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Preface 

While MO theory has had a profound impact on the way in which chemists think 
about reactivity problems, a corresponding influence in the area of structural chem- 
istry has been absent. Typically, "steric effects" provide the basis for rationalizing 
trends conforming to ordinary intuition and "attractive Van der Waals forces" are 
invoked to rationalize trends which are opposite to those expected on the basis of 
the concept of "steric repulsion". 

However, molecules which exist preferentially in a "crowded" geometry are 
not mere aberrations of  an order dominated by "steric effects". Indeed, in some 
classes of molecules, preference for "crowdedness" seems to be the rule rather than 
the exception. This observation stimulated an initial research of geometric isomerism 
which later blossomed into a theoretical investigation of  structural chemistry.This 
book constitutes an abbreviated account of our experiences in dealing with such 
problems during the time period June 1972 - June 1976. 

The aim of  our work has been to arrive at a qualitative understanding of the 
key factors which determine the preferred geometry of a molecule. The specific 
procedure involves three principal stages: 

a) The analysis stage, at which a one electron Htickel-type Molecular Orbital 
(MO) model is applied to the problem at hand. MO interaction diagrams are the con- 
veyors of  the key theoretical deliberations. 

b) The test stage, at which explicit quantum mechanical computations are car- 
ried out to test the validity of the model. It is important to emphasize that the target 
of  attention is not only the f'mal numerical answer but, more importantly, the print- 
out of the MO's and the density matrix. A key electronic effect leaves its mark on 
the MO's and the density matrix resulting from a calculation while the balance of 
all electronic effects is related to the computed total energy. A dominant electronic 
effect (e.g., a symmetry imposed barrier) is almost always identifiable, regardless of 
the quality of computation. By contrast, the balance of all effects is a more sensi- 
tive problem and the answer depends on the quality of  computation in a manner 
which is anything but predictable. This realization constitutes the basis for our pre- 
occupation with electronic effects and a qualitative understanding of structural 
chemistry. 

c) The application stage, at which the predictions of  the theoretical model as 
well as the additional insights provided by the explicit calculations are compared 
with the available experimental data or form the basis for the design of a new ex- 
periment. In short, the triptych espoused in this work is ANALYSIS-TEST-APPLICA- 
TION, or, ANALYSIS-COMPUTATION-PREDICTION. In the opinion of the authors, 
this method constitutes the only realistic way of approaching complex problems 

V 
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of chemical structure at this point in time. Related philosophical dispositions are 
evident in the publications of Gimarc, Hehre, Hoffmann, Lowe, and Salem. 

The present work does not answer all questions regarding "why" a given mole- 
cule exhibits a geometrical preference. Additional problems, such as the effect of 
"correlation energy" on structural trends and the related challenge of developing 
a qualitative understanding of configuration interaction within the context of a 
model, are currently under investigation. Nonetheless, we believe that the overview of 
structural chemistry developed herein is sufficiently satisfactory to arouse the inter- 
est of theoreticians and experimentalists alike, especially because the vast majority 
of chemists has been exposed to ways of thinking which are substantially different 
from those espoused in this work. 

June 1976 Nicolaos Demetrios Epiotis 
William R. Cherty 
Sason Shaik 
Ronald L. Yates 
Femando Bernardi 

VI 



Contents 

Introduct ion  . . . . . . . . . . . . . . . . . . . . . .  1 

Part I. 

1. 
1.1. 
1.2. 

1.3. 

1.4. 

Theory . . . . . . . . . . . . . . . . . . . . .  3 
General Theory . . . . . . . . . . . . . . . . . .  3 
Orbital Energies and Interaction Matrix Elements . . . . . . .  7 
The Concept of Matrix Element and Energy Gap Controlled Orbital 
Interactions . . . . . . . . . . . . . . . . . . . .  17 
Examples of Matrix Element Control of Orbital Interactions . . . .  19 

Computational Tests of  the OEMO Approach . . . . . . . . .  20 

Part II. 
2. 
2.1. 

2.2.  

2.3. 

Nonbonded Interactions . . . . . . . . . . . . . . .  23 
Theory of Nonbonded Interactions . . . . . . . . . . . .  23 
Pi Nonbonded Interactions and Pi Aromatic, Nonaromatic, and 
Antiaromatic Geometries . . . . . . . . . . . . . . .  23 
Sigma Nonbonded Interactions . . . . . . . . . . . . .  36 
Indices of  Nonbonded and Steric Interactions . . . . . . . .  40 

. 

3.1. 

3.2.  

3.3. 
3.4. 
3.5. 
3.6. 
3.7. 
3.8. 
3.9. 
3.10. 
3.11. 
3.12. 
3,13. 
3.14. 
3.15. 
3.16. 
3.17. 
3.18. 
3.19. 

The Effect of Nonbonded Interactions on Molecular Structure . 48 
Nonbonded Interaction Control of the XCX Angle in X2CH2 and 
X2 C=Y Molecules . . . . . . . . . . . . . . . . . .  49 
Conformational Isomerism of CHaCH3 and CH2XCH2X Molecules 54 
Conformational Isomerism of X4 Y2 and X2 H2 Y2 Molecules 62 
Conformational Isomerism of X - Y - Y - X  and W - X - Y - Z  Molecules. 64 
Conformational Isomerism of CH3CH=X Molecules . . . . . . .  66 
Torsional Isomerism of CHX=CHX and CHX=CHY Molecules 69 
Torsional Isomerism of CH3 CH=CHX Molecules . . . . . . . .  74 
;l'orsional Isomerism of CXY=CXY Molecules . . . . . . . .  77 
Conformational Isomerism of CH3COX Molecules . . . . . . .  81 
Conformational Isomerism of XCH2COY Molecules . . . . . .  85 
Conformational Isomerism of R - X - R  Molecules . . . . . . .  85 
Conformatlonal Isomerism of  R - X - R  Molecules . . . . . . . .  91 
Torsional Isomerism of Cations and Anions . . . . . . . . .  95 
Torsional Isomerism of Substituted Benzenes . . . . . . . . .  99 
Conformational Isomerism of Diene Systems " 102 
Nonbonded Interactions in Peptides and Polypeptides . . . . . .  108 
Torsional Isomerism in Ring Systems . . . . . . . . . . .  110  

The Concept of  the Isoconjugate Series . . . . . . . . . . .  114 
Assorted Systems . . . . . . . . . . . . . . . . . .  114 

VI! 



Contents 

4. Tests  o f  N o n b o n d e d  I n t e r a c t i o n s  . . . . . . . . . . . . .  115 

4.1.  Phys ica l  Man i f e s t a t i ons  o f  N o n b o n d e d  I n t e r a c t i o n s  . . . . . . .  115 

4.2.  S p e c t r o s c o p i c  P robes  o f  N o n b o n d e d  I n t e r a c t i o n s  . . . . . . .  123 

4.3.  Reac t iv i t y  P r o b e s  o f  N o n b o n d e d  I n t e r a c t i o n s  . . . . . . . . .  126 

Pa r t  III.  G e m i n a l  I n t e r a c t i o n s  . . . . . . . . . . . . . . . . .  131 

5. De f in i t i ons  . . . . . . . . . . . . . . . . . . . .  131 

5.1. T h e o r y  o f  L o n e  Pair -Sigma B o n d  G e m i n a l  I n t e r a c t i o n s  . . . . .  131 

5.2. The  P y r a m i d a l i t y  o f  A X  3 Molecules  . . . . . . . . . . . .  140 

5.3. Misce l laneous  P r o b l e m s  . . . . . . . . . . . . . . . .  143 

Pa r t  IV. Conjugative Interactions . . . . . . . . . . . . . . .  147 

6. D o n o r  a n d  A c c e p t o r  Molecula r  F r a g m e n t s  an d  t h e  Q u e s t i o n  o f  Syn  

. 

7 .1.  

7.2.  

7.3.  

7.4. 

7.5. 

. 

8.1. 

8.2. 

8.3. 

, 

9 .1.  

I0 .  

10.1.  

10.2. 

11. 

Par t  V. 
12. 

12.1.  

12.2.  

12.3.  

12.4.  

13. 

14. 

vs. A n t i  Overlap . . . . . . . . . . . . . . . . . . .  147 

S t r u c t u r a l  Ef fec t s  o f  n-Tr, o-~r, a n d  ~r-~r I n t e r a c t i o n s  . . . . . . .  156 

n-lr I n t e r a c t i o n s  . . . . . . . . . . . . . . . . . . .  156 

o-rr I n t e r a c t i o n s  . . . . . . . . . . . . . . . . . .  157 

a-p + I n t e r a c t i o n s  . . . . . . . . . . . . . . . . . .  158 

~r-Tr I n t e r a c t i o n s  . . . . . . . . . . . . . . . . . .  160  

C o m p e t i t i v e  n-z', a-rt, a n d  7r-Tr Ef fec t s  . . . . . . . . . . .  160 

Tests  o f  n-rt, o-Tr, a n d  7r-Tr I n t e r a c t i o n s  . . . . . . . . . . .  161 

Phys ica l  Man i f e s t a t i ons  o f  n-lr, a-rr, a n d  7r-rr I n t e r a c t i o n s  . . . . .  161 

Spec t ro scop i c  P robes  o f  n-rr, o-Tr a n d  rr-Tr I n t e r a c t i o n s  . . . . . .  162 

Reac t iv i t y  . . . . . . . . . . . . . . . . . . . .  163 

S t r u c t u r a l  Ef fec t s  o f  n - a  I n t e r a c t i o n s  . . . . . . . . . . .  163 

Possible  E x a m p l e s  o f  Mat r ix  E l e m e n t  C o n t r o l  o f  n - a  I n t e r a c t i o n s  . 182 

Tests  o f  n-o I n t e r a c t i o n s  . . . . . . . . . . . . . . .  183 

S p e c t r o s c o p i c  P robes  o f  n-a I n t e r a c t i o n s  . . . ~ . . . . . .  183 

R e a c t i v i t y  P robes  o f  n-o I n t e r a c t i o n s  . . . . . . . . . . .  185 

S t ruc tu ra l  Ef fec t s  o f  o -a  I n t e r a c t i o n s  . . . . . . . . . . .  189 

B o n d  l o n i c i t y  E f fec t s  . . . . . . . . . . . . . . . .  199 

T h e o r y  . . . . . . . . . . . . . . . . . . . . .  199 

T h e  LCFC A p p r o a c h  to  G e m i n a l  I n t e r a c t i o n s  . . . . . . . .  201 

S t r u c t u r a l  I s o m e r i s m  . . . . . . . . . . . . . . . . .  207  

B o n d  S t r e n g t h s  . . . . . . . . . . . . . . . . . .  215  

Va lence  I s o m e r i s m  . . . . . . . . . . . . . . . . .  217  

O t h e r  A p p r o a c h e s  . . . . . . . . . . . . . . . . . .  219  

C o n c l u s i o n  . . . . . . . . . . . . . . . . . . . .  2 2 9  

References . . . . . . . . . . . . . . . . . . . . . . .  223  

Author Index . . . . . . . . . . . . . . . . . . . . . .  243  

VIII 



Introduction 

In the past four years, we published various papers with the purpose of drawing the 
attention of chemists to the following possibilities: 

a) Nonbonded interactions and their influence on torsional isomerism can be 
understood within the context of simple one electron MO theory 1-8). These ideas 
are discussed in Parts I and II. 

b) Sigma interactions, designated geminal interactions, may affect the shape of 
molecules and associated shape-related properties in a manner which is also under- 
standable within the context of one electron MO theory 9). These concepts are pre- 
sented in Part III. 

, c) Chemical reactivity can be understood in terms of donor-acceptor interactions 
with definite trends being expected as one reactant becomes an increasingly better 
donor and the other an increasingly better acceptor 1~ These ideas have 
now been applied in an explicit manner to problems of molecular structure and are 
discussed in Part IV under the heading of conjugative interactions. 

d) Bond ionicity effects can be best understood by means of an effective one 
electron configuration interaction approach in a way which is suitable for the for- 
mulation of  general predictive rules 1 s). These ideas are discussed in Part V. 

These sense in which terms like conjugative interactions, nonbonded inter- 
actions, etc., are meant will become clear when we discuss each individual type of 
interaction or effect. Suffice to say that, in many instances, conjugative interactions 
as well as geminal interactions or bond ionicity effects contain implicitly the idea 
of nonbonded interactions. Thus, it should be emphasized that the labels of  the 
basic types of  interactions proposed here reflect the way in which the problem is 
formulated rather than different electronic principles. 

In Parts I and II, a molecule.is viewed as a composite of submolecular fragments 
each described by delocalized MO's. Nonbonded and geminal interactions can be 
simply formulated in this manner. In Part IV, a molecule is viewed as a composite 
of submolecular fragments each described by hybrid bond MO's. Conjugative inter- 
actions are best understood in this fashion. Finally, in Part V a one electron con. 
figuration interaction approach involving a Linear Combination of Fragment Con- 
figurations (LCFC) is used to reveal bond ionicity effects. Indeed, this book can be 
titled "The Chemist's Handbook of  MO Interactions and Their Implications for 
Molecular Architecture". 

Throughout the entire work, we have tried to present experimental as well as 
computational results pertinent to cases under scrutiny. The calculation results are 
especially significant since they provide tests for the proposed theoretical models. 



Introduction 

It is our hope that the reader will be stimulated to delve deeper into the world 
of orbital interactions and, hopefully, f'md a chance to apply the key concepts to 
problems of  direct interest. 



Part I. Theory 

1. General Theory 

The theoretical analysis to be employed throughout Part I of this work is based upon 
One-Electron Molecular Orbital (OEMO) theory. In our approach, a given molecule 
in a specified geometry is constructed by a sequential union of molecular fragments. 
A typical construction is illustrated below: 

Molecule X 

A ~ B Primary fragments 

/\ / \  
a I a2 / ! x ~  Subfragments 

/ \  
al' a2' bt' b x' Basic fragments 

In certain problems of torsional isomerism we shall employ the dissection of a mole- 
cule A-B  into two closed shell fragments A and B. On the other hand, most prob- 
lems of  torsional isomerism which we shall be dealing with in the first part of this 
work can be treated by employ~g the dissection shown below. The appropriate 
definitions are specified in parenthesis. 

(Composite system) 

AB 

(Coupling unit) (Component system) 

/ \  
b b' 

(Basic fragments) 

Finally, an alternative approach employs a dissection into two radical fragments as 
shown below: 



Part I. Theory 

(Composite system) 

AB 

*A 
(Radical fragment) 

Bo 

(Radical fragment) 

The delocalized group MO's of each fragment can be constructed by means of 
perturbation theory 16-19) or explicit calculations. Once one knows the MO's 
of basic fragments, he can construct the MO's of any molecule by means of 
relatively simple operations. Here, we note that a recent publication of Salem and 
Jr 2~ is a welcome addition to the library of any organic chemist since it 
includes an extensive compilation of basic fragments and their MO's and provides 
illustrative examples of the theoretical manipulations involved in the construction 
of a total system from subunits. 

The union of any two molecular fragments is accompanied by an energy change 
which depends upon the interaction between the MO manifolds of the two fragments. 
This energy change is evaluated with respect to an effective one-electron Hamilton- 
ian operator, the choice of  the operator being such as to confer maximal simplicity 
to the analysis. The energy change of a MO belonging to one manifold due to its 
interaction with a number of MO's belonging to a second manifold is a simple sum 
of the energy changes resulting from each interaction. In this work, we need to 
distinguish between two types of MO interactions: 

(a) The interaction of a doubly occupied MO, r with a vacant nondegenerate 
MO, ~i, leads to two electron stabilization, AE 2 , which is inversely proportional to 
the energy separation of the two MO's, ei - ej, and directly proportional to the 
square of their interaction matrix element, Hij. This is a well known result of per- 
turbation theory and the assumptions involved in its derivation are valid for most 
systems studied in this work. The algebraic expression for the two electron stabiliza- 
tion is given below: 

AE~ = 2(Hii - eiSii) = 
ei - e i 

(1) 

If overlap is neglected, i.e. Sii = 0, the above expression takes the form shown below. 

aE= = 2H j r 
ei -- ej 

The interaction of a singly occupied MO, r with a singly occupied degenerate 
MO, ~bi, leads to two electron stabilization given by the following equation: 

AE~ = 2(Hij - E iS i j )  ( 3 )  
1 + Sij 

The corresponding expression where overlap is neglected is shown below. 



1. General Theory 

AE~ --- 2Hii (4) 

(b) The interaction of two doubly occupied nondegenerate MO's, ~b i and ~j, 
leads to net four electron destabilization, AE~, which increases as the overlap in- 
tegral of  the two MO's, Sij, and the mean of their energies, Co, increase. This result 
is obtained by application of the variational method to the case of a two orbital- 
four electron interaction and involves no special assumptions 6' 2 l, 22). The four elec- 
tron destabilization energy is given by the equation: 

AE~j = 4(eiS-~ - H~jSii) 
- s ? j  ( s )  

If the doubly occupied M0's, r and ~i, are degenerate the four electron destabi- 
lization energy is given by the equation: 

AF-,I 4 =4(. ' i s2  -oHi) Sij) (6) 
I - Sii 

It is clear that when overlap is neglected the four electron destabilizing interaction 
becomes zero,/.e. AE~ = 0. 

At this point a discussion of  the approximation of the interaction matrix ele- 
ment Hii, where i and j are MO's, is appropriate. In general, we distinguish two sit- 
uations: 

a) In problems which involve comparisons of two systems having identical 
atomic constitution, the interaction matrix element can be simply approximated 
as indicated below 23). 

Hii = k Sij, k = -39 .7  eV (7) 

Here, S 0 is the overlap integral of the two interacting MO's, i and j. 
b) In problems which involve comparisons of  two systems which differ in atomic 

constitution, the interaction matrix element, Hil , is expanded in terms of interaction 
matrix elements between AO's, hmn, which are approximated as indicated below: 

1 
hmn = ~ (J~A + OB) Smn =/~OB Stun (8) 

The above equation is the one employed in the CNDO pararnetrization developed 
by Pople and co-workers 24). Here, I~A and 3B are specific to the atoms A and B and 
Stun is the overlap integral between two AO's m and n of  A and B. The interaction 
matrix element between AO's, hmn, is frequently called the resonance integral of 
the m and n AO's a). 

a) The terms resonance integral, hmn, and coulomb integral, hmm, conform to the nomen- 
clature pertinent to Hiickel theory. It should be pointed out that the parametrization sug- 
gested in Table 1 is not neccessarily the best one but is adequate for illustrating qualitative 
principles. Obviously, when a given trend arises from conflicting variations of energy gaps 
and interaction matrix elements, a prudent choice of the 3~ B parameters is essential for ob- 
taining reliable results. 

5 



Part I. Theory 

Table 1. Two center interaction matrix elements 

Am, Bn rmn Stun a) /30AB (eV) b) hmn(eV) 

F2s-C2s 1.381 .2473 -30.00 -7.419 
O2s-C2s 1.430 .2713 -26.00 -7.054 
Cl3s-C2s 1.767 .2670 -21.62 -5.783 

F 2p-C2p, a 1.381 .2571 -30.00 -7.713 
O2p-C2p, o 1.430 .2855 -26.00 -7.423 
C13p-C2p, a 1.767 .3255 -21.66 -7.050 

F2p-C2s, a 1.381 .2053 -30.00 -6.159 
O2p-C2s, a 1.430 .2455 -26.00 -6.383 
C13p-C2s, a 1.767 .3124 -21.66 -6.766 

F2s-C2p, a 1.381 .3443 -30.00 -10.329 
O2s-C2p, a 1.430 .3568 -26.00 -9.277 
C13s-C2p, a 1.767 .3064 -21.66 -6.637 

F2p-C2p, rr 1.381 .1206 -30.00 -3.620 
O2p-C2p, 7r 1.430 .1392 -26.00 -3.620 
C13p-C2p, 7r 1.767 .1392 -21.66 -3.015 

Csp3-Osp 3, a 1.430 .5427 -26.00 -14.110 

Csp3-Ssp 3, a 1.820 .6017 -19.57 -11.775 

cspa-Fsp, a 1.381 .5431 -30.00 -16.293 

Csp3-Clsp, a 1.767 .5841 -21.66 -12.652 

Csp2-Fp, a 1.381 .5670 -30.00 -17.010 

Csp2-Clp, a 1.767 .6510 -21.66 -14.101 

a) Overlap integrals were calculated with a CNDO/2 program. 
b) #o B values were taken from ReL24. ) 

Representative values of/3~,a, Stun and hmn are provided in Table 1. An exami- 
nation o f  these data leads to the formulat ion o f  the following qualitative rules: 

a) With only one exception,  the resonance integral, hmn, decreases in absolute 
magnitude as X varies down a column of  the Periodic Table, i.e. as X becomes less 
dectronegative along a column. 

b) With only one exception,  the resonance integral hmn decreases in absolute 
magnitude as X varies to the left o f  a row o f  the Periodic Table, Le. as X becomes 
less electronegative along a row. It  should be noted,  however, that  in the cases o f  
overlap o f  pure AO's  the differences are very small. 

At  various points,  we shall be interested in the effect o f  subst i tut ion on the 
strength o f  a given orbital  interaction. In general, a substi tuent will alter the energy 
gap and the interact ion matr ix  element o f  two levels and produce a change in the 
strength o f  the interaction. Hence, we would like to know how fast the strength o f  
an interaction changes as a result o f  a change in ei - e i and Hii introduced by  the 
substituent.  The following differential  forms o f  the equations for two electron stabili- 
zation, neglecting overlap, will be useful in our future discussions. 



d(AEi 2) _ 4Hij 
d(Hij) ei -- ej 

d(AE~) _ 2 
d(Hij) 

d(AE~) _ -2Hi~ 

d(e i - e $ )  ( e i - e j )  2 

d(AE~) 
=0  

d(e~  - e j )  

1.1. Orbital Energies and Interaction Matrix Elements 

(9) 

(degenerate MO's) (1 O) 

(11) 

(degenerate MO's) (12) 

1.1. Orbital Energies and Interaction Matrix Elements 

At this point, we have completed the presentation of the key equations which will 
be crucial to the development of a predictive theory of molecular structure. These 
equations will form the basis for determining the relative stability of isomers, the 
relative stabilization of a cationic, radical or anionic center by substituents, etc. On 
the other hand, the differential expressions (9) to (12) will form the basis for deter- 
mining how substitution affects the relative stability of isomers, the relative stabiliza- 
tion of cationic, radical and anionic centers, etc. It is then obvious that a working 
knowledge of Eqs. (1) to (6) presupposes a great familiarity with the key quantities 
involved in these equations, namely, orbital energies and interaction matrix elements. 

We shall first consider the effect of atomic replacement on sigma or pi orbital 
energies. 

Atomic 
CH3-F ' > CH3-C1 

Rephcement 

Atomic 
CH2=CH2 . ~ CH2=SiH2 

Replacement 

Here, we shall inquire as to how the energy of a given MO is related to features like 
atom electronegativity and/or bond distance. In quantum mechanical terms, the 
problem amounts to determining how the energy of a ith MO is altered if we change 
one (or more) atomic coulomb integral, hmm , and/or one (or more) resonance 
integral ,  hmn , by a small amount. The pertinent expression, derived on the basis 
of simple perturbation theory, is the following: 

8ei = m~a~ 5hmm + 2m~<~ n aim "ain 5hmn (ts) 

On the basis of Eq. (! 3), we distinguish the foilowing cases: 
a) Replacement of an atom is accompanied by a greater change in the first term 

of Eq. (13). In such a case, the energy of the ith MO will be reduced if8 hmm < 0 
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and increased if 6 hmm > 0. The former situation obtains when an atom is replaced 
by a more electronegative one and the latter when an atom is replaced by a more 
electropositive one. In general, experience shows that the coulomb integral term 
variation dominates the resonance integral term variation whenever an atom is 
replaced by another atom of  the same row of the Periodic Table. Thus, for example, 
the en6rgy of a given MO will progressively decrease as carbon is replaced by a more 
electronegative atom of the same row, Le. the MO energy depression will increase 
in the order F > O > N. 

b) Replacement of  an atom is accompanied by a greater change in the second 
term of  Eq. (13). In such a ease, the energy of  the ith MO will be raised or lowered 
depending upon the sign of  the coefficient product aim ain as well as the sign of 

hmn. The various possibilities are summarized below: 

~hmn aim ain ~e i 
+ + + 

- I -  _ _  

_ _  - { -  

- -  - -  % t .  

Experience shows that, in most cases, the resonance integral term variation domi- 
nates the coulomb integral term variation whenever an atom is replaced by another 
atom of  the same column of the Periodic Table. Thus, for example, the energy of 
the o* antibonding MO of HX, where X is a halogen, will progressively decrease 
as fluorine is substituted by a less electronegative atom of the same column, i.e. 
the MO energy will increase in the order O~F > o ~ o  > O~Br > O~tl. 

An interesting and important corollary of the above analysis is that in systems 
where the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied 
Molecular Orbital (LUMO) have identical or similar electron densities, replacement 
of an atom so that hmn becomes less negative results in shrinkage of the HOMO- 
LUMO energy gap while replacement of an atom so that hmn becomes more negative 
has the opposite effect. These results are valid regardless of the direction in which 
the coulomb integral of the variable atom changes and may have wide applicability 
to ultraviolet spectroscopy 2s). 

CH2 = CH2 

CH2=O 

Calculated HOMO-LUMO Gap (eV) 
15.22 

17.90 

The HOMO-LUMO gap calculated by an ab initio method using an STO-3 G basis 
set 26) seems to support these ideas. A more definitive test will be possible after the 

J27) nature of the lowest excited state in carbon unsaturated systems is understooQ . 
We shall next consider the effect of  substitution on sigma and pi orbital energies. 

CHa-F  Substitution> N C - C H 2 - F  

CH2=CH 2 Substitution> NC-CH=CH2 
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We distinguish two different effects of the substituent: 
a) The Inductive Effect. Here, the substituent X is assumed to modify the cou- 

lomb integral of  the atom to which it becomes attached. The effect of this modifi- 
cation on orbital energies was discussed above. In most cases, the inductive effect 
is dominated by the resonance effect and does not need to be considered. 

b) The Resonance Effect. Here, the orbital energies of  the parent molecule are 
modified due to the interaction of  the corresponding orbitals with the orbitals of  
the substituent, The equation which describes the energy change of an orbital i due 
to its interaction with other orbitals j, assuming nondegeneracy, is given below: 

AF_4 = % H~ (14) 
j = ~ i  e i - -  e j  

The equation describing the energy change of an orbital due to its interaction with 
a degenerate orbital is given below: 

AEi = -+ Hi i (15) 

Simple, yet illuminating, discussions of these equations have been given before and, 
thus, further deliberations are not needed. 

For illustrative purposes, we shall consider the resonance effect of substituents 
upon the energies of  the pi MO's of  the model system ethylene. 

a) First Period Electron Releasing Substituents (R = F, OH, NH2). We use as 
an example the molecule fluoroethylene. In this case, the major orbital interactions 
are between the Pz lone pair of fluorine and the ethylenic rt and 7r* MO's. These 
interactions result in raising the energies of both 7r and rt* by an amount inversely 
proportional to the energy separation of the interacting levels. 

b) Second Period Electron Releasing Substituents (R' = C1, SH, PH2). We use 
as an example the molecule chloroethylene. In this case the Clpz - r and Clpz - 17" 
interactions contribute to the raising of the energies of the rr and lr* ethylenic MOs, 
while the d -  r and d -  re* interactions contribute to the lowering of  the energies 
of rt and n*. Due to the relative energy spacing of  the interacting levels, the ethylenic 
rt MO will interact principally with the Clpz lone pair, while the rr* MO may interact 
principally with the d orbitals of the heteroatom. As a result, one may expect that 
the ethylenic rr MO will be raised in energy while the rr* MO may be lowered in energy. 
On the other hand, if both r r -d  and ~r*-d interactions are very weak, the situation 
will become identical to the case discussed before. 

cJ Electron Withdrawing Substituents (W--- CN, CHO, NO2). We use as an 
example the molecule acrolein. In this case we have to consider the interactions of 
the ethylenic 7r and lr* MOs with the ~r' and r MOs of the carbonyl group. There 
are four orbital interactions, Le. lr-Tr', rr-lr*', rr*-rr' ,  and rt* -r t* ' .  The energy sep- 
aration e~r-eTr' favors greater interaction of  rt with r while the matrix element of 
the interacting levels favors greater interaction of lr with rr*', i.e. the absolute mag- 
nitude of H~r~r., is much greater than that of H~r~, because of the relative magnitude 
of the eigenvectors of rr' and It*'. 

H~r~r, = kS~r~r, ~ kct 2 c~ 1 SCC (16) 

9 
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H,r~r,, = kS~r~r,,~ kCl 2 c'~ 1 Scc  

t ! 
and I HTrTr, I<  I H~r~r., Ibecause c21 > c l l  

The result is that, depending upon the relative magnitude of  the two interactions, 
the ethylenic lr MO can be either raised or lowered in energy. On the other hand, 
the ethylenic ,r* MO will interact principally with 7r*' and the LUMO of the com- 
posite molecule will necessarily have an energy which is lower than the ethylenic 
,r* MO and will be mostly localized on the substituent carbonyl group. These con- 
siderations can be understood by reference to Fig. 1. 

(17) 

7/'* 

C21 C22 

/ s  

, / /  
/ 

/ 
/ / 

t 
. /  

i 
/ 

I / t 
t t 

C 21 Cl22 

e l l  C12 

/ /  

/ / /  Ctll ell2 
/ 

H H "  
~ C ~  j CH2=CH_CH=O ~C~-----O 

H 7 ~ n  H 7 

Fig. 1. Construction of the pi MO's of acrolein by the union of ethylene and formaldehyde 
fragments 

d) Unsaturated Substituents (V = CH = CH2, -C6Hs) .  We use as an example 
butadiene. In this case, we consider the interaction of  the rr and rt* ethylenic MO's 
with the rr' and ~r*' MO's of the unsaturated substituent. The HOMO of the com- 
posite molecule will necessarily have higher energy than that of the ethylenic ~r MO, 
while the LUMO will necessarily have lower energy than that of the ethylenic 7r* MO. 

The above theoretical analysis of  substituent effects on orbital energies can be 
tested experimentally. Specifically, the energy of a given occupied MO in a dosed be l l  
system is equal to the negative of the corresponding ionization potential 2a) while the 

10 
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energy of  a given unoccupied MO can be approximated by the corresponding electron af- 
affinity 29). The determination o f  the lowest ionization potential of  a closed shell 
molecule, reflecting the HOMO energy, can easily be measured with presently avail- 
able techniques and the same is true for higher ionization potentials. On the other 
hand, the electron affinity o f  a dosed shell molecule, reflecting the LUMO energy, 
is not as simple to determine. Thus, we shall rely upon calculations o f  unoccupied 
orbital energies whenever experimental results are unavailable. This latter approach 
is reliable as long as our target remains the elucidation o f  chemical trends. Pertinent 
experimental and computational results which reveal how substitution affects orbital 
energies are summarized below. 

aj Pi Bonds. The pi bond ionization potentials of  representative ethylenic systems 
are shown in Table 2. As can be seen, the pi bond ionization potentials of  CH 2 = X 

Table 2. Ionization potentials (I.P.), electron affinities (EA), and computed orbital energies of 
unsaturated molecules 

r HOMO a) r LUMO a) 
Molecule IP(eV) Ref. EA(eV) Ref. Energy (eV) Energy (eV) 

CH2=CH 2 10.52 30a) -2.8 33) -16.17 5.43 
CH2=O 14.09 30a) -18.16 4.35 
CH2=S 11.90 30b) -13.50 1.33 

CH2=CHF 10.30 30a) -15.08 4.81 
CH2=CHOCH 3 8.93 al) -13.54 5.50 
CH2 = CHN (CHa) 2 - 12.05 5.94 

CH2=CHC! 10.18 30a) -13.62 4.73 
CH2=CHSCH3 8.87 32) -12.11 5.21 
CH2--CHP (CH3) 2 - 17.54 4.62 

CH2=CHCN 10.92 30a) .02 34) -13.88 3.85 
CH2=CHCHO 10.93 30a) -14.33 3.01 
CH2= CHNO2 - 16.62 0.95 

CH2=CHCH=CH 2 9.07 30a) -12.49 (trans) 3.93 (trans) 
-12.46 (cis) 3.86 (cis) 

CH2=CHC6H 5 8.48 30a) -11.60 3.45 

a) MO energies calculated by the CNDO/2 method using standard geometries. 

decrease as the electronegativity o f  X decreases along a row or column o f  the Period- 
ic Table. On the other hand, the rt LUMO energy decreases as the electronegativity 
of  X increases along a row or decreases along a column of  the Periodic Table. The 
effect o f  substituents on the pi orbital energies o f  ethylene are as expected on the 
basis o f  our previous considerations. 

bJ Lone Pairs. The energy o f  a lone pair can be easily determined from the ioni- 
zation potential o f  an appropriate model system. Pertinent data are shown in Table 3. 
As can be seen, the ionization potential increases as the electronegativity o f  the atom 
bearing the lone pair increases along a row of  the Periodic Table. Also, the ionization 
potential decreases down a given column. 

11 
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Table 3. "Lone pair" ionization potentials in CH3X and HX model systems 

Molecule Ionization Ref. 
potential (eV) 

HF 16.40 35) 
H20 12.60 35) 
H3N 10.85 35) 
H3C- 1.12 36) 
HCI 12.80 35) 
H2S 10.48 35) 
H3P 9.90 3s) 
CH3F 16-18 35) 
CH3OH 11.00 37) 
CH3NH 2 9.18 35) 
CHaCH2CH 2 0.69 38) 
CH3CI 11.30 3o) 
CHaSH 9.40 30) 

Table 4. Bond ionization potentials and computed orbital energies of C-X bonds 

C-X ionization "oCX "a) "a~X ''a) 
Molecule potential (eV) Ref. Energy (eV) Energy (eV) 

CH3-F 17.06 43a) -21.64 9.88 
CH3-C1 14.42 43a) -17.04 4.96 
CH3-Br 13.49 43a) _ _ 
CH3-I 12.50 43a) _ _ 
CH3-OH 15.19 43b) -19.78 11.13 
CH3-SH 12.00 43c) -16.14 5.10 
CH 3-NH 2 14.30 43d) - 19.42 12.17 
CH 3 - PH 2 12.20 43d) - 15.05 5.64 
CH 3 - H 12. 64 43e) b) b) 
CH 3 - CH 3 11.51 430 b) b) 

a) MO energies were obtained from CNDO/2 calculations. 
b) See Table 6. 

c/C-XBonds.  Bond ionization potentials for C - X  bonds are shown in Table 4. 
Clearly, as the electronegativity of X decreases the energy of tr c x increases insofar 
as comparisons along a column of the Periodic Table are concerned. Additional data 
also show that the energy of Ocx increases as the electronegativity of X decreases 
along a row of  the Periodic Table. 

Polarographic data indicates that the energy of O~x decreases in the order 

O~_ I ' (  0"C- Br < O~_ Cl < O~_ F 39). 
The following pieces of experimental evidence provide indirect support for the 

assignment of  relative energies of the a~x MO's: 

a) In SN 2 reactions, where relative reaction rates can be predicted by reference 
to the energy gap between the HOMO of  the nucleophile and the a* LUMO of  the 

12 
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alkyl halide which is concentrated along the C - X  bond, leaving group ability varies 
in the order I > Br > C1 > F 40). 

b) The reactivity of  alkyl halides towards hydrated electrons, expected to vary 
in the same direction as SN 2 reactivity, is also consistent with an energy variation 

* <~ O'~_ F 41) o f o ~ x  in the order o~_i  < o~_ ur < crc-cl  
The same trends are expected to be found when the atom X is varied along 

another column of  the Periodic Table, i.e. decreasing electronegativity of  X along 
a column should lead to lower a~x energy. Thus, for example, in the reduetive 
C - X  bond cleavage of PhCOCRR'XPh, the half wave reduction potential is less for 
X=S than X=O 4z). Rdevant computational results are shown in Table 4. 

The energy of  a cry_ x bond becomes increasingly depressed as X becomes in- 
creasingly eleetronegative along a row of  the periodic cart. 

d) X-HBonds.  The energy of  Ox_ a MO's can be determined from ioniza. 
tion potential and computational data shown in Table 5. The energy order for first 

Table 5. Bond ionization potentials and computed orbRal energies of H-X bonds 

*a) 
H-X ionization oHX a) oHX 

Molecule potential (eV) Ref. Energy (eV) Energy (eV) 

H-F -23.13 8.57 
H-CI 16.25 35) -18.05 3.35 
H-Br 15.28 3s) 
H-I  14.00 35) 
H-OH 13.78 35, 44) -22.07 8.43 
H-SH 12.78 35, 44) -17.59 2.44 
H-NH 2 14.98 3s) -20.35 7.53 
H-PH2 13.65 3s) -15.18 .48 
H-CH3 13.16 43) b) b) 
H-Si l l  3 12.20 45) - 15.24 3.88 

a) MO energies were obtained from CNDO/2 calculations except where noted. 
b) See Table 6. 

row elements can be seen to be Oc_ H :> Oo_ H :> o N - a .  Again, a decrease in ioniza- 
tion potential is observed in going from first to second period atoms leading to the 
following energy orders: 0Si--H > OC--H, OP--H > ON-a,  OS-H > OO-H. 

The O~_H energy of an X - H  bond decreases with replacement of  a first period 
atom by a second period atom. This trend is shown in Table 5. The energy of Ox-H* 
also decreases as the electronegativity of  X increases along a row of  the Periodic 
Table. 

While the relative energies of  Ogx and O~x are well reproduced by most types 
f l '  l~ tF * t f  f# II' 

of calculations when X is a heteroatom, the location of OR_ H , O ' R _  H , OR-C 
er ~ w/ 

and oR-C on the range can be reliably assessed only by reference to experimental 
data and ab initio calculations. Thus, from the ionization potential data of  Table 4 

13 
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it is clear that a C-C  bond is a better intrinsic donor than a C - H  bond. In general, 
this Table allows us to define an order of  increasing intrinsic donor ability which 
will provide the basis for discussions presented in Section 6.0. A b  i n i t i o  computa- 
tions can be used to " "  * . . . .  * . . . .  * " " rank ORH and ORC relative to other ORX orbltals. Thus, 

r l  * t l  
it is found that ORH has the highest energy and, accordingly, the C-C  bond is 
a better intrinsic acceptor than the C - H  bond. Typical results taken from the Salem 
and Jergensen book =~ are given in Table 6. The quotation marks used above serve 

Table 6. Ab initio computed orbital energies of C-X model systems a) 

Model System "oCX" "oCX" 
Energy (eV) Energy (eV) 

CHa-H -14.737 (1T 2) 17.519 (2T 2) 
CH3-F -17.642 (a) - 
CHa-OH -15.724 (o) 13.059 (o) 
CH3-NH 2 -13.973 Or) 14.914 (o) 
CH3-CH 3 -13.023 (rr) 15.561 (o) 

a) All MO energies taken from ReL 20). 
Actual orbital symmetries are given in parenthesis. 

the purpose of warning the reader that the corresponding orbitals do not necessarily 
involve sigma overlap. Their actual symmetry is indicated in Table 6. 

We now enter the discussion of  interaction matrix elements, a i j  , and the depen- 
dence of their absolute magnitude upon the nature of  the interacting fragments. We 
shall consider cases which illustrate the fundamental principles. 

a]  T w o  C e n t e r  Hij. In this case Hii = hmn. The variation of the AO interaction 
matrix element as a function of atomic constitution has already been discussed. 

b )  T h r e e  C e n t e r  Hij. In this case, our conclusions may depend upon the symme- 
try properties of  the interacting orbitals i and j. As a first example, we consider the 
matrix clement Hij involving an AO and a bonding MO overlapping in the manner 
shown below. 

G 
Hs Hs' Xs" 

~i = s ej= Cjs' + C2s" 

The interaction matrix element Hij can be expanded in terms of  AO's as follows: 

Hij ~ C I (~OH) Sss, + C 2 ( ~ ~  Sss,, ( l g )  

On the basis of  the above equation, the following conclusions become apparent: 

14 
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a) As the electronegativity of  X increases along a row of  the Periodic Table the 
AO resonance integral and AO overlap integral terms favor an increase in the abso- 
lute magnitude o f  Hij because ~~ x becomes more negative and Sss" increases due 
to a decrease in rHx. On the other hand, the ratio C1/C2 decreases as the electro- 
negativity o f  X increases and this will tend to reduce the magnitude of  the first term 
which makes the largest contribution to Hij. The net result o f  the two conflicting 
effects can be determined by calculation. Typical results are shown in Table 7, and 
dearly indicate that the differences are small as a result o f  the opposing variations 
of  the terms of  Eq. (18). 

b) As the electronegativity o f  X decreases along a column of  the Periodic Table, 
~ x  becomes less negative. S~s" decreases due to an increase in rHx but the ratio 
C1/C2 increases. Once again, calculations show that as a result o f  these variations, 
differences in Hij are small (Table 7). 

Table 7. Three center interaction matrix elements 

Interaction Geometry IHql (eV) 
i j 

F 

aH F-  Hls H'"H 3.203 
F 
I 

aHF-  Hls H'--H .620 
gHF- His H'"H-F 2.934 
a~F- Hls H"'H-F 2.079 
OH F-  Hls H'"F-H 6.562 
oH~ ~- His H'"F-H 2.440 

CI 
I 

trHCl- His H"-H 2.339 
C1 
I 

aHC I -  His H'"H .008 
aHC 1- His H'"H-C1 1.836 
o~-ICi- His H'"H-C1 1.146 
OHC I-  His H"'C1-H 5.567 
a~ICl- His H"'CI- H 2.774 

F 
I 

OCF- C 2 py C'"C 2.401 
F 
I 

a~F - C 2 py C"'C 1.654 
a~F-C2px C'"C-F 8.122 
a~F-C2px C'"C-F 3.136 

C 
I 

aCF- C2py C'"F 3.09 

15 
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Table 7 (continued) 

Interaction Geometry IHiil (eV) 
i j 

a ~ F - C 2 p y  -C 1.041 
[ 

C--'F 
O~F-- C2px C " ' F - C  1.580 
O ~ F -  C 2 px C ' " F - C  5.705 

CI 
"~ [ 

o c c i - C 2 p y  C'"C 1.156 
CI 
I 

o*Cl~ - C 2 py C'"C .284 
a ~ o - C 2 p x  C"'C-C1 3.762 
oCC 1 - C 2 px C ' "C-  C1 2.021 

C 
I 

OCCl- C 2 px C'"CI 1.959 
C 
I 

oCCi-C2py  C'"CI .9392 
oCC 1- C 2px C'"CI-C 2.575 
o*CCl - C 2 px C'"CI-C 4.849 

O 
I 

oOH-  His H'"H 4.697 
O 
I 

o ~  H - , _ ,  HIs H'"H 1.448 
O~H-  HIs H ' " H - O  4.266 
a~) H - His H ' " H -  O 2.158 
a O H -  His H ' "O-H 4.542 
oOH-~ HIs H ' " O - H  4.726 

S 
I 

oSH~ Hls H'"H 2.779 
S 
I 

O~H- HIs H'"H .300 
O~H- HIS H ' "H-S  1.970 
ow HIs H ' "H-S  1.038 
O.~H-- His H ' "S-H 3.681 
a~H-  His H" 'S -H 3.687 

H 
I 

a o H - C 2 p y  C'"O 2.158 
H 
I 

a~H-- C 2py C'"O .122 
H 
I 

oSH-  C 2 py C'"S 1.895 
H 
I 

a~H-  C 2 py C'"S .453 

16 



1.2. The Concept of Matrix Element and Energy Gap Controlled Orbital Interactions 

At this point, the reader may wonder: what does "small" mean? The meaning 
of this statement becomes clear if we specify that the change of Hii is measured 
relative to the change of  e i - e  i. Thus, for comparisons along a row, e.g. H-..HF vs. 
H.--H20, the change o f  Hij is of  the order of  1 eV (1.49 eV for HHF vs. HH20 ) 
while the change in e i - e j  is of  the order of 3 eV (3.73 eV for HHF vs. HH20). 
Similarly, for comparisons along a column, e.g.H...HF vs. H...HC1, the change of 
Hij is of  the order of  1 eV (.864 eV for HHF vs. HHCI) while the change in e i - e j  
is of the order of  4 eV (5.08 eV for HHF vs. HHCI). 

As a second example, we consider the matrix dement Hii involving an AO and 
an antibonding MO overlapping in the same manner as before. 

Q Q (3 
Hs Hs' Xs" 

0i = s ~i = Cis'-C2s" 

The interaction matrix element Hij can be expanded in terms of  AO's as follows: 

Hi j vc Cl (fl~lH) Sss' - C2 (,~-lx) Sss" (19) 

By following the same arguments as before, we can show that as the electro- 
negativity of X increases along a row of the Periodic Table, the variations o f / l~  
and Sss,, tend to decrease the absolute magnitude of Hij but the variation of Cl/C2 
has the opposite effect. As a result, the difference between the Hij's is small. Simi- 
larly, as the electronegativity of  X decreases along a column of  the Periodic Table, 
a conflicting variation o f / ~ x  and Sss,,, on one hand, and C1/C2, on the other, 
results in small changes of Hij. The same type of treatment can be applied to any 
combination of molecular fragments in any geometry. In the following sections, we 
shall assume that the variations of  the size of a given matrix element as a function of  
atomic constitution can be understood in terms of  the analysis presented above. 

1.2. The Concept of Matrix Element and Energy Gap Controlled Orbital 
Interactions 

In comparing two different stabilizing interactions within a single system or one in 
one system and another in a second system, we shall be interested in how a change 
in the energy gap, A6eij, and/or interaction matrix element, AHij , creates a change 
in the stabilization energy, ASE, where SE is set equal to - A E  2 . 

~SE AScii (20) ASE = ~  AHii + ~(Seij ) 

The above equation allows us to distinguish the following cases: 

a) I AHii I > 0 and A(6eij ) ~ 0 in which case SE increases as IHii I increases. 
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b) I A(Seii) l >  0 and AHii "" 0 in which case SE increases as 186ij I decreases. 
c) { AHii I ~ I A(Seii) { ~ 0. In this case, the behavior of SE depends upon the 

3SE / 3SE 
ratio of the partial derivatives ~ ] ~  which is given approximately by the 

equation shown below. 

 sE/ sE 
~-fi~-ij/~l lHij{ 

(20 

In most cases of  interest, I Hij[Seij { < 1. This hnplies that for comparable 
AHij I and I A5 eli I the variations of the interaction matrix element Hii will set 

the pattern of the variation of SE. 
The above analysis clearly points to a class of highly interesting cases where 

18 eli 
I Afeij I > { Anij 1 :/= 0 and depending upon the value of ~ , the variations of 

SE can be set either by A(~eii ) or AHii. The former case will obtain if 

~ is small, i.e. if 18eij I is small, and the latter case will obtain if l 8eij/Hii [ 

is large, i.e. if I 8eii I is large. 
We are now prepared to specify a recipe for the comparison of any two stabiKz- 

ing interactions A and B. The quantities AHij (A,B) and ASeij (A,B) are defined 
as follows: 

I Hij (A) I - I Hii (B) I = AHij (A,B) 

[Seij (A) I - l Seij (B) I= ASeij (A,B) 

SE(A) - SE(B) = ASE(A,B) 

(22) 

(23) 

(24) 

We now distinguish the following cases: 
Case 1. AHii (A,B) is positive, AScii (A,B) is negative. In this case, ASE(A,B) will 
be positive regardless of which of the two quantities 8eij or Hij changes to a greater 
extent. 
Case 2. AHii (A,B) is positive and AScii (A,B) is zero or vice versa. Here, the sign of  
ASE(A,B) is self explanatory. 
Case 3. AHij (A,B) is positive and AScii (A,B) is positive. If AScii (A,B) exceeds 
AHij (A,B) the variation of SE will depend upon the system(s) where the two 

. lSeij I interactions A and B obtain. In systems wnereln---~ lis small, zxa,ii (A,B) will be the 
~ j  

controlling factor while in systems where I 8eii/Hi i I is large, &Hi] (A,B) will be the 
determining influence. These two situations are exemplified by the diagrams of  
Fig. 2. On the other hand, if AHij (A,B) exceeds LSeii(A,B) the variation of SE will 
be system independent and will be set by the variation of Hi]. For reasons discussed 
before, this last situation is expected to manifest itself very rarely. 
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1.3. Examples of Matrix Element Control of Orbital Interactions 

AE = very large 
( ~kl 

AE = very small 

r - -  r 
(a) (b) 

Fig. 2. (a) Orbital pattern which enforces matrix element control, t~e. the ~1 - r 1 interaction 
is stronger. (b) Orbital pattern which enforces energy gap control, Le. the ~1 - ~2 interaction 
is stronger. In both cases, it is assumed that the ~1 - ~01 interaction matrix element is greater 
in absolute magnitude than the r - ~2 one 

The above considerations set up the stage for the introduction of the concept 
of energy gap controlled and matrix element controlled orbital interactions. 
In systems where 8eij is large, matrix element control and associated chemistry will 
be expected while, when ~eij is small, energy gap control and associated chemistry 
will obtain. 

1.3. Examples of Matrix Element Control of Orbital Interactions 

As a first example, we consider the pi donating ability of  F and O in the model sys- 
+ + 

terns CH2F and CH2OH. In this case, the resonance integral will favor greater inter- 
action of  F with the vacant C2p orbital while the energy separation of the interact- 
hag levels will favor the opposite trend due to the lower ionization potential of the 
O2p lone pair as compared with the F2p lone pair. We can easily extend these ideas 
to the isoelectronic spec+ies BH 2 F and BH 2 OH. However, as the central atom is 
varied along the series C, B, the pi orbital interaction between the substituent and 
the central atom will tend to become matrix element controlled because t~e energy 
of the vacant 2p AO increases in the same direction, i.e. it is minimal for C and 
maximal for B. 

"Another interesting situation arises in the comparison of the pi donating ability 
+ 

of OH and SH with respect to CH 2 = C H -  and CH2- .  In this case, the resonance 
integral will favor greater pi donation by OH, not necessarily because the Sco AO 
overlap is greater than Scs overlap as many workers seem to think, but, rather, 
because the (/3 A + ~13) term in Eq. (8) favors OH to a greater extent than the AO 
overlap integral favors SH. On the other hand, the energy separation of the interact- 
ing levels will favor SH over OH due to the lower ionization potential of  the S3p 
lone pair as compared with the O2p lone pair. Once again, we distinguish two ex- 
treme cases: 

a) When the LUMO of  the adjacent pi system lies high in energy, the variation 
in the resonance integral will dominate that of  the energy gap and OH will be a 
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better donor. A system where this order can be found is CH2=CHX, where X --- OH, 
SH. 

b) When the LUMO of the adjacent pi system lies low in energy, the variation 
in the energy gap+wiU dominate and, thus, SH will be the better donor. This order 
can be found in C H 2-X, (X = OH, SH). 

Typical lone pair ionization potential data have been presented before and AO 
overlap integral data in support of these ideas are given in Table 8. Ab initio results 
are shown in Table 9 and support the no~ons that the pi donating ability of 
heteroatoms is energy gap controlled in CH2X but matrix element controlled in 
CH2---CHX. 

