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SPECTROSCOPY LETTERS, 8(6) ,  375-384 (1975) 

TEMPERATURE-DEPENDENT AMPLITUDE OF A TORSIONAL LIBRATION OBSERVED BY 

HIGH RESOLUTION N.M.R. SPECTROSCOPY. 

Keywords : 1 - (2  ' -Hydroxythi obenzoyl ) p i  per i d i  ne , thioami de , n .m. r . , 1 i bra- 
t i o n a l  coalescence temperature, amp1 i t u d e  o f  t o r s i o n a l  1 i b r a t i o n .  

Adrian 0. Fulea* and Peter J. Krueger** 
Department o f  Chemistry, 
U n i v e r s i t y  o f  Calgary, 

Calgary, Alberta, Canada T2N 1N4 

ABSTRACT 

Low temperature 220 and 300 MHz 'H n.m.r. spectra o f  1-(2'-hydroxy- 

th iobenzoy1)p iper id ine i n  CDCl 

perature dependence o f  the ampli tude o f  t o r s i o n a l  l i b r a t i o n s  about the  

thioamide C-N bond. The coalescence o f  the s igna ls  from the  p i p e r i d i n e  

a-CH2 protons cis t o  t h e  th iocarbonyl  group before those o f  t h e  trans a-CH2 

protons (where the  l i b r a t i o n a l  coalescence temperature i s  near O O C )  as the 

temperature i s  r a i s e d  i s  ascr ibed t o  more e f f e c t i v e  equa l i za t i on  o f  t he  two 

cis protons i n  the  magnetic f i e l d  o f  t h e  C=S bond. 

and acetone-d, show evidence f o r  t he  tem- 

INTRODUCTION 

I n  a previous paper2 we have shown t h a t  the p i p e r i d i n e  r i n g  i n  1 - ( 2 ' -  

hydroxythiobenzoy1)piperidine (1) e x i s t s  i n  two in terchanging c h a i r  con- 

formations w i t h  unequal populat ions, t he  N-thiobenzoyl subs t i t uen t  nea r l y  

e c l i p s i n g  the  equa to r ia l  a-CH2 protons o f  t he  p i p e r i d i n e  r i n g  i n  both 
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376 F"LEA AND KRUEGW 

conformations, w i t h  the  f r a c t i o n a l  populat ion o f  t h e  most favoured con- 

formation being 0.54 and Ke = 1.17 i n  CDC13 a t  -3OOC. The f a c t  t h a t  the 

p i p e r i d i n e  C2 protons (cis) coalesce before the  C6 protons (trans) as the  

temperature i s  ra i sed  (Fig. 1 i n  r e f .  2 )  deserves c a r e f u l  examination, as 

i t  i s  the f i r s t  experimental observation o f  t he  temperature-dependent 

amp1 i tude o f  a t o r s i o n a l  1 i bra t ion .  

RESULTS AND DISCUSSION 

l H  220 and 300 MHz n.m.r. spectra o f  J, a t  low temperatures a r e  shown 

i n  Figs. 1 t o  4. 
-. I - . . . . .  I 

1 .  I 

S C  

1 I I J 

6.0 7.0 8.0 9.0 z 
FIG. 1 

Decoupled 'H 220 MHz nmr spectra o f  p i p e r i d i n e  protons i n  L a t  -32OC, i n  
CDCl so lu t i on .  Assignments t o  p i p e r i d i n e  r i n g  protons given. Assignments 
i n  o the r  f i g u r e s  a l s o  according t o  s t r u c t u r a l  formula g iven here. 
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(2) (6) 

377 

B 

5.5 6.0 6.5 

z 

FIG. 2 
Decoupled l H  220 MHz nmr spectra o f  C2 and C6 protons in J a t  -20, -40, and 
-5O"C, in CDC1,  solution. B and D are identified in Fig. 1 .  
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FULEA AND KRUEGER 378 

300 MHz 

(b) 
(2) 

