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D2. Novel Descriptors for Reactivity

1. Summary

The prediction of the toxicity of reactive chemicals (those that bind covalently to
biological macromolecules) requires the use of chemical descriptors that
encapsulate how covalently reactive a given chemical is. Quantum chemical
descriptors are related to the electronic structure of reactive chemicals and to the
chemical mechanisms that are involved in covalent bond formation between
biological nucleophiles and electrophilic chemicals. A number of computational
methods are available for the calculation of theoretical descriptors; readers are
directed to some excellent reviews for more information.* A list of commonly used
guantum chemical descriptors used in QSAR applications is given in the literature
(see Table 1), and current conceptual DFT descriptors have been linked

successfully with chemical reactivity.”
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Table 1. Selection of Molecular Descriptors Used to Model Chemical Reactivity

Descriptor

Explanation

Ref.

Global quantum chemical descriptors

Enomo

ELumo

IP (= — EHomo”)

EA (= — ELumo?)

5=
2n
o
2 2
wel = lu_ = Z_
2n 2
Charge distribution
Qa(r)
PSA
yz
o(r) = p(r) /N

Energy of the highest occupied molecular

orbital

Energy of the lowest unoccupied molecular

orbital

lonisation potential for removing a electron
from a molecular system X (X - X" + &)
Electron affinity attaching an additional electron
to a molecular system X (X + e~ — X")
Chemical potential, defined as the change in

electronic energy E¢ upon change in total

number of electrons N

Absolute electronegativity

Molecular hardness, defined as the change in

chemical potential ¢ upon change in total

number of electrons N

Molecular softness

Molecular polarisability; note that molecules
arrange themselves toward a state of minimum

polarisability and maximum hardness

Electrophilicity index

Net atomic charges (at atom r)

Polar surface area, describing the spacial

surface density distribution

Molecular dipole moment

Electronic density (p) per particle shape

function, normalised to 1, expresses the

=

o
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Site specific molecular descriptors

5"(”]+ ~ Pun(n) = pu (1)

fr(r)= (—
oN
v(r)

a)el (r) = a)el x f +(r)
Af(r)y=1"(r)—f(r)
AF(r) = pLowo () = Promo ()°

FN(r) (: Zc;j

u(r)

max

DN(r) (:2 >y Cus J

k=LUMO u(r) & — &

SN(r) (:2 mz > (_C’jﬁfk)]

k=LUMO (r)

1 N c

ALP(r) (:4 2 2 Z%]

i=HOMO k=LUMO (r)

distribution of the total number of electrons N in

a system among different parts r of a system

Local ionisation energy

po(r) = Total electronic density at point r; p(r) = Electronic

density of occupied molecular orbital (MO) i with MO
energy &

Electrophilic Fukui function, defined as the
change in electron density p at atom r upon
addition of electrons to the system (N =
electron number)

Local electrophilicity index

Reactivity-selectivity descriptor or dual

descriptor, while f*(r) measures reactivity

towards nucleophilic and f ~(r) towards
electrophilic attacks; therefore, electrophilic

sites are identified by Af (r) >0. p.umo and

pHomo are the electron densities of the LUMO
and HOMO orbitals, respectively

Frontier orbital electron density (towards a
nucleophile)

¢ = Molecular orbital (MO) coefficients; p = Atomic
orbitals (AO) of atom r; k = LUMO

Acceptor delocalisability (towards a
nucleophile)

¢ = MO coefficients; = AOs of atom r; k = unoccupied

MO with MO energy &; a = relevant orbital energy of

attacking nucleophile (= Epomo 0f nucleophile®)

Superdelocalisability (towards a nucleophile)

Atomic self-polarisability

10

11

12

12

12

# According to Koopman'’s theorem.
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A common way to describe the reactivity of an electrophilic compound in toxicity is
the molecular electrophilicity index . However, because chemical reactivity is
induced by site-specific features (e.g. functional groups) within a molecule, an
adequate site specific reactivity descriptor is desired for the prediction of reactivity,
with regard to local electronic properties. In this deliverable, we describe a new site
specific reactivity descriptor aeq, which is the local counterpart of the molecular
electrophilicity index. The great advantage of site-specific descriptors over molecular
descriptors is that they allow for a reliable reactivity prediction, even if the molecule

contains more than one potential reaction site.

