
Conformat ional  A n a ly s is :
A Fo rce -F ie ld  f o r  Ketones and Aldehydes

by
Howard P h i l i p  F l i tmanr  t .

A Thesis submit ted f o r  the Degree o f  
Master o f  Science

Facu l ty  o f  Science 
The U n i v e r s i t y  o f  Glasgow 

September 1978



ProQuest Number: 13804181

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 13804181

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



ACKNOWLEDGEMENTS

The au tho r  is  indebted to  the Chemistry Department o f  the 

U n i v e r s i t y  o f  Glasgow f o r  the o p p o r t u n i t y  and the  f a c i l i t i e s  

necessary to  have done t h i s  work.

In p a r t i c u l a r ,  thanks are due to  Dr. Moira J.  McCaffer  

(nee Bov i l l )  f o r  valued d iscuss ion  d u r ing  i t s  p rogress .

I t  was done under the aeg is o f  P ro fessor G. Sim, who a l s o  

presented the  problem on sonane and i t s  r e l a t i v e s .

F i n a l l y ,  the au thor  wishes to  express h is  g r a t e f u l  app re ­

c i a t i o n  to  the Science Research Counci l  f o r  f i n a n c i a l  suppo r t .



TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS................................................................................................. T T -

TABLE OF CONTENTS..............................................................................................i i i

LIST OF TABLES AND FIGURES........................................................................  Iv

1. INTRODUCTION ...................................................................................................  1

2. EXTENSION OF THE WHITE-BOVILL FORCE-FIELD 
TO KETONES AND ALDEHYDES
2.1 P a r a m e te r i z a t io n ............................................................................  19
2 .2  Geometries o f  compounds w i t h  known

exper imental  values .................................................................... 25
2.3 Heats o f  Formation o f  compounds w i t h

known exper imenta l  va lues ......................................................

3. APPLICATIONS OF THE NEW KETO-FORCE-FI ELD
3.1 G e o m e t r i e s .......................................................................................... 56
3.2  Heats o f  f o r m a t i o n .............................................................................67
3.3  ( 3 - 3 - 1 ) Bieye 1 ic  systems c o n ta in in g  s u lp h u r .......................... 71

A. REFERENCES........................................................................................................ 83



i v

LIST OF TABLES

Table  Page

1 Ketone/aldehyde f o r c e - f i e l d  p a r a m e t e r s ............................ 21

2 Heats o f  fo rm a t ion  and s t e r i c  energ ies  o f  a ld e h y d e s .51

3 Heats o f  fo rm a t ion  and s t e r i c  ene rg ies  o f  ke ton es . . . 5 2 - 5 3

4 Some t o r s i o n a l  b a r r i e r  he igh ts   ............................. 56

5 Ca lcu la ted  en tha lpy  data f o r  some m e th y l c y c lo -
hexanones................................................................................................68

6 S u lp h id e /e th e r  f o r c e - f i e l d  paramete rs ...................................75~76

7 Ca lcu la ted  geometr ic  parameters f o r  sonane and
i t s  ana logues .......................................................................................78

8 Conformat ional  parameters f o r  some ( 3 . 3 . 1 ) b i c y c l i c
s u l p h i d e s / e t h e r s ..............................................................................80

LIST OF FIGURES

F igure  Page

1 (a ) - ( 1 )  Ca lcu la ted  and exper imenta l  geometr ies o f  ketones
w i t h  t h e i r  c a l c u la te d  heats o f  fo rm a t ion  and s t e r i c  
energ ies  ..........................................................................................  ,26-37

2 ( a ) ,  (b) F ive  conformers o f  c y c lo n o n a n o n e ..........................................64-65

3 Sonane, i t s  b o a t - c h a i r  conformer and a l i c y c l i c
a n a l o g u e ...........................................................................  73

4 3 - 0 x a - 7 , 9 - d i t h i a -  and 9 - o x a - 3 , 7 - d i t h i a ( 3 . 3 . 1 ) -
b ic yc lo nonane .......................................................................................74

5 S t ru c tu re s  o f  some (3 .3 .  O b i c y c l  ic  s u lp h i d e s / e t h e r s . 81



A Summary o f

CONFORMATIONAL ANALYSIS:

A FORCE-FIELD FOR KETONES AND ALDEHYDES

Howard P h i l i p  F l i tman

The U n i v e r s i t y  o f  Glasgow 
September 1978

A f o r c e - f i e l d  c u r r e n t l y  in use f o r  a p p l i c a t i o n  to  a lkanes and 
a lkenes  is  extended,  h e re in ,  so as to inc lude  a ke tone/a ldehyde 
c a p a b i l i t y .  This is done by the in c lu s io n  o f  f u r t h e r  co ns ta n ts  
to  take i n t o  account  terms due to  13 i n t e r a c t i o n s  i n v o l v in g  the 
carbony l  group. The f o r c e - f i e l d  is  parameter ized so as to  re p ro ­
duce as c l o s e l y  as p o s s ib le  the geometr ies o f  27 carbonyl  compounds 
possessing w id e ly  d i f f e r i n g  s t r u c t u r a l  f e a tu re s  and a ls o  the s t a n ­
dard heats o f  fo rm a t ion  o f  39 ketones and 10 a ldehydes ,  these 
being a l l  the carbonyl  compounds f o r  which a p p r o p r ia t e  data a re  
a v a i l a b l e  to  date .  The ac tua l  p re c is e  degree o f  correspondence 
ob ta ined  between the c a l c u la te d  and exper imenta l  data is  no t  so 
h igh  as in the case o f  the paren t  hydrocarbon f o r c e - f i e l d  but  
v ie s  fa v o u ra b ly  in comparison w i t h  the o th e r  p r i n c i p a l  carbony l  
f o r c e - f i e l d  in e x is tence .

An a n a ly s is  f o l l o w s  o f  the geometr ica l  and thermochemical 
r e s u l t s  o f  carbonyl  compounds f o r  which the  a p p ro p r ia t e  e x p e r i ­
mental data are as ye t  u n a v a i la b le ,  so p re c lu d in g  compar isons.  
M is ce l l aneous  a p p l i c a t i o n s  in c lu de  analyses  o f  the conformers 
o f  r i n g -k e to n e s  and t h e i r  r e l a t i v e  ene rg ies and a survey o f  the 
compounds o f  (3 .3 .1 )  b i c y c l i c  s t r u c t u r a l  types.  C a lc u la t i o n s  
f i n d  the c h a i r - b o a t  conformer o f  1 -methy l -  7 - exo-_ t -b u ty 1 ( 3 . 3 . 1 )~ 
b icyc lo no n an e -2 ,9 "d ion e  to be more s ta b le  than the t w i n - c h a i r  
fo rm,  in agreement w i t h  o b s e rv a t io n .  S i m i l a r l y ,  9 - t h i a  ( 3 . 3 • 1 ) -  
b i c y c lo no n an e -2 ,6 -d io n e  is c a l c u la te d  to  be s l i g h t l y  skewed, to 
r e l i e v e  un favourab le  non-bonded i n t e r a c t i o n s ,  as is  found e x p e r i ­
m e n ta l l y ,  and two o th e r  s u lp h u r - c o n ta in in g  systems, 3“ Oxa-7 ,9"  
d i t h i a -  and 9- o x a - 3 , 7“ d i t h i a ( 3 • 3 . 1 ) b i c y c 1ononane are confo rma­
t i o n a l  l y  ana lyzed.  For these cases, a f u r t h e r  ex tens io n  o f  the 
f o r c e - f i e l d  so as to  in c o rp o ra te  su lp h id e  and e the r  parameters 
is  desc r ibed .



INTRODUCTION

The method o f  m o le cu la r  mechanics,  a l t e r n a t i v e l y  known as 

t h a t  o f  the  f o r c e - f i e l d ,  p rovides "a r e l i a b l e  way to  de te rm ine  

r o u t i n e l y  s t r u c t u r e s  and energ ies  f o r  use in o th e r  work11.^ I t s  

usage is  d i c t a t e d  by expendiency,  and in those m o lecu la r  systems 

w i t h i n  which i t  has i t s  range o f  a p p l i c a b i l i t y  i t  is  o f  real  

p r a c t i c a l  use f o r  o b ta in in g  q u i t e  good q u a n t i t a t i v e  i n f o r m a t i o n .

T r a d i t i o n a l l y  the re  have been, and w i l l  co n t in u e  to  be, 

a l t e r n a t i v e  ways o f  o b ta in in g  these da ta .  Exper imental  methods 

which p ro v ide  access to  de te rm in ing  m o lecu la r  s t r u c t u r e  are  

numerous: the va r io u s  forms o f  spec troscopy  such as n . m . r . ,

i n f r a - r e d  and Raman, u l t r a - v i o l e t ,  micro-wave,  and o p t i c a l  

r o t a t o r y  d i s p e rs i o n  and c i r c u l a r  d i c h ro i s m ,  as w e l l  as d i f f r a c ­

t i o n  s tud ie s  us ing  x - r a y s ,  e le c t r o n s  and neu t rons .  A l l  have 

advantages and l i m i t a t i o n s  in p r a c t i c a l  use and have r e s t r i c t e d  

a p p l i c a b i l i t y ,  e .g .  x - r a y  d i f f r a c t i o n  g ives  an enormous amount o f  

p re c i s e  s t r u c t u r a l  in fo rm a t ion  about  molecules and t h e i r  mode o f  

pack ing ,  but  u n f o r t u n a t e l y  i t s  use is  l i m i t e d  to  c r y s t a l s .

Some o f  the sp ec t roscop ic  methods and a lso  the long-  

e s ta b l i s h e d  techniques o f  c a lo r im e t r y  and e l e c t r o c h e m is t r y  are  

u se fu l  f o r  de te rm in in g  thermodynamic q u a n t i t i e s  such as heats o f  

f o r m a t io n  and energy d i f f e r e n c e s  between con fo rma t io ns  o f  a g iven 

type  o f  mo lecule.  But ,  again th e re  are drawbacks regard ing  t h e i r  

usage, and a l l  exper imenta l  methods a l i k e  are t ime-consuming and 

r e q u i r e  co ns ide rab le  imput o f  human resource.
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The d i f f e r e n t  types o f  t h e o r e t i c a l  approach to  o b t a in i n g  geo­

m e t r i c  and thermochemical data comprise ab i n i t i o  quantum mechan­

i c a l  c a l c u l a t i o n s  and several  approx im at ion  methods de r ived  f rom 

i t ,  and m o lecu la r  mechanics.  The ab i n i t i o  method is  fundamen­

t a l i s t  and in p r i n c i p a l  w i l l  always lead to  p re c is e  and accu ra te  

da ta .  U n f o r tu n a t e l y ,  owing to  the co m p lex i ty  o f  the  c a l c u l a t i o n s  

t h a t  need to  be performed in o rder to  o b ta in  r e s u l t s  the  method 

is  p r a c t i c a l l y  i n a p p l i c a b le  to  a l l  but  the  very  s im p le s t  systems, 

the  computer t ime requi rement  f o r  c a l c u l a t i o n s  va ry in g  w i t h  the 

f o u r t h  power o f  the number o f  atomic o r b i t a l s  in vo lved .

Approx imat ions  a pp l ied  to  the ab i n i t i o  method g iv e  r i s e  to  

severa l  s i m p l i f i e d  quantum mechanical t re a tm en ts  such as CNDO, 

MINDO, NDDO, EHT e t  a l . ,  but  the t ime requ irements  are s t i l l  

l a r g e ,  v a ry in g  w i t h  the square o f  the number o f  o r b i t a l s ,  and the 

r e s u l t s ,  o f  course,  are now not  q u i t e  so r e l i a b l e .

M o le cu la r  mechanics,  however, is  less t ime-consuming ,  

comput ing t ime va ry in g  w i t h  the square o f  the number o f  atoms 

p re s e n t ,  and the c a l c u l a t i o n s  are e a s ie r  to  per formed.  F u r t h e r ,  

the  r e s u l t s  can be as good as those ob ta ined  by the  a fo rement ioned 

t h e o r e t i c a l  techn iques ,  and even v i e  in accuracy  w i t h  those 

de r ived  e x p e r im e n ta l l y .  Since i t  is  an e m p i r i c a l  method i t  can be 

a p p l i e d  s u c c e s s f u l l y  o n l y  in the area o f  m o le cu la r  types f o r  which 

i t  is  f i t t e d ,  the i n i t i a l  p a r a m e te r i z a t io n  o f  a " f o r c e - f i e l d "  being 

made over  a la rge  set  o f  good exper imenta l  d a ta .  Subsequent 

in fo r m a t io n  on the o th e r  compounds can be then d e r i v e d ,  e f f e c ­

t i v e l y ,  by i n t e r p o l a t i o n .
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C u r r e n t l y  the  scope o f  the method perm its  c a l c u l a t i o n  o f

o r g a n ic  m o le cu la r  geometr ies in c lu d in g  con fo rm a t io na l  parameters,

a l s o  heats o f  f o r m a t i o n ,  energ ies o f  confo rmat ions  and b a r r i e r s

s e pa ra t in g  them, t r a n s i t i o n  s ta te  geometr ies and b a r r i e r  h e igh ts

(hence in fo r m a t i o n  on r e a c t i o n  k i n e t i c s ) ,  and i t  a id s  in the

i n t e r p r e t a t i o n  o f  o p t i c a l  and n .m . r .  sp ec t ra .  I t  is  being a p p l ie d

to  v a r io u s  types o f  o rg an ic  compound, e s p e c i a l l y  to  hydrocarbons ,

keto-compounds and p ep t id e s ,  and the re  are several  types o f  f o r c e -

f i e l d  in e x is te n c e  tog e the r  w i t h  a l a r g e r  number o f  minor  v a r i a n t s

o f  them. Numerous reviews have surveyed the f i e l d ,  e s p e c i a l l y
2-5

r e l a t i v e l y  r e c e n t l y  and ever s ince  the  t ime n e a r l y  20 years ago 
6

t h a t  Hendr ickson pioneered h is  work on cyc loa lkanes  i t  has con­

t in u e d  to  f l o u r i s h .

The o b j e c t  o f  h i s  p a r t i c u l a r  work is  to  d e s c r ib e  the  e x te n ­

s ion  o f  a hydrocarbon f o r c e - f i e l d ,  c u r r e n t l y  in use a t  the

7
U n i v e r s i t y  o f  Glasgow, in o rd e r  to  inc lude  a ke tone /a ldehyde  

c a p a b i l i t y ,  and several  a p p l i c a t i o n s  o f  the f o r c e - f i e l d  

so d e r i v e d .

F o r c e - f  i e lds

F o r c e - f i e l d s  are developed so as to  f i t  a mechanical  model o f  

a m o lecu le ,  i . e .  a s e r ie s  o f  masses connected by s p r in g s .  D e fo r ­

mat ion o f  the  s t r u c t u r e  f rom i t s  re fe rence  e q u i l i b r i u m  s t a t e  

r e s u l t s  in an increase  in p o t e n t i a l  energy which can be c a l c u la te d  

f rom a knowledge o f  the fo r c e - la w s  and cons tan ts  in v o lv ed .  These 

l a t t e r  compr ise the f o r c e - f i e l d .

That  to  be descr ibed  in the p resent  work is  an example o f  a 

va le ncy  f o r c e - f i e l d .  I t  g ives  the  t o t a l  p o t e n t i a l  energy



( " s t e r i c  e n e rg y " ) ,  E , o f  a molecule as the sum o f  s i x  independent  

terms:

Es -  E, + + E+ + Er + ^  + Eq

which a re ,  r e s p e c t i v e l y  terms rep resen t ing  bond- leng th  d e fo rm a t io n s ,  

bond ang le  d e fo rm a t io n ,  t o r s i o n a l  s t r a i n ,  non-bonded i n t e r a c t i o n s ,
g

o u t - o f - p l a n e  de fo rmat ions  a t  t r i g o n a l  atoms, and coulombic energy.  

(S ince p a ra m e te r i z a t io n  o f  the f o r c e - f i e l d  invo lves  use o f  s tan ­

dard e n t h a l p i e s  o f  f o rm a t io n ,  the term " s t e r i c  e n th a l p y " ,  Hg would 

seem more a p p r o p r i a t e . )

The f o r c e - f i e l d  assumes na tu ra l  bond lengths  and ang les  

between g iven atoms in a re ference  s t a t e ,  and a lso  d e f in e s  r e f e r ­

ence s t a te s  f o r  t o r s i o n a l  angles and Van der Waals i n t e r a c t i o n s .

In a rea l  mo lecu le  d e v ia t i o n s  f rom the  re fe ren ce  s ta te s  cause i t  

t o  possess a s t e r i c  energy o th e r  than zero ;  subsequent ly  by a l l o w ­

ing the  molecule  to  r e l a x  a geometry can be ob ta ined  f o r  which i t s  

s t e r i c  energy is  min im ized.

( i ) Bond- length  Deformation

Using the e l a s t i c  sp r ing  ana logy,  the  p o t e n t i a l  energy s tored 

in a molecule  as the  r e s u l t  o f  s t r e t c h i n g  and compressing i t s  

c o n s t i t u e n t  bonds away f rom t h e i r  re fe rence  lengths  is  g iven by 

Hooke's Law:

E, = £ i k , ( l - l 0 ) 2

where 1 and 1 are  the re fe rence  and ac tua l  bond- leng ths  respec- 
o

t i v e l y  and k the f o r c e - c o n s t a n t .  (The term " r e f e r e n c e "  le ng th  is 

p r e fe r r e d  to  " u n s t r a i n e d "  leng th  s ince  even in any supposedly 

" s t r a i n - f r e e "  molecu le  w i t h  a l l  bond- leng ths  a t  t h e i r  re fe ren ce  

v a lu e s ,  th e re  is  s t i l l  some " s t r a i n "  p r e s e n t . )
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Since bond- leng ths  are d i f f i c u l t  to  a l t e r  owing to  t h e i r  h igh 

f o r c e - c o n s t a n t s , t h i s  energy term is u s u a l l y  low, de fo rma t io ns  

o c c u r r i n g  p r e f e r e n t i a l l y  in the o the r  geometr ic  parameters having 

much lower f o r c e - c o n s ta n t s ,  when necessary.

( i  i ) Bond-angle Deformation

Aga in ,  a Hooke's law q ua d ra t i c  term is  used to  rep resen t  the 

energy o f  bending an ang le  away f rom i t s  re fe rence  s i z e ,  bu t ,  

s ince  the  l a t t e r  is anharmonic,  p a r t i c u l a r  a t  la rg e  d isp lacem en ts ,  

a cu b ic  term is  added.

e = £ i k s (ke2 - k ^ e 3)

whereflO is  the  re s p e c t i v e  angu la r  d isplacement  and and k '^  are 

f o r c e  co ns tan ts .

( i  i i ) Tors ion

To rs ion a l  energy is  due to  the  i n t e r a c t i o n  between v i c i n a l  

groups (o r  bonds) w i t h  respect  to  r o t a t i o n  about  the  c e n t r a l  bond.

= L * k <b ^  + scosn$  )
$where s = -1 o r  +1 f o r  cases where the energy minimum is a t  

e c l i p s e d  o r  s taggered con fo rmat ions  r e s p e c t i v e l y ,  n is  the  p e r i ­

o d i c i t y  ( i . e .  the number o f  occur rences o f  the same con fo rmat ion  

in one r o t a t i o n ) ,  the  d ih ed ra l  ang le ,  signed c o n v e n t i o n a l l y  as 

shown below, and k the  b a r r i e r  to  f r e e  r o t a t i o n .

X is r o ta te d  c lockw ise  to  
e c l i p s e  Y, so t h a t  the  t o r s i o n  
angle is  de f in ed  to  be p o s i t i v e .

The reverse  s i t u a t i o n  o b ta in s  
f o r  n ega t i ve  t o r s i o n  ang les.

The b a r r i e r  he igh t  is  r e l a t i v e l y  i n s e n s i t i v e  to  the  na tu re  o f

the  i n t e r a c t i n g  groups,  but  somewhat more so to  t h e i r  number.



F u r th e r  d i s c u s s io n  about  the  natu re  o f  t o r s i o n a l  i n t e r a c t i o n s  can
g

be found in the l i t e r a t u r e .

( i v )  Non-bonded I n t e r a c t i o n  (Van der Waals Energy)

As i t s  name suggests,  energy due to  non-bonded i n t e r a c t i o n s  

a r i s e s  as the r e s u l t  o f  r e p u ls i v e  and a t t r a c t i v e  fo r c e s  between 

p a i r s  o f  atoms which are not  bonded to  each o th e r .  The presence 

o f  these cohes ive  fo r ce s  accounts,  f o r  example, f o r  the  e x is te n c e  

o f  the  condensed phases o f  noble gases which could not  o th e rw is e  

be formed.

