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a 
ABSTRACT 

The bas ic  i n t e r e s t  i n  p e r i c y c l i c  a d d i t i o n  reac t ions  o f  b i c y c l o -  

F.1 . g  nona-2,4,6-triene systems has led  t o  t h e  X-ray s t r u c t L r e  de te r -  

m ina t ion  o f  two product compounds o f  such react ions.  Upon r e a c t i o n  o f  

tet racyanoethylene w i t h  b i c y c l o  E.1 .q nona-2,4,6-triene ( I )  - and 9-ch loro-  

b i c y c l o  [6 .I .0] nona-2,4,6-triene '(2) - compounds 2 and - 4 are  formed. 1 

. . A r e a c t i o n  scheme has been proposed f o r  the  p r o d u c t i o n ' o f  3 and 4. 
2 

- 

A severe t e s t  f o r  any postu la ted r e a c t i o n  mechanism i s  the  geometr ica l  
I 

c o n f i g u r a t i o n  o f  t he  product.  Chemical and spectroscopic means o f  

e l u c i d a t i n g  the  stereochemistry  had been t r i e d  t o  no a v a i l ;  hence, X-ray 

d i f f r a c t i o n  techniques were chosen t o  unambiguously reso lve  the  geometry. 

J.  Clardy, L. K. Read, M. J .  Broadhurst, and L. A. Paquette, J. Amer.' - - 
Chem. z., 94,. 2904 (1972). - 

*L.  A. ~ a ~ u e t t e ,  M. J. Broadhurst, C. M. Lee,[ and J. C.  Clardy, 
J .' Amer . Chem. 2 ~ .  , 94, 630 (1 972). - - - 



From the acquired knowledge o f  the geometry o f  2 and 4, a proposed mecli- 

a n i s t i c  scheme has been suggested which involves a 1,3-bishomotro- 

py l ium ion. 
1 

Crys ta l s  o f  2 ( k i n d l y  donated by L. A. Paquette) were obta ined by 

glow evaporat ion o f  methylene c h l o r i d e  so lu t i on .  The c r y s t a l s  were 

found t o  belong t o  the  orthorhombic space group c lass  P w i t h  system- bcn 

a t i c  e x t i n c t i o n s  f o r  Okl (k=2n+l), h01 (1=2n+l), and hkO (h+k=2n+l). 

From c e l l  constants o f  a 1 5 . ( 1 ) ,  bz6.93(1)F(, and c=24.97(1)8, t he  den- 

3 
s i t y  wa; ca l cu la ted  t o  be 1.23g/cm w i t h  Z=8. The f i n a l  unweighted 

discrepancy index was ca lcu la ted  t o  be ~ ~ 8 . 5  per  cent  f o r  t h e  observed 

data .  

Crys ta l s  o f  ( k i n d l y  donated by L. A. Paquette) were grown by slow 

evapora t ion  from methylene c h l o r i d e  s o l u t i o n .  The c r y s t a l s  were found 

t o  belong t o  the  t r i c l i n i c  space group c lass  P-. Ce l l  constants o f  a= 1 

7.37(2)8, b=6.97(3)8, c=14.07(2)8, <=88.6(1?, B=76.3 (17, and 1=101.7(1? 

y i e l d e d  a congruent c a l c u l a t e d  and observed densi t y  o f  1 .36g/cm3 f o r  ~ = 2 .  
.. . 

The f i n a l  unweighted discrepancy index was c a l c u l a t e d  t o  be ~ = 8 . 9  pe r  

cent  f o r  t h e  observed data. 
i. 

. - I 
J. C.lardy, L. K. Read, M. J .  Broadhurst, and L. A. Paquette, J. Amer. - 

Chem. g., 94,-2904 (1972). - 
I .  



l NTRODUCT l ON 

I n  t h i s  thesis, the c r ys ta l  s t ruc tures o f  10,10,11,11-tetracyano- 

bicyclo[7.2.0]undeca-2,4,7-triene (1) . . and 6-chloro-10,10,11,11-tetra- 

cyanobicyclo[7.2. 01undeca-2,4,7-t r iene (2) - are reported.  he in te res t  

I 
i n  the geometrical' conf igurat ion o f  the two re la ted  compounds evolves.  

f r o m  the des i i e  t o  e luc idate  the meshanist'ic scheme o f  t h e i r  production, 

from cycloadd i t ion o f  tetracyanokthyl ene to&-bicyclo[6.  1.0lnona-2,4,6- 

t r i e n e  systems. A severe t e s t  o f  any.postulated react ion mechanism i s  the 

geometrical conf igurat ion o f  the product. Chemical and spectroscopic 

means o f  e luc ida t ing  the stereochemistry had been t r i e d  t o  no avai 1 ; 

, hence, X-ray d i f f r a c t i o n  techniques were chosen t o .  unambiguously resolve 

the geometry. From the  acquired knowledge o f  the geometry o f  1 and 2, a 

proposed mechanistic scheme, which involves a 1,3-bishomotropyl ium ion 

.i ntermedi ate, has been suggested. 



HISTORICAL BACKGROUND 

Per i c yc l  i c  Rearrangements o f  c&-~ ic~c lo [6 . l .  0 jnona-2,4,6-tr iene 

React ions invo lv ing  - cis-bicyclo[6. 1.0lnona-2,4,6-triene (2, 3b) 

have been extens ive ly  studied i n  the past ten years (1-5) .  Since the 

advent o f  o r b i t a l  symmetry theory (6), thermal p e r i c y c l i c  rearrangements 

o f  b icyclononatr iene have been o f  prominent i n t e res t  due t o  the confor- 

mational f l e x i b i l i t y  o f  the b i c y c l i c  system. Such f l e x i b i l i t y  would 

lead t o  d i f f e r e n t  alignments o f  the ~II o r b i t a l s  i n  the t r i e n e  segment 

and the cyclopropane o r b i t a l s  w i t h i n  the fused r ings  (3a, 3b ) .  By 

studying many o f  the  i n t r i g u i n g  thermal react ions o f  c&-bicyclo[6.1.0]- 

nona-2,4,6-triene, one could then p red i c t  the  mechanism involved dur ing 

these various rearrangement processes. 

