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NEW TACTICS I N  HETEROCYCLIC SYNTHESIS 

Andrew 5. Kende,* Frank H.  Ebetino, Robert Ba t t i s ta ,  Rodney J. Boatman, 

Dennis P .  Lorah and E r i c  Lodge 

Departrent of Chemistry, Un i ve rs i t y  of Rochester, Rochester, N.Y. 14627, USA 

--Recent approaches from our labora tor ies  d i w c t e d  toward the t o t a l  

syntheses of the ant i tumor  quinones s t rep ton ig r i n  and lavendamycin and the 

a l k a l o i d  se lag ine are described. 

Contents 

1. Tota l  Synthesis o f  S t r e p t o n i g r i n  

2.  Lavendamycin 

3. The Bicycloalkene Core o f  Selagine 

Although the t o t a l  synthesis of na tu ra l  pro duc ts  contai n i  ing the p y r i d i n e  I r i n g  has occupie 

he te rocyc l i c  chemists s ince the 19th century,  the e f f i c i e n t  and req iospec i f i c  cons t ruc t i on  o f  

f unc t i ona l i zed  p o l y c y c l i c  py r i d i ne  a n t i b i o t i c s  and a lka lo ids  remains t o  t h i s  day a  s i g n i f i c a n t  

chal lenge t o  the syn the t i c  chemist. I n  the l a s t  several  Years our program a t  Rochester has i n  

p a r t  examined new so lu t ions  t o  t h i s  problem, as exempl i f ied by our 1981 synthes is  of the sp i ro -  

1  c y c l i c  a l k a l o i d  sesbanine and by ongoing e f f o r t s  taward three i n t e r e s t i n g  syn the t i c  ta rgets .  

These targets  are the t e t r a c y c l i c  ant i tumor  quinone s t rep ton ig r i n  ( i ) , '  the pentacyc l ic  a n t i -  

b i o t i c  quinone lavendamycin ( ~ 1 , ~  and the br idged t r i c y c l i c  a l k a l o i d  se lag ine (3). 4 



1. Total Synthesis o f  s t r e p t o n i q r i n  

The i s o l a t i o n  of the  ant i tumor compound s t r e p t o n i g r i n  (1) from a c u l t u r e  o f  Streptomyces 

5 f locculus i n  1959 was fol lowed four years l a t e r  w i t h  the  e l u c i d a t i o n  of i t s  s t r u c t u r e  by Rao, 

Biemnn and Woodward using a  combination o f  spectroscopic and degradat ive methods.' This s t r u c -  

ture, subsequently confirmed by X-ray ~ r y s t a l l o g r a p h y , ~  has been the sub jec t  o f  much biochemical 

i n t e r e s t  because of the subs tan t i a l  a c t i v i t y  of s t r e p t o n i g r i n  aga ins t  a  v a r i e t y  o f  human cancers 2 

and the p o s s i b i l i t y  t h a t  DNA degradation by s t r e p t o n i g r i n  may i nvo l ve  the enzymatic reduct ion  o f  

the quinone t o  the  semiquinone rad i ca l  which, e i t h e r  d i r e c t l y  o r  through generat ion o f  superoxide 

o r  hydroxyl  r ad i ca l s ,  r eac t s  w i t h  DNA. 
8 

The s t rep ton i  g r i n  s t r u c t u r e  (1) has l i k e w i s e  a t t r a c t e d  s t rong syn the t i c  i n t e r e s t  f o r  the  

past two decades. Important model s tud ies  by the  groups o f  5 .  Kametani, K. V .  Rao and T. K. L i ao  

wi th C.  C. Cheng provided valuable informat ion on the const ruc t ion  o f  the molecular subuni ts.  
9 