They a ls o  e x i s t  between atoms t h a t  are d i r e c t l y  bonded to  each 

o th e r  bu t  t h i s  aspect  is not  se pa ra te l y  cons ide red ,  the e f f e c t  

being absorbed by the bond- leng th  de fo rm at ion  f a c t o r .  F u r t h e r ­

more, they  e x i s t  between p a i r s  o f  gem i na11y bound atoms, i . e .  atoms 

connected v i a  a s i n g le  c e n t ra l  atom, bu t  the f o r c e - f i e l d  under 

d is c u s s io n  does not  cons ide r  these a l though  they  a re ,  however, 

taken i n t o  account  in the Urey-B rad ley  f o r c e - f i e l d ,

The v a r i a t i o n  o f  p o t e n t i a l  energy o f  a system o f  two spher­

ic a l  atoms w i t h  the d is ta n c e  se pa ra t in g  t h e i r  cen t res  can be 

expressed by means o f  a Horse cu rve,  as shown:

Morse Curve

Potent  ia l  
energy

^  % equ i 1i br i um d i s tance

t e r n u c le a r  d i s t a n c e - 2?’
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The f o r c e  a c t i n g  between a p a i r  o f  atoms is g iven by the

g r a d ie n t  o f  the cu rve ,  and is a t t r a c t i v e  a t  la rge  i n t e r n u c le a r

se p a ra t io ns  and r e p u ls i v e  f o r  sma l l .  A lso ,  f o r  n o n -s p h e r i c a 1

atoms, f o r  example the oxygen o f  a carbonyl  group which possesses

p r o m in e n t l y  d i r e c t e d  lone e le c t r o n  p a i r s ,  the p o t e n t i a l  energy

1 °w i l l  va ry  w i t h  o r i e n t a t i o n  and w i l l  t h e r e fo r e  have a more com­

p l i c a t e d  fo rm a t .  However, f o r  s i m p l i c i t y ,  the more s t r a i g h t ­

fo rward  t rea tm en t  is re ta ine d  here.

In a few cases,  namely those o f ,  f o r  example, n i t r o g e n ,  

methane and the noble gases, i t  has been p o s s ib le  to  c a l c u l a t e  

the  p o t e n t i a l  curve f rom a c o n s id e ra t io n  o f  t h e i r  d e v i a t i o n s  o f  

behav io u r  f rom i d e a l i t y .  Normal ly ,  however, i t  is  taken from 

i n t e r a t o m ic  o r  in te rmolecu 1ar i n t e r a c t i o n  p o t e n t i a l s ,  a method

which u s u a l l y  works w e l l  in p r a c t i c e  desp i te  i t s  lack ing  a f i r m  
12

t h e o r e t i c a l  base.

The two most commonly used forms o f  Van der Waals p o t e n t i a l  

a re  the  Buckingham p o t e n t i a l ,
- b r  -6 

E = ae -  c r  
r

. , 3
and the  Lennard-Jones p o t e n t i a l ,

E = a r  n -  br n = 9-12 
r

where a,  b and c are a d ju s ta b le  parameters,  and the terms represent  

r e s p e c t i v e l y  r e p u ls io n  energy (prominent  a t  small  sepa ra t ions )  and 

a t t r a c t i v e  energy (a t  a l l  s e p a ra t i o n s ) .  In the absence o f  o th e r  

p e r t u r b in g  fo r c e s ,  the e q u i l i b r i u m  se pa ra t io n  o f  the atoms c o r r e ­

sponds to  a s t a t e  o f  balance between the a t t r a c t i v e  and r e p u ls i v e  

fo r c e s  a t  which p o in t  the atoms have t h e i r  r e s p e c t i v e  Van der Waals 

rad i i .



In the f o r c e - f i e l d  under c o ns id e ra t io n  the p o t e n t i a l  has 

the  fo rm :^

E -  D W  + e ' 2 0  
r r

where the energy parameter £  v a r ie s  w i t h  the s i z e  o f  the  atoms and 

the  parameter  0( is  the r a t i o  o f  the ac tua l  Van der Waals d is ta n c e  

between two atoms to  the sum o f  the in d i v id u a l  Van der Waals 

r a d i i .  E is  e f f e c t i v e l y  an independent parameter ,  bu t  one which 

was d e r ived  i n i t i a l l y  f rom the s t a r t i n g  p o in t  o f  the geometr i c  

mean o f  a p a i r  o f  s in g le  atom type parameters,  in the case o f  

i n t e r a c t i o n s  between u n l i k e  atoms.

The summation is over a l l  p a i r s  o f  non-bonded atoms th ree  o r  

more bonds a p a r t ,  and a l though  such a p a i rw ise  a d d i t i v e  method 

sometimes g ives  i n c o r r e c t  r e s u l t s ,  by s u i t a b l y  c a re fu l  parameter­

i z a t i o n ,  i n v o l v i n g ,  e s p e c i a l l y ,  data a t  small i n t e r n u c le a r  

s e pa ra t io n s  (where the fu n c t i o n s  are le a s t  r e l i a b l e )  i t  is  p o s s ib le  

to  o b t a i n  s a t i s f a c t o r y  re p re s e n ta t io n .  Successfu l  e v a lu a t i o n  o f  

such non-bonded parameters is e s s e n t ia l  f o r  a good f o r c e - f i e l d  and

t h e re  has been much d iscuss ion  in the l i t e r a t u r e  c e n te r in g  on 

5 14t h i s  t o p i c .  ’ The evidence a v a i l a b l e  suggests t h a t  the  para ­

meters f o r  carbon and hydrogen u t i l i z e d  in the p resen t  f o r c e - f i e l d  

g i v e  optimum r e s u l t s  in most cases.

(v)  O u t - o f -p la n e  Bending

The p o t e n t i a l  energy a r i s i n g  f rom the de fo rm a t ion  away from 

c o p l a n a r i t y  o f  systems c o n s i s t i n g  o f  a c e n t ra l  t r i g o n a l  carbon 

atom at tached to  th ree  ne ighbour ing  atoms is  g iven  by:

E = ]j£ 80-?0



w h e r e ) ( i s  the  improper t o r s io n  ang le a t  the t r i g o n a l  atom and k ^  

the  co rrespond ing  fo r c e - c o n s ta n t .

X =  R-C-Q* • • R*
The improper t o r s i o n  ang le

0 I t  is  due m a in ly  to  j f  -bond weakening as a r e s u l t  o f  poorer

o r b i t a l  o v e r la p .

( v i ) Coulombic Energy

The Coulombic energy o f  a molecule r e s u l t s  f rom e l e c t r o ­

s t a t i c  i n t e r a c t i o n s  between any p o la r  groups p resen t .  I t  is  

g iven  by:

where the q ' s  are the re s p e c t i v e  e l e c t r o s t a t i c  charges on the

e f f e c t i v e  d i e l e c t r i c  co ns tan t .

For a lkanes and alkenes and even f o r  monoketones t h i s  

coulombic  energy is  minimal and can reasonably  be ignored,  but  

t h i s  is  not  the  case f o r  o l ig o ke to ne s  where i n t e r a c t i n g  p o la r  

groups p resen t  in the  same molecule g iv e  r i s e  to  a s i g n i f i c a n t  

coulombic energy c o n t r i b u t i o n .

P a ram e te r iza t io n  o f  a F o r c e - f i e l d

A f o r c e - f i e l d ,  as p r e v io u s l y  de f in ed  "de sc r ib es  the  r e s t o r i n g  

f o r c e s  which occur in a molecule when the geometry o f  minimal 

p o t e n t i a l  energy is  d i s t u r b e d " . ^  Hence, op t imal  va lues  f o r  the

'J

atoms i and j  s i t u a te d  a d is tan ce  r . .  a p a r t ,  and D is  the
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f o r c e - f i e l d  parameters are to  be der ived so th a t  the geometr ic  and 

thermochemical  (and sp ec t ro scop ic ,  where p oss ib le )  p r o p e r t i e s  o f  a 

wide range o f  molecules o f  a given c lass can be a c c u r a te l y  d e r i v e d .

A la rg e  se t  o f  accura te  and d ive rse  exper imental  data is  

necessary a g a in s t  which to  parameter ize the f o r c e - f i e l d ,  which 

i t s e l f  must have the minimum number o f  parameters and terms to  

g i v e  p re c i s e  r e s u l t s  ye t  s t i l l  perm i t  v i s u a l i z a t i o n  o f  the  i n t u ­

i t i v e  chemical  concepts.  (A s imple polynomial  express ion  c o n t a in -

f* hing terms up to ,  say, the 30 power could be conceived which 

reproduces exper imental  data em inen t ly ;  i t  would have l i t t l e  

s i g n i f i c a n c e  in the grasp o f  a p r a c t i s i n g  chemis t ,  however. )

S t a r t i n g  va lues f o r  p o t e n t i a l  f u n c t i o n s ,  re fe ren ce  geometr i c  

parameters and fo r c e  cons tants are taken from the l i t e r a t u r e  and 

subsequent l y  m od i f ied  u n t i l  parameters c a lc u la te d  f rom the  f o r c e -  

f i e l d  agree w e l l  w i t h  observed va lues .  In p r a c t i c e ,  ad jus tment  

o f  non-bonded parameters tends to  be the most d i f f i c u l t  o f  the  

ta s k s ,  and d i f f e r e n t  f o r c e - f i e l d s  in the  l i t e r a t u r e  o f t e n  d i f f e r  

f rom one ano ther p r i m a r i l y  in t h i s  area.

Optimum values are  found,  t e d i o u s l y ,  by t r i a l - a n d - e r r o r  

method o r ,  a l t e r n a t i v e l y ,  by a 1eas t -squares  process,  o r  a com­

b i n a t i o n  o f  bo th .  A l l ,  a l i k e ,  g i v e  good r e s u l t s  p r a c t i c a l l y .

Heats o f  Formation

In f o r c e - f i e l d  c a l c u l a t i o n s  the energy o f  a mo lecule  is  m i n i ­

mized w i t h  respec t  to  coo rd ina tes  o f  the  c o n s t i t u e n t  atoms, and 

the  program y i e l d s  the t o t a l  s t e r i c  energy,  i t s  components, and



the  d e t a i l e d  geometry o f  the molecule in one o r  o th e r  o f  i t s  

co n fo rm a t io na l  minima (or  maxima), which one o f  the  l a t t e r  depend­

ing on the s t a r t i n g  geometry.

Since the s t e r i c  energy re la te s  to  an i s o la te d  molecule in 

a h y p o th e t i c a l  mo t ion less  s ta te  a t  0 K, ^  the e n th a lp ie s  o f  

t r a n s l a t i o n ,  r o t a t i o n ,  and v i b r a t i o n  and the z e r o - p o in t  energy 

have to  be considered in order t h a t  the s t e r i c  energy c a l c u la te d  

can be compared w i t h  the exper imental  s tandard en tha lpy  o f  forma­

t i o n  a t  298 K. This may be done through s t a t i s t i c a l  mechanics o r  

e l s e  e m p i r i c a l l y  by using bond or  group increments.

By the former rou te ,  a r o t a t i o n a l  en tha lpy  c o n t r i b u t i o n

(3RT/2 per  mole ) ,  a v i b r a t i o n a l  c o n t r i b u t i o n ,  E . , ,
3N-6 . Vlb

= kT l n ( l - e  h y i / k T j  per mo] e

where h ,k  are  P la nck 's  and Bol tzmann's cons tants  r e s p e c t i v e l y ,

N is  the number o f  atoms per molecule and the y .  the fundamental

v i b r a t i o n  f re que nc ies ,  and the z e r o - p o in t  energy,  E (0 K ) ,
3N-6

Ev i b  <° K> = * h E  v ,
1 =  1

are  a l l  added to  the c a lc u la te d  s t e r i c  energy to  g ive  the requ ired  

heat o f  fo rm a t ion .

Th is  approach is  cumbersome and not  used in the f o r c e - f i e l d  

under d is c u s s io n .  Here the group increment rou te  is  f o l l o w e d ,

( the  bond c o n t r i b u t i o n  scheme w i l l  have done e q u a l l y  as w e l l )  

wh ich ,  ap a r t  f rom being e a s ie r  to  use in p r a c t i v e ,  a lso  p a r t i a l l y  

compensates w i t h i n  i t s e l f  f o r  small  e r r o r s  which migh t  be found 

in the f o r c e - f i e l d .  I t  regards a l l  s t r u c t u r a l  u n i t s  o f  a g iven
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type as c o n t r i b u t i n g  eq u a l ly  to the o v e r a l l  heat o f  fo rm a t io n  o f  

a mo lecu le ,  i r r e s p e c t i v e  o f  i t s  s t r u c t u r e .  Th is  heat is  then 

s im p ly  the sum o f  a l l  a p p ro p r ia te  en tha lpy  increments added to  the  

s t e r i c  energy.  The increments are themselves obta ined  by a l e a s t -  

squares process^ from the exper imental  e n th a lp ie s  and s t e r i c  

energ i es.

e .g .  For 2 , 2 , 4 , 4 - t e t ra m e th y 1-3 -methy lenecyc lobu tanone,

s &Hf °  (gas, 298 K) = 

E_ + 41
-CH.

+ 21 + 1
=CH2 + 2 I=C + 'co

One f e a tu r e  ind ica ted  by the s t a t i s t i c a l  mechanical approach 

is  t h a t  s ince  the pr imary  c o n t r i b u t i o n s  to  the en tha lpy  o f  a mole­

c u le  a t  298 K, namely the z e r o - p o in t  energy and the v i b r a t i o n a l  

te rm, are  so very  s i m i l a r  f o r  d i f f e r e n t  confo rmat ions  o f  th a t  

mo lecu le ,  s t e r i c  energy d i f f e r e n c e s  e f f e c t i v e l y  r e f l e c t  conforma­

t i o n a l  energy d i f f e r e n c e s .

F i n a l l y ,  both methods neg le c t  the f a c t  t h a t  in the case,  

say,  o f  an a c y c l i c  molecule which is  f r e e  to  f l e x ,  the  observed 

heat o f  fo rm a t ion  is  taken over a l l  confo rmat ions  p resent  in the 

Boltzmann d i s t r i b u t i o n .  This is o f  no g rea t  consequence owing to 

the  i n t e r n a l l y  compensating f e a tu r e  o f  the en tha lpy  increment p ro ­

cedure .  In the case o f  such molecules whose conformers are 

separated by known ( c a lc u la te d  o r  expe r im en ta l )  en tha lpy  d i f f e r ­

ences,  i t  is  then p o s s ib le ,  o f  course,  to  take in to  account  the 

small  en t ropy  f a c t o r ,  work ou t  the  re le v a n t  f r e e  energy d i f f e r ­

ence and hence do a p op u la t i on  a n a ly s i s  o f  the l e v e l s .
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Energy M in im iz a t i o n

The geometry o f  a molecule,  whether i t s  coo rd ina tes  be known 

p r e c i s e l y  as a r e s u l t  o f  exper imental  obse rva t io n  or  whether they 

be o n l y  approximated to by means o f  a geometr ica l  c o n s id e r a t i o n  o f  

a model ,  does not  ( i n  a l l  p r o b a b i l i t y )  represent  t h a t  o f  i t s  e q u i ­

l i b r i u m  s t a t e  w i t h  respect  to  the f o r c e - f i e l d  used. I t s  s t e r i c  

energy has t h e r e fo r e  to  be minimized w i th  respect  to  the atomic 

c o o r d in a te s ,  a process which invo lves p ro g r e s s i v e l y  and system­

a t i c a l l y  making small adjustments to  them u n t i l  no f u r t h e r  low­

e r i n g  in s t e r i c  energy occurs.  Several methods f o r  doing t h i s  

e x i s t ,  and a l l  have t h e i r  re sp ec t ive  advantages and l i m i t a t i o n s . ^  

The computer programs f o r  t h e i r  use norma l ly  work w i t h  Car tes ian  

r a t h e r  than in t e r n a l  coord ina tes  because o f  t h e i r  ease o f  manip­

u l a t i o n ;  the l a t t e r  are ou tpu t  very  e a s i l y  a t  the end o f  a 

c a l c u 1 a t  i o n .

A l l  methods are founded on the f o l l o w in g  s imp le th e o ry :

For an N-atomic molecule  whose s t e r i c  energy E v a r i e s  
w i t h  the  c o o rd in a te  v e c to r ,  x ,  o f  i t s  atoms, the re  is 
zero net  f o r c e  a c t i n g  on each o f  i t s  i n d i v id u a l  atoms 
when t h a t  molecule is a t  i t s  energy minimum.

Expanding the p o t e n t i a l  ( i . e .  s t e r i c )  energy o f  the molecule 

in i t s  t r i a l  form as t runca ted  Tay lo r  se r ies  about  the minimum 

energy p o i n t  y i e l d s :

i = 1,2,  . . . ,3N

k i

i = M  i x  j / x ^



where represen ts  the coord ina tes  o f  the t r i a l  geometry ( f a i r l y  

c lo s e  to  the  minimum) and &x the d i f f e re n c e s  in r e s p e c t i v e  c o o r ­

d in a te s  o f  the  t r i a l  and minimum geometr ies.

Summing over a l l  the atomic coord ina tes  the c o n d i t i o n  f o r  an 

energy minimum is  thereby  obta ined :

£  lksU + Sx)l 

j - i l  P j X =  X

X =  X

3N 3N

+ i  i°  J - l  T=1

o r ,  in m a t r i x  n o t a t i o n ,

\7 E s (xq + £x)  = 0 = \ 7 Es (xq ) + F £ x

\ 2
S e M )

XxTJxT
0 i j  j

X =  X .

i . e.
x « -F ' '  V M XJ

O v S o

. . . . ( I )

. . . . ( 2 )

w h e re ^ E ^  is  the g r a d ie n t  o f  E, is  the m a t r i x  o f  second d e r i v ­

a t i v e  o f  E. and F  ̂ is the inverse  o f  F .’ o o

A b r i e f  summary o f  some o f  the most commonly used energy 

m in im iz a t i o n  schemes f o l l o w s .

18

( i ) Steepest  Descent

H i s t o r i c a l l y  t h i s  was the f i r s t  general  method to  be used.

I t  is  e f f i c i e n t  when the s t a r t i n g  geometry is q u i t e  d i s t a n t  f rom 

the  minimum but  converges much more s lo w ly  as i t  is  neared so th a t  

the l a t t e r  cannot  be located  w i t h  any g re a t  p r e c i s i o n .  In f a c t ,  

i t  converges on both minima and maxima o f  the  p o t e n t i a l  energy 

h y pe rs u r fa c e , bu t ,  advantageously is  not  l e f t  hanging in 

sadd1epo i n t s .



In the  scheme, the energy v a r i a t i o n s  r e s u l t i n g  f rom succes­

s i v e ,  independent ,  smal l  coo rd ina te  changes o f  a l l  t h a t  are  

p resen t  in the  molecule is moni tored.  Subsequent ly ,  these c o o r ­

d in a te s  a re  then each moved in the ene rgy - lower ing  d i r e c t i o n  by a 

d i s t a n c e  in d i r e c t  r a t i o  w i t h  the p a r t i a l  d e r i v a t i v e  o f  the energy 

w i t h  respec t  to  t h a t  c o o rd in a te ,  a process which is  then repeated 

u n t i l  consecu t i ve  s t e r i c  energies are as c lo se  to each o th e r  

as r e q u i r e d .

( i i ) P a t te rn  Search

Th is  is ra th e r  s i m i l a r  to  method ( i )  except  i n s o fa r  as a f t e r

each p e r t u r b a t i o n  o f  a co o rd in a te  i t  is not  re s to red  to  i t s  former

19
va lu e  i f  the energy change is favo u ra b le .  Thus, convergence is 

more r a p id ,  p a r t i c u l a r l y  so in the case o f  movement down long 

v a l l e y s  o f  small energy g ra d ie n t .

I t ,  too ,  f i n d s  both energy minima and maxima, and converges 

q u i t e  s lo w ly  near them. O v e r a l l ,  however, i t s  convergence p rop ­

e r t i e s  a re  su p e r io r  to  those o f  the s teepes t  descent  method, the  

u l t i m a t e  p a r t i a l  d e r i v a t i v e  o b ta in a b le  by the l a t t e r  being merely

- 1 “ 1 Q~1o f  the  o rde r  o f  10 kcal mol A , whereas in the  p resen t  case
-3

i t  can be 10 o r  sm a l le r .