. . . . . . .  . 

The works o f  Vogel and ~ i e f e r '  (1) showed t h a t  thermal bond re loca t ion  

was poss,ible i n  the bicyclononatr iene system. They observed tha t  b i -  

cyclononat r i ene (4) and 9,9-d i ch 1 orob i cyc 1 ononat r iene (5) underwent 

valence isomerizat ion t o  y i e l d  8,g-dihydroindene (6) and 1,2-dichloro- 

8,9-d i hydroindene (z) (Equations 1 and 2 ) ,  respect ively.  Equation 3, 

which involves a valence tautomer intermediate-t r icyclo[4.  3.0.01nona- 

2,4-diene (g , demonstrates a possib le mechanism f o r  these react  ions (2). 
1 



S i m i  l a r  experiments were performed by Katz and Garrat t  (3) w i t h  

'both - .  an t i -  and =-9-chlorobicyclo[6. 1.01nona-2,4,6-trienes (9 and 10, 

respect ively) .  They discovered, upon thermal rearrangement, tha t  bo th .  

an t i -  and z -9 -ch lorob icyc lononat r iene  y ie lded the same product, - 
1-chloro-8,9 -di hydroindale (11 - ) (Equation 4), and suggested tha t  the 

ant i -9-chloro der i va t i ve  fol lowed Vogel and KOeferls mechanistic scheme - 
(1 9 2 )  

Another mechanism f o r  thermal rearrangement, which was inc lus ive 

f o r  both the an t i -  and syn-9-chloro der ivat ives o f  bicyclononatriene, 

was advocated by La Lancette and Benson (4). This mechanism postulated 

tha t  ch1orocyclononatetraene (12) --- was thecommon i n t e m d i a g e  sinceboth 



9-chldro der ivat ives gave the same product (11)  q qua ti on 5). 

Applying the techniques 

by .Woodward and Hoffmann (6), 

o f  o r b i t a l  symmetry theory, as i 1 1 us t  rated 

and the known tendency o f  d i s ro ta to r y  syn- 

b i cyc 1 ocyc 1 opropy 1 ch 1 o r  i de r i ng open i ng ( 7 )  t o  9-ch1 orob i cyc 1 ononat r i ene, 

the syn-9-chloro ~~ de r i va t i ve  could react  v i a  the Vogel-Kiefer mechanism. 

I n  support o f  these conclusions, Barborak e t a l .  (5) demonstrated t h a t  

t.he syn-9-deuterio-9-chloro de r i va t i ve  o f  b icyclonoatr iene produced, 



w i t h  known stereochemistry, E-1 -c'tiloro-2-deuter io-cis-8,g-di hydroi . . ndene; 

which does indeed agree w i t h  the s t r uc tu re  pred ic ted by the Vogel-Kiefer 

mechanism (Equation 6). Such a mechanism could a l s o b e  theor ized f o r  the 

thermal rearrangement o f  the 9,g-d i ch l o ro  der ivat ive .  Barborak e t  a1 . 
, . 

a lso  proposed t ha t  the ant i -9-chloro de r i va t i ve  of b icyclononatr iene d i d  

not  react  by the same mechanism as the syn der ivat ive,  but fol lowed 

La Lancette and .Benson 1 s (4). theoret  i c a l  . scheme using ..the cyc lonona- 

tetraene intermediate. A t  t ha t  time, no considerat ions had been given 

t o  the conformation o f  the cyclononatetraene intermediate. 

When considering the stereochemistry o f  the cyclononatetraene i n t e r -  

mediate, Staley and Henry (8,g) postu la ted. that  symmetry-allowed con- 

rorarory  c&ncerbted ring opening o f  bicyalononatr iene would lead tn 

cis,cis,cis,trans-cyclononatetraene (13) which would then proceed through - -  - 
d i sro ta to ry  r i n g  c losure t o  t rans-8,g-d~h~droindene (14) ( ~ q u a t  ion 7). 



Although they discovered some examples o f  9,g-dialkyl der ivat ives t ha t  

d i d  y i e l d  t rans fused r ings i n  the 8,g-dihydroindene, system, most re -  

arrangements of bicyclononatr ienes were found t o  lead t o  & fused rings.. 

For a cis fused r ing, t h i s  mechanistic scheme would not  obey o r b i t a l  

symmetry ru les  because conrotatory r i n g  closure, required t o  form a cis . 

fused ring, does not  f o l  1 ow o r b i t a l  symmetry cons'iderat ions (6). 

By use o f  t rapping experiments, where the intermediate s ta te  would 

be I1trappedl1 by react ion w.i th a selected s tereo-spec i f ic  reagent, 

Anastassiou and G r i f f i t h  (10) were able t o  hypothesize t ha t  the i n t e r -  

mediate s ta te  f o r  the thermolysis o f  b icyclononatr iene and anti-g-chloro- 

b icycldnonatr iene was not cis3, trans-1,3,5,7-cyclononatetraene but actual  l y  

2 
. :  

c i s  trans,cis-1 3 5 7-cyclononatetraene. The i r  resul ts,  as summarized -,-- Y J J , 

i n  Scheme I , pred ic ted a I1Copel1 rearrangement o f  &-b icyclo[6. 1.01- 

nona-2,4,6-triene t o  15, which could then undergo symmetry-allowed con- 

ro ta to ry  opening t o  g ive the desired cis2, trans,cis-cyclonona-1,3,5,7- 

. 2  tetraene (16). The symmetry-allowed thermal r i n g  c losure o f  the cis, - 
trans, c I s-cycl ononateto~aene i ntermed i ate would .then .lead .d  i , rec t  1 y t o  -- 

4 
trans-8,g-di hidroindene (14). S ince & -cyclononatetraene (17) i s  



a precursor t o  - c i s  fused d i  hydroindene (1 1,2), a symmetry-forbidden 

4 
rearrangement o f  bicyclo[5.2.0]nona-1 ,,4,7-t r iene t o  c i s  -cyclonona- - 

. . 

tetraene could then lead t o  the  observed format ion o f  cis-8,9-di hydro- - 
indene (5). To account for  such an obverse conjecture, they postulated 

. . 
. that ,  on t h e  basis of k i ne t i cs  (K-, >> K2) , an eventual d i a i n  o f  . . 

