llu la r  

constituen ts th a t consist of a- and (3- tubulin  protein subun its. They

are  the  prim ary  c o n s titu e n ts  of m itotic sp in d les  (the rod-like 

m a te ria l th a t  is re sp o n sib le  for th e  eq u a l p a r titio n in g  of 

chrom osom es to daugh te r cells). The first repo rt of taxol’s  novel

m echanism  of action was by H o r o w i t z  ̂  who in 1979 indicated th a t

taxol w as an  an tlm icro tubu le  agent whose m echanism  of action

differs from existing an tlm icro tubule agents su ch  as colchicine®.

Taxol b inds to m icro tubules and  prom otes the  polym erization of 

tubu lin  dim ers to stable, non-functional m icrotubules while o ther 

a n tlm ic ro tu b u le  a g e n ts  a c t a s  p ro m o te rs  o f m ic ro tu b u le  

depolym erization. Cells trea ted  w ith taxol (0.1-10 pm ol/L) form

disorganized m icro tubules and  abnorm al spindles during  m itotic 

cell division. This d is ru p ts  the  su b s tru c tu re  of cancer cells and
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som ehow  p reven ts th e ir rap id  division and  sp read . The exact 

m echanism  of th is anticancer action is not yet known b u t it h as  been

speculated th a t taxol acts as an  alkylating agent®.

1.3  A pproaches to  th e syn th esis q f taxol and th e taxan es

The taxane diterpenes taxol and taxusln  have been the targets 

of num erous synthetic efforts. The tricyclic ring system  2a is the 

basic framework of these compounds.

19

20

2a

The m ost synthetically dem anding features of the taxane diterpenes 

a re  th e  bridgehead double bond, the  congested eight-

m em bered B-ring and  the tran s  B /C  ring junction . These features 

and  th e ir overall complexity m ake the  syn thesis of taxanes a s  a 

group a  g rea t challenge. A nother serious challenge is a  possible 

problem  with the stability of these system s. This potential problem

h a s  been  a d d re sse d  by S w inde ll1® u s in g  MM2 force field

calculations. These indicated th a t the taxane skeleton is relatively 

stable and as shown in Table 1 the A-ring is relatively unstrained 

despite  the  gem-dimethyl group and the bridgehead double bond.
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T his finding  is a lso  c o n s is te n t w ith  deg radative  s tu d ie s  of 

Lythgoe* ^a ’̂ , as well as Hal sail and Della Casa de Marcano* *c.

Table 1: Swindell’s MM2 calculations (kcal/mol)

taxane skeleton AH°f strain energy

< £ £ >

-46.05 33.09

-51.20 43.72

C * T )
-27.11 42.21

The biosynthetic route to biologically active naturally  occurring 

com pounds such  a s  the taxanes is usually  of in terest to synthetic

c h e m is ts ^ .  The first investigation of biosynthesis (of the taxanes) 

was by L y th g o e ^ ^  who in 1966 Indicated th a t there was a  biogenic

link betw een the  taxane  d ite rpenes and  c e m b r e n e ^  (the first

naturally  occurring C 14-monocyclic d iterpene to be characterized). 

He also proposed a  biogenetic route (Scheme 1) to the taxanes th a t 

involves the  cyclization of geranylgeranyl pyrophosphate, b u t to date 

there h as been no confirmation.
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Scheme 1: Proposed biosynthesis of the taxane diterpenes

OPP
3 2b

Unlike the biosynthesis, the total synthesis of the taxanes has 

received m uch atten tion  and the chemical lite ra tu re  is replete with 

significant con tribu tions from researchers around  the  world. In 

m ost of these syntheses, however, the em phasis is on assem bling the

taxane skeleton 14.15 ra ther th an  taxol itself. The types of reactions

employed in the  construction  of the taxane system s include Diels-

A lder1®3"*1, intram olecular carbonlum  ion induced cyclization "8.

re a rra n g e m e n t (oxy-Cope, C laisen  a n d  f ra g m e n ta tio n )1^ " ^ ,

pho tochem ical1^ 3 , ^ l - r  and nickel catalyzed cycloaddition1®8' 1. So

far, the only total synthesis of a  naturally occurring taxane diterpene,

taxusln(21 ), h a s  been achieved by H olton1^  via carbonium  ion

induced fragm entation of patchoulene oxide S. The key step in th is 

syn thesis (Scheme 2) is the fragm entation of the  unstab le  bicyclic 

epoxy alcohol 14 in the presence of Ti(i- P r(»4 to give the  AB-ring 

system IB. Subsequent modification led to compound 21 .
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Scheme 2: Holton's total synthesis of taxusin, 21

O

t-BuU

OH

t-BuOOH
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7

BF3.OELj
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93%
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HO
8
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4.1
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HO
9
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PhNMc2
93% MeO

10
Br
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O
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HO
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Schem e 2 (contd.)

CH j CO j H

OH
HO,

OH

OH

T K f-P rO U

90%
(2 steps)

HO.

OH

t-BuCOO t-BuCOO
14 15
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TSOH

2. TB D M SO Tf /  
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a  KwOOy MeOH 
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OMEM

CHa-C(OMe)Ll

H O A c/H aO /T H F
BOH

TBDMSOHfc-i
OH

OMEM
1 7

Smlfl
90% T B D M SO m..

M EM

I S

1. FeCl3/Ac20

2. NaOMe/MeOH
3. Ts20/py
4. f-BuONa/THF O

19

1. LDA/TMSC1

2. MCPBA
3. n-B^NF
4. HC1/H20/THF
5. acetylation

80%

OAcOAc

OAc
20

CH=PPh3

70%

OAc,OAc

OAc
21



The total synthesis of taxol rem ains as yet an  una tta ined  goal. 

However, Greene has reported the partial synthesis from naturally  

occurring 10-deacetyl baccatln III (22) as shown in Scheme 3.

Scheme 3: Greene’s hem lsynthesis of taxol

HO
OH

HO'

BzO
OAc

1. Et^SiCl/py

2. AcCl/py 
86%

Ac<
OSiEta

BzO
OAc

22 23

PhC-JJH o  
Ph OH

OCHCH3 
I 3 

OEt

DPC, DMAP 
toluene 
80%

9
PhO-NH
P h ^ V
CH3CHO

OEt

AcO

24

HC1

EtO H /H /)
89%

tUDOl

There have also been reports of very efficient syn theses of the  taxol

side ch a in  W ith the  availability  of 10-deacetyl b acca tln  III

(obtained from easily  regrown T axus leaves) an d  th e  Im proved 

syn theses of the  taxol side chain, th e  hem isynthesis of taxol is a  

feasible alternative to the total synthesis a s  a  way to provide taxol to
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m eet clinical dem ands.

In addition to the  partial syn thesis of taxol there  are several

reports of sem isyntheses of closely related analogues of taxo l1®. To 

date, the  m ost in te resting  analogue is taxotere (28) a very

potent an ticancer agent also prepared from the natu ra lly  occurring 

10-deacetyl baccatln  111 in a  m anner sim ilar to Scheme 3.

O
N HO

(CH3)3COC-N H o
P h ^ 'V ^ o * .

OH

OBz OAc

25

Taxotere differs from taxol only in the C j3 ester side chain  and a t 

C jq  w here a  hydroxyl group is in place of the  acetoxy group. 

However, taxotere shows greater aqueous solubility and is presum ably

m ore p o te n t1® th an  taxol. Most of the  analogues prepared  so far

differ only in the  side c h a in 1 ® hence they, like taxol. show (varying

degrees of) biological activity.

R ecen tly  however, B le c h e rt1®1" rep o rted  th e  sy n th e s is

(Scheme 4) of a  less functionalized analogue, 30  th a t inhibited the 

depolym erization of tubu lin . T hat report is very encouraging a s  it
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show s th a t it is possible to develop simplier. yet biologically active 

analogues.

Scheme 4: Blechert’s synthesis of a less functionalized analogue

1. Pd(PPh3)4

26

morpholine(9 8 %) 
THF

2. HC1-THF (1:1)
3. L-selectride, THF 

-70°C
78%

H O

HO H

27

1. t-BuOH 
t-BuOK
70°C________ _
86%

2. PhCH=CHC02H 
DCC/DMAP

toluene, 80°C 
70%

00" "

Ph

28

NaBH, 
citric acid" 
MeOH 
72%



Although there has been some progress in the  efforts directed 

toward the synthesis of taxol (and related species), to date the only 

source of taxol for clinical studies is the bark  of the pacific yew tree. 

Stripping the trees of the bark  in order to isolate taxol is a  th rea t to 

th is p lan t species (it takes about three trees to provide enough drug 

to tre a t  each  p a tien t). T his th re a t  is  a  se rio u s  concern  to 

env ironm entalists who are concerned not only abou t the  m assive 

d istinction  of the yew population b u t also about d isturbing its na tu ra l 

h a b ita t. This concern  h a s  prom pted m any resea rch e rs  to s ta r t

investigating a lterna te  sou rces2 ® of taxol. Some of these  include

ex trac tio n  from T axus leaves {leaves have (20-70 ppm) lower 

concentra tion  th an  bark  (70-400 ppm) b u t are  quickly regrown),

large scale cultivation of yew p lan ts2®*5 and  cell and  tissue  culture

production2®*5. T hese  in v es tig a tio n s  a re  e s se n tia lly  in  th e

developm ental s tages b u t in the  long term  m ight lead to “an  

environm entally correct" as well a s  a  convenient source of taxol for 

clinical use.
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Chapter Two
Approaches to the A-ring of taxol and related compounds

The A-ring of taxol with its bridgehead double bond, gem-dlmethyl 

and  oxygen functions a t C j and C j 3 (taxol num bering) p resen ts an  

enorm ous synthetic  challenge. Adding to th is challenge is the  fact 

th a t both the C \ hydroxyl and the C j 3 ester side chain are  essential 

for biological activity. It is not surprising then  tha t the em phasis of 

several investigations h as  been on the synthesis of the A-ring either 

by Itself or as p a rt of the ABC-ring framework. In th is  chap ter the 

syntheses of some A-ring type species will be reviewed.

A lite ra tu re  search  reveals th a t six-m em bered ring m oieties

such  a s  31 are p resen t in m any natu ra l p r o d u c t s  3 ,  and th a t m any

such species have been synthesized by a  num ber of groups.

31

However, in m ost of these system s the C 5 position as shown by 31 is 

u n su b s titu ted , w hereas a  su itab ly  functlonalized A-ring synthon of 

taxol needs an  oxygen function a t th is position in order to generate 

the C j hydroxyl (of taxol). The rem ainder of th is chap ter will focus 

on the syntheses of some system s th a t have C 5 substituen ts  which 

may or may not be oxygen.
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2.1 S u b stitu ted  cyclohexanes from  geran yl a ceta te  and deriva tives

There are  m any reports of a ttem pts to convert geranyl acetate 

and derivatives to system s closely related to the A-rlng, although for 

the  m ost part w ithout regard to their application In the synthesis of

the  tax an es^* . For m any of these  cyclization reactions complex

m ixtures of p roducts are reported. Table 2 lis ts a num ber of these 

reactions th a t give isolable products in low to m oderate yields.

