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'""'l."Introduction'

‘ In-the.approximate self-oonsiStent field (SCF) theory (1) the
'n doubly occupied (closed shell system) orbitals of a one-determinant
wave function (Hartree-Fock) are combinations of m ba51c orbitals :
(basis set). The approximate SCF equations determine the n linear
'combinations which give the lowest total energy. (2) Therefore,
__these orbitals give the best possible representation of the true SCF
orbitals (3), u51ng the. basis set of one-electron functions.
, In the present context of molecular theory, the SCRF- orbitals
.‘are molecular orbitals (MO) while the basic orbitals are atomic
",orbitals (AO) Th1s approximation is the linear comblnation of atomic
orbitals (LCAO) | B 'V |
To obtain the individual MO's requires repeated solution (an
iterative process) of matrix eigenvalue equations. A brief description:-’
i_’of the orthodox SCF method is inﬂorder, The Hartree-Fock equations.
(4,5).are v-‘ S f o | . . % o R .
| =‘,',.Ag R W

where = (4, B ,...,) is the Tow matrix of n occupled orbitals-

o iS'an m'x n diagonal matrix whose elements are the orbital energies '

€ ..é:x,'and,g Q~+ q}is the Hartree-Fock matrix. operator.

- Matrix h is the one—electron matrix operator for an electron in the .,

‘;vfield of the bare nuclel, and G is the total eleotron 1nteraction
c matrix operator,-which includes both exchange and Coulomb terms.
The’orbitaluenergies‘and totallenergy are

A
 E= I <A/2P-G/A>
A

-

- <w @




=23 £- T<a/c/a> (3)
A A

Upon application of the LCAO approximation by using a set of m basic
orbitals, 2 = (ab...), the n occupied orbitals are expressed as
Q =a T, where T is an m x m matrix.

N A N

Equation (1) then takes the approximate form

FT =T¢ (% diagonal) (&)
The definition of the Hartree-Fock matrix is completed by
= <
hab a/h/b?
and
= - ) < > -
Gop rZS R [2< as/g/tr> -<as/g/rb>]

where for our purpose 5 = TTt and g = ez/rlz. Consequently, equations
nny
(2) and (3) become
t

€ A AT (5)

E = 2Tr(BE)-Tr(RG) (6)
ﬁlisfone-half the charge density and bond order matrix.

Equations (4), (5), and (6) demonstrate that, while the orbital
energies and eigenvalue equations depend on the orbital-coefficient
matrix x, the total energy depends only on @. More will be said
concerning this later.

To summarize, the orthodox Hartree-Fock method involves making
an iniﬁial "guess" at B followed by successive refinements achieved
by direct diagonalization of the Hartree—Fock matrix until convergence
is achieved.

The orthodox Hartree-Fock method has two ma jor objections.

First, as was demonstrated earlier it does not generate physically
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relevant iﬁformation, i.e., the‘total energy_(and all other physical
properties of a system) dbes not depend on the individual MO's (the
solutiéns directly obtained) bu£ on.z, Secondly, some systems do

not achieve convergence, i.e., the energy oscillates between twb
extremes, nelther of which'isbclose to the energy minimum. This
objection is encountered with both m-electron and all-valence-electron
systems, with particular.diffiéulty in the latter (6,7);

Mcweeny (8,9) ha$ developed aﬁ alternative to the orthodox method
khich seems_toIOQercome the abové-stated objections., 5 is generafed
directiy,'and convergence 1is apparently'achieved for all systems.

The objective'of fhis paper is to describe MclWeeny's method aﬁd
to réport on results obtained with its use. The systems with which
we worked included both m-electron and all—Valence—electron systems. -
The m-electron systems were p-benzoquinone and calicene. The all-
valence-electron systems were the calicené dianioﬁ, several configu-

rations of the Cl,_-benzene charge-transfer complex, and a study of

2

selectivity in propylene, nitrobenzene, and m-chloronitrobenzene,



IT. The Mathematical Development of McWeeny's Method

In the past, fheoreticians in chemistry and physics have sought
va:ﬁethod of solving the Hartree-Fock equations which would yield
physically relevant information and which, in tﬁe case of certain
reéalcitrant sysfems, would yield cohvergent phyéical properties.
McWeeny's “"steepest descent” method (10,11) fulfills these re@uirements.
The objective of the method is to systematically change‘§ (6he-
half the charge density and bond order matrix) in such a way that |
E (total electronic energy) is rapidiy reduced to a minimuﬁ. .Before,
giving further details of McWeeny'®s method, the reader should be
apprised of certain background information.' |

The total electronic energy can be represented as

E=2Tr (RR) + Tr (GR) . (7)
subject to N
2 i}
| R” =R, (Tr R = n)
To first-order -
= » + + =0
| 0 = 2 Tr('}\l‘éli\) , Tr(g\;’as) Tr(zs%%) 0 | (8)
where _
G = G(R), Tr(8GR) = Tr(G(6R)R) = Tr(G(R)SR)
N N Ay Ny N VN N voN
Therefore, .
SE = 2 T’r(%ag) + 2 Tr(¢®) = 2 Tr(F6R) = 0 (9)
€= 2 Tr(ER) = stationary value , . (10)

where € is merely the sum of the orbital energies (g). Noﬁ, to

second-order with idempotency still‘preserved;
+ + oy
Rt R S ()

where

Ly
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1= GRAR
with Aan arbitrary, nonsingular m x m matrix.
We can now proceed with thé»development of McWeeny's method.
An arbitrary, idempotent g,is firs£ chosen (e.g;, that‘of a Hackel
1calcu1ation). From (9), (10), and (11), |
68 first-order = ¢ = ATr [RE(L-E) A1 = uTr[(;’-gl)gg]"gb =0 (12
A must be choseh in order to descend fhe energy surface as rapidly
as possible.
A vector can be associated with the m2_e1eménts of anmxm
matrix, and we define a $ca1ar product as
+

+ 
Q'ﬁlf‘réé Ars Brs - r%g Asr Brs B T? gé E)

For.fixed % the scalar product takes its greatest negative value when
‘o ‘ts anti . = _)B.
%.;s in‘l s antiparallel positlon,'é Xgl
Consequently, from (12) E takes its greatest reduction when
= -M(1-R)FT, and V = (1-R)AR = -A(1-R)FR. Therefore, the change
~ N A/ An n N oA, LAV

in R corfesponding to the steepest descent along the>energy surface is
N : :

PO N L 12 et ot -
| B SR = Mgrs)) + A7 (g5 - 878) | (13)
where S = (1-R)FR.
~ N A,
| 2 » -
| 68 = -\ - A7 1M ... . (14)
where L = S + S* and M = s-gT .
n, n, n, N NN

G R=4]
This correction satisfies the idempotency condition of (7) to second-
order and therefore determines not only the slope of the energy surface
(see eq. 12) in the direction of increasing A but also its curvature.

It is, therefore, possible to determihe a value A which corresponds

opt.
to a minimum in the direction of steepest descent (see Fig. 1, page 6).



@ BN

Fig. 1. Section through the energy surfaces: (a) The simple
Hartree-Fock procedure predicts too small a change. (b) it leads
to divergence. _ v . '
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Thus, the total energy change to second-order is

8B = ZTr(—XL-)\Z IM)F + Tr(kz LG (L)=0 (15)
_ » N YLHY NN
setting _ v \
l: Y = - -m?
3(SE)D X=0, xopt. t/(2n-m*) , (16)
where
t = Tr(FL) m = Tr(FLH) n' = Tr(1e(L))

A LYY ‘ w

The correction (14) with A= kopt results in the best l-descent

approximation to ﬁ’and consequently E. This procedure is repeated
until Qland E do not changé upon further iteration withiﬁ an arbit-
rary limit. ‘

Although (14) maintains idempoﬁenéy to second—érder, repeated
éddition of Gg‘s results 'in the loss of idempotency, which decreases
, the rapidity of achieving'conﬁergenoe. ‘Idempotency is re-established
by the .iterative appliéatioh of |

| Rspy = 3;33.3 - 2&52 | | ) (17)

Also, McWeeny alléges that averaging the S-matrices of two

consecutive iterations and employing the result in the next iteration

results in more rapid convergence.



IiI. The Implementation of McWeeny's Method

The preceding development of McWeeny's use of the "sfeepest
descent" method to solve the Hartree-Fock equations appears to |
demonstrate that the method should resﬁlt in convergence for all
ﬁhysically realistic systems, including those systems which do not
achieve convergence with the orthoddx method (see I). Also, those
systems which do achieve convergence with the orthodoi method should
do so in fewer iterations with the McWeeny method. To test these
contentions, sevéral systems, both q-electron and all—valence—
-electron systems, were used as examples for study. Some of these
systems had not converged with the orthodox method. What is to follow
is a narration of what was involved in utilizing McWeeny's method.

| To gain an initial familiarity with McWeeny's method we considered
a WATFIV program for m-electron systems which normally present fewer
difficultieé in achieving convergence than all-valence-electron
systems. As will be shown shortly, this normality was proven to be
somewhat absent. But to continue, the zero-differential-overlap
approximatibn was applied to all repulsion integrals. One-half the
charge density and fond order matrix resultiﬁg from a simple Hlckel
calculation was used as a first approximation to’§. Slater-type 2p-
orbitals were used for the basis set. |

To begin our investigation of the efficiency of Mcleeny's method,
in solving m-electron systems, we used p—beﬁzoquinone. With computer
runs of 10, 20, and 30 iterations, we could not obtain convergence.