. . 4 bicyclo[5.2.0]nona-l,4,7-triene (15), t o  - .  c i s  -cyclononatetraene 

, . would occur (10). 

. . 

Scheme I 

Symmetry ' forbidden 
I 



E lec t roph i l i c  Cycloadditions t o  c&-~ic~clo[6.l.0]nona-2,4,6-triene 

U n t i l  the l a t e  19601s only rudimentary invest igat ions had been 

. ca r r i ed  out on the e l e c t r o p h i l i c  cycloaddtion reactions o f  -. c is -b icyc lo-  

[6.1.0]nona-2,4,6-t riene. More recent 1 y, such e l  ectroph i 1 es as chl  oro- 

su l  fonyl  i socyanate (CS I) and t e t  racyanoethyl ene (TCNE) have been used, 

under a v a r i e t y o f  condi t ions t o  lead t o a s  many o f  a va r i e t y  o f  cyclo- 

add i t ion  products. I n  1964, Katz. and Garrat t  (3) f i r s t  noted tha t  the  

cyc loaddi t ion o f  TCNE t o  - cis-bicyclo[6.1.0]nonatriene and 8,g-dihydro- 

indene led  t o  two d i f f e r e n t  adducts, but they d id  not suggest any s t ruc-  

t u r a l  possibi  1 i t  ies f o r  these adducts. Subsequently, La Lancette and 

Benson (4) discovered t ha t  both 9-chlorobicyclononatriene and l -ch loro-  

8,g-dihydroindene react  a t  room temperature w i t h  TCNE t o  g ive the same 

adduct (18). . . -- - - -- . - 

The question then arose as t o  the actual s t ruc tu ra l  conf igurat ion o f  

the TCNE adduct o f  bicyclononatr iene. Okamura and Osborn (13) narrowed 

the s t ruc tu ra l  p o s s i b i l i t i e s  t o  one t h a t  corresponds formal ly t o  an 

adduct produced by the cyc loaddi t ion o f  TCNE w i t h  cyclononatetraene. 

They suggested compound 1 by s t ruc tu ra l  assignment from nmr and uv 

2 
spectra of the compound and postulated tha t  a, trans,cis-cyclonona- 

1,3,5,7-tetraene (16) was the intermediate involved. 



Baxter and Garrat t  (14) published a paper simultaneously w i t h  

Okamura and Osborn's. They supported Okamura and Osborn's s t ruc tu re  (3 

f o r  the cyc loaddi t ion o f  TCNE w i th  bicyclononatr iene and recognized the 

exact stereochemistry o f  the r i n g  juncture had t o  be known before a t -  

tempting t o  supply a mechanism f o r  the reaction. The nmr spectrum was 

of no help in, e luc ldat  ing the stereoconf igu;at ion o f  the molecule. The 

compound appeared t o  be thermal ly stable, but endeavors t o  c a t a l y t i c a l l y  

hydrogenate i t  led t o  a slow uptake o f  more than a theoretica.1 amount o f  

hydrogen. Since the TCNE adduct o f  bicyclononatr iene d id  not involve the 

t r i c y c l  i c .  valence tautomer B, and the react  ion led almost completely t o  

'only.one formal cyclononatetraene product, Baxter and Garrat t  (14) 

suggested tha t  the react ion was nonconcerted. 

L.' A. ~ a ~ u e t t e  e t  a1 . (15,16), a f t e r  deta i  led study, have proposed 

a nonconcerted mechanistic scheme f o r  the e l e c t r o p h i l i c  addi t ion t o  

bicyclo[6.1.0]nonatriene. While studying the two conformations o f  

c- i  s-b icy= 10[6.1.0]nona-2,4,6-tr iene (endo (20a) and ex0 (20b) . fusion - 



-- . . 

-of the cyclopropane r i n g  w i t h  respect t o  the cyc loocta t r iene ring)', they.  
. . 

t ha t  on ly  one possib le conformation (3 could lead t o  e lec t ro -  
1 - ' ,  

phi  1 i c  add i t i on  (15). They ra t i ona l  ized t h a t  i n i t i a l  bonding o f  the  

dienophi l e  t o  a sp2-hybridized carbon atom would be prevalent, but 

s t a b i l i z a t i o n  -from de loca l i za t ion  o f  the  ca t i on i c  charge i n  the  t r i e n e  

segment cou 1 d not  occur i n  e i t h e r  o r  2. due t o  the orthogonal i t y  

o f  the double bonds. 

Paquette . - -  e t  a l .  (15) proposed t ha t  i n i t i a l  bonding o f  the e lec t ro -  

p h i l e  would not  occur a t  carbon atoms C2 o r  C,+ s ince the  vacated p 

o r b i t a l s  on carbon atoms C and C respectively, would be spatially 3 5 ' 
or iented inappropr ia te ly  f o r  s t a b i l i z a t i o n  (21a, 21b). The vacant 

o r b i t a l s  are, d i rec ted  away f r a n  neighboring sp2-hybridized carbon atoms 

and' a1 so' away from' the o r b i t a l s  on the  cyclopropane r ing.  

