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A-t Within the framework o f  tht! CNDO/2 method, the e n e r g i e s  and  
d ipo le  moments computed as a f unc t i on  o f  a r o t a t i o n  angle a re  used t o  
analyse the popu la t ion  r a t i o s  o f  e i s  and gauche conformers o f  f i v e  a -  
-subs t i t u ted  acetones. The po la r  so lvent  e f f e c t  i s  taken i n t o  account 
v i a  a supermolecule model. UV and I R  frequency s h i f t s  a re  disc:ussed i n  
terms o f  energy l eve l s  and hyperconjugation, respect ive ly .  

1. INTRODUCTION 

Recently, 01 

conformational analys 

ments i n  solvents o f  

i va to '  and coworkers have performed a s y s t e m a t i c  

i s  o f  some a- subst i tu ted  acetones by I R measu re -  

increasing p o l a r i t y  and by UV measurements o f  the 

YPIT* carbonyl t r a n s i t i o n s  i n  n-hexane. The i r  paper attempts t o  o f f e r  a 

q u a l i t a t i v e  explanat ion f o r  both the r e l a t i v e  s t a b i l  i t i e s  o f  t h e c i s  and 

gauche conformers and f o r  the carbonyl f requency s h i f  t s  o f  both rotamers 

i n  r e l a t i o n  t o  the parent compound. Moreover, the energies o f  the n +.rr* 

t r a n s i  t i o n s  o f  the carbonyl group a re  discussed as we l l  as  t h e  cor re-  

sponding band i n t e n s i t i e s .  

i n  t h i s  paper we have attempted t o  d i  scuss O 1  i va to  e t  aZ1 con- 

format ional  r a t i o s  and frequency s h i f t s  on more q u a n t i t a t i v e  g r o u n d s  

using the molecular o r b i t a l  method CND0/2 as d e v e l o p e d  by ~ o ~ ~ l e ~  and  

coworkers. Due t o  the parametr izat ion r e s t r i c t i o n  ex i s ten t  i n  theCNDO/2 

vers ion  d i s t r i b u t e d  by Q C P E ~ ,  on ly  f i v e  a- subst i tu ted  acetones, namely, 

f luoroacetone, chloroacetone, methoxyacetone, e thy l th ioacetone,  and d i -  

methylaminoacetone have been s tud ied i n  t h i s  paper although e x p e r i m e n -  

t a l  r e s u l t s  a re  ava i l ab le  f o r  bromoacetone and iodoacetone a l so .  



2. THE CALCULATION 

W i t  h the except ion o f  f 1 uoroacetone4, experimental 1 y determi ned 

geometries were found f o r  these rnolecules. I n  t r y i n g  t o  use a cons is t -  

en t  set  o f  atomic coordinates f o r  these molecules, the dec is ion  wasmade 

t o  use tha t  geometry t h a t  minimizes the energy i n  the  CND0/2 a p p r o x i -  

mation. Only i n t e r a t o n i c  d istances considered as re levant  were var ied  

i n  t h i s  minimizat ion process. They a r e t h e  carbon-oxygen distance i n  the 

carbonyl group, the carbon-heteroatom, and the carbon-carbon bonds.Stan- 

dard te t rahedra l  (1 0 9 . 5 ~ )  and t r i  gonal (1 2 0 9  angl es were employed were 

needed. Carbon-hydrogen bonds were se t  equal t o  1.095 A. The ca lcu la ted 

d i  stances f o r  the f luoroacetone f o r  whi ch experimental d i  stances were 

found are: R(C-C) = 1.46 8 (1.507 a ) ,  R(C=O) = 1.27 8 (1.222 ~ ) , R ( c - F )  

= 1.35 A (1.398 8) ; the values i n  parenthesis a re  the experimental ones. 

