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Ihia- arrj dithiametacyclophanes have been shown to mdergo several 

types of interesting cd-tiom1 behavior. ?he coalescence temperature 

mthcd has been widely used to estirate the various conformtianal energy 

barriers. Dithia[nImtacyclophes exhibit a unique flipping m e s s ,  the 

h i e -  of hich largely depei-ds an the substitlent at the [n+61-pition. 

An inversion -ess is c-n among thL- and dithia[rn.nlrretacyclophanes 

(m = n or m # n). However, substituent(s) at the 9- andlor 18-position(s) 

of dithii[3.3lrretacyclnPhes results in variability of the conforma. 

preferred. M m t  medimsized dithiametacyclophanes sew to be conforma- 

tiomlly very mobile blrt t h e  dithL[3.1.3.llrreta~yclqkms are barn to 

demonstrate a novel "twist-inversion" flvxi-1 behwim. 

In the pest 25 years, a substantial literature has accumulated concerning the syntheses 

and properties of metacyc~ophanes~-~~. In particular, [2.2lmetacyclophanes have been widely 

used as models for the investigation of intramolecular and transannular steric and electronic 

The stereochemistryl1 of [Z.2lmetacyclophanes is also well-known. An 

equally substantial number of thia- and dithiametacyclophanes have also been reported during 

recent Years. They were prepared largely as precursors for the corresponding metacyclophanes 

andlor metilcyclophanedienes3~10'13. However, the stereochemical aspect of these thia- and 

dithiametacyclophanes has also been well-studied and dmonstrates some interesting conforma- 

tional processes. The longer C-S bond and the lower bending energy of a C-S-C bridge provide 

more conformational flexibility in the thia- and dithiametacyclophanes than in their mtacyclo- 

phane counterparts, thus resulting in lwer conformational energy barriers. 

*Present mailing address : Department of Chemistry, University of California, Berkeley, 

California, 94720, U.S.A. 



THE COALESCENCE TEMPERATURE METHOD 

1 Temperature-dependent H-NMR spectra o f  a 

s imple confotmat ional  in terconvers ion.  

1 
Var iab le  temperature H-N.IR spectroscopic s tud ies  have w ide ly  been used t o  ob ta in  informa- 

t i o n  on dynamic molecular  movements, i n  p a r t i c u l a r  the  determinat ion o f  the  energy b a r r i e r s  t o  

conformational i n t e r c o n ~ e r s i o n l ~ ' ~ ~  and f o r  r o t a t i o n  about s t e r i c a l l y  hindered carbon-carbon 
1 

s i n g l e  bonds16-21. However, s ince  the p r a c t i c a l l y  measurable temperature range i n  H-NMR 

s tud ies  i s  from - 1 8 0 ~ ~  t o  t200°c, t h e  range i n  energy b a r r i e r s  t h a t  can be s t u d i e d  i s  thus 

r e s t r i c t e d  f rom 20 t o  110 kJ/mole. 

For  a r e l a t i v e l y  s imple conformat ional  i n te rconvers ion  process, f o r  example where t h e  

low-temperature spectrum cons is ts  o f  two peaks and these co l lapse  and reappear as a s i n g l e  peak 

a t  t h e  average p o s i t i o n  a t  h igh  temperatures (F igure  I ) ,  the  coalescence temperature (Tc)  
14,15 

method t o  est imate A G ~  ( t h e  t r a n s i t i o n  s t a t e  f r e e  energy a t  coalescence) i s  most o f t e n  used 

as a measure o f  t h e  energy b a r r i e r  f o r  such a process. This  method simply invo lves  t h e  measure- 

ment of the  coalescence temperature (Tc) and t h e  frequency seperat ion (Av) of the  peaks con- 

cerned a t  the  low tanperature l i m i t  (F igure  1 ) .  The r a t e  constant  (kc )  and free energy of 

a c t i v a t i o n  ( A G ~ )  f o r  the  exchange a t  Tc can then be c a l c u l a t e d  from equations I11 and I21 
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ffi: (kJ/mole) = 0.019 Tc (9.972 t l o g  t) [3] 
AV 

14 r e s p e c t i v e l y  . Equation [21 i s  transformed t o  equation I31 f o r  t h e  purpose o f  d i r e c t  ca lcu-  

l a t i o n .  