I n  the case o f  E, i n i t i a l  bonding o f  the e lec t roph i le  t o  C would 3 
lead t o  s t a b i l i z a t i o n  o f  the carbonium ion (22), since the vacant 

p o r b i t a l  o f  C 2  would a l i g n  w i t h  the in te rna l  cyc.lopropy1 bond such t ha t  



delocal i z a t i o n  o f  the ca t i on i c  center could occur (17,'18). When looking 

a t  e l e c t r o p h i l i c  a t tack a t  C i n  s, one w i l l  observe t ha t  the vacant 
3 

p o r b i t a l  on C2 i s  essen t i a l l y  destab i l ized due t o  i t s  pos i t i on ing  

toward the center o f  the cyclopropane r i n g  (23) (17,18). Therefore, . . 

t he  f i r s t , s t e p  towards the react ion o f  an e l ec t roph i l e  w i t h  b icyc lo-  . . 
. . 

nonatr iene would be bonding a t  C on the endo fused bicyclononatr iene 3 
system (20b) . 

Paquette e t  a1 . (15) theor ized t h a t  the ' r eac t i v i t y  o f  the 

9-subst i tu ted der i va t i ves  o f  the bicyclononatr iene system depended upon 

t h e i r  capabi 1 i t y  t o  a t t a i n  the endo fused conformation. As exh ib i ted  i n  

20a and '20b, 2 - 9 - s u b s t  i tu ted der ivat ives,  i . e. A = H; B = C1, CH3, etc., - - 
o f  bicyclononatr iene would probably a t t a i n  the exo conformation (2) 

due t o  s t e r i c  hi,ndrance o f t h e  subst i tu ted groups w i t h  t he  double bond 

most remote from the cyclopropane ring, wh i le  ant i -9-subst i tu ted der i v -  

at ives,  i.e. B = H; A = C1, CH , etc., could a t t a i n  the endo pos i t i on ing  3 
8 .  

(2) needed f o r  reaction. Paquette et fi. proved t h i s  t o  be the case 

by demonstrating the lack o f  r e a c t i v i t y  o f  the a - 9 - s u b s t i t u t e d  der iv -  

a t i ves  o f  b icyclononatr iene towards e l e c t r o p h i l i c  addi t ion.  



Warner and Winstein (19) reacted bicyclononatr iene w i t h  the  simplest 

o f  e lect rophi les  - the proton. From analysis using NMR techniques, they 

deduced tha t  a 1 ,  3-bishomotropyl i um ion (24) - had been produced. As 

reinforcement t o  t he  ~ a q u e t t e  e t  a l .  thes is  ( i 5 ) ,  they proposed 

an i n i t i a l  a t tack.  of t h e  proton t o  carbon atom C 
-. 3' 

2 4 - 
2 The 1,3-bishomotropylium ion i s  composed o f  a system o f  f i v e  sp - 

hybr id ized carbon atoms separated from two sp2-hybridized carbon atoms 

by two methylene brldges. Theoret ical ly ,  conjugation occurs between a l l  

2 I I 7 .sp -hybr i dized carbons t o  g ive an aromatic system ( ~ u c k e l  I s  4n + 2 ru le)  

by conjugating across the methylene bridges. Warner and Winstein (19) 

bel ieved t h i s  conjugation d id  occur across the methylene brldges on 

account o f  s lmi l a r  cont ro l .  experiments they ran on cyclooctatetraene (a 
(Equation 8). They found the  nmr data f o r  1 and 2J t o  be s i g n i f i c a n t l y  

d t f f e r e n t  as t o  j u s t i f y  the  seven carbon aromat ic i ty  o f  the  1,3-bishomo- 
I 

t ropq l  ium ion. I. 



Warner and Winstein a lso postulated t h a t  the  methylene bridges were cis 

disposed . . (w as opposed t o  t rans disposed (27) basing t h e i r  ana.lysis 

on chemical s h i f t  d i f ferences o f  inner and.outer protons i n  the nmr. I 

spectra and the  charge d i s t r i b u t i o n  observed f o r  ;he ion. 

. Paquette et fi. ' (15) be1 ieved, tha t  a f t e r  e lect rophi  1 i c  a t tack 

a t  carbon atom C i n  thex.tub -conformation o f  bicyclononatriene, the 3 
1.nne.r cyc l  bpropyl bond kou l  d break a n d  the mol ecule would rearrange t o  

form a.1,3-bishomotropylium ion. The question arose as t o  what the 

stereochemi s t r y  o f  the b i  shomotropyl ium ion was and how the dienophi 1 e 

attacked the molecule. Scheme I1 (1.5) shows the four  possible combina- 

t ions (28 -31) of o r  t rans methylene bridges w i t h  endo o r  exo bonding 

o f  the dienophile. 

Paquette et 2. (15) used chlorosul  fony l  isocyanate (CSI) as an 

e l e c t r o p h i l i c  'reagent t o  support t h e i r  hypothesis. The react ion o f  

C S I  with. b icyclononatr iene (4) and 9-methylbicyclononatriene (32) led 

t o  trans fused p-1 actams (36, - 38) i n  both cases (Equations 9 and 10) 

as Suggested by nmr data and c a t a l y t i c  hydrogen~t ion  t o  stereochemically 

e lucidated compounds (15). These observations cut  the number o f  possible 

modes o f  react ion from four t o  two. 



. . 
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Scheme I1 



I f  the stereochemistry o f  carbon atom C4 was known i n ,  one could 

i den t i f y  the 'reaction ,mode and the stereochemistry o f  the intermediate 

1, 3 - b i s h ~ o t r o p y l  ium ion. Consequent 1 y, the X-ray analysis o f  2 was 

performed. The stereochemistry o f  the molecule placed the hydrogen . . . 

atoms. o f  carbon atoms C4 and C1 trans t o  each other; , therefore,, 28 

was assumed t o  be the mechanistic intermediate (15). This r e s u l t ' d i r e c t l y  
. . 

co'ntradicts Warner and Winstelnls (19) predic t ion that  the 1,3-bishomo- 

t ropy l  ium Ion has fi posit ioned methylene bridges. 

