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ABSTRACT
This thesis applies and extends the theory of atoms in molecules to
some general, important and chemically interesting subjects: a means of
studying molecules of biochemical size using high-level quantum chemistry,
the chemical reactivities of aromatic molecules as well as the nature of mw-
type hydrogen bonding.
Quantum mechanical principles define an atom in a molecule and its

properties as well as the chemical bonds which 1link the atoms to yield a
molecular structure. The resulting theory is called the theory cf atoms in
molecules. The theory also predicts the chemical reactivity of s molecule
through the properties of the Laplacian of its electronic charge
distribution, the Laplacian of the charge density also provides the
physical basis of the Lewis and VSEPR models. The theory is reviewed in
Chapter 1.

Holecules of biochemical interest always cause difficulties for
computational chemists because of the size. Semiempirical methods have
been used in the past, but must alternatively be replaced by sb initio
theory. An attempt to use a nonempirical method with reliable trial
functions to solve such problems, as made possible through the application
of the tools provided in the thesory of atoms in molecules, is presented in
Chapter 2, and gives an encoursging result.

The study of the chemical reactivities of aromatic molecules is of
general interest to chemists. An enormous amount of research has been done
in this area. A new way of using the theory to study the reactivities and
energetics of monosubstituted benzenes and their para and meta protonated
intermediates is presented in Chapters 3 and 4. The directing ability of a



substituent and its ability to activate or deactivate the phenyl group in
electrophilic substitution reaction are related to atomic, bond and
molecular properties of the aromatic molecules.

The nature of w-type hydrogen bonding 1is discussed in Chapter 5.
The molecular structures of three CeHeHF complexes are determined for the

first time.
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Introduetion

Science is based upon experiment and observation. Its purpose is
to enable us to predict the natural events that occur sround us and to
understand them as best we can. The purpose of theory is to provide the
conceptual framwork in this quest for understanding and predicting
cbservation (Bader 1990).

Chemical atoms, bonds, and the relation between the structures and
reactions of chemical compounds serve as the central concepts of chemistry
around which a growing number and variety of chemical reactions have been
organized, classified and thus partislly understood. Hany efforts have
been made towards understanding how %o model these concepts, the most
important developments among th - being the Lewis model, resonance theory,
molecular orbital theory and eb initio electronic structure theory. Though
the Lewis model, resonance theory and molecular orbital theory can
successfully explain some aspects of chemical bonding and chemieal
reactions, they remain as chemical models and lack physical grounds. Ab
initio electronic structure theory is derived from gquantum mechanics,
however, it has little to say about the concepts of atoms and bonds.

The theory of atoms in molecules is derived from fundamental
principles of physics and it defines all the important chemical concepts
mentioned sbove. The theory is obtained when the definition of a quantum
subsystem is spplied to the observed topological properties of a system’s
distribution of charge. The topology of ¢, the charge density, as
displayed in the global properties o? its gradient vector field, yields a
faithful mapping of the chemical concepts of atoms, bonds and structure,

while the topology of the Laplacian of ¢ provides a mspping of the electron

1



pairs of the Lewis model and reveals the reactivities of a total chemical
system.

The theory of atoms in molecules predicts the properties of atoms
in molecules Jjust as quantum mechanics predicts the properties of the total
system, simply because the theory is a natural extension of guantum
mechanics which is normally applied to a total system. When a molecule,
which is a totasl system when isolated, is put into arn environment it
becomes a subsystem. Thus one has to use subsystem gquantum mechanies to
study it. Therefore the theory of atoms in molecules is also a complement
of quantum mechanics for a total system.

This thesis presents an extension and application of the theory of
atoms in molecules to the field of biochemistry (Chapter 2), orgahic

(Chapter 3,4 and 5) and inorganic chemistry (Chapter 35).



CHAPTER 1
The Theory of Atoms in Molecules

This Chapter introduces the theory of atoms in moliecules (Bader
1985, Bader and Nguyen-Dang 1981, Bader et al 1981). Discussions of the
topological properties of the electronic charge distribution and its
Laplacian together with the properties of atoms in mclecules are emphasized
as these ideas are central to the original work presented in this and the
following chapters.

Section 1.1 gives the definition of the charge density e. While
section 1.2 details its topological features which yields the definitions
of an atoms in a molecule and of molecular structure. Section 1.3
describes another important part of the theory, the topological features of
the Laplacian of the charge distribution. Section 1.4 delineates the
atomic properties of interest in this work.

The conventional atomic units (= e = me = 1) are used in the

equations and results throughout this work unless otherwise noted.

1.1. Molecular Rleptronic Charge Distribution

The electroqic charge density e(r),or charde density is a
fundamental physical quantity which is experimentally measurable. The
electron density can be determined in x-ray diffraction studies of crystals
(Stewart 1973) and can be calculated theoretically. 1In this work, only
theoretical charge densitles obtained from single-determinant state
functions calculated by the Hartree-Fock-Roothaan (HFR) procedure for s

fixed configuration of the nuclei are used. The HFR procedure is a single-



determinant self-consistent field method using a finite basis set of
atomic orbitals centered on the nuclei (LCAO-SCF method).

The state wave function ¥ determines all of the information that
can be known about & quantum system. For a fixed arrangement of the
nuclei, the state funection, which is denoted by $(x), satisfies the
stationary state Schridinger equation

RE(x) = E¥(x) [1.1]
where x denotes the collection of electronic space and spin coordinates.
The charge distribution for a system is related to the state function
through the definition

A(r) = n Zepine Jdrafdra- - - FATRE*(X)E(X) [1.2]
where n is the number of electrons, r is the set of space coordinates of
one electron, x is the collection of electronic space and spin coordinates
and dra denotes the Cartesian coordinates of the ith electron. For the
Hartree-Fock-Roothaan SCF procedure, P(r) can further be expressed as

£{r) = f nags(r)gsi(r) : £1.3]
where ni is the electronic occupation number of the ith real Hartree-Fock
spin orbital gai(r). The physical meaning of e(r) is n times the
probability of finding an electron in a unit volume at the point in space

denoted by the position vector r = ix + jy + k=.

1.2. Topaological Properties of the Charge Distribution
1.2.1 Critiesl Points

The charge density, f(r), is a scalar field defined over three-
dimensional space. The topological properties of such a scalar field are

conveniently summarized in terms of the number and kind of its critical






Figure 1.1,

Contour and relief maps of the electronic charge density for three planes
of the benzene molecule, CelHe. (A) The plane containing the nuclei. (B)
The plane perpendicular to the above and containing two pairs of carbon-
hydrogen bonds. (C) The plane perpendicular to a carbon-hvdrogen bond at
its bond critical point. The ovutermost contour of # has a wvalue of 0.001
au and the contours inerease in steps of 2x10n, 4x10m, and 8x10m with n
beginning at -3 and increasing in steps of unity. A muelesr position is
denoted by a cross, and the projected positions of ocut-of-plane nuclei are
indicated by open crosses. This set of contour values is used throughout
the thesis unless otherwise noted. The charge densities have been
generated from state functions calculated using the RHF/B6-31G**//6-31G
scheme (Hariharan and Pople 1973 for 6-31** basis; Hehre et al 1872a for 6-
31G basis).



points, points where #(r) is an extremum. Their characterization which
will be given in the following paragraphs.

A contour plot of the charge distribution is a set of lines which
connect points of egual charge density. Figure 1.1 displays coritour plots
of the charge density of benzene in the molecular plane, in a plane which
is perpendicular to the molecular one and contains two psair of carbon-
nydrogen bonds, and in & plane perpendicular to the C-H bond axis. The
corresponding relief plots, which show the relative height of each contour
line in the third dimension are also displayed.

From Fig.1.1, one can find three topological features. First of
all, in any plane containing nuclei, p exhibits the local maxima at the
positions of the nueclei (see Fig.1.1A and B). Secondly, the charge density
appesrs as a saddle point between somz neighboring nuclei in the plane
containing nuclei, Fig.1.1A and B, and shows a maximum in the plane through
the same point in the plane perpendicular to the above plane, Fig.1.1C.
The third feature is that at the centre of the benzene ring, the charge
density displays & minimum in the molecular plane, Fig.l.1A, and sppears as
a saddle point in the plane perpendicular to the molecular plane, Fig.1.1B.
One more topological feature can be found in & molecule possessing a cage
structure such as found in tetrahedrane C4Hs (Bader et sl. 1981), fof which
£ exhibits a point which is a minima with respect to all directions.

Each topological feature of e(r), whether it be a maximum, a
minimum or a saddle, has associated with it a point in space called a
critical point, where the first derivatives of f(r) vanish. Thus at such
point. denoted by the position vector re, w2 (re) = 0, where ¥# denotes the

operation



-t e wt e et e o mm [ e e m— —

e | e e e — — —— —

- e o m— o m— b vt w—




Ve = idr/ex + joe/dy + kir/dz, {1.43
or equally we have

9f/9r1 = 0 r{ =X, Vv, 2 [1.5]
Whether a function is =a maximum or a minimum at an extremum is determined
by the sign of its second derivative or curvature at this point. This is
shown in Figure 1.2, which displays the behavicur of an arbitrary one-
dimensional funetion, y = £(x), and of its first and second derivatives.
From Fig.1.2, it is clear that whenever the function y = £(x) reaches its
extremum, y°, the first derivative of f(x) has the value =zero, as the
tangent of f(x) is going to change its sign. Accordingly, the second
. derivative or the curvature of £(x), v', is negative for a maximum in £(x)
and positive for a minimum in £(x).

It is clear now from Fig.1.1 that a critiecal point at a nuclear
position has three negative curvatures, Figl.1A and B. The critical point
between certain pairs of nuclei has one positive curvature along the
internuclear axis, Fig.1.1B, and a negative curvature along each of the two
perpendicular axes, Fig.1.1C. The critical point at the centre of the ring
has two positive curvatures along the two axes in the molecular plane,
Fig.1.1A, and one negative curvature along the axis perpendicular to the
plane, Fig.1.1B.

A critieal point can be classified according to its rank and
signature, written as (rank,’ signature). The rank of a critical point at

re equals the number of nonzero eigenvalues (principal curvatures) of the

Hessian matrix A where v

Ass = (9%°/(2ridra))e=2 [1.6]

[~
is a real symmetric matrix which can therefore be diagonalized. Associated



Figure 1.2
Plots of a function, F{x)=1l-xwkexp(—-x3+{x-2)2+xXcos(Ix), and its first and

secand derivatives.



with the principal curvatures are the corresponding principal axes {the
eigenvectors pi, pz and pa). The signature is the sum of the signs of the
eigenvalues. For example, for a nucle=r position, the curvatures of the
charge density along all the three axes are negative, thus it is of rank 3
and signature -3.

A critical peint with its rank less than three, i.e., with at least
one zero curvature, is said tc be degenerate. Such a critical point is
unstable in the sense that a small change in the charge density, as caused
by & displacement of the nuclei, causes it to either vanish or to bifurcate
into a number of non-degenerate or stable (rank = 3) critical points.

In the charge distributions studied in the present work, only
critical points of rank 3 are found. There are four types of critical
point of rank 3: (8,-3), (3,-1), (8,+1) and (3,+3).

The (83,-3) critical point shows a maximom in & in all three
perpendicular directions -- a local meximum of cherge concentration, this
is the topological behaviour of a nuclear position in the general case
(Bader and Nguyen-Dang 1981) or of free electrons in metal clusters (Cao et
al 1987, Gatti et al 1987).

There are two negative sand one positive curvatures at a (3,-1)
eritical point and the sum of their signs is -1. The two eigenvectors (a1
and p2) associated with the negative eigenvalues define a surface on which
the eritical point is a local msximum, see Figure 1.1 (c). The eigenvector
(h3) associated with the positive eigenvalue defines a unique line linking
the neighboring nuclei along which @ increases for motion away from the
critieal point.

The (3,+1) and (3,+3) critical points are called ring and cage



10
critical point, respectively, The eigenvectors asscciated with the two
positive curvatures of a ring critical point define the ring surface with
local minimum in # (see Fig.l.1 a), and the remaining eigenvector defines a
unique axis perpendicular to the ring surface at the critical point and ¢
exhibits a maximum at the point along the axis, (see Fig.1.1 b). The
cherge density is a minimum with respect to all directions at a cege
critical point. The value of p at both ring and cage critical points is
necessarily smaller then the value of ¢ evaluated at the surrounding (3,-1)

critical points.

It is instructive to examine the gradient vector field of the

charge density (Fig.1.3) to gain more understanding of critical points and
derive the concept of atoms in molecnles. The gradient vector field of the
charge density is represented through a display of the trajectories traced
out by the vector v¢ (for its definition, see Eq.[1.4]). A trajectory of
v#, also called a gradient path, starting at some arbitrary point ro is
obtained by calculating v#(xo), moving a distance ar away from this point
in the direction indicated by the vector ve(ro) and repeating this
procedure until the path so generated terminates.

Mathematically, the gradient path is the integral curve of the
differential equation

dr(s)/ds = v (x(s)) £1.7]
for gome initial value r{D) = ro, where s is a path parameter. Thus the

points r{s) of gradient path through ro are given by



=
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i1

r(s) = ro + Z ve(r(t))dt [1.8]
Each and every such path starts and ends at a critical point or at
infinity.

Fig.1.3(a) is a disgram of the gradient paths of the benzene
molecule overlaid on the contour map of the charge density; from this we
have the following observations:

a) Since the gradient vector of a scalar points in the direction of
steepest ascent in the scalar, the trajectories of v¢ are perpendicular to
lines of constant density —— the contour lines of e.

b) The vector v# is tangent to its trajectory at each point r.

c) Trejectories cannot cross since 92(r) defines but one direction
at each point r.

Figure 1.3 (b) is a disgram of the gradient paths of the benzene
molecutle. From this figure we c¢an observe some interesting features.
First, all the trajectories terminate at the positions of nueclei which we
know are the positions of maximum charge density, the (3,-3) critieal
points. Secondly, if one follows the trajectories between two neighboring
nuclei down from the nuclear position, one will walk down from one nucleus
towards snother, then suddenly turn away. The third observation is that
there is & border between each two neighboring nuclei, the trajectories
from each nucleus never cross over these borders. Thus, without further
mathematical analysis, the display of the gradient paths for a molecule
makes visible to the eye the definitions of its atoms. It is clear that
each of the atoms is enclesed by several border lines, through which no
trajectory passes, which are defined as interatomic surfaces, or is opened

to the infinity. In the regions where trajectories change direction, we
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Figure 1.3

Maps of the gradient vector field of the charge density for the plane
containing the nuclei of the benzene molecule. Each line represents =z
trajectory of v/(r). In (a) Trajectories which terminate st the positions
of the nuclei are superimposed on the charge density contour plot. (b)
Only trajectories displayed in (a) are shown. Each trajectory is
arbitrarily terminated at the surface of & small circle about a nucleus.
The set of trajectories which terminate at & given nucleus or attractor
define the basin of the attractor. (c) The same as (b), but overlaid with
the trajectories associated with the (3,-1) eritieal points. These
trajectories define the boundaries of the atoms and the molecular graph.
Bond eritical points, which are denoted by dots, are also shown. (d) A
superposition of the trajectories associated with the (3,-1) critical

points on a contour map of the charge density.
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can always find a point at which 9¢ = 0 and two curvatures of ¢ are
negative and one positive -- a (3,-1) critical point.

From above, we see that nuclei act as attractors of the gradient
vector field of @(r). The 1largest neighborhood containing trajectories
such that any trajectory originsting in it terminates at a nucleus is
called a basin. An atom, free or bound, is defined topologically as the
union of an attractor and its associated basin.

Alternatively, the atom can be defined in terms of its boundary.
The basin of a single nucleus in an isolated atom spans the entire three
dimensional space R2. For an atom in a molecule the atomic basin is a
subspace of R3. This atom is separated from neighboring atoms by
interatomic surfaces, each of which always contains a bond critical point.
The interatomic surface Sap consists of all gradient paths which terminate
at the (3,-1) critieal point. The atomic surface Sa of an atom A is
defined as the boundary of the basin. In general this boundary is the
union of a number of interatomic surfaces, separating two neighboring
basins, and some portions which may be infinitely distant from the
attractor. The interatomic surfaces and the surfaces found at infinity are
the only surfaces S of R® which satisfy the equation

Ye(r)-n(r) = 0 for every res {1.9]
where n is the unit vector normal to the surface at r, pointed outward. A
surface satisfying the condition (Eq.[1.9]) is called a zero flux surface.
An atom, isolated or bound, is a region of real space containing a single
nucleus and bounded by a zero flux surface. The stomic boundaries
displayed in Fig.l1.3c represent the interseetion of the atomi§ surfaces

with the given plane.
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1.2.3 Chemical Bopd, Moleoulsr Structure and _the Prooerties of Bopd
Critical Point

All the gradient paths on the interatomic surface Sam terminate at
the (3,-1) critical point between the atoms A and B. However, in the axis
perpendicular to the surface Sam, one and only one pair of gradient paths
originate at the (3,-1) critical point and terminate at the neighboring
nuclei of A and B. This pair of gradient paths forms a line linking the
two nuclei, the line generated by ps of the eritiecal point, along which the
charge distribution is a maximum with respect to any lateral displscement,
is termed an atomic ,inferaction line. For a molecular system st an
equilibrium geometry this line is classified as a bond path, and the (3,-1)
critical point on this line is called a bond critical point. Two atoms are
bonded to each other if and only if a bond path connects the two atons.

The network of bond paths linking pairs of nuclei is called the
molecular graph of the system. A moleculer graph summarizes which atoms
are bonded to one another, i.e. the molecular structure. The molecular
greph is in sgreement with chemical expectations. It is important to note
that only one bond path links two bonded satoms. For example, the two
carbon nuclei in the ethylene molecule are linked by one bond path; "double
bonds" do not appear in ¢ as two lines 1inking two C; only a single path is
observed. However the “double bond" character can be found in the
properties of bond critical point, the bond order and the ellipticity e,
which are discussed below.

The concept of molecular structure is different from that of

molecular geometry. A molecular structure is a representation of which



atoms are bonded to one another in a molecule. It is a generic property.
A molecular geometry gives the internuclear distances and sangles in the
molecule. Geometry is a non-generic property since any infinitesimal
change in a set of nuclear coordinates results in a different geometry.
The molecular gdeometry may be varied without changing the molecular
structure but the converse is not true. All molecular geometries having
the same molecular graph belong to the same structural region. The theory
also describs the mechanisms of structural change (Bader et al 18981).

The bond critical point is important in the theory of atoms in
molecules. The value of the charge density evaluated at a bond critical
point gives s measure of the degree of sccumilation of electronic charge
between the given nuclei. It is a general observation for covalent bonds
that increasing strength through a similar series of bonds is reflected in
8 corresponding increase in the amount of charge density at the bond
critical point. The bond order has been defined for C-C bonds using the
values of pp as

n = A-exp(B-rn) f1.101
where A and B are constants (Bader et al 1883).

In a bond with cylindrical symmetry such as the bonds in diatomic
or linear molecules, the two negative curvatures of ¢ at the bond critical
point (A1 and Az) are of equal magnitude. However, if electronic charge is
preferentially accumulated in a given plane containing the bond path (as it
is for & bond with n-character, see Figure 1.4 for the contour diagram of
the C-C bond of benzene as an example), then the rate of falloff in ¢ from
its maximum value p(re) in the interatomic surface is less along the axis

lying in this plane than along the one perpendicular to it, and the
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Figure 1.4

Contour plot of the electron density in a plane perpendicular to plane of
nuclei through a pair of carbon-carbon bond critical points (denoted in
solid dot) of benzene. The central point is the ring critical point

(denoted in a solid triangle).

]
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magnitude of the corresponding curvature of # is smaller. If Az is taken
to be the value of smaller curvature, then the ellipticity of the bond

€ = (Ar/h2 - 1) [1.11}
provides a measure of the extent to which charge is preferentially
accumulated in a given plane. The bigger the ellipticity of the bond, the
greater the w character. Any bond with cylindrical symmetry has an
ellipticity €=0, while the C-C bond of the benzene molecule has ellipticity
€=0.231 with the 6-31G¥k//6-31G (Hariharan and Pople 1973) calculation for
comparison. The axis of the softer curvature Az, the major axis,
determines the relative orientation of this plane within a molecule.

The sign of the value of v2r at each critical point may also be
used as the criterion for determining the type of interaction for the two
atons involved. In general,- a negative sign of 92° means a covalent
interaction while s positive sign means a closed shell interaction,

intereactions which are detailed in section 1.3.1.

1.3. Topologyv of the Laplacian of the Charge Density

The topology of a molecular charge distribution yields a unified
theory of molecular structure, one that defines atoms, chemical bonds,
structure and changes in structure. However, the topology of ¢ does not
give any evidence of a shell structure in an atom or information related to
Lewis model for chemical reactions which is of general interest to
chemists. These requirements can be achieved by the study of the topology
of the Laplacian of the charge density.

The Laplacian of r is defined by the equation

VE(r) = I3/BxX2 + Y2/Y2 + JRp/Pz2. [1.12]
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It is the sum of the three principsl curvatures of the Hessian of p. AS
explained below, it determines where electronic charge is locally
concentrated and depleted (Bader 19839, Bader et al 1888, Bader and
MacDougall 1985, Bader and Essen 1984, Bader et al 1884). Te =aid in
understanding the concepts of charge "concentration” and "depletion" as
determined by the Laplacian of £, we examine the behaviour of a function
£(x) displayed in Fig.1.5 together with its first and second derivatives.
The slope of f(x) is defined as
df(x)/dx = £°(x) = {[f(x+tex)-£(x)]/oX}er0 {1.13]
and its second derivative, at point x, is the limiting difference in the
slope of £(x) at the points x+ax and x-ax, which bracket the point x:
d2f/dx2 =f"(x)=({[f(x+ax)-F(x)]/ax - [F(x)-F(x-6%)]/bx}/6X)axeen [1.14]
Since f(x) is a steeply rising function in the region of x1 in Fig.l1.5, the
magnitude of the slope at xi-ax is greater than that at xi+ax and, since
both slopes are negative, the curvature or f(x) at x1 1is positive. The
function exhibits a shoulder in the region of the point xz, and the slope
at xz+ax is of greater magnitude than at xz-ax. Thus the curvature of f(x)
is negative in the region where f£(x) exhibits a shoulder. The function
exhibits a point of inflection between xi1 and x2 where the curvature is
zero. From Eq.[l.14) for the curvature, one sees that where the curvature
of £(x) is negative, the value of f(x) at x is greater than the average of
its values at the neighboring points x+ax and x-ax with the reverse veing
true where the curvature is positive. It is in this sense that f(x) is
said toc be concentrated in regions where d2f(x)/dx2 is less than 0 and

depleted where d2f(x)/dx2 exceeds 0. To graphically emphasize the fact
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Figure 1.5
Plots of a monotonically decreasing function f(x) and its first and second
derivatives. The negative of the second derivative is shown L0 emphasize

that & function is concertrated in a region where its second derivative is

negative.
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that f(x) is concentrated where its curvature is negative, the negstive of
the curvature is plotted. Note that the curvature exhibits its largest
negative value at x2 and f(x) is said to be maximally concentrated at that
point, the point where the negative of the curvature exhibits a maximum.

The siope of f(x) in Fig.l1.5 is always negative. Thus f(x) itself
does not exhibit either maxima or minima (ie, points where £ (x)=0) aside
from the meximum at x=0. We see that the existence of regions where a
function is locally concentrated or depleted as determined by the sign of
its second derivative does not imply the corresponding existence of maxima
or minima in the function itself.

All the foregoing considerations carry over into three dimensions,
and in particular it follows from Eq.[1.14] that the value of ~(r) is
greater than the average of its values over an infinitesimal sphere
centered on r when the sum of the three curvatures of ¢ is negative, that
is, when 92p(r)<0 and p(r) is less than this average when v2e(r)>0. 'The
charge density decays exponvntially from & nucleus and, in general, the
curvature of (r) along a radial line from the nucleus is positive, as for
f(x) at x1 in Fig.1.5, while the two curvatures perpendicular to a radial
line are negative. Thus v2~(r) may change sign even in the absence of a
shoulder in the charge distribution, the presence of which in any event is

relatively rare. !

1.3.1 Atamic Shell Structure
The Laplacian recovers the shell model of electronic structure in
an atom by displaying a8 corresponding number of alternating shells of

charge concentration and charge depletion beginning with a region of charge
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concentration at the nucleus. For example, Fig.l1.6 displays the value of
the charge density and of its associated Laplacian distribution as a
function of position for an isolated argon atom. Since the charge
distribution is spherically symmetric, the same display is obtained for any
plane containing the nucleus. The charge density exhibits a single maximum
at the position of the nucleus (the maximum value is not shown) and decays
monotonically for motion away from the nucleus along say radial line. The
charge density does not show the atomic shell structure but its Laplacian
does. If we consider a spherical “lLaplacian shell"” to consist of a region
where the Laplacian is negative surrounded by a region where the Laplacian
is positive, then the number of Laplacian shells is equal to the number of
shells that are partially or fully occupied within the orbital model of
electronic structure. For example, argon is a third row atom, tlhus we see
three shells in Fig.l1.8, denoted as inner shells and the wvalence shell,
respectively.

Figure 1.7 displasys two kinds of interactions: those of the shared
(Hz, Bz, N2, Oz and NO) and closed shell (Hez, Arz, XF, LiCl and NaCl). 1In
Fig.1.7 the positive values are shown in the solid line while those which
are negative in the dashed line. Around each atom of the molecules in the
column at the left hand side of Fig.1.7, the number of the identifiable
Laplacian shells remains the same as for the isolated stom, in spite of the
fact that its outer shells have been distorted. This is the general case
of shared interaction, since neither atom loses szll of the valence
electrons but shares them in the interaction. In the column at the right
hand side of Fig.1.7, each atom sappears & full electron shell after the

interaction. The Laplacian map for Arz shows that more electronic charge
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Figure 1.6

Relief maps of the charge density and the negative of its Laplscian for a
plane containing the nucleus of an argon atom. Function wvalues sbove an
arbitrary msgnitude are not shown. At the point A, the curvature of ¢
along z (the radial curvature) is positive while the curvature along the y
axis (a tangential curvature) is negative. In addition to the spike-like
maximum in -v2¢ at the nucleus, there are two shells of charge
concentration and three shells of charge depletion, corresponding to the

three quantum shells in this atom.






