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ABSTRACT:

Diepoxydized diphenyls from eugenol, 4-vinyl guaikand 4-vinyl syringol (canolol) were
synthesized as sustainable alternatives to thgaityll ether of bisphenol A (DGEBA). In a first
step, glycidylated derivatives were produced byctiea with epichlorohydrin. Then, the
dimerization of these derivatives was performed dogss metathesis (CM) reaction in the
presence of Grubbs Il catalyst. From the CM react®m set of epoxy phenolic dimers was
obtained in good vyields with a high diastereosel#ygt Estimation by molecular docking
calculations of the affinity of the synthesized gwots and their hydrolysed structures to the
intranuclear estrogen receptor &Bhowed that the epoxy forms presented a modeifatgyato

the antagonistic conformation of the receptor (sixorty times lower than bisphenol A and in
the same order of magnitude as DGEBA) and mostlpinding in the agonist conformation.
The hydrolysed forms of the epoxy products, whighexpected to be predominant in the human
body cells, exhibited a relatively weak affinity the ERy LBD in its both agonistic and

antagonistic conformations.

KEYWORDS: epoxy monomers, natural polyphenols, cross metethigioactivity.

INTRODUCTION

Bisphenol A (BPA) is one of the highest volume cieis produced worldwide, with 6.3
million metric tons produced in 2010 and a 6-10%wgh in demand expected per yearhis
petroleum-based product is classified as an emadisruptor. It can interact with the ligand
binding domain (LBD) of several nuclear hormoneegors such as estrogen, androgen and

thyroid hormone receptdisgiving rise to disorders in downstream signallaghways. Because
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nuclear receptors regulate the expression of @& latgnber of genes, BPA is suspected to have
profound effects on organisms. Indeed, this chenfiea been associated to diseases such as
cancer, osteoporosis and obesity The current concerns surrounding BPA began inetirty
1990s when researchers from Stanford Universitzeghthat the chemical was migrating from
the plastic laboratory bottles into the water theye using Nowadays, exposure to bisphenol A

is proven to be nearly universal. Indeed, a restdty has reported that BPA was detected in the
urine samples from 92.6% of the population in 3S&onsequently, responding to expressions
of public concern and pressure from certain mesbaje countries such as Canada, France and
some US states decided to ban BPA from baby baitidsto extend this prohibition to all food

and beverage containérs

However, no one can overlook the excellent propsif BPA which allowed it to become a key
ingredient in several polymer and non-polymer psses. Indeed, this compound is mainly used
for the production of polycarbonate resins (71%)oxy resins (27%), unsaturated polyesters,
polysulfone, polyetherimide and polyarylate re&in§ In the epoxy resins industry,
manufacturers are producing a very large varietgrotiucts bearing different properties from a
single molecule, the diglycidyl ether of BPA (DGEBAndeed, in combination with a judicious
selection of curing agents and appropriate modifiepoxy resins can be specifically tailored to
fit a broad range of applicatiof¥s> For example, cured epoxy resin is used for cgatBuch as
corrosion protectors, lacquers in the automotiv@ustry, housings for electrical equipment,
laminates, industrial floorings, construction paddhesives as well as in dental prodt{éfs.
This broad range of applications is related to ¢haracteristic properties that BPA chemical
structure provides. Indeed, this aromatic, bulkgl diffords excellent thermal, mechanical,

optical and electrical properties, especially upmorporation into polymet$ *’
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Therefore, scientists face a dilemma as, on ond tieey need to substitute this hazardous fossil-
based product, and on the other hand, the higlonmeaince of BPA must be preserved. In the
present work, we describe the synthesis of somgidged phenolic compounds, which could
represent a bio-based alternative to DGEBA. Thatyral phenolic compounds bearing alkenyl
chain on their aromatic ring have first undergorgyaidylation reaction to introduce the epoxy
group. Then, the resulting products were dimerihedugh the cross metathesis (CM) coupling,
producing diglycidylated diphenyl compounds. Thesuieng epoxy monomers exhibit a
structural similarity with DGEBA, which will undouédly lead to approach the versatile
properties of this latter. However, care must lkemao ensure that these new compounds do not
show comparable health effects as BPA. Hence,gbensl part of this work was dedicated to the
assessment of the affinity of the synthesized diglseand some of their derivatives to the
intranuclear estrogen receptor d&EBy means of molecular docking simulations. Thisildagive
indications on the potential relative risks asseclato the various structures obtained and
represent a crucial step before epoxy resins ptamuc Three natural phenolic compounds were
selected for this study: eugenol (4-allyl guaiac@l|) 4-vinylguaiacol 2 and canolol (4-
vinylsyringol) 3 (scheme 1). Eugendl is a phenylpropene, mainly extracted from clove oi
(80%)'® and widely used in food, pharmaceutical, cosnstit active packaging applicatiotfs