Table 2: Cyclization of geranyl acetate and derivatives

compound conditions product(s)/(%yleld) references

Q L ,

32 R= Ac Bra/SnBr^,
CH3NOa/HiO

33 (16%)
22

AICI3/ACCI
C R jC la/O oC

34 (44%)

21

SnCU/AcCl
c h 3no2/ o°c

cyX̂ CoAc

38 (31%)

21

Hg(TFA)2
c h 3no2

36 (24%)

23

O O 
PhCOOCPh 
CuCl
(PhCOO)sQj
PhH/reflux

? J ^ ^ O A c  
P h C c O O '

37 (58%)

24
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Table 2 (contd.)

com pound conditions product(s)/(%  yield) references

38  R=H t k c i o 4)3 Î CoH
30  (31%)

25

P C
o  ,

R= CHaOd^-p- 

R'=Me; 40

SnCl4/ 0°C
CH2C12

41 (85%)

26

R= CH2OAc 
R'= Me; 42

SnCl4/ 0°C
CH2C12

Î CoAc
43

26

85%H3P04
0°C H°^P^OAC

44

27

R= COoMe 
R'= CBzTMS 

45

BFg.OEta
or

SnCl4
OCH0 ^ s^ NC0 2Me 

46  (80% )

28
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Table 2 (contd.)

compound conditions product(s)/(% yield) references

C c
PhSBF4
CH3N02
-25°C C cP h S ^ S ^ ^ C O fcM e

2 9

47 4 8  (57%)

jC T
P h s / V  ^ OAc

HO
49

TFA/CH2C12
0°C j O

P h S ^ X ^ OAC 

80  (65%)

30

O lp h s y c .  ^ 0Ac
HO

51

TFA/CH2C12
0°C jQ p *

P h S r \ ^ N ^ OAc 

52  (53%)

31

Although m ost of the cyclized products in Table 2 possess the basic 

framework of the A-ring, further elaboration is necessary in order to 

obtain a  suitably functionalized A-ring synthon of taxol. Furtherm ore, 

these resu lts  indicate th a t good yields of the cyclized products are 

obtained only when geranyl acetate  is derivatized as shown by the 

pivalate 4 0  and the allylsilane 45. Compounds 4 3  and 4 4  both have 

oxygen functions a t C5 b u t they were formed from geranyl acetate 

in only very low yield.
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2 .2  M odification q f  cyc lic  system s

In th is section some approaches to the  A-rlng of the taxanes 

involving the  m odification of o ther ring system s will be briefly 

m entioned.

2 .2 .1  K ende's approach

In 1986 Kende^®e reported the  syn thesis of a taxane triene

obtained through  the coupling of A and C ring Interm ediates. The 

initial focus of his work was on the preparation of the A-ring 5 8  from 

com m ercially available 2 ,6 -dim ethyl-cyclohexenone a s  show n in 

Scheme 5.

Scheme 5: Kende’s approach to the taxane A-ring

O
S 3

C u l
M e l

78% 5 4

1. SOjCl^/TftOH

2. U C1/U £03M
73%

55

1. TMSCH(C1)L1

2. HCOjH

90%
CHO

5 6

1. NaCIO,

nh3s o 3h
2. CHjNj

69%

5 7

1 .0 s0 4/NM0

2. NaJO.

OH /non 
OH

56
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2J2J2 K itagaw a’s  approach

In another approach to the A-ring of the taxanes K i t a g a w a ^

prepared com pound 66 from d-cam phor 50 as shown in Scheme 

6 . The key s te p  in th is  ap p ro ach  is  th e  ring  ex p an sio n  

rearrangem ent reaction of 62  involving th e  m igration of the  less 

su b s titu te d  hom oallylic cyclopentane carbon  to the  cyclohexane 

system  63.

Scheme 6 : Kitagawa’s approach to the A-ring of taxanes

5 9

HNOa

Hg^S0 4
77%

■ >c o 2h

c o 2h
6 0

1 ,c h 2n 2

2. LiAIH4
3. At^O/py 

38%

OH

OAc
6 1

1. PCC

2. CHg-PPha 
83% OAc

6 2

Bi

2. Zn/HOAc 
63%

•Br

6 3

1. KOH/MeOH

EEO
6 4

•Br
1. MCPBA

2.CH2-CHOEt/ ^  ^
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2.2J3 O ishi and O htsuka’a approach

A nother struc tu ra lly  related com pound (71) was prepared by

Oishl and O h ts u k a ^ f  from a-ionone a s  shown in Scheme 7.

Scheme 7: Oishl and O htsuka’s approach to the taxane A-ring
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2 .2 .4  K aiser's approach

In 1978 Kaiser and L a m p a r s k y 3 3  reported the synthesis of the

este r 7 5  (~7%) and Its double bond Isom er 7 6  (53% ) via photo-

oxidation and subsequent reduction of ethyl a- safranate as outlined

In Schem e 8 . T his sy n th esis  however, appeared  to have been 

conducted w ithout regard to any Involvement In the  synthesis of the 

taxanes.

Scheme 8 : Kaiser and Lamparsky's synthesis of related species

72

O2 _

hu/sens

73

H.,

iOH

HO1

74

HO1

75

HO'

76

2 .2 .5  BerkouH tz's approach

Recently Berkowitz and  W ilson^ 4 prepared the A-ring synthon 

80  according to Scheme 9. In th is  series of reaction the  bicyclic
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e th e r  41 (originally p repared  by R o u e s s a c ^ 6 t see Table 2), w as

modified th rough  conversion of the  pivalate to the  m ethyl ester 

followed by cleavage of th e  e th e r bridge w ith TiCl4 and  acetyl 

chloride.

Scheme 9: Berkowitz’s approach to the A-ring of taxol
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2.2.6 F red’s  approach

To date the m ost functlonallzed A-ring synthon, 8 9  has been

prepared  by FreJd^S. Com pound 8 9  was prepared  via a  23-step  

enantloselective synthesis from L-arablnose as shown in Scheme 10.

Scheme 10: Frejd’s approach to the A-ring of the taxanes
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One of the key steps in Frejd’s synthesis of the A-ring moelty 8 9  is 

the Lewis acid catalyzed cyclizatlon of the  acyclic interm ediate 88. 

This reaction, however, does not give the desired product un less the 

trimethylsilyl group is present.

In addition to the syntheses outlined above, the A-ring has also

been prepared via intram olecular Diels-Alder reaction 15®^ as part of

the ABC-ring system.
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The focus of th is investigation was to develop an approach to 

the A-ring of taxol. In order to do th a t a  retrosynthetic analysis was 

performed as show n in Scheme 11. The target com pound 03  was

required as part of a  larger g o a l^ a  which is to effect a  total synthesis

of taxol. The key step  in th is  ap p ro ach  to taxol Involves a

photochem ical [2+2] addition^® and sub seq u en t de M a y o ^  type

fragmentation.

Scheme 11: A retrosynthetic analysis for taxol
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Com pound 02 , the  C-rlng syn thon , h a s  been p repared  In o u r

laboratory by Subasinghe^ *. The carbam ate 01, however, h as  not yet

been prepared  b u t a  convenient rou te  to its syn th esis  h a s  been 

proposed as outlined in Schem e 12. Com pound 0 3  w as chosen as 

th e  A-ring syn thon  because  it is expected to give upon  fu rth e r 

elaboration the fully functlonalized A-ring of taxol, th a t is. the  keto 

group a t C5 will provide the C j hydroxyl of taxol, a  key feature which 

is not Incorporated in the  total syntheses of the  taxane skeletons 

reported to date. Also an  oxygen function can be Introduced a t C3 

th rough  allylic oxidation to provide the C 13 side chain  of taxol, 

another feature which is absolutely essential for biological activity.

Scheme 12: A design for the synthesis of compound 91
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As pointed ou t above the goal of th is investigation w as to m ake 

the  A-ring synthon 03. Toward th is end th ree  approaches employing 

(a) Robinson annu la tion  (b) alkoxlde accelerated vlnylcyclobutane 

rearrangem ent and  (c) acid catalyzed cyclizatlon of geranyl acetate 

derivatives were investigated. At th is  Junc tu re  however, one m ight 

ask  why target a com pound (see com pound 75) th a t h as  essentially 

been m ade? The answ er sim ply is th a t the reported yields in  the

case of com pound 75^3 and closely related analogues (44, 7 6  and

80) are inadequate. In addition, (except for 75) no one h as  yet m ade 

an  A-ring synthon th a t can easily generate a fully functionalized taxol 

A-ring th a t  can be incorporated in ou r proposed to ta l syn thesis. 

Furtherm ore it was hoped th a t th is  investigation would lead to a 

convenient synthesis of the A-ring synthon in a  m inim um  num ber of 

steps.

The Robinson annulation  approach

O ur initial approach to the preparation of the  A-ring synthon 

involved a  Robinson an n u la tio n  (Scheme 13). This app roach  w as

previously pursued  by Rao38.39. However, there were some changes.

The oxidation of the  allylic alcohol 0 9  w as conducted via Swern 

oxidation in 70% yield and  not by Jo n e s  oxidation (38% yield) as 

reported by Rao. The oxidation w as also conducted w ith y-M nC^

and sodium  hypochlorite b u t a  low yield of p roduct w as obtained 

w ith the  form er and addition to the double bond occurred with 

the  latter. The a-hydroxy acid 102, formed by tandem  Michael-

Aldol condensation of compound 100 w as expected to dehydrate 

u n d e r  th e  reac tio n  cond itions to give th e  co rre sp o n d in g



26

a , fi- u n s a tu ra te d  acid , acco rd ing  to  a s im ila r rea c tio n  of

G o ld s m it h ^ .  This dehydration, however, did no t occur. The acid

w as then  converted to the methyl ester 103 (because it w as easier to 

work with and  to analyze by GC-MS) and  dehydration (with P2O5 , 

HMPA, and  CH3SO2CI/DMAP) a ttem pted . A com plex m ixture

Scheme 13: The Robinson’s annulation approach to the A-ring
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resulted  with P2O5 and  no reaction was observed w ith the others.

Prior a tte m p ts  by Rao®® (with SOCI2 . SO2CI2 . POCI3 . and

MsCl/DBU) to execute the dehydration were also unsuccessful. Only 

in concentrated  sulfuric acid w as there any detectable dehydration 

product. With warm concentrated sulfuric acid. Rao observed by 

GC-MS two dehydrated com ponents which supposedly were the 

target com pound 03  and  its double bond isom er 80. as well as a 

n u m b er of o th er com ponents, none of w hich w as isolated and  

characterized. With concentrated  sulfuric acid a t 35  °C  from 2-4 

hours, we were able to obtain a  less complicated m ixture (of three 

new com ponents plus starting material) as shown by TLC. Purification 

by PLC and then  by HPLC gave one m ajor and  a m inor com ponent 

each  w ith  a m o lecu lar m ass  of 196 (m /e  214- 18(H20)), 

corresponding to the  dehydration  p roduct. The IR of the  m ajor

compound showed two carbonyl absorptions a t  1730 and  1680 cm -1

Indicating the  presence of a  sa tu ra ted  and a  conjugated carbonyl 

group, respectively. The proton 60 MHz NMR sp ec tru m  showed

peaks a t 8 1.10 (m, 9H, triplet of 3H on narrow  doublet of 6H), 2 .40

(m, 2H), 3 .75  (s. 3H), 5 .80 (dd, 1H), and  6 .60  (dd. 1H). The

spectra l d a ta  fit the s tru c tu re  assigned to com pound 104. The

struc tu re  was also authenticated by U V ( M e O H )  w^ich gave X m ax a t

223 nm  (e, 9,939). This compared with the calculated value of 227

nm i  5 nm indicating the presence of a  conjugated enone system.

