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Abstract O The physical basis for valence molecular connectivity was
studied. The 6* and & values are cardinal numbers describing the elec-
tronic structure of atoms in their valence states. The value 6 + 6 de-
scribes the volume of a bonding atom while the value §° — & describes the
electronegativity. By using the principle of electronegativity equalization,
bond electronegativity is defined as (3767)~1/2, and the valence molecular
connectivity index (!x") is derived as a sum of these bond descriptions.
The valence chi index is interpreted in terms of the information encoded,
describing both the volume and electronic characteristics of bonds in
molecules. Examples of close relationships with molecular volume and
electronic properties are shown. A new way of estimating valence state
electronegativity is proposed from a count of exterjacent electrons divided
by the quantum number squared for at least the first three quantum
levels.

Keyphrases 0 Molecular connectivity indexes—relationship between
molecular volume and electronic composition, mathematical estimation
of valence state electronegativity O Structure-activity relationships—
usefulness of molecular connectivity indexes, mathematical estimation,
relationship between molecular volume and electronic composition O
Electronegativity—mathematical estimation, usefulness of molecular
connectivity indexes, relationship between molecular volume and elec-
tronic composition

Molecular connectivity is a method for the quantitation
of molecular structure that encodes information about size,
branching, cyclization, unsaturation, and heteroatom
content (1). It was developed in several stages, beginning
with an alkane branching index proposed by Randic (2),
a treatment of unsaturation (1, 3), a development of ex-
tended bond quantitation (4), and, finally, the most useful
addition for the medicinal chemist, a rational way of
quantifying heteroatom content (5). The treatment of
heteroatoms, introduced by Kier and Hall (1) and called
valence molecular connectivity, brought molecular con-
nectivity into the role of a structure quantitation method
useful in structure-activity analyses of drug molecules.
Several investigators have employed valence molecular
connectivity in structure-activity relationship analyses
of drugs (Table I).
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The growing use of molecular connectivity has resulted
in an interest in the significance of the elements of the
method and the meaning of the calculated indexes. Several
misconceptions have arisen as a result of incomplete un-
derstanding of molecular connectivity or of previous bias
grounded in physicochemical relationships to drug action.
This study explores the fundamental basis of molecular
connectivity.

DISCUSSION

Method—The simple molecular connectivity index arises from the
assignment of numerical adjacency values to each atom other than hy-
drogen (the molecular skeleton) in a molecule. These values, called §
values, are cardinal numbers enumerating the presence of nonhydroge-
nic-bonded neighbors, irrespective of what the element is or what mul-
tiplicity of bonding is present. The assignment of & values for acetic acid
is shown in Fig. 1a. The molecule is dissected into bonds, each described
by two & values.

A term for each bond (C;;) is calculated according to Cy = (8;6;); %%
These terms are summed over the entire molecule to give the simple
molecular connectivity index of the first order (1x):

Iy = 3(3:8)5"2 = 2Cs (Eq. 1)

Applied to acetic acid in Fig. 1a, the calculated value for 1y = 3(1 X 3)~1/2
= 1.732.

An inspection of the acetone molecule in Fig. 15 shows an assignment
of & values. This set of & values is the same as for acetic acid. It is possible
that the ' value of 1.732 for both of these molecules is sufficiently de-
scriptive so that certain general properties, e.g., size and shape, may be
predicted from a relating equation. However, it is more than likely that
the obvious difference in the structures must be encoded to relate the
molecules to many properties.

To accomplish the encoding of structural differences, Kier and Hall
went beyond the structural fact of adjacency and considered the count
of the valence electrons participating in sigma, pi, and lone-pair orhitals
on each atom, exclusive of bonds to hydrogen. This count, again a cardinal
number, is the valence delta (8V) used to calculate a valence molecular
connectivity index (1x?). The assignment of the § value to an atom is
based on the number of valence electrons (Z?) not involved in bonds to
hydrogen. Thus, 6% = Z? — h;, where h; is the number of bonded hydro-
gens on atom . The significance of suppressing hydrogen in this count
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Table I—Use of Valence Connectivity Indexes in Structure-
Activity Relationship Studies