The s imple method discussed above i s ,  hnrever, n o t  w i t h o u t  l i m i t a t i o n s .  For example, the 

l i n e w i d t h  of the s igna ls  must be small  i n  comparison t o  t h e  Av value.  Secondly, the AG: 

values so obta ined should o n l y  be compared w i t h i n  s i m i l a r  examples such t h a t  AS! i s  approxi -  

mate ly  constant. 

Y Reference - -- 

1 2 22 

2 3 22, 23. 24 

3 4 25, 26 

4 5 22 

5 6 22 

As f a r  as the  parent  dithia[n]metacyclophanes a r e  concerned, t h e  members 1 - 5  have been 

repor ted.  They have a l l  been shown t o  e x h i b i t  a conformational f l i p p i n g  process A=B (F igure  

1 2; X = H). The presence of the  two s u l f u r  atoms g r e a t l y  s i m p l i f i e s  the  H-NMR s igna ls  f o r  the  

benzy l i c  protons, which c o u l d  be e a s i l y  moni tored t o  i n d i c a t e  the  f l i p p i n g  process. For example, 

the  benzy l i c  protons o f  dithia[6lrnetacyclophane 1 appear as a s i n g l e t  ( 6 3 . f ~ 6 ) ' ~  a t  + 1 2 0 ~ ~ ,  

i n d i c a t i n g  a f a s t  conformational e q u i l i b r i u m  A f  B (F igure  2; X = H). A t  -50°c, however, the  

process i s  frozen and t h e  benzy l i c  protons now appear as a c l e a r  A0 system (6A = 4.26, 6B = 3.69, 

22 JAB = 10 Hz) . 



FIGURE 2 Conformational f l i p p i n g  i n  d i t h i a c n l -  

metacyclophanes. 

The c e n t r a l  methylene protons cou ld  sametimes be moni tored t o  demonstrate t h e  f l i p p i n g  

process as i l l u s t r a t e d  by dithiai71metacyclophane~~'~~. I n  i t s  'H-NMR spectrum a t  ambient 

temperature, t h e  protons HA and HB appear as a q u i n t u p l e t  a t  60.45 i n d i c a t i n g  t h e  f a s t  e q u i l i -  

br ium A = 8 (F igu re  1: X = H) .  As t h e  temperature i s  lowered, t h e  s i g n a l  f a r  p ro tons  HA and 

H c o l l a p s e  (T = -50 '~)  and subsequently reappear ( - 9 5 ' ~ )  as two broad peaks a t  6-0.21 (HA) B c 

and 61.71 (HE) r e s p e c t i v e l y .  The h i g h - f i e l d  s i g n a l  f o r  HA i s  c o n s i s t e n t  w i t h  a f rozen  confor- 

mat ion as shown i n  2 A  i n  which HA i s  l oca ted  d i r e c t l y  above t h e  c a v i t y  o f  t h e  a -e lec t ron  

c loud  and thus exper ienc ing a s h i e l d i n g  e f f e c t .  

Using t h e  coalescence temperature method14, t h e  respec t i ve  energy b a r r i e r s  of t h e  
22 

conformational f l i p p i n g  i n  1 and 1 a r e  est imated t o  be 51.9 and 42.723'24 kJIrnole. These 

values a r e  r e s p e c t i v e l y  sma l le r  than those ob ta ined  f o r  a s i m i l a r  f l i p p i n g  process i n  161- 

3 
metacyclophane 6 (72.8 kJImole) and [7lmetacyclophane 7 (48.1 k ~ l m o l e ) ~ ,  c o n s i s t e n t  w i t h  
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t h e  f a c t  t h a t  the  longer  and more f l e x i b l e  C-S-C bond r e s u l t s  i n  lower energy b a r r i e r .  

The l a r g e r  memebers of t h e  d i th iaIn lmetacyclophane fami l y  a r e  con fo rna t iona l l y  very mobile 

1 g i v i n g  temperature-independent H-NMR spectra w i t h i n  the  respec t i ve  temperature range s tud ied  

(Table 1). The f l i p p i n g  process i n  these l a r g e r  r i n g s  i s  thus n o t  e a s i l y  f rozen due t o  small  

energy b a r r i e r s  (Table 1). 

