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ABSTRACT OF DISSERTATION

I. STUDIES TOW ARD THE TOTAL SYNTHESIS OF TRIPTOQUINONE A

AND TRIPTININ A

II. CONJUGATE ADDITION OF SULFONYL C ARB ANIONS TO CHIRAL

cx,p-UNSATURATED OXAZOLINES

I. The syn thesis  of the na tu ra l p ro d u cts  trip toquinone A and  trip tin in  

A was ap p ro ach ed  by  a stra tegy  that invo lved  a tandem  ad d itio n  to a chiral 

3 ,4 -d ihydronaph thy l oxazoline. The tan d em  a d d itio n  of a v inyl lith ium  and 

a hom oallylic iod o -e lec tro p h ile  w as successfu l an d  highly  stereoselective . 

The synthesis o f the requisite  oxazoline a n d  the electrophile w as developed. 

The tan d e m -a d d itio n  p ro d u c t then  u n d e rw e n t a ring-closing m etathesis to 

close the C -rin g  th e reb y  p u ttin g  in  p lace the  tr ip tin in /tr ip to q u in o n e  ring  

system  and  carbon  backbone. T ransform ation  of the oxazoline m oiety into a 

quaternary  m ethy l g ro u p  was stud ied , as w as the rem oval of an  allylic alcohol 

protecting g roup .

II. Several exam ples of conjugate a d d itio n  of sulfonyl carban ions to 

acyclic, chiral a ,(3-unsaturated  oxazolines w ere  show n  to occur w ith  very high 

stereoselectivity  an d  good yield. In the exam ples w here cyclization follow ed 

addition, three con tiguous stereocenters w ere  set in one reaction step. It was 

no ted  th a t the  p K a 's of bo th  the  su lfony l nucleoph ile  and  the  oxazolinyl 

acceptor sh o u ld  be m atched  ap p ro p ria te ly  in  o rd e r for the reaction  to be 

efficient.
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C h apter O ne

S tu d ies T ow ard th e  Total S y n th e s is  o f  T rip toq u in on e A  and  T rip tin in  A

I. Introduction

A. Conjugate Additions to Chiral a,(3-Unsaturated Oxazolines

C hiral 2-oxazolines have fo u n d  great use in asym m etric  synthesis for 

th ree  d e c a d e s .1 The oxazo line  func tiona lity  has se rv ed  no t only  as a 

carboxylic acid m ask ing  group, b u t  also as a chiral p ro m o ter in  m any carbon- 

carbon bond-fo rm ing  reactions. In  1975, M eyers an d  W hitten2 first reported 

conjugate  a d d itio n s  to chiral a ,  p -u n sa tu ra ted  oxazo lines (Schem e 1). The 

chem ical yields w ere  m odest to good , b u t m ore im portan tly  the optical purity  

of the p roducts w as higher than  any  C-C bond tha t had  been  constructed  to 

date . Because e ith e r enan tiom er of the  s ta rtin g  oxazo line  cou ld  be easily 

ob tained , this rep resen ted  a syn thesis of 3 -substitu ted  alkanoic  acids, 3, that 

a llow ed for bo th  recovery of the ch ira l reagent and  e ither enan tiom er of the 

product.

1

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Schem e 1

o c h 3

1. R'Li
2. MeOH

T vR n Ph
h3o" ryR O

OH

H3COX 2

O verall O p tica l
R______ R/ yield, %________ purity, %

Me n-Bu 38 91

P h  ji-B u  64 >95

P h  Et 6 6  97

T aking  a d v a n ta g e  of the azaeno late  5 fo rm ed  from  in itial ad d ition , 

B arner a n d  M e y e rs3 re p o rte d  ta n d e m  a lk y la tio n s  on  c h ira l n a p h th y l 

oxazolines (Schem e 2). For exam ple, w h en  n -b u ty l lith ium  w as a d d ed  to 

oxazoline 4 fo llow ed by  m ethyl chloroform ate, the  tan d em  add ition  p ro d u c t 6 

w as ob tained  in  88% yield  w ith  a h igh  d ias te reo m eric  ratio (94:6). For the 

m ajor d ias te reo m er, the  nucleophile  (R) w as trans  to the electrophile. This 

p a tte rn  has b e en  se e n  consisten tly  w ith  n u m e ro u s  exam ples of tan d em  

a d d itio n  reactions w ith  in term olecu lar e le c tro p h ile s .1-4 It shou ld  be noted 

tha t, w ith  one  re a c tio n  sequence, tw o ad ja ce n t ste reocen ters  are  se t very  

selectively. Im p o rtan tly , one cen ter is a q u a te rn a ry  carbon, w hich  has been 

historically  m ore d ifficu lt to m ake selectively th an  a tertia ry  carbon center.

2
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Schem e 2

Ph Ph
W "

R'Li

4 5 6

R E+ diastereom eric % yield
________________________________ ratio____________________
n-Bu M eC 0 2 Cl 94:6 8 8

P h  M el 83:17 8 8

M eyers a n d  L icin i5 repo rted  an  in tram o lecu la r v a ria n t of a tandem  

ad d itio n  to a c h ira l n a p h th y l oxazoline. W ith  the e lec troph ile  p a rt of the 

n u c leoph ile , a s te reo se lec tiv e  a n n u la tio n  re su lte d  to g ive com p o u n d  7. 

In te re s tin g ly , th e  e le c tro p h ilic  a d d itio n  o c cu rred  on  the  sam e face as 

nucleophilic  a d d itio n , g iv in g  the cis ring  junction. This w as counter to the 

m any in te rm olecu lar exam ples. Presum ably, the ring  size restricted  the trans- 

ring form ation .

° x\ j |
73% yield 

r H  d.r. -94:6

4 7

-OMe

Li'

M ore recen tly , it has been  show n that oxazolines d e riv ed  from  amino- 

alcohols devo id  of a p o ten tia l chelating g roup , such  as a m ethoxy, are capable 

of inducing  g rea t ste reoselec tiv ity  (Scheme 3).6 In fact, conjugate additions of 

f-leucinol d e riv ed  oxazolines have resu lted  in very  h ig h  diastereom eric  ratios

3

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



bo th  w ith  acyclic <x,P-unsaturated oxazolines and  the m ore conform ationally  

rig id  naph thy l oxazolines.

Schem e 3

The rationale for the  selectiv ity  w as based on co o rd ina tion  and  steric 

a rg u m en ts  (Scheme 4).6a The tc-c loud  of the oxazoline functions as a Lewis 

base, a ttrac ting  the alkyl lith iu m  to the face d ista l from  the b u lk y  f-b u ty l 

g ro u p . E lec troph ilic  a d d it io n  th e n  occurs on  the  o p p o s ite  face from  

nucleoph ilic  add ition . O th e r th an  alkyl lith ium s, a varie ty  o f nucleophiles 

h av e  b een  show n  to u n d e rg o  the con jugate  a d d itio n  in c lu d in g  G rignard  

reagents, lithium  d ia lky lam ides,7 and  trialkylsilyl lith ium s.8

Schem e 4

ill—Li

12 14

4
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B. Triptoquinone A  and Triptinin A  Background

T riptoqu-inone A , 16, and  trip tin in  A , 15, are  m em bers of a  fam ily of 

s tru c tu ra lly  r e la te d  d ite rp en o id  n a tu ra l p ro d u c ts  iso lated  from  the p la n t  

Tripterygium zuilfordii v a r regelii.9>l 0 This p la n t  has been used  in trad itio n a l 

C h inese  m e d ic in e  to tre a t rh eu m a to id  a r th r i t is  an d  sp o n d y litis . W ith  

rh eu m a to id  a r th r i t i s ,  a s tro n g  re la tio n sh ip  h as been  re p o r te d  b e tw ee n  

increased  in te r le u k in - 1  (IL-1 ) p ro d u c tio n  a n d  d eg ree  of in fla m m a tio n . 

T rip toqu inone A  has b e en  show n to in h ib it IL-1 a  and  IL-1 (3 re lease  from  

lip o p o ly sacch a rid e -s tim u la ted  h u m an  p e rip h e ra l m ononuclear c e lls . 9  It has 

also been  show n, to in h ib it the expression  o f  inducible  n itric  ox ide  syn thase  

(iNOS) gene w ith  IC5o=25.5 pM  in ra t glial cell line CCL-107-C6.11 Induction  

of iNOS by v a r io u s  s tim u li co n tribu te  to sep tic  shock, a u to -im m u n e  an d  

in flam m ato ry  d ise a se s . T rip tin in  A has b e en  ind ica ted  as a c o m p e titiv e  

leu k o tr ie n e -D 4  ( L TD 4 ) an tagon is t u sin g  sm o o th  tracheal m uscles of g u in ea  

p ig . 1 0  O v e rp ro d u c tio n  of LTD4  leads to asthm atic  attacks. It is c lear th a t 15 

and 16 are im p o rta n t com pounds rich w ith  b iological activity an d  w ith  g rea t 

po ten tial.

OCH

c o 2h

(+)-Triptinin A, 15 (+)-Triptoquinone A, 16

Because o f  its b io logical relevance a n d  in teresting  s tru c tu ra l featu res, 

Shishido e t a l . 1 2  em b ark ed  on the first to ta l syn thesis of (± )-trip toqu inone  A 

and  (+ )-trip toqu .inone  A. The racem ic sy n th e s is  is sh o w n  in  Schem e 5.
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T heir ap p ro ach  invo lved  first syn thesiz ing  the a p p ro p ria te ly  functionalized 

a - te t r a lo n e  24 w h ich  w o u ld  becom e the  A a n d  B r in g s . A fter som e 

m an ip u la tio n s , the  C -rin g  w as bu ilt from  the  B -ring  u s in g  the Robinson 

a n n u l a t i o n 13 to g ive tricyclic  enone 27. A t th is  ju n c tu re , ch ira lity  w as 

in tro d u ced  in the asym m etric  synthesis (Schem e 6). U sing  chiral catalyst A 

d e v e lo p e d  by  V a n d e w a lle 14, the R ob inson  a n n u la tio n  w as carried  ou t 

stereospecifically  to g ive (+)-27 w ith  35% yield  after resub jec ting  the Michael 

p r o d u c t  (+)-31 to an  a ld o l condensa tion . The re s t of the  synthesis was 

ach iev ed  by a pa ra lle l seq u en ce  to the racem ic series w ith  sim ilar results. 

Shish ido  et a l.12 w ere  ab le  to com plete the to tal syn thesis o f (+)-triptoquinone 

A  in  18 linear steps w ith  a n  overall yield of 1.8%.

Schem e 5

Br

OH OH

d, e

^  ~ A  ° R
17 18: R=Br 

19: R=OCH3
20: R=H 
21: R=CH3

22: R=CHO 
23: R=C02H

c h 3o  O

2524 2726

m, n
c h 3o

OR

' c h 3o

30

(±)-16

28: R=TMS 
29: R=S0 2 CF 3

(a) dioxane*Br2, 95% (b) allyl bromide, K2 0 O 3, DMF, 78% (c) NaOMe, Cul, MeOH, DMF, 92% (d) 200°C, 91% 
(e) Me2 S 0 4, KaCOg, acetone, 99% (f) 9-BBN, CO, LiAIH(f-BuO)3; OOH, 39% (g) H2 N S 0 3 H, NaCI02, aq. 
dioxane, 97% (h) PPA, 78% (i) 1. MeMgl, PhH, Et20  2. p-TsOH, PhH, 8 8 % Q) BH3 *DMS; 'OOH, 87% (k) 
(COCI)2, DMSO, Et3 N, 90% (I) EVK, KOH, aq . MeOH, 60% (m) Li, iiq. NH3, f-BuOH; TMSCl, Et3 N, THF, 94% 
(n) MeLi, THF, PhNTf2, 94% (o) cat. Pd(OAc)2, cat. DPPF, n-Bu3 N, CO. DMF, 53% (p) (NH4 )2 Ce(N 02)6, aq. 
CH 3 CN. 83%

6
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Schem e 6

c h 3o

c h 3o
n  EVK, KOH, cat. A 
• 18-crown-6, PhMe, H2 O

CH3 O CH3 O

O

26 W-31 (+)-27 , 35% after 2 steps 
1 0 0 % ee

B P KOH. aq. MeOH

Catalyst A

C. Initial A ttem pts to Synthesize Triptoquinone A  via Tandem Additions to 

Chiral 3,4-Dihydronaphthyl Oxazolines

By all appearances, trip toqu inone A, 16, is an  ideal synthetic target for 

show casing  the  tan d e m  a d d itio n  chem istry  on  ch ira l 3 ,4 -d ihydronaph thy l 

oxazolines. It is a re la tiv e ly  sim ple  n a tu ra l p ro d u c t w ith  tw o adjacent 

stereocenters w h ich  one could  easily  im agine o rig ina ting  from  a naphthylene 

system . These ste reocen ters w o u ld  be set quickly an d  efficiently by  a tandem  

add ition  such  as those described  previously. It w as the goal of this project to 

m ake tr ip to q u in o n e  A by  a  syn thesis th a t w as m ore  convergen t, h igher 

yielding, and  w ith  few er steps than  the previous synthesis by Shishido, et al.12 

A convergent syn thetic  stra tegy , as opposed to a linear one, no t only gives the 

o p p o rtu n ity  for m ak in g  analogs b u t also has po ten tia l to be m ore generally 

app lied  to o th e r syn the tic  targets . W hile the final goal w as to synthesize 

trip toqu inone  A (or la ter, tr ip tin in  A), the m ain  p u rp o se  w as to extend the

7
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scope of ta n d e m  a d d itio n  to chiral oxazolines and  hopefu lly  develop new  

chem istry  a long  the  w ay. W ith this in m ind , M eyers an d  Fru tos first began 

the synthetic project.

The o rig in a l re tro syn the tic  p lan  (u n p u b lish ed  resu lts) is show n in 

Schem e 7. T he las t tran sfo rm a tio n  p la n n e d  w as th e  o x id a tio n  of the 

d im ethoxy -arom atic  com p o u n d  32 to the qu inone to give 16, as reported  by 

S h ish ido  e t a l .12 The C -ring  w as ex p ec ted  to be in tro d u c e d  from  an 

in tram o lecu la r a ld o l condensa tion  of the d ica rb o n y l 33. The qua ternary  

m ethyl g roup  w o u ld  u ltim ately  arise from  transfo rm ation  of the oxazoline 

m oiety  of 34 w h ich  w o u ld  represen t the tan d em  ad d itio n  p ro d u c t derived  

from  the d ih y d ro n a p h th y l oxazoline 35. The crucial chiral oxazoline w ould  

be bu ilt from  the  a -te tra lo n e  24. It shou ld  be no ted  th a t d u e  to the m ore 

accessible (S)-f-leucinol (versus (R)-M eucinol) necessary for constructing  the 

oxazoline, the ac tu a l syn thetic  target w o u ld  lead  to the enan tiom er of the 

na tu ra l p roduct.

Schem e 7

(-)-Triptoquinone A, 16 32

34

OR

OR

35

33

c h 3o  o

'c h 3o

24

8
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The first a im  of the project w as to p rep a re  the  starting  chiral oxazoline  

35 (Scheme 8). F o llow ing  the p rocedure  of S h ish ido  et al.,12 tetralone 24 w as 

sy n th e s ize d  a n d  tra n s fo rm e d  into the  v in y l tr if la te  36 w h ich  w as th en  

subjected  to a p a llad iu m -ca ta ly ze d  c a rb o n y la tio n 15 in the p resence of (S)-f- 

leucino l to g iv e  a m id e-a lco h o l 37 in  low  y ie ld . S tan d ard  d e h y d ra tin g  

conditions th en  p ro d u c e d  the desired  oxazoline 35.

(a) ref. 12, 8 s te p s , 18% (b) (CF3S02)20, 2,6-di-f-butyl-4-methylpyridine (c) cat. Pd(OAc)2 , cat. DPPP,
Et3N, (S)-f-leucinol, DMSO, 33% (2 steps) (d) 1. SOCI2 2. aq. K2C 0 3. 73%

W ith the  f irs t few  tandem  additions a ttem p ted , it was read ily  a p p a re n t 

th a t there w as so m e th in g  d ifferen t about a d d itio n s  to oxazoline 35 co m p ared  

to the le ss-su b s titu ted  naphthyloxazolines re p o rte d  earlier in the lite ra tu re .3'4 

W here p re v io u s  exam ples of alkyl lith iu m  a d d itio n s  gave essen tia lly  one 

d iaste reom er, th e  se lec tiv ity  here  w as m uch  lo w er. The tandem  a d d itio n s  

resu lted  in  tw o  d ias te reo m ers , usually  in sep a rab le  by  ch rom atography  w ith  

the m ajor d ia s te re o m e r iso lated  as the expected  trans add ition  p roduct. The

Schem e 8

c

24 36

37 35

9
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m inor d iaste reom er w as sh o w n  to be the cis ad d itio n  p ro d u c t in w hich the 

initial add ition  step  occu rred  an ti from  the f-butyl group  o f the oxazoline and  

th en  e le c tro p h ile  a d d e d  to the  sam e face as the  n u c le o p h ile . Som e 

represen ta tive  tan d em  ad d itio n s  are depicted in Table 1. The p roducts have 

a p p ro p r ia te  fu n c tio n a litie s  th a t cou ld  re a d ily  be  tra n s fo rm e d  into the  

requisite  C -ring  using  an  in tram olecu lar a ldo l condensation .

T able  1: T an d em  A d d itio n s  w ith  O xazoline 35

1. 1.3 eq RLi, THF, -78°C
2. 2 eq EX. THF, -78°C

35 38a-d

RLi EX Product d.r. yield, %

Y 38a 14:1 83

2 YLI ^^^^^O T B D PS 38b 6.5:1 72

3 (CH2 =CH)4Sn + , 
n-BuLi

^.^^^^O TBDPS 38c 6.5:1 87

4 Y 'x^sX 38d 4:1 84

W ith the tan d em  ad d itio n  p roduct 38a, the  stereoselec tiv ity  was quite 

satisfactory and  ap p ea red  low er for the other exam ples. H ow ever, the tandem  

ad d itio n  p ro d u c ts  38a-d , failed to respond  to m any  k n o w n  acidic and basic 

h y d ro ly z in g  p ro toco ls  to rem ove  the oxazoline m oiety . W ith  com pounds 

38b-d , conversion  of the  oxazoline to the form yl group  w as a ttem pted  using  

the  w ell e s ta b lish e d  p ro c e d u re  sh o w n  in  Schem e 9 .4b F orm ation  of 

oxazolidine 39 occurred  by  qua tem ization  of the  oxazoline n itrogen  followed 

by reduction  w ith  N aBH 4 . H ydrolysis of the oxazolid ine w as then  attem pted

10
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w ith  oxalic acid, b u t no  aldehyde group could  be detected. Rather, com pound 

41 , id en tified  as p ro d u c t fro m  a P rin s  a d d it io n 16 of the olefin to the 

oxazolid ine, w as iso la ted . T ransform ing  the oxazo line  a t th is stage in the 

sequence seem ed unlikely .

Schem e 9

38b-d

1. MeOTf
2. NaBHU

\ L -

r ^ N 'C H a

40

{ Prins Reaction} (C 0 2 H)2.
H2 O.THF

-V

41

Based on  these resu lts, it w as felt th a t the closure  of the C-ring should  

precede rem ova l o f th e  oxazo line  m oiety. To th is end , tandem  addition  

product 38d w as converted  to the diketone 42 by  ozonolysis, in preparation to 

effect in tram olecu lar a ldo l condensation . Both basic  and  acidic conditions 

w hich w ere know n to be successful w ith  o ther a ld o l cyclizations produced no 

product 43.

11
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38d

CH

42

CHAldol cyclization

43
4:1 mixture of diastereomers 45-60% of major diastereomer

At this stage it seem ed apparen t that the  steric  crow ding  d ue  to the  

oxazoline an d  the  ad jacen t a ry l m ethoxyl g ro u p  in  the  tandem  a d d itio n  

products m igh t be con tribu ting  both to the lack of selectiv ity  and to problem s 

of rem oving the oxazoline. Furtherm ore, the p rox im ity  of the groups to each 

o ther m ight also be responsib le  for the lack of a ldo l ring  closure m entioned  

above. To ex p lo re  th is  issue, a m odel o x azo lin e , 3 ,4 -d ih y d ro n ap h th y l 

oxazo line  35a (m ad e  from  a com m ercially  av a ilab le  a - te t r a lo n e ) ,  w as 

subjected to the tan d em  ad d itio n  described in  Table 1 (entry  4) g iv ing only  

one diastereom er, as opp o sed  to a 4:1 d.r. T hus the  rem oval of the m ethoxyl 

g roup  at C-8 m ade a h u g e  difference in the tan d em  add itions. W ith th is 

result, efforts w ere b eg u n  to m ake the des-8-m ethoxy analog  of oxazoline 35. 

M ono-hydroxybenzene rings can be oxidized to qu inones w ith  Frem y's sa lt,17 

so it w as th o u g h t th a t th is change w ould  n o t g rea tly  im pact the syn thetic  

stra tegy  to trip to q u in o n e  A, 16. Furtherm ore, th o u g h  a t the time it w as no t 

know n, trip tin in  A, 15, has the exact substitu tion  pattern .

12
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35a

\ L -

■Yl
2.
B r'

38e
89%
single diastereom er

The syn thesis of the  des-8 -m ethoxy  oxazoline 55 is su m m arize d  in 

Schem e 10. It was carried  ou t by  M eyers an d  Frutos w ith  som e m odifications 

by  M eyers a n d  K opach (u n p u b lish ed  resu lts). The sequence  em p lo y ed  is 

s im ila r to the  synthesis of the d im e th o x y  oxazoline 35 w ith  one im p o rtan t 

im provem en t. Vinyl iod ide 53 w as u sed  in  the pa llad ium -carbony la tion  step  

resu lting  in  a h igher overall yield  th an  w ith  the co rrespond ing  v inyl triflate.

Schem e 10

I OH I OCH,

d-f

45 46

O NNH,

OCH3

47: R=OH 
48: R=OTs 
49: R=CN

OCH.

50

OCH.

51

53 54

OH

OCH

52

55

(a) allyl bromide, K2 CO3 , DMF, 90% (b) 210°C, 95% (c) Me2 S 0 4 , acetone, 80% (d) BH3-THF, H2 O2 , 95%
(e) TsCI, DMAP, pyridine (0 NaCN, DMF, 54% (2 steps) (g) H20 2. KOH, 95% (h) PPA, 90°C, 88% (i) NH2NH2*H20  
(j) l2, /V,/V,/V,/V-tetramethylguanidine, 64% (2 steps) (k) cat. Pd(OAc)2, cat. DPPP, Et3N, (S)-f-leucinol, CO, 83%
(!) SOCI2; aq. K2C 0 3, CH3CN. A, 80%

13
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Once in h a n d , tan d e m  additions to oxazoline  55 p roceeded  well, w ith  

good  y ie ld s a n d  e x tre m e ly  h ig h  se lec tiv ity  (Schem e 11). H ow ever, the 

rem oval of the oxazoline  in 56 was still som ew h at p rob lem atic. For exam ple, 

asym m etric tandem  a d d itio n  p roduct 56 w as m ade  as a single diastereom er in 

76% yield, b u t  the  co n v ersio n  of the oxazoline d id  n o t fu rn ish  the aldehyde 

57, bu t gave, in s tead , a P rin s-add ition  p ro d u c t an a lo g o u s to com pound 41. 

M eyers a n d  K o p ach  (u n p u b lish e d  resu lts ) fo u n d  th a t u se  of a m ore 

substitu ted  v inyl nuc leoph ile  in  the add ition  a ffo rd ing  58, follow ed by careful 

hydro lysis  c o n d itio n s  (oxalic acid, H 2 O, THF, 170°C, sealed  tube, 1 hour), 

p roduced  the a ld e h y d e  59, reached in very good y ield  w ith  no Prins p roduct 

detected.

Schem e 11

55

1) MeOTf
2) NaBH4
3) (C 02H)2. THF, 
H2 O. 68°C, 18 hr

CH3 O
3 56

76%
single diastereomer

1) MeOTf
2) NaBH4

3) (C 0 2 H)2, THF, 
H2 0 , 170°C, 1 hr, 

sealed tube

'c h 3o

‘c h 3o

14

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



The aq u is itio n  o f ch ira l a ldehyde 59 a p p e a re d  to overcom e a m ajor 

h u rd le  an d  n o w  a tte n tio n  w as focused by  M eyers , K opach, and  N akano  

(unpub lished  resu lts) on  transfo rm ing  59 to have  an  an g u la r m ethyl g roup. 

Several d iffe ren t deoxygena tion  conditions on  59 w ere  screened and  due  to 

the s te r ic a lly  e n c u m b e re d  n a tu re  of th e  n e o p e n ty l  a ld e h y d e  an d  its 

co rrespond ing  alcohol, form ing the desired  m ethy l g roup  p roved  to be very 

difficult. A tte m p ts  w ere  m ade to tran sfo rm  e ith e r  the  a ldehyde  or the 

hydroxy l m o ie ty  in to  a g ro u p  w hich  cou ld  th e n  be reductive ly  rem oved  

(Table 2). Success w as finally achieved by follow ing chem istry  first developed 

by Ireland et a l.18a an d  later m odified by Liu e t a l.18b'c Phosphorod iam idate  

61 (LG= -0 P (= 0 )(N M e 2 )2 ) w as form ed and  th e n  reduc tive ly  cleaved by 

lith ium  n ap h th a len id e  to yield  the desired  m ethyl com pound  62.

Table 2: Summ ary o f D eoxygenation Attempts

60 61 62

R LG Conditions Results
OH OTs, OMs 

I, Br

LiBHEt2 , NaBH4 /D M SO , 
LiAlH 4

either starting material or 
complex mixtures

unable to convert hydroxyl to 
h a lid e

-C(=S)SM e,
-C (=S)Im id.

n-Bu3 SnH, AIBN either starting material or 
complex mixtures

-P (= 0)(N M e2)2 Lithium N aphthalenide 54% desired, deoxygenated 
product 62

CHO -SCH 2 C H 2 S-
= N H N H 2

unable to form thioketal or 
hydrazone

15
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W hile s tu d ie s  le a d in g  to  d e o x y g e n a tio n  w ere  b e in g  in v e s tig a te d , 

c losure  of the C -ring  w as p u rsu e d  in  an  effort to reduce  the  fo rm y l or its 

alcohol u n d er m ild conditions. W ith  the r in g  form ed, it w as th o u g h t tha t the 

h y d ro x y m eth y l w o u ld  be  m ore  e x p o s e d  an d  th ere fo re  e a s ie r  to cleave 

reductively . C ond itions w ere fo u n d  th a t gave m ateria l th a t a p p e a re d  to be 

the aldo l p ro d u ct 65 by NM R analysis (Sclneme 12). U n fo rtu n a te ly , a variety  

of d ifferent d eh y d ra tin g  conditions w ere  a tte m p te d  and  n ev er p ro d u ce d  m ore 

th an  a trace a m o u n t o f a c o m p o u n d  t h a t  seem ed c o n s is te n t w ith  the 

dehydra tion  p ro d u ct 66.

Schem e 12

MeOO 3 , DMS, 
-90°C

O anhyd. MeO 
KOH ^ OH

60%
MeO MeO

64 65

MeO

MeO'

63

O

MeO

66
< 20%

The progress m ade  to this p o in t g e n e ra te d  further u n d e rs ta n d in g  of the 

asym m etric  tan d em  a d d itio n s  to ch ira l a ,P ~ u n sa tu ra te d  o x a zo lin e s . In 

particu lar, it w as show n  that 3 ,4 -d ih y d ro n ap h th y l oxazolines w ith  a m ethoxy 

substitu tuen t at C-8 give poor selectivity, p re su m ab ly  d u e  to steric constrain ts. 

F u rth e r p rogress w as m ade  w h en  e x p e rim e n ta l p a ram ete rs  w ere  fo u n d  to

16
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convert h in d e re d  oxazo lines to m ethyl g roups. H ow ever, it rem ained  to be 

seen if these  c o n d itio n s  w ere  sufficien tly  genera l to to le ra te  a v a rie ty  of 

functionalities. U p  to th is po in t, no efficient m ethod  h ad  y e t been  found to 

form the C -ring o f 16 from  the tandem  add ition  product.

17
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II. R esu lts and D isc u ss io n

A. Synthesis o f the Chiral Dihydronaphthyl Oxazoline

B ecause the p re v io u s  sy n th e s is  of the re q u ire d  d ih y d ro n a p h th y l 

oxazo line , 55, w as fairly  lo n g  a n d  tim e-consum ing , step s w e re  taken  to 

shorten  the synthesis. The overa ll s tra tegy  rem ained the sam e; 6-isopropyl-5- 

m ethoxy te tra lone , 51, w as to be  p ro d u ced  and then  the oxazoline  w ould  be 

b u ilt (F igure 1). S evera l a p p ro a c h e s  w ere  tried  in c lu d in g  som e tak ing  

advan tage  of com m ercially  availab le  tetralones.

F riedel-C rafts a lk y la tio n  w as a ttem p ted  on  5 -m ethoxy te tra lone , 69, 

w ith  isopropylium  species (Table 3). It w as thought tha t a significant am ount 

of the  requisite  ortho a lk y la tio n  m ig h t occur. This w o u ld  g ive very  rapid  

access to the desired  te tra lone  51. W ith  electrophilic arom atic  substitu tion , 

u n d e s ire d  para su b s titu tio n  o ften  p red o m in ates  d u e  to s te ric  constra in ts 

ad jacen t to the d irec tin g  g ro u p . 1 9  In  this system , the position  para to the 

m ethoxy  g ro u p  is a lso  ortho  to  the  carbonyl. Because b o th  p o sitio n s are 

sterically  encum bered  it w as su p p o se d  th a t the m ore e lectron-rich  position

Figure 1

OCH OCH3

55 51
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ortho  to the m ethoxy  g ro u p  m ay  becom e su b s titu ted . H o w ev e r, on ly  

un w an ted  isopropyl add ition  in the 8 -position was observed.

Table 3: Friedel-Crafts A lkylation of Tetralone 69

o c h 3

69 51 67

Conditions Results
1 2 -bromopropanol, CH3 NO 2 , 

AICI3  (catalytic and 1 equiv.)
Starting Material (69)

2 2-isopropanol, conc. H2 SO4 -50% 67 and starting
RT m aterial

3 2-isopropanol, conc. H2 SO4 -50% 67 and starting
-10°C, 36 hours m aterial

A n o th e r a p p ro a c h  u s in g  5 -m eth o x y te tra lo n e , 69, w as a tte m p te d  

involv ing  arom atic b rom ina tion  at the 6 -position (Scheme 13). Phenols can 

be ortho b rom inated  p referen tia lly  over para su b s titu tio n . 2 0  U n fo rtunate ly , 

a ttem p ts to cleave the m ethy l e ther of bo th  69 and the ketal 6 8  y ie lded  only 

com plex  m ixtures and  d id  n o t give e ither 70 or 71. S ta n d a rd  arom atic  

b ro m in a tin g  c o n d itio n s  on  b o th  69 and  6 8  led  o n ly  to  2 -brom o-5- 

m ethoxytetralone and  no arom atic  brom ination.
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Schem e 13

Aryl methyl ether 
cleavage_____

OCH3

68 R=-0CH2CH20 -
69 R = 0

OH

70 R =-0CH 2 CH2 0 -
71 R = 0

Aromatic
Bromination

OCH3

73 R =-0C H 2 CH2 0 -
74 R = 0

P lum et e t a l . 2 1  described  a sh o rt synthesis of tetralones w h ich  involved 

u sing  a Suzuki coup ling  w ith  a ry l brom ides. They repo rted  severa l exam ples 

of ortho-substitu ted ,  e le c tro n -ric h  a ry l b ro m id es, su ch  as th e  one  show n  

(Schem e 14), th a t w orked  well. Form ation  of 2 -brom o-6 -isopropy lan iso le  was 

developed  in o rder to u se  th is chem istry  to form  tetralone 51.

Schem e 14

h 3c

h 3c o Br
OCH3

9-BBN-(CH2 )3C02CH3  

3% PdCI2 (dppf) 
MeONa, THF

70%

H3C

H3 CO OCH,
OCH3

H3 CO

1. KOH
2. PPE

OCH3

The com m ercial c o m p o u n d  2 -iso p ro p y lp h en o l w as b ro m in a te d  w ith  

N -brom osuccin im ide in  carbon  d isu lfide  (Scheme 15). As long as the reaction 

w as pe rfo rm ed  in  d ilu te  so lu tion  (-0.15M ), the ortho-b ro m in a ted  p ro d u c t 75 

w as o b ta in ed  in 8 6 % y ie ld . If the  reaction  w as ca rried  o u t  in  a m ore
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concentrated so lu tio n , th en  para substitu tion  b eg an  to be significant. The next 

step, to form  the  m eth y l e ther, utilized m ethyl io d id e  w ith  K2 C O 3  in acetone, 

but the yield  w as n ev er b e tte r  than 60%. Phase tran sfe r cond itions developed 

by M cKillop a n d  co w o rk ers 2 2  are know n  to m eth y la te  h in d e red  phenols in 

high yields. This p ro v ed  to be  the case here w ith  a y ie ld  g reater than 90% to 

give aryl b rom ide 76.

