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ABSTRACT: It has long been recognized that skin sensitizers
either are electrophilic or can be activated to electrophilic species.
Several nonanimal assays for skin sensitization are based on this
premise. In the course of a project to update dermal sensitization
thresholds (DST), we found a substantial number of sensitizers,
with no electrophilic or pro-electrophilic alerts, that could be simply
explained in terms of the sensitizer acting as a nucleophile. In some
cases, the nucleophilic center is a sulfur or phosphorus atom, while
in others, it is an aromatic carbon atom. For carbon-centered
nucleophiles, a quantitative mechanistic model based on a
combination of Hammett σ+ and logP values has been derived.
This has been applied to rationalize several groups of known
sensitizers with no electrophilic or pro-electrophilic alerts, including
anacardic acids and cardols, which are known human sensitizers associated with, inter alia, cashew nut oil, mango, and Ginkgo biloba.
The possibility of nucleophilic sensitization needs to be considered when evaluating new chemicals for skin sensitization potential
and potency by nonanimal assays, particularly those based on the premise that skin sensitization is dependent upon reactions of
electrophiles with skin protein-based nucleophiles.

■ INTRODUCTION
Most known skin sensitizers are either electrophilic or able to
be activated to electrophilic species.1,2 The molecular initiating
event in the AOP (adverse outcome pathway) for skin
sensitization is covalent modification of proteins in the skin.2

The precise nature and location of these proteins are not
known. The covalent modification process is generally
regarded as involving an attack of the nucleophilic groups of
proteins (e.g., ionized −SH of a cysteine unit, −NH2 of a lysine
unit) on an electrophilic reaction center of a skin sensitizer, as
illustrated in Figure 1 for the well-known sensitizer
dinitrochlorobenzene (DNCB). However, there are some
cases where the skin sensitizer appears neither electrophilic
nor pro-electrophilic.
A mechanism in which the sensitizer acts as the nucleophile

and the skin protein is the electrophile has been proposed to
rationalize the skin-sensitizing properties of sodium meta-
bisulfite3 and phosphite esters.4 From this point, we will refer
to chemicals proposed to sensitize in this way as nucleophilic
sensitizers, and the skin sensitization that they produce will be
referred to as nucleophilic sensitization.
In the course of a project updating dermal sensitization

thresholds,1 we analyzed an expanded data set with skin
sensitization data, as determined in the murine local lymph
node assay (LLNA). This assay quantifies skin sensitization
potency in terms of the EC3 value, the concentration,
expressed as percentage by weight, of the test chemical applied

to the skin that produces a 3-fold increase in lymphocyte
proliferation compared to controls. For quantitative modeling
purposes, potency is quantified on a molecular basis as pEC3
(p indicating the operator −log10), defined as log10(M/EC3)
where M is the molecular weight. In this expanded data set,
which consists of 556 sensitizers and 596 nonsensitizers, we
found a substantial number of cases where sensitization may be
most simply explained in terms of the sensitizer acting as a
nucleophile, and some indications of structure−activity
patterns for nucleophilic sensitization began to emerge. Here,
we report our findings so far.

■ REACTION CHEMISTRY CONSIDERATIONS
In order for a nucleophile to sensitize, it must be able to react
covalently with an electrophilic group present in skin protein.
The most obvious electrophilic groups in proteins are the S−S
disulfide linkages of cystine units. These can act as soft
electrophiles, as shown in Figure 1. The nucleophile attacks
one of the sulfur atoms, and the S−S bond breaks
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heterolytically, with the thiolate anion of the cysteine unit
acting as a leaving group. The effectiveness of the thiolate
anion as a leaving group depends inversely on the pKa of the
corresponding thiol. The SH groups of the cysteine units in
proteins have pKa values ranging from ∼4 to ∼9 depending on
the nature of the neighboring amino acid units in the
secondary and tertiary structure (Kortemme and Creighton,
1995 and references therein).5

Consequently, some cystine-based disulfide linkages in
proteins are likely to be much more reactive than others
toward nucleophiles. The reaction chemistry shown in Figure 1
is well established for sodium metabisulfite behaving as the
nucleophile, Nu.6 It is, at least in part, the basis of the
preservative properties of sodium metabisulfite. Harvey et al.
observed similar chemistry with trivalent phosphorus esters.7

As was previously described, for a nucleophile to act as a
skin sensitizer, it needs to be able to react with the S−S
linkages of the cystine units in a reaction analogous to that
shown in Figure 1 for the sulfite anion. To do this, it needs to
be a soft nucleophile, or at least borderline, and sufficiently
reactive. Nucleophiles in which the reaction center is divalent
sulfur (ionized), trivalent phosphorus, or carbon seem most
likely to meet these criteria.