TABLE 1 Comparison o f  energy b a r r i e r  f o r  conformat ional  f l i p p i n g  i n  1 -  dithialnlmetacyclophanes and Inlmetacyclophanes. 

InlCyclophane Tc (OC) A G ~  ( k J / m l e )  - 
161-1 -20a 51.9 

161-6 -76.5 b 72.8 

171-2 -50b 42.7 

171-7 -2ab 48.1 

181-3 <-8oa <38.1 

191-4 <-6oa <43.1 

1101-5 +70a <41.0 

.................... 
a~oa lescence  temperature of the  benzy l i c  protons. 

Reference 

22 

3 

23. 24 

3 

25. 26 

22 

22 

I b~oalesCence temperature o f  the  c e n t r a l  methylene protons. 

I n t r o d u c t i o n  of an i n t r a a n n u l a r  s u b s t i t u e n t  such as -CH3 a t  the  ln t61-pos i t i on  of a 

d i th ia[n lmetacyclophane i s  expected t o  g r e a t l y  increase t h e  b a r r i e r  t o  conformational f l i p p i n g .  

Thus the  dithia[nlmetacyclophanes 8-15 have been preparedz7 b u t  canpounds 11-12 show no 

evidence f o r  conformational f l i p p i n g  A =  B (F igure  1; X = CH3) as a r e s u l t  of t h e  s t e r i c  

hindrance o f  the  methyl s u b s t i t u e n t  (T > 1 8 0 ~ ~ ,  &G: > 95.0 kJ/mole). The l a c k  of f l i p p i n g  
C 

1 process i n  these cyclophanes i s  i n d i c a t e d  by t h e i r  H-NMR spectra showing c l e a r  AB systems f o r  



27 
the benzyl ic protons a t  a l l  temperatures studied , Where the chain i s  su f f i c i en t l y  long, 

f l i pp ing  A *  B (Figure 1; X = CH3) f o r  example i n  13- 1s , becomes possible. The AB systems 

fo r  the benzylic protons i n  13 and U collapse a t  60% and -30% respect ively before reappearing 

27 
as singlets. corresponding t o  energy har r ie rs  of 69.4 and 50.2 kJ/mole respect ively . 

TABLE Comparison o f  energy ba r r i e r  for c o n f o m t i o n a l  f l i p p i n g  i n  

dithialnlmetacyclophanes M wi th  d i f fe rent  subst i tuents X. 

Reference 
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Dithialnlmetacyclophanes 16 wi th  other subst i tuents a t  the In+61-position (Table 2) 

have a lso  been reported and they show the same f l i pp ing  process A % B (Figure 1) when i t  i s  

a ~ l o w e d ~ ~ ' ~ ~ ' ~ ~ .  With a given n-value, a l l  members studied exh ib i t  only one i den t i ca l  

f luxional  Process ( f l i pp ing )  and d i f f e r  only i n  the subst i tuent X. Thus the r e l a t i v e  ffi: 

values so obtained for the energy bar r ie rs  could be d i r e c t l y  used t o  r e f l e c t  the "size" (o r  

s te r i c  hindrance) of the subst i tuent X - the higher the energy ba r r i e r  ( A G ~ ) ,  the la rger  the 

"size" of X (Table 2). Due t o  the synthet ic v a r i a b i l i t y  which resu l ts  i n  the ~ ~ n t h e s e s ~ ~ ' ~ ~ ' ~ ~  

of a l a rge  nmber of dithialnlmetacyclophanes 16 , a reasonably complete l i s t  could be obtained 

by the above method t o  provide information concerning the r e l a t i v e  spat ia l  requ i rment  ( "s ize" )  29 

of these common subst i tuents (Table 2). 