Schem e 15

(CH3 0)2S02. LiOH 
PTC. CH2 CI2. H20

W ith the  n ecessa ry  a ry l b rom ide in  h a n d , the  S uzuk i coup ling  w as 

tried (Scheme 16). T he conditions of P lum et e t a l . 2 1  w ere  used , b u t not m ore 

than a trace am o u n t o f the  y-butanoic ester 77 w as ever observed  by G C /M S. 

The m a in  p ro d u c ts  o b ta in e d  w ere red u c ed  s ta r t in g  m a te ria l (w here the 

brom ide h ad  been  rep laced  by  a hydrogen) a n d  9-B B N -derived m aterial. If 

this reaction  h a d  b een  successful, sapon ifica tion  fo llow ed  by  Friedel-C rafts 

acylation w o u ld  h ave  y ie ld ed  the desired  te tra lo n e  51 in  a total of five steps 

from 2 - isop ropy lpheno l.
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Schem e 16

9-BBN-(CH2 )3 C02CH3 
3%  Pd(dppOCI2 
NaOMe, THF

g r trace product

OCH3

76

1. OH'
2. PPA

OCH3

OCH3

77

Because a ry l brom ide 76 was easy to aquire , it was though t that it w ould 

still serve as u se fu l s ta rtin g  m aterial to o b ta in  the  desired  tetralone. M etal- 

halogen exchange w ith  n -bu ty llith ium  gave the aryl lith ium  of 76 (Table 4). 

This lith ium  rea g en t w as sensitive to oxygen  and , if one d id  n o t degas the 

reagents and  so lv en t, a significant a m o u n t of a pheno lic  b y -p ro d u c t 79 

resu lted . A d d itio n  of BF3 « E t2 0  fo llo w ed  by  e thy lene  oxide gave  the 

phenethy l a lcoho l 78 in 80% yield. In o rd e r  to get consistent, u sefu l yields, 

several d ifferen t reaction  conditions w ere em ployed  and  are sum m arized  in 

Table 4. A m ajo r a liphatic  con tam inan t occu rred  if the reaction  w as no t 

quenched below  0°C and  separation of this from  the desired  m ateria l w as no t 

possible. H ow ever, the m ixture could be carried  on  to the next transform ation  

where desired  p ro d u c t w as easily sep ara ted  from  im purity . Both the  phenol 

79 and  the a lip h a tic  im purity  w ere avo ided  u n d e r the o p tim um  conditions 

(entry 7).
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Table 4: Formation o f Phenethyl Alcohol 78

^ S X ____________
' OMe 

76

OH
OMe

78

OH
OMe

79

Conditions Results
1 (a) f-BuLi, THF, -78°C (b) BF3 «Et2 0 , 10 min., -78°C 

(c) ethylene oxide, -78°C (10 min.), warm to RT
57% 78 

-20% 79

2 as entry 1 , except with Et2 0 com plex mixture

3 as entry 1 , except degassed all solvents -80%  yield 78a 
& inseparable impurity

4 (a) n-BuLi, degassed THF (b) BF3 »Et2 0  (c) DMPU (d) 
ethylene oxide

no 78
only H +quenched anion 

after workup

5 (a) n-BuLi, degassed THF (b) ethylene oxide 30% 78

6 (a) n-BuLi, degassed THF (b) BF3 «Et2 0  (10 min.), 
-78°C (c) ethylene oxide -78°C-0°C

-75%  yield 78a 
& inseparable impurity

7 (a) n-BuLi, degassed THF (b) BF3 »Et2 0  (20 min.), 
-78°C (c) ethylene oxide -78°C (2 hrs.)

80% 78 
no significant 79

a Yield estimated by converting alcohol to iodide and rem oving impurity

A fter fo rm a tio n  o f the  p h e n e th y l a lcoho l 78 , c o n v e rs io n  of the 

hydroxyl g roup  to an  iod ide , 80, w as perform ed in 94% y ield  u sin g  PPI1 3 , I2 , 

and  im idazole in  C H 2 C I2 . Because the next step w as to be an  alkylation, the 

alkyl iodide, as o p p o se d  to an  alkyl b ro m id e  or to sy la te , w as m ade to 

m inim ize the p o ten tia l o f e lim ination  to form  a sty ry l co m p o u n d . The P~ 

hydrogen of 80, it w as assum ed , w ould  be less acidic th an  the  brom o analog 

due  to decreased electronegativ ity  of the iodide.

OMe

78

OH

la. PPh3  
imidazole

94% OMe
80
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The rem a in in g  carbons for the  d e s ired  p recu rso r to the  te tra lo n e  51 

w ere a d d ed  by  ad d itio n  of the enolate o f t-butyL acetate to 80. The f-butyl ester 

w as u se d  in  o rd e r  to su p p re ss  se lf-co n d en sa tio n  of the a n io n  a n d  also 

ad d itio n a l co n d en sa tio n  w ith  the p ro d u ct. C onditions h ad  to be m odified  in 

o rd e r  to m in im iz e  u n d e s ired  s id e  rea c tio n s  an d  the key  v a ria tio n s  are  

sum m arized  in  Table 5. D espite u sing  the  alkyl iodide, e lim ina tion  rem ained  

so m ew h at p ro b lem atic  to give the s ty ren e  82. F urtherm ore, a lth o u g h  the t- 

bu ty l ester w as em ployed , co n d en sa tio n  of p ro d u c t 81 an d  rem a in in g  ester 

enolate d id  occur to som e extent to give the P-keto ester 83. Both o f these side 

reactions cou ld  be m inim ized by  a d d in g  the t-bu ty l acetate eno la te  to a slight 

excess of iod ide  80 (entry 3).

T able  5: F o rm ation  of Ester 81

OMe

80

OfBu +
OMe OMe

81 82

’O 'B u
OMe

83

Conditions Results
1 (a) 1.5 eq CH3C 0 2tBu, 1.3 eq LDA, THF, -65  % 81

-78°C rest of material was -1:1 mix
(b) 2 eq HMPA, -78°C (c) add electrophile 80 

to anion, -78°C-RT
of 82 and 83

2 (a) 1 eq  CH3C 0 2fBu, 1.1 eq LICA, THF, -78°C -50  % 81
(b) 1.5 eq HMPA, -78°C (c) add electrophile rest of material was -1:1 mix

80 to anion, -78°C-RT of 82 and 83

3 (a) CH 3C 0 2tBu, LDA, THF, -78°C 85% 81
(b) 2 eq HMPA, -78°C (c) slow  addition of 

anion to electrophile 80, -78°C (2 hr)
<10% of 82 and 83
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Once the ester 81 w as successfully and  efficiently  form ed (Table 5, en try  

3), it w as then  trea ted  w ith  Friedel-C rafts acylation  conditions (PPA, 95°C) to 

yield  the desired  te tra lo n e  51. Because the f-butyl e s te r w as used , it w as no t 

necessary  to p e rfo rm  a sep a ra te  saponification  p r io r  to cyclization since the  

polyphosphoric  acid w as acidic enough  for deesterifica tion  in situ . As long as 

the heat source  w as m a in ta in ed  n ear 95°C w ith  g o o d  stirring , the y ield  of 

tetralone 51 w as a ro u n d  80%.

o

PPA, 95°C

80%
OMe OMe

5181

W ith  th e  te tra lo n e  in  h a n d , the  ch ira l o x a zo lin e  co u ld  n o w  be 

constructed . P rev ious w o rk ers  h a d  perfo rm ed  th is  tran sfo rm ation  u sin g  a 

four step  sequence v ia  the  v iny l iod ide  (Scheme 10). N o t only d id  the v iny l 

iodide require tw o step s to synthesize, bu t also the overa ll yield of this process 

was quite low. It w as found  th a t the  vinyl triflate 84 cou ld  be easily m ade in 

one step  (Schem e 17) b y  u sin g  po tassium  hex am eth y ld is ilaz id e  as the base  

w hich  upon  a d d itio n  o f the triflim ide  gave O -trifla tio n  w ith  no sign  of the  

u n d e s ire d  C -tr if la tio n . T he su b se q u e n t p a lla d iu m -c a ta ly z e d  a m id a tio n  

occurred  in  good  y ie ld  to  fu rn ish  am ide-alcohol 54. The prev ious p ro toco l 

for the am idation  h a d  been  to carry  ou t the reaction  in  d ilu te  so lu tion  (-.15 M 

of 84 in  DMSO). W hile  th is p ro ced u re  gave very  go o d  yields of 84 from  the 

v inyl iod ide (-90% ), it d id  n o t w o rk  as w ell for th e  v iny l triflate (30-50%). 

H ow ever, by  carry in g  o u t the transfo rm ation  w ith  m u ch  less DMSO, indeed  

alm ost neat, the yield  from  the  v inyl triflate im p ro v ed  greatly  (70-80%). A fter 

form ation of the am ide-a lcoho l 54, standard  cyclization  p rocedures p ro d u ced
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the  d e sired  ox azo lin e  55 in  go o d  y ie ld . The d e s ire d  d ih y d ro n a p h th y l 

oxazoline 55 w as now  achieved in n ine steps starting  from  2-isopropylphenol, 

rep resen ting  a reduction  from  tw elve steps.

Schem e 17

NHPd(OAc)2, dppp 
CO, TEA, DMSO. 
60°C

OTfKHMDS
PhNTf2

70-80%95%

OMeOMeOMe
5484

r~\

SOCI2; np. K5 OO3  

c h 3cnj

83%

OMe
55

B. Formation o f  the C-Ring

Several a p p ro a ch e s  w ere  in v es tig a ted  to p u t  in  the  C -ring  of the 

tr ip tin in /tr ip to q u in o n e  ring  system . These involved  in tram olecu lar tandem  

ad d itio n s  and  tan d em  a d d itio n s  fo llow ed  by ring-closing  m etathesis. The 

details of these stud ies are p resen ted  below.
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i. Intramolecular Tandem Addition

Figure 2

OMe

X—\ FG

Li'

OMe

55

F rom  the  w o rk  o f L ic in i a n d  M eyers , 5  it w as th o u g h t th a t an  

in tram olecu lar tandem  a d d itio n  m ig h t suffice to p u t the C -ring  together in a 

sing le  reaction (Figure 2). If the  tan d em  add ition  w ere to follow  p receden t, 

the czs-ring junction betw een the B an d  C rings m ay result. H ow ever, in  the 

p rev ious w ork  only sim ple sa tu ra ted  alkyl chains w ere rep o rted , and  w ith  a 

m ore struc tu ra lly  com plex nuc leoph ile  the desired  trans-ring  junction  m igh t 

also be form ed. If the u n d e s ired  czs-ring junction  sho u ld  p rev a il, w o rk  by  

Sh ish ido  et a l . 1 2  sh o w ed  th a t the  r in g  system  ste reo ch em is try  cou ld  be 

m an ip u la ted  (Scheme 18). They found  that kinetic conditions led exclusively 

to the  desired  trans-ring junction , w hereas therm odynam ic cond itions gave a 

m ixture w ith  the czs-ring system  favored.
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Schem e 18

^ ^ " O M e (C 0 2 H) 2  

aq. MeOH, A
CHO

H= ot/p 73:14
89%

MeO

MeO Li, liq. NH3, f-BuOH; 
TMSCI, TEA

(Thermodynamic) MeO

MeOI
OTMS

94%

MeO MeO
(Kinetic)

Before em b ark in g  on  a long  sy n th esis  of a com plex lith io -nucleoph ile  

th a t m ig h t or m ig h t n o t  read ily  lead  to the  tr ip tin in  r in g  sy stem , a m ore 

sim p le  m odel system  w as investigated . The first nucleoph ile  chosen  w as the 

co rresp o n d in g  v inyl lith iu m  reagen t from  89 (Scheme 19). A n  alkyl ch loride 

w as first tried  as the  e lec troph ilic  p o rtio n  because alkyl ch lo rid es h ad  been 

sh o w n  p rev io u s ly  to w o rk  in  in tram o lecu la r tan d e m  a d d itio n s , a n d  the  

an ion  m igh t be less likely  to d im erize  th an  an  alkyl b rom ide o r iodide.

The synthesis o f the  m odel nucleoph ile  follow s the w o rk  of Kocienski 

e t a l . 2 3  w ith  th e ir  sy n th e s is  o f th e  v in y l b ro m id e  8  8  (S chem e 19). 

D ihyd ro fu ran  85 w as d e p ro to n a te d  a n d  treated  w ith  trim ethy lsily lch lo ride  to 

give 8 6 . N ickel-ca ta lyzed  G rignard  a d d itio n  of m e th y lm ag n esiu m  b rom ide  

gave  the  ring -opened  alcoho l 87 w ith  on ly  one o lefin  isom er de tec ted . The 

y ie ld  on  this reaction  w as variab le , g iv ing  betw een  30% an d  60%. H ow ever 

en o u g h  m ateria l w as g en era ted  to serve the in tended  p u rp o se  of the  m odel 

s tu d y . B rom ine a d d it io n  fo llo w ed  b y  b ro m o trim e th y ls ila n e  e lim in a tio n  

resu lted  in  the v inyl b ro m id e  8 8 , again  w ith  only one olefin  isom er detected . 

C o n v ersio n  of the  a lcoho l to  a h a lid e  easily  o ccu rred  fo llo w in g  s ta n d a rd  

p rocedures to give b o th  chloride 89 and  iodide 90.
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Schem e 19

1 f. R „ L i  m iw i 2 i r  r

2 . TMSCI MeMgBr
NiCI2 (PPh3 ) 2  (cat) HO

Br2; NaOH

60-70%
85 8 6

64%
87

SOCI2
Cl

80%
HO Br

89

Br PPh3  . 12

imidazole
88 84%

Br
90

It quickly becam e a p p a ren t after try ing several tan d em  add itions to the 

u n s a tu ra te d  oxazo line , 55, w ith  b o th  89 and  90 th a t the  in tram o lecu la r 

a p p ro a c h  w o u ld  p ro b ab ly  n o t  be feasible, a t least w ith  a hom oally lic  

electrophile . U pon treating  the  v iny l brom ide 90 w ith  f-butyl lith ium  to form  

the lith io  salt, the species w as a d d e d  to the d ih y d ro n ap h th y l oxazoline 55. 

O nly  s ta r tin g  oxazoline an d  a <10% yield  (by GC) of in itial a d d itio n  (no 

cycliza tion ) w as de tec ted . A p p a re n tly , w ith  b o th  th e  ch lo ro  an d  iodo  

com p o u n d s, e lim ination to form  d iene  occurs before the  ad d itio n /cy c liza tio n  

could  take place.

W hile  the idea  of m a k in g  th e  a d d it io n /c y c liz a tio n  s tep w ise  w as 

en terta ined , it was decided  th a t this w ould  not be very efficient. For exam ple, 

the  TBS e th er of alcohol 8 8 , w h ich  w as easily form ed, cou ld  be ad d ed  to the 

oxazoline (Scheme 20). A fter exchanging  the silyl g roup  for a leaving g roup , 

d e p ro to n a tio n  a  to the oxazo line  m oiety  an d  cyclization  m ay  occur. O f 

course, e lim ination to form  a d iene  m ay again be a p roblem . G iven this and  

the  fact th a t the w rong  cis r ing -junc tion  stereochem istry  w as very  likely to
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form , th is ap p ro ach  w as n o t investiga ted  further. A no ther factor in  this 

dec ision  w as the  rea lity  o f the  n u m b er of chem ical tran sfo rm atio n s that 

w o u ld  be req u ired  to p u t  in  the  C -ring, includ ing  the  sy n th esis  of m ore 

functionalized  lithio nucleophile  necessary for the n a tu ra l p roduct.

Schem e 20

ii. Ring-Closing Metathesis

In recent years, ring-closing m etathesis (RCM) of olefins has been used 

ex tensively  as a rem arkab ly  efficient m ethod  for fo rm ing rings and  several

p ro d u c ts  w ith  a w ide  varie ty  of functionalities have been syn thesized  using 

RCM as a key tran sfo rm ation . 2 5  W ith this in m ind, studies w ere  undertaken  

to u se  RCM to p u t in place the C-ring of the trip tin in  ring system .

1. F ’
2. PPh3, l2
3. LDA

review s have appeared  on  olefin m etathesis . 2 4  Com plex, m acrocyclic natural

A B
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W ith  ring-closing  m e ta th e s is , th e  tw o catalysts u sed  a re  m ain ly  the 

G rubbs catalyst (A ) 2 6  and  th e  Schrock catalyst (B) 2 7  w ith  bo th  catalysts hav ing  

advan tages and  d isad v an tag es. The G rubbs catalyst is the less reactive  of the 

tw o, w hich  gives it g re a te r  a ir  an d  w a te r stability. H ow ever, it is unab le  to 

form  te tra su b stitu ted  an d  o th e r  ste rically  congested  o lefin s . 2 8  The Schrock 

ca ta ly st, o n  the o th e r  h a n d , m u s t be  u sed  u n d e r  a ir-free , m o is tu re -free  

cond itions an d  is sensitive  to functionalities w ith  reactive p ro to n s  (i.e. ROH, 

R C O 2 H, etc.).24a The p r im a ry  ad van tage  of the Schrock cata lyst is th a t reacts 

quickly  a n d  is capable of fo rm in g  sterically  encum bered  p ro d u c ts  inc lud ing  

te trasubstitu ted  olefins (F igure  3 ) . 2 8

The accep ted , sc h em a tic  m ech an ism  for r in g -c lo sin g  m e ta th e s is  is 

sh o w n  in  Schem e 21. T he  m e th y lid en e  is the p ro p a g a tin g  species of the 

catalytic cycle. G rubbs has m echanistically  studied  the ring  c losure  of d iethyl 

d ia lly lm alonate  by H 2 C = R u (P C y 3 )2 C l2 - 2 9  From this s tudy , it w as show n that 

the m ajor m echanistic p a th w a y  for th is catalyst w as loss of p h o sp h in e  before 

m etallacyclobutane fo rm ation . W ith  the  Schrock catalyst, no ligand  needs to 

leave before the catalysis can  occur.

F igure  3

Yield Yield 
with A with B

NR 61%
E= COaEt

31

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Schem e 21

LnM=CH2

H2 C=CH2

In the in itia l RCM app roach  for the  C -rin g  form ation , M eyers a n d  

N akano (u n p u b lish ed  results) perform ed the  ad d itio n  to oxazoline 55 w ith  2- 

lith iopropene an d  4-b rom obutene  as the  e lec troph ile  to give tandem  ad d itio n  

p ro d u ct 91 as a s ing le  d iastereom er (Scheme 22). The add ition  took place in 

h igh  yield  and  no  s ig n ifican t e lim ination  w ith  the hom oallylic e lectroph ile  

w as observed. T rea tm en t of 91 w ith  20% G rubbs cata lyst and  heat resu lted  in 

a good y ield  of th e  cyclized  m ateria l 92. M an ip u la tio n  of the oxazo line  

m oiety to a m ethy l g ro u p  occurred in a six s tep  process. Q uaternization of the 

oxazoline n itro g e n  to o k  p lace in  the p resen ce  of C aH 2  as triflic acid trap . 

W ith o u t C a H 2 , th e re  w as notable o lefin  iso m eriza tio n . R eduction  w ith  

N aB H 4  gave the oxazo lid ine  93, w hich w as th en  hyd ro lyzed  to give a ldehyde 

94. A ldehyde 94 w as read ily  reduced to a lcoho l 95 w ith  NaBLLi. The latter 

w as converted  in to  a p h o sp h o ro d iam id ite  a n d  fo llow ing  the p ro ced u re  of 

Liu, et a l.18b (w h ich  w o rk ed  well w ith  the  m o d e l com pound  61) w as then  

trea ted  w ith  l ith iu m  n a p h th a le n id e  to g iv e  the  m eth y l c o m p o u n d  96. 

C oncom itant red u c tio n  of the  arom atic ring  (i.e. Birch reduction) d u rin g  the 

lith iu m -n ap h th a len id e  reduction  w as no t observed .
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Schem e 22

OMeOMe 87%

\ U

RCM
20% Grubbs cat.
DOE, A 
90%

OMe

55 91 92

1. MeOTf,

f-Bu

r"V CHa
can? 

2. NaBH,

OMe
93

OMe

94

OH

NaBH,

70%
(4 steps)

OMe

95

1. CIP(0)(NMe2 ) 2  

KH, THF, 25°C

2.

LF

56%

OMe

96

W ith the C -ring  constructed  in an efficient m an n er to provide 96, the 

rou te  to fu rn ish  tr ip tin in  A invo lved  p u ttin g  in  p lace the  carboxylic acid 

m oiety . One p o ten tia l w ay  o f p roducing  the  carboxy lic  acid from  96 is 

ou tlined  in Scheme 23. U nfortunate ly , initial resu lts  by  M eyers and N akano 

(unpublished  results) w ere  no t prom ising  w ith  respec t to form ing the correct 

eno la te  isom er of 98 in  p a rticu la r. Because o f th is a n d  the n um ber of 

reactions still requ ired  to obtain  the desired na tu ra l p roducts (e.g. 15 and  16), a 

m ore efficient RCM ap p ro ach  w as sought.
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Schem e 23

.OH O

OMe

1) B H 3 -S M e 2
2) H20 2

OMe
96 97 98

/Pr2NMgBr
PhNTf2

,OTf
Pd. CO

,c o 2h

OMe OMe
99 15 (-)-Triptinin A

Inasm uch as the ring -c losing  m etathesis a p p ro ach  to the C -ring  had  

been  the m ost p rom ising  m e th o d  to this point, it w as th o u g h t th a t utilizing 

an  RCM  p re c u rso r  c o n ta in in g  p re d isp o se d  fu n c tio n a lity  w o u ld  be a 

stream lined  and  effective p a th w ay  to the ultim ate goal (Schem e 24). Because 

the carboxy lic  ac id  o r its e s te r  w o u ld  n o t  be c o m p a tib le  w ith  the  

o rgano lith ium  of the tan d e m  a d d itio n  or w ith  rem oval of the  oxazoline 

m oiety, a functional g roup  n e ed e d  to be chosen that co u ld  w ith s tan d  these 

reaction conditions and  also be read ily  converted to the carboxylic acid.

Schem e 24

ROM

55
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W ith the  a fo rem en tio n ed  requ irem en ts in m in d , a ta n d e m  add ition  

u s in g  a b rom oalky l-v iny l b ro m id e  electrophile  w as p u rs u e d  (Schem e 25). 

W hile no lite ra tu re  p rec ed e n t cou ld  be found for v inyl b ro m id e s  to undergo 

RCM , it was th o u g h t th a t th is  m ig h t indeed w ork. If successfu l, follow ing the 

ta n d e m  ad d itio n  a n d  rin g -c lo sin g  m etathesis, the  oxazo line  co u ld  then  be 

transfo rm ed  into a m ethy l g ro u p . C onversion of the cyclohexenyl brom ide to 

the  carboxylic acid shou ld  th en  be a straightforw ard , s ing le  transfo rm ation  by 

e ith e r pa llad ium -cata lyzed  carbony lation  or by  fo rm ation  of the  G rignard  or 

lith ium  and trap p in g  w ith  CC>2 -

Schem e 25

U n fo rtu n a te ly , the  ta n d e m  a d d itio n  to form  th e  n e ce ssa ry  RCM 

p re c u r s o r  1 0 2  d id  n o t p ro c e e d  (Schem e 26). B o th  th e  b ro m o - and 

io d o e lec tro p h ile s , 1 0 0  a n d  1 0 1 , w ere  easily m ade  fro m  the  com m ercially  

availab le carbinol (PPI1 3 , 1 2  o r  Br2 , im idazole, C H 2 CI2 ). It w as necessary  to add 

im idazole  as an  acid  scavenger o r else side reactions o ccu rred . The tandem  

a d d itio n  reaction y ielded  o n ly  in itial add ition  p roduct 103.

RCM

OMe

,c o 2h

OMe

Triptinin A

35

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Schem e 26

OMe X

55 100 X= Br
101 X= I

1 0 2
0%

103
-80%

To determ ine  the reasons for the fa ilu re  of 1 0 0  and 1 0 1  to a lky late  the 

azaenolate , a d eu te riu m  q u en ch  s tu d y  w as perfo rm ed . A dd ition  of C D 3 O D  

show ed  that the azaenolate  w as be ing  p ro to n a ted  by  the electrophile (Schem e 

27). A d d itio n  o f 2 -lith io p ro p e n e  fo llo w ed  by  C D 3 O D  g a v e  c o m p le te  

d e u te r iu m  in c o rp o ra tio n  (104). H ow ever, if C D 3 OD w as a d d e d  a fte r 

e lectroph ile  1 0 0 , no d e u te riu m  in co rp o ra tio n  w as observed in d ica tin g  tha t 

the azaenolate had  a lready  b een  p ro tonated . The likely p ro ton  source w as at 

the allyl position , d e p ro to n a tio n  o f w hich led  to elim ination  of b ro m id e  ion 

a n d  diene form ation . T herefo re , this e lec troph ile  p roved  p rob lem atic  even 

th o u g h  a hom oally lic  e le c tro p h ile  w o rk ed  w ell to form  the  in itia l, less 

su b s titu ted  RCM p recu rso r 91. In  that case, sign ifican t e lim ination  w as not 

detected . The reason  for the  d ifference in  reactiv ity  is p robab ly  d u e  to the 

presence of the v iny l b rom ide  species ( 1 0 0  o r  1 0 1 ), w hose allylic p ro to n s are 

m ore acidic due  to the e lec tro n -w ith d raw in g  n a tu re  of the olefinic b rom ine  

an d  are therefore m ore likely to  be  depro tona ted .
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Schem e 27

OMe

55

Li

’• T
2. CD3 OD

v_

OMe

104

' ■ Y
2 .1 0 0  
3. CD3OD

V_

OMe

105

(not isolated)
Br

(no D-incorporation)

D ue to the inab ility  to p e rfo rm  the tan d em  ad d itio n  w ith  the vinyl 

b ro m id e  electrophiles (e.g. 1 0 0 ), an o th e r m ore com patib le  functional group 

w as sought. In o rder to w ith s tan d  the conditions for bo th  tan d e m  addition  

an d  subsequen t rem oval of the oxazoline, the functional g ro u p  needed  to be 

base-stab le , re la tiv e ly  a c id -s tab le , u n reac tive  to n u c leo p h ilic  a ttack , and 

read ily  converted  to a carboxylic  g roup . T herefore, it w as th o u g h t tha t a 

p ro tec ted  allylic alcohol m ig h t serve  the p u rpose  at hand . T he pro tecting  

g ro u p  w ou ld  need  to h ave  the a lread y  m entioned  charac teristics , p lu s  the 

ab ility  to be  rem o v ed  w ith o u t d es tro y in g  the  res t of th e  m o lecu le , in 

p a rticu la r reducing  or sc ram b ling  the  double  bond . For these  reasons, a 2-
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m eth o x y e th o x y m e th y l g ro u p  (M EM ) w as chosen  to a llow  th e  sequence  

depicted (Scheme 28).

Schem e 28

The 2 -m ethoxyethoxym ethy l g ro u p  w as first described  as a hydroxy l 

p ro tec ting  g roup  b y  C orey  and  co w o rk ers . 3 0  D ifferen tia ting  it from  other 

hydroxyl p ro tec ting  g ro u p s , the M EM  group  is stab le  to a w id e  v a rie ty  of 

conditions inc lu d in g  s tro n g  bases, m an y  o rganom etallic  reag en ts , reducing  

agents, m ost o x id iz in g  agents, and  m ild  acids. MEM ethers can  be cleaved 

w ith a Lewis acid, su c h  as ZnBr2 - T hough  this often w orks w ell w ith  aliphatic 

ethers, cleavage of ally lic  M EM -ethers is know n to be m ore d ifficult. M onti et 

a l . 3 1  d esc rib ed  u s in g  excess p y r id in iu m  p - to lu e n e s u lfo n a te  (PPTS) in 

reflux ing  f-bu ty l a lc o h o l as an  effic ien t m ethod  for rem oval o f the  MEM 

group  from  allylic a lcohols. W hile no  exam ples w ith  allylic a lcoho ls w ere 

found in  the lite ra tu re , boron  h a lid e s 3 2  have also been  used  to  selectively  

cleave various types o f  MEM e thers in the  p resence  of o ther acid -sensitive

OMEM

OMe

Tandem Addition
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groups. For exam ple , W illiam s et al.32a u sed  2-ch loro-l,3 ,2 -d ith ioboro lane to 

rem ove M EM  e th e rs  in  the presence o t TBDMS a n d  T H P ethers. It w as 

though t tha t e ith e r  PPTS or a boron  halide  w o u ld  serve to rem ove the MEM 

group in the p re se n t study .

W ith h o p es  of find ing  a quick and  efficient syn the tic  route to 15 and 16, 

the c o n s tru c tio n  of th e  req u ired  M E M -p ro tec ted  e lec tro p h ile  w as th en  

u n d e rtak en . O n e  o f the  first m e th o d s e x am in e d  w as s ta rtin g  w ith  the 

ab u n d an tly  ava ilab le  d iac id , itaconic acid  (Schem e 29). D ifferentiation of the 

carboxyl g ro u p s took  p lace using the p ro ce d u re  of R am  an d  C harles . 3 3  W ith 

N iC l2 * 6 H 2 0  in  M eO H , the  aliphatic carboxyl w as esterified , leaving free the 

a ,(3-unsaturated  carboxyl group. M ixed a n h y d rid e  fo rm ation  follow ed by a 

Luche red u c tio n 3 4  gave the allylic alcohol 107. O n  a sm all scale (-100 mg), no 

significant o lefin  isom eriza tion  w as de tec ted . H o w ev er, on  scale-up (-1  g) 

sign ifican t iso m e riz a tio n  to 108 cou ld  n o t be  a v o id e d  desp ite  num ero u s 

attem pts.

Schem e 29

NiCI2*6H20 
O || MeOH, A o

H O ^ y n  ^  -  MeO
O

itaconic acid

A nother a p p ro a c h  to the e lectrophile  w as ex p lo red  via a -m e th y le n e  

b u ty ro la c to n e ,  1 0 9 , (Schem e 30) u s in g  th e  m e th o d  of G rieco  an d  

P o g o n o w sk i . 3 5  S ta rting  w ith  a -b ro m o b u ty ro la c to n e , the  p h o sp h o ru s ylide 

was m ade, an d  a  W ittig  reaction w as carried  o u t w ith  paraform aldehyde. The
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y ie ld  w as low  (-40% ) w h ich  m a tch ed  the  yield  rep o rte d  by  G rieco  and  

Pogonow ski. C areful m ethanolysis gave the ring-opened alcohol-ester 110. If 

one  te rm in a ted  the  reaction  a t a b o u t 50% conversion , th en  the  s ta rtin g  

m aterial could  be easily  separa ted  from  the p roduct and  recycled. H ow ever, 

a llo w in g  th e  reac tio n  to p ro ceed  u n til  s ta r tin g  m a te ria l w as c o n su m ed  

resu lted  in a low  y ield  of p ro d u c t a n d  a large am o u n t of an  u n iden tified , 

insoluble w hite  solid . P ro tection  of alcohol 110 as a fe r t-b u ty ld im e th y ls ily l 

e th e r w as follow ed by  reduction  w ith  DIBAL to give allylic alcohol 112 (77% 

over 2 steps).

Schem e 30

O 1)PPh3 O MeOH

A  B r W  o V H+’4
\— /  43% \— /  45%

1) MEMCI, 
(/Pr),EtN

2) TBAF

80%

109

RO

HO

1)TBSCI, Imidazole 
cat. DMAP 

OMe 2) DIBAL TBSO

OMEM

110

PPh3Br2
Imidazole

87%

113 R= TBS
114 R=H

77%
111 r = c o 2c h 3
112 R= CH2OH

Br
OMEM

115

The alcohol 112 w as transfo rm ed  in to  a MEM ether in the p resence  of 

MEMCI an d  excess d iiso p ro p y le th y lam in e . D epro tection  of the TBS-ether 

w ith  te trabu ty lam m on ium  fluoride gave  the hom oallylic alcohol 114, w hich 

w as converted into the hom oallylic b ro m id e  115, by use of PPh 3 Br2 -im idazo le  

in  87% yield.
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W hile the  p reced ing  synthesis y ielded  the  requ ired  electrophile 115, a 

shorter sequence to this m aterial w as desired . A syn thesis starting  w ith  3- 

b rom o-3-buten-l-o l w as investigated (Table 6). The alcohol w as protected as a 

TBS e ther, then  ha logen-m eta l exchange fo llow ed. The generation  of the 

organolith ium  w as som ew hat erratic. M etal-halogen exchange in THF as the 

so lven t re su lted  in  d im eriza tio n  (en try  1), w h ile  E t2 0  em ployed  as the 

so lvent gave the  req u ired  organolith ium . Form ing the analogous G rignard  

reagent d irectly  from  m agnesium  m etal again y ielded  d im erization  (entry 5), 

w hereas G rignard  fo rm ation  via transm eta lla tion  of the o rgano lith ium  did  

resu lt in  the fo rm atio n  of 111 b u t gave a p o o re r y ield  th an  w ith  just the 

o rgano lith ium  (en try  6). A n additive, HM PA, w as a d d ed  in  o rder to m ake 

the re su ltin g  c a rb an io n  m ore nucleophilic  (en try  7). H ow ever, this only 

prom oted  a rea rran g ed  p ro d u c t 117, in w hich the lith ium  carbanion attacked 

the TBS group  g iv ing  a lith ium  alkoxide, w hich  then  gave the carbonate 117, 

follow ing m ethy lch lo rofo rm ate  add ition .