19 4-vinyl guaiacol2, a styrene type molecule, is a valuable startiragenal for fragrances,
flavours, oxygenated biodegradable polymers arah imtermediate for organic synthé8ighis
molecule is produced by the either bio-catalytitt@mrmal decarboxylation of ferulic aétd®? a
hydroxycinnamic acid widely present in the cell \afl several cereal graifis®: A few years

ago, canoloB was isolated from crude rapeseed oil and idedt#ie the decarboxylation product
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of sinapic acié® % Canolol3 is mainly formed under high temperatures arisingrd) rapeseed

processing’ and is of interest for the food industry due sofi@vour and antioxidant propefty

The relative abundance of the biomass-derived comgisil, 2 and 3 prompted us to consider

them as starting materials in the synthesis ofdaised epoxy monomers.

OMe MeO OMe
OMe
OH OH OH
1 2 3
Eugenol 4-Vinyl guaiacol Canolol
(4-allyl guaiacol) (4-vinyl syringol)

Scheme 1: Chemical structures of compount® and3.

EXPERIMENTAL

Chemicals

Eugenol (99%), syringaldehyde>98%), vanillin (99%), malonic acid (99%), pipendi
(>99.5%), sodium carbonate>99.5%), epichlorohydrin (99%), sodium hydroxide98%),
benzyltriethylammonium chloride>98.0%), Grubbs Il catalyst, dichloromethare99.5)%,

N,N-dimethylformamide (99.8%) were purchased fragn&-Aldrich France.

M ethods

All the reactions were monitored by TLC performed re-coated silica gel 60 F254 plates

purchased from Merck (Germany).
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Excepted for3, all compounds were dissolved in DM$-and analysed using an Agilent
VNRMS DD2 500MHz spectrometer, operating at 50M¥z for *H and 125.75 MHz fot°C,
using a 5mm indirect detection Z-gradient probee Themical shifts were reported to that of
internal DMSO at 2.5 ppm and 39.5 ppm ftt and °C respectively. Assignments of both
proton and carbon resonances, identification angctstre characterization of products were
performed using 1D and 2D NMR spectrum analysesgusbmonucleafH and heteronuclear
'H/*3C experiments. Data were processed and analysed bsith VNMRJ and ACD/Labs
software. Compoun@ in solution in CDC was analysed on a Bruker 600 MHz spectrometer,
operating at 600 MHz fofH and 150 MHz forC. Chemical shifts were referenced using

residual internal CHGlsignals at 7.26 ppm and 77.0 ppmidrand™*C respectively.

Melting points were measured on Stuart SMP10 appar&amples were heated with a rate of
20 °C per minute to plateau, then 2 °C per minoteé¢lt.

Computational structural analysis of interactions with estrogen receptors

The protein structure of the complex of the humsinogien receptor alpha (hER alpha) ligand-
binding domain recognition bound either to agodisthylstilbestrol and a peptide derived from
the NR box Il region of the coactivator GRIP1 (PB&ession code: 3ERD) or to the antagonist
4-hydroxytamoxifen (PDB accession code: 3ERT) wa&oenloaded from the RCSB Protein

Data Bank ttp://www.pdb.ordy Ligands were drawn and converted to 3D strustuising

Marvin Sketch 15.4.6.0 [ChemAXxon (2015) http://www.chemaxon.com

Docking simulations were carried out using Autodd¢ka 1.1.2° within UCSF Chimera
version 1.10.%°, using the default options for receptor’s anétid’'s preparation scripts and for
docking parameters. The maximum number of bindimgles was set to 10, with a maximum

energy difference of 3 kcalemidl
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Docking coordinates were determined through aeredtgrid box enclosing the whole ligand-
binding domain. Interactive visualization, analysisd imaging of molecular structures were
performed using UCSF Chimera. The computations \weréormed on a PC with a 17-4650U

Intel CPU and 8 GB RAM, running 64 bits Windows &rbfessional.
Synthesis of 4-vinylguaiacol 2 and canolol 3