■ SULFUR NUCLEOPHILES
Table 1 lists the sulfur compounds we encountered for which
sensitization by a nucleophilic mechanism is plausible. For
some of these compounds, an alternative pro-electrophile
mechanism is also conceivable. Chipinda et al.8 reported
evidence that compound 3, 2-mercaptobenzothiazole, can
sensitize via its electrophilic disulfide oxidation product
(Figure 2), and this seems to be at least equally plausible as

the nucleophilic mechanism. This oxidation−electrophilic
mechanism can be envisaged on paper for all compounds
with an −SH group, as illustrated in Figure 2. For this
mechanism to be plausible for a compound, RSH, it requires
first that RSH be readily oxidizable to RSSR and second that
RS− be a good leaving group, readily displaceable by an ionized
cysteine unit. The first requirement is met by most SH
compounds and for practical purposes can be taken for

granted. To meet the second requirement, leaving group RS−

should not be significantly more basic than the incoming
nucleophile, the ionized cysteine unit. In other words, RSH
should have a pKa that is not much greater than that of a
cysteine unit. This requirement is met by compound 3, which
has a pKa of 6.94.

9 The SH group in 3-amino-1,2,4-triazole-5-
thiol and 2-mercaptobenzimidazole (10 and 12) is in a similar
environment to that of compound 3, and the oxidation−
electrophilic mechanism seems to be plausible for these
compounds also. Compound 2, sodium diethyldithiocarba-
mate, also has an acidic SH group. Thus, the oxidation−
electrophilic mechanism also seems to be plausible for this
compound, which is used as its zinc salt in the manufacturing
of rubber and latex products. Chipinda et al.10 investigated its
haptenation mechanism and suggested that it sensitizes either
through metalloprotein chelation or by an electrophilic
reaction of one of its oxidation products. It may be noted
that 2 as its sodium salt is a stronger sensitizer (EC3 = 1.66,
pEC3 = 2.01) than one of the two major electrophilic
oxidation products Et2N−C(�S)−S−S−C(�S)−NEt2 (EC3
= 5.42, pEC3 = 1.73) and weaker (on a molar basis) than the
other, Et2N−C(�O)−S−S−C(�O)−NEt2 (EC3 = 1.70,
pEC3 = 2.19). The dimeric oxidation products RO−C(�S)−
S−S−C(�S)−OR of xanthate salts, represented here by 8 and
9, are electrophilic, but oxidants more powerful than molecular
oxygen are required to effect the oxidation;11,12 therefore the
oxidation−electrophilic mechanism is less plausible for
compounds 8 and 9 than it is for compounds 2, 3, 10, and
12. Xanthate salts are good nucleophiles,13 so the nucleophilic
mechanism for compounds 8 and 9 provides the simplest
explanation for their sensitization properties.
For compounds 1, 4−7, and 13 the oxidation−electrophilic

mechanism seems to be less plausible since the disulfides
resulting from oxidation would not be expected to be strongly
electrophilic. The nucleophilic mechanism provides the
simplest explanation for the sensitization properties of these
compounds. We did not find any information about the
reaction chemistry of compound 11.
Without quantitative relative reactivity data for these sulfur

nucleophiles, looking for an overall structure−potency relation-
ship would be premature.
The potency of many electrophilic sensitizers is correlated

not only with their reactivity but also with their hydro-
phobicity. Hydrophobicity is quantified by logP, the logarithm
of the octanol/water partition coefficient. There are various
methods available for experimental determination of logP and
several methods for calculating it from the structure. Here,
except where otherwise stated, logP values are calculated by
Bio-Loom for Windows v. 1.6, BioByte Corp., Claremont, CA,
USA, and are referred to as ClogP. It is noteworthy that the
most potent sensitizer in Table 1, compound 1, is the most
hydrophobic with a ClogP value of ca. 6.5 and (together with

Figure 1. Reactions of (a) an electrophilic sensitizer (DNCB) and (b) a nucleophilic sensitizer (sulfite anion) with cysteine and cystine units of
proteins, respectively.