Note t h a t  there i s  an e r r o r  smal ler  than 4% i n  the ca lcu la ted distances 

With in two decimals p rec i s i on  the optimum values f o r  the car-  

bon-oxygen and carbon-carbon distances i n  the compounds were found t o  

be the same as the ones quoted above. The o ther  ca lcu la ted d i s t a n c e s  

are: Carbon-chlorine, 1.67 8; carbon-nitrogen, 1.42 8; c a r b o n - o x y g e n  

(methoxy-group), 1.38 8; and carbon-sulphur, 1.75 8. 
For the geometry g iven i n  F ig .  1 ,  the energy and the d i p o l e  

moment f o r  every molecular species as a f unc t i on  o f  the r o t a t i o n  angle 

(4) were computed and are  graphical  l y  d isplayed i n  Figs. 2 and 3 ,  re -  

spect ive ly .  I n  Fig.  2 the energy o f  the most s t a b l e  c o n f o r m e r  was 

chosen as the zero o f  energy, so t h a t  these curves can be seen as ro -  

t a t i o n a l  b a r r i e r s .  

F i g .  l - The d i h e d r a l  ( ro ta t ion)  
angle 4. 



ROTATION ANGLE ( e )  

F ig .2  - The energy as a f u n c t i o n  o f  t h e  r o t a t i o n  a n g l e :  
-- f luoroace tone ;  --- chloroacetone;  - .- .dirnethylarnino- 
acetone; --.-..e rnethoxyacetone; . . . . .  e t h y l t h i o a c e t o n e .  

3. RESULTS AND DISCUSSION 

A. Conforrnat ional a n a l y s i s  

The r o t a t i o n a l  b a r r i e r s  shown i n  F i g .  2 c l e a r l y  i n d i c a t e  t h a t  

the  e n e r g e t i c a l l y  favourab le  geometr ies a r e  t h e  ones corresponding t o  

molecules i n  t h e  gauche ( t rans)  conforrnat ion.  The curves f o r  f 1 u o r o -  

acetone and methoxyacetone e x h i b i t  each two deep minima, t h e  lowest  o n e  
O 

around 180 and the  h i g h e s t  one around 0'. These rninima a r e  separated 

by r e l a t i v e l y  h i g h  b a r r i e r s  (about 6 kcal /mol  f o r  f l u o r o a c e t o n e  a n d  

about 3.8 kcal /mol  f o r  methoxyacetone), The curve  f o r  e t h y l t h i o a c e t o n e  

shows a v e r y  wide minimurn i n  t h e  r e g i o n  135O < 4 < 215O,and a h i g h  maxi- 
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R O T A T I O N  A N G L E  ( 4 )  
Fig .  3 - The d ipo le  moment as a func t ion  o f  the r o t a t i o n  
angle: - fluoroacetone; --- chloroacetone; -.-. d i rne- 
thylaminoacetone; - . , a -  methoxyacetone; . . .. e t h y l t h i o -  
acetone . 

mum o f  about 4.2 kcal/mol around @=O. Not i ce inTabl e 1 t h a t  f l uoroacetone 

(the highest  ba r r i e r )  and e thy l th ioacetone (high b a r r i e r  and wide mini - 
mum) are  the compounds w i t h  tne  smal lest  (0.07) cis/gauche r a t i o s .  For 

chloroacetone, besides the global  minimum a t  about @=180', on ly  a very 

shallow and r e l a t i v e l y  h igh minimum around $ 4 '  i s  p red ic ted by t h e  

CND0/2 ca l cu la t i on .  The approximate nature o f  the rnolecular o r b i  t a l  

approach being used makes i t  d i f f i c u l t  t o  t e l l  whetherthe non-existente 
O 

o f  a more pronounced mi nimum around $=O f o r  the two compou nds  w i t h 

second row elements (S, ~ 1 )  i s  a f a c t  of na ture  o r  an a r t i f a c t  o f  the 

CND0/2 method. F i n a l l y ,  dimethylaminoacetone shows the leas t  energet ic  

r o t a t i o n a l  b a r r i e r .  l t s  he ight  i s  on ly -0 .5  kcal/mol, but  i t s  minirnurn 



Table 1 - ~on fo rma t iona l  popu la t ion  r a t i o s  o f  some a - s u b s t : i t u t e d  

acetones . 
CIS/GAUCHE RAT I O 

This work 
a 

Exp . Exp. 
b 

F l  uoroacetone O.  064 0.07 1.81 

Chloroacetone 0.012 O ,  22 O.  53 

Dimethylaminoacetone 0.454 0.29 1.57 

Ethyl th ioacetone O .  047 0.07 O .  23 

Methoxyacetone 0.105 0.19 1.86 

-- 
a)Nonlpolar  solvent ,  n-hexane, Ref. (1) . b, Polar solvent ,  c h l o r o f o r m ,  
Ref. (1) . 

extends p r a c t i c a l  l y  from +=I lSO t o  $=24S0. This molecule shows t h e  

highest  (0.29) cis/gauche r a t i o ,  but  the gauche conformation i s  s t i  1 1  

the dominant one. 

