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ABOUT THE OECD

The Organisation for Economic Co-operation and Development (OECD) is an intergovernmental
organisation in which representatives of 34 industrialised countries in North and South America, Europe
and the Asia and Pacific region, as well as the European Commission, meet to co-ordinate and harmonise
policies, discuss issues of mutual concern, and work together to respond to international problems. Most of
the OECD’s work is carried out by more than 200 specialised committees and working groups composed
of member country delegates. Observers from several countries with special status at the OECD, and from
interested international organisations, attend many of the OECD’s workshops and other meetings.
Committees and working groups are served by the OECD Secretariat, located in Paris, France, which is
organised into directorates and divisions.

The Environment, Health and Safety Division publishes free-of-charge documents in ten different series:
Testing and Assessment; Good Laboratory Practice and Compliance Monitoring; Pesticides and
Biocides; Risk Management; Harmonisation of Regulatory Oversight in Biotechnology; Safety of
Novel Foods and Feeds; Chemical Accidents; Pollutant Release and Transfer Registers; Emission
Scenario Documents; and Safety of Manufactured Nanomaterials. More information about the
Environment, Health and Safety Programme and EHS publications is available on the OECD’s World
Wide Web site (www.oecd.org/ehs/).

This publication was developed in the IOMC context. The contents do not necessarily reflect the
views or stated policies of individual IOMC Participating Organizations.

The Inter-Organisation Programme for the Sound Management of Chemicals (IOMC) was
established in 1995 following recommendations made by the 1992 UN Conference on Environment
and Development to strengthen co-operation and increase international co-ordination in the field of
chemical safety. The Participating Organisations are FAO, ILO, UNEP, UNIDO, UNITAR, WHO,
World Bank and OECD. UNDP is an observer. The purpose of the IOMC is to promote co-
ordination of the policies and activities pursued by the Participating Organisations, jointly or
separately, to achieve the sound management of chemicals in relation to human health and the
environment.
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This publication is available electronically, at no charge.

For this and many other Environment,
Health and Safety publications, consult the OECD’s
World Wide Web site (www.oecd.org/ehs/)

or contact:

OECD Environment Directorate,
Environment, Health and Safety Division
2 rue André-Pascal
75775 Paris Cedex 16
France

Fax: (33-1) 44 30 61 80

E-mail: ehscont@oecd.org
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FOREWORD

This document is a report of the expert consultation held on 20 October 2010 with the aim to
evaluate a set of structual alerts for estimating covalent binding of chemicals with proteins. This
consultation was held based on a key recommendation from the OECD Workshop on Structural Alerts for
the OECD (Q)SAR Application Toolbox held in May 2008 [see ENV/IM/MONO(2009)4]. The resulting
set of alerts will be implemented in version 2.0 of the OECD (Q)SAR Toolbox.

This document is published under the responsibility of the Joint Meeting of the Chemicals
Committee and the Working Party on Chemicals, Pesticides and Biotechnology of the OECD.
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Mechanistic Domain: Acylation



Mechanistic Alert: Direct Acylation Involving a Leaving Group

A number of structural alerts have been suggested to be capable of directly acylating proteins
resulting in adduct formation. The structural alerts covered by this mechanistic alert are as
follows:

Structural alert: Acyl halides (including benzyl and carbamoyl derivatives)

Y

R

R X
R = any carbon, nitrogen
X (leaving group) = halogen, azide

Y = oxygen, sulphur

Mechanism

An acylation mechanism involving nucleophilic attack at the carbonyl (or sulfinyl) has been
suggested as being responsible for the activity of these chemicals (Enoch et al 2009, Gerner
et al 2004, Hulzebos et al 2005, Roberts et al 2007).

g ) i
\/}\LCI _— \_‘7& — > \/]\Nu + HCI
Nu

Nu

Figure 1: Acylation mechanism for acyl halides (Nu = biological nucleophile e.g. cysteine or
lysine)

Structural alert: Acetates

Y

M e
R1™ X~
R1 = any carbon or hydrogen

R2 = aromatic, heteroaromatic, heterocyclic, alkene, alkyne

2



R1 and R2 can be part of a ring e.g. dihydro-courmarin.
Y = oxygen or sulphur

X = oxygen (acetates), sulphur (thioacetates), nitrogen (acetanilides)

Mechanism

An acylation mechanism has been suggested for chemicals of this type (Payne et al 1994,
Roberts et al 2007).

%Q — +u — .

Nu

Figure 1: Acylation mechanism for acetate and related chemicals (Nu = biological
nucleophile e.g. cysteine or lysine)

Structural alert: Anhydrides

Y
Y Y Y Y
* R)kXJkR R)kX—X)kR
Y

X = oxygen, sulphur
Y = oxygen (carbonyl), sulphur (sulfinyl)

R =any carbon or hydrogen

Mechanism

An acylation mechanism has been suggested as being responsible for the protein binding
ability of these chemicals (Enoch et al 2009, Gerner et al 2004, Roberts et al 2007).
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Figure 1: Acylation mechanism for anhydrides (Nu = biological nucleophile e.g. cysteine or
lysine)

Structural alert: Azlactones

Y Y

Y = oxygen (carbonyl), sulphur (sulfinyl)

X = oxygen, sulphur, nitrogen

Mechanism

An acylation mechanism involving ring opening has been suggested to be responsible for
protein binding (Roberts et al 2007). Importantly, these chemicals are only active due to the
ability of the unsaturated moiety to stabilise the leaving group anion (the equivalent y-
lactone-type structures are not protein reactive).

Nu "\%k,w )CL/ ff Resonance stabilisation )k/ B
— > N (@) - - N O
JO Nu WY Nu A
=

)
Nu)K/NVOH

Figure 1: Ring opening acylation reaction for azlactones-type chemicals (Nu = biological
nucleophile e.g. cysteine or lysine)



Structural alert: Sulphonyl halides

I
R—ﬁ—X

o)

R = any carbon or hydrogen

X = halogen, azide

Mechanism

An acylation mechanism involving attack at the sulphur has been suggested for the protein
binding potential of this class of chemicals (Ashby et al 1995, Payne et al 1994).

R

Il
ﬁ el —— H3C—ﬁ—Nu + cl
0] 0]
Nu

Figure 1: Acylation mechanism for sulphonyl halides and related chemicals (Nu = biological
nucleophile e.g. cysteine or lysine)

Structural alert: Phosphonic acid halides

RO

o—$—x
R/O

R = any carbon or hydrogen

Mechanism

An acylation mechanism has been suggested a being responsible for the protein binding
ability of this class of chemicals (Ashby et al 1995, Payne et al 1994)
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Structural alert: Dialkyl carbamoylhalides

@)

X = halogen

R = any carbon or hydrogen

Mechanism

An acylation mechanism has been suggested to be responsible for the protein binding ability
of this class of chemicals (Hermens 1990).

(o
R /l:“\ . Ro /ﬂ\ v oo

Il\l Cl Il\l Nu
N !

Nu

Figure 1: Acylation mechanism for dialkyl carbamoylchloride chemicals (Nu = biological
nucleophile e.g. cysteine or lysine)

Category mitigating factors

e No mitigating factors have been reported for any of the Mechanistic classes covered
by this category

References
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Mechanistic Alert: Ring Opening Acylation

Several structural alerts have been suggested to be capable of binding covalently to proteins
via a ring opening acylation reaction. The structural alerts covered by this mechanistic alert
are as follows:

Structural alert: B-Lactones

>

X = oxygen (carbonyl), sulphur (sulfinyl)

Y = oxygen, sulphur, nitrogen

Mechanism

An acylation mechanism involving a ring opening reaction has been suggested to be
responsible for the protein binding ability of these chemicals (Gerner et al 2004, Roberts et al
2007). Note: Only the four membered ring system is sufficiently reactive to be capable of
protein binding. This is due to the additional energy gained upon release of the strain in the
four membered ring. The equivalent five and six membered ring systems are not strained and
are thus not capable of protein binding.

Figure 1: Ring opening acylation mechanism for B-lactone derivatives (Nu = biological
nucleophile e.g. cysteine or lysine)

Structural alert: Cyclopropenones

@)

A



R = any carbon or hydrogen

Mechanism

An acylation-type ring opening reaction has been suggested to be responsible for the protein
binding ability of this class of chemicals (Turro et al 1966).

o> 0
> )v
hA) Nu
Nu
Figure 1: Ring opening acylation reaction (Nu = biological nucleophile e.g. cysteine or lysine)

Cateqgory mitigating factors

e No mitigating factors have been reported for any of the Mechanistic classes covered
by this category

References
Gerner | et al (2004) ATLA, 32, p487
Roberts DW et al (2007) Chemical Research in Toxicology, 20, p44

Turro NJ et al (1966) Journal of the American Chemical Society, 88, p3672



Mechanistic Alert: Isocycanates and Related Chemicals

Isocyanates and related chemicals have been shown to bind covalently to proteins via an
acylation mechanism resulting in adduct formation. The structural alerts covered by this
mechanistic alert are as follows:

Structural alert: Thiocyanates

R—S=C=NH

R = any carbon or hydrogen

Mechanism

An acylation mechanism has been suggested to be responsible for the protein reactivity of
these chemicals (Enoch et al 2009, Gerner et al 2004, Roberts et al 2007, Zinke et al 2002).