After proceeding monotonically for three iterations towards a minimum,

-8



‘thevelectronic:energy.andjﬁ.moved:nonmonotonically'towards'and avay
from a minimum without;finally’converging‘to that minimum.

_ By increasing the number of iterations from 3 to 5 in using :
"equation 17, we observed a reduction in the above-described nonmono-
_tonic behavior.'bBecause we did_not observe further.improvement upon
going to.7‘iterations, we'abandonedvfurther»investigation of the
technique. We also increased the periodicity of the application of ,
equation 17 still without achieving convergence. :

Upon failing to obtain convergence by exclus1ve use of McWeenyks
method - we’ investigated variations of the method
| When an iterative process fails to converge, a well—established
"technique is to average a'variable resulting.fromvtwo consecutive
iterations and to use the resultant in the follow1ng iteratlon. This
is repeated periodically throughout the iterative process. We»appliedi
‘.v‘this technique by averaging the R‘s. We observed no appreciable pikiu

'improvement in the results.‘

Becausevthe energy-surface with uhich he was working was nonlinear,'vu:>'

"_McWeeny used a quadratic dependence in X as-an approximation to 6E
(see equation 15) e attempted to adapt a 1inear adgustment to .
After calculating l for an iteration, fractional parts of it, ranging
v'from -l to +l in .1 increments, were taken. After_determining»which.
fraction of k £ 'gives the'highest negative Sﬁ. the'reSulting OR was
v‘made idempotent with equation 17 and was ‘used to calculate a nev Xopt.
_1n ‘the next 1teration. This was repeated throughout the iterative
process. ‘This iS»avcommonly used technique in nonlinear problems,and,"

is an exten51on of finding a steepest descent (see II). Again,_no

discernable improvement in results was observed.
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As was explained in section II, McWeeny reported that averaging
the S-matrices (which is analogous to the r-matrix in his paper) of
two consecutive iterations and using the resultant in the following
iteration gave more rapid convergence in eigenvalue problems. After
employing this technique in the p—benzoquinone calculations, we
observed no,impfovement in the results.

The technique which finally brought forth sufficiently satisfactory
results to evoke a "HAZZAH!" was indirectly suggested to us in a paper
by Amos (12). He reported that he had used the orthodox method in
conjunction with McWeény's method to confirm the obtainment of |
convergence. - After‘using sufficientiy many McWeeny iterations to
give apparent convergence, he followed them with several standard
diagonalizations (the orthodox method). If he observed no further
change, he concluded that convergence had indeed been obtained.

In additioﬁ, Fletcher (13) observed that the difficulty with v
- McWeeny's method for some systems is that it apparently retreats from
(or slows its approach to) a minimum in the energy surface when the .
calculated path Qf steepest descent comes within thé vicinity of that
minimum. This would Seemvtqbbe the nonmonotonic behavior we observed.
As will be shown later, the precise définition of‘"vicinity"vdepends
upon the particular system under consideration. | |

We postulated, therefore, thafla combination of the orthodox and
the McWéeny methods would yield convergenée. Consequently, we used
27 McWeeny iterations followed by 3 standard diagonalizations. This
procedure gave acceptable convergence aﬁd the results in section IV,

With exclusive use of £he»orthodox method, convergence was

obtained with 15 iterations.
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As we will deﬁonstratevshortly, the all-valence-electron
systems ﬁith which we worked presented feﬁer difficulties than p-
benzoquinone. Because such systems usually present more difficuliies
~ than g-electron systems in obtaining convergence, we investigated.
another ﬂ=electron system--calicene-~to see whether thebabove
described difficulties were a phenomenon of p-benzoquinone of of
m-electron systems in general when the McWeeny method is used.

For calicené we began with the exclusive use of McWeeny's method.
After 11 such iterations convergence was obtained monotonically. No
change was bbserved when standard diagonalizations were added. How-
ever, nonmonotonic behévior commenced when the téchnique‘of averaging
“the S-matrices was introduced.

To’continue our inveétigation of the McWeeny method a FORTRAN—IV
program (14) for all-valence-electron systems was adabted for the
McWeeny method (see Appendix)., The CNDO approximation (15) was
- applied to all répulsion integrals. The CNDO/Z parameterization (16)>
was used tolestabiish the empiricél quantities. One-half the charge
denéity and Bond order’matrix resulting from an extended'Hﬁckel'
calculgtion was used as é-first approximafioﬂ to 5. Slater-type s-,
P-y and d-orbitals were used as the basis set.

The all-valence-electron systehs with which we worked were the

calicene dianion, several configurations of the Cl, -benzene charge-

2
transfer complex, and a siudy of selectivity in propylene, nitro-
‘bengene, and m-chloronitrobenzene. While we were able to obtain

" convergence with'exclusive use of the McWeeny method we found that

less time was required to do so by using the combination of the
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McWeeny and orthodox methods. Utilization of the technique of
averaging fhe S;matrices actuaily impedéd the obtainment of cohver-
gence for all of'these systemé.

Fof these systems we did not employ the system éf dividing the
tofal number of iterations into McWeeny-type iterations fbllowed :
by a prescribed humber of Standaid diagonalizations. When the
change in thé electronic energy between two iterations J:e_a.chc—:'d’lon3
a.u., by using the McWeeny method, the orthodox mefhod”continued the
calculation until a change of 10"6 2.l wasvreached. At this point,
convergenée»was Judged to have been obtained.

Because the above procedure did not completély work for the
chlorine-benzene complex, a few addifional remarks are necessary.

The binding energy curves for several configurations were consfructed
(apparently for the first time) in'whiqh the chlorine atoms either |
included d—orbiials;iexcluded d-orbitals or included contracted (1less
 diffuse) d-orbitals where the Slater exponent had béen increased (in
the absolute sénse).. At short intérmélecul_ar distances (2.0 i and
less) with any inclusion of d-orbitals, any attempt at including stan-
dard'diagonalizations with the McWeeny iterations resulted in di&er—
gence (see I) before the 10“6 a.u. standard for convergencevhadbbéen
satisfied. Consequeﬁtly, for such caées we made exclusive use of‘.
the McWeeny'method, leading‘to satisfaction 6f the 10"6 a.u. standard
for convergence. |

Towardé the end of our‘work, we found that convergence could bé
obtained for the chlorine-benzene complex and the selectiﬁity study

by using the orthodox method with the inclusion of the technique of
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avéraging of the R-matrices. The results in section'IV for the
- complex and the selectivity study were obtained by using this method.
At short intérmdlecular-distances,-howevér, the McWeeny method or

the combination of the McWeeny and orthodox methods had to be used.



TV. Results

The purpose of this section is to present and discuss fhe results
obtained by using the McWeeny method and/or the technique of avéraging
the R-matrices (in the orthodox method) on se#eral m-electron and
‘all—Valence-electron systems. While conclusions and recommendations
for further investigation of these systems will be given in this
section,‘conclusiOns and recommendations regarding thé methods

‘employéd will be presented in the following section.

-



-15-

A. m-electron Systems

1. p-Benzoquinone

The followlng data were used as input for the m-electron
investigation of p-benzoquinone. (Fig. 2, p. 16). DelW (oxygen)
-6.5% e.v. (the negative of the ionization potential of oxygen

relative to carbon)

Yoo = 15.23 ewv. _
: one-center repulsion integrals
Y = 11,13 e.v. ,
- ce
BC=0 = —3.25 €.V,
BC"’C = —25395 e.V,
Output:
Eqr = —234.290 e.v,
EC;R. = 117.189 eV
Etotal = "'117 -101 eV,

Electron density and bord order results, obtained by using Mcleeny's
method, are given in Fig. 2, p. 16. These results compare favorably

with those 6btained with the orthodox method.
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Fig.v2{"p-BénZOQﬁinone. Galculated 1T;eiectroh densities
(a.) ‘and, . m-bond orders (b). : : oo

o 'fl 0;8#161" _»H -
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2, Calicene
"The following data were used as input for the 1r-electron

investigation of calicene (Fig. 3, p. 18).

BCC = -20395 €.V,
ch = =11,13 e.v.
Geometry: Planar, regular polygons; Rcc = 1,395 R
Output:
E = "2120780 e-V.
i
EC.R. = 110.840‘e.v.

\ Analysis: Unsubstituted calicene has not as yet been prepared
in the laboratory. This is at least partially understandable when
one realizes that calicene has 8 m-electrons (antiaromatic, according
to Hiickel's 4n+2 rule).

An alternative view of calicene is obtained when one considers -
the system as two joined rings. If one considers the 1,2 bond as
pdlarized with both of its m-electrons in the cyclopentadiene ring,
thevresult is a cyclopentadienyl anion and a cyclopropenyl cation.
Both of these systems are aromatic according to Hlickel's rule. In
this picture an unstable 8 m-electron system becomes the combination
of two stable Telectron systems (6 and 2 melectrons, respectively).