Study Molecules Reference
Toxicity of anesthetics Ethers 14
Anesthetic potency Ethers, ketones 15
Barbiturate potency Barbiturates 16
Partition coefficient Hydroxyureas 17
Carminative activity Alcohols, esters 18
Chromatographic retention Alcohols 19
Hiickel pi electron energy  Aromatic hydrocarbons 20
Taste threshold Alcohols, carbonyls, acids, 21
esters
Bitter taste Amino acids, peptides 22
Boiling point Alcohols, amines, halides 23
Solubilities 23
Molar refraction 23
General anesthetics Mixed 24
Cytochrome conversion Phenols 25
Sweet taste Nitroanilines 25
Enzyme inhibition Benzyl alcohols 25
Toxicity Phenyl phosphates 25
Odor Benzaldl:ahy es, nitrobenzenes 26
Hallucinogenic activity Phenylisopropyl amines 27
Mutagenicity Nitrosamines 28
Serotonin antagonists Phenalkylamines 29
Serotonin antagonists Lysergic acid amides 30
Muscarinic antagonists Amines 31
Antimicrobial activity Phenyl propyl ethers 32
Chromatographic retention Mixed 33
General anesthetics Halocarbons 3
Hallucinogenic agents Phenethylamines 35
Monoamine oxidase Hydrazines 36
inhibitors
Hormone class Steroids 37
Reductase inhibitors Benzohydroxamic acids 38

will be discussed later. The calculation of 1x¥ proceeds exactly as de-
scribed for the simple molecular connectivity index.

Figures 1c and 1d show the assignments of 8 values to acetic acid and
acetone, respectively. The calculated x? values are clearly different,
0.928 for acetic acid and 1.204 for acetone. Structural information is en-
coded in these two different values and also in the common value for the
simple !y index. Studies have employed ! and !x? indexes singly and
in concert as structural descriptors in structure-activity relationship
analyses. Since molecular information encoded in these x values is de-
rived from the & values of the atoms, insight into the significance of mo-
lecular connectivity begins with analysis of the § values.

Significance of Delta—Within the context of molecular connectivity,
as developed by Kier and Hall, an atom in its valence state can be de-
scribed by two cardinal numbers: 8, the number of bonded neighbors
(excluding hydrogen), and Y, the number of valence electrons (excluding
those bonding hydrogen). This dual description of atoms is revealed in
the matrix shown in Fig. 2 for second quantum level atoms in their valence
states. Superimposed on this same matrix are the hydrides of these
atoms.

It is apparent that d; is a count of the nonhydrogen sigma-bond elec-
trons contributed by atom i. It follows that 47 is a more inclusive count
of all valence electrons (not bonding to hydrogen), including those sigma
electrons (g;) enumerated by ;. Thus, the relationship is:

W=0+pitni=a+pi+n—h (Eq.2)

where p; is the number of p orbital electrons and n; is the number of
lone-pair electrons on atom i. The values of §° and 6 depend on the ele-
ment represented, its valence (hybrid) state, and the number of bonded
hydrogen atoms. Thus, from Fig. 2, § = 2; 6* = 4, 5, and 6 describes an sp
carbon, an sp?2 nitrogen, and an sp3 oxygen, respectively. In contrast, 6°

1 6
1 s o 1 e (|T
0 o
CHa_c{ CH;—C—CH; CHy—C”Z CHy—C—CHs
OH 3 1 OH 1 4 1
1 5
a b ¢ d

Figure 1—Assignment of § and &Y values to heteroatom molecules. Key:
a, acetic acid with simple 6 values; b, acetone with simple 8 values; c,
acetic acid with valence 0¥ values; and d, acetone with valence 6
values.
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Figure 2—Atoms (and hydrides) defined by & and 8" values.

= 4; 6 = 2, 3, and 4 describes an sp carbon, an sp? carbon, and an sp3
carbon, respectively.

Both 8V and 4 contribute to a description of the hybrid state of an el-
ement or hydride. With these two cardinal numbers, 20 second quantum
level atom valence states and hydrides are described in the matrix in Fig.
2.

It might be anticipated that the information available from é¢ and é;,
when formulated into bond descriptions and ultimately summed to a
molecular value, would be of considerable utility in ranking molecules
according to physical property values and biological activities. A wealth
of published experience confirms this expectation.

Two basically different kinds of information are encoded in the ¥ and
4 values of atoms and groups shown in Fig. 2. First, since §* and é count
sigma, pi, and lone-pair orbitals, it is expected that the space occupied
by these orbitals might be described. This orbital space defines the ex-
panse of the atom in its valence state due to the number and kind of or-
bital domains of the atom. The measured or calculated volume of an atom
(hence molecule) is a consequence of the number and kind of orbitals.
The physicochemical manifestations of the volume (and closely related
surface area) of a molecule are well known and are expected to be related
to the volumes of the constituent atoms.

The second type of information expected from the 6% and & values of
a covalently bound atom is of an electronic character. The numbers of
sigma, pi, and lone-pair electrons must govern certain electronic prop-
erties that may be closely related to 6” and 8 of the atoms. When trans-
lated into bonds and molecules, this electronic information may bear a
significant relationship to certain molecular properties.

Volume Information from § and § V—A number of investigators have
dissected molecules into constituent fragment volumes to estimate the
molecular volume. A notable contribution in this regard is the work of
Bondi (6). Superimposing the Bondi atom volumes onto the 87, 4 matrix
produces a pattern for direct comparison in Fig. 3.