Table 8. Two center C2p n - Xp fr overlap integrals (S) computed at the optimum bond distance 
of ~H2X cations 

SI a) s2b). SaC, d ) 

C - N  0.2596 0.2596 0.2454 
C-P  0.2442 0.2434 0.2355 
C - O  0.2169 0.2169 0.2031 
C-S  0.2120 0.2106 0.2017 
C - F  0.1680 0.1680 0.1571 
C-CI 0.1802 0.1786 0.1703 

a) Minimal SCF atomic orbitals. 
b) Single STO with exponential parameters from Clementi and Raimondi 409). 
c) Single STO with exponential parameters from Slater rules 378) 
d) Recent computations indicate that the trends of the overlap integrals are basis set dependent. 

However, those of the corresponding resonance integrals are not. 

Table 9. Relative Pi donor ability of OH vs. SH in R - X  systems a) 

Molecule Pi charge 
transfer 

~H 2 -  OH b) 0.38 
CH 2 -  SH b) 0.53 
H2C=CH-OH c) 0.08 
H2C=-CH-SH c) 0.07 

a) The results were obtained from SCF-MO ab initio calculations at the 4-31G level. 
b) Bernardi, F., Csizmadia, I. G., Epiotis, N. D.: Tetrahedron 31, 3085 (1975). 
c) Bernardi, F., Epiotis, N. D., Mangini, A.: submitted for publication. 

1.4. Computational Tests of the OEMO Approach 

The relative stabilization and/or destabilization of two molecular forms is best con- 
veyed by means of an interaction diagram which depicts the interacting MO's involved 
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1.4. Computational Tests of the OEMO Approach 

in the union of two fragments. Once such a diagram has been drawn, one can predict 
the following: 

a) Relative energies. 
b) Relative bonding of  atom pairs. 
c) Relative atomic gross charges and AO occupation numbers. 

Accordingly, the predictions arrived at on the basis of  the interaction diagram can 
be tested by means of an explicit calculation. As we shall see in a later section, the 
predictive power of  the interaction diagram can be exploited in formulating specific 
indices for the various types of  interactions and effects which we shall be discussing. 
An explicit computation can then inform us whether the proposed interaction is 
indeed present and, if so, whether it is strong or weak. The computational results 
reported in this work should be given significance primarily in that sense. 

A good computational test of the validity of OEMO theory is a high quality 
ab initio calculation b). However, other computational methods which are popular 
with chemists and which avoid the expense of ab initio approaches can also be 
useful, if/udiciously applied, in testing the predictions of OEMO theory. These meth- 
ods fall into two groups: 

a) Empirical Methods. Calculations of this type are represented by the Extended 
Htickel (EH) theory 46-n8). The EH method utilizes an effective one electron hamil- 
tonian and overlap is explicitly included. The off diagonal matrix elements are empiri- 
cally evaluated by use of the Wolfsberg-Helmholtz approximation but interelectronic 
and internuclear repulsions are not treated explicitly. Calculations of the EH type, 
therefore, are closely tied to OEMO theory as outlined previously. 

b) Zero Differential Overlap ( ZDO ) Methods. Representative computational 
methods performed within the ZDO approximation are the Complete Neglect of 
Differential Overlap (CNDO) 24), Intermediate Neglect of Differential Overlap 
(INDO) 24) and the Modified Intermediate Neglect of Differential Overlap (MINDO) 
methods 49-sl),  to mention only a few. 

At this point, we shall introduce the concept of simulation and how it can be 
used to develop general predictive notions. For example, suppose one is interested 
in how a certain molecular property of Y - X  will be affected due solely to the 
inductive effects of X as it varies along a row of the Periodic Table. In particu- 
lar, suppose we wish to study the series Y - F ,  Y-OH, Y-NH2 and Y-CHa.  Instead 
of proceeding with a MO analysis of the actual systems, something which can become 
very complicated due to the number of basis set AO's, we choose to replace group 
or atom X by hydrogen having an artificial nuclear charge which makes it as electro- 
negative as X. Thus, instead of  performing a calculation or an analysis using the 
actual Y - F ,  Y-OH, Y-NH2 and Y-CH a bonds, we replace them by Y-H ' ,  Y - H " ,  
Y - H ' "  and Y-H'" ' ,  where H' is a pseudohydrogen having an effective electronega- 
tivity equal to that of  F, etc. It should be noted here that the bond distance of Y-H ' ,  
Y - H " ,  etc., is kept constant. The reader will realize that this simulation technique 

b) The ab initio SCF-MO calculations reported in this work were performed using the Gaussian 
70 series of programs 26). The basis sets employed are the STO-3G, STO-4G and 4-31G 
basis sets developed by Pople and co-workers. 
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will be successful since the variation of the orbital energies along the series Y-H' ,  
Y-H",  etc., will resemble closely the variation in the Y-F ,  Y-OH, etc., series 
because the Y-F ,  Y-O, etc., bond lengths do not differ substantially. 

Now, suppose we wish to study the series Y-F ,  Y-C1, Y-Br and Y-I .  Here, 
we have to replace the X atom by hydrogen of appropriate artificial electronegativity 
but we must also pick an appropriate bond length so that the variation of the orbital 
energies along the series Y-F ,  Y-C1, etc., is correctly reproduced. 

This approach described above, henceforth named the simulation approach s2), 
is useful in simplifying an otherwise bewildering analysis and providing information 
about the sigma inductive effects of heteroatoms. Upon these effects, one should 
superimpose any conjugative effects present. As we shall see, in many cases, sigma 
inductive effects and eonjugative effects are both present and operate in the same 
direction. In such a situation, the relative importance of the two effects may be 
simply an academic question. 
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Part  II. N o n b o n d e d  I n t e r a c t i o n s  

2. T h e o r y  o f  N o n b o n d e d  In t e r ac t i ons  

While physical chemists have focused attention primarily upon van der Waals inter- 
actions in their attempts to understand why molecules or molecular fragments at- 
tract or repel each other, we have taken the position that much can be learned with 
regards to the role of nonbonded interactions in chemistry within the framework 
of  one determinental MO theory. In other words, we have tried to convey the 
message that the answer to why chemical entities attract or repel each other may 
be obtained by reference to a fundamental bonding theory like OEMO theory. In 
this section, we develop a theory of  nonbonded interactions from that standpoint. 

Our discussion in this and certain subsequent sections will involve torsional 
isomerism. In such cases, we can use Eqs. (1) to (6) where Hii is approximated 
by kSij. Accordingly, the aforementioned equations become: 

aE~ = 2 s~ (k - ~i) 2 (1') 
ei - -  ej 

AE 2 = 2 k 2 Sij2 (2') 
• i -  ei 

AEi 2 = 2 Si i (k - ei) (3') 
1 + Sij 

AE? = 2 kSij (4') 

4 S~j ( eo -k )  (5') 
- -  1 - 

AE 4 = 4 S~ (ei - k) 
1 - Si~ (6') 

2.1. Pi Nonbonded Interactions and Pi Aromatic, Nonaromatic, and Antiaromatic 
Geometries 

Because of the conventional upbringing of  organic chemists under the auspices of 
54 58) H~ckel theory sa) and the concepts of  aromaticity and antiaromaticity - , it is 

convenient to examine how the nature of pi nonbonded interactions is dependent 
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Part II. Nonbonded Intetactiom 

upon the number of pi electrons of a given system. Hence, we shall consider in detail 
model 4 N and 4 N + 2 pi electron molecules. 

A. 4 N pi Electron Molecules 

We first consider the case of conformational isomerism of  1,3-butadiene, the simplest 
4 N pi electron molecule. We will discuss the relative stabilities of three important 
points on the rotational surface: the cis isomer (0 = 0~ the gauche isomer (0 = 45 ~ 
and the trans isomer (0 = 180~ We shall focus our attention entirely on the effect 
of pi interactions on conformational preference. 

O=O ~ 0 = 4 5  ~ 0 = I  8 0  ~ 

The pi MO's of  the three conformations of 1,3-butadiene can be derived from 
union of the pi MO's of two ethylene molecules in the appropriate geometry. The 
dissection of  1,3-butadiene into two ethylenic fragments is illustrated below for the 
cis conformer: 

A B 

We first consider the union of  the ethylenic fragments A and B in a cis and trans 

geometry. The interaction diagrams for these unions are shown in Fig. 3. We dis- 
tingnish two types of interactions: 

a) A four electron destabilizing interaction between lr and It'. Since eo is identi- 
cal for both cis and trans conformers, it is readily apparent from Eq. (6') that the 
relative magnitude of the four electron destabilizing interaction will be determined 
solely by the relative magnitude of the MO overlap integral. The overlap integral 
S~,r, is greater for the cis conformation than the trans since the 1,4-pi-overlap is 
greater in the former than the latter case as shown below: 

7. 

b) Two electron stabilizing interactions between rr and lr*' and between ~r' and 
7r*. Again, as can be seen in Fig. 3, the magnitude of the two electron stabilizing 
interaction is dependent only on S~,r., (= STr,rr.). This quantity is larger for the 
trans isomer as illustrated below: 
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2.1. Pi Nonbonded Interactions and Pi Aromatic, Nonaromatic, and Antiaromatie Geometries 
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Fig. 3. The pi MO's of both cis and trans butadiene as constructed from two ethylenic 
fragments 
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Part II. Nonbonded Interactions 

We now consider the variation of the interaction energies discussed above as 
1,3-butadiene is distorted from a planar cis geometry to a gauche geometry (O = 45~ 
Any distortion from planarity will result in a decreaseof the four electron destabili- 
zation energy arising from the 7r-rr' interaction since the overlap integral Srr~r, will 
progressively decrease, becoming zero when the dihedral angle between the two 
ethylenie fragments reaches approximately the value of 45 ~ This is illustrated below. 

cis gauche 

Z 

t 
J --Y 

X 

Accordingly, the four electron destabilization energy will vary in the following order: 

cis > trans > gauche. 

The two electron stabilization energy will increase as the cis conformer is dis- 
torted from planarity since the antibonding C1Pz-C4pz overlap will decrease and 
eventually become bonding at 0 = 45 ~ 

Z ?-y 
X 

However, the increased stabilization gained by distortion due to decreased 
C1Pz - C4pz antibonding overlap will tend to be attenuated by the decrease in 
C2 pz -C3pz bonding overlap. Hence, we expect that the two electron stabilization 
energy will vary in the order trans ~-gauche > cis. Note that the 7r'-n* (or rr-rr*') 
stabilization of the gauche is expected to be comparable to that of the trans form. 

On the basis of the above analysis, we predict that the relative stability of the 
various conformations of 1,3-butadiene will vary in the order gauche > trans > cis. 
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It should be emphasized that the previous analysis is based on the assumption of 
some appreciable 1-4-overlap in cis and gauche 1,3-butadiene. Actually, as this over- 
lap goes to zero all conformations examined will be stabilized to a comparable extent 
and sterie effects alone will dictate their relative stability. Finally, it should be 
pointed out that our analysis of the conformational preference of 1,3-butadiene is 
aimed at revealing electronic trends. As we shall see in a subsequent section, steric 
effects are also extremely important. 

The above discussion highlights many important points: 
a) Cis-1,3-butadiene can be thought of  as a Hiickel antiaromatic system, gauche- 

1,3-butadiene as a M6bius aromatic system sg) and trans-1,3-butadiene as a non- 
aromatic system. 

b) The greater stability of the nonaromatic trans conformation relative to the anti- 
aromatic cis conformation is due to both smaller four electron destabilization and 
greater two electron stabilization of the nonaromatic form. The greater stability of  
the aromatic gauche conformation relative to the nonaromatic trans conformation 
is due to smaller four electron destabilization and comparable two electron stabili- 
zation of the aromatic form. 

c) The relative energy of the nonaromatic and MSbius aromatic structures, i.e. 
trans vs. gauche 1,3-butadiene, is a very sensitive function of spatial overlap. 
Accordingly, the preference for the gauche over the trans conformation is not ex- 
pected to be great on strictly electronic grounds. 

As a second example of a 4N-pi-electron system, we shall consider the pi dica- 
tion of 1,2-difluoroethylene which can exist in a cis and trans geometry. The dissec- 

F F 

+2 y 

/__x 
Z 

tion employed is shown above and the interaction diagrams of Fig. 4 provide the 
basis for the following discussion. Specifically, the effect of  the various orbital inter- 
actions upon relative isomer stability is as follows: 

a) The F 2pz - F 2pz interaction is destabilizing and favors a trans geometry. 
b) The n s - l r  interactions is stabilizing and favors the trans geometry. This result 

i s  obtained because all the terms in Eq. (1') favor the trans molecule. Specifically, 
the overlap integral Sn sTr is greater in the case of the trans isomer than in the cis 1 
isomer because the normalization constant for the n s MO has the form (2 + 2SFF) 2 
and will be smaller in the cis case since SFF (cis) > SFF (trans). 

c) The nA --lr* interaction is stabilizing and favors the cis geometry for the 
following reasons: 

1. The quantities en A -er r .  and (k - enA ) are smaller and greater for the cis 
isomer relative to the trans isomer, respectively [see Eq. (1 ')]. 

2. The overlap integral SnArr. is greater for the cis isomer because the normali- 
zation factor of the nA MO, given by the expression (2--2SFF)-1/2,  is greater for 
the cis isomer. 
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A A 71"* 

S 

naris ~ 7r ~ nAriS 
+2 

F . . . . . .  F -HC=CH - F . . . . .  F 

cis trans 

Fig. 4. Pi group orbital interactions in the cis and trans forms of  the difluoroethylene 
dication. The symmetry  labels axe assigned with respect to a mirror plane (cis isomer) 
or a rotational axis (trans isomer) 

Obviously, the n s - n  stabilizing interaction is the dominant one due to the 
much smaller energy gap between the interacting levels. Hence, we expect that 
FCH=CHF + 2 will be more stable in the trans geometry. 

Once again, we may identify the cis-1,2-difluoroethylene pi dication as a 4N pi 
electron Hiickel antiaromatic system and the trans isomer as a 4N pi electron non- 
aromatic system. 

B. 4N + 2rr Electron Molecules 

We now consider the relative stability of  1,3,5-hexatriene in its all-trans and all-cis 
planar conformations. 1,3,5-hexatriene can be viewed, theoretically, as the result 
of the union of  a central ethylenic fragment A and two ethylenic fragments B and 
C. This dissection is shown below for the two conformations under consideration. 

all-cis all-trans 
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2.1. Pi Nonbortded Interactions and Pi Aromatic, Nonaromatic, and Antiaromatic Geometries 

A 
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H H H H / / k . ~  H H 
H H 

Fig. 5. The pi group MO's for the cis and tran; geometries of the fragment (B + C) as 
constructed from the MO's of B and C. The resulting group MO's resemble the pi MO's of cis 
and trans butadiene, respectively. The symmetry labels are assigned with respect to a mirror 
plane (cis isomer) or a rotational axis (trans isomer) 

We focus our attention entirely upon the influence o f  pi interactions on conforma- 
tional preference. 

The interaction diagrams o f  Fig. 5 show the orbital interactions which obtain 
in the union B + C. In the case of  the all-cis geometry there is overlap and the 
two pi bonds interact appreciably. The two electron stabilizing interactions n ' - r r *  
and 7r-~r*' compete with the four electron destabilizing interaction rr-rr ' .  In the 
case of  the extended geometry, Sij is approximately zero and the two pi bonds do 
not interact to any significant extent. Therefore, the stabilization and destabiliza- 
tion energies are near zero. We conclude that there is greater stabilization as well 
as greater destabilization o f  the cyclic form relative to the noncyclic one. The desta- 
bilization outweighs the stabilization and the aU-trans form is favored over the all- 
cis form, at this stage o f  the analysis. 

As can be seen from Fig. 5 the energies o f  group MO's resulting from the B + C 
union vary in the following way: 

e(r <~(~) 
e(r > e(r 
e(~3) < e(~3) 
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This pattern is familiar to the theoretical organic chemist since it reflects nothing 
more than the fact that the B + C union in the all-cis geometry resembles an anti- 
aromatic structure while the same union in the all . tram geometry resembles a non- 
aromatic structure. We have already encountered such situations in our discussion 
of  the conformational isomerism of  1,3-butadiene. 

A - -  
~4 

A 

A A 
W* 

s 

s ~3 

r A 

O~ 
s--H- s 

W 
+ks 

s_.H - 01 
~t H H 

H H 

Fig. 6. Pi orbital interactions in the A + (B + C) union to form cis and trans 1, 3, 5 hexatriene. 
See Fig. 5 for the construction of the group MO's spanning B and C. The symmetry labels axe 
assigned with respect to a mirror plane (cis isomer) or a rotational axis (tram isomer) 

Fig. 6 shows the orbital interactions for the union A + (B + C). The diagram 
allows us to decide unequivocally, and without the need of  a calculation, the relative 
degree o f  stabilization and destabilization o f  the two geometries. The following 
conclusions are readily apparent from considering Fig. 6 and Eq. (1'):  

a) The w - ~ 3  will be stronger than the w -  ~3 stabilizing interactions be- 
cause Sw, r  > Sw, 0; 3, ew is common for both cases and I ew-e r  I is smaller than 

I ew-eqj 3 I. 
b) The ~ 2 - w *  will be stronger than the ~b2-w* stabilizing interaction because 

Sr w* > S~ 2. w*' er is less negative than e~ 2,/.e. ( k - e r  2 is greater than 

(k-eqj  2) 2, and I e r  I is smaller than I e ~ 2 - e w ,  I. 
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Hence, the A + (B + C) union is more stabilizing in the case of the all-cis geometry 
relative to the all-trans geometry. 

We now focus on the four electron destabilizing interactions. A comparison of 
the destabilizing interaction w- r  and w - 4 1  is very simple. The destabilizing 
interaction w - ~  will be smaller than the destabilizing interaction w - 4 1  because 

Sw,r l < Sw,r l and 

J ew +e~t  [ew + 641 
> . The latter inequality arises from the fact that 6r ~ is 

2 I 2 

more negative than e~01" We conclude, therefore, that an OEMO analysis, including 
overlap, predicts that the all-cis geometry, for A + ( B + C) union will be less destabilized 
relative to the aU-trans geometry, a conclusion which is in no way intuitively 
obvious. 

We expect that the stabilizing and destabilizing energies in the A + (B + C) union 
will dominate these same energies in the (B + C) union since the overlap integrals in 
the former case will be larger than those in the latter. 

Let us now, as we did in the case of 1,3-butadiene, consider the variation of 
the interaction energies discussed above as 1,3,5-hexatriene is distorted from an 
all-cis geometry to agauche geometry (0 ~ 45 ~ by rotation about the C4-Cs  
single bond. 

y 

_t 2 5 S j 

! 6 6 Z 

all-cis gauche 0-~45 ~ 

- -  X 

By following the same analysis as in the case of  1,3-butadiene, we can show that 
B + C union is most favorable in gauche 1,3,5-hexatriene. On the other hand, A + 
(B + C) union will be most unfavorable in gauche 1,3,5-hexatriene because four 
electron destabilization is maximized and two electron stabilization is minimized. 
The pattern set by the A + (B + C) union will dominate that set by the B + C union 
since the overlap integrals are larger in the former case. 

On the basis of the above analysis, we predict that the relative electronic stabili- 
zation of  the various conformations of 1,3,5-hexatriene will vary in the order 

all~:is > all.trans > cis-gauche. 

It should be emphasized that this analysis is based on the assumption of some appre- 
ciable 2 - 5  overlap in all~cis and cis-gauche 1,3,5-hexatriene. Furthermore, it should 
be pointed out that our analysis of  the conformational preference of  1,3,5-hexatriene 
is aiming at revealing electronic patterns. In reality, the all,is conformation of  
1,3,5-hexatriene is unfavorable due to repulsive interactions between the two methy- 
lene groups, i.e. conformational preference varies in the order all.trans > cis-gauche. 

As in the case of  1,3-butadiene, the above discussion highlights various important 
points: 
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a) All-cis 1,3,5-hexatriene can be tought of as a Hi~ckel aromatic system, cis- 
gauche 1,3,5-hexatriene as a MSbius antiaromatic system and all.trans 1,3,5-hexa- 
triene as a nonaromatic system. 

b) The greater electronic stabilization of the all-cis relative to the all-trans 
isomer and the all-tram relative to the cis-gauche isomer is due to greater 

two electron stabilization as well as smaller four electron destabilization. 
c) All-cis 1,3,5-hexatriene can be thought of as a molecule which arises from 

an antiaromatic B + C union followed by a stronger aromatic A + (B + C) union. 
As a second example of  a 4N + 2 pi electron molecule we consider 1,2 difluoro- 

ethylene which can exist in a cis and a trans geometry. The dissection employed is 
shown below: 

//-----~\ 

F F 

y 

Z 

The pi frameworks of cis and trans 1,2-difluoroethylene can be constructed 
from the group MO's spanning the two Pz "lone pair" AO's of the fluorines and 
the ethylenic n MO's. In the case of the cis molecule, the two fluorine AO's overlap 
and their through space interaction lifts the degeneracy of the two "lone pair" MO's. 
In the trans molecule, overlap is nearly zero and the two "lone pair" MO's are de- 
generate. The interaction diagrams of Fig. 7 contain all the necessary information for 
understanding why the cis isomer will be predisposed to be more stable than the 
trans isomer. We distinguish three types of interactions: 

a) A four electron destabilizing interaction between the fluorine lone pairs. Since 
the overlap integral, SFF, is nonzero in the cis but near zero in the trans molecule, 
we know, on the basis of Eq. (6'), that four electron destabilization will be present 
in the cis, but absent in the trans isomer. 

b) A four electron destabilizing interaction between ns and ~r. The quantity 
Snsr r is greater in the case of the trans isomer than in the cis because the normaliza- 
tion factor for the n s MO has the form (2 + 2SFF)- 1/2 and will be smaller in the 
cis case since SVF (cis) > SFF (trans). Furthermore, eo is more negative for the cis 
isomer and will lead to a smaller (Co - k )  value in the cis geometry. Hence, on the 
basis of  Eq. (5'), we conclude that this four electron destabilization will be less for 
the cis than the trans isomer. Furthermore, the ns - I r  destabilizing interaction which 
favors the cis isomer will dominate the F - F  destabilizing interaction which favors 
the trans isomer, the net effect being smaller overlap repulsion in the cis isomer. 

e) A two electron stabilizing interaction between na and n*. The expression for 
this interaction is given by Eq. (1') and the following variations obtain: 
1. The energy difference I en A - eTr* I is smaller for the cis isomer. 
2. The quantity (k--enA) is greater for the cis isomer. 
3. The overlap integral Sn a ~r o is greater for the cis isomer because the normalization 
factor of the n A group MO, given by the expression (2--2SFF)- 1/2, is greater for 
the cis isomer. We conclude that the cis isomer of 1,2-difluoroethylene will be more 
stable than the trans isomer due to a greater two electron stabilization as well as a 
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~,~ _ _  n A 

/ /  
r t S ~  

cis lrans 

A - - A  
"/r* 

F . . . . . .  F ~ F . . . . . .  F 
cis trans 

Fig. 7. Pi orbital interactions in cis and trans difluoroethylene. The symmetry labels are 
assigned with respect to a mirror plane (cis isomer) or a rotational axis (trans isomer) 

smaller four electron destabilization. Once again, cis-1,2-difluoroethylene can be 
regarded as a 4N + 2 pi electron Htickel aromatic system and the trans isomer as a 
4N + 2 pi electron nonaromatic system. 

C. General Considerations 

The above analysis suggests that aromaticity or antiaromaticity in any system is the 

result o f  sequential aromatic and antiaromatic unions. The union which dominates 
and, thus, determines whether the system will be aromatic or antiaromatic, is the 
one which involves the greatest spatial overlap between the fragments. Accordingly, 
one can simplify the analysis by focusing exactly on this crucial union. However, 
exceptions to this generalization do exist and arise in a very predictable fashion. 
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An example will serve well to further clarify the points made above. Specifically, 
we shall consider planar Calla as an example. The sequential unions involved here 
are as follows: 

a) A + B : Antiaromatic 
b) (A + B) + C : Aromatic 
e) (A + B + C) + D: Antiaromatic 

We can then say that planar cyclooctatetraene is antiaromatic because two anti- 
aromatic unions dominate a single aromatic union. Alternatively, we can say that 
cyclooctatetraene is antiaromatic because the crucial union, i.e. the union involving 
the greatest spatial overlap, is the (A + B + C) + D union which is antiaromatic. 

There are several messages hidden here: 
a) In attempting to synthesize a molecule, one may deliberately accentuate or 

diminish the aromaticity or antiaromaticity of  unions by appropriate structural mo- 
difications. For example, suppose one wished to construct a cyclic molecule having 
eight conjugated pi bonds. 

C 
The unions involved are as follows: 

A + B : Antiaromatic 
(A + B) + C : Aromatic 

(A + B + C) + D : Antiaromatic 
(A + B + C + D) + E : Aromatic 

( A + B + E + D + E ) + F  : Antiaromatic 
( A + B + C + D + E + F ) + G  : Aromatic 

(A + B + C + D + E + F + G) + H : Antiaromatic 
The molecule CI6H16 is formally H0ckel antiaromatic in a planar geometry. How- 
ever, appropriate structural modifications may selectively accentuate the aromatic 
unions and lead to a CIoHI6 molecule which is no t  antiaromatic. 

b) 4N electron systems may be more Htickel antiaromatic or MObius aromatic 
than 4N + 2 electron systems are Hiickel aromatic or MObius antiaromatic. This 
arises because in 4N + 2 electron systems there are k antiaromatic and k aromatic 
unions while in 4N electron systems there are k aromatic (or antiaromatic) and 
k + 1 antiaromatic (or aromatic) unions. Hence, net aromaticity or antiaromaticity 
may be more pronounced in 4N electron systems. Thus, for example, we expect 
cyclobutadiene to be more antiaromatic than benzene is aromatic. 
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An alternative approach for determining the relative pi electronic stabilization 
of  two torsional isomers utilizes a molecular dissection into two open shell radical 
fragments. This approach is illustrated by examining torsional isomerism in buta- 
diene and 1,3,5-hexatriene. The ~t MO's of  the conformational isomers of  1,3,5- 
hexatriene can be constructed from the union of the ~ MO's of  two formal allyl 
radicals. The two regiochemical modes of union of interest will be designated cis 
and trans: 

y 

cis lran$ 

~3  - -  ~3  t 

Fig. 8. Pi orbital interactions obtaining in the union of two aUyl radical fragments to form 
1,3,5-hexatriene 

From the interaction diagram of  Fig. 8, we immediately see that the two electron 
stabilizing interaction, ~2 -~b~, will be greater for cis union than for trans since the 
overlap integral, S ~ 2 ~  , is larger in the former case: 
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Part II. Nonbonded Interactions 

On the other hand, the four electron destabilizing interaction, r  is larger for 
cis union than trans because the overlap integral S 01 ~'l, is larger in the former case. 
However, the two electron stabilizing interaction dominates the four electron desta. 
bilizing interaction. Thus, cis union will be more favorable than trans union. In other 
words, here we have an application of the regiochemical rule stating that the union of  
two open shell fragments having a total o f 4 N  + 2 pi-eleetrons will be predisposed 
to be cis. 

We can also determine the relative stability of cis- and trans-l ,3-butadiene by 
evaluating the stabilization resulting from the union of allyl and methyl radical 
fragments in a cis and trans geometry. The dissection of  1,3-butadiene is shown 
below. It is predicted that the trans isomer will be more stable. 

/C7" "\ 
OH2 

~H2 / 

cis trans 

2.2. Sigma Nonbonded Interactions 

The problem of sigma nonbonded interactions can be approached in exactly the 
same manner as the problem of  pi nonbonded interactions. However, a major dif- 
ference exists. Specifically, pi nonbonded interactions can be evaluated unambigu- 
ously in most systems due to the fact that the pi levels of the component system 
and the coupling unit are well separated in energy and their relative ordering can 
be assessed from first principles. On the other hand, the sigma levels of the coupling 
unit are closely spaced and may act competitively in determining the relative stabili- 
zat ionof  two geometries by sigma nonbonded interactions. Thus, we have chosen 
to consider in detail the nonbonded interaction between the sigma lone pairs of 
1,2-difluoroethylene in order to illustrate some of the problems involved. 

1,2-difluoroethylene is made up of six atoms, six pi valence electrons and eigh. 
teen sigma valence electrons. The simplest approach to the problem involves the 
assumption that the MO's spanning the fluorine 2px lone pair AO's, Le. the MO's 
of the component system, will interact principally with the occupied ag and un- 
occupied ~ru MO's of the sigma carbon-carbon bond. This assumption leads to the 
interaction diagrams shown in Fig. 9 and the conclusion, following familiar argu- 
ments, that the cis isomer will be favored by sigma lone pair n'onbonded attraction. 
This type of argument has been used by us before and is based on the conclusions 
reached by Hoffmann and his collaborators regarding through bond coupling 6~ 
Our recent computational work has provided the basis for a more detailed analysis 
which provides a more realistic appreciation of sigma nonbonded interactions. The 
results of this analysis are not as clear cut as the ones reached on the basis of the 
previous more simplistic approach. However, they are important insofar as they can 
affect the type of reasoning employed in the unraveling of through bond and through 
space interactions by means of photoelectron spectroscopy. 

36 



2.2. Sigma Nonbonded Interactions 

O" u 

 nAns 
F . . . . . .  F -HC-CH- F . . . . . .  F 

cis trans 

Fig. 9. Possible through bond coupling of fluorine lone pairs and the C-C sigma bond in 
cis and trans 1,2 difluoroethylene 

As we have mentioned already, 1,2-difluoroethylene has eighteen valence sigma 
electrons to be distributed among fourteen sigma MO's, assuming a simple AO basis 
set of  H1 s, F2s, F2px, F2py,  C2s, C2px and C2py. The sigma orbitals of  the 
coupling unit and component system are shown in Fig. 10 along with the electron 
occupancy based on the Aufbau-Principle 6s). 

Focusing now on the sigma lone pair interactions, we can simplify the interac- 
tion diagram as shown in Fig. 11. The relative stabilization of the cis and trans geo- 
metries due to the interaction of the lone pairs with the central C-C bond can be 
assessed from consideration of all orbital interactions shown in Fig. I 1. These inter- 
actions and their impact upon geometrical preference are discussed below. 

a) The n s -  % destabilizing interaction favors the cis isomer. 
b) The nA--nu interaction in the trans isomer is more stabilizing than the nA--Trg 

interaction in the cis isomer. 
e) The ns-Trg interaction in the trans isomer is less stabilizing than the n s - n u  

interaction in the cis isomer. 
d) The nA--Ou stabilizing interaction favors the cis isomer. 

We now distinguish the following cases: 
a) The energy difference of the rru and 7rg orbitals of the coupling unit is very 

small. In such a case, the sigma lone pair interactions with the pi type MO's of the 
coupling unit will stabilize the cis and trans geometries to a comparable extent. Ac- 
cordingly, the relative stabilization of the cis and trans geometries will be determined 

37 



Part II. Nonbonded Interactions 

~ ~ - H -  
- H - ~ ~  

�9 0 

�9 Q 4+ 

F . . . . .  F C C 

Fig. 10. Sigma orbitals of the C = C coupling unit and the F -  - F  component system and 
electron occupancy. Unfilled H -  - H  orbitals axe omitted. Diagram is schematic 

A m ~ ~ A  
0" u 

S - -  ~ - - A  

7rg 

_ / 

n^ q-I- A 
/ r  u / / A  

q+s  

s-H- ~ -H-s s++ "-~,~___~----' 
Ug H S  

Fig. 11. The orbital pattern of sigma fluorine lone pair AO's and sigma C = C MO's in cis and 
trans 1,2 difluoroethylene. Orbitals q: the same symmetry interact 
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2.2. Sigma Nonbonded Interactions 

by the n s - o g  and nA-Ou interactions which favor the cis isomer. In other words, 
this detailed analysis provides the justification for the more simplistic approach pres- 
ented before. 

b) The energy difference between the rru and 7r s MO's of the coupling unit is 
large. In this case, the dominant orbital interactions are the n A -  rr u in the trans 
isomer and ns-Tru interaction in the cis isomer. Clearly, the former interaction is 
stronger and is expected to favor the trans geometry. Note that in this case, the Ou 
orbital will not be able to tip the balance towards greater stabilization of the cis 
isomer because, in addition to the energy gap factor, the spatial overlap between the 
MO's of the coupling unit and component system accentuates the interaction of  
the pi type MO's of the C-C bond with the lone pair MO's. 

The analysis provided above, leads us to anticipate trends in sigma nonbonded 
interactions between lone pairs. Thus, in the case of the model system FHnX-YFH m , 
the possibility of lone pair nonbonded attraction is expected to increase as the 
splitting of the rt u and 7rg levels of the X-Y  fragment gets smaller. Typical energy 
gaps, e(rru) - e0rg ), calculated for the isolated diatomic X - Y  are given below: 

Diatomic C-C C=C C=N N - N  N=N O - O  O=O 
Interatomic 1.54 1.34 1.32 1.45 1.25 1.48 1.21 
distance (A) 

e(Tru)-e(rrg) -17.05 -21.35 -20.85 -16.43 -21.36 -18.96 -21.98 
(eV) 

Calculation: INDO, standard bond lengths 

As can be seen, the splitting remains always substantial and does not fluctuate drasti- 
cally. However, this does not constitute proof that the 7r u orbital will be the one 
which will control the lone pair nonbonded interaction in the model systems simply 
because the relative orbital energies of an isolated diatomic X - Y  are certainly dif- 
ferent in a quantitative sense from those of a diatomic X - Y  "within" a molecule 
FHnX-YFHm. 

The importance of  the above discussion for the evaluation of through bond and 
through space interactions can be understood by reference to Fig. 12.' In one case, 
the level ordering imposed by through space coupling is reversed due to a dominant 
ag -ns  through bond interaction. In the second case, it is not reversed due to a 
dominant r tu-n  s through bond interaction. Accordingly, an S, A lone pair MO 
ordering is consistent with any of the following possibilities: 

a) Strong through space interaction not overcompensated by through bond 
coupling involving a dominant n s -  e~ interaction. 

b) Strong through space interaction aided by a dominant n s-rru through bond 
interaction. 

c) Zero through space interaction but strong through bond coupling involving 
a dominant ns-rru interaction. 

While the sigma nonbonded interaction of lone pairs is ambiguous, the situation 
improves when one considers nonbonded interactions of sigma bonds. This is 
illustrated by reference to the molecule 1,3-butadiene. The orbitals of the C-C 
coupling unit are assumed to be the same as the ones shown in Fig. 11 for the C-C 
coupling unit of 1,2-difluoroethylene. The sigma MO's of the CH 2 group and the 
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Ou 
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_ / -  
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__f- ~ - x _  % 

(a) (b) 

Fig. 12. Two through bond orbital interaction patterns. In (a) a dominant ns-og interaction leads 
to an A, S order. In (b) a dominant n S-  ~r u interaction leads to the opposite order 

MO's o f  the component system can be easily developed. The final simplified inter- 
action diagram is shown in Scheme 1. Clearly, we now have an additional inter- 
action, as compared to the 1,2-difluoroethylene case, which stabilizes the cis isomer. 
Hence, the sigma nonbonded interaction o f  bonds is expected to favor a cis structure 
when the two bonds are coupled through another sigma bond. 

The above discussion is not only appropriate to 1,2-difluoroethylene and 2- 
butene but to other systems as well. Indeed, the sigma orbital interaction patterns 
discussed above obtain in diverse molecules. These and other patterns, as well as 
the types of  molecular systems to which they apply, are pictured in Scheme 1. 

2.3. Indices of  Nonbonded Interactions and Sterie Effects 

In the previous sections, we saw that, in most cases, a nonbonded attractive or re- 
pulsive interaction is enforced by both four electron destabilization and two electron 
stabilization. Hence, in order to simplify subsequent discussions, we shall adopt the 
OEMO model with neglect of  overlap. Consequently, in the remainder o f  this work 
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Scheme 1. 

2.3. Indices of Nonbonded Interactions and Steric Effects 

Orbital pattern A 

C > 4 1 ~ < S ) - H -  

Model system 

Comment: Sigma nonbonded interactions are predicted to be attractive in most cases. 

Orbital pattern B Model system 

F F 
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F - H - C > ~  I ~ : D  ~ / 
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O O 
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Comment: Computational test is needed to determine the sign of sigma nonbonded interaction. 
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Scheme 1. (continued) 

Orbital pattern C Model system 

m 

- H - ~ ~  
�9 

Comment: See Section 3.7. 

Orbital pattern D Model system 

N N 

~ - H -  

Comment: Sigma nonbonded interactions are predicted to be attractive in most cases. 
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Scheme 1. (continued) 

23 .  Indices of Nonbonded Interactions and Steric Effects 

Orbital pattern E Model system 

~ A - -  

~ S - H -  

Comment: Sigma nonbonded interactions are predicted to be attractive in most cases. 

Orbital pattern F Model system 
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Comment: See Section 3.3. 
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we will focus solely on two electron stabilizing orbital interactions and will examine 
the effects of four electron overlap repulsion only if necessary. 

So far, we have concentrated on the energetics of the union of fragment MO's 
in a specified geometry, i.e. this has been an "energy approach". Further insights 
can be gained by adopting a "charge transfer approach". The important points con- 
cerning charge transfer relevant to this work are: 

a) The interaction between a doubly occupied orbital, r and an unoccupied 
orbital, Cj, leads to charge transfer from ~bi to Cj. The magnitude of charge transfer 
parallels the magnitude of the stabilizing interaction, at least in most cases. 

b) The interaction between a doubly occupied orbital, r and an unoccupied 
orbital, r leads to an overlap distribution ~iq~j which becomes increasingly bonding 
between the two fragments as the magnitude of the stabilizing interaction increases. 

c) The interaction between two doubly filled orbitals (overlap neglected) leads 
to no net charge transfer. 

In the charge transfer approach, we are concerned with bonding changes as a 
function of molecular geometry. The OEMO method can be used to formulate 
bonding indices which can be tested by one of  the previously discussed computatio- 
nal methods. In general, when the interaction between two AO's becomes more 
bonding or antibonding as the spatial overlap of the two AO's increases, either Pxv ,  
the bond order between atoms X and Y, or, PxY, the overlap population between 
atoms X and Y, are reliable indices. However, when the aforementioned interaction 
becomes less bonding or antibonding as spatial overlap increases, Px v becomes a 
misleading index. For example, consider the cis and trans isomers of 1,2-difluoro- 
ethylene and the pi bond order and overlap populations of the two fluorine atoms. 
We distinguish the following possibilities: 

a) The pi F - - F  interaction is more bonding in the cis isomer. Here, both P~F 
and P~F will be positive and both larger in the cis isomer. 

b) Thepi F - - F  interaction is more antibonding in the cis isomer. Here, as in 
the previous case, either P ~  or P~F are reliable indices. 

c) The pi F - - F  interaction is more bonding in the trans isomer. Here both 
P~F and P~F will be positive but, while P~F will be larger, P~F will be smaller in 
the trans isomer due to the attenuating effect of SFF. 

d) The pi F - - - F  interaction is more antibonding in the trans isomer. Here, 
as in the previous ease, P~F can be misleading. 

Accordingly, we resolve that PxY is the most reliable index of the interactions 
of two AO's. 

Another reliable index is the sum of the overlap populations of AO pairs spanned 
by the MO's the interaction of which we focus upon. For example, consider the 
nA--n* interaction in cis and trans 1,2-difluoroethylene (Fig. 7) and its consequences. 

Interaction cis isomer 
F - - - F  more bonding 
C - - F  (adjacent) more bonding 
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C - - F '  (nonadjacent) more antibonding 
C - - C  more antibonding 

The greater F - - - F  pi bonding interaction in the cis isomer is reflected in a greater 
P~I~ for the cis isomer but also in the greater total overlap population N~ for the 
cis isomer. The latter quantity is defined as follows: 

N-~ : P~r" + 2P~F + 2P~-, + P~c 

As a general rule, pi bond orders, pi overlap populations and total pi overlap 
populations allow a diagnosis of the type of pi interactions which obtain between 
two AO's. The situation is much more uncertain in the case of sigma AO interactions, 
and one has to rely upon bond orders and/or overlap populations. 

At this point, we should call attention to the fact that the signs of the cis and 
trans sigma bond orders or overlap populations between the fluorine lone pairs in 
1,2-difluoroethylene and related systems provide definite information about whether 
nonbonded lone pair interactions favor the cis or trans isomer. From Fig. 11, it is 
apparent that, if ng and rtu are very close in energy, p(F2px, F2px) will be more 
positive in the cis isomer. On the other hand, when 7ru is the "effective" LUMO 
of the coupling unit, p(F2px, F2px) should be positive in the trans isomer, negative 
for the cis isomer, and, furthermore, the trans bond order should be larger in abso- 
lute magnitude than the cis bond order. 

A final useful index of sigma nonbonded interactions between lone pairs is the 
partial bond order p'(Xm, Yn) which is evaluated over the MO's which result from 
the interaction of the lone pair group MO's with the sigma HOMO and vacant MO's 
of the coupling unit. This index is intimately connected with the type of analysis 
employed in this work. In our survey of a variety of problems of molecular structure 
we shall provide computational results pertinent to the analysis outlined,/.e, all or 
some of the following indices will be provided: 

a) Total pi overlap population, N-~. 
b) Long range pi bond order, P~Y. 
c) Long range pi bond overlap population, PlY. 
d) Long range sigma bond order p (Xm, Yn). 
e) Partial long range sigma bond order p' (Xm, Yn). 
0 Long range sigma overlap population P (Xm, Yn). 

Once we have specified the indices of nonbonded interactions, we should define 
the models which can be used for the identification of the nature of a given non- 
bonded interaction and its influence upon molecular structure. Specifically, we 
distinguish the following two models: 

a) Static Model. Here, nonbonded interactions within a molecule are evaluated 
for a f'Lxed geometry and the type of the nonbonded interaction, i.e. attractive or 
repulsive, provides a basis for making a pre diction of molecular geometry. The bond 
order or overlap population between the nonbonded atoms or groups is taken as 
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the index of the type of the nonbonded interaction, i.e. a positive bond order or 
overlap population is taken to imply nonbonded attraction and a negative bond 
order or overlap population is taken to imply nonbonded repulsion. This model is 
satisfactory in most, but not all, cases. The pitfalls awaiting the unwary practitioner 
will be discussed later when we examine the effect of nonbonded interactions upon 
bond angles. 

b) Dynamic Model. Here, nonbonded interactions are evaluated by reference 
to the energy change which accompanies a change of a given nonbonded interaction. 
If the energy of  the system decreases as the nonbonded interaction becomes more 
pronounced, the latter is identified as an attractive interaction and conversely. The 
change in the total pi overlap population, which includes interactions between 
bonded as well as nonbonded centers, is taken as the index of  the type of  pi non- 
bonded interactions. Thus, an increase in the total pi overlap population as a pi 
nonbonded interaction is accentuated belies nonbonded attraction, while a decrease 
in the total pi ovedap population belies nonbonded repulsion. Of course, another 
index is the difference between the appropriate long range bond orders in the two 
geometries under consideration. 

In Section 3.1., we shall show that the dynamic model leads to an unambiguous 
determination of the type of nonbonded interactions involved while the static model 
may lead to erroneous predictions as a result of an ambiguous definition of the 
nature of a nonbonded interaction. The superiority of the dynamic model is due to 
the fact that "nonbonded" interactions affect "bonded" interactions and, thus, the 
change in an overall overlap population rather than the change of  a specific overlap 
population between nonbonded atoms or groups is the most appropriate index of 
a nonbonded interaction. Accordingly, we shall employ the dynamic model in all 
subsequent discussions of molecular structure, unless otherwise stated. 

In order to exemplify how the various computed indices can be used in testing 
the predictions of OEMO theory within the framework of  the dynamic model we 
shall consider once again the problems of conformational isomerism of 1,3-butadiene 
and geometrical isomerism of 1,2-difluoroethylene. We first consider the cis and 
trans conformers of 1,3 butadiene. 

Inspection of Fig. 3 and focusing only on the stabilizing interactions, leads to 
the following predictions: 

a) The 7r-n'* interaction leads to removal of electron density from a bonding 
Ir MO to an antibonding lr*' MO. This will tend to reduce the Cl -C2 and C 3 - C  4 
pit bond orders, increase the C2 - C3 pi bond order and decrease the Cz - C4 pi bond 
order. Obviously, the ~r'-rr* interaction has the same consequence. Since charge 
transfer due to the MO interactions 7r-rr'* and 7r'-rr* is greater for the trans than 
the cis isomer, it is clear that the aforementioned bonding consequences of these 
orbital interactions will be accentuated in the trans relative to the cis conformer 
of 1,3-butadiene. 

b) The greater stability of the trans conformation will be reflected in a larger 
total pi overlap population relative to the cis. 

Results of INDO calculations of cis and trans 1,3-butadiene are shown below 
and are in complete agreement with the predictions of  our theoretical model: 
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Scheme 2. 
2 3 

2.3. Indices of Nonbonded Interactions and Steric Effects 

E~(kcal/mol) 2.508 

AO Pair pn (cis) p~r (trans) 

H4 y 

! Z 

0.000 

pn (cis) pn (trans) 

Ct-C2 .9549 .9531 .2579 .2574 
C2-C3 .2965 .3021 .0654 .0666 
C2-C 4 .0051 .0046 .0002 .0002 
CI-C4 -.2965 -.3021 -.0044 -.0007 
1~ .5772 .5811 

p(Hls, His) P(Hls, His) 
cis trans c~ trans 

H1--H 4 .0232 .0014 .0034 .0000 

Computation: INDO, standard geometry. 

We now turn to the bonding consequences of F - - F  nonbonded interaction 
in cis- and trans-1,2-di f luoroethylene.  Inspection of Fig. 7, and reasoning as before, 
leads to the following predictions: 

a) The C1 - F l ,  C2-F2 and F - - F  bond orders will tend to be larger in the cis 
than in the trans isomer. On the other hand, charge transfer from n A to rr* will 
result into a greater C1-C2 bond order in the trans relative to the cis isomer. 

b) The greater stability of the cis isomer will be reflected in a larger total pi 
overlap population relative to the trans. 

Results of INDO calculations of  cis- and t rans-1,2-di f luoroethylene are shown 
below and are in complete agreement with the predictions of our model: 

Scheme 3. 

Erel(kcal/mol) 

I 2 / X 

Fj z 

0.0 .611 

AO Pair p,r (cis) pTr (trans) pn (cis) pn (trans) 

Ct-C2 .9525 .9540 
C1-F l .2127 .2095 
C2- F1 -.  2127 -.2095 
F t - - F  2 .0475 .0460 

F 1 - - - F  2 

p(F2px, F2px) 

cis trans 
-.0242 .0571 

.2571 .2575 

.0285 .0281 
-.0025 -.0024 

.0000 .0000 

.3091 .3089 
P(F2px, F2px) 

c~ trans 
-.0001 .00001 

Computation: INDO, standard geometry. 
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Finally,  we should establish some index o f  steric repulsion since in certain in- 
stances it may not  be immediate ly  obvious which o f  two isomers is more destabilized 
by  steric effects. The most convenient index is the nuclear repulsion energy, EN, 
which can be calculated readily for any molecular system c). 

3. T h e  E f f e c t  o f  N o n b o n d e d  I n t e r a c t i o n s  o n  M o l e c u l a r  S t r u c t u r e  

We are now prepared to examine how attractive or  repulsive nonbonded  interactions 
determine molecular geometry.  We shall discuss representative examples where pi 

and/or  sigma nonbonded interactions obtain.  In each case, we provide computat ional  
data in support  of  general theoretical  arguments as well as per t inent  experimental  
results. I t  should be ment ioned that only  crucial indices of  nonbonded interactions 
are provided and the survey o f  the experimental  work  is by  necessity incomplete,  
i.e., it would take volumes to consider all available data. Nonetheless, at the end 
o f  this chapter,  the reader should be able to apply  the key ideas to problems of  direct 
interest tO him. 

Now, several caut ionary remarks are in order:  
a) In reporting relative energies o f  torsional isomers calculated by  different quan- 

tum mechanical procedures, it  should be recognized that  these quantities represent the 
balance o f  different effects as sensed by  the calculation employed.  Accordingly,  the 
dominant  effect can only be ascertained by  Hartree-Fock calculations and these are not  
currently possible for most of  the systems discussed in this work. On the other  hand, 
a given electronic effect which plays a major  role should be always detectable regard- 
less o f  the quali ty o f  the calculation employed.  In this sense, calculated indices o f  
nonbonded interactions are more meaningful than calculated energies since they  are 
testimonials o f  an important  effect rather than a resultant o f  effects d). Thus, results 

c) i t  should be emphasized that OEMO theory does not treat explicitly interelectronic repul- 
sions, which are reproduced by the two electron part of a complete hamiltonian operator, 
as well as internuclear repulsions. These effects are partially accounted for by virtue of the 
empirical evaluation of matrix elements in the OEMO method and will be grouped under 
the heading "steric effects". It is obvious that steric effects will tend to favor uncongested 
structures. It is then apparent that the OEMO theory will lead to incorrect predictions 
when steric effects become a dominant influence. 

d) These indices depend on MO symmetry properties which are well reproduced by any type 
of calculation. On the other hand, orbital energies and total energies do depend crucially 
on the type of calculation employed. For example, the three occupied pi MO's of cis 1,2- 
difluoroethylene are calculated as 
r = .4311 (Cpz + C~z) + .5605 (Fpz + F~z), e = -.8654 a.u.; 
r = .1542(Cpz - C~z) + .6901(Fpz- F~z), e = -.7632 a.u.; 
r = .5605 (Cpz + C~z) - .4311 (Fpz + F~z), e = -.4987 a.u.; 
by the INDO method and as 
r = .3308(Cpz + C~z) + .5612(Fpz + F~z), e = -.5678 a.u.; 
g}2 = .1659(Cpz -C~z) + .6734(Fpz -F~z) ,  e = -.5205 a.u.; 
r = .5463(Cpz + C~z) - .4382(Fpz + F~z), e = -.2944 a.u., 
by an initio method (STO-3 G basis set). It can be seen that the eigenvectors are nearly 
identical while the energies differ substantially. 
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3.1. Nonbonded Interaction Control of the XCX Angle in X2CH 2 and X2C=Y Molecules 

of extended Hiickel, CNDO/2 and INDO calculations should be given significance 
only insofar as computed indices are concerned since relative energies determined 
by these methods are not as reliable as those determined by the ab initio procedures, 
at least in most cases. Unless a comparison of computational methods is made, we 
shall report only ab initio relative energies of torsional isomers. 

b) Sigma-lone pair nonbonded interactions are expected to discriminate between 
torsional isomers to a smaller degree than pi-lone pair nonbonded interactions. Ac- 
cordingly, when both types of  interactions are present, as in molecules like 
CHF=CHF, a prediction will be made based upon consideration of pi nonbonded 
interactions. 

c) Differential sigma lone pair nonbonded interactions, such as those which 
obtain in cis and trans CFCI=CFC1, are expected to play only a small role in determin- 
ing geometrical preference and will not be considered. 

3.1. Nonbonded Interaction Control of the XCX Angle in X2CH2 and X2C=Y 
Molecules 

We shall first consider how nonbonded interactions influence bond angles in molec- 
ules. Our approach will be illustrated by reference to the model systems difluoro- 
methane and 1,1-difluoroethylene. In these problems, we shall consider not only 
stabilizing orbital interactions but also overlap repulsion in order to demonstrate 
some interesting trends which obtain in these angle problems. 