Experimental ly, O l i va to  et a2' def ined a cis/gauche r a t i o  as 

the r a t i o  o f  the apparent molar a b s o r p t i v i t i e s  a t  the absorpt ion maxima 

o f  the carbonyl s t r e t c h i n g  bands observed i n  the I R  spectra. Can the  

cis/gauche r a t i o  be i n f e r r e d  from our ca l cu la t i ons?  I t  i s  expected tha t  

the r a t i o  of the  p r o b a b i l i t y  o f  f ind i /ng  the  molecule w i t h  an a n g l  e $ 

ranging from 0' t o  90° over the p r o b d b i l i t y  o f  f i n d i n g  themolecule w i t h  

an angle $ ranging from 90' t o  $=180° can approximately g i v e  t h e  o b -  

served r a t i o s  o f  O 1  i v a t o  e t  aZ1. This probabi 1 i t y  was estimated using 

the standard Bol tzmann d i s t r i b u t i o n  

where, k i s  the Ebltzmann constant, 5' the temperature, assumed equal t o  

300 K, and E ( @ )  i s  the energy as a f t inc t ion  o f  the r o t a t i o n  angle @ as 

g iven i n  F ig .  2. An a n a l y t i c a l  expression f o r  E(@) was obtained using a 

l eas t  square f i t ,  and the i n teg ra l s  were solved numerical ly .  The calcu- 

l a ted  r a t i o s  a re  co l l ec ted  i n  Table 'i, which a l so  shows theexperimental 

r e s u l t s  o f  O l i va to  e t  aZ1. 

The q u a n t i t a t i v e  agreement w i t h  experimental r e s u l t s  i s  poor, 



s p e c i a l l y  f o r  ch loroacetone,  however t h e  gauche con fo rmat ion  i s  p r e d i c -  

t e d  t o  be t h e  p r e f e r r e d  one i n  non- po la r  s o l v e n t s , i n  q u a l i t a t i v e  agree- 

ment w i t h  the  exper imenta l  t r e n d .  I n  t h e  p a r t i c u l a r  case o f  chloroacetone, 

t h i s  f a i l u r e  can c e r t a i n l y  i n  p a r t  be a t t r i b u t e d  t o  paramet r i za t ionprob-  

lems i n  t h e  CND0/2 method. The o v e r a l l  r e s u l t s ,  however, may i n d i c a t e  

t h a t  o t h e r  f a c t o r s  bes ides f r e e  mo lecu le  r o t a t i o n  b a r r i e r  must p l a y  an 

impor tan t  r o l e  i n  t h e  d e t e r m i n a t i o n  o f  t h e  eis-gauche r a t i o .  

I n  a p o l a r  s o l v e n t  rhe  exper imenta l  da ta  show a r e v e r s i o n  i n  

the  r a t i o s  f o r  methoxyacetone, f l uo roace tone ,  and dimethylaminoacetone, 

i m p l y i n g  now a predominante o f  t h e  c i s  con fo rmat ion ,  w h i l e  f o r  c h l o r o -  

acetone and e t h y l t h i o a c e t o n e  t h e r e  i s  s t i l l  a  p re fe rence  f o r  t h e  gauche 

conformat ion,  a l though  t h e r e  has been an inc rease  i n  t h e  p o p u l a t i o n  o f  

t h e  c i s  conformer. 

A t  f i r s t ,  one migh t  be tempted t o  say t h a t  t h i s  r e v e r s i o n  i n  

the r a t i o s  can be a t t r i b u t e d  t o  t h e  d i p o l e - d i p o l e  i n t e r a c t i o n  b e t w e e n  

s o l v e n t  and s o l u t e .  A g lance  a t  F i g .  3 shows, however, t h a t  a l  1 f i v e  

species have about t h e  same d i p o l e  moment a t  smal l  va lues  o f  t h e  r o -  

t a t i o n  ang le .  These da ta  imply  t h a t  t h e  d i p o l e - d i p o l e  i n t e r a c t i o n  i s  

c e r t a i n l y  n o t  the  ma jo r  e f f e c t  r e s p o n s i b l e  f o r  t h e  s t a b i l i z a t i o n  o f  the  

e i s  conformer r e l a t i v e  t o  t h e  gauche one. 