Figure 3 reveals that the volume of the atom or hydride diminishes with
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Figure 3—Bondi atom and hydride volumes and 8V, 8. The value for -O-
is averaged from alkyl aryl ethers.

an increasing §¢ value when holding § constant. The volume also di-
minishes when § increases for a constant 8¥ value. These observations
are not unexpected among cases where the number of hydrogens in the
group diminishes. In cases where the fragment is a single atom in its va-
lence state, the volume increases with an increase in the number of pi
orbitals. This phenomenon occurs even though the number of valence
electrons may be less. It is also apparent that the volume diminishes when
the number of sigma electrons increases for a constant §” value.

From these observations, it is concluded that the structural features
encoded by 0¥ and & act cooperatively to diminish the volume as nu-
merical values increase. Such a relationship is revealed using regression
analysis:

VBondi = 17.03 — 1.59(6Y + 6)
r=0990 s=052 n=20 F=2859

(Eq. 3)

The calculated values are compared with the Bondi volumes in Table
I1. With Eq. 3, additional fragments and small molecules are predicted.
The ability to predict fragment values where experimental data are
lacking is an important consequence of this relationship.

So far, only second quantum Jevel elements (N = 2) have been con-
sidered. A more general equation is possible, accounting for the greater
distance of the valence electron orbitals from the nuclei in third quantum
level atoms:

@+ 0)

VBondi = 17.03 — 6.36 Nz

(Eq. 4)

where N is the principal quantum number. For third-level atoms (N =
3), the equation predicts the volumes for -S— and —Cl of 11.38 cm3/mole
each, compared to 10.8 and 11.62 cm3/mole from Bondi (6).

Bondi used the fragment values in a roughly additive way to estimate

Table I1—Delta Values of Valence-State Atoms or Hydrides and
Bondi Volumes

Volume, cm?/mole

Atom/Hydride 8 8¢ Bondi®  Calculated®
~. e .
> 4 4 3.33 4.31
—(:JH 3 3 6.78 7.49
>an 2 P) 10.23 10.67
—CH, 1 1 13.67 13.85
==CH, 1 2 11.94 12.26
—Cmm, =C— 2 4 7.50¢ 7.49
==CH 1 3 11.55 10.67
—CH— 2 3 8.47 9.08
—0— 2 6 4.45¢ 431
—OH 1 5 8.04 7.49
—NH, 1 3 10.54 10.67
~

P 2 4 8.08 7.49
~ . .
ON— 3 5 4.33 4.31
-—N 1 5 7.90 7.49
~

Sc— 3 4 5.54 5.90
= 1 6 6.79 5.90
=NH 1 4 9.50 9.08
=N— 2 5 6.06 5.90
CH, 0 0 17.12 17.03
NH, 0 2 13.80 13.85

2 From Ref. 6. ® From Eq. 3. ¢ Average values.

molecular volume. Empirically based correction factors were introduced
to account for branching, cyclization, and other structural effects. The
formalism of molecular connectivity achieves a similar result without
tabulated correction factors. The & values are used to describe bonds that
are summed to give a molecular index. The molecular index (1x?) can
correlate closely with experimental or computed volumes derived from
various methods or procedures. For example, amino acid side-chain molar
volumes in Table III correlate with a single-valence connectivity index,
Ix® (7):

V(A)3 = 29.46 1x" + 36.30

r=0989 s=393 n=18 F=69%

(Eq. 5)

Electronic Information from 8§ and 6 Y—The §* and 6 values are

Table III—Amino Acid Side-Chain Volume and !x"

R—CH
l
Amino Acid, R Iyv V(A)3a V(A)3 calc.
Glycine 0 36.3 36.3
Alanine 0.577 52.6 53.3
Valine 1.488 85.1 80.1
Leucine 1.971 102.0 94.4
Isoleucine 2.026 102.0 96.0
Phenylalanine 2.672 113.9 115.0
Proline 1.408 73.6 77.8
Tryptophan 3.417 135.4 137.0
Tyrosine 2.807 116.2 119.0
Histidine 2.079 91.1 97.6
Threonine 1.169 71.2 70.7
Serine 0.724 54.9 57.6
Asparagine 1.255 72.4 73.3
Glutamine 1.755 92.7 88.0
Aspartic acid 1.190 68.4 714
Glutamic acid 1.690 84.7 86.1
Lysine 2.224 105.1 101.8
Arginine 2.550 109.1 1114
¢ From Ref. 7.
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Figure 4—Mulliken electronegativities and 6%, 6.

counts of electrons in sigma, pi, or lone-pair orbitals. The number and
distribution of electrons certainly influence the electronic characteristics
associated with atoms in the valence state. An obvious electronic property
of a bonded atom in a molecule is electronegativity. Pauling (8) proposed
this concept and defined it as a measure of the power of a chemically
bonded atom to attract electrons to itself. Several measures of this
characteristic were suggested, the most satisfactory being that of Mulliken
(9). He computed electronegativity (Xu) as the average value of the
ionization potential and the electron affinity. Expressed in electron volts,
this value was computed for atoms in their bonding valence states (10).
The electronegativity scale of Pauling (8) is more familiar to chemists
but does not distinguish among hybrid states of the same atom, although
they certainly have different electronegativities (10).