( i i i )  P a r a l l e l  Tangents

Th is  again is  somewhat s i m i l a r  to  method ( i ) ,  but  now two 

e n e r g e t i c a l l y  more favoured p o in t s  are  c a l c u la t e d ,  r a t h e r  than 

mere ly  one. The minimum on the curve  through these ,  t o g e th e r  

w i t h  the  s t a r t i n g  p o i n t ,  then p rov ide  a f o u r t h  c o o rd in a te  which 

is  subsequent ly  used f o r  f u r t h e r  s teps o f  the same procedure.



( i v) Non-simu 1taneous Local Energy M in im iza t ion

Here the  p o t e n t i a l  energy hypersur face in the v i c i n i t y  o f  the

minimum is approximated to by the f u n c t i o n :

2 2 2 
E = Ax + By + Cz + Gx + Hy + Iz + J

where x , y , z  are the Cartes ian  coord in a tes  o f  the  atom being r e ­

f e r r e d  t o .  The c o e f f i c i e n t s  are found by c a l c u l a t i n g  the  energy 

arid i t s  d e r i v a t i v e s  w i t h  respect  to  each c o o rd in a te  f o r  two p o s i ­

t i o n s  o f  the atom, and then repea t ing  f o r  a l l  atoms. As b e fo re ,  

the  p a r t i a l  d e r i v a t i v e  o f  the energy w i th  respec t  to each c o o r ­

d i n a t e  is  zero a t  the minimum and by r e p e t i t i o n s  o f  the procedure 

the energy can be lowered u n t i l  the s h i f t s  a re  as small as d e s i re d .

(v)  Newton-Raphson Method^ * ^

Th is  is  the scheme employed in the  present  work and is  the 

one o f  cho ice  s ince  i t  leads to  r e l i a b l e  r e s u l t s  and to  a ve ry  

c lo s e  approx im at ion  to  the e q u i l i b r i u m  geometry; in favo u ra b le

cases a f t e r  merely th ree  i t e r a t i o n s - o f  the f u l l - m a t r i x  program

-11 -1 o- 1
(v .  i n f r a ) p a r t i a l  d e r i v a t i v e s  as low as 10 kcal mol A can

be o b ta in ed .

I t  is  a 2-s tage  process;  f i r s t l y ,  app rox im a te ly  50-100 i t e r ­

a t i o n s  o f  the b lock -d iagona l  method are app l ied  t o  b r in g  the 

i n i t i a l  crude geometry in to  the neighbourhood o f  the minimum 

( a f t e r  which convergence slows) and subsequent ly  2 o r  3 i t e r a t i o n s  

o f  the  f u l l - m a t r i x  method b r in g  i t  v i r t u a l l y  to  the abso lu te  m i n i ­

mum p o i n t  as aforement ioned.

The b lo ck -d iag ona l  program is so named by re fe rence  to  the 

m a t r i x  F in equat ion  ( l ) .  I f  U * 3  f o r  each atom, then
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21 22is  a b lock  d iagonal  m a t r i x .  ’

I t s  use c i rcumvents the sca l in g  problems met in us ing the steepest  

descent  method, but  i t  requ i res  a more p r e c i s e l y  de f ined  t r i a l  

s t r u c t u r e ,  even more so than the pure d iagonal  m a t r i x  method. 

D e r i v a t i v e s  having thereby been reduced to  the o rder  o f

g r e a t l y  improve convergence.  Here i , j  = 1 ,2 ,  . . . . 3N. However,

The re c ip ro c a l  o f  F can be determined by the genera l i zed  

inve rse  method, which re q u i re s  the d iagona1iz a t i o n  o f  F, or e lse  

by the  reduced F -m a t r i x  techn ique .  However, s ince  the l a t t e r  is  

d e f i c i e n t  i n s o fa r  as i t  f a i l s  to  y i e l d  a gene ra l i zed  inve rse  th a t  

is  unique,  i t  is  not  used here.

Since the f u l l - m a t r i x  method takes in to  account  a l l  i n t e r ­

atomic i n t e r a c t i o n s  ( r a th e r  than a s e le c t i o n  o f  them) i t  y i e l d s  

a ve ry  good r e p re s e n ta t io n  o f  the symmetry o f  a molecu le ;  because 

o f  i t s  e x c e l l e n t  convergence p r o p e r t i e s  i t  a lso  g ives  b e t t e r  values 

f o r  the  geometr ica l  parameters g e n e r a l l y ,  and to r s io n  angles in 

p a r t i c u l a r ,  the l a t t e r  being s i g n i f i c a n t l y  a l t e r e d  when the mole­

c u le  d epa r ts  even s l i g h t l y  f rom i t s  minimum energy s t a te .  Enei 

g i e s ,  however, are  r e l a t i v e l y  l i t t l e  a f f e c t e d .  I t  is  preceded by 

a s e r ie s  o f  b lo ck  d iagonal  i t e r a t i o n s ,  when in use, because o f  i t s

poor t o l e r a n c e  o f  geometr ies t h a t  d e v ia te  s i g n i f i c a n t l y  from the 

86
equ i 1 i br i urn one.

-  I -  i u I
10 kcal mol A the f u l l - m a t r i x  method is  used so as to

equa t ion  (2) cannot  be solved d i r e c t l y  s ince the m a t r i x  

F = ^ E  i s s i ngu 1 a r .
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F i n a l l y ,  involvement o f  the second d e r i v a t i v e s  in the  c a l c u ­

l a t i o n s  perm its  minima and maxima to  be d i s t i n g u i s h e d ;  the  program 

lo ca te s  maxima as r e a d i l y  as i t  does minima, which o f  the  two is  

p resen t  being decided by the na tu re  o f  the  s t a r t i n g  geometry.
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2. EXTENSION OF THE WHITE-BOVILL FORCE-FIELD (WBFF) ' 7 TO KETONES 
AND ALDEHYDES ~------------------------------------------------------------------------------

2. 1 P aram ete r iza t ion

In c o n t r a s t  to  the case o f  a lkanes and alkenes f o r  which the re  

are  in e x is ten ce  numerous f o r c e - f i e l d s ,  as c i t e d  in the l i t e r a t u r e ,  

the  area belong ing  to  ketones and aldehydes is ve ry  much a neg lected  

one. There are several  reasons why t h i s  should be so. F i r s t l y ,  

a l l  such extended f o r c e - f i e l d s  n ec e s s a r i l y  i n c o rp o ra te  a hydro­

carbon bas is ;  before  a carbonyl  f o r c e - f i e l d  can be param ete r ized ,  

a f i r m  such founda t ion  has to be l a i d .  Th is is  why so much e f f o r t ,  

r e l a t i v e l y ,  has been put  in the d i r e c t i o n  o f  hydrocarbon f o r c e -  

f i e l d s .  Fur thermore owing to the many shortcomings o f  these f o r c e -

f i e l d s  in comparison w i t h  the WBFF which is unsurpassed in r e 1i - 
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a b i l i t y  to  da te ,  carbonyl  f o r c e - f i e l d s  r e l y i n g  on them would be 

o f  dubious m e r i t  and u t i l i t y . ^  Secondly,  the re  is the p r a c t i c a l  

reason t h a t  the q u a n t i t y  o f  good exper imental  data -  mo lecu lar  

geometr ies and heats o f  fo rm a t ion  -  p e r ta i n i n g  to  carbonyl  com­

pounds in c ons ide ra b ly  more scarce than is the case f o r  hydro­

carbons.  Without  a broad spectrum o f  s t r u c t u r a l  types aga ins t  

which the pa ra m e te r iza t ion  is to  be made, the r e s u l t i n g  f o r c e -  

f i e l d  would be u n r e l i a b l e  and a lso  lack  g e n e r a l i t y  in i t s  

a p p l i  ca t  ion.

During the l a s t  few years a s i g n i f i c a n t l y  increased amount o f  

the  re qu ired  good exper imental  data on carbonyl  compounds has been 

fo r thcom ing .  Because o f  t h i s  f a c t  and a ls o  the recen t  a v a i l a b i l i t y  

o f  the new improved hydrocarbon f o r c e - f i e l d  the  t ime was f e l t  r i p e  

to  extend the l a t t e r  so as to  i n c o rp o ra te  a ketone-aldehyde 

capab i 1 i t y .
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The form o f  the WBFF is re ta ined  p r e c i s e l y ,  a long w i t h  a l l  

i t s  parameters.  A d d i t i o n a l  parameters are then inc luded so as 

to  take i n t o  account  the presence o f  one or  more carbony l  groups 

per mo lecu le  and the corresponding a d d i t i o n a l  i n t e r a c t i o n s  t h e r e ­

by in t roduced .  The pa ram e te r iza t ion  involved the use o f  data 

p e r t a i n i n g  to  the geometries and heats o f  fo rm a t ion  o f  a v a r i e t y  

o f  ketones and aldehydes o f  d i v e rs e  s t r u c t u r a l  types .  A l though  

not  q u i t e  so ex ten s ive  as the range o f  hydrocarbons u t i l i z e d  in 

the f o r m u la t i o n  o f  the basis WBFF, on account o f  r e l a t i v e l y  less 

p ro fuse  a v a i l a b i l i t y ,  i t  neverthe less  inco rpo ra tes  s t r u c t u r a l  

f e a tu re s  such as a c y c l i c  and c y c l i c  e n t i t i e s  w i th  v a r io u s  degrees 

o f  s t r a i n  and s t e r i c  crowding,  and a ls o  the novel one o f  p o l y ­

f u n c t i o n a l i t y :  the occurence o f  a m ix tu re  o f  one o r  more double

bonds, ke to-g roups  and s t ra ined  r in g s  w i t h i n  a s in g le  mo lecule.

The f o r c e - f i e l d  is not  parameter ized to app ly  to  molecules 

c o n ta in in g  o(, ^ -u n s a tu ra te d  or  any o the r  form o f  conjugated  

system, and a lso  not  to  ketenes.  N a t u r a l l y ,  the e xc lu s ion s  

in h e re n t  in the WBFF, namely o f  3“  and 4- membered r i n g s ,  s p i r o - ,  

a l l e n i c  and a c e t y l e n i c  systems, and to  conjugated and a romat i c  

hydrocarbons app ly  here,  too.

S t a r t i n g  values f o r  the new parameters are obta ined  from 
23

the  l i t e r a t u r e  and by j u d i c i o u s l y  r e l a t i n g  to those in the WBFF. 

By s y s t e m a t i c a l l y  a d ju s t i n g  them in t r i a  1- a n d - e r r o r  fash ion  a 

c lo s e  correspondence was e v e n tu a l l y  a t t a in e d  between exper imental  

and c a l c u la te d  data ,  namely, mo lecu la r  geometr ies,  r e l a t i v e  con­

f o r m a t io n a l  energ ies ,  t o r s io n a l  energy b a r r i e r s  and heats 

o f  f o rm a t io n .
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TABLE 1

F o r c e - f i e l d  Parameters

( i )  Atom types :  1 = H, 2 = C  3 = C 2 , 4 = 0
sp2 sp ^ ’

( i i )  Dimensions:  Fo rce -cons tan ts :  kcal mol” 1 %~2 ,
-1 -2  kcal mol deg

Distances:  8 ; Angles:  deg.

Energies: kcal mol ^

( i i i )  The Parameters:
(a) Bond s t r e t c h in g

Type 1 Type 2 i k ^  1

2 4 6 8 5 . 0  1 . 2 1 2

(b) Angle bending , w  m
types 1 2 3  i k e k -d eo u ;

1 2 4 0.0085 0 . 0  122. 0  121.5
3 2 4 0.0125 0 . 0 0 9 6  121 . 0  119 . 0

’’‘ S u p e rs c r ip t  re fe r s  to  degree o f  s u b s t i t u t i o n  o f  ^ Sp2

(c)  Tors ion
Types 1 2 3 4 i k ^ n

1 3 2 4 0.04 -1 3
2 3 2 4 0 . 0 6  -1 3
3 3 2 4 0 . 0 6  -1 3

Non-bonded
Types 1 2

r i
r

2 €

1 4 2 . 8 0 0 . 0 0 . 1 2
2 4 3.40 0 . 0 0 . 1 2
3 4 3.40 0 . 0 0 . 12
4

O ut -o f -p la ne

4

bend i ng

3.30 0 . 0 0 , 1 0

Types 1 2 3 4 i k x

1 2 4 3 0.0025
3 2 4 3 0.0025

( f ) Cou1omb i c 
Types

2 (ca rb ony l )  +0.35 
4 -0 .3 5
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The new parameters introduced are shown in Table 1, and f o r  

c l a r i t y  the  s t e r i c  energy expression to which they r e f e r  is  

summarized here:

Es = I i k 1d - i o ) 2 + E i k e ( A 0 2 - k '  A 0 3> +
1 0

(1 + scosn l j k )  + + e 12^1” *  )} +
t  r

l i k  ( i s o - x  ) 2 +  £  5 i3 L  
*  x  q Dr y  . . . . ( 3 )

The s i g n i f i c a n c e s  o f  a l l  the symbols are re la ted  e a r l i e r  (pp

The va lues  o f  the two group enthalpy  increments, d e r ived  f rom

the  exper imenta l  heats o f  fo rmat ion  and c a lc u la te d  s t e r i c  energ ies

by a le as t - squ a res  method, are l i s t e d  here:

Increment Entha1py (kca1 mol ^ )

^C=0 (ke to)  +31.07
-CH0 (aldehyde) +28.90

The d e r i v a t i v e  o f  the s t e r i c  energy in a l l  cases c a l c u la te d  

is  lower than ckal  mol  ̂  ̂ (unless stated o th e rw ise ,  in

p a r t i c u l a r  cases) .  Thus the molecules can be regarded as being 

in t h e i r  e f f e c t i v e l y  abso lu te  minimum energy s ta te s .

I t  was f e l t  not  to be usefu l  o r  in fo rm a t i ve  to c a l c u l a t e  mean 

d e v i a t i o n s  between ca lc u la te d  and exper imental  geometr ica l  para-  

meters ,  such as bond lengths,  angles and t o r s io n  angles in the 

fas h io n  done f o r  hydrocarbon f o r c e - f i e l d s .  Ins tead,  i n d i v id u a l  

d e v i a t i o n s  w i t h i n  s p e c i f i c  molecules are noted and t h e i r  p a r t i c u ­

l a r  cases,  i f  s i g n i f i c a n t ,  commented upon. The reasons f o r  

adop t ing  t h i s  approach can be enumerated. F i r s t l y  the carbonyl 

compounds involved are g e n e ra l l y  cons ide ra b ly  less symmetric and
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a ls o  co n s id e ra b l y  l a rg e r  than the hydrocarbons.  This f a c t  both 

increases enormously the actual  number o f  geomet r ica l  parameters 

to  be evalua ted and a ls o  makes the t ru e  s i g n i f i c a n c e  o f  any such 

f i n a l  d e v i a t i o n s ,  were they to be eva lua ted ,  much less easy to  

v i s u a l i z e .  Some molecules would show la rg e  d e v ia t i o n s  in the 

reg ion  o f  the carbonyl  group w h i l s t  o the rs  would show i t  in d i s ­

t a n t  p a r t s :  is the carbonyl  extens ion o f  the f o r c e - f i e l d  la c k in g ,

o r  the  o r i g i n a l ?  Some e x o t i c  cage-molecu 1es would show unusua l ly  

la rg e  d e v i a t i o n s ,  whereas a se r ie s  o f  s imp le r  a c y c l i c  molecules 

would show few: are a l l  the molecules a l i k e  to be g iven equal

w e igh t ing?  Be t te r  i t  is  to d ispense w i t h  the procedure e n t i r e l y .  

Secondly,  the actual  set  o f  molecules whose geometr ies are  com­

pared would d i f f e r  g r e a t l y  from the sets o f  hydrocarbons encoun­

te red  in the WBFF (and o the r  f o r c e - f i e l d s ) . Th is would t h e r e fo r e  

not  a l l o w  a meaningful  comparison between the re s p e c t i v e  e f f i c a ­

c ie s  o f  the f o r c e - f i e l d s .

The above approach is the one adopted e a r l i e r  by the o th e r  

23
p r i n c i p a l  worker on carbonyl  f o r c e - f i e l d s , g i v i n g  some s t re n g th  

to  the  arguments mentioned.  In a p p ro p r ia te  instances comparison 

is  made w i t h  t h i s  work so as to serve as the best  i n d i c a t o r  o f  

the  r e l a t i v e  m e r i t  o f  the new f o r c e - f i e l d .

In c o n t r a s t ,  mean d e v ia t i o n s  f o r  the e n th a lp ie s  o f  fo rm a t ion  

are  e a s i l y  worked o u t ;  f o r  the 40 ketones l i s t e d  in Table 3 the 

mean d e v i a t i o n  is 1. 18  kcal mol (or 1.17 kcal mol i f  the va lue  

f o r  t e t r a m e t h y l - 1 , 3 -cyc lo bu ta ned ione ,  which con ta ins  a 4-membered 

r i n g ,  is  o m i t t e d ) .  For the 10 a ldehydes in Table 2 i t  is  0.89 

kca1 mol ^ .
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Although  s u p e r f i c i a l l y  i n f e r i o r  to  the 0 . 5 5  kcal mol" 1 d e v ia ­

t i o n  repor ted  f o r  hydrocarbons in the WBFF the aforement ioned 

m i t i g a t i n g  f a c t o r s  have to  be borne in mind. F u r th e r  d iscu ss ion  

f o l l o w s  (Sect ion 2 . 3 ) .

Notes on S p e c i f i c  F o r c e - f i e l d  Parameters

The re fe rence  length  f o r  the  C=0 bond o f  1.212 A is  taken as

a good average value from many t y p i c a l  exper imental  va lues ;  the

s t r e t c h i n g  fo r c e  constant  is s i m i l a r l y  r e a l i s t i c .

Much the same s i t u a t i o n  e x i s t s  f o r  angle bending.  The

r e f e r s  to  methanal o n l y ,  a t r i v i a l  case which is not  incorpora ted

(2 )in the  p a ra m e te r i z a t io n .  8  r e la t e s  to the o the r  aldehydes and

a  (3) , °(70 to  ketones.

2 kThe t o r s i o n a l  b a r r i e r  he igh ts  are der ived  p r i m a r i l y  by 

c o n s id e r a t i o n  o f  the e f f e c t s  o f  r o t a t i o n  in s imple molecules 

(v_. i n f  r a ) .

Non-bonded parameters a re ,  as expected,  the more d i f f i c u l t  

o f  them a l l  to  eva lua te ,  and i f  any f u t u r e  re v i s io n  o f  the f o r c e -  

f i e l d  is  contemplated i t  is l i k e l y  t h a t  i t  is  these t h a t  w i l l  

r e q u i r e  the most a t t e n t i o n .  In the present  ins tance ,  however, 

they rep resen t  the opt imal  values o b ta in ab le .

The o u t - o f - p l a n e  bending f o r c e - c o n s ta n t  showed l i t t l e  t a n g i ­

b le  e f f e c t  on heats or  geometr ies,  even when va r ied  q u i t e  w id e ly .  

The va lu e  adopted is  p h y s i c a l l y  reasonable and a lso  re la te s  s a t i s ­

f a c t o r i l y  to  t h a t  p r e v io u s l y  es ta b l i sh ed  f o r  the C=C group.

F i n a l l y ,  s ince  the  coulombic energy f o r  monoketones is 

c a l c u la t e d  to be i d e n t i c a l l y  ze ro ,  v a r i a t i o n  o f  the charges o f  

the  C=0 d i p o l e  w i l l  have no e f f e c t  in these cases. For d i -  and 

t r i - k e t o n e s  i t s  v a r i a t i o n  by 0 . 0 5  u n i t s  o f  e l e c t r o n i c  charge makes
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e f f e c t i v e l y  no d i f f e r e n c e  to geometr ic  bond lengths and ang les  in

these compounds and changes o f  the order o f  o n l y  0 . 1°  in t o r s i o n

ang le s .  S t e r i c  energ ies  are somewhat more s i g n i f i c a n t l y  a l t e r e d

by 0 . 2 8  kcal  mol and 0.14 kcal mol r e s p e c t i v e l y  in the cases

o f  1 , 4 - c y c 1ohexanedione and 1 , 6 - sp i ronaned ione  b u t ,  u n f o r t u n a t e l y ,

s ince  no exper imental  thermochemical data is ye t  a v a i l a b l e  f o r  such

compounds, i t  is not  p oss ib le  to d i s c r im in a t e  in favou r  o f  the

b e t t e r  va lu e  on t h i s  count .  The values o f  tO. 35 chosen are

r e a l i s t i c  and c o r r e l a t e  reasonably w i t h  the p a r t i a l  charges found

25by p o p u la t i o n  a na ly s is  o f  compounds such as e th a n a l :

+0-21 - 0.35
H 0

* - 0.50 The va lues  a re  in u n i t sW ' 0*il J- 1 Iv o f  e l e c t r o n i c  charge.