THlA AND DITHIA[m.n]METACYCLOPHANES (m = n or m f n )  

The parent I2.2lmetacyclophane 17 , which was f i r s t  prepared by Pe l legr in  i n  189g30, has 

been shown from 'H-NMR~' and X-ray crystal log rap hi^^^ studies t o  e x i s t  i n  the m-, stepped 

1 conformation 17A i n  both so lu t ion  and s o l i d  state. Variable temperature H-NMR studies 33 

reveal tha t  there i s  no conversion between 17A and 178 up to  2 0 0 ~ ~ .  Replacement of two 

br idging uethylene un i t s  w i th  sul fur  l inks ,  as i n  dithiaI2.2lmetacyclophanes is -21 , s t i l l  



does not al low free @-syn conversion. The preferred conformation of these di th iaf2.21- 

rnetacyclophanes i s  again the fi-, stepped A as indicated by the shielded proton siqnals 

for  Hi which l i e s  above the opposite benzene r ing .  The lack o f  any conformational process i s  

evident by the fac t  tha t  the AB systems i n  10 -21  remain unchanged up t o  1 8 0 ~ ~  (&G: > 96.6 

kJ/rnole). 

The increase o f  one sul fur  atom i n  one of the chains o f  [2.2lmetacyclophane, hmvever, makes 

an inversion process i n  thiaC3.Zlmetacyclophane 22 comparatively A t  SS'C, the 

-SCH and -CH CH - protons appear as two seperate s inglets ind ica t ing  a fast  equ i l ib r ium 4- 2 -2 
process. A t  -54'~. however, c lear AB ( SA = 3.45. 6B = 3.84 1 and apparent A2B2 ( 6A = 2.22, 

6B = 3.08 1 systems were observed for the respecttve -SCt12- and -CH2Ct12- 
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prntons. The Hi protons appear a t  65.43 suggesting that  the frozen &-conformer nA or 220. 

The f a c t  t h a t  only one conformation i s  frozen could ind ica te  t ha t  the equ i l i b r i un  a t  higher 

temperature involves the fas t  inversion 12A+220. Using the coalescence temperature of the 

-CHZ-CH2- protons (Tc = 0.5'~), the ba r r i e r  t o  inversion i n  n was estimated a t  34.8 kJ/mole, 

a value much smaller than those obtained f o r  a series o f  [3.21metacyclophanes(~~~ = 66.1 - 
79.9 k~ /mo le )~ ' ,  again showing the higher conformational f l e x i b i l i t y  due t o  the longer C-S-C 

bridge. 

The most s t r i k i n g  r e s u l t  i s  perhaps obtained fran the parent dithia[3.3lnetacyclophane 1 3 .  

1 After i t s  preparation35'36'38 was reported, i n i t i a l  H-NMR studies suggested a rap id  e q u i l i b r i m  

a t  roan temperature between the anti- and *-conformers (23A = 230) and assuned the signal  

a t  66.6 t o  be the averaged chemical s h i f t  for  the in terna l  protons ( H ~ ) ~ ~ ' ~ ~ ' ~ ~ .  However, a 

more detai led study was reported recent ly  which gives conclusive ind ica t ion  tha t  1a ex is ts  as 

39 1 the *-conformer 230  both i n  the s o l i d  s ta te  (X-ray crystallography) and i n  so lu t ion  ( H-NMR 
39 1 studies) . The H-NMR signal3' for  Hi a t  66.82 (CDC13, 10'~) and other aromatic protons a t  

66.91 are i n  f ac t  comparable t o  t ha t  of the model compound 2440-42. With carbon d isu l f ide  as 

a solvent, the H. protons appear a t  66.62 and r w a i n  invar ian t  w i t h  temperatures between -80'~ 
1 

and +80°c. This could then suggest an easy and fas t  inversion process between 230 and 230' 

(* w i t h  no appreciable concentration of the anti-conformer Z3A - a r e s u l t  en t i r e l y  

:opposite t o  t ha t  found i n  thia[3,2lmetacyclophane 22 (m t; anti). 



