1328

Chemistry Letters Vol.33, No.10 (2004)

Frontier Electron Density Pattern of Dioxin Congeners

Yoshihiro Mizukami*
Faculty of Liberal Arts and Education, Shiga University, 2-5-1, Hiratsu, Otsu, Shiga 520-0862

(Received June 29, 2004; CL-040759)

Electron densities of highest occupied molecular orbitals
(HOMO) of 75 congeners of chlorinated dibenzo-p-dioxins
and a nonchlorinated dibenzo-p-dioxin were calculated. HOMO
electron densities are localized mainly in out of plane 7 orbitals
of the 12 carbons and 2 oxygens. These HOMO densities were
used as variables in a multivariate statistical analysis. By princi-
pal component analysis, the 76 dioxins were classified according
to their character. The most toxic dioxins have large negative
values of the third principal component scores.

Dioxins are well known for their toxicity. In addition to be-
ing carcinogens and teratogens,' they damage the immune sys-
tem and act as endocrine disrupters.>? Typical acute toxic effects
are chloracne, liver damage, and kidney dysfunction.! The
World Health Organization (WHO) reported* the seven most
toxic dioxin congeners, whose toxic equivalency factors’ (TEFs)
are listed in Table 1. Note that a systematic number, which cor-
relates with the substitution pattern of congeners, suggested by
Ballschmiter et al.® is used to identify 76 dioxin congeners.

Table 1. Toxic equivalency factors (TEFs) of dioxin congeners

No. Structure TEF*
48 2,3,7,8-T4,CDD 1

54 1,2,3,7,8-PsCDD 1

66 1,2,3,4,7,8-H¢CDD 0.1

67 1,2,3,6,7,8-H¢CDD 0.1

70 1,2,3,7,8,9-H¢CDD 0.1

73 1,2,3,4,6,7,8-H;,CDD 0.01
75 1,2,3,4,6,7,8,9-OsCDD 0.0001
2From Ref. 4.

In this study, we theoretically investigated the relationship
between the toxicities and structures of the 75 congeners of poly-
chlorinated dibenzo-p-dioxins (PCDDs) and the unsubstituted
dibenzo-p-dioxin. We focused on the electron densities of fron-
tier orbitals, especially HOMO, as frontier electrons are often re-
sponsible for the reactivity and properties of molecules.’

Figure 1 shows the skeleton of dibenzo-p-dioxin with the 12

Figure 1. Structure and labeling of dibenzo-p-dioxin. m,n =
1-4 for polychlorinated dibenzo-p-dioxins. m,n = 0 for unsub-
stituted dibenzo-p-dioxin.

Figure 2. HOMO of 2,3,7,8-tetrachlorinated dibenzo-p-dioxin
(2,3,7,8-T4,CDD) (#48).

carbons and 2 oxygens. In our calculations, we fixed the length
of all of the C—Cl bonds at 1.820 A and that of all of the C-H at
1.071 A. We performed ab initio MO calculations at the HF/
3-21G level of theory using Gaussian 98, partly modified, to es-
timate the HOMO electron densities. HOMO of 2,3,7,8-T4CDD
is shown in Figure 2. Note that the 7-electron densities on the
chlorine atoms are very small and that 93.8% of the HOMO den-
sities are localized on the 12 carbons and 2 oxygens. The largest
density, which is 0.235, is on the oxygen atoms. Since the 12 car-
bons and 2 oxygens are common to all 76 congeners, we used the
HOMO densities on these atoms as variables in principal compo-
nent analysis (PCA).® We used PCA to classify the 76 congeners
according to their characterstics with respect to four principal
components (Prin 1, 2, 3, 4) whose eigenvalues were greater than
1.0, and whose sum contribution is more than 98% of all of the
principal components. We calculated the scores of the four prin-
cipal components. Figure 3 is a plot of the scores of the first prin-
cipal component (Prin 1) vs those of the third principal compo-
nent (Prin 3), for all 76 congeners. Note that the seven most toxic
dioxins have large negative values on the Prin 3 axis. Prin 3 has
large coefficients (0.53, 0.50) with variables related to HOMO
densities on the oxygen atoms, which correlates to the scores
of Prin 3 (r =0.913). The seven most toxic congeners have
small electron densities on their oxygen atoms, all of which
are included in the top 10 smallest density values as listed in
Table 2.

From studies on dioxin’s ability to induce microsomal aryl
hydrocarbon hydroxylase (AHH) activity, it is known that toxic
PCDDs have two common properties: (1) a planer structure; and
(2) halogen atoms in at least three of the four lateral positions
(positions 2, 3, 7, 8), i.e., positions furthest from the oxygens.
Maximal toxicity appears when there are four halogen atoms,
each in a lateral position.!® Recent experiments have indicated
that the Ah receptor mediates the biological effects of dioxins.!!
In light of this, we think that, since the most toxic PCDDs have
relatively smaller electron density of the HOMOs over the oxy-
gen atoms, the oxygens play an important role in the interactions
with Ah receptor, and more importantly, in their toxicity. Murray
et al.'? speculate that, from their molecular electrostatic potential
study of dioxins, that the weakening of the negative region above
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Figure 3. Principal component analysis of HOMO densities of
76 dioxins. Scores of the first principal component (Prin 1) vs the
third principal component (Prin 3). The numbers refer to the di-
oxins as listed in Ref. 6. The seven most toxic dioxins are listed
in Table 1.

Table 2. Top 10 of the dioxin congeners which have the small-
est values of HOMO densities on oxygen atoms

No. HOMO Densities on Oxygens
66 0.22643
75 0.22869
73 0.22887
70 0.23168
67 0.23171
54 0.23186
50 0.23195
60 0.23348
48 0.23486
63 0.23515

the oxygens may be a contributing factor to increasing activity.
We are planning to perform a further study to evaluate the role of
oxygens in dioxin’s activity. A study, using a similar approach,
on the toxicity of chlorinated dibenzofuran is reported else-

where.!?

In conclusion, 76 congeners of dioxins were classified by
principal component analysis using HOMO densities as varia-
bles. The seven most toxic PCDDs all had a large negative score
for the third principal component, which is related to the HOMO
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density on the oxygens. The most toxic dioxins have small elec-
tron densities over their oxygen atoms.

Calculations were partly performed on a workstation
(Silicon Graphics O2) at the Center for Information Processing
of Shiga University.
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