Both m e th y l ch lo ro fo rm ate  an d  fo rm ald eh y d e  w ere  a d d ed  to the 

carbanion 116. Successful add ition  of form aldehyde w ou ld  have given allylic 

alcohol 112 in tw o  steps as opposed  to 5 s tep s  as no ted  in the prev ious 

synthesis (Schem e 30); how ever, form aldehyde w as apparen tly  not a reactive 

enough  electrophile . The best resu lts w ere observed  w ith  conditions show n 

in Table 6, en try  4. W hile an  excellent yield of th is reaction w as not achieved, 

the synthesis of the  desired  electrophile 115 w as now  m ore efficient overall 

than starting  from  a-b rom obu ty ro lac tone .
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Table 6: Attem pts to Shorten Synthesis of Ester 111 and A lcohol 112

)TBSO' TBS
TBSCI, Imidazole 

Br cat. DMAP ^ TBSQ

95%

Conditions

116

111 R=C 02Me
112 R=CH20H

TBSO

117

OTBS

118
Conditions Results

1 2.2 eq f-BuLi, THF; dry HCHO, -78°C Dimer 118

2 2.2 eq f-BuLi, Et2 0 ; dry HCHO, -100°C to -78°C to
RT

H + quenched anion (after workup) 
no dimer or addition

3 3 eq LDBB, THF, HCHO  
-78°C

Dimer 118

4 2.2 eq f-BuLi, Et2 0 ; CICO2 C H 3 , '78°C 50% 1 1 1

5 MgO, Br(CH2 )2 Br, Et2 0 Dimer 118

6 2.2 eq f-BuLi, Et2 0 ; MgBr2 ; C1C0 2 CH3 , '78°C to
RT

40% 111

7 2.2 eq f-BuLi, Et2 0 ; HMPA; CICO2 CH3 , '78°C 40% 111 
40% 117

H a v in g  o b ta in e d  th e  d e s ired  e le c tro p h ile  1 1 5 , tan d e m  a d d it io n  

reactions a g a in  u s in g  o x azo lin e  55 w ere  a tte m p te d . P rev iously  re p o rte d  

e lectroph iles th a t h av e  g iv en  good resu lts  in the  seco n d  step  w ere  fairly  

sim ple alkyl chains w ith o u t m u ch  functionality  (v ide supra). In this case, the  

electrophile w as bo th  hom oally lic  and  h igh ly  oxygenated . The p ropensity  of 

hom oally lic  e le c tro p h ile s  to  u n d erg o  d ien e  fo rm a tio n  has a lread y  b e en  

observed  a n d  d iscu ssed  earlie r. Also, the oxy g en ated  n a tu re  of 115 co u ld  

p o ten tia lly  lead  to a c o m p lex  s tru c tu re  in  so lu tio n  th a t m ay ren d e r the  

m olecule less reactive . G iv en  these facts, it w a s  n o t su rp ris in g  th a t the
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reac tio n  co n d itio n s  h a d  to be  ad ju sted  in  o rd e r  to o b ta in  su ffic ien t an d  

reproducib le  results.

The first tan d e m  ad d itio n s w ere tried  w ith  the b rom o-elec troph ile  115 

(Table 7). The pro toco l developed  by  M eyers and  Frutos (u n p u b lish ed  results) 

w as fo llow ed for g en e ra tin g  1.6 m olar equ ivalen ts of 2 -lith iop ropene . The 

oxazoline 55 w as th en  a d d ed , after w hich the e lectrophile  w as a d d ed . Using 

these conditions, the  chem ical y ield  of p roduct ranged  b e tw een  30% and 40% 

w hile  the b u lk  o f the m ate ria l ap peared  to be an  u n ch arac te rized  m ixture of 

com p o u n d s. P a rt or all o f the  MEM group  in 115 d id  n o t rem ain  intact. 

T hese im purities h ad  sim ila r TLC properties as bo th  the s ta r tin g  oxazoline 55 

a n d  the  in itia l a d d it io n  p ro d u c t, p ro to n a ted  119, m ak in g  it  d ifficu lt to 

m on ito r the reaction  p rog ress.

T ab le  7: T andem  A d d itio n  R eactions w ith  O xazoline 55

ri©Li®
OMEM

"OMEM

115 X=Br 
120 X=l

119 121

__________________________Conditions______________________
1 (a) 4 eq f-BuLi, 2.4 eq 2-bromopropene, '78°C (b) 55 (c)

115, -78°C to RT

-  (a) 4 eq f-BuLi, 2.4 eq 2-bromopropene, '78°C (b) 55 (c)
120, "78°C to 0°C

3 (a) 4 eq f-BuLi, 2.4 eq 2-bromopropene, '78°C-'50°C (b)
55 (c) 120, "50°C to 0°C

4 (a) 2.2 eq f-BuLi, 1.2 eq 2-bromopropene, _78°C (b) 55 (c)
2 eq HMPA (20 min) (d) 120, -78°C to 0°C (1 hr)

___________ Results___________
30%-40% 121 

plus uncharacterized mixture

20-60% 121

15% 121 
-som e Cb-quenched 119 

plus side-products from entry 1
30% 121 

plus side-products from entry 1
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5 (a) 2.2 eq f-BuLi, 1.2 eq  2-bromopropene, "78°C (b) 55 (c) 85%-90% 121
__________ 2 eq HM PA (20 min.) (d) 120, ~78°C (5 min.)_________________________________________

C h an g in g  from  a brom o-electrophile to  the iodo derivative, 120 (Table 

7, en try  2) gave  irrep roducib le  results. Because significant add ition  w as n o t 

detected  a t *78°C, the tem perature  for the reaction  w as raised (entry  3) b u t  

w ith poor resu lts . Finally, good yields for th is reaction w ere found by  ad d in g  

1 equ iva len t of 2 -lith iopropene to the oxazoline 55, follow ed by 2 equivalen ts 

of H M PA  for 20 m in u tes  and then  the iodo-e lec troph ile  120 for 5 m inu tes 

(entry 5). A p p aren tly , "78°C w ithout H M PA  w as too cold for the nucleophilic  

ad d itio n  step , b u t  still an  adequate  tem p era tu re  for undesired  reactions to 

occur. H ow ever, "78°C w ith  HM PA p resen t p ro v id ed  for good ad d itio n  w ith  

m inim al side p ro d u c ts  as long as the reaction  m ix ture  w as not allow ed to stir 

too long. The H M P A  w as probably  responsib le  for m ore ion-pairing  of the 

o rgano lith ium  rea g en t m aking it m ore nucleophilic , an d  thus m ore reactive 

at low er te m p e ra tu re . Therefore, we were able to perform a tandem addition 

using a functionalized, homoallylic electrophile that resulted in consistently  

high chemical yields and, importantly, only one detectable diastereomer.

H aving  successfu lly  synthesized tan d em  ad d itio n  p roduct 121 in good, 

rep roducib le  y ie ld s , ring-closing m etathesis (RCM) w as then re-investigated  

to fo rm  the  C -r in g  of the tr ip to q u in o n e  r in g  sy s tem  to p ro v id e  th e  

cyclohexene 122. Because the form ation of a  te trasubstitu ted  olefin w as being 

a ttem pted  in the  RCM  process, it w as no t su rp ris in g  th a t the G rubbs catalyst, 

know n to behave  poorly  for highly su b stitu ted  olefins,28 failed to p roduce the  

desired p ro d u c t 122 (Figure 4). The Schrock catalyst27 (purchased from  Strem  

C hem ical Co., Inc.) indeed  furn ished 122. This represented the first time that 

the carbon backbone o f the triptoquinone ring system had been put in place
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from  a compound derived from a tandem addition to a chiral 3,4- 

dihydronaphthyl oxazoline. All that rem ained  to ach ieve trip tin in  A w as to 

convert the oxazoline to a m ethyl group via a p rev iously  described route and, 

after rem oval of the  MEM ether, oxidize the allylic alcohol to a carboxylic acid 

present in the final p roduct, trip tin in  A.

Figure 4

OMEM

OMEMSchrock cat.. 
Benzene, A

OMeOMe

121 122

OMe

15 (-)-Triptinin A

For the reaction  described above (Figure 4), the varia tions in the yield 

seem ed to d ep en d  u p o n  the quality  of the catalyst, i. e. as evidenced by its 

color. A lso, it  w as c ru c ia l to sc ru p u lo u s ly  d e g as  a ll so lven ts  via 

f re e z e /p u m p /th a w  cycles and  use the Schlenk-line technique. Furtherm ore, 

the  tan d e m  a d d it io n  p ro d u c t 121 a n d  the cyclized  p ro d u c t 123 w e r e  

inseparable by chrom atography . Because of this an d  the need  to avoid air in 

the  reaction  vessel, m on ito ring  the course of the  RCM w ith o u t stopp ing  it 

was not practical. The reaction time an d  tem pera tu re  (30 m in. a t RT and 1 hr 

a t 65°C) w as dec ided  u p o n  by  exam ining m any  lite ra tu re  exam ples of RCM 

reactions w ith  th e  Schrock catalyst . 2 8 ' 3 6  A ny rem a in in g  sta rtin g  m aterial 

could not be rem oved  un til subsequent transfo rm ations resu lted  in p roducts 

that could be separa ted  and purified.
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C. The F inal T ran sfo rm atio n s

As p re v io u s ly  s ta te d , the  rem ain ing  tran s fo rm a tio n s  to syn thesize  

either trip tin in  A or trip toqu inone  A ap peared  s tra ig h tfo rw ard  an d  relatively 

sim ple, g iven  th a t m ost o f th e  chem istry  w as a lread y  k n o w n  for analogous 

system s. For tr ip tin in  A, 15, conversion of the oxazoline  m oiety  to a m ethyl 

g roup  fo llow ed b y  d ep ro tec tio n  and  ox idation  of the allylic alcohol w as all 

th a t w as left to be done. O xidation  of the arom atic  ring  to a p-qu inone m oiety 

w ould  also give trip toqu inone  A, 16.

i. Model System S tudy

W hile d e v e lo p in g  a syn the tic  schem e fo r the  final m an ipu la tions to 

trip to q u in o n e  A , a sm all m odel s tu d y  w as u n d e rta k e n , in  the  hope th a t 

m ethods cou ld  be fo u n d  to com bine som e of the  req u ired  transform ations. 

C o m p o u n d s  w e re  c h o se n  to  m im ic b o th  th e  s te r ic  a n d  e lec tron ic  

en v iro n m en t o f the ac tual system . The cyclopen teny l M E M -ether 123 w as 

read ily  d ep ro tec ted  fo llow ing  the p rocedu re  o f M onti e t a l . 3 1  ( Scheme 31). 

W ith the  goal o f com bin ing  the  depro tection  a n d  ox id a tio n  steps, treatm ent 

of 125 w ith  eerie  a m m o n iu m  n itra te  (CA N ) a n d  so d iu m  b ro m ate  w as 

a ttem p ted . T h is m e th o d  h as  been  sh o w n  to c leave  b en zy lic  e th e rs ; 3 7  

how ever, in  the  p resen t case it led to an  in tractab le  m ix ture. Therefore, m ore 

acceptable p ro ced u res  for stepw ise  dep ro tecting  and  th en  ox id iz ing  an allylic 

alcohol to a carboxylic acid gave acid 125 in good y ie ld . 1 2
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Schem e 31

PPTS, f-BuOH 1.PDC
/ \ A  A 2 - N a C IQ 2  y
(  j f  OMEM --------------------   OH    Y _j7

123 124 125

To explore the  qu inone  oxidation, tetralone 51 w as red u ced  to te tralin  

126 w ith  H 2  and  catalytic  p la tin u m  oxide (Scheme 32). The a ry l m ethyl e ther 

w as cleaved (BBr3 , 0°C) to yield phenol 127. Reaction tem pera tu res below  0°C 

d id  no t a llow  e th e r  c leav ag e  to occur, p re s u m a b ly  d u e  to the ste ric  

env ironm ent. T rea tm en t o f the phenol 127 w ith  F rem y ’s sa lt, (KS0 3 )2 N 0 , 1 7  

gave the quinone 128 in  good yield w ith no sign of benzylic  oxidation. O n the 

o th er hand , ox ida tion  w ith  C A N  gave no qu inone, b u t d id  resu lt in som e 

benzylic oxidation. The a ttem p ts to oxidize the a ry l e th er 126 directly  to the 

quinone w ith  bo th  Frem y's salt and  CAN w ere no t successful.

Schem e 32

cat. P t0 2  

H2 BBr3, 0°C (K S0 3 )2NO

In an  a tte m p t to m im ic the functional g ro u p  s itu a tio n  of the actual 

system , ary l e ther c leavage and  oxidation to the qu in o n e  w ere  carried  o u t in 

the presence of acid  125 (Scheme 33). Both transfo rm ations w orked  well and  

the acid rem ained  un to u ch ed . From  this m odel s tu d y , it w as concluded that 

the deprotection  of the  M EM group  and oxidation sequence  w o u ld  have to be
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carried  o u t in  a s te p w ise  fash ion . N o tw ith s tan d in g , it seem ed  th a t the 

required  m an ipu la tions sh o u ld  be obtainable.

Schem e 33

c o 2h  (K S0 3 )2 N0

OHOCH
125125 128 125127126

ii. Conversion of Oxazoline 122 to Carbinol 131

R eturn ing  now  to the to ta l synthesis of trip tin in  A, oxazoline 122 was 

firs t co n v erted  to  o x a zo lid in e  129 (Schem e 34) fo llo w in g  the  s ta n d a rd  

pro tocol, w hich  a t f irs t re su lte d  in v e ry  low  y ie ld s of d e s ired  p roduct. 

O xazoline 1 2 2  w as o rig in a lly  q u a te rn ized  w ith  2-3 eq u iv a len ts  of m ethyl 

triflate  in  a co n cen tra ted  so lu tio n  of C H 2 C I2  (-0 .5M  in 1 2 2 ). W hen this 

m aterial w as reduced  w ith  N aBH 4 , a com plex m ix ture  resu lted  w ith  a m ajor 

side  p ro d u c t n o t h a v in g  the  MEM g ro u p  in tact. A p p a re n tly , the h igh  

concen tra tion  of m e th y l trifla te  a llow ed  for oxo n iu m  ion  fo rm ation  and  

partia l cleavage of the  MEM group . W hen the p ro ce d u re  w as changed to 

ad d in g  on ly  1.1 eq u iv a len t of m ethy l trifla te  to a 0.1M  so lu tio n  of 1 2 2  in 

C H 2 CI2 , the reaction  m ix tu re, a fter NaBH 4  reduction , becam e m uch cleaner. 

Further com plicating  m atters , flash  chrom atography  on  regu la r silica gel led 

to low  m ass rec o v ery , in d ic a tin g  th e  m a te r ia l 's  s e n s it iv i ty  to acidic  

conditions. H ence, the  m ateria l, thereafter, w as u se d  c ru d e  after a basic 

aqueous w o rk u p . W hen the  sta rtin g  oxazoline 1 2 2  co n ta in ed  som e non-
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cyclized m a te ria l from  the RCM reac tion , the  ox azo lid in e  129 cou ld  be 

sep ara ted  from  its non-cyclized  c o u n te rp a r t on  TLC, b u t, because of the  

sensitiv ity  to s ilica  gel, the  m ix ture  h ad  to  rem a in  u n til the nex t s tep , 

o therw ise sign ifican t loss of m aterial occurred . N o satisfactory  purification  of 

129 w as found  u sin g  a neu tra l stationary phase.

Schem e 34

CH.
OMEM 1-MeOTf 

2. NaBH4

OMEM OMEM

OMeOMeOMe

122 129 130

OMEMHO

OMe

(+)-131
75% yield over 4 steps

Prev iously , oxazo lid ine  hydrolysis of a non-cyclized  tandem  a d d itio n  

p roduct (com pound  58) necessitated heating  to  170°C in a sealed tube. It w as 

found th a t w ith  the cyclized oxazolidine 129 hydro lysis occurred in T H F /P b O  

(4:1) a t reflux  a n d  no e leva ted  te m p e ra tu re  (>80°C) w as requ ired . T he 

oxazolid ine in  th e  cyclized case as in 129 is m ore accessible and  therefo re  

m ore read ily  h y d ro ly zed  to the a ldehyde  130. F ortunate ly , in cases w here  

som e n o n -cy c liz ed  o x azo lid in e  rem a in e d  d u e  to the  incom ple te  RCM  

reaction , h y d ro ly s is  o f the u n d e s ired  m a te r ia l  d id  n o t occur w ell a n d  

decom position  re su lted , thereby  allow ing  fo r easier sep ara tio n  of the non-

49

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



cyclized con tam inan ts . H ere, once m ore, a ld eh y d e  130, like oxazolid ine 129, 

w as sensitive to silica gel, b u t it could be purified  u sing  n eu tra lized  silica gel.

F inally , the  im p o r ta n t  in te rm ed ia te  a ld e h y d e  130 w as red u ced  to 

alcohol 131 w ith  N aB H j (Scheme 34). In  o rd er to achieve a  clean reaction and  

good yield, it w as im p o rtan t to keep the reaction  tem p era tu re  a t 0°C d u rin g  

ad d itio n  of N aB H 4 - A lso, only  a sligh t excess of N aB H 4  w as found to be 

o p tim um . A lcohol 131, in enan tiom erically  p u re  form , w as pu rified  on 

neu tra lized  silica gel, tho u g h  it appeared  no t to be as sensitive  to regular silica 

gel as its p redecessors. The overall yield of the four transfo rm ations (122-131) 

w as 75%.

iii. Deoxygenation and Oxidation

OMEM OMEM HO

OMe OMe

(+)-131 H -132

OMe

The nex t tran sfo rm ation  in the conversion  of the oxazo line  m oiety to a 

m ethyl g ro u p  w as to deoxygenate  alcohol 131 to give the  m ethy l derivative 

132. Because of the p rev io u s w ork  done  by  M eyers, K opach, and  N akano  

(u n p u b lish ed  resu lts) o n  s im ila r n eo p en ty l a lcohols, it w as th o u g h t th a t 

form ing the p h o sp h o ro d iam id a te  follow ed by  reducing  w ith  a single electron 

red u c tan t w o u ld  be the  on ly  likely successfu l m e th o d  fo r deoxygenating  

alcohol 131. M aking the  p h ospho rod iam ida te  w as less s tra ig h tfo rw ard  w ith  

alcohol 131 th an  w ith  the sim pler analog 95 (Table 8 ). The sam e conditions
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th a t  e ffec ted  th e  fo rm a tio n  o f the  p h o s p h o ro d ia m id a te  of 95 (N a H ,  

[N (C H 3 )2 ]2 P(= 0 )C 1, DM F) d id  no t perfo rm  as w e ll w ith  131 (entry 1). The 

reasons for this d icho tom y  in behavior w ere no t a t  all clear. Indeed, different 

p hospho ry la ting  reagen ts  for each alcohol w ere requ ired : [N (CH 3 )2 ]2 P(= 0 )C 1 

for 95 and [N(CH 3 )2 ]2 PO C l2  for 131.

Table 8: Phosphorodiam idate Formation

OMEM OMEMHO

OMe OMe

131 133

______________________ Conditions_______________________________ Results_____________
1 (a) 2 eq. NaH  or KH, DMF (b) 1-3 eq irreproducible yields, 10-30% 133

[N(CH 3 )2 ]2 P(=0)C1, 0°C to RT

2 1.1 eq. [N(CH 3 )2 ]2 P(=0 )C1, 1 eq. DMAP starting material
dry CH 3 CN, 0°C

3 (a) 1.3 eq. MeLi, 2 eq. HMPA, THF, 0°C (b) 1.2 85% 133
__________ eq. [N(CH 3 )2 ]PO Cl2  ( c ) HN(CH 3 ) 2 ________________________________________

W ith v e ry  h in d e re d  a lcohols, L iu e t a l .18c re p o r te d  u sin g  N ,N - 

d im e th y lp h o sp h o ram id ic  d ich lo ride  {[N(CH 3 )2 ]2 P O C l2} follow ed by add ition  

of d im e th y lam in e  to p ro d u c e  the N ,N ,N ,N -te tram e th y lp h o sp h o ro d im id a te  

(TMPDA) m oiety. By m o d ify ing  the conditions rep o rted  by  L iu18c slightly, a 

good  yield w as o b ta in ed  of the  p h o sp h o ro d iam id a te  133 (Table 8 , en try  3). 

The lith ium  alkoxide w as fo rm ed  w ith  m ethyl lith iu m , an d  then  HM PA w as 

a d d e d  to in c re a se  th e  n u c le o p h ilic ity  of th e  a n io n . A ch lo ro -N ,N - 

d im e th y lp h o sp h o ram id e  w as form ed by  a d d itio n  of the very  electrophilic 

[N (C H 3 )2 ]PO Cl2. The d esired  com pound 133 w as th en  ob tained  upon addition  

of d im ethy lam ine .
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The s tru c tu re  of the  p h o sp h o ro d iam id a te  133 w as confirm ed by 

NM R (Figure 5) and  HRMS. The four singlets a t 2.25, 2.28, 2.50 and 2.53 ppm  

represen t the four -N C H 3  resonances of the ph o sp h o ro d iam id ate  m oiety, and  

the doublet a t 4.0 p p m  is p a rt of an AB q u arte t (the o ther half is buried  in the 

m ultip le t betw een  3.76 a n d  3.69 ppm ) w hich  co rresponds to the -CH 2 0 P(= 0 )-. 

The MEM g roup  is p re se n t as evidenced by  the  -O C H 2 O- resonance a t 4.73 

p p m  (s, 3H), an d  the  -O C H 3  resonance a t 3.4 p p m . The allylic -CH 2 O- is 

represented by the AB system  a t 4.27 p p m  (d, ]— 11.1 hz, 1H) and 3.88 ppm  (d, 

J= 11.1 hz, 1H).

Figure 5: 300 M H z *H N M R  Spectrum  of P h o sp h o ro d iam id a te  133

OMe

133

OCH-,
O '  o
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Schem e 35

OMEM

\ .  II
- - N - p o  
" -N'

OMEM Reductive 
Cleavage OMe

132

OMe

133

OMeOMe

135134

Follow ing  the p ro ced u re  o f L iu e t a l.,18b 3-5 e q u iv a le n ts  of lith ium  

n ap h th a len id e  (LN) a t -10°C to 0°C w as used as the  s in g le  e lectron  donor 

(Schem e 35). T he reac tio n  w a s  fa ir ly  m essy  w ith  a lo t o f the  u sua l 

naph tha lene  by -p roducts found  w ith  LN  reactions . 3 8  A fter ch rom atography , 

analysis b y  NM R indicated  tha t a  sm all am ount of p ro d u c t 132 w as obtained. 

The y ields of th is reductive  c leavage o v e r tim e w ere in co n s is ten t a n d  were 

never g rea te r than  20%. This m ateria l w as never com plete ly  p u rified  since a 

co n tam inan t p e rs is ted  even afte r sev era l ch ro m ato g rap h ic  a ttem p ts . O ther 

p roducts, 134 and  135, w hich  re su lted  from  prev iously  re p o r te d 3 9  allyl ether 

c leavage, cou ld  be se p a ra te d  fro m  th e  d esired  p ro d u c t. For 1 34 , the 

p h o sp h o ro d iam id a te  rem ained  b u t  the allyl e ther w as red u c tiv e ly  cleaved, 

while in 135, bo th  substituen ts w ere  reductively  cleaved.

A no ther single electon d o n o r, lith iu m  4 ,4 -d i-f-b u ty lb ip h e n y l (LDBB) 

w as tr ie d  w ith  s im ila r results. E ven  tho u g h  the rea c tio n  a p p e a re d  to be 

som ew hat cleaner th an  w ith  LN, sign ifican t am o u n ts  o f 134 and  135 w ere 

obtained. N o lite ra tu re  exam ples cou ld  be found w here  allylic  e ther cleavage
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w as p e rfo rm ed  w ith  LDBB. W ith  co m p o u n d  133, it w as h o p ed  tha t the 

reaction conditions c o u ld  be a tten u a ted  such th a t no ally l e th er cleavage took 

p lace. A ttem p ts w i th  lo w e r reac tio n  tem p era tu res , few er eq u iv a len ts  of 

red u c tan t, d iffe ren t re d u c ta n t  (LDBB vs. LN), etc. u n fo rtu n a te ly  w ere  not 

successful.

In Figure 6 , the  1H  N M R spectra  for com pounds 1 3 2 ,134 , an d  135 are 

show n  for com parison . A s m en tioned , com pound  132 c o u ld  n o t be purified; 

nevertheless, the  p resen ce  of the M EM  group  (i. e. s in g le ts  rep resen tin g  the 

-O C H 2 O- at 4.7 p p m  a n d  -O C H 3  a t 3.4 ppm ) and the lack o f -N C H 3  resonances 

(from  the p h o sp h o ro d ia m id a te  g roup) betw een 2.0 and  3.0 p p m  ind icate  the 

s tru c tu re  show n. F u rth e rm o re , w hile the  su rro u n d in g  reg io n  is com plex, the 

s in g le t resonance  a t 1 . 1  p p m  m o st likely  re p re se n ts  the  n e w ly  form ed 

q u a te rn a ry  -C H 3 . W ith  co m p o u n d  134, the sp ec tru m  sh o w s c lear -NCFI3  

resonances (betw een 2.2 an d  2.6 ppm ) an d  no peaks co rresp o n d in g  to a MEM- 

e th e r  in d ic a t in g  t h a t  th e  M E M -e th e r  w a s  c le a v e d  w h ile  the  

p h o sp h o ro d ia m id a te  re m a in e d  in tac t. W ith c o m p o u n d  135, there  are  no 

MEM or p h o sp h o ro d ia m id a te  resonances, ind icating  th a t bo th  m oieties were 

reductively  cleaved.
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Figure 6 : 300 M H z XH  N M R  Spectra for C om pounds 132,134, a n d  135

.OCH.

OMe

132
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Schem e 36

OMEM

OMe

132

Deprotection
Conditions

Conditions
1. PPTS, f-BuOH, A
2. BBr3, CaH2, CH2 CI2, -78°C

OH

OMe(H)

136

OH

OMe(H)

137

H aving  ob tained  a very sm all am oun t of the m ethyl derivative  132, the  

rem oval of th e  MEM pro tec ting  g ro u p  was a ttem p ted  (Schem e 36). T he 

p rocedure  of M onti e t a l . 3 1  using  PPTS (which w orked  w ell w ith  the m odel 

system ), w as tried  first. By TLC, a p ro d u c t of lower Rf appeared  w hile m ost of 

the starting  m ateria l still rem ained. It w as later show n  that this m aterial w as 

the desired  p ro d u c t 136. H ow ever, b y  the time tha t a significant am ount of 

s ta rting  m ateria l w as consum ed, the desired  p roduct h ad  d isappeared  on TLC 

to give m ateria l w ith  a m uch h igher Rf. How ever, BBr3  cleavage a t -78°C d id  

resu lt in clean conversion to 136. Yet, despite efforts to keep bo th  the reaction 

an d  the w o rk u p  procedures nonacidic, the m aterial, on  stand ing , rearranged  

to the h igher Rf m ateria l seen in the PPTS reaction. E xposure to silica gel 

facilitated the rearrangem ent.

A nalysis by  G C /M S  ind icated  th a t the m ateria l 137 w as a struc tu ra l 

isom er of the  d esired  p roduct 136. F rom  both  the m ass spec tra  and  NM R 

data , it w as th o u g h t tha t the rearranged  p roduct w as the tertia ry  alcohol 137,
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th e  re su lt of an  a p p a re n t  p ro to n -ca ta ly z e d 'a lly lic  ( l,3 )-re a rra n g em e n t. In 

F igure 7, the 1H  N M R spectrum  for 137 (phenol) show s vinyl p eak s betw een

4.6 and  4.8 p p m , a ro u n d  w here  one w o u ld  expect term inal o lefin  resonances. 

B ecause of the  p ro b le m s  e n c o u n te re d  in  b o th  th e  d e o x y g e n a tio n  an d  

depro tection  steps, no m ore  than  a few  m illigram s of 136 (w hich cou ld  n o t be 

stored) w as ever ob tained . Further, the m ateria l w as a t best m o d era te ly  pure. 

I t  w as clear tha t this a p p ro ach  w ould  nev er lead to a synthesis im p ro v ed  over 

th a t repo rted  by  Shishido an d  cow orkers . 1 2

Figure 7: 300 M H z 1H  N M R  Spectrum  fo r C om p o u n d  137

OH

137

\A "

D ue to the p ro b lem s encoun tered  w ith  the reductive  c leavage step  in 

th e  p resence  of an  a lly l e th er (13 3 —>132), it w as  d ec id ed  to  leave the 

p h o sp h o ro d iam id a te  g ro u p  intact a t th is stage in  the  syn thesis. It has been 

rep o rte d 18a tha t the la tte r group  is stable to CHsLi (2.5 h r  a t 25°C), L iA lH 4 -Et2 0  

(2.5 h r a t 25°C), IN  K O H -EtO H  (15 h r  a t reflux) and  0.2N  aqueous H C l-acetone 

(2 h r a t 25°C). B ecause of the re la tiv e  inertness o f the T M PD A  as ju st 

described , it seem ed th a t it could serve as a hydroxy l p ro tec ting  g ro u p  w hile
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MEM rem oval and  allylic ox idation  w ere  carried  out. The reductive  cleavage 

w ould then  be postponed  un til the  la tte r tw o steps w ere perform ed.

Schem e 37

OMEM

OMe

(-J-133

OH

OMe

138

N-po CHO ii
NaCI02. NH2 SO 3 H ^ N~PO 
aq. Dioxane, RT

OMe

C 02H _ ,* Reductive
/ /  Cleavage

— (-)-15 (Triptinin A)

OMe

139
-  60% over 2  steps

140
-80%

The rem oval of the MEM g ro u p  (Schem e 37) w as done w ith  BBr3 , as 

had  been done  w ith  m ethy l d e riv a tiv e  132. Because of the unstab le  n a tu re  of 

allylic a lcoho l 136, the  new ly  fo rm ed  ally lic  alcohol 138 w as nev er fully 

isolated and  purified , b u t after w ash in g  the  reaction m ixture w ith  IN  N aO H , 

it w as trea te d  d irec tly  w ith  MnC>2 to  fu rn ish  a ldehyde  139. The 1H  NM R 

spec trum  of the c ru d e  a ldehyde  is sh o w n  in Figure 8  w ith  the a ldehyd ic  

pro ton  clearly  a t 10.2 ppm . This tw o step  procedure  proceeded in -60%  yield. 

The resu lting  a ldehyde  139 w as ox id ized  w ith  NaClC> 2 and  sulfam ic acid , to 

afford the carboxylic acid  140 w h ich  p ro v ed  to be very  po lar and  therefore 

difficult to purify . The T-H NM R sp ec tru m  of the acid 140 (Figure 8 ), w hile  not 

clean, show s an  absence of an  a ld eh y d ic  p ro ton . M ore conclusive da ta  cam e 

from  the 13C NM R, w ith  a resonance  a t 171 pp m  for the -C O 2 H  w here  one
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w ould  expect a conjugated carboxylic acid (conjugated a ldehydes are usually at 

190-200 ppm ). Furtherm ore , the HRMS data  su p p o rte d  the  correct empirical 

form ula. A t th is po in t, all th a t rem ained  to form  (-)-trip tin in  A, 15, was to 

reductively  cleave the phosphorod iam idate  of 140 to fo rm  the desired  methyl 

g roup.

Figure 8: 300 M Hz *H NMR Spectra for A ldehyde 139 and Acid 140

OMe

CHO

139

Jl

10 7 4 3 2 1

OMe

140

.1 i d
n  ■----- .------(----- !----- 1 i r  j----- .----- >-----     . -  j .

