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ABSTRACT 

The necessity o f  geometry op t im iza t i on  w i t h i n  the 

framework o f  a p a r t i c u l a r  molecular o r b i t a l  technique i s  

demonstrated using the INDO and EHMO semiempir ical 

methods. The d i f f i c u l t y  o f  f i n d i n g  the g lobal  minimum 

and the proper choice o f  technique i s  a l so  discussed. 

The choice o f  molecules demonstrates t h a t  s t r u c t u r e  

op t im iza t i on  can completely reverse the p r e d i c t i o n  o f  

which conformer has the lowest energy. 

J NTRODUCT I O N  

The importance o f  complete s t r u c t u r e  op t im iza t i on  

i n  molecular s t r u c t u r e  ca l cu la t i ons  has been appreciated 

f o r  some t ime’. However s ince the procedure o f  

op t im iza t i on  can be rather  t ime consuming, i t  i s  no t  

always performed. The importance can be r e a l i z e d  by 

remembering t h a t  unless s t r u c t u r e  op t im iza t i on  i s  

performed, one can not  know where on the p o t e n t i a l  energy 
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370 COMBS, MORGAN, AND LOTT 

surface the ca lcu lated energy i s  located. Each method 

of s t ruc tu re  c a l c u l a t i o n  w i  11 have d i f f e r e n t  values o f  

molecular parameters which w i l l  locate the energy a t  the 

minimum o f  the p o t e n t i a l  energy surface according t o  t h a t  

method. I f  those p a r t i c u l a r  s t r u c t u r e  parameters are not  

used then one could be anywhere on the energy surface and 

conclusions based upon such ca l cu la t i ons  could be i n  

considerable e r r o r .  St ructure parameters from 

experimental techniques can be u t i l i z e d  as s t a r t i n g  

values from which a search f o r  optimum values can 

proceed, but  such experimental values should no t  be used 

as the parameters o f  choice. One a l so  must be ca re fu l  

about which technique t o  apply i n  s t r u c t u r e  ca l cu la t i ons  

f o r  i f  one i s  using an inappropr ia te technique then 

s t ruc tu re  opt imizat ion w i l l  no t  be o f  b e n e f i t  f o r  the 

source o f  e r r o r  i s  more fundamental. To demonstrate 

these cautions, the energy curves predic ted by bond 

r o t a t i o n  i n  vinylcyclopropane and v iny lox i rane  by two 

methods w i l l  be presented. 

Vinylcyclopropane has been stud ied by ab i n i t i o  

molecular o r b i t a l  techniques using STO-3G and 4-31G basis 

sets2 using geometries obtained by opt imiz ing the 

s t ructures o f  cyclopropane, planar cyclobutane, and 

ethylene i n  the STO-3G basis.  This method o f  opt imiz ing 

s t ructures i n  representat ive molecules and t r a n s f e r r i n g  

the s t ruc tu re  parameters t o  a more complicated molecule 

i s  commonly used and most c e r t a i n l y  a b e t t e r  approach 

than using experimental data; but  it can s t i l l  lead t o  

e r ro rs ,  p a r t i c u l a r l y  when d i f f e r e n t  basis sets  are used 

f o r  the ca l cu la t i ons  even though the basic method o f  

ca l cu la t i on  i s  the same. Met hods o f  s t r uc t u r e  

opt imizat ion have improved considerably i n  the past ten 

years but, f o r  large molecules, a complete study can 

s t i l l  be q u i t e  expensive. The author d i d  al low two 
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OPTIMIZATION IN MOLECULAR STRUCTURE 371 

i n t e r n a l  angles t o  vary which a l lowed some f l e x i b i l i t y  

o f  s t r u c t u r e .  We w i l l  p resent  an example o f  t h e  

importance o f  s t r u c t u r e  o p t i m i z a t i o n  i n  a b - i n i t i o  

c a l c u l a t i o n s  l a t e r  bu t  f o r  t h i s  study two approximate 

techniques w i l l  be demonstrated. The methods used w i l l  

be I N D 0 3 ,  and EHMO'. The EHMO method has been p r e v i o u s l y  

shown no t  t o  be a method o f  choice i n  s tudy ing  r o t a t i o n a l  

b a r r i e r s '  so t he  f u t i l i t y  o f  s t r u c t u r e  o p t i m i z a t i o n  w i l l  

be demonstrated. The I N D O  method does sometimes lead t o  

acceptable r e s u l t s  i n  r o t a t i o n a l  s tud ies"  and t h e  

importance o f  s t r u c t u r e  o p t i m i z a t i o n  i n  an approp r ia te  

method o f  choice w i l l  a l s o  be demonstrated. A 1  1 

s t r u c t u r e  op t im iza t i ons  were performed w i t h  the  Simplex 

method5 and a l l  bond lengths and bond angles were 

opt imized a t  a l l  angles o f  r o t a t i o n  considered. 

