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Abstract: A scheme, MM-VB, for modelling (i.e., simulating MC-SCF results) covalent multi-bond reactivity problems (pericyclic 
and radical reactions) using a combination of molecular mechanics (MM) and valence bond (VB) theory is presented. The 
efficiency of the model in locating equilibrium geometries, transition structures, reaction intermediates, excited-state structures, 
and structures associated with conical intersections of ground and excited states is documented by comparison with ab initio 
MC-SCF results for structures belonging to four different potential energy surfaces for hydrocarbon reactions. The results 
have been obtained using the same pool of parameters (71 parameters) for the valence bond parametrization in all computations. 
The method performs very well for the semiquantitative prediction of structural parameters, and it is always possible to deduce 
the correct shape (topology) of the global potential energy surface. The application of the method to larger molecules is illustrated 
with an example where the conformational change in the ring system of ergosterol during electrocyclic ring opening is discussed. 
From a conceptual point of view, it has been demonstrated that quantum mechanics of the complicated process of the reorganization 
of the spin recoupling that occurs in a transition state or the driving force for the change in CC bond lengths that occurs in 
delocalized T systems can both be described by the solution of a simple VB problem which allows for the resonance of the 
possible VB structures involving the active bonds alone. The inactive framework of the molecule can be described by MM. 
The central parameters in such a VB calculation are the exchange integrals (A81,) and Coulomb integrals (gab). The functional 
form of these Coulomb and exchange parameters can be transferred from two active-center model molecules (in the present 
case ethane and ethylene) to a multi-active-center system via a delocalization algorithm. 

Introduction 
With modern computers and standard software, it is now 

possible to make quite detailed investigations of organic reaction 
mechanisms (reaction intermediates, transition structures, and 
reaction paths) using ab initio methods. However, because of the 
cost, such investigations will always be limited to prototype ex
amples of certain classes of reaction. In contrast, for structural 
problems, molecular mechanics (MM) provides an everyday 
laboratory tool that can be used before detailed experimental 
investigations are carried out. The difficulty with chemical re
activity problems is that the complicated electronic reorganizations 
that accompany bond breaking/making require a quantum me
chanical description. The purpose of this paper is to demonstrate 
that it is possible to model even the quantum mechanics using the 
valence bond (VB) method in the form of a parametrized Heis-
enberg Hamiltonian. In this initial implementation, we shall limit 
ourselves to intermediates and transition states that involve 
making/breaking one <r/ir bond at any carbon atom. Thus we 
shall be concerned with the making/breaking of covalent bonds 
only, and in this first study we do not allow for the case where 
a pair of electrons is transferred in the formation of a dative bond 
or for the case of an ionic reaction such as an SN2 which involves 
both charge transfer and bond exchange. 

As we shall show, even though our model is still in an early 
stage of development compared to the current sophisticated status 
of MM methods, a parametrized VB model when combined with 
a standard MM force field can locate, with reasonable accuracy, 
the structures of minima, transition structures, and reaction in
termediates in prototypical multi-bond for ground- and excited-
state reactions using the same pool of VB parameters. Fur
thermore, the structures generated in MM-VB provide starting 
geometries for ab initio MC-SCF calculations that are sufficiently 
accurate that rapid convergence in the geometry optimization is 
usually achieved. This opens the possibility of exploiting the 
technique as a guideline for more accurate but still expensive ab 
initio calculations by providing a pool of approximate critical point 
structures and a knowledge of the topology of the potential energy 
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surface for the reaction under investigation. (By topology, we 
mean the number and nature of intermediates/minima/transition 
states and possible reaction paths.) Armed with such knowledge, 
ab initio computations, particularly on larger systems, can be 
carried out very efficiently. 

The molecular mechanics (MM) method (see ref 1-4 for 
general reviews) has evolved in many forms to become a standard 
tool for the study of structural problems. The information pro
vided by MM is only as reliable as one's initial chemical skill in 
choosing the local environment defined by different atom types 
for the problem at hand. MM cannot decide upon or adjust the 
local environment itself. Of course, one could define a new local 
environment (and a set of parameters) for a transition state, and 
Houk and co-workers5 have described such an approach. However, 
because the different atom types are defined from the outset, one 
cannot describe the complete potential energy surface for a reaction 
where the atom type changes in the course of reaction. In order 
to model chemical reactivity in a completely general way, one must 
combine a MM model with some sort of model that has its origins 
in the quantum mechanics that is necessary to describe the 
electronic reorganization that occurs during a chemical reaction. 
Warshel and co-workers6 have used this approach successfully in 
a number of ways. In general, two strategies are possible: one 
must either combine rigorous ab initio quantum theory with MM 
or parametrize the quantum theory in the same manner that one 
parametrized MM itself. In this paper we shall show that a 
method based upon the simulation of MC-SCF results, using the 
VB method, yields results of an acceptable accuracy yet adds only 
a small overhead to the cost of an MM calculation itself. While 
the ability to model reactivity with MM and quantum theory is 
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of great practical importance, the fact that one can parametrize 
a simple model derived from quantum mechanics in this fashion 
is important as well because it demonstrates an underlying sim
plicity in the bond making/breaking process. 

Thus our purpose in this paper is to describe our implemen
tations of a molecular mechanics valence bond method (MM-VB) 
in which the bond making /breaking process is described using 
VB theory, and the remainder of the interactions are described 
by MM. The basic groundwork for this approach was laid in the 
work of Malrieu, Durand, Daudey, and their co-workers7 who first 
demonstrated that the VB method can be successfully parame
trized for conjugated hydrocarbons from an ab initio computation 
using effective Hamiltonian theory. In other work,8"11 we have 
shown how their approach can be extended to model chemical 
reactivity using a VB model with very simple potentials for the 
framework of the molecule. In this paper we describe a VB 
parametrization of the bond breaking/ making process that is quite 
general yet has the particular feature that it is designed to be 
combined with the standard MM22 parametrization of the mo
lecular framework. Because our VB parametrization can describe 
the behavior of the VB parameters as a function of sp2 to sp3 

hybridization (i.e., the pyramidalization angle), and because we 
allow for atomic orbital distortion via a delocalization algorithm, 
the method can be used to study reactivity problems of hydro
carbons. 

MM-VB for a Single Active Covalent Bond 
A VB formulation of the bond breaking/making process is 

attractive because as chemists we believe that we can attach 
physical significance to the various VB covalent configurations. 
However, we would like to emphasize another aspect. VB wave 
functions can always be written as eigenfunctions of what is known 
as a Heisenberg spin Hamiltonian (see ref 7 for a full discussion 
of the background to this approach). The parameters of this 
Hamiltonian have a simple physical interpretation, and this 
provides a very accurate way of simulating™ ab initio results. We 
shall illustrate all the main ideas with a simple two-electron 
two-orbital model of a single bond. 

