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Abstract - Studies re la ted  t o  the synthesis  of the antitumor compound, 
Fredericamycin A a r e  discussed. The approach is based on a general method 
f o r  making sp i ro  compounds by rad ica l  cyc l iza t ion .  

I am going t o  discuss  synthe t ic  work on Fredericamycin A (S l ide  1). 
very good reasons why chemists a r e  in te res ted  i n  synthesizing Fredericamycin A.  

The compound is  a very powerful antitumor agent -- but  t h a t  i n  i t s e l f  i s  not s u f f i c i e n t .  
What makes t h i s  antitumor agent spec ia l  is t h a t  i t s  s t r u c t u r e  type is unique. There a re  no 
other  antitumor compounds with a s p i r o  diketone uni t .  This means, of course, t h a t  i f  one 
can work out some s t ructure--act ivi ty  re la t ionships  then one might discover a new molecular 
mechanism f o r  destroying cancer c e l l s .  

The other c h a r a c t e r i s t i c  of fredericamycin is  t h a t  the s t r u c t u r e  i s  complicated and so, i f  
the biological  s ide  of the pro jec t  -- the  search f o r  usefu l  s t ruc ture-ac t iv i ty  cor re la t ions  
-- i s  not successful ,  then, a t  l e a s t ,  the chemical s ide  w i l l  s t i l l  be in te res t ing .  

In the event, during our work on fredericamycin, we have discovered a new general react ion 
-- based on rad ica ls  -- t h a t  can be used i n  a l l  s o r t s  of circumstances not necessar i ly  
having anything t o  do with t h i s  p a r t i c u l a r  molecule. 

Our s t a r t i n g  point  f o r  the synthesis  was the s p i r o  centre  and w e  found, of course, t h a t  the 
construction of s p i r o  compounds is not always a simple operation. We t r i e d  some of the 
standard techniques but, eventually, w e  were forced t o  develop a new method. 

The or ig in  of t h i s  method was based on the fee l ing  t h a t  w e  were running i n t o  problems due t o  
s t e r i c  fac tors .  And so we asked ourselves: "What is  a good way of making s t e r i c a l l y  
congested molecules?" 

Well, one approach -- which must be widely known, although I have never seen it wr i t ten  down 
anywhere -- is  t o  use react ions t h a t  involve an ear ly  t r a n s i t i o n  s t a t e .  

That s t ra tegy  caused m e  t o  think i n  terms of rad ica l  processes because I knew t h a t  addi t ion 
of a carbon rad ica l  t o  a double bond =involve an ear ly  t r a n s i t i o n  s t a t e ,  and t h i s  idea 
of adding a r a d i c a l  t o  a n system i s  a t  the bas i s  of our approach. 
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Slide 2 shows the pr inc ip le  of the method. We s t a r t  with a ketone and we convert the 
carbonyl carbon f i r s t  i n t o  a carbanion (1+2). 

That carbanion is used t o  a t tach  a chain t h a t  c a r r i e s  a su i tab ly  located t r i p l e  bond. We 
then convert what was the carbonyl carbon i n t o  a rad ica l ,  and the rad ica l  c loses  onto the  II 
sys tem so a s  t o  generate a s p i r o  compound. 
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That  i s  the  p r i n c i p l e ,  and the  next  s l i d e  shows how we  f i r s t  p u t  it i n t o  p r a c t i c e .  
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We converted cyclohexanone i n t o  i t s  se l enoace ta l .  
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There a r e  a number of ways of doing t h a t ;  

we  happened t o  use benzeneselenol i n  the presence of s u l f u r i c  ac id ,  bu t  t h e r e  a r e  much 
milder  techniques.  The formation of s e l en ium-s t ab i l i zed  carbanions (34) is  well-known and, 
a s  a matter of convenience, we took aldehyde 5 as our a c e t y l e n i c  u n i t .  With the  s e l e n i d e  6 
i n  hand we  then generated the carbon r a d i c a l  and it behaved i n  the  manner shown on s l i d e  4. 
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We d id ,  of course,  prove t h e  s t r u c t u r e  of t he  product  by a c e t y l a t i o n  and then ozonolysis  of 
t he  double bond. You can see now why we based the process  on selenium chemistry:  The 
r e a c t i o n  between a s tannane and a s e l e n i d e  [J. Amer. Chem. SOC. 1980, 102, 44381 t o  give a 
r a d i c a l  by homolysis of t he  a l i p h a t i c  carbon-selenium bond is  a very r e l i a b l e  way of making 
carbon r a d i c a l s .  

