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INTRODUCTION 

The 6,8-dioxabicyclo[3.2.1]octane system [I] i s  a  we l l -es tab l ished 

s t r u c t u r a l  u n i t  i n  carbohydrate chemistry, and i s  occas iona l ly  found as 

the repeat ing u n i t  i n  some syn the t i c  polymers. However, the recent i n t e r e s t  

i n  t h i s  b i c y c l i c  ke ta l  has surfaced p r i m a r i l y  w i t h  the r e a l i z a t i o n  t h a t  

t h i s  i s  a  s t r u c t u r a l  feature of several non-carbohydrate natura l  products. 



In t h i s  review we wi l l  i d e n t i f y  some of the  natural  products,  show t h e  

syn the t i c  methodologies which a r e  a v a i l a b l e  t o  achieve t h i s  s k e l e t a l  

arrangement, and descr ibe  some of t h e  novel chemistry associa ted  with these  

systems. Carbohydrate chemistry wi l l  not  be discussed i n  t h i s  review. 

OCCURRENCE 

One of t h e  e a r l i e s t  references  t o  t h i s  b i cyc l i c  ketal  concerned a 

cons t i tuen t  of Japanese hop o i l  from H w Z u s  ZupuZus (1 ). Spectral  a n a l y s i s ,  

coupled with a low-yield, but unambiguous syn thes i s ,  e s t ab l i shed  t h e  

s t r u c t u r e  of t h e  cons t i tuen t  t o  be 111. 

Real imputus towards a b e t t e r  dQ understanding of the  63-dioxabicyclo-  

Me Me [3.2.1 Ioctyl  skel e ta1  arrangement came 

[?I with t h e  s t r u c t u r e  determination and 

synthes is  of brevicomin [g, t h e  aggregating sex pheromone of t h e  western 

pine bark bee t l e ,  Dendroctonus brevicomis ( 2 ) .  The exo-7-ethyl isomer, [XI, 

is  of more biological  importance; however, [g i s  a pheromone component 

and i s  normally found i n  most syntheses.  Since powerful s y n e r q i s t i c  e f f e c t s  

a r e  noted i n  s t u d i e s  of i n s e c t  pheromones ( 3 ) ,  t h i s  isomer content  may be 

s i g n i f i c a n t .  Fronta l in  [?I (4),  and m u l t i s t r i a t i n  [g] ( 5 )  have been dem- 
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ons t ra ted  t o  be t h e  pheromones o f  t he  southern p i n e  bee t l e ,  D. frontaZis 

and t he  European elm bark  bee t l e ,  S c o Z y t ~ s  m Z t i s t r i a t u s ,  r e s p e c t i v e l y .  

Several b i c y c l i c  k e t a l s ,  i n c l u d i n g  members from the  4,9-d ioxabicyc lo-  

L3.3. l Ioctane and 6,8-dioxabicyclo[3.2.l]octane s e r i e s  have been i s o l a t e d  

from tobacco ( 6 ) .  I n  t h e  l a t t e r  se r i es ,  k e t a l s  o f  t he  general s t r u c t u r e  

[L] have been i d e n t i f i e d .  

Recent ly  i t  has been observed t h a t  a  b i c y c l i c  k e t a l  i s  formed du r i ng  

f a t t y  a c i d  metabol ism i n  a  yeas t  (equation 1)  (7 ) .  Th i s  a t t r a c t i v e  b i o -  

s y n t h e t i c  r o u t e  may war ran t  examinat ion by those s tudy ing  t h e  o r g i n  o f  

i n s e c t  pheromones o f  t h e  b i c y c l i c  k e t a l  c o n s t i t u t i o n .  
0 Ac 

(1) 

OAC COOH 



Up t o  t h i s  p o i n t ,  t he  b i c y c l i c  k e t a l  has been t h e  ma jor  s t r u c t u r a l  

u n i t  of t h e  molecule. Two examples, [XI (8 )  and [El (9), can be of fered 

t o  demonstrate t h a t  t h e  b i c y c l i c  k e t a l  may be p a r t  of a  l a r g e r  s t r u c t u r a l  