We begin with H2. A covalent VB wave function for a single 
bond in H2 can be written as a combination of two determinants: 

and 

l*a*b 

l*b*a 

(la) 

(lb) 

where $ a and * b are atomic orbitals. The Heisenberg spin 
Hamiltonian is defined in terms of its matrix elements (gab and 
Kib) in the basis of covalent determinants as 

H. 
0.b 

(2) 

In a minimum AO basis for H2, the parameters Q and K are the 
usual Coulomb and exchange integrals 

(1 + <$a |*b>2)&b = 

(SJhI*.) + <*b|h|*b> + [*Alr" * b * b + Vr NN (3a) 
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(1 + <*a|*b)2)*ab = 

(*a |*b)|(*a |2h + KNN|*b>) + * a * b * a * b (3b) 

where h is the one-electron kinetic + electron attraction operator, 
KJMM is the nuclear-nuclear repulsion, and r12

-1 is electron-electron 
repulsion. The solution of the usual secular equation involving 
the spin Hamiltonian in eq 2 yields (apart from normalization) 
the singlet state 

* = | $ a * b | - |*a*b | 

as the lowest energy solution with energy 

E = Gab + *ab 

(4) 

(5) 

The preceding discussion would appear to be restricted to a 
minimum basis of atomic orbitals and also appears to omit the 
important ionic VB configurations. However, this is not the case 
at all! Provided the singlet and triplet energies E1 and E} are 
available from an ab initio computation we have 

Q3b __ (E1 ± E3) 

K„h 2 
(6) 

and it is clear that one could fit the singlet and triplet energies 
as a function of distance with two parameters gab and Kib. 
Consequently, one can obtain numerical values of the energy, and 
of the parameters gab and Kib to any desired degree of accuracy, 
limited only by the AO basis and the accuracy of any quantum 
mechanical method used. One is then free to rationalize the 
behavior of gab and ATab in terms of the undefined nonorthogonal 
orbitals in eq 3a and 3b. Alternatively, any CI wave function can 
be projected onto the space defined by the two VB determinants 
( la) / ( lb) and in this case Hs (eq 2) becomes an effective Ham
iltonian7,10 that reproduces the CI energy exactly. (The effective 
Hamiltonian approach has the advantage that it can be used for 
more than two electrons and is compatible with the discussion that 
follows in the multi-bond problem later in this article.) Thus rather 
than explicitly evaluating Qab and Kib via eq 3a/3b using a 
minimum basis, the AO basis becomes implicit and the Qib and 
the ATab are regarded as parameters in the effective Hamiltonian 
which has been projected from a large-scale CI in an extended 
basis. We have given a pedagogical discussion of the nature of 
the implicit AO basis elsewhere.106 It is sufficient to remark that 
the implicit AO basis is distorted so that the exact energy can 
be simulated using the covalent terms alone and the ionic terms 
become redundant. 

The utility of the strategy described above arises because both 
(2ab and Afab have a simple behavior as a function of the interatomic 
distance rab. As a consequence one can fit accurately computed 
Qab and Kib data using a rather simple functional form. The result 
is an analytical expression for the simulated matrix elements of 
the ab initio VB Hamiltonian. For example, even simplest ex
ponential functions of the form 

^ab('-ab) = A exp(-#rab) 

Gabfob) = C exp(-Z>rab) - E exp(-Frab) 

can give a reasonable approximation to gab and Kah for the H2 

case. 
To summarize, by fitting the matrix elements Qib and Kib as 

a function of /-ab and using the definition of the Heisenberg 
Hamiltonian in eq 2, one has an analytical model for potential 
energy curves of the lowest singlet and triplet states of H2. The 
two parameters fiab(rab) and ATab(rab) can be obtained to any desired 
degree of accuracy using effective Hamiltonian methods with a 
CI or MC-SCF wave function. 

Now let us discuss the description of a particular C-C covalent 
bond in a general molecule. The preceding example can be easily 
generalized. One needs only to define the concept of active and 
inactive orbitals. The active orbitals play the role of * a and * b 

in the preceding discussion and are the orbitals involved in bond 
breaking/making between atomic sites a and b. The remainder 
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of the orbitals are inactive. While the parameter ATab has the same 
physical interpretation as in the preceding discussion, the Coulomb 
term must be modified to incorporate the framework (Gframework) 
of the molecule that contains the inactive orbitals. Thus gab in 
eq 2 is replaced by Q which is defined as 

Sc ~~ itframework + Gab 

The parameter Q contains the energy of the framework of the 
molecule, Gframework. in addition to the parameter gab which 
contains the terms involving the active orbitals implied by eq 3a. 
Again, using effective Hamiltonian methods one can obtain the 
numerical values of the parameters Q and Kib to any desired 
degree of accuracy. 

While the computation of the numerical values of Q and Kib 
for a given interatomic distance rib can be accomplished in the 
same way as in the H2 example discussed above, the task of 
parametrizing the effective Hamiltonian is slightly more difficult 
because (a) the functional form of the representation of Gab and 
Kib must depend on the orientation and on the hybridization of 
the C atom active orbitals (sp" hybrids), and (b) the parameter 
Q contains the energy, Gframework. of the framework of the molecule. 
Thus orientation and the hybridization changes for an sp3-sp2 

carbon atom must be incorporated into the functional form used 
to fit the data. We have used a functional of the form 

n 

Gab or Kib = ECk(ak expj-VJ) (?) 
k 

where the coefficients Ck describe orientation and the hybridization 
changes as described in the Appendix. For K^ we have used 4 
exponentials (i.e., n = A and 8 parameters) while for gab 11 
exponentials are required (n = 11 and 22 parameters). Param
etrizing that part of Q that contains the energy of the framework, 
Gframework. °f the molecule would be a difficult task in general. For 
this part of Q we shall use the standard MM potential for terms 
that contain the atoms that do not involve active orbitals, and we 
shall use a modified MM potential for terms (i.e., stretching, 
bending, and torsion) that contains atoms that have one or more 
active orbitals. Thus, the central feature of this work is the use 
of a potential for Q of the form 

G = VMM + Gab (8) 

where KMM is the standard MM potential 'for the atoms that do 
not involve active orbitals and a modified MM potential for atoms 
that have an active orbital. gab and Kib are to be parametrized 
in the same way as in the preceding example. The details of the 
resulting function are given in the Appendix. 

A large group of hydrocarbon reactions are characterized by 
bond-making and bond-breaking processes involving carbon-
carbon a and ir bonds. The reactive systems belonging to this 
group can be visualized as if they were composed of isolated pairs 
of two-active-carbon subsystems involving a a or a ir bond which 
undergoes large geometrical and hybridization changes as during 
bond breaking/making. Thus the first step in modelling the 
potential energy of this group of reactions is achieved by modelling 
the potential surface of model two active-carbon subsystems. The 
interaction of these isolated two active-carbon subsystems is then 
achieved by allowing for spin recoupling via resonance. Thus the 
second step involves the computation of such resonance effects 
which we will discuss in the next subsection. 