To fu r ther  invest lgate t h e i r  mechanistic sscheme, Paquette selected 

the TCNE adduct of.,*-b icyclononatri  ene (1) . By resolving the stereo- 

chemistry o f  l, the react ion niechanism would agairi be l i m i t e d , t o  two 

poss'ibi 1 i t i e s  On scheme 11. But the stereochemistry o f  1 was apparently 

unresolvable by ordinary chemlcal techniques such as NMR and hydrogenation 

t o  . a . stereochemical l y  elucidated compound (14). Therefore, X-ray c rys ta l  . 

s t ructure analysls was t h e  obvious alternative method fo r  determining the 

s tereochem 1 s t r y  of _1. 

. ' I n  t h i s  thesis, conclusive stereochemical resu l ts  f o r  the s t ructure 
I '  

o f  the TCNE adduct o f  &- bicyc1o[6.1.0]nona='2,4,6-triene are shown, 

thereby narrowing the four  mechanistic pathways i n  Scheme I1 t o  two. 

A f te r  the resolut lon o f  the stereochemistry o f  1 had been accomplished, 

Paquette and co-workers found tha t  the cycloaddit ion o f  TCNE t o  9-chloro- 

b i cyclo[6. 1.01nona-2,4,6-,t r i ene (2) ,  not on 1 y produced compound 2 i n  

50% yield,  but careful  ext ract  ion from the mother 1 iquor also yielded 
' ' 

compound 2 (Equat ion 11). 



'The X-ray analysis o f  2 i s  also reported i n  t h i s  thesis. On the basis 

o f  this. analysis, the mechanistic pathway i n  Scheme I1 was again 

narrowed t o  one as i t  .had been f o r  the  C S I  adduct. o f  9-methyl bicyclo- 

nonatriene. 



THE CRYSTAL STRUCTURE OF 10,10,11,11-TETRA- 

.- . C-YANOB I CYCLO[~ .~ .O]UNDECA-2 ,4 ,7 -~~  I ENE. 
. . 

. .. - . I. . -. . . . ___._, .- ... . 

Prel iminary Invest igat ion and Data Co l lec t ion  

Clear ac icu la r  c r y s t a l s o f  10,10,11,1 1-tstracyanobicy10[7.2.0]- 
. . 

. undeca-2,4,7-t r iene (3, (k ind ly  suppl led by L. A. ~ a q u e t t e )  w e r a  obtained. 

by slow evaporation o f  methylene ch lo r ide  solut ion. Prel iminary X-ray 

photographs revealed Laue symmetry of mmm, which places the c r ys ta l s  i n  

the orthorhomblc space group class. Systemat i c  e x t i n c t  ions were observed 

f o r  0k4(k = 2 n + l ) ,  hW(4 = 2n '+ l ) ,  and hk0(h + k = 2 n + l )  and uniquely 

14 
determined the  space group t o  be Pbcn (D2h) . A congruent c a l t u l  ated and 

3 experimental densi ty ( p  = 1.23g/cm ) disclosed Z = 8 (or  one molecule per 

asymmetric un i t ) .  .A c r ys ta l  w i t h  approxi.mate dimensioris o f  0.15 ~ 0 . 1 0 ~  

0.10 mm was mounted along i t s  b axis and t ransfer red t o  a fully-automated 

H l  lger-Watts four -c i  r c l e  d i f f  ractometer equipped w i t h  a s c i n t i l  l a t  ion 

detector system. From accurately measured 8 values,.cel l  constants were 

calculated .to be a = 15.4(1)8, b =  6.93(1)8, c = 24.97(1)8. 

data were co l lec ted  a t  room temperature ' fo r  the hk4 octant  w i t h i n  a 

2 8 sphere o f  50' using Z r - f  1 l t e red  MoKa rad ia t ion  (0.710f8). Anm-28 

scan technique was employed w i t h  backgrounds measured a t  
. . 

Throughout data co l lec t ion,  per iod ic  measurements were made . . on three 

assigned standard re f l ec t i ons  t o  assess c r ys ta l  and e lec t ron ic  s tab i - l i t y .  

The i n tens i t i es  were corrected f o r  Lorentz and polar izat ' ion fac tors  and 

the estimated dev ia t ion o f  the in tens i ty ,  o (I), was based on [ ( t o t a l  

2 1 

count) + (background count) .+ 0.05 ( t o ta  1 count) + 0.05 (background c o u n t ) 2 ~ .  



The estimated deviation of Fy a (F) , .was calculated fr& 

A total of 2220 reflect ions were judged observed using the criterion . . 
. . 

that, F > 3 a (F) for any data to b.e observed. correct ions were not made 

for anomalous d i  spers Ion, ebsorpt ton (G 0.835 cm-') , or decompos i t ion. 
. . 