To test this proposition, one should consider the frelectron
distribution and the bond orders of Fig. 3, p.18. The 1,2 bond order
is only 0.6145 (it should be closer to 0.0) which indicates only
slight polarization of the bond. Also, the net charge in each ring

is only_.5687. A net charge of 1.0 should have been obtained in



>’ ;h(a) DA

 0.8601 11622

O.. ’
77
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(b)

‘Fig. 3. Calicene. Calculated. ﬂ-electron densities (a)
a and nabond orders (b) ‘



-19-

- order for the above-stated aromatic condition to be present. Appar-
ently, based upon these calculations at least, the 8 m-electron
picture of calicene is the‘more accurate picture and is one

possible reason for the lack;of preparation of calicene.



| B. All-valence-electron Systems

‘l | Cahcene Dianion | ,

The results for the calicene dianlon (planar- MINDO pa.ra.meters) ,
'l'are glven in Fig. 4 p. 21 These results were obtained with the
L McUeeny method; earlier a.ttempts to make this calculatlon with the s
orthodox method resulted ,1_n.‘ divergence. |

'_EBinding = :—,2'55.128 ‘a‘f- u, = 1603:0202 ka.l.‘/mole. .



(a)
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0.5258

0.5097

| Fig. 4., Calicene dianion. (a) Total valence electron densities.
(b) m-electron densitites and 1 -bond orders.



-22-

2. The>012-Benzéne Chargé—transfer'Complex

>Intuitivé1y, chemists and physicists would not predict any form
of‘intermoleculaf bonding between benzene (or 1ts homoiogues) with
its highly stable aromatic T-electron system and a halogen molecule
-with its:fully occupied. s- and p-shells., While benzene does undergo
substitution by halogens (in the presence of a Lewis acid), addition
reactions are not observed to occur (except, for example, under
conditions of high temperature and pressure in the case of hydro-
genation). .Nonetheless, while bonding between Benzene and a halogen
molecule would not be expecfed, it is observed spectrophotometrically
as what has come to be called.a "charge-transfer complex" (17).
| Because of the experimental observation-of the charge-transfer
complex, one would Be justified in postulating the feasibility of
calculating the binding energy and other physical properties of these
systems through theoretical methdds. In thglpast; varioué techniques
‘ ,bf»perturbétion‘theory have been utilized (18); however, all attempts
at employing approximate SCFMO theory have resulted in divergence,
With the technique of averaging the R-matrices in the orthodox
method (see III), we are able to obtain convergence at most inter-
moleculaf distances; however, at short distances (2.0 X_and less)
divergence still occurred. With the advent of the McWeeny method,l
| even the;é,convérged. -Consequently, calculation of complete binding.
-xenefgy curves became feasible. |
Wé:constructed binding énergy curves for several configurations

© of the complex between benzene and Cl The intermolecular distances

2.
(R) are measured from the center of the benzene ring to c1, (the



nearest chlorlne{aﬁom). EB(R) is the binding energy relative to the
isolated‘atoms,"and Er v, = EB(R) - EBCb) is the binding energy
relative to the isolated molecules. In these results EBC”) is taken
to be the binding energy aﬁ the farthest distance calculated. The

quantities 9 and U ~are the charges found to be present on

(1) (2)

chlorine atoms #1 and #2, respectively. is

de.r. q01(1) 01(2)
the amount of charge transferred from one molecule to the other in
the complex.

The experimental value of the equilibriun R, as measured from a
‘crystal (which has exclusively an axial configuration), is 3.28 & (19).

The equilibrium value for E of the axial configuration is -1l.1

I.M.
kcal/mole. (20). (ﬁhile the crystalline form of this complex is in
the axial configuration, it is believed that the complex in solution
ex1sts in a variety of configuratlons )

From Tables 1 and 2, pp. 25 and 27, andvFigs. 5 and 6, pp. 26
and 28,,it can be‘seen that the binding energy wells (whioh indicafe

the equilibrium values for E and R) are far too deep when com-

I.M.
pared to experimental values when d-orbitals are included on the
chlorine atoms. Because of these highly unreallstic results, dipole
moments and charge dlstributions for these systems were not considered.
When contracted d-orbitals (the absolute value of the orbital
ekponent was increaeed) were used, sufficiently unsatisfactory results l
n(the binding energy wells were still much too deep) were obtained to

- warrant no further consideration of these systems. Consequently,

these results have not been included here.
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When tﬁe d-orbitals were completely eliminatedvfrom the chlorine
atoms (21), much more satisfactory results were obtained, as can be
seen from Tables 3, 4, and 5, pp. 31, 35, and 39, and Fig. 8, 10,

"and 12, pp. 32, 36, and.40._ Each of the configurations (axial,
planar, and resting) will be discussed individually.

At first glance it might be surprising that better reéults were.
obtained wheh the-smaller basis set was used. The reverse is certainly
expected when ab 1initio calculations are performed. However, this

frequently happens in semi-empirical treatments.



Table 1.

Axial Configuration of the Clz—Benzene Complex
(d-orbitals on the chlorifie)

I.M.

R et el

1.3 -6926.59 - 765.92
2.0 650436 406,52
2.5 -6169.47 e

3.0 ~6251.78 ~153.93
3.5 -6163.19 653
4.0 612235 24,50
b5 ~6106.01 -8.16

5.0 -6100.35 -2.51
5.5 -6098.47 -.62
6.0"v . -6697;85, 0.0
E éurve haé no minimum
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Table 2 . Planar Configuration of the Cl,-Benzene Complex
: (d-orbitals on the chloring)
fo-c1, By (R) ..
kcal/mol kcal/mol
1.5 -550.40 5547 43
2.0 -4862.56 1235.27
2.25 -5955.84 142,00
2.5 -6432, 7L -334.89
2.75% -6558.,40 -460.55
3.0 ~652l4. 47 426,62
3.5 -6334.09 -236.24
4.0 ~6158.16 ~60.31
4.5 -6189.58 ~91.73
5.0 -6136.80 -38.95
5.5 - -6112.29 C-1b.45
6.0 -6102.87 -5.02
6.5 0.0

% indicates configuration at minimum EI

CFI .
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~a. Axial Configuration (Fig. 7)
Table 3, p. 31, and Fig. 8, p. 32 show a calculated equilibrium

R and E of 2.0 £ and 10.2 kcal/mole., respectively, While these -

I.M.
results indicate stronger bonding than is revealed experimentally,
’EI,M. is only one order of magnitude removed from the experimenﬁal.
value (-1.1 kcal/moie.) which indicates the procedure is in the
correct direction for eventually obtaining. theoretically favorable
results. |

Tﬁe cﬁarge distribution data in Table 3, p. 31,‘shows some véry
interesting results. In the regibn of 1.5 2—4;0 2 the values for
9.7, ihdicate that charge is transferred from'the benzene to the
chlorine molecule. Since the bihding energy minimum is located in
this region, it can be concluded that at least part of the bonding of
this complex in this configuration is Coulombic in nature. Beyond
4.0 £ no charge is transferred; however, éolarization of tﬁe chlorine
molecule is observed since £he chlorine atoms are charged. It is
interestingito notice that the direction of polarization is reversed
‘at L.,o R,aﬁd beyond. The poiarization is believed to be the result
of the presence of a quadrupole moment for the ﬂ—electrén‘system of‘
benzene which creétes an electric field whiéh‘poiarizes the‘chlorine '
molecule. Because this polarization is observed in the region of the
binding energj minimum, it, together with the aboyé—described Coulomﬁic
force, are at least componenfs of the bonding in this configuration of
the coﬁplex.

We ébtained‘an equilibrium dipole moment of 1.7 D. While no

experimental_vaiués for this complex are available, other halogen-

benzene complexes have dipole moments in the regibn of 1.0 D (22).
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Fig. 7. Axial Configuration of the Cl,-Benzene Complex
where the Cl, molecule bond lies along the Cy axis of benzene.
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Axial Configuration of the Cl

6.0

Table 3. ~Benzene Cdmplex
(no d-orbitals on chlorine? C
Rp-cy, Fp(®) E1.m. %1, Y, 9.7,
: kecal/mol - D kecal/mol - , '
1.5  -5268.84 3.2 81,24 #1051 -.2013 -.0962
2.0 -5%0.32 1.7 - -10.24 £.0519  -.1070  -.0551
2.5  =5359.56 0.6 . ;9.u8 +.0175 -.0378 -.0203.
3.0 -5353.09 0.2  -3.01 %.0039 -.0093  -.003%
3.5 -5350.77  0.03 '-.69 £.0003  -.0015 -.0012
4.0 -5350.20 0.0  -.12  -.0003  +.000L  -.0002
| 4.5 -5350.1% 0.0 -.06  -.0003  +.0003 0.0
50 -5350.08 0.0 0.0 ',:.6002 40002 0.0
5.5  5350.08 0.0 0.0 -.0002 +.0002 00
;5350;98 » 0;6 0.0 -.0001  +.0001 .‘o.o‘