The potential energy surfaces of the ethane and ethylene 
molecules provide the desired two active-center model molecules 
for the isolated a and ir bond of a reacting hydrocarbon. In ethane 
the active orbitals are the carbon sp3 orbitals involved in the a 
bond. We aim for the parametrization of Q and Kab that can 
describe ethane, two methyl radicals (where the C atoms are sp2), 
and any intermediate situation characterized by an intermediate 
C-C bond length and hybridization status. In ethylene, the active 
orbitals are the sp2 carbon p" atomic orbitals. Here we aim for 
a parametrization that can describe ethylene itself (including 
rotation about the a bond) through to the limiting situation where 
the carbon px atomic orbitals are sp3. This is accomplished by 

requiring the Ck, ak, and bk in eq 7 to be functions of the hy
bridization status and relative orientation of the C atom active 
orbitals. In general, the standard parametrization of FMM is used 
to describe the framework of the system. There are no MM 
parameters that refer to forming bonds between atoms that have 
active orbitals with the exception of the torsional parameters 
about forming the C-C a bond that must now be functions of the 
magnitude of the interaction (Kib) between the C atoms with active 
orbitals. Thus the bending potential that involves a forming bond 
arises naturally in the VB problem. The only modification to the 
standard MM potential involves the bending potential that contains 
an anchor atom with an active orbital. This bending potential 
now takes on a functional dependence on the hybridization status 
of the active orbital that reduces to the standard MM potential 
for sp2 hybridization. The details can be found in the Appendix. 

Potential functions of the form just described were parametrized 
for ethane and ethylene using effective Hamiltonians obtained 
from ab initio MC-SCF computations in a 4-3IG basis using 
techniques described in detail elsewhere.10,11 As we have discussed 
earlier, the gab and Kab can be determined to any desired level 
of accuracy depending on the AO basis and quantum mechanical 
procedure used. Thus there would be no difficulty in including 
dynamic correlation and much larger basis sets. Since, for the 
simulations to be reported in the second part of the paper, we had 
detailed results on several reactivity problems at the MC-
SCF/4-31G level, the current choice of method/basis set is ap
propriate. In any case, in this initial implementation, we were 
concerned primarily with reproducing surface topology, and for 
this task the quantum mechanical technique used is adequate. 

The parameters were obtained via a standard least-squares 
procedure applied to the data from MC-SCF results for 176 
geometries (128 for ethane and 48 for ethylene). The geometries 
were chosen so as to sample the behavior of the Gab and ^ab a s 

a function of the most important framework deformations that 
occur during bond breaking for the two model systems. Thus the 
bond breaking (C-C bond stretch) was parametrized for both 
ethane and ethylene including the effect of hybridization status 
via variable pyramidalization (see Figure la for ethane) of the 
two CH3's in ethane and the two CH2's in ethylene, including the 
effect of the twisting angle for the ethylene molecule (see Figure 
lb) and including the effects of different orientations of the CH3 
group axes (relative to the C-C bond axis) for ethane. In addition, 
the pyramidalization energy of a single CH3 radical was param
etrized in order to simulate the behavior of a noninteracting CH3 
and -CH2 radical centers. 

The average difference in energy between the ab initio and 
parametrized potentials is 0.6 kcal/mol, but in certain regions of 
the surface the error was as large as 6.0 kcal/mol. The largest 
errors occur in those regions of the surface that are far away from 
the minimum energy valley for bond dissociation (e.g., geometries 
with quasi-planar CH3 fragments in conjunction with short C-C 
bond distances in ethane). Since these regions of our potential 
are never encountered in the simulations we report in this paper, 
such errors are of no consequence. In general, the optimized C-C 
distances were in agreement with the ab initio data to within 0.03 
A. The rotation barrier in ethane has an error of 0.5 kcal/mol 
and in ethylene 3.8 kcal/mol. However, it is the global shape that 
is important. This can be demonstrated by plotting some potential 
surfaces. In Figure la we show an ab initio MC-SCF potential 
energy surface of ethane in the space of the rcc distance (diagonal 
top right to bottom left, 15 gridnodes) and the CH3 pyramidal
ization (diagonal bottom left to bottom right, 5 gridnodes). The 
a bond dissociation and the change in the CH3 pyramidalization 
from 120° to around 100° in this process cannot be described using 
MM alone. In Figure lb we show the MC-SCF surface (lower) 
together with the MM-VB (upper) as contour diagrams to fa
cilitate comparison. It can be seen that MM-VB correctly allows 
a bond dissociation. In Figure 1, c and d, we show similar potential 
energy surfaces of ethylene as a function of rcc (diagonal top right 
to bottom left, 6 gridnodes) and the torsional angle about CC 
(diagonal top left to bottom right, 11 gridnodes). The important 
feature of Figure Ic is the breaking of the ir bond by rotation about 
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Ethane Ab initio MC-SCF vs MM-VB 
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Ethylene Ab initio MC-SCF vs MM-VB 

Ethylene Ab initio MC-SCF 

Figure 1. Comparison of MM-VB and 4-31G MC-SCF potential energy surfaces, a and b correspond to the fragmentation (Kaxis, diagonal top right 
to bottom left) of ethane into two methyl radicals coupled with CH3 pyramidalization (X axis, diagonal top left to bottom right), (a) MM-VB surface, 
(b) comparison of MC-SCF surface (top slice) and MM-VB (bottom slice). There are 15 gridnodes on the Y axis, the first corresponding to an rK 
distance of 1.34 A and the last to 2.7 A. There are 5 gridnodes on the X axis, the first corresponding to a HCC angle of 119.4°, the last to 99.4°. 
c and d correspond to the C-C stretch (Y axis, diagonal top right to bottom left) of the ethylene double bond coupled with terminal methylene rotation 
CY axis, diagonal top left to bottom right), (a) MM-VB surface, (b) comparison of MC-SCF surface (top slice) and MM-VB (bottom slice). There 
are 5 gridnodes on the Y axis, the first corresponding to an /•«. distance of 1.2 A and the last to 1.7 A. There are 11 gridnodes on the X axis, the first 
corresponding to a HCCH angle of 60°, the last to -60°. 

the double bond. From the comparison of the contour diagrams 
in Figure Id we see that this process is correctly described using 
MM-VB. From these data, one can conclude that functional form 
for the Q and Kih is sufficiently flexible to describe both the a/ir 
bond formation and sp2 to sp3 hybridization changes. 

MM-VB for Multi-Bond Reactivity Problems 

We now consider the general problem of multiple covalent 
bonds. The Heisenberg Hamiltonian has the same general form; 
one simply has more covalent determinants. We can illustrate 
it with an example using four orbitals and four electrons. For 
a singlet state there are two singlet VB structures1213 

1 —-Z 1 2 

— t I 
3— 4 3 4 

I II 

(12) McWeeny, R.; Sutcliffe, B. Methods of Quantum Mechanics; Aca
demic: New York, 1969. 

(13) Eyring, H.; Walter, J.; Kimball, G. Quantum Chemistry; Wiley: New 
York, 1944. 

These two singlet structures are combinations of six covalent 
determinants. 

(1) |3 4 1 21 (2) |2 4 1 3 I (3) |2 3 1 

(4) |1 4 2 3 I (5) |1 3 2 4 | (6) |1 2 3~ 

And the Heisenberg Hamiltonian Hs has the form 

4 | 

4 | 

1 2 

K23 

0-Ki3-/<24 

3 
-K24 

K34 

0-K14-/<23 

4 

-Ki 3 

K12 

5 6 

-Ku 

(Matrix elements between pairs of determinants that differ by 
two spin interchanges, i.e., 1,6 or 2,5 or 3,4, are equal and not 
shown. Thus Hn = H56, H15 = H63, etc.) 