We first consider pi nonbonded interactions in difluoromethane and employ 
the dissection shown below. The appropriate interaction diagram for the pi system 
only is shown in Fig. 13. From this diagram it is obvious that only the symmetric 

y 

Z 

fluorine group MO, ns, can interact with the rr and rr* MO's of the methylene group. 
Now, shrinkage of  the FCF angle has the following consequences: 

a) Overlap repulsion increases due to the interaction of the fluorine 2 Pz lone 
pairs. 

b) The splitting of  the F group MO's increases and, hence, the energy of n s 
decreases. This leads to a decrease of  e0 [Eq. (5')] and tends to reduce the n s - l r  
overlap repulsion. On the other hand, the same effect leads to an increase in the 
energy separation of n s and 7r* and tends to reduce the corresponding stabilizing 
interaction. 

c) The normalization constant of ns, which has the form (2 + 2 S F r ) -  1/2, 
decreases since the spatial pi overlap between the two fluorines, SFF, increases. In 
turn, the decrease in the n s normalization constant will tend to reduce both the 
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S n* 

F . . . . .  F d ~ H  

Fig. 13. Interaction of the pi fluorine lone pairs with the methylene pi system in CH2F 2 

n s -  rr overlap integral and the corresponding four electron destabilizing interaction 
as well as the n s-~r* overlap integral and the corresponding two electron stabilizing 
interaction. 

d) The spatial overlap between the fluorine 2pz AO's and the methylene hydro- 
gens decreases. As a result, the Sas~r overlap integral will tend to decrease and the 
Sns~. overlap integral will tend to increase, i.e. this effect will tend to reduce 
overlap repulsion and increase the stabilizing ns-rr* interaction. These considera- 
tions can be understood by reference to the drawings shown below: 

large FCF angle small FCF angle 
small Sns~r* large S,,jr* 
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3.1. Nonbonded Interaction Control of the XCX Angle in X2CH 2 and X2C=Y Molecules 

In short, angle shrinkage has the following effects: 
a) Increase in fluorine lone pair-lone pair repulsion. This effect is favored by 

the variation of all quantities involved in Eq. (6'). 
b) Decrease in the ns-rr  overlap repulsion. This effect is favored by the varia- 

tion of all quantities involved in Eq. (5'). 
c) Small variation of the n s-rr* stabilizing interaction due to conflicting 

variations of the quantities involved in Eq. (1 '). 
In general, F2pz-F2pz overlap repulsion will be outweighed by n s-Tr overlap 

repulsion, the net effect favoring angle shrinkage. 
In addition, the question arises as to whether there is any way of testing whether 

the two electron stabilizing interaction will increase or decrease as the FCF angle 
shrinks. The answer is affirmative and in this case the information is conveyed by 
the variation in the bond order of the 2pz fluorine AO's. We distinguish two cases: 

a) The variation of the ns-Tr* stabilization energy is dominated by the variation 
of the corresponding overlap integral. Thus, as the FCF angle shrinks, this interac- 
tion increases and the F - - - F  pi bond order or pi overlap population become in- 
creasingly more negative. 

b) The variation of the ns-Tr* stabilization energy is dominated by the varia- 
tion of the corresponding energy gap. Thus, as the FCF angle shrinks, this inter- 
action decreases and the F - - - F  pi bond order, but not necessarily the correspond- 
ing overlap population, becomes less negative. 

Accordingly, the variation of the appropriate bond order as revealed by an 
explicit calculation can tell us something about the variation of a given interaction 
which is controlled by two opposing effects. On the basis of the discussions in Sec- 
tion 1.2, we expect that due to a small change of both Hii and eij as a result of angle 
shrinkage, the variation of the Hii  , which is proportional to the overlap integral Sij, 
will dominate. We shall return to this point shortly. 

The example of F2CH2 has pedagogical significance for it illustrates how the 
static model can lead to erroneous predictions unless care is exercised in the inter- 
pretation of long range bond orders and overlap populations. For example, in the 
case of difluoromethane, a mere inspection of the sign of the pi overlap population 
(vide infra) between the two fluorines might have led somebody to infer that this 
non-bonded interaction is repulsive. This would arise because the n s-rr* interaction 
leads to charge transfer away from a bonding F - - F  pi group MO and, thus, creates a 

F Y 

119 ~ 9 ~ x 

- - F  F z 

P~F -.02760 
PFF --.00007 
N~ .59062 
p(F2Px, F2px) .08690 
P(F2Px, F2p x) .00023 
Computation:INDO, standard geometry 

-.05510 
-.00091 

.61130 

.12350 

.00204 
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net antibonding situation, i.e. negative F - - - F  pi overlap population. As we pointed 
out in our original paper 2), the artificiality of  such an inference can be immediately 
realized by noting that a stabilizing interaction has to involve an antibonding situa- 
tion o v e r c o m p e n s a t e d  by bonding situations. 

The problems facing the static model can be best understood by reference to 
the various computed indices for difluoromethane at various FCF angles. Compar- 
ing the two structures shown above, we note that the total pi overlap population 
increases as the angle shrinks. Thus, accordingto the dynamic model, there is F - - F  
pi nonbonded attraction since the difference in the total pi overlap populations is 
positive. On the other hand, the F - - - F  pi overlap population is always negative. 
Clearly, the FCF angle tends to shrink despite F - - - F  antibonding character as 
the total energies indicate. The F - - - F  pi bond order becomes more negative as 
the FCF angle shrinks, belying a dominance of  the variation of the ns- l r*  overlap 
integral and indicating that the ns-r t*  interaction becomes increasingly stabilizing, 
a fact reflected in the variation of the total pi overlap population. In short, the 
static model leads to either erroneous or ambiguous conclusions depending upon 
how one chooses to interpret a long range overlap population. 

It should be noted that in this example the sign of AN~ is positive while the 
sign of the F - - F  pi overlap population is negative and the static model fails or 
becomes ambiguous. Obviously, both models will lead to indentical predictions 
when AN~ and a given pi overlap population between nonbonded atoms or groups 
have the same sign. 

F 

F 

Angle o PT"F P~'F n-~ p(F2Px, 
F 2Px) 

y 

t 
/ 

Z 

P(F2Px, 
F2Px) 

= X 

Relative 
energy 
(kcal/mol) 

120 ~ -.0507 -.00011 .32585 .0761 
116 ~ -.0517 -.00013 .32642 .0809 
112 ~ -.0526 -.00016 .32686 .0845 
108 ~ -.0535 -.00019 .32738 .0871 

.00016 

.00020 

.00025 

.00031 

7.83 
4.07 
1.39 
0.00 

Computation: CNDO/2. 

Angle 0 P~F N~ P(F 2Px, F2Px) Relative 
energy 
(keal/mol) 

120 ~ -.00013 .21222 .00019 3.110 
116 ~ -.00017 .21314 .00025 1.003 
112 ~ -.00022 .21398 .00031 0.000 
108 ~ -.00028 .21472 .00039 0.194 

Computation: ab  in i t io  - STO-3G basis set. 
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3.1. Nonbonded Interaction Control of the XCX Angle in X2CH 2 and X2C=Y Molecules 

The angle problem in 1,1-difluoroethylene can be treated in a similar manner. 
The pi nonbonded interaction between the F2pz lone pairs is identical to that en- 
countered in the case of  difluoromethane due to the fact that 1,1-difluoroethylene 
and difluoromethane are pi isoconjugate. A confirmation of our analysis is provided 
by the results of computations shown above. 

Once we have considered pi nonbonded interaction control of the FCF angles 
in F2CH 2 and CF2=CH 2, we turn our attention to sigma nonbonded interaction 
control in all molecules or fragments of the type FAF. Here, we focus upon the 
interaction of the Px lone pairs of fluorine with the py AO or Try type MO's of  A. 

OFO Y 

A x / 
OFO z 

p~-s 

( ~ n A  

�9 4+S 

C 

S+t- 1~<2) "s 

Y 
F 

Fig. 14. Sigma fluorine lone pair interactions with the AO's of the carbon atom in F2CH 2. 
A similar diagram can be drawn if the sigma MO's of the CH 2 are considered 

~ ~ A  

A"~ ~ n A  

S-H- ~) ns 

-H-s 
F 

C- -C  i 
F 

Fig. 15. Sigma fluorine lone pair interactions with the sigma MO's of the C=C fragment 
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The diagram of Fig. 14, shows how the nonbonded interaction between the 
fluorine 2px lone pairs and the 2py AO of carbon favors FCF angle shrinkage in 
CF2H2. The nA--Py interaction is dominant since it involves maximal spatial orbital 
overlap and increases as the two lone pairs are brought to closer proximity. Accord- 
ingly, p(F 2px, F 2px) and P(F 2px, F 2px) are both expected to be positive and 
increase as the FCF angle shrinks in F2CH2. The results of calculations shown above 
are in agreement with these predictions. 

The sigma lone pair nonbonded interaction in F2C=CH2 can be treated in a 
similar fashion. The appropriate interaction diagram is shown in Fig. 15 and our 
conclusions are identical to the ones reached in the case of F2CH2, i.e. nonbonded 
attraction between the fluorine 2px lone pairs favors angle shrinkage in CF2=CH2 . 
The results of calculations shown above are, once again, in agreement with these 
predictions. 

The above conclusions are general for all Y2A molecules where Y has available 
sigma np lone pairs. In subsequent sections, we shall see that the nonbonded inter- 
action between sigma lone pairs is of paramount importance in controlling bond 
angles in molecules. 

A discussion of the experimental results relevant to the above discussion is 
postponed until we examine other important factors which may also contribute 
towards angle shrinkage in AY2 fragments or molecules. 

3.2. Conformational Isomerism of CH3CH3 and CH2XCH2X Molecules 

We shall first consider rotational isomerism in ethane. In particular, we shall compare 
the staggered and eclipsed conformations shown below. 

Staggered Eclipsed 

In general the reason for the greater stability of the staggered conformation relative 
to the eclipsed conformation has been a matter of controversy. Here, an interpreta- 
tion based on electronic effects is given. 

The ethane molecule can be constructed by union of two pyramidal methyl 
radical fragments. The interaction diagram is shown in Fig. 16 and the key stabiliz- 
ing orbital interactions are depicted below. 

Since the energies of the unperturbed orbitals are assumed to be independent of 
the rotational angle, only trends in overlap integrals need be considered in order 
to determine the relative stabilization of the staggered and eclipsed conformations. 
We now consider in detail the various MO interactions and their impact on conforma- 
tional preference: 

1. r The bonding overlap between the hydrogens will be greater, in the 
eclipsed geometry relative to staggered geometry. However, due to the small hydro- 
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3.2. Conformational Isomerism of CH3CH 3 and CH2XCH2X Molecules 
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CHa- -CH3 
Fig. 16. Key orbital interactions obtaining in the union of two methyl radicals to form ethane. 
Arrows indicate the key stabilizing interactions 

gen coefficients in these MO's, the preference for the eclipsed geometry will be 
small. 

2. ~4-r The antibonding overlap between the hydrogens will be greater in 
the eclipsed geometry relative to the staggered geometry. Consequently, the stag- 
gered geometry is favored but, due to the small hydrogen coefficients, only to a 
small extent. This interaction will tend to offset the previous interaction. 

3. ~3 -~6  and r  The situation here is analogous to the situation which 
obtained in the case of the ~4-r interaction and the staggered geometry will be 
stabilized relative to the eclipsed. Also, since the hydrogens have large coefficients, 
the degree of  stabilization will be appreciable. That is, the non-bonded interaction 
between the hydrogen atoms will favor the staggered geometry. The rationale out- 
lined above is basically similar to that suggested by Hoffmann 46) and Lowe 66). It is 
noted that overlap repulsion also dictates a preference for the staggered form. 
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An equivalent manner of accounting for the preference of  the staggered geome- 
try will be discussed in a later section. 

Turning now to disubstituted ethanes, we will consider the case where both 
substituents are identical and bear lone pair electrons. We shall compare the typical 
conformations shown below. 

X X 

X 
anti syn 

Our approach will be illustrated by using 1,2-difluoroethane as the model system. 
This molecule can be dissected as shown below. The sigma nonbonded interaction of 
the fluorine 2px lone pairs and its impact upon conformational preference can be 

F F y 

Z 

appreciated by reference to the interaction diagram shown in Fig. 17. This type of 
lone pair sigma nonbonded interaction has been discussed before and constitutes 
a typical examples of pattern b in Scheme 1. In the case where the 7r u and lrg 
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nAq+ 

ns q-q- 

au\ 

-H- 
Gg 

~ - - ~  nA 

\ 
ns 

F . . . . . .  F C C F . . . . . .  F 

syn anti 

Fig. 17. Sigma type stabilizing orbital interactions in syn and anti 1,2-difluoroethane 

vacant orbitals are nearly degenerate, the Ou vacant MO becomes the "active": 
MO of the coupling unit and enforces syn preference. On the other hand, in the 
case where there is substantial splitting of the r u and 7rg vacant orbitals, the rr u 
vacant MO becomes the "active" MO and may enforce anti preference. 

The analysis of the 2pz lone pair interaction proceeds in a similar manner. The 
appropriate interaction diagram is shown in Fig. 18. The key interactions will be 
ns -~a  and nA--~b 4. The former interaction will be larger in the anti geometry while 
the latter will be larger in the syn geometry, i.e., they tend to cancel. Furthermore, 
this effect is expected to be secondary to the previous one because spatial overlap 
dictates a much greater splitting of the 2px than the 2pz lone pairs in the syn ge- 
ometry. 

The nonbonded interactions of the fluorine 2s lone pairs can be neglected be- 
cause F 2 s - F 2 s  spatial overlap is poor. Even more important, the energy of the 
F2s orbital is extremely low so that interaction with the sigma vacant MO's of  the 
coupling unit is negligible. 

Good quality ab initio calculations have not yet been carried out in order to test 
whether lone pair nonbonded attraction obtains in 1,2-difluoroethane. Results of 
INDO calculations shown below indicate the presence of a nonbonded attractive 
interaction on the basis of  the "partial" bond order p' (F 2px, F 2px). By contrast, 
the presence of a nonbonded repulsive interaction favoring the anti conformation 
is indicated on the basis of the bond order p(F2px, F2px). 
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- -~ -A 
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l -~  t- nA 

F . . . . . . .  F -CH2-CH2- F . . . . . . . .  F 

syn anti  

Fig. 18. Pi type stabilizing orbital interactions in syn and anti 1,2-difluoroethane. The symmetry 
labels are assigned with respect to a mirror plane (syn conformer) or a rotational axis (anti con- 
former) 

Y 

F F ~ F z 

p'(F 2px, F 2px) .1690 
p(F2p x, F2px) -.0011 

Computation: INDO, standard geometry 

.1535 

.0361 

The discussion of experimental results pert inent to rotational isomerism in 1,2. 
dihaloethanes will be deferred to Section 11.0, where we discuss additional important 
electronic effects determining the preferred conformation of these molecules. 
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3.2. Conformational Isomerism of CH3CH 3 and CH2XCH2X Molecules 

The analysis outlined above can be extended to ethanes where the substituent 
does not bear lone pairs but rather a pi system. As an illustration, we will consider 
1,2-dicyanoethane. 

NC CN -~ CN 

P(CN, CN) .00913 

Computation:lNDO, stand~d geome~y 

-.00006 

The sigma nonbonded interaction between the two substituents fall into pattern 
d of  Scheme 1. Here, unlike the case of 1,2-difluoroethane, we conclude that there 
will be a preference for the syn conformation due to the sigma nonbonded inter- 
action of  the pi systems of the substituents. This will be counteracted by the in- 
herent preference of any ethane molecule for the staggered geometry and a com- 
promise is expected to be reached in the gauche conformation, barring adverse steric 
effects. 

Experimental data for 1,2-dicyanoethane are available. In the gas phase, the anti 
conformer is more stable while in the liquid phase, where dipole-dipole repulsive 
effects are deernphasized, the gauche is more stable 67). 

If  the two substituents are not identical, one may still focus on the interaction 
of the group MO's of  the substituents and those of the -CH2-CHz - fragment. As 
an example, we will consider 1-fluoropropane. This molecule constitutes system 
where a "hydrogen bond" determines conformational preference and merits 
special attention. This "hydrogen bond" represents a bonding situation which can 
be classified under the heading of nonbonded attractive interactions. 

Consider the molecule 1-fluoropropane dissected in the manner shown below. 
First, we consider the sigma nonbonded interaction between methyl and fluorine 
and we construct the group MO's of  the CHa...F fragment as shown by the inter- 
action diagram of  Fig. 19. 

Clearly, in the syn conformation there is a stabilizing interaction between the fluo- 
rine 2px lone pair and the LUMO of  the methyl group. This type of interaction 
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Fig. 19. The sigma group MO's spanning the substituents in 1 fluoropropane as constructed from 
the sigma MO's of a CH bond and the fluorine sigma lone pair AO. Net stabilization results due 
to the Fpx- r  2 interaction 

can be regarded as responsible for normal intermolecular hydrogen bond formation. 
As a result, the bond order between the fluorine 2px lone pair and the in-plane 
methyl hydrogen becomes positive, Le., there is a weak covalent bond already 
formed due to the through space interaction of  methyl and fluorine in the syn con- 
formation. Obviously, the stabilizing interaction F p x - ~ 2  is zero in the anti 
geometry since spatial overlap is negligible. 

The union o f  the CH 3...F component system with the - C H  2 - C H  2 - coupling 
unit may attenuate or enhance the preference for the syn conformation due to 
hydrogen bonding depending on the relative energies o f  the 7r u and ,rg MO's of  the 
coupling unit. The exciting possibility exists that, if systems can be found where 
the active vacant MO of  the coupling unit is the o u MO, a super hydrogen bond 
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may favor the syn conformer to an extent far and above that expected from a con- 
ventional hydrogen bond. 

A similar analysis can be given for the pi nonbonded interaction between the 
methylene group and the fluorine 2pz lone pair. However, due to much poorer 
spatial overlap, this interaction will be of  limited significance compared to the sigma 
nonbonded interaction. 

On the basis of  the above discussion, we are led to the conclusion that sigma 
nonbonded attractive interaction in the form of  a hydrogen bond will tend to favor 
a syn conformation opposing the inherent preference of ethane molecules for a 
staggered conformation. A compromise is expected to be reached in the gauche 
conformation. However, severe steric effects may force an anti conformational 
preference. 

The importance of hydrogen bonding in determining the preferred conforma- 
tion of 1,2-disubstituted ethane can be appreciated by reference to the cal. 
culations of  Pople and his collaborators 6s). Representative systems were examined 
and in all cases the most stable conformer was calculated to be the one involving 
hydrogen bonding between the two vicinal substituents of  the ethane molecule. Two 
typical examples of  such structures are shown below. 

? . 4~ 
H~N "'F " / /  

Experimental results shown in Table 10 suggest that a hydrogen bond,/.e., 
a strong nonbonded attractive interaction, is instrumental in dictating gauche 
preference in CHaCH2CH2X and XCH2CH20H systems where X carries at least one 
lone pair. 

The approach used in this section can be used to treat any 1,2-disubstituted 
ethane. In general, sigma nonbonded interactions may favor the syn geometry, the 

Table 10. Relative stability of the torsional isomers of YCH2CH2X molecules 

X Y Egauche-Eanti Rcf. 

CH 3 F -,5 • .3 69) 
CH3 CI -(.05 -,.3) 70, 70 
CH 3 Br -.28 • .1 72, 73) 
CH 3 OH -.29 • .15 74) 
F OH -2.07 • 75-77) 

- (>  2.8) 
O OH -(1.8 - 4.5) '75, 78) 

-1.2 • .09 
-.95 • .02 

Br OH -1.25 +.08 75) 
I OH - . 8 1  • .09 7s) 
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inherent nonbonded interaction present in any ethane system will tend to favor a 
staggered conformation, and steric effects will tend to favor an anti conformation. 
Clearly, then, a gauche preference is most likely a sign of the importance of non- 
bonded attractive interactions. Another factor favoring gauche preference will be 
discussed in a subsequent section. 

3.3. Confonnational Isomerism of X4Y2 and X2 H2 Y2 Molecules 

In this section we shall consider conformational isomerism in typical hexaatomic 
molecules, X4Y2 and X2H2Y2. A diagram which depicts the MO's spannend by 
the 2px lone pairs of  the heteroatoms X and the MO's of the coupling unit Y - Y  
in planar Y2X4 is shown in Fig. 20. We distinguish two cases: 

a) The energy gap between the lone pair MO's and the vacant MO's of  the cou- 
pling unit is large, i.e. their interaction is matrix element controlled. In such an event, 

I I ~ 4  

AA 

i 
O u  

SA 
7i'g 

AA 
m "flu 

AS 
s 

m O g  

ss 

m O i  1 

SA 

s 

X . . . .  X 

X . . . .  X 

SS 
Y ~ Y  

Fig. 20. The sigma lone pair group MO's of X 4 component system and the sigma group MO's 
of the Y-Y coupling unit 

62 



3.3. Conformational Isomerism of X4Y 2 and X2H2Y 2 Molecules 

the "active" unoccupied MO's of the coupling unit will be the ones which overlap 
maximally with the lone pair MO's, namely the 7r u and rig MO's. If there is substantial 
splitting between these two MO's, the "active" MO will be the rt u MO. This occurs 
typically in BzF4. The ~3-~ru stabilizing interaction is weak and overlap repulsions 
can force a preference for a perpendicular geometry. 

b) The energy gap between the lone pair MO's and the vacant MO's of the cou- 
pling unit is small,/.e, their interaction is energy gap controlled. In such an event, 
the "active" unoccupied MO of the coupling unit is simply the sigma LUMO. This 
situation obtains in N2 04 where the formal negative charge in the oxygens raises 
the energy of the lone pair MO's. The r  stabilizing interaction is strong and 
can force a preference for a planar geometry. 

In B2F4 and N204 we note the following: 
a) Experimentally, the most stable conformation of N204 in the ,~as phase is 

found to be the eclipsed conformation predicted by our analysis 79-s2~. Also, the 
N-N bond length of N2 04 (1.75 A) is substantially greater than in N z H 4 (1.47 A) 
mainly due to charge transfer from the oxygen MO's to the N-N gu LUMO which 
results into a weaker N-N bond. This interaction does not obtain in N2H 4. 

A b  initio calculations show the eclipsed conformation to be energetically more 
stable than the perpendicular conformation due to an attractive 1,4-interaction 
between the oxygen atoms 83). Furthermore the N-N sigma overlap population is 
found to be less for the eclipsed conformation than the perpendicular due to greater 
charge transfer to the crucial N-N sigma antibonding MO. Extended Htiekel calcula- 
tions of N204 have been employed to complement the ab initio calculations. In- 
terestingly, when the 1,4-interaction between the oxygen atoms is eliminated, there 
is an energy shift in favor of the perpendicular conformation e}. This latter result 
strongly supports the idea that nonbonded attraction is primarily responsible for 
controlling conformational isomerism in N204. 

We note here, that the eclipsed conformation of N204 can be viewed as being 
a sigma aromatic system geometrically similar to the pi aromatic system napthalene 
as illustrated below: 

b) The experimental studies of  B2F 4 ill the gas phase indicate that the molecule 
exhibits a staggered conformation shown below s4-  se). 

F 
\ . .F 

B ~ B ' "  

F 

e) The 1,4 interaction was eliminated by setting the appropriate off diagonal matrix element, 
Hij, along with the corresponding overlap matrix element, Sij, to zero. 
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A b  initio calculations furthermore, predict, in agreement with experiment, the 
staggered conformation of B2 F4 to be more stable than the planar conformation 83). 

c) Results of CNDO/2 calculations are shown below and confirm our analysis 
disscussed above. 

Y 

o / N  N ~ O  F ~ B  F 
Z 

p(O2px , O2Px ) = .0415 
P(O2px , O2Px ) = .00054 

Calculation: CNDO/2, experimental geometry 

p(F 2Px, F 2p x) = -.019200 
P(F 2px , F 2Px) = -.00003 

3.4. Conformational Isomerism of X - Y - Y - X  and W - X - Y - Z  Molecules 

We first consider the electronic factors responsible for conformational preference 
in tetraatomic molecules of  the type X - Y - Y - X .  Our model compound is O2F2 
and the two conformations we will compare are shown below: 

Y 

\ _ /  t 0~0 = x \ / 
F z 

p(F2Px, F2p x) -.006000 
p' (F 2 Px, F 2 Px) -.172200 
P(F2p x, F2p x) -.000012 

Calculation: CNDO/2, standard geometry 

.057700 

.091980 

.000000 

The problem of sigma nonbonded fluorine lone pair interactions is identical 
to the one encountered in the case of  1,2-difluoroethane. In this case, CNDO/2 
results indicate that fluorine lone pair interaction favors the trans isomer, i.e. the 
fluorine-fluorine sigma interaction is repulsive in the cis isomer as indicated by the 
negative sign of p ' (F2px,  F2px),  p(F2px,  F2px)  and P(F2px,  F2px).  We note 
here that an additional electronic factor which is important in dictating the prefer- 
red conformation of  FOOF will be discussed in a subsequent section. 

Another example of  torsional isomerism in X - Y - Y - X  tetraatomic molecules 
is the relative energetics of  cis and trans N2 F2. 
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Y 
F F 

x 

F z 

cis trans 

F-a-el (kcal/mol) 0.000 .634 
P~F .00015 .00000 
P(F2Px, F2px) -.00016 .00000 
h~ T .17057 .17520 

Computation: STO-3G at STO-3G optimized geometry 

cis trans 

Ere i (kcal/mol 2.535 0.000 
P~F .00115 .00002 
P(F 2Px, F 2Px) .00003 .00009 

.18317 .17959 

Computation: 4-31 G at STO-3 G optimized geometry 

N2F2 can be dissected as shown below: 

I 1 Y 
k / 
N N l x 

In this case both pi and sigma nonbonded interaction between the fluorine lone 
pairs are important in dictating the preferred isomer of  N2F 2. Arguing as before, 
we predict the following: 

a) Pi nonbonded interactions stabilize cis N2 F2 more than trans N2 F2. 

b) Sigma nonbonded interactions depend upon the identity of the "active" 
unoccupied MO of the N=N coupling unit. 

A b  initio calculations of the geometric isomers of  N 2 F2 have revealed the 
following interesting trends: 

a) Pi nonbonded attraction between the fluorine pi lone pairs favors the cis 

isomer only when an extended basis set is employed. At the level of  a minimal basis 
set the total pi overlap population, the best index of pi nonbonded interaction, favors 
the trans isomer. This basis set dependence may be due to the fact that the cis isomer 
exhibits longer N - F  bonds than the trans isomer due to an effect which will be 
discussed later. 

b) Sigma nonbonded interaction between the fluorine sigma lone pairs appears 
to favor the trans isomer. This may also be due partially to the difference in N - F  
bond lengths in the two geometric isomers. 

Experimentally, the cis isomer of  N2F2 is found to be about 3.0 kcal/mol more 
stable than the trans isomer 87' 88). Another electronic factor which contributes 
to the substantial stabilization of  the cis isomer will be discussed in a subsequent 
section. 
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Finally, we turn our attention to tetraatomic molecules of the type W - X - Y - Z .  
Our model system CINSO exhibits cis-trans isomerism: 

C1 O O 
\ / / 
N S N S 

/ 
CI 

P~IO .09270 .08380 
P~IO .00026 .00001 
N~ .24808 .24660 
p(Cl3p x, O2px) -.01700 .07050 
p'(Cl3Px, O2px) -.05200 .01044 
P(CI3Px, O2px) -.00036 .00004 

Computation: CNDO, experimental geometry 

Arguing as before we predict that cis C1NSO is stabilized more than trans CINSO 
by pi lone pair nonbonded attraction. The results of CNDO/2 calculations are shown 
above and it can be readily seen that pi nonbonded attraction favors the cis isomer. 
On the other hand, the indices of sigma nonbonded interaction imply that the trans 

geometry is stabilized more by sigma lone pair nonbonded attraction than the cis. 
Infrared and Raman spectroscopic studies of XNSO, where X=F, C1, Br, I, 

indicate that these compounds have a cis configuration in the gas phase sg). This 
result has also been confirmed by electron diffraction study of CINSO 9~ Once 
again, an additional important electronic factor is responsible for the greater stability 
of the cis isomer and this will be discussed in a later section. 

3.5. C onformational Isomerism of CHaCH--X Molecules 

�9 In this section, we shall discuss the electronic factors which determine conformation- 
al preferences in CHaCH=X systems. We shall attempt to predict the relative energy 
of the staggered and eclipsed conformations shown below as well as its dependence 
upon the nature of  X. 

staggered eclipsed 

Our approach will be illustrated by reference to propene as itie model system. 
The dissection employed here is depicted below. 

/ 
I CH 
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3.5. Conformational Isomerism of CH3CH=X Molecules 

The appropriate interaction diagram is shown in Fig. 21. The energies of  the un- 
perturbed orbitals are independent of the degree of rotation about the C-C single 
bond. Consequently, we need only consider changes in the ovedap integrals that 
accompany rotation. 

�9 

H3C- H/C:==:C.~H 

Fig. 21. Stabilizing pi orbital interactions in propene 
The key stabilizing orbital interactions are sketched below 

eclipsed staggered 

, r - ~* : ~ " ~ ~ ~  , ~ ~  ~)I -- 71"* 
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As can be seen, there is an increase in the antibonding overlap between the methyl 
hydrogens and the outer olefinic Cpz AO which effectively reduces the total over- 
lap integral in the staggered geometry. Thus, the stabilization due to both interac- 
tions will be greater in the eclipsed isomer. That is, electronic factors will favor the 
eclipsed conformer while steric effects favor the staggered conformer. In propene 
the electronic factors dominate and the molecule exists in the eclipsed geometry 
with a barrier to rotation of 2.00 kcal/mo191 - 9a) 

In CHaCH 2 =X molecules, the methyl rotational barrier is the energy difference 
between the eclipsed and staggered conformations with the former being the energy 
minimum and the latter being the energy maximum. 

When a CH2 is replaced by O several things happen. First, the energies of  both 
the rr and rr* MO's decrease in energy. Secondly, the orbitals are no longer symme- 
trical but have the shape shown below. 

, 0  0 o  
C 0 C 0 

o o  0 o 
ff if* 

As a consequence of  the energy decrease in both Ir and 7r*, only the r - l r* inter- 
action need be considered when dealing with the rotational barrier in CHaCH=O. 
As in the propene case, the eclipsed conformer will be favored. However, as can be 
seen from the diagrams below, the eclipsed form will be favored to a lesser extent 
in acetaldehyde relative to propene. 

eclipsed staggered 

This is due to the small coefficient on the oxygen atom in the n* MO. The methyl 
rotational barrier for CH3CH=O should be less than for CH3C=CH2 

Experimentally, acetaldehyde is known to exist in the eclipsed conformation. 
It has a methyl rotational barrier of  1.16 kcal/mo194-96) as contrasted with a 
barrier of 2.00 kcal/mol in the case of propene. 

We note here that similar reasoning has been employed by Lowe 97) as well as 
Hehre and Salem 98) in their studies of conformational isomerism of propene. 
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3.6. Torsional Isomerism of CHX-CHX and CHX=CHY Molecules 

A 1,2.disubstituted alkene can exist in either of two geometries, the cis and trans, 

as shown below for 1,2-difluoroethylene which we shall use to illustrate our ap- 
proach: 

y 

F F F 

F z 

ci$ lran$ 

Erel(kcal/mol) 0.244 0.000 
P~F .00001 .00000 
P(F2Px, F2Px) -.00001 .00000 
N~ .20789 .20754 

Computation: STO-3G at STO-3G optim~edgeometry. 

cis trans 

Ere I (kcal/mol) .634 0.000 
P~'F .00023 .00001 
P(F2Px, F2Px ) .00046 .00007 

Computation: 4-31G at STO-3 G optimized geometry 

cis trans 

Erel (kcal/mol) 1.293 0.000 
P~F .00025 .00001 
P(F 2Px, F2Px) .00041 .00008 

Computation: 4-31G at 4-31G optimized geometry 

The nature of  the nonbonded interactions between the pi and sigma fluorine 
lone pairs has been discussed in detail before. The results of ab initio calculations 
are shown above. They dearly demonstrate that pi nonbonded attraction obtains 
in 1,2-difluoroethylene and related systems. The predicted greater stability of the 
trans isomer is most likely due to an exaggeration of dipolar interaction effects, 
favoring the trans molecule, by the basis sets used. 

On the other hand, sigma nonbonded interaction appears to favor the trans 

isomer in the STO-3G calculations as can be seen from the indices shown above, 
i.e. P(F2px , F2px) is negative in the cis isomer and zero in the trans isomer. 
However, P(F2px,  F2px) is positive for both isomers in the computations employ- 
ing a 4 - 31G basis set. It appears, therefore, that in this ease the nature of  sigma 
nonbonded interaction is basis set dependent and, hence, further work is needed 
to clarify the situation. 

The experimentally determined stability of geometric isomers for several 1,2- 
disubstituted olefins where the substituents bear lone pairs, i.e. the substituents are 
of the - X ,  - X - R ,  or -~q- i  R2 type, are shown in Table 11. From inspection 
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Table 11. Relative stability of the geometric isomers of XHC=CHY olefins 

X, Y AH ~ (cal/mol) a) Kae~ Ref. 

F, F (g) 928 ~: 29 .401 - .582 99, IO0) 
C1, CI (g) 650 • 70 .577 - .683 99, 101, 102) 
Br, Br (g) -130 + 300 .984 103) 
I, I (g) 0 + 200 1.690 99, 104) 
Br, Br (1) 320 • 200 .66 99, 105) 
I, I (1) -1,550 _+ 1,000 .681 - .792 99, 104, 106, lO7) 
F, C1 (g) 780 + 20 .485 - .669 99,108) 
OMe, OMe (1) 1,549 +- 19 .150 - .338 1o9) 

(g) 1,445 • 54 .210 - .410 lO9) 
OEt, OEt (1) .25 110) 
C1, OEt (1) 660 • 130 .221 110) 
CI, CN (1) .449 111) 
F, CH=CH 2 (1) .613 112) 
CI, CH=CH 2 (!) .428 112) 

a) A positive enthalpy and an equilibrium constant less than unity mean that the cis isomer is 
more stable relative to the trans. 

of  these data it is obvious  that  the cis isomer is the rmodynamica l ly  more  stable, at 
least in most  cases. 

As a second example,  we consider  torsional  isomerism in 1 ,2-dihydroxyethytene.  
The six conformat ions  o f  d ihydroxye thy lene  along wi th  their labels are shown be- 

low: 

Y H H  
~ _ ~  H~.O / \ / H  / H  H.... O ' ' H  O / H O / ' H  O O 

z H / O  O'-,. H O'-. H 

Css Cse Cee Tss Tse Tee 

Erel(kcal/moD 4.439 0.000 3.511 3.072 2.313 .765 
P~)o .0002 .0002 .0001 .0000 .0000 .0000 
N~ .4164 .4162 .4201 .4142 .4168 .4194 

Computation: STO-3G at STO-3G optimized geometry 

Erel(kcal/moD 7.323 0.000 5.204 4.815 5.561 4.633 
P~O .0028 .0028 .0012 .0002 0.0001 .0001 
b~ T .3756 .3718 .3826 .3674 0.3712 .3783 

Computation: 4 -31G at STO-3G optimized geometry 

By fol lowing the same arguments  as we did in the  case o f  1,2-dif luoroethylene,  and  
restricting our  a t t en t ion  to pi n o n b o n d e d  interact ions,  we predict  that  the cis 

geometry  o f  d ihydroxy  e thylene  will be favored over the trans geomet ry  in a fixed 
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conformation on account of pi nonbonded attraction between the oxygen lone 
pairs. 

We now focus on conformational preference within the cis and trans isomers, 
respectively. If steric effects play the major role in dictating the preferred conforma- 
tion in the trans isomer, one would expect that the relative order of stability will 
be Tss > Tse > Tee. However, the results o fab  initio calculations shown above 
predict that the order of stability of  the trans isomers is Tee > Tse > Tss in the 
calculations utilizing the STO-3G basis set and Tee > Tss > Tse in the 4 - 3 1 G  
computations. An additional electronic factor which can account for the greater 
stability of  the more sterically crowded Tee isomer will be discussed in a subsequent 
section. 

Turning our attention to the cis isomer, the Css conformation involves a poten- 
tial sigma nonbonded interaction between the hybrid in-plane oxygen lone pairs, 
the Cse involves a hydrogen bond, and the Cee conformation involves a sigma non- 
bonded interaction between the hydroxyl hydrogen atoms. These interactions are 
pictorialized below: 

I 

. . . . .  o - . '  . - o  . . . .  " ' b  

C~s Cse C~ 

BasisSet STO-3G 4-31G STO-3G 4-31G STO-3G 4-31G 

P(O2p x, O2p x) -.0001 .0038 -.0006 -.0010 -.0006 -.0028 
P(O2px, H~) .0000 -.0001 .0030 .0070 .0008 .0102 
P(H~, HI~ .0000 .0000 -.0004 -.0006 .0016 .0015 

We expect the hydrogen bonded geometry Cse to be more stable than the Css 
or Cee conformations because substantial stabilization of the Cs e conformation is 
already obtained in the initial fragment union, Le. OH + OH. 

The results of ab initio calculations exhibit several noteworthy features: 
a) Sigma long pair nonbonded interaction appears to be sensitive to choice of 

basis set. 
b) Pi nonbonded attraction between the oxygen lone pairs always obtains as 

expected and favors a greater stability of the cis isomer. However, the calculations 
show that the trans isomer is more stable for fixed ss and ee conformations. This 
may be due to either a dominance of steric effects or the exaggeration of dipolar 
effects by the basis sets employed. 

c) Hydrogen bonding, Le. sigma nonbonded attraction, as well as pi nonbonded 
attraction, make the Cse geometry the preferred one. 

As a final example, we consider the relative stability of  the torsional isomers of 
2-butene. The six conformations of 2-butene are shown below along with the defini- 
tions to be used in the discussion, e.g. the label Css refers to the cis isomer where the 
in plane hydrogens of  the methyl groups are staggered relative to the double bond. 
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Css Cs~ C~, Ts, Tse T~ 

pE• l (kca!/mol) 2.855 2,315 1.864 3.721 1.819 0.000 
�9 , , CH a .0006 .0005 .0000 .0000 .0000 N~n3 .0034 

.9835 .9604 .9640 .9503 .9580 .9895 
P(H I s, H' ls) .0000 .0001 .0009 - - - 

Computation: 4-31G calculation at STO-4G optimized geometryS) 

The relative stability of  any two torsional isomers can be predicted by following 
the same analyses as the one presented for propene and 1,2-difluoroethylene. The 
following conclusions are reached: 

a) Attractive pi nonbonded interactions obtain in the Css isomer and attractive 
sigma nonbonded interactions obtain in the Cea isomer. 

This has been confirmed by ab initio calculations as shown by the appropriate 
indices of  nonbonded attraction shown above. 

b) By following the same type of analysis as in the case of propene, it is pre- 
dicted that the Tee form will be more stable than the Tss form. 

This has been confirmed by ab initio calculations. The relative energies of the 
two conformations are shown above. 

c) The relative energy of  the Css and Cee conformations may be understood 
by realizing that the quantity E(Cee) - E(Css) is a composite of nonbonded attrac- 
tive terms and steric terms. We can write: 

E(Cee) - E(Css) a (Sigma Nonbonded Attraction) - 
(Pi Nonbonded Attraction) + (Steric Destabilization of Cee) - 
(Steric Destabilization of Css) 

Now, since sigma nonbonded interactions are weaker than pi nonbonded interactions, 
there will be an electronic bias in favor of  Css. However, steric effects favor the Cee 
conformation. Hence, steric effects may make it appear that sigma nonbonded inter- 
actions dominate pi nonbonded interactions. 

Ab initio calculations reveal the order of conformational preference shown 
below for the cis conformations: 

H~ ~H ~H 

H H H H 

C~ C~e Cs, 

This order of  stability is reflected in the nuclear repulsion energy, which constitutes 
an index of "steric effects", as shown below: 

E N (tel), kcal/mol 

Cee 0.000 
Cse 166 .770  
Css 441.390 
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The above is an example, therefore, where the apparent dominance of sigma over 
pi nonbonded attraction is attributable to sterie effects. 

d) The relative energy of the Tee and Cee conformations may be understood 
by realizing that the quantity E(Cee)-E(Tee)  is a composite of nonbonded attrac- 
tive terms and steric terms. As in the Cee vs Css comparison, these two terms favor 
different isomers, i.e. nonbonded attraction favors Cee and steric effects favor Tee. 

Ab  initio calculations reveal that Tee is favored over Cee. This constitutes an 
example where steric effects dominate sigma nonbonded attractive effects. 

e) The relative energy of the Tss and Css conformations may be understood 
by realizing that pi nonbonded attraction favors the Css conformation and steric 
effects the Tss conformation. 

A b  initio calculations indicate that the Css geometry is more stable than the 
Tss one. This constitutes an example where pi nonbonded attractive effects dominate 
steric effects. 

f) The methyl rotational barrier in the cis isomer is given by the energy difference 
between Cee and Cse while the same barrier in the trans isomer is given by the energy 
difference between Tee and Tse. A b  initio calculations show that the smaller barrier 
in the cis isomer has a steric origin, i.e. Cee is more destabilized relative to Tee than 
Cse is relative to Tse. Pertinent results are shown in Fig. 22. 

Ts~ 

Cse 

~u~5~ = 0.51 kcal/mo! 

C~ 

Ae~ = !.86 kcal/mol 

T~ 

Fig. 22. Energy difference between the Tee and Cee and Tse and Cse conformations, respectively, 
of 2-butene. Energies from ab initio calculations. 

Experimentally, the methyl rotational barrier is found to be smaller for the cis 
isomer relative to the trans isomer. The experimental methyl rotational barrier as 
well as ab initio values are shown in Table 12. 
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Table 12. Methyl rotational barriers in cis- and trans-2-butene 

Transformation Exptl. 4-31G STO-4G 
kcal/mol Ref. kcal/mol kcal/mol 

Cee ~ ca~ 0.45-0.73 113. 114) 0.450 0.319 

Tee ~ Tsbe ) 1.95 114) 1.814 1.495 

a) Threefold rotational barrier in the cis isomer. 
b) Threefold rotational barrier in the trans isomer. 

3.7. Torsional Isomerism of CH3CH=CHX Molecules 

1-substituted propenes are instriguing systems because they exhibit geometric and 
conformational isomerism which display unexpected trends. Our approach will be 
illustrated by reference to the model system 1-fluoropropene. We shall examine 
the four possible conformations shown below and attempt to identify the electronic 

factors which determine the relative stability of the geometrical isomers as well as 
the relative magnitude of methyl rotational barriers in the cis and trans geometries. 

F F Y 

F z 

Ce Cs Te Ts 

P~x-I 3, F .00003 .00032 .00001 .00001 
N~ .87480 .87579 .87428 .87466 
P(F2px, H'ls) .00038 .00001 .00001 -.00001 
Computation: CNDO/2, aandard geometry 

Geometrical isomerism in CH3 CH=CHX molecules can be discussed in the same 
manner as in the case of  CHX=CHX molecules. By following familiar arguments we 
can show that the following electronic factors operate: 

a) Pi CHs--F nonbonded attraction favors Cs over Ts and Ce over Te. 
b) Sigma CHs--F nonbonded attractions, Le. hydrogen bonding, favor Ce over 

Te but does not differentiate Cs and Ts. From these considerations, it is clear that a 
cis geometry will be favored relative to a trans geometry by nonbonded attractive 

effects. 
The next question is: which of  the two possible cis rotamers, i. e. Cs and Ce, is 

the stable conformation? Clearly, pi nonbonded attraction favors Cs more than Ce 
while sigma nonbonded attraction, L e. hydrogen bonding, stabilizes the Ce rotamer 
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exclusively. Due to the greater spatial overlap, the sigma nonbonded interaction will 
be stronger than the pi nonbonded interaction. Hence, it is reasonably expected that 
Ce will be the energy minimum and Cs the energy maximum on the rotational sur- 
face of CH3CH=CHF. As will be seen later, this is a general pattern, i. e. hydrogen 
bonding appears to dominate any other pi or sigma nonbonded attractive interaction, 
at least in most cases. 

A further insight provided by the above analysis concerns the relative magnitude 
of the methyl rotational barriers in the cis and trans isomers. These rotational 
barriers can be set equal to E(Ce)-E(Cs) and E(Te)-E(Ts) for the cis and trans 

isomers, respectively. Now in the case of the cis isomers, both minimum (Ce) and 
maximum (Cs) are dominated by nonbonded attractions and their energy difference 
is expected to be small. On the other hand, in the case of the trans isomer, the maxi- 
mum is destabilized relative to the minimum by nonbonded repulsion, i. e. the Te 
and Ts structures are expected to be well separated in energy. This suggests that 
in CHaCH=CHF, and all CHaCH=CHX molecules where the cis isomer is more 
stable than the trans isomer, the methyl rotational barrier will be smaller in the cis 

geometry due to nonbonded attractive effects. 
Experimentally, it is known that the cis isomer in 1-substituted propenes is more 

stable and has a lower rotational barrier. Some pertinent data are shown in Tables 
13-14. In most cases, the experimental results agree with our predictions. An 
interesting trend obtains in the alkyl vinyl ether series. Specifically, two types of 
nonbonded attraction can obtain in these molecules: 

a) 1,4-attractive interactions between the ether oxygen atom and vicinal groups 
which favor the cis isomer. 

b) 1,4-attractive interactions between the double bond and the alkyl group 
bonded to the ether oxygen. These interactions will be sterically possible only in 
the trans geometry which they will tend to favor. 
These two types of nonbonded attractive interactions are illustrated below: 

IIho, 

When the alkyl group attached to oxygen, R', has pi type MO's capable of inter- 
acting with the olefinic bond, e. g. R=Me or Et, the trans isomer is enthalpically 
favored due to attractive R ' - - - v i n y l  nonbonded interactions. However, when this 
interaction is effectively "shut off", e. g. R'=t-Bu, the trend reverses. 

Ab initio calculations of substituted propenes agree with our predictions. The 
barriers calculated by Allen and Scarzafava are 1.07 and 1.34 kcal/mol, for cis and 
trans 1-fluoropropene, respectively 125). The cis isomer is also predicted to be more 
stable than the trans by 0.894 kcal/mol. Similarly, the work of  English and Palke 
gives a barrier of 1.204 and 2.03 keal/mol in the cis and trans isomers, respective- 
ly 126). Once again, the cis isomer is found to be more stable by 1.52 kcal/mol. 
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Table 13. Relative stability of the geometric isomers of XHC=CHCH 3 

X AH ~ (cal/moD a) Keq a) Ref. 

Cl (1) 
Br (1) 
OMe (1) -910 • 50 

OEt (1) -370 • 20 

OiBu (1) -430 • 50 
OiPr (1) +560 • 40 
OtBu (1) +680 • 130 
OPh (1) 
CN (I) 

.316 111) 

.471 115) 

.408 116) 
1.033 110) 
1.210 117) 
.234 116) 
.722 110) 
.699 11o) 
.368 IlO) 
.296 11o) 
.538 118) 
.754 111) 

a) A positive enthalpy and an equilibrium constant less than unity mean that the cis isomer 
is more stable relative to the trans. 

Table 14. Rotational barriers in 1-substituted propenes 

Molecule Isomer Barrier a) Ref. 

1-Fluoropropene e b) 1057 119) 
t c) 2150 120) 

1-Chloropropene c 620 121) 
t 2170 122) 

1-Cyanopropene c 1400 123) 
t 2100 124) 

2-Butene c 730 114) 
t 1950 113) 

a) In cal/mol. 
b) c = ci~ 
c) t = trans. 

Indices of  nonbonded attraction calculated by the CNDO/2 method are shown 
above, and indicate that both pi and sigma nonbonded attraction obtain in the cis 

isomer with the former being maximized in the Cs conformation and the latter being 
maximized in the Ce conformation. 

Finally, a few words about previous explanations of torsional isomerism in 

1-substituted propene. The most common rationale for the observed trends has been 
steric hindrance. However, steric effects alone cannot account for the greater stabili- 

ty  of  the cis isomer. Hence, the steric interpretation should be rejected. 
The other common explanation for the experimental trends in 1-fluoropropenes 

havolves dipolar effects. The dipoles in both  isomers are depicted below. 

This effect correctly predicts the cis isomer to be more stable than the trans and may 
well contribute to the observed difference in thermodynamic stability between them. 
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3.8. Torsional Isomerism of CXY=CXY Molecules 

F 

l i t ' , ,  I I  l l  
CH 3 F CHa 

However, one is unable to predict anything about the rotational barriers in these mole- 
cules by considering only the dipolar effect. Consequently, the only rationale caphble 
of explaining both the geometric as well as the conformational preferences observed 
appears to be nonbonded attraction. 

3.8. Torsional Isomerism of CXY=CXY Molecules 

In this section we will consider the effect of nonbonded interactions upon the relative 
stability of  the cis and trans isomers of symmetrically tetrasubstituted ethylenes. 
The dissection employed is the one shown below t~ e. the MO's of CXY=CXY are 
constructed from the group MO's spanning X, Y, X, Y and the group MO's of the 
C=C fragment. 

X X 

Y Y 

X Y 

Y X 

c/s 

X=F Y=OH 

tran$ 

X=F Y--OH 

N~ .3555 .3555 
X=CN Y=OH X=CN 

N~ .4126 .4116 

Computation: INDO, standard geometry 

YfOH 

The XXYY group MO's can be constructed from the group MO's of the sub- 
fragments XY and XY taken in the appropriate geometry. 

We begin by considering a case where X and Y are pi donor species, namely, 
1,2 difluoro-1,2 dihydroxyethylene. The construction of the FFOHOH group MO's 
in the trans geometry is shown in Fig. 23. The splitting between 41 and 42 as well as 
between 4a and 44, shown in Fig. 24, is assumed to be comparable for both isomers. 
The symmetry designations are with respect to a mirror plane bisecting the C-C double 
bond in the cis isomer and a twofold rotational axis in the trans isomer. From inspec- 
tion of  this diagram, it is obvious that the dominant stabilizing interaction favors 
slightly the cis isomer. Therefore, the cis isomer is expected to be stabilized relative 
to the trans isomer. 

Unfortunately, there is no experimental data available for molecules of  this type. 
Furthermore, good quality ab initio calculations are also unavailable for these systems. 
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3.8. Torsional Isomerism of CXY--CXY Molecules 

0 - - - C  ) I , 

G ~i+.-H- 
S 

0--6,3 
A O--,  / 

A 

9--? 
8 0 + , 4 +  

S 

s+t-s 
" i t  

O_..Q 
i i 

-t++.8--4 
A 

~ll----(~) 
i J 

A 

-q++30--o 
S 

? 9  
-H-+, ~--O 

S 

F ....... OH 

HO ........ F 

HO ....... F 

! 

HO ....... F 

Fig. 24. Stabilizing orbital interactions in cis and trans 1,2-difluoro-1,2-dihydroxy ethylene. 
Symmetry labels are with respect to a rotational axis (trans isomer) and mirror plane (cls isomer) 

However, INDO calculations have been performed for the cis and trans isomers o f  
1,2-dif luoro-l ,2-dihydroxyethylene and the results are shown above. As can be seen, 
the total  overlap populat ion is the same in both  cases and, hence, the difference in 
the stabilities o f  the cis and trans isomers is expected to be very small. 