2 1 -0
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Figure 9

Reductive
Cleavage

OMe OMe

138 R = C H 2OH
139 R= CHO
140 R = C 0 2H

Several a ttem p ts  (F igure  9) w ere m ade w ith  b o th  LN and  LDBB as 

reductant to cleave the phosphorod im ida te  of 138-140, all o f w hich resulted in 

com plex reaction  m ix tu res . S ignificant sta rtin g  m a te ria l a lw ays persisted  

unless excess reductan t (10-20 equivalents) w as added . A fter try ing  to isolate a 

single com ponen t by H PLC , a sm all am ount of a m ix tu re  w as obtained that 

possessed an  NM R sp e c tru m  th a t w as too com plex to be  conclusive. The 

mass spectral da ta  w ere a lso  inconclusive in th a t m any  peaks bo th  of higher 

and  low er m ass w ere d e tec ted . The peak c o rre sp o n d in g  to the m olecular 

w eight of 15 w as very  sm all, and  m ay have been  from  desired  product or a 

fragm ent of ano ther m olecule. W hile it appeared  th a t a trace of the natural 

p ro d u c t m ay have  b een  o b ta in ed , this m eth o d  seem ed  un like ly  to ever 

produce the desired  m ateria l in a reasonable yield.

The bu lk  of the m ate ria l obtained  in the red u c tiv e  cleavage attem pts 

on  the carboxylic acid 140 w as non-polar and  m ulti-com ponen t in  nature. It 

m ay have been  the resu lt of 1,4-reduction a n d /o r  red u c tio n  of the arom atic 

ring, sim ilar to a Birch reduc tion . Reductive cleavage of a ldehyde  139 also 

resulted in decom position  sim ilar to that seen w ith  140. H op ing  to elim inate 

the possib le  p ro b lem  of con juga te  reduc tion , re d u c tiv e  c leavage of the 

TMPDA group w as tried  w ith  the allylic alcohol 138. T his resu lted  in the very 

slow consum ption of s ta rtin g  m aterial and no sign of the  desired  product.
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D. S u m m ary

A t th is  p o in t, it w as tim e  to  rea lis tic a lly  exam ine th e  v a lu e  of 

co n tin u in g  th is project. D ue m ain ly  to lack of m ateria l w hich  re su lted  from  

low  y ie ld in g  transfo rm ations late  in  the  syn the tic  schem e, fu r th e r  w ork  on  

the  p ro jec t w as stopped . In d eed , it is likely th a t ap p ro ach in g  th e  n a tu ra l 

p ro d u c ts  w ith  b o th  a q u a te rn a ry  oxazo line  m o ie ty  and  te tra s u b s titu te d  

o le fin /a lly lic  M EM -ether functionalities, as in  com pound  1 2 2 , w o u ld  no t be 

v iab le  reg a rd le ss  of the a m o u n t o f m ateria l on  h an d . Even if o n e  cou ld  

dev ise  a sy n th e tic  stra tegy  th a t a ffo rd ed  the  targe ts  using  th is a p p ro ach , it 

w ou ld  be, a t the very  least, m uch  longer an d  m uch  low er y ie ld in g  th an  the 

syn thesis of Shishido et al . 1 2

A lth o u g h  the  research  p ro jec t w as e n d e d  ju s t sh o rt of th e  o rig ina l 

u ltim ate  goal, it w as certa in ly  a w o rth w h ile  en d eav o r p ro d u c in g  im p o rtan t 

re su lts . T he sco p e  of ta n d e m  a d d it io n  c h e m is try  on  c h ira l n a p h th y l 

oxazolines w as b roadened . M ethods w ere  found  to allow  for a d d itio n  of a 

com plex , hom oally lic  e lectroph ile  a v o id in g  the  p ro p en s ity  for e lim ina tion . 

A lso, the  syn thesis of the e lectroph ile  an d  the 3 ,4 -d ihydronaph thy l oxazoline 

w as developed , an d  im proved.

R ing-closing m etatheses u sin g  bo th  G rubbs and  Schrock catalysts w ere 

successfu lly  carried  o u t in the  p resen ce  of the  oxazoline m oiety , g iv in g  the 

first re p o rte d  exam ples of such  a case. This im p o rtan t reaction successfu lly  

p u t  in p lace  the  correct r in g  sy s tem  a n d  the  com plete  carbon  backbone  of 

t r ip to q u in o n e /tr ip t in in  A. The rem a in in g  tran sfo rm atio n s  su b se q u e n t to 

RCM w ere  decep tively  difficult. D u rin g  the synthetic  effort, cond itions w ere 

w o rk ed  o u t to co n v ert sterically  en cu m b ered  oxazolines (58, 9 2 ,1 2 2 ) to the
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co rrespond ing  carb ino ls. D eoxygenation  of neopenty l carb inols (60, 95 ,131) 

w a s  s tu d ie d . S u ccess  w as  fo u n d  u s in g  re d u c tiv e  c le a v a g e  o f a 

ph o spho rod iam ida te  m o ie ty  in  exam ples devo id  of an  allylic a lc o h o l/e th e r  or 

a ,P -u n sa tu ra ted  a ld e h y d e /a c id , fu rth er defin ing  the scope of the  reaction.
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III. Experimental

G e n e ra l:  N onaqueous reactions w ere  perfo rm ed  u n d e r  a rgon  w ith  flam e-

d ried  glassw are. D iethyl e ther, te trahydro fu ran , and  benzene w ere d ried  by 

d i s t i l l a t i o n  o v e r  s o d iu m - b e n z o p h e n o n e .  D ic h lo r o m e th a n e ,  

d iiso p ro p y lam in e , tr ie th y la m in e , to luene, d im e th y lsu lfo x id e , a n d  H M PA  

w ere  d is tilled  o v er C a H 2 - T hin  layer an d  flash  c h ro m a to g ra p h y  w ere 

perfo rm ed  w ith  E. M erck K ieselgel silica gel 60 (230-400 m esh  A.S.T.M.) 

u n lesss  o th erw ise  s ta te d . Schrock  ca ta ly st w as p u rc h a se d  from  Strem  

C hem ical Inc. and  w as w ash ed  w ith  hexane u n d e r a rg o n  p rio r to use. N ,N- 

D im e th y lp h o sp h o ra m id ic  d ic h lo r id e  w as p u rc h a s e d  from  L an c as te r 

Synthesis, Inc. and  used  w ith o u t fu rth er purification . All o ther com m ercial 

com pounds w ere pu rch ased  from  A ldrich Chem ical Co. an d  unless o therw ise 

indicated , used  w ithou t fu rth er purification. M elting po in ts  are uncorrected. 

M icroanalyses w ere perfo rm ed  by A tlantic M icrolab, Inc., N orcross, Georgia.

o

51

5-M ethoxy-6-isopropyl-l-tetralone, 51. U sing a m echanical stirrer and  an  oil

ba th  that had  been equ ilib ra ted  to 95°C, ester 81 ( 2  g, 6.85 mmol) w as heated  in 

po lyphosphoric  acid (20 ml) for 2  h. The red  reaction  m ix tu re  w as cooled, 

d ilu ted  w ith  H 2 O (100 ml) an d  extracted w ith  EtOAc (3 x 50 ml). The EtOAc 

so lu tion  w as w ashed  w ith  sa tu ra ted  aqueous N aH C O s (2 x 75 ml) and  brine 

(100 ml). The so lu tion  w as d ried  over MgSC>4 , filtered , an d  concen tra ted . 

F lash chrom atography  ( 5% E tO A c/H exane) of the crude, yellow  residue gave 

1.19 g of tetralone 51 as an  off-w hite solid (80%); m .p.=  102-104°C; 1H  NM R

63

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



(CDC13/ 300 M Hz) 8  1.24 (d, J= 6 . 6  Hz, 6 H), 2.11 (d d d d , J= 6.3, 6.3,6.3,6.3 Hz, 2H), 

2.62 (dd, J= 7, 6  H z, 2H), 2.98 (dd, J= 6 , 6  H z, 2H), 3.37 (sept., J= 6 . 6  Hz, 1H), 3.75 

(s, 3H), 7.23 (d, J= 8.2 H z, 1H), 7.82 (d, J= 8.2 H z, 1H); 13C NM R (CDC13, 75MHz) 

5 22.9, 23.5, 26.9, 38.8, 61.1, 123.2, 124.6, 131.9, 137.7, 147.7, 154.5, 198.1; IR (film)

1681, 1416 cm*1; HRM S (FAB+) for C 1 4 H 1 9 O 2  (M+H)+: C alcd 219.1385, Found 

219.1382; Anal. Calcd for C 1 4 H 1 8 O 2 : C, 77.03; H, 8.31. Found: C, 76.96; H, 8.33.

A m id e-a lco h o l 54. The follow ing w ere com bined  in  o rder: vinyl triflate 84 

(810 m g, 2.34 m m ol), (S)-f-leucinol (548 m g, 4.68 m m ol), trie thy lam ine  (0.82 

ml, 5.88 m m ol), l,3 -b is(d ipheny lphosph ino )p ropane  (48 mg, 0.12 m m ol), and  

pallad ium  (II) ace ta te  (16 m g, 0.07 m m ol). A fter d ilu tin g  w ith  d ry  DMSO (2 

ml), the reaction  w as aera ted  w ith  CO from  a b a llo o n  for 15 m in, and  then 

heated  a t 65°C fo r 1 2  h  u n d e r  a CO a tm o sp h ere . A fter cooling to room  

tem peratu re , the reaction  w as d ilu ted  w ith  EtO A c (75 ml) an d  w ashed w ith 

brine (50 m l). T he EtOAc so lu tion  w as d ried  o ver N a 2 S0 4 , filtered , and  

concentrated. The c ru d e  residue was pu rified  b y  flash chrom atography  (15% 

E tO A c/hexanes a n d  45% E tO A c/hexanes) to g ive 624 m g of 54 as a colorless 

foam (77%). [a]25D= +13.7 (c=0.54, CHCI3 ) l H  NM R (CDCI3 , 300 MHz) 5 1.02 (s, 

9H), 1.23 (d, J= 7.2 H z, 6 H), 2.31-2.42 (m, 2H), 2.85 (ddd , J= 7.5, 7.5, 3.3 Hz, 2H), 

3.33 (sept., J= 6.9 H z, 1H), 3.57-3.74 (m, 2H), 3.7 (s, 3H ), 3.94-4.06 (m, 2H), 5.97 (br 

d, J= 9.3 Hz, 1H), 6.51 (app t, J= 4.6 Hz, 1H), 7.12 (d, J= 8.4 H z, 1H), 7.22 (d, J= 8.4 

Hz, 1H); 13C N M R (CDCI3 , 75MHz) 8  20.6, 22.6, 23.7, 26.5, 27, 33.6, 59.7, 61.1,

54
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63.3,121.4,124.4,128.8, 130.2,130.4,136.5,141.8,154.3,170.2; IR (film) 1644,1610 

c m '1; HRMS (FAB+) for C2 1 H 3 2 N O 3  (M+H)+: C alcd 346.2382, F ound  346.2388.

OMe

55

D ih y d ro n a p h th y l oxazo line  55. To a so lu tio n  o f am ide-alcohol 54 (500 m g, 

1.45 m m ol) in  C H 2 CI2  (15 ml) at 0 °C w as slow ly  a d d ed  th iony l ch lo ride  (0.23 

ml, 3.19 m m ol). A fter stirring  for 2 h, the  so lven t was rem oved. T he residue  

w as d isso lv ed  in  C H 3 CN  ( 8  ml) an d  sa tu ra te d  aqueous K2 C O 3  (5 ml). The 

solution w as h e a ted  to reflux for 6  h. U p o n  cooling, the so lven t w as rem oved  

and the res id u e  d isso lved  in EtOAc (100 ml) a n d  w ashed  w ith  b rin e  (2 x 50 

ml). The EtO A c so lu tion  w as d ried  over N a 2 S0 4 , filtered an d  concen tra ted . 

The crude m ateria l w as purified by flash ch rom atography  (5% E tO A c/hexanes 

and 10% E tO A c/hexanes) to yield 55 (394 m g, 83%) as a slow -form ing , cream  

solid. The p ro d u c t could  be sto red  u n d e r  a rgon  at -18°C for sev era l w eeks; 

how ever, a t ro o m  tem pera tu re , d eco m p o sitio n  began  to occur w ith in  24 h; 

m p= 78-80°C; [a ]25D= -149 (c=0.55, CHCI3 ); 1H  N M R (CDCI3 , 300 M H z) 8  1 . 2 1  (d, 

J= 2.25 hz, 3H ), 1.24 (d, J=2.25, 3H), 2.35 (m , 2H), 2.66 (ddd , J= 15.3, 11.7, 6.4 H z, 

1H), 2.94 (ddd , J= 15.2, 6 .6 , 6 . 6  Hz, 1H), 3.32 (ddd , J= 13.8, 6 .8 , 6 . 8  H z, 1H), 3.67 (s, 

3H), 4.04 (dd, J= 10.1, 7.7 Hz, 1H), 4.13 (dd , J= 8.1, 8.1 H z, 1H), 4.24 (dd , J= 10.1,

8.4 Hz, 1H), 6 . 8 8  (dd , J= 5.4, 4.35 H z, 1H), 7.14 (d, J= 8.1 H z, 1H), 7.74 (d, J= 8,1 

Hz, 1H); 13C N M R  (CDCI3 , 75MHz) 8  20.5, 23, 23.7, 26, 26.5, 33.9, 61.1, 67.5, 77.6, 

122.6, 124, 127.5, 128.9, 130.6, 135.1, 141, 153.9, 162.3; IR(film) 1650, 1482; HRMS 

(FAB+) for C 2 1 H 3 0 N O 2  (M+H)+: Calcd 328.2276 Found 328.2281.
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2-Brom o-6-isopropyl ph en ol, 75. To a solution of 2 -isopropy l phenol (18.3 g, 

0.134 mol) in CS2  (500 ml) w as ad d ed  N -brom osuccinim ide (24 g, 0.134 mol) as 

a solid  over 1 h. T he reaction  w as stirred a t room  tem p era tu re  for 12 h and a 

off-w hite p rec ip ita te  w as form ed. The solvent w as rem o v ed , an d  the residue 

w as d isso lved  in  E t2 0  (350 ml). The Et2 0  so lu tion  w as w ash ed  w ith 10% 

aqueous so d iu m  th io su lfa te  (2 x 150 ml), an d  b rine  (100 ml). A fter d ry ing  

o v e r  MgSC>4 , th e  s o lu t io n  w as f ilte re d  a n d  c o n c e n tra te d . F lash  

ch rom atog raphy  (0.5% E tO A c/H exane) of the c rude  m ate ria l p roduced  24.9g 

of 75 as a clear liqu id  (8 6 %). b .p=  125-130°C (25 m m H g); *H NM R (CDC1 3 , 300 

M H z) 5 1.24 (d, J= 6  H z, 6 H), 3.32 ( sept., J= 6  Hz, 1H), 5.58 (s, 1H), 6.78 (t, J= 7.8 

H z, 1H), 7.14 (d, J=9.6 H z, 1H), 7.30 (d, J= 9.6 Hz, 1H); 13C N M R (CDCI3 , 75MHz) 

5 22.4, 28.1,110.6, 121.5,125.8,129,136.3,149.3; m/z 214/216 (M +).

76

2-B rom o-6-isopropyl an iso le , 76. Follow ing the p ro c e d u re  of McKillop et 

a l . , 2 2  a b iphasic  m ix tu re  of 2 -brom o-6-isopropyl p h e n o l 75 (15.83 g, 73.63 

m m ol), d im ethy l su lfa te  (14 g, 111 mmol), L iO H «H 2 0  (4.94 g, 118 mmol), and  

benzyl trib u ty lam m o n iu m  ch loride  (2.3 g, 7.3 m m ol) in  C H 2 CI2 / H 2 O (1:1, 600 

ml) was stirred  a t room  tem pera tu re  for 12 h. The phases w ere  separated, and  

the  aqueous p h a se  w as ex trac ted  w ith  C H 2 C I2  (2 . x 1 0 0  ml). The CH 2 C I2  

extracts w ere com bined  and  s tirred  w ith 300 m l of a 10% NH 4 O H  solution for 

5 h. The phases w ere  sep ara ted  and  the organic phase w as d ried  over N a2 SC>4
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and  concentrated. F lash chrom atography  (1% E tO A c/hexanes) y ielded  15.5 g 

(92%) of a clear liqu id , 76; b.p.=120-125°C (20 m m H g); *H N M R (CDCI3 , 300 

M H z) 5 1.23 (d, J= 6.9 H z, 6 H), 3.36 (sept., J= 6.9 Hz, 1H), 3.83 (s, 3H), 6.97 (t, J= 

7.8 Hz, 1H), 7.2 (dd , J= 7.8, 1.5 H z, 1H), 7.37 (dd, J= 7.8, 1.5 H z, 1H); NMR 

(C D C I3 , 75M Hz) 5 23.7, 27.2, 61.3, 117.4, 125.6, 125.9, 130.8, 144, 154.2; m /z  

228/230  (M+); Anal. C alcd for C ioHisOBr: C, 52.42; H, 5.72. Found: C, 52.13; H, 

5.90.

78

Phenethyl alcohol 78. A so lu tion  of 2-brom o-6-isopropyl anisole 76 (3 g, 13.1 

mmol) in 10 m l d ry  THF (dried  over N aH  and decanted) a t -78°C w as degassed 

by evacuating  the  sy stem  u n d e r  vacuum  un til so lven t b u b b led  and  then 

p u rg in g  the system  w ith  A rgon. This process w as rep ea ted  5 tim es. The 

so lu tion  w as th en  slow ly  a d d e d  via cannula to a so lu tion  of n -bu ty l lithium  

(2.4M in hexane, 5.7 m l, 13.7 m mol) a t -78°C, w hich had  also been degassed at 

described above. A fter s tirr in g  15 m in, BF3 *E t2 0  (2.04 g, 14.4 mmol) was 

ad d ed  and the reaction  w as s tirred  30 m in, becom ing b rig h te r  yellow  over 

time. E thylene oxide (~1 ml) w as condensed into the reaction. A fter stirring 

for 2 h at -78°C, sa tu ra ted  aqueous N H 4 CI (30 ml) w as ad d ed  and  the mixture 

w as allow ed to w arm  to room  tem perature. The m ixture w as extracted w ith 

EtOAc (3 x 50 ml). The ex tract w as then d ried  over N a 2 SC>4 , filtered, and 

c o n ce n tra te d . F la sh  c h ro m a to g ra p h y  (g ra d ie n t fro m  10% to 25% 

E tO A c/H ex an es) y ie ld e d  78 (2.03 g, 80%) as a light yellow  oil. XH NMR 

(CDCI3 , 300 M Hz) 5 1.24 (d, J= 6.9 H z, 6 H), 1.98 (t, J= 5.4 H z, 1 H), 2.93 (t, J= 6 . 6  

H z, 2H), 3.33 (sept, J= 6.9 H z, 1J), 3.77 (s, 3H), 3.87 (q, J= 6  H z, 2H), 7.02-7.10 (m,
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2H), 7.17 (dd, J= 6 .6 , 2.8 H z, 1H); 13C NMR (CDC13, 75M Hz) 5 24, 26.3, 33.9, 61.7,

63.5, 124.6, 125.3, 128.1, 131.7, 142.1, 155.8; IR (neat) 3358 (br), 1462 cm -1; HRMS 

(FAB+) for C i 2 H i 8 0 2  (M)+: C alcd  194.1307 F ound 194.1289.

80

Phenethyl iod ide 80. To 40 m l of C H 2 CI2  w as a d d e d  trip h en y lp h o sp h in e  (2.76 

g, 10.5 m m ol) a n d  io d in e  (2.89 g, 11.38 m m ol). A fte r s t ir r in g  20 m in, 

im idazole (835 m g, 12.3 m m ol) w as added , fo llow ed b y  p h en e th y l alcohol 78 

in 1 0  ml C H 2 C I2 - The reac tio n  w as allow ed  to w a rm  to room  tem pera tu re  

slowly. After 12 h, the  reaction  w as diluted w ith  EtOAc (100 m l), w ashed w ith 

10% aqueous so d iu m  th io su lfa te  (2 x 75ml) and  b rin e  (50 m l). The EtOAc 

so lu tio n  w as d r ie d  o v er N a 2 S 0 4 , filtered , an d  c o n ce n tra te d . The crude  

residue w as flushed  th ro u g h  a p lu g  of silica w ith  10% E tO A c/H ex an e  to yield 

2.49 g (94%) of 80 as a ligh t ye llow  oil. !H  NM R (CDCI3 , 300 M H z) 5 1.23 (d, J=

7.5 Hz, 6 H), 3.21 (t, J= 7.5 H z , 2H), 3.32 (sept, J= 6 . 6  H z, 1H), 3.37 (t, J= 7.5 Hz, 

2H), 3.76 (s, 3H), 7.01 (dd , J= 10.5, 2.1 Hz, 1H), 7.07 (t, J= 7.5 H z, 1H), 7.2 (d, J=

10.5, 2.1 H z, 1H); 13C N M R  (CDCI3 , 75MHz) 8  4.6, 24, 26.4, 35.5, 61.9, 124.5, 

125.7,127.3, 133.6, 142.2, 155.4; IR (neat) 1463 c n r 1.
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OMe
O'Bu

81

Ester 81. To a solution, of d ry  d iisopropylam ine (0.31 g, 3.01 mmol) in 6  m l d ry  

THF at -78°C w as a d d e d  n-bu ty l lithium  (1.95M in hexane, 2.74 m m ol, 1.4 ml). 

After stirring  15 m in , f-butyl acetate (315 m g, 2.74 m m ol) w as a d d ed  d ropw ise , 

an d  the reaction w as s tirred  for 30 m in  a t -78°C. In  a separate  flask, iod ide  80 

(1 g, 3.29 m m ol) a n d  d ry  H M PA  (982 m g, 5.48 m m ol) w ere m ixed in 5 ml THF 

a n d  cooled to -78°C. The an io n  was then  a d d e d  via cannula  into the iod ide  

8 0 /H M P A  so lu tio n , d ro p w ise . After s tirr in g  5 h  a t -78°C, the so lu tion  w as 

q u enched  w ith  sa tu ra te d  aqueous N H 4 CI (20 ml) and  a llow ed to w arm  to 

room  tem p era tu re . The m ix tu re  was ex trac ted  w ith  EtOAc (3 x 25 ml). The 

organic phase w as w ash ed  w ith  brine (50 m l), d ried  over N a 2 SC>4 , filtered and  

c o n c e n tra te d . F la sh  c h ro m a to g ra p h y  (g ra d ie n t:  H e x a n e s  to 2%

EtO A c/H exanes) y ie lded  685m g (85%) of 81 as a colorless oil. XH  NM R (CDCI3 ,

1729, 1462 cm -1; HRM S (FAB+) for C i 8 H 2 8 0 3  (M)+: Calcd 292.2038 F ound  

292.2040; Anal. C alcd  for C 1 8 H 2 8 O 3 : C, 73.93; H , 9.65. Found: C, 73.98; H , 9.72.

V inyl triflate 84. To a so lu tion  of tetralone 51 (500 m g, 2.29 m m ol) in 8  m l 

THF at -78°C w as slow ly  a d d ed  po tassium  b is(trim ethy lsily l)am ide  (0.5M in

300 MHz) 8  1.23 (d, J= 6 . 6  H z, 6 H), 1.45 (s, 9H), 1.9 (q, J= 7.5 Hz, 2H), 2.28 (t, J= 7 

Hz, 2H), 2.66 (t, J= 7.8 H z, 2H), 3.32 (sept., J= 6 . 6  H z, 1H), 3.73 (s, 3H), 7.04-7.02 

(m, 2H), 7.12 (dd, J= 6.3, 3.3 H z, 1H); NM R (CDCI3 , 75MHz) 8  24.1, 26.2, 26.4,

28.2, 29.3, 35.4, 61.7, 80, 124.2, 124.4, 127.4, 134.4, 141.8, 155.4, 172.8; IR (neat)

OTf

OMe

84
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to luene, 5.5 m l, 2.75 m m ol). The reaction  w as s tirred  for 1  h, becom ing 

hom ogenous. To th is w as a d d ed  N -phenyltriflim ide (1.07 g, 3 mmol) in 3 ml 

THF. A fter s tirring  1 h  a t -78°C, the m ix ture  w as allow ed to w arm  to room  

tem peratu re . S a tu ra ted  aqueous NH 4 CI (20 ml) w as ad d ed , and  the m ixture 

w as extracted  w ith  E tO A c (3 x 20 ml). The EtOAc so lu tion  was d ried  over 

N a 2 S0 4 , filtered an d  concentrated . The crude  res id u e  w as purified  by  flash 

ch rom atography  (2.5% E tO A c/hexanes) to yield 84 as a light brow n oil ( 800 

m g, 99%). The m ateria l could  be stored a t -18°C u n d e r argon  for several days. 

A fter that, significant decom position w as noted. 2H  N M R (CDCI3 , 300 M Hz) 5 

1.23 (d, J= 6.9 Hz, 6 H ), 2.48 (ddd , J= 8.4, 4.2, 4.2 H z, 2H), 2.9 (dd , J= 8.1, 8.1 Hz, 

2H), 3.32 (sept., J= 6.9 H z, 1H), 3.71 (s, 3H), 5.96 (dd, J= 4.95,4.95 Hz, 1H), 7.12 (d, 

J= 8.4 H z, 1H), 7.16 (d , J= 8.4 H z, 1H); 13C NM R (CDCI3 , 75MHz) 5 20.4, 22.1, 

23.7, 26.7, 61.2, 116.8, 117.5, 124.6, 127.6, 128.9, 130 (q, Ji3C-19F= 75 Hz), 143.4,

146.2, 154.3; HRMS (FAB+) for C 1 5 H 1 7 F 3 O 4 S (M)+: C alcd  350.0800 Found 

350.0801.

C om pounds 86-89 w ere  m ade  follow ing the p ro ced u res of Kocienski et a l . 2 3  

w ith  slight m odifications:
1

Si —
\

86

2 -T rim e th y ls ily l-4 ,5 -d ih y d ro fu ra n , 8 6 . A so lu tion  of 2 ,3-dihydrofuran (2 g, 

28.6 mmol) in  5 m l d ry  THF w as added d ropw ise  to f-butyl lithium  (1.7M in 

pentane, 18.5 m l, 31.5 m m ol) a t -78°C. A lem on yellow  precip itate  form ed. 

After 10 m in, the m ix tu re  w as placed in a -40°C b a th  for 30 m in, followed by a 

0°C bath for 30 m in. The m ix ture  was then  rechilled  to -78°C, and a so lu tion  

of trim ethylsily l ch lo ride  (3 ml, 23.9 m m ol) in 8  m l THF w as added  slowly. 

U pon com pletion  o f ad d itio n , the so lu tion  w as a llow ed  to w arm  to room
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tem perature  and  stir 1 h. The w hite s lu rry  w as th en  po u red  onto a m ixture of 

2 ml sa tu ra ted  aqu eo u s N H 4 O H  and  18 m l sa tu ra te d  aqueous N H 4 CI. The 

m ixture w as ex tracted  w ith  E t2 0  (3 x 30 ml). T he ex tract w as w ashed w ith  

brine (100 m l), d ried  over M gS 0 4  an d  filtered. C arefu l concentra tion  (via 

rotary evaporato r w ith  a 0°C bath) y ielded 8 6  (2.3 g, 6 8 %) as a volatile oil. *H 

NMR (CDCI3 , 300 M Hz) 5 0.15 (s, 9H), 2.58 (ddd , J= 9.9, 9.9, 2.7 Hz, 2H), 4.28 (t, 

J= 9.9 H z, 2H), 5.19 (t, J= 2.7 Hz, 1H). Spectra  w ere  in  ag reem en t w ith  

previously  reported  d a ta . 2 3

HO

87

(E )-4 -T rim ethy lsily lpen t-3 -en -l-o l, 87. To a so lu tion  of N iC l2 (PPh.3 ) 2  (460 mg, 

0.7 mmol) in 10 ml d ry  benzene was ad d ed  M eM gBr (3M in Et2 0 , 7.5 ml, 22.5 

m mol). The m ix ture  w as s tirred  for 20 m in  y ie ld in g  a d a rk  p u rp le /b ro w n  

color. 2 -trim ethylsily l-4 ,5-d ihydrofuran , 8 6  (1 g, 7.04 m m ol) in 8  ml benzene 

w as a d d ed  and  the reaction  w as heated  to reflux  for 3 h. A fter cooling to 

room  tem perature , the  d a rk  reaction m ix ture  w as p o u red  on to  a m ixture of 2  

m l sa tu ra ted  aqu eo u s N H 4 O H  and 18 m l sa tu ra te d  aqueous N H 4 CI w hile 

stirring. A fter s tirring  30 m in, the m ixture w as ex tracted  w ith  EtOAc (3 x 50 

ml). The EtOAc p o rtio n  w as w ashed w ith  b rine  (100 ml), d ried  over MgS0 4 , 

and  concentrated to give -500 m g of 87 as a yellow  oil. The m aterial was used 

w ithou t fu rther purification. T-H NMR (CDCI3 , 300 M Hz) 8  0.06 (s, 9H), 1.71 (s, 

3H), 2.4 (q, J= 6 . 6  Hz, 2H), 3.68 (t, J= 6 . 6  Hz, 2H), 5.71 (t, J= 6 . 6  Hz, 1H). Spectra 

w ere in agreem ent w ith  previously  reported  d a ta . 2 3
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(Z )-4-B rom op en t-3-en -l-o l, 88. A 2.4M so lu tion  of b ro m in e  in C H 2 CI2  w as  

ad d ed  d ropw ise  to 4 -trim ethy lpen t-3 -en-l-o l, 87 in 4 m l C H 2 CI2  a t  -78°C, until 

a yellow  co lor p e rs is te d . U pon  ad d itio n  of 2 m l M eO H , the reaction w as 

a llow ed  to w a rm  to ro o m  tem pera tu re . A sa tu ra te d  aq u eo u s so lu tion  of 

sod ium  th io su lfa te  w a s  a d d e d  ( ~ 1  ml) an d  s tirred  u n til  deco lorization  had  

occurred. Solvent w as  rem oved  an d  the residue  w as d isso lved  in Et2 0  (40 

ml). The Et2 0  so lu tio n  w as w ashed  w ith  H 2 O (40 m l). A fter concentration, 

the residue w as d isso lv ed  in  a so lu tion  w ith  1.5 eq N aO M e and  10 ml MeOH. 

S tirring w as m a in ta in ed  for 10 m in  and the m ix tu re  w as d ilu ted  w ith 10 ml 

H 2 O and  ex trac ted  w ith  E t2 0  (40 ml). The Et2 0  so lu tio n  w as dried  over 

M g S 0 4 , filtered  a n d  co n cen tra ted  to give 250 m g of 8 8  as a d a rk  oil. The 

m aterial w as u sed  w ith o u t fu rther purification. *H N M R  (CDC 1 3 , 300 M Hz) 5 

2.25 (s, 3H), 2.43 (q, J= 6 . 6  H z, 2H), 3.71 (t, J= 6 . 6  Hz, 2H ), 5.7 (t, J= 7.5 Hz, 1H). 

Spectra w ere in ag reem en t w ith  p reviously  repo rted  d a ta . 2 3

01—\

Br

89

(Z)-2-Brom o-5-chloro-pent-2-ene, 89. To a so lu tion  o f (Z)-4-brom opent-3-en-

l-o l, 8 8  ( 2 0 0  m g, 1 . 2 1  m m ol), in 2  m l CH 2 CI2  a t 0 °C w as a d d ed  thionyl chloride 

(106 (0.1, 1.45 m m ol). T he  so lu tio n  was a llow ed  to w a rm  slow ly  to room  

tem perature. A fter s tirr in g  3 h, sa tu rated  aqueous N aH C C >3 (5 ml) was added. 

U pon add ition  of 10 m l C H 2 CI2 / the  phases w ere se p a ra te d  and  the aqueous 

phase w as ex tracted  w ith  C H 2 CI2  (2 x 10 ml). The C H 2 CI2  so lu tion  was dried  

o v e r N a 2 S 0 4 , f i l te re d  a n d  co n cen tra ted . F lash  c h ro m a to g ra p h y  (2%
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E tO A c/hexanes) y ie lded  177 m g (80%) of 89 as a s ligh tly  yellow  oil. XH  NM R 

(CDC13/ 300 M Hz) 5 2.31 (s, 3H), 2.53 (q, J= 6  H z, 2H ), 4.11-3.94 (m, 2H), 5.68 (t, J=

6.7 H z, 1H). N o fu rther characterization w as a ttem p ted .

o
110

M ethyl 4-hydroxy-2-m ethylene-butanoate, 110. To a so lu tion  of y-m ethylene- 

b u ty r o la c to n e 3 5  (2.16 g, 22 m m ol) in  100 m l M eO H  w as a d d e d  0.5 m l 

concen tra ted  H 2 SO 4 . The so lu tion  w as h ea ted  a t  reflux  for 6  h, cooled, and  

filtered. A fter a d d itio n  of 100 m l H 2 O, the M eO H  w as rem oved in vacuo. 

