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Abstract: Producing quality food in sufficient quantity while using less agrochemical inputs
will be one of the great challenges of the 21 century. One way of achieving this goal is to
greatly reduce the doses of plant protection compounds by improving the targeting of pests to
eradicate. Therefore, we developed a vectorization strategy to confer phloem mobility to
fenpiclonil, a contact fungicide from the Phenylpyrrole family used as a model molecule. It
consists in coupling the antifungal compound to an amino acid or a sugar, so that the resulting
conjugates are handled by the active nutrient transport systems. The method of click
chemistry was used to synthesize three conjugates combining fenpiclonil to glucose or
glutamic acid with a spacer containing a triazole ring. Systemicity tests with the Ricinus
model have shown that the amino acid promoiety was clearly more favourable to phloem
mobility than that of glucose. In addition, the transport of the amino acid conjugate is carrier
mediated since the derivative of the L series was about 5 times more concentrated in the
phloem sap than its counterpart of the D series. The systemicity of the L-derivative is pH
dependent and almost completely inhibited by the protonophore CCCP. These data suggest
that the phloem transport of the L-derivative is governed by a stereospecific amino acid
carrier system energized by the proton motive force.

Keywords Phenylpyrroles, fungicide, systemicity, phloem transport, sustainable agriculture,
carrier mediated
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Introduction

Because of the growing public concern about environmental and health hazards, there has
been a clear trend of reducing pesticide use worldwide. On the other hand, reducing pesticide
use is required not to affect the quantity and quality of agricultural products (Chollet et al.
2014). Therefore, how to increase the pesticide efficiency will be a great challenge for the
agricultural chemicals industry. A serious problem is that only a very small part of pesticides
(less than 0.1%) actually reaches the sites of action, and off-target portion becomes
environmental pollutant (Wang and Liu 2007).

To keep the dose at the lowest possible level and enhance bioavailability are prime properties
to both agrochemical and drug new active ingredients. As commonly defined, bioavailability
implies the extent and rate at which a drug becomes available in the systemic circulation
(Mannhold et al. 2009). This term can also be used in agrochemical research to describe a
pesticide which exerts their biological action in certain plant organs or cells at distance from
the site of uptake. Both agrochemicals and drugs require high bioavailability and targeted
delivery to ensure desirable localization at the site of action while limiting toxicity in non-
target organs or organisms.

The prodrug concept, as first introduced by Adrian Albert in 1958 (Albert 1958), can be used
to improve the physicochemical properties or bioproperties of the parent drug molecule in
such a way as to enhance its deliverability (Stella et al. 2007). Prodrug strategies have been
used to solve the problems in oral absorption, organ distribution, metabolism, and excretion
(Zawilska et al. 2013). One of the promising means of prodrug strategies is carrier-mediated
transport (Sugano et al. 2010). Drug transporters are now widely acknowledged as important
determinants governing drug absorption, excretion, and, in many cases, extent of drug entry
into target organs (DeGorter et al. 2012). The frequently exploited transporters include
peptide, amino acid, and glucose transporters (Fan et al. 2011, Giacomini et al. 2010, Gynther
et al. 2008).

Carrier-mediated processes in pesticide uptake and transport is still in the initial stage. It has
been known for a long time that phloem mobile pesticides are needed to control root or
vascular diseases (Chollet et al. 2005, Edgington 1981), as well as piercing and sucking
insects. For example, phloem mobile insecticides (Hu et al. 2010, Yang et al. 2011, Wu et al
2012) can be a necessary complement to biological control, cultural practices and genetic
resistance utilization in controlling aphids (Bonnemain 2010, Dedryver et al. 2010, Dogimont

et al. 2010). Phloem systemicity of agrochemicals can be restricted by their inability to be

- Page 3 -



transported across the plasma membrane from apoplast to symplast. Over the last two
decades, there have been a few attempts to improve pesticide phloem mobility or transport to
root system utilizing membrane sugar or amino acid transporters (Chollet et al. 1997,
Delétage-Grandon et al. 2001, Wu et al. 2012).

The purpose of the present work was to select an ideal promoiety for designing phloem
systemic profungicide. Fenpiclonil is a phenylpyrrole fungicide based on chemical
modifications of a bacterial metabolite pyrrolnitrin (van Pee and Ligon 2000). This non-
systemic fungicide was selected as a model parent compound to test our vectorisation strategy
and at first to compare the ability of amino acid and sugar carrier systems to translocate large
chlorinated xenobiotics. Three designed fenpiclonil conjugates were synthesized via click

chemistry.

Material and methods

Synthesis

Some reactions were carried out under nitrogen. All reactions were monitored by TLC
analysis using Merck silica gel 60F-254 thin-layer plates. Column chromatography was
carried out on silica gel Merck 60 (0.015-0.04 mm). Melting points were determined on an
Electrothermal IA 9200 melting point apparatus and are uncorrected. Optical rotations were
measured at 20 °C in a 1 cm cell in the stated solvent; [a]*’p values are given in 10™
deg.cm®.g” (concentration ¢ given as g/100mL). 'H and °C NMR spectra were performed in
DMSO-d6 using a Bruker AVANCE 400 MHz spectrometer. DEPT 135 and 'H-"C
experiments were used to confirm the NMR peak assignements. Chemical shifts are reported
as 0 values in parts per million (ppm) relative to tetramethylsilane as internal standard and
coupling constants (J) are given in hertz (Hz). The following abbreviations are used to
describe peak patterns when appropriate : s (singlet), d (doublet), t (triplet), q (quartet), m
(multiplet). High-resolution mass spectra were obtained on a Bruker Qtof Maxis Impact

spectrometer.

Plant material

Castor bean seeds (Ricinus communis L. cv Sanguineus), obtained from Graines Girerd et Fils

(Le Thor, France) were placed in wet cotton wool for 24 h at 27°C + 1°C prior to sowing in
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vermiculite watered with tap water. Seedlings were grown in a humid atmosphere (80% =+

5%) at 27°C = 1°C.

Phloem sap collection and analysis

The sap collection method was similar to that already described (Rocher et al. 2006). The
phloem sap was analyzed by HPLC after dilution with UHQ grade water (1 + 9 v/v). We
employed reversed phase chromatography using an Ascentis Express RP-amide C16 column
(length 250 mm, internal diameter 4.6 mm, 5 uM) (Supelco, Bellefonte, PA) in accordance
with the procedure set out in Table I. Results were processed with PC 1000 software v3.5

from Thermo Fisher Scientific (Courtabeeuf, France).