The n e x t  s t e p  was t o  i n v e s t i g a t e  how hydrogen bonding a f -  

f e c t s  t h e  s t a b i  1 i z a t i o n  o f  b o t h  conformers. Only hydrogen b i  n d  i n g  t o  

t h e  carbonyl  oxygen was i n v e s t i g a t e d ,  and f l u o r o a c e t o n e  was taken a s t h e  

p r o t o t y p e  molecule.  The approach used was t h e  supermolecule method as 

e x t e n s i v e l  y  used by Pul lmann5 and coworkers. Essent ia1  l y, one views t h e  

f luo roace tone  and t h e  c h l o r o f o r m  mo lecu le  as a s i n g l e  u n i t  f o r m i n g  a 

"supermoleculel', as shown i n  F i g .  4.  

The energy o f  t h e  system i s  then c a l c u l a t e d  as a f u n c t i o n  o f  

t h e  ang le  a between the  l i n e  j o i n i n g  t h e  atoms C and H i n  t h e c h l o r o f o r m  

molecule,and t h e  l i n e  j o i n i n g  t h e  atoms C and O i n  f l u o r o a c e t o n e .  F i g . 5  

shows t h i s  energy f o r  b o t h  &s and gauche conformers and f o r  t h e  oxygen 

and hydrogen atoms 1.70 8 a p a r t .  The energy cu rve  i n  F i g .  5 c l e a r l y  i n -  

d i c a t e s  t h a t  c i s  con fo rmat ion  i s  e n e r g e t i c a l l y  favoured when hydrogen 
O 

bonding i s  taken i n t o  account .  An energy minimum occurs a t  a 5 75 f o r  
o  

t h e  e i s  conformer, and a t  a 85 f o r  t h e  gauche one. O b v i o u s l y ,  t h e  

carbonyl  i s  n o t  the  o n l y  s i t e  f o r  hydrogen bonding. The heteroatom can 



Fig. 4 - The t'supermolecule't : a-sub- 
s t i tuted acetone-chloroform. 
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Fig.5 - Relative energies of the eis and 
trans conformers of the supermol ecul e 
f luoroacetone-chloroform. 



a l s o  p lay  such a ro le ,  and i n  f a c t  the  data i n  Table 1 seem t o  be con- 

s i s t e n t  w i t h  the view tha t  a second chloroform molecule i s  i n t e r a c t i n g  

v i a  hydrogen bonding w i t h  the heteroatom. The stronger the binding the 

more s tab le  the supermolecule, and i t  i s  a we l l  known f a c t  t h a t  t h e  

s t rength  o f  a hydrogen bond i s  g reater  when 0, F and N atoms a re  in-  

volved i n  the  binding,then when C1 and S are the atorns involved. There- 

fore ,  although a s i n g l e  chloroform molecule hydrogen bonded t o  the car-  

bonyl oxygen s t a b i l i z e s  the eis conformer r e l a t i v e  t o  the gauche one, i t  

i s  c e r t a i n l y  the s t rength  of a second hydrogen bond i nvo l v ing  the het-  

eroatom tha t  makes the eis conformer o f  the compounds c o n t a i n i n g  t h e  

elements F, 0, and N much more s tab le  than those i nvo l v ing  C 1  and S.And 

t h i s  i s  exac t l y  the t rend observed i n  Table 1 .  

0. U l t r a v i o l e t  frequency s h i f t s  

S ince the energies o f  two d i f f e r e n t  e l e c t r o n i c  s ta tes  should 

r e a l l y  be known i n  order  t o  accura te ly  ob ta in  the t r a n s i t i o n  frequency, 

and s ince t h i s  procedure i s  impra t ica l  f o r  rnolecules o f  the s i ze  being 

studied,  one f requent ly  reso r t s  t o  simple rnodels where one  hopes t o  

p r e d i c t  a t  l e a s t  t he  general t rend o f  the  s h i f t s .  One general p r a c t i c e  

i s  simply t o  ca l cu la te  the  d i f f e rence  i n  energies between the LUMO(v* ) C0 
and the HOMO (no) . I f  the Coulomb ( J .  .) and exchange (K. .) i n teg ra l s  