Figure 4 shows the Mulliken electronegativity values on the §, 6¥ matrix
for some second-row atoms. Inspection reveals some obvious trends. For
constant 6” = 4, 6 = 2, 3, and 4 describes sp, sp2, and sp? carbon atoms.
Electronegativity diminishes in the same order. This electronic effect
manifests itself in the decreasing acidity of the bonds:

=C.H>=CH> _<‘|:_H

As 6Y decreases for constant 6, electronegativity decreases. The trends
suggest that electronegativity is some function of 6° — 4. For the nine
second-row atom valence states in Fig. 4, the following relationship ob-
tains:

Xar = 2.05(6° — ) + 6.99
r=0989 s=060 n=9 F=2305

(Eq. 6)

This correlation is excellent, with the standard deviation being less
than the estimate of Hinze and Jaffe (10) due to uncertainties in the
electron affinities. The intercept is close to the electronegativity of hy-
drogen (7.17 ev), which would have a 6” — 8 value of zero.
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The interpretation of Eq. 6 is clear. It states that the electronegativity
of an atom in its valence state is closely related to the number of electrons
in pi and lone-pair orbitals. This is apparent from the relationships:

*=c+p+n-nh (Eg. 7a)
d=c—-h (Eq. 7b)
—6=p+n (Eq. 7¢)

where o is the number of sigma bonding electrons other than to hydrogen.
The observation that the electronegativity of a bound atom is due to the
presence of pi and lone-pair orbitals leads to the conclusion that these
electrons are inferior to sigma electrons on an atom in screening the core
charge. This follows from the usual model that electronegativity manifests
itself through sigma bonds; thus, electrons outside of these orbitals leave
the core charge (+2Z°) less screened than when all valence electrons are
sigma bonding (Csp?).

The relationship can be made more general to include atoms of other
rows by realizing that the nuclear attraction for valence electrons (hence,
the electronegativity) must be related to their distance from the nucleus
and the screening effect of intervening electrons. This distance effect may
be approximated by the square of the principal quantum number, N (11).
The general expression relating the Mulliken electronegativities to the
6 values for 19 atom valence states of the first, second, and third rows,
which are prominent in forming covalent bonds, takes the form of:

6 — 6

Nz + 7.07

Xm =799 (Eq. 8)

r=0988 s=048 n=19 F =660

The 8¢ value in Eq. 8 for third-row atoms is defined as 6° = ZV — h. The
usual expression 8* = (Z¥ — h)/(Z ~ ZV) is not used since the use of N2
corrects for the distance of the valence electrons from the nucleus and
is more useful in relating the electronegativity directly to the count of
exterjacent electrons, 8 — 8. The two expressions are numerically very
close.

The experimental and calculated results are shown in Table IV. The
fifth column in Table IV, (8% — §)/N?2, is the molecular connectivity va-
lence state electronegativity. This value can be compared to the Pauling
estimate of electronegativity by adding 2.5 to the value, although the
Pauling value is for an atom irrespective of the valence state.

To conclude this section, it is stated that the number derived from 6}
— &, for atom i describes a property of a valence state atom closely ap-
proximated by the electronegativity. Also, the number derived from 6¢
+ §; for atom i describes a property of a valence state atom closely ap-
proximated by the van der Waals volume contribution to the molecule.
Mathematically, 8% — 6; and 6¢ + §; are orthogonal; that is, they are in-
dependent of each other. This orthogonality corresponds to the obser-
vation that the Bondi volume and the Mulliken electronegativities from
Figs. 8 and 4 autocorrelate only to the extent of r2 = 0.21. Orthogonal
descriptors 8V — & and 8? + 6, simply derived from an inspection of atomic
valence state structure and relating to electronegativity and van der
Waals volume, should be of great practical use.

Bond Formation-—The §? and 6 values for atoms in their valence
states encode information about the electronegativity of atoms. The
electronegativity of atoms in bonds influences several properties including
ionicity, bond dipole, partial atomic charge, and bond strength, all re-
sulting from electronegativity equalization (12). The calculation of mo-
lecular connectivity indexes as a sum of bond indexes thus incorporates
some information about electronic structure, encoded in the 8 values.