The m inor com pound showed peaks in the proton NMR a t 8

1.10 and 1.17 (two s, 3H each), 1.83 (s, 3H), 2.90 (m, 3H), 3 .65 (s, 

3H) and  5 .65 (br. s, 1H) corresponding to com pound 80, also
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prepared  by W ilson34 via Lewis acid catalyzed  e lectrophlllc  

cyclization as shown In Scheme 9.

The resistance of the a-hydroxy ester 103 to dehydration was

probably due in-part to the electron withdrawing effect of the ester 

group since formation of a  carbonium  ion a lpha to an  ester group Is 

expected to lead to an  unfavorable transition  state. The resistance to 

dehydration could also be due to sterlc h indrance since a ttem pts to 

replace the hydroxyl group with a  b e tte r (though bulkier) leaving 

group also failed.

The proposed m echanism  for the  dehydration reaction to the 

isom eric m ixture of com pounds ( Schem e 14) show s an  hydride 

transfer to C j giving a more stable carbonium  Ion interm ediate which 

loses a proton to give com pound 80. Com pound 104 was m ost 

likely obtained through the isom erization of 80.

Scheme 14: Mechanism for the dehydration of com pound 103
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Although there was good indication th a t both com pound 8 0  

and  its double bond isom er 104 were synthesized via the  Robinson 

annu la tion  approach outlined In Schem e 13, the  yields were veiy 

poor and  therefore no t ad eq u a te  for fu r th e r  w ork. Failing to 

satisfactorily complete the  synthesis of com pound 9 3  via Scheme 

13 we tu rn ed  our a tten tio n  to a  four to six-m em bered ring

expansion rearrangem ent reaction developed by D anheiser4 ®.

A lkaxy accelera ted  vinylcgclobutane rearrangem ent

A lth o u g h  th e  v in y lc y c lo b u ta n e  to  c y c lo h e x e n e

rea rrangem en t4 1 shown in eqn. 1 has been known for a  long time, it 

is only recently  th a t th is  m ethod h a s  been  m ade synthetically  

useful4 ®.

300-550°C ( ^ > 1  ^— - U  * C* -
e q n .l

O ur next approach  to the  A-ring synthon 9 3  is outlined in 

Scheme 15. It involves the alkoxlde accelerated vinylcyclobutane to

cyclohexenol rearrangem ent developed by D anheiser4 ® (whose work 

w as based  on the  stud ies of Evans4®3). The k e to -este r 106 was 

prepared via an  S r ^ I  reaction4 ® from ethyl ace toacetate  and  2 -
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ch lo ro -2 -n itrop ropane. The 2 -ch lo ro -2 -n itro p ro p an e , p repared  

th rough  a modified procedure of Selgle4 4 , was used  a s  acetone 

equivalent In th is reaction because acetone gives poorer yield due to

Scheme 15: Alkoxy accelerated vinylcyclobutane rearrangem ent
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a  side reaction with ethyl acetoacetate. The reaction of com pound

106  w ith llthlocyclopropyl phenyl sulflde In THF a t -78 °C  gave a 

m ajor com pound In 23% yield (plus unreacted  s ta rting  m aterials). 

The IR showed absorptions a t 3500 (br.. OH), 1718 ( CC^Et), 1640

(ArC=C), and  1560 cm"* and  the pro ton  200  MHz NMR gave 

peaks a t 5 0 .90  (m. 4H). 1.60 (t. 3H). 2 .20  (s. 3H). 2 .80  (s.

d isap p ea r In D2O. 1H), 4 .4 0  (q, 2H) an d  7 .50  (m, 5H).

corresponding to com pound 107. The rearrangem ent of com pound

107  w as attem pted with 50% aqueous fluoborlc acid, BF3 ,OEt2 . and 

SnCl4 b u t no reaction was observed In each case (TLC and IR). The 

rearrangem ent was expected to proceed as follows:

\  SPh

Et0 2C ' \ _ _

107

eq n .2

The lack of reactivity In com pound 107 was probably due to the  

destabilizing effect of the  electron w ithdraw ing este r group on the  

allyllc cationic Interm ediate, since its close relative, com pound 111 ,

prepared  by Trost4 ^ rearranged to 112 in 47% yield (eqn.3), u n der

the sam e reaction conditions.

SPh

EtOoC

108
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SPh

OH

111

h b f 4

o r
S11CI4

112

e q n .3

Since it w as not possible to effect the rearrangem ent of com pound 

107 to the vinylcyclobutanone 108, Scheme 15 was aborted.

E lectroph ilic cyc liza t ion q f geran yl a ceta te  derivative*

After both the Robinson annu la tion  and  the  ring expansion 

rearrangem ent approaches failed to provide a convenient route to the 

A-ring synthon 03. the focus of th is investigation was shifted to the 

cyclization of the geranyl acetate derivative 51 shown in Scheme 16. 

M uch of th is  w ork, however, is  rep e titio n  of th e  efforts of

Subasinghe^l and J ian g  (from ou r laboratory) who had previously

worked on th is  project. Geranyl acetate  32  w as prepared  in good 

yield from commercially available geraniol. Epoxidation of 32  with 

m-chloroperbenzoic acid (MCPBA) in dichlorom ethane gave the 6,7- 

epoxy-geranyl acetate, 42  regioselectively. It should  be noted th a t 

geranyl acetate and not geraniol was used in the  epoxidation reaction 

because the  acetate  is more selective. It gives the 6,7-mono-epoxide 

while the  alcohol gives a  m ixture. The reason for the selectivity is not 

clear b u t  it can be argued th a t the electron w ithdraw ing aceta te  

group being closer to the C2 -C3 double bond, m akes it less reactive.



33

Scheme 16: Cyclization of geranyl acetate derivative 51
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Also, the  g reater steric h indrance  around  the  C2 -C3 double bond 

m ight con tribu te  to the observed regioselectivity. The epoxide was

used  because  s tu d ies  done in our laboratory®®, a s  we]j a s

Kametani®® revealed th a t  geranyl a c e ta te  does n o t u ndergo

cyclization to the  corresponding cyclohexane derivative. There are,

however, re p o rts2 1 *22,23 (Table 2) of Lewis acid  cata lyzed

cyclizations of geranyl ace ta te . In m ost of these  cases, however, 

complex m ixtures resulted  and the cyclized p roducts were obtained 

in very low yields.

A ttem pts to cyclize the  epoxide 4 2  (with Lewis acids) were 

unsuccessful. With SnCl^, BF3 .0 Et2 , and CF3OO2H apparen tly  the 

sam e com plex m ixture w as formed (as show n by TLC). Partial 

separation  by colum n chrom atography and analysis by NMR gave no 

indication of the  cyclized product. This resu lt is consisten t with

o ther attempts®®.31*46 to effect a  sim ilar cyclization of the m ono­

epoxide 42. It should be noted though, th a t there are rep orts2 ®*2 ^

(Table 2) indicating th a t th e  epoxide 42  undergoes th e  required 

cyclization (see 43  and 44) b u t no yields have been reported.

Prior to th is  investiga tion , Subasinghe® * (who a lso

investigated ways to m ake the A-ring synthon of taxol). failed to effect 

cyclization of epoxide 42. In search ing  for a way to  effect the

cyclization of geranyl acetate derivatives Berkowitz and Subaslnghe® * 

tu rn e d  to the  work of Kametani®® (40  -----► 50, Table 2).

S ubasinghe repeated K am etani's work th en  tried  to oxidatively 

remove the  PhSe group from 5 0  in an effort to develop a route to the
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A-rlng of taxol. Subsequently, the  selenlde 5 0  was converted to the

co rrespond ing  se len o x id e ^ O , an d  a P um m erer rea rra n g e m e n t

a tte m p te d . The re a r ra n g e m e n t a t te m p ts  re s u lte d  in  th e  

decom position of the  selenoxlde. Falling to oxidatively remove the 

PhSe group, the  Investigation tu rned  to the use  of su lfu r Instead of 

selenium. The rationale for th is was th a t the analogous sulfoxide Is 

more stable and therefore the  Pum m erer rearrangem ent m ight be 

possible w ithout the  concom itant decom position. In addition, the 

su lfu r com pounds are cheaper and  less harm ful, hence the  use  of 

su lfur instead of selenium  In th is Investigation. The sulfide 51 was

therefore prepared, via nucleophllic a ttack  of PhS" on th e  epoxide

42, followed by reacetylation. As expected (compare w ith 40) the 

sulfide 51 underw ent facile cyclization in CF3 CD2H a t -15 °C to give 

52 In m oderate yield.

The question a t th is point Is why did com pound 51 cycllze 

(under acidic condition) b u t com pound 32  (or even 42) did not?

Both Kametani^O (Figure 1) an d  Rouessac^® have invoked the

participation  of the phenyselenyl group in the  stabilization of the 

Incipient carbonium  ion to account for th is difference in reactivity.
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Figure 1: Kametani’s supporting evidence for the involvement of the 

PhSe group.

As evident from Table 2. stabilizing the incipient cation2 ®*30,31 or

enhancing the  nucleophiliclty of the C2 -C3 double bond2 ® results in

good yield of the cyclized product. Cyclization, however, is limited by 

the  need to obtain good orbital overlap in the transition state. It can 

be envisioned th a t the  transition  sta te  for ionization of both  geranyl 

acetate  and  its  mono-epoxide 4 2  are too short-lived or too reactive 

to engage in  proper orbital overlap. W hen the sulfide group (or

selenide) is p resen t the  ^-carbonium  ion can be stabilized by the

su lfu r lone pair interaction as illustrated in Scheme 17. Oxygen (of

the  epoxide 42) is not able to stabilize the P~ carbonium  ion as

sulfur can. In the case of the allylsilane 45  the transition sta te  can be 

stabilized by the  TMS group. The pivalate 4 0  and the  ace ta te  42

BO
40
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cyclized to the  bicyclic e th e rs  41 and 43 , respectively (evidently 

from neighboring group participation of oxygen). However, since the 

yields of 41  and 43  are not comparable, carbonium  ion stabilization 

appears to be only partly responsible for the difference in reactivity. 

F u rth e r investigation is therefore needed in o rder to com pletely 

address th is problem.

Scheme 17: M echanism of cyclization of compound 51
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As indicated in Schem e 16. nucleophilic a ttack  of the  PhS ' 

species on the epoxide 4 2  gave predom inantly the  dlol 113 Instead 

of the  acetate 51 (possibly through the attack  of the PhS~ anion on 

the acetate group as shown by eqn.4). This is not commonly expected 

b u t a  sim ilar reaction with the PhSe' anion has been repo rted*  7. 

Reacetylation, however, proceeded efficiently to the acetate 51.