Figure 1.7
Contour meps of v2¢ for molecules with shared (in the column at the left

hand side) and closed-shell (in the column at the right hand side)

interactions.
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is concentrated on the nonbonded than on the bonded side of each argon
atom. Charge is depleted from the internuclear region to a greater extent
is concentrated on the nonbonded than on the bonded side of each argon

than it is from the nonbonded region of each nucleus. Thus the net forces

on the nuclel are repulsive in agreement with the untound nature of Ar=z. A
subset of closed-shell interaction which are bound are ionic interactions.
For an ionic diatomic molecule to achieve electrostatic equilibrium the
charge distributions of both the anion and cation mist be polarized in a
direction counter to the direction of electron transfer. The cationic
nucleuns is attiracted by the net negative field of the anion and the charge
distribution of the cation muist polarize sway from the anion to balance
this attractive force. The anion nucleus is repelled by the net positive
field of the cation and the charge distribution of the anion must polarize
towards the cation to balance this repulsive force. These festures are
displayed in the Laplacian distribution of KF, LiCl and NaCl (Fig.1.7).

The type of interaction between two atoms can also be determined
from v2» at the corresponding bond eritical point. The reasoning is as
follows: the charge density is a maximum in the plane perpendicular to the
bond path at the critical point, and charge is locally concentrated there
since the two curvatures of ¢ (A:r and Az) are negative; the charge density
is a local minimum at the critical point along the bond path since the
third curvature (Aa) is positive and charge is locally depleted at re with
respect to neighboring points along the bond path. Thus the formation of
an interatomic surface and & chemical bond is the result of a competition

between the perpendicular contractions of &, which lead to a concentration

or compression of charge between the nuclei towards and along the bond
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path, and the parallel expansion of ¢ which leads to separate concentration
of charge in the basins of the neighboring atoms. When 92 < 0 the
perpendicular contractions in @ dominate the interaction and the result is
a sharing of electronic charde between the nuclei as is typical of covalent
or polar bonds. When ¥2¢ > 0O the contraction of each atomic density
towards its nucleus dominates the interaction, resulting in a depletion of
charge at rc and in the interatomic surface. The latter hasppens in the
interaction between closed shell atoms as found in noble gas repulsive

states and in ionic and hydrogen-bonded molecules.

1.3.2 The Valenpe Shell of Charge Cancentration (VSCC)

The values of the Lsplacian provide & quantitative measure of the
local charge concentrations and depleticns as well as their number and
positions.‘ Extrema in the Laplacian of ¢ are classified by rank and
signature in the same way as are critical points in the charge density.
The critical points in 92 gccur where ¥(v22) = 0 and their types denoted
by the principal curvatures of v2 at the critical point. The topclogical
discussions hereafter will always refer to the negative of the Laplacian,
the quantity -v2e, Since charge is concentrated where v2* < (0, a local
maximam in -92f implies that electronic charge has the maximal trend of
concentration at the place where the maximum value of -92¢ gpplies. Thus a
local maximum in the =-v2¢ field, a (3,-3) critical point, denotes the
presence of a region of local charge concentration. A minimum in the -v2¢
field, a (3,+3) critical point, denotes the presence of a region of local
charge depletion.

The outer quantum shell of an atom is divided into an inner region
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over which ¥%* < 0 and an outer one over which ¥2® > 0. The portion of the
shell over which v2¢ < 0, is called the Valence Shell Charge Concentration
or V5CC, while the portion, v2¢ > 0, 1is called the Valence Shell Charge
Depletion or VSCD.

For an isolated atom, each point on the surface of the sphere of
maximum concentration in the VSCC always has a negative curvature in the
direction perpendicular to the surface since -v2¢ is a meximum on the
surface of the sphere and this surface persists in an atom in a molecule,
while the other two curvatures tangent to the surface are zero in an
isolated atom and assume either positive or negative values when the atom
is in a chemical combination, causing the sphere to be distorted. When the
two tangential curvatures are both negative, a local maximum is formed on
the surface, a (3,-3) critical point in -v2e, When they both assume
positive values, a local minimum is formed on the surface and the result is
a (3,+1) critical point in -v2e, If they assume values of opposite sign,
there is a saddle point in the surface and the result is a (3,-1) critical
point in -v2¢, The local mexima that are created within the valence shell
of chaxge concentration provide a one-to-one mspping of the electron pairs
of the Lewis model, both bonded and nonbonded.

Fig.1.8 displays the contour maps snd their corresponding relief
meps of the Laplacian of charge density for two planes of the formaldehyde
molecule. In the plane containing the nuclei, three bonded maxima in
carbon and a bonded maximum and two nonbonded maxima in oxygen are clearly
seen. Fig.l.8 also shows holes on the VSCC of carbon atom (at positions of
above and bellow molecular plane), corresponding to ring critical points

(3,+1) in 927, These (3,+1) critical points define the minima in the
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Figure 1.8

Contour and relief maps of 92* for the molecular plane of formaldehyde
(top) and a plane perpendicular to this and along the C-O axis (bottom).
The dashed (solid) lines denote regions of charge concentration
(depletion). The Laplacian is also negative within the region bounded by
the innermost solid contour enclosing each C and 0 nucleus. The top
contour diagram shows the positions of the three bonded charge
concentrations in the VSCC of carbon and the single bonded and two
nonbonded concentrations in the wvalence shell of oxygen. The zero flux
surfaces and bond critical poinFs {black dots)} are slso shown. The bottom
contour diagram shows the two critical points (indicated by solid
triangles) which determine the sites of nueleophilic attack at carbon, the

{3,+1) critical point is in its VSCC.
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sphere of charge concentration.
The nonbonded maxima and the local minima of ¥2¢ on the VSCC are
the most important aspects of the topology of the Laplacian of the charge

density, since they are directly related to the chemical reactivity of a

molecule,

It has been shown in section 1.3.1 that charde is concentrated in
regions where the Laplacian is negative and is depleted in regions where
the Laplacian is positive. These properties of the Laplacian determine
what kind of role each molecule would play in chemical reactions. In other
words, the regions of charge concentration are approsched by electrophiles
and the regions of charge depletion are spproached by nucleophiles. Thus
when two reactants interact with each other, the local charge depletion of
one of the reactants would seek the region of local charge concentration
and avoid the regioﬁ with the larger value of charge depletion of another
reactané, and vice versa.

Evidently, the sbove praperties of the Laplacian of charge density
reveal the physical basis of Lewis model, i.e. the positions of nonbonded
maxima of charge concentration are related to the electron pairs of the
Lewis base, and atoms which have local minima of charge concentration in
their VSCC are related to the form of the Lewis acid. The positions of the
local charge concentration and depletion together with their magnitudes are
determined by the positions of the corresponding critical points in the
VSCC’s of the respective base and acid atoms. This information enables one

to predict positions of attack within a molecule and hence the geometries
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of @approach of the reactants. For example, Figure 1.8 serves as an
example of the sbove features of v2¢. The two equivalent oxygen nonbonded
maxima in the molecular plane would serve as the sites of electrophilie
attack, while the position of the minima of the charge concentration at the

carbon V3CC in the perpendicular plane would serve as the site of

nucleophilic attack.

1.4. Eroperties of Atam in Molsenles

If one inserts an operator F(r), which corresponds to a physical
property, between the state functions in Eg.[1.2], oné cbtains = real space
density distribution function for that property. All atomic properties are
defined in terms of such density distributions, the atomic average of a
property being obtained by the integration of the corresponding density
over the region of space, Q, assigned to the atom, its atomic basin.
1.4.1 Atamic Electraon Population

The average electron population of an atom, N(Q), is obtained by
integrating the electron density over the basin of an atom:

N(®) = fa dre(r)  [1.15]
The net charge q(Q) is given by

q(Q) = Ig - N(Q) [1.18]
where Ze is the nuclear charge.

Where orbitals of pure o and pure w symmetry can be distinguished,
the atomic o population, Ne{(R), and w population, Fwx(R) can be determined:

Na(Q)

Ja deea(r) {1.17]

Be(Q) = fa dren(r). £1.18]

 where
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Pal{r)

Z1is MoPia(r)gia(r) [1.19]

Pr(r)

Zin Anfin(r)@an(r). {1.20]
1.4.2 Atomic Energy

In order to discuss atomic energy, it is necessary to start from
the virial theorem for a subsystem. For a stationary state this theorem is

V(Q) + 2T(Q) = -L(RQ) [1.21]
where V(Q) is the aversge potential energy of the electrons in the atom @,
T(Q) is its average kinetic energy, and L(Q) is defined as

-L(Q) = (1/4)fa dreze(r) = (1/4)] dS(Q;r)ve(xr)-n(r) [1.22]
The density associated with L(Q) has the property

L(x) = K(x) - G(x) = (-1/4)v2r(r) [1.23]

where K(r), termed the "Schridinger kinetic energy density”, is given “oy

K(r) = (-1/4XCIdr"Uko=lh + (V20RO ) [1.24]
and G(r), termed the “gradient kinetic energy density", is given by
G(r) = (1/2)idT viA-Vih {1.25]

where drv'=drzdta...dm and n is the number of electrons. Since the
Lagrangian L(Q) vanishes for an atom in a molecule because of the zero flux
surface condition (Eq.[1.91),

I dS(Q;r)ve(rd) n(xr) = 0 £1.26]
Eq.[1.21] reduces to the usual statement of the virial theorem,

V() + 2T(Q) =0 [1.27]
where V(Q) 1is the average atomic potential energy and T(Q) is the average
atomic kinetic energy T(Q) of the electrons which is defined alternatively
as

T(R) = fo K(r)dr [1.28]

or
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T(Q) = e G(r)dr {1.289)]

For Hartree-Fock wavefunctions, G(Q) and K(Q) may be written as sums over
functions of orbitals, that is,

G(R) = (1/2)]a(E1M19¢1 981 )dr {1.30]
and

K(RQ) = (-1/2)[a(31M18192¢1 )dr. [1.31]
These are the expression calculated to obtain the average electron kinetic
energy T(Q) of an =atom in a molecule using the progrem PROAIM (Biegler-
Konig et al 1882). From Eqgs. [1.22] and [1.28], it is seen that L(Q)
vanishes for a region of space bounded by a surface of zero flux in Ve
Thus the vanishing of their integral is a measure of how well the surface
of the atom has been spproximated in the numerical procedure. The quatity
provides a measure of how accurately the energy of an atom in a molecale
has been determined since E(Q) = -K(Q) = -G(Q) only if L(Q) vanishes (see
Eq.[1.23]). 1In general, in this thesis an upper limit of 5x10-3 au (=3
keal/mol) for L(Q) was sccepted.

The total energy of an atom in a molecule, the atomic energy E(Q)
is obtained for the average kinetic energy of the atom using the virial
relationship, that is

E(Q) = -T(Q) [1.32]
Practically speaking, this equation is not exactly satisfied for a finite
basis set calculation (6-31G** for axample). The ratio -~V/T differs
slightly from the correct value of two for an equilibrium geometry. To
correct for the error in the virial, each atomic kinetic energy must be
mltiplied by the factor (V/T + 1) to obtain a set of atomic energies that

correctly sum to the total energy of the molecule, although correction is
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in general small.

The average atomic potential energy V() can broken down as
follows:

V(Q) = Va(Q) + Vr(Q) [1.33]
where the quantity, Va(Q), the total attractive potential energy, is the
interaction of all the nuclei in the system with the charge density of Q
and Ve(Q) is the total repulsive potential energy. Explicitly,

Va(Q)

= Ja(Za(Za/ra) )P (r)dr. [1.34]
Fuarther,

VR(R) = Vea(R) + Vam(Q) £1.33]
whire Vee(R) 1is the repulsive electron-electron contribution to the
potential energy and Vmn(Q) is the repulsive nuclear-nuclear contribution
to the potential energy. Since the wvirial theorem is not exactly
satisfied, the potential energies must be corrected also. This is
accomplished by multiplying the sbove potentisl energy values by the term
200+V/TY/(V/T).
1.4.3 Atomio Firpt Moment

The first moment (or atomic dipole) of atom Q, denoted w(R), is the
atomic average of the electronic position vector ra = r - Xa where ¥a is
the position vector of the nucleus of atom @ measured from an origin (Bader
et al 1987b). Thus,

L) = ~I'n rer(r)dr £1.36]

The cartesian components of uw(Q) are calculated as follows:

Mx(R) = -Ja xo(r)dr
u(Q) = —la ye(r)dr
p=(Q) = -lo zof(r)dr {1.37]
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The atomic first moment measures the distortion of the charge density of @
from sphericity. It quantitatively describes to what extent the charge
density is polarized in a given direction. |

The dipole moment of a neutral molecule, u, may be expressed as a

sum over the net charges q(2) and first moments H(R) of every atom in the

molecule as

K = Zalq(QR)¥e + w(Q)] [1.38]
where Xa is the position vector of the nucleus of atom Q measured from some
arbitrary origin. While the individual atomic contributions q(2)Xe depend
upon the choice of origin, their sum does not, snd thus each molecular
dipole moment is uniquely determined by a charge transfer contribution
arising from the net charge on the atoms

Mo = 209(Q)Xa {1.39]
and a First moment contribution arising from the polarization of the atomic
charge densities

e = Zau(Q). {1.40]
1.4.4 Atomic Guadrupole Moment

The x containing components of the traceless symmetric quadrupole
moment tensor @ for atom Q are given as follows:

@e(Q) = - o (3x2 -ra2)e(r)dr

Qv (Q)

Quez(Q)

- o (Gxy)e(xr)dr

- fa (3xz)P(r)dr : [1.41]
Q can always be disgonalized, and s0, we examine Go(R), Qvy(Q) and Qes(Q).
These components reflect the preferential accumulation of charge in a given
plane. The disgonal elements always sum to =zero. For a spherical

distribution, @e:«(Q) = Qv (Q) = Q=(Q) = 0, see Fig. 1.9. IFf the sphere is



Figure 1.9

Display of quadrupole moment.

Boc=8vy has been assumed.
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flattened st its poles to yield an oblate spheroid, then (with the polar
axis along 2z) Qex(f) > 0 and Bx(Q) = Byy(Q) = -(1/2)Ree(Q) inferring the
accumulation of negative charge in the xy plane (see also Fig.l1l.9).

The atomic quadrupole moment is a property which provides
information that both complements and supplements the o and w populations
of the orbital model. It will be detailed in the Chapter 3.

1.4.5 Atomio Volume

An atomic surface is the union of a number of interatomic surfaces,
one such surface for each bonded neighbor, and of some portions which may
be infinitely distant from the nucleus if the atom is not an interior atom.
The latter open portions of the atomic surface are replaced by =a
particular density envelope in the calculation of an atomic volume. Thus,
an atomic volume is defined to be a measure of the region of real space
enclosed by the intersection of the atomic surface of =zero flux and a
particular envelope of the charge density:

v(Q) = ladr £1.42]

The 0.001 an charge density envelope is chosen because it has
previously been shown that the 0.001 an charge density contour for methane
and the inert gases gives good sgreement with the van der Waals diameters
of these molecules as determined by second virial coefficient or viscosity
data fitted with a Lennard-Jones 6-12 potential (Bader and Preston 1970).
Further, the 0.001 an density envelope contains at least 96X of the
electronic charge (Bader et al 1987a).

The shapes of some hydrocarbon molecules, the 0.001 au charge
density envelopes, are displayed in Figure 1.10. The lengths, widths and

atomic volumes have been calculated (Bader et al 1987a). What is to be
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Figure 1,10

Shapes of molecules represented by envelopes of constant electronic charge
density. The envelope shown has a value of 0.001 au. The molecules are:
(a) to (f), the normal alksnes from methane to hexane, (g) isobutane, (h)
neopentane, (i} cyclopropane, (j) eyelobutane, (k) formaldehyde, H2C=0, (1)
ecetone, (CHa)=2C=0. The intersections of the "zero flux" interstomic
surfaces with the envelope are shown in some cases. They define the
wethyl, methylene, hydrogen and ecarbonyl groups. The isobutane molecule

(8) for example, exhibits three methyl groups topped by a hydrogen atom.
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stressed is that the volumes of methyl and methylene groups in normal
hydrocarbons are transfersble, as are their charge distributions,

populations, dipoles and energies (Bader et al 1987s,b).

All of the average properties of an atom, isolated or in a
molecule, are defined by quantum mechanics. The most important consequehice
of the definition of those properties is that the average value of an
observable for the total system <M>, is given by the sum of its atomic
contribution M(Q)

<M> = ZgM(Q) [1.43]
Eq.[1.43] states that each atom maskes an additive contribution to the value
of every property for a total system. For example, the molecular volume vu
is obtained by summing the volumes of the constituent atoms w(Q).
Similarly, the volume of a methyl group is obtained by summing the volumes
of the one carbon and three hydrogens comprising this group. Such a group
is bounded by a surface of zerc flux in the gradient vector of the charge
density and is a quantum subsystem with well defined properties. Eq.[1.43]
displays the principle underlying the cornerstone of chemistry - that atoms
and functional groupings of atoms make recognizable contributions to the
total properties of a system. In practice, we recognize a group and
predict its effect upon the static and reactive properties of =a system in
terms of & set of properties assigned to the group. In the limiting case
of & grouvp being essentislly the same in two different systems, one obtains
a so-called additivity scheme for the total properties, for in this case
the atomic contributions as well as being additive in the sense of

Eq.[1.43], are transferable between molecules.
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Chapter 1 has provided an introduction to the theory of atoms in
molecules. It detailed the definition of an atom in a molecule as well as
its properties, the physical concept of the chemical bond, molecular
structure, and the chemical reactivity of molecules. The present chapter
describes the spplication of this theory to the problem of building large
polypeptides from amino acid fragments.

Many of the problems associated with the prediction sand
understanding of biochemical processes and of catalysis in general can be
grouped under the heading of molecular recognition. Thus, one is concerned
with the Pfunctional specificity, orientation, temporal evolution and
function of the interaction between an active site and its substrate. The
active site is a portion of & biclogical macromolecule or is made up of
contributions from a number of portions which are brought into
juxtaposition by a particular conformation of the macromolecule. It has
recently been demonstrated (Rebek 1987) that processes exhibiting the
characteristics of molecular recognition can be displayed by smaller
molecules that are synthetically accessible. Even these smaller model
systems, however, present the ssme problem for one wishing to predict their
properties from theory in that they are too large to be adeguately
described by present day computational teclniques. This,:problem is
certainly not unique to systems of biological interest and this point
brings us to the principal goal of this Chapter: the use of theory to -
synthesize large molecules from smaller fragments, and to do this in a new

way by using groups defined in real space. This spproach also offers the
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opportunity to construct only that portion of a large molecule that is of
interest. Experimental studies have shown that complementarity in size,
shape and functionality between the active site and the substrate all play
a role in molecular recognition (Rebek 1987). The time . come to sclve
the problem of how this is to be done and its solution is made ssible by
the theory of atoms in molecules, which provides the necessary info-mation
for the prediction and understanding of these properties and for
determining their role in the formation of the substrate-active site
complex.

Section 2.1 shows how the smino acid building blocks are created
for the theoretical synthesis of polypeptides. The optimised geometries
for all the molecules in this study are also given in section 2.1.

| Theory predicts what can be observed and it should be possible to
construct a molecule usiﬁg theory in the same msnner that this is done in
the laboratory. Chemists do not begin a synthesis starting with separate
beakers of nuclei and electrons, the step corresponding to the theoretical
description of a molecule starting from the Hamiltonian, but rather from
pieces of other molecules. The first step in a parallel theoretical
synthesis is the identification of the pieces, the satoms and Punctiocnal
groups of chemistry. Theory defines an atom in a molecule as a region of
real space bounded by a surface of zero flux in the gradient vector field
of the charge density, as discussed in Chapter 1. The atoms of theory
recover the experimentally measurable properties of atoms in molecules
(Bader 1986, Wiberg et al 1987, Bader et al 1987a). They are the atoms of
chemistry because a) they are the most transfersble pieces of a system that

one can define in real space and which simultaneously exhaust the space of
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a system, b) their properties, as well as being defined by gquantum
mechanics, are directly determined by their distribution of charge, that
ig, if an atom has the same form in the real space of two systems, then it
contributes the same smounts to the total properties in each system and c)
the atomic contributions M(Q) to a property H are additive to vield its
molecular value <M>, see Eq.[1.43].

This theory enables one to take advantage of the most importunt
postulate of the atomiec hypothesis: that atoms and functional groupings of
atoms exhibit charscteristic and measursble sets of properties that vary
between relstively narrow limits. In certain instances, the methyl and
methylene groups of  Thydrocarbons for example, the groups both
experimentally and theoretically, are transferable between systems with
essentially no change (Bader 1986, Wiberg et al 1887, Bader et ai 1987a)
and one can construct molecules from these groups with errors on the same
order as the experimental ones. It is based on this property that amino
acid fragments can also be used as building blocks in theory. Data are
provided in Section 2.2 in order to demonstrate the possibility of the
transferability of molecular fragments as defined by theory. It shows that
it is possible to construct a molecule from the atoms of theory and predict
its properties with acceptably small errors even in cases where one does
not approach the limit of perfect transferability.

Section 2.3 demonstrates that the synthesis of a polypeptide can be
achieved by linking groups or building blocks which are calculated through
the use of relatively large basis sets. Theory determines the properties
of the individual atoms, then the properties of the total system are

determined by summing the corresponding atomic properties, All of the
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properties of the system synthesized from atomic groupings can be predicted

from the calculstion of small molecules.

2.1 Conformation and Structure

In order for amino acids to be used as building blocks, it is
necessary that each fragment be transferable among different chemical
environments; in other words, that the geometry, charge distribution,
reaction properties, atomic and bond properties, _exhibit no signifiecant
differences in different polypeptide chains. Thus the first step of the
theoretical synthesis is to study the transferability of amino secid
fragments, followed by the theoretical synthesis using the standard
fragments.

The optimization of the geometries of all molecules in this chapter
were carried out with Hartree-Fock SCF method at the 4-31G 1level
(Ditchfield et al 1871), while the 4-31G** basis was employed in the final
determination of ¥ and the charge density. It has to be pointed out here
that as this is a big project, five different computers (VAX-11/780, VAX-
8650, IBM-4381, CRAY X-MP/24 and Multiflow-Trace) and several Gaussian
series programs (Gaussian 82, 86 and 88) were involved in the SCF
calculations, whichever was availsble at the time. Two other computers
(FPS, Stardent 350(FPS/Stellar)) as well as Multiflow Trace 14/350 computer
were employed in the topological analysis and atomic integrations. The
neutral forms of the amino acids rather than the Zwitterions found in
solution are considered in this exploratory investigation, the purpose of
which is to test the transferability of fragments between systems. In any

event, the repeating sub-unit of a polypeptide is removed from the change
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which is present only at the two ends of the chain of fragments. It has
been shown (Schafer et al 1990) that the geometries of amino acids, whether
neutral or ionized, and their polypeptide derivatives determined by &b
initio methods for gas phase molecules as is done here vield geometries
which are either more complete, or more accurate, or more highly resolved
than the results of any other method, either computational or experimental.

We start with twe smino scids, glycine —— the smallest symmetrical
one (Ce symmetry) and alanine -- the smallest unsymmetricsl one (Ci
symnetry). The structures of these two amino acids sre shown in Fig.Z2.1,
together with the numbering assignments for each atom in the fragment.
These numbering assignments are used throughout the study of all the
molecules. The comformation studies of glycine and alanine molecules,
especially the former, have been done by many authors with various methods
(Sfam et al 1984, Luke et al 1984, Palla et al 1980, Shipman and
Christoffersen 1973 (and references therein)). The conformations shown in
Fig.2.1 are the ones with lowest energy for glyeine and alanine,
respectively. The dihedral angle 1p (where M is the dihedral angle of
04C2CIN3) is 09 for glycine and -9.40 for alanine. The angle & (where w is
the dihedral angle of HOSC2C1l) is 1800 for glycine and sbout 1700 for
alanine. Full geometry optimization had been carried out for both glyecine
and alanine molecules. 4s the methyl group on alanine can have two
different orientations, with a methyl hydrogens cis or trans to the N3
atom, a related conformation study had also been done. The energy of the
trans conformation is the same as the c¢is one, to within 0.006 kecal/mol,
which implies that the methyl group can Ffreely rotate in the alanine

molecule. Optimised geometries of glyeine and alanine are listed in Table
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2.1. The structure with the global energy minimum for glycine possesses as
Ce symmetry, while that for alanine exhibits no symmetry because of the
existence of methyl group (see both Fig.2.1 and Table 2.1). In alanine,
the group CI1C20405H lies in a plane with the hydrogen atom slightly out of
the plane by less than 0.59, while the plane of CIC2N3 coincides with the
plane bisecting the HN3H angle. The dihedral angle about the C1-C2 bond is
4=8.40, ~The structure of alanine shown in Fig.2.1 is the one with one of
three methyl hydrogen trans to N3 atom, yielding a dihedral angle, HaCC1N3,
of -177.50.

It is noticed that each amino acid cen have three different forms
when used as a building block, two of them being terminal fragments and one
being an internal fragment in a peptide chain. For example, glycine has
the form of either sn amino-terminal fragment, NHzCH2CO-NHR, or a carboxyl-
terminal fragment, PCO-NHCH=COOH, when at the end of a polypeptide, and the
form RCO-NHCH=2CO-NHR® when presents an internal fragment, where R and R’
are polypeptide chains of arbitrary length (see Fig.2.2). For the sake of
convenience, the glycine fragment NH2CH2CO-NHR will  heresfter be
ebbreviated as G|NHR, RCO-NHCH=2COOH as RCO|G", and RCO-NHCH2CO-NHR® as
RCD]G“|NHR', where the glycyl fragment G = NH2CH=00-, the glycine fragment
G = -NHCH2COOH, and the glycyl unit G* = -NHCH200-, respectively. The
vertical bars denote the interatomic surfaces of zero flux in the gradient
vector field of the charge density which define the relevant fragments.
Thus G, G* and G" are the glycine fragments to be used in the synthesis of
polypeptides.

