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Le développement industriel et les activités humsimproduisent une quantité tres
importante de polluants chimiques (colorants, mtadiaires de synthése, produits
phytosanitaires, médicaments...). Parmi eux, lesqi@ss constituent une classe a part car ils
sont délibérément introduits dans I'environnemérg:agit de substances destinées a lutter
contre les parasites des cultures au sens largsi-a&‘dire contre des organismes jugés
indésirables. La diffusion des pesticides dansalane engendre une pollution des différents
compartiments de la biosphere (eau, sol et atmospled peut induire des effets toxiques
aigus sur les étres vivants de la biomasse tegrestaquatique. Il est aujourd’hui démontré
gue certains pesticides sont des perturbateurscengms et présentent en particulier des
effets cancérogénes et mutagénes chez I'étre humain

Les pesticides peuvent subir différents processaistrdnsformation dans le cycle
biologique naturel (biodégradation, volatilisatiomrradiation solaire...) ou suite aux
traitements appliqués dans les filieres de potaiibn des eaux naturelles et dans les stations
de retraitement des eaux usées. La présence daitgroé dégradation de pesticides dans
notre environnement est d’autant plus alarmante lgues structures et leurs toxicités
potentielles demeurent généralement inconnueslabesatoires de surveillance des aliments
travaillent a I'amélioration des méthodes d’isalati de caractérisation et de dosage des
pesticides dans les matrices environnementales, (eaits, Iégumes, viandes, poissons,
coquillages, lait, ceufs...). Les méthodes en viggeunt développées et validées de maniére a
répondre aux exigences de directives internatisnalBEACH ™M, 76/768/CEE
91/414/CEE®! ) en termes de justesse, de précision, de semitiétection et de limites de
guantification. |l s'agit de vérifier que les temeuen pesticides n'excédent pas les
concentrations maximales fixées par ces directives.produits de dégradation des pesticides
ne sont généralement pas pris en considération ldamgsure ou ils demeurent méconnus
donc indétectables aux concentrations auxquelesoit susceptibles de se trouver en milieu
naturel. L'analyse de traces par couplage chromegibge-spectrométrie de masse impose en
effet que les molécules ciblées soient connues.

Des études récentes ont montré que les produitdédeadation des pesticides sont
susceptibles d'exercer une toxicité égale, voirmenparfois supérieure, a celle des molécules
meres¥; ils sont désormais reconnus comme "polluants gemes"™ ©. En dépit de cette
prise de conscience de la nécessité de se préacclgpeces polluants émergents, la
méconnaissance de ces composés rend tres diffioite, impossible I'évaluation des risques
sanitaires et environnementaux associes et empé@uadgration de ces molécules dans les

réglementations en vigueur.
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La littérature scientifique montre que les recheschactuelles sont focalisées sur
I'optimisation et la maitrise des procédés de dimjran des molécules polluantes (ozonation,
photocatalyse, chloration...). Dans la majorité dieslés publiés, les structures et les effets
biologiques des sous-produits formés ne sont peuwpasi considérés, les cinétiques et
rendements des réactions de dégradation constitesrgnjeux majeurs de ces recherches.
Ainsi, la plupart des études consacrées a la dagoadpar photolyse ou photocatalyse de
polluants environnementaux ont porté sur l'optirticsa des conditions expérimentales de
photo-traitement et sur les cinétiques réactiorsEll Trés peu de travaux sont consacrés a la
photolyse naturelle, celle qui est exercée paay®mnement solaire directement en surface
des fruits et légumes traités ou en surface del l@mtaminée en pesticides suite aux
phénomenes de ruissellement.

Dans le cadre de cette thése, nous avons dévelmapstratégie analytique permettant de
caractériser les structures de composés issusdigtadation par photolyse de pesticides. La
premiére des molécules retenues pour ces recheadiele métolachlore. L'étude de la
photolyse de ce dernier s'inscrivait dans la doge&ue des études en cours au DCMR lors de
mon arrivée au laboratoire, études consacrées phddolyse et a l'ozonolyse d'autres
pesticides de la famille des chloroacétamides chidae et acétochlore. Les trois autres
molécules étudiées sont la procymidone (composénoxhloré), le boscalid (carboxamide)
et le pyriméthanil (anilinopyrimidine). Il s'agiedongicides détectés dans des fruits et/ou des
légumes lors d'analyses de routine effectuées aRPIy parfois en quantité abondante. A
titre d’exemple, le boscalid a été détecté dansfdetles de vigne a des concentrations
pouvant atteindre 4 mg/L).

Pour chacune des molécules étudiées, notre démacltensisté a modéliser la
photodégradation en laboratoire, a identifier lexlpits de dégradation formés, a évaluer leur
toxicité et a établir si les photoproduits carasts étaient effectivement présents en matrices
environnementales.

Les expériences de photolyse en laboratoire ontcét&uites sur un photoréacteur
prototype concu et construit dans le cadre dedadlile Yasmine Souissi (achevée en 2012).
Les structures chimiques de photoproduits ont étfactérisées grace a deux
techniques complémentaires : la chromatographghase gazeuse couplée a la spectrométrie
de masse pour I'analyse des composés apolaires gtgbaires et la chromatographie liquide
couplée a la spectrométrie de masse pour la détedéis produits polaires. En préalable a la
caractérisation structurale des produits de dégmganous avons étudié les mécanismes de

fragmentation des molécules meres afin d’identifies dissociations spécifiques de certaines
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parties de la molécule. Par la suite, des expérgende spectrométrie de masse
multidimensionnelle (MY et des mesures de masses exactes ont permigabeédaer de
nombreux photoproduits. L'évolution des abondamekgives des produits et la persistance
de ces derniers ont été étudiées. Les résultatsmiabiont permis de proposer des mécanismes
pour les réactions de photolyse.

Les toxicités des produits de photolyse ont étitnésts sur la base de testssilico, tests
QSAR Quantitative Structure Activity Relationshigégcemment développés pour tenter de
prévoir la toxicité des molécules.

Finalement, la détection en matrices réelles deiosr photo-produits caracterisés suite
aux irradiations menées en laboratoire a permidéteontrer le bien-fondé de la démarche

analytique suivie.

16



Réferences

[1]

[2]

[3]

[4]

[5]

[6]

[7]

REACH - Enregistrement, évaluation, autorisati et restriction des produits
chimiques Hittp://Ec.Europa.Eu/Enterprise/Sectors/Chemicalsietéindex_Fr.Htm
2007.

76/768/CEE. Le rapprochement des législatioles Etats membres relatives aux
produits cosmétiqueionseil des Communautés Européenh@8g6.

91/414/CEE. La mise sur le marché des produlitgopharmaceutique€onseil des

Communautés Européenné&891

R. Mckinlay, J.A. Plant, J.N.B. Bell, N. Voulutis. Endocrine disrupting pesticides:
Implications for risk assessmeginviron. Int.2008,34, 2, 168.

M.L. Hladik, E.J. Bouwer, A.L. Roberts. Nealrdegradates of chloroacetamide
herbicides: Occurrence in drinking water and rerhalaing conventional water
treatmentWater Res2008,42, 20, 4905.

U.S. Environmental Protection Agency. Final @minant Candidate List 3
Chemicals: Identifying the Univers@vailable from: http://www.epa.gov/ safewater
[ccl/ccl3. html#chemical009

N.B. Parilti, D. Akten. Optimization of TigFe (lll)/solar UV conditions for the

removal of organic contaminants in pulp mill efiie Desalination 2011, 265, 37.

17



Chapitre | - Synthése bibliographique

18



19



I-1. Les Pesticides

[-1-1. Définitions

De longue date, 'homme a utilisé des substancesénalies (cuivre, arséniate de
plomb...) ou végétales pour combattre les organismesits indésirables dans les champs,
les jardins, etc. Les chimistes ont ensuite syrg@étes substances organiques pouvant jouer
ce role. Le Codex alimentaire (FAO/OMS, 1994) @rfanisation Mondiale de la Santé
définissent comme pesticide toute substance destngrévenir, détruire, attirer, repousser
tout élément nuisible : plante, champignon, insecbt@ammifére... durant la production,
'entreposage, le transport, la distribution ettdansformation de denrées alimentaires, de

produits agricoles ou d’aliments pour anim&tix

Les reglements européens répertorient les pesticgddon leurs usages : produits
phytosanitaires, phytopharmaceutiques, agrophanmigoes, produits de traitement pour la
protection des bois et d’autres matéri§uk * °! Dans le langage courant, le terme "pesticide”
englobe également des molécules d'usage vétérindes molécules entrant dans la

n A

composition de certaines peintures, vernis, etdedme "produit phytosanitaire" étant réservé

aux produits spécifiquement dédiés a la protedesplantes.

Dans la directive 91/414/CE du 15 juillet 1991 dammunauté Européenne définit les
pesticides comme "préparations contenant une osieplts substances actives qui sont
présentées sous la forme dans laguelle elles soées a I'utilisateur et qui sont destinées
a protéger les végétaux ou produits végétaux cdotre les organismes nuisibled" Les
pesticides assurent la conservation des produgétagx, pour autant que les substances ou
produits ne fassent pas I'objet de dispositionsiqdieres du Conseil ou de la Commission
concernant les agents conservateurs ; ils ralentigsgi préviennent la croissance de végétaux

indésirables.

On peut ainsi considérer que le terme "pesticiegtaupe des substances de différentes
familles de composés organiques et inorganiquesireia ou synthétisés par l'industrie
chimique, destinés a repousser ou détruire legyeava et les especes indésirables de plantes,
champignons et animaux causant des dommages auwduitsroagricoles, aux denrées

alimentaires, aux produits ligneux, ou aux alimgsr animaux.
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I-1-2. Usage des Pesticides en Europe et au Moyendnt

L'usage des pesticides synthétiques s'est généraisees la deuxieme guerre mondiale
avec le développement de l'agriculture intensiva.drise de conscience des effets de ces
substances sur I'environnement et la santé hundates de la méme période. Les premieres
mesures |égislatives destinées a réglementer kuslg pesticides agricoles remontent en
effet & 1941.

Aujourd’hui, l'usage des pesticides est largemedpandu, majoritairement dans
I'agriculture mais aussi dans les espaces privéputilics : jardins, maisons, espaces verts,
ameénagements extérieurs, soins vétérinaires, piatemorporelle, conservation des aliments,
etc. Les tonnages de pesticides fabriqués dani@enont constamment augmenté depuis
soixante ans. Toutefois, la tendance semble s'sevemactuellement dans certains pays
européens. Il faut également considérer qu’a qgiéagtiale, les substances actives actuelles

sont beaucoup plus efficaces qu’il y a plusieuredéies.

Tableau I-1. Tonnages en pesticides utilisés [sapdgs européens en 2061

Quantité de pesticides utilisées en Europe en 2001 (en tonnes de substance active)

Fongicides | Herbicides |Insecticides | Divers Total l'fi v “;;"r':"“
Tons | % | Tons | % | Tons | % Tons e
France | 54130 |54,3 | 32122 | 32,2| 2487 | 2,5 | 10896 | 10,9 | 09635 34,3 21 16
ltalie | 23288 |51,8| 8191 | 18,2 9747 |21,7| 3741 | 83 | 44967 |155 11 14
Espagne | 13790 |33.7) 10374 [254 ) 11631 |284( 5089 | 125 | 40894 | 14,1 21.1 L
Allemagne | B418 | 32,1 13337 509 868 | 3.3 | 3601 | 13.7 | 26224 | @ 121 0,7
Portugal | 13915 | 56 | 6399 (257 2616 |105| 1926 7.7 | 24856 | 85 2.8 28
revaums | 3g28 | 18 | 11817 [58,6| 857 | 42 | 3874 |19.2 | 20176 | 639 12 08
Grace 4850 [43.7] 2650 |239| 2658 |23.7| 963 8.7 | 11111 | 3.8 [] 0.6
Pays-Bas | 3628 [461] 2172 |276| 227 | 29 | 1840 | 234 | 7867 | 2.7 1.4 19
[Belgique/Lux| 1565 |315] 2345 |46,3| 560 |11, 566 | 11.2 | 5066 | 1.7 i1 15
Autriche 1088 |386| 1317 (467 o4 33 &2 114 | 2821 1 2.4 0.4
Danemark | 511 |19,5] 1925 |73,5| 66 | 25| 116 | 44 | 2618 | 0.9 1.9 0.5
Suéde 339 [18.2] 1482 |Te4| 24 1,3 40 2,1 1865 | 085 2.2 0.3
Finlande | 192 [134] 1120 |78,2| 42 |28 | 78 | 54 | 1432 | 05 16
Ifande | 410 [30,7| 795 |506| 84 |63 | 45 | 34 | 1334 |05 3.1
128752 | 44,6 | 95026 | 33,0 31941 | 11,0] 33107 | 11.4 | 200866 100 100

En Europe, environ 300.000 tonnes de pesticidesétéitconsommées en 2001
(tableau I-1). La France est le premier consommatewpesticides parmi les pays européens,
devant [lltalie et I'Espagne (figure I-1). Elle cote également parmi les premiers
consommateurs si lI'on rapporte les quantités decpkes utilisées a I'étendue des surfaces
cultivées (tableau I-1). En 2006, la France demelgdroisieme plus gros consommateur de

pesticides au monde derriere les Etats-Unis etperd, respectivement premier et second.
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Figure I-1. Histogrammes représentant a) la répartdes surfaces cultivées en Europe, b)
les pourcentages des quantités de pesticidesetligans les pays europééhs

Au Moyen Orient, le Liban est un petit pays de 5@.4nTf au bord de la Méditerranée.
Les surfaces consacrées & l'agriculture reprégepitende 60% de sa superfi€ie®! (figure I-
2). Entre les années 1993 et 2002, le Liban é&aitémier consommateur de pesticides parmi
les pays arabes avec une consommation moyenneSdegfhectare ; il était suivi par le

Koweit et le Qatar avec respectivement 4,5 et §/Bdctare (figure 1-3’.

&é Oliv
P Opium poppy
§ Vvegetables

Figure I-2. Répartition des surfaces cultiveedeuerritoire libanais
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Figure I-3. Quantités de pesticides utilisées dempays arabes en kg/hectare

I-1-3. Classification des pesticides

Deux modes de classification sont utilisés pourer@pier les pesticides : selon leur

nature chimique ou selon leur réle fonctionnelratte(tableau 1-2 8.

Dans le premier cas, les pesticides sont classés Eenature chimique de la substance
active majoritaire et répartis en cing groupesgpaux :

« organochlorés (DDT, lindane, chlordane...),

» organophosphorés : esters phosphoriques, phospiesnighorothioniques (diazinon,

dichlorovos, malathion...),

« carbamates formés par des sels ou esters d’acio@nc@ue (carbaryl, propoxur...),

» triazines (atrazine, propazine, simazine ...),

e urées substituées incluant plusieurs groupes fumotls : phényluréases,

sulfonyluréases, eté: 9.

~

La seconde classification, dite "fonctionnelle”,nsiste a répartir les pesticides en
fonction du type de parasite & contrbler ou a ééni On définit ainsi les herbicides,
insecticides, fongicides et rodenticides.

Les herbicides sont des substances (ou mélangasbdances) utilisées pour détruire ou
empécher la croissance de la végétation indésjralele mauvaises herbes qui entrent en
concurrence avec les cultures agricoles ou orneteanf. Les herbicides possédent
différents modes d’action sur les plantes, ce siw® perturbateurs de la régulation de
'auxine, principale hormone agissant sur la cianmse des cellules. lls sont également

perturbateurs de la photosynthése et inhibiteurdaddivision cellulaire. lls inhibent la
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synthése des lipides, de la cellulose ainsi queadiees aminé¥!. Les molécules actives des
herbicides incluent diverses catégories de fonsti@himiques: acides carboxyliques,
aliphatiques, amides, chloroacétanilides, benzt@strdinitrophénylamines, phénols, etc.

Les insecticides agissent contre les insectes ayaisfient les plantes en exercant sur ces
dernieres des actions neurotoxiques, régulatrieegsalssance et inhibitrices de la respiration.
Les principes actifs des insecticides sont majoeitaent des composés organochlorés qui, en
raison de leur extréme toxicité, sont progressivememplacés par des organophosphorés et
des carbamates, moins nocifs pour les oiseaux ehdénmiféres mais plus dangereux pour la

faune aquatiqug®.

Les fongicides sont des substances permettanitth tontre les maladies provoquées
par les champignons et les moisissufes?, ils peuvent agir comme inhibiteurs de la
respiration et de la division cellulaire mais aussnme perturbateurs de la biosynthese des

acides aminés ou des protéines et perturbateurssthbolisme des glucid&s

Les rodenticides agissent contre certains rongeuisibles (rat, souris, mulot etc.). lls
peuvent avoir des compositions chimiques variéasnhjorité d’entre eux appartient a deux
familles : les anticoagulants et les convulsivabhés premiers annulent I'effet de la vitamine
K : les animaux meurent victimes d’hémorragiegrnmés. Les convulsivants provoquent des

spasmes musculaires entrainant le coma puis laltHort

Tableau I-2. Classification fonctionnelle et pripailx principes actifs des pesticid&s

Insecticides Herbicides Fongicides Rodenticides
] ] ] benzenes _ _
organophosphorés | composés chlorophénoxy o inorganiques
substitués
carbamates pentachlorophénol organochlorés coumarines
pyréthrine et pyréthoide  crésol, nitrophénols carboximides | chlorécaciférols
dérivés de I'arsenic et| dérivés de l'arsenic et N o .
) ) anilinopyrimidine | convulsivants
autres composés autres composés

Dans cette étude, nous nous sommes particulieteinéiressés a des fongicides
largement utilisés au Liban dans la mesure ou mpowsions disposer d’échantillons réels
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contaminés par ces molécules, échantillons procpass le Laboratoire d’Analyse de
Pesticides et de Polluants Organiques (LAPPO) dédmmission Libanaise de I'Energie
Atomique. Dans le monde, les fongicides en quessiomt utilisés sur des cultures aussi
diverses que la vigne, le 7}, I'oignon™¥, la tomaté™®, la pommé?®®, le raisin®*”! ou la

banané®.
[-2. Les fongicides

[-2-1. Historique de l'utilisation des fongicides

Dés le XVIIF™ siécle, les fongicides sont utilisés pour luttentce les maladies des
plantes provoquées par des champignons. A I'épolpsetechniques, bien qu’'efficaces,
étaient quelque peu rudimentaires. En 1761, Satmdtla préconisé I'utilisation de sulfate de
cuivre contre I'oidium qui affectait notamment iegnes. En 1800, Proust a mis en évidence
I'effet anti-cryptogamique lié a I'épandage surflesilles de vert de gris ou de sels de cuivre
mélangés a la chaliX!. Le mélange de cuivre et de chaux a été baptiséillie bordelaise".
Ces deux produits sont toujours largement utilesésagriculture. Suite a la seconde guerre
mondiale, d’importantes évolutions ont concerné pesduits chimiques utilisés, leur
frequence d'utilisation ainsi que leurs conditiod®pplication. Depuis trente ans, de
nombreux fongicides dits "entre deux ages" (phthalkes, dithiocarbamates, dinitrophénols,
chlorophényls) intégrent le marché des produitsdgdanitaires. Ces produits présentent une
activité systémique qui était inexistante chezdgaredécesseurs. Aujourd’hui, le marché des
fongicides est trés large mais le nombre de fodgghomologués commence a diminuer sous
la pression d’organismes publics, de plus en phmscients de I'importance de sécuriser leur
utilisation. Au cours des dix dernieres années, 88%pesticides enregistrés ont été rappelés,
réexaminés et/ou retirés du marché. Les recherpbdasint sur I'écotoxicité et la santé

humaine se sont multipli¢&8.
I-2-2. Définition et mobilité des fongicides

Le terme "fongicide" signifie littéralement tuem(thtin caedq le champignon (fngusg
91 Les fongicides tuent ou inhibent les champignoaesponsables de maladies aux
répercussions économiques importantes, tant awaumide rendement que de la qualité du
produit. L'usage des fongicides durant la périodecdlture permet de réduire les pertes en

entrepot.
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Les fongicides sont utilisés dans le cadre d'ung@mme de lutte intégrée qui doit
prendre en considération la rotation des cultutds ehoix des variétés tolérantes. Les dates
de semis, de récolte, la fertilisation adéquatéaatensité de semis doivent étre précisées,

ainsi que le mode de gestion des débris de cudtuietilisation d’'indicateurs de risque.

Si les fongicides restent a la surface de la plabtne pénetrent pas dans les feuilles, on
parle de "fongicides de surface". Les feuilles umiergent aprés application ne sont pas
protégées et les fongicides peuvent étre lessigésapluie et désactivés par le soleil. Si les

fongicides pénétrent dans la plante, on parle diegitides pénétrants”.
Il existe trois types de pénétration, décritsessbus.

Dans le premier cas, les gouttelettes restentideuille : les pesticides pénetrent sous la
cuticule au niveau du point de contact entre lantplaet la gouttelette de solution
phytosanitaire mais ne sont pas vehiculés par @ sk la plante. On parle alors de
pénétration "translaminaire”. Le fongicide n’entrgne localement dans la plante, les feuilles
qui émergent aprés application ne sont pas pratédéans ce cas, le fongicide n’est pas

lessivé par la pluie apres avoir pénétré dansdatel

Lorsque les fongicides sont principalement ap@&sur le sol, les molécules pénéetrent
dans la planteia les racines. Une faible proportion peut égalenpémétrervia le feuillage
par absorption foliaire. Les fongicides migrentsvier haut de la plante avec la séve montante.
On parle alors de "pénétration systémique a diffusascendante”. Ainsi, les feuilles qui

eémergent apres I'application sont protégées airigi€ide n’est pas lessivé par la pluie.

Lorsque les fongicides, appliqués sur les feugtagt le sol, migrent a la fois vers le haut
(apex) et le bas (racine) de la plante avec lesssewntante et descendante, on parle de
pénétration "complétement systémique”. Comme danad précédent, les feuilles émergeant

aprés application sont protégées et le fongicidstrpas lessivé par la plté.

I-2-3. Fongicides retenus pour cette étude

[-2-3-1. Structures et propriétés physico-chimiques
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Nous avons choisi pour cette étude trois fongiipkerfois détectés dans des fruits ou des
légumes lors d'analyses de routine au LAPPO - CNRSIls’'agit de la procymidone
(organochloré), du boscalid (carboxamide) et duinpdthanil (anilinopyrimidine). Leurs
formules brutes, structures, masses moléculairsslebilités dans I'eau sont données dans le

tableau [-3.

Tableau I-3. Formules brutes, structures chimigpesis moléculaires (PM) et solubilités
dans I'eau des fongicides étudiés

. - PM Solubilité | ...
Composé | Formule brute|  Structure chimique (g/mol) (mg/L) Références

0
Procymidone | C;3H1,CILNO, ﬁu‘d 284 2.46 [21, 22]
0
Cl
N Cl O
Boscalid C]_8H12C|2N20 X 343 4,6 [23, 24, 25]
— N
[

199 121.0 [26, 27]

Pyrl méthanil CioH1isN,

La procymidone est un fongicide organochloré agpamnt a la famille chimique des
dicarboximides. Elle agit principalement sur lesupitures grises causées pBotrytis
cinerea Persoonaussi bien sur les fruits (raisin, pomme, frai3eque sur les végétaux. Elle
posséde également une action vis-a-vis des sclé@stis $Hclerotinia minor et S.

scerotiorun) et des moniliosedv(onilia laxa et M. fructigenp'?® 2%

Le pyriméthanil est un fongicide appartenant afdanille chimique des anilino-
pyrimidines. Il agit principalement sur les powrés grises causees pRotrytis cinerea
Persoonsur le raisirmais possede également une actionV&mturia inaequalis et Brotrytis

spp.qui contaminent les pois et les pommes. Ce pestidsente un mode d'action différent
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de celui des autres anti-botrytis : il inhibe lacréfion par le pathogéne des enzymes

nécessaires au processus d'infedfioni’.

Le boscalid appartient a la famille chimique dagboximides. Il agit contre la pourriture
sclérotique sur le canola, la moisissure blancldesuharicots, la brllure aschochytique, la
moisissure blanche et la moisissure grBetifytis cinerea PersoqQrsur les pois chiches, les
lentilles, les haricots et les fraises. Il combgdlément |'affaissement sclérotique (répression),
la bralure hative de la pomme de terre, la poueitorune et la brilure des fleurs des fruits
suivants : abricot, cerise douce ou acide, nedairpéche. Enfin, il permet de lutter contre le

blanc de la vign&* 31
I-2-3-2. Toxicité des fongicides étudiés

La plupart des fongicides sont perturbateurs duesye endocrinien de I'étre humain et

présentent en particulier des effets cancérogémastagéne§?.

Concernant les fongicides étudiés, la procymidest un antagoniste compétitif des
androgéenes a leur récepteur, provoquant ainsi dewds de développement chez les
descendants malé¥l. Elle a également été incriminée quant & desseffet la reproduction
et l'induction de tumeurs testiculaires dans uneéemenée sur le long terme chez It
Par ailleurs, il a recemment été rapporté que ditrboximide réduit le poids de la prostate

et des vésicules séminaléd,

Selon le rapport rendu en 2006 par I'INERIS, leimpgthanil présente des effets de
toxicité chronique chez le rat: il induit un retade croissance avec augmentation du
cholestérol plasmatique. Une augmentation du paudfoie et des Iésions histopathologiques

au niveau du foie et de la thyroide ont égalem@ntapportées® 2",

Selon 'EPA, Le boscalid ne présenterait pas disftexiques a cours terme. A long
terme en revanche, les études menées sur des anilmaaboratoire ont démontré que le foie
et la thyroide constituaient les organes ciblemel’toxicité chronique. Le rat serait une
espeéce plus sensible. Chez celui-ci, le boscalid pevoquer une augmentation du poids de
la glande thyroide accompagnée de changementpaiktdogiques: hypertrophie cellulaire
diffuse au niveau des vésicules thyroidiennes petplasie en foyer de cellules des vésicules
thyroidiennes, baisse des concentrations en T3 4et hBusse de la concentration en

thyrotropine. Ces effets seraient néanmoins révessiapres interruption de I'exposition au
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boscalid. Il est postulé comme trés probable gseeféets sur la thyroide résulteraient de
I'induction chronique d’enzymes microsomiales dpetyl dans le foie. Ces effets n'ont pas
été notés chez le chien ni la souris. Le produdte classé par 'EPA comme ayant une
evidence suggestive de cancérogeénicité chez lerratison de la présence d'adénomes au
niveau des cellules des vésicules thyroidiennessdas études portant sur la reproduction et
le développement des animaux de laboratoire, I¢its pgont pas démontré de sensibilité
accrue, comparativement aux adultes, aprés expositiuteroet/ou postnatale au boscalid.

Le produit n'est ni génotoxique ni neurotoxidiie®®.

[-3. Réactions photochimiques

I-3-1. Principe de la photolyse et réactions mises jeu

Différentes méthodes de traitements chimiquespaticulier les procédés d’oxydation
tels que la chloration et I'ozonation, ont monteurl efficacité pour la réduction des
concentrations en pesticides. L'efficacité du &aient dépend naturellement de la structure
de la molécule traitée ainsi que de la nature etladelose d’agent oxydant. D’autres
traitements chimiques basés sur des procédés pimigaes tels que la photo-oxydation par
les rayonnements UV, la photo-catalyse ou encordrd#éement par photo-fenton ont

également été rapportés dans la littérafire®

L'irradiation UV est utilisée dans le traitememesdeaux plus souvent a des fins de
désinfection que de décontamination. Dans ce deca® elle peut impliquer deux processus
différents: la photolyse directe et la photolyséliiecte. La photolyse directe implique
'absorption des radiations UV par la molécule &uge, qui passe ainsi par un état excité
favorisant sa décomposition. La présence d'au mamsgroupement chromophore est
nécessaire. Dans ce cas, la transformation du cednglimique est une conséquence directe
de I'absorption d’'un photon. La photolyse indirecaant a elle, implique I'absorption de la
lumiere par une molécule autre que les produitsnicjues a traiter, engendrant ainsi la
formation d’intermédiaires excités. On parle de tpHoansformation indirecte lorsque
d’autres espéces excitées transferent de I'énatgteélectrons ou des atomes d’hydrogéne au
produit chimique pour induire la transformation sGetermédiaires excités réagissent avec la

molécule a traiter pour entrainer sa dégradationp&@le également de photolyse sensibilisée.

Dans le cadre de ce travail de these, nous naoumes intéressés a la photolyse directe.

Cette derniere est régie par deux principaux parase le coefficient d’absorption molaire
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de la molécule et le rendement quantique. Ces gdatametres sont spécifiques du composé
chimique et conditionnent linteraction entre la léuule et la lumiére. Le coefficient
d’absorption molaire traduit le taux de radiatiarium composé en solution peut absorber a
une longueur d’onde donnée. La premiere loi dehlatgrhimie établit que seule la lumiere
absorbée peut produire un effet photochimique. ®&it, le traitement des contaminants par

UV n’est efficace que si l'irradiation UV émise darlampe est absorbée par le contaminant
[39]

Les réactions (1) a (6) sont initiees par I'absorpde lumiére par le substrat (R) a
dégrader. Les molécules absorbant I'énergie lunsmemnt soit activeées (R*) (réaction (1)),

soit dissociées (réaction (4)), le mécanisme indéitendant du type de substrat étiffieEn
présence de dioxygene, la molécule excitée va pdmn radical R(réaction (2)) ou R®

(réaction (5)), selon sa nature. Ce sont ces espadealaires qui se dissocient pour conduire
aux photoproduits (réactions (3) et (6)). Par latesules photoproduits peuvent étre

partiellement minéralisés par des réactions d’otigda

R+hv—>R réaction (1)
R+0,—>R+0, réaction (2)
R — Produits réaction (3)
RX+h — R +X’ réaction (4)
R + 0, — RO, réaction (5)
RO, — Produits réaction (6)

L'absorption d’'un photon dans le cas de la pha®lgn phase aqueuse est une condition
nécessaire mais non suffisante pour qu’une moléubesse une transformation par photolyse
directe!Y. L’énergie absorbée doit étre suffisante pour pooer le clivage de liaisons, des
réarrangements, des réactions d'oxydation ou dectiéd. La photo-transformation entre en
compétition avec d’autres processus de désactivabs que I'extinction, et d'autres

processus radiatifs ou non. En conséquence, ladnades molécules excitées qui subissent
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réellement une photo-transformation (i.e. le rengl@mguantique) est généralement bien

inférieure & 1 (habituellement < 0.1 et parfois.81Q*% 43!
I-3-2- Le photo-traitement des pesticides

Dans la grande famille des pesticides, nombresses les molécules dont la structure
permet I'absorption de I'énergie lumineuse danddmaine de I'ultraviolet et du visibf&’.
De ce fait, ces composés sont susceptibles de sabiphotolyse directe. En milieu naturel,
les pesticides en aérosols, dissous ou absorbé®mesubir des réactions photochimiques
lorsqu’ils sont exposés a la lumiére sol&ife Plusieurs articles de synthése ont été consacrés

a la photodégradation des pesticitiég® 4!

Comme évoqué précédemment, I'absorption de phasnpossible grace a la présence
de chromophores ; elle donne lieu a une modifioati® la structure électronique des
molécules entrainant un passage de I'état fondaharitétat excité. Le tableau I-4 présente

des exemples de groupements chromophores préseatsertains pesticides.

Tableau I-4. Exemples de groupes chromophores mssskez certains pesticidés

Groupe chromophore Longueur d’or.1de maximale Valeur .app-roximati\-/e du coefficient
d’absorption (nm) d’extinction molaire (imol™)

c=C 180 10000

C=N <220 20

Benzene 260 200

C=0 280 20

Ar-NO, 280 7000

N=N 350 5

N=0 300 100

L'irradiation directe des pesticides les condudinsl un état singulet excité qui peut
ensuite évoluer vers un état tripfel. Ces états d’excitation peuvent induire des phémas

d’homolyse, d’hétérolyse ou de photo-ionisatiormote représenté figure I-4.
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= Homolysis

hv . P*+ X ]
P —— (PX)" —— or Heterolysis
P Xt

(PX)*+ eaq  Photoionization

Figure I-4. Evénements chimiques possibles lofis giiotolyse directe d'un pesticiéfd.

32



I-4. Réference

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

D.Jawich. Etude de la toxicité de pesticidés-a+rvis de deux genres de levures :
approche cinétiqgue et moléculaiteinstitue National Polytechnique de Toulouse. and

Université Saint Joseph de Beyrou2B05

91/414/CEE. la mise sur le marché des prodpiitgtopharmaceutiqueS€onseil des
Communautés Européenné891.

K. El Mrabet. Les pesticideRapport de Laboratoire National De Metrologie et
D'essaie - Paris2008.

US Environmental Protection Agency. Pesticiddtp://Www.Era-Orleans.Org /Afip
/Fr/Pesticides.HtmI2012.

Trading economics. Agricultural land in Lebanddttp://Www.Tradingeconomics.
Com/Lebanon/Agricultur al-Land-Sg-Km-Wb.Data.Ht&0112.