. % indicates configuratioﬁ at minimum EI n .
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\ b. Planar Configuration (Fig. 9)
The results for the planar configuration are given in Table
4, p. 35, and Figure 17, p. 53 '- -
The longer equilibrium:intermolecﬁlar bond length for the planar
éonfiguration over that’for_the axial coﬁfiguration (&.0 X,instead
of 2.0 X) and the consequent lower binding energy for the §lanar
configuration (-7.10 kcal/mole. instead of —10.24 ckal/molé.) are
presumably due to the sterlc hlndrance of the benzene hydrogens.
Also, because the chlorlne molecule axis (see Fig. 9, p. 34) is in
the nodal plane of the m-systems, it is reasonable to conelude that
there is less interaction between the respective electron'systems.A
These results are'highiy'théorétical'bécause thej cannot be
confirmed experimenfally. While x—ray‘analysis’confirms‘the exclusive 
presence of fhe axial COhfigﬁration in the crystalline form of this-
complex, it has been only postulated that the planar éonfiguration
(and others) are fresentnin the solﬁtion form-which is ﬁot amenable
to such analysis (23). |
The charge distribution in Table 4, p. 35, shows charge-transfér
- in the region of 2.0,Xv— 5.5 ' (The transfer of charge from the Cl2
molecule to benzéne at 2'O>X is most‘probably duévto thisbbeing a
totally phy31ca11y unrealistic intermolecular separation since EI M.
is positive, 1ndlcat1ng repu1s1on.) Beyond 5.5 2 only polarlzatioq
is seen., No reverse in the dire&tioﬁ is seen as was observed for the
axial configuration. Becausé both charge—tranéfer and poiarization

are observed in the region of the minimum of the E curve, both

I.M.

components are responsible for the intermolecular bonding in this

configuration (if it exists at all).
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L

Fig. 9. Planar Configuration of the Cl,-Benzene Complex
" where the 012 molecule bond lies along a.,C2 axis of benzene.
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Planar Configuration of the Cl,-Benzene Complex  f'

Table & .
, : (no d-orbitals on chlorine
fo-01y  By(R) B, q q a, .
keal/mol D keal/mol 11 o, e
2.0 -2741.54 2.1 2608.53  +.5528 -.2720 f,j%.gsos
2.5  -4p29.30 4.2 620.78  +.1895 -.2868 -Q0973
3.0 -5257;53 3.2 92.55  +.1027 -.2030  -.1003
3.5  -5352.97 1.5 ~2.89  +.0484  -.0935 -.Oh5L
L,ox -5357.18 0.5 -7.10 +.0164 -.0306 -.0142
b5 -5352.72 0.1 263 +.0043  -.0076 ’-.0033
5.0 -5350.77  0.03 .69 +.0010 -.0016  -.0006
5.5 -5350.20 0,01 -.02  +.0003 -.000k  -.0001
6.0 '—5350.14 0.0 _.06 +.0001 -.6001, 0.0
6.5  -5350.08 0.0 0.0  +.,0001 0001 - 0.0

% indicates configuration at minimum EI MVA
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c. Resting Configuration (Fig. 11)L
The results for ihe resting configuration are'given iﬁfPaBle 5,
P.39 , and Fig? 12, p.40 . The same remarks regarding the validity
of the results for thé planar configuration also hold here since the
resting configuration too has not been observed experimentally.
Nevertheless, the intermolecular distance is found to be 3.0 X ‘

and E is -.44 kcal/mole. This cohfiguration has been calculated

I.M.
to be repulsive by the perturbation‘theory; and while this is not
found to be the case éccording to the molecular orbital theory it is
understandable why the value‘for EI.M;-is so small.

The charge distribution in Table 5, p. 39, is quite different‘

from those for the axial and planar configﬁrations, since 9 ') Z
| (1) T

qukz). There ;s\no polarization of the chlorine‘yolecule; which is
the result of symmetry of the system. From these results only
charge-transfer is involved in the intermolecular bonding of thev
complex. Also, it is interesting to note that most of this charge-

transfer is from the'chloriﬁe molecule. to benzene’instead of from

benzene to Cl2 as has been the case with the other configurations.
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Fig. 11. Reé’cing Configuration of the Clz—Bénzen'e‘ Complex



- Table 5. Resting Configuration of the Cl —Benzene Complex
' (no d-orbitals on chlorine)
Ro-c1 Ey(R) . %1, T %, 4.,
kcal/mol D keal/mol

1.0 265,59 b0 2692.85 £1817 4363
1.5 “5043.96 0.5 306.11 -.0286 ;.0572
2.0 -5318.60 0.7 N7 -.0072 ST
2.5 -5349.13 = 0.3 Ol +.0060 +.,0120
3.0%  -5350.,52 0.1 -.43 t"'+.0009 | +.0018
3.5 -5350.20 0.0 =12 +,0001 © 4.0002
4.0 -5350.14 0.0 .06 0.0 0.0
b5 -5350.08 0.0 0w 0.0 0.0
5.0 ~5350.08 0.0 0.0 0.0 0.0
5.5 -5350.08 0.0 0.0 0.0 0.0
6.0 -5350.08 0.0 0.0 0.0 0.0
6.5V . =5350.08 0.0 0.0 0.0 0.0

* indicates configuration at minimum E
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Fig. 12. .Binding Energy (EI ) Curve for the Résting
Configuration of the Clz-Benzeﬁe Complex (no d-orbitals
on 012) .
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d. Conclusion
The elimination of d-orbitals on the chlorine atoms increases

the accuracy of the equilibrium E by 1-2 orders of magnitude.

I.M.

Because these complexes are so unusual, it may be justified to

increase the absolute value of the exponential of the s- and/or p-

orbitals for the chlorine and/or benzene. This would have the effect

of creating less diffuse orbitals and thus décreasing the involvément
of the altered orbitals in the bonding of the complex which should -
give a more realistic equilibrium EI.M.' |

The charge distributions for the axial and planar configurations
show a combination of charge-transfer and polarization in»the infer-
molecular bonding of the complex while no polarization is;reQealed 
for the resting configuration.

These results are the first to be obtained for these complexes‘
by use of the SCFMO theory. While wé only examined three configura- 
tions, there are many more possible ones; and they should be-investi-v
gaﬁed in order to examine the possible configurations of this complex

in solution. Also, other complexes formed from other halogens and

benzene (and its derivatives) should be investigated.
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C. Positional Selectivity in Chemical Reactions

Chemists havé long sought Quantitative as ﬁell as'qualitativé
means by which to determine and rationalize selectivity in a series
of relatedtchemical reactions. The iinear‘free energy quantities of
Hammett and others (24) and the locéiization energy of G.W. Wheland
(25) are examples of the quantitative methods while the theories of
resonance and hypefconjugation are examples of the qualitative’méthods.
All such (experimental) methods are the attempté of tﬁe chemist t§
reduce "related" reactions to the fewest differentiatiﬁg'factors and
therefore affording him an efficient but simple and systematic means
of predicting selectivity. .

Moreover, the theoretician attempts to deal with this‘problemi
by "performing reactions by computer" with its attendant flexibilities i
and uncertainties. By arranging the molecules and other participating
species in a desired configuration (actuallj the method involves the
arranging of the atoms which make up the overail configﬁration) ahd _
permitting or excluding orbital interactions, he attempts to:determiﬁe
selectivity from'the relative binding energies ofjapprokimations to the
transition state. With an appropriate approximate SCFMO method, the_r
binding energies resulting from attack at the pos§ib1e sites of the
substréte are calculgted. The binding energy with the highest absolute
value is judged to correspond to the site of the highest percentage of
attack, etc. That ié, the order of the absolute values of the binding
energies should correlate directly with the order in the isomer distri-

bution.
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Using the CNDO/Z approximation we sought to utilize the above
method to study posiiional selectivity. The systems'which3we ,
studied are the protonation (addition of Brgnsted acids) of propylene

and the chlorination of nitrobenzene and m-chiqronitrobehZene.



oyl

1. Addition of Brgnsted Acids to Propylene -

The first example‘oflstudying seledtiviﬁy thrdugh résﬁlts‘
obtained from the CNDO/2 apfréximation is the prqionatidn 6f'(addition
of Brgnsted acids to) prolegne. _The méchanism for such reacﬁions'is
| shown in Fig. 13, p. 45. The rate-determining step is the fomatioﬁ
of cérbonium jon I.or IT (26). Also, the formatién'of a,éarﬁoniuﬁ .
~ ion wquld be expected to controi £he isomer distribution of the
product based upon this mechanism.

Our task was o predi¢£ the éﬁalitative selectivity in this
reaétion through the electron distribution of prppyiene éﬁd’the
binding energies of the-respeétive carboniuﬁ ions. One would éxpeéf
the electrophilic proton to attack the carbon poéi£ion df.higher
electron density the most frequeﬁtly. 'Also, the resu1ting'carbonium
ion should have the higher absolute binding energy andbthérefore, be
the more stable. The isomer distribufioh Should, therforé; reflect
this'situation.by having the moreVAbundant isomer; reSuifiﬁg from the
more stable carboniﬁm'ion. .If any of the altérnativeviéomer is fdrmgd,”
it would, of course, come frombthe less stablé caibonium'ipn.‘ |

The electron distribution of propylene (27) is shown in Fig. 14,
p. 46 . The protoh would be expected to attack most frequently carbdﬁv f
position #1 which experimentally is what happens (seé Fig. 14;_#.&6'). B

: The binding energies énd fhevelectrén‘distributions of»the:‘
carbonium»ions are shown in'Fig.‘l5, P47 . Tﬁe cafbonium ion of :
higher absolute binding energy does indeed fesult, also, in the mofé‘
* abundant isomer.v The electron distribuiion'of these ions»éhows that
the positive charge is delocalized more in the more stable ion, thus -

“accounting for the higher stabilityv(asApredicted‘by'respnance-theory).