Three glycine fragments and the two terminal alanine fragments have

been studied here. Our purpose is to create standard fragments for use as



Figure 2.1,

Molecular gresphs of A) glycine and B) alanine molecules.
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Tghle 2.1. Optimized geometries® of glycine and alanine for 4-31G basis

114.7
126.3
111.4
115.8
107.6
114.1
110.6
106.8

-282.40095 au for 4-31G basis set

-282.57347 an for 4-31G**//4-31G calculation

Bond Angle Rihedral Angle

04C2C1N3
05C2C1N3
HC1Cz204
HaN3C1C2
HeN3C1C2
HOSC204
CC1C204
HaCCIN3
HeCC1N3
HeCCIN3

set.
Glycine
__Bond Jength ~~  Bond Angle
C1-C2 1.505 N3CiC2
C1-N3 1.434 04C2C1
Cz2-04 1.206 08C2C1
C2-05 1.349 HN3C1
H-C1 1.082 HC1C2
H-N3 0.894 HOSC2
H-05 0.955 HN3H
HC1H
SCF Energy
Alanine
—Bond Length
Ci1-C2 1.5612 N3C1C2 112.7
C1-N3 1.440 04C2C1 126.2
c2-04 1.207 05C2C1 112.0
C2-05 1.350 HalN3C1 115.1
H-C1 1.082 HeN3C1 115.9
Ha-N3 0.996 HC1C2 106.6
He-N3 0.995 HOBC2 114.0
H-05 0.955 HN3H 112.1
Cc-Cl 1.533 CcCic2 108.8
He-C 1.079 HaCC1 111.2
He-C 1.084 HuCC1 110.5
He-C 1.080 HeCC1 108.7
SCF Energy

-9.4
170.7
-128.7
66.9
-66.7
-0.4
114.0
-177.5
61.8
-57.0

~321.39019 su for 4-31G basis set

~321.57552 an for 4-31G**//4-31G calculation

&, Bond lengths are in A and bond angles in degrees.
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Higure 2.2,
Display of three glycine fragments in polypeptides. The dashed lines are

schematic representation of the interatomic surfaces which separate the

fragments from polypeptide chains. The numbering assignments for the atoms

in the studied glycine and alanine fragments are constant throughout, this
chapter.
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building blocks by using fragment of amino sacid determined in simple

molecules with relatively high level basis sets. We build the model
molecules which contain the desired fragment by replacing R or R’ in G|NHR,
RCO|G", RCOJG"{NHR’, A|NHR and RCO|A" with H, where A and A" are two
terminal alanines with the alanyl frasgment A = NH2CHCH2CO- and the alanine
fragment A" = -NHCHCH=COCH. The study of the transferability of these
amino acid fragments is made by comparing the properties of each fragment
in the model molecule with its common part in the di- or tri-peptides,
i.e., in different chemical environments. Thus comparisons are made of
various properties of the glycine fragment G in G|NHz (glycylamide), G|G”
(glycylglycine), G|A® (glycylalanine) and G|G"|G" (glyeylglycylglycine), G
in COH|G" (formylglycine), G|G°, A|G' (alanylglycine) and G|G"|G", G" in
COH|G“|NH2 (formylglyecvlamide) and G|G“|G', A in A‘NHz (alanylamide) and
A|G", and A" in COHJA" and G|A" (see Fig.2.3).

The previous conformation studies (Bonaccorsi et al 1984, Siam et
al 1984, Wright and Borkman 1982, Peters and Peters 1980, Palla et al 1980)
which employed either standard bond lengths and bond angles or lower level
basis sets, were used as references for initial geometries. To obtain
detailed geometrical information which has not been studied before,
different conformations were calculated and the optimised energies were
compared. The two possible geometrical structures with pyramidal and
planar NHz substituent in GjNHz have been checked using GAUSSIAN 82
(Binkley et al 1982) on the VAX-11/780 computer. The latter (-282.61091
an) (see Fig.2.4a) has an energy 18.05 keal/mol lower than the former (-
262.58214 au) at the 4-31G level. This shows that a sp2 nitrogen atom is

preferred in a peptide bond, a result analogous to the equilibrium geometry
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Figure 2.3,

Display of the common fragments of glycine and alanine in different
molecules., which are, from left to right and from top to bottom,
glycinamide, formylglycinamide, formylglycine, glyeylglycine,
glyeylglyeylglyecine, glycylalanine, alanylglycine, formylalanine, and
alaninamide. The dashed 1lines represent the interatomic surfaces which

define each of the fragments.
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of formamide (Wiberg and Laidig 1987). Wiberg and Laidig (1987) carried
out the calculations with both the 6-31G* and 6-31G*™* basis set with
complete geometry optimization for the formamide molecule and Ffound that
the planar structure (sp2 N) is the one with the minimum energy while two
other conformers with a sp® nitrogen atom sre saddle points. This planar
structure for the fragment -CO-NH- were considered through all the other
four model molecules. The confermation study of Gly-Gly, Gly-Ala, Ale-Gly
and Gly-Gly-Gly by Wright and Borkman (1982) indicated that both Gly-Gly
dipeptide asnd Gly-Gly-Gly tripeptide have a plane of symmetry in the
conformation with the lowest energy (¢;y=ub180°, where g is the dihedral
angle of CN3CI1C2, U is of N3CIC2N and w is of CIC2NC). The conformation
with lowest energy for Gla-Ala and Ala-Gly also has the dihedral angles
¢§pH65180°. Two conformations of the model molecules containing methyl
group with one of its three hydrogens trans or cis te N3 atom have also
been calculated. The full optimization results obtained by using GAUSSIAN
86 (Frisch et al 19868) on both VAX-8650 and IBM-4381 show the trans
conformation has 0.018 kecal/mol lower energy for AINHz than the ¢is ard no
energy difference for the two isomers of COH[A". These results further
support the above conclusion that the methyl group can freely rotate in an
alanine fragment. Thus the conformation with one of three methyl hydrogens
trans to N3 atom had been chosen for all the molecules containing methyl
group, becanse it is slightly lower in energy.

All the geometrical parameters for these molecules are allowedlto
optimize except that the framework of the glycine Ffragment is forced to
stay in a plane, a restriction justified by the results of previous

conformational studies by many authors (Bonaccorsi et al 1984, Siam et al
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1984, Wright and Borkman 1982, Peters and Peters 1980, Palla et al 1980),

in $ (Fig.2.4a-e) out of 7 molecules which contain the glycine fragment.
The assumption that the glycine fragment keeps its planar symmetry in
different polypeptides has been supported by the calculations of A|G" and
of G|A" (see Fig.2.4g and 2.4i), in which the skeleton of the heavy atoms
in the glycine and glyeyl fragment is not restricted to a planar symmetry.
Both caleulations result in planar frameworks with deviations from the
plane of less than 1°. In practice, calculations are started from small
molecules, then the results of these calculations are used as initial
Buesses of geometries of larger molecules. This technique saves large
amounts of CPU time.

Except for those cases mentioned above, &ll the optimization
calculations on the remaining molecules were carried out using GAUSSIAN 88
for COH|G", COH|G"|NHz, A|G" eand G|A" on VAX-8650, G|G" on IBM-4381 and
G|G"|G' on CRAY X-MP/24. For the final determination of ¥, the 4-~-31G**
basis set was employed, and GAUSSIAR 86 has been used for G[NHz, COH|G’ and
COH|G" |NH= on VAX-8650 and for A|NHz, COH|{A" and G|G" on CRAY, while the
direct SCF calculation (Almlof et al 1882, Head-Gordon and Pople 1888) of
GAUSSIAN 88 (Frish et al 1988) had to be employed on the Multiflow-Trace
for G|A", AlG" and G|G"|G" because of the large size of the integral files.

All the optimised structures, which are depicted by molecular
graphs from 4-31G** charge densities, are shown in Fig.2.4 together with

. the optimised geometrical parameters. From the dihedral angles of
‘molecules containing the alanine fragment, we find that the frsmes of the
fragment -CCONHz in A|NH2, COHNHC- in COH|A®, -CCOCH in COH|A" and G|A°,
NH2CH2CONH- in G]A', and -CCONHCH=2COOH in A|G’ are all close to planar with
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the largest deviastion from planarity being less than one degree. The H

Figure 2.4,

Geometrical parameters of optimised molecules which are (a) glyecinamide,
(b) formylglycine, (e¢) formylglycinamide, (d) glycylglycine, (e)
glyeylglyeylgiveine, (f) alaninamide, (g) formylalanine, (h) alanylglycine,
and (i) glycylalanine. Dihedral angles for the molecules containing
alanine fragment are listed under each corresponding molecule. Characters
A and G at the top of the 1list of dihedral angles of dipeptides indicate
the fragments to which the numbering assignments of atoms refer. For
example, the dihedral angle for G4C2NC under G| is the same as that for
OCN3C1 under |A’ in glyeylalanine, because the numbers of atoms in the
former are assigned by referring to the glycine fragment while those in the

latter are assigned by referring to the alanine fragment.






O4C2CIN3 -24.1
NC2CIN3 157.7
CC1C204 97.7
HC1C204 -1436
H,N3C1C2 55.8
H,N3C1C2 -735

Q4C2CIN3 -11.0
0OSC2CtN3 170.2
CC1C204 1121
HC1C204 -128.8
HN3C1C2 16.9
HO5C204 -0.3

g

H,CC1N3
H,CCiN3
H.CC1N3
HNC204
H,NC204

CN3C1C2
OCN3C1
HCN3C1
H,CCIN3
H,CCIN3
H.LCC1N3

-178.5
61.2
-57.6
178.8
-11

188.2
-0.8
179.1
180.4
59.3
-60.0

O4C2C1IN3 -255
NC2CIN3 156.2
CC1C204 96.2
HC1C204 -145.1
HN3Ci1C2 55.8
HN3C1C2 -74.2

G|
O4C2NC  -0.7
C1C2NC  179.2
N3C1C2N  180.1
H,C1C2N  57.9
H,C1C2N  -57.9
H,N3CI1C2 65.0
H,N3C1C2 -65.0

H,CCIN3 -177.7
H,CCIN3  61.8
H.CCIN3  -56.9
H,NC204 1789
CNC204  -1.0

h

A
Q4C2C1N3 -11.0
OSC2C1ING 170.2
CC1C204 1121
HC1C204 -128.9
HN3C1C2 170
HOS5C204 -0.3

CiN3CO
C2C1N3C
04C2C1N3
05C2C1N3
HN3C1C2
HO5C2C1
H,C1C205
H.C1C205

| A’
CN3C1C2
OCN3C1
CCN3C1
H,CC1N3
H,CC1N3
H.CCIN3

-1.0
180.1
0.1
1801
0.1
180.1
579
-57.9

199.4
-0.7
178.2
180.4
59.3
-60.1



52
atoms (not including those in the CHz and terminal NHz) in these fragments

also lie in the plane of the heavy atoms with the only exception being the
N-H bond in COHNHC- of COHIA® with an out-of-plane deviation angle of =2.3
degrees. That the skeletons of the heavy atoms of the glycine fragment in
both the dipeptides G|a” ﬁnd A|G" remain planar (the largest deviation
angle is 0.19) is especially important, since from this fact one can

reasonably ignore the unsymmetrical effect of its bonded peptide chains.

2.2. The Transferability of Amino Acid Fragments

Geometry

Table 2.2 lists the comparison of the geometries of glycine
fragments G in molecules G|NHz, G|G", G|A" and G|G"|G", G in COH|G", G|G",
A|G" and G|G"|G", and G" in COﬁ|G"|NHz and G|G"|G". Table 2.3 lists the
similar comparisons for the geometry of the alanine fragment A in A|RHz2 and
A|G" and A in COH|A® and G|A'. The atomic radii for the atoms in each
peptide bond are alse given in these tables for use in building
polypeptides. From the tables we can see that the changes in geometry for
each glycine or alanine fragment in different chemical environment are very
small. Table 2.2 and 2.3 shows that for glycine fragments the average
change in bond length is about 0.001 A with a maximum change of 0.004 &,
and in bond angle is 0.170 with & maximum change of 0.59. For alanine
fragments the average change in bond 1length is 1less than 0.001 & with =
maximum change of 0.004 A, the average change in bond angle is 0.100 with a
maximum change of 0.4, and the average change in dihedral angle of alanine
fragments is 0.359 with a maximum change of 1.50. All of the largest

changes happen at the site which is closest to the interatomic surface



Table 2.2, Comparison of Bond Lengths (in A) and Bond Angles (in degrees)
of Glycine Fragments in Different Holecules.

G_Fragmente

G| NHZ ﬁéG' GlA~ Giﬁ:lﬁ;
C1-C2 1.518 1.519 1.520 .518
Ci-N3 1.438 1.438 1.437 1.438
C2-04 1.221 1.224 1.225 1.225
C2-Ne 0.443 0.441 0.441 0.440
Ci1-H 1.084 1.084 1.084 1.084
N3-H 0.986 0.896 0.996 0.896
N3C1CZ2 114.7 114.6 114.6 114.8
04C2C1  122.2 122.5 122.2 122.4
NCZ2C1 115.4 115.7 115.6 115.7
HN3C1 114.5 114.5 114.5 114.6
HC1C2 108.4 108.4 108.4 108.4
HN3H 111.1 111.2 111.2 111.2
HCIH 106.5 106.5 106.5 108.5

«. G = NH2CH=CO|
b This is the atomic radius of carbon CZ at the C2-N peptide bond

G" ¥ragmente
COH|G” G|G” AlG"  GIG"|G”
C1-C2 1 4&2 1.493 1.492 1.4&3

C1-N3 1.440 1.439 1,438 1.441
C2-04 1.207 1.208 1.208 1.207
C2-05 1.339 1.339 1.338 1.338
N3-Cd 0.804 0.907 0.807 c.s01
H-C1 1.082 1.082 1.082 1.082
H-N3 0.883 0.934 0.993 0.894
H-05 0.935 0.955 0.855 0.855

N3C1C2 109.3 108.3 108.3 109.0
04C2C1  125.3 125.4 125.4 125.2
05C2C1 111.7 111.7 111.7 111.6
CN3C1 121.3 121.2 121.2 121.2
HN3C1 117.6 117.2 117.2 117.1
HC1C2 103.0 109.0 108.0 108.0
HO5C2 114.86 114.5 114.5 114.6
{iC1H 106.6

106.5 106.5 106.7

e, G = lNHCHzCOOH
d, This 1s the atomic radius of nidrogen N3 at the N3-C peptide bond



Table 2.2. (con’d)

G"_Fragmente
— COH|GZ|NHZ ~ GIG"|G"
C1-C2z 1.51 1.50
Cil-N3 1.438 1.438
C2-04 1.223 1.227
C2-NT 0.442 0.440
N3-Ce 0.802 0.9805
Cl1-H 1.084 1.084
N3-H 0.994 0.994
N3C1C2 109.1 103.0
04C2C1 121.8 121.8
RC2C1 115.5 116.0
CN3C1  121.5 121.5
HN3C1 118.86 116.2
HC1CZ2 109.6 109.86
HC1H 107.0 106.8

o  G" = |NHCH=CD
£, This 1s the atomic radius of carbon €2 at the C2-N peptide bond
&, This is the atomie radius of nidrogen N3 at the N3-C peptide bond
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Tahle 2.3. Comparison of Bond Lengths (in A) and Bond Angles (in degrees)
of Alanine Fragments in Different Holecules.

& Fragmente A" Fragmentb
AINHZ | A|G" COH[AZ G|A~
C1-C2 | 1,525 1.524 C1-C2 I 1.500 I 1.501
C1-N3 1.445 1.445 C1-H3 1.448 1.447
Cz2-04 1.223 1.226 Ccz2-04 1.208 1.208
Ci-C 1.534 1.534 C2-05 1.340 1.340
C2-Ne 0.442 0.440 Ci1-C 1.536 1.536
H-C1 1.083 1.083 N3-(< 0.903 0.807
Ha-N3 0.998 0.9387 H-C1 1.081 1.081
Hn-N3 0.987 0.996 H-N3 0.98%4 0.994
He~C 1.083 1.083 H-05 0.955 0.855
He—C 1.083 1.083 Ha—C 1.080 1.080
He~C 1.080 1.080 Hn-C 1.082 1.082
N3C1C2 112.5 112.4 He-C 1.079 1.079
04C2C1 121.7 122.0 N3C1C2 107.6 107.6
NC2C1 116.2 116.5 C4CZC1 125.3 125.4
Cccicz2 108.2 109.1 05C2C1 112.1 112.1
HaN3C1 113.4 113.6 CC1C2 110.6 110.4
HuN3C1 114.8 115.0 CN3C1 122.0 122.0
HC1IC2 108.7 108.7 HN3C1 117.4 117.0
HeN3Hu 111.2 111.4 HC1C2 108.3 108.3
HC1C 108.9 108.9 HOSC2 114.4 114.3
HaCC1 112.0 111.9 HC1C 108.7 108.7
HeCC1l 109.9 108.9 Het’Cl 110.7 110.7 .
HCC1 109.1 108.0 HuCC1 110.4 110.4
04C2CIN3 -24.1 -25.5 HeCCl 108.6 108.6
NC2C1N3 157.7 156.3 04C2CIN3 -11.0 -11.0
CC1C204 97.7 96.3 05C2CIN3 170.2 170.2
HeN3C1C2 55.8 95.8 CC1C204 112.1 1i12.1
HeN3C1C2 ~73.5 -74.2 CN3C1iC2 199.2 199.4
HC1C204 -143.6 =145.1 HN3C1C2 16.9 17.0
HaCC1N3 -178.5 =177.7 HC1C204 -128.9 -128.9
HuCC1N3 61.2 61.8 HOSC204 -0.3 -0.3
HeCC1N3 -57.6 -56.9 HaCC1N3 180.4 180.4
HuCCIN3G 59.3 59.3
HeCC1N3 -60.0 -g0.1

. A = NH=CHCH=CO
A" = NHCHCHaCAOH

. This is the atomic radius of carbon C2 at the C2-N peptide bond

. This is the atomic radius of nidrogen N3 at the N3-C peptide bond

D-O.U'P
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between each fragment snd the substituent group. From the comparison, we
can see that geometries of the amino acid fragments are transferable with
ocnly small changes. If we replace the fragments in large polypeptides by
the corresponding ones in the simple model molecules, the errors which are
introduced from the replacement are acceptably small, being less than
0.005 A for bond length and less than 0.5 degrees for bond angle. Such
small changes are acceptable since larger errors are introduced by a change
in basis set. For instsnce, for optimised geometries of protonated benzene
with 3-21G and 6-31G respectively (see Table AII of Chspter 4), the maximal
difference in bond length is 0.006 A and in bond angle is 1.0 degree. The
crystal structure data of glycine (Marsh 1958), alanine (Simpson and Marsh
1966), glycyleclycine (Biswas et al 1968), glycylalanine (Wang and Paul
1979), alanylglycine (Michel et al 1970) and glycylglycylglycine
gSrikrishnan et al 1982) are listed in Appendix of this chapter for
é;mparison.

The P - £ Bond Critical Point

As described in Chapter 1, a bond can be charscterized in terms of
the local properties of ¢ at its critical point: its value fb, its
Laplacian v2rFp, its ellipticity € and its bonded radius. Tables 2.4 - 2.5
compare the values of ¢, V27, € and bonded radii, Ffor the critical points
in glyeine and alanine fragments in different chemical environments. All
of these properties for each fragment vary by only small amounts. The
average change in @ is 0.001 au with a maximum of 0.005 su at the peptide
bond of glyeyl complexes. The Laplacian of the charge density is a
sensitive quantity, the values of v2~ at the carbon-carbon bond critical

point of ethane, ethylene, acetylene and benzene for a 6-31G* calculation,



Table 2.4, Comparison of Properties=
Glycine Fragments in Different Molecules.

C1-C2

C1-N3

Cz2-04

C2|Ne

Ci-H

N3-H

P
V2

€
mw{Cl)
m{C2)
[
v2p

€
re(Cl)
oS4 1KD]
P
2R

€
re{C2)
m(04)
(o
V2

€
(C2)
ro(N)
F‘
v2e

€
re(Cl)
m(H)
P
vz2e

€
re(N3)
ru(H)

of # at Bond Critical Point for

G Frasmentb
GINH2 _ G|G°~  GJA"  G|GG!
0.274 0.274 0.274 0.274
-0.822 -0.822 -0.821 -0.821
0.088 0.089 0.089 0.083
1.348 1.341 1.342 1.344
1.522 1.528 1,530 1.527
0.288 0.288 0.288 0.287
-1.029 -1.028 -1.029 -1.026
0.033 0.032 0.031 0.031
1.019 1.019 1.017 1.015
1.699 1.699 1.700 1.703
0.413 0.410 0.409 0.403
0.250 0.239 0.224 0.228
0.062 0.057 0.053 0.054
0.761 0.763 0.763 0.763
1.546 1.551 1.552 1.552
0.330 0,333 0.333 0.335
-0.661 -0.621 -0.834 -0,623
0.021 0.005 0.003 0.000
0.837 0.833 0.833 0.832
1.718 1.715 1.713 1.711
0.284 0.294 0.z34 0.284
-1.108 -1.,112 -1.112 -1.113
0.038 0.037 0.038 0.038
1.252 1.254 1.254 1.253
0.796 0.794 0.7%4 0.794
0.363 0.363 0.363 0.363
-2.013 -2.012 -2.013 -2.012
0.0682 0.082 0.082 0.0e2
1.417 1.417 1.418 1.416
0.4865 0.465 0.4865 0.466

37
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Table 2.4 (con’'d)
G~ Fragmentd

QOH |G GG’ AlG__ GIG" |G

£ 0.287 0.287 0.287 | 0.287

v2e -0.808 -0.807 -0.908 -0.8907

i€z ¢« 0.107 0.107 0.107 0.107
re(Cl) 1.304 1.300 1.2388 1.308

m(C2y 1.918 1.921 1.521 1.214

a 0.277 0.277 0.278 0.275

Ve -0.784 -0.810 -0.812 -0.780

Ci-N3 € 0.0863 0.065 0.0686 0.063
ru(Cl) 0.9198 0.921 0.921 0.914

(N3 1,802 1.793 1.799 1.808

£ 0.425 0.425 0.425 0.425

2 0.388 0.367 0.366 0.368

C2-4 ¢ 0.103 0.101 0.101 0.103
rw(C2) 0.753 0.753 0.753 0.753

o(0d)  1.529  1.529  1.529  1.529

£ 0.305 0.305 0.305 0.308

v -0.013 -0.012 -0.012 -0.013

C2-05 e 0.115 0.118 0.118 0.113
re(C2) 0.812 0.812 0.812 0.812

™03 L7188 17189 1719 1717

e 0.337 0.333 0.333 0.340

v -0.620 -0.621 -0.601 -0.672

N3|Ce € 0.030 0.005 0.008 0.022
re(N3) 1.708 1.715 1.714 1.702

m(C) 0,830 0.833 Q83 Q.83

e 0.362 0.362 0.363 0.361

o2 -2.060 -2.053 -2.058 -2.055

N3-H € 0.057 0.058 0.0358 0.038
m(N3)  1.449 1.447 1.447 1.452

w(l) 0.428 0.431 0,430 0427

f 0.298 0.298 0.288 0.288

vz -1.156 -1.158 -1.154 -1.180

Cl-He € 0.041 0.040 0.040 0.041
re(Cl) 1.278 1.277 1.277 1.278

re(la) 0.767 0.768 07688 0.766

£ 0.298 0.298 0.298 0.298

vae -1.156 -1.1856 -1.156 -1.160

Cl-He € 0.041 0.040 0.040 0.041
re(Cl) 1.278 1.277 1.277 1.278

ro(He) 07687 0.768 0,768  0.7686

e 0.373 0.373 0.373 0.373

vae -2.443 -2.441 -2.441 -2.445

05-H € 0.018 0.018 0.018 0.018
(05) 1.473 1.472 1.472 1.473

ru(H) 0.333 0.333 0.333 0.332



_ o
COH| G | NH2 G|G" |G-

e | oz Voo

vZe  -0.848 -0.850
c1c2 0.082  0.084

re(Cl) 1.389 1.358
m(C2) 1.484  1.493

e 0.278 0.278
V20 -0.792 -0.807
Cl-N3 € 0.050 0.054

re(Cl) 0.916 0.818
m(N3) 1.801 1,798

£ 0.412 0.408
2R 0.206 0.185
C2-04 € 0.061 0.055

(C2) 0.783 0.764
m(d4) 1,548 1.5%4

£ 0.337 0.340
& -0.717 -0.872
C2|N= € 0.007 0.022

rv(C2) 0.835 0.831
(i) 1705 1.702

£ 0.339 0.335
vEe -0.621 -0.823
N3|C=s € 0.035 0.000

m(N3)  1.704 1.711
m(C) 0.828 0.832
e 0.298 0.296
vze -1.133 -1.135
C1-H € 0.039 0.038
m(Cl) 1.268 1.268
m(H) 0779 0779

(o 0.361 0.361
72 -2.,060 -2.053
N3-H € 0.054 0.036

ro(N3) 1.456 1.453
ru(H) 0.423 0:426

. All quantities are in an
.G = NHzCHzCO[
is is an amide bond
G°~ = |NHCH=COOH
= |NHCH=CO|

o.n n op
=3
et
0
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Table 2.5, Comparison of Properties® of  at Bond Critical Points for

Alanine Fragments in Different Molecules.

C1-C2

C1-N3

c2-04

C2|Ne

Ci-C

C1-{

IS
Ve
€
rn(Cl1)
m(C2)
P
vz
€
ra(Cl)
(N3
P
v
€
re(C2)
In(04)
P
vz
€
m(C2)
()
P
vep
€
m(Cl)
In(C)
P
w2
€ i
{Cl)

A Fragment®
AlBHZ.  A|G"
0.273 0.273
-0.817 -0.818
0.073 0.073
1.348 1.338
1.538  1.542
0.285 0.285
-1.006 -1.008
0.041 0.040
1.022 1.020
1.708 1.710
0.411 0.408
0.238 0.228
0.057 0.052
0.762 0.763
1.548  1.553
0.330 0.333
-0.644 -0.601
0.024 0.008
0.835 0.831
1,717 174
0.255 0.255
-0.703 -0.704
0.033 0.033
1.450 1.482
1.419  1.417
0.296 0.287
-1.118 -1.124
0.032 0.032
1.242 1.244

(Y 0.805 0.803

£ 0.361

920 -2.008

N3-Ha € 0.058
Tre{N3) 1.424

e(Ha) 0.461

£ 0.362

e -1.997

K3-Hn € 0.063
re(N3) 1.412

me(Hn) 0.472

£ 0.289

v2p =1.065

C-Ha, € 0.011
m(C) 1.235
m{Ha) 0.810

e 0.290

72p -1.074

C-Hn € 0.007
re(C) 1.246
m(H=) 0.801

£ 0.293

2P -1.100

C-He € 0.007
rv{C) 1.248

m(Hes) 0,792

0.361
-2.009
0.059
1.424
Q.461
0.362
-1.998
0.083
1.412
0.472
0.289
-1.068
g.011
1,237
0.809
0.280
-1.072
0.007
1.245
0.802
0.293
-1.101
0.007
1.248
0.792

AlNHZ __ A|GT



Tahle 2.5 (con’d)

COH|A™ G|a~

C1-C2

C1-N3

Ce-04

C2-05

C1-C

N3|C=

a 0 o p

P
v

€
m{(Cl)
m(C2)

P
v2p

€
=(CL)
(i)

P
v2p

€
Te{C2)
(04)

F
v

€
{C2)

S (5]

P
vZp

€
r=(Cl)
{C)

P
vz

€
ro(N3)
ru(C)

| 0.284
-0.8%4
0.100
1.288
1.536
0.272
-0.753
0.056
0.918
l.817
0.424
0.368
0.098
0.754
1.530
0.304
0.001
0.124
0.812
1.720
0.253
-0.8692
0.036
1.517
1.387
0.337
-0.635
0.032
1.707
0.831

A~ Fragments

0.284
-0.8%4
0.101
1,285
1.540
0.273
-0.768
0.058
0.921
l.814
0.424
0.366
0.098
0.7%4
1.530
0.304
0.002
0.127
0.812
1721
0.253
-0.832
0.036
1.513
1.390
0.333
-0.634
0.003
1.713
0.833

. All quantities are in au
. A = NHzCHCHSCD|
. This is an amide bond
. A" = |NHCHCH=COOH

COH{A”___ G|A~
£ 0.352  0.362

vZ¢  -2,060 -2.052

N3-H e 0.056  0.057
ro(N3) 1.448  1.446

m(H)  0.429  0.432

¢ 0.302  0.302

v2r  -1.187 -1.189

Cl-H € 0.034  0.034
r=(Cl) 1.280  1.279

o) 0,763 0,763

e 0.373  0.373

vZp  -2.440 -2.438

05-H e 0.018  0.018
m(05) 1.473  1.472

) 0333 0333

e 0.293  0.282

v -1.097 -1.095

C-Ha € 0.013  0.013
m(C)  1.247  1.248

m(Hed 0.784  0.785

£ 0.290  0.290

v2¢  -1.074 -1.072

C-He € 0.013  0.013
(C)  1.242  1.241

m(ie) 0.803 0804

e 0.295 0.295

vz -1.123 -1.1%4

CHe € 0.008  0.009
r=(C)  1.259 1,258

ro(H=) 0.780  0.780

61
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for example, (Bader et al 1883) are -15.84, -28.73, -30.88 and -24.42 A-5,

respectively. However, in Tables 2.4 - 2.5, the average change in 92 is
0.006 au with a maximum of 0.052 au for the glycine peptide bonds. The
nverage change in ellipticity € is 0.003 with a maximum of 0.035, compared
to the values of 0.45 and 0.23 for ethylene and benzene (Bader et al 1983),

as reference values. The average change in bond radius is less than 0.003

au with the maximm of 0.013 au, which is of the nitrogen bond radius at
the peptide bond in the G° fragment. The properties of ¢ at a bond
critical point, rb, v2°» and € characterize a chemical bond. The small
changes found in the values of these critical point properties for the
fregments in the different molecules shows that the bonds in these
fragments and hence their total charge distributions are essentially the
same. This again demonstrates the transferability of amino scid fragments.