The general form of Hs can always be written as 

<#|HS|I> = &KLQ + £rfb%b 
ab 

(9) 

where K and L index the determinants and a and b run over the 
active orbitals. The r,b*L are simply numerical coefficients (0, 
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(b) 
Figure 2. The delocalization effect (a) on a model a bond and (b) on a 
model T bond. K,b° is the exchange integral on the model system and 
Kib the exchange integral in the real environment. The X axis is the 
distance (R) CH3' - - - CH2=CH2 in A. The results are obtained from 
MC-SCF computations at the 4-3IG basis level. 

±1) that can be computed from the usual rules for the evaluation 
of matrix elements over determinants.12,13 The Coulomb energy 
Q is assumed to have the form 

Q = Vuu + £ g l b 
ab 

(10) 

Thus given a parametrization of Qib and Kab of the form discussed 
in the previous section, the generalization to an arbitrary number 
of electrons is immediate. The diagonalization of H8 gives us access 
to ground and excited states of any spin multiplicity. 

We shall now complete the construction of a simulated potential 
for the group of hydrocarbon reactions discussed in the previous 
section. The new feature that must be addressed is that we must 
allow for the fact that gab and Kib in the true environment will 
not be the same as the g°ab and A?ab of the two model molecules 
because the component two-active-center subsystems of the re
acting hydrocarbon interact with each other. This delocalization 
effect is easily understood using modern VB theories14 where the 
atomic orbitals *a and *b are now "raw" atomic orbitals but rather 
distort (or delocalize) in the molecular environment. Accordingly, 
the delocalization effect has its origins in the optimization of the 
AO basis (that is necessary to remove the ionic configurations) 
in modern spin coupled VB.14 

We now give a simple example that illustrates the nature of 
the delocalization effect. Let us consider the surface (MC-SCF 
at the 4-31G basis level) for CH3' attacking & frozen (i.e., fixed 
geometry) CH2=CH2. In Figure 2 we show K°ab (calculated for 
the model systems), and the Kib (calculated in the molecular 
environment) for the approach of CH3' to a frozen CH2=CH2. 
In Figure 2a we show the behavior of the Kib associated with the 
forming <r bond which has been perturbed by the presence of the 
ir bond of the frozen CH2=CH2. In contrast, in Figure 2b we 
show the behavior of the Kab associated with the frozen ir bond 

(14) Cooper, D. L.; Gerratt, J.; Raimondi, M. Adv. Chem. Phys. 1987, 67, 
319. 
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of CH2=CH2 which has been perturbed by the presence of the 
incoming CH3" which forms a o- bond. A vertical bar indicates 
the equilibrium CC bond distance associated with the a bond in 
ethane for reference. For the forming a bond, the difference 
(Figure 2a) between the environment-dependent Kib and the 
reference K°ab is small except at small CC distances. On the other 
hand, the difference between the environment-dependent Kib and 
reference /£°ab (which is constant in this example because the 
CH2=CH2 fragment is frozen) for a r bond (Figure 2b) is very 
large. The differences between A?ab and Kib, for both the a bond 
and the ir bond, are a function of the magnitude of A°ac (and thus 
the overlap (^l^c)) between the orbital centered on a or on b 
with the other active orbitals c in the molecule. In the true 
environment Kib (Figure 2a) associated with the ir bond grows 
larger than the reference £°ab as the CH3* fragment approaches 
because the ethylenic p* orbitals delocalize toward the incoming 
CH3' fragment and their overlap increases. In the limiting case, 
when the bond is formed with a twisted ethylene in which the two 
p orbitals are orthogonal, the ATab for the a bond of the example 
discussed above (Figure 2a) is exactly equal to K°ib. The same 
is true for Kib of the ethylenic ir bond when the methyl radical 
is attacking in an orientation where its orbital cannot overlap with 
the ethylenic orbitals. 

It would be very difficult to "model" this delocalization effect 
in general. However, our task is much simpler: we need only 
model the difference in the delocalization effect between the model 
environment and the real one. In order to "simulate" it, one has 
no alternative but to examine a large number of ab initio com
putations to attempt to discover some general rules. As a result 
of this process, we have a model which works reasonably well. 
However, our ability to model this effect is the factor which limits 
the accuracy of the method. We have used a simple functional 
of the form 

^ a h — f^ah + AAT. ab 

A*ab = f( E *°ac, E KV) 

(Ha) 

(lib) 

In eq 11 one is assuming that a given Kib is affected by all the 
A°ac where c is the index of an active orbital on another site. Thus, 
referring to our example discussed previously (CH3* + CH2= 
CH2), we assume that the ir bond Kib is modified by magnitude 
of the a bond K°ic. The detailed form of the functional we have 
used which contains 11 parameters is given in the Appendix. Since 
Sab is affected by the same kind of effects as Kib, we use a similar 
functional. 

Energetics in MM-VB 
The prediction of energetics in MM and MM-VB is funda

mentally different. In MM the reference point is a "ball and 
spring" model where the energy zero is associated with the ref
erence bond lengths and angles. Thus the MM energy consists 
of the strain of this "ball and spring" model counterbalanced by 
electrostatic and van der Waals forces. Thus the MM method 
cannot describe the energy difference between say a product 
formed between two reactants and the reactants themselves. Only 
the difference in strain energies is described; the remainder of the 
energy is due to the new bonding situations and cannot be de
scribed at all in MM. Rather, one must use thermochemical 
and/or theoretical data in conjunction with MM energies. In 
contrast, in MM-VB we attempt a much more ambitious qua
si-absolute description of the energy in the VB part while retaining 
the MM model for part of the Coulomb energy. Because we can 
recover that part of the energy difference between reactants and 
products that is due to electronic reorganization and arises from 
the VB part of the method, one has a good prospect for getting 
the correct surface topology. However, in MM-VB one cannot 
accurately describe the electronic polarization due to the electronic 
rearrangement of the valence electrons that occurs in the 
framework of the molecule that lies outside of the active space. 

In order to obtain accurate relative energetics (barrier heights) 
that will be comparable with experiment, one must use thermo
chemical and theoretical data in the same spirit as in MM itself. 
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However, one is usually interested in differences in barrier heights 
that arise from substituent effects. So that absolute barrier heights 
are unimportant. However, we can expect that MM-VB will be 
more reliable than MM itself in discussing substitution effects. 
In MM one must make the assumption that differences in barrier 
heights that arise from substituent effects must be due to dif
ferences in strain energy. Thus in an MM approach to reactivity 
there can be no allowance for the situation where the mechanistic 
pathway actually changes upon substitution. However, we have 
shown elsewhere9,1' that the topology of the potential surface can 
be changed completely (e.g., a synchronous mechanism becomes 
asynchronous) with subtle changes in Q, and it is a rather delicate 
balance between Coulomb and exchange that determines mech
anistic preference. In MM-VB, because the energetics are ac
curate enough to reproduce the correct surface topology between 
reactants and products, we can allow for the change in mechanistic 
preference using substituents. Further, the correction of absolute 
energetics in MM-VB will now be more accurate than in MM 
itself since we can use theoretical data in a more sophisticated 
way. One can obtain optimum geometries and energies for model 
unsubstituted systems at a very high level of theory that includes 
large basis sets and electron correlation. The MM-VB calculations 
can then be run at these optimum geometries to obtain a correction 
factor for the energetics. Because the surface topology is already 
correct (because of the VB part of the method), the corrections 
are much smaller than in MM itself, and the assumptions made 
in correcting the energetics in this way will be much less severe. 