23 23 
over the molecular o r b i t a l s  a re  ava i l ab le ,  the former d i f f e rencecan  be 

cor rec ted upon addi t i o n  o f  the terrn 2Xik-Jij '. Even f o r  t h  i s I a  t t e r  

case, care must be taken i n  the  conclusion s ince t h a t  formula i s  based 

on a f rozen o r b i t a l  s i n g l e  con f i gu ra t i on  desc r i p t i on  o f  t h e  e x c i  t e d  

s ta te ,  which i s  o f t e n  inadequate. I n  Table 2 are  l i s t e d  the experimen- 

t a l  1 y observed n +T* f requenciesl  and estimates based on t he two ap- 

proaches mentioned above. , 

The d i f fe rences i n  energies o f  the  LUMO and HOMO a r e  ind ica-  

t i v e  tha t  f o r  f luoroacetone, methoxyacetone and c h l o r o a c e  t o n e  there  

should be a red s h i f t  r e l a t i v e  t o  acetone, whereas f o r  dimethylamino- 

a c e t o n e a n d e t h y l t h i o a c e t o n e t h e r e s h o u l d b e a b l u e s h i f t .  The b lue  

s h i f t  conclusion although i n  d i r e c t  c o n f l i c t  w i t h  the experimental data 

i s  i n  complete agreement w i t h  e a r l i e r  c a l c u l a t i o n  o f  A l l i n g e r  e t  a.ZB on 

c i  c l o h e x a n o n e s  . These authors have concluded tha t  the  red s h i f t  i n -  

duced i n  ciclohexanone n -t T* t r a n s i t i o n  by a x i a l  halogen subst i tuents  



Table 2 - Experimental n + r *  t r a n s i t i o n  energies and estimates based on 

CND0/2 method . 

pentan-2-one 35,842 135,152* 44,393* 

f l uoroacetone 35,714 134,011 44,266 

methoxyacetone 35,335 133,001 45,915 

dimethylaminoacetone 34,364 139,168 

chloroacetone 34,364 130,982 59,142 

e thy l th ioacetone 33,222 137,961 

+ * Calcu la t ions  done f o r  acetone. ** Experimental Ref. 1 .  A E = E  - E 

++ j i' 
S e e t e x t .  A E = E  - E  -J i j+2Ki j .Seetex t .  j i 

i s  due t o  an i n t e r a c t i o n  between the carbonyl n* o r b i t a l  and the a* 
C0 C-x 

o r b i t a l  , w i t h  a consequent lower ing o f  the r,$ energy level .  This should 

happen i f  e i t h e r  X i s  e lec t ronegat ive  (a:-x lower i n  energy) oi- i f  the 

bond i s  weak, so t h a t  the a and o* energy l e v e l s  a re  not  very f a r  a p a r t  

I n  F ig .  6 as a f unc t i on  o f  the r o t a t i o n  angle $I a re  p l o t t e d  the energy 

l e v e l s o f  t h e r E o ,  no a n d r  o r b i t a l s .  These curves e x a c t l y  r e f l e c t  
C0 

A l l i n g e r ' s  e t  aZ8 conclusion. For f luoroacetone, m e t h o x y a c e t o n e ,  and 

chloroacetone there  i s  a lower ing of the n* energy l eve l  , and f o r  t i imethyl-  
C o 

aminoacetone and e thy l th ioacetone there  i s  a r a i s i n g  o f  the nCO l e v e l .  

b k  r e c a l l  t ha t  i n  the Paul ing scale, the e l e c t r o n e g a t i v i t i e s  Fo r  t h e  

heteroatoms are: F (3.981, O (3.441, C 1  (3.16), N (3.04),S (2.58) and 

H (2.20) . The resu l  t s  discussed above seem t o  i nd i ca te  t h a t  conclusions 

about red o r  b lue  s h i f t s  based on the  lower ing o r  r a i s i n g  o f  o r b i  t a l  

energy l eve l s  ca lcu la ted f o r  the molecule i n  the ground s t a t e  çhould be 

taken w i t h  reserve, s p e c i a l l y  i f  approximate methods are  involved.  The 

experimenta1 r e s u l t s  f o r  dimethylaminoacetone and e t h y  1 t h  i o a c e t o n e  

c l e a r l y  cannot be expla ined by the approximate model invoked here. 