Figure 2. Pro- or pre-electrophilic mechanism proposed for 2-
mercaptobenzothiazole (3).
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compound 13) has the least acidic SH group. The much
weaker sensitizer compound 13 should react similarly to 1 but
is much less hydrophobic.

■ PHOSPHORUS NUCLEOPHILES
We found only four phosphorus nucleophiles, 14−17, with
LLNA data. These are all triesters of phosphorus acid, as
shown in Table 2. One further compound in Table 2, triethyl
phosphite, 18, has GPMT data but not LLNA data.
For electrophilic skin sensitizers whose potency is logP

dependent, the optimal logP value for maximum potency is
around 5.5.14,15 Three of the compounds, 15−17, are
extremely hydrophobic, with ClogP values in double figures,
well above the optimal value for maximum sensitization
potency, and they are very weak sensitizers. Compound 14 has
a ClogP value of 5.73, only slightly above the optimal value,
and compound 18 has a ClogP value of 0.51. Both are strong
sensitizers.

■ CARBON NUCLEOPHILES
Aromatic compounds with two amino groups, two hydroxyl
groups, or one of each, meta to each other, are often used as
couplers in hair colorants. Although these compounds lack
alerts for direct electrophilic reactivity, most of them are skin
sensitizers. To rationalize their sensitization potency a pro-
hapten mechanism has previously been suggested,16 involving
activation by oxidation to introduce a hydroxyl group ortho or
para to the amino or hydroxyl groups already present;
subsequent further oxidation would produce a highly electro-
philic quinone, diimine, or quinone−imine (Figure 3).
However, since their role in hair colorants is to act as
carbon-centered nucleophiles reacting with electrophilic
quinone−imines or diimines, a nucleophilic mechanism for
sensitization seems at least equally plausible, as shown in
Figure 3.
Table 3 lists the cases where a carbon-centered nucleophilic

mechanism provides the simplest explanation for sensitization
in the LLNA.

Toward a Quantitative Mechanistic Model (QMM).
Although experimental reactivity data are unavailable for the
chemicals in Table 3, Hammett substituent constants can be
applied as reactivity parameters to look for a quantitative
relationship between the structure and the potency. Seven of
the chemicals have the common structural feature of a single
benzene ring with two activating groups meta to each other
and an unsubstituted carbon atom between them (Figure 4),
and these were therefore chosen for a correlation study.
Nucleophilic reactivity should mainly be influenced by the π-
electron-donating effects of the X and Y groups and the
electronic effects of any other substituents present in the ring.
The special Hammett constants, σ+, are appropriate for
modeling reactions involving π-electron-donating effects.
Compilations of Hammett σ+ constants are available but
only for para substituents. For the present purposes, ortho σ+
constants would be most appropriate, but since these are not
available, it is assumed, as a simplifying approximation, that
ortho-σ+ can be represented by para-σ+. The effects of ortho
substituents are in many cases, but not all, quite well modeled
by para substituent constants.17 The standard Hammett σ
constants are used for the various meta substituents, Z. Here,
σ+ and σ(meta) constants are taken from a compilation by
Hansch et al.18

Table 4 shows the σ+ values used in this analysis. Based on
these, the reactivity parameter Σσ+ is calculated for each
compound by summing the σ+ values for all substituents. Table
5 shows the seven compounds with their Σσ+ values, ClogP

Table 1. Sulfur Nucleophilesa

aThe compounds are listed in decreasing order of molecular potency
(pEC3 values). bThese compounds can exist in two tautomeric forms:
the thiol shown and the cyclic dithiocarbamate (for 3) or cyclic
thiourea (for 10 and 12). The first ClogP value given is for the thiol
shown, and the second ClogP value is for the tautomer with a nominal
S�C structure (see Supporting Information SI1). We have not found
information as to which tautomer will predominate in cutaneo. We
consider it likely that the S�C tautomers will have substantial
zwitterionic character which could enable them to act directly as
nucleophilic sensitizers (see Supporting Information SI1).
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values, and LLNA potency values pEC3 (negative log of the %
EC3 value after division by the molecular weight).
Inspection of the data in Table 5 suggests that potency is