H v »

A lso ,  as t h i s  example i l l u s t r a t e s ,  the d i s t r i b u t i o n  o f  charge

on the  carbonyl  f u n c t i o n  is re layed through the remainder o f  the 

mo lecu le ,  and in uneven fash io n  a t  t h a t .  A more s o p h is t i c a te d  

f o r c e - f i e l d  could a l l o w  f o r  t h i s  e f f e c t  but  f o r  the sake o f  s im­

p l i c i t y ,  in the present  case, the s t r a i g h t f o r w a r d  approach is  

adopted and regarded as good enough on the basis t h a t  o v e r a l l  

compensation can be obta ined  and the f o r c e - f i e l d  as a whole. In 

more accura te  work,  however, i t  would have to  be a l lowed f o r ,  along 

w i t h  the  uneven charge d i s t r i b u t i o n  induced in a r e le v a n t  mole­

c u le  by the presence merely o f  an a lkene group.

2.2  D iscu ss ion o f  Geometries o f  Compounds w i t h  Known Exper imental
Va 1ues

The exper imenta l  geometr ies o f  a l l  ketones f o r  which sound 

data c u r r e n t l y  e x i s t  are compared w i t h  the c a l c u la te d  values in 

F igures  1(a) -  1(1) and in the remainder o f  t h i s  s e c t i o n .  C e r ta in
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FIGURE 1 ( a )

C a l c u l a t e d  a n d  e x p e r i m e n t a l  g e o m e t r i e s  ( P a r a m e t e r s  i n  A n g s t r o m s
a n d  d e g r e e s )  a n d  c a l c u l a t ed h e a t s  o f  f o r m a t i o n  ( g a s ,  29& K) a nd
s t e r i c  e n e r g i e s  ( k c a l  n io l  J

2 , 2 , 4 , 4 -Te t ram ethy1-3~methy1enecyc1o b u ta n o n e ^  (AH^° = “ 30.39,

Exp t .

0 . 0  $4123
- 6 9 . 6  $0148

T e t ra m e th y l - 1 , 3~cyc1obutaned ione 

Cal c.

31

I 't tb  2 7o*V

0 . 0  5*4123
- 70. 1  $0147

0.0
■64.8

Expt .

0.0
-64 .6
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FIGURE I ( b )

C a l c u l a t e d  a n d  e x p e r i m e n t a l  g e o m e t r i e s  ( p a r a m e t e r s  i n  A n g s t r o m s
a n d  d e g r e e s )  a n d  c a l c u l a t e d  h e a t s  o f  f o r m a t i o n  ( g a s ,  K)  a n d
s t e r i c  e n e r g i e s  ( k c a l  m o l  )

4 - 1 - B u t y l e y e l o h e x a n o n e ^  (AHf0 = - 7 9 . 9 3 ,  Es = 6 . 58 )

Calc.  Expt.

\sn m

5 1 . 0
- 5 2 . 9

57 .2

4 , 4 - P  im e thy1cyclohexanone 

Calc.

33

*6123 
1234 

•2345

(AH,

47 .4
-52 .1

5 6 . 6

•70 .03,  Es = 3 .84 )

Expt.

O

50 .7  $ 6 1 2 3  ^ 3 .0
- 5 0 . 8  $1234  - 4 9 . 8

53.3  $ 2 3 4 5  55 .4
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FIGURE 1 ( c )

C a l c u l a t e d  a n d  e x p e r i m e n t a l  g e o m e t r i e s  ( p a r a m e t e r s  i n  A n g s t r o m s
a n d  d e g r e e s )  a n d  c a l c u l a t e d  h e a t s  o f  f o r m a t i o n  ( g a s ,  2 9 8  K) a n d
s t e r i c  e n e r g i e s  ( k c a l  mo~l~l l

34 o2 , 2 , 6 -T r  imethy 1 cycl ohexanone (fikĤ . ■77.26, E = 3.96)  
s

Ca 1 c. Expt .

C h a i r -e q u a to r i a l  conforma­
t i o n .  The geometr ica l  
parameters c i t e d  are  incon­
c l u s i v e  and not  quoted here,  
o the r  than two t o r s i o n  ang les

-74 .0
•174.8

$6127
$ 2 1 6 9

-79 .8
- 1 7 8 . 2

4 .4 ,7 ,7 - T e t ra m e th v l c y c lo n o n a n o n e ^  ( b t t f  -  -9 2 .44 ,  Eg 13.65)

133.6 $9123 131.3
-94 .3  <pi 234 -101.2

36 .0  $ 2 3 b 5  34.6
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FIGURE 1 ( d )

C a l c u l a t e d  a n d  e x p e r i m e n t a l  g e o m e t r i e s  ( p a r a m e t e r s  i n  A n g s t r o m s
a n d  d e g r e e s )  a n d  c a l c u l a t ed h e a t s  o f  f o r m a t i o n  ( g a s ,  2 9 8  K) and
s t e r i c  e n e r g i e s  ( k c a l  m o 1 " ^ X

Cyclodecanone 

Ca 1 c .

36

\  l>Stt -  1
/UM> Ub‘0 /

iW

1/ Sfuy-o

y-531
lisio

uy-yU
MS-lltO

/l-S3l
lltfi

rUM
(‘M i

MS-1
uyqi

W l l

$ 10 , 1,2 , 3  
$1234 
§2345 
09,10,1,2

 IV7-I
WM i . y j j

37Cycloundecanone

53.6 234 59.8
129.5 9 1 0 , 11 , 1,2 127.2
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FIGURE 1 ( e )

C a l c u l a t e d  a n d  e x p e r i m e n t a l  g e o m e t r i e s  ( p a r a m e t e r s  i n  A n g s t r o m s
a n d  d e g r e e s )  a n d  c a 1c u 1a t ed h e a t s  o f  f o r m a t i o n  ( g a s , 2 9 8  K) a n d
s t e r i c  e n e r g i e s  ( k c a l  mol  7"

( 4 . 4 ) Spi rononane-1 , 6 -d i o n e ^  (AH^° 

Calc.

•82.66, Es = 12.34)  

Expt.

V I M

1*521
vsv

Tuo

1 5 . 2

- 3 0 . 5
36.3

♦5123
01234
02345

15
■33
39

1- M e t h y l - 7 - e x o - t - b u t y l ( 3 . 3 . 1 )b i  cyc lononane-2 ,9-d  ione 39

12.46)

Ca 1 c.

BK

- 6 1 . 2  

-117.1  
50 .5

0 1 9 5 6
08123
01234

- 6 1 . 0
1 1 5 . 6
- 4 6 .3
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FIGURE 1 ( f )

C a l c u l a t e d  a n d  e x p e r i m e n t a l  g e o m e t r i e s  ( p a r a m e t e r s  i n  A n g s t r o m s
a n d  d e g  re'es*)"  a n d  ca  I c u l  a t e d  h e a t s  o f  f o r m a t i o n  ( g a s ,  2 9 8  K) a n d
s t e r i c  e n e r g i e s  ( k c a l  mo l  )

4o
t r a n s - 2-Decalone (AHr °  = -68 .60 ,  E = 4.26)
' i s

Calc.  Expt .

V

i\o*q mo*;

57.7 <I> 1,9 ,10 ,4  59 . 0
-57 .7  <J>9 , 10,4 ,3 -58 .9

5 2 . 2  92,3,4,10 55.7

1 0 -M e th y l - t r a n s - 2 -deca lone

Calc.

41 (6 Hf °  = -73 .9 9 ,  Es = 7.87)  

Expt .

i*S2q x ‘w‘'

Only t o r s i o n a l  parameters are  
c i t e d  in the  exper imental  
re p o r t .

58.4
•55.8
49.6

4* 1 ,9 , 10 , 4
< b , i o , 4 , 3
<<>2,3,4,10

58.3 
- 60 .8

52.4



FIGURE 1 ( g )

C a l c u l a t e d  a n d  e x p e r i m e n t a l  g e o m e t r i e s  ( p a r a m e t e r s  i n  A n g s t r o m s
a n d  d e g r e e s )  a n d  c a l c u l a t ed h e a t s  o f  f o r m a t i o n  ( g a s ,  2 9 8  K) and"
s t e r i c  e n e r g i e s  ( k c a l  mo~l~^7~

( 5 . 3 . 0 . 0 2 , ^ ) T r  ic yc lodecane-4 ,9 -d  ione^2 (&H^° = - 5 8 . 2 7 , E ^  = 34.55)

c i s ,  a n t i , c ? s (Symmetry = C ) c i s , a n t i ,  c i s

-24 .2  05432 -2 1 .4
13.7 04326 2 0 . 8

0 . 0  01267 - 11 . 9

6 , 7 -D imethy l  (5.3.Q.Q2 * ^ ) t r i c y c l o d e c a n e - 3 , 1Q-d i o n e ^  

Ca 1c.

S t r u c t u r e  not  c a l c u la t e d .

Expt.

ysn

job

(Symmetry = C ) c i s ,  a n t i ,  c ? s
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FIGURE 1 ( h )

C a l c u l a t e d  a n d  e x p e r i m e n t a l  g e o m e t r i e s  ( p a r a m e t e r s  i n  A n g s t r o m s
a n d  d e g r e e s )  a n d c a l c u l a t e d  h e a t s  o f  f o r m a t i o n  ( g a s ,  2 9 b  K) a n d
s t e r i c  e n e r g i e s  ( k c a l  m o l  )

.3,8.
( 5 -3 -1 •0 ^ *  ) T r ic y c lo u nd e c an -5 -o n e^  (&H„ = -55*72,  E = 16.61)f  s

Ca 1 c .

1  (Symmetry = Cg)

43 .7  $6543  49 .0
- 5 4 . 0  05438  -5 3 *5

6 2 . 5  04387 6 1 . 6

endo- ( 5 . 5 . 1 . 0 2 , 6 . 0 10 ,1 3 ) T e t r a c y c l o t r i d e c a n e - 4 , 8 , 1 2 - t r i o n e 45

Calc.

- 16 . 6
10

(&H °  = -107 .65 ,  E = 21.00)
1 s o

- 16. 6

<>3456 
0 7 ,8 ,9,10 
0 1 0 , 1 1 , 12,1 - 2 0 . 2
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FIGURE 1 ( i )

C a l c u l a t e d  a n d  e x p e r i m e n t a l  g e o m e t r i e s  ( p a r a m e t e r s  i n  A n g s t r o m s
a n d '  d e g r e e s T  a n d  c a l c u l a t ed h e a t s  o f  f o r m a t i o n  ( g a s ,  298 K)  a n d
s t e r i c  e n e r g i e s  ( k c a l  mo~l 7

9 ft
( 4 . 4 . 0 . 0  * ) T r i c y c l o d e c - 3 _3 n 3 - 7 , 10- d i o n e  (^Hf °  = - 4 2 . 2 8 ,

Es = 2 3 . 0 4 )

Calc.  Expt .

iWM.ni

9 11 4 ,9  47
( 6 . 4 . 0 . 0 » .0 )T e t ra c y c lo d o d e c -6 -e ne -3 >lQ“dione

Ahl °  = -2 8 .42 ,  
Es = 41,66)

. 4 7  4 ♦ 4 , 3 , 2 , 1 1  - 4 6 . 6
3 4 . 6  9 3 , 2 , 1 1 , 1 0  3 6 . 9
2 2 . 8  9 2 ,.11 , 10,9 2 2 . 0
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FIGURE 1 ( j )

C a l c u l a t e d  a n d  e x p e r i m e n t a l  g e o m e t r i e s  ( p a r a m e t e r s  i n  A n g s t r o m s
a n d  d e g r e e s )  a n d  c a l c u l a t ed h e a t s  o f  " f o r m a t i o n  ( g a s ,  29& K) a n d
s t e r i c  e n e r g i e s  ( k c a l  m o l l " * 7 "  ' ~

(6 . 5 . 3 . 0 .  0^* ^ T e t r a c y c lo p e n ta d e c a n - l  3~ o n e ^  (Ah^.° = -40 .13 ,
Es = 50.84)

Calc.  Expt .

0

8b't
1*513 £

81-0

-20.7  $ 1 3 , 1 , 8 , 1 5  "2 3 .0
-2 3 .0  9 1 2 , 1 , 8 , 9  -2 9 .0
104.5 9 1 3 , 1 , 8 , 9  100 . 8

( 8 . 4 . 3 . 0 . Q^*^ )T e t rac y c lo h e p ta d ec -5 -en -15~one  ̂ (&H .̂ -  - 2 8 . 7 3 ,
Es = 45.32)

Calc Expt .

»  I *52.1 3

-1 8 .0  <$15,1 ,10 ,17  - 20.1
- 21.1  $ 1 4 ,1 ,1 0 ,1 1  -25 .7
105.5 4 l 5 , l , 1 0 , l l  103.3
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FIGURE 1 ( k )

C a l c u l a t e d  a n d  e x p e r i m e n t a l g e o m e t r i e s  ( p a r a m e t e r s  i n  A n g s t r o m s
a n d  d e g r e e s )  a n d  c a l c u l a t ed h e a t s  o f  f o r m a t i o n  ( g a s ,  2 9 8  K) and
s t e r i c  e n e r g i e s  ( k c a l  rnol  7 " " "

( 7 . 2 . 1 . * ^ ) T e t r a c y c l o t r ?decane- 8 , 11 - d i o n e ^  (AH^0 = - 7 1 . 9 1 ,

Es = 3 2 . 6 1 )
' Calc.  Expt.

$ 12 , 1 , 11 , 10
0 7 , 8 , 9 , 1 2
0 8 ,9 ,10,11

£“ 1
Hexamethylb 1 snord iadamantaned ione*3 (AH

Ca 1 c .

-21 . 2

■90.65, E = 51.81)s

Expt.

lift

^Symmetry = C^^

o
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FIGURE 1 ( 1 )

C a l c u l a t e d  a n d  e x p e r i m e n t a l  g e o m e t r i e s  ( p a r a m e t e r s  i n  A n g s t r o m s
a n d  d e g r e e s )  a n d  c a l c u l a t e ^  h e a t s  o f  f o r m a t i o n  ( g a s ,  298 K)  a n d
s t e r i c  e n e r g i e s  ( k c a l  mo l  T

e n t - 9 (8 —► 1 5 * H)a b eo - l7 - N o r k a u r - 8 ( l 4 ) - e n - 1 6 - o n e * ^  = - 5 3 . | 7 >
Es = 38 .52 )

Calc, Expt .

- 4 0 . 6  ^>14 ,1 3 ,16 ,15  - 3 7 . 9
- 7 1 . 8  9 9 , 1 5 , 1 6 , 1 3  -77 .1

Expt.Calc.

S'S 35

WVL,

ion  to 
t s *

t t w j u
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urn
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compounds such as butanedione and c y c lo b u t a n o n e ^ ’ ^ w i t h  spec ia l  

s t r u c t u r a l  f e a tu re s  are a r b i t r a r i l y  excluded as mentioned p r e v i ­

o u s l y .  A lso  excluded is  methanal f o r  which the a v a i l a b l e  data

28 29
is  c o n f l i c t i n g  s l i g h t l y  * and which in any event  poses no 

rea l  t e s t  f o r  the f o r c e - f i e l d  on account  o f  i t s  u n iqu e ly  

s im p le  s t r u c t u r e .

I t  would have been a monumental task  to quote every  s i n g le  

geomet r ic  parameter f o r  a l l  the compounds l i s t e d ,  to  inc lude  f o r  

example a l l  carbon-hydrogen d is tances ,  a l l  t o r s io n  ang les ,  a l l  

bond a ng le s ,  e tc .  I t  a lso  seems unnecessary.  Ins tead,  f o r  

p r a c t i c a l  reasons,  on ly  a s e le c t i o n  o f  parameters a re  p resen ted ,  

e s p e c i a l l y  those in the v i c i n i t y  o f  carbonyl  groups but  some 

o th e rs  to o .  In p a r t i c u l a r  cases mention is made o f  those va lues  

t h a t  i l l u s t r a t e  important  geometr ica l  f e a tu r e s ,  and unu su a l ly  

l a rg e  d isc repa nc ies  (and c lose  c o r r e l a t i o n s )  are c a l l e d  

a t t e n t i o n  to .

Not a l l  the compounds l i s t e d  were u t i l i z e d  in the  pa ra ­

m e t e r i z a t i o n .  For example several  o f  the p o l y c y c l i c  molecules 

possess cyc lobutane  r i n g s ,  a f e a tu re  not  a l lowed f o r  in the basic 

f o r c e - f i e l d .  However, i t  is f e l t  i n t e r e s t i n g  to  inc lude  them and 

see how t h e i r  c a lc u la te d  s t r u c tu r e s  f a r e  in comparison w i t h  the 

exper im en ta l  ones. Many o f  the more e la b o ra te  c a g e - l i k e  mole­

c u le s  and p o l y c y c l i c  systems are prepared by photochemical  means 

and consequent l y  in t h e i r  lack  o f  symmetry and co m p le x i ty  they 

have no s t r i c t l y  analogous a 1 kane/a 1kene c o u n te rp a r t s  to  pe rm i t  

compar ison.  In the p a r ts  o f  such molecules remote f rom the per 

t u r b i n g  e f f e c t s  o f  the carbonyl  group(s)  they p ro v ide  an i n t e r  

e s t i n g  new t e s t  o f  the paren t  hydrocarbon f o r c e - f i e l d .



Some i n d i v i d u a l  c a s e s  now f o l l o w :

(1) E t h a n a l ^

Ca l c , Expt .

(Bond leng ths  
in A; ang les  
in deg .)

The c a l c u la te d  C=Q d is tance  is w i t h i n  the quoted e x p e r i ­

mental  e r r o r  o f  the observed va lu e ,  but  t h i s  is  not  so f o r  the

exper im en ta l  C-C-Q ang le is not  quoted but  can be deduced f rom 

the  C . . .  0 non-bonded d is tance  f o r  which the r a th e r  la rg e  d i f ­

fe rences  are  probab ly an exper imenta l  problem, the  s t r u c t u r e  

having been determined by e le c t r o n  d i f f r a c t i o n  as f a r  back

The carbonyl  group e c l ip se s  a methyl hydrogen,  a phenomenon 

r e a d i l y  represented by using an s = -1 t o r s i o n a l  parameter  in the 

f o r c e - f  i e l d .

V i o l e n t  adjustment  o f  the o th e r  f o r c e - f i e l d  parameters to  

unreasonab le  values f o r  the purpose o f  a r r i v i n g  a t  a b e t t e r  f i t  

was considered unde s i ra b le ,  and a lso  tended to  upset  the  c o n s i s ­

tency  o f  the ca lc u la te d  thermochemical data .

F u r th e r  exper imenta l  data o f  geometr ies o f  a ldehydes have to  

be awai ted  before  work on t h i s  aspect  can be c o n s o l id a te d .

29( i i ) Propanone ’

C-C d i s t a n c e .  (The quoted e r r o r  is a s ize a b le  0.02^ 8 . )  The

as 1969.
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The C-Q bond lengths agree w e l l ,  as do the ang le s ,  but  a ga in ,  

as was the  case w i t h  ethanal  and as w i l l  be noted in severa l  o th e r  

examples the  C 2 "  C 3 bond lengths c a l c u la te d  are  about  0. 01  8bp 5p

too  s h o r t .  I t  would appear th a t  the d i f f i c u l t y  is  due a t  l e a s t  

p a r t i a l l y  to  the s i m p l i f i e d  assumption o f  equat ing  the p r o p e r t i e s  

a ^ Sp2 an a lkene group w i th  th a t  o f  a carbony l  group.  The 

p r e c i s e  e x te n ts  o f  h y b r i d i z a t i o n  in the two types can reasonably  

be expected to  d i f f e r  so tha t  re f inement o f  the f o r c e - f i e l d  w i l l  

n e c e s s i t a t e  a d d i t i o n a l  parameters to take account  o f  t h i s ,  a l b e i t  

a t  the  expense o f  an increase in i t s  co m p lex i ty .

