
 
 
 
 
 
 
 

https://theses.gla.ac.uk/ 
 
 
 

 

Theses Digitisation: 

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/ 

This is a digitised version of the original print thesis. 

 

 
 
 
 
 
 
 

Copyright and moral rights for this work are retained by the author 
 

A copy can be downloaded for personal non-commercial research or study, 

without prior permission or charge 
 

This work cannot be reproduced or quoted extensively from without first 

obtaining permission in writing from the author 
 

The content must not be changed in any way or sold commercially in any 

format or medium without the formal permission of the author 
 

When referring to this work, full bibliographic details including the author, 

title, awarding institution and date of the thesis must be given 
 
 
 
 
 
 
 
 
 
 
 
 

 
Enlighten: Theses 

https://theses.gla.ac.uk/ 

research-enlighten@glasgow.ac.uk 

http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk


CONFORMATIONAL ANALYSIS OF SOME CYCLIC STRUCTURES

A T h e s i s  p r e s e n t e d  f o r  

t h e  d e g r e e  of  D oc to r  of  P h i lo s o p h y  

i n  t h e  

F a c u l t y  of  S c i e n c e  

o f  t h e  

U n i v e r s i t y  of  Glasgow 

by

M a r ie  Ann R u s s e l l .

C h e m i s t r y  D e pa r tm en t  Octobe r  1981*



ProQuest Number: 10984255

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 10984255

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

My d e e p  t h a n k s  a r e  d u e  t o  P r o f e s s o r  G .A .S im  f o r  h i s  

a s s i s t a n c e .  L a t t e r l y ,  he  h a s  r e a d  and  r e - r e a d  t h i s  t h e s i s  and  

o f f e r e d  a d v i c e  upon i t .

D r .D .N . J .W h i t e  s u g g e s t e d  t h e  t o p i c  o f  r e s e a r c h .  O t h e r s  

whose a s s i s t a n c e  must  n o t  p a s s  u n n o t i c e d  a r e  D r . L j . M a n o j l o v i c -  

M u i r ,  Dr.K.W.Mui r ,  D r . P . R . M a l l i n s o n ,  D r . J .C .S p e a k m a n  and t h e  

s t a f f  of t h e  U n i v e r s i t y  Computing S e r v i c e .

S p e c i a l  m e n t i o n  m u s t  be  m ade  o f  A i l e e n  A .F r e w  and  

Dr.A.A.Freer f o r  t h e i r  a d v i c e  and  e n c o u r a g e m e n t .

Many o t h e r  f r i e n d s ,  bo th  w i t h i n  t h e  d e p a r tm e n t  and o u t s i d e  

of  u n i v e r s i t y ,  have  g iv e n  me p a t i e n t  encouragement  w h i l e  I  was 

w r i t i n g  t h i s  t h e s i s  and f o r  t h i s ,  I  am e x t r e m e l y  g r a t e f u l .

I  a l s o  w i s h  t o  acknowledge  Glasgow U n i v e r s i t y  f o r  p r o v id i n g  

me w i t h  f i n a n c i a l  a s s i s t a n c e  d u r in g  t h e  p e r i o d  of  r e s e a r c h .

F i n a l l y ,  b u t  n o t  l e a s t ,  I  w i s h  t o  t h a n k  my husband,  Malcolm,  

w i t h o u t  whom t h i s  t h e s i s  would have t a k e n  much l o n g e r  t o  c om p le te  

and who made t h e  t a s k  l e s s  f o r m i d a b l e  t h a n  i t  might  have been .

Marie  Ann R u s s e l l .



Mary and John  Macdonald.



"The o r d i n a r y  n o v e l  would t r a c e  t h e  h i s t o r y  of t h e  diamond -  b u t  

I  s a y ,  " D ia m o n d ,  w h a t !  T h i s  i s  c a r b o n . "  And my d i am o n d  may be 

c o a l  or  s o o t  and my theme i s  c a r b o n . "

D.H.Lawrence.



CONTENTS

PAGE

SUMMARY 1

PART I  -  MOLECULAR MECHANICS. 4

CHAPTER 1. BASIC PRINCIPLES OF MOLECULAR MECHANICS 5

1 .0  INTRODUCTION. 6

1.1  CONFORMATIONS AND THE GLOBAL MINIMUM ENERGY 

CONFORMATION. 9

1.2  POTENTIAL FUNCTIONS. 12

1.3  FORCE FIELDS. 22

1.4  PARAMETERISATION OF FORCE FIELDS. 23

1 .5  POTENTIAL ENERGY MINIMISATION. 25

1 .6  LOCATING THE POTENTIAL ENERGY MINIMUM OF CYCLIC 

STRUCTURES. 30

1.7  REFERENCES. 34

CHAPTER TWO. LOW ENERGY CONFORMATIONS OF CYCLOUNDECANE 

AND ITS DERIVATIVES. 37

2 . 0  FOREWORD. 38

2 .1  INTRODUCTION TO MEDIUM-SIZED RING COMPOUNDS. 41

2 .2  GENERATED CONFORMATIONS. 45

2 .3  THE EFFECT OF INTRODUCING A DOUBLE BOND INTO 

CYCLOUNDECANES. 58

2 .4  CORRELATION OF OBSERVED AND CALCULATED 

CONFORMATIONS. 61

2 .5  PYRROLIZIDINE ALKALOIDS. 67

2 .6  SUMMARY. 69

2 .7  REFERENCES. 70

PART I I  -  X-RAY DIFFRACTION. 73

CHAPTER THREE. FUNDAMENTAL PRINCIPLES OF X-RAY 

DIFFRACTION BY CRYSTALS. 74

3 . 0  INTRODUCTION. 75

3 .1  FACTORS AFFECTING THE DIFFRACTION INTENSITIES. 77

3 .2  THE STRUCTURE FACTOR. 82

3 .3  STRUCTURE FACTORS AND THE ELECTRON DENSITY 

DISTRIBUTION. 84



3 .4  DIRECT METHODS OF PHASE DETERMINATION. 85

3 .5  PHASE DETERMINATION IN PRACTICE. 89

3 .6  FOURIER SYNTHESIS. 92

3 .7  LEAST SQUARES REFINEMENT. 94

3 .8  SUMMARY. 97

3 .9  REFERENCES. 98 

C H A P T E R  F O U R .  AN X - R A Y  A N A L Y S I S  OF

THE 2 ,4-DINITROPHENYLHYDRAZONE DERIVATIVE 

OF THE SESQUITERPENOID, ZERUMBONE. 99

4 . 0  FOREWORD. 100

4 .1  AN INTRODUCTION TO HUMULENE AND ZERUMBONE. 102

4 .2  EXPERIMENTAL. 104

4 .3  RESULTS. 106

4 . 4  MM CALCULATIONS ON HUMULENE AND ZERUMBONE 

CONFORMATIONS. 107

4 .5  DISCUSSION OF RESULTS. 113

4 . 6  REFERENCES. 116 

CHAPTER FIVE . AN X-RAY ANALYSIS OF DIMETHYL ( 8 ' -

DIMETHYLAMINONAPHTHYL) AMMONIUM DIHYDROGEN TRIS(

CY CLOUNDEC- 1-ENE CARBOXYL ATE) .  AN ACID SALT OF THE

TYPE BH+ .X".2HX. 118

5 . 0  FOREWORD. 119

5 .1  AN INTRODUCTION TO ACID SALTS AND HYDROGEN

BONDING. 120

5 .2  EXPERIMENTAL. 124

5 . 3  RESULTS. 126

5 .4  DISCUSSION OF THE NAPHTHALENE RING. 128

5 . 5  DISCUSSION OF THE ACID SALT. 134

5 .6  DISCUSSION OF THE ELEVEN-MEMBERED RING 

CONFORMATIONS. 138

5 .7  REFERENCES. 141

CHAPTER SIX. X-RAY ANALYSES OF TWO CYCLOUNDECANE 

DERIVATIVES. 143

6 .0  INTRODUCTION. 144

6 .1  EXPERIMENTAL FOR CYCLOUNDECYLMETHYL 3 , 5 -

DINITROBENZOATE. 145



6 .2  RESULTS FOR CYCLOUNDECYLMETHYL 3 , 5 -  

DINITROBENZOATE.

6 .3  EXPERIMENTAL FOR CYCLOUNDECYLMETHYL 

NAPHTHYLURETHANE.

6 .4  RESULTS FOR CYCLOUNDECYLMETHYL 

NAPHTHYLURETHANE.

6 .5  DISCUSSION OF RESULTS.

6 .6  REFERENCES.

APPENDICES

APPENDIX A.

AN INVESTIGATION OF THE LOW ENERGY CONFORMATIONS 

OF 1 , 4 , 7 , lO-CYCLODODECATETRAENES.

A.O INTRODUCTION.

A . 1 GENERATED CONFORMATIONS.

A .2 CORRELATION OF OBSERVED AND CALCULATED 

CONFORMATIONS.

A .3 REFERENCES.

APPENDIX B.

WHITE-BOVILL FORCE FIELD PARAMETERS.

APPENDIX C.

147

148

150

151 

153

154

155

156

160

163

164

STRUCTURE FACTORS (OBSERVED AND CALCULATED). 170



SUMMARY



T h i s  t h e s i s  i s  c o m p o s e d  o f  two p a r t s :  i n  t h e  f i r s t  t h e

r e s u l t s  f rom m o l e c u l a r  m e c h a n ic a l  c a l c u l a t i o n s  on cyc lo undecanes  

and c y c lo u n d e c e n e s  a r e  r e c o r d e d  and d i s c u s s e d .  In  p a r t  two,  x -  

r a y  d i f f r a c t i o n  a n a l y s e s  a r e  r e p o r t e d  f o r  a s e r i e s  o f  e l e v e n -  

membered r i n g  s t r u c t u r e s  and t h e i r  c o n fo r m a t io n s  a r e  c o r r e l a t e d  

t o  t h e  m o le c u la r  m e c h a n ic a l  r e s u l t s .

M o l e c u l a r  m echan ic s  c a l c u l a t i o n s  a r e  employed to  l o c a t e  t h e  

G loba l  Minimum Energy  C o n f o r m a t i o n  (GMEC) of  c y c l o u n d e c a n e  and 

t h o s e  c o n f o r m a t i o n s  w i t h i n  20 k c a l . / m o l e  of t h i s  GMEC. The 

r e s u l t s  p r e d i c t  t h e  e x i s t e n c e  of  f o u r t e e n  minimum e n e r g y  

c o n f o r m a t i o n s  o f  c y c l o u n d e c a n e  -  t h e  f i r s t  t e n  o f  w h i c h  have  

s t r a i n  e n e r g i e s  d i f f e r i n g  by 3 k c a l / m o l e  or  l e s s .  The GMEC, 

c y c lo u n d e c a n e  1, i s  c a l c u l a t e d  to  be only  0.49 k c a l / m o l e  lower  i n  

e n e r g y  t h a n  t h e  n e x t  c o n f o r m e r ,  c y c l o u n d e c a n e  2. I t  i s  

c o n c lu d e d  t h a t  a t  room t e m p e r a t u r e  cyc loundecane  i s  a m ix t u r e  of 

s e v e r a l  c o n f o r m a t i o n s .

The c a l c u l a t e d  low energy  c o n fo r m a t io n s  of cyc lo undecane  a r e  

compared  w i t h  x - r a y  r e s u l t s  and c o n f o r m a t io n s  p r e d i c t e d  by o t h e r  

f o r c e  f i e l d  c a l c u l a t i o n s .  C o m p a r i s o n s  a r e  a l s o  made of 

c y c lo u n d e c a n e  1 and 2 and th e  low e ne rgy  c o n fo r m a t io n s  r e p o r t e d  

f o r  c y c lo n o n a n e ,  c y c lo d e c a n e  and cyc lododecane  r i n g s .

I n t r o d u c t i o n  of  a t r a n s  double  bond i n t o  the  cyc lo undecane  

c o n f o r m a t i o n s  r e s u l t s  i n  f a v o u r a b l e  changes i n  Baeyer ,  P i t z e r  and 

van de r  Waals s t r a i n .  The p r e d i c t e d  l o w e s t  ene rgy cyc loundecene  

c o n fo r m e r  i s  obse rved  e x p e r i m e n t a l l y  i n  t h e  c r y s t a l  s t r u c t u r e  of 

d i m e t h y l  ( 8 ' - d i m e t h y l a m i n o n a p h t h y l )  a m m o n iu m  d i h y d r o g e n  

t r i s ( c y c l o u n d e c - l - e n e  c a r b o x y l a t e )  and b e a r s  a s t r o n g  r e s e m b la n c e  

t o  t h e  e leven -m em bered  r i n g  c o n f o r m a t i o n  o b s e r v e d  i n  z e ru m b o n e

2,4 -  d i n i t r o p h e n y l h y d r a z o n e .  The r e s u l t s  of t h e  x - r a y  a n a ly s e s  

of  t h e s e  compounds a r e  r e c o r d e d  and d i s c u s s e d  i n  t h e  second p a r t  

of  t h i s  t h e s i s .

Two ne w  x - r a y  d i f f r a c t i o n  s t u d i e s  on c y c l o u n d e c a n e  

d e r i v a t i v e s  a r e  a l s o  i n t r o d u c e d  i n  p a r t  tw o .  T h e s e  a r e

2



c y c l o u n d e c y l m e t h y l  3,5 -  d i n i t r o b e n z o a t e  and c y c lo u n d e c y lm e th y l  

-  n a p h t h y l u r e t h a n e .  B o th  c r y s t a l  s t r u c t u r e s  e x h i b i t  d i s o r d e r

and i t  i s  conc lude d  t h a t  t h e  d i s o r d e r  a r i s e s  f rom th e  p r e s e n c e  of 

m o re  t h a n  one  c o n f o r m a t i o n  f o r  t h e  e l e v e n - m e m b e r e d  r i n g s .  

M o l e c u l a r  m echan ic s  c a l c u l a t i o n s  on t h e  d i s o r d e r e d  r i n g s  r e s u l t  

i n  m o d e l  c o n f o r m a t i o n s  w i t h  r e a s o n a b l e  g e o m e t r y  and  w h i c h  

c o r r e s p o n d  to  c y c lo u n d e c an e  2.

3
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MOLECULAR MECHANICS



CHAPTER ONE 

BASIC PRINCIPLES OF MOLECULAR MECHANICS
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1.0 INTRODUCTION

S t e r e o c h e m i s t r y  i s  c o n c e r n e d  w i t h  t h e  t h r e e - d i m e n s i o n a l  

shape  of  m o l e c u l e s  and w i t h  how s m a l l  d i f f e r e n c e s  i n  the  t h r e e -  

d i m e n s i o n a l  s t r u c t u r e  may l e a d  t o  d i f f e r e n c e s  i n  c h e m i c a l  

r e a c t i v i t y .  The  f i r s t  r e f e r e n c e 1 t o  t h e  c o n c e p t  o f  a 

t e t r a h e d r a l  c a rb o n  atom a p p e a re d  i n  a n o t e  p u b l i s h e d  i n  Pa le rm o,  

S i c i l y  i n  1869 by E. P a t e r n o  bu t  h i s  d i s c u s s i o n  had no s e que l  and 

t h e  r a t i o n a l  e x p l a n a t i o n  of o p t i c a l  a c t i v i t y  must  be c r e d i t e d  to
o

v a n ' t  Hoff  and Le Bel^  i n  1874. Van't  Hoff c o n t in u e d  to  deve lop  

t h e  r i g o r o u s  a n d  l o g i c a l  c o n s t r u c t i o n  o f  c l a s s i c a l  

s t e r e o c h e m i s t r y  bu t  t h e  i m p o r t a n c e  of  t h e  r e l a t i o n s h i p  b e t w e e n  

t h e  s t r u c t u r e  of a m o le c u le  and i t s  r e a c t i v i t y  was not  g e n e r a l l y  

a p p r e c i a t e d  u n t i l  1950  w h e n  D.H.R. B a r t o n 1 p u b l i s h e d  h i s  

p i o n e e r i n g  work on c o n f o r m a t i o n a l  a n a l y s i s ,  r e l a t i n g  t h e  c h e m ica l  

r e a c t i v i t y  of s t e r o i d s  and p o l y c y c l i c  t e r p e n o i d s  to  c o n fo r m a t io n .  

From t h a t  t i m e ,  t h e  d e v e l o p m e n t  o f  v a r i o u s  s p e c t r o s c o p i c  and 

d i f f r a c t i o n  methods  t o  s tu d y  m o le c u le s  and c r y s t a l s  has  p rov ided  

a w e a l t h  of  i n f o r m a t i o n  on t h e i r  s t r u c t u r e s  and t h e  i n f l u e n c e  of 

t h e  s p a t i a l  a r r a n g e m e n t  o f  a t o m s  i n  a m o l e c u l e  upon  i t s  

r e a c t i v i t y  and i t s  p r o p e r t i e s  h a s  b e e n  f o u n d  t o  be of  m a j o r  

i m p o r t a n c e .  E x p e r i m e n t a l  and  t h e o r e t i c a l  m e t h o d s  c a p a b l e  of  

d e t e r m i n i n g  t h e  d e t a i l e d  s t r u c t u r e  of  m o l e c u l e s  ha v e  become 

u s e f u l  t o o l s  i n  s t e r e o c h e m i s t r y .

The p h y s i c a l  m e t h o d s  w h i c h  h a v e  p r o v e d  m o s t  v a l u a b l e  f o r  

w i n n i n g  a c c u r a t e  and  d e t a i l e d  i n f o r m a t i o n  a b o u t  m o l e c u l a r  

s t r u c t u r e  a l l  d e p e n d  upon  i n t e r a c t i o n s  b e t w e e n  m a t t e r  and 

r a d i a t i o n  w i t h ,  o r  w i t h o u t ,  e n e r g y  c h a n g e ;  e n e r g y  may, or  may 

n o t ,  pa s s  b e tw e en  t h e  r a d i a t i o n  and t h e  m o le c u le s .  When t h e r e  

i s  a  t r a n s f e r  of  en e rg y  t h e r e  i s  u s u a l l y  a b s o r p t i o n  or e m i s s i o n  

a t  s p e c i f i c  w a v e l e n g t h s  -  t h e s e  e f f e c t s  a r e  s t u d i e d  by 

s p e c t r o s c o p i c  t e c h n i q u e s  e . g .  NMR, I R ,  UV, ORD/CD. 

S p e c t r o s c o p i c  m e a s u r e m e n t s  o f  f r e q u e n c y  c a n  be made w i t h  h i g h  

a c c u r a c y  th u s  r e l a t e d  m o le c u la r  p a r a m e t e r s  can a l s o  be d e t e r m i n e d  

w i t h  h i g h  ac cu ra cy .
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When t h e r e  i s  no t r a n s f e r  o f  e n e r g y  b e t w e e n  t h e  r a d i a t i o n  

and t h e  m o l e c u l e s  t h e r e  i s  e l a s t i c  s c a t t e r i n g  of t h e  r a d i a t i o n  -  

t h e  r a y s  s c a t t e r e d  f r o m  d i f f e r e n t  m o l e c u l e s  or  f r o m  d i f f e r e n t  

p a r t s  of  t h e  same m o le c u le  w i l l  r e i n f o r c e ,  or i n t e r f e r e  w i t h ,  one 

a n o t h e r :  d i f f r a c t i o n  e f f e c t s  w i l l  occu r .  This  p r i n c i p l e  can be

a p p l i e d  even when t h e  m o le c u le s  a r e  randomly  o r i e n t a t e d  i n  the  

vapour  s t a t e  where  e l e c t r o n  d i f f r a c t i o n  e n a b le s  t h e  d imens ions  of 

s i m p l e  m o l e c u l e s  t o  be  d e t e r m i n e d  w i t h  c o n s i d e r a b l e  a c c u r a c y .  

The d i f f r a c t i o n  method  comes to  f u l l  f r u i t i o n  when t h e  m olecu le s  

a r e  p r e s e n t e d  t o  t h e  r a d i a t i o n  i n  t h e  r e g u l a r  a r r a y  

c h a r a c t e r i s t i c  of t h e  c r y s t a l l i n e  s t a t e .

T h e o r e t i c a l  m e t h o d s  e m p l o y e d  t o  e l u c i d a t e  s t r u c t u r a l  

i n f o r m a t i o n  i n c l u d e  E x t e n d e d  H u c k e l  (EHT), Complete  N eg lec t  of 

D i f f e r e n t i a l  O v e r l a p  (CNDO), M o d i f i e d  I n t e r m e d i a t e  N e g l e c t  of  

D i f f e r e n t i a l  O v e r l a p  (MINDO), ab i n i t i o  quantum m e c h a n ic a l  and 

e m p i r i c a l  f o r c e  f i e l d  (M o le c u la r  M e c h a n i c s )  c a l c u l a t i o n s .  A l l  

t h e s e  m e t h o d s ,  w i t h  t h e  e x c e p t i o n  of  e m p i r i c a l  f o r c e  f i e l d  

c a l c u l a t i o n s ,  a r e  r e s t r i c t i v e  w i t h  r e s p e c t  t o  the  computer  t im e  

needed  f o r  t h e  c a l c u l a t i o n s .  M o le c u la r  mechanics  c a l c u l a t i o n s  

do n o t  im pose  i m p r a c t i c a l  c o n s t r a i n t s  on the  computer  r e s o u r c e s  

and a r e  c a p a b l e  of r e p r o d u c i n g  r e a s o n a b l e  m o le c u la r  g e o m e t r i e s .  

M o l e c u l a r  m e c h a n i c s  c a l c u l a t i o n s  a r e ,  i n  e s s e n c e ,  a c o m p u t e r  

b a s e d  t r e a t m e n t  of  m o l e c u l a r  models :  a toms a re  r e p r e s e n t e d  as

p o i n t s  i n  c a r t e s i a n  space  and they  i n t e r a c t  a c c o r d in g  to  some s e t  

o f  p o t e n t i a l s  w h i c h  c o l l e c t i v e l y  a r e  d e n o t e d  a s  a f o r c e  f i e l d .  

F o r c e  f i e l d s  a r e  d e s c r i b e d  m ore  f u l l y  i n  s e c t i o n  1.3 of  t h i s  

c h a p t e r .  A m o l e c u l a r  m echan ics  program c o n s i s t s  of some means 

t o  i n p u t  a m o l e c u l a r  d e s c r i p t i o n  and to  o u tp u t  r e l e v a n t  m o le c u la r  

d a t a .  The e n e r g y  c o m p u t e d  i s  o f t e n  r e f e r r e d  t o  a s  s t r a i n  or  

s t e r i c  e n e r g y  (V ) and  t h e  p r o g r a m  p r o v i d e s  a means  t o  v a r y  t h e  

m o l e c u l a r  g e o m e t r y  so a s  t o  m i n i m i s e  V . The s u c c e s s  of  t h i s  

t e c h n i q u e  depends on t h e  e x i s t e n c e  of a body of good e x p e r i m e n t a l  

d a t a  f o r  i n i t i a l  " p a r a m e t e r i s a t i o n "  o f  t h e  f o r c e  f i e l d .  T h i s  

t e r m  s h a l l  be e x p l a i n e d  i n  s e c t i o n  1.4 of  t h e  p r e s e n t  c h a p t e r .  

P r e s e n t l y ,  r e l i a b l e  c a l c u l a t i o n s  c a n  o n l y  be made f o r  a l k a n e s ,  

a l k e n e s ,  a ld e h y d e s ,  k e t o n e s ,  e s t e r s  and p e p t i d e s  w i t h  up to  f i f t y
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a t o m s  p e r  m o l e c u l e .  T h e r e  a r e  many r e v i e w s  on M o l e c u l a r  

M e c h a n i c s  c a l c u l a t i o n s  w h i c h  a r e  r e l e v a n t  t o  t h e  p r e s e n t  

d i s c u s s i o n ^ ” ^ .
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1«1 CONFORMATIONS AND THE GLOBAL MINIMUM ENERGY CONFORMATION.

An i m p o r t a n t  a d d i t i o n a l  h y p o t h e s i s  a s c r i b e d  t o  v a n ' t  H o f f  

was  t h e  p r i n c i p l e  o f  f r e e  r o t a t i o n  a r o u n d  s i n g l e  b o n d s :  he

p r o p o s e d  t h a t  t h e r e  was  u n r e s t r i c t e d  r o t a t i o n  a r o u n d  a s i n g l e  

bond r e s u l t i n g  i n  an i n f i n i t e  number of  s t e r e o i s o m e r i c  forms of a 

compound. D i f f e r e n t  a r r a n g e m e n t s  of  a toms t h a t  can be c o n v e r t ed  

i n t o  one  a n o t h e r  by r o t a t i o n  a b o u t  s i n g l e  bonds  a r e  t e r m e d  

c o n f o r m a t i o n s .  However ,  f rom t h e  e a r l y  1900's onwards ,  ev idence
I I . I O

r a p i d l y  a c c u m u la t e d  t o  i n d i c a t e  t h a t  r o t a t i o n  abou t  s i n g l e

b o n d s  was  n o t  f r e e  and  t h a t  r e s t r i c t e d  r o t a t i o n  was v e r y  

w i d e s p r e a d .

E a r l y  work on e n t h a l p y  and e n t r o p y  c u lm in a t e d  i n  1936 i n  t h e  

i m p o r t a n t  s u g g e s t i o n  by Kemp and Pitzer-*-^ t h a t  t h e r e  i s  an energy  

b a r r i e r  t o  r o t a t i o n  i n  e t h a n e  of  ca .  3 k c a l  m o l e -  ̂ w h i c h  

i n d i c a t e s  t h a t  r o t a t i o n  can be n e i t h e r  e n t i r e l y  f r e e  nor  e n t i r e l y  

h i n d e r e d .  At  r oom  t e m p e r a t u r e  t h i s  s m a l l  am o u n t  o f  e n e r g y  i s  

r e a d i l y  a v a i l a b l e  t o  e t h a n e  m o l e c u l e s  a n d  t h e  d i f f e r e n t  

c o n f o r m a t i o n s  (or  c o n fo r m e r s )  i n t e r  c o n v e r t  e a s i l y  and cannot  be 

s e p a r a t e d  f rom  each  o t h e r .

No t  a l l  o f  t h e  c o n f o r m e r s  of  a compound h a v e  t h e  same 

e ne rgy .  Where i n t e r c o n v e r s i o n  i s  e a sy  we f i n d  t h a t  a m o lecu le  

spends  most  of i t s  t im e  i n  t h e  most  s t a b l e  or t h e  l o w e s t  energy  

c o n fo r m e r  i . e .  t h e  c o n f o r m a t i o n  w i t h  t h e  a b s o l u t e  minimum of  Vg 

w h i c h  w i l l  be  r e f e r r e d  t o  a s  t h e  g l o b a l  m i n i m u m  e n e r g y  

c o n f o r m a t i o n  (GMEC).

The s i m p l e s t  m o l e c u l e s  a b l e  t o  form v a r i o u s  c o n f o r m a t io n s  

a r e  e t h a n e  and i t s  s u b s t i t u t i o n  p r o d u c t s .  The b a r r i e r  to  f r e e  

r o t a t i o n  o f  c a .  3 k c a l  m o l e -  ̂ a r o u n d  t h e  c e n t r a l  C-C bond se e m s  

t o  be o c c a s i o n e d  by t h e  f a c t  t h a t ,  a s  t h e  m e t h y l  g r o u p s  r o t a t e  

w i t h  r e s p e c t  t o  e a c h  o t h e r ,  t h e i r  h y d r o g e n  a t o m s  become 

s e q u e n t i a l l y  s t a g g e r e d  and e c l i p s e d .  The p o t e n t i a l  en e rg y  (PE) 

o f  t h e  m o l e c u l e  v a r i e s  w i t h  t h e  a n g l e  o f  r o t a t i o n  b e t w e e n  two 

d e s i g n a t e d  hydrogen  atoms on a d j a c e n t  ca rb o n s ,  as  shown i n  F ig u re
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1.1 • The a n g l e  o f  r o t a t i o n  i s  d e f i n e d  m ore  a c c u r a t e l y  as  t h e  

t o r s i o n  a n g l e  b e tw e e n  two hydrogen  atoms on n e ig h b o u r i n g  ca rbons .  

I t  h a s  b e e n  e s t a b l i s h e d  f r o m  v i b r a t i o n a l  s p e c t r a 1 5 »^  t h a t  t h e  

m in im um  o f  PE c o i n c i d e s  w i t h  t h e  c o n f o r m a t i o n  i n  w h i c h  t h e  

hyd ro g en  a tom s  a r e  a l t e r n a t e l y  spaced when lo o k in g  a long  the  C-C 

a x i s  -  t h i s  ( t h e  GMEC of  e t h a n e )  i s  c a l l e d  t h e  s t a g g e r e d  

c o n f o r m e r  and  i s  r e p e a t e d  t h r e e  t i m e s  i n  a c o m p l e t e  r o t a t i o n  

a round  t h e  c e n t r a l  bond w i t h  t h e  a n g le  of r o t a t i o n  be ing  60°,180° 

a n d  300°  f o r  e a c h  m in im u m .  S i m i l a r l y  t h e r e  a r e  t h r e e  e n e r g y  

maxima ( a t  120°,240° and 360 ) i n  which  t h e  hydrogen atoms on one 

c a r b o n  e c l i p s e  t h e  h y d r o g e n  a t o m s  on t h e  o t h e r  c a r b o n  a s  one 

l o o k s  a l o n g  t h e  C-C a x i s .  T h e s e  a r e  t e r m e d  t h e  e c l i p s e d

c o n f o r m e r s  of e t h a n e .  Between t h e s e  e x t r e m e s  of c o n fo rm a t io n s  

t h e r e  a r e  an i n f i n i t e  number of  p o s s i b l e  c o n f o r m a t io n s .

When two of t h e  e th a n e  hydrogens  a r e  r e p l a c e d  by o t h e r  a toms

o r  g r o u p s  m o r e  c o m p l e x  e n e r g y  c u r v e s  a r i s e .  I n  1 , 2

d i s u b s t i t u t e d  e t h a n e  e .g .  b u t a n e ,  t h e  p o t e n t i a l  t r o u g h s  and

e n e rg y  b a r r i e r s  a r e  no l o n g e r  e q u a l  -  t h e r e  a r e  s e v e r a l  d i f f e r e n t

s t a g g e r e d  c o n f o r m a t i o n s .  There i s  an a n t i  c o n f o r m a t io n  i n  which

t h e  m e th y l  groups  a r e  as  f a r  a p a r t  as  t hey  can be w i t h  a t o r s i o n

a n g l e  of  180° and t h e r e  a r e  two gauche c o n fo r m a t io n s  i n  which the
o

m e t h y l  g r o u p s  a r e  o n l y  60 a p a r t .  I t  h a s  b e e n  f o u n d  t h a t  t h e
1 7 —19a n t i  c o n f o r m a t i o n  i s  m o r e  s t a b l e  t h a n  t h e  g a u c h e  

c o n f o r m a t i o n  by 0.8-0.9 k c a l  mole- 1 : bo th  a r e  f r e e  of t o r s i o n a l

s t r a i n  b u t  i n  t h e  g a u c h e  c o n f o r m a t i o n  t h e  m e t h y l  g r o u p s  a r e  

c r o w d e d  t o g e t h e r  a n d  t h e r e  i s  van  d e r  W aa l s  r e p u l s i o n  b e t w e e n  

t h e s e  m e th y l  g roups  -  t h e  m o le c u le  i s  l e s s  s t a b l e  as a r e s u l t  of 

t h i s  s t r a i n .  The a n t i  c o n f o r m a t i o n ,  a l s o  r e f e r r e d  t o  a s  t h e  

t r a n s  c o n f o r m a t i o n  , i s  t h e  GMEC of bu tane .

Van d e r  W a a l s  s t r a i n  c a n  a f f e c t  n o t  o n l y  t h e  r e l a t i v e  

s t a b i l i t i e s  of  v a r i o u s  s t a g g e r e d  c o n f o r m a t i o n s  b u t  a l s o  t h e  

h e i g h t s  o f  t h e  b a r r i e r s  b e t w e e n  th e m .  The e n e r g y  maximum 

r e a c h e d  when t h e  tw o  m e t h y l  g r o u p s  s w i n g  p a s t  e a c h  o t h e r  i s  

e s t i m a t e d ^ * ' 11 a t  g r e a t e r  t h a n  4 k c a l  mole 1. The s i t u a t i o n  i s  

summarised i n  F i g u r e  1 . 2 .
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Thus , t h e r e  a r e  s e v e r a l  low e ne rgy  c o n fo r m a t io n s  of bu tane  

s e p a r a t e d  f r o m  e a c h  o t h e r  by e n e r g y  b a r r i e r s .  A l t h o u g h  t h e  

e n e rg y  b a r r i e r  t o  r o t a t i o n  i n  bu t an e  i s  a l i t t l e  h i g h e r  t h a n  t h a t  

of  e t h a n e ,  i t  i s  s t i l l  low enough t h a t  -  a t  room t e m p e r a t u r e ,  a t  

l e a s t  -  i n t e r  c o n v e r s i o n  o f  c o n f o r m e r s  i s  e a s y  and  r a p i d .  

E q u i l i b r i u m  e x i s t s  a nd  f a v o u r s  a h i g h e r  p o p u l a t i o n  o f  t h e  more  

s t a b l e  a n t i  c o n f o r m e r :  t h e  p o p u l a t i o n s  o f  t h e  two g a u c h e

c o n fo r m e r s  a r e  e q u a l .

One f i n d s  t h a t  any  compound  i s  s e l d o m  a s e t  of  i d e n t i c a l  

unchang in g  m o l e c u l e s  -  i t  i s ,  r a t h e r ,  a m ix t u r e  of c o n fo r m a t io n s .  

I f  one c o n f o r m a t i o n  p r e d o m i n a t e s ,  t h e  p h y s i c a l  p r o p e r t i e s  of the  

compound w i l l  r e f l e c t  t h i s .  I f  s e v e r a l  c o n f o r m a t io n s  a r e  w e l l  

r e p r e s e n t e d ,  t h e  p h y s i c a l  p r o p e r t i e s  w i l l  r e f l e c t  t h i s .  I n  

o r d e r  t o  u n d e r s t a n d  t h e  p h y s i c a l  and  c h e m i c a l  p r o p e r t i e s  of  a 

com pound  i t  i s  n e c e s s a r y ,  t h e r e f o r e ,  t o  e s t i m a t e  t h e  l o w e s t  

e n e rg y  c o n f o r m a t i o n s  and where a p p l i c a b l e ,  t h e  GMEC.
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1 .2  POTENTIAL FUNCTIONS

I n  m o l e c u l a r  m e c h a n i c s  (MM) c a l c u l a t i o n s  a m o l e c u l e  i s  

v i e w e d  a s  a s y s t e m  o f  p a r t i c l e s  h e l d  t o g e t h e r  by N e w t o n i a n  

f o r c e s .  I t  i s  assumed t h a t  t h e  m o le c u le  has a r e f e r e n c e  s t r a i n -  

f r e e  s t r u c t u r e  i n  w h i c h  i t s  bond  l e n g t h s ,  v a l e n c e  a n g l e s  and 

t o r s i o n  a n g l e s  p o s s e s s  o p t i m a l  v a l u e s .  D e v i a t i o n s  of t h e  

m o l e c u l a r  g e o m e t r y  f r o m  t h i s  r e f e r e n c e  s t a t e  r e s u l t  i n  

u n f a v o u r a b l e  e n e r g y  c h a n g e s  and t h e  m o l e c u l e  i s  s a i d  t o  be 

" s t r a i n e d " .  A l l  m e t h o d s  o f  MM e x p r e s s  t h i s  m o l e c u l a r  s t r a i n  

e n e rg y ,  Vg, as  a sum of c o n t r i b u t i o n s  from th e  a r b i t r a r y  s t r a i n -  

f r e e  g e om e t ry .

The  p r i n c i p a l  i n t r a m o l e c u l a r  i n t e r a c t i o n s  c o n s i d e r e d  a r e  

bond  l e n g t h  d i s t o r t i o n ,  bond a n g l e  d e f o r m a t i o n ,  t o r s i o n a l  

i n t e r a c t i o n s ,  n o n - b o n d e d  i n t e r a c t i o n s  a n d  o u t - o f - p l a n e  

d e f o r m a t i o n s .  I n  t h e  s i m p l e s t  t r e a t m e n t s  t h e  s i x  components  a re  

assumed to  be i n d e p e n d e n t  of one a n o t h e r :

v s = V1 + Va + Vw +  Vr  + v q + vx (1)

w h e r e  V^, Va , Vw, Vr , and  Vx a r e  t h e  c o m p o n e n t s  of  e n e r g y  

a r i s i n g  f r o m  bond  l e n g t h  d e f o r m a t i o n s ,  bond a n g l e  d i s t o r t i o n s  

( B a e y e r  s t r a i n ) ,  t o r s i o n a l  ( P i t z e r )  s t r a i n ,  n o n - b o n d e d  

i n t e r a c t i o n s ,  cou lom b ic  i n t e r a c t i o n s  and o u t - o f - p l a n e  bend ing  a t  

t r i g o n a l  a t o m s ,  r e s p e c t i v e l y .  C r o s s  t e r m s  w h i c h  a c c o u n t  f o r  

c o u p l i n g  b e t w e e n  t h e  c o m p o n e n t s  a r e  n e g l e c t e d  h e r e  a s  t h e y  a r e  

u s u a l l y  v e r y  s m a l l  and  a r e  o n l y  n e c e s s a r y  i f  c a l c u l a t i n g  

v i b r a t i o n a l  f r e q u e n c i e s  v e r y  a c c u r a t e l y .  Such d i s t i n c t i o n s  

among ty p e s  of  d e f o r m a t i o n  a r e  a r t i f i c i a l  and p u r e l y  a m a t t e r  of 

c o n v e n i e n c e  -  t h e  m odes  w h i c h  a r e  i d e n t i f i e d  s e p a r a t e l y  a r e  

m a n i f e s t e d  c o l l e c t i v e l y  as changes i n  ene rgy by t h e  m o lecu le  as  a 

w ho le .
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(a) BOND STRETCHING AND COMPRESSION.

Bond s t r e t c h i n g  and c o m p r e s s i o n  a r i s e s  f rom t h e  m otion  of 

b o n d e d  n u c l e i  a l o n g  t h e  i n t e r n u c l e a r  l i n e .  As s e e n  i n  t h e  

a n a l o g o u s  s i m p l e  h a r m o n i c  o s c i l l a t o r  s y s t e m  of  two  m a s s e s  

c o n n e c t e d  by _a s p r i n g ,  t h i s  v i b r a t i o n  i s  g o v e r n e d  by Hooke 's  

q u a d r a t i c  law:

v x  =  Zj_  1 / 2  k-L ( 1 - 1 0 ) 2  ( 2 )

w h e r e  i s  t h e  bond  l e n g t h  d e f o r m a t i o n  e n e r g y ,  i s  t h e  bond 

s t r e t c h i n g  f o r c e  c o n s t a n t ,  1 i s  t h e  o b s e r v e d  b o n d  l e n g t h  and  1 q 

i s  t h e  e q u i l i b r i u m  bond  l e n g t h .  The l i n e a r  d e f o r m a t i o n  o f  a 

s i n g l e  bond  by a s  l i t t l e  a s  0 .03 X r e q u i r e s  t h e  e x p e n d i t u r e  of  

0 .3  k c a l  m o l e " ^  and  t w i c e  t h a t  f o r  t h e  s t i f f e r  d o u b l e  bond .  

Under  n o r m a l  c i r c u m s t a n c e s  v e r y  l i t t l e  bond s t r e t c h i n g  i s  

e n c o u n t e r e d  and t h i s  i s  a consequence  of the  ve ry  h ig h  v a l u e s  f o r  

( t y p i c a l l y  200-1200 k c a l  mole-  ̂ X- ^ ) .

(b )  BOND ANGLE BENDING.

Bond a n g le  bend ing  r e f e r s  t o  t h e  r a d i a l  s c i s s o r i n g  m o t io n  of 

t h e  bond  a n g l e  a n d  t h i s  v i b r a t i o n  i s  a l s o  g o v e r n e d  by a H ooke 's  

l aw  r e l a t i o n s h i p  f o r  s m a l l  a n g u l a r  d e f o r m a t io n s  (ca.  20°) :

Va  = Z a ^ 2 k a <a “ a 0>2 ( 3 a >

w h e r e  i s  t h e  bond  a n g l e  d e f o r m a t i o n  e n e r g y ,  k a i s  t h e  a n g l e  

be nd ing  f o r c e  c o n s t a n t ,  a i s  t h e  obse rved  v a l e n c e  a n g le  and aQ i s  

t h e  e q u i l i b r i u m  v a l e n c e  a n g l e .

For  l a r g e r  a n g u l a r  d e f o r m a t i o n s  t h e  energy  r e q u i r e m e n t  per  

d e g re e  of  a n g l e  bend in g  p r o g r e s s i v e l y  d e c r e a s e s  as  t h e  a n g le  i s  

d e f o r m e d  m ore  and  m o r e .  To a c c o u n t  f o r  t h i s  a n h a r m o n i c i t y  i n  

m o le c u le s  i t  i s  n e c e s s a r y  t o  i n t r o d u c e  a d d i t i o n a l  t e r m s  i n t o  t h e  

h a rm o n ic  e x p r e s s i o n .  The f o l l o w i n g  e q u a t i o n  i s  b e s t  s u i t e d  t o  

our model :
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va = z a 1/2  k a  (Aa2 -  k ' aAa3 ) (3b) 

where Aa i s  ( a  -  aQ) and k '  i s  t h e  anharmonic  f o r c e  c o n s t a n t ,

( c )  TORSIONAL STRAIN.

Bond t o r s i o n  r e f e r s  to  t h e  r o t a t i o n a l  m o tion  around th e  bond 

a x i s  o f  a d j a c e n t  c a r b o n s  -  s t r a i n  a r i s e s  f ro m  i n t e r a c t i o n s  

b e tw e e n  groups  a t t a c h e d  t o  t h e  a x i a l  ca rbons .  These a r e  known 

a s  1 ,2  i n t e r a c t i o n s .  The e n e r g y  r e l a t i o n s h i p  r e s u l t i n g  f r o m  

v a r i a t i o n s  o f  t o r s i o n  a n g l e s  f ro m  t h e i r  m o s t  e n e r g e t i c a l l y  

f a v o u r a b l e  p o s i t i o n  may be w r i t t e n ,  i n  i t s  s i m p l e s t  form,  a s :

Vw = I w 1 /2  kw (1 + scosnw) (4)

w h e r e  Vw i s  t h e  t o r s i o n a l  s t r a i n  e n e r g y ,  w i s  t h e  o b s e r v e d  

t o r s i o n  a n g l e ,  n  i s  t h e  p e r i o d i c i t y  i . e .  t h e  number of t im e s  t h a t  

a  g iv e n  c o n f o r m a t i o n  r e c u r s  i n  a c om p le te  r e v o l u t i o n  of  360°,  kw 

i s  t h e  b a r r i e r  t o  f r e e  r o t a t i o n  and s a c c o u n t s  f o r  v e c t o r  

d i r e c t i o n .

For  i n s t a n c e , i n  e th a n e  t h e  s t a g g e r e d  confo rm er  shown below 

r e p r e s e n t s  t h e  s i t u a t i o n  of minimum t o r s i o n a l  i n t e r a c t i o n  (ze ro )  

and o c c u r s  t h r e e  t im es  d u r in g  a  360° r o t a t i o n .

STAGGERED ETHANE

The t h r e e f o l d  b a r r i e r  i s  a c c o u n t e d  f o r  by s e t t i n g  n -  3 i n
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e q u a t i o n  (4)  and  s = 1 i . e .  t h e  p r e f e r r e d  c o n f o r m a t i o n  i s

s t a g g e r e d .

I f  an e c l i p s e d  c o n f o r m a t i o n  i s  t h e  minimum a s ,  f o r  example,  

i n  p r o p e n e  t h e n  t h e  t h r e e f o l d  b a r r i e r  a b o u t  t h e  C-C bond  w o u ld  

have  s = -1  and r e p r e s e n t s  t h e  s i t u a t i o n  shown below.

H

ECLIPSED PROPENE

E x p r e s s i o n  ( 4 )  a s s u m e s  t h a t  t h e  b a r r i e r  h e i g h t  i s  

i n s e n s i t i v e  t o  t h e  changes i n  t h e  n a t u r e  of t h e  s u b s t i t u e n t  and 

t h a t  e a c h  e c l i p s i n g  i n t e r a c t i o n  makes  an e q u a l  c o n t r i b u t i o n  t o  

t h e  b a r r i e r .  I t  h a s  b e e n  f o u n d  e x p e r i m e n t a l l y  t h a t  e n e r g y  

b a r r i e r s  a r e  d e p e n d e n t ,  t o  some e x t e n t ,  on t h e  n um ber  of  

s u b s t i t u e n t s  bu t  a r e  r e a s o n a b l y  i n s e n s i t i v e  to  t h e i r  n a t u r e .

T o r s i o n  a n g le s  and d i h e d r a l  a n g le s  a r e  two synonymous t e rm s
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commonly used  t o  d e n o te  t h e  a n g le  which c h a r a c t e r i s e s  t h e  s t e r i c

r e l a t i o n s h i p  b e t w e e n  two v i c i n a l  b o n d s  i n  a m o l e c u l e .  A

s y s t e m  of  t h r e e  c o n s e c u t i v e  bonds a , b , c  d e f i n e s  two h a l f  p lane s

a , b  a nd  b , c  i n t e r s e c t i n g  a l o n g  t h e  c e n t r a l  bond b .  The

p e r s p e c t i v e  v iew  i s  g iv e n  below.

t

plane

b,c p la n e

dihedral  angle 
or to r s ion angle

P e r s p e c t i v e  view

a

Newman projec t ion

An a l t e r n a t i v e  r e p r e s e n t a t i o n  i s  g i v e n  by t h e  Newman 

p r o j e c t i o n .  The a n g l e  made by t h e  p r o j e c t i o n s  o f  t h e  v i c i n a l  

b o n d s  i n  t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  c e n t r a l  b o n d ,  b ,  i s  t h e  

d i h e d r a l  a n g l e ,  o r  m ore  a p p r o p r i a t e l y ,  t h e  t o r s i o n  a n g l e .
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D e s p i t e  t h e  f a c t  t h a t  t h e  tw o  e x p r e s s i o n s  a r e  o f t e n  u s e d  

i n t e r c h a n g e a b l y ,  t h e  t e r m  t o r s i o n  a n g l e  i s  p r e f e r a b l e  a s  i t  i s  

more p r e c i s e .  I t  r e f e r s  s p e c i f i c a l l y  to  t h e  d i h e d r a l  ang le  made 

by t h r e e  c o n s e c u t i v e  bonds ,  whereas  t h e r e  a r e  many o t h e r  types  of 

d i h e d r a l  a n g l e s  w h i c h  c a n  be c o n s i d e r e d  i n  a m o l e c u l e .  As 

i n d i c a t e d  i n  t h e  Newman p r o j e c t i o n ,  t h e  a n g le  i s  p o s i t i v e  i f  t h e  

d i r e c t i o n  of  r o t a t i o n  which su p e r im p o s e s  t h e  f r o n t  bond onto t h e  

r e a r  bond  i s  c l o c k w i s e ,  and  n e g a t i v e  i f  a n t i c l o c k w i s e .  The 

s m a l l e r  of  t h e  two p o s s i b l e  t o r s i o n  a n g le s  d e f i n e d  by the  sys tem 

i s  u s u a l l y  c h o s en .

(d )  NON-BONDED INTERACTIONS.

I t  i s  n o t  a lw a y s  p o s s i b l e  to  accoun t  f u l l y  f o r  t h e  obse rved  

d i f f e r e n c e s  i n  t h e  s t a b i l i t y  of c o n fo rm e r s .  However, t h e r e  i s  

l i t t l e  d o u b t  t h a t  i n  t h e  m a j o r i t y  o f  i n s t a n c e s  ( e s p e c i a l l y  f o r  

h y d r o c a r b o n s )  t h e  d i f f e r e n c e s  i n  s t a b i l i t y  a r i s e  t o  a l a r g e  

e x t e n t  f r o m  d i f f e r e n c e s  i n  n o n - b o n d e d  i n t e r a c t i o n s  b e t w e e n  

n e i g h b o u r i n g  a tom s .  I t  would be a s e r i o u s  m i s t a k e  to  om i t  t h e s e  

i n t e r a c t i o n s  from t h e  model .

I n t e r -  a n d  i n t r a m o l e c u l a r  n o n - b o n d e d  i n t e r a c t i o n s  a r e  of  

g r e a t  i m p o r t a n c e  i n  s t e r e o c h e m i s t r y :  s t r u c t u r e  and  r e a c t i v i t y

depend t o  a l a r g e  e x t e n t  on t h i s  f a c t o r  f rom which v i r t u a l l y  a l l  

s t e r i c  e f f e c t s  a r i s e .  N on-b o n d e d  i n t e r a c t i o n s  a r e  t h e  m o s t  

d i f f i c u l t  c o m p o n e n t s  o f  t h e  s t e r i c  e ne rgy  to  a s s i g n .  They a r e  

t h e  a t t r a c t i v e  and r e p u l s i v e  f o r c e s  t h a t  e x i s t  be tw een  a toms or  

g r o u p s  t h a t  a r e  s u f f i c i e n t l y  c l o s e  i n  s p a c e  b u t  n o t  d i r e c t l y  

bonded t o  one a n o t h e r .  The f a c t  t h a t  ga ses  condense  to  l i q u i d s  

and have c o m p r e s s i b i l i t y  f a c t o r s  l e s s  t h a n  u n i t y  a t  s u f f i c i e n t l y  

l o w  t e m p e r a t u r e s  shows  t h a t  t h e r e  i s  a t t r a c t i o n  b e t w e e n  

m o l e c u l e s .  At  s u f f i c i e n t l y  c l o s e  d i s t a n c e s ,  h o w e v e r ,  gas  

m o l e c u l e s  r e p e l  e a c h  o t h e r ,  as  shown by t h e  f a c t  t h a t  t h e  

c o m p r e s s i b i l i t y  f a c t o r  a lw ays  i n c r e a s e s  w i t h  i n c r e a s i n g  p r e s s u r e  

a t  s u f f i c i e n t l y  h i g h  p r e s s u r e s .

T h e s e  i n t e r m o l e c u l a r  i n t e r a c t i o n s  may be r e p r e s e n t e d  by
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p l o t t i n g  t h e  p o t e n t i a l  e n e r g y ,  PE, o f  a p a i r  of  m o l e c u l e s  a s  a 

f u n c t i o n  o f  t h e i r  i n t e r n u c l e a r  s e p a r a t i o n ,  r ,  as  shown i n  F i g u r e

1.3 . As t h e  m o le c u le s  approach  each o t h e r  PE d e c r e a s e s ,  due to  

m u tu a l  a t t r a c t i o n ,  u n t i l  a minimum i s  r e a c h e d .  As th e y  approach  

s t i l l  c l o s e r  PE i n c r e a s e s  due t o  r e p u l s i o n .  The i n t e r m o l e c u l a r  

f o r c e  i s  g i v e n  by t h e  g r a d i e n t  o f  PE: f o r  s m a l l  s e p a r a t i o n s  

(r<3X) t h e  f o r c e s  a r e  r e p u l s i v e  and f o r  l a r g e r  s e p a r a t i o n s  (r>4X) 

t h e y  a r e  a t t r a c t i v e .  There i s  an e q u i l i b r i u m  (minimum energy)  

s e p a r a t i o n  a t  r Q.

PE

> r

FIG.  1.3
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For n o n - s p h e r i c a l  u n i t s ,  PE i s  a f u n c t i o n  of t h e  o r i e n t a t i o n
nn on

o f  t h e  tw o  u n i t s ^ » ^ “' b u t  i t  h a s  so f a r  p r o v e d  i m p o s s i b l e  t o  

d e t e r m i n e  t h e  f o r m  o f  t h i s  t e r m .  For  s i m p l i c i t y ,  t h e  more  

s t r a i g h t f o r w a r d  t r e a t m e n t  i s  r e t a i n e d  h e re .

I n  o r d e r  t o  p r o d u c e  t h e  f u n c t i o n a l  f o r m  o f  t h e  n o n - b o n d e d  

p o t e n t i a l  e n e rg y  , Vr , i t  i s  n e c e s s a r y  t o  have e x p e r i m e n t a l  d a ta  

w h i c h  c a n  be r e a d i l y  i n t e r p r e t e d .  Such d a t a  a r e  s p a r s e  and  i f  

t h e y  a r e  a v a i l a b l e  t h e  many a p p r o x i m a t i o n s  n e e d e d  t o  i n t e r p r e t  

t h e m  h a v e  r e s u l t e d  i n  n u m e r o u s  f u n c t i o n s  b e i n g  p r o p o s e d .  The 

n o b l e  g a s e s  r e p r e s e n t  one c a s e  i n  w h i c h  i t  h a s  b e e n  p o s s i b l e  t o  

c a l c u l a t e  t h e  p o t e n t i a l  c u r v e  f r o m  a c o n s i d e r a t i o n  of t h e i r  

d e v i a t i o n s  of  b e h a v io u r  f rom i d e a l i t y .  Normal ly ,  however ,  i t  i s  

t a k e n  f r o m  i n t e r a t o m i c  o r  i n t e r m o l e c u l a r  p o t e n t i a l s ,  a m e thod  

which  u s u a l l y  works w e l l  i n  p r a c t i c e  d e s p i t e  i t s  l a c k i n g  a f i r m  

t h e o r e t i c a l  b a s e ^ .

The two most  w i d e l y  used ty p es  of i n t e r m o l e c u l a r  i n t e r a c t i o n  

p o t e n t i a l s  u s e d  a r e  t h e  L e n n a r d - J o n e s  p o t e n t i a l  ( 5 a )  and t h e  

Buckingham p o t e n t i a l  ( 5 b ) :

vr = z r (Ar- n  -  Br- 6 ) (5 a )  n = 12 o r  9

vr = X r  (A e x p { -B r } -  C r ' 6 ) (5b)

I n  b o th  t h e s e  e q u a t i o n s  t h e  f i r s t  t e rm  d e s c r i b e s  t h e  s h o r t - r a n g e  

r e p u l s i v e  f o r c e s  when th e  d i s t a n c e  be tw een  the  c e n t r a l  a toms i s  

l e s s  t h a n  t h e  sum of  t h e i r  va n  d e r  W aals  r a d i i .  T h e s e  a r e  a 

r e s u l t  of  a b a l a n c e  among n u c l e a r  r e p u l s i o n s ,  e l e c t r o n i c  k i n e t i c  

e n e r g i e s ,  e l e c t r o n i c  r e p u l s i o n s  a n d  n u c l e a r - e l e c t r o n i c  

a t t r a c t i o n s .  The { - ( c o n s t a n t ) r - 6 } te rm  accoun t s  f o r  a t t r a c t i v e  

f o r c e s  a t  l a r g e r  r  v a l u e s  w h i c h  a r e  r e f e r r e d  t o  a s  London 

d i s p e r s i o n  f o r c e s .

The p r e c i s e  form of  the  non-bonded i n t e r a c t i o n  (5c) u sed  i n  

t h e  p r e s e n t  w o r k ^  was d e r i v e d  by a l e a s t —s q u a re s  f i t  of obse rved  

and c a l c u l a t e d  p r o p e r t i e s  of c r y s t a l l i n e  h y d ro ca rb o n s :

vr = £ r  E ( - 2 a " 6 + exp[  1 2 ( l - a )  ])  ( 5c )
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where  a i s  a  f u n c t i o n  of t h e  d i s t a n c e  c o o r d i n a t e  a lo n e  and equa ls  

t h e  v a n  d e r  W a a l s  d i s t a n c e  b e t w e e n  t h e  a t o m s  (1 and  2) i . e .  r ,  

d i v i d e d  by t h e  sum o f  t h e i r  v a n  d e r  W a a l s  r a d i i ,  r ^ *  + r 2* : 

a = r / ( r ^  + r£  )• E i s  a f u n c t i o n  of t h e  e ne rgy  c o o r d i n a t e  which 

v a r i e s  w i t h  t h e  s i z e  o f  t h e  a t o m s :  f o r  a p a i r  o f  d i s s i m i l a r

a t o m s ,  E i s  o f t e n  e q u a t e d  a s  t h e  g e o m e t r i c  mean o f  t h e  E v a l u e s  

f o r  t h e  two p a i r s  of s i m i l a r  a toms.

The summ ation  i s  over  a l l  p a i r s  of non-bonded atoms t h r e e  or 

m o re  b o n d s  a p a r t ,  and  a l t h o u g h  s u c h  a p a i r w i s e  a d d i t i v e  m ethod  

s o m e t i m e s  p r o d u c e s  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 r e f u l  

" p a r a m e t e r i s a t i o n "  i n v o l v i n g  d a t a  a t  s m a l l  i n t e r n u c l e a r  

s e p a r a t i o n s ,  i t  i s  p o s s i b l e  t o  o b t a i n  s a t i s f a c t o r y  

r e p r e s e n t a t i o n .  (These non-bonded f u n c t i o n s  a r e  l e a s t  r e l i a b l e  a t  

t h e s e  s m a l l  d i s t a n c e s  as  ev idenced  by the  f a c t  t h a t  t h e  f u n c t i o n  

( 5 c )  h a s  a  s p u r i o u s  maximum a t  r  = c a .  0 . 6  X).  S u c c e s s f u l  

e v a l u a t i o n  of  such non-bonded p a r a m e t e r s  i s  e s s e n t i a l  f o r  a good 

f o r c e  f i e l d  and t h e r e  has  been much d i s c u s s i o n  i n  t h e  l i t e r a t u r e
c n c

on t h i s  t o p i c  * . The e v i d e n c e  a v a i l a b l e  s u g g e s t s  t h a t  t h e

p a r a m e t e r s  f o r  ca rb o n  and hydrogen u t i l i s e d  i n  t h e  p r e s e n t  f o r c e  

f i e l d  g iv e  opt imum r e s u l t s  i n  most  c a se s .

( e )  COULOMBIC INTERACTIONS

A m o l e c u l e  w h i c h  p o s s e s s e s  p o l a r  g r o u p s  h a s  c o u l o m b i c  

i n t e r a c t i o n s  b e tw e en  t h e s e  groups.  The p o t e n t i a l  ene rgy  d e r i v e d  

f r o m  t h e s e  i n t e r a c t i o n s  b e t w e e n  c h a r g e d  a t o m s  i s  g i v e n  f r o m 

c l a s s i c a l  e l e c t r o s t a t i c s  by:

V =Z q . q .  /  D r . . ( 6)

w here  Vq i s  t h e  cou lo m bic  i n t e r a c t i o n  ene rgy ,  D i s  t h e  d i e l e c t r i c  

c o n s t a n t  b e tw een  charged  atoms i  and j ,  q^ and q^ a r e  t h e  cha rges  

on t h e s e  a t o m s  and  i s  t h e  i n t e r n u c l e a r  s e p a r a t i o n  b e t w e e n

them. Each atom, t h e r e f o r e ,  i s  t r e a t e d  as a monopole.
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( f ) OUT-OF-PLANE BENDING.

I n  t h e i r  s t r a i n - f r e e  f o r m s ,  g r o u p s  a t t a c h e d  t o  t r i g o n a l  

a t o m s  e . g .  o l e f i n i c  and  c a r b o n y l  a t o m s ,  s h o u l d  be  p l a n a r .  A 

d e v i a t i o n  o f  t h e  g r o u p s  o r  o f  t h e  t r i g o n a l  a to m  f r o m  p l a n a r i t y  

r e s u l t s  i n  a w e a k e n i n g  of  t h e  p i  bo n d .  The p o t e n t i a l  e n e r g y  

s t o r e d  i n  t h e  m o l e c u l e  a s  a r e s u l t  o f  t h i s  d e f o r m a t i o n  m u s t  be 

a c c o u n te d  f o r  t o  e n s u r e  c o r r e c t  c a l c u l a t i o n  of  t h e  geomet ry and 

- e n e rg y  of t h e s e  t y p e s  of  m o le c u le s .  This  i s  equa ted  v i a :

w h e r e  Vx i s  t h e  o u t - o f - p l a n e  b e n d i n g  e n e r g y ,  k x i s  t h e  o u t - o f 

p l a n e  ben d in g  f o r c e  c o n s t a n t  and x i s  t h e  im prope r  t o r s i o n  a n g le  

which i s  d e s c r i b e d  be low.

Vx = z x 1/2 kx ( 1 8 0 - x ) 2 (7 )

R

x ,  t h e  improper  t o r s i o n  a n g l e  -  R-C-0 R'
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1 .3  FORCE FIELDS.

A l l  o f  t h e  c o m p o n e n t  p o t e n t i a l s  and t h e i r  r e s p e c t i v e  

p a r a m e t e r s  a r e  combined to  form a f o r c e  f i e l d  (FF). The s t e r i c  

e n e rg y  Vg i s ,  t h e r e f o r e ,  a f u n c t i o n  of t h e  g e o m e t r i c a l  p a ra m e te r s  

r ,  a ,  1, w and x which d e f i n e  t h e  m o le c u la r  c o n fo r m a t io n .  Since 

t h e  m o l e c u l e  s e e k s  t o  a c h i e v e  t h e  l e v e l  o f  l o w e s t  p o t e n t i a l  

e n e r g y ,  t h e  e q u i l i b r i u m  v a l u e  of  t h e s e  p a r a m e t e r s  a r e  t h o s e  

c o r r e s p o n d i n g  t o  t h e  m in im um  v a l u e  o f  Vg. I f  t h e  p o t e n t i a l  

f u n c t i o n s  a r e  known a c c u r a t e l y  t h e  minimum of  Vg may be computed 

and t h e  v a l u e s  of t h e  g e o m e t r i c  p a r a m e t e r s  c o r r e s p o n d in g  to  t h i s  

minimum of  Vg may be e s t i m a t e d .

Today  t h e r e  a r e  tw o  m a i n  t y p e s  o f  FF i n  o p e r a t i o n  -  t h e
O *7

V a l e n c e  f o r c e  f i e l d  (VFF) w h i c h  i s  u s e d  h e r e  and  t h e  U r e y -  

B r a d le y  f o r c e  f i e l d  (UBFF)^ .  A major  d i s t i n c t i o n  be tw een  them 

i s  t h e  t r e a t m e n t  o f  t h e  n o n - b o n d e d  i n t e r a c t i o n s  -  t h e  UBFF 

c o n s i d e r s  1,3 and h i g h e r  i n t e r a c t i o n s  e x p l i c i t l y  whereas  t h e  VFF 

c o n s i d e r s  1 , 4  and  h i g h e r  i n t e r a c t i o n s .  The VFF m e t h o d ,  t o  a 

f i r s t  a p p r o x i m a t i o n ,  r e l i e s  on a l l  t h e  c r o s s - t e r m s  be ing  s m a l l  

w h e r e a s  t h e  UBFF a p p r o a c h  r e q u i r e s  no c r o s s - t e r m s .  More
o o  o n

s o p h i s t i c a t e d  FFs ° i n c l u d e  b i l i n e a r  c r o s s - t e r m s  b u t ,  a s  

m e n t i o n e d  p r e v i o u s l y ,  t h e y  a p p e a r  t o  h a v e  m ore  e f f e c t  on 

c a l c u l a t e d  v i b r a t i o n a l  f r e q u e n c i e s  t h a n  on g e o m e t r i c  or  

t he rm odynam ic  p r o p e r t i e s ^ .  I f  one u s e s  p o t e n t i a l  f u n c t i o n s  fo r  

non-bonded  and cou lo m bic  i n t e r a c t i o n s  i n  a complementary  f a s h i o n
q 1 q 9

i t  h a s  b e e n  f o u n d J1  t h a t  a s e p a r a t e  f u n c t i o n * ^  f o r  h y d r o g e n  

bond ing  i s  no t  n e c e s s a r y .

T h e r e  e x i s t s  a  t h i r d  t y p e  o f  f o r c e  f i e l d ,  t h e  c e n t r a l  FF,  

wh ich  assum es  t h a t  m o le c u le s  a r e  h e l d  t o g e t h e r  by f o r c e s  a c t i n g  

a lo n g  l i n e s  b e tw e en  each p a i r  of a toms.  However, t h e  c e n t r a l  FFs 

a r e  f o u n d  t o  be  l e s s  e f f i c i e n t  t h a n  t h e  VFF o r  t h e  UBFF and  a r e  

u s e d  r a r e l y .
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1.4 PARAMETERISATION OF FORCE FIELDS.

To c a l c u l a t e  s t r a i n  e n e r g i e s  i t  i s  f i r s t  n e c e s s a r y  to  have a 

s e t  of s t r a i n - f r e e  s t r u c t u r a l  p a r a m e t e r s  f rom which m agni tudes  of 

d e f o r m a t i o n s  a r e  m e a s u r e d .  T h i s  r e q u i r e s  a l a r g e  am oun t  of  

e x p e r i m e n t a l  d a t a  on as  wide a r an g e  of compounds as p o s s i b l e  to  

be  a v a i l a b l e  i n  o r d e r  t o  a s s i g n  v a l u e s  f o r  t h e s e  s t r u c t u r a l  

p a r a m e t e r s .  I t  i s  a d v i s a b l e  t o  l i m i t  t h e  number of p a ra m e te r s  

as  much a s  i s  p o s s i b l e  to  a l l o w  an u n d e r s t a n d i n g  of t h e  FF and to  

g i v e  i t  p h y s i c a l  s i g n i f i c a n c e .

T r i a l  v a l u e s  f o r  s t r e t c h i n g  and be nd ing  f o r c e  c o n s t a n t s  a r e  

d e r i v e d  from v i b r a t i o n a l  s p e c t r a  w h i l e  e q u i l i b r i u m  bond l e n g t h s  

a n d  a n g l e s  come f r o m  m i c r o w a v e  s p e c t r o s c o p y  or  d i f f r a c t i o n  

( n e u t r o n ,  e l e c t r o n  or x - r a y )  s t u d i e s .  The most c r u c i a l  p a r t  of 

p a r a m e t e r i s a t i o n  i s  t h e  c h o ic e  of non-bonded p o t e n t i a l  f u n c t i o n s :  

i t  i s  e s s e n t i a l  t o  i n c l u d e  as  much e x p e r i m e n t a l  d a t a  a s  i s  

p o s s i b l e  which e x h i b i t  t h i s  f e a t u r e .

A f t e r  e s t i m a t i n g  a  s e t  of f o r c e  c o n s t a n t s  i t  i s  n e c e s s a r y  to  

d e r i v e  o p t im u m  v a l u e s  f o r  FF p a r a m e t e r s  i n  r e l a t i o n  t o  t h e  

e x p e r i m e n t a l  d a t a .  Two main methods a r e  commonly used f o r  such 

" p a r a m e t e r i s a t i o n " :  ( i )  t r i a l  and  e r r o r  m e th o d  and  ( i i )  l e a s t

s q u a r e s  method.

( i )  T r i a l  and e r r o r  method.

M o s t  o f  t h e  FFs d e s c r i b e d  i n  t h e  l i t e r a t u r e  i n v o l v e  FF 

c o m p o n e n t s  d e r i v e d  m ore  or  l e s s  by t r i a l  a nd  e r r o r  t e c h n i q u e s .  

S t a r t i n g  v a l u e s  f o r  t h e s e  c o m p o n e n t s  a r e  t a k e n  f r o m  v a r i o u s  

s o u r c e s  and  a r e  v a r i e d  u n t i l  t h e  v a l u e s  g i v i n g  t h e  o p t i m a l  

agreem en t  w i t h  e x p e r i m e n t a l  d a t a  a r e  o b t a i n e d .
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( i i )  L e a s t  s q u a r e s  method.

A l e a s t  s q u a r e s  p r o c e d u r e  f o r  t h e  s y s t e m a t i c  o p t i m i s a t i o n  of 

p o t e n t i a l  c o n s t a n t s  was im p lem e n te d  by L i f s o n  and W a r s h e l ^  some 

t i m e  a g o .  T h e i r  p r o c e d u r e  l e a d s  t o  t h e  s o - c a l l e d  

" c o n s i s t e n t "  f o r c e  f i e l d s  (CFF) and o p e r a t e s  t h u s :  f i r s t ,  a s e t

o f  r e l i a b l e  e x p e r i m e n t a l  d a t a  i s  c o l l e c t e d  f r o m  a l a r g e  s e t  of  

m o l e c u l e s  w h i c h  b e l o n g  t o  a f a m i l y  o f  m o l e c u l e s  o f  i n t e r e s t .  