dependent upon reactivity and hydrophobicity. 1,3-Benzenedi-
amine (22) is more reactive (based on its Σσ+ value) and more
potent than compound 23 (3-aminophenol), which is a more
reactive and more potent sensitizer than resorcinol (27).
Compound 19, 2′,4′-dihydroxychalcone, although it is not the
most reactive, is the most potent. It is more hydrophobic, by
more than 1 logP unit, than any of the other compounds. With
only seven compounds in the data set, a multiple regression
approach would not be appropriate, so to evaluate the possible
dependence of potency on reactivity and hydrophobicity, we
combined Σσ+ and logP together in the composite parameter
relative alkylation index (RAI),19 calculated as RAI = −Σσ+ +
0.4 logP. Our choice of 0.4 as the logP coefficient is based on
previous findings that in earlier skin sensitization QMMs based
on a combination of a reactivity parameter and logP the

relative contribution of the logP parameter is about 0.4 times
that of the reactivity parameter.20,21

A plot of pEC3 vs RAI for the seven compounds in Table 5
is shown in Figure 5 and gives the equation

=

= = = =n R s F

pEC3 2.28RAI 3.35

7, 0.962, 0.11, 1272 (1)

Equation 1 is based on several simplifying assumptions and
approximations. We do not regard it as a predictive tool for risk
assessment purposes. However, we consider the model
applicable as a starting point for further exploration of
structure−potency trends in the nucleophilic sensitization
domain. Below we apply eq 1 to consider some examples and
trends that have previously been difficult to rationalize in terms
of electrophilic sensitization mechanisms. It needs to be taken
into account that, as has been observed for electrophilic
sensitizers, above a logP value of about 5.5, the dependence of
potency on hydrophobicity becomes negative.14,20 Since the
rationale for this14 is based on physical chemistry rather than
on reaction chemistry, it is reasonable to assume that this
reversal of logP dependency should apply to all reaction
mechanistic domains, including the nucleophilic sensitization
domain. We note that a logP limit of about 5.5 also applies in
general narcosis QSARs for fish toxicity: up to this value, plots

Table 2. Phosphorus Nucleophiles

name structure CAS no. EC3 (%) pEC3 ClogP

triphenyl phosphite (PhO)3P 14 101-02-0 1.4 2.34 5.73
isodecyl phosphite (Me2CH(CH2)7O)3P 15 25448-25-3 20 1.40 12.0
diisodecylphenyl phosphite (Me2CH(CH2)7O)2POPh 16 25550-98-5 41 1.03 10.09
triisotridecyl phosphite (Me2CH(CH2)10O)3P 17 77745-66-5 92.1 0.83 12.0
triethyl phosphite (EtO)3P 18 122-52-1 19/20 in GPMT (5% injection induction, 100% topical

induction, 100% challenge)
N/A 0.51

Figure 3. Prohapten and nucleophilic mechanisms illustrated for 1,3-diaminobenzene.

Figure 4. General structure of carbon-centered nucleophiles used to
derive a QMM.
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of toxicity vs logP are linear, but they flatten out as logP
increases further.22,23 To enable predictive extrapolation of eq

1 for compounds with logP values above 5.5, an adjusted logP
value, logPadj, can be used, whereby the amount by which logP

Table 3. Carbon-Centered Nucleophilesa

aThe compounds are listed in decreasing order of molecular potency (pEC3 values). The LLNA vehicle is acetone−olive oil (AOO) unless
otherwise indicated. bThe EC3 value of 3.4 is based on an LLNA study using dimethyl formamide (DMF) as the vehicle. With acetone/olive oil
(AOO) as the vehicle, the EC3 value was 0.44. For the QMM analysis described below, the AOO EC3 value of 0.44 was used, since the EC3 values
of most of the other compounds were based on AOO as vehicle (the only exception being 19, tested in dimethyl sulfoxide (DMSO)).
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exceeds 5.5 is subtracted from 5.5 to give logPadj. Thus, for

compounds with logP > 5.5, logPadj = 11 − logP. We can now

consider the compounds in Table 3 that were not used in the

derivation of eq 1.