. . Sol ut ion and Refinement 

~drmal'ized structure factors were calculated from a Wi lson Plot in 

* a standard.way (21). phases were assigned to the 436 Els greater than 

1.5 by the iterative appl ication of Sayre1s equation (22). An E-map 
- 

was computed from the most conslstent set of phased E's, and all 20 

nonhydrogen atom pos i t ions were located (23) . Full -matrix 1 eas t-squares 

refinements on 
N 2. 
I2 o, I I~obs 1 - l~cal c 1 1: , 

obs = 1 
, . 

where o, = C I / ~ ( F )  12, wlih anirotrobic temperature factors reduced the 
convent lonal we1 ghted and unweighted discrepancy indexes to R = 13.6% 

and R =  ll.b%y respectively. At this polnt, hydrogen atom positions were 

calculated for the trigonal and tetrahedral carbon atoms with.C-H bo'nd 

distances set at 1.088. Introducing the hydrogen atoms and refining on 

the parameters of the nonhydrogen atoms (321 parameters) lowered the 

weighted discrepancy index to R =  9.4% and the unweighted to R =  8.5% for 

the observed data. The scattering factor tables were those of Hanson 

et a. (24). In Tables 1 and 2 are listed the final X-ray coordinates - 
and thermal parameters, respectively, along wtth their standard 



deviat ions (25). .F igure  1 l i s t s  the observed and ca lcu la ted s t ruc tu re  

factors f o r  1 (25) based on the parametersq shown i n  Tables 1 and 2. 

Descr ipt ion and Discussion o f  St ructure 

The geometrical conf igurat ion ,of 1 i s  i 1 lus t ra ted  i n  Figure 2 (26). . 

As can be c l e a r l y  seen, the fus ion  o f  the cyclobutane and cyclononane 

r ings  i s  t rans w i t h  a C (2 ) -~ (1 )  -~ (9 ) -C(8)  d ihedral  angle o f  100'. pucker- 

. . ing o f  the cyclobutane r i n g  and ske le ta l  s t r a i n  i n  the r i n g  are evident ' , . . 

from the ~(1)-C(11)-C(10)-C(9). d ihedral  angle and the  bond. lengths (1.57 - .  

1.598), which a r e  longer than expected f o r  such a system (27) ., The 

~ ( 1 ) - ~ ( 2 ) - ~ ( 3 ) - ~ ( 4 )  iystem var ies f rom c o p l a n i r i t y  by 8' which imp; ies 

tha t  to rs iona l  strain does e x i s t  on the C(2) -C(3) double bond. , The 

dihedral angle o f  the butadiene port ion, C.(2)-C(5), i s  57'. Figure 3 

(26) il lus t ra tes  the  pos i t l ons .o f  the symmetry-related mol.ecules i n  the 
. . 

u n i t  c e l l .  A l l  bond lengths and bond angles agree w i t h  accepted.values 

and are l i s ted ,  w i t h  t h e i r  standard deviations, i n  Tables 3 and 4 (28). 
. . 

~ a b l e . 5  1 i s t s  selected dihedral  angles f o r  1.. 



Table 1. F lna l  f rac t iona l  coordlnatesa f o r  1 

.. . . . " .  I . .  . , . .' . a *  

c (9) 
.-, , ' .';. ' .;: .&(. 1o)i 

- 2 .  (.".;:: . '  ' .  1 ,. . 
, C(11) 

a The estima$ed;s-tindard deviat ion i s  given i n  parentheses for the 
least  s igni f icant .  f i,gure-i- 



4 
Table 2. F i n a l  values .of the  thermal.parametet-s (x10 ) and t h e i r  standard deviat ions f o r  1. The 

2 2 2 
f o r m  o f  t h e  temperature fac tor  i s  exp (-pllh -$22k  - $  L - 26  hL -2p  

. . 33 13 23 

Atom 

a The hydrogen atans were given an i s o t r o p i c  temperature f a c t o r  o f  68 which was n o t  varied. 



Figure 1. Conipar i sons o f  the observed and 'calculated structure factors 
( i n  electrons x10) f o r  1 







Figure 2. A-computer generated perspect ive drawing o f  1 
. . 









Figure 3. A computer gene-ated perspective drawing o f  the un i t  c e l l  o f  1. 
A i s  the r e f e r e ~ c e  molecule a t  ( x , y , z ) .  The other molecules 

Y 
1 1 are generated i n  the f o l  lwi ng wa : B ( - x, 2 - y, + z )  ; 

1 
c ( $ + x ,  5 - Y ,  I - 2 ) ;  D (  1 - x ,  y , ~ - z ) ;  E( 1 - x ,  1 - y ,  1 - z ) ;  

1 1 F ( ? + x ,  $ - + v ,  5- z ) ;  G ( 3 - x ,  s + y ,  2 ) ;  H(x, -y, * + z )  





Table 3. , Selected bond lengthsayb f b r  1 

Atoms Bond length, 8 

a A 1  1 carbon-hydrogen bon-d lengths were set a t  1.08 8 .  
blge ~ 3 t  irnqted ?f Andard deviation i s  gly& i n  parentheses fo r  the 

least  s tgn1f'tc:dnt:'-f Igure'. I . l  " , 
I 



~ a b ' l e  4. Selected interetomlc anglesa for L 

Atoms . Angle, degrees Atoms Ang 1 e, degrees 

a 
The standard deviat ion ( i n  parentheses) i s  calculated from the 

inverse matr Ix o f  least  squares refinement. 

. . 



Table 5. Selected dihedral angles for 1 

Atoms Angle, degrees 



THE CRYSTAL, STRUCTURE OF 6-CHLORO-, 

~10,10,11,11 -TETRACYANOB I C Y C L O [ ~ . ~ .  O~UNDECA-2,4,7-~~ I ENE . ' - 

Prel iminary Invest igat ion and Data Col lec t ion 
. .. . . - - . . 

Crysta ls  o f  6-chlo~o-10,10,11,11-t~tracyanobicyclo[7.2.0]undeca- 
*' 

2,4,7-triene (2) (k lnd ly  supplied by L. A. ~aque t te )  were grown by slow. 

evaporation o f  methylene ch.loride solut ion. Microscopic examination 

revealed clear, needle- l ike c rys ta ls  w i t h  well-deflned faces. A c r ys ta l  

w l t h  approximate dlmenslons o f  0.15 x 0.10 x 0.10 mm was selected f o r  

d i f f r a c t i o n  work. Laue symmetry o f  .i and the  absence o f  any systematfc 

1 1 
e x t i n c t i o n s d e f i n e d t h e  space group as e i t h e r  P i ( C i )  o r  P I  (C1). A 

3 ' ca lcu la ted and observed density o f  1.36 g/cm f o r  Z = 2 1nd.icated one 

molecule per asyme t r t c  u n i t  f o r  the presumed space group P i .  