CH3>CM -c:/ H CH§>

i \H |

_ chief product

‘ Flg 13. Mechanisn of the Addition of Bryfnsted Acids to
" Propylene. (In the addition of HI to propylene the .
exclusive product is isopropyl iodide )
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quantities are shown for the H atoms in CH
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and terminal CH2 groups.i- '
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Thus, studying the CNDO/Z electron distribution of propylene
or the binding energies of the respective carbonium ions leads to
a correct predicition of selectivity in the addition of Brﬁnsted

acids to propylene.
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2. The Chlorination of Nitrobenzene

To follow are our gttémpts to study positional selectivity in
the chlorination of nitrobenzene by means of the CNDO/Z approximationl
In the course of our studies, we were confronted by some apparent
contradiétiohs'and inconsistencies, the resolution of which was
not completely realized. We will, however; present some recommenda-
tions for further ihvestigation which may help to clarify the situation.

One of the'acéepted mechanisms for the chlorination of nitro-
benzene (electrophilic aromatic substitution) is shown in Fig. 16,
P. 50. (A more sophisticated alternative will be presented later.)
From kinétics studies, the formation of the chloronitrobenzenium ion
is the rate-defermining step (28). Consequently, it is also this step
which determines the isomer distribution of the product.

Based upon this mechanism the Hammond postulaté (29) states that
the transition state (of the rate-determining step) is generally
more similar to either the reactant (substrate) or product (inter-
mediate), whichevef is at the_higher energy. Consequently, whether
the chlorination of nitrobenzene is exothermic or endothermic should
suggest whether we should primarily be considering the nitrobenzene
substrate or chloronitrobenzenium ion intermediate; respectively, in
studying positional selectivity. Unfortunately, we wereiunable to
locate the necessary thermodynamic data with which to make such a
determination. Therefore, we considered both possibilities in our

calculations, hoping to find only one consistent with the experimental

results,



Chief
product

Fig. 16. Mechanism of the Chlorination of Nitrobenzene.
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Yhen a CNDO/2 calculation,is:performed for nitrobenzené, the
eleétroh distribution of'Fig. i?, p. 53 ia‘obtained. '(while;the ‘
'geometfic data for nitrobénzene in the liquid phase is desirable,

such data aie not available.‘ Therefore, gaometric data for the
solid phaseAwas used which revealed a planar éonfigﬁfation for
nitrobenzene (30).) Tt is'ieasanable fo’expeot the (éiectron-poor)
‘chloronium ion electrophile to attack (to be attracted to) the
available.carbon sifés’inﬁﬁhe order from highestvtoilowast‘electron
density, i.e., the'oraér from highest to‘lowest'nucleophilicity.
Qualitatively, tﬂis is indeed what is observed when the electron
dénsity of Fig. 17, p. 53 is compared to the»iSomer distribution
of Table 6, p. 52 , i.e., the electron density ofder and the isomér
~distribution order are equivalent ——vm>-o > p for both. (A more
definiti#e quantitative view of this picture will be given later.)
. The alternative approach ta the one above iS‘to»cohsider a
representation of the intermediate‘benzenium ion. In the case of
the chlorination of nitrobenzene, we approachéd‘the pfoblém‘by
conéidering the chlorobenzenium ion. Wﬁen a CNDO/Z caiculation is
performed fqr ﬁhis ion, the results of Fig. 18, p. 54 are obtained.
In our present contaxtvthe problem becomes: where should a nitro
group be placed on the chlorobenzenium‘ring in order to destabi1ize
the positive‘charge of the ion the least? The answer is fevealed
in Fig. 18, p. 54 to be m > o > p, relative to the chloronium ion
substituent. This, of course, agrees with the previous results
obtained by consideration of the substrate. According to the Hamménd
postulate, this is interpreted as a ?ontradictiOn which we cannot

completely explain.



Table 6 . Isomer Distributions of the Chlorination
of Nitrobenzene

Solvent and % ortho % meta % para o/2p m/2p n/o -
Catalyst S .

Ag+,001u- ©17.82 80.33 1.51 5.9  26.6 4.5
HC10,, * | |
CH..COOH ¥ ol .28 68.54 .1k 1.7 4.8 2.8

3

* R, 0. C. Norman and G. K. Radda, J. Chem. Soc., 3610 (1961)

¥* E, Baciocchi, et al., J. Amer. Chem. Soc., 94, 7030 (1972)
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Fig. 17. All-valence-electron distribution of Nitrobenzene.
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Fig. 18. Net charges and T-electron densities calculated
for the chlorobenzenium ion.



-In theifurtherance of our investigation of positionai selectivity
'in‘the chlorination of nitrobenzene, we considered the CNbO/Z binding
energies of the three isomeric forms of the éhloroﬁitrobenZenium ion *
intermediates. fresumably, the order of the'binding>energies. (a
measure of stability) of the isomers of‘the‘intermediate shéuld agree
with the order of the isomer distribution of the product. (This
aésumes that the product distribution is controlled by the transition
state of the rate-determining step and that the isomericvintermediate
ions are similar to the transition states.) Three configurations for
the.intermediate were studied, trying toffind,the most realistic |
representation. - - |

The first-configuraﬁion consisted of a planar nifrobenzene with
a. chloronium ioh plaqed above eacﬁ»of the available”éarbon positions
(oQ, m-, and p—chlorohiirobenzenium ions) at a distance of 1.78 R and
at an angle of 900 to the plane of the nitrobenzene. The resﬁlting _
Binding energies are given in Table 7, p. 56. While the meta isomef
binding energy is in the correct relative position, the ortho and
' para isomer binding energies are in the reversed order from that
expected based upon the isomer distribution of the finél product
(Table 6, p.52 ). |

The next configuration which we considered maintained the bond‘
lengﬁh and angle for the chloronium ion positions as before. The

NO., group, however, was twisted (around the N-C bond) to several

2
angles off the plane of the benzene ring. The results are shown in
Table 8, p. 57. The hope was that the binding energy would reach a

maximum for each isomer (not necessarily the same angle for each



Table 7. . Binding Energies of Attack by_.Cl+ (1.78 R above
the indicated carbon atom, at an angle of 90° to the plane
of the nitrobenzene; no d-orbitals on Cl+) on Planar
Nitrobenzene (Chloronitrobenzenium ion intermediates).

Position relative to NO

> Binding Energy, keal/mol
ortho ' ' -14508.57
meta -4511.90

para - - - -L510.26




Table 8.

Binding Energies of Attack by Cl+v(1.78 X above

the indicated carbon atom, at an angle of 90° to the plane
of the nitrobenzene; no d-orbitals on Cl+) on Nitrobenzene
with Twisted NO, (Chloronitrobenzenium ion intermediates).

Angle of twist

v Binding Energies, kcal/mol.

ortho meta para
0° -4508.57  -4511.90 -4510.26
15 - - ~4510. 64
30 -4510.01  -4512.15 -4511.52
u5 - - -4512.46
60 511,21 -u511.77' -4513.28
75 - -- -4513.85
90 -4511.21  -4511.21 -4514.10
120 -4510.14  -4511.40 --
150 ' | 4508.88  -4511.84 -
* As angle of twist (around the

N=C bond) increases from 0°,

0p twists up toward the attacking

C)‘\\ ‘/'CLA Cl* ion.

POSITION
ATTACKED
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isomer); Also, the hope was that the maximum binding energieé for

the three isomeric ions would be in the same order as the order in

the isomer distribution of the product. While the binding energies did
reach maxima, the order of these binding energies is not correct.
Indeed, the meta isomer binding energy is no 1ohger in the correct
relative position.

The last configuration for the chloronitrobenzenium ion inter-
médiates involved a planar nitrobenzene with a C-Cl bond of 1.78 X.
but the Cl-C-H angle was changed to 109.5o (tetrahedral). The
resulting binding energies are shown in Table 9, p. 59. While the
order is maintained between this coﬁfiguration and that with a planar
nitrobenzene and a 900 angle, the binding energy for each isomer is
less negative for this configuration than for its counterpart.

Finally, we determined the binding'ehergies of the three isomers
of the product of the overall reaction. These results aré shown in
Table 10, p. 60 . The hope was that this order would berthe same
as that in the isomer distribution of the product. Nét having
realized this hope, we sought some experimental measure of the
relative stébilities of the isomers (e.g., heats of formation or
heats of combustion) by which we could determine &hether the binding
energies are sufficiently accurate. Also, this would tell us whether
the relative stabilities correlate direétly with the isomer distri-
bution of the product. Unfortunately, such data is apparently not

available.
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Table 9. Binding Energies of Attack by a1’ (1.78 R from
indicited carbon atom, C-Cl-H angle of 109.5°; no d-orbitals

on C1") on Planar Nitrobenzene (Chloronitrobenzenium ion
intermediates).