~ NH- NH,
—s=c=nH —= —s=( ——= —s=(

) Nu Nu

Nu
Figure 1: Acylation mechanism for thiocyanate chemicals (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Isocyanates

R—N=C=0

R =any carbon or hydrogen

Mechanism

An acylation mechanism has been suggested to be responsible for the protein reactivity of
these chemicals (Enoch et al 2009, Gerner et al 2004, Roberts et al 2007, Zinke et al 2002).
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Nu

Figure 1: Acylation mechanism for isocyanate chemicals (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Isothiocyanates

R—N=C=S

R = any carbon or hydrogen

Mechanism

An acylation mechanism has been suggested to be responsible for the protein reactivity of
these chemicals (Enoch et al 2009, Gerner et al 2004, Roberts et al 2007, Zinke et al 2002).

X S W
Cnmedst e e e
Nu

) .

Nu

Figure 1: Acylation mechanism for isothiocyanate chemicals (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Dithiocarbonimidic acid esters

S—R
/

11



R = any carbon or hydrogen

Mechanism

An acylation mechanism has been suggested to be responsible for the protein reactivity of
these chemicals (Enoch et al 2009, Gerner et al 2004, Roberts et al 2007, Zinke et al 2002).

Figure 1: Acylation mechanism for dithiocarbonamidic acid ester chemicals (Nu = biological
nucleophile e.g. cysteine or lysine)

Structural alert: Carbodiimides

R
I

_N

_C

-

!
R

R = any carbon

Mechanism

An acylation type mechanism has been proposed for this class of chemicals (Ashby et al
1995).

12



Figure 1: Acylation mechanism for carbodiimides (Nu = biological nucleophile e.g. cysteine
or lysine)

Structural alert: Ketenes

R
\

C=C=0
/
R

R = any carbon or hydrogen

Mechanism

An acylation mechanism has been suggested for this class of chemicals (Hermens 1990).

Nu

Figure 1. Acylation mechanism for ketenes (Nu = biological nucleophile e.g. cysteine or
lysine)

Category mitigating factors

e No mitigating factors have been reported for any of the Mechanistic classes covered
by this category

References

Ashby J et al (1995) Toxicology, 103, p177
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Mechanistic Domain: Michael Addition



Mechanistic Alert: Polarised Alkenes and Related Chemicals

A wide range of alkenes polarised by an electronegative group (or groups) have been shown
to be capable of covalently binding to proteins via Michael addition. The structural alerts
covered by this mechanistic alert are as follows:

Structural alert: Polarised alkene - aldehydes

R = any carbon or hydrogen

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the -carbon atom
(Aptula et al 2006, Hermens 1990, Roberts et al 2007, Schultz et al 2007, 2005, 2004, van der
Ohe et al 2005, Verhaar et al 1992).

;\%O Nu.__C. -0 Nu _~~0

4

Nu

Figure 1: Michael addition for polarised alkene - aldehydes (Nu = biological nucleophile e.g.
cysteine or lysine)

covered by this category are as follows:

Structural alert: Polarised alkene - ketones

R1 R1

Rl\%\fo H\%\(O

H R2 R1 R2

R1 = any carbon or hydrogen



R2 = any carbon

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the B-carbon atom
(Aptula et al 2006, Hermens 1990, Roberts et al 2007, Schultz et al 2007, 2005, 2004, van der
Ohe et al 2005, Verhaar et al 1992).

(3o

- Nu )
/Y Nu _C 0] V\(
/ CH, CH, CH,
Nu

Figure 1: Michael addition for polarised alkene - ketones (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkene - esters

R1 R1

Rl\%\fo H\%\(O

H O Rl O
“R2 “R2

R1 = any carbon or hydrogen

R2 = any carbon

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the -carbon atom
(Aptula et al 2006, Hermens 1990, Roberts et al 2007, Schultz et al 2007, 2005, 2004, van der
Ohe et al 2005, Verhaar et al 1992).

NG

/Y
/ OMe OMe OMe
Nu



Figure 1. Michael addition for polarised alkene - esters (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkene - amides

R R
R\%\fo H\%\fo
H R/N\R R R/N\R

R = any carbon or hydrogen

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the B-carbon atom
(Aptula et al 2006, Hermens 1990, Roberts et al 2007, Schultz et al 2007, 2005, 2004, van der
Ohe et al 2005, Verhaar et al 1992).

(3o

- N @)
/ 5% Nu __C O UVY

NH, NH NH,
Nu

Figure 1: Michael addition for polarised alkene - amides (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkene - nitros

R = any carbon or hydrogen

Mechanism



The mechanism has been suggested to involve attack by a nucleophile at the f-carbon atom
(Aptula et al 2006, Hermens 1990, Roberts et al 2007, Schultz et al 2007, 2005, 2004, van der
Ohe et al 2005, Verhaar et al 1992).

(N - N
u
/\NOZ o Nu\/C\NOZ . V\NOZ

4

Nu

Figure 1: Michael addition for polarised alkene - nitros (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkene - cyano

R = any carbon or hydrogen

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the B-carbon atom
(Aptula et al 2006, Hermens 1990, Roberts et al 2007, Schultz et al 2007, 2005, 2004, van der
Ohe et al 2005, Verhaar et al 1992).

H
- Nu
Z>No, —= I\'u\/C\No — v\'\'02

e 2

Figure 1: Michael addition for polarised alkene - cyano (Nu = biological nucleophile e.g.
cysteine or lysine)



Structural alert: Polarised alkene - sulfonate

R1 R1
Rl. _~ //O Ho — //O
// O / O
H O ] R1 O ]
R2 R2

R1 =any carbon or hydrogen

R2 =any carbon

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the B-carbon atom
(Aptula et al 2006, Hermens 1990, Roberts et al 2007, Schultz et al 2007, 2005, 2004, van der
Ohe et al 2005, Verhaar et al 1992).

H

(N 0 0 0
/, Nu /7
/\/S/\ Nu\/C\S//\ V\//S\OM
/ O/ OMe O// OMe o e

Figure 1: Michael addition for polarised alkene - sulfonate (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkene - sulfone

R1 R1
R1. _~ //O H. =~ //O
//S\Rz //S\Rz
H O R1 O

R1 = any carbon or hydrogen

R2 = any carbon

Mechanism



The mechanism has been suggested to involve attack by a nucleophile at the B-carbon atom
(Aptula et al 2006, Hermens 1990, Roberts et al 2007, Schultz et al 2007, 2005, 2004, van der
Ohe et al 2005, Verhaar et al 1992).

O
;\S// Nu__C. 7 Nu -~
[ §on g e

Figure 1: Michael addition for polarised alkene - sulfone (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkene - sulfinyl

R1 R1

Rl\%\?//o H\%\?//O

H R2 R1 R2

R1 = any carbon or hydrogen

R2 = any carbon

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the 3-carbon atom
(Aptula et al 2006, Hermens 1990, Roberts et al 2007, Schultz et al 2007, 2005, 2004, van der
Ohe et al 2005, Verhaar et al 1992).

H
] _
@) Nu 0]
/\ls// Nu\/C\ls//O V\?//
/ CH, CH, CH,
Nu

Figure 1: Michael addition for polarised alkene - sulfinyl (Nu = biological nucleophile e.g.
cysteine or lysine)



Structural alert: Polarised alkene - pyridines

R R R R
R~ |N\ R~ X Ho .~ N\ Ho .~ X
H 7 H N R 7 R _N

R = any carbon or hydrogen

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the B-carbon atom
(Aptula et al 2006, Hermens 1990, Roberts et al 2007, Schultz et al 2007, 2005, 2004, van der
Ohe et al 2005, Verhaar et al 1992).

/ﬁ“’vﬁ DAY

Figure 1: Michael addition for polarised alkene - pyridines (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkene - pyrazines

R R
R\%\[N\ Ho =~ N\
GNP
N N

R =any carbon or hydrogen

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the B-carbon atom
(Aptula et al 2006, Hermens 1990, Roberts et al 2007, Schultz et al 2007, 2005, 2004, van der
Ohe et al 2005, Verhaar et al 1992).



H
;\ N\ — NU\/C7 N\ — Nu N\
e |® »
Nu N N N

Figure 1: Michael addition for polarised alkene - pyrazines (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkene - pyrimidines
R R R R
R~ N\w R\%\KN\ H.~ N\w H\%\(N\
| | | |
H N H N_ =~ R ~N R N_ .~
R R
R\F | SN RF | SN
H = H —
N) N)

R = any carbon or hydrogen

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the f-carbon atom
(Aptula et al 2006, Hermens 1990, Roberts et al 2007, Schultz et al 2007, 2005, 2004, van der

Ohe et al 2005, Verhaar et al 1992).
H
;\ N\ — NU\/C7 N\ — Nu N\W
OO
N _N A\
Nu

Figure 1: Michael addition for polarised alkene - pyrimidines (Nu = biological nucleophile
e.g. cysteine or lysine)



Structural alert: Polarised alkene - triazines

R R
R~ N\ H. ~ N\ o
| W | w 1,3,5-triazines

H NV/N R NV/N
R R R
R = N~ R N.< R
| ~N \%\f SN \%\hll\l
H N/J H NJ H Nv/N
R R R 1,2,4-triazines
| \N \%\f \N / | \[l\]
R N/J R N% R Nv/N
R R R R
~ R~ < H -
R~ N\N XN H._ .~ N\N NN B
| ' | ' I | I 1,2,3-triazines
H N H N R N R 2

R = any carbon or hydrogen

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the B-carbon atom
(Aptula et al 2006, Hermens 1990, Roberts et al 2007, Schultz et al 2007, 2005, 2004, van der
Ohe et al 2005, Verhaar et al 1992).

H+
NS -

- Nu N
/ | | |
N NV/N

N~ NN

Nu

Figure 1: Michael addition for polarised alkene - triazines (Nu = biological nucleophile e.g.
cysteine or lysine)
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Structural alert: Azocarbonamides

R = any carbon or hydrogen
Mechanism

A Michael addition mechanism has been reported as being responsible for the protein
reactivity of this class of chemicals (Hill et al 1999).