Chemicals

The compounds to be added to incubation solutions were from Acros Organics (Noisy-le-
Grand, France) (4-morpholinoethanesulfonic acid [MES], 2-[4-(2-hydroxyethyl)-1-
piperazine]ethanesulfonic acid [HEPES]), from Alfa-Aesar (Karlsruhe, Germany) (Carbonyl
cyanide 3-chlorophenylhydrazone [CCCP]).

Physicochemical properties

Physicochemical properties and descriptors were predicted using ACD / Labs Percepta 2015
release (Build 2726) software from Advanced Chemistry Development, Inc. (Toronto,
Canada). The calculated properties (Table II) were chosen according to their influence on

passive membrane transport in plants (Rocher et al. 2016).

Results and discussion

Synthesis of glucose and amino acid conjugates

Fenpiclonil was the first phenylpyrrole fungicide developed by Ciba-Geigy at the end of the
eighties for seed treatment in cereals (Nyfeler and Ackermann 1992). It is an analogue of the
antifungal metabolite pyrrolnitrin, which is produced by several Pseudomoniae. Although no
longer commercialized, fenpiclonil was selected as a model compound because of the

numerous possibilities of adding substituents at various sites in the molecule, in particular to
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confer systemicity to this non mobile fungicide. These substituents can be carboxylic groups
to exploit the ion trap mechanism (Chollet et al. 2004, 2005).

In this work, we chose another strategy which consists in synthesizing conjugates associating
the fungicide and a nutrient and in testing if the resulting compounds are recognized and
manipulated by an active carrier. We have developed and validated this concept at first with
an herbicide and an amino acid (Chollet et al. 1997, Delétage-Grandon et al. 2001, Dufaud et
al. 1994). Then, this strategy was extended to an insecticide with a sugar moiety (Hu et al.
2010, Yang et al. 2011).

In order to possibly promote the interaction between the amino acid or the sugar and their
respective carriers, a spacer was introduced between the fungicide and the nutrient. The
selected spacer includes a 1,2,3-triazole ring linked to the antifungal compound with an amid
bond. The 1,2,3-triazole ring has the advantage of synthesizing easily with good yields by
« click chemistry » process. In 2001, Sharpless and coworkers introduce the concept of
« click chemistry » in order to develop a wide range of compounds for a large scope of
applications (Kolb et al. 2001). Several types of reaction fulfill all the criteria like simplicity
to perform with high yield, stereospecificity and easy removing of byproducts. The classic
Huisgen azide-alkyne 1,3-dipolar cycloaddition led to mixtures of the two regioisomers
(Huisgen et al. 1965) whereas the copper-catalyzed reaction named CuAAC (« Copper(I)-
catalyzed Azide-Alkyne Cycloaddition ») allows the synthesis of the 1,4-disubstituted
regioisomers specifically (Rostovtsev et al. 2002, Tornoe et al. 2002).

In this way for the synthesis of compounds 12 (conjugate with 3-D-glucose), L-13 and D-13
(conjugates with L- or D- glutamic acid), the following multi-step synthesis was established

according to figure 1.

Synthesis of azido derivatives from protected sugar or amino acids (Fig. 1 ;
compounds 2, 6, 8)

We first started with the synthesis of azido derivatives (2, 6, 8) from commercially available
protected sugar or amino acid. Pentaacetate glucose was reacted with azidotrimethylsilane in
the presence of tin (IV) chloride to afford glucose derivative 2 with 86% yield (Cagnoni et al.
2011). We next decided to prepare azido derivatives from protected glutamic acid. The first
step consisted of the synthesis of 2-azidoethanamine 4 which was obtained with 83% yield by
nucleophilic substitution of sodium azide on 2-bromoethylamine hydrobromide 1 in water at
75 °C (Mayer and Maier 2007). Then 2-azidoethanamine 4 was condensed with protected L-

or D- glutamic acid derivatives (respectively compounds 5 and 7) in the presence of 4-
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dimethylaminopyridine (DMAP) and using the condensing agent, 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI) (Sheehan et al. 1961). This
latter allowed to set an amide bond between the amine function of the compound 4 and the
carboxylic acid function of the compounds 5 or 7 (Sheehan and Hess 1955). The compounds

6 and 8 were obtained from moderate to good yields, 81% and 43% respectively.

* Azido-6-(ethanoyloxymethyl)tetrahydro-2H-pyran-3,4,5-triyl triethanoate (compound 2).

To a solution of glucose pentaacetate (5.9 g, 15.0 mmol, 1 equiv) and azidotrimethylsilane
(2.98 mL, 22.5 mmol, 1.5 equiv) in anhydrous dichloromethane (150 mL) was added
dropwise tin (IV) chloride (1.95 mL, 16.5 mmol, 1.1 equiv). The reaction mixture was stirred
at room temperature for 2 h and then washed with sodium bicarbonate and water. The organic
layer was dried over MgSQy, filtered, and concentrated under vacuum. The crude product was
purified by silica gel column chromatography using pentane/ethyl acetate (8 :2) as eluent to
afford compound 2 as a white powder (4.9 g, 86 % yield).

Rf = 0.62 (pentane/ethyl acetate: 6/4); Mp = 128-129 °C (lit. mp 129 °C). "H NMR (400
MHz, DMSO-dy): 8 5.37 (t, 1H, °J=7J"=9.3 Hz, H.), 5.18 (d, 1H, *J=9.3 Hz, H,), 5.02 (t,
1H, °J="J"=9.3 Hz, Hy), 4.86 (t, 1H, *J="J"=9.3 Hz, Hy), 4.23-4.10 (m, 3H, H, and Hy),
2.08,2.07, 2.03, 1.99 (4s, 12H, H,). °C NMR (100 MHz, DMSO-dy): § 170.03 (C=0),
169.54 (C=0), 169.25 (C=0), 169.12 (C=0), 86.23 (C,), 72.76 (C.), 71.77 (C.), 70.22 (Cy),
67.75 (Cq), 61.68 (Cy), 20.47, 20.34, 20.28, 20.23 (4C,). HRMS (ESI, CH3CN): m/z caled for
C14H19N309 [M + Na]" 396.1019, m/z found 396.1013.

* Azidoethanamine (compound 4).