Position relative toNO2 ’ Binding Energies, kcal/mol
ortho - -4505.55
meta -4507.88

para » : | -4506.12




wHh=

Table 10. Binding Energies of the Isomers of Chloronitrobenzene

Isomer » ' Binding Energies, kcal/mol
ortho . =b599,43
meta B 46149 il

- para - -4650.13
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a. Conclusion‘

It has become quite evident to us that stﬁdying positional
selectivities (of systems more complex than propylene, for example)
by the CNDO/Z method is far more complex a task than was recognized
when we began. The chlorination of nitrobenzene preseﬁted some
problems which we did not foresee. Some conclusions,_however, were
arrived at, and several recommendations for further investigation are
given here.

According to the Hammond postulate, the transition‘state (of the
rate-determining step in electrophilic aromatic substitutions, for
example) should not closely resemble both the substrate and the
intermediate, eépecially for highly exothermic or endothermic reactions.
Consequently, the electron distribution of the nitrobenzene substrate
and the charge distribution of the chlorobenzenium ion intermediate
should not have giVen the same selectivity predictions. Olah (31)
utilized this'technique in studying electrophilic aromatic substifutions
of toluene with strong and weak electrophiles‘and obtained valid re-
sults. Qur problém-with this technique may lie in the possibility
that the chlorination of nitrobenzene is only slightly endothermic or
exothermic. This may result in the transition stéte resembling both
the substrate and the intermediate. Therefore, the same selectivity
prediction from both would be expected. Because thermodynamic data
for this reactioﬁ are not availaﬁle, we cannot confirm our tentative
conclusion. Consequently, the necessary enthalpy measurements should

be made.
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Another possibility in this regard which some may consider is
that the calculated electron diStributions are not sufficiently
éccurate. This is probably not the situation here because the
parameters used (which'Popleicompiled) are based upon experimental

3

observations (Cl n.m.r.). Also, the calculated dipole moment of
5.3D compares favorably with the experimental value of 4.3D (32)

One obvious possible reason forvthé failure of the binding
energies of the intermediates and the final product to conform to
the isomer distiibutiqn of the pr§duct may be the poor choice of
geometric data (bond lengths and bond angles). A definitive deter-
mination of the geometries of nitrobenzene in the liquid phase and
the chloronitrobenzene isomers in the solid phase 'should be done.
While wé know that soiid nitrobenzene is planar, the liquid phase
may have a twisted N02 group. Also, while we know that m-chloronitro-
benzene is planar (33), we do not know the bond lengths and other
.angles; and we know nothing.definitive about the ortho and para
iéomers. |

Because definitive geometric data for the intermediates are
difficult if‘notiimpqssible to déteiminé; a much more detailed study
of these-geometrieé_is needed. Programs exist which dptimize géome-
tries £6 obtain the most stable configuration (34). '

Another possibility for the failure ofithe binding energies may
be that the CNDO/2 approximation is not sufficiently aécurate. The

" heats of formation or the heats of combustion should be determined
experimentally fdr the isomers of chloronitrobenzene so that they can

be compared to the binding energies for accuracy.
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Another way of testing the accuracy of the CNDO/2 approximation
in the chlorination of nitrobenzéne would be to compare the calculated
binding energies of.the chloronitrobenzenium ions with the experi-
mentally determined heats of formation of the ibns. These heats can
be determined by techniques of mass spectrometry. The appearance
‘potentials at which the ions are formed by the reaction in Fig. 19,

p. 64 are added to the heats of atomization to give the heats of
formation of the three isomers of the intermediate.

Just a word is in order abbut why we obtained less negative binding
enefgies for the interﬁediates when we changed the Cl-C-H angle from
V9OO to 109.5o but maintained the planarity of the nitrobenzene. We
concluded that neither configurafion represents the true intermediate
or local minimum on the potential energy surface for this reaction.
Instead, one of the configurations (we cannot be sure which) occurs
" before the minimum while the othér occurs after it. Another alterna-
tive ié that neither of these configurations lies on thé reaction
path. A geometry optimiéation program should be ﬁsed to locate the
true minimum and therefore the true intermediate ions. |

When we began these‘Studies of selectivity, we assumed that
binding energies coﬁld be used. as an-indicatorvof relative stabilities.

The results obtained when the NO, group of the chloronitrobenzenium

2
ions was twiétedvraise some questions about this assumption. The m-
and p-isomers have their highest absolute binding energies with a
twist of 900. While we cannot be certain because definitive geometric

data are not available, it is reasonable to suppose that these isomers:

do not exist with such a twist (e.g., m-chloronitrobenzene is untwisted).



~6lp=

H C H c
p-chloronitrobenzenium ion

Fig. 19. Mass Spectrometric Formation of the Chloronitro- '
benzenium Jon Intermediates.
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Also, all of the isomers show increased stability with increase in

the twist (seefrable 8, p: 57). One ppssibili£y is thét we are.
obser?ing different geometries at different temperatures (or some
other experimental factor) and that the apparent increase in stability j
with increased twist is really different stabiiities at different
temperatures, etc. Tﬁat is, at foom temﬁerature fhe m-isomer is
untwisted; but at 1oo°,_say,.it'might exist with a twist of 30°.
Thérefore, according to this‘argument it is not valid to consider
increased bindiﬁg energies unless it can be Jjustified by an experi-
mental factor. This appears to be what these results are telling ué.
In support 6f this proposition is the-observation of increased
absolute bindihg energy for nitrobenzene wheﬁ the NO2 group is
twisted from 0° to 90° (see Table 11, p. 66). While we know that it
exists ih a planar configuration at room'temperature (solid phase),

group at increasingly

it may exist with increasing twist in the NO,,

“higher temperatures,

One last possible reason for the failure of binding-energies of
the intermediates to agree with the isomer-distribution of the product
may lie with the ortho effect (35) which is the enhancement of ortho
substitution. After presenting some conclusions of Olah (36) which
deal with electrophilic aromatiq'substitutions in general, exﬁerimenfal
data will be given which will tend to support the proposition of the
ortho effect. Also, a'theéretiéal béSis‘forbifs presence will be
given5 Finally, it will be shownlﬁhy'the presehce-of'ﬁhe ortho effect
would give no satisfactorj correlation between the binding energies

and the isomer distribution.
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Table 11 . Binding Energies of Nitrobenzenevwith a. Twisted

NOszroup
Angle of Twist : Binding Energies, kéal/mol
0° | 471598
15 . —4716.17
30 | -4716.55
60 | . Amreos
75 : C=hp17.11

- 90 . -4717.11
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Based upon.cértain ekperiméntal data, Olah prééents the mechanisﬁ
of Fig. 20, p. 68 as an alternatiVebto thaf shown in Fig. 16, p.50 .
Hevconcludes that highly exotﬁermic electrophilic arqmatic sUbsfitﬁ->~
fions yieid a. predominance of o?tho over para substitution (metal
ignored for the present).. Such a situation occurs with strong |
electrophiles and substrates with_nucleophilicities equal to or |
exceeding that of toluene. Conversely, with decreasing electropﬂilicitj.
- or nucleophilicity the amoﬁnt of para subStitutién becomeslmore domin-
ant until the o/p‘ratio (statistically correéted) becomes less than
one. These reactiohs‘are increasingly endothermic. |

| From;rable 6, p;52 it can be seen that ortho substitution d&es'
- predominate over para even uﬁder_quite different experimental condi-
tions.- Based upon 0lah's conclusions one would éxPeét the chlorin-
ation of niirobenzene3with'an Ag+,'CClu—H0104.catalyst.tovbe certainly
exothermic and with an acetic acid catalyst tbAbe probably"exothermic,b
- although less so. With certain thermddynamicfdata (enfhalpies)vihis
'épuld be confirmed. |

The pfoblem can be reduced to showing.that Olah's conclusions
alone do not accouht for the eXperimental data'éf Table'6, p;.SZIand,
the ortho,effectvis a reasonable adjunct fbr sﬁch explanation. Table
12, p. 69 shows that thé‘chlorinétion of tdluene wiih decreasinglyv
electrophlllc chlorine does 1ndeed proceed from predomlnant ortho
‘substltutlon to predomlnant para substitution as Olah predlcts. If
~we compare the chlorlnatlon of toluene w1th F‘eCl3 as catalyst with
'the chlorlnatlon of nltrobenzene with the Ag ’ CClu-HClOu catalyst

(both catalyuts glve +the same electrophilic chlorine), we see that
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- 'Cla
PRSI

'-Cafol.yst

nitrobenzene ‘ "outer" complex

3

m-chloronitrobenzenium ion m-chloronitrobenzene

Fig. 20." Mechanism of the Chlorihatioh‘Of'Nitrobenzene (Cnly :
production of the meta isomer is shown.). (G. Olah, Accts. Chenm.

Res., 4, 240 (1971).)
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Table 12, ‘Isomer Distributions of the Chlorination of
Toluene,*

Solvent and % ortho % meta - % para o/2p m/2p m/o
Catalyst ' '

g}eiérigz, 67.8 2.3 29.9 1.1 .03 .03
G001, i+ 59.8 0.5 39.7 275 .006  .008
CH.CN, H 7.6 0.5 62.4 30 .004 013
CH,0,,, H 33.6 .15 66,4 .25 .01l .04

* G. Olah, Accts. Chem. Res., 4, 240 (1971).
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ortho substitution still pfedbminates with nitrobenzene even though it
is a much weaker nucleophiie than toluene. This contradicts what
Olah would predict. (It should be noted that the o/p ratio for |
nitfobenzene is ébout six,times that for toluene which is even more
striking than the purely quélitative facﬁ.) |

| When acetic acid ié used in the éhiorinatidn éf toluene the'o/p'
~ratlo is reduced to less than one (When statistica11y'adjusted);
however; uﬁder thé‘éame-conditions ihis'ratio remains greater than

one for nitrobenzene (admittedly reduced). This is absolutely

incredible when one realizes that NO is supposed to be the best "deacti-

2
vating" group (electron withdrawer). The combination of a weak electro-
phile (acetic acid catalyzed chloronium ion) aﬁd a weék nﬁclebphile
(nitrobenzene) again éontrédicts Olah.