The residue w as ex tracted  w ith EtOAc (3 x 75 m l), w ashed  w ith  brine (100 ml), 

d r ie d  over N a 2 S 0 4  a n d  c o n ce n tra te d . F la sh  c h ro m a to g ra p h y  (25% 

E tO A c/hexanes an d  50% E tO A c/hexanes) rem o v e d  p ro d u c t from  rem ain ing  

sta rtin g  m aterial to y ie ld  1 1 0  as a clear liqu id  (1.2 g, 45%). 1H NM R (CDCI3 , 

300 M Hz) 5 1.25 (t, J= 7.2 Hz, 1H), 2.58 (t, J= 6  H z, 2H), 3.77 (br s, 5H), 5.67 (d, J=

1.5 H z, 1H), 6.24 ( d , J= 1.5 Hz, 1H); *3C NM R (CDCI3 , 75MHz) 5 35.5, 52, 61.6,

127.4, 137.3,167.8; IR(neat) 3387 (br), 1719,1629 c n r 1.

O M e

O
111

M ethyl 4 -(tert-b u ty ld im eth ylsily loxy)-2 -m eth y len eb u tan oate , 111. f-B utyl 

lith ium  (2M in p en tan e , 4 ml, 8  m m ol) w as a d d e d  slow ly  to a so lu tion  of 2- 

brom o-4-f-buty ld im ethylsily loxy-l-butene (1 g, 3.77 m m ol) in dry Et2 0  (30 ml). 

A fter 15 m in., m ethyl ch loroform ate  (465 m g, 4.92 m m ol) w as ad d ed  and  the 

so lu tion  was stirred  for 30 min. Saturated  aq u eo u s N H 4 CI (15 ml) w as ad d ed  

and  the m ixture w as a llow ed  to w arm  to room  tem p era tu re . The layers w ere 

se p a ra ted  and  the  a q u eo u s  layer w as ex trac ted  w ith  E t2 0  (2 x 15ml). The
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organic layers w ere  com bined , d ried  over N a 2 SC>4 , filtered , an d  concentrated 

in vacuo a t room  tem p era tu re  (30 m m H g). The c ru d e  residue  w as purified by 

flash  c h ro m a to g rap h y  (2.5% Et2 0 /p e tro le u m  ether) to g ive 111 as a tan oil 

(460 mg, 50%). l H  N M R  (CDC13, 300 MHz) 8  2.53 (t, J= 6 . 6  H z, 2H), 3.72 (t, J= 6 . 6  

H z, 2H), 3.74 (s, 3H ), 5.62 (d, J= 1.5 H z, 1H), 6.2 (d , J= 1.5 H z, 1H); 13C NMR 

(CDCI3 , 75MHz) 8  -5.4, 18.3, 25.9, 35.5, 51.8, 61.8,127, 137.2, 167.5; IR (neat) 1723, 

1632 cm*1.

1 1 2

4-(tert-B utyld im eth ylsilyIoxy)-2-m ethylen e-l-bu tanol, 112. To a solution of 

m ethy l 4 -(f-b u ty ld im eth y ls ily lo x y )-2 -m eth y len eb u tan o a te , 111 (520 mg, 2.13 

m m ol) in 15 m l T H F a t 0°C was slow ly ad d ed  d iiso b u ty l a lum inum  hydride 

(2M in to lu en e , 3.2 m l, 6.4 m m ol). T he re a c tio n  w as s tirred  for 3 h, 

afterw hich 25 m l of IN  N aO H  w as slow ly added . The phases w ere separated 

and  the aqueous p h a se  w as extracted w ith  EtOAc (2 x 25 ml). The organic 

p h a se  w as d r ie d  o v e r  N a 2 S 0 4 , f i lte re d , a n d  c o n c e n tra te d . F lash  

ch rom atography  (5% E tO A c/hexanes and  10% E tO A c/hexanes) gave 414 m g 

of 1 1 2  (90%) as a ligh t yellow  oil. NM R (CDCI3 , 300 M Hz) 8  0.07 (s, 6 H), 0.9 

(s, 9H), 2.34 (t, J= 6  H z, 2H), 2.77 (t, J= 6  H z, 1H), 3.75 (t, J= 6  H z, 2H), 4.07 (d, J=

5.7 Hz, 2H), 4.9 (br s, 1H), 5.04 (br s, 1H); 13C NM R (CDCI3 , 75MHz) 8  -5.5,18.3,

25.9, 37.1, 63.4, 66.4, 112.5, 147.2; IR (neat) 3357 (br), 1649 c m '1; Anal. Calcd for 

C iiH 2 4 0 2 Si: C, 61.06, H , 11.18. Found: C, 61.33, H, 11.28.
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A lly lic  M E M -e th e r 113. To a so lu tion  of 4 - ( f -b u ty ld im e th y ls i ly lo x y ) -2 -  

m e th y len e -l-b u tan o l, 1 1 2  (2 g, 9.26 mmol) an d  d iisop ropy le thy lam ine  (5 .32  

m l, 30.7 m m ol) in  6  m l C H 2 C I 2  a t room  te m p e ra tu re  w as a d d e d  2- 

m ethoxyethoxym ethyl ch lo ride  (MEM-C1) (1 .6  m l, 14 m m ol). A fter stiriring  

for 24 h, the reaction  w as d ilu ted  w ith  EtOAc (40 ml), an d  then  w ashed  w i th  

10% aqueous CUSO4  (2 x 40 ml) and  brine (40 m l). The so lu tion  w as dxried 

o v er N a 2 S 0 4 , f ilte re d , a n d  concen tra ted . F lash  c h ro m a to g ra p h y  (L0%  

E tO A c/hexanes) p ro d u c e d  the p ro d u c t 113 as an  oil (2.4 g, 85%). *H N1MR 

(CDCI3 , 300 MHz) 5 0.04 (s, 6 H), 0.88 (s, 9H), 2.28 (dd, J= 6 , 6  Hz, 2H), 3.39 (s, 3 H ),

3.55-3.56 (m, 2H), 3.69-3.74 (m, 4H), 4.02 (br s, 2H), 4.73 (s, 2H), 4.93 (br s, 1 H ),

5.08 (br s, 1H); 13C N M R  (CDCI3 , 75MHz) 5 -5.3, 18.3, 25.9, 36.7, 59, 62.1, 6 ^ . 8 ,

70.4, 71.8, 94.7, 113, 142.8; IR (neat) 1652, 1464 c m '1; HRM S (FAB+) for 

C i5 H 3 3 0 4Si (M+H)+: C alcd 305.2148 Found 305.2143 .

ho- ^  -— 0 ^ ° ^ o c h 3

114

A lcohol 114. To a so lu tio n  of the allylic M EM -ether 113 (2 g, 6.58 m m o l) in 

THF (20 ml) a t room  tem p era tu re  w as ad d ed  te trab u ty lam m o n iu m  fluoiride  

(1M in THF, 8 . 6  m l) a n d  the  reaction w as s tirred  for 3 h. The so lven t w a s  

rem oved and  the re s id u e  w as d isso lved  w ith  EtOAc (75 m l). The E tO A c  

solu tion  w as w ashed  w ith  b rine  (2 x 50 ml), d ried  over N a 2 S0 4 , filtered, a n d  

co n ce n tra te d . F la sh  c h ro m a to g ra p h y  (25% E tO A c /h e x a n e s  an d  5:0% 

E tO A c/hexanes) y ie ld e d  a lcohol 114 (1.18 g, 94%) as a clear oil. TH N M R  

(CDCI3 , 300 MHz) 8  2.36 (t, J= 6  Hz, 2H), 3.39 (s, 3H). 3.55-3.58 (m, 2H), 3.70-3.77 

(m, 4H), 4.05 (s, 2H ), 4.75 (s, 2H), 5.03 (br s, 1H), 5.16 (br s, 1H); 13C NPv4R
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(CDC13, 75MHz) 5 37.1, 59, 61.1, 67, 70.4, 71.7, 94.7,115,142.5; IR (neat) 3444 (br), 

1652 cm '1; HRMS (FAB+) for C 9 H i 8 0 4  (M+H)+: Calcd 191.1283 Found 191.1282.

Br
0 ^ 0

‘OCH3

115

Brom ide 115. To a so lu tio n  of d ib ro m o trip h en y lp h o sp h o ra n e  (p u rch ased  

from  A ldrich C hem ical Co.) (1.26 g, 2.99 mmol) an d  im idazo le  (234 m g , 3.44 

m mol) in C H 2 CI2  (5 ml) a t 0°C w as a d d ed  alcohol 114 ( 435 m g, 2.29 m m ol) in 

C H 2 CI2  (3 ml). The m ix tu re  w as stirred  for 8  h  w hile a llow ing  it to g rad u a lly  

w arm  to room  tem p era tu re . A fter rem oving the insolubles by  filtra tion , the 

solvent w as rem oved. T he c rude  residue  was flushed th ro u g h  a p lu g  o f basic 

alum ina (30% E tO A c/hexanes) to y ield  115 (504 m g, 87%) as a light yellow  oil. 

iH  NMR (CDCI3 , 300 M H z) 5 2.65 (t, J= 7.5 Hz, 2H), 3.4 (s, 3H), 3.5 (t, J= 7.5 Hz, 

2H), 3.55-3.58 (m, 2H), 3.69-3.72 (m, 2H), 4.05 (s, 2H), 4.72 (s, 2H), 5.01 (br s, 1H), 

5.16 (br s 1H); 13C N M R (CDCI3 , 75MHz) 5 30.6, 36.6, 58.9, 6 6 .8 , 69.6, 71.6, 94.5,

114.6, 142.4; IR (neat) 1653, 1455 c m '1.

2 -B rom o-4-(tert-b u ty l-d im eth y lsily loxy)-l-b u ten e, 116. To a so lu tion  of 3- 

b ro m o -3 -b u te n -l-o l (860 m g, 5.7 m m ol) in  DM F (4 m l) w as a d d e d  t- 

bu ty ld im ethy lsily l ch lo rid e  (1.12 g, 7.4 mmol), im idazole (582 m g, 8.55 m m ol) 

a n d  a ca ta ly tic  a m o u n t of 4 -d im e th y la m in o p y rid in e . The reac tio n  w as 

allow ed to stir a t room  tem p era tu re  for 1 2  h, an d  then  w as d ilu ted  w ith  Et2 0  

(50 ml). The so lu tion  w as w ashed  w ith  brine (3 x 150 m l), d ried  over N a 2 S0 4, 

and  concentra ted . The m ateria l w as purified  by flash ch ro m a to g rap h y  (2% 

E tO A c/hexanes) to g ive  the  p ro d u c t 116 (1.25 g, 85%) as a clear liquid . XH

116
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NMR (CDC13/ 300 M H z) 8  0.07 (s, 6 H), 0.89 (s, 9H), 2.62 (t, J= 6.3 Hz, 2H), 3.79 (t, 

J= 6.3 H z, 2H), 5.45 (s, 1 H ), 5.63 (s, 1H); 13C N M R (CDC13, 75MHz) 5 -5.3, 18.3,

25.9, 44.8, 60.8, 118.4, 130.8; A nal. Calcd for C io H 2 iBrOSi: C, 45.28, H , 7.98. 

Found: C, 45.30, H , 8.04.

12 0

Iod ide  1 2 0 . To a so lu tion  of PPh .3  (497 m g, 1.89 mmol) in C H 2 CI2  ( 8  ml) a t 0°C 

was a d d ed  iodine (522 m g, 2.06 m mol), and  the  m ixture w as stirred  30 m in. 

Im idazole (150 m g, 2.2 m m ol) w as added follow ed by alcohol 114 (300 m g, 1.58 

mmol) in C H 2 CI2  (3 m l). The m ixture w as s tirred  for 10 h  w hile a llow ing  to 

w arm  to room  te m p e ra tu re , an d  the inso lub les w ere rem oved  by  filtra tion  

and  w ashed  w ith  Et2 0  (50 ml). After concentra tion  of the m other liquor, the 

c ru d e  re s id u e  w as f lu s h e d  th ro u g h  a p lu g  of b a s ic  a lu m in a  (30% 

E tO A c/hexanes) to g ive  120 as an  oil (430 m g, 91% yield). ^H NM R (CDCI3 , 

300 M Hz) 5 2.66 (t, J=7.8 hz, 1H), 3.28 (t, J= 7.5 hz, 2H), 3.4 (s, 3H), 3.55-3.58 (m, 

2H), 3.70-3.73 (m, 2H), 4.04 (s, 2H), 4.72 (s, 2H), 4.99 (s, 1H), 5.16 (s, 1H); 13C 

NMR (CDCI3 , 75MHz) 5 3.2, 37.7, 59.1, 67, 69.5, 71.8, 94.6, 114.3, 143.9; IR (neat) 

1652, 1455 cm -1; HRM S (FAB+) for C9 H 1 8 O 3 I (M +H)+: C alcd 301.0301 Found  

301.0303.
\ U

f  OMEM

OMe

121

O xazoline A d d u c t 1 2 1 . f-Butyl lithium  (1.7M in  pen tane, 0.94 ml, 1.59 m m ol) 

was a d d ed  d ro p w ise  to  a so lu tion  of 2-brom opropene (92 gl, 1.03 m m ol) in
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6 ml d ry  THF at -78°C. A fter stirring  15 m in, a so lu tion  of oxazoline 55 in 2 ml 

d ry  THF w as a d d ed  an d  the reaction m ixture w as stirred  15 m in at -78°C. Dry 

H M PA (277 fil, 1.59 m m ol) w as a d d ed  and the so lu tio n  w as allow ed to stir 

another 20 m in a t -78°C. Iodide 1 2 0  (358 mg, 1.19 m m ol) w as added  and after 5 

m in the reaction w as s to p p ed  by add ition  of sa tu ra ted  aqueous NH 4 CI (10 ml). 

After add ition  of EtOAc ( 6  m l), the phases w ere separa ted . The organic layer 

w as w ashed  w ith  b rine , d ried  over N a 2 S0 4 , filtered , and  concentrated. The 

crude m aterial w as pu rified  by  flash chrom atography  (5% E tO A c/hexanes and 

15% E tO A c/hexanes) to yield  1 2 1  as a viscous, ligh t yellow  oil (370 mg, 8 6 %).

[a]25D= -157 (c= 0.42, CHCI3 ), l H  NM R (CDCI3 , 300 M Hz) 5 0.92 (s, 9H), 1.24 (d, 

J= 6 . 6  Hz, 3H), 1.25 (d, J= 6 . 6  H z, 3H); 1.45 (ddd, 14.7, 6 .6 , 6 . 6  H z, 1H), 1.75 (s, 3H),

1.79-1.84 (m, 1H), 1.96 (ddd , J= 14.7, 6 .6 , 6 . 6  Hz, 1H), 2.35-2.68 (m, 5H), 3.14 (br d, 

J= 16.5 H z, 1H), 3.31 (sept., J= 6.9 Hz, 1H), 3.43 (s, 3H), 3.56-3.59 (m, 2H), 3.69-3.8 

(m, 3H), 3.76 (s, 3H), 3.92 (app t, J= 8.1 Hz, 1H), 3.99 (s, 3H), 4.05 (app t, J= 9,5 Hz, 

1H), 4.7 (s, 2H), 4.84 (s, 1H), 4.91 (s, 1H), 4.95 (s, 1H), 5.01 (s, 1H), 6.95 (d, J= 8.4 

Hz, 1H), 7.04 (d, J=8.4 H z, 1H); 13C NM R (CDCI3 , 75MHz) 5 20.9, 23.7, 23.9, 24.4,

25.1, 26.1, 27.6, 34.1, 35.3, 46.4, 47.4, 59, 60.7, 6 6 .8 , 68.1, 70.1, 71.8, 74.9, 94.6, 111.4,

114.4,123.2,123.9, 131.2, 136.6,138.7,145.8,146, 154.8, 170.7; IR (neat) 1652 c n r 1; 

HRMS (FAB+) for C 3 3 H 5 2 N O 5  (M+H)+: Calcd 542.3845 Found 542.3839.

OMEM

OMe

122

O x azo lin e  A d d u c t 122. The fo llow ing p ro ce d u re  w as perfo rm ed  using  

s tan d ard  Schlenk-line techniques. A  so lu tion  of oxazoline  ad d u ct 1 2 1  (250
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m g, 0.46 m m ol) in  5 m l b e n z e n e  w h ic h  h a d  b e e n  d e g a s s e d  v ia  

f r e e z e /p u m p / th a w  cycles (liq. N 2 , 4x) w as a d d e d  by cannu la  to ~50 m g 

M o(C H C M e 2 P h )(N (2 ,6 -z-Pr)2 C 6 H 3 ))(O C M e(C F 3 )2 ) 2  [Schrock catalyst]. The 

reaction w as stirred  for 45 m in  at room  tem p era tu re , then 1.5 h  in  a 60°C oil 

bath. After cooling, the c rude  reaction m ix tu re  w as flushed th ro u g h  a p lu g  of 

silica gel (1:1 E tO A c/hexanes). The m a te ria l w as concentra ted  and  p u rified  by 

flash chrom atography  (5% E tO A c/h ex an es , 10% E tO A c/hexanes), to y ield  1 2 2  

as a yellow oil (210 m g, 90%). [cc]2 5 d =  -146 (c=0.5, CH CI3 ); -̂H NM R (CDCI3 , 300 

M Hz) 5 0.75 (s, 9H), 1.20 (d, J= 6.9 H z, 3H ), 1.22 (d, J=6.9 Hz, 3H), 1.72 (d d d , J= 

12.8, 11.1, 7.6 Hz, 1H), 1.83 (s, 3H), 2.12-2.49 (m, 4H), 2.62-2.77 (m, 2H), 2.86 (br 

dd , J= 12.8, 5.6 Hz, 1H), 2.98-3.10 (m, 1H), 3.29 (sept., J= 6.3 H z, 1H), 3.41 (s, 3H), 

3.58 (dd, J= 5.6, 2.1 H z, 2H), 3.63-3.74 (m, 5H ), 3.72 (s, 3H), 3.84 (app t, J= 8.1 Hz, 

1H), 3.93 (dd, J= 10.2, 9 H z, 1H), 4.32 (d, J= 10.2 H z, 1H), 4.72 (s, 2H), 7.06 (d, J= 

8.3 Hz, 1H), 7.34 (d, J= 8.3 Hz, 1H); 13C N M R  (CDCI3 , 75MHz) 5 15.5, 21, 23.8,

24.1, 25.8, 26.2, 27.42, 33.5, 34.2, 43.3, 45.1, 59 , 60.5, 66.7, 67.3, 67.7, 71.8, 75.8, 94.8,

123.1, 123.4, 125.3, 130.6, 135.1, 138.9, 139.2, 154.7, 167.3; HRM S (FAB+) for 

C 3 1 H 4 7 N O 5  (M+H)+: Calcd 513.3454 F ound  513.3444.

A ld eh y d e  130. O xazo line  1 2 2  (69 m g, 0.13 m m ol) w as d isso lved  in  1 m l 

C H 2 CI2  then chilled to 0 °C, and  C aH 2  (~5 m g) w as added . To this w as a d d e d  

m ethy l triflate  (30 fil, 0.27 m m ol), an d  th e  so lu tio n  w as s tirre d  o v e rn ig h t, 

a llow ing  to w arm  to room  tem p era tu re . A fter filtration  th ro u g h  a p lu g  of. 

cotton, the so lu tion  w as concen tra ted  an d  th e  residue  w as d isso lved  in  2.5 m l

OMe

130
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T H F /H 2 O (4:1). T he m ix tu re  w as ch illed  to  0°C and  NaBH 4  (15 m g, 0.39 

m m ol) w as a d d e d , portionw ise. A fter s tirr in g  30 m in, 1 N N aO H  ( - 2  ml) w as 

a d d e d  an d  th e  m ix tu re  w as s tirred  an  a d d itio n a l 3 h. The so lu tio n  w as 

extracted w ith  EtO A c (3 x 10 ml), d ried  over N aS 0 4 , filtered, and  concentrated . 

The crude o x azo lid in e  129 was d isso lved  in  2 m l T H F /H 2 O (4:1), a n d  oxalic 

acid  d ih y d ra te  (82 m g, 0.65 mmol) w as a d d e d . The so lu tion  w as heated  at 

reflux for 6  h. A fter cooling, sa tu ra ted  aq u eo u s N aH CO s (2 ml) w as ad d ed , 

and  the so lu tion  w as ex tracted  w ith  EtOAc (3 x 10 ml). The organic phase  w as 

w ashed  w ith  b rin e  ( 1 0  m l), dried  over N aS 0 4 , filtered  and co n cen tra ted  to 

y ie ld  the c ru d e  a ld e h y d e  130 w hich  w as g en e ra lly  used  w ith o u t fu rth e r  

pu rifica tion . T he ana ly tica l sam ple w as p u r if ie d  by  flash ch ro m a to g rap h y  

(15% E tO A c/ hexanes). [a ]25D= -13.2 (c= l, C H C I3 ); l H  NMR (CDCI3 , 300 M Hz)

Carbinol 131. To a so lu tio n  of c rude  a ld eh y d e  130 (-0.13 m m ol) in  2.5 m l 

T H F /H 2 O (1:1) a t  0°C w as slow ly a d d ed  N aB H 4  (12.5 mg, 0.33 m m ol). The 

reaction w as s tir re d  for 30 m in a t 0°C and  th e n  d ilu ted  w ith 5m l IN  N aO H .

5 1.19 (d, J= 6.9 hz, 3H), 1.23 (d, J= 6.9 hz, 3H), 1.63-1.73 (m, 1H), 1.9 (s, 3H), 1.93-

2.08 (m, 1H), 2.22-2.43 (m, 3H), 2.53 (br d , J= 12.9 hz, 1H), 2.69-2.87 (m , 2H), 3.12 

(dd, J= 17.7, 6  hz, 1H), 3.3 (sept., J= 6.9 hz, 1H), 3.4 (s, 3H), 3.56-3.59 (m , 1H),3.7- 

3.74 (m, 2H), 3.73 (s, 3H), 3.88 (d, J= 11.1 hz, 1H ), 4.22 (d, J= 1 1 . 1  hz, 1H), 4.7 (s, 

2H), 7.13 (d, J= 8.4 hz, 1H)7.19 (d, J= 8.4 hz, 1H), 9.62 (s, 1H); 13c N M R (CDCI3 , 

75MHz) 6  15.6, 21, 23.7, 24.3, 26.2, 26.5, 30.7, 42.5, 52.7, 59, 60.7, 6 6 .8 , 67.3, 71.8, 

94.7,123.2, 124.5, 128.7,131.7, 133.6,133.9,140.3, 155.1, 200.5; IR (film) 1716 c m '1.

.OCH.

OMe

131
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A fter s tirring  for 3 h, the  m ixture w as ex trac ted  w ith  EtOAc ( 3 x 8  m l) and  

w ashed  w ith  b rin e  (10 ml). The EtOAc so lu tio n  w as dried  over N a 2 S 0 4 , 

f i lte re d  a n d  c o n c e n tra te d . F lash  c h ro m a to g ra p h y  (25% a n d  50% 

E tO A c/hexanes) y ie ld ed  carbinol 131 as a lig h t yellow  oil (42 m g, 75% from  

oxazoline 1 2 2 ). [a ]25D= +4.8 (c= 1.2, CHC13); *H N M R (CDCI3 , 300 M Hz) 8  1.04

155.6; IR (neat) 3478 cm ' 1 (br); HRMS (FAB+) for C 2 5 H 3 9 O 5  (M+H)+: C alcd 

419.2797 Found 419.2799.

P hosphorodiam idate 133. To a so lu tion  of carb ino l 131 (23 m g, 0.055 m m ol, 

d ried  via to luene  azeotrope) in 1.2 ml THF a t  0°C w as added m ethyl lith ium  

(0.5M in Et2 0 , 145 (il, 0.072 mmol). A fter s tirr in g  10 m in, HM PA (15 p i, 0.11 

m m ol) w as a d d e d  an d  the solution w as s tirred  an  add itional 20 m in  a t  0°C. 

To th is w as a d d e d  N ,N -d im eth y lp h o sp h o ra m id ic  d ich lo ride  ( 8  p i, 0.067 

m m ol). The so lu tio n  w as allow ed to w arm  to room  tem peratu re  and  s tirred  

for 30 min. A fter be ing  rechilled to 0°C, d im ethy lam ine  ( ~ 1  ml) w as a d d ed  

an d  the so lu tio n  w as stirred  for 30 m in. H 2 O (5 ml) was a d d ed  a n d  the

(dd, J= 8.7, 5.1 H z, 1H), 1.22 (d, J= 3 Hz, 3H), 1.24 (d, J= 3 Hz, 3H), 1.44-1.7 (m, 

2H), 1.78 (s, 3H), 2.18-2.44 (m, 4H), 2.65 (br d , J= 12 H z, 1H), 2.94 (ddd , J= 18.3, 

18.3, 9.5 H z, 1H), 3.01 (ddd , J= 18.3, 18.3, 8  H z , 1H), 3.31 (sept., J= 6 . 8  H z, 1H), 

3.41 (s, 3H), 3.52-3.61 (m, 3H), 3.67-3.76 (m, 3H ), 3.74 (s, 3H), 4.00 (d, J= 10.8 Hz, 

1 H), 4.27 (d, J= 10.8 H z, 1H), 4.74 (s, 2H), 7.10 (d, J= 8.2 H z, 1H), 7.16 (d, J= 8.2 Hz, 

1H); 13C N M R (CDCI3 , 75MHz) 5 15.7, 20.3, 23.3, 23.9, 26.2, 28.4, 29.7, 40.5, 43.9, 

59, 60.5, 64.6, 6 6 .8 , 67.7, 71.8, 94.8, 121.2, 123.5, 127.3, 129.7, 132.9, 139.4, 141.3,

o c h

OMe

133
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m ixture w as ex tracted  w ith  C H 2 CI2  ( 3 x 5  ml) then  w ashed  w ith  brine (5 ml). 

F lash ch ro m ato g rap h y  o n  n e u tra l a lum ina (EtOAc a n d  2% M eO H  /EtO A c) 

y ielded  133 (26 m g, 85%) as a ligh t yellow  oil. [ cc] 2 5 d = - 8 . 2  ( c = 1 ,  CH CI3 ); 

NM R (CDC13/ 300 M Hz) 5 1.14 (d, J=7.2 Hz, 3H), 1.22 (d, J=7.2 Hz, 3H), 1.52-1.67 

(m, 2H), 1.74 (s, 3H), 2.25 (s, 3H), 2.28 (s, 3H), 2.2-2.43 (m, 4H ), 2.50 (s, 3H), 2.53 

(s, 3H), 2.61-2.68 (m, 2H), 2.85-3.09 (m, 2H), 3.29 (sept., J= 6 . 8  H z, 1H), 3.4 (s, 3H),

3.56-3.61 (m, 2H), 3.71 (s, 3H), 3.69-3.76 (m, 2H), 3.88 (d, J= 11.1 H z, 1H), 4.0 (dd, 

J= 9.6, 3 Hz, 1H), 4.27 (d, J= 11.1 Hz, 1H), 4.73 (s, 2H), 7.04 (d, J= 8.4 Hz, 1H), 7.15 

(d, J= 8.4 Hz, 1H); 13c NM R (CDCI3 , 75 MHz) 5 15.7, 20.3, 23, 23.6, 24.3, 25.8,

26.1, 28.5, 36.2, 36.4, 39.4, 43.9, 59, 60.5, 6 6 .8 , 67.5, 71.8, 94.8, 122.1, 122.8, 127.2,

129.1, 132.6, 139.2, 141.4, 155; IR (neat) 1044, 993 c m '1; HRM S (FAB+) for 

C 2 9 H 5 0 N 2 O 6 P (M+H)+: Calcd 553.3407 Found 553.3393.

OMe

140

P h o sp h o ro d ia m id a te -a c id  140. To a solution of p h o sp h o ro d iam id ate  133 (5 

m g, 0 . 0 1  m mol) in 0 . 8  m l C H 2 CI2  w as added  a catalytic a m o u n t of C aH 2  and 

the solution w as ch illed  to -78°C. Boron trib rom ide (0.3 M in  C H 2 CI2 , 40 pi) 

w as slowly added , an d  the so lu tion  w as stirred  10 m in  a t -78°C. The m ixture 

w as diluted w ith  1 m l IN  N aO H , w arm ed to room  tem pera tu re , and  extracted 

w ith  5 ml C H 2 C12. The phases w ere separated, and  the organic layer w as dried 

over N a2 S0 4 , filtered an d  concentrated. The crude alcohol 138 w as dissolved 

in 1  ml CH 2 CI2  and  m anganese  dioxide ( - 2 0  mg) w as ad d ed . A fter 2  h, the 

m ix ture  w as filtered th ro u g h  a p lu g  of Celite an d  concen tra ted . The crude 

aldehyde 139 w as d isso lved  in 0.8 ml in d io x an e /H 2 0  (1:1), an d  sulfam ic acid
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(0.1M in d io x a n e /H 2 0  (1:1), 274 |il) and  sodium  chlorite  (0.2 in d io x an e /H 2 0  

(1:1), 144 pi) w ere a d d e d  sequentially . After s tirring  3 h  a t room  tem perature, 

the solvent w as rem o v ed , an d  the residue was d isso lved  in  C H 2 CI2  (5 ml) and  

w ashed w ith  b rine  (5 m l). The organic phase w as d ried  o v er N a 2 SC>4 , filtered, 

and  concentrated. T he residue  w as partially  purified  by  flash  chrom atography 

(C-18 silica gel, C H 3 C N ) to give 140 (~2.5 mg) as a film. 13C N M R (CDC 13 , 100 

M Hz) 5 18.3, 20, 23.1, 23.6, 24.1, 26.1, 28.3, 29.7, 36.2, 36.3, 44.9, 60.6, 67.3, 125.7,

143.6, 122.1, 123.2, 129.1, 139.5, 141, 155.1, 171.3; H R M S (FAB+) for 

C 2 5 H 4 0 N 2 O 5 P (M+H)+: Calcd 479.2675 Found 479.2680.
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C hapter T w o

C onjugate A d d itio n  o f  S u lfo n y l C arbanions to C hiral a,|3-Unsaturated

O x a zo lin es

I. Introduction

The use of a lly l su lfony l carbanions is a topic of cu rren t in terest in

H assner and cow orkers as a 1,3-dipole syn thon  in  [3+2] annu la tion  reactions 

w ith  electrophilic  o le fin s .1 Allyl su lfonyl carban ions undergo  regioselective 

a-a lky la tion  and  no t y-alkylation (equation 1). F urther, w hen the electrophile 

is an  a,(3-unsaturated carbonyl com pound, 1 ,4-addition and  not 1,2-addition is 

observed (equation 2).

o rg an ic  sy n th e s is .1' 6 The allylic su lfone 1 h as  been  used  ex tensively  by

r

0)

(2 )
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In the  w o rk  d esc rib e d  by H assn e r a n d  co w o rk ers , the  su lfony l 

carbanion  of 1 w as a d d ed  to a variety  of cyclic an d  acyclic electrophilic (£)- 

o lefins.13 A represen ta tive  list of cyclopentanations is show n  in Table 1. The 

cyclopenty l p ro d u c ts  w ere  ob tained  in  good y ie ld  w ith  only one isom er 

detected  (all trans). Im pressively, three new  relative stereocenters w ere set in 

one reaction, and  on ly  one of the four possible d iastereom ers w as detected . 

The relative stereochem istry  w as determ ined by NM R stud ies (NOESY).

Table 1: Cyclopentanations w ith A lly l Sulfone l a

Entry____________ Acceptor_________________ Product (Yield %)______

1 C 0 2Et P h 0 2 S«
(93)

H3 C' *C02  Et

P h 0 2 S .
(93)

Ph

C 0 2Et

^^^C O aEt Ph02S ^ ^ v

Ph'' C 0 2  Et

(92)

3  Deprotonation occurred with LDA in THF at -95°C. The acceptor was
added to the sulfonyl anion.

To probe the reaction  further, H assner et a l.la  u sed  an allylic sulfonyl

carban ion  tha t cou ld  n o t undergo  cyclization. W ith  ally l sulfone 2, acyclic

ad d itio n  p roducts  3 and  4 w ere ob tained  in an  85:15 a n t i / s y n  ratio. In the

exam ples in Table 1 w here  ad d itio n  w as fo llow ed  by  cyclization, it w as

rationalized  tha t reversib ility  in the M ichael a d d itio n  of the initial ad d itio n

products allow ed for the com plete stereoselectivity that w as observed.
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1. LDA, -95°C
Ph

P h 0 2S

2

Ph02S ^ _ ^ ^ (

X
,C02Et + P h 0 2: .C 02Et

3
anti

4
syn

Yield antisvn
w/HMPA: 92 85:15
w/oHMPA: 92 40:60

W ith the acyclic a d d u c ts  3 and  4, add ition  of H M PA  caused  a decrease 

in  s te reo se lec tiv ity . A lso, a rev e rsa l w as observed  in  w h ic h  a d d u c t was 

p re fe rre d  (anti  vs. syn).  B ecause H M PA  so lvates the  lith iu m  cation  thus 

m ak in g  chelation  less effective, th is ind icated  the im portance  of chelation  in 

the tran s itio n  state.