PESUL TS AND DISCUSS10 N 

Considering f i r s t  v iny lcyc lopropane,  the  l i k e l y  

minimum energy s t r u c t u r e s  are  t h e  s - t rans  (considered t h e  

zero degree r o t a t i o n  s t r u c t u r e )  and the  s - c i s  ( t h e  180 

degree r o t a t i o n  s t r u c t u r e )  forms which are  i n d i c a t e d  as 

s t r u c t u r e s  I and 11, r e s p e c t i v e l y ,  below: 

I I1 
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372 COMBS, MORGAN, AND LOTT 

Another poss ib le  s t r u c t u r e  would be the  gausch s t r u c t u r e  

which would be obta ined by a r o t a t i o n  o f  60 degrees f rom 

11. A t h r e e - f o l d  r o t a t i o n a l  p o t e n t i a l  has been i n d i c a t e d  

by e l e c t r o n  d i f f r a c t i o n  ana lys i s ,  b u t  t h e  NMR s t u d i e s  

favo r  a two- fo ld  b a r r i e r .  

The EHMO method p r e d i c t s  t h a t  t h e  s - t rans  s t r u c t u r e  

i s  the  s t a b l e  s t r u c t u r e  and i t  does n o t  i n d i c a t e  any 

o ther  o r i e n t a t i o n  t o  be s t a b l e .  S t r u c t u r e  o p t i m i z a t i o n  

does n o t  improve t h e  p r e d i c t i o n s  o f  t h i s  method. The 

I N D O  method us ing  s tandard geometr ic parameters and 

w i thou t  s t r u c t u r e  o p t i m i z a t i o n  p r e d i c t s  o n l y  one s t a b l e  

s t r u c t u r e  and t h a t  i s  t h e  s - c i s  s t r u c t u r e .  The energy 

- vs d ihed ra l  angle o f  the  v i n y l  group w i t h  respec t  t o  the  

r i n g ,  as i n d i c a t e d  i n  t h e  f i g u r e s  above, i s  shown i n  

F igure  1 .  With complete s t r u c t u r e  o p t i m i z a t i o n ,  t he  I N D O  

method p r e d i c t s  two minima i n  the  r o t a t i o n  energy curve 

which i s  shown i n  F igure  2.  The s - t rans  s t r u c t u r e  and 

the  s - c i s  s t r u c t u r e  a re  bo th  i n d i c a t e d  as mi-nima. The 

two forms a re  separated by an energy b a r r i e r  o f  3.0 

kcal /mol w i t h  the  s - t rans  s t r u c t u r e  more s t a b l e  by . 40  

kcal /mol .  No t i ce  t h a t  s t r u c t u r e  o p t i m i z a t i o n  complete ly  

reversed which s t r u c t u r e  was energy p r e f e r r e d .  Th is  

two fo ld  b a r r i e r  t o  r o t a t i o n  i s  c o n s i s t e n t  w i t h  the  

exper imental  work o f  L u t t k e  and de Mei jere '  who p red ic ted  

the  s - t rans  s t r u c t u r e  t o  be more s t a b l e  by 1 . 1  kcal /mol .  

The t h e o r e t i c a l  p r e d i c t i o n s  o f  Hehre a l s o  showed t h e  s- 

t r ans  t o  be the  more s t a b l e  w i t h  the  4-31G bas is  s e t  

p r e d i c t i n g  the  ex is tence o f  t he  s - c i s  minima a l s o  w i t h  

the  s - t rans  more s t a b l e  by about 2 kca l /mol  and a b a r r i e r  

o f  about 2 . 2  kca l /mo l .  The STO-3G c a l c u l a t i o n s  a l s o  show 

a t h i r d  energy minima which i s  a gausch s t r u c t u r e  bu t  

t h i s  i s  suspect. 
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OPTIMIZATION IN MOLECULAR STRUCTURE 375 

The n o n a p p l i c a b i l i t y  o f  EHMO t o  r o t a t i o n a l  b a r r i e r  

ca l cu la t i ons  has already been demonstrated, and the 

add i t i on  o f  more e lect ronegat ive elements usua l l y  makes 

EHMO even less appl icable ' .  Thus apply ing the  method t o  

v iny lox i rane  was no t  viewed as an appropr iate task.  