P.R. Salameh, M. Waked, I. Baldi, P. BrochaRl, Abi Saleh. Chronic bronchitis and
pesticide exposure: a case—control study in Lebddon J. Epidemio2006 21, 681.

I. Bashour. CHAPTER 10 - Pesticides, Fertilzand Food Safetyreport of the arab
forum for environment and development - Arab Emment: future challenge2007,
137.

W.M.A. Niessen. Group-specific fragmentation pésticides and related compounds
in liquid chromatography-tandem mass spectrométrChromatogr. A2009 1217,
25, 4061.

Y. Pico, C. Blasco, G. Font. Environmental dodd applications of LC-tandem mass
spectrometry in pesticide-residue analysis: An waesr. Mass Spectrom. Re2004
23,1, 45.

Http://Environnement.Doctissimo.Fr/Proteger-Larre/Pesticides/Qui-Sont-Les-

Pesticides-.Html.

National Pesticides Information Center. Rodgdés Topic Fact Shee2011

33



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

A. Fait, B. Iversen, M. Tiramani, S. Visentidl, Maroni. Prevention des risques pour
la santé liés a l'utilisation des pesticides ddagritulture. Fengsheng HeEditor,
Occupational Medcine, Chinese Academy of Prevemiiedcine.2004

S. Serghat, A. Mouria, A. Ouazzani Touhami,Badoc, A. Douira. Effet de quelques
fongicides sur le développemeint vitro de pyricularia grisea et helminthosporium
oryzae Bull. Soc. Pharm. Bordeau2004 143, 7.

C. Odile. Comment bien utiliser ses fongasd- systémiques, translaminaires et cie —

dans 'oignonAgriculture et agroalimentaire- CANADA

K. Hibar, M. Daami-Remadi, M. El Mahjoub. Ef§e de certains fongicides de
synthése et biologiques sur la croissance mycdiestnl'agressivité de Fusarium
oxysporum f. sp. radicis-lycopersidiropicultura.2007, 25, 3, 146.

K. Attrassi, R. Benkirane, B. Attarassi, Aadbc, A. Douira. Efficacité de deux
fongicides benzimidazolés et de I'anilinopyrimidiger la pourriture des pommes en
conservationBull. Soc. Pharm. Bordeaux2007, 146, 195.

M.R. Gonzélez-Rodriguez, B. Cancho-Grande, Simal-Gandara. Multiresidue
determination of 11 new fungicides in grapes andnewi by liquid—liquid
extraction/clean-up and programmable temperatypenzation injection with analyte
protectants/gas chromatography/ion trap mass speetry.J. Chromatogr. A2009,
1216, 32, 6033.

D. Koné, J.B . Odjochoumou, L.B. Edson, CalBma, A. Séverin. Activités in vitro
de différents fongicides sur la croissance chezasplaerella fijiensis var. difformis
stover et dickson, cladosporium musae morelet ghttiella torulosa (Syd.) ellis,
parasites isolés de la phyllosphére des banaareiGote-d'IvoireC. R. Biol.2009
332, 5, 448.

J. Lhoste. Les Fongicide®ffice de la Recherche Scientifigue et Techniquaedu
Mer. 1960

G. Gilbert. La resistance des champignons faumgicides Rapport deministére de

I'agriculture des pécheries et de I'alimentatiorgb@c.1999

34



[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Environnemental INERIS : Normes de Qualit€rocymidone - (Ed.: 32809-16-8
CAS).2011

Unit Agriculture and Environment - REACH. Pyocidone.2012
Chemnet CAS. Boscalitittp://www.chemnet.com/cas/fr/188425-85-6/Bosdatirdl.

European Commission - Health and ConsumereBtion - General Directorate.
Boscalid - Ed.: chain Safety of the fo@f08 3919.

REACH. Boscalid2007.

European Commission Health and Consumer Bliote Directorate-General.
Pyrimethanil - Safety of the food chain. 2010, 1901

INERIS. Pyrimethanil - N° CAS 53112-28-Rormes de Qualité Environnementale
2011.

C. Ferreira. Effets des perturbateurs enddsmnis sur la fertilit¢ maleEcole National
Veterinaire d’Alfort.2010.

Institut Francaise de La Vigne et du Vin. Betrytis ou Pourriture Grisehttp://
www.vignevin-sudouest.com/publications/fiches-prags/botrytis-pourriture-grise. p
hp. 2005

EFSA. Conclusion on the peer review of pyrihamil. http://www.efsa.eu.inR006

T. Veloukas, M. Leroch, M. Hahn, G. S. Karkogdis. Detection and Molecular
Characterization of Boscalid-Resistant Botrytis ecéa Isolates from Strawberry.
Plant disease2011, 95.

W. Mnif, A. Ibn Hadj Hassine , A. Bouaziz, Bartegi, O. Thomas, B. Roig. Effect of
Endocrine Disruptor Pesticides: A Revieint. J. Environ. Res. Publ. HealtB011,
8, 2265.

K.W. Ostby, J. Lambright, C. Wolf, P. Mann, @Gray. The fungicide procymidone
alters sexual differentiation in the male rat bytirag as an androgen-receptor

antagonistn vivo andin vitro. Toxicol. Ind. Health1999 15, 80.

35



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

M.F. Cengiz, M. Certel, B. KarakaH. Gocmen. Residue contents of captan and
procymidone applied on tomatoes grown in greentoused their reduction by
duration of a pre-harvestinterval and post-hareedinary applicationsFood Chem.
2007, 100.

P.R. Jacobsem. Axelstad, J. Boberg, L.K. Isling, S. Christians&k.R. Mandrup,
L.O. Berthelsen, A.M. Vinggaard, U. Hass. Persistgvelopmental toxicity in rat
offspring after low dose exposure to a mixture nfl@crine disrupting pesticides.
Reprod. Toxicol2012 34, 237.

U. S. Environmental Protection Agency. Bostalid.: Office of Prevention Pesticides
and Toxic substance2003, 85.

C. Hyun-Shik, C. Kwang-Ho, L. Byungwhan, C. ngalune. The methods of
identification, analysis, and removal of endocrtisrupting compounds (EDCs) in
water.J. Hazard. Mat2009 172, 1.

T. Katagi. Photodegradation of pesticides ¢enpand soil surfacefkev. Environ.
Contam. Toxicol2004 182, 1.

A.D. Vallero. Environmental contaminants: essment and control. Elsevier
Academic Press2004 410.

P.M. Badot, G. CriniTraitement et épuration des eaux industriellesuget: Procédés
membranaires, bioadsorption et oxydation chimigReesses Université Franche -
Comté.2007,339.

Organisation for Economic Co-operation and &epment. Phototransformation de
produits chimiques dans I'eau — Photolyse direlcigne Directrice de 'OCDE pour
les essais de produits chimiqu2808

J. Harris. Rates of Direct Aqueous Photolysi#andbook of Chemical Property
Estimation Methods .Environmental Behavior of OigadompoundsMcGraw-Hill
Publishers, New York, U.3.982

36



[43]

[44]

[45]

[46]

[47]

M. Theodore Predicting photoreaction rates in surface wat€reemospherel999
38, 1379.

R. Calvet, E. Barriuso, C. Bedos, P. Benoit, MGCRarnay, Y. CoquetlLes pesticides
dans le sol: Conséquences agronomiques et envinoem@les Edition France

Agricole, France2005

H.D. Burrows, M. Canle, J.A. Santaballa, Seeédken. Reaction pathways and
mechanisms of photodegradation of pesticidésurnal of Photochemistry and
Photobiology B-Biology2002 67, 71.

A. Kiss and D. Virag. Interpretation and mbuhg of environmental behaviour of
diverse pesticides by revealing photodecompositimechanisms.Microchem. J.
2009 92, 119.

R.A. Larson, E.J. Weber. Reaction Mechanigsminvironmental Organic Chemistry.
CRC Press, Boca Ratot994 181.

37



Chapitre Il - Techniques expérimentales
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Ce chapitre présente I'ensemble des matériels ttanés utilisés dans le cadre de cette
thése ; il est divisé en quatre parties. La prem@ésente le photoréacteur et la lampe de
mercure utilisés pour les expériences de photolyaeseconde partie décrit les étapes de
préparation des échantillons. La troisieme parte eonsacrée aux techniques de
chromatographie et de spectrométrie de masseéaslidans cette étude. Enfin, la quatrieme
partie présente les tests silico mis en ceuvre pour estimer la toxicité des photiyte

caractérisés.

[I-1. Photolyse

lI-1-1. Mise en ceuvre expérimentale de l'irradiatio UV-visible

Les paramétres expérimentaux utilisés pour ceserebbs ont été préalablement
optimisés lors d'une précédente étude effectués datre laboratoire dans le cadre de la
thése de Yasmine Souissi (soutenue en 2012).

[I-1-1-1. Le Photoréacteur

Le réacteur utilisé (figure 1l-1) permet l'irradian simultanée de six solutions. La
température est régulée a 25 + 2 °C par des ajégtdiers d’eau glacée. La solution irradiée
est homogénéisée par ultrasons. Pour chaque expé&rides essais témoins sont réalisés afin
de vérifier que les ultrasons ont pour seul effasglrer I’homogénéisation de la solution,

sans conséquence sur la dégradation du pesticide ét

Figure II-1 Photographie du photoréacteur utilisé
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lI-1-1-2. La lampe & vapeur de mercure

Dans la lampe a vapeur de mercure, une déchargeiclie entre deux électrodes initie
I'excitation des atomes de mercure qui émettent rdeégations en retournant a leur état
fondamental. Les intensités relatives des diff@emaies d’émission dépendent de la pression
de mercure dans la lampe. La lampe que nous udiest une lampe a haute pression (HPL-
N 125W/542 E27 SG, Philips, 94856 Ivry sur SeinggnEe). La distribution spectrale de
cette lampe est représentée figure IlI-2a. Les landpeapeur de mercure moyenne et haute
pression fonctionnent dans des conditions de tesmtyn@r plus élevées que celles des lampes a
basse pression. Par conséquent, les atomes derenemot excités a différents niveaux
d'énergie et émettent de nombreuses raies deifibetgsité dans l'ultraviolet et le visible. Le
spectre UV de la lampe utilisée a été mesuré grasespectromeétre a fibre optique (vaSpec-
2048, Avantes}”. Les raies émises par la lampe polychromatiqueersient entre 200 et

1100 nm. Les spectres d’émission de la lampe spnésentés figure 1I-2- (a et b).

= 2b
g
'; 18000
f! 16000 -
E
z 14000 - “
E
- __ 12000 -
300 400 500 600 700 A[nm] — é 10000 -
2a gooo L
E 6000 - : :
. . . . = 4000
Figure 1I-2 : a- Distribution spectrale de I -
2000
lampe HPL-N et b- Spectre UV-Visible de la lam 0 4 | JL..u I\ , :
L, R R . 2000 2: 0 350 450 550 650
HPL-N mesuré par un spectrophotometre a fi Longueur onde A {nm)
optique.

Intensité {Counts)
§

500 i
o .__A.,.MS_A.M_,_‘

=0 7o 20 310 330 B0

Longuer d'onde {nmj

41



[I-2. Méthodes de préparation des échantillons

La préparation d’échantillon constitue une parti@ du protocole analytique car elle
influe directement sur les quantités d’analytetectées dans I'échantillon a analyser. Dans la
mesure ou nous sommes confrontés a I'analyse dpas#s inconnus, nous avons utilisé des
meéthodes d’extraction peu sélectives afin de réeupé maximum de photoproduits. Ces

méthodes présentent par ailleurs le double avand&ee simples a mettre en ceuvre et

relativement rapides.

La méthode d’extraction liquide-liquide a été cimisn amont des analyses par GC-MS
car elle permet d’extraire une grande variété daté&m Elle repose sur la différence de
solubilité des constituants d’'un mélange entre deglxses non totalement miscibles, I'une
agueuse et l'autre organigue. Dans nos étudespligias photolysée est extraite a deux
reprises par le dichlorométhane (volume/volumeidé d’une ampoule a décanter. La phase
organique est récupérée et évaporee sous fluxtd'@as0 °C. L'extrait sec est repris par le

solvant d’injection en GC-MS.

Dans le cas du Pyriméthanil, I'étape de chauffames $lux d’azote a été supprimée, des
expériences préliminaires ayant montré que lesyit®de photolyse étaient évaporés durant
la préparation d’échantillon. Ceci nous a condaitsminuer les volumes de dichlorométhane
utilisés pour I'extraction liquide-liquide et a dyser I'extrait organique par GC-MS sans

reconcentration préalable.

Au début de ces travaux de thése, I'équipe de ehanalytique et environnementale du
DCMR utilisait I'extraction sur phase solide SPEoljd Phase Extractignpréalablement a
'analyse par couplage LC-MS/MS des produits detgliyse. Des cartouches Oasis HLB de
marque WATERS (6 ml/200 mg, diamétre des particul@um) ont été utilisées pour
I'extraction des produits de photolyse de I'estrdbes cartouches Atoll 30 ATH de marque
INTERCHIM (3 ml/200 mg, diametre des particules):oft été utilisées pour I'extraction des
produits de photolyse des chloroanilines. Les tamibbtenus ont montré que la somme des
abondances des produits de photolyse était souvénieure a la quantité initiale de pesticide

photolysé, témoignant du fait que tous les prochiétaient pas extraits par SPE.

Nous avons décidé en conséquence de supprimerétage d’extraction, de maniére a étre
certains de collecter le maximum de photoproduittisdue de la réaction. Nous avons

prélevé quelques microlitres de la solution phatééy auxquels nous avons ajouté quelques
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microlitres de méthanol additionné de 0,1% d’adatenique avant d’analyser directement la
solution par LC-MS/MS.

[I-3. Méthodes d’analyses physico-chimiques utiliss

Les fongicides et leurs produits de dégradatiort poésents a I'état de traces dans les
matrices environnementales. Pour les analyserstinécessaire d'utiliser des méthodes de
séparation et de détection a la fois spécifiquesensibles. La séparation des pesticides est
généralement réalisée par chromatographie en pbageuse (abrégée GC po@as
Chromatography * 3 ou en phase liquide (HPLC pourigh pressure Liquid
Chromatography . Parce qu'elle est sensible, sélective et spéafida spectrométrie de
masse, simple (MS potass Spectrometyy”’ ou en tandem (MS/MS) 7, s’est aujourd’hui
imposée comme principale technique de détectionrelceurs au couplage GC-MS ou au
couplage LC-MS dépend essentiellement de la viddatdt de la stabilité thermique des
analytes considérés. La volatilité d'un composé edép principalement de son poids
moléculaire et de sa polarité : plus il est loutdpelaire et moins il est volatil. En régle
générale, les composés apolaires et peu polaimgsasalysés par GC-MS alors que les

composés plus polaires sont analysés par LC-MS.
[I-3-1. Techniques de séparation
[I-3-1-1. La chromatographie en phase gazeuse

La chromatographie en phase gazeuse est une taehpmrmettant la séparation de
molécules relativement volatiles et thermiqueméablss®. Les molécules sont évaporées
dans l'injecteur ou elles sont mélangées a un gdgalz vecteur" qui véhicule les analytes a
l'intérieur d'une colonne capillaire dont la paiiaterne est recouverte d’'un film chimique
nomme "phase stationnaire”. Les composés migrar# ldacolonne a des vitesses differentes.
La vitesse de migration d'un analyte dépend deosatilité et des interactions qui s’exercent
avec la phase stationnaif®. Les molécules sont ainsi séparées dans le tenthaque
molécule est caractérisée par un temps de rétentorespondant au temps écoulé entre
l'injection et la détection de cette derniere. laddoane capillaire sort du chromatographe et
entre dans le spectrometre de masaeine "ligne de transfert”, il s’agit d’'un cylindchauffé
a haute température (environ 300 °C) de maniereitarda recondensation des molécules

éluées avant leur arrivée au détecteur.
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Dans le cadre de cette étude, les méthodes chrgraptoques ont été développées sur
un chromatographe "Varian 450GC" équipé d’'un pasaatomatique d’échantillons "Varian
CP-8400". Les séparations chromatographiques éntéatlisées sur une colonne capillaire
Varian 'Factor Four VF-XMS" de phase stationnaire peu polaire (10%héiyyl / 90%
diméthylpolysiloxane) aux caractéristiques physgjgaivantes : longueur : 60 m, diamétre

interne : 0,25 mm, épaisseur de film : 0,25 pm.

[I-3-1-2. La chromatographie en phase liquide (LC)

La chromatographie en phase liquide est une teubnide séparation utilisée
principalement pour la séparation de moléculesgmtésit une polarité moyenne ou élevée.
Les molécules sont injectées en solution dans daseldite « mobile », phase liquide formée
d’un solvant ou d’'un mélange de solvants dont lanté dépend de celles des molécules qui
constituent le mélange a séparer. La colonne chographique est également choisie selon
la nature des analytes. On distingue deux sorteshdEmatographie liquide : la LC dite en
"phase normale" ou la phase stationnaire est pottila LC dite en "phase inverse" ou la
phase stationnaire est apolaire. Lorsque I'élutians la colonne se fait avec un mélange dont
la composition n’évolue pas au cours du temps ole gk "mode isocratique”. Lorsque, au
contraire, la constitution de la phase mobile vanecours du temps, on parle de "mode
gradient" : les proportions relatives de solvangs piblarités différentes sont modifiées au
cours de I"élution pour améliorer la qualité deégaration chromatographicte

Dans cette étude, les séparations chromatograghimpuieété réalisées en phase inverse
sur un chromatographe en phase liquide a hauterpeahce (HPLC) (Alliance 2690, Waters)
équipé d'un injecteur automatique d’échantillongubl avons utilisé des colonnes de type
C18 2.1 x 150 mm (Atlantis, France).

[I-3-2. Techniques d’analyses

Dans le cadre de cette thése, les méthodes dér@pétrie de masse utilisées en
couplage GC-MS ont été développées sur une trappguie "Varian 240-MS" configurée en
ionisation interne qui permet la production dessigrar l'ionisation électronique (a une
energie de 70 eV) ou par l'ionisation chimique fposi Les ions formés sont analysés sur une
gamme de rapports masse sur charge (m/z) allah® de 650 u.m.a. Les rapports m/z sont

balayés a une vitesse de 6000 m/z par secondeisTaqumg, les méthodes de LC-MS ont été
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développées sur deux spectrométres de masse, teux dunis dune source
d’électronébulisation : un triple- quadripble (TQYS 6410- Agilent Technologies) et un
guadripble associé a un temps de vol (Q-TOF Premiaters).

[1-3-2-1. La source d’électronébulisation

L’électronébulisation (ou ESI poufElectroSpray lonizatioh a été mise au point par
John Bennet Fenn en 1988 et lui a valu le prix Nalgechimie en 2002. Il s’agit d’une
technique d'ionisation a pression atmosphérique pguimet de former des ions en phase
gazeuse par des mécanismes de désolvatation tkedadrgie induisant généralement peu de
fragmentation. L'ESI est considérée comme une tigciend’ionisation douce par opposition

a d’autres techniques comme l'ionisation électroaiq

La figure llI-4a illustre le principe de I'électrdndisation. La premiére étape consiste en
la formation de gouttelettes chargées a I'extréndiién capillaire métallisé porté a un
potentiel électrique de plusieurs kilovolts. Lagrdé du potentiel appliqué (positif ou négatif)
détermine la détection soit des ions positifs, ded ions négatifs. La deuxieme étape consiste
en la fission des gouttelettes qui résulte de lpulston coulombienne induite par
I'évaporation du solvant. Cette évaporation estéktée par séchage au diazote, a une
température de 80 a 120 °C. La derniere étape aiidolvatation totale a I'issue de laquelle
on obtient des ions désolvatés préts a étre arsabrsgphase gazeuse. Une photographie de
nébulisat est présentée sur la figure 1l-4b. Las®&SI utilisée pour cette étude présente une
géométrie orthogonale particulierement adaptéetgisation de hauts débits en couplage LC-
MS. Cette géométrie limite l'introduction de molé&s neutres dans le spectrométre de

masse.

Pression atmosphérique Pression poussée

Oxydation Réduction
/1

Cone de Taylor ®
@ @ ® . Vers 1’analyseur du
& @ ® ®®.° ¢ M

©) ®

N

Electrons
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Agrivee de 1'échantillon

Sonde d’ionisation ESI

Entrée du cone
vers 1'analyseur

Nuage de gouttelettes

Figure 1l-4 Source d’électronébulisation (a) prpeide fonctionnement (d’aprés Kebarle,
2000™%) (b) photographie de la source ESI

Le transfert et I'accélération des ions vers I'gaalir du spectrométre de masse sont assurés

par un champ électrique.
[I-3-2-2. Analyseur utilisés dans cette étude
a- Le quadripole (Q)

Comme le montre la figure II-5, un quadripdle gsttématiquement associé a un systeme
d’extraction et de focalisation des ions produits seurce. Il s’agit le plus souvent d'un
hexapble ou d'une lentille électrostatique (anado@lectrique d’une lentille optique). Le
guadripdle est constitué de quatre électrodes hogtas paralleles raccordées électriqguement
deux a deux, de section idéalement hyperboliqus.étrodes sont cylindriques et longues
de douze a vingt centimetres selon les modelegpplication d’'un potentiel de type

U+Vcosot crée un champ quadripolaire entre les électrodes.

Deux électrodes symétriques par rapport a I'axerakedu quadripbdle sont portées a un
potentiel de type U+Vced, les deux autres au méme potentiel mais de sigpese (-U-
Vcoswt). U et Vcost sont, respectivement, les composantes de tensitimue et de tension
alternative du potentiel de radiofréquence. Vwesont, respectivement, I'amplitude et la
pulsation de la tension alternative. La valeurodest fixée par le constructeur. Les polarités
des électrodes sont rapidement inversées, ce aqfiéreoaux ions un mouvement "en tire-
bouchon" dont I'amplitude radiale dépend des patrasi&) et V. Pour qu’un ion de rapport
m/z donné ait une trajectoire stable dans le qpébiriet qu’il puisse ainsi atteindre le
détecteur, il faut que les parameétres U et V sdedatque I'amplitude radiale de la trajectoire

de I'ion soit inférieure a la distance séparantdextrodes. Dans la pratique, le quadripble
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fonctionne comme un filtre a ions : on fait varsgmultanément les valeurs de U et de V de
maniére a ce que les ions produits par la sounemtsstables a tour de réle. A un instant t
donné, ne sont détectés que les ions d’'un m/z dobe® autres ions vont heurter les
électrodes ou les parois internes du spectromiggree déchargent et sont entrainés par le

systéme de pompadfé 1> 13

Détectaur

lon transmis

lon gjecte
S

e

4
Source b | K|L

Figure [I-5 Schéma d’un analyseur quadripolaire
b- La trappe ionique

La trappe ionique est constituée de 3 électrodes:électrode annulaire au centre, une
électrode d’entrée et une électrode de sortie déksctrodes chapeaux” (figure 11-3). Une
radiofréquence de type Vaok est appliguée sur I'électrode annulaire, V et étant
respectivement I'amplitude et la pulsation ou fémge angulaire de la radiofréquence. Il en
résulte un champ quadripolaire au sein duquel ahagu acquiert un mouvement oscillant
dont lI'amplitude et la fréquence dépendent du rdppfz de l'ion et de la valeur de V. Des
"spacer$ en quartz en forme d'anneau jouent le role dastd électriques entre les
électrodes. Les deux électrodes chapeaux sontgserse leur centre, I'une pour permettre
l'introduction séquentielle d’électrons et l'aupreur permettre I'éjection des ions vers le
détecteur. L'éjection des ions est assurée pagientation progressive de la valeur de V,
associée a l'application d’'une radiofréquencgogn,t, dite "modulation axiale", entre les
électrodes chapeaux. Le balayage de V ameéne Iss timmr a tour et par m/z croissant, en
résonance avec la modulation axiale, ce qui a @biat de les éjecter en direction du

détecteuf’.

47



CoxeI R Filament

+—— Flectrode chapeau
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Figure II-3. Schéma d’une trappe ionique a ionisainterne
c- Temps de vol (TOF)

A leur sortie de la source, les ions sont focaligés des lentilles électrostatiques. lls
entrent dans I'analyseur a temps de vol (TOF) (figure 11-6). Le 'pushel situé a I'entrée
du TOF permet d’envoyer les ions par paquets dangilbe de vol (horizontal ou vertical
selon les appareils) dans une direction perperalieud leur trajectoire initiale. Les ions sont
accélérés par une différence de potentiel V appkgentre deux grilles. Sous l'effet de V,
chaque ion acquiert une énergie cinétiqugXBgale a zeV, ze correspondant a la charge de
ion. Les ions parcourent ensuite le tube de veécala vitesse acquise lors de leur
accélération. Le tube de vol est une région sods &t libre de champ. L'énergie cinétique
d’'un ion est égale & ¥ rMod m et v sont respectivement sa masse et saeitess ions sont

sépares selon I'équation :
Y, mV = zeV

Si L est la longueur du tube de vol, la vitesse’'undon correspond a la longueur L

divisée par le temps t mis par l'ion a parcourilezei. Par conséquent, il existe entre le

rapport m/z d’'un ion et son temps de vol t la relasuivante:
m/z = 2eV/(L/t}

Il est ainsi possible d'accéder au rapport m/z dumndirectement par la mesure de son
temps de vol. En raison de turbulences dans la dmecélération (collisions avec des

neutres, répulsion coulombienne entre les ions), etes ions de méme rapport m/z peuvent
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acquérir des énergies cinétiques initiales sensibhe différentes ; ils auront, par conséquent,
des vitesses et des temps de vol différents. Gediragluit par une augmentation de la
dispersion des temps de vol et donc par une bales&a résolution. Pour pallier a ce

probleme, les ions traversent un réflecteur élstatmue qui permet de les refocaliser en
énergie cinétique et donc en temps de vol avamtdétection. Les spectrometres de masse
utilisant un TOF sont généralement équipés d'unedétr constitué de galettes de

microcanaux, ce type de détecteur offrant une langiace de collection des iofid.

Figure II- 6 Analyseur a temps de vol.

lI-3-2-3. Modes d’acquisitions utilisés dans cettétude
a- Analyses en balayage ou "fullscan”

Le mode d’acquisitioren balayagdfullscan est utilisé lorsque I'on souhaite enregistrer
des spectres de source, c'est-a-dire des speatsambprésents tous les ions produits dans la
source. Travailler en balayage revient a enregigeions sur une large gamme de rapports
m/z. Celle-ci débute en général a 45 ou 50 Th momades ions résultants de l'ionisation de
l'atmosphére résiduelle dans la source : m/z :®TH m/z 28 (N et CO"), m/z 32 (Q") et
m/z 44 (CQ") et couvrent plusieurs dizaines ou centaines demBon en fonction des

analytes d'intérét.

Ce mode est utilisé lorsque I'on est confrontéaadlyse d’analytes inconnus et que I'on
souhaite caractériser ces derniers, mais il estramement utilisé en quantification. Il est le
mode d’acquisition le plus spécifique mais le ma@akectif et également celui qui fournit les

seuils de détection les plus élevés.
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b- Analyses en tandem (MS/MS)

La MS/MS est la méthode la plus approprié pouralesyses environnementales car elle
est sélective, sensible et spécifique puisqu'allgrriit généralement des spectres de masse
suffisamment riches en ions pour caractériser ualyte sans ambiguité. La MS/MS est
eégalement utilisée pour l'identification struct@ale molécules inconnues. La détermination
des fils, petits fils, arriere petits fils, etc d’'ion permet d’établir un « arbre généalogique des
ions »**!. La connaissance des transitions facilite grandérieterprétation du spectre de

masse.

* Mise en ceuvre de la MS/MS en trappe ionique

La figure 1lI-7 montre les trois étapes d'une ségeed'acquisition MS/MS en trappe
ionique. La premiére étape consiste en l'isoladi@fiion précurseur. L'ionisation est réalisée a
une certaine valeur de V, amplitude de la radiafedge appliquée a I'électrode annulaire (1).
Cette valeur correspond a une valeur de rapportem/deca de laquelle les ions ne sont pas
piégés. L'ionisation étant terminée, la valeur des¥ augmentée pour éjecter de la trappe
ionique les ions de m/z inférieurs au rapport n@2'idn précurseur (x). Le balayage de V est
ralenti lorsque l'on approche de la valeur corredpat a m/z = x, de maniére a ce que
l'isolation des ions précurseurs soit précisel(jection des ions de rapports m/z supérieurs
a x résulte de l'application entre les électrodegpeaux d'une combinaison de fréquences
faisant entrer tous ces ions en résonance (3).hbaepd'isolation des ions précurseurs étant
acheveée, lI'amplitude V de la radiofréquence degaigg des ions est ramenée a une valeur
correspondant a m/z = x’, de maniére a ce que spiégés dans la trappe ionique, durant la
phase d'activation pas collisions, tous les ionsrajgports m/z supérieurs a x’ (4). Un
balayage de I'amplitude de la radiofréquence petaneetection des ions formés par CID
(Collision Induced Dissociatign(5).
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Figure II-7. Séquence de MS/MS en trappe ionique

e Mise en ceuvre de la MS/MS avec un TQ ou un Q-TOF

Dans les instruments de type TQ (figure 1I-8) eTQF (figure 1I-9), plusieurs modes
d’acquisition peuvent étre utilisés en MS/MS. Lerprer est la détermination des fils d’'un
ion : l'ion d'intérét est sélectionné dans le perngquadripble (Q1). L'ion est accéléré a une
énergie cinétiqgue comprise entre 0 et 300 eV é@t@apiar collision avec un gaz inerte dans le
deuxieme quadripdle (Q2). Les ions fragments rastdtsont analysés a I'aide d’un troisieme
analyseur (Q3 ou TOF) en balayage. Le deuxiem@stherche des précurseurs d’'un ion :
le premier quadripble est en balayage et le tnmisieanalyseur en SIM g&lected ion
monitoring sur I'ion dont on cherche les ions précurseuestrbisieme mode est le balayage
en perte de neutre : les analyseurs Q1 et Q3 (loet QOF) sont en balayage avec un écart de

m/z correspondant a la perte de neutre recherchée.

Les trois modes d’acquisition en MS/MS cités cisiless sont communs au TQ et au Q-
TOF. Le modeMultiple Reaction MonitorindMRM) est spécifique du TQ. Il est utilisé pour
des analyses quantitatives, les trois modes prat&deant peu adaptés a la quantification car
peu sensibles en raison des phases de balayad@REn les quadripdles Q1 et Q3 sont en
mode SIM ; I'absence de balayage permet d’atteiddeeseuils de détection compatibles avec

'analyse de traces.

Avec le temps de vol, le mode de haute résolutiemmpt d’atteindre une précision en

masse de quatre chiffres aprés la virgule. Il pedeealistinguer des ions dits "isobares”, c’est
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a dire des ions qui possédent le méme rapport aminal alors que leurs formules chimiques

différents.
lon Quad Quad collision Cuad Particle
solrce mass filter chamber Mmass multiplier
filter
= i/’ i bl \F—
Eﬂmpm el } }".“"“"": o — "7
.......... - w
semsmmm--y
lonization Componention  lon fragmentation  Fragment ion lon
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Figure [I-8. Schéma d’un spectrométre a triple qipéde (TQ)
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Figure 11-9. Schéma d’'un spectrométre de massestargliadripble-temps de vol (Q-TOF)

lI-4. Tests de prédiction toxicologiquen silico
lI-4-1. Principe

La recherche de méthodes alternatives a I'expétatien animale est aujourd’hui une
nécessité pour obtenir des résultats rapides btefiaquant aux propriétés toxiques et
ecotoxiques des substances chimiques. Ces métlamidgs également nécessaires pour
répondre aux préoccupations sociétales relativeseadémarche éthique en expérimentation
animale. La reglementation REACH et les directiv@s la protection des animaux
(76/768/CEE, 86/609/CEE, 2010/63/UE) préconisewdinainution de ['utilisation d’animaux
pour les tests de bio-toxicité et d’écotoxicité.sLméthodes alternatives utilisées doivent

répondre a un ou plusieurs principes des "3R" :
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 Remplacementdans cette catégorie, on trouve les méthodesraquplacent
I'animal, soit de maniere absolue (aucune utilsati’animaux) soit de maniere

relative (utilisation de tissus ou de cellules aales).

e Réduction:quand le remplacement n’est pas possible, ou dasypas encore,
les scientifiques essaient de trouver des moyens péduire le nombre
d’animaux utilisés. Il s’agit en fait d’optimisezd résultats obtenus au moyen de
statistiques.

» Raffinement :cette voie vise en quelque sorte a améliorerdales animaux de
laboratoire. On cherche autant que possible a dieniou éliminer la douleur et
le stress infligés. On peut également recourirsaaitganismes dits « inférieurs »

(plantes, microorganismes, invertébres).

La modélisation bio-informatique ditén” silico" supprime totalement ['utilisation des
animaux. Elle contribue a I'évolution rapide de weaux tests de toxicité ou l'information
structurale est compil de grandes bases de dormgsgoes dans le but de classifier ou

élaborer des modeles prédictifs *°.