F I G .  3 
'H 300 MHz nmr spectra o f  (a )  C2 and C6 protons i n  

sol u t ion .  

a t  -30, -46, and 
-6O"C, i n  CDC13 so lu t i on ,  (b)  C2 protons i n  A a t  -4 16 and -63OC i n  acetone-d6 
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(21 
0 o c  

- 
5.0 6.0 7.0 

z 
FIG. 4 

l H  220 MHz nmr spectrum o f  C2  and c 6  protons i n  
showing l i b r a t i o n a l  coalescence o f  c 6  protons. 

a t  O°C i n  CDCl  so lu t i on ,  

The f i r s t  hypothesis t o  be considered i s  t h a t  the propor t ions o f  t he  

This can two conformers approach 0.50/0.50 as the temperature i s  ra ised.  

be r e j e c t e d  because o f  the f o l l o w i n g  reasons: 

i n  f r e e  enthalpy between the  conformers i s  A G O  2 70 cal/mole ( f rom Ke a t  

-30°C). 

t i o n s  can be presumed t o  be zero, 

1.15 a t  -20°C i s  obtained, which should r e s u l t  i n  a spectrum near l y  iden- 

t i c a l  w i t h  t h a t  a t  -5OOC. Fig. 1 i n  r e f .  2 shows t h i s  i s  n o t  so.  (2 )  I n  

t h i s  case the  f o l l o w i n g  r e l a t i o n  should ho ld f o r  t he  C2 ( c i s )  and c 6  

( t r a n s )  methylene protons a t  a1 1 temperatures; 

(1 )  The ca l cu la ted  d i f f e r e n c e  

Because the  d i f f e r e n c e  i n  the  entropy o f  the two c h a i r  conforma- 

A G O  = AH', and from AGO a va lue o f  Ke = 

trans - Ttrans  AT^^^ - Artruns = {(2p-i)[(T;is - T3 - (Ta 111 3 0 c11 

i f  t h e  f r a c t i o n a l  populat ion o f  t he  most favoured conformer i s  p 3 0.5, 

because i t  i s  known t h a t 2  
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380 FULFA AND KRUEGW 

trans ' e cis , rtrans 
'a a ' 'e 

While t h i s  expression i s  based on an und is to r ted  c h a i r  conformation, the 

pseudo-axial and pseudo-equatorial chemical s h i f t s  ( T? and 

respec t i ve l y )  a r e  known t o  f o l l o w  the i n e q u a l i t y  

1 r31  
(,trans - ,trans trans - ,trans 

a '  1 < ba e 

so t h a t  eq. [l] should s t i l l  ho ld  f o r  a p i p e r i d i n e  r i n g  d i s t o r t e d  a t  C 6 .  

Again, the n.m.r. spectrum o f  a t  -20°C (F ig .  2 )  c o n t r a d i c t s  eq. [l], 

since t h e  cis protons coalesce before the trans protons as t h e  temperature 

i s  ra ised.  A t  0°C t he  cis protons s t i l l  g i ve  r i s e  t o  a sharp s i n g l e t  

(F ig .  4 ) ,  prov ing t h a t  the r o t a t i o n  around the  C-N bond i s  s t i l l  f rozen 

ou t  on the  220 MHz scale. 

proton s ignals  begin t o  broaden due t o  r o t a t i o n  around the C-N bond. 

A t  higher temperatures both the cis and trans 

The separation o f  the two peaks f o r  t he  cis and trans protons as a 

func t i on  o f  temperature i s  best  seen i n  the decoupled 220  MHz n.m.r. 

spectra i n  Figs. 1 and 2. Above -4O"C, < a t  -4OoC, 

0.13 ppm; a t  -5OoC, AT"' = 0.16 ppm and = 0.14 ppm. = A,cZs  = 

The spectra a t  300 MHz show the  same t rend  w i t h  temperature, and b e t t e r  

peak separations (Fig. 3). 