0 0
/CNNWBNHZ . HZN)J\I}I/N\\(NHZ . HZN)J\I}I/N\\(NHZ
0

X
HN" °N
/ Nu OH Nu OH
Nu
Figure 1: Michael addition mechanism for azocarbonamides (Nu = biological nucleophile e.g.
lysine or cysteine).

Cateqgory mitigating factors

e Polarised alkenes: Di-substitution at the p-carbon removes Michael addition activity
resulting in Schiff base formation dominating (Patlewicz et al 2003, Roberts et al
2006). However, if R is a further alkene that itself is not di-substituted at the y-carbon
then activity is restored due to the Michael reaction occurring at the y-carbon rather
than the -carbon.

References

Aptula AO et al (2006) Chemical Research in Toxicology, 19, p1097
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Patlewicz G (2003) QSAR and Combinatorial Science, 22, p196
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Mechanistic Alert: Polarised Alkynes

A wide range of alkynes polarised by an electronegative group have been shown to be
capable of covalently binding to proteins via Michael addition. The structural alerts covered
by this mechanistic alert are as follows:

Structural alert: Polarised alkyne - aldehydes

=

H

R = any carbon or hydrogen

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the B-carbon atom
(Aptula et al 2006, Roberts et al 2007, Schultz et al 2007, Verhaar et al 1992).

H
//v . Nu\¢(f\¢c)_> Nu _~_~0

Figure 1: Michael addition for polarised alkyne — aldehydes (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkyne - ketones

=4

R2

R1 =any carbon or hydrogen

R2 = any carbon

Mechanism

13



The mechanism has been suggested to involve attack by a nucleophile at the B-carbon atom
(Aptula et al 2006, Roberts et al 2007, Schultz et al 2007, Verhaar et al 1992).

H+
CY o 7/’

///Y . Nu\¢(3\"%0_> NUV/YO

CH, CH, CH,

Nu

Figure 1: Michael addition for polarised alkyne — ketones (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkyne - esters

R1 = any carbon or hydrogen

R2 = any carbon

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the f-carbon atom
(Aptula et al 2006, Roberts et al 2007, Schultz et al 2007, Verhaar et al 1992).

H

Nu\%c\’%o NUV/YO

OMe OMe OMe

Figure 1: Michael addition for polarised alkyne — esters (Nu = biological nucleophile e.g.
cysteine or lysine)
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Structural alert: Polarised alkyne - amides

R = any carbon or hydrogen

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the B-carbon atom
(Aptula et al 2006, Roberts et al 2007, Schultz et al 2007, Verhaar et al 1992).

H+
IR -~

//YO . Nu\%c\fo . NUV/YO

NH, NH, NH,

Nu

Figure 1: Michael addition for polarised alkyne — amides (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkyne - nitros

R—=——NO,

R = any carbon or hydrogen

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the -carbon atom
(Aptula et al 2006, Roberts et al 2007, Schultz et al 2007, Verhaar et al 1992).

H+
IR -~

Nu C Nu. -~
Z N0, — N2 “No, —= 7 No,

4

Nu
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Figure 1. Michael addition for polarised alkyne — nitros (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkyne - cyano

R—————~CN

R = any carbon or hydrogen

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the -carbon atom
(Aptula et al 2006, Roberts et al 2007, Schultz et al 2007, Verhaar et al 1992).

H
- Nu._ =~
//\CN . Nu\¢C\CN . V\CN

4

Nu

Figure 1: Michael addition for polarised alkyne — cyano (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkyne - sulfonate

I
N
0 R2

R1 =any carbon or hydrogen

R2 = any carbon

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the B-carbon atom
(Aptula et al 2006, Roberts et al 2007, Schultz et al 2007, Verhaar et al 1992).
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N 0 -0
//\S// . NUVC\ . NUV/\ //\
2o 70 70
O [ @) | |
CH, CH, CH,

Figure 1: Michael addition for polarised alkyne — sulfonate (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkyne - sulfone

i
Rl%ﬁ—RZ
O

R1 =any carbon or hydrogen

R2 = any carbon

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the 3-carbon atom
(Aptula et al 2006, Roberts et al 2007, Schultz et al 2007, Verhaar et al 1992).

H
- 0

//\ /O N co NUw //O
/\S/\ e u\7 \S/ — v\/s\
~N
/ o CH & CH, o Ch

Figure 1. Michael addition for polarised alkyne — sulfone (Nu = biological nucleophile e.g.
cysteine or lysine)
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Structural alert: Polarised alkyne - sulfinyl

R1 =any carbon or hydrogen

R2 = any carbon

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the B-carbon atom
(Aptula et al 2006, Roberts et al 2007, Schultz et al 2007, Verhaar et al 1992).

H+
N ~
g0 o NUN2C 20 NUV/\?//O
| |
/ CH, CH, CH,
Nu

Figure 1: Michael addition for polarised alkyne — sulfinyl (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkyne - pyridine

N— __
Rl%@ Rl%@N

R =any carbon or hydrogen

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the B-carbon atom
(Aptula et al 2006, Roberts et al 2007, Schultz et al 2007, Verhaar et al 1992).
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Figure 1. Michael addition for polarised alkyne — pyridine (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkyne - pyrazine

Rl——— \N:>

R = any carbon or hydrogen

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the B-carbon atom
(Aptula et al 2006, Roberts et al 2007, Schultz et al 2007, Verhaar et al 1992).

H
/f\ N Nu C_ _N Nu. -~ N
OO T
/ N~ N N~
Nu

Figure 1: Michael addition for polarised alkyne — pyrazine (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkyne - pyrimidine

N=— N:\
Rl%<\N:/> 4<\: /> \ /N

R = any carbon or hydrogen
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Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the B-carbon atom
(Aptula et al 2006, Roberts et al 2007, Schultz et al 2007, Verhaar et al 1992).

H
f\ _
g N N C Nu._._~ N
N~ N N =~
Nu

Figure 1: Michael addition for polarised alkyne — pyrimidine (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Polarised alkyne - triazine

N—
Rl%<\ }N 1,3,5-triazines

N

N=N N=N _N\
Rl%{\) R1%<\ > Rl%( N 1,2,4-triazines
\ N N / NJ
NZN\ _N\
— RlI—— N 1,2,3-triazines
Rl ;\ //I\I :\ I\f/

R = any carbon or hydrogen

Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the -carbon atom
(Aptula et al 2006, Roberts et al 2007, Schultz et al 2007, Verhaar et al 1992).

+

/>H
f\ _
g N N C. _N Nu.__~ N
AT T T
NV/N NV/N NV/N

Nu
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Figure 1: Michael addition for polarised alkyne — triazine (Nu = biological nucleophile e.g.
cysteine or lysine)

Category mitigating factors

e No mitigating factors have been reported

References

Aptula AO et al (2006) Chemical Research in Toxicology, 19, p1097
Roberts DW et al (2007) Chemical Research in Toxicology, 20, p1019
Schultz TW et al (2007) Chemical Research in Toxicology, 20, p1359

Verhaar HIM et al (1992) Chemosphere, 25, p471
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Mechanistic Alert: Quinones and Quinone-type Chemicals

Quinones and a number of closely chemical classes have been shown to be capable of
reacting covalent with proteins via Michael addition. The structural alerts covered by this
mechanistic alert are as follows:

Structural alert: benzoquinones

X X
/X
H H
X
X =0, NHz, NH
Mechanism

The mechanism has been suggested to involve attack by a nucleophile at the 3-carbon atom
(Aptula et al 2006, Enoch et al 2009, Roberts et al 2007, Schultz et al 2007, Verhaar et al
1992).

+

H

0 ) OH 0
(E:; /¢ keto-enol /i:;
Zh Nu Nu
Nu
0O O O

Figure 1: Michael addition for 1,4-quinone (Nu = biological nucleophile e.g. cysteine or
lysine)
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Structural alert: Quinone-methides

@) H
=

Mechanism
A Michael addition mechanism has been suggested for these chemicals (Aptula et al 2006,
Enoch et al 2008, Roberts et al 2007).

+

H

O) OH
¢~§>
A

/ Nu

Nu

Figure 1: Michael addition mechanism for quinone-methides (Nu = biological nucleophile e.g.

cysteine or lysine)

Structural alert: Pyranones (and related nitrogen chemicals)

] J 1
H™ Y H N ZSh
X=0,NH
Y=0,N
Mechanism
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A Michael addition mechanism has been suggested as being responsible for the protein
binding ability of this class of chemicals (Mekenyan et al 2007).

+

O) OH @)
) — O —
/’ 0] Nu 0] Nu 0]

Nu

Figure 1: Michael addition mechanism for pyranones

Category mitigating factors

e No mitigating factors have been reported for the Mechanistic classes within this
category
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Mechanistic Alert: Acid Imides

Acid imides have been suggested to form covalent protein adducts via Michael addition.

Structural alert: Acid imides

0O
H
N—R
R
@)

R = any carbon or hydrogen

Mechanism

A Michael addition mechanism has been suggested for this class of chemicals (Gerner et al
2004).