Dans cette étude, la toxicité des pesticides &ueliéde leurs produits de dégradation a
été estimée par le logici@lE.S.T.("Toxicity Estimation Software Td9! Il s’agit d’un logiciel
développé par I'Agence de Protection Environnenierdas Etats Unis et librement accessible
sur internet*¥, Les utilisateurs peuvent dessiner la structure ddyst chimique d’intérét ou
l'importer & partir d'une base de données. La itéxést estimée par plusieurs méthodes dites
« QSAR » Quantitative Structure Activity RelationshipLe QSAR est un modele
mathématique utilisé pour prédire différents typgegoxicité de produits chimiques a partir de
leurs caractéristiques physiques et de leur stregfooids moléculaire, nombre des cycles
dans la structure, etc.) appelés descripteurs mlaiées. Les modéles QSAR simples
permettent d’estimer la toxicité de produits chingg en utilisant une simple fonction linéaire

de descripteurs moléculairés:
Toxicité = ax + bx; + €

ou X et % sont les variables de descripteurs indépendartskeet ¢ sont des paramétres
ajustés. Le poids moléculaire et le coefficientpdetage octanol-eau sont des exemples de

descripteurs moléculaires. Lorsque les conditiorss permettent pas de bio-essais
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traditionnels, les tests QSAR constituent une Rédtive aux essais biologiques. Les résultats

obtenus doivent étre impérativement comparés aa@sées expérimentales de la littérature.
lI-4-2. Les différents types de tests de toxicitérpdictive

Le tableau II-3 répertorie les différents teststobecité prédictive réalisables avec le

logiciel T.E.S.T. Les principes des différents $gssont brievement discutés.

Tableau I1-3. Listes des tests réalisables avegieiel T.E.S.T.

Réglem- s
Test _ Principe du test Refe-
entation rences

Fathead minnowtéte| SPE 1/ o o
Estimation de la dose décimant 50%
de boule) RM/ 22 _ . [18, 19, 20, 21]
e < d’'une population de téte-de-boule
LC50 2°7"éd.

_ Estimation de la dose décimant 5(
Daphnia magna _ _ o
. d’'une population de daphnies, ainsi @
(daphnie de Magna)| 1SO 6341 _ (22, 23, 24]
des effets sur la reproduction et

LC50
mobilité
Tetrahymena Estimation de la dose inhibant
pyriformis croissance de 50% d’'une population 25]
IGC50 Tetrahymena pyriformis
Oral rat LD50 Estimation de la dose décimant 5(

d’'une population de rat ou souris, d
effets sur les changements de pg  [26.27]
corporel, sur la  consommatig

alimentaire

Estimation des  effets sur
Developmental ]
o développement de I'embryon pendant
toxicity _
L grossesse: mort de [I'organisn (28]
(toxicité sur le plan _ o
) anomalies structurelles, altération de
du développement) . o _
croissance et déficiences fonctionnelle

Mutagenicity Estimation de la mutagénicité cellulair
REACH [29]

(Mutageénicité)
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Chapitre Ill. Photo-transformation du métolachlore
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[11-1. Introduction

Lors de mon arrivée au laboratoire DCMR, les étutieBéquipe « Chimie analytique
et environnementale » étaient principalement cogsaca la photolyse et a I'ozonolyse de
pesticides de la famille des chloroacétamides corfatechlore et I'acétochlore (thése de
Yasmine Souissi). Jai ainsi débuté mes travux @eherche par l'étude de Ila
photodégradation du métolachlore. Cette premiardeéin’a permis d’assimiler la stratégie

analytique utilisée au DCMR pour caracteériser tascsures de photoproduits.

Avec une grande solubilité dans I'eau (500 mg/kE),mMétolachlore est utilisé pour
lutter contre les mauvaises herbes comme les gémmiannuelles et certaines dicotylédones
dans les cultures de mais, de soja, de pommesrdede haricots, de sorgho, de betteraves a
sucre et de rutabagas. Il s’agit d’'un herbicideaédl qui inhibe la germination et est absorbé

par les hypocotyles et les pousses des plantes.

La Directive 2000/60/EC de I'Union Européenne rémpée le métolachlore parmi les trente-
trois polluants a surveiller prioritairement dares leaux européennes. Depuis 2011, ce
pesticide est classé comme perturbateur endocridlemflue sur plusieurs étapes de
’lhomoéostasie de I'axe hypothalamo-hypophyso-tidiem (HPT) et perturbe le systeme
thyoridien chez le médaka (poisson de la familke Aldrianichthyidae). Il présente des effets
toxiques sur le développement des animaux avaaprets la naissance et exerce des effets
cytotoxigues et génotoxiques dans les lymphocytemains ainsi que des dommages
chromosomiques. En conséquence, la directive 6Q0/EQ de I'Union Européenne a fixé a

0,05 mg/kg la limite maximale résiduelle (LMR) détolachlore dans les cultures.

L’étude de la photolyse du métolachlore par irradieUV-visible présente un intérét
certain, d'une part pour caractériser les photogitedsusceptibles de se former dans
'environnement sous linfluence du rayonnementase|l d’autre part pour établir si la
photochimie peut constituer un traitement de chomxr dépolluer I'eau contaminée par des
herbicides de type chloroacétamide. Un tel traitgnmmee conduit jamais la minéralisation
complete des polluants ;des sous-produits sontéibén quantités significatives dans I'eau
aprés photolyse. Il est d'ailleurs plus pertineatghrler de « phototransformation ». Il est
donc important d'établir les structures chimiquesogicités potentielles des photoproduits

formés avant d’envisager un traitement par photoihi
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Dans notre étude, des solutions de métolachloréténpréparées a une concentration
de 50 mg/L pour les expériences d’identificationuaturale. Les solutions utilisées pour les
études cinétiques ont été préparées a une corti@mtle 2 mg/L. Le réacteur utilisé dans les
expériences de photodégradation est décrit au tchahi L'extraction liquide-liquide a été
utilisée pour les solutions analysées par coupQeMS. L’extraction sur phase solide (SPE)
a été utilisée pour les solutions analysées paplaga LC-MS, . Pour s’assurer des structures
proposées la dégradation du produit marqué, avdeuériums a la place de 6 hydrogénes
dans la molécule du métolachlore, est étudiée tsignémes conditions expérimentales
(figure 1 de l'article 1). Cette étude de dégramtapermet de préciser la partie de la molécule

affectée par l'irradiation ce qui facilite I'idefitation structurale des sous produits.

La polarité des sous produits peut varier dupaaire au non polaire. Pour couvrir la
gamme de polarité, deux techniques de séparationgté utilisés : GC/MS et LC/MS. La
séparation sur la GC est favorable pour les maddcnbn polaires, tandis que sur la LC, la
séparation est favorable pour des molécules qusguent une polarité moyenne ou élevée.
Les deux appareils sont couplés a la spectroméé&rienasse comme détecteur. Le GC est
couplé a un spectrométre de masse trappe ionique dwune source capable de passer
facilement de lionisation électronique a lionisat chimique. Cette trappe ionique est
utilisée en mode MSqui permet l'identification des parents des iagents d’'une maniére
continue. La LC est couplé a un spectrométre desen@andem quadripdle — temps de vol (Q-
TOF) muni d’'une source electrospray (ESI). Le T@Fdilisé en haute résolution mode W

en proposant des formules brutes pour les massegsesx

Pour établir 'ordre de formation des produitsddgradation du métolachlore et leur
rémanence dans la solution, une étude cinétiquéaisten GC/MS (en mode d’ionisation
chimique CI et en mode d’analyse scan de m/z 58 nér 290). Cette étude est divisée en
deux parties : la premiére sert a évaluer la faonatt la disparition des produits en fonction
du temps d'irradiation et la deuxiéme permet deosasi la réaction de dégradation continu
son évolution aprés l'arrét de la lampe. Pour cetais avons irradié 1 litre de solution de
meétolachlore durant 30 minutes en prélevant 70 ndea temps précis. Puis, chaque
prelévement est divisé en 7 tubes de 10 ml etdesicens restes a température ambiante et a
l'abri de la lumiére pendant 32 heures. L'analyse stblutions irradiées qui viennent du
premier prélevement répond a la premiére partiGealyse de chaque solution des tubes a
différent temps répond a deuxiéme partie. Le Behe@opne est ajouté a chaque solution

avant I'analyse comme étant un étalon interne.
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Les toxicités des sous produits détectés en GC/MEh & C/MS ont été estimées a

I'aide du programme de calcul de toxidieésilico T.E.S.T. (voire chapitre 2).
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l1I-2. Characterization of the photodegradation products of metolachlor: structural
elucidation, potential toxicity and persistence

Sarah Coffinet, Ahmad Rifai, Christophe Genty, YasnSouissi, Sophie Bourcier, Michel
Sablier and Stéphane Bouchonnet

J. Mass Spectron2012,47, 1582—-1593

Aqueous solutions of metolachlor and metolachipmeere photolyzed with UV-visible
radiations. The structures of 15 by-products of alaehlor were determined through gas
chromatography-mass spectrometry analyses usingtrate and chemical ionization
combined with multistage mass spectrometry. Thetghymis by-products of metolachlor
resulted mainly from dehalogenation and hydroxglatiin some cases accompanied by
cyclization. In silico tests for toxicity predictiocshowed that the toxicity of some photolysis
products is expected to be greater than that oblanettlor. Persistence studies showed that the
by-product relative abundances vary in large an®uwvith the irradiation time. The post-
photolysis evolution of the solution was also stadiin order to determine the persistence of
the main by-products. It allowed to establish timaist of the by-products can be found more
than 12h after the end of the photolysis, whiclofisa great concern as treated water is
generally available for consumption only a few lsafter treatment in most of industrial

processes.

Keywords: water treatment; metolachlor; photodegradation;-ptmducts; toxicity;

persistence

Introduction

Among the European countries, France is the fostsamer of pesticides: more than
76.100 tons of active species were sold there 08D This situation is becoming of a great
concern as these pesticides are very frequentlgctbet in large amounts in soil and
freshwateF?! Indeed, a study from the French water agency fauackes of pesticides in
91% of collecting stations in 20¢%. In the meantime, every year, more and more
publications are issued pointing out the potemisis of these substances on the environment,
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the biodiversity and the human heaifl.As a consequence of this awareness raising, the
processes currently used to treat water are pot goiestions, and new processes are in
constant developmeHt® Photolysis is more and more investigated as a meamsmove
micropollutantd® UV photolysis is already commonly used as an ativa of disinfection
with chlorine. In 2004, PWN, national water suppled the Netherlands, conjointly to the
company Trojan UV, opened a pilot plant in AndijKetherlands) using photolysis for
disinfection as well as for micro-pollutant decontaation!***¥ In this plant, photolysis is
not used as a replacement of conventional techsigueh as ozonation but rather as an
additional technique based upon the idea that piyitig the ways of degradation would
target a larger range of pollutants. This studyu$es on the photolysis by-products of a
widely used herbicide, metolachlor. This pesticitem the chloroacetanilide family also
including alachlor and acetochlor, is mainly usedtreat corn and was classified by the
European Union as one of the 33 priority pollutamisthe European Water Framework
Directive 2000/60/ECG-? Of priority concern is the high solubility of mesahlor in water
(530mgl* at 20 °C) and thus its likely presence in naturaders, as pointed out by Rivatd.
Hence, its removal by innovative techniques suchUas photolysis is of a particular
importance. However, as noticed by Sancheal, such a treatment does not necessarily
result on the complete mineralization of the palius and by-products are usually released in
significant amounts in the water after photodegiiada™ It is thus particularly important to
establish their chemical structures and their gaktoxicity before generalizing the use of
these new plants. In 2007, Wat al. reported a study devoted to photodegradation of
metolachlor applying UV and UVA®,. Their researches, mainly devoted to kinetics
measurements, led to suggest chemical structuresxfphotoproducts among the 14 detected
by gas chromatography coupled with mass spectrgtif@tiThe present work is devoted to
the structural elucidation of 15 photodegradatiomdpcts of metolachlor and the evaluation
of their toxicity. Kinetic studies on irradiatiomrte as well as on post-photolysis evolution
were carried out to better understand the way liipts are formed and their potential

persistence in water.

Materials and methods

Chemicals Metolachlor and methylene chloride - ohatographic grade - were

purchased from Sigma-Aldrich (St Quentin Fallavierance), while metolachlorsdwas
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purchased from Cluzeau Info Labo (Ste- Foy-la-Geanferance). Chemical structures of
metolachlor and metolachlogdare displayed in Fig. 1. Stock aqueous solutiofis o
metolachlor were prepared by dissolving metolachior deionized water. Structural
investigations were carried out with a solutiom@ing.I* while a solution at 2mg'lwas used
for the kinetic measurements. Additional experirmamére performed irradiating a solution at
50mgl* of metolachlor in a real water matrix: water coledl from the Ecole Polytechnique
lake at Palaiseau — France. Benzophenone (intetaratlard for the kinetic experiments) and
high purity methanol (> 99.99) for chemical ionipat (Cl) were purchased from Fluka
Chemie AG (Buchs, Switzerland).

Photolysis experiments

Photolysis was performed in a self-made reactosisting in six 120 ml quartz tubes
immerged into a sonicator (ALO4-12, Advantage-L&wyitzerland). UV irradiation was
delivered by a high-pressure mercury lamp (HPL-1$ ¥2/542 E27 SG; Philips, Ivry-sur-
Seine, France). Radiation was produced at wavdisnginging from 200 nm to 650 nm.
Metolachlor presents a significant absorbance & 240-280 nm rand®. According to
manufacturer data, the incident radiation flux 8280 Im. The photoreactor was filled with

deionized water and regularly cooled by ice additmmaintain the temperature at 204 °C.
Sample preparation

Liquid-liquid extractions were carried out usingeparating funnel. Each sample was
extracted twice with 20 ml of methylene chloridéeTorganic phase was dried under a gentle
nitrogen stream, and the dry residue was solubilize 100 ml of methylene chloride
containing benzophenone at 1 pg'mto serve as an internal standard for gas
chromatography-mass spectrometry (GC-MS) analfi® aqueous solutions at 50mgdf
metolachlor were extracted as previously describegtolachlor-d was added into each tube
after extraction, at the same concentration. Ektraaecoveries were evaluated comparing
the chromatographic peaks integrations of metotaciihd metolachlorglon the MH ionic

currents. The recovery yield was estimated at 9R¥%=9% for n=5).
Gas chromatography and mass spectrometry operatiogditions

Analyses were carried out on a VARIAN 450GC gasuotatograph equipped with a
CP 8400 autosampler and coupled with a VARIAN 240M8-trap mass spectrometer
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switched into the internal mode. Separation wadopmed on a 60-m-long ‘VF-Xms’
capillary column (VARIAN) with an internal diametef 0.25 mm and a film thickness of
0.25 mm. All experiments were performed automdycedjecting 1.0 ml of sample in the
splittess mode at a rate of 50 mt. sThe injector temperature was set at 280 and high
purity (99.999 %) helium was used as carrier gas ebnstant flow of 1.4 ml min_1. Oven
was programmed as follows: 8G held during 30 s, up to 13C at a rate of 18C min™, up

to 180°C at a rate of 8C min, up to 23(°C at a rate of 3C min™ and finally up to 300C

at a rate of 28C min™. The total analysis duration was 33 min. The nspExtrometer was
calibrated with the ions resulting from electronimation (El) of perfluorotributylamine. The
manifold, the ion-trap electrodes and the trankifer temperatures were respectively held at
100 °C, 200°C and 28(°C. Positive Cl was performed using methanol aseeadspectra
were recorded using the automatic gain controltionawith target values fixed at 20.000 and
5.000 for EI and ClI, respectively. The filament ssmn current was set at 10 mA in El and
50 mA in CI. The electron multiplier voltage wast@uatically optimized at 2200 V. Full
scan spectra were acquired recording ions from B%zZo m/z 500 at a frequency of 3
spectra/s. During multiple stage mass spectrongdpgriments, precursor ions were isolated
with a 1 m/z window, stored with a Paul stabiligrameter (qz) of 0.30 and fragmented by
collision-induced dissociation (CID) during 20 mghwhelium playing the role of target gas.

Activation energies ranging from 0.45 V to 0.60 ¥r& used in the resonant excitation mode.
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Figure 1. Chemical structures of metolachlor (left hand) eretolachlor-gd(right hand).

Results and discussion

Characterization of degradation products of metoldor
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The chromatogram of a solution of metolachlor irmsed for thirty minutes is
displayed in Fig. 2; peaks labeled with an ‘X’ @spond to impurities present in the
reference solution of metolachlor. The comparisath wthe results obtained irradiating an
agueous solution of metolachlog-dlmost pure (99.9%) permitted to discard by-prasiuc
issued from impurities and not from metolachlorelits Given the complexity of the
chromatogram of the photolyzed solution, only coommuts providing a peak with a signal to
noise ratio greater than 10 were investigated. tal tof 15 compounds were identified as
photodegradation products. They are numbered ascidn of their retention time and listed
in Table 1. Two products, dnd_5 were taken into consideration although they vadready
present in the non photolyzed solution because abticeable increase of their relative
abundance after photolysis. The use of Cl with meth as reagent gas permitted to
determine the molecular weights of all compoundstdrest (see Table 1) as this technique
provides abundant MHions. It is to be noted that the absence of chariatic isotopomer
MH™ ions indicates that the chlorine atom of metolachlas eliminated during the photolysis
process in all cases. Elimination of the chloritena during mass spectrometry analysis
rather than photolysis experiments was taken imosicleration, but this hypothesis was
finally discarded according to the following reasorirst, if the loss of HCI following
protonation of a chlorinated molecule is a welléfished mechanism in Cl, it rather occurs
with reagents with low proton affinity such as neeth. To our knowledge, loss of HCI using
methanol as reagent gas has never been reportgtefiore, if such a mechanism should
occur here, it would be certainly observed with tpnated metolachlor. We previously
studied the CI of metolachlor using different restgaunder various conditions of temperature
and pressure and never observed HCl loss fron Mdhs™"!

68



ML eurs 9’
155 —
11
10
Metolachlor
100
BT <
X . compounds present in the non photolized solution

1{2
0D =4 2

' 14
[=F- B 1 x

e, T i X15
(-1  — T i’iu._f- l d‘ljj“ ....‘I — TS "——

5 10 15 20 25 30  minutes

Figure 2. Chromatogram of an aqueous solution of metoladhadiated for 30 min.

None of the compounds could be identified basetherNIST nor WILEY EI mass
spectra data base so that their structures hadeteeliicidated by mass spectrometry
investigation$®*® The ion-trap mass analyzer allowed to carry outtimsfage mass
spectrometry on MH ions of photolysis products from both metolachéord deuterated
metolachlor. Data collected are given in Tablehkytwere used to establish the structures
displayed. According to previous experiments amerdiure data, we postulated that C—-C
bonds constituting the skeleton of the aromatig and its alkyl chains do not break during
photolysis?”

The m/z ratios of MHAions of compounds and 3(133 and 177 Th corresponding to
molecular weights of 132 and 176, respectively) am¢ shifted when comparing the
corresponding mass spectra of the photolyzed solsitbf metolachlor and metolachlay-dt
indicates that the —(GHICH—CH,— chain was lost during the formation of these coumals.
Moreover, according to the nitrogen rule, the enextecular weights of And_3(132 and 176
a.m.u., respectively) show that the nitrogen atémmetolachlor was lost during the formation
of both compounds. The chemical structure aivds proposed on the basis of a chemical
formula of GHgO, also considering the short elution time_ofiddicating a low polarity).
Product_1could result from hydroxylation of the ethyl grodgee below) followed by a

nucleophilic attack of the oxygen atom onto thexaatc ring. The loss of 28 a.m.u. from m/z
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133 (MH' ion) in CID experiments can be rationalized by thechanism 3-1 in Fig. 3
providing a stable carbocation at m/z 105.

In MS/MS, the pseudo-molecular ion ofl&ses 18 a.m.u. @), which, combined
with the tailing shape of the corresponding chragedphic peak, indicates a quite polar
structure likely including at least two oxygen atnihe structure proposed is reported in
Table 1; the corresponding dissociation pathwagdifey to ions at m/z 159 and m/z 131 are
displayed in Fig. 3 (mechanism 3-2). A lactone @tite has been first considered foroBit
its formation from metolachlor through a photolypi®cess was much harder to rationalize

than for the structure retained (see below).

At the exception of land _3 all the photolysis products of deuterated metdtac
provided mass spectra in which Mi$ns are shifted by 6 a.m.u. comparing with thokthe
unlabelled molecules. This led to the conclusiat the N-(CH)CHCH,-O chain (see Fig. 1)
was not affected by the photolysis process foreghmmmpounds. In CID experiments, the
pseudo molecular ions of 12 among the 15 by-pradatl except_1 3 and 13 first
underwent an abundant loss of 32 a.m.u. correspgndi CHOH elimination after direct
protonation of the ether functionality, as depictedmechanism 3-3 (Fig. 3) in the case of 2
As the oxygen atom is not the most basic site ef tiolecule, initial protonation on the
nitrogen atom followed by proton transfer from fretonated amino group onto the oxygen
atom of the ether functionality through a five @niransition state can also be considered.
Methanol elimination allows to establish that thtbee functionality was not affected by

photolysis.

Compound 2orovided an abundant pseudo-molecular’Meh at m/z 206. Formation
of 2 from metolachlor thus involved a loss of 78 a.miuwas assumed to result from the
removal of the CI-CH-C(O) chain followed by cyclization with the etigrioup. The analysis
of the main dissociation pathways (mechanism 3-@&)fiomed this hypothesis, and the
structure in Table 1 was finally proposed. The sitaons observed when performing f1&n
the MH’ ion of the deuterated analogous of(i®/z 212-m/z 180-m/z 132 and m/z
212—-m/z 180-m/z 152) are in good agreement with the fragmemtatiechanisms.
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Table 1. Maolecular welght, réention time relative abundance, Chemical structure and main MS” transitions reconded in GC-MS with Ol fonization
metaitaC hilor

miade for photolysis products of
Maolecwar  Batenton time Fslative Shift for metolachlor-d,  Main ransitions in 025 Chemical stricture proposed
weadnht imin | abundance® [mwiz]
1 132 215 18 L1} 133 — 105 [—28) LR
105—103 {-2) |
2 205 1447 34 i} 06— 174 —32) B—
174 — 146 {28) %.f
Tra—132{—42) : tj
3 156 19,06 18 Q 177 — 159 {—18] |
156—131 |—28) !_,J‘H_
/\ég
4 47 2348 28 6 28— 216(-33) |
48— 176 [-72) M
5 233 2359 6l L] 234 — 202 {-33)
234 — 306 [—28)
06— 178 [—30
Ihe— 148 {—28)
T4E— 145 |=2]
) 24T 2421 LHL il ME—216[-32)
HMBE—176]-732)
216— 174 [—a2)
26— 188 {—28)
7 247 2430 13 o 24— 216|-33)

AR —178(-72)
26— 174{—2)
16— 188 |—24)
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Table 1. {Continued)

Molecular  Retention ims Felathve
wedght imén) abundance"

Shift for metolachlor-d,  Main ransitions in O-M57

[m/z]

Chemical structure proposed

7 ¥A40 01

| o=

.ok 5100 30

|

10 65 514 b

12 65 559 Tl

248— 216 |-32|
28— 178 =72)
1Me— 174 (—42)
216— 188 (-]
TEE — 160 {— 38|

286 — 150 {—16]
286 — 248 (- 18]
266— 234 |—-132)
2M4B— 216 -3

266 — 248 |-18)
266 — 2134 |—-12]
248 — 116 (-32)
248 — 0% |—42]
216 — 174 (—43)

266— 248 -18)
266 — 234 |-33)
245— 216 (-32)
248 — 206 |—42)

266 — 248 1-18)
286 — 138 (-]
266 — 234 |—32)
48— 116 |-32)
248 — 306 |—42)

266— 248 (—18)
248— 216 |—-32|
248 — 206 |—42)
26— 176 (—30]
206 —-149 |-57)
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Table 1. |Contimesd)

Maolecular  Reten tion time Felathe Shift for metolachlords  Main tansitions in C-M5" Chemical strsc ture proposed
weasg it {mim] abundance® Im'z]
14 265 7.0 33 [} 56— 218 { 8] a
206 — 206 | —60) )'\ /J\/
fal oK
. S
13 265 3115 11 [} 56— 2341 —33)

266 — 208 {—58]
205 — 149 {—57)

*w of the total of &l the prodoct abundances
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Figure 3. Dissociation pathways of the pseudo-molecular adfmmpounds 12 and_3
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Among the 15 main photolysis products, seven com@suwere found with a
isomers resulting from chlorine elimination from twlachlor and hydroxyl addition onto the
latter. The pseudo-molecular ions of all these comps lose 32 a.m.u. (GEH), in
agreement with the remaining of the ether functibphand 18 a.m.u. (bD), in agreement
with the addition of a hydroxyl group, with the eyption of 15 for which only the loss of
CH3OH is observed. Discarding the alkyl chain betwdenamide and ether functionalities
(based on experiments on metolachlgh-dOH addition can occur onto eight sites.
Distinguishing the different isomers was diffica@s they provided almost identical mass
spectra. However, the search for specific ionsusdo the classification used in Table 1.
Compound 14 is the only one which directly losesa4®.u. and not 32 a.m.u. from MH
under CID experiments. This loss corresponds tg(OH), elimination and indicates that the
hydroxyl is located in alpha position of the etigeoup in the case of compound 14. In the
same way, compound 15 is the only one which logs.;.u. (HOCHCO) straight from
MH™; thus it was identified as resulting from a hydpoattack onto the primary methyl
carbon of the amide functionality. It is to be rekeal that compound 15 was identified \Wu
et al. in a previous work™® Considering the similarity between their mass speand their
close retention times, compounds ) and 11were assumed to correspond to the three

phenol-containing isomers.

Among them, compound B the only one for which a loss of 16 a.m.u. (Cis$
observed from MH, indicating an ortho effect as displayed in sche##& (Fig. 4).
Consequently, compound Was identified as the compound bearing an OH giiauprtho
position of the ethyl group. Both other compounasewdistinguished considering the boiling
points of two molecules with phenolic structuressel to those proposed for 26d 11 225
°C for 3-ethyl-1-methylphenol and 233 °C for 4-dtBymethylphenol?* According to these
data, compound 1Was identified as the easier compound to vaparm thus the first to
elute on a low polarity capillary column. Compourddsand_13are thus expected to result
from hydroxyl addition onto the alkyl groups cadiey the aromatic ring. As compound i$2
the only one to lose 28 a.m.u. (ethylene elimimatiocording to the mechanism 4-2 in Fig. 4)
from MH", it was logically identified as the isomer withethydroxyl on the methyl group.
Compound 13wvas assumed to result from the hydroxyl attackhenalpha site of the ethyl
group considering the very easy water eliminatiomf MH" (abundant peak at m/z 248 in its

mass spectrum) through a classical four-center am@sin comparable to the water
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elimination from the pseudo-molecular ion of 3 theme 3-2 (Fig. 3). Furthermore, this
hypothesis is in good agreement with the one abasegrding to which compound cbuld
result from the non-observed isomer which wouldeheasulted from hydroxyl addition onto

the beta position of the ethyl group.

T .,.-}']«. =GH, o e
|l o —_— |
- T S, o

1wt miz 238

Figure 4. Ortho effect from the pseudo molecular ion cdrll ethylene elimination from the

pseudo molecular ion of 12

Compounds 46, 7 and_8feature almost identical mass spectra and a mialea@ight
of 247; they only differ by 18 a.m.u. with the isers treated in the previous paragraph and
could be considered as resulting from water lossifsome of the latter. Since three of the
four chemical structures considered elute with vepse retention times and provide very
similar CID mass spectra, it was postulated thay torrespond to the cyclic compound¥ 6
and 8(Table 1)._8corresponds to a structure suggested by at/al. in a previous work
devoted to metolachlor photoly$ts. The pseudo-molecular ions of the three compounds
consecutively loss C4#OH and HC=CO to provide m/z 174 ions, according to the sode5-
1 and 5-2 in Fig. 5. MSexperiments performed on the three compounds thithsame
activation energies at each step showed the fatigwiansitions for 8: MH-m/z 216-m/z
188—m/z 160. The last one is not observed fangl 7 The formation mechanism of the ion
at m/z 160 is given in scheme 5-2 in the case #tf\Bould lead to much less stable ions (non
conjugated vinylic ions) at m/z 146 and at m/z ii6the cases of &nd_7 respectively. The
scheme 5-3 displays the dissociation pathway pexpts explain the direct loss of 72 a.m.u.
from the pseudo-molecular ions of Band 8 The isomeric structures displayed in Table 1
were proposed in accordance with the dissociatiathvpays proposed in Fig. 5 for the
formation of ions at m/z 216, m/z 188 and m/z 1b@tad to m/z 222, m/z 194 and m/z 166,
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respectively, in the case of metolachlgr-bns at m/z 176 are not shifted with metolachlor-

ds, in agreement with the dissociation pathway 5-Be Btructures @&nd 7 could not be

differentiated neither on the basis of their massctra nor on that of their retention times so

that two similar structures were suggested withtbet possibility of specifying the elution

order.
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Figure 5. Main dissociation pathways of the protonated iohisomers 67 and_8

The structure proposed for compoundatresponds to the only non-cyclized isomer

with a molecular weight of 246. CIDs carried outMhl” ions in CI (losses of methanol and
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of CH;—CH = CH-OCH) are in good agreement with the chemical strughuoposed for 4.
The MH' ion in the mass spectrum of the deuterated eqgnvaif 5is shifted by 6 a.m.u.,
showing evidence thatBas kept the —(CHICH-CH,— chain. It differs by 14 a.m.u. from the
compounds studied in the previous paragraph, iieclides one CH2 group less than them.
The structure in Table 1 was proposed on the lwddise dissociation pathways displayed in
Fig. 6, in agreement with the fact that m/z 206z 76 and m/z 148 ions are shifted by 6 Th
in the case of metolachlogdSome m/z 146 ions are shifted to m/z 151 whip@ad of them
are shifted to m/z 150 in the CID mass spectraefdeuterated analogous_offhis led us to
suggest that Helimination from m/z 148 ions can occur in two wags depicted in Fig. 6.

The chemical structures proposed fantl 6were previously suggested Bu et al*®.

Figure 6. Dissociation pathways of the pseudo-molecular afrs
Persistence studies

With the aim of following the evolution of the plebgsis byproducts as a function of
the irradiation time, as well as their persisteimcthe solution, photolysis of a 1 L solution of
metolachlor was performed during 30 min. 70 ml waen of the solution every 5 min until
20 min and at the end of the experiment and alepuat 10 ml lots. Each aliquot was then
frozen at -80 °C after having been let at ambiémiogphere for times ranging from 0 to 32 h
(0,1 h,2h,4h,7h,12 h, 25 h and 32 h). Bvalht, a relative empirical quantitation (no
response function could be plotted as no standeeds available for photolysis products) was

performed based on the GC-MS chromatograms recondib@ Cl mode, scanning ions from
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m/z 50 to m/z 290. Benzophenone at 1 md.ml methylene chloride was added to each
sample before analysis to serve as an internablatdn For each sample, the amounts of
compounds were estimated integrating the chromapdie peak area of each molecule on
the ionic currents of MH ions and dividing it by the chromatographic peakaa of

benzophenone integrated on the ionic current opsi@eido-molecular ion at m/z 183.

Concerning the evolution of the products abundarases function of the time of
the same behaviour. Their concentrations increage the time of irradiation to reach a
maximum after 20 to 30 min of photolysis. An exaepf this is shown in Fig. 7, which
displays the kinetics of evolution for compoundoé this series. On the contrary, products 9
10 and_11are mainly formed at the beginning of the photslyse. during the first 10 min of
irradiation, as shown in Fig. 7 in the case of commu 10 The best explanation for the
decrease in abundance of these phenolic compoutets1® min is that their irradiation
probably led to bi- or tri-phenols too polar todetected by GC-MS, as reported, for instance,
in a recent study devoted to estrone photol§8ighe last trend is followed by productsd
3, for which no significant evolution can be drawnce their concentrations remain roughly
the same whatever the irradiation duration. Unfaataly, evolution of compoundsdhd_14
could not be followed because of their too low @nications even in the first measurements.
It is interesting to have a special focus on thelwion of the two families of isomers
determined in the structural study, which congitty far the main by-products of
metolachlor. The four compounds with a moleculaigiveof 247 a.m.u. follow the same
trend. This is also the case of phenolic isomers0%and_11with a molecular weight of 265

a.m.u.