The e c l i p s i n g  o f  the carbonyl  groups by hydrogens o f  both 

methyl groups is  again reproduced by c a l c u l a t i o n .

( i n )  Bu tanone

The c a lc u la te d  and exper imental  C=0 bond lengths  a re  1.213 

o
and 1.218 A r e s p e c t i v e l y ,  a s a t i s f a c t o r y  agreement. Other C-C 

bond leng ths  and the C2C3C4 anc* ® C2C3 an9^es as determined by 

e l e c t r o n  d i f f r a c t i o n  are not  repor ted  u ne q u iv o c a l l y .  T h e i r  mean 

d e v i a t i o n s  f rom the c a lc u la te d  va lues are 0 . 0 1 0  % and 0 .3 °  respec­

t i v e l y ,  a s a t i s f a c t o r y  agreement nonethe less.  ®

The e c l i p s i n g  o f  the carbonyl  group,  on the one hand by the 

hydrogen o f  the methy l ,  and on the  o th e r  by ( r a t h e r  than hydro­

gen) a re  s u c c e s s fu l l y  reproduced by c a l c u l a t i o n .



( i v) 3 , 5-t_-Buty ] - 2 , 2 ,6 ,6 - te t ra m e th y  1 heptanone*^ 

( s y m - t e t r a - t - bu ty l  acetone)

The molecule is  h ig h l y  congested s t e r i c a l l y  and p rov ides  a 

severe t e s t  o f  the f o r c e - f i e l d .

The exper imenta l  C=Q bond d is ta n ce  is  remarkably s h o r t ,

1.192 a f u l l  0.021 $ less than the c a lc u la te d  va lue .  When 

f u r t h e r  data on s i m i l a r l y  s t ra ined  ketones becomes a v a i l a b l e  i t  

may w e l l  become p os s ib le  to  r e f i n e  the f o r c e - f i e l d  f u r t h e r  to 

c o r r e c t  an apparent  d e f i c i e n c y .  At  the present  t ime i t  is  not  

f e a s i b l e  to  do t h i s  so as to improve the geometry o f  t h i s  la rge  

m o le cu le ,  and no less so than because i t  c o n s i s ts  o f  as many as 

58 atoms. Successive m in im iza t ions  are  ex tremely  co nsup t i ve  o f  

computer resources and in t h i s  instance  the root-mean-square 

magni tude o f  f i r s t  d e r i v a t i v e s  was taken down to o n l y  0 . 0 0 8  

kcal  mo l”  ̂ % * ,  by use o f  the b lock -d iagona l  program a lo ne ,  and 

the  c a l c u l a t i o n  terminated a t  t h a t  p o i n t .  C a lcu la ted  bond lengths  

can t h e r e f o r e  be taken to  be very c lose  to  t h e i r  e q u i l i b r i u m  

v a lu e s ,  but  t h i s  would not  r e a l l y  app ly  to  t o r s i o n  ang les .

The C 2 "  C 3 d is tan ce s  are e x p e r im e n ta l l y  repor ted  to be 
sp sp

2.560 and 1 .568  R v a lu e s  th a t  are in excess o f  the re fe ren ce
o

va lues  by the enormous amounts o f  0.059 and 0.067 A r e s p e c t i v e l y .  

The c a l c u la t e d  values are both 1.535 8 , thus r e f l e c t i n g  t h i s  h igh 

degree o f  bond leng then ing ,  a l though  to  a le sse r  e x te n t .  Ad jacen t



4 2

C-C bonds are  s i m i l a r l y  e longa ted )exper imen ta11y, which the c a l c u ­

la te d  s t r u c t u r e  a ls o  demonstrates, but again to  a le s s e r  degree:

Calc. Expt.

C2 - C3
1 .5 6 6 1.589 (Values in 8 )

O
V/J

1 o
o

1.570 1.595

° 5 ' C6
1.570 1.607 In compar ison, the C 3_C 3

sp sp

v c n
1 .566 1.566 re fe rence  le n g th  = 1 . 5 2 0 .

Bond angles compare w e l l ,  the c a lc u la te d  and exper imenta l  

va lu es  f o r  example f o r  the C-C-C ang le a t  carbonyl  being 121.5 and 

121.4 r e s p e c t i v e l y .  Non-bonded values u n f o r t u n a t e l y  do show some 

d i s c r e p a n c ie s ,  up to  0.24 % in the wors t  cases o f  H• * ’ H i n t e r a c t i o n s .  

The l a t t e r  are more se r ious  in the case o f  the c a l c u la te d  s t r u c t u r e  

than in the  observed one no doubt  r e f l e c t i n g  the s h o r te r  C-C bond 

le ng ths  in the former and hence the g re a te r  s t e r i c  crowding.

F i n a l l y  the c a lc u la te d  s t r u c t u r e  is s i g n i f i c a n t l y  more sym­

m e t r i c a l  than the observed,  as suggested by the values  o f  the 

a fo rement ioned  bond leng ths ,  f o r  example. I t  may we l l  be the case 

t h a t  the  molecu le  t r u l y  is  unsymmetr ical to  some e x te n t ,  but  the 

f a c t  n ev e r th e le s s  suggests a t  le a s t  the p o s s i b i l i t y  o f  some 

in a c c u ra c ie s  in the exper imenta l  data (an x - r a y  c r y s t a l  s t r u c t u r e  

de te rm i  nat  i o n ) .

/ \ r  i * 5 6 , 5 7(v)  Cyclopentanone

The s t r u c t u r e  is  c a l c u la te d  to  be symmetrical  h a l f - c h a i r  

c o n fo rm a t io n ,  in agreement w i t h  exper imental  r e s u l t s  based on 

e l e c t r o n  d i f f r a c t i o n  and microwave d e te rm in a t io n s .  The o the r  

unsymmetr ical  h a l f - c h a i r  confo rm at ions  as t r i a l s  a l l  re laxed upon 

m i n im i z a t i o n  to  g iv e  the symmetr ical h a l f - c h a i r .
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As seen by s imple comparison o f  r e s u l t s  the c a l c u la t e d  s t r u c ­

t u r e  is  much c lo s e r  in agreement w i t h  the d i f f r a c t i o n  than w i t h  

the  microwave s t r u c t u r e  (except  f o r  the C=Q bond leng th )  bu t  the
Ca l c . Microwave D i f f r a c t i o n

MISm i

tOVOj
vssi I'SltO

ioi>

f i g u r e s  a re  s t i l l  d i s c o n c e r t i n g l y  o u ts id e  the 3 s tandard d e v i a t i o n  

l i m i t s  o f  the  exper imenta l  data .  As w i l l  be noted l a t e r ,  the  s t a n ­

dard e n th a lpy  o f  fo rm a t ion  is reproduced remarkably w e l l ,  

n e v e r t h e le s s .

( v i )  Cyc1ohexanone

The c h a i r  confo rmat ion  o f  the molecule  is p re d ic te d  to  be the  

most s t a b l e ,  as found e x p e r im e n ta l l y ,  and the  c a l c u la t e d  g e o m e t r i ­

ca l  parameters are  ve ry  c lo se  both to  the exper imenta l  ones and

c a lc u la te d  by o th e r  workers:

Expt . 
(m ic ro w a ve ; re f .13)

Calc,  
(p resent  work)

Ca 1 c . 
( R e f . 58)

Calc.  
( R e f . 23)

o 1 o ro

$ )  1.516 1.507 1 .5 1 0 1.511

V C3
1.535 1.528 1.532 1.529

C=Q 1 .222 1 .2 12 1.225 1.224

CA C 6 1 2
(deg) 116 .2 117.5 115.9 114.9

C,C C 
1 2 3

110 . A 110 .0 111 .8 110.9



Expt. Calc, Calc.  Calc,
(m ic ro w a ve ; re f . \3) (present  work) ( R e f . 58) ( R e f . 23)

114.6

110.7

1 1 1 . 1

111.9

1 1 2 . 2  1 1 1 . 0

1 1 2 . 1  1 1 0 . 6

(v i i ) 1 , 4-Cyclohexaned i o n e ^

The twi  s t - b o a t  confo rmat ion  (D 2 ) is c a lc u la te d  to  re s id e  a t  an 

energy minimum, and is  the e xpe r im e n ta l l y  observed s t r u c t u r e .  (The 

pure c h a i r  form was not  i n v e s t i g a ted .

no t  p r e c i s e l y  r e f l e c t  t h i s  and some d i f f e r e n c e s  can be noted,  such

is e i t h e r  an exper imenta l  problem ( x - ra y  d i f f r a c t i o n )  o r  e l s e  i s  a 

consequence o f  c r y s t a l - p a c k i n g  fo r ces  causing some d i s t o r t i o n s  

v i s - a - v i s  the  s t r u c t u r e  o f  the is o la te d  molecule.

( i i i )  S u b s t i t u te d  Cyclohexanones

A compar ison o f  some a v a i l a b l e  data f o r  th ree  such compounds

is  shown in f i g u r e  i n t e r e s t i n g  to  note t h a t  in  the  case

o f  the  4 - t - b u t y 1 -  and 4 ,4 -d im ethy lcyc lohexanones the d i f f e r e n c e s

between the  c a l c u la t e d  and exper imenta l  C 2-C 3 bond lengths  a resp sp

+ 0 . 0 1 5  and +0 . 0 1 9  8  r e s p e c t i v e l y ,  which a p a r t  f rom being o p p o s i te  

in  s ign  to  most o th e r  s i m i l a r  d i f f e r e n c e s ,  and in p a r t i c u l a r  t h a t  

o f  eyelohexanone i t s e l f ,  a re  none the less  not  s i g n i f i c a n t l y  worse 

than those  appear ing  in some o f  the  most remote bonds in

these same mo lecu les .

Whereas c a l c u l a t i o n  shows com p le te ! )  -symmetry,  w i t h  f o r  exam
2

p ie  a l l  C 2-C 3 bond- leng ths  equa l ,  the exper imental  r e s u l t s  do

as 0.019 ft between the ad jacen t  bond- leng ths  j u s t  ment ioned.  Th is
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( i x )  Cyclobutanones

These, s t r i c t l y ,  are out  o f  the scope o f  t h i s  p a r a m e te r i z a t i o n ,  

and no c a l c u l a t i o n  was performed on the parent  compound. I t  was 

cons ide red  i n t e r e s t i n g  however to c a l c u la t e  the two o th e r  s t r u c ­

tures f o r  which data e x i s t s  ( f i g u r e t ^ s o  as to  see how w e l l ,  o r  

b ad ly ,  the f o r c e - f i e l d  would per form under these new c o n d i t i o n s ,  

e s p e c i a l l y  as the p ro fus ion  o f  s u b s t i t u e n t  groups on the r in g s  can 

reasonab ly  be expected to  " d i l u t e "  the in f lu e n c e  o f  the  pure,  

s t r a i n e d  4-membered r in g s  on the o v e r a l l  geometry.

The c a l c u l a t i o n s  show, as expected,  t h a t  the r i n g s  in both 

compounds are p la n a r ,  in accordance w i t h  the exper imenta l  da ta .

The r i n g  ang les  a t  the C=0 groups are however not  as small  as 

the  observed va lues ,  and t h i s  d iscrepancy a pp l ied  e q u a l l y  w e l l  a t  

the  exo-methylene s u b s t i t u e n t  in the correspond ing mo lecule.

A ga in ,  the  C 2-C 3 bond d is tances  are too  s h o r t ,  a l though  t h i s
sp sp

e f f e c t  could  be as due as much to  the usual bond-1engthening in

ev idence  in 4 -membered r in g s  as i t  is  to  the requi rement f o r  a

sepa ra te  such value  f o r  carbonyl  C 2-C 3 bond d is ta n c e s .r  sp sp

F i n a l l y ,  the  c a lc u la te d  s t r u c t u r e s  are  p r e c i s e l y  symmetr ical  

about  the  a x i s  through the C=Q bonds, a s t a t e  o f  a f f a i r s  not  

q u i t e  e x i s t i n g  in the observed s t r u c t u r e s ,  and one noted 

p r e v i o u s l y .

(x)  4 ,4 , 7 ,7 - T e t r a m e th y 1cyclononanone (F ig .  1 (c ) )

The c a l c u la te d  s t r u c t u r e  is  ve ry  c lo s e  to  the  exper imenta l  

one,  r e s p e c t i v e  mean d i f f e r e n c e s  f o r  r i n g  bond- leng ths  and ang les 

being 0.006 A and 0 .6 ° .  Only in the  case o f  t o r s i o n  angles a t  

ca rbony l  a re  the  d is c re p a n c ie s  s i g n i f i c a n t .
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A con fo rm a t io n  o f  the homologous compound, 4 , 4 , 8 , 8 - t e t r a m e t h y l -  

eye 1odecanone, has been ascer ta ined  ( b o a t - c h a i r - c h a i r ) , but  s ince  

no e x te n s iv e  parameters are a v a i l a b le  a c a l c u l a t i o n  cannot be p e r ­

formed in t h i s  case.

( x i )  Cyclodecanone and Cycloundecanone (F ig .  1 (d ) )

Mean d i f f e r e n c e s  f o r  r ing  bond- lengths  and ang les  o f  these 

two s t r a i n e d ,  medium-ring ketones are ,  r e s p e c t i v e l y ,  f o r  c y c l o ­

decanone 0.003 $ and 0.7 , and f o r  cycloundecanone 0 . 0 0 6  8 and 

00 .7  , which are ( s l i g h t l y )  o u ts id e  quoted exper imenta l  e r r o r  o n l y

in the case o f  the former compound. Tors ion  angles a t  carbonyl

aga in  show somewhat l a rg e r  d e v ia t i o n s ,  but  the f i t  o v e r a l l  is  good.

6 oA c r y s t a l  s t r u c t u r e  f o r  cyc lo te t radecanone has been desc r ibed  

but  s ince  oxygen atoms were found d i s t r i b u t e d  over 3 p o s i t i o n s  in 

the  r i n g  and because o f  the consequent am b igu i t y  a r i s i n g ,  no 

c a l c u l a t i o n  was performed on t h i s  molecule.

( x i i )  (4 .4 )Sp i  rononane-1,6 -d ione (F ig .  1 (e))

Th is  compound was not  u t i l i z e d  in the p a ra m e te r i z a t io n  o th e r  

than to  the ex ten t  o f  mon i to r ing  the e f f e c t  o f  v a r i a t i o n  o f  

coulombic energy in a d ike tone .  Nor was t h i s  s t r u c t u r a l  type  

in vo lved  in the basic hydrocarbon f o r c e - f i e l d .  Consequent ly ,  i t  

is  no t  ve ry  s u r p r i s i n g  to f i n d  q u i t e  poor agreement between c a l c u ­

la te d  and exper imental  s t r u c t u r e s ,  mean d e v ia t i o n s  f o r  r i n g  bond-

o o
leng ths  and angles being 0.016 A and 2.7  r e s p e c t i v e l y .

( i i i )  1- M e t h y l -7 -exo-t_ -bu ty1(3 -3 . 1 ) b i c y c lo no n an e -2 ,9 -d io n e  

(F ig .  1 (e ))  " "

C a lc u la t i o n  c o r r e c t l y  shows the s t r u c t u r e  to  have a boa t -  

c h a i r  con fo rmat ion .  Whereas p rec ise  c o r r e l a t i o n s  between the
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c a l c u la t e d  and observed s t ru c tu re s  show mixed agreement,  one n o te ­

w o r thy  f e a t u r e  is the compressed bond present  in the  a c tu a l

mo lecu le  and which the ca lc u la te d  s t r u c t u r e  goes par t -way  in 

showi ng.

F u r th e r  d iscuss ion  o f  t h i s  and re la te d  molecules appears 

i n sec t  ion 3 .

( x i v )  t ra n s -2 -D e c a lone and 10-Methyl -JLnajis.-2-decalone (F ig .  1 ( f ) )  

Only a l im i t e d  number o f  geometr ica l  parameters are quoted

f o r  these molecu les ,  the s t r u c tu r e s  having been determined by 

combined v i b r a t i o n a l ,  conformat iona l  and e le c t r o n  d i f f r a c t i o n  

stud ies .

(xv)  Var ious  P o l y c y c l i c  Compounds (F ig .  l ( g ) - ( l ) )

Perusal o f  the s t ru c tu re s  o f  the v a r i e t y  o f  p o l y c y c l i c  com­

pounds d ep ic ted  a l lows many i n t e r e s t i n g  obse rva t io n s  to  be made 

and compar isons drawn.

The c a l c u la te d  t r ie ye lodecaned ione  s t r u c t u r e  in F ig .  1(g) 

d e v ia te s  s i g n i f i c a n t l y  in many parameters from the ac tua l  one, 

as a r e s u l t  p r i m a r i l y  o f  the presence o f  the b j s - ( c i s - s u b s t i t u t e d )  

cyc lo b u ta ne  r i n g ;  in c o n t r a s t ,  i t s  c sp2" c sp3 bond len9 ths and the 

cyc lobu tane  r in g  i n te r n a l  angles a re ,  f o r t u i t o u s l y ,  v i r t u a l l y  i d e a l .

The t r icyc loundecanone  in F ig .  1(h) is  s l i g h t l y  skewed, an 

e f f e c t  not  shown by c a l c u l a t i o n a l  r e s u l t s ,  but  f a r  more se r io u s  

a re  the  co ns ide ra b le  d i f f e r e n c e s  in bond- leng ths  th a t  a re  mani ­

f e s t  (bond-angles  in t h i s  r i g i d  s t r u c t u r e  are  remarkably  c o n s i s ­

t e n t ) .  Th is  a p p l ie s  even to  bonds f a r  removed f rom the  C=0 

m o ie ty .  For example the ca lcu la te d -e x p e r im e n ta l  bond - le ng th
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d i f f e r e n c e s  f o r  the C&-C7 , C -C  and C , -C bonds are 0 .028,
j  o 1 2

0.048 and 0.050 8  r e s p e c t i v e l y ,  enormous va lues which are  o n l y  

p a r t i a l l y  accounted f o r  by the skewing.

The cage d ike tones  in F ig .  l ( i )  are s t r u c t u r a l l y  r e l a t e d  and 

a compar ison between the two is i n s t r u c t i v e .  For example,  c a l c u ­

l a t i o n s  tend to  reproduce the d iminished C-C-C ang les  a t  carbonyl  

in both cases,  an e f f e c t  caused by the h ig h l y  s t r a in e d  n a tu re  o f  

the  r i n g  systems. Yet ,  not  in the lea s t  way do they i n d i c a t e  the  

ve ry  s h o r t  natu re  (by 0.02 8 ) o f  the remote C=C groups.  S i m i l a r l y ,  

the r e l a t e d  compounds in Fig .  1 ( j ) a lso  bear such compar isons:  

the  C-C-C angles a t  carbonyl are d imin ished ye t  aga in  -  p a r t i a l l y  

i n d i c a te d  in the c a lc u la te d  s t ru c tu re s  -  and the C=C bond in the 

c y c lo o c te n e  u n i t  o f  the second compound is  l i k e w is e  d im in ished  by 

about  0 . 0 2  8 f rom i t s  re fe rence va lue ,  the e f f e c t  not  i n d ic a te d  in 

the  c a l c u la te d  r e s u l t .  These shor t  bond lengths are  not  d iscussed 

in the o r i g i n a l  s t r u c t u r a l  papers,  i t  being assumed th a t  they be 

normal .  ( i t  is  i n t e r e s t i n g  to note th a t  the C-C bonds in c ? s , c i  s -  

1 , 5 - c y c lo o c ta d ie n e ,  f o r  comparison, are 1.341 8 , and a re  c a l c u ­

la te d  to  be 1.340 8 . )  The exp lana t ion  p o s s ib ly  l i e s  in the  

o b s e rv a t io n  th a t  the C-C bonds on the o th e r  s ide  o f  the r in g  are

abno rm a l l y  long —  not  shown in the c a lc u la te d  r e s u l t  ---  and t h i s

causes the C=C bonds to shor ten .