SYNTHESES 

Wi th  t h e  r e c e n t  awareness o f  t h e  6,8-dioxabicyclo[3.2.1]octyl system, 

i t  i s  now p e r t i n e n t  t o  examine s y n t h e t i c  methodologies which can be u t i l i z -  

ed f o r  i t s  cons t ruc t i on .  I n t h i s  s e c t i o n  we w i l l  examine syntheses which 

have developed by b o t h  chance and design, i n  a n t i c i p a t i o n  t h a t  t he  method- 

o l o g i e s  ( o r  v a r i a t i o n s )  may prove usefu l  f o r  f u t u r e  s y n t h e t i c  work. 

P e r i o d i c  a c i d  cleavage of t h e  t r i o 1  [XI d i d  n o t  g i v e  t h e  a n t i c i p a t e d  

p roduc t  [XI, b u t  r a t h e r  t h e  b i c y c l i c  k e t a l  [El. A r a t i o n a l i z a t i o n  f o r  

t he  observed p roduc t  i s  g iven  i n  f i g u r e  1  (10) .  

H - 

Figure I .  Periodic Acid Cleavage of a 1, 2, 3-Cyclohexane trio2 to a 
Diombicyclo[3.2. I]octane Derivative 
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As part of a study on the rearrangement of carbonyl-epoxides, 

Wasserman (1 1) noted the facile formation of bicycl ic ketals, exemplified 

by the conversion of [El to [El. This prompted the use of the method- 

ology for the synthesis of brevicomin (equation 31. 

[El 

There have not been many "oxa" bicyclic ketals discussed in the 

literature. Other than [El, seen in equation ( 2 ) ,  another example [a] 
by a unique synthesis starting from a preformed ketal moiety has been 

reported (equation 4 )  (12). 

A low-yield cyclization of a pyranyl carbinol to [l] with lead 

tetraacetate has been postulated as taking place by a radical mechanism 

(figure 2) (13). 



Figure 2. Lead tetraacetate Oxidation of a PyranyZcarbinoZ 

I f  one examines t h e  6,8-dioxabicyclo[3.2.l]octane ske le ton  by an 

a n t i t h e t i c  a n a l y s i s  (14), two r a t i o n a l  pathways develop ( f i g u r e  3 ) .  

The approach i n  which t he  k e t a l  i s  recogn ized  as a 

Figure 3. Antithetical Approach to 6,8-~ioxabicycZo[3.2.l]octane Derivatives 

carbony l  and a g l y c o l  ( pa th  a) has, i n  a m o d i f i e d  way, been u t i l i z e d  

by Wasserman (11) .  S i l v e r s t e i n  has developed t h r e e  syntheses of b rev icomin  
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utilizing this methodology (figure 4) (15). A recent, and very efficient, 

synthesis of brevicomin by a modification of the Silverstein route has 

been reported (figure 5) (16). A novel use of the Kolbe electrolysis 

technique Synthesis 115a 

Br H O ~ O H  I. 0I3P M e w  - MewBr C 

0 [??I 
H+ w [ g l  

2. 0 L i  
3. Et CHO 

M e  G,,,-,E+ \ cr-plco3H -- M e  U r n  - Hzs%-. 3 + 4 

[=I c321 

Synthesis 2lsb 

Synthesis 3lsc 

Figure 4. SiZverstein Syntheses of Brevicomin 

- 5 7 -  



Figure 5. CycZohexenone App~oach to Breuicomin 

has been shown to result in the requisite unsaturated ketone [z] for 

further elaboration to brevicomin by this methodology (eqwrtion 5) (17). 

Endo brevicomin has also recently been prepared from butadiene by a novel 

approach employing a modification of the keto-diol intermediate (equation 6) (18). 