. . 
A c r ys ta l  mounted on the c axis was t ransfer red t o  a f u l  ly-automated 

Hilger-Watts . f o u r - c i r c l e  d i f f r a c t m e t e r  w i t h  a s c i n t i l l a t i o n  detector . . 

system. Cel l  constants o f  a = 7.37 (2)A, b = 6.97(3)61, c = 14.07(2)8, 

0 
a = 88.6(1)O, p = 76.3(1). , and, Y = 101.7(1)' were obtained from a least-  

squares f i t .  o f  accuratel'y measured theta values. A1 1 data. w i t h i n  a 28 

sphere o f  50' f o r  the hk4, Ek&, hi&, and TE& octants were co l  lec ted us ing 

Z r - f  11 tered MoKa rad la t  ion (0.71 0761). A movlng c r ys ta l  -moving counter 

scan, technique was used w i t h  backgrounds measured a t  f (0.25 + 

0.01 BhkC). Period i c  measurements o f  three assigned standard r e f  1 ec t  ions 

were checked t o  appraise c r ys ta l  and e lec t ron ic  s t a b i l i t y .  A dec l ine o f  

-10% was not iced i n  the  I n tens i t i es  o f  the standard re f lec t ions .  No 

correct  f o n  f o r  t h i s  e f f e c t  was made. The in ' tens i t  ies were corrected f o r  



Lorentz and p ~ l a r i ~ a t  ion factbrs, and a (I) was estimated f r o h  [ ( t o t a l  

count) + (background count) +0.05 ( t o t a l  count j2 + 0.05 (background 

2 "  count) I*..  he estimated' dev ia t ion o f  F, q (F), was ca lcu la ted from . . 

1 1 

a ( F )  = ([ I + o (I) ] / ip]" - ( I/Lp) " (20). O f  t he  2332 re f l ec t i ons  

measured, 1736 were judged observed (F > 3 a (F)) . A small .calculated . . 

1 inear absorpt ion &e f f  i c i e n t  o f  2.1 cm-', indicated t ha t  no absorption 

cor rect  ion was ..necessary, 

So lu t ion and Refinement 

Normalized s t ruc tu re  fac tors  were ca lcu la ted i n  a standard way from . , ' 

. . 

a Wilson p l o t  (21), ai-td from the s t a t i s t i c a l  d i s t r i b u t i o n  o f  the  Els 

the space group was postul  ated t o  be P T . Phases were ass i gned t o  the 

230 Els greater than 1.5 by the i t e r a t i v e  appl i ca t i on  o f  Sayre1s equa- 

t i o n  (22). The most consistent  set  o f  phased Els  were used t o  compute 

an ~ g r n a ~  wh i ch revealed eighteen o f  the twenty nonhydrogen ' atom .pas i t ions 
. . 

(23). A subsequent e lect ron densi ty map was ca lcu la ted w i  t h  phases o f  

the eighteen atom fragment, and the  two remaining nonhydrogen atom posi-,  

t ions were ,disclosed (23). Ful 1-matr i x  least-squares r e f  fnements (222 

2 
parameters) on Ern I l ~ o b s  I - I ~ c a l c  1 I , where m = [1/a (F) j2, w i t h  ani so- 

t r o p i c  temperature parameters reduced the conventional weighted and un- 

weighted discrepancy' indexes, respectively, t o  a minimum of uR=10.6% 

, and R=8.9% f o r  the. observed ' r e f  1 ec t  ions. The sca t te r ing  factors  used 

were those .of Hanson g d. (24) . Tab1 es 6 and 7 1 i ,s t  the  f i nal .X-ray 

coordinates and thermal parameters, respectively, along w i t h  t h e i r  

standard deviat ions (25). The ca lcu la ted and observed s t ruc tu re  fac tors  

are 1 i s t ed  i n  Figure 4 (25). 



. . 
Table 6. ~ i n a l  f rac t iona l .  coordi.nates for nonhydrogen atoms o f  

compound za 
, . .  

Atom x Y 2 .- 

a Estimated standard deviations, shown i n  parentheses, are r i g h t  
adjusted t o  the least  s ign i f i cant  d i g i t  o f  the preceding number. 



4 
Tab le  7. F i n a l  ,values o f  t h e  therma.1 paramet'ers (x10 ) and t h e i r  s tandard d e v i a t i o n s  f o r  compound . . 

2 2 2 
2. The form o f  t h e  temperature f a c t o r  i s  exp(-Fl lh -p2Zk - p  4. -2pl2hk-2P hC-2p kt,) . . - 3  3  1 3  2 3 

Atom 



F i g u r e  4.. Comparisons o f  t h e  observed and ca l cu la t ed  s t r u c t u r e  fac tors  
( i n  edectrons x10) f o r  2 .... 





~ e s c r ' i ~ t  ion and D i scu js  ion o f  Structure . . 

The geometrisal conf igurat ion o f  2 i s  i 1, l us t ra ted  i n  Figure 5 (26). ' ' ;. . . 

l he f i g u r e  d i s t i n c t l y  . shws the  t rans fus ion o f  the four  and nine mem- 
. . 
. . 

bered rings. , The hydrog'en at&s on C (1) and' C (4) .are a1 so trans disposed.. 
' 

. . 
. . 

~ucker i ' ng  o f  the cyclobutyl  r i n g  i s  evident w i t h  a ~ ( 1 ) - ~ ( 1 1 ) ' - ~ ( 1 0 ) - ~ ( 9 )  . . 
. . . . 

d ihedral a n g l e o f  19'. ~ o n d ' l e n ~ t h s  f o r  the cyclobutyl  r i n g  are long. 
I 
! 