To a solution of 2-bromoethylamine hydrobromide 3 (20.4 g, 100.0 mmol, 1 equiv) in water
(142 mL) was added sodium azide (14.2 g, 220 mmol, 2.2 equiv). The reaction mixture was
heated at 75 °C for 18 h. After cooling at room temperature, sodium hydroxide (4.0 g, 100.0
mmol, 1 equiv) was added portionwise to the reaction mixture. The aqueous layer was
extracted twice with dichloromethane. The combined organic layers were dried over MgSOs,
filtered and concentrated under vacuum (without heating) to afford compound 4 as a
colourless oil (7.1 g, 83 % yield). This material was used in the next reaction without further

purification.
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Rf = 0.39 (ethyl acetate/methanol: 6/4). "H NMR (400 MHz, CDCls):  3.36 (t, 2H, *J = 5.7
Hz, H,), 2.88 (t, 2H, °J = 5.7 Hz, Hy), 1.24 (s, 2H, NH,). ?C NMR (100 MHz, CDCls): 8
54.85 (Cy), 41.54 (Cyp).

* Tert-butyl 5-(2-azidoethylamino)-2-(tert-butoxycarbonylamino)-5-oxopentanoate
(compound 6).

To a solution of N-Boc-L-glutamic acid 1-tert-butyl ester 5 (4.55 g, 15.0 mmol, 1 equiv) in
anhydrous dichloromethane (45 mL) cooled to 0 °C was added compound 4 (2.58 g, 30.0
mmol, 2 equiv), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (6.04 g, 31.5
mmol, 2.1 equiv) and 4-dimethylaminopyridine (183 mg, 1.50 mmol, 0.1 equiv). The reaction
mixture was purged with nitrogen through the septum and then stirred at 0 °C for 2 h. The
mixture was allowed to reach room temperature and then stirred for 18 h. Water was added
and the organic layer was extracted twice with dichloromethane. The combined organic layers
were washed with water, dried over MgSQy, filtered and concentrated under vacuum. The
crude product was purified by silica gel column chromatography using pentane/ethyl acetate
(8 :2) as eluent to afford compound 6 as a colourless oil (4.5 g, 81 % yield).

Rf = 0.26 (pentane/ethyl acetate: 6/4). "H NMR (400 MHz, DMSO-dj): 8 8.10 (t, 1H, *J=5.3
Hz, NH), 7.15 (d, 1H, °J = 7.8 Hz, NH), 3.84-3.74 (m, 1H, H.), 3.38-3.24 (m, 4H, H, and Hy),
2.18 (t,2H, °J = 7.7 Hz, H.), 1.97-1.71 (m, 2H, Hy), 1.43 (s, 9H, Hy), 1.42 (s, 9H, H,). °C
NMR (100 MHz, DMSO-ds): 8 171.66 (C=0), 171.56 (C=0), 155.48 (C=0), 80.25 (C), 78.01
(C), 53.95 (C,), 49.93 (C,), 38.17 (Cy), 31.61 (C,), 28.17 (3Cy), 27.62 (3Cy), 26.48 (Cy).
HRMS (ESI, CH3;CN): m/z calcd for C1¢H2oN5O0s [M + Na]* 394.2066, m/z found 394.2061.

* Benzyl 5-(2-azidoethylamino)-2-(tert-butoxycarbonylamino)-5-oxopentanoate (compound
8).

To a solution of N-Boc-D-glutamic acid 1-benzyl ester 7 (10.1 g, 30.0 mmol, 1 equiv) in
anhydrous dichloromethane (103 mL) cooled to 0 °C was added compound 4 (5.16 g, 60.0
mmol, 2 equiv), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (12.1 g, 62.9
mmol, 2.1 equiv) and 4-dimethylaminopyridine (366 mg, 3.00 mmol, 0.1 equiv). The reaction
mixture was purged with nitrogen through the septum and then stirred at 0 °C for 2 h. The
mixture was allowed to reach room temperature and then stirred for 18 h. Water was added
and the organic layer was extracted twice with dichloromethane. The combined organic layers

were washed with water, dried over MgSQy, filtered and concentrated under vacuum. The
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crude product was purified by silica gel column chromatography using pentane/ethyl acetate
(7 :3) as eluent to afford the compound 8 as a white powder (5.2 g, 43 % yield).

Rf = 0.42 (pentane/ethyl acetate: 6/4); Mp = 68-69 °C. 'H NMR (400 MHz, DMSO-ds): &
8.10 (t, 1H, *J = 5.5 Hz, NH), 7.43-7.34 (m, 5H, Hy, H; and H;)), 6.97 (d, 1H, °J = 8.1 Hz, NH),
5.12 (s, 2H, Hy), 4.00-3.95 (m, 1H, H.), 3.44-3.19 (m, 4H, H, and Hy), 2.42 (t, 2H, °J = 7.7
Hz, H,), 2.00-1.76 (m, 2H, Hy), 1.41 (s, 9H, Hy). *C NMR (100 MHz, DMSO-d5): & 172.18
(C=0), 171.82 (C=0), 155.28 (C=0), 136.20 (C), 128.40 (2C;), 127.95 (C;), 127.83 (2Cy),
78.12 (C), 65.43 (C,), 53.50 (Ce), 49.93 (C,), 38.15 (Cyp), 30.10 (C,), 28.14 (3 Cy), 27.09 (Cy).
HRMS (ESI, CH3;CN): m/z calcd for C1oH27N505 [M + Na]* 428.1910, m/z found 428.1904.

Coupling azido derivatives and a propargyl! derivative of fenpiclonil by « click
chemistry » (Fig. 1; compounds 11R1.3)

For the second step we prepared a key intermediate of fenpiclonil, substituted with an alkyne
function, allowing to consider thereafter a cycloaddition-1,3 by « click chemistry » giving the
1,2,3 —triazole ring as spacer. In order to achieve this, we were interested in preparing
compound 10 as key intermediate for synthesizing target compounds. Compound 9,
previously described (Chollet et al. 2005), reacted with propargylamine in the presence of
DMAP and using EDCI as condensing agent. The phenylpyrrole with an alkyne function 10 is
obtained with 65% yield. The « click chemistry » reaction can be then considered between the
alkyne 10 and the three azido derivatives prepared throughout the first step (compounds 2, 6,
8). The 1,3-dipolar cycloaddition reaction is catalyzed by the active Cu(l), generated from
Cu(Il) salts using sodium ascorbate as the reducing agent in a mixture tert-butanol-water. In
these conditions the copper-catalyzed reaction allowed the synthesis of the 1,4-disubstituted
regioisomers 11 specifically. We obtained the gluco-conjugate 11R; with 85% yield. The L-
glutamic acid derivative 11R; and D-glutamic acid derivative 11R3 were isolated with 73%
and 85% yields respectively. We thought that this methodology could be extended to the
synthesis of various amino acid derivatives, thus providing diversity for structure-activity

relationship study.