W I. LAH - GGGz- -COOEt 
@,I 3. LAH [GI 

I. Epoxidotmn 

w 2. Hyd. * 4 16) 

3. PdCb + CuCI, 
rz1 
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The synthesis of optically active frontalin was designed around the 

approach of forming a ketal from a carbonyl and a diol (figure 6) (19). 

I. RCI 
w 
2. CN' 

[U 
Figure 6 .  The Synthesis o f  OpticalZy Active Frontalin 

The methodology generated from antithetic route b can be general. 

ized by equation 7. 

[a 
This method was used to prepare [lJ from acrolei in (201, and was eml 11 oyed 

in the synthesis of the hop oil constituent [?I (1). The sequence, 

dilineated in equation 8 resulted in a low-yield of [?I. 



I t  i s  of i n t e r e s t  t o  note t h a t  the  use of methyl vinyl ketone (diene)  and 

acrole in  (dienophize),  a reversal  of ro les  assigned in equation 8, was 

the  bas is  of a quick,  but a l s o  low-yield synthes is  of brevicomin ( f igure  7) (21) .  

By only a s l i g h t  modification of the  methodology, a synthes is  of  f r o n t a l i n  

was a l s o  real ized ( f igure  7 )  (21).  

LAH 

Me n 
Me 

I. Hg(0Ac)z 

M e  J"JMe -' Z . O H ; B ~  
CH20H 

C631 

Figure 7. The Mmdy Synthesis of Brevicomin and Fron ta l in  

A t  t h i s  juncture i t  i s  of i n t e r e s t  t o  examine the  molecular o rb i t a l  

in t e rp re ta t ion  of  these  Diels-Alder react ions .  If  one compares the  signs 

and magnitudes of the  coe f f i c i en t s  f o r  the  highest  occupied molecular 

o r i b i t a l  (HOMO) of one component and the  lowest unoccupied molecular 

o r b i t a l  (LUMO) of t h e  other  component f o r  the  dieneldieneophile p a i r ,  
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t h e  r e g i o s e l e c t i v i t y  f o r  many of these  react ions  becomes evident  (22) .  

Indeed, i t  has been suggested t h a t  one has only t o  look a t  the  o r b i t a l s  

of t h e  two carbon atoms which wi l l  u l t imate ly  jo in  t o  form t h e  r ing  (23). 

Some data from CND0/2 ca lcu la t ions  wi l l  help c l a r i f y  t h i s  concept 

( f i g u r e  8) (24) .  

The u t i l i t y  of using t h e  f r o n t i e r  molecular o r b i t a l s  (FMO), t h a t  i s ,  

the  HOMO and LUMO, f o r  es t imat ing react ion r a t e s  by the  equation 

has r ecen t ly  been examined f o r  some Diels-Alder react ions  (25). We 

have found a general correspondence between product r a t i o s  and the  

energy di f ferences  between HOMO and LUMO in t h e  react ion of methyl 

vinyl ketone and acrole in  ( f igu re  9 )  (26) .  

+Jt- ___, 
CHO 

HO 

HOMO L UMO 

E = -.5275 .@a96 

Cl -. 5841 .6053 

C, -.4969 -.3967 

C3 .2832 -.4715 

0 .5760 .5035 

Figure 8 .  Fron t i e r  MoZentZar OrbitaZ Approach t o  CycZoaddition of AcroZein 



L 
I 2 3 Time ( h r . )  6 7 8 9 10 11 

Acrolein Methyl vinyl ketone 

0.5841 A S  f o r  [%I = 0.6181 

1-0.5275)-----. [El = 0.5901 

0.5760 [g = 0.6033 

Figure 9. CycZoaddition Reactions of MethyZ VinyZ Ketone and AcroZein 
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From these c a l c u l a t i o n s  i t  would seem t h a t  ou r  l o w - y i e l d  brevicomin 

syn thes is  shou ld  have been a h i g h - y i e l d  synthesis.  What f a c t o r s  may 

c o n t r i b u t e  t o  t h i s  n o t  being t h e  case? The p o s s i b i l i t y  o f  Cope rearrange- 

ment a l t e r i n g  o r  d i s g u i s i n g  p roduc t  composi t ion must be considered 

(equation 9 ) .  