A sym m etric  a d d itio n s  w ith  ally l sulfonyl carban ions h av e  also been 

s tu d ie d  by  H assner and  cow orkers.3'5'6 The use of optically p u re  (+)-(S)-(E)-N- 

p -to luenesu lfiny l im ines as an  electrophilic  acceptor resu lted  in good  yields 

w ith  g o o d  ste reoselec tiv ity .5 For exam ple, w ith  su lfiny lim ine  5, the yield of 

allyl su lfone  add ition  w as 84% w ith  a d iastereom eric ratio of 90:10.

H assner et al. have a lso  s tu d ie d  asym m etric M ichael a d d itio n s  with

of s te reo se lec tiv ity  w ere  o b ta in e d  d esp ite  the rem ote  n a tu re  of the  chiral 

cen ter. O nce again, the a d d itio n  resu lted  in an  anti a rra n g em e n t of the two 

n ew  stereocenters.

Ar = Ph 
84%. 90:10

6
major

ch ira l allylic su lfones.3 For exam ple , w ith  chiral sulfone 7 sign ifican t levels
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II H _  II H || H
P h 0 2 S ^ A ^ N ^ . P h  1.LDA, THF.-78°C P h 0 2 S„. J k ^ N ^ . P h  P h O a S ^ J k ^ N . .P h

6 h ,  2 . C O z E t g H j  5 h 3

72%
82:18 8:9

C 0 2  Et C 0 2Et

8 Q

D iastereoselective  conjugate ad d itio n s  have been observed  p rev iously . 

For ex am p le , S eebach  and  G o lin sk i7 re p o r te d  the  reaction  of o p en -ch a in  

n itro -o lefin s  w ith  open-chain  en am in es  w h ich  gave y -n itro k e to n e s  w ith  

d ias te reo m eric  p u ritie s  of 90-99%. T hey  o u tlin ed  a set of topo log ical ru les 

w hich  w ere  a lso  a p p lied  to o ther s im ila r reactions. The ru les  invo lve  the 

app roach  of tw o  p roch ira l centers in ap ro tic  m edia  under kinetic control.

10 11 12

The m o d el states that: a) all bonds are  staggered  around  the b o n d  abou t 

to be form ed (10-12); b) there is a gauche a rrangem en t of the d o n o r g roup  and  

the accep to r g ro u p  betw een the accep tor C =A  and  C-H bonds; c) the  sm aller 

su b s titu en t o f the  d o n o r is an tip e rip lan a r to the  C=A bond  un less geom etric  

constrain ts in the  d o n o r olefin p rec lude  th is  a rrangem ent (12).

O ne c a n  ex trap o la te  u p o n  th is m o d e l an d  app ly  it to the  su lfo n y l 

c a rb an io n  a d d it io n s  described  above. W ith  ally l su lfo n e  2 a n d  e thy l 

c innam ate , th is  w o u ld  result in 13 as th e  p re fe rred  ap p ro ach  (Schem e 1). 

Indeed, 13 leads to the anti arrangem ent seen  in  the major p ro d u ct 3.
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Schem e 1

CQ2Et Ph

J .
Ph

S 0 2Ph

H 3
13
favored

no2Et
S 0 2Ph

Ph

Ph
H

H

P h 0 2i

4

C 0 2Et

14
disfavored

W hile  n o t in v o k in g  the  a fo re m e n tio n e d  m o d e l of Seebach an d  

G o lin sk i,7 H assner e t a l.la  p roposed  possib le  tran s itio n  states for the allyl 

sulfonyl additions. T heir preferred transition  sta te , w hich  resulted in the anti 

ad d itio n  p ro d u c t 3, w as the same as 13. F u rth e r enhancing  the observed 

selectivity, H assner su g g ests  that secondary  o rb ita l in teractions involving a 

HOM O-LUM O com plex  betw een the enolate m o ie ty  and  the allylic anion add  

to the approach  13 be ing  favored.
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II. Results and D iscussion

The h igh  degree of relative stereoselectivity seen  w ith  the allyl sulfonyl 

carban ion-con jugate  a d d itio n s  w as in trig u in g . T hat, co m b ined  w ith  the 

known directing  ability  of ch iral oxazolines in conjugate ad d itio n s,8 led us to 

investigate sulfonyl carban ion  additions to oc,(3-unsaturated oxazolines. It was 

believed that no t on ly  re la tiv e  b u t also abso lu te  s te reo ch em istry  w ould be 

con tro lled . P o te n tia lly , c h ira l b u ild in g  b locks w ith  th ree  con tiguous 

stereocenters could be constructed  in one reaction, w hile  the versatility  of the 

oxazoline m oiety  w o u ld  fu rth e r  allow  for rap id  access to m any  d ifferent 

functionalities.

A. Conjugate A ddition  o f Su lfonyl Carbanions to Chiral a,(3-Unsaturated  

Oxazolines

The first su lfony l carb an io n  add itions a ttem p ted  fo llow ed H assner’s 

ex p e rim e n ta l p ro c e d u re s .1 The results w ere  e n co u rag in g , b u t not very 

synthetically useful (Table 1). The best results w ere ach ieved  w hen  the anion 

of sulfone 1 w as form ed by  ad d in g  it to a so lu tion  of LDA (1.2 eq) in THF at 

-95°C (entry  1) a fte rw h ich  oxazoline 159 w as a d d e d  as a so lu tion  in THF. 

Because no reaction w as n o ted  after 30 m inutes, H M PA  (3 eq) w as added, and 

the reaction  m ix tu re  w as th en  w arm ed  to -78°C fu rn ish in g  p ro d u ct 17. 

C hrom atography  (silica gel) resu lted  in  an  ap p ro x im ate  y ie ld  of 25% (the 

m aterial could no t be com plete ly  purified). Overall, m ass recovery was good, 

and  the bulk  of the reaction  m aterial was found to be unreacted  oxazoline 15 

and  the d im erized  su lfo n e  19. A nalysis by G C /M S  of the  c rude  reaction 

m ixture indicated  that th e  p ro d u c t was a 6:1 ratio  of d iastereom ers. Because
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th ree  new  ste reo cen te rs  w ere  fo rm ed , th e re  w as the p o ss ib ility  o f e igh t 

d iaste reom ers. H ow ever, on ly  two w e re  observed , w ith  one  d ia s te reo m er 

h igh ly  favored. C learly  this reaction w as very  selective, albeit low  y ield ing  to 

th is point.

Table 1: Cyclopentanation Attempts w ith  A lly l Sulfone 1

P hO aS PhOzS

 f
P h 0 2S Br

1. B ase

S 0 2Ph

1 15. R = P h  17. R = P h  
16, R = C H 39 18, R = C H 3

19

Entrv R Conditions Results
1 Ph (a) 1.4 eq 1 , 1.2 eq LDA in THF ® -95°C (b) 15 in 

THF (c) 3 eq HMPA, -95°C to -78°C (-0.08M  in 15)
-25% 17, 6:1 d.r.; remainder 

was 15 and dim er 19

2 Ph as in entry 1, except 3 eq TMEDA added before 
addition of 15 (no HMPA)

-no 17, only 15 & 19

-»o Ph as in entry 1, except 15 and HM PA added 
together

as in entry 2

4 Ph as in entry 1  except used Et2 0  as solvent 
(with and without 2 eq LiCi)

as in entry 2

5 c h 3 as in entry 1 -no 18, only 16 & 19

6 Ph as in entry 1 except added 15 to LDA then added 
sulfone l(w ith  and without 3 eq  HMPA)

-no 17, only 15 & 19

7 Ph
c h 3

as in entry 1 except used LHMDS as base -no 17 or 18, only starting 
oxazoline and dimer 19

8 Ph as in entry 1 except used LTMP as base (with and 
w ithout HMPA)

as in entry 2

9 Ph as in entry 1  except ran with 5 eq 1 and 4.5 eq 
LDA, also ran with 5 eq 15

<10% yield of 17

The struc tu re  of d im er 19 w as d e te rm ined  by both m ass spectra  and  by 

T-H NM R (Figure 1). The spectra  show ed resonances at 3.85 pp m  (d, J= 6.3 Hz, 

1H), 3.3 ppm  (dd, J= 15.9, 6.6 H z, 1H), a n d  3.16 (d, J= 15.9 Hz, 1H) w hich  w ere
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assigned  as the  r in g  m eth in e  p ro to n  a n d  the tw o  rin g  m ethylene  p ro tons, 

respectively.

Figure 1: 300 M H z N M R  Spectrum  fo r S u lfo n e  D im er 19

0 0 8.5 8 0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.0 0.5

It w as expected  th a t the  initial resu lts cou ld  be im proved . To this end, 

sev e ra l tr ia ls  w e re  p e rfo rm e d , v a ry in g  m a n y  d if fe re n t  e x p e rim en ta l 

param eters in c lu d in g  d iffe ren t solvents, add itives, bases, etc. (Table 1). Any 

m an ipu la tion  to encou rage  a d d itio n  of the su lfony l an io n  into the oxazoline 

seem ed to hasten  th e  d im eriza tion  of the su lfonyl nuc leoph ile  to 19.

By u sin g  the  chloro  su lfone 20, it w as th o u g h t th a t the tendency of the 

allylic su lfo n y l c a rb a n io n  to  d im erize  m ig h t be  overcom e. D im erization  

shou ld  be so m ew h a t slow er thereby  allow ing  for con jugate  add ition  into the 

a ,(3 -unsaturated  oxazo line . H ow ever, no p ro d u c t w as observed  even w hen  

using  the  b e s t c o n d itio n s  for ob ta in ing  cyclized  p ro d u c t w ith  the brom o 

su lfone  1 (Table 1, e n try  1). Since ch lo rine  is a h a rd e r  Lew is base than  

b ro m in e ,10 the  m o re  effic ien t com plexation  v ia  e lec tro n  d o n a tio n  of the
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chlorine a tom  in to  the h a rd  lith ium  cation  cou ld  re su lt in a less reactive 

carbanion (Figure 2).

Figure 2

Li-— Cl

Ph02s  Cl Base Ph° 2 s■ V
20 21

In o rd e r  to b e tte r  u n d e rs ta n d  the  d im e riz a tio n  of the su lfony l 

carban ion  of 1 , s tu d ie s  w ere  conducted  in  w hich  the an ion  w as quenched 

w ith  a d eu te riu m  d o n o r (Table 2). After add ition  of CD 3 OD and  a standard  

aqueous w o rk u p , N M R spectra  w ere  taken  of the c ru d e  p ro d u c t, and  D- 

incorpora tion  w as d e te rm in e d  by  the d im in ishm en t of the allylic, sulfonyl 

resonance. A ppearance  o f d im er w as also no ted  in the NM R spectra. W hen 

D -incorporation w as no ted , this m ean t that there w as a significant am ount of 

n o n -d im erized , su lfo n y l a n io n  rem ain ing . L ittle  o r no D -inco rpo ra tion  

indicated  tha t the  an io n  w as a lready  quenched. The bu lk ier base, lithium  

te tram ethy lp iperid ine , y ie lded  an  anion that w as slow er to dim erize than did 

LDA. Both ad d itio n  of H M PA  and  w arm er reaction tem pera tu res accelerated 

the d im e riz a tio n  p ro cess , w h ich  w as u n fo r tu n a te  as b o th  HM PA and 

tem p era tu res  of -78°C o r g rea te r seem ed to be necessary  for ad d itio n  to 

oxazoline 15 to occur (Table 1, en try  1 ). The resu lts of these experim ents 

underscored  the fact th a t there is a sm all w indow  of tim e for the anion to add  

to the oxazoline before d im eriza tion  to 19 occurs.

i l l
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Table 2: D im erization Studies of A llyl Sulfonyl Carbanion l a
D

1. Base
2. CD3OD P h 0 2 S 'P h 0 2S IT Br

P h 0 2S
Br

22

S 0 2Ph

Entry Base Temp. Time Result
1 LDA -95°C 5 min. multiple products, mostly 22 and 19 

( - 1 :1 ) plus another unidentified  
compound,

<50% D incorporation in 22

2 LDA -95°C 2 0  min. as entry 1

->D LDA -95°C to -78°C 5 min. @ -78°C complex mixture

4 LTMP -95°C 25 min. 22, w /  >80% D incorporation

5 LTMP -95°C to -78°C 5 min. @ -78°C as entry 4

6 LTMP -78°C 2 0  min. as entry 4

7 LTMP w /  
HMPA

-95°C 5 min. complex mixture, mostly dimer 19

aExperiments run in THF and at O.05M in 1.

Because d im e riz a tio n  of the brom o sulfone nucleophile  a p p e a re d  to be 

an in su rm o u n tab le  p ro b lem , the allylic su lfone  2, n o t c o n ta in in g  b rom ine , 

was exam ined. This w o u ld  lead to the absence of d im er 19. In teresting ly , no 

a d d itio n  p ro d u c t 23 w as detected w ith  e ither oxazo line 15 o r 16. T he best 

conditions found  in  the H assner-cyclopen tanation  s tu d y  (Table 1, e n try  1) 

were u tilized  first. A lso, a ttem pts w ere m ade w ith  d ifferen t bases (LHMDS, 

LTMP, an d  LDA). In a l l  cases, un reac ted  oxazo line  an d  su lfo n e  2 w ere 

recovered.

P h 0 2S n r

1. Base

2 .

P h 0 2S

...f
15. R= Ph
16. R= CH3

23
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From  the p reced in g  resu lts , it  w as soon  concluded  tha t the conjugate 

add ition  of an  allyl su lfonyl ca rb an io n  in to  a ,(3 -unsatu ra ted  oxazolines was 

not a favorable process. This m ay  be exp la ined  by com paring  the pK a values 

of the d ifferen t carban ions (Schem e 2). The pK a of a C -H  that is bo th  allylic 

and a  to a su lfone has been m easu red  a t 21.11 H ow ever, the pKa of an  alkyl 

C-H th a t is a  to an  oxazoline  is g en e ra lly  assum ed  to be in the m id-30's. 

Therefore, the  su lfo n y l carb an io n  is sign ifican tly  m ore stable, and  there  is 

little d riv in g  force to form  the ca rb an io n  a  to the oxazoline  upon  add ition . 

W hen in tram o lecu la r cyclization  is an  o p tio n  (R= Br), the  sm all am o u n t of 

add ition  p ro d u c t 24 form ed can  p roceed  on to the final oxazoline a d d u c t 17. 

M eanw hile, m ost of the  su lfone an io n  is sh u n ted  off to d im erization . W hen 

in tram olecular cyclization  is n o t an  o p tio n  (R= H), there is sim ply insufficient 

add ition  p ro d u c t 24 to be detected . T herefore, it appears from  Scheme 2 that: 

kl > k2 , k- 2  > k2 , and  k_ 2  > k 3 , w h ich  m akes p roduction  of the cyclopentane 17 

an unfavorable process.

Schem e 2

f? .  R= Br)

15

17
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To increase the efficiency o f ad d itio n , the less acidic alkyl sulfone 25 

w as u tilized . Since the pK a of an  alkyl C-H that lies a  to a sulfone is c.a. 309 

and  m uch closer to a C-H  a  to an  oxazoline, it w as th o u g h t th a t it may be 

feasible to p u sh  the  equ ilib ria  to w a rd  add ition . Indeed , a d d itio n  of alkyl 

sulfone 25 p roved  to be m uch  m ore favorable. W hen an  excess of sulfone 25 

w as added  to oxazoline 15 (Table 3, en try  1), a respectable yield of p roduct 27a 

w as o b ta ined . Furthermore, only one diastereomer o f  the possible four was 

detected. In teresting ly , only  if th e  reaction  was quenched  a t -78°C was the 

ad d u c t 27a seen. If the reaction w as allow ed to w arm  before quenching  only 

s ta rtin g  m ateria ls  w ere  o b se rv ed , fu rth e r  su p p o rtin g  the  reversib ility  of 

addition. O ther chiral a ,P -u n sa tu ra ted  oxazolines9 w ere tested and  the results 

are sum m arized  in Table 3. The conjugate add itions w ere all quenched  with 

2-isopropanol w hich  gave a hom ogeneous solution a t -78°C. Q uenching  with 

am m onium  chloride y ielded  s im ila r resu lts for a d d u c t 27a, and  treatm ent of 

the adduct w ith  isopropyl lith ium  alkoxide did not change the diastereom eric 

com position or lead to reversal o f add ition .

Table 3: A lky l S u lfone  A d d itio n  in to  oc,|3-Unsaturated O xazolines

P h 0 2S ^ ^ ^  1- n ' B u U  THF- ~78°C P h O a S ^ /  /

 f~-

27a-f
Entry

25

15, 26a-e
R Product Conditions3  Yield(% ) d.r.d

1

2

3

4

Ph (15)

(26a)

(26b)

27a A 7 2%c >96:4

27b B 78%c -96:4

27c A 2 0 % b >96:4

27d A < 1 0 %b .

X  (26c)
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5
Q ^ / .  (26d)

27e A 70%c >96:4

6 Br 27f A <10% b

a A= To a solution of 25 (5 equiv.) with 4.5 equiv. n-BuLi in THF was added the oxazoline. The 
reaction was stirred at -78°C for 30 min., then quenched with 2-propanol. B= To a solution of 25 
(1.2 equiv.) with 1 equiv. rc-BuLi in THF was added the oxazoline. Upon addition the reaction 
was quenched immediately with 2 -propanol. b GC yield c Isolated yield ^ Based on NMR and 
G C/M S data

The 1H  NM R spectrum  of oxazoline adduct 27a is show n  in Figure 3. 

W hile the  spectrum  is com plex  w ith  a  fair am oun t of overlap , assignm ents 

w ere m ade  based on  2D COSY stud ies. The phenyl p ro tons on the sulfone are 

a t 7.5-8.0 ppm . The resonance a t 3.25 ppm  (ddd, J= 4.5, 4.5, 3 H z, 1H) is the 

m e th in e  a  to the  su lfone . S ligh tly  upfield  are  the m eth y len e  p ro tons 

ad jacen t to the oxazoline a t 3.16 p p m  (ddd, J= 15.9, 4.1, 1.5 H z, 1H) and 2.88 

pp m  (dd , J= 16.2,11.7 Hz, 1H).

F igure 3: 300MHz N M R S pec trum  o f O xazoline A dduct 27a

27a
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The exam ples show n  in T ab le  3 fu rther define th e  re la tive  reactivities 

necessary  for ad d ition . W here R= z-Bu as w ith  oxazo line  26c (en try  4) the 

a d d itio n  yield w as poor. This in d ic a te d  that, in the case  o f a lky l sulfonyl 

carban ions, a ,p -u n sa tu ra te d  o x azo lin es  w here R= alkyl a re  no t electrophilic 

e n o u g h  to be good  M ichael a c c e p to rs . This lack o f re a c tiv ity  w as also 

observed  w ith  the  allylic su lfo n y l ca rban ion  1  w here  no  a d d itio n  w as seen 

w ith  oxazoline 16 (R= C H 3 ). W hen  R= aryl, a rational p a tte rn  em erged  when 

the adducts 27 w ere form ed. E lectron-deficient aryl rings gave h igher product 

y ields, w hereas electron-rich  ary l r in g s  resulted in low er y ields. W ith the 2- 

brom o phenyl analog  (en try  6 ), th e  lack  of efficient a d d itio n  m ay  have been 

d u e  to the steric congestion  a t th e  electrophilic  cen ter. In  all cases w here 

a d d itio n  w as successful, the  d iaste reoselec tiv ity  w as v e ry  h igh . O nly  in the 

case of the p -n itro  c o m p o u n d  2 7 b  w as m ore than  o n e  d ia s te reo m er ever 

detected.

The anti  co n fig u ra tio n  as d ra w n  for the a d d u c t 27 is th o u g h t to be 

co rrect based on  p reced en t an d  ex p erim en ta l evidence. Sulfonyl carbanion 

ad d itio n s to oc,p-unsaturated o x azo lin es  are likely to m im ic  the  ad d itio n  to 

e lectroph ilic  olefins as sh o w n  b y  H a ssn e r et a l . , 1 w h e re  the ant i  p ro d u ct 

p red o m in ated . As w ith  H assn e r 's  exam ples, the tra n s itio n  s ta te  m odel of 

Seebach and  G olinsk i7  can be a p p lie d  to chiral oxazolines (Schem e 3). The 

m odel predicts tha t the anti co n fig u ra tio n  as opposed to the  syn  configuration  

is favored. T ransition state 28 also  sh o w s a com plex-induced  prox im ity  effect 

to aid in reaching 27a.12
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Schem e 3

28
favored

29
disfavored

H a s s n e r la  d e te rm in e d  th e  co n fig u ra tio n  of b o th  cyclic a n d  acylic 

analogs in the su lfone ad d itio n s  to electrophilic olefins by  N M R experim ents 

(NOE). This w as, therefore, a p p lied  to oxazoline ad d u c t 27a. In Schem e 3, the 

low est energy  con fo rm ation  th a t  resu lts  in the anti  p ro d u c t, s tru c tu re  28, 

show s that the prox im al m ethy lene  of the  propyl g roup  a n d  the m ethylene to 

be form ed a  to the oxazoline a re  gauche to each o ther. W ith  s tru c tu re  29, 

w hich  leads to the syn  p ro d u c t, the  rela tionsh ip  is an tip e rip lan a r. Indeed, 

the  anti configuration  of 27a is confirm ed  by a strong NOE be tw een  one of the 

H a's and  one of the H b's (F igure 3a).23 The anti ad d itio n  is fu rth er supported  

by  an  X-ray crysta l d e te rm in a tio n  of a cyclic analog  of 27a w h ich  w ill be 

d iscussed  later. Because the  oxazo line  adducts 27a-f w e re  all oils or low- 

m elting  solids, it w as no t possib le  to obtain  X-ray quality  crystals.
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Figure 3a: 500 M H z NOESY N M R  Spectrum  for 27a in  B enzene-de23

NOE

*1
(PI»)

U

-  ♦
« S •»

« * OuK f '  O

8

4 .5  4 . 0  3 .5  3 .0  2 . 5  2 . 0  1 .5  1 .0

P2 (ppa)

The absolu te  configura tion  a t C-2 of 27a (Scheme 4) w as determ ined by 

conversion  to the know n acid  32.14 This w as accom plished  by  follow ing the 

desulfonylation  procedure  of T rost and  cow orkers1 3  w ith  buffered  5% Na(Hg) 

a fterw hich  the oxazoline w as hydro lyzed  w ith  1 0 % H 2 SO 4  a t reflux  yielding 

32. C om parison  of the sign  of optical ro tation of 32 w ith  the  literature value 

confirm ed the con figu ra tion  show n.

Schem e 4

P h 0 2S

Ph'- 2

5% Na(Hg)
Na2P04
MeOH

86% Phv ..f
10% H2SO4,
A____________ i

83% Ph° c o 2h

27a 31 32
,25[a] D= -21 (c=1, CHCI3 ) 

(lit.14= [a]25S83= -23.1 (neat))
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To assess w hether a qua ternary  cen ter could  be form ed upon  add ition , 

b ranched  alkyl sulfones w ere investigated  as nucleophiles (Schem e 5). It w as 

not su p ris in g  th a t the m ethyl b ranched  su lfone  33 was no t selective, for the 

steric d ifference betw een a m ethyl g roup  and  an  rc-propyl g roup  is n o t very  

large. The isopropyl-branched sulfone 34 w as also prepared  and p roved  to be 

too bu lky  to allow  for effective addition .

Schem e 5

1. n-BuLi, THF. -78°C

P h 0 2S '

33. R= CH3
34. R= i-Pr

V>.f^  — M \

P h 0 2S

35. R= CH3-— nonselective
36, R= /-Pr—-  no addition

In o rd e r to fully u tilize the con jugate  ad d itio n  (by m aking  use of the 

oxazoliny l carban ion  form ed u p o n  a d d itio n ), a lky l sulfones w ith  p e n d a n t 

leav ing  g ro u p s  w ere  exam ined. C y c lo p en tan a tio n  (w hich w o u ld  closely  

follow the w ork  of H assner et al.)1 w as no t possib le w ith an alkyl su lfone 

because as soon  as d ep ro to n a tio n  o ccu rred  (F igure 4), c y c lo p ro p an a tio n  

follow ed. W ith the allylic sulfone 1, cyclopropanation  did no t take place due  

to ad d ed  stra in  of the exocyclic m ethylene group.

Figure 4
B ase

P h 0 2S ^ ^ ^ X  *■ P h 0 2S —< ]
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Since cyc lo b u tan a tio n  is a kineticaUy m uch less favorab le  process than 

c y c lo p ro p an a tio n , the  b ro m o  b u ty l su lfone  37 w as u sed  successfu lly  to 

genera te  cyclohexane d e riv a tiv e s , 38 and  39 (Table 4). O p tim iza tio n  of the 

a d d itio n /c y c liza tio n  reaction  is sum m arized  in Table 4, w ith  the  best results 

sh o w n  in e n try  7. The su lfo n e  a n io n  w as form ed in THF a t -78°C w ith 5 

equiv. of su lfone 37 and  4.5 equiv . of LTMP as the base, fo llow ed by  addition 

of oxazoline 15. A fter a llo w in g  the reaction to stir for 24 h a t -78°C, the cyclic 

p roducts  38 an d  39 w ere  o b ta in ed  in 67% yield. The sep ara tio n  of 38 and 39 

to o k  p lace u s in g  c h ro m a to g ra p h y  (silica gel) a n d  w as fo u n d  to be 

stra igh tfo rw ard . As seen  w ith  the p rev iously  described  cyclopenty l oxazoline 

ad d u c t 17, on ly  tw o of th e  e igh t possib le  d iastereom ers w ere fo rm ed w ith  the 

m ajor d iaste reom er favo red  by  5:1. Also, in this case the chem ical yield was 

m uch higher, ren d e rin g  th e  reaction  synthetically  useful.

T ab le  4: A d d itio n /C y c liza tio n  to Form  C yclohexanes

15 38 39
(major) (minor)

Entry_____________________Conditions_________________________________ Results_________
1 (a) 3 eq 37, 2.5 eq rc-BuLi, THF, -78°C (b) 15, 6  h at 52% overall yield, 5:1 d.r.

-7 8 °C

2 as in entry 1 , except a llow ed to stir for 72 h at 58% overall yield, 5:1 d.r.
-78°C

3 as in entry 1, except form ed sulfonyl carbanion no addition products
with LTMP in Et2 0

4 (a) 3 eq 37, 2.5 eq LTMP, THF, -95°C (b)15, -95°C 40% overall yield, 4:1 d.r.
for 1  h then -78°C for 12 h

5 added 2.5 eq LTMP to a mixture of 15 and 3 eq 37 58% overall yield, 4:1 d.r.
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6  (a) 3 eq 37, 2.5 eq LTMP, THF,-95°C (b) added only trace of cyclized products
anion via cannula to 15 with 2 eq HMPA in THF

at -78°C

7 as in entry 1, except 5 eq 37 and 4.5 eq LTMP

8  added 3 eq 37 to a mixture of 2.5 eq LTMP and 15
in THF at -78°C

67% overall yield, 5:1 d.r.

— poor mass recovery 
—  m ainly non-cyclized addition 
________ product (<25%)________

W hen a d d u c ts  38 and  39 w ere separately  resub jec ted  to e ither sulfonyl 

carban ion  37 o r to  N aO M e, no change in  d ias te reo m eric  com position  was 

noted. This ind ica ted  th a t the observed d iaste reom eric  ratio  w as no t due to 

any  equilib ration  d u rin g  the reaction.

The s tru c tu re  of the  m ajor d iastereom er 38 w as de te rm in ed  by X-ray 

c ry s ta llo g ra p h y ,15 an d  show ed  all its substitu en ts  trans to each o ther and in 

the  eq u a to ria l p o s itio n  (F igure  5). The s tru c tu re  sh o w s th a t the initial 

add ition  gave the  anti  co n figu ra tion  b e tw een  the  su lfo n e  and  the phenyl 

g roups in ag reem en t w ith  the results of H assner e t a l.1
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Figure 5: Single Crystal X-Ray Structure of O xazoline Adduct 3815

CIO

C8
C11

02

P 7 C18C16 CS
C4

CIS C13C14 C3

C2
C19

'03

C20
C21

C22

C23

S 0 2Ph

Because only  one d iastereom er was observed  w ith  the acyclic oxazoline 

analogs, 27, it w as a ssu m ed  th a t the initial add ition  step  to form  38 and 39 was 

com pletely  selective a n d  the  differing ste reocen ter a  to the  oxazoline arose 

from  the cyclization step . D esulfonylation of 38 an d  39 (Schem e 6) produced 

d is tinc tly  d iffe ren t d ia s te re o m e rs  40 and  41, in d ic a tin g  th a t the su lfonyl 

carbon  stereocen ters w ere  identical in 38 and  39. F u rtherm ore  the 1H NMR 

spec tra  of 40 an d  41 (F igu re  6) are qu ite  d iffe ren t a t the C -H ’s a  to the 

oxazoline and  to the p h en y l ring, show ing th a t H a an d  Hb are cis to each other 

in 41 and  trans to each o th e r in 40.
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Schem e 6

PhO z S
5% Na(Hg)

Ph" " Y  M g 04 P h " '

N^O N^'O
U /  V-/

38 40

PhOaS^—
5% Na(Hg) f  J

Ph"”Y  X ° 4 P h ' " ‘

N=\    N^=\
,W °  , k / °

39 41

Figure 6: 300M Hz N M R  Spectra  for O xazoline A d d u c ts  40 a n d  41

PH'"
h J " H 6

L y °

j

Ji
40

HaiHb

c °

41

Hb

7 l1, J 
/ itin  \ U J

 I . I . ' I I I ! I ! I
II JO 2 3 20

Ha/H b

t
I .. J L _ J a AJ,

- | . .-pr-.-r-r-r , , , , | . I . | i . i i , .-. f ' ' 1 ' I 1 ' ' ' I ' ' '' ' I ' I ’ • T T
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Because the  s te reo co n tro l w a s  lo st in  the cy c liza tio n  s tep , it w as 

th o u g h t th a t u s in g  a ch loro  a n a lo g  o f su lfone  37 m ig h t s lo w  d o w n  the 

cyclization  en o u g h  to allow  for b e tte r  selectiv ity  (Scheme 7). U nfortunately , 

the ex p erim en ts  w ith  the ch loro  su lfo n e  42 w ere frau g h t w ith  p rob lem s. 

M any e x p erim en ta l v a ria tio n s w ere  tes ted , a n d  reg a rd le ss  of cond itions, 

several d iastereom ers of bo th  the cyclized m ateria l and the initial ad d u c t w ere 

o bserved . The non-cyclized  in itia l a d d u c t w as not u su a lly  seen  w ith  the 

brom o su lfone  37. As w ith  the allyl ch loro  sulfone 20, the so lu tio n  struc tu re  

of the  su lfo n y l carban ion  of 42 a p p e a re d  to be d iffe ren t from  the brom o 

analog  and  no t to allow  good stereocontro l in the  add ition  step .

Schem e 7

1. Base 
Ph02S^ ^

42 Ph N Ox
15

OxPh Ph

non-selective

F u rth e r stud ies w ere in itia ted  to  enhance the reactiv ity  of the M ichael 

acceptor. To th is end, cyano oxazo line  43 w as exam ined (Schem e 8). The 

carban ion  44, form ed up o n  conjugate a d d itio n  to oxazoline 43, is add itionally  

delocalized  com pared  to carban ion  45, therefore  the ad d itio n  sh o u ld  result in 

a m ore favored  process.
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Schem e 8

Nu Ph
CN

44
CN

43

Ph Nu©
Nu 0 - \  /

Pĥ v  '

15 45

W hereas su lfony l carban ion  add itions to 15 w ere  slow  an d  incom plete 

w ith  alkyl su lfones an d  unsuccessfu l w ith  a lly l su lfones, ad d itio n  to 43 was 

ra p id  a n d  h ig h  y ie ld in g  (Table 5). T his w as a n o th e r  exam ple  w here  

co m p arin g  the re la tiv e  pK a's of the nuc leoph ile  an d  the  a d d itio n  p roduct 

p red icted  the feasibility  of the reaction. Because ad d itio n  w as so rapid, it was 

also  nonse lec tive . As seen  in Table 5, ty p ica lly  six  d ias te reom ers w ere 

detected  by  G C /M S  w ith  one peak 66% of the  to ta l p eak  area. Since three 

stereocen ters w ere  se t in  the reaction and  the  fou rth  s te reo cen ter was fixed, 

this m eant th a t it w as likely tha t two d iastereom ers w ere  coelu ting  w ith two 

o th e r d ia s te re o m e rs . Som e experim en ta l p a ra m e te rs  w ere  varied  in an 

a tte m p t to a tte n u a te  th e  reactiv ity ; h o w ev er, no s ig n if ic a n t change in 

d iastereom eric  com position  w as noted.
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T ab le  5: A lky l Sulfone A d d itio n  to C yano O xazoline 43

P h0 2 S ' ,Br I .B a s e
2 .