Vanillin ~ (3-methoxy-4-hydroxybenzaldehyde) and sgaldehyde (3,5-dimethoxy-4-
hydroxybenzaldehyde) were used as 4-vinyl-guaiacaol canolol precursors respectively. In a
100 mL round bottom flask were added 20 mL of tokje5 mmol of 4-hydroxybenzaldehyde
derivative, 7.5 mmol of malonic acid and 25 mmopgderidine. The reaction medium was kept
under stirring and heated to reflux (115 °C) utiig total solubilisation of the reagents. The
kinetics of the reactions were followed by TLC-démsetry at 280 nm, using a CAMAG TLC
scanner 3 (Muttenz, Switzerland). The conversionvahillin into 4-vinyl guaiacol and
syringaldehyde into canolol required respectived® inin and 240 min. After completion of the
reaction, the medium was cooled down to room teatpez and the solvent was evaporated at
reduced pressure. In order to eliminate any trdgaiperidine, the crude product was washed

twice with 20 mL of toluene followed by vacuum drgiuntil complete solvent removal.

The products were purified by silica gel chromaaqdry using petroleum ether/ethyl acetate

(70:30, v/v) as the mobile phase to yield:

2-methoxy-4-vinylphenol (4-vinylguaiac@) dark yellow oil, 74% yield (3.70 mmobBH NMR
(500 MHz, DMSO€dg) 8 = 3.79 (s, 3H, Me), 5.06 (d= 11.1 Hz, 1H, H8), 6.63 (d~= 16.8 Hz,
1H, H8), 6.61 (ddJ= 17.6, 10.9 Hz, 1H, H7), 6.72 (& 8.1 Hz, 1H, H5), 6.85 (dl= 8.1 Hz,

1H, H6), 7.04 (s, 1H, H3), 9.07 (s, 1H, OH) ppliC NMR (125 MHz, DMSOds) = 55.3
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(Me), 109.4 (C3), 110.7 (C8), 115.02 (C6), 119.4)(CL28.5 (C4), 136.3 (C7), 146.3 (C1),

147.6 (C2) ppm. €H;00, calcd. C 71.98, H 6.71; found. C 72.08, H 6.60.

2,6-dimethoxy-4-vinylphenol (canol@) dark green oil, 47% vyield (2.35 mmotHd NMR (600
MHz, CDCk) 3 = 3.91 (s, 6H, Me), 5.15 (d= 10.9 Hz, 1H, H8), 5.53 (s, 1H, OH), 5.60 {4,
17.5 Hz, 1H, H8), 6.62 (dd= 17.5, 10.9 Hz, 1H, H7), 6.65 (s, 1H, H3,H5) ppf& NMR (150
MHz, CDCL) & = 56.7 (Me), 103.3 (2C, C3 and C5), 112.0 (C8R.52C4), 135.3 (C1), 137.1

(C7), 147.5 (2C, C2 and C6) ppmeH120; calcd. C 66.65, H 6.54; found. C 66.42, H 6.54.

General procedurefor theglycidylation of phenolic compounds

A 250 mL two-necked round bottom flask equippechvaitcondenser, a Teflon septum cap and a
magnetic stirring bar was charged with 1 glo® or 3 in epichlorohydrin (4 molar eq). The
suspension was then heated to 100°C and benzyltia@amonium chloride (BnENCI, 0.05
molar eq) was added. After 90 min, the resultingtore was cooled down to 30°C and an
aqueous solution of NaOH 200 ¢*l(2 molar eq) containing the same previous amofiphase
transfer catalyst (BngitICl) was added. The reaction medium was stirredraigsly for 90 min.
The organic layer was separated, dried over anlkigdktgSQ and concentrated under vacuum.
The crude product was purified by silica gel chrtogeaphy using petroleum ether/ethyl acetate

(70:30, v/v) to yield the following products:

From1:

2-((4-allyl-2-methoxyphenoxy)methyl)oxiradtecolourless oil, 84% yield (5.12 mmotHd NMR
(500 MHz, DMSO€dg) 6 = 2.67 (ddJ= 5.1, 2.7 Hz, 1H, M), 2.82 (m, 1H, W), 3.29-3.30 (m,
2H, H7 and H), 3.75 (s, 3H, Me), 3.77 (m, 1H,08, 4.24 (ddJ= 11.3, 2.7 Hz, 1H, H), 5.04

(dd, J= 12.5, 8.0 Hz, 2H, H9), 5.93 (tdds 16.8, 10.0, 6.8 Hz, 1H, H8), 6.68 (& 8.1 Hz, 1H,
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H5), 6.80 (s, 1H, H3), 6.87 (3=8.1 Hz, 1H, H6) ppm‘C NMR (125 MHz, DMSOds) & =
39.3(C7), 44.0 (@, 50.0 (@), 55.6 (Me), 70.2 (8), 112.7 (C3), 113.9 (C6), 115.7 (C9), 120.3
(C5), 133.1 (C4), 138.0 (C8), 146.2 (C1), 149.1)(@@m. GaH1s0; calcd. C 70.89, H 7.32;

found. C 70.57, H 7.21.