Interest ingly,  replacenent of I me o f  the Hi protons i n  dithia[3.3lmetacyclophane wi th  a 

subst i tuent leads t o  v a r i a b i l i t y  i n  conformational preference a t  room temperature. However, the 

preference, which could eas i ly  be determined by the signal o f  the Hi proton, i s  apparently inde- 

pendent o f  the s te r i c  hindrance o f  the substituent X. For example, the amino-substituent i n  Y 

e f fec t i ve l y  freezes the process i n  favor o f  the anti-conformer 25A shielding the Hi signal t o  

43 64.9 . The n i t ro -subst i tuent  i n  2 6 ,  however, resu l ts  i n  a very strong preference for the 

=-conformer 268 43 having the Hi proton signal appear a t  67.3. Supr i r ingly,  w i t h  a methyl- 

substituent, a fast  equi l ibr ium exists between 17A and 278 (w i t h  perhaps a s l i g h t l y  stronger 

27 
preference for 27A ) g iv ing  an averaged Hi s ignal  a t  65.6 . From the studies of [nt6]subst i -  

tuted dithia[n]metacyclophanes as discussed ea r l i e r ,  the r e l a t i v e  "s ize" (spat ia l  requirenent) 

o f  the three substituents i s  i n  the order NH2 > NO2 > CH3 Thus the conformational preference 

i n  these 9-substituted dithia[3.3lmetacyclophanes i s  c l ea r l y  not cont ro l led  by the s te r i c  effect 
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o f  the subst i tuent alone. The t rue  ef fect  i s  not f u l l y  understood. 

bCH3- 1.6 ( s i ng le t )  6 = 2.5 (doublet) 
CH3 

The ant i - - inversion process i n  dithia[3.3]metacyclophanes i s ,  however, best demonstrated 

by 1s 27. A t  room temperature, the process i s  frozen and bath 18A and U B  e x i s t  as r i g i d  

and stable conformers. The methyl group o f  %A appear as a shielded s ing le t  a t  61.6 and tha t  

o f  1SB , due t o  the coupling w i th  the neighboring f l uo r i ne  aton, show up as  a doublet a t  62.5. 

These signals collapse a t  about 105'~ and reappear a t  170'~ as a s i ng le t  a t  62.0 ind ica t ing  the 

f a s t  equ i l i b r i un  between m A  and '288 . With two " large" substituents a t  the 9- and 18-posit ions 

of the dithia[3.3lmetacyclophane systan, stable s y ~ -  and anti-conformers such as '19 and Jo have 

been However, they are no longer thermally interconvertable due t o  large energy 

bar r ie rs  induced by the s t e r i c  hindrance o f  the two methyl groups. 

MEDILM-SIZED DITHIAMElACYCLOPHANES 

27 Medim-sized dithiametacyclophanes such as dithia[3.0.3lmetacyclophanes n46 and 31 . 
dithial4.4lmetacyclophane 3.347.48 and dithia[n.llmetacyclophanes 34-36 43s49 have been 

1 
reported. However, though t h e i r  respective H-mR spectra a t  roon temperature ind ica te  f ree  

confornational movements i n  these molecules, no var iable temperature studies have been made i n  

an attempt t o  invest iga te  any possible frozen conformers a t  lower temperatures. 



I n  the studies of annelated annulenes and c y c l ~ p h a n e s ~ ~ ' ~ ~ .  dithia[3.1.3.1lmetacyclophanes 

1 3 7 -  39 were prepared as potent ia l  precursors. The H-NMR spectrum of dithia[3.1.3.l]metacy- 

CTophane 37 a t  O'C i s  r e l a t i v e l y  simple (Table 31, shauing a mu l t i p l e t  a t  67.2 - 66.7 fo r  the 

aromatic protons and three separate s ing le ts  a t  63.84, 63.63 and 61.78 f o r  the central  -C$. 

br idging -CH+ and methyl protons respect ively,  It was i n i t i a l l y  thought tha t  a7 i s  conforma- 

t i o n a l l y  very mobile due t o  i t s  large 20-membered r i ng .  However, a s ing le  conformation o f  37 

1 i s  observed a t  - 1 0 0 ~ ~ .  I n  the H-NMR spectrum ( - 1 0 0 ~ ~ ) .  there are two types o f  methyl protons - highly  shielded s ing le t  a t  61.18 t yp i ca l  of an &-methyl group (compared w i t h  