* (2-(3-Cyano-4-(2,3-dichlorophenyl)-1 H-pyrrol-1-yl)-N-(prop-2-ynyl)propanamide
(compound 10).
To a solution of compound 9 (10.8 g, 35.0 mmol, 1 equiv) in anhydrous dichloromethane

(100 mL) cooled to 0 °C was added propargylamine (4.47 mL, 70.0 mmol, 2 equiv), 1-(3-
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dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (14.1 g, 73.4 mmol, 2.1 equiv) and
4-dimethylaminopyridine (427 mg, 3.50 mmol, 0.1 equiv). The reaction mixture was purged
with nitrogen through the septum and then stirred at 0 °C for 2 h. The mixture was allowed to
reach room temperature and then stirred for 18 h. Water was added and the organic layer was
extracted twice with dichloromethane. The combined organic layers were washed with water,
dried over MgSQy, filtered and concentrated under vacuum. The crude product was purified
by silica gel column chromatography using pentane/ethyl acetate (6 :4) as eluent to afford
compound 10 as a white powder (7.9 g, 65% yield).

Rf = 0.44 (pentane/ethyl acetate: 6/4); Mp = 142-143 °C. '"H NMR (400 MHz, DMSO-dy): &
8.77 (t, 1H, °J = 5.4 Hz, NH), 7.87 (d, 1H, *J=2.3 Hz, H,), 7.68 (dd, 1H, *J=7.1 Hz, “J=2.5
Hz, Hy), 7.49-7.43 (m, 2H, He and H;), 7.30 (d, 1H, “J= 2.3 Hz, Hs), 4.96 (q, 1H, °J=7.1 Hz,
Hy), 3.94 (dd, 2H, °J = 5.4 Hz, *J=2.5 Hz, H.), 3.22 (t, 1H, “J= 2.5 Hz, Hy), 1.64 (d, 3H, *J =
7.1 Hz, H,). C NMR (100 MHz, DMSO-dy): 8 168.89 (C=0), 133.94 (C-Cl), 132.47 (C-Cl),
130.24 (C7 and C), 129.73 (Cs), 129.03 (Cy), 128.22 (Cg), 122.18 (Cy), 122.09 (Cs), 116.01
(CN), 92.04 (C3), 80.49 (C), 73.57 (Cq), 57.47 (Cy), 28.29 (C,), 18.14 (C,). HRMS (ESI,

CH3CN): m/z calcd for Cy7H3CIbN30 [M + Na]+ 368.0333, m/z found 368.0328.

* Representative coupling procedure for the synthesis of derivatives of fenpiclonil (compounds
1IR;-11R;)

To a solution of compound 10 (3.47 g, 10.0 mmol, 1 equiv) in tert-butanol (28 mL) was
added compound N3-Rx (3.74 g, 10.0 mmol, 1 equiv). Then a solution of copper (II) sulfate
pentahydrate (500 mg, 2.0 mmol, 0.2 equiv) and L-ascorbic acid sodium salt (794 mg, 4.0
mmol, 0.4 equiv) in water (28 mL) was added to the reaction mixture. The resulting solution
was heated at 50 °C for 2 h 30. After cooling to room temperature, the resulting mixture was
diluted with dichloromethane. The organic layer was extracted, washed with saturated
ammonium chloride solution, brine, dried over MgSQOy, filtered and concentrated under
vacuum. The crude product was purified by silica gel column chromatography using ethyl

acetate as eluent to afford compounds 11R;-11R3.
* 2-(4-((2-(3-Cyano-4-(2,3-dichlorophenyl)- 1 H-pyrrol- 1-yl)propanamido)methyl)-1H-1,2, 3-

triazol-1-yl)-6-(ethanoyloxymethyl)tetrahydro-2H-pyran-3,4,5-triyl triethanoate (compound
11R;).
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Compound was obtained following the representative procedure, using compound 10 (3.47 g,
10.0 mmol, 1 equiv), compound 2 (3.74 g, 10.0 mmol, 1 equiv), copper (II) sulfate
pentahydrate (500 mg, 2.0 mmol, 0.2 equiv), L-ascorbic acid sodium salt (794 mg, 4.0 mmol,
0.4 equiv). The crude product was purified by silica gel column chromatography using ethyl
acetate as eluent to afford compound 11R; as a white powder (6.1 g, 85%yield).

Rf = 0.62 (ethyl acetate); Mp = 107-108 °C. "H NMR (400 MHz, DMSO-dj): & 8.86 (t, 1H, >J
= 5.6 Hz, NH), 8.28 (s, 1H, Hy), 7.87 (d, 1H, “J=2.2 Hz, Hy), 7.68 (dd, 1H, °J=7.1 Hz, *J =
2.6 Hz, Hy), 7.49-7.44 (m, 2H, He and H7), 7.30 (d, 1H, “J=2.2 Hz, Hs), 6.37 (d, 1H, °J=9.5
Hz, H.), 5.69 (t, 1H, °J="J"=9.5 Hz, Hy), 5.59 (t, 1H, ’J=°J"=9.5 Hz, H,), 5.22 (t, 1H, °J =
’J’=9.5Hz, Hy), 4.98 (q, 1H, °J= 7.1 Hz, Hy), 4.46-4.33 (m, 3H, H, and H;), 4.19-4.09 (m,
2H, H;), 2.07, 2.03, 2.00, 1.82 (4s, 12H, H,), 1.67 (d, 3H, °J = 7.1 Hz, H,). "C NMR (100
MHz, DMSO-ds): 6 170.00 (C=0), 169.56 (C=0), 169.35 (C=0), 169.16 (C=0), 168.47
(C=0), 144.95 (C), 133.97 (C-Cl), 132.48 (C-Cl), 130.25 (C7 and C), 129.71 (Cs), 129.04
(C), 128.20 (Cg), 122.18 (Cy), 122.11 (Cs), 121.95 (Cy), 116.05 (CN), 92.00 (Cs), 83.77 (C.),
73.26 (Ci), 72.19 (Cy), 70.05 (Cy), 67.50 (Cn), 61.77 (C;), 57.59 (Cy), 34.30 (C,), 20.50, 20.38,
20.24, 19.89 (4Cy), 18.29 (C,). HRMS (ESI, CH3CN): m/z calcd for C3;H3,CIbNgO19 [M +
Na]' 741.1455, m/z found 741.1449.

* Tert-butyl 2-(tert-butoxycarbonylamino)-5-(2-(4-((2-(3-cyano-4-(2,3-dichlorophenyl)-1 H-
pyrrol-1-yl)propanamido)methyl)-1H-1,2,3-triazol-1-yl)ethylamino)-5-oxopentanoate
(compound 11R;).

