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We have shown prev ious ly  on the ba s i s  of s e v e r a l  examples  in the monote rpene  s e r i e s  that  r eagen t s  
of the R+BF4 - type a re  able to br ing  about cycl iza t ion with s imul taneous  introduction of the group R into the 
cycl ic  molecu le  [1]. In the p re sen t  work  we studied the applicabi l i ty  of this reac t ion  in the sesqu i te rpene  
s e r i e s  for  the ca se  of the s t e r e o i s o m e r i c  f a rnesy l i c  e s t e r s ,  the cycl iza t ion of which under  the act ion of 
acids has  been studied in f a i r  detai l  [2]. 

As cycl iza t ion agent we chose  CH3OCH2+BF4 - .  The ethyl f a rnesy la t e s  r equ i red  [6,7-trans--10,11- 
t r ans  (Ia), 6 ,7 - t r ans -10 ,11 -c i s  (Ib), 6 , 7 - c i s - 1 0 , 1 1 - t r a n s  (Ic), and 6 ,7 -c i s -10 ,11 -c i s  (Id)] w e r e  p r e p a r e d  by  
the reac t ions  of the individual ge rany lace tones  [3] with ethyl ethynyl e ther  in p r e s e n c e  of boron t r i f luor ide  
e ther  complex  [4]. The g e o m e t r i c  i s o m e r s  with r e s p e c t  to the 10- and 11-posi t ions  then obtained were  
s epa ra t ed  by dis t i l la t ion through a column, which proved to be  ve ry  much m o r e  effect ive than the methods 
used  p rev ious ly  [2, 5]. The cycl iza t ion  was effected by a p rocedure  which we have developed [6]. The 
composi t ions  of the m i x t u r e s  of r eac t ion  products  we re  de te rmined  by means  of GLC. 

Our invest igat ion showed that the cycl iza t ion of (Ia)-(Id) under  the action of CH3OCH2 + leads to the 
fo rmat ion  of cycl ic  products  containing the CH3OCH 2 group.  As in the case  of proton init iat ion [2], the r e -  
action goes  in two s tages :  the fo rmat ion  of a monocycl ic  product ,  and its convers ion  into a b icycl ic  com-  
pound. Thus,  in the cycl iza t ion  of the 6 , 7 - t r a n s - 1 0 , 1 1 - c i s  e s t e r  (Ib) at - 6 0  ~ the monocycl ic  product  (II) is 
f o rmed  a lmos t  exclus ively  (Expt. 4), at - 2 4  to - 2 6  ~ a mix tu re  of (II) and the b icycl ic  e s t e r  (III) is fo rmed  
(2 : 1, Expt.  5), while at 0 ~ only a mix tu re  of the b icyc l ic  products  (HI) and (IIIa) is fo rmed  (Expt. 6).* 
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The s t ruc tu re  of (II) as the 6-CH3OCH 2 de r iva t ive  of f i -monocyc lofa rnesy l ic  e s t e r  follows f rom NWIR 
data (Table 1). The NMR s p e c t r u m  of the e s t e r  (III) also points unequivocally to the s t r u c t u r e  of ~ - b i c y c l o -  
f a rnesy l i c  acid (Fig. 1), which is conf i rmed  by data on the s tabi l i ty  of (III) to alkaline hydro lys i s  (under 
the conditions of the hydro lys i s  of monocycl ic  products  [8]). 

The cycl iza t ion of the o ther  i s o m e r s  of (I) goes  analogously.  Thus,  at - 6 0  ~ the 6 , 7 - c i s - 1 0 : l l - c i s  
i s o m e r  (Id) f o r m s  only the monocycl ic  products  (IV) and (ID (Expt. 8), while at - 2 5  ~ it f o r m s  a mix tu re  of 
the monocycl ic  product  (I1) and the b icycl ic  product  (!II) (Expt. 7). In the cycl iza t ion  of (Id) at the s tage of 