(varying fro& 1.57 - i.591) indicating t h e s t r a i n  wi th in '  the r i n g  (27). 

. The dihedral angle f o r  the butadiene segment C(5) -C(8) i s  47'. Most . . 

. . 
bond distances and angles agree we1 1 w i t h  accepted values. Figure 6 

shows the u n i t  c e l l  drawing o f  the two centrosymmetrical l y  re la ted  

molecules (26). Tables 8 and 9 1 i s t  the bond distances and angles, 

respectively, along w i t h  t h e i r  deviat ions (28). Selected dihedral angles 

are shown ' i n  'Table. 10. 





Figure 5.:. . A computer . . generated perspective drawing o f  2 
I 





Figure 6. P. computer generated perspective drawing o f  the u n i t  c e l l  o f  2 . .  A i s  
the reference molecu~e a t  ( x , y , z )  and B i s  the c e n t r o s y m e t r i ~ a l l y  . . 
re la ted molecule a t  IF, 7,q 





. . 

Table 8 .  Selected bond lengthsa for Z 

Atains . Bond 1 ength 8 . . .  . . .  . .  . 
, # 

a 
The estimated standard deviat ion i s  given i n  parentheses f o r  the 

least  s ign i f i cant  f igure.  



Table 9.' Selected interatomic. anglesa for 2 - 

Atoms Ang 1 e, degrees Atoms Ang 1 e, degrees 

c(1) -c(2)-c(9) , , -121 ( 1 ) '  c (9) -.c ( i0 )  -C (14) 113(1) ' .  

c (2) -C (1) -C (1 1) 115(1) : c(g) - c ( I o ) - ~ ( 1 5 ) .  113(1) . , 

. . .. 

. c (~ ) -c ( I ) -c ( I I )  88(1) c ( I I ) -c ( Io ) -c ( I~ )  i 

a The estimated standard deviat ion i s  given in.parentheses f o r  the 
leas t  s ign i f i cant  f igure  and i s  calculated from the inverse matr ix o f  
1 east squares r e f  i nement . 



. . - 

Table 10. Selected dihedral angles o f  2 - -- - 

Atoms Ang.1 e-, degrees 



As was discovered in'  the s t ruc tu re  determinations o f  I. and.2, the 

r i n g  j 'uncture o f  the four  and nine membered r i n i s  in  both cases was 

trans. This t rans d ispos i t ion  o f  the hydrogen atoms on carbon atoms - 
C, and C 4  in 2 supports the mechanistic schime invo lv ing the trans-113- 

bishoniotropyl iun ion intermediate advanced by Paquette g ,  a. (15). 

To f o l l ow  such a scheme where i n i t i a l  bonding o f  the e lec t roph i l e  t o  C 3 
would occur i n  an 2 fashion w i t h  readjustment t o  a trans-1,3-bishomo- 

t.ropy1 ium ion; Clardy et a. (29) suggested t h a t  TCNE acted as a 

dlpol 'ar e lect rophi  l e  (Equation 12). The ion ic  character of TCNE I n  

cyc loaddl t ion i-eactions has been manifest f o r  a va r i e t y  o f  systems (30,'31). 

v. .  
TCN E I + - 

(12) 

Clardy e t  al.  (29) a lso stated t ha t  the 9-methyl der i va t i ve  o f  b icyc lo-  

nonatr lene reacted w i t h  TCNE t o  g ive a compound s i m i l a r  t o  2 w i t h  respect 

t o  nmr data i n  69k .  yield,  a1 though c r ys ta l s  su i tab le  f oy  X-ray, s t ruc tu re  

analysts could not  be obtained. 
. . 

I n  summary, the c r ys ta l  s t ructures o f  1 and 2 support a mechanistic 

scheme which involves a trans-1,3-bishomotropyl ium ion intermediate (29). 

The negative cont ro l  experlments o f  Baxtor and Garrat t  (14) r u l e  out the 

2 - 2  4 
poss ib i l  i t y  o f  a concerted (n s + n s) cycloaddi t i o n  o f  TCNE t o  - c i s  -cyc'lo- 

2 2 2 
nonatetraene, and the  concerted (n a + n s) react ion o f  c i s  ,trans, 



cis-cyclononatetraene would lead exc lus ive ly  t o  cis r i n g  fus ion i n  the - 
adduct. Also, because o f  the stereoselect  i v i t y  a t  C4 i n  2, the pas-, . '  

2 
t u l a t i o n  o f  stepwise r2 + n2 cyc loaddi t ion t o  c i s  ,trans,cis-bicyclo- 

noriatetraene can be re jected (29). The resu l ts  obtained a1 so cont rad ic t  

Warner' and Winstein's (19) proposal t ha t  the 1,3-bishomotropyl ium ion 

intermediate evolv ing from e lect rophi  1 i c  abd i t  ion t o  bicyclo[6. 1.01nona- 

2,4,6-triene has & disposed methylene bridges. 

I n  conclusion, a question may now be posed as t o  why the TCNE' 

cyc 1 oadd i t i  on t o  the 9-ch 1 oro and 9-met hy.1 der i vat ives o f '  b i cyc l  onona- 

t r i e n e  lead t o  two d i f f e r e n t  major products. I n  the 9-chloro de r i va t i ve  

react ion w i t h  TCNE the main product i s  compound l8, wh i l e  - the 9-methyl 

de r i va t i ve  react  ion w i t h  TCNE leads t o  a compound w i t h  charac te r i s t i cs  

s im i l a r  t o  compound 2 which i s  a minor product o f  the 9-chlord der i v -  

a t i v e  react ion.  Further mechanistic studies would be o f  in te res t  i n  

'solving t h i s  question. 
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