From2:

2-((2-methoxy-4-vinylphenoxy)methyl)oxirabelight yellow solid (MP = 129°C), 80% yield
(5.32 mmol).*H NMR (500 MHz, DMSOds) & = 2.68 (dd,J= 5.0, 2.6 Hz, 1H, M), 2.83 (m,
1H, Hy ), 3.32 (qdJ= 6.8, 3.1 Hz, 1H,B), 3.78-3.82 (m, 1H, H), 3.71 (s, 3H, Me), 4.27 (dd,
J=11.3, 2.7 Hz, 1H, H), 5.13 (d,J= 11.0 Hz, 1H, H8), 5.74 (d= 17.6 Hz, 1H, H8), 6.65 (dd,
J=17.6, 11.0 Hz, 1H, H7), 6.92 (& 8.3 Hz, 1H, H5), 6.94 (dI=8.3 Hz, 1H, H6), 7.11 (s, 1H,
H3) ppm.**C NMR (125 MHz, DMSOdg) & = 43.8 (G), 49.7 (B), 55.4 (Me), 69.8 (&), 109.3
(C3), 112.2 (C8), 113.1 (C6), 119.1 (C5), 130.7)(A86.4 (C7), 147.7 (C1), 149.0 (C2) ppm.

C12H1403 caled. C 69.88, H 6.84; found. C 69.98, H 6.96.

From3:

Published on 11 July 2016. Downloaded by University of Sussex on 11/07/2016 09:20:27.

2-((2,6-dimethoxy-4-vinylphenoxy)methyl)oxirahdight green solid (MP = 138°C), 90% yield
(5.0 mmol).*H NMR (500 MHz, DMSOsg) § = 2.56 (dd,J= 5.1, 2.7 Hz, 1H, M), 2.73 (m, 1H,
Hy), 3.24 (dtJ= 6.8, 2.9 Hz, 1H,R), 3.74 (ddJ= 11.5, 6.5 Hz, 1H, k'), 3.80 (s, 6H, Me), 4.07
(dd, J= 11.5, 3.0 Hz, 1H, H), 5.21 (d,J= 11.0 Hz, 1H, H8), 5.80 (d= 17.6 Hz, 1H, H8), 6.66
(dd,J= 17.6, 11.0 Hz, 1H, H7), 6.79 (s, 2H, H5 and HBIP**C NMR (125 MHz, DMSOds) &

= 43.3 (G)), 50.3 (@), 56.0 (Me), 63.9 (8), 103.5 (2C, C3 and C5), 113.7 (C8), 133.0 (C4),
136.3 (C7), 136.7 (C1), 153.0 (2C, C2 and C6) pPia1604 calcd. C 66.09, H 6.83; found. C

65.88, H 6.62.
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General procedurefor 4, 5and 6 dimerization by cross metathesis

A mixture of4, 5 or 6 (1 mmol) and Grubbs Il catalyst (5 mol%, 0.05 mmoICH,Cl, (1 mL)
was heated at 42°C under argon for 48 h. The naxtuas concentrated under vacuum. The
residue was purified by silica gel chromatograping petroleum ether/ethyl acetate (50:50,

v/v) to give the following products:

From4:

4,4'-(but-2-ene-1,4-diyl)bis(2-methoxyphendl) light yellow solid (MP = 234°C), 56% yield
(0.28 mmol).*H NMR (500 MHz, DMSO#g) & = 2.67 (dd,J= 5.1, 2.7 Hz, 1H, M), 2.82 (m,

1H, Hy ), 3.26 (dJ= 4.8 Hz, 2H,H7), 3.30 (td}= 9.4, 4.8 Hz, 1H, B), 3.73 (s, 3H, Me), 3.76
(dd, J= 11.0, 6.4 Hz, 1H, b'),4.23 (dd J= 11.4, 2.7 Hz, 1H, H), 5.63 (t,J= 3.8 Hz, 1H, H8),

6.66 (d,J= 8.2 Hz, 1H, H5), 6.79 (s, 1H, H3), 6.86 {d; 8.2 Hz, 1H, H6) ppm-*C NMR (125

MHz, DMSO-ds) 5 = 37.8 (C7), 43.9 (@), 50.0 (@), 55.5 (Me), 70.2 (), 112.6 (C3), 114.0
(C6), 120.2 (C5), 130.4 (C8), 133.9 (C4), 146.1)(A49.1 (C2) ppm. H.s0s calcd. C 69.88,

H 6.84; found. C 69.73, H 6.68.