A l l  d a t a  used  f o r  t h e  o p t i m i s a t i o n  p r o c e s s  a r e  c a l c u l a t e d  and t h e  

d i f f e r e n c e s  be tw e en  o b s e rv e d  and c a l c u l a t e d  q u a n t i t i e s  e v a lu a t e d .  

S u b s e q u e n t l y  t h e  sum of  t h e  s q u a r e s  of  t h e s e  d i f f e r e n c e s  i s  

m i n i m i s e d  i n  an  i t e r a t i v e  p r o c e s s  of  v a r y i n g  t h e  p o t e n t i a l  

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

ones p o s s i b l e  w i t h i n  t h e  d a t a  s e t  and t h e  a n a l y t i c a l  form of t h e  

c hosen  FF. The a g re e m e n t  w i t h  e x p e r i m e n t a l  d a t a  i s  r e l i a b l e  as
O Q

s e en  by t h e  CFF f o r  a l k a n e s  and a lk e n e s  of Ermer and L i f s o n ^  .

However ,  n e i t h e r  of  t h e s e  methods has  a p a r t i c u l a r  advan tage

over  t h e  o t h e r .  Both a r e  t im e  consuming and method ( i )  p r o v id e s
97

e q u a l l y  good r e s u l t s  ' .
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1.5 POTENTIAL ENERGY MINIMISATION.

I n  g e n e r a l ,  t h e  t r i a l  model  f o r  a m o le c u la r  s t r u c t u r e  w i l l  

n o t  be t h e  e q u i l i b r i u m  s t r u c t u r e  s i n c e  t h e  i n i t i a l  c o o r d i n a t e s  of 

t h a t  m o le c u le  a r e  on ly  a p p r o x i m a t e  e.g. i f  t hey  have been d e r i v e d  

f r o m  m o l e c u l a r  m o d e l s .  To o b t a i n  i n f o r m a t i o n  r e g a r d i n g  t h e  

e q u i l i b r i u m  p r o p e r t i e s  of a m o le c u le  i t  i s  n e c e s s a r y  to  adopt  an 

e n e r g y  m i n i m i s a t i o n  scheme,  w h i c h  w i l l  m i n i m i s e  t h e  p o t e n t i a l  

e n e rg y  of  t h e  m o le c u le  i n  r e l a t i o n  to  i t s  a to m ic  c o o r d i n a t e s ,  by 

s y s t e m a t i c a l l y  a d j u s t i n g  t h e s e  c o o r d i n a t e s  u n t i l  a minimum va lu e  

i s  o b t a i n e d .  The numerous a l g o r i t h m s  which e x i s t  f o r  p e r f o r m in g  

MM c a l c u l a t i o n s  may c o n v e n i e n t l y  be d i v i d e d  i n t o  two c a t e g o r i e s ;  

(1 )  t h o s e  w h i c h  make u s e  of  g r a d i e n t  i n f o r m a t i o n  a b o u t  t h e  

p o t e n t i a l  e n e r g y  s u r f a c e  ( s t e e p e s t  d e s c e n t  m e t h o d s )  and ( 2 ) ,  

t h o s e  w h i c h  make u s e  of  g r a d i e n t  and c u r v a t u r e  i n f o r m a t i o n  

(N e w to n  R a p h s o n  t e c h n i q u e s ) .  Bo th  m e t h o d s  h a v e  r e l e v a n t  

a d v a n t a g e s  and  d i s a d v a n t a g e s  i n  t e r m s  o f  memory r e q u i r e m e n t s ,  

c o m p u t a t i o n  t i m e  and  t h e  a m o u n t  of  i n f o r m a t i o n  t h e y  p r o v i d e .  

V a r io u s  en e rg y  m i n i m i s a t i o n  schemes a r e  now c o n s id e r e d .

(1 )  S t e e p e s t  d e s c e n t  (SD) method.

M a t h e m a t i c a l l y  t h e  p r o b l e m  i s  t h a t  of  t h e  l o c a t i o n  of  

f u n c t i o n  min ima.  At a p o t e n t i a l  e ne rgy  minimum t h e r e  must  be 

no n e t  f o r c e  a c t i n g  on any one atom i . e .  a n e c e s s a r y  r e q u i r e m e n t  

f o r  a n  e n e r g y  m in im um  i s  t h a t  t h e  p a r t i a l  d e r i v a t i v e s  of  t h e  

e n e rg y  w i t h  r e s p e c t  to  each c o o r d i n a t e  e q u a l s  ze ro  i . e .

6Vg (x)  /  6 Xi = 0 i  = 1 , 2 ------3N-48)

s i n c e  t h e r e  a r e  3N“£independen t  c a r t e s i a n  c o o r d i n a t e s  ( c o o r d i n a t e  

v e c t o r , x )  f o r  an  N a tomic  m o le c u le .

To s a t i s f y  t h i s  s y s t e m  of  e q u a t i o n s ,  t h e  d e r i v a t i v e s  a r e  

d e v e lo p e d  a round  a g iv e n  s t a r t i n g  v a lu e  x g (which must  no t  be too 

f a r  f r o m  t h e  m in im um )  i n t o  a T a y l o r  s e r i e s  t r u n c a t e d  a f t e r  t h e  

l i n e a r  t e r m .  In  m a t r i x  n o t a t i o n  t h i s  i s  g iven  by
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and

VVg ( x g + 6x) = VV(xg ) + F g6x = 0 (9) 

5x  = - F s _1 VV(xs ) (10)

w h e r e  V V C i s  t h e  g r a d i e n t  o f  V0 and  F i s  t h e  m a t r i x  o f  s e c o n do o
d e r i v a t i v e s  o f  Vg ( F ± j  = 6 2 Vg /  S x ^ x . . )  . F- 1  i s  t h e  i n v e r s e

m a t r i x  o f  F.  S u b s t i t u t i n g  F i n  t h e  l a t t e r  e q u a t i o n  by a 

d i a g o n a l  m a t r i x  D w i t h  = 1/L (L i s  a s c a l i n g  c o n s t a n t )  l ea d s

t o  t h e  method of s t e e p e s t  d e s c e n t :

6xi  = -L [6Vg( x ) / 6 x i  ]x=xg (11)

One d i f f i c u l t y  i s  f i n d i n g  a v a l u e  f o r  L i . e .  t h e r e  i s  a 

s c a l i n g  p rob lem .

One of  t h e  e a r l i e r  a p p r o a c h e s ,  p i o n e e r e d  by W i b e r g 2 ^ and

e x t e n s i v e l y  e x p l o r e d  by A l l i n g e r  u t i l i s e s  t h i s  SD m e t h o d .

E a c h  o f  o f  t h e  3N c a r t e s i a n  c o o r d i n a t e s  of  a t r i a l  m o d e l  i s

a l t e r e d ,  i n  t u r n ,  by a s m a l l  a m o u n t  and  the -  e n e r g y  c h a n g e  i s

c o m p u t e d  and  s t o r e d .  The c o o r d i n a t e  i s  t h e n  r e t u r n e d  t o  i t s

o r i g i n a l  v a l u e  and  t h e  c a l c u l a t i o n  i s  r e p e a t e d  f o r  t h e  n e x t

c o o r d i n a t e .  A f t e r  t h e  p r o g r a m  h a s  c y c l e d  o v e r  a l l  t h e

c o o r d i n a t e s  t h e y  a r e  c h a n g e d  by an  a m o u n t  p r o p o r t l o n a l  t o  t h e

e n e r g y  c h a n g e  c a l c u l a t e d  f o r  e a c h  and  i n  t h e  d i r e c t i o n  w h i c h

l o w e r s  t h e  e n e r g y .  The p r o c e s s  i s  r e p e a t e d  u n t i l  t h e  e n e r g y

d e c r e a s e s  l e s s  t h a n  a p r e s p e c i f i e d  v a lu e  (ca.  0.01 k c a l  mole ■*■).

I t  i s  hoped t h a t  t h e  o p t i m a l  geomet ry  i s  ach ie ve d  a t  t h i s  p o i n t .

SD i s  an i n t u i t i v e l y  a p p e a l i n g  method s in c e  i t  moves t h o s e  atoms

w h i c h  a f f e c t  t h e  e n e r g y  m o s t  a d v e r s e l y  by t h e  g r e a t e s t  a m o u n t .

F u r t h e r m o r e ,  t h e  p r o c e d u r e  a v o i d s  g e t t i n g  " s t u c k "  i n  s a d d l e

p o i n t s  of  t h e  p o t e n t i a l  e ne rgy  s u r f a c e  and e v e n t u a l l y  succeeds  i n
39f i n d i n g  a m in im u m ,  t h o u g h  i t  may n o t  be t h e  l o w e s t  one 

A n o t h e r  d i s a d v a n t a g e ,  a p a r t  f r o m  t h e  s c a l i n g  p r o b l e m ,  i s  t h a t  

some SD m e t h o d s  g i v e  m a x i m i s a t i o n  or  m i n i m i s a t i o n  w i t h  e q u a l  

f a c i l i t y .  The c r i t e r i o n  f o r  a maximum r a t h e r  t h a n  a minimum
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d e p e n d s  on t h e  s t a r t i n g  p o s i t i o n .  The " p a t t e r n  s e a r c h "  

p r o c e d u r e  u s e d  by S c h l e y e r  and  o th e r s ^ * -*  may be r e g a r d e d  a s  an  

i m p r o v e m e n t  on t h e  s i m p l e s t  SD t e c h n i q u e .  The p r i n c i p a l  

d i f f e r e n c e  i s  t h a t  i n  a g iv en  c y c l e  of t h e  e ne rgy  m i n i m i s a t i o n ,  

t h e  d i s p l a c e m e n t s  c a l c u l a t e d  by a SD m e t h o d  a r e  a d d e d  t o  

d i s p l a c e m e n t s  f rom t h e  p r e v i o u s  c y c l e  and t h e  summed d i s p l a c e m e n t  

i s  t h e n  a p p l i e d .  The e f f e c t  i s  t h a t  i f  a p a r t i c u l a r  a tom  i s  

moving down a long  s h a l l o w  h i l l  of t h e  p o t e n t i a l  ene rgy  s u r f a c e  

i t s  m o t io n  i s  a c c e l e r a t e d  s i n c e  t h e  c a l c u l a t e d  c o r r e c t i o n s  w i l l  

b e  r e p e a t e d l y  i n  t h e  s a m e  d i r e c t i o n  a n d  t h e  s i z e  o f  t h e  

c o r r e c t i o n  t e r m  i n c r e a s e s :  t h e  number of i t e r a t i o n s  r e q u i r e d  to

a p p ro a c h  t h e  minimum w i l l  be l e s s  t h a n  f o r  t h e  s im p l e  SD method. 

An a d v a n t a g e  of  SD a nd  s i m i l a r  m e t h o d s  i s  t h a t  t h e  p o t e n t i a l  

e n e r g y  c o n t r i b u t i o n s  o f  a ny  a n a l y t i c a l  f o rm  c a n  be e a s i l y  

a c c o m m o d a t e d .  A n o t h e r  a d v a n t a g e  i s  t h a t  p o t e n t i a l  e n e r g y  

m i n i m i s a t i o n  p r o c e e d s  r a p i d l y  i f  t h e  m o le c u le  i s  r e l a t i v e l y  f a r  

f r o m  i t s  o p t i m a l  g e o m e t r y  -  h o w e v e r ,  t h e  p r o c e s s  becom es

p r o g r e s s i v e l y  s lo w e r  as  t h e  minimum e ne rgy  geomet ry  i s  approached  

and t h e  o p t i m a l  c o n f o r m a t i o n  i s  u s u a l l y  no t  r ea c h e d  as  p r e c i s e l y  

as  i s  r e q u i r e d  f o r  t h e  c a l c u l a t i o n  of v i b r a t i o n a l  f r e q u e n c i e s .

(2)  Newton Raphson (NR) method.

A m ore  h i g h l y  d e v e l o p e d  m e th o d  f o r  l o c a t i n g  t h e  e n e r g y  

m i n i m a  -  d e v e l o p e d  i n d e p e n d e n t l y  by s e v e r a l  g r o u p s :  J a c o b  e t

a l ^ ,  B o y d ^  a n d  L i f s o n  and  W a r s h e l ^  -  i s  t h e  i t e r a t i v e

m i n i m i s a t i o n  based  on t h e  NR method.  In  e q u a t i o n  (10) ,  F i s  t h e

m a t r i x  o f  s e c o n d  d e r i v a t i v e s  of  Vg. By m a k i n g  d i f f e r e n t

a p p r o x i m a t i o n s  t o  t h i s  m a t r i x  s e v e r a l  t e c h n i q u e s  a r i s e :

( i )  Block d i a g o n a l  (BD) method.

I f  i , j  ^  3 f o r  e a c h  a to m  i n  e q u a t i o n  (10 )  t h e n  F i s  a BD 

m a t r i x ^ ’ ^ .  I f s  u s e  c i r c u m v e n t s  t h e  s c a l i n g  p r o b l e m  

e n c o u n t e r e d  i n  t h e  SD m e t h o d  b u t  i t  r e q u i r e s  a  m ore  p r e c i s e l y  

d e f i n e d  t r i a l  s t r u c t u r e .  I t  i s  m ore  e f f e c t i v e ,  h o w e v e r ,  f o r  

b r i n g i n g  a  c r u d e ,  t r i a l  c o n f o r m a t i o n  i n t o  t h e  v i c i n i t y  o f  t h e
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m i n i m a .  The BD m e t h o d  c o r r e l a t e s  t h e  m ovem en t  o f  an a t o m i c  

c o o r d i n a t e  w i t h  o t h e r  c o o r d i n a t e s  of t h e  same atom.

( i i )  Pure  d i a g o n a l  (PD) method.

The PD m e t h o d  u t i l i s e s  o n l y  t h e  e l e m e n t s  on t h e  l e a d i n g  

d i a g o n a l  a n d  s e t s  a l l  o t h e r s  t o  z e r o .  T h i s ,  i n  e f f e c t ,  t r e a t s  

t h e  movement of each a t o m i c  c o o r d i n a t e  i n  i s o l a t i o n  from t h e  r e s t  

o f  t h e  m o l e c u l e .  I t  h a s  r e c e n t l y  b e e n  n o t e d ^  t h a t  t h e  PD 

m e t h o d  i s  m ore  t o l e r a n t  of  t h e  t r i a l  s t r u c t u r e s  t h a n  t h e  BD 

method.

( i i i )  F u l l  m a t r i x  (FM) method.

I n  l a t e r  s t a g e s  o f  m i n i m i s a t i o n  i t  i s  n e c e s s a r y  t o  u s e  a

m e t h o d  w h i c h  h a s  b e t t e r  c o n v e r g e n c e  p r o p e r t i e s  t h a n  t h o s e

p r e v i o u s l y  m e n t i o n e d :  s u c h  a m e t h o d  i s  t h e  NR t e c h n i q u e  w h i c h

l e a v e s  a l l  t h e  t e r m s  o f  m a t r i x  F as  t h e y  a r e  o r i g i n a l l y .  I t

r e q u i r e s  a v e ry  good s t a r t i n g  s t r u c t u r e  ( i n  g e n e r a l ,  d e r i v a t i v e s

s h o u l d  be l e s s  t h a n  0 .05  k c a l  mole"-*- X- *-) b u t  c o n v e r g e s  v e r y
— 7 — ftr a p i d l y  t o  g i v e  d e r i v a t i v e s  o f  t h e  o r d e r  o f  10 t o  10 k c a l  

mole- -*- X- *-. I t  i s  n e c e s s a r y  to  have a p r e - o p t i m i s e d  s t r u c t u r e  

u s i n g ,  f o r  example,  PD o r  BD methods .

The m a t r i x  F i s  s i x f o l d  s i n g u l a r  i . e .  i t  h a s  s i x  z e r o  

e i g e n v a l u e s  c o r r e s p o n d i n g  t o  t h r e e  r o t a t i o n s  a n d  t h r e e  

t r a n s l a t i o n s  o f  t h e  m o l e c u l e ,  t h u s  t h e  s e t  of  e q u a t i o n s  (10 )  

c a n n o t  be  s o l v e d  d i r e c t l y .  The  r e c i p r o c a l  o f  F c a n  be
O O

d e t e r m i n e d  by t h e  g e n e r a l i s e d  i n v e r s e  method which r e q u i r e s  t h e  

d i a g o n a l i s a t i o n  of F or can be d e te r m in e d  by th e  r educ e d  F m a t r i x  

t e c h n i q u e ^ .  The l a t t e r  t e c h n i q u e  i s  d e f i c i e n t  i n s o f a r  a s  i t  

f a i l s  to  y i e l d  a g e n e r a l i s e d  i n v e r s e  t h a t  i s  un ique  and i t  i s  not  

u sed  h e r e .  Methods of c a l c u l a t i n g  a g e n e r a l i s e d  i n v e r s e  m a t r i x  

a r e  d i s c u s s e d  more f u l l y  i n  m a th e m a t ic a l  t e x t - b o o k s .

S ince  t h e  FM method t a k e s  i n t o  accoun t  a l l  t h e  i n t e r a t o m i c  

i n t e r a c t i o n s  i t  y i e l d s  a v e ry  good r e p r e s e n t a t i o n  of t h e  symmetry
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o f  a  m o l e c u l e ;  i t s  e x c e l l e n t  c o n v e r g e n c e  p r o p e r t i e s  r e s u l t  i n  

b e t t e r  v a l u e s  f o r  t h e  g e o m e t r i c a l  p a r a m e t e r s  g e n e r a l l y  and  f o r  

t h e  t o r s i o n  a n g l e s  i n  p a r t i c u l a r .  T o r s i o n  a n g l e s  a r e  

s i g n i f i c a n t l y  a l t e r e d  when  t h e  m o l e c u l e  d e p a r t s  e v e n  s l i g h t l y  

f rom i t s  minimum e ne rgy  s t a t e .  The energy ,  on t h e  o t h e r  hand, 

i s  n o t  u s u a l l y  a l t e r e d  by a s i g n i f i c a n t  amount  on moving from BD 

o r  PD m e t h o d s  t o  t h e  FM m e t h o d .  A f u r t h e r  a d v a n t a g e  of  t h e  FM 

m e t h o d  i s  t h a t  i t  a l l o w s  d i f f e r e n t i a t i o n  b e t w e e n  maxima and 

min ima  on t h e  p o t e n t i a l  e ne rgy  h y p e r s u r f a c e  due to  t h e  i n c l u s i o n  

of t h e  second  d e r i v a t i v e s  o f  Vg i n  t h e  c a l c u l a t i o n s .

No m a t t e r  which  method i s  employed to  m in i m i s e  t h e  Vg i t  i s  

n e c e s s a r y  to  c a l c u l a t e  t h e  f i r s t  and o f t e n  t h e  second d e r i v a t i v e s  

o f  Vg w i t h  r e s p e c t  t o  t h e  c o o r d i n a t e s .  Th is  u ses  60-80% of  t h e  

t o t a l  compute r  t i m e  i n v o l v e d  i n  the  ene rgy  m i n i m i s a t i o n  p r o c e s s  

t h u s ,  i t  i s  e s s e n t i a l  t o  c o n s i d e r  c a r e f u l l y  t h e  m e t h o d  by w h i c h  

t h e y  a r e  c a l c u l a t e d .  There a r e  two b a s i c  o p t i o n s  a v a i l a b l e ^ :

( a )  A n a l y t i c a l  c a l c u l a t i o n  of  t h e  d e r i v a t i v e s .

T h e s e  a r e  d i f f i c u l t  t o  p r o g r a m  and  a r e  b e s t  u s e d  w i t h  a n  

e s t a b l i s h e d  F F ^  where on ly  p r o d u c t i o n  work i s  u n d e r t a k e n .

(b )  Num er ica l  c a l c u l a t i o n  of t h e  d e r i v a t i v e s .

T h e s e  a r e  r e a d i l y  p r o g r a m m a b l e  and a r e  more  v e r s a t i l e  

a n a l y t i c a l  d e r i v a t i v e s .  Th is  l a t t e r  f e a t u r e  encourages  t h e  use 

o f  n u m e r i c a l  d e r i v a t i v e s  when development  of a FF i s  i n  p r o g r e s s .

To s u m m a r i s e :  i n  g e n e r a l  i t  i s  n e c e s s a r y  t o  c o m b i n e  two

m i n i m i s a t i o n  p r o c e d u r e s  t o  a c h i e v e  an o p t i m a l  g e o m e t r y  of  a 

s t r u c t u r e .  The p r e s e n t  w o r k  u s e s  a two s t a g e  N ew ton  R a p h s o n  

p r o c e d u r e  combin in g  f u l l  m a t r i x  m i n i m i s a t i o n  w i t h  e i t h e r  b lock  

d i a g o n a l  o r  p u r e  d i a g o n a l  m e t h o d s :  d e r i v a t i v e s  a r e  c a l c u l a t e d  

n u m e r i c a l l y .
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1 .6  LOCATING THE POTENTIAL ENERGY MINIMUM OF CYCLIC STRUCTURES.

The e x a m i n a t i o n  o f  w o r k i n g  m o d e l s  of  e t h a n e  and b u t a n e  

r e a d i l y  a f f o r d s  a l l  t h e i r  p o s s i b l e  c o n f o r m a t io n s .  I f ,  however ,  

one moves f u r t h e r  a lo n g  t h i s  homologous s e r i e s  of a lk a n e s  i t  soon 

b e c o m e s  o b v i o u s  t h a t  t h e  n u m b er  o f  p o s s i b l e  c o n f o r m a t i o n s  f o r  

each  s t r u c t u r e  grows  w i t h  i n c r e a s i n g  l e n g t h  of t h e  ca rbon  cha in .  

E s t a b l i s h i n g  t h e  GMEC of any l a r g e  open c h a in  m o lecu le  would be 

an  e x t r e m e l y  a r d u o u s  a nd  i n d e c i s i v e  p r o c e s s  u n l e s s  t h e r e  a r e  

s i m p l i f y i n g  f a c t o r s  i n t r o d u c e d  i n t o  t h e  c a l c u l a t i o n .

E f f o r t s  to  make t h e  l o c a t i o n  of  GMECs more s y s t e m a t i c  have 

so f a r  on ly  been made f o r  c y c l i c  o l i g o p e p t i d e s ^ - ^  and g l o b u l a r  

p r  o t e i n s ^ - * ^ .  The p r e s e n t  w ork  e x t e n d s  t h i s  t o  c y c l i c  

h y d r o c a r b o n s .  F a c t o r s  l i m i t i n g  t h e  n u m b er  of  p o s s i b l e  

c o n f o r m a t i o n s  e x i s t  f o r  a l l  t h e s e  c l a s s e s  of  com p o u n d s :  an

i m p o r t a n t  c o n s t r a i n t  on t h e  p o s s i b l e  c o n f o r m a t i o n s  of  any 

a r b i t r a r y  c h a i n  o f  a t o m s  i s  r i n g  c l o s u r e  w h i c h  h a s  b e e n  f u l l y  

employed i n  t h e  a l g o r i t h m  used  h e r e ^ .

This  a l g o r i t h m  n o t  on ly  l o c a t e s  t h e  GMEC of c y c l i c  m o le c u le s  

b u t  a l s o  e n a b l e s  d i s c o v e r y  of a l l  t h e  low energy c o n fo r m a t io n s  of 

t h e  c y c l i c  s t r u c t u r e  concerned .  I t  i s  no t  l i m i t e d  to  a s p e c i f i c  

c l a s s  o f  c y c l i c  s t r u c t u r e s  b u t  i s  an  a l m o s t  a u t o m a t i c  g e n e r a l  

c o m p u t a t i o n a l  p r o c e d u r e .

I n  a d d i t i o n  t o  t h e  r o u t i n e s  s p e c i f i c  f o r  g l o b a l  e n e r g y

m i n i m i s a t i o n  t h e r e  i s  a v a i l a b l e  an advanced m o le c u la r  m o d e l l i n g
S 2s y s t e m ,  t h e  G l a s g o w  U n i v e r s i t y  C h e m i c a l  G r a p h i c s  Sy s t em  

(GUCGS), wh ich  p r o v i d e s  a m u l t i t u d e  of s e r v i c e s  e.g. e x a m i n a t i o n  

o f  d o u b t f u l  c o n f o r m a t i o n s  g e n e r a t e d  by the  GMEC a l g o r i t h m  and 

l o c a l  m i n i m i s a t i o n  o f  p r o p o s e d  c o n f o r m a t i o n s .  F i g u r e  1.4 

i n t r o d u c e s  a b l o c k  d i a g r a m  of  t h e  f u l l  g l o b a l  m i n i m i s a t i o n  

p r o c e d u r e  a n d  t h e  f o l l o w i n g  p a r a g r a p h s  e x p l a i n  e a c h  s t e p  more  

f u l l y .
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FIG.  1 .4  SUMMARY OF THE GLOBAL MINIMISATION PROCEDURE
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The f i r s t  s t e p  i n  t h e  a l g o r i t h m  c o n s i s t s  o f  o b t a i n i n g  t h e  

" g e n e r a t o r s " .  T h i s  t e r m  h a s  v a r i a b l e  d e f i n i t i o n s  depend ing on 

which  c l a s s  of s t r u c t u r e  i s  be ing  examined.  For  p o l y p e p t i d e s  i t  

i s  u s e d  t o  d e n o t e  t h e  (<P,Ui) p a i r s ^ ^  o f  t o r s i o n  a n g l e s  p r e f e r r e d  

by t h e  a m i n o  a c i d  r e s i d u e s  c o n s t i t u t i n g  t h e  p o l y p e p t i d e  u n d e r  

c o n s i d e r a t i o n .  These a l l o w e d  t o r s i o n  a n g le s  a r e  e s t i m a t e d  from 

Ramachandran  maps f o r  each c o n s e c u t i v e  d i p e p t i d e  p a i r  p r e s e n t  

i n  t h a t  p o l y p e p t i d e .  For c y c l i c  a lk a n e s  t h e  p r o ce d u re  i s  more 

s t r a i g h t f o r w a r d .  The h i g h e r  no rm al  hydroca rbons  can be broken  

down i n t o  a  s e r i e s  o f  n—b u t a n e  s y s t e m s .  Each  s u c c e s s i v e  C—C 

bond  o f  t h e  c h a i n  w i l l  p r e f e r  t h e  low  e n e r g y  c o n f o r m a t i o n a l
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a r r a n g e m e n t s  of n—b u t a n e  i . e .  a n t i  or gauche c o n fo r m a t io n s .  The 

g e n e r a t o r s  f o r  c y c l i c  a l k a n e s  a r e  s i m p l y  t h e  t o r s i o n  a n g l e s  

e v i d e n c e d  i n  t h e s e  l o w  e n e r g y  b u t a n e  c o n f o r m e r s  i . e .  60°,  - 6 0 ° ,  

180°.

The c o o r d i n a t e s  d e s c r i b i n g  an  a r b i t r a r y  a r r a n g e m e n t  o f  an 

o p e n  c h a i n  s t r u c t u r e  o f  t h e  compound  b e i n g  i n v e s t i g a t e d  w o u ld  

n o r m a l l y  be t a k e n  f r o m  x - r a y  c r y s t a l l o g r a p h i c  r e s u l t s  of  t h e  

s t r u c t u r e  c o n c e r n e d  o r  w o u l d  be b u i l t  f r o m  t h e  a f o r e m e n t i o n e d  

GUCGS.

T h i s  c h a i n  w o u l d  t h e n  be f o l d e d  i n t o  a s u c c e s s i o n  of 

p r o b a b l e  low e n e rg y  c o n f o r m a t i o n s  c o r r e s p o n d in g  to  a l l  p o s s i b l e  

c o m b i n a t i o n s  of g e n e r a t o r s .

A s i m p l e  p a t t e r n  s e a r c h  p ro c e d u re  which depends on g e o m e t r i c

r a t h e r  t h a n  e n e r g e t i c  c r i t e r i a  to  e f f e c t  r i n g  c l o s u r e  would t h e n

be  t r i e d  on t h e  f o l d e d  c h a i n s :  e a c h  r i n g  t o r s i o n  a n g l e  i s
o

a l l o w e d  t o  v a r y  by up t o  +20 f r o m  i t s  i n i t i a l  v a l u e  i n  an  

a t t e m p t  t o  c l o s e  t h e  r i n g  w i t h i n  a p r e s p e c i f i e d  e n d - t o - e n d  

d i s t a n c e .  C o n f o r m a t i o n s  w h i c h  do n o t  h a v e  an  e n d - t o - e n d  

d i s t a n c e  w i t h i n  a maximum d e v i a t i o n  from t h e  t a r g e t  d i s t a n c e  a r e  

r e j e c t e d  a t  t h i s  s t a g e .

I f  t h e s e  c a l c u l a t i o n s  a r e  p e r fo rm e d  on an homopolymer,  t h e r e  

i s  e v e r y  p o s s i b i l i t y  o f  r e p e a t  c o n f o r m a t i o n s  b e i n g  g e n e r a t e d  

which  a r e  r e l a t e d  to  t h e  o r i g i n a l  c o n f o r m a t io n  by advanc ing  th e  

p a t t e r n  o f  t o r s i o n  a n g l e s  by one or  m ore  s t a g e s .  T h e s e  r e p e a t  

c o n f o r m a t io n s  a r e  a l s o  r e j e c t e d .

Each s u r v i v i n g  c o n f o r m a t io n  has i t s  c o n n e c t i v i t y  c a l c u l a t e d  

on t h e  b a s i s  of  a maximum bonded d i s t a n c e  and t h o s e  w i t h  t e n  or 

m o re  c o n n e c t i o n s  i n  e x c e s s  of  t h i s  p r e d e t e r m i n e d  d i s t a n c e  a r e  

r e j e c t e d  d u e  t o  t h e  p r e s e n c e  o f  v e r y  s h o r t  n o n - b o n d e d  

i n t r a m o l e c u l a r  c o n t a c t s .  Th is  t e s t  i s  on ly  a p p l i e d  to  t h e  main 

c h a i n  atoms as  s t e r i c  c rowding  of s u b s t i t u e n t  a toms i s  u s u a l l y  

r e s o l v e d  s a t i s f a c t o r i l y  d u r in g  t h e  subseque n t  ene rgy  m i n i m i s a t i o n
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c a l c u l a t i o n s .

The f i n a l  c o n f o r m a t i o n s  s hou ld  be c a pab le  of r e f i n e m e n t  by 

e n e r g y  m i n i m i s a t i o n  b u t  c a n  be  i n d i v i d u a l l y  e x a m i n e d  v i a  t h e  

GUCGS p r i o r  t o  m i n i m i s a t i o n ,  as a  p r e c a u t i o n .
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2.0 FOREWORD.

The b a s i c  c o n c ep t  of c o n f o r m a t i o n a l  a n a l y s i s  i s  t h a t  c e r t a i n  

c h e m i c a l  and p h y s i c a l  p r o p e r t i e s  of  o r g a n i c  compounds a r e  r e l a t e d  

t o  p r e f e r r e d  c o n f o r m a t i o n s .  I t  i s  i m p o r t a n t ,  t h e r e f o r e ,  to  be 

a b l e  to  d e t e r m i n e  t h e  e n e rg y  (or e n t h a l p y )  of  a c o n fo r m a t io n .  In  

g e n e r a l ,  t h e  d e t e r m i n a t i o n  of t h e  a b s o l u t e  energy  i s  not  p o s s i b l e  

and  c o n f o r m a t i o n a l  a n a l y s i s  i s  r e s t r i c t e d  to  c o m p a r i s o n s  of  

e n e rg y  components  f o r  v a r i o u s  c o n f o r m a t io n s  of  a c h e m ic a l  s p e c i e s ,  

or  f o r  t h e  c o n f o r m a t i o n s  of c l o s e l y  r e l a t e d  s p e c i e s .

The most  c o n v e n ie n t  p a r a m e t e r s  f o r  t h e  d e f i n i t i o n  of t h e  

s p a t i a l  a r r a n g e m e n t s  o f  t h e  a to m s  i n  a s p e c i e s  a r e  bond  

d i s t a n c e s ,  bond a n g l e s  and t o r s i o n  a n g l e s ,  b e c a u s e  t h e y  a r e  

i n d e p e n d e n t  o f  t h e  c o o r d i n a t e  s y s t e m .  For  t h e  p u r p o s e  o f  

c o n f o r m a t i o n a l  a n a l y s i s ,  one c o n s i d e r s  t h e  change i n  e ne rgy  due 

t o  d i s t o r t i o n s  o f  t h e  bond  l e n g t h s ,  bond  a n g l e s  and  t o r s i o n  

a n g l e s  f r o m  t h e i r  m o s t  f a v o u r a b l e  v a l u e s ;  t h i s  i n c r e a s e  i n  

e n e r g y  c o n t e n t ,  u s u a l l y  c a l l e d  s t r a i n  or  s t e r i c  e n e r g y  and 

r e p r e s e n t e d  by V , i s  t h e n  c a l c u l a t e d .  A n o t h e r  i m p o r t a n t  

c o n t r i b u t o r  t o  t h e  Vg i s  t h e  r e p u l s i v e  energy  be tw een  non-bonded 

a t o m s  i . e .  n o n - b o n d e d  i n t e r a c t i o n s ,  w h ic h  i s  t h e  m o s t  c o m p l e x  

c o m p o n e n t  o f  t h e  Vg t o  be  c a l c u l a t e d .  I n  s p i t e  o f  t h e  

d i f f i c u l t y  i n  c a l c u l a t i n g  V , c o n f o r m a t i o n a l  a n a l y s i s  has  assumed 

t h e  g r e a t e s t  i m p o r t a n c e  f o r  o r g a n i c  c h e m i s t r y  and  i t  h a s  b e e n  

o b s e r v e d  t h a t  s e v e r a l  g r o u p s  of  compounds e x h i b i t  p a r t i c u l a r l y  

s t a b l e  c o n f o r m a t i o n s  w h i c h  c h a n g e  o n l y  s l i g h t l y  u n d e r  f u r t h e r  

s m a l l  s t r a i n s .  The c l a s s i c a l  example of such a c o n fo r m a t io n  i s  

t h e  c h a i r  f o r m  o f  t h e  c y c l o h e x a n e  s k e l e t o n  and  a p r o f u s i o n  o f  

s u c h  c om pounds  i s  a v a i l a b l e  i n  n a t u r e  t o  w h i c h  c o n f o r m a t i o n a l  

a n a l y s i s  can be a p p l i e d .

S e m i q u a n t i t a t i v e  c o n f o r m a t i o n a l  a n a l y s i s  h a s  n o t  b e e n  a s  

s u c c e s s f u l  f o r  c y c l o p e n t a n e  and  c y c l o h e p t a n e ;  t h e i r  v a r i o u s  

s t a b l e  c o n f o r m a t i o n s  a r e  s e p a r a t e d  by energy  b a r r i e r s  which a re  

n o t  as  h i g h  as  i n  t h e  cyc lo hexane  s e r i e s ^ - t hus  n e i t h e r  p o s s e s s e s  

a f a v o u r e d  c o n f o r m a t io n .  Th is  i s  obse rved  i n  o t h e r  members of

38



t h e  homologous s e r i e s .  I t  was r e a l i s e d  a t  a r e l a t i v e l y  e a r l y

d a t e  t h a t  t h e  s p e c i a l  and  o f t e n  v e r y  m a r k e d ,  p h y s i c a l  and

c h e m i c a l  p r o p e r t i e s  o f  m e d i u m - s i z e d  r i n g  compounds  and i n

p a r t i c u l a r  t h e i r  c o m p a r a t i v e l y  h i g h  s t r a i n ,  w e r e  o f  a

c o n f o r m a t i o n a l  o r i g i n :  m o d e l s  of  s u c h  compounds  i n  w h i c h  t h e

t h r e e  m a j o r  c o m p o n e n t s  o f  s t r a i n  ( i . e .  a n g l e  s t r a i n ,  t o r s i o n a l

s t r a i n  and non-bonded  i n t e r a c t i o n s )  a r e  s i m u l t a n e o u s l y  m in im a l ,
■a

canno t  be c o n s t r u c t e d  . Organic  c h e m i s t s  cou ld  on ly  c o n j e c t u r e

how t h e  t o t a l  s t r a i n  i s  d i s t r i b u t e d  o v e r  t h e  v a r i o u s  s t r a i n

c o m p o n e n t s .  They c o u l d  do no more  t h a n  s p e c u l a t e  w h e t h e r  t h e

m e d i u m - s i z e d  r i n g s  e x i s t  i n  one or more s t a b l e  c o n fo r m a t io n s ,  or

w h e t h e r  t h e y  a r e  t o  be r e g a r d e d  a s  r e l a t i v e l y  m o b i l e  p a r t i c l e s

w i t h  a  l a r g e  number of c o n f o r m a t io n s  a lm o s t  e q u a l  i n  energy  bu t

d i f f e r i n g  i n  form ^.  Some i m p o r t a n t  an sw e rs  to  t h e s e  q u e s t i o n s

h a v e  b e e n  p r o v i d e d  on t h e  b a s i s  of  i n f o r m a t i o n  d e r i v e d  f rom

s p e c t r o s c o p i c ^  and x - r a y  d i f f r a c t i o n ^  s t u d i e s .  With t h e  advent

o f  c o m p u t e r s  i t  h a s  b e e n  p o s s i b l e  t o  c a l c u l a t e  t h e  e n e r g y  and

d e t a i l e d  ge om e t ry  of  m o le c u le s  of v a ry in g  s i z e  by the  method of

m o l e c u l a r  m echan ic s  (MM) which can now be r e g a r d e d  as  a p r a c t i c a l

r e s e a r c h  t o o l .  The s im p l e  c y c l o a l k a n e s  (CH2)n w i t h  n = 5 to  12,

a r e  compounds which have f r e q u e n t l y  been s t u d i e d  by f o r c e  f i e l d  
7— 1 9c a l c u l a t i o n s  . T h i s  p r e f e r e n c e  r e s u l t s  f ro m  t h e i r  s i m p l e  

s t r u c t u r e s  and from t h e  abundant  a v a i l a b l e  e x p e r i m e n t a l  m a t e r i a l  

( s t r u c t u r a l ^ ,  t  h e r  m o c h e  m i  c a  1  ̂^ ^  a n d  v i b r a t i o n a l  

s p e c t r o s c o p i c ^ * 16,17 d a t a ) .  There r e m a in s ,  however ,  a  d i s t i n c t  

s h o r t a g e  of  a v a i l a b l e  s t r u c t u r a l  i n f o r m a t i o n  f o r  t h e  e l e v e n  and 

h i g h e r  odd-membered r i n g s .

The p r e s e n t  s t u d y  a t t e m p t s  t o  p r e d i c t  a l l  p o s s i b l e  l o w -  

e n e r g y  c o n f o r m a t i o n s  o f  c y c l o u n d e c a n e  by a p p l i c a t i o n  of  t h e  

c o m p u t a t i o n a l  p r o c e d u r e  d e s c r i b e d  i n  C h a p t e r  One, n a m e l y ,  t h e  

White -M orrow a l g o r i t h m ^ " ’^  f o r  l o c a t i o n  of t h e  GMEC and o t h e r  

l o w - e n e r g y  c o n f o r m a t i o n s .  T h i s  a l g o r i t h m  has p r e v i o u s l y  been 

u s e d  t o  l o c a t e  a l l  t h e  l o w - e n e r g y  c o n f o r m a t i o n s  o f  c y c l i c  

t e t r a p e p t i d e s ^ ®  and t h e  p r e s e n t  s t u d y  i s  e n v i s a g e d  a s  an

e x t e n s i o n  of  t h e  a p p l i c a b i l i t y  of t h i s  a l g o r i t h m .
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S t a r t i n g  c o o r d i n a t e s  w e r e  o b t a i n e d  by c o n s t r u c t i o n  of
2 1u n d e c a n e  v i a  t h e  GUCGS d e s c r i b e d  i n  t h e  p r e v i o u s  c h a p t e r .  

T o r s i o n  a n g l e  g e n e r a t o r s  e m p l o y e d  f o r  e l u c i d a t i o n  of  a l l  t h e  

c y c lo u n d e c a n e  c o n f o r m a t io n s  were t a k e n  as  + 6 0 ° , - 6 0 °  and 180°.

A f u n d a m e n ta l  r e q u i r e m e n t  f o r  s u c c e s s f u l  MM c a l c u l a t i o n s  i s  

a f o r c e  f i e l d  w h i c h  w i l l  r e p r o d u c e  s u f f i c i e n t l y  a c c u r a t e

g e o m e t r i e s  and  e n e r g i e s .  The f o r c e  f i e l d  u s e d  h e r e  i s  t h e
2 2 IQW h i t e - B o v i l l  Fo rce  F i e l d  which has  been t h o ro u g h l y  t e s t e d  7 i n

i t s  a p p l i c a t i o n  to  a c y c l i c  and c y c l i c  n o n - c o n j u g a t e d  a lk a n e s  and

a l k e n e s .  The p a r a m e t e r s  of t h i s  f o r c e  f i e l d  a r e  r e c o r d e d  i n  t h e

a p p e n d i c e s .
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2.1 INTRODUCTION TO MEDIUM-SIZED RING COMPOUNDS.

Although  c y c l o a l k a n e s  form an homologous s e r i e s ,  th e y  a l s o  

e x h i b i t  b e h a v io u r  u n c h a r a c t e r i s t i c  of an homologous s e r i e s :  no

s m o o t h  r e g u l a r  i n t e r d e p e n d e n c e  o f  p h y s i c a l  a n d  c h e m i c a l  

p r o p e r t i e s  on r i n g  s i z e  i s  o b s e r v e d .  R a t h e r ,  a s e e m i n g l y  

anomalous d i s c o n t i n u i t y  i s  found f o r  a wide r a n g e  of p h y s i c a l  and 

c h e m i c a l  p r o p e r t i e s  of  t h e  medium r i n g s ^  i . e .  t h e  e i g h t -  t o  

e le ve n -m e m be re d  r i n g  s y s te m s  -  w i t h  a t u r n i n g  p o i n t  a t  t h e  t e n -  

membered r i n g .

The e x c e s s  c o m b u s t io n  e n t h a l p i e s  of t h e  c y c lo a lk a n e s  a l l o w  

a n  e s t i m a t e  t o  be made o f  t h e i r  t o t a l  s t r a i n  r e l a t i v e  t o  t h e i r  

a c y c l i c  a n a lo g u e s  which a r e  assumed to  be s t r a i n  f r e e ^ .  Sm a l l ,  

n o r m a l  a n d  m ed ium  r i n g s  t e n d  t o w a r d s  h i g h  r e l a t i v e  h e a t s  of  

c o m b u s t i o n  w h i l e  t h e  l a r g e r  r i n g s  and c y c l o h e x a n e  e x h i b i t  

" n o r m a l "  h e a t s  o f  c o m b u s t i o n  s i m i l a r  t o  t h e i r  a c y c l i c  

c o u n t e r p a r t s .  The e s t i m a t e d  s t r a i n  e n e r g i e s  a r e  d e t a i l e d  below:

RING SIZE ( n ) :  5 6 7 8 9 10 11 12 13 14

TOTAL STRAIN : 7 0 6 10 13 12 12 4 5 0

( e s t i m a t e d )  k c a l  mole- ^

I t  i s  e v i d e n t  t h a t  t h e  medium r i n g s  a r e  u n u s u a l  i n  t h a t  they

h a v e  a  h i g h e r  Vg t h a n  t h e  n o r m a l  and  l a r g e  r i n g s  and m u s t ,

t h e r e f o r e ,  p o s s e s s  s p e c i a l  c o n f o r m a t i o n a l  p r o p e r t i e s  w h ic h  

d i s t i n g u i s h  them from the  no rmal  and l a r g e  r i n g s . '  As s u g g e s t e d ,  

t h r e e  t y p e s  o f  s t r a i n  a r e  a n t i c i p a t e d  i n  medium r i n g s ,  n a m e l y ,  

t r a n s a n n u l a r , P i t z e r  and Baeyer  s t r a i n .

T r a n s a n n u l a r  s t r a i n  a r i s e s  f rom i n t r a m o l e c u l a r  ove rc row ding  as 

a  r e s u l t  of van de r  Waals c om pre s s ions  a c r o s s  the  r i n g ;  P i t z e r  

s t r a i n  r e s u l t s  f rom u n f a v o u r a b le  t o r s i o n a l  i n t e r a c t i o n s  be tw een  

s u b s t i t u e n t s  on a d j a c e n t  a toms;  w h i l e  Baeyer s t r a i n  r e s u l t s  f rom 

d i s t o r t i o n  of t h e  bond a n g le s  from t h e i r  s t r a i n  f r e e  v a l u e s .

B e f o r e  t u r n i n g  t o  a n  e x a m i n a t i o n  o f  t h e  d e r i v e d
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c o n f o r m a t i o n s  o f  c y c l o u n d e c a n e , i t  i s  n e c e s s a r y  t o  d e f i n e  t h e  

c o n c e p t s  a n d  s y m b o l s  w h i c h  w i l l  be u s e d .  As b e f o r e ,  a 

c o n f o r m a t i o n  i s  d e f i n e d  by th e  bond l e n g t h s ,  bond a n g le s  and t h e  

t o r s i o n  a n g l e s .  Of t h e s e  t h r e e  p a r a m e t e r s ,  t h e  bond l e n g t h s  

a r e  p r a c t i c a l l y  c o n s t a n t  and t h e  bond a n g le s  change on ly  by s m a l l  

a m o u n t s  u?h»cW a f f e c t  t h e  s p a t i a l  f o r m  t o  a r e l a t i v e l y  s m a l l  

d e g r e e ,  t h o u g h  t lne jp lay  a s i g n i f i c a n t  r o l e  i n  d e t e r m i n i n g  t h e  

s t r a i n .  Thus t h e  s p a t i a l  form can be d e s c r i b e d  by s p e c i f i c a t i o n  

o f  t h e  t o r s i o n  a n g le s  (TA) a lo n e ^ .

C h a p t e r  One i n t r o d u c e d  t h e  c o n c e p t  of  g a u c h e  and a n t i

t o r s i o n a l  a r r a n g e m e n t s  i . e .  TA of  60° f o r  the  gauche form and 180°

f o r  t h e  a n t i  f o r m .  I n  many c a s e s  t h e  e x a c t  TAs v a r y  f ro m  t h e s e
2 2i d e a l  v a l u e s  and  t h e  f o l l o w i n g  n o m e n c l a t u r e  i n  t e r m s  o f  

a p p r o x i m a t e  TAs ( ° )  has  been proposed:

TA DESIGNATION SYMBOL

60 + 30 + s y n - c l i n a l +sc

-60 + 30 - s y n - c l i n a l - s c

+180 + 30 + a n t  i - p e r i p l a n a r +ap

0 + 30 + s y n - p e r i p l a n a r +sp

120 + 30 + a n t i - c l i n a l +ac

-120 + 30 - a n t i - c l i n a l - a c

S y n - p e r i p l a n a r  i s  sy n o n y m o u s  w i t h  e c l i p s e d ,  s y n - c l i n a l  w i t h  

g a u c h e  and  a n t i - p e r i p l a n a r  w i t h  a n t i .  I n  t h e  m e d i u m - s i z e d  

r i n g s ,  l o w - e n e r g y  c o n f o r m a t i o n s  w i l l  c o n t a i n  m a in ly  s t a g g e r e d  

c o n f o r m a t i o n s  h a v in g  sc  and ap TAs.

Ano ther  c o n v e n ie n t  way of r e p r e s e n t i n g  t h e  c o n f o r m a t io n  of a 

r i n g ^  s k e l e t o n  b e s i d e s  t h e  one based  on th e  i n d i c a t i o n  of a l l  TAs 

o f  t h e  r i n g  b o n d s ,  i s  by l o o k i n g  a t  t h e  two  a d j a c e n t  t o r s i o n  

a n g l e s  t o  each  member of a s a t u r a t e d  carbon  c h a in  or  r i n g .  (The 

s p a t i a l  e n v i r o n m e n t  of  t h a t  member i s  c h a r a c t e r i s e d  by t h e  

c o n f o r m a t i o n s  o f  i t s  n e a r e s t  n e i g h b o u r s ) .  C o n s i d e r i n g  o n l y
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s t a g g e r e d  s c  and  ap p a r t i a l  c o n f o r m a t i o n s  r e s u l t s  i n  f o u r  

c o n f o r m a t i o n a l  t y p e s  o f  c h a i n  o r  r i n g  m e m b e r s ,  d e s i g n a t e d  a s  

t y p e s  I  t o  IV, as shown below.

TYPE A djacen t  p a r t i a l  confmns

I + s c , - s c  or  - s c , + s c

I I - s c , - s c  or + s c , + s c

I I I - s c , a p  or  + s c , a p

IV a p , ap

The c h a i r  f d r m  o f  c y c l o h e x a n e  c o n s i s t s  e x c l u s i v e l y  o f  t h e  

r i n g  m e m b e rs  o f  c o n f o r m a t i o n a l  t y p e  I .  The medium r i n g s  

h o w e v e r ,  h a v e  c o n f o r m a t i o n s  w h i c h  a r e  com posed  o f  a l l  f o u r  

c o n f o r m a t i o n a l  t y p e s  w h i c h  e x p l a i n s  t h e  s t r i k i n g  d iv e r g e n c e  i n  

t h e  beh a v io u r  of  t h e  m ed iu m -s iz e d  r i n g s  of d i f f e r e n t  s i z e s .

An e v e n  s i m p l e r  n o m e n c l a t u r e  h a s  b e e n  i n t r o d u c e d  by
O / O £

Dale  » , t h e  s o - c a l l e d  "wedge" sys te m , which i s  most  a p p l i c a b l e

and v a l u a b l e  f o r  r i n g s  w i t h  t e n  or more members where t h e  TAs a r e  

n o t  t o o  f a r  f r o m  g a u c h e  o r  a n t i  v a l u e s .  D a l e  a s s i g n s  " s i d e s "  

and " c o r n e r s "  to  a c o n f o r m a t i o n  f o r  naming purposes .  Any carbon  

w i t h  two a d j a c e n t  r i n g  TAs t h a t  a r e  e i t h e r  (+)gauche,(+)gauche or 

( - ) g a u c h e , ( - ) g a u c h e  i s  a c o rn e r .  A t r u e  ^  a x i s  p a s s e s  th rough  

a  c o rn e r  a tom and t h e  e x t e r n a l  s u b s t i t u e n t s  can be c l a s s i f i e d  as  

i s o c l i n a l  and a r e  no t  s t e r i c a l l y  h inde re d^ .  Non-corner  ca rbons  

have one e x t e r n a l  s u b s t i t u e n t  u n h i n d e r e d  ( e q u a t o r i a l - l i k e )  and 

one h i n d e r e d  ( a x i a l - l i k e ) .  The number of bonds be tw een  c o rn e r s  

a r e  p l a c e d  i n  s q u a r e  b r a c k e t s  t o  d e s c r i b e  t h e  c o n f o r m a t i o n .  

D a l e  s u g g e s t s  t h a t  o d d - m e m b e r e d  r i n g s ,  i n  o r d e r  t o  a c h i e v e  t h e  

l e a s t  p o s s i b l e  d e f o r m a t i o n s  a t  t h e  c o r n e r s ,  e x i s t  a s  t h r e e -  o r  

f i v e - c o r n e r e d  c o n f o r m a t i o n s ,  d e s i g n a t e d  a s  t r i a n g u l a r  and
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q u i n q u a n g u l a r , r e s p e c t i v e l y .



2 .2  GENERATED CONFORMATIONS.

A p p l i c a t i o n  o f  t h e  a f o r e m e n t i o n e d  a l g o r i t h m  f o r  GMEC 

l o c a t i o n  u s i n g  t h e  p r e s p e c i f i e d  g e n e r a t o r s  r e s u l t e d  i n  the  l i n e a r  

s t a r t i n g  c h a i n  b e i n g  f o l d e d  up i n  a l l  p o s s i b l e  p e r m u t a t i o n s  of  

t h e  g e n e r a t o r  v a l u e s .  The r e s u l t i n g  c h a in s  were s u b j e c t e d  to  a 

s e r i e s  of c o n s t r a i n t s  and t e s t s  i n  o r d e r  t o  i d e n t i f y  and d i s c a r d  

s t e r i c a l l y  u n r e a s o n a b l e  c o n f o r m a t i o n s .  The r e m a in i n g  conformers  

were examined v i s u a l l y  v i a  t h e  GUCGS and t h o s e  w i t h  e x t r e m e l y  bad 

non-bonded  i n t e r a c t i o n s  a r i s i n g  from o v e r l a p p i n g  CH2 groups were 

r e j e c t e d .

A l l  of  t h e  s u r v i v i n g  c o n fo r m a t io n s  were o p t i m i s e d  u s in g  th e  

two s t a g e  Newton-Raphson e ne rgy  m i n i m i s a t i o n  a l g o r i t h m  d e s c r i b e d  

p r e v i o u s l y .  Some of  t h e  c o n f o r m a t i o n s  w e r e  s e e n  t o  be 

c o n v e r g i n g  t o  t h e  same  m i n i m a  a f t e r  t h e  f i r s t  s t a g e  and t h e s e  

d u p l i c a t e s  w e r e  r e m o v e d  b e f o r e  t h e  s e c o n d  and  f i n a l  s t a g e  of  

m i n i m i s a t i o n .  M i n i m i s a t i o n  was t e r m i n a t e d  when the  e l e m e n t s  of 

t h e  f i r s t  d e r i v a t i v e s  of  e ne rgy  w i t h  r e s p e c t  to  t h e  c o o r d i n a t e s  

were l e s s  t h a n  10- ^ k c a l  mole- '*-

M i n i m i s a t i o n  of f i f t y - o n e  t e n t a t i v e  c o n fo rm a t io n s  r e s u l t e d

i n  a f i n a l  coun t  of  f o u r t e e n  un ique  low -ene rgy  c o n fo r m a t io n s  of

c y c l o u n d e c a n e  and t e n  c o n f o r m a t i o n s  c o r r e s p o n d i n g  t o  e n e r g y
7 fimaxima.  A l l  14 c o n f o r m a t i o n s  a r e  t r u e  l o c a l  energy  minima as  

e v id e n c e d  by th e  c a l c u l a t i o n  of 3N-6 r e a l  v i b r a t i o n a l  f r e q u e n c i e s  

f o r  e a c h ,  w h e r e a s  t h e  10 e n e r g y  max ima p o s s e s s e d  3N-7 r e a l  

v i b r a t i o n a l  f r e q u e n c i e s  and c o r r e s p o n d ,  t h e r e f o r e ,  to  t r a n s i t i o n  

s t a t e s .

T h e  14 l o w - e n e r g y  c o n f o r m e r s  o f  c y c l o u n d e c a n e  a r e

r e p r e s e n t e d  s c h e m a t i c a l l y  i n  F i g u r e s  2.1 -  2 .14 w h i c h  a r e
2 7a r r a n g e d  i n  o r d e r  o f  i n c r e a s i n g  Vg . T h e s e  ORTEP 

r e p r e s e n t a t i o n s  a r e  a n n o t a t e d  w i t h  t h e i r  r i n g  TAs. I t  i s  w o r th  

r em e m b e r in g  t h a t  t h e s e  c a l c u l a t i o n s  produce i d e a l i s e d  s t r u c t u r e s  

which  r e p r e s e n t  an i s o l a t e d  m o lecu le  i n  the  gas phase.
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The 10 t r a n s i t i o n a l  c o n fo r m a t io n s  a r e  drawn i n  F ig u re s  2.15 

— 2 .2 4  w h i c h  a r e  a l s o  a r r a n g e d  i n  o r d e r  of  i n c r e a s i n g  Vg and 
a n n o t a t e d  w i t h  r i n g  TAs.(°)

MM c a l c u l a t i o n s  p r e d i c t  t h e  e x i s t e n c e  of  10 l o w - e n e r g y  

c o n f o r m e r s  f o r  cyc loundecane  d i f f e r i n g  i n  Vg by 3 k c a l  mole" 1 or  

l e s s ,  w i t h  a qu inquangu la r  GMEC, [12323] ,  on ly  0.49 k c a l  mole-1  

e n e r g e t i c a l l y  more  s t a b l e  t h a n  t h e  n e x t  c o n f o r m a t i o n  -  a 

t r i a n g u l a r  [ 3 3 5 ] .  T a b l e  1 r e c o r d s  t h e  Vg o f  e a c h  of  t h e  14 l o w  

e n e rg y  c o n fo r m a t io n s  of cycloundecane.

The energy  m i n i m i s a t i o n  p rocedure  m in im is es  t h e  energy  w i t h  

r e s p e c t  t o  t h e  c a r t e s i a n  c o o r d i n a t e s  and s u p p l i e s  t h e  d e t a i l e d  

g e o m e t r y ,  t h e  s t e r i c  e n e r g y  c o m p o n e n t s  and t h e  t o t a l  Vg , of  

d i f f e r e n t  c o n f o r m a t i o n a l  m in im a  of  one m o l e c u l e .  The Vg 

c o r r e s p o n d s  to  an i s o l a t e d  molecu le  i n  a " h y p o t h e t i c a l  m o t i o n l e s s
q no

s t a t e  a t  0 K " z o . i n  o r d e r  to  c o m p a re  t h e  c a l c u l a t e d  Vg of  a

m o l e c u l e  w i t h  an e x p e r i m e n t a l  q u a n t i t y ,  u s u a l l y  t h e  h e a t  of

f o r m a t i o n ,  AHf^,  ( w h i c h  i s  d e f i n e d  as  t h e  h e a t  a b s o r b e d  o r

r e l e a s e d  upon f o r m a t i o n  of the  compound from t h e  s t a n d a r d  s t a t e s

of  t h e  e l e m e n t s  composing i t )  i t  i s  n e c e s s a r y  to  t a k e  account  of

t h e  e n t h a l p i e s  o f  v i b r a t i o n ,  r o t a t i o n  and  t r a n s l a t i o n  and  t h e

v i b r a t i o n a l  zero  p o i n t  energy .  These can be induced  by making

e m p i r i c a l  c o r r e c t i o n s  ( g r o u p  or  bond c o n t r i b u t i o n s ) ,  or  by

s t a t i s t i c a l  m echanics .  The l a t t e r  r o u t e  i s  cumbersome and n o t

u s e d  h e r e .  I n s t e a d  t h e  g ro u p  i n c r e m e n t  scheme i s  f o l l o w e d

w h i c h ,  a p a r t  f ro m  b e i n g  e a s i e r  t o  u s e  i n  p r a c t i c e ,  p a r t i a l l y

com pensa te s  w i t h i n  i t s e l f  fo r  s m a l l  e r r o r s  which might  be found

i n  t h e  f o r c e  f i e l d .  I t  r e g a r d s  a l l  s t r u c t u r a l  u n i t s  of a g iven

t y p e  as  c o n t r i b u t i n g  e q u a l l y  to  the  o v e r a l l  h e a t  of f o r m a t i o n  of

a m o l e c u l e ,  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 .  T h i s  h e a t  i s  t h e n

s i m p l y  th e  sum of a l l  t h e  a p p r o p r i a t e  e n th a l p y  in c r e m e n t s  added
29to  t h e  Vg. The in c r e m e n t s  were th em s e lv e s  o b t a i n e d  by a l e a s t  

s q u a r e s  p r o c e s s ^  f ro m  t h e  e x p e r i m e n t a l  e n t h a l p i e s  and  s t e r i c  

e n e r g i e s  of a number of s t r u c t u r e s .

One f e a t u r e  i n d i c a t e d  by the  s t a t i s t i c a l  m ec h a n ic a l  approach
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TABLE 1.

CONFMN. TYPE SYMMETRY V„ AV„*" ' —— — —-—  —s —s

1 [12323] C1 12.67 0 .0

2 [335] C1 13.17 0.49

3 [12314] C1 13.32 0 .6 4

4 [13223] c2 13.50 0.83

5 [335] 2 c2 14.20 1.52

6 [334] c2 14.32 1.64

7 [335] 3 C1 14.32 1.64

8 [11324] C1 14.66 1.99

9 [22223] C2 14.98 2 .30

10 [245] C1 15.27 2.59

11 [13223]2 C1 16.30 3.62

12 [344 ] 2 C1 17.63 4.95

13 [12233] C1 19.87 7.19

14 [ 2 4 5 ] 2 C1 23.16 10.48

* AVS w i t h  r e s p e c t  to  t h e  c a l c u l a t e d  GMEC. Both Vg and AVg g iv e n  

i n  k c a l  mole ^ .



is t h a t  s i n c e  t h e  p r i m a r y  c o n t r i b u t i o n s  t o  t h e  e n t h a l p y  of  a 

m o l e c u l e  a t  298K, n a m e l y  t h e  z e r o  p o i n t  e n e r g y ,  and t h e  

v i b r a t i o n a l  t e r m ,  a r e  so v e ry  s i m i l a r  f o r  d i f f e r e n t  co n fo rm a t io n s  

of t h a t  m o le c u 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  

c o n f o r m a t i o n a l  e n e r g y  d i f f e r e n c e s .  F i n a l l y ,  b o t h  m e th o d s  

n e g l e c t  t h e  f a c t  t h a t  i n  t h e  case  of a m olecu le  which i s  f r e e  to  

f l e x ,  t h e  o b s e r v e d  h e a t  o f  f o r m a t i o n  i s  t a k e n  o v e r  a l l  

c o n f o r m a t io n s  p r e s e n t  i n  the  Boltzmann d i s t r i b u t i o n .

I t  i s  i m p o r t a n t  to  remember t h a t  c a re  shou ld  be t a k e n  when 

e q u a t i n g  d i f f e r e n c e s  i n  s t e r i c  e n e r g y ,  d i f f e r e n c e s  i n  e n t h a l p y  

and  d i f f e r e n c e s  i n  f r e e  e n e r g y .  E n e r g y  i s  more  i n t u i t i v e l y  

c o n v e n i e n t  w h i l e  e n t h a l p y  i s  m o r e  e x p e r i m e n t a l l y  a n d  

t h e r m o d y n a m i c a l l y  c o n v e n i e n t  and t h e y  a r e  i n t e r r e l a t e d  by PAV 

t e r m s ,  AH = AE + PAV. U s u a l l y  t h e  e r r o r s  i n  t h e s e  t e r m s  a r e  

s m a l l  u n d e r  t h e  c o n d i t i o n s  of  i n t e r e s t  i . e .  298K and  1 a t m o s .  

p r e s s u r e .

Free  energy i s  t h e  thermodynamic v a r i a b l e  which d e te r m in e s  

r e l a t i v e  s t a b i l i t y :  AG = AH -  TAS = -RTlnK , w h e r e  AH i s  t h e

e n t h a l p y  c h a n g e  and K i s  t h e  e q u i l i b r i u m  c o n s t a n t .  From t h i s  

e q u a t i o n ,  i t  i s  e v i d e n t  t h a t  t h e  f r e e  e n e r g y  i s  c om pose d  o f  an 

e n t h a l p y  term as w e l l  as  an e n t r o p y  te rm.  The e n th a l p y  change 

i s  e s s e n t i a l l y  t e m p e r a t u r e  i n d e p e n d e n t  w h e r e a s  i n c r e a s i n g  t h e  

t e m p e r a t u r e  i n c r e a s e s  t h e  e n t r o p y  t e r m .  I n  m o s t  c a s e s ,  n e a r  

a m b ie n t  t e m p e r a t u r e s ,  the  e n th a l p y  te rm  d om ina te s .  As such i t  

i s  u s u a l l y  s a f e  to  assume t a c i t l y  t h a t  i n f o r m a t i o n  about  AH i s  

c o n c e p t u a l l y  e q u i v a l e n t  to  t h a t  about  AG.

The MM c a l c u l a t i o n s  i n d i c a t e  t h a t  c y c l o u n d e c a n e  a t  room

t e m p e r a t u r e  i s  p robab ly  a m ix tu re  of s e v e r a l  c o n fo r m a t io n s  and

a l t h o u g h  a t  low t e m p e r a t u r e s  t h e r e  may be f e w e r  c o m p o n e n t s

p r e s e n t  t h e r e  i s  s t i l l  a m ix t u re .  Evidence to  s u p p o r t  t h i s  has
31 32come from NMR i n v e s t i g a t i o n s  of cyc loundecane  » : t h e  251-MHz

and 63.1-MHz 13C NMR s p e c t r a  f o r  cyc loundecane  from -5° t o  -170° 

C h a v e  b e e n  r e p o r t e d .  The l R NMR s p e c t r u m  c o n s i s t s  o f  a s i n g l e
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a b s o r p t i o n  above - 1 4 0 ° C ( a p p r o x i m a te l y ) .  Below t h i s  t e m p e r a t u r e

t h e  r e s o n a n c e  l i n e  b r o a d e n s  and  a t  - 1 5 2 ° C t h e  l i n e  s h a p e  i s

a p p r o x i m a t e l y  L o r e n t z i a n  w i t h  a w i d t h  o f  c a .  50 Hz. At  -164°C

t h e  s p e c t ru m  c o n s i s t s  of a r e l a t i v e l y  sha rp  a b s o r p t i o n  ( w id th  ca.

50 Hz) on top  of an u n s y m m e t r i c a l  b road  base  (w id th  ca. 200 Hz.). 
13The C NMR s p e c t r u m  of  c y c l o u n d e c a n e  c o n s i s t s  of  a s i n g l e  

r e l a t i v e l y  s h a r p  l i n e  a b o v e  a b o u t  - 1 4 0 ° C. B e l o w  t h i s  

t e m p e r a t u r e  t h e  r e s o n a n c e  l i n e  b r o a d e n s  a p p r e c i a b l y ,  r e a c h i n g  

maximum b r o a d e n i n g  ( w i d t h  c a .  200 Hz) a t  a b o u t  -157°C and t h e n

s h a rp e n s  a g a i n  ( w i d th  ca.  125 Hz) w i t h  no o b s e r v a b l e  new peaks a t
0- 1 6 4  C. T h i s  b e h a v i o u r  i s  i n d i c a t i v e  of  e x c h a n g e  b e t w e e n  two 

c o n f o r m a t io n s  w i t h  r a t h e r  d i f f e r e n t  p o p u l a t i o n s .

Low t e m p e r a t u r e  NMR s p e c t r a  p r o v i d e  s e v e r a l  p i e c e s  of  

i n f o r m a t i o n .  I f  t h e  t e m p e r a t u r e  i s  s u f f i c i e n t l y  low,  the  r a t e s  

of  c o n f o r m a t i o n a l  i n t e r  c o n v e r s io n s  may become much lower  t h a n  t h e  

r a t e  of t h e  n u c l e a r  t r a n s i t i o n  observed,  t h u s ,  t h e r e  i s  s e p a r a t i o n  

o f  one peak i n t o  two or more peaks.  The r a t i o  of t h e  peak a r e a s  

g i v e s  t h e  r a t i o  of the  c onfo rm ers  p r e s e n t  and an e s t i m a t e  of  t h e  

c o n f o r m a t i o n a l  f r e e  e n e r g y .  An a d d i t i o n a l  u s e f u l  p i e c e  of 

i n f o r m a t i o n  c a n  a l s o  be o b t a i n e d  f rom  low t e m p e r a t u r e  NMR 

s p e c t r a :  i f  t h e r e  a r e  two or more c o n fo r m a t io n s  i n  e q u i l i b r i u m ,

th e  compound w i l l  show a low t e m p e r a t u r e  spec t rum  which i s  r e a l l y  

t h e  s e p a r a t e  s p e c t r a  of  t h e  c o n f o r m a t i o n s  supe r im posed ,  and an 

h i g h  t e m p e r a t u r e  s p e c t r u m  w h i c h  i s  a s i n g l e  s p e c t r u m  of  an  

a ve ra ge d  c o n fo r m a t io n .  The b a r r i e r s  to  i n t e r c o n v e r s i o n  can be 

c a l c u l a t e d  from a knowledge of the  c o a l e s c e n c e  t e m p e r a t u r e ,  which 

c a n  be e s t i m a t e d  by o b s e r v a t i o n  of  t h e  t r a n s i t i o n  f ro m  t h e  low 

t e m p e r a t u r e  spec t rum  to  the  h igh  t e m p e r a t u r e  spec t rum .  The NMR 

s p e c t r a l  s t u d i e s  on c y c l o u n d e c a n e  i n d i c a t e  s e p a r a t i o n  o f  two 

c o n f o r m a t i o n s  a t ,  or  b e l o w ,  —140 C i n  t h e  r a t i o  ( 8 5 —70)% : (15 — 

30)% w i t h  a f r e e  e n e r g y  d i f f e r e n c e  of  b e t w e e n  0.2 a nd  0.4 k c a l  

m o l e - 1 . T h i s  i s  i n  good a g r e e m e n t  w i t h  t h e  f o r c e  f i e l d  

c a l c u l a t i o n s  which show the  [12323] and [335] c o n fo r m a t io n s  to  

have a Vg d i f f e r e n c e  of  0.49 k c a l  mole 1.