As m entioned earlier, the sulfide 52  was prepared (instead of 

the analogous selenlde 50) because it was thought th a t its sulfoxide 

would be stable enough to undergo the Pum m erer rearrangem ent. As 

w ith the  selenoxide, however, a ttem p ts  to oxidatively cleave the 

su lfo x id e  v ia  a P u m m e re r  r e a r r a n g e m e n t  r e s u l te d  in

d e c o m p o s itio n ^ . It should be borne in m ind th a t for the Pum m erer

rearrangem en t to occur a m ethylene or m ethyl group is usua lly  

required next to the  sulfur. In the case of both the  selenoxide and 

sulfoxide there is only one very hindered m ethine hydrogen.

The reaction w ith sulfuryl chloride (SO2CI2). was done with 

the  in ten t to produce the keto-acetate  115 according to eqn. 5.

EtOH
113

eqn.4
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Precedent for th is  reaction was obtained from the work of Chu*®, 

w ho in  1983 rep o rted  th a t  su lfu ry l ch lo rid e  re a c ts  w ith  

phenylsuifldes to give a-chlorophenyl sulfides which upon treatm ent

OH

OAcPhS

52

OAc OAc

115
eqn.5

with w ater deactivated silica gel give the  corresponding aldehydes. 

T his reaction resu lted  in the  form ation of the  bicyclic e ther 114

(and its chlorinated analogue 116 as a  m inor com ponent)® 1. The

m echanism  of th is reaction is speculated to proceed a s  outlined in 

Schem e 18. A pparen tly  cleavage of the  ch lo ride  g e n e ra te s  a 

carbocatlon which is then  stabilized by oxygen.
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Scheme 18: M echanism for the formation of 114 and 116
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Compound 116 was not synthetically useful In th is investigation, b u t 

conceivably 114 can be m ade to unm ask  the keto group a t C5 to give 

the  keto-aceta te  115 (eqn.5) upon hydrolysis of the  hem lthioacetal 

group. For th is  hydrolysis, the  feasibility of several of the known 

m ethods were explored.
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H ydrolysis q f  com pounds 114 and 121

A num ber of m ethods^®  are available for the  conversion of

thioacetals, acetals and hem lthioacetals (as well a s  vinyl sulfides) to 

the corresponding paren t carbonyl com pounds. Using some of these, 

the  hydrolysis of com pound 114 w as attem pted  and  the  re su lts  

obtained are as follows:

i) w ith  anhydrous TiCl4  and  acetyl chloride**® in m ethylene

chlortde at 0°C  there was no reaction. This reaction was repeated a  

few tim es (in some cases the  TiCl4 was in excess and  o thers as a 

catalyst) b u t in all cases the  sta rtin g  m aterial w as recovered (as 

shown by TLC and NMR).

it) with a  catalytic amount o f  S n & 4  under the  sam e conditions as 

with the T1C14 a  mixture of products (as shown by TLC) was obtained. 

The m ajo r com ponen t w as Iso la ted  (16% yield) by co lum n  

chrom atography on silica gel. The IR showed absorp tions a t 3030

(ArC-H), 1730 (carbonyl) and 1565 cm ' 1 (C=C-C=C) and the proton 

NMR gave the following peaks a t 5 1.20 (d, 6H), 1.90 (s, 3H), 2.10

(m. 4H), 4 .40 (ABq, 2H), 5.60 (m. 2H) and 7.60 (m. 5H). The GC- 

MS gave m /e  a t 302. Based on these spectral d a ta  the  s tru c tu re  of 

the major compound was assigned as 118 (eqn.6 ).
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.OAcPhS

114

SnCl4

CH3COCI
CH2C12
o«c / n2

OAcPhS

118

e q n .6

The S11CI4 p robab ly  prom oted  ring  opening  of th e  e th e r  by 

coordinating with the bridged oxygen. Since the thlophenyl group 

was no t cleaved th is indicates th a t there was no assistance  from the 

su lfu r lone pairs in the opening of the e ther bridge leading to the 

vinyl sulfide. However, vinyl sulfides are known to hydrolyze u n d er 

sim ilar conditions a s  thioacetals. Since com pound 118 contains a  

vinyl sulfide group (although as part of a  diene system) its hydrolysis 

w as a ttem p ted  w ith  TiCl4 accord ing  to  th e  p ro ced u re  of

M ukaiyam a^1. From th is reaction, a  m ixture (of four com ponents by

TLC) was obtained  and th ree  com ponents were isolated by flash 

colum n chrom atography using silica gel b u t the phenyl sulfide group 

w as presen t in all. In addition, there was no indication of a  second 

carbonyl group in any. The hydrolysis of com pound 118 was also 

attem pted  w ith HgCl2 in  w ater/acetonitrile  a t 45 °C  b u t there was 

no reaction even after 24 hours.

iii) w ith  ZrC lf and  acetyl chloride in m ethylene chloride a t 0  °C  

com pound 114 showed no sign of reaction. It should be noted th a t 

T i and  Zr are  in th e  sam e group of tran sition  m etals. T in on the 

o ther hand  is a  group IV m etal. With both  TiCl4 and  ZrCl4 th e re
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were no reaction bu t SnCl4 opened the e ther bridge. Both Sn(IV) and 

Zr(IV) have covalent rad ii of ab o u t 1.45 A, w hile Ti(IV) h a s  a

som ew hat sm aller rad iu s of 1.36 A. if the size of the  m etal was

Im portant then  ZrCl4 should  also cleave th e  e th e r bridge. It is 

therefore reasonable to conjecture th a t the SnCl4 is more oxophlllic 

than  T1C14 and ZrCl4 .

Iv) w ith HgO-BF^.OEtrp^ in TH F/water fo r  7 da ys  there was a  trace

of a new component as shown by TLC. However, isolation and NMR 

analysis showed the p resence of the  (thlo) phenyl group. W hat 

appeared to have happened was the hydrolysis of the acetate to the 

corresponding alcohol (eqn.7) since the  IR showed absorp tions a t

3600 (sharp), 3460 (broad) and no peaks between 1600-1800 c m '1.

The proton 60 MHz NMR spectrum  was also consisten t w ith the 

formation of the alcohol since the acetate  CH3 d isappeared and the 

m ethylene pro tons ad jacent to the aceta te  group were shifted u p ­

held. Sulfur being a soft base was expected to donate  a  pa ir of 

electrons to the  soft acid, m ercury, thereby m aking the C-S bond 

more susceptible to cleavage. The fact th a t cleavage did no t occur 

underscores the stability of the bridgehead sulfur.

OAcPhS

114

HgO

BF3.OEt2
t h f -h 2o

OHPhS

119

eqn.7
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v) w ith LiAlHf-AlClgpS  ^  rejluxing anhydrous ether fo r  27  hours th e

reaction also gave alcohol 110 (based on spectral com parison w ith 

the hydrolysis product of Scheme 19).

vi) w ith  concentrated sulfuric a c ld ^^  in rejluxing d io xa n e /w a ter

overnight, a complex m ixture of p roducts (as show n on TLC) was 

obtained . Three com ponents were Isolated from th is  m ixture b u t 

they all had the thiophenyl group (based on NMR). In addition, the  

GC-MS sp ec tra  for the  th ree  com ponents show ed low m olecular 

w eights species th a t  were no t c o n sis ten t w ith any  m eaningful 

product.

vii) w ith DM SO /diLH Cl/H20/diaxaneP® there was no reaction (based 

on TLC).

viW w ith S02C12/S102/ H 2 O/CH2 CI2 the hydrolysis did not occur

b u t one new com pound was isolated (by colum n chrom atography 

using  silica gel). Based on the  sim ilarity of the  p ro ton  NMR to 

com pound 116 it appeared th a t the chlorination of com pound 114  

had occurred.

As a  resu lt of the difficulty encountered with the  hydrolysis of 

the  th ioacetal group, com pound 114 w as modified to the  m ethyl 

ester 121 ( Scheme 19) and the hydrolysis attem pted. The rationale
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Scheme 19: Conversion of the acetate 114 to the ester 121

OAcPhS
KaOOa

MeOH
83%

OHPhS

114 119

Jones oxld. 
81%

PhS

121

KHCOyMel

DMF
70%

PhS

120

for th is modification is th a t coordination to both  the  e ther oxygen 

and  the  carbonyl oxygen of the e s te r  m ight facilitate cleavage. If 

coordination occurs, th e  m ethyl e ste r would be preferred over the 

acetate  since the former would lead to (a more stable) six-membered 

ring while the latter would give an  eight-mem bered ring. In addition,

Wilson^4 (using earlier studies 50  from our laboratory) successfully



cleaved the  closely related com pound 7 8  w ith TiC^/CHgCOCl as 

shown by eqn.8 . It should be pointed out th a t o ther a ttem p ts^*  to 

cleave the  ether bridge of 78  (LDA, NaOMe and BFg.OEt2 ) resulted  In

COoMe

7 8

T1C14/

CH3COCI
63%

AcO

7 9
e q n .8

the re-isolation of the starting material. Compound 7 8  was also 

unsuccessfully treated with LiN(SlMe)2 (which was used by

Koizumi®? to cleave a related bridged-ether system).

The resu lts  of the  attem pted hydrolysis of com pound 121 are 

as follows:

i) w ith  TiCl4  and acetyl chloride in m ethylene chloride a t 0  °C Jor 

90 m inutes a new com pound was formed and some starting  m aterial 

rem ained. Purification by colum n chrom atography using  silica gel 

gave a  pale yellow solid w ith m .p. a t 102.5 0 C. The IR showed 

absorp tions a t 3600 (free OH), 3480 (br., OH), 2980, 2962, 2880,

1728 and  1580 cm"* and  the proton NMR gave peaks a t 8 1.10 (s,

3H), 1.43 (narrow d, 6H), 1.90 (d, 2H), 2.78 (d, 2H), 2 .95 (s. 1H). 

3 .60  (s, 3H) and  7 .05 (m, 5H). The GC-MS gave m /e  a t 342 

consisten t with com pound 122 (eqn.9).
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PhS COaMe

TIC14/

CH3COCI
CH2C12

Cl
Ph COaMe

OH

121 122
eqn .9

Based on the spectral d a ta  it was assum ed th a t com pound 122 had 

the  chlorine a lp h a  to  the  sulfur. As a resu lt, its  hydrolysis w as 

attem pted with boiling w ater for one hour. Analysis by TLC and  NMR 

show ed th a t no reaction  had  taken  place (starting  m ateria l w as

recovered). This resu lt is sim ilar to th a t obtained by Subasinghe®* as 

shown by eqn.10. Her attem pts to hydrolyze the a-chloro sulfide 123  

failed. In addition, it is known th a t it is difficult to prepare ketones 

(aldehydes are  readily formed) from a-halo  sulfides. In such  reactions

vinyl sulfides are often formed® ®.

NaHCO
or

123 HgCla/CdCCV
h 2o 124

eq n .10



48

0) w ith  excess TiC l^/SnCl4 (1:1 mol equiv.) and acetyl chloride 

com pound 122 w as obtained (IR and  NMR were identical to the  

compound obtained from the reaction shown by eqn.9).

ill) w ith  POClgp^ and  sodium  iodide in acetonitrile and  DMF a t

room tem perature (overnight) an  unidentified m ixture of products 

was formed.

The res istance  of com pound 121, like com pound 114, to 

hydrolysis can be a ttributed  in part to the hydrolytic stability®® of the

bicyclic system . In addition , both  the  b ridgehead positions are  

substitu ted  (with the relatively bulky methyl and  thiophenyl groups). 