However ca l cu la t i ons  were made and the energies behaved 

very e r r a t i c a l l y  over the e n t i r e  range o f  r o t a t i o n a l  

angles so t h a t  no p r e d i c t i o n  could be made about 

preferred r o t a t i o n a l  conformer. A s  expected, s t r u c t u r e  

opt imizat ions do not  improve the p red ic t i ons .  The INDO 
ca lcu la t i ons  wi thout  s t r u c t u r e  op t im iza t i on  show t h a t  the 

s- t rans s t r u c t u r e  i s  the only  energy-favored s t r u c t u r e  

s i m i l a r l y  t o  the vinylcyclopropane c a l c u l a t i o n s  and i n  

disagreement w i t h  experiment. When complete s t r u c t u r e  

opt imizat ion i s  performed a t  each angle o f  r o t a t i o n ,  a 

double minimum p o t e n t i a l  i s  generated w i t h  the s- t rans 

form predic ted t o  be the more s tab le  by .13  kcal/mol w i t h  

an energy b a r r i e r  o f  1 .6  kcal/mol separat ing the two 

forms. These optimized r e s u l t s  appear i n  general 

agreement w i t h  the experimental observations' i n  t h a t  a 

double p o t e n t i a l  i s  predicted, but  the work o f  Kalasinsky 

showed t h a t  the gauche form i s  the second s tab le  energy 

form rather  than the s -c i s .  

Figure 2 demonstrates another problem i n  s t r u c t u r e  

op t im iza t i on  and t h a t  i s  f i n d i n g  the  t r u e  global  minimum. 

There are many minima i n  the parameter space and the 

f i n d i n g  o f  the global  minimum i s  a s i g n i f i c a n t  problem. 

The data p o i n t s  o f  Figure 2 do not  present a smooth curve 

which usual ly  means t h a t  the absolute minima have no t  

been found a t  each r o t a t i o n  angle. Using the Simplex 

method, one could now do f u r t h e r  searches using the 

parameter values found as s t a r t i n g  po in ts  i n  a search f o r  

lower energy minima. Donnelly8 has recen t l y  developed a 
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3 76 COMBS, MORGAN, AND LOTT 

method which shows promise o f  f i n d i n g  t r u e  minima i n  

parameter op t im iza t i ons .  

CONC LUS I ON$ 

These c a l c u l a t i o n s  show t h a t  t h e  EHMO method i s  n o t  

s u i t a b l e  f o r  r o t a t i o n a l  b a r r i e r  s tud ies ,  as had been 

p rev ious l y  shown, so t h a t  s t r u c t u r e  o p t i m i z a t i o n  w i l l  n o t  

improve a method which i s  n o t  s u i t a b l e  f o r  a p a r t i c u l a r  

study. The EHMO method i s  s t i l l  use fu l  f o r  o the r  s tud ies  

even i n  t h i s  age o f  t he  ease of a p p l i c a t i o n  o f  a b - i n i t i o  

c a l c u l a t i o n s .  The INDO method i s  a method which can be 

u t i l i z e d  i n  s i t u a t i o n s  where r o t a t i o n a l  b a r r i e r s  need be 

considered, b u t  c a l c u l a t i o n s  w i t h o u t  s t r u c t u r e  

o p t i m i z a t i o n  do n o t  y i e l d  acceptable r e s u l t s .  When 

complete s t r u c t u r e  o p t i m i z a t i o n  i s  performed d u r i n g  a l l  

angles o f  r o t a t i o n ,  t he  r e s u l t s  a re  i n  b e t t e r  agreement 

w i t h  exper imental  observat ions.  W i th in  t h e  semiempir ica l  

framework, a bar r ie r -parameter ized  method g i ves  even 

b e t t e r  r e s u l t s  f o r  r o t a t i o n a l  a p p l i c a t i o n s g  when a l l  

s t r u c t u r a l  parameters a r e  a l lowed t o  vary.  One a l s o  has 

t o  be very c a r e f u l  t o  have ob ta ined t h e  t r u e  g loba l  

minimum o f  energy, f o r  i t  i s  n o t  always obvious t h a t  such 

a minimum has n o t  been a t t a i n e d .  
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