The highest concentrations for most of the produese measured between 4 and 12
h after the photolysis and were followed by a ratblearp decrease. At these times, the
phenolic compounds represented more than 50% oftdteé amount of the photolysis
products (relative abundances are given in Tabl&tjeover, it is to be noted that 11 among

the end of photolysis.
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Figure 7. Evolution as a function of irradiation time andspphotolysis evolution of
compounds 6, 10 and 3

Photolysis pathways

Attempts to correlate the formation of these bydoicis were made on the basis of the
chemical structures that we proposed. Since theridel atom has been removed for all the
photolysis products, the cleavage of the C—CI bloasl been assumed to be the first step of
the photolytic process. As depicted in Fig. 8, thsulting radical can undergo HOr H
addition from water. Direct addition of HQrovides_15while that of Hleads to a molecule
(left hand of Fig. 8), which submitted to irrad@ti give the phenolic structures®11 The
radical issued from ClLoss can also quickly rearrange via trnsfer before hydroxyl
addition from water. The formation of photolysisogucts_12 13 and 14can be easily
explained on this assumption,®ilosses through concerted mechanisms involvingtied
hydroxy group lead to the formation offfem 12 4 and_7from 13 On the right hand on Fig.

8, a structure referenced agnot observed in the chromatogram) is displayed:esponding
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to the addition of a hydroxy group in beta positionto the ethyl group carried by the
aromatic ring._Xcould lead to_8through HO loss. No mechanism has been found to

rationalize the formation of the compound 5

Figure 8. Suggested formation pathways for the photolysisipets 4, 6, 7 and 9 to 15

In silico toxicity prediction for metolachlor and its photoproducts

Metolachlor and its photodegradation products miégcaa population through the
consumption of contaminated food or drinking watdus, the occurrence of health damages
should be investigated. As a first step for toyidgitvestigation, we chose to use a computer-
based predictive model. The different endpointthefused predictive model related to human
health disturbance were tested with the parent catdeand its degradates. Rat lethal dose
(LD50), developmental toxicity and Ames mutagesicitere predicted for metolachlor and
its 15 phototransformation products. No mutageyieiais observed for metolachlor and its
degradation products though the software simulafidmns observation is in agreement with
the literature data which indicates that metolacttmes not induce gene mutatioh.

However, the metolachlor molecule and its transtirom products all exhibited a

developmental toxicity effect. Developmental toiicincludes any effect interfering with
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normal development, both before or after birth. thié photoproducts have a developmental
toxicity estimated around 0.5 to 1.19 A.U (Fig.&)( The photoproduct 1&orresponding to
hydroxylated dechlorinated metolachlor seemed tdhleemost toxic for development. The
effect of the majority of the other metolachlor cetptes was shown to be as toxic as the
parent molecule. The developmental toxicity of retblor and its photoproducts predicted
by the software announce potential embryotoxictdimxic or teratogenic effects including
growth and developmental retardation, organ toxiatructural defects as well as peri- and
postnatal defects. Some studies in the literataponted developmental effects concerning
metolachlor and its degradation products enhanttiagelevance of this predictive software
as a prospective tool for the establishment ofitro\and/or in vivo assays to investigate the
real occurrence of those compounds. A previousysiesdtoted to risks associated with the use
of metolachlor showed that its teratogenicity aftezakdown was highlightd®f! It was also
reported that metolachlor exhibited cytotoxic amsha@ioxic effect in human lymphocytes as
well as chromosome dama8. Moreover, Hill and co-workers reported that the
chloroacethyl group lower the genotoxicity of thelklylquinoneimines (diethyl, ethylene
methyl and dimethyl¥® This may explain the fact that the photoprodusatsich have lost

the chlorine atom, exhibited a predicted developalgnxicity potential.

Oral rat LD50 endpoint indicates the amount of citamin mg/Kg body weight in
that would cause 50% of rats to die after oral stiga of a test population. The oral rat LD50
predicted values for metolachlor, and its photopotsl are displayed in Fig. 9 (b). According
to the toxicity scale classification of Hodge anér8er, among all the compounds, three of
them (2 5 and_10 seem to be slightly toxic, and all the othersluding metolachlor are
moderately toxi¢”! We can also notice that the photolysis of metdackengenders the
production of compounds for which the oral rat LOSOot reduced compared to the parent
molecule. It is to be noticed that an increaseainliver tumors in females and few nasal
tumors in males have been observed for metola8ilan vivo and/or in vitro biological
assays should be achieved in order to confirmirth&lico toxicity prediction. The products
mixtures should also be tested in order to invastigvhether a synergic effect of the by-

products exists or not.
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Figure 9. In silico predicted developmental toxicity (a) and rat letdase 50 (b) for
metolachlor and its photoproducts Toxicity Estiroati Software Tool ©2011 U.S.

Environmental Protection Agency.
Conclusion

Fifteen products resulting from the photolysis adtatachlor were characterized based
on GC-MS analyses. This study complements the results fdunilVu et al.in a study
mainly devoted to the optimization of photolysiegesseS The present work confirms the
postulated structures of four by-products and adidwlifferentiation of isomeric compounds.
In all the products, the chlorine atom was elimaglatwvhich constitutes an interesting result in
terms of ecotoxicology. In comparison, recent warteducted in our laboratory have shown
that ozonation of chlorinated herbicides mainly e by-products which had kept the
chlorine aton®® However, the main photolysis by-products charamter here include
phenolic species whose biological activity shoutd ibvestigated since phenols and alkyl
phenols are well known to act as endocrine disngptd The evolution of the products as a
function of the time of irradiation showed that mokthe products are already present after 5
min of photolysis. Therefore, shortening the tinfeemposure does not seem a solution to
limit the number of by-products, although the corications of some of them decrease with a
longer exposure. Post photolysis kinetic studiesnvgdl that most of byproducts have a long
persistence time in water. This is of particulateiest when one considers that, in some
houses, treated water is available for consumpiidyg 3 h after the end of water treatment.
The fate of these by-products must be consideradesthey are demonstrated here as
potential persistent compounds into drinking waté&his study is therefore another

demonstration that photolysis of micro-pollutantsaynnot lead to their complete
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mineralization. It shows the importance to deveiupre research on the by-products resulting
from the photolysis treatment on different ideetfimicro pollutants (other pesticides but
also drugs residues and metabolites).
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[11-3. Conclusion
Caractérisation structurale

L’analyse des solutions de métolachlore photolyweGC-MS a montré quinze produits
de dégradation. Deux produits sont détectés dansdritions non photolysées mais leurs
abondances relatives augmentent considérablemetdg aul'irradiation. Les structures
proposées pour les photo-produits ont été confismgar I'analyse de la solution de
métolachlore-glphotolysée. Deux photo-produits n’incluent auaetome de deutérium, cela
implique que la partie « éther » des moléculesufégl) de métolachlore et de métolachlore-
ds a été affectée par l'irradiation. Les autres pkmtmduits du métolachloresiticluent les 6
deutériums, ce qui signifie qu’ils ont conservé partie « éther » de la molécule. Les
structures ont été validées en rationalisant lené&dion des ions fragments des ions obtenus
par dissociation dans la cellule de collision (Clgdus différentes énergies pour chaque
produit.

Aspects cinétiques

augmentent et passent par un maximum aprés 20w@r3@’irradiation. Les composés 90

et 11se forment durant les 10 premiéres minutes. Lesddnces des produitse? 3restent
élevées quelque soit le temps d’irradiation. Lesndlances relatives des produits évoluent
apres l'irradiation. La plupart d’entre eux présarmitune abondance maximale entre 4 et 12 h
apres la fin de l'irradiation. Les produits phégaks représentent plusde 50% de I'abondance
relative totale. Onze photo-produits, parmi lesngai produits de transformation, sont

toujours détectés 32 h apres lirradiation.
Toxicité prédictive

L’estimation de la toxicité du métolachlore et geeduits de dégradation détectés en
GC/MS a montré qu’ils ne présentent pas de mutagéniCependant, ils ont des effets
toxiques sur le développement du feetus avant Esaace et sur la taille de I'animal apres la
naissance. L'estimation de l'oral rat LD50 monttee drois photo produits_(25 et 10
semblent étre légerement toxique, et tous les sutyecompris le meétolachlore sont

modérément toxiques.
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Chapitre IV

Etude de la photo-transformation de la procymidone
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IV-1. Introduction

La procymidone est un fongicide appartenant arallia chimique des organochlorés.
Généralement, elle est utilisée pour lutter colgsepourritures grises qui attaquent les raisins.
Les normes internationales et la littérature indifuque ce pesticide ne se dégrade pas sous
irradiation UV sans ajout de catalyseur mais dststau laboratoire ont montré le contraire.
L'objectif de cette étude est d'identifier les pipoodduits de la procymidone sous irradiation

UV de maniere a tenter de prédire le devenir dergicide sous irradiation solaire.

A cause de la faible solubilité de la procymidommsil'eau (4.5 mgta 25 °C), des
solutions meres ont été préparées dans l'acetertrant dilution dans I'eau. Des solutions de
procymidone ont été préparées a 5 rifgpbur les expériences d'identification structutl@
0,5 mg.L' pour les études cinétiques. Le réacteur utiliséir ptes expériences de
photodégradation est décrit au chapitre 2. L'eximacliquide-liquide a été utilisée et les

solutions analysées par couplage GC-MS.

Dans la littérature, quelques articles rapportéanalyse de la procymidone par
LC/MS avec une source ESI. Dans notre étude, ncasoms pas reussi a détecter la
procymidone en LC-MS quel que soit le dispositiisé: HPLC-Q-TOF, nano LC-FT-ICR et
LC-TQ. Neéanmoins, les courants ioniques totaux des phodos dans les
chromatogrammes de GC-MS des solutions irradiéegparce a celui de la procymidone dans
la solution de référence suggerent que plus de @¥4produits sont détectés par GC-MS. Le
mode MS a été utilisé pour identifier les ions parentscetsi fils de la procymidone et des
photoproduits.

La molécule de procymidone contient plusieurs s#i@sceptibles d’étre ionisés. La
structure de l'ion le plus probable a été détermigéce a des calculs de chimie quantique
avec des méthodes TD-DFT et CC2.

Les études cinétiques ont permis d’établir desétations entre la formation et la

disparition de certains produits et ainsi de prepaes mécanismes de photochimie.

La toxicité des photoproduits de la procymidondéaestimée a I'aide du programme
T.E.S.T (voir chapitre 2).
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IV-2. UV-visible photo degradation of procymidone -structural characterization and
potential toxicity of photoproducts
Ahmad Rifai, Yasmine Souissi, Christophe Genty, i@arClavaguera, Sophie Bourcier,

Farouk Jaber and Stephane Bouchonnet

RATIONALE: Procymidone is a dicarboximide fungicidmainly used for vineyard
protection but also for different crops. The stanat elucidation of by-products arising from
the UV-visible photo degradation of procymidone hhsen investigated by gas
chromatography coupled with mass spectrometry. @dtential toxicities of photoproducts

were estimated by in silico tests.

METHODS: Aqueous solutions of procymidone weredraéed up to ninety minutes in a

self-made reactor equipped with a mercury lamp. lyses were carried out on a gas
chromatograph coupled with an ion trap mass speetrer operated in electron ionization

and methanol positive chemical ionization. Multiptage collision induced experiments were
performed to establish dissociation pathways o$.idroxicities of byproducts were estimated
using the QSAR T.E.S.T. program.

RESULTS: Sixteen photoproducts were investigatedendlcal structures were proposed
mainly based on the interpretation of multistag#ision induced dissociation experiments
but also on their relative retention times and kosedata. These structures led to suggest
photo degradation pathways. Only three photopradighain present after ninety minutes of
irradiation. Among them, 3,5-dichloroaniline pretsea predicted rat LD50 toxicity about ten

times greater than that of procymidone.

CONCLUSIONS: 3,5-dichloroaniline is the only photoguct reported in previous articles.
Eight by-products among the sixteen characterizéghtmbe as toxic, if not more, than

procymidone itself considering the QSAR predictadlD50.

Keywords: procymidone, photolysis, degradation products,eipidl toxicity, quantum
chemistry, GC-MS
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1. Introduction

Procymidone is a dicarboximide fungicide mainly dier vineyard protection but also for
strawberry, flowers and various ornamental cultors [t 2] According to the European
Commission directive 2006/132/EC, all Member Statethe EU should amend or withdraw
existing authorizations for plant protection progucontaining procymidone as an active
substance. In 2010, the European Union set the milaxi Residue Level (MRL) of
procymidone in crops at 0.02 mg/kg [3]. Procymidgmesents anti-androgens toxicity and
ability to induce developmental and/or reproductdysfunctions by interfering with the
endocrine system of exposed organisms [4-7] ammhit of endocrine disruptor family [8].
The United States Environmental Protection Agemported that procymidone and its main
metabolite, the 3,5-Dichloroaniline (3,5-DCA) arara@nogenic products with dietary
assessment [9]. Thus, the detection of this peéstiand its metabolites in the environmental
samples is a priority in quality control. The triorsnation of pesticides in the environment is
a highly complex process affected by many physacal chemical factors [10]. According to
Burrows et al, most pesticides are resistant to chemical angliotochemical degradation
under typical environmental conditions and veryditnformation is available regarding their
natural degradation processes, the quality, stre@nd biological impact of their degradation
products [11]. Previous studies devoted to theattagion of procymidone have been focused
on the photo catalytic degradation techniques. ¢ttistnd Moza studied the photochemical
degradation of procymidone and viniclozolin in waising a mercury lamp with> 290 nm.
This study established that the addition ofJ=and TiQ catalyzes the photo degradation of
both compounds and that the presence of humic almit facids (naturally extracted by the
water from the soil constituents) increases the oafphoto degradation. Monodechlorination,
didechlorination and isomerization are the majootphdegradation pathways [12]. Schwack
et al. studied the potential of procymidone to undergotplinduced processes in the presence
of different organic groups. Their objectives wewdind an explanation for the formation of
bound residues in plant cuticles in the presencpobfmer molecules, waxes and cutin. In
isopropanol, cyclohexane and cyclohexene, photoadegion led to substitute a chlorine
atom by a solvent molecule [13]. Vanni and co-woskestudied the degradation of
procymidone in agriculture land under various pid tamperature conditions. They reported
that the total degradation of procymidone occuatdlkaline pH and at high temperature in
few days; the main metabolite detected in theidisgiwas 3,5-DCA [14]. The present study
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aims to identify photo degradation products of grocone in water and to assess their
potential toxicity. It is now well admitted that rdight absorbance in water may be
significantly modified by the presence of dissolv@danic matter but we consider here that
photodegradation may start as soon as the aquetuis of herbicide in sprayed on leaves
and fruits, under intense sunlight irradiation. STktudy was first devoted to the structural
elucidation of photoproducts using multiple-statgge mass spectrometry coupled with gas
chromatography (GC-M$ Structural elucidation of photoproducts was @erfed on the
basis of the collision induced dissociations obsérin both electron ionization and positive
chemical ionization modes. Photolysis mechanismsewaso suggested to explain the
formation of the photoproducts formed from irradéprocymidone in water. An approach of
guantitative structure—activity relationship (QSAR3s used to assess the potential toxicity
effect of procymidone and of its photo degradatgpwoducts. For that purpose we used a
Toxicity Estimation Software Tool (T.E.S.T.), a U.Gnvironmental Protection Agency
developed program, to predict mutagenicity, orallethal doses, developmental toxicity as
well as growth inhibition concentrations and lettlases of aquatic organisms.

2. Materials and methods

2.1. Chemicals and reagents

Procymidone (99% purity) was purchased from Sigrdaiégh (St Quentin Fallavier, France).
The chemical structure of procymidone is displayed-igure 1. Chromatographic grade
solvents (99.99% purity), methylene chloride aneétawitrile, were also purchased from
Sigma Aldrich. Considering the poor solubility abpymidone in water (4.5 mg/L at 25 °C),
a solution of procymidone at 100 mg/L was firstganreed in ACN. This solution was then
used to prepare working solutions in water at 5¢0LmThis high concentration was used for
structural investigations on photoproducts as msiéige mass spectrometry experiments
require relatively high analyte concentrations. dgus solutions at 0.5 mgikere used for

kinetic measurements.

93



==
—t
cl } \

Figure 1. Chemical structure of procymidone andirgabf the first excited state (CC2 level).

2.2. Photolysis experiments

Photolysis experiments were carried out in a setlereactor equipped with a high-pressure
mercury lamp (HPL-N 125W/542 E27 SC; Phillips, hayr-Seine, France) delivering
radiation at wavelengths ranging from 200 nm to 6#H0. The absorbance spectrum of
procymidone displays an absorption maximum betw2@h and 208 nnf®. According to
manufacturer data, the incident radiation flux 8280 Im. The reactor consists in six quartz
tubes of 120 mL disposed in a circle around theplamd immerged into a sonicator (ALO4-
12, Advantage-Lab, Switzerland) filled with deiomizwater. During experiments, the reactor
was regularly cooled by ice addition to avoid urtcolfed heating of the irradiated solutions
and to maintain a constant temperature of 25 +.F®Ceach experiment, 50 mL of a solution

of procymidone (see above) were used.

2.3. Sample preparation

After photolysis, 6 mL of solution were taken fraime quartz tube and transferred into a
separating funnel. 6 mL of methylene chloride wadeled to the solution which was then
shaken and left to settle for ten minutes. The migphase was collected and dried under a
gentle nitrogen stream and the dry residue wa®ldisd into 200 pL of methylene chloride

for GC-MS analysis.
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2.4. Gas chromatography and mass spectrometry ojggaeconditions

Analysis were carried out on a Varian 450GC ga®mlatograph equipped with a CP8400
autosampler and coupled with a VARIAN 240MS iorptraass spectrometer operated in the
internal ionization mode. A 60 meter-long “VF-Xme&pillary column (VARIAN) with an
internal diameter of 0.25 mm and a film thicknet8.@5 pm was used. For all analysis, 2 ul
of solution were injected automatically in the 8pis mode at a rate of 50 Y. §he injector
temperature was set to 280 °C and high purity he(|@9.999 %) was used as carrier gas at a
constant flow of 1.4 mL mif The column oven temperature was programmed froiigal
temperature of 50 °C held during 1 min, increaged80 °C at 15 °C/min, held 5 min at 280
°C, then increased at 10 °C/min to a final tempeeabf 300 °C, which was held for 20 min,
for a total analysis duration of 43 minutes. Thenifwdd, the ion-trap electrodes and the
transfer line temperatures were respectively hel@éio@ °C, 200 °C and 280 °C. The mass
spectrometer was calibrated with the ions resultfrgm electron ionization (EI) of
perfluorotributylamine. Chemical ionization (Cl)ptiments were performed using methanol
as the reagent. Spectra were recorded using tleenatit gain control (AGC) function with
target values fixed at 20,000 and 5,000 for electomization and chemical ionization (CI),
respectively. The filament emission current wasaetOpuA in EI and 50pA in Cl. The
electron multiplier voltage was automatically optied at 2200 V for a gain value of 10
Full scan mass spectra were acquired recordingfrons m/z 50 to m/z 500 at a scan rate of
0.33 sec/scan, each spectrum resulting from iomisitigns on 5 microscans. In multiple
stage mass spectrometry (NM®xperiments, precursor ions were stored with @ Bability
parameter (gz) of 0.30 and fragmented by collisiotuced dissociation with activation
energies ranging from 0.30 V to 0.80 V in the resdrexcitation mode.

2.5. Quantum chemistry calculations

Geometry optimizations were performed at the DFT/MB3-D3 level, including the new
implementation of dispersion correctioi$ *”in the TURBOMOLE 6.4 packagé®. The
minima were characterized by vibrational frequeneajculations. All the calculations have
been carried out with the polarized valence-trggéa TZVPP basis set. The most
energetically stable geometry of the molecule (Fégl) was used for the calculation of the

electronic excited states by both the CC2 coupledter model and the time-dependent
95



density functional theory (TD-DFT) using the B3LYI®3 functional. The CC2 equations are
an approximation to the coupled cluster singles @oubles (CCSD) ond¥”.This method is
considered as an accurate tool for the investigatibthe excited states of moleculéd.
Regarding the nature and the transition energiet) methods provide similar results that

will be described in the result section (See supplgary material, part 1).

2.6. Computer aided toxicity prediction

Toxicity Estimation Software Tool (T.E.S.T.) is &mvironmental Protection Agency online
available computerized predictive system with Quaime Structure Activity Relationships
(QSAR) mathematical modefs!. T.E.S.T. has a variety of toxicity endpoints usegredict
chemical toxicity values from their physical profpes such as molecular structure. T.E.S.T.
model uses a simple linear function of moleculascdtors such as the octanol-water

partition coefficient, molecular weight or the nuenlof benzene rings (see equation 1).

Toxicity = ax, + bx, + ¢ 1)

X1 and % are independent descriptor variables and a, b¢camd fitted parameters. Models for
assessing toxicity solely from molecular structare based on information-rich structural
descriptors that quantify transport, bulk, and tetedc attributes of a chemical structure.
Besides molecular weight, the QSAR model employge-sorrected E-values for
guantification of molecular bulk. The size- coregttE-values are computed from a rescaled
count of valence electron$?. Electrotopological state values (E-values), asnerical
guantifiers of molecular structure, encode infolioratabout the electron content (valence,
sigma, pi and lone-pair), topology, and environmaan atom, or a group of atoms, in a
molecule®?. The predicted toxicity is estimated by taking average of the predicted
toxicities from the above QSAR methods, provideel pinedictions are within the respective

applicability domains.
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3. Results and Discussion

3.1. Characterization of the photoproducts of proeyglone

A series of experiments was performed with 8 imidn times ranging from 0 to 90 min: O,
5, 10, 15, 20, 40, 60 and 90 min. The comparisotthef corresponding chromatograms,
recorded in the ElI mode, showed that the relatibandances of photoproducts vary
significantly according to the irradiation time. & helative abundances of photoproducts are
plotted as a function of the irradiation time irgliie 2. A precise quantitation of photo
products was not possible given the lack of statglarhus abundances were just estimated
by integrating chromatographic peaks on the tataici current (TIC); they are expressed in
Figure 2 in an arbitrary unit proportional to thECT The abundance of procymidone was not
plotted because it was out of scale. Disappeararicprocymidone follows a pseudo
exponential type curve. Only 5% of the initial ambaf procymidone is still detected after 60
min of irradiation. Procymidone is no more detecigr 90 min of irradiation. Among the
sixteen photoproducts detected, thirteen are forme&dsoon as irradiation begins; their
concentrations reach maximum values for photolysises around 10 minutes before
decreasing to reach trace amounts after 40 mimdtesadiation. The three other compounds
referred as ,12 and _7(see numbering in Table 1) are also detected as ae irradiation
begins; their concentrations rapidly increase durthe first thirty minutes and go on
increasing at a slower rate until the end of expent; 1 2 and_7are the only by-products

remaining in significant amounts in water afterr@ibutes of irradiation of procymidone.
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Figure 2. Abundances of photoproducts (arbitrany) @s a function of the irradiation time
(refer to Table 1 for the numbering of compound&jor and minor abundances are plotted
above and below, respectively.
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All degradation products were detected with a $igamt abundance>(2%) in the solution
corresponding to an irradiation time of 15 min.gholution was then chosen to perform™S
experiments on all the photoproducts. The corredipgn chromatogram is displayed in
Figure 3. Peaks that are not numbered correspondnbpounds that are detected in the non-
irradiated reference solution of procymidone (cgprnding to t=0), which has undergone the
same sample preparation process. Only the compaletdsted with a signal to noise ratio
higher than 10 were investigated. A few articlgsorethe analysis of procymidone using LC-
MS coupling with an ESI source in positive mdtfe?® 2! We did not succeed in detecting
procymidone in LC-MS whatever the device used: HRQTOF and nanoLC-FT-ICR.
Nevertheless, the comparison of the total ionicresus of the photoproducts in the
chromatograms of the irradiated solutions with thigprocymidone in the reference solution
suggests that more than 90% of products are ddtbgt&C-MS.

KCounts]

] rocymidone
400 P v 5

3004 ]

10 20 3'1\_/ 4. gimites

Figure 3. Chromatogram (El mode) of an aqueoustisalof procymidone at 5 mgt
irradiated for 15 min. Non-numbered peaks corredpmncompounds also detected in the

non-irradiated solution.
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Molecular weights of the photoproducts of procynmeovere easily determined. For each
compound, the heavier ion (often also the most dhoinone) in the CI mass spectrum was
first assumed to correspond to the Midseudo molecular ion. This assumption was
systematically confirmed by the presence of anabm/z = M (assumed to correspond to

M™) in significant abundance in the El spectrum. Malar weights are reported in Table 1.

According to literature data devoted to the phatslyof chlorinated compounds, the loss of
the chlorine atom under irradiation often constituthe first step of the degradation process
[25-27] |n the case of procymidone, the isotopic distiiins observed for Mand MH ions of

photoproducts show that chlorine atoms were nobkeu by photolysis in any case.

Compounds _1and 2 were identified as 1,3-dichloro-5-isocyanatobeezeand 3,5-
dichlorobenzenamine, respectively, with probale$itgreater than 95% according to the NIST
spectral database so that no particular struciuvaktigation was carried ol#f. Compounds

6, 9 11 14 and_15have the same nominal molecular weight (MW = 28&i dor the major
isotopomer including twd°Cl atoms) as procymidone and were assumed to beeisoof the
latter. A mechanism has been suggested (see Fijurt® rationalize isomerization of
procymidone under irradiation. The TD-DFT and C@Rulations reveal that the first excited
state of procymidone corresponds to a triplet spiate with an excitation from the
dichlorophenyl group to the two C=0 groups (Figliye Consequently, it can be considered
that the oxygen atoms constitute the most favoraisezation sites of procymidone. In the
gas phase, electron ionization of a carbonyl fumcis followed by the heterolytic cleavage of
the bond(s) in alpha; this is referred as alphawelge by mass spectrometri&¥. We
postulated that the same alpha cleavage occuguigoas solution and is accompanied by the
aperture of the strained three-center ring. Thasldeto a distonic ion displayed in the form of
three mesomeric structures referred as a, b artdtleedeft side of Figure 4. Like in mass
spectrometry, we considered that the reactivityiaedl by the radical should be greater than
that induced by the charge, the latter being funtioee stabilized by surrounding water
molecules in the present experiment. In aqueousiso| the radical can react with a water
molecule to abstract a hydrogen atom or a hydroadgical. Both cases were considered from
each mesomeric form to provide six structures mhay likely cyclize to lead to carbocations
better stabilized by inductive and mesomeric effethe cyclized structures are referred as

a1, &, by, by, ¢ and ¢ in Figure 4. In pure water, those six even
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Table 1. Molecular weights, retention times, relative abameces after 15 min of irradiation and main 'M@&nsitions recorded in GC-MS with
both CI and EI ionization modes for photolysis proid of procymidone. Suggested structures basedams spectra interpretation are given in

the right hand column.

Molecular Retention  Relative Main transitions Main transitions
) Chemical structure proposed
weight time (min) abundance in CI-MS" (m/z) in EI-MS" (m/z)

188— 160 (-28)

187— 159 (-28)
188— 153 (-35)

1 187 17.00 11.5 159— 124 (-35) N
153— 125 (-28) J
124— 97 (-27) //c
125— 90 (-35) § q
Cl
162— 127 (-35) 161— 134 (-27)
2 161 20.27 10.3 127— 126 (-1) 134— 99 (-35) HoN
126— 100 (-26) 161— 126 (-35)
Cl
231— 187 (-44) 9 c
232 162 (-70) 187— 152 (-35)
3 231 25.45 12.6 HN
162— 127 (-35) 231— 161 (-70)
161— 126 (-35) o
285> 257 (-28) o o
286— 258 (-28) 257— 187 (-70)
4 285 28.80 1.7 258— 230 (-28) 187— 152 (-35) N
230— 202 (-28) 187— 145 (-42)
o cl

145 110 (-35)
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274 256 (-18)
256 228 (-28)

273 245 (-28)

Cl

5 273 29.71 5.9 245 161 (-84) N/ .
274> 246 (-28)
161—> 126 (-35)
246 218 (-28) o
OH
284> 186 (-98)
284 256 (-28) 283 255 (-28) . 5
256> 238 (-18) 256 254 (-1)
6 283 30.26 2.3 N
238 221 (-28) 2545 226 (-28) |
C
221> 181 (-40) 226> 191 (-35) 5
181 165 (-18)
287— 259 (-28) o S
288—> 270 (-18)
259—» 189 (-70)
7 287 30.42 1.4 270 242 (-28) N
189— 161 (-28)
2425 240 (-2) S
161— 126 (-35) G
Cl
271> 256 (-15)
272 256 (-16) 256 228 (-28)
8 271 30.54 1.9 N o
272 244 (-28) 228> 200 (-28) .
200 265 (-35) /
284— 256 (-28) 283— 268 (-15) 5
256> 241 (-15) 268 240 (-28) .
241 203 (-38) 240— 205 (-35)
9 283 30.99 5.6 . o

203— 185 (-18)
203— 158 (-45)
158— 130 (-28)

283 241 (-42)
241 213 (-28)
213— 178 (-35)
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300— 258 (-42)
258> 240 (-18)

299 282 (-17)
299 257 (-42)

Cl

298— 270 (-28)
270 242 (-28)

10 299 31.39 5.5 \ o
258— 230 (-28) 257— 256 (-1) o
230— 186 (-44) 256— 221 (-35) o
284— 256 (-28)
Cl
256— 238 (-18)
283— 268 (-15)
256— 228 (-28) Q
11 283 31.57 15.3 268— 240 (-28)
228— 193 (-35) N cl
240— 205 (-35)
193— 178 (-15) o
193— 158 (-35)
315— 300 (-15) q
300— 272 (-28)
316— 298 (-18)
272— 244 (-28)
12 315 31.73 5.3 298— 270 (-28)
315— 298 (-17)
270— 242 (-28) cl
298— 270 (-28)
270— 242 (-28)
315— 300 (-15) o
316— 298 (-18) 300— 272 (-28)
298— 270 (-28) 272— 244 (-28)
13 315 31.77 5.3
270— 242 (-28) 315— 298 (-17) o
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284 256 (-28)
256 238 (-18)
238— 203 (-35)
203— 167 (-36)

283 268 (-15)
268— 240 (-28)
240— 205 (-35)
283 256 (-27)
256 228 (-28)
228— 193 (-35)

Cl

Cl

284 256 (-28)
256 238 (-18)
238— 223 (-15)
238— 200 (-38)
200— 169 (-31)
200— 154 (-46)

283 256 (-27)
256 228 (-28)
228— 193 (-35)

Cl

Cl

14 283 31.97
15 283 32.46
16 281 33.90

282 264 (-18)
264— 229 (-35)

281— 253 (-28)
253 252 (-1)
252— 217 (-35)
281— 229 (-52)
229-> 201 (-28)
201— 200 (-1)
200— 165 (-35)

Cl

Cl

® % of the total of all the product abundances
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number electrons cations may react each other avittater molecule by capturing either a
hydride H or a hydroxyl anion OH Considering both hypothesis leads to the twelve
structures displayed at the right side of Figures4and a, result respectively from capture

by a of H and of OH. The same notation is used for structurgstia,, ¢, etc.

They are six photoproducts detected with the saon@mal molecular weight (283 amu) than
procymidone and with close retention times (randimg 30.26 to 32.46 min) around that of
procymidone (30.8 min). Figure 4 shows that six poonds with the same nominal mass
(283) as procymidone (and thus assumed to be isoofi¢he later) can be formed according
to the mechanisms suggested: water loss frpneads to three isomers, water loss from a
provides two isomers (one of which common with ssied from &), water loss from p
gives the only five membered ring isomer and wéaies from ¢, leads to two tautomeric
forms of isomers issued from,aCompounds 69, 11, 14 and_15were assumed to correspond
to these five isomers. Their chemical structuresewalucidated on the basis of the MS
experiments performed in the EI mode. For the madéedon of each structure, the charge has
been assumed to be carried by one of the oxygensasmcording to the results of quantum
chemistry calculations (see above). As shown inuffeigp, alpha cleavage leads to distonic
ions whose reactivity is largely driven by the i 6 is the only structure for which the
alpha cleavage from M leads to a tertiary radical stable enough to pemmbnoxide
elimination prior to radical elimination. @rresponds to the only structure that can eliteina
CHz and CH=CH-CH; following electron ionization (transitions m/z 283 m/z 268 and
m/z 283— m/z 241 in Table 1). 1¢orresponds to the structure that can only eliteitHy
from M™ (transition m/z 283- m/z 268 in Table 1). 1dorresponds to the structure that can
eliminate CH and CH=CH from M™ (transitions m/z 283- m/z 268 and m/z 283> m/z
256 in Table 1). Finally, 1®orresponds to the structure that can only eliteir@=CH
from M™ (transition m/z 283- m/z 256 in Table 1). It is to be noted that IGses are not
displayed in Figure 4 because they result from Hygticocleavages under high activation

energies that do not contribute to distinguish ismn the present case.
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Compound 4285 amu, see Table 1) could correspond to onkeo$tructures;a by; or Gy,
the latest corresponding to the enolic form qf | Figure 4. The fact that only one isomer is
detected rather suggests the symmetrical struchsmayed in Table 1 whose formation is
easily explained by consecutive captures of a lgelmocatom and a hydride ion by ionized
procymidone, according to the mechanism detaileBligare 6. This hypothesis is supported
by the fact that the symmetrical structure propotmd4 is the only one allowing the
transitions observed in CI-MS(m/z 286 — m/z 258 — m/z 230 — m/z 202); the
corresponding mechanisms are given in the supplmemmformation file, figure SI-2. These

three consecutive losses of 28 amu in CI°M& not possible fromya by; nor g1.