We have examined a number of t hese  ( c f .  s l i d e  4) r a d i c a l  s p i r o c y c l i z a t i o n s  [J. Chem. SOC., 
Chem. Commun. 1985, 12051 inc lud ing  one example t h a t  s e rves  as a very simple model f o r  
fredericarnycin ( s l i d e  5 ) .  
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We converted cyclopentanone v i a  i t s  s e l e n o a c e t a l  i n t o  t h e  s t a b i l i z e d  carbanion and, as 
expected, t h e  carbanion r eac t ed  smoothly with aldehyde I .  Compound 7 i s  a known substance 
and easy to  prepare.  That brought us t o  the  s t a g e  r ep resen ted  by s t r u c t u r e  8 and w e  
generated t h e  r a d i c a l  by our usua l  method. The r a d i c a l  t h a t  w e  form does exac t ly  what w e  
want. It c l o s e s  i n  a 5 - z m a n n e r  to  a f f o r d  the  d e s i r e d  s p i r o  compound, and, a f t e r  c leavage 
of the  r e s u l t i n g  double bond, we  g e t  a substance which resembles the  c e n t r a l  p a r t  of 
f reder icamycin bu t  does no t  have the  proper oxygenation p a t t e r n .  
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This method f o r  making s p i r o  compounds is general .  I t  does no t  depend on the  r i n g  s i z e  of 
t he  ketone;  nor does it depend on the  presence of a r i g i d  u n i t ,  such a s  a benzene r ing ,  i n  
the a c e t y l e n i c  chain (cf. 7 ) .  We have s tud ied  more than a dozen examples. They a l l  work 
n i ce ly  and the  average y i e l d  i s  above 75%. 

Well, with t h i s  a s  background, we decided t o  make a c l o s e  model of t he  freder icamycin s p i r o  
u n i t  and t h e  model t h a t  w e  prepared is t h e  t e t r a c y c l i c  compound 9 ( s l i d e  6). 

9 
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I t  r e p r e s e n t s  t h e  four  c e n t r a l  r i ngs  and it does have the  c o r r e c t  oxygenation p a t t e r n .  

We planned t o  syn thes i ze  t h e  model by gene ra t ing  r a d i c a l  10. That r a d i c a l ,  i n  t u rn ,  would 
be produced from s e l e n i d e  11. 

I t  i s  easy t o  think of two ways of making the  s e l e n i d e .  

Me0 

do 
I f  one uses s e l e n o a c e t a l  chemistry,  then one would a t t a c h  no t  only a benzene r i n g  b u t  a l s o  a 
carbonyl  group t o  the bottom p iece .  

Unfortunately,  w e  could no t  make t h e  s e l e n o a c e t a l  i n  good y i e l d  and so w e  looked a t  t h e  
o the r  rou te  i n  which we a t t a c h  n o t  a r i n g  and a carbonyl,  bu t  j u s t  a r ing ,  t o  the  bottom 
u n i t .  This i s  t h e  rou te  t h a t  works. It r e q u i r e s  an aldehyde 12, t h a t  i s  easy t o  make, and 
a l s o  an a c e t y l e n i c  organolithium (13 ) .  The next  s l i d e  shows the  p repa ra t ion  of t he  
aldehyde. As you can see it is abso lu te ly  s t r a igh t fo rward :  a W i t t i g  r e a c t i o n  followed by 
a c i d  hydro lys i s .  
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Making the acetylenic  organolithium was not q u i t e  so easy and our, route is shown on s l i d e  9. 
It i s  not the only route t h a t  we t r ied .  
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The s t a r t i n g  amine is a known substance t h a t  is  readi ly  accessible  i n  large quant i t ies .  We 
used a Sandmeyer react ion t o  replace the amino group by bromine, and then, a f t e r  reduction 
with hydrazine, another Sandmeyer react ion t o  introduce an iodine atom. 