*The t r an s fo rma t i on  (II) - -  (III) can also be effected by t rea t ing  the mix tu re  of (II) and (III) with H2SO 4 in 
n i t ropropane  solution under the conditions for  the p r epa ra t i on  of b icyc l i fa rnesy l i c  acid [2, 7]. We w e r e  
unable to i so la te  the i s o m e r i c  bicYclic e s t e r  (IIIa) in the pure  s ta te ,  and its s t r u c t u r e  was a s sumed  on 
analogy with [2]. 
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TABLE 1. 
the NMR Spect ra  of (I1) and {V) 

Chemical  Shifts of Pro tons  of Cha rac t e r i s t i c  Groups in 

I A[ B C D* 

I' 1,64 (II), cis- 0,85 1,2I 1,8 
2a' 24 1,081 (triplet) 

(v), 0,701 l lo  1,5~2,0 
trans-2L i [ (triplet) 

2 ~ I, 02] 

I 

E[ F 
3,20 4,04 

(qua4ru 
I plet) 

3,17 3.97 
I (quadru 
i plet) 

| 
CH3~CH ~ 

C H a O C ~  

(C) COOCH2CHa |174 

G 

5,50 

5,47 

*The d i f fe rence  in the chemica l  shif ts  of the 23-CH3 groups  in (II) 
and (V) (0.22 ppm) is fully in accord  with data in the l i t e r a tu re  [5]. 

the fo rmat ion  of monocycl ic  de r iva t ives  the p r i m a r y  product  is p robably  the e s t e r  (IV), a der iva t ive  of a -  
monocyc lo fa rnesy l i c  acid. The fo rmat ion  of the e s t e r  (II) at the s a m e  t ime  is probably  to be explained, in 
the main ,  by the i somer i za t ion  (IV) -* (l-I) (cf. Expts.  8 and 7). The ease  of the convers ion  of a - m o n o c y c l i c  
products  into the f i - i s o m e r s  under  acidic conditions has  been noted ea r l i e r  in a number  of cases  [9]. The 
b icycl ic  e s t e r  fo rmed  f r o m  (Id) is ident ical  to the above -desc r ibed  a - b ! c y c l i c  e s t e r  (III) (according to GLC 
on var ious  s t a t ionary  phases  under  the conditions for  the separa t ion  of g e o m e t r i c  i s o m e r s ) .  The s tagewise  
and nons te reospee i f i c  fo rmat ion  of the b icycl ic  product  f rom i s o m e r s  differing with r e s p e c t  to the 6,7-bond 
is a c h a r a c t e r i s t i c  f ea tu re  of the cycl iza t ion  of i soprenoids  with a conjugated double bond in the 10,11-posi -  
t ion [2]. Since in the proton cycl izat ion of the fa rnesy l i c  e s t e r s  (Ib) and (Id) a b icyc lofa rnesy l ic  acid is 
fo rmed  with t r ans  annelation of the r ings  and an axial  disposi t ion of the carboxyl  [2], it may  be a s sumed  
that  the product  (III) fo rmed  with the nonproton initiation of the cycl iza t ion of both (Ib) and (Id) has  the s ame  
s t e r e o c h e m i s t r y ,  s ince the s tage  of the convers ion  of the monocycl ic  product  into the b icycl ic  product  is 
identical  for  the two types of initiation. 

/ [~v~ CH3OCH~ CI-%OCH2~ 
COOEI (la) (V) COOEt CHaOCH~~ 

CH30"CH~.. * ( V~ 

COOEr COOEt (Vl') 

In the case  of de r iva t ives  of the 10 ,11- t rans  s e r i e s  the fo rmat ion  of b icycl ic  products  goes  less  
read i ly  and is accompanied  by the fo rmat ion  of unidentified high-boil ing subs tances .  Hence, for  the 6,7- 
t r a n s - 1 0 , 1 1 - t r a n s  (Ia) and 6 ,7 - c i s -10 ,11 - t r ans  (Ic) i s o m e r s  we studied only the s tage  of the fo rmat ion  of 
monocycl ic  products .  As in the ca se  of the i s o m e r s  of the 10,11-cis  s e r i e s  (Ib) and (Id), the convers ion  
of (Ia) and (Ic) into de r iva t ives  of monocyc lo fa rnesy l i c  e s t e r s  goes  in accordance  with the re la t ions  found 
e a r l i e r  for  proton initiation of the reac t ion  [2, 9], i .e. ,  the 6 ,7 - t r ans  i s o m e r  [(Ia); cf. with (Ib)] gives ex-  
c lus ively  the f l -monocycl ic  product  (V) (Expt. 1), while the 6 ,7-c i s  i s o m e r  [(Ic); cf. with (Id)] gives a mix -  
tu re  of the a - (VI)*  and fi-(V) i s o m e r s  (Expt. 2), and, probably  in this case  also, the fo rmat ion  of the f i -p ro -  
duct is l a rge ly  the r e s u l t  of the t r a n s f o r m a t i o n  a ~ fi (cf. Expts .  2 and 3). 