Atomic P .

Atomic properties are obtained by integrating the corresponding
property density over the atomic basin. As discussed in Chapter 1, the
Laplacian L(Q) has been used as a criterion by which the quality of the
integration over the given atom is based. If L(Q) <« 5x10-3, a “"good"
integration is obtained. The current integration program (Biegler-Konig et
al 1982) which we employed can handle most molecules with desirable
accuracy, but in the present project it appears to have difficulty in
integrating some stoms which have complicated interatomic surfaces. For
example, the L(Q) Qalues of the C2 atom of both G and A° fragment in all
molecules are greater than 1.8x10-2. These integration errors introduce
difficulties in Jjudging the quality of the integrated results. However,

the error in the integrated value can be further determined by summing up
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the individual atomic properties comparing with the molecular value. The
sum of the atomic pcpulations should equal the number of electrons in the
molecule, while the sum of atomic energies should equal the total SCF
energy. The error in the sum of the atomic populations ranges from a
minimum value of 0.008e for GlNHz to a maximum of 0.080e for G|G"|G' (see
Tables 2.6 - 2.7). The sums of the atomic energies for each molecule are
scceptable (see Tsbles 2.8 - 2.9), the errors in the sum being 0.0016 au
for COH[A" as the smallest one, and 0.0118 au for G|G"|G' s the largest
one. These errors are relativly small compared to the total populations of
40e for G|NHz and 100e for G|G"|G" and the total energies of 434.2251 au
for COH|A" and 683.8204 an for G|G"|G".

The average change in stomic population is 0.005 e with a maximum of
0.022 e. The maximal differences in a total population for a given
fragment in the different complexes are only 0.0089 for &, 0.023 for G°,
0.017 for G", 0.003 for A and 0.024 for A". rom the Teble 2.8 and 2.9 we
can see that the average change in an atomic energy is 0.0034 au (3.3
Keal), and the maximum change is 0.0198 aun (12.4 EKeal). The maximal
difference in total energy for a given fragment in the different molecules
is larger than the error for a total system, being 0.0231 au for G, 0.0583
for G*, 0.0048 for G", 0.0390 for A and 0.0185 for A’.

This research group was the first to demonstrate that the size and
shape of a molecule, as determined by its n;nbonded interactions, could be
related to a particular outer contour of the electronic charge density
(Bader et al 1867, Bader et al 1987a). The intersection of an atomic
surface with a particular envelope of the charge density determines a

corresponding atomic volume while the envelope itself determines the van



Iable 2.6, Comparison of Atomic Populations N(Q) for Glycine Fragments in

Different Molecules.

G Fraguents
——GIW2 _qle’ _ GlaT_genjer

C1 5.337  5.326  5.331  5.332
CZe  4.225  4.289  4.237  4.231
N3 8.219  8.221  8.226  8.220
04 8.373  9.378  9.383  9.381
H(N3) 0.584  0.58¢  0.595  0.595
H(N3) 0.594  0.58¢  0.5%4  0.595
H(C1) 1.056 1,052  1.051  1.052
H(C1) 1.086 - 1.052  1.052  1.052
Sgec  30.454  30.456  30.463  30.460
Se¢  40.009  70.050  78.062  100.080
Total 40.000 70.000 78.000  100.00
G” Fragmentd
COH|G. _ G|G&" A|6"_ @Ig"|6" .

C1 5.0 | 5207 | 528 | 5.0
c2 4.169  4.178  4.169  4.178
N3®  8.584  8.588  8.590  8.608
04 9.368  9.371  9.370 9,367
05 9.328  9.328  9.328  9.329
H(N3) 0.502  0.510  0.509  0.499
H(C1) 0.992  0.995  0.985 . 0.991
H(CL) 0.892  0.995  0.894  0.89]
H(O5) 0.331  0.332  0.332  0.330
Sgea+ 39.571  39.594  39.582  15v.588
3¢  54.036  70.051  78.040  100.0S0
Total 54.000 70.000  78.000  100.00



Table 2.6, (con’d)

G" Fragmente
__ COH|G|NHZ G|e"|&”

c1 5.333 5.321
CZp 4.188 4.1388
N3P 8.593 8.397
04 8.371 8.378

H(N3) 0.480 0.499
RH(C1) 1.020 1.019
H(C1) 1.020 1.019
Zaeqge  30.015 30.032
Zgb 54,023 100.080
Total 54.000 100.00

G = NHzCHzCO[
This is an smide atom

Q goes through all the atoms in corresponding molecule
. G NHCH=COOH
.G NHCHzCD]

eRD U R

mwom

i
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Table 2.7. Comparison of Atomic Populstions N(Q) for Alanine Fragment in
Different Molecules.

A Fragmente &~ FragmentP

—_—  AlNHZ  A|GT COH|A” GlA” .
Ci l 5,34 l 5.387 Cl I 5.378 l 5.378
Cze 4.233 4.248 C2 4,186 4.1390
N3 8.226 8.229 K3e 8.587 8.591
04 8.377 9,382 Q4 9.372 9.372
C 5.753 5.752 05 9.330 9,330
Ha(N3) 0.808 0.607 . C 5.754 5.755
Hu(N3) 0.583 0.583 H(N3) 0.505 0.513
H(CL) 1.084 1.078 H(05) 0.332 | 0.333
He(C) 1.085 1.080 H(C1>} 0.992 0.993
Hu(C) 1.082 1.084 Ha(C) 1.049 1.081
He(C) 1.050 1.048 Hu(C) 1.062 1.071
Z0ea 38.455 38.458 He(C) = 1.01B 1.018
2ad 48,010 78.054 Zoen- 47.572 47.586
Total 48.000 78.000 a9, 62.044 78.059

Tota 62.000 78.000

. A = NH2CHCH=CO

A= INHCHCH H

. This is an amide zatom

. Q goes through all the atoms in corresponding molecule

Lo oop



Table 2.8, Comparison of Negative Atomic Energiese -E(Q) for Glycine
Fragrents in Different HMolecules.

G Frasmentb
— G|NH2 __ 6|G” GlA~  G|&|G-
Cl I 37.4328 l 37.4324  37.4278  37.4310
C2e 36.8251 36.8418 36.6382 36.6406
N3 54.8598 54.8630 54.8584 54.8645
04 75.5514 75.5497 75.5382 75.54786
H(N3) 0.4637 0.4638 0.4642 0.,4645
H(N3) 0.4637 0.4638 0.4638 0.4645
H(C1) 0.6681 0.6662 0.6658 0.6665
H(C1) 0.68681 0.6662 0.6664 0.8685
Saee 208.7317 206.7469 206.7238 206.7457
pes 262.7573 483.1894 528.1913 695.8086
SCF 262.7597 489.1984 528.1987 685.8204
Diff -0.0021 -0.0070 -0.0074 -0.0118
G’ Fragmente

COH{G* GIG” A|G” G|G |G-

Cl I 37.4282 I 37.4176 I 37.4148  37.4224
c2 36.5514 36.5488 36.5456 36.5437
N3e 55.3169 55.3125 55.3069 55.3196
04 75.6040 75.5947 75.5867 75.5860
05 75.5624 75.5533 75.5435 75.5548
H(N3) 0.4133 0.4177 0.4176 0.4111
H({C1) 0.6405 0.8422 0.6418 0.68401
H(C1) 0.6405 0.6422 0.6415 0.6401
H(0%) 0.3119 0.3125 0.3124 0.3110
Satg- 282.4591 282.4425 282.4108 282.4388
204 395.2127 489.1894 528.1831 695.8086
SCF 395.2148 489.1984 528.1983 635.8204
Diff -0.0021 -0.0070 -0.0052 -0.0118
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Table 2.8, (con'd)

G"_Fragmentd
___lQJH}Gi}NHZ_|_G[GL|G.’_

Cl 37.4353 37.4241
Cée 36.5980 36.6114
N3e 55.3260  5§5.3262
04 75.5583 75,5460
H(N3) 0.4057 0.4108
H(C1) 0.6528 0.6528
H(C1) 0.6528 0.6528
Saegt 206.6288 206.6241
24 375.3983 695.8086
SCF 375.4026 685.8204
Diff -0.0043 -0.0118

The value iz in aua

G = NH=CH=2CO0|

. This is an amide atom

. Q goes through all the atoms in corresponding molecule
.G NHCH2=CO00H

G" RHCH=2CO |

HDD-D.D'.I

[



Tahle 2.9, Comparison of Negative Atomic Energiese -E(Q) for Alanine

_ AmNH2 A|GT

L] ﬂ-_‘).w'.?'.!l

Fragments in Different Holecules.

A Fragmentb

C1 37.4538
C24 36.6360
N3 54.8615
04 75.5342
Cc 37.6918
Ha(N3) 0.4706
He(N3) 0.4561
H(CL) 0.6883
Ha(C) 0.6718
He(C) 0.6611
He(C) 0.6580

Zgea  245.7433
2g° 301.7588
SCF¥ 301.7614
Diff -0.0016

The values are in
A = NH=2CHCHaCO
A’ = |NHCHCH H

. This 1s an amide
. 9 goes through all the atoms in corresponding molecule

37.4552
36.6508
54,8725
75.5384
37.6585
0.4704
0.4560
0.6861
0.6688
0.6621
0.6575
245.7823
528.1931
528.1883
-0.0052

a1

atom

&

A" Fragmenfc

COH|A” GjA"
o | srasae | sram
c2 36.5682  36.5670
N34 55,3159  55.3153
04 75.5823  75.5870
05 75.5505  75.5437
C 37.6625  37.6599
H(N3)  0.4148  0.4193
H(05) 0.3126  0.3132
H(C1)  0.6473  0.6481
He(C)  0.6585  0.6585
Hw(C)  0.6847  0.6657
Ho(C)  0.8462  0.6467
Sqea: 321.4860 321.4675
Soe  434.2136  528.1913
SCF  434.2251 528.1887
Diff  -0.011§  -0.0074
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der Waals envelope or shape of the molecule. The resulting shape of a
functional group and the volumes of its atoms are readily determined and
are transferable to a remarkable degree in many instances, including the
amino scid building blocks. This can be clearly seen in Tables 2.10-
2.11, which list the comparison of atomic volumes of glvecine and alanine
fragments in different molecules separately. The changes in atomic volumes
for each fregment among various molecules are very smsll, so these too are
transferable.

Chemical Reactivity

It has been demonstrated that the Laplacian distribution function
determines not only the sites of electrophilic attack, but also the sites
of nucleophilic attack (Bader snd Chang 1989a, Carroll et al 1989, Carroll
et al 1988, Slee 1986, Bader and MacDougall 1985, Bader et &l 1984). These
sites are located at the positions of the local nonbonded maxima and local
minima respectively, in the negative of the Lsplacian distribution.

Each amino scid fraghent has both nonbonded maxima (appearing as
(3,-3) critical points in -v2p), ji.e,, nonbonded local charge
concentfations in the VSCC's of the oxygen and nitrogen atom, which serve
as the sites of electrophilic attack, and minima (appearing as (3,+1)
critical points in -v2P) or local charge depletions in the VSCC’'s of the
carbonyl carbons (see Fig.2.5), which serve as the sites of nucleophilic
attack.

Fig.2.5 gives the cuntour plot of the Laplacian distribution for
Gly-Gly dipeptide. The in-plane positions of the criticsl points which
determine the locations of the charge concentrations and depletions and

ultimately the direction of approach of a reactant are indicated by



Table 2,10, Comparison of Atomic Volumes (,=0.001) V(Q)= for Glyecine
Fragments in Different Molecules.

G Fragmentt
_— G|NRHZ _ G|G" GjA &G_AG_
Cl | 48.74 | 47.94 | 48,59

C2= 31.91 32.29 32.15 31 84
N3 110,17 110.61 110.28 110.18
04 126.89 126.29 125.52 126.42
H(K3) 28.68 28.74 28.77 28.79
H(R3) 28.68 28.74 28.68 28.79
H(C1) 48.21 48.82 48.70 48.85
H(C1) 48.21 48.82 48.82 48.85
Zneg 473.48 472.25 471.51 472.80

G _Fragmentd
C1 | 47. :ga. | 43'%4 | 43'?3;3 'LG_E_

c2 31.40 31.64 31.73 32.74
N3e 101.47 99.82 98.94 103.18
04 125.16 125.13 125.891 125.75
05 116.01 115.18 116,04 115.36
H(N3) 22.12 22.44 22.55 21.98
H(C1) 45.15 45.22 45.14 44 .95
H(Cl) 45.15 45.22 45.11 44.95
H(OS) 18.26 16.34 16.31 16.20
Soea- 550.10 548.34 549.62 552.15

ﬁ“ Erﬂgmﬂﬂt‘

T N

CZ° 31.22 31.86
N3e 101.18 99.77
04 125.00 124.35
H(N3) 21.20 21.57
H{Cl) 46.80 46.61
H(C1) 46.80 46.61
Zoea” 419.58 417.86

The values are in au.
.G = NHzCHzCOl

. This is an amide atom
.G NHCH=COOH

. G" NHCH=200|

0-000'_9

i m



Table 2.11. Comparison of Atomic Volumes (#=0.001) V(Q)= for Alanine
Fragments in Different Molecules.

A Fradmentl A’_Frasmentc

— . AJEHZ _ AJG" COH| A~ G|&~
Ci | 42.43 42 .24 Ci 42 .22 ! 43.13
C2d 30.57 30.80 c2 30.57 31.48
N3 108.74 108.94 N3= 99.44 97.69
04 126.96 126.39 04 125.25 125.62
Cc 61.78 51.81 05 114.72 114.61
Ha(N3) 29.27 29.29 C 62.48 62.40
Hu(N3) 28.06 28.03 H(N3) 22.25 22.60
H(C1) 49.51 48.96 H(05) 16.35 i6.38
Hae{(C) 51.40 51.06 H(C1) 42.98 42.87
He(C) 50.38 50.50 Ha(C) 48.07 48.27
He(C) 48.17 49.04 Hu(C)y 50.95 51.15
Soea 628.25 627.086 He(C) 45.72 45.75

Zqea- 701.00 701.93

s  The values are in au.

b A = NH=CHCHaCO

e, A’ = |NHCHCH H

d, This i1s an amide atom
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Figure 2.5,
Contour plot of vZ for glyeylglycine dipeptide. The solid line through

the peptide bond is the interatomic surface of carbon and nitrogen, which

divides the molecule into two different glycine fragments, G and G°. The

number on each atom is assigned by referring to each fragment,
respectively. The arrows point to positions of the in-plane maximm charge

concentrations, The solid (dashed) 1lines denote regions of charge

concentration (depletion), where v < 0 (922 > 0). The contour values are

+0.002, #0.004, 20.008 (the outermost contour hss a value of +0.001 au),

increasing in powers of 10 to #20.0 an.
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corresponding arrows, while those out-of-plane cones are not shown in the
figure. For the carbonyl group in all of the molecules studied in this
chapter, there are always two in-plane maxima of charge concentration for
the 04 atom and two out-of-plane minima above and below CZ atom, as shown
in Fig.1.7 for HzC=0 molecule. ¥For the glycyl fragment G, there is an in-
plane maximum of charge concentration for the N3 atom. For the glycine
fragment G°, there are two out-of-plane maxima for each of N3 and 05 atom,
respectively. For the glyeyl unit G", there are two out-of-plane maxima
gbove and below N3 atom. The same commenis apply to the alanine fragments
as well.

The positions as well as the magnitudes of ¥2¢ at these extreme
N points, differ by only small amounts for the {ragments in different
molecules (see Tables 2.12 - 2.13). The magnitude of 92 at the nonbonded
- in-plane maxima om N3 in G| and A} and 04 in all fragments change by less
then 1% while the out-of-plane maxima on N3 in frsgments |G"|, |G° and A’
change by less than 2%. The magnitudes of the cut-of-plane minima on C2 in
all the fregments, which determine the positions of nucleophilic attack in

the cleavage of the C-N bond, change by less than 0.00S8 au.

From the sbove comparisons of the geometrical, bond, atcmic and
Laplacisn properties of five fragments in fourteen different chemical
envircnments, we see that the properties of amino acid fragments do not
exhibit significant changes upon transfer between different molecular
environment. In other words, amino &cid fragments can be regarded as

transferable among different complexes; this is the basis of our

theoretical synthesis.
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Tahle 2.12. Comparison of Properties at Critieal Points in -92¢ for Glycine
Fragments in Different Complexes.

G_Fragmens®

Posi.|Property  GINH2 GG GlAT_gja|a”
Type (3,+1) (3,+1) (3,+1) (3,+1)

C2 R 1.053 1.051 1.052 1.051
- |___e= 0,101 2.093 0.095 0,082
Type (3,-3) 3,-3) (3,-3) (3,-3>

N3 R 0.747 0.747 0.747 0.747
929 =3.244 -3.243 =3.743 =3.243

04 Type (3,-3) (3,-3) (3,-3) (3,-3)
anti R 0.648 0.649 0.649 D.649
to N3{___92¢ =6.196 =6.191 =6.121 -6,138
04 Type (3,-3) (3:-3) (33"3) (3,—'3)
syn Rog 0.648 0.648 0.648 0.648
to N3 92 -56.212 -6.212 -6.202 -g.201

‘ G" Fragment®

Posi.|Property  COH|G' 6|6 Alal_ Glet|G”
Type (3,+1) (3,+1) (3,+1) (3,+1)

C2 R 1.050 1.050 1.050 1.049
—_—f 2 0.115 0,115 Q.115 0.115
Type (3,-3) (3,-3) (3,-3) (3,-3)

N3 R 0.768 0.766 0.767 0.767
—_f—2r -2.137 =2.181 =2.153 =2.152
04 Type (3,-3) (3,-3) (3,-3) (3,-3)
syn R 0.649 0.649 0.649 0.648
to Q5| ___v2p =6,146 =5.142 =5.142 =6.150
04 Type (3,-3) (3,-1) (3,-3) (3,-3
anti R 0.649 0.648 (0.649 (0.649
to 0§ . 932 =6.123 =6,122 -6.122 -6.119
Type (3,-3) (3,-3) (3,-3) (3,-3)

a5 R 0.630 0.850 0.630 0.630
o2 -5.973 -5.972 -5.972 -5.973




Exoperty COHIG"|NHZ2 G|G"|G”
Sy

Table 2.12. (con'd)
!}" Eragmentc
Fogi.
Type )
Cc2 R 1.052
| w=2e 0,105
Type (3,-3>
R3 R 0.768
2 =2.112
04 Type (3,-3)
syn R 0.650
to N3l o2p =5.072
04 Type (3,-3)
anti R 0.649
to N3 20 -6.170
&, G = NH=CH=220
b, G° = |NHCH H
e, G" =

RHCH=CO|

1.050
0.096
(3,-3)
0.767
=2.160
(35-3)
0.630
=6,068
(3,-33
0.649
-6.124

76
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Table 2.13. Comparison of Properties at Critical Points in -92¢ for Alanine
Fragments in Different Complexes.

G Fragment®

Paosi.|Property  A[NHZ _A|G”
Type (3,+1) (3,+1)
c2 R 1.0 1.052
_— 2 0,105 0.097
Type (3,-3) (3,-3)
N3 R 0,748 0.748
g2 =3,245 =3.231
04 Type (3,-3) (3,-3)
syn R 0.649 0.649
to N3|_ v2¢ =6,1687 =6.163
04 TYPE (31_3) (3:"3)
anti R 0.649 0.649
to N3 =2 -5.168 -5.118

A" Frasmenib
Posi.|Property  COHjA” = GlA~
Type (3,+1) (3,+1)
C2 R 1.051 1.051
— | —2p 0,116 0,117
Type (3,-3) (3,-3
N3 R 0.768 0.767
—_| Tz =2.123 =2.170
04 Type (3,-3) (3,-3)
syl R 0.648 0.649
to 05| ___w2p =6.145 =6.142
04 Type (3,-3) (3,-3)
anti R 0.649 0.649
to 05|92 -6.129 =6.125
Type (3,-3 (3,-3)
05 R 0.650 0.650
2P -5.969 -5,968

*

= NH2CHCH
5, |NHCHCH3(JDH
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The result of section 2.2 shows that if we can create a set of
standard amino acid fragments, we may use them to build sany size of
polypeptide without running the risk of incurring significant change in
their properties. We can create the standsxd fragment, for example the
fragment G, by cutting it off from either the simplest model molecule
G|NHz, or a larger molecule like G|G". An interior repeating residue can
be obtained by sandwiching it between the two simplest end residues G and
G’ as exemplified by G” in G|G“|G'. The comparisons in the above section
have demonstrated that the fragments in simpler molecules exhibit the same
properites as those in polypeptides, and we can create the standard
fregment by defining it in the simplest model molecule. One can employ
relatively large basis sets for the calculation of the model molecules.
For exsmple, Figure 2.6 gives the confour maps of the three model molecules
which contain glycine fragments respect.vely. We obtmin three different
forms of the glycine fragment by cutting them off along the interatomic
surface at the peptide bond. Thus we have ﬁhree standard glycine building
blocks and can use them to build arbitrarily long polypeptides containing
only glycines, for example Gly-Gly-Gly. Adding the alanine fragments
obtained in the ssme way from model molecules A|NHz and COH|A®, we could
also build polypeptides containing both glycine and alanine, and so on.
All the values of properties in the standard blocks will persist in the
larger molecules. It has to be emphasized that cur work is only based on
the primary structure of molecules, the secondary structure of a

polypeptide is to be considered in future studies.
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Figure 2.6,

Contour plots of & for the model molecules containing A) G|, B) |G"| and C)
|G‘ fragments, respectively. Zero-flux surfuces and bond paths are also
shown. The bold line marks the surface which separate the glycine fragment

from the remainder of the molecules, G|NHz (A), G|G"|G" (B) and HCO|G" (C).

74
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As described in Chapter 1, a bond path is defined by the pair of
vectors of vp which originate at a bond critical point and terminate at the
neighboring nuclei. To 1link two fragments to creat a polypeptide by
forming an amide bond one needs to align, in an antiparalell manner, the
gradient vector which is directed at C from the C-N bond critical point of
one frsgment with the ocne directed at N from the C-N bond critical point of
the other fragment (see Fig.2.7). In this way we can synthesize Gly-Gly
from the stendard blocks G| and |G', (see Fig.2.7), Gly-Ala from G| and
|A‘, Ala-Gly from A| and |G' and Gly-Gly-Gly from G|, 1G"|, and |G'. This
construction vyields a molecular graph that is superimpossble on the
calculated one, correctly predicting that the geometrical parameters remain
almost unchenged. It has been discussed in Section 2.2 that the errors,
which are brought in by using the standard blocks, are less than 0.004 &
for bond length, less than 0.59 for bond angles and less than 1.5° for
dihedral angles. The predicted length of the C-N peptide bond is given by
the sum of the corresponding bonded radii of C and N in the model
molecules given in Table 2.4 -~ 2.5. The C-N peptide bond lengths obtained
in this manner are listed in Table 2.14 for synthesized Gly-Gly, Gly-Ala,
Aly-Gly and Gly-Gly-Gly and compared with the calculated values of the
"real" molecules. The predicted peptide bond lengths differ from the
calculated values by less than 0.002 A for four out of five peptide bonds,
with the largest difference being 0.005 A at one of the C-N bonds in Gly-
Gly-Gly, which is within the range we predicted in the last section for
geometrical changes.

Fig.2.8 displays the contour maps of synthesized Gly-Gly-Gly

together with the calculated one for comperison. The contours of the



Figure 2.7,

Contour plots of p for the A) calculated and B) synthesized Gly-Gly
molecule. The zero-flux surfaces and bond paths are shown. In B), the
arrows at the peptide bond critical point denote the linking of the
negatives of the two bond path vector which originate at the C-N bond
critical point. The interatomic surfaces of the two fragment, G and G°,
merge at the range in the brackets, while the arrows point the fragment

which the interatomic surface is contributed from.
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Figure 2.8,

Contour plots of # for the synthesized (top) and calculated (bottom) Gly-
Gly—Gly' molecule. The zero—-flux surfaces and bond paths are also
indicated. The synthesized molecule 1is combined by linking the three

different glveine fragments in the manner indicated in Fig.2.7 for Gly-Gly.






Table 2,34, Comparison of Total Populations and Energies and Peptide Bond
Lengths of Synthesized Molecules with the Calculated Ones.