Also, of course, when the weak nucleophile, ﬁitrobénéene, is
chlorinated with the acetic acid catalyst o/p is siill grééter than
-one eveﬁ thbugh such an electrqphile is weaker than that formed with
the Ag', ‘CClL,'-HClOL‘L catalyst.

The above observations certainly show that Olah’s conclusions are
not sufficient to,accdunt for the amount of ortho substitution in the
chlorination of nitrobenzené.r An explanation is the ortho effeci.

More specifically, the electron distribution of nitrobenzene (see

Fig. 17, p. 53) shows that the oxygens of the NO, group are negatively

2
charged. Electrostatic or covalent bonding can occur between one
of the oxygens (n—dondr)'and the positively charged (or empty p-orbital

of) electrophile (chloronium ion). When this occurs, the electrophile

~ is held near the ortho carbon, thus peimitting a better opportunity
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for»reaction. (This increased opportunity for reaction can be viewed
as either a tiﬁe factor in which the electrophile has more time to
react with the ortho position of the substraté, or it can be viewed
as energetically more favorable.) Substitution at the para position
does not have this enhancement because of distance from the NO2 group.
Also, substitution at the meta position is obviously high because of

the relatively high electron'density at this position.

+
2

nitrobenzene with different strengths of acids present. From Table

Olah tested this idea by performing NO,, salt nitrations of
13 , p. 72 it can be éeen that the amount of ortho substitution
decreases as the acid stréngth increases until para substitution
becomes ddminant. He believés that proﬁonation of the NO2 group
oxygens reduces its ability to attract the eleCtrophile (act as an
n-donor). By fhe way, these results greatly reducé the validity of
considering the electron distribution of the Substfate in trying
ﬂo predict selecti#ity. Obviously, these results do not necessarily :
say anything about the chlorinafiQn of nitrobenzene.v Therefore, such
work should be done to seé whether similar results are obtained.'v
Another‘wéy of demdnstrating the existeﬁce of the ortho effect
is by considering‘the electron density of nitrobenzene-and comparing
it with the b/ﬁ, n/p, and m/o ratios. (The data to follow'from
" Table 6, p. 52 and.Fig.‘17, P. 53.) It is reasonable to assume that
the electrophile will be attracted to the possible carbon positiqns
in the order from highest to lowest electron density of the substrate
and that fhis would be reflected in the isomer distribution of fhe'

final product. (This ignores the Hammond postulate as a standard for



Table 13. = Nitronium Salt (NO, PF, ) Nitrations of Toluene
with Aproti€ or Protic Acids.™

Aprotic and Protic Acids o % ortho % meta % para
FS0H-5bF K N W 90,0 - 5.6

* Q. Olah, Accts. Chem. Res., 4, 240 (1971).
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whether to consider the substrate or intermediate.) First, consider
the meta and para positions.. This is a reasonable starting point
because}there is no reasonable possibility of an ortho effect
influencing this ratio over the'electroﬁ‘densities of the two
positions. The difference ih the electron densities is .0211 (absolute
value) while the m/p ratio (for Ag , 0C1,-HC10,, catalysis) is 26.6

" which is a reasonable result., The difference in fhe electron
densities of the ortho and para positions is .0064 while o/p = 5.9.
The difference between the meta andvéftho positions is'.Olh? while.
m/o = 4.5. It can be seen that n/o almost eQuals‘Q/p; however, the
two differences-in the‘electron‘deﬁsities of the respeétive positions
are quite_large. It is my cdnclusion;that o/p ié.1argef,than it
should be because of enhanced ortho substitution while m/q‘is

smaller than it should be for the same reason. This enhanced ortho
substitution ié the result of the picture presentéd earlier, and
therefore ﬁo such enhancement is expected atvfhe meta and para
position.

Finally, a molecular orbital picture can be used to justify the
existence of the ortho'effect if one alieges its existence. Zimmerman
(37) has developed an alternative to the Woodward-Hoffman rules (38)
to show symmetry allowed or disallowed Syétems.

Very briefly, one starts with a basis set of atomic orbitals
which represents the system under consideration. This orbitals are
arranged in a éyclic system. (One must be able to visualize such a
cyclic system for the transition state of his compound.) If there are

zero or an even number of nodes and a 4n+2 (Hﬂckel) number of electrons,
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the system is allowed. Also, if there are an odd number of nodes and
a Un (HBbius) nunber of electrons, the system is allowed. .Other-
wise, a system is disallowed.

We can apply this idea to the transition state of the chloroin-
ation of nitrobenzene at the ortho position. Figure 21, p.75 sﬁows
one node gnd eight electrons (a 4n number) which is allowed. Figure 22,
P. 76 also shows an alloﬁed system with four electrons and one node.

Consequently, an interaction between the oxygen of the NO2 group
and the chloronium ion electrophile (ortho effect) can be represented
by an electrostatic picture and a molecular orbital picture. Both of
these picfures oécur in the transition state of the rate—detefmining
step. This is a possible reasdn for the failure of the biﬁding energy
caiculations‘to agree with the isomér distributions. Therrepresenfa—
tions of thé intermediatés_and the pioductbdo not involve this picture.
Therefore, the binding energies which represeht stability are not
affected by this. Even though we were able to show the probable
existence of the.orthq effect, we were unable to cbnstruct a model
using binding energies. Whilevthe above reason may be the case of this,

much additional work should be done.



Fig. 21. Symmetry Allowed, M8bius System for the Ortho Effect
in the Chlorination of Nitrobenzene (8 T-electrons and 1 node).
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Fig. 22. Symmetry Allowed, MBbius System for the Ortho Effect
in the Chlorination of Nitrobenzene (4 m-electrons and 1 node).
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3. The Chlorination of m-Chloronitrobenzene

The chlorination of m-chloronitrobenzene is an extremely inter-
esting example of the apparent effect of the ortho effect in completeiy
canceling the effect of the electron distribution of the substrate in |
contrblling the isomer distribution of the product. We, here too,
sought to investigate selectivity in this reaction by means of -
bindihg energies.

The reaction is shown in Fig. 23, p. 78 (39). (The mechanism
is the same as previously given in Figs. 16, p. 50, and 20, p. 68.)
From the electron distriﬁution of chloronitrobenzene in Fig. 24, p.
one would expect substitution in the order 063> CM4> 033> CZ'

The binding energies for the various dichloronitrobenzenium ion
intermediates are given in Table 14 , p. 80. A planar m-chloronitro-
benzene was used with a‘éhloronium ion 1.78 R away from the respective
carbon and at an angle of 900 to thé plane of the ;ubstraté. The

results of some twisting of the N02 group are also shown.

| Because of the failure of the nitrobenzene calculations possibly
resulting from unsafisfactory geometry data, a complete set of calcula-
tions were nof done. The same unsatisfactory geometry was the cause.

The only conclusion which can be drawn is that the ortho effect

is iﬁ effect here as shown in the experimental data.
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NOo
Cl
Cly
Catalyst
NOo NO2
o] Cl
Cl cl
et L B o
very little ~chief none
produced | product produced

Fig. 23. Chlorination of m-Chloronitrobenzene
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Fig. 24. All-valence-electron Distribution of
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Table 14 . Binding Energies of Attack by e’ (1.78 & from

indicated carbon atom at an angle of 90° to the plane of

the ring; no d-orbitals on the chlorines) on m-chloronitro~

benzene with Twisted NO

intermediates). 2

(Dichloronitrobenzenium ion

Angle of Twist

Binding Energies, kcal/mol

Position
02 CU 06
0° -Wh37.32  -W437.51  -Wh35.93
20 -4438.13 - -4l436.75
40 -4439,20 - -Ll37.76
60 —4139.89 - 443838

* Effect of rotating NO

2

group'out of plane towards



V. Conclusion

McWeeny's useléf the_stéépést deécent method in solving the

i Hartree—chk equations is not as yet the "zeitgeist" for obtaining
cdnvergencé in SCFMO calculatidns. It is,,hdwever, a major advance
in working with such caléulations.‘-

The method enables one to obtain convergence with éystems which
heretofore always diverged. The cﬁarge-transfer compléx cacﬁlations
at short distances and the calicene dianion are excellent examples
of this situation. Also, while the orthodox method gives fhe mole-
cular orbitals which are not physically relevant, McWeeny's method
directly gives the bond order and charge density matrix with which
other physical properties can be determined and which gives the
only unique electronic picfure of the system.