The formation of compound 287 amu, see Table 1) can be rationalized by emutiwve
additions of a hydrogen atom and a hydride ion_oaftér ionization of the later, by a
mechanism analogous to that proposed for the foomaif 4 from ionized procymidone
(Figure 5). EI-MS and CI-MS$ transitions recorded for &re rationalized in the figure SI-3.
Concerning compound @W 231, eluted at 25.45 min), the losses of 70 &mCI-MS and

44 amu in EI-M$ suggest that a48,CO group is bound to the nitrogen atom. The chemica
structure including an isopropyl group displayedTiable 1 for_3may be formed after
photoionization of 4as proposed in Figure 6. Kinetics data showtti@tormation of 7and_3

is accompanied by the disappearance @see above); it strongly supports the hypothesis
according which_3and 7 would result from photo-ionization of. £1-MS" and CI-M$
transitions recorded for &e rationalized in the figure SI-3. The dissaommpathways of 3n
EI-MS" lead to ions at m/z 187 and m/z 161 which corredpespectively to the compounds

2 and_lionized.
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Figure 6. Mechanisms proposed to explain the formation ahpounds 3, 4 and 7 from

irradiated procymidone in water

Compound_5weights 273 amu; its formation likely results froRO addition on ionized
procymidone followed by CO elimination and hydragdition, as displayed in Figure 7. Figure
6 shows that three isomers weighting 273 amu cafoilmeed from structures a, b and c (see
Figure 4) according to such a mechanism. The caoitisectransitions m/z 273> m/z 245—

m/z 161 in CI-MS suggest that the detected isomer is that isswen $tructure b in Figure 7,
based on the dissociation pathways proposed isupplementary information file, figure SI-4.
Compound_8weights 271 amu; its formation likely results froRO addition on ionized
procymidone followed by CO elimination and protdménation, as displayed in Figure 7. Five
isomers with a nominal mass of 271 can be formeh fstructures a, b and ¢ according to such a
mechanism. The only isomer allowing consecutivesdgsof a radical methyl and two carbon
monoxide molecules in EI-MSm/z 271— m/z 256— m/z 228— m/z 200)is one of those
issued from structure a in Figure 7 (see Tabl®igsociation pathways suggested to explain the
recorded EI-M8 and CI-MS transitions for_8are given in the supplementary information file,

figure SI-5.
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Compound_1QMW 299 amu) was detected at 31.39 min. Basechernrgéactions in Figure 4,
five isomers weighting 299 amu can be easily forrfmeoh photo ionized procymidone. The CI-
MS" transitions, especially m/z 368 m/z 258 and m/z 258> m/z 240 (consecutive losses of
CH,=CO and HO) allowed to conclude in favor of the structuregmwsed in Table 1 (one of the
structures issued frompain Figure 4), according to the dissociation patysvarovided in the
supplementary information file, figure SI-6. Compds_12and_13have the same weight of 315
amu, a weight which, compared with that of procyomiel (MW 283), may likely correspond to
the addition of two hydroxyl groups and the loss Hf Figure 4 displays three isomers
weighting 317 amu resulting from the addition obttwdroxyl groups on procymidoneiaby,
and ¢,. Among them, only $ can easily eliminate Hthrough oxidation of an alcohol function
into an aldehyde one. Compoundsall_13provide exactly the same transitions in EI-Md
CI-MS" experiments (see Table 1) and have very closatietetimes (31.73 and 31.77 minute,
respectively). This led us to consider 42d _13as two diastereocisomers of,l{see Figure 4)
whose formation under irradiation would be expldity the mechanism suggested in Figure 8.
The fact that both compounds are formed in equabgas in good agreement with this
mechanism. The EI-MSnd CI-M$ transitions perfectly match the structures progaseTable

1 for 12 and 13 the corresponding dissociation pathways are ajsul in the supplementary
information file, figure SI-7.
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Compound_16(281 amu) was assumed to result from dehydrogemaif procymidone. A
mechanism involving consecutive losses ofadd H from ionized procymidone has been
proposed in Figure 8. Mechanisms correspondingedei-MS' and CI-M$ transitions observed

for 16 are proposed in the supplementary information fitgrire SI-8.
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Figure 8. Mechanisms proposed to explain the formation ghpounds 1213 and_16from

irradiated procymidone in water

3.2. Toxicity prediction

In order to evaluate the toxicity of procymidonedats photodegradation products, a toxicity
simulation usingin silico tools was performed. We chose in this study owlyréport the
significant results, i.e. oral rat LD50 toxicityifare 9).
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Figure 9. Oral rate LD50 toxicity (mg/L) of procymidone aptotoproducts

We observed that the procymidone and all its idiextiphotodegradation products exhibit a
developmental toxicity. Procymidone was reportedthe literature as being a competitive
antagonist to the androgen binding to their regeptusing thereby development in male
offspring[3°]. The effects on reproduction and the inductiotesficular tumors in a long term rat
study can be explained by the effects of procymidon the endocrine systefit. A recent
study stated that this dicarboximide fungicide m@uweights of the prostate and seminal vesicle
B2 Thus the procymidone developmental toxicity pcédn through the QSAR simulation was
coherent with the literature data. It is to be cedi that all degradation products generated
through procymidone photolysis kept the 3,5-diobdaniline (3,5-DCA) on the molecule
skeleton. The U. S. Environmental protection agetreats 3,5-DCA as a cancer-causing
chemical based on the carcinogenicity of the stmadil related compound p-chloroanilifd.
This metabolite was reported as the final producthe degradation metabolic pathway of
dicarboximidic fungicide$**. It also was assigned as more toxic and persisamnt one of its
parent: vinclozolin. In particular, toxicity of 3JBCA has been shown to be related to anti-
androgenic activity®**. The hypothesis of developmental toxicity potdntedated to the 3,5-
DCA common part of all degradation products is thestulated.

Procymidone is of low acute toxicity by the oralit@. Its rat and mice oral LD50 was reported
in the literature to be >5000 mg/kd'. The displayed value of oral rat LD50 by the siatian
software cannot be taken into consideration bectesprediction does not represent an external

prediction as procymidone was present in the tngirsiet. We observed a low acute toxicity as
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this endpoint with values which varied for the salelegradation products between 1000 and
approximately 6000 mg/kg except for compoundsd_5for which those values were estimated
at 302 and 590 mg/kg, respectively, thus considasethoderately toxic. The compoungdti2e
3,5-DCA, was reported also in the literature asnoflerate acute toxicity in mice in coherence
with the QSAR predicted Rat LD56”. Based on the overall effects on renal functiod an
morphology, Lo et al*® found that 3,5-DCA is the most nephrotoxic of thehloroanilines and

that it can cause acute kidney toxicity in ratschhinay justify the predicted LD5O0.

4. Conclusion

The UV-visible photo degradation of procymidonewsater led to sixteen photoproducts of
significant abundance, three of them remaining ipenst after 90 minutes of irradiation.

Chemical structures were proposed on the basisulfistage collision induced experiments.

Structures were assigned also considering kinelata and the likely evolution of irradiated

species in aqueous phase. The results on toxisiiymation showed that possible developmental
toxicity could be generated through the photolytiocess of procymidone; 3,5-dichloroaniline,
one of the persistent products might be responéisi¢his potential toxicityln vitro bioassay

should then be achieved to further investigatddkieological behavior of those degradates.
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Supplementary information

Table SI-1. Nature of the first excited states rmicgmidone at CC2 and TD-DFT levels

TD-DFT
State CC2/TZVPP Nature / Molecular
B3LYP-D3/TZVPP Orbitals
T1 4.103 3.508 dichloropheny C=0
T2 4.703 4.218 dichloropheny C=0

T3 4.744 4.294 dichlorophenyb C=0
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IV-3. Conclusion
Caractérisation structurale

La comparaison des chromatogrammes des solutibogolgsées avec celui de la
solution de référence de procymidone a montréradtion de seize photo produits. D'aprés les
distributions isotopiques observées en spectroenétd masse, tous les photoproduits ont
conservé les deux atomes de chlores alors quetka gee I'atome de chlore sous irradiation était
guasiment systématique dans le cas du meétolacHleserésultats des calculs théoriques ont
montré que la forme ionique la plus stable de lacymidone résulte de I'arrachement d’un
électron libre de I'un des oxygénes des fonctio@®rees. Depuis cette forme ionisée, trois
structures distoniques ont été proposées; ellegssEnt avec les molécules d'eau pour donner
les structures de onze photoproduits. Les formesydliques dominent les structures des
photoproduits de la procymidone. Seules les strastdes trois premiers produits de dégradation
incluent le cycle bi chloré avec une chaine alkiAarmi les photoproduits observés dans cette
étude, seule la 3,5-dichloroaniline avait été @élaiment dans la littérature. Les structures des
photoproduits ont été établies par I'étude des misgwes de dissociation des ions pseudo-
moléculaires et moléculaires sous différentes éagrde collisions en spectrométrie de masse
multi étapes (M9.

Aspects cinétiques

L’étude cinétique de la formation des photopraxlgie la procymidone par rapport au
temps d’irradiation a été réalisée jusqu’a 90 n@suAprés 60 min d’irradiation, la quantité de
procymidone restante dans la solution correspobt @e la quantité initiale. Aprés 90 minutes
d’irradiation, la procymidone n’est plus détectéaisrrois produits de dégradation demeurent
dans la solution. Les treize autres produits sbseovés des les premieres minutes d’irradiation.
lls atteignent une abondance maximale apres 10tesinpuis diminuent pour se trouver au

niveau de traces apres 40 minutes d'irradiation.
Toxicité prédictive

D'aprés I'agence de protection environnementate Etats Unis, la 3,5-dichloroaniline
présente des effets plus toxiques que celle deola@aule meére, en termes de cancérogénicité en

particulier. Les résultats observés par QSAR donmes valeurs proches de celles de la
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littérature. L'estimation de la toxicité des autpb®toproduits a montré que leur toxicité LD50
chez le rat est modérée mais tous présentent fits &fxiques potentiels sur le développement

du feetus.
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Chapitre V - Photo-transformation du pyrimethanil
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V-1. Introduction :

Ce chapitre présente I'étude de la dégradation yimpthanil sous irradiation UV-
visible. Le pyrimethanil est un fongicide apparteina la famille des anilino pyrimidines. Il est
utilisé pour lutter contre la pourriture grise qiiaque plusieurs arbres fruitiers et la tavelwre d
poirier. Dans la littérature, plusieurs études oapgnt la photocatalyse du pyrimethanil sous
irradiation solaire et sous radiation UV avec despes de xénon ou de mercure.

Les solutions méres du pyrimethanil ont été présadans |'acétonitrile & 100 mg.L
Cette solution a été diluée pour préparer les isnisitutilisées a 5 mg't dans cette étude.
L’extraction liquide-liquide a été utilisée pouslsolutions analysées par GC-MS. Contrairement
au cas du métolachlore, la méthode SPE n’a paséatipour I'extraction des photoproduits du
pyriméthanil avant analyse par LC-MS. Un mélangeN#dCide formique (0.1%) a été ajouté a
quelques microlitres de la solution irradiée daasflacon d'injection. La simplification de
I'extraction évite la perte de photoproduits inamlurant cette étape. L'analyse des solutions
irradiées a éte faite par GC-MS en trappe ioniquend.C-QTOF.

Une étude cinétique a été realisée pour visudleggparition et la disparition des produits
de dégradation durant la photolyse.
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Structural characterization of photoproducts of pyrimethanil

Aziz Kinani, Ahmad Rifai, Sophie Bourcier, Faroubér and Stéphane Bouchonnet
Introduction

Pyrimethanil is an anilino-pyrimidine fungicide gaularly active against gray moldétrytis
cinereg and pear scabVenturia inaequalisand Venturia pirina) on grapes, strawberries,
tomatoes, fruits, vegetables and ornamental piantseenhouses and open field situatitm.
According to the European Food Safety Authority $Bf, pyrimethanil has no evident
mutagenic, genotoxic or carcinogenic potential, dghort-term toxicity study on rats and mice
has shown an increase in liver weight accompanyechbinges in the histopathology of the liver
and thyroid®. To avoid these side effects, the concentratiopydfnethanil has been limited by
legislation. The European Commission set the MarinResidue Level (MRL) of pyrimethanil
at 10 mg/L in citrus fruits, 5 mg/L in pome fruitstrawberries, table and wine grapes and 0.05
mg/L in tree nuts (EC/600/2016). It is thus important to increase our knowledggarding the
concentration of pyrimethanil in environmental nes, its degradability and the factors
affecting it. One of these factors is the photeralion by sunlight, which is known to play a
significant role in the degradation of this compdudue to the prolonged half-life (77 days
approximately) of pyrimethanil in the environmdfit Previous studies on the degradation of
pyrimethanil were carried out mainly in a waste avareatment context and focused on the
photo catalytic degradation using various saltsaalysts. Agiierat al® used TiQ, Vanniet

a.l " and Anfossiet al.*™ added iron Ill, Navarret al.*? added ZnO and Gomét al.*®
used thiopyrylium. Irradiation was carried out wsamercury or xenon lamp or direct sunlight.
These studies have showed that a long irradiatina {between 150 and 1400 min, depending
on the conditions and catalyst) is required foaltolisappearance of pyrimethanil. Degradation
of pyrimethanil in water using the technique of whBenton was investigated by Sirteti al
They reported that the addition of sodium chloradeelerated the reaction and characterized
four chlorinated photo-Fenton by-product$). The aim of the present study was the
identification of UV-visible photo transformationrqulucts of pyrimethanil in water. Liquid
chromatography coupled with tandem mass spectrgr{leB-MS/MS) and gas chromatography

coupled with multi stage mass spectrometry (GCOMgere used for analysis, with the aim of
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covering a large range of polarities for the detecof the potential transformation products.
Elucidation of the structures of photoproducts veasried out performing high resolution
measurements and collision induced dissociatiorxnts. Photolysis mechanisms have also

been proposed to explain the formation of photapects of pyrimethanil in water.
Material and methods

Pure pyrimethanil (99%) and chromatographic gradkesits (99.99% purity), methylene
chloride (DCM), acetonitrile (ACN) and formic ac{fA) were purchased from Sigma Aldrich
(St Quentin Fallavier, France). Taking into accoti@ low solubility of pyrimethanil in water
(121 mg ! at 25 °C), a first solution was prepared at 100Lliign ACN. This solution was
then diluted to prepare working solutions in watea concentration of 5.0 mg'l(i.e. 5% ACN/
95% HO). This high concentration was necessary to alloulti stage mass spectrometry
experiments on the photo products of low abundafceording to the ROMIL technical report,
ACN does not absorb UV light since its transmissian 200 nm is about 1009%°.
Consequently, ACN is expected not to affect theireadf the photoproducts obtained during
irradiation. This is the main reason why it hasrbearrently used to dissolve pyrimethanil in
previous studies devoted to photolysis. For ingan@omiset al. studied photocatalytic
degradation pathways of pyrimethanil in pure AEN Photolysis experiments were carried out
in a self-made reactor equipped with a high-presswercury lamp (HPL-N 125W/542 E27 SC,;
Phillips, Ivry-sur-Seine, France) delivering rathatat wavelengths ranging from 200 nm to 650
nm. The absorbance spectrum of pyrimethanil showabsorption maximum between 260 and
280 nm*®. According to manufacturer data, the incidentatidn flux was 6200 Im. The reactor
consists in six quartz tubes of 120 mL disposed aircle around the lamp and immerged into a
sonicator (ALO4-12, Advantage-Lab, Switzerland)efil with deionized water. The solution of
pyrimethanil was degassed with a nitrogen stredor po irradiation and was sonicated during
irradiation so that free oxygen is not expectedbeodissolved in water in significant amounts.
During experiments, the reactor was cooled by waieculation to maintain a constant

temperature of 25 + 3 °C. For each experiment, B®@fa solution of pyrimethanil were used.

LC-MS/MS analysis were performed on a 2690 seri¢d E instrument coupled with a
guadrupole time-of-flight “Premier’” mass spectroame¢quipped with a Z-spray electrospray

ionization (ESI) source (Waters Technologies, S@uéntin en Yvelines, France). Compounds
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were separated on a T 3.3 um analytical column £18x 150 mm (Atlantis, France). The
HPLC solvents were ACN with 0.1% FA (A) and watathn0.1% FA (B). 10 puL were injected
with a mobile phase flow of 0.2 mL minThe following program of linear gradient was apg
30% of A for 11.0 min and 30-100% of A from 11.1200.0 min. The column was reconditioned
with 30% of A from 20.1 to 30.0 min. lons were reged in positive ion mode in the 50-750
domain. The ESI cone and capillary voltages wetats20 V and 3 kV, respectively. Extraction
cone and ion guide voltages were set at 3 V and, 4e%pectively. Source and desolvation
temperature were fixed at 120 °C and 450 °C. Nehtibn and desolvation were performed
using nitrogen gas. The cone gas flow was 70'larfd the desolvation gas flow was 700t h
For collision-induced dissociation (CID) experimgnArgon was used as collision gas with a
flow of 0.28 mL min*. The electrostatic mirror was used in the W-mode dccurate m/z
measurements. GC-MS analyses were carried out daren 450GC gas chromatograph
coupled with a Varian 240MS ion trap mass specttemeperating conditions were reported in
a recent papet”.

Results and discussion

This study is the first to report by-product stures obtained by UV-visible irradiation of
pyrimethanil without added catalyst. Most of theepous studies devoted to pyrimethanil
photolysis used solar irradiatiéfl!, a neon lamP®?” or a xenon lamp with cut off of irradiation
under 290 nn¥Y. Thus, based on the UV-visible spectra of pyriraeth(maximum absorption
between 260 and 280 ntf)), negligible photodegradation was expected. Inptesent study,
the light has not been filtered, thus explaining/yhototransformation products were observed.

The relative abundances of by-products were deteuinirom times ranging from 15 minutes up
to 8 hours of irradiation. All the photoproductsre/eletected in the solution irradiated for three
hours; this solution was thus selected to carry @I and high resolution experiments on
photoproducts. At this time, the degradation yiglghyrimethanil, estimated on the basis of total
ion currents, was about 60%. Eight photoproductseveetected in LC-MS. Retention times,
exact m/z ratios of molecular ions and CID mairgin@nt ions are reported in Table 1. Only
compound _land aniline in trace amounts were detected in G&-Nhey were easily

characterized owing to the NIST spectra data batseraatching scores greater than 948
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The first step of the transformation process wasiagd to correspond to the formation of a
radical cation by electron removal, as postulatedrievious studie§’?*?¥! The secondary

amine and all the double bonds of the system datestiikely ionization sites: electron removal
leads in all cases to a highly delocalized radazdion. In aqueous solution, the radical cation
can be captured by a water molecule. The resuliperies can eliminate a proton to give a
solvated free radical, which can in turn undergbssguent photoionization to lead to a cation

with an even number of electrons.

Three compounds referred as®and 8were detected with a molecular weight of 215 amu a
retention times of 5.97, 17.70 and 18.06 min, retpely. They likely result from hydroxylation
of pyrimethanil. Under CID, 7and 8provided an ion at m/z 77. This ion, also detedtad
pyrimethanil, corresponds to the benzene ring ®ohigGHs . It suggests that the benzene part of
the molecule was not affected in the formation ofhbcompounds &and 8 H,O addition on
ionized pyrimethanil followed by proton eliminatideads to the free radical referred _asnA
figure 2. Subsequent photoionization of A leads tation with an even number of electrons on
which water addition followed by proton eliminatiteads to two isomeric structures with MW
= 233 amu. These compounds were not detected snwibrk but they were reported in a
previous study devoted to the photo catalytic deafian of pyrimethanif*). Water elimination
from each of these structure leads to compoundad/8(figure 2). 7corresponds to the only
structure which can eliminate CO in mass spectromehile 8 can eliminate HOand HO,
leading to a stable final state in both cases,asa HCO (see Table 1). A cyclic structure has
been postulated for Given its short elution time in comparison with & and pyrimethanil.
Indeed, Hamilton reported that the elution timeseuerse-phase HPLC are correlated to the
number and the size of the rings and that cychiacsires elute before their acyclic analogues
24 In mass spectrometry, the pseudo molecular ibfi 6liminates CO, as H* does.
Furthermore, figure 1 shows that the formation_ofoBows the disappearance of thus
suggesting that bkely arises from degradation of & mechanism involving photo ionization of
7 followed by cyclization and water molecule addischas been postulated for the formation of
6 (see figure 2, right hand). Dissociation pathwalgseudo molecular ions of 8 and 8are

given in figure 3.
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135




136



Table 1. Retention times, relative intensities, eskpental m/z, CID transitions and proposed stmgstufor the phototransformation products of

pyrimethanil
Retention Relative Experimental Error p  Elemental CID
Compound time (min) intensity m/z of MH"  (ppm) DBE composition transitions (m/z) Proposed structure Referenfces
CHg
124— 83 (-41)
1 2.12 102 1240870 40 35 iGN, 124 107¢17) N‘ N [91’;11'91]3’
107— 67 ( ’
€49 )\/
H,N N CHg
178—> 94 (-84) @\—F
2 2.58 8.0 178.0964 34 55 @N0 178—136(42) N)\NH
136— 119 (17) . )\
o
200— 159 ¢41) N
3 3.30 3.0 200.1182 -3.0 7.5 BNz 159— 143 (-16) \)\/
143 117 (-26) N N
214— 171 (-43)
(0]
214— 143 (71) N
4 3.30 17.5 214.0990 4.7 8.5 1 H1:N3O 214 186 (28) )\/
N N

186— 117 (-69)
186— 159 (-27)
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3.34

9.8

198.1127

-1.5

9.0

14B81oN3

198— 182 1-19)

198— 171 €27)

198— 157 (-41)
157— 117 (-40)

[e)]

5.97

9.0

216.1146

4.2

7.5

lﬁ 14N 30

216— 198 (-18)

216— 77 (-139)

216— 188 (28)
188— 117 (71)

I~

17.70

25.0

216.1120

7.5

12814N30

216— 77 (139

216— 123 (93)

216— 188 (-28)
188— 172 (-16)
188— 160 (-28)

[9, 11, 14]

[oe]

18.06

9.9

216.1147

4.6

7.5

181aN30

216— 198 +18)

216— 199 (-17)
199 77 (-122)
199 122 (-77)

216— 186 ¢30)
186— 160 (26)

OH

Pyrimethanil

18.60

200.1184

0.1

7.5

12614N3

200— 77 (123)
200— 107 ¢93)
200— 143 (-57)
200— 183 (-17)
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Given that kinetics data for compound2.3 amu) match those for(ee figure 1) and that#
also eliminates CO, was assumed to result from dissociation bfy&a mechanism analogous to
that postulated for the formation of(gure 2, right hand). The formation of compou@w
177) may be also rationalized by a mechanism foligwphotoionization of ;7in competition
with that postulated for the formation ofa@d involving a ring aperture induced by the peosit
charge (figure 2, right hand). Dissociation pathsvay pseudo molecular ions oféhd 4are
given in figure 4.
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Figure 4. Dissociation pathways of pseudo moledolss of 2and 4

Structures_Band _Cin figure 2 result from a water molecule additiom ionized pyrimethanil
followed by proton elimination. Compoungd dlso characterized in GC-MS (see above), results
from elimination of the cyclohexa-2,4-dienone ratlierom B while the loss of the radical
pyrimidine radical from_(eads to aniline; both compounds have been detenta previous
study!™. Isomeric forms of Band_Chave also been considered; they are not displayégure 2

as they lead, according to the mechanisms postiddteve, to molecules which are not detected.

Kinetics data show that @luted at 3.3 minute) is among the first compautitht are formed
under irradiation. Cyclization of ionized pyrimettiafollowed by proton elimination leads to a

free radical, whose subsequent photoionizatiorofatid by hydride addition leads & The
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structure postulated fori8 in good agreement with the consecutive los$€3HaCN, CH,; and
CN observed under collisional activation of the BMi". Kinetics data (see figure 1) show that
compound_5seems to be produced from Rurthermore, given their very close retentionesm
(3.30 min for 3vs. 3.34 min for_$ and their difference of two mass units (MW = 188 3 vs.
MW = 197 min for 5, 5was postulated to result from dehydrogenation aft& photoionization
of the later according to the mechanism depictefigure 2. Dissociation pathways of pseudo

molecular ions of &nd 5are given in figure 5.
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Figure 5. Dissociation pathways of pseudo moledolas of 3and 5

Conclusion

In conclusion, eight photo products were identifigdHPLC-MS/MS. Among them, compound
1 was the only one which was also detected by GC:Mth, traces amounts of aniline. With the
exception of compoundsdnd 7 the structures proposed for photoproducts orb#ses of mass

spectra interpretation have not been reportedanipus studies.
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V.3- Conclusion
Caractérisation structurale

Huit photoproduits ont été détectés durant cettdeétUn seul composé a été détecté par
GC-MS et par LC-MS. La structure de ce produit@éinblie grace a bibliotheque de spectres
NIST en GC-MS et par I'analyse des ions fragmebtermus en LC-MS. Les sept autres produits
ont été détectés par LC-MS. Des structures biri@tctiques ont été suggérées sur la base des

spectres de masse mais également des temps derétls photoproduits.

Aspects cinétiques

Les expériences de photolyse ont montré que laadagon du pyriméthanil n'est pas
aussi intense que pour les autres molécules ésigidisqu’il reste 60% de ce composé apres
huit heures d'irradiation. A I'exception de trotsopproduits, tous les composés disparaissent

aprés six heures d'irradiation.
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Chapitre VI — Photo-transformation du boscalid

147



148



VI-1. Introduction

Le boscalid est un fongicide organochloré. Cetiel@€test 'une des premiéres consacrées

a la photo transformation du boscalid sans ajouwtadalyseur.

En raison de la faible solubilité du boscalid déesu (4,64 mg I & 25 °C), les solutions
méres ont été préparées dans 'ACN & 100 rig.Les solutions irradiées utilisés pour les
expériences d'identification structurale ont étéédis & 5 mg. L L'extraction liquide-liquide a
éte utilisée pour les solutions analysées par GCAMS analyses LC/MS ont été meneées apres
un simple ajout de mélange ACN/ acide formique @8)1a la solution aqueuse.

Une étude cinétique a été conduite pour contr@eformation et la disparition des
photoproduits en fonction du temps d'irradiatiorett€ étude a permis de déterminer les
photoproduits issus directement de la molécule meéreesux dont la formation passe par des

structures intermédiaires.

La toxicité des produits de dégradation du pyrirapiha été estimée a l'aide du
programme T.E.S.T. (voir chapitre 2).
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characterization of photoproducts and potential toxcity
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Abstract

RATIONALE: Boscalid is a carboximide fungicide mbirused for vineyard protection as well
as for tomato, apple, blueberry and various ornaahenltivations. The structural elucidation of
by-products arising from the UV-visible photo degaaon of boscalid has been investigated by
GC-MS' and LC-MS/MS couplings. The potential toxicitiek ttansformation products were

estimated byn silico calculations.

METHODS: Aqueous solutions of boscalid were irréellaup to 150 minutes in a self-made
reactor equipped with a mercury lamp. Analyses weagied out on a gas chromatograph
coupled with an ion trap mass spectrometer operatéth EI and ClI modes and on a liquid
chromatograph coupled with a Q-TOF mass spectranmgerated in ESI. Multiple stage

collision induced experiments were performed tal@gth dissociation pathways of ions. The
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QSAR (Quantitative Structure-Activity Relationship)E.S.T. program allowed to estimate the
toxicities of by-products.

RESULTS: Eight photoproducts were investigated. ibal structures were proposed on the
interpretation of multistage collision induced disgtion experiments but also on kinetics data.
These structures led to suggest photo degradatitiwpys. Three photoproducts were finally
detected in Lebanon in a real grape leaves sanoplaviiich routine analysis had led to the

detection of boscalid at 4 mg Kg

CONCLUSIONS: With the exception of one of them, tk&uctures proposed for the
photoproducts on the basis of mass spectra intatfme have not been reported in previous
studies.In silico toxicity predictions showed that two photoproduate potentially more toxic

than the parent compound considering oral rat LDB0le five photoproducts may induce
mutagenic toxicity. With the exception of one compd, all photoproducts may potentially

induce developmental toxicity.

Keywords: boscalid, photolysis, quantum chemistry, GC;M6-MS, transformation products,

potential toxicity

Introduction

Pesticides are widely used throughout the worlgeeislly in agriculture for crop protection.
According to the World Health Organization (WHQ)elr use is still increasing worldwide and
new pesticides are developed and introduced tontiet every yed!). Among them, boscalid

is a relatively new pesticide belonging to the €lafsuccinate dehydrogenase inhibitor (SDHI)
carboximide fungicides. It was first synthesized(03 and introduced to the market by BASF
in 2008%. 1t is mainly used for vineyard protection as wasl for tomato, apple, blueberry and
various ornamental cultivatioi$*® This pesticide has different biological activitiagainst
different stages of fungal development; it inhilsfsore germination and especially germ tubes

extension. Its activity spectrum includes seveethpgens of important crop plants belonging to
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the ascomycetes and deuteromydefés However, this activity has been reported to cause
chronic toxic effects on humans like cancer, repotigte damage and endocrine disruption. To
avoid these side effects, the concentration of &lasdas been limited by legislation. For
example the European Commission Directives 76/896/E90/642/EEC and EC/396/2005
updated in EU/600/2010, set the Maximum ResidueL&MRL) of boscalid between 1 and 10
mg/kg, depending of the cultivation considefef!. The United States Environmental Protection
Agency reported that boscalid leads to two prindegradation products, 2-chloronicotinic acid
and 2-hydroxy-N-(4'-chlorobiphenyl-2-yl)-nicotinadei, but also to unknown by-produé8. In

the agricultural field, the elimination of pestiesl results of biological, chemical and/or
photochemical degradation. The study of the phawotbal behavior of pollutants is thus a key
element in terms of toxics formatidtf**. The establishment of degradation pathways is also
important; it gives us a better knowledge of thee faf pesticides in the environment. Previous
studies were carried out on the degradation kigetfdoscalid in environmental samples. Chen
et al. developed a simple and rapid method for the detation of boscalid in cucumber and
examined its dissipation in samples collected hkirtstudy, they deposed 0.60 and 1.48 mg/kg
of boscalid in cucumber at the rates of 0.5 an8 @@a.i./ha, respectively. They established that
only 5 and 17% of the initial deposits were foumdtihe cucumber six days after the last
application at low and high dose, respectivEfy, Munitz et al. developed and validated a
method for the determination of boscalid concermmaand its degradation kinetics in varieties
of blueberries. They deposited boscalid in blugbsrat concentrations of 0.19 and 0.55 mg/kg,
and noted that the remaining amounts of boscalet &0 days were 9.7 and 7.3%, respectively.
They reported that the degradation of boscalidlirelrerries followed a first order kinetic rate
with a half-life of about 6 dayd. In another study, Karalet al.reported the ozonation of five
fungicides in grapes and concluded that boscalid W& only one not affected by ozone
treatment Error! Bookmark not defined.). Lagunas-Allue et al. studied the Ti®
photocatalyzed chemical degradation of boscalivatter using a mercury lamp with= 365
nm. Seventeen intermediates were identified andackerized through a spectra analysis. The

main photoproducts were monohydroxylated and ditwylated boscalid.

The main objective of the present work was the tifleation of the transformation products

issued from direct photolysis of boscalid in wates it may occurs on fruit and leaves exposed to
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solar irradiation. The second aim was the assedsafdhe potential toxicity of the resulting
photoproducts. We chose a combined approach usiogd | chromatography coupled with
tandem mass spectrometry (LC-MS/MS) and gas chegregbhy coupled with multi-stage mass
spectrometry (GC-M9Y to cover a large range of polarities of the expectransformation
products. Structural elucidation of photoproductaswcarried out on the basis of collision
induced dissociations experiments. Photolysis m@ashe have been proposed to rationalize the
formation of these photoproducts. The potentiaidities of boscalid and its phototransformation
products were estimated by am silico QSAR (Quantitative Structure-Activity Relationship
approach. The software TEST, a tool for estimatiogyicity developed by the U.S.
Environmental Protection Agency, was used to ptediatagenicity, developmental toxicity,
lethal oral doses in rats and lethal doses for taguarganisms. Finally, the identified
photoproducts were searched in a real sample pedemaves for which boscalid was detected at

4 mg Kg' in routine analysis.