F i n a l l y ,  the p o l y c y c l i c  ketones in Fig .  1(k) serve as the

l a s t  examples o f  the ambivalen t  na tu re  o f  the c a l c u l a t i o n a l  

r e s u l t s .  A parameter,  such as the C^C bond le n g th  in the f i r s t  

s t r u c t u r e  is  ca lc u la te d  to  be near normal s ize  (1.538 8 ) ,  whereas 

i t  is  a c t u a l l y  d is tended (1.587 8 ) .  On the o th e r  hand the h i g h l y
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compressed bond ang le ,  C-C^-Cg o f  the second s t r u c t u r e  ( 9 8 . 5° )  is  

reproduced almost  e x a c t l y .  O v e ra l l ,  the agreement is  less than 

t h a t  t r u l y  des i red  in a p rec ise  f o r c e - f i e l d  o f  gene ra l i zed  a p p l i ­

c a b i l i t y ,  but  i t  is good never the less ,  e s p e c ia l l y  co ns id e r in g  the 

h i g h l y  r a m i f i e d  nature  o f  these s t r u c tu r e s ,  and deserves to  p ro ­

mote co n f ide nce  in f u r t h e r  a p p l i c a t i o n s .

2 .3  Heats o f  Formation o f  Compounds w i t h  Known Exper imental  Values

C a lcu la ted  heats o f  fo rmat ion  are compared w i t h  exper imenta l  

v a lu e s  f o r  those compounds f o r  which r e l i a b l e  data e x i s t  in the  

l i t e r a t u r e  in Tables 2 and 3.

To summarize, the mean d e v ia t io n s  f o r  the ketones and aldehydes 

a re  1 . 1 7  and 0 . 8 9  kcal mol  ̂ r e s p e c t i v e l y ,  taken over 39 and 10 o f  

such compounds. (Exc lus ive  o f  the c y c lo b u ta n e d io ne . ) A comparison 

o f  the  mean d e v ia t io n s  o f  those compounds in these ta b le s  f o r  which 

c a l c u l a t i o n s  have been performed by the author o f  the o th e r  w e l l -  

e s ta b l i s h e d  ketone/a ldehyde f o r c e - f i e l d  is  g iven:  (The compounds

are  marked M-j-M in the t a b le s . )

Present  Work R e f .23
Values are

Ketones 1.18 1.30 in _]
Aldehydes 0.85 0.95 kcal mol

Several  o f  the exper imental  va lues used in de te rm in in g  the 

f i g u r e s  in the  second column are f rom recent  data and depar t  

s l i g h t l y  f rom those quoted in the paper;  o the rs  were not  quoted 

a t  a l l  owing to  u n a v a i l a b i l i t y  o f  data a t  the t ime.  The s i g n i f ­

i c a n t  improvement ev id en t  in the p r e s e n t l y  c a l c u la te d  f i g u r e s  is  

n e v e r th e le s s  noteworthy.
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Var ious  i n d i v id u a l  fea tu res  m e r i t  comment.

In the  case o f  the aldehydes there  is a mixed improvement 

over a l l  the p a r t i c u l a r  compounds. Some, such as e th a n a l ,  have 

a s l i g h t l y  worse d i f f e r e n c e  (0.34 versus 0 . 2 8  kcal mol whereas 

o th e r s  such as 2 -methylp ropana1 have a b e t te r  one ( 1.33  versus 

1.77 kcal mol ^ ) .  The noteable except ion  to  t h i s  is  the case o f  

2 - e t h y 1hexana 1 , whose d i f f e r e n c e  is ca lc u la te d  to  be 1 .0 7  kcal 

mol whereas the p re v io u s ly  quoted value is  as la rg e  as 2 . 5 9  

kca l  mol \  I t  is not  r e a l l y  p oss ib le  to  say w i t h  c e r t a i n t y  how 

the  o v e r a l l  improvement comes about,  and there  are in a l l  l i k e l i ­

hood a number o f  c o n t r i b u t i n g  reasons.

The agreement found f o r  the c a g e - l i k e  endo-5 -methanoyl 

(2 . 2 . 2 ) b i c y c l o o c t - 2-ene is no worse than can be expected on account  

o f  the  h i g h l y - s t r a i n e d  nature  o f  the a ldehyde (h igh  s t e r i c  energy)  

and a l s o  because the exper imental  va lue was es t imated f o l l o w i n g  a 

k i n e t i c  s tudy and is  o f  somewhat dubious accuracy.

In the  case o f  the ketones s tud ied  the re  is  l i k e w i s e  an 

a sso r te d  improvement in i n d i v id u a l  molecules .  However, f o r  the 

medium-r ing  ketones these improvements are p a r t i c u l a r l y  o u ts ta n d ­

ing .  The values  g iven in the t a b le  f o r  cyc loheptanone to  

eye 1odecanone o f  1 . 3 7 > 3 . 5 9 > 1 .7 6  and 2 . 8 8  kcal mol respec­

t i v e l y  compare favo u ra b ly  w i t h  the  correspond ing p r e v io u s l y  

quoted r e s u l t s  o f  2.51» 5»53> 5.57 and 5*73 kcal mol ( these 

f i g u r e s  based on l a t e s t  a v a i l a b l e  exper imenta l  data and not  those 

used, i f  any, in the paper i t s e l f ) .  Again,  i t  is  not  easy to  

de te rm ine  why the re  should be such a s i g n i f i c a n t  improvement in 

t h i s  re g io n ,  but  i t  is  l i k e l y  t h a t  much o f  the c r e d i t  must belong
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TABLE 2

C a lcu la te d  and Experimental Heats o f  Formati o n , &H (gas 298 K) ,
and C a lcu la te d  S te r i c  Energies,  E (kcal mol~ T

Compound E
s

L H  ° ( c a l c . )  
f

& H ^ ° ( e x p t . ) (c -e ) Ref.

-jr
E thana1 -0 .22 -39.38 -39.73+0.12 0.35 61

Propanal  ^ 0.38 -44.07 -44.46+0.36 0.39 62

2 - M e th y lp ro p a n a l t  0.88 -50.92 -52.25+0.37 1.33 61

Butanal  ^ 0.58 -49.16 -48.94+0.34 -0 .2 2 61

2 -E th y l  hexanal"^ 2.43 -70.53 -71.60+0.46 1.07 61

Heptanal t 0.93 -64.68 -63.1 +1.0 -1 .5 8 61

Octanal  + 1.04 -69.86 -69.23 -0 .63 63

Nonanal * 1.14 -75.05 -74 .16 - 0 .8 9 63

Decanal t 1.23 -80.25 -79 .09 1.16 63

e n d o -5 -H e th a n o y l ( 2 .2 .2 )b i c y c lo o c t - 2 -■ene

16.80 -18.19 -1 9 .5 1.31 64
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Ca lcu la ted  and Experimental Heats o f  Format ion,  &Hr °  (gas 298 K) , 
and C a lcu la te d  S te r i c  Energies,  E (kcal mol" ' 1  '

s------------------------

Compound Es AHf ° ( c a l c . ) & H f ° ( e x p t . ) ( c -e ) Ref.

Propanone ^ ■

0 C
O Oo -51.97 - 5 1 . 90+0 . 1 2 -0 .07 61

Butanone ^ 0.11 -56.77 - 5 7 . 02+0 . 2 0 0.25 61

Methylbu tanone 0.79 -63.44 - 6 2 . 76±Q. 21 - 0 . 6 8 65

D imethyl  butanone"^ 2.35 - 70 .8 8 -69.47+0.21 -1.41 65

2-Pentanone t 0.27 - 61 .9 0 - 6 1 . 91+0 . 2 6 0.01 65

3-Methy l  -  
pentanone 1.66 - 6 7 .8 6 -67.90+0.32 0.04 66

4-Methyl  -  
pentanone 0.64 - 6 8 .8 8 -69.60+0.34 0.72 66

3 , 3 “ D im e thy1 -  
pentanone 4.55 -73.97 -72.60+0.41 -1 .37 66

4 ,4 - D im e t h y l -  ^  
pentanone 1.64 - 7 6 .8 8 -76.60+0.45 - 0 . 2 8 66

3 , 3 , 4 - T r i m e t h y l -  
pentanone 6 . 1 0 -79.77 -78.50+0.41 -1 .27 66

T e t r a m e th y l - 2 -  
pentanone 9.84 -85.03 -83.10+0.42 -1 .93 66

3-Pentanone ^ 0.57 - 6 1 .6 0 - 6 1 . 65+0 . 2 0 0.05 65

M e th y l - 3 -  ^  
pentanone 1.18 -68.34 -68 .38+0.22 0.04 67

2 ,2 - D im e th y l -  ^ 
pentanone 2.72 -75.80 -75.00+0.33 -0 .8 0 67

2 ,4 - D im e t h y l -  t  
pentanone 1.58 -75.29 -74.40+0.26 -0 .8 9 67

T r i m e t h y l - 3 ”  ^  
pentanone 3.02 -82.85 -80 .86+0.29 -1 .9 9 67

T e t ra m e th y l - 3 ”  ^  
pentanone 9.01 -85.86 -82.65+0.29 -3.21 67

2-Hexanone ^ 0.39 -67.07 -66 .87+0.24 -0 .20 65

+
3-Hexanone 0.71 -66.75 -66.50+0.21 -0 .25 65
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TABLE 3 ( c o n t i n u e d )

Compound E
s

&H^. °(ca lc . ) AHf ° ( e x p t . ) (c -e) Ref

2 , 2 , 5 , 5 - T e t r a -  t 
methylhexanone M o -96.16 -94.14+0.55 -2 .0 2 67

4*
4-Heptanone 0.85 -71.90 -71.30+0.31 - 0 . 6 0 66

2 , 6 - D im e t h y l -  ^  

4-heptanone 1.48 -85.97 -85.49+0.29 -0 .48 67

2 , 2 , 6 , 6 - T e t r a -  
methyl -4 -hep tanone3 .34 -102.11 -100.67+0.84 -1 .44 66

2-Nonanone 0.70 -82.63 -81.45+0.42 -1 .1 8 68

5-Nonanone ^ 1.08 -82.25 -82.44+0.32 0.19 65

6-Undecanone ^ 1.29 -92.62 -92.59+0.47 -0 .03 65

2-Dodecanone 1.18 -98.02 -96.62+0.59 -1 .4 0 68

Cyclopentanone 6.19 -46.04 -46.03+0.40 -0.01 61
+

Cyclohexanone 2.00 -55.52 -54.43+0.45 -1 .0 9 69
f

Cycloheptanone 4.88 -57.93 -59.30+0.31 1.37 69

Cyclooctanone ^ 6.64 -61.46 - 6 5 .05+0.42 3.59 69

Cyclononanone^ 8.30 -65.09 -66.85+0.41 1.76 69

+
Cyclodecanone 8.65 -70.03 -72.91+0.46 2.88 69

+
Camphor r 22.56 -59.78 -6 3 .9  +0.7 4.12 70

t r a n s - 2 -  ^  
Hydr i ndanone 9.63 -57.94 -59.56+0.38 1 .6 2 71

c i s - 2 -  ^  
Hydr indanone 9.39 -58.18 -59.66+0.31 1.48 71

t|-
t rans-8-Methy1 - 
2 -h y d r  i ndanone 12.83 -63.74 -65.74+0.55 2.00 23

c i s -8 -Methy  1 -  ^  
2 -h yd r  i ndanone 10.00 -66.57 -68.56+0.81 1.99 23

T e t r a m e t h y l - 1 ,3 ” 
cyc lobu taned ione  30.55 -74.87 -73.54+0.38 -1 .33 72

Cycloundecanone 8 . 0 8 -75.89 -76 .96+0.52 1.07 69



5 4

to  the  soundness o f  the under ly ing  hydrocarbon f o r c e - f i e l d  and in 

p a r t i c u l a r  to  i t s  t reatment o f  non-bonded r e p u ls io n s .  The 

l a t t e r  have in o rd in a te  importance in medium-ring compounds owing 

to  the  e x te n s iv e  occurrence o f  t ransannu la r  i n t e r a c t i o n s  between 

hydrogen atoms in t h i s  c lass o f  compound.

Molecules  th a t  f i g u r e  ra the r  p rom inen t ly  in showing r e l a t i v e l y  

la rg e  d i f f e r e n c e s  between c a lc u la te d  and exper imenta l  heats o f  

f o r m a t i o n  are  those con ta in in g  a c e r t a i n  amount o f  s t e r i c  crowding 

such as the te t ramethy lpen tanones : -1.93 and -3.21 kcal mol 1

r e s p e c t i v e l y .  I t  is doub t fu l  though i f  a l l  the blame f o r  t h i s  

r e s id e s  in the  carbonyl i n t e r a c t i o n  parameters in s o fa r  as the 

mo lecu les  c o n ta in  an even g re a te r  number o f  a l k a n e - ty p e  ones. 

However i t  does i l l u s t r a t e  the important  p o in t  t h a t  when a f o r c e -  

f i e l d  designed f o r  gene ra l i zed  u t i l i z a t i o n  over a broad spectrum 

o f  s t r u c t u r a l  types is app l ied  to  extreme examples then r e l a t i v e l y  

pronounced d isc repanc ies  are a lmost  c e r t a i n  to  m a n i fes t  themselves.

The example o f  camphor can be s i t e d  as another i l l u s t r a t i o n  

o f  t h i s  p o i n t .  I t s  heat o f  fo rm a t ion  is  c a lc u la te d  to  be 4.12 

kca l  m o l " 1 g re a te r  than th a t  measured e x p e r im e n ta l l y .  S u p e r f i ­

c i a l l y  t h i s  is  a d i s a p p o in t in g  r e s u l t ,  t ak ing  i n t o  c o n s id e ra t i o n  

a l s o  the  f a c t  t h a t  the exper imental  e r r o r  is  quoted to  be o f  the

o r d e r  o f  0.7 kcal mol \  However i t  is  e f f e c t i v e l y  no worse than

23
a p r e v i o u s l y  c a lc u la te d  r e s u l t ,  and bear ing  in mind t h a t  w i t h  a 

s t e r i c  energy c a lc u la te d  a t  22.56 kcal mol i t  is  an extreme 

example o f  a h i g h l y  s t r a in e d  m o lecu le ,  the f a c t  o f  the o c c u r ­

rence o f  such a d isc repancy  can a t  le a s t  be understood.



L O'  camphor

T e t ra m e th y l - 1 ,3-cyc lobu tanedione o f f e r s  an i n t e r e s t i n g  case 

o f  how a h i g h l y - s t r a i n e d  molecule,  (on account  o f  the 4-membered 

r i n g  system) and one ou ts id e  the  formal scope o f  the f o r c e - f i e l d ,  

can n ev e r th e le s s  be sub jec t  to  c a l c u la t i o n  w i t h  an e r r o r  no 

g r e a t e r  than th a t  ev iden t  in o the r  less extreme examples. A f u l l  

25 kcal  o f  the 30.55 kcal mol s t e r i c  energy is  c a l c u la te d  to  be 

due to  un favourab le  angle bending,  but i t  is  perhaps more prudent  

in t h i s  ins tance  not  to  p lace undue re l i a n c e  on the c i t e d  appor­

t i o n i n g  o f  the i n te r n a l  s t r a i n  energy between the v a r io u s  c o o r ­

d i n a t e s .  I t  may a lso  be re ca l led  t h a t  t h i s  molecule is  one whose 

geometry was not  we l l  reproduced in the c a l c u l a t i o n .

In c o n t r a s t ,  many o f  the compounds repor ted  in T a b le 3 h a v e  

c a l c u l a t e d  values th a t  l i e  very c lose  to  the exper imenta l  ones 

and w e l l  w i t h i n  the quoted exper imenta l  e r r o r s .  Th is  is  not  

e n t i r e l y  unexpected f o r  s imple a c y c l i c  ketones such as propanone 

and 2-pentanone but  is s a t i s f y i n g  to  be observed in a molecule  

such as cyclopentanone where the d i f f e r e n c e  between c a l c u la te d  

and observed values is  -0.01 kcal mol

To rs io n a l  B a r r i e r  Heights

M a n ip u la t io n  o f  t o r s io n a l  parameters y i e l d s  va lues  th a t  are
24

r e a l i s t i c  and c l o s e l y  reproduce the a v a i l a b l e  exper imenta l  da ta .

The r e s u l t s  are summarized in Table k ,  the bond about  which t o r s i o n  

is  measured being drawn in ,  and i t  being understood th a t  the 

carbonyl  e c l ip s e d  confo rmat ion  is  more s t a b le  than the s taggered .
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TABLE 4

Mol ecu 1e
B a r r i e r  Height  (kca l  mol

Calc. Expt .

1.16+0.03 

0.9+0.1

Ethanal  CH^-CHO 

Propanal  C0H -CH0 

Propane CH^-COCH^

0.90 (gauche-c is )  

0.74

1.05

0.78

3.  APPLICATIONS OF THE NEW FORCE-FIELD

Resu l t s  are here discussed f o r  the geometr ies and heats o f  

f o r m a t i o n  o f  compounds f o r  which the a p p ro p r ia te  exper imenta l  data 

a re  not  y e t  a v a i l a b le .  In the main these c o n s i s t  o f  compounds men­

t io n e d  e a r l i e r ,  in sec t ion  2 , in some o th e r  c o n te x t ,  but  a lso  

inc luded  are  several  conformat iona l  s tud ies  in c lu d in g  those o f  

medium r i n g  ketones and some c y c l i c  su lphur d e r i v a t i v e s .

3.1 Geometr i es

Dur ing the normal course o f  d e r i v in g  the heats o f  fo rm a t io n  

o f  the  compounds f o r  which such thermochemical data e x i s t ,  the 

geometr ies  o f  these compounds are a lso  produced as a r e s u l t  o f  the 

energy m in im iz a t i o n s .  A s e le c t i o n  o n l y ,  can be presented here,  

in the  main re la ted  to  po in ts  o f  s i g n i f i c a n t  i n t e r e s t .  A t  such a 

t im e  as when exper imental  data on the compounds become a v a i l a b l e ,  

the  t h e o r e t i c a l  p re d i c t i o n s  can be more u s e f u l l y  compared and in 

a more d e t a i l e d  a fash ion .

(a) Aldehydes

Th is  se t  o f  compounds shows few i n t e r e s t i n g  geometr ica l  

f e a t u r e s .  In a l l  cases the carbonyl  group is e c l ip se d  by a f -C -C

bond,  where i t  is  p oss ib le .  For methy lpropana1 and 2 - e t h y 1hexana1 

which  are  both s u b s t i t u te d  in the p o s i t i o n  «<*to  the carbony l  th e re
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a re  small  d i s t o r t i o n s  owing to lo ca l i z e d  non-bonding i n t e r a c t i o n

e f f e c t s .

2 -E thy lhexana lMethylpropanal

The re s p e c t i v e  O C ^ C  to r s io n  angles are 4 .8 °  and 18.5°

r e s p e c t i v e l y  instead o f  the unperturbed 0° .

endo-5-methanoy1(2 . 2 . 2 ) b i c v c l o o c t - 2 -ene is  p re d ic te d  to  have

some moderate geometr ica l  d i s t o r t i o n s  on account  o f  i t s  s t r a in e d

s t r u c t u r e .  In p a r t i c u l a r  the C.C^C- and C C C angles are  com-
i z  J 2 3 4

pressed a t  114.9° and 115.1° r e s p e c t i v e l y ,  and the C j ' • -C^

non-bonded d is tan ce  is shor t  at  2.16 A ( re fe rence  C i .  • .C ?
s p *  sp-5

Van der Waals r a d i i  sum = 3.85 8 ) .  However, the presence o f  the 

a ldehyde group appears to exerc ise  no s i g n i f i c a n t  d i s t o r t i n g  

i n f l u e n c e  on the associated hydrocarbon cage, the t o r s i o n

a ng le  f o r  example, being on ly  4 .31° ,  instead o f  0°  as found in the 

pure a lkene .

2

endo-5 -methanoy l(2 . 2 . 2 ) b i c y c l o o c t - 2 -ene

(b) Ketones

( i )  The geometries o f  the a c y c l i c  ketones in Table 3 show few 

unexpected fe a tu re s .  The usual pa t te rn  o f  *  C-C bonds1 e c l i p s i n g  

ca rbony l  is  adhered to w i t h  g re a te r  o r  le sse r  t o r s i o n a l  ang le  

v a r i a t i o n s  according to  the ex tent  o f  loca l  s u b s t i t u t i o n .  Thus in
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the  case o f ,  f o r  example, 3 “ hexanone, a l l  t o r s io n  angles around 

C C bonds are  p e r f e c t l y  staggered w i th  respect  to  carbon s u b s t i t u e n t

3~hexanone

In the  case o f  2,6~dimethylheptanone,  however, the " s t r a i g h t n e s s 11 

o f  the  carbon chain is d i s t o r te d  by the presence o f  the methyl 

s u b s t i t u e n t s  and i t  adopts a mi ld s p i r a l  con fo rmat ion :

The C-C-C-C t o r s i o n  
angles are  1 i sted

2 , 6 -d imethylheptanone 

The e f f e c t  is  cons ide rab ly  f u r t h e r  enhanced in 2 ,4 - d im e t h y l -
o

pentanone where the C-C-C-C t o r s io n  angle now dev ia te s  by 30 

f rom the  180°  va lue  found in pentanone i t s e l f .