Furtherm ore, it seem s th a t the adjacent gem-dimethyl group creates 

a  sterically h indered environm ent around the su lfu r resu lting  in its 

inertness in these  reactions. It is no t su rp rising  then , th a t the only 

apparen t reaction of com pounds 114 and 121 is the cleavage of the 

C-O bond (due to Lewis acid coordination to oxygen) to give 118 and 

122, respectively. It is however, not clear why the vinyl sulfide 118 

and the a  -chloro sulfide are so resistan t to hydrolysis.

C leavage q f th e su ybxlde cmd su ybn e

Failing to successfully  hydrolyze the hem lthtoacetal (of 114 

and  121) to the  corresponding ketone, cleavage of th e  thiophenyl 

group was attem pted Instead. Since an  oxygen function is required 

to replace the sulfide. 114 was converted to the  sulfoxlde(126) and 

sulfone(128) w ith the  hope th a t the hydroxyl group would displace 

either or both groups to give compound 43  (eq .ll) .
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OH
^OAc MCPBA PhOaS OAc

OB

eqn. 11

However, neither the sulfoxide nor the sulfone (with MCPBA/aqueous 

NaHCOg) gave com pound 43. It should be noted th a t the analogous

Ox id at ive  su b stitu tio n  q f  th e PhS m oiety

In a rec en t a rtic le  Uemura®* repo rted  th a t  oxidative

substitu tion  of PhSe and PhTe moieties in alkyl phenyl selenides and 

tellurides with NaI04 in aqueous acetic acid (at 20-80 °C for 0.5-24 

h) led to esters and alcohols in m oderate yields. Subsequently, th is 

reaction was attem pted with the phenyl sulfide 52  (Scheme 20) with 

the  hope of m aking com pound 127. TLC, however, show ed the  

formation of a  single compound which was identified a s  the sulfoxide 

126. The sulfoxide was also produced via MCPBA oxidation of 52  

(in 64% yield).

reaction^®  with selenium  instead of sulfur gave the acetate 43.
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Scheme 20: attem pted oxidative substitu tion  of the PhS moiety

OH
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PhS
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126

OH
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M iscellaneous reaction s

Since the hem lthloacetal group in bo th  the acetate 114 and 

the methyl ester 121 was resistan t to hydrolysis it was hoped th a t by 

preventing its  form ation the  sulfide would be able to undergo a- 

chlorination and subsequent hydrolysis to the desired ketone. Hence, 

dehydration  of the  alcohol 52  was attem pted  w ith BF3 ,OEt2®^ 

(eqn.12) to remove the “offending" OH group.
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PhS

OH
OAc

52

BF3.OEt2

rt/N2
82%

OAcPhS

1 2 S
eqn.12

Based on the  NMR d a ta  and  the GC-MS spectrum , com pound 128  

was tentatively assigned. Its conversion to compound 115 (see eqn.5) 

was attem pted b u t the results are inconclusive.

In a n o th e r  a tte m p t to  p reven t th e  fo rm ation  of th e  

hem ithioacetal group, the acetate 52  was hydrolyzed to the dlol 120

and th en  reacted with lead te traace ta te  and  iodine®®3 a s  catalyst

with the in tent to form the e ther 130 (eqn.13).

( j ^ O H  MeOH. f Y o H FbCOAcU ^ S\ W s ] ^ OH
K .CO , > £ , ■ T _ 7

reflux
5 2  129  ISO

eqn.13

The reaction  w ith Pb(OAc)4 and  iodine was ru n  overnight. TLC 

analysis of the  reaction  m ixture showed two com ponents p lus 

sta rting  m aterial. The two new com ponents were analyzed by GC- 

MS. The m ajor com pound had  m /e  of 322 and  its IR and  NMR 

sp e c tra  were iden tica l to com pound 52. The o th e r com pound
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showed unidentifiable fragm ents in the GC-MS spectrum  as well a s  

tu rn ed  brown on stand ing  a t room tem peratu re  Indicating th a t it 

contained iodine (possibly resulting  from substitu tion  of the prim ary 

OH group with iodine). The reaction with Pb(OAc)4 w as attem pted 

because  it is known to cause  alcohols w ith hydrogens in  th e  5

position to cyclize to the corresponding ether®®b. However, there

are two ways th a t cyclizatlon could occur, to give com pound 119 or 

130, b u t it was expected th a t compound 130 would be favored due

to the  reaction mechanism®®. However, in tram olecu lar hydrogen

abstraction  leading to the cyclic e ther is influenced no t only by the

d istance between the  a ttacking hydroxylic oxygen and the 8-carbon

b u t also by sterlc hindrance. In the case of com pound 129, the gem- 

dlm ethyl group apparen tly  h inders the a ttack  of the  prim ary  OH 

group. In addition, m olecular m echanics (MMX) calculation indicates 

th a t both com pounds 119 and 130 are of com parable stability  with 

heats of formation (AHf) calculated to be 40 Kcal/mole. Both of these

com pounds are expected to be more stra ined  th a n  the  acetate  52, 

hence the observance of the  aceta te  and  not the  e the rs (119 and 

130). If com pound 130 had been formed it would then  hopefully be 

oxidized to the  corresponding lactone which would be subsequently  

hydrolyzed and modified to compound 93.

The reaction of the hydroxy acetate 52  with NCS followed by 

HgO/BF3 ,OEt2 was also tried in an  effort to replace the  thiophenyl 

group w ith a  keto group b u t instead  the blcyclic e th e r 114 was

formed (NMR identical to previously obtained 114). Subasinghe® *

also tried to react com pound 52 with NCS b u t the  p roduct obtained
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could not be hydrolyzed.

A nother a ttem pt to prevent the hydroxyl group of com pound 

52  from participating in the hem lthloacetal formation w as to protect 

it. The protection of the alcohol a s  the acetate 131 w as conducted by

Subasinghe^ * b u t a ttem pts to replace the  sulfide with a  keto group

using SO2CI2 /SIO2 /H 2O resulted in the formation of compound 132.

OAc
OAcPhS'

131

SO2CI2

Si02/H 20

OAc
OAc

132

eqn.14

As a re su lt of the  difficulty encoun tered  to rem ove the  

thiophenyl group, one m ight ask  why not use an  oxygen nucleophile 

instead  of su lfur? U nfortunately, the acetoxy group Instead of the 

phenyl sulfide group was used as shown by eqn. 15 b u t the  cyclized

product 134 could not be obtained^ *.
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A c ( / \_ ^ OAc 
HO N

A c0 ^ ^ ^ OAc

133 134

eqn .15

EF3 ,OEt2 catalyzed cyclizatlon of 133 failed to show any reaction a t 

room tem p era tu re  and upon heating  resu lted  In a  com plicated 

m ixture. Although acetals are easier to cleave th an  the corresponding 

su lfur com pounds, the oxygen cannot provide the  sam e stabilization 

of the P-carbonlum ion as the sulfur can.

C onclusion and F uture P rospects

As pointed ou t earlier, the goal of th is project was to synthesize 

a  fully functlonallzed  A -ring sy n th o n  of taxo l. B ased  on  a 

retrosynthetlc analysis (Scheme 11) of na tu ra l taxol. th is synthon was 

chosen  to be the  e ste r 03. D espite the  efforts expended In ou r

laboratory^ 1 .34 ,38  t0 develop a  convenient route to th is  com pound.

its  sy n th e s is  rem a in s  an  u n a tta ln e d  goal. In a  very  rec en t

com m unication , however. N i c o l a o u ^ O  rep o rte d  a n  a ttra c tiv e

enantloselectlve synthesis of a fully functlonallzed A-rlng of taxol (a 

system  closely related  to our target 93). His A-rlng syn thon  138  

(eqn.16) w as obtained via a  sh o rt route featuring  Diels-Alder and 

Corey oxazaborolidlne reactions.
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QR

Cl

1 37  133

•qn.16

i Ac

Although our Investigation had its share  of difficulties, it is not 

far-fetched to envision th a t w ith “new energies" som e of these  

problem s can  be solved. For Instance, Schem e 15 involving the  

alkoxlde accelera ted  ring  expansion  w as abo rted  b ecau se  th e  

cyclopropyl phenylsulflde 107 failed to rearrange  to the  desired 

cyclobutanone system . The m ost plausible reason for th is  failure to 

rearrange is destabilization of the carbocatlon transition  sta te  due to 

the  electron w ithdraw ing ester group. In the  fu ture, th is  problem  

m ight be solved by converting the ester to a less destabilizing group 

(as show n in Schem e 21) p rio r to the  Lewis acid m ediated  

rearrangem ent reaction.

Scheme 21: Ester functional group modification

2. Protection

1. Reduction

103 139

140
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In the case of the Robinson annulation  approach (Scheme 13) 

to the  A-rlng synthon 93, the low yield of the  cycllzed product 102, 

re su ltin g  from Aldol condensation  and  the  res is tan ce  of the  a-

hydroxy este r 103, to  dehydration are  factors which disfavor any  

fu tu re  prospects. The resistance of com pound 103 to dehydration 

can  be a ttribu ted  in -part to the destabilizing effect of the  electron 

w ithdraw ing  e s te r  group on th e  developing carbocatlon  in  the  

transition  sta te . This problem m ight be alleviated by converting the 

ester to the prim ary alcohol (which m ay or m ay no t be protected) 

before dehydrating the  tertiary  alcohol. On the o ther hand , the low 

yield of the cyclization step  appears to be due to steric congestion 

which arise from the formation of contiguous quaternary  centers In 

the  product. A lthough it maybe possible to solve the  dehydration 

problem, the low yield of the cyclization step  m akes th is sequence of 

reac tio n s no t w orthw hile pu rsu ing , especially  since an  earlie r

attempt®® (Scheme 22) to solve the  problem of steric congestion by

Introducing the  gem-dlmethyl group (via monoalkyation) after the 

cyclization step resulted in polyalkylated products.
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Scheme 22: Attempted alkylatlon of an a ,0-unsa tu ra ted  ketone
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In term s of fu ture prospects, the m ost prom ising p a rt of th is  

investigation involves the  cyclization of geranyl ace ta te  derivatives 

(Scheme 16). The s ta rtin g  m aterial is com m ercially available and  

inexpensive, and  the cyclic in term ediates 52  and 114 are easy to 

handle, a ir stable solids. Com pounds 114 and its close relative 121. 

however, are  unexpectedly very stab le  to heavy m etal an d  acid- 

m ediated hydrolysis (of th e ir respective hem ith ioacetal groups). 

W ith fu rth e r  w ork though , it m ight be possib le  to cleave the  

hem ithioacetal group under basic condition as shown in Scheme 23.

It should be borne in mind though, th a t according to W i l s o n  ̂  4 th e

closely related bicyclic ether 78  did not cleave under basic condition. 