2. Materials and methods

2.1. Chemicals and reagents

Boscalid (99% purity) was purchased from Sigma lu(St Quentin Fallavier, France). The
chemical structure of boscalid is displayed in fegd. Chromatographic grade solvents (99.99%
purity), methylene chloride (DCM), acetonitrile (ANE and formic acid (FA), were also
purchased from Sigma Aldrich. Considering the pamubility of boscalid in water (4.64 mg'L

at 25 °C), a standard solution of boscalid at 1@0Lih was prepared in ACN®. ACN does not
absorb light in the UV range (0% at 200 nm) scsinot excited during irradiatiol”. This
solution was then used to prepare working solutinnsater at 5.0 mgt (ACN constitutes 5%

of the final solution). This concentration was usedstructural investigations on photoproducts
as tandem and multi stage CID (Collision InducedsDciation) experiments require quite large
amounts of sample. Solutions at 0.5 mywere used for kinetic measurements. All solutions
were degased using nitrogen bubbling for 15 minates sonication for 10 minutes prior to

irradiation.
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Figure 1. Chemical structure of boscalid,dd;;N,OCl) and nature of the first excited state
(CC2 level)

2.2. Photolysis experiments

Photolysis experiments were carried out in a selflenreactor equipped with a high-pressure
mercury lamp (HPL-N 125W/542 E27 SC; Phillips, hayr-Seine, France) delivering radiation
at wavelengths ranging from 200 nm to 650 nm. Adicay to manufacturer data, the incident
radiation flux was 6200 Im. The reactor consistsik quartz tubes of 120 mL disposed in a
circle around the lamp and immerged into a sonicgde04- 12, Advantage-Lab, Switzerland)
filled with deionized water. During experimentse tfeactor was regularly cooled by ice addition
to avoid uncontrolled heating of the irradiatedusions and to maintain a constant temperature

of 25 + 3 °C. For each experiment, 30 mL of a solubf boscalid (see above) were used.

2.3. Sample preparation

For GC-MS analysis, 6 mL of solution were takennfrthe quartz tube after photolysis and
transferred into a separating funnel. 6 mL of miethg chloride were added to the solution
which was then shaken and left to settle for tenuteis. The organic phase was collected and
dried under a gentle nitrogen stream; the dry tesidas dissolved into 200 uL of DCM. For
LC-Q-TOF analysis, 100 uL of solution were directiken from the quartz tube and diluted
with 100 pL of ACN with 0.1% FA.

2.4. GC-MS operating conditions

Analysis were carried out on a Varian 450GC gasmiatograph equipped with a CP8400

autosampler and coupled with a VARIAN 240MS iomptraass spectrometer operated in the
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internal ionization mode. A 60 meter-long “VF-Xmsapillary column (VARIAN) with an
internal diameter of 0.25 mm and a film thicknet9.@5 pm was used. For all analysis, 2 ul of
solution were injected automatically in the spiifemode at a rate of 50 pll.sThe injector
temperature was set to 280 °C and high purity hel{@9.999 %) was used as carrier gas at a
constant flow of 1.4 mL mih The column oven temperature was programmed frorimitial
temperature of 50 °C held during 1 min, increage@00 °C at 6°C/min, then increased at 15
°C/min to a final temperature of 320 °C, which weetd for 3 min, for a total analysis duration
of 47 minutes. The manifold, the ion-trap elect@md the transfer line temperatures were
respectively held at 100 °C, 200 °C and 280 °C. iMiass spectrometer was calibrated with the
ions resulting from electron ionization (El) of fleorotributylamine. Chemical ionization (ClI)
experiments were performed using methanol as thgerd. Spectra were recorded using the
automatic gain control (AGC) function with targetlwes fixed at 20.000 and 5.000 for electron
ionization and chemical ionization (Cl), respectivd he filament emission current was set at 10
MA in El and 50 pA in Cl. The electron multiplieoltage was automatically optimized at 2200
V for a gain value of 105. Full scan mass spec&aevacquired recording ions from m/z 50 to
m/z 500 at a frequency of 3 spectra B multiple stage mass spectrometry (lyi&periments,
precursor ions were stored with a Paul stabilityapeeter (qz) of 0.30 and fragmented by
collision induced dissociation with activation egies ranging from 0.30 V to 0.80 V in the

resonant excitation mode.

2.5. LC-MS operating conditions

LC-MS/MS analysis were performed on a 2690 liquaocnatography module coupled with a
QTOF Premier mass spectrometer (quadruple timéghftfmass spectrometer) equipped with a
Z-spray electrospray ionization (ESI) source (WafBechnologies, Saint Quentin en Yvelines,
France). The analytical column used was an Atlah8s3um C18 2.1 x 150 mm (Waters,
France). The HPLC solvents were ACN with 0.1% FA é&hd water with 0.1% FA (B). The
following program of linear gradient was applie&%4 of A for 5.0 min and 45-90% of A from
5.1 to 10.0 min. The column was reconditioned wifi% of A from 10.1 to 30.0 min. 10 pL
were injected with a mobile phase flow of 0.3 mlnthiThree acquisition modes were used to
characterize each compound (i) full scan in V mddeMS/MS of precursor ion and (iii) full

scan in W mode for high resolution. lons were rdedrin the positive mode on the 50 - 750 m/z
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range. The ESI cone and capillary voltages werats8b V and 3 kV, respectively. Extraction
cone and ion guide voltages were set at 2.5 V aBd/3respectively. Source and desolvation
temperatures were fixed at 120 °C and 450 °C, otisqedy. Nebulization and desolvation were
performed using nitrogen gas. The cone and desoifvgas flows were 80 L"hand 800 L H,
respectively. For CID experiments, argon was usecbdision gas with a flow of 0.28 mL nifn
corresponding to a pressure of Z1@Bar. Collision energies were varied from 2 to 30fer
each compound in order to obtain the main charatiteions. For accurate mass measurements,
analyses were carried out in W-mode using an inuga reference spray via the “Lockspray”
interface to ensure accuracy. A sulfadimethoxinatsm was used as the lock mass at a flow
rate of 10 pL mitt; the ion used for m/z correction was m/z 311.084¢curate masses and

elemental compositions were determined with thediasx software.

2.5. Quantum chemistry calculations

Geometry optimizations were performed at the DFT¥3-D3 level, including the new
implementation of dispersion correctidh8 in the TURBOMOLE 6.4 packad®’. The minima
were characterized by vibrational frequency cakioie. All the calculations have been carried
out with the polarized valence-triple-zeta TZVPPsibaset. The most energetically stable
conformation of the molecule presents two stamifzinteractions, i.e. C=0...H and N-H...Cl
(figure 1). In addition, a favorableinteraction occurs between one Cl atom and thé&cytis
stable structure was used for the calculation efdlectronic excited states by both the CC2
coupled cluster model as an approximation to thepleal cluster singles and doubles (CCSD)
equationd®®’. This method is considered as an accurate todhfinvestigation of the excited

states of molecules containing chromopHote

2.6. Computer aided toxicity prediction

Toxicity Estimation Software Tool (T.E.S.T.) is &nvironmental Protection Agency online
available computerized predictive system with Quiamte Structure Activity Relationships
(QSAR) mathematical model&’. T.E.S.T. has a variety of toxicity endpoints usedredict
chemical toxicity values from their physical projes such as molecular structure. T.E.S.T.
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model uses a simple linear function of moleculacdetors such as the octanol-water partition

coefficient, molecular weight or the number of bemez rings (see equation 1).
Toxicity = ax+bx,+c (2)

x1 and % are independent descriptor variables and a, bcaae fitted parameters. Models for
assessing toxicity solely from molecular structame based on information-rich structural
descriptors that quantify transport, bulk, and teedc attributes of a chemical structure. Besides
molecular weight, the QSAR model employs size-ate@ E-values for quantification of
molecular bulk. The size-corrected E-values are mded from a rescaled count of valence
electrons. Electrotopological state values (E-v&lues numerical quantifiers of molecular
structure, encode information about the electrontexd (valence, sigma, pi and lone-pair),
topology, and environment of an atom or a groumtoims, in a molecul&®. The predicted
toxicity is estimated by taking an average of tmedpted toxicities from the above QSAR

methods, provided the predictions are within trepeetive applicability domains.

3. Results and Discussion

3.1. Kinetics data

A series of experiments was carried out with 12dmtion times ranging from 0 to 150 minutes:
0, 5, 10, 15, 20, 30, 40, 50, 60, 90, 120 and 1%futes. All the irradiated solutions were
analyzed by GC-MS and LC-MS. After 150 minutesroddiation 10% of the initial amount of
boscalid was still detected. Three photoproductewetected by GC-MS (see Table 1) and six
photoproducts were detected by LC-MS (see Tabléh2)compound referred 8swvas observed
by both techniques. The relative abundances ofgpnotiucts vary greatly depending on the
irradiation time. All degradation products wereatéd in the boscalid solution irradiated for 40
minutes so that this solution was retained to perf@€ID experiments on boscalid and its
photoproducts.Most of photoproducts are formed after only 5 masutof irradiation.
Photoproducts abundances reach maximum valuesrretiation times between 20 and 60

minutes and decrease to trace amounts after 10@&esiof irradiation.
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Figure 2. Relative abundances of photoproducts fametion of irradiation time — estimation
based on the total ionic current in GC-MS (top) andC-MS (bottom)
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Table 1. Molecular weight, retention time, chemistilicture and main M3ransitions recorded in GC-MS with CI and El iatipn

modes for photolysis products of boscalid

Main Loss of neutral Main Loss of neutral
Compound Retention Elemental transitions or radical transitions or radical
iti . associated . associated Suggested structure
number time (min) composttion in CI-MS" , in EI-MS" . 99
and molecular with each with each
a a
. (m/z) transition (m/z) transition
weight
203— 168 A35(C
1 a1 Ci12H1oNCl 204—> 187 A 17 (NHy) 203— 167 A 36 (HCI) o Q O
= 203 187— 161 A 26 (GH,) 167— 141 A 26 (CN)
141 — 115 A 26 (GH,) HN
234— 216 £18 (H0) 233— 198 A 35 (Ch
CiHgNOLI 2345 217 A17 (NHy) -
2 32.7 233— 151 A82
= 217— 189 A 28 (CO)
233 151— 123 A 28 (CO)
189— 161 A 28 (CO)
324 289 A 35 (Cl
C1gHoN-Cl> 325 289 A 36 (HCI) -
3 46.5 289— 253 A 36 (HCI)
= 289— 253 A 36 (HCI)
324 324 288 A 36 (HCI)
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Table 2. Molecular weight, elemental compositia@tention time, chemical structure and main CID nseesctra obtained in LC-MS for boscalid and
its transformation products

Compound Retention Relative Elemental Error CIb Losses of neutral or
NurrF:ber time (min) intensity composition of M (mDa) DBE° main transitions radical associated with Suggested structure
(m/z of MH")® of MH" ions (m/Z} each transition
307— 289 A 18 (HO) o O
C1gH1:N,OCI A 36 (HCI)
4 1.87 10.2 307.0640 0.2 14 307— 271 " .
307 > 264 A 43 (NHCO) 7\
& —
325> 307 A18 (HO) o Q on
5 376 8.0 C1aH1aNLO,Cl 0.6 13 307— 272 A 35 (Cl)
= ' ' 325.0750 ' 325 289 A 36 (HCI) HN / N\
289 > 271 A 18 (H0)

od N\

@]
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325— 307 A18 (HO)
6 4.95 3.0 G ifloO.Cl 0.7 13 307> 289 £ 18 (HO) " _
325 > 122 A 203 (G2H1oNCl) \ /
(o) N
HO
3435 307 A 36 (HCI) 3 Q Q
307— 272 A 35 (Ch ﬂ
Boscalid 7.95 Cufhla0Ch 01 13 307 271 A 36 (HCI) " -
307> 289 A 18 (HO) \ /
343 - 140 A 203 (G,H1oNCl) © N
Cl
325, 289 A 36 (HC)
3 8.99 175 CufhlaCl 0.7 14 289> 253 A 36 (HCI)
325 - 212 A 113 (GH.NCI)
307 — 289 A 18 (HO)
7 8.99 9.8 CastaNoOC! 0.9 14 307 272 A 35 (Cl)
307 > 271 A 36 (HCI)
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3.2. Characterization of the photoproducts of bokda

Molecular weights (MW) of the photoproducts wersigadetermined. In GC-MS coupling, the
heavier ion obtained in each Cl mass spectrum wasnaed to correspond to the protonated
molecule MH. The molecular weight of each photoproduct wadioned by the presence of
the molecular ion M in the corresponding EI mass spectrum. In LC-M@ptiag, the molecular
weights of the photoproducts were determined bypilesence of two peaks separated by 22
u.m.a., corresponding to the protonated molecule® Midd to the cation sodium adduct
[M+Na]*. The number of chlorine atoms remaining in eacbt@broduct structure was easily
determined on the basis of isotopic distributiéifs For LC-MS experiments, high resolution

measurements allowed to establish the elementgbasition of photoproducts (Table 2).

Boscalid includes different sites that can be ekitender irradiation. Quantum chemistry
calculations indicate that the first excited staft¢he molecule corresponds to a triplet spin state
with an excitation in the pyridine ring (figure onsequently, the double bonds in the pyridine
ring were taken as the most favorable ionizatiaassof boscalid. Electron removal from the
pyridine ring leads to a radical cation whose thressomeric structures, referred as A, B, and C,
are displayed in figure 3. Figure 1 shows thatzation of the secondary amine can also be
considered (structure D). Like in electron ioni@atimass spectrometry, we considered that the
reactivity induced by the radical should be greafen that induced by the charg®® the
latter being furthermore stabilized by surroundimgter molecules in the present experiment.
When possible, the formation of cyclic compounds \peeferred over that of their noncyclic
analogues for thermodynamic reasons. First, cyabzamechanisms suggested in figure 3
involve a five or six-membered transition state #mas require low activation energy. Second,
cyclization reduces the number of degrees of freednd thus the entropy of the molecule,

leading to a stable final stdfé.

Table 1 presents the main CID transitions obtaime@! and El for the three photoproducts
detected by GC-MS. Compourid (MW=203) is detected at 31 minutes. According he t
nitrogen rule and the detection of two isotopomearaecular ionsl includes one chlorine atom

and one nitrogen atom.
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Figure 4. EI-MS and CI-M$ dissociation pathways proposed for compouhdad2

The dissociation pathways proposed to explain th t@nsitions observed in EI-M%nd Cl-
MS" are given in figure 4. In Cl, the protonated maledH" first eliminates NH (m/z 204—

m/z 187), then eH, (m/z 187— m/z 161). Two likely structures may correspondthese

m/z 115

transitions: 4-chlorophenyl aniline and 4-chloropyiecyclohexa-2,4-dienimine. The first one

would correspond to a lower final state but M@nsitions from the molecular idii in El (m/z
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203 — m/z 167 (- HCl)—» m/z 141 (- GH;) — m/z 115 (-CN)) are in agreement with the
structure of 4-chlorophenyl cyclohexa-2,4-dienimi(see figure 4) but not with that of 4-
chlorophenyl aniline, from which no mechanism wasind to rationalize two consecutive
eliminations of 26 a.m.u. The formation bhas been rationalized considering the additioa of
water molecule on the photoionized pyridine ringbokcalid (structure B in figure 3), followed
by hydrogen transfer through a seven center-tiansistate to provide a fully delocalized
carbocation. Simultaneous eliminations of carbonnoxade and ionized 2-chloro, 3-
hydroxypyridine finally lead td.

Compound (MW = 233) was detected in GC-MS at 32.7 minuBasicludes one chlorine atom
and one nitrogen atom; transitions correspondin@liminations of 28 a.m.u. in multistage
collisional experiments suggest the presence dforett and/or hydroxy groups in the structure
of 2. Many structures have been postulated for comp@undrresponding either to,;&HgNO,CI

or GizH1oNOCI formula. The chemical structure proposed 2o Table was the only one
corresponding to the CID transitions recorded itht®l and Cl ionization modes. In CI-MS
the transitions m/z 234> m/z 216 and m/z 234> m/z 217 were logically attributed to water
and ammonia eliminatiorfsom 2H", respectively. Consecutive eliminations of 28 a.nfrom
the ion at m/z 217 were attributed to CO lossegthglene elimination from aromatic rings
seems very unlikely. In EI-MS the consecutive eliminations of the 2-iminocyci@mone
radical and carbon monoxide from the moleculardbriead to the ions at m/z 151 and m/z 123
(figure 4). Formation of under irradiation was assumed to occur from theameric form of
ionized boscalid referred as A in figure 3. A meuBm based on the elimination of (2-
chloropyridin-3(4H)-ylidene)methanone from struetuk (see left hand of figure 3) has been
suggested for the formation @f Addition of a water molecule on the resulting bcaration,
followed by proton elimination, leads to a struet@irom which dehydrogenation of the alcohol
function provides the structure referred as Aligure 3. Oxidation of a secondary alcohol to a
ketone through Helimination in water is known to be an easy pre¢&4 Photoionization of
Al, followed by a mechanism close to that descriglkdve may lead t8. This mechanism is
supported by the detection at trace level of a aamg weighting 217 a.m.u. at 31.5 minutes in
GC-MS which could correspond to Al.
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The compound® (MW = 324) is detected at 46.5 min in GC-MS. Adatiag to the nitrogen rule
and the detection of three isotopomeric molecwas, the structure @ includes two nitrogen
atoms and two chlorine atoms. Its molecular weigdrresponds to that of boscalid minus 18
a.m.u., suggesting water elimination from the lafeproduct with the same molecular weight
was detected in LC-MS coupling at 8.99 minutes [@&) and was assumed to correspond. to
In GC-MS, CID transitions in El and CI ionizatiorodes correspond to eliminations of &hd
HCI from 3" and 3H*. Chlorine losses are uninformative but HCI elintioas are in good
agreement with a cyclized structure, as depictdayure 5. In LC-MS coupling, the elimination
of chloropyridine (113 a.m.u.) fro@H", leading to the ion at m/z 212, greatly helpedhia
structure identification: it shows that the chloyadine part of the molecule was not affected by
irradiation in the formation d@. The formation oB can be rationalized from the radical cation C
(see figure 3, top of the right side) in which tbee electron is partially localized on the oxygen
atom. C may abstract ' Hrom the solvent to give a more stable ion witheasen number of
electrons. The following loss of @ and the subsequent cyclization provide an aduditigix-
center ring in the resulting cation. Proton elintioa from the latter provided the fully

conjugated structure suggested3or

High resolution measurements showed that the famfi compound? (CigH1:N2OCI)
corresponds to that & (CigH10N2Cl,) with a hydroxyl group instead of a chlorine atdBoth
compounds elute at the same retention time (8.9%utes) suggesting close structuréswvas
postulated to result from Célimination followed by hydroxyl addition o8 under irradiation.
Kinetics data are in good agreement with this higesis: figure 2 shows thdtappears afted
and that its relative abundance reaches a maxinsutmaé of3 sharply decreases. CID transitions
from the pseudo molecular iGiH* correspond to O, CI and HCI losses. The corresponding

dissociation pathways are given figure 5.
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m/z 289

Figure 5. Dissociation pathways proposed3or3H* and7H" ions
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Compoundss and 6 have the same elemental compositiogHzsN.O,Cl and simultaneously
appear after 10 minutes of irradiation. They reddin chlorine elimination from boscalid
followed by oxidation. Clelimination is easily rationalized from the meseoimé&rm B in figure

3. The resulting cation may directly react with ater molecule to provide the structure referred
as B1 in figure 3 or cyclize to provide a more fadiructure including an additional six-center
ring. In the second case, the addition of a wateleaule followed by proton elimination may
lead to 3 isomers referred as B2, B3 and B4 inrég3. CID transitions from the
pseudomolecular io6H™ allowed to establish th#t corresponds to the structure B1. First, the
transition m/z 325— m/z 122 (also observed in the boscalid spectruanjesponds to p-
chlorophenyl-2 aniline elimination (see figure &)demonstrates that this part of the structure
was not affected by irradiation. Secondly, the memsecutive water eliminations (m/z 325
m/z 307 — m/z 289) from6H" imply that the hydroxy function is in ortho positimn the
pyridine group. The structu@ has been reported in a previous study devotedhadbopatalytic
degradation of boscali#®. CID transitions from5H* correspond to O, CI and HCI
eliminations (see table 2); they can be rationdliom the basis on dissociation pathways
analogous to those presented above and are naiesofffy informative to establish the chemical
structure of5. The elemental composition df(CisH11N,OCI) suggests that it results from the
elimination of a water molecule frof or 6. Kinetics data (figure 2) show a good correlation
between the formation o and the disappearance bfin good agreement with the first
hypothesis. Furthermore, B3 and B4 are the onlyctires from which water can be easily
eliminated to lead to two structures weighting 2061.u. (see figure 3, bottom of the middle
part). In CID, the pseudo molecular igH" eliminates HO, HCI and HNCO. A mechanism of
isocyanic acid (HNCO) elimination fromH™ in mass spectrometry is proposed in figure 6 to
rationalize the structure postulated forAs depicted in figure 3, both structures B3 addniBay

correspond t&.
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Figure 6. Dissociation pathways proposedddi and4H" ions

The elemental composition of compouddhows thaB is an isomer of boscalid. The formation
of the ion at m/z 140, also observed for boscaliglogous to that of m/z 122 féi(see figure 6)
allowed to conclude that the chloroaniline parttio¢ initial structure was kept intact. CID
dissociation pathways are suggested in figure 7tHerion8H". The simplest mechanism of
isomerization of boscalid int8 implies photoionization of the secondary amineuggtire D in
figure 3) followed by hydrogen transfer throughoarfcenter transition state and neutralization
of the radical cation by capture of an aqueoustmedssued from ionization of boscalid (right
hand).
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3.3. Toxicity prediction

In order to evaluate the toxicity of boscalid and photodegradation products, a toxicity
simulation usingn silico tools was performed. We were mainly interestethenoral rat LD50,
the developmental toxicity and the mutagenicityuliss Boscalid is classified by the US
Environmental Protection Agency as “suggestive ewgg of carcinogenicity, but not sufficient
to assess human carcinogenic potenfidl” According to the literature, in acute studiesats,
boscalid had an estimated oral LD50 > 5000 méffkgThe obtained values through our toxicity
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estimation software are between 1006 and 4576 nfgfkigoscalid and its photoprodu@s3, 4,

6, 7 and 8 indicating a low toxicity (figure 8). As shown ifigure 8, some of the
photodegradation products are slightly more tokentthe parent compound. Compoundor
which two structures were postulated, seems tof lmeodlerate toxicity according to Hodge and
Sterner classification (values around 100 mg/kdnis effect can be explained by the fact that
boscalid induce biochemical effects in mammals isbing in increased liver enzymes (alanine
aminotransferase, gamma-glutamyl transferase) rsuced thyroid adenomas but the observed
responses are considered adaptive and reversile Besides, the fungicide and its
photodegradation products were all shown to caeseldpmental toxicity at the exception of
compound3. The reproductive toxicities reported in the ktteire concerning the boscalid are
delayed ossification in rabbits and rats in thespnee of maternal toxicity at limit doSg!.
According to the mutagenicity simulation test, lgtand its photoproducts 4, 5, 6 and? are
mutagenic. These results are interesting as nohdetdoeen reported concerning mutagenicity of
boscalid and its degradates. Those predictive sahgicate that boscalid and its photoproducts
would be of concern as they may cause damagesntarhand wildlife. This finding suggests
thatin vivo andin vitro assays should be achieved in order to assessdhbiological effect of

those compounds as well as the critical doses.
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Figure 8. Oral rat LD50 (mg/kg) for boscalid ansl pthotodegradation products predicted using
the toxicity estimation software T.E.S.T.*

*Toxicity Estimation Software Tool (version 4.1) ©2012 U.S. Environmental Protection Agency
173



3.4. Real sample analysis

As we were studying the photoproducts of boscétig, fungicide was detected at 4 mgkig a
grape leaves sample during routine analysis atARPO (aboratoire d’Analyse des Pesticides
et des Polluants Organiques Beyrut. The QUEChERS sample preparation pobtesl been
applied before LC-MS analysf&. Analysis of the real sample was carried out @690 liquid
chromatography module coupled with a MS-6410 trigleadrupole (TQ) mass spectrometer
(Agilent Technologies, Les Ulis, France). Chromaapipic conditions were the same as those
described for structural elucidation. The TQ wasrafed in the Multiple Reaction Monitoring
(MRM) mode using the transitions reported in Tabl¢see the Results and Discussion part),
with collision energies ranging from 5 to 20 V. Réwroducts3, 4 and5 were unambiguously
detected. In the lack of internal standards fois¢heompounds, their concentrations in grape
leaves were roughly estimated based on that ofatidsat 0.4 mg K@ for 3 and at 0.2 mg K§

for 4 and>.

4. Conclusion

Eight photoproducts of boscalid were characteribgd GC-MS and/or LC-MS. With the
exception of compoun@, the structures proposed for photoproducts orb#ses of mass spectra
interpretation have not been reported in previdudigs. Our results are very different of those
reported by Lagunas-Alluet al. for photocatalytic degradation of boscalid usin@zr In their
study, the catalyst induced the formation of @&tlicals that reacted with boscalid to provide
mainly mono- and di-hydroxylated produét&°" Bockmarknotdefined.] 1 tha present work, the lack
of catalyst, and thus that of OHadicals, tended to favor the formation of cydlize
photoproducts. The chemical structures and kinetieda permitted to suggest photo
transformation pathwaydn silico toxicity predictions showed that two photoproduet®
potentially more toxic than the parent compound sadering oral rat LD50 while five
photoproducts may induce mutagenic toxicity. Withe texception of compoun@, all

photoproducts may potentially induce developmetatality.
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VI-3. Conclusion
Caractérisation structurale

Huit photoproduits du boscalid ont été détectéisq seulement par LC/MS, deux par
GC/MS uniquement et un par les deux techniquesx pdotoproduits ont conserve les deux
atomes de chlore ; les autres photoproduits camignun seul atome de chlore. Des calculs de
chimie théorique ont montré que les doubles liasdo cycle pyridine constituent les sites
d’ionisation les plus favorables. L’arrachementrdélectron conduit & quatre formes mésomeres
d'un ion dystonique. Les photoproduits résultent rdactions de ces structures avec l'eau.
L’irradiation du boscalid fournit en particulier usomere de ce dernier, deux structures au sein
desquelles un hydroxyle a remplacé un atome derecldmsi que des composé tri- et tétra

cycliques.
Aspects cinétiques

La cinétique de I'apparition et de la disparitides produits de dégradation du boscalid
en fonction du temps d’irradiation a été étudiéel&0 minutes. Le boscalid et ses produits de

transformation sont sous forme de traces prés if@linradiation.
Toxicité prédictive

L’estimation a I'aide d’outilén silico de la toxicité des photoproduits a montré que deux
d’entre eux sont légerement plus toxiques que IEonte mere concernant la LD50 chez le rat
et que cing dentre eux sont potentiellement mutage A I'exception du composé s

photoproduits peuvent induire des retards de dépelment.
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VI-4. Analyse d'un échantillon réel

Dans les études précédentes, les expériencesngéotraation de pesticides sous irradiation UV-

visible ont été faites au laboratoire loin des dtiois naturelles et en absence des matiéres
organiques présentes dans les matrices réelles.vBlider la démarche expérimentale utilisée,

nous avons analysé un échantillon de feuilles geevpour lequel du boscalid avait été détecté a
4 mg L' lors dune analyse de routine au LAPPO-Liban. La&thunde d'extraction

« QUECHERS », validée au LAPPO pour l'extractios demposés organiques en matrices

biologiques a été utilisée préalablement a I'areafyar LC-MS.

L'analyse de cet échantillon a été réalisée suralmematographie en phase liquide (2610-
Agilent Technologies) couplée a un spectrometrendesse triple quadripolaire (MS 6410-
Agilent Technologies). Une méthotkultiple Reaction MonitorindMRM) a été développée en
ESI en mode positif pour détecter les photoprodititda base des transitions établies au DCMR

présentées dans le tableau VI-1.

Un meélange eau/0.1% acide formique (A) et méth@rikh acide formique (B) a été utilisé
comme phase mobile. Une colonne analytiqgue Agit& 3 pm C18 2.1 x 150 mm a été utilisée
pour la séparation. La séparation débute avec 45®, goroportion qui augmente a 90% en 35
min. La proportion de 90% de B est conservée partdgb min puis ramenée a 45% en 0,1 min.
Cette derniere proportion est conservée 9,4 mim poe durée totale de méthode de 56 min. Les
parametres de source ESI sont les suivants : teupérde l'azote (gaz de nébulisation) a 350
°C, débit de gaz & 9 L mifret tension de 4000 V sur le capillaire.

Les photoproduits 3, 4 et 5 (voir ci-dessus tabl2auarticle) ont pu ainsi étre détectés sans
ambiguité. La figure VI-1 (a et b) montrent lesspaes courants ioniques des trois transitions

identifiés pour le boscalid et du produit 5, respeenent.
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Tableau VI-1. Méthode de MRM utilisée pour détetdsrphotoproduits du boscalid
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343 271 50 130 15 Positive
307 289 50 130 5 Positive
307 264 50 130 15 Positive
307 212 50 130 15 Positive
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325 289 50 130 10 Positive
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Figure VI-1. a- Courant ionique des transitionscjfues du boscalid. b- Courant ionique des

transitions spécifiques du photo-produit 5 avecstesctures proposées.
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Conclusion générale et perspectives
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Les pesticides connus par leurs toxicités aiguehebnique sur les divers constituants de la
biosphere (sol, eau et air) et par suite sur I'étenain, sont parfois persistants dans
'environnement et dans certains matrices alimedailLes reglements internationaux sont
strictes sur l'usage et sur les résidus de pessicdhns les divers matrices alimentaires et
imposent des Limites Maximales de Résidus (LMR)egas dépasser. La surveillance de ces
LMR nécessite le développement des méthodes amadgti sensibles et efficaces pour
I'extraction et l'analyse de résidus des pesticifidsappartiennent a des familles chimiques

différentes.

La chromatographie gazeuse ou liquide couplée @éesteurs par spectrométrie de masse est
la technique analytigue la mieux adaptée pour ¢gectif, elle permet la séparation et la
purification des plusieurs dizaines des moléculds/es de pesticides aboutissant ainsi a une
analyse quantitative fiable et robuste. Egalemar®C/MS ou la LC/MS simple ou tandem sont
utilisées afin d'identifier les produits de dégtamtade pesticides par l'irradiation solaire s le
matrices réelles. En effet, la plupart des étudedéhradation des pesticides sont focalisées sur
I'elimination de ces molécules de I'environnemetlp méthode la plus rapide soit en ajoutant

des catalyseurs (sel, enzyme etc..), soit par pfffeton.

Les travaux de recherche de cette these ont portéa photodégradation de fongicides sous
irradiation UV-visible. Il s’agissait d’établir sies fongicides étaient susceptibles de se dégrader
sous irradiation solaire, lorsqu’ils sont nébulisés les plantes (sur la vigne en particulier). Les
travaux de these ont débuté par I'étude de la digtadation d’'un herbicide organochloré, le
métolachlore, dans I'eau. Cette étude m'a pernaissithiler la stratégie analytique utilisée au

DCMR pour caractériser les structures de photoptadu

Trois fongicides ont ensuite été choisis sur leer@s suivants : molécules nébulisées sur les
cultures et utilisées au Liban donc susceptibledrel’ retrouvées dans des échantillons de
contrdle de routine. Ces molécules sont la procgmed composé organochloré), le pyriméthanil
(anilinopyrimidine) et le boscalid (carboxamide)les sont reconnues comme perturbateurs

endocriniens.

185



La recherche de molécules inconnues imposait iBation d’'une méthode d'extraction non
sélective. L'extraction liquide-liquide a été e préalablement a l'analyse des solutions par
GC/MS en raison de la nécessité de transférerriabtas dans un solvant organique. Aprés
plusieurs tests portant sur les répétabilitéssetdadements d’extraction en SPE, la préparation
d’échantillon a été réduite au minimum pour lesisohs analysées par LC/MS : simple ajout de
méthanol a la solution aqueuse irradiée. Les swolatides pesticides irradiées ont été analysées

par GC/MS etLC-MS pour couvrir une large gamme de polarités.

Les fongicides retenus pour cette étude se dégrastems lirradiation UV mais ne se
minéralisent pas. Les résultats obtenus montreril gonvient de parler de « photo
transformation » plutdét que de photolyse. La stiiaté’élucidation structurale des produits de
dégradation des pesticides étudiés a été baséétsde des mécanismes de fragmentation sous
différentes énergies de collision des ions molémdaet pseudo-moléculaires des pesticides
formés selon différents modes d’ionisation : iotia €lectronique et ionisation chimique en
GC-MS), ionisation par électronébulisation en LC-Q-TORsEtudes cinétiques ont permis de
corréler I'apparition de certains photoproduit@alisparition d’autres et ainsi de déterminer des
structures intermédiaires. La rémanence des phudojis apres irradiation a également fiat

I'objet d’études, en particulier pour le métolagklo

Les molécules de fongicides étudiées présententepits sites susceptibles de perdre un électron
lors de l'excitation par irradiation UV-visible. Be&alculs de chimie quantique ont permis de
déterminer la répartition de la densité électroaida la molécule et ainsi d’établir le ou les sites

préférentiels d’ionisation.