Peptide Bond Lengths (in &)
Srth 147 L6 ks Tos ike

Cale, 1.348 1.348 1.347 1.345 1.341
Diff. 0.001 0.002 0.001 0.000 0.005

Total Populati ‘i :

G|G” G|A AlG” G&G_!&_
Synth, 70.025 78.026 78.0268 100.040
Cale. 70.000 78.000 78.000 100.000
Diff. 0.625 0.026 0.026 0.040

Total E ies (i \

G|G G$A' AlG’ Gg?:g&;_
Synth. 489.2008 528.2177 528.2124 685.8297
Calc(SCF) 489.1934 528.1887 528.1983 695.8204

Diff. 0.0074 0.0190 0.0141 0.0093

\\\\\
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adjoining fragments matech each other down to the contour line with the
value of ¢ = 0;02 au. The two interatomic surfaces also merge out to this
contour. If one overlaps the contour map of the synthesized Gly-Gly-Gly
with the calculated one, one sees that the two maps coincide very well
scross the whole molecular space except for a small outer regions at the
synthesized surface. The interatomic surfaces of C2-Cl in G| and in |G"].
and of N3-Cl in |G"| and in |G", all merge with the C-N surface being
retained, as C1 atoms are the least perturbed of the atoms bordering the
surface. The C2-04 surfaces in G| and [G"| fragments and N3-H surfaces in
|G| and |G" fragments also merge with the C-N surface in the region of
higher density and it is the outer contours of 04 and H(N)} which do not
metch st the surface due to the disturbance by the replacement of the R
group in the real molecule with H in the model molecules. This mismatching
of contours is correctable by linking them to the corresponding contours of
the C1 atoms. As demonstrated sbove, mis-matching contours of value less
than 9.02 au does not lead to large errors and even the atomic properties
of H(N) and 04 are well approximated (see Tables 2.8 - 2.11).

When we use the standard building blocks to build a polypeptide, we
only need the data in the first column of Tables 2.2 - 2.13. For example,
to bﬁild the Gly-Ala dipeptide, we need the data in the first column of
Tables which contain G| and |A‘, respectively. Thus all the errors brought
in by using the standard building blocks will be within the range which one
has discussed in Section 2.2.

Among the molecular and atomic properties, & most important one is
the Laplacian of charge density, because it provides the necessary

information for studying chemical reactions. From Tables 2.12 - 2.13, we



85
can see that not only the position but also the relative ordering of the

magnitudes of the c¢ritical points 1is maintained in the synthesized
Laplacian distribution . The magnitudes of v2¢, gll in atomic units, for
the in-plane nonbonded maxima on 04 in G} of synthesized G|G"|G" molecule,
for example, are 6.212 (syn to NHz) and 6.196, with corresponding values in
the calculated one of 6.201 and 6.138. The magnitudes of the in-plane
nonbonded maxima on 04 in |G° are 6.146 and 6.125 with the former value for
the maximum syn to the OH group. In the calculated molecule these values
are 6.150 and 6.118, respectively. The nonbonded maxima on 04 are 6.170
and 6.072 in |G"| and 6.124 and 6.068 in the calculated molecule with the
latter syn to the NH group. This 1is the very type of information,
informstion that is so readily read from a Laplaciasn map, that is of direct
use 1in predicting the relative reactivities at active sites. Thus,
Gandour (19815 has observed that carboxylates found at the active sites of
enzymes generally employ the more basie syn lone pairs (the syn nonbonded
maxima) rather than the less basic anti lone pairs. Rebek et al (1988)
have synthesized model systems possessing structures that have enabled
experimental studies to be made of the relative basicities of the in-plane
syn and anti nonbonded charge concentrations on a carboxyl oxyden in an
attempt to learn more about the role of these factors in determining
stereoelectronic effects at a carboxylate group in an active site. The
availability of Laplacian maps for carboxylate ions and for fragments of
the model systems used in these experiments would provide a useful
complement to the experimental study of these effects.

The construction of the reactive envelopes of the amino acid

fragments and of other biclogically important groupings of atoms is
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possible and will greatly enhance our ability to predict the specific
functional nature of a substrate-enzyme interaction and the relative
alignment of the reactants. The accuracy in shape and size as provided by
the charge density determined in the present method of synthesis will lead
to improved predictions and interpretations when used in the presently
employed interpretive models. The reactive surfaces as defined by the
Laplacian of the electronic charge distribution provide a new and
quantitative tool for the study and prediction of the processes involved in
molecnnlar recognition.

The totals of the properties obtained by the summation of the
atomic properties in the synthesized molecules is a strict criterion for
the validity of the synthesis. Table 2.14 lists a comparison of total
populations and energies for the synthesized and calculated molecules. The
differences in the total populations and energies between the calculated
and synthesized molecules are sacceptably small. In fact the differences
are in general, less than the errors mede in the summation of the
integrated populations and energies for the calculated molecules. For
example, the difference between the total populations of the synthesized
and calculated Gly-Gly molecules is 0.026e compared to an error of 0.050e
in the total integrated population of the calculated molecules. Further
examples of the difference between the total populations - calculated and
synthesized - and of the error in the integrated population of the
calculated molecule, wusing the data in Table 2.7 sand 2.14, are
respectively: 0.026e and 0.062e for Gly-Ala, 0.027e and 0.040e for Ala-Gly,
snd 0.041e and 0.080e for Gly-Gly-Gly. The population errors are small,

both sbsolutely and relatively, compared to the total electron population
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which range from 70e in a dipeptide to 100e in a tripeptide. The summed
total energies of the synthesized molecules are salso close to the SCF
energies of the calculated molecules, the smallest difference being only
0.0074 au (4.6 kcal/mol) in G|G" out of a total energy of 489.1934 au
(306,974 keal/mol) and the largest one being 0.0180 au (11.9 keal/mol) in
G|A" out of a total energy of 528.1887 au (331,430 kcal/mol). For G|G"|G’,

the error is 0.0093 an (5.8 keal/mel) out of a total energy of £395.8204 su
(436,634 kcal/mol).

2.4 Caonaluxmion

The predicted properties of the synthesized molecules, obtained by
summing the atomic contributions of their fragments, are in acceptable
sgreement with the corresponding properties of the calculated molecules.
This fact, coupled with the above demonstration of the successful
prediction of properties of ¥2f and bond critical point in the synthesis of
polypeptides from the atoms of theory, shows that the static and reactive
properties of a large molecule that are importsnt in the process of
molecular recognitios can be predicted from those of its constituent atoms
as they sppear in smaller systems.

It is to be emphasized that this method of synthesis is made
possible by and can be carried out only through the use of the theory of
atoms in molecules. The use of a surface other than the zero flux surface
for the definition of a functional grouping of atoms in real space will
reduce the transferability of chemical information between systems.
Equally important, only the atoms of theory have properties which are

defined by quantum mechanics and which sum to yield the total properties of
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the system. The method also allows one to calculate just that portion of a
larger system that is of interest, by replicating the fragment of interest
up to its surfaces of =zero flux. The surfaces contain all of the
information regarding the interaction of the fragment with the remainder of
the system. This possibility is of paramount importance in the study of
the binding of a substrate to an active site of an enzyme.

The proposed use of the theory of atoms in molecules in the
synthesis of large molecules is a new application of the theory. While the
use of the Laplacian to predict the course of a generalized Lewis acid-base
resction has been in the process of development for & number of years, its
specific application to biclogical problems through the definition and use
of the reactive envelope is new.

Secondary structure resulting from rotation about the Ci-N3 and Cl-
C2 bonds will initially be dealt with in an empirical manner, using the
experimental values for the corresponding angles ¢ and #L At each stage of
the development of this model, however, every attempt will be made to
predict secondary structure using the reactive surfaces and van der Waals
envelopes to describe the interactions between the residues.

The atomic properties, van der Waals envelope, the Laplacian
distribution and the reactive envelope will be determined for each
fragment. These fragments, and fragments of substrate molecules, will be
used in the modelling of biologically importsnt interactions in real and in
model systems. A good example of the latter is the use of the Laplacian
distribution function to complement the model studies on the relative
basicities of the lone pairs on the carboxylate oxydgen atoms (Rebek et al

1986) and to then aid in the extension of these studies to the properties
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of the active sites found in an enzyme. Ultimstely, the gcal is to develop
a catalogune of information listing the characteristic propertiss of each
amino acid group that will be made available to workers in the field of

molecular recognition.
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a0

Structure Data of Peptides (Zwitterion) Containing Glycine and

Freagments.

1.523
1.252

1.5825
1.247
1.525

1.528
1.497
1.248
1.328

1.527
1.475
1.223
1.339

1.524
1.489
1.215
1.514
1.334

1,508
1.482
1.229
1.328
1.510
1.447

Glycine (Marsh 1958)

Ci-N3 1.474 N3CiCZ 111.8
C2-05 1.2585 05C2C1 117.1

Alsnine (Simpson and Marsh 1966)

Ci1-N3 1.281 N3CiC2 110.3
C2-05 1.256 05C2C1 116.1

G|G' (Biswas et al 1868)

N3Cci1c2  110.3 C1"-C2° 1.516
04C2C1  120.1 Ci'-N3°~ 1.482
N3°'C2C1 116.8 C2°-04° 1.239

c2'-05" 1.262

GIA' (Wang and Paul 1879)

N3C1CZ 108.3 C1°-C2° 1.538
04C2C1  121.2 C1"-N3" 1.456
N3'C2C1 114.7 C2'-04" 1.249
c2°-05" 1.256
C'-C1" 1.524

A|G" (Michel 1870)

N3CiCc2 108.4 c1°-Cc2° 1.522
04C2C1  121.6 Cl'-N3" 1.443
cc1c2 111.0 C2'-04" 1.240
N3°'C2Cl1 114.3 c2'-05" 1.283

G|6"|G" (Srikrishnan et al 1982)

N3C1C2 109.9 C1'-C2° 1.520
04C2C1 120.8 C1°-N3° 1.451
N3°C2C1 116.1 C2'-04° 1.235
N3“Cc1"C2" 111.3 C2°-05" 1.277
04"C2"Ci"* 122.9 C2"-04" 1.228
N3°C2"C1" 113.6 C2"-N3~ 1.333

04CZC1

04C2C1
CC1C2

N3°C1°C2°
04°C2°Cl’
05°C2°C1”
C2N3°C1”

N3°C1°C2°
04°C2°Cl’
05°C2°C1°
C2N3°C1”°
crcrtez’

N3°C1°C2°
04°C2°Cl’
05°C2°CL”
CaN3'C1’

R3°C1°C2°
04°C2°CL°
05°C2°Ct’
C2"N3C1°
c2n3"ClL”

117.4

118.3
111.5

112.7
117.6
115.6
121.6

114.2
115.9
119.8
120.8
108.3

114.2
119.9
115.8
120.2

110.7
120.3
115.6
123.1
119.4



Chapter 3 Electrophilic Aromatic Substitution

It is the purpose of this Chapter to use the theory of atoms in
molecules to explore in a quantitative manner the effects of substituents
on the properties snd reactivity of the phenyl group. OSection 3.1 gives
the history and background of this project; Section 3.2 explains the method
of calculation; Section 3.3 discusses the molecular structures and bond
properties of monosubstituted benzenes; Section 3.4 details atomic
properties; and Section .3.5 predicts and explains the susceptibility of
substituted benzenes to electrophilic attack. This Chapter is concerned
with how the ortho-, meta—-, and para—directing sabilities of the
substituents X and their propensity for activating or deactivating the
phenyl group in electrophilic 'substitution reactions are related to the
changes they canse in the charge distribution of the phenyl group for the
reactant Ph-X. Chapter 4 relates these changes and those for a number of

areniuvm ion intermediates (Ph-X)H* to the energetics of the substituent

effect.

31 The History and Backdaround of the Study of the Rlectrgphilic
Aromatic Substitution

The interpretation of substituent effects on the course of
electrophilic substitution reactions in aromatic systems played an
important role in the development of models of electron displacement. This
history and that of the general development of the electronic models of the
inductive and mesomeric (resonance) effects and their kinetic counterparts
are described by Ingold (1963). Central to these developments is the

concept of assigning particular electronic properties tn atoms and
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functional groupings of atoms. This leads to classification schemes based
on the ability of a given group or substituent to respond to the electrical
requirements of a particular reaction as reflected in its effect on the
equilibrium or rate constant of the reaction. This idea. was quantified by
Hammett (1837, 1840) with the introduction of the substituent constant o in
the construction of & linear free energy relationship for the correlation
of both equilibrium and rate constant for substituted benzenes. The theory
of atoms in molecules enables one to both predict and understand the
properties that characterize a functional group.

Even the earliest of models recognized the necessity of
distinguishing between polar or inductive and resonance or mesomeric modes
of.electron displacement. This led Taft to expand on Hammett's linear free
energy relationship through the definition of separate substituent constant
for the inductive and resonsnce effects (Taft 1956 and 1860), an idea that
has been further generalized by Swain and Lupton (1968). The transeription
of these terms into the language of molecular orbital theory identifies the
inductive or polar effect and the mesomeric or resonance effect with the
transfer of charge density derived from o and w orbitals, respectively (See
for example, Dewar 1849). Thus within molecular orbital theory, the
fluorine atom is classified as a o electron acceptor and a w electron donor
corresponding to the Ingold classification of -I and +M. It is shown here
that properties ascribed separately to the ¢ and m sets of orbitals can be
recovered in the properties of the total charge density. The use of the
charge density is not subject to the limitations of the model in those

cases where, because of symmetry, the separation into o and w sets is not

possible.
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The properties of the phenyl group Ph, as perturbed by the
substituents X=0-, NH=z, OH, F, CHa, H, CN, B0z and NHz*, are studied here.
They fall into three groups when gauged relative to H: O-, NH2, OH, and F
are o acceptors and w donors, CHa is both a ¢ and = donator, while CN,
HOz, and NHa* are both ¢ and ® acceptors. The effects of most of these
same substituents on the charge distribution of the carbonyl group in the
system HXC=D have been previously reported (Slee et al 1988) where they
exhibited the same donor-acceptor properties. Grier and Streitwieser
(1982) have also studied the effects of substituents and the integration of
the ¢ and n contributions to these maps over selected regions of space.

The theoretically determined atomic and bond properties are
correlated with experiment through Taft’s empirical resonance parameter or®
(Taft et al 1983) by using values listed by Exner (1978). This parameter
is proportional to the difference in the FNMR chemical shift for meta- and
para-substituted fluorobenzenes and tlus equals zero for X=H. The ordering
of the substitvent effects on the atomic and bond properties of phenyl,
when similarly referenced, is found to parallel that predicted by the or®
values and the ordering of tha substituents in the tables reflects this
correspondence.

A knowledge of the electronic charge distribution was the goal of
Hammett who in 1940 stated "-o measures a change in electron density
produced by a substituent, the quantity ¢ (here it is not charge density--

author) measures the susceptibility of the reaction in question to change
in electron density". While meny investigations are described as being
studies of the electron density, this is in fact not the case. They are

instead based upon Mulliken charges, or wvalues of coefficients of basis
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functions or overlap integrals. These quantities are not related to nor
derived from the density of electronic charge at a point in physical space,
which is the definition of electron density. All properties of an atom in
s molecule are determined by a direct integration of a corresponding
density over a well-defined region of space, the basin of the atom, and for
its electron population and multiple moments, the density of interest is
the charge density #(r).

While the topology of the charge density determines a system’s
molecular structure, its reactivity is mirrored in the topology of its
Laplacian distribution. The Laplacian of the charge density, the quantity
92>, has the important property of determining where electronic charge is
locally concentrated and locally depleted (see Chapter 1). The local
meximum in the concentrations of charge defined in this manner recover the
Lewis model of localized electron pairs and the associated VSEPR model of
molecular geometry (Bader et al 1984 and 1988) while the course of a
generalized Lewis acid-base reaction is predicted by aligning a maximum of
charge concentration on the base with a minimum correspending to a region
of charge depletion on the acid (Bader and MacDougall 1985, Carroll et al
1988). It is shown here that the directing ability of a substituent and
its overall activating or deactivating character for electrophilic
substitution reactions are predicted by the Laplacian distribution of the

phenyl group.

3.2. Calculations

The ab initio calculations were performed on a VAX-8600 computer

using the GAUSSIANSZ program (Binkley et al 1982) with the 6-31G** basis
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set. (Hariharan and Pople 1973) at geometries previously determined by Bock
et al. (1983) using the 6-31G basis set (Hehre et al 1872)., These authors
assumed that the substituent group NHz, OH and NOz in aniline, phenol and
nitrobenzene, are in the same plane as the ring, and one of hydrogen atoms
of group CHs and HNHa* in CgHsCHa and CeHsNHa*+ lies in the ring plane (see
Figure 3.1). Experimentally, the N stom in aniline is pyramidal (Lister et
al. 1974, Guack and Stockburger 1872) with the angle between the HNH plane
and the ring equal to 40°, while the 6-31G basis predicts the planar form
to be most stable. The addition of the polarizing functions reverses this
prediction, with the pyramidal form predicted to be more stable by 1.2
keal/mol. To be consistent, the results reported here are for the planar
gecmetry. The optimised plansr geometry, which is not reported by Bock et
al. (1885) is given in Table 3.13, and Table 3.14 shows the atomic
populations of the pyramidal aniline as a comparison. Aside from these
restrictions, a full geometry optimization was carried out by these anthors
who also include a detailed comparison with experiment. The benzene ring
is distorted by substitution, the principal change in ring angle ocecurring
at the ipso carbon, the carbon bearing the substituent X, to a maximum
‘ value of 122.9c in Ph-F and to a minimum value of 114.5¢ in Ph-O-. The
remaining sngles deviate on the average by less than a degree from 120,
The same two molecules exhibit the largest change in C-C bond length from
its value of 1,3883 & in Ph-F to an increase by 0.042 A& in Ph-0-. The
remaining bond lengths change, in genersal, by less than 0.006 &.

The analysis of the atomic energies, the atomic populations and the
Laplacian of charge density was carried out using the AIMPAC series of

programs developed in this laboratory (Biegler-Konig et al 1982). All the
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Eigure 3.1

Structure of monosubstituted benzernes as depicted by molecular graphs
predicted by theory. The bond critical points are denoted by dots. The
numbers on the right-hand side of each structure are the carbon w
populations relative to the wvalue in benzene, and those on the left-hand
side the corresponding o populations all multiplied by 1060. An increase
in population (+) signifies an increased negative charge at that carbon.
In Ph-0H, Ph-CHa* which do not possess a Cz symmetry axis, the two ortho

and the two meta populations are averaged.
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atomic integrations satisfy the criterion of L(Q) < 5¥10-2 au with the
exception of the Ci atom in nitrobenzene, which has L(Q)=-7.45%10~2 au. It
follows that the summation of atomic energies and atomic populations for
eight out of the nine molecules calcul=ted here agree well with the total
properties of corresponding molecules, with the largest differences being
0.0006 au in energy, 0.005 electron in total electronic population and
0.008 electron in total w population (Teble 3.4 and 3.5). The atomic
energy and electronic population of the Ci atom in nitrobenzene were

obtained by subtraction of the corresponding sum for the remaining atoms

from the total property.

Structures of studied monosubstituted benzenes, as predicted in
terms of the properties of the charge distributions obtained from either
theory or experiment, are displayed in Figure 3.1. This diagram, like
those given previously for acyelic, cyclic and bicyclic hydrocarbons,
jncluding propellanes (Wiberg et al 1987) and for many other kinds of
systems, shows that the numerous models used to predict tﬁe network of
bonds in a molecule may be replaced by a single theory of structure.

. .The properties of a bond are summarized by the properties of the
charge density at its bond critical point. The properties of the bonds in
the hydrocarbons referred to above (Wiberg et al 1987) have been classified
in this manner. The value of the charge density #(r) at the bond critical
point, denoted by fu, determines a bond order n which yields values of 1.0,
1.6, 2.0, and 2.9 for f» in the C-C bonds in ethane, benzene, ethylene, and

acetylene. The change in the value of ¢e(r) for the C-C bonds from its
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value in benzene, Table 3.1, parallel the small changes in bond length and
in general represent small change in bond order, the largest being
associated with the largest changes in bond length which, as noted above,
occur for phenoxide ion =and fluorobenzene, where n for the bonds to the
ipso carbon decrease to 1.4 and increase to 1.7, respectively (an early
study (Runtz et al 1977) reported the presence of very slightly inwardly
curved bond paths in benzene based upon a density obtained from a minimal
ST0 basis set. The present study, using a much larger basis with polarizing
functions, finds no detectable curvature in the C-C bonds of benzene).
Also listed in Table 3.1 is the value of @(r) at the ring critical point of
each of the phenyl groups. This is the minimum value attained by f(r) in
the ring surface.

It was shown in Chapter 1 that the Laplacian of ¢ at a bond
eritical point, the quantity 92fwn, can be used to clarify the bond as being
a shared or closed-shell interaction. The curvature of # is positive along
the bond path at the bond critical point and charge is locally depleted
there with respect to points on the path. Its two curvatures perpendicular
to this path are negative, as ¢ is a maximum at the bond critical point in
the interatomic surface which intersects the bond path at this point,
charge is locally concentrated at this point in the interatomic surface:
The sum of the three curvatures of & at this poiﬁt, the auantity v2fp, is
negative for the C-C and C-H bonds, Table 3.2, showing that these
interactions are dominated by a contraction of electronic charge toward the
internuclear axis. This results in an sccumulation of charge between the
nuclei which is shared by both nuclei and is the principal source of their

bonding, as is typical of covalent interactions (Bader and Essen 1984).



Table 3.1. Values of £ in Substituted Benzenes in aux10.e

Bopd\X|. 0=
C1-C2 | 3.089
C2-C3 3.273
C3-C4 | 3.186
C4-CS5 | 3.186
C5-CB6 | 3.273
c6-C1 | 3.088
C2-H7 | 2.895
C3-H8 | 2.900
C4-H9 | 2.883
C5-H10| 2.800
C6-H11{ 2.895
C1-X | 3.640
Ring | 0.193
e  Cl, the

_RBB=_
3.225
3.262
3.253
3.253
3.262
3.225
2.939
2.983
2.962
2.983
2.939
3.094
0.200

OH

F

3.305
3.235
3.268
3.243
3.270
3.315
2.912
2.962
2.848
2.968
2.958
2.757
0.201

3.369
3.246
3.253
3.253
3.246
3.369
2.863
2.972
2.960
2.972
2.863
2.331
0.202

_CHa_
3.252
3.253
3.273
3.255
2.270
3.234
2.968
2.978
2.975
2.978
2.963
2.633
0.203

H CN
3.258| 3.228
3.259| 3.281
3.258] 3.266
3.259| 3.266
3.258} 3.281
3.258| 3.229
2.955| 2.989
2.955] 2.971
2.955| 2.976
2.955] 2.971
2.955; 2.989
2.955| 2.888
0.204| 0.202

ipso carbon, bears the substituent X.

_NQ=_
3.280
3.278
3.264
3.264
3.278
3.280
3.027
2.979
2.985
2.979
3.027
2.708
0.205

NHaz_
3.283
3.249
3.280
3.266
3.262
3.280

2.956
3.010
3.012
3.012
2.853
2.288
0.203

a8
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Table 3.2, Values of 92pp in Substituted Benzenes in an.

Bond\X|_Q- | HNH» {_ OH | F | CHs | H { CN | _NO> | NHar
C1C2 {-0.939|-1.004|-1.048|-1.106|-0.996|-1.007|-0.991|-1.038}|-1.048
C2-C3 {-1.004|-1.001}-0.989(-0.887;-1.004|~-1.007|~-1.021{-1.020|~1.011
C3-C4 |-0.961{-1.003{-1.010(-1.002(-1.013|-1.007]-1.014|-1.013{-1.023
C4-C5 |-0.961]-1.003{-0.998|-1.002]-1.006|-1.007(-1.014[-1.013|-1.017
C5-C6 |-1.004|-1.001]-1.008|-0.897|-1.010[-1.007|-1.021{-1.020|-1.015
C6-C1 |-0.939|-1.004|~-1.072{-1.106|-0.989|-1.007{-0.991]-1.0381-1.042
C2-H7 |-1.079|-1.119|-1.102|-1.156|-1.149)-1.143|-1.173|-1.228{-1.152
C3-H8 |-1.095{-1.167|-1.152|-1.161]|-1.161|-1.143|-1.159{-1.167|-1.206
C4-HS |{-1.049{-1.142{-1.134}-1.147(-1.158}-1.143|-1.165(-1.175|-1.210
C5-H10{-1.085{-1.167|-1.155|-1.161|-1.162|-1.143}-1.159{-1.167|-1.208
CB6-H11{-1.079j-1.119]|-1.148|-1.156|-1.145|-1.143{-1.179]|-1.228{-1.150
C1-X |-0.426{-0.805{-0.148| 0.327|-0.720(-1.143}-0.954(-0.487(-0.271
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The magnitude of these values parallel those for fb, increasing as the bond
is shortened, and more charge is accumulated between the nuclei. The
variation in the values of fb and 9%°s of the C-C bonds, like the variation
in the bond lengths which they parallel, exhibits no apparent relationship
to the directing or activating-deactivating ability of the substituents.

The two negative curvatures of ¢ at the bond point, A1 and Az,
serve to define the ellipticity of a bond €, a measure of its w character,
as determined by the extent to which charge is preferentially accumilated
in a given plane (Bader et al 1983), (for its definition, refer to
Eq.[1.111). In ethylene for example, €=0.4 with the major axis directed in
the w plane. The data in Table 3.3 indicate that, in general, the degree
of T character of the C-C bond of the phenyl group can increase or decrease
independent of geometrical changes. The bond to the ipso carbon are most
affected, all exhibiting =n increased ellipticity with the exception of
phenoxide ion, for which the m character of the neighboring bonds is
greatly increased. The alternating polarization of the m density about the
phenyl ring is found to be greatest in phenoxide ion and its pattern of C-C
bond ellipticities is consistent with a large weighing of the quinone-like
resonance structure which localizes the negative charge at the pars
position, and indeed as noted below, the para position of the phenoxide ion
has the largest of all m™ populstions.

In general, the properties of the C-C bonds do not reflect the
differing chemistries of the three groups of substituents, because
electronic substitution occurs at & carbon atom and the properties of the
individual atoms are blurred in the bond properties. The same is not true

of the C-H bond ellipticities which, as illustrated in Figure 3.2, clearly



Table 3.3,
in aux10.