Compound was obtained following the representative procedure, using compound 10 (3.47 g,
10.0 mmol, 1 equiv), compound 6 (3.72 g, 10.0 mmol, 1 equiv), copper (II) sulfate
pentahydrate (500 mg, 2.0 mmol, 0.2 equiv), L-ascorbic acid sodium salt (794 mg, 4.0 mmol,
0.4 equiv). The crude product was purified by silica gel column chromatography using ethyl
acetate as eluent to afford compound 11R; as a white powder (5.3 g, 73% yield).

Rf = 0.59 (ethyl acetate/methanol: 9/1); Mp = 117-118 °C. "H NMR (400 MHz, DMSO-dy): §
8.82 (t, 1H, °J=5.1 Hz, NH), 8.04 (t, 1H, *J = 5.6 Hz, NH), 7.97 (s, 1H, Hy), 7.87 (d, 1H, “J =
2.2 Hz, H,), 7.68 (dd, 1H, *J=7.2 Hz, *J = 2.4 Hz, Hy), 7.48-7.42 (m, 2H, Hs and H5), 7.30
(d, 1H, *J=2.2 Hz, Hs), 7.15 (d, 1H, *J = 7.7 Hz, NH), 4.98 (q, 1H, °J= 7.0 Hz, Hy), 4.43-
4.32 (m, 4H, H, and Hy), 3.83-3.77 (m, 1H, H;), 3.52-3.47 (m, 2H, H,), 2.15 (t, 2H, J=7.6
Hz, Hy), 1.95-1.70 (m, 2H, Hy), 1.65 (d, 3H, °J = 7.0 Hz, H,), 1.44-1.42 (m, 18H, H; and Hy).
PC NMR (100 MHz, DMSO-dy): & 171.74 (C=0), 171.54 (C=0), 169.02 (C=0), 155.48
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(C=0), 143.97 (C), 133.95 (C-Cl), 132.47 (C-Cl), 130.23 (C; and C), 129.70 (Cg), 128.98
(Cy), 128.19 (Cg), 123.18 (Cy), 122.16 (C4), 122.05 (Cs), 116.02 (CN), 92.00 (C3), 80.27 (C),
78.04 (C), 57.57 (Cy), 53.93 (C;), 48.66 (C.), 38.89 (C.), 34.45 (Cy), 31.56 (Cy), 28.16 (3 Cy),
27.61 (3 C)), 26.44 (Cy), 18.27 (C,). HRMS (ESI, CH;CN): m/z calcd for C33H4CL.NgOg [M +
Na]" 739.2502, m/z found 739.2497.

* Benzyl 2-(tert-butoxycarbonylamino)-5-(2-(4-((2-(3-cyano-4-(2,3-dichlorophenyl)-1 H-
pyrrol-1-yl)propanamido)methyl)-1H-1,2,3-triazol-1-yl)ethylamino)-5-oxopentanoate
(compound 11R3).

Compound was obtained following the representative procedure, using compound 10 (3.47 g,
10.0 mmol, 1 equiv), compound 8 (4.06 g, 10.0 mmol, 1 equiv), copper (II) sulfate
pentahydrate (500 mg, 2.0 mmol, 0.2 equiv), L-ascorbic acid sodium salt (794 mg, 4.0 mmol,
0.4 equiv). The crude product was purified by silica gel column chromatography using ethyl
acetate as eluent to afford compound 11R3 as a white powder (6.4 g, 85% yield).

Rf = 0.18 (ethyl acetate); Mp = 156-157 °C. "H NMR (400 MHz, DMSO-dj): & 8.80 (t, 1H, >J
= 5.4 Hz, NH), 8.09 (t, 1H, °J= 5.7 Hz, NH), 7.96 (s, 1H, Hy), 7.87 (d, 1H, “J=2.3 Hz, H,),
7.68 (dd, 1H, °J= 7.2 Hz, *J = 2.4 Hz, Hy), 7.48-7.42 (m, 2H, H, and H;), 7.40-7.33 (m, 5H,
Hi, Hy, and Hy), 7.30 (d, 1H, “J= 2.3 Hz, Hs), 7.00 (d, 1H, °J= 8.0 Hz, NH), 5.12 (s, 2H, Hy),
4.98 (q, 1H, °J=7.0 Hz, Hy), 4.43 (t, 2H, °J = 6.1 Hz, H,), 4.38-4.34 (m, 2H, Hy), 3.95-3.89
(m, 1H, H;), 3.60-3.49 (m, 2H, H,), 2.37 (t, 2H, °J = 7.1 Hz, H,), 1.95-1.71 (m, 2H, Hy), 1.65
(d, 3H, °J = 7.0 Hz, H,), 1.40 (s, 9H, H;). °C NMR (100 MHz, DMSO-dj): § 172.21 (C=0),
171.94 (C=0), 169.00 (C=0), 155.34 (C=0), 143.83 (C), 136.18 (C), 133.96 (C-Cl), 132.49
(C-Cl), 130.24 (C7 and C), 129.71 (Cs), 129.01 (C»), 128.40 (2Cy), 128.21 (Cs), 127.95 (Cy),
127.85 (2C)), 123.25 (Cy), 122.17 (Cy), 122.07 (Cs), 116.04 (CN), 92.00 (C3), 78.18 (C),
65.45 (Cy), 57.57 (Cy), 53.51 (C;)), 48.54 (C.), 38.89 (C.), 34.43 (Cyp), 30.04 (Cy), 28.15 (3 C)),
26.97 (Cp), 18.28 (C,). HRMS (ESI, CH;CN): m/z caled for C36Hs0C1NgOg [M + Na]”
773.2346, m/z found 773.2340.

Deprotection of the sugar or amino acid moiety (Fig. 1 ; compounds 12, L-13, D-13)
The third step consisted of the selective deprotection of the sugar or amino acid moiety of the
compounds 11Ry, 11R; and 11R3. The protecting acetyl groups of the hydroxyl functions of
the B-D-glucose of 11R; were O-deacetylated by treatment with sodium methoxide, prepared

in situ. Then the obtained alkoxide was neutralized by an acid cation exchange resin
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(Amberlyst IRN 77) giving the final compound 12 with 60% yield. The deprotection of the
alpha-aminoacid function of 11R; was achieved by trifluoroacetic acid in dichloromethane for
7 h at room temperature, afforded the final conjugate L-13 with 98% yield (Siebum et al.
2004). The two protecting groups of the alpha-aminoacid function of 11R; being different, it
is necessary to proceed in two steps. First the benzyl group protecting the carboxylic acid
function is hydrogenated in presence of palladium on carbon in methanol for 1 h 30 at room
temperature (Usuki et al. 2014). This compound is thus treated with trifluoroacetic acid in
dichloromethane for 1 h at room temperature, permitting to remove the protecting #-
butoxycarbonyl group of the amino function and led to the final compound D-13 with 98%
yield.