We now proceed to the next case in which the substituents consist o f  a donor  
and acceptor.  The specific molecule w i l  be 1,2-difluoro-dieyanoethylene. Following 
the previous procedure,  the group MO's of  the substituents and the ethylene lr and 
rr* MO's are used to construct the MO's o f  the composite system. The interaction 
diagrams are shown in Fig. 25. The results are analogous to the previous example 
except  for the addit ional stabilizing interactions which w i l  also favor the cis 
isomer. Consequently,  the cis isomer is expected to  be the most stable isomer. 
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Part II. Nonbonded Interactions 

c p  --6 ~176 T ~  T ~ ~--4i 
A A 

.,o //: '2 
' r  2f 

eb--" +' ~ \ 1 7  
s--H- s 

,,0-- 0 - - 0  -- 

oS>--i +, ~ ~ 0, ~ - i  
A A 

cr169 ~,-H- 
S 

F ...... CN 

NC ....... F 

C C 

~+,6- -6  
S 

NC ....... CN 
$ 

i 
F ....... F 

Fig. 25. Stabilizing pi orbital interactions in cis and trans 1,2-difluoro-l,2-dicyanoethylene. 
Symmetry labels are with respect to a rotational axis (trans isomer) and mirror plane (cis isomer) 

This conclusion is further supported by  an inspection o f  the indices o f  non- 
bonded  at t ract ion as calculated by  the I N D 0  method.  

Examples o f  these effects can be found. In the case o f  the systems shown below, 
the cis isomer is known to be the more stable isomer 127). This is especially striking 
for the dianion since there exists a large coulombic repulsion between the sulfur 
atoms. Here, however, the possibili ty o f  eounter ion coordinat ion should not  be 
disregarded as a potent ia l  source o f  the greater stabilization o f  the cis isomer. 
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3.9. Conformational Isomerism of CH3COX Molecules 

S e S ~ RS SR 

NC CN NC CN 

As a final example, we consider torsional isomerism in 1,2-diamino. 1,2.dicy- 
anoethylene (DADCE) which is known to be a precursor in the evolutionary 
synthesis o f  nucleic acids 128). Some torsional isomers o f  DADCE are shown below: 

/ \ P \ ~ ~ / ~ P 
- -N  N . . . .  N N . . . .  N N . . . .  N CN ---N CN ---N CN 

NC CN NC CN NC CN CN N m NC Nm NC N--- 
/ / d 

Cpp C~ C~ T~ Tpv Tw 

Arguing as before, we expect pi nonbonded attraction to favor the cis geometry for 
a fixed conformation. Furthermore, sigma nonbonded attraction in the form of  a 
hydrogen bond is expected to make Cpv the most stable conformation in the cis 

series. A complete study of  all possible torsional isomers of  DADCE will be 
reported in the future. 

Experimentally, the cis isomer o f  DADCE seems to be more stable than the 
trans isomer t29). Furthermore, in the crystalline state, the cis isomer is known to 
exist in the hydrogen bonded conformation t3~ 

3.9. Conformational Isomerism of  CH3COX Molecules 

We shall now examine molecules of  the type CH3COX, where X can be a halide, a 
hydroxyl  group, an alkoxy group, or an amido group. We shall first consider the 
conformational preference, i. e. staggered vs. eclipsed, imposed on such molecules 
by the presence o f  lone pairs or pi systems on the group X, e. g. X=F. 

O O 

X = F  

S (staggered) E (eclipsed) 

I ~  T .8152 
Calculation:INDO, standard geometry 

.8249 

Our analysis is illustrated by reference to the model system CHaCOF and the 
dissection employed is shown below: 

O 

I 
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Part II. Nonbonded Interactions 

Proceeding as before, we construct the pi MO's of CHaCOF from the pi group 
MO's of fragment B and the pi MO's of the central carbonyl fragment as shown in 
Fig. 26. From Fig. 26 we can see that the two electron stabilizing interaction 
r will favor the eclipsed conformer relative to the staggered conformation. 
Furthermore, the preferred conformation of CHaCOF will also be influenced by the 
inherent conformational preference exhibited by the parent system CHaCH=O, i. e. 
the eclipsed conformation. Hence, it is predicted that CHaCOF and its analogues, 
e. g. acyl halides (X=O, CL, Br, I), acetic acid (X=OH) and its corresponding esters 
(X--OR) and amides (X=NR 2), will be biased towards adopting the eclipsed confor- 
mation. 

�9 �9 

�9 

�9 

-H- 
~ 

-++ 

H C,~ H F 

E 

H~, 
C / \ n r H 

S 

Fig. 26. Dominant stabilizing pi type orbital interactions in the S and E conformers of acetyl 
fluoride 
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3.9. Conformational Isomerism of CH3COX Molecules 

Results of INDO calculations for staggered and eclipsed CH3COX are shown above 
and support our analysis. Specifically, a lower energy of the eclipsed conformation 
can be attributed to pi nonbonded interaction since the total pi overlap population 
is larger in the E conformation relative to the S conformation. 

The above analysis for CH3-CO-X molecules where X bears lone pair AO's is 
strongly supported by the experimental data. Specifically, the preferred conforma- 
tion for the case where X = halogen is the eclipsed conformation l a l - l aO.  

O 

X= F, CI, Br. I 

The most stable conformation of acetic acid, as determined by microwave spectros- 
copy, is shown below and is again the one predicted by our theoretical approach137): 

0 

So far, we have discussed only those cases where X bears a lone pair AO but our 
analysis will be similar for molecules where X has ~r type MO's, L e. CH3, - C - N ,  etc. 
For example, in the case of  X=CH3, the molecule can exist in three possible con- 
formations: 

o o o 

C. C~ Cu 

The relevant interaction diagrams for the Cee and Css conformations are shown 
in Fig. 27. Arguing as before, we conclude that the Cee conformation will be 
preferred over the Cse and Css conformations due to an attractive interaction 
between the out of plane methylene hydrogens. 

Experimental results confirm the predictions of the above analysis. Specifically, 
the vibrational spectra of acetone t3s) and 3-pentanone 139) are consistent with the 
most stable rotamer having a Cee geometry: 

0 0 

A similar analysis can be performed for the cases where X is an unsaturated 
group, L e. C-=CH, H2C=CH, C=N. The microwave spectrum for the cases where 
X is a cyano 14~ 141) or alkynyl group 142) shows that the most stable conformation 
is the eclipsed one as predicted by OEMO theory: 
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Part II. Nonbonded Interactions 

0 0 
H , 

" , , ~ / C N  H ~ C . . .  

"~CU 

The theoretical approach used above to elucidate the conformational preferences 
of CHa---CO-X molecules can also be applied to a discussion of  the methyl rotational 
barrier in these systems. The methyl rotational barrier corresponds to the energy 
difference between the eclipsed and staggered conformations with the eclipsed con- 
formation being an energy minimum and the staggered conformation being an energy 

A 

m r 
A 

~3 
S 

7f* 

-H- 
r -F+" 

A 

- -  r 
S 

[ ~2 
A 

H 

s H ~ 
~1 " ~  S 

j H  H~, O H~, .#H 
cN, H H,C H 11 c H H C H~" CNCH 

C~ Cs~ 
Fig. 27. Dominant stabilizing pi type orbital interaction in the Cee and Css conformers of 
acetone. Symmetry labels are assigned with respect to a mirror plane (both isomers) 
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3.11. Conformational Isomerism of R-X-R Molecules 

maximum. The relative magnitude of  the methyl rotational barrier in a series of  
related compounds can be deduced by comparing the nonbonded interactive 
factors which raise or lower the energy of the maximum and minimum. 

We shall return to CHaCOX molecules in a later section to discuss another very 
important sigma effect which obtains in these systems. 

3.10. Conformational Isomerism of XCH2COY Molecules 

We turn now to molecules of  the type XCH2 COY where X and Y may be different 
or identical groups or atoms which bear lone pair AO's. The two conformations we 
will consider are shown below: 

0 0 

x 
E (eclipsed) S (staggered) 

The labels E and S refer to the orientation of the X group relative to the Y group. 
In these systems, both conformations shown above can be affected by sigma lone 
pair nonbonded interactions between X and Y in one case (E) and X and O in the 
other case (S). However, these nonbonded interaction effects, whether they are 
attractive or repulsive, will not significantly alter the conformational preference 
due to pi effects. Hence, the S conformation is expected to be the most stable form 
of XCH2 COY molecules. 

Experimental results indicate that the sigma nonbonded interactions introduced 
by the substituents X and Y do not play an important role in determining the con- 
formational preference of XCH2 COY molecules. Specifically, the IR and Raman 
spectra of XCH2COY for the case X=Y=Br, X=Y=CI and X=C1, Y=Br show that 
the most stable conformation is the S conformation 14a' 144) 
A particularly interesting result is that the preferred conformation for 2-bromo-2- 
methyl-propionyl-bromide is the one with the two bromine atoms eclipsed 14s): 

o C H3 / /  

Br Br 

The elimination of the attractive CH 2 - - - O  interaction by methyl substitution 
may well be the reason for this observation. 

3.1 I. Conformational Isomerism of R - X - R  Molecules 

The conformational preferences of R - X - R  molecules will now be examined. The 
model system which we will use to illustrate our approach is dimethyl ether, i. e. 

85 



Paxt II. Nonbonded Interactions 

X=O and R=CHa. The three possible conformations of ,CHa-O-CHa are shown 

below along with the labels to be used in this section, e. g. the label Cee refers 
to that conformation in which both in-plane methyl hydrogens are eclipsed by 
the C - X  bonds: 

yov 7. 
C~ C~ C~, 

Dimethyl ether can be dissected in the manner indicated below for the Css con- 
formation and the interaction diagrams for the Css and Cee conformations can 
be constructed as shown in Fig. 28: 

~)4  m 

A 

A 

Ca S 

@ ns 

S 

S 

A 

S r  

S 

H ~  H ~  ~ H  
H C j H  C H - O -  C H H 

N~H H f H ~"  " C.,~ H 

Css Cee 
Fig. 28. Dominant stabilizing orbital interaction in the Cee and Css conformers of dimethyl- 
ether. The symmetry labels are assigned with respect to a mirror plane 
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i --o-, i 

By following the same arguments as before, we conclude that the Css conformation 
will be lower in energy than the Cee conformation. The same analysis can be used 
to compare the relative energetics of the Css and C~ conformations. In conclusion, 
we can say that the  Css conformation will be favored over the Cee and Cse conforma- 
tions due to a larger pi attractive nonbonded interaction which obtains in the 
6 pi electron aromatic geometry of the Css conformation. 

Sigma nonbonded interactions in dimethyl ether can be analyzed in the same 
way as before and the conclusion is that sigma nonbonded attraction is greatest for 
the Cee conformation. We expect pi nonbonded attraction to dominate sigma non- 
bonded attraction and the final result is that the Css conformation will be the most 
stable torsional isomer of R - X - R  molecules. 

An interesting problem arises when we examine the relative stabilization of  the 
Css and Cee conformations of the model systems dimethyl ether and isobutene. In the 
former case, there is only one dominant two electron stabilizing interaction which 
favors the Css conformation. On the other hand, in the case of isobutene there are 
two key two electron stabilizinginteractions, one favoring the Css and the other 
favoring the Ce, conformation. These considerations can be best understood by 
reference to Fig. 29. 

On the basis of simple considerations, we can predict that the Css conformation 
will still be favored in isobutene but less so than in dimethyl ehter. In the latter case, 
ns ~ r  charge transfer renders the H 2 - - - H  2 interaction attractive while in 
isobutene, ~b 1 ~ r  charge transfer, rendering the H 2 - - - H  2 interaction 
attractive, is partly counteracted by r ?-* ~b2 charge transfer rendering the 
1-12---H2 interaction repulsive. The net result is a positive overlap population 
in Css dimethyl ether and a smaller but still positive overlap population in Css 
isobutene reflecting a greater energy difference between the Css and Ceo con- 
formations of dimethyl ether relative to that between the same conformations of 
isobutene. 

On the basis of  the above analysis, substituent effects on the energy difference 
between the Css and Cee conformation of R - X - R  molecules can be readily under- 
stood: 

a) Decreasing the lone pair ionization potential of the central heteroatom, X, 
will increase the stabilizing ns - r  interactions favoring the Css conformation. Thus, 
the energy difference between Css and Cee conformations should increase in the 
order Y=CH- x > NH > O. 

b) Increasing the electron acceptor ability of a central pi bond~X=Z will in- 
crease the r  interaction favoring the Cee conformation and decrease the 
~x - r  interaction favoring the Css conformation, thus resulting into a decrease of  
the energy difference between the C~ and Cee conformations. When~X=Z becomes 
a very good acceptor the Cee conformation may be preferred. 

The above analysis can also be used in connection with the problem of  the 
methyl rotational barrier in double rotor molecules, e. g. dimethyl ether, relative to 
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r 
A 

r 
A 

r - -  

S ~ S  
1f f2  k 

~3 
S 

H - S  

A 

A 

S 

H----C j H  C 
NH 

C~ 

S 

H 
H4~. 

i H~m,C H H C "~H 
C "~H 

C~ 

Fig. 29. Dominant stabilizing pi type orbital interactions in the Cee and Css conformers of 
isobutene. The symmetry labels are assigned with respect to a mirror plane 

single rotor molecules, e. g. methanol. The methyl rotational barrier in dimethyl 
ether is the energy difference between the Css conformation and the C~e conformation 
with the former being the energy minimum and the latter being the energy maximum. 
By focusing on pi nonbonded attractive interactions only, we predict that the methyl 
rotational barrier in dimethyl ether will be greater than the methyl rotational barrier 
in methanol since the energy minimum of  dimethyl ether is stabilized by nonbonded 
attractive interactions which do not obtain in methanol. This barrier difference 
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3.11. Conformational Isomerism of R-X-R Molecules 

between a double rotor molecule and its corresponding single rotor analogue will be 
designated AB. Z 

The analysis presented above can be extended to the systems where the II 
- X -  

fragment is replaced by a XH 2 group which acts as an effective pi bond. 
A similar reasoning to the one outlined above can be employed to understand 

conformational preferences and barrier problems in the molecules shown below 
and related systems. 

z H H 
[[ ",F 

Experimental studies show that the Css conformation is, indeed, the lowest 
energy form for R - X - R  molecules. Specifically, the vibrational spectra of  diethyl 
ether 146), acetone 13s), and diethyl ketone 139) are consistent with the most stable 
rotamer assuming a Css conformation: 

O O H c cH3 
k" ....... l 

Diethyl ether Acetone Diethyl ketone 

Interestingly, the next most stable form of  diethyl ether and diethyl ketone may 
correspond to an 8 pi electron MObius aromatic system: 

0 

i"-- ,q 
CH3 CH 3 

M6bius aromatic M6bius aromatic 

The preferred conformation of ethyl-methyl ether has also been determined and is 
such as to maximize pi nonbonded interactions as shown below147): 

H H 

a l  
H H 

An apparent exception is the case where X=-NH - and R=-HC=O. Experimental 
�9 results indicate that the lowest energy conformation involves a noncyclic geome- 
tryl48): 
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Part II. Nonbonded Interactions 

H 
I "TN-: ~ 

0 

In this case, severe dipolar repulsion can destabilize the cyclic conformation relative 
to the noncyclie geometry. 

Ab initio calculations by Pople and co-workers confirm all predictions 149). 
Typical results are shown in Tables 15-16 ,  where the following trends are obvious: 

a) In all the molecules studied, the Css conformation is found to be the most 
stable rotamer. 

b) The energy difference between the Css and Cee conformation decreases as 
the lone pair ionization potential of  the central heteroatom X increases and as the 
electron acceptor ability of  a central pi b o n d ~ X = Z  increases. In addition, AB is 

Z 

found to be greater for C H a - Y - C H 3  than for II molecules in the 

C H a - X - C H 3  
calculations as well as experimentally. 

Table 15. Relative energies of the three rotamers of CH3-X-CH 3 molecules a) 

Relative energy (kcal/mol) 

X Css Cse Cee 

C=O 0.00 0.75 2.22 
C=CH2 0.00 1.93 4.31 
- 6 -  0.00 2.98 7.00 
- N H -  0.00 3.62 8.25 
-CH 2 -  0.00 3.70 8.77 

a) See Ref. 149). 

Table 16. Methyl rotational barrier difference between double rotor (CH3-X-CH3) and single 
rotor (CH3-X-H) molecules 

AB a) (kcal/mol) 

X Ab initio Experiment Ref. 

- N H -  1.49 1.22 
- O -  1.86 1.65 
-CH 2 -  .44 .40 
C=CH 2 .23 .21 
(2=0 .01 -.39 

15o, tst)  
152, 153) 
154, 155) 
15~ 157) 
158, 159) 

a) AB = (Double Rotor Barrier) - (Single Rotor Barrier). 
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3.12. Conformational Isomerism of R-X-R '  Molecules 

The indices of nonbonded attractions for the Css and Ce, conformations of 
dimethyl ether are shown below and confirm that the greater stability of the Css 
conformation relative to the Cee conformation is due to pi nonbonded attraction: 

P~H 3, CH 3 

P(HIs, H'Is) 
~T 

.y.o.., %:0.:. 

�9 00051 -.00128 
-.00010 .05154 

1.14444 1.12715 

Y 

>_x 
Z 

Computation: INDO, standard geometry 

This conclusion regarding the greater stability of  the Css conformation of dimethyl 
ether was also arrived at by Pople and co-workers on the basis of  their ab initio 
calculations 149). 

Finally, ab initio calculations of  trimethylene show a tendency for adopting a 
"crab" conformation 160): 

This result is perfectly consistent with our discussion since the so called "crab" con- 
formation benefits from the stabilizing 1,5-nonbonded attractive interaction which 
obtains in the Css conformation of C H 3 - X - C H  3 molecules. 

3.12. Conformational Isomerism of R - X - R '  Molecules 

We shall now trace the key factors dictating conformational preference of R - X - R '  
molecules where R%R'. Our model system will be methyl vinyl ether and the four 
conformations of  this system are shown below along with the corresponding labels 
which will be used in this section. 

E~el(kCal/mol) 

P~H3, c(s) 
~T 

Cs Ce Ts Te 
0.000 4.451 1.254 3.116 

0.0010 0.0001 0.0001 0.0000 
0.5716 0.5702 0.5682 0.5675 

Computation: STO-3G at STO-3G optimized geometry 8) 
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Part II. Nonbonded Interactions 

Cs Ce Ts Te 

Erel(kcal/mol) 0.000 1.611 2.326 2.012 
P~H 3, C(3) 0.0039 0.0012 0.0001 0.0000 
N~ 0.5803 0.5721 0.5704 0.5659 

Computation: 4- 31G at STO- 3G optimized geometry 8) 

The label Cs, for example, refers to the cis conformation in which the in-plane hydroL 
gen is staggered relative to the O-C2 bond. Since steric effects are expected to favor 
the trans conformations we shall illustrate our theoretical approach by comparing 
the Cs and Ts conformations. 

Methyl vinyl ether can be dissected into two fragments, A and B, as shown 
below for the cis geometry. 

Y 

CH3 "u B X 

Z 

The key difference between the two conformations Cs and Ts is that in the former 
case the two ls AO's of the methyl hydrogens can overlap with the 2pz AO of the 
outer olefinic carbon, while in the latter case they cannot: 

08 
Cs Ts 

We are now prepared to consider the construction of the composite pi system of 
methyl vinyl ether from the pi system of fragment B and oxygen lone pair AO. The 
orbital interactions which obtain in this union are depicted in Fig. 30. On the basis of  
the principles outlined before, we can see that the Pz-~a interaction is more stabiliz- 
ing in the Cs conformation. As a result, the more "crowded" structure, Cs, will be 
lower in energy than the Ts conformation. 

A similar approach can be used for comparing the stability of the Ce and Te 
conformations relative to that of the Cs conformation. Since appreciable overlap 
between the methyl hydrogens and the outer olefinic carbon obtains only in the 
Cs conformation, we would expect this conformation to have lower energy than either 
the Ce or Te conformation. 

The MO analysis presented above can be effectively utilized in predicting the 
relative methyl rotational barrier in the cis and trans isomers. The barrier in the cis 

geometry will correspond to the energy difference between the Cs and Ce conforma- 
tions with the Cs conformation being the energy minimum and the Ce conformation 
being the energy maximum. On the other hand, the barrier in the trans geometry 

92 



3.12. Conformational Isomerism of R-X-R'  Molecules 

~4 
A 

S 

Pz 

H 
A 

r 

C, T, 

Fig. 30. Dominant stabilizing pi orbital interactions in the C s and T s conformers of methyl 
vinyl ether 

will be the energy difference between the Ts and the Te conformations with the Ts 
conformation being the energy minimum and the Te conformer being the energy 
maximum. It is immediately obvious that rotation of the methyl group in the cis 

geometry will be unfavorable relative to trans because in the former case an 
attractive nonbonded interaction is destroyed in the process while such a destruc- 
tive effect is absent in the trans geometry. In other words, we expect that the energy 
minimum Cs will be more stable than the energy minimum Ts and the two energy 
maxima, Ce and Te, will be comparable in energy resulting in a larger methyl rota- 
tional barrier in the cis geometry. 
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part II. Nonbonded Interactions 

By following arguments which are familiar from Section 3.11., we can further 
make these predictions: 

a) In CH3-Y-CH=CH2 molecules and related systems the energy difference 
between the Cs and "Is geometries will increase as the ionization potential of 
decreases. Z 

II 

b) In CH3-C-CH=CH2 molecules and related systems the energy difference 
Z 

between the Cs and Ts geometries will decrease as - ~ -  becomes a better pi accepter. 
c) The methyl rotational barrier will be larger in the cis geometry. 

Z 
d) The Cs preference will be greater in CH3-Y-CH=CH2 then in CH3-~ -CH= 

CH2 type molecules. 
e) In general, AB will be greater for CH3-~'-CH=CH2 type molecules than 

Z 
CH3-~-CH=CH2 molecules. 

Experimental studies have suggested the existence of two retainers of methyl 
vinyl ether 161' 162)and methyl vinyl thioether 163) with the more stable isomer 
having a planar cis conformation, a surprising result in view of the fact that a 
classically trained chemist may have dismissed it on grounds of being "sterieally" 
unfavorable. 

Additional experimental confirmation of our theoretical predictions can be 
found in the cases of methyl and ethyl formate. Microwave 164' 16s) and IR spectros- 
copy166, 167) :show that the preferred geometry is the Cs conformation in both 
systems. Stri_t-_ingly, the Cs conformation of methyl formate is 2.7 kcal/mol more 
stable than the most stable trans conformation. 

Ultrasonic measurements of methyl formate, ethyl formate, methyl acetate, 
ethyl acetate, and n-propyl formate show that the ct~ conformation is more 
stable than the transi 68-171). 

Furthermore, the entropy change for the following process was found to be 
positive 172). 

~ O  ~ ~ 0  

0-.. R R / 0  
R = CH3, C2Hs 

A positive AS ~ implies that the cis conformation is characterized by less degrees 
of freedom, a fact which can be attributed to a "locking" effect of the methyl group 
into a Cs conformation by virtue of attractive pi nonbonded interactions. 

Finally, IR 173), NMR 174), UV 17s), and Raman spectroscopy 17s) show that the 
cis conformation of N-methyl formamide and N-methyl acetamide is more stable 
than the trans. 

o /CH  

R H 

94 



3.13. Torsional Isomerism of Cations and Anions 

Recent ab initio calculations have shown, in agreement with the conclusions 
reached by OEMO theory, that the most stable conformation of  methyl vinyl ether 
is the Cs conformer 176). The calculated relative energies of the four conformations 
of methyl vinyl ether at the STO-3G and 4-31G levels are shown above along with 
the appropriate indices of nonbonded attraction. As can be seen, the greater stability 
of the Cs conformation can be attributed to an attractive 1,5 pi nonbonded inter- 
action. 

Finally, experimental measurement as well as ab initio computation show that 
the methyl rotational barrier is also higher in the cis than the trans conformation. 
These results are shown in Table 17. 

Table 17. cis - trans energy differences and methyl rotational barriers for methyl-vinybether 

Transformation Experimental 8TO-3G 4-31G 
(kcal/mol) (kcal/mol) (kcal/mol) 

Ts - Cs 1.15 _+ 0.25 a'b) 0.96 2.47 
Ce - Te 1.34 - 0.40 
Ce - Cs 3.83 -+ 0.1 b) 4.14 2.97 
Te - Ts 1.84 0.89 

a) Experimental energy difference between the two isomers. 
b) See Ref.177). 

3.13. Torsional Isomerism of Cations and Anions 

The theoretical approach we have developed for determining the preferred confor- 
mation of uncharged molecules is also applicable to those cases where the molecule 
bears a net positive or negative charge. In this section we will examine the importance 
of nonbonded interactions in torsional isomerism of selected cations and anions. 

We first consider the electronic factors which influence torsional isomerism in 
cations. Our first model system will be the 2-propyl cation and the two conformations 
which we will compare are shown below: 

4- 

Css Cee 
Staggered Eclipsed 

N.~ 1.2397 1.2562 

P ~ H  3, C H  3 - . 0 0 5 5  - . 0 0 3 0  

P(Hls, H'ls) -.0002 .0168 

Computation: INDO, standard geometry 

Y 

z 
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Part II. Nonbonded Interactions 

r A ~  

S r 

r S ~  

r A- H-  

r s-t- +- 

ff~S 

-H-A 

-H-s 

r 

r 

c~ c~ 

Fig. 31. Dominant stabilizing pi orbital interaction in the Cee and Css conformers of 2-propyl 
cation. The symmetry labels are assigned with respect to a mirror plane 

The dissection of  this cation, illustrated for the staggered conformation, is shown 
above and the interaction diagrams for the staggered and eclipsed conformat ions  
are shown in Fig. 31. It is concluded that the eclipsed conformation will be favored 
over the staggered conformation since the two electron stabilizing r - ~  1 interaction 
is greater for the former case. Furthermore, change transfer from r to 41 results 
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3.13. Torsional Isomerism of Cations and Anions 

into a net antibonding C H a - - C H  a pi bond order. Since charge transfer is greatest 
in the Cee conformation, the resultant CH a - - C H a  pi bond order will be more 
negative than in the Css conformation, However, since the spatial overlap between 
the methylene hydrogens is smaller for the Cee conformation than for the Css 
conformation, we conclude that the antibonding CH 3 - - C H  a pi overlap population 
will be smaller in the former case. 

Sigma nonbonded attraction also obtains in the isopropyl cation and, arguing 
as before, we conclude that sigma nonbonded attractive interactions are maximized 
in the Cee conformation. The 2-propyl cation constitutes a good example where pi 
and sigma nonbonded interactions reinforce each other. 

Results ofab initio calculations of the 2-propyl cation, as well as the isoelectronic 
molecule, dimethyl borane, are shown in Table 18. As can be seen, the Cee conforma- 
tion is predicted to be more stable than the Css conformation in both the 2.propyl cation 
and dimethylborane. However, the relative energies of the Cse and Cee conformations 
are reversed when the basis set is changed from STO-3G to 4-31G.  

Table 18. Calculated relative conformational energies of CHa-Z-CH 3 molecules 

Relative conformationai energy (kcal/mol) 

Z Basis Set a) Css Cse Cee 

C-H STO-3G 0.08 0.00 
4-31G 1.02 0.00 0.09 

B-H 4-31G 0.47 0.00 0.14 

a) See Ref. 149, 178). 

Indices of  pi and sigma nonbonded interactions in the Css and Cee conformations 
of the 2-propyl cation as calculated by the INDO method are shown above. As can 
be seen, both pi and sigma nonbonded interactions favor the Cee relative to the Css 
conformation. 

Another interesting case is the preferred conformation of 1-butenyl cation for 
which the two conformations, Cs and Ts, are shown below: 

+ + 

o r  w 
Cs Ts 

The interaction diagrams for the above conformations are identical with that of 
methyl vinyl ether (Fig. 30) except that the oxygen lone pair AO is replaced by an 
unoccupied carbon 2p AO. With this in mind we conclude that the transoid conforma- 
tion of  the cation, Ts, will be more stable than the cisoid conformation, Cs, since the 
~ l - P z  two electron stabilizing interaction is greater for the Ts conformation. 
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Part II. Nonbonded Interactions 

Experimental evidence concerning the relative stabilities of cation conforma- 
tions is limited. The few examples known, however, strongly support our analysis. 
For example, the hydrolysis of a-methyl allyl chloride under SN 1 conditions 
affords exclusively the trans cotyl alcohol, presumably via a transoid butenyl 
cation 179): 

Cl  HoH 
H3 ~ " ~ / ' " C H a  

Ctt3 

Furthermore, under the same conditions the trans cotyl chloride hydrolyzes faster 
than the cis isomer. 

Focusing our attention on anionic molecules, we turn first to the problem of 
conformational isomerism in the 2-propyl carbanion, CHaCHCH a. The two geometries 
which we will compare are again the staggered and eclipsed conformations shown be- 
low: 

C~ C~ 

The appropriate interaction diagrams are similar to that of Fig. 28. Reasoning as 
before, we conclude that pi nonbonded interactions favor the staggered conformation. 
Sigma nonbonded interactions, on the other hand, favor the eclipsed conformation. 
We expect pi nonbonded attractive interactions to dominate sigma interactions and 
the resulting order of stability is predicted to be Css > Cee. 

We now turn to the problem of torsional isomerism in the 1-butenyl anion. By 
following arguments similar to those for methyl vinyl ether, we conclude that the 
Cs conformation will be lower in energy than the Ts conformation due to an attrac- 
tive 1,5 nonbonded interaction. 

The experimental probe of the conformational preferences of allyl anions is 
based primarily on the kinetics of base catalyzed isomerization reactions of olefins 
and many results have been summarized by Bank la~ Kinetic data of base catalyzed 
isomerization of 1-butene lal) show that the less stable cis isomer of 2-butene is 
formed through a thermodynamically more stable allylic anion: 

Major 
product 

CH3 CHa CH3 

c 

CH3 
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3.14. Torsional Isomerism of Substituted Benzenes 

Additional evidence for the greater stability of the cis conformation of 
allylic anions is provided by other base catalyzed isomerization studies of 1-butene 
and 1-pentene. It was found that the thermodynamically less stable cis isomers of 
2-butene and 2.pentene were the major products of the reaction Is2- ~s6). Further- 
more, c/s-2-butene isomerizes, under the same conditions, faster than the trans 
isomer to give 1-butene. 

3.14. Torsional Isomerism of Substituted Benzenes 

Nonbonded interactions may obtain in halosubstituted benzenes. For example, 
consider the model compound ortho-difluoro-benzene which can exist in either a 
planar geometry or a distorted geometry in which the C - F  bonds are bent, alternate- 
ly above and below the mean plane as a result of severe dipolar and steric repulsion. 

Y 

Z 

P~F .00001 - .00003 
P(F2py, F2py) -.00005 .00000 

Computation: INDO, standard geometry 

The dissection of this molecule is shown below for the planar geometry: 

The interaction diagram for the two geometries can be constructed from the fluorine 
group MO's and the pi MO manifold of benzene as shown in Fig. 32. By focusing on 
the nA-q~s stabilizing interaction, we can immediately conclude that planar 
ortho difluorobenzene is stabilized more by nonbonded attractive interactions 
than the distorted geometry. We note that the ns-~ 4 two electron stabilizing 
interaction favors the distorted geometry. However, the nA-$ s interaction dominates 
the ns-$4 interaction because of a smaller energy gap and a larger MO overlap integral, 
i. e. SnA~5 > Sns~4. The preceeding inequality obtains because the C2 and Ca coeffi- 
cient for ~b 4 are larger than for es: 

6 1 ~ 2  

5~ ~3 
4 

~s ~4 
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S 
r 

~4 Cs 
S-- --A 

n^---t--t- sad- +4-A 
~2 ~3 

ns--~--' 

--•-- S " - -~  "-ns 

F ...... F <x(,~ F ...... F 
k . . . . . . . J  

Planar Distorted 

Fig. 32. Dominant stabilizing pi MO interactions in the distorted and planar geometries of 
ortho difluorobenzene 

The results of INDO calculations of planar and distorted difluorobenzene in 
which the C - F  bonds have been displaced a few degrees above and below the mean 
plane, are shown above. As can be seen, the planar geometry maintains pi nonbonded 
attractive interaction. Sigma lone pair interactions will be similar to those which ob- 
tain in 1,2-difluoroethane and appear to be repulsive in nature. 

The above approach can be extended to tri-,tetra-, penta-, and hexasubstituted 
fluorobenzenes. Arguing as before, we conclude that the planar geometry of these 
systems will be more favorable since pi attractive nonbonded interactions between 
the fluorine atoms will be maximized in the former case. The pi F - - F  overlap 
populations for the tri-, tetra-, penta-, and hexasubstituted fluorobenzenes are 
shown below. 
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3.14. Torsional Isomerism of Substituted Benzenes 

Ft Fj Fj Fj 

Fa 

PFI__F2 .00001 .00001 .00001 .00001 
n .00001 .00001 .00001 PF2----F 3 

P~3__F4 .00001 

These results mean that polyhalobenzenes may resist the intuitively expected tendency 
toward deformations in order to relieve the "steric" repulsion of bulky vicinal halo- 
gens such as C1, Br, and I, pi nonbonded attraction being the reason. 

Electron diffraction studies of hexachlorobenzene l sT), 1, 2, 4, 5-tetrachloro- 
benzene 187) and ortho-dibromobenzene 188) show that these molecules are planar: 

C1 C1 Br 

CI" T "C1 
CI CI 

D6h D2h C2v 

Hexachlorobenzene is also planar in its crystalline state as shown by an X-ray diffrac- 
tion study tag). It is of interest to point out that the distance between the two vicinal 

o 

chlorine nuclei (3.12A) in hexachlorobenzene is shorter than the sum of the 
van der Waals radii (3.60A). This fact prompted one author to comment "... it 
is reasonable to assume that the ring of perchlorobenzene is puckered with the C-CI- 
bonds being bent alternatively upwards and downwards from its mean plane"19~ 
In view of our theoretical approach and the available data, this type of reasorLing 
seems unjustified. 

Interesting conformational effects may be encountered in aikyl substituted 
benzenes such as the three rotamers of ortho xylene shown below: 

SS SE EE 
(Staggered-Staggered) (Staggered-Eclipsed) (Eclipsed-Eclipsed) 

Arguing as before, we conclude that pi nonbonded attractive interactions are maxi- 
mized in the SS conformation while sigma nonbonded attractive interactions are 
maximized in the EE conformation. This conflict between pi and sigma nonbonded 
attractive interactions is similar to the conflict observed in cis 2-butene in which steric 
effects resulted in an apparent dominance of  sigma over pi aromatieity. 
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Part II. Nonbonded Interactions 

The differences in the two cases are: 
a) The C-C bonds in benzene are longer than the olefinic C-C bond in 2-butene 

resulting in a deemphasis of  steric effects. 
b) The pi LUMO of benzene is lower in energy than the pi LUMO of the ethylenic 

fragment of 2-butene as indicated by the electron Affmities (A) of benzene 
(A = - .54)  191) and ethylene (A = -2 .8)  2s). Hence, pi nonbonded attractive inter- 
actions are enhanced in ortho xylene relative to cis 2-butene. 

We conclude from the above considerations that pi nonbonded attractive inter- 
actions may dominate sigma nonbonded attractive interactions and, consequently, 
conformational stability in ortho xylene could vary in the following way SS > EE > SE. 

The preferred conformation ofortho xylene has been determined by C 13 NMR 
and the most stable rotamer was found to be the SS conformation 192). 

Substituted phenols are also interesting since a hydrogen bond is possible in the 
ortho isomer. For example, consider the three conformations of  catechol: 

H H H 
"O "O H 0 "1 n 

By using the arguments presented for dihydroxyethylene, we conclude that the 
hydrogen bonded conformation will be the preferred conformation for catechol. 

3.15. Conformational Isomerism of Diene Systems 

Conjugated olefins have played a key role in the development of theoretical models 
in organic chemistry. In this section we will examine in detail conformational isom- 
erism in 1,3 dienes and related molecules. 

On the basis of  a previous discussion, we predicted that pi nonbonded inter- 
actions will produce an order of stability of  gauche > trans > cis, assuming appreciable 
C 1-C4 pi overlap in 1,3-butadiene. However, if sigma nonbonded interactions 
dominate pi interactions the order of stability will be cis > gauche > trans. Finally, in 
the event that steric effects are the controlling factor the order of  stability will be- 
come trans > gauche > cis. 

Experimentally, 1,3-butadiene is known to exist in a planar trans form but the 
identity of the second energy minimum has been a matter of controversy 193' 194) 

Ab initio results are summarized in Table 19 O. They seem to suggest the exis- 
tence of two energy minima, a trans and agauche, the trans being the more stable. 
In other words, the apparent order of stability of 1,3-butadiene is trans > gauche > ci~ 
We conclude, therefore, that the preferred conformation of 1,3-butadiene is dictated 
by steric effects which overwhelm attractive pi and sigma nonbonded interactions. 

f) For earlier ab initio calculations of the electronic structure of 1,3-butadiene see Refs. 195) 
and 196) 
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3.15. Conformational Isomerism of Diene Systems 

Table 19. Computed relative energies of the conformers of 1,3-butadiene 

Erel(kcal/moi) 

trans gauche cis Ref. 

0.0 3.1(0=40 ~ 3.50 t97) 
0.0 2.6(0=45 * ) 3.40 198) 
0.0 3.0(0--30 ~ ) 3.44 199) 

We can extend the above theoretical approach to isoconjugate molecules such as 
acrolein and glyoxal. Arguing as before, we conclude that the relative order of con- 
formational stability will be gauche > trans > cis if pi nonbonded interactions dictate 
the preferred conformation, cis > gauche > trans if sigma interactions are dominant, 
and trans > gauche > cis if steric effects are the most important factor. 

The experimental situation is much the same as in butadiene. It has been estab- 
lished that the trans-conformation is favored for both acrolein 2~176 and glyoxal 2~ 
In the case of  glyoxal, the cis conformer has been detected but, as of  now, no stable 
gauche-conformation has been found. 

The results ofab initio calculations of  glyoxal and acrolein are shown in Table 20. 
The low cis-trans energy difference in acrolein may be a result of hydrogen bonding 
which obtains only in the cis conformation as illustrated below: 

- - ~ H / ' O  

This effect may be exaggerated by the ab initio calculation since the experimental 
cis-trans energy difference in glyoxal and acrolein is 3.2 kcal/mol 2~176 and 
2.0 kcal/mol 2~ respectively. 

Once we have established the factors responsible for conformational isomerism 
in 1,3-butadiene, we can attempt to put the insight that theory affords into use by 
designing dienic systems which will have a maximum chance of existing in a pre- 
ferred crowded conformation, i. e. a gauche or cis conformation. 

As was discussed earlier, cis 1,3-butadiene is favored by attractive sigma non- 
bonded interactions. However, this conformation is destabilized relative to the trans 

Table 20. Computed relative energies of the cis and trans conformations 
of glyoxal and acrolein 

Molecule E(cis)-E(trans) Ref. 
(kcal/mol) 

Glyoxal 2.99 2o2) 
Glyoxal 5,02 203) 
Glyoxal 5.90 2o4) 
Glyoxal 5.40 199) 
Acrolein 0.80 199) 

103 



Part II. Nonbonded Interactions 

conformation by severe steric repulsions between the methylene hydrogen atoms. 
These facts immediately give us an insight into the possible design of a stable cis 

1,3-butadienic system. Specifically, we wish to design a system where steric effects 
are deemphasized and sigma nonbonded attraction is accentuated relative to the case 
of  1,3-butadiene. A typical system is shown below, where X is a second period homo- 
logue of carbon, i. e. silicon, or any other second period element. 

x - -x  
// %CH2 H2C 

In comparing this system to 1,3-butadiene, one hopes that CH2...CH2 steric repulsions 
will be deemphasized due to the longer X - X  bond while sigma nonbonded attraction 
will not be affected greatly due to the loss of CH2...CH2 overlap. 

We shall now examine how substituents can modify the conformational preference 
of 1,3-butadiene. A typical case is that of butadiene bearing two substituents carrying 
lone pair electrons. We shall first consider the case of 2,3-disubstitution. In this case, 
the dissection employed is the one shown below: 

i 

The pi MO's of this system can then be constructed from the pi group MO's spanning 
the two X groups in a cis or trans conformation and .the cis or trans pi MO mani- 
folds of the butadienic fragment. These constructions are illustrated by means of the 
interaction diagram of Fig. 33. Proceeding as before we now compare the stabilizing 
interactions for the eis and trans conformations. 
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3.15. Cgnformational Isomerism of Diene Systems 

A ~4 

~3 S 

S ~  

--•A 
~2 

A H 
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- -~-S  

F . . - - - -  F 

H H  H 

F " ' . . '  F 

Fig. 33. Dominant stabilizing pi orbital interactions in cis and trans 2,3-difluorobutadiene. 
The symmetry labels are assigned with respect to a mirror plane (cis isomer) or a rotational 
axis (trans isomer) 
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Part II. Nonbonded Interactions 

Analysis of the two electron stabilizing interactions is complicated by the fact 
that in the transformation cis -~ trans the change in energy of  the X - - - X  group 
MO's and the butadienic pi MO's is not in the same direction. Consequently, the M0 
overlap integrals will play the key role in determining the relative stabilization of the 
two conformers. Specifically, the ns(cis ) M0 is lower in energy than the ns(trans) 
M0 but in the transformation cis ~ trans the energy of q~a increases. Consequently, the 
energy gap between the n s and ca MO's will be comparable in both cases. However, 
the overlap integral Sngq~ 3 will be greater for the cis conformation than the trans. 
This arises because the antibonding interactions Xpz-C4pz and Xpz-C 1Pz are greater 
in the trans conformer as shown below: 

1 4 1 

cis trans 

Hence, the cis conformer is stabilized more by the ns-~b 3 interaction than is the 
trans conformer. 

Arguing as before, we see that the energy gap between the n A and q~4 will be 
comparable for both cis and trans conformers but SnA~b 4 will be greater in the trans 
conformation due to a X-C4 bonding interaction: 

l 4 1 

cis trans 

Consequently, the nA--~4 interaction stabilizes the trans conformation more than 
the cis. 

The results of the above discussion are summarized below: 

AE2ns~a(cis) < AE2ns,a(trans) 

AE~^~4(cis) > AE~A~ 4 (trans) 

Once we realize that the ns -~3  interaction will tend to be stronger than the 
nA--~4 interaction, if we consider the proximity of the interacting levels, and 
weaker than the nA--~4 interaction, ff we consider the AO coefficients at the 
points of substituent attachment, we conclude that these two interactions do not 
discriminate between the two isomers. In other words, the pi nonbonded inter- 
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actions introduced by the substituents will not play a fundamental role in deter- 
mining the conformational preference of a 2,3-disubstituted diene. 

Whether the ns - r  or nA-r  interaction dominates can be easily probed by 
means of calculations. We distinguish the following consequences: 

a) If n s - r  dominates, the pi F...F bond order should be negative and become 
increasingly negative in the transformation trans +cis. 

b) If nA--r dominates, the pi F...F bond order should be positive and become 
increasingly positive in the transformation cis -~ trans. 

Results of INDO calculations are shown below for cis and trans 2,3.difluoro- 
butadiene. 

P~, F 
P~, F 

F F F 

F 

-.0012 .0011 
.0000 .0000 
.6101 .6116 

Computation: INDO, standard geometry 

It is clear from the above data that neither the ns - r  nor the n x - r  interaction 
dominates overall in either geometry. It appears that the former dominates in the 
cis geometry and the latter in the trans geometry. 

In summary, we expect that 2,3-substitution will not greatly alter the conforma. 
tional preference of  the diene system, i. e. conformational isomerism of  2,3-difluoro- 
butadiene will be subject to the same electronic factors as that of the unsubstituted 
diene and these factors operate in the same direction in both cases. It is expected 
that, by analogy to 1,3-butadiene, the order of conformer stability of 2,3-difluoro- 
butadiene will be dictated by steric effects, s e. it will be trans >gauche  > cis. 

Experimental support for the above analysis of 2,3-disubstituted 1,3-dienes is 
available. For example, 2,3-dichlorobutadiene has been shown to exist preferentially 
in a planar trans geometry 2~ A more interesting case is the conformational isomerism 
exhibited by oxalyl bromide and chloride. It is found that in the gas phase, these 
molecules exist in an equilibrium mixture of trans and gauche isomers but no detec- 
table concentration of the cis conformation was observed 206' 207). 

X X 

O X 
x = Cl, Br 

The existence of a large concentration of  the gauche conformation implies that pi 
nonbonded interactions of the type discussed previously play some role in the 
conformational isomerism of oxalyl bromide and chloride. 

Ab initio calculations of 2,3-disubstituted dienes have predicted that the trans 
conformation is more stable than the cis conformation. Results of these calculations 
are shown in Table 21. 

We will now consider an interesting case where sigma nonbonded interactions 
of the hydrogen bond type help to reinforce the conformational preference of sub- 
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Table 21. Computed relative energies of cis and trans diene systems 

Molecule E(cis)-E(trans) Ref. 
(kcal/mol) 

F F 2.88 199) 

F F 

F F 

4.17 ~) 

0.14 t99) 

stituted 1,3-butadiene dictated by steric effects. For example, consider the systems 
shown below. 

In a molecule of this type, trans conformational preference is not only due to effects 
inherent in any diene molecule but also to an attractive sigma nonbonded interaction 
between the Xpx lone pair and the Is AO of  the hydrogen attached on C3. Consequent- 

X Y 

X - - ~  - ~  X X 
4 X 

X z 

trans cis gauche 

ly, it is expected that abolition of  this attractive sigma nonbonded interaction by 
appropriate replacement of the hydrogen may force the molecule into a preferred 
conformation other than the trans. Of course, such a replacement will also bring into 
play additional steric effects destabilizing the trans conformation. 

Typical experimental results for halo substituted 1,3-butadienes are shown in 
Table 22. It can be seen that when the crucial C 3 position is substituted the gauche 
conformer becomes the lowest energy conformation. 

Finally, we wish to point out that a similar theoretical approach has been used 
by Hehre 199) in a discussion of 2,3-disubstituted butadienes and by Pople and Hehre 
in a work on C4 molecules 214). 

3.16. Nonbonded Interactions in Peptides and Polypeptides 

The fundamental unit of  proteins is the peptide linkage. An understanding of the 
electronic factors dictating conformational preference in the peptide linkage, there- 
fore, can lead to further insight into polypeptide and protein torsional isomerism. 
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Table 22. Preferred conformations for substituted 1,3-butadienes 

Molecule Dihedral angle (0) Ref. 

180 ~ 193, 2o8) 

F 
180 ~ 209) 

F 

~ i  180~ 21o) 

F 

50 ~ 211) 

CI Cl 

/ ~  50 ~ 211) 
Br Br 

ct~kCl.~ el o~ < 9o ~ 212) 

F Jr.. F'F 47 ~ 213) 

Our model for the peptide linkage is N-methyl formamide and the two confor- 
mations which we shall compare are the Cs and Ce conformations shown below. 

As before, we can dissect the molecule into ( C H 3 - - - C = O )  and ( - N i l - )  
fragments and construct the appropriate interaction diagrams which in this case are 
similar to that constructed for I ~ - X - R  molecules (Fig. 30). Arguing as before, we 
conclude that the Cs conformation is the preferred conformation of N-methyl 
formamide. 
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H H Y )__ ' - -  

O z 

Cs C e 

N~ .66301 .65982 
P~O__CH3) .06064 .00009 

Computation:INDO, stand~dgeometry 

X-ray data suggest that the peptide linkage is planar in either small molecules or 
proteins themselves 2 ~ s-220). The planarity of the peptide linkage results into inter- 
esting structural patterns encountered in polypeptide molecules. Two important con- 
formations of peptides are the a-helix and fully extended conformations 220. Exami- 
nation of the fully extended form of a polypeptide immediately reveals that this 
conformation enjoys considerable stabilization from the factors we have been dis- 
cussing. 

As can be seen above, the stabilization of the extended form arises from alternating 
Hiickel pi aromatic structures as indicated by the square and circle. 

In this connection, it is interesting to note that experimental evidence, including 
UV, IR and ORD spectroscopy, indicates that the fully extended form of oligoglycine 
and derivatives of polyglycine is more stable than the a-helix 222' 223). In the crystal- 
line state, polyglycine exists in two forms one of which is fully extended and the 
other nearly extended 224' 22s). 

Ab initio as well as semi-empirical calculations predict that the fully extended 
conformation of  a simple polypeptide is the most stable conformation 226' 227). 
INDO calculations of the Cs and Ce conformations of N-methyl formamide shown 
above clearly indicate that the greater stability of the Cs conformation is due to pi 
nonbonded attractive interactions. 

3.17. Torsional Isomerism in Ring Systems 

In the previous sections we have examined diverse acylic molecular systems where 
sigma and/or pi nonbonded interactions obtain. The same considerations are appli. 
cable to cyclic and bicyclic systems. In the space below, we provide an overview of 
torsional isomerism in such systems. 
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F 
c~ tmns 

P(F2Px, F2px ) -.0112 .0368 
P(F2Px, F2Px ) .0000 .0000 
Computation: CNDO/2, stand~dgeometry 

y /__x 
Z 

Sigma lone pair nonbonded interaction in 1,2-difluorocyclopropane presents a 
similar situation to that observed in 1,2-difluoroethane (see Pattern b Scheme 1). 
Specifically, sigma nonbonded attraction may favor the trans isomer. This can be 
seen in the results of  CNDO/2 calculations shown above where it appears that the 
sigma nonbonded interaction is repulsive in the cis isomer. 

A similar discussion can be offered for other 1,2-disubstituted cycloalkanes. 
The boat form of  molecules of the type shown below may involve sigma nonbond- 

ed attractive interactions between the X and Y groups. 

/----k 
X Y 
k__J 

Obviously, steric interactions disfavor the boat relative to the chair form. Nonetheless, 
systems can be designed where the "bow to bow" nonbonded attraction may become 
dominant. It is interesting to discuss in detail one example in order to illustrate our 
approach. 

Let us consider the molecule shown below dissected in the manner indicated. 

z w 

We first construct the group of  MO's of X = C - - - C = Y  as shown in Fig. 34. Obviously, 
when X and Y are nonidentical some stabilization resulting from the interaction is 
possible. Furthermore, coupling through the Z - W - - - Z - W  system, as illustrated 
in Fig. 35, leads to sigma nonbonded attraction between the X=C and Y=C fragments 
favoring the boat form. This preference is maximized when the Z-W bond is charac- 
terized by a high energy HOMO. 

Accordingly, we conclude that the best chance for obtaining boat preference in 
the system under consideration may materialize if X:#Y and Z and W are appropriate- 
ly selected. 

An interesting experimental result concerns the most stable conformation of  
1,4-cyclohexadione. This molecule is found to exist preferentially in a skew boat 
conformation22S, 229). This conformation may be a result of  a compromise between 
nonbonded attraction, which is maximized in the boat conformation, and steric 
effects which favor the chair conformation. Obviously, this molecule does not 
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SA 

SS 

~ 7 1 " *  

SA "~ 

H 
ss 

H 7l" 

C=X X=C . . . . .  C=Y C=Y 
Fig. 34. Pi type group MO's of the X=C - - - C = Y  component system constructed from the 
pi MO's of CX and CY 

represent the ultimate in nonbonded attraction, so the very fact that it exists in 
a "near" boat conformation provides us with hope that the strategy outlined above 
for the construction of  a boat ring system may succeed. 