Bond\X|_ 0O~ }{_ NH= | _OH
C1-C2 | 1.937y 2.530| 2.888
C2-C3 | 3.071 2.5821 2.410
C3-C4 | 2.670| 2.4038| 2.440
C4-C5 | 2.670) 2.409| 2.308
C5-C6 | 3.071| 2.582| 2.472
Ce~C1 | 1.937] 2.530| 2.676
C2-H7 | 0.438| 0.350f 0.293
C3-H8 | 0.084| 0.086) 0.117
C4-HS | 0.847| 0.318| 0.259
C5-H10| 0.064] 0.085] 0.109
C6-H11| 0.438| 0.350( 0.252

Cl-X | 0.125] 0.175] 0.966

—F
2.822
2.338
2.337
2.337
2.338
2.922
0.211
0.133
0.213
0.133
g.211
1.724

_CHs_
2.413
2.297
2.368
2.271
2.403
2.279
0.203
0.143
0.185
0.142
0.194
0.289

H N
2.308] 2.384
2.308] 2.304
2.308] 2.201
2.308| 2.201
2.308| 2.304
2.308) 2.384
0.161} 0.136
0.161| 0.173
0.161] 0.105
0.161} 0.173
0.161( 0.136
0.161| 0.588

—RO>_

2.441
.249
175
175
.249
.441
081
194
074
.154
091

OO0 ONMNMNNN

o
0
[{a)
(22

_HHa*

2.840
.176
.110
.33
.249
.847
.158
.134
.093
.127
0.168
0.068

OO OoOMNMNNNN
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Ellipticities at Bond Critical Points of Substituted Benzenes
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Figure 3.2

Bond and atomic properties (relative to their values in benzene) for the
ortho, para, and meta positions of substituted benzenes plotted versus
Teft’s os® resonance parameter. The ordering of the substituents is the
same in each disgram. The negative of the relative values in an is plotted
for Qz=(C) snd for the values of v2¢ at the secondary charge concentration.
For example, Q==(C) and 92¢ are negative relative to the values in benzene

for the para position in phenoxide ion.

a
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distinguish between the ortho- and para—directing abilities of the w donor
substituents and the meta-directing ability of the w abstractors. (In
general, the substituent property relative to its ralue in benzene is
plotted versus the or® value, since the resonance parameler is itself based
upon H as the standard.) The bond path to the proton serves as a probe of
the atomic surface of an individual carbon atom. The relative C-H bond
ellipticities show that the total charge density at the bond critical point
in the atomic surfasce of ortho and para carbon atoms is increasingly
polarized along an axis whiich is perpendicular to the aromatic ring in the
order predicted by the ore values, starting from values less than that
found in benzene for the -M or m-electron-withdrawing groups. Just the
reverse behaviour is found for the meta carbon atom where +M or ® donating
groups cause a decrease in the extent of polarization of the density in the
C-H surface perpendicular to the benzene ring. Ixmer (1978) has stated the
opinion shared by others that "a single scale of mesomeric effects is an
unrealizasble objective”. Thus one does not demand or anticipate linear
correlations in the plots of the atomic and bond properties versus or®, but
rather monotonically increasing or decreasing relations such as exhibited
in Figure 3.2, plots which reflect the corresponding trends in the

experimentally determined substituent effects un the course and rate of the

substitution reaction.

3.4 Atomic properties of Maonosuhstituted henzenes
Atomic Populati
An atomic population N(Q) is determined by the integration of the

charge density over the basin of atom 2, Eq.[1.13] s&nd, since ¢ is
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expressed as a sum of orbital contributions, the o and w atomic populations
may be separately determined (Wiberg and Wendolowski 1881). The total
atomic populations and the atomic m populations Nn(Q) are given in Table
3.4 and 3.5. Also given in Table 3.4 is the net charge on the phenyl
group, q(Ph).

It is well established that the atomic population of carbon
relative to thut of hydrogen increases =along with an increase in the s
character of its bonds to H (Bader et al 1987a, Wiberg et sl 1987). Thus
the net charges on H in ethane, benzene, ethylene and acetylene at the 6-
31G**//6-31G* levels are -0.079, -0.045, -0.041, and +0.121e, respectively.
As anticipated on the basis of this model the net charges on H in benzene
and ethylene are nearly the same. The model spplies not just to carbon, as
evidenced by the populations on the nitrogen atom in planar (sp2) and
pyramidal (sp?) aniline being 8.427e¢ and 8.331e, respectively. The basis
set is Fflexible enough to distinguish between ¢ and w populations on the H
atoms, and of the 1.043e on H in benzene, 0.03le comes from orbitals of w
symmetry.

All the substituents but methyl withdraw charge from phenyl
relative to H. Since H is more electronegative than C in saturated
unstrained hydrocarbons, the order of electron-withdrawing abilities is H >
CHa > CHz > CH > C (Wiberg et al 1887) and there is a transfer of charge
from methyl to phenyl. The changes in the total electron population of
each atom in the phenyl group and of the group itself, together with the
changes in their o and n components, as caused by replacement of H by X,
are given in Tables 3.6, 3.7 and 3.8. The ordering of charge withdrawal is

the same as that observed in substituted ketones XHC=0, as their
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Table 3.4. Atomic Populations N(Q) of Substituted Benzenes.

Q N X| _0- NH> OH F CHa_|_H N NO=_ | NHs*
Cl {4.945 [5.455 |5.460 |5.531 {6.010 [5.957 {5.874 {5.685=[5.842
€2 |6.025 |5.842 |5.945 |5.900 [5.855 {5.957 {5.928 |5.912 |5.800
C3 |[6.004 |5.950 {5.948 [5.945 }5.952 |5.957 {5.937 [5.930 |5.800
C4 |5.994 |5.844 |5.945 |5.944 [5.948 [5.957 [5.951 |5.953 [5.916
C5 {6.004 {5.950 [5.952 |5.945 {5.951 }5.957 [5.837 |5.930 |5.901
C6 |6.025 [5.942 |5.910 |5.900 |5.959 {5.957 {5.928 {5.912 |5.806
H7 {1.101 |1.083 |1.052 {1.004 {1.058 {1.043 |1.004 {0.851 |1.005
H8 |1.119 {1.048 |1.037 |1.029 }1.052 |1.043 |1.023 |1.018 |0.978
H9 |1.130 |1.056 [1.044 {1.036 [1.053 {1.043 |1.023 [1.017 {0.977
H10 |1.119 [1.048 |1.036 |1.029 |1.052 |1.043 {1.023 |1.018 |0.878
Hi1l {1.101 [1.063 [1.015 |1.004 |1.058 {1.043 [1.004 {0.851 }1.002
c 5.754 4.887
N 8.427 8.482 6.873 |8.272
0 9.436 8.292 8.525
F 8.738
He 0.557 {0.364 1.071 {1.043 0.473
He 1.063 0.474

Total |50.003|50.002|50.000|50.005{50.000(42.000|54.001|64.000{49.998

q(g)? [+0.436|+0.541|+0.656|+0.738-0.048{+0.043|+0.369|+0.723|+0.693

In the plane of benzene ring.
Out of the plane of benzene ring.
. Obtained by difference.

. Net charge on phenyl group.

ao g
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Table 3.5. Atomic w Populstions Nn(Q) of Substituted Benzenes.

 NX|_O- { NHo | OH | F | CHs | _H | _CN |_N0= | _NHa*
Cl [0.656 {0.858 {0.806 |0.969 |0.961 |0.969 |1.043 §1.074 [1.134
CZ2 1.106 |1.060 {1.040 {0.990 |0.990 {0.969 |0.835 {0.904 |0.959
C3 (0.974 [0.938 [0.946 |0.949 |0.963 {0.869 |0.965 {0.974 |0.922
C4 |[1.156 §1.036 [1.008 |0.987 |0.981 |0.969 }0.934 (0.918 |0.904
C5 (0.974 |0.938 [0.944 |0.949 {0.963 [0.969 |0.965 [0.974 {0.919
C6 11.106 {1.080 }1.008 |0.980 {0.991 |0.969 {0.935 [0.904 |0.966
H7 |0.042 |0.036 |0.034 (0.028 [0.032 {0.031 {0.026 |0.022 |0.028
H8 |0.036 {0.028 |0.0286 {0.030 {0.031 |0.031 {0.030 {0.028 {0.026
H9 (0.052 |0.034 [0.032 {0.030 |0.032 (0.031 |0.028 {0.026 [0.025
H10 10.036 |0.028 |0.03C |{0.030 {0.031 |0.031 |0.030 |{0.028 |0.026
H11 {0.042 {0.036 (0.030 {0.028 {0.032 {0.031 }0.026 |0.022 |0.028
C 0.884 0.648
N 1.807 1.432 11.050 [1.542
0 1.828 1.982 1.540
F 2.018
He 0.020 |0.010 0.029 [0.031 0.008
He 0.537 0.258

Total {8.008 |7.899 |7.998 |7.998 {8.005 |6.000 |7.987 |10.004|8.002

a. In the plane of benzene ring.
b. Qut of the plane of benzene ring.
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n-donating/withdrawing ability relative to H. From the values of aN(Ph),
aNr(Ph) and aNo(Ph) in Table 3.6, 3.7 and 3.8, one can see, except for CHa,
that =all the substituents, compared with H of benzene, withdraw o
electrons. This is snalogous to the suggestion in classical inductive
theory that those substituents (except for 0-) are -I effect ones while CHa
is a +I effect one. All the substituents in front of benzene lose m
electrons while those behind gain, which sgrees exactly with the assignment
of classical mesomeric effect theory (Ingold 1853). The orders of
magnitude of electronic transfer for all substituents are also analogous to
those of classical theory, respectively. From this point of view, we may
relate the o electron transfer to the inductive effect and m electron
transfer to the mesomeric effect.

NHz, OH and F are three typical -I and +M substituents; their
sbility to withdraw o electrons from the phenyl group relative to hydrogen
inereasses in this order, the corresponding velues of ala(Ph) in Table 3.8
being -0.582, -0.652_and ~0.708, respectively and the relative ability of
donating m electrons decreases, the values of aNn(Ph) being 0.084, 0.038
and 0.013 in Table 3.7, respectively. CN and NOz are two typical -I and -M
substituents, withdrawing both o and ® electrons in increasing order from
CN to NO=. CHa is the only o electron donor in this study with the
smallest o electron transfer, 0.058 e, and the second smallest w electron
transfer.

Two charged substituents O- and NHa+ make the situation
complicated, and it is worth discussing them one by one. 0- is astrong o
electron-attracting substituent by our study, which is different from the

conclusion made from classical theory (Ingold 1953), and it is the



Tahle 3.6, Relative Atomic Populations of Substituted Benzenes.
— 0

eNX
C1
c2
C3

-1.012
+0.0868
+0.047
+0.037
+0.047
+0.068
+0.058
+0.078
+0.087
+0.076
+0.058
-0.383

s -
-0.502
-0.015
-0.007
-0.013
-0.007
-(3.015
+0.020
+0.005
+0.013
+0.005
+0.020
-G.498

OH E
-0.497 1-0.428
-0.012 |-0.057
-0.008 [-0.012
-0.012 |-0.013
-0.005 [-0.012
-0.047 |-0.057
+0.003 |-0.038
-0.006 |-0.014
+0.001 |-0.007
-0.007 |-0.014
-0.028 |-0.039
-0.613 [-0.695

—CHa
+0.053
-0.002
-0.005
-(.008
-0.006
+0.002
+0.016
+0.008
+0.010
+0.003
+0.015
+0.092

H CN
0.000 |-0.083
0.000 {-0.029
0.000 |-0.020
0.000 1-0.006
0.000 |-0.020
0.000 {-0.028
0.000 {-0.038
0.000 |-0.020
0.000 |-0.020
0.000 |-0.020
0.000 [-0.039
0.000 |-0.326

_NO=_
-0.280
-0.044
-0.024
-0.004
-0.024

-0.092
-0.025
-0.026
~-0.025
-0.092
-0.680
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__BHar
-0.115
-0.057
-0.057
-0.041
-0.056
-0.051
-0.038
-0.065
-0.066
-0.065
-0.041
-0.650




Table 3.7. Relative Atomic w Populations of Substituted Benzenes.

N X|_0-
C1 1-0.313
cz [(+0.137
C3 +0.005
C4 1+0.187
CS [(+0.005
Cc6 |+0,137
H7? |+0.011
H8 {+0.005
H9 [+0.021
H10 [+0.005
Hil {+0.011

aN(Ph[+0.203

2C2-C6|+0.471

_NH=>__
-0.111
+0.091
-0.031
+0.067
-0.031
+0.021
+0.005
-0.003
+0.003
-0.003
+0.005
+0.084
+0.187

OH E

~0.083 {-0.000
+0.071 |+0.021
-0.023 {-0.020
+0.039 |+0.018
-0.025 [-0.020
+0.038 |+0.021
+0.003 {-0.003
-0.003 |-0.001
+0.001 {-0.001
~0.001 {-0.00%
~0.001 |-0.003
+0.039 |+0.013
I+0.101 |+o.020

+0.043

_CHa_
-0.
+0.
-0.
+0.
-0.
+0.
+0.
_U.
+0,
-g.
+0.
‘+U.034

008
021
006
012
006
02z
001
000
001
000
o0l

|

H Ci
0.000 |+0.074
0.000 [-0.034
0.000 {-0.004
0.000 |-0.035
0.000 (-0.004
0.000 {-0.034
0.009 {-0.005
0.000 [-0.001
0.000 [-0.003
0.000 |-0.C01
0.000 [-0.005
0.000 |-0.048
0.000 |-0.111

|

—NOZ
+0.105
-0.085
+0.005
-0.051
+0.005
-0.065
-0.009
-0.003
-0.005
-0.003
-0.009
-0.099
-0.171
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_ NH3*
+0.165
-0.010
-0.047
-0.065
-0.050
-.003
-0.003
~0.005
~0.006
~(.005
-0.003
-0.035
-0.175 I
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Table 3.8. Relative Atomic o Populations of Substituted Benzenes.

_NXI 0~ |_NHo OH F CHs__ | _H C |_NO=_ |_HNHa+
C1 -0.899 (-0.391 |-0.434 1-0.425 j+0.061 000 |-0.157 |-0.365 j-0.280
Cc2 |[-0.069 ;-0.106 |-0.083 |-0.078 |-0.023 .000 |+0.005 1+0.021 |-0.047
C3 [{+0.042 1+0.024 [+0.014 |+0.008 |+0.001 .000 |-0.016 (-0.029 1-0.010
C4 |-0.150 |-0.080 |-0.051 |-0.027 |-0.021 .000 |+0.029 i+0.047 |+0.024
Co (+0.042 {+0.024 |+0.020 [+0.008 [+0.000 .000 [-0.018 |-0.029 1-0.006
C6 |-0.068 1-0.106 |-0.088 {-0.078 |-0.020 .000 |+0.005 1+0.021 {-0.048
H? |+0.047 |+0.015 [+0.006 |-0.036 {+0.015 .000 {-0.034 }-0.083 |-0.035
H8 {+0.071 |+0.008 |-0.003 |-0.013 }+0.009 .000 1-0.019 |-0.022 [-0.080
H8 |+0.066 }+0.010 1-0.000 {-0.008 [(+0.009 .008 y-0.017 |-0.021 {-0.080
H1iC0 |+0.071 |+0.008 |-0.008 |-0.013 |+0.009 .000 1-0.012 |-D.022 |-0.080
H1l {+0.047 |+0.015 1-0.027 |-0.036 |+0.014 |0.000 |-0.034 |-0.083 |-D.038

ANa(Ph|-0.596 [-0.582 1-0.852 |—0.708 +0.058 |0.000 {-0.277 1-0.581 |-0.615

0OO0O0OO0O0O0DO0O0O0O0
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strongest w electron donor in this study. Thus according to these two
effects, O~ can be classified with the NHz, OH and F groups, which have the
same beﬁaviour. The w electrons on the ring of the phenoxide anion
transfer in the alternate way, although the same positive signs sppear on
C2-Ce, which is due to the effect of strong ©w donation from the O~
substituent. NHz* is also an unusual substituent. It is the strongest O
electron withdrawer and the weakest w electron withdrawer if we can put it
in the group containing CN and NOz. These features make it work more like
an inductive attractor.

From the above discussion, the groupé F, 04, BNH=, and 0O~ are ©
withdrawing (decreasing in this order) and w donating (increasing in this
order). Methyl is both o and @ donating, while CN, NOz and NHs* are o and
T withdrawing, increasing in the given order for ¢ withdrawal and with NHs*
withdrawing the smallest gmount of T elsctrons. The ipso carbon is
strongly perturbed by the substituent. A1l of the o-withdrawing
substituents, particularly the n-donating set, impart a considerable
positive charge to this atom, ranging from +1.06 in phenoxide to 0.47 in
fluorcbenzene. While gq(Cl) is somewhat smaller for X=CN and ROz, the
substituent atom bonded to Cl bears a substantial positive charge in these
molecules with q(C)=1.11 in Ph-CN  and q(N)=+0.33 in Ph-NOz. The large
positive charge on Cl or its bonded substituent atom preclude the
possibility of electrophilic attack at the ipso carbon.

It is clear from the data 1in Teble 3.6 that the relative
activating-desctivating and directing ability of =a substituent is not
determined by the total charge of the phenyl group or by the total charges

on the atoms: with the sole exception of methyl, both the activating and
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deactivating substituents withdraw electronic charge from phenyl and the
variation in the relative carbon atom populations exhibit no correlation
with the experimental ortho-, meta-, and para—directing sbilities of the
substituents. The changes in the total populations of the carbon atoms are
smaller than the changes in either of their o or w components, a result of
alternating and opposing polarization of these component populations around
the ring of atoms, as shown in Figure 3.1. Similar results were cbtained
in an analysis of Mulliken populations (Bock et sl 1985, Hehre et al 1872,
1976).

The F atom withdraws = charge from phenyl and the w population of
methyl remains essentislly unchanged when acting as s substituent; however,
relative to H which withdraws w density, both substituents are w electron
donors. While the transfer of w charge is small in these two cases, their
perturbation of the charge distribution of the phenyl group is significent.
As pointed out by Hehre et al. (1972) and by Libit and Hoffmann (1974),
equally as important as the transfer of charge between a substituent and a
T system is the accompanying polarization of charge in the w system. The
same is true for populations of the atoms of theory. The substituent X in
the carbonyls HXC=0, for example (Slee et al 1988), polarizes the C=0 bond
and it is the w population of the carbonyl oxygen that exhibits the trends
in the relative donating or abstracting sbilities of X. The same 1is true
for the w populations of the substituted phenyls with the additional
feature that the polarization extends over the complete w system thereby
leading to an alternation in the w population of the ring carbon atoms,
Table 3.7. The pattern of the alternating changes in the w populations

relative to benzene shown in Figure 3.1 calls to mind the contributing
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resonance structures of valence bond theory which place a negative charge
at the ortho or para positions for the w-donating groups, and & positive
charge at these‘ same positions for n-withdrawing groups. The =
populations of the ortho and para carbons increase (their charges become

more negstive) and those of the ipso and meta carbons decrease relative to

their values in benzene for the m-—donating groups. With the exception of
0-, the increase at ortho is greater than at para. The w population of the
ijpso carbon is increased for the = withdrawing substituents CN, NOz, and
NHa* while that of the ortho and para carbons is decreased. The relative @
population of the meta carbon is decreased and increased slightly for the
first two of these substituents. In protonated aniline, the relative w
populations undergo & progressive decrease in the order ortho, meta, parsa.
The total changes in the w populations of the carbons susceptible to
electrophilic attack-all but Cl-are alsoc given in Table 3.7 as 3C2>CB.
Activating groups increase these = populations, the values decreasing in
the expected order, being smallest for F. Aas discussed in the energy
analysis (see Chspter 4), it appears that, in the gas phase at least, F may
slightly activate the phenyl group. The mn populations of these ssme carbon
atoms are decreased for the deactivating substituents and in the
anticipated order.

The plots of the relative ortho, meta, and para w populations
versus the resonance parameter or®, Figure 3.2, exhibit the anticipated
monotonic behaviour with respect to their directing ability with the
exception of O- and CN in the meta position. These plots of relative @
populations, with the same two exceptions, show a remarkable similarity to

the corresponding plots for the relative ellipticities of the C-H bonds.
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The changes in the ellipticities of the C~H bonds at their bond critical

point provide a measure of the changes in the average w populations of the
carbon atoms; the ellipticity of the carbon density increase with an
increase in w population of the carbon atom.

Hehre et al. (1976) have correlated the Mulliken w charges on the
carbon atoms in substituted benzenes, obtained in ST0-3G calculations, with
or® and with 3H, 22C, and 19F NMR substituent shifts. They find the total
n charge transferred toc or from phenyl is generally well correlated
directly with or®. Local w charges at the meta and para carbons show in
addition to ore effects, a significant dependence on the polar parameter
o1.

With the exception of methyl, all the substituents withdraw o
charge from the ipso carbon relative to H. The relative o populations of
the ortho, meta, and para carbons exhibit an alternating loss and gain of
charge which 1is the opposite of that found for the relative m populations.
Thus the polarization of the o charge of the benzene ring is the opposite
to that reguired to account for the relative directing ability of the
substituents. In three cases, 00—, CN, and N0z, the change in the o
population is greater for the para than for the ortho. Thus, there do not
appear to be different mechsnisms underlying the ¢ and w polarizations as
envisaged in the classical inductive and resonance models, respectivel&.
Rather, the two components of the charge distribution are mutually
polarizing and only the magnitudes of the changes in the total charges at
each carbon exhibit an apprcximate falloff with distance from the point of

substitution.

Atomic Guadrupole Homent
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The quasdrupole polarization of an atomic density is another
property of the total density which provides information that both
complements and supplements the o and = population of the orbital model.
If z is the axis of a coordinate system centered at the nucleus, then the

corresponding component of the quadrupole moment of the charge density for

atom @ is
Qe=(Q) = -e Ja A(322 - r2)dr [3.1]

with corresponding definitions for the other diagonal components, [1.43].
A set of principal axes can always be found such that the off-diagonal
elements vanish. Each of the diagonal moments of the density has the form
of the familiar dezz orbital. A negative value for Qez and positive values
for Guoc 8nd @yy implies that the sphere is distorted in such a way that
electronic charge is removed from the xy plane and concentrated along the z
axis (see Fig.1.8). The carbon atoms in ethylene and benzene exhibit large
negative values for Qe£(C) (with z perpendicular to the plane of the nuclei
in both molecules) eaual to -3.38 and -3.34 =u, respectively, and an sp2
carbon atom with a single m electron has a gquedrupole moment of
approximately -3.4 an. With z taken as the internuclear axis in acetylene,
@==(C) in this molecule is large and positive, egual to +4.14 au
corresponding to a torus-like concentration of w density sbout the 2z sxis
as reflected in the negative values for @w(C) = @wy(C) = -2.07 an. In the
planar methyl cation with a nearly vacant pr orbital, Qe=(C) = +1.22 au and
the sphere is flattened to give an oblate spheroid (Bader 1986%, This
orbital vacancy is partly filled in tert-butyl cation by inductive and
hyperconjugative electron release from the methyl groups, and the moment

Qe=(C) is correspondingly reduced to +0.43 au in this molecule.
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The parallelism between the quadrupole moment and w population is
further demonstrated in Figure 3.3 which shous plots of the guadrupole
moments of carbon atoms at the ortho, para, and meta positions of
monosubstituted benzenes relative to their values in benzene (Table 3.9)
versus their relstive wn populations. Figare 3.2 shows plots of the
relative quadrupole moments of the ortho, psara, and meta carbon atoms
versus or°®. These latter correlations bear & remarkable similarity to
those previously given for the relative C-H bond ellipticities and =
populations. The departure of the meta wt population in phenoxide ion from
the linear relationship with @Q==(C) spparent in Figure 3.3, results in =
better correlation of the quadrupole moment with or®, 8s is also the case
of the same position in cyanobenzene. The correlation in Figure 3.2
demonstrate that the quadrupole polarization of the charge density of a

carbon atom in a monosubstituted benzene molecule parallels its relative

reactivity toward electrophilic attack.

3.5

It has been shown in section 3.4 that the total charge on a carbon

atom exhibits a poor correlation with the relative reactivity of a carbon
stom in a monosubstituted benzene toward electrophilic attack, and neither
does the o population. The n electron distribution, however, exhibits such
a contribution. The Laplacian of the charge density, v2*, which need not
separate o and n electrons in order to obtain more information, does show

where charges are concentrated and depleted naturally. It provides rich

information about the chemical reactivity of any system, while the w
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Figure 3.3
The relative = population of carbon plotted versus its relative quadruple

moment Q==(C) at the ortho, para, and meta positions of substituted

benzenes.
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Table 3.9. Relative Quadrupole Moments® (Qz=) of Substituted Benzenes.

AKX Q- | _NH= OH E —CHa__ H GN |_NO=> | _NHa+
C1 [+1.3354]+0.5926}+0.5170|+0.3193|+0.3915| 0.0000{-0.1455/-0.3144|-0.4347
C2 |-0.9038|-0.4716|-0.4152]{-0.1180|-0.1683| 0.0000}+0.2100{+0.4203|+0.1097
C3 [+0.1483{+0.2203}|+0.1941|+0.1497|+0.0272] 0.0000(+0.0040{-0.0933{+0.2324
C4 |-1.1120|-0.3321{-0.2439]{~0.1125{-0.0692| 0©.0000|+0.2083|+0.3070(+0.3554
C5 |+0.1483{+0.2203|+0.1994|+0.1497{+0.0427{ 0.0000|+0.0040|-0.0833|+0.2608
C6 |-0.9036|-0.4716|-0.2744{-0.1190|-0.1328| 0.0000|+0.2100}+0.4203|+0.0885

®. The value of Q==(C) for benzene is -3.3401 au.

[B]
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electron population can only be used in conjugated systems.

It is now well documented that the relative orientation of acid and
base molecules in a reaction or in a crystal structure can be predicted by
aligning the centre of charge concentration on the base with the centre of
charge depletion on the acid, as defined by the Laplacisn of their charge
distribution (Bader et al 1984 and 1888, Bader and HacDougall 1985, Caroll

et al 1988,see also Chapter 1). In previous examples, the base possessed
an unshared electron pair in the Lewis sense. A phenyl group does not
possess any Lewis unshared pairs to serve as centers of electrophilic
attack and the present Chapter demonstrates how the definition of a base
can be generalized to include such molecules in terms of a property of the
Laplacian distribution.