The ¥ and & values contain information about electron domains or
orbitals associated with atoms. Thus, a volume characteristic is encoded
in the 6 values. As a result, molecular connectivity indexes contain volume
information. With the structural and physical significance of §¢ and &
revealed, it is possible to derive the bond index encoding information
about structure and properties. A series of concise statements develops
this index.

1. The 6* value is the number of nonhydrogenic valence electrons on
an atom. The 6 value is the number of 6 electrons participating in
nonhydrogenic o bonds from an atom.

2. The properties of electronegativity and volume encoded in 8% for
an atom (A) are considered to be contributed equally from all valence
electrons or their orbitals. Thus, one electron from atom A forming one
a bond will possess the fraction 1/8% of the properties encoded in 8%.

3. Atom A brings to the bond A-B the fraction 1/8% of the properties
encoded by 6%. Atom B brings to the same bond the fraction 1/8% of the
properties encoded by 6%.



Table IV—Delta Values of Valence State Atoms and Mulliken Electronegativities

8v— 48
Atom Hybrid State 8v ) N2 XuMe, ev X calc.b
H [ 1 1 0 7.17 7.056
B trrtr 3 3 0 6.34 7.05
C didirw 4 2 0.50 10.39 11.04
trtrtro 4 3 0.25 8.79 9.05
tetetete 4 4 0 7.98 7.05
N ditdirw 5 1 1.00 15.68 15.04
trltrirm 5 2 0.75 12.87 13.04
teltetete 5 3 0.50 11.54 11.04
(0] trltritror 6 1 1.25 17.07 17.04
telteZtete 6 2 1.00 15.25 15.04
Si didir® 4 2 0.22 9.06 8.82
trtrtro 4 3 0.11 7.90 7.93
tetetete 4 4 0 7.30 7.05
P di2dirm 5 1 0.44 11.25 10.60
trétrirm 5 2 0.33 9.67 9.71
tetetete 5 3 0.22 8.90 8.82
S trtrltrr 6 1 0.55 10.88 11.49
te?teltete 6 2 0.44 10.14 10.60
Cl te2te’tete 7 1 0.66 11.84 12.37

@ From Ref. 9. ® From Eq. 8.

4. If the property under consideration is the electronegativity, then
orbitals from A and B contributing the fractions 1/8% and 1/8%, respec-
tively, will become adjusted toward an equal intermediate electronega-
tivity, which may be ascribed to the bond. This principle of electroneg-
ativity equalization was set forth by Sanderson (12, 13), who proposed
that the geometric mean of the atom electronegativities leads to the best
description of the bond electronegativity.

5. From Sanderson (12, 13), [(1/6%)(1/8%)]'/2 is the algorithm appro-
priate for two bonded atoms. This algorithm is identical to the molecular
connectivity description of a bond (1) as shown in Eq. 1.

6. The volume contributed by atom A to a bond A-B is the fraction
1/6% of the total. The fraction 1/8% is the volume contributed from atom
B. The bond has a “volume” due to orbital overlap that can be approxi-
mated by 2 [(1/64)(1/8%)]/2. With a constant of 2, [(1/86%)(1/6%)]V/2 re-
flects the relative volume of the bond A-B. This is the same expression
describing the electronegativity of the A-B bond from statement 5.

7. The orthogonal expressions 6% — 84 and 8% + 84 reflect the elec-
tronegativity and volume of atom A, respectively. What is the role of 54
in the calculation of *x?? Each &% appears 64 times in the summation
of [(1/6%)(1/6%)]"/2 to give x*. Thus, !x" can be expected to correlate
with some properties related to molecular volume and electronic char-
acter.

Hydrogen Suppression—It has been stated that hydrogen atoms are
“suppressed” in the count of valence electrons and bonding neighbors
to an atom (1). Thus:

6v=2Zv~h
b=0—h

(Eq. 9a)
(Eq. 9b)

where Z? is the number of valence electrons, h is the number of hydro-
gens, and o is the number of bonding sigma electrons. The hydrogen in-
fluence in reality is subsummed into modified 7 and & values reflecting
the number of hydrogen atoms on the atom in question. The §* value in
combination with the & value thus is a description of an atom possessing
volume and electronegativity characteristics associated with the hydride

group, which is treated as a single atom. The 8 and ¢ values accurately
reflect the volume of the hydrides as seen in Table II. The 4* and J values
for hydride groups also correctly order the group electronegativities of
OH, NH;, SH, and CHj, based on various estimates of these values. Thus,
from Eq. 8, the predicted group electronegativities are X(OH) = 15.07,
Xy (NHg) = 11.07, X (SH) = 10.63, and Xm(CHg) = 9.07, all on the
Mulliken scale.

The uniform exclusion of hydrogen makes the electronegativity and
the volume of this atom a reference point. Note that in Eq. 8 relating to
Mulliken electronegativity, the y intercept (when ¥ — 8 = 0) is the
electronegativity of hydrogen. Similarly in Eq. 4 relating to the Bondi
fragment volume, the y intercept (when 6 = 8 = 0) for methane is the
value of the sp3 carbon fragment plus all four hydrogen atoms.