The f i r s t  const ruc t ion  o f  the complete quinone carbon framework was secured i n  1978,1•‹ and the 

f i r s t  t o t a l  synthesis o f  s t r e p t o n i g r i n  i t s e l f  was achieved i n  1980 by the Weinreb group.'' This 

e x t r e m l y  imaginat ive syn the t i c  scheme, shown here i n  h i g h l y  abbreviated form, was based on the 

imino-Diels Alder reac t i on  of diene 4 t o  g ive  an approximately 3:l reg io isomer ic  mix ture  of 

adducts from which the major te t rahydropyr id ine  cou ld  be obta ined i n  about 30% y i e l d  (42% 

a f te r  one recyc le  of unreacted diene). However, ex tens ive  manipulat ions o f  the C-r ing were re- 

quired t o  u l t i m a t e l y  generate the  key t e t r a c y c l i c  quinone 6, which Weinreb converted t o  s t rep to -  

n i g r i n  over a  four -s tep sequence i n  approximately 30% y i e l d .  

A few m n t h s  a f t e r  p u b l i c a t i o n  of the  Weinreb synthes is  our  group completed an independent 

synthesis o f  the  pentacyc l ic  quinone & (and hence a  formal synthesis of streptonigr in) !"  The 

Rochester synthesis i nvo l ved  a  d i f f e r e n t  o v e r a l l  s t ra tegy,  as i l l u s t r a t e d  i n  Fig.  3. Construct ion 
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o f  the  r i n g  C was t o  i n v o l v e  a Hantsch-type condensation o f  an enaminoketone (1) w i t h  a 1,3- 

d icarbony l  acceptor ,  and the q u i n o l i n e  0 - r i n g  was t o  be constructed by a F r i ed l ande r  condensation. 

The a v a i l a b i l i t y  o f  enaminokctone 7 and i t s  r e a c t i v i t y  toward s imple acceptors had a l r eady  

been es tab l i shed  by the  Kametani and Liao-Cheng groups.'' Hmever ,  the  choice o f  the  optimum 

1.3-dicarbonyl  acceptor  was n o t  immediate ly obvious.  I n  1970, B re i tma ie r  descr ibed  t h e  conden- 

s a t i o n  o f  s imp le  6-enamino aldehydes w i t h  0-ketoesters under weakly bas ic  cond i t i ons  t o  y i e l d  

p y r i d i n e  es te r s  .' We found, somewhat unexpectedly, t ha t  condensat ion o f  enaminoketone L wi  t h  

e t h y l  ace toaceta te  under s i m i l a r  cond i t i ons  o r .  more simply, i n  r e f l u x i n g  xylene con ta i n i ng  

molecu la r  s ieves  l e d  t o  the  i nve rse  reg iochemis t ry  and gave t h e  3-ace ty l -2 -pyr idone 8 i n  very 

h i gh  y i e l d  (F i g .  4 . ) .  

xylene, 
ref lux 

___+ 

c n j O q O  $;;:y -"soCHp ocH3 ocH3 (97%)  

0CH3 
z - 8 



Studies w i t h  r e l a t e d  r e a c t a n t  p a i r s  Confirmed t h i s  regiochemistry,  prov id ing  a f a c i l e  

route t o  various 3-acyl-2-pyridones i n  g e n e r a l l y  good y i e l d s  ( F i g .  5 ) .  

xylene 

reflux ' 
(93%) 

xylene 

C2H50 reflux ' 
(95%) 

xylene 
reflux ' 
(8%) 

Pig. 5 
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E x p l o i t a t i o n  o f  t h i s  regiochemical observat ion required e labora t ion  o f  a two-carbon chain 

a t  the C-2 carbon of pyr idone 5 and s u i t a b l e  d i f f e ren t i a t i on  o f  t h a t  new chain from the one a t  C-3. 

The ketone was reduced w i t h  sodium borohydr ide and the product t r ea ted  w i t h  PhPOCl2 t o  give the  

v iny l - ch lo ropy r i d i ne  2, which was converted w i t h  cuprous cyanide i n  dimethylformamide t o  the v iny l -  

cyanopyridine 10 i n  55% ove ra l l  y i e l d .  Reaction o f  the n i t r i l e  w i t h  methylmagnesium bromide gave 

83% of the methyl ketone 11. 