Anet^3 e t  a l  i n t e r p r e t  t h e s e  r e s u l t s  to  mean t h a t  t h e  major
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c o n f o r m a t i o n  i s  t h e  [335]  and  t h e  m in o r  c o n f o r m a t i o n  i s  t h e  

[12323]  which  t h e y  c a l c u l a t e  to  have t h e  same Vg v a lu e .  This  

c o n f l i c t s  w i t h  t h e  p r e s e n t  r e s u l t s  w h i c h  p r e d i c t  t h e  m a j o r  

con fo rm er  to  be t h e  [12323]  and the  minor  one, t h e  [335] .  Both 

i n t e r p r e t a t i o n s  a r e  f e a s i b l e  as the  NMR s p e c t r a  a r e  too complex 

to  a n a l y s e  c o m p l e t e l y .

F o r c e  f i e l d  c a l c u l a t i o n s  have  b e e n  p e r f o r m e d  on v a r i o u s  

c o n f o r m a t io n s  of c y c l o u n d e c a n e  by o t h e r  w o r k e r s ^ , ^ , ^ » ^  and 

t h e s e  c a l c u l a t e d  s t r u c t u r e s  have comparab le  c o n fo r m a t io n s  to  some 

c a l c u l a t e d  h e r e  as  shown i n  T a b l e  2. The m o s t  r e c e n t  o f  t h e s e  

MM c a l c u l a t i o n s  h a s  b e e n  c a r r i e d  o u t  by Anet  and Raw dah33 who 

p r e d i c t  the  e x i s t e n c e  of s i x  low -en e rg y  c onfo rm ers  (as opposed to  

t h e  t e n  c a l c u l a t e d  h e r e )  d i f f e r i n g  i n  Vg by 3 k c a l  m o l e -  ̂ o r  

l e s s .  Tab le  3 r e c o r d s  the  energy  c o n t r i b u t i o n s  to  t h e  t o t a l  Vg 

f o r  t h e s e  s i x  c o n fo r m a t io n s  as c a l c u l a t e d  by Anet and Rawdah i n  

com par i son  to  the  r e s u l t s  of t h e  p r e s e n t  s tudy .

C o r r e l a t i o n  b e t w e e n  TAs i s  good ,  a s  i n d i c a t e d  i n  T a b l e  2 ,
o ,

w i t h  d e v i a t i o n s  of w i t h i n  + 4 f o r  Anet s r e s u l t s  and th e  p r e s e n t

s t u d y .  H ow e ver ,  t h e  c a l c u l a t e d  s t r a i n  e n e r g i e s  f o r  t h e s e  two

s t u d i e s  d i f f e r  by + 4.5 k c a l  m o l e ” ^. A ne t  u s e s  t h e  c o n s i s t e n t

f o r c e  f i e l d  o f  Boyd3 ^ (BFF) a s  o p p o s e d  t o  t h e  WBFF22 u s e d  h e r e .

The BFF r e l i e s  h e a v i l y  on v i b r a t i o n a l  f r e q u e n c i e s  t o  e n s u r e  a

s a t i s f a c t o r y  excess  of observed  over c a l c u l a t e d  f o r c e  c o n s t a n t s

and  t h i s  h a s  b e e n  f o u n d  t o  be a t  t h e  e x p e n s e  of  a c c u r a c y  i n  t h e

thermodynamic  d a t a 35. The WBFF, however ,  was p a r a m e t e r i s e d  by

t r i a l  and e r r o r  methods and was based on e n th a l p y  and s t r u c t u r a l

d a t a  o n l y  w i t h  n e g l e c t  o f  v i b r a t i o n a l  f r e q u e n c i e s  f o r

thermodynamic  da ta .  Another a r e a  of  d i s a g r e e m e n t  b e t w e e n  t h e

tw o  f o r c e  f i e l d s  i s  i n  t h e  t r e a t m e n t  o f  t h e  v a r i o u s  n o n - b o n d e d

i n t e r a c t i o n s  ( H . . . .H ,  C . . . .H  a n d  C . . . . C ) .  The BFF h a s  a n

" h a r d e r "  H....H p o t e n t i a l 29 i . e .  a t  s h o r t  H....H d i s t a n c e s  ( w i t h

rtTTT c a .  2 X) t h e  H....H p o t e n t i a l  i n c r e a s e s  more  r a p i d l y  as  t h e  
HH

r utI d i s t a n c e  d e c r e a s e s .  One c o n s e q u e n c e  o f  e m p l o y i n g  " h a r d "  
HH

H... .H p o t e n t i a l s  i s  t h a t  bond l e n g t h s  may be o v e r e s t i m a t e d  a s
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TABLE 3. : A l l  e ne rgy  v a lu e s  g iv e n  i n  k c a l  mole

CONFMN. REFERENCE
I b l a h . I s A l e

[12323] * 0.61 4.53 4.39 3.14 12.67 0 . 0 a

Anet22 0 .83 4.21 5.53 5.63 16.2 o . o b

D a le 24 16.1 o . o c

[335] * 0.62 3.62 5.44 3.49 13.17 0 .4 9 a

Anet 0 .80 3.13 6.42 5.86 16.2 0 . 0 b

[12314] * 0.55 3.35 6.60 2.82 13.32 0 .6 4 a

Anet 0.77 2.83 8.38 5.37 17.4 1 . 2b

E n g l e r -̂2 15.32 0 . 0 d

[13223] * 0.63 5.87 3.99 3.01 13.51 0 .8 3 a

Anet 0.89 5.75 5.34 5.70 17.7 1 . 5 b

Dale 17.0 0 .9 °

[344] * 0.62 3.45 6.50 3.74 14.32 1 .64a

Anet 0 .80 2.90 7.52 6.18 17.4 1. 2b

[245] * 0.71 5.08 5.49 3.99 15.27 2 .5 9 a

Anet 0 .94 4.56 6.83 6.57 18.9 2 .7b

Dale 18.7 2 . 6C

* R e s u l t s  from p r e s e n t  s tu d y ,  

a : w . r . t .  GMEC [12323]* 

b : w . r . t .  A n e t ' s  GMEC 

c : w . r . t .  D a l e ' s  GMEC 

d : w . r . t .  E n g l e r ' s  GMEC



se en  i n  s e v e r a l  c a l c u l a t i o n s 36 i n v o l v i n g  t h e  BFF. I t  has  been 
29o b s e r v e d  t h a t  an a c c e p t a b l e  b a l a n c e  of  f o r c e s  b e t w e e n  t h e  

d i f f e r e n t  f u n c t i o n s  i n  t h e  f o r c e  f i e l d  must  be employed o t h e r w i s e  

s e r i o u s  c o n s e q u e n c e s  c a n  r e s u l t  -  i n c o r r e c t  g e o m e t r i c a l  

p a r a m e t e r s ,  h e a t s  of  f o r m a t i o n ,  c o n f o r m a t i o n a l  e n e r g i e s  (and  

hence  minimum energy  c o n fo r m a t io n s )  and i n c o r r e c t  i n t e r p r e t a t i o n  

o f  t r e n d s  i n  m o l e c u l a r  p r o p e r t i e s .  The  WBFF h a s  b e e n  

e x t e n s i v e l y  t e s t e d  and the  average  a b s o l u t e  d i f f e r e n c e s  be tween  

t h e  o b s e r v e d  and  c a l c u l a t e d  v a l u e s  of  93 g e o m e t r i c  p a r a m e t e r s  

a m o u n t s  t o  0 .009  X, 0.6 and  0.9 i n  bond  l e n g t h s ,  bond a n g l e s  

and t o r s i o n  a n g l e s ,  r e s p e c t i v e l y .  The c o r r e s p o n d in g  f i g u r e s  f o r  

e n t h a l p i e s  o f  f o r  m a t i o n / h y d r o g e n a t i o n  o f  60 a s s o c i a t e d  

h y d r o c a r b o n s  i s  0 .55  k c a l  mole  An i n t e r e s t i n g  c o r r e l a t i o n

i n  T a b l e  3 i s  t h a t  b o t h  s t u d i e s  p r e d i c t  c o n f o r m e r  3 i . e .  t h e  

[12314] ,  to  have th e  l o w e s t  bond energy,  ang le  energy  and van der 

W a a l s  i n t e r a c t i o n  e n e r g y  w h i l e  h a v i n g  t h e  h i g h e s t  t o r s i o n a l  

s t r a i n  of t h e  r e c o r d e d  c o n fo rm a t io n s .  S i m i l a r l y ,  conformer  4, 

t h e  [ 1 3 2 2 3 ]  i s  c a l c u l a t e d  t o  ha v e  t h e  h i g h e s t  v a l e n c e  a n g l e  

e n e r g y  and  t h e  l o w e s t  t o r s i o n a l  e n e r g y  w h i l e  c o n f o r m e r  1 0 , t h e  

[245]  has  t h e  h i g h e s t  bond s t r a i n  and van der  Waals i n t e r a c t i o n  

e n e rg y  of t h e s e  s i x  c o n f o r m a t io n s ,  i n  both s t u d i e s .

T a b l e s  2 and  3 a l s o  i n c l u d e  c o n f o r m a t i o n a l  r e s u l t s  f o r

c y c l o u n d e c a n e  f r o m  o t h e r  w o r k e r s .  D a le  e m p l o y s  a s e m i -

q u a n t i t a v e  method f o r  c a l c u l a t i o n  of the  c o n f o r m a t i o n a l  energy  of

c y c l o a l k a n e s .  Such a method employs c o n s i d e r a b l e  a p p ro x im a t io n s

and s e l e c t i o n  of  c o n f o r m a t i o n a l  c a n d i d a t e s  by o b s e r v a t i o n  of

F i e s e r - D r e i d i n g  m o le c u la r  models i s  of dubious u t i l i t y  when t h e r e

a r e  a l a r g e  number of  l o w - e n e r g y  c o n f o r m a t i o n a l  p o s s i b i l i t i e s .

H o w e v e r ,  t h e r e  i s  g e n e r a l  a g r e e m e n t  b e t w e e n  t h e  [ 1 2 3 2 3 ] ,  t h e

[ 1 3 2 2 3 ]  and  t h e  [245]  c o n f o r m a t i o n s  o b t a i n e d  h e r e  and  t h o s e
o

r e p o r t e d  by D a l e .  The TAs a g r e e  g e n e r a l l y  t o  w i t h i n  + 20 and  

a l t h o u g h  t h e  s t r a i n  e n e r g i e s  c a l c u l a t e d  by Dale and Anet a g re e  to  

w i t h i n  + 1 k c a l  m o le -1  t h i s  a p p e a r s  t o  be c o i n c i d e n t a l  r a t h e r  

t h a n  c o r r e l a t i v e .  S e v e r a l  d i s c r e p a n c i e s  a r i s e  b e t w e e n  D a l e ' s  

r e s u l t s  and t h o s e  of  t h e  p r e s e n t  s t u d y :  he p r e d i c t s  a [344]

c o n f o r m a t i o n  t o  be t h e  GMEC w h i c h  i s  c a l c u l a t e d  h e r e  t o  be a
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s y m m e t r i c a l  t r a n s i t i o n  s t a t e  by the  appearance  of 3N-7 p o s i t i v e  

e i g e n v a l u e s  f o r  t h e  m a t r i x  o f  s e c o n d  d e r i v a t i v e s  o f  V . D a le  

s u g g e s t s  t h a t  a l t h o u g h  t h e  [12323 ]  h a s  l o w e s t  V , i t  i s  an  i l l -  

d e f i n e d  s t a t e  i n t e r m e d i a t e  i n  c h a r a c t e r  be tw een  a t r i a n g u l a r  and 

q u i n q u a n g u l a r  s t r u c t u r e ,  whereas  i t  i s  p r e d i c t e d  t o  be t h e  GMEC 

i n  t h e  p r e s e n t  s t u d y .  The s y m m e t r i c a l  [335]  c o n f o r m a t i o n  

c o n s i d e r e d  by Dale  c o r r e s p o n d s  to  a maximum energy  con fo rm a t io n  

com parab le  t o  one p r e d i c t e d  bo th  by the  p r e s e n t  work and by Anet.

12S c h l e y e r  e t  a l  e x a m i n e d  o n l y  two c o n f o r m a t i o n s  of 

c yc lounde c ane ,  one of  which  c o r r e s p o n d s  to  an energy  minimum, t h e  

[12314] ,  c a l c u l a t e d  to  have a s t r a i n  energy  of 15.2 k c a l  mole- ^. 

The o t h e r  s t r u c t u r e  i s  t h e  s y m m e t r i c a l  [344] confo rmer  a l s o  found 

by D a l e ,  Anet  and B ix o n  and  L i f s o n ^  w h i c h  t h e y  s u g g e s t  i s  an 

e n e r g y  minimum b u t  w h i c h  i s  c a l c u l a t e d  h e r e  to  be an e n e r g y  

maximum. Anet  s u g g e s t e d  t h a t  t h i s  c o n f o r m a t i o n  l i e s  on a 

r e l a t i v e l y  f l a t - b o t t o m e d  energy  w e l l  whereas  t h e  p r e s e n t  a n a l y s i s  

p r e f e r s  a f l a t - t o p p e d  energy hump. S c h le y e r ' s  f o rc e  f i e l d ,  l i k e  

t h e  WBFF, i s  p a r a m e t e r i s e d  u s i n g  o n l y  s t r u c t u r a l  and  e n t h a l p y  

d a t a  b u t  e m p l o y s  H....H p o t e n t i a l s  w h ic h  o v e r e s t i m a t e  t h e  

r e p u l s i v e  t e r m  i . e .  t h e  H....H p o t e n t i a l s  a r e  t o o  h a r d ,  w h i c h  

l e a d s  to  e r r o r s  i n  t h e  r e s u l t s .

The p r e s e n t  work p r e d i c t s  the  e x i s t e n c e  of 10 e ne rgy  maxima 

-  some o f  w h i c h  a r e  v e r y  s i m i l a r  i n  c o n f o r m a t i o n  and  e n e r g y  

s u g g e s t i n g  broad maxima a t  t h e s e  p o i n t s  -  which l e a v e s  5 un ique  

t r a n s i t i o n a l  s t a t e s .  A l l  t r a n s i t i o n a l  confo rm ers  a r e  drawn i n  

F i g u r e s  2.15 -  2.24 and can be s e p a r a t e d  i n t o  t h e  5 un ique  s t a t e s  

as  f o l l o w s :

Irj, F i g u r e s  2 .15 -  2.17

2 rji F i g u r e  2.18

3,j. F i g u r e s  2 .19 -  2 .22

4rj, F i g u r e  2.23

5t F i g u r e  2 .2 4
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T h e i r  TAs a r e  r e c o r d e d  i n  T a b l e  4 w i t h  t h e  s u b s c r i p t  T 

i n d i c a t i n g  t h e y  a r e  ene rgy  maxima — a ve raged  v a lu e s  a r e  r e c o r d e d  
f o r  1T a n d  3 T.

The f i r s t  t h r e e  c o n fo r m a t io n s  have a p p ro x im a te  C£ symmetry

w h i l e  4 t  a nd  5 T h a v e  C  ̂ s y m m e t r y .  I n c l u d e d  i n  T a b l e  4 a r e  t h e

c o r r e s p o n d i n g  r e s u l t s  f rom o t h e r  workers  w h i l e  Table  5 r e c o r d s

the  e ne rgy  c o n t r i b u t i o n s  of each ( a g a in  w i t h  averaged  v a lue s  f o r

1 x anc  ̂ 3rj0. A scheme f o r  t h e  i n t e r  c o n v e r s io n s  of cyc loundecane

c o n f o r m a t i o n s  h a s  b e e n  p r o p o s e d  by D a l e ^ * ^  and  s u p p o r t e d  by 
33Anet . The s e m i - q u a n t i t a t i v e  c a l c u l a t i o n s  of Dale p r e d i c t  t h e  

c o n f o r m a t i o n a l  energy  of the  c y c lo a lk a n e s  by th e  r e l a t i o n s h i p  

b e t w e e n  TAs and t h e  c o r r e s p o n d i n g  t o r s i o n a l  e n e r g y  i n  t h e  

p o t e n t i a l  e n e r g y  c u r v e  f o r  i n t e r n a l  r o t a t i o n  a b o u t  t h e  c e n t r a l  

bond  i n  b u t a n e .  Ang le  s t r a i n ,  t h e r e f o r e ,  i s  n e g l e c t e d .  Anet  

and coworkers  u sed  Dale 's  scheme as a b a s i s  fo r  i t e r a t i v e  f o r c e  

f i e l d  c a l c u l a t i o n s  on t h e  t r a n s i t i o n  s t a t e s  f o r  t h e  

i n t e r c o n v e r s i o n s .  I t  i s  no t  s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  Anet 's  

r e s u l t s  s u p p o r t  t h o se  of Dale.  The energy maxima p r e d i c t e d  i n  

t h i s  s t u d y  do n o t  h a v e  a n a l o g o u s  c o n f o r m a t i o n s  i n  D a l e ' s  ( o r  

A ne t 's )  scheme and a r e  of much lower  Vg t h a n  t h o s e  c a l c u l a t e d  by 

e i t h e r  D a l e  o r  A n e t .  H ow e ver ,  s i n c e  t r a n s i t i o n  s t a t e s  a r e  by 

t h e i r  n a t u r e  u n o b s e r v a b l e  s p e c i e s  t h e r e  a r e  no s t r u c t u r a l  or  

s p e c t r o s c o p i c  d a t a  w i t h  which to  check the  c a l c u l a t e d  r e s u l t s .

The o n l y  s t r a i n - f r e e  s a t u r a t e d  c a r b o n  s k e l e t o n s  a r e  t h o s e
3 7w h i c h  c a n  be d e r i v e d  f ro m  t h e  d iam ond  l a t t i c e  . T h i s  means  

t h a t  o n l y  e v e n - m e m b e r e d  c a r b o n  r i n g s  and  h i g h e r  c a n  have  

s k e l e t o n s  w i t h o u t  t o r s i o n a l  s t r a i n ,  b u t  t h e  8- ,  10-  and  12-

membered r i n g s  a r e  s t r a i n e d  because  of r e p u l s i o n  be tw een  hydrogen 

a t o m s  p o i n t i n g  i n  t o w a r d s  t h e  c e n t r e  of  t h e  r i n g .  The o d d -  

m em b e re d  medium r i n g s  p o s s e s s  i n h e r e n t  s t r a i n  w h ic h  c a n  be 

d i s t r i b u t e d  i n  v a r i o u s  ways w i t h o u t ,  or  w i t h  o n l y  l i t t l e ,  

d i f f e r e n c e  i n  energy.  The unde te rm ined  n a t u r e  of odd-membered 

r i n g s  i s  r e f l e c t e d  i n  the  c r y s t a l  s t r u c t u r e  of  c y c l o n o n y l a m i n e  

hydrogen  b r o m i d e ' ^  which c o n ta i n s  two s i m i l a r  confo rm ers  fo r  the  

n i n e —member ed r i n g ,  which d i f f e r  i n  t h e  p o s i t i o n  of  a t t a c h m e n t  of
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t ab l e  5. : A l l  e n e r g y  v a l u e s  a r e  g i v e n  i n  k c a l  

mole- -*-.

CONFMN. REFERENCE V„ V„ V„ AV■ _ d —a "W "ir ■ .s —{

* 0.57 2.99 7.06 3.56 14.17 1 .50a

D a l e ^ 16.6 0 .5 b

A n e t ^ 0 .82 2 .20 0.50 6.59 18.2 2 . 0°
* 0.51 2.99 2.87 7.85 14.23 1.56a
* 0.78 3.41 5.77 5.13 15.09 2 .4 2 a

Dale 16.4 0 .3 b

Anet 0.93 2 .88 6.51 7.51 17.8 1 . 6C

E n g l e r ^ 18.07 2.7 5^

Bixon10 10.77 -
* 0.61 4.89 6.54 3.34 15.38 2 .7 1 a
* 0 .7 2 7.85 9.49 4.07 22.13 9 . 4 5 a

* R e s u l t s  from t h e  p r e s e n t  s tudy  

a : w . r . t .  [12323] GMEC *

b : w . r . t .  D a l e ' s  GMEC

c : w . r . t .  A n e t ' s  GMEC

d : w . r . t .  E n g l e r ' s  GMEC



t h e  amine f u n c t i o n .  The r e s u l t  of t h e  s t r u c t u r e  a n a l y s i s  of t h e  

t r i c l i n i c  m o d i f i c a t i o n  of  t h e  d i h y d r o c h l o r i d e  of  t r a n s - 1 , 6-
O Q

d i a m i n o c y c l o d e c a n e  r e v e a l s  t h a t  t h e r e  a r e  two g r o u p s  of

hydrogen  a tom s ,  t h r e e  above th e  r i n g  and t h r e e  below,  which a r e

s u b j e c t e d  to  an h i g h  degree  of s t e r i c  com pres s ion  and t h u s  d i r e c t

c o n f i r m a t i o n  i s  p r o v id e d  of  t h e  r e a l i t y  of t r a n s a n n u l a r  s t r a i n .

M os t  s u r p r i s i n g l y ,  h o w e v e r ,  t h e  s t r u c t u r e  shows p r a c t i c a l l y  no

P i t z e r  s t r a i n ,  t h i s  f a v o u r a b l e  a r r angem en t  be ing  accommodated by

d e f o r m a t i o n  of  t h e  C-C-C r i n g  a ng le s  to  an expanded average  v a lu e

of  117°. A s i m i l a r  t r a n s a n n u l a r  com pre s s ion  of hydrogen atoms

i s  r e v e a l e d  i n  cyc lonony l  ammonium bromide which has a much l e s s

r e g u l a r  shape f o r  the  n ine-membered  r i n g .  Once a g a in  t h e  C-C-C

a n g l e s  p o s s e s s  an expanded v a lu e  a v e ra g in g  117°.  Unlike  t h o s e

i n  t h e  ten-membered  r i n g ,  the  p a r t i a l  c o n fo r m a t io n s  around th e

n i n e - m e m b e r e d  r i n g  a r e  n o t  a l l  f a v o u r a b l y  s t a g g e r e d  and t h u s

P i t z e r  s t r a i n  do e s  make some c o n t r i b u t i o n  t o  t h e  h i g h  e n e r g y

c o n t e n t  of t h e  l a t t e r .  As mentioned p r e v i o u s l y ,  the  imm edia te

m o l e c u l a r  e nv i ronm en t  of a r i n g  m ethy lene  group may be d e f in e d  by
23i t s  r e l a t i o n s h i p  to i t s  two f l a n k i n g  p a i r s  of m ethy lene  groups 

Examples  of  such f i v e - c a r b o n  c o n fo r m a t io n s  were shown p r e v i o u s l y  

and a r e  r e f e r r e d  to  as types  I  to  IV. Confo rmat io n  I  occu rs  s i x  

t i m e s  i n  the  c h a i r  form of cyc lohexane  and c o n f o r m a t io n  IV i s  the  

f a m i l i a r  z i g - z a g  a r rangem en t  of the  p a r a f f i n s .  In  the  medium

s i z e d  r i n g s ,  t y p e s  I I  and  I I I  p l a y  an i m p o r t a n t  r o l e  and an  

a n a l y s i s  o f  t h e  p r e d i c t e d  l o w - e n e r g y  c o n f o r m a t i o n s  o f  

cyc loundecane  i n  t e rm s  of ty p es  I  t o  IV i s  g iven  i n  Table  6.

C o m p a r i s o n  o f  c o n f o r m e r s  1 a n d  2 r e v e a l s  a common  

a r r a n g e m e n t  over  n in e  r i n g  atoms as  i n d i c a t e d  below:

[12323] 164 -57 -69 76 64 -163 93 -81 128 -68  -75

[335] 171 -64  -57 98 -123 158 -62  -62 137 -65 -62

C o r r e l a t i o n  of  t h e  r i n g  TAs° f o r  t h e  GMEC [12323] and n e x t  l o w e s t  

e n e rg y  confo rm er  [335] of  cyc loundecane .
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TABLE _6 j_ A n a l y s i s  of  P a r t i a l  Confmns.  

(Types I  jto IV) p r e s e n t  i n  Cyloundecanes .

)NFMN. I I I I I I IV

1 2 3 6 0

2 1 3 6 1

3 3 1 6 1

4 4 3 4 0

5 4 1 6 0

6 2 3 6 0

7 2 2 6 1

8 2 1 6 2

9 4 5 2 0

10 3 3 4 0

11 4 3 4 0

12 1 3 6 1

13 2 5 4 0

14 4 5 2 0



The d i f f e r e n c e  be tw een  t h e s e  confo rm ers  r e s u l t s  i n  conformer 1 

h a v ing  a more f a v o u r a b l e  type  I  a r r a n g e m e n t  as  opposed to  a type  

IV -  t h i s  i s  r e f l e c t e d  i n  t o r s i o n a l  s t r a i n  e n e r g i e s  o f  t h e  two 

c o n f o r m a t i o n s .  C o n f o r m e r  1 h a s  some o b v i o u s l y  u n f a v o u r a b l e  

f e a t u r e s :  two  t r i a n g l e s  o f  h y d r o g e n  a t o m s  above  and b e lo w  t h e

c e n t r a l  p l a n e  of  t h e  r i n g  a r e  squeezed  t i g h t l y  t o g e t h e r  to  give  

n o n - b o n d e d  c o n t a c t s  i n  t h e  r a n g e  1.92 -  2.26 & w h ich  a r e

s i m i l a r  t o  t h o s e  found i n  cyc lonony l  ammonium bromide  and 1, 6-  

d i a m in o c y c lo d e c a n e .  Some of the  v a le n c e  a n g le s  i n  [12323] a r e  

widened t o  117 i n s t e a d  of t h e  no rm a l  112.5 found i n  u n s t r a i n e d  

p o l y m e t h y l e n e  c h a i n s .  T h i s  s u g g e s t s  t h e r e  w i l l  be d e c i d e d  

Baeyer s t r a i n  and non-bonded i n t e r a c t i o n  energy  which i s ,  i ndeed ,  

t h e  c a s e .

C o n f o r m e r  2 h a s ,  i n  D a le  n o m e n c l a t u r e ,  f e w e r  c o r n e r s  t h a n  

con fo rm er  1 which,  i n  t u r n ,  means t h a t  i t  w i l l  have more i n t r a -  

a n n u l a r  H....H i n t e r a c t i o n s .  F i g u r e  2.25 i s  s u g g e s t i v e  a s  t o  

j u s t  wh ich hydrogens  a r e  inv o lv e d  i n  t r a n s a n n u l a r  i n t e r a c t i o n s  i n  

c o n fo rm er s  1 t o  4. I t  i s  found t h a t  conformer  2 has  reduced th e  

B a e y e r  s t r a i n  w i t h  r e s p e c t  t o  c o n f o r m e r  1 a t  t h e  e x p e n s e  o f  a 

c o n s i d e r a b l e  amount of P i t z e r  s t r a i n .  Some of the  C-C-C ang le s  

a r e  widened r e s u l t i n g  i n  an average  va lu e  fo r  t h e s e  r i n g  a n g le s  

o f  115°.

The components of t h e  t o t a l  Vg f o r  each of t h e  14 l o w -en e rg y  

c o n f o r m e r s  of  c y c l o u n d e c a n e  a r e  r e c o r d e d  i n  T a b l e  7: i t  i s

r e a d i l y  s e e n  t h a t  i n  a l l  c a s e s  t h e  bond s t r a i n  i s  l e s s  t h a n ,  or  

e q u a l  t o  5% o f  t h e  t o t a l  Vg and t h e  van  d e r  W aals  i n t e r a c t i o n  

e n e r g y  a c c o u n t s  f o r  20-25% o f  Vg. The r e m a i n i n g  70-75% i s  

a p p o r t i o n e d  be tween  Baeyer and P i t z e r  s t r a i n .

Both H end r ickson9 and A l l i n g e r ^ 1 have s tu d i e d  th e  t r e n d s  in  

en e rg y  components o f  Vg in  medium r i n g s :  H endrickson  s u g g e s t s

t h a t  t o r s i o n a l  s t r a i n  in c r e a s e s  to  a peak f o r  cyc lononane , Baeyer 

s t r a i n  i n c r e a s e s  and  d e c r e a s e s  i n  a z i g - z a g  f a s h i o n  f ro m  e v e n  

x in g s  ro odd r i n g s  and non—bonded i n t e r a c t i o n  energy  in c r e a s e s  to  

a peak a t  c y c lodecane . A l l i n g e r ,  however, c a l c u l a t e s  th e  m ajor
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TABLE 7. : All energy values given in
kca l . mole'-1 •

)NFMN. I I — r l a Iw I s

1 0.61 3.14 4.53 4.39 12.67

2 0 .6 2 3.49 3.62 5.44 13.17

3 0.55 2.82 3.35 6.60 13.32

4 0.63 3.01 5.87 3.99 13.50

5 0.51 2.98 2.87 7.83 14.20

6 0 .6 2 3.74 3.45 6.50 14.32

7 0.58 3.14 3.58 7.02 14.32

8 0 .58 3.28 3.40 7.40 14.66

9 0.74 3.49 8.30 2.44 14.97

10 0.71 3.99 5.08 5.50 15.27

11 0.62 3.28 5.44 6.95 16.30

12 0 .7 8 4.53 5.53 6.79 17.63

13 0.84 4.54 8.69 5.80 19.87

14 0 .8 8 4.57 11.34 6.36 23.16



c o n t r i b u t i o n s  to  t h e  s t r a i n  i n h e r e n t  i n  t h e s e  medium r i n g s  to  be 

a c o n c o m i t a n t  i n c r e a s e  in  van der  Waals and and bending  e n e r g i e s  

w i t h  r i n g  s i z e *  I t  h a s  be e n  s h o w n ^  t h a t  A l l i n g e r / s and 

H e n d r i c k s o n  s f o r c e  f i e l d s  em p loy  n o n - b o n d e d  p o t e n t i a l s

w h i c h  d i f f e r  f ro m  t h e  WBFF p o t e n t i a l s :  t h e  f o r m e r  u s e s

u n r e a l i s t i c a l l y  h a rd  p o t e n t i a l s  r e s u l t i n g  i n  o v e r e s t im a t e d  non-  

bonded e ne rgy  and u n d e r e s t im a t e d  P i t z e r  s t r a i n .  The l a t t e r  uses  

n o n - b o n d e d  p o t e n t i a l s  w h i c h  a r e  a l m o s t  as  s o f t  a s  t h o s e

u s e d  h e r e  and  i t  i s  s u g g e s t e d  t h a t  t h e  p r e d i c t e d  t r e n d s  i n  Vs
c o m p o n e n t s  by H e n d r i c k s o n  a r e  more r e a d i l y  a c c e p t a b l e  on t h i s  

b a s i s .

The GMEC [12323] of  cyc loundecane  bea rs  a c lo s e  resem blance  

to  l o w - e n e r g y  c o n fo r m a t io n s  of cyclononane and cyc lodecane  ( see  

F i g u r e  2.26). The [2323] C^q c o n fo r m a t io n  has been e s t a b l i s h e d  

a s  t h e  p r e f e r r e d  l o w - e n e r g y  one by MM c a l c u l a t i o n s ^  and f rom  

n e u t r o n ^  and  x - r a y  d i f f r a c t i o n ^  s t u d i e s .  The [234]  Cg 

c o n f o r m a t i o n  i s  a l ow -ene rgy  conformer  which has  been observed  i n
/ O

an  x - r a y  s tu d y  of 4 , 4 , 7 , 7 - t e t r a m e t h y lc y c lo n o n a n o n e  and has a l s o  

b e e n  p r o p o s e d  f o r  2 , 3 , 4 - t r i o x a c y c l o n o n a n e ^  b u t  w h i c h  i s  

p r e d i c t e d ^  t o  be s l i g h t l y  h ighe r  i n  energy  than  o t h e r  low-ene rgy  

c y c l o n o n a n e  c o n f o r m a t i o n s  as  a r e s u l t  of i t s  c o n s i d e r a b l e  

t r a n s a n n u l a r  non-bonded r e p u l s i o n s .

The H... .H t r a n s a n n u l a r  i n t e r a c t i o n s  have  b e e n  i n c l u d e d  i n  

t h e  r e p r e s e n t a t i o n s  i n  F i g u r e  2.26:  two t r i a n g l e s  of  H....H

c o n t a c t s  a r e  o b s e r v e d  above  and b e lo w  t h e  p l a n e s  of  t h e  r i n g  i n  

t h e  C^q and a r r angem en ts  but  only one t r i a n g l e  i s  observed i n

Cg a s  t h e  o t h e r  t r i a n g l e  c a n n o t  be c o m p l e t e d  s i n c e  t h e r e  i s  no 

c a r b o n  i n  t h e  r e q u i r e d  s e c t i o n  of t h e  r i n g .  I t  i s  a t  t h i s  

s e c t i o n  t h a t  an  e x t r a  c a r b o n  i s  i n s e r t e d  t o  fo rm  t h e  C^q 

c o n f o r m a t i o n  and  i t  i s  h e r e  t h a t  t h e  two a r r a n g e m e n t s  (C9 and 

C^q) show v a r i a t i o n .

The c y c l o d e c a n e  c o n f o r m e r  i s  c a l c u l a t e d  t o  have  a Vg of  

14.10 k c a l  mole-1  i . e .  1.42 k c a l  mole-1  h i g h e r  In  energy  than  t h e
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r e p r e s e n t e d  c y c l o u n d e c a n e .  I n  C-^q t h e  s i x  t r a n s a n n u l a r  

d i s t a n c e s  a r e  l e s s  t h a n ,  or e qua l  t o  2 X whereas  i n  C-q on ly  fou r  

o f  t h e s e  c o n t a c t s  a r e  t h i s  s h o r t .  The WBFF p r e d i c t s  t h a t

t h e  e n e r g y  p e r  H.. . .H i n t e r a c t i o n  a t  2 X i s  0.69 k c a l  m o le - 1  t h u s  

t h e  C10 r i n g  w o u l d  h a v e  a  t r a n s a n n u l a r  H....H e n e r g y  of  ca .  4 .14 

k c a l  m o le  1 f o r  t h e s e  s i x  c o n t a c t s  w h e r e a s  t h e  r i n g  h a s  a 

c a l c u l a t e d  e n e r g y  of  2 .75  k c a l  m o l e - 1 . The i n c r e a s e  i n  Vg of  

1 .42 k c a l  m o le  1 f o r  Cjq w i t h  r e s p e c t  t o  c a n  be e x p l a i n e d  

l a r g e l y  on t h e  b a s i s  of  t h e  i n c r e a s e d  H....H t r a n s a n n u l a r  

c o n t r i b u t i o n .  I t  i s  no t  r e m i s s ,  t h e r e f o r e ,  to  obse rve  a maximum 

f o r  t h e  van der  Waals ene rgy i n  c yc lodecane  w i t h  r e s p e c t  to  t h e  

o t h e r  medium r i n g s .

O b s e r v a t i o n  of t h e  TAs fo r  a l l  t h r e e  c o n fo r m a t io n s  i n  F igu re  

2.26  r e v e a l s  t h a t  c y c l o d e c a n e  h a s  two  TAs of  c a .  150° and  e i g h t
o

i n  t h e  r a n g e  5 0 - 7 0  i . e .  s m a l l  v a r i a t i o n s  f r o m  t h e  i d e a l  v a l u e s

o f  180° and  60°.  C y c l o n o n a n e  and  c y c l o u n d e c a n e  show g r e a t e r

v a r i a t i o n s  f r o m  i d e a l  v a l u e s  and i t  i s  e x p e c t e d  t h a t  t h e  C^q

c o n f o r m a t i o n  h a s  l e s s  P i t z e r  s t r a i n  t h a n  e i t h e r  t h e  Cg or  C-q

c o n f o r m e r s .  The [2323 ]  c y c l o d e c a n e  c o n f o r m a t i o n  i s  of  t h e
3 7d ia m o n d  l a t t i c e  t y p e  w h i c h  s u g g e s t s  i t  s h o u l d  h a v e  s m a l l  

t o r s i o n a l  s t r a i n :  t h e  u s e f u l n e s s  of  t h e  d iam ond  l a t t i c e  i n

d e r i v i n g  s t a b l e  c o n f o r m a t i o n s  w as  f i r s t  p o i n t e d  o u t  by 

J . C . Speakman1̂ .

Thus,  as Dale  has p o i n t e d  ou t ,  the  [12323] i s  d e r i v a b l e  f rom

t h e  [2323] c o n fo r m a t io n  of cyc lodecane  by r i n g  expans ion .  I t  i s

s u g g e s t e d  h e re  t h a t  t h i s  [2323] c o n fo r m a t io n  i s  d e r i v e d  from r i n g

e x p a n s io n  of  t h e  [234] c y c l o n o n a n e  c o n f o r m a t i o n .  I n c l u d e d  i n

F i g u r e  2.26 i s  a [2334] c o n fo r m a t io n  of cyc lododecane  which b ea rs

a c l o s e  r e s e m b la n c e  to  the  o t h e r ,  r ec o r d e d  c o n fo r m a t io n s  . This

c o n f o r m e r  i s  n o t  t h e  p r e f e r r e d  l o w - e n e r g y  one b u t  h a s  b e e n
2 5c a l c u l a t e d  t o  be o f  n e x t  l o w e s t  e n e r g y  by D a l e  and  by A ne t  e t  

a l 4 6 .

The n e x t  l o w e s t  e n e r g y  c o n f o r m e r  of c y c l o u n d e c a n e ,  t h e  

[ 3 3 5 ] ,  i s  d e r i v a b l e  f ro m  t h e  s q u a r e  [3333]  c o n f o r m a t i o n  o f
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c y c l o d o d e c a n e  by r i n g  c o n t r a c t i o n .  Both  a r e  r e p r e s e n t e d  i n  

F i g u r e  2.27  t o g e t h e r  w i t h  c o m p a r a b l e  Cg and  C-^q c o n f o r m e r s .  

T h i s  s q u a r e  [3333] C j2 c o n fo r m a t io n ,  a l t h o u g h  not  of  t h e  diamond 

l a t t i c e  t y p e ,  i s  distinctly p r e f e r r e d  f o r  cyc lododecane  a c c o r d in g  

t o  a l l  s t r a i n  en e rg y  c a l c u l a t i o n s ^  and i s  a l s o  t h e  one observed  

i n  t h e  s o l i d ^  and i n  s o l u t i o n ^ .  The c y c l o d e c a n e  c o n f o r m e r ,  

t h e  [1333], is a l o w - e n e r g y  one a l t h o u g h  i t  i s  n o t  t h e  GMEC^. 
For cyc lo nonane  there appears  to  be a s e r i o u s  d i s c r e p a n c y  be tw een

O O
r e s u l t s  o f  e x p e r i m e n t a l  s t r u c t u r e  a n a l y s i s  a n d  o f  MM
c a l c u l a t i o n s ^  * 1 0 > 1 2 ,2 4 ,4 4 ,4 8  . t ^ e o b s e r v e d  c o n f o r m a t i o n , a

[ 2 4 5 ] ,  i s  n o t  t h e  one f a v o u r e d  by t h e  c a l c u l a t i o n s ,  a [ 3 3 3 ] .

A n e t  a n d  c o w o r k e r s  s u g g e s t  t h a t  e n t r o p y  e f f e c t s  on t h e

c o n f o r m a t i o n a l  e q u i l i b r i a  a r e  s u b s t a n t i a l  b e c a u s e  o f  t h e  h i g h

symmetry and r i g i d i t y  of  t h e  [333] c o n fo r m a t io n  and,  as  a r e s u l t ,
o

t h e  [333] ,  which makes up ca. 95% of  cyclononane a t  -173  C, has a 

p o p u l a t i o n  of  on ly  40% a t  room t e m p e r a t u r e .
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2̂ _3 THE EFFECT OF INTRODUCING A DOUBLE BOND INTO CYCLOUNDECANES.

In  o r d e r  to  e x p l a i n  the va ry ing  r e a c t i o n  r a t e s  i n  c h e m ica l

r e a c t i o n s  of  c y c l i c  s y s t e m s  H.C.Brown p r o p o s e d  t h e  I - s t r a i n  
4 9  .

t h e o r y  m  which  I - s t r a i n  i s  de f in e d  as the  "change i n  i n t e r n a l  

s t r a i n  which r e s u l t s  f rom change in  c o o r d i n a t i o n  number of a r i n g  

atom i n v o lv e d  i n  a chemica l  r e a c t i o n " 5^. This  t h e o r y  s u g g e s t s  

t h a t  t h e  d i f f e r e n c e s  i n  r e a c t i o n  r a t e s  f o r  v a r i o u s  c y c l i c  

compounds depend on the r e l i e f  or i n c r e a s e  i n  a n g le  s t r a i n  and / 

or  t r a n s a n n u l a r  s t r a i n  du ring the  r e a c t i o n .

For t h e  medium-s ized r i n g s ,  s u b s t i t u t i o n  of a t r i g o n a l  s p 2 

a t o m  f o r  a t e t r a h e d r a l  sp a tom  r e l i e v e s  I - s t r a i n  by r e m o v i n g  

some t r a n s a n n u l a r  i n t e r a c t i o n s  and by i n c r e a s i n g  a C-C-C bond 

a n g l e .  C o n s e q u e n t l y ,  r e a c t i o n s  t h a t  p r o c e e d  f ro m  a s p e c i e s
O O

c o n s i s t i n g  e n t i r e l y  of  s p J a tom s  t o  one i n  w h i c h  an  sp  a to m  i s  

p r e s e n t  occur  r e a d i l y  i n  medium r i n g  compounds. The s o l v o l y s i s  

o f  c y c l o a l k y l  b r o m i d e s  and t o s y l a t e s ,  t h e  d i s s o c i a t i o n  o f  

c y c lo a lk a n o n e  cyanohydr ins  and the  d i s s o c i a t i o n  of a z a c y c lo a l k a n e  

c o n j u g a t e  a c i d s  p rov ide  some e x a m p l e s 5 -̂. Some i r r e g u l a r i t i e s  

a r e  obse rved  which p robab ly  i n d i c a t e  t h a t  e f f e c t s  o t h e r  t h a n  I -  

s t r a i n  may be i m p o r t a n t  i n  c e r t a i n  c a s e s ,  b u t  t h e  I - s t r a i n  

c o n c e p t  i s  a u s e f u l  approach as a f i r s t  a p p ro x im a t io n  when more 

d e t a i l e d  i n f o r m a t i o n  i s  not  a v a i l a b l e .

The i n t r o d u c t i o n  of  one or  more d o u b l e  bonds  i n t o  a c y c l i c  

sy s te m  l e a d s  to  i n t e r e s t i n g  s t r u c t u r a l  consequences:  f i r s t l y ,  a s

t h e  b a r r i e r  t o  r o t a t i o n  a b o u t  a C=C d o u b l e  bond i s  much l a r g e r  

t h a n  abou t  a C-C s i n g l e  bond, the  c i s  and t r a n s  a r r a n g e m e n ts  w i l l  

be  v i r t u a l l y  c o p l a n a r  w i t h  TAs of 0 and 180 r e s p e c t i v e l y .  

Secondly ,  t h e  p r e f e r r e d  C-C-C=C TA about  a s i n g l e  bond a d j a c e n t  

t o  a double  bond i s  c lo s e  to  120° , co r respond in g  to  e c l i p s i n g  of 

one o f  t h e  h y d r o g e n  a to m s  of t h e  q —m e t h y l e n e  g r o u p  w i t h  t h e

d o u b l e  bond.

D a le 52 has  s t a t e d  t h a t  in  r i n g s  c o n ta i n in g  one double  bond 

t h e  c o n s t r a i n t s  a r e  s u c h  t h a t  no a b s o l u t e l y  s t r a i n - f r e e
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c o n f o r m a t i o n  of  t h e  s a t u r a t e d  c h a i n  can  be a c h i e v e d .  He 

i n t e r p r e t s  t h e  low m e l t i n g  p o i n t s  of c y c l i c  mono- and d i - o l e f i n s  

as  e v id e n c e  of t h e i r  c on fo rm a t iona l  i n s t a b i l i t y .

The r e l a t i v e  s t a b i l i t i e s  of c i s  and t r a n s  c y c l o o l e f i n s  have

been  e s t i m a t e d  from t h e i r  h e a t s  of hyd rogena t ion  which a l s o  give

a n  i d e a  o f  t h e i r  s t r a i n  r e l a t i v e  t o  t h e  c o r r e s p o n d i n g

c y c l o a l k a n e .  T a b l e  8 shows t h a t ,  f o r  e x a m p l e ,  t h e  t r a n s

c y c l o o l e f i n s  a r e  more s t r a i n e d  than the c i s  i som e rs  i n  8—, 9— and 
5 31 0 - m e m b e r e d  r i n g s .  The t r a n s  o l e f i n s  f o r  l a r g e r  r i n g s  a r e  

s l i g h t l y  m o r e  s t a b l e  t h a n  t h e  c i s  i s o m e r s ,  a s  s h o w n  by 

e q u i l i b r a t i o n  s t u d i e s ^  -  t h e  r e s u l t s  of w h ic h  a r e  a r e  a l s o  

i n c l u d e d  i n  Table  8.

TABLE 8 : H e a t  o f  h y d r o g e n a t i o n ,  -AH, ( k c a l  m o l e - ^) o f

c y c l o a l k a n e s  i n  a c e t i c  a c id  a t  25°C.

I s o m e r i s a t i o n  of c y c l o a l k e n e s , t r a n s  ->  c i s ,  a t  

100° C : AG,AH ( k c a l  mole- ^ ) ,  AS ( e . u . )

HEAT OF HYDROGn. ISOMERISATION

S iz e  (n) -AUtrans  - ^ c i s AG AH AjS

6 - 27.1

7 - 25.9

8 32.2 23.0

9 26.5 23.6 - 4 .0 4 - 2 .9 3.0

10 24.0 20.7 - 1 .86 - 3 . 6 - 4 . 7

11 - - 0.67 0 .1 - 1 . 5

12 - - 0.49 - 0 . 4 - 2 . 4

r e s u l t s  have been confirmed by MM 99c a l c u l a t i o n s  .

I t  was d e c i d e d  t o  i n v e s t i g a t e  some of  t h e  l o w - e n e r g y  

c o n f o r m a t i o n s  of  c y c l o u n d e c e n e s .  I n i t i a l  s t r u c t u r e s  w e r e  

o b t a i n e d  by conve rs ion  of a s in g l e  bond to  a double bond f o r  each 

of  t h e  low -ene rgy  conformers  of cycloundecane v i a  GUCGS. In  a l l  

c a s e s ,  t h e  s i n g l e  bond w i t h  t h e  l a r g e s t  TA was c o n v e r t e d  i n t o  a
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t r a n s  d o u b l e  bond.  T h i s  does n o t ,  t h e r e f o r e ,  r e p r e s e n t  a 

s y s t e m a t i c  q u e s t  f o r  a l l  t h e  l o w - e n e r g y  c o n f o r m e r s  of  t r a n s  
c y c l o u n d e c e n e s .

A l l  s t a r t i n g  g e o m e t r i e s  were o p t i m i s e d  by a two s t a g e  NR 

e n e r g y  m i n i m i s a t i o n  a l g o r i t h m  and w e re  t e r m i n a t e d  when t h e  

e l e m e n t s  of the  f i r s t  d e r i v a t i v e s  of energy w i th  r e s p e c t  to  t h e  

c o o r d i n a t e s  were l e s s  than  10“ 5 k c a l  mole-1  X- 1 .

The same procedure  was a pp l i ed  to  the  t e n  t r a n s i t i o n  s t a t e  

c o n fo r m e r s  of cycloundecane and subsequent  o p t i m i s a t i o n  of  t h e s e  

s t a r t i n g  s t r u c t u r e s  r e s u l t e d  i n  9 e n e r g y  m in im a  and 1 e n e r g y  

maximum. MM c a l c u l a t i o n s  on the  24 i n i t i a l  s t r u c t u r e s  produced 

15 u n i q u e  l o w - e n e r g y  c o n f o r m e r s  whose TAs and Vg v a l u e s  a r e  

r e c o r d e d  i n  T a b l e  9. T h i s  a l s o  i n c l u d e s  t h e  name of  t h e  

cy c lo u n d e c a n e ( s )  f rom which a given cycloundecene was d e r i v e d .

The c a l c u l a t e d  low e s t - e n e rg y  conformer of cyc loundecene  was 

d e r i v e d  f r o m  c y c l o u n d e c a n e  5. T h i s  l a t t e r  c o n f o r m a t i o n  

r e p r e s e n t e d  t h e  one w i t h  h i g h e s t  t o r s i o n a l  s t r a i n  i n  t h e  

c y c l o u n d e c a n e s  as  some of i t s  TAs were  f a r  rem oved  f ro m  t h e  

p r e f e r r e d  sc and ap v a lue s :  t h e  TAs of the bonds on e i t h e r  s i d e
O O

of  t h e  p roposed  double bond were n ea re r  to  120 th a n  90 and t h i s  

i s  an  advan tageous  f a c t o r  i n  forming the double  bond. Another  

f e a t u r e  f a v o u r i n g  the cycloundecene i s  the removal  of two major  

H....H i n t e r a c t i o n s  w i t h i n  the r i n g  as compared to  t h e  s a t u r a t e d  

c y c l o a l k a n e .  I n  m o v in g  f r o m  t h e  c y c l o u n d e c a n e  t o  t h e  

cyc lounde c ene  Baeyer ,  P i t z e r  and van der Waals s t r a i n  have a l l  

be e n  reduced  by over  40% of  t h e i r  o r i g i n a l  va lue s .  In  t h i s  ca se  

changes  of bond h y b r i d i s a t i o n  have r e s u l t e d  in  f a v o u r a b le  changes 

i n  a n g l e ,  t o r s i o n  a n d  t r a n s a n n u l a r  s t r a i n .  ORTEP 

r e p r e s e n t a t i o n s  of  the  4 l o w e s t - e n e rg y  con fo rm at ions  a r e  g iv en  i n  

F i g u r e s  2 .28 -  2 .31.
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2ĵ 4 CORRELATION OF OBSERVED AND CALCULATED CONFORMATIONS

P r i o r  t o  t h i s  s t u d y  o n ly  t h r e e  x - r a y  a n a l y s e s  ha d  b e e n  

r e p o r t e d  f o r  cycloundecane d e r i v a t i v e s ,  namely c yc lounde c anone '^ ,  

cyc lo undecaneox ime^  and cycloundecylamine hydrobr  o m i d e ^ .  The 

f i r s t  two were ana lysed  a t  -165 C and -160° C r e s p e c t i v e l y  w h i le  

t h e  x - r a y  a n a l y s i s  of  t h e  l a s t  compound h a s  n o t  l e d  t o  a c l e a r  

p i c t u r e  of i t s  conformat ion .

The ke tone  e x i s t s  as a [335] confo rm at io n  w i t h  t h e  ca rbony l  

g roup  u n s y m m e t r i c a l l y  l o c a t e d  near  the middle  of the  long s id e  of  

t h i s  t r i a n g u l a r  c o n f o r m a t i o n .  The oxime e x i s t s  a s  a [12323]  

d i m e r  w i t h  0-H. . . .N '  hyd rogen  bonds i n  t h e  r a n g e  2 .6 2 - 2 .8 1  A. 

The i n v e s t i g a t i o n  of  t h e  oxime r e v e a l e d  t h e  OH g r o u p  as  

d i s o r d e r e d  and i t  was c a l c u l a t e d  t h a t  i n  85% of t h e  c r y s t a l s  t h e  

oxygen i s  over C2 whereas  in  15% i t  i s  over C ^ .

The r e p o r t e d  g e o m e t r y  of c y c l o u n d e c a n o n e ^ ^  i s  i n  good 

a g r e e m e n t  w i t h  t h e  c a l c u l a t e d  [335] fo rm  of c y c l o u n d e c a n e  -  

c o n fo rm er  2. Corresponding TAs a re  i n d i c a t e d  i n  F i g u r e  2.32 i n  

w h ich  t h e  numbering system i s  t h a t  used i n  t h e  x - r a y  a n a l y s i s  of 

t h e  k e to n e .  Observed and c a l c u l a t e d  i n t e r a t o m i c  d i s t a n c e s  and 

bond a n g l e s  a r e  g iven  i n  Table 10.

C o r r e l a t i o n  b e t w e e n  c a l c u l a t e d  and  o b s e r v e d  TAs f o r  

c y c lo u n d e c an e  [12323] and cycloundecaneoxime i s  g iven  i n  F ig u re  

2.33 w h i l e  va le n c e  angles  and i n t e r a t o m i c  d i s t a n c e s  a r e  r e c o r d e d  

i n  T a b l e  11. The n u m b e r in g  s y s te m  em ployed  i n  F i g u r e  2.33 and  

i n  T a b le  11 i s  t h a t  r e f e r r e d  to  i n  the  r e p o r t e d  s t r u c t u r e  of t h e

ox im e•
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Fig. 2.32

I n t e r n a l  v a l u e s :  c a l c .  TAs fo r  cycloundecane conformer 2.  (°) 

E x t e r n a l  v a l u e s :  obsd.  TAs for  cyc loundecanone^ .

F ig .  2.33

I n t e r n a l  v a l u e s :  c a l c .  TAs fo r  cycloundecane GMEC.
i j • 56E x t e r n a l  v a l u e s :  obsd.  TAs fo r  cycloundecaneoxime •

15%
.(OH)

6 2



TABLE ,10 V a l e n c e  ang  1 e s  _(_0_)̂  a n d  bond  l e n g t h s  (A) f o r  

Cyc loundecanone55 (I)  and for  Cycloundecane 2 ( I I ) .

ANGLE I  I I  LENGTH I  I I

11- 1- 2* 119.3 113.9 1- 2* 1.515 1.530
1 -2 -3 114.3 113.6 2-3 1.532 1.532

2 - 3 -4 113.8 113.5 3-4 1.528 1.535

3 - 4 - 5 115.4 115.9 4-5 1.536 1.535

4 - 5 - 6 113.8 116.6 5-6 1.540 1.531

5 - 6 - 7 114.2 114.5 6-7 1.537 1.530

6 - 7 - 8 114.0 113.7 7-8 1.523 1.534

7 - 8 - 9 115.6 115.7 8-9 1.527 1.534

8 - 9 - 1 0 116.0 114.2 9-10 1.522 1.533

9 - 1 0 -1 1 114.6 114.5 10-11 1.538 1.535

10- 11-1 113.9 115.7 11-1 1.516 1.530

* : numbers r e f e r  to  r i n g  carbon atoms.



Xk k k .k  JJL _L V a l e n c e  a n g l e s  a n d  bond  l e n g t h s  (X) f o r

Cycloundecaneoxime (111) and fo r  Cycloundecane 1 (XV).

ANGLE I I I IV LENGTH I I I

•

IV

11- 1-2 119.6 114.1 1-2 1.504 1.534
1 -2 -3 120.7 115.4 2-3 1.533 1.534
2 - 3 - 4 115.8 114.7 3-4 1.538 1.532

3 - 4 - 5 112.8 113.4 4-5 1.505 1.530

4 - 5 - 6 114.9 114.6 5-6 1.531 1.532

5 - 6 - 7 117.8 116.6 6-7 1.530 1.535

6 - 7 - 8 116.9 116.9 7-8 1.520 1.536

7 - 8 - 9 117.4 117.3 8-9 1.527 1.532

8 - 9 - 1 0 114.9 114.2 9-10 1.513 1.531

9 -1 0 -1 1 112.9 113.5 10-11 1.534 1.531

10- 11-1 113.3 114.7 11-1 1.502 1.533



C o r r e l a t i o n  b e t w e e n  t h e  g e o m e t r i c a l  p a r a m e t e r s  o f  

cyc lounde c ane ox im e  ( I I I )  and c y c lo u n d e c a n e  CMEC (IV) i n d i c a t e s  

p o o r e r  ag re e m e n t  than  t h a t  found between cycloundecanone (I)  and 

cy c lo u n d e c a n e  conformer 2 ( I I ) .  m  both comparisons t h e r e  a r e  

d i f f e r e n c e s  a ro u n d  Cj s i n c e  t h i s  i s  an s p 2C i n  I and I I I  and  an  
s p^ C  i n  I I  and  IV.

The  g r e a t e s t  d i f f e r e n c e s  b e tw e en  I I I  and IV o c c u r  i n  t h a t  

r e g i o n  of the  r i n g  in  which there  i s  s u b s t i t u t i o n  of a methy lene  

g roup  by th e  oxime. The r epo r ted  s t r u c t u r e  a l s o  i n d i c a t e d  th e  

p r e s e n c e  o f  d i s o r d e r  a t  t h i s  p a r t  of t h e  compound ( t h e r m a l  

p a r a m e t e r s  a r e  n o t  i n c l u d e d  i n  t h e  r e p o r t )  due t o  t h e  h y d r o x y l  

g r o u p .

A l t h o u g h  t h e  c o n f o r m a t i o n  o b s e rv e d  fo r  cycloundecanone i n  

t h e  c r y s t a l  i s  a c t u a l l y  the one c a l c u l a t e d  to be t h e  second most 

s t a b l e ,  the  c a l c u l a t e d  d i f f e r e n c e  in  energy between [12323] and 

[335]  i s  s m a l l  enough t h a t  the presence of s u b s t i t u e n t s ,  or t h e  

l a t t i c e  e n e r g y  of  t h e  c r y s t a l ,  cou ld  w e l l  i n v e r t  t h e  s t a b i l i t y  

o r d e r .

A s t r a i n  e n e r g y  m i n i m i s a t i o n  c a l c u l a t i o n  was pe rfo rmed  on 

c y c l o u n d e c a n o n e  u s i n g  t h e  WBFF^,  w i t h  a d d i t i o n a l  p a r a m e t e r s  

i n c o r p o r a t e d  fo r  the  ketone funct ion .  (These a re  r ec o rd e d  i n  t h e  

a p p e n d i c e s ) .  The r e s u l t i n g  s t r u c t u r e  had a c a l c u l a t e d  Vg of  11 

k c a l  m o l e -  ̂ w h i c h  i s  l e s s  t h a n  t h a t  c a l c u l a t e d  f o r  e i t h e r  

c y c l o u n d e c a n e  1 or  2. The r e d u c t i o n  i n  Vg w i t h  r e s p e c t  t o  

c y c lo u n d e c a n e  2 i s  due mainly to decreased P i t z e r  s t r a i n  around 

t h e  c e n t r a l  bond of  i t s  lo n g  s i d e  i . e .  where  t h e  s u b s t i t u e n t  

o x y g e n  i s  f o u n d ,  by r e m o v a l  of hydrogens  which  were  e c l i p s i n g

r i n g  b o n d s .

I n  c y c l o u n d e c a n e o x i m e ,  hydrogen  bond ing  i n  t h e  c r y s t a l  

s t r u c t u r e  be tw een  the  s u b s t i t u e n t  atom on each u n i t  of the  dimer 

may i n t r o d u c e  s t a b i l i t y  i n to  the  system so t h a t  the  c a l c u l a t e d ,  

p r e f e r r e d  c o n fo rm a t io n  i s  the one observed.
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However ,  t h es e  x - ray  s tud ie s  have provided ev idence  of the  

e x i s t e n c e  of two conformers  of cycloundecane which co r respond  to  

t h e  c a l c u l a t e d  l o w e s t  e ne rgy  c o n fo r m e r s  1 and 2. F u r t h e r  

e v i d e n c e  of  the  conformat ion of cycloundecanes comes from x - r a y  

a n a l y s e s  o f  c y c l o u n d e c y l m e t h y l n a p h t h y l u r e t h a n e  a n d  a 

c y c l o u n d e c y l m e t h y l  3 ,5 - d in i t r o b e n z o a te  which a re  inc luded  as  p a r t  

o f  t h i s  t h e s i s  and d i scussed  in  Chapter 6.

The r e p l a c e m e n t  of a methylene group by one b i v a l e n t  group 

t o  fo rm  a double  bond can be regarded as a p e r t u r b a t i o n  w i t h  more 

or  l e s s  p r e d i c t a b l e  consequences which occurs  w i thou t  s i g n i f i c a n t  

c o n f o r m a t i o n a l  c h a n g e s  t o  t h e  r i n g  s k e l e t o n .  A l t h o u g h  

d i f f e r e n c e s  a r i s e  due to  v a r i a t i o n  of bond a n g l e s  and bond  

l e n g t h s  i n  m oving  f rom  an s p 3 t o  an s p 2 c e n t r e  i t  i s  r e a s o n a b l e  

t o  a s s u m e  t h a t  t h e r e  s h o u ld  be a c o r r e s p o n d i n g  c y c l o a l k a n e  

s t r u c t u r e  f rom which the  d e r iv a t iv e s  are  formed. In  the  medium 

r i n g  k e t o n e s  one wou ld e x p e c t  t h e  c a r b o n y l  g roup  t o  oc c upy  a 

p o s i t i o n  where t r a n s a n n u la r  r epu l s ions  could be r e l i e v e d  i . e .  a 

n o n - c o r n e r  p o s i t i o n .  T h i s  i s  found to  be t h e  c a s e  n o t  o n l y  i n  

c y c l o u n d e c a n o n e  b u t  a l s o  i n  c y c l o d e c a n o n e ^  a n d  

c y c l o d o d e c a n o n e ^ 2 . NMR s p e c t r a  of c y c lo u n d e c a n o n e  a t  low  

t e m p e r a t u r e s  a r e  f a i r l y  i n f o r m a t i v e  u n l i k e  t h o s e  of  

c y c lo u n d e c a n e .  The CMR spectrum57 a t  low tem p e ra tu re s  shows t h e  

p r e s e n c e  o f  a s i n g l e  CO r e s o n a n c e  and r e s o n a n c e s  f o r  two Cs. 

The p r o t o n  spec t rum  i s  complex but shows c l e a r  ev idence  fo r  two 

c o n f o r m a t i o n a l  p roces ses  with f r ee  ene rg ies  of t r a n s i t i o n  of 6.0 

a n d  6.9 k c a l  m o l e " 1. The main c o n c l u s i o n  of t h e s e  r e s u l t s  i s  

t h a t  c y c l o u n d e c a n o n e  e x i s t s  p r e d o m i n a n t l y  i n  a s i n g l e ,  

u n s y m m e t r i c a l  conformat ion.

C y c l o u n d e c a n e o x i m e  a l s o  has  s u b s t i t u t i o n  a t  a n o n - c o r n e r  

a tom which  r ed u c e s  the t ran sannu la r  r e p u l s io n s  w i th  r e s p e c t  to

c y c lo u n d e c a n e  GMEC.

The  p r e s e n t  work a l s o  i n t r o d u c e s  x - r a y  a n a l y s e s  o f  some 

u n s a t u r a t e d  d e r i v a t i v e s  of the  11-membered r i n g  namely,  d im e th y l
( 8 ' - d i m e t h y  laminonaphthyl)ammonium dihydrogen t r i s ( c y c l o u n d e c - l -
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e n e  c a r b o x y l a t e )  a n d  zerumbone  2,4—d i n i t r o p h e n y l h y d r a z o n e  which 

a r e  d i s c u s s e d  i n  C h a p t e r s  4 and 5 r e s p e c t i v e l y .  I n  g e n e r a l ,  

e x p e r i m e n t a l  d a t a  f o r  c y c l o u n d e c e n e s  t h a t  m i g h t  p r o v i d e  

c o r r o b o r a t o r y  ev id e n c e  f o r  the c a l c u l a t e d  confo rm ers  a r e  s p a r s e  

and i n a c c u r a t e .  However,  a s e r i e s  of c r y s t a l  s t r u c t u r a l  s t u d i e s  

h a s  b e e n  c a r r i e d  o u t  f o r  t h e  medium r i n g  l a c t a m s  and t h e i r  

a d d u c t s  w i t h  HC1 and t h e  s t r u c t u r a l  p a r a m e t e r s  fo u n d  may be 

compared w i t h  t h o s e  c a l c u l a t e d  f o r  the  co r r e s p o n d in g  c y c l o o l e f i n .  

T h e  o n e  o f  i n t e r e s t  h e r e  i s  t h a t  o f  c a p r i n o 1 a c t a m
f. i

h e m i h y d r o c h l o r i d e  which was p repa red  from cycloundecanone and 

w h i c h  s how s  some o r d e r - d i s o r d e r  e f f e c t s  i n  i t s  s t r u c t u r e .  

H o w e v e r ,  i t  c o r r e s p o n d s  t o  a c a l c u l a t e d  c y c l o u n d e c e n e  d e r i v e d  

f rom c yc loundecane  lrj, -  no t  t h e  one l i s t e d  i n  Table  9 bu t  a n o th e r  

one i n  which  t h e  doub le  bond was formed a t  the  p o s i t i o n  w i t h  t h e  

second  l a r g e s t  TA. This  conformer  w i l l  be r e f e r r e d  to  as  Cyen 

A com par i son  of t h e  TAs of c a p r i n o l a c t a m  h e m ih y d r o c h lo r id e  

a n d  t h o s e  o f  c y c l o u n d e c - l - e n e  l ^ '  i s  g i v e n  i n  T a b l e  12.  The 

n u m b e r i n g  s y s t e m  r e f e r s  t o  t h a t  u s e d  f o r  t h e  l a c t a m  and i s  

i n d i c a t e d  below.

F u r t h e r  e v id e n c e  f o r  t h e  e x i s t e n c e  of t h e  [12323] confo rmer  

o f  c y c l o u n d e c a n e  h a s  b e e n  p r o p o s e d  by D a l e 62 . I t  had  b e e n  

n o t e d 63 t h a t  b o t h  c i s  and  t r a n s  c y c l o u n d e c e n e  e p o x i d e  g i v e
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TABLE 12 Observed TAs (°)  f o r  Capr i  no l ac t am  H e m ihydroch lo r ide^^  

and c a l c u l a t e d  TAs ( ° )  f o r  C y c lo u n d e c - l - e n e  1T' .

TA LACTAM CYEN :

C10NC1C2 -174 -133

n c1c2G3 118 108

C1C2C3C4 -89 -116

C2C3C4C5 52 63

C3C4C5 C6 61 89

C4C5C6C7 -176 -172

C5C6C7 C8 68 51

C6C7C8C9 65 54

C7c 8c 9c io -126 -152

C8C9C10N 54 73

g9C10NC1 75 74



m i x t u r e s  of t r a n s a n n u l a r  d i o l s  by s o l v o l y s i s  and i t  i s  s u g g e s t e d  

by Dale  t h a t  t h e  [12323] conformer  would b e s t  a l l o w  such h y d r id e  

s h i f t s  t o  o c c u r .  The "bend"  p r o d u c e d  by a t w o - b o n d  s i d e  h e r e  

and i n  o t h e r  medium r i n g s  does no t  occur  i n  known c o n f o r m a t io n s  

o f  l a r g e r  r i n g s  and i t  may be s i g n i f i c a n t  t h a t  t h e  11- m e m b e r e d  

r i n g  i s  t h e  l a r g e s t  r i n g  s h o w i n g  s u c h  a n o m a l o u s  t r a n s a n n u l a r  

r e a c t i o n s .  E p o x i d e s  o f  l a r g e r  r i n g s  p r o d u c e  o n l y  n o r m a l  1 ,2
O O

d i o l s .  The " p r o x i m i t y "  e f f e c t  l e a d i n g  to  1,3; 1,4; 1,5 or  1,6 

h y d r i d e  s h i f t s  on t h e  opening of 1 , 2- e p o x i d e  r i n g s  under  a c i d i c  

c o n d i t i o n s  i s  a phenomenon p e c u l i a r  to  medium r i n g  sy s te m s .
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2.5 PYRROLIZIDINE ALKALOIDS (PAs)

The p y r r o l i z i d i n e  a l k a l o i d s ^  c o n s t i t u t e  a l a r g e  f a m i l y  

b a s e d  on t h e  p y r r  o l i z i d i n e  n u c l e u s .  They o c c u r  i n  t h r e e  m a i n  

b o t a n i c a l  f a m i l i e s :  C o m p o s i t a e ,  B o r g i n a c e a e  and  L e g u m i n o s a e .

These p l a n t  s p e c i e s  a r e  s p read  over  the  globe  and a l k a l o i d s  have 

been  i s o l a t e d  from them i n  t h e  w e s t e r n  U.S., Canada, New Zealand ,  

Norway and South A f r i c a .  P l a n t s  of t h e s e  s p e c i e s  e.g. f i r e w e e d  

and p o i s o n o u s  r a g w o r t ,  have been n o t o r i o u s  f o r  over a c e n tu r y  f o r  

c a u s i n g  c a t t l e  d i s e a s e s .  The a l k a l o i d s  s p e c i f i c a l l y  a t t a c k  t h e  

l i v e r ,  c a u s i n g  tumours .