Some Numerical Examples 

From the outset we must emphasize that our objective is the 
prediction of reaction mechanisms for ground- and excited-state 
reactivity problems in organic reactivity. Our aim is to be able 
to locate transition structures accurately enough that the inter
esting mechanistic pathways can be identified before an expensive 
ab initio computation is used to refine the data. This is obviously 
a much more ambitious objective than in MM itself. If one were 
to use MM to study reactivity, then one would need to assume 
the existence of a transition state (an thus a mechanistic pathway) 
from the outset since one must define "transition state atoms" as 
the input to the MM procedure. In contrast in MM-VB we do 
not assume the existence of a specific mechanistic pathway. Thus 
the prerequisite condition for success is that MM-VB energetics 
must be accurate enough to reproduce the potential surface to
pology (i.e., relative positions of minima and transition states) in 
the region between reactants and products. Thus the topological 
accuracy of the method is, in this contest, much more important 
than the prediction of accurate barrier heights, etc., which can 
always be corrected using thermochemical or theoretical data as 
in MM itself. The situation is similar to ab initio computations 
where one assumes that the structural part of the problem (i.e., 
geometry optimization) can be solved at the SCF or MC-SCF 
level and one accepts that one must include electron correlation 
(e.g., via MP2 or CI) to get energetics that can be compared with 
experiment. Furthermore, from a practical point of view, MM-VB 
optimized geometries have been proved to be an excellent starting 
point for accurate but expensive ab initio calculation. Thus the 
MM-VB results provide a guideline for expensive ab initio critical 
point searches by providing an a priori insight into critical point 
structures and reaction mechanisms. 

In the practical application of MM-VB, one must face the 
problem of identifying the active centers (each with one active 
orbital and one active electron) from the outset. The selection 
of active centers from the outset implies that one can only study 
those regions of the energy hypersurface that involve bond 
breaking/making between those centers. (A similar difficulty 
arises in MC-SCF theory itself where one must choose the active 
space orbitals.) In what follows, we shall consider several mul
ti-bond reactions involving making/breaking bonds between carbon 
atom sites so that the choice of active centers is obvious. However, 
while one can describe the conformational effects of the framework 
via KMM, clearly, one cannot allow for the bond breaking within 
the framework itself unless the active orbital space is enlarged. 

Figure 3. MM-VB and 4-3IG MC-SCF (in brackets) structural param
eters (A and degrees) for some conjugated systems. 

Figure 4. MM-VB and 4-31G MC-SCF (in brackets) structural param
eters (A and degrees) for the addition of CH3

- + CH2=CH2: (a) 
transition structure for the addition reaction, (b) transition structure for 
the 1-2 CH3* shift, (c) CH3CH2=CH2' minimum, (d) Conical inter
section between ground and excited state. 

Now we shall present some data that illustrate the use of 
MM-VB method in practical applications. The results have been 
obtained by full geometry optimization in MM-VB using the same 
pool of MM and VB parameters. In Figure 3 through 7, we 
present scale drawings of the structures obtained from MM-VB 
for some selected optimized structures (minima, transition states, 
and conical intersections) associated with the structural chemistry 
of delocalized r systems (Figure 3), a simple radical addition, CH3* 
+ CH2=CH2 (Figure 4), with a forbidden 2 + 2 cycloaddition 
ethylene + ethylene (Figure 5) with the simplest Diels-Alder 
reaction, butadiene + ethylene (Figure 6), and with the Cope 
rearrangement of 1,5-hexadiene (Figure 7). For the allyl radical, 
butadiene, and benzene the w orbitals are active so that we have 
three, four, and six active orbitals/electrons. For the multi-bond 
reactions we have used one active orbital and one active electron 
per reactive carbon center. Thus for CH3' + CH2=CH2 there 
are three active orbitals, one on each carbon, and three active 
electrons. Similarly for the 2 + 2 cycloaddition ethylene + 
ethylene there are four active orbitals and four active electron, 
while in both butadiene + ethylene and the Cope rearrangement 
there are six active orbitals and six active electrons. The ab initio 
MC-SCF results are shown in brackets. Clearly, given the in
creased range of generality of MM-VB as opposed to the MM 
method, it would be unreasonable to expect the same level of 
precision in computed geometrical parameters. In fact, as we shall 
now discuss, MM-VB performs very well. 

The results from structural chemistry of delocalized ir systems 
(allyl radical, butadiene, and benzene in Figure 3) demonstrates 
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Figure 5. MM-VB and 4-3IG MC-SCF (in brackets) structural param
eters (A and degrees) for the [2 + 2] cycloaddition of two ethylene 
molecules: (a) 2, + 2S forbidden "transition state" (a saddle point of 
index 2 with 2 imaginary frequencies), (b) anti biradical fragmentation 
transition state, (c) anti biradical minimum, (d) 2S + 2S forbidden reac
tion excited state structure (a transition state connecting 2 conical in
tersections8), (e) conical intersection geometry between ground and ex
cited state. 

(•I Ib) 

Figure 6. MM-VB and MC-SCF (6 orbital STO-3G CAS in square 
brackets, 4 orbital 4-3IG CAS in square brackets) structural parameters 
for the [4 + 2] cycloaddition of ethylene and butadiene, (a) [4, + 2S] 
synchronous transition state, (b) [4, + 28] asynchronous transition state 
leading to a biradical minimum. 

the environmental independence of the parameters in MM-VB. 
It can be seen that the C-C distances are accurate to ±0.02 A. 
In the butadiene molecule the two different bonds (the central 
bond and the two terminal bonds) are correctly described. The 
CCC angles are also in agreement with the ab initio results within 
1.0°. In MM one requires a different set of parameters for each 
of the three types of resonance situations. The fact that MM-VB 
gives this accuracy with a single parameter set indicates the 
remarkable simplicity of the electronic structures of such systems 
when viewed using modern VB theory. 

As we have discussed previously, our objective is to be able to 
describe the potential energy surface for a reactivity problem 
sufficiently accurately that the surface topology is correctly re
produced. This is the prerequisite condition for obtaining 
structural information without making any a priori assumptions 
about the nature of, or the existence of, any mechanistic pathway. 
It is convenient to discuss this aspect of our results using an 

in 

Figure 7. MM-VB and 4-3IG MC-SCF (in brackets) structural param
eters (A and degrees) (a) for the concerted transition state and (b) 
biradical minimum in the nonconcerted Cope rearrangement of 1,5-
hexadiene. 

example where several topological features can be illustrated on 
the same potential energy diagram. We shall use the CH3* + 
CH2=CH2 reaction as an example. Thus, in order to illustrate 
the global aspects of the surface, in Figure 8 we give the full 
potential energy surface (computed using MM-VB) for ground 
and excited states corresponding to motion of the CH3 moiety in 
the plane containing the ethylene ir orbitals. (In Figure 4 we give 
the equilibrium and transition structures as well as the geometry 
of the conical intersection between the ground- and excited-state 
surfaces.) These surfaces clearly have the correct topology (conical 
intersection at gridnodes 10,10 on ground and excited state, a 
transition state for the addition reaction at gridnodes 17,16, a 
transition state for the 1,2 shift at gridnodes 10,3, and the radical 
minimum at gridnodes 18,8). To put these results in their proper 
perspective one must remember that an MM approach to com
puting transition structures would require three different sets of 
parameters to generate structures for the radical minimum and 
the two transition states. Thus obtaining a complete potential 
surface would be impossible in MM. Further, the excited state 
surface has no minimum, only a conical intersection with the 
ground state. This topological feature could not be represented 
using an MM potential at all. Finally, we must mention, with 
reference to Figure 8, that a potential application of MM-VB lies 
in the visualization of mechanistic information. Even for this small 
system the generation of two-dimensional grids of energies is quite 
expensive using ab initio data. In contrast the MM-VB surfaces 
took only a few minutes to compute. 