* 2-(3-Cyano-4-(2,3-dichlorophenyl)- 1 H-pyrrol-1-yl)-N-((1-(3,4,5-trihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-yl)-1H- 1,2, 3-triazol-4-yl)methyl) propanamide
(compound 12).

To a solution of the compound 11R; (2.20 g, 3.0 mmol, 1 equiv) in methanol (12 mL) was
added sodium (169 mg, 7.3 mmol, 2.4 equiv). The reaction mixture was purged with nitrogen
through the septum and then stirred at room temperature for 15 minutes. The reaction mixture
was neutralized with Amberlyst 77. The insoluble materials were separated by filtration
through celite eluting with methanol. The filtrate was then concentrated under vacuum to
afford the compound 12 as a white powder (1.0 g, 60% yield).

Rf = 0.12 (ethyl acetate/methanol: 9/1); Mp = 138-139 °C; [a]*b -3.6 (¢ = 0.4, acetone). 'H
NMR (400 MHz, DMSO-d5): & 8.86 (t, 1H, °J= 5.5 Hz, NH), 8.17 (s, 1H, Hy), 7.89 (d, 1H, *J
=2.2 Hz, H,), 7.68 (dd, 1H, °J= 7.1 Hz, *J=2.5 Hz, Hy), 7.49-7.43 (m, 2H, He and H), 7.32
(d, 1H, *J=2.2 Hz, Hs), 5.56 (d, 1H, °J=9.3 Hz, H.), 5.41 (d, 1H, >J= 6.0 Hz, OH), 5.34 (d,
1H, °J=5.0 Hz, OH), 5.21 (d, 1H, °J = 5.5 Hz, OH), 4.99 (q, 1H, *J=7.0 Hz, Hy), 4.68 (t,
1H, °J = 5.5 Hz, OH), 4.47-4.35 (m, 2H, H,), 3.77-3.71 (m, 2H, H¢ and Hj), 3.48-3.43 (m, 3H,
H,, H; and H;), 3.29-3.23 (m, 1H, Hy), 1.67 (d, 3H, *J = 7.0 Hz, H,). °C NMR (100 MHz,
DMSO-dp): § 169.16 (C=0), 144.02 (C), 133.99 (C-Cl), 132.49 (C-Cl), 130.30 (Cy), 130.27
(©), 129.74 (Cy), 129.09 (C»), 128.26 (C¢), 122.20 (Cs), 122.14 (C4and Cy), 116.09 (CN),
92.02 (C3), 87.43 (C.), 79.98 (C;), 77.03 (Cy), 72.03 (Cy), 69.61 (Cn), 60.78 (C;), 57.61 (Cy),
34.48 (C.), 18.33 (C,). HRMS (ESI, CH3CN): m/z caled for Co3Hp4CLNgOg [M + H]"
551.1213, m/z found 551.1207.
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* 2-Amino-5-(2-(4-((2-(3-cyano-4-(2,3-dichlorophenyl)- 1 H-pyrrol-1-yl) propanamido)methyl)-
1H-1,2,3-triazol-1-yl)ethylamino)-5-oxopentanoic acid (compound L-13).

The compound 11R; (2.15 g, 3.0 mmol, 1 equiv) was diluted in a mixture anhydrous
dichloromethane — trifluoroacetic acid (24 mL, 1 :1). The reaction mixture was purged with
nitrogen through the septum and then stirred at room temperature for 7 h before being
evaporated. The residue was co-evaporated with ethyl acetate, dried under vacuum to afford
the compound L-13 as a beige powder (1.6 g, 98% yield).

Rf = 0.12 (ethyl acetate/methanol: 5/5); Mp = 137-138 °C; [a]*b -3.2 (¢ = 1.2, acetone). 'H
NMR (400 MHz, DMSO-dj): & 8.87 (t, 1H, °J = 5.5 Hz, NH), 8.33 (s, 3H, NH, and OH), 8.21
(t, 1H, °J= 5.6 Hz, NH), 7.98 (s, 1H, Hy), 7.87 (d, 1H, “J= 2.3 Hz, Hy), 7.68 (dd, 1H, °J=7.4
Hz, ’J =2.2 Hz, Hy), 7.49-7.42 (m, 2H, He and H), 7.30 (d, 1H, “J=2.3 Hz, Hs), 4.99 (q, 1H,
3J=17.1Hz, Hy), 4.43 (t, 2H, °J = 6.2 Hz, H,), 4.39-4.36 (m, 2H, Hy), 3.96-3.94 (m, 1H, H;),
3.53-3.49 (m, 2H, H,), 2.32-2.20 (m, 2H, H,), 1.95-1.89 (m, 2H, H}), 1.65 (d, 3H, °J = 7.1 Hz,
H,). >C NMR (100 MHz, DMSO-dy): & 172.02 (C=0), 170.82 (C=0), 169.10 (C=0), 144.11
(©), 133.97 (C-Cl), 132.50 (C-Cl), 130.26 (C7 and C), 129.74 (Cs), 129.01 (C,), 128.23 (Cq),
123.17 (Cy), 122.19 (Cs), 122.08 (Cs), 116.06 (CN), 92.01 (C3), 57.58 (Cyp), 51.61 (C)), 48.63
(Ce), 38.89 (C.), 34.47 (Cy), 30.52 (Cy), 25.83 (Cy), 18.28 (C,). HRMS (ESI, CH3CN): m/z
caled for Co4H,6C1,NgO4 [M + H]' 561.1532, m/z found 561.1527.

* 2-Amino-5-(2-(4-((2-(3-cyano-4-(2,3-dichlorophenyl)- 1 H-pyrrol-1-yl) propanamido)methyl)-
1H-1,2,3-triazol-1-yl)ethylamino)-5-oxopentanoic acid (compound D-13).
2-(Tert-butoxycarbonylamino)-5-(2-(4-((2-(3-cyano-4-(2,3-dichlorophenyl)-1 H-pyrrol-1-
vl)propanamido)methyl)-1H-1,2,3-triazol-1-yl)ethylamino)-5-oxopentanoic acid (compound
11R3’)

A solution of the compound 11R3 (3.76 g, 5.00 mmol, 1 equiv) in methanol (23 mL) was
treated with Pd/C (10%, 53.2 mg) and hydrogenated under balloon pressure at room
temperature. After stirring for 1 h 30 at room temperature, the insoluble materials were
separated by filtration through celite eluting with methanol. The filtrate was then concentrated
under vacuum to afford the compound 11Rj3’as a white powder (3.3 g, 99 % yield).