The s t ruc tu re  of (V) follows f r o m  the NMR spec t rum (Table 1). The e s t e r  (VI) [like (IV)] was not 
i sola ted in the pure  s ta te ,  and its identif ication as a n  a - c y c l i c  de r iva t ive  is based  on the appearance  in the 
NMR Spectrum of a m i x t u r e  of (V) and (VI) [or (II) and (IV)] of a signal at  5.25 p .p .m.  @roton at  C-4), the intensi ty 
of which co r r e sponds  approx ima te ly  to the content of (VI) [or (IV)] in the mix tu re  accord ing  to GLC data,  
and it is a lso  based  on its convers ion  into the cor responding  f l - i s o m e r  (see above).  In a number  of 

*Accord ing  to the IR (898 cm -1) and NMR (6 = 4.65 p.p.m.)  spec t r a ,  the mix tu r e  a lso  contains the T - i s o m e r  
with a semicyc l i c  double bond, the exact  amount of which could not be  de te rmined .  
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cases  (Expts. 2 and 8), apart  f rom the products descr ibed unidentified substances with long retention t imes 
were  formed in considerable amounts.  With the object of diminishing their  amount we attempted to use 
other  agents for the generat ion of the same earbonium ion CHaOCH2 + on the view that the observed compli-  
cations may be associa ted with the possibil i ty of the t ransformat ion  of the initiator in accordance  with the 
scheme R+BF4 - - - R F  -~ BF a. It was in fact found that on change f rom BF 4- to the 1 ,3 ,5- t r in i t robenzene-  
sulfonate (TNBS) anion, which is not capable of dissociation,  the situation was grea t ly  improved, and under 
the action of the agent CHaOCH2CI+Ag TNBS the format ion of monocycl ic  products  went very  much more  
smoothly with yields of up to 60-70% (cf. Expts.  2 and 9; 8 and 10). Also, with the use  of Ag TNBS the con- 
tent of the ~-monocye lofa rnesy l i c  es te r s  (IV) and (V1) in the mixture  of cycl izat ion products is g r ea t e r  than 
that of the f l -monocyclofarnesyl ic  es te r s  {II) and (V). This is a fur ther  indication that the p r imary  product 
of the cycl izat ion of (Id) [or (Ic)] is the s - e s t e r  (IV) [or (VI)] and that the formation of f i -es ters  in these 
cases  is due to the occu r r ence  of the i somer iza t ion  (IV) - -  (II) [or (VI) - -  (V)] under the action of acidic r e -  
agents. It should be noted that Ag TNBS has been used previously only" for the prepara t ion of episulfonium 
salts [10] and has not been used for the generat ion of carbonium ions, although it has a number  of advantages 
over  the usually used AgBF 4 and AgSbF~, par t icu lar ly  in that it is nonhygroscopic.  

The resul ts  presented,  in conjunction with these published by us ear l ie r  [6], show that the main pat-  
te rns  of behavior  in the format ion of both mono-  and bicycl ic  sys tems  are p rese rved  for isoprenoids of 
very  var ied  types r ega rd le s s  of the nature of the electrophil ic  initiator (H + or  CH3OCH2+). Our resul ts  
suggest,  in par t icular ,  that the s t e r eochemis t ry  of the formation of bicyelic sys tems  must  be the same for 
both proton and nonproton initiation and that it is possible to effect the s tereospeci f ic  synthesis of polycy-  
clic isoprenoids with simultaneous introduction of a substituent at C-3 by the nonproton cycl izat ion of iso-  
prenoids with isolated double bonds. The prepara t ion  of t r ans -b icyc lo fa rnesy l i c  es te r s  with a substituent 
at C-3 may also be of in teres t  for its own sake, since substances of such s t ruc ture  (with a substituent in 
ring A) are  important  intermediate  products  in the synthesis  of var ious terpenoids 