Compounds 20, 2,6-Diaminopyridine, and 26, 3,5-
Diamino-2,6-dimethoxypyridine. In compound 20, the
ring nitrogen is the most likely reaction site. Having a
quaternary nitrogen bonded to a divalent sulfur, the initial
adduct can lose a proton from one of the amino groups to give

Table 4. Hammett σ+ Values

substituent σ+ comment

ortho-OH −0.92 based on σ+(para)
meta-OH +0.13 based on σ(meta)
ortho-NH2 −1.30 based on σ+(para)
ortho-O− −2.30 based on σ+(para)
meta-Cl +0.37 based on σ(meta)
meta-Me −0.06 based on σ (meta)
meta-CO·CH�CHPh +0.36 based on σ(meta) COPh
meta-OCH2CH2OH +0.10 based on σ(meta) OEt
ortho-OMe −0.81 based on σ+(para) OEt
meta-OMe +0.12 based on σ(meta) OEt
ring N in pyridines, meta +0.73 based on σ(meta)
ring N in pyridines, para +0.83 based on σ(para)
meta-Ph +0.05 based on σ(meta)
ortho-Ph −0.18 based on σ+(para)

Table 5. Reactivity and Hydrophobicity Parameters

Figure 5. pEC3 vs RAI for C-centered nucleophilic sensitizers.
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a stable uncharged adduct (Figure 6). In compound 26, the
initial adduct from the reaction at the ring nitrogen cannot

form a stable derivative by the loss of a proton. However, it can
react at the carbon atom para to the nitrogen, acting as a
carbon-centered nucleophile analogous to 1,3-diamino ben-
zene (22) but with deactivation effects from the electro-
negative ring nitrogen in the para position and the two
electronegative methoxy groups in the meta positions. These
deactivation effects are represented by the positive Hammett
constants used to calculate Σσ+ for this compound:

= + +

= + + =

+ +2 (NH ) 2 (OMe) (ring N)

2.60 0.24 0.83 1.53

2 m p

Combining this Σσ+ value with the ClogP value of 1.42 to
obtain an RAI value of 2.10 and using this RAI value in eq 1
gives a calculated EC3 value of 6.2%, in agreement with the
weaker sensitization potency of compound 26 compared to
compound 22 and not greatly different (within 95% confidence
limits of eq 1) from the experimental value of 4.07%.

Compound 24, 2,7-Dihydroxynaphthalene. There are
six dihydroxynaphthalenes with one −OH group in each ring
(Figure 7). Three of these can be oxidized to highly
electrophilic (Michael acceptor) quinone-type derivatives and
would be predicted to be strong sensitizers acting via this
mechanism. The other three, compound 24 being one of them,
cannot form quinone-type structures. However, sensitization
by a nucleophilic mechanism may be possible. For compound
24, the potential reaction sites C1 and C3 experience the
electronic effects of the ortho-OH in the same ring and the OH
group in the other ring plus the impact of the aromatic ring
fused to the ring where the reaction occurs. These effects can
be modeled for the original Hammett constants σ as follows.24
For reaction at C1:

Effect of substituent at C7 = 0.35(σmeta + σpara)
Effect of fused aromatic ring = σmeta‑Ph + σortho‑Ph

For reaction at C3:
Effect of substituent at C7 = 0.13σmeta + 0.41σpara
Effect of fused aromatic ring = σmeta‑Ph + σortho‑Ph

Assuming these relationships also apply to σ+ values, the Σσ+
values for reactions at C1 and at C3 can be calculated as
follows.
Reaction at C1:

Σσ+ = Effects of [2-OH (−0.92) + 7-OH (=0.35(−0.92
+ 0.13)) + fused ring (=0.05−0.18)] = −1.33

Reaction at C3:
Σσ+ = Effects of [2-OH (−0.92) + 7-OH (=0.13 ×
0.13−0.41 × 0.92)) + fused ring (=0.05−0.18)] = −1.41

Based on the Σσ+ values, 2,7-dihydroxynaphthalene is
predicted to be more reactive at the C3 position than at the
C1 position.
Combining the Σσ+ value for the reaction at C1 with the

ClogP value and applying eq 1 gives a calculated EC3 value of
3.4%. The reported experimental value of 2.8% is within the
95% confidence limits of eq 1.

Figure 6. 2,6-Diaminopyridine (20), and 3,5-diamino-2,6-dimethox-
ypyridine (26).