Fig. 6 

A prolonged study o f  cond i t ions  t o  convert  t h e  methyl ketone t o  a qu ino l i ne  l e d  us t o  

the p re fe r red  v a r i a n t  of the Fr ied lander  condensation. This proved to  be the use o f  f resh ly  pre- 

pared excess potassium t -butox ide i n  to luene-t-butanol  a t  r e f l u x  f o r  10 hours. These cond i t ions  

(Fig.  7 )  were espec ia l l y  sa t i s fac to ry  using the Borsche modi f ica t ion ,  i n  which the aminoaldehyde 

component was s t a b i l i z e d  as the preformed p - t o l u i d i n e  imine.14 I n  the event,  the synthesis was 

c a r r i e d  fonvard using the p - t o l u i d i n e  imine of 2-amino-4-(p-methoxybenzy1oxy)benzaldehyde t o  g ive  

an e x c e l l e n t  y i e l d  o f  the corresponding qu ino l i ne .  This qu ino l ine  (12) was s e l e c t i v e l y  depro- 

tec ted a t  the qu ino l i ne  oxygen (CF3C00H, O", 1 h r )  and the r e s u l t i n g  phenol n i t r a t e d  a t  C-5 then 

0-methylated t o  g i ve  the  n i t romethoxyqu ino l ine  i n  F ig .  8. 

Fig. 7 



A r=p-CH30C6H4 - 12  

Pig. 8 

The ox ida t i ve  sc i ss ion  of the  v i n y l  group was fo l lowed by SeOZ ox ida t i on  o f  the C-6 methyl 

on r i n g  C t o  g ive  the c r y s t a l l i n e  d i a c i d  13 (Fig.  9 ) .  

Q 
Fig. 9 

Selec t ive  F ischer  e s t e r i f i c a t i o n  a t  C-6 then Cur t ius  rear rangemnt  o f  the o the r  carboxyl 

using the Yamada modif icat ion15 gave the aminoester 14 (F ig .  10).  

cooca3 

0CH2Ph 

OCH j 
0CH3 

12 Fig. 10  - 1 4  
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To complete the  formal synthesis,  the  n i t r o  group o f  14 was reduced w i t h  sodium d i t h i o n i t e  and 

the r e s u l t i n g  mthoxyamine r i n g  D was ox id i zed  w i t h  Frerny's i a l t  (as prev ious ly  modeled i n  o u r  

labora tor ies)1• ‹  t o  produce the Weinreb mathoxyquinone 6. 

C O O C H ~  1. N a 2 S 2 0 &  

2. Fremy' 
0 C H 2 P h  salt 

0 C H 3  

0 C H 3  

Fig. 11 

The Rochester synthesis16 proceeds from the enarnine I t o  mathoxyquinone 5 i n  18 steps and 

approximately 1.3% y i e l d ,  whereas the e a r l i e r  Weinreb route had requ i red about 25 k teps t o  reach 

t h i s  in termedia te  i n  much lower y i e l d .  Wi th in  the l a s t  year, however, Boger and Panek have 

devised a  novel formal synthesis o f  s t r e p t o n i g r i n  by means of a  se r i es  o f  cyc loadd i t ions  and 

cycloreversions (F ig .  12).17 This sho r t  and convergent sequence corresponds t o  a  12 s tep syn- 

t hes i s  o f  methoxyquinone 5, b u t  the o v e r a l l  y i e l d  i s  only about 0.7% 

N'N 
C H ~ O O C ~ -  &-- COOCH3 

4 steps - 
80•‹ (72%) 