4,4'-(ethene-1,2-diyl)bis(2-methoxypheril)ight yellow solid (MP = 263°C), 10% vyield (0.05
mmol). *HNMR (500 MHz, DMSOds) & = 2.70 (dd J= 5.0, 2.6 Hz, 1H, M), 2.85 (m, 1H, W),
3.34 (m, 1H,H), 3.82 (dd,J= 10.0, 5.1 Hz, 1H, H"), 3.84 (s, 3H, Me), 4.30 (dd= 11.4, 2.7
Hz, 1H, Hx), 6.95 (d,J= 8.3 Hz, 1H, H6), 7.05 (di= 8.3 Hz, 1H, H5), 7.08 (s, 1H, H7), 7.23 (s,
1H, H3) ppm.**C NMR (125 MHz, DMSOds) & = 43.0 (G), 49.3 (B), 54.9 (Me), 69.3 (B),
109.0 (C3), 112.7 (C6), 118.8 (C5), 125.8 (C7), .33(@C4), 146.7 (C1), 148.6 (C2) ppm.

C2H2406 calcd. C 68.74, H 6.29; found. C 68.52, H 6.18.

10
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2,2'-(4,4'-(prop-1-ene-1,3-diyl)bis(2-methoxy-4 fiepylene))bis(oxy)bis(methylene)dioxirafe
yellow solid (MP = 237°C), 14% yield (0.07 mmaIHNMR (500 MHz, DMSOdg) 6 = 2.67 (m,
2H, Hy), 2.83 (m, 1H, W), 3.32 (m, 2H,H8), 3.43 (d,J= 6.4 Hz, 2H, H9), 3.75 (m, 2H,d),
3.77 (s, 3H, Me),3.78 (s, 3H, Me), 4.26 (dd,11.0, 2.7 Hz, 1H, H), 6.31 (m, 1H, H8), 6.37 (d,
J=15.8 Hz, 1H, H7), 6.74 (d= 8.0 Hz, 1H, HB), 6.87-6.91 (m, 4H, HH H6s, H6z and H3),
7.05 (s, 1H, HR) ppm.**C NMR (125 MHz, DMSOdg) § = 38.0 (C9), 43.5 (2C,\J, 49.5 (2C,
CB), 55.2 (2C, Me), 69.5 (2C,dD, 108.9 (CR), 112.2 (C3), 113.0 (CR), 113.4 (Cg), 118.6
(C54), 120.0 (C8§), 127.5 (C8), 129.5 (C7), 133.2 (2C,Lahd C4), 145.8 (C3), 146.8 (Ch),

148.7 (C3), 148.8 (C2) ppm. GsHa¢Os calcd. C 69.33, H 6.58; found. C 69.08, H 6.13.

Froms:

8: 76% yield (0.38 mmol).

Fromé:

4,4'-(ethene-1,2-diyl)bis(2,6-dimethoxyphentd) light yellow solid (MP = 291°C), 78% yield
(0.39 mmol)*HNMR (500 MHz, DMSOé) & = 2.58 (dd J= 5.0, 2.7 Hz, 1H, M), 2.75 (m, 1H,
Hy ), 3.25 (dt,J= 6.8, 2.9 Hz, 1H,H), 3.76 (dd,J= 11.5, 6.5 Hz, 1H, B’), 3.84 (s, 6H, Me),
4.10 (dd,J= 11.5, 2.9 Hz, 1H, H), 6.92 (s, 2H, H3 and H5), 7.18 (s, 1H, H7) ppit NMR
(125 MHz, DMSO#ds) 5 = 43.3 (§), 50.3 (@), 55.9 (Me), 74.0 (8), 103.6 (2C, C3 and C5),
127.9 (C7), 133.0 (C4), 136.0 (C1), 153.0 (C2) pmH,s0s calcd. C 64.85, H 6.35; found. C

65.06, H 6.19.