%

2,4-d imethylpentanone 

E v e n t u a l l y ,  in the unsymmetrical t r im e th y l -3 ~pen tano ne ,  the  e f f e c t  

dominates and the p red ic ted  geometry goes over to t h a t  con fo rmat ion  

in which the  two methyls o f  the isopropy l  group are both gauche to  

c a r b o n y l .  A na lys is  o f  the way the s t e r i c  energy is  p a r t i t i o n e d  

amongst i n d i v id u a l  components seems to suggest t h a t  t h i s  is  due 

p r i m a r i l y  t o  r e l i e f  o f  angle bending s t r a i n  a t  the carbony l  and o f  

a number o f  unfavourab le  non-bonded i n t e r a c t i o n s .
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S tab le  confo rmat ion  
o f

t r  im e t h y l - 3 -pentanone:

o

( i i )  Monocyc l i c  Ketones

The h a l f - c h a i r  conformat ions o f  cyc lopentanone are d iscussed

fo r m a t io n s  but  experiment  and o the r  t h e o r e t i c a l  work i n d i c a te  they

are  less  s t a b le  than the symmetrical h a l f - c h a i r .

Cyclohexanone is  a lso  mentioned p re v io u s l y ,  on page i t s

most s t a b le  conformat ion and geometry is th a t  o f  the c h a i r ,  but

two o th e r  confo rmat iona l  minima e x i s t  th a t  are h igher in energy,

the t w i s t - b o a t  (C^) and the unsymmetr ical boat  (C^) .  These l i e

r e s p e c t i v e l y  3 .8 9  and 4.19 kcal mol  ̂ in energy above the c h a i r

co n fo rm a t io n .  (Previous l i t e r a t u r e  c a l c u l a t i o n  es t ima tes  these

-1 .
f i g u r e s  to  be 2 . 7 2  and 3 .7 7  kcal mol . )

Present  c a l c u la t i o n s  do agree w i t h  the p rev ious  ones however 

in f i n d i n g  the symmetric boat (C ) not  to  rep resen t  an energy

on page no c a l c u la t i o n s  were performed on the "enve lope" con-

m i n imum.

0

C -boat  
s
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Cyc1oheptanone is  the smal lest  o f  the so -ca l le d  medium-r ing 

ketones — mo 1 ecu 1es which are r e l a t i v e l y  d e s ta b i l i z e d  over t h e i r  

a c y c l i c  and no rma l- r ing  coun terparts  (cyclopentanone and c y c l o -

vo u ra b le  t o r s i o n a l  and non-bonded in t e r a c t i o n s  p resen t .  By 

ana logy w i t h  the corresponding cycloa lkane,  two p r i n c i p a l  c o n f o r ­

ma t io na l  f a m i l i e s  e x i s t  —  the c h a i r -  and boa t - .  The t w i s t - b o a t -

c h a i r  form o f  cyc loheptane and the re la ted  C - c h a i r  o f  cyc lohep tene
s

having p re v io u s l y  been shown to represent  re sp ec t ive  energy minima, 

the  l a t t e r  was estimated to serve as a good model f o r  the  i n v e s t i ­

g a t i o n  o f  c y c 1oheptanone (both molecules con ta in  a t  l e a s t  one

Four separa te  conformat ional  minima are found to e x i s t  w i t h  the 

t w i s t - c h a i r  conformat ion,  as ind ica ted :

hexanone) on account  of  numerous angle-bending s t r a i n s  and u n fa -

t r i g o n a l  C 2 a tom) .

C -cyc lo hep tene

Re la t  ive
ene rg ies  (kcal  mol

1.

Ca lc u la ted
(Ref .

0.72
0.25

0.00
0 . 00)

R e la t i v e
ene rg ies  (kcal  mol

C a lcu la ted  
(Ref.  Z3

3.

0.60  
1.80 0

1.59
1 . 6 2 )
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The r e s u l t s  demonstrate tha t  at 25° C a m ix tu re  o f  conforraers 

2, and 3, e x i s t s ,  and not o f  2, and 1, as suggested by the r e fe r r e d  

work.  However, the lowest energy s ta te  appears r a th e r  d e f i n i t e l y  

t o  be 2.

I n v e s t i g a t i o n  o f  the boa t -ch a i r  conformers and tw is t - c r o w n  o f  

cyc looc tanone  p o in ts  to  the same conformat iona l  minimum as p r e v i ­

o u s l y  found but  an a l t e r e d  order energy-wise f o r  several  o f  the 

o t h e r  conformers .  The t w i s t  crown is a lso  noted to  be o n l y  

s l i g h t l y  less  s ta b le  than the minimum-energy conformer,  3- In 

any case,  the  geometry ca lc u la ted  f o r  the l a t t e r  co r ro b o ra te s  

the  a v a i l a b l e  exper imental  evidence f o r  i t s  s t r u c t u r e .

0 a

R e l a t i v e  
enera i es

C a lcu la te d
(Ref  f 23

3.18
2.90

0.97
1.71

° 0,00
0 . 00)

C a lc u la te d

'f ir ?  l> g tw is t - c r o w n

3.88

tw i  s t -c rown  
0.13 
1.46)(Ref .  23 2 .1 8
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The s t a r t i n g  p o in t  f o r  the i n v e s t i g a t io n  o f  the cyclononanone 

confo rmers  was the ground s ta te  conformation o f  cyc lononene,  chosen 

as a model on account  o f  i t s  formal s i m i l a r i t y  by v i r t u e  o f  the 

t r i g o n a l  8 ^ 2  a tom(s) i t  conta ins .  Five conformers can thereby 

be d e r i v e d ,  and t h e i r  geometries and r e l a t i v e  energ ies are l i s t e d  

in F ig s .  2 (a )  —• (b ) .  Precise ca lcu la ted  parameters are g iven to  

i n d i c a t e  t h a t ,  in t h i s  and s im i la r  such cases o f  a p e r tu rb in g  

g ro u p ' s  being s i tu a ted  a t  va r ious  p o s i t i o n s  on a p a r t i c u l a r  r i n g ,  

i t s  presence exer ts  a small in f luence  on the p re c ise  va lues  o f  

these  parameters.  The t o t a l  C2_symmetry o f  4, f o r  example, is 

f u l l y  e v id e n t .  R e la t i v e l y  l i t t l e  experimental work has been 

performed on the conformat ions o f  cyclononanone but the one 

assumed here r e la te s  c lo s e l y  to the lowest energy con fo rm at ion  o f  

D^-symmetry o f  the parent  hydrocarbon as ca lc u la te d  and found 

e x p e r im e n ta l l y .  The actual  minimum geometry found,  5, does not  

agree ,  however, w i th  th a t  ca lc u la ted  p re v io u s l y ,  a s t r u c t u r e  

hav ing  (^-symmetry .  Although the o the r  two lowest  energy minima 

d esc r ibed  in the l i t e r a t u r e  f o r  cyclononane are less s ta b le  than 

the  D ^ - s t r u c t u r e  i t  is by no means impossib le th a t  replacement o f  

a methy lene group in them by a carbonyl  a t  va r io us  p o in t s  in the 

r i n g s  could  lead to a ye t  lower energy conformer f o r  cyclononanone 

i t s e l f .  Obv ious ly ,  much more work would need to  be done on the 

m a t te r  befo re  a f i n a l  conclusion  could be drawn. F i n a l l y  the 

s t r u c t u r e  c a lc u la te d  f o r  the d e r i v a t i v e ,  4 ,4 ,7>7~t^o tramethy lcyclo  

nonanone, d i f f e r s  from th a t  o f  the 

u n s u b s t i t u t e d  ketone,  and has a p p ro x i ­

m a te ly  C2_symmetry. (C a lcu la t io ns  

upon f u r t h e r  conformat ions beyond the

4 , 4 , 7 , 7 “ te t ramethy lcyc lononanone
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s i n g l e  one a c t u a l l y  performed on t h i s  compound would no doubt  have 

y ie ld e d  a p r e c i s e l y  C^-symmetric minimum, in l i n e  w i t h  the e x p e r i ­

mental ev idence . )

Cyclodecane is  a f l e x i b l e  molecule w i th  numerous con fo rmat ions

t h i s  and the two o thers  next lowest ,  the twi  s t -b oa t - c h a  i r  (TBC) 

and t w i s t - c h a i r - c h a i r - c h a i r  (TCCC), were taken as bases f o r  the  

c o n fo rm a t io n a l  a na lys is  o f  cyclodecanone. Because o f  symmetry 

c o n s i d e r a t i o n s  on ly  3 BCB conformers e x i s t ,  and, s i m i l a r l y ,  6 TBC 

and 3 TCCC. These are ind icated below along w i t h  t h e i r  r e l a t i v e  

e n e rg ie s .  The r e s u l t  f o r  the lowest energy conformer,  BCB 3 is  

in l i n e  w i t h  experiment  but i t  is nevertheless  seen to  be a 

mere 0.41 kcal mol  ̂ more s tab le  than the conformer TBC 9.

Conformers o f  cyclodecanone:

73 74
open to  i t .  * The lowest is the boat-cha i r - b o a t  (BCB), and

BCB:
Carbonyl R e la t i v e  energ ies 
p o s i t i o n  Ca lcu la ted  (Ref23)

2
3

1.30 (5.45)
3.81 (2.38)
0.00 ( 0 . 00)

TCCC 4
5
6

4.10
2.65
0.44

*

TBC

1 1
12

9
10

7
8

4.92
1.24 
0.41
4.24 
0.87 
3.99

*
*
*
*
*
*

(kcal mol )

(>v = no f u r t h e r  data a v a i l a b le )
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FIGURE 2 ( a )

C a l c u l a t e d  G e o m e t r i e s  f o r  F i v e  C o n f o r m e r s  o f  C y c l o n o n a n o n e ,  a n d
t h e i r  R e l a t i v e  E n e r g i e s  ( k c a l  mo l  1

R e la t i v e  energ ies  
Ca lcu la ted

2 .
M t t

1,21
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FIGURE 2 ( b )

4,

5*

I'SJO
I

1*531 1*531

VSQ<\

R e la t i v e  energ ies  
Ca lcu la ted

3.97

0.00



The more d e ta i le d  geometries o f  the most s ta b le  conformers o f  

cyc lodecanone and cyclundecanone are given in Fig .  1(d) .  For the 

l a t t e r ,  h igher  energy conformers w i th  the carbonyl s u b s t i t u e n t  a t  

the  i n d ic a te d  p o s i t i o n s  2 ,3 ,  and k  are 1.23, 4.25 and 0.59 kcal 

mol r e s p e c t i v e l y  above the minimum one. The molecule was not  

i n v e s t i g a t e d  f u r t h e r .

The molecule  o f  camphor, whose r e l a t i v e l y  poo r ly  reproduced 

heat  o f  fo rm a t io n  was p rev ious ly  noted (p .51*), is c a lc u la te d  to  

have the  h i g h l y  s t ra ined  geometr ic  fea tu res  norma l ly  expected f o r  

such a ( 2 . 2 . 1 ) b i c y c l i c  system. The h igh ly  compressed angles 

9 1 .4 ° ,  ^ 0 ^ 2  98.0° and 94.7° are e s p e c ia l l y

n o te w o r thy .

L a s t l y ,  the unusual case o f  the ( 3 . 3 . 1 ) b icyc lononane-2,9~ 

d io n e  system is  d iscussed.  Al though,  as p re v iou s ly  noted (p .M i )  

the  observed b o a t - c h a i r  conformat ion o f  the 1- m e th y l -7 -exo- t - b u t y 1 

d e r i v a t i v e  (F ig .  1 (e))  is s uccess fu l l y  reproduced by c a l c u l a t i o n ,  

the  q u e s t io n  a r i s e s  as to  whether the departure  o f  a cyclohexane 

r i n g  f rom the  norma l l y  more s tab le  ch a i r  conformat ion ( in  favour  

o f  a boa t)  is  in f luenced in any way by the presence o f  the s u b s t i -  

t u e n t  ca rbony l  groups which might  o f f e r  the r ing  more o p p o r tu n i t y  

to  f l e x ,  o r  e l s e  by the t ^ b u t y l  s u b s t i t u e n t  whose presence fo rces  

the  a d j o i n i n g  a x ia l  hydrogen atom in to  what would be c lose r  con­

t a c t  w i t h  an a x ia l  hydrogen on carbon-3 o f  the o the r  six-membered 

r i n g  were i t  to  be in a c h a i r  confo rmat ion.



unfavourab le  non- 
bonded re p u ls io n

0

1 -methy l  - ^ - axo-^t -butyl  (3.3.1 )b icyc lononane-2 ,9 “ d ione 
(uns tab le  c h a i r - c h a i r  conformat ion)

C a l c u l a t i o n s  do indeed show tha t  the presence o f  the t_-butyl group

and the  ke to -g roups  both favour a b oa t -cha i r  conformat ion over a 

c h a i r - c h a i r .  F u r the r ,  the cyclohexane r ings  in molecules th a t  

l a c k  a b u t t r e s s in g  s u bs t i tu en t  a t  carbon-3 (or 7) are s i g n i f i ­

c a n t l y  f l a t t e n e d  owing to the • • •  r e p u l s i o n . 75,76 ( i n  the  

case o f  endo- 1 - m e t h y l ( 3 .3 .1 )b icyclononane-2 ,9-d  ione the conforma­

t i o n  is  c a l c u la te d  to pass over to the b o a t -c h a i r ,  as a r e s u l t  o f  

the  enhanced f l e x i b i l i t y  a f fo rded by the d ike tone r in g  p re s e n t . )

3 .2  Heats o f  Formation

Heats o f  fo rmat ion  f o r  compounds whose geometries are known, 

bu t  no t  so t h e i r  exper imental  thermochemical data,  are quoted in 

F ig .  1(a) — (1 ) .  C o r re la t io n s  are drawn between some o f  these data 

and o th e r  t h a t  are a v a i l a b le ,  but such t e n t a t i v e  in fe rences  would 

n a t u r a l l y  have to  awai t  the a r r i v a l  o f  s u i t a b le  exper imenta l  data 

f o r  c o r r o b o r a t i o n .  Other miscel laneous c a l c u la t i o n s  performed 

i n c lu d e  those on the heats o f  fo rmat ion  o f  the methylcyclohexanones.

Three compounds whose heats o f  fo rmat ion  are known^ but  whose 

va lues  a re  p o o r l y  represented by prev ious  c a l c u la t i o n s  are 2 - , 3 ” , 

and 4 -  octanone.  C a lcu la t ions  performed using the present  f o r c e -  

f i e l d  reproduce these la rge  d isc repanc ies  and a f f i r m  the sugges­

t i o n ^  t h a t  the problem is an exper imental  one.
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&Hf ° ( e x p t . )  &Hf ° ( c a l c . )  &Hf ° ( c a 1 c . , r e f .23)

2-0c tanone
3-Octanone
4-Octanone

•82.47+0.49
•8 0 . 93+ 0 .8 0
•83.49+0.61

-77.44
-77.10
-77.07

“ 77.28
“ 77.21
-77.17

C a lcu la te d  enthalpy  data f o r  the a x i a l l y  and e q u a t o r i a l l y  

s u b s t i t u t e d  conformers o f  2- and 4-methyl cycl ohexanone are presented 

in Tab le  5 w i t h  ca lc u la te d  data from another source f o r  compar ison.

TABLE 5

3

H

,04

E H ° ( c a l c . )  H ° ( c a l c . , r e f .23) 
s f  f

2.86  - 62.01

2.33 -62.54

3.23 -61.64

2.10 -62.77

- 62 .26

-63 .56



As expected ,  the equato r ia l -He  conformers are more s ta b le  

than the  correspond ing ax ia l  conformers, owing to reduced adverse 

non-bond ing i n t e r a c t i o n s  in the former case. Th is e f f e c t  is  more 

marked in the  4 - d e r i v a t i v e  (energy d i f fe re n c e  -1 .13  kcal mo l ’ S  

than in the  2 - d e r i v a t i v e  (energy d i f fe re n c e  0.53 kcal m o l " * ) ,  so 

i l l u s t r a t i n g  the r e l a t i v e  importance o f  the non-bonded i n t e r ­

a c t i o n s  over t h a t  o f  the favourable e c l ip s in g  o f  a carbonyl  group 

by an a d ja c e n t  methyl (as in 2) .

The s t e r i c  energy o f  4 , 4-d imethylcyclohexanone (F ig .  1 (b ))  o f  

3 .8 4  kcal  mol  ̂ is in l i n e  w i th  those o f  the 4-monomethyl conformers 

(Tab le  5) w h i l s t  t h a t  o f  4 - t_-butyl cyclohexanone (6.58 kcal mol S  

is  s i g n i f i c a n t l y  g re a te r  on account o f  the bulky s u b s t i t u e n t ' s  non­

bonded i n t e r a c t i o n s  p a r t i c u l a r l y  w i th  equa to r ia l  r i n g  hydrogens a t  

r i n g  p o s i t i o n s  3 and 5. The s t e r i c  energy o f  2 , 2 , 6 - t r i m e t h y l c y c l o -  

hexanone (F ig .  1 (c ) )  o f  3.96 kcal mol  ̂ is s i m i l a r l y  in l i n e .

The heat  o f  fo rmat ion  o f  4 , 4 , 7 , 7 " te t ram e th y1cyclononane (F ig .

1 ( c ) )  r e f  l e c t s  i t s  high s t e r i c  energy o f  13.65 kcal mol * .  The 

l a t t e r  compares unfavourab ly  w i th  tha t  o f  the lowest  energy con­

f o r m a t i o n  o f  the parent  r ing  ketone, 8 . 3 0  kcal mol because o f  

the  g r e a t e r  s t r a i n  involved by the in c o rpo ra t ion  o f  the s u b s t i t u e n t  

g roups .  ( I t s  conformat ion a lso  d i f f e r s . )

I t  would be usefu l  to  have exper imental  thermochemical data 

f o r  the  paren t  and s u b s t i t u te d  decalones (Fig.  1 ( f ) )  not  l e a s t  

because o f  the in fo rmat ion  th a t  would then be imparted w i t h  regard 

to  the  e f f e c t  on the s t e r i c  energy o f  a cyclohexanone system 

caused by the  i n t r o d u c t io n  o f  an a x ia l  4-methyl group. The s t e r i c  

energy o f  a 1Q-methyl- t r a n s - 2-deca lone exceeds th a t  o f  t r a n s r 2- 

deca lone by 3.61 kcal m o l ' 1, as a r e s u l t  o f  re p lac ing  an a x ia l
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hydrogen atom by an a x ia l  methyl group. The correspond ing f i g u r e

f o r  a x i a l  4-methylcyclohexanone and cyclohexanone is o n ly  1.24 
-1

kca 1 mol , thus i l l u s t r a t i n g  the g rea te r  degree o f  adverse i n t e r ­

a c t i o n s  between the su bs t i tu e n t  and the pure hydrocarbon r ing  o f  

the  m o le cu le  r a th e r  than w i th  the ketone r in g .