Th i s  process has l i t e r a t u r e  precedence (27), and has been u t i l i z e d  t o  

good advantage by Buchi (28)  i n  a novel  e n t r y  i n t o  t he  cyclohexene ser ies .  

As a t e s t  o f  whether a Cope rearrangement o r  major  D ie l s -A lde r  a d d i t i o n  

i n  a non-product ive manner was the  source o f  ou r  poor y i e l d  o f  brevicomin,  

we examined t h e  reverse  rearrangement (equation 2 0 ) .  Both by d i s t i l l i n g  

t he  p roduc t  a t  t he  same temperature a t  which t he  c y c l o a d d i t i o n  r e a c t i o n  

was c a r r i e d  ou t ,  and by hea t i ng  a sample i n  a sealed ampule a t  Z O O 0 ,  

we obta ined no evidence f o r  rearrangement. 

MeLi 

0 



From these  r e s u l t s  i t  i s  tempting t o  suggest  t h a t  t h e  Diels-Alder 

react ion i n i t i a l l y  formed t h e  des i r ed  adduct, a s  predicted;  but t h a t  

t h i s  i n  turn suffered rearrangement t o  a more s t ab le ,  and undesired 

product. 

A cautionary note i s  now appropr ia te .  We have suggested t h a t  the  

FMO theor i e s  may be useful in p red ic t ing  dimerization products,  but t h a t  

secondary ske le t a l  reorganizat ion may r e s u l t  i n  unpredicted products. 

However, t h e  " s t a t e  of t h e  a r t "  cannot d e f i n i t i v e l y  sepa ra te  a "wrong 

product" from a "wrong ca lcu la t ion . "  We a n t i c i p a t e  t h a t  t he re  wi l l  be 

addi t ional  s tud ies  i n  t h e  near fu tu re  t o  def ine  t h e  l imi t a t ions  and scope 

of these  methods a s  p red ic t ive  t o o l s .  

Other syntheses employing the  Diels-Alder r eac t ion  a s  t h e  f i r s t  

s t e p  a r e  del ineated  i n  ( 1 2 )  (29)  and (72) (30).  

C691 161 1 1701 [71 I 
I t  i s  of i n t e r e s t  t o  no te ,  p a r t i c u l a r l y  with respect  t o  t h e  

cautionary suggestion previously given,  t h a t  t h e  synthes is  of m u l t i s t r i a t i n  

could not  be achieved by a s i m i l a r  react ion sequence (equation 13) (31) .  
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As part of our investigations into cyclizations leading to the 

ketals, we have added various Grignard and organolithium reagents to 

the dimer of methylvinyl ketone [El. In every case, we have not been 

able to isolate the expected alcohol; but rather, we have found only the 

bicyclic ketal (equation 1 4 )  ( 3 2 ) .  

This propensity towards cyclization is not noted for the similar reactions, 

( 1 5 )  ( 3 3 ) ,  and ( 1 6 )  ( 3 4 ) .  We find in these cases that a secondary alcohol 

is formed; while in (14) a tertiary alcohol would have been formed. 

This, then is an important, but not determining factor. Substitution 

about the enol ether moiety appears to have some influence ( 1 7 )  ( 3 5 ) .  

Qw o 
R MQX 

(15) 

N0BH4 
&Me- LMe (16)  

Me Me 0 
OH & Me MeMpX beMe+ $ Me (17;  

OH 
1581 1801 I Me 

The steric course of addition to the carbonyl, and any predictive 

arguments that might be made in this regard, would obviously be important. 

The most thoroughly analyzed data originates from the French research 

labs ( 3 6 ) ;  however, even this doesn't allow for a definitive analysis (Table 1). 