The next s tep,  react ion with the copper acetyl ide,  worked well, and, f i n a l l y ,  halogen-metal 
exchange generated the required acetylenic  organolithium. 

Slide 10 

Me0 PhSe 
I Pr'NU 

ii PhSeCi 

83% 

2 M&ow 

\ 

We now had both uni t s  12 and 13 ( s l i d e  10)  and it was, of course, easy t o  j o i n  them 
together. Oxidation of the resu l t ing  alcohol gave a ketone, which was selenated i n  the 
usual manner (14415). Compound IS i s  the precursor t o  our rad ica l  (see s l i d e  1 1  ). 
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Treatment of 15 with t r iphenyl t in  hydride proceeded exactly according t o  plan: the r a d i c a l  
was formed, and it closed e f f i c i e n t l y  by a 5-exopathway. 

Normally, when we carry out a rad ica l  cycl izat ion,  we add t r iphenyl t in  hydride and A I B N  
slowly t o  a ref luxing benzene solut ion of our rad ica l  precursor, but i n  t h i s  case (compound 
15), the  y ie ld  was highest  when the stannane and i n i t i a t o r  were added i n  one portion. 

Experiments of t h i s  type have revealed t h a t  there  a re  l imi ta t ions  t o  the nature of the 
protect ing groups t h a t  can be used on the phenolic oxygens of r ing E. 
example, i s  unsuitable. 

Radical 16 i s  not an ordinary a lkyl  rad ica l .  I t  belongs t o  the c lass  of a-ox0 rad ica ls .  
They have some unusual proper t ies  which I s h a l l  t a l k  about i n  a few minutes. B u t  t o  ge t  
back t o  the synthesis. The next s l i d e  ( s l i d e  1 2 )  shows the product (17) of rad ica l  spiro-  
cycl izat ion.  

A benzyl group, f o r  
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We cleaved the double bond i n  17 and then removed the phenol protect ing groups. That 
brought us t o  compound 18. This compound represents  completely the four c e n t r a l  r ings of 
fredericamycin A. 

The next s l i d e  ( s l i d e  1 3 )  summarizes what we have done. The two u n i t s  12 and 13 were 
combined t o  make the model compound 18. I f  we a r e  going t o  make the na tura l  product i t s e l f ,  
then the corresponding u n i t s  t h a t  we need a r e  those shown on the s l ide .  Instead of indane 
12 we want the t r i c y c l i c  isoquinol ine 19, and instead of the l i t h i a t e d  benzene 13, we want 
the  l i t h i a t e d  naphthalene 20. 
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The isoquinol ine i s  a substance t h a t  w e  have made. 
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Our rou te  begins  with the  pyridone shown on s l i d e  14.  One can e a s i l y  and cheaply make a few 
hundred grams -- t he  procedure is descr ibed i n  the  o ld  B r i t i s h  l i t e r a t u r e .  Methylation on 
oxygen was done with Meerwein's s a l t  and w e  then t r e a t e d  t h e  r e s u l t i n g  py r id ine  with two 
equ iva len t s  of 2-bromosuccinimide. We expected bromination to  occur on both methyl groups. 
That d i d  no t  happen, bu t  what d i d  happen was very much b e t t e r  f o r  our purposes because both 
bromines became a t t ached  t o  t h e  same carbon. After  t h a t ,  hydro lys i s  t o  an aldehyde, 
r educ t ion  t o  an a l coho l ,  and p ro tec t ion ,  proceeded without  much d i f f i c u l t y .  