However, the  presence of the  PhS group in 121 m ight provide the 

pull necessary for the cleavage of the hem ithioacetal group.
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Scheme 23: Proposed cleavage of hem ithioacetal group
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Chapter Four 
Experimental Section
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M elting p o in ts  (uncorrected) w ere d e te rm ined  in open 

capillaries on a  Thom as Hoover Uni-m elt ap p ara tu s . Infrared (IR) 

s p e c tra  w ere reco rd ed  on a  P e rk in -E lm e r 5 98  In fra red  

spectrom eter. The IR sam ples were ru n  in CDCI3 (-5%  solution) and 

ca lib ra ted  w ith a polystyrene film. N uclear m agnetic resonance  

(NMR) spectra were ru n  in CDCI3 (-10%  solution) with tetram ethyl 

silane (TMS) a s  in ternal standard . The proton 60 MHz spectra  were 

determ ined on a V artan EM 360 NMR spectrom eter and  high 

resolution proton and carbon-13 spectra  on a  200 NMR Bruker/IBM  

NMR spectrom eter. Chemical shifts are reported in p arts  per million 

(ppm). Splitting pa tterns are abbreviated as s  (singlet), d (doublet), 

dd (double doublet), t  (triplet), q (quartet), m (multlplet) and br 

(broad). Coupling constan ts are given in Hertz. GC-MS spectra  were 

obtained  using  a  H ew lett-Packard 5988A GC/M S system  w ith a 

Hewlett-Packard 1000 d a ta  system . The GC colum n w as a  50 m x

0 .32  m id, fused silica  capillary  w ith a  c ross-linked  bonded 

polyethylene glycol stationary  phase. The carrier gas was helium . The 

oven tem perature program  was 35 °C initially for 1 m inute, then  20 

°C per m inute to 100 °C, held 1 m inute, then  up  10 °C per m inute to 

250 0 C and  held 10 m inu tes. GC sam ples were loaded using  

splltless injection. The m ass range was 40 - 400 and 70 eV electron 

im pact ionization was used. Thin layer chrom atography (TLC) and  

p rep a ra tiv e  layer ch rom atog raphy  (PLC) w ere c a rried  o u t on 

precoated Kodak chrom atogram  sheets  w ith fluorescent indicator.

Flash colum n®4 chrom atography w as carried  ou t on kieselgel 60
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(230-400 m esh ASTM) and high perform ance liquid chrom atography 

(HPLC) with a  W aters Associates system  consisting of a model U6K 

injector, a  model 6000A solvent delivery system , a  d ifferential 

refractom eter R401. a  model 141 recorder and  two colum ns w ith 

Lichrom sorb SI 60 (10 pm). An H arrison R esearch C hrom atotron

model 7924T was also used  In the  purification of a few sam ples. 

Solvents used  for TLC, flash colum n chrom atography and w ork-up 

were reagen t grade. All so lven ts used  In reac tions were dried  

according to existing procedures and  distilled. Com pounds prepared 

by known rou tes were identified by com parison w ith IR and NMR 

sp ec tra  w hen available. M icroanalyses were done by G alb ra ith  

Laboratories. Knoxville, TN.
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Preparation of 4-m ethylpent-l-en-3-ol (99)®®*®®.

Isobutyraldehyde (15.0 mL. 11.9 g, 160 mmol) was dissolved in 

150 mL of anhydrous e ther in a three-necked flask equipped with a  

nitrogen inlet-tube, a  m echanical stirrer and  an  addition funnel. The 

flask w as stirred, flushed with nitrogen and cooled (dry ice /C C ^) for 

20 m inutes. Vinyl m agnesium  bromide in THF (200 mL. 200 mmol) 

w as added dropwlse during  a  25 m inute period. After the  addition 

w as com pleted the  cooling b a th  w as removed and  th e  reaction  

m ixture was allowed to warm  to room  tem pera tu re  while being 

stirred for about 4 hours. The reaction m ixture was then acidified by 

adding 110 mL of cold 3M hydrochloric acid and the  organic layer 

w as separated. The aqueous layer was fu rther extracted with e ther 

(6x40 mL). The combined organic layers were washed with sa tu rated  

aqueous NaHS0 3  (4x50 mL). followed by saturated  aqueous NaHC03 

(6x50 mL). dried over anhydrous MgS04  and  concentrated  under 

reduced pressure to give a  yellow oil. Vacuum distillation gave 12.2 g 

(76%) of com pound 9 0  as a  colorless oil. b.p. 53-62 °C a t 20 mm Hg.

IR(neat) (cm  1) 3450. 2950. 2870 and 1635. NMR (60 MHz.

CDC13 , ppm) 0.80 (d. 6H). 1.75 (m. 1H). 1.90 (s. 1H). 3 .70  (t.

1H). 5.20 (dd, 2H) and 5.85 (m. 1H). GC-MS (m/e) 100.

P rep ara tio n  of isopropyl v inyl k etone (100)®®*®® (via Sw ern

oxidation)® ̂

Oxalyl chloride (10.0 mL, 14.6 g. 110 mmol) was dissolved in 50 

mL of dry CH2CI2 in a  th ree-necked  flask  equipped  w ith a  

m echan ica l s tir re r  and  two add ition  funnels th e n  cooled (dry



Ice/acetone) for 5 m inutes. DMSO (17.0 mL. 18.7 g. 220 mmol) was 

dissolved in 50 mL of dry CH2CI2 in one of the  funnels, and added 

dropw lse during  5 m inutes. The allyllc alcohol, 0 0  (10.0 g. 100 

mmol) w as dissolved in 25 mL of CH2CI2 in the  o ther funnel and 

added dropwlse during 5 m inutes, after which the  flask was stirred  

for 15 m inu tes. Triethylam ine (35.0 mL. 24.4  g, 250  mmol) was 

added and the reaction m ixture was allowed to warm  to room 

tem perature  while being stirred  for two hours. The conten ts of 

the flask were then  poured into cold brine and the organic layer was 

separa ted . The aqueous layer w as fu rth er ex tracted  w ith CH2CI2 

(3x40 mL). The combined organic layers were w ashed with 1% HC1 

(3x50 mL) followed by sa tu rated  aqueous NaHC0 3  (3x50 mL) and 

brine (60 mL) then  dried over anhydrous MgSC>4 and  concentrated 

under reduced pressure  to give a yellow oil. Vacuum distillation gave 

6.86 g (70%) of 100, as a pale yellow oil, b.p. 55-61 °C a t 32 mm Hg.

IR(neat) (cm  1) 2960. 2940, 2885, 1720 and 1610. NMR (60

MHz, CDCI3 , ppm) 1.15 (d, 6H). 2.60 (m, 1H). 5.75 (dd, 1H). and  

6.45 (m. 2H).

Preparation of the  1,5-diketo-diester 101^ 8.39

Isopropyl vinyl ketone, 100 (2.8 g, 30 mmol) and  commercially 

ob tained  diethyl oxalpropionate (4.0 mL, 4 .3 g, 20 mmol) were 

dissolved in 100 mL of a  1:1 m ixture of dried ben zen e /ab so lu te  

ethanol. Five drops of triethylam ine were added and  the m ixture was 

refluxed overnight, then  concentrated under reduced p ressure . The 

residue w as dissolved in 50 mL of e ther and  w ashed w ith sa tu ra ted  

aqueous NaHS0 3  (4x20 mL) followed by brine (20 mL). The organic
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layer w as dried over anhydrous MgSC>4 and  concen tra ted  u n d er 

reduced p ressu re  to give 8.0 g (89%) of compound 101 as a  yellow

oil. IR(n eat) (cm  1) 2980. 2940. 2880. 1760, and  1730. J H

NMR (60 MHz. CDCI3 , ppm) 1.15 (t, 6H), 1.45 (slightly split d. 9H). 

2.40 (m. 5H) and 4.30 (doublet of q. 4H).

1-hydroxy 2 .2 .6 -tr lm eth y l 3 -oxo-cycloh exan e carboxylic acid

( 102)38*39

Compound 101 (5.6 g, 20 mmol) was dissolved in 50 mL of cold 

concentrated hydrochloric acid and the  solution was stirred  a t  room 

tem pera tu re  overnight. W ater (50 mL) w as th en  added  an d  the  

m ixture was refluxed for 23 hours. The cooled reaction m ixture was 

diluted with cold w ater (75 mL) and extracted with e ther (6x25 mL). 

The com bined e th e r  layers were w ashed w ith  b rin e  u n til the  

aqueous ex tract w as no longer acidic, then  dried over anhydrous 

MgSC>4 and  concentrated under reduced pressure  to give 2.3 g of the 

c rude  p ro d u c t a s  a pale yellow solid. R ecrysta llization  from 

m ethylene chloride gave 1.4 g (36%) of a  white solid, m .p. 156.0-

156.5 °C. IR(DMSO) (cm  1) 3678 (sharp). 3440 (broad). 2980.

2940, 1710 and 1700. XH NMR (60 MHz. DMSO. ppm) 0 .90  (s.

6H), 1.20 (d, 3H), 1.80 (m. 3H). 2 .35 (m, 2H) and 6 .50 (variable 

br. s. 2H). Anal. Calcd for C 1oh 1 6 ° 4 : c - 59.98; H. 8.06. Found C, 

59.81; H. 8.12.
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m eth yl 1-hydroxy 2 ,2 ,6-trim eth yl 3-ozo-cyclohexane carboxylate

(103)3 8 *39

The hydroxy acid, 102 (0.79 g, 4.0 mmol) was dissolved 

in 50 mL of dry DMF and potassium  bicarbonate (0.70 g, 7.0 mmol) 

was added, followed by m ethyl iodide (0.50 g, 4 .0  mmol). The 

m ixture w as stirred  a t  room tem pera tu re  overnight. The reaction 

m ixture was then  diluted with w ater (50 mL) and extracted with 

ether (3x25 mL). The combined ether ex tracts were w ashed with 

saturated aqueous NaHCC>3 (25 mL). dried over anhydrous MgS04  

and concentrated under reduced p ressure  to give 0.69 g (80%) of

103 (isomeric mixture), as a pale yellow oil. IR(neat)(cm  3520.

2950, 2880 and 1720. *H NMR (60 MHz. CDC13 , ppm) 0 .75 (d.

3H), 0 .95 (s, 3H), 1.25(s, 3H). 1.80 (m. 3H). 2 .35 (m. 2H), 3.25 

(br. s. 1H) and 3.80 (s. 3H). GC-MS (m/e) 214.

Dehydration of compound 103

The hydroxy ester, 103 (80 mg, 0.37 mmol) w as dissolved in 

2.0 mL of concentrated sulfuric acid and stirred  a t room tem perature 

for 4 hours. Iced-cold w ater (10 mL) was added and the m ixture was 

extracted with CH2CI2 (5x10 mL). The com bined organic ex tracts 

were washed w ith sa tu ra ted  aqueous NaHCC>3 (5x10 mL) followed 

by w ater (10 mL) and  brine (20 mL), th en  dried over anhyd rous 

MgSC>4 and concentrated  under reduced p ressu re  to give 60  mg a 

pale yellow oil. Purification by PLC followed by HPLC (hexane/ethyl 

acetate) gave com pounds 8 0  and  104 in  a  1:5 ratio  respectively.

Compound 104 gave the  following spectral data: U V ^ max^
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MeOH) 22^  nm  (e, 9,939), ( calc. 2 2 7 i  5 nm). IR ( c m " 2980.

2980, 2960, 2940, 1730, 1680 and 1570. NMR (60 MHz.

CDC13 , ppm) 1.10 (m. 9H), 2 .40 (m, 2H). 3 .75 (s. 3H). 5 .80 (dd. 