La stratégie utilisée pour I'élucidation structerales produits de dégradation s’est aveérée
pertinente, la plupart des structures chimiques gtesluits formés ayant été élucidées sans
ambiguité. Des mécanismes de photolyse ont pu étresiproposés. Dans I'eau les réactions
dominantes sont I'addition d’'une ou deux fonctitnyslroxy ainsi que la formation de cycles a

cing et six atomes.
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Les structures de certains composés demeurentypethBses plausibles mais elles ne sont pas
démontrées. La Disposition de produits marqués etrait d'étre plus catégorique. De plus, les
mécanismes proposés sont plausibles mais non démattils peuvent s’avérer complexes et
surtout tres difficiles a prévoir.

La toxicité des photoproduits identifiés a étéraég a I'aide du programme de calcul de toxicité
prédictive T.E.S.T. Ces estimatioimssilico ont montré que les photo-produits du métolachlore
et de la procymidone ne présentaient pas de mutagerCependant, tous les sous produits de
ces deux pesticides auraient des effets toxiguele sléveloppement du feetus avant la naissance
et sur la taille de I'animal apres la naissancestimation de la dose létale LD50 chez le rat des
produits de dégradations observés par LC-MS a mdapute neuf photo-produits du métolachlore
et trois photo-produits de la procymidone seraiplfs toxiques que les molécules meéres
(composés hydroxylés en particulier) en accord aescdonnées de la littérature. Les résultats
obtenus ne sont que des estimations visant a eridaes tests des biologistes. Pour étre
recevables, ils doivent étre comparés a des résuléala littérature (tests in vitro et/ou in vivo)

lIs ne considérent pas les effets agonistes eganistes.

Suite a ces études, nous avons analysé un écbartél feuilles de vigne dans lequel 4 mg/L de
boscalid avaient été détectés lors d’analyses déneau LAPPO- Liban. Nous avons détecté
trois produits de dégradation du boscalid iderdtifi@ns les solutions de standards irradiées en
laboratoire. Ces résultats illustrent la pertinedeela stratégie utilisée : la modélisation en
laboratoire de la photo transformation sous rayorerd UV-visible, bien que trés éloignée des
conditions naturelles d’irradiation des pesticidassence de matiére organique en particulier)
permet d’établir les structures des principaux ppaiduits et ainsi de programmer des méthodes

pour une détection spécifique et sensible en negtenivironnementales.

La continuité de notre étude sera par la proposiies méthodes d'analyse des pesticides avec
leurs photo-produits en LC-MS dans les méthodes MRRiNsées au LAPPO. Ces méthodes
aident pour valider le modele sur un nombre camségd’échantillons. Puis, il faut prendre en

considération la quantité de fongicide photo-tramsg dans l'interprétation des résultats.
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Pour les produits rémanent, il faut les synthétesedisposant un standard de dosage en matrice.
Puis, il faut réaliser des tedtsvitro a partir de ce photoproduit pour confronter lesltéss a

ceux issus des testssilico.

De plus, on doit étudier l'influence de l'irradistisolaire sur les adjuvants dans les pesticides
commerciaux et si ces additifs se réagissent agemblécules méres ainsi que avec les photo
produits de ces polluants. De plus, il faut estin@eréaction des pesticides utilisés dans la
commerces avec les constituants des matrices sdebe feuilles des arbres ou des plantes, les
peaux des fruits et des légumes etc..) et la magradle ces pesticides a lintérieur de ces
matrices. Proposer des mécanismes réactionneksxgliguent ces phénomenes et identifier les

structures de ces composes.
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Fragmentation reactions of phenoxide anions: deproinated Dinoterb and related
structures
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Abstract

Dinoterb (6-t-butyl-2,4-dinitrophenol), 1, Dinos€b-secbutyl-2,4-dinitrophenol), 2, TBP (2-t-
butylphenol), 3, and DNP (2,4- dinitrophenol), 4vh been analyzed by electrospray ionization
in the negative mode (ESI-N) - tandem mass speetrymNominal laboratory collision energy
was varied from zero to 60 eV during the experimeApparent fragmentation energies were
estimated from a parametric fitting of the collisiefficiency curves. In parallel, fragmentation
mechanisms of the deprotonated molecules [Mwire explored using quantum chemistry
modeling at the B3LYP/6-31 + G(d,p) level. A majoagmentation of the [M-H]ions of
Dinoterb and Dinoseb is elimination of an alcohal@ecule. This reaction is shown to involve
one oxygen atom originating from a nitro group eatthan the phenoxide moiety. Eliminations
of NO, CH, and CH=C(CHg), i.e. reactions involving significant rearrangenseigonstitute the

major part of the other fragmentation pathways nlexefrom [3-H]and [4-H] ions.

Keywords: herbicides; tandem mass spectrometryathegions; ESI; DFT; quantum chemistry

computations; fragmentation mechanisms

INTRODUCTION

Detection and quantitation of pesticide multiresisllby mass spectrometry, coupled with GC or
LC separation methods, have been extensively redein the recent years.[1-9] However,
elucidation of the corresponding mass spectra axamimation of the role of activation

conditions in MS/MS experiments have not been asn@nsidered.

In the course of a general study of the fragmemathechanisms of ionized pesticides, we
examined the mass spectra of Dinoterb (6-t-bugdelnitrophenol), 1 and Dinoseb (6-secbutyl-

2,4-dinitrophenol), 2. Two structuraly related sitbhged phenols, 2-t-butylphenol (TBP), 3 and
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2,4-dinitrophenol (DNP), 4 were also investigat8dhieme 1). Obviously, due to the presence of
a phenol function, characterization of these mdéscby mass spectrometry was expected to be
easier using negative ionization mode (ESI-N). éujedetermination of phenolic pesticides
using egative electrospray ionization, ESI, or aph®ric pressure chemical ionization, APCI,
was reported earlier.[10,11] In the present studglecules M= 1-4 were examined using ESI
and tandem mass spectrometry experiments. Sumgigiscontrasting and specific fragmentation
routes have been observed from the four correspgriM-H] ions. In order to understand these
peculiarities, we have explored the structural andrgetic aspects of these fragmentations by

guantum chemistry computations using density foneti theory on several model ions.
EXPERIMENTAL AND COMPUTATIONAL SECTION

Chemicals, acetic acid, ammonium acetate and HPia@egsolvents were all purchased from
Sigma Aldrich (Saint Quentin Fallavier, France) amsked as received. Solutions of each
compound at 10_2M were prepared in methanol. Bigtdutions (10 mM) were prepared by

dissolving 0.07 g of ammonium acetate in 100 mivafer and adding an appropriate volume

of a 10mM acetic acid solution to obtain a pH af48. These solutions were diluted aPi¥Din

a mixture of buffer solution/ CH3CN (50:50) mixtuige acquisition in the negative-ion mode.
Mass spectra were collected with a triple quadreg®Q) mass spectrometer Thermo-Electron
TSQ Quantum (Orsay University). Solutions were $eftl into the electrospray ionization source
with a syringe pump at an infusion rate of 10 minfniTwo acquisition modes were used to
characterize each compound (1) full scan mode, @)d1S/MS of several selected ions in order
to study decomposition pathways. The capillaryagdt was set to -3.5 kV negative-ion mode at
a temperature of 270C. Nitrogen was used as both nebulizing and detdlea gas. High
resolution and precise mass measurements weredamit with a Q-TOF Premier instrument
equipped with a Z-spray electrospray source (Watast Quentin-en-Yvelines, France) using
W-mode.

Phosphoric acid was used in mixture to pesticidanésrnal calibrant. Precise masses and
elemental compositions were obtained using theveo& MassLynx. The ion used for the mass
correction was m/z 292.9229. lon signals were agtoh by adjusting the source parameters as
follows: cone voltage = 20 V, capillary voltage 22XV, extraction cone voltage = 2 V, ion
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guide voltage of 2.4 V. Source and désolvatationperatures were set at 80 _C and 250 _C,

respectively.

NO, 02
OH H
%, .
\./"
[ﬁ, %‘“‘r}&' OzNHTK H,%]

Scheme 1. Chemical structures of the studied compounds.
The MS/MS decomposition of ions of interest wasl&d in the TQ instrument as a function of
the collision energy in the laboratory frame whoseninal value, Elab, was typically varied in
the 0—60 eV range by steps of 1-2 eV. The resuvitpeesented as breakdown graphs showing
the abundances of the various fragment ions as@ifun of the centre of mass energy on Figs.
1-5. The conversion of f into centre of mass relative energiesy, has been done using the
usual formula (Egn 1):

Ecm = BapMn/ (Mn + m) (1)

where m and m represent the masses of the neutral target angrthectile ion, respectively.
Argon was used as collision gas. Breakdown graplsewobtained by reporting relative
abundances of each ion,ds a function of &. In order to gain some quantitative information on
the appearance thresholds of the fragment ion$, ka®@rsus E, curve has been fitted with a
parametric sigmoid function (Eqn 2).

li=a+ b/[1 + exp{(c - Gn/d}] )

According to this relationship, the half populatiohion i (I = a + b/2) corresponds tqg/,= C

and the baseline intercept of the tangent of thyengid curve passing by the half population
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point (I = a) is equal to &o = ¢ — 2 d. The four parameters a—d were determisety a least

square regression analysis procedure (Igor Prprogram, WaveMetrics). The resulting
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Figure 1. Breakdown graph associated with the decomposition of [1-H]
(1=Dinoterb) {(m/z 239).

L—’- L
Dinossb TG MS/MS
[2-HT m/z 239
80 - s
\ '
mz /

PP \ Fy
B0~ S war A “

oy \ //
—a g s

Abondances

Figure 2. Breakdown graph associated with the decomposition of [2-H]
(2=Dinoseb) (m/z 239).
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Figure 3. Breakdown graph associated with the decomposition of [3-H]
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Figure 4. Breakdown graph associated with the decomposition of [4-H]
(4=2 4-dinitrophenocl) (m/2z 183).
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Table 1. Apparent threshold energie .. (in V) for the considered
systems”
Precursor ion Fragment ion (mz) Attribution Ecmo
[T-H] (mvz 239) 207 -CHOH 25
177 =CH:OH=-ND i3
176 ~CH{OH-OCH, 40
149 -CHOH=-NO-CO 4.1
148 CH:OH-0OCH,-CO 53
[1-H-CH,OH] 177 -NO 17
(m/z 207) 176 ~CH,O 23
149 -MNO-CO 6
148 -CH0=-C0O 36
[2-H]" [m/z 239) 184 -CH;NO 20
193 CyHeOH/=NO, 24
163 O HsOH/-NO,-NO 35
134 ~NO5~MNO-CaHs 47
[2-H-C,HyOH] 163 -NO 16
(msz 193) 135 -MNO=-C0 18
134 ~NO-C,H, 27
[3-H] (m/z 149) 133 ~CHq 4p (34
53 ~CHLCICH: 49
|4-H]" [m/z 183) 153 -NO 18
137 =N, 26
123 -NO=NO 23
109 =MO=ND 5 34
a) As deduced from a sigmoid fiting (see text), +0.1eV. b) into
parentheses, 4-t-butylphenol.

Ecmo values are reported in Table 1. It should be Ut that these g energies should be
considered only as phenomenological quantities @mdhot represent true critical energies.
Accordingly, a complete treatment of the experirmkemireakdown graphs in order to derive
correct threshold energies would include a modelofgthe fragmentation kinetics and
considerations of the conversion of collision eresdincluding a calibration of the,Escale) to
internal energies.[12-14] Molecular orbital caldéidas have been conducted using the
GAUSSIANO3 suite of programs[15,16] within the dépdunctional theory. Geometries were
optimised at the B3LYP/6-31 + G(d,p) level of thgoand unscaled vibrational frequencies
calculated at this level were used to calculateatibnal contribution to enthalpy at 0 K and 298
K. Transition structures have been characterizethéyccurrence of one negative eigen value in

the force constant matrix.
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EXPERIMENTAL RESULTS
Dinoterb, 1

The ESI-N mass spectrum of Dinoterb shows essbntiab peaks at m/z 239 and m/z 207.
Exact mass measurement shows that the former pradsponds to [1-H](CioH11N20s) ions
and the latter to [1-H-C¥DOH] (CgH/N,O4). The fragmentation pattern of deprotonated
Dinoterb, [1-H], as deduced from the breakdown graphs of [1¢H]z 239, Fig. 1) and [1-H-
CH3OHTJ (m/z 207) ions, is summarized in Scheme 2. Theompjocess is the loss of a
methanol molecule from[1-H]eading to m/z 207 ions. This fragmentation iddwkd by a
competitive elimination of 'NO or "OCHadicals to produce m/z 177 and m/z 176 ions wimch
turn may eliminate a CO molecule thus giving rigen/z 149 and m/z 148 ions. NO loss from
m/z 207 ions is energetically favoured over "Qdbks by ~0.6 eV (Table 1). Interestingly
enough, a small amount of ions m/z 194 ([1-H-CH3N@hd m/z 164 ([1-H-CH3NO "NQ]are
produced from [1-H](Fig. 1).

As observed from Fig. 1, total ion current in th&zr@39 MS/MS mass spectrum corresponds
essentially to m/z 207, 176 and 148 ions in thgrange 0-8 eV. Detection and quantitation of
Dinoterb by multiple reactions monitoring (MRM) @®nsequently expected to be easier using
the m/z 239— m/z 207, m/z 239 m/z 176 and m/z 239> m/z 148 transitions. Fig. 1 also
shows that the maximum sensitivity for using m/z,2076 and 148 ions in MRM experiments

corresponds to centre of mass collision energigegual to 4, 6 and 8 eV, respectively.

. iz 177 i- mfz 140
_V
-CHz0OH
'z 239 — 0 207
[1-HJ -OCH, 0

ms | Th —— s 48

Scheme 2. Decomposition pathways of [1-H] ™ ions of Dinoterb (1, mdz
239) evidenced by MS/MS experime nts.
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Dinoseb, 2

In the ESI-N conditions, the mass spectrum of Déogresents significant signals at m/z 239,
[2-H], m/z 194 and m/z 193. Exact mass measurement sti@awvsn/z 193 ions from the ion
source mainly (~95%) correspond to the composi@gfisN,O,, i.e. to [2-H-GHsOH] ions. The
remaining ~5% of the m/z 193 signal is attributatolg¢2-H-NG,]- ions (i.e. GoH11NOg). In the
ESI source, m/z 194 ions are essentially origigafiom the CH3NO loss from the [2-H]
pseudo-molecular ions. Approximately 10% of the &84 signal should be, however, due to the
13 C and 15 N isotopic contributions of the m/z 1®&3$. Two other, minor, peaks are observed
in the ESI-N mass spectrum of Dinoseb: m/z 209rafedd207 which may be attributed to [2-H-
NO] and [2-H-CHOH] ions.

The MS/MS spectrum of [2-Hpresents also peaks at m/z 193 and m/z 194. Treskicts
correspond to the lowest energy processes (Figallle 1). Beside these signals, peaks at m/z
163 and m/z 134 (but also minor signals at m/z 208 162) are also observed. As seen from
examination of Fig. 2, the maximum sensitivity irRM analysis of Dinoseb is expected to
occur near 4 eV for transitions m/z 239 m/z 194 or 193, 5 eV for m/z 239 m/z 163 and 8
eV for m/z 239— m/z 134.

Although the MS/MS spectra of m/z 193 and m/z I@¥sishould be considered with care since
the parent signal consists in a mixture of ionsddferent elemental composition several
observations are of interest. The MS/MS spectrumm/zf 193 ions shows signals corresponding
to m/z 163 (major) and 162 (minor) ions and, athbrgcollision energy, to m/z 134. A small
peak at m/z 135 probably associated with a COflass m/z 163 is also observed. The MS/MS
spectrum of m/z 194 ions shows essentially a péak/a 135 pointing to the elimination of
C2H5NO. A small amount of m/z 164 ions is dete@kbbw collision energy; this signal rapidly
disappears to the benefit of m/z 135 when the siohi energy increases. This may be taken as
evidence that loss of HsNO may result from successive eliminations of NGl dByHs.

Considering these results, a possible fragmenta@binway is proposed in Scheme 3.
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Scheme 3. Decompaosition pathjways of [2-H]  ions of Dinoseb (2, miz
239) evidenced by MS/MS experiments,

2-t-butylphenol, 3

The ESI-N mass spectrum of 2-t-butylphenol, 3 pressenly one peak corresponding to the
pseudo molecular ions [3-HJm/z 149). The MS/MS spectrum of these ions prssevo peaks

at m/z 133 and m/z 93 corresponding to competltigses of 16 and 56 mass units which may
be attributed to elimination of methane and 2-migttopene, respectively (Scheme 4). Methane
loss from alkyl phenoxide ions, and particularlyHB, has been previously evidenced under
comparable mass spectrometry conditions (colliginargy Elab = 35 eV); by contrast, alkene
loss has not been reported before[17]. The breakdgaph presented in Fig. 3 shows that the
methane elimination is the process of lowest enefggifference in centre of mass collision

energy, Emo, Of ca. 1 eV is observed between the two dissociabutes.

-CH mez 133

mz 149

[‘]'-H i \
-CH,C(CH,); m/z 93

Scheme 4. Decomposition pathways of [3-H] ions of 2-terbutylphenaol
(3, miz 149) evidenced by M5/MS experiments,
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Examination of the isomeric phenoxide ion derivezhf 4-t-butylphenol, 3’, has been done for

comparison. The collision efficiency curves for 49 and m/z 133 ions are also presented in
Fig. 3. It is noteworthy that m/z 93 ions are odbtected at trace level showing a negligible
efficiency of the 2-methylpropene elimination fonet para isomer. A second interesting

observation is that the apparent threshold fornmethHass is reduced by ca. 0.6 eV for the 4-t-
butylphenol.

The ESI-N mass spectrumof 2,4-dinitrophenol, 4 leixhionly the m/z 183 peak corresponding
to the pseudo molecular ions [4-HUpon collision activation, these ions undergmgigant
decompositions (Scheme 5 and Fig. 4). The lowestggnroute leads to m/z 153 ions by 'NO
loss. A second elimination of "NO follows and prods m/z 123 ions which in turnmay
dissociate by elimination of a CO molecule. BegltEse successive dissociations, a competitive
route is associated with the elimination of the 2\@oup from the [4-H]ions and a subsequent
elimination of CO leading to m/z 137 and m/z 108siolt should be emphasized that, despite a
higher energy requirement, these latter processasdly produce the most abundant fragment
ions (see Fig. 4).

-MNO- -CO

—_— . mfz05

mifz 133

mz| 183
[4-H]
. -CO
-NO3 miz 137 —————  mf 10

Scheme 5. Decomposition pathways of [4-H]™ ions of 2, 4-dinitrophenol
(4, myz 183} evidenced by MS/MS experiments.

MODELING OF THE FRAGMENTATION REACTIONS AND DISCUSS ION

What is remarkable is the contrasting behavioutheffour phenoxide ions [M-H[M = 1-4).
While the reactivity of [3-H]and [4-H] phenoxide ions seems to be located on the substiu
(either the alkyl or nitro groups), [1-H&and [2-H] ions mainly dissociate by elimination of an
alcoholmolecule, a process necessarily involvingraction between the alkyl group and an
oxygen containing moiety. To shed light on theselmaistic peculiarities, we have performed

computational modeling of several key processebI€T2).
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Table 2. Total (Hartree) and relative (kKimol ') H®; and H 1qs related
(B3LYP/&6-31 +Gld,p) calculations)

to fragmentations of [4-H]

Species H%q H" 300
total relative  total relative
parg-nitro-phenoxide, 6 511387496 0 -511378%02 O
parag-nitrite-phe noxide, &' 511359307 74 -511350021 76
TS-parag-nitro-nitrite, 6/6° 511282416 276 -=-511273729 276
ortho-nitro-phenoxide, 5 511369920 0 -511361169 O
ortho-nitrite-phenoxide, 5 —511358383 30 511349214 31
TS-ortho-nitro-nitrite, 5/5' 511279695 237 -=-511270967 237
[4-H] 715504067 0 —-715892843 0
4a 715883600 54 715871670 56
4b 715500318 10 715888668 11
4 510684641 510675285
af 510682511 510673106
4d 510694205 510685390
4z 510712209 510703577
4q 585992022 585982402
4h 585597315 585587741
4i 456.105089 456097019
"NO 129890966 129.887661
"NO3 205075105 205071225
4o + MOy 715759746 379 71574651 384
af + ‘N0, 715757616 384 715744331 390
4d +'NOy 71576931 354 715756615 358
42 + MOy 715787314 306 715774802 310
4g + NO 715882988 56 715870063 60
4h™ +'NO 715888281 42 715875402 46
4i +2 NO 715887021 45 715872341 54

"NO and 'NO2 losses from nitro phenoxide ions
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Eliminations of 'NO2 and 'NO are common processeshie chemistry of nitroaromatic
compounds. The latter reaction is generally inetgat by the occurrence of a nitro-nitrite

isomerisation as already established for positichigrged or neutral systems.[18,19]

A critical energy of ~110 kJmol_1 has been cal@adafor the nitrobenzene!phenylnitrite
isomerisation for both the neutrals[19] and theig@dcations.[18] Moreover, the nitro-nitrite
isomerisation is predicted to be the energy detangi step toward NO loss in both
cases.[18,19] To the best of our knowledge, normé&tion is available on a similar reaction on

even-electrons negative ions. We have consequexidynined theoretically the nitro-nitrite




isomerisation process on the simplest models dfoernd para-nitro (5and 6) and nitrite
phenoxides ions, 5and 6’. At the B3LYP/6-31 +G(d,p) level, it turns out ththe transition
structure of the isomerisation reactions is sitti&@40 and 276 kJmolabove the phenyl nitrite

form for the ortho- and para - nitrophenoxidespessively (Table 2 and Fig. 5).

Another interesting finding is that the phenyl méiforms are less stable than the nitro isomers, a
situation comparable to neutral nitrobenzene, lpgosite to that observed for positive ions
where the nitrite structure is 150 kJmaohore stable than its nitro form.[18] Finally, thighest
stability of the nitro phenoxide ion with respeatits nitrite analogue, particularly pronounced
for the para isomer, should be mentioned. Considetihe above results, possible pathways
associated with the eliminations of "NO or ‘NO2icats from the deprotonated molecular ions

[4-H]" may be proposed, as summarized in Scheme 6.

Scheme 6. Pathways associated with the eliminations of 'NO or "NO; radicals from [4-H] ™ ions of 2, 4dinitrophenol.
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The general 0 K enthalpy diagrams associated Wwéhvarious structures displayed in Scheme 6
are presented in Fig. 6. It appears clearly that MO losses, leading to ions™4gr 4h" are the
lowest energy processes. Starting from [4-Hhe energy determining steps of these
rearrangement are the nitronitrite isomerisatiofdi] — 4a and [4-H]— 4b" The simple
dissociation reactions [4-Hp 4d+ NO, and [4-H] — 4 e: + 'NO2 need approximately 65

kJmol* more energy to occur. This seems to be reflecie@xXperiments since the apparent
threshold for "NO loss is approximately 0.8 eV abtvat of the 'N@elimination.

Finally, the double "NO eliminations, [4-H}p 4a — 4+ NO — 4i + 2'NO and [4-H]— 4b
— 4h" + 'NO — 4i + 2 'NO are limited by the nitro-nitrite isomettigen barriers attached to

ions 4g_. and 4h_. which are probably close to l&Dfiol* and could compete with the NO or
NO; losses, as experimentally observed.

-
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Figure 6. H.u (kdmal ') profiles for the eliminations of "NO or "NO; from [4-H]  (4=24-dinitrophenol)
Methane and methylpropene eliminations from t-butylphenoxide ions [3-H] and [3’-H]"

Elimination of CH4 and CkC(CHg), from t-butyl phenoxide ions [3-Hhnd [3’-H] (3: 2-t-

butyl phenol and 3’: 4-t-butyl phenol) are high egyeprocesses as indicated by their high EcmO

values (3.4 to 4.9 eV, i.e. 330 to 470 kJMolComputed endothermicities at 0 K are, however,
rather small: from 4 to 54 kJmb(Table 3).
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Table3. Total (Hartree) and relative (imal=") H'g and H'ses related
to fragmentations of [3-H] ~ (B3LYPH-31 +Gldp) calculations)

Spedes H5 H* 20

total relative total melative
[3-H] — 453997092 0 —4A3 9E5651 0
3a — 306.045616 ~306.039193
3a’ — 306. 165022 —306.158 734
ib — 424038893 — 424 02494
b — 424082149 — 424 071425
ic — 306838767 —306, 832545
ad — 423 507995 473 498069
le —453.979951 45 —463 968510 45
af — 306. 774905 — 306768579
‘CH; —39817522 — 39813527
“CHz — 398718688 — 39814805
CH, —40481360 X— 40477548
"CICH) —157.700349 ~157 593074
“CICH )5 —157.693549 — 157039193
CH,=C[CH;); — 157137779 ~157.131502
Ja+ C(CHs); —46531.739165 677 463726272 681
3a " +'ClCHy )y —463 B6537T 346 —463 B51808 351

3o +CHy=C(CHy), — 463976546 54 463964047 57
M+ CHz=C(CHs)y —463.912684 223 463900081 225

ib+ CHs —453 857581 366 463 B43299 374
Ib T+ CH; —453.899671 256 —463 AR4052 264
3d +CH, —453,989355 20  —463975617 26
[3-H] — 453 994560 & — 463 9E2940 7
3a— — 306163748 ~306.157052
b — 424 OBSE30 424 (74888
3d — 423511647 —473 501 701
32+ ClCHala —453 B64097 349  —4A3.B50126 156
3h 4 CH; — 453903352 246  —463.8B3415
3'd +CH, — 463993007 11 _4/3 979249

Large critical energies are consequently associttdtiese two fragmentations. In fact, these
two elimination reactions involve two major events:C—C bond cleavage and a hydrogen
transfer from a position with respect to the brok&nC bond. This kind of reaction may be
formally decomposed into a two steps process wtierdiydrogen exchange is assumed during
the C—C bond elongation, inside ion-neutral completermediates, as depicted in Scheme
7.[20-25] Starting from [3-HJions, the two homolytic C—C bond cleavages leadinga + t-
butyl radical 3b+methyl radical, need approximately 350 and 250dt3nrespectively, while
the corresponding heterolytic process (i.e. [3-k3a + t-butyl anion and [3-H}» 3b+methyl
anion) are, by far, more energy demanding (TableS8heme 7 consequently presents only

radical-anion/radical complexes as ion/neutralrmediates.
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As also presented in Scheme 7 in the case of [3eH$, a second mechanism involving a 1,5-
proton migration on the phenoxide oxygen, leadmgitermediate 3gmay be also devised for

the methyl-2-propene elimination. The energeticthese fragmentation processes are illustrated
by Fig. 7.

l," "l, 24

m ) \

\ 45 1} f { 11
3¢+ CHLCICHy by ",: f
1 —
[3-H]

Figure 7. H’.ga (kimol ') profiles for the eliminations of CH, or CH.C
(CH3)y from [3-H] and [3-H] (3=2-t-butyd-phenal, 3'=4-t-butyl-phenols).

The first observation which may be drawn from exsation of Table 3 and Fig. 7 is that
comparable homolytic C-C bond energies are assatiaith methyl or t-butyl radical formation
from both [3-H] and [3’-H] ions. Since the relative energies of the corredponC-C bond
elongation products should represent maximum valtes the critical energies of the
alkene/alkane elimination processes, comparaltiealrenergies are expected for [3-ldihd [3'-
H]  ions. Experimental observations are not in agre¢meéth this expectation since it is
observed that only [3-H]eads to significant methyl propene eliminatiore ¥Mus conclude that
the passage through intermediaté Bethe energetically preferred pathway for the CH2
C(CHg), elimination as presented in Fig. 7.
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Concerning the methane loss, it has been experatheribserved that this fragmentation
process is less energy demanding than the CH2 Hg{@limination. This is in line with the
fact that the maximum values for the correspondiritical energies leading to [3-H-CHZ44nd
[3'-H-CH4] are ~100 kJmdi below that of the [3-H-Ck= C(CH),] ions (Fig. 7). Moreover,
the fact that the lowest apparent threshold enEaygO (Table 1) is observed

for 3 is in agreement with a lower homolytic CAr&@Z{s); bond dissociation energy from [3-H]
(Table 3, Fig. 7). Finally, the lower EcmO obsenfed the CH loss with respect to CGH=
C(CHg), elimination from [3-H] (Table 1) may be accounted for by a critical epesiightly
below the energy level corresponding ter8H, = C(CHs), (Scheme 7, Fig. 7).

Alcohol eliminations from alkyl nitro phenoxide ions [1-H] and [2-H]

The two preceding paragraphs show that nitro akgl @henoxide ions, separately, eliminate
"NO or ‘NG substituents and alkane or alkene molecules. Byrast, when these substituents
are gathered on the same molecule, the previogsiors are replaced by methanol and ethanol
eliminations from [1-H] and [2-H], respectively. This suggests that a new, more uiale,
route is opened by the simultaneous presence ofalky and nitro groups. The simplest
explanation that may be proposed is that the eéitech alcohol contains part of the alkyl group
and one oxygen atom originating from a nitro fumcti Indeed, the formation of an alcohol
molecule containing the phenoxide oxygen may béueed since this reaction is not occurring
from [3-H]. Rather, the observed fragmentations of [3-&i¢ alkane and alkene eliminations.
Since these processes are associated with Ecm@ o4 eV, this means that the phenoxide
oxygen participation would need at least this epefidnis seems to be hardly compatible with
the EcmO of ~2.5-2.0 eV associated with the methamd ethanol eliminations from [1-Hand
[2-H]".

We have examined by quantum chemistry computatimnpiossible reaction paths involving the
participation of either the ortho (o) or the pap (itro group to the methanol elimination
induced by a t-butyl group. These two models arscileed in Schemes 8 and 9, and the

corresponding computed energies are reported ite Bab
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Scheme 7. Eimination pathways of CH, = CICH: ), from [3-H]

lons of 2terbutyl phenal and from [3%H] ™ lons of 4-terbutylphenel (3 and 3, m/z 149).

Tahle 4. Total (Hartree) and relative (kimol ") H'o-and M s related
to fragmentations of [1-H]~ (B3LYP/4-31 4+ Gld.p) calaulations)
Species Heg HE 2

total relative total relative
1o -a —B68.525362 a —H6H512196 a
1o -b- — 658442322 21802 —668427097 2234
la -¢ —658.452117 1923 — 668436625 1984
1o-d —553. 409357 —553.396613
To-e —552.829912 —5528718305
Tp-a —G6658. 543840 L1} — 668525890 a
1pb —B68.511992 B35 —H68497147 B&
Tp-c —66B. 456519 229.2 —H6B 440900 2336
1p-d —B52.757704 —552.7455M
Tp-e —552.845800 —552834107
OCH3 —115080573 —115076720
CHOH" — 115683636 —-115679360
To-d +  OCH; —BbB 48993 930 —H6B473333 1020
To-e 4+ CH;OH 5658513548 310 —668.497665 381
Tp-d+ OCH; —B68.2607B6 2180 —H6844479] 2234
1p-e +CH;OH 658529436 378 —568.513467 431

In the ortho model, the methyl cation migratiorretayed by the negatively charged oxygen of
the phenoxide ion. In the para model, the orthdoaarC(3) serves as first methyl cation
acceptor. In both models, a N-methoxy derivativeults (1o-Cc and 1p-G Schemes 8 and 9,
respectively). These structures may in turn forghheénergy ChlO/neutral complexes where a
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proton exchange readily occurs to give phenoxidess ilo-€ and 1p-e It appears from
examination of Table 4 that both pathways needptsage via intermediates of comparable
energies (~220 kJmdl Table 4). Thus, the two mechanisms are probaplgraiive from
deprotonated Dinoterb and Dinoseb, 1 and 2. A génmechanistic scheme explaining the
alcohol losses from [1-Hpnd [2-H] is presented in Scheme 10. Loss of a NO" radioah the
m/z 207, [1-H-CHOH], or m/z 193, [2-H-GHsOH], ions may occur either by direct C—N bond
cleavage or after a nitro-nitrite isomerisation.\Othis latter process is reported in Scheme 10

since it leads to a quinonic radical-anion whickxpected to easily eliminate a CO molecule.

Gk A

lo-h’

-

Scheme B. Model of aleohol eimination from [1e-HI™ lens of otho

nitro-tbuty lphenol
Cls k o A\
Nl a§
O IZH3

= ip-rg
] |

=
+ CHOH + CH0

]

Ip—£ Ip-d

Scheme 9. Model of alcohol elimination from [1p-H] ~ lons of para nitro
thutylphenaol.
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Scheme 10. Model of alcohd elimination from [1-Hl~ and [2-H]~ lons of
Dinotarb and Dinoseb respectively.