Rf = 0.14 (ethyl acetate/methanol: 9/1); Mp = 153-154 °C. "H NMR (400 MHz, DMSO-dy):
§ 12.13 (s, 1H, OH), 8.80 (t, 1H, *J = 5.4 Hz, NH), 8.07 (t, lH, *J = 5.6 Hz, NH), 7.96 (s, 1H,
Hyg), 7.87 (d, 1H, “J=2.2 Hz, Hy), 7.68 (dd, 1H, °J= 7.2 Hz, *J = 2.4 Hz, Hy), 7.48-7.42 (m,
2H, He and Hy), 7.30 (d, 1H, “J= 2.2 Hz, Hs), 6.94 (d, 1H, °J=7.9 Hz, NH), 4.98 (q, 1H, °J =
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7.0 Hz, Hy), 4.43 (t, 2H, °J = 6.2 Hz, H), 4.39-4.35 (m, 2H, Hy), 3.92-3.86 (m, 1H, H;), 3.61-
3.49 (m, 2H, H,), 2.23 (t, 2H, °J = 7.6 Hz, H,), 1.86-1.64 (m, 2H, Hy), 1.62 (d, 3H,°J=7.0
Hz, H,), 1.40 (s, 9H, H;). °C NMR (100 MHz, DMSO-ds): § 173.95 (C=0), 172.13 (C=0),
169.03 (C=0), 155.36 (C=0), 143.83 (C), 133.98 (C-Cl), 132.50 (C-Cl), 130.26 (C7 and C),
129.73 (Cs), 129.02 (Cy), 128.23 (Cs), 123.28 (Cy), 122.19 (Cy), 122.09 (Cs), 116.07 (CN),
92.00 (C3), 78.16 (C), 57.59 (Cy), 53.69 (Ci), 48.55 (C.), 38.89 (C,), 34.45 (Cy), 30.15 (Cyp),
28.18 (3 Cj), 27.06 (Cn), 18.30 (C,). HRMS (ESI, CH3CN): m/z caled for C9H34C1LNgOg [M +
Na]" 683.1876, m/z found 683.1871.

The compound 11R3’ (1.98 g, 3.0 mmol, 1 equiv) was diluted in a mixture anhydrous
dichloromethane — trifluoroacetic acid (10.2 mL, 1 :1). The reaction mixture was purged with
nitrogen through the septum and then stirred at room temperature for 1 h before being
evaporated. The residue was co-evaporated with ethyl acetate, dried under vacuum to afford

the compound D-13 as a rose powder (1.6 g, 98% yield).

Phloem mobility of compounds 12, L-13 and D-13
Comparison of phloem systemicity of compounds 12 and 13 in the Ricinus model

Phloem systemicity of conjugate 12 and 13 was studied in the Ricinus seedlings, which was
widely used to test the phloem mobility of xenobiotics (Chollet et al. 2005, Delétage-Grandon
etal. 2001, Wu et al. 2012, Yang et al. 2011). One hour after the beginning of incubation of
Ricinus cotyledons in the standard solution with compound L-13 at 100 puM concentration,
the amino acid conjugate was found in the phloem sap. Its concentration increased up to 5
hours to reach about 12 uM (Fig. 3A). By contrast, the phloem systemicity of compound 12
was extremely low. Its concentration in the phloem sap was about twenty times lower than
that of compound L-13 (compare Fig. 3A and Fig. 4A). Consequently, a higher concentration
of compound 12 (500 uM) in the incubation medium was required for time course
experiments. Under this latter experimental condition, it could be noted that the concentration
of the glucose conjugate increased up to 4 hours to reach a plateau around 3 uM (Fig. 4B).
Glucose is poorly present in the phloem sap of Ricinus seedlings (about 2 mM). However,
when cotyledons were dipped in a solution containing 200 mM glucose, the same
concentration was found in the sap after two hours of incubation (Kallarackal and Komor
1989). Therefore, the extremely low systemicity of compound 12 at pH 5.0 is not due to
membrane and/or metabolic mechanisms preventing glucose to enter the sieve tubes as it is

the case in various species which translocate only sucrose (Barlow and Randolph 1978,
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Dinant et al. 2010, Girousse et al. 1991, Hayashi and Chino 1986, Liu et al. 2012). In that
respect, fipronil-glucose conjugates exhibited phloem systemicity in Ricinus seedlings (Wu et

al. 2012, Yang et al. 2011).

Mechanisms governing phloem mobility of compound 13

In drug discovery, passive membrane permeability of drug candidates can be predicted using
Lipinski’s rule of five (Ro5) and other simplified rule established by Veber (Lipinski et al.
2012, Veber et al. 2002). The same approach was adopted to profile agrochemicals (Avram et
al. 2014, Tice 2001). Coupling glucose or glutamic acid with the parent compound 9 modified
many chemical descriptors and physicochemical properties (Table II). Molecular weight,
hydrogen bond donors, hydrogen bond acceptors, free rotatable bonds and polar surface area
values increased dramatically whereas Log D value at pH 5.0 decreased. Surprisingly, the
chemical descriptors and physicochemical values of the glucose conjugate 12 are very similar
to those of the amino acid conjugate 13. The computed physicochemical properties of 12 and
13 violate the Ro5 and Veber rule (Table II), but both conjugates were detected in phloem sap.
It should be pointed out that such prediction approaches are not applicable to actively
transported compounds (Rocher et al. 2009). Taking into account the extremely poor
systemicity of compound 12, the study of transport properties of compound 9 derivatives was
focused on amino acid conjugates, more especially on compound L-13. It has been known for
a long time that the positional relationship between the alpha-amino and carboxyl groups is an
important parameter in substrate recognition by amino acid carriers (Frommer et al. 1994, Li
and Bush 1992). Therefore, the phloem systemicity of the amino acid conjugate D-13 was
studied and compared to that of conjugate L-13. The dramatic difference in the ability of L-13
and D-13 (Fig. 3A and 3B) to move in the phloem suggests that a stereospecific amino acid
carrier system is involved in L-13 uptake. In addition, the phloem transport of L-13 was
sensitive to pH changes in the incubation medium (Fig 5). Under our experimental conditions,
L-13 systemicity was optimal at pH 5.0 and was reduced by about four times (amounts
exported) and five times (concentration of phloem sap) at pH 7.0 and 8.0 (Fig. SA and 5B). A
similar pH dependence was noted in the past for neutral amino acids uptake in foliar tissues
(Despeghel and Delrot 1983). By contrast, the phloem transport of acidic derivatives of
fenpiclonil, similar (Chollet et al. 2004) or 3 fold higher (Chollet et al. 2005) at pH 5.0 than
that of compound L-13, decreased dramatically at pH 6.0 and was abolished at pH 6.5. The
pH values of the leaf tissue apoplast range from 5.0 to about 7.0 according to species, cell

types and environmental conditions (Husted and Schjoerring 1995, Lopez-Millan et al. 2000,
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Loubet et al. 2002, Muhling and Lauchli 2000, Muhling et al. 1995, Pfanz and Dietz 1987,
Pitann et al. 2009). This means that these derivatives may not be taken up by mesophyll cells
and marginally loaded in the phloem.