Now we shall discuss the ability of the MM-VB method to 
describe transition structures and reaction intermediates. In 
Figures 4-7 we summarize the structures obtained from com
putations on some selected intermediates and transition states 
belonging to four different potential energy surfaces where the 
results of detailed MC-SCF computations are available: (i) CH3" 
+ CH2=CH2 (Figure 4, a-c), (ii) ethylene + ethylene (Figure 
5, a-c), (iii) butadiene + ethylene (Figure 6), and (iv) the Cope 
rearrangement of 1,5-hexadiene (Figure 7).1117 We emphasize 
that we have used the same pool of parameters for the valence 
space parametrization in all computations. Note that the structure 
in Figure 5a (the antiaromatic structure for the 2S+2S forbidden 
cycloaddition of two ethylenes) is, in fact, a second-order saddle 
point with two imaginary frequencies, and this reaction cannot 
be studied by SCF (RHF or UHF) or semiempirical methods. 

For the transition states the bond lengths agree, in general, with 
the ab initio results within 0.2 A. For example, the fragmentation 
(from the biradical minimum, Figure 5c) transition structure 
(Figure 5b) for the nonconcerted 2 + 2 cycloaddition of two 
ethylenes (Figure 6b) has an error of 0.1 A in the forming C-C 
distance. This is perhaps not too surprising since the surface is 
exceedingly flat with an ab initio fragmentation barrier of 0.4 
kcal/mol. One exception is the symmetric transition state for the 
1-2 shift in CH3 + ethylene (Figure 4b) in which the C-C distance 
differs by 0.3 A. However, this case is rather pathological because 
of the proximity of the conical intersection to this transition state. 
The CCC angles describing the orientation of the reacting frag
ment agree with the corresponding ab initio value within a few 
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MM-VB excited state 

MM-VB groLrd state 

Figure 8. Potential energy surface (MM-VB) for CH3* + CH2=CH2: 
(a) excited state, (b) ground state. The X and Y axes are based upon 
a parabolic interpolation (A-axis) and linear interpolation (Yaxis) passing 
through six structures including the optimized minima and transition 
states. The X axis (top right to bottom left) corresponds mainly to the 
distance rc_x between the methyl and the midpoint of the ethylene C-C 
distance. Gridnode 1 corresponds to rc.x = 1.49 A and gridnode 20 
corresponds to rc.x = 2.68 A. The Y axis (top left to bottom right) 
corresponds mainly to the angle CH3-X-CH2. Gridnode 1 corresponds 
to and angle of 127.9° and gridnode 20 to 52.1°. 

degrees. The bond-length errors found in transition structures 
are mainly due to the crude parametrization of the delocalization 
effect. This problem affects the radial behavior of the K&& and 
gab 's much more than their angular behavior. 
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Radical and diradical intermediates normally need a set of 
special parameters in the MM method. In MM-VB the bond 
length and angle of the propyl radical H3C-CH2-CH2 (Figure 4c) 
is in agreement with the ab initio values within 0.01 A and 1°, 
respectively. Two diradical structures are illustrated: the anti 
diradical minimum that occurs in the cycloaddition reaction of 
two ethylenic molecules (Figure 5c) and the cyclohexane diradical 
minimum of the Cope rearrangement (Figure 7b). For these two 
structures the bond lengths are correct within 0.1 A and the bond 
angles within 3.0°. 

An area of intense interest that is inaccessible to MM methods 
concerns calculations on the excited state and crossings with 
ground-state potential energy surfaces. Here we present two 
examples that serve to illustrate that such calculations are possible. 
In Figure 8 one can see that MM-VB reproduces the conical 
intersection between the ground and excited state at gridnodes 
10,10 for the CH3* + CH 2=CH 2 reaction. In Figure 4b we give 
the structural details of this point. In Figure 5a we show that 
antiaromatic structure for the 2S + 2S forbidden cycloaddition of 
two ethylenes (which is, in fact, a second-order saddle point with 
two imaginary frequencies). The corresponding structure on the 
excited surface is shown in Figure 5b. This structure is, in fact, 
a saddle point connecting two equivalent conical intersections8,15 

that have the structure given in Figure 5e. As we have discussed 
elsewhere, conical intersections can provide the mechanism for 
a fully efficient return from an excited state in a photochemical 
reaction.8,9* 

Of course, the utility of an MM-VB approach lies in the ability 
to study reactivity problems in larger molecules where ab initio 
computations are at the limit or beyond the range of current 
computing technology. In order to illustrate the type of infor
mation that can be obtained for larger systems, we have applied 
MM-VB to ergosterol, a steroid which is a precursor of vitamin 
D2. Ergosterol undergoes an electrocyclic ring opening involving 
a cyclohexadiene ring to form a hexatriene system. In Figure 9 
we show the structures obtained for a conformer of ergosterol 
(Figure 9a) and for the critical point corresponding to its 
ground-state conrotatory ring opening (Figure 9b). Each shaded 
atom has one active orbital. The six carbon atoms with active 
orbitals composing the cyclohexadiene system are illustrated 
separately. The main geometrical difference between those two 
structures arises from the status of the a bond between the active 
atoms A and B. The A-B bond, which is in its equilibrium 
geometry in the first structure, is undergoing bond breaking in 
the second. We can now observe that MM-VB not only describes 
the change in the hybridization status of the two centers A and 
B but also that MM-VB provides a certain amount of insight into 
the conformational changes occurring in the nonreactive part of 
the molecule. In particular, one can see that the two cyclohexane 
ring systems which are condensed with the active cycloexadiene 
ring show a different conformation in the two cases. They are 
in a clear chair conformation in the stable structure of Figure 9a 
but a quasi-half-chair conformation in the transient structure of 
Figure 9b. As a consequence of these conformational differences, 
a more macroscopic effect is induced on the orientation of the 
long side hydrocarbon chain with respect to the plane of the active 
cyclohexadiene ring. The driving force behind these conforma
tional changes has its origin in the change of hybridization status 
of carbon atoms A and B. This change in hybridization status 
arises, in turn, from spin-recoupling that arises during bond 
breaking and is described by the quantum mechanics of the VB 
problem. Thus with MM-VB one can explore the coupling be
tween the center of the reaction (which is described by the VB 
simulation) and the description of more distant regions of the same 
molecule which undergoes conformational changes (which are 
described via MM). Of course, the most interesting part of 

(15) Bernardi, F.; Bottoni, A.; Robb, M. A.; Schlegel, H. B.; Tonachini, 
G. J. Am. Chem. Soc. 1985, 107, 2260-2264. 