Index for a Molecule—The index for the molecule, x?, is written
as a summation of the bond terms:

lyv = Z(576%)~1/2 (Eq. 10)
This is the valence molecular connectivity index of first order since it is
summed over all bonds that are single-path fragments of the molecule.

Valence molecular connectivity is built on the sigma electron or in-
terjacent electron framework of the molecule. The presence of an atom,
i, with nonsigma valence electrons, pi, or lone-pair electrons, which can
be called exterjacent electrons, results in the fraction 1/6} being smaller
than 1/5;. The value of 1x? for the molecule containing atom i with ex-
terjacent electrons reflects the total number of bonds and their adjacency,
but it also reflects the diminished value, 1/6%, due to the presence of ex-
terjacent electrons on atom i.

With the data in Table V, a series of comparisons reveals the encoded
structural information in 1x* values. Molecule 1, butane, is the reference
structure where all 6% = §;; hence, 1x ¥ = 1x = 1.914. There are no extra-
jacent electrons so Iy — 1x* = 0.

Molecules 2 and 3 in Table V are four-atom amines (excluding hy-
drogens), each with two exterjacent electrons on the nitrogen. Since the
positions of the nitrogen atoms in the chains are different in each case,
the fractional contributions of valence electrons forming nonhydrogenic

Table V—Information Encoded in x ¥ and 8 ¥ Values for Four-Atom Chains with § Values of A!-B2-C2-D!

Exterjacent
Number Molecule A B c D Lyv Electrons Iy = Iyv
1 CH3CH,CH,CH3 1 2 2 1 1.914 0 0
2 CH3;CH;CH;NH, 1 2 2 3 1.615 2 0.299
3 CH3;CH,NHCHj; 1 2 4 1 1.561 2 0.353
4 CH3CH,CH,OH 1 2 2 5 1.523 4 0.391
5 CH3CH;—O0—CHj3 1 2 6 1 1.404 4 0.510
6 CH3CH,CH=CH, 1 2 3 2 1.524 2 0.390
ki CH3;CH=CHCH; 1 3 3 1 1.488 2 0.426
8 CH3;CH,;CH=0 1 2 3 6 1.351 6 0.563
9 CH3CH,C=CH 1 2 4 3 1.349 4 0.565
10 CH3C=CCHj3; 1 4 4 1 1.250 4 0.664
11 HO—CH;CH;—OH 5 2 2 5 1.132 8 0.782
12 CH3;CH=N—OH 1 3 5 5 1.036 8 0.878
13 0=CH—CH=0 6 3 3 6 0.805 12 1.109
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;l‘able VI—Mixotropic Series Solvents Ranked by Polarity and
x v

Dielectric
Solvent Iyv Constant
Hexane 2.914 1.89
Carbon tetrachloride 2.390 2.24
p-Dioxane 2.155 2.21
Benzene 2.000 2.30
Ethyl ether 1.992 4.34
Ethyl acetate 1.904 6.02
Methyl ethyl ketone 1.765 18.50
Propanol 1.523 20.10
Acetone 1.204 20.70
Ethanol 1.023 24.3
Methanol 0.447 32.80
Water 0 78.0

bonds are different. The nitrogen in Molecule 2 contributes one-third
[(1/8%) = Y5] of its nonhydrogenic valence electrons to form one sigma
bond to carbon. The nitrogen in Molecule 3, contributes one-fourth
[(1/8%) = Y] of its nonhydrogenic valence electrons to each of two sigma
bonds with adjacent carbons. The indexes for bonds B-C and C-D thus
are different for these cases. As a consequence, the x? indexes are dif-
ferent for Molecules 2 and 3, and each, in turn, is different and less than
the value for Molecule 1.

Viewed in terms of valence electron structure information, it is obvious
that in Molecule 2 the nitrogen bonds only once to a carbon and, there-
fore, participates only once as an amine group in an electronegativity
equalization event (12). In Molecule 3, the nitrogen is located midchain
and, therefore, participates in two bonds to carbons, with two opportu-
nities to participate in electronegativity equalization. Clearly, electron-
ically governed properties differ and are potentially correlated with the
1x¥ values. The formation of two sigma bonds by nitrogen in Molecule
3 leads to two electronegativity equalization events, resulting in a greater
buildup of charge on the nitrogen in Molecule 8. Thus, Molecule 3 is more
basic than Molecule 2. Within closely related amines, the 1x — 1x? dif-
ference appears to parallel this effect. It follows that 1x — lx? for tri-
methylamine is 0.390, suggesting that it is more basic than Molecule 3.
This is true in the gas phase.