Coupling of 4 with 5, 4 with 6 and 5 with 6 by cross metathesis

A mixture (0.5 mmol each) ef and5, 4 and6 or 5 and6 with 0.025 mmol (5 mol%) Grubbs I

catalyst in 1 mL ChCl, was heated at 42°C under argon for 48 h. Theesblwas evaporated

11
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under vacuum. The crude product was purified bigasigjel chromatography using petroleum

ether/ethyl acetate (45:55, v/v) mixture to give tbllowing products:
From4 +5:

9 (36% yield, 0.09 mmol) and (10% yield, 0.025 mmol) argi(44% yield, 0.11 mmol).

From4 + 6:

((2,6-dimethoxy-4-(3-(3-methoxy-4-(oxiran-2-ylmetiphenyl)prop-1-
enyl)phenoxy)methyl)oxiran&l: light yellow solid (MP = 234°C), 48% vyield (0.12mol).
HNMR (500 MHz, DMSOds) & = 2.55 (ddJ= 5.2, 2.7 Hz, 1H, M), 2.67 (ddJ= 5.0, 2.6 Hz,
1H, Hy), 2.72 (m, 1H,K), 2.82 (m, 1H, K), 3.23 (m, 1H, 1), 3.30 (M, 1H, 1), 3.44 (d,J=
5.1 Hz, 2H, H9), 3.71 (dd, 2H,d), 3.76 (s, 3H, Me), 3.77 (s, 6H, Me), 4.05 (dd,11.4, 3.0
Hz, 1H, Hx), 4.24 (ddJ= 11.3, 2.5 Hz, 1H, H), 6.38 (s, 2H, H7 and H8), 6.71 (s, 2H,8d
H5,), 6.73 (d,J= 8.2 Hz, 1H, HB), 6.86 (s, 1H, H, 6.90 (d,J= 8.2 Hz, 1H, HE) ppm.*C
NMR (125 MHz, DMSOeg) 5 = 37.8 (C9), 42.8 (@), 43.2 (Gk), 49.4 (Bp), 49.7 (Bg), 55.3
(Meg), 69.5 (@), 73.4 (@A), 55.3 (2C, Mg), 103.0 (2C, C3 and C4), 112.4 (C3), 113.2
(C6g), 120.0 (CB), 128.7 (C8), 129.8 (C7), 132.7 ()4132.8 (C4), 145.2 (C}), 145.7 (C%),
148.5 ( C3), 152.4 (2C, CRand C&)ppm. G4H»50; calcd. C 67.28, H 6.59; found. C 66.90, H

6.28.
7 (16% vyield, 0.04 mmol) antid (16% yield, 0.04mmol)

2-((2,6-dimethoxy-4-(3-methoxy-4-(oxiran-2-ylmethegyryl)phenoxy)methyl)oxiran&2: light
yellow solid (MP = 278°C), 5% yield (0.012 mmotHNMR (500 MHz, DMSO#€) & = 2.57

(dd, J= 5.0, 2.6 Hz, 1H, Ma), 2.70 (dd,J= 5.0, 2.6 Hz, 1H, Mz ), 2.74 (m, 1H,Ka), 2.84 (m,
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1H, Hys), 3.25 (M, 1H, ), 3.34 (m, 1H, Bg), 3.75 (ddJ= 11.5, 6.5 Hz, 1H, H'4),3.82 (m,
1H, Ha'g), 3.83 (s, 6H, Mg), 3.85 (s, 3H, Mg), 4.10 (ddJ= 11.6, 3.0 Hz, 1H, H,), 4.30 (dd,
J=11.4, 2.7 Hz, 1H, Hg), 6.90 (s, 2H, Hpand H3), 6.96 (d,J= 8.3 Hz, 1H, Hg), 7.07 (dJ=
8.7 Hz, 1H, HE), 7.10 (d,J= 16.3Hz, 2H, H7 and H8), 7.24 (s, 1H, HPpm.*C NMR (125
MHz, DMSO-ds) 8 = 43.0 (Ga), 43.5 (G), 49.3 (Be), 50.0 (Bn), 55.1 (Me), 55.5 (2C,
Men), 69.6 (Q1g), 73.6 (@), 103.1 (2C, Cand C5), 108.9 (C3), 112.9 (C§), 119.2 (C5),
126.1 (C7), 127.5 (C8), 130.3 (§4132.8 (C4), 135.4 (C4), 147.1 (C}), 148.3 (C3), 152.6

(2C, C2 and C&) ppm. GsH2607 calcd. C 66.65, H 6.32; found. C 67.02, H 6.63.
From5 + 6:
12 (30% yield, 0.075 mmol) antD (33% vyield, 0.082 mmol) arl(24% yield, 0.06 mmol).