Further fragmentations from alkyl nitro phenoxide ions [2-H]

Dinoseb phenoxide ions, [2-Hpresent particularly rich fragmentation pattesrsammarized in
Scheme 3. Beside formation of m/z 193 ions by elation of a GHsOH molecule presented
above, it remains to interpret formation of thea&tcomponent of m/z 193 ions, corresponding
to the GoH1:NO3 formula, and the loss of GNO molecule leading to m/z 194 ions. Several
speculative proposals are given in Scheme 11. Béitiin of NQ may obviously occur from
either positions 2 and 4 of the initial structuneigsomeric forms of [2-H]ions such as, for
example, those suggested to intervene during etlegdinonation in Schemes 8 and 9. In order to
understand the further losses of NO" and "'@@H propose that both pathways are operative. A
possible mechanism involving elimination of thermigroup from position 4 is summarized in
Scheme 11. The direct elimination of NO2" from ithiéial form of [2-H] ions leads to m/z 193

ions able to eliminate a NO' radical after a nitisite isomerisation. A second possibility of
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NO2" elimination is suggested to occur from an isomform of [2-H] resulting from a methyl

migration (a structure analogous to 1o-c’ in Sch&ne
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Scheme 11. Decomposition pathways of m/z 193 jons of Dinoseb,

The formed m/z 193 ions are able to eliminate "OQHik3s producing m/z 162 ions. The
extensive formation of m/z 134 ions at high calilsenergies from [2-H]_ ions is explained here
by a C2H4 elimination (rather than CO which, howevemains a possibility) from intermediate

m/z 162 ions, probably by a 1,2- elimination praces
CONCLUSION

In summary, the present work provides experimetddh on the fragmentations energetics and
mechanisms of [M-H]Jions of two pesticides, Dinoterb, 1, and Dinosgband of three phenol
derivatives containing structural similarities,-Btityl phenol, 3, 4-t-butyl phenol, 3’, and 2,4-
dinitrophenol, 4. Extensive, variable collision spe tandem mass spectrometry allows
information on the fragmentation pattern and oncireditions of MRM analysis, particularly for
1 and 2. Fragmentation mechanisms of the correspgmhenoxide ions are shown to be very

different from each precursor molecules. Alkyl sithted phenoxide ions eliminate alkane and
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alkene molecules by fragmentation reactions invigviion/neutral complexes. 2,4-
Dinitrophenoxide ions reactivity is dominated bynehations of NO2 and NO radicals, details
on the nitro-nitrite isomerisation process precgdMO loss are given by quantum chemistry
computations (B3LYP/6-31 + G(d,p)level). For 1 ahdinteractions between alkyl and nitro
functional groups open new reaction routes, ini@aldr an alcohol loss. Again, quantum
chemistry computations at the B3LYP/6-31 +G(d,peleprovide several clues helping us to

propose mechanistic schemes.
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Structures and dissociation mechanisms of protonate and electron ionized

methamidophos

Ahmad Rifai, Sophie Bourcier, Farouk Jaber, Guy &mux
International Journal of Mass Spectrometry 339— 8@13) 7— 15
abstract

Methamidophos,1, is examined by tandem mass spectrometry (Q-TOtelew electrospray
ionization in the positive ion mode (ESI-P). Vatalgollision energy MS—MS mass spectra of
protonated methamidophald®, reveal that ChD, CHSH, CHOH and NH losses occur with
comparable threshold energies. Fragmentationsngadim/z 125, 112, 110, 94, 79 and m/z 64
ions are explained by combinations of 1,2- elimoratreactions and isomerizations via 1,3-
proton migrations as supported by B3LYP/6-31+G(dlcalations. The behavior of electron
ionized methamidopho4,”, particularly its fragmentations by losses®€H; and CHS, is also
explored at the B3LYP/6-31+G(d) level. GAMP2 cadtidn shows that protonation bfoccurs
preferentially at the oxygen atom of the P O graugh a corresponding proton affinity equal to
PA(l) = 897 kJ mdl'. Calculated G4MP2 ionization energy and heat aintgion of
methamidophos are IE(= 8.77 eV and\H"»eg(1) = 626 kJ mof-.

1. Introduction

Methamidophos (O,S-dimethyl phosphoramidothioatg),(Scheme 1), is a representative
chemical in a series of widely used systemic organsphorus (OP) insecticides. This molecule
was introduced in agriculture to avoid insects dgin on fruits and vegetables in the 1970s
[1,2]. This OP compound presents a high toxicity Haman and mammalians since it inhibits
the action of acetylcholinesterase by phosphoyaiin nerve cells. As a consequence, chronic
and neurotoxic effects on developing organismspeatelow level of exposure, were reported
[3-7]. In this context it may be recalled that anber of chemical weapon agents are also OP
derivatives. Furthermore, methamidophds, is the major metabolite of its N-acetylated
derivative (Acephate, O,S dimethyl N-acetylphosphudothioate), another extensively used

pesticide.
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Polar OP pesticides such as methamidophasiay be extracted from environmental matrix and
analyzed using liquid chromatography (LC) coupleithwnass spectrometry (MS). In recent
years, single stage mass spectrometry and, maiahdem mass spectrometry (MS/MS),
associated with high pressure ionization sourceainyn electrospray ionization, ESI) are
increasingly used for analyzing pesticide residugguding methamidophos] [8-17] In
addition, selected or multiple reaction monitorf&RM or MRM) are often used to specifically
detect and to quantify with high accuracy and $afityi the pesticides of interest. To perform
SRM or MRM determination of a target compound, klemge of the m/z values and optimal
collision energy conditions for the quantificatibansitions are obviously essential. The goal of
the present study is to provide support for a natiause of SRM and MRM techniques. For this
purpose, methamidopho$, was studied using a tandem quadrupole-time ghtfl{Q-TOF)
mass spectrometer equipped with a ESI source wgrkinthe positive ion mode (ESI-P).
Fragmentations of the protonated molecules [Migre examined at variable collision energy
and MS/MS experiments were performed to ascertha most significant fragmentation
transitions. Fragmentation reaction mechanisms eargtgetic diagrams were proposed on the
basis of quantum chemistry calculations using dergnctional theory.

2. Experimental and theoretical section

HPLC-grade solvents (99.9%), formic acid and meidaphos standards (98% purity) were
supplied by Sigma—Aldrich (Saint Quentin FallaviErance) and used as received. Individual
pesticide stock solutions (1000 mg‘).were prepared in acetonitrile and stored at ‘@ the
dark. Dilutions have been made in aGACH;CN (50:50) mixture acidified with formic acid
(0.1%) for acquisition in the positive-ion mode.ll8mns were infused into the electrospray
ionization source with a syringe pump at an infosiate of 10 pL mif'. Mass spectra were
collected with a Waters Q-TOF Premier instrumentigoed with a Z-spray electrospray source.
Instrument parameters were as follows, cone valtégen 10 to 60 V in order to optimize
intensity of selected ion, capillary voltage: 3.¥, kextraction cone voltage: 2 V, ion guide
voltage: 2.4 V, source and desolvatation tempegatwere set at 8@ and 250C, respectively.

Nitrogen was used as both the nebulizing (101} hnd desolvatation gas (150 [‘h Argon
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was used as collision gas at a flow rate of 0.2B (nin™") corresponding to a pressure of ca.
4x10° mBar.

SCH,
|
HaCO—P—NH
0
1

Scheme 1. Chemical formula of methamidophos, 1.

Two acquisition modes were used to characterieemblecule of interest: (i) full scan
mode, and (ii) MS/MS of several selected ions ideorto study their decomposition pathways.
The MS/MS fragmentations of MHions were studied in more details as a functiorthef
collision energy in the laboratory frame whose nmahivalue, gy, was varied in the 0—-60 eV
range by steps of 2 eV. The results are presestedbaeakdown graph showing the abundances
of the various fragment ions as a function of teeter of mass energy on Fig. 1. The conversion

of Elab into center of mass relative energies, Heas, been done using the usual formula (Eq.

1))
Ecm = Bap M/ my + m (1)

where mn and mi represent the masses of the neatgat and the projectile ion, respectively.
Using argon as collision gas, Eq. (1) reducesdp=+£0.22 K, for protonated methamidophos

ions. As proposed earlier in order to gain quativgainformation on the

appearance thresholds of the fragment ions [1fjreeentative curves of the ion relative

abundances;, Ivs. Ey, have been fitted with a parametric sigmoid funcijgg. (2)).
li = a+b [1+exp{(c - En/d}] (2)

According to this relationship, the half populatiohion i ( = a + b/2) corresponds tef,=C
and the baseline intercept of the tangent of thyengid curve passing by the half population
point (5 = a) is equal to &o = ¢ — 2d. This latter parameter can be considexeda
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phenomenological quantity related to the threslamdrgy of the considered ion [17]. The four
parameters a—d were determined using a least stpgresssion analysis procedure (Igor Pro 5.0

program, WaveMetrics).

Molecular orbital calculations have been conducigidg the GAUSSIANO3 and GAUSSIANO9
suites of programs [18]. Geometries were optimieithe B3LYP/6-31+G(d) level of theory and
unscaled vibrational frequencies calculated at thisl were used to calculate vibrational
contribution to enthalpy at 0 K and 298 K. Tramsitistructures have been characterized by the
occurrence of one negative eigenvalue in the faestant matrix. In order to obtain more
reliable relative energies, single point energycaaltions have been done at the B3LYP/6-
311+G(3df,2p) level on the B3LYP/6-31+G(d) geometgveral calculations were done using
the composite G4AMP2 method [19b] in order to obticurate proton affinity and heats of
formation values. Accordingly, this level of thedmgs been demonstrated to provide accuracy
better than 5 kJ mal on AsHe, PA and IE included in test sets of up to 454 giesr[19a].
Theoretical heat of formation at 0 K was obtainexaifthe computed atomization energies of the
individual species combined with the experimenta$ ghase 0 K heats of formation of the
constituent atoms [20]. Th&gH’ of H, C, N, O, P and S gaseous atoms were tak@i@&$935,
711.2, 470.8, 246.8, 315.6 and 274.7 kJ mokspectively. Temperature correction to enthalpy,
H-298 —H0, is obtained using the theoretical correctiorcualted for the species of interest and
the experimental contribution for the constituetgneents, i.e. for these latter: 8.468, 1.050,
8.669, 8.680, 5.360 and 4.410 kJ mdbr H2(g), C(s), M(g), Ox(g), P(solid) and S(solid),
respectively [21]. Adiabatic ionization energy (IE5 calculated as the difference in total
atomization energies at zero K of the cation areldbrresponding neutral at their respective
optimized geometries. Proton affinity (PA(X)), deddd as the enthalpy of the reaction % X

+ H+, is obtained from the total atomization enpiiesg at 298 K, 298, of both the neutral and
protonated species and calculated from: PA(X) sdX) — H'20(XH+) + 6.2 kJ mol*, where
the latter term is the enthalpy of the proton & R922].
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Fig. 1. Breakdown graph of 1H™ {m/z 142) ions originating from protonation of
methamidophos (ESI-P ion source} as a function of the center of mass collision
energy (Ecom ).

3. Results and discussion
3.1. ESI-P mass spectrometry results

The ESI-P full scan mass spectrum of methamidopghgeesents an intense peak corresponding
to pseudo-moleculakH™ ions at m/z 142. Selection of this precursor inMiS/MS experiments
leads to a first generation of fragment ions at ®z 110, 112 and 125. These ions are
originating from the losses of GBH, CHOH, CH,0O and NH from 1H" ions, respectively.
Increasing the collision energy, small amount o r64 and m/z 79 ions begins to appear.
MS/MS experiments on m/z 125 ions show essentiaityation of m/z 79 ions by loss of G&l
Similarly, upon collision, m/z 112 ions lead maimdym/z 94 by water loss, but small signals are
also detected at m/z 95 (ammonia loss) and m/zG4SH loss) at high collision energy.
Finally, collision induced dissociation of m/z 93hs indicates that these species may eliminate
CH,0 to produce m/z 64 ions and m/z 110. These expatizmh observations are summarized in

Scheme 2.
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-HaO
1H+ LH:O
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m/z 110
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-CH:S

mz12f ——ou— m/z79

Scheme 2. Major dissociation routes of protonated methamidophos 1H'.

The breakdown graph of m/z 142 ions presenteddn Fclearly suggests that fragmentations of
1H+ ions leading to m/z 112, m/z 94 and m/z 125 remadparable critical energies. Indeed, the
sigmoid fitting procedure described in Section [P determining apparent threshold energies
EcmO equal to 1.3, 1.6 and 1.7 eV (with standandatiens of ~0.1 eV), respectively for ions

m/z 112, m/z 94 and m/z 125. Although of lower atamce, ions m/z 110 are associated with
EcmO of 1.7 + 0.1 eV, close to that of ions m/z&® m/z 125. As expected, formation of
secondary ions m/z 79 and 64 are more energy dengarttis is reflected by the corresponding

EcmO values which are equal to 3.7 £ 0.1 and D24V, respectively.

Detection and quantitation of methamidophos by gighe MRM mode has been performed
mainly using transitions m/z 142 m/z 94 [8,10,13-16], m/z 142> m/z 112 [8,14] and m/z
142 — m/z 125 [10] in the 15-20 eV laboratory collisienergy. Our results perfectly confirm
the validity of these previous choices. It may bereover underlined that the two former
transitions are not significantly influenced by t@lision energy value in the range of 4-12 eV
in center of mass collision energy (i.e. 18-55 p¥hie laboratory frame using argon as collision

gas) and are thus of larger reliability.
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3.2. Structures of protonated methamidopiss,

Protonation of methamidopho, may occur on the four basic sites surrounding déetral
phosphorus atom. Quantum chemistry computationsicatel that protonation is
thermochemically most favorable at the oxygen ef RO group. The second basic site in order
of decreasing basicity is the amino group, itssdvalue is situated 40 kJ mblabove the PO
protonated form (B3LYP/6-311+G(3df,2p)//B3LYP/6-3t(@) calculations, see Table S1 of
Supporting Information). Protonation on the SGi OCH; groups lead to protonated structures
significantly higher in energy since their corresgimg H298 values are 69 and 112 kJ mpl
respectively (Table S1 of Supporting Informatidly. 2 summarizes our computational results
in showing optimized structures of these varioustqrated forms, denotetHa' to 1Hd" in
order of decreasing stabilities. It may be obserhad structuredHb®, 1Hc" and1Hd" (N, S
and O protonated forms &f respectivelypresent elongated P. . .MHP. . .SH(OCH) and P. .
.OH(SCH;)) bondsand should be consequently considered as ion-hexanaplexesrather than

fully covalent species.

Proton affinity (PA) and gas phase basicity (GBluga of methamidophos were, until now,

unknown [23]. The present study offered the oppuotyuto calculate these thermochemical

guantities. As extensively demonstrated, in ordesltain accurate PA and GB it is essential to
(i) locate the most stable conformers of neutral protonated species and, (ii) to use a high
level computational method [22]. In a first step thes explored the conformational space of
neutral and PO protonated methamidophos by vatyiaglihedral angles of these two species.
These studies, conducted at the B3LYP/6(31+G(dlJdvave been followed by computations

using the composite G4MP2 method on the most staisiformersl and1Ha".

At this level of theory, proton affinity and gasgse basicity of methamidophos are
PA(methamidophos) = 896.8 kJ moand GB(methamidophos) = 865.9 kJ molhese values
may be compared to experimental thermochemical delevant to similar species where
preferred protonation is expected to occur on tlkggen of a PO group. For example,
PA(OP(OCH3)3) is equal to 890.6 kJiid23], i.e. only 6 kJmaf below PA (methamidophos).
Recently, proton affinities of a set of organophusps weapon agents has been computed and
established to lie in the range 889-915 kJja], in line with our PA(methamidophos) value.
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Heat of formation of gaseous methamidophos is lalsddng from thermochemical compilations.
At the G4AMP?2 level, this quantity is calculatech®mAH - 2og(methamidophos) =626 kJ mof'.

> ") o
743

J

1H,* 1H.* 1H,*

Fig. 2. Optimized structures of the most stable forms of neutral, 1, and protonated, 1H', methamidophos.
3.3. Fragmentation mechanisms of protonated mettaphbs 1H"

Considering the relative energies of the variowgrated forms of methamidophos, there is no
doubt that the population dH* ions produced in the ESI source and thermallyxeslebefore
entering the collision region is dominated by th©R+ specieslHa’ (Fig. 2). Starting from
this structure, fragmentatioreactions of protonated methamidophos were examirsag
guantum chemistry calculations conducted at theY83b- 311+G(3df,2p)//B3LYP/6-31+G(d)

level. The ensemble of primaffagmentations depicted in Scheme 3 was examined.

Formation of ions m/z 125, 94 and 110 can be ratiped by 1,3-proton migrations leading to
the isomeric formdHb*, 1Hc" and1Hd" which, considering their ion-neutral complex natur
established above by quantum chemistry computagi@proneo formation of ionslB, 1C and
1D by simple separation of thesomponents leading to elimination of ammonia, metiaiol

andmethanol, respectively.
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Scheme 3. Fragmentation pathwavys of protonated methamidophaos, TH'.

Quantum chemistry calculations shalat 1,3-proton migrations transformirdgda’ into ion-
neutral complexe$Hb®, 1Hc" or 1Hd™ are associated with comparabliical energies of 140—
165 kJ mal*. These isomerization barriesse situated below the energy levels corresponiging
the separated component of these complexesiB.€¢m/z 125) + NH, 1C (m/z 94) + CHSH
and 1D (m/z 110) + CHOH fragments (Fig. 3). Consequently, the energyireqents for
formation of ions m/z 125, 94 and 110 is expectetid equal to the reaction endothermicities,
i.e. 199, 194 and 210 kJ mdl respectively. This result is in correct agreemevith
experimental observation presented in Fig. 1. lddems m/z 125, m/z 94 and m/z 110 present

very similar apparent thresholds energigsoFclose to 1.7 eV.
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Fig. 3. H-3qy diagram associated with fragmentations of protonated methamidophos TH* (BELYP{G-311+G(3df 2p ) (B3LYP/G-31+G(d) calculations ).

Formation of ions m/z 1121H*-CH20], may be explained by formal 1,2-eliminati@action
from 1Ha", 1Hb" and1Hc" but also by mechanisms involving 1,4 proton trarssnd leading to
structures where the proton is located on N, O oratBer than on the phosphorus atom.
B3LYP/6-311+G(3df,2p)//B3LYP/6-31+G(d) computationshow that structure 1APa,
corresponding to a 1,2- elimination process frbda’, is the most stablelH*-CH20] species
whereas the two next forms, in increasin@®8B, i.e.1AN and1AS which would result from an
initial 1,4 proton transfers, are situated ca. 30ka mol* abovelAPa (Scheme 4, and see also
Table S1 in Supporting information). Experiment destrates that ions m/z 112 possess an
apparent threshold energy EcmO lower than thadrd im/z 125, m/z 94 and m/z 110 by ca. 0.3
eV (see Fig. 1 and related comments). In view efdbmputed relative energies of the possible
fragment ions [H*-CH,O] presented in Scheme 4 and the results obtabredris m/z 125, m/z
94 and m/z 110, the only possible structure for 1d/2 ions is consequenthyAPa Moreover, the

EcmO values suggest that the energy determining fetereactionlHa" — 1APa+ CH20 is
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lower than that leading to ions m/z 125, r@#and m/z 110, by ca. 30 kJ fiathus in the-170

kJ mol* region.

We were not able to locate a transition structoreafdirect, concerted, 1,2-elimination reaction
1Ha'— 1APa+CH,0. Rather, all tentative converged on the formatibion neutral complexes
[1APa. . .CHO], the most stable of whiciHe+ being situated only 77 kJ mbhbovelHa®.
Complex1He" is characterized by a stro@iH,0. . .HO-PH(SCH)(NH,)" hydrogen bond which
provide astabilization of 80 kJ mol—-1 with respect to itpamtedcomponents. By comparison,
species such as GE. . .HP(OH)(SCH)(NH,)*, 1Hf+, or CHO. . .HNH-PH(SCH)(OH)",
1Hg", which were also identified (see Supporting Infation) arestabilized by only 49 and 58
kJ mol?, respectively.

The three secondary fragmentations -94m/z 64, m/z 125- m/z 79 and 112 m/z 94
(Scheme 2) have been also examined by quantum strgroalculations. Interestingly enough,
the corresponding fragments ions m/z 64, 79 anth@4 present two tautomeric forrasandb
(Scheme 5). According to B3LYP/6-311+G(3df,2p)//B3/6-31+G(d) calculations, the most

stable form corresponds to the pseudo-allylic cgajed structure.

Cl.‘rH 1|3 {|:| OH,
F | | |
s—P —NH2 PH _. o) PH PH
J H e ~ o i /’__, L - %
HaC 5 NH; SH NH; ?*” NH
CHs CHy CHj
1Ap, 1Apy, 1Ap, 1Apq
0 59 80 202
B
OH OH OH,
; ; |
Pl + . P
g NH, sH” NH, g+ \NH,
I
CHy CH3 CH;
1Ay 1A5 1A4
26 41 60
Scheme 4. Calculated BILYPG-311+G(3d02p){ [B3LYR6-31+G(d ) relative A H-gs (k] mol- | of various possible structures of mfz 112, [1H* — CH20], ions,
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Scheme 5. Calculated BILYP/6-311+G(3df2p)/BILYP)6-31+G(d) relative AHgs
(kjmol-') of tautomeric m/z &4, 79, 94 and 95 ions.

Fragmentations m/z 94> m/z 64 and m/z 125> m/z 79 may be interpreted by 1,2-elimination
reactions associated with CH20 and CH2S lossegectsely and leading to fragment ions of
type b. Conversely, formation of ions of type a may redubm a combination of 1,4-H
migration and P O or P S bond elongations as suimethin Scheme 6. According to the
calculation, formation of ions m/z 64 and m/z 7@nfrprotonated methamidophos needs energies
higher than ~300 kJ mdl (the energy levels of the fragmentation producith wespect to
1Ha"). This is consistent with the apparent threshateérgies, Eno of 4.5 and 3.7 eV
determined for these ions.

The major fragmentation reaction of m/z 112 ionslisiination of a water molecule to give m/z
64 fragment ions. Starting from its most stabledtire,1APa, m/z 112 ion may support a 1,2-
proton shift giving rise to the isomeric fortAO able to form by water loss m/z 64 ion of type a.
Another possible pathway is a 1,3-proton migrapooducing structurd APd able to eliminate
H,O by simple bond elongation thus leading to m/zid@# of typeb (Scheme 6). It may be
finally noted that the marginal formation of iongdzn64 and m/z 95 from m/z 112 may be

similarly rationalized.
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3.4. Fragmentation mechanisms of electron ionizethamidophos]e+

Methamidophos is a sufficiently volatile substartoebe studied by electron ionization or
chemical ionization mass spectrometry. Indeed abmurof previous pesticide residue analysis
used GC-MS or GC-MS-MS experimental apparatus B4-The electron ionization mass
spectrum of methamidophos is dominated by peakgzail41 (molecular ion$™, rel. ab. 40%),
m/z 95 (rel. ab. 60%), m/z 94 (rel. ab.100%) and AY (rel. ab. 45%) [23,28,29]. Less intense
signals appear at m/z 64, m/z 78, m/z 79, m/z 80,110, m/z 111 and m/z 125. Since some of
these fragment ions may correspond to those oldenveer ESI-P ionization conditions, it was
of interest to investigate the major fragmentat@thways of electron ionized methamidophos,
1™. Scheme 7 summarizes the mechanistic routes prdgosexplain formation of ions m/z 95,
m/z 94 and m/z 47 and explored by quantum chemcstgulations at the B3LYP/6-31+G(d)
level. In addition, we have computed ionizationrggeof methamidophos and heat of formation
of its molecular cationl™ at the G4MP2 level. These theoretical values ayaale to
|E(methamidophos) = 8.77 eV angH »g(1™") = 222 kJ mot*, respectively.

Direct P. . .S bond cleavage frofii" may obviously explain formation of ions m/z 94 of
structurelC as suggested in a previous report by Terlouw amebdcers mainly devoted to ions
m/z 78 from acephate and methamidophos [29]. Instmee study, the authors suggested that
ions m/z 95 are of structure P O(CH30)(NH2)nd may be generated from rearranged iofis
(Scheme 7). We fully confirm these expectationesiti” and 1's+ are predicted to be of

comparable enthalpies and separated

by a critical energy barrier lower than the disation products (81 kJ md| Scheme 6,
B3LYP/6-31+G(d) computations). Furthermore we obsdhat the two fragmentations leading
to m/z 94 and m/z 95 ions are associated with idanteaction enthalpies (of ~130 kJ ol
Scheme 7) in agreement with the comparable infessdf the corresponding signals in the

electron ionization mass spectrum of methamidophos.

To rationalize the competitive formation of €sH', m/z 47, ions beside m/z 94 and m/z 95, it

may be suggested that proton exchange is alloweddiar inside ion-neutral complexe®™ and
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cl'-+ before separation of the corresponding fragmes described in Scheme 6. In the same
vein, hydrogen atom exchang&™ — c1"" cannot be excluded from the general fragmentation

process leading to m/z 94 and m/z 95, as indicat&theme 7.
4. Conclusion

In the present study we examined the behavior dhamidophos1, by mass spectrometry
under electrospray ionization in the positive iorod® and electron ionization. Quantum
chemistry calculations at the B3LYP/6-31+G(d) andMP2 levels were used to interpret the
energetic and mechanistic aspects of the massspeatty data.

The MS-MS mass spectra of protonated methamidoghd§, obtained at various collision
energies up to 60 eV in the laboratory frame, ref@cle fragmentations by G, CHSH,
CH3OH and NH losses, giving rise to m/z 112, m/z 94, m/z 110 amiz 125 ions, respectively
with comparable threshold energies. Calculation wshothat protonation ofl occurs
preferentially at the oxygen atom of the P O graugh a corresponding proton affinity equal to
897 kJ moal. Formation of m/z 112 ions, of structure HP(SXBH)(NH,)", 1APa, is explained
by a 1,2-elimination reaction involving the pass&geigh ion-neutral complexes. Isomerizations
via 1,3-proton migrations precede eliminations &f3\CH3SH and CH3O0OH leading to m/z 125,
m/z 94 and m/z 110 ions, respectively. Secondagnfientations leading to minor ions m/z 79
(m/z 125 -CHS), m/z 64 (m/z 112 — G33H) and m/z 94 (m/z 112 — GE), are also explained
by the occurrence of 1,2-elimination or(and) 1,8tpn migration reactions. Finally, the
behavior of electron ionized methamidoph@$, particularly its fragmentations by losses of

*SCH; and CHS, is also enlightened by quantum chemistry caticuia
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Résumé

Les pesticides appartiennent a la grande famillepd#luants organiques. lls sont destinés a luttatre les parasites des cultures au
sens large.La diffusion des pesticides dans la naugendre une pollution des différents compartimentia de@osphére (eau, sol et
atmosphere) et peut induire des effets toxiques asgudes étres vivants de la biomasse terrestre tigge. 1l est aujourd'hui
démontré que certains pesticides sont des pertuntsaendocriniens et présentent en particulier dessefincérogenes et mutagenes
chez I'étre humain. Les pesticides peuvent subirrdifté processus de transformation dans le cycleditpie naturel (biodégradation,
volatilisation, irradiation solaire...) ou suite aux temitents appliqgués dans les filieres de potabilisatEseaux naturelles et dans les
stations de retraitement des eaux usées. La prédermmeduits de dégradation de pesticides dans eotieonnement est d’autant plus
alarmante que leurs structures et leurs toxicitésnpielles demeurent généralement inconnues. Dé&cles qui appartiennent a deux
familles de pesticides ont été choisies pour cettdeé: les herbicides, représentés par le methiolagtet les fongicides, représentés par
la procymidone, le pyrimethanil et le boscalid. Lenpier volet de la these a porté sur le développememiedstratégie analytique
permettant de caractériser les structures de compasissde la dégradation par photolyse de ces pestitideteuxieme volet a porté
sur I'estimation de la toxicité des produits de dégt®n a I'aide d'une base de tessilico. L'identification des produits de dégradation
a été réalisée grace a deux techniques d’analysedéroegaires : la chromatographie en phase gazeugpdéeod un spectrométre de
masse "multi étapes" (GC-MSn) et la chromatographipherse liquide couplée a un spectrométre de massméem (LC-MS/MS).
L'estimation de la toxicité des produits de dégraaaticété réalisée grace au programme T.E.S.T. QSAR réagnad@veloppés pour
tenter de prévoir la toxicité des molécules. La égiat d’élucidation structurale des produits de dégiauaes pesticides étudiés est
basée sur I'étude des mécanismes de fragmentatiomalésules méres des produits de dégradation. Laenmaskire des molécules
meres a été précisée par l'identification des masseshatge (m/z) des ions pseudo moléculaires obtefiagle des différentes modes
d’ionisations en spectrométrie de masse : ionisaéilmetronique (El) et ionisation chimique (Cl) en GC-MSiatisation par
électronébulisation (ESI) en LC-MS. La stratégie s##di pour I'élucidation structurale des produits deratégion est avérée tres
efficace, la plupart des structures chimiques des figthrmés ayant été élucidées. Une étude cinétigée® réalisée pour visualiser
I'apparition et la disparition des produits de dégtiadadurant la photolyse et pour donner une idée esdaux de disparition de la
molécule mére pour chaque pesticide. Les résuiafshotolyse ont montré que le méthalochlore, leyomidone et le boscalid ont été
dégradés sous irradiation aprés un certain tempb@mant des produits de dégradation avec des stragiuoehes ou différentes des
molécules meéres. Tandis que le pyrimethanil a présene grande stabilité pendant 8 heurs d'irradiatéprartité restante apres
irradiation est de 60%) et a donné des produits deadétion avec des quantités modérées. Concernatiiné¢ion de la toxicité, la
plupart des produits de dégradation identifiés préseéndes toxicités équivalentes ou plus importanies celles des molécules
d’origine. Les méthodes chimiques d'analyses ugilsét I'estimation de toxicités des produits de dfajians identifiés sont avérées
complémentaires et indispensables pour mettre erersgdla présence d’'autres produits polluants toxiguesémergent dans
I'environnement sans vrai controle.

Mots-clés:fongicides, spectrometrie de masse, photodégradapiproche mécanistique, teste detoxititéilico

Abstract

Pesticides belong to the large family of organiclytahts. In general, they are intended to fight agja@mop pests. Distribution of
pesticides in nature creates pollution in DIFFERE®&6Mpartments of the biosphere (water, soil and ail)@m induce acute toxic
effects on human beings of the terrestrial and aglising biomass. It is now shown that some pesésidre endocrine disruptors and
are particularly carcinogenic and mutagenic effettsumans. Pesticides can undergo various processessformation in the natural
life cycle (biodegradation, volatilization, solar ration ...) or following applied in the sectors ofural water purification and treatment
stations sewage treatment. The presence of degragabducts of pesticides in our environment is evemenadarming that their
structures and potential toxicities generally unknoiolecules belonging to two families of pesticidesre selected for this study:
herbicides, represented by metolachlor, and fungicidpsesented by procymidone, pyrimethanil and bakcale first part of the
thesis focused on the development of an analysitategy to characterize the structures of compotmods degradation by photolysis
of pesticides. The second part focused on estigétia toxicity of degradation products using a tiegtbase in silico. Identification of
degradation products was achieved through two camgilary analysis techniques: the gas chromatographbpled to a mass
spectrometer "multi-stage" (GC-MSn) and liquid chromegphy coupled to a tandem mass spectrometer (LC-MS/Mf®) estimation
of the toxicity of the degradation products was perfinusing the TEST program QSAR recently developettytdo predict the
toxicity of molecules. The strategy of the struckedacidation of degradation products of pesticideslied is based on studying of the
mechanisms of fragmentation of parent molecules ®@figgradation products. The molar mass of parent mlekewas clarified by the
identification of mass-to-charge (m /z) of the gi@umolecular ions obtained using different modesniziation in mass spectrometry:
electronic ionization (EI) and chemical ionization (€1) GC-MS and electrospray ionization (ESI) in LC-M®ie strategy used for the
structural elucidation of degradation products has eey effective; most of the chemical structureshef products formed have been
elucidated. A kinetic study was performed to vigaeathe appearance and disappearance of degradatiducts during the photolysis
and gave us an idea of the rate of disappearanteeqgbarent compound for each pesticide. The resuttwesh that the photolysis
méthalochlore, procymidone and boscalid were degradddruJV light after a while releasing degradation préslwath structures
close or different from the parent molecules. Whilerjrpgthanil presented a high stability during 8 hoofsrradiation (remaining
amount after irradiation is 60%) and gave degradatiodyzts with moderate amounts. Regarding the estmati the toxicity, most
identified degradation products are equivalent oamgrethan those of the original molecules toxicitiese chemical analysis methods
used and the estimated toxicities of the identifledradation products are proven complementary andpemksble for highlighting the
presence of other toxic pollutants that emerge imehkenvironment without control.

Keywords: Fungicides, Mass spectrometry, Photodegradatiochamistical approach, toxicity tastsilico