The two amines, Molecules 2 and 3, have the same number and kind
of atoms. They differ from the reference structure, butane, by having two
exterjacent electrons on one atom. The calculated 1x? value reflects both
the presence of the exterjacent electrons and the adjacency relationship
of that atom (nitrogen) to other atoms in the molecule. The diminished
value of 1x? for Molecule 3, relative to butane and to its positional iso-
meric amine, parallels structural differences that can be interpreted in
electronic terms such as relative charge and basicity.

As a companion to the electronic interpretation of the information
encoded by the different 1x * values, the volumes are expected to be dif-
ferent. Thus, properties governed by volume are expected to, and have
been shown to, parallel the calculated 1x? values for a series of amines
(1).

In Molecules 4 and 5 (Table V), oxygen is the atom contributing ex-
trajacent electrons to the molecules. The same pattern of results is found
as for the amines. The terminal oxygen in Molecule 4 with six valence
electrons has a bonded hydrogen; hence, 6 = Z¥ —h = 6 — 1 = 5. Thus,

Table VII—Relative Benzene-Likeness of Hydrocarbons and
Heterocycles

Molecule Iyv 1x¢/Bonds Be
Benzene 2.000 0.333 1.00
Naphthalene 3.405 0.310 0.93
Phenanthrene 4815 0.301 0.90
Anthracene 4.808 0.300 0.90
Pyrrole 1.577 0.315 0.95
Pyridine 1.850 0.308 0.93
Furan 1.471 0.294 0.88
Pyrazine 1.716 0.286 0.88
Imidazole 1.427 0.285 0.86
Pyrimidine 1.699 0.283 0.85
Isoxazole 1.343 0.269 0.81
Oxazole 1.321 0.264 0.79
Sydnone 1.338 0.223 0.67

“B]enzene-likeness from ['x“/bonds (for molecule)}/['x¥/bonds (for ben-
zene)).
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(1/6°) = Y5 describes the sigma electron fraction forming a hydroxyl
oxygen bond to a carbon. Only one sigma bond involves the hydroxyl
oxygen group. In Molecule 5, the 6V for oxygen is 6; hence, (1/6v) = 1
describes each of two sigma electrons bonding to two adjacent carbons.
Electronegativity equalization and atom volume overlapping are possible
through two bonds in Molecule 5 but only one in Molecule 4. The greater
1y — 1x? calculated for Molecule 5 reflects the consequences of this
greater degree of adjacency. Note also that the 1x ¥ for Molecule 4 is less
than that of Molecule 2 (and 5 is less than that of 3), reflecting more ex-
trajacent electrons on the oxygen-containing molecules. A physical
manifestation mirroring this result is the lower ionization potentials of
ethers relative to alcohols of the same size. A lone-pair electron is the one
lost in this process.

Molecules 6 and 7 in Table V describe a different situation. In these
isomeric alkenes, there are two exterjacent electrons but they are not
paired on the same atom, as with the amines; they are located on adjacent
atoms. Thus, the 6¥ values for Molecule 6 are different from the reference
butane structure in the case of two atoms. This situation is typical of an
unsaturated bond. As a consequence, of the three bond indexes calculated
for each alkene molecule, two differ from the reference molecule for
Molecule 6 and all three differ for Molecule 7. Thus, the 1x ¥ for Molecule
7 is lower than that for Molecule 6. The lower 1x? value for Molecule 7
relative to Molecule 6 presages a greater availability of the pi electrons.
Thus, Molecule 7 reacts faster with electrophiles and has a lower heat of
hydrogenation and a lower ionization potential.

By extending this list of four-atom molecules in Table V, it can be seen
that with an increasing number of exterjacent electrons, x ¥ decreases.
The series might be called an increasing “exterjacency series.” There is
a parallel with physical experience relating to stability, polarity as a
solvent, and chemical reactivity. Table VI ranks common solvents by
polarity, expressed as the dielectric constant correlating with 1x®. The
relative exterjacency, encoded in the 1x* value, manifests itself as a
structural description in another way. For benzene, for example, the
simple & values for the ring atoms are uniformly 2. The 1y value is 3.000.
In contrast, the 6V values are uniformly 3, leading to a !x* value of 2.000.
The specific exterjacency (per bond) (*x — x¥)/6 is 0.333. It is now
possible to rank cyclic heterocycles relative to benzene to compare their
likeness to it (Table VII).

The molecular volume information encoded in !x" is easy to envision.
A glance down the molecules in Table V reveals that !x ¥ decreases with
decreasing bond lengths. Thus, the ranking closely parallels the molecular
volume.

SUMMARY

The valence molecular connectivity index (1x") is derived from a
cardinal number (§¥) enumerating the valence electrons on an atom not
bonding to hydrogen. The ¥ number is used 8 times in calculating 1x?,
where 6 is the number of sigma electrons on an atom not bonding to hy-
drogen. These two cardinal numbers specify the hybrid states or valence
states of any atom within a quantum level.