1H), and  6 .60 (dd, 1H). GC-MS (m/e) 196. The m inor com pound 80

gave the  following data: *H NMR (200 MHz, CDCI3 , ppm) 1.10 (s.

3H), 1.17 (s. 3H). 1.83 (s. 3H), 2.90 (m, 3H). 3.65 (s. 3H) and

5.65 (br. s. 1H). GC-MS (m/e) 196.

ethyl 2-isopropylidene 3-hydroxy 3-m ethyl 3  (r-phenylthiocyclopr- 

Opyflpropionate (107)68

A dry 250 mL three-necked flask w as fitted with a  nitrogen 

inlet-tube, a  stopper and a  rubber septum . Cyclopropyl phenyl sulfide 

(1.78 g, 10.0 mmol) and  70 mL of dried THF were placed In the 

flask via syringe. The flask was cooled (ice/salt) for 15 m inutes, n- 

BuLi (0.02 mol) was added and the m ixture was stirred  a t 0 °C for a 

fu rther 2 hours. Ethyl a-isopropylidene acetoacetate  106 (2.0 g, 10

mmol) was added via syringe and the m ixture was stirred  a t 0  0 C for 

a  fu rther 30 m inutes. The m ixture was quenched with w ater (5 mL) 

and ether (100 mL) was added. The m ixture w as filtered and washed 

w ith brine (2x10 mL). The organic layer was dried over anhydrous 

MgS04  and  the solvent w as removed under reduced p ressure  to give 

3.9 g of a  yellow oil. Purification on silica gel gave 0 .73  g (23%) of

com pound 107. IR (cm 1) 3500, 1718, 1640 and 1560. J H NMR

(200 MHz, CDCI3 . ppm) 0.90 (m, 4H), 1.60 (t, 3H), 2 .20 (s. 3H),

2.80 (s, 1H, disappeared In D2O), 4.40 (q, 2H) and 7.50 (m, 5H).
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Preparation of 2-chloro-2-nitropropane44

Reagent grade 2-nitropropane ( 24.8 g, 280 mmol) was dissolved 

in 150 mL of 10% sodium  hydroxide in  a  th ree-necked  flask 

equipped with a  chlorine inlet-tube, a  m echanical stirrer and a gas 

outlet-tube. The flask was cooled in an  ice ba th  for 40 m inutes, then  

chlorine was bubbled into the rapidly stirred reaction m ixture for 2 

hours. An oily layer was formed during  the reaction and it was 

separated. The aqueous layer was extracted with CH2CI2 (3x25 mL). 

The com bined organic layers were w ashed w ith 10% sodium  

hydroxide (3x50 mL) followed by brine (2x25 mL) then  dried over 

anhydrous MgS0 4  and concentrated under reduced p ressure  to 

give 21.6  g of a  colorless oil. Distillation gave 18.2 g (52%) of 2-

chloro-2-nitropropane. b.p. 130-134 0 C (Lit. b.p. 134 0 C). *H NMR

(60 MHz, CDCI3) gave a singlet a t 2.20 ppm.

Preparation of a-Uopropylidene acetoacetate (106)43

Sodium  hydride (4.30 g, 100 mmol; calculated from 57% oil 

dispersion) w as placed in  a  three-necked flask an d  rinsed  with 

anhydrous e ther which was decanted. The flask w as fitted w ith a 

therm om eter, a  septum , and an  addition funnel carrying a  nitrogen 

in le t-tube . Dried DMF (60 mL) w as added and  th e  m ixture was 

stirred  while ethyl acetoacetate (13.0 mL, 13.3 g, 100 mmol) was 

added dropwlse during 1 hour followed by an  additional 3 h ou rs  of 

stirring  a t room tem perature. 2-Chloro-2-nitropropane (5.4 mL, 6.6 

g. 50 mmol) w as added via syringe and the  reaction m ixture was 

s tirred  overnight a t room tem peratu re . The reaction  m ixture was
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then  poured into 400 mL of cold w ater and  the organic layer was 

extracted with 5% sodium  hydroxide (4x50 mL). dried over MgS0 4  

and concentrated under reduced p ressure  to give 7.7 g of a  yellow 

oil. Vacuum distillation gave 3.8 g (45%) of a  pale yellow oil. b.p. 67-

69 °C a t 1.5 mm Hg. IR (cm 1) 2980. 2940. 1720, 1690 and

1625. NMR (60 MHz. CDC13 , ppm) 1.35 (t. 3H). 2 .05 (s. 3H).

2.20 (s. 3H), 2.40 (s. 3H) and 4.35 (q. 2H). GC-MS (m/e) 170.

Preparation of gerany! acetate (32) (commercially available)

Commercially available geraniol (49.2 g. 320 mmol) was dissolved 

in acetic anhydride (35.7 g. 350 mmol) and cooled in an  ice bath . 4- 

N.N-dlm ethylam inopyridine (40.0 mg) w as added and  the reaction 

m ixture w as stirred  a t room tem perature overnight. W ater (200 mL) 

was added and the  organic layer was separated . The aqueous layer 

w as extracted w ith CH2CI2 (3x50 mL) and the com bined organic 

layers were w ashed w ith sa tu ra ted  aqueous NaHCC>3 (3x50 mL) 

followed by brine (50 mL), then  dried over anhydrous Na2SC>4 . The 

solvent w as removed on the  rotavapor to give 57.6 g (92%) of a

slightly yellow oil. NMR (60 MHz. CDCI3 , ppm) 1.55 (s. 4H).

1.65 (s. 6H), 2.0 (s. 6H), 4.50 (d. 2H) and 5.20 (m. 2H).

6,7-epoxy-3,7-dimethyl 2-octenyl acetate (42)31

Geranyl acetate  (25.0 g. 120 mmol) w as dissolved in CH2CI2 

(500 mL). S a tu ra ted  aqueous sodium  b icarbonate  (400 mL) w as 

added and the  m ixture was stirred  while being cooled in an  ice
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bath . M-Chloroperbenzoic acid (40.8 g, 130 mmol; calculated from 

50-60% MCPBA) was added In small portions and after the  addition 

w as com pleted the  ice b a th  w as removed. The m ixture was th en  

stirred  a t room tem peratu re  for 1.5 hours. The organic layer was 

separa ted  and  w ashed w ith sa tu ra ted  aqueous NaHC0 3  (100 mL) 

followed by brine (100 mL). dried over anhydrous sodium  sulfate and 

concen tra ted  on the  rotavapor to give a pale yellow oil. Reduced 

p ressure  distillation gave 23.0 g (86%) of 42  as a  colorless oil. b.p.

98-104 °C a t 0.5 mm Hg. IR (cm 1) 2970, 2930, 1730. 1670,

1230 and  1120. XH NMR (60 MHz. CDC13 , ppm) 1.28 (narrow  d.

6H). 1.75 (m. 5H), 2.10 (m. 5H). 2 .70  (t. 1H). 4.70 (d. 2H) and

5.60 (t. 1H).

3,7-dim ethyl 7-hydroxy 6-thiophenyl 2-octenol (113)

Freshly distilled thiophenol (15.7 g. 140 mmol) was dissolved in 

absolute ethanol (500 mL) In a  dry three-necked flask equipped with 

a  nitrogen inlet-tube. a  m echanical s tirre r and  an  addition funnel. 

The flask was flushed with nitrogen and  cooled In an  Ice ba th  for 15 

m inutes. Sodium borohydride (1.34 g. 35.0 mmol) was slowly added 

after w hich the  cooling b a th  was removed and  th e  m ixture w as 

stirred  for 30 m inutes. The epoxy aceta te  (42) was dissolved in  

absolute ethanol (50 mL), added dropwlse, and  the resulting m ixture 

w as k ep t overn igh t a t  room  tem p era tu re . T he m ix tu re  w as 

concen tra ted  on the  rotavapor and th e  residue  w as dissolved In 

CH2CI2 (200 mL), w ashed w ith w ater (150 mL) and dried over 

anhydrous Na2S0 4 . The solvent was removed on the rotavapor to give
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a  pale yellow viscous oil which crystallized upon addition of hexane 

and ethyl acetate (4:1) to give 28.8 g (72%) of a  white solid, m.p.

71.0-72.0 °C. IR (cm 1) 3610, 3500 and 2990. NMR (60 MHz.

CDC13 , ppm) 1.20 (d. 6H), 1.60 (s. 3H). 2 .60 (br. s. 1H). 3 .90 (d. 

2H). 5.10 (t. 1H) and 7.20 (m, 5H).

3,7-dimethyl 7-hydroxy 6-thiophenyl 2-octenyl acetate (51)

The dlol. 113 (14.3 g. 51.0 mmol) and acetic anhydride (6.0 

mL, 6.5 g, 61 mmol) were dissolved in dry m ethylene chloride (30 

mL). The m ixture was cooled in an  ice ba th . DMAP (-5  mg) was 

added and  the  m ixture w as stirred  a t room tem peratu re  overnight. 

AAfeter (100 mL) w as added and  the  organic layer separa ted . The 

aqueous layer w as ex tracted  w ith CH2CI2 (2x30 mL) an d  the  

com bined organic layers were w ashed w ith sa tu ra te d  aqueous 

NaHCC>3 (3x50 mL). dried over anhydrous Na2SC>4 and  concentrated 

on th e  ro tavapor to give a  yellow oil. Purification  by co lum n 

chrom atography (hexane and ethyl a c e ta te /2 :1) gave 14.2 g (87%) of

a  pale yellow oil. IR (cm _1) 3500, 2990, 1725 and 1655. NMR

(60 MHz. CDCI3 , ppm) 1.20 (d. 6H). 1.70 (s. 3H). 2 .20  (s, 3H).

2.80 (br.s, 1H). 4.55 (d. 2H). 5.24 (t. 1H) and 7.50 (m. 5H).

2-acetozymethyl-4-phenylthio-1,3,3-trim ethylcyclohexenol (52)31

The hydroxy acetate. 51 (7.0 g, 20 mmol) w as dissolved in dry 

m ethylene chloride (500 mL) in a round-bottom ed flask  equipped 

w ith a  n itrogen in le t-tube and  an  addition funnel. The flask w as
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cooled (dry ice /C C ^) for 10 m inutes and trifluoroacetic acid added 

dropw ise du ring  15 m inu tes. After addition  w as com pleted the  

cooling ba th  was removed and the m ixture was stirred  for abou t 20 

m inutes. The reaction m ixture was then  carefully poured into 1 L of 

cold aqueous NaHCOg. The organic layer w as separated  and  w ashed 

with more sa tu ra ted  aqueous NaHCOg (3x50 mL), followed by brine, 

then  concentrated  on the rotavapor to give 3.4 g (53%) of a  pale 

yellow oil w hich crystallized on stand ing . R ecrystallization from 

h exane /e thy l acetate  gave white crystals, m.p. 86 .0-86 .5  °C

*H NMR (60 MHz, CDC13 , ppm) 0.97 (s. 3H). 1.20 (d. 6H), 1.65

(m. 5H), 2.40 (br.s, 1H). 4.40 (d. 2H) and 7.20 (m. 5H). 13C NMR

( 200 MHz, CDC13 , ppm) 16.5 (CH3). 20.5 (CH3), 22.8 (CH2 ). 28.0 

(CH3 ), 29.0 (C). 38.3 (CH3 ). 42.4 (CH2 ). 56.8 (CH), 59.5 (CH), 61.8  

(CH2 ), 71.0 (C). 126.2 (CH). 131.0 (CH), 136.0 (CH) and 170.5 (C). 