S t e r i c  Course of Griqnard Additions 

Percent 

R Ewthro Threo 

Me 45 55 

Ph 0 100 

4 R 4 exo 

STRUCTURE endo 

Most of the existing structure work for the 6,s-dioxabicyclo[3.2.1] 

octane series has relied on nmr data--particularly coupling constants. 

Considering the most simple molecule of this series, we can examine how 

coupling constants have been utilized (Table 2) (36). 
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Table 2 

NMR Study of BicycZic KetaZs 

From these data i t  i s  apparent  t h a t  f o r  s i n g l e  s u b s t i t u e n t s  i n  t he  

7 -pos i t ion ,  coup l i ng  cons tan ts  a re  q u i t e  usefu l  f o r  ass ign ing  r e l a t i v e  

stereochemistry .  It i s  o f  i n t e r e s t  t o  no te  t h a t  t h e  coup l i ng  cons tan t  

changes w i t h  t h e  s i z e  o f  R. Th is  can be a t t r i b u t e d  t o  s t e r i c  ef fects,  

and thus d i hed ra l  ang le  (m) changes [a]. 

From the  Karplus equat ion  

2  J=8.5 cos m -0.28 f o r  0" s m 6 90" 



we can p r e d i c t  t h a t  the d ihedra l  angle changes from 34.5' (R=Me) t o  

44.8' (R=Pk) t o  48.2' (R=L-Bu). From t h i s  i t can be suggested t h a t  

d i f f e r e n t  groups can e f fec t  the s t ruc tu re  o f  these b i c y c l i c  keta ls ;  how- 

ever, l i t t l e  d e f i n i t i v e  data i s  ava i lab le .  

Mass spect ra l  fragmentation pat terns have been examined by Gore, 

e t .  a l .  (37) and by our  own group (38). There seems t o  be some p red ic t -  

a b i l i t y  (Chart 1 ) ;  however, e lec t ron  impact data can not  be used fo r  d i f -  

f e r e n t i a t i n g  stereoisomers. 

We have completed a d e f i n i t i v e  x-ray ana lys is  of exo-7-phenyl- 

5,7-dimethyl-6,8-dioxabicyclo[3.2.1]octane [g] (39).  The coordinates 

from t h i s  s t r u c t u r e  have been used w i t h  the computer program PDIGM 

(40) t o  i n t e r p r e t  lanthan ide 

4 s h i f t  reagent experiments i n  

t h i s  ser ies  (41). Gore and Armitaqe 

have r e c e n t l y  examined f r o n t a l  i n  
[El 

and m u l t i s t r i a t i n  w i t h  s h i f t  

reagents and f i nd  best c o r r e l a t i o n  when the  lanthanide associates w i t h  

the 6-oxygen (42). Our work w i t h  [g] seems t o  substant ia te  t h i s  (41); 

however more work i s  needed i n  t h i s  ser ies  before the use of lanthanide 

s h i f t  reagents can be used as a simple and unambiguous probe f o r  s t ruc ture .  

INTERESTING CHEMISTRY 

The b i c y c l i c  k e t a l s  can be cleaved w i t h  l i t h i u m  aluminum hydr ide 

and aluminum ch lo r ide  (33), such t h a t  the r e s u l t i n g  alcohols r e t a i n  

the  stereochemistry o f  the s t a r t i n g  b i c y c l  i c  ke ta l  ( f i g u r e  10). 
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CHART 1 