In this study, it was shown that the atomic fragment volume approxi-
mations used in assessing molecular volume are highly correlated with
the value of 6 + § for an atom in its valence state. It also was shown that
the valence state electronegativity estimates of Mulliken correlate well
with the value of ¥ — § for an atom in its valence state. These two rela-
tionships are general for atoms in at least the first three quantum
levels.

The 6* value, when formulated into the 1y ? value for a molecule, carries
with it information relating to both volume and electronic character. A
simple analogy is the observation that the number 12 carries information
about the space occupied by a dozen freshly laid eggs and the number of
embryonic heartbeats. Thus, an sp? nitrogen atom has a ¢ = 5, The
cardinal number, 5, counts orbitals contributing to a spatial property,
volume. The number 5 concurrently counts the number of valence elec-
trons, which govern electronic characteristics. This duality in the infor-
mation encoded in the cardinal number (6?) leads to a duality of struc-
tural information encoded in the derived 1x? value.

The volume information encoded in 1x ? values has been demonstrated
on numerous occasions in the form of close correlations with volume-
related physical properties (39). Other studies showed that properties
largely governed by electronic composition also correlate with 1x? in-
dexes. Inspection of the many studies using valence connectivity indexes
(Table I) show both aspects of structure relating to these indexes.

In this study, for the first time, a derivation of 1x? from 6% has been
shown. It is based on the assignment of fractional parts of properties
ascribed to the valence electrons of a bonding atom. The fractions 1/8¢



for bonding atoms contribute to the bond so that the geometric mean of
the fraction products characterizes the new physical environment. Thus,
a bond index is born. The bond indexes [(1/6%)(1/6%)]/2 are summed to
form the molecular connectivity index, 1x*.
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Abstract O Contaminants in a commercial enema sample of theophylline
olamine were found to be derived from parabens and ethanolamine.
These contaminants, whose presence was characterized by the loss of
preservatives and solubilizing agent, were isolated directly from the drug
sample and identified. A high-performance liquid chromatographic
(HPLC) system was developed to separate completely and to measure
quantitatively theophylline, the two impurities, 4-hydroxybenzoic acid
and N-(2-hydroxyethyl)-4-hydroxybenzamide, and the remaining par-
abens. The material balance obtained from the results of quantitative
HPLC indicated the formation of these impurities at the expense of
parabens. TLC, IR, and UV spectrophotometry and NMR and mass
spectrometric analyses were used for identification or for comparisons
of the new compound and the known N-(2-hydroxyethyl)benzamide.

Keyphrases O Theophylline olamine—contaminants, identification
and quantitation, high-performance liquid chromatographic analysis O
Contaminants—identification and quantitation, theophylline olamine
enema solutions, high-performance liquid chromatographic analysis 01
Paraben preservatives—contamination in theophylline olamine enema
solutions, high-performance liquid chromatographic analysis, identifi-
cation and quantitation O High-performance liquid chromatogra-
phy—contamination from paraben preservatives in theophylline olamine
enema solutions

During a survey of xanthine derivative drugs conducted
by the National Center for Drug Analysis, assay of some
enema solutions containing theophylline olamine was at-
tempted with a high-performance liquid chromatographic
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(HPLC) method that had been used successfully for
theophyliine elixirs. The analysis showed that, in addition
to theophylline and parabens, the sample contained two
impurities. This paper discusses the identification and
quantitation of these two substances.

BACKGROUND

The approach followed in this laboratory study was dictated primarily
by the small amounts of sample initially available. It involved, first, the
original detection of the impurities 4-hydroxybenzoic acid (I) and N-
(2-hydroxyethyl)-4-hydroxybenzamide (II) by HPLC and TLC, with
characterization of their aromatic nature by UV spectrophotometry; and,
second, identification by isolation of the impurities from the drug sample
and direct comparison with standards by mixed melting-point deter-
minations and IR and NMR analyses. Identities were confirmed by
HPLC and TLC comparisons of the original drug solution with com-
mercial and synthesized standards and by a wide collection of spectral
data. Finally, the theophylline peak was displaced from the narrow region
between the impurity peaks by adjusting the mobile phase to enable
quantitative HPLC analysis.

The gquestion of isomerism in the conventional syntheses used to pre-
pare the amides arose because two materials whose elemental analyses
were consistent for N-(2-hydroxyethyl)benzamide (III) showed different
properties. The problem was resolved by purification that showed the
materials to be identical; moreover, the mass fragmentations were con-
sistent with the structures given for IT and its structural analog, III.

~ This work demonstrates that parabens can interact chemically with
amines used as complexing agents in the compounding of theophylline
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