+

H

o/ OH 0
( =
| N—CH, —— N—CH, = N—CH,
Nu Nu
0 0 0

Nu

Figure 1: Michael addition mechanism for acid imides (Nu = biological nucleophile e.g.
cysteine or lysine)

Category mitigating factors

¢ None have been reported for this category

References

Gerner | et al (2004), ATLA, 32, p487
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Profiling scheme:" Michael acceptors-potency categorization"

export date: Report created: 28.04.10 - 16:56

1. Extremly reactive-Category A 2. Highly reactive-Category B

3. Moderately Reactive - Category C 4, Slightly Reactive - Category D
5. Suspect - Category F

1. Extremly reactive-Category A

e e e N S e e e e

— e

- et

Query index: 1 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment C1(=0)c2c(C(=0)C{H}=C1)cccc2 in its

structure.
fragment
H

/

\C:C

/TN

O=C C=0

\ #

C—C

72\

\C—C

Query index: 2 of category: Extremly reactive-Category A
type: Structural boundary:



The target chemical should have the fragment C1(=0)c2c(C(=0)C=C{H}1)cccc2 in its

structure.
fragment

H
C—GC

/TN

O0=C C=0

\ /
C—GC

/7 T\

\C—C/

/ \

Query index: 3 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment C(C{sp3}{H})(=O)C#C{H} in its structure.
fragment

Query index: 4 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment C{H2}=C{H}C{H}(C(=O)OC{H})[V1]Hal in its
structure.

fragment

H H
Hal I
C___
\/ \
G H
C/ H
O——-
\
H / 0
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Definition Options Face 1 Face 2 Face 3 Face L

Hal F cl Br |
v X X X,

Query index: 5 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment C(=O)(C#CC(=0)OC{sp3}{H})OC{sp3}{H} in
its structure.

fragment

o5&
c—0O
C//C
3
O—-—‘
Ho <> o

Query index: 6 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment C{H}(=C{H}C{sp3}{H})N{V5}(=0)=0 in its
structure.

fragment

o)
\\
H  N=0
\
C—C
H\Cgp . y

Query index: 7 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment c1(C#CC{H}=O)ccccc1 in its structure.

3 /21



fragment

//O
H—C
\ C\\
\C\ /
C—C
Q)
\C—C/
/ \

Query index: 8 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment c1(S{V6}(=0)(=0)C#C{H})ccccc1 in its

structure.
fragment
H
\.C\
N
P

5
\C‘ <
/N
\C—C/
& \

Query index: 9 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment C{H}(=C{H})S{V6}(=0)(=0)OC{sp3}{H} in its
structure.

fragment

o
o
O’SMC
HC<P3} ‘O \H

Query index: 10 of category: Extremly reactive-Category A
type: Structural boundary:
The target chemical should have the fragment C{H}(=O)C{H}(C{H}=C{H})[V1]Hal in its

structure.
4 /21



fragment

H
fo==0)
H_/
H /C
\(:Z:::(: \\\\\\\
// % Hal
H
Deflirikion Optiors Face 1 Fam 2 Facs 3 Fae |
Hal F Cl B |
A, X, e ™, S

Query index: 11 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment C(=0)(C{H}=C{H2})Oc1ccccc1 in its
structure.

fragment

Query index: 12 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment C{H}(=C{H2})S(=0)(=0)C{H}=C{H2} in its
structure.

5/21



fragment

L
O\S/ o \H
H P
0
o=
H H

Query index: 13 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment C1=C{H}C(=0)C=CC1=0 in its structure.

fragment
H
i
\C:C
/7N
O:C\ ,£=0
C—=C
/ \

Query index: 14 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment C{H}1=CC(=0)C=CC1=0 in its structure.

fragment
H
/
=0
2
O:C\ ,C=0
C—C
/ \

Query index: 15 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment C{H}1C(=0)C(=0)C=CC=1 in its structure.

6 /21



fragment

H\ /0

/C—C\
—C/ C=—0

\F:é/

/ \

Query index: 16 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment C1C(=0)C(=0)C=CC{H}=1 in its structure.

fragment
//O
\C—C
.
H—C C=0
\C:C/
/ \

Query index: 17 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment C{H}(=O)C{H}=C{HZ2} in its structure.

fragment
H
\
H /C:O
\
S
\
H H

Query index: 18 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment C(C{sp3}{H})(=0)C{H}=C{H2} in its structure.

7121



fragment

lo\ |
H\ >C—CI{§P_3}
/C:C\ H
H W

Query index: 19 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment
C(=0O)(C{H}=C{H}C(=0)OC{sp3}{H})OC{sp3}{H} in its structure.
fragment

0 \C SP3}
c—3
C_——
Ho )
c—cC
/ \
o0—C H
H.Cs\ps} \O

Query index: 20 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment
C(=0)(C(=C{H})C(=0O)OC{sp3}{H})OC{sp3}{H} in its structure.
fragment

Query index: 21 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment C1(=0O)C{H}=C{H}C(=O)N{V3}1 in its

structure.

8 /21



fragment

\c—cC

N
\}ﬁ:/ H

0

Query index: 22 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment c1(C{H}=C{H}N{V5}(=0)=0)ccccc1 in its

structure.
fragment
O
o:N{%}
o
7
H—C ,
\C—C
O)
\C—C/
/ \

Query index: 23 of category: Extremly reactive-Category A
type: Structural boundary:

The target chemical should have the fragment C(=0)(C{H}=C{H}C#N{V3})OC in its structure.
fragment

‘é/N{V3}
N/
c=cC
/ \
/o——c\ H
N
SN

9 /21



2, Highly reactive-Cateqgory B

.

Clll il e

S

Query index: 1 of category: Highly reactive-Category B
type: Structural boundary:
The target chemical should have the fragment C(=O)(C#C{H})OC{sp3}{H} in its structure.

fragment
H
C//C
i
o—C,
H. e \o

Query index: 2 of category: Highly reactive-Category B
type: Structural boundary:

The target chemical should have the fragment C{H}(=O)C{H}=C{H}C{sp3}{H} in its structure.
fragment

g
H C=0
\ _C/
H. Cg%} Wy

Query index: 3 of category: Highly reactive-Category B
type: Structural boundary:
10 /21



The target chemical should have the fragment c1(C{H}=C{H}C{H}=0O)ccccc1 in its structure.

fragment
/H
O:C\
/C—H
/
H—C
\ /
C—C
@)
\C—C/
/ \

Query index: 4 of category: Highly reactive-Category B
type: Structural boundary:

The target chemical should have the fragment C(C{sp3}{H})(=O)C#CC{sp3}{H} in its
structure.

fragment

O\\C | {SP3}
!
Y
4 L
£

Query index: 5 of category: Highly reactive-Category B
type: Structural boundary:

The target chemical should have the fragment C(=0)(O)C{H}={t}C{H}C(=0)0 in its structure.
fragment

@)

\ /
H >c—o
\N
c—=¢C
/ \
/o—c\ H
\o

Query index: 6 of category: Highly reactive-Category B
type: Structural boundary:
The target chemical should have the fragment C(=O)(C{H}=C{H2})OC{H}O{H} in its

11 /21



structure.
fragment

H
g C—
o\C /CH
%
,O0—C—0 H
|

H

Query index: 7 of category: Highly reactive-Category B
type: Structural boundary:

The target chemical should have the fragment C{H}(=C{H2})S(C{sp3})(=0)=0 in its

structure.
fragment

H H
e
o./ = \
NS H
~ QPS}\O

Query index: 8 of category: Highly reactive-Category B
type: Structural boundary:

The target chemical should have the fragment

c1(C(=0)C{H}=C{H}c2c{H}c{H}c{H}c{H}c{H}2)ccccc1 in its structure.

fragment

\ /
C—C
/ \ /O
—C c—C Y
\C C/ \C C/
/ \ / \ M
CcC—C
72\
H—c(_ ) e
>C—C
\
H H

Query index: 9 of category: Highly reactive-Category B
type: Structural boundary:

12 /21



The target chemical should have the fragment c1(S(=0)(=0)C{H}=C{H2})ccccc1 in its
structure.
fragment

Query index: 10 of category: Highly reactive-Category B
type: Structural boundary:

The target chemical should have the fragment C(=O)(C{H}=C{H2})OC{H}=C{H2} in its

structure.
fragment

H\C_ a
/7 A
H O0—cC H
\ / \}
LC—=C O
H Y

Query index: 11 of category: Highly reactive-Category B
type: Structural boundary:
The target chemical should have the fragment C(=0)(C{H}=C{H2})OC{H2}C#C{H} in its

structure.
fragment
J: e
S
O
c/ "
/
/C

Query index: 12 of category: Highly reactive-Category B

type: Structural boundary:
13 /21



The target chemical should have the fragment C1(=0)C(=C{H2})C{H2}C{H2}O1 in its

structure.
fragment
H
\
o ,~H
Ne—cC
cé o+
e
¢ H
H H

Query index: 13 of category: Highly reactive-Category B
type: Structural boundary:

The target chemical should have the fragment
C1(=0)C(=C(C#N{V3})C#N{V3})C(=0)c2c1cccc? in its structure.

fragment

N(V3} \ C?N(V3}

Query index: 14 of category: Highly reactive-Category B
type: Structural boundary:

The target chemical should have the fragment C(=0)(C{H}=C{H2})OC{sp3}{H} in its
structure.

fragment

A
C:
/ \
0—C, H
H. \O

Query index: 15 of category: Highly reactive-Category B
type: Structural boundary:

14 /21



The target chemical should have the fragment C(C{sp3}{H})(=O)C{H}=C{H}C{sp3}{H} in its

structure.
fragment

\\\ — N {SP3}
H C=C
\C_C/ H
H. \
c H

Query index: 16 of category: Highly reactive-Category B
type: Structural boundary:

The target chemical should have the fragment C(=0)(C{H}=C{H2})C{H2}C{sp3}H} in its

structure.
fragment

£
‘ (=
o C// H
H /C \
H\C@

/

Query index: 17 of category: Highly reactive-Category B
type: Structural boundary:

The target chemical should have the fragment C(=O)(C#CC{H3})OC{sp3}{H} in its structure.