W e  have i n  s t r u c t u r e  21 a methyl group i n  t h e  4-posi t ion of a py r id ine  r i n g  and ad jacen t  t o  
an  ester. Such an environment se rves  t o  a c i d i f y  the  hydrogens of t he  methyl group. Treat- 
ment with LDA ( s l i d e  1 5 )  produced a carbanion, which underwent conjugate  a d d i t i o n  to  cyclo- 
pentenone (21 +22). 
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Base-catalyzed c y c l i z a t i o n  produced a diketone (22+23) which e x i t s  i n  an eno l i z sd  form, and 
then dehydrogenation gave phenol 24. We experienced some d i f f i c u l t y  i n  methylat ing t h e  
phenol. You can see t h a t  from the  unusual cond i t ions  t h a t  w e  even tua l ly  found t o  work. 
Then a Wi t t ig  r e a c t i o n  gave an eno l  e t h e r .  Unfortunately,  we could n o t  hydrolyze it. That 
was no t  a s e r i o u s  problem, because a d i f f e r e n t  W i t t i g  r e a c t i o n  ( s l i d e  161, followed by 
hydroboration gave an a l coho l  t h a t  w a s  e a s i l y  converted i n t o  the  t a r g e t  aldehyde. That i s ,  
aldehyde 25. 
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So we have the  bottom u n i t .  What w e  have t o  do now is  t o  make the  top p i ece  -- t h e  
naphthalene l i t h ium shown on the r i g h t  hand corner  of t h e  s l i d e .  W e  have no t  completed t h a t  
y e t  and so i n s t e a d  of t a l k i n g  about  it, I should l i k e  t o  r e t u r n  t o  t h e  s u b j e c t  of a-0x0 
r a d i c a l s .  

S l i d e  17 shows the f i r s t  a-oxo r a d i c a l  t h a t  w e  m e t  and when we made it I was no t  s u r e  t h a t  
it would c l o s e  through carbon. I would n o t  have been su rp r i sed  i f  it had closed i n s t e a d  
through oxygen, and, t o  exp la in  t o  you why I had these  f e e l i n g s ,  I need t o  say something 
about t he  corresponding i o n i c  r e a c t i o n s  ( s l i d e  18 ) .  
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If you make e n o l a t e  26, i n  t h e  hope of p repa r ing  cyclopentanone, you w i l l  be disappointed,  
because what a c t u a l l y  happens is  t h a t  you g e t  an enol  e the r .  

The exp lana t ion  is  t h a t  t h e  1-2 bond of a n  a-0x0 carbanion -- i n  o t h e r  words an e n o l a t e  -- 
is  very l a r g e l y  a double bond. 

Therefore  c y c l i z a t i o n  through carbon t o  give a cyclopentanone would c o n s t i t u t e  a 5-endo 
t r i g o n a l  c losu re  because t h e  1-2 double bond is  endocycl ic  t o  the  r i n g  being formed. 
trig c l o s u r e s  are disfavoured.  
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I n  t h e  area of r a d i c a l  chemistry,  however, quantum mechanical e f f e c t s  produce an e n t i r e l y  
d i f f e r e n t  s i t u a t i o n  ( s l i d e  19) because t h e  1-2 bond of an a-0x0 r a d i c a l  is very l a r g e l y  a 
s i n g l e  bond. The r o t a t i o n a l  b a r r i e r  about  t he  1-2 bond is  small -- about  8 kcal/mole. The 
corresponding b a r r i e r  f o r  an  a-0x0 carbanion -- t he  e n o l a t e  -- is about  27 kcal/mole. We 
d i d  n o t  know whether t h e  b a r r i e r  f o r  r a d i c a l s  is  small enough t o  permit  c losu re  through 
carbon. It would have t o  be e f f i c i e n t  c l o s u r e  otherwise t h e  a-0x0 r a d i c a l  would simply be  
reduced by stannane. 
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We a l s o  had t o  bear i n  mind another f a c t :  It is  believed t h a t  c losure of an oxygen rad ica l  
onto a double bond is very much f a s t e r  -- about a hundred times -- than closure of the 
corresponding carbon rad ica l  (cf .  compare kl and k2 i n  s l i d e  19) [J. Chem. SOC., Perkin 
Trans. 11, 1976, 10471. 