It has been mentioned in Chapter 1 that there is a shell of charge
concentration and one of charge depletion associated with each quantum
shell of an atom. Each shell of charge concentration for a free atom
possesses & sphere over which the electronic charge density is uniformly
and maximally concentrated. Upon chemical combination, local maxima,
minima and saddle points in -v2¢ are created on the surface of this sphere
within the outer or wvalence shell charge concentration (VSCC), the maxima
corresponding in number and relative location to the localized electron
pairs as assumed in VSEPR model (Bader et al 1984 and 1988). The
structure exhibited by the Laplacian of # in terms of its valence shell
critical point is characteristic for a given atom with a given number of
bonded neighbors. In methane for example, the VSCC of the carbon atom
exhibits four .bonded maxima, i.e., four local concentrations of electronic

charge,-one along each of the C-H bond paths. Each maximum is linked to
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the other three by trajectories which originate at intervening saddle
points on the surface of the sphere of charge concentration. (These lines
are topologically identical with the bond paths linking the nuclear maxims
in @ in the definition of a molecular graph.) This network of lines,
called an atomic graph, partitions the surface into four segments and the
basic structure is that of a tetrahedron with curved faces, Figure 3.4. In
the centre of each face there is a local minimum in the surface of the
VSCC. (A face critical point is topologically equivalent to a ring
critical point of a molecular graph.) As an example of a system with a
nonbonded electron pair, the atomic graph for the nitrogen atom in ammonia
is topologically equivalent to that for the methane carbon, but one of the
maxima now represents a nonbonded electron pair. It is of greater
magnitude and large spatial extent than are the three bonded maxims and the
angle it forms with a bonded maximum is increased sbove the tetrahedral
value, to 112.3e,

The atomic graph for a carbon atom in benzene has three bonded
maxima, Figure 3.4. The maximum on the C-H bond path is linked by pairs of
trajectories emanating from intervening saddle points, to each of the
mexime on &8 C-C bond path. These latter two bonded maxima are linked not
by one but by two sets of trajectories emanating from ssddle points located
on either side of the plane of the benzere ring. The sphere of charge
concentration is
partitioned into three curved faces, with a minimum or ring critical point
located within each face. The Laplacian distributions for benzene and
phenoxide ion sre illustrated in Figure 3.5 in the form of relief plots.

The bonded maxima dominate the VSCC of carbon, with values in the
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Figure 3.4
Atomic graphs depicting the structure of the VSCC of a carbon atom in

methane (top) and benzene. Local maxima are denoted by stars and the

intervening saddle points by dots. In methane the four mexima are at the

corners of a tetrahedron. The two lower maxima for C in benzene are linked
to maxima on neighboring carbons which are not shown. The three maxima lie
in the plane of the ring and of the two saddles linking the two lower

maxima; one is above and the other below the plane of the ring.

)
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Figure 3.5
Relief maps of the negative of the Laplacian of ¢. The upper diagram is in
the plane of the nuclei for benzene. Note the large shared concentration

of electronic charge between each pair of neighboring carbon =toms and

carbon and hydrogen atoms. The inner quantum shell of carbon consists of a
spikelike charge concentration at the nucleus, surrounded by a region of
charge depletion. The valence shell of charge concentration in this plane
exhibits three bonded charge concentrations as indicated in the atomie
graph, Fig.3.4. The lower diagram is for the para carbon atom in phenoxide
ion in the symmetry plane along Cz axis and perpendicular to the ring
plane. The VSCC of carbon exhibits the bonded maximum with hydrogen and

the two secondary charge concentrations which appear as two-dimensional

maxima in this plane.
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range of ~-1.2 to ~1.4 au depending on the substituent. These are followed
by the saddle points linking the bonded maxima on the C-C bond paths, where
¥Z» has values in the range from -0.25 to -0.11 au. Note that the saddle
points appear as maxima in the relief plots of the negative of Laplacian
when viewed in a plane containing the two negative curvatures. A true
_ maximum sppears as much in any plane containing the eritical point, as
exemplified by the bonded maxima in Figure 3.5. The magnitudes of 93¢ at
the saddle points linking the C and H bonded maxima are approximately half
as great as those linking the carbon maxima. The value of the Lsplacian at
a ring critical point ic small in magnitude and is of either sign depending
on whether or not the sum of its two positive curvatures in the ring
surface exceeds the magnitude of its radial curvature.

Next to the bonded charge concentrations, the Laplacian attains its
most negative valués at the out-of-plane saddle points sand these points
locate the greatest concentrations of electronic charge that are not
involved with the bonding of nuclei, Figure 3.5. Because of this and their
relative location, it is reasonable to propose that these secondary charge
concentration will serve as the sites for electrophilic attack of a phenyl
group carbon atom and this conjecture is borne out by the data presented in
Table 3.10 and displayed in Figure 3.2. These data give the values of v2¢
at the out-of-plane saddle points -- the secondary charge concentrations—-

relative to their wvalues in benzene. They exhibit the pattern of
alternating values around the ring necessary to account for the relative
directing sbilities of the substituents and, as is evident from Figure 3.2,
the intensity of their effect parallels the experimentally determined

resonance parameter da°. The group to the left of benzene, the ortho- and



Tabhle 3.10. Relative Values of 92f» in Substituted Benzenes.

Cl
Cc2

c5

2C2-C6

At secondary concentration in VSCC of carbon atomse.

0=

-0.083
+0.018
-0.112
+(.018
-0.093
-0.262

_NH=
+0.020
-0.067
+0.021
-0.038
+0.021
-(3.087
-0.130

OH

F

-0.044
-0.054
+0.014
-0.024
+0.015
-0.036
-0.085

-0.124
-0.025
+0.010
-0.013
+0.010
-0.025
-0.043

_CHa
+0.008
-0.012
+0.008
-0.005
+0.006
-0.015
-0.020

H

CH

0.000
0.000
0.000
0.000
0.000
0.000
0.000

At image points in VSCD of carbon atomsP.

N X|_0-
C1 {+0.035
c2 |-0.027
C3 +0.003
C4 |-0.028
Cc5 {+0.003
¢ [-0.027

a
b

_HNHz_
+0.016
-0.015
+0.007

-0.010
+0.007
-0.015

OH

E

+0.006
-0.011
+0.005

-0.006
+0.005
-0.007

-0.004
-0.003
+0.003

-0.003
+0.003
-0.003

—Clls_
+0.005
-0.002
+0.003

-0.000
+0.003
-0.002

. The value for benzene is -0.140 sau.
. The value for benzene is 0.087 an.

H

-0.054
+0.013
-0.002
+0.016
-0.002
+0.013
+0.038

0.000
0.000
0.000

0.000
0.000
0.000

-0.004
+0.005
-0.000

+0.005
-0.000
+0.005

_H0=
-0.124
+0.028
-G.007
+0.022
-0.007
+0.028
+0.084

—NQ=2_
-0.014
+0.010
-G.002

+0.007
-0.002
+0.010

_NHax _
-0.191
-,003
+0.013
+0.021
+0.014
-0.006
+0.038

HNHz*
-0.015
+0.005
+0.007

+0.008
+0.007
+0.004
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para-directing group, have negative values at ortho and para carbon atoms,
and positive values at meta ones, showing it is easier for them to react
with an electrophile at ortho and para positions and harder at the meta
position relative to benzene. The group to the right of benzene exhibits
the exsctly opposite behaviou. The difference in the value of v2¢ at the
(3,-1) critical point compared to benzene shows that the reactivity
increases or decrease towards electrophilic substitution. If the value is
more negative than that of benzene, this position will be activated, and if
more positive, it will be deactivated. If we sum up the relative wvalues of
V2% on the ring atoms except for the ipso carbon (see Table 3.10), this sum
will show the aectivating or deactivating sbility of a substituent to the
phenyl group. If the sign of the sum is negative, the total system is
activated; and if positive, is desctivated. Also the magnitude of the sum
shows the extent of activating or deactivating ability of each substituent,
i.e., the more negative the sum, the more active will be the phenyl group
toward sn electrophilic attack; and the more positive the more deactivated.

The secondary charge concentration alsc increases at the ipso
carbon for the -M substituents, as does its relative w population in these
cases. as pointed out earlier, however, the large positive charge on this
carbon and on the neighboring substituent atom precludes the possibility of
electrophilic attack at this carbon. The even larger positive charge found
on C1 in phenol and in fluorobenzene nullifies the increase in secondary
charge concentration found for this atom in these molecules as well.

The secondary charge concentrations are displaced off a nuclear-
centered axis perpendicular to the ring plane, toward the centre of the

ring. The position of the secondary charge concentrations determine the
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jnitial direction of approach of an electrophile, and the greater this
angle the less accessible is the charge concentration to electrophilic
sttack. In benzene this angle equals 32.7° and its value for the para
carbon atom undergoes a continuous decrease for the para—directing groups
in parallel with their activating sbility, Table 3.11. These same groups
cause the angle for the secondsry charge concentrations at the meta carbons
to increase slightly sand become less accessible to attack. The meta-
directing, deactivating substituents CN and NOz cause the sngle at the para
carbon atom to incresse while that at the meta position is left essentially
unchanged from its value in benzene. When we relate the values of 92 of
para end meta carbon atoms to their off-axis angles, the reason why these
angles correlate with the activating ability of the corresponding carbon
atoms become clear. Actually an off-axis angle is a reflection of the
magnitude of charge concentration. For each of the ring atoms, its two
secondary charge concentrations sbove and below the ring plane, together
with the carbon nucleus, form a complementary angle of the two off-axis
angles. From Table 3.12, a nice correlation between complementary angles
and 92> values at the secondary charge concentration is observed. The more
negative the wvalue of ¥2¢, the larger the complementary angle, then the
smaller the off-axis sngles. While factors other than the position of the
secondary charge concentration may determine the direction of attack, the
present results indicate that the approach of the electrophile toward a
ring carbon atom should be shifted off axis toward the ring centre. This
has been found to be true and will be detailed in Chapter 5.

The valence shell of charge depletion (where ¢2* > 0) of a carbon

atom in benzene possesses critical points which spatially behave as the

i
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Table 3.11. Off-axis Angles of Reactive Centres in the Laplacian of
Substituted Benzenes.

Position\¥X| O- | Ni= | OH F |_CHs_j_H | _CN | NO> | NHa*
Heta 34.2 | 36.1 | 35.3 | 34.7 | 33.7 | 32.7 { 32.7 | 32.1 | 36.5
Para 18.6 | 27.2 | 29.2 ] 31.1 ] 31.8 | 32.7 | 35.8 | 37.5 | 38.2

Tahle 3.12. Comparison of Complementary Anglese of Secondary Charge
Concentrations ¥With Their Relative v2p values.

- O E CHa_
Meta Angle| 111.6 107 8 109 4| 110.6] 112.6
—_—2e 1+0,018}+0,021(+0.014|+0.010]+0, 006
Para Angle| 142.8 117.8] 118.2
w2 1—0.112 -0.013]-0.005

CN | _NO=_|__HHa*

114.6| 114.6| 115.8| 107.0
—0.000}-0,002|-0.007|+0,013
114.6| 108.4)1 105.0| 103.6
0.000{+0.016|+0.022|+0.021

125.6
-0.038

121 6
-0.024

e, A complementary angle is the angle formed by two secondary concentraions
above and below benzene ring plane with the corresponding nucleus.
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images of the points of secondary charge concentration. They represent the
points of least removal of negative charge in the shell of charge depletion
which must be traversed by an electrophile in its approach to the secondary
charge concentrations. From Tsble 3.10, we can see that the critical
values in charge depletion shell change much more slowly then those in a
charge concentration shell with different substituents. Figure 3.6 gives
both charge concentration envelops (right), V2¢=0, and charge depletion cne
(left), >=0,09 au, for aniline, benzene and nitrobenzene molecules. The
v2r=0 envelope clesrly shows how charges concentrate in the molecular space
(see the envelopes at the right hend side of Fig.3.6). But here it does
not give enough information sbout how the distribution changes with
different substituents, while the charge depletion envelope does give some
jnteresting observations. At the activated positions, ortho and para to
NH2 and meta to NGz (see the left hsnd side plots of Fig.3.6), the original
small openings present in the benzene molecule becomes larger. While at
the deactivated positions, the original openings have disappeared. Such
pictures graphically illustrates the ortho-, meta- and para—directing
ability of a substitnent. The wvalues of the Laplacian of & at the image
points, relative to their value in benzene, are given in Table 3.10. There
is again an alternation in values around the ring which parallels the
directing ability of the substituent: the values of v2¢ are less positive,
and the hole in the envelope of charge depletion is greater at the ortho
and para positions and smaller at the meta positions for the activating
group with just the opposite behaviour found for the deactivating groups CN

and NOz.

The substituent NHa* is anomalous in most of 1its atomic properties
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Figure 3.6

Three—dimensional displays of the Laplacian distribution for substituted
benzenes: (a2) aniline, (b) benzene, (c) nitrobenzene. The diagrams on
left-hand side are for an envelcre of value +0.09 su =and they show the
presence of the "holes” in the valence shell of charge depletion (VSCD)
which give access to the centers of secondery charge concentration. The
diagrams on right-hand side are for the zero envelope which separates the

shell of charge concentration from the shell of charge depletion in the

valence shell of each molecule.
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Just as it is experimentally, since it is found to direct pa'a s8s much as,
or a little more than, it directs meta, even though it is strongly
deactivating (March 1977). This is the only substituent which bears a
large positive charge, +0.31le, and as a conseauence, the property of the
carbon atoms of the phenyl group, both relative and total, do not exhibit
alternating values as found for the other substituent, but rather there is
a monotonic change with distance from the ipso carbon. This fact, coupled
with the presence of the net charge itself and the steric requirements
resulting from its solvation, can account for the observed directing

effects of NHa+. A similsr conclusion was reached by Chandra and Coulson

(1885).

3.8 Conclusion

It has been shown that the properties of the charge density of the
phenyl group in its isolated reactant state reflects the observed directing
and activating-desctivating affects of a substituent X in an electrophilic
substitution reaction. These effects, while not evident in the total
electron populations or net charges of the atoms or groups involved, are
reflected in the m contributions to the carbon atom populations, and in
related properties of the total charge density, the ellipticity of the C-H
bond, and the quadrupole moment of the carbon stom charge densities. The
net positive charge found on the ipso carbon atom of the phenyl group for
the -I substituents is responsible for precluding electrophilic attack at
this position of the ring. The same chemistry is predicted by the
Laplacian of the charge density when the base sites in the Lewis model of

an scid-base reaction are identified with the secondary concentrations of
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electronic charge in the VSCC's of the ring carbon atoms. It is the
concentration of electronic charge as defined by the Laplacian of g, rather
than the presence of net negative charge, that determipes the site of
electrophilic attack. The Laplacian of # is related to the local statement
of the virial theorem (Bader and Nguyen-dang 1881; Bader 1888) and as a
consequence, its predictions regarding reactivity are determined by the
full quantum potential, as opposed to electrostutic potential maps which
are based only on the classical potential as determined by the chardes of
a systemn. It also follows from this theory that an acid-base reaction
corresponds to the combination of a region with excess electronic potential
energy which is negative with a region of excess electronic kinetic energy
which is positive, where the excesses are measured relative to their
average virial ratio of 2:1. This provides an energetic basis for the
Laplacian model and, when coupled with the very specific definition of the
sites and intensity of reactivity provided by this distribution function,
one has a useful predictive model for the electrophilic substitution
reaction based on a property of the reactant charge distribution.

It is important to realize, as pointed out some time ago by Coulson
et al. (1952) that w density is not spatially separate from o density, and
the example used was an early study of the charge density of benzene.
Thus, one should not view the correlation of benzene chemistry with the
carbon ® populations a- implying that san approaching electrophile “sees"
the m charges as distinct from the o distribution. As demonstrated here,
an increasing w population does correlate directly with a quadrupﬁle
polarization of the atomic density, a physical moment of the density. It

is also true that w density is in general less tightly bound than is o
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density and this, coupled with the presence of a recognizable moment,
offers some understanding as to why the reactivity is reflected in the =«
density. A full discussion of the energetics of these aspects of benzene
chemistry is given in Chapter 4 where the theory of atoms in molecules is
used to relate the substituent effect on the energy to the energies and:
charge distributions of the individual atoms in both the reactants and the

arenium ion intermediates.

V



Table 3.13. The Optimised Geometry of Aniline at 8§-31G=
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_Bopd length |_Bond  length Aggle Apgle
C1-C2 1.3970 | C2-H7 1.0742 | C2-C1-C6 118.6156 | H8-C3-C4 119.9269
C2-C3 1.3847 | C3-H8 1.0737 | C1-C2-C3 120.4062 | H9-C4-C3 120.6224
C3-C4 1.8879 | C4-H9 1.0723 | C2-C3-C4 120.9084 | HS-C4-C5 120.6224
c4-C5 1.3879 | C5-H10 1.0737 | C3-C4-C5 118.7551 |H10-C5-C4 119.9269
C5-C6 1.3847 | C6-H11 1.0742 | C4-C5-C6 120.8084 [H11-C6-C1 119.5378
C6-C1 1.3970 | C1-XN 1.3805 | C5-C6-C1 120.40682 | NC1-C2  120.6922
N-H 0.9890 | H7-C2-Ct 119.5378 { H-N-C1 121.0649

e_ Bond lengths in angstroms and sngles in degrees.

Tghle 3,14, Atomic Populations of Pyramidal Aniline=
Cl 5.502 C6 5.944 Hi0 1.046
C2 5.944 N 8.331 Hi1 1.058
C3 5.9850 H7 1.089 H13 0.586
C4 5.944 H8 1.046
C5 5.950 H9 1.053

o,  Compare Table 3.4.

N



Chapter 4 Energetics of Protonated Monosubstituted Benzenes

It has been shown in Chapter 3 that the directing ability of a
substituent and its ability to activate or deactivate a phenyl group in
electrophilic aromatic substitution reactions are the apparent result of
the properties of the charge distributions of the reactant molecules. The
classical, experimentally based ordering of the substituents (Ingold 1869,
Hammett 1837), as reflected in the empirical resonance parasmeter ox* of
Taft (1856 and 1860), is recovered by the properties of atomic charge
distributions referred to in Cliapter 3, as is the orbital classification of
their -t donor-acceptor properties. The three groups of substituents
discussed in .Chapter 3 with respect to their effect on the charge
distribution of benzene are: the o abstractor-m donor substituents listed
in order of decreasing or® values and increasing n—donating ability F, OH,
NHz, O, the o-t donating CHa group and the o-n sbstracting substituents
NHa*, CN and N0z, their w electron-withdrawing ability increasing in the
order indicated.

This chapter is a study of the energetics of the aromatic
substitution reaction. Together with the protonated benzene, the
corresponding arenium ion intermediates both meta and para to the
substituent, have been investigated for the substituents OH, F and CN. The
focus is on the effect of a substituent X on the energy of the phenyl group
Ph, and on the energy of formation of the protonated arenium ion
intermediate, [Ph-X]H*. These effects are studied in terms of the
energetics for the reaction B

Ph-X + [Ph-HIH* -> Ph-H + [Ph-XJH+ ol [4.1]

for protonation both meta and psra to the substituent. Section 4.1

135
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briefly describes the method of calculation. An atomic view of the
aromatic electrophilic substitution reaction 1is obtained by relating the
changes in energy caused by substitution of X for H to the changes in the
energies of the individual atoms and functional groups, which is studied in
Section 4.2. The ability of the theory to define the properties of
groupings of atoms within a molecule is used to compare the bond and atomic
properties of a fragment of the pentadienyl cation with those of the
corresponding fragment in the benzenium 3ion and in this way obtain a
concise, chemical description of the nature of this intermediate, which is

discussed in the section 4.3.

4.1 Calounlations

The calculations for the reactant molecules were performed using
the 6-81G™* basis set (Hariharan and Pople 1973) at geometries previously
optimised by Bock et al (1985) using the 6-31G basis set. Further details
are given in Chapter 3. The optimised geometries and corresponding
energies of the protonated intermediates have been determined for three
basis sets, 3-21G, 4-31G and 6-31G. A fourth calculation using the 6-31G*
set was also performed for protonated benzene to determine the effect of
polarizing functions. The results of these calculations are tabulated in
the Appendix. Further calculations using the 6-31G** basis at the 6-31G
optimised geometries wére pertormed and it is the B-31G**//6-31G results
for the reactants and intermediates that are tabulated and discussed in the
text of this chapter. Protonated benzene was calculated to possess Czv
symmetry. A similar symmetry was assumed for the intermediates CeHeFH* and

CeHeCHH+ with the protonation at the para position, while all the other
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intermediates were assumed with Ce symmetry. Hence all atoms other than
the two hydrogens bonded to the protonated carbon stom are assumed to lie
in a plane. All other geometrical parameters however, have been optimised.
Previous calculations on protonated benzene using the STO-3G and 4-31G
basis sets with some geometrical constraints have been performed by Hehre
and Pople (1872). Ermler et al (1976) used contracted forms of a
(11s,7p,1d) basis set for carbon and of a (7s,1p) basis set for hydrogen in
a calculation of the properties of benzenium ion in which all C-C and C-H
bond lengths other than those to the ipso carbon were held fixed at the
values in benzene in a Cav geometry. Sordo et al (1979) have carried out
MINDO/3 calculations over a portion of the energy surface to compare the
properties of both the m- and o-complexes while Gleghorn and McConkey
(1875) have used the MINDO/2" method to investigate regions of the surface
for protonated benzene and toluene.

- The usual fixed-nucleus total energies E obtained in SCF
calculations are listed in Tsble 4.1 for the 6—3BG**//8-51G results; the
energi;s of the monosubstituted benzenes and the arenium cation
intermediates are reported. Also listed are the wvalue of §, defined as
V/T, which is used as a correction factor in the calculation of atomic
energies. Because of small errors in the virial theorem arising from the
use of a finite basis set, the use of T(Q) to obtain E(Q), Eq.[1.32],
requires that the atomic kinetic energies be multiplied by the Ffactor (1 +
¥). For an equilibrium geometry (1 + §) should equal -1. Empirically,
this error is found to decrease when the basis used to calculate E is
augmented beyond that used in the determination of the energies, as is done

here. The correction factor and total energies are essentially the same
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Tahle 4.1 Energies and Virial Ratios for Substituted Benzenes, Arenium
Intermedistes and Pentadienyl Cation in au.

Substituted Benzenes

X |__-E ¥ X _E ¥ X -E ¥

0- |302.97635 -2.00116 | F |329.56208 -2.00159 | CN |322.44725 -2.00149
NHo|285. 74544 -2.00118 |CHa|269.75318 -2.00107 |NO2 |434.18073 -2.00225
OH |305.5725¢ -2.00159 | H |230.71362 -2.C0108 |NHe*|286.10858 -2.00159

Arenium Cation Intermediates

__Eﬁ.l:ﬁ_?__ Heta
X -E -F, ' X -E Y

OH [305.91284 -2.00155 |305.87963 -2.00148 H }231.02898 -2.00083
F 1{329.87696 -2.00162 [329.85871 -2.001%4
CN (322.73228 -2.00139 [322.73457 -2.00138

Pentadienyl Cation

E = -183.12815 =2.00088
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Figure 4.1,

Holecular graphs as predicted by theory for meta- and para-protonated

monosubstituted benzenes and for the benzenium ion. Also shown is the

structure for the pentadienyl cation. The bond lengths are indicated and

the values in parentheses are the changes in bond lengths relative to their

values in Ph-X.
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for Ph-X und its protonated intermediate and there is no difficulty in
comparing the associated changes in atomic energies. The same trends in
values are obtained with the uncorrected values of T(Q).

The geometries of the intermediates and the principal changes in
bond lengths relative to Ph-X are summarized in Fig.4.1. The nature of the
changes relative to the site of protonation is similar for all of the
molecules. The C-C bond lengths to the protonated carbon increase by 0.086
to 0.081 & while the associated angle decreases to 115 - 1160, Its H-C-H
angles vary over only one degree, from 103 to 1040 and the asscociated C-H
bond lengths increase over the unprotonated wvalues by 0.015 to 0.019 A.
The length of a C-C single bond to the central methylene group in puentane,
the standard methylene group, and of its C-H bonds using the 6-31G* basis
are 1.528 and 1.080 &, respectively. These lengths and the associated OOC
and HCH bond angles of 113.1 and 106.30, differ significantlvy fron the
corresponding values for the CHz fragment in the benzenium ion using the
same basis set (Table AZ)., The C-C bonds, once removed from the site of
protonation, decrease in length by 0.03 to 0.04 & while those twice removed
are lengthened by a smaller amount. Also shown in Figure 4.1 1is the
molecular graph along with the geometrical parameters for the minimum
energy configuration of the pentadienyl cation determined in a 6-31G*//6-
31G calculation. The alternate lengthening and shortening of pairs of C-C
bonds around the benzene ring, starting at the site of protonation in [Ph-
H]H*, yields a fragment whose C-C and C-H bond lengths closely resemble
those of this ion. The same fragment is present in all of the
intermediates and the dominant changes in the geometry of the phenyl group

in Ph-X are determined by the location of a given bond relative to the site
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of protonation, independent of the nature and location of the substituent

The molecular structures of the protonated monosubstituted benzenes

shosm in Fig.4.1 and used to summarize their molecular geometries, are
predicted by quantum mechanics (see Chspter 1).

The substitution reaction of Ph-X with the electrophile Y+ is
assumed to proceed via sn intermediate arenium ion [Ph-X]Y+ (Brouwer et al
1970, Lowry and Richardson 1981, Streitwieser and Heathcock 1885). These
are stable o-bonded (as opposed to mw-bonded) complexes which can be
isolated in certain instances (Olah and Kuhn 1958). The prototype
benzenium ion has been prepared in solution and identified by its NMR
spectrum (Olsh et al 1978). With the assumed relationship between 13C
chemical shifts and the nw density at a carbon nucleus (Spiesecke and
Schneider 1961, O'Brien et al 1975), this spectrum has been used to support
the basic model of the benzenium ion as a pentadienyl cation, bridged by a .-

methylene group and generally represented as in =.

a
The bond and atomic properties of the protonated benzenes are used to
provide 8 precise picture of the structure and bonding in the benzenium ion

and of the msnner in which it is perturbed by a substituent.
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The properties of the charge density at a bond eriticel point, its
value f», the value of its Laplacian v2°w and the bond ellipticity €, serve
to characterize the bond and are listed in Table 4.2 for the intermedistes
considered here. The value of f» can be used to define a bond order and

the fo values for ethane, benzene, ethylene and acetylene fix their

respective C-C bond orders at 1.0, 1.6, 2.0 and 2.9 (For the definition of
bond order, see Eg.{1.12]. For 6-31G"*//6-31G densities, A=6.55 and
B=0.2513). The bond ellipticity € measures the extent to which charge
density is preferentially accumilated in a given plane (see Chap.1). In
ethylene, €=0.45 sand in benzene, €=0.23 with the major axis being
coincident with the axis of the w orbitals in both molecules. The increase
in ellipticity of the C-C bond from benzene to ethylene is primarily a
result of an increased contraction in the density toward the bond path, the
magnitude of A1 increasing from 0.70 to 0.81 au, rather then from 0.57 to
0.56 au. (The masgnitudes of both curvatures are increased over their value
in ethane where they degenerate to the value -0;13 au.) It is by this
mechanism that more charge is sccumulated along the bond patﬁ, reducing the
positive curvature from 0.27 to 0.20 au, thereby decreasing 92¢ and
increasing the bond order from 1.6 to 2.0.