E X P E R I M E N T A L  

NMR spec t ra  were  determined with a PC-60 ins t rument  in CCI 4 solution. Chemical shifts 5 are ex- 
p res sed  in p.p.m, relat ive to hexamethyldisi loxane as internal standard.  IR spec t ra  were determined with 
a UR-10 instrument.  P r o g r e s s  in the sepa ra t ion  of the original  farnesyl ic  e s te r s  was followed by means 
of GLC (10~ of 2 ,2-dimethyl t r imethylene  suecinate on Celite 545, 190 ~ 110 m l / m i n  of helium, detection by 
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katharometer) .  Analysis  of the cycl izat ion products was also conducted by the GLC method (2% of 2 ,2-d i -  
methyl t r imethylene succinate on Chromosorb  W in a glass  column [11] 2 m in length and 4 mm in diameter ,  
180 ~ 50 ml /min  of helium, f lame-ionizat ion detection). A solution of AgBF t in ni t romethane was prepared  
by a known method [12]. 

The original  i somer ic  farnesyl ic  es te r s  were  prepared  by the react ions of the individual c i s -  and 
t r ans -ge rany lace tones  with ethyl ethynyl ether  in p resence  of BF~ ether complex [4]. The mixture of iso-  
m e r s  with respec t  to the 10,11-bond then formed was separated by rect i f icat ion through an efficient column 
(length 130 cm, d iameter  1.4 cm, ca. 120 theore t ica l  plates) with a copper filling at 120-125 ~ (2 mm). In 
this way we obtained: (Ia), nD 2~ 1.4822, emergence  t ime 10.7 rain; (Ib), nD 2~ 1.4800, emergence  t ime 9 rain; 
(Ic), nD 2~ 1.4820, emergence  t ime 8.8 min; (Id), nD 2~ 1.4808, emergence  t ime 6.5 min. 

1.  C y c l i z a t i o n  o f  t h e  E s t e r  ( I a ) .  Solutions of 0.68 g of (Ia) i n 4 m l o f n i t r o m e t h a n e a n d  
1 g of AgBF 4 in 5 ml of ni t romethane were  added with s t i r r ing  in the course  of 30 sec to a solution of 0.48 g 
of chloromethyl  methyl  ether in 5 ml of ni t romethane cooled to between -28  to - 30  ~ The tempera tu re  then 
rose  to - 2 0  ~ The mixture was s t i r r ed  for  5 min at between -28  and - 3 0  ~ and then decomposed by a 1 : 1 
mixture  of 10% NaHCOs solution and methanol cooled to - 30  ~ After the usual t rea tment  we obtained a mix-  
ture  of products  containing up to 59% of the es te r  (V)* (emergence t ime 13.5 min), which was isolated by 
means  of prepara t ive  TLC on alumina in benzene. We isolated 0.23 g (29%) of homogeneous (V), nD 2~ 1.4934. 
Found %: C 74.05, 73.80; H 10.50:, 10.25. C19H3203. Calculated %: C 73.98; H 10.46. IR spec t rum (v, cm-i) :  
1718 and 1648 (ester  CO and C- -C  in a , f l -unsatura ted  ester) .  The NMR spect rum is given in Table 1. 

2 .  C y c l i z a t i o n  o f  t h e  E s t e r  ( I e ) .  Cyc l iza t ionwas  conducted analogously, but at -60  ~ in 
ni t ropropane solution. F r o m  0.68 g of (Ic) we obtained 0.80 g of a mixture containing 23% of (VI) (emer-  
gence t ime 11.5 rain) and 30% of (V). We did not succeed in separat ing these substances,  and they were  iso-  
lated as a mixture  by means of TLC on alumina i n a  1 : 1.5 mixture  of hexane and benzene. We obtained 
0.28 g (35.5%) of a mixture of (V) and (VI), nD 25 1.4918. Found %: C 74.13, 73.85; H 10.30, 10.41. Ci9H3203. 
Calculated %: C 73.98; H 10.46. 