C h e m i c a l l y ,  t h e  a l k a l o i d s  a r e  e s t e r s  of  a m i n o a l c o h o l s  

( c a l l e d  n e c i n e s )  and  c a r b o x y l i c  a c i d s  ( n e c i c  a c i d s ) .  They  may 

be g rouped i n t o  t h r e e  c l a s s e s :  s im ple  m onoes te r s ,  d i e s t e r s  w i t h

two m o n o ca rb o x y l i c  a c i d s  and c y c l i c  d i e s t e r s  w i t h  a d i c a r b o x y l i c  

a c i d .

S e v e r a l  c r y s t a l  a n a l y s e s ^ - ^  of  11-membered r i n g  PAs have 

been  r e p o r t e d  i n  t h e  l i t e r a t u r e .  They a r e  a l l  c y c l i c  d i e s t e r s  

o f  r e t r o n e c i n e  p o s s e s s i n g  a common s k e l e t o n  w h i c h  i s  g i v e n  i n  

F i g u r e  2.34. The s i d e  groups d e t e r m i n e  th e  PA concerned .

F i g .  2 .34

ALKALOID i l —2 —3 Jk
F u l v i n e 65 (F) H ch3 ch3 ch3

A x i l l a r a n e ^  (A) OH c h (o h ) c h 3 H c h 3 (ch 3 ) 2

M o n o c r a t o l i n e ^  (M) OH ch3 ch3 ch3

J u n c e i n e ^  ( J ) OH ch2oh c h 3 c h ( c h 3 ) 2

PH
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I t  w o u l d  seem  l i k e l y  t h a t  t h e  1 1 - m e m b e r e d  r i n g  i n  t h e  PAs 

s h o u l d  b e a r  a r e s e m b l a n c e  t o  som e  o f  t h e  c a l c u l a t e d  

c y c lo u n d e c a n e s  and cyc lo undecenes  -  e x c e p t  f o r  t h a t  s e c t i o n  of 

t h e  PA r i n g  b u i l t  f r o m  t h e  p y r r  o l i z i d i n e .  T h i s  i s  f o u n d  t o  be

t h e  c a s e :  a l l  t h e  a l k a l o i d s  m e n t i o n e d  i n  F i g u r e  2 .34 h a v e

s i m i l a r  c o n f o r m a t i o n a l  f e a t u r e s  to  t h a t  of cyc loundecane  8 -  as  

sh o w n  i n  T a b l e  13. C y c l o u n d e c a n e  8 c a n  be c o n v e r t e d  i n t o  a 

c y c l o u n d e c e n e  ( l a b e l l e d  X i n  T a b l e  13) w h i c h  shows i m p r o v e d  

c o r r e l a t i o n  t o  t h e  a l k a l o i d s .  T h i s  X c o n f o r m a t i o n  i s  a l s o  

r e p o r t e d  i n  C hap te r  5 where i t  i s  seen  to compare f a v o u r a b ly  w i t h  

a n  o bse rve d  cyc lo u n d e c en e  c o n fo rm a t io n .
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TABLE 13 

Ring T o r s i o n  Angles  f o r  (° ) :

CYAN _8 X M64 , F62a A63b J 65b

-160 -171 -156 -104 -105
148 136 173 -174 -179

- 8 9 -100 -85 125 -122
67 86 52 54 58

- 9 2 -68 -73 -75 -87

167 125 153 111 112

-123 -177 -176 -177 -170

83 114 115 153 163

-122 -9 0 -27 -19 -24

63 48 -61 -65 -65

58 60 113 94 100

F u l v i n e TAs a r e r e p o r t e d t o  be t h e same

t h o s e  o b s e rv e d  i n  M o n o c ra t o l i n e .

b : D i f f e r e n c e s  i n  TAs w . r . t .  M and F a r e  s a i d  t o  

r e s u l t  f rom c r y s t a l  pack ing  e f f e c t s .



2.6 SUMMARY

The p r e c e d i n g  s e c t i o n s  have  i n t r o d u c e d  some a s p e c t s  of  

medium r i n g  c o n f o r m a t i o n a l  a n a l y s i s  w i t h  s p e c i f i c  emphas i s  on 11-  

membered r i n g s .

C y c l o u n d e c a n e  i s  p r e d i c t e d  t o  have  a num ber  o f  l o w - e n e r g y  

c o n f o r m a t i o n s  r e l a t e d  by  s m a l l  e n e r g y  b a r r i e r s  o f  

i n t e r c o n v e r s i o n .  The GMEC a nd  t h e  n e x t  l o w e s t  e n e r g y  

c o n f o r m a t i o n  h a v e  b e e n  o b s e r v e d  by x - r a y  a n a l y s e s  of  two 

p r e v i o u s l y  r e p o r t e d  cyc loundecane  d e r i v a t i v e s  and a r e  c o r r e l a t e d  

t o  l o w  e n e r g y  c o n f o r m a t i o n s  of  c y c l o n o n a n e ,  c y c l o d e c a n e  and  

c y c l o d o d e c a n e  r i n g s .

The p r e d i c t e d  GMEC f o r  c y c l o u n d e c - l - e n e  i s  d e r i v e d  f r o m  

c y c lo u n d e c a n e  5 and co r r e s p o n d s  to  some cycloundecene  s t r u c t u r e s  

wh ich  have been a n a ly s e d  by x - r a y  d i f f r a c t i o n  methods and which 

a r e  i n t r o d u c e d  i n  C h a p te r s  5 and 6. X-ray s t r u c t u r a l  a n a l y s e s  

on some p y r r o l i z i d i n e  a l k a l o i d s  produce r e s u l t s  which a l s o  show 

c o n f o r m a t i o n a l  r e s e m b l a n c e  t o  c a l c u l a t e d  c y c l o u n d e c a n e  

s t r u c t u r e s .  The c o r r e l a t i o n  b e t w e e n  o b s e r v e d  and  c a l c u l a t e d  

s t r u c t u r e s  i s  e x tended  to  cover  an 1 1-membered r i n g  l ac t am .

69



2.7 REFERENCES

1. J . B . H e n d r i c k s o n ;  JACS, 83, 4537. (1961) .

2. E .L .E l i e l ;  S t e r e o c h e m i s t r y  o f  Carbon Compounds, McGraw-Hil l ,  

New York and London, (1962 ) .

3 .  V . P r e l o g ;  J . C . S . ,  420,  (1950 ) .

4.  V . P r e l o g ;  P e r s p e c t i v e s  i n  O r g a n i c  C h e m i s t r y ,  I n t e r s c i e n c e ,  

London,  ( 1 9 5 6 ) .

5 .  E . B i l l e t e r , H.H.Giinthard;  Helv.  Chim. Acta ,  41, 338, ( 1 958 ) .

6 . J . D . D u n i t z ,  V .P r e l o g ;  Angew. Chem., 72,  898, (1960) .

7 .  A .W a rsh e l , S . L i f s o n ;  J .  Chem. P h y s . ,  53, 582, (1970) .

8 . K .B .W ibe rg ;  JACS, 87 ,  1070 ,  ( 1 9 6 5 ) .

9 . J . B . H e n d r i c k s o n ;  i b i d  , 89, 7036, (1967) .

10. M.Bixon,  S . L i f s o n ;  T e t r a h e d ro n ,  23,  769,  (1967) .

1 1 . S . L i f s o n ,  A.Warshel ;  J .  Chem. P h y s . ,  49, 5116, (1968) .

12. E . M . E n g l e r ,  J .D .A n d o s e ,  P. von  R . S c h l e y e r ;  JACS, 95,  80 0 5 ,

( 1 9 7 3 ) .

13. J .D.Dunitz ;  P e r s p e c t i v e s  i n  S t r u c t u r a l  Chem is t ry ,  Wiley,  New 

York,  2j_ 1,  ( 1 9 6 8 ) .

14.  S .K aa r s em a k e r , J .C o o p s ;  Rec. Trav .  Chim. , 71, 261,  (1952 ) .

15. J . C o o p s ,  H.v.Kamp,  W.A.Lambr e g t  s ,  B . J . V i s s e r ,  H .Dekker ;  

i b i d  , 79, 1226, ( 1 9 6 0 ) .

16.  R .G .S n y d e r ,  J . H . S c h a c h t s c h n e i d e r ; S p e c t r o c h i m .  A c t a ,  21, 

169,  ( 1 9 6 5 ) .

17.  F .H .K ru s e ,  D .W .Sco t t ;  J .  Mol. S p e c t r . ,  20, 276, (1966) .

18. D .N . J .W h i t e ,  C.Morrow; C o m p u t e r s  and C h e m i s t r y ,  3 , 33 ,  

( 1 9 7 9 ) .

19. C.Morrow; Ph.D. T h e s i s ,  Chem is t ry  Dept.,  Glasgow U n i v e r s i t y ,  

( 1 9 7 8 ) .

20.  D .N . J .W h i t e ,  C.Morrow; T e t r .  L e t t s . ,  3385, (1977) .

21.  D .N . J .W h i t e ,  C.Morrow; P r o c e e d i n g s  DECUS (UK), 17, ( 1 9 7 8 ) .

22 .  D .N . J .W h i t e ,  M . J . B o v i l l ;  J .  Mol. S t r u c t u r e ,  33, 273, (1976 ) .

23.  N .K lyne ,  V .P r e l o g ;  E x p e r e n t i a ,  16, 521, (1960) .

24.  J . D a l e ;  Acta  Chem. S c . ,  27, 1115, 1130, 1149, ( 1 973 ) .

25.  J . D a l e ;  Top ics  i n  S t e r e o c h e m i s t r y ,  9, 199, (1976 ) .

26.  D .N . J .W h i t e ;  S p e c i a l i s t  P e r i o d i c a l  R e p o r t s  ^  M o l e c u l a r  

S t r u c t u r e  by D i f f r a c t i o n  Methods,  Vol .  6 , 38, (1978 ) .

70



27 .  C.K. J o h n s  t o n ;  Oak R i d g e  N a t i o n a l  Lab. ,  R e p o r t  ORNL-3794, 

( 1 9 6 5 ) .

28.  S .Chang ,  D .M c N a l ly , S . S h a r y - T e h r a n y ,  M .J .H icke y ,  R.H.Boyd; 

JACS, 92 ,  3109,  ( 1 9 7 0 ) .

29.  M.J .McCaf f  e r ; Ph.D. T h e s i s ,  C h e m i s t r y  D e p t . ,  Glasgow 

U n i v e r s i t y ,  ( 1 9 7 8 ) .

3 0 .  W. M u r r a y  ( E d . ) ;  Num er  i c a l  M e t h o d s  f o r  U n c o n s t r a i n e d  

O p t i m i s a t i o n ,  Acad. P r e s s ,  London, (1972) .

31.  F .A .L .A n e t ,  A.Cheng, J .Wagner;  JACS, 94, 9250, ( 1 972 ) .

32.  A.Cheng;  Ph.D. T h e s i s ,  U n i v e r s i t y  of  C a l i f o r n i a ,  ( 1974) .

33 .  F .A .L .A n e t ,  T.N.Rawdah; JACS, 100, 7810, (1978) .

34.  R.H.Boyd;  i b i d  , 97,  5353, (1975 ) .

35.  O.Ermer, S .L i f s o n ;  i b i d  , 95, 4121, (1973) .

36.  C . A l t o n a ,  D .H .F a be r ;  T o p i c s  i n  C u r r e n t  C h e m i s t r y ,  45 ,  1,

( 1 9 7 4 ) .

37 .  J . D a l e ;  J . C . S . , 93,  ( 1 9 6 3 ) .

38. R .F .B r y a n ,  J . D . D u n i t z ;  I l e lv .  Chim. Ac ta ,  43,  3, ( 1960) .

39.  E .H u b e r - B u s e r , J . D . D u n i t z ;  i b i d  , 43, 760, (1960) .

40.  O .E rm e r ,  J . D . D u n i t z ,  I . B e r n a l ;  A c t a  C r y s t . ,  B29, 2278 ,  

( 1 9 7 3 ) .

41 .  N . L . A l l i n g e r , M . T . T r i b b l e ,  M .A . M i l l e r ,  D.H.Wertz;  JACS, 93,  

1637, ( 1 9 7 1 ) .

42.  P . G r o t h ;  Acta Chem. S c . ,  A30, 667, (1976) .

43.  G .B orge n ,  J . D a l e ,  F.A .L .Anet ,  J . K r a n e ;  J .C .S .  Chem.Comm., 

243,  ( 1 9 7 4 ) .

44 .  F .A .L .A n e t ,  J . K r a n e ;  I s r a e l  J .  Chem., 20, 72, (1980) .

45 .  J .C .Speakman;  J . C . S . , 490, (1941 ) .

46.  F .A .L .A n e t ,  A.K.Cheng, J . J .W a g n e r ;  JACS, 94, 9250, (1972 ) .

47 .  J . D . D u n i t z ,  H.M.M.Shearer ;  Helv.  Chim. Acta ,  43,  18, (1960 ) .

48 .  S .R u s t a d ,  H.M.Seip;  Acta  Chem. S c . ,  29, 378, (1975) .

49.  H.C.Brown;  J . C . S . , 1248, (1956 ) .

50. E .L .E l i e l ;  S t e r i c  E f f e c t s  i n  Organic  Chem is t ry ,  Wiley,  New 

York,  (1 9 5 6 ) .

51.  J . S i c h e r ;  P rog .  S t e r e o c h e m . , 3, 202, (1962 ) .

52.  J . D a l e ;  Angew. Chem. I n t e r n a t .  Ed. E n g l . ,  5,  1000, (1966 ) .

53 .  R .B .T u r n e r ,  W.R.Meadow; JACS, 79, 4133, (1957 ) .

54.  A.C.Cope,  P.T.Moore ,  W.R.Moore; i b i d  , 82,  1744, (1960)

71



55. P .G r o t h ;  Acta  Chem. S c . ,  A28, 294, (1974) .

56. P .G r o t h ;  i b i d  , A33, 503,  (1979) .

5 7 .  F . A . L . A n e t ,  M.S t . J a c q u e  s , P . H e n r i c h s ,  A.Cheng, J . K r a n e ,  

L.Wong; T e t r a h e d r o n ,  30,  1629, (1974 ) .

58.  P Groth;  Acta Chem. S c . ,  A30, 294, (1976) .

59.  P .G r o t h ;  i b i d  , A33, 203,  (1979 ) .

60.  F .A .L .A n e t ,  A.K.Cheng, J .K r a n e ;  JACS, 95, 7877, (1973) .

61.  F .K .W i n k l e r ,  J . D . D u n i t z ;  Acta  C r y s t ,  B31, 286, (1975) .

62. J .D a le ;  S t e r e o c h e m i s t r y  and C o n f o r m a t io n a l  A n a l y s i s ,  Weinhem 

P u b l i s h i n g  Co . ,  New York,  ( 1 978 ) .

63.  V . P r e l o g ,  V .B o a r l a n d ;  Helv.  Chim. A c ta ,  38, 1776, (1955) .

64.  N . J .L e o n a r d ;  A l k a l o i d s ,  1, 107, (1950);  6_>_ 37,  (1960) .

65 .  J .L .S u s s m a n ,  S.J .Wodak;  Acta C r y s t . ,  B29, 2918, (1973) .

6 6 . H. S t o e c k l i - E v a n s , D.H.G.Crout ;  H e lv .  Chim. A c t a ,  59,  21 6 8 ,  

( 1 9 7 6 ) .

67.  H . S t o e c k l i - E v a n s ; Acta  C r y s t . ,  B35, 231, (1979) .

6 8 . H . S t o e c k l i - E v a n s ; i b i d  , ( i n  p r e s s ) .

72



PART I I .  

X-RAY DIFFRACTION.
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CHAPTER THREE

FUNDAMENTAL PRINCIPLES OF X-RAY DIFFRACTION BY CRYSTALS
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3.0 INTRODUCTION

I n  1895 R o n t g e n  d i s c o v e r e d  t h a t  when h i g h  s p e e d  e l e c t r o n s  

w e r e  s u d d e n l y  s t o p p e d  by m a t t e r ,  a p e n e t r a t i n g  r a d i a t i o n  was 

e m i t t e d .  The n a t u r e  of t h i s  r a d i a t i o n  was a s u b j e c t  of argument  

f o r  s e v e r a l  y e a r s .  I n  1912,  h o w e v e r ,  F r i e d r i c h ,  K n i p p i n g  and 

Laue  s h o w e d  t h a t  t h e  r a d i a t i o n  -  t e r m e d  x - r a y s  -  h a d  wave 

p r o p e r t i e s  s i n c e  t h e y  w e r e  d i f f r a c t e d  by c r y s t a l s  of c o p p e r
1 o

s u l p h a t e  » .

At f i r s t  t h e  i n t e r e s t  i n  t h e s e  e x p e r im e n t s  l a y  i n  t h e  l i g h t  

w h i c h  t h e y  t h r e w  on t h e  n a t u r e  of  x - r a y s ,  b u t  i t  soon  becam e  

c l e a r  t h a t  t h e y  w e r e  o f  e v e n  g r e a t e r  i m p o r t a n c e  i n  p r o v i d i n g  a 

m eans  n o t  o n l y  o f  e s t a b l i s h i n g  t h e  r e g u l a r i t y  o f  a t o m i c  

a r r a n g e m e n t  i n  a  c r y s t a l ,  b u t  a l s o  of  d e t e r m i n i n g  e x a c t l y  w h a t  

t h a t  a r r a n g e m e n t  w a s .  Fo r  f r o m  t h i s  t i m e  o n w a r d s ,  m a t t e r  of  

m o l e c u l a r  d i m e n s i o n s  c o u l d  be p r o b e d  by s t u d y i n g  t h e  way i t  

s c a t t e r e d  x - r a y s .

The t e c h n i q u e  of x - r a y  d i f f r a c t i o n  was im m ed ia te ly  t a k e n  up 
o _ 7

by W.H. and  W.L.Bragg who i m p r o v e d  on t h e  Laue e x p e r i m e n t ,  

c h i e f l y  by s u b s t i t u t i n g  m o n o c h r o m a t i c  f o r  p o l y c h r o m a t i c  x -  

r a d i a t i o n  b u t  a l s o  by s i m p l i f y i n g  t h e  t h e o r y  o f  t h e  s c a t t e r i n g  

e x p e r i m e n t .  I n  t h e  method i n i t i a t e d  by W.L.Bragg, monochromatic  

x - r a y s  a r e  assumed to  be " r e f l e c t e d "  from f a m i l i e s  of r e g u l a r l y  

s p a c e d  p l a n e s  t h r o u g h o u t  t h e  c r y s t a l .  T h i s  r e s u l t s  i n  t h e  

famous Bragg e q u a t i o n  or law.  This  s t a t e s  t h a t  i f  a d i f f r a c t e d  

beam i s  p roduced when a beam of x - r a y s  pas ses  th rough a c r y s t a l ,  

i t  m u s t  be i n  s u c h  a d i r e c t i o n  t h a t  i t  may be c o n s i d e r e d  a s  

d e r i v e d  by r e f l e c t i o n  of t h e  i n c i d e n t  beam from one of t h e  s e t s  

of  l a t t i c e  p l a n e s ,  bu t  such a " r e f l e c t i o n "  can only occur  i f  t h e  

c o n d i t i o n  nX = 2d s i n 0  ( 1) i s  s a t i s f i e d .  0 i s  t h e  g l a n c i n g  ang le  

of  i n c i d e n c e  of t h e  x - r a y  beam on the  p l an e  i n  q u e s t i o n ,  d i s  the  

s p a c i n g  of t h e  p l a n e s  i n  t h e  c r y s t a l ,  X i s  t h e  w a ve leng th  of t h e  

i n c i d e n t  x - r a y s  and  n i s  t h e  o r d e r  of  t h e  s p e c t r u m .  T h i s  

c o n d i t i o n  p r o v i d e s  a v e r y  s i m p l e  p i c t u r e  of  t h e  p r o c e s s  of  

d i f f r a c t i o n  a t  a c r y s t a l  l a t t i c e .
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X—r a y s  c a n n o t  be f o c u s s e d  i n  t h e  c o n v e n i e n t  ways  u s e d  by 

v i s i b l e  l i g h t  t h u s  we c a n n o t  g e t  a d i r e c t  im a g e  of  t h e  a t o m i c  

p a t t e r n  i n  a c r y s t a l .  I n s t e a d ,  one has to  s tu d y  th e  d i f f r a c t i o n  

e f f e c t s  p roduced  when x - r a y s  pass  th rough  a c r y s t a l  and b u i l d  up 

an image of  t h e  s t r u c t u r e  by c a l c u l a t i o n .  The d i f f r a c t i o n  of x -  

r a y s  by c r y s t a l s  i s  e s s e n t i a l l y  no d i f f e r e n t  f rom t h a t  of v i s i b l e  

l i g h t  by a d i f f r a c t i o n  g r a t i n g :  bu t  to  s y n t h e s i z e  t h e  image from

t h e  d i f f r a c t e d  w a v e s  we m u s t  u s e ,  n o t  l e n s e s ,  b u t  e q u a t i o n s .  

From t h e  i n t e n s i t i e s  of t h e  r e f l e c t i o n s  c o l l e c t e d  from a s i n g l e  

c r y s t a l  e i t h e r  p h o t o g r a p h i c a l l y  o r  f r o m  a n  a u t o m a t i c  

d i f f r a c t o m e t e r ,  i t  i s  p o s s i b l e  t o  o b t a i n  an  e l e c t r o n  d e n s i t y  

d i s t r i b u t i o n  i n  t h e  c r y s t a l  w h i c h ,  i n  t u r n ,  p r o v i d e s  d i r e c t  

images  of  t h e  atoms i n  t h e  u n i t  c e l l .
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3.1 FACTORS AFFECTING THE DIFFRACTION INTENSITIES.

The i n t e n s i t y  o f  any  r e f l e c t i o n  i s  c o n t r o l l e d  by s e v e r a l  

f a c t o r s  -  t h e  d i f f r a c t i n g  powers  of t h e  a toms,  t h e  a r r a nge m e n t  of 

t h e  a t o m s  w i t h  r e g a r d  t o  t h e  c r y s t a l  p l a n e s ,  t h e  Bragg  a n g l e  a t  

w h i c h  r e f l e c t i o n  o c c u r s ,  t h e  num ber  of  c r y s t a l l o g r a p h i c a l l y  

e q u i v a l e n t  s e t s  o f  p l a n e s  c o n t r i b u t i n g  t o w a r d s  t h e  t o t a l  

i n t e n s i t y  o f  e a c h  a r c  or  s p o t  and  t h e  a m p l i t u d e  of  t h e  t h e r m a l  

v i b r a t i o n s  of  t h e  atoms.  O b s e rv a t io n  of any powder pho tograph  

r e v e a l s  two s t r i k i n g  f e a t u r e s ;  f i r s t l y ,  t h e r e  i s  g e n e r a l  

d i m i n u t i o n  of i n t e n s i t i e s  w i t h  i n c r e a s i n g  r e f l e c t i o n  a n g le ,  and 

s e c o n d l y ,  t h e  i n t e n s i t i e s  v a r y  f rom  one a r c  t o  t h e  n e x t  i n  an 

a p p a r e n t l y  i r r e g u l a r  m a n n e r .  The g e n e r a l  d i m i n u t i o n  o f  

i n t e n s i t i e s  w i t h  i n c r e a s i n g  r e f l e c t i o n  angle  i s  due to  a d e c r e a s e  

i n  t h e  d i f f r a c t i n g  power of  a toms w i t h  i n c r e a s i n g  an g le  , to  t h e  

p o l a r i s a t i o n  of t h e  x - r a y s  on r e f l e c t i o n ,  to  a g e o m e t r i c a l  f a c t o r  

and  t o  t h e  t h e r m a l  v i b r a t i o n s  of  t h e  a t o m s .  The a p p a r e n t l y  

i r r e g u l a r  v a r i a t i o n  of  i n t e n s i t y  f rom one a r c  to  t h e  nex t  i s  due 

t o  t h e  e f f e c t  o f  t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  a to m s  i n  s p a c e  -  

t h e  s t r u c t u r e  f a c t o r  -  and  t o  t h e  v a r i a t i o n  i n  t h e  number  of  

e q u i v a l e n t  s e t s  o f  p l a n e s  c o n t r i b u t i n g  t o  t h e  s p o t  or  a r c  -  a 

number which  depends on t h e  type  of p lane .  I t  i s  t h e  s t r u c t u r e  

f a c t o r  i n  which  we a r e  c h i e f l y  i n t e r e s t e d  but  i n  o rde r  to  i s o l a t e  

i t  we m u s t  a l l o w  f o r  a l l  t h e  o t h e r  f a c t o r s .  T h e s e  f a c t o r s  c a n  

be c l a s s i f i e d  i n t o  t h o s e  hav ing  a g e o m e t r i c a l  b a s i s  and c e r t a i n  

o t h e r s  hav in g  a  p h y s i c a l  b a s i s .  They a r e  d i s c u s s e d  more f u l l y  

be low.

( a )  G e o m e t r i c a l  f a c t o r s  a f f e c t i n g  i n t e n s i t i e s .

Atoms i n  c r y s t a l s  canno t  be r e g a r d e d  as s c a t t e r i n g  p o i n t s :  

t h e  " d i a m e t e r "  o f  t h e  e l e c t r o n  c l o u d  o f  an  a to m  i s  of  t h e  same 

o r d e r  o f  s i z e  a s  t h e  d i s t a n c e  b e t w e e n  t h e  c e n t r e s  o f  a d j a c e n t  

a tom s .  The consequence of t h i s  i s  t h a t  t h e r e  can be d e s t r u c t i v e  

i n t e r f e r e n c e  be tw een  t h e  w a v e l e t s  s c a t t e r e d  by the  e l e c t r o n s  i n  

an atom which r e d u c e s  t h e  i n t e n s i t y  of t h e  r e s u l t a n t  d i f f r a c t e d  

beam. The r e d u c t i o n  o f  i n t e n s i t y  i s  n o t  c o n s i d e r a b l e  f o r
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r e f l e c t i o n s  from w id e ly  spaced p lanes .  However, f o r  t h e  h i g h e r

o r d e r  d i f f r a c t i o n s ,  when the  phase d i f f e r e n c e  f o r  waves from th e

i n n e r  r e g i o n s  o f  a d j a c e n t  a to m s  i s  s e v e r a l  w a v e l e n g t h s ,  waves

from r e g i o n s  of n o t  very d i s s i m i l a r  e l e c t r o n  d e n s i t i e s  i n t e r f e r e

w i t h  e a c h  o t h e r ,  and t h e  i n t e n s i t y  of  t h e  r e s u l t a n t  d i f f r a c t e d

beam i s ,  t h e r e f o r e ,  much r e d u c e d .  T h i s  w ou ld  a p p e a r  t o

i n t r o d u c e  c o n s i d e r a b l e  complex i ty  i n t o  t h e  problem of c a l c u l a t i n g

t h e  i n t e n s i t i e s  of  d i f f r a c t e d  be ams .  F o r t u n a t e l y ,  i t  can  be

d e a l t  w i t h  i n  q u i t e  a s i m p l e  way, i . e .  by t r e a t i n g  a n  a to m  a s  i f

i t  h a d  a l l  i t s  d i f f r a c t i n g  m a t t e r  a t  a p o i n t  ( t h e  c e n t r e  of  t h e

a tom) , bu t  w i t h  a d i f f r a c t i n g  power d i m i n i s h i n g  w i t h  t h e  s p a c ing

o f  t h e  r e f l e c t i n g  p l a n e s .  The e f f e c t i v e  d i f f r a c t i n g  power  of

e a c h  a to m  i s  u s u a l l y  g i v e n  as  a f u n c t i o n  of  ( s i n 0 )  /  A and t h e

d i f f r a c t i n g  powers  of a l l  a toms ( symbol ised  f )  fo r  a wide range

o f  ( s i n 0) /  A a r e  a v a i l a b l e  b o t h  i n  t h e  o r i g i n a l  l i t e r a t u r e ^ - '*'2
11and i n  t h e  I n t e r n a t i o n a l  Tables  fo r  X-ray C r y s t a l l o g r a p h y  .

As mentioned p r e v i o u s ly ,  ano the r  cause  of d i m i n u t i o n  of the  

i n t e n s i t i e s  of x - r a y s  w i t h  i n c r e a s i n g  ang le  of r e f l e c t i o n  i s  t h e  

p o l a r i s a t i o n  w h i c h  o c c u r s  on r e f l e c t i o n .  N o n - p o l a r i s e d  

r a d i a t i o n  i s  o r d i n a r i l y  used in  x - r a y  c r y s t a l l o g r a p h y ,  however ,  

i t  i s  found t h a t  t h e  emergent  r a d i a t i o n  i s  p a r t i a l l y  p o l a r i s e d .  

T h i s  r e s u l t s  f ro m  t h o s e  e l e c t r i c  v e c t o r s  w h i c h  a r e  p a r a l l e l  t o  

t h e  s u r f a c e  of  t h e  r e f l e c t i n g  p l a n e  b e i n g  r e f l e c t e d  more 

e f f i c i e n t l y  t h a n  t h o s e  w h ic h  a r e  p e r p e n d i c u l a r  t o  t h i s  p l a n e .  

The i n t e n s i t y  of  t h e  r e f l e c t e d  beam i s  c o r r e c t e d  by t h e  

p o l a r i s a t i o n  f a c t o r ,  p, w h ic h  d e p e n d s  o n l y  on t h e  a n g l e  0 and 

which  i s  u n a f f e c t e d  by the  x - r a y  method employed: p i s  g iv en  by

p  =  1 / 2  ( 1  +  c o s 2 2 0 )  ( 2 )

A n o t h e r  a n g l e  f a c t o r  a f f e c t i n g  t h e  i n t e n s i t y  of t h e  

r e f l e c t i o n  i s  known as the  Lorentz  f a c t o r ,  L, which e x p r e s s e s  t h e  

r e l a t i v e  t im e  any c r y s t a l  spends w i t h i n  t h e  narrow an g u la r  range 

o v e r  w h i c h  r e f l e c t i o n  o c c u r s .  I n  t e r m s  o f  t h e  c o n c e p t  o f  t h e  

r e c i p r o c a l  l a t t i c e ,  each po in t  h , k , l  of  t h a t  l a t t i c e  has a f i n i t e
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s i z e ,  and as  t h e  r e c i p r o c a l  l a t t i c e  r o t a t e s  th rough  th e  sphere  

o f  r e f l e c t i o n ,  e a c h  p o i n t  s p e n d s  a f i n i t e  t i m e  p a s s i n g  t h r o u g h  

t h e  s u r f a c e  o f  t h i s  s p h e r e .  T h i s  f a c t o r  v a r i e s  w i t h  t h e  

d i s t a n c e  o f  t h e  r e c i p r o c a l  l a t t i c e  p o i n t  f ro m  t h e  o r i g i n  w h i c h  

i s ,  of  c o u r s e ,  r e l a t e d  to  t h e  angle  of r e f l e c t i o n .  The L o ren tz  

f a c t o r  a l s o  d e p e n d s  on t h e  t e c h n i q u e  e m p lo y e d  t o  m e a s u r e  t h e  

i n t e n s i t i e s .  F o r  d a t a  c o l l e c t e d  on a f o u r  c i r c l e  
d i f f r a c t o m e t e r ,  L i s  g iven by:

L = 1 /  s in20 (3)

The combined Loren tz  p o l a r i s a t i o n  (Lp) f a c t o r  f o r  a four  c i r c l e  

d i f f r a c t o m e t e r  may then  be w r i t t e n  as :

Lp = 1̂ + cos 22 e V  2sin29 (4)

( b )  Some p h y s i c a l  f a c t o r s  a f f e c t i n g  i n t e n s i t i e s .

These f a c t o r s  a r i s e  i n  a l e s s  s im p le  f a s h i o n  and a r e  due to  

a b s o r p t i o n  and t h e  thermal  motion of t h e  atoms.

A b s o rp t io n  of x - r a y s  by a c r y s t a l  may reduce  the  d i f f r a c t e d  

i n t e n s i t y  by a l a r g e  f a c t o r .  Even when th e  c r y s t a l  i s  not  l a r g e  

e n o u g h  t o  g i v e  c o m p l e t e  a b s o r p t i o n  of  t h e  i n c i d e n t  beam, 

a b s o r p t i o n  may reduce  th e  i n t e n s i t y  of the  d i f f r a c t e d  beam by a 

c o n s i d e r a b l e  a m o u n t .  I t  i s  n o t  p o s s i b l e  to  g i v e  a g e n e r a l  

t r e a t m e n t  o f  t h e  i n t e n s i t y  r e d u c t i o n .  I n  s t r u c t u r e  

d e t e r m i n a t i o n ,  i t  i s  o f t e n  s i m p l e s t  t o  c h o o s e  a c r y s t a l  s m a l l  

e n o u g h  and a r a d i a t i o n  p e n e t r a t i n g  enough and i g n o r e  t h e  

v a r i a t i o n  of a b s o r p t i o n  w i th  c r y s t a l  o r i e n t a t i o n .  The e f f e c t s  

o f  a b s o r p t i o n  can only be ig nored  f o r  rough work. The amount of 

a b s o r p t i o n  which t a k e s  p l ac e  d u r i n g  t h e  t r a n s m i s s i o n  of  x —r a y s  

t h r o u g h  t h e  c r y s t a l  w h i l e  a p a r t i c u l a r  r e f l e c t i o n  i s  b e i n g  

produced  i s  ve ry  t e d i o u s  to  c a l c u l a t e ,  s i n c e  i t  i s  a f u n c t i o n  of 

t h e  s h a p e  of  t h e  c r y s t a l  and t h e  r e l a t i o n s h i p  of  t h e  d i r e c t  and 

d i f f r a c t e d  beams to  t h i s  shape. While i t  i s  o r d i n a r i l y  out  of 

t h e  q u e s t i o n  t o  spend  t h e  t i m e  m ak ing  an  e x a c t  a l l o w a n c e  f o r
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a b s o r p t i o n  i t  i s  o f t e n  p o s s i b l e  t o  a p p r o x i m a t e  t h e  a l l o w a n c e .  

Such an a p p r o x i m a t io n  l ea ds  to a c o e f f i c i e n t  t ermed  the  l i n e a r -  

a b s o r p t i o n  c o e f f i c i e n t  w h ich  a p p l i e s  to  t h e  a b s o r p t i o n  of a 

p a r t i c u l a r  m o n o c h r o m a t i c  r a d i a t i o n  by a p a r t i c u l a r  m a t e r i a l .  

The l i n e a r —a b s o r p t i o n  c o e f f i c i e n t  fo r  any c r y s t a l  can be computed 

f r o m  a k n o w l e d g e  o f  i t s  c h e m i c a l  c o m p o s t i o n ,  i t s  d e n s i t y  and  a 

t a b l e  of mass a b s o r p t i o n  c o e f f i c i e n t s  of t h e  e le m en ts .  Such a 

t a b l e  i s  g i v e n  i n  V o l . I l l  o f  I n t e r n a t i o n a l  T a b l e s  f o r  X - r a y
1 O

C r y s t a l l o g r a p h y  . The m a s s - a b s o r p t i o n  c o e f f i c i e n t s  a r e  

f u n c t i o n s  no t  on ly  of the  e le m en ts  but  a l s o  of the  w ave leng th  of 

t h e  x - r a d i a t i o n  employed.

I n  d i s c u s s i n g  the  i n t e n s i t y  of the  x - r a y  d i f f r a c t i o n  s p e c t r a  

i t  h a s  b e e n  a s s u m e d  t h a t  t h e  c r y s t a l  s t r u c t u r e  i s  a s t a t i c  one 

i . e .  t h a t  i t  c a n  be t h o u g h t  o f  a s  a p e r i o d i c  p a t t e r n  o f  

s t a t i o n a r y  a toms.  Temperature  m o d i f ie s  t h i s  s i t u a t i o n  s i n c e  i t  

c a u se s  e ve ry  atom to  undergo the rm a l  motion.  The g e n e r a l  n a t u r e  

o f  t h e  m o d i f i c a t i o n  can be a p p r e c i a t e d  by n o t in g  t h a t  the  e f f e c t  

of  t h e  t h e r m a l  motion  i s  to  make the  e l e c t r o n s  of each atom sweep 

o u t  a l a r g e r  a v e r a g e  vo lu m e  t h a n  t h e y  wou ld  o c c u p y  i f  t h e  a to m  

w e r e  a t  r e s t .  The e f f e c t i v e  s c a t t e r i n g  f a c t o r  f o r  an  a tom  i n  

t h e r m a l  m o t i o n  i s  l e s s  t h a n  t h a t  f o r  an a to m  a t  r e s t  and  t h e  

amount of the  r e d u c t i o n  depends on i t s  mean- square  d i s p l a c e m e n t  

i n  the  d i r e c t i o n  b i s e c t i n g  the  ang le  between the  d i r e c t  and t h e  

s c a t t e r e d  beam. For an atom i n  a c r y s t a l  r e f l e c t i n g  a t  a Bragg 

a n g le  t h i s  w i l l  be the  d i r e c t i o n  p e r p e n d i c u l a r  to  the  r e f l e c t i n g  

p l a n e s .  I n  p r i n c i p l e ,  t h e  m e a n - s q u a r e  d i s p l a c e m e n t  c o u l d  be 

c a l c u l a t e d  i n  t e r m s  of  t h e  t e m p e r a t u r e  of  t h e  c r y s t a l  and  t h e  

i n t e r a t o m i c  f o r c e s  , b u t  i n  p r a c t i c e ,  one i s  more  l i k e l y  t o  

o b t a i n  i n f o r m a t i o n  about i n t e r a t o m i c  f o r c e s  from the  e f f e c t  of 

t e m p e r a t u r e  on x - r a y  d i f f r a c t i o n  t h a n  v i c e - v e r s a .  W a l l e r 14 

showed t h a t  a f a i r  a p p rox im a t ion  to  the  e f f e c t  of t h e r m a l  motion  

on t h e  i n t e n s i t y  of  x - r a y  r e f l e c t i o n  c a n  be made f o r  i s o m e t r i c  

s t r u c t u r e s  c o n t a i n i n g  o n l y  one k i n d  of  a to m .  I n  t h i s  s i m p l e

c a s e ,
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f j  = f 0 e x p [ - B ( s i n 29) / X2] (5)

where  fg  i s  t h e  s c a t t e r i n g  power of the  s t a t i o n a r y  atom and f  j  i s  

t h e  s c a t t e r i n g  f a c t o r  fo r  i s o t r o p i c  v i b r a t i o n .  B = , t h e

D e bye —W a l l e r  f a c t o r  or  t h e  i s o t r o p i c  t h e r m a l  p a r a m e t e r .  I t  

u s u a l l y  l i e s  i n  t h e  range 2-4 X for  ca rbon and oxygen atoms i n  a 

t y p i c a l  o r g a n i c  c r y s t a l  and i t  i s  t e m p e r a t u r e  dependen t .  U2 =

t h e  mean s q u a r e  a m p l i t u d e  of v i b r a t i o n  p e r p e n d i c u l a r  t o  t h e  

r e f l e c t i n g  p l a n e  and l i e s  i n  t h e  r a n g e  0 . 1- 0.01 X2. I t  i s  a 

v e r y  c o m p l e x  m a t t e r  t o  make an a l l o w a n c e  f o r  t h e r m a l  m o t i o n .  

E a c h  a to m  u n d e r g o e s  a m o t i o n  such  t h a t  i t s  e l e c t r o n  d e n s i t y  i s  

smeared  over  a s m a l l  a n i s o t r o p i c  volume, u s u a l l y  r eg a r d e d  as  a 

t r i a x i a l  e l l i p s o i d .  Each n o n - e q u i v a l e n t  a tom  n o t  o n l y  h a s  a 

d i f f e r e n t  e l l i p s o i d ,  but  the e l l i p s o i d s  a r e  o r i e n t e d  d i f f e r e n t l y .  

To d e s c r i b e  such an e l l i p s o i d ,  s i x  pa ra m e te r s  a r e  needed -  t h r e e  

g i v e  t h e  r a d i i  a long  i t s  p r i n c i p a l  axes and t h r e e  more d e s c r i b e  

t h e  o r i e n t a t i o n  o f  t h e  e l l i p s o i d  i n  s p a c e .  T h u s ,  f o r  

a n i s o t r o p i c  v i b r a t i o n ,

= f 0  e x p [ - ( B 1 1 h 2 a * 2  + B2 2 k 2 b * 2  + B3 3 l 2 c * 2  

+ 2B1 3 h la*c *  + 2B2 3 klb*c* + 2B1 2 hka*b*)/4] ( 6 )

^ ^
where B j ^ i s  the  a n i s o t r o p i c  t he rm a l  p a ra m e te r  and a , b , c a r e  

t h e  l e n g t h s  of r e c i p r o c a l  c e l l  edges.

A l t e r n a t i v e l y ,  e q u a t i o n  ( 6 ) may be r e w r i t t e n  i n  t h e  more  

commonly used form:

f j  = fg  exp[-2rr 2 ( U ^ h 2a 2  + U2 2 k2b 2  + U3 3 I  c 

+ 2Ul 3 h la*c*  + 2U2 3 klb*c*  + 2U1 2 hka*b*)]  (7)

w h e r e  U . . = U- 2 = B . • /  8TT2 , t h e  t h e r m a l  p a r a m e t e r s  e x p r e s s e d  
i  j  i  J 1 J

i n  te rms  of mean squa re  am pl i tudes  of v i b r a t i o n s .
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3 .2  THE STRUCTURE FACTOR.

The wave s c a t t e r e d  by a c r y s t a l  can  be c h a r a c t e r i s e d  by a 

q u a n t i t y  T h i s  i s  a c o m p le x  q u a n t i t y  whose  m a g n i t u d e  i s

t h e  a m p l i t u d e  of  t h e  s c a t t e r e d  wave and  whose  d i r e c t i o n  i n  t h e  

complex  p l a n e  i s  de te rmined  by the  phase of t h e  s c a t t e r e d  wave. 

S i n c e  t h i s  f a c t o r  depends  on t h e  a r r a n g e m e n t  of  m a t t e r  i n  t h e  

s p e c i f i c  c r y s t a l  under d i s c u s s i o n  i . e .  on i t s  c r y s t a l  s t r u c t u r e ,  

t h e  f a c t o r  i s  commonly c a l l e d  the  s t r u c t u r e  f a c t o r  (SF). The SF 

e q u a t i o n  can be w r i t t e n  in  the  form:

F ( h k l )  = I f j  exp2n i (hx j  + ky^ + l z j )  ( 8)

where f^  i s  t h e  a fo rem en t ioned  s c a t t e r i n g  f a c t o r  and 2n(hXj + ky^ 

+ l z j )  i s  t h e  p h a s e  a n g l e ,  <j) ,̂ e x p r e s s e d  a s  a f u n c t i o n  of  t h e  

f r a c t i o n a l  c o o r d i n a t e s  Xj ,  y j ,  z^ of  t h e  J  a to m s  o f  t h e  u n i t  

c e l l .

Fo r  p u r p o s e s  of  c o m p u t i n g  SFs i t  i s  u s u a l l y  c o n v e n i e n t  t o  

e x p r e s s  them i n  t e rm s  of t h e i r  r e a l  and im a g ina ry  components :

F ( h k l )  = A(hkl )  + iB ( h k l )  (9)

1 / 2where i  i s  t h e  imaginary  number ( - 1) and

A(hkl )  = I j =1 f j  cos2TT(hXj + ky^ + l z ^ )

and
B(hk l )  = I j =1 f j  s i n 2 n ( h x j  + ky^ + l z ^ ) .

From t h e  SF e q u a t i o n  i t  f o l l o w s  t h a t  the  magnitude  of t h e  SF 

i . e .  t h e  SF a m p l i tude ,  may be g iven  by

iF (hk l ) I  = {A(hkl ) 2 + B ( h k l ) 2}1/2  (10)

The i n t e n s i t y  of  ea ch  d i f f r a c t e d  beam X(hk l )  i s  n o r m a l l y  

p r o p o r t i o n a l  t o  t h e  s q u a r e  of  t h e  m odu lus  o f  t h e  s t r u c t u r e

a m p l i t u d e ,
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I ( h k l )  a iF (h k l )1 2 (11)

The p h a s e  a n g l e  o f  F ( h k l )  can  a l s o  be d e d u c e d  f ro m  t h e  SF 

e q u a t i o n :

t a n ^ h k i  = B(hkl )  /  A(hkl )  (12)
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— ■* - structure factors and the electron density distribution.

I t  i s  w e l l  known t h a t  a p e r i o d i c  f u n c t i o n  can be r e p r e s e n t e d  

by an a p p r o p r i a t e  sum of cos ine  and s in e  t e rm s  known as  a F o u r i e r  

s e r i e s .  S i n c e  a c r y s t a l  i s  p e r i o d i c ,  i t s  e l e c t r o n  d e n s i t y  c a n  
be n e a t l y  r e p r e s e n t e d  by such a s e r i e s :

p(xyz)  = F (hk l )  e x p [ - 2 n i ( h x  + ky + l z ) ]  (13)

where  p(xyz) i s  t h e  e l e c t r o n  d e n s i t y  a t  the  p o i n t  w i t h  f r a c t i o n a l  

c o o r d i n a t e s  x , y , z  i n  t h e  u n i t  c e l l  of  v o lu m e  V. The t r i p l e  

summation i s  t ak e n  over  a l l  d i f f r a c t e d  beams.

I t  can be shown t h a t

F ( h k l )  = lF(hkl)l  exp[ 2TTi<|>h k l] (14)

Using  e q u a t i o n  (14) and s u b s t i t u t i n g  fo r  F(hkl)  i n  e q u a t i o n  (13) 

r e s u l t s  i n  a more u s e f u l  form of the  F o u r i e r  e x p r e s s io n :

p (x y z )  = lF(hkl)l  e x p [ - 2 n i (h x  + ky + l z  “ ^ k l ^  (15)

The  f i n a l  e l e c t r o n  d e n s i t y  r e p r e s e n t s  t h e  

d i s t r i b u t i o n  o f  a to m s  i n  t h e  u n i t  c e l l  of  a c r y s t a l .  Thus t h e  

u t i l i s a t i o n  of t h e  e l e c t r o n  d e n s i t i e s  and th e  r e a s o n s  f o r  t h e i r  

c a l c u l a t i o n  a r e  s e l f - e v i d e n t .  In p r a c t i c e ,  however,  i t  i s  no t  a 

s i m p l e  m a t t e r  to  c a r r y  out  the  summations. This i s  because  t h e  

c o e f f i c i e n t s  n e c e s s a r y  fo r  the  s e r i e s  summation a r e  i n c o m p l e t e l y  

know n.  Only  t h e  SF m a g n i t u d e s  a r e  d e t e r m i n e d  e x p e r i m e n t a l l y  

w h i l e  t h e  phase r e l a t i o n s  must be de r ived  by some o t h e r  s t r a t e g y  

e . g .  t r i a l  and e r r o r ,  t h e  he a v y  atom m e t h o d ,  i s o m o r p h o u s  

r e p l a c e m e n t ,  P a t t e r s o n  methods or  D i r e c t  methods. This  s e a r c h  

f o r  a s e l f - c o n s i s t e n t  s e t  of phases i s  termed th e  phase problem 

of  c r y s t a l l o g r a p h y .

84



DIRECT METHODS OF PHASE DETERMINATION.

The e a r l i e s t  m e thod  f o r  s o l v i n g  c r y s t a l  s t r u c t u r e s  was a 

p r o c e s s  of  t r i a l  and e r r o r .  P o s s ib l e  s t r u c t u r e s  were p o s t u l a t e d  

and t h e  c a l c u l a t e d  and observed i n t e n s i t i e s  compared i n  o r d e r  to 

t e s t  t h e  p l a u s i b i l i t y  of  t h e  p o s t u l a t e s .  The a d v e n t  of  t h e  

P a t t e r s o n  f u n c t i o n  method marked an i m p o r t a n t  a d v a n c e :  an

e x a m i n a t i o n  o f  t h e  v e c t o r  map c o u p l e d ,  p e r h a p s ,  w i t h  c h e m i c a l  

k n o w l e d g e  may y i e l d  i m p o r t a n t  i n f o r m a t i o n  c o n t a i n i n g  t h e  

o r i e n t a t i o n  or  r e l a t i v e  p o s i t i o n  of  g r o u p s  of  a to m s ,  or  e v e n  

e n a b l e  a c om p le te  s t r u c t u r e  d e t e r m i n a t i o n  to  be made. When th e  

s t r u c t u r e  i s  c e n t r o s y m m e t r i c  and c o n t a i n s  a few a to m s  of  h i g h  

a t o m i c  num ber  t h e n  t h e  p o s i t i o n  of t h e s e  " heavy"  a to m s  may 

s o m e t i m e s  be f o u n d  u n e q u i v o c a l l y  by an e x a m i n a t i o n  of  t h e  

P a t t e r s o n  f u n c t i o n .  A F o u r i e r  s y n t h e s i s ,  c a l c u l a t e d  w i t h  t h e  

ob s e rv e d  s t r u c t u r e  a m p l i tude s  and w i th  phases (0 or  p i )  g iv en  by 

t h e  c o m b i n a t i o n s  of  t h e  h e a v y  a t o m s ,  w i l l  t h e n  o f t e n  show t h e  

e l e c t r o n  d e n s i t y  a s s o c i a t e d  w i t h  t h e  r e m a i n i n g  a t o m s  of  t h e  

s t r u c t u r e .  I n  su c h  a c a s e  t h e  s t r u c t u r e  may be c o n s i d e r e d  t o  

h a v e  b e e n  d e t e r m i n e d  d i r e c t l y ,  i n  t h e  s e n s e  t h a t  a s e r i e s  of 

o p e r a t i o n s  l e d  f rom  t h e  d i f f r a c t i o n  d a t a  t o  t h e  s t r u c t u r e .  

T h e r e  a r e  v a r i o u s  o t h e r  p r o c e d u r e s  more or  l e s s  r e l a t e d  t o  t h e  

P a t t e r s o n  f u n c t i o n ,  su c h  as  t h e  u s e  of t h e  P a t t e r s o n - H a r k e r 15
1 fl

f u n c t i o n  or t h e  e x a m ina t ion  of a weigh ted r e c i p r o c a l  l a t t i c e  , 

w h i c h ,  u n d e r  s u i t a b l e  c o n d i t i o n s ,  may a l s o  g i v e  a d i r e c t  

d e t e r m i n a t i o n  of a c r y s t a l  s t r u c t u r e .

The a d j e c t i v e  " d i r e c t "  h o w e v e r ,  i s  u s u a l l y  r e s e r v e d  f o r  

t h o s e  m e t h o d s  w h i c h  a t t e m p t  t o  d e r i v e  t h e  p h a s e s  of  t h e  SFs 

d i r e c t l y  by m a t h e m a t i c a l  means from the x - r a y  d i f f r a c t i o n  d a ta .  

D i r e c t  m e t h o d s  a r e  u s u a l l y  c a s t  i n  t h e  fo rm  of  a m a t h e m a t i c a l  

p r o b l e m  w h i c h ,  on c e  f o r m u l a t e d ,  may be s o l v e d  by a s e q u e n c e  of  

s t e p s  i n  which any d e c i s i o n s  a re  of a p u r e l y  m athem a t ica l  n a t u r e .

In  the  heavy atom,method once the heavy atom or a toms a r e  

c o r r e c t l y  l o c a t e d  i n  t h e  u n i t  c e l l  t h e  r e l a t i v e  p h a s e s  of  t h e  

SFs c a n  be d e t e r m i n e d  u n a m b i g u o u s l y .  These  r e l a t i o n s h i p s
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b e t w e e n  r e l a t i v e  SF m a g n i t u d e s  and t h e i r  p h a s e s  h a s  f o c u s s e d  

a t t e n t i o n  on t h e  f a c t  t h a t  t h e  o b s e r v e d  i n t e n s i t i e s  do c o n t a i n  

i n f o r m a t i o n  r e g a r d i n g  p h a s e s ,  even t h o u g h  i t  i s  n o t  d i r e c t l y  

a p p a r e n t .  D i r e c t  methods s e e k  t o  d e t e r m i n e  p h a s e  i n f o r m a t i o n  

o b j e c t i v e l y  by e x a m i n a t i o n  and c o m p a r i s o n  of  SF m a g n i t u d e s  

d e r i v e d  from th e  s tudy of a s i n g l e  c r y s t a l .  S t a r t i n g  from th e  

f u n d a m e n t a l  p h y s i c a l  f a c t  t h a t  t h e r e  can be no r e g i o n s  of  

n e g a t i v e  e l e c t r o n  d e n s i t y  w i t h i n  the u n i t  c e l l ,  i t  i s  p o s s i b l e  to  

d e r i v e  a number  of  i n e q u a l i t i e s ,  e q u a l i t i e s  and p r o b a b i l i t i e s  

w h ich ,  i n  f a v o u r a b le  c a s e s ,  a l low phases  to be d e te rm ined .

( a )  I n e q u a l i t y  r e l a t i o n s h i p s .

The h e r e d i t a r y  o r i g i n  of  a l l  d i r e c t  m e th o d s  may be t r a c e d  

back  t o  t h e  i n e q u a l i t y  r e l a t i o n s h i p s  between SFs f i r s t  expounded 

by Harker  and K a spe r1^. These e x p re s s io n s ,  r e s u l t i n g  from th e  

c o m b i n a t i o n  o f  SF e x p r e s s i o n s  w i t h  c e r t a i n  c l a s s i c a l  

i n e q u a l i t i e s ,  p rov ided  the  f i r s t  means of d e t e r m i n in g  t h e  phase 

of  one r e f l e c t i o n  i n  terms of i t s  magni tude and th o se  of o t h e r s .

(b )  E q u a l i t i e s .

The n e x t  i m p e t u s  t o  t h e  d e v e l o p m e n t  of  d i r e c t  m e t h o d s  was 

i n i t i a t e d  by S a y r e 18 who showed t h a t  fo r  a s t r u c t u r e  c o n t a i n i n g  

e q u a l  r e s o l v e d  a t o m s ,  t h e  SFs a r e  i n t e r r e l a t e d  by p r e c i s e  

e q u a t i o n s .  I t  c a n  be s h o w n  t h a t  f o r  t h r e e  r e f l e c t i o n s  

r e p r e s e n t e d  as _h, _k, b-lc :

Fh = <|>h Zfc Fk . F h -k  (16)

where  4 ^  i s  s im ply  a c a l c u l a b l e  s c a l i n g  term.  When t h e  sum of 

t h e  p r o d u c t s  on t h e  r i g h t  of  (16)  i s  e x a m i n e d ,  i t  i s  c l e a r  t h a t ,  

f o r  a v e r y  l a r g e  p r o d u c t  i . e .  when a p a r t i c u l a r  Flc and  Fh-_k a r e  

b o t h  l a r g e ,  t h i s  p r o d u c t  d o m i n a t e s  t h e  sum, and h e n c e  t h e  s i g n ,  

o f  Fh.  E x p r e s s i n g  t h e  s i g n  o f  Fh by Sh, r e l a t i o n  (16)  means
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t h a t

Sh = Sk . Sh-k (17)

T h i s  r e l a t i o n s h i p  i s  t e r m e d  a "S igma two" r e l a t i o n s h i p  and  may 

a l s o  be a p p l i e d  to  non -ce n t ro sym m e t r i c  cases  i n  which S i s  used 

t o  d e n o t e  " t h e  p h a s e "  . T h i s  e q u a t i o n  i n d i c a t e s  t h a t  a 

knowledge  of the  s igns  of two r e f l e c t i o n s  p e r m i t s  t h e  s ig n  of t h e  

t h i r d  r e f l e c t i o n  to  be de te rmined .  The r e s t r i c t i n g  c o n d i t i o n  i s  

t h a t  t h e  s t r u c t u r e  concerned must be composed of i d e n t i c a l  a toms.  

For o r g a n i c  c r y s t a l s  e qua t ion  (17) has been shown to  ho ld  i f  t h e  

a s s o c i a t e d  SFs a r e  l a r g e  -  e x c e p t i n g  hydrogen,  t h e  p redom inan t  

c o m p o n e n t s  o f  o r g a n i c  c r y s t a l s  a r e  c a r b o n ,  oxygen  and  n i t r o g e n  

which  have rough ly  e q u iv a l e n t  a tomic w e igh ts  which deems them to  

be composed of "equal"  a toms.

( c )  P r o b a b i l i t i e s .

Both Sayre 's  e q u a t i o n  and Harker-Kasper  i n e q u a l i t i e s  r e q u i r e  

t h a t  t h e  SFs shou ld  be l a r g e  and they  both  sugges t  t h a t  t h e  s ig n  

r e l a t i o n s h i p  i s  p robab ly  more t r u e  than  not ,  even i f  the  SFs a r e  

n o t  q u i t e  l a r g e  enough to  make the r e l a t i o n s h i p  a c e r t a i n t y .  In  

t h e  u n c e r t a i n  s i t u a t i o n  the  "equa ls"  s ign  i n  e q u a t i o n  (17) shou ld  

be r e p l a c e d  by "p robab ly  e q u a l s " .

The q u e s t i o n  of the  exact  p r o b a b i l i t i e s  of e q u a t i o n  (17) i s  

o b v i o u s l y  an  i m p o r t a n t  one and t h e  r e s u l t  g i v e n  by C o c h r a n  and 

W o o l f s o n ^  i s  most  commonly used as i t  i s  s u f f i c i e n t l y  a c c u r a t e  

f o r  most  purposes  w h i l e  no t  be ing  too m a t h e m a t i c a l l y  i n t r i c a t e .  

T h i s  r e s u l t  i s  t h a t  t h e  p r o b a b i l i t y  of  t h e  s i g n  r e l a t i o n s h i p  

h o l d i n g  i s  given  by

P = 1/2 + 1/2 t anh (  lEh.Ek.Eh-k, I I T 1/ 2) (18)

i . e .  i n  terms of n o rm a l i se d  SFs termed E v a l u e s .

By r e g a r d i n g  e a c h  p h a s e  i n d i c a t i o n  a s  a v e c t o r  of  l e n g t h  

| E k . E h - k |  a n d  d i r e c t i o n  [ cj) k. + <j)h-k] , t h e y  may be s um m e d  

v e c t o r i a l l y .  This  o p e r a t i o n  l ea ds  to the  Tangent  fo rm ula .
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ta n  h - { I k lEk.Eh-kl sin[<j)k + (|)h-k] } / { I k lEk.Eh-kl cos [<|>k -Hfh-k] } (19)
R e f in e m e n t  o f  a s e t  o f  phases  can be a c h ie v e d  by a r e c y c l i n g  

p r o c e s s ,  employing the Tangent formula, which can be continued  

u n t i l  n e g l i g i b l e  s h i f t s  in  the derived phase angles  are observed  
from one c y c le  to the next.

B o t h  t h e  e q u a l i t y  and p r o b a b i l i t y  r e l a t i o n s h i p s  mentioned 

h e r e  h a v e  d e a l t  w i t h  t h r e e - p h a s e  s t r u c t u r e  i n v a r i a n t s  t e r m e d  

t r i p l e t s .  The p r o b a b i l i t y  of  t h e  s i g n  of  a t r i p l e  p h a s e  

i n v a r i a n t  h o l d i n g ,  depends  on t h e  s i z e  of t h e  E - m a g n i t u d e s  

i n v o l v e d  i n  t h e  c o n s t r u c t i o n  of  t h e  i n v a r i a n t .  I t  i s ,  

t h e r e f o r e ,  r e a s o n a b l e  to  assume t h a t  the  i n v a r i a n t  w i l l  be more 

s e n s i t i v e  t o  some E - m a g n i t u d e s  t h a n  o t h e r s .  I n  an a t t e m p t  t o  

d e f i n e  t h e  c r i t e r i a  w h ic h  b r i n g  a b o u t  t h i s  d e p e n d e n c e  on E-  

m a g n i t u d e s ,  t h e  c o n c e p t  o f  " n e s t e d  n e i g h b o u r h o o d s "  was 

i n t r o d u c e d " ^ .  This has produced a d d i t i o n a l  p r o b a b i l i t y  f o rm u la e

which  d e a l  w i t h  f o u r - p h a s e  s t r u c t u r e  i n v a r i a n t s  termed q u a r t e t s ,  

and w i t h  f i v e - p h a s e  s t r u c t u r e  i n v a r i a n t s  termed q u i n t e t s .  Major  

changes  may r e s u l t  as one in c r e a s e s  the  number of magni tudes on 

wh ich  t h e  e s t i m a t e  fo r  the  s t r u c t u r e  i n v a r i a n t  depends.  The two 

s i m p l e s t  f o r m u l a e 2 1 f o r  e s t i m a t i n g  t h e  s i g n  of  a q u a r t e t  of 

r e f l e c t i o n s  and i t s  a s s o c i a t e d  p r o b a b i l i t y  a r e  t h e  7 - m a g n i t u d e  

t w o  n e i g h b o u r h o o d  f o r m u l a  and t h e  13—m a g n i t u d e  t h r e e

ne ig hbourhood  P13^ fo rm ula .



3.5 PHASE DETERMINATION IN PRACTICE.

A n u m b e r  o f  m e th o d s  have  been  u s e d  t o  a p p l y  e q u a t i o n  (17)  

a n d  i t s  d e r i v a t i v e s  t o  t h e  p r o b l e m  o f  p r a c t i c a l  p h a s e  

d e t e r m i n a t i o n  and v a r i o u s  computer  programmes have r e s u l t e d  from 

t h e s e  m e t h o d s .  The MULTAN23 s y s t e m  i s  a p a c k a g e  o f  

c r y s t a l l o g r a p h i c  computer  programmes which employs t h e  " sym bol ic  

a d d i t i o n  method of t h e  K a r l e s 2^ to de te rm ine  phases  and i s  the  
sy s te m  us e d  by th e  a u t h o r .

The p r i n c i p l e  o f  t h e  s y m b o l i c  a d d i t i o n  method  i s  t h a t  one 

s t a r t s  w i t h  a l i m i t e d  number of phases  and uses  t h e s e  to  pyramid 

t o  a n u m b e r  l a r g e  e n o u g h  t o  g i v e  a r e a s o n a b l e  F o u r i e r  

r e p r e s e n t a t i o n  o f  t h e  s t r u c t u r e .  The i n i t i a l  p r o b l e m  i s  t o  

o b t a i n  a s e t  o f  s t a r t i n g  r e f l e c t i o n s  wh ich  w i l l  e f f i c i e n t l y  

e x p a n d  t o  g i v e  new p h a s e  i n f o r m a t i o n .  T h i s  i s  t h e  m o s t  

d i f f i c u l t  p a r t  of  any m u l t i - s o l u t i o n  t e c h n iq u e .  Once t h e  

n o r m a l i s e d  SFs h a v e  be e n  c a l c u l a t e d  a s u b s e t  i s  c h o s e n  f o r  

c a r r y i n g  o u t  s i g n  d e t e r m i n a t i o n .  In  the  case  of c e n t r o s y m m e t r i c  

c r y s t a l s  t h e  s igma- 2  r e l a t i o n s h i p  i s  used fo r  s ig n  d e t e r m i n a t i o n  

( e q u a t i o n  ( 1 7 ) ) .  The  p r o c e d u r e  i s  s i m i l a r  f o r  n o n -  

c e n t r o s y m m e t r i c  s t r u c t u r e s .

I n  o r d e r  t o  d e f i n e  a c r y s t a l  s t r u c t u r e  c o m p l e t e l y  i t  i s  

n e c e s s a r y  t o  s e t  up a s y s t e m  of  axes  w i t h  a f i x e d  o r i g i n .  A 

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

m a g n i t u d e s  o f  t h e  SFs, so t h e  s e l e c t i o n  of a p a r t i c u l a r  o r i g i n  

i m p o s e s  a c o r r e s p o n d i n g  p a t t e r n  of r e l a t i v e  p h a s e s  on t h e  

d i f f r a c t i o n  p a t t e r n .  I t  i s  p o s s i b l e  t o  pu t  r e f l e c t i o n s  i n t o  

c a t e g o r i e s  a c c o r d i n g  t o  w h e t h e r  or  n o t  t h e i r  s i g n s  de pe nd  upon 

o r i g i n  p o s i t i o n  i n  the  x,  y or z d i r e c t i o n  -  termed the p a r i t y  of 

h ,  k  o r  1. A l t h o u g h  t h e  s i g n s  of  t h e  i n d i v i d u a l  p h a s e s  de pe nd  

on t h e  s t r u c t u r e  and c h o i c e  of  o r i g i n ,  t h e r e  e x i s t s  c e r t a i n  

l i n e a r  c o m b i n a t i o n s  o f  p h a s e s ,  t h e  s t r u c t u r e  i n v a r i a n t s ,  whose 

v a l u e s  a r e  i n d e p e n d e n t  of  o r i g i n  c h o i c e .  The o c c u r r e n c e  of  

s t r u c t u r e  i n v a r i a n t s  l e n d s  i t s e l f  t o  t h e  r u l e  t h a t  r e f l e c t i o n s  

u s e d  t o  d e f i n e  t h e  o r i g i n  c a n n o t  combine  to  g i v e  a s t r u c t u r e
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i n v a r i a n t  and a r e ,  t h e r e f o r e ,  l i n e a r l y  i n d e p e n d e n t .  P a r i t y  

a r g u m e n t s  f u r t h e r  r e s t r i c t  t h e  c h o i c e  of  r e f l e c t i o n s  u s e d  f o r  

o r i g i n  d e f i n i t i o n .  The o r i g i n  d e f i n i n g  r e f l e c t i o n s  form a good 

s t a r t i n g  p o i n t  f o r  phase d e t e r m i n a t i o n .

The MULTAN s y s t e m  i s  composed  of  t h e  f o l l o w i n g  m a in  
subprogram m es :

( i )  NORMAL: computa t ion  of normal ised s t r u c t u r e  a m p l i t u d e s .

( i i )  MULTAN: t h i s  p r o c e d u r e  i s  composed o f  f i v e  l o g i c a l  p a r t s ,

t w o  o f  w h i c h  a r e  o p t i o n a l  and w i l l  n o t  be d i s c u s s e d  f u r t h e r .

Sigma—2 f i n d s  s e t s  of s igma—2 r e l a t i o n s h i p s .  I t  a l s o  s e rve s  to

l o a d  q u a r t e t s  i n t o  t h e  system and c o l l a t e  them w i t h  the  s ig m a - 2s

i f  r e q u i r e d .  Converge uses  the  supp l i ed  space group i n f o r m a t i o n

t o  d e t e r m i n e  w h i c h  p a r i t y  g ro u p s  a r e  r e q u i r e d  t o  d e f i n e  t h e

o r i g i n :  i t  t h e n  c a l c u l a t e s  t h e  p r o b a b i l i t i e s  f o r  t h e  s i g n s  of
1 9t h e  s t r u c t u r e  i n v a r i a n t s  v i a  t h e  T a n g e n t  f o r m u l a  . Fas  t a n  

d e t e r m i n e s  the  phases  of o the r  high va lue  E-magni tudes  by u s in g  

t h e  s t a r t i n g  s e t  d e te rm ine d  by Converge. I t  employs a we igh te d  

v e r s i o n  of  t h e  Tangent  fo rm ula  and the phase r e l a t i o n s h i p s  ou tpu t  

by  t h e  s i g m a - 2 s .  A f i g u r e  of m e r i t  ba sed  on t h e  d e g r e e  of 

i n t e r n a l  c o n s i s t e n c y  i s  given  to each complete phase s e t .

( i i i )  FOURIER: t h i s  procedure  con ta in s  the r em a in ing  programmes 

i n  t h e  MULTAN s y s t e m ,  EXFFT and SEARCH, w h ic h  n o r m a l l y  r u n  

c o n s e c u t i v e l y  to  c a l c u l a t e  and i n t e r p r e t  E-maps. EXFFT produces 

t h e  E—map f r o m  a s e t  o f  n o r m a l i s e d  SFs w h ic h  h a s  t h e  h i g h e s t  

combined f i g u r e  of m e r i t .  SEARCH looks fo r  the  l a r g e s t  peaks i n  

t h e  E—map and l i s t s  t h e i r  c o o rd in a te s  in  orde r  of peak h e i g h t .

F o r  e a c h  s e t  o f  p h a s e s  d e t e r m i n e d ,  t h r e e  f i g u r e s  of  m e r i t  

(FOM) a r e  computed and ou tpu t  w i th  the  Tangent fo rm ula  r e s u l t s .  