Similarly, bicyclic systems o f  the type shown below enjoy sigma nonbonded 
attractive interactions in the syn form. 

Experimental results indicate that steric effects dominate and the anti form is more 
stable by 2.1 kcal/mol 2a~ However, by following the strategy illustrated for the 
cyclic system discussed above, we can design systems standing a good chance o f  
being thermodynamically more stable in the syn form. 
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SA 

AA - -  AA 
SA 

c 4 D  ( D o  

~ _ _ _ ~  SA SA 
4 ~ ss 

ss~-tq -~s H 
SS 

e ( D C ~  
-H- * O C ~  SS 

X 
x v z,~w, '~_ 
\ / , - - \  

- -  ~.-w 
Y 

Fig, 35. Dominant stabilizing orbital interactions in the boat and chair conformers of 

/w-z\ 
Y=C~w_ z/C--X 
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3.18. The Concept of the lsoconjugate Series 

In our discussion of  pi nonbonded attractive interactions we have sought to provide 
representative cases where these interactions obtain. We can further systematize the 
mass of experimental evidence regarding conformational preferences by seeking ana- 
logies among apparently unrelated molecules and geometries. One fruitful approach 
to this task involves the concept of the isoconjugate series exemplified below. 

Consider the molecules cis 2-butene and cis 1, 3, 5-hexatriene. By realizing that 
a -CHa substituent contributes arr and art* type orbital, L e., that -CH  3 can be 

simulated by H/~C= X, we can immediately anticipate that the preferred geometry 

of the two molecules will be the same, L e. tranz 

A further example is given by consideration of the preferred conformation of 
anti n-butane. This system is isoconjugate to trans 2,3-dimethyl-butadiene or trans 

2,3-divinylbutadiene. Now, trans 2,3-dimethyl-butadiene is expected to have the con- 
formation shown below. 

Accordingly, the predicted conformation of anti n-butane is the one shown below. 

It would be interesting to test systematically the extent to which such analogical 
reasoning can be carried out. Some problems can arise in a predictable manner. For 
example, in the comparison of 2,3-dimethyl-butadiene and n-butane, the C2-C3 
bond lengths are different. This has an impact upon the steric interaction of  the 
attached groups which, in turn, may ultimately be responsible for the groups 
adopting a different conformation in the two isoconjugate systems. 

3.19. Assorted Systems 

We end the discussion of the structural effects of nonbonded interactions by noting 
that the ideas illustrated in the previous sections can also be applied to inorganic 
systems. For examples, octachlorodimolybdate(II), Mo2 C18 4, is predicted to have an 
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eclipsed geometry in order to maximize the nonbonded attractive interactions be- 
tween the chlorine atoms: 

CI CI 
o - . \ _  /..-ct 
Ci,d:M~176 1 

CI CI 

Recent SCF-XtxSW calculations indicate that the above geometry is stabilized by 
attractive ligand-ligand nonbonded interactions 23t' 232) 

4. Tests o f  Nonbonded Interactions 

In the following sections, further experimental tests of nonbonded interactions will 
be discussed. Specifically, we shall examine the following topics: 

a) Physical Manifestations of Nonbonded Interactions. 
b) Spectroscopic Probes of Nonbonded Interactions. 
c) Reactivity Probes of Nonbonded Interactions. 

4.1. Physical Manifestations of Nonbonded Interactions 

In this section we shall determine the effect of nonbonded interactions on the 
physical properties of related molecules. As our model compounds we will utilize 
difluoroethylene, a molecule having substituents bearing only lone pairs and dicyano- 
ethylene, a molecule bearing substituents with both filled and unf'llled MO's. In 
particular, we focus on the three possible isomers of a disubstituted ethylene/.e. 
the 1,1, trans-l,2- and cis-l,2-isomers. The three possible isomers are shown below. 

F F F F 

1,1 1,2-trans 1,2-cis 

As was done previously, we can dissect the molecules into an F'--F fragment 
and a HC=CH fragment. The appropriate interaction diagram for the three isomers of 
difluoroethylene is shown in Fig. 36. In constructing these diagrams, it is assumed 
that the splitting between the group MO's of the substituents is much larger in the 
1,1 ease than in the cis 1,2-case and almost zero in the trans 1,2 case. Typical AO 
overlap integrals are shown in Table 23 and support our assumption. A considera- 
tion of these diagrams leads to the following conclusions: 

a) the interaction between the n s MO and the ethylenic rr MO increases in the 
order 

trans 1,2 > cis 1,2 > 1,1 

and, consequently, the HOMO energies of the composite molecules will follow the 
order: 

HO H O ~  HO 
~l,l ~ ecis ~. ~:trans 
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S rt* A n* [ A ~* 

,,.-H- -H-s,,l H- s  
I // 

H H H H _ _  

F . . . . . . .  F ~ ~ . . . . . . .  F k _ /  F . . . . . . .  F 

H H 

i, 1 difluoroethylene cis 1,2 difluoroethylene trans 1,2 difluoroethylene 

Fig. 36. Dominant pi orbital interactions in the three structural isomers of difluoroethylene. 
The symmetry labels axe assigned with respect to a mirror plane (1,1 and cis isomers) or a 
rotational axis (trans isomer). The diagrams are schematic 

Table 23. Pi overlap integrals between the substituents in the three possible isomers of disubsti- 
tuted ethylenes a) 

X 1,2-cis 1,2-trans 1,1 

F 0.0004 0.0001 0.0036 
CI 0.0048 0.0004 0.0123 
NH 2 0.0041 0.0003 0.0117 
OH 0.0016 0.0002 0.0048 

a) Overlap integrals calculated by a CNDO/2 program. Standard geomeUies. 

b) the interaction between the nA MO, in the cis and trans 1,2 isomers, and the 

ns  MO, in the case of the 1,1 isomer, with the ethylenic n* MO follows the order 

cis 1,2 > trans 1,2 > 1,1 

and consequently, the energy of  the LUMO in the composite molecules will follow 
the order: 
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e l  ,1 

An analogous procedure can be applied to the dicyanoethylene. We can dissect the 
molecule into an NC-..CN fragment and a HC=CH fragment. The appropriate inter- 
action diagrams are shown in Fig. 37. A consideration of these diagrams leads to 
the following conclusions. 

A 

~ f 
r A-~-- 

. - H - s ~  

r s + q _ /  

I 
[r A 

S 7r*[ 

]r S 

~ ' ~  A ~r* r A 

S 
r 

r A-H- 1r A 

I 

A 71"* 

H H H 
L - / H  NC . . . . . . .  CN ~ NC . . . . . . .  CN Nc ....... cN ~ /---k 

H H 

i ,1 dicyanoethylene cis 1,2 dicyanoethylene trans 1,2 dicyanoethylene 

Fig. 37. Dominant pi orbital interaction in the three structural isomers of dicyanoethylene. 
The symmetry labels are assigned with respect to a mirror plane (1,1 and cis isomers) or a 
rotational axis (trans isomer). The diagrams are schematic 

a) the ~1 - l r  interaction strength varies in the order: 

trans 1,2 >cis  1,2 > 1,1 

Consequently, the energy of  the HOMO in the composite systems follows the order: 

HO HO HO 
el,l < e ~  < etrans 

This is completely analogous to the situation in difluoroethylene. 
b) the ~b,~-Tr* interaction in both 1,2 isomers and the ~b3-Tt* interaction in the 

1,1 isomer have the consequence that the 1,I isomer will have a lower LUMO even 
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though the 0a-rr* interaction will be smaller than the $4-7r* interaction present 
in the 1,2 isomers, i.e., the inherently lower energy of Sa in the 1,1 isomer rather 
than the interaction effect produces the final result. Thus, the energy of the LUMO 
in the various isomers will follow the order 

LU < eLt~affns,~ LU el,l Cc/$ 

An alternative approach to 1,2-disubstituted ethylenes is within the framework 
of open shell-open shell interactions. Specifically, the dissection used in this theoreti- 
cal approach is shown below for the model system 1,2-difluoroethylene: 

Hj~ .C  �9 j H  
F " C ' t " ' F  

1,2-trans 1,2-cis 

The interaction diagram for the cis and trans union of two FHC. radical fragments 
is shown in Fig. 38. From Fig. 38 it is obvious that the pi HOMO-LUMO splitting 
is larger for the case of cis union than for trans union. The final conclusions is that 
the HOMO and LUMO energies in cis and trans 1,2.difluoroethylene vary in the 
following way: 

HO .~ HO 
~c/s e trans 

In summary, the relative HOMO and LUMO energies of the three isomers of 
difluoroethylene and dicyanoethylene are as shown below. 

LUMO 

HOMO- H-  

1,1 Difluoroethylene cis-1,2-Difluoro ethylene trans.1,2-Difluoroethylene 

LUMO 

HOMO -+21 - 

1,1 Dicyanoethylene 
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trans 

\ 
x 
\ 
x 
\ 

"4-- 
"H 

"--n---\ \ 
\ 

\ 
\ 

"-H- 
\ \  

\ 

44-. " 'H 
"-H- 

FHC* FHC-CHF .CHF FHC~ FHC-CHF ~ 
Fig. 38. The pi MO's of the cis and trans isomers of 1,2-difluoroethylene as constructed from 
the union of two CHF fragments in the appropriate geometry 

We now examine the available experimental evidence in the light of the above 
discussion. Specifically, we shall consider physical properties such as (a) ionization 
potentials and (b) electron affinities. 

A. Ionization Potentials 

According to Koopmans' theorem 28), the first ionization potential of a disubstituted 
ethylene corresponds to the negative of the pi HOMO energy. From the previous 
discussion, the pi HOMO energy is predicted to vary in the following order: 

HO < HO HO 
61,1 ec/s ( e ~  

Hence, the predicted ionization potentials for the three molecules will vary in the 
following way: 

IP(trans) < IP (cis) < IP(1,1) 

It should be pointed out that the predicted higher ionization potential and 
lower electron affinity of a cis 1,2-disubstituted ethylene relative to the correspond- 
ing trans isomer is based upon the assumption that substantial pi nonbonded inter- 
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Table 24. Ionization potentials of disubstituted ethylenes 

Molecule I.P. (vertical) I.P. (adiabatic) 
(eV) (eV) 

Method ReL 

C %  10.00 9.74 
9.83 

C1 

PES 
PES 

233) 
234) 

CI C1 9.93 9.68 PES 233) 
~ /  9.83 9,65 PES 234) 

CI 9.93 9.69 PES 233) 
9.81 9.64 PES 234) 

CI 

Br Br 9.69 9.45 El, PI 23S) 
~ = /  9.46 PI 236) 

Br 
9.54 9.46 EI, PI 235) 

Br 9.46 PI 236) 

CI ___/F 10.30 9.87 

CI 

H 3CO~_jOCH 3 

EI, PI 235) 

10.30 9.87 El, PI 235) 

7.97 

H3CO~,~ 

--~ocH3 
H3C~/CH3  

8.04 

9.13 

PES 

PES 

PES 

PES 

PES 

PES 

PES 

H 3C~=::~CHa 

N C ~ / C N  

NC~_. 
~-~CN 

9.13 

9.23 

11.15 

11.15 

237) 

237) 

23a) 

239) 

238) 

240) 

240) 
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action between the two substituents obtains in the cis isomer. However, it is possible 
that conformational effects dictate otherwise as, for example, in the cases of 1,2- 
dialkylethylenes, 1-substituted propenes, 1,3,5-hexatrienes, etc. where the preferred 
conformation of  the cis isomer features sigma nonbonded attraction and weak pi 
nonbonded interaction. In such molecules, the difference in the ionization potential 
of the cis and trans isomers will be expected to be very small, perhaps negligible. 

Ionization Potentials (IP) for various disubstituted ethylenes are shown in 
Table 24. As can be seen, the IP's for 1,2 cis and trans isomers are usually very close 
but the IP's of  1,1-disubstituted ethylenes relative to their 1,2-disubstituted counter- 
parts are consistently higher, in agreement with our predictions. 

We now consider the effect of nonbonded interaction on the energies of pi lone 
pair MO's in cis and trans disubstituted ethylenes. Our model systems are again cis 

and trans 1,2-difluoroethylene. The consequence of the interaction of the pi lone 
pair electrons in the cis and trans geometries is shown in Fig. 36. We distinguish the 
following three hypothetical cases and work out their consequences. 

a) Through space interaction is appreciable in the cis isomer but negligible in 
the trans isomer and through bond interaction is negligible in both isomers. This 
would lead to the orbital pattern shown below: 

r / A ~  

/'/S 

17 A 

n s  

trans cis 

b) Through space interaction is negligible in both cis or trans isomers but through 
bond interaction is important in both isomers. This would lead to the orbital 
pattern shown below: 

nA nA 

nS trans c?s ns 

c) Through space interaction is appreciable in the cis isomer, but negligible in 
the trans isomer and through bond interaction is appreciable in both isomers. In 
this case n s will attain a lower energy in the case of the trans isomer. This latter 
result would be compatible only with through space and through bond coupling 
and would constitute evidence in support of our proposal that overlap repulsion is 
greater in the trans isomer. On the other hand, n A may or may not have lower energy 
in the cis isomer relative to the trans depending upon the extent to which the effect 
of through space interaction is counteracted by the effect of  through bond inter- 
action. The appropriate orbital pattern is shown below 

n A - -  ) - -  nA 

- -  n S 

ns 
trans cis 
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The energy ordering of  the lone pair pi MO's of  cis and trans, 1,2-dichloroethyl- 
ene as determined by photoelectron spectroscopy is shown below: 2s4) 

n A m  
--11.93eV 

n S - -  

- 1 2 . 6 1 e V  

m nA 
-11.85eV 

- -  n S 
-12.51eV 

trans cis 

As can be seen, the ns MO of  the trans isomer is lower in energy than the n s 
MO of the cis isomer, a result consistent only with the presence of strong through 
space and through bond interaction of  the two CI atoms. This is an important result 
insofar as it indicates that four electron overlap repulsion is greater for trans than 
for cis 1,2-disubstituted ethylenes. 

B. Electron Affinities 

Linear correlations between the energy of the LUMO of a molecule and its electron 
affinity are k n o w n  39). Since the energy of the LUMO of  the disubstituted ethylenes 
varies, according to our model, in the order, el,t < en <etrans <ecis we expect that the 
corresponding molecular electron affinities will follow the order: 

AI,I :> Atrans > Ace 

Experimental electron affinity data of  disubstituted ethylenes is not abundant but 
Table 25 lists the A's for some typical examples. As can be seen, the A of the 
1,1-isomer is larger than the A's for the 1,2-isomers, in accord with our prediction. 

Table 25. Electron affinities of disubstituted ethylenes 

Electron affinity (eV) 

Substituent cis trans 1,1 Ref. 

CN, CN 0.78 0.78 1.54 34) 
0.78 0.78 - 241) 

CO2CH 3, CO2CH 3 0.60 0.60 - 242) 

An indirect probe of the A's for a series of compounds is obtained from a 
consideration of the half wave potentials. The reduction potential is related to the 
electron affinity by the following equation: 243) 

E ~ A + AEsolv - ~ f  - XHg 
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where E ~ is the cathodic one electron reduction potential, XHg is the electron work 
function of  the mercury surface, E~ef is the potential of the reference electrode, and 
AEsob, is the solvation energy. Since E~f and XHg can be considered constant for a 
series of molecules and AEsotv is nearly constant for closely related molecules, we 
expect that the half wave reduction potential will reflect the EA of  the molecule. 
Consequently, we predict that E ~ for the disubstituted ethylenes will vary in the 
following way: 

Ei',t > ~,.~ > E~i, 

The above predictions are partially confirmed by the available electrochemical 
data. Specifically, the half wave reduction potentials for cis and trans 1,2-disubsti- 
tuted ethylenes have been measured and it is found that it is easier to reduce the 
trans isomer, Le. E ~ > Eczs 243-248) 

4.2. Spectroscopic Probes of Nonbonded Interactions 

The spectroscopic probes to be examined in this section involve: (a) ultraviolet 
spectroscopy and (b) vibrational spectroscopy. 

A. Ultraviolet Spectroscopy 

We first consider the relative electronic transition energies in cis and trans 1,2- 
disubstituted ethylenes. From Fig. 28 we can clearly see that the pi HOMO-LUMO 
energy gap is larger for the case of  the cis isomer relative to the trans isomer. Hence, 
the mr* transition is expected to occur at shorter wavelengths in cis 1,2-disubsti- 
tuted ethylenes. 

UV data shown in Table 26 clearly support our expectations. For example, the 
rrrr* transition energy for cis 1,2-dichloroethylene is 42300 cm - l  while the same 
quantity is 41700 cm -~ in the corresponding trans molecule. The same trend is 
observed in the 1,2-difluoroethylenes, as well as in the 1,2-dialkylethylenes, where a 
distinct hypsoehromie shift is observed in the comparison of trans and cis isomers. 

An interesting example is found in the nrt* transition of ortho and para 
benzoquinone. The two molecules are dissected as shown below: 

ortho para 

The relative energies of  the n LUMO's in the two cases can be deduced by evaluating 
the overlap integral Sr 3 r 3' as shown schematically below: 
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1 - -  1 

2 2 

2 

2 

ortho para 

Table 26. Ultraviolet spectral data for cis and 
trans 1,2-disubstituted ethylenes 

Molecule Enn* (cm- I) ReL 

H 3 C ~  CH3 57471 249) 

C H  3 

56179 249) 

HsC2~CH3 56401 249) 

CH3 

55188 249) 

CI CI 
42300 251) 

Cl 

41700 251) 

F~:::~F 63003 25o) 

58728 2SO) 
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The overlap integral Sxo a ~0 ~ for the two cases is given by the following expressions 

S r  (ortho) ~ a2Sli + b2Sa3 

S~3~o ~ (para) ct abSl3 + abSal 

where Sij is the 2p AO overlap integral between carbon centers and a and b are the 
2p AO coefficients ofC l and Ca, respectively. Assuming that S 11 = S33 = S13 = 531 -- 

= K, the above equations become: 

Sr 3 ~ ~ (ortho) = (a2 + b2)(K) 

S~ 3 ~ ~ (para) = (2ab) (K) 

Since a 2 + b 2 > 2ab for all positive values of a and b, except a = b ~ 0, we conclude 
that S~o a r 5 (ortho) > Sr a ~ ~ (para). Consequently, the pi LUMO of  ortho benzo. 
quinone will be lower in energy than the pi LUMO ofpara benzoquinone. Further- 
more, the degeneracy of the oxygen lone pair AO is lifted more in the case of ortho 
benzoquinone. The final conclusion is that the nrr* transition is predicted to occur 
at longer wavelengths in the ortho isomer relative to the para isomer. 

The experimental ~.max'S for the nn* transition of various quinones are shown 
below and are in accord with our expectations: 2s) 

o o o o 

o 

610 nm 450 nm 540 nm 420 nm 

B. Vibrational Spectroscopy 

Raman spectroscopy and infrared spectroscopy are important tools to test qualitative 
theories since they can give us an idea about the relative strengths of bonds 2s2). An 
interesting vibrational mode of 1,2-disubstituted ethylenic molecules involves torsion 
about the C=C bond. In the trans isomer, the torsional frequency is dependent only 
on the "stiffness" of the double bond. In the cis isomer, however, there is the addi- 
tional factor of  a nonbonded attractive interaction between the substituent groups 
which will decrease as the substituents move away from each other. Clearly, this 
is an unfavorable process for the molecule and the energy for "twisting" should be 
greater for the cis isomer relative to the trans isomer where a decrease in stabilizing 
nonbonded interactions do not obtain. Hence, cis-l,2-disubstituted ethylenes 
should have a higher C=C torsional frequency than the corresponding trans isomers. 

Recent Raman studies of  cis and trans 2-butenes show that the torsional frequen- 
cy of the cis isomer is greater than that of the trans (cis = 394 cm- t, 
trans = 294 cm - t )  which is in agreement with our expectations 2s3' 2s4). Further- 
more, IR and Raman studies of  the cis and trans isomers of  1,2-difluoroethylene 
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and 1-fluro-2-chloro-ethylene revealed larger force constants for the torsion around 
the double bond in the cis isomer 2ss' toa) 

4.3. Reactivity Probes of Nonbonded Interactions 

Relative reactivities of molecules can also shed light upon the validity of our general 
theoretical approach. In this section we shall examine the following reactivity probes 
of nonbonded interaction: 

A. Diels Alder Reactivity 

The Diels Alder reaction has been an important testing ground for qualitative theo- 
ries for many years 2s6' 257). In this section we consider the importance of nonbond- 
ed attractive interactions on Diels Alder reactivity. Our model reaction system is 
butadiene and the three isomers of dicyanoethylene: 

A 
+ + 

NC / NC_/ 

NC CN 

+ 

NC CN 
L__./ 

The key stabilizing interaction in the above reactions is between the pi HOMO of  
butadiene and the pi LUMO of the isomeric dicyanoethylenes. The pi LUMO's of 
the isomeric dieyanothylenes vary in the order 1,1 < 1,2-trans < 1,2-c/s. Accord- 
ingly, on the basis of Eq. (1), we conclude that the stabilization of the reaction 
complex and, consequently, the rate of the reaction will vary in the order 
1,1 < 1,2.trans < 1,2r 

Experimental evidence supporting the above prediction can be found in Table 27. 
In both examples, the 1,1 isomer reacts much faster than either the 1,2~cis or trans 
isomers which exhibit comparable reactivity. 

B. The Stereochemistry of  the SN 2' Reaction 

The importance of nonbonded interactions in chernieal systems is illustrated by the 
stereochemistry of  the abnormal bimolecular substitution reaction (SN 2'). It has 
been suggested that the nucleophile attacks the same side from which the leaving 
group departs 259' 260). However, the mechanism of  the reaction is still unclear 261-263) 
and an investigation of  the reaction utilizing a theoretical approach can be useful in 
shedding light on the factors which determine the preferred stereochemistry. 

We illustrate our theoretical approach by reference to the two model transition 
states shown below: 

X N X 

N 
syn anti 
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Table 27. Relative rates of Diels Alder addition for dicyanoethylenes a) 

CHs 

CH3 

CN 
__/ --k 

CN 
NC 

k__ --k 
CN 

45,000 127,000 

81 139 

/--k 
NC CN 91 131 

a) ReL2Sa. 

Here X is the leaving group, N is the nucleophile and the C a - - - N  and C t - - - X  
bond distances are taken to be equal 

The pi MO's of the reaction complex can be constructed from the group MO's 
spanning the two Pz lone pair AO's of X and N and the pi MO's of the allyl 
cation. First the X - - - N  group orbitals are constructed for the stereochemical 
modes of reaction in the usual manner. In the case ofsyn attack, the X and N 2pz 
AO's overlap and their through space interaction becomes appreciable. In anti 
attack, overlap is nearly zero and the lone pair MO's remain unaffected. The next 
step in the analysis is the interaction of the lone pair MO's with the pi MO's of the 
allyl cation. This can be understood by means of the interaction diagram of Fig. 39. 
Proceeding as before, the stabilizing interactions can be discussed as follows: 

a) A two electrdn stabilizing interaction between nA and 42. In this case, the 
overlap integral SnAr is larger in the case of syn compared to anti attack. Further- 
more, enA--er is smaller and ( k -  enA )2 is larger for the syn transition state and, 
hence, on the basis of Eq. (1'), the two electron stabilization will be greater for the 
syn than the anti case. 

b) A two electron stabilizing interaction between n s and 43. By going through 
the same arguments as before, we conclude that this two electron stabilizations will 
favor anti attack. However, due to the large energy gap between the interacting 
orbitals we expect that the contribution of the ns - 63 interaction to the total two 
electron stabilization energy will be small. The results of the above discussion are 
summarized below: 

AE 2 nA~2 (syn) ( AE 2 nA~2 (anti) 

AE2ns~3 (anti) r AE2ns~3 (syn) 
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n^ --~--~-- 

ns --~--{-- 

--~-+- S 

- - S  ~3 

A 
r 

syn ~ anti 

Fig. 39. Stabilizing orbital interactions involved in the syn and anti transition states of the 
SN2' re~tction 

The quantity (AE2nAr + AE2nse3 ) will be more negative (i.e., more stabilizing) 
for syn than anti attack since the dominant contributor to the stabilization energy 
is the nA--~b 2 interaction. It is clear, therefore, that nucleophilic attack syn to the 
leaving group will be favored over anti attack. 

An additional factor in determining the stereochemistry of the SN 2' reaction 
is whether the attacking nucleophile is charged or uncharged. That is, the charge 
distributions in the transition state complex will differ depending on the nature of 
the nucleophile as illustrated below for the case of syn attack, assuming X is more 
electronegative than N. 
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4.3. Reactivity Probes of Nonbonded Interactions 

X 8- N 8+ X 8- N ~-  

Neutral nucleophile Charged nucleophile 

For neutral nucleophiles the electrostatic interaction between N and X will stabilize 
the syn more than the anti geometry due to the proximity of  the two oppositely 
charged groups while the opposite will obtain when N is charged. 

In summary, there are two principal factors which determine the stereochem- 
istry of an SN 2' reaction: 

a) an attractive nonbonded interaction factor and 
b) an electrostatic interaction factor. 
For convenience, we tabulate the direction of these factors for the two classes 

of nucleophiles below: 

Nonbonded interaction 
Electrostatic interaction 

Neutral Charged 

syn > anti syn > anti 

syn > anti anti > syn 

Ab initio calculations (STO-4G basis set) as well as semiempirical computations 
(CNDO/2) confirm the above analysis 7). Specifically, it is found that a syn geometry 
is favored when the attacking nucleophile is neutral and this was shown to result 
from an increase in nonbonded attraction in the transformation anti ~ syn aug- 
mented by electrostatic interactions. For charged nucleophiles it was concluded 
that nonbonded attraction, although present, is dominated by electrostatic effects 
and, consequently, the anti geometry is lower in energy than the model syn transi- 
tion state. 
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Part  III. Gemina l  In te rac t ions  

5. Def in i t ions  

In the previous sections, we focused our attention upon nonbonded interactions 
and their effect upon the relative stability of  conformational and geometric isomers. 
We shall now use OEMO theory in order to examine how geminal lone pair-lone 
pair, bond pair-lone pair and bond pair-bond pair interactions can affect the shape 
of  a molecule 264). 

Some clarifying statement as to the meaning of the term "geminal interaction" 
is in order. As an illustrative case, we consider the linear water molecule and inquire 
as to whether it will tend to be linear or bent. We can approach this latter prob- 
lem by inquiring about the effect of the geminal interaction between the 2py lone 
pair and the two O - H  bonds. In MO theoretical terms, we shall inquire about the 
effect of  the interaction between the 2py lone pair AO and the sigma MO's which 
obtains upon bending. If this interaction is stabilizing the molecule will tend to 
bend and vice versa. 

y 

 _:oQ . <.x 
<5 

5.1. Theory of Lone Pair-Signm Bond Geminal Interactions 

We shall first illustrate how the OEMO approach can be used to elucidate the effect 
of geminal interactions on the stability and shape of molecules. We shall utilize the 
molecule H20 as the model system and compare the relative stabilization of the 
linear and bent geometries. The analysis involves the construction of the sigma MO's 
of  H20 from the AO's of O and the group orbitals spanning the two hydrogens. 
The interaction diagrams of Fig. 40 show the various orbital interactions which 
obtain in the two geometries. However, before we make a one-to-one comparison 
of these interactions, a few remarks regarding the effect of bending upon the hy- 
drogen group orbitals is necessary. 

Upon bending, the two hydrogens of H20 come into greater proximity and 
according to Eq. (3'), this is expected to lower the energy of the o orbital and raise 
the energy of the o* orbital. Simultaneously, the normalization constant of  o de- 
creases and that of o* increases. This latter effect will have definite consequences 
with respect to the degree of spatial overlap between the hydrogen group orbitals 
and the AO's of the central atom as a function of geometry. 
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O--(~ ~ 

C)--�9 

2s 

(3 

m O  B 

O" B 

H,- - - - -  H O H . . . . .  H 

Linear Bent 

Fig. 40. The interactions between the H - - - H  group MO's and the oxygen AO's in linear and 
bent H20. Notice that the 2py-o  B interaction is "turned on" as bending occurs 

We shall now compare the various MO interactions in the two geometries. The 

following trends become immediately apparent: 

a) The 2 s - o  B interaction is favored relative to the 2S--aL interaction by the 

energy gap. �9 �9 

b) The 2px - OL interaction is favored relative to the 2px - oB interaction by 

the energy gap term as well as the overlap integral term. We conclude that the 2 s - o  

and 2px - o* interactions vary in opposite directions in the two geometries and, 

hence, are not  expected to give rise to a preference for the linear or bent form g). 

g) Actually, the 2Px-o* interaction changes significantly and, consequently, AH 2 molecules 
with four valence electrons are linear. 
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5.1. Theory of Lone Pair-Sigma Bond Geminal Interactions 

c) The 2 p y - O  interaction can only occur in the bent form and the resulting 
stabilization will give rise to a preference for the bent geometry. 

By reference to Fig. 40, we can conclude that the incremental change of the 
stabilization energy upon bending, SE, is given by the following equations, for two 
molecules A and B. 

SEA = - A E ~  (22) 

S E B  = - ~ E ~  (23) 

where the quantities AE~ and AE~ are calculated at a fixed angle 0. 
On the basis of  the above discussion, we can define the following quantity: 

- k  H2mn 
F o - - -  (24) 

(~m - -  ~n  

In the equation above, Fo is termed the bending tendency, m and n are the two 
orbitals which interact only in the bent form and k is the occupation number. For 
a series of  molecules, Hmn and e m - en are evaluated at a constant angle 0. Note 
that in the above equation the orbitals m and n are group MO's. 

The quantities SE and Fo have the meaning of a slope. Thus, by saying that 
F0 for a certain molecule A is larger than F0 for another molecule B we mean 
that the rate of  change of the stabilization energy upon bending is larger for A and, 
thus, the equilibrium geometry is reached at a smaller angle. These basic assumptions 

d E  
of  our model are illustrated by the diagram of  Fig. 41. The derivative ~ becomes 

zero at an increasingly smaller 0 as F0 increases. 
We shall now examine what happens when the two hydrogens become artificially 

more electronegative. Fig. 42 shows that, as a result of the increased electronegativi- 
ty, the o and o* MO's decrease in energy and the interaction matrix element 
< 2py I H I o > becomes more negative. This will tend to increase the stabilization 
energy which obtains upon bending due to the 2 p y - a  interaction up to the point 
that o has become degenerate with 2py. A further increase of  hydrogen electro- 
negativity will have a two fold effect, i.e. the 2 p y - a  energy gap will now begin to 
increase while the interaction matrix element will continue to become more negative. 
Accordingly, we may be inclined to think that these antagonistic effects will level 
the stabilization due to 2 p y - O  interaction which occurs upon bending. However, 
this is not an appropriate conclusion for the very simple reason that the evalua- 
tion of the stabilization energy has been carried out with respect to two different 
zero order electronic configurations. Thus, as long as o remains above 2py the stabi- 
lization energy is evaluated with respect to an electronic configuration of  the type 
2s 2 2p2x 2p~, while as long as o stays below 2py it is evaluated with respect to, e.g. 
2s 2 o 2 2p2x, i.e. the zero point for our comparisons is not the same in the two dif- 
ferent cases. This is a very crucial point because we are primarily interested in 
developing a theory of  substituent effects on molecular shape. Thus, we shall return 
to this problem in a later section when a different formulation will allow us to escape 
the ambiguity of  defining the magnitude of the stabilization energy upon bending 
as a function of substituent electronegativity. 
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180 O~atB) 0re(A) 
0 

Fig. 41. The variation of the total energy E F0(A) > F0(B ) due to a dominant orbital interaction 
turned on by bending as a function of the angle 0 

The electron occupancy of the lone pair AO which can interact with the a hydro- 
gen MO upon bending in AX 2 molecules is crucial for molecular geometry. Thus, F 0 
ismaximal when the lone pair AO is occupied by two electrons,/.e, k = 2, and 
becomes zero when no electrons are contained in this AO,/.e. k = 0. Accordingly, 
we formulate the following rule: as the electron occupancy of a lone pair orbital 
which can interact with an unoccupied orbital upon bending is depleted, the 
tendency for angle shrinkage decreases. Typical applications of this rule are shown 
in Table 28. 

We can use an alternative scheme in order to predict the effect of  the nature 
of the atoms A and X on the preferred geometry of AX2 molecules. Thus, for ex- 
ample, consider the MO's of  linear H20  which are shown in Fig. 43. Upon bending, 
the key stabilizing interaction introduced is the interaction between the original 
lone pair HOMO and the original sigma LUMO. This will increase as the HOMO- 
LUMO gap in the linear molecule decreases and the corresponding interaction matrix 
element increases or remains constant. 

As in the previous case, we can define a bending tendency, F~, given by the 
equation below: 
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2py 2Px 

,a I 

H . . . . .  H O H "  - - -  H' 

Fig. 42. The effect of electronegativity on the 2 p y -  a interaction. H' is assumed to have an 
artificially greater electronegativity than H. The 2py-H '  interaction is stronger than the 
2 p y - H  interaction 
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Fig. 43. The valence MO's for linear H20 
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Table 28. Variation of central angle with change of electron occupancy (k) of stabilized p 
orbital in AB 2 molecules 

Molecule k Angle a) 

BeH 2 0 180 
BeH~ 1 115-125 
BH~ o 18o 
BH2 1 131 
BH~- 2 100 
CH~ 1 140 
CH 2 2 105 
NO~ (crys.) 0 180 
NO 2 1 134 

Bell 2 
2A t 1 115-125 
2B 1 0 180 
BH 2 
2A 1 1 131 

2A l 1 140 
2B 1 0 180 
BH~- 
1A 1 2 100 
3B l 1 125-130 
CH 2 
1A 1 2 105 
3B 1 1 134 
NH~ 
IA t 2 115-120 
3B l 1 145-155 
Sill2 
IA 1 2 90-95 
3B 1 1 120-125 

a) Ref 26S). 

- k  H ~  
F~ - Ep - Eq (25) 

In this case, the ~p and t~q are no longer group MO's at a certain f'Lxed angle. Rather,  
they represent two MO's of  the linear system the interaction of  which is " turned  
on" by  bending. Of course, this is an approximate  equation which is very valuable 
in terms of  relating the results of  the calculation of  a linear molecule to its tendency 
to bend. Clearly, as the nature o f  A and X varies in a way which makes the Ep - E q  

r t 
smaller and Hpq more negative, the bending force F 0 will increase. 

It should be noted that  F~ has the meaning o f  a slope o f  the energy o f  the MO 
resulting from the interaction " turned on"  by  bending plot ted  as a function of  
angle 0. For  reasons which will become apparent,  we can rewrite Eq. (25) as follows: 
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5.1. Theory of Lone Pair-Sigma Bond Geminal Interactions 

, C kH2pq C kH2pq 
F o _~ - (26) 

Ep - Eq AEpq 

In the above equation C is the coefficient of the central atom orbital which becomes 
stabilized upon bending. Thus, for example, C = 1for linear H20. 

We shall first examine the effect of the central atom and ligands on the lin- 
earity and stability of  AX2 systems. In comparing two different types of central 
atoms or ligands, we shall be referring to the Eq. (26) for the tendency of bending 
or pyramidalization. This equation can be rewritten as follows: 

F 0 ~- - C ~ ]  = CL (27) 

A given substituent may affect C, H2q, AEpq, or any combination thereof. If 
the variation of each and every one of the three terms favors an increase of  F~, an 
unambiguous prediction can be made. The same is true if the variations uniformly 
favor a decrease of F~. On the other hand, if the C, Hpq and AEpq terms vary in 
opposite directions, the variation in F~ will depend upon the rate of change of the 
opposing terms. 

We now proceed to give simple rules for predicting how a change in A or X will 
affect the various terms of  Eq. (26). 

a) The C term. The magniture of C equals one when X = H. However, substitu- 
tion of H by a group X may alter it drastically. In this case, the doubly occupied 2py 
AO of A of AH 2 should be replaced by a doubly occupied pi MO of HAX. 

b) The AEpq term. The magnitude of AEpq decrease as the "lone pair" MO 
increases in energy and the crucial vacant sigma MO decreases in energy. The energy 
of the lone pair MO increases as the electronegativity of A and/or X decreases. On 
the other hand, the energy of the vacant sigma MO decreases as the electronegativity 
of X increases along a row or decreases down a column of the Periodic Table (con- 
stant A). A similar pattern is expected in the case of the variation of A for constant X. 

c) The Hpq term. The size of the matrix dement remains relatively constant 
as X becomes more electronegative along a row and decreases as X varies down a 
column of the Periodic Table (constant A). A similar pattern is expected in the case 
of variation of A for constant X. 

The above rules are derived on the basis of our discussion of the effect of hetero- 
atomiq substitution (Section 1. I). Further evidence of their validity will be provided 
in Part IV in connection with our discussion of the intrinsic donor-acceptor properties 
of lone pairs arfd pi or sigma bonds. 

We are now prepared to embark upon a consideration of  the various possible 
cases which may arise on the basis of Eq. (26). These are: 

aJ Case I: C, AEpq und Hpq all favor larger F~. This condition is met by the 
typical series shown in Scheme 4. As the electronegativity of X increases, F~ in- 
creases and, hence, the XAX or XAH angles are expected to shrink. 

In order to illustrate these points, we shall consider as an example OF 2 vs. 
O(NH2) 2, the latter taken in the all planar geometry. The values of C and AEpq 
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Scheme 4. 

Increasing angle (deg.) 
> 

HOF HOOH HONH 2 HOCH 3 
97266) 100267) 103267) 107.3267 ) 
OF 2 O(CH3)2 
103268) 111267) 

are given below and Hpq is expected not to vary appreciably. We predict a smaller 
angle in OF2 than in O(NH2)2 subject to the geometrical constraints stated above. 

OF2269) O (NH 2)2269) 

C 0.9565 0.5810 
-AEpq (eV) 0.89 13.04 

b) Case 11: C favors small F~ and AEpq and npq have the opposite effect,/, e. 
C and L vary in opposite directions. This condition is met by the series shown in 
Scheme 5. Let us consider as an example the case of H20 vs F20 and C120. Here, 
C favor a smaller angle for H20 while Hpq and AEpq favor a smaller angle for 
F20 or C120. The difference in C is smallest for the comparison H20 vs F20 and 
the difference in AEpq and Hpq is largest also for the same comparison. Typical 
data is given below. Accordingly, we predict that F20 will have a smaller angle 

C 269) --AEpq (eVs) 269) 

H - O - H  1 24.99 
F - O - F  0.9565 0.89 
CI-O-C1 0.4767 5.17 

than H20 but the latter may very well have a smaller angle than C120. Pertinent 
data is given in Scheme 5. 

Scheme 5. 

Increasing angle (deg.) 

HOF HOH 
97266) 105270 ) 
HOC1 HOH 
104271) 105 
FOF HOH 
103268) 105 
ClOCl HOH 
111272, 281) 105 

e) CaselII: C and Hpq favor small F~ and AEpqhas an opposite effect so that C 
varies while L remains roughly constant. This condition is met by any comparison 
of FAH vs CIAH or F2A vs C12A. In this case, the larger C for, e.g., FAH relative 
to C1AH will cause a smaller angle in the fluoro derivative. Typical series are shown 
in Scheme 6. 
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5.1. Theory of Lone Pair-Sigma Bond Geminal Interactions 

Scheme 6. 

Increasing angle (deg.) 
> 

FOH CIOH 
97266 ) 104271 ) 
F20 CI20 
103268) 111272, 281) 
F2S C12S 
96273 ) 101274) 

d) Case IV." C is constand and Hpq and AEpq vary in opposite directions so 
that C is constant while L varies. This condition is met by any comparison of  XA 1H 
vs XA2H or X2A 1 vs X2A 2, where A t is a first row and A 2 a second row heteroatom. In 
this case, the variation o f  AEpq outweighs the variation of  Hpq and the bending ten- 
dency increases as a first row atom is replaced by a second row atom. Typical series 
are shown in Scheme 7. 

Scheme 7. 

Increasing angle (deg.) 

H2S H20 
92.2275 ) 105270 ) 
F2S F20 
96282 ) 103268) 
C12S Cl20 
101274 ) 111272) 

At this point, the reader may wonder whether our prediction o f  the greater 
variation o f  AEpq is somewhat arbitrary. However, it must be realized that the 
decrease in AEpq is the result of  two combined effects, i.e. a lowering o f  the vacant 
sigma MO and the simultaneous raising o f  the lone pair AO as A l is replaced by A 2 . 
Typical calculated AEpq values are shown in Table 29. It can be seen that the varia- 
tion is large. 

Table 29. Variation of the HOMO-LUMO 
energy gap (AEpq) as the central atom 
changes from a first to a second row 
element 

-AEpq (eV) a) 

H20 24.99 
H2S 10.86 
F20 0.89 
F2S 0.08 
C12 O 5.17 
C12S 2.96 

a) From extended Hiickel calculations for 
linear molecules at standard geometries. 
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Another situation where the aforementioned condition is met is along a series 
of H2A isoelectronic molecules where A varies along a row of the Periodic Table. 
Here, Hpq remains roughly constant and, thus, the bending force increases as AEpq 
decreases, a trend which obtains as the lone pair ionization potential of the central 
atom decreases. Typical data are shown in Scheme 8. 

Scheme 8. 

Increasing angle (deg.) 

H2N- H20 H2 F+ 
110276 ) 115276 ) 
100-105265 ) 104265 ) 105265 ) 
86.4277 ) 88.4277 ) 92.2277 ) 

5.2. The Pymmidality of AX3Molecules 

The treatment of eight valence electron AX 3 molecules and the effect of the nature 
of A and X on the degree of pyramidality of these molecules, Le. the effect on the 
XAX bond angle, proceeds along the same lines as the treatment of  the angle prob- 
lem in eight valence electron AX 2 systems. 

The MO's of  fiat NH3 are shown in Fig. 44. Upon pyramidalization, a stabilizing 
interaction is introduced due to the interaction between the original HOMO and 
original LUMO of  the planar molecule which will tend to render NH 3 pyramidal. 
Various predictions along with pertinent experimental and computational results for 
Cases I - IV  are given in Schemes 9 -13  and Table 30. 

Case I: C, AEpq and Hpq all favor larger F~. Pertinent examples are shown 
in Scheme 9. 

Case 11: C favors small F~ and AEpq and Hpq have the opposite effect. Perti- 
nent examples are shown in Scheme 10. 

Caselll: C and Hpq favor small F~ and AEpq has opposite effect/.e. C varies 
while L remains relatively constant. Pertinent data are shown in Scheme 11. 

Case IV: C constant while Hpq and AEpq vary in opposite directions. Pertinent 
data are shown in Scheme 12 for the case where the central atom is changed from a 
first row to a second row element. Examples of varying central atom along a row of 
the Periodic Table are shown in Scheme 13. Additional data are given in Table 30. 

Finally, the change in the HXH angle as the electron occupancy of the HOMO 
is decreased is illustrated by the examples in Table 31. As before, our predictions 
agree with the available experimental data. 

Certain features of geminal interactions in AX3 molecules need emphasis: 

a) The effect of geminal interactions upon the XAX angle parallels the effect 
upon inversion barriers, Le. as the strength of the geminal interaction increases, the 
pyramidal form of AX3 becomes more stabilized leading to a smaller XAX angle and 
a higher inversion barrier. Typical results concerning inversion barriers are given in 
Tables 30 and 32. 
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5.2. The Pyramidality of AX3Molecules 

Scheme 9. 

Increasing XNH angle (deg.) 

H2NF H2NOH 
99.8279) 103267) 
NF3 
102.5267 ) 

Scheme 10. 

Increasing angle (deg.) 

NF 3 NH3 
102.5267) 106.6 TM) 

v 

H2NNH 2 H2NCH3 
112267) 112267 ) 

N(CH3)3 
108.7267) 

> 
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Scheme 11. 

Increasing angle (deg.) 

PCI 3 
100267 ) 

w 

Scheme 12. 

Increasing an~e(deg.) 

H3P 
93.2267 ) 
F3P 
96280) 

H3N 
106.8 T M  ) 
F3N 
102.5267 ) 

r 

Scheme l3. 

lncreasing angle(deg.) 

H3C- 

105265 ) 
87.5 T M  ) 

H3N 
106.6 T M  ) 
107265 ) 
87.6 T M  ) 

H3 O+ 
115-117267) 
118265 ) 
90.2 T M  ) 

), 

Table 30. Theoretical inversion 
basriers for AH 3 molecules 

AH 3 Inversion Barrier a) 

Ab initio 

CH~ 5.46 
SiH~ 39.60 
NH 3 5.08 

SH~ 30.00 

a) Ref.281). 

b) Geminal interactions can be very strong and able to compete with strong pi 
conjugative interactions. A manifestation of this is the pyramidal nature of  phosphole 
as opposed to the planar nature of pyrrole. In both cases, Hiickel aromaticity tends 
to flatten the molecule while the strong geminal interaction tends to enforce 
pyramidality about the phosphorous center. The nonplanarity of  phosphole is testi- 
mony to the importance of geminal interactions. 

The analysis of the effect of  A and X upon the pyramidality of  six valence 
electron AX 3 molecules is similar, in principle, to that offered for the previous 
systems. 
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Table 31. Angle variation with change of electron occupancy 
of stabilized orbital in AB 3 molecules 

Molecule k a) BAB angle b) 

BH 3 0 120 
BH~ I 110-115 
CH i 0 120 
CH 3 1 115-120 
CH~ 2 105 
NH~ 1 120 
NH 3 2 107 
PH i 1 110-120 
PH 3 2 93 
BH~" 
2A 1 1 110-115 
2E 2 85-90 
CH 3 
2A 1 1 115-120 
2E 2 90-95 
NH] 
2A 1 1 120 
2E 2 95-100 
PHi 
2A 1 1 110-120 
2E 2 85 -90 

a) Electron occupancy of stabilized orbital. 
b) Ref.265). 

5.3. Miscellaneous Problems 

5.3. Miscellaneous Problems 

The ideas discussed above have very general applicability. For example, they can 
be utilized in order to predict the shape of AYX 3 molecules as a function of A, Y 
and X, the shape of planar AXYZ systems as a function of X,Y,Z, etc. In the space 
below we restrict our attention to only one further example of the applicability 
of the concept of geminal interactions to problems of molecular structure. 

A fascinating situation arises when one inquires as to what happens when a 
sigma lone pair is replaced by a sigma bond, Le. when the sp 2 lone pair of H20 is 
protonated giving rise to H30 +. In order to answer this question, one has to com- 
pare the bending tendencies in linear H20 and in a T shaped H3 O+. 

The interaction diagram of Fig. 45 provides the basis for our discussion. Here, 
the AO's of the central atom interact with the three group MO's which span the 
three hydrogen atoms in the T geometry. The following trends can be noted: 

a) As bending occurs, the energy of o2 increases, that of a3 decreases and that 
of o I remains roughly constant. 

b) As a result of  the variations of ol,  o2 and a 3 accompanying bending as well 
as the change in the appropriate overlap integrals, the energy of~bl remains relatively 
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Table 32. Experimental Inversion Barriers of 
Selected Molecules 

/,G*(T ~ kcal/mol Ref. 

-~-Me 10.2 (-69) 

[---~-CI 13.4 (-20) 

r ~  -Me 8.85 (-98) 
Me 2 

~ - ~ - C I  11.5(-54) 

Me2 

_jN-NH2 10.2 (-65) 

Me2 

N-Me 8.4 (-98) 

N-CI 10.3 (-68) 

N-Me 16.9 (62) 

Me~N-CD3 7.4 (-117) 

MeL.~ X 
~/N-ND~ 3.5 (-98) 

Me2f% 

~ . jN-OH 13.0 (-11) 

Me 2.,... N 

~. /N-CI 9.0 (-87) 

Me2 

C N - B r  8.5 (-98) 

282) 

282) 

283) 

283) 

284) 

282) 

282) 

28S) 

286) 

286) 

286) 

286) 

286) 
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5.3. Miscellaneous Problems 
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Fig. 45. The interactions of the H 3 group MO's and the oxygen AO's in the T geometry of 1t30 § 

constant, that of  ~P2 increases and that of ~P3 decreases. The energy lowering of ~3 is 
interesting because it arises from two conflicting effects, an increasingly weaker 
Opy-01 interaction and an increasingly stronger Opy-03 interaction, the latter 
varying faster than the former. On the basis of  the above considerations, the following 
conclusions become apparent: 

a) The O2s-o  I interaction in H30 + favors bending to a smaller extent than 
the comparable interaction in H20. 

b) The O2px-o2  interaction in H30 + disfavors bending to the same extent as 
the comparable interaction in H 20. 

c) The O 2 p y - o  1 and O2py-o  3 interactions in H3 O+ have a cumulative effect 
which favors bending to a less extent than the single comparable interaction of  
O2py in H20. 

On the basis of the above discussion, we can formulate the following general 
rule: replacement of a sigma lone pair by a sigma bond in any AX2 system to yield 
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an AX2Y system will be accompanied by an opening of the XAX angle contrary to 
any expectations based upon consideration of steric effects. 

Naturally, a similar analysis can be given concerning the influence of replacing 
a lone pair by a sigma bond in AX3 to yield AXaY upon the XAX angle. Typical 
results which verify these rules are given in Table 33. 

Table 33. Variation of angle in B2A: vs B2AX molecules 

Fragment Molecule 

�9 / H  / H  
�9 C~H 102.528a) H:C=-C~H 116.22a9) 

/ F  .~F  
: C ~  104.9 289) H:C=C. 109.3 289) 

F "~F 
/ H  

~  ~ H  101"826s) H:C=C~ F 117"5289) 

~_/H / H  
:B~H 100 26s) HaC_B~ H 1 18.5:90) 

�9 ~ N ~  % 106.6 2'') H_N~:~H 109.47267) 
~ H  

, , z / ~  H 105 ~6s) H3C-C~ n 109.7 TM) 

Before departing temporarily this subject, we should point out that the models 
which form the basis for the equations of F0 and F~ are not completely equivalent 
but rather constitute approximations to the solution of a very complicated problem. 
Thus, for example, the coefficient effect which comes in Fb is not seen in F0 and 
the role of the energy gap involved in the equation for F~ is exaggerated relative 
to that in the equation for F o. Nonetheless, both models lead to similar predictions, 
at lest in most cases we have studied and, thus, both merit attention. 
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6. D o n o r  and  A c c e p t o r  Molecular  F r a g m e n t s  and  the  Ques t i on  o f  Syn 
vs. Anti Over lap  

In this part we employ the OEMO method in connection with bond MO's rather 
than delocalized MO's. There are three types of bond MO's: n, pi and sigma. The 
interactions between bond MO's can be classified as follows: 

a) n -  ~r interactions 
b) r r -  n interactions 
c )  rr - a interactions 
d) n -  n interactions 
e) n - o interactions 
0 o -  o interactions 

where 7r stands for a pi type AO or MO, n for a lone pair AO or MO, and o for a 
sigma type AO or MO. These interactions can be stabilizing or destabilizing depend- 
ing upon orbital occupancy. In general, as we have stated before, the interaction 
between an occupied and an unoccupied orbital is stabilizing. Such interactions 
can be of the rr-rt*, n -n* ,  7r-o*, o-rr*, n -o* ,  and o - o *  variety, where the aster- 
isk denotes an antibonding vacant orbital and the absence of an asterisk implies a 
bonding doubly occupied orbital. The interaction between two occupied orbitals, 
however, is destabilizing. Such interactions can be of the 7r-n, n -n ,  o-rr,  n -n ,  
n - o ,  and o - o  variety. Now, these destabilizing interactions play a definite role 
in determining geometrical preferences, but two electron stabilizing interactions are 
relatively more important. Accordingly, we shall focus our attention on two electron 
stabilizing interactions and how they influence geometrical preferences. 