IR spec t rum (~, cm-t) :  1720 and 1650 (ester CO and C--C in a , f i -unsaturated esters) .  The es te r  (V) 
was identified by TLC by compar ison  with a known sample (see Expt. 1). The a - i s o m e r  (V1): in the NMR 
spectrum the signal at  5.25 p.p.m, corresponds  to the proton at C-4. The presence  of the ~/-isomer follows 
f rom the ]R spec t rum (898 and 3080 cm -i) and NMR spect rum (4.65 p.p.m.). 

3 .  C y c l i z a t i o n  o f  t h e  E s t e r  ( I c )  a t  - 3 0  ~ . The cyclizat ion was conducted under the con- 
ditions of Expt. 1. According to GLC the product  contained 57% of (V) and 3% of (VI). In this case  the i so-  
lation of (V) and (VI) was not ca r r i ed  out: 

4 .  C y c l i z a t i o n  o f  t h e  E s t e r  ( Ib)  a t  - 6 0  ~ . The eyclization of 0.34 g of (Ib) u n d e r t h e  
conditions of Expt. 2 gave a mixture  containing 60% of (iI) and 6% of (III) (emergence t imes  9.1 and 7.9 min 
respect ively) .  By means of TLC on alumina in benzene we isolated 0.18 g (46%) of homogeneous (II), nD 2~ 
1.4910. Found %: C 73.97, 73.75; H 10.20, 10.21. Ci3H3203. Calculated %: C 73.98; H 10.46. IR spec t rum 
(v, cm-1): 1720 and 1660 (ester  CO and C- -C  in a , f l -unsatura ted ester) .  For  NMR spect rum see Table 1. 

5 .  C y c l i z a t i o n  o f  t h e  E s t e r  ( Ib)  a t  - 3 0  ~ . T h e c y c l i z a t i o n o f ( I b )  under the conditions 
of Expt. 1 gave a mixture  containing 43% of (II) and 20% of (III), identified by means of GLC. 

6.  C y e l i z a t i o n  o f  t h e  E s t e r  ( Ib )  a t  - 6 0  ~ a n d  T h e n  a t  0 ~ Solutions of 0.68 g of 
(Ib) in 5 ml of ni t ropropane and of 1 g of AgBF 4 in 5 ml of ni t romethane were  added to a solution of 0.48 g 
of chloromethyl  methyl  ether in 5 ml of ni t ropropane at - 6 0  ~ The mixture  was s t i r r ed  for 2 rain at - 60  ~ 
and then the t empera tu re  was ra i sed  rapidly to 0 ~ at which t empera tu re  s t i r r ing  was continued fur ther  for 
15 rain. The mixture  obtained after  the usual t rea tment  contained, according to GLC, about 3% of cis-fi-  
monocyclofarnesyl ic  es ter  (II), 56% of (~-bieyelofarnesylic es te r  (III), and 20% of f i -bicyclofarnesyl ic  es ter  
(IIIa) (emergence t ime 5.1 rain). By means of column chromatography on alumina we isolated 0.15 g of 
c~- + f i -bicyclofarnesyl ic  es te r s  (IIl) + (IIIa) (8 : 1 hexane-benzene) and 0.20 g of c~-bicyclofarnesylic es te r  

*In all cases  of the cyclizat ion of (Ia)-(Id) (apart f rom the react ions  with Ag THBS), apart  f rom the desi red 
products,  the cyclizat ion products  contained also substances with considerably longer emergence  t imes  (30- 
45% content according to GLC results)  and also some (up to 5%) of ~ -  and f i -monocyclofarnesyl ic  es te rs  
(without the introduction of CH3OCH 2 groups).  
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(III) (6 : 1 hexane-benzene) .  Total  yield 0.35 g (44%); nD 2~ 1.4900 for (III)+ (Ilia) and 1.4910 for  (Ill). Fo r  
(~-bicyclofarnesylic e s t e r  (IID: Found %: C 74.27, 73.97; H 10.50, 10.41. C19H3203. Calculated %: C 73.98; 
H 10.46. IR spec t rum (v, cm-i):  1735 (es ter  CO). F o r  NMR spec t rum see Fig. 1. F o r  a - + f i - b i c y c l o -  
fa rnesyl ic  e s t e r s  (HI)+(IIIa): Found %: C 73.77, 74.02; H 10.50; 10,70. C19H320, 3. Calculated %: C 73.98; 
H 10.46. IR spec t rum (v, cm-1): 1735 (es ter  CO). 