I f  q u a r t e t s  a r e  a v a i l a b l e ,  a f u r t h e r  FOM i s  i n t r o d u c e d .  The 

" a b s o l u t e "  FOM i s  a m e a s u r e  of  i n t e r n a l  c o n s i s t e n c y  among t h e  

s ig m a -2  r e l a t i o n s h i p s  -  i t  i s  zero fo r  random phases  and c l o s e  t o
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u n i t y  f o r  t h e  c o r r e c t  s e t  of p h a s e s .  The n e x t  FOM, P S I ( z e r o ) ,  

i s  a  p o w e r f u l  d i s c r i m i n a t o r  a g a in s t  i n c o r r e c t  s e t s  of phases  as  

i t  i s  v e r y  s e n s i t i v e  to  m olecu la r  p o s i t i o n  and i s  independent  of 

t h e  T a n g e n t  f o r m u l a  — i t  i s  e x p e c t e d  t o  be s m a l l  f o r  a good s e t  

o f  p h a s e s .  F i n a l l y  t h e  t h i r d  FOM, RESID, i s  a m e a s u r e  of  t h e  

e x t e n t  t o  which  t h e  " squared  s t r u c t u r e "  r e se m b le s  the  " s t r u c t u r e "  

f o r  t h e  s e t  of  p h a s e s  u n d e r  c o n s i d e r a t i o n  -  i t  s h o u l d  be a 

minimum f o r  t h e  c o r r e c t  s e t  of phases .  A f t e r  a l l  s e t s  of phases  

h a v e  b e e n  c o m p u t e d ,  MULTAN o u t p u t s  a summary of  t h e  FOMs 

i n c l u d i n g  a c o m b i n e d  FOM, w h ich  has  been  found  to  be a more  

r e l i a b l e  i n d i c a t o r  of  t h e  c o r r e c t  s e t  of p h a s e s  t h a n  any of  t h e  

o t h e r  FOMs s e p a r a t e l y  and i t  i s  u s e d  by EXFFT to  d e c i d e  on t h e  

o r d e r  of  c o m p u t a t i o n  of E-maps -  i t  has a maximum va lu e  f o r  t h e  

b e s t  s e t  of  phases .

MULTAN h a s  g r e a t e s t  s u c c e s s  w h e n  d e a l i n g  w i t h  

c e n t r o s y m m e t r i c  c r y s t a l s  of s m a l l  o rgan ic  m olecu le s  whereas  non— 

c e n t r o s y m m e t r i c  c r y s t a l s  i n t r o d u c e  f u r t h e r  c o m p l i c a t i o n s .  

H o w e v e r ,  c o m p l e t e  s t r u c t u r a l  s o l u t i o n s  have  be e n  o b t a i n e d  f o r  

b o t h  s e t s  of c r y s t a l s  v i a  MULTAN.
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3.6 FOURIER SYNTHESIS

Once a s e t  of phases  has been de te rm ined ,  i t  i s  p o s s i b l e  to  

c a l c u l a t e  t h e  e l e c t r o n  d e n s i t y  by u s i n g  e q u a t i o n  (15)  and t h e  

o b s e r v e d  SF a m p l i t u d e s .  I f  the  s t r u c t u r e  model used to  c a l c u l a t e  

t h e  p h a s e s  i s  e n t i r e l y  c o r r e c t ,  the  e l e c t r o n  d e n s i t y  c a l c u l a t i o n  

s h o u l d  p roduce  th e  proposed  atomic  c o o rd in a te s  e x a c t ly .  I t  i s  

e v i d e n t  t h a t  t h e  g e n e r a l  d e p a r t u r e  of t h e  c om puted  f rom  t h e  

o b s e r v e d  i n t e n s i t i e s  m us t  i n c r e a s e  w i t h  t h e  d e p a r t u r e  of  t h e  

model  f rom th e  a c t u a l  s t r u c t u r e .  A common measure of the  e x t e n t  

t o  which  r e f i n e m e n t  of the  a tom ic  p o s i t i o n s  has p ro g re s s ed  i s  t h e  

s o - c a l l e d  r e s i d u a l  i n d ex ,  R, de f ined  by

R = I {  iFol -  iFcl } /  IlFol (20)

w here  IFoI i s  t h e  modulus of the observed value of the  SF and IFcl 

i s  t h e  modulus of i t s  c a l c u l a t e d  va lue .  The va lue  of R t h a t  can 

be c o n s i d e r e d  s a t i s f a c t o r y  depends to  some e x t e n t  on the  accu racy  

o f  t h e  i n t e n s i t y  m e a s u r e m e n t s  and on t h e  c o m p l e x i t y  of t h e  

s t r u c t u r e ,  bu t  t y p i c a l l y  one would aim a t  va lu es  of l e s s  t h a n  8% 

f o r  c o u n t e r  measurements .

The most  obvious  method of r e f in e m e n t  i s  s im ply  s u c c e s s iv e  

c y c l e s  of F o u r i e r  s y n t h e s i s .  The f i r s t  Fou r ie r  s y n t h e s i s ,  based  

on  h e a v y  a to m  p o s i t i o n s  or s i g n  r e l a t i o n s h i p s ,  w i l l  p r o b a b l y  

y i e l d  a p p r o x i m a t e  p o s i t i o n s  f o r  l i g h t e r  a to m s ,  w h ic h  w e re  n o t  

u s e d  f o r  t h e  d e r i v a t i o n  of  t h e  i n i t i a l  s e t s  of p h a s e s ,  or  w i l l  

y i e l d  c o r r e c t e d  c o o r d i n a t e s  fo r  the  prev ious  s e t  of a toms.  The 

p h a s e s  of t h e  SFs can then  be r e c a l c u l a t e d  us ing  t h i s  a d d i t i o n a l  

i n f o r m a t i o n .  T h i s  p r o c e s s  of  r e p e a t i n g  t h e  s y n t h e s i s  w i t h  

p h a s e s  c a l c u l a t e d  f o r  t h e  a tom ic  p o s i t i o n s  given by th e  p r e c e d in g  

s y n t h e s i s  can be r e p e a t e d  u n t i l  no s i g n i f i c a n t  change i n  a tom ic  

p o s i t i o n s  i s  f o u n d  on r e p e t i t i o n .  The v a l u e  of R can  be 

c a l c u l a t e d  a t  each s t a g e  and the e x t e n t  to  which i t  d e c re a s e s  i s  

an  i n d i c a t i o n  of t h e  r a t e  a t  which the  r e f in e m e n t  i s  p roceed ing .

When t h e  a n a l y s i s  has reached  the  s t a g e  where phases  can be
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a s s i g n e d  to  a l l  obse rved  r e f l e c t i o n s  i t  by no means f o l l o w s  t h a t  

t h e  e l e c t r o n  d e n s i t y  peaks i n d i c a t e  the  b e s t  c o o r d i n a t e s .  There 

a r e  s t i l l  t e r m i n a t i o n - o f - s e r i e s  e r r o r s  p r e s e n t .  D i f f e r e n c e  

s y n t h e s i s  i s  one d e v ic e  f o r  c o r r e c t i n g  th e s e  e r r o r s :  t h e  F o u r i e r

s e r i e s  r e f i n e m e n t  i s  con t inued  bu t  i n s t e a d  of u s ing  iFol fo r  the  

a m p l i t u d e s ,  t h e  a l g e b r a i c  d i f f e r e n c e  (F o -F c )  i s  s u b s t i t u t e d  i n  

e q u a t i o n  ( 1 3 ) .  The  r e s u l t i n g  d i f f e r e n c e  F o u r i e r  map i s  

p a r t i c u l a r l y  u s e f u l  f o r  t h e  most  p r e c i s e  l o c a t i o n  of a t o m i c  

p o s i t i o n s ,  f o r  t h e  i d e n t i f i c a t i o n  of  m i s s i n g  a to m s  and f o r  

r e f i n e m e n t  of  t h e r m a l  p a ra m e te r s .
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3 . 7  LEAST SQUARES REFINEMENT.

A no the r  de v ic e  f o r  d e a l in g  w i th  t e r m i n a t i o n - o f - s e r i e s  e r r o r s  

i s  t h e  l e a s t  s q u a re s  r e f i n e m e n t .  As t h e r e  i s  a l a r g e  excess  of 

o b s e r v a t i o n a l  d a t a  (Fo) ove r  s t r u c t u r a l  p a r a m e t e r s  ( a t o m i c  

c o o r d i n a t e s ,  i n  t h e  f i r s t  i n s t a n c e ) ,  t h e r e  i s  t h e  t y p i c a l  

s i t u a t i o n  w h e r e  t h e  l e a s t  s q u a r e s  method  can  be a p p l i e d .  The 

c o m p u t a t i o n  c a n  be s e t  up so as  t o  i n d i c a t e  t h e  s m a l l  s h i f t s  i n  

c o o r d i n a t e s  w h i c h  w i l l  m i n i m i s e  t h e  sum, I ( F o - F c ) 2 , or some 

r e l a t e d  q u a n t i t y ,  f o r  a l l  the  observed r e f l e c t i o n s .  I f  d e s i r e d ,  

w e i g h t s  may be i n t r o d u c e d  i n t o  t h i s  e q u a t i o n ,  to  a l l o w  f o r  

v a r i a t i o n s  i n  t h e  a c c u r a c y  w i t h  w h ic h  t h e  m e a s u r e m e n t s  of  t h e  

d i f f e r e n t  r e f l e c t i o n s  have been made. The f u n c t i o n  m os t  

commonly used  i s

R = I h ki  wh k i ( |Fo1 -  l F c l >2 (21)

w here  t h e  sum i s  over  the  s e t  of c r y s t a l l o g r a p h i c a l l y  independen t  

o b s e r v e d  p l a n e s  and w ^ ^  a w e i g h t  f o r  e ach  t e r m .  I f  t h e  

s t a n d a r d  d e v i a t i o n  f o r  e a c h  I F ( h k l ) I i s  a ( h k l ) ,  t h e  v a l u e  o f  w 

w h i c h  g i v e s  t h e  l o w e s t  s t a n d a r d  d e v i a t i o n s  i n  t h e  d e r i v e d  

p a r a m e t e r s  may be shown to  be

w (hk l )  = 1 /  a 2( h k l )  ( 22)

L e t  P l , p 2 .......  Pn be n p a r a m e t e r s  o c c u r r i n g  i n  t h e  IFcl

w h o s e  v a l u e s  a r e  t o  be d e t e r m i n e d .  For  R t o  be a minimum we 

must  have

6 R /  6 Pj  = 0 ( j  = 1 n) (23)

i . e .  I h k l  w D 5lFcl /  6 P j  = 0 (24)

w h e r e  D = IFol -  IFc l . The p a r a m e t e r s  have  t o  be v a r i e d  u n t i l  

t h e s e  n c o n d i t i o n s  a r e  s a t i s f i e d .  For  a t r i a l  s e t  o f  p.. c l o s e  

t o  t h e  c o r r e c t  v a l u e s  we may expand  D as  a f u n c t i o n  of  t h e  

p a r a m e t e r s  by a Tay lor  s e r i e s  to  the  f i r s t  o rde r
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A(p + e ) -  A(p)  - I j =1 e. ( 6Fc / 6P i ) (25)

w h e r e  i s  a  s m a l l  c h a n g e  i n  a p a r a m e t e r  P l  and  p and e s t a n d  

f o r  t h e  whole  s e t  of p a ra m e te r s  and changes,  and t h e  minus s ign  

a p p e a r s  b e f o r e  t h e  summation s in c e  D = |Fo| -  IFcl and i t  i s  the  

ch a n g es  i n  IFcl which a r e  to  be considered*

S u b s t i t u t i n g  (25)  i n  (24)  and e x p r e s s i n g  t h e  r e s u l t  i n  

m a t r i x  n o t a t i o n  s i n c e  t h e r e  a r e  n of t h e s e  e q u a t i o n s  f o r  j  = 

l . . . . n  n e e d e d  t o  d e t e r m i n e  t h e  n unknowns ,  p r o d u c e s  t h e  Normal  
e q u a t i o n s :

Zi  a i j  £i j  -  b j  « 6 )
where

a i j  = *hk i  w { 6 Fc /6P jH 6 Fc /6 p j )  (27) 

b j  = I h k l  wA{ 6Fc /5p j}  (28)

I t  i s  t h e  N o r m a l  e q u a t i o n s  w h ich  m us t  be s e t  up and s o l v e d  t o  

r e f i n e  a  s t r u c t u r e .

R e g a r d l e s s  o f  t h e  e x a c t  f u n c t i o n  u s e d ,  t h e  a p p r o x i m a t i o n s  

employed  i n  c o n s t r u c t i n g  the  l e a s t  squares  equa t ions  l i m i t  t h i s  

a p p l i c a t i o n  t o  t h e  r e f i n e m e n t  of  r e a s o n a b l y  a c c u r a t e  i n i t i a l  

p a r a m e t e r s .  I t  i s  n o t  p o s s i b l e  t o  s o l v e  f o r  t h e  p a r a m e t e r s  

d i r e c t l y  f r o m  t h e  i n t e n s i t y  d a t a  by t h i s  m e th o d ,  w i t h o u t  f i r s t  

d e v e l o p i n g  t h e  s t r u c t u r e  by one of the methods d e s c r i b e d  e a r l i e r .  

I t  i s  a l s o  p o s s i b l e  t o  i n c l u d e  a t e m p e r a t u r e  f a c t o r  and a s c a l e  

f a c t o r  i n  t h e  l e a s t  s q u a r e s  p r o c e d u r e .  I n  i t s  s i m p l e s t  f o r m ,  

e a c h  a to m  i s  a s s u m e d  t o  have  t h e  same i s o t r o p i c  t e m p e r a t u r e  

c o r r e c t i o n .  A somewhat more e l a b o r a t e  device  i s  to  i n c l u d e  an 

i s o t r o p i c  t e m p e r a t u r e  f a c t o r  w h ich  i s  d i f f e r e n t  f o r  each atom. 

F i n a l l y ,  t h e  t h e r m a l  motion  of  each atom can be assumed to  be no t  

o n l y  d i f f e r e n t  b u t  a n i s o t r o p i c .  T h i s  w o u l d  g i v e  t h r e e  

p o s i t i o n a l  p a r a m e t e r s  and s i x  t e m p e ra tu re  f a c t o r s  fo r  each atom.

Some b e t t e r  m e thod  f o r  t h e  a s s e s s m e n t  of a c c u r a c y  i s  

d e s i r a b l e  a n d  i t  h a s  now become e s t a b l i s h e d  p r a c t i c e ,  m  a l l
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p r e c i s e  a n a l y s e s ,  t o  s t a t e  e s t i m a t e d  s t a n d a rd  d e v ia t i o n s  fo r  the  

a t o m i c  c o o r d i n a t e s  and f o r  t h e  de r iv e d  m ole cu la r  dimensions.
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3.8 SUMMARY.

T h i s  c h a p t e r  h a s  d e a l t  w i t h  t h e  b a s i c  t h e o r y  of x - r a y  

d i f f r a c t i o n  by c r y s t a l s .  There fo l lo w s  a summarised o u t l i n e  of 

c r y s t a l  s t r u c t u r e  a n a l y s i s .

1. S e l e c t i o n  a n d  p r e p a r a t i o n  of  a c r y s t a l  f o r  which  i n t e n s i t y  

d a t a  i s  c o l l e c t e d .

2.  C o n v e r s i o n  o f  i n t e n s i t i e s  t o  a m p l i t u d e s  w i t h  a l l o w a n c e  f o r  

s e v e r a l  g e o m e t r i c a l  and p h y s i c a l  f a c t o r s .

3 .  D i r e c t  s o l u t i o n  of  t h e  c r y s t a l  s t r u c t u r e .

4 .  R e f in e m e n t  of  t h e  c r y s t a l  s t r u c t u r e .

5 .  C a l c u l a t i o n  o f  s t r u c t u r a l  d a t a  ( i n t e r a t o m i c  d i s t a n c e s  and 

a n g l e s ) .
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CHAPTER FOUR

AN X-RAY ANALYSIS OF THE 2,4 DINITROPHENYLHYDRAZONE DERIVATIVE OF 

THE SESQUITERPENOID, ZERUMBONE.
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4.0 FOREWORD.

S e s q u i t e r p e n o i d s  a r e  u s u a l l y  c h a r a c t e r i s e d  a s  compounds  

h a v in g  a b a s i c  s k e l e t o n  of  f i f t e e n  carbon atoms formed,  s i m i l a r l y  

t o  o t h e r  t e r p e n o i d s ,  by a r e g u l a r  r e p e t i t i o n  o f  t h e  b a s i c  

i s o p r e n e  u n i t ,  and  o c c u r r i n g  m a i n l y  i n  p l a n t  m a t e r i a l .  I n  

r e c e n t  y e a r s ,  s e s q u i t e r p e n o i d s  have  b e e n  e n c o u n t e r e d  i n  t h e  

a n i m a l  kingdom and the  number of e x c e p t io n s  to  t h e  i s o p r e n e  r u l e  

i n c r e a s e s  d a i l y ,  s u g g e s t i n g  t h a t  the  b a s i c  d e f i n i t i o n  has to  be 

w idened .  P a r a l l e l  w i t h  t h e  broad  occ u r r e nce  of s e s q u i t e r p e n e s ,  

t h e r e  i s  a  r i c h  v a r i e t y  of s t r u c t u r e s  among t h e s e  s e s q u i t e r p e n e s .  

They  h a v e  a l s o  b e e n  c l a s s i f i e d  a c c o r d i n g  t o  t h e i r  b i o g e n e t i c a l  

r e l a t i o n s .

F i g u r e  4.1 i n t r o d u c e s  a g ro u p  of  t y p e s  w h i c h  b e l o n g  t o  an 

i n t e r e s t i n g  g r o u p  o f  s e s q u i t e r p e n o i d  d e r i v a t i v e s  f ro m  h i g h e r  

f u n g i :  t h e y  a r e  t e rm ed  as the  Humulane c l a s s  of s e s q u i t e r p e n o i d s

and t h e i r  b i o g e n e t i c  r e l a t i o n s h i p s  a r e  a l s o  i n d i c a t e d .

FIG. 4.1

CaryophyllaneHumulaneFarnesane

Hirsutane

ll ludalane

XlludaneProtoil ludane
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The s i m p l e r  t e r p e n o i d s  have been known f o r  many c e n t u r i e s  as 

p l a n t  c o n s t i t u e n t s  whose f r a g r a n c e  commended them to  t h e  e a r l y  

i n v e s t i g a t o r s .  The subsequen t  d i s c o v e r y  of t e r p e n o i d s  i n  a n im a l  

s o u r c e s  a nd  t h e  r e c o g n i t i o n  of  t h e  s t r u c t u r a l  s i m i l a r i t i e s  

b e tw e e n  t e r p e n o i d s  and s t e r o i d s  has  s u g g e s t e d  a common b i o g e n e t i c  

o r i g i n  of  t h e s e  two c l a s s e s  of compounds. S y s t e m a t i c  s tu d y  of  

t h e  p r o p e r t i e s  and t h e  r e a c t i o n s  of  n a t u r a l  and s y n t h e t i c  

t e r p e n o i d s  and  s t e r o i d s  h a s  h e l p e d  t o  r e v e a l  t h e  i n t r i c a t e  

r e l a t i o n s h i p s  of  s t r u c t u r e ,  s t e r e o c h e m i s t r y ,  r e a c t i v i t y  and 

m e c h a n i s m  and  i t  i s  h e r e ,  p e r h a p s ,  t h a t  t h e y  h a v e  p r o v e d  of  

g r e a t e s t  v a l u e  t o  t h e  c h e m i s t .  F o r ,  w i t h  t h e i r  s t r u c t u r a l  

r i g i d i t y  and v a r i e t y  of s u b s t i t u t i o n ,  t h e s e  m o le c u le s  a r e  i d e a l  

m o d e l  c o m p o u n d s :  i n  t h i s  r o l e  t h e y  have  b e e n  u s e d  w i t h

c o n s p i c u o u s  s u c c e s s  f o r  t h e  d e v e l o p m e n t  of  new s y n t h e t i c  

r e a c t i o n s ,  f o r  t h e  c o r r e l a t i o n  of m o l e c u l a r  s t r u c t u r e  w i t h  

p h y s i c a l  p r o p e r t i e s  and  f o r  t e s t i n g  t h e o r i e s  of  r e a c t i o n  

m echan ism s .

T h e  x - r a y  a n a l y s i s  o f  t h e  2 , 4 - d i n i t r  o p h e n y l h y d r  a z o n e  

d e r i v a t i v e  o f  z e r u m b o n e  h a s  b e e n  u n d e r t a k e n  t o  p r o v i d e  

c o n f o r m a t i o n a l  i n f o r m a t i o n  b o t h  t o  a s s i s t  c o m p a r i s o n  w i t h  t h e  

s t e r e o c h e m i s t r y  of  humulene d e r i v a t i v e s  and as  p a r t  of a s tudy  of 

e leven-m embered  r i n g  compounds.
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4.1 AN INTRODUCTION TO HUMULENE AND ZERUMBONE.

The s e s q u i t e r p e n e  h y d r o c a r b o n  known a s  h u m u l e n e  and o n l y  

r e c e n t l y  show n  t o  be a m i x t u r e ^ ,  was f i r s t  i s o l a t e d  f r o m  h o p s  

(H u m u lu s  l u p u l u s  I )̂ by A.C.Chapman^.  I t  i s  a l s o  fo u n d  i n
O /

P o p u l u s  n i g r a  L . ,  i n  A g o n i s  a b n o r m i s  a n d  i n  L i n d e r a

s t r y c h n i f o l i a 5 . A s u g g e s t i o n  by E .D e u s s e n 6 t h a t  h u m u l e n e  was

i d e n t i c a l  w i t h  a - c a r y o p h y l l e n e  was s u p p o r t e d  by Sorm^ a nd  h i s

c o l l e a g u e s  who showed t h a t  humulene c o n ta in e d  t h r e e  double  bonds

a n d  i s ,  t h e r e f o r e ,  m o n o c y c l i c .  V a r i o u s  e x p e r i m e n t a l  
8 9i n v e s t i g a t i o n s  > s u b s t a n t i a t e d  t h i s  r e l a t i o n s h i p .  The b a s i c

s t r u c t u r e  o f  h u m u le n e  was c o n f i r m e d  by t h e  s y n t h e s i s ^  o f

hum ulane .  U n f o r t u n a t e l y  much c o n fus ion  concern ing  th e  p o s i t i o n s

o f  t h e  d o u b l e  bon d s  h a s  a r i s e n  due t o  t h e  f a i l u r e  t o  r e c o g n i s e

humulene  as  a m ix t u r e .  The p redom inan t  s e s q u i t e r p e n e  of hop o i l

h a s  t h e  s t r u c t u r e  shown i n  F i g u r e  4.2 and  i s  t e r m e d  a - h u m u l e n e .

The x - r a y  a n a l y s i s  of t h e  s i l v e r  n i t r a t e  adduct  of  a -humulene  was
11 19u n d e r t a k e n  by two g r o u p s  of w o r k e r  s 1 x »1A who d e f i n e d  t h e  

s t e r e o c h e m i s t r y  o f  a —h u m u l e n e  a s  t h a t  shown i n  F i g u r e  4.2 i . e .  

t h e  a l l  t r a n s  s t r u c t u r e .

Q-HUMULENE

F i g .  4 .2
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Z e r u m b o n e  i s  a  c r y s t a l l i n e  s e s q u i t e r p e n o i d  k e t o n e  of  t h e  

f o r m u l a  ( C ^ H ^ O )  which  was f i r s t  e x t r a c t e d  from th e  r o o t s  of t h e  

w i l d  g i n g e r  p l a n t ,  Z i n g i b e r  z e r u m b e t ,  by N .S .V a r i e r  i n  194413 . 

I t  was a s s i g n e d  t h e  s t r u c t u r e  shown i n  F i g u r e  4.3 on th e  b a s i s  of 

v a r i o u s  c h e m i c a l  and s p e c t r o s c o p i c  i n v e s t i g a t i o n s ^ - 1 ^.

ZERUMBONE

F i g .  4 .3

I n  v iew  of t h e  compound's c l o s e  s i m i l a r i t y  to  humulene,  t h e  

d o u b l e  b o n d s  i n  z e r u m b o n e  a r e  b e l i e v e d  t o  h a v e  t r a n s  

s t e r e o c h e m i s t r y .  I t  was dec ided  t h a t  an x—r a y  i n v e s t i g a t i o n  of 

z e r u m b o n e  w o u l d  be u n d e r t a k e n  to  s o l v e  t h i s  q u e s t i o n .  The 

c r y s t a l s  of zerumbone were u n a c c e p ta b l e  f o r  x - r a y  a n a l y s i s  so a 

d e r i v a t i v e  was p r e p a r e d .
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4*2 igPSRIMBNTAL

The gerumbeae was g ifted  by fr©feasor l*K*§utherland t© vfam 
1 extend ay thanks* Froiessor ©*A*Si» kindly ptep&ted the 2y4- 
d in itropheny lhyd ta ton©  d e riv a tiv e  ©f gerumbon© by a s tn n to d  
p ro ced u re1 *̂ This d e riv a tiv e  was used in  the  x -ray  analyst*  
which follows* I t  was c ry sta llised  fro®. ethanol*

C rystal Data*

Z e r u m b o n e  ( 2 , 6 , 9 » 9 - t e t t a m e t h y l e y e l © u n d e e a ~ 2 , b , i © ~ t t i © n © n e )  2,4^ 

d i n i t r o p h e n y l h y d r a i o n e ,  G21H26%°4» M * 398.50 ai&u, n e n e e l i n i e *  

a  « 1 2 . 6 1 9 ( 2 ) ,  b = 7*290(3 ) ,  e » 13*411(3)  t ,  0 = 98 .06U )**  

U « 2 1 3 3 .4  l)£ = 1.24  g.cm*” ^ ,  2 * 4 ,  F(QQO) s  8 4 8 ,  *

7 . 2  cm.” 1 , Space Group ■ P l ^ / c *

Data  C o l l e c t i o n .

I n s t r u m e n t  u se d :  En ra f -N on ius  CAD4 d i f f r a c t  ©meter*

R a d i a t i o n  u s e d  : Cu-KQ, X -  1*5418 2*

Monochromation u sed :  g r a p h i t e  c r y s t a l .

Upper l i m i t  f o r  d a t a  c o l l e c t i o n :  © „ a„  * 72®*

Number of  in d ep e n d e n t  observed r e f l e c t i o n s :  m -  3211*

Unobserved c u t - o f f :  2 . 5 a r

Number of  p a ra m e t e r s  r e f i n e d :  n B 366.

Number of  r e f l e c t i o n s  per  p a ra m e te r :  m/n ■ 8*80*

C e l l  d i m e n s io n s  were derived from least~§fuaret treatment ©f 
t h e  s e t t i n g  a n g l e s  f o r  25 r e f l e c t i o n s .  For i n t e n s i t y  
m e a s u r e m e n ts ,  4856 r e f l e c t i o n s  hk l  and hk l  were  surveyed in the 
r a n g e  0 4  7 2 °  and  3222 r e f l e c t i o n s  s a t is f ie d  t h e  c r i te r io n ,  I  > 

2.5ctx .

S t r u c t u r e  A n a l y s i s .

The c r y s t a l  s t r u c t u r e  was e luc ida ted  by the d ire c t  phase- 
d e t e r m i n i n g  p r o g r a m  MULTAN1 ®. S ix teen  phase s e t s  were
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c a l c u l a t e d  f o r  t h e  t o p  216 | E | s  w i t h  E 2.00. An E-map 

computed  f rom  t h e  s e t  w i t h  t h e  h i g h e s t  combined f i g u r e  of m er i t  

r e v e a l e d  a l l  t h e  non-hydrogen  atoms.

F u l l - m a t r i x  l e a s t - s q u a r e s  a d j u s t m e n t  of p o s i t i o n a l  and 

i s o t r o p i c  t h e r m a l  p a r a m e t e r s  of t h e  C, N and 0 atoms converged a t  

R = 0 . 1 6 4 .  A n i s o t r o p i c  r e f i n e m e n t  of a l l  n o n - h y d r o g e n  atoms 

p r o d u c e d  an  R v a l u e  of  0 .1 0 .  The h y d r o g e n  a tom s  were t h e n  

l o c a t e d  i n  a d i f f e r e n c e  e l e c t r o n - d e n s i t y  d i s t r i b u t i o n  and 

i n c l u d e d  i n  t h e  l e a s t - s q u a r e s  c a l c u l a t i o n s  w i t h  i s o t r o p i c  therm al  

p a r a m e t e r s .  The w e i g h t i n g  scheme was changed from u n i ty  to w = 

1 / a 2 (F )  and R conve rged  t o  0 .0 4 6 ,  R^ = 0.052.

F o u r i e r  and l e a s t - s q u a r e s  c a l c u l a t i o n s  were performed w i th  

t h e  SH E L X ^  s e r i e s  o f  p r o g r a m s  and t h e  m o l e c u l a r  d i a g r a m  of 

F i g u r e  4 . 4  was p r e p a r e d  by ORTEP2^.
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FIG . 4 . 4



4.3 RESULTS

F i n a l  s t r u c t u r e  f a c t o r s  (obse rved  and c a l c u l a t e d )  a r e  included  in  

t h e  a p p e n d i c e s .

TABLE 1: F r a c t i o n a l  a t o m i c  c o o r d i n a t e s  ( x / a ,  y / b ,  z / c )  (xlO^)

w i t h  e s t i m a t e d  s t a n d a r d  d e v i a t i o n s  ( esd ' s )  i n  pa ren theses  for  the 

n o n - h y d r o g e n  a t o m s .

TABLE 2: The rm a l  p a r a m e t e r s  fo r  non-hydrogen atoms (U-q , U22>

Uooj U9 0 J U-ioj U19) (x lO  X^).3 3 , u2 3 , u 1 3 , u 12

O
TABLE 3:  F r a c t i o n a l  a t o m i c  c o o r d i n a t e s  ( x / a ,  y / b ,  z / c )  (xlO )

and U i s o t r o p i c  (xlCp X^) f o r  hydrogen atoms.

TABLE 4 :  I n t e r a t o m i c  bonded d i s t a n c e s  ( X) .

TABLE 5:  V a le n ce  a n g l e s  ( ° ) .

TABLE 6 : T o r s i o n  a n g l e s  ( ° ) .
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TABLE 3

H(3) 1250(1) 030(2) -233(1 ) 56(4)
H(41) 1129(2) - 2 4 4 (3 ) -305(1 ) 70(6)
H(42) 1150(2) - 0 5 7 (4 ) -337(1 ) 102(7)

H(51) 1343(2) - 0 8 3 (4 ) -318(1 ) 105(8)
H(52) 1285(2) -2 8 0 (4 ) -347(1 ) 120(9)

H(7) 1445(2) - 0 7 2 (4 ) -237(1 ) 95(7)

H(81) 1460(2) -3 9 8 (4 ) -152(1 ) 107(8)

H(82) 1558(2) - 2 5 1 (4 ) -161(1 ) 108(8)

H( 10) 1288(1) -2 3 7 (3 ) -142(1 ) 59(5)

H( 11) 1290(2) 136(3) -113(1 ) 76(6)

H( 121) 954(2 ) - 0 6 6 (4 ) -208(1) 111(9)

H (122) 1010( 2 ) -2 7 7 (5 ) -205(1) 125(10)

H (123) 985(2 ) - 1 6 1 (3 ) -262(1) 85(6)

H( 131) 1344(2) -5 4 6 (4 ) -214(1 ) 127(10)

H (132) 12354(2) - 4 6 2 (4 ) -231(1 ) 123(9)

H ( 133) 1284(2) - 5 4 3 (5 ) -283(2 ) 144(12)

H( 141) 1478(2) 110(3) -153(1 ) 92(7)

H( 142) 1571(2) 031(4) - 102( 1) 110( 8)

H ( 143) 1470(2) 145(5) -080(1 ) 135(10)

H( 151) 1436(2) -3 6 5 (4 ) -059(1 ) 94(7)

H ( 152) 1443(2) - 1 5 4 (5 ) -024(1 ) 136(11)

H ( 153) 1553(2) -2 7 2 (3 ) -050(1 ) 104(8)

H( 18) 1028(2) 344(3) 101( 1) 72(5)

H(20) 799(1 ) 334(3) -037(1 ) 59(5)

H(21) 9 15(2 ) 187(3) -093(1 ) 86( 6)

H(N2) 1172(2) 087(3) -048(1 ) 64(5)
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TABLE 7
C(3) -  H(3) 0.990(18)
C(4) -  H(41) 1.04(2)
C(4) -  H(42) 1.01(3)
C(5) -  H(51) 1.04(3)
C(5) -  H(52) 1.05(3)
C(7) -  H(7) 1.04(3)
C(8 ) -  H(81) 1.07(3)
C(8 ) -  H(82) 0.99(3)
C(10) -  H(10) 0.976(19)
C ( l l ) -  H(11) 0.93(2)
C(12) -  H(121) 0.94(3)
C(12) -  H(122) 1.06(3)
C( 12) -  H(123) 0.95(2)

C( 13) -  H(131) 0.97(3)

C( 13) -  H(132) 1.04(3)

C( 13) -  H(133) 1.01(4)

C( 14) -  H(141) 1.03(2)

C(14) -  H(142) 0.92(3)

C(14) -  H(143) 1.16(3)

C(15) -  H(151) 1.03(3)

C(15) -  H(152) 1.10(3)

C(15) -  H(153) 1.02(3)

C( 18) -  H(18) 0.95(2)

C(20) -  H(20) 0.917(19)

C(21) -  H(21) 0.99(2)

N(2) - H(N2) 0.84(2)

For  t h e  11-membered r i n g  :
© *

H— Csp2—Csp3 v a le n c e  angles  range from 113.4(11)  to  1 1 7 .5 ( 1 3 ) .
ft ft

H— Csp2- C s p 2 v a lence  angles  range from 114.4(13) to  1 2 2 .4 (1 3 ) .

H— Csp3—Csp2 v a le n c e  angles  range from 105.9(14)  to  1 1 8 .8 ( 1 8 ) .

H—Csp3—Csp3 v a le nc e  angles  range from 103.5(14)  to  1 1 3 .3 ( 1 6 ) .

H-Csp3-H v a le n c e  angles  range from 98.8(24) to  117.1(21)°.

For t h e  d i n i t r o b e n z o a t e  r i n g  :
H-Csp2- C s p 2 v a le n c e  angles  range from 118.6(12)  t o  1 2 4 .5 ( 1 2 ) .  

H(N2)-N2-N1 121 .1 (13)°  H(N2)-N2-C16 118.0(13)
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c o n f o r m a t i o n  Z i s  of lower energy than t h a t  of type H by 5.4 k c a l  

m o le “  , w h i l e  f o r  humulene, the Z confo rmat ion  i s  a l s o  t h e  more 

s t a b l e ,  t h o u g h  by o n l y  1.1 k c a l  m o le ” 1. S i n c e  t h e  m e t h y l e n e  

compound s hou ld  be a good analogue fo r  zerumbone i n  f o r c e  f i e l d  

c a l c u l a t i o n s  ( c o m p a r e  f o r c e  f i e l d  c a l c u l a t i o n s  f o r
c y c l o h e p t a n o n e 2  ̂ and m e t h y le n e  c y c l o h e p t a n e 3 ^) i t  h a s  b e e n  

c o n c l u d e d  t h a t  t h e  d i n i t r o p h e n y l h y d r a z o n e  g r o u p  h a s  no t  

i n f l u e n c e d  the  confo rmat ion  of the macrocycle i n  the  zerumbone 

2 ,4 -DNP. A b rea k d o w n  of t h e  c om ponen t s  of  Vg g i v i n g  r i s e  t o  

t h e  t o t a l  Vg f o r  each conformat ion i s  given in  Table  7.

A Comparison of  HI w i th  ZI .

A c l o s e  e x a m ina t ion  of the humulene confo rm at io ns  of type  H 

a n d  o f  t y p e  Z r e v e a l s  t h a t  t h e  m ajo r  c o n t r i b u t o r s  t o  t h e  s t e r i c  

e n e r g y  i n  b o t h  c a s e s  a r e  t h e  van de r  Waals  i n t e r a c t i o n s ,  

t o r s i o n a l  s t r a i n  and a n g l e  s t r a i n .  T h i s  i s  a s  e x p e c t e d  f o r  

m e d i u m - s i z e d  r i n g s .  The d i f f e r e n c e  i n  e n e r g y  b e t w e e n  t h e s e  

c o n f o r m a t i o n s  i s  1.1 kc a l  mole- ^: a lmos t  h a l f  of t h i s  i s  due to

i n c r e a s e d  a n g u l a r  s t r a i n  i n  HI w i t h  r e s p e c t  t o  ZI; t h e  r e s t  

r e s u l t s  f rom equa l  c o n t r i b u t i o n s  from t o r s i o n a l  s t r a i n  and o u t -  

o f - p l a n e  b e n d i n g .  La rge  a n g l e  d e v i a t i o n  i s  common i n  medium

r i n g s  a s  i t  i s  l e s s  e x p e n s i v e  e n e r g e t i c a l l y  t h a n  t o r s i o n a l
. 3 3 s t r a i n ^  .

I n  b o t h  Z and H c o n f o r m a t i o n s ,  t h e  a n g u l a r  s t r a i n  r e s u l t s  

m a i n ly  from d e v i a t i o n s  from t e t r a h e d r a l  geometry around C^. i n  

Z I  t h e  C2- C 1- C u  a n g l e  i s  107° which  i s  c o n s i d e r a b l y  l e s s  

s t r a i n e d  t h a n  t h e  c o r r e s p o n d i n g  HI a n g l e  o f  103 . I n  b o t h  

c o n f o r m a t i o n s ,  t o r s i o n a l  s t r a i n  i s  g r e a t e s t  around Csp -Csp 

C s p 2- C s p 3 s i t e s :  c h a n g e s  i n  t h e s e  TAs r e s u l t  n o t  o n l y  f ro m

t w i s t i n g  a r o u n d  t h e  c e n t r a l  bond b u t  a l s o  f rom  o u t - o f - p l a n e  

b e n d i n g  a t  t r i g o n a l  a to m s .  B o th  c o n f o r m a t i o n s  e x h i b i t  

t r a n s a n n u l a r  i n t e r a c t i o n s  between C3 and C6; Cy and C1Q; Cy and 

a  C5 hydrogen  and between hydrogens on C4 and C12*

108
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TABLE 7 : All values given in kcal mole”-*-.

HI ZI

0 .76 0.73

5 .60 5.46

2.49 1.98

5.16 4.90

0.59 0.38

14.60 13.45

HIT ZII

0.83 0.81

6.39 6.77

2.59 2.57

14.13 8.67

0.69 0.31

24.63 19.13



An ORTEP r e p r e s e n t a t i o n 20.23 f or HI i s  given  i n  F i g u re  4.6 

a n d  f o r  ZI  i n  F i g u r e  4.7.  I n  t h e s e  11-membered  r i n g s ,  t h e  

m e t h y l  g r o u p s  on C2 and C6 a r e  on o p p o s i t e  f a c e s  o f  t h e  mean 

m o l e c u l a r  p l a n e .  I t  h a s  been  f o u n d 34' 3 7 , t h a t  i n  a num ber  o f  

g e r m a c r a n o l i d e s  c o n ta in in g  10-membered r i n g s  w i t h  t r a n s  double  

bonds  or  epoxide  f u n c t i o n s ,  these  methyl groups a r e  on t h e  same 
s i d e  of the  mean m olecu la r  plane.

Mean m o le c u la r  p lane c a l c u l a t i o n s  fo r  both c on fo rm a t ions  (H 

and Z) of  humulene a r e  l i s t e d  i n  Table 8.

F i g u r e  4.8 i n d i c a t e s  t h a t  both conformat ions  d i f f e r  i n  on ly

p a r t  o f  t h e  r i n g  s y s t e m .  Using t h e  " c o n g e s t "  o p t i o n  of  t h e
28GUCGS t h e  outcome of s t e r e o s e l e c t i v e  a t t a c k  a t  t r i g o n a l  a toms 

i s  p r e d i c t e d :  i n  HI, double bonds C^=Cy and p r e f e r  to  be

a t t a c k e d  f r o m  above  t h e  mean p l a n e  of t h e  r i n g  w h i l e  a t t a c k  a t  

t h e  ^ 2 = 0 ^ c e n t r e  i s  p r e f e r e n t i a l l y  f rom be low  t h e  mean p l a n e .  

I n  Z l ,  a l l  t h r e e  double bonds p r e f e r  to be a t t a c k e d  from th e  same 

s i d e  o f  t h e  r i n g .  In  b o t h  H and Z, C2 ....C^q, and C3 ....C-q 
d i s t a n c e s  a r e  ca. 3X: i f  epox ida t ion  of both t h es e  double bonds

o c c u r s  f rom th e  same s id e  of the r i n g ,  oxygen atoms w i l l  be ve ry  

c l o s e .  Th is  would give r i s e  to  very l a r g e ,  u n favou rab le  

v a n  d e r  W a a l s  i n t e r a c t i o n s .  These c a l c u l a t i o n s  s u g g e s t  t h a t  

e p o x i d a t i o n  o f  h u m u l e n e  w o u l d  o c c u r  p r e f e r e n t i a l l y  f o r  

c o n f o r m a t i o n  H r a t h e r  than for  Z.

S h i r a h a m a 33 and  c o w o r k e r s  have r e c e n t l y  i n v e s t i g a t e d  

humulene c o n fo r m a t io n s  v i a  fo rce  f i e l d  c a l c u l a t i o n s  on the  four  

s t a b l e  c o n f o r m a t i o n s  e n v i s a g e d  from i n s p e c t i o n  of  m o l e c u l a r  

m ode l s .  These confo rm at io ns  a re  i n d i c a t e d  i n  F ig u re  4.9. t h e  

C and T n o t a t i o n 39 deno te s  "crossed" and " p a r a l l e l "  a r r a nge m e n ts  

o f  two  d o u b l e  bonds  i n  1 , 5 - d i e n e  s y s t e m s .  Humulene c o n t a i n s  

tw o  such sys tem s .  They p r e d i c t  t h a t  the CT and CC c o n fo rm a t io n  

a r e  s i g n i f i c a n t l y  m o r e  s t a b l e  t h a n  t h e  o t h e r s .  The  CT 

c o n f o r m a t i o n  i s  t h e  same as  t h a t  found i n  t h e  humulene-AgNC^ 

c o m p l e x  and  i n  t h e  c a l c u l a t e d  HI c o n f o r m a t i o n .  The CC 

c o n f o r m a t i o n  co rresponds  to the  zerumbone 2,4-DNP d e r i v a t i v e  and

109
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TABLE

P l a n e

P l a n e

P l a n e

Angle

_8 . all deviations from the planes are given in 2.

ATOM ZI HI

C9 0.075 -0.088
CIO -0.039 0.048
Cll -0 .040 0.049
Cl 0.077 -0.090
H10 -0.039 0.043
Hll -0.034 0.038

C5 -0.039 0.058

C6 0.017 -0.025

C7 0.021 -0.029

C8 -0.039 0.059

C13 0.016 -0.026

H7 0.024 -0 .03

Cl 0.081 0.081

C2 -0.036 -0.045

C3 -0.041 -0.047

C4 0.081 0.081

C12 -0 .033 -0 .026

H3 -0.052 -0.045

be tw een  normals  to  p lanes  ( ° ) :

1 and 2 48 45

1 and 3 98 93

2 and 3 51 137







t h e  c a l c u l a t e d  ZI  c o n f o r m a t i o n .  T o r s i o n  a n g l e s  f o r  t h e s e  
s y s t e m s  a r e  r e c o r d e d  i n  Table 9.

A Comparison  of  HII  and ZI I

From Table  7, i t  i s  c l e a r  t h a t  both zerumbone conformat ions ,  

H I I  a n d  Z I I ,  p o s s e s s  c o n s i d e r a b l e  t o r s i o n a l  s t r a i n ,  van  d e r  

W aa l s  i n t e r a c t i o n  energy and, to  a l e s s e r  degree ,  angle  s t r a i n .  

C o n f o r m a t io n  of type  H i s  5.4 kc a l  mole-1  h ig h e r  i n  energy  t h a n  

c o n f o r m a t i o n  o f  t y p e  Z: 99% o f  t h i s  i n c r e a s e d  s t r a i n  e n e r g y

i n  HI, a r i s e s  f rom g r e a t e r  t o r s i o n a l  s t r a i n  around th e  f ragm en t  

o f  t h e  r i n g  i n d i c a t e d  below:

/ ' 2
c4 

c9

TA d i s t o r t i o n  and  o u t - o f - p l a n e  b e n d in g  i s  g r e a t e s t  f o r  t h e  

u n s u b s t i t u t e d  C^q, C ^  t r i g o n a l  atoms : echoing th e  s i t u a t i o n  i n  

c o s t u n o l i d e  and o t h e r  ge rm acrano l ides4^.

In  b o t h  HI I  and Z I I ,  maximum overl ap  of p i  o r b i t a l s  would be 

a c h i e v e d  by a p l a n a r  a r r a n g e m e n t  of  t h e  above  f r a g m e n t .  

However ,  a c o m p l e t e l y  p l a n a r  confo rmat ion  would have very l a r g e  

t r a n s a n n u l a r  i n t e r a c t i o n s  -  e s p e c i a l l y  between hydrogens on 

a n d  C10 . T a b l e  10 l i s t s  mean p l a n e  c a l c u l a t i o n s  f o r  b o t h  

c o n f o r m a t i o n s :  t h e s e  r e s u l t s  s u g g e s t  t h a t  c o n f o r m a t i o n  Z I I

r e q u i r e s  l e s s  t w i s t i n g  a r o u n d  t h e  C j -C j^  an(1 ^ l - ^2 1)011(13 10 
r e l i e v e  s t e r i c  crowding and t r a n s a n n u la r  i n t e r a c t i o n s .  F ig u re  

4.10 r e v e a l s  t h a t  bo th  confo rm at io ns  d i f f e r  around the  C2-C3-C4-  

C5 s e c t i o n  of t h e  r i n g .  ORTEP20’28 r e p r e s e n t a t i o n s  of HII  and 

Z I I  a r e  g iv e n  i n  F i g u r e s  4 .11 and 4.12 r e s p e c t i v e l y .

I n  o r d e r  t o  c o n s i d e r  t h e  c o n j u g a t i o n  i n  H I I  and Z I I  i t  i s  

u s e f u l  t o  r e f e r  to  b u t a d i e n e  -  t h i s  i s  b e l i e v e d  to  e x i s t  i n  two 

s t a b l e  ( o r  m e t a s t a b l e )  c o n f o r m a t i o n s 41 c a l l e d  Ms - t r a n s  and

-c3= c 2
\ l= b l6^

HI6I

-clOtsafcl | \
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TABLE 9 : All TAs given in (°).

TA AgN03n HI Qip38a Z2,4DNP ZI cc3*

5 - 6 = 7 - 8 b -172 -172 -173 -167 -175 -174
4 - 5 - 6 - 7 109 107 105 105 104 105
3 - 4 - 5 - 6 -35 -39 -45 -46 -49 -45
2 - 3 - 4 - 5 -77 -85 -81 141 115 125
l - 2 = 3 - 4 162 168 168 -168 -169 -174
1 1 - 1 - 2 - 3 -95 -85 -84 26 56 45

1 0 - 1 1 -1 - 2 94 88 89 52 62 58

9-10=11-1 -156 -167 -168 -171 -169 -174

8 - 9 - 1 0 - 1 1 102 108 107 136 111 121

7 - 8 - 9 - 1 0 -55 -41 -40 -48 -47 -44

6 - 7 - 8 - 9 126 118 127 107 113 110

39a : c a l c u l a t e d  u s in g  A l l i n g e r  s f o rc e f i e l d .

b : = s i g n i f i e s a double bond.



TiySLE _10 : all deviations from the planes are given in S.

P l a n e

P l a n e

P l a n e

P l a n e

ATOM HII ZII
Cl -0 .104 0.081
C2 0.048 -0 .032
C3 0.049 -0 .034
C4 -0.103 0.080
C12 0.041 -0.036

H3 0.069 -0.059

C5 0.066 -0.057

C6 -0.029 0.027

C7 -0 .033 0.031

C8 0.067 -0.058

C13 -0.029 0.022

H7 -0.042 0.034

C9 -0.112 0.084

CIO 0.050 -0.033

Cl l 0.053 -0.030

Cl -0 .115 0.080

H10 0.066 -0 .064

Hll 0.058 -0.049

Cl -0 .020 -0.005

C16 -0 .003 -0.001

Cl l 0.007 0.004

C2 0.008 0.001

H161 0.004 0.001

HI 62 0.004 0.001

Angles  between normals  to the  planes ( ° ) :

1 .2  40 57

1.3  76 109

1.4 110 129.

2 .3  43 52

2 .4  95 83

3.4 104 45
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" s - c i s "  r e s p e c t i v e l y .  These forms a re  now i n d i c a t e d .

A

I t  s-trans
r  X  S-CIS

The s - t r a n s  f o r m  i s  c a l c u l a t e d  to  be t h e  more s t a b l e 4 2 , 

s i m i l a r  s i t u a t i o n  i s  f o u n d  i n  a , p - u n s a t u r a t e d  k e t o n e s .  

H o m o a n n u l a r  r e p r e s e n t a t i v e s  such  as  c h o l e s t - 4 - e n - 3 - o n e  a r e  s -  

t r a n s  and t h e  h e t e r o a n n u l a r  r e p r e s e n t a t i v e s  such as c h o l e s t - 4 - e n -  

3 o l —6 —one  a r e  s - c i s .  HI I  and Z I I  may be c o n s i d e r e d  a s  

h o m o a n n u l a r  d i e n e s  w i t h  an e x o c y c l i c  d o u b l e  bond.  The TAs f o r  

t h i s  c o n j u g a t e d  s e g m e n t  f o r  b o t h  c o n f o r m a t i o n s  a r e  l i s t e d  i n  
T a b le  11:

TABLE 11 : A l l TAs a re g iven  i n

TA HII ZII

1 6 - 1 - 2 - 3 -115 130

1 6 - 1 - 2 - 1 2 71 -53

1 6 -1 -1 1 -1 0 110 138

1 6 - 1 - 1 1-Hi i -77 -46

C o n f o r m a t i o n  Z I I  i s  more t r a n s o i d  t h a n  t h e  H I I ,  h o w e v e r ,  b o t h  

c o n f o r m a t i o n s  may be skewed from s - t r a n s  c o n f i g u r a t i o n s  i n  o r d e r  

t o  m i n i m i s e  t r a n s a n n u l a r  i n t e r a c t i o n s  between hydrogens on C^q 

and Cg»

I n  c o n c l u s i o n ,  t h e r e f o r e ,  t h e  Z I I  c o n f o r m a t i o n  i s  

c a l c u l a t e d  t o  be t h e  more s t a b l e  one as  a r e s u l t  of  d e c r e a s e d  

t o r s i o n a l  s t r a i n  around the  conjugated  s e c t i o n  of i t s  s t r u c t u r e .

A Comparison of^ Z1 w i th  Z I I ,  and of  III wi th

From e x a m i n a t i o n  of  ZI w i t h  r e s p e c t  t o  Z I I ,  and o f  HI i n  

r e l a t i o n  t o  HI I ,  bo th  humulene conformat ions  a r e  found to  be of
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l o w e r  e n e r g y  t h a n  t h e  zerumbone  c o n f o r m a t i o n s .  I n  b o t h  

c o m p a r i s o n s ,  t h e  l a r g e  i n c r e a s e  i n  s t e r i c  e n e r g y  when moving  

f r o m  t h e  h u m u l e n e s  t o  t h e  ze rum bones  i s  a r e s u l t  of t h e  

i n t r o d u c t i o n  of c o n s i d e r a b l e  P i t z e r  s t r a i n  around the  c on juga ted  
s e c t i o n  of  Z I I  and H I I .

I n t r o d u c t i o n  o f  a s p ^ —c a r b o n  i n s t e a d  of  a s p ^ —c a r b o n  h a s  

imposed  p l a n a r i t y  around the  conjuga ted  s e c t i o n  of t h e  r i n g  fo r  

maximum p i  o r b i t a l  ove r l ap  and most s t a b i l i t y .  N e i th e r  HII  nor  

Z I I  a r e  c o m p l e t e l y  p l a n a r .  The r e s u l t i n g  TAs h a v e  f a r  f rom  

i d e a l  v a l u e s ,  t h e r e b y  i n c r e a s i n g  t h e  t o r s i o n a l  s t r a i n  of  b o t h  

s y s t e m s  w i t h  r e s p e c t  t o  t h e i r  humulene  a n a l o g u e s  i n  w h i c h  no 

s u c h  c o n d i t i o n  f o r  p l a n a r i t y  has been imposed.

A c o n f o r m a t i o n  w i t h  t h r e e  d o u b l e  b o n d s  i n v o l v e d  i n  

c o n j u g a t i o n  and  s h a r i n g  a common p l a n e  i s  u n l i k e l y  -  su c h  a 

c o n f o r m a t i o n  w o u l d  c o n t a i n  v e ry  u n f a v o u r a b l e  t r a n s a n n u l a r  

i n t e r a c t i o n s .  Z I I  r e p r e s e n t s  a conformat ion  i n  which a b e t t e r  

comprom ise  has  been reached :  the r i n g  double bonds a r e  t w i s t e d

i n  o p p o s i t e  d i r e c t i o n s  from t h e  p l a n e  e s t a b l i s h e d  by t h e  

e x o c y c l i c  d o u b l e  bond ,  i n  an e f f o r t  to  r e l i e v e  t h e s e  r e p u l s i v e  

i n t e r a c t i o n s .

The i n c r e a s e d  P i t z e r  s t r a i n  i n  ZII ,  w i th  r e s p e c t  to  ZI, i s  

r e l i e v e d  somewhat  by a l e s s  c o s t l y  i n c re as e  in  angu la r  s t r a i n  i n  

t e r m s  o f  e n e r g y :  t h i s  i s  n o t  s e e n  t o  happen  f o r  H I I .  The Cg-

C10=C11 a n 8 l e  ^ a s  moved f rom  a v a l u e  of  126° i n  ZI t o  a more 
s t r a i n e d  v a l u e  o f  127°  i n  Z I I :  i n  b o th  HI and H I I ,  t h i s  a n g l e

has  a  v a l u e  o f  125°.
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4.5 DISCUSSION OF RESULTS.

T h e  m o l e c u l a r  s t r u c t u r e  o f  z e r u m b o n e  2 , 4 -  

d i n i t r o p h e n y l h y d r a z o n e  i s  g i v e n  i n  F i g u r e  4.4 ,  c o n f i r m i n g  t h a t  

a l l  t h r e e  d o u b l e  bonds  i n  t h e  1 1-membered  r i n g  have t r a n s  

s t e r e o c h e m i s t r y .  The TAs a round  t h e  C-C bonds  o f  t h e  11 -  

membered r i n g  i n  t h i s  s t r u c t u r e  a re  given  i n  Table 12 (column Z), 

t o g e t h e r  w i t h  t h e  v a l u e s  f o r  hum ulene  i n  i t s  AgNO^ c o m p l e x ' ^  

( co lum n H). The confo rmat ions  a re  seen to  d i f f e r  i n  t h e  r e g i o n  

of t h e  pheny lhy  dr  azone group of the zerumbone d e r i v a t i v e .

The c y c l o u n d e c a t r i e n e  conformation i n  zerumbone 2,4-DNP has 

a p p r o x i m a t e  C2 s y m m e t r y ,  t h e  o n ly  n o t a b l e  d e p a r t u r e  b e i n g  

e v i d e n t  i n  t h e  TAs a r o u n d  bonds C^-C2 , - 2 6 ° ,  and - 5 2 ° .

The l a r g e r  a n g l e  o f  t h i s  p a i r  p r o b a b l y  a r i s e s  f rom  t h e  n e e d  t o  

keep  t h e  C-^-hydr  ogen and N-hydrogen atoms a p a r t  (H....H 2.31 S). 

I n  t h e  m e th y le n e  ana logue ,  ZII,  t h i s  d e v ia t io n  d i sa p p e a rs .

The  c o n f o r m a t i o n  found  f o r  t h e  1 1 -mem bered  r i n g  i n  

ze rumbone  2,4-DNP i s  q u i t e  d i f f e r e n t  from t h a t  c h a r a c t e r i s e d  i n
/ Q

a l o w  t e m p e r a t u r e  x - r a y  s t u d y  of  c y c lo u n d e c a n o n e  ; on t h e  

o t h e r  hand,  i t  r e s e m b le s  a conformat ion found fo r  c yc loundec -1 -  

e n e  c a r b o x y l i c  a c i d  ( co lum n E i n  T a b le  12) w h ic h  w i l l  be 

d i s c u s s e d  i n  t h e  f o l l o w i n g  chap te r .  Included i n  Table  12 a r e  

t h e  f o r c e  f i e l d  r e s u l t s  f o r  HI (co lum n HI) and f o r  Z I I  ( c o lu m n  

Z I I ) .

The f o u r  C-Csp3-C a n g l e s  i n  t h e  1 1 -mem bered  r i n g  i n  

z e r u m b o n e  2,4-DNP r a n g e  f ro m  106° t o  113° and t h e  s i x  C-C=C 

a n g l e s  r a n g e  f r o m  118° t o  129°. The f o r c e  f i e l d  c a l c u l a t i o n s  

f o r  Z I I  r e p r o d u c e  t h e s e  v a r i a t i o n s  i n  a most  s a t i s f a c t o r y  

m anne r .  (See Table  13) .

MM c a l c u l a t i o n s  s u g g e s t  t h a t  i n  h u m u le n e ,  t h e r e  i s  

p r e f e r e n t i a l  a t t a c k  of the  C2=C3 and C10=CU  double bonds from 

o p p o s i t e  s i d e s  of t h e  r i n g  w h i le  i n  zerumbone, a t t a c k  of t h e s e
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TABLE 12 : All TAs are in (°).

TA Z H E ZII  HI

[ - - o b s e r v e d - - ] [ - c a l c u l a t e d - ]
1 1 - 1 - 2 - 3 -26 95 -80 -48 85
l - 2 = 3 - 4 168 -162 155 170 -168
2 - 3 - 4 - 5 -141 77 -90 -127 85
3 - 4 - 5 - 6 46 35 63 48 39

4 - 5 - 6 - 7 -105 -109 -111 -102 -107

5 -6= 7-8 167 172 178 172 172

6 - 7 - 8 - 9 -107 -126 -116 -110 -118

7 - 8 - 9 - 1 0 48 55 54 42 41

8 - 9 - 1 0 - 1 1 -136 -102 -94 -129 -108

9-10=11-1 172 156 155 169 167

1 0 - 1 1 - 1 - 2 -52 -94 -70 -43 -88

TABLE 13 : A l l  v a le n c e  ang les  a re  i n  ( ° ) .

ANGLE i o b s M i c a ]

11 -1 -2 117.4 114.8

1-2 -3 118.3 118.3

2 - 3 - 4 128.5 128.4

3 - 4 - 5 109.6 110.0

4 - 5 - 6 111.9 112.6

5 - 6 - 7 119.8 120.3

6 - 7 - 8 127.0 126.7

7 - 8 - 9 113.3 112.8

8 - 9 - 1 0 106.3 107.6

9-10 -11 129.4 127.3

10-11-1 120.9 120.5



d o u b l e  b o n d s  w ou ld  o c c u r  on t h e  same s i d e  of  t h e  r i n g .  T h i s  

s u g g e s t s  a p o s s i b l e  e x p l a n a t i o n  f o r  t h e  e x i s t e n c e  of  t h e  

hum ulene  c o n fo r m a t io n  as opposed to  the  zerumbone c on fo rm a t ion  

i n  t h e  d i -  and  t r i - e p o x i d e s  i . e .  HI i s  p r e f e r r e d  t o  ZI a s  t h e  

l a t t e r  w o u l d  s u f f e r  s t e r i c  h i n d r a n c e  f rom  t h e  l o n e  p a i r s  on 

o x y g e n  a t o m s  o c c u p y i n g  t h e  C2=C3 and C10- C u  d o u b l e  b o n d s .  

S i m i l a r l y ,  i n  t h e  AgNO^ c om ple x  of  h u m u le n e ,  c o n f o r m a t i o n  ZI 

w o u l d  r e q u i r e  b o t h  Ag"*" i o n s  to  be on t h e  same s i d e  of  t h e  r i n g  

w h i l e  c o n fo r m a t io n  HI would p lace them on o p p o s i t e  s i d e s .

I n  zerumbone,  the  c a l c u l a t e d  lower energy c on fo rm a t ion  i s  
t h e  one o b s e rv e d .

F u r t h e r  ev id ence  t h a t  the  favoured confo rm at ion  of humulene 

i s  o f  t y p e  Z r a t h e r  t h a n  t y p e  H can be se en  by c o m p a r i n g  t h e s e  

c o n f o r m a t i o n s  w i t h  t h e  o b s e r v e d  c r y s t a l  s t r u c t u r e  of t h e  a l l -

t r a n s  c y c l o d o d e c a - 1 , 5 , 9 - t r i e n e ^  as  i n d i c a t e d  i n  F i g u r e  4.13 .
33D a l e  h a s  p r e d i c t e d  t h a t  w i t h  t h r e e  d o u b le  bonds i n  a r i n g ,  

" t r i g o n a l "  i d e a l  con fo rm at ions  w i th  sy m m e t r i c a l ly  p laced  t r a n s  

d o u b l e  b o n d s  become p o s s i b l e  -  h i s  p r e d i c t e d  con fo rm a t ion  fo r  

t h e  a l l - t r a n s  c y c l o d o d e c a - 1 , 5 , 9 - t r i e n e  m a tc h e s  t h a t  of  t h e  

e x p e r i m e n t a l  a n a l y s i s .  Both HI and ZI have m ain  f e a t u r e s  i n  

common w i t h  t h e  12-membered r i n g ,  but  ZI more c l o s e l y  f o l l o w s  th e  

s i g n s  of  t h e  TAs than  HI; most  of the s t r a i n  i n  t h e  11-membered 

r i n g  i s  l o c a t e d  i n  t h a t  p a r t  of  t h e  r i n g  where  one CH2 g r o u p  i s  

m i s s i n g .

T h e r e  i s  a l a r g e  m e a s u r e  o f  c o r r e s p o n d e n c e  b e t w e e n

c o n f o r m a t i o n s  H and Z . The i n d i c a t i o n  t h a t  the  e n e r g e t i c a l l y

f a v o u r e d  c o n f o r m a t i o n  of  hum ulene  may be of  t y p e  Z r a t h e r  t h a n

t y p e  H does no t  r e q u i r e  any r e v i s i o n  of prev ious  p r o p o s a l s ,  t h a t

t h e  s t e r e o c h e m i s t r i e s  of va r io u s  se squ i t e rp e n o id s  a re  c o n s i s t e n t
38

w i t h  b i o g e n e s i s  f rom humulene_ l ik e  p r e c u r s o r s .  Shirahama and 

h i s  a s s o c i a t e s  c o n f i r m  t h i s  v iew .  They b e l i e v e  t h a t  i f  t h e i r  

c o n f o r m a t i o n s  CT (HI) and CC (ZI)  a r e  k e p t  a p p r o x i m a t e l y  

u n c h a n g e d  t h r o u g h  r e a c t i o n s  t o  t h e  i l l u d o i d s ,  t h e  e x i s t e n c e  of  

two b i o s y n t h e t i c  pathways can be impl ied ,  i n s t e a d  of assuming a

114



FIG. 4.13

All TAs in (°)

Cyclododeca-i59_triene4

Internal  values-HI  

External va l ues -ZI



s i n g l e  r o u t e  i . e .  CT — > p r o t o i l l u d a n e  and CC — > h i r s u t a n e  

i n s t e a d  of  CT — > p r o t o i l l u d a n e  — > h i r s u t a n e .  (See F ig u re  4.1).
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CHAPTER FIVE

AN X-RAY ANALYSIS OF DIMETHYL ( 8/ -DIMETHYLAMINONAPHTHYL) 

AMMONIUM DIHYDROGEN TRIS(CYCLOUNDEC-l-ENE CARBOXYLATE). AN ACID 

SALT OF THE TYPE BH+ .X".2HX.
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5.0 FOREWORD

The 8-  t o  1 1-membered r i n g s 1 a r e  c a l l e d  t h e  medium r i n g s  and

d i s t i n g u i s h  t h e m s e l v e s  by s p e c i a l  p r o p e r t i e s  i n  t h e i r

c o n f o r m a t i o n s .  In  g e n e r a l ,  i t  can be sa id  t h a t  t h e  p h y s i c a l  and

c h e m i c a l  p r o p e r t i e s  of the  medium r i n g s  show decided  maxima or 
• • 2-4m in im a  -  t h e y  a r e  no longer  monotonic  f u n c t io n s  of t h e  numbers 

o f  c a r b o n s  i n  t h e  r i n g .  U n t i l  q u i t e  r e c e n t l y ,  h o w e v e r ,  t h e  

n e c e s s a r y  s t r u c t u r a l  d a t a  were  no t  a v a i l a b l e ,  so t h a t  i n i t i a l  

a t t e m p t s ^  t o  i n t e r p r e t  the  chemica l  p r o p e r t i e s  of medium r i n g s  

w e re  based  on c o n s i d e r a t i o n s  de r ived  from working models.  The 

e n o r m o u s  v a r i e t y  o f  p o s s i b l e  c o n f o r m a t i o n s  and t h e  l a c k  of  any  

q u a n t i t a t i v e  c r i t e r i a  f o r  d e c i d i n g  b e t w e e n  them made i t  

p r a c t i c a l l y  i m p o s s i b l e  to  d e r i v e  a c tu a l  molecu la r  c o n fo r m a t io n a l  

maps .

The l a s t  t w e n t y  ye a r s  has seen a c o n s id e r a b l e  accum ula t ion  

o f  i n f o r m a t i o n  on t h e  c o n f o r m a t i o n s  of medium r i n g s .  The 

e x p e r i m e n t a l  e v i d e n c e  comes m a i n l y  from x - r a y  a n a l y s e s  of 

s u i t a b l e  c r y s t a l l i n e  d e r i v a t i v e s  but  a l s o  from s p e c t r a l  s t u d i e s .  

A t t e m p t s  to  p r e d i c t  t h e  confo rm at ions  of medium r i n g s  by s t r a i n  

e n e r g y  m i n i m i s a t i o n  c a l c u l a t i o n s  have become more r e f i n e d  w i t h  

t h e  a v a i l a b i l i t y  of  f a s t e r  c o m p u t e r s  w i t h  g r e a t l y  i n c r e a s e d  

s t o r a g e  s p a c e .

T h e r e  r e m a i n s ,  h o w e v e r ,  a d i s t i n c t  l a c k  of  s t r u c t u r a l  and 

c o n f o r m a t i o n a l  i n f o r m a t i o n  f o r  t h e  11“ and h i g h e r  odd -m e m bere d  

r i n g s .  To r e d u c e  t h i s  imbalance a l i t t l e ,  s e v e r a l  c r y s t a l l i n e  

d e r i v a t i v e s  o f  11-membered r i n g  compounds have been p repa red  and 

e x a m i n e d .  T he  p r e v i o u s  c h a p t e r  d e a l t  w i t h  t h e  t r i p l y  

u n s a t u r a t e d  1 1 - m e m b e r e d  r i n g  d e r i v a t i v e  o f  z e ru m b o n e .  T h i s  

c h a p t e r  d e a l s  w i t h  a m o n o - u n s a t u r a t e d  11- m e m b e r e d  r i n g  

d e r i v a t i v e ,  namely ,  d i m e th y l  (S ' -d im ethy lam in onaph thy l)  ammonium 

d i h y d r o g e n  t r i s ( c y c l o u n d e c - l - e n e  c a r b o x y l a t e ) .
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introduction to acid salts and hydrogen bonding.

I n  t h e  s o l i d  s t a t e ,  many subs ta nces  appear  to  c r y s t a l l i s e  i n  

su c h  a  way t h a t  t h e  pa ck ing  of the  molecules  approaches some kind  

o f  c l o s e  p a c k i n g .  I f  t h e  van d e r  Waals  r a d i i  o f  t h e  m o l e c u l e s  

a r e  c o n s t a n t  t h e n  t h e  d e c i d i n g  i s s u e  a p p e a r s  to  be e f f i c i e n t  

s p a c e  f i l l i n g  by t h e s e  m olecu la r  groups.  There a re ,  however,  a 

number of  r a t h e r  s p e c i f i c  i n t e r m o l e c u l a r  i n t e r a c t i o n s  which can 

i n f l u e n c e  t h e  pack in g  s i g n i f i c a n t l y .  By f a r  the  most u b i q u i t o u s  

a n d  w i d e l y  s t u d i e d  s p e c i f i c  i n t e r m o l e c u l a r  i n t e r a c t i o n  w h ich  

a f f e c t s  t h e  s t r u c t u r e  o f  c o n d e n s e d  s t a t e s  i s  t h a t  known a s  t h e  

" h y d ro g e n  bond" .