In our subsequent discussions, we shall be using consistently hybrid lone pair 
AO's and hybrid bond MO's. The explicit forms of these orbitals are given below, 
for the case of  any lone pair, located on atom Y, and the case of an X - H  bond: 

nv = hv (sp 2) 
or n y = h v ( s p  a ) 

Ox-rt = hx (sp 2) + ;klSH 
or Ox-H = hx (sp a) + MSH 

o~_ H = h x (sp 2) - MS H 
or 0~_ n = hx (sp a) - MSH 

The hybrid sp 2 and sp a AO's can be simply written in terms of s and p AO's as 
follows292): 

h (sp 2) = .577 s + .408 Px § .707 py 
h(sp a) = .500 s + .288 Px + .816 py 
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Y 

(a) 

Fig. 46. Hybrid orbital and its expanded form 

(b) 

A hybrid orbital is drawn in Fig. 46a and is shown in its expanded form in Fig. 46b. 
An important point to be stressed before we proceed further with our analysis 

concerns the formal correspondence, of hybrid orbitals and delocalized group 
orbitals. For example, consider the model system HN=NH which can exist 
in a cis or a trans geometry. We can understand whether sigma interactions favor 
one or the other geometry be means of one of the following two approaches: 

a) The group MO's of HN- are constructed and their stabilizing interactions are 
assessed for the cis and the trans geometry. This is shown in Fig. 47. 

b) The sp 2 hybrid lone pair AO of one nitrogen and the corresponding N - H  
bond MO's, made up of  an sp 2 hybrid nitrogen AO and a hydrogen ls AO, are as- 
sumed to interact with the sp 2 hybrid lone pair AO and the corresponding N - H  
bond MO's of the second nitrogen. The attendant stabilization of the cis and trans 

geometries can then be assessed. This is shown in Fig. 48. 
The reader can easily see that r is essentially an sp 2 lone pair AO, $1 essentially 

a aN_ H MO, and $3 essentially a tr~_H MO. In short, the two approaches are equiva- 
lent and we have chosen to use the bond orbital description for conceptual simplicity. 

We now return to the discussion of the preferred geometry of HN=NH. In the 
cis geometry there are two syn o - o *  interactions and two anti n - o *  interactions, while 
in the trans geometry there are two anti o - o *  interactions and two syn n - o *  interac- 
tions. Now, a lone pair has higher energy than a bonding sigma MO, or, in other 
words, ~1 is a better donor fragment than N-H.  Hence, we focus attention on the 
dominant interaction between the best donor orbital nN and the best acceptor or- 
bital O~H. The stabilization energy difference for the cis and trans geometries due 
to the n N-o~H interaction is approximated by the expression 

2 2 (28)  S E ~ -  SEt,~ns a (Sana- So, n) 

In other words, we need to evaluate the $o~a and Son overlap integrals in order to 
determine which of  the two geometries is favored. Clearly, interactions of the n -n* ,  
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9 
~3 

�9 

~z 

H 

Fig. 47. The interaction of delocalized N-H MO's in HN=NH 

a--zr* and r type do not exhibit syn-anti directional preference. The situation 
is completely different in the case of n - a *  and o-a*  interactions where syn overlap 
is expected to be different from anti overlap. This is the fundamental problem which 
we shall encounter from now on in geometric or conformational isomerism domi- 
nated by n - a  or a - a  interactions. The question arises: are there any general rules 
which can allow the qualitative prediction of the relative sizes of the syn and anti 
overlap integrals between n and a* or o and a*. The answer is affirmative and we 
proceed to give a detailed discussion. 

$ 

The nN--ONH overlap integrals for the syn and anti arrangements in HN=NH 
are given below. In these equations the overlap integrals are all taken as positive 
and the sign of each term is determined from consideration of the phases of the 
overlapping AO's as shown in Figure 49. 

Ssyn a Q + (.707) 2 (py Ipy) - X (.707) (Is Ipy) 

Sana a Q - (.707) 2 (py [ py) + • (.707) (Is I py) 

where Q is constant for both cases and is given by the expression shown below: 

Q o~ (.577) 2 (s Is) - (.577) (.408) (s I px ) - (.408) (.577) (Px Is) 
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ONH - -  ONH 

"~N N J "  
Fig. 48. The interaction of hybrid N - H  bond and lone pair orbitals in HN=NH 

�9 �9 

k) 6) 

an ti 
(a) 

syn 

ant i  s yn  

(b) 
Fig. 49. Hybrid bond and lone pair orbitals (a) and their expanded forms (b) 
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+ (.408) 2 (Px I Px) -- ~ (.577) ( l s  l s) + ~, (.408)(1 Slpx) 

In general, Q is a negative number. The quantities 
[(.707) 2 (Py I Py) - ~, (.707) (Is  t Py)l and [ -  (.707) 2 (py [ Py) + • (.707) (Is  I py)] 
are equal in absolute magnitude, but have opposite signs. Since the N p y - N p y  over- 
lap is greater than the Npy...Hls overlap, the quantity 
[(.707) 2 (Py I Py) - ~, (.707) (Is I Py)] has,a positive sign for the syn case while the 

�9 quantity [ -  (.707) 2 (py I py) + ;k (.707) (s I Py)] has a negative sign for the anti  
case, assuming reasonable values for ~. 

We now define: 
+ [(.707) 2 (py I py) - X (.707) (Is I py)] = + R 

Accordingly, the previous expressions are reduced to the form 

Ssyn a - tQ I+ IR  I 

SantiO~ -- IQ [-- [R I 

Clearly then, the absolute magnitude of  San a is greater than Ssyn. 
The important points to be emphasized here are that: 
a) the invariant quantity Q is negative, and 
b) the variable quantity R will always be negative for the anti geometry and 

positive for the syn geometry due to the dominance of  the p y - p y  overlap. 
Table 34 shows calculated overlap integrals for various combinations of  hybrid- 

ized atomic centers. In all cases, the absolute magnitude of  the overlap for the anti 
alignment is greater. 

We can work in a similar manner to examine the relative absolute magnitudes 
of  syn and anti a - a *  overlaps. 

We obtain the following equations: 

Ssyn a Q +  R - M  

San act Q - R - N 

where 

Q = (.577) 2 (s I s) - (.577) (.408) (s I px) - (.408) (.577) (px I s) 
+ (-408) 2 (Px I px) - X (.577)(ls I s) + X (.408) (ls I px) 
+ ~, (.577) 0s I s) - ~, (.408) (Is I Px) 

R = [(.707) 2 (py I py) - (.707) (Is I py) + ~. (.707) (Is I py)] 
M = ;k 2 (Is I Is) (syn) 
N = ;k 2 (Is I Is) (ant 0 
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Part IV. Conjugative Interactions 

Table 34. < n I o* > Overlap integrals 

Interacting orbitals Overlap integrals a) 
Syn overlap Anti overlap Difference 

<nNsp2 
<nNsp3 
<nNsp2 
< nNsp3 
< ncsp2 
<ncsp3 
<ncsp2 
<ncsp3 

0%.  2 > .0357 .0867 .0510 .rtr~sp 
a HNsp 3 > .0251 .0623 .0372 
oTHCsp2 > .0567 .0977 .0410 
a~HCsp3 ? .0554 .0840 .0286 
tr*HNsp 2 ~" .0321 .0817 .0496 
e*HNsp 3 > .0243 .0677 .0434 
7*HCsp 2 > .0689 .1173 .0484 
a*HCsp 3 > .0570 .0874 .0304 

a) 
Computed with a CNDO/2 program. Values given are absolute. 

In this case the invariant term Q can be either positive or negative simply because 
a strong bonding X - H  overlap at one site is counteracted by a strong antibonding 
X - H  overlap at the other site and the remaining terms can sum to either a positive 
or negative number depending on interatomic distances. Either way, the absolute 
magnitude o f  Q is much smaller than that of  R, M, or N. R and M are dose in 
absolute magnitude with R usually, but not  always, being the larger. In the case of  
syn overlap R and M tend to cancel each other, so that a small value for the overlap 
integral is obtained. R and N reinforce each other in the case of anti overlap, the 
result being that San a is greater in absolute magnitude than Ssyn. Overlap integrals 
for various combinations o f  hybridized atomic centers are collected in Table 35. 

Table 35. <a  Io* > Overlap integrals 

Interaction orbitals Overlap integrals a) 
Syn Anti 

<eNHsp2 
<eNHsp2 
<eCHsp2 
<eCHsp2 
~UNHsp2 
<eNHsp3 
<eCHsp2 
<~ 

a*NHsp 2 > .0076 .1420 
a*NHsp 3 > .0166 .1176 
a * ~ -  2 > .0066 .1271 
~ * N I ~  > .0161 .1176 
a* P- ~ .0555 .1592 CHspZ - 
u~CHsp 3 > .0461 .1500 
�9 *CHsp 2 > .0667 .1799 
�9 *CHsp 3 > .0472 .1437 

a) Computed with a CNDO/2 program. Values given are absolute. 

In the previous section we have identified the orientation of  two orbitals 
which maximizes their interaction. In the model system HN=NH, the only dif- 
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6. Donor and Accepter Molecular Fragments and the Question of Syn vs. Anti Overlap 

ferenee between the cis and trans geometric isomers is the orientation of  the inter- 
acting orbitals. In this case, a prediction of the relative stabilization of the cis and 
trans geometries due to donor-accepter interactions hinges upon a determination of 
the dominant orbital interaction. Thus, depending on whether the n--o~H or 
ONH--ONH interaction dominates, the cis isomer, which maximizes the former, or, 
the trans isomer, which maximizes the latter interaction, will be favored. 

A similar problem arises when ine considers torsional isomerism where a 
prediction hinges upon the determination of the dominant interaction. For example, 
consider the molecule NH 2-CXYZ. Here, it is apparent that the most important 
orbital interactions will involve the nitrogen lone pair. These are the nN-O~x,  
n N - o ~ e  and nN-o~z  interactions. A determination of the relative strength of  
these interactions should be based upon consideration of  the energies of the orbitals 
involved and the size of the corresponding matrix elements. Accordingly, we distin- 
guish the following possibilities: 

a) The energies of the a* orbital vary in the order O~x > O~v > O~z and the 
absolute magnitude of the matrix elements varies in the reverse order. In such a 
case, the dominant interaction is unequivocally the n N -  O~z interaction and the 
conformation which maximizes it is the one shown below. 

x 
____._c / Y 

b) The energies of the o* orbitals vary as in (a) and the absolute magnitudes of 
the matrix elements also vary in the same order. In such a case we deal with an 
interaction which may be energy gap or matrix element controlled. 

As we have already discussed in Section 1.2, there are several cases which may 
obtain in comparing two orbital interactions. Since all of them cannot be incorpo- 
rated in any single simple framework, we have chosen to develop a model which 
leads to correct predictions whenever A~ r (A,B) < 0 and AHij (A,B) > 0 or 
A5 eij (A, B) < 0 and AHii (A, B) _~ 0 (see Section 1.2). Accordingly, interactions, 
which are matrix element controlled should be anticipated and treated separately. 

The basic features of the model are the following: 
a) Lone pair and bonds are classified according to their intrinsic donor and 

accepter abilities. Tables 36 and 37 summarize the relative intrinsic donor and accep- 
ter strengths of various lone pairs and bonds. 
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b) By reference to Tables 36 and 37, one can identify the fragments which are 
capable of interacting in a dominant fashion, i.e. select the best intrinsic donor lone 
pair or bond and the best intrinsic acceptor bond. 

Table 36. Intrinsic donor ability of lone pairs and bonds a) 

a) Lone pairs 

C" ~ ~I> 6 (p) > 6 (sp 2) > 
i> i i r  > ~ i >  [~ 
Te > Se > S> 0 
3,s> P>fq 

b) Bonds 

C - H  > N - H  > O - H  > F - H  
H - I  > H-Br  > H-C1 > H - F  
H-S  > H - O  
H - P  > H - N  
N-Si  > H - C  
C- I  > C-Br  > C-CI > C - F  
C-C1 > C-C  > C - H  > C - F  

a) The intrinsic donor ability of lone pairs and bonds is evalu- 
ated with reference to Tables 3 and 4. 

Table 37. Intrinsic acceptor ability of C - X  and Y - H  sigma 
bonds a) 

a} C - X  bonds 

C - F  > C - O  > C - N  > C - C  
C- I  > C-Br  > C-CI > C - F  
C-S  > C - O  
C - P  > C - N  
C-Si  > C-C  

b} Y - H  bonds 

H - F  > H - O  > H - N  > H - C  
H - S  > H - O  
H-Si  > H - C  

a) The intrinsic acceptor ability of the Y - H  and C - X  bonds 
is evaluated with reference to Table 4. 

In general, the strength of an orbital interaction varies in the order 
lr-rr* > n-rr* > n - o * ,  7r-o* > o - o *  reflecting the fact that the energy separation 
between the interacting orbitals is, in most cases, smallest for rr-n* or n -n *  and 
largest for o -o* .  If the dominant interaction is of the n - o *  or o - o *  type, the 
geometry which allows for interaction is either syn  or anti. Intermediate geometries 

154 
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will be assumed to be unfavorable for appreciable interaction, Le. overlap in such 
cases is poor, and will be considered only if coplanar arrangements are not possible. 

c) If the dominant interaction is of the n - o *  type, where n is a hybridized lone 
pair AO, the geometry which places the two orbitals in an anti geometry will be 
preferred. The preference will increase as one of the fragments becomes an increas- 
ingly better donor and the other an increasingly better acceptor. The same will be 
true in the case of the dominant interaction being of the a - a *  type. 

d) Other factors, such as nonbonded attraction or repulsion and steric effects 
should be considered in conjunction with conjugative effects. 

The Prediction of Gross Atomic Charges and Bond Overlap Populations 

In discussing gross atomic charges it must be realized that a given pattern of atomic 
charge densities in a molecule can be imposed by several factors. We identify three 
effects responsible for a molecular charge distribution: 
1. Sigma conjugative effect. 
2. Nonbonded interaction effect. 
3. Electrostatic effect. 

The mechanism of  charge reorganization attending the interconversion of geo- 
metric isomers due to nonbonded interaction effects has already been discussed 
before 1). The electrostatic effect can be thought of as the effect which forces the 
distribution of  charge in such a way that electrostatic repulsions are minimized. 

As an example, let us consider the cases of N 2 H 2 and N2 F2. The cis and trans 
isomers of N 2 H 2 are shown below. 

If sigma conjugative interactions were the dominant factor then we would predict 
that the cis hydrogens should be less positive than the trans hydrogens since charge 
transfer from n N to O~_H is greater in the cis isomer. Based solely on electrostatic 
considerations one would also predict less positive charge on the cis rather than the 
trans hydrogens in order to minimize the repulsive H - - H  interaction which is more 
severe in the cis than in the trans isomer. In the case of N2F2, the nonbonded inter- 
action effect predicts that the fluorines in the cis isomer will be less negative than 
in the trans isomer because of greater charge transfer from an antisymmetric 
F . . . .  F pi group MO into the antibonding pi MO of the N=N moiety. A similar 
prediction is made on the basis of the electrostatic effect. However, if a sigma 
conjugative interaction is the dominant factor, then the cis fluorines should be more 
negative than the fluorines in the trans isomer. 

In the light of  the above two examples, it is imperative that caution be exercised 
in the interpretation of  charge densities in terms of one effect only. A comparison 
of  calculated charge densities with those predicted by the three approaches will be 
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useful in some cases in pinpointing the factor primarily responsible for the relative 
stability of a certain geometric isomer. 

The factors which determine bond overlap population are as follows: 
1. Sigma conjugative effect. 
2. Nonbonded interaction effect. 
3. Electrostatic or steric effect. 

Once more, let us consider the case of N2F 2 where all the above effects obtain. 
If the sigma conjugative effect is dominant, we expect the N - F  overlap population 
to be smaller in the cis isomer where the nN--O~F interaction is maximized. On the 
other hand, if the nonbonded interaction effect is dominant, we expect exactly the 
opposite trend, i.e. larger N - F  overlap population in the cis isomer, due to a stronger 
mixing of the antisymmetric F - - - F  pi group MO with the antibonding pi MO of 
the N=N moiety. Following similar reasoning, we predict that the N=N bond 
overlap population will be smaller in the c/s isomer if stefic effects or nonbonded 
interaction effects obtain and larger if sigma conjugative effects dominate. 

7. S t ruc tura l  Ef fec t s  o f  n - r r ,  o-Tr and Ir- l r  In t e rac t ions  

7.1. n - ~  Interactions 

We first turn our attention to the structural effects of n-~r orbital interactions. Our 
approach can be illustrated by reference to the model system hydroxyethylene. The 
two conformations we shall compare are shown below: 

C H  2 C H  2 

H H 
PO-Tr* sp2-n * 

The n-rr  stabilizing interaction which obtains in each conformation is listed above. 
Since the oxygen 2p lone pair AO is a better intrinsic donor orbital than the oxygen 
hybrid sp 2 lone pair AO, we conclude that n - g *  interactions favor the conformation 
in which all atoms are contained in the same plane. 
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7.2. o--~r Interactions 

In this section the structural consequences of o-r t  interactions are examined. Our mod- 
el system is 1-fluoro-2-propene. 

CH2F 

The two conformations of l-fiuoro-2-propene which we shall compare are the cis 
and gauche conformations shown below along with the dominant stabilizing donor- 
acceptor interactions which obtain in each case. 

"•'///H - ~ ' H H  " 

H H H F 

cis gauche 

O ' C H  - - ' f f  * '/'f - -  O" * C F  

Approximate estimates of the relative strengths of the o c 8 - n *  and n--O~F 
interactions show that they are not widely different. Hence, nonbonded attraction 
present in the cis form is expected to give rise to preference for the cis conformation. 

H H 
H H H Br 

cis gauche 

Ocu-Tr* Oce~-~r* and ff-o~nr 

Replacement of fluorine by a halogen atom of a higher period will result into 
greater o-Tr stabilization of  the gauche relative to the cis conformer. 

Since the C-Br bond is a much better donor and a much better acceptor than the 
C-H  bond, the prediction is that the gauche conformation will be stabilized more 
than the cis conformation by o-rr interactions. These interactions may then dominate 
nonbonded attractive effects present in the cis isomer. 

Microwave spectroscopic studies of 1-fluoro-2-propene show that the cis con- 
formation is more stable than the gauche conformation by approximately 
306 cal/mo1293). However, when fluorine is replaced by chlorine, bromine, or iodine, 
the gauche conformation becomes more stable 294). These results confirm our ex- 
pectations that the conformational preferences of allyl halides may depend on a 
balance of nonbonded attractive effects and o-rr interaction effects. 
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7.3 .  o - p  + Interactions 

Conjugative interactions can be important in influencing the geometry as well as 
rotational barriers of carbocations. We will first consider examples where a sigma 
bond conjugates with an empty carbon 2p AO. 

We begin by considering the relative energy of the conformations of  a 1-sub- 
stituted ethyl cation shown below: 

X! 

H4 Hs X 

H2 M./ H3 

Eclipsed Perpendicular 

In the eclipsed conformation the stabilizing interaction is ocx  - p +  and in the 
perpendicular conformation the principal stabilizing interaction is the Oca - p+ 

interaction. Arguing as before we conclude the following: 
a) When the C - X  bond is a better donor than the C - H  bond, e. g. X=CH3, 

the eclipsed conformation will be preferred to the perpendicular conformation. 
b) When X is a highly electronegative atom or group, the C - H  bond becomes 

the best donor bond and the perpendicular conformation will be more stable than 
the eclipsed conformation. The energy difference between the perpendicular and 
eclipsed conformation should increase as X becomes increasing electronegative along 
a MO of the Periodic Table, L e., as the C - X  bond becomes an increasingly poor donor 
relative to the C - H  bond. 

Ab initio calculations on substituted ethyl cations confmn the above predictions. 
Typical results are shown in Table 38. As can be seen, the eclipsed conformation is 

Table 38. Rotational barriers for sub- 
stituted ethyl cations 

X AE a) (kcal/mol) 

H 0 
CH 3 2.52 
CN -1.95 
OH -7.67 
F -9.31 

a) AE = Eperpendicula r - EEclipsed ' 
see ReL 295). 
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favored when X=CH3 while the perpendicular conformation is favored when X is 
a highly electronegative first ion atom or group. Also, the energy difference between 
the two conformations increases as the electronegativity of  X increases,/, e., 
F > OH > CN 296). 

The above analysis also applies to substituted 1-propyl cations which can exist 
in either of the geometries shown below. 

H H 

H H H 
A B 

The preferred conformer will be (A) since the C-C  bond is a better donor. How- 
ever, as the electronegativity of the substituent increases, the donating ability of the 
C-C  sigma bond should decrease. Consequently we expect the energy difference 
between (A) and (B) will decrease as the substituent X is made more electronegative. 

The results of  recent ab initio computations are shown in Table 39. As the 
substituent electronegativity increases the energy difference between (A) and (B) 
does indeed decrease. However, this is a limited trend since OH leads to a smaller 
difference than F. Additional factors must be involved. 

Table 39. Rotational baxriers for 
substituted 1-propyl cations a) 

X AEb)(kcal/mol) 

CH 3 3.73 
H 2.52 
F 2.11 
OH .91 

a) See Ref.29'7). 
b) / ,E = E(B ) - E(A) .  

We now consider an example of  a non-planar carbocation, i. e., the tetrahedral 
1-propyl cation. The two conformers to be considered are the syn and ant i  conformers 
shown below: 

CH3 
CH3 I 

anti syn 
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From the previous discussions, we expect the anti geometry to be stabilized due to 
the larger overlap integral between the C-C sigma bond and the empty sp 3 orbital. 

A b  initio calculations on these conformers indicate that the anti  geometry is 
6.04 kcal/mol more stable than the syn 297). Some of this energy difference is un- 
doubtedly due to the eclipsing interaction of the hydrogens but this can not account 
for the total rotational barrier. Thus, the o - p  + interaction effect must be responsible 
for some major component of the rotational barrier. 

At this point we pause to examine the controversy surrounding the so called 
Baker-Nathan order in light of our previous discussion concerning the donor and/or 
acceptor capabilities of bonds and lone pairs. The Baker-Nathan effect refers to 
certain experimental observations which suggest that in highly electron demanding 
reactions in solution the effect of alkyl substituents is not that expected on the basis 
of inductive effects, L e. t -Bu  > i -Pr  > Et > Me 29s). In the 1950's the Baker-Nathan 
order was, at first, interpreted in terms of  hyl~erconjugation 299). Specifically, C-H 
hyperconjugation was hypothesized to be more important than C-C hyperconjugation, 
i. e. the C -H  bond was assumed to be a better donor than the C-C bond. This view is 
in opposition to the arguments presented in this work as well as to ab initio calcu- 
lations which support the contention that the C-C bond is a better electron donor 
than the C -H  bond 29s). It is apparent, therefore, that the Baker-Nathan effect is 
due primarily to some other factor. A likely candidate is differential inhibition of 
solvation by the alkyl substituents. This interpretation of the Baker-Nathan order 
was proposed twenty years ago by Schubert and co.workers on the basis of chemical 
and physical measurements designed to test their hypothesis 3~176176 Their emphasis 
on the importance of steric hindrance to solvation in accounting for the Baker-Nathan 
order has found recent support from_ion cyclotron resonance experiments 3~ 

7.4. n-rr Interactions 

We have already discussed the structural effects of n- l r  interactions in Part. II. The 
reader is referred to Section 3.15 for a discussion of pi interactions in butadiene 
which represents a model system for these interactions. 

7.5. Competitive n-rr,  o-lr,  and lr-Tr Effects 

In Part II we commented that pi and sigma nonbonded interactions can reinforce or 
oppose each other. The same situation obtains in the case of pi conjugative inter- 
actions. As an example consider the three conformations of diazabutadiene: 

cis gauche trans 

7t-~r* (syn) 7r-n* (gauche) lr-lr* (anti) 

ns-o~c (anti) ns-n* n s - o s c  (syn) 
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8.1. Physical Manifestation of n-u, o-Tr, and n-n  Interactions 

The stabilizing bond orbital interactions which obtain in each conformation are 
listed above. From our discussion of butadiene (Section 3.15), we conclude that the 
two electron stabilization energy arising from the n-rt* interaction will vary in the 
following way gauche > trans > cis. Since a pi bond is a better acceptor than a sigma 
bond we conclude that the nN-rt* stabilizing interaction can dominate the nN--o~c 
interactions. It is clear, therefore, that the gauche conformation will be more stable 
than the cis or trans conformers when oniy electronic effects are considered. 

8. Tes ts  o f  n-Tr,  o - r r  and  7r-Tr I n t e r a c t i o n s  

8.1. Physical Manifestation of n - n ,  o - u ,  and rr-rr Interactions 

In this section we shall examine the effects of  n-Tr and rr-rr interactions on the 
ionization potentials of substituted ethylenes and benzenes. A theoretical analysis 
has akeady been given in section 1.1. In the space below we survey some pertinent 
data. 

A. First Period Pi Electron Releasing Substituents (R) 

From the ionization potential listed in Table 40 it can be seen that substitution of 
ethylene or benzene by an electron releasing group of the first period lowers the 
ionization potential. Also, as the energy gap between the ethylene rr MO and the 
substituent Pz AO decreases the change in ionization potential increases. Thus, the 
energy change for F substitution is 0.22 eV while that for OMe substitution is 1.59 eV. 

B. Second Period Pi Electron Releasing Substituents (R') 

The expected lowering of the ionization potential is revealed by the data in Table 40. 

C. Pi Electron Withdrawing Substituents (W) 

From the ionization potential data for acrolein and acrylonitrile, it can be deduced 
that in both cases the major interaction of the ethylenic ,r MO is with the rr* of  the 
CH=O and C-=-=N groups, respectively. 
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Part IV. Conjugative Interactions 

D. Unsaturated Substituents (U) 

The data shown in Table 40 for butadiene and biphenyl support our analysis of 
Section 1.1. 

Table 40. Ionization potentials of substituted ethylenes and benzenes (eV) 

X �9 X - ~ X  Ref. 

H 10.52 9.40 
F 10.3 9.50 
CI 9.9 9.31 
Br 9.80 9.25 
OMe 8.93 8.54 
CH 3 9.73 8.82 
CHO 10.93 9.80 
CN 10.92 10.02 
C=C 9.07 8.48 

8.48 8.20 

239, 306) 
234, 306) 
234, 306) 
37,306) 
237, 306) 
3Oa, 306) 
30a, 306) 
34,306) 
3Oa, 306) 

3Oa, 37) 

8.2. Spectroscopic Probes of n - n ,  a- ; r ,  and lr-Tr Interactions 

A. UV Spectroscopy 

Using the simple analysis outlined in Section 8.1, it is possible to predict the effects 
a substituent will have on the observed ultraviolet absorption bands of benzene. As 
was done before, substituents as well as their effects can be classified into four major 
groups. 

a/FirstPeriod PiElectron Releasing Substituents. Since the effect of  this sub- 
stituent is more pronounced on the rt than the ~ MO, the UV absorption band should 
be red shifted. As can be seen from Table 41, both - O H  and -NH2 group cause a 
bathochromic shift and, as expected, the magnitude of  the shift is greater in aniline 
than in phenol. 

b) Second Period Pi Electron Releasing Substituents. If  d orbital participation is 
important, the absorptions should be red shifted by an amount substantially more than 
in case (a). From the data in Table 41 for chloro and bromo benzene, it is concluded 
that d orbital participation in these molecules is small. 

c) Pi Electron Withdrawing and Unsaturated Substituents. In both cases, the UV 
absorption should be red shifted substantially. Again, this is borne out by the data 
in Table 41. 
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9. Structural Effects of n-o Interactions 

Table 41. UV absorption of substituted benzenes a) 

X IAlg -..'- 1Blu(nm ) 1Atg --.*. IB2u(nm ) 

H 203.5 254 
C1 209 263.5 
Br 210 261 
CH3 206.5 261 
OH 210.5 270 
OMe 217 269 
NH 2 234 284 
C=C 248 282, 291 
CHO 249.5 

a) Ref 307). 

8.3. Reactivity 

It is well known that the rate of electrophilic addition to olefins generally increases 
as the HOMO of the alkene is raised energetically, i. e., its ionization ~potential is 
lowered. Pertinent experimental data have recently been reviewed 3~ 

9. S t ruc tura l  E f fec t s  o f  n - o  In te rac t ions  

We will illustrate the importance of  n - o  orbital interactions by discussing the geo- 
metrical and conformational preferences of the following types of molecules: 

a) R 2 - A - A - R  1 
b) R 3 R 2 - A - A - R  l 
c) R 4 R a R 2 - A - A - R I  
d) R 4 R a - A - A - R 1  R2 
e) R s R 4 R a - A - A - R  1 R2 
f) Saturated heterocycles. 

A. R 2 A - A - R I  Molecules 

The first R2AAR1 molecule which we shall examine is diimide, N2H2. This molecule 
can exist in cis and trans geometries and the stabilizing interactions which obtain in 
the two geometries are specified below: 

�9 @__% 
nN--ONH (antO nN--O~N (syn) 

ONH--O~n (syn) OnH--O~H (anti) 
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Part IV. Conjugative Interactions 

The dominant interaction is the n - o *  interaction and since it is maximized in 
an a n t i  arrangement, it is concluded that HN=NH will be expected to exist in the 
sterically crowded cis  geometry. Of course, if the n - o *  interactions are weak they 
will not be able to reverse the t rans  over cis  preference dictated by sterie effects. 

The relative energies, atomic charges (in parenthesis) and bond overlap popula- 
tions o f c i s  and t rans  NzH2 are shown in Scheme 14. 

Scheme 14. 4-  31G Calculation at STO- 3G optimized geometry 

0.248 (-0.295) 
N N / \029s 

H H 
(0.295) 

Etotat = -! 09.792 a.u. 

(0.332) 

0.210 //tt 
N N 

0.302/ (-0.332) 
H 

Etota I = - 1 0 9 . 8 0 5  a . u .  

The relative magnitude of charges, overlap populations and total energies of  the geo- 
metric isomers of  N2H2 as predicted on the basis of  each of the three important 
effects thought to determine molecular structure (see Section 6.0) are shown in 
Table 42. Comparison of  the a b  i n i t i o  data with the various predictions reveals that 

Table 42. Predicted charges, overlap populations (O. P.), and relative stability of the geometric 
isomers of N2H 2 

Property Sigma Nonbonded Electrostatic or A b  initio 
conjugative interaction steric effect 
effect effect 

H Positive 
charge trans > cis - trans > cis trans > cis 

N-H O.P. trans > cis - trans > cis trans > cis 
N--N O.P. cls > trans - trans > cis cis > trans 
Relative 
Stability cis > trans - trans > cis trans > cis 

sigma conjugative effects are larger in the cis isomer, e. g. the N=N overlap population 
varies in the order cis  > trans. However, the t rans  isomer is found to be more stable 
than the cis  isomer 3~ Thus, we conclude that geometric isomerism in NzH 2 is 
dominated by steric effects. 
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9. Structural Effects of n-o Interactions 

We can increase the magnitude of  the n - o *  interactions by replacing one or 
both H's by a more electronegative atom or group. For example, consider the mole- 
cule difluorodiazene. The stabilizing interactions which obtain in the cis and trans 

geometries are specified below: 

nN-o*  F (anti) nN-a*v  (syn) 

* (syn) * "" ONF--ONF (antt) ONF--ONF 

Again, the cis isomer is stabilized to a greater extent by sigma conjugative interactions 
than is the trans isomer. 

T h e  ab ini t io data for N2F2 are displayed in Scheme 15 and predictions based 
on considerations of each of  the three important effects previously discussed are 
collected in Table 43. Comparison of the ab ini t io data with the 

Table 43. Predicted charges, overlap populations (O. P.), and relative stability of the geometric 
isomers of N2F 2 

Property Sigma Nonbonded Electrostatis Ab initio 
conjugation interaction or sterie 
effect effect effect 

F negative 
charge cis > trans trans > cis trans > cis cis > trans 
N-F O.P. : trans > cis cis > trans trans > cis trans > cis 

N=N O.P. cis > trans trans > cis trans > cis cis > trans 
Rel. Stability cis > trans cis > trans trans > cis cis > trans 

various predictions reveals that sigma conjugative effects are consistent with all ab 

ini t io  data. Two slight anomalies are noted. First, the relative N=N overlap 
populations in the two isomers varies depending upon the basis set. However, 
the "superior" basis set in describing bonding, i. e. the 4 -3 1 G  basis set, is the one 
which yields results consistent with expectations based on consideration of  sigma 
conjugative effects. Second, the STO-3G basis set predicts greater stability of the 
cis isomer, in agreement with experimental results, while the 4 -31G predicts the 
opposite. However, this latter basis set is known to exaggerate dipolar effects al~ 
and this is probably responsible for the underestimation of the stability of cis 

N2F2. An indication of this deficiency of the 4 -31G basis set in describing inter- 
actions between highly polar bonds is provided by the fact that a 3 x 3 configuration 
interaction (CI) calculation of  the relative stability of the geometric isomers of 
N2F2 including a ground, lowest singly excited and lowest doubly excited configu- 
rations reverses the relative stability order, t ~ cis becomes favored over trans by 
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Part IV. Conjugative Interactions 

16.48 kcal/mol. This type of CI improves the ionicity of the ground state wave- 
function and possibly removes some of the inadequacy of this basis set in treating 
polar bonds. 

Scheme 15. 
A. STO- 3G Calculation at STO- 3G geometry 

(-0.041) 
F F F 

~q0.37 I /0.167 ~N0.379N (0.03) 

(0.041) ~0.172 
F 

(-0.030) 

Erel.(kcal/mol) 0.000 .634 
.17057 .17520 
.00015 .00000 

---.00016 .00000 

B. 4"31G Calculation at STO-3G geometry 

(-0.283) 
F F 
~ 0.139/0.048 

N N 
(0.283) 

-O.277) 
F 

~ 0.138 
N N 

(0.277) ~0.056 

F 

Erei(kcal/mol) 2.535 0.000 
N~ .18317 .17959 
P~F .00115 .00002 
P~F .00003 .00009 

Cis N2F 2 is found experimentally to be more stable than trans N2F2. The energy 
difference between the two isomers is found to be 3.0 keal/mo187). On the basis of 
our discussion, we suspect that this substantial energy difference between the 
geometric isomers of N2 F2 originates from both sigma conjugative and pi nonbon- 
ded interaction effects. 

The demonstration of strong n-o* conjugative effects in XN=NX allows one 
to make certain qualitative predictions of substituent control upon the relative 
stability of the geometric isomers. Thus, it is expected that as X becomes increasingly 
electronegative, thus improving the n-o*  interaction maximized in the eis geometry, 
the cis-trans energy difference will tend to favor the cis isomer. This prediction can 
be tested by studying the graded series CH3N=NCH3, CF3N=NCHa and CFaN--NCFa. 
Available experimental results, though not conclusive yet, indicate that the first 
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9. Structural Effects of n-o Interactions 

two members of  the series have a preferred trans geometry but the last is most likely 
more stable in the cis geometry 311, 31~) 

Another typical RI AAR2 system is the molecule HO-OH, one of  the simplest 
tetraatomic molecules where eonformational preference can be observed. The domi- 
nant interaction is n o - o ~ H  and the preferred conformation of  the molecule should 
be the one which allows an oxygen lone pair AO to interact maximally with an O - H  
antibonding MO. The preferred geometry can be predicted assuming an sp 2 hybridized 
oxygen. 

H 

In this case, the most stable geometry is the one which allows the 2p lone pair of 
oxygen to interact with the O - H  bond simply because the 2p lone pair is a better 
donor than the sp2 lone pair 37). We can then predict that the angle of  the most 
stable conformer of HOOH will be near 90 ~ 

We can now attempt something more ambitious. Specifically, we shall try to 
predict the relative stability of the cis, trans and gauche conformers of HOOH by 
drawing Newman projections and specifying the key sigma conjugative interactions 
in each case. 

cis gauche trans 

no(sp2) - O~H (anti) nO(p) .- aon no(sp 2) - o~) H (syn) 

Our qualitative analysis predicts an order of  relative stability which is gauche > cis > 
trans and a gauche angle of 90 ~ The prediction of the relative stability of the con- 
formers is based on the realization thai a 2p lone pair is a better donor than an sp 2 
lone pair and a n -o*  interaction is stronger for an anti  than a syn orientation. 

A b  initio calculations show that the relative energies of the cis, trans and gauche 
conformers of HOOH are as follows313): 

Erel (kcal/mol) 10.91 0.61 0.00 
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Part IV. Conjugative Interactions 

The dihedral angle of  the gauche structure has been found to be 123 degrees. Thus, 
the predicted order of relative stability of  the three conformers differs from the one 
revealed by ab initio calculations by an inversion in the relative stability of  the cis 
and trans forms. This arises because in HOOH the n - a *  interactions are not particu- 
larly strong and, thus, cannot overrule the trans over cis preference dictated by steric 
effects. We can increase the strength of the n - o *  interactions by replacing one or 
both H's by more electronegative atoms or groups, e.g. fluorines. Typical data are shown 
in Table 44. The order of stability in FOOH isgauche > cis > trans 31a) indicating a 

Table 44. Calculated relative energies of conformers of HO2F 
and F202 

FO-OH a) 

FOOF b) 

gauche 0.00 
cls 3.33 
trans 7.39 
gnuche 0.00 
cis 16.61 
trans 20.81 

a) See Ref. 314). 
b) See Ref. 315). 

substantial n o - o ~ r  interaction which overcomes the unfavorable steric repulsions 
in the cis conformer. The order of  stability in FOOF is also found to be gauche > 
cis > tran~ In this latter case, an important no-o~)v  interaction as well as a non- 
bonded attractive interaction between the fluorines are at work in determining con- 
formational preference. 

How can we prove that the relative stabilities of the gauche, cis and trans con- 
formers of  HOOF are dictated by n - o *  interactions? A simple way is to follow the 
gross charges of  oxygen, hydrogen and fluorine in a representative system such as 
HOOF as a function of conformation. Recalling that an increasingly strong n - o *  
interaction will tend to deplete charge from the hydroxyl oxygen and accumulate 
charge on the fluorine and the adjacent oxygen atom, we expect the hydroxyl oxygen 
to be most electron rich in the trans conformation and least electron rich in the 
gauche conformation. The converse holds true for the fluorine and the oxygen 
attached to fluorine. 

Typical CNDO/2 results are shown below confirming most predictions. 

43.099 0.195 -0.095 -0.084 \ /" \ 
-O.131 ~ -0.145 

0 - - - - 0  0 Q 0 ~ 0  
-0.132 ~ \ 

H H 
0.190 0.200 

cis 
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9. Structural Effects of n-o Interaction 

The only anomaly occurs in the case of  the fluorine charge variation. However, 
recalling that electrostatic effects can be important in determining the charge distri- 
butions in molecules, this apparent anomaly can be explained. Specifically, the 
negative charge on fluorine becomes largest in the cis isomer in order to maximize 
an attractive F - - H  electrostatic interaction. This would explain why the calculated 
order for increasing negative charge on fluorine which we expected to be gauche > 
cis 7> trans on the basis of  n - o *  interactions above, is cis ~ gauche > trans. 

The gross charges on fluorine and oxygen in 02 F2 are shown below 31 s): 

�9 0.069 -0.116 -0.070 
F F F F 
\ / /  \ +0.116 \ +0.070 

O O O O O O 
+0.069 ~ 

F F 
cis gauche trans 

A prediction based only on the importance of  n - a *  interactions would give an 
order of increasing positive charge on oxygen as gauche > cis > trans and an order 
of increasing negative charge on fluorine as gauche > cis > trans. We find, however, 
that the calculated order of increasing positive and negative charge of oxygen and 
fluorine respectively is gauche > cis ~ trans. Once again, electrostatic effects seem 
to be involved. 

In dosing, we should mention that the importance of a hyperconjugative mecha- 
nism in enforcing gauche preference in molecules containing adjacent lone pairs, such 
as H202, N2H4, etc., has been discussed by Pople at a131~ 314) However, these 
workers did not differentiate between syn and anti geometries on the basis of such 
a mechanism. 

B. R a R 2 A - A - R I  Molecules 

Particularly intriguing molecules of the R3 R2 A - A - R z  type are those containing 
adjacent nitrogen and oxygen atoms. Thus, NH2 OH is predicted to exist in a crowded 
W conformation which places the N lone Pair anti to the OH bond. 

Y w 
nN-oor t (syn) nN-oor 1 (anti) 

However, ab initio calculations show that the Y conformation is more stable than 
the W conformation 314). As in the ease of HOOH, n - a *  interactions are present but 
weak and cannot overide the preference for the Y conformation dictated by conven- 
tional steric effects. Nonetheless, the increase in n - o *  conjugative interactions 
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in going from the Y to the W conformation should be manifested in a decrease of the 
gross charge in nitrogen and an increase,/.e, less positive, at the charge of the hydro- 
xyl hydrogen atom. Results of CNDO/2 calculations for NH2OH confirm our expec- 
tations: 

0.163 
H 

-0.036 / /  -0.022 
H,,,~ ,N O Hk, X~... Oxk 

H~ H" H 0.151 
Y W 

Once more, replacement of the hydroxyl hydrogen by a group or an atom more 
electronegative than hydrogen, replacement of the hydroxyl oxygen by its third 
period counterpart, or, a combination thereof, will enhance n-o* interaction and 
should lead to a preference for the "crowded" W conformation over the Y con-. 
formation. This expectation is confirmed by ab initio calculations in which the 
preferred conformation for NH2 OF is found to be the more "crowded" W con- 
former3t4). 

R l R2 C=NRa molecules represent another important class of RI Rz AAR3 
systems. In the parent system shown below the strength of the various sigma inter- 
actions varies in the order: 

* (anti) nn--a~H (anti) > nN--O~H (syn) > OCH--ONH 

/ \ 
Hc Hi 

Accordingly, if sigma conjugative effects dominate, the hydrogen atoms are predicted 
to become increasingly positive in the order Ha > Hb > He and the C-H overlap 
populations to vary in the order C-He < C-Hb. 

The various atomic charges and bond overlap populations of CH2 = NH are shown 
below and confirm our expectations based on consideration of sigma conjugative 
effects. However, an anomaly is noted in the case of the 4-31 G calculation of the 
C-Hb and C-He overlap populations. Since the STO-3G optimization leads to a 
longer C-H e bond, as predicted, the anomaly represents most likely a computational 
artifact. 

Scheme 16. 4-31G Calculation at STO-3G geometry 

(0.180) 
Hb 

NkO -382 
0.484 (-43.543) 

(-O.085) .C N 

/~0.382 ~ 0"317 
Hc Ha 

(0.156) (0.292) 
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9. Structural Effects of n-o Interactions 

Accordingly, these intramolecular comparisons where sigma conjugative effects 
are not pitted against other important effects provide good evidence of the superi- 
ority o f  an t i  orbital overlap. 

Turning now to the case of geometrical isomerism in CHF=NF we proceed as 
before by identifying the major stabilizing sigma conjugative interactions present 
in the cis and t rans  isomers. 

F \  : H\ /F 

cis trans 

* (anti) nN--O~F (syn) gIN--OcF 

Arguing as before, we predict that the cis isomer of CHF=NF will be more stable 
than the trans isomer. 

T h e  ab ini t io data for CHF=NF are displayed in Scheme 17 and predictions 
based on consideration of each of the three important effects previously discussed 
are collected in Table 45. Comparison of the ab ini t io data with the various predictions 

Table 45. Predicted charges, overlap populations (O. P.), and relative stability of the geometric 
isomers of CHF"= NF' 

Property Sigma Nonbonded Electrostatic Ab initio 

effect effect or steric effect 

H positive 
charge cis > trans - trans > cis cis > trans 

F' negative 
charge cis > trans trans > cis trans > cis trans > cis 

F" negative 
charge cis > trans trans > cis trans > cis trans > cis 
C-F" O.P. trans > cis cis > trans trans > cis cis > trans 
N-F' O.P. trans > cis cis > tranr trans > cis cis > trans 

C=N O.P. cis > trans trans > cis trans > cis trans > cis 
ReL stability cis > trans cis > trans trans > cis cis > trans 

Scheme 17. 
A. 4-31G Calculation at STO-3G geometry 

(0.265) 
H 

(0 489)~C "0'357 (N .0'053) 

v,/0.190  ,0525 
(-0.380) (.0.321) 

(-0.381) 
F" 

~0.184 (--0.042) 
(0.496) C ~ N  

/ "  \o.o4o 
H - - F '  

(0.257) (-0.331) 
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Scheme 17. (continued) 

Erel(kCal/mol) 0.000 .856 
N w .19489 .19104 
P~F .00063 .00001 
P~F .00004 .00008 

B. 4-31G Calculation at 4-31G geometry 

(0.261) (-0.384) 
H F" 

0.348 (-0.062) ~'108.478 (-0.046) 

(0.496) C N / k ~  067 /~.193 ~0.079 (0.502) C " N 

F" - - F '  H 
(-0.380) (-0.315) (0.259) (-0.331 ) 

Erel(keal/mol) 0.000 0.634 
N 7r .20756 .20235 

00053  0000  
.00002 .00008 

reveals that F - - - F  nonbonded interaction dominates geometric isomerism 
in CHF=NF. The large difference in the total pi overlap populations and long 
range overlap populations between the cis and trans isomers (Scheme 17) provides 
yet  another demonstration o f  the importance o f  nonbonded interaction in deter- 
mining structural preferences. 

The importance o f  sigma conjugative interactions can be realized by restricting 
ourselves to intramolecular comparisons. The order o f  strength o f  sigma conjugative 
interactions is nN--aCF,, > nN- -ocn  > OCH--aNF, and thus we predict that  within 
a given isomer F '  should be less negative than F",  as exactly revealed by the ab initio 
calculations. Once again, these data provide unmistakable support for the idea that 
syn and anti orbital overlap lead to differing stabilization h). 

h) In a recent publication, Howell discussed cis-trans isomers of diazenes and substituted 
methyleneimides411). This author noted the charge effects which we have discussed in 
Part. IV. He was hesitant to attribute them to sigma conjugative effects although he did 
suggest this possibility. For example, this author stated "... We are hesitant to accept hyper- 
conjugation as the sole, decisive factor in determining the energies of different isomers. If ~ 
hyperconjugation were dominant, we would expect the C=N overlap population would be 
higher (and the bond length shorter) in HXC=N than in H~C=N/H 

/ / 
F xa v 

and in cis-FHC=-NF than in trans-FHC==NF.'" However, we have seen that nonbonded 
attraction dominates sigma conjugative effects in the latter two molecules. In short, our 
demonstration of some key algebraic relationships which renders anti superior to syn n-o* 
overlap, coupled with the realization of the importance of nonbonded attractive effects, may 
well remove any hesitancy to accept the importance of sigma conjugation. 
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One of  the prime examples of  the extreme importance of  conjugative effects is 
the case of XYC=Z molecules. As Z becomes more electronegative, the following 
trends are expected: 

a) The C-Z ,  C - Y  and C - X  bond lengths should become stronger on account of  
the effect of electronegativity on bond strengths which is discussed in Section 12.3. 

b) The XCY bond angle is expected to open up on account of geminal interactions 
discussed in Section 5.1. 

c) If X and Y carry lone pairs, the change in the attractive X - - - Y  interaction 
will probably be small compared to the aforementioned effects. 

The variation of  the geometric parameters in XYC=Z which accompanies a 
variation of Z is instriguing to the extent that it cannot be understood solely in 
terms of  the above effects. Thus, the following experimental trends have been 
recently projected to the attention of chemists: 

O O 
II II 

a) RC-H and RC-Alkyl bonds have lower dissociation energies than the corre- 

CH 2 CH 2 
II II 

sponding bonds in RC-H and RC-Alkyl 
O 
II 

b) C - X  bond distances in RC--X are longer than in RC-X 
II 
CH2 

O 
II 

c) In comparing C-X  distances in RC-X relative to CHa-X, the quantity Ar 
which equals r (X-COR) - - r  (X-CH3) assumes values which range from positive 
to negative although one might have anticipated shorter C -X  distances in RCO-X 
than in CHa-X, i. e. negative Ar due to the different states of hybridization of 
the carbon atoms involved. Furthermore, the magnitude of the shortening in 

O 
Ii 

r(RC--X) varies in the order NH2 > OH > F > CHa i) while the magnitude of the 
O 
II 

lengthening in r(RC-X) varies in the order CF 3 > Br > Cl > CN a16). Typical data 
are collected in Table 46. It can be seen that the above sequences also correlate with 
the variation of the C=O distances. 

The above trends can be easily explained if we focus upon the conjugative inter- 
action of the in plane 2p lone pair of  the carbonyl oxygen with the C-X  bond in 
RCX=O. As X is varied along a row, increasing electronegativity along a row should 
lead to greater interaction and thus greater shortening of the C=O bond and greater 
loosening of the C - X  bond relative to a standard. This is precisely what is observed 
(see Table 46). Furthermore, as X is varied along a column, decreasing electronegativity 

i) Ab inirio calculations of OHC-F and OHC-OH show that the o*MO is mainly o~_ x. 
See Ref.20). 
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O 
II 

Table 46. Geometric parameters of R-C-X molecules 

R=H A R=CH3 / ~  
X Ar(x 10-3) b) r(C=O) a) OCX Ref. Ar(x 10--3)0) r(C=O) a) OCX Ref. 

NH 2 -122 1 . 2 1 9  124.7 317) -87 1.220 122.0 320) 
OH - 66 1 . 2 1 7  123.4 318) -62 1.215 122.8 321) 
F - 47 1 . 1 8 1  122.8 319) -37 1.181 121.3 322) 
C1 . . . . . .  +13 1.187 120.3 323) 
Br . . . . . .  +37 1.184 120.8 323) 

a) In angstroms. 
b) Ar = r(X-COR) - (X-CH3). 

should have the same effect. With the exception of the anomaly of the C=O bond length 
when X=F, these predictions are strikingly borne out by experiment as the data of  
Table 46 indicate. It should be noted that an extremely large and positive Ar value 
is obtained when X=CF3,/. e. a group which strongly encourages "hyperconjugation". 
The effect of  trifluoromethyl groups upon geometrical and conformational prefer- 
ences has already been discussed. 

Replacement of  =O by =CH2will diminish the conjugative effect formerly 
expressed_ via the n o - o ~ x  interaction. As a result, C - X  bond shortening will occur. 

It should be noted that the OCX angle variation seems to be accountable in 
terms of geminal interactions for X varying along a row of the Periodic Table. 