44 and a normal =-methyl group (compared w i th  3 0 )  a t  62.38. These data ind ica te  t h a t  the 

frozen conformer cannot be the anti,anti-conformer 37A or  the %.%-conformer Yi8 i n  both 
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ant i - isaner;  6 = 1.30 - 
CH3 

an t i  .anti-isomer : -- =,--isomer : 

of which the four methyl groups are i den t i ca l .  Examination o f  molecular models suggests another 

p o s s i b i l i t y  for the  f ixed conformation of 37 , namely conformer nC. which possesses a p a i r  

w c h  of anti- and *-methyl groups. The ant i -methyl  protons i n  J7C are located i n  the  sh ie ld ing  

cones of two benzene r ings,  which would then be expected t o  produce a la rger  combined sh ie ld ing  

effect than t ha t  experienced by the  methyl protons i n  dithia[3.3lmetacyclophane 29 , This i s  

indeed observed ( 6  = 1.16 f o r  37C compared t o  6,." = 1.30 for  aV ). I n  the high temperature 
CH3 3 



spectrum (o'c), t h e  methyl s i g n a l  occurs a t  t h e  average ($0.01 ppn) p o s i t i o n  o f  t h e  corresponding 

peaks i n  t h e  low temperature spectrum ( - 1 0 0 ~ ~ )  (Table 3), thus  i n d i c a t i n g  a t r u e  f l u x i o n a l  

process cons is ten t  w i t h  37C L- 37C' ( i n  f a c t  37C I 37C' 1, r a t h e r  than  one conformer t r a n r -  

f e r r i n g  t o  a d i f f e r e n t  conformer, 

TABLE 3 'H-NMR data5' o f  dithia[3.1.3.l]metacyclophanes 37 -39 [ - 

- l o o  67.7-6.3 (m) --- 64.3-3.1 (m) ---- 

3# t 3 5  67.4-7.2 (m) --- 63.67 ( s )  

.................... 
a~~~ i n s o l u b l e  fo r  low-temperature s tud ies  

The canpar ison of t h e  'H-NMR spectra o f  dithia(3.1.3.1]metacyclophanes 37 -39 ( 39 i s  

too i n s o l u b l e  i n  most organic  so lven ts  t o  a l l o w  low-temperature s t u d i e s )  revea ls  c l o s e  s i m i l a r i -  

t i e s  among t h m .  By analogy, i t  i s  thus  be l ieved  t h a t  a l l  t h r e e  members e x h i b i t  t h e  same 

f l u x i o n a l  process as i n d i c a t e d  by 37C 37C' independent of a change a t  t h e  c e n t r a l  b r i d g e ( s )  

( >CH2 o r  >C=O ) .  

Using t h e  coalescence t e n p e r a t w e  method, t h e  energy b a r r i e r s  of 37 and 3s a r e  est imated 

t o  be 39.4 and 38.7 kJ/mole respec t i ve ly5 '  (Table 4). Apparent ly ,  t h e  f l u x i o n a l  b a r r i e r  i n  t h e  

3 
dithial3.1.3.Ilmetacyclophane system i s  n o t  a f f e c t e d  s i g n i f i c a n t l y  by changing t h e  c e n t r a l  sp - 

2 methylene b r i d g e  t o  a sp -carbony1 f u n c t i o n .  Th is  i s  probably  due t o  t h e  f l e x i b l e  C-S-C b r idges  

which compensate f o r  t h e  induced geometr ica l  s t r a i n ,  i f  any, imposed by t h e  carbonyl  cen te r  i n  

38 . 

The f a c t  t h a t  37 - 39 , w i t h  20-membered macro-r ings, s t i l l  e x h i b i t  a novel  conformat ional  

behavior  should prompt the r e i n v e s t i g a t i o n  o f  t h e  p o s s i b l e  conformational processes i n  d i t h i a -  

metacyclophane$ 31 - 36 (12- t o  14-membered r i n g s ) .  It w i l l  a l s o  be i n t e r e s t i n g  t o  compare 

these r e s u l t s  Wi th  o t h e r  medium-sized dithiametacyclophanes as they  become a v a i l a b l e .  
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TABLE Thermodynamic data5' f o r  t h e  b a r r i e r  of t h e  f l u x i o n a l  process 

i n  d i t h i a  l3.l.3.l]metacyclophanes 37 and 38 . 

Cyclophane dv (Hz) @ T,(oc)~ 665 ( kJ / rm le )  - 

a~empera tu re  a t  which Av i s  measured. 

b ~ h e  coalescence temperature. 
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