The broadening o f  t he  cis proton s ignal  pa t te rn  a t  -6OOC i n  t he  300 

MHz spectra i nd i ca tes  a k i n e t i c  phenomenon i n  a very asymnetric l o c a l  

environment, i n  con t ras t  t o  the  sharp p a t t e r n  s t i l l  observed f o r  t h e  trans 

protons which a re  i n  a l o c a l  environment where the asymnetry o f  t he  de- 

sh ie ld ing  i s  smaller. This i s  a very n i ce  example o f  how t h e  s m e  k i n e t i c  

phenomenon, i .e. l i b r a t i o n  around the  C-N bond and hence equal movement o f  

the cis and trans cr-CH2 atoms, can be observed by l i n e  broadening on the 

cis s ide  where the magnetic an isot ropy i s  high, b u t  n o t  on t h e  trans s ide 

where t h e  anisot ropy i s  lower. A t  - 6 0 ° C  i n  t h e  300 MHz spectrum, = 

0 .25  ppm and 2 0.20 ppm. 
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TEMPERATURE IN AMPLITUDE OF TORSIONAL LIBRATION 381 

We i n t e r p r e t  these r e s u l t s  as a progressive f reez ing  o f  h igher  energy 

C-N t o r s i o n a l  l i b r a t i o n s  and the re fo re  a reduct ion i n  t h e i r  ampli tude as 

the temperature i s  lowered3. 

o f  v i b r a t i o n s  has been discussed i n  d e t a i l  by Cyvin4. The reduc t i on  i n  the  

C-N v i b r a t i o n a l  ampli tude as the  temperature i s  lowered has a g rea te r  

e f f e c t  on t h e  cis proton signals, where the  g rad ien t  o f  deshie ld ing from 

the  C=S bond i s  higher; furthermore, i t  i s  higher i n  the  equa to r ia l  

p o s i t i o n  than i n  t h e  a x i a l  pos i t i on .  This expla ins why the  C i s  equa to r ia l  

proton s igna ls  a re  broader than t h e  cis a x i a l  proton s igna ls  i n  t h e  de- 

coupled spectra. This  e f f e c t  i s  a l s o  seen i n  the 300 MHz n.m.r. spectra 

i n  CDC13 (F ig .  3a) and i n  acetone-d6 (Fig. 3b). I n  CDC13, as the temper- 

a t u r e  i s  lowered from -30 t o  -6OOC the f o l l o w i n g  estimated peak d isp lace-  

ments a re  observed: 

cps, trans "a" - 0 cps. 

-44 t o  -63OC the  cis "e" protons a r e  d isp laced by 7.5 cps and the  cis "a" 

protons by 5 cps. 

The temperature dependence o f  t he  amp1 i t u d e  

cis  "e" - 25 cps, C i s  "a" - 15 cps, trans "e" - 10 

I n  acetone-d6, as the temperature i s  lowered from 

The coalescence o f  the cis  NCH2 proton s igna ls  before those o f  t he  

trans NCH2 s igna ls  as the  temperature i s  r a i s e d  i s  t he re fo re  due t o  the  

more e f f e c t i v e  equa l i za t i on  o f  the two cis protons i n  the magnetic f i e l d  

o f  t h e  C=S bond, r e l a t i v e  t o  t h a t  f o r  t he  two trans protons, f o r  a given 

ampli tude o f  t he  C-N t o r s i o n a l  l i b r a t i o n  a t  a g iven temperature. 

phenomenon i s  the f i r s t  example, t o  our knowledge, where "exchange o f  

Larmor frequencies" i s  c l e a r l y  d i s t i ngu ished  from "exchange o f  sites," and 

n o t  subject  t o  c r i t i c i s m s 5 .  I n J  Ha and He a t  C2 (and a l s o  a t  C,) become 

magnet ica l ly  equiva lent  by small motions which b r i n g  them i n t o  p o s i t i o n s  

where the  magnetic f i e l d  i s  t he  same f o r  both o f  them and n o t  by i n t e r -  

changing t h e i r  pos i t i ons ,  i . e .  Ha remains predominantly a x i a l  and He 

predominantly equa to r ia l  . 