fragment

H
H\ /
/ C\H
Va
/
o—C

H. /cé@ \o

Query index: 18 of category: Highly reactive-Category B
type: Structural boundary:

15 /21



The target chemical should have the fragment C(=0)(C#Cc1ccccc1)OC{sp3}{H} in its

structure.
fragment
/\Cffb'
o)
/
o=C
e
Y
/
\C—c
<O
\— /
/ & C\

Query index: 19 of category: Highly reactive-Category B
type: Structural boundary:

The target chemical should have the fragment c1(C{H}=C{H2})c{H}c{H}nc{H}c{H}1 in its

structure.
fragment
H
/\C—H
H—C
.M
C—C
2R\
H—C C—H
N
C—N
H
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3. Moderately Reactive - Cateqgory C
ToIe)
NN
""“‘mﬂ_l_ L
| i
o

Query index: 1 of category: Moderately Reactive - Category C
type: Structural boundary:

The target chemical should have the fragment C(=0)(C{H}=C{H}C{H3})OC{sp3}{H} in its
structure.

fragment

H
H\ /
H /C\
\ H
C—C
/ \
0—C H

H‘/céS} \\O

Query index: 2 of category: Moderately Reactive - Category C
type: Structural boundary:

The target chemical should have the fragment c1(C{H}=C{H2})c{H}c{H}c{H}c{H}n1 in its

structure.
fragment
L
i Nl
C—C
/7 T\
N C—H
\ /
Cc—C
\
H H

Queryv index: 3 of cateaorv: Moderatelv Reactive - Cateaorvy C
17 /121



Defirikicn

type: Structural boundary:

The target chemical should have the fragment

C{H}("*Exh1;C{sp3Kin[1-10]},H")=C{H}C(=0O)N{H2} in its structure.

Exhy

fragment
H Exhq
\ /
H /C:C
N H
NC
H O
Optiars Face 1 Face 2
C{=p3Hin[1-10]}
-:Cf; ' Hx
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4. Slightly Reactive - Category D

D)
)

Query index: 1 of category: Slightly Reactive - Category D
type: Structural boundary:

The target chemical should have the fragment C(C)(=0)C(=C{H2})C{H3} in its structure.

fragment

o
H  C—C-
N2

/C:C

H \ _.-H

H <

H

Query index: 2 of category: Slightly Reactive - Category D
type: Structural boundary:

The target chemical should have the fragment C(#N)C(=C{H2})C{H2}C{H2}C#N in its

structure.
fragment

N

\Q\
H

\
C_C
H C/ ‘Y

H./ “H
/O

/C

Query index: 3 of category: Slightly Reactive - Category D
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type: Structural boundary:
The target chemical should have the fragment C(=0)(C(C{H3})=C{H})OC in its structure.

fragment
C/H
Vot
/ |
— /o—c\O H
A

Query index: 4 of category: Slightly Reactive - Category D
type: Structural boundary:

The target chemical should have the fragment C(=0)(C{H}=C{H}c1ccccc1)OC{sp3}{H} in its

structure.
fragment
" F
L&
\o
/
o=cC
\C—H
/
H—C ,
\c—c
O
\c—c/
/ \
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5. Suspect - Category F

Query index: 1 of category: Suspect - Category F
type: Structural boundary:

The target chemical should have the fragment
C{H}("*Exh1;C{sp3Kin[1-10]},H")=C{H}C#N{v3} in its structure.

fragment
EXh1
/
H—C
\C
—H
/
N%C
3}
Deefirikion Options Face 1 Face 2
C{sp3Hin[1-10]}
“ICQ“ Hx
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Mechanistic Domain: Schiff Base Formers



Mechanistic Alert: Direct Acting Schiff Base Formers

Several classes of chemical have been shown to be capable of covalently binding to proteins
via Schiff base formation. The structural alerts covered by this mechanistic alert are as
follows:

Structural alert: Mono-carbonyls

0

R

R H

R = hydrogen, any carbon (R groups cannot be aromatic, heteroaromatic or heterocyclic,
unless they are either mono- or di- ortho-substituted)

Mechanism

A Schiff base formation mechanism has been suggested to be responsible for the protein
binding ability of these types of chemicals (Gerner et al 2004, Roberts et al 2007, Verhaar et
al 1992)

+

H +
H
(P H. g H

A\ @)
| tei ‘\ -~
rotein rotein
X \_
NH2

H
\_/ OH-

protein”
“H,0

_protein

Figure 1: Schiff base formation mechanism for mono-carbonyls



Structural alert: 1-2-Dicarbonyls

@)

R = hydrogen, any carbon (both R groups cannot be aromatic, heteroaromatic or heterocyclic,
unless they are either mono- or di- ortho-substituted)

Mechanism

A Schiff base formation mechanism has been suggested to be responsible for the protein
binding ability of these types of chemicals (Enoch et al 2009, Roberts et al 2007, Verhaar et
al 1992). 1,2-Dicarbonyl chemicals have been shown to be able to undergo a second Schiff
base reaction and thus cross-link protein chains (Marqui 2001).

+

H +
A\ H
‘\ ~H N
0 ~o—H
H N/proteln H\‘I\\l/protein
o| \ o| H O| ¥
NH N o
protein”  ?
-H,0
_protein N/protein
% second Schiff base reaction 2
N .
protein/

Figure 1: Schiff base formation mechanism for 1,2-dicarbonyls



Structural alert: 1-3-Dicarbonyls

A

R = hydrogen, any carbon (both R groups cannot be aromatic, heteroaromatic or heterocyclic,
unless they are either mono- or di- ortho-substituted)

Mechanism

A Schiff base formation mechanism has been suggested to be responsible for the protein
binding ability of these types of chemicals (Aptula et al 2006, Roberts et al 2006, Verhaar et
al 1992). The potential for a second Schiff base reaction, resulting in possible protein cross
linking also exists (depending on the substitution at the second carbonyl centre).

H .
\ ¥
~H H
O "o 0 ‘\O o .o—H

M N/proteln <RI _protein
\ : :
\_/ OH_

NH
protein” 2
“H,0

rotein
0 N/IO
P
Figure 1: Schiff base formation mechanism for 1,3-dicarbonyls

Category mitigating factors

e Mono-carbonyls: R cannot be aromatic, heteroaromatic or heterocyclic directly
attached to the reactive carbonyl centre (unless they are ortho-substituted)

e Mono-carbonyls: R cannot be a second directly attached carbonyl moiety (such
chemicals are a Mechanistic class)



e Mono-carbonyls: R cannot be a group such that the alerting group becomes a 1,3-
dicarbonyl (such chemicals are a Mechanistic class)

e 1,2-Dicarbonyls: Both R groups cannot be aromatic, heteroaromatic or heterocyclic
directly attached to the reactive carbonyl centre

e 1-3-Dicarbonyls: Both R groups cannot be aromatic, heteroaromatic or heterocyclic
directly attached to the reactive carbonyl centre.

e 1,2 and 1-3-Dicarbonyls: The exception to this is if one of the aromatic groups is
ortho-substituted. This substitution causes the delocalised m-system between the
carbonyl group and aromatic ring system to be broken. This result in activity at the
carbonyl group (see examples of active Schiff base reactive chemicals in Gerberick et
al 2005).
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Mechanistic Domain: Schiff Base Formers



Mechanistic Alert: Direct Acting Schiff Base Formers

Several classes of chemical have been shown to be capable of covalently binding to proteins
via Schiff base formation. The structural alerts covered by this mechanistic alert are as
follows:

Structural alert: Mono-carbonyls

0

R

R H

R = hydrogen, any carbon (R groups cannot be aromatic, heteroaromatic or heterocyclic,
unless they are either mono- or di- ortho-substituted)

Mechanism

A Schiff base formation mechanism has been suggested to be responsible for the protein
binding ability of these types of chemicals (Gerner et al 2004, Roberts et al 2007, Verhaar et
al 1992)

+

H +
H
(P H. g H

A\ @)
| tei ‘\ -~
rotein rotein
X \_
NH2

H
\_/ OH-

protein”
“H,0

_protein

Figure 1: Schiff base formation mechanism for mono-carbonyls



Structural alert: 1-2-Dicarbonyls

@)

R = hydrogen, any carbon (both R groups cannot be aromatic, heteroaromatic or heterocyclic,
unless they are either mono- or di- ortho-substituted)

Mechanism

A Schiff base formation mechanism has been suggested to be responsible for the protein
binding ability of these types of chemicals (Enoch et al 2009, Roberts et al 2007, Verhaar et
al 1992). 1,2-Dicarbonyl chemicals have been shown to be able to undergo a second Schiff
base reaction and thus cross-link protein chains (Marqui 2001).

+

H +
A\ H
‘\ ~H N
0 ~o—H
H N/proteln H\‘I\\l/protein
o| \ o| H O| ¥
NH N o
protein”  ?
-H,0
_protein N/protein
% second Schiff base reaction 2
N .
protein/

Figure 1: Schiff base formation mechanism for 1,2-dicarbonyls



Structural alert: 1-3-Dicarbonyls

A

R = hydrogen, any carbon (both R groups cannot be aromatic, heteroaromatic or heterocyclic,
unless they are either mono- or di- ortho-substituted)

Mechanism

A Schiff base formation mechanism has been suggested to be responsible for the protein
binding ability of these types of chemicals (Aptula et al 2006, Roberts et al 2006, Verhaar et
al 1992). The potential for a second Schiff base reaction, resulting in possible protein cross
linking also exists (depending on the substitution at the second carbonyl centre).