(16) Bernardi, F.; Bottoni, A.; Field, M. J.; Guest, M. F.; Hillier, I. H.; 
Robb, M. A.; Venturini, A. J. Am. Chem. Soc. 1988, 110, 3050-3055. 

(17) Morokuma, K.; Borden, W. T.; Hrovat, D. A. J. Am. Chem. Soc. 
1988, 110, 4474. 
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Figure 9. MM-VB structural parameters (A and degrees) for the elec-
trocyclic ring opening reaction of ergosterol: (a) ergosterol, (b) critical 
point for conrotatory ring opening. 

ergosterol reactivity occurs in the excited state, and the photo
chemistry of this system is presently under investigation in our 
laboratory. 

Discussion and Conclusions 

In this paper we have discussed an MM-VB model that extends 
the range of validity of MM methods to include reactivity prob
lems. 

The MM force field is dependent on a local environment defined 
by specifying different atom types as input to the procedure. As 
a consequence, the parameters describing a doable bond in an 
ethylene are not the same as those for describing a double bond 
in a butadiene or other conjugated hydrocarbon. Similarly, to 
describe a transition state one needs special atom types and as
sociated parameters. In contrast, in MM-VB, we have defined 
a new atom type that has the active orbitals that are used in a 
VB computation. The concept of an active orbital space is as
sociated with the reactive process under investigation and com
prises the orbitals that are associated with bond making/breaking. 
A parametrized pool of Klb's and gab's is associated with the active 
orbital space and allows a smooth description of the bond-breaking 
and bond-forming processes through the solution of a simple VB 
problem. Consequently, one has an environment-independent 
description of various bond-making/breaking situations that is 
impossible in MM. Thus, for example, the complete potential 
surface corresponding to the breaking of r bonds and making of 
new a bonds that occurs in, say, a cycloaddition reaction can be 
described with the same pool of parameters. 

Wc have thus demonstrated that the field of application of 
MM-VB is much larger than for pure MM. In MM-VB, chemical 

reactivity problems in ground and excited states can be studied. 
The main limitation arises from the problem of identifying the 
active centers from the outset. (A similar difficulty arises in 
MC-SCF theory itself where one must choose the active space 
orbitals.) This problem is obviously much less severe than the 
problem of identifying an atom type (and associated hybridization 
status) in MM. However, the selection of active centers from the 
outset implies that one can only study those regions of the energy 
hypersurface that involve bond breaking/making between those 
centers. 

We have illustrated the limitations and capabilities of MM-VB 
in computing the geometries of intermediates and transition states 
using results obtained for some critical points belonging to four 
different potential energy surfaces. The results have been obtained 
using the same pool of parameters for the valence space param-
etrization in all computations. In the examples we have studied, 
the correct shape (topology) of the potential energy surfaces is 
predicted. An ab initio MC-SCF geometry optimization starting 
from parameters computed from MM-VB usually converges 
rapidly. 

A fundamental limitation of the MM method is associated with 
the calculation of geometries and transition structures for electronic 
excited states of a molecule. This would be possible in the MM 
method only by extending the pool of parameters to an even larger 
set for each excited state and spin multiplicity. In the MM-VB 
method, covalent excited states (irrespective of spin multiplicity) 
can be treated with the same pool of parameters as the ground 
states. For example, we have located the excited-state structure 
that is located at approximately the same geometry as the anti-
aromatic ground-state critical point on the supra-supra approach 
in the ethylene + ethylene reaction. For this structure the MM-VB 
bond lengths differ from the ab initio value by only 0.03 A, while 
the angles are exactly equal by symmetry. Further, the conical 
intersection that must occur between the ground and the excited 
states of the potential energy surfaces of CH3" + CH2=CH2 and 
of the cycloaddition of two ethylenes are correctly reproduced. 
Thus the delicate interplay between ground- and excited-state 
surfaces that is necessary to understand the photochemistry is 
correctly reproduced. 

There are two important general conclusions. On the one hand, 
we have demonstrated that MM-VB could evolve to become a 
useful practical tool for the rapid investigation of reactivity 
problems before much more expensive ab initio computations are 
carried out. The main limitation to the accuracy in the present 
model is the model for the delocalization effect. On the other 
hand, the fact that the MM-VB modelling algorithm works at 
all is of considerable conceptual importance, and we must now 
briefly comment on this point. We have demonstrated that 
quantum mechanics of the complicated process of the reorgani
zation of the spin recoupling that occurs in a transition state or 
the driving force for the change in CC bond lengths that occurs 
in delocalized x systems can both be described by the solution 
of a simple VB problem which allows for the resonance of the 
possible VB structures involving the active orbitals alone. The 
inactive framework of the molecule can be described by MM. The 
central parameters in such a VB calculation are the exchange 
integrals (K,b) that depend mainly on the overlap of the orbitals. 
The functional form of these exchange parameters can be 
transferred from model molecules (in the present case ethane and 
ethylene) using a delocalization algorithm. 

Appendix: Formulas for MM-VB 

In this Appendix we give the formulas that are used in addition 
to the standard MM2 potentials. 

(i) Two-Orbital Model <?% and Af0,,, The model 0% and K°0 

for ethane and ethylene have been fitted to a functional form given 
in eq Al and A2. The coefficients cis i <W CiPi- and c„ 

KPn = C1n Cn-Ex1(Z/') + (clpc,Pr + c,pc,Pt)Ex2(ij) + 
(CIp1C), + c„cIPi)Ex,(ij) + C11C^Ex4(I/) (Al) 
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e°,y = (4, + &PMM + (4, + 4> + 4 , + 4,)Ex6(y) + 
( 4 + Cj1)ExAU) + (4,4;Ex8(i7) + 

(cjpcjp> + cj„cjp)Ex,(ij) + (C 2 ^ )Ex 1 0 ( I / ) + 

(4.4+44^"W) + 

(4y4 + 44* +4,4 + 44JEx12(I/) + 
(4,4, + 4,4, + 4.4, + 4,4,)E»,3(y) + 

(4,4,+ 4,4,)Ex>4(y) + Ex15(O + Ex15O) (A2) 
clPr cipz depend only on the geometry and are not free parameters. 
For each k = 1, 14 the function Ext(//') has the form 

Ex4(ry) = ak exp(-V,y) (A3) 

and the parameters ak and bk are given in Table I with r0 being 
the distance between the centers i and / The units of r« are A 
and the units of Ex, are E4.. Ex,s depends only on /' or / and is 
a function of the coefficient (c i s): 

Ex15(Cu) = O15 exp(-6 1 5 | c i s [ tan- ' ( 4 0 0 0 / t a n " 1 (400)] | ) (A4) 

The quantities c„, clpx, cipy, cip!, and cjs, cjpx, cjpy, cjpz depend only 
on the geometry of the centers i and j and we now discuss their 
definition. We begin by defining a vector p, as shown in Scheme 
I. The direction of the vector p, is taken orthogonal to the plane 
a containing three substituents (vectors a, b, and C1 assumed to 
be of unit length) connected to the valence center. The coefficient 
C11 is the norm of vector p, and is proportional to the distance q 
between the valence atom and the plane a. 