This 
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I t  should be noted t h a t  t he  small d i f f e r e n c e  i n  the t ime which a 

given a-proton spends i n  the equa to r ia l  and i n  the a x i a l  pos i t i on ,  respec- 

t i v e l y ,  makes the  t o r s i o n a l  amp1 i t u d e  dependence o f  t he  chemical s h i f t  

detectable. 

benzoyl )morpholine (2).  t he  morpholine analog o f  -I, the to rs iona l  o s c i l l a -  

t i o n  i s  no longer ab le t o  equal ize t h e  chemical s h i f t s  and the re fo re  the 

n.m.r. spectrum i s  temperature independent.2 I n  acetone-d, so lu t i ons  o f  1 
the chemical s h i f t s  a t  300 MHz f o r  t h e  two cis NCH2 protons d i f f e r  more 

than they do i n  CDC13 so lu t i on ,  and here no s i g n i f i c a n t  temperature depen- 

dence i s  observed from t18"C t o  -44"C, and on ly  a small change below t h a t  

temperature (F ig .  3b). 

As t h i s  t ime d i f f e r e n c e  increases, as i n  4- (2 ' -hydroxyth io-  

The coalescence temperature observed f o r  the trans NCH2 protons i n  

near 0°C (F ig.  4 )  i s  a librational Tc, i . e .  t he  " a x i a l "  and "equa to r ia l "  

protons whose s igna ls  co l l apse  do n o t  interchange places bu t  are equal ized 

by l i b r a t i o n s  i n  the l o c a l  magnetic f i e l d .  A s i m i l a r  coalescence p o i n t  

f o r  the cis NCH2 protons l i e s  a t  a lower temperature. 

k i n e t i c  phenomenon where the protons a re  interchanging, t h i s  coalescence 

temperature i s  a f u n c t i o n  o f  t he  magnetic environment. Contrary t o  a l l  

o ther  k i n e t i c  phenomena stud ied by n.m.r., t h i s  l i b r a t i o n a l  Tc i s  lower 

f o r  t he  protons having the greater  chemical s h i f t  d i f f e rence ,  i . e .  a t  

Jus t  as f o r  t he  

0.25 ppm wh i le   AT^^^^^ = 0.2 ppm. 

i s  too h igh  equa l i za t i on  by t o r s i o n a l  l i b r a t i o n  cannot be 

I f  the d i f f e r e n c e  i n  

brium constant (K) f o r  the conformational e q u i l i b r i u m  i n  1 
a t  h igh  temperature, obtained by E l i e l ' s  method o f  chemical sh i f ts , ,  i s  

lower than the  t r u e  K value; a K constant determined from coupl ing con- 

s tants  as was done f o r  L2 w i l l  be l e s s  a f f e c t e d  by the t o r s i o n a l  ampli- 

tude. 
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TEMPERATURE IN AMPLITUDE OF TORSIONAL LIBRATION 383 

Experimental studies of torsional amplitudes, particularly as the 

resolving power of n.m.r. instruments increases, may be very useful in con- 

nection with polymers, since configurational changes in macromolecules are 

related by torsional  movement^.^^^ The field strength O f  the spectrometer 

is an important factor; thus at 300 MHz broadening of the cis NCH, protons 

is already present due to the freezing of the higher amplitude oscilla- 

tions, whereas at 100 MHz at the same temperature the cis peaks are sharp. 

The study of temperature dependent torsional amplitudes by n.m.r. 

spectroscopy may be particularly relevant to the following problems: 

weak molecular association between solute and solvent molecules, where 

n.m.r. relaxation measurements have shown that the component molecules 

rotate separately by large angle jumps,g and 

the barriers to rotation around the C-N bond, especially where there are 

considerable variations in the chemical shifts with temperature.lO*ll 

( 1 )  

(2) accurate calculation of 
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