H .
\ ¥
~H H
O "o 0 ‘\O o .o—H

M N/proteln <RI _protein
\ : :
\_/ OH_

NH
protein” 2
“H,0

rotein
0 N/IO
P
Figure 1: Schiff base formation mechanism for 1,3-dicarbonyls

Category mitigating factors

e Mono-carbonyls: R cannot be aromatic, heteroaromatic or heterocyclic directly
attached to the reactive carbonyl centre (unless they are ortho-substituted)

e Mono-carbonyls: R cannot be a second directly attached carbonyl moiety (such
chemicals are a Mechanistic class)



e Mono-carbonyls: R cannot be a group such that the alerting group becomes a 1,3-
dicarbonyl (such chemicals are a Mechanistic class)

e 1,2-Dicarbonyls: Both R groups cannot be aromatic, heteroaromatic or heterocyclic
directly attached to the reactive carbonyl centre

e 1-3-Dicarbonyls: Both R groups cannot be aromatic, heteroaromatic or heterocyclic
directly attached to the reactive carbonyl centre.

e 1,2 and 1-3-Dicarbonyls: The exception to this is if one of the aromatic groups is
ortho-substituted. This substitution causes the delocalised m-system between the
carbonyl group and aromatic ring system to be broken. This result in activity at the
carbonyl group (see examples of active Schiff base reactive chemicals in Gerberick et
al 2005).
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Mechanistic Domain: Sy2



Mechanistic Alert: Sy2 Reaction at a sp® Carbon Atom

A number of chemical classes have been suggested to be capable of reacting covalently with
proteins via an S2 reaction at a sp> hybridised carbon atom. The structural alerts covered by
this mechanistic alert are as follows:

Structural alert: Alkyl halides

i
R—Cli—X

H

R = hydrogen, any carbon except the following:

R # carbonyl (these chemicals fall under the a-halocarbonyl alert), -CS, -CN (these chemicals
fall under the mustards alert)

X = halogen

Mechanism

An Sy2 mechanism has been suggested to be responsible for the protein reactivity of this
class of chemicals (Aptula et al 2006, Gerner | et al 2004, Roberts et al 2007, 2010, Schultz et
al 2007).

AN H
HC—X ——= HC—R+ HX

3

Nu/

Figure 1: Sy2 mechanism for primary and secondary alkyl halides (Nu = biological
nucleophile e.g. cysteine or lysine)

Structural alert: Sulfates

R1
Rl—C\H ﬁ
0—S—0

T
e} R2



R1 =any carbon, hydrogen
R2 = any carbon

Note: R1 and R2 can be part of an aliphatic ring system

Mechanism

An Sn2 mechanism has been suggested to be responsible for protein reactivity (Aptula et al
2006, Roberts et al 2007).

Nu
, 0
HCO T H I
0—$—0 ——= Nu—CH, + HO—$-0,
o CH, CH,

Figure 1: Sy2 mechanism for sulfates (Nu = biological nucleophile e.g. cysteine or lysine)

Structural alert: Sulfonates

/Rl
R1—CH |C|J
O—|S|.—R2
o)
R1 =any carbon, hydrogen

R2 = any carbon (R1 cannot be alkene or alkyne as these chemicals are Michael acceptors)

Note: R1 and R2 can be part of an aliphatic ring system e.g. sultones

Mechanism

An SN2 mechanism has been suggested to be responsible for protein reactivity (Aptula et al
2006, Roberts et al 2007).



SN H' I
@—ﬁ—CH3 —> Nu—CH, + HO—S—CH,
0 O

Figure 1: Sy2 mechanism for sulfonates (Nu = biological nucleophile e.g. cysteine or lysine)

Structural alert: Allyl acetates and related chemicals

X

)J\ /Y\

R1 X R2

X = oxygen, sulphur
Y =CH,, CH

R1 = any carbon atom

R2 = carbon atom part of an alkene, alkyne, aromatic ring, heteroaromatic ring or
heterocyclic ring

Mechanism

An S\2 mechanism occurring at the activated carbon (atom Y in the alert) has been suggested
to be responsible for the protein reactivity of these chemicals (Roberts et al 2007a, b).

Nu
7 :
H

= — + /\/
OH N
& ‘

Figure 1: Sy2 mechanism for allyl acetate and derivatives (Nu = biological nucleophile e.g.
cysteine or lysine)



Structural alert: Nitrosoureas (carbon)

X

R1 J\N/No

I
R1 I;IC—RZ

R2

X = oxygen (nitrosourea derivatives), nitrogen (nitrosoguanidine derivatives)
R1 =any carbon, hydrogen

R2 =any carbon, hydrogen

Mechanism

An Sy2 mechanism involving direct alkylation (Figure 1) has been proposed (Roberts et al
2007).

0 0
N H N
0~ A\\ll\l)J\NHz — HO~ \\NJ\NHZ T Nu—CH,
/CH3

Figure 1: Sy2 alkylation mechanism (Nu = biological nucleophile e.g. cysteine or lysine)

Structural alert: a-Halocarbonyls

A

X

Y = oxygen, sulphur
X =halogen

R =any carbon, hydrogen



Mechanism

An Sy2 mechanism has been suggested to be responsible for the protein reactivity of this
class of chemical (Gerner et al 2004, Hulzebos et al 2005, Schultz et al 2007).

0 Nu 0
CH CH, + ~
3 > 3 Cl
H3C)k( H3C)k(
Nu

Figure 1: SN2 reaction for a-halocarbonyls (Nu = biological nucleophile e.g. cysteine or
lysine)

Structural alert: Phosphonates

R X
\ [l
O—I?—X\
R I-JC—R

R
R = any carbon, hydrogen

X = oxygen, sulphur

Mechanism

An Sn2 mechanism has been suggested as being responsible for the protein binding ability of
these chemicals (Gerner et al 2004, von der Ohe et al 2005).

0

& - HE 1
0—P—0, — Nu—CH, + 0—P—0
CH, CH, CH,

N

Figure 1: Sy2 mechanisms for phosphonates (Nu = biological nucleophile e.g. cysteine or
lysine)

Nu



Structural alert: Phosphates

R X
\ [l
O—F|>—O\
0o HC—R
- /
R R
R = any carbon, hydrogen

X = oxygen, sulphur

Mechanism

An Sy2 mechanism has been suggested as being responsible for the protein binding ability of
these chemicals (Gerner et al 2004, von der Ohe et al 2005).

HC O
3\ | *) O
P— —> Nu—CH, + O—F|>—O

o O

HSC ‘\ CH,
Nu

Figure 1: SN2 mechanisms for phosphates (Nu = biological nucleophile e.g. cysteine or lysine)

Structural alert: Thiophosphates

R =any carbon, hydrogen

X = oxygen, sulphur

Mechanism

An Sy2 mechanism has been suggested as being responsible for the protein binding ability of
these chemicals (Gerner et al 2004, von der Ohe et al 2005).



HC @
3] *) 3 I
O—I|3—O\ — Nu—CH, + 0—P—0
S CH

H,C” A\S CH,

Nu

Figure 1: Sy2 mechanisms for thiophosphates (Nu = biological nucleophile e.g. cysteine or
lysine)

Structural alert: a-Halo ethers

Il?
C—0—C—X
H
X = halogen

R = any carbon atom, hydrogen

Mechanism

An Sy2 mechanism has been suggested to be responsible for the protein reactivity of this
class of chemicals (Hermens 1990)

X B
C—0—C—Cl —> C—0—C—Nu + CI

/

Nu

Figure 1: Sy2 mechanism for a-halo ethers (Nu = biological nucleophile e.g. cysteine or
lysine)

Structural alert: B-Halo ethers

R

C—0—CRyC—X
H

X =halogen

R = any carbon atom, hydrogen



Mechanism

An Sy2 mechanism has been suggested to be responsible for the protein reactivity of this
class of chemicals (Hermens 1990)

X B
C—0—C—C—Cl — C—0—C—C—Nu + CI

/

Nu

Figure 1: SN2 mechanism for B-halo ethers (Nu = biological nucleophile e.g. cysteine or
lysine)

Structural alert: Alkyl diazo

R\
HC—N=N—R
R

R = any carbon, hydrogen

Mechanism

An Sy2 mechanism is the most plausible route to protein binding for this class of chemicals
(Hermens 1990).

f'\
H3C_N:N_R —_— H3C_NU + N2 + RH

W

Figure 1. Sny2 mechanism for alkyl diazo chemicals (Nu = biological nucleophile e.g. cysteine
or lysine)



Structural alert: o-Haloalkenes (and related cyano, sulfate and sulphonate substituted

chemicals)

R\%\KR

R X

X = halogen, cyano, sulfate, sulphonate

R = any carbon, hydrogen

Mechanism

An Sy2 mechanism is the most likely route to protein binding for this class of chemicals
(Hulzebos et al 2005, Verhaar et al 1992).

Nu\\v
/\(CH3 — /\(CH3 + Cl
Q?I Nu

Figure 1: Sy2 mechanism for alpha-haloalkenes (Nu = biological nucleophile e.g. cysteine or
lysine)

Structural alert: a-Haloalkynes (and related cyano, sulfate and sulphonate substituted

chemicals)

N

X

X = halogen, cyano, sulfate, sulphonate

R = any carbon, hydrogen

Mechanism
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An Sy2 mechanism is the most likely route to protein binding for this class of chemicals
(Verhaar et al 1992).

QSI Nu

Figure 1: Sn2 mechanism for alpha-haloalkynes (Nu = biological nucleophile e.g. cysteine or
lysine)

Structural alert: o-Halobenzyls (and related cyano, sulfate and sulphonate substituted

chemicals)

RlYRZ

X

X = halogen, cyano, sulfate, sulphonate
R1 = aromatic carbon

R2 = any carbon, hydrogen

Mechanism

An Sny2 mechanism is the most likely route to protein binding for this class of chemicals
(Verhaar et al 1992).