7 .  C y c l i z a t i o n  o f  t h e  E s t e r  ( Id )  a t  - 3 0  ~ The cycl izat ion of 0.34 g of (Id) at -30~ under  
the conditions of Expt. 1 gave 0.40 g of a mix ture  containing 31.5% of (II) and 36.5% of (II!). The hydrolys is  
of this mix tu re  with 5% methanolic  KOH with heating for  2 h gave 0.16 g of neut ra l  par t  [mainly the bicycl ic  
e s t e r  (Ili) according to GLC] and 0.17 g of acidic par t  [after es te r i f ica t ion  gave the monocycl ic  e s t e r  (II), 
according to GLC]. 

8. C y c l i z a t i o n  o f  t h e  E s t e r  ( Id )  a t  - 6 0 ~  T h e c y c l i z a t i o n o f ( I d )  under the conditions 
of Expt. 2 gave a mix tu re  containing 21% of (IV) (emergence t ime 7 rain) and 32.5% of (tI). The hydrolys is  
of this mix tu re  under  the conditions des cr ibed went to completion,  which indicates the absence ofb icyc l ic  products ,  

9 .  C y c l i z a t i o n  o f  ( I c )  u n d e r  t h e  A c t i o n  o f  C H 3 O C H 2 + ( N O 2 ) 3 C G H 2 S O 3  - . A solu- 
tion of 0.68 g of (Ic) in 4 ml of nitropropane was added with stirring in the course of 40 sec to a solution of 
0.64 g of chloromethyl methyl ether and 2.84 g of Ag TNBS in 20 ml of nitropropane and 2 ml of acetonitrile 
at -60 ~ The mixture was stirred for 5 rain at -60 ~ and then decomposed with 10% NaHCO 3 solution. After 

the usual treatment we obtained a mixture containing, according to GLC, 57% of (VI) and 26% of (V). By 
means of TLC on alumina (see Expt. 2) we isolated 0.48 g (60%) of a mixture of (V) and (VI), The NMR and 
IR spectra were similar to the spectra obtained in Expt. 2. 

i0. Cyclization of (Id) (0.68 g) under the Action of CH3OCH2+(NO2)3C6H2 . 
SO B- The cycl izat ion was conducted under the conditions of Expt. 3. We obtained a mix ture  containing 
55% of (IV) and 18% of (ID. By means  of TLC on alumina in 2 : 1 benzene-heptane  we isolated 0.41 g (52%) 
of a mix ture  of (II) and (IV). Found %: C 74.08; 74.09; H 10.80; H 10.63. C19H3203. Calculated %: C 73.98; 
H 10.48. IR spec t rum (v, cm-1): 1720 and 1650 (es ter  CO and C--C in (~,fi-unsaturated ester);  also 896 w 
and 3080 w (>C  = CH2). The NMR spec t rum of the mix tu re  contains signals of olefinic protons at 5.16 p.p.m. 
( ~ C  =C<H) and 4.61 p.p.m. (~C=CH2). 

We thank V. S. Bogdanov and I. G. Yakovlev for determining the N-MR and IR spectra. 

CONCLUSIONS 

i. The nonproton initiation of the cyclization of isoprenoids containing a conjugated double bond goes 
in accordance with the previously established relations holding for proton-initiated cyclization. 

2. Silver 1,3,5-trinitrobenzenesulfonate was used for the first time for the generation of carbonium 
ions, which improved the yields of the desired products substantially. 

3. It was shown that the method of nonproton initiation is applicable in principle for the synthesis of 
derivatives of the bicyclofarnesylic series with a functional substituent in the 3-position of the A ring. 
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