Figure 7. Dihydroxynaphthalenes.
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2,6-Dichloro-3-hydroxyaniline, 29, and 2-Methyl
Resorcinol, 30. In these compounds, the position ortho to
both activating groups is blocked so the reaction can only
occur at a position ortho to one activating group and para to
the other (Table 6). Based on the assumption that σ+(ortho) =
σ+(para), eq 1 gives predicted EC3 values substantially lower
than the reported EC3 values, i.e., it overpredicts the potency,
as shown in Table 6. There are two complementary
interpretations of this. First, it is likely that the true
σ+(ortho) values are more negative (indicating higher
reactivity) than the corresponding σ+(para). If the difference

between σ+(ortho) and σ+(para) does not vary greatly, the
σ+(para) values can still be used in a model such as eq 1 for a
set of chemicals where the reaction center is ortho to both
activating groups because the difference is in effect corrected
for in the RAI coefficient. However, when eq 1 is applied to a
compound with one activating group para to the reaction
center, the RAI coefficient effectively applies a false correction
for the para activating group, leading to overprediction.
Second, with a substituent between the two activating groups,
steric effects can prevent the activating substituents from
aligning in the plane of the aromatic ring, reducing the π

Table 6. Application of Equation 1 to 2,6-Dichloro-3-hydroxyaniline, 29, and 2-Methyl Resorcinol, 30a

aThe reaction center is indicated by the arrow.

Table 7. Anacardic Acid, Cardanol, and Cardola

aFor anacardic acid, which would be mainly ionized at physiological pH, the logP value is based on the carboxylate ion. The σ(meta) value of 0.09
given by Hansch et al.18 is used for the ionized CO2H group. For the R group, a σ+ value of −0.29, based on the value given by Hansch et al.18 for
n-butyl, is used. bThese figures are calculated by addition of toxic units: 100/EC3mix = %A/EC3A + %B/EC3B...

cRounded average of figures given by
Symes and Dawson32 and Caillol.33 dLogP values calculated manually by the method of Leo and Hansch.34 Details of these calculations are given in
SI3.
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bonding of the activating group electrons with the aromatic
ring. A methyl group has a more significant steric effect than a
chloro substituent,25 consistent with eq 1 overpredicting
compound 30 to a greater extent than it overpredicts
compound 29.

Carbon-Centered Nucleophiles with a Single Activat-
ing Group. Numerous phenols and aromatic monoamines
have been reported as skin sensitizers despite not having
electrophilicity alerts. Below we discuss some of the cases we
are aware of in light of eq 1.

Anacardic Acid, Cardanol, and Cardol. These three
chemicals, shown in Table 7, are the major constituents of the
liquid from the shell of the cashew nut (Anacardium
occidentale),26 with the R group predominantly a mixture of
unbranched C15 saturated and mono-, di-, and triunsaturated
chains. They are also found in other plants, notably Ginkgo
biloba, in which the chain lengths cover a wider range (at least
C13−C19) and can include tetraunsaturated components.27

Cashew nut shell liquid (CNSL) in the original state is mainly
composed of anacardic acid with lower levels of cardanol and
cardol. Although cardanol is typically present in CNSL at only
about 5%, it is readily formed from anacardic acid by
decarboxylation and is a major industrial raw material. The
relative proportions of components in CNSL vary between
sources and depending on the extraction process conditions.
Based on guinea pig and clinical evidence, anacardic acid and
cardol are strong sensitizers.28−31 Cardanol is reported to have
some sensitization potency but is much weaker than cardol and
anacardic acid.27,28 None of these chemicals have electro-
philicity or pro-electrophilicity alerts. We now consider them
from the perspective of the nucleophilic sensitization
mechanism.
Clearly cardol, having two activating OH groups and a −Σσ+

value of 2.14, is expected to be more reactive than cardanol
(−Σσ+ = 1.21). These −Σσ+ values apply for all chain lengths
and degrees of unsaturation of the R group. At first sight,
anacardic acid might be expected to be slightly less reactive
than cardanol, having a −Σσ+ value of 1.12. However, this

−Σσ+ value does not consider the neighboring group effect
(NGE) of the ionized carboxylate group (Figure 8). This

makes the phenolic OH group (σ+ = −0.92) more like an
ionized phenol group (σ+ = −2.30), so the nucleophilic
reactivity would be better modeled by a more negative Σσ+
value, somewhere between −1.12 and −2.5. We have carried
out calculations based on no NGE (Σσ+ value of −1.12) and a
20% NGE (Σσ+ value of −1.40, based on 0.20 σ+(O−) + 0.80
σ+(OH)).
Equation 1 correctly predicts the high potency of cardol and

anacardic acid and correctly identifies cardanol as being much
less potent.