S C H 3  

~ i g .  1 2  O C H ~  

2. Lavendamycin 

The b iosynthes is  o f  s t r e p t o n i g r i n  has also a t t r ac ted  much a t t e n t i o n ,  p a r t i c u l a r l y  through 

the work of S .  ~ o u 1 d . l ~  Gould has shown t h a t  r i ngs  C and D probably a r i s e  from 6-methyltryptophan 

by way o f  a  6-carbo l ine  in termedia te ,  which could undergo o x i d a t i v e  sc i ss ion  o f  the bond from 



indole N t o  the D-r ing t o  give the s t r e p t o n i g r i n  system 

pig. 13 

This postu la te  received c i r cums tan t i a l  support  from the very recent i s o l a t i o n  and s t r u c t u r e  

determination of an aminoquinone a n t i b i o t i c  from Streptomvces 1  avendulae named lavendamycin. 19 

Lavendamycin was assigned the 8-carbol ine s t r u c t u r e  depicted i n  Fig.  14 and may represent a  

b iosynthet ic  l i n k  between 0-methyltryptophan and s t r e p t o n i g r i n .  

Fig. 14 

The synthesis o f  lavendamycin was i n i t i a t e d  i n  our  l abo ra to r i es  l ess  than a  year ago. We 

recognized a t  once t h a t  the 7-amino subs t i t uen t  pa t te rn  o f  the quinonoid A- r ing  prov ided a  g rea te r  

challenge than i n  the case o f  s t r e p t b n i g r i n .  Thus i t  was known from the work of Baxter and 

~ h i l l i ~ s ~ ~  t h a t  a d d i t i o n  o f  hydrazoic ac id  and o the r  nuc leoph i les  t o  unsubst i tu ted qu ino l i ne -  

5,8-quinone de r i va t i ves  normal ly occurs a t  p o s i t i o n  6 r a t h e r  than a t  p o s i t i o n  7. I n  order  t o  

f a c i l i t a t e  i n t roduc t l on  of NH2- a t  C-7, t h a t  p o s i t i o n  would have t o  be ac t i va ted  by placement 

of a halogen subs t i t uen t  ( t u r n i n g  i t  i n t o  a  vinylogous acy l  ha l i de ) .  Our r e t r o s y n t h e t i c  schew 
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there fore  was es tab l i shed  as i n  Fig.  15. 

---Y X OOR - 
HO 

-""--.+ v&O' 

X 
OR 

Fig. 15 

Synthesis o f  a s u i t a b l e  7-halogenated qu ino l i ne  un i t  s t a r t e d  from 8-methoxyquinaldic acid,  

which undement s e l e c t i v e  n i t r a t i o n  a t  C-5  t o  the 5-ni tro-8-mthoxyquinaldic ac id ,  mp 183-184•‹C. 

I t  was no t  possible t o  c l ean l y  brnminate the l a t t e r  compound. Therefore, the methyl e the r  was 

dea lky la ted us ing nuc leoph i l i c  d e m t h y l a t i o n  (sodium mthox ide i n  dimethylformamide a t  90•‹C) and 

the r e s u l t i n g  phenol was brominated (bromine i n  a c e t i c  acid) t o  g ive  the requ i red 7-bromo-8- 

hydroxy-5-nitroquinaldic ac id  i n  acceptable y i e l d .  

~ c o o H  oO, L O  min. COOH 

Condensation o f  the  above q u i n a l d i c  ac id  w i t h  0-wthy l t ryp tophanz1 using the bas ic  carbo- 

d i imide shown i n  Fig. 17, fo l lowed by d i r e c t  m t h y l a t i o n  of the crude product w i t h  diazomthane, 

gave 75% of the methoxyquinoline amide 15 (mixture o f  d ias tereowrs) .  We now had the pleasure of 

using a f i ne  method developed by Kanaoka, Sato and Banz2 i n  which polyphosphor ic e s t e r  i s  employed 

t o  achieve a m i l d  B isch ler -Nap iera lsk i  type c losure  o f  sens i t i ve  t ryptophan amides t o  form the 

dihydro-0-carbol ine r i n g  system. I n  our hands these condit ions converted our  amide d i r e c t l y  t o  



the f u l l y  a r o w t i c  8-carbol ine e s t e r  16, mp 230-233"C, inapprox imate ly  30% y i e l d .  