Well, t h a t  is  the theore t ica l  background t o  the proper t ies  of a-0x0 radicals .  The s ingle  
example t h a t  we found i n  the fredericamycin work could not be taken as  representat ive of the 
proper t ies  of a-oxo rad ica ls  s ince the carbonyl is  conjugated. And so we set out t o  make 
some standard non-conjugated a-0x0 radicals .  We a l s o  wanted an easy preparation of these 
species  because we hoped t o  develop a general synthe t ic  method involving such radicals .  

One of our e a r l y  experiments is  shown i n  the next s l i d e  ( s l i d e  20). 
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Acid chlor ides  r e a c t  with benzeneselenol t o  produce the benzeneseleno e s t e r s  e f f i c i e n t l y .  
It is known t h a t  such e s t e r s  combine with diazomethane t o  give modest yields  of a-(phenyl- 
seleno)  ketones. W e  t r i e d  t h i s  experiment, hoping t o  improve on the modest y ie lds  normally 
obtained, but a l l  w e  succeeded i n  doing was t o  get  enough of compound 27 t o  t r y  the stannane 
reduction and t h i s  is  what happened ( s l i d e  21 ) :  
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When we heated the keto selenide with 1.1 equivalents  of the stannane, w e  got t w o  products 
i n  the yields  shown, but when we added the stannane slowly, the desired react ion was the 
major pathway. Clearly a-0x0 rad ica ls  do cycl ize  through carbon and so we made a ser ious 
attempt t o  f ind a way of making the rad ica l  precursors. 

We t r i e d  severa l  approaches but, eventually, we had t o  accept a c l a s s i c a l  method ( s l i d e  2 2 ) .  
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If you take an a l l y l i c  alcohol (28) it is easy t o  convert it by Claisen chemistry i n t o  a 
cycloalkenyl a c e t i c  acid (29) i n  which the stereochemistry a t  C(3)  is  re la ted  t o  the 
stereochemistry of the hydroxyl a t  C ( 1 ) .  We made some of these acids and converted them 
i n t o  the corresponding acid chlor ides .  Treatment with lithium dimethylcuprate then gave the  
methyl ketones 30. 

Each of the s teps  29+30 goes i n  70-80% yie ld ,  depending on the amount of care  one is  
prepared t o  exercise .  The ketones can be selenated (30+31) i n  70-75% yield.  Sometimes we 
observe a small amount -- l e s s  than 5% -- of the undesired regioisomer. In other  words, t h e  
phenylseleno group becomes attached a t  C(*) i n  31. That is  not r e a l l y  important because 
such mater ia l  is  converted back t o  the methyl ketone 30 i n  the next s tep.  
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We generated the r a d i c a l  i n  the usual way (31+32), and, as  we now expected, the rad ica l  did 
two things: 
the whole sequence again. 
i n  which the r ing fusion i s  cis. 
When the a-oxo r a d i c a l  is  attached t o  a cycloheptenyl r ing  a s  i n  34 ( s l i d e  23), the normal 
b icyc l ic  product is  a mixture of *and t rans  isomers, but we a l s o  see a small amount of 6- 

Slide 23 5 4 x 0  6ando 

About 10% was reduced back t o  the methyl ketone 30, which can be subjected t o  
The majority of the 0x0 rad ica l  closed t o  a cyclopentanone (33) 
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- endo closure (34+35). 
we see. 

We have, of course, done some cont ro l  experiments t o  check t h a t  we a r e  not observing the 
thermodynamic r e s u l t s  of revers ib le  react ions i n  processes such as 36+37. 