The c o n c e p t  of t h e  hydrogen (or H) bond was f i r s t  i n t ro d u c e d  

by  L a t i m e r  a nd  R o d e b u s h  i n  1920. S i n c e  t h e n ,  t h e r e  h a s  been  

c o n s i d e r a b l e  d i s c u s s i o n  of a s u i t a b l e  d e f i n i t i o n  of the  hydrogen 

b o n d .  The  d i s t i n g u i s h i n g  f e a t u r e  o f  H b o n d i n g  i s  t h e  

i n v o l v e m e n t  of  a  s p e c i f i c  H atom of a p ro to n  donor group w i t h  a 

l o c a l i s e d  s i t e  of  h ig h  e l e c t r o n  d e n s i t y  i n  the  same or ano the r  

m o l e c u l e .  I n  o t h e r  w o r d s ,  b e t w e e n  m o l e c u l e  A-H and a s e co n d  

a tom or  m o l e c u l e ,  B, a s p e c i f i c  fo rc e  may o pe ra te  which i s  much 

w eake r  t h a n  t h e  c o v a l e n t  bond A-H and i s  r e p r e s e n t e d  by A-H. . . . B .

G e n e r a l  e v i d e n c e  f o r  su c h  b o n d in g  comes f rom  many s o u r c e s  

and one of  t h e  e a r l i e s t  was the  r e c o g n i t i o n  t h a t  w a te r  i s  a most  

u n u s u a l  compound. For example,  w i th  so low a r e l a t i v e  m ole cu la r  

m a s s ,  one w o u l d  e x p e c t  w a t e r  t o  be a g a s ,  y e t  i t  h a s  a b o i l i n g  

p o i n t  o f  c a .  100°C  h i g h e r  t h a n  a n y  o t h e r  s u b s t a n c e  of  a 

c o m p a r a b l e  m o l e c u l a r  w e i g h t .  T h i s  and many o t h e r  a n o m a l i e s  

w e r e  e x p l a i n e d  by t h e  n o t i o n  t h a t  l i q u i d  w a t e r  i s  a s s o c i a t e d

i . e .  t h a t  i t s  m o l e c u l e s  c o n t r i v e  t o  c l u s t e r  t o g e t h e r .  I t  was 

c o n c l u d e d  t h a t  t h e  h y d r o g e n  atom m us t  be d i r e c t l y  i n v o l v e d  m  

t h i s  a s s o c i a t i o n .

The re  a r e  i m p o r t a n t  cases  of H bonding where t h e  two bonds 

t o  hyd rogen  a r e  e qua l  i n  s t r e n g t h  and leng th .  Among the  known
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e x a m p l e s  a r e  F -H -F  I n  t h e  d i f l u o r i d e  i o n  and O-H-O i n  t h e  a c i d  
s a l t s  of  s e v e r a l  monobasic  a c id s .

The c r i t e r i a  f o r  t h e  e x i s t e n c e  of H bonds a re  somewhat more 

c l e a r  c u t  t h a n  f o r  o t h e r  i n t e r m o l e c u l a r  i n t e r a c t i o n s .  However, 

no  s i n g l e  c r i t e r i o n  or  s i n g l e  p h y s i c a l  m a n i f e s t a t i o n  can 

e s t a b l i s h  t h e  p r e s e n c e  of H bonding in  a given system beyond any 

r e a s o n a b l e  doubt .  Some convenient  o p e r a t i o n a l  c r i t e r i a  f o r  the  

e x i s t e n c e  of  H bonding  a r e  now l i s t e d :

1. H b o n d i n g  o c c u r s  b e t w e e n  a p r o t o n  donor  g r oup ,  A-H, and a 

p r o t o n  a c c e p t o r  group,  B, where A i s  an e l e c t r o n e g a t i v e  atom and 

t h e  a c c e p t o r  group i s  a lone e l e c t r o n  p a i r  of an e l e c t r o n e g a t i v e  

atom or  a p i - e l e c t r o n  o r b i t a l  of a m u l t i p l e  bond. G ene ra l ly ,  an 

H b o n d  c a n  be c h a r a c t e r i s e d  as  a p r o t o n  s h a r e d  by two l o n e  

e l e c t r o n  p a i r s .

2 .  H b o n d i n g  i s  a d i s t i n c t l y  d i r e c t i o n a l  and  s p e c i f i c  

i n t e r a c t i o n .  H bonds a r e  app rox im ate ly  l i n e a r  but  a p p r e c i a b l e  

v a r i a t i o n  i n  t h e  a ng le  A-H-B can occur .

3. The t o t a l  H bond  l e n g t h  r(A. . . .B)  i s  e q u a l  t o ,  or  l e s s  t h a n ,  

t h e  sum of  t h e  v a n  d e r  Waals  r a d i i  of  a tom s  A and B i . e .  t h e  

t o t a l  bond l e n g t h  c o n t r a c t i o n  caused by H bond f o rm a t io n  i s  equal  

t o ,  o r  g r e a t e r  t h a n ,  t w i c e  t h e  van  de r  Waals  r a d i u s  of t h e  

hyd ro g en  atom.

T w o  t y p e s  o f  H b o n d  c o m p l e x e s  may  be  f o r m e d :  

i n t e r  m o l e c u l a r , i n v o l v i n g  two or more s e p a ra te  molecu le s ;  and 

i n t r a m o l e c u l a r ,  i n v o l v i n g  donor  and a c c e p t o r  s i t e s  w i t h i n  t h e  

sa m e  m o l e c u l e .  The s t r e n g t h  of  H b o n d ing  depends  on t h e  

r e l a t i v e  a c i d i t i e s  and b a s i c i t i e s  of the donor and the  a c c e p to r  

s i t e s  and ,  i n  t h e  case  of i n t r a m o l e c u l a r  H bonds, on the s p a t i a l  

a r r a n g e m e n t  p r e s e n t .  An i n t r a m o l e c u l a r  H bond occurs  only when 

t h e  d i s t a n c e  b e t w e e n  t h e  h y d r o g e n  of  t h e  donor  g roup  and  t h e  

a c c e p t o r  s i t e  i s  b e t w e e n  1.4 a n d  2.5 A, and  t h e  a n g u l a r  

o r i e n t a t i o n  o f  t h e  a c c e p t o r  s i t e  does  n o t  d e v i a t e  g r e a t l y  f rom  

t h e  bond a x i s  of t h e  donor group,  A-H.
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E x p e r i m e n t  -  m a i n l y  by x - r a y  d i f f r a c t i o n  -  r e v e a l s  0-H....0 

b o n d s  w i t h  0 . . . . 0  i n  t h e  r a n g e  2.4 t o  3.2 X. i n t h e  r a n g e s ,  

3 . 2 - 2 . 8 , 2 . 8 - 2 . 6 5  a n d  2 . 6 5 - 2 . 4  X, t h e  H b o n d s  a r e  k n ow n

r e s p e c t i v e l y ,  a s  l o n g ,  medium and s h o r t .  For  N-H....N, t h e  
o v e r a l l  r a n g e  i s  ca .  2 . 8- 3 .2  1 .

The p o t e n t i a l  energy  of a d ia tom ic  molecule  as a f u n c t i o n  of 

t h e  d i s t a n c e  b e t w e e n  A and H, r (A -H ),  can be r e p r e s e n t e d  i n  two 

d i m e n s i o n s  by a curve  such as the one shown i n  F igu re  5.1a. The 

m in im u m  i n  t h e  p o t e n t i a l  e n e r g y  cu rve  c o r r e s p o n d s  to  t h e  

a r b i t r a r y  e n e r g y  z e r o  on t h e  o r d i n a t e ,  and t o  t h e  e q u i l i b r i u m  

p o s i t i o n  o f  H i n  t h e  A-H bond ,  ( r 0) on t h e  a b c i s s a .  The s h a p e  

o f  t h e  p o t e n t i a l  e n e r g y  c u r v e  i n  an H bond A-H....B b e t w e e n  two 

e l e c t r o n e g a t i v e  a t o m s  A a nd  B i s  v e r y  i m p o r t a n t  t o  t h e  

u n d e r s t a n d i n g  of s p e c t r o s c o p i c  m a n i f e s t a t i o n s  of H bonding,  the  

o c c u r r e n c e  of  p r o t o n  t r a n s f e r  and o ther  p h y s i c a l  p r o p e r t i e s  of H 

bonded m o l e c u l e s .

The b u l k  of t h e  phys icochem ica l  evidence p r e s e n t l y  a v a i l a b l e  

i n d i c a t e s  t h a t  t h e  H atom i s  l o c a l i s e d  near  the donor atom in  the 

m a j o r i t y  of H bonds,  even when A and B are s i m i l a r  atoms. This 

s i t u a t i o n  i s  r e p r e s e n t e d  by an u n s y m m e t r i c a l  p o t e n t i a l  e n e r g y  

c u r v e  ( F ig u r e  5.1b) where the  lower of the two minima i s  l o c a t e d  

n e a r  t h e  donor  atom. The h e i g h t  of the  second p o t e n t i a l  minimum 

was  sh o w n  t o  d e p e n d  on t h e  s t r e n g t h  of  t h e  p r o t o n  donor  and t h e  

a c c e p t o r  s t r e n g t h  of the  base^.

One o f  t h e  e a r l y  v i e w s  of  H b o n d in g  was t h e  c o n c e p t  of 

m e s o m e r i c  t a u t o m e r i s m ,  ac co rd ing  to  which, the H bond was though t  

t o  r e s o n a t e  v e ry  r a p i d l y  between two e qua l ly  probable  p o s i t i o n s ,  

one  n e a r  t h e  d o n o r  a tom  and t h e  o t h e r  n e a r  t h e  a c c e p t o r  a to m .  

T h i s  c o n c e p t  would r e q u i r e  t h a t  the  p o t e n t i a l  energy f u n c t i o n  fo r  

t h e  hyd rogen  atom e i t h e r  poss es s  two equal  p o t e n t i a l  minima w i th  

a  l o w  b a r r i e r  b e t w e e n  t h e  two ( F i g u r e  5.1c),  or be s y m m e t r i c a l ,  

w i t h  one  b r o a d  min imum ( F i g u r e  5 . Id ) .  Such c a s e s  a r e  r a r e  and  

t h e y  o c c u r  o n l y  i n  s h o r t ,  s t r o n g  h y d r o g e n  bonds .  R e l i a b l e
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c r y s t a l l o g r a p h i c  e v i d e n c e  h a s  be e n  o b t a i n e d  f o r  a s y m m e t r i c a l  

0 ' - H . . . . 0 M bond  i n  p o t a s s i u m  h y d r o g e n  c h l o r o m a l e a t e 8. Most  of  

t h e  s y m m e t r i c a l  H bonds  known b e lo n g  t o  t h i s  0 ' - H . . . . 0 M t y p e .  

They o c c u r  when r ( 0 ' . . . . 0M) i s  2 . 4 - 2 . 6 X i n  the  s o l i d  s t a t e .

A n u m b e r  o f  n e u t r o n  d i f f r a c t i o n  i n v e s t i g a t i o n s  of  t h e  

s t r u c t u r e  of  v a r i o u s  H bonded s o l i d s  have been c a r r i e d  out i n  the  

l a s t  t e n  t o  f i f t e e n  y e a r s .  Some of the  r e s u l t s  a re  p re s e n ted  i n  

T a b l e s  1 and 2 • Cons ide rab le  a t t e n t i o n  has been devoted to

c o m p o u n d s  i n  w h i c h  t h e  p r e s e n c e  of  a s y m m e t r i c a l  H bond ,  w i t h  

e i t h e r  a  s i n g l e  or double  minimum, was suspec ted .  The l i s t  of 

s y m m e t r i c a l  0 -H . .0  bonds  i s  c o n s t a n t l y  g r o w i n g ^  e s p e c i a l l y  fo r  

t h e  c r y s t a l l i n e  a c i d  s a l t s  of c a rb o x y l i c  a c id s .

The c h e m i c a l  r e a c t i o n  t h a t  everybody knows and uses  i s  t h a t  

o f  a n  a c i d  d o n a t i n g  a p r o t o n  to  a b a s e  to  form  a s a l t :  a

m o n o b a s i c  a c i d ,  HX, f o r m s  a s e r i e s  of  s a l t s  w i t h  a u n i v a l e n t  

c a t i o n ,  M+ , t h i s  s e r i e s  of s a l t s  i s  n e u t r a l  and i s  r e p r e s e n t e d  by 

MX. From t i m e  t o  t i m e ,  h o w e v e r ,  c r y s t a l l i n e  s u b s t a n c e s  were  

d i s c o v e r e d  whose c o m p o s i t i o n s  corresponded to Anomalous

a c i d  s a l t s  a r e  v e ry  common w i t h  monocarboxyl ic  ac id s .

Two f u n d a m e n t a l  t y p e s  of  a c i d  s a l t s  a r e  r e c o g n i s e d :  t h e

f i r s t  t y p e  has  t h e  two X u n i t s  non -eq u iv a le n t  and c h a r a c t e r i s a b l e

a s  a n i o n  a n d  n e u t r a l  m o l e c u l e ,  M"*"X .HX, and a r e  c l a s s i f i e d  as

t y p e  The second type  gives  a more i n t e r e s t i n g  s i t u a t i o n  i n

t h a t  t h e  tw o  X u n i t s  of  t h e  f o r m u l a  a r e  c r y s t a l l o g r a p h i c a l l y
13e q u i v a l e n t ;  s u c h  s t r u c t u r e s  a r e  c l a s s i f i e d  as  t y p e  A. The

t i t l e  s t r u c t u r e  c a n  be r e p r e s e n t e d  as  an a c i d  s a l t  of  t h e  t y p e  

BH+ .X” .2HX. For t h e  p h y s i c a l  chemis t  the  main i n t e r e s t  of t h e s e  

s t r u c t u r e s  a r i s e s  b e c a u s e  many of  them i n v o l v e  s h o r t  H bonds .  

Type B a c i d  s a l t s  g ive  r i s e  to  non -sym m et r ica l ,  n o n - e q u iv a le n t  H 

b o n d s  w h i l e  s h o r t  s y m m e t r i c a l  bonds seem to  be t h e  r u l e  m  t h e  

t y p e  A a c i d  s a l t s .
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TABLE _L : Some r e s u l t s  of  Hydrogen  atom l o c a t i o n  by n e u t r o n  
d i f f r a c t i o n  m e t h o d s . 9“ 1C)

COMPOUND H BOND r(A-H) X r (A-B) X A-H- B(°) CURVE

KH M a le a t e 0 . . H . .0 1.22 2.44+0.02 180 ssma
KHChlorom alea te 0 . . H . .0 1.22 2.403+0.003 175 ssm

HCr02 0 . . H . .0 1.26 2.49+0.02 180 ssm

DCr02 0 . . H . .0 0.96 2.55+0.02 180 ssm

D20 ( 123K) 0 - H . .0 0.997 2.75+0.007 180 sdma

KH2P04 (298K) 0 - H . .0 1.085+0.013 2.487+0.005 180 sdm

KH2P 0 4 (77K) 0 - H . .0 1.05+0.014 2.486+0.004 180 -

N - a c e t y l g l y c i n e 0 - H . .0 1.06+0.03 2.55+0.02 173 -

a : s sm  = s y m m e t r i c a l  s i n g l e  minimum p o t e n t i a l  e n e r g y  c u r v e ,  

sdm = s y m m e t r i c a l  double minimum p o t e n t i a l  energy curve.



TABLE 2 : The l o c a t i o n  of  h y d r o g e n  and d e u t e r i u m  a tom s  i n  t h e  H 

bonds  i n  c r y s t a l l i n e  h y d r a t e s  found by neu t ron  d i f f r a c t i o n 9-11

COMPOUND r ( O ' - H )  t  rCO'-O” ) X 0 / -H-0" ( ° )

NaHC03 . Na2C03 . 2H20 1.25 2.50+0.02 180

O x a l i c  a c i d 1.057+0.02 2.518+0.01 175

(C00H)2 .2H20 0.968+0.03 2.856+0.01 156

0 .945+0.02 2.840+0.01 167

O x a l i c  a c i d 1.042+0.008 2.540+0.004 174.37+0.64

(C00D)2 .2D20 0.946+0 .01 2.854+0.005 155.83+0.68

0.960+0.01 2.822+0.004 169.10+0.84

NiS04 .6D20 0 .93 2.69 167

0 .97 2.74 167

0 .9 6 2.75 167

0.97 2.77 154

1 .00 2.81 168

0 .96 2.84 154



5.2 EXPERIMENTAL

C y c l o u n d e c - l - e n e  c a r b o x y l i c  a c id  i s  a v a i l a b l e  comm erc ia l ly  

a s  a  w h i t e  p o w d e r e d  m a t e r i a l .  A s i m p l e  a c i d / b a s e  r e a c t i o n  

b e t w e e n  t h i s  and  1 , 8 - b i s ( d i m e t h y l a m i n o )  n a p h t h a l e n e  i n  a non-  

a c i d i c  or  n o n - b a s i c  s o l v e n t  such as methylene c h lo r i d e  r e s u l t e d  
i n  t h e  t i t l e  s t r u c t u r e .

C r y s t a l  D a t a .

D i m e t h y l  ( 8 , - d i m e t h y l a m i n o n a p h t h y l ) a m m o n i u m  d i h y d r o g e n  

t r i s ( c y c l o u n d e c - l - e n e  c a r b o x y l a t e ) ,  C5qH78N20 6 , M = 803.20 amu, 

m o n o c l i n i c ,  a. = 1 4 .0 4 7 ( 9 ) ,  b = 20 .631(9) ,  c = 17.955(2)  X,  

P = 1 1 2 .8 0  , U = 4797 .0 7  Dĉ  = 1.11 g.cm.- ^,  Z = 4, F(000)  =

1760,  (i(Mo-Ka ) = 0.77  cm.- -*-, Space Group = P2^ /a .

D a ta  C o l l e c t i o n .

I n s t r u m e n t  u s e d :  Enra f -N on ius  CAD4 d i f f r a c t o m e t e r .

R a d i a t i o n  u s e d :  Mo-Ka ,X = 0.71069 X.

Monochrom ation u se d :  g r a p h i t e  c r y s t a l .
o

Upper l i m i t  f o r  d a t a  c o l l e c t i o n :  = 2° •

Number of  in d e p e n d e n t  observed  r e f l e c t i o n s :  m = 3563.

Unobserved  c u t - o f f :  2 . 0 a j .

Number of  p a r a m e t e r s  r e f i n e d :  n = 146.

Number of  r e f l e c t i o n s  pe r  pa ram ete r :  m/n = 24.4

C e l l  d im e n s io n s  were d e r iv e d  from l e a s t - s q u a r e s  t r e a tm e n t  of 

t h e  s e t t i n g  a n g l e s  f o r  25 r e f l e c t i o n s .  F o r  i n t e n s i t y  

m e a s u r e m e n t s ,  7648 r e f l e c t i o n s  hk l  and hk l  were surveyed i n  the  

r a n g e  © 26° a nd  3563 r e f l e c t i o n s  s a t i s f i e d  t h e  c r i t e r i o n ,

I  > 2 .0 a r

S t a n d a r d  r e f l e c t i o n s  showed a s i g n i f i c a n t  v a r i a t i o n  towards 

t h e  e n d  o f  d a t a  c o l l e c t i o n  and w e re  u s e d  t o  p l a c e  t h e  m e a s u r e d  

i n t e n s i t i e s  on a common s c a l e .
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S t r u c t u r e  A n a l y s i s .

The c r y s t a l  s t r u c t u r e  was so lved us ing  a modif ied  v e r s i o n  of 

MULTAN14 which  i n c o r p o r a t e s  h igher  i n v a r i a n t s 15. 622 q u a r t e t s  

w e re  p roduce d  u s i n g  QGEN fo r  the  top 100 E-magnitudes having |E |^

2 . 5  w i t h  P-y 0 . 6  and P ^ ^  ^ 0 . 7 .

T r i p l e t  phase  r e l a t i o n s h i p s  were genera ted  fo r  the  top 340 

E - m a g n i t u d e s  w i t h  |E|> 1.20.  An E-map computed  f rom  t h e  s e t  

w i t h  t h e  l o w e s t  NQUEST15 ( - 0 . 3 3 )  f i g u r e  of  m e r i t  r e v e a l e d  a 28 

a t o m  f r a g m e n t .  W e i g h t e d  F o u r i e r  c a l c u l a t i o n s  b a s e d  on t h i s  

f r a g m e n t  s o l v e d  f o r  a l l  n o n - h y d r o g e n  a to m s .  The a p p r o x i m a t e  

c o o r d i n a t e s  and a n i s o t r o p i c  t h e r m a l  p a r a m e t e r s  were  r e f i n e d  by 

s e v e r a l  c y c l e s  o f  f u l l - m a t r i x  l e a s t - s q u a r e s  c a l c u l a t i o n s  v i a  

SHELX1^. A d i f f e r e n c e  s y n t h e s i s  a t  R = 0.103 r e v e a l e d  a l l  t h e  

h y d r o g e n  a t o m s ,  w h i c h  w e re  s u b s e q u e n t l y  i n c l u d e d  i n  f u r t h e r  

l e a s t —s q u a r e s  r e f i n e m e n t .  The h y d r o g e n  a tom p o s i t i o n a l  and 

i s o t r o p i c  t h e r m a l  p a r a m e t e r s  were  r e f i n e d ,  e x c e p t  f o r  t h e  

h y d ro g en  a toms of  r i n g  C which were g e o m e t r i c a l l y  c o n s t r a in e d  

b u t  w h o s e  i s o t r o p i c  t e m p e r a t u r e  f a c t o r s  were r e f i n e d .  A 

w e i g h t i n g  scheme , w = 1 /a^  (F) was adopted.  These c a l c u l a t i o n s  

r e d u c e d  R to  a f i n a l  v a lu e  of 0.0636 (R^ = 0.0665) .
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5.3 RESULTS

F i n a l  s t r u c t u r e  f a c t o r s  (observed and c a l c u l a t e d )  a r e  inc luded  i n  
t h e  a p p e n d i c e s .

TABLE 3 a :  F r a c t i o n a l  a t o m i c  c o o r d i n a t e s  ( x / a ,  y / b ,  z / c )  (xlO^)

w i t h  e s d ' s  i n  p a r e n t h e s e s  f o r  t h e  n o n - h y d r o g e n  a tom s  of  t h e  

d i m e t h y l  ( 8 ' - d im e th y l a m i n o n a p h t h y l )  r i n g .

TABLE 4 a :  F r a c t i o n a l  a t o m i c  c o o r d i n a t e s  (xlO^) w i t h  e s d ' s  i n

p a r e n t h e s e s  f o r  t h e  non-hydrogen atoms of r i n g  A.

TABLE 5a :  F r a c t i o n a l  a t o m i c  c o o r d i n a t e s  (xlO^) w i t h  e s d ' s  i n

p a r e n t h e s e s  f o r  t h e  non-hydrogen atoms of r in g  B.

TABLE 6a :  F r a c t i o n a l  a t o m i c  c o o r d i n a t e s  (x lO^)  w i t h  e s d ' s  i n

p a r e n t h e s e s  f o r  t h e  non-hydrogen atoms of r i n g  C.

TABLE 3b: F r a c t i o n a l  a tom ic  c o o rd i n a t e s  (xlO3) and U i s o t r o p i c

( x l O 3 X 2 ) f o r  t h e  h y d r o g e n  a t o m s  of  t h e  d i m e t h y l  ( 8 ' -

d i m e t h y l a m i n o n a p h t h y l )  r i n g .

TABLE 4b: F r a c t i o n a l  a tom ic  c o o rd in a te s  (xlO3) and U i s o t r o p i c

( x lO 3 X2 ) f o r  hydrogen  atoms of r i n g  A.

TABLE 5b: F r a c t i o n a l  a to m ic  c o o rd in a te s  (xlO ) and U i s o t r o p i c

( x lO 3 X2 ) f o r  hydrogen  atoms of r i n g  B.

TABLE 6b: F r a c t i o n a l  a to m ic  c o o rd in a te s  (xlO3) and U i s o t r o p i c

( x lO 3 X2 ) f o r  hydrogen  atoms of  r i n g  C.

TABLE 3 c :  T h e r m a l  p a r a m e t e r s  (Un , U2 2 , U3 3 , U2 3 , U13 , U12 )

( x  1 0 3 X 2 ) f  o r  n o n - h y d r o g e n  a t o m s  o f  d i m e t h y l  ( 8

d i m e t h y l a m i n o n a p h t h y l )  r i n g .

TABLE 4 c :  T h e r m a l  p a r a m e t e r s  (Un , U2 2 , U3 3 , U2 3 , U1 3 , U12)
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(x lO 3 X2 ) f o r  non-hydrogen  atoms of r i n g  A.

TABLE 5 c :  T h e r m a l  p a r a m e t e r s  (Un , U2 2 , U3 3 , U2 3 , U13 , U12)

(x lO 3 X2 ) f o r  non-hydrogen  atoms of r i n g  B.

TABLE 6 c :  T h e r m a l  p a r a m e t e r s  (Uu , U2 2 , U3 3 , U2 3 , u 13, U12)

(x lO 3 X2 ) f o r  non-hydrogen  atoms of r i n g  C.

TABLE 7: Bond l e n g t h s  f o r  r i n g  s t r u c t u r e s  ( X) .

TABLE 8 a :  V a l e n c e  a n g l e s  ( ° )  f o r  d i m e t h y l  (8 ' - d i m e t h y l a m i n o

n a p h t h y l )  r i n g ,

TABLE 8 b :  Valence  a n g le s  ( ° )  f o r  r i n g  A.

TABLE 8c:  V a lence  a n g l e s  ( ° )  f o r  r i n g  B.

TABLE 8d:  Va lence  a n g le s  ( ° )  f o r  r i n g  C.

TABLE 9 a :  T o r s i o n  a n g l e s  ( ° )  f o r  d i m e t h y l  ( 8 ' -

d i m e t h y l a m i n o n a p h t h y l )  r i n g .

TABLE 9b:  T o r s i o n  a n g l e s  ( ° )  fo r  r i n g  A.

TABLE 9c:  T o r s io n  a n g le s  ( ° )  f o r  r i n g  B.

TABLE 9d: T o r s i o n  a n g l e s  ( ° )  f o r  r i n g  C.

M o l e c u l a r  r e p r e s e n t a t i o n s  of each of the  four  f ragm ents  were 

p r e p a r e d  by ORTEP17 and  a r e  g i v e n  i n  F i g u r e s  5.2 a - d .  The 

c r y s t a l  p a c k in g  a rrangement  i s  viewed i n  F igu re  5 . 3 .
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TABLE 3b

H(2) 

H(3)  

H(4)  

H(5)  

H(6 ) 

H(7)  

H(11A) 

H(11B) 

H(11C) 

H(12A) 

H(12B) 

H(12C) 

H(13A) 

H(13B) 

H(13C) 

H(14A) 

H(14B) 

H(14C) 

H'

497(4)

3961(34)

228(3 )

076(4 )

0166(30)

117(2)

204(4)

3277(36)

2593(36)

2663(39)

341(3)

3645(34)

5455(34)

590(3)

5861(27)

487(3 )

498(4)

3870(36)

362(3)

908(2)

9870(22)

997(2)

981(2)

9222(16)

856(2)

762(2)

7444(22)

7452(22)

8662(23)

906(2)

8365(20)

9100(24)

872(2)

8336(18)

748(2)

794(2)

7652(20)

830(2)

511(3)

4051(28

395(2)

417(3)

5093(21)

617(2)

677(2)

7093(27)

6211(28)

7552(27)

740(2)

7919(27)

6848(26)

629(2)

7049(22)

619(2)

535(3)

5420(25)

660(2)

97(17)

114(16)

77(14)

126(17)

56(12)

49(11)

94(15)

104(19)

93(20)

93(19)

80(15)

98(15)

102(17)

70(13)

70(12)

62(11)

120(17)

99(16)

83(15)



TABLE 4b

H(2)

H(3A)

H(3B)

H(4A)

H(4B)

H(5A)

H(5B)

H(6A)

H(6B)

H(7A)

H(7B)

H(8A)

H(8B)

H(9A)

H(9B)

H(10A)

H(IOB)

H(11A)

H(11B)

H(O)

3 11(4 )

3755(48)

341(5)

525(12)

5489(45)

618(4)

5 17(7 )

4880(53)

603(7)

551(8)

5698(84)

423(4 )

4 43(7 )

4023(52)

395(4)

237(8)

2527(39)

153(5)

230(4 )

1439(43)

225(3)

2533(29)

310(3)

266(7)

2428(31)

174(2)

169(5)

1704(29)

154(4)

066(5)

0479(56)

081(3)

012(4)

0281(34)

106(3)

024(5)

0356(25)

117(3)

147(2)

1179(27)

674(3)

5486(41)

607(4)

629(9)

7102(36)

694(3)

620(6)

7528(35)

772(6)

810(7)

7035(65)

618(4)

671(5)

7675(44)

766(3)

710(7)

6055(35)

610(4)

686(3)

4086(37)

121(23)

155(26)

177(27)

273(78)

130(21)

110(19)

235(52)

153(26)

182(43)

293(50)

276(59)

139(20)

228(41)

193(28)

130(17)

352(49)

129(20)

168(29)

113(17)

159(23)



TABLE 5b

H(2)

H(3A)

H(3B)

H(4A)

H(4B)

H(5A)

H(5B)

H(6A)

H(6B)

H(7A)

H(7B)

H(8A)

H(8B)

H(9A)

H(9B)

H(10A)

H(IOB)

H(11A)

H(11B)

H(O)

728(3)

622(3)

5355(35)

4727(39)

5856(33)

436(4)

4731(30)

5663(40)

629(5)

5965(40)

468(6)

555(3)

5568(34)

742(4)

715(3)

7065(51)

804(4)

806(3)

8244(35)

596(4)

878(2)

946(2)

8872(21)

9714(25)

9637(22)

897(3)

8455(19)

9006(28)

869(3)

8054(24)

811(3)

700(2)

7610(21)

790(2)

707(2)

6733(31)

679(2)

736(2)

7939(22)

700(3)

975(2)

874(2)

8380(28)

9063(29)

9867(27)

985(3)

8406(25)

11055(36)

1064(4)

11524(35)

1082(4)

1046(2)

9796(29)

1096(3)

1127(3)

9757(39

1042(3)

931(2)

10049(26)

774(3)

60(13)

71(13)

100(15)

130(19)

101(16)

123(22)

80(14)

146(21)

141(30)

137(19)

193(25)

107(16)

115(15)

121(17)

106(15)

174(29)

111(17)

81(13)

99(16)

146(24)



TABLE 6b

H(2)

H(3A)

H(3B)

H(4A)

H(4B)

H(5A)

H(5B)

H(6A)

H(6B)

H(7A)

H(7B)

H(8A)

H(8B)

H(9A)

H(9B)

H(10A)

H(IOB)

H(11A)

H(11B)

578(0)

7227(4)

635(0)

694(1)

7470(8)

610(1)

651 (1 )

4628(19)

431(2 )

517(2)

5447(15)

321(1)

339(1)

3332(7)

256(1)

261(1)

3620(9 )

3353(6)

4205(6 )

565(0)

5773(4)

559(0)

475(1)

4743(5)

436(0)

390(0)

3667(10)

450(1)

375(1)

4580(6)

398(1)

435(1)

4779(6)

492(1)

566(1)

5523(7)

6436(3)

6382(3)

922(0)

8739(4)

775(0)

916(1)

8416(9)

752(1)

841(1)

7692(11)

755(1)

899(1)

8980(7)

836(1)

754(1)

8961(10)

793(1)

818(1)

9123(10)

7975(4)

8997(4)

148(20)

294(46)

230(32)

350(75)

196(27)

558(70)

332(50)

275(44)

221(39)

664(69)

205(32)

552(70)

546(69)

469(70)

515(71)

121(15)

118(20)

556(68)

396(66)
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A* A DISCUSSION of the naphthalene ring

The r e m a rk a b l e  b a s i c i t y  of  l , 8- b l s (d im e thy lam ino )na ph tha le ne  

h a s  b e e n  e x a m i n e d  by R.W.Alder18 and  c o w o r k e r s  whose  r e c o r d e d

e x p e r i m e n t a l  pKa v a l u e s  ( s e e  T a b l e  10) i n d i c a t e  t h a t  t h i s  

compound i s  a s t r o n g e r  base than  normal a l i p h a t i c  amines!  For 

t h i s  r e a s o n  i t  has o f t e n  been r e f e r r e d  to  as the  " p ro to n  sponge".

TABLE 10

COMPOUND *1 —2 pKa ( i n  H20)

I NH2 nh2 4.61

I I NHMe NHMe 5.61

I I I NMe2 NHMe 6.43

IV NMe2 NMe2 12.34

I t  s e e m s  ( f r o m a c o m p a r i s o n  of  compounds I I I  and IV) t h a t  

i n t r o d u c t i o n  of an e x t r a  methyl  group has g r e a t l y  i n c r e a s e d  t h e  

b a s i c i t y  w h i c h  i n  t u r n  s u g g e s t s ,  t h a t  compound IV i s  a h i g h l y  

s t r a i n e d  m o l e c u l e  w h o s e  s t e r i c  s t r a i n s  a r e  r e l i e v e d  by

p r o t o n a t i o n .  Var ious  c r y s t a l  s t r u c t u r e  ana ly ses  of n a p h th a l en e
19—23 • 19and i t s  d e r i v a t i v e s  have now been r e p o r t e d .  D.Bright  and

h i s  f e l l o w  r e s e a r c h e r s  p re s e n t ed  a c r y s t a l - s t r u c t u r e  a n a l y s i s  and

s t r a i n - e n e r g y  m i n i m i s a t i o n  c a l c u l a t i o n s  o n  1 , 8 -

d i m e t h y l n a p h t h a l e n e .  T h e i r  c a l c u l a t i o n s  do,  i n d e e d ,  s u g g e s t

a s t r a i n e d  m o l e c u l e  i n  t h e  r e g i o n  of i t s  s u b s t i t u e n t s  and t h e y

s u g g e s t  t h a t  t h e  r e p u l s i v e  e n e r g y  b e tw e e n  t h e  m e t h y l  g r o u p s  i s

d e c r e a s e d  m a in ly  by bond angle  d i s t o r t i o n  a t  the  j u n c t i o n  be tw een

t h e  m e th y l  groups and th e  naph tha lene  nuc leus .  The i n n e r  a ng le s

a t  t h i s  j u n c t i o n  a r e  i n c r e a s e d  from t h e i r  i d e a l  u n s t r a i n e d  v a lu e s

o f  12 0 °  t o  a n  a v e r a g e  v a l u e  o f  125 w h i l e  t h e r e  i s  a

c o r r e s p o n d i n g  d e c re a s e  i n  the  ou te r  ang le s  to  an ave rage  va lu e  of

116°

The s t r a i n  imposed on a naph tha lene  r i n g  by i n t r o d u c t i o n  of

128



b u l k i e r  s u b s t i t u e n t s  on the  1,8 p o s i t i o n s ,  must  be c o n s i d e r a b l y  

g r e a t e r .  H . E i n s p a h r ^  a n d  c o w o r k e r s  h a v e  p r o d u c e d

c o r r o b o r a t o r y  ev idence  fo r  such a conc lu s ion  i n  t h e i r  x—r a y  s tudy  

o f  t h e  s t r u c t u r e  of  1 ,8-b i s (d im e thy lam ino )na ph tha le ne .

They f i n d  t h a t  t h e  molecule  adop ts  a c o n fo rm a t ion  i n  which 

one c a rb o n  atom of each of the dime thy l a  mi no groups i s  e c l i p s e d  

w i t h  r e s p e c t  t o  t h e  naph th a lene  r i n g .  S t e r i c  h in d ra n c e  be tw een  

t h e  d im e th y la m in o  groups and/o r  r e s o n a n c e  i n t e r a c t i o n s  b e t w e e n  

t h e  d im e th y la m in o  groups and the  a ro m a t i c  r i n g  a r e  s u f f i c i e n t l y  

g r e a t  t o  d i s t o r t  t h e  r i n g  i n  s e v e r a l  ways :  one e f f e c t  i s  a

s i z e a b l e  i n c r e a s e  i n  t h e  non-bonded  C^.. . .Cg d i s t a n c e  (2 .56 S) 

c o m p a r e d  t o  a n o n - b o n d e d  C4. . . .C5 d i s t a n c e  o f  2.44 S. (For  an  

e x p l a n a t i o n  of  t h e  n u m b e r i n g  s y s t e m  i n v o l v e d  s e e  F i g u r e  5 .4 ) .  

A n o t h e r  e f f e c t  i s  a c o n s i d e r a b l e  t w i s t i n g  of  t h e  n a p h t h a l e n e  

r i n g  i n t o  a n o n - p l a r i a r  c o n f o r m a t i o n .  N o r m a l l y  a s t r o n g  

r e s o n a n c e  i n t e r a c t i o n  b e tw e e n  a d i m e t h y l a m i n o  g ro u p  and  an  

a r o m a t i c  r i n g  would favour  a p lana r  c onfo rm at ion  bu t  because  of 

s t e r i c  d i f f i c u l t i e s  i n  t h i s  compound t h e r e  i s  no r e a s o n a b l e  

p o s s i b i l i t y  of b r in g i n g  e i t h e r  of the  dimethylamino groups i n t o  

t h e  p l a n e  o f  t h e  n a p h t h a l e n e  r i n g .  M e a n  p l a n e

FIG.  5 . 4 :  1 , 8-b i s ( d im e th y la m in o )  na p h th a l e n e .

N3L— cl4 -
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c a l c u l a t i o n s  d e m o n s t r a t e  t h e s e  d i s t o r t i o n s  ( s e e  F i g u r e  5 .5 ) .  

R e p u l s i v e  energy  between the s u b s t i t u e n t s  i s  dec reased  by bond-  

a n g l e  e x p a n s i o n  f o r  t h e  Cg-Cg-C^ a n g l e  t o  a v a l u e  of  125.8° 

s i m i l a r  t o  t h a t  r e p o r t e d  fo r  1 , 8 - d i m e t h y l n a p h t h a l e n e ^ .  C l o s e  

c o n t a c t  o f  one o f  t h e  m e t h y l  g roups  on ea ch  n i t r o g e n  w i t h  r i n g  

h y d rogens  on Cy and C2 presumably p reven ts  f u r t h e r  expansion  of 

t h e  i n t e r n a l  a ng le s  a t  the  j u n c t io n .

FIG.  5 .5  : Mean p l a n e  c a l c u l a t i o n s  f o r  t h e  u n p r o t o n a t e d ^ ^  and  

p r o t o n a t e d  f o r m s  ( t i t l e  s t r u c t u r e )  o f  1 , 8 -  

b i s  ( dime th y  lamino ) n a p h th a l e n e .

J 7  U6 - I .6 -13\  /  \  /
.4 N N I .4
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-15 1.5

- 9  ' “ 09• ~ N - H  N— - 9

- .02.

.02. ,03

protonated

T h e  a s t o n i s h i n g  b a s i c i t y  o f  1 > 8 

b i s ( d i m e t h y l a m i n o ) n a p h t h a l e n e  suggest s  t h a t  the  c a t i o n  formed on 

p r o t o n a t i o n  s h o u l d  be s t a b l e  and t h a t  t h i s  c a t i o n  i s  l e s s  

s t e r i c a l l y  s t r a i n e d  than  i t s  unpro tona ted  form. I n s p e c t i o n  of  

t h e  c r y s t a l  s t r u c t u r e  o f  t h e  m o n o p r o t o n a t e d  1 , 8 -

h i s (  d i m e  t h y  l a m i n o  ) n a p h t h a l e n e  r i n g  of t h e  t i t l e  s t r u c t u r e
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c o n f i r m s  th e  r e d u c t i o n  in  s t r a i n .  The p ro ton  l i e s  i n  the  p lane  

o f  t h e  n a p h t h a l e n e  r i n g  b e tw e e n  t h e  two n i t r o g e n s ,  w h ic h  a r e  

d i s p l a c e d  on o p p o s i t e  s ides  of the plane of the  r i n g .  The non- 

b o n d e d  d i s t a n c e  b e t w e e n  a tom s  Cj and Cg i s  2.52 2  w h ic h  i s  l e s s  

t h a n  t h e  co r r e s p o n d in g  d i s t a n c e  i n  the  unp ro tona ted  form. The 

C4 . . . . C 5 d i s t a n c e  i s  t h e  same as t h a t  r e c o r d e d  f o r  b o t h  t h e  

u n p r o t o n a t e d  form and fo r  1 ,8 -d im e thy lnaph tha lene25. Mean p lane  

c a l c u l a t i o n s  f o r  t h e  u n p r o t o n a t e d 26* and p r o t o n a t e d  f o r m s  a r e  

r e c o r d e d  i n  F ig u re  5.5. The naphtha lene r i n g  i n  t h e  p r o to n a t e d  

fo rm i s  more n e a r l y  p lana r  than the unpro tona ted  form and,  hence,  

s u f f e r s  l e s s  s t e r i c  d i f f i c u l t y .  The n i t r o g e n s  a r e  d i s p l a c e d  

l e s s  f r o m  t h e  mean p l a n e  i n  t h e  c a t i o n  t h a n  i n  t h e  n e u t r a l  fo rm  

a n d  one  o f  t h e  m e t h y l  g r o u p s  on each  of t h e  n i t r o g e n s  h a s  moved 

from  an e c l i p s e d  p o s i t i o n  w i th  r e s p e c t  to  the naph tha lene  r i n g  to  

a  g a u c h e  f o r m ,  w h i l e  t h e  o t h e r  moves from a t r a n s  fo rm  t o  a 

g a u c h e  f o r m .  R e p u l s i o n  b e t w e e n  t h e  1 , 8 - s u b s t i t u e n t s  i s  

d e c r e a s e d ,  once  a g a i n ,  by e x p a n s i o n  of  t h e  Cg-Cg-Cj  a n g l e  t o  a 

v a l u e  o f  1 2 5 .8 ° .

I n  c o n j u g a t e d  compounds t h e r e  a r e  c o n s id e r a b l e  d e v i a t i o n s

f r o m  n o r m a l  c a r b o n - c a r b o n  s i n g l e  bond l e n g t h s  ( c a .  1.54 2 )  and

c a r b o n = c a r b o n  d o u b l e  bond l e n g t h s  ( ca .  1.34 2 ) .  W ith  b e n z e n e ,

t h e  bonds do no t  a l t e r n a t e  in  l eng th  as would be r e q u i r e d  f o r  the
o

K e k u l e  f o r m u l a  b u t  a r e  a l l  e q u i v a l e n t  and of  l e n g t h  1.39 A.

With  n a p h t h a l e n e ,  some bond l e ng th  v a r i a t i o n  occurs ,  t h e  s h o r t e s t

bonds be in g  th o s e  which a re  c a l c u l a t e d  to  have the  l a r g e s t  bond

o r d e r s 24" 2 5 : t h e  1-2  b o n d 26 i s  s i g n i f i c a n t l y  s h o r t e r  t h a n  t h e

2- 3 , t h e  1 -9  and  t h e  9 -10  bonds  a r e ,  and a l s o  s i g n i f i c a n t l y

s h o r t e r  t h a n  t h e  b e n z e n e  bond l e n g t h s .  (The 1-2  bond a l s o

r e f e r s  t o  t h e  3 - 4 ,  t h e  5 -6  and t h e  7 -8  b onds ) .  T h i s  h a s  be e n

r e p r o d u c e d  i n  a l l  t h e  c r y s t a l  s t r u c t u r e s  o f  n a p h t h a l e n e
19-23d e r i v a t i v e s  mentioned  so f a r  •

C r y s t a l  s t r u c t u r e s  f o r  m o n o p r o t o n a t e d  1 , 8 -  

b i s ( d i m e t h y l a m i n o ) n a p h t h a l e n e  h a v e  b e e n  r e p o r t e d 22 f o r

i so m o rp h o u s  s a l t s  of Cu11 and Mg11 and r e s u l t s  a r e  In  agreement
j u vicriirp 5.6 i n d i c a t e s  the  c a l c u l a t e dw i t h  t h o s e  r e p o r t e d  he re .  Figure  o.o
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bond l e n g t h s ,  F igu re  5.7 t h e  c a l c u l a t e d  va lence  ang le s  and F i g u r e  

5 . 8 ,  t h e  mean p lane  c a l c u l a t i o n s  fo r  these  t h r e e  s t r u c t u r e s .

I n  a l l  t h r e e  c a s e s  t h e  p r o t o n  l i e s  i n  t h e  p l a n e  of  t h e  

n a p h t h a l e n e  r i n g  between the two n i t r o g e n s  which a r e  d i s p l a c e d  

a b o v e  and  b e l o w  t h i s  p l a n e .  The p r o t o n  a p p e a r s  c l o s e r  t o  one 

n i t r o g e n  than  to  the  o the r  and i t  i s  d i sp l a c e d  s l i g h t l y  f rom the  

p l a n e  t o  t h e  same s i d e  as  t h e  n i t r o g e n  t o  w h ic h  i t  i s  n e a r e r .

C o m p a r i s o n  o f  t h e  c a r b o n - n i t r o g e n  bond l e n g t h s  and C-N-C 

a n g l e s  f o r  t h e  p r o t o n a t e d  and u n p r o t o n a t e d  f o r m 2 ^ o f  1 , 8 -  

b i s  ( d i m e  t h y  l a m i n o  ) n a p h t h a l e n e  r e v e a l s  some d i f f e r e n c e s  a s  

e x p e c t e d .  (See F igu re  5.9). The p ro tona ted  form has l onge r  C- 

N d i s t a n c e s  and s m a l l e r  C—N—C bond a n g l e s ,  i n d i c a t i v e  of  

t e t r a h e d r a l  geometry  arrangements  around each N.

The N....N n o n - b o n d e d  d i s t a n c e  i n  t h e  t i t l e  s t r u c t u r e  i s  

2 .6 19  X w h i c h  i s  c o n s i d e r e d  a s h o r t  h y d r o g e n  bond.  V a r i o u s  

t h e o r e t i c a l  c a l c u l a t i o n s  have been  u n d e r t a k e n  t o  s t u d y  t h e
i o 7_ o q

h y d r o g e n  bond i n  t h e  [ H g N - H . . . . N H g s y s t e m  . The s a l i e n t
o 7

f e a t u r e s  of t h e  work done by Tan and L i n n e t t ^ '  a r e  t h a t  f i r s t l y ,  

t h e r e  i s  c o n t r a c t i o n  i n  the  N....N s e p a r a t i o n  i n  t h e  s y m m e t r i c a l  

t r a n s i t i o n  s t a t e  f o r  p r o t o n  t r a n s f e r ,  compared  w i t h t h e  N....N 

s e p a r a t i o n  i n  t h e  s y s t e m  of minimum e n e r g y  i . e .  t h e  H -bonded  

complex ,  and t h a t  secondly ,  t h e r e  i s  a low energy b a r r i e r  f o r  the  

p r o t o n  t r a n s f  e r  and a f a i r l y  s t r o n g  H bond.  D e lp e u c h  and 

S e r r a t r i c e 2 ^ s u p p o r t e d  t h i s  g e n e r a l  p i c t u r e  and p r e d i c t e d  a 

d o u b le  w e l l  p o t e n t i a l  fo r  an N....N s e p a r a t i o n  of 2.627 X. They 

c a l c u l a t e d  t h a t  the minima of t h i s  double w e l l  occu r red  when th e  

p r o t o n  i s  d i s p l a c e d  +0.5 X from t h e  m id —p o i n t  of  t h e  N....N a x i s

i . e .  t h e  d i s t a n c e  o f  t h e  p r o t o n  from t h e  n i t r o g e n s  b e i n g  c a .  0.8 

a n d  1 . 8  X. M e r l e t 2^ and  c o w o r k e r s  i n d i c a t e  t h a t  t h e  n a t u r e  of  

t h e  p o t e n t i a l  energy  d iagrams ob ta ined  depends on the  b a s i s  s e t s  

e m p l o y e d  i n  t h e  c a l c u l a t i o n s  bu t  a g r e e  q u a l i t a t i v e l y  w i t h  t h e  

a f o r e m e n t i o n e d  f e a t u r e s  and s u g g e s t  t h a t  a t  r e l a t i v e l y  s m a l l
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v a l u e s  o f  N....N t h e r e  i s  no d o ub le  minimum p o t e n t i a l ,  w h i l e  a t  

N. .. .N o f  c a .  2.4 X t h e  s i t u a t i o n  changes  r a t h e r  s u d d e n l y  as  t h e  

d o u b l e  w e l l  p o t e n t i a l  b e g i n s  t o  fo rm .  At an  N....N d i s t a n c e  of  

2 .60  2  t h e y  p r e d i c t  t h e  minimum of e n e r g y  to  o c c u r  when t h e  

p r o t o n  i s  1.1 and 1.5 ^  from the  n i t r o g e n s ,  wh i le  t h e  maximum of 

t h e  doub le  w e l l  occu rs  when the  p ro to n  i s  a t  the  m id - p o in t  of t h e  

N. .. .N s e p a r a t i o n .  No q u a n t i t a t i v e  c o r r e l a t i o n  can be made fo r  

t h e  m onopro tona ted  1 ,8- b i s (  dime thy lamino )naph tha lene  sys tem from 

t h e s e  t h e o r e t i c a l  c a l c u l a t i o n s  y e t  t h e y  can  s u g g e s t  t h a t  

d i s p l a c e m e n t  of  t h e  h y d r o g e n  f rom  t h e  m i d - p o i n t  o f  t h e  N....N 

d i s t a n c e  i s  not  t o t a l l y  unexpected.

1.

title  study reference £ 0

F I G .  5  9  B o n d  l e n g t h s  in(J?).
Bond angles in (° ) .
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5-5 DISCUSSION OF THE ACID SALT

S a l t s  c o n t a i n i n g  an  u n o r t h o d o x l y  h i g h  p r o p o r t i o n  of  a c i d  

h a v e  b e e n  known f o r  a t  l e a s t  150 y e a r s  and c o u l d ,  i n  t h e  

e l e m e n t a r y  c o n t e x t ,  be r e g a r d e d  as  " s u p e r - a c i d "  s a l t s .  The 

com pound  r e p o r t e d  h e r e  f a l l s  i n t o  t h i s  c l a s s  and i s  e x a c t l y  

a n a lo g o u s  to  sodium dihydrogen t r i a c e t a t e 3®.

D i s c r e t e  HX m olecu le s  and the  X ion can be c h a r a c t e r i s e d  i n  
t h e  s a l t  from two p i ec e s  of in fo rm a t ion :

( a )  The C-0 d i s t a n c e s  and t h e  C-C-0 a n g l e s  u n a m b i g u o u s l y  

d i s t i n g u i s h  the  i o n i s e d  and non- ion i sed  ca rboxyl  groups .

(b) The h y d r o x y l i c  H atoms a re  lo c a t e d  d i r e c t l y  in  a d i f f e r e n c e  

s y n t h e s i s .

S i n c e  t h e  a n i o n  and t h e  n e u t r a l  c a r b o x y l  g r o u p s  a r e  

c r y s t a l l o g r a p h i c a l l y  d i f f e r e n t ,  the compound has been c l a s s i f i e d  

a s  t y p e  B r a t h e r  t h a n  t y p e  A-*-3 . T a b l e s  1 and 2 r e c o r d e d  t h e  

r e s u l t s  of hydrogen atom l o c a t i o n  by neu tron  d i f f r a c t i o n  methods 

i n  some c r y s t a l l i n e  h y d r a t e s  and some c r y s t a l l i n e  a c i d  s a l t s .  

E x a m i n a t i o n  of  t h e  c o r r e s p o n d i n g  p a r a m e t e r s  i n  t h i s  c r y s t a l  

a n a l y s i s  d i s c l o s e s  s h o r t  u n s y m m e t r i c a l  h y d r o g e n  bonds  of 

comparab le  d im ens io ns .

The most  c a r e f u l l y  s tu d i e d  ac id  s a l t  of type B, i s  rub id ium  

hydrogen  b i s - g l y c o l l a t e 3 RbHX2 > w here  X = HO.CH^'CC^H. Some 

d i m e n s i o n s  i n  t h i s  s t r u c t u r e  a r e  r e c o r d e d  i n  T a b l e  11 w i t h  

c o r r e s p o n d i n g  d imens ions  f rom  t h e  p r e s e n t  a n a l y s i s .  T h e r e  i s  

good ag reem en t  between  the  X and HX spec ie s  i n  both,  s u g g e s t in g  

t h a t  t h e  p r e s e n t  work does,  indeed,  in t ro d u c e  a no the r  a c id  s a l t  

w i t h  s h o r t  unsymmetr ica l  hydrogen bonds.

The s t r u c t u r e  s t u d i e d  here  c on ta in s  two ac id  u n i t s ,  HX, f o r  

e v e r y  a n i o n i c  u n i t ,  X". This i s  analogous to  t h e  a fo re m e n t io n e d  

d i h y d r o g e n  t r i a c e t a t e ,  a r e c e n t  s t u d y  o f  w h i c h  h a s  b e e n  

u n d e r t a k e n  by A . P e r a t t i  and V.Tazzol i30. They found t h a t ,  as m
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t y p e  B h y d r o g e n  d i a c e t a t e  s a l t s ,  two k i n d s  of  n o n - e q u i v a l e n t  

r e s i d u e s  a r e  p r e s e n t :  namely,  a sym m etr ic a l  RCO" 2 an ion  and two

n o n - s y m m e t r i c a l  n e u t r a l  RCOOH molecules .  Comparable d i s t a n c e s  
a r e  r e c o r d e d  i n  Tab le  12.

I n  t h e  p r e s e n t  s tudy ,  the two ac id  u n i t s  a r e  each l in k e d  by 

a n  H bond  t o  an oxygen  atom on t h e  X" u n i t ,  as  i n d i c a t e d  i n  
F i g u r e  5 .1 0 .

Ring B

Ring C

The two s t r o n g  a s y m m e t r i c a l  H bonds have dimens ions s i m i l a r  

t o  t h o s e  f o u n d  i n  a t y p e  B2 13 a c i d  s a l t ,  n a m e ly ,  p o t a s s i u m  

d i c h r o m a t e 32 w h i c h  has  been  s t u d i e d  by n e u t r o n  d i f f r a c t i o n .  

T a b le  13 r e c o r d s  d imens ions  of bo th  ; i t  a l s o  i n c lu d e s  a v a i l a b l e  

d a t a  f o r  sodium d ihydrogen t r i a c e t a t e 30, l i m i t e d  by the  om is s io n  

o f  d e t a i l s  conc e rn ing  the  hydrogen atoms.

mi i n T a h i r s  11 and 13 i n d i c a t e  t h a t  t h eThe v a l u e s  r e p o r t e d  m  l a D i e s  j. j. a im
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.TA B-L.E J A  * Some i n t e r a t o m i c  d i s t a n c e s  (%.) and  bond a n g l e s  (°) 

f o r  N a ^ ^ C C ^ ^ 30 ( I I I )  and fo r  the  t i t l e  compound ( I I ) .

For  X“  :

C-0

C-0

O-C-O

C-C-0

C-C-0

For HX :

C=0

C-OH

0=C-0H

C-C=0

C-C-OH

I I I

1 .256(5)

1 .265(5)

122.51(34)

118.54(43)

118.94(43)

I I I  r i n g  _1

1 .223 (5 )

1 .299 (5 )

122.84(40)

122 .12(46)

114.99(43)

I I  r i n g

1.231(6)

1.258(6)

124.6(4)

119.0(4)

116.4(5)

I I I  -  r i n g  2

1.213(5)

1.300(5)

122.46(41)

114.75(44)

112.79(44)

I I  r i n g  A

1.208(6)

1.311(6)

122.4(4)

126.4(4)

111.2(4)

I I  r i n g  JB

1 .1 94(6 )

1 .309(6 )

122 .3 (4 )

124 .9 (4 )

112 .7 (4)



TABLE 13 : H bond  l e n g t h s  (8 ) and a n g l e s  (°) f o r  t i t l e  s t r u c t u r e ,  

f o r  a  type  B2 a c i d  s a l t 3 2 , and f o r  Nal^CC^CCI^^30 .

REFERENCE 0 . . .  .0 0-H 0-H,

P r e s e n t  s tu d y 2 .545(3 ) 1.04(6) 168

2 .4 84 (3 ) 0 .96(5) 168

32 2 .5 43 (8 ) 1.050(12) 172

2 .5 54 (7 ) 1.018(12) 163

30 2 .5 03 (4 )

2 .509 (4 )



p r e s e n t  s t r u c t u r e  f u l f i l s  t h e  c r i t e r i a  f o r  t h e  e x i s t e n c e  o f  H 

b o n d i n g  o u t l i n e d  i n  t h e  i n t r o d u c t i o n  t o  t h i s  c h a p t e r .  Oxygen 

a c t s  bo th  as  t h e  p ro to n  donor and the  p ro ton  a c c e p t o r  group;  t h e  

H bonds a r e  s l i g h t l y  bent  w i th  the  0-H..0 ang le s  having  v a lu e s  of 

168 .0  a n d  1 6 7 .5 ° ;  and ,  f i n a l l y ,  t h e  t o t a l  H bond l e n g t h  i s  

e q u a l  t o ,  or  l e s s  than ,  the  sum of the van der Waals r a d i i  of t h e  
oxygen  atoms ( t a k e n  as 1.4 X).

F e r r a r i s  and F r a n c h i n i —A n g e l a ' ^  ha v e  made a d e t a i l e d  

s t a t i s t i c a l  s u r v e y  of  some n i n e t y  w a t e r  m o l e c u l e s , w h o s e  

s t r u c t u r e s  h a v e  b e e n  d e t e r m i n e d  a c c u r a t e l y  by n e u t r o n  

d i f f r a c t i o n ,  i n  about  f o r t y  d i f f e r e n t  c r y s t a l l i n e  h y d r a t e s .  One 

o f  t h e  c o r r e l a t i o n s  pub l i she d  i s  a h i s tog ram  of the  f r e q u e n c i e s  

o f  o c c u r r e n c e  o f  v a r i o u s  0 - H..0 a n g l e s .  As found  p r e v i o u s l y ,  

1 8 0 °  i s  n o t  t h e  m o s t  common a n g l e :  t h e r e  i s  a maximum f o r  t h e

r a n g e  1 6 5 - 1 7 0 °  w h i c h  h a s  n e a r l y  t w i c e  as  many e x a m p l e s  a s  t h a t  

f ound  f o r  t h e  range  175-180?

M oving  t o  a d i f f e r e n t  a s p e c t  of H b o n d i n g ,  t h e  p o s s i b l e  

f o r m s  o f  t h e  p o t e n t i a l  e n e r g y  d i a g r a m  as  t h e  p r o t o n  v a r i e s  i t s  

p o s i t i o n  a lo ng  t h e  i n t e r n u c l e a r  ax i s  between th e  two oxygen atoms 

i s  now c o n s i d e r e d .  For  t h e  mos t  g e n e r a l  c a s e  o f  a l o n g  H bond 

( 0 . . . . 0  > 2.8 X),  t h e  c u r v e  has  t h e  fo rm shown i n  F i g u r e  5.1b : 

t h e  u n s y m m e t r i c a l  d o u b l e  minimum w i t h  t h e  two e n e r g y  m in im a  

s e p a r a t e d  by  a s u b s t a n t i a l  b a r r i e r .  The l o w e r  minimum 

c o r r e s p o n d s  t o  t h e  c o v a l e n t  a t t a c h m e n t  of  t h e  p r o t o n  t o  one of  

t h e  o x y g e n s  a n d  n o t  t o  t h e  o t h e r .  F o r  m e d iu m  H b o n d s  

( 2 .6 5  < 0 . . . . 0  < 2.8 X),  t h e  two m in ima  a r e  e q u i v a l e n t  i n  e n e r g y  

g i v i n g  r i s e  t o  a s y m m e t r i c a l  double minimum w i th  a s u b s t a n t i a l  

b a r r i e r  b e t w e e n  them ( F i g u r e  5 .1c ) .  The re  a r e  two p o s s i b l e  

p o s i t i o n s  f o r  t h e  p r o t o n  -  a b o u t  1.0 X f rom e i t h e r  oxygen .  As 

t h e  s y m m e t r i c a l l y - e n v i r o n e d  b o n d  b e c o m e s  s h o r t e r  

(0 .. . .0  < 2.65 X), t h e  two energy minima move c l o s e r  t o g e t h e r  and 

t h e  b a r r i e r  b e t w e e n  them becomes l o w e r .  At t h e  l i m i t ,  t h e  

b a r r i e r  h a s  d i s a p p e a r e d  and we have t h e  s y m m e t r i c a l  s i n g l e  

m in im um  ( F i g u r e  5 . I d )  i n  w h i c h  t h e  p r o t o n  w o u l d  v i b r a t e
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h a r m o n i c a l l y .  Somewhere b e t w e e n  c and d i n  F i g u r e  5 .1 ,  t h e  

b a r r i e r  w i l l  h a v e  s u b s i d e d  be low  t h e  z e r o - p o i n t  l e v e l  of  

v i b r a t i o n a l  energy.  The e f f e c t i v e  p o t e n t i a l  w e l l  can,  pe rhaps ,  

be  r e g a r d e d  a s  f l a t t e n e d  such  t h a t  t h e  v i b r a t i o n  of  t h e  p r o t o n  

a lo n g  t h e  bond would be anharmonic. I t  i s  v i r t u a l l y  i m p o s s i b l e ,  

by d i f f r a c t i o n  methods a lo ne ,  to  d i s t i n g u i s h  be tween s i t u a t i o n s  c 

and d, where t h e  two minima a re  f a i r l y  c lo s e  t o g e t h e r .
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5^6 DISCUSSION OF THE ELEVEN MEMBERED RING CONFORMATIONS

The c r y s t a l  s t r u c t u r e  of t h e  t i t l e  compound h a s  t h r e e  

c y c l o u n d e c - l - e n e  r i n g s  i n  t h e  a s y m m e t r i c  u n i t .  T h e s e  a r e  

r e f e r r e d  t o  a s  r i n g  A, r i n g  B ( f o r  t h e  HX u n i t s )  and  r i n g  C ( f o r  

t h e  X u n i t ) .  Both HX r i n g s  take i d e n t i c a l  c onfo rm at ions  which 

c o r r e s p o n d  to  t h e  f i f t h  lowes t  energy cycloundecane c o n fo r m a t io n  

p r e d i c t e d  i n  Chapte r  2. This i s  one of the  confo rm at io ns  Anet^^ 

h a s  n o t  i n c l u d e d  i n  h i s  c o n f o r m a t i o n a l  t r e a t i s e  on  

c y c l o u n d e c a n e s .  C o n v e r s i o n  of t h e  c y c l o u n d e c a n e  low e n e r g y  

c o n f o r m a t i o n s  to  cycloundecene c onfo rm at ions ,  by c o n ve rs ion  of a 

s i n g l e  C-C bond t o  a d o ub le  C=C bond,  i n d i c a t e d  t h a t  t h i s  

c o n f o r m a t i o n  be came t h e  minimum e n e r g y  c o n f o r m a t i o n  of a l l  

c o n f o r m a t i o n s  s t u d i e d .  The ze rumbone  2,4-DNP d e r i v a t i v e  

r e p o r t e d  i n  t h e  p r e v i o u s  c h a p t e r  a l s o  b e a r s  a c o n f o r m a t i o n a l  

r e s e m b l a n c e  to  t h e  r i n g  A (or B) conformat ion.  Table 14 r e p o r t s  

t h e  o b s e r v e d  TAs f o r  r i n g s  A and B, and c o m p a res  them t o  t h e  

o b s e r v e d  TAs f o r  t h e  ze rumbone  2,4-DNP, t h e  c a l c u l a t e d  TAs f o r  

c y c l o u n d e c a n e  5 and t h e  c a l c u l a t e d  TAs f o r  c y c l o u n d e c e n e  1. 

Ring C TAs a r e  a l s o  inc luded  and i t  can be r e a d i l y  concluded t h a t  

r i n g  C has  a d i f f e r e n t  conformation  from t h a t  of r i n g  A (or  B).

The p a t t e r n  of  TAs, and h ence  t h e  c o n f o r m a t i o n ,  of  r i n g  C 

a s  a w h o l e ,  is a l s o  d i s t i n c t l y  d i f f e r e n t  f rom  t h e  p r e v i o u s l y
On * 3 9o b s e r v e d  c y c l o u n d e c a n o n e  and c y c l o u n d e c a n e  ox ime l o w -  

t e m p e r a t u r e  s t u d i e s .  The re  a r e ,  h o w e ve r ,  a number o f  r a t h e r  

d i s t u r b i n g  f e a t u r e s  i n  the  apparen t  molecular  geometry of r i n g  C. 

The bond l e n g t h s  and bond ang le s  l i e  so f a r  o u t s id e  t h e i r  normal  

r a n g e s  a s  t o  a p p e a r  h i g h l y  i m p l a u s i b l e .  The b e h a v i o u r  of  t h e  

t e m p e r a t u r e  f a c t o r s  i s  a l s o  q u i t e  unusual .  The r i n g  atoms of 

C a r e  a s s o c i a t e d  w i t h  h i g h l y  a n i s o t r o p i c  t e m p e r a t u r e  f a c t o r s ,  

t h e  p r i n c i p a l  a x e s  of  t h e  t h e r m a l  e l l i p s o i d s  h a v i n g  U i i  v a l u e s  

g r e a t e r  t h a n  0 . 3  S ,  c o r r e s p o n d i n g  t o  B v a l u e s  of g r e a t e r  t h a n  8 

? 2! The p o s s i b i l i t y  of gross  e r r o r s  in  the  a to m ic  p o s i t i o n s  can 

be more or l e s s  exc luded  on account  of the  good agreement  be tween  

o b s e r v e d  and  c a l c u l a t e d  F v a l u e s  (R = 0.064) .  One i s  f o r c e d  t o  

c o n c l u d e  e i t h e r  t h a t  t h e  a tom s  i n  q u e s t i o n  c a r r y  o u t  t h e r m a l
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v i b r a t i o n s  of  e x t r e m e l y  l a r g e  a m p l i t u d e ,  or  e l s e ,  t h a t  t h e  

s t r u c t u r e  i s  d i s o r d e r e d .  One c o u ld  e x p e c t  t h a t  d i f f e r e n t  X-  

m o l e c u l e s  m  t h e  c r y s t a l  do not  have i d e n t i c a l  con fo rm a t io n s ,  the  

d i f f e r e n c e s  m a i n l y  a f f e c t i n g  t h o s e  a tom s  w i t h  t h e  l a r g e s t  

a p p a r e n t  t e m p e r a t u r e  f a c t o r s .  In e i t h e r  case ,  the appa ren t  bond 

l e n g t h s  and a n g l e s ,  as  c a l c u l a t e d  from the mean a to m ic  p o s i t i o n s ,  

would  be i n  e r r o r  s inc e  i t  i s  known t h a t  s e p a r a t i o n s  be tween the  

mean p o s i t i o n s  of  a toms undergoing l a r g e  the rm al  motions  cannot  

be  i n t e r p r e t e d  a s  i n t e r a t o m i c  d i s t a n c e s ^ 0 . The " o b s e r v e d "  

c o n f o r m a t i o n ,  i n  s p i t e  of i t s  m a n i f e s t l y  u n s a t i s f a c t o r y  f e a t u r e s ,  

c a n  a t  l e a s t  be u s e f u l  a s  a s t a r t i n g  p o i n t  f o r  s t r a i n — 

m i n i m i s a t i o n  c a l c u l a t i o n s .  I t  i s  hoped t h a t  one c o u l d  d e r i v e  

f r o m  i t  a c o n f o r m a t i o n  of  t h e  same g e n e r a l  t y p e ,  b u t  w i t h  more 

r e a s o n a b l e  m o l e c u l a r  p a r a m e t e r s .  When t h i s  " o b s e r v e d "  

c o n f o r m a t i o n  i s  m i n i m i s e d  w i t h  r e s p e c t  t o  s t r a i n  e n e r g y ,  i t  

r e s u l t s  i n  a  m o d e l  w i t h  r e a s o n a b l e  bond l e n g t h s  and a n g l e s  and 

w i t h  TAs a s  i n d i c a t e d  i n  T a b le  15 ( c o n f o r m a t i o n  X). The 

c a l c u l a t e d  Vg of t h i s  X confo rmat ion  i s  10.46 kc a l  mole"-*- i . e .  i t  

l i e s  b e t w e e n  t h e  c a l c u l a t e d  c y c l o u n d e c e n e s  4 and  5 r e p o r t e d  i n  

C h a p t e r  2 .  C o n f o r m a t i o n  X c a n  a l s o  be d e r i v e d  f r o m  

c y c lo u n d e c a n e  8 by convers ion  of the 123° TA (see  F igu re  2.8) on 

t h e  l o n g  s i d e  of  t h e  r i n g  i n t o  a t r a n s  d o u b l e  bond ,  w i t h  

s u b s e q u e n t  energy  m in i m i s a t i o n .  Included  i n  Table  15, a r e  the  

TAs f o r  cyc loundecene  5 (Cyen 5) and a l s o  those of the  "observed" 

c o n f o r m a t i o n .  The column l a b e l l e d  5:X i n  t h i s  t a b l e ,  in c lu d e s  

t h e  c a l c u l a t e d  TAs f o r  a 40:60  r a t i o  of  c y c l o u n d e c e n e  5 :

c o n f o r m a t i o n  X which bea rs  a c lo s e r  resemblance to  the  obse rved  

c o n f o r m a t i o n  than  th e  s e p a r a t e  conformers .  Without  a comple te  

g e n e r a t i o n  o f  a l l  p o s s i b l e  c o n f o r m a t i o n s  of c y c l o u n d e c e n e s ,  a 

more p r e c i s e  f i t  i s  i m p o s s ib l e .