RESULTSAND DISCUSSION

Diglycidyl ether of BPA (DGEBA) is synthesized byeaction of bisphenol A with
epichlorohydrin.  Structurally, it consists of twawomatic derivatives each bearing a methyl
oxirane group. In order to reach a similar chemstaelcture and to synthesize a wide range of
potential DGEBA substitutes, the following syntketstrategy was adopted: i) the-
glycidylation of compoundg, 2 and3 by epichlorohydrin. ii) the homo- and heterodireation

of compoundgl, 5 and6 assisted by the cross metathesis (CM) reaction.
Synthesis of 4-vinyl guaiacol 2 and canolol 3

Contrary to eugend, which is commercially available with a relativebw price ($ 5 Kg)*,
4-vinyl guaiacol? and canoloB had to be prepared. To avoid the time-consumingaetion and

purification from biomass for this laboratory-scalidy, these compounds were synthesized

13
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according to the procedure described by Simpoa’, using vanillin and syringaldehyde as
precursors respectively. The reported reaction cdhase Knoevenagel-Doebner condensation
afforded 4-vinyl guaiacoR and canolol3 in 74% and 47% vyields respectively (scheme 2). In
spite of the total conversion of syringaldehyd® icanolol3, the latter was isolated in relatively
low yield. This arose from the rapid degradationtleé canolol crude product during the

purification step, as indeed this product has pildeebe air and light sensitive.

malonic acid (1.5 equiv)
piperidine (5 equiv)

Toluene
OH OH
Vanillin 2, 74%
O H X

malonic acid (1.5 equiv)
piperidine (5 equiv)

Toluene
MeO OMe 115 °C, 100 min MeO OMe

OH OH
Syringaldehyde 3,47%

Scheme 2: 4-vinyl guaiacol and canoloB synthesis.

O-glycidylation reaction of compounds 1, 2 and 3

Based on our previous studies related to the ptamuof bio-based epoxy polymérs® theO-
glycidylation reaction of compounds 2 and3 was carried out using epichlorohydrin in alkaline
medium. It is worth mentioning that the use of based epichlorohydrin, commercially

available from DOW or Solvdymight strengthen the sustainability of the process

In alkaline medium and in the presence of a catagmount of BnEINCI, a large excess of

epichlorohydrin was reacted with compourdd®? and3 to give the glycidylated derivativels 5

14
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and 6 respectively (scheme 3). The substitution of thenmlic hydroxyl proton by the methyl
oxirane group was clearly established'ByNMR analysis. Indeed, the disappearance of signal
corresponding to the phenolic hydroxyl protons \wasompanied by the occurrence of several
aliphatic signals arising from the glycidyl grodhe methylene and methyne ring proton signals
appear in the 2.55-2.84 ppm and 3.23-3.32 ppm gregpectively and the GHO protons give

resonance signals in the 3.67-4.30 ppm spectrgkran

R'l
0
R’ 1) T>~_Cl (4 equiv), BnEt;NCI (0.05 equiv)
100 °C, 1 h R2 OMe
R2 OMe O
2) NaOH,q (2 equiv), BnEt3NCI (0.05 equiv)
OH 30 °C, 90 min
o)
1 R'= —HC-CG=CH, R?=H 4, 84%
2 R's —(|_3|=CH2 R?=H 5, 80%
3 R'=s —EI=CH2 R? = OCHj 6, 90%

Scheme 3: The O-glycidylation reaction of compountis?2 and3.

Cross metathesisreactions of compounds 4, 5and 6

The CM dimerization of the glycidylated derivativés5 and 6 was carried out in refluxing
CHCly, in the presence of 5 mol% of Grubbs II catalysisKgsCl.N,PRu) during 48 h. In order
to produce differently substituted diphenyls, CMatons of4 with 5, 4 with 6 and5 with 6
were also performed under the same reaction conditiThe reaction products are summarised

in both table 1 and scheme 4.

15
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As shown in scheme 4, three kinds of linkages tedulrom the CM reactions ¢f, 5 and6:
“allyl-allyl”  (compound 7), “vinyl-vinyl” (compounds 8, 10 and 12) and “vinyl-allyl”

(compound® and1l).