The h ig he s t  s t e r i c  energies (and hence the com para t ive ly  low 

heats  o f  f o rm a t io n )  are found p a r t i c u l a r l y  amongst the p o l y c y c l i c  

ke tones ,  a l l  o f  which incorpora te  to a g rea te r  or lesser degree 

c o n s id e ra b le  amount o f  geometric s t r a i n .  The r e l a t i v e  amounts o f  

s t r a i n  can be qua 1i t a t i v e 1y a r r i ved  a t  by examinat ion o f  the mo le­

c u l a r  geometr ies f o r  fea tu res  such as the presence o f  small r i n g s ,  

medium r i n g s ,  unfavourable  (boat) conformat ions o f  6-membered r i n g s ,

u n fa v o u ra b le  t o r s io n  and non-bonded i n te r a c t i o n s  and so on. Thus,

3 ^f o r  example,  ( 5 . 3 .1 .0  ’ ) t r i cyc loundecan-5~one (Fig.  1(h)) which 

possesses two r ings  in the boat-conformat ion and concomitant  

u n fa v ou ra b le  bond -ec l ips ing  has a r e l a t i v e l y  high s t e r i c  energy 

o f  16.61 kcal  m o l "1. I t  is s t i l l  much less,  however, than the

i 2 6
s t e r i c  energy (34.44 kcal m o r 1) o f  ( 5 .3 .0 .0  ’ ) t r i e y e lo d e c a n e -

4 ,9 - d io n e  (F ig .  1 (g ) ) .  In the l a t t e r  case the number o f  r in g s  

p re sen t  is the same, th ree ,  but two o f  these are 5” m6mhered r ings  

wh ich  are  i n t r i n s i c a l l y  more s t ra ined  than 6-membered r i n g s ,  w h i l s t  

the  t h i r d  is  a g ro s s ly  s t ra ined  cyclobutane r i n g .  S i m i l a r l y ,  the 

s u p e r f i c a l l y  ra th e r  s im i l a r  cage-type ketones in F ig .  l ( i )  p resent  

a no the r  i n s t r u c t i v e  example o f  t h i s  type,  and o the rs  can l i k e w is e  

be d is ce rned  amongst the s t ru c tu re s  in Fig .  l ( j )  (1 ) .
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In a l l  o f  these h ig h ly - s t r a in e d  molecules, as I f  the case in 

c o n s i d e r i n g  t h e i r  geometr ies,  the ca lcu la ted  heats o f  fo rm a t ion  

data  p r o v id e  a severe t e s t  o f  the q u a l i t y  o f  the f o r c e - f i e l d  

( e x c lu d in g  the  excep t iona l  cases o f  the 4-membered r ing  systems) 

and i t  is  hoped th a t  the necessary experimental  data f o r  compar­

ison w i l l  soon become a v a i l a b le .  Whereas a c y c l i c  molecules y i e l d  

c a l c u l a t e d  data th a t  d i f f e r  from the corresponding exper imenta l  

da ta  n o r m a l l y  by an amount o f  less than 1 kcal mol"^ and even in 

e x c e p t i o n a l  cases by no more than about 2-3 kcal mol” \  the 

d i s c r e p a n c ie s  p oss ib le  w i th  p o l y c y c l i c  molecules can be an o rd e r  

o f  magni tude g re a te r .  This is because in such molecules,  where 

the  r e l a t i v e  c o n t r i b u t i o n s  of  in d iv id u a l  s t r a i n  energy terms are 

expected  to  d i f f e r  from those in the more usual a c y c l i c  and mono- 

c y c l i c  molecules main ly  involved in the pa ram ete r iz a t ion  o f  the 

f o r c e - f i e l d ,  the e f f e c t  o f  any ra the r  poor l y  evaluated parameters 

w i l l  be g r e a t l y  magni f ied and not compensated f o r  i n t e r n a l l y ,  as 

would o th e rw is e  happen. An extreme example 

o f  t h i s  phenomenon is  th a t  o f  the as ye t  

unsyn thes ized  p o l y c y c l i c  hydrocarbon, 

dodecahedrane.  I t  co ns is ts  e n t i r e l y  o f  

C-H groups.  Ca lcu la ted heats o f  forma­

t i o n  us ing  two d i f f e r e n t  l i t e r a t u r e  f o r c e -  

f i e l d s ^  are  the ve ry  d i s s i m i l a r  values 

- 0 . 2 2  and +40.88 kcal mol r e s p e c t i v e l y .

3 .3  B l c y c l l c  Systems Contain ing Sulphur

As an e x ten s io n  o f  the  i n v e s t i g a t i o n s  d e s cr ib ed  f o r  th e  mo le ­

c u l e  1 - m e t h y l - 7 -exo- t_"buty l  ( 3 . 3 - 1  ) b i c y c l o n o n a n e - 2 , 9 - d i o n e ,  m o le c u la r

dodecahedrane



mechanics c a l c u l a t i o n s  were performed also on re la ted  su lp h u r -  

c o n t a i n i n g  d e r i v a t i v e s  adopt ing the same ( 3 . 3 . 1 ) b i c y c l i c  s t r u c ­

t u r e s .  These molecules,  9 - t h i a ( 3 . 3 . 1 )b icyclononane-2 ,6-d  ione?8 

( ' sonane  ) and the p a i r  3 -oxa-7 ,9 “ d i th ia -a n d  9~oxa-3,7-d i t h i a ~

(3 .3 .1  ) b i c y c l o n o n a n e ^  have the s t ru c tu res  i l l u s t r a t e d  in F igs .

3 ( i ) and 4.

Owing to  the presence o f  the hetero-atoms, a d d i t i o n a l  para­

meters  have to  be int roduced in to  the f o r c e - f i e l d  to take account  

a l l  the  f u r t h e r  i n t e r a c t i o n s  associated w i th  them. The e th e r - t y p e  

oxygen is  represented f o r  s i m p l i c i t y  as the same atom type ( " 4 " )  

as the  ca rbonyl  oxygen, a l though c l e a r l y  t h i s  is  a f a r  f rom p re c ise  

assum pt ion ,  w h i l s t  the sulphur atoms are designated by a new atom

type  ( " 5 " ) .  Reasonable values f o r  the var ious  new parameters are

30 8ltaken f rom the l i t e r a t u r e  * and modi f ied s y s te m a t i c a l l y  so as 

to  g i v e  c a l c u la te d  r e s u l t s  th a t  agree w i th  the exper imental  ones 

f o r  the  compounds under cons ide ra t ion .  The f i n a l  parameters are 

l i s t e d  in Table 6. The o ve ra l l  f o r c e - f i e l d  cannot c la im  to  be an 

a c c u ra te  one w i t h  general ized a p p l i c a b i l i t y  to a l l  o rgan ic  su lph ides  

and e th e rs  on account  o f  the very l im i t e d  range o f  data to which 

i t  is  f i t t e d  but  i t  does q u a l i t a t i v e l y  reproduce the exper imental  

r e s u l t s  in the  two cases to which i t  is app l ied  and t h i s  f a c t  

s u f f i c i e n t l y  j u s t i f i e s  i t s  use in t h i s  instance.

X - r a y  c r y s t a l l o g r a p h i c  ana lys is  o f  sonane shows th a t  the r in g  

t o r s i o n  ang les about bonds -^ -C ^  and C^-C^ and about bonds C^-C^ 

and C3-Ca d i f f e r  by 15° and 9° r e s p e c t i v e ly .  This skewing o f  the 

m o le cu le  causes the non-bonded *•*  C j  d is tance  to be increased 

to  3.18 8 and a lso  the t ransannu la r  non-bonded **•  H71 d is tan ce



FIGURE 3

9~Thia ( 3 . 3 . 1 ) b icyclononane-216-d ione (sonane)

i.S

‘H H
) High Energy Boa t -cha i r  Conformation o f  sonane

S

i ) ( 3 . 3 . 1 ) B icyc lononane-2, 6-dione



FIGURE 4

3 -o x a - 7 ,9 - d  i t h i a  ( 3 . 3 . 1 ) bicyclononane

9 - o x a - 3 , 7 - d i  t h i a ( 3 . 3 . 1) b icyc l  ononane
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TABLE 6

A d d i t i o n a l  F o r c e - f i e l d  Parameters, to Include Sulphur and E the r-  
Oxygen i n t e r a c t i o n s . ~

( i ) Atom t y p e s : 

( i i ) D imens i o n s :

1-4 (see tab le  ] ) ,  5 = sulphur

As in tab le  1.

( i i i )  The Parameters:
(a) Bond S t re tch ing  

Type 1

(b) Angle Bending: 
Types 1 2

(o) Tors ion
Types 1

5
3
1
3
1
5
1
3
3
4 
1 
2 
3

L 2 1
1 o

340.0 1.416
462.0 1.820

3 ±k k' 9 U ) * 8 (3)
e e 0 o

4 0.0090 0.0 109.0 107.2
4 0.0120 0.0 109.0 110.0
3 0.0200 0.0 110.0
5 0.0130 0.0 109.0 108.2
5 0.0140 0.0 107.8
5 0.0180 0.0 109.0 107-8
3 0.0220 0.0 94.3

o f s u b s t i t u t i o n  o f ce n t ra l  atom.

(d) Non-bonded 
Types 1

1
2
3
4
5

2 3 4 s n

3 3 4 0.10 + 1 3
3 3 4 0.10 + 1 3
3 3 4 0.08 + 1 3
3 4 3 0.10 + 1 3
3 4 3 0.08 + 1 3
3 3 5 0.15 + 1 3
3 3 5 0.08 + 1 3
3 3 5 0.08 + 1 3
2 3 5 0.12 +1 3
2 3 5 0.12 -1 3
3 5 3 0.24 + 1 3
3 5 3 0.24 +1 3

3 5 3 0.24 + 1 3

2 r, r €
1 2

5 4.60 0.0 0.18

5 4.90 0.0 0.20

5 4.80 0.0 0.20

5 4.70 0.0 0.20

5 6.00 0.0 0.22



TABLE 6 ( c o n t i n u e d )

O u t -o f -p la n e  Bending

No a d d i t i o n a l  parameters necessary.

Coulombic

No a d d i t i o n a l  parameters int roduced.
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to  2 .07  8 , the  l a t t e r  being determined by a neutron d i f f r a c t i o n  

s tu d y .  However, these t ransannu lar  H •••  H repu ls ions  in c o r re ­

sponding compounds con ta in in g  C ^ 3toms in p lace o f  the carbonyl
r

C 2 cause the  d i s t o r t i o n s ,  instead,  to be outwards w i t h i n  the sp

p la ne ,  no skewing tak ing p lace;  the r ings  are cons ide rab ly  

f l a t t e n e d  and the t ransannu la r  H *** H d is tance  est imated to be 

less  than 2 8 . The e le c t ron  d i f f r a c t i o n  s t r u c tu r e ^2 o f  ( 3 - 3 .1 ) -  

b i c y c lo n o n a n e ,  f o r  example, shows both t h i s  r in g  f l a t t e n i n g  and a 

s h o r t  C3 Cy  d i s ta n c e .  No neutron d i f f r a c t i o n  ana lys is  has been 

per formed on t h i s  molecule to enable the corresponding *•* Hy 

d i s t a n c e  to  be determined.

(3 • 3 • 1 )b ieye 1ononane 9_t h i a ( 3 « 3 * l ) b i  eye 1ononane

The r e s u l t s  c a lc u la te d  by means o f  molecular  mechanics 

b ro a d ly  agree w i t h  the experimental data and show a lso ,  t h a t  the 

skewing in sonane is  indeed a consequence o f  the in t ramo lecu la r  

i n t e r a c t i o n s  p resen t  and not  o f  c ry s ta l -p a c k in g  forces,- the l a t t e r  

n o r m a l l y  being r e l a t i v e l y  smal l .  (See Table 7)
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TABLE 7

C a lcu la ted  Geometr ic  Parameters

. . .  (8) Skewing* (deg.)

Sonane ( c h a i r - c h a i r )  2.08 6 , 2

( 3 . 3 . 1 ) b i c y c lo n o n a n e -2 ,6 -d io n e  2.09 9 . ^
9 - t h i a ( 3 . 3 . 1 )b icyclononane 2.03 0
( 3 . 3 . 1 ) b icyc lononane 1.97 0

‘■V' " S k e w in g "  is  d e f in ed  as the t o r s i o n  ang le  d i f f e r e n c e  

minus

The c a l c u la te d  ***H^ se pa ra t io n  is  a mere 0.01 8 g r e a te r  

than the exper imenta l  va lu e  and w i t h i n  i t s  l i m i t s  o f  e r r o r .  The 

exper imen ta l  skewing v a lu e ,  12 .0° ,  is  somewhat g r e a te r  than the 

c a l c u la t e d  v a lu e ,  a l thou gh  the re s p e c t i v e  d i r e c t i o n s  are  the same,

i . e .  both have the t o r s i o n  ang les  about  the and Z ^ - Z ^  bonds

increased.  I t  was found im poss ib le  to  reproduce the  exper imenta l  

skewing unless  the  Van der Waals ra d ius  o f  su lphu r  were cons idered  

to  be u n r e a l i s t i c a l 1y l a rg e .  However even t h i s  modest rep roduc ­

t i o n  o f  the data in t h i s  respec t  is  s a t i s f y i n g ,  f o r  n o tw i th s ta n d in g  

the i n e v i t a b l e  u n c e r t a i n t y  assoc ia ted  w i t h  the va lues  assigned to  

the su lphur  f o r c e - f i e l d  parameters ,  the H • ••  H non-bonded i n t e r ­

a c t i o n  p o t e n t i a l s  appear to  be ve ry  w e l l  chosen ( i n  the  bas ic  hyd ro ­

carbon f o r c e - f i e l d )  i n s o fa r  as the  H3 • • •  H y  d i s ta n c e  is  concerned.  

F u r t h e r ,  a n o n - r i g i d  body thermal  mot ion  a n a l y s i s ^  Qf  sonane shows 

t h a t  the bas ic  m o lecu la r  s k e le to n ,  e x c lud in g  hydrogen atoms, is  a 

good r i g i d  body which can be d i s t o r t e d  (by skewing,  f o r  example) 

w i t h  o n l y  g re a t  d i f f i c u l t y .  The mo lecu le  even w i t h  i t s  canopy o f  

hydrogen atoms is  c a l c u la t e d  to  be s t i l l  a f a i r l y  good r i g i d  body



b a r e ly  d i s t o r t a b l e  by thermal  e f f e c t s  o r  e f f e c t s  d e r i v i n g  f rom the

in f lu e n c e  o f  ne ighbour ing  molecules ( c r y s t a l  packing f o r c e s ) .

Th is  r e l a t i v e  r i g i d i t y  is  a l s o  shown by f o l l o w i n g  the change in

s t e r i c  energy,  as the e x te n t  o f  skewing is  v a r i e d ,  by " d r i v i n g "  a

84t o r s i o n  ang le ,  such as SC^C^O, through a range o f  va lues .  The 

m in im iz a t i o n  program p e rm i ts  t h i s  techn ique  to  be used by the  i n c l u ­

s ion o f  an o f f s e t  parameter ,  which a d ju s t s  the va lu e  o f  a s ta ted  

t o r s i o n  ang le  to  y i e l d  an energy minimum elsewhere than a t  the  

normal s t i p u l a t e d  v a lue ,  and a lso  by the  use o f  a m u l t i p l y i n g  

f a c t o r  which a c ts  on the re le v a n t  t o r s i o n a l  energy c o n s ta n t ,  thus 

a l l o w in g  " l o c k i n g "  o f  the molecule in to  the  re q u i red  co n fo rm a t io n .

By t h i s  means an energy d i f f e r e n c e  f o r  sonane between the observed 

con fo rm a t io n  w i t h  skewing 12.0° and th a t  w i t h  zero skewing is  

c a l c u la te d  to  be 3*5 kcal mol \  when the  Van der Waals parameters ,  

E, are  tw ice  those s ta te d  in Table 7; f o r  the a c tua l  f o r c e - f i e l d  

parameters used, the  energy d i f f e r e n c e  is  es t ima ted  to  be r a t h e r  

less  than t h i s .  Even so, the  s i z e  o f  the va lu e  renders i t  h i g h l y  

u n l i k e l y  t h a t  in te rmo lecu  1ar i n t e r a c t i o n s  can be the cause o f  the 

skewi ng.

F i n a l l y  a c a l c u l a t i o n  at tempted on the b o a t - c h a i r  conforma­

t i o n  o f  sonane, in o rd e r  to  a s c e r t a i n  i f  the s t r a i n  assoc ia ted  

w i t h  the  t ra n s a n nu la r  H?**H non-bonded i n t e r a c t i o n s  can be 

r e l i e v e d  by a c h a i r -  boat  t r a n s fo r m a t io n  o f  one o f  the  r i n g s  

( ins te ad  o f  skewing) ,  was unsu cce ss fu l .  The co n fo rm a t ion  does 

not  occupy an energy minimum and i t  r e v e r t s  to  the c h a i r - c h a i r  

form d u r in g  the  m in im iz a t i o n  p rocedure .  E v id e n t l y ,  the  non- 

bonded i n t e r a c t i o n  between su lphur  and the  nearby hydrogen a t
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atom 7 is  too  g re a t  to  a l l o w  the maintenance o f  an e q u i l i b r i u m  

s t a t e  under these c o n d i t i o n s ;  however, use o f  an a p p re c ia b l y  

s m a l le r  su lphu r  atom does a l l o w  the i s o l a t i o n  o f  a (h ig h  energy) 

con fo rm a t iona l  minimum f o r  the  b o a t - c h a i r  form o f  sonane.

In l i k e  manner, m o le cu la r  mechanics c a l c u l a t i o n s  reproduce 

the e x p e r im e n ta l l y  observed c h a i r - c h a i r  con fo rm a t ion  o f  3~oxa-

7 , 9 - d i t h i a ( 3 . 3 . 1 ) b icyc lononane ,  but  are unsuccessfu l  when a pp l ie d  

to  9-oxa~3, 7“ d i t h i a ( 3 . 3 . 1 ) b icyc iononane .  C a lcu la te d  s t r u c t u r a l  

parameters and s t e r i c  energ ies  o f  these mo lecu les a long w i t h  

those  o f  the  con fo rm a t io na l  isomers and the r e la t e d  3 ,7 ” d i t h i a -  

( 3 . 3 * 1 ) b icyc lononane are  g iven  in Table 8. (No compar ison w i t h  

exper iment  can ye t  be made f o r  the l a t t e r . )

TABLE 8

D e r i v a t i v e  o f  ( 3 . 3 . 1 ) “  
b icyc lononane

c h a i r - c h a i r  9“ oxa-3>7“ d i t h i a -  
c h a i r - b o a t  "  "
c h a i r - c h a i r  3 “ Oxa-7 ,9 “ d i t h i a -  
c h a i r - b o a t  "  11
b o a t - c h a i r  11 "
c h a i r - c h a i r  3 ,7 “ d i t h i a -  
c h a i r - b o a t  11 11

E Non-bonded
F ig u re  (kca l  mol ^) D is tance  ( % )

39.27
41.95
64.84

w\
*

4 3 . 9 4
A

( 3 - ' - 7 )  4.06 
( 7 - - - 9 )  3.09 
(3• - - 7 )  3.48

(3 —  7) 4.00

*The mo lecu le  re laxed  upon energy m in im iz a t i o n  to  g iv e  the  c h a i r -  
c h a i r  co n fo rm a t io n .

The c h a i r - c h a i r  con fo rm a t ion  o f  3- o x a - 7 ,9 “ d i t h i a ( 3 * 3 - 1 ) “  

b icyc lononane is  c a l c u la te d  to  be the o n l y  s t a b le  one,  the  c h a i r -  

boat  and the b o a t - c h a i r  r e l a x i n g  upon energy m in im iz a t i o n  to  y i e l d  

i t .  The p re d ic te d  non-bonded d is ta n c e  between the  atoms 3 and 7 

is  3.48  % which d i f f e r s  c o n s id e ra b l y  f rom the  observed,  3*12 A.
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FIGURE 5

3 -0xa-7 ,9~d i t h i  a ( 3 . 3 . 1 ) b icyc lononane

boat-cha i r cha i r - b o a t

9 -0xa-3 ,7~d  ? th l a ( 3 » 3 « l ) b icyc lononane

3

cha i r - cha  i r

3 ,7 - D i  t h i a ( 3 . 3 . 1 ) b icyc lononane

cha i r - cha i r cha i r - b o a t
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The wrong co n fo rm a t io n ,  however, is  p r e d i c te d  to  be the  most s t a b le  

in the  case o f  9 - o x a - 3 ,7 “ d i t h i a ( 3 . 3 . 1 ) b icyc lononane ,  by the  r e l a ­

t i v e l y  small  margin o f  2.68 kcal mol \  and the c a l c u la te d  S • • •  0 

non-bonded d i s ta n c e  in the c h a i r - b o a t  con fo rmat ion  o f  3.09 % 

exceeds t h a t  observed by 0.25

A l though i t  would appear t h a t  the Van der Waals rad ius  f o r  

s u lphu r  assigned in the  p a r a m e te r i z a t i o n  is  too la rg e ,  on the bas is  

o f  these l a t t e r  r e s u l t s ,  a sm a l le r  one is  found to  increase the  

energy d is c re pan cy  between the conformers o f  9 - o x a - 3 , 7 ~ d i t h 1a- 

( 3 * 3 .1 )b icyc lononane  even f u r t h e r ,  and a l s o  has adverse e f f e c t s  

in the  sonane c a l c u l a t i o n s .  U n t i l  a more r e f i n e d  f o r c e - f i e l d  f o r  

these  c la sses  o f  compound is  fo r th c o m in g ,  the  problem w i l l  have 

to  remain u n s e t t l e d .

1
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