I t  i s  a p p a re n t  f rom Table 15 t h a t  the  TAs about  t h e  bonds 1- 

2 ,  2 — 3 ,  3 - 4 , 4 - 5 ,  5 - 6  a n d  6 - 7  a r e  r o u g h l y  e q u a l  i n  t h e

c y c l o u n d e c e n e  5 a n d  c y c l o u n d e c e n e  X c o n f o r m a t i o n s .  The 

d i f f e r e n c e s  m a i n l y  a f f e c t  a to m s  1, 11,  10,  9 and  8. To a good 

a p p r o x i m a t i o n ,  t h e  r e l a t i v e  p o s i t i o n s  of t h e  a to m s  m  t h e
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TABLE 15

TA (° )_ r i n g  € X Cyen 5 I _ L ;

1 1 - 1 - 2 - 3 174 177 176 176
1 - 2 - 3 - 4 -121 -114 -116 -115
2 - 3 - 4 - 5 65 90 90 90

3 - 4 - 5 - 6 -53 -48 -46 -47

4 - 5 - 6 - 7 -52 -60 -60 -60
5 - 6 - 7 - 8 155 171 161 165

6- 7 - 8 - 9 -125 -136 -151 -145

7 - 8 - 9 - 1 0 51 100 60 76

8 - 9 - 1 0 - 1 1 1 -86 52 -3

9 - 1 0 - 1 1 - 1 - 4 68 -75 -18

10- 11- 1-2 - 7 3 -125 -59 -86



" o b s e r v e d "  c o n f o r m a t i o n  l i e  between those  of co r responding  atoms 

i n  t h e  two c a l c u l a t e d  r i n g s  (cyc loundecenes 5 and X) -  as  shown 

i n  F i g u r e  5 .1 1 .  T h i s  s u g g e s t s  t h a t  t h e  c r y s t a l  c o n t a i n s  a 

m i x t u r e  of  t h e  two c a l c u l a t e d  c onfo rm at ions .

A s i m i l a r  s i t u a t i o n  a r o s e  i n  an x - r a y  a n a l y s i s ^ o f  

4 , 4 , 8 , 8 - t e t r a m e t h y l c y c l o d e c a n e  c a r b o x y l i c  a c i d .  The r i n g  

c o n f o r m a t i o n  was d i s t i n c t l y  d i f f e r e n t  f rom  t h a t  p r e v i o u s l y  

o b s e r v e d  and abnorm al  g e o m e t r i c a l  va lues  were r ec o rd e d  fo r  p a r t  

o f  t h e  r i n g .  MM c a l c u l a t i o n s ^  p r e d i c t e d  t h e  " o b s e r v e d "  

s t r u c t u r e  t o  be com posed  of  a m i x t u r e  of two c a l c u l a t e d  

c o n f o r m a t i o n s .
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6.0 INTRODUCTION

Very  l i t t l e  s t r u c t u r a l  i n f o r m a t io n  i s  a v a i l a b l e  fo r  the  11— 

a n d  h i g h e r  o d d - m e m b e r e d  c y c l o a l k a n e s  as  e v i d e n c e d  by t h e  

p u b l i c a t i o n  o f  o n l y  two  c o m p l e t e d  s t r u c t u r a l  a n a l y s e s  f o r  

c y c l o u n d e c a n e  d e r i v a t i v e s 1*2 , namely,  low tem pe ra tu re  s tu d i e s  on 

c y c l o u n d e c a n o n e 1 and cyc loundecane  oxime2 .

The f o r m e r  a n a l y s i s  r e v e a l s  t h e  p r e s e n c e  of a s i n g l e  

a s y m m e t r i c  s t r u c t u r e  ana lo gous  to  the  [335] s t r u c t u r e ,  p r ed i c te d  

by v a r i o u s  w o r k e r s -3 to  be a minimum energy conformat ion .  The 

l a t t e r  a n a l y s i s  r e v e a l s  a [12323] confo rm at io n  p red i c te d  by some
O C r

w o r k e r s  a s  a n o t h e r  min imum  e n e r g y  c o n f o r m a t i o n 3 * » .  The 

c a l c u l a t i o n s  i n  t h i s  t h e s i s  p r e d i c t  the  [12323] to  be the  GMEC.

The p r e s e n t  s t r u c t u r a l  a n a l y s e s  i n t r o d u c e  two new c r y s t a l  

s t r u c t u r e s  t o  t h e  m e d i u m - r i n g  c y c l o a l k a n e  c o l l e c t i o n :  a

c y c l o u n d e c y l m e t h y l  3 , 5 - d i n i t r o b e n z o a t e  ( ab b re v ia t ed  to  DNZ) and a 

c y c l o u n d e c y l m e t h y l  n a p h t h y l u r e t h a n e  (abb re v ia ted  to  URETH).

S e v e r a l  c o n f o r m a t i o n s  of cycloundecane have been c a l c u l a t e d  

t o  be of  a p p r o x i m a t e l y  t h e  same energy.  This agrees  w i th  the 

v e r y  c o m p l i c a t e d  low t e m p e r a t u r e  NMR spectrum^*^ and low m el t ing  

p o i n t .
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6J, EXPERIMENTAL FOR CYCLOUNDECYLMETHYL 3,5-DINITROBENZOATF.

The 3,5  d i n i t r o b e n z o a t e  d e r i v a t i v e  of  c y c l o u n d e c y l m e t h a n o l  

was p r e p a r e d  by a  s t a n d a r d  procedure^  and was r e c r y s t a l l i s e d  from 
e t h a n o l  p r i o r  to  x - r a y  a n a l y s i s .

C r y s t a l  D a ta .

C y c l o u n d e c y l m e t h y l  3 , 5 - d i n i t o b e n z o a t e ,  C19H26N206 , M = 378.4 amu, 

m o n o c l i n i c ,  a = 1 7 . 6 0 3 ( 0 ) ,  b = 5 . 2 5 4 ( 6 ) ,  c = 2 1 . 5 1 7 ( 0 )  X, 

p = 96 .07(9)° ,  U = 1979.1 X3 , z = 4, Dc = 1.27 g .c m ." 3 , F(000) = 

808 ,  Space  Group = P2x/ a ,  ^i(Mo-Ka ) = 1.023 cm.- 1 .

D a ta  C o l l e c t i o n .

I n s t r u m e n t  used  : E n ra f -N o n iu s  CAD4 d i f f r a c t o m e t e r .

R a d i a t i o n  u s e d  : Mo-Ka , A= 0.71069 A.

Monochromation  used  : g r a p h i t e  c r y s t a l .
o

Upper l i m i t  f o r  d a t a  c o l l e c t i o n ,  ©max = 23 .

Number of  i n d e p e n d e n t  obse rved  r e f l e c t i o n s :  m = 1148.

U nobserved  c u t - o f f  : 2 . 5 a ^ .

Number of  p a r a m e t e r s  r e f i n e d :  n = 270.

Number of  r e f l e c t i o n s  pe r  pa ram ete r  : m/n = 4 .25 .

C e l l  d i m e n s io n s  were d e r iv e d  from l e a s t - s q u a r e s  r e f inem ent  

o f  t h e  s e t t i n g  a n g l e s  f o r  25 r e f l e c t i o n s .  For i n t e n s i t y  

m e a s u r e m e n t s ,  3216 r e f l e c t i o n s  hk l  and hkl  were surveyed i n  the  

r a n g e  Q 4  23° a n d  1148 r e f l e c t i o n s  s a t i s f i e d  t h e  c r i t e r i o n ,  I  > 

2 . 5 Q j .

S t r u c t u r e  A n a l y s i s .

The s t r u c t u r e  was s o l v e d  u s i n g  t h e  MULTAN10 s u i t e  of 

p r o g r a m s  w h i c h  i n c o r p o r a t e s  h i g h e r  i n v a r i a n t s  i . e .  q u a r t e t s  

3619  q u a r t e t s  w e r e  p r o d u c e d  u s i n g  QGEN f o r  t h e  top  100 E 

m a g n i tu d e s  w i t h  lEl ^  2 .2  and w i t h  Py-  ^  0 .6  and P ^ -  ^  0 .7 .
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T r i p l e t  pha se  r e l a t i o n s h i p s  were genera ted  for  the  top 208 

E—m a g n i t u d e s  w i t h  |E| ^  1 .8.  An E-map computed  from t h e  s e t  

w i t h  t h e  l o w e s t  NQUEST11 (-0.88)  f i g u r e  of m e r i t ,  r evea led  a 19- 

a tom f r a g m e n t .  Weighted  F o u r ie r  c a l c u l a t i o n s  on t h i s  f ragment 

s o l v e d  f o r  a l l  n o n - h y d r o g e n  a t o m s .  T h e s e  a p p r o x i m a t e  

c o o r d i n a t e s  were  r e f i n e d  w i t h  a n i s o t r o p i c  thermal  paramete rs  via  

s e v e r a l  c y c l e s  o f  f u l l - m a t r i x  l e a s t - s q u a r e s  c a l c u l a t i o n s  using 

S H E L X ^ .  A d i f f e r e n c e  s y n t h e s i s  a t  R = 0.107 r e v e a l e d  a l l  t h e  

h y d r o g e n  a to m s  which  were s u b s eque n t ly  included  i n  f u r t h e r  l e a s t -  

s q u a r e s  r e f i n e m e n t .  T h i s  r e s u l t e d  i n  a f i n a l  R of  0.075 (Rw = 

0.078)  u s i n g  i s o t r o p i c  t h e r m a l  pa ram ete rs  fo r  the  hydrogens and a 

w e i g h t i n g  scheme of w = 1/ a  (F).
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6.2 RESULTS FOR CYCLOUNDECYLMETHYL 3,5-DINITROBENZOATE

F i n a l  s t r u c t u r e  f a c t o r s  (obse rved  and c a l c u l a t e d )  are  included i n  

t h e  a p p e n d i c e s .

TABLE 1 : F r a c t i o n a l  a t o m i c  c o o r d i n a t e s  ( x / a ,  y / b ,  z / c )

( x l O ^ ) w i t h  e s d ' s  i n  p a r e n t h e s e s  fo r  non-hydrogen atoms.

TABLE 2 : T h e r m a l  p a r a m e t e r s  ( U ^ ,  U ^ > U33» U23» U13» U12^

(x lO 2) (X2 ) f o r  non-hyd rogen  atoms.

TABLE 3 : F r a c t i o n a l  a t o m i c  c o o r d i n a t e s  (x lO 2) and U i s o t r o p i c  

(x lO 2 ) ( X 2 ) f o r  hydrogen  atoms.

TABLE 4 : I n t e r a t o m i c  bonded d i s t a n c e s  (&).

TABLE 5 : V a le nce  a n g l e s  ( ° ) .

TABLE 6 : T o r s i o n  a n g le s  ( ° ) .
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H( 1) 3 84 (0 )

H(21) 273 (1 )

H(22) 3 30 (1 )

H(31) 248 (1 )

H(32) 3 42 (1 )

H(41) 212( 1)

H(42) 3 07 (1 )

H(51) 234 (1 )

H(52) 216 (1 )

H(61) 309 (1 )

H(62) 349 (1 )

H(71) 411 (2 )

H(72) 374 (2 )

H(81) 515 (2 )

H(82) 446 (2 )

H(91) 505 (2 )

H(92) 414 (2 )

H(101) 523(1 )

H (102) 5 63(1 )

H(111) 4 42(1 )

H (112) 498 (1 )

H( 121) 4 16 (0 )

H (122) 352 (0 )

H( 14) 5 56 (0 )

H( 16) 708 (0 )

H( 18) 5 61 (0 )

TABLE 3

229(1) 258(0

510(2) 225(0

779(2) 244(0

718(2) 324(1

639(2) 355(1

291(2) 316(1

186(2) 331(1

115(3) 420(1

444(3) 424(1

331(3) 505(1

523(3) 449(1

107(3) 506(1

- 0 0 7 ( 3 ) 432(1

330(3) 456(1

510(3) 410(1

013(4) 395(1

108(4) 361(1

172(4) 289(1

403(4) 342(1

638(2) 323(0

619(2) 260(0

641(2) 167(0

389(2) 150(0

- 0 6 6 ( 2 ) 195(0

- 3 8 9 ( 1 ) 072(0

233(1) 006(0

124(33)

119(34)

136(36)

143(38)

167(52)

239(84)

112(30)

280(85)

337(130)

168(42)

258(81)

668(127)

291(94)

207(66)

183(51)

110(29)

222(92)

886(124)

223(71)

108(30)

125(36)

122(31)

68(19)

88(24)

85(24)

239(71)
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6*3 EXPERIMENTAL FOR CYCLOUNDECYLMETHYL NAPHTHYLURETHANE

The  s a m p l e  compound  was p r e p a r e d  by a s t a n d a r d  p r o c e d u r e  

from c y c lo u n d e c y lm e th a n o l  and was r e c r y s t a l l i s e d  from e th a n o l .

C r y s t a l  D a t a .

C y c l o u n d e c y l m e t h y l  a - n a p h t h y l u r e t h a n e ,  C23H31N02, M = 353.5 amu, 

m o n o c l i n i c ,  a = 8 . 7 8 9 ( 3 ) ,  b = 2 6 . 3 9 3 ( 4 ) ,  c = 9 . 2 3 7 ( 2 )  ft, 

P ~ 1 0 7 . 3 3 ( 2 )  , U = 2045 .42  ft^, z = 4  ̂ ^  _ 1 ^ 5  g . cm,” 3^ p (0 00 ) 

= 768 ,  Space  Group = P21/ c ,  | i(Cu-Ka) = 6.897 cm. -1

Data  C o l l e c t i o n .

I n s t r u m e n t  used  : Enra f -Non ius  CAD4 d i f f r a c t o m e t e r .

R a d i a t i o n  u s e d  : Cu-KQ, A= 1.5418 ft.

Monochrom ation used  : g r a p h i t e  c r y s t a l .

Upper l i m i t  f o r  d a t a  c o l l e c t i o n  : 0 fflax = 72° .

Number of  i n d e p e n d e n t  observed  r e f l e c t i o n s  : m = 2288.

U nobserved  c u t - o f f  : 2 . 5 c ^ .

Number of  p a r a m e t e r s  r e f i n e d  : n = 269.

Number of  r e f l e c t i o n s  pe r  parameter  : m/n = 8 .5 .

L e a s t - s q u a r e s  r e f i n e m e n t  of  t h e  s e t t i n g  a n g l e s  f o r  25 

r e f l e c t i o n s  p roduced  th e  c e l l  d imens ions.  4013 r e f l e c t i o n s  hk l  

a n d  h k l  w e r e  s u r v e y e d  i n  t h e  r a n g e  © 4  72 and s a t i s f i e d  t h e  

c o n d i t i o n ,  I  > 2 . 5 Oj.

S t r u c t u r e  A n a l y s i s .

The m u l t i - o p t i o n  program MULTAN̂ ® produced four phase s e t s  

w h i c h  w e r e  c a l c u l a t e d  f o r  t h e  t o p  204 E - m a g n i t u d e s ,  I Ej ^  2 .00.  

An E - m a p  c o m p u t e d  f r o m  t h e  s e t  show ing  t h e  h i g h e s t  combined  

f i g u r e  of  m e r i t  r e v e a l e d  an 18-atom fragment .  Weighted Fou r ie r  

and SHELX12 f u l l - m a t r i x  l e a s t - s q u a r e s  c a l c u l a t i o n s  so lved fo r  a l l  

n o n —h y d r o g e n  a t o m s .  A d i f f e r e n c e  s y n t h e s i s  a t  R 0.124
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r e v e a l e d  a l l  t h e  hydrogen  atoms which were included  i n  f u r t h e r  

l e a s t - s q u a r e s  r e f i n e m e n t  w i t h  i s o t r o p i c  t e m p e r a t u r e  f a c t o r s .  

T h i s  r e s u l t e d  i n  a  f i n a l  R v a l u e  of  0.079 (Rw = 0.097) .  The 

w e i g h t i n g  scheme employed i n  t h e  f i n a l  s t a g e s  of r e f in em e n t  was w 

= 1/ct2 ( F ) .
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6.4 RESULTS FOR CYCLOUNDECYLMETHYL Q-NAPHTHYLURETHANE

F i n a l  s t r u c t u r e  f a c t o r s  (observed and c a l c u l a t e d )  are  included in  

t h e  a p p e n d i c e s .

TABLE 7 : F r a c t i o n a l  a t o m i c  c o o r d i n a t e s  ( x / a ,  y / b ,  z / c )  (xlO^) 

w i t h  e s d ' s  i n  p a r e n t h e s e s  fo r  non-hydrogen atoms.

TABLE 8 : T h e r m a l  p a r a m e t e r s  ( U ^ ,  U22 > U3 3 , U2 3 , U ^ ,  U12)

(xlO^) (X2 ) f o r  non-hydrogen  atoms.

TABLE 9 : F r a c t i o n a l  a to m ic  coo rd in a te s  (xlO^) w i t h  U i s o t r o p i c

(x lO2) (X 2 ) f o r  hydrogen  atoms.

TABLE 10 : I n t e r a t o m i c  bonded d i s t a n c e s  (X).

TABLE 11 : V a le nce  a n g l e s  ( ° ) .

TABLE 12 : T o r s io n  a n g le s  ( ° ) .

ORTEP^ 2 r e p r e s e n t a t i o n s  of  c y c l o u n d e c y l m e t h y l  3 , 5 -  

d i n i t o b e n z o a t e  and c y c lounde c y lm e thy l  naph thy lurethane  a re  given 

i n  F i g u r e s  6 .1  and 6 . 2 ,  r e s p e c t i v e l y .
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6.5 DISCUSSION OF RESULTS

B o t h  1 1 -m e m bere d  r i n g s  i n  t h e  two c r y s t a l  s t r u c t u r e s  

r e p o r t e d  h e re  e x h i b i t  some d i s o r d e r ,  i n d i c a t e d  by th e  p r e s e n c e  of  

u n u s u a l l y  h i g h  t h e r m a l  p a r a m e t e r s  f o r  s p e c i f i c  c a r b o n s  i n  t h e  
c y c l o a l k a n e .

DNZ be a rs  a c lo s e  resemblance  to  the  [335] s t r u c t u r e  of t h e  

c a l c u l a t e d  conformer  — cycloundecane 2, and a l s o  to  the  c r y s t a l  

s t r u c t u r e  r e p o r t e d  f o r  cycloundecanone^. Tors ion  ang le s  f o r  t h e

1 1 - m e m b e r e d  r i n g s  o f  DNZ, c y c l o u n d e c a n e  2 ( C y a n  2) a n d  

cy c loundecanone  (Cy-one) a r e  l i s t e d  i n  Table 13, w h i le  t h e i r  bond 

a n g l e s  and bond l e n g t h s  a re  recorded  i n  Table  14. The numbering 

s y s t e m  r e f e r s  t o  t h a t  u s e d  f o r  DNZ i n  F i g u r e  6.1.  D i s o r d e r  i s  

g r e a t e s t  f o r  c a r b o n  a to m s  4,  5, 6 , 7, 8 and  9, a s  shown by 

d i s t o r t i o n s  i n  bond ang le s  and bond d i s t a n c e s  fo r  t h i s  s e c t i o n  of 

t h e  r i n g .

The o b s e r v e d  c o n f o r m a t i o n  f o r  t h e  c y c l o u n d e c a n e  r i n g  of  

URETH i s  e v e n  more  d i s o r d e r e d  t h a n  t h a t  o b s e r v e d  f o r  DNZ. 

P r e l i m i n a r y  e x a m i n a t i o n  of  t h e  TAs of URETH does  n o t  r e a d i l y  

a f f o r d  a  c o n f o r m a t i o n a l  c o u n t e r p a r t  f rom t h e  c a l c u l a t e d  low  

e n e rg y  c o n fo r m a t io n s  of cycloundecane. The l a r g e  d e v i a t i o n s  of 

o b s e r v e d  bond l e n g t h s  and a n g l e s  f rom e x p e c t e d  v a l u e s  a r e  

c o n s i d e r e d  to  be u n r e a l  and to  a r i s e  only as a r e s u l t  of d i s o r d e r  

of  t h e  r i n g .  These d i s o r d e r  e f f e c t s  a re  e s p e c i a l l y  pronounced 

f o r  c a r b o n  a t o m s  4,  5 , 6 , 7 , 8 , 9 and 10, and i t  i s  h e r e  t h a t  t h e  

r i n g  c l e a r l y  assumes d i f f e r e n t  o r i e n t a t i o n s .  I t  i s  i n t e r e s t i n g  

t o  n o t e  t h a t  t h e  c a l c u l a t e d  conformat ions  of cyc loundecane  1 , 2 

a n d 3 a r e  s i m i l a r  over  s e v e r a l  a toms,  which r e a d i l y  c o r r e l a t e  to  

t h e  more o rd e r e d  s e c t i o n  of the  cycloundecane r i n g  i n  URETH — see  

T a b l e  15. I t  f o l l o w s  t h a t  the s e c t i o n  of t h e  11-membered r i n g  

o f  URETH which shows the  g r e a t e s t  d i s t o r t i o n  co r responds  t o  t h e  

r e g i o n  w h e r e  c o n f o r m a t i o n a l  d i f f e r e n c e s  a r i s e  am ong  t h e  

c a l c u l a t e d  eye loundecanes  -  1, 2 and 3.
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TABLE 13 : R ing  TAs (°) f o r  DNZ, C y c l o u n d e c a n e  2 (Cyan 2)  and

Cycloundecanone^- (Cy-one) .

IA DNZ

2 - 3 - 4 - 5 * 168

3 - 4 - 5 - 6 -67

4 - 5 - 6 - 7 -59

5 - 6 - 7 - 8 133

6 - 7 - 8 - 9 -71

7 - 8 - 9 - 1 0 -69

8 - 9 -1 0 - 1 1 159

9 - 1 0 -1 1 - 1 -120

10- 11- 1-2 105

1 1 - 1 - 2 - 3 - 63

1 - 2 - 3 - 4 -62

Cyan 2 Cy-one

171 173

-62 -63

-65 -64

137 140

-62 -61

-62 -60

158 160

-123 -127

98 95

-57 -55

-64 -65

* : numbering system r e f e r s  to t h a t  used i n  DNZ.



TABLE ]A  : R ing  v a l e n c e  a n g l e s  (°) and bond l e n g t h s  (X) f o r  DNZ, 

Cycloundecane  2 (Cyan 2 ) ,  and Cycloundecanone^ (Cy-one) .

ANGLE DNZ Cyan 2 Cy-one

11- 1-2 111 .9(7 ) 114.5 114.6
1-2-3 117.0(7) 114.2 116.0
2-3 -4 113.5(9) 115.7 115.6
3 - 4 -5 115.1(10) 113.7 114.0

4 - 5 -6 117.1(16) 114.5 114.2

5 - 6 -7 121.0(16) 116.6 113.8

6 -7 -8 106.9(15) 115.9 115.4

7 - 8 -9 99 .4(20) 113.5 113.8

8 -9 -1 0 112.3(19) 113.6 114.3

9 -10-11 113 .8(15) 113.9 119.3

10- 11-1 118.0(10) 115.7 113.9

BOND DNZ Cyan 2 Cy-one

1-2 1.557(12) 1.533 1.522

2-3 1 .533(14) 1.534 1.527

3-4 1.497(15) 1.534 1.523

4-5 1 .5 6 (2 ) 1.530 1.537

5-6 1 .5 1 (3 ) 1.531 1.540

6-7 1 .46(3) 1.535 1.536

7-8 1 .74(4) 1.535 1.528

8-9 1 .27(3) 1.532 1.532

9-10 1 .65(3) 1.530 1.515

10-11 1 .4 9(2 ) 1.530 1.516

11-1 1.533(13) 1.535 1.538

Numbering sys tem r e f e r s  to  t h a t  used i n  DNZ.



TABLE 15 : Ring  TAs (°) f o r  URETH and C y c l o u n d e c a n e s  1 , 2  and  
(Cyans 1,  2 and 3 ) .

TA URETH Cyan 1 Cyan 2 Cyan 3

10- 11- 1-2 -5 5 -8 1 -6 2 - 8 6

1 1 - 1 - 2 - 3 132 128 137 127

1 - 2 - 3 - 4 -6 5 -6 8 -6 5 -7 1

2 - 3 - 4 - 5 - 8 6 -7 5 - 6 2 - 8 2

3 - 4 - 5 - 6 171 164 171 167

4 - 5 - 6 - 7 -1 0 9 -5 7 -6 4 - 9 4

5 - 6 - 7 - 8 68 -6 9 -5 7 68

6 - 7 - 8 - 9 - 4 76 98 - 8 8

oi—1io>1001f'- - 9 0 64 -1 2 3 156

8 - 9 - 1 0 - 1 1 168 -1 6 3 158 - 1 5 4

9 - 1 0 - 1 1 - 1 -7 7 93 -6 2 83

Numbering sys tem r e f e r s  to  t h a t  used for  URETH.



When DNZ and URETH a r e  used  as  s t a r t i n g - p o i n t s  f o r  s t r a i n  

e n e r g y  m i n i m i s a t i o n  c a l c u l a t i o n s ,  convergence occurs  fo r  bo th  to  

m o d e l s  w i t h  r e a s o n a b l e  bond l e n g t h s  and a n g l e s .  T h e s e  m o d e l  

s t r u c t u r e s  a r e  t h e  same as  t h a t  c a l c u l a t e d  f o r  c y c l o u n d e c a n e  2

i . e .  t h e  [335]  c o n f o r m e r  of  s econd  l o w e s t  e n e r g y .  H ow e ver ,  a s  

s h o w n  i n  C h a p t e r  2, t h e r e  i s  o n ly  a s m a l l  e n e r g y  d i f f e r e n c e  

b e tw e e n  t h i s  con fo rm a t ion  and the  GMEC. The i n t r o d u c t i o n  of a 

s i n g l e  s u b s t i t u e n t ,  or l a t t i c e  e f f e c t s ,  may change the  o rd e r  of 

s t a b i l i t y  of the  confo rm at io ns .

I t  h a s  b e e n  s u g g e s t e d  i n  C h a p t e r  2 ,  t h a t  a t  r o o m  

t e m p e r a t u r e ,  c y c l o u n d e c a n e  c o n s i s t s  o f  a m i x t u r e  o f  

c o n f o r m a t i o n s .  I t  i s  no t  s u r p r i s i n g ,  t h e r e f o r e ,  to  f i n d  

d i s o r d e r  i n  b o t h  t h e  DNZ and URETH c r y s t a l  a n a l y s e s  a t  t h i s  

t e m p e r a t u r e ,  a n d i t  i s  s u g g e s t e d  t h a t  t h i s  r e s u l t s  f r o m  t h e  11-  

m e m b e re d  r i n g s  b e i n g  c o n f o r m a t i o n a l l y  l a b i l e .  T h i s  t y p e  o f  

d i s o r d e r  has  been observed fo r  o ther  c y c lo a lk a n e s : t h e  observed

a r r a n g e m e n t  i n  a c r y s t a l  a n a l y s i s  for  c y c lo d o d e c a n e ^  i s  e q u a l l y  

c o m p a t i b l e  w i t h  two d i f f e r e n t  c o n f o r m a t i o n s  of  t h e  i n d i v i d u a l  

m o l e c u l e s .  S i m i l a r l y ,  an x - r a y  a n a l y s i s  o f  4 , 4 , 8 , 8 -  

t e t r a m e t h y l c y c l o d e c a n e c a r b o x y l i c  a c i d ^ ’^  e x h i b i t s  a number of 

d i s t u r b i n g  f e a t u r e s  i n  the  a p p a r e n t  m o l e c u l a r  g e o m e t r y  b u t  h a s  

good ag reem en t  between observed and c a l c u l a t e d  s t r u c t u r e  f a c t o r s .  

The d i s o r d e r  i s  r a t i o n a l i s e d  by the sugge s t io n  t h a t  t h e  c r y s t a l  

a c t u a l l y  c o n ta i n s  a m ix tu re  of two confo rmat ions .
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APPENDIX A



AN IN V E S T IG A T IO N  OF THE LOW ENERGY CONFORMATIONS OF 

1 , 4 , 7 , 1 0 - CYCLODODECATETRAENE S
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A.0 INTRODUCTION

T h i s  a p p e n d i x  i n t r o d u c e s  some low energy con fo rm at ions  of

1 >4,7,10—c y c lo d o d e c a t e t r a e n e s ,  w h ich  have  been  c a l c u l a t e d  b y t h e

m o l e c u l a r  m e c h a n i c s  m ethod .  These  compounds a r e  s i m i l a r  t o

o t h e r  12-membered r i n g  sys tems,  such as c y c l i c  t e t r a p e p t i d e s  and

1 2 - c r o w n - 4 - e t h e r s ,  and may serve as c onfo rm at iona l  ana logues f o r

t h e s e  and  o t h e r  s t r u c t u r e s .  Some of  t h e  r e c e n t l y  s y n t h e s i z e d

m a c r o c y c l i c  p o l y e t h e r s ^  have  a r o u s e d  c o n s i d e r a b l e  i n t e r e s t  i n

s e v e r a l  b r an c h e s  of  c h e m is t r y  because they form s t a b l e  complexes ,

b o t h  i n  s o l u t i o n  and i n  c r y s t a l l i n e  f o rm ,  w i t h  s a l t s  of  a l k a l i

and o t h e r  m e t a l s .  The ease w i th  which these  c y c l i c  p o l y e t h e r s

c a n  be s y n t h e s i z e d  makes  them i n v a l u a b l e  t o  t h o s e  s c i e n t i s t s

i n v e s t i g a t i n g  h i g h l y  s t r u c t u r e d  m o l e c u l a r  c o m p l e x e s .  Such

c om plexes  a r e ,  of course ,  c e n t r a l  to  n a tu r e ' s  enzyme, t r a n s p o r t

a nd  r e g u l a t o r y  s y s t e m s .  C y c l i c  t e t r a p e p t i d e s  a r e  a l s o

b i o l o g i c a l l y  a c t i v e ,  and perform a v a r i e t y  of f u n c t i o n s  i n  which
3t h e i r  m o le c u la r  c on fo rm a t ion  i s  of g r ea t  im por tance .
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A. 1 GENERATED CONFORMATIONS

The W h i t e  Morrow^ a l g o r i t h m  f o r  l o c a t i o n  of  t h e  GMEC and 

o t h e r  low  e n e r g y  c o n f o r m a t i o n s  of c y c l i c  s t r u c t u r e s ,  was 

i n i t i a l l y  u s e d  t o  p r e d i c t  t h e  low e n e rg y  c o n f o r m a t i o n s  of  

c y c l o t e t r a g l y c y l ^  (c -Gly  4). Cyclopolyglycyls  were used because  

t h e  p o l y g l y c l  low energy s e t  can be used as the  s t a r t i n g  s e t  f o r  

any c y c l i c  p e p t i d e .  This i s  accomplished by s im ply  r e p l a c i n g  

h y d r o g e n s  w i t h  t h e  a p p r o p r i a t e  s i d e  c h a i n .  A f t e r  f u l l -  

m i n i m i s a t i o n  of  a l l  s t a r t i n g  c o n f o r m a t i o n s ,  40 low e n e r g y  

c o n f o r m a t io n s  r e s u l t e d .

A l l  40 o f  t h e s e  conformat ions  were convert ed  i n t o  1 ,4 ,7 ,10 -  

c y c l o d o d e c a t e t r a e n e s  ( a b b r e v i a t e d  t o  T e t r a e n e s )  v i a  t h e  GUCGS^. 

The n i t r o g e n  atoms were r e p l a ce d  by carbon atoms; t h e  NH groups 

by h y d r o g e n s ,  and  t h e  oxygen a tom s  by h y d r o g e n s .  S u b s e q u e n t  

a l t e r a t i o n  of atom types  and the  number of s u b s t i t u e n t s ,  l ed  to  

40 s t a r t i n g  c o n fo rm a t ions  fo r  the  Te t raenes .  F u l l - m i n i m i s a t i o n  

was  c a r r i e d  o u t  on a l l  40 c o n f o r m a t i o n s  d u r i n g  w h i c h ,  some 

r e a c h e d  a maximum energy va lu e ,  and o the r s  min imised  to  the  same 

minimum energy  confo rm at io n .  This l e f t  a t o t a l  of 20 un ique  low 

e n e r g y  c o n f o r m a t i o n s  f o r  t h e  T e t r a e n e s .  T h e r e  i s  a l w a y s  t h e  

p o s s i b i l i t y ,  of  t h e r e  b e i n g  low e n e rg y  c o n f o r m e r s  o t h e r  t h a n  

t h o s e  d e r i v e d  h e r e ,  s in c e  only a s e l e c t e d  s e t  of g e n e r a t o r s  was 

c o n s i d e r e d .  F i n a l  Vg v a l u e s  and TAs a r e  r e c o r d e d  i n  T a b l e  1, 

w h i l e  a breakdown of the component energy va lues  of  Vg i s  g iven  

i n  T a b l e  2. The C and T l a b e l l i n g  r e f e r s  to  t h e  d o u b l e  bond 

c o n f i g u r a t i o n  i . e .  CIS or TRANS.

From T a b l e  1, i t  i s  r e a d i l y  s e e n  t h a t  t r a n s  d o u b l e  bonds  

a r e ,  i n  g e n e r a l ,  m o re  f l e x i b l e  t h a n  c i s  d o u b l e  b o n d s .  

D e v i a t i o n s  from p l a n a r i t y  of up to  20° i n  t h e  t r a n s  double bonds 

a r e  n o t  uncommon,  w h i l e  c i s  d o u b le  bonds  r a r e l y  d e v i a t e  f ro m  

p l a n a r i t y  by 5 ° ,  or  l e s s .  T h i s  ec h o es  t h e  s i t u a t i o n  i n  t h e  

c y c l i c  t e t r a p e p t i d e s  and  i s  i n  a c c o r d a n c e  w i t h  o b s e r v e d  

s t r u c t u r e s  of  p o l y p e p t i d e s 7 . A l l  o b s e r v e d  s t r u c t u r e s  of
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TABLE 2 : all units in kca l . /m ole

CONFMn Xl Xr Xa Xw Xx Xs

CCCCj^ 0 . 2 8 3 . 2 6 3 . 7 0 0 . 1 6 0 . 0 0 7 . 4 0

CTCT1 0 . 2 1 1 . 99 1 . 35 5 . 49 0 . 0 2 9 . 0 8

CCCT1 0 . 2 7 2 . 4 6 2 . 1 9 4 . 1 5 0 . 0 5 9 . 1 3

c c c t 2 0 . 2 7 2 . 8 5 2 . 9 2 3 . 1 0 0 . 0 0 9 . 1 4

c c c c 2 0 . 3 3 3 . 0 1 3 . 1 2 2 . 8 5 0 . 0 0 9 . 3 2

c t c t 2 0 . 2 6 2 . 2 8 2 . 28 5 . 31 0 . 0 2 10 . 17

CTCT3 0 . 3 0 3 . 0 5 1 . 97 5 . 0 8 0 . 0 6 1 0 . 4 7

CCCC3 0 . 2 9 2 . 5 4 3 . 27 5 . 7 6 0 . 0 3 1 1 . 9 0

CCTTjl 0 . 3 2 2 . 9 1 4 . 1 2 4 . 6 1 0 . 2 9 12 . 2 5

CCCT3 0 . 3 7 3 . 5 3 4 . 4 1 4 . 2 6 0 . 0 2 12 . 59

c c c t 4 0 . 3 0 2 . 8 6 2 . 6 3 7 . 0 3 0 . 0 3 1 2 . 8 6

c t c t 4 0 . 3 3 3 . 3 7 2 . 2 3 7 . 1 0 0 . 0 7 13 . 1 1

c c t t 2 0 . 3 9 3 . 6 8 4 . 2 2 5 . 3 2 0 . 1 5 1 3 . 7 6

TTTT1 0 . 2 4 2 . 7 8 3 . 7 0 7 . 0 6 1 . 62 1 5 . 4 0

CTTT-ĵ 0 . 3 1 3 . 3 8 3 . 1 0 7 . 97 0 . 8 6 1 5 . 6 3

c t t t 2 0 . 3 7 4 . 3 8 2 . 6 8 7 . 9 8 0 . 7 9 1 6 . 2 0

t t t t 2 0 . 2 4 3 . 0 4 2 . 9 1 8 . 8 6 1 . 5 3 1 6 . 5 9

TTTT3 0 . 2 4 2 . 9 6 3 . 3 2 8 . 4 6 1 . 6 2 16 . 61

cccc4 0 . 4 2 3 . 2 4 9 . 4 7 3 . 4 7 0 . 0 0 1 6 . 6 2

t t t t 4 0 . 2 5 3 . 3 0 1 . 6 8 11 . 05 1 . 23 1 7 . 5 1



c y c l o t e t r a p e p t i d e s  f a l l  i n t o  t h r e e  b a s ic  confo rm at ions .  One has 

an  a l l - t r a n s  amide c o n f i g u r a t i o n ,  wh i le  the o the r  two have a  CTCT 

c o n f i g u r a t i o n .  The p r e s e n c e  of co n fo rm a t io n s  c o n ta i n in g  c i s -  

a m i d e s  i n  a low  e n e r g y  s e t ,  i s  n o t  s u r p r i s i n g  i n  v i ew  of t h e  

s t r a i n  i m p o s e d  on an  a l l - t r a n s  c o n f o r m a t i o n  by r i n g  c l o s u r e .  

Even t h e  c a l c u l a t e d  minimum energy confo rmat ion^  of (c -Gly  4) has  

c o n s i d e r a b l e  P i t z e r  and Baeyer  s t r a i n .  I n  c o n t r a s t ,  t h e  CTCT 

c o n f o r m a t i o n s ,  a r e  a lm o s t  e n t i r e l y  f r e e  from s t r a i n  i n  the  r e g i o n  

o f  t h e  amide groups and t h i s  compensates fo r  t h e  presence  of the  

e n e r g e t i c a l l y  u n f a v o u r a b le  c i s  a m i d e s .  I n  t h e  t e t r a p e p t i d e s ,  

t h e  c a l c u l a t e d  GMEC h a s  l a r g e  d e v i a t i o n s  due t o  o u t —o f —p l a n e  

b e n d in g  and n o n - i d e a l  TAs. The b a r r i e r  to f r e e  r o t a t i o n  i s  low 

— a p p r o x i m a t e l y  20 k c a l  mole  ̂ -  and t h i s  can accommodate t h e s e  

d e v i a t i o n s .  How ever ,  t h e  b a r r i e r  to  f r e e  r o t a t i o n  i n  t h e  

a l k e n e s  i s  a p p r o x i m a t e l y  60 k c a l  m o le - ^, which  i s  t o o  l a r g e  t o  

a c c o m m o d a t e  t h e  d e v i a t i o n s  a s s o c i a t e d  w i t h  t h e  t r a n s  d o u b l e  

bonds .  Thus, the  c a l c u l a t e d  GMEC ( i n  t h i s  s tudy)  i s  an a l l  c i s  

c o n f o r m a t i o n .  A n o t h e r  f a c t o r  which  s t a b i l i s e s  t h e  a l l - t r a n s  

c o n f o r m e r  i n  t h e  c y c l i c  t e t r a p e p t i d e s ,  i s  t h e  p r e s e n c e  of 

h yd ro g en  bonding ,  t h i s  i s  no t  p r e s e n t  in  the  alkene case.

S e v e r a l  c o n fo r m a t io n s  of Te traenes  have been c ons ide red  by 

Dale®, i n  an a t t e m p t  to  e x p la in  confo rm at io na l  i n t e r c o n v e r s i o n s .  

However ,  t h e r e  i s  ve ry  l i t t l e  q u a n t i t a t i v e  i n f o r m a t io n  about  the  

s t r a i n  e ne rgy  of those  confo rmat ions  cons ide red .

D a l e  p r e d i c t s ,  f o r  an a l l - c i s  a r r a n g e m e n t  of  t h e  d o u b l e  

b o n d s ,  o n l y  f o u r  p o s s i b l e  c o n f o r m a t i o n s  wh ich  he r e f e r s  to  by 

t h e  l e t t e r s  A, B, C and D and which  d i f f e r  o n l y  i n  t h e  up -dow n  

r e l a t i o n s h i p  b e t w e e n  t h e  f o u r  CH£ g ro u p s .  Of t h e s e ,  t h e  one 

w i t h  t h e  u p - d o w n  a l t e r n a t i o n ,  (D), i s  p r o p o s e d  t o  be t h e  l e a s t  

f a v o u r e d  a s  i t  h a s  two v e r y  c l o s e  t r a n s a n n u l a r  i n t e r a c t i o n s .  

T h i s  i s  s u p p o r t e d  by t h e  p r e s e n t  c a l c u l a t i o n s ,  m  w h ic h  D 

c o r r e s p o n d s  t o  CCCC4 w h ic h  i s  c a l c u l a t e d  to  have  t h e  s e c o n d  

h i g h e s t  Vs o f  t h e  20 c a l c u l a t e d  c o n f o r m a t i o n s .  The g r e a t e s t  

c o n t r i b u t i o n  t o  t h e  Vs i n  CCCC4 comes f rom  Baeyer  s t r a i n ,  w i t h  

P i t z e r  s t r a i n  and va n  d e r  Waals  i n t e r a c t i o n s  c o n t r i b u t i n g
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a p p r o x i m a t e l y  equa l  amounts.

T h e  A c o n f o r m e r  o f  D a l e  c o r r e s p o n d s  t o  t h e  CCCC3 

c o n f o r m a t i o n ,  and i s  c a l c u l a t e d  to  have t h e  n e x t  h i g h e s t  Vg o f  

t h e  f o u r  CCCC c o n f o r m a t i o n s .  I t  has  v e r y  h i g h  P i t z e r  s t r a i n  

w i t h  B a e y e r  s t r a i n  and van de r  Waals  i n t e r a c t i o n s  m ak ing  l e s s ,  

and a p p r o x i m a t e ly  e q u a l ,  energy c o n t r i b u t i o n s .

The B c o n f o r m e r  c o r r e s p o n d s  t o  t h e  CCCC2 c o n f o r m a t i o n .  

T h i s  i s  p r e d i c t e d  to  have equal  c o n t r i b u t i o n s  from P i t z e r ,  Baeyer 

and van der  Waals s t r a i n .  The C conformer of Dale i s  c a l c u l a t e d  

t o  be  t h e  GMEC o f  t h e  p r e s e n t  s t u d y ,  CCCCj, a " c r o w n "  

c o n f o r m a t i o n  c o n t a i n i n g  h i g h  Baeyer  and van d e rW a a l s  s t r a i n .  

A l l  f o u r  c o n f o r m a t io n s ,  CCCC1 -  CCCC^, a re  g iven  i n  F igu re s  A.1 -  

A.4,  a n d  a r e  a n n o t a t e d  w i t h  t h e i r  c a l c u l a t e d  TAs (°) and s t e r i c  

e n e r g i e s  ( k c a l  mole- ^). The GMEC i s  h ig h ly  s y m m e t r i c a l  and i s  

p r e f e r r e d  to  the  next  c a l c u l a t e d  conformer by 1.67 kc a l  mole- ^.
O 9 9The d o u b l e  bond TAs a r e  a l l  0 , as e x p e c t e d ,  w h i l e  t h e  sp - s p J

o o
a n g l e s  d e v i a t e  from t h e i r  i d e a l  va lues  of + 120 by on ly  3 .

The on ly  o t h e r  confo rm at ions  of the Te t ra e nes  c o n s id e r e d  by 

D a l e  a r e  t h o s e  w i t h  CTCT a r r a n g e m e n t s  of  t h e  d o u b l e  b o n d s .  

C y c l i c  p e p t i d e s  can be cons id e red  as belonging to  t h i s  c a te g o ry ,  

i f  t h e  c o n f o r m a t i o n a l  b a r r i e r s  f o r  t h e  r i n g  s k e l e t o n  a r e  l o w e r  

t h a n  t h e  b a r r i e r  f o r  c i s - t r a n s  i s o m e r i s a t i o n  of the  amide groups.  

Dale  has  s u g g e s t e d  t h r e e  l i k e l y  conformers  w i th  CTCT a r r a n g e m e n ts  

w h i c h  w i l l  be r e f e r r e d  t o  as  A/ , B and C . His  m os t  f a v o u r e d  

a r r a n g e m e n t ,  Â , i s  a c row n- l i k e  c o n f o r m a t i o n  c o r r e s p o n d i n g  to  

CTCT^ o f  t h e  p r e s e n t  s t u d y .  T h i s  i s  t h e  t y p e  o b s e r v e d  f o r  a 

s e r i e s  of  c y c l i c  t e t r a p e p t i d e s ^  The g r e a t e s t  c o n t r i b u t i o n

t o  i t s  Vg a r i s e s  f rom P i t z e r  s t r a i n .  As mentioned p r e v i o u s l y ,  

t h e  c y c l o t e t r a p e p t i d e s  f a l l  i n t o  t h r e e  b a s i c  c o n f o r m a t i o n a l  

g r o u p s  -  one of which i s  an a l l - t r a n s  arrangement  w h i le  t h e  o t h e r  

tw o  a r e  CTCT a r r a n g e m e n t s .  I t  ha s  been  s u g g e s t e d 5 t h a t  

p r o t o n a t i o n  of  t h e  TTTT S4 GMEC of c y c l i c  t e t r a p e p t i d e s  l e a d s  to  

a c o n f o r m a t i o n a l  i n t e r c o n v e r s i o n  t o  CTCT Cr  C o n f o r m a t i o n a l
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i n t e r c o n v e r s i o n  from the  GMEC, CCCC ,̂ of c y c lo d o d e c a t e t r a e n e  to  

t h e  CTCTy c o n f o r m a t i o n  i s  e n e r g e t i c a l l y  i m p o s s i b l e  a t  room 

t e m p e r a t u r e .  However, i t  i s  i n t e r e s t i n g  to  no te  t h a t  t h e  CTCT 

c o n f i g u r a t i o n  i s  p r e d i c t e d  in  both c l a s s e s  of compounds to  be t h e  

s e c o n d  l o w e s t  e n e r g y  c o n f o r m a t i o n .  T h i s  s u g g e s t s  t h a t  i t  i s  

i n t r i n s i c a l l y  s t a b l e  -  t h e r e  are no t r a n s a n n u la r  i n t e r a c t i o n s  and 

t h e  double  bond TAs show only small  d e v ia t io n s  from i d e a l  v a lu e s .  

The B' c o n f o r m e r  does  n o t  c o r r e s p o n d  to  any of t h e  c o n f o r m e r s  

c a l c u l a t e d  h e re .  The C' corresponds to CTCT^ w i t h  most of i t s  

s t r a i n  e n e r g y  r e s u l t i n g  f r o m  P i t z e r  s t r a i n .  Two o t h e r  

c o n f o r m a t i o n s  w i t h  the  CTCT arrangement a re  p r e d i c t e d  to  be low 

e n e rg y  c o n f o r m a t io n s  of the  Te t raenes ,  namely,  CTCT2 and CTCT3. 

A l l  f o u r  CTCT confo rm at io ns  a re  given i n  Figures  A.5 -  A.8 .

The p r e s e n t  s t u d y  p r e d i c t s  low e n e rg y  c o n f o r m a t i o n s  f o r  

o t h e r  a r r a n g e m e n t s  of the  double bonds, such as ,  CCCT, CCTT, CTTT 

and a l l - t r a n s  a r r a n g e m e n ts .
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A^2 CORRELATION OF OBSERVED AND CALCULATED CONFORMATIONS 

Ttle a l l  c i s  "crown" GMEC.

The T e t r a e n e  i t s e l f  i s  no t  known, b u t  t h e  c o r r e s p o n d i n g  

t e t r a k i s  (4 ,5 —dimethoxybenzo)  d e r i v a t i v e  — c y c l o t e t r a v e r a t r y l e n e  

( I )  “  h a s  b e e n  s t u d i e d  by NMR11 and i s  shown t o  be q u i t e  

f l e x i b l e  a t  t e m p e r a t u r e s  between 229 and 319 K.

OMeMeO

-OMeMeO

MeO OMe

MeO OMe

The  m o s t  s t a b l e  f o rm  i s  t h e  " s o f a "  c o n f o r m a t i o n  of  t y p e  CCCCg 

w i t h  f u l l  e x c h a n g e  o c c u r r i n g  o v e r  a b a r r i e r  o f  13 k c a l  m o le  

I t  has  been proposed  t h a t  t h e  mechanism i s  a s u c c e s s iv e  r o t a t i o n  

of  t h e  f o u r  CH2 groups v i a  the  crown confo rm at ion  of type  CCCC^. 

W hi te  and G e sne r 11 s u g g e s t  t h a t  the  crown con fo rm a t ion  r e l i e v e s  a 

s e r i o u s  s t e r i c  i n t e r a c t i o n  of a rom ati c  p ro tons  on a d j a c e n t  r i n g s .

No o t h e r  e v i d e n c e  h a s  been  f o r t h c o m i n g  on t h e  p r e f e r r e d  

c o n f o r m a t i o n  o f  1 , 4  ,7 ,1  0 — c y c l o d o d e c a t  e t r  a e n e  a n d  i t  i s  

u n f o r t u n a t e  t h a t  t h e  e v i d e n c e  m e n t io n e d  r e f e r s  to  a d e r i v a t i v e  

r a t h e r  th a n  th e  c y c l o t e t r a e n e  i t s e l f .

( b )  CTCT Confo rmers .

T h i s  c o n f i g u r a t i o n a l  s e q u e n c e  i s  o b s e r v e d  i n  a number  of  

p e p t i d e s 9" 10 and d e p s i p e p t i d e s 13 . CTCT  ̂ b e a r s  a s t r o n g  

r e s e m b l e n c e  t o  a num ber  o f  t h e s e  p e p t i d e s  and d e p s i p e p t i d e s  as
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i n d i c a t e d  by a  c o m p a r i s o n  o f  t h e i r  TAs i n  T a b le  3. A l s o  

i n c l u d e d  i n  t h i s  l i s t  a r e  t h e  TAs of a Tentoxin d e r i v a t i v e 14 .

( c )  A l l —t r a n s  Conformers .

The TTTT c o n f o r m a t i o n s  of  t h e  T e t r a e n e s  a r e  of  h i g h e r  

s t r a i n  e n e rg y  th a n  most  of the  o ther  conformers ,  y e t ,  comparab le  

c o n f o r m a t i o n s  a r e  o b s e r v e d  f o r  crown e t h e r s ,  t e t r a p e p t i d e s  and 
c y c l o d o d e c a n e .

A c o n f o r m a t i o n  w i t h  s y m m e t r y  was i n f e r r e d  f rom  t h e  

r e s u l t s  o f  an  x —r a y  a n a l y s i s  of  c y c l o d o d e c a n e 1^ i n  w h ic h  t h e  

c r y s t a l  s t r u c t u r e  i s  d i s o r d e r e d .  A s i m i l a r  c o n f o r m a t i o n  i s  

a d o p te d  by a z o cy c lo d o d e c a n e 16, 1, 1- d i h y d r o p e r o x y c y c l o d o d e c a n e 17 

a n d  v a r i o u s  h y d r a t e d  c o m p l e x e s  o f  1 , 4 , 7 , 1 0 -  

t e t r a o x a c y c l o d o d e c a n e s 1^- 1 ^. These compare f avou ra b ly  w i t h  t h a t  

o f  TTTT^ c a l c u l a t e d  fo r  c y c lo d o d e c a t e t r a e n e  and a comparison  of 

t h e  TAs i s  g iv en  i n  Tab le  4.

The TTTT^ con fo rm er  i s  c a l c u l a t e d  to  have the  g r e a t e s t  Vg of  

t h e  20 low e ne rgy  confo rm ers  c a l c u l a t e d  here .  The bulk of i t s  

s t r a i n  e ne rgy  i s  due to  t o r s i o n a l  s t r a i n  around th e  double  bonds 

as a r e s u l t  of  d e v i a t i o n s  of t h e s e  TAs from i d e a l  v a lu e s .  Non

p l a n a r i t y  a l s o  r e s u l t s  f rom o u t - o f - p l a n e  bending a t  the  t r i g o n a l  

a to m s .  The p r e f e r r e d  TA f o r  a s i n g l e  bond next  to  a double  bond 

i s  120° w i t h  an  h y d r o g e n  a tom  of  a CH2 g r o u p  e c l i p s i n g  a d o u b l e  

b o n d .  I n  TTTT^, we a r e  v e r y  f a r  r emoved f rom  t h i s  i d e a l  

s i t u a t i o n .

F o r  1 ,4  ,7  ,1 0 - 1 e t r  a o x a c y c l o d o d e c a n e  ( 1 2 - c r  o w n - 4 ) ,  t h e  

e x p e c t e d  q u a d ra n g u l a r  con fo rm a t io n  of symmetry i s  found.  I t  

i s  com parab le  to  t h e  most  s t a b l e  confo rm at ion  of cyclododecane .  

I t  c o n t a i n s  (+gauche,  +gauche,  a n t i )  u n i t s  which a r e  r e f e r r e d  t o  

a s  " g e n u i n e "  c o r n e r s 2 1 . Uncomplexed or i n c o m p le t e ly  complexed 

c rown e t h e r s ,  however ,  adopt  unusua l  c onfo rm at ions  which a r e  no t  

e n c o u n t e r e d  i n  c y c lo a lk a n e s .  These l a t t e r  crown e t h e r s  c o n t a i n  

(+gau che ,+gau  c he , a n t i )  u n i t s  which a r e  termed "pseudo" c o r n e r s .
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TABLE 3

Ring H > CD O f o r :

a b ĉ d e f 1 h

-1 40  -■121 -125 -121 -130 -129 -150 -120
75 66 71 61 63 70 51 60

* 0 6 -7 2 1 -6 19 0

- 75 -94 -85 -91 -91 -83 -106 -90
140 170 166 177 166 165 142 160

* -177 -■171 -173 -169 -170 -175 -178 180

140 121 125 124 128 124 150 130

-7 5 -65 -71 -65 -67 -68 -51 -85
* 0 -5 7 -7 -5 3 -19 0

75 94 85 94 91 85 51 60

-140  - 170 -166 -165 -159 -162 -142 -150
* 177 171 173 175 -179 175 178 180

*  s i g n i f i e s  a doub le  bond, 

a  = c a l c u l a t e d  CTCT^ 

b = c - S a r ^  

c = c - ( G l y S a r  

d = c - G l y - ( S a r  >3 ^  

e = c - D - A l a - ( S a r  >3 ^  

f  = c - L - A l a - ( S a r ) 3 12
g = c-D-MeVal-L-Hylv-L-MeVal-D-Hylv13 

h = D - M e A l a ( l ) - T e n t o x i n ( L l ) ^



TABLE _4

Ring TAs (° 

a

) f o r  

b c d e f_

72 68 64 78 60 68
72 69 71 59 79 69

* -168 -161 -154 -165 -165 -158
72 70 66 81 59 69

72 67 71 60 81 66
* -168 -155 -169 -165 -163 -164

72 67 67 79 59 69

72 70 69 56 80 69
* -168 -163 -155 -164 -166 -157

72 69 70 83 59 69

72 68 68 59 80 68
* -168 -155 -168 -164 -162 -160

*  s i g n i f i e s  a double  bond.

a  = c a l c u l a t e d  TTTT^. 

b = C y c l o d o d e c a n e ^
1 fic = Azacyc lododecane

d ) 18e ) 19 = h y d r a t e d  complexes of  t e t r aoxacyc lodode  

f  = 1 , 1- d i g y r o p e r o x y c y c l o d o d e c a n e ^



T h e s e  a r e  c h a r a c t e r i s e d  by c l o s e  1,5 CH....0 i n t e r a c t i o n s .  A 

c e n t r o s y m m e t r i c  b i a n g u l a r  [ 6 6 ] c o n f o r m a t i o n  w i t h  two p s e u d o  

c o r n e r s  i s  found i n  a c r y s t a l l i n e  complex22 w i t h  MgCl2 and a l s o  

f o r  t h e  c r y s t a l l i n e  crown e t h e r 22 i t s e l f .  These co rrespond  to  

t h e  c a l c u l a t e d  TTTT^ conformer  of the Te t raenes  -  as  shown by a 

c o m p a r i s o n  of t h e i r  TAs i n  Table  5. Inc luded i n  t h i s  t a b l e  a r e  

t h e  r e c o r d e d  TAs f o r  a d e p s i p e p t i d e  c r y s t a l  s t r u c t u r e 2 ^ w h ic h  

a l s o  has  t h i s  c o n fo rm a t io n .

The  c a l c u l a t e d  a l l - t r a n s  c o n f o r m e r  of  t h e  T e t r a e n e s  w i t h  

l o w e s t  Vg) TTTTp has a con fo rm at ion  comparable  to  t h a t  found i n  

d i h y d r o c h l a m y d o c i n 22 , ( I I ) ,  as shown by t h e i r  TAs i n  Table 6.

(n)

CH

HN<

CH0=i

C=0Me C Me

CH— NHNH P
OH
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TABLE 5

Ring TAs ( ° ) f o r J

a b c d

83 71 75 76

83 91 85 49
* -166  --117 -140 -163

91 83 75 125

-91 -98 -103 -94
* 166 147 174 -168

-83 -71 -75 -76

-8 3 -91 -85 -49
* 166 117 140 163

-91 -83 -75 -125

91 98 103 94
* -166 -■147 -174 168

* s i g n i f i e s  a doub le  bond,  

a  = c a l c u l a t e d  TTTTg

b = 1 :1  h e x a h y d r a t e  c o m p l e x  o f  MgC]^
22t e t r a o x a c y c l o d o d e c a n e ^  .

23c = 1 ,4 ,7 ,1 0 - t e t r a o x a c y c l o d o d e c a n e ^  . 

d = c-L-MeVal-L-Hylv-D-MeVal-D-Hylv. 24

w i t h  1 , 4 , 7 , 1 0 -



TABLE 6

Ring TAs (°) for :

- 9 4

94

-166

94

- 9 4

166

- 9 4

94

-166

94

- 9 4

166

b

-105

94

162

83

-73

-166

-105

105

156

72

-64

-164

* s i g n i f i e s  a  double  bond,  

a  = c a l c u l a t e d  TTTT-^
2 5b = Dih ydrch lamydoc in  .
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APPENDIX B



WHITE-BOVILL FORCE FIELD PARAMETERS



Atom key  : 1 = H, 2 = C(sp2 ) ,  3 = C(sp3) ;

F o r c e  c o n s t a n t s  a r e  i n  k c a l  mol - 1  X- 2  or  i n  k c a l  m o l - 1  K- 2 ; 

e n e r g i e s  a r e  i n  k c a l  mol- -*-.

Bond !S t r e t c h i n g

Atoms l / 2k x i o

1-2 346 .0 1.089

1-3 331.2 1.100

2-2 670 .0 1.335

2-3 319 .5 1.501

3-3 316.8 1 .535

Van d e r  Waals

Atoms *
£ l

*
£2 e

1 . . . .  1 3 .10 0 .0 0.0160

1 . . .  .2 3 .53 0 .0 0.0330

1 . . .  .3 3.35 0 .0 0.0299

2 . . . . 2 4 .00 0 .0 0.0760

2 . . . . 3 3 .60 0 .0 0.0800

3 . . .  .3 3 .85 0 .0 0.1200

Angle Bending

Atoms i / ^ a k/_a V  £  0
a2 a 3 
1  0 -  0

1- 2-1 0.0055 0.0096 118.6

1- 2-2 0 .0060 0 .0 121.7 120.4

1 -2 -3 0.0060 0 .0 117.5

2 - 2 - 3 0.0120 0.0096 122.3 121.0

3 - 2 - 3 0.0233 0.0096 116.4

1-3 -1 0.0072 0.0096 108.2 109.1

1 -3 -2 0.0088 0.0096 110.5 110.0 110.2

1 -3 -3 0.0088 0.0096 109.0 109.2 109.2
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2 - 3 - 2 0 .0090 0.0096 111.0 110.1 109.5
2 - 3 - 3 0 .0090 0.0096 110.4 110.1 109.5
3 - 3 - 3 0 .0120 0.0096 110.4 110.1 109.5

* S u p e r s c r i p t  i n d i c a t e s  the  degree of s u b s t i t u t i o n  a t  the c e n t r a l  

a tom.

T o r s i o n

ATOMS l / 2 k ^  s_ n

1 - 2 - 2 - 1  6.2500 -1  2

1 - 2 - 2 - 3  6 .2500 -1 2

3 - 2 - 2 - 3  6.2500 -1  2

1 - 2 - 3 - 1  0.1367 1 3

1 - 2 - 3 - 2  0.1367 1 3

1 - 2 - 3 - 3  0.1367 1 3

2 - 2 - 3 - 1  0.0629 -1  3

2 - 2 - 3 - 2  0.0629 -1 3

2 - 2 - 3 - 3  0.0629 -1  3

3 - 2 - 3 - 1  0.0629 1 3

3- 2- 3 - 2  0.0629 1 3

3 - 2 - 3 - 3  0.0629 1 3

1 - 3 -3 - 1  0.1100 1 3

1 - 3 - 3 - 2  0.1100 1 3

1- 3 - 3 - 3  0 . 1 1 0 0  1 3

2 - 3 - 3 - 2  0.0200 1 3

2 - 3 - 3 - 3  0.0629 1 3

3 - 3 - 3 - 3  0.0629 1 3

O u t - o f - p l a n e  Bending

■a

\ 0.0020
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E x t r a  p a r a m e t e r s  f o r  k e t o n i c  f u n c t i o n

Atom key  : a s  above w i t h  4 = 0 ( spa ) 

Bond S t r e t c h i n g

Atom l / 2k x h

2-4 685.0 1.212

Van d e r  Waals 

Atom *
* 1

* 
r  9 e— z

1 ____4 3 .60 0 .0 0.0400

2 . . . . 4 3 .80 0 .0 0.0200

3 . . .  .4 3 .60 0 .0 0.0700

4 . . .  .4 4 .00 0 .0 0.0850

Angle Bending

Atoms 1 / 2ka k/_a £ X0
2 3 

£  0 £  0

1 -2 -4  0 .0085 0 .0 122.0 121.5

3 - 2 - 4  0.0125 0.0096 121.0 119.0

T o r s i o n

Atoms 1/ 2kT7

1- 3- 2 - 4  0 .0400 -1  3

3_ 3 - 2 -4  0 .0600  -1  3

2- 3- 2-4  0.0600 -1  3
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O u t - o f - p l a n e  Bending

l i i

\
‘2 = 5 3  0.0025

E x t r a  p a r a m e t e r s  f o r  c o n j u g a t i o n

Atom k e y  : a s  a b o v e  w i t h  4 = C(sp ) -  f o r  b o t h  c a r b o n s  of  t h e  

e x o c y c l i c  doub le  bond.

Bond S t r e t c h i n g

Atoms l / 2 k ^  i o

1-4 346 .0  1.089

2-4  319.5  1.501

4-4  670.0 1.335

Van d e r  Waals

* *
Atom £  1 £  2 e

1 ____4 3.53 0 .0 0.0330

2 . . .  .4 4 .00 0 .0 0.0760

3 . . .  .4 3 .6 0 0 .0 0.0800

4 . . .  .4 4 .00 0 .0 0.0760

Angle  Bending

Atoms 1 / 2ka k ' a a_̂ Q jL 0 — 0 — 0

1-4-1  0.0055 0.0096 118.6
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I—1 1 1 4> 0 . 0060 0 .0 121.7 120.4
1 -2 -4 0 .0060 0 .0 121.7 118.9
2 - 2 - 4 0 .0120 0.0096 122.3 121.0
2 - 4 -2 0 .0233 0.0096 116.4
2 - 4 - 4 0 .0120 0.0096 122.3 121.0
3 - 2 -4 0 .0233 0.0096 116.4

T o r s i o n

Atoms s n

1 - 2 - 2 - 4 6.25 - 1.0 2

3 - 2 - 2 - 4 6 .25 - 1.0 2

1- 2- 4 - 2 0.625 - 1.0 2

llCM1 0.625 - 1.0 2

1 - 4 - 4 - 2 6 .25 - 1.0 2

2 - 2 - 4 - 2 0.625 - 1.0 2

2 - 2 - 4 - 4 0.625 - 1.0 2

3 - 2 - 4 - 2 0.625 - 1.0 2

3 - 2 - 4 - 4 0.625 - 1.0 2

4 - 2 - 3 - 1 0.0629 1.0 3

O u t - o f - P l a n e
>a t o m3

ato ml ■ -—- atom 2
atom 4,

Atom 1 Atom 2 Atom 3 Atom 4 l / 2kx

2 2 1 3 0.0035

2 2 3 1 0.0035

2 2 3 3 0.0035

2 2 1 4 0.0035

2 2 4 4 0.0035

4 1 4 1 0.0035
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APPENDIX C



STRUCTURE FACTORS (OBSERVED AND CALCULATED).
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O O O O O O O O O O O O O O O O O r - r - t - r - t - t - r - r -

f O W r O r M K 1 ' 4 , l A ' O N f l O O ' O r - t \ J K ,l l A s J ’ M ( M O a o O ' O i A ^ K t ' r O r ' O J K ) d i , i A ^  
I I I  r - r - r - r - r - t — r - r - r -  | I I | t | |

I  I  I  I  I

O sr o sr LA - 4 sr rs. ro 4 o 00 00 cm ro ro sr IO i n S3 ro ro ro in 4 ro CM CM CM S3 CM 4 <r- 4 O cr*
U- r - *— 1 1 » r-

1
1 1 1 1 I «—

1
1 <— CM

1
1

1

O sr h- 4 6 4 4 7 3 sT o 00 ro CM CM 4 sr CM i n i n ro ro ro *4 ro ro CM CM CM S3 CM in m ro O' t—
III. T~ r - r - r - CM *“

-J O' O' O' 9 9 9 9 9 O' O' O' O' O'

66

O' O' O' O' O' O' O' O' 9 9 O' o O O a o o O o
r “ r- r - r - r - r - t—

o o S3 O S3 o -o S3 S3 o o fs. fs. 7 7 7 7 7 8 00 GO {j0 00 oo 00 oo o a o o a o O O c  ■

X 4 ro CJ r— 00 ro sr in IS oo O' S3 sr ro CM CM ro sr in -4 ro o r - CM ro tn 4 CM v—o OO rs- S3 in
1 l 1 1 1 1 1 1 l I

7
<r
1 7

r—
1

1 1 1 1 1

o ro sr oo sr 00 in 4 S3 C' o O' O' in cm CM ro S3 ro o sr in a CM r - S3 CM in CM a sr ro 4 CM CM K)
u_ 1 1 1 <- I 1

1 1
1 CM if—

1 i
1 r - 1 r - 1 1 1

o sr sr fO in ro sr in 0 - O' o O' O' in CM ro ro S3 sr sT S3 r- IO t— S3 (M tn CM sr ro 4 c* CM ro
u . «r* «“* CM <e— t— f- <r~ r-

-J o o O' 9 9 9 9 9 O O' O' O' O' O' O' O' O' O' O' O' O' O' O' O' o O' O' O' O' O' o O' O' O' O'

sf sr sr 4 4 sT sr sr 4 sT 4 sr  sr  sr  in  n in in in in in in n LA in in in tn in in LA S3 S3 S3 S3

X sr K) 00 t*** 00 ro sr in S3 00 O' o <— <p- |S- S3 in sr ro CM «**■ CM ro in S3 00 O' o ***** <— o O rs.
i I 1 i «“ <—  

1
1 1 I I 1 1 1 t— t—

1
t—■ 
1

I »

O o -4 sr 7 8 >4 4  O o IO sr O' S3 sr O  ro r* >4 O' in S3 fs. O' S3 r- sr sr CM ro fs- CM ro S3 rs
u_ I 1 1 t—

1
t—
1

<—
1

1 t— r— ro 
1 1

c~
1

CM 1 rs
1

1
7

1 T~
1

<r—
1 1

» 1 1 1

O o 4 -4* 0-  |s- ro sr 3~i o sr  sr O' rs. sr o ro in  O S3 fs. t— rs. O' fs. sr 4 CM ro |S- CM ro fs. fs.
u . •r— r- *-* r “ t * * — T** ro C\J <p“ CM r - <r- r-

O' O O' £> O' o O' o*. O' O' O'-o O' O - O' O' O' o O' O' O' O' o* O' O' o Of. O ' o- o O' O -

cm OJ 0 0 ro ro 3 3 3 ro 3 3 ro ro ro ro ro ro ro ro ro ro ro IO IO ro ro ro ro I O 4 4 4 4 4 4

X  O r - ( \ J ' t f O O J r ‘ O O o O N ' O t A ' l ' K l ( M r > t “ ( M y i ' # i n iO N O C « “ M f O K ) r * O O X i N O
v—  r - r - r —  r ~ < — r - r ~ |  j j j | | j | | r -  r -  r -  r -  r~ <r- r -  |  I I I

I I  I  I  I I I I

O  i n i n d - O O r - D O i X ) n ' O O K ) r - ' d - M ( M ' 0 ' t i A d , K 1 0 C l < 3 M r - O O O O N r O ( \ i O J P O a M i >  O
u_ | i f t w r w r  |  r - r - |  I  | |  | r - |  I  I I  r* I  t -  t -  « — f O  t —  CM CM r -  I I <r~

|  I I I  I I I  I

O  l A l f l > 4 ' i 3 0 O 0 0 ( X ! t O ' 0 ( M f l t V J ' l ' f f ) M N s f i n s r f 0 < ! 0 > 0 r 0 ' r O N r ' O r 0 K 1 r - ( \ l » - t \ l O  : J
U .  L A o u r - f M r -  r -  r -  r  r r r  ' ( O r M i M r r  r r

-J  O ' O ' O ' a ' O ' O ' O ' O ' Q ' O ' O ' G ' O ' O ' O O ' O ' O ' Q - O ' O ' O ' O O ' O ' O ' O O ' O ' O O ' O O ' O ' O ' O '

v  t - , t - . r ~ t ~ . , —  t - . * - r - « - . { \ j r M f s j i r M { M r M r M f M C M C M C M C M f M ( M ( M C M f M r M r M C M C M ( M

X  r O t “ ( MKl >4 , t n O N ( i O O » “ f \ J f O ' j ‘ f O ( V l O ( M 3 0 N ' O i A ^ N r O r r y i ,0 ' f i r i ' O N t O l >
|  v -  <r—  r —  <<—  r r ~  t l t l l l l l

I I I I



O
B

SE
R

VE
D

 
AN

D 
C

A
LC

U
LA

TE
D

 
S

TR
U

C
TU

R
E

 
FA

C
TO

R
S 

FO
R 

ZE
R

U
H

80
N

E
 

DN
P 

C
2

1
H

2
6

N
4

0
4

 
PA

GE
 

1C I *“  I ^  ^  <“  CM <r* *“  |  |  |  |  |  ( \ j  <r— |  t ~  |  tM  r -  |  |  t \ i  r -
•  I I I I  I  »

O
u .