The quantities clpx, cipy, c~, and c,px, clpy, cjp! are the projections 
of unit vectors directed along p. and p. on two parallel local 
coordinate systems defined in Scheme II. Since Ex4 contains two 
parameters (ak and bk), a maximum of 30 different parameters 
are needed for any two-center system. 

(ii) !^localization Effect (U Parameters: •'. f. g, A, S1, S2, 
S3, t„ t2, tt, and o). The jr (ethylenic) and a (from ethane) K°0 
and fi°,y are corrected using different algorithms. We begin with 
the T contribution (i.e., the correction to K11 or Q0 of the model 
T system) 

(A5) 

Table I. Parameters in Eq A3 

K0 = K°0 + QAK0 

where AAf1-, is the change in the model K0 and is defined as 

(A, + Aj) 
AK0 = hK„-

with 

and 

A , = 
(Aj - A,)2 

'(A, + Af ' 

A1 — L^Kr1x 

(A6) 

(A7) 

(A8) 

where the summation over x is over all unconnected (to i) valence 
centers. A valence center x is unconnected to the valence center 
i when no permanent (MM) bond binds j to i. The function Q 
only depends on the geometry of the r bonds and contains no 
parameters. 

n = n ( l - c o s ( x 4 , ) ) (A9) 
kl 

The sum over kl is over all T bonds and xt / is a "twisting angle" 
and is defined as the dihedral angle formed by the pk and t>, vectors 
along a T bond. Finally 

Q0 = Qf11 - QAK0 (AlO) 

with 

A = L(I-COS(X4,)) (All) 
*/ 

The free parameters are g and h and have the values 1.9 and 0.2 

Ex, 
I 

1 
2 
3 
4 
5 
6 
7 
K 
9 
IO 
Il 
12 
13 
14 
15 

a bond 

a, 

-10.5730 
-16.1738 
-2.1898 
-0.2388 
-10.8428 
-O.0968 
-0.0911 
73.6261 
0.0031 
7.5542 

119.1520 
5.2357 
58.2474 
81.0041 
0.0002 

*, 
2.4277 
3.2712 
1.6498 
1.9879 
1.3178 
0.0009 
0.0000 
3.6707 
0.0000 
1.2540 
2.0906 
1.9516 
2.8313 
2.5974 
11.7333 

» bond 

a, 

-39.0149 
-3.3012 

-23.2383 
-9.9046 
0.0000 
0.0000 

-8 306.5530 
0.0000 

16 898.8360 
0.0000 
4.0861 
0.0000 

16662.2340 
16 547.6600 

0.0002 

b, 

1.6548 
2.7429 
1.5080 
1.2424 
0.0000 
0.0000 
5.4211 
0.0000 
5.4368 
0.0000 
0.3951 
0.0000 
5.4240 
5.4154 
11.7333 

Scheme I 

Scheme II 

in all our computations. The <r-bond model K°0 is corrected 
according to 

K0 = 

^ 0 + ^ ) + 0 ( . - C E 1 ) ( ^ + 0) 

with 

H, = i + f(i + ((i:A iy)/Li)) 
*>>» x>y 

(A12) 

(A13) 

and the summations over x and y are over valence atoms connected 
(via M M ) . 

The corresponding correction to Q°0 for a model <r-bond sub
system is given as 

Qt1 = Q0U ~ AX, exp(-X2(Af°,y - X3)2) + AX, exp(-X2(-X3)2) 
(A14) 

where: 

: - ( ' j - S2)[ ~^~)* ^2 

/ H , - l \ 
= ('3-*3)l — — l+*3 

(A l 5) 

(A16) 

(A17) 

The parameters e,f, S1, S2, s3, t\, I2,13, and u are free parameters 
with values 0.780, 0.065, 0.2, 7.0, -0.41, 0.27, 7.0, -0.34, and 
0.1079. 
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Schema III 

(iii) Corrections to MM. The molecular mechanics parameters 
for stretching, bending, torsions and van der Waals interactions 
involving one or more valence centers have in general been set 
equal to those of a sp ' carbon atom. Exception is made only when 
the following situations are encountered. 

(1) When a bond or planar angle includes at least one valence 
a bond or a dihedral angle includes at least two valence a bonds, 
their respective stretching, bending, or torsional constants are set 
equal to zero. 

(2) When the anchor atom of a planar angle is a valence center, 
the value of the angle is replaced by the value of the projected 
angle. The MM parameters are not changed, only the definition 
of the angle. This projected angle is defined according to the 
Scheme III as the angle a'ob' or b'oc' or c'oa' between the pro
jection of the bonds (ao, bo, and co) onto the plane orthogonal 
to the vector p defined in Scheme I. 

Introduction 

W-ACyI-SUbSIiIUtCd three-membered nitrogen heterocycles 
present a certain interest as compounds containing the most 
nonplanar amide group. The high degree of nonplanarity of such 
amides follows from the results of structural studies in the solid' 
and gaseous2 phases, and is confirmed by the data of IR, 'H NMR, 
and UV spectra in solution.3 Nonplanarity and, connected with 
it, inherent chirality of the amide chromophore in JV-acylaziridines 
strongly affect the circular dichroism (CD) spectra,4 for the in
terpretation of which a correct assignment of optically active 
electronic transitions is required. Hitherto, assignments for the 
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(3) When a dihedral angle includes one valence a bond, the 
torsional constants are multiplied by a term O whose value in 
turn depends on the value of the function T1̂  = cipxCjpxEx^ij) (a 
function of the bond length rit and the orientation of p, and pj 
defined in Scheme AI). The form of 8,y is: 

/ u . -M^r , - !a ) \ /^JgMgA) 
y tan"1 (4.0) / \ tan"1 ( 4 . 0 ) / I 

(A18) 
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Abstract: Chiroptical properties in the intrinsically dissymmetric amide chromophore of A'-acylaziridines are investigated 
experimentally and by ab initio molecular orbital calculations. Computations on A'-formylaziridine (la) and measurements 
of the CD spectra of \\R,2R)-\-acetyl-2-methylaziridine ( lb) . (1 R.2R)-1 -(a-hydrohexafluoroisobutyryl)-2-methylaziridine 
(Ic), (2'5)-l-(2'-methylbutyryl)aziridine (Id), and (2'5)-l-(2'-methylbutyryl)-2,2-dimethylaziridine (Ie) suggest that the Cotton 
effect (CE) for the long wavelength absorption (band I) obeys a spiral rule: a right-handed twist of the O=C—N—C(ring) 
bonds corresponds to a negative CE for band I. Band I is assigned to the valence nc.-»*co transition. The next four higher 
energy absorptions are due to transitions to Rydberg states, nu-3s and nN-3p. Experimental CD spectra are also reported 
for the related compounds, (2'S)-l,2-bis(2'-methylbutyryl)-3,3-dimethyldiaziridine (2a), (a5)-l,2-diacetyl-3-iec-butyldiaziridine 
(2b), (2'5)-2-(2'-methylbutyryl)-3,3-dimethyloxaziridine (3a), (5S)-2-acetyl-5-methyl-l-oxa-2-azaspiro[2.5]octane (3b), 
(S)-/V,A'-dimethyl-2-methylbutyramide (4), and (25)-l-(o-hydrohexafluoroisobutyryl)-2-methylazetidine (5). 