C.  Carbonyl s t re t ch ing  frequency s h i f t s  

A thorough discussion o f  the d i f f e r e n t  e f f e c t s  t h a t  rnight be 



Fig.6 - O r b i t a l  energies 
as a func t ion  o f  the ro-  
t a t i o n  angle, 
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involved i n  the carbonyl s t re t ch ing  frequency 

s idered here has been done by O1 i v a t o  e t  aZ1. 

t o  complement h i s  view o f  a hyperconjugative 

s h i f t s  i n  the species con- 

I n  t h i s  sec t ion  we want 

i n t e r a c t i o n  using i n f o r -  

mation obtained from the molecular o r b i t a l  ca l cu la t i on .  

I n  Table 3 we have summarized the populat ions o f  the 2p atomic 

o r b i t a l s  o f  the carbonyl carbon (wd and carbonyl oxygen (r,), and a l ç o  

the charge on the oxygen (Q,) f o r  severa1 dihedral  angles. There i s  

a l so  a A value included which represents the v a r i a t i o n s  o f  t h e  popu -  

l a t i o n s  o f  the 2pn. atomic o r b i t a l s  on the  carbonyl oxygen and carbonyl 

carbon i n  comparison w i t h  the corresponding o r b i t a l s  i n  f luoroacetone 

which was taken as the  reference compound. 



Table 3 - Populations o f  the 2pa atomic o r b i t a l s  o f  the carboriyl carbon 

and oxygen atoms (rc,  r , )  and the charge (Q , )  on the  carbonyl oxygen ( i n  

u n i t s  of electrons) . 
- - - - 

Deg r ee S C 1 N O F 

One can n o t i c e  i n  Table 3 t ha t  f o r t h e c i s  and t rans  conformerç 

the decrease i n  popu la t ion  o f  the 2pr atomic o r b i t a l s  on the carbonyl 

carbon r e l a t i v e  t o  f luoroacetone along the ser ies  F, O, N, C ] ,  S i s  ap- 

proximately equal t o  the increase i n  the  2pr atomic o r b i t a l  populat ion 

on the  carbonyl oxygen. But, one can a l so  n o t i c e  tha t  as the dihedral  

angle changes t o  150°, 120' and 90°, the decreases i n  populat ion o f  the 



2p~r atomic o r b i t a l s  on the carbonyl carbon i s  less  than the correspond- 

ing  increases i n  the  popu la t ion  o f  the 2p7r atomic o r b i t a l s  on the  car-  

bonyl oxygen. This f a c t ,  as discussed by popleg,  i s  i n d i c a t i v e  o f  a t rans-  

f e r  o f  a-electrons from the CH,-X group i n t o  the carbonyl groupby hyper- 
o conjugat ion.  This e lec t ron  t rans fe r  i s  maximum a t  90 , and i s  a l so  more 

prominent f o r  the S and C 1  compounds, and p r a c t i c a  l l y i n e x i  s t e n t  f o r  

f luoroacetone. I t  i s  noteworthy t h a t  t h i s  r e s u l t  i s  we l l  i n  accord w i t h  

the estimates o f  O l i va to  e t  az ' f o r  the frequency s h i f t s  ( i n  cm-l) o f  the 

carbonyl group due t o  the hyperconjugat ion  e f f e c t  (AvH) which f o l  lows the 

order F (0.0), O(-2.1), N (-4.2), C 1  (-8.1) andS (-15.5). 
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Resumo 

Através da parametr ização do método CNDO/2 f o i  possível  ana- 
1 i s a r  a população r e l a t i v a  dos confÔrmeros e i s  e gauche de 5 acetonas cc 
-heterossubst i tuÍdas,  através do ca l cu lo  das energias e dos momentos d i -  
polares em função do ângulo de rotação 4 .  O e f e i t o  do solvente f o i  e s t i -  
mado v i a  o modelo de uma supermolécula e os deslocamentos de f requência 
t an to  no U.V. quanto no I .V. são d i scu t i dos  em termos dos n í v e i s  deener- 
g i a  e da hiperconjugação respectivamente. 