Y 
Pig. 17 

Now came the extremely de l i ca te  task o f  conver t ing  the qu ino l i ne  p o r t i o n  o f  t h i s  subs t i t u ted  

6-carbol ine e s t e r  i n t o  a  bromoquinone system. D i t h i o n i t e  reduct ion  proceeded smoothly t o  g ive  

the 5-amino-7-bromo-8-methoxyquinoline u n i t .  However, numerous attempts t o  o x i d i z e  t h i s  t o  the 

bromoquinone using conventional cond i t ions  ( a c i d i c  dichromate, c e r i c  ammonium n i t r a t e ,  a rgen t i c  

oxide, chromic acid,  e t c . )  l e d  t o  des t ruc t i on  o f  the molecule. Success was u l t i m a t e l y  achieved by 

using potassium dichromate as ox idant  i n  a  two-phase system cons i s t i ng  o f  methylene ch lo r i de  and 

d i l u t e  aqueous s u l f u r i c  a c i d  i n  the  presence of an equ iva lent  o f  18-crown-6. By t h i s  technique 

the sens i t i ve  bromoquinone 11 cou ld  be prepared, i s o l a t e d  and charac ter ized by mass spectrometry 

and 400 MHz pro ton NMR, as noted i n  F ig .  18. 

Pig. 18 

The h i g h l y  reac t i ve  orange bromoquinone 11 was then reacted w i t h  sodium azide i n  aqueous 

THF a t  room temperature f o r  3 h, fol lowed by reduct ion  o f  the azido group w i t h  excess sodium 

d i t h i o n i t e  i n  aqueous THF-wthanol a t  r e f l ux .  From t h i s  reac t i on  was obtained by s i l i c a  gel  
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chromatography a br ight  orange substance having a l l  of the spectroscopic and chromatographic 

1 properties of authentic lavendamycin methyl es te r .23  The H-NMR spectra a t  400 MHz of mthyl  

es te r s  from synthet ic  and natural sources are  compared in the accompanying table. The two samples 

cochromatographed perfectly in four different  systems. 

0 

N a N 3  Na2S204 
OOCH3 

a q .  THF a q .  MeOH H2N 

HN B~% H-6 r d 7.66 H-6 t d 6 . 1 4  

l a v e n d a m y c i n  m e t h y l  e s t e r  
F ig .  1 9  

Although additional synthetic e s t e r  must be prepared t o  confirm i t s  ident i ty  using ' % - N M R  

spectrometry, the data so fa r  obtained strongly suggest that the synthet ic  and naturally-derived 

es te r s  are  s t ruc tu ra l ly  ident ical .  

4 0 0  MHz NMR (CDC13) 

l a v e n d a m y c i n  m e t h y l  e s t e r  Ref I CHC13=7.259 

oroton " s v n t h e t i c "  ( w m )  " n a t u r a l "  ( D D ~ )  

3. The Bicycloalkene Core of Selaqine. 

Unlike the two previous syntheses, the synthesis of selagine,  a pyridone alkaloid,  has as  

i t s  central challenge the construction of the bicyclononadiene framework t o  which the pyridone 

i s  fused. Previous endeavors toward th i s  end from our laboratoriesz4 and from those of Professor 

D.   ravel" have not succeeded in solving t h i s  problem for the f u l l y  elaborated s e r i e s ,  leaving 

the synthesis of selagine an open challenge. 



Selagine (2 )  

Our re t rosyn the t i c  ana lys is  o f  se lag ine supposes t h a t  the immediate precursor cou ld  be a  

pyridone ke ta l  e s t e r  (191 which i n  t u rn  cou ld  a r i s e  by a d d i t i o n  of a  C-3 "ac ry la te "  chain t o  the 

appropriate eno l izab le  carbon o f  a  b i c y c l i c  ke ta l  ketone (El. 