(Mass Spec t ra l  Fragmentat ion)  

m/e=99 t R 

Fraqmentation R =  H Me P h 

a = J J J 

b = lOOJ 114 175J  

c = lOOJ 114 1754 

d = 7 1 J  8 5 J  147 

e = 7 2 J  8 6 J  148 

5 4 J  5 5 J  130J  

f =  J J J 

J means peak 
present  

T h i s  i s  a s l i g h t l y  mod i f i ed  c h a r t  o f  f ragmentat ions,  as f i r s t  presented 
by Gore, e t .  a1 . - 6 9 -  



exo-R - threo 

endo-R - -----c ery  th ro  

F igu re  10. CZeavage of B icycZ ic  KetaZs 

We have noted an i n t e r e s t i n g  cleavage o f  the b i c y c l i c  k e t a l s  under 

cond i t i on  o f  c a t a l y t i c  hydrogenation (43) .  An apparent s t e r i c  e f fec t  

of an ezo-methyl group [El can be noted ( f i g u r e  11). We have observed 

t h a t  t he  exo-, endo-mixture o f  [a51 - i s  formed dur ing hydrogenation of 

[El, bu t  do n o t  know whether t h e  format ion o f  [El i s  requ i red f o r  t he  

reduct ion  o f  [B] t o  [El. 
We have been ab le  t o  u t i l i z e  the  s t e r i c  e f f e c t  o f  an exo-7-methyl 

group i n  a unique isomer enrichment technique (44).  By a l l ow ing  a mix ture  

o f  exo- and endo- 5,7-dimethyl-6,8-dioxabicyclo[3.2.l]octane t o  r e a c t  

w i t h  a f rozen ma t r i x  of t i t a n i u m  te t rach lo r i de ,  p r e f e r e n t i a l  complexation 

of t h e  endo isomer occurs. Th is  a l lows simple separat ion o f  t he  ex0 

isomer. O f  special  s ign i f i cance  i s  t h e  observat ion t h a t  a d d i t i o n  of water 

destroys the  complex and the  k e t a l  i s  released, unchanged. We do no t  

know the  nature  of t he  complex. 



HETEROCYCLES, Vol. 6 ,  No. 1, 1977 

Figure 11. C a t a l y t i c  Hydrogenation i n  the KetaZ Series 

CONCLUSIONS 

The 68-dioxabicylo[3.Z.l]octane s e r i e s  has, over  t h e  pas t  

few years,  been t he  focus o f  a cons iderab le  a c t i v i t y .  We have 

at tempted t o  examine some o f  t he  i n t e r e s t i n g  chemis t ry  a l r eady  

i nves t i ga ted ,  and t o  p o i n t  o u t  areas t h a t  need a d d i t i o n a l  work. 

T h i s  r ev i ew  has a  b i a s  i n  ou r  own a c t i v i t i e s ;  however, we have 

at tempted t o  keep ou r  e f f o r t s  i n  pe rspec t i ve  w i t h  those o t h e r  groups 



which a r e  examining t h i s  s e r i e s .  We a n t i c i p a t e  t h a t  new s t r u c t u r e s  

i n  t h i s  ketal  s e r i e s  wi l l  be found a s  natura l  products,  and t h a t  

e f f o r t s  i n  syn thes i s  and s t r u c t u r e  wi l l  continue.  We hope t h i s  

review wi l l  help those  researches .  
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This journal will list the new natural products with a heterocyclic ring system, 

collected from current chemical literature stort~ng from the beginn~ng of 1976, whose 

structure has been established. 

In each column the name, molecular formulo, molecular weight, structure, source 

from which i t  i s  derived, physical constants, spectral doto available and the literature 

references ore shown. 

(1)  Arrangement: The new natural products are classified into the usual groups- 

polyacetates, orornattcs, terpenes, steroids, olkaloidr, antibiotics, nucleosides and 

nucleotides, etc and then arranged according to their molecular weight. 

(2) Nomencloture: The natural are listed under the name used in the 

original literature. 

(3) The abbreviations: The following abbreviations hove been used: 

BA:  biological activity 

CD:  circular dichroism 

"C-NMR : W-nuclear magnetic resonance spectrum 

IR: infrared spectrum 

MS : moss spectrum 

NMR : nucleor mognetic resonance spectrum 
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ORD : optical rotatory dispersion 

Ph : physic01 data 

Rf : rate o f  flow 

Syn: total synthesis 

U V :  ultraviolet spectrum 
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