Nu

\ CH CH -

3 — 3 + ClI

<fl Nu

Figure 1: Sy2 mechanism for alpha-halobenzyls (Nu = biological nucleophile e.g. cysteine or
lysine)
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Category mitigating factors

All Mechanistic classes within this category: Tertiary alkyl carbons do not undergo
the Sn2 reaction due to steric hindrance

Alkyl halides: Tertiary alkyl halides are considered to sterically hindered at the site of
nucleophilic attack to be protein reactive

Sulfonic esters: Site of nucleophilic attack (the carbon directly attached to the oxygen
atom in the R1 group) cannot be tertiary due to increased steric hindrance.

Sulfonic esters: R2 cannot be an alkene or alkyne if the chemical is a sulfonate (left
hand alert) as these chemicals are Michael acceptors.

Allyl acetates: R1 cannot be an alkene or alkyne directly attached to the carbonyl (or
sulfinyl) as these chemicals would be Michael acceptors

Allyl acetates: Y cannot be tertiary as steric hindrance prevents the Sy2 reaction
a-Halocarbonyls: Tertiary halides are not reactive due to increased steric hindrance at
the site of electrophilic attack

References

Aptula AO et al (2006) Chemical Research in Toxicology, 19, p1097

Gerner | et al (2004) ATLA, 32, p487

Hermens JLM (1990) Environmental Health Perspectives, 87, p219

Hulzebos E et al (2005) QSAR and Combinatorial Science, 24, p332

Robert DW et al (2007) Chemical Research in Toxicology, 20, p44

Roberts DW et al (2007a) Chemical Research in Toxicology, 20, p1019

Roberts DW et al (2007b) Chemical Research in Toxicology, 20, p1321

Roberts DW et al (2010) Chemical Research in Toxicology, 23, p228

Schultz TW et al (2007) SAR and QSAR in Environmental Research, 18, p21

Verhaar HIM et al (1992) Chemosphere, 25, p471

von der Ohe et al (2006) Chemical Research in Toxicology, 18, p536

12



Mechanistic Alert: Epoxides and Related Chemicals

Several chemical classes have been suggested to reaction with proteins via a three membered
ring opening Sn2 reaction. The structural alerts covered by this mechanistic alert are as

follows:

Structural alert: Epoxides

R = any carbon, hydrogen

Mechanism

A ring opening Sy2 mechanism has been suggested to be responsible for protein reactivity
(Aptula et al 2006, Roberts et al 2007, Verhaar et al 1992).

(& i» Nu/\/OH

/

Nu

Figure 1: Ring opening Sn2 reaction (Nu = biological nucleophile e.g. cysteine or lysine)

Structural alert: Aziridines

R/H\R

R R

R =any carbon, hydrogen

Mechanism
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A ring opening Sy2 mechanism has been suggested to be responsible for protein reactivity
(Aptula et al 2006, Roberts et al 2007, Verhaar et al 1992).

H +
H
(YA —_— Nu/\/NHZ

/

Nu

Figure 1: Ring opening Sn2 reaction (Nu = biological nucleophile e.g. cysteine or lysine)

Structural alert: Sulfuranes

R = any carbon, hydrogen

Mechanism

A ring opening Sy2 mechanism has been suggested to be responsible for protein reactivity
(Aptula et al 2006, Roberts et al 2007, Verhaar et al 1992).

(& i» el

/

Nu

Figure 1: Ring opening Sn2 reaction (Nu = biological nucleophile e.g. cysteine or lysine)

Category mitigating factors

e No mitigating factors have been reported for any of the Mechanistic classes covered
by this category

References
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Mechanistic Alert: Ring Opening Sy2 Reaction

Several chemical classes have been suggested to reaction with proteins via four membered
ring opening Sn2 reaction. The structural alerts covered by this mechanistic alert are as
follows:

Structural alert: B-Lactones

>

X = oxygen (carbonyl), sulphur (sulfinyl)

Y = oxygen, sulphur, nitrogen

Mechanism

An Sn2 mechanism involving a ring opening reaction has been suggested as being
responsible for the protein binding ability of these chemicals (Enoch et al 2008, Roberts et al
2007). Note: Only the four membered ring system is sufficiently reactive to be capable of
protein binding. This is due to the additional energy gained upon release of the strain in the
four membered ring. The equivalent five and six membered ring systems are not strained and
are thus not capable of protein binding.

O +
+ - vr
OH
N

Nu

Figure 1: Ring opening Sn2 mechanism for B-lactone derivatives (Nu = biological
nucleophile e.g. cysteine or lysine)

Category mitigating factors

e No mitigating factors have been reported for any of the Mechanistic classes covered
by this category

16
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Mechanistic Alert: Sy2 Reaction at a Nitrogen Atom

A number of chemical classes have been suggested to be capable of reacting covalently with
proteins via an Sy2 reaction at a nitrogen atom. The structural alerts covered by this
mechanistic alert are as follows:

Structural alert: Nitrosoureas (nitrogen)

X = oxygen (nitrosourea derivatives), nitrogen (nitrosoguanidine derivatives)

R = any carbon, hydrogen

Mechanism

An SN2 nitrosation mechanism has been suggested to lead to the formation of protein adducts
(Roberts et al 2007).

Nu
N e
O¢N<‘/ﬂ\ " Hy + o

N™ ONH, ——= HN" "N
CH, CH

Figure 1: SN2 nitrosation mechanism (Nu = biological nucleophile e.g. cysteine or lysine)

Structural alert: N-Acetoxy-N-acetyl-phenyl

O

PR

R2 Cl)
N

R1” \ﬂ/

@)

R2

R1 = aromatic, heteroaromatic, heterocyclic ring system

R2 = any carbon, hydrogen
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Mechanism

A nitrogen centred Sy2 mechanism has been suggested to be responsible for the protein
reactivity of this class of chemicals (Roberts et al 2007).

O
H3C)kg> + Nu @)

H I

CrANQO(CHg A QNT% " e A

Nu

Figure 1: Nitrogen centred Sy2 mechanism (Nu = biological nucleophile e.g. cysteine or
lysine)

Structural alert: N-Acyloxy-N-alkoxyamides

0

Rl)J\I}I/O\’%O

0 R2
“R2

R1 = aromatic, heteroaromatic, heterocyclic ring system

R2 = any carbon, hydrogen

Mechanism

An Sy2 mechanism has been suggested to be responsible for the alkylation of biological
macromolecules including proteins (Banks et al 2003).

0 i~ 0 0
0 O Nu -
O. _ CH ¢
“CH, ° ~CH,

Nu
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Figure 1: Sy2 mechanism for N-acyloxy-N-alkoxyamides (Nu = biological nucleophile e.g.
cysteine or lysine)

Category mitigating factors

e No mitigating factors have been reported for any of the Mechanistic classes within
this category
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Mechanistic Alert: Sy2 Reaction at a Sulphur Atom

A number of chemical classes have been suggested to be capable of reacting covalently with
proteins via an Sn2 reaction at a sulphur atom. The structural alerts covered by this
mechanistic alert are as follows:

Structural alert: Isothiazol-3-ones (sulphur)

R = any carbon, hydrogen

Mechanism

A sulphur centred Sy2 mechanism has been suggested to be responsible for the reactivity of
this class of chemicals (Figure 1). This mechanism has been shown to exist for sulphur
nucleophiles (e.g. cysteine) (Roberts et al 1997, Alvarez-Sanchez et al 2003).

_CH, H

N 3 rotein S~ N

\ ‘(S/ — P ~g” W CH,
\ O

; /SH

protein

Figure 1: Sulphur centred Sy2 mechanism involving thiol based nucleophile (e.g. cysteine)

Structural alert: Aromatic sulphonic acids

0
BN

R OH

R = aromatic, heteroaromatic, heterocyclic ring system

Mechanism
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An S\2 reaction involving disulphide exchange has been suggested to responsible for the
protein binding ability of these chemicals (Gerner et al 2004).

R R 0
[l \ / [

Figure 1: Sy2 disulphide exchange mechanism for aromatic sulphonic acids

Structural alert: Thiocyanates

R
\

S—C=N

R = any carbon

Mechanism

An Sy2 mechanism involving the cyano group acting as a leaving group has been suggested
to responsible for the protein reactivity of this class of chemicals (Hermens 1990).

H.C H.C
SN N 3N
S—C=N — $—S_ + HCN
( protein
SH
protein/

Figurel: Sy2 mechanism for thiocyanates

Structural alert: Thiols

R—SH

R = any carbon

Mechanism

An SN2 type mechanism with thiol groups in biological macromolecules resulting in the
formation of disulfide bridges has been suggested (Chipinda et al 2007, Hermens 1990).
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H,C /protein
S—H EE—— S—S

/
(’ H,C

SH
protein/

Figure 1: Disulfide bridge formation

Structural alert: Disulfides

R—S—S—R

R = any carbon

Mechanism

An S\2 type mechanism with thiol groups in biological macromolecules resulting in the
formation of disulfide bridges has been suggested (Chipinda et al 2007, Hermens 1990).

H.C CH H.C protein

3\ VAR 3\ /

(818/4 —_— S—S + H,C—SH
SH

protein/

Figure 1: Disulfide bridge formation

Structural alert: Thiosulfonates

//
R—S—S
\
R

R = any carbon

Mechanism
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An SN2 type mechanism with thiol groups in biological macromolecules resulting in the
formation of disulfide bridges has been suggested (Chipinda et al 2007, Hermens 1990).