Fig. 20 

i n  order t o  e f f i c i e n t l y  prepare a  b i c y c l i c  ketone such as 18, we propose t o  use a  novel 

cyc loa lkeny la t ion  sequence recen t l y  developed i n  our  l abo ra to r i es .  Thus we have found, f o r  

example, t h a t  the  a l l y l i c  eno ls i lane 20 cyc l i zes  smoothly under the  in f luence o f  pa l lad ium (11) 

acetate i n  a c e t o n i t r i l e  t o  y i e l d  the t r i c y c l i c  ketone 5, and t h a t  t h i s  react ion  i s  f a i r l y  

general. 26 
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Fig. 21 

Based on e a r l i e r  observat ions by  Y .  I t o ,  T .  Saegusa and t h e i r  associates,  as we l l  as our 

more recent mechanist ic s tud ies ,  we can d i s t i n g u i s h  between two types o f  reac t ions  i n  such sys- 

For t r i m e t h y l s i l y l  en01 ethers,  o r  f o r  the l i t h i u m  enol.ates themselves, simple dehydro- 

s i l y l a t i o n  may take place, poss ib ly  through an oxa-n-al ly1 Pd species as proposed by the Kyoto 

group (path A ,  F ig .  22) ,  t o  y i e l d  enones. However, for  t - b u t y l d i m e t h y l s i l y l  en01 e thers ,  methyl 

en01 e thers ,  and sometimes even f o r  t r i m e t h y l s i l y l  en01 ethers, a  cyc loa l keny la t i on  pathway 

path B 46 = 
path A I 

(path B, Fig.  2 2 )  supervenes. I n  such cyc loa lkeny la t ions ,  the key s tep i s  a t tack  by the nucleo- 

p h i l i c  en01 double bond on the Pd-complexed s ide  cha in  alkene. 
I I 



We have now used t h i s  concept t o  e f f i c i e n t l y  cons t ruc t  our r e q u i s i t e  bicyclononene system. 

Thus, the B i rch  reduct ion  of 2-methoxy-5-rethylbenzoic acid,  fo l lowed by a l k y l a t i o n  o f  the 

d imion,  y i e l d s  a f t e r  methy la t ion  the cyclohexadiene e s t e r  22. Reaction of t h i s  e s t e r  w i t h  

pa l lad ium( I I )  t r i f l u o r o a c e t a t e  i n  acetoni  t r i l e  gives ca 60% o f  a major product  i d e n t i f i e d  as the  

b i c y c l i c  ketone 23. Reaction w i t h  ethylene g l yco l  gives the c r y s t a l l i n e  ke ta l  3, which on 

hydroborat ion-oxidat ion produces the requ i red  bicyclononene ketone 18. 

Fig. 23 

pre l im ina ry  studies by R.  B a t t i s t a  i n  our  l abo ra to r i es  i n d i c a t e  t h a t  a t t a c h m n t  of a 

CH2CH2COOCH3 u n i t  a t  the s t a r r e d  carbon of 18 w i l l  be feasible,  p rov id ing  a major advance i n  

the quest f o r  a t o t a l  synthesis o f  selagine. 

1. thexylborane - 1 
2. Na2Cr207,aq. 

T COOC, 
COOCH3 
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The chemistry descr ibed i n  t h i s  review contains some novel and genera l ly  useful t a c t i c a l  

features. I n  our  s t r e p t o n i g r i n  synthesis,  a v i n y l  group was'the masked precursor  o f  an amino 

group i n  a h i g h l y  func t iona l ized system. For lavendamycin, a haloquinone was used. t o  d i r e c t  

nuc leoph i l i c  a t tack  a t  the halogenated carbon. F i n a l l y ,  the formation o f  a f unc t i ona l i zed  

bicyclononadiene system cou ld  be achieved by a s imple intramolecular pal ladium(I1)-mediated 

cyc loa l keny la t i on  o f  a B i r c h - a l k y l a t i o n  product. 
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