The method also has flaws. In theory, one would expect the
calculations to con&erge in the fewest possible number of iterations
because the foundation of the method is to seek the energy minimum
by the shortest path along the energy surface of the system.v However,
this occurs only for a.féw iterations. When thé path gets to within
a certain region near the minimum, the path greatly slows its approach
to the minimum and therefore convergence. In our calculations with
p-benzoquinone, the path veered from the minimum. Another flaw in the
method is that it could coﬁceivably proceed to an excited state minimum
instead of the ground state minimﬁm. |

More.work in applyiné the method to other systems in order to

7

obtain more properties of its behavior should be done. A more detailed

-81-
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investigation into its flaws should be done to find the reasons for
theﬁ.andvto find solutions for them. The techniqué of averaging the
S-matrices (see'iI and III) worked for the p-benzoquinone calculations
in obtaining more rapid convergence, howevef, hindered convergence for
all other‘cbnsidered systéms. McWéeny éaid that it.helped in obtaiﬁing
convergence for his systems. ‘The reasons for these observations should

be investigated.
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80 CONTINUE

DO 30 I=14N

=uU(1) .
A(I I)=AlT,1)-B(I,I)*G(IT,11)%C.500
£O 30 K= 14N

- JJ=ULK)

AL +I) = A(I41) + BUKsKI*G(II,dJ)

NM=N-1

DO 40 I=1,NM
11=Ul1)
LL=1+1
DO 40 J=LLsN
=U{Jd) _
ALI2T)=A0d, 1)-B(J, T)XG(II,JJ)*C.5D0

"INDC MODIFICATIGN

IF{(OPTIONLEQ.CNDO) GO TO 20

> DO 80 II=1,NATOMS

K=AN(II)
I=LLIM(II)
IF(K+EQs1) GG TO 80 . :
PAA=B (I, 1) +B{I+1,I+1)4B(I+2,;142)+4B(I1+3,[+3)
AlI,I)= ATy T)=(PAA-B(T,1))%CL(K)/6.D0
DG 70 J=1,3
LI+ ,1+d)=201%J, I+J)—E(I 1)%G1IK)/5RPC-(PAA=-B{TI,1))%7.,DO*

LF2(K) /50.D0+8(1+J4,1+J)*11.DO*%F2(K)/52.D0

ACI+II)=ALTI+d, IV +B(1,1+3)%G1(K)/2.0D
11=1+1
12=1+2

13=1+3

E(12+11)=ACI2,11)4B(]2 ,Il)«ll.DCRF“(h)/Su.DD
A(I3,I1)=A(I3,I1)48(13,T11)*11.D0*F2(K)/50.00
A(I3,12)=A(13,12)+42(13,12)%11.DC%F2{(K)/50.D0.
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0CC02410
00002420
0GG02430




99

135

CONTINUE | | | 00002440

DO 100 I=1,N : 00002450

ENERGY = ENERGY + .5D0%B(I,1)%( A{I,I)+0(1) ) - 000024690

DO 105 I=1,NM , , 00002470

LL=1+1 ' ‘ ‘ ‘ 00002480

DG 105 J=LL,N . ’ , 00002490

ENERGY = ENERGY + «(I,J)*( AlT,J¥+A(I,1) ) - 00002500
WRITE(6,110) ENERGY : o : 00002510
FORMAT(//+10X,21H ELECTRONIC ENERGY W Fl6.10) : ' 00002520
iF(DfBS(ENERGY ~OLDENG) »6E..000 C{IDO} GO0 TG 150 : 00002530

2=1T+1 : ‘ . e ' o

WRITE(6,140) a : 00002550
FORMAT(5Xy 18H LnE:GY SATI:FI 0 /) o : . 000025860

GO 10 170 : : S o Q0002570

CONTINUE _ ’ - ' ‘ o 00002580
DELE=ENERGY-GLDENG , - - o o
GLDEMG=ENERGY ~ 00002590 -
IF(DABS{DELE) eLE.TEST.0R.Z.GT.22.CRLIDIG.EQ.1) GO TC 170 : $.
NNN=N : ) S 2

. DO 153 1I= I,NNN

S{I,J4)=0.0

DO 153 J=1,NNN

DO 153 K=1,NiNN

CFIK=A{I,K)

IF(KaGTol) FIK=A(K,1)

:S(I’J)=S(IsJ)*FIK*B(K,J)*O.S

DO 153 L=1,NRN

FKL=A{K,L)

IF(L.GT.K) FKL= A(L K-
S(I,J)=S(1,J)- B(T K) FKL=B (L, J)»O 25

CONTINUE
- AA=0.0




BB=3.0

CC=0.0C

DO 155 I=1,NNN

DO 155 J=1,NNN

=y(1)

JJ=U(J)

GIJ=G(I1,JJ)

FIJ=A{I,4)

IF(J.GTe1) FIJ=A(J,1)

DO 154 K=1,NNN

154 BB3=BB+FIJ*{S{J,K)+S(Ksd) I =ISIK,I)=S{T4K))

AA=AA+FTIJ%(S(I,J)4S(Jy1))
155 CC=CC+GId=(8. O*S(I,I)»S(JyJ)—(S(I,J)+S(J.I))**?)

CPTLAM==AA/(2.0%BB~-CC)

DO 157 I=1,NNN

DO 157 J=1,NNN A

BUI 9J)=B{I4J)=0PTLAMX(S(I,J)+5(J,1))%2,.0

D3 156 K=1,NNN , . ‘
156 BUIsJ)=B(1,J)={OPTLAM®%2)%(S{I,KI+S(KyT)I#(SIK,J)=S(J,K)I%2.0
157 CONTINUE - g ' B

[DMAX=3

0O 159 IMM=1,I1DMAX

DC 158 I=1,NNN

DO 158 J=T1,NNN

S(J4,1)=0.0

DO 1580 K=1,NNN :

1580 SH{J,I1)=S(Js1)4+B(I1,KI*BIK,J)*=0.25
IF(1.EQ.J) SQUITI=S5(J,1) '
S(1,4)=0.0 .

DO 1581 K=1,NNN
DO 1581 L=1,NNN ‘
1581 S(I,J)=S(I.J)#+B(I, K)*B(K LI¥E(L,J)%0a125.



1582

159

170

180

190

[AN]

29

214

220
233

N
W
W

Bx*%2 IS IN LOWER HALF, B**3 fS'IN UPPER HALF

CONTINUE |
DO 1582 I=1,NNN

LL=T+1
BUL,I1=(3.0%5QU(T)=2.0%S(1,1))*2.

DO 1582 J=LL,NNN .
BUI4J)=(3,0%S(Js1)=-2.0%S(1,J))%2.0
B(J,1)=B{I,J)

CONTINUE

CALL SCFOUT(G2)

G TO 299

CONTINUE

1D1G=1

IF {Z.LE.IT) GO TQ 210

SYMMETRIZE F FOR PRINTING (MATRIX A)
DO 190 I=1,N

0O 190 J=1,N

Al Jd)=A20J,1)

WRITE(6,200) -
FURMAT{1Xs27H HARTREE-FOCK ENERGY MATRIX)
CALL SCFOUT(O,1) »
CONTINUE

CALL EIGN(N,RHO)

IF (Z.EQ.1) CALL SCFOUT(1,2)

IF {Z.LE.IT) GG TO 240

WRITE (6,230)

FoawArxlx,stthENVALugs AND EIGENVECTCRS
DO 235 I=1,

DO 235 J= 1,m

D(I,d)=8(I,J)
CALL SCFOUT{1,2).
CONTINUE

)

00002600

00002610

00002620
00002630
00002640
3050265C
00002660

00002670

00002680
00002690
00002700

00002710
000C27290

50002730
00002740
00002750
00C02760

00002770
00002780

00002790

%f06- f 



EIGENVECTORS ( IN B ) ARE COCNVERTED INTGC DENSITY MATRIX (IN B)
DO 230 I=1,N o
b3 260 J=I,N

XXX{J)=0.0D0

DO 25C K=1,GCCA

XXX (J)=XXX(JI+BLI,K)*B(J4K)*2.0
- CONTINUE
DO 270 J=1,N
BII»J)=XXX{I)
CONTINUE -

DO 290 I=1,N

DO 290 J=1I,N
B(J,I1)=B(1,J)
IF{Z.LEL.IT) GC TG

CONTINUE
RETURN
END
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A STUDY OF THE USE OF A STEEPEST DESCENT TECHNIQUE IN THE
SOLUTION OF THE HARTREE-FOCK EQUATIONS AND ITS APPLICATION
TO SELECTED SYSTEMS

by

Keith Allen Levinson
(ABSTRACT)

McWeeny has deveioped a method which utilizes the steeﬁest descenth
technique in sloving the Hartree-Feek eqﬁations. The mathematical |
~ development is presented and discussed. The method achieves
convergence‘for-eeveral otherwise recalcitrant systens.

The followihg systems are invesfigated and discussed:

1. the m-electron systems of p-benzoquinone and'caiicehe,

2. the allevelenceselectrbn systems of:the-ealiceneedianion,

nltrobenzene and m—chloronltrobenzene, | . o
3. the flrst complete SCFMO binding energy curves: for the C12-

benzene eherge-t;ansfer complex, including several config-

urations;  S |

L, studies of selectivity for the protonation of (addition ef

Bronsted acids te) fropylene, and the chlorinationrof
>nitrobenzene and‘m—chloronitrobenzene (These studies proved.v
to be far more complex than initially foreseen, and firm
conclusions were not obteihed.).
Recommendétions for further investigation of these éYstems'ere also

given.
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