Ph°2Sv ^ \

37 Ph O ’ ^
CN

43

NC V O

46

Entry Reaction Conditions Results
(a) 3 eq 37, 2.5 eq LTMP, THF, -78°C 

(b) 43, 30 min.

as in entry 1 , except -100°C

as in entry 1 , except Et2 0  as solvent 
and -100°C

4 (a) 2 eq 37, 1.5 eq LDA, THF, -78°C (b)
43

— starting materials consum ed  
—>80% yield of 46 

—nonselective, 6  diastereomers evident by 
G C/M S, inseparable by chromatography

as in entry 1

—starting materials consum ed  
—nonselective, 4 diastereomers evident by 
G C/M S, inseparable by chromatography

as in entrv 1

In an  e ffo rt to assess w h e th e r the  d iastereom eric  com position  m ight 

ch ange , a n d  also  to d e te rm in e  fu tu re  syn the tic  value, oxazo line  46 was 

d e su lfo n y la te d  to rem ove one s te re o c e n te r  (Schem e 9). The red u c tiv e  

m e th o d  o f  T ro s t 1 3  w as a g a in  u se d  a n d  it p ro ce ed e d  to co m p le te  

d e su lfo n y la tio n . H ow ever, s ign ifican t fo rm ation  of the u n d e s ired  m ethyl 

im idate  48 could  not be avoided occurring  as a 2:1 ratio of im idate 48 to nitrile 

47. F u rthe rm ore , the m ass recovery  of this transform ation w as low  (<50%), 

m ak in g  su b seq u en t reactions im practical. Even so, fu rther hydro lysis of the 

m ix tu re  of 47 and  48 w as undertaken , and  after several days the reaction was 

still in co m p le te  y ie ld ing  a 50:50 m ix tu re  of 49 and 50, as d e te rm in e d  by 

G C /M S . N itrile s  are stab le  to m ild  hyd ro ly sis , and  even  fairly  s tro n g
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conditions (10% H iS C ^ /E tO H , 80°C) w h ich  are k n o w n  to convert nitriles to 

esters 1 6  w ere n o t successfu l for hydro lyzing  th e  q u a te rn ary  cyano group in 47. 

Im idates are  read ily  converted  into esters, a n d  hence all of the im idate 48 was 

converted  into its c o rre sp o n d in g  ester 50. The co m p o u n d s 49 and 50 w ere 

inseparable by  ch ro m ato g rap h y  and  no t u tilized  fu rther.

Scheme 9

5% Na(Hg) 
Na2 H P 04, MeOH

(1 : 2 )

R eturn ing  to the app lica tion  of ailylic su lfones as u sed  by  H assner and 

co w o rk ers , 1 a d d itio n  to the m ore electrophilic cyano oxazoline 43 w ith  ailylic 

sulfone 1  w as n o w  a favorable process, w ith  all s ta r tin g  m aterials consum ed 

w ith in  30 m in u tes  (Schem e 10). Using 1.5 equ iva len ts LDA and  2 equivalents
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1  in THF a t bo th  -100°C and  -78°C, oxazoline ad d u c ts  51 w ere formed in >70% 

yield, as a m ixture.

Schem e 10

O nce again , th e  su lfone  add ition -cyc liza tion  to 43 w as nonselective, 

resulting in 4 d iastereom ers being detected by G C /M S  and  NMR. The bulk of 

the p ro d u c t 51 (74% by  GC) consisted of tw o coe lu ting  diastereom ers in equal 

a m o u n ts  w h ic h  w e re  s e p a ra te d  fro m  th e  r e m a in in g  m a te r ia l by  

chrom atography . T his m ix ture  of tw o d iaste reom ers w as desulfonylated  and  

the resu ltan t p ro d u c t w as also a m ixture of two d iaste reom ers. This suppo rts  

the no tion  th a t the d iffering  stereocenters w ere  n o t  a t the sulfonyl carbon. 

Interestingly , un like  w ith  the cyclohexyl a d d u c t 46, im ida te  form ation d u ring  

desu lfony la tion  w as n o t significant. P resum ably , th is  w as d ue  to the cyano 

group  of the cyc lopen tane  51 being less accessible th an  w ith  the cyclohexyl 

analogs, an d  therefore  less likely to undergo  ad d itio n  of M eOH.

>70% yield 
4  diastereom ers43

5% Na(Hg) 
Na2 H P04. MeOH

51
2  diastereom ers

52
2  diastereom ers
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The s im p le  a ily lic  sulfone 2 w as also a d d e d  to oxazoline 43, and  as 

above, all s ta rtin g  m aterials were rap id ly  consum ed. As expected, the  reaction 

was also poorly  selective.

B. Synthesis o f a,(3-Unsaturated O xazolinyl and Sulfonyl Starting Materials

The a ,(3 -unsatu ra ted  oxazolines w ere syn thesized  by two approaches. 

Follow ing the  p ro c e d u re  of M eyers and S h ipm an , 1 7  the p rim ary  approach  

involved fo rm ing  the oxazoline portion first (Table 6 ), and  then carry ing  out 

a M a sa m u n e -R o u sh  m o d if ied  H o rn e r-E m m o n s c o u p lin g 1 8  to form  the 

olefinic p o rtio n . This p rocedu re  w as easily  a p p lied  to m ake a v arie ty  of 

oxazo lines, a n d  u su a lly  p ro v id ed  the d esired  p ro d u c ts  (15, 2 6a-e ) in an 

acceptable yield. W ith  all cases, only one olefinic isom er (E) was isolated.

1.1.5 eq LTMP. THF. 
-78°C

CN >70%
nonselective43
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Table 6: Synthesis o f oc,P-Unsaturated Oxazolines

h 3 c.
H3C OEt H2 N ^ ^  _____T  = OH 70%

\ ^ o  o
IT \  LDA. ClP>(OEt) 2

NH2*CI

54

(EtOJaPrNpO
O m /  RCHO. LiCI 0 - \

' i  DBU A -  ) .... /

/T ~  R N '
55 1 5 ,26a-e

Entry R Product Yield (2 steps from 54)a
1 Ph 15 70%

2 26a 52%

3
H3CO_( 3 " t

26b 51%

4
X x

26c 62%

5 26d 44%

6 Br 26e 45%

a Isolated yields

A lternatively , oxazolines 1517 and  1619 w ere m ore  readily synthesized 

directly  from  the com m ercial carboxylic acids (Schem e 1 1 ). No evidence of 

any Z-olefin form ation w as found.

Scheme 11

1 . (COCI)2, cat. DMF
2. (S)-f-leucinol; NaOH Y ~A  /

R/ ^ . C 0 2H 3. SOCI2, NaOH...........................................

15, R= Ph, 95%
16, R= CH3, 63%

130

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



The cyano oxazo line  43 w as p repared  by  tw o p a th w a y s  (Scheme 1 2 ). 

The first s ta rted  w ith  the  k n o w n  cyano acid 56.20 The acid  w as converted to 

the oxazoline fo llow ing s ta n d a rd  protocols. W hile the o v era ll yield w as too 

low to be p rac tical (-20% ), the  synthesis o f 43 w as accom plished  and  the 

geom etry abou t the d o u b le  b o n d  w as known.

Schem e 12

Method 1:

O 0 " \  /
Q. ^ , C 0 2H 1 .(COCI)2 , ca t. DMF  \
P m y ^  2. (S)-Meucinol: NaOH P m y f ^ N  SOCI2, NaOH P h ^ ^ p ^ N

CN 28%  CN 72% CN
56 57 43

Method 2:

N C ^ N n  PhCHO
^ n p t  lj m * Ti \  DBU, Benzene O \  /

M C - y O E t + h 2n ^ o h _  n^ >    Ph^ > V  V
NH2«CI 5 _ r n  y

^  CN

58 43

Because the yield  o f  M ethod  1 in Schem e 12 w as so low , an alternative 

ro u te  w as e x am in e d  (M e th o d  2). S ta rtin g  w ith  the  m o n o -im id a te  of 

m a lo n o n itr ile , o x a z o lin e  58 w as form ed, fo llow ed  by  a base-ca ta lyzed  

condensa tion  w ith  b e n za ld e h y d e . This sequence  fu rn ish ed  a single olefin 

isom er 43 in overall y ield  o f 6 8 %.

The allyl su lfones 1 , 2 , an d  2 0  were p rep a red  accord ing  to the following 

repo rted  p ro ced u res  (Schem e 13). The so d iu m  sa lt of benzenesu lfin ic  acid 

w as trea ted  w ith  m eth a lly l ch lo ride  to yield  2  in  nearly  q u an tita tiv e  y ie ld . 4  

Radical ch lo rination  w ith  su lfu ry l chloride fu rn ished  the a lly l chloride 2 0 . 2 1  

A fter sequen tia l rec ry sta lliza tio n s  from  isop ropy l e ther, the  yield  ob tained
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w as a ro u n d  50%. The m ajo r im purity  a p p ea re d  to be  th e  isom eric v iny l 

ch lo ride  2 0 a. C onversion  to the  ailylic b rom ide  1 w as accom plished  u sin g  

NaBr-DM F in abou t 60% y ield  after recrystallization.la

Schem e 13

1  Cl *  / ^ C c n  m  MeOH' A  J  1  S° 2Cl2* < ^ J^ S O aN a 50%

a 1

I J C c + Ph- ko •< o

2 0 2 0 a

cn

NaBr, CH2 Br2.DMF 
60%

a 1

Br

The syn thesis of the a lky l sulfones 25 and  37 fo llow ed the procedure  of 

C ra n d a ll  a n d  P ra d a t 2 2  (Schem e 14). T his b iphasic  m e th o d  su p p re sse d  

u n w an ted  O -alkylation  w hich  w ould  give a sulfoxide.

Schem e 14

PhSO ,N a

N(Bu)4 H S 04, h 2o  
Acetone, Benzene, A

PhO ,

25, R= H. 80% 
37, R= Br, 50%

132

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



C. Sum m ary

We have show n  th a t the con jugate  add ition  of su lfonyl carbanions to 

chiral a ,(3-unsaturated  oxazolines m ay  occur w ith very  h igh selectivity w ith  

the first successful exam ples of stab ilized  carbanion additions. In m any  cases, 

the ad d itio n  ap p aren tly  resu lted  in  com plete stereocontrol. In the exam ples 

w here cyclization  fo llow ed a d d itio n , th ree con tiguous stereocen ters w ere 

selectively form ed in one reaction step . W hen the pK a of both  partners are 

m atched  a p p ro p ria te ly , the  a d d it io n  is no t only  ste reochem ica lly  very  

efficient, b u t also is synthetically  practical.
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III. Experimental

T hin  layer c h ro m a to g rap h y  (TLC) an d  flash c h ro m a to g ra p h y  w ere 

p e rfo rm ed  w ith  E. M erck  silica gel (230-400 m esh). A ll reag en ts  w ere 

p u rch ased  from  A ld rich  C hem ical, Co. A ll non -aqueous reactions w ere 

conducted  u n d e r a rgon  in  oven or flam e-dried  apparatus. M elting  poin ts are 

uncorrected . D iethyl e ther, te trah y d ro fu ra n , and benzene  w ere  d ried  by 

d i s t i l l a t i o n  o v e r  s o d iu m - b e n z o p h e n o n e .  D ic h lo r o m e th a n e ,

d iiso p ro p y lam in e , trie th y lam in e , to lu en e , d im e th y lsu lfo x id e , an d  H M PA  

were d istilled  over C aH 2 -

G eneral Procedure for form ing an a , (3—U nsaturated O x a zo lin e  from  

Corresponding Acid: To a solution of 1 g carboxylic acid in 20 m l C T bC b was 

added  1.5 eq oxalyl ch lo ride  follow ed by  a catalytic am o u n t o f DMF. After 

stirring  for 5 h, the so lven t was rem oved , the  residue d isso lv ed  in benzene 

and  then  co n cen tra ted . The c ru d e  acid  chloride  w as d isso lv ed  in 25 ml 

C H 2 CI2 , and  chilled to 0°C. A so lu tion  of 1.5 eq (S)-M eucinol in 25 ml N aO H  

w as a d d ed  d ropw ise  w hile  m ain ta in ing  vigorous stirring . T he so lu tion  was 

allow ed to w arm  to room  tem pera tu re  an d  stirred  an  a d d itio n a l 12 h. The 

layers w ere separated  an d  the aqueous phase was extracted w ith  C H 2 CI2  ( 2  x 2 0  

ml). The organic phases w ere com bined , d ried  over N a 2 S0 4 , filtered, and 

concentra ted . The c ru d e  am ide-alcohol w as dissolved in C H 2 C I2 , chilled to 

0°C, and  3 eq thionyl ch loride  w ere a d d e d  slowly. A fter 3 h, the  so lven t was 

rem oved, and  the residue w as d isso lved  in 10 ml C H 3 C N  and  2  ml sa tu rated  

aqueous K 2 C O 3 . A fter heating  a t reflux for 6  h, the so lu tion  w as cooled, and 

the so lven t w as rem oved . The re s id u e  w as d isso lved  in EtO Ac (75 ml), 

w ashed w ith  brine and  d ried  over N a 2 SC>4 . After filtration a n d  concentration,
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the  res id u e  w as pu rified  by flash ch ro m ato g rap h y  (5% E tO A C /h ex an es  and  

10% E tO A c/hexanes).

15

(4 S ) -4 - te r t-B u ty l-2 - ( (E )-2 -p h e n y le th e n y l) -2 -o x a z o lin e , 15. (from  trans- 

c innam ic acid, 95% yield) -̂H NM R (CDCI3 , 300 MHz) 5 0.96 (s, 9H ), 4.0 (dd, J= 

10.2, 8.1 hz, 1H), 4.15 (dd. J= 8.4, 8.4 hz, 1H), 4.29 (dd, J= 10.2, 8.1 hz, 1H), 6.7 (d, 

J= 16 hz, 1H), 7.35 (m, 4H), 7.49 (d, J= 7.8 hz, 2H); IR (neat) 1656, 1610, 974 cm*1. 

Spectra are in ag reem en t w ith  p rev io u sly  reported  d a ta . 1 7

16

(4S)-4-tert-B uty l-2-((E )-l-p ropenyl)-2-oxazo line, 16. (from trans-crotonic  acid, 

63% yield) lH  NM R (CDCI3 , 300 M Hz) 5 0.88 (s, 9H), 1.84 (d, J= 6.9 hz, 3H), 3.87 

(app t, J= 9 hz, 1H), 4.03 (dd, J= 8.4, 8.4 hz, 1H), 4.15 (dd, J= 10, 9.3 hz, 1H), 6.01 

(d, J= 16 hz, 1H), 6.54 (dq, J= 16, 6.9 hz, 1H); 13C NMR (CDCI3 , 75 M Hz) 5 18.3,

25.8, 33.7, 6 8 .1 , 75.9, 119.2, 138.6, 162.6. Spectra are  in  a g re e m e n t w ith  

p rev iously  reported  d a ta . 1 9
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Synthesis o f a,(3-Unsaturated O xazolines from  Phosphonate 55: C om pounds 

26a-26e w ere syn thesized  follow ing the p ro ced u re  of M eyers and  Sh ipm an . 1 7

2 6 a

(4S)-4-tert-Butyl-2-((E)-2-(4-nitrophenyl)ethenyl)-oxazoline, 26a. (from para- 

n itro b en za ld eh y d e , 52% yield as a yellow  solid) m p=  97-99°C; [ a ] 25D = -81.6 

(c=1.5, CHC13); l H  NM R (CDCI3 , 300 M Hz) 5 0.93 (s, 9H), 4.01 (dd, J= 10.2, 8.1 

hz, 1H), 4.15 (app t, J= 8.4 hz, 1H); 4.3 (dd, J= 9.9, 8.4 hz, 1H), 6.79 (d, J= 16.2 hz, 

1H), 7.34 (d, J= 16.2 hz, 1H), 7.6 (d, J= 8.7 hz, 1H), 8.22 (d, J= 8.7 hz, 1 H); 12C 

N M R (CDCI3 , 75 M H z) 5 25.8, 33.8, 68.5, 76.3, 119.6, 124.1, 127.8, 136.8, 141.5,

147.8, 162.2; IR (neat) 1652, 1610, 1530, 1346 c m '1; HRMS (FAB+) for 

C 1 5 H 1 9 N 2 O 3  (M+H)+: Calcd 275.1397 Found 275.1394.

2 6 b

(4S)-4-tert-B utyl-2-((E )-2-(4-m ethoxyphenyl)ethenyl)-oxazoline, 26b. (from  

parrt-an isaldehyde, 51% yield  as a ligh t ye llow  pow der) [a ]2 5 o =  -74.8 (c= l, 

C H C I3 ); !H  N M R (CDCI3 , 300 M Hz) 8  0.93 (s, 9H), 3.82 (s, 3H), 3.97 (dd, J= 9.9, 

7.8 hz, 1H), 4.12 (app  t, J= 8.4 hz, 1H). 4.26 (dd, J= 10.2, 8.4 hz, 1H), 6.54 (d, J= 16.2 

hz, 1H), 6 . 8 8  (d, J= 8.4 hz, 2H), 7.27 (d, J= 16.2 hz, 1H), 7.42 (d, J= 8.4 hz, 2H); 

m /z 259 (M)+, 202 (M-hBu)+-
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...

2 6 c

(4 S ) -4 - t e r t - B u ty l - 2 - ( ( E ) - 4 - m e th y lp e n te n y l ) - o x a z o l in e ,  26 c. ( f r o m  

isovaleraldehyde, 62% yield as an  opaque oil) [oc]25d =  -16.5 (c=0.56, CHCI3 ); -̂H 

NM R (CDCI3 , 300 M Hz) 5 0.89 (br s, 12H), 0.92 (s, 3H), 1.72 (sept., J= 6 . 6  hz, 1H),

2.06 (t, J= 7.5 hz, 2H), 3.89 (dd, J= 9.9, 8.1 hz, 1H), 4.04 (dd, J= 8.4, 8.4 hz, 1H), 4.19 

(dd, J= 9 .9 ,8 . 6  hz, 1H), 5.99 (d, J= 15.9 hz, 1 H), 6.51 (ddd , J= 15.2, 7.2, 7.2 hz, 1H); 

HRMS (FAB+) for C 1 3 H 2 4 N O  (M+H)+: Calcd 210.1858 Found 210.1863.

2 6 d

(4 S )-4 - te r t-B u ty l-2 - ( (E )-2 - (2 - fu ra n y l)e th e n y l) -o x a z o lin e , 26d. (from 2- 

fu raldehyde, 44% y ield  as a yellow  solid  w hich darkens over tim e) m p= 74- 

76°C; [a]2 5 o=  -83 (c=0.44, CHCI3 ); *H NM R (CDCI3 , 300 MHz) 5 0.92 (s, 9H), 3.97 

(dd, J=10.2, 7.8 hz, 1H), 4.1 (app t, J= 8.1 hz, 1H), 4.24 (dd, J= 9.9, 8.4 hz, 1H), 6.41-

6.48 (m, 1H), 6.55 (d, J= 16.2 hz, 1H), 7.08 (d, J= 16.2 hz, 1H), 7.44 (s, 1H); 13C 

NM R (CDCI3 , 75 M H z) 5 25.9, 33.9, 6 8 .2 , 76.3, 1 1 1 .8 , 112.3, 113.2, 126.4, 143.8,

151.4, 162.8; IR (film) 1652, 1624, 981, 967 cm-1; HRMS (FAB+) for C 1 3 H 1 8 N O 2  

(M+H)+: Calcd 220.1338 Found 220.1328.

f

2 6 e

(4S )-4 -tert-B uty l-2-((E )-2-(2-brom ophenyl)ethenyl)-oxazo line, 26e. (from 2- 

b rom obenzaldehyde, 45% yield) [a]2 5 D= - 8 6  (c=0.5, CHCI3 ); XH  NM R (CDCI3 , 

300 MHz) 5 0.94 (s, 9H), 3.99 (dd, J= 9.9, 8.1 hz, 1H), 4.16 (app t, J= 8.4 hz, 1H),
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6.64 (d, J= 16.2 hz, lE i) , 7.18 (t, J= 6.3 hz, 1H), 7.31 (t, J= 6.3 hz, 1 H ), 7.59-7.61 (m, 

1H), 7.67 (d, J= 16.2 h z ,  1H); 13C NM R (CDC13, 75 M Hz) 8  26, 34, 6 8 .8 , 76.6,118,

125,127.5,128,131,133.5,135.5,138.2,163.1.

General Procedure fo r  A ddition o f Sulfone 25 to a,p-U nsaturated Oxazolines:

M ethod A: To a so lu tio n  of 25 (2 m m ol) in 5 m l TH F a t -78°C w as added  n- 

bu ty l lith ium  (2M i n  hexanes, 1.8 m m ol). The b rig h t ye llow  so lu tio n  w as 

stirred  for 15 m in  a t  -78°C a n d  the  oxazo line  (d ried  a zeo tro p ica lly  w ith 

toluene) w as a d d e d  in  2 m l THF. A d a rk  red color soon fo llow ed  and , after 

stirring  for 20 m in , th e  reaction w as quenched  w ith  2-propanol. The solution 

w as allow ed to w a r m  to room  tem pera tu re , an d  th en  w as d ilu te d  w ith  H 2 O 

(15 ml). The m ix fu re  w as ex trac ted  w ith  EtOAc (3 x 30 m l), d r ie d  over 

N a 2 SC>4 , and  co n cen tra ted . The residue  was purified  by flash chrom atography  

(5% E tO A c/hexanes to 20% E tO A c/hexanes).

M ethod B: To a so lu tio n  of 25 (0.48 m m ol) in 5 m l THF a t -78°C w as added

rz-butyl lith ium  (2M1 in hexanes, 0.4 m m ol). The b rig h t ye llow  so lu tion  w as 

stirred  for 15 m in  a t  -78°C an d  the oxazoline (0.4 m m ol, d ried  azeotropically  

w ith toluene) w as a d d e d  in 2 ml THF. A dark  red color soon  follow ed and, 

after s tirrin g  for 20 m in, the reaction  w as qu en ch ed  w ith  2 -p ropano l. The 

so lu tion  w as a llo w e d  to w arm  to room  tem p era tu re , and  th en  w as d ilu ted  

w ith  H 2 O (15 m l). T he m ixture w as extracted w ith  EtOAc (3 x 30 m l), dried 

o v er N a 2 SC>4 , a n d  c o n ce n tra te d . T he re s id u e  w as p u r if ie d  by flash 

chrom atography (5°/o E tO A c/hexanes to 20% E tO A c/hexanes).
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(4S)-4-tert-Butyl-2-((2R ,3S)-2-phenyl-3-phenylsulfonyl-hexyl)-oxazoline, 27a:

(from  oxazoline 15,1 7  M ethod  A, 72% isolated y ield  as a viscous, colorless oil) 

[a]25D= -13.8 (c=0.74, CHC13); l H  NMR (CDCI3 , 300 M H z) 5 0.5-2.0 (m, 16H), 2.88 

(dd, J= 15, 11 hz, 1H), 3.16 (dd, J= 15, 4.5 hz, 1H), 3.25 (ddd , J= 4.5, 4.5, 3 hz, 1H),

3.65 (ddd, J= 10.5, 9, 1.5 hz, 1H), 3.83-3.96 (m, 3H), 7.15-7.25 (m, 5H), 7.6 (dd, J=

7.8, 7.8 hz, 2H), 7.65 (d, J= 7.2 hz, 1H), 7.9 (d, J= 7.2 hz, 2H); NM R (CDCI3 , 75 

M Hz) 5 13.6, 21.4, 25.6, 26.3, 27.1, 33.4, 40.2, 68.9, 75.5, 126.9, 127.9, 128.4, 128.6,

129.1, 133.5, 139, 140, 164.8; IR (neat) 1668 c m '1; HRM S (FAB+) for C 2 5 H 3 4 N O 3 S 

(M+H)+: Calcd 428.2259 Found 428.2266.

27b

(4S)-4-tert-Butyl-2-((2R,3S)-2-(4-nitrophenyl)-3-phenylsulfonyl-hexyl)- 

o x a zo lin e , 27b: (from  oxazoline 26a, M ethod  B, 78% iso la ted  yield as a

colorless oil) [a ]25D= -15 (c=0.5, CHCI3 ); l H  NM R (CDCI3 , 300 MHz) 5 0.6-0.7 

(m, 12H), 1.15-1.28 (m , 2H), 1.85-2.10 (m, 2H), 3.19 (dd , J= 13.5,11.4 hz, 1H), 3.38-

3.49 (m, 3H), 3.7 (app t, J= 8.4 hz, 1H), 3.82 (app t, J= 8.7 hz, 1H), 4.03 (dd, J= 10.2,

8.7 hz, 1H), 7.47 (d, J= 9 hz, 2H), 7.59 (app t, J= 7.5 hz, 2H), 7.66-7.71 (m, 1H), 7.95 

(d, J= 8  hz, 2H), 8.10 (d, J= 8  hz, 2H); 13C NM R (CD CI3 , 75 M Hz) 5 13.9, 21.6,

25.8, 26.9, 32.2, 33.3, 39.8, 65.2, 68.7, 75.8, 123.2, 128.3, 129.3, 130.3, 133.9, 138.9,

146.5, 147.8, 164.6; IR (neat) 1667, 1520 cm*1; HRM S (FAB+) for C 2 5 H 3 2 N 2 O 5 S 

(M +H)+: Calcd 473.2112 Found 473.2095.
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(4S)-4-tert-Butyl-2-((2R,3S)-2-(2-furyl)-3-phenylsulfonyl-hexyl)-oxazoline, 27e:

(from  oxazo line  26d , M ethod A, 70% iso la ted  y ield  as a light yellow  oil)

[a ]25D= -16.5 (0 = 0 .5 5 , CHC13); XH NM R (CDCI3 , 300 M Hz) 6  0.67 (t, J= 7.2 hz, 

3H), 0.78 (s, 9H), 1.11-1.25 (m, 2H), 1.62-1.99 (m, 2H), 2.76 (dd, J= 15.3, 11.1 hz, 

1H), 3.16 (d, J= 14.1 hz, 1H), 3.47 (ddd, J= 10, 3.3, 3.3 hz, 1H), 3.74 (app t, J= 8.4 

hz, 1H), 3.93-4.07 (m , 3H), 6.15 (d, J= 3.3 hz, 1H), 6.21 (br s, 1H), 7.21 (s, 1H), 7.53- 

7.67 (m, 3H), 7.93 (d, J= 6.9 hz, 2H); 13C NM R (CDCI3 , 75 MHz) 5 13.8, 21.1, 25.8, 

26.6, 26.7, 33.7, 35.0, 65.9, 68.7, 75.7, 107.4, 110.5, 128.9, 129.3, 133.8, 138.8, 141.6,

153.4, 164.9; HRM S (FAB+) for C2 3 H 3 1 N O 4 S (M+H)+: Calcd 418.2052 Found 

418.2056.

General Procedure for forming alkyl sulfones: The procedure follows that of 

C ran d all a n d  P ra d a t . 2 2  The approp ria te  a lky l b rom ide, 5 g (1.3 equiv) of 

benzenesulfin ic  ac id  sod ium  salt, and  te trabu ty lam m onium  hydrogen sulfate 

(0.1 equiv) w ere  h ea ted  a t 80°C in 20 m l H 2 O, 10 m l benzene, and  10 ml 

acetone for 16 h. T he b iphasic  m ix tu re  w as a llow ed  to cool to room  

te m p e ra tu re  a n d  the  so lv en t w as rem o v ed  in vacuo. The residue w as 

d isso lved  in  E t2 0  (150 ml) and  sa tu ra ted  aq u eo u s NaHCC >3 (150 ml). The 

layers w ere sep ara ted , and  the aqueous phase w as reextracted w ith Et2 0  ( 1 0 0  

ml). The Et2 0  lay e rs  w ere  com bined, d r ie d  o v er MgS0 4 , filtered  and  

concentrated. The residue  w as purified  by  ch rom atography  (hexanes and 5% 

E tO A c/hexanes).
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P h02S ^

25

P hen ylsu lfon y lb u tan e, 25. (from  1-brom obutane, a ye llow -orange oil, 80% 

yield) 1H NM R (CDC13, 300 MHz) 5 0.89 (t, J= 7.2 hz, 3H), 1.38 (d d d d , J= 15, 7.5,

7.5, 7.5 hz, 2H), 1.68 (m, 2H), 3.08 (m, 2H), 7.55 (t, J= 7.4 hz, 2H), 7.64 (d, ]= 6 . 6  

hz, 1H), 7.9 (d, J= 7.2 hz, 2H). Spectrum  is agreem ent w ith  p rev iously  reported 

d a ta . 2 2

B̂r

37

l-B rom o-4-phenylsu lfonylbutane, 37. (from  1 ,4-dibrom obutane (1.3 equiv); 

slow -form ing, off-w hite solid, 50% yield): m p=  57-58°C, 1H  NM R (CDC 1 3 , 300 

M Hz) 5 1.83-2.03 (m, 4H), 3.12 (t, J= 7.5 hz, 2H), 3.38 (dd, ]= 6 .6 , 6.3 hz, 2H), 7.59 

(dd, J= 7.4, 7.3 hz, 2H), 7.68 (dd, J= 7.5, 7.5 hz, 1H), 7.92 (d, J= 6  hz, 2H); 12C 

NM R (CDCI3 , 75 MHz) 8  21.6, 30.9, 32.3, 55.2, 127.9, 129.2, 133.7, 138.7; IR (neat) 

1446, 1246, 1147 c m '1; m/z  197 (M-Br)+.

7 < ~ A

38 39

C ydohexyl oxazolines 38 and 39: The sulfone 37 and  the oxazoline 15 w ere 

d r ie d  a ze o tro p ic a lly  w ith  to lu e n e  p r io r  to use . To a s o lu tio n  of 

tetram ethy lp iperid ine (0.86 m m ol, 150 gl) in 2.5 ml THF at -78°C w as added  71- 

bu ty l lithium  (2M in hexane, 0.4 ml, 0.77 mmol) and  the so lu tion  w as stirred  

for 20 min. Sulfone 37 (242 mg, 0.86 mmol) in 1.5 ml THF w as a d d ed  and the 

m ixture was stirred  for 10 m in w hile the reaction tu rned  yellow  in color. The 

oxazoline 15 (40mg, 0.17 m m ol) in 1 m l THF was added . The reaction was
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s tirred  a t  -78°C an d  a fte r  16 h, 1 m l M eO H  w as a d d e d . The so lven t was 

rem oved , and  the res id u e  w as d isso lved  in  EtOAc (30 m l) an d  H 2 O (15 ml). 