GC-MS (m/e) 322.

2 -a c e to z y in e th y l-4 -p h e n y lth lO 'l ,3 ,3 - tr im e t l iy l-7 -o x a b !c y c lo

[2.2.1Jheptane ( 114)3 1

The hydroxy acetate, 52  (3.39 g, 12.0 mmol) was dissolved in 

dry m ethylene chloride (150 mL) in a  two-necked flask equipped 

with a  nitrogen inlet-tube and a  rubber septum . The flask was flushed 

with nitrogen and  cooled (ice/salt) for 15 m inutes. Sulfuryl chloride 

(20.0 mL. 20.0 mmol; calculated from a 1M solution in CH2C12 ) was 

added and  the  m ixture w as stirred  for 20  m inutes, th en  filtered

through deactivated4 ® silica gel (120 g /6 0  mL H20). The filtrate was

w ashed with brine (50 mL) then  dried over anhydrous MgS0 4  and
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concentrated on the rotavapor to give a  pale yellow oil. Purification by 

flash  colum n chrom atography on silica gel gave 2.1 g (55%) of 

com pound 114 as white solid, m.p. 82.5 °C and compound 116, also

white solid, m.p. 108.0-109.5 °C. Spectral d a ta  for 114: *H NMR (60

MHz. CDC13 , ppm) 1.00 (s. 3H), 1.35 (s. 3H), 1.68 (s. 3H), 2 .25 (s. 

3H), 4 .25 (d. 2H). 4.85 (dd. 1H). 7.63 (m, 3H) and 8.10 (m, 2H).

6-acetoxym ethyi- 4-phenylthlo- 1 ,5 ,5-trim ethylcyclohexa-1 ,3-d iene

(118)

The bicyclic acetate 114 (1.16 g, 3 .60 mmol) w as dissolved in 

dry m ethylene chloride (60 mL) in a  250 mL round-bottom ed flask 

equipped with a nitrogen inlet-tube, a  rubber septum  and  an  addition 

funnel. The flask was cooled (ice/salt) for 30 m inutes and  flushed 

with nitrogen. Acetyl chloride (0.7 mL, 0.7 g, 0.01 mol) w as dissolved 

in dry CH2CI2 (10 mL) and added dropwise via syringe followed by 

anhydrous SnCl4 (0.2 mL, 1 mmol) and  the m ixture was stirred  for 

45 m inu tes. Potassium  carbonate  (4.0 g, 30 mmol) w as added 

followed by m ethylene chloride (100 mL), w ater (1.0 mL) and 

stirring  w as continued for 3 hours. The red reaction m ixture was 

decanted  and  the flask w as rinsed  w ith CH2CI2 (2x25 mL). The 

combined organic layers were washed with sa tu ra ted  aqueous sodium  

carbonate (5x50 mL) followed by brine (2x50 mL), then  dried over 

anhydrous MgSC>4 . The solvent was removed on the rotavapor to give 

a pale yellow oil. Purification by colum n chrom atography on silica gel 

(hexane/ethyl acetate. 5:1) gave 0.17 g (16%) of com pound 118, as a 

pale yellow oil. A second com pound (80 mg) w as isolated b u t Its 

s truc tu re  could not be assigned based on the spectral data . 118: IR
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(cm  1) 3030. 2970, 1730. 1580 and 1565. NMR (60 MHz.

CDC13 , ppm) 1.20 (d. 6H). 1.90 (s.3H), 2 .10 (m. 4H). 4 .40  

(overlapping AB q, 2H). 5 .60 (m. 2H) and  7.60 (m. 5H). GC-MS 

(m/e) 302.

4-phenylthio-1 (3.3-trlmethyl-7-oxabicyclo [2.2. lJheptane-2-methanol

(119)

The bicyclic acetate, 114 (1.0 g, 3 .0  mmol) was dissolved in 

anhyd rous m ethanol (30 mL) in a  50 mL round-bottom ed flask 

equipped with a  nitrogen inlet-tube. Potassium  carbonate (0.48 g. 3.0 

mmol) was added and  the m ixture was stirred  a t room tem perature 

for 2 hours then  neutralized with 1% HC1 and extracted w ith e ther 

(3x50 mL). The com bined e ther ex trac ts  were w ashed w ith w ater 

(50 mL) and dried over anhydrous M gSO^ The solvent was removed 

on the rotavapor and  0.87 g (83%) of a  white solid was formed on

standing. IR (cm*J) 3620. 3480. 3060, 2970. 2930. 2880 and

1580. JH NMR (60 MHz. CDCI3 , ppm) 1.15 (d. 3H), 1.60 (s. 6H).

1.80 (m. 5H), 3.75 (d. 3H). 7.55 (m, 3H) and 7.80 (m. 2H). GC-MS

(m/e) 278.

4-phenyithio-1.3.3-trimethyl-7-oxat>ic;clo[2.2. l]heptane-2-carboxylic 

add  (120)

Alcohol 119 (1.0 g, 3.5 mmol) was dissolved in acetone (30 mL) 

and the solution was cooled in an  ice bath . Jones reagent (3.0 mL) 

was added dropwlse until the orange color persisted. The reaction
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m ixture w as then  stirred  a t room tem perature  for 2 .5  hou rs. The 

organic layer w as carefully poured off and  the aqueous layer w as 

washed w ith e ther (3x30 mL). The ether layers were com bined and  

w ashed w ith 1.5M HC1 until all the green color d isappeared, then  

w ith w ater (50 mL) followed by brine (50 mL), th en  dried  over 

anhydrous MgSC>4 . The solvent was removed on the rotavapor to give 

a  very pale yellow solid 0 .85 g (81%), with m .p. 122.0-123.0 °C. IR

(cm  1) 3500-3200, 3060, 2975 and 1705. NMR (60 MHz.

CDCI3 . ppm) 1.25 (m, 6H), 1.45 (narrow d. 3H), 1.70 (m, 4H),

2.20 (s. 1H). 2.45 (s. 1H). 7.10 (m, 2H) and 7.40 (m. 3H).

m ethyl 4-phenylth io-1,3,3-trim ethyl-7-oxabicyclo [2.2. l)heptane-2-

cuboxylate (121)6 9

Acid 120 (0.85 g, 2.9 mmol) was dissolved In DMF (20.0 mL) In 

a  100 mL round-bottom ed flask. Potassium  carbonate (0.3 g, 3  mmol) 

w as added to the  flask and  th en  the m ixture w as stirred  u n d er 

nitrogen. Methyl iodide (0.2 mL, 3 mmol) w as added via syringe and 

the m ixture was stirred a t room tem perature overnight. The reaction 

m ixture w as then  diluted w ith w ater (40 mL) and extracted  with 

e th e r (4x40 mL). The com bined e ther ex trac ts  were w ashed with 

w ater (50 mL) followed by brine (50 mL). th en  dried over anhydrous 

MgSC>4 . The solvent was removed on the  rotavapor to give a  pale

yellow oil 0.62 g (70%). IR (cm 1) 3060, 2975, 2935, 2880, 1728

and 1580. XH NMR (200 MHz. CDCI3 , ppm) 1.20 (d. 6H). 1.50 (s,

3H), 1.75 (m, 4H), 2 .50 (s. 1H), 3 .74 (s. 3H), 7.30 (m, 3H) and

7.60 (m. 2H). GC-MS (m/e) 306.
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2 -a ce to x y in e th jl-4 -p lien 7 lsu ]fln jl-1  .S .S -tr im eth y lcyc lo ltexan o l 

(126)31

a) Com pound 5 2  (1.1 g. 3 .0  mmol) w as dissolved in 50 mL 

m ethylene chloride In a  250 mL round-bottom ed flask and 50 mL of 

sa tu ra ted  aqueous sodium  b icarbonate  w as added. The reaction 

m ixture was then  cooled in an  ice b a th  and vigorously stirred  for 5 

m inu tes, and  MCPBA (1.3 g. 4 .0  mmol) was then  added in sm all 

portions. The reaction  m ixture w as s tirred  for 2 h o u rs  a t  room 

tem perature, the organic layer was then  separated  and the aqueous 

layer was extracted with CH2CI2 (2x25 mL). The organic layers were 

com bined and w ashed with sa tu ra ted  aqueous NaHC(>3 (50 mL), 

dried over anhyd rous MgSC^. filtered an d  concen tra ted  on the  

rotavapor to give the sulfoxide, a  white solid (0.65 g, 64% yield), m.p.

152-155 °C. IRlcm 1) 3600 (sharp, free OH), 3480 (br. OH), 1730

(CO. acetate). 1145, 1080 and 1035 (SO). JH NMR (60 MHz, CDCI3 .

ppm) 1.20 (narrow doublet, 6H), 1.50 (m, 5H), 1.55 (s, 3H), 2.00 

(s. 3H), 2.75 ( m, 2H). 4.28 (m. 2H) and 7.45 (m, 5H).

b) Sodium m etaperiodate®1 (4.28 g, 20.0 mmol) was placed in

a  100 mL round-bottom ed flask and 400 mL of cold (0 °C) 50% 

aqueous acetic acid was added. Compound 52  (1.3 g. 4.0 mmol) was 

added in sm all portions. After addition w as completed the  cooling 

b a th  was removed and  the reaction m ixture was stirred  overnight. 

The reaction m ixture w as th en  extracted w ith CHCI3 (4x25 mL). 

The organic layers were com bined and  w ashed w ith (3x30 mL) 

water, followed by 50 mL of 5% aqueous NaHCC>3 brine (30

mL), then  dried over anhydrous MgSO^. The solvent w as removed on
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the rotavapor to give 1.4 g (89%) of a  white solid, m .p. 152-155 °C  

The IR and *H NMR spectra were the sam e a s  part a  above.

2-acetoxymcthyl-4-phenyl»ulfonyl-l,3.3-trlmcthylcyclohcxanol (125)

Sulfoxide 126 (0.52 g, 1.5 mmol) w as dissolved In 50 mL 

m ethylene chloride and  50 mL of sa tu ra ted  aqueous NaHC(>3 was 

added. The flask w as cooled In Ice and MCPBA (0.65 g, 2 .0  mmol; 

cal. from 50-55% MCPBA) was added in sm all portions. The cooling 

b a th  w as removed and the reaction m ixture was stirred  a t room 

tem pera tu re  for 3 hours. (TLC showed th a t a  new com pound was 

formed.) The organic layer was separated and  the aqueous layer was 

extracted with CH2CI2 (2x15 mL). The organic layers were combined 

and w ashed with 50 mL of sa tu ra ted  aqueous NaHCOg. then  dried 

over anhydrous MgSC>4 . The solvent was removed on the  rotavapor to

give the  sulfone, a  white solid ( 0 .48 g, 90% yield). IR(cm"l) 3580

(sharp, free OH), 3500 (br., OH), 1720 (CO, acetate), and  1290, 1360

(S02 ). *H NMR (60 MHz. CDCI3 , ppm) 1.20 (d. 6H), 1.50 (s. 3H).

1.60 (m, 5H), 1.95 (s. 3H). 2.6 (m. 2H). 4 .20 (m. 2H). and  7.50 

(m, 5H).
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