H,C
H 3C\ >:O H3C\ /prote in 0]
S—S —_— S—S + >—SH
A

(’ H,C

SH
protein/

Figure 1: Disulfide bridge formation

Structural alert: Sulfoxides of disulfides

i
R—S—?:O
R

R = any carbon

Mechanism

An Sn2 type mechanism with thiol groups in biological macromolecules resulting in the
formation of disulfide bridges has been suggested (Chipinda et al 2007, Hermens 1990).

H.Cc O H,C protein O
NI 3\ / [l
S—?:O —_— S—S + Hac—ﬁ—H
/ CH @]
3
SH
protein/

Figure 1: Disulfide bridge formation

Structural alert: Sulfenyl halides

R—S—X

X = halide
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R = any carbon, hydrogen

Mechanism

An Sy2 mechanism has been suggested as being responsible for the protein binding ability of
this class of chemicals (Hermens 1990).

N\ _
H,C—S—CI _—— H,C—S—S—protein + HCI

/

SH
protein/

Figure 1: Sy2 mechanism for sulfenyl halides

Category mitigating factors

e The biological nucleophile must be sulphur based for of the mechanistic classes
within this category
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Mechanistic Alert: Sy2 Reaction at a Halo Atom

A number of chemical classes have been suggested to be capable of reacting covalently with
proteins via an Sy2 reaction at a halo atom. The structural alerts covered by this mechanistic
alert are as follows:

Structural alert: N-Chloro-sulphonamides

O

| H
R—S—N

TR

o Cl

R = any carbon, hydrogen

Mechanism

An Sy2 mechanism involving the chlorination of an amine moiety within a biological
macromolecule has been suggested to be responsible for the toxicity of these chemicals
(Grisham et al 1984, Peskin et al 2001, Piga et al 2005).

i i ¥
N
H3C—S—N\ - HSC—ﬁ_NHz * protein”  Cl
o Ci 0

protein”

Figure 1: Sy2 mechanism involving the chlorination of an amine unit within a biological
macromolecule

Structural alert: N-Haloimides

O O

A

R ITI R
X

R = any carbon, hydrogen
X=F,ClBrl
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Mechanism

This alert has been linked with protein binding in skin sensitisation (Zinke et al 2002).
However, no clear mechanism has been established in the literature. One can hypotheses an
Sn2 mechanism in which a nitrogen protein nucleophile (e.g. lysine) extracts the chlorine.
This mechanism is analogous to that shown to exist in N-chloro sulphonamide derivatives
(see alert SN2-14 and associated references) (Figure 1).

(@] @] O 0] H
)k )k > )k )k + protein/N\Cl
H,C ll\l) CH, H,C H CH,
/’CI
ik
prOteln

Figure 1: Possible Sy2 mechanism responsible for protein binding for this class of chemicals

Category mitigating factors

e The biological nucleophile must be nitrogen based for of the mechanistic classes
within this category
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Mechanistic Alert: Sy2 Reaction at a sp? carbon Atom

A number of chemical classes have been suggested to be capable of reacting covalently with
proteins via an Sy2 reaction at a sp? carbon atom. The structural alerts covered by this
mechanistic alert are as follows:

Structural alert: Polarised alkenes with a halogen leaving group

X

:<

H

X=F,Cl, Br,l

Mechanism

An Sy2 type mechanism (commonly referred to an SyVinyl mechanism) has been suggested
to be responsible for the ability of this class of chemicals to react with proteins (Lei et al
2009).

protein._

protein—N

Figure 1: SN2 (SnVinyl) mechanism

Structural alert: Polarised alkenes with a sulfonate leaving group

n
O—ﬁ—R
:< O

H

28



Mechanism

An Sy2 type mechanism (commonly referred to an SyVinyl mechanism) has been suggested
to be responsible for the ability of this class of chemicals to react with proteins (Lei et al
2009).

protein_

protein—N O
H.C : o‘\_f - — * HC—g—OH
LY ’ g

Figure 1: SN2 (SyVinyl) mechanism

Structural alert: Polarised alkenes with a sulfate leaving group

Mechanism

An Sn2 type mechanism (commonly referred to an SyVinyl mechanism) has been suggested
to be responsible for the ability of this class of chemicals to react with proteins (Lei et al
2009).

protein_

o) protein—N

29



Figure 1: Sn2 (SnVinyl) mechanism

Structural alert: Polarised alkenes with a phosphonate leaving group

i
O—P—0
| \
:< R R

X = O (phosphonate), S (thiophosphonate)
Mechanism

An Sy2 type mechanism (commonly referred to an SnVinyl mechanism) has been suggested
to be responsible for the ability of this class of chemicals to react with proteins (Lei et al
2009).

rotein
protein
\ H.C
H3C\o protein—N 3 \(lj
| /T N
—p—0) " - * H,C—P—OH
H,C—P—0) , i

Figure 1: Sn2 (SnVinyl) mechanism

Structural alert: Polarised alkenes with a phosphate leaving group

TR

) @)

_Fl)_

— o
H R

X = O (phosphate), S (thiophosphate)

Mechanism
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An Sy2 type mechanism (commonly referred to an SyVinyl mechanism) has been suggested
to be responsible for the ability of this class of chemicals to react with proteins (Lei et al
2009).

rotein
P “NH,
\ H.C
H3C\o protein—N 3
| : —_— — + l
09 O—p—OH
HC 0O HC 0O

Figure 1: SN2 (SyVinyl) mechanism

Category mitigating factors

e No mitigating factors have been reported for any of the mechanistic classes covered
by this category
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Mechanistic Alert: Episulfonium lon Formation

Several chemical classes have been shown to form reactive episulfonium ions resulting in
reactive species capable of undergoing Sn2 reaction resulting in protein adduct formation.
The structural alerts covered by this mechanistic alert are as follows:

Structural alert: Mustards

R R R H

Y = nitrogen, sulphur (any oxidation state of sulphur is allowed as long as a lone pair remains
free for the cyclisation reaction)

X=Cl,Br, |

R = any carbon, hydrogen

Mechanism

Mustards have been suggested to undergo an intra-molecular cyclisation to form an
electrophilic reactive episulfonium ion. The episulfonium ion is then susceptible to Sn2
attack by biological nucleophiles (Noll et al 2006, Smith et al 1995, Hermens 1990).

[ AN N

S _ >
CI/\/ \/t>C| Cl/\/ &y NT Cl/\/s\/\Nu

electrophile: episulfonium ion

electrophile: aziridinium ion Protein adducts

Figure 1: Cyclisation and subsequent Sy2 mechanism for mustards (Nu = biological
nucleophile).

Structural alert:1,2-Dihaloalkane

32



X =Cl,Br, 1

R = hydrogen, any carbon

Mechanism

It has been suggested that 1,2-dihaloalkanes undergo an initial attack by glutathione followed
by internal cyclisation resulting in the formation of a reactive episulfonium ion. This ion can
then undergo an Sn2 type ring opening reaction (Granville et al 2005).

rc N7
> s~ © D N

\_/ CI/\/S\G G

episulfonium ion

Cateqgory mitigating factors

e Fluorine is excluded for both mechanistic classes within this category due to the
strength of the C-F bond
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Mechanistic Domain: SyAr



Mechanistic Alert: SNAr

A number of activated aromatic chemicals have been shown to be capable of covalently
binding to proteins via an SyAr mechanism. The structural alerts covered by this mechanistic
alert are as follows:

Structural alert: Activated halo-benzenes

X

Y

X (leaving group) = F, Cl, Br, I, CN

Y (activating group) = aldehyde, nitro, cyano, halogen, sulfinyl, sulfone, sulfonate,
trifluoromethyl

Mechanism

A nucleophilic aromatic substitution mechanism (SyAr) has been proposed for chemicals of
this type (Aptula et al 2006, Enoch et al 2008, Gerner et al 2004, Roberts et al 2007).

Nu NU

Cl cl
\\’ NO N '/ANO NO

2 2 2
e — >

NO, NO, NO,

Figure 1. SyAr mechanism for activated halo-benzenes (Nu = biological nucleophile e.g.
cysteine or lysine)



Structural alert: Activated halo-pyridines

_— —
N

X (leaving group) = F, CI, Br, I, CN

Y (activating group) = aldehyde, nitro, cyano, halogen, sulfinyl, sulfone, sulfonate,

trifluoromethyl

Mechanism

A nucleophilic aromatic substitution mechanism (SnAr) has been proposed for chemicals of
this type (Aptula et al 2006, Gerner et al 2004, Hulzebos et al 2005).

Nu cl
N Nu, U
SN N
| P Y
NO NO

Figure 1. SyAr mechanism for activated

nucleophile e.g. cysteine or lysine)

Structural alert: Halo-pyrimidines

X (leaving group) = F, CI, Br, I, CN

Mechanism

Nu

halo-pyridine derivatives (Nu

= biological



A nucleophilic aromatic substitution mechanism (SyAr) has been proposed for chemicals of
this type (Aptula et al 2006, Gerner et al 2004, Hulzebos et al 2005).

Nu Nu

Nu><9 )%

Figure 1: SyAr mechanism for halo-pyrimidine derivatives (Nu = biological nucleophile e.g.
cysteine or lysine)

Structural alert: Halo-triazines

X (leaving group) = F, ClI, Br, I, CN

Mechanism

A nucleophilic aromatic substitution mechanism (SyAr) has been proposed for chemicals of
this type (Aptula et al 2006, Gerner et al 2004, Hulzebos etal 2005, Roberts et al 2007).

L vt L
O —© —0

Figure 1: SyAr mechanism for halo-triazine derivatives (Nu = biological nucleophile e.g.
cysteine or lysine)

Category mitigating factors




e No mitigating factors have been identified for any of the mechanistic classes within
this category
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