In the acyc l ic  case ( r a d i c a l  361, =closure  is the only react ion 
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For t h a t  purpose, we prepared selenide 38 by the straightforward s e r i e s  of react ions shown 
on s l i d e  24: oxidation, treatment with t r i m e t h y l s i l y l  iodide, and displacement of iodide by 
a phenylseleno group. 
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We had s t a r t e d  with compound 39 ( s l i d e  25) and had obtained ketone 37. We wondered whether 
a primary rad ica l  was formed f i r s t  of a l l .  
shown. For t h i s  reason we took our selenide -- compound 38, whose preparation I have j u s t  
described -- and we t rea ted  it under our standard conditions. We did not observe the  
formation of any cyclohexanone. W e  bel ieve,  therefore ,  t h a t  conversion of 39 i n t o  37 ( s l i d e  
25)  does not involve a five-membered ring. This transformation is simply a k i n e t i c a l l y  
control led process. 'Why do we observe behaviour t h a t  is so d i f f e r e n t  
from t h a t  of the c l a s s i c a l  hexenyl rad ica l ,  which closes  only t o  a five-membered r ing? '  

I suspect  t h a t  the cyc l iza t ion  of a-0x0 rad ica ls  ( s l i d e  26) does involve a small b a r r i e r  due 
t o  p a r t i a l  double bond character  between C ( 1 )  and C ( 2 )  and t h a t  the experiment with compound 
39 ( s l i d e  25) is  a very sens i t ive  t e s t  f o r  the presence of t h a t  bar r ie r .  

I t  could rearrange i n  the manner t h a t  I have 

The question remains, 
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We have a l s o  examined another  p o s s i b i l i t y .  We wondered whether our r e a c t i o n s  involved a 
f a s t  b u t  r e v e r s i b l e  c l o s u r e  through oxygen. 

Slide 27 PhSe 

40 - 
To tes t  t h a t  p o s s i b i l i t y  w e  wanted a substance such as 40 ( s l i d e  27) so t h a t  we  
generate  the  r a d i c a l  and observe i t s  f a t e .  However, w e  could no t  make compound 
w e  d id  the next b e s t  t h ing .  

could 
40, and so 
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PhSe 
PhgSnH . 

41 - 

PhSe 

69% 13.7% 

The s e l e n i d e s  41 and 42 ( s l i d e  28) a r e  r epor t ed  i n  the  l i t e r a t u r e  and w e  -make them. 
We t r e a t e d  the  f i r s t  one with t r i p h e n y l t i n  hydride.  We do no t  observe any r i n g  opening. W e  
g e t  only replacement of the selenium u n i t  by hydrogen. 

The behaviour of t he  second example is  more complicated because we  do observe some r i n g  
opening, bu t  only a small  amount. On the  b a s i s  of t hese  experiments w e  conclude t h a t  t h a t  
c l o s u r e  through oxygen is  not  involved i n  any of our r eac t ions .  

F i n a l l y ,  one las t  unusual property of a-0x0 r a d i c a l s  ( s l i d e  2 9 ) :  
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we decided t o  examine r a d i c a l  43 and we found that it c l o s e s  with almost equal  ea se  by an 
- exo and endo pathway. 
r a d i c a l ,  i n  which = c l o s u r e  i s  p re fe r r ed  and i n  which t h e r e  is a l s o  an apprec i ab le  amount 
of a l l y l i c  hydrogen a b s t r a c t i o n .  

I n  summary, then, it is  clear t h a t  a-oxo r a d i c a l s  are e a s i l y  a c c e s s i b l e  and t h a t  they can be 
used t o  make cyclopentanones -- e i t h e r  b i c y c l i c  compounds o r  s p i r o  systems -- i n  a process  
t h a t  is  no t  appreciably hindered by k i n e t i c  b a r r i e r s  normally a s s o c i a t e d  with i o n i c  5-endo  
t r i g o n a l  c losu res .  

That behaviour c o n t r a s t s  s t rong ly  with the  corresponding heptenyl  

Acknowledgements 

F i n a l l y ,  I should l i k e  t o  thank my c o l l a b o r a t o r s ,  whose work I have descr ibed:  Gae'tan 
Angoh, Sharon Bennett ,  David Cheshire,  J a n e t t e  Sedgeworth, and Lu Se t .  I thank, too,  t he  
Na tu ra l  Sciences and Engineering Research Council  of Canada and the Alberta  Heri tage 
Foundation f o r  Medical Research f o r  f i n a n c i a l  support .  