Depending on the linkage type, thid NMR signals arising from the olefinic protons thie
intercyclic chain exhibited different patterns asteemical shifts. The structural characterisation
of all dimer products was performed from several RIMD and 2D analyses which allowed all
'H and °C resonances to be assigned. The spectra showedfdhaach dimer, only one
stereoisomer was formed since only one set of Egrauld be observed. The determination of
the double bond relative configuration was onlygiae for dimers9, 11 and12, for which the
olefinic proton coupling constants were found toelg@al to ~16Hz, a value characteristic of an
E configuration. In moleculeg, 8 and10, the olefinic protons are chemically and magnésica
equivalent, precluding the olefinic coupling comstaneasurements and consequently the
determination of the geometric configuration of ttmeible bond. According to the computational
study of Bahri-Laletet al®® on the origin of th&-E selectivity of the CM reaction, it has been
established that theE)-stereocisomers are preferentially formed. Indetbe, transition state
leading to the formation of th&)-stereocisomer is of similar energy or even favdurelative to
that leading to theH)-stereoisomer. Thus, the CM reaction should kioadliy lead first to the
formation of the Z)-stereoisomer, which is gradually converted inb@ tmore stableH)-
stereoisomer. However, the key step to rationatlze preferential formation of theE)-
stereoisomer is the product releasing step, simedg)-stereocisomer has a higher tendency to be
released from the catalyst at the end of the CMti@a In other words, all th&)-stereoisomers

remain linked to the catalyst until they are cote@rto E)-stereocisomers and eventually

16
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released. Based on this study, it could be assuim&dcompounds/, 8 and 10 were §)-

stereoisomers.

Table 1: Products of the cross metathesis of the glyciddlalerivativegl, 5 and6.

CM products

N Entry Monomers Yield (%)
§ Homodimers Heterodimers
g 7 56
= i 4 8 10
3
5 9 14
2 I 5 8 76
e
5 i 6 10 78
g - a4
g iv 4+5 7 10
g 9 36
- E
pa 7 16
3
ki 10 16
> Vv 4+6
11 48
12 5
"""""""""""""""""""""""""""" o 3
Vi 5+6 8 24
12 30

17
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W,
()
MeO 0o
OMe

MeO
OMe

o~ )
()
MeO (0]
OMe

10

OMe
o~ )
—()e
MeO \_VO
OMe

12

Scheme 4: cross metathesis products obtained fehm and6.

As displayed in table 1 (entries ii and iii), theMCdimerization of 5 and 6 led to the
diglycidylated diphenyl product8 and 10 respectively with approximately same yields (76%
and 78%). In the case of compouhdentry i), the CM reaction gave the expected hamed7
in the highest yield (56%) along with two dimersendified as8 (10%) and9 (14%). The
formation of these two unexpected dimers is velkelyi related to the double bound
isomerization of compound. Indeed, it is well known that ruthenium-basedfinlenetathesis
catalysts can isomerise double botid& The mechanism leading to the formation of the

ruthenium-hydride species that are responsibléhisrisomerisation is discussed in detail in the

18
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literaturé®. Furthermore, this isomerisation activity is ngesific to ruthenium; it may be
catalysed by several transition-metal complékds the case of compount] the action of the
ruthenium catalyst, associated to the conjugatstesy created by the migration of the double
bond, favoured the partial conversion 4into 4a (scheme 5). The homodimerization of the
latter led to the formation of produdt whereas diphenyd was the heterodimer product arising

from the reaction of and4a. In both cases, prop-1-ene molecules are released.

=
[Ru]
OMe OMe
Ok
(0]
4

4a

Scheme 5: The partial isomerisation dfin the presence of the Ru-based catalyst.

In spite of this side reaction, the higher yieldhoimodimer7 compared to those of diphenys

and9 implies that dimerization reaction occurs fasktemtdouble bond migration.

In addition to the homodimerization 4f 5 and6, each compound reacted with the other under
the CM reaction conditions cited above. Generdlig, cross metathesis of two different alkenes
proceeds to yield three unique products: one dis$isgerodimeric product and two undesired
homodimeric products. This pattern was reproduagihd the CM reaction ob with 6 (entry
vi) which produced heterodiméd? in 30% vyield along with homodimef and8 in 33% and
24% vyield respectivelylt was observed that both homodinH and heterodimed2 were

obtained with a similar yield, suggesting that @ reaction was not very selective in this case.
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The cross coupling af and5 (entry iv) led to the formation of producis8 and9, i.e. the same
as those obtained from the CM reactiondofin 10%, 44% and 36% yield respectivelhe
homodimer8 was the most abundant product formed. This caexipdained by the increase of
the proportion o#lain the reaction medium due to the isomerizationahpound4 as explained

above.

The cross metathesis reaction betwdeand6 gave the heterodimer produtt in 48% vyield,
beside homodimerg and 10 which were obtained in equal amounts (16% yieldhgaThe
recovery of heterodimetl in the highest yield was in accordance with therditure data which