■ SALICYLATE ESTERS
Hexyl salicylate is a strong sensitizer in the LLNA (EC3 =
0.18%) but is a very weak sensitizer in humans, with a Human
Sensitization Potency Category of 4.35 It is often considered as
an LLNA false positive (e.g., Natsch et al.36), but given clinical
reports of human skin allergy not only to hexyl salicylate but
also to other salicylate esters37 together with generally weak
positive results in guinea pig studies for several salicylates,38 it
is better described as a true sensitizer whose human potency is
substantially overestimated by the LLNA. Several other
salicylate esters have been tested in the LLNA: these together
with hexyl salicylate are shown in Table 8 with the predictions
of eq 1 and their reported EC3 values. The Σσ+ value for all of
these salicylates is −0.60.
Overall, the LLNA potency of salicylate esters is quite well

modeled by the nucleophilic sensitization mechanism. The

Table 8. LLNA Data for Salicylate Estersa

aObserved EC3 values are taken from Belsito et al.38 LogP values are calculated manually by the method of Leo and Hansch34 starting from the
experimental value of 2.55 for methyl salicylate39 and agree within 0.2 log units with published values calculated by various computer methods.
bFor benzyl salicylate, an alternative electrophilic mechanism involving SN2 attack at the benzyl carbon, with the salicylate anion acting as the
leaving group, is also possible. Benzyl benzoate is also proposed to sensitize via this mechanism40 and has an EC3 value of 17%. Benzyl salicylate
would be predicted to be a stronger sensitizer than benzyl benzoate if they both act as SN2 electrophilic sensitizers. This is because the salicylate ion
should be a better leaving group than the benzoate ion, since it is less basic (pKa values of benzoic acid and salicylic acid are 4.20 and 2.97,
respectively41). cBelsito et al.38 summarize four LLNA assays on methyl salicylate with acetone/olive oil as the vehicle, all negative at
concentrations up to 25%, and one test in dimethyl formamide giving an EC3 value of 25%.

Figure 8. Neighboring group effect for anacardic acid.
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problematic question is no longer “Why is hexyl salicylate such
a strong LLNA positive?” but “Why are salicylate esters not
much more potent in humans?”.

■ CONCLUSIONS
Nucleophilic sensitizers constitute a “new” reaction mecha-
nistic applicability domain. Although the concept of
nucleophilic sensitization is not new, it is now apparent that
it is not such a rare mechanism as had previously been
thought.3 The QMM developed here based on σ+ and logP
provides a useful starting point for further exploration of the
nucleophilic sensitization domain, as illustrated by our analysis
of the data on anacardic acids, cardols, and cardanols, but
being based on only seven compounds, it is currently of limited
predictive value. To develop a more generally applicable
predictive capability, an experimental method for determining
nucleophilic reactivity toward electrophilic disulfides would be
desirable. One possibility would be to use 4-nitrothiopheno-
late, which is easily analyzed spectroscopically42 as the leaving
group in a model substrate such as CH3SSC6H4NO2(p).
The nucleophilic sensitization domain has not so far been

recognized in formally validated defined approaches for
nonanimal-based detection of skin sensitization potential and
potency, which are based primarily on the premise that skin
sensitization is based on reactions of electrophiles with skin
protein-based nucleophiles.
In particular, peptide reactivity assays such as DPRA and

kDPRA would not be expected to detect nucleophilic
sensitizers. This is because the peptides used are nucleophilic
and do not contain disulfide linkages that could react with
nucleophilic sensitizers. The KeratinoSens assay is in effect an
assay for electrophilic reactivity to thiols since it depends on
covalent modification of thiol groups on Keap proteins.43

If Keap thiol modification is the only trigger for a positive
response, the KeratinoSens assay would not be expected to
detect nucleophilic sensitizers. Other cell-based assays, such as
h-CLAT and GARD, that rely less specifically on modification
of a particular protein are more likely to detect nucleophilic
sensitizers, as are also reconstituted skin assays.
In work currently ongoing, we intend to follow up the

present paper with an assessment of the performance of
current nonanimal assays for nucleophilic sensitizers and to
consider how mechanism-based in silico models can be
extended to cover this mechanistic domain.
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■ NOTE ADDED AFTER ASAP PUBLICATION
This paper was originally published ASAP on September 11,
2024. A correction was made to the equation for calculation of
Σσ+ for compound 26, and the paper was reposted on
September 19, 2024.
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