2. Development of a Local Electrophilicity Index

A common way to describe the reactivity of an electrophilic compound in toxicity is

the molecular electrophilicity index @.” It can be calculated by the following equation:

2 2

2
a):?{_: Eriomo +2EnomoELumo + ELumo (1)

2n 4(ELUMO_ EHOMO)

In this equation y is the molecular electrophilicity, r the molecular hardness, both
of which can be replaced in terms of the energies of the highest occupied molecular
orbital, Enomo, and the lowest unoccupied molecular orbital, E .ywo, by applying
Koopmans’ theorem.'® This descriptor has been widely used: Domingo et al
calculated the electrophilicity index for a series of activated ethylenes.*®** Enoch et
al describped a method to rank the reactivity of Michael acceptors by the

electrophilicity index, using this ranking for a read-across approach to predict skin
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sensitisation and respiratory sensitisation capabilities of compounds.** *° In a related
study, the electrophilic index was used to model the cytotoxicity of a series of sugars
acting via Michael addition.*”

As here a site specific reactivity descriptor is desired for the prediction of reactivity,
a local counterpart of the electrophilicity index is applied. In principle, this can be
provided by multiplying the molecular electrophilicity index o with an atom centred
Fukui index f*, as described by Chattaraj et al (2001).'° This is a method to obtain
the most reactive site within a molecule or to describe trends in a qualitative manner.
Because of the difficulties which arise from the application of several net atomic
charge models needed for the calculation of the Fukui index f*, we have followed a
different route. Note that atomic charges are not quantum chemical obversables.

We have defined the local electrophilicity index aeq(r) at an atomic reaction site r

in the following way:

Eroc (r) ? + 2Eroc (r) EQvac (r) + EQvac (r)2
4(EQvac (r) - Eroc (r))

(2)

Weq ()=

In this equation, EQq(r) is the effective (charge limited) electron donor energy,
and EQ.ac(r) the analogous electron acceptor energy. These, and related,
descriptors were originally invented by Klamt (1993).)° They were recently
reintroduced by Schiurmann and co-workers, in order to predict the rate constants
of indirect photolysis by *OH radicals,?® ?* and the affinity to form hydrogen bonds.?*
24 Exact definitions for the electron donor and acceptor energies are given below.
Furthermore, we define a maximum electrophilicity index amax which accounts for the

observation that after a certain point higher (calculated) electrophilicity indices do not
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reflect higher (experimental) rate constants, because reaction rates become diffusion

controlled, as previously observed by Aizman et al.?®

3. Local Electron Donor and Acceptor Energies

Both the donor energy EQq.c and the acceptor energy EQ.ac USe a linear weight
function w. This depends on whether the charge amount Q, induced by peptide or
DNA adduct formation, is reached in the atomic orbitals considered or not. In
general, Greek indices y,p,... denote the atomic orbitals, while Latin letters ik,... run

over the molecular orbitals (MOs) of an atomic centre r:

EQOCC(Q,n— > E Q)i EQu@n=¢ LSEw@n  ©

with:

p,(r) if © Q. > P (i,r)+ pi(r)
Wi (QOCC’ r) = QOCC - POCC(i’r) If OCC(I r) Q occ S OCC(I r)+ p (r) (4)
O If - occ ( )

=

pi(r) : Qvac > I:)vac(l r)+ p(r)
Wi (Qvac’ r) = Qvac - I:)vac (i’r) - : I:)vac(l r)< Qvac - vac (I r)+ pi (r) (5)
0 Qvac < Pvac( )

=|':=h

The electron population p; of an occupied molecular orbital i, or the electron space pk

available in an unoccupied molecular orbital k, is quantified by taking twice the sum
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of the square of the coefficients c, (cx) of the LCAO-MO approach (linear

combination of atomic orbitals to molecular orbitals) at an atomic centre r:

p(N=2-c.): pm=2-3c,f )

u(r) p(r)

The partial charge of selected occupied or vacant MOs i, k at an atomic centre r is:

Pl = 39,0 Patki)= 3 py(0) )

4. Application in Reactivity and Toxicity Prediction

The application of the local electrophilicity index weq(r) in reactivity and toxicity

prediction will be discussed in further detail in the following deliverables:

e Deliverable D3: (Q)SARs for the Prediction of Reactive Toxicity.

Quantitative structure-activity relationship models for the prediction of reactivity and
reactive toxicity, based on the calculation of the novel local electrophilicity index ogqg,
will be implemented into an InSilicoTox software tool, as described in the following
deliverable:

e Deliverable D5: Software Tool for the Prediction of Reactive Toxicity.
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