The C-C bond orders of the substituted benzenes differ little from
the value of 1.8, the small changes that are present reflecting the changes
in equilibrium bond lengths (see Chap.3). This situation changes for the
protonated intermediates, as seen from Table 4.2 which lists the n values
for the C-C bonds in the intermediates. The C-C bonds to the protonated
carbon have reduced bond orders ranging from 1.20 to 1.25 and their

ellipticities, while reduced in value to = 0.04 to 0.05, are significantly
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Table 4.2, Bond and Ring Critical Point Data for Arenium Ion
Intermediates.
e _(din auxi0)d
Bara Hets
OH E H CN OH F H CN
Ci1Cz | 3.112 | 3.227 | 3.174 | 3.128 | 3.526 | 3.585 | 3.457 | 3.443
C2-C3 | 3.510 | 3.470 | 3.457 | 3.460 | 2.796 | 2.812 | 2.832 { 2.839
C3-C4 | 2.780 | 2.809 ; 2.832 | 2.841 | 2.856 | 2.839 | 2.832 | 2.843
C4-C5 | 2.786 | 2.809 | 2.832 | 2.841 | 3.430 | 3.430 | 3.457 | 3.445
C5-C6 | 3.521 | 3.470 | 3.457 | 3.460 | 3.223 | 3.192 | 3.174 | 3.201
C6-C1 | 3.130 | 3.227 | 3.174 | 3.128 | 3.212 | 3.285 | 3.174 | 3.137
C2-HZ | 2.996 | 3.030 | 3.039 | 3.050 | 3.037 | 3.0685 § 3.082 | 3.094
C3-H3 | 3.076 | 3.087 { 3.082 | 3.087 | 2.779=| 2.777e| 2.779=2] 2.778=
C4-H4 | 2.820=f 2.796=| 2.779=| 2.. 5=| 3.087 | 3.080 | 3.082 | 3.091
C5-HS | 3.075 | 3.087 | 3.082 | 3.087 | 3.043 | 3.047 | 3.038 | 3.044
Ce-H6 | 3.031 | 3.030 | 3.089 | 3.050 | 3.106 | 3.099 { 3.110 | 3.117
Cil-X | 3.263 | 2.737 | 3.110 | 3.043 | 2.944 | 2.524 | 3.039 | 2.943
Ring { 0.189 | 0.182 § 0.195 | 0.183 | 0.184 | 0.134 | 0.195 | 0.194
Bond order n
parsa meta
OH F H CN OH F H CH
Ci1C2 | 1.48 1.60 1.54 1.50 1.94 2.02 1.86 1.84
Cc2-C3 | 1.82 1.87 1.86 1.86 1.20 1.22 1.23 1.24
C3-C4 | 1.20 1.21 1.23 1.24 1.25 1.24 1.23 1.24
C4-CS | 1.20 1.21 1.23 1.24 1.82 1.82 1.86 1.84
C5C6 | 1.94 1.87 1.86 1.86 1.59 1.56 1.4 1.57
C6-Cl | 1.50 1.60 1.54 1.50 1.58 1.66 1.%4 1.50
Zn g.24 Q.36 9.26 8.20 9.38 9.52 8.26 9.23
Z2n{PhX)| 9.86 9.98 g9.60 8.78 9.86 9.98 g8.60 9.78
Y2Pe_(in_and
parsa mets
OH F H CN O F H CH
Cc1-C2 |-1.015 (-1.120 |-1.008 [-0.999 |-1.151 |-1.200 {-1.131 |-1.105
C2-C3 |-1.137 |-1.123 {-1.131 |-1.128 |-0.797 1-0.811 {-0.823 [-0.830
C3-C4 |-0.804 |-0.812 |-D.823 |-0.828 {-0.836 {-0.826 |-0.823 {-0.829
C4-C5 |-0.800 [-0.812 |-0.823 |-0.828 [-1.120 [-1.116 |-1.131 {-1.130
C5-Co |-1.144 31-1.123 [-1.131 {-1.128 |-1.036 [-1.023 {~1.008 |-1.030
C6-Cl {-1.049 {-1.120 |-1.008 |-0.999 {-1.034 [-1.067 |-1.008 |j-0.971
C2-H2 1-1.192 |-1.246 {-1.237 |-1.257 |-1.246 |-1.302 }{-1.300 |-1.327
C3-H3 [-1.281 [-1.310 [-1.300 [-1.311 |-1.026=2j-1.030=|-1.026=|-1.031=
C4-H4 {-1.050%;-1,040%|~-1.026%|-1.027=]~1.307 |-1.313 |-1.300 |-1.317
C5-H5 [-1.288 [-1.310 ]-1.300 {-1.311 (-1.244 (-1.251 |-1.237 {-1.249
C6-H6 |-1.237 |-1.246 {-1.237 {-1.257 }-1.348 |-1.347 |-1.335 |-1.358
C1-X [+0.008 |+0.288 ]-1.335 |-1.001 |-0.277 |+0.224 |-1.237 |-0.935
Ring [+0.151 |+0.154 {+0.156 |+0.154 {+0.155 |+0.155 {+0.156 [+0.155




Table 4.2, (con’d)

Ellipticities x 10
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. Critical point of a methylenic C-H bond.

DATA mets
(8)s| F H CN 834 F H CH

C1-C2 1.556 1.834 1.412 1.596 | 3.500 | 3.449 | 2.773 | 2.896
C2-C3 | 3.324 | 2.9864 | 2.773 | 2.739 | 0.563 | 0.493 | 0.427 | 0.454
C3-C4 | 0.385 | 0.419 | 0.427 | 0.436 | 0.477 | 0.467 0.427 { 0.426
C4-C5 | 0.380 | 0.419 { 0.427 | 0.436 | 2.5563 | 2.618 | 2.773 | 2.640
C5-C6 | 3.360 | 2.964 2.773 | 2.739 1.598 1.542 1.412 | 1.534
C6-C1 | 1.518 1.834 1.412 1.596 1.543 1.847 1.412 1.472
Cc2-H2 { 0.333 | 0.275 | 0.264 | 0.271 | 0.004 | 0.073 | 0.138 | 0.130
C3-H3 | 0.123 | 0.129 | 0.136 | 0.132 | 0.310=| 0.325=| 0.313=| 0.327=
C4-H4 | 0.278=| 0.309«| 0.313=| 0.322=} 0.150 | 0.140 | 0.136 | 0.132
C5-H5 | 0.102 | 0.129 | 0.136 | 0.132 | 0.255 | 0.260 { 0.264 0.264
ce-Hs | 0.297 | 0.275 | 0.264 | 0.271 | 0.217 | 0.219 { 0.256 | 0.226

Ci-X | 1.983 | 3.923 | 0.256 | 0.041 { 0.097 | 0.463 | 0.264 | 0.639
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different from =zero. In sgreement with their calculated lengths, these

bonds are not reduced to bonds of order one. Their values of v2fn are also
more negative than for a normal single bond (¥2rp = -0.66 au) indicating
that charge is concentrated along the bond path and in the interatomic
surface to a greater degree than in a C-C bond of order ocne. The changes
in the properties of the remaining C-C bonds parallel their geometry
changes which, as noted above for the benzenium ion, result in a geometry
close to that for the pentadienyl cation. The properties of the C-C and C-
H bonds in this fragment of the benzenium ion are remarksbly similar to
those for the pentadienyl cation as can be seen from the comparison of
values given in Tsble 4.3, The same delocalization of w charge that
lessens the bond order of the terminal bonds of the pentadienyl cation and
increases that of its interior bonds is operative over the corresponding
carbon framework in the benzenium ion intermediate. The results in Tsbles
4.2 and 4.3 show that, as found for the bond lengths in the intermediates,
Fig.4.1, the properties of a bond are determined primarily by its position
relative to the protonated carbon and show only small variations with
substituent and with whether the protonation is meta or para to the
substituent. Thus for example, bonds C1-C2 and C1-C6 for para substitution
arg,equivalent to bonds CB6-Cl and C6-C5 for meta substitution and, with the
exéeption of substitution meta to F, their bond orders lie within *0.06 of
the value for benzenium ion. Thus the pentadienyl fragment is recognizable
in terms of its bond properties in all of the intermediates. With the
exception of the net charge of the carbon bearing the substituent, the same
observation holds for the atomic properties as shown below.

The delocalization of electronic charge in benzene and pentadienyl
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cation that is assumed responsible for their extra stability, is reflected
in the sums of their C-C bond orders, 8.6 and 6.9 respectively, which
exceed the values of 9.0 and 6.0 calculated for a structure with localized
bonds. The C-C bond orders of the protonated intermedistes, denoted by 2n
in Table 4.2, sum to less than their values in Ph-X by amounts ranging from
0.8 in para protonated phenol to 0.4 in the benzenium ion. The sum of the
bond orders of just the pentadienyl fragment is, however, sustained or
increased over the value for the parent ion, ranging from & value of 6.8 in
meta protonated cyanobenzene to a maximum value of 7.1 in meta protonated
fluorobenzene.

The NMR investigation of the benzenium ion (Olah vc al 1978) was
also consistent with a planar ring structure and provided no support for
the presence of a C3-C5 bridge to give a homocyclopentadienyl ring system.
The presence of a homoallylic bond is made evident in = system’s molecular
graph as determined by the topology of the charge density (Cremer et al
1983, Gatti et al 1985) and the present results, in agreement with
experiment, show that no such bond is present or incipient in either the
benzenium cation or its substituted congeners.

The net charges on the atoms in the intermediates, &able 4.4,
indicate that just under one-third of the positive charge resides on the
CHz group. The proportioning of the remaining positive charge arcund the
pentadienyl fragment of the benzenium ion is similar to that in the
isolated cation, Table 4.3, with the largest positive charges appearing on
the pair of atoms meta to the point of protonation, C2 ﬁﬁd C8. C3 and C§,
the atoms linked to the protonated carbon which bears a substantial

positive charge, possess smaller net charges than their counterparts in the
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Tasble 4.3, Comparison of Bond and Atomic Properties of Benzenium and
Pentadienyl Cations.

Bond Properties=s

_Bond |Cation | _n € 92yt Bond |Cation o € 92
Cl1-C2 { Cal»r 1.54 | 0.141 | -1.008 | €C1-H CeHr+ | 0.311 | 0.026 | -1.335
CsH7+ |_1.54 | 0,136 | -1.028 | | C=H»*_} 0,308 | 0,029 | -1.296

C2-C3 | CeH»r 1.86 | 0.277 | -1.131 | C2-H Cel7»~ | 0.304 | 0.026 | -1.237
CsH»r | 1,89 } 0,282 | -1,182 { | Cshy+r (_0.302 | 0,027 | =1.219
C3-He | CgH»+ | 0.308 | 0.014 | -1.300
CsH»+ | 0.307 | 0.023 | -1.300

2, The numbering of the atoms is as shown in a. Values in au.
b, These asre the aversges of two inequivalent hydrogens in CeH7.

Atomic Properties

~a(C3) | gCH) | o) | a(HI) [Qe=(Cl)|Qe2(C2)|Qee(C3)d
Cel7+ |+0.018 |+0.149 |+0.018 [+0.090 |+0.054 |+0.079 [-1.466 |-3.B41 |-1.829
CsH7+ |+0.010 |+0.164 |+0.083 (+0.067 |+0.043 |+0.081 |-1.308 [-3.754 |-1.730

AE(Q)S| +7.1 | -7.2 | 45.0 | +5.9 | +2.9 | 4.1 |

. AE(Q) = E(Q) for CaHv+ - E(Q) For CsHr+ in keal/mole.
. Qe=(C) in sn.



Table 4.4 Atomic Charges in Arenium Ion Intermediates.
a(@) Para a(@) Heta
e NX[_gH F H CN OH F Y. CH
Ct: |[+0.701 |+0.561 |+0.019 [+0.099 |+0.708 [+0.647 {+0.148 [+0.188
C2 |+0.132 {+0.202 |+0.149 [|+0.168 [+0.062 [+0.096 {+0.018 [+0.081
C3 |+0.040 |+0.035 |+0.018 |+0.034 {+0.135 {+0.129 |+0.126 [+0,123s
C4 |+0.156 (+0,138 [+0.126 |+0.127=2|+0.021 |+0.025 |+0.018 [+0.021
cs {+0.032 |+0.0356 |+0.018 |+0.034 |+0.160 [+0.164 (+40.148 [+0,168
c6 (+0.185 [+0.202 |+0.149 {+0.168 [+0.038 {+0.053 {+0.018 |+0.044
H2 |+0.038 |+0.090 {+0.054 {+0.078 |+0.060 |+0.113 |+0.078 |+0.110
H3 {+0.073 {+0.090 {+0.079 [+0.092 [+0.081 [+0.094 |+0,082 |+0.097>
H4 |+0.061 |+0.082 j+0,082 |+0,092b(-+0.084 [+0.091 |+0.079 |+0.085
HS |+0.072 {+0.080 [+0.079 |+0.032 |+0.0S0 [+0.068 [+0.034 |+0.070
H6 |+0.073 |+0.090 |+0.054 |[+0.078 |+0.121 |+0.129 |+0.080 |+0.120
C +1.146 +1.150
N -1.257 -1.348
0 -1.309 -1.294
F -0.703 -0.708
H +0.700 +0.080 +0.876 +0.054
CHz |+0.278 }+0.302 |+0.290 {+0.311 {+0.297 {+0.317 (+0.280 |+0.322
X -0.6809 |-0.703 |+0.090 |-0.111 |[-0.618 {-0.708 |+0.054 |-0.198

»_ Protonated carbon.
b, Qut-of-plane hydrogen atoms.
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pentadienyl cation. With the exception of the charge on the atom bearing
the substituent X, the same pattern of alternation in the magnitude of the
atomic charges relative to the site of protonation is found for all the
substituted intermediates, for both meta and para protcnation.

The 33C HNMR chemical shifts for benzenium ion in solution (Olah et

al 1978) would indicate that the pair of atoms C2 and C6 have greater w
densities than do C1 and the pair C3 and C5 in agreement with the Hdckel
model which assigns 1.0 w charge each to C2 and C6 and 2/3 to each of the
other three atoms. The stomic w charges for pentadienyl are in agreement
- with the Hickel values, equalling .00 for C2 and CE&, 0.81 for Cl1 and 0.63
for C3 and C5. Thus. on the basis of the Huckel model, C2 and C6 should
possess the smallest positive charges in both cations. However, net
charges assigned on the basis of the Hiickel model err because they ignore
the counter polarization of the o density and C2 and C6 actually possess
the largest net charge. The same observations hold for the allyl cation
(S8lee and MacDougall 1988) where the central atom bears the largest net
positive charge in spite of the fact that it has & unit n population as
predicted by the Hiickel model.

It was demonstrated in Chapter 3 that the quadrupolar polarization
of a carbon atom perpendicular to the plane of the phenyl ring, as measured
by Q==2({%), parallels its w population. The more negative the value of
Qz=2(R), the greater the extent to which electronic charge is removed from
the plane of the ring snd concentrated along a z axis passing through a
carbon nucleus and perpendicular to the plane of the nuclei. The changes
in the quadrupolar polarizations of the ring carbon atoms are found to

mimic the alternation in the w populations of the ring carbon atoms induced
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by the m donor and abstractor substituents shown in Table 3.7. This is an

important observation, for it relates the w model to a propert:; of the

total charge distribution. Thus, although & density is not defined in the

arenium ion intermediates, one can still determine the gquadrupolar

polarizations of the carbon atom densities.

As anticipated on the basis of the Hiickel model and the calculated
© populations, carbons C2 and C8 possess the most negative values of Q==(C)
in the pentadienyl cation, Tsble 4.3, and the relative msgnitude of this
moment parallels the w populations of the carbon atoms in this cation. The
values of @==(C) for the corresponding atoms in the benzenium ion mimic
those for the pentadienyl cation and thus the carbon atom densities in the
pentadienyl fragment in the benzenium ion exhibit a pattern of w-like
quadrupolar polarizations very similar to that found in the parent cation.
The data in Table 4.5 show that this same pentadienyl pattern of atomic
quadrupolar polarizations is found for =all the intermediates, with the
nature of the substituent and its location relative tc the site of
.protonation having only a secondary effect on the magnitude of the
polarization. The changes in Qe=(C) relative to their values in Ph-X are
also given in Table 4.5. The moment for the protonated carbon undergoes
the largest decrease in magnitude. The other atoms exhibit changes which
reflect the change in the pattern of delocalization from that of a
substituted benzene to that for a pentadienyl fragment, the moments for the
atoms ortho and para to the protonated carbon decreasing in magnitude and
those meta to it increasing in magnitude.

The decrease in the guadrupolar polarization of the carbon atom

charge distributions of ~ 6.7 au on protonation is substantial and



Tahle 4.5 Quadrupole Moments Q==(R) of Arenium Ion Intermediates in au.

e O-

Para Meta

—2 N X|_ OH E H CH OH ¥ H N

Cl |-1.167 [-1.372 [-1.466 {-1.684 |-3.236 |-3.445 |-3.841 |[-3.750

C2 |-3.909 |-3.688 {-3.641 |-3.585 |-2.483 {-2.001 |-1.829 |-1.875

C3 |-1.893 |-1.801 (-1.829 {-1.783 |=0.795 |-0.852 |-0.804 |-0.878=

C4 |=0.734 [-0.815 [-0.804 1-0.84(«{-1.743 |-1.753 {-1.829 |-1.703

ch |-1.882 |-1.801 |-1.828 [-1.783 |-3.589 |-3.585 |-3.641 {-3.519

€6 |[-3.743 |-3.688 [-3.841 |-3.585 |-1.559 |-1.5835 |-1.466 {-1.409

Cc =1.717 -1.265

N 0.467 0.041

0 ~0.503 -0.635

F ~0.224 -0.214

~H (0,026 | @ j-0.279 | @ (+0.029 ) @ |-0.271 | ____

Cl 1.656 | 1.648 | 1.874 | 1.792 |-0.413 |-0.425 |-0.301 (-0.264
Retf C2 |-0.154 |-0.229 |-0.301 |-0.455 | 1.272 | 1.458 | 1.511 | 1.455
E C3 1.253 | 1.389 | 1.511 | 1.5063 |_2.351 |_2.338 -2.498%
L C4 1.2.850 }.2.638 | 2,536 [ _2.286e| 1.841 | 1.700 | 1.511 | 1.429
A C5 1,149 | 1.389 1.511 | 1.553 |-0.458 [-0.385 [-0.301 {-0.283
T 6 |-0.128 |-0.229 |-0.301 |-0.455 | 2.056 | 1.924 | 1.874 | 1.721
I C -0.576 -0.124
v N 0.420 -0.006
E 0 0.221 0.089

F -0.006 0.004

H ~-0.003 0.042 0.000 0.050

T e

. Protonated carbon. '
. Values relative to those in Ph-X.
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represents about one-third of the magnitude of the sum of the Qz=(C) values

for the unprotonated species. However, the sum of the Q=z(C) values for
the pentadienyl group in the intermediates is, with one exception, slightly
larger than the value of 12.28 au found for the pentadienyl cation itself.
If one uses the value of Qe=(C) as a measure of the n-like population of =
carbon atom, then the pentadienyl fragments in the intermediates have
nearly the same pattern of m populations as does the parent ion. This
density is similarly delocalized over the C-C bonds as is seen by comparing
the values of bond ellipticities for the intermediates in Table 4.2 with
the values for corresponding bonds in pentadienyl in Table 4.3. There are
only a few differences of significance, for phenol and fluorobenzene.

The atomic and bond properties show that a perturbed pentadienyl
fragment is present in esch of the sarenium ion intermediates, with the
largest single difference from the parent ecation being the net charge on
the carbon bearing the substituent atom X. Table 4.6 lists the changes in
the atomic populations of the atoms in Ph-X on protonation. The pattern of
changes in the properties of the ring atoms with respect to the site of
protonation, are remarkably similar for all the intermediates, for toth
para and meta substitution. The replacement of the delocalized electronic
structure of the phenyl ring with that of the pentadienyl group upon
protonation of a substituted benzene, is the single most important driving
force in determining the changes in the atomic properties of the benzene
ring and the most important factor in determining the change in the
properties of a given carbon atom is its position relative to the
protonated carbon atom rather than to the carbon bearing the substituent.

For example, with the single exception of |AN(C)| for Cl1 exceeding that for
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ﬂhble 4.8 Atomic Populations of Arenium JTon Intermediates {Ph-XJH*+
Relative to Their Values in Ph-X.

Para Heta

e N X|__OH F H N QH F H CN
Cl (-0.161 |-0.092 | 0.024 § 0.087 }|-0.168 |-0.178 |{-0.106 |-0.060
Cc2 {-0.077 |-0.102 }|-0.106 {-0.086 |-0.007 | 0.004 | 0.025 | 0.011
C3 0.012 | 0.018 | 0.025 | 0.029 [=0.083 |{-0.074 {-0.083 |-0. 065=
C4 1=0.101 1=0.082 |-0.083 {-0.078=| 0.034 | 0.031 | 0.025 | 0.028
C5 0.016 | 0.019 | 0.025 | 0.02% [-0.112 |-0.109 |-0.106 {-0.105
C6 |-0.075 [-0.102 |-0.108 {-0.098 | 0.052 | 0.047 { 0.024 { ©.028
H2 |-0.090 |-0.0%4 |-0.087 |-0.082 |-0.112 |-0.117 |-0.122 {-0.114
H3 |-0.110 |-0.119 |-0.122 |-0.115 {=0.118 1-0.123 {-0.125 1-0.120c

H3 0.919 [ 0,906 | 0.918 | 0,903
e 1=0.105 1=0,118 |-0.125 [~0.1152/-0.128 (-0.127 |-0.122 {-0.118
H4 0,918 | 0,918 | 0.908<

0.939
H5 (-0.108 |-0.118 (-0.122 |-0.115 |-0.096 |-0.097 {-0.097 |-0.093
He |-0.088 |-0.084 |-0.097 |-0.082 |-0.136 |[-0.133 |{-0.133 |-0.124

-0.035 -0.030

c
N
0 0.017 0.002
F
H -0.084 -0.133 -0.040 -0.097

. Protonated carbon.
b, Qut-of-plane hydrogen, change relative to H of Ph-X.
e, Qut-of-plane hydrogen, change relative to proton.
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CZ in para protonated phenol, all the carbon atoms meta to the site of

protonation undergo the largest loss in charge of the atoms in this

fragment, corresponding to atoms C2 and CS bearing the largest positive

charge in the pentadienyl fragment, Teble 4.3. The perturbations of the

carbon atom w densities caused by the replacement of H by ¥ are reflected
in the values of Q=z2(C) (see Chsp.l and 3), resulting in an alternating
pattern of increases and decreasses which mimic the charge alternation
associated with the classical resonance structures for ortho-, pars- and
meta-directing substituents. The changes in the values of Q==(C) caused by

protonation are, however, of larger magnitude and the final pattern of

quadrupclar polarizations is that associated with = pentadienyl fragment,

erasing the pattern created by the substituent.

The energy changes for reaction Eq.[4.1], 4E1, are listed in Table
4.7 together with the individual energies of protonation, oEp. The
calculated protonation energy of benzene is in fair sgreement with the
experimental value of 183 keal/mole (Haney and Franklin 1969). The
intermediate formed from para protonation of phenol is substantially more
stable than protonated benzene while para—protonated fluorobenzene is,
within the calculational uncertainties, found to have the same stability as
the benzenium ion itself. These results are =also in agreement with
experiment, as are the calculated values of &E1 for the same two
substituents, the corresponding measured values of aH91(600K) being -13.4
and -1.3 kecal/mol for X=OH and F, respectively (Lau and Kebarle 1976).

Para-protonated cyanobenzene is less stable than protonated benzene. To



Tahle 4,7 Energies of Formation and
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Group Contributions for Arenium Ions

in keal.
Para Meta
OH _.FE H —CN OH 3 H CN

aEx -17.0 -1.1 0.0} +17.6 +3.8 | +10.4 0.0 | +16.2
aEp (-213.5 |-197.6 |-186.5 |-178.8 |-182.7 |-186.1 |-186.5 |-180.3
AE(X) | -41.2 | -18.0 | +32.7 | +58.8 +3.4 +5.4 | +25.1 | +46.4
&E(CH=2)(-327.1 |-322.5 {-313.9 |-3i2.4 |-313.3 |-311.8 |-313.9 [-315.4
AE(N=)|+154.8 |+143.8 | +84.7 | +74.6 |+117.2 |+120.4 | +82.3 | +88.7
aN(X) {-0.047 {-0.035 |-0.133 {-0.258 {-0.038 {-0.030 |-0.087 {-0.171
AN(CHz)+0.733 [+0.718 |+0.710 |+0.715 |+0.718 {+0.709 {+0.710 }+0.718
aN(N=){-0.681 |-0.684 |-0.£76 {-0.461 |-0.673 |-0.679 |-0.612 |-0.547

a_ Nl denotes the pentadienyl fragment less the substituent group X.
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the extent that the transition state for the electrophilic substitution
reaction resembles the protonated intermediate (Lowry and Richardson 1981,
Streitwieser and Heathcock 1985), the relative energies of the protonated
intermediates should reflect the relative activating-deactivating abilities
of the substituents. The theoretical results sgree with the experimental
findings with the possible exception of that for the F substituent. The
intermediate formed from para protonation of phenol is substantially more
stable than protonated benzene while para protonated fluorobenzene is,
within the calculational uncertainties, found to have the same stability as
the benzenium ion itself. Para protonated cyanobenzene is less stable than
protonated benzene. The finding that the meta protonated intermediates of
all the substituents are less stable than protonated benzene - the
instabilities incressing in the order OH, F, CN - is in agreement with the
reaction energy profiles given by Streitwieser and Heathcock (1985). The
para—directing groups OH and F are the most discriminating between para and
meta substitution wiph relatively large energy differences between the two
possibilities. The CN group destabilizes the phenyl group upon both para
and meta protonation, slightly more so in the former case than in the
latter.

Assuming that the energies of the intermediates provide a relstive
measure of the energies of activation, the present results predict the
hydroxyl group to be para directing and activating relative to benzene, F
to be para directing but not activating, while the cyano group is
deactivating and meta directing. The directing and activating-deactivating
ability of a substituent X is generally accounted for in terms of the

placement of the positive charge relative to X in the resonance structures
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that can be drawn for the transition state or intermediate (Lowry and
Richardson 1981, Streitwieser and Heathcock 1985). Substitution ortho or
para to X places the positive charge at the meta positions or at the ipso
carbon while meta substitution places it at the ortho or para positions.
Thus ortho- and para—directing substituents stabilize the transition state
relative to benzene since the posit