The EtO A c layer w as w ashed  w ith  a phosphate  buffer (pH =  4) and  brine (15 ml 

each). T he  EtO Ac la y e r  w as th en  d r ie d  over N a 2 S 0 4 , f ilte re d , and 

c o n ce n tra te d . The re s id u e  w as p u rif ie d  by flash  c h ro m a to g ra p h y  (10% 

E tO A c/h ex an es an d  25% E tO A c/hexanes) y ie ld ing  40 m g  of oxazoline 38 

(56%) a n d  18 m g of oxazoline 39 (11%).

cyc lohexy l oxazo line  38. co lorless need les (from  E tO H ); m p=  183-185°C;

[a]25D= -102 (c=0.55, C H C I3 ); *H NM R (CDCI3 , 300 M Hz) 5 0.66 (s, 9H), 1.44-1.82 

(m, 3H), 1.94-2.16 (m, 2H), 2.46-2.54 (m, 1H), 2.61 (ddd , J= 11.4, 11.4, 3.3 hz, 1H),

3.3 (dd, J= 11.4,11.4 hz, 1H), 3.38 (ddd, J= 7.5, 7.5, 7.5 hz, 1H), 3.47 (ddd, J= 11.4,

11.4, 3.3 hz , 1H), 3.76 (dd , J= 8.7, 8.7 hz, 1H), 3.81 (dd, J= 7.2, 7.2 hz, 1H), 6.94 (br 

s, 5H), 7.17 (dd, J= 9, 6  hz, 2H), 7.32 (d, J= 8.1 hz, 3H); N M R  (CDCI3 , 75 MHz) 

5 25.8, 26.4, 26.5, 31.4, 32.4, 46.7, 47.8, 6 8 , 69.1, 76.1, 128, 128.8, 128.9, 129.5, 130,

133.3, 139.5,141,168

cyclohexyl oxazoline 39. colorless solid; m p= 164-167°C; [oc]2 5 d=  +33 (c=0.32, 

C H C I3 ); XH  NMR (CDCI3 , 300 M Hz) 5 0.38 (s, 9H), 1.42-1.84 (m, 3H), 1.95-2.0 

(m, 1H), 2.07-2.14 (m, 1H), 2.5-2.55 (m, 1H), 2.69 (ddd , J= 11.7, 11.7, 3.3 hz, 1H),

3.3 (dd, J= 11.4, 11.4 hz, 1 H ), 3.47 (ddd, J= 12, 12, 3.6 hz, 1H), 3.54-3.64 (m, 2H), 

3.92-4.02 (m , 1H), 6.93 (br s, 5H), 7.18 (dd, J= 7.8, 7.8 hz, 2H ), 7.3-7.37 9m, 3H); 

Anal. C alcd  for C 2 5 H 3 i N 0 3 S * l / 2  H 2 0 :  C, 69.09; H , 7.42. Found: C, 69.24; H, 

7.30.
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C yclohexyl oxazolines 40 and 41. C om pounds 40 and  41 w ere  syn thesized  

follow ing the p ro ced u re  of T rost e t a l . 1 3  To 2 ml d ry  M eO H  w as ad d ed  the 

su lfony l oxazoline 38 o r 39 (20 m g), pow dered  N a 2 H PC >4 (400 m g), and  5% 

N a(H g) beads (-600 mg) a t 0°C. The m ixture w as a llow ed  to w arm  to room 

tem pera tu re  and  w as s tirred  12 h. The m ercury  w as rem o v ed  by  filtration, 

an d  the solvent w as rem oved  in vacuo. The residued  w as d isso lved  in EtOAc 

and  w ashed  w ith  sa tu ra ted  aqueous N a H C 0 3. After d ry in g  over Na?S0 4  and 

co n cen tra tin g , th e  re s id u e  w as p u r if ie d  by flash  c h ro m a to g ra p h y  (5% 

EtO A c/hexanes).

cyclohexyl oxazo lin e  40. (from  oxazoline 38, 11 m g as a colorless oil, 85% 

yield) l H  NMR (CDCl3/300 M H z) 8  0.65 (s, 9H), 1.45-1.65 (m , 4H), 1.75-1.9 (m, 

3H), 2.09-2.15 (m, 2H), 2.6-2.7 (m , 1H), 2.7-2.9 (m, 1H), 3.5-3.6 (m, 1H), 3.8-3.9 

(m, 2H), 7.15-7.25 (m, 5H); 13C N M R (CDC13, 75 M Hz) 5 26.4, 26.8, 27.4, 32.7,

36.3, 44.4, 47.8, 69, 127.8, 128.5, 129.2, 146.4, 170; m/z 285 (M)+, 228 (M-f-Bu)T 

cyclohexyl oxazoline 41. (from oxazoline 39, 8  m g as a colorless oil, 62% yield) 

!H  NM R (CDC13< 300 M Hz) 5 0.58 (s, 9H), 1.22-1.98 (m, 9H ), 2.68-2.72 (m, 2H), 

3.57-3.67 (m, 2H), 3.92 (dd, J= 6.9, 6  hz, 1H), 7.08-7.23 (m, 5H); 13C NM R (CDC13, 

75 M Hz) 8  26.5, 26.7, 31.9, 33.4, 35.8, 45.3, 48, 69.3, 76.4, 127.3, 128.6, 129.3, 145.7,

160.8.
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43

(4S)-4-tert-Butyl-2-((E)-l-cyano-2-phenylethenyl)-oxazoline, 43. To 30 ml EtiO  

w as a d d ed  m alonitrile  (21 m m ol) a d n  ethanol (0.8 ml, 21 m m ol). W hile 

m ain ta in ing  vigorous stirring , the so lu tion  w as aerated  w ith  d ry  HC1 gas for 

30 m in . The m ixture w as a llow ed  to stir for 6  h  a t room  tem p era tu re , and  

th en  cooled  to 0°C. The re su lta n t p rec ip ita te  (the d esired  im idate) w as 

co llec ted , w ashed w ith  E t2 0 , a n d  u sed  w ith o u t fu rther pu rifica tion . The 

im idate  was dissolved in d ry  C H 2 C I2  (30 ml), (S)-f-leucinol w as a d d ed , and  the 

m ix tu re  w as stirred  for 12 h a t room  tem perature . The so lu tio n  w as d ilu ted  

w ith  sa tu ra ted  aqueous NaHCC >3 (50 ml) and  extracted w ith  EtOAc (2 x 50 ml). 

The layers w ere separa ted  and  the  organic phase was w ashed  w ith  satu rated  

aqueous MH4 CI (2 x 50 ml). The organic  layer was dried  over N a 2 S0 4 , filtered, 

an d  concentrated. The c rude  res id u e  w as purified  by  flash ch rom atog raphy  

(10% E tO A c/hexanes) to yield 1.3 g  of oxazoline 58 as a d a rk  yellow  film (85% 

from  the im idate). To a ro u n d -b o tto m ed  flask equ ipped  w ith  a D ean-Stark 

condenser was com bined oxazoline 58 (1.4 g, 8.43 m m ol), benza ldehyde  (0.78 

ml, 7.67 m m ol), and  l-8-diazabicyclo[5.4.0]undec-7-ene (0.34 m l, 2.3 mmol) in 

benzene (40 ml). The so lu tion  w as heated  a t reflux for 12 h, th en  cooled and 

w a sh e d  w ith  brine (30 m l). T he o rgan ic  layer w as d ried  o v e r N a 2 SC>4 , 

f i l te re d m  a n d  c o n c e n tra te d . T he re s id u e  w as p u r i f ie d  by  flash  

ch ro m a to g ra p h y  (2% E tO A c /h e x a n e s  and  5% E tO A c/h ex an es) to give 

oxazoline  43 (1.56 g, 80% yield) as off-w hite needles m p=  81-83°C; [a}2 5 p=  

-89.7 (c=1.8, CHCI3 ); 1H NM R (CDC13/ 300 MHz) 8  0.94 (s, 9H), 4.06 (dd, J= 9.9,

7.8 hz, 1H), 4.23 (dd, J= 8.4, 8.3 hz, 1H), 4.35 (dd, J= 10.2, 8 . 6  hz, 1H), 7.41-7.51 (m,
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3H), 7.88 (s, 1H), 7.9-7.93 (m, 2H); HRMS (FAB+) for C i 6 H i 9 N 20  (M+H)+: Calcd 

255.14974 Found 255.14973.
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T a b l e  1 .  C r y s t a l  d a t a  and  s t r u c t u r e  r e f i n e m e n t  f o r  1 .

I d e n t i f i c a t i o n  code  

E m p i r i c a l  f o r m u l a  

Formula w e i g h t  

Te m p er a t u r e  

W a v e l e n g t h  

C r y s t a l  s y s t e m  

S pac e  g ro u p  

U n i t  c e l l  d i m e n s i o n s

Volume,  Z

D e n s i t y  ( c a l c u l a t e d )  

A b s o r p t i o n  c o e f f i c i e n t  

F ( 0 0 0 )

C r y s t a l  s i z e

6 r a n g e  f o r  d a t a  c o l l e c t i o n

L i m i t i n g  i n d i c e s

R e f l e c t i o n s  c o l l e c t e d

I n d e p e n d e n t  r e f l e c t i o n s

A b s o r p t i o n  c o r r e c t i o n

R e f i n e m e n t  m et ho d

Data  /  r e s t r a i n t s  /  p a r a m e t e r s
2

Go od ne ss —o f —f i t  on F 

F i n a l  R i n d i c e s  [ I > 2 a ( I ) ]

R i n d i c e s  ( a l l  d a ta )

A b s o l u t e  s t r u c t u r e  p a r a m e t e r  

E x t i n c t i o n  c o e f f i c i e n t  

L a r g e s t  d i f f . p e a k  and h o l e

amccd!5 ( M e y e r s / B a s i l )

C25H31N03 S 

4 2 5 . 5 7

1 5 9 ( 2 )  K

0 . 7 1 0 7 3  A

T r i g o n a l

P31

a -  1 8 . 4 0 9 7 ( 2 )  A 

b -  1 8 . 4 0 9 7 ( 2 )  A 

c  -  5 . 7 8 2 1 0 ( 1 0 )  A

1 6 9 7 . 1 1 ( 4 )  A3 , 3

1 . 2 4 9  Mg/m3

0 . 1 6 9  mm"1

684

0 . 0 8  x  0 . 2 0  x  0 . 5 0  

1 . 2 8  t o  2 8 . 2 7 °

- 2 3  < h <  2 3 ,  - 2 0  <  k < 24 ,  - 7  <  

11154

4592  (R.  =  0 . 0 4 8 0 )r n t

SADABS

2
F u l l - m a t r i x  l e a s t —s q u a r e s  on  F

4592  /  1 /  272

1 . 1 5 3

R1 -  0 . 0 5 2 5 ,  wR2 -  0 . 1 1 1 1  

R1 -  0 . 0 8 5 4 ,  wR2 -  0 . 1 4 3 7  

- 0 . 01 ( 10)

0 . 0 1 4 ( 3 )

0 . 2 7 0  and  - 0 . 2 1 8  eA- 3  

172

a l p h a  -  9 0 °  

b e t a  -  9 0 °  

gamma — 1 2 0 °
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4
T a b l e  2 .  A t o m ic  c o o r d i n a t e s  [ x  10 ] and  e q u i v a l e n t  i s o t r o p i c

- 2 3d i s p l a c e m e n t  p a r a m e t e r s  [A x  10 ] f o r  1 .  U (e q )  i s  d e f i n e d  a s  

o n e  t h i r d  o f  t h e  t r a c e  o f  t h e  o r t h o g o n a l i z e d  a . . t e n s o r .

X y z U ( e q )

S(l ) 3 2 8 8 ( 1 ) 3 9 7 5 ( 1 ) 2 3 9 6 ( 2 ) 3 5 ( 1 )
0 ( 1 ) 2 9 6 6 ( 2 ) 3 9 4 6 ( 2 ) 9 2 ( 4 ) 4 8 ( 1 )
0 ( 2 ) 4 1 6 2 ( 2 ) 4 5 5 2 ( 2 ) 2 8 4 2 ( 5 ) 5 1 ( 1 )
0 ( 3 ) 5 1 5 ( 2 ) 4 1 5 5 ( 2 ) 1 9 4 5 ( 4 ) 3 8 ( 1 )
N(l) - 2 7 4 ( 2 ) 3 4 3 4 ( 2 ) 5 0 4 5 ( 5 ) 2 9 ( 1 )
C(l) 1 2 8 4 ( 2 ) 4 1 3 0 ( 2 ) 5 2 7 9 ( 6 ) 2 8 ( 1 )
0 ( 2 ) 1 7 6 0 ( 2 ) 5 0 7 9 ( 2 ) 5 6 9 0 ( 7 ) 3 8 ( 1 )
0 ( 3 ) 2 6 5 3 ( 2 ) 5 3 9 0 ( 2 ) 6 4 8 1 ( 7 ) 4 1 ( 1 )
0 ( 4 ) 3 1 2 8 ( 2 ) 5 1 6 5 ( 2 ) 4 7 3 0 ( 7 ) 4 1 ( 1 )
0 ( 5 ) 2 6 9 1 ( 2 ) 4 2 0 9 ( 2 ) 4 4 5 6 ( 6 ) 3 0 ( 1 )
0 ( 6 ) 1 7 7 2 ( 2 ) 3 8 3 9 ( 2 ) 3 6 6 0 ( 6 ) 2 6 ( 1 )
0 ( 7 ) 3 1 1 0 ( 2 ) 2 9 6 2 ( 2 ) 3 0 7 9 ( 6 ) 3 2 ( 1 )
0 ( 8 ) 3 4 0 4 ( 2 ) 2 8 4 4 ( 3 ) 5 1 8 0 ( 7 ) 4 3 ( 1 )
0 ( 9 ) 3 2 9 6 ( 3 ) 2 0 6 1 ( 3 ) 5 6 9 7 ( 8 ) 5 3 ( 1 )
0 ( 1 0 ) 2 9 0 9 ( 3 ) 1 4 1 2 ( 3 ) 4 1 0 9 ( 9 ) 5 8 ( 1 )
0 ( 1 1 ) 2 6 2 0 ( 3 ) 1 5 3 3 ( 3 ) 2 0 3 9 ( 8 ) 5 2 ( 1 )
0 ( 1 2 ) 2 7 1 7 ( 2 ) 2 3 1 2 ( 3 ) 1 5 0 0 ( 7 ) 4 1 ( 1 )
0 ( 1 3 ) 1 2 8 8 ( 2 ) 2 8 8 6 ( 2 ) 3 5 0 3 ( 5 ) 2 6 ( 1 )
0 ( 1 4 ) 8 2 3 ( 2 ) 2 4 8 8 ( 2 ) 1 5 3 5 ( 6 ) 3 3 ( 1 )
0 ( 1 5 ) 3 6 5 ( 2 ) 1 6 1 6 ( 2 ) 1 3 8 2 ( 7 ) 3 8 ( 1 )
0 ( 1 6 ) 3 7 6 ( 2 ) 1 1 3 1 ( 2 ) 3 1 9 4 ( 7 ) ^ 0 ( 1 )
0 ( 1 7 ) 8 2 8 ( 2 ) 1 5 1 5 ( 2 ) 5 1 6 4 ( 7 ) 3 7 ( 1 )
0 ( 1 8 ) 1 2 8 0 ( 2 ) 2 3 8 2 ( 2 ) 5322. (6)  . 3 1 ( 1 )
0 ( 1 9 ) 4 4 4 ( 2 ) 3 8 6 8 ( 2 ) 4 1 5 8 ( 6 ) 2 8 ( 1 )
C (20 ) - 3 3 8 ( 2 ) 3 8 7 2 ( 2 ) 1 1 9 3 ( 6 ) 3 4 ( 1 )
0 ( 2 1 ) - 8 8 6 ( 2 ) 3 3 7 2 ( 2 ) 3 2 6 0 ( 6 ) 2 8 ( 1 )
C (22 ) - 1 4 9 4 ( 2 ) 3 6 5 2 ( 2 ) 4 1 6 8 ( 6 ) 3 4 ( 1 )
0 ( 2 3 ) - 2 0 5 4 ( 2 ) 3 6 2 5 ( 3 ) 2 1 7 5 ( 7 ) 4 7 ( 1 )
0 ( 2 4 ) - 2 0 5 1 ( 3 ) 3 0 4 5 ( 3 ) 6 0 4 8 ( 7 ) 4 7 ( 1 )
0 ( 2 5 ) - 1 0 0 3 ( 3 ) 4 5 4 4 ( 3 ) 5 1 4 7 ( 7 ) 4 8 ( 1 )
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T a b l e  3 .  Bond l e n g t h s  [A] and a n g l e s  [ ° ]  f o r  1 .

S ( l ) - 0 ( 2 ) 1 . 4 4 1 ( 3 ) S ( l ) - 0 ( 1 ) 1 . 4 4 9 ( 3 )
SCD-CC7) 1 . 7 6 9 ( 4 ) S ( l ) - C ( 5 ) 1 . 8 1 3 ( 3 )
0 ( 3 ) -C (1 9) 1 . 3 6 6 ( 4 ) 0 ( 3 ) - C ( 2 0 ) 1 . 4 5 2 ( 4 )
N ( l ) - C ( 1 9 ) 1 . 2 6 3 ( 4 ) N ( l ) - C ( 2 1 ) 1 . 4 8 9 ( 4 )
C ( l ) - C ( 1 9 ) 1 . 5 1 5 ( 4 ) C ( l ) - C ( 2 ) 1 . 5 3 2 ( 5 )
C ( l ) - C ( 6 ) 1 . 5 6 6 ( 5 ) C ( 2 ) - C ( 3 ) 1 . 5 1 6 ( 5 )
C ( 3 ) - C ( 4 ) 1 . 5 2 3 ( 5 ) 0 ( 4 ) - C ( 5 ) 1 . 5 3 5 ( 5 )
C ( 5 ) - C ( 6 ) 1 . 5 4 5 ( 4 ) C ( 6 ) - C ( 1 3 ) 1 . 5 2 3 ( 4 )
C ( 7 ) - C ( 1 2 ) 1 . 3 8 6 ( 5 ) 0 ( 7 ) - 0 ( 8 ) 1 . 3 9 0 ( 5 )
C ( 8 ) - C ( 9 ) 1 . 3 8 6 ( 6 ) C ( 9 ) - C ( 1 0 ) 1 . 3 8 9 ( 7 )
C ( 1 0 ) - C ( l l ) 1 . 3 7 2 ( 7 ) C ( l l ) - C ( 1 2 ) 1 . 3 8 9 ( 6 )
C ( 1 3 ) - C ( 1 4 ) 1 . 3 9 2 ( 5 ) C ( 1 3 ) - C ( 1 8 ) 1 . 3 9 7 ( 4 )
C ( 1 4 ) - C ( 1 5 ) 1 . 3 9 4 ( 5 ) C ( 1 5 ) - 0 ( 1 6 ) 1 . 3 8 4 ( 6 )
C ( 1 6 ) - C ( 1 7 ) 1 . 3 7 9 ( 5 ) 0 ( 1 7 ) - 0 ( 1 8 ) 1 . 3 8 5 ( 5 )
C ( 2 0 ) - C ( 2 1 ) 1 . 5 3 8 ( 5 ) 0 ( 2 1 ) - 0 ( 2 2 ) 1 . 5 4 0 ( 5 )
C ( 2 2 ) - 0 ( 2 4 ) 1 . 5 2 8 ( 5 ) 0 ( 2 2 ) - 0 ( 2 3 ) 1 . 5 3 1 ( 5 )
C ( 2 2 ) - C ( 2 5 ) 1 . 5 3 3 ( 5 )

0 ( 2 ) - S ( 1 ) - 0 ( 1) 1 1 8 . 5 ( 2 ) 0 ( 2 ) - S ( l ) - 0 ( 7 ) 1 0 6 . 8 ( 2
0 ( 1 ) - S ( 1 ) - C ( 7 ) 1 0 8 . 0 ( 2 ) 0 ( 2 ) - S ( l ) - 0 ( 5 ) 1 0 7 . 1 ( 2
0 ( 1 ) - S ( 1 ) - C ( 5 ) 1 0 9 . 1 ( 2 ) C (7 ) - S ( 1 ) - C (5) 1 0 6 . 8 ( 2
C ( 1 9 ) - 0 ( 3 ) - C ( 2 0 ) 1 0 5 . 4 ( 2 ) C ( 1 9 ) - N ( l ) - C ( 2 1 ) 1 0 6 . 3 ( 3
C ( 1 9 ) - C ( l ) - C ( 2 ) 1 0 9 . 9 ( 3 ) 0 ( 1 9 ) - C ( l ) - 0 ( 6 ) 1 0 7 . 7 ( 3
C ( 2 ) - C ( l ) - C ( 6 ) 1 1 2 . 6 ( 3 ) C ( 3 ) - C ( 2 ) - C ( l ) 1 1 1 . 8 ( 3
C ( 4 ) - C ( 3 ) - C ( 2 ) 1 1 1 . 0 ( 3 ) C ( 3 ) - C ( 4 ) - C ( 5 ) 1 0 9 . 7 ( 3
C ( 4 ) - C ( 5 ) - C ( 6 ) 1 1 1 . 5 ( 3 ) 0 ( 4 ) - C ( 5 ) - S ( 1 ) 1 0 8 . 0 ( 2
C ( 6 ) - C ( 5 ) - S ( l ) 1 1 1 . 1 ( 2 ) 0 ( 1 3 ) - 0 ( 6 ) - 0 ( 5 ) 1 1 4 . 0 ( 3
C ( 1 3 ) - C ( 6 ) - C ( l ) 1 0 8 . 9 ( 2 ) 0 ( 5 ) - 0 ( 6 ) - C ( l ) 1 1 1 . 1 ( 3
C ( 1 2 ) - C ( 7 ) - C ( 8 ) 1 2 1 . 1 ( 4 ) 0 ( 1 2 ) - C ( 7 ) - S ( 1 ) 1 2 0 . 3 ( 3
C ( 8 ) - C ( 7 ) - S ( l ) 1 1 8 . 6 ( 3 ) C ( 9 ) - C ( 8 ) - C ( 7 ) 1 1 9 . 1 ( 4
C ( 8 ) - C ( 9 ) - C ( 1 0 ) 1 1 9 . 8 ( 4 ) C ( l l ) - C ( 1 0 ) - C ( 9 ) 1 2 0 . 7 ( 4
C ( 1 0 ) - C ( l l ) - C ( 1 2 ) 1 2 0 . 2 ( 4 ) 0 ( 7 ) - 0 ( 1 2 ) - C ( 11) 1 1 9 . 0 ( 4
C ( 1 4 ) - C ( 1 3 ) - C ( 1 8 ) 1 1 7 . 8 ( 3 ) 0 ( 1 4 ) - C ( 1 3 ) - C ( 6 ) 1 2 0 . 4 ( 3
C ( 1 8 ) - C ( 1 3 ) - C ( 6 ) 1 2 1 . 8 ( 3 ) C ( 1 3 ) - C ( 1 4 ) - C ( 1 5 ) 1 2 1 . 2 ( 3
C ( 1 6 ) - C ( 1 5 ) - C ( 1 4 ) 1 1 9 . 9 ( 4 ) C ( 1 7 ) - C ( 1 6 ) - C ( 1 5 ) 1 1 9 . 6 ( 3
C ( 1 6 ) - C ( 1 7 ) - C ( 1 8 ) 1 2 0 . 4 ( 3 ) C ( 1 7 ) - C ( 1 8 ) - C ( 1 3 ) 1 2 1 . 1 ( 3
N ( l ) - C ( 1 9 ) - 0 ( 3 ) 1 1 9 . 5 ( 3 ) N ( l ) - C ( 1 9 ) - C ( l ) 1 2 7 . 4 ( 3
0 ( 3 ) - C ( 1 9 ) - C ( l ) 1 1 3 . 1 ( 3 ) 0 ( 3 ) - C ( 2 0 ) - C ( 2 1 ) 1 0 4 . 5 ( 2
N ( l ) - C ( 2 1 ) - C ( 2 2 ) 1 1 2 . 7 ( 3 ) N ( l ) - C ( 2 1 ) - C ( 2 0 ) 1 0 4 . 4 ( 3
C ( 2 2 ) - C ( 2 1 ) - C ( 2 0 ) 1 1 5 . 7 ( 3 ) 0 ( 2 4 ) - C ( 2 2 ) - 0 ( 2 3 ) 1 0 8 . 5 ( 3
C ( 2 4 ) - C ( 2 2 ) - C ( 2 5 ) 1 0 9 . 9 ( 3 ) 0 ( 2 3 ) - C ( 2 2 ) - C ( 2 5 ) 109 . 8 ( 3
C ( 2 4 ) - C ( 2 2 ) - C ( 2 1 ) 109 . 4 ( 3 ) 0 ( 2 3 ) - 0 ( 2 2 ) - C ( 2 1 ) 1 0 8 . 9 ( 3
C ( 2 5 ) - C ( 2 2 ) - C ( 2 1 ) 1 1 0 . 3 ( 3 )

Symmetry t r a n s f o r m a t i o n s  u s e d  t o  g e n e r a t e  e q u i v a l e n t  a t o m s :
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• 2 3T a b le  4 .  A n i s o t r o p i c  d i s p l a c e m e n t  p a r a m e t e r s  [A x  10 ] f o r  1 .  

The a n i s o t r o p i c  d i s p l a c e m e n t  f a c t o r  e x p o n e n t  t a k e s  t h e  form:  

- 2 t t 2  [ Cha*)2U11 + . . .  +  2h ka*b*UL2 ]

U l l U22 U33 U23 U13 U12

s ( l ) 3 0 ( 1 ) 4 3 ( 1 ) 2 9 ( 1 ) 4 ( 1 ) 3 ( 1 ) 1 5 ( 1 )
0 ( 1 ) 5 5 ( 2 ) 6 9 ( 2 ) 2 5 ( 1 ) 8 ( 1 ) 4 ( 1 ) 3 6 ( 2 )
0 ( 2 ) 2 9 ( 1 ) 5 4 ( 2 ) 6 2 ( 2 ) 0 ( 1 ) 5 ( 1 ) 1 3 ( 1 )
0 ( 3 ) 3 1 ( 1 ) 5 7 ( 2 ) 2 5 ( 1 ) 1 2 ( 1 ) 0 ( 1 ) 2 2 ( 1 )
N ( l ) 3 3 ( 2 ) 3 0 ( 2 ) 2 6 ( 2 ) 1 ( 1 ) - 2 ( 1 ) 1 7 ( 1 )
C ( l ) 3 2 ( 2 ) 3 0 ( 2 ) 2 2 ( 2 ) 1 ( 1 ) - 2 ( 1 ) 1 6 ( 2 )
0 ( 2 ) 4 2 ( 2 ) 3 3 ( 2 ) 4 0 ( 2 ) - 1 ( 2 ) - 7 ( 2 ) 2 1 ( 2 )
0 ( 3 ) 4 5 ( 2 ) 3 2 ( 2 ) 4 3 ( 2 ) - 9 ( 2 ) - 1 4 ( 2 ) 1 7 ( 2 )
0 ( 4 ) 3 6 ( 2 ) 3 4 ( 2 ) 4 1 ( 2 ) - 3 ( 2 ) - 8 ( 2 ) 8 ( 2 )
0 ( 5 ) 2 8 ( 2 ) 3 5 ( 2 ) 2 3 ( 2 ) - 1 ( 1 ) - 2 ( 1 ) 1 4 ( 2 )
0 ( 6 ) 2 7 ( 2 ) 2 9 ( 2 ) 2 1 ( 2 ) 3 ( 1 ) - 3 ( 1 ) 1 4 ( 1 )
0 ( 7 ) 2 7 ( 2 ) 4 1 ( 2 ) 2 9 ( 2 ) - 1 ( 2 ) 3 ( 1 ) 2 0 ( 2 )
0 ( 8 ) 4 1 ( 2 ) 5 9 ( 3 ) 3 4 ( 2 ) - 3 ( 2 ) - 5 ( 2 ) 3 0 ( 2 )
0 ( 9 ) 6 6 ( 3 ) 7 2 ( 3 ) 4 2 ( 3 ) 1 0 ( 2 ) 6 ( 2 ) 5 1 ( 3 )
0 ( 1 0 ) 6 3 ( 3 ) 5 9 ( 3 ) 6 8 ( 3 ) 1 2 ( 2 ) 2 4 ( 3 ) 4 3 ( 3 )
0 ( 1 1 ) 4 0 ( 2 ) 4 7 ( 3 ) 6 6 ( 3 ) - 1 5 ( 2 ) 9 ( 2 ) 2 0 ( 2 )
0 ( 1 2 ) 3 6 ( 2 ) 5 4 ( 2 ) 3 2 ( 2 ) - 8 ( 2 ) 2 ( 2 ) 2 2 ( 2 )
0 ( 1 3 ) 2 5 ( 2 ) 2 8 ( 2 ) 2 3 ( 2 ) 2 ( 1 ) 2 ( 1 ) 1 3 ( 1 )
0 ( 1 4 ) 3 6 ( 2 ) 3 3 ( 2 ) 2 7 ( 2 ) 1 ( 2 ) K l ) 1 5 ( 2 )
0 ( 1 5 ) 3 6 ( 2 ) 3 6 ( 2 ) 3 7 ( 2 ) - 1 0 ( 2 ) 1 ( 2 ) 1 3 ( 2 )
0 ( 1 6 ) 4 4 ( 2 ) 2 9 ( 2 ) 4 6 ( 2 ) 0 ( 2 ) 1 4 ( 2 ) 1 6 ( 2 )
0 ( 1 7 ) 4 5 ( 2 ) 3 1 ( 2 ) 4 0 ( 2 ) 1 0 ( 2 ) 1 3 ( 2 ) 2 3 ( 2 )
0 ( 1 8 ) 3 4 ( 2 ) 3 6 ( 2 ) 2 6 ( 2 ) 0 ( 1 ) 2 ( 1 ) 1 9 ( 2 )
0 ( 1 9 ) 3 6 ( 2 ) 2 8 ( 2 ) 2 2 ( 2 ) 0 ( 1 ) - 1 ( 1 ) 1 8 ( 2 )
C(20) 3 2 ( 2 ) 4 5 ( 2 ) 2 4 ( 2 ) - 1 ( 2 ) - 6 ( 1 ) 2 0 ( 2 )
0 ( 2 1 ) 3 1 ( 2 ) 2 8 ( 2 ) 2 5 ( 2 ) - 4 ( 1 ) - 4 ( 1 ) 1 5 ( 2 )
C(22) 3 7 ( 2 ) 4 7 ( 2 ) 2 3 ( 2 ) - 3 ( 2 ) - 3 ( 1 ) 2 6 ( 2 )
0 ( 2 3 ) 4 5 ( 2 ) 7 8 ( 3 ) 3 0 ( 2 ) - 6 ( 2 ) - 4 ( 2 ) 4 1 ( 2 )
0 ( 2 4 ) 3 8 ( 2 ) 7 0 ( 3 ) 3 6 ( 2 ) 3 ( 2 ) 3 ( 2 ) 2 8 ( 2 )
0 ( 2 5 ) 7 1 ( 3 ) 5 2 ( 2 ) 3 9 ( 2 ) - 9 ( 2 ) - 6 ( 2 ) 4 4 ( 2 )
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4T a b l e  5 .  H y d ro g e n  c o o r d i n a t e s  (  x  10 ) and i s o t r o p i c
- 2 3d i s p l a c e m e n t  p a r a m e t e r s  (A x  10 ) f o r  1.

X y z U ( e q )

H(1C) 1 1 8 5 ( 2 ) 3 8 3 8 ( 2 ) 6 8 0 2 ( 6 ) 34
H(2B) 1 7 6 9 ( 2 ) 5 3 7 0 ( 2 ) 4 2 4 0 ( 7 ) 45
H(2C) 1 4 6 3 ( 2 ) 5 2 2 0 ( 2 ) 6 8 7 7 ( 7 ) 45
H(3A) 2 9 4 6 ( 2 ) 6 0 0 6 ( 2 ) 6 6 8 2 ( 7 ) 49
H(3B) 2 6 4 6 ( 2 ) 5 1 3 5 ( 2 ) 7 9 9 5 ( 7 ) 49
H(4A) 3 7 1 2 ( 2 ) 5 3 8 4 ( 2 ) 5 2 6 1 ( 7 ) 49
H(4B) 3 1 4 5 ( 2 ) 5 4 2 7 ( 2 ) 3 2 2 0 ( 7 ) 49
H(5A) 2 6 9 6 ( 2 ) 3 9 5 6 ( 2 ) 5 9 8 2 ( 6 ) 36
H(6A) 1 7 8 2 ( 2 ) 4 0 6 4 ( 2 ) 2 0 7 8 ( 6 ) 31
H(8A) 3 6 7 4 ( 2 ) 3 2 9 4 ( 3 ) 6 2 4 7 ( 7 ) 51
H(9A) 3 4 8 7 ( 3 ) 1 9 6 9 ( 3 ) 7 1 3 4 ( 8 ) 64
H(IOA) 2 8 4 3 ( 3 ) 8 7 8 ( 3 ) 4 4 5 8 ( 9 ) 70
H ( l l A ) 2 3 5 4 ( 3 ) 1 0 8 3 ( 3 ) 9 7 1 ( 8 ) 63
HC12A) 2 5 1 6 ( 2 ) 2 3 9 8 ( 3 ) 7 1 ( 7 ) 49
H(14A) 8 1 8 ( 2 ) 2 8 1 6 ( 2 ) 2 7 5 ( 6 ) 39
H(15A) 4 4 ( 2 ) 1 3 5 5 ( 2 ) 3 4 ( 7 ) 46
H(16A) 7 4 ( 2 ) 5 3 6 ( 2 ) 3 0 8 2 ( 7 ) 48
H(17A) 8 2 9 ( 2 ) 1 1 8 4 ( 2 ) 6 4 2 1 ( 7 ) 45
H(18A) 1 5 8 8 ( 2 ) 2 6 3 8 ( 2 ) 6 6 8 9 ( 6 ) 38
H(20A) - 4 7 8 ( 2 ) 3 5 1 2 ( 2 ) - 1 9 6 ( 6 ) 40
H(20B) - 4 1 5 ( 2 ) 4 3 5 5 ( 2 ) 8 3 3 ( 6 ) 40
H(21A) - 1 2 2 5 ( 2 ) 2 7 7 1 ( 2 ) 2 7 8 1 ( 6 ) 33
H(23A) - 1 7 0 6 ( 2 ) 4 0 1 1 ( 3 ) 9 5 2 ( 7 ) 70
H(23B) - 2 4 5 0 ( 2 ) 3 7 9 3 ( 3 ) 2 7 4 2 ( 7 ) 70
H(23C) - 2 3 6 6 ( 2 ) 3 0 5 4 ( 3 ) 1 5 5 4 ( 7 ) 70
H(24A) - 1 7 0 1 ( 3 ) 3 0 5 6 ( 3 ) 7 3 4 0 ( 7 ) 71
H(24B) - 2 3 6 0 ( 3 ) 2 4 7 6 ( 3 ) 5 4 1 1 ( 7 ) 71
H(24C) - 2 4 4 9 ( 3 ) 3 2 1 4 ( 3 ) 6 5 9 6 ( 7 ) 71
H(25A) - 6 4 7 ( 3 ) 4 9 2 9 ( 3 ) 3 9 3 3 ( 7 ) 73
H(25B) - 6 5 2 ( 3 ) 4 5 5 6 ( 3 ) 6 4 3 6 ( 7 ) 73
H(25C) - 1 3 9 7 ( 3 ) 4 7 1 7 ( 3 ) 5 6 9 8 ( 7 ) 73

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.