5 0 ' ^ ' 4 , l A M N ' t ' 4 ' ' O i A O i M t s . O ' 4 ' f O K ) K 1 i n ' 4 ‘ Q l A y i f O r * O O a O K 1 M O i O N K 1 f O ' 4 ' A !  
<** ^  A  CM «“  v** *“ * (n j r *  c *  cm  <r“  ( \ j  r *

y  c m c m c m c m c m c m c m c m c m c m c m c m c m c m c m c m c m a a a a a a a a a a a a a a a a a a a

X  i n v l - K l M r - O r - ( S J f O N r i n ' O N o O C > O r - > 4 ' r ^ r - a o O N ' O i r \ > 4 ' K ) f \ i t “ O T ~ r M f O ' f L n ' 0
I I I I I t— t— r- «— «“• | | | | ) I I I I

I I  I

N i T i r N N W M O O ' O r  < M 4 A A « ~ O Q O o O f ' - < M ' 0 r ' > - C K 4 4 A ( M C M r M ( M A A O 4 C G  
U .  ( I l l  r  CSJ r -  r -  t r * |  c\ J  CM A  I <r -  |  l l l l l t l  c -  |  I

t i l l  I I  I

O  ^ 0 ' 4 - { M t M N t \ J f O O O ' O r - f M i n - 0 ' O N O O ' 0 0 0 0 ( M ' O N O ' t n > f K ) ( \ i M N ( \ J f 0 ^ a - > r o G
U. r  ( M f f r -  ( \ I N M  r  t -

M  o O £ K 3 C O O O C ^ r “ t —

X  ' J - ( ' 1 r - Q f \ j r v J r - 0 0 ' C O N ' O m ' J ' M t \ J » “ O f M M ' I ' l A v O N O O O ' ' “ ( V K ) M r o P - 0  0 ' 5 0 ' 0
| | |  r - r - r - | | | | | | | | |  i ~  t — t ~  r -  r -  r— |  |  |

I I I  I I I I

o  f \ i i n f O « 0 { O W O N s r ( M K i r > o r ^ « o a / o i r w r o r \ J ( \ i ' O s C ' i ' r - i n w ' 0 ( M f i o r v i 8 t i f \ J f M t \ j
u. | | |  r* | <r* <r- t—  | t l l l l l l  x—  I r- r-

t  I I

O  M l A ( ^ < O r O n O N ' « t ( V M r * O N ' O O f O i n i n M M ( N J i n ^ ' 4 - » - ' J s f ' O P J e C ( M e C ( V N < r

-J

X

X

o o o o a o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o
qpMfr qm* <gM» ytM» N̂» <gM» (J—* <gMh <(■» f -* ^  *

^ l A l / M A i A i A t A U M n i A i T i i n i / i m i n i ^ l / M ^ i A ' O ' O ' O ' f i ' O ' O ^ O ' O ' O ' O N N - N N N N j O

J O O O O O O O O O O

o o o
*■“ *“
4 A iA

r- CM *—
r” V T

A
I

O
1

o

A £0 o

a or- <r~ *»
ro ro ro

00 o 4
1 l 1

o 4 iA
cm <p«»

1 1

roIA
t—CM

o o O<p“

*** I  I  I  I  I  I

I  I  I

I  I

i A *-* I A ro
1

CM
1

1

<3 CM 6 3

CM

O o
r - <r*

ro A ro ro

r ^ 0 0 OK« _

CM r-* A - *4"
r- v— r “

1 I

ro CMo A
t —

o O o  o
<r* r - «—

CM CM <M fVJ

O A 4 ro

v  I  I I  I  I I  I

3  0  0  0  0  0 O  C  O

I  I  I I  I  I  I
I  I

I r -  I r ~  v— c -  A  A  N  N  t*** I CM I I
I  I I

A  a  rvi N - r - rvi

I I l l
I  l  I  l  I  I I I I

o o O  O o  o
<r- T~ <c— r — < -

N- N- «K- r*- fv* ■jQ

1
o CM A A

1

'O c - A CM (M-
1 <r-

1
r -

1
r~ r ~

N* «— O  A (M Pw
r - r - *-* r *

o O r -s ___

<r- r - «“ r ~ r — r -

4 4 4 4 4 4

4 O r*- 0 0 O O
t —

CM o c r o  - 4 4 CM
1 1 CM

1

CM CO A vX A A
CM

O o G O O
* - *— x—r~
CM r o 3 3 A A

CM 4 A CM O OK
T * r “ <f“ r** 1

I I I l



O
B

SE
R

VE
D

 
AN

D 
C

A
LC

U
LA

TE
D

 
S

TR
U

C
TU

R
E

 
FA

C
TO

R
S 

FO
R 

ZE
R

U
M

B
O

N
E

 
DN

P 
C

2
1

H
2

6
N

4
0

4
 

PA
GE

 
11 U u  |  r  r  |  t *  |  l ^ -  ( M  m  - <r  s r  n o

i i  7  1 1  1 » i

O  O', o  ’’O  Is** la  'O  ITi fA  rO CD S  f \ t  530 o  ^  ^  w*, ^  , *, -  .
U_ v -  *-* ^  J o ^ j 2 ^ J ^ , , A ' ' i* r s J ' ' * t A f s - l ' O sO O s I A ' ' * c O C O | s« - r o f A o f ‘ > j , L A

K ) M f A r A r A r A f A h o r o K i f A f A f A f A f A f A f A f A f A s r s i - s r s f s r s i - s t s r s r s r s r s r s r s r ^ - v t s r

! l 2 Cf 0 f P r i r 7 7 T , r “ t^ , 4 ' t r * s 0 f s * 0 0 0 s 0 r * ( v , c > ' 0 0 ^ 0 ‘n ^ ^ O t - f A s t i n < j | v . o o a .y  y  I I  I  I  I  I  I  v -  1 1 1 1 1 |  |

O  C O  C O  t —

I

O  N*  <r- <r»

0s <f* IA CO Is* f\l IA IA 'O' O  'O O  C ) 'iA M I0 ir\'0 iA fM sl, 'J|, ' 0 t “ O‘ 00 'O K) IA IO IO N 
I A  CM I |  t  CO CO I |  c -  r ~  |  |  | ( M  |  f \ j  |

• I
I

N t - N M N f v J h O i A i n O N O O ' O K I W ' O l A U U V ' ^ I O ' O N s J O O M O l A O - r O N
I A  CO CO CO <r* »r* *— C O C O

-J fMCOfNjCOCOCOCOCOfOCJrocOCOCOCOCOfMCJCOCOfOCOCOCOCOrOCOCOCOCOCOCOCOCOCOCO

r - t - t - « ~ ' r * r - « * r - r o c o c o r o c o c o c o c o c o c o c o f o c o c o r o c o c o c o c o c o c o c o c o c o c o c \ J A K >  

x  c o f ^ i o r L n o 3 | v - c D C o i A c o r - o o s oors« - ' o m s r f A r o < —o t * * c o f ^ ) s r t n > o c - o o o s a <r*(sjf^i(\j
t - r - t —  j  j  |  j  j  j  j  j  t —  < ~  <f“  t —

I I  I  I I I

CJ  K i O ' O I A > O l C < " O i n i A O O O ' 0 0 0 0 ' O O s f O ' 0 ' 0 ( M ( \ I O ' t “ M f O O , s r O , W l A I , ' I W « " s r i n
Ll. I I  r > r ‘ K i r f \ l t - 0 » 0 ( \ J < r i “ r O ’ 

I I  I I I
t i l l  I CO

O  O s l " C > “ sO ' O f ' v i C C O O s O ' t - ,‘ ' 4 ‘ f A ‘4 ‘ O s' N " sO ' C N C O > O sO C O C O * 0 ' C O f A A I L n i n ' O O O l A s ^ C O < - C O s r  
U. r r - K l r N r O C M M r  *- «4‘ r r N r  *-> *— r-  r -  (M

C O C O C O C O { \ | C O ( M r O f O C O C O C O C O r v l C \ I C O f O C O C O C O C O C O C O C O C O C O C O C O ( \ J C O C O C O < M C O C O C O

O O O O O O O O O O O O O O O O O O O O O

X  G O >  |s* » s ! > t A ' < l ‘ I A C 0 ' r ‘ O < “k C 0 | A * 4 ‘ LC»s0 I s - 0 0 O ‘ « “ C J t A ' 4 ‘ f A C \ i O 0 s ls~ ' 0 L A ' * 4 ’ ( \ l  r  u  c
I I I I I I I I <r— t — <“ • c -  <c~ <r- |  I I I I I I I

! I I I I

O  e O s f A J sO r * ' » ^ O D I s- I A C O ! A i A i A « r - r * C O I A O G N - l A O O r ,s* sO U " i > O f A f O f A C O r A ! A C O C \ l < \ j s r < >
u .  I I I  I I I I  l l l l l l  l l l l l l  1

O  0 ( ) < t , C 0 l A I s *‘ f n sO f ^ ^ C J f A t A t A C 0 C 0 C O t A 0 Q N . S l , 0 0 N ’ ' O L n sO I A f \ J l A C 0 I A l A C k l C 0 A ' J ' C '

-J v~ M W ru
if— ^w* fw* fwa i/** ,5“*  '  > '  '  ^ ^

M  i n i C i ' O ' O ' O ' O O ' O ' O  ' O s O O ' O ^ ' O N  | s . ( v . ( s - f Vs* r >' - f ,s‘ C * - C - f ' > - r s- r ' - G O O G a O a o o o ! X i C D O  f~--i

X  O » O 0 'C 0 N s0 i n O , f0 ' r c - M O - 0 0 0 ' 0 0 N ' p l A M ( M r - O N f 0 ' t ' O O ' ^ c ) r ' N f 0 ^ ^ l  
t -  1 1 1 1 1 1 1 1 1 1 1 1 1 i  1 \  .

CO
T—

I I I

o
u.

C M C C i l A ^ ^ c l A o O ^ ^ ^ W t - ^ I O M J O s O i n N r O t M N s O I A ^ ^ ^ N f O o O N N O

x - r - l  | |  |  c -  |  t —  * -  I I I  I I I  •
I I

O  a ^ C V i ^ i n i A C M ^ a O ^ t A ^ N M M f O ^ C s O ^ O O f n i N J M ^ ^ ^ ^ O ^ N n O O M N O

u _  ( \ j  r  r *  « — * “

f — fM* f m» f — f “» ► f *  f -*  V“"  ***** ^

... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I I  t -  f  |  I  I I I

I I I I



O
B

SE
R

VE
D

 
AN

D 
C

A
LC

U
LA

TE
D

 
S

TR
U

C
TU

R
E

 
FA

C
TO

R
S 

FO
R 

ZE
R

U
M

B
O

N
E 

DN
P 

C
2

1
H

2
6

N
4

0
4

 
PA

GE
 

12 I  I  I  I  I  I  l  I  I  ,  ^ ^ W N ^ N r M n r r - ^ m a i n M M i n ^ o s M
» » I OJ  I | < r -  ( M ( M K l  I  ( -

O  l A ' O S l ‘ s r ' O s * ’ W % s t ' ( M K l ' < J - f O * < t ‘ i n i p - O N N -UL.  f M ^ f ' ' j ' 4 ’ o J v - o j i n T ~ < ~ u ' \ f o o r o N . t \ j i n > n o r \ j
«“* OJ r -  (\J N  fn r* r -

- J

^ ^ 0 > 0 ^ > 0 ' 0 > 0 < > ' 0 v 0 r ^ h - N . r v . r s 6 K i ^ ^ 0 0  0 0 O o o o o o o o o o o o o o o o

x  ‘̂ Y ? 7 T 0 , “ CUK' ^ ‘f f r? 7 T O T “ r 0 <? t“ ^ ^ <Nj^ C5^ <» ' O ^ ^ N n ( S i r - O r - C M
• I I I !  * I * I I  |  | < — ' r - v — » — *t— |  |  |  } |  |  |  *

I I I I I

o  w o t n w < i i r i t n o O M O N s r M f t K i K i ' f r ‘ > 4 ' ' < 3 v O ! n ' O n i A K i ' > } i n y i f o < M n » \ j w - tu. I r- , «** t- r- r- I I I I I I I I I OJ <— | , , ,
1 I  I

O  ( M 0 ' ‘4 , r , > 0 ,O l A O O l ,0 0 ' N ' 4 ' N * l h l l0 l ,0 ' 4 ‘ »“ i 4 ' N . i r t i / \ O f A ' 0 K l ^ , t f i ' t M ' 4 ' t n f 0 ( \ l > t
u .  t - *  t - *  r *  t*» *-« OJ r -

-J f O K l M K ) M K ) K 1 f O f O M K ) M f ^ K l M W f O M n K ) K ) M f O f # m n n K 1 M f O n M K ) K n ^ r ^

ac r U i > C O N ' O i n K ) N r o ,f M K l i n ' O N O ' Q r O N ' T K l [ \ J « - 0 ' “ | \ J > T i n N O : X ) N ' 0
" f t -  I I I I I I I I « -  r -  «-* I I I I | t i l l
I I  I I

<~> c ^ s r r o r s j ^ ' > > o ^ n > ^ o o * > » ‘ ' > i r K<i f ^ » - “ K ) ( \ » ) y T i r > > * < ‘ O J ' r ‘ o a u ^ f o i v - o o K > t r \ c \ j r o o o t r \ u ' \ r ^ - r < - ' 4 -
U, I r r  M I <-» «e— t SJl  I I | I t | | <c— t-  I | I I  I I I

I I  I

O ! X i ' 4 - K l l ' O r O ' O ' J ' t n C M A i r i » t N N K 1 ( \ J M N ^ K 1 N f O U ' i r v l 0 Q O ' M i n M ' J - ( M A ^ a 3 N i A
4-i- f *  %+» f /*J q**» (\J f *»  nr*

-J fOhOKll>ni^fOI^K1^Mf^f«OK1fOfOKIfOK1hOhOhAKll ,OrOKiK>N^fOhOK1K1fOMhOrOf^l

v  r \ j f \ j < N j f v j r g r s j f \ j { \ j r s j r ^ ! \ i ^ J f s j ( N j t N J r u ^ ^ M K i r o K i K » r ^ K > K > K 1t r ^ h O h O i y i N n p o K > K i N ' i

X  ^ M f \ l t — O « “ ( N i r ^ ) ' 4 ' L n < > N - 0 0 < > O r - K 1 { V i r * O ( > C 5 0 N - ' O l A ' J , K i r v J O r - ( \ J r 0 i A f x ; O r - *
t i l l  r * ' r r , ' r r r l l l l l l l l  r -  r -

I I I I

U  t -
u »  «**•

h O ( \ i f \ l L A M ' t C C 1 l A K ! C O a O f O K ) O O M ' t r O ' 4 ’ f O ' 3 ‘ l / ' f “ a O O J ( \ l r - ' 3 ’ l ' J L f ’' L n O N
I | <t— f\J I | K1 OJ OJ r~ I I I I I <”* I

I I I  ■

O  t— <rr ^ O J C \ l i n i ^ h O l X 3 L O M < X > O Q K l ^ C O O J < f K > i n ! kO ,' < l ' * ' t - ' r ~ ( > > < > n i ( V I O J > 4 ' < \ J i n i n O  e o
r -  o j  r  f <1 (VI  r  <r "

oj oj fvi c\t oj o i  oj tsi ro sn m m m Ki m m tn K't m !i2 ^  £2 i!2 t2 t -  £2 *2 £2 £2 2?<g-*» ^m, nfM« y*w <"*• v* tr** <"** t““* t“* tr* t-** <■"* v*** t-* f*“* > '
O -  | s -  0_  | u-  h -  0 0  00 00 «“ f < * r r r r r r r  « - * > »

fv'l y j  m  f O
<r -  r ~  <r~ r ~

o j  o j  o j  o j  o j  r\J o j

t - 0 < - N > O P O ( V ) r f * 0 0 ' N ' 0 ^ ' t ^ N r a r ( M i n ^ t n ' O N < » 0 ^ ^
I |  |  I  t —  r -  |  I  I I  I  I  I  I  i l l

I I

o  o  oo in 
c -  I I I 
I

Li u I  I I  |  |  |  r -  I I I  I I  I  I I  I  I I

-4- O J  K >  O J
t i l l

o  v r s r ' 0 % r m o m o o < M c o i so o m o j
L U < -

i u - y ) - 4 ‘ < r ' J r * - h O - ' 4 - i n > 4 - ( \ i n j o J O J t ' o m o J r  4  (\J K1 (\J

- J  o j o j ( \ i o j o j f w o j o j o j ( \ j c \ i o j o j 0 j o j o j o j £ j f ^ £ f £ | £ j £ f £ i £ i £ ! $ 2 £ ! £ i £ ! £ ! £ !

X  O r O i > 0 0 N ' 0 i / 1 ‘J ' f r l f ' > J f * O t ‘ K l l ^ N O O O N ' 0 ^ < ^ O r p J M

r » « < - ' - | | | | | l t l l  r* <r** 1
I I 1

OJ OJ OJ OJ 
t r *  <r* t ~  c -

O O - O - O -

oo oo o- -o 
I I I



O
B

SE
R

VE
D

 
AN

D 
C

A
LC

U
LA

TE
D

 
S

TR
U

C
TU

R
E

 
FA

C
TO

R
S 

FO
R 

ZE
 

RU
W

BO
NE

 
DN

P 
C

2
1

H
2

6
N

4
0

4
 

PA
GE

 
13 r s . o o i v r ' . n . m v c ^ f o o o o o u o o o s o ' o f ' i s f

I I I  r -  |  I I r  ( M » »  r
I I I I I

' i s j - w p j ^ c o ' C N f i o w c M v r o o t i o f o y i T - t n M1 7 I I  « -  « e - 0 4  |  t —  «—

O  N N O N N t V N O s r O { O O O O O o O O ' O l < l s r { \ J M ^ N > O f A o V A , n i v « ^ ^  „
<** f ** * “ • O J  <*•

-J  l A i n m u M n i A i r i i n i n i n i n i n i n i n i n i n i n ^ i A i n i n i f t i n i A i A i A i A t A i A i o t n i n i n i r M A i A  

*  N N N ( M N l M I V l ( M N N ( M ( M N N f M W M N N N i n M K 1 r t W K ) r t r t W M W K ) I O l o m n

x  ^ T T fi‘ ? ' f ? 7 V ° r W K ' ' r i n 'O N o o o ' o t x l o a ' O O N < ) , n ^ ^ ^ c r M fo ^ ^
' • • • • i l l  |  |  |  |  |  |  ( |I

O f O f O ^ s l - C N J f v J ^ r s O O O N .M D 'O C S J tV l fS J lA lA ^ ^ O 'O 'O f M s j r K l t n ^ is . f O O h O j f s O r - O O J
**• 1 1  I I I I I «*• I t -  | | «- f\i r -  I «-

I I I I I

O h 0 l ^ ' 4 , '< l 'N K ) ' 4 , ' O 0 0 < 5 i n i ^ { \ J W N l A t A N 0 < r ‘ N>0(MSl, h 0 ' O O N K ) 3 0 f 0 ' 4 ' l A t " ! > . M
u "  «** « * > * « “ * ( M <- * t —

-J s ^ ^ s i “% 4 - ^ ^ ^ - s l ' ,<l-'4‘ <<fsj‘ * 4 ' i A i A i n i A u ^ i A i n i A t n u ^ u r > t n i A i n i n i r t t n i / \ t n i n t A L r \ i A  

iC ' O ' O ' O O ^ N N N N S N N N r r f r r r r r r r r r r r r r r r r r r r r  

x  M N f i n < n v . N ' < J , r o r a r * f \ i f o s f r * o o N ' O i n s n ,o { M r a t “ (MrO'j , i n ' O N D Q o ^ u r -
I I I I *- f* «- I I I I I I I I c- r-

I I I

o  C v J r - N > i ' f O ' C i < - ' T t n i A m r y o i ^ h O ( \ J s i - ' O r - o o ' N i n K m o o o n ' a - t n c M ' j - i - f i ^ K m
I I I  < -  I I I I l  I I  

I
I r *  «*•* I I 

I I
I I I

O  i \ j ( \ i o o ^ K > ^ r - > 4 - i n i n r ^ i ( \ i ' 0 0 o r O K i ^ ' 0 ^ t - a > t \ J i n s j - n ^ O N - N > f ^ - r n s j ' i ^ i A ^ i F i
«» pm pm p m  pm p—

p*» pMM pm pft* pm pm pH* ptf» pm p »  ptf. p *  pm p *  Ip* p<* pm p*  p*» p*» pm p »  If1* ((f* p"“ P** p*“ P "  If** r *  f** P** ,P“* V“

i<£ « ^ * s r > S ‘ s f ' s i - s d ‘ Ni‘ s f ' J ‘ ' i ‘ s j ' 4 - ' 4 - v i ' - < i - > j - i n L A i n t n i n L n t n t A L n t r y t n i A L A i r » i r i L n o o ' 0 ' 0

X  f v j « - O O 0 0 ' 4 , N,i5 < « O < “ <M' 4 ' ><3f ,,“ < > C i O O 0 0 N > ' 0 l A ' 4 , f ^CvJ r *‘ O < “ r s J f 0 ' 4 ‘ U ^ ^ - i n r 0 C \ J
r -  r “  f “  I I I I I «*“ **- I I t I I I I I I I I I
I I I  I

O  N ( \ i ' O o O W D N ' t ( \ l ' 0 0 - ' t ' O N O ' i r i t n i n - 4 , I ^ N 0 0 4 ' i r > f N r i n N O > 0 ' 0 ' ^ K 1 N t J ' '
u .  | |  |  |  r *  c  |  *** f O  v ~  I  <*“  I I I  I I I  1 1 1 * “  l l l l l l  I

I I I I

O  N f V O O Q M Q t * ^ h O O r ' ' # O N C M n ^ i n t n W O O O ^ i ^ t A N r ' i n N O O O > O K i N ‘0
U -  <r“  <r *

pn> pH* p »  pw If* pm p «  p *  pm p »  p *  pm pm (pm pm pm pm pm pm f "  pm •> “  > '

v :  f s j f N j r ^ c M f N j r s j f s j w ^ t N j r ^ r j f N j r v J f N J ^ r J C v i o ^ K i K ^ f O r o f O K i f O P O K i r O f ^ r o r o K i K i K i r o

X  O C ^ » 5 h - s O U ^ s 4 ' N n f S 1 ^ 0 * “ t M h O > t t A s O c O < > ^ “ < > « > ^ - < > l^ ' f ,f t ^ JI'er 0 'r ‘ l A '0 o G C > !JI
« -  |  |  |  |  |  |  |  |  |  ^  I  I I I  I I  I  I  I

I  *

o  < N i ^ f o * t n * c v i * c J r - c u i o ^ M ^ < > o * i A C * * i o * i ^ N * * r o * ~ ^ y " » o « j i

«— Kl  f O ' J* CM I 
I  I

I I I I I  I I

O J N f M K ) > 4 ' O r O ' f ( M ' r ( M K l N N r O N C M A ' 0  0 ! > K 1 l A ' O N r ' ^ K f M N W N < “ ^ ^ ( x l

r  I O  l O ' J M  * “

• J

X

p m  p m  p m  p m  p m  p m  pmt p m  p m  p m  pm  p m  p m  pm  pm  p m  p»* \*  ‘  "

   w  ■■ _  _ ,  • »  r —  if— r *  < *  P J  < \ l  ( \ l  O J
0 0 0 0 0 0 0 0 0 * “ (« ~ < “ <ll“ ,ir“ r “ , r ‘ , r ‘ <“

I O > 4 ' i A ' O M ) 0 0 ' r M ^ M r O O ' N ' 0 | / 1 s f ^ !' J ’ l“ r ( V
p m p * * p * » p m p m p m p m | | l | | | I «  t i l l

t i l l



O
B

SE
R

VE
D

 
AN

D 
C

A
LC

U
LA

TE
D

 
S

TR
U

C
TU

R
E

 
FA

C
TO

R
S 

FO
R 

ZE
R

U
M

B
O

N
E

 
DN

P 
C

2
1

H
2

6
N

4
0

4
 

PA
GE

 
1

4 IM r- rvJ f̂ l ><J K) N  (M |») in fy KW OV Of! r--1 ^
u .  I  y  » I

O  L r i < r ( M K t O f O N ' O t N J r O i A s r N K 1 > l ' O O c O N i n f \ . +  ^ « , ^ A

-J 0 > 0 0 - O O s O , O s O s O O > C ' O O s O v O > O v O s O O s O > O s Q s O s 0 ^ s O < S ' O s O v O > n ^ ^ s n ^ r ^

x  ^ ^ Y 0 r “ °UK1 s t ‘A N - (>oc>' 2 (f ' f V T ti1T 0 r ‘ K W s 0 ^ T t " “ (VJ^ <>tA^ fM^ ^
11 I

U  ' O f O ' O t n O ' O - N ^ M r - l A O O O M s J O ' O o O ^ O v ' s r o O i n ' O ^u. I r M |
I  I

I r  r  I r  f N  | | | | ^- | i
< i  i

K l C O M M ? - L r t W v l - i n r -
I I I

O  S K ) l A s t t - s f K ' 4 ‘ llO r i f \ s O O O W ' 4 ’ 0 < l f l O l r t o O ' > i , 0 0 ' 0 ' O t A M o O S > ' r O n A K l > t | / \ r > u .  r -  t — CM r -  r -  r *  fM (\j *» ^

. J  < j ^ > 0 v 0 ' 0 0 ^ ' 0 ' 0 ' 0 ' 0 ' ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 * 0 ' 0 ' 0 ' 0 ' 0 ' 0 v 0 ' 0 ' 0 ' 0 > 0 ' 0 « - o o«-• <»— <«—* <r— ■<p-~ «— <r** 'r— <r*“ «r—  <e~ <(*“ ■r— r— t— «“» i«*— r-* r—■ v— v— v— • v-*

X  □ W f n x J - i n ^ N O O r r ' o e O N ' O i n s r M i M r O f N f n ^ i n s O N o o r O ' O O N ' O i n ^ r
t - r - r - r - l l l l l l i l  «“  I I I I I I

I I I

O  N f \ j m v O O K I ( M O J f r ) 0 ' J - t j 0 14 ' | v . i V f O x O | v o o O ( M r O ' > r { \ ( r v l ^ M n v r i X ) O O N n ^ ' O r - I v .
Uu i l l  I nr- nr* n— r  N  r  r  (*■ r  |  | |  l l l l  <— r—

I I I  I I

O  N > ( \ l K l s O ' O f v J r J t * n ? 0 0 ' r O C i O K l N ‘ rs- " 4 ' ' 0 <> OOOC > f Vi s r ' 4 ‘ { \ l K J K ) l A ^ O O O O N . K l ' 4 - l A f \ l I s-
U-  r - ‘ nr *nr “ ' r “ CVIn"*ni— t“ ' <— <r-

_ j ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 0 ' 0 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' f i ' 0 ^ ‘' 0 ' 0 ' 0 '0 ' 0 0 'c '<J1{*m 4̂M» qm, if-* ĥm <jpM> <£m» ifmm qt* jm* ><p** p̂-» ip» f»» If** If"* *5“  V"
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y— y — y .  î Miv y — y — y — y«. y  y -  y*— y  * y  y — •-—* < y  y  y  y  y *  y  y  y  t»y y =  y  y  - y

rrrrrr(M(\IWWfil(\iinin>t'JlftUMv.OOrrrrrrrrrrMp.iru

^  N  < 0  m  M  4 . -O CM r -  f O s t  r O CM CO f*.  0 0  4  - O  s f  O  s j  t— ' O | v  vj- CM CM r- i . 0  i n  sj -  a j
I I I I I I I I  I I I I I I I x— X— X— |  I |  I X-  X“  x~

I I I  I I I



O
B

SE
R

V
E

D
 

AN
D 

C
A

L
C

U
L

A
T

E
D

 
ST

R
U

C
T

U
R

E
 

FA
C 

TO
 

: 
FO

R 
C 

YC 
LO

U
N

D
t.

 C
YL

 
N

A
PH

T
H

A
L

 
AL

T 
P 

\ C
. 

' 
2

'.

ro r ■! si iv a K O -Cf i'- \f*.
I i t  f I t i t

n  y  f\t r> m  r v .  i v  .  j -  t r ,  
i y  i i i

i> i t

» in  < -  «n v” >•-. „ -o  st; tr, o- r-~ tn  in  r. r  -A' tv- '■* o  -o  O  tn. o  <  y

o 'O O CO O vy; o(> rv  ’■•j 00 "V "0 j n:> O  >  O  >  O' :>  O  f*. O' r>  o  t>
y  r   --- y  ».—■ ■?--- r---r ~  c ~  y .  V~ V------ «--- y  y  <---   y  r,-~ ;— y  . f .-,J ,'V} • XI I'M

J f-.l m  -st M n  in  'O O  N* 0 -  OO 1>

t -  v -  m  >o rv y  t— fv  vi c -  in  <o ro tj i . - o x  to  y  «— f\, m  t — ro r -  c  •■' o -  m  or
t f t t t l t I t l I « t i | «— i i | i «— t i i t i t i i i i j

I l l

•h ” j or- in ,xi «n ■ ft) n. in n. no o m xi n in n  tv >n r\« .y tv. m tv m . , y  >,
t “  t <“ r 1* I I I I I t ! t T“ I y  | I | «— I V" I r—

l i t  I I

u. so a tv. o  m oo nv cm n  r>< >;n iv »v jv |v - : so tn -> O <v rv x- rv m :V|

O
U- ( v N N N N - K N N N N V N S N i V N i v . N N V M V N N N , V | V  r .■ .x,

Ci Xi m tx» rO K> vf vf' V in l A i n i n 'O O O O N N N  >0 O' O O O y  r- r- r*

1— i\l Os vO CM r.J v- I'M 
y  | I < i t
I

o <\t n* tr- os .v- n  «.* ro y  *<•• y  x- v  vj r-_ ••
l i t  I I I r- t I I r~ ! I I x- I | ! » t I

I I I I

s o  m  013 t n  N-  n  s o  cjo r o  o
I 1 I s — |

r -  - j - i"0 o  c' j  n  rv. cn vt'  l t i  iv_

o. o  os sta rv. set rv. fv • rv o n -  a cm m m o
v — 1 1  i—  r  r  I ^ \  -  s—  j

I I I I

O 00 sC O' un .Xi O' so IV r- K1 r- cC O vj Cv fO tn O  Os

c  o  o  ' C v O ' O O ' C ' O  -o s o  s o  s£> s o  so  o  s c  s o  o  -n  so  fs- rv- f v  | v  rv i v  n  rv tv. rs- rv rv
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ny <{*■» ĵMM» ^1* Xmm
<
X

Q£
3

3«£ 0 J O J O J O J 0 J 0 J O J O J r o ro ( O r o r o r o s r s r s r i n i n i n n S3 S3 S3 S3 0- 0- 0 - rs. ( v . OO 00 00 o C_J
O J O J 0 J O J O J O J O J O J O J O J O J O J O J O J O J O J O J O J O J O J O J O J O J 0 J O J O J O J 0 J O J O J 0 J O J O J O J ro r o

0£ X s T r o O J *— o rur o O J I'M. o «■** O J r o O J o O J o r - r o O J r a r o s r O J o * - C\ J 0 J t o s r ro OJ r
O I I I I I I  i l l  I I  I I  I I I

if)
■JC.
O O L'>t^K‘i M( \ j ( \ i ( \ ) ( MgO' >OK1f ONt A,4 ' £iOOONlAiAr- ' «j ‘ t ~ N ,J ' f S J i A i o N - N l s- N ' 0 ' O r , rM 
I—  I I I |  I  I  I  I  I  r -  I r -  I I *“  I I c -  r -
s-> I I I
<t
u .

O i n s t ( \ j [ \ i r o t \ i f A f \ i o o iO ( \ i r O M i A ' 4 ’ a o x ) f O ' J ' i A M i o t “ N ' } , ( \ j i n i A N f O ' O M ' 0 ' O r \ j r l 
UJ  LL t — r — t — r— c ~QC
3
i-*
L J  mJ  <*“  V-** t -*' 1t“"i 'T"** ‘O'* V*1* v**  t - *  1c“" *̂**' tr*" f* *  C*** C“  t*** <*" K*** <*“  <“*■ <r" r**  ^— t ~~ r—
3
C£l~ V C s C 0 0 0 0 0 0 O O . O C K ^ OO O C N O O c r , O O O O O a O O O t - ’t -<r - r - t “ V-r-v-r--'C“ 0>j
OO t - r - r - r T ' t “ « - r * T - r * r - r - r - r - N M N N ( \ i r d f M ( \ ( t \ l W t \ l ( M ( \ J M O J ( \ j r v J f M O J N O J f \ J

£3 X l O O N . O O ' O i n s l “Kl( \>ir O O J I ^ ^ , < l l A « « t f O N ' r O r * t \ i > J ’ i A ' O l A > t M N < r r i r « ( \ l t O ' 0
UJ I I I I I I I I I I I I I I I I I I I
<_j
3

O
«Q O K i ' 0 ( M s r f 0 K l M ' J ' 0 0 0 ' « “ f M i A O l M N W K 1 ( \ J N ,O r - < M 0 S M ' J i n r 0 f ' J r - f M j - O u J ( N J
7  U _  «■”  r — n“  r — <t—
«
Ct
>
Q£
UJ V l A l A N O ' O ' O ' O ' O ' O ' O ' O ' O ' O ' O ' O ' O O N N N N N N N N N N C O i X i O O a o o O ' j O c O t X j u O O O
( /)  q«M ffM» {M* |MI |(Mt qpMH <f*» <(tt» <£■« '{M ^  -»»

CO
O  X  s f i n S ' O t n ' J M r - O r M l O ' J ’ t r t ' O N O O ' O t n ^ M r - O r W s l - ' O l f K r f l r O r ' t N J r O s I '

I I I I I I I I I I I I I I I I I



OB
SE

RV
ED

 
AN

D 
CA

LC
UL

AT
ED

 
ST

RU
CT

UR
E 

FA
CT

OR
S 

FO
R 

UR
 

ET
HA

NE
C 

11
 

C2
3 

H3
1 

N1
 

02
 

PA
G

E
sr  v-» f s p o ' o n f M i n ( ^ n s r r ' f O f o i A ^ r s r t “ N f n i n i M ( M s o ( M v i > - r v i r o N < 4 , { \ » f v » i n f n ' o r ^  

u. | | | | | | I r* | | |  I | | | | | | t

o  o o s r t n s r n i i n o o s r ' 4 ‘ < r » s r K > s r i n s * f u r u r u i n r u O ' i f s * o o o o o o c u f n N » ' 4 - n i f ’0 > 4 ' f n f s - ' 0
u. r**

>j { \ j r u o u o u n j p u o u n j o u n j o j o j r u o u o u n i r u o u o u o u o u o u n j n j o j o u o u r u o u c u n j r u o u r u r \ j o u  

3* O ' O ' O O ^ N N N N N N N N N N N i W o O o O f l O o O O O O O C O o O e O O O O ' O O ' O ' O ' ^ O ' a Oifm. IJM {**» {fan tjaM frn qim jqm» fmm qm» (p* qpa» qpu* f »  qMb

X - 4 ' i n O N O O l A S M M t “ O r * N K l S | - O O O N ' O l A v f K ) r - 0 ( V i K t S f N ^ l A > r K ) ( \ i r - C r -
I I I I I I I | | | | | I I I | I I I

O ^ I ' O r V M M ' J ' i n N f l O M ^ ' t i n ' O l r t f O O O i n i / M n K K M N J M K K M A ^ l A ^ N O ' O ' O W N
U u l l  *“ I I I I  f - | | | |  » I t-

I

FO

s T •*4- * ~ hO sT sr SO 18 o - 00 in f O I T '0 'O l O O O ^ 'O i n f O O K ) N U ( M r U < l f O o o o«—
N- tn

- J ru ru cu OJ OJ ru OJ ru OJ ru OJ OJ OJ Oj OJ ou ru 2 2 2 ru ru ru 2 2 ru ru ru ru OU ru OJ OJ OJ ou

K1 K1 sr si- sr sr sr sr sr sr >r sr s4 *4- sr in m in in in in tn in in in in in in o O S3 S3 >o O S3
t“ r- <r* r“ *■** <—r ~ t—<r- <r* r “ **» «— T“ r - r “ t~ r - «■“ r** ir* r - *“■

x U J f s . o o o - O i n * 4 m OU c — O <r* OU sr in o  in sr m oj f * o ru m > r in S 3 IS . S 3 sr m ru r - o r -
I I I I I I I I I I I I I I I I I I I

o  N v o t A ( \ i ' 4 , ' r M W N ' j - u i u w c i O K i ' r K i < i ' O O N a ' O o o o O ' 4 - f n r o i n N N f \ j ' r t \ J O ' i A
IX.  t — I I I  I I I r ~  I t - < — I I I I O  r -  f O  * -  I M  I  r -  r -  I

I I I

o  N O O i A K l K l ' r r i M M n i n ' O N J O f n W m i n N O J ' O O M N ^ t M n M i n N a f M i n r j O ' O
m_ <r -  i r *  r “  m  <“  m  p — r v j « — r ~ r -

_j ou ru ru ru ou ru ru ru m  ru ru ou m  o i  ru oj ou ou ou ru ou ou oj oj m  ru ou ou ru txi ru ru ru cu ru ru

V O c 3 0  0  0 r m - < - r r r ' r r r f \ l N N N ( V I ( M N M N N t O M M f O P O f O , * O ^ K i i lO
r- r_ T_ ^ . T— r- r~ T_ 7—

X W ^ U i r \ v O N O i r i U M M G r f V U i n i n ^ M ' i “ O t - N M ^ v O c O N g o J r ' O r ' ( M g i r ,
I I I I I I I I I I I I I I I

a  oj <r i n  oo ro  o  rn in  ou ru <n ru  m ru m o  o  0- ru  -o sr in ^  ru  ru  «— oo «r- oo ro ru «— ro r j
r- I I m  r* (O U  I I I | c -  I r -  <r- I I <— p- 0 1
I I I I I I

O r ‘ t r i u i n O ' U , <3'Otni“ tM'4, MfOMK>’' 0 ' O N ' 0 ( \ l i n U , ‘OU, W(\iOJCO(\JOOiAtO(MM 
<r“ (XI t— N~] xT r— r~ r- r— r—

fvi ru ru  oj ru ru ru ru ru ru ru ru o j  ru  ru  ru o i  ru  ru ru o j  ru o j  ru oj o j  ru ou ou o s  x i o> o. t v  o j  x

Is. 0- N- 00 00 0 0  00 00 CO 00 0 0  OO OO OO CO O  CN CT* O  CO O' O' O  O  O  O  O  O  O  O  O  O  O  O  OJ c
r ~  r ~  r — p *  r — r ~  r *  r *  r -  r *

^ 1  (fl jv  N  iA Kl fM r -  O  r -  M '5  oo O' ®  in  u  M W r -  o  O  fM U  O  a  N  r  iO U- M PJ r -  - . *—
I I I I I I I I I I I I I I I I I I I

i f t U O N « O M M i r i r  
<-* r~  in  I x—

I

r 1 N  r o  M  r o  O0 VO I A  r -  U  i n  r  O  O J  fO  I A  N  M  M  U  X  u n  M  ,V1 o  r -  
I  I  I I I  I  O J  I  I  I I  I  I  I  I  I  I  I  | r -

I I

O O i n N M ' O O r - i n f n O ' O I O O U ' t M f U e O ' O i A r ' U U T v J O ' M O J U ' M K l M U M ' O U - i U i O t -  
Ix. <p— t-> in «— OJ r—

_ i  r u o u n j n j n j r u r u o u r u r u n j n j n j r u n j r u n i n j r u o o o j r u o j n i c u o u o j o j o u o j r u r u r u r u m r u  

v: i r i / M n i r i A i A i n i r o n i n i A i n m ' O ' O ' O ' O ' O ' O O ' O ' O ' O ' O ' O ' O O ' O S N N N N N N N

N O i r u - n r u i - C i t - N K i U ' i n N o o ' O i n s r r r i c v K - C f - r o i o u i r o o N N ' O i n M r - o t - M  
I I l I I I I l I I I I l l I I I I



O
BS

ER
V

ED
 

AN
D 

CA
LC

UL
AT

ED
 

ST
R

U
C

T
U

R
E

 
FA

C
TO

R
S 

FO
R 

O
R

ET
H

A
N

EC
11

 
C2

3 
H3

1 
N1

 
02

 
PA

G
E

vn ir\rvixjmMK)i^^NfNJOU'OU'(^rviKii'Oi/ iforf ] N O ' n i n u i t ? . ' 0 |N.vTtMrnrvjr“ (\jr-ou
i i i i i i r* r  r* r  | I | |

I I I
r -  r *  f — I 
I I I

I I

O  L n N C O - « 4 - ' J - K l N ^ N f O O O o O C h l > M ' 4 - M O h O N N O v K ) l A i n r - N N ' J N M n r “ r ^ ( M O O
U .  <*“  <r— r ~  >r“  r — *— t — <r- <\ j  r>* n— r -

-J P O f n M f n K 1 M f O y i f n f O f O K t W K 1 f O K 1 f O K I K l M l O M K » l ^ f O W l ^ K ) l < l M K 1 h K i r O f O I O

M O O ^ - O O N NNN NN NN NN NNN NN o OO OOO OO OO OOC Oo O CO o OCO OC j O OO OO'

X x t i f t ' O N W O O ' O t r t ' t f n M f O r i S i P O ^ ^ N a O N ' O I A ^ I V l O t - M i O ' t ' O N o O N ' O ^
I I I I I I I I I I I I I I I

O  i n s j T - « ) O i A f \ J r - r v J r w r v J O N O t \ J K l > f r - C O O i n N ' J O h O K l N ^ ' f ! ^ W M M o O r O f O
Uu f O  r o  > »  I I I r  I N ( M  t — vj -  «— |  |  I |  |  r -  |  r — t — < T  r -

I I I  I I I I I

o  i A ' 4 , f O s O O ' 0 ( O N r J r ‘ M M N O { V I ' 4 t O M a o O ' 4 , N i n i A I O f O N ' J , ' 4 , r O C i O i O < \ l o O ' t r ‘
U. Kl tO sf r  (\1 M r* IO r  <r- *— r— xT r—

„ j  l O M i o r o r o K i r o i o r O f o r o r o r o r o r o r o r o i o r o r o t o i o t o r o i o i o i o t o i o t O f o i o r o r o i o t o

^  •<i'<»-stsr'«4*sah'sr>4‘ i<r“4' ' 4- iAini / ‘»mwr>minir»tniAiniur»tr»tAsO'0‘0 > o < j ,«£)‘0 ,O sO ' 0 ' 0

X l < i r - O r - p d r n i n O N < J O C > O i n ' < r i O O J r Q r - M I O ' 4 , i n ' O N N ' 0 ^ > r n O J r Q r - M r o
I I  I l I I I I I I I l l I I

O ♦ » ' J - i O I O 0 ' C > i \ f ' « f l O r > O ^ r ! A N r 0 I O I O O i f i O ‘ r ( O |r »ONl 0 ' O ' OO{M( MOsr (SJ00
U_ I I I  <“  (XI f\l <“ r  | r* t— r - f x i v t t -  C\i<t~r-(XI | « — t— r— (XI <(—

I I I

O N ' t i O r O O ' C O l O f O N r N ' l ' ^ ' O M O M l O C i n O ' t - i O M M O K i ' O ’O O C M f v J O ' ^ N ' r
u_ r “ (XI rxl r-  k— t— «r-rx|s4-*—CU<-~»— (XI t— CO (Xi

_j {OK^ro i oro t o i o t o rnrorornNnrororoKi i fOrororo t ororo i ' Ororo i OfOi ofOf ' OfOi ororn

v: r~ r-  txi ru (xi jxi oj rxi ru ru f\i ru ru cxi cu <o to m ro no ro ro ro ro ro ro ro to >4- .j- <4- 4 -

x  t o ^ i n O N s O i n ^ r o i x i r - o ^ - t M f O ' d - ’O o O N s O i r i ' j ' r o N t - O r - f M i o i o O ' o o N ' O i o ^
I l I I I I I l l I I l I l I l I l l I l

o  4 - r 4 ( \ i r u m \ o f ,- tOiOin(n?o<\ i ru<xi  
u- I I I I I I I I I I I I

IO r-  ro (Xi t~ r -  r-
I I I I I

O l l O O ' f ' O ' O C O O N r *  
r- r-  IO (XI fxl 4  I *- I IO
I I I I I I I

o  r o ( x i r u r u u ‘\ f x . u 3 4 ; O i O t A f O c o r u f u r “ <t-“ *““ iocu(x»<\i<\i«-r-*t-- to IA N  N >0 N  CO O- O  r\l<“ r* ro oj (x ro

.J ru ru r\j ru fvi rxi f\i ru txi ro cu ru ru ru «\i cxi ru ru ru <\> ru <>i cxi <xi ru cxi to ro so to ro ro ro ro ro  ro

r O U , ' 4 ’ U U ' U ' U ' ' U i n i n i n i r i n i O ' O ' £ l N N N N 0 0 a 0 ^ O ' O < “ » ~ r - t “ r - T - t - r - ( - r - r *
cucuo dfx ic x io uc u i rx ic u ru oucx ic u ru fu cur uc x ic u fx icx ic ur x i ru io ro

X I O ' C ' i M O M r * O M r O { X l r - D N l O t O l A > 0 ' t r “ s t t - O N M O M S ' O O U - | 0 ( N j r * O r - M  
I I I I I I I I  I I I  I I I I I I I I I I

O C O t X i O l O N U ' 0 " O i n r " M t - I O ' O I A N r - 0 * U ( X / O M l O t “ '0'OCMOOO'f(\JlOrvjAO'OlX
U. | r* r-  r— r— | I I I I I I  I I t I

o  0 ( x i L n K ) ( x i > t c a ' O i A ( \ i N O J f o i n t o i x ( x i a ' i n r - r o w r o t X ' O N a i ' J O ' t O K ' i U ‘ r - ' 0  o  rxi
u» r-  <t~

_J ru (\i r j  ru (Xi ru cxj rxl ro ru cxi cxi ru <\j (Xi txi ru rxj rxi (xi cxi ru ru (Xi cxi fxi cxi <xj ru cxi ru ru txi rxi ru ru

0'OOOOOOOOOOOt“rr'»-rrr(VI(M(M(M(\ll\JNNNNNiolOIOK)MIO
' r -rxirotxi<xi(xi(xjcxiroro(xi(xi(xi(xi(xj(xiro(xir0(xicxiixi(xi(xi(xi(\ i{xi(xiro(xi(xifxiro(xj(xirxi

X  N ' O i n s r l O ( X l r * r ‘ l O ' t i n ' O l f i S M O ( \ i t - O r ' N ' O i n > i M O N » - O r > ( X i f O > O r v l ( “ O t * < \ l  
I I I I I I I I I I I I I I I I I I I I I



OB
SE

RV
ED

 
AN

D 
CA

LC
UL

AT
ED

 
ST

RU
CT

UR
E 

FA
CT

OR
S 

FO
R 

UR 
E

TH
A

N
EC

11
 

C2
3 

H3
1 

N1
 

02
 

PA
G

E
so ao'<4, c y 4 ' N T “ r ' M ' O f n ( M r y r o « o r o K i ( » < 3 i n f M ( \ m ‘<Tr*fMMryrvin<ij’ (\it“ riow(M

u- I i I I | r* <r I i I i I I I I I I  I I I I I I
I I I

O <sOsrtXJiArs.O<!“ (XJirx.tO<xirOfOSQ>Gsrrotx.>OtArOrOfOtOtXlrOtOrorosrsrrorolO<r>t- 
u ,  r~  <r- *~

—J t o t o t o t o t o t o t o t o t o t o r o r o t o t o t o t o t o t o t o t o t o t o t o t o t o t o t o t o t o t o t o t o t o r o t o t o

y tvi (XI t o t o t o t o t o t o t o r o t o •>r >3“ •sfr X# x4* ST s r s r s r s r IA IA tA tA lA iA o SO SO o SO sO fs. fs. oO
(XI r o CVI r o (XI CO r o r o CO r o r o r o r o r o (Xi CXI r o (Xi r o r o r o r o (XI r o (XI (XI r o r o r o r o r o (XI (XI (XI r o r o

X (Xi o IA o r t o r o o «-* t o o IA s r r o r o r* o r * (XI t o (A (Xi «— r- t o s r s r r o T~ o t o *•“ a A
I l I 1 l l I I 1 l 1 I 1 1 1 l I 1 1 l

FC 00 oo
1

ro ro ro s r  t o  s r  s o  s r  la 
r “ 
1

lA **»
*“* t o t o ro

I
ro
1

>o s r
i

r o s . r r o s r < - r ~ < - - r - ( x ii t»
r s . t o ( x i t o s O « 0 ‘ ' 4 - t o  
i I I i i i I i

o 00 00 (XI (XI (XI 5 4 5 7 4 3 O © to t o ro (XI i n o , ( x i i n i r ( \ t f x i ( x i r > N |r N O , t r M N O ' 0 ’ (\ i
u .  r -  <r* *“■

^  W O O O O O O ^ O ' O ' O O ' O ' a O ' O ' O O O O O O O O O O O r r r r r r N W W W i M N
*-r-*-‘ <«~r-*<~t-t“ r “ r-f-<c~r-«~r~r\ l txirororofOrororU(Xirorororo(XJ(Xiro(xi<Xirofo

X  N ' < r u i ' « o O N ' O i O f O r * 0 ( M f n ' 4 ' i f l W N ' 0 > n N O « “ ( M ( n i lO ( M O r ' W i * i i n ' J i n r y T - o
I I I I I I I I I I I I I  I I I I I

o  o o o O ' K > f o r * M r o r ' i n s f N « ) > o t M N r o s a - u ,i>i ' 'Ofna>oo«fcs r o O ' 4 - f o r v j s m f V s f O ' 0 '  
u. «- *- I «- I I I I I I I I  -r- I I * I I I

I I I

o  f l O t » O n f ' J M M H 1 N ' € f O ' O N ' O f O < “ N i n i n ' 4 , '0'4, O I » { M ' J N ^ ' r d ( \ ) s t f n ( V J ^ { > 0
L i  I /m .  <(—  <f«*. <f-» * —

V i n i r i ^ m i / i i r i ' O ' C ' O - O ' O O ' O ' O O N K N K N N N N N N N N N M ^ M o O i X i c O o o J O
t — *—• V” <i*“ <f~ «■** t*“ r “  <“ ■ r “* *■* t*“ *— <r~ «*“ c “  «■“  *■“ 1“" r~  r ~  r “  t ~  T“ r~  t “* f — ' r - T - f - r — ' r - r - * * * '

X n a M f O ' J - i n o O O W f \ i r - O P O ^ s J O ' O O M A s } - W r O r - O O J r O s f L n ' O O O i n K l N r - 0 » -
I I I I I I I I I I I I I I I I I I I

o  ' O N ' O i \ i D ' d , t - r ‘ ' O t M i n ' j - [ > ^ O i A o o ^ s t t \ j i n f o u M |or jooocvi (Mroo ' ' OM(M(M>o 
U_ r  I W  I r  |  l i l t  I I  I t -  I I I I I I

I I I

o NN.^oNCLnwNoowiAKiOsJ’MAoOfO'J'sj-^r^inKirMO'atONwcMnwfMM o
u. *— CO c -  r -  <—

_J  m  W'*! K1 i-;*> fVi fA fO iO SO tO O  iO tO O  tO iO fO tO tO O  r o  t o  O  O  O  O  ro  K l r-‘i O  O  O  ro  i-A ;A  s~>

v  ro cxi co ro ro (xi co ro rxi cxi txj oj to  o  o  o  o  o  o  o  ro o  o  o  --J- '4- -o- s t  st- sr  sr sr  sr  o  i.n o

X sCAO(Xir~Or-rJOsriA<)s4-^Aro*-*r:>r-C\JrO'>riASDts*oost tOt-“ *“ (\lrO>rsO|s.tf-\st 
I I I I I I I I I I I I I I I I

O N O ^ t l A M r ' ‘0 ' 0 ! M ( \ i M t O ' 0 ' J - K 1 N N O ' O N t A i n f O s J i A G r o i n K 1 o O r O M i n K > s t A  
u »  r -  CO r ~  CXi t — I I I ( \ J  W  t o  s t  s t  f \ J  I V— V— t— I <■— |  r ~  I I

I I  I I

O «Dr-fO' -O(M(\l inNM(M(MrvJ'O'4' tnrwS(\Jsfa3inir>>4>K|sl-r“ (\lstsfC)0fMfvjinstiAK'i 
u- 1— (XI r -  CO t -  f*  (Xi (XI fO -xT sT CO r -  * - t— t -

_» r o t o K i t o t o t n t o t o K i t n w i t O K i m t n r ^ t O M r O K i K i t o t o t n y i t o K i A A A h n  o  to to ro t< i

V O O O O O s O O O O K O O O O O O O O O O O O O O O r - t - r - T - r - r - t - t - r - ^ o j C v J

X  s t M r > r ' ( \ J t O * J , l A N ( X ) 0 ' O O N ' 4 ' M M r O ' r M M > 4 0 N i r f ^ y i r o « “ O t “ t n > 4 - i n o O N  
I I I  I I I I I I I I I I I I I t



OB
SE

RV
ED

 
AN

D 
CA

LC
UL

AT
ED

 
ST

RU
CT

UR
E 

FA
CT

OR
S 

FO
R 

U
R

ET
H

A
N

EC
11

 
C2

3 
H3

1 
N1

 
02

 
PA

G
E

u -  I I <r* I < -  ■ f i l  l  ( \ l  I  I N r  I I r  K i N N
I I I I t i l l

O Kl Ms T’4 ' N i AO n ^ - O i X ) ' t t ~ i n N ' 4 ' r O ( \ J K l Kl ' J ' C i r N J ' l ' K1 N l AO O ' f s t MC > < ^ O r v J N  
u .  r -  <r-  r ~  ( \ t  ( M r -  <— OJ  (VI c\ J

i<£ O K O ' O ' O ' O ' O O O O O O O O O O O O O f r r r r r r r r r M N W M W N N Mftm qmm ftm ifm |M» <gn» qm* ^mi (jm» <(m» {go* <gaM qM* qwt <pat

x  ! ' 0 -^ L n o »v .> O L A > < * -h o c \ i t ~ -o t - f v jK i ' s t^ n > O o O 'O u n -< r h O (v i r * O h O ' J h sO ir . ' 4 - r O ( \ J T ~ a r N j  
I I I I I I I I I I I I I I I I I I I

O • ^ ( V I M > t l O ( O a s r r i A WO ^ ' O O O M i A r ‘ O r v i ( M W K ) ^ O O i » s t M ( \ J f O « ) N O O N N
U -  I  I I I  I  r  |  r r o  r  N  I  I  r —  ( \ j  |

I

O rOMWinKlKiMfOWMNOKNNKllANNMt- 'O^KION'OlAMIOrOOrvlOacO'O
U. r— (VJ <e— (Vi r-  (Vi

^ ' CNNNNNNNNNNNNNoOdOCOOO' XI OOOOOOOOOa oOoOa OO' O' O ' O' OO' O ' O'  

X ' 0 N C 0 v 0 i n ' J ' M ( V J ' r O ' r * ( M r n ' T i n < 0 ^ ' J ' ^ ( \ I Q r * ( M t * ' W i n x 0 N N > 0 ‘A M ( \ i r * a ( M
I I I I I I I I I I I I I I I I I I

O  i n r O O O r - i A r j a C i s l ‘ ' O M T * Q ' O K I K ' i ^ N ‘0 ' O N ' O N ' O M M O O ' T r - C M ( M ^ f O i n N
U .  K )  I  N  I I I I I  I «•“  I r -  I I <“  I I I |  I I I r >  |  < r  r -  I I I

I I I  I

O  < > 4 ' 0 ' 0 0 ' 0 ( M O O < < | - ' O M ( V J C I ' O l A K l N t f O ' 0 ' 0 ( M ' O N ' O M ( M O O K | ( V i O t O i \ | s t f O ' ' < j S O
U .  CO (VI <r* «“ • «“  r -  *— r -

v  >j‘ ' j ^ ' t > # ' # - j , ' j ' ' 4 ‘ ‘J ‘ s t i / M n i / M ( i i n i / M / M / M n i n i n i n i n > 0 ' 0 ' 0 ' 0 ' 0 ' 0 ' 0 0 ' 0 ' 0 ' 0 ' 0

X  r O ( \ J ' f ‘ 0 < - l M K 1 > 3 - i n > O N C ' O i r ( ' J | ^ M t - O M f O ' d ‘ l / \ > O O O O N ' 0 < l T J r * O r * ‘ ( M h n i A
I I I  r ~  I I I I I I I I I I I I I

I

O  r i ^ K 1 0 0 r * r - N l v o O N Q < l i n s r K ' l ' « * ' t l O n r ' O T - ( \ J i A O l O N i n r J ’4 >4 , f O l r t i n K ) ' < i
u- r  r  r  I (M fO W I I I r* <- (M | t -  «J" I I

I I I  I I

o  cm ki m co 00N.r**<>O-OU^£A'4‘ <vt'4‘ K>rUf-*O<r‘ (\l tnO|v. |v-*4, (Vis|-iA'«J-^O(VI'O
t— i'-O (VI -Vi «— <r- (VI f -  < f

_j -cr - t  vj- -<f- -»j- ‘<j- n3' -4 - <f- -*4~ -j- -j-j- st *  - * t  <fr -< t < * -■ -$  < t  < t  < t  ■*? < r -.3- -cr

v  (vif \ j ( \ j rvipucvj (vjpO(vir j(vi{\ j (vi(Vip.Jf \ i (vi(ViK)roroKiK)rorOfOrOf<''»fOro^O!^o-j| 'va*-j--j- 

X 0 > > O O N O l A ' 4 ' K ' f ' - J r * 0 « “ ( \ j | ^ ' f n ' O N C O N ' 0 ^ ' l ' r O ( \ j r  O  r-  (VI K1 *'$• UP O  l/p vj-
v- I I I | | | I | | I I I I I I I I I I I I
I

Mf \ JKlN( \J( \ j r JNr- iAr*OON(MtSJI /MnfOfVJry 'OCO'Or-oO(0(Oinr>inMr- '4-«X)M 
I I I I I I |  s4- I I I  I rvi r -  I r - r - I J

I I

r v i  (V i  k i  o o  h o  ( \ j  p j  cv j  t v i  o  o  ^  ( M  t n  r o  c * J  c v i  o  Is -  t r v  o j  o  K i  - j -  ^4 "  r v i  - < r  c v i  K i  - n  p j

X

O O O O O O O O O O O O O O O O O O O O O O
(MiM<M(VirsJK»|>OihOrO
Of^l(Vir-(M(VlO'r-ruiv.<sj-{Vlr“ 0 « ,“ rvirO<J-inON-0'(X3Is- ' CLn ' 4 -M(Vl r -Or - fv i rovrLn  

I I  I I I I I I I I I I I I I I



O
BS

ER
VE

D 
AM

D 
CA

LC
UL

AT
ED

 
ST

R
U

C
T

U
R

E
 

FA
C

TO
R

S 
FO

R 
UR 

ET
HA

M
EC

 
11

 
C2

3 
H3

1 
Nt

 
02

 
PA

G
E

co cj 'J‘ « M ' 4 , 0 ' t \ J Nt Mi n ( \ ) r J i n i n t n o o ' 0 ' f l ‘ iin o u o r o c M ^ s r <<r ' tMNMn(v( \ jpO' ONrvi  
u- I x- x~ x- x» I I l i l t  x- <— x~ | | I I I | I | x— x-» | I I I

t i l l  I

O s t s O i n t n x - s t f v . p J t n i ’nnJ in ' OtnoOsOs t mOoOr ' Os toOOO' t s t nJps .N. inooni s t sOOIOJ
U. r  r* l\l t ” t— x— x*“ x—

_i i r t iAif t i /MAiAtniAi /M/Mrt iA(Ti iniAiniAi r t i r t tAiAinuMAiAininuMAtAininiAini r \ in

inL P O J ' O P n K i r o r ' O p o P O f O P O p n s t s t s t ' s t s t s t s t s t s t s t s t s t s t i n i n i n i n t n i n i n i n t n i n i n i n

X Ntn(NJr“O r - 0 J f 0 ' ^ O N C M t t N O l A ^ f 0 « “ O<rNKi <C>00' t l^( \J<rOr-NM>l - in
I I I I I I I I I I I I I I I I I I

x-OPOfOPJOOf\)x-nJx~rosOininstx-pOsOaQPs.rU<--ststx-COx-MO'aomoJrOx-t>nnj 
I I  I I I r~ x— x -  « -  < r  N  f O  *“  |  |  I I I I

I I

P d r N K | r N ( S i t “ rJr*CMlrtUMn'4‘ M N i n i 3 0 C O O ' 4 ' ' » ' r * C h r i n r « ) r t P J M r - r O M
x— r“ r“ r- pj Kl (M

^ ' 4 , *>i''4, ^ < , 'd, ,4 ,s f ' + ' 4 , i r t i A u i i n ^ i A i r n r t t n i n i n i n i n t n i r t i n t r t ( / i i n t n i n i n i n i / M n

in in o sO sO sO o SO p- 00 2 OJ OJ 0J OJ oo 00 OJ 00 OJ 00 ro rn K)
00 OJ OJ 00 OJ OJ 0J OJ 00 OJ 0J
OJ s t V(J in '4* 00 X“ OJ oo OJ m o  co r s . i n s t r o o j x - o x - o i o ' O- st m OJ x—o t—oo m in po 00 in

I I I I I I I I I I I I I I I I I I I I I I

o  (Mr*t-nKiMK)-si -Ln>ovnininstKrKi inmKiKiMfnpJ(MinpjniM(\ j (Nj |vi fvi i>oLP»Kitn
u. I I I I I I I I I I I I I I I I I  I I I  I I I

o N M r “ ( \ l Kl r - WK) ' i ' ' 0 ' 4 - i n ' J ' S | -MK1inKlhOKi mKl ( M<- ' OMK1^Kl Kl ( \ JNKHAK' )0

s t s t s t s t s t s t s t s t s t s t s t s t s t s t s t s t s t s t s t s t s t s t s t s t s t s t s t s t s t s t s t s a - s t s t s t s t

o o o Cj O o x—X“ X—r - x—X—x—X—X—00 OJ 00 0J OJ OJ 0J 00 m K) fO m m st st sf s t tn tn in tn
oo OJ OJ 00 00 OJ OJ OJ OJ 0J 00 00 OJ 00 OJ 00 00 ro 00 OJ 00 00 00 0J OJ OJ 00 00 OJ OJ 00 OJ OJ 00 oo 00
m ro X—r\i K> in OO N- o in st m ya. o X—SO in 00 x~ o x—fO st st o x—OJ m x— o x—OJ in s t fO OJ
I I I I I I I I I I I I I I I I I

O T - n O ' O M i n O t A f M P O ' J ' M N N N N M P J t - r O N - J - t M r - f M K I ^ ' J K i C O - J - ^ r - K I K i s r  
u _  I I  I x -  x -  x— I I I  - r -  I x -  I I I I I I

I I

O
UL.

o j s t x - s o r u i n o j s t m f o ' t p j p s - r s - n j i s - f n o j x - p o o o s t  o\i x— m ro m - t  rvi O" -t ro ro m -t ro

- t  - t  s t  s t  s t  - t  s t  s t  s t  s t  s t  s t  s t  s t  s t  s t  s t  s t  s t  s t  - t  s t  s t  s t  s f  - t  s t  - t  s t  s t  > t  s t  s t  o f s t

NO o o sO sO o O sO sO SO fs- P's Ps. P - Ps. fs- Ps. Ps. Ps- 00 00 00 00 oo 00 00 Os O CP CP o O' O O ' o o
x— x— X“ x— x—x— x— x— x— x— X—X— x— X- x— x— x— X— X— X— X— T“ X—x- x—r “ x— x— x - x— OJ Oo

P- in s t m OJ x— O x— OJ s t s t m OJ X—O x— m s j in 00 in >t PO x— o x— Ps. in OO o r—f\l PO s t i/'t s t
I I I I I I I I I I I I I I I I I I I I

O i / i K l l f i r r t - N N ' O M N K l f O K l N M r - O r - M M n N O ' f M M O ^ r W ' O a j r M O f n
U-  ( I I I  x -  x -  I | |  I r -  x -  |  | t -  |  t -  t -  I r -  |  |  r -  I

I I  I I I

O > t M i A r M ( f - ( \ | M ^ M ' O f O ) O f O M ,O i > C f t “ f O ^ M ' 0 ' f ' 4 , Mr Or * s r Q£ i ONOi X! f OOK)

 I s t s t ' t s t s t s t s t s t ' t ' t ' 4 ‘ s t s t s t s t s t s t s t s t s t s t s t s t s t ' t s t s t ' t s t s t s t s t s t s t s t s t

N t \ i M f M i o r o r o K ) r O K ) r o n i O ' j , ' i ' ' f s f ' j - s t s f > f ' 4 ' - J - > f i n i A i n i n L n i O t n i o i o i n L n i o
fmm qmm fm, qM» m̂w qmm qm* <£■» âa»
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