The protonophore CCCP which dissipates the proton motive force is a potent inhibitor of
sugar and amino acid uptake activities. Under our experimental conditions, it reduced phloem
sap exudation and inhibited almost completely L-13 systemicity (Fig. 6). Therefore, these
data indicate that the phloem transport of compound L-13 is governed by a stereospecific
amino acid carrier system energized by the transmembrane electrochemical gradient of
protons. The proton-motive force is generated by the plasma membrane H'-ATPase, an
intrinsic enzyme highly expressed in companion cells and cotyledon epidermal cells (Bouché-
Pillon et al. 1994a, Bouché-Pillon et al. 1994b, DeWitt and Sussman 1995, Morsomme and
Boutry 2000). In that respect, Ricinus cotyledon tissues, which generates high transmembrane
pH and electrical gradients (Komor et al. 1980), constitute an appropriate model to study the

transport properties of xenobiotics.

Conclusion

A fenpiclonil-glucose and two fenpiclonil-glutamic acid conjugates were synthesized to
describe a vectorization strategy for carrier-mediated phloem systemic agrochemical. Because
the -NH- function of the pyrrole ring is required for the fungicidal activity (Nyfeler and
Ackermann 1992), these compounds are not expected to exhibit a biological activity without
releasing the parent compound. Our work must be considered as a new systemic profungicide
approach. These large and chlorinated conjugates which violate both Lipinski and Veber rules
are found in the phloem sap. However, the fenpiclonil-glutamic acid conjugate (L-13) showed
a much more favorable phloem mobility than fenpiclonil-glucose conjugate, indicating that
amino acid carriers are more promising than sugar carriers to enhance the phloem loading of
phenylpyrrole conjugates. In addition, the phloem mobility of L-glutamic acid conjugate (L-
13) was about 5-fold higher than that of corresponding D-isomer (D-13), suggesting the
involvement of a stereoselective transporter. Further investigation of mechanism displayed
that compound L-13 was pH- dependent and inhibited by the protonophore CCCP. Thus,
conjugation of parent pesticides with L-amino acid is a feasible strategy to confer phloem
mobility to agrochemicals. The result of the present work about fenpiclonil-amino acid
conjugates reinforces the previous conclusion that an amino acid transport system is able to

recognize and transport chlorinated xenobiotics of larger size than its natural substrates. In our
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previous paper (Deletage-Grandon, 2001), a halogenated xenobiotic (approximately 350 D)
with an amino acid moiety (Lys-2.4 D) was proved to be recognized and translocated by an
amino acid transport system. The distribution study of conjugate Lys-2.4 D and parent
compound (2.4-D) showed a significantly different accumulation in certain plant organs. The
parent molecule (2.4-D) is a phloem mobile herbicide, but the accumulation of Lys-2.4D in
the root system is 5 to 10 times greater than that of 2,4D. Therefore, the distribution pattern of

amino acid conjugates of fungicides in the whole plant deserves further investigation.
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Figure legends

Figure 1. General reaction scheme showing the different steps of the synthesis of the sugar-
fungicide or amino acid- fungicide derivatives. DMAP: 4-Dimethylaminopyridine; EDCI: 1-Ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride; TFA: Trifluoroacetic acid

Figure 2. Azido and fenpiclonil derivatives numbering for 'H and "°C assignments

Figure 3. Time course of amino acid conjugates L-13 (A) and D-13 (B) concentration in phloem
sap of Ricinus. Cotyledons were incubated in a standard buffered solution at pH 5.0 (Rocher et al,
2006) for 30 min, then in the same solution containing compounds L-13 or D-13 at 100 pM
concentration. After 30 min, the hypocotyl was severed in the hook region and then the sap was
collected every hour for 6 h. For each time, the Mann-Whitney test was used to assess statistically
significant differences between the two sets at the 5% probability level. Except for t = 1 h where p-
value = 0.006, all p-values < 0.0001. For box plots, n =22 (A), n= 10 (B).

Figure 4. Time course of glucose conjugate 12 concentration in phloem sap of Ricinus.
Cotyledons were incubated in a standard buffered solution at pH 5.0 (Rocher et al, 2006) for 30
min, then in the same solution containing compound 12 at 100 uM (A) or 500 uM (B)
concentration. After 30 min, the hypocotyl was severed in the hook region and then the sap was
collected every hour for 6 h. For box plots, n = 20.

Figure 5. Concentration (A) or quantity exported (B) of compound L-13 in phloem sap of Ricinus
as a function of the pH of the incubation medium. Cotyledons were incubated in a standard
buffered solution at pH 5.0, 6.0, 7.0 or 8.0 (Rocher et al, 2006) for 30 min, then in the same
solution containing compound L-13 at 100 pM concentration. After 30 min, the hypocotyl was
severed in the hook region and then the sap was collected between the fourth and fifth hour. The
Kruskal-Wallis test was used to assess statistically significant differences between the different
sets at the 5% probability level. A different letter indicate that the sets are not from the same
population. For box plots, n = 20.

Figure 6. Effect of CCCP on time course of conjugate L-13 concentration (A) or quantity
exported (B) in phloem sap of Ricinus. Cotyledons were incubated in a standard buffered solution
at pH 5.0 (Rocher et al, 2006) for 30 min, then in the same solution containing compound L-13 at
100 uM concentration without (C : Control) or with CCCP at 10 uM final concentration. After 30
min, the hypocotyl was severed in the hook region and then the sap was collected every hour for 3
h. For each time, the Mann-Whitney test was used to assess statistically significant differences
between the two sets (without or with CCCP) at the 5% probability level. In all cases, p-values <
0.0001. For box plots, n = 24 (control), n = 19 (CCCP).
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