Conjugative interactions also play a role in determining bond angles. This 
can be best appreciated by comparison of the XCX angles in the two molecules 
shown below. As we have seen already, gerninal interactions favor a smaller 
molecules shown below. As we have seen already, geminal interactions favor a smaller 
angle in X2C=CH2. On the other hand, conjugative interactions are stronger in X2C=O 
and their maximization involves shrinkage of the XCX angle. These considerations are 
best understood in terms of  the delocalized approach as illustrated in Fig. 15. 

0 CH2 
il II 

x- /C '~x  x / C ~ x  

Table 47 shows typical results which illustrate that contrary to expectations 
based on consideration of geminal interactions alone, the XCX angle is smaller in 
CX2=O than in CX2=CH2 . 

A fascinating corollary of  the above analysis is the following: suppose that the 
Ht~H angle in CH 2 =O is progressively constrained to increasingly lower values. As 
a result, the conjugative interaction will increase and give rise to stronger sigma C=O 
bonding. This prediction can be tested by reference to the infrared absor[~tion 
frequencies of cyclic carbonyl molecules constrained to have different RCR angles. 
Typical data is shown in Table 48 and are in accord with our predictions. It appears 
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9. Structural Effects of n -o  Interactions 

Table 47. XCX angles in CX2=Oand CX2=CH 2 

X XCX Angle XCX Angle Ref. 
in CX2=O (deg.) in CX2=CH2 (deg.) 

H 116.5 116.2 + .8 326, 327) 
F 108 -+ .5 109.3 -+ .6 328, 329) 
CI 111.3 • .1 114.5 -+ 1.0 33o, 331) 

Table 48. Infrared carbonyl stretching absorption frequencies of cyclic ketones a) 

Molecule Angle (deg.) v, em" 1 

O 

60 1815 

~ , ~ O  90 1791 

108 1850-1730 

O 

120 1717 

a) See ReL324and 325 

that the Foote-Schieyer correlation a24, a2s) may be based upon the electronic effect 
described here. 

It should be noted that the proposed mechanism for the variation of  the ab- 
sorption frequency of  the carbonyl group as a function o f  the angle, involves not 
only a progressive strengthening of  the C=O bond but also the progressive weakening 
of  the R - C  bond as the RCR angle shrinks in R2C=O, t~ e. one should view the angle 
effect on carbonyl absorption frequencies as an overall geometry effect. 

C. R 4 R 3 R 2 A - A - R  l Molecules 

Turning our attention to a more complicated case, we examine rotational isomerism 
in R 4 R a R 2 A - A - R !  systems of  which CHaOH is the simplest example. Here, the 
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Part IV. Conjugative Interactions 

dominant interaction is * oCH--OOH despite the fact that an oxygen lone pair AO is 
a better donor than a C - H  sigma bond (see Tables 3 and 4). That is, the * oCH --OOH 
interaction is more stabilizing than the n o - a ~ r t  interaction because the energy 
difference between the o~rl and O~H MO's is expected to be greater than the energy 
difference between no and aCH (see Tables 3 and 4). Thus, the preferred conforma- 
tion is piedicted to be the one which places the C - H  bond and the O - H  bond in an 
anti arrangement,/, e. the staggered conformation. An identical prediction can be 
arrived at on the basis of  steric effects. 

Replacement of  a methyl hydrogen by fluorine leads to a situation where the 
dominant interaction is n o - o ~ F ,  since in this molecule the C - H  bond acquires a 
donor ability comparable to the oxygen lone pair and the C - F  bond is a better 
acceptor than an O - H  bond. The molecule CH2 F - O H  can exist in the syn, gauche 
and anti  conformations shown below. 

F F 
F 

anti gauche syn 

The simple enumeration of the type of dominant interactions which obtain in 
the three conformations leads to the prediction of the stability order gauche > syn 
> anti. This is indeed what ab initio calculations reveal 332). This new order of stability 
is reflected in the fluorine gross charges as calculated at the CNDO/2 level. On the 
basis of  the n o - a ~ v  interaction, one expects the gross fluorine charge to increase 
in the order gauche > syn > anti. The computed order gauche ~. syn > anti is under- 
standable on the basis of  an electrostatic effect which augments the fluorine chaxge 
in the syn~onfonnat ion  in order to benefit from an H.--F attractive interaction. 

F F F 
-.1856 -.1968 -.1987 

an ti gauche syn 
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9. Structural Effects of n-o Interactions 

Our discussion of the conformational preference of H2CF-OH provides the 
simplest type of explanation for the so called anomeric effect 333) which refers to 
the tendency of  an electronegative substituent at C - I of a pyranose ring to exhibit 
a greater preference for the axial over the equatorial conformation than it does in 
cyclohexane. 

x 

axial equatorial 

According to our approach, it is predicted that, barring steric effects, the axial 
preference in pyranoses should increase in the order X = F > OR > NR2 and also 
in the order X = C1 > F, X = SR > OR, etc., i. e. as the C t - X  bond becomes an in- 
creasingly better instrinsic acceptor. 

Finally, mention should be made of  the striking conformational preference of 
trans 2,3- and trans 2,5-dioxanes, dithianes, and thioxanes. Each of these compounds 
exists in a chair conformation with two diaxial halogens 334- 341). 

x 

x x 

w=z=o w=z=o 
w=z=s w=z=s 
w=o z=s w=o z=s 

Furthermore, the axial C-X bonds are unusually long in comparison with aliphatic 
C -X  bonds 342). An especially interesting observation is the difference between the 
axial and equatorial C-CI bond lengths of the system shown below. This observation 
is in accord with greater n o - o ~ c  I (ax/a/) conjugation which cause elongation 
of the axial relative to the equatorial C-C1 bond. 

c1 

~ ~ ~ _ c  1"819 

1 
1.781 .~. 

In conclusion, we would like to mention that a "hyperconjugative" interpretation 
of the anomeric effect has been offered by various workers such as Romers and 
Altona 333), Pople et al. 343) and Salem et al. 344). 

D. R4RaA-ARI R2 Molecules 
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Part IV. Conjugative Interactions 

A typical R4R3A-ARI R2 molecule is hydrazine, a system which has attracted an 
enormous amount of theoretical interest. The syn, anti and gauche conformers of  
NH2-NH2 are depicted below along with an enumeration of the dominant inter- 
actions which obtain in each case: 

anti gauche syn 

ONH-ONH nN(sP3) ONH ONH ONH 

(anti) (anti) (syn) 

Clearly, the preferred order of relative stability isgauche > anti > syn, since the 
n -o*  interaction is much stronger than the ~ - a*  interaction. Furthermore, anti 
aNH--ONH is more favorable than syn eNH--ONH interaction. Ab initio calculations 
show that the preferred conformation of hydrazine is the gauche conformer with 
a dihedral angle of 100 ~ 

The analysis of the conformational preference of P2H4 proceeds along the 
same lines. It is again predicted that the relative stability of the various conformers 
will be gauche > anti > syn. 

An interesting situation arises when one of  the hydrogens of hydrazine is sub- 
stituted by F. Here, we have a choice between two different gauche forms, one 
which places the lone pair of NH2 anti to a N - F  antibonding MO and one which 
places it anti to a N - H  antibonding MO. Since the nN(spa)--O~F interaction is 
stronger than the nN(spa)--o~H interaction the gauche conformation which places 
the nitrogen lone pair anti to the NF bond will be the one preferred. This prediction 
is in agreement with the results ofab initio calculations in which the "internal" 
conformation is preferred 314). 

preferred 

The molecule NHF-NHF can also exist in three gauche forms. Following the 
same line of reasoning, we predict a relative stability order A > B > C. 
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~ F  ~ F  F ~ ~ ) ~ F  

F F 

nN(sP 3 )-a*NF nN(sP 3)-~ nN(sP 3 )-O*NH 

nN(sP a )-O*NH 

A B C 

E. R5 R4RaA-AR1 R2 Molecules 

Our model system in this section is CHa-NH2. The dominant interaction is nN--o~H 
and the preferred conformation is predicted to be the one which places the lone pair 
anti to the C-H bond, L e., the anti conformation. We note that the same conforma- 
tion is predicted on sterie grounds. 

anti syn 

Now, consider replacement of one methyl hydrogen by an electronegative group or 
atom, i. e. F. The preferred conformation will then be the one which places the lone 
pair anti to the best acceptor bond, i. e. the C-F bond. 

F 

Again the dependence of the n-a* conjugative interaction upon conformation 
can be seen in a comparison of the gross charge of F in the anti, gauche, and syn 
conformations of CH2FNH2. For CH2 FNH2, the gross charge on fluorine should 
become more negative in the order anti > syn >gauche. Our expectations are con- 
firmed by CNDO/2 calculations and the results are shown below: 

-0.207 -0.195 -0.198 
F F F 

anti gauche syn 
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Part IV. Conjugative Interactions 

By following the strategy outlined previously, we predict that substitution of the 
three methyl hydrogens with groups of increasing electronegativity, i. e. F, OR, NR2, 
should lead to the preferred conformation shown below: 

OR 

F ~ N H 2  

Similarly, substitution of the three methyl hydrogens by F, C1, Br, should lead to 
the preferred conformation shown below. 

F 

F. Saturated Heterocycles 

In a previous section we have discussed the importance of n -o*  conjugative inter- 
actions in dictating the axial-equatorial preference of an electronegative substituent 
at C-1 of a pyranose ring, i. e. the "anomeric effect". Here, we shall extend the dis- 
cussion of n-o*  conjugative interactions to other saturated heterocyclic molecules. 

We first examine the case of piperidine. The two conformations, axial and 
equatorial are shown below along with an enumeration of the major stabilizing inter- 
actions, if we only consider vicinal bonds. 

H c n c 

Ha { Ha /g~ 

H U 
axial equatorial 

nN-oCC (antO 
nN-OCH d (gauche) 
n * N-oCH c (gauche) 

n N - - o c c  (syn) 

n * N - - o C H  c (antt~ 
. 

nN--OCH d (gauche) 

Since we expect the energy separation between o~c and O'~H not to be very 
large it is obvious that, in this ease, an unambiguous prediction cannot be made. 
In fact, the experimentally determined conformation of these types of six membered 
heterocyclic systems is found to be dependent on the heteroatom as illustrated be- 
low 345 -- 347): 
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9. Structural Effects of n-o Interactions 

/ p C733 
I 

Most Stable Conformation Most Stable Conformation 

An axial or equatorial preference of the YI-I (Y=N, P) group can be dictated 
by a modification of the heterocyclic ring. This may be accomplished by substituting 
a more electronegative or electropositive atom for X=CH2 in the system shown be- 
low: 

R 
I 

In the case of X=O, the energy separation between a~H and O~o is expected to be 
large and, consequently, the conformation is controlled by the nN--O~O interaction. 
Thus, we predict that the axial N-H conformation will be preferred since this is the 
geometry which maximizes the nN-o~o interaction. 

However, in the cases shown below, the introduction of an electronegative atom, 
t e. X=O for X=CH2, is not expected to have a large effect: 

_R R 

D E 

The -NH conformational preference in D and E is expected to be dictated by the 
same factors responsible for conformational isomerism in piperidine. The reasons 
for these expectations are as follows: 

a) In D, the oxygen atom will lower the energy of the C 2-Ca sigma antibonding 
orbital by an inductive effect. However, this effect will be small. 

b) In E, the O-Ca sigma antibonding orbital will be lower in energy than the 
C-H sigma antibonding orbital. However, the small oxygen AO coefficient in O~c 
will tend to diminish the aceeptor ability of this bond~ 

Experimentally, it has been shown that the introduction of a heteroatom such 
as oxygen into the 4-position of piperidine has no appreciable influence on the 
conformational equilibrium 34s). Similarly, infrared overtone measurements suggest 
that in tetrahydro-1,2 oxazine the NH-equatorial conformer predominates 349). On 
the other hand, many piperidines substituted by heteroatoms in the 3 position are 
found to exhibit a NR axial preference. For example, the preferred conformation 
for the molecules shown belowis NR axial 35~ 3sl): 
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R R 
X.~X 

X=O, NMe R-H, tBu 
X--S 

F G 

The axial preference of R=t-Bu in G is dramatic evidence for the utility of 
recognizing donor-acceptor relationships in designing specific molecules. 

Acidity of Hydrocarbons 
The greater acidity of  hydrogen in H than I has been interpreted by certain workers 
to imply predominance of inductive or field effects as2' 3sa). While it is clear that 
in H lone pair-C-F interaction is not possible, it is also apparent that the interaction 
of the lone pair with an anti acceptor F2C-CF 2 bond is optimized and can account 
for the relative rate of deuterium exchange. 

F2 

L F2 Fa 

F2 F2 H 
Kre I = 5 

(FaC)3CH 

I 
Kre I = 1 

The greater stabilization of K relative to J can also be attributed to the in- 
creasing numer of --CF 2 -CF  2 -bridges. 

~ F i o  ~ F t 2  
J K 

9.1. Possible Examples of  Matrix Element Control of  n - o  Interactions 

Consider the two systems CH2 F - S H  and CH2 F-OH.  According to our approach 
both are predicted to exist in a preferred gauche conformation. However, the extent 

n * to which the X--OCF interaction obtains in the two molecules may be subject to 
matrix element control simply because ns is a better donor than no but yields a 
smaller interaction matrix dement with o~F. The variation of  these two effects may 
conceivably be comparable and subject to matrix element control due to the fact 
that the n - o *  orbital interaction involves well separated energy levels. Hence, one 
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10.1. Spectroscopic Probes of n-o Interactions 

may expect that delocalization in the case of  the sulfur compound will be less than 
that in the case of  the oxygen compound. This indeed seems to be the case judging 
from the structural data obtained by Altona et  al. 339) for the molecule shown below. 

Cl 

c1 

.842 

It was found that the C-C1 bond adjacent to 0 is longer than that adjacent to S as 
* 

expected from greater charge transfer to a Oc-ct orbital in the case of  oxygen. More 
examples can be found in the structural data shown below 33s, 336, 339-341). 

CI CI 

C1 C1 

Br Br 

10. Tes t s  o f  n - o  I n t e r a c t i o n s  

In Part II we examined in detail various experimental tests of  nonbonded inter. 
actions. Here, we again focus on specific physical and reactivity probes in order 
to test the importance of n - o  interactions in organic problems. Specifically, we 
shall examine the following two areas: 

a) Spectroscopic probes of  n - o  interactions. 
b) Reactivity probes of  n - o  interactions. 

I0.1. Spectroscopic Probes of  n - o  Interactions 

In this section, results of  Photo Electron Spectroscopy (PES) as well as infrared 
spectroscopy shall be examined in terms of  n - a  interactions. 
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Part IV. Conjugative Interactions 

The ionization potential of lone pair AO's is easily obtained by PES 3s). Consequently, 
this method can be a delicate probe of  n - o  conjugative interactions. For example, 
consider the ionization energy of  the nitrogen lone pair AO as a function of the 
substituent X in the model system shown below: 

~ ' ~ x  

�9 
In the above molecule, we need only consider the effect of the n N - o c  x and 
n N - o c x  interactions on the energy of nu. In most eases, the interaction which per- 
turbs the nN AO the most is the nN--Ocx interaction due to the energy proximity 
of the orbitals. We can make the following predictions: 

a) As X becomes increasingly more eleetronegative along a row of the Periodic 
Table, the ionization energy of the nitrogen lone pair AO will increase. 

b) As X is varied down a column of the Periodic Table, the ionization energy of 
the nitrogen lone pair AO will decrease. 

Experimental support for the above analysis is found in 2 substituted pyridines 
where X=CH3 and X---Si(CH3)a. Specifically, the ionization potential of the nitrogen 
lone pair in the former ease is 9 -10eV and 8.SeV in the latter 3ss). 

Another example can be found in the ionization energy of  the in plane lone 

pair AO of  X - C O - X  molecules: 

y 

x 

The analysis of these molecules is similar to the one presented above. Pertinent ex- 
perimental PES data are displayed in Table 49. As can be seen, the ionization potential 
of  the 2px AO type lone pair is consistently lower when Y is a -SIR3 group. 

A series of interesting papers have appeared relating NH stretching frequencies 
to the geometrical relationship between the nitrogen lone pair and adjacent bonds. 

Table "49. Ionization potential of the oxygen in plane lone pair in XCOY molecules 356) 

X Y I.P. 

CH 3 C(CH3) 3 9.24 
CH 3 Si(CH3) 3 8.64 
Ph C(CH3)3 8.98 
Ph Si(CH 3) 3 8.41 
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It was found that the NH stretching frequency increases and the adjacent CH stretching 
frequency decreases more when the adjacent C -H  bond is in an anti geometrical 
relationship to the nitrogen lone pair. The change in the NH and CH frequencies 
were ascribed to hyperconjugative interaction between the nitrogen lone pair and the 
adjacent C -H  antibonding MO 357). 

The infrared spectra of the following heterocyclie molecules were also studied 
and it was found that a higher NH stretching frequency was observed when the 
adjacent C-C bond is cis to the nitrogen lone pair3SS): 

lower v~M higher rNH 

This result is consistent with the idea that a C-C bond is a better instrinsic acceptor 
than a C - H  bond. 

10.2. Reactivity Probes of n - o  Interactions 

In this section we shall examine in detail the role of n - o  interactions in carbanion 
chemistry. Carbanion stability as well as relative acidities of organic molecules are 
important probes of n - o  interactions. 

It has been known for many years that hydrogens adjacent to a heteroatom are 
more acidic when the heteroatom is sulfur than when oxygen asg). A striking example 
of this phenomenon is the behavior of dithiane, A, compared to its oxygen analog, 
B, when treated with strong base. The sulfur compound forms a carbanion while its 
oxygen counterpart fails to react36~ 

A 

~ Oo~R ~ no reaction 

B 

The stability of C can be attributed by our approach to delocalization of electron 
density from carbon into the adjacent S-C sigma antibonding orbitals. In the oxygen 
compound B the carbon-oxygen sigma antibonding orbital is too high in energy to 
participate in stabilizing a resultant carbanion. 

The lone pair in the dithiane carbanion C can assume either an equatorial or 
axial position in the ring as shown below: 
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axial equatorial 

It is readily recognized that the conformation in which the lone pair is equatorial 
corresponds to an anti-arrangement of the carbon lone pair in relation to the adjacent 
S -C  bond (darkened for the sake of  clarity) and the axial case a syn orientation. 
Based on our approach, we would predict that the carbanion with the lone pair 
equatorial will be the most stable conformation. This is indeed observed experimen- 
tally361). 

Another interesting case involves the base catalyzed H/D exchange of the 
systems D and E shown below362): 

CH 3 

H--~SR 
SR 

k,~ = 1 k~a = 10 3 
D E 

The fact that the H/D exchange of E, in which the lone pair formed in the transition 
state is forced to be in an anti conformational relationship to the S -C  bonds, is so 
much larger than that of  D, in which the anti conformational relationship is not 
imposed, clearly indicates that the stabilization o f  a carbanion by ad/acent -SR  groups 
is conformationally dependent. 

We now turn our attention to the conformation of -CH 2 XH systems where X can 
be a first row or second row element, e. g. oxygen and sulfur. The two conformations 
to be considered are labeled Y and W and are shown below: 

Y W 

x=o, s 

The dissection of the CH2XH system into component fragments, A and B, is depicted 
below for the W conformation. 

A B 
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The appropriate interaction diagram is shown in Fig. 50. Arguing as before, we predict 
that the W conformation is preferred since there is an anti relationship between the 
carbon lone pair and the X - H  bond in this conformation. 

Ab initio calculations of the -CH2XH carbanion show that the Y conformation 
is the most stable conformation for X=O 363). However, in the case of  X=S, the Y 
and W conformations are of comparable energy. Clearly, sterie effects are important 
in determining the preferred conformations of these systems. 

oc-H- 

-H- -H- 
OCH O'CH 

�9 

H•C -X j H  

H 
Fig. 50. Interaction diagram of the hybrid MO's in -CH 2 XH. The dominant stabilizing inter- 
action involves the carbon lone pair AO and the XH sigma antibonding MO 

Next, we consider in greater detail why carbanions adjacent to - SR groups 
are more stable than those adjacent to - O R  groups. The reasons for this can be 
illustrated by focusing on a fixed conformation of the model -CH2XH carbanion, 
e. g. the Y conformation. The following factors are involved: 

a) The * OSla MO is lower in energy than the o~H MO (see Table 5),/. e. -S H  is 
a better electron aceeptor than -OH. 

b) The overlap integral Snca~n is larger than SncooH.* This can be understood 
ina qualitative way by considering the schematic representation of an approximate 
form of these integrals: 
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SCH SCH 

I �9 �9 

0 0 t t 
C - - O  C S 

0 0 0 0 
I I L I 

Sco Scs 

-(3 

Calculations show that Sco ~ Scs. On the other hand, the SCH overlap integral is 
smaller in the case of sulfur than in the case of oxygen, because the C-O bond is 
shorter than the C-S  bond. This effect can be restated in the following way: the 
greater nc--g~n overlap integral in the case of sulfur results from a smaller anti- 
bonding contribution by the group attached to the sulfur. We conclude that the 
two electron stabilization energy is greater for the case of X=S than X=O. 

The results of ab initio calculations are compatible with the conclusion that 
-SH stabilizes an adjacent carbanion more than - O H  363). Furthermore, the above 
discussion represents a viable alternative to the d-orbital model for explaining the 
enhanced kinetic and equilibrium acidities of molecules containing sulfur groups. 

As we have seen, the C-C bond appears to be a better intrinsic aceeptor than 
the C - H  bond. A number of experimental observations seem to be consistent with 
these ideas. For example, the proton in F exchanges 5 times faster than that in 
G364, 365). 

NO2 

F 

H ~ N02 

G 

From the projection drawings below, it is obvious that the lone pair is anti to a C-C 
bond in F and a C -H  bond in G. Table 50 lists the relative rates for deuterium ex- 
change in some substituted cyclohexanes. In all cases, the equatorial proton ex- 
changes at a much faster rate. 

NO2 
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Table 50. Relative rates of deuterium exchange 36s) 

Molecule Axial Equatorial 

N02) 

H 

0~) 

NO2 

H 

OCH~ 

2x 10 - l  1 

4.9 x 10 -3  1 

4.6 x 10 -3 1 

11. S t ruc tu ra l  E f f ec t s  o f  o - o  I n t e r a c t i o n s  

In the following sections we shall examine the structural effects of  o - o *  interac- 
tions on torsional isomerism of  the following systems: 

A) CHa-CHa 
B) CHa-CH2 X molecules 
C) XCH2-CH~ X molecules 
D) XYCH-CH2X, XYCH-CHXY, and X Y Z C - C X Y Z  molecules 
E) Rotational Barrier in CH 3 - C O - X  molecules 
F) 1,2-Disubstituted Ring Systems , 

A. CHa-CH a 

The prediction of the preferred conformation of substituted ethanes can simply be 
made by following the recipe: 

a) Identify the dominant o - o *  interaction. 
b) Select the conformation which maximizes the dominant interaction, Le. the 

conformation which places the intrinsic donor and acceptor bonds anti to each 
other. 
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The parent system to be considered is ethane itself. Here, the dominant inter- 
actions, or, better, the only type of interactions are aCH--O~H. The conformation 
which places vicinal C -H  bonds an t i  with respect to each other, i.e. the staggered 
conformation, is the one which is predicted to be preferred. The same conclusions 
are reached by considering overlap repulsion and steric effects. 

B. CHaCH2X Molecules 

The simplest type of substituted ethane is the CHaCH2X system. When X is more 
electronegative than H, the dominant interaction is OCH--O~X which dictates a 
staggered conformation. However, the same conformation is also predicted on the 
basis of overlap repulsion and steric effects. Indeed, irrespective of the nature of X all 
such molecules exist in staggered form 366). 

x 

However, an interesting prediction can be made as follows: increasing the electroneg- 
ativity of X stabilizes the staggered form (minimum) to an increasing extent. Accord- 
ingly, the rotational barrier should progressively increase in the order 
F > OH > NH2 > CH3, assuming that the substituents affect the minimum more 
than the maximum. If the converse is true, the reverse order is predicted on the basis 
of conventional steric effects. 

The experimental results collected in Table 51 strongly suggest that o - o *  stabi- 
lization oJ~ the staggered (minimum) form of CH3CH2X is operative, i.e. a purely 
steric interpretation does not make sense. For example, CH3CH2F has roughly the 

Table 51. Rotational barriers in CH3CH2X 
molecules 

X Barrier 
(kcal/mol) 366) 

H 2.875 
F 3.330 
CI 3.680 
Br 3.680 
I 3.220 
OH 0.770 
SH 3.310 
SCH 3 3.820 
CH 3 3.400 
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same barrier as CHaCH2CHa although CH 3 is much bulkier than F. Even more 
important, CH3CH2OH has a barrier which is more than four times less than that 
of CH3CH2F although again OH is bulkier than F. 

Replacement of  a substituent X by its second row counterpart should lead to 
better 0 - o *  interactions. Once more, a substituent effect exerted principally on 
the minimum will give rise to the orders C1 > F, SR > OR, PR2 > NR2, SiRa > CR3. 
Here, unfortunately, the same orders are expected if the principal effect of the sub- 
stituent is exerted on the maximum. The experimental results collected in Table 51 
dearly show that the predicted unequivocal trend is observed. 

C. XCH2CH2X Molecules 

1,2-disubstituted ethanes are extremely interesting molecules since many of  these 
molecules exist in a gauche conformation 316). 

The model system FCH2-CH2F will illustrate our approach. Here the dominant 
interaction is OCH--a~F. The geometry which maximizes this interaction is the 
gauche geometry. Note that the anti geometry maximizes the much more inferior 
OCF--OtF and OCH--O~H interactions. 

F F 

F 

OcH--OcH O'CH--OCF 

* OcH_O.f~ H O'CF--OCF 

We shall now consider what happens if the two fluorines are replaced by OR. 
In this case, the dominant interactions will be a r  and the tendency for the 
gauche structure will be diminished relative to the case of CH2 F-CH2 F since this 
interaction is weaker than the oCH--O~F interaction. The trend will continue along 
the series F, OR, NR2 and CR 3. At this point, it should be mentioned that Pople 
et al. have considered a hyperconjugative mechanism in CH2 F-CH2 F 6a). 

Now, consider what happens if the two fluorines are replaced by two chlorines. 
In this case, the dominant interactions will be * OCCl--Occl because the C-CI bond 
is both a better donor and a better aeceptor than the C-H  bond. Hence, it is pre- 
dicted that 1,2-dichloroethane will have a preferred trans conformation which com- 
bines in an anti orientation the best donor and best acceptor bonds. 

CI 

CI 
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The same conclusions are reached for CH2Br-CH2Br and CH2I-CH2I.  Steric effects 
also, undoubtedly, contribute to the anti preference. 

Experimentally, these molecules are found to exist in the anti conformation 367) 
and not the gauche conformation as does FCH2CH2F a6s). 

D. XYCH-CH2 X, XYCH-CHXY and XYZC-CXYZ Molecules 

We now turn our attention to the more complicated system HCF2-CH2F. The 
possible staggered conformations are shown below and the various 0 - 0 "  interactions 
are enumerated. 

F 

OcH--O~ F * * * OcF--OcF, OcH--OcH , OCH--O'CF 

A B 

Since the dominant interaction is * oCH--OCF , the predicted preferred conformation 
is A. 

The tetrasubstituted model system HCF2-CHF2 constitutes another interesting 
case. By following familiar reasoning, we predict conformation C to be the most 
stable conformation. Experimentally, the reverse is found to be true a69). This can 

F 

F 

OcF--OCF OcH--OcH 
c D 

be ascribed to more unfavorable dipolar repulsive interactions in C, which cannot 
be overcompensated by the OCH--tT~F conjugative interactions. However, when 
dipolar interactions are deemphasized and the conjugative interactions are accentu- 
ated, a switch in conformational preference is expected. In this sense, an interesting 
case is CHC1BrCHIBr for which two stable conformations have been identified E 
and F 370). Furthermore, it was shown that F is more stable than E by 303 cal/mol. 
This conformational preference can be ascribed to the fact that F places the best 
intrinsic donor and the best intrinsic acceptor, Le. the C - I  and C-Br  bonds, in an 
anti relationship. 
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I 

I r Br 

Br 

E F 

We next consider a more complicated problem, that of rotational isomerism in 
CFC1Br-CFC1Br. The various conformations which this molecule can exist in are 
the following: 

meso 

F Br CI 

CI CI CI 

G H I 

ci CI Cl 
B r ~ F  C I ~ B r  F ~ C 1  

CI F Br 

J K L 
racemic 

By noting that the best conformation will be the one which allows the interaction 
of the best donor bond (C-Br) with the best acceptor bond (C-Br), the second 
best donor bond (C-C0 with the second best acceptor bond (C-C0, and the third 
best donor bond (C-F) with the third best acceptor bond (C-F), we predict the 
best conformation to be I for the m e s o  form. The best conformation for the r a c e m i c  

form will be K, since it is the only one which allows for the interaction of the best 
donor and best acceptor bonds. We further predict that L will be more stable than 
J. Experimentally, I and L are found to be the most stable conformations of 
CC1FBrCC1FBraTO. 

E. Rotational Barrier in CHaCOX Molecules 

We note here that sigma conjugative interactions are also operative in CH3-CO-X 
systems and they stabilize the cis conformation relative to the t rans  conformation: 
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cis trans 

This occurs because the donor bond, C-H, and the best acceptor bond C-X, are 
in an anti  geometrical relationship in the cis conformation. 

As X becomes increasingly electronegative along a row of the Periodic Table, 
the conformational minimum (cis) will be increasingly stabilized relative to the 
maximum (trans) by oCH--o~X conjugative interactions. Consequently, the methyl 
rotational barrier should increase as X becomes more electronegative. 

Partial experimental support for this idea is found in the methyl rotational 
barrier of acetyl fluoride and acetic acid. Specifically, the methyl rotational barrier 

. increases by 561 cal/mol when -OH is replaced by F lal), 132), 137) 

F. Disubstituted Ring Systems 

In Part II we discussed conformational isomerism of disubstituted ring systems from 
the standpoint of nonbonded interactions. Here, we shall examine the importance 
of o-tr* conjugation in these molecules. 

Consider the simplest disubstituted cyclic system, difluorocyclopropane. The 
two geometrical isomers are shown below and the o-o*  interactions are enumerated, 
neglecting those involving the central methylene group since they will be identical 
for both isomers. 

H H H F 

aCF--O~F (syn) * OCH--OCF (syn ) 

Ocn-O~z ~ (syn) * OCH--OCH (gauche) 

OCH--O~F (gauche) * oCV.-acF {gauche) 

Since the dominant interaction is OCH--O~F and following familiar reasoning, it is 
predicted that the order of stability of the 1,2-disubstituted molecule will be 1,2- 
trans > 1,2~is  and that the fluorine atoms will become increasingly negative in the 
same order. 

Experimentally, trans 1,2-difluoroeyelopropane is more stable than the cis 
isomer a72). Fluorine and hydrogen charges for cis and trans 1,2-difluorocyclopro- 
pane as calculated by the CNDO/2 method are shown below: 

-0.188 / ~  -0.196 / ~  +0.017 

H H 
+0.007 
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The above results are consistent with either a sigma conjugative effect or electrosta- 
tic effect. 

Now, consider the effect of replacing the fluorine substituents in the disubsti- 
tuted cyclopropane discussed above with an atom further down the column in 
the Periodic Table, e.g. Br. The two geometrical isomers are shown below and the 
appropriate o - a *  interactions are listed. 

B s  B ~ ~ B  r 

OCI~--OcB r (syn) ocrl--o~a r (syn) 
OCrI--O~H (syn ) Ocn--a~l.l (gauche) 
OcH--Om (gauche) Ocar-Ocm (gauche) 

Here, the dominant interaction is OCBr--OCB r and, consequently, the cis-1,2- 
isomer is predicted to be the most stable isomer barring severe steric effects. 

Experimental work in this area is notably lacking. Hence, a systematic study 
of the relative stabilities of dihalocyclopropanes would be most welcome. 

We now focus our attention on conformational isomerism in 1,2-disubstituted 
cyclohexanes. Our model system will be 1,2-difluorocyclohexane and we first exam- 
ine the relative stabilities of the two trans 1,2-difluorocyclohexanes, i.e. axial~x- 
ial (aa) and equatorial-equatorial (ee). These two molecules are shown below along 
with a listing of the dominant stabilizing o - o *  interactions. 

aa ee 
F 

~- ~ J  " ~  "F 
F 

Occ-O~H (anti) Occ-O~v (anti) 

Clearly, the ee conformation is favored since a C - F  bond is a better acceptor than 
a C -H  bond. 

Now, we are prepared to compare the relative stabilities of cis and trans-l,2- 
difluorocyclohexane. The cis conformation, axial-equatorial (ae), is shown below 
along with the dominant o - o *  interactions. 

ae 

F 

Occ-Ocp (anti) 
OCH--O~F (anti) 
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We conclude, that the ee conformation is predicted to be more stable than the ae 
conformation since the former conformation enjoys better sigma conjugative inter- 
actions. Unfortunately, experimental data about the relative stability of  cis and 
trans difluorocyclohexane is lacking. 

We now focus on the effect of replacing fluorine by another halogen of a higher 
period, e.g. Br. The trans and cis conformations of 1,2-dibromo-cyclohexane are 
shown below along with the dominant orbital interactions: 

Br Br 

Br 

aa ee ae 
OCBr--OCar (antO Occ--O*~ (anti) Occ--Oc~* (antO' 

OcH-Oc~ (antt) 

By following familiar arguments, we predict that the order of stability for the 1,2- 
dibromo-cyclohexanes will be aa > ee > ae. This should become increasingly accen- 
tuated in the order I > Br > C1 > F. 

Typical experimental data are shown in Table 52. As can be seen, the diaxial con- 
formation is preferred for the cases in which adjacent substituent bonds are herma- 
phroditic, i.e. simultaneously very good donor and very good acceptor bonds. 

Another interesting example is the problem of  conformational isomerism in 
dihalopyranoses. Our model compound is the 2,3-dichloro-derivative. We first con- 
sider the trans conformation, Le. the aa and ee conformations. The two trans con- 
formations are shown below and the dominant sigma conjugative interactions are 
listed. 

C1 

/ ~'-/ ~ ~'CI 
CI 

aa ee 
no-o~o Occ-O~cl (anti) 

aco-agca (anti) 

It is clear that a combination of o - o *  and n -o* ,  i.e. the anomeric effect a42), inter- 
actions favor the aa conformation. 

The two cis conformations are shown below along with a listing of the dominant 
sigma orbital interactions: 
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CI 

C1 

a e  a e  r 

e c C - - o ' C C l  e C H - O C C l  

eCH -oCCl 
, 

n O-o'ccl 

11. Structural Effects of o -o  Interactions 

Table 52. Relative energies of the conformations of 1,2-disubstituted cyclohexanes, C6H 10 XY 

X Y Eaa- Eee (kcal]mol) a) Ref. 

CH 3 CH 3 3.6 373) 
C1 C1 .214 374) 
Br Br -.305 374) 
C1 I -.242 375) 

a) Ea a = Energy of the axial~xial conformation. 
Eee = Energy of the equatorial-equatorial conformation. 

Arguing as before, we conclude that the ae conformation will be the most stable 
cis conformation. A comparison of  the sigma conjugative interactions which obtain 
in the most stable trans conformation, the act conformation, and the most stable 
cis conformation, the ae conformation, leads to the conclusion that the trans diaxial 
isomer is the most stable conformation of  this molecule. 

Experimentally, the 2,3-dichloro analogue of  pyranose exists preferentially in 
the diaxial form aTO. On the other hand, in the 3,4-dichloro compound,  the chlorines, 
prefer the diequatorial position a77). 
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Part  V. B ond  Ion ic i ty  Ef fec t s  

12. T h e o r y  

As we have discussed before, molecules can be dissected into fragments. Unless 
two fragments are identical, we can define one as the donor fragment D and the 
other as the acceptor fragment A 9. The electronic states of the composite system 
can be described in terms of linear combinations of wavefunctions appropriate to 
the fragments D and A. In order to maximize the simplicity of  the theory and yet 
retain the important features of our analysis, we may choose a minimal basis set of 
zero order configuration wavefunctions. The zero order configuration wavefunctions 
forming our basis set are: 

1. The no bond configuration DA. 
2. The locally excited configurations D*A and DA*. 
3. The charge transfer configuration D+A - and D - A  +. 
For brevity, we shall use the term configuration as an alternative term for zero 

order configuration wavefunction. By employing familiar quantum mechanical prin- 
ciples 378), we can write each configuration of the basis set as a linear combination 
of Slatez determinants. The energies associated with the five configurations can be 
written as follows: 

E(DA) =0  (29) 

E (D+A-) -~ I D - A A - C (30) 

E (D-A+)~  I A - A D - C' (31) 

E(D*A) ---- G (32) 

E(DA*) -- G' (33) 

In the above equations, I D is the lowest ionization potential of the donor, I A that 
of the acceptor, AD is the electron affinity of the donor, AA that of the acceptor, 
C and C' are the electrostatic attractive interactions of the excess electron of one 
fragment with the electron hole of the other fragment and G and G' are local frag- 
ment excitation energies. 

We note at this point that, when the two fragments become identical, the charge 
transfer configurations and the locally excited configurations will have to be replaced 
by charge-resonance and exciton-resonance configurations, respectively. 

Inspection of Eqs. (29-33)  reveals that the quantities ID, IA, At), AA, 
G, and G' can be extracted from experimental data and only C and C' need to be 

J) When the two fragments or molecules are identical appropriate symmetry adapted wave- 
functions should be constructed. 
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Part V. Bond lonicity Effects 

calculated explicitly. Thus, we are in a position to rank the various configurations 
according to their relative energies as determined by reference to experimental data. 
These configurations represent the electronic states of the molecule in the hypotheti- 
cal case of zero configuration interaction. Obviously, the real electronic states result 
from the interaction of the various configurations and the difference in energy 
between a configuration and the corresponding electronic state can be thought of 
as the stabilization or destabilization energy due to configuration interaction. 

We can now consider explicitly how configurations interact to produce electronic 
states. Our first task is to define the Hamiltonian operator. In order to simplify our 
analysis, we adopt a Hamiltonian which consists of only one electron terms and we 
set out to develop electronic states which arise from one electron configuration mixing. 

~I A A 
= H D + H A + fi' (34) 

In Eq. (34), HI3 operates only on fragment D, HA operates only on fragment A and 
H' operates along one or more forming bonds. Next, we assume that the MO's of 
D and A are orthogonal with respect to HD and HA, correspondingly, and that 
overlap can be neglected. A quantitative determination of the electronic states of the 
molecule can then be easily accomplished. Specifically, we can construct the energy 
matrix, where the diagonal elements are the energies of the zero order configura- 
tions and the off diagonal elements are the interaction terms between the zero order 
configurations. The important thing is that many of these matrix elements can be 
empirically evaluated by reference to experimental data. We can solve the corre- 
sponding secular determinant and get the eigenvalues and eigenvectors of the elec- 
tronic state wavefunctions. The availability of high speed computers and the exis- 
tence of ionization potential and spectroscopic data which can serve as empirical 
input make such configuration interaction calculations possible for systems of 
chemical interest. 

While the theoretician might be interested in the subtle features of a problem 
which can only be revealed by explicit computation, the organic chemist is more 
interested in a general qualitative theory which can be directly applicable to prob- 
lems of interest without the need of computer assistance. Hence, we should reduce 
the quantitative scheme to a qualitative scheme which can still retain the important 
features of the theory. The various steps which one has to follow in attempting a 
qualitative configuration interaction analysis are given below: 

Step 1. Rank the basis set configurations according to their relative energy. This 
can be implemented by means of Eqs. (29) to (33). 

Step 2. Construct the interaction matrix for the basis set configurations. 
Step 3. Generate the electronic states by noting that the energy change of any 

two nondegenerate basis set configurations arising from their interaction will be 
inversely proportional to the energy difference between the two basis set configura- 
tions and directly proportional to the square of their interaction matrix element. The 
analogy between MO splitting, which is familiar to the organic chemist, and confi- 
guration splitting as a result of  interaction is shown in Fig. 51. 
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12.1. The LCFC Approach to Geminal Interactions 

(b) 

Electronic states 
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/ / 
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/ / 

t t t 
Unperturbed MO's Zero order Configurations 

Fig. 51. (a) MO interaction diagram involving the ~ and ~' MO's. (b) Configuration interaction 
diagram depicting the interaction of the W and W' configurations 

We shall now illustrate how this approach, designated the Linear Combination 
of Fragment Configurations (LCFC) approach, earl be applied to diverse chemical 
problems. 

12.1. The LCFC Approach to Geminal Interactions 

The LCFC approach provides the basis for the development of  an overview of the 
shapes of  AX 2 and AX a molecules. In order to maximize simplicity, we have devel- 
oped a model which restricts the number of  basis set configurations in such a manner 
that only the key electronic changes accompanying the bending of a linear tri- 
atomic molecule or the pyramidalization of a fiat tetraatomic molecule are con- 
sidered. The various features of  our model are the following: 

a) The electronic configuration of the central atom in AX2 or AX 3 is taken to 
be the one which approximates the electronic configuration of A in linear AX2 and 
planar AX 3. The same procedure is followed for the ligand X. 

b) The basis set configurations are selected in such a manner that they represent 
the interaction "turned on" by bending or pyramidalization. 

c) An equation of the bending or pyramidalization tendency, like Eq. (24) is 
written where i and j represent now basis set configurations. 

We first consider the case of  OX 2 as an example. The configuration of the cen- 
tral atom is shown below. Note that two electrons are placed in a 2 py orbital to 
reproduce the 2py lone pair of linear OX 2 and one electron is placed in each of the 
2px and 2 s AO's which constitute the two valence AO's of O utilized in bonding in 
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the linear geometry. The energy of the doubly occupied 2py is approximated by the 
computed pi ionization potential of linear OX2 appropriately calibrated with 
respect to experimental data. 

++ 2py 
+ 2p x 
+2s 

The configuration of the two ligands is shown below for X=H and X=F. 

0 0 --I- 

H2 

,s H -  

x^ -H- 

xs tt 

�9 �9 

F~ 

Note that single occupancy is assigned to AO's which are principally utilized in form- 
ing the sigma bonds in linear OX 2. 

Let us now identify the M_O interaction which is "turned on" upon bending in 
the case of  H20. By reference to Fig. 40, we can isolate this interaction as being the 
one between the 2 py AO and symmetric MO, ~s, spanning the two hydrogens. The 
configurations which upon mixing can reproduce this interaction are the ones shown 
below along with their respective energies. 

2py 4+ 
2px + 
2s + 

(o) 
E=O 

+ 0A + + 
+ OS + 

+ 

(H2) (O +) (H~) 
E = I (2py) O - A(OS)H + C 

Proceeding in a similar fashion, we can identify the stabilizing MO interactions which 
are "turned on" upon bending in F20. By reference to Fig. 52 we can isolate four 
such interactions: 

a) The 02py--~s interaction 
b) The 02py-Xs  interaction 
c) The 02px--0A interaction 
d) The 02S-0s  interaction 
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~,^ (a) 
A--"~ 
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O XA AS 
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2px 
AS 
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\ 
\ 

(b) 

r s ~ . . . . .  \ \  

\ \  \ - ~  s 2p, 

_ _  \ 

2px C ~ D  

A 
/ 

/ __....-------'~ T 2s 0 
p ~ 

Fig. 52. Interaction diagrams for (a) linear and (b) bent F20. The interactions "turned on" 
upon bending are shown by the dashed lines 
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The configuration which upon mixing can reproduce these interactions are given 
in Scheme 18. 

Scheme 18. 

a) 02py- Cs interaction. 

2py 44- + 
2Px + + CA + 

+ r + -H- 
2s + + 

(O) (F 2 , (EO=+)I ( F ~ #  
E=0 (2py) O S) F + C 

b) 02py-xs  interaction is not reproduced. One would have to construct high energy configura- 
tions of F 2 in order to achieve that. 
e) The 02px-@A interaction. 

2py -H- 
2p x + 

2s 

4 - t -  

-H-g, A 
-H-g, S + 

+ + 

(O) (F 2) (O-1 (F~) 
I(~0A )F - A (2Px) O + C' E=0 E 

d) The 02s-~0 S interaction 

2py -H- -H- 
2Px + 4+ ~)A + ++ 

++~S + 
2s + -H- 

(O) (F2) (O-)' (F~)' 
E=0 E = I(~0S) F - A (2s) O + C" 

The reader will now realize the following trends: 
a) The interaction (O)(F2)  - (O +) (F~-) is the one which corresponds t o  the geminal 
interaction present also in H20.  
b) The interaction (O)(F 2) - ( O - ) ( F ~ )  corresponds to a back-bonding interaction 
and is identical to the type o f  interaction discussed in Section 5.1. An additional 

- -  p + t 
back-bonding interaction is that between (O)(F2)  and ( O )  (F2) .  

Some comments are now appropriate. Firstly, the ionization potential o f  a 
doubly occupied AO is set equal to the ionization potential o f  the lone pair of  an 
appropriate model system. Secondly, the ionization potential o f  a singly occupied 
AO is set equal to the valence state ionization potential a79) o f  the atom in the appro- 
priate electronic configuration. Thirdly, due to the small splitting o f  the symmetric 
and antisymmetric MO's spanning the ligands, e.g. Ss and $A, the corresponding 
electron affinities or ionization potentials are set equal to the appropriate valence 
state electron affinities or ionization potentials. In the cases at hand, the following 
data have to be used. 

I (2py)  ~ ~- I (H20,  linear) 
I ( ~ . )  r_~ I ( ~ s )  F = I(2p)  ~ = 

12.67 eV 
20.88 eV 
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A (Os) H ~ 0.747 eV 
A (2px) ~ ~ 2.70 eV 
A (2s) O "-_ 35.30 eV 
A (~s) F "_ 3.65 eV 

The diagram shown in Fig. 53 depicts how geminal interactions and back-bond- 
ing effects come into play as a result of  bending in OF2 as well as how geminal inter- 
actions affect the bending of  OH2. This diagram clearly illustrates that geminal inter- 
actions will become increasingly important as the energy gap between (O) (X 2) and 
(O +) (X~-), 8 E ~  decreases and the corresponding interaction matrix element, H[i, 

(a) 

(0-) (F~) 

(O-)'(FD' 

(0 +) (FT) -I 
6E o 

_1 
6E B ~E Br 

(b) 

(O+)(H~) 

E=O (O) (F2) (O) (H2) 

~E c 

_l 
(a) (b) 

Fig. 53. LCFC interaction diagram for: (a) F20 and (b) H20. 8 E G is the energy change due 
to the geminal interactions and 8 E B is the energy change due to back bonding of the lone pairs 
of F to the oxygen 

increases in absolute magnitude. It also indicates that back-bonding will become 
increasingly important as the energy gap between (O) (X2) and (O - )  (X~), 8 E B, 
decreases and the corresponding interaction matrix element increases. 

a) ~1I-I 2, OH2, l~H2 series. Here, 8 E G decreases in the direction ~ ~ N, while 
the interaction matrix elements do not vary. Hence, we predict angle shrinkage to 
increase in the direction i ~ -~ N. The same trends are predicted ff H is replaced by 
any group X. Similar results are obtained for the I/H2, SH2, ~lH2 series. 

b) H20, H2S series. Here, 8 E G is smaller for H2S while H~j varies in an opposite 
direction. The variation in 8 E G dominates and a smaller angle is predicted for H2S. 
The same comparison can be made between NH 2 and P-H 2 as well as between [SH 2 
and ~IH 2. The same trends are predicted if H is replaced by any group X. 

c) OF2, OC12, OBr2, O12 series. Here, 8 E G and H~j both vary in a manner which 
favors increased angle shrinkage in the direction OI2 ~ OF2. Similar results are ob- 
tained for the SFz, SC12, SBr2, SI2 series. 
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d) Angle shrinkage is expected to be more pronounced in the comparison of  H 2 0  
vs. F 2 0  than in the comparison of  H2 S vs F2 S simply because the geminal inter- 
actions vary to similar extents while ~ E B and Hij favor a much greater back-bonding 
in OF2 than SF2. 

At this point, the reader may reasonably object: is it really appropriate to con- 
sider only the orbital interactions which are "turned on"  upon bending? This step can 
be justified on the basis o f  the observation that as bending occurs, the increase o f  
the overlap integrals appropriate to the interactions which are "turned on"  is much 
more significant than the decrease o f  the overlap integrals appropriate to the inter- 
actions already present in the linear form within a broad range of  angles. A typical 
plot is shown in Fig. 54 for the case o f  F 2 0  bending. 

1 = Os-Fs 4 = Opx-FS 7 = Opy-Fs 
2 = Os-Fpx 5 = Opx-Fpx 8 = Opy-Fpy 
3 = Os-Fpy 6 = Opx-Fp~ and 

Opy-FPx 

0.2 

0.1 

~4 

01K, P -  I I I 
180 ~ 160 ~ 14~ 120 ~ 

FOF angle 

Fig. 54. Plot of AO overlap integrals in F20 vs. the FOF angle. AO overlap integrals 3, 6 and 7 
are involved in the orbital interactions "turned on" by bending 
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12.2. Structural Isomerism 

While great attention has been paid to conformationa138~ and, more recently, geomet- 
ric isomerism, structural isomerism has strangely remained out of the focus of interest. 
Here, we shall show that structural isomerism may be the type of isomerism which is 
easiest to understand and will formulate simple predictive rules. 

Consider the model systems 1,1- and 1,2-difluoroethane shown below. 

H F F H 

F H 
H H 

The basis set configurations are shown in Scheme 19 (F2HC-CHa) and Scheme 
20 (FH2C-CH2F). Only the two charge transfer configurations of  lowest energy which 
can mix with the no bond configuration have been included since we are interested 
in the ground electronic states of  the two isomers. The energies of  the various basis 
set configurations have been calculated empirically on the basis of well known equa- 
tions and the interaction matrix elements have been evaluated with respect to an ef- 
fective one electron Hamiltonian. 

Scheme 19. 

§ H 

[CH3I [CHF2I ICH31- ICHF2]* [CH3]+ [CHF2I- 

Scheme 20. 

§ -t- % 
[CH2FI [CH2F] [CH2FI- [CH2FI + 

The interaction diagram of Fig. 55 shows that ~"~1 and [22 are sandwiched between 
[CH3]-[CHF2] + and [CH3]+[CHF2] - . The energetic depression of [CHa]-[CHF2] § 
relative to ~21 coupled with greater MO overlap in the case of  the 1,1-isomer ensure 
that the interaction of the no bond and charge transfer configurations is greater in 
CH3-CHF2 than in CH2F-CH2F giving rise to greater stabilization of the former k). 
Accordingly, we formulate the following roles: 

k) In some cases, the relative energy orderings of the A*B - and A-B + configurations of the 1,1 
isomer depends on the type of computation. However, the A'A- configuration of the 1,2 
isomer lies always between the A+B - and A-B+ configurations of the 1,1 isomer. 
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a) A 1,1-disubstituted molecule will always be more stable than its 1,2-isomer, 
if the two substituents axe identical. Furthermore, the difference in their stability 
will increase as the donor-acceptor properties of  the two fragments in the 1,1-isomer 
axe enhanced relative to those in the 1,2-isomer. 

b) A 1,l-disubstituted molecule may be more or less stable than its 1,2-isomer, 
ff the two substituents are different. The 1,1-isomer will be more stable if it corre- 
sponds to a better donor-acceptor combination and vice versa. 

[CH3] + [CHF2I- 
I 

[CH3]- [CHF2] + 

AEI 
/ - -  

I "  

. t "  

AE2 

1 
f ~_~ 

AE3 

[CHal [CHF2] [CH2FI [CH2F] - 
.-... 

(a) (b) 

Fig. 55. Configuration interaction diagram for (a) 1,1 difluoroethane and (b) 1,2 difluoroethane. 
~21 and s2 2 axe charge resonance configurations, i.e. 

1 
~1 = ~ ([CH2FI- ICH2F] ++ ICH2FI+ICH2F] - )  

1 
,12 2 = , ~  ([CH2F]- [CH2F] +-  [CH2FI+ICH2FI - )  

A pictorial representation of the interaction matrix elements,/.e, a pictorial 
representation of the key orbital interactions responsible for the greater stability of  
the 1,1-isomer, is given below. 

The greater interaction of the no-bond configuration with the charge transfer 
configurations in F2CH-CH 3 than in FCH2-CH2F dictates not only a greater stabil- 
ity of the 1,1-isomer but also a shorter C - C  bond in F2CH---CH 3 than in FCH 2 - C H  2 F. 
We are then led to the formulation of the following rule: the bond distance between 
the atoms which bear the two identical substituents in the 1,2-isomer will be shorter 
in the case of  the 1,1-isomer unless special effects mitigate this trend. 
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12.2. Structural Isomerism 

~O (~rO 

The same type of arguments can be extended to disubstituted olefms. Consider 
1,1-difluoroethylene vs. 1,2-difluoroethylene. The appropriate basis set configura- 
tions axe shown in Scheme 21 and 22 for the 1,1-isomer and the 1,2-isomer, respec- 

Scheme 21. 

§  --o Ho §  t o 
o §  o ~  o o§  o §  
[ca21 ICF21 [CH21~ [CF2]~ ICH21~, ICF21~ [CH21ff [CF21~ ICH21~ [CF217r 

Scheme 22. 

o+ § o++ § o+ § 
[CliFf [CHFI [CHF]~ [CHFI~r [CHFI~. [CHFI~r 

tively. Again, only charge transfer configurations which can mix with the no-bond 
configuration have been considered. The interaction diagram of Fig. 56 shows that 
the 1,1-isomer will be stabilized relative to the 1,2-isomer for the same reason as in 
difiuoroethane. 

An inspection of the interaction matrix elements responsible for the stabilization 
of the ground electronic state of F2C=CH2 provides a partial understanding of the 
angle problem in 1,1-disubstituted olef'ms. Specifically, the following interaction 
matrix elements increase as the FCF angle decreases and the HCH angle remains 
constant because the corresponding MO overlap integrals increase by virtue of re- 
lieving long range antibonding interactions. Once more, we have identified a non- 
bonded interaction effect favoring small angles in X2C=CH2 molecules l). 

I) Undoubtedly, pi conjugative effects contribute to this trend. See Ref.l). 
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Part V. Bond lonicity Effects 

ICH2]~r [CF2]~ - -  
123 I24 

[CH:I~ tCF21~ . . . . . . .  

t 

[ell zlb [CF 21~ ~ 

ICHz]6 [CF2]~ 

[CH2] [CF2I . .  [CHF] [CHF} 

(a) (b) 
Fig. 56. Configuration interaction diagram for (a) l,l-difluoroethylene and (b) 1,2-difluoro- 
ethylene. ~21 and s22 are sigma charge resonance configurations. Similarly, I23 and ~24 axe pi 
charge resonance configurations 

.,Jo  % o 
Obviously, as the energy separation of the no bond and charge transfer configu- 

rations decreases, an increase in the corresponding matrix element via the angle 
shrinking mechanism would have an increasingly pronounced effect on the stabili- 
zation of the ground state. Thus, as the energy of the lowest charge transfer con- 
figuration,/.e. [X2C]*[CH2]- or [X2C]-[CH2]*, of  a X2C=CHz molecule de- 
creases, the XCX angle will tend to shrink, unless mitigated by a steric effect. Un- 
fortunately, this rule cannot be rigorously tested because precise ionization poten- 
tials and electron affinities of  the fragments are not known and cannot be estimated 
in a quantitatively reliable sense. Furthermore, test calculations have led us to suspect 
that in most such cases electronic effects will run counter to "steric" effects. 

The theoretical model which we have proposed is amenable to testing. Thus, we 
pursued both ab initio and CND0/2 calculations. In the ab initio studies, we cal- 
culated the three isomers of C4Hs at the most stable conformations of  the methyl 
groups employing the Gaussian 7026) series of computer programs. Extensive geom- 
etry optimization was carried out. Since the geometrical parameters for the cis and 
trans isomers have been reported before 6), we provide only the data for isobutene 381) 
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12.2. Structural Isomerism 

(Table 53). The relative energies of  the three structures are given below. Clearly, the 
predicted greater stability of  X2C=CH2 over CXH=CHX when X is methyl is repro- 
duced well by these computations. Preliminary results 382) indicate that this is also 
true for the isomers of difluoroethylene and the isomers of dihydroxyethylene. 

Table 53. Computed energies and geometric parameters of isobutene 

r(C1-C2) A 1.32 
r(C 1 -C 3) A 1.53 
r(Ca-H) A 1.09 
r(C2-H) A 1.07 
< C3C1C 4 (deg.) 115.7 
< HC2H (deg.) 120 
< H C3H (deg.) 109.5 
ENa) 119.50258 
Eel a) -275.38822 
ET a) -155.88564 

1.32 1.32 
1.53 1.53 
1.09 1.09 
1.07 1.07 

116.6 118.4 
120 120 
109.5 109.5 
119.49059 119.47696 

-275.37289 -275.35502 
-155.88230 -155.87806 

a) Single 4-31G calculation at the geometries listed above. 

Ere I (kcal/mol) 0.0 2.113 0.251 
Basis set: 4-31G 

What kind of evidence is available to support the various rules we have proposed? 
The relative stability of  1,1- and 1,2-homodisubstituted molecules, where the two 
substituents are identical, can be assessed in the following manner: 

a) By comparing experimentally determined heats of formation. Pertinent data 
are shown in Table 54. 

b) by comparing heats of  formation estimated on the basis of  group of  additivity 
relationships. Pertinent data are shown in Table 55. 

c) Spectroscopic determination of  molecular geometries. Pertinent data are 
shown in Table 56. 

An examination of the various tables leads to the following generalizations: 
a) In cases where experimental heats of  formation are available and irrespective 

o/the electronegativity o/the substituent, the l , l-isomer is more stable (Table 54). 
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Table 54. Experimental heats of  formation of isomeric compounds 

Compound AH~ (kcal/mol) ReL 

MeHC=CHMe 

Me2C=CH 2 

EtHC=CHMe 

EtMeC=CH 2 

EtHC=CHEt 

Et2C=CH 2 

CH3CH2CH2CH3 
(CH3)2CHCH3 

X2> 

MeHN-NHMe 
Me2N-NH 2 

CH3CH(OH) 2 
HOCH2CH2OH 

CFaCH 3 
CHsFCF2H 

CHC12CH 3 
CH2CICH2C1 

CH2CI-CHC1CH 3 
CH3CC12CH 3 

cis - 1.67 383) 
trans - 2.67 383) 

- 4.04 383) 

cis - 6.71 383) 
trans - 7.59 383) 

- 8.68 383) 

cis - 11.38 383) 
trans - 13.01 383) 

- 13.38 383) 

- 30.15 383) 
- 32.15 383) 

- 33.05 383) 

cis - 30.96 383) 
trans - 32.67 383) 

- 43.26 383) 

cis - 41.15 383) 

trans - 43.02 383) 

-100 .6  383) 

- 9 8 . 1  3 8 3 )  

+ 21.6 383) 
+ 20.4 383) 

-103.1 383) 
- 92.4 383) 

-178 .0  384) 
-167  384) 

- 30.6 384) 
- 29.7 384) 

- 39.7 384) 
- 4 1 . 4  3 8 4 )  
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Table 55. Estimated heats of formation 
f o r  several compounds 383) 

AH~. (keal/mol) 

FHC=CHF 

F2C:-CH 2 

CIHC=CHCI 

CI2C=CH2 

MeHC=CHMe 

Me2C=CH2 

CHF2CH 3 
CH2FCH2F 

CHCI2CH 3 
CH2C1CH2CI 

CF3CH 3 
CHF2CH2F 

CCI3CH 3 
CHCI2CH2CI 

cis - 75.2 
trans - 75.2 

- 71.24 

cis + 4.2 
trans + 4.2 

+ 4.46 

c/s 
t r a n s  

- 1 . 9 8  

- 2.98 
- 3.56 

12.2. Structural Isomerism 

Table 56. The carbon-carbon double bond 
length in several olefins 

Olefin r(C=C) a) Ref. 

CH2CH 2 1.337 385) 

cis.CHFCHF 1.324 386) 
CF2CH 2 1.315 386) 

cis-CHCICHC! 1.354 387) 
trans-CHC1CHC1 1.343 388) 

CCI2CH 2 1.324 389) 

trans-CHaCHCHCH 3 1 . 3 4 7  3 9 0 )  

(CH3)2CCH 2 1.331 391) 

-119.38 a) In ~mgstrom. 
-103.6 

- 28.98 
- 31.2 

-168.48 
-161.1 

- 30.87 
- 34.50 

b) Heats o f  formation estimated on the basis o f  the additivity relationship 
(Table 55) indicate that, inter alia, 1,2-difluoroethylene is more stable than 
1,1-difluoroethylene by 4.96 kcal/mol. We suggest that the cases where the additiv- 
ity relationship indicates that the 1,2-isomer has greater stability than the 1,1-isomer 
constitute situations where the principle o f  additivity o f  thermodynamic quantities 
breaks down. 

c) The variation in the C - C  or C=C bond length as a function of  the type of  
substitution is such that it is always shorter in the 1A-isomer than in the 1,2-isomer 
irrespective o f  the electronegativity o f  the substituent. 

It is clear that when the two substituents are identical, one does not need any kind 
of  calculation in order to predict relative stabilities. A need for calculation arises 
only when the two substituents are nonidentical. Even in those cases, qualitative 
trends have emerged 392). Exceptions will be found when through space steric 
repulsion of  the substituents in the 1,1-isomer plays a dominant role. This may be 
the case for pi accepter substituents such as CN, COOR, C6H5, etc. 

The approach described above seems to lead to reliable predictions regarding 
structural isomerism. The principal reasons are the following: 
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Part V. Bond lonicity Effects 

a) The fundamental equation of perturbation theory 16) which describes the 
energy change of i due to its interaction with j involves an interaction matrix element 
Hij and an energy gap e i -e  j. In comparisons of  1,1- v s  1,2-isomers the interaction 
matrix element remains relatively constant and the energy gap determines relative 
stability. This situation is not always met in discussions of reactivity problems where 
the Hii term can be found to vary faster than the ei-ej terms in certain comparisons. 

b) A factor which undoubtedly contributes to a greater stability of the 1,1 struc- 
tural isomers is intrafragment n - o *  conjugative interactions of the type shown 
belowa14). 

H 

These interactions are expected to be important when the substituents are F, C1, OR, 
SR, etc. On the other hand, this type of mechanism will not significantly contribute 
towards a greater stability of  the 1,1-isomer when the substituents are alkyl groups. 

Before departing the topic of  structural isomerism, we wish to point out that the 
key ideas presented here fit within a broad scheme of chemical reasoning. Thus, the com- 
bination of two different types of fragments, namely, two A and two B fragments 
to yield A2 plus B2 is less stable than the combination of the same fragments to 
yield 2 AB, the latter being superior because it involves a donor-acceptor pairing. 
The above statement is supported by ample experimental evidence. Representative 
examples are shown below 383): 

A 2 + B 2 ------ 2AB 2 AHf(AB)-AHf (A2+B 2 ) 
(kcal/mol) 

+ "''- 2 -16.16 

H3C CHa H H H3C H 

F F H H F H 

F' F H H F 

-19.10 

HaC CH 3 H ,CHa 

H ' ~ ' ~ H  + CHaCHa - - 2  H ~ H . C H  Hs 
HaC CH3 

H3C CH3 H CH~ 

H3C.~,.CH3 + CHaCHa --2 H/~-~.CH s 
H3C CH3 H CH3 

214 

- 1.57 

- 5.11 



12.3. Bond Strengths 

Similarly, the combination of  three different types of fragments, namely, A, B 
and two C fragments to yield AB plus C2 may be more or less stable than the com- 
bination of the same fragments to yield AC plus BC depending upon the donor-ac. 
ceptor interrelationships. In all cases, however, the success of the approach is guar- 
anteed only if matrix elements remain relatively constant. 

12.3. Bond Strengths 

We shall now examine the effect of  bond ionicity upon bond strength. For example, 
consider the bond strength of H - X  as the electronegativity of X increases while the 
interatomic distance, rrix, as well as the spatial overlap between the AO's of  H and 
X remain constant. The LCFC interaction diagram of Fig. 57 indicates that in- 
creased mixing of the HX and H+X - configurations should lead to stronger HX 
bonding. 

H+X - 

J 
/ 

f 
J 

/ 
/ 

J 
. /  

f H+X - , 

t t - -  
I t / 

/ / 

HX ~ \  HX -~ 

" x  
" x  

" x  

Large stabilization, strong bond Small stabilization, weak bond 

Fig. 57. LCFC interaction diagram for (a) highly electronegative X atom and (b) moderately 
electronegative X atom 

The degree of mixing of the no bond and lowest charge transfer configuration 
is expected to increase as the ionization potential of  one singly occupied AO de- 
creases and the electron affinity of the second singly occupied AO entering bonding 
increases while the AO coefficients remain unity. However, in situations where an 
increase of  the polarity of  the system, i e. a decrease of  the quantity ID-- AA, is 
counteracted by a drastic shrinkage of the AO coefficients of  the uniting centers, 
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Part V. Bond Ionicity Effects 

the reduction o f  the absolute magnitude of  the interaction matrix element may 
dominate the diminution o f  the energy gap separating the interacting DA and D+A - 
configurations. The smaller C - H  bond dissociation energy of  C H 2 = C H - C H 2 - H  as 
compared with that of  CH 3 - C H  2 - C H 2 - H  is an example o f  matrix element control 
effect. 

(a) Group MO's 

Xl ~ PY 

C 

(b) Basis set configurationg 

+ t f H 
t H H t 

H2 C H~ C- (HD' C- H~ ~C-)' 
r Ct r r 

(HD' 

H 
t 

(C-)' 
~4 

t H t H 
H t H -I- 

t f 
t } 

H i C + (Hi)' C + Hg (C+) ' (H~)' (C*)' 

Fig. 58. (a) Hydrogen group MO's and carbon sigma AO's for H2C. (b) The important basis set 
configurations for linear H2C 
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12.4. Valence lsomerization 

A well recognized effect, often referred to as the fluorine effect, is related to 
bond shortening upon progressive substitution of one center by electronegative 
groups such as fluorine 316). The LCFC approach leads to a satisfactory understanding 
of this trend. 

Consider the simplest system where successive substitution of  hydrogens by 
fluorine may obtain, ie. H2A where A = C. The sigma group MO's of the ligand 
and the sigma AO's of the central atom are shown in Fig. 58 along with the most important 
configurations for a fixed geometry, e.g. a linear geometry. The latter geometry is 
chosen in order to simplify the problem. Thus, only the two sp AO's of the central 
carbon atom need be considered since the py AO cannot mix with either ~b I or ~2. 
This restricts the number of configurations which are necessary for an appropriate 
description of the bonding. 

The interaction of the various configurations leads to sigma bond formation 
and this can be pictorialized by reference to the one electron interaction matrix 
elements responsible for mixing of the various configurations. Typical examples are 
shown below. 

0 0 0  
H C H H C H 

<H2 C{~'(H~-C+> <H2 CII~I'I(H~)'C+> 

Clearly, successive replacement of a hydrogen by a more electronegative atom 
will shrink the energy gap between the no bond and charge transfer configuration 
of the type Cq-I~ leading to stronger bonding of  the central atom and each of the 
ligands (see Fig. 59). The effect will further be accentuated by substitution of the 
second hydrogen by a more electronegative atom. Accordingly, the LCFC approach 
predicts that successive replacement of hydrogens by more electronegative atoms 
should lead to increasing shortening of all sigma bonds emanating from the central 
atom, other things being equal. 

The effect of successive fluorination of hydrocarbons on bond lengths has been 
extensively discussed in a recent review article which summarizes the most important 
experimental trends 316). These trends are nicely accounted for by the LCFC ap- 
proach. 

12.4. Valence lsomerization 

The effects of substituents on valence tautomerization can be partially understood 
on the basis of  the LCFC approach. Consider for example, the two valence isomer- 
izations shown below: 

= -8 kcal/mo1394) AH 
3 3 4 

F F 2 
F D F 2  ~ ~ F 6  AH = 11.7 kcal/mo1395) 
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4s - 48 f i ~  

4 1 - 4 .  f - -  

\ / 
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/ 
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/ 
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/ 
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\ 
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4 5 -  48 ~ -  

40 40 

~E 

Weak interaction Stronger interaction 

Fig. 59. Dependence of the energy gap between no bond and charge transfer configurations as 
a function of ligand electronegativity. Increasing ligand electronegativity results into stronger 
bonding between the central atom and each of the ligands 

One could say that the major change in this transformation amounts to a change 
in the hybridization of C a and C4 from sp a to sp 2 and an accompanying change in 
the bond C3-X  (or C4-X)  bond strengths. The LCFC diagrams shown in Fig. 60 
clearly demonstrate that the rate of change in C - X  bond strengths will be greater 
for the fluoro derivative. Other effects may well contribute towards the preference 
for attachment to saturated rather than unsaturated carbon exhibited by fluorine. 
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Fig. 60. The differential stabilization of C-X bonds as a function of hybridization 

In short, all the problems discussed in Part V involve a variation of bond 
strengths accompanying a structural change. The LCFC approach is well suited for 
monitoring this effect. 

13. Other Approaches  

General theories of molecular structure have been advocated by different groups 
in the past but their applicability has been restricted to the shape,/.e, bond 
lengths and bond angles, of "small" molecules. Two types of approaches deserve 
special mention: 

a) The "hybridization" theories based upon valence bond type arguments 396). 
b) The Valence Shell Electron Pair Repulsion (VSEPR) model based upon an 

interpretation of the Pauli Exclusion Principle a97). 
Firstly, we shall point out that the aforementioned theories have been extremely 

useful in organizing our thinking regardless of "how theoretically valid" they actually 
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were. Secondly, we shall argue that these models have now served their purpose and 
should be replaced by the more general OEMO model advocated in this work. This 
latter model is applicable to important problems, such as conformational, geometrical, 
and structural isomerism, whereas the "hybridization" and VSEPR models are not. 
Furthermore, we have been able to explain trends in molecular shape previously 
unintelligible on the basis of the "hybridization" or VSEPR models. These trends 
are, in summary, the following: 

a) The fact that perfluorination shrinks the angles of NH a but not of PH 3, etc. 
b) The fact that replacement of Y=CH 2 by Y=O shrinks the XCX angle in 

CX 2 =Y. 
c) The fact that PH 3 has smaller angles than NHa, etc. 
We shall next discuss other approaches to structural problems which have been 

aired in the literature and which have led to conclusions which are incompatible 
with ours. In one case, the conclusions are accidentally compatible. 

Disheartening as it is to criticize the efforts of other research groups, it is neces- 
sary to pinpoint such approaches which, to the best of our knowledge, are deficient, 
in order to serve the interests of the experimentalist who is not a theoretical expert. 
Indeed, very often the reader of scientific journals is exposed to conflicting theoret- 
ical viewpoints. As a result, a confusion arises as to what is right and what is wrong. 
In view of these considerations, we have endeavored to provide a detailed critique 
of other approaches and demonstrate in some detail their shortcomings. 

Wolfe and collaborators have stated the following three rules 3a2' 398-4oo). 
1. Electron pair-electron pair, electron pair-polar bond, or polar bond-polar 

bond interactions cause a significant increase in rotation-inversion barriers of  atoms 
bearing these substituents. 

2. When electron pairs or polar bonds are placed or generated on adjacent 
pyramidal atoms, syn or anti periplanar orientations are disfavored energetically 
with respect to that structure which contains the maximum number of gauche inter- 
actions. 

3. The relative importance of the "gauche effects" associated with polar bonds 
and lone electron pairs is polar bond-polar bond > polar bond-lone pair > lone 
pair-lone pair. 

The first rule apparently pertains to inversion problems. In B, as we already have 

A B 0 C 

discussed, electron pair-electron pair interaction will increase the inversion barrier 
relative to that in A. However, in C, where the G - X  bond is assumed to be polar, 
the inversion barrier may be reduced (G-X= good accepter bond) or increased 
(G-X = poor accepter bond) relative to A. Clearly, rule 1 will lead to erroneous 
predictions when the polar G - X  bond becomes a good accepter. 
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The second rule is directly relevant to conformational isomerism. In Part IV of  
this work we have provided the theoretical justification of this rule and also identi- 
fied the situation where this rule may break down. A typical exception is shown 
below and involves a molecule where two vicinal polar bonds constitute the best 
donor-acceptor fragment combination and, thus, lead to a conformational prefer. 
ence placing them in an anti-relationship. 

Br 

Br 

The third rule leads to the inference that decreasing the polarity of the C-X  
and/or O- Y  bond in cxtt2-oY will reduce the magnitude of the anomeric effect aaa). 
Following the reasoning exemplified in Part II, we can produce many cases which 
contradict this inference. Thus, the anomeric effect gets stronger along the series 
X = I > Br > CI > F where C-X  bond polarity varies in the opposite direction. 

Up until this point, the contribution of the aforementioned workers could be 
characterized as the formulation of  purely empirical rules based upon consideration 
of some, but not all, experimental evidence. The rules of Wolfe and collaborators 
were devoid of any theoretical basis and, thus, could never do anything more than 
act as basis for extrapolation from known experimental data. Thus, the variation of 
the anomeric effect as a function of halogen substituent alluded to before never at- 
tracted the attention of these authors simply because their rules were founded on an 
intuitive concept of bond polarity which deceptively seemed to be consistent with 
the great majority of the experimental facts encompassed by the three rules as 
stated. 

Wolfe and collaborators attempted to understand the origin of the "'gauche 
effect" by using an intuitive interpretation of good quality ab initio calculations. 
The result of these attempts has been the generation of a model which is confusing. 

For instance, Wolfe and collaborators concluded that the origin of a barrier 
can be understood principally in terms of the interactions of the bonded electron 
pairs. The authors further stated: "The nonbonded electron pairs, until now 
considered to be directed ligands with stereochemical character of their own, must 
be exhibiting nondirectional behavior, i.e., they create a quasispherical potential 
field in which the true ligands (or bonding pairs) move. Such an averaged interaction 
between nonbonded electron pairs would not significantly influence the shape of 
a resulting potential barrier ''332). This interpretation of the "gauche effect" is 
theoretically unclear. Part of the problem lies in the confusion associated with the 
Canonical MO (CMO) and localized MO (LMO) representations. For example, 
from inspection of the various CMO's of H20 one can immediately recognize two 
types of lone pairs, an sp 2 and a p lone pair, something confirmed by photoelectron 
spectroscopic results 3s). This point is discussed by Salem and co-workers in a recent 
article 4~ while the difference between CMO's and LMO's is discussed in many 
texts, e.g. Ref. 4~ When CMO's are properly analyzed, one arrives at the conven- 
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tional picture of directed hybrid AO's, e.g. see the excellent text by Salem and 
Jr 2~ By transforming CMO's into LMO's, one arrives at a different, yet 
equivalent picture of molecular structure, which, however, suffers from a distinct 
disadvantage, i.e. LMO's are not connected to experiment by a Koopmans' type 
theorem 2s) as are the CMO's. Many times an organic chemist will ask: how is it 
possible for methane to have four equivalent C -H  bonds and, yet, two different 
ionization potentials 3s) implying two different sets of MO's? This question indi- 
cates a failure to realize that the four equivalent bonds of methane refer to a 
localized description, where the LMO's are not connected to Koopmans' theorem, 
while the alternative delocalized description utilizes CMO's,/. e. three degenerate 
CMO's and one lower energy CMO, which are connected to Koopmans' theorem. 

Finally, it should be mentioned that Wolfe and his collaborators, and, more 
recently, Liberles and collaborators 4~ emphasized the fact that conformational 
preferences arise as a balance of attractive and repulsive components of the total 
energy of the system. It should be pointed out that such discussions, based on Allen's 
component analysis 4~ do not have any predictive value since they require the 
results of the full quantum mechanical calculation of the system under investigation. 

We now proceed to discuss in detail two other approaches which are directly 
relevant to the ideas presented in this book. Thus, in a recent paper, Kollman 4~ 
has questioned the role of  "nonbonded attraction" in determining the stereochem- 
ical properties of difluoroethylenes and related molecules. He has suggested instead 
that the "attraction" is due to changes in the nature of the C-X bonding orbital as 
X becomes more electronegative. 

The criticism focuses on the following points: 
a) In our original approach ~,  we treated the fluoroethylenes and other halo- 

ethylene type molecules by neglecting the s lone pairs and focusing attention only 
on the interactions of the Px and Pz lone pairs (see Scheme 23). This simplification 
was based on the fact that s lone pairs lie so low in energy that they cannot interact 
efficiently through bond. In other words, their contribution to nonbonded attraction 

Scheme 23. Axis  convent ion for X2C=CH2 and X2Y 

Y Y 

X m 

x 

~-X 

is small or negligible within the framework of the model we employed. Of course, 
this is borne out by ab initio calculations which show that the F2s-F2s overlap 
population in 1,1 difluoroethylene remains virtually constant when the FCF angle 
varies from 108 ~ to 120 ~ . 

b) In our original approach, we approximated the in-plane lone pair of a halogen 
as a Px lone pair. Kollman pointed out that the in-plane lone pairs have contributions 
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from all the in-plane basis AO's. However, the approximation used in our paper is 
known to have great practical utility. Thus, in photoelectron spectroscopy a lone 
pair ionization potential often refers to the energy required to remove an electron from 
an orbital which is not a "pure" lone pair orbital. Nonetheless, the concept of the 
"impure" lone pair is a useful one. It should be said that the results of  our analysis 
would remain unaffected if instead of a Px lone pair we assumed a hybrid lone pair. 

In the computational section, Kollman reports the results of ab initio calculations 
t t t t t t t # 

on model "pseudoethylenes", H1H2C 1 =C2H3H4, where H1, H2, C 1 and C 2 separately, 
or in combinations, bear modified nuclear charges in order to simulate the polarity 
of C-F  bonds due to the difference in the electronegativities of the atoms. He finds 

t # 
that as the simulated electronegativity of H' l or H l and Ha increases, the correspond- 
ing HCH angle tends to shrink. Since the key calculations are those simulating 
1,1-difluoroethylene, where the additional lone pair interactions can obtain, we shall 
focus, as the author did, on them. 

On the basis of the results mentioned above, Kollman draws the conclusion that 
"the results presented...show clearly that the attractive interaction in fluoroethylenes 
is an electronegativity effect and not due to "lone pair" interactions since there are 
no lone pairs in our model system". The limitations of this argument can best be 
realized by reference to the work of Mislow et al s2) who used the electronegativity 
simulation approach for studying the effect of substituents on the inversion barrier 
of ammonia. These workers found that pseudoammonia, NH2H' , displays an increased 
barrier relative to ammonia. Thus, the higher barrier of NH2F relative to NH 3 can be 
partially ascribed to an "electronegativity effect". This "electronegativity effect" is 
the resultant of  geminal interactions. But Mislow et al. were careful to consider 
the additional influence of lone pair-lone pair interaction and, in fact, argued 
that this latter interaction is more important than the "electronegativity effect". In 
short, contrary to his claim, KoUman's ab initio results do not rule out that non. 
bonded interactions between lone pairs or molecular fragments can be the dominant 
effect determining the XCX angle in X2C=CH2 . As we have already discussed, the 
small angles in such molecules result from nonbonded and geminal interactions. The 
importance of the nonbonded attraction component can be realized easily by con- 
trasting systems where pi nonbonded attraction, due to pi stabilizing as well as de- 
stabilizing orbital interactions, plus geminal interaction obtain to systems where no 
pi nonbonded attraction due to pi stabilizing orbital interactions is possible. Thus, 
for example, the oxygen series shown in Scheme 24 suggest that only fluorine groups 

Scheme 24. Impact of nonbonded attraction due to pi stabilizing interactions on molecular shape a) 

.,<.JL..,,, =...it..= 
109.3_+0.4 ~ 114.5_+1.0 ~ 115.8+0.6 ~ 116.2+0.8 ~ 

F /O" , ,~  ci,i"O'~c1 H 3C/'O~cH3 H- /O~H 
103.3 ~ 111 ~ ! 11 ~ 104.9 ~ 

a) Pi stabilization on angle shrinkage is possible only in the ethylene series. 
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are capable of shrinking the HOH angle. By contrast, in the ethylene series, the 
XCX angle is smaller than the HCH angle of ethylene irrespective of the electronega- 
tivity of the group X. A further interesting comparison is that between the series 
H20, HOF, F20 and the series CH2=CH2, CHF=CH2, CF2=CH 2. Here, two fluorines 
cause a greater angle shrinkage than one fluorine in the ethylene systems where the 

H / O ~ H  H / O ~ F  F . / ' O ~ F  
104.9 ~ 97.2 ~ 103.3 ~ 

H F F 
/ / / 

H2C=-C 116.2 ~ H2C=C 115.2 ~ H2C=C 109.3 ~ 

H H F 

additional influence of pi nonbonded attraction due to pi stabilizing orbital inter- 
actions can be felt while the situation is strikingly different in the oxygen systems. 
Next, Kollman assumes that the small FCF angle in F2C=CH 2 can be understood 
in terms of the F2C fragment, i. e. this implies that transferring a fragment X2C 
from vacuum to within a molecule should have a small or no effect on the X 2 C 
angle. This argument is sound if one assumes that other interactions which arise 
within the molecule are unimportant relative to any effects already present in the 
CX 2 fragment. Of course, this is not correct since we have already seen that the 
angle of a fragment XCX depends on the heteroatom which is attached on the carbon 
atom (see Table 32). 

Kollman chose to attempt to understand the angle shrinkage of 1,1 difluoro- 
ethylene by comparing this molecule to ethylene itself. He then noted that, in 
F2C=CH 2 there is a greater withdrawal of charge from the py than from the Px 
or s carbon AO's relative to ethylene. The same trend was found for the corre- 
sponding pseudoethylene. The author proposed and intuitive interpreation: 
"The carbon s and Px orbitals contribute relatively more to the C-F  bonding than 
the py and the fluorines move in toward the x axis to take advantage of the location 
of higher electron density". However, we have argued that C - F  bonding involves 
more p~, than Px carbon AO character and calculations show exactly that. Pertinent 
computational data is collected in Table 57 and the overlap populations make it 
unambiguously clear that C - F  bonding has a dominant contribution by the carbon 
2py AO. Furthermore, the noted trend that there is a greater withdrawal of charge 
from the py than the Px or s carbon AO's in F2C=CH 2 than in CH:=CH2 is not 
general. Thus, for example, in the triatomic fragments H20 or F20 and H2 C or 
F2C, where the angle is kept constant, there is greater withdrawal of charge from 
Px rather than py (see Table 58). Here, we deal with the absurd situation of a 
mechaniun for angle shrinkage based upon fragment consideration supported by 
calculation of the total molecule and denied by calculation of the appropriate frag- 
ment. The key factor influencing these charge redistribution effects is the back 
donation from the occupied n A lone pair MO to the vacant 7rg and rr u MO's of the 

ethylenic unit or the py AO of the central atom. This effect is greater for the oxygen 
system and tends to counteract the normal charge depletion expected simply on 
the basis of geminal interactions (see Section 5.0). 
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Table 57. Sigma overlap populations in AX 2 and CH2=AX 2 systems 

Molecule Calculation A X Geometry A2s-X A2px-X A2py-X 
type employed a) 

H20 EH O H Experimental .1244 .0557 .1630 
F20 EH O F Experimental OF .0459 .0744 .1221 

bond length F~F 
angle is as in H20 

H2C EH C H Bond length and .1318 .0648 .1314 
angle axe taken 
from experimen- 
tal C2 H4 geometry 

F2C EH C F Experimental C - F  .0163 .0529 .0711 
bond length, FCF 
angle same as 
HCH angle in CH 2 

H2C=CH2 EH C H Experimental .1475 .0703 .2110 

F2C=CH2 EH C F C2H 4 geometry; .0535 .0712 .1450 
experimental C-F  
bond length 

H2C=CH 2 Ab initio- C H STO-3Goptimized .1313 .0820 .1813 
STO-3G 
basis set 

F2C=CH 2 Ab initio C F STO-3G optimized .0530 .0557 .1041 
STO-3G 
basis set 

a) The x axis bisects the XAX, XCX and HCH angles and the molecules lie on the xy plane. 
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Table 58. AO occupation numbers in diverse AX 2 and CH2=CX 2 systems 

Molecule Calculation Geometry a) 2s 2Px 2py 
type 

H 20 EH Experimental 1.482 1.204 1.779 

F20 EH Experimental OF 1.702 .806 1.460 
bond length; FOF 
angle same as in H 2 O 

Difference (F20-H2 O) - -  .220 -.398 -.319 

H2C EH Bond lengths and 1.040 1.680 .369 
angles taken from 
experimental C 2 H 4 
geometry. 

F2C EH Experimental C-F 1.363 1.188 .199 
bond length; FCF 
angle same as HCH angle. 

Difference (F2C-H2C) .323 -.492 -.170 

H2C=CH2 EH Experimental 1.080 .971 1.045 

F2C=CH 2 EH C2H 4 geometry; 1.099 .859 .623 
experimental C-F  
bond length. 

Difference (C 2H 2F2-C2H2) .019 -.112 -.422 

H2C=CH Ab initio STO-3G optimized .756 .590 .655 

F2C=CH2 Ab initio STO-3G optimized .891 .604 .487 

Difference (C2H2F2-C2H2) .135 .014 -.168 

a) The x axis bisects the XAX, XCX and HCH angles and the molecules lie in the xy plane. 

( ~ >  F ' O ~  ~ F ~ I O  

9D",  9W,,F  

We now come to other aspects of  Kollman's work. Specifically, in our original 
work, we commented  upon the fact that greater nonbonded attraction between lone 
pairs is obtained in U or Y molecules. The relative stability of  isomeric U and Y 
systems, obviously, depends on much more than lone pair interactions. Accordingly, 
our original work did not  deal with this topic. Thus, the statement of  Kollman, 
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"MO symmetry arguments ... lead to incorrect conclusions on the relative energies 
of 'Y' and 'U' systems" is misrepresentation of our work. 

As we have discussed, the LCFC approach predicts that all 1,1-disubstituted mole- 
cules, where the two substituents are identical, are more stable than 1,2-isomers, regardless 
of the electronegativity of the substituent. On the other hand, Kollman proposed 
that the greater stability of 1,1-difluoroethylene relative to the 1,2-cis-isomer is a 
"charge" effect. An electrostatic depiction was provided in order to exemplify the 
argument, i. e. Kollman implied that better charge dispersal obtains in A than in B. 
This "charge" model would not work for substituents which are not highly electro- 
negative because in such an event, "charge" effects would be small. Furthermore, one 
might suspect that even in the case of  electronegative substituents, such as F, the model 
is actually wrong,/, e. 1,l-difluoroethylene is more destabilized relative to cis-l,2- 
difluoroethylene because of the proximity of the negatively charged fluorines. 

To test our suspicion, we used a point charge model and ab initio calculated 
atomic charges in order to evaluate the electrostatic energy of 1,2-cis and 1,1-difluoro- 
ethylene. 

Electrostatic 
Energy (kcal/mol) 
(STO-3G) 

F 6- H 5+ F 5- F 5- 

C 

A B 

13.61 -2.92 

In a recent article Bingham questioned the existence of long range attractive 
interactions and cited the Kollman work and certain experimental cases as evidence 
against our proposal 4~ The experimental data which Bingham cites are consistent 
with our ideas. Thus, the geometries of the isomeric 1,2-difluoroethylenes and the 
conformational preference exhibited by diaminomaleonitrile have already been dis- 
cussed in previous sections. The structural features of these molecules are under- 
standable in terms of our concepts. The preferred conformation of the pentadienyl 
anion and that of cis-hexacyanobutadiene anion are probably dictated by conventional 
steric and electrostatic effects. On the other hand, acetylacetonate adopts a con- 
formation where nonbonded attraction between the methyl groups can occur. 

We believe that the criticism of Bingham is without a real basis. Accidentally, 
the final conclusion, i. e. overlap repulsions favoring "crowded" structures, is, in some 
cases, correct. 
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We shall now enumerate the various theoretical aspects of Bingham's work 
which we hold to be unsatisfactory. 

a) Bingham states that pi electrons must delocalize preferentially through trans 
conformations. This fact is expressed by the comment that "electrons hate to go around 
corners" (e. e. electrons detocalize preferentially in straight lines) 4~ and may be 
interpreted quantum mechanically as a "kinetic energy effect". Normally, the term 
delocalization is connected to a comparison,/, e. we say that the pi system of trans 
butadiene is more delocalized than the pi system of cis butadiene meaning that the 
former pi system is more stabilized than the latter, the converse being true for the 
corresponding dianions. In this sense, the preference for delocalization depends on 
file number of ~r electrons. Furthermore while initially Bingham tells us that 
delocaUzation is a kinetic energy effect, he subsequently uses an interaction 
diagram in order to ascertain the extent of delocalization which he associates with 
a net sum of stabilizing and destabilizing orbital interactions. These, of course, are 
evaluated with respect to an effective one electron Hamiltonian which contains 
both kinetic energy and potential energy terms! 

b) Bingham considers the interaction of two orbitals and reiterates the well 
known result of perturbation theory that a two electron interaction is stabilizing 
and a four electron interaction is destabilizing. In the former case only a bonding 
MO (BMO) is occupied while in the other case a bonding MO and an antibonding 
MO (ABMO) are occupied, the ABMO being more antibonding than the BMO is 
bonding. The author proposed that "When only bonding (or nonbonding) molecular 
orbitals are occupied, electron delocalization will be energetically favorable. When 
antibonding molecular orbitals are also occupied, such delocalization becomes 
energetically unfavorable." In this proposal the terms bonding, nonbonding, and 
antibonding are not properly clarified. Specifically, a given MO can be classified as 
bonding, nonbonding, or antibonding only by reference to appropriate fragment : 
orbitals which combine to give rise to the MO in question. Depending on whether 
the reference fragments are atoms or molecular subunits one may arrive at different 
conclusions. 

For example, by combining the previous statements, Bingham formulates the 
following rule. "Electron delocalization will, therefore, stabilize trans conforma- 
tions relative to the corresponding cis structures when only bonding or nonbond- 
ing molecular orbitals are occupied. Cis conformations will be stabilized (less 
destabilized) relative to trans when antibonding molecular orbitals are also filled." 
Let us pursue the implications for a simple ease, 1,3-butadiene, choosing as 
reference fragments molecular subunits. This molecule has one BMO and one ABMO 
by reference to the noninteracting ethylenic fragments. However, Bingham chose 
to regard this molecule as having two BMO's using therefore the atoms as the 
reference fragments, but no statement is made tojustify this choice. Rather, the 
author proceeds to predict that trans-l,3.butadiene will be more stable than cis 

1,3-butadiene! Further predictions are made on a similar basis. 
Other fallacies can be found. Thus, ionization potentials are cited as evidence 

of the extent of  delocalization while it can be easily shown that there is no such connection, m) 

m) For example see: Epiotis, N. D., Cherry, W.: J. Amer. Chem. Soe. 98, 4365 (1976). 
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14. Conclusion 

In other papers 4~ the discussion of conjugative destabilization has been 
based on an incorrect assumption, ~ ~ that the destabilizing interaction of Idled 
orbitals increases as their energy separation decreases, while, as we have seen in 
Eq. (5'), four electron overlap repulsions depend not on the energy separation of 
the two interacting MO's but rather on the sum of them. Thus, situation A is less 
destabilizing than situation B (constant Sij ). 

E* q+ 

A B 

The mishandling of basic theoretical principles is a very general and, perhaps, 
unavoidable trend. Specifically, the following approach seems to be taken by 
various authors: 

a) A survey of certain experimental facts is made. 
b) A theoretical parameter which correlates these facts is suggested. Since one 

can correlate a restricted number of facts by virtually anything imaginable, these 
approaches are purely correlative and constitute restatement of facts in an alter- 
native language. For example, a well read chemist knows that increased electro- 
negativity of X along a row of  the Periodic Table makes AX 2 progressively more 
bent. Rediscovering an already known fact by calculation is nothing significant. 
Here, a valuable contribution would be to develop a theory which would lead to the 
anticipation of reversals, if that is possible, as we have done in this work. 

In concluding this section, we wish to emphasize that all general theories are, 
by necessity, not perfect. Thus, our own approaches to problems of molecular 
structure have been refined with time and will certainly be improved further. 

14. Conclus ion  

In this work, we have identified the following three types of interactions: 
a) Pi or sigma nonbonded interactions. 
b) Pi or sigma conjugative interactions. 
c) Geminal interactions. 
d) Bond ionicity effects. 

These constitute the alphabet for the construction of rationalizations and formu- 
lation of predictions regarding structural variations of organic molecules. 

Pi and sigma nonbonded interactions as well as geminal interactions have been 
formulated by us. Pi and sigma conjugative ("hyperconjugative") interactions have 
been recognized for a long time but a systematic study has never appeared before. 
Part of this work constitutes such a study. Finally, bond ionicity effects have also 
been recognized for a long time. However, their applicability to problems of struc- 
tural isomerism has never been realized before. 
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We have seen that in many cases unambiguous predictions can be made regarding 
the preferred geometry of a molecule. In other cases, conflicting effects demand some 
quantitative assessement of the dominant effect, i. e. an unambiguous qualitative 
prediction cannot be made. Finally, we have seen that whenever unambiguous 
electronic predictions fail, "steric effects" seem to be the culprit. 

While the predictive aspect of one electron MO theory is impressive, we believe 
that the greatest contribution this approach makes is that it allows for the deliberate, 
rational design of molecular systems which will exhibit the geometrical preference 
desired by the designer. In other words, once we have isolated the key electronic 
factors present in a molecular system, we can manipulate them in order to achieve 
a certain goal. We hold this manipulation aspect to be the greatest virtue of the the- 
oretical approach we have described. We believe that theory becomes a formidable 
weapon when it can suggest possibilities unfathomed by ordinary intuition or extra- 
polation from the available experimental data. 

While the manipulations involved in the practice of one electron MO theory are 
simple, it is clear that, unless someone is well familiar with the intricacies involved, 
mistakes can easily be made. We hope that in Part II we have provided sufficient 
warning of  the pitfalls which await the careless and/or inexperienced worker who 
tries to apply MO methodology to a chemical problem. Needless to say, the prolifera- 
tion of canned computer programs capable of performing quantum mechanical calcu- 
lations of varied degrees of sophistication, makes forays into the theoretical arena 
irresistible to nonexperts. Whether this will turn out to be a panacea or a source of 
confusion for the experimentalists remains to be seen. 

At this point, a few words about chemical "effects" are in order. Various trends 
regarding molecular structure have been noted in the literature. Some of  them are 
listed below: 

a) The "fluorine" effect controlling the bond lengths in CFn H4-n- 
b) The "cis" effect in geometric isomerism. 
c) The "gauche" effect in conformational analysis. 
d) The "rabbit ear" effect in conformational analysis. 
e) The "anomeric" effect in conformational analysis. 

In this work, we have seen that all these effects are understandable in terms of 
MO theory. They arise as a result of dominance of  one or more MO interactions of  
the type discussed in this work. 

The methods delineated in this work can be easily extended to any problem 
of molecular structure. Thus, for example, it can be easily shown that our ideas 
can be successfully applied to various types of organic chemical problems which 
have not yet been considered systematically using OEMO theory. Some of  the prob- 
lems currently under investigation in our laboratories are the following: 

a) The conformation and stability of  radicals. 
b) The participation, or absence thereof, of  d orbitals in bonding. 
c) Intermolecular interactions involving macromolecules and "small" organic 
molecules. 
d) The effect of  substituents upon the absorption of  radiation by organic mole- 
cules. 
e) Hydrogen bonding and the stability of charge transfer complexes. 
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Finally, we consider certain basic problems that remain to be tackled. These 
can be formulated as follows: 

a) What is the operational significance of correlation energy? For example, 
consider cis- and trans-1,2-difluoroethylene. The greater stability of the cis isomer 
is definitely due to a great extent to the factors discussed in this work. Another con- 
tributor may be correlation energy favoring the more crowded, i.e. cis, form. Ac- 
cordingly, calculation of the Hartree-Fock limit of both isomers can tell us to what 
extent the geometrical preference of 1,2-difluoroethylene is due to correlation energy 
and to what extent is due to the factors described here. 

b) Why do the bonding predictions of the OEMO method match so well the 
results of explicit ab initio calculations involving geometry optimization? In our 
work, we have demonstrated that the trends in overlap populations accompanying 
a geometrical change can be predicted very accurately by the OEMO method and 
that ab initio calculations bear out these predictions to an astonishing degree. We 
are worried by this success of our approach! Could it be that orbital symmetry ex- 
presses itself not only in monoelectronic matrix elements but also in bielectronic 
ones and both effects go in the same direction? We are investigating this problem, 
which, by the way, is not as simple as it may superficially appear. We note that a 
commendable effort in this direction has been made by Van Catledge 41~ 

The problems of why certain theoretical models seem to work, henceforth 
designated the justification problem, is a constant preoccupation of theoretical 
chemists. The papers written on justification are numerous. We note here the most 
recent attempt by Buenker and Peyerimhoff to summarize arguments and data rele- 
vant to the justification of the old Mulliken-Walsh model of molecular structure 
which proved particularly successful in the interpretation of  the dependence of bond 
angle and bond length distortions on the number of electrons (i.e. MO occupancy) 
in "small" molecules 26s). 

c) Can we develop rules for evaluating the dominant effect when more than one 
important effects conflict in dictating a geometrical preference? Progress in this 
direction will be very welcome. 

In addition to these questions, there are a number of additional specific prob- 
lems which need further probing. Thus, the nature of lone pair sigma nonbonded 
interactions in diverse systems and its impact on molecular shape awaits a more 
detailed analysis using high quality ab initio wavefunctions. The problem of cooper- 
ative effects is another central problem which needs systematic scrutiny. Thus, the 
rotational barrier in CH3CX=Y depends on the nature of X and Y in a complex 
fashion. Specifically, the CH a-..X pi nonbonded interaction is a function of the 
nature of X and Y but also of the distance between CH 3 and X which is modulated 
by the sigma hyperconjugative interaction between Y and the CH 3 - C - X  fragment. 

In the present treatise of structural chemistry, we have described a complex of 
ideas which were developed in the period of the last five years. However, in 
some cases, reasoning similar to ours has been employed by other workers in 
the course of their independent studies of various types of structural problems. 
We feel that the following works deserve special mention, although we hasten to 
add that the list is by no means exhaustive: 

231 



Part V. Bond Ionicity Effects 

a) The investigation of the general topic of through space and through bond 
coupling by Hoffmann and his coUaborators 6~ provided the stimulation for our 
work on nonbonded attraction. The same concept was developed independently 
by Hoffmann's school 412). 

b) The theoretical analysis of  the effect of hyperconjugative interactions on 
conformational preferences. Here, the list of the main contributors is long but the 
names of Romers and Altona 33s-342), Pople 29s' 297, 314, 413), Hoffmann344, 413), 
Salem344, 401,413), Schleyer295, 297, 413) and Hehre 314' 344, 413) s special, 
mention. 

c) The independent investigation of the effect of elect~ronegativity on the shape 
and inversion barriers of molecules by C. C. Levin 264) and B. M. Gimarc 414). 

d) The interpretation of a variety of conformational effects by focusing on re- 
pulsive nonbonded interactions offered by Lowe 66), Salem and Hehre 98). 

e) The work of Pople and Hehre on the conformational preferences of diverse 
systems such as ROR '149), C4214) and diene molecules 199). 

f) The recognition of the stereoelectronic control of conformational preference 
and chemical reactivity 41s-42~ 

Note Added in Proof: 

The following is a list of  references to previous relevant works which came to our 
attention after submission of the manuscript as well as publications which appeared 
after the completion of our treatise: (a)Nonbonded Interactions: Fraser, R. R., 
Grindley, T. B., Passannanti, S.: Can. J. Chem. 53, 2473 (1975); Spencer, T. A., 
Leong, C. W.: Tetrahedron Lett. 1975, 3889; Fraser, R. R., Dhawan, K. L.: Chem. 
Commun. 1976, 674; Skaarup, S., Skancke, P. N., Boggs, J. E.: J. Amer. Chem. 
Soc. 98, 6106 (1976); Schander, J., Russell, B. R.: J. Amer. Chem. Soc. 98, 6900 
(1976); Hehre, W. J., Pople, J. A., Devaquet, A.: J. Amer. Chem. Soc. 98, 664 
(1976); Durig, J. R., Griffin, M. G.: J. Mol. Spect. 64, 252 (1977); Newton, M. D., 
Jeffrey, G. A.: J. Amer. Chem. Soc. 99, 2413 (1977); Vishveshwara, S., Pople, J. A.: 
J. Amer. Chem. Soc. 99, 2422 (1977); Binkley, J. S., Pople, J. A.: Chem. Phys. Lett. 
45, 197 (1977); Dondoni, A., Gilli, G., Sacerdoti, M.: J. Chem. Soc. Perk. 11, 1036 (i976). 
(b) GeminalInteractions: Cherry, W., Epiotis, N., Borden, W. T.: Accounts Chem. 
Res. 10, 167 (1977); Gordon, M. S., Fischer, H.: J. Amer. Chem. Soc. 91, 2471 (1968). 
(c) Sigma Conjugation: Hamlow, H. P., Okada, S., Nakagawa, N.: Tetrahedron 
Lett. 1964, 2553; Krueger, P. J., Jan, J., Wieser, H.: J. Molec. Struct. 5, 375 
( 1970); Hanstein, W., Traylor, T .G.: Tetrahedron Lett. 196 7, 4451 ; Hanstein, W., 
Berwin, H. J., Traylor, T. G.: J. Amer. chem. Soc. 92, 7476 (1970); Traylor, T. G., 
Hanstein, W., Berwin, H. J., Clinton, N. A., Brown, R. S.: J. Amer. Chem. Soc. 93, 
5715 (1971); Pitt, C. G.: J. Organometal. Chem. 61, 49 (1973); Baddeley, G.: 
Tetrahedron Lett. 1973, 1645; Klein, J.: Tetrahedron 30, 3349 (1974); Bingham, R. 
C.: J. Amer. Chem. Soc. 97, 6743 (1975); Abe, A.: J. Amer. Chem. Soc. 98, 6477 
(1976); I.elm, J.-M., Wipff, G.: J. Amer. Chem. Soc. 98, 7498 (1976). (d) Bond 
Ionicity: Pickard, J. M., Rodgers, A. S.: J. Amer. Chem. Soc. 98, 6115 (1976); 
Wu, E., Rodgers, A. S.: J. Amer. Chem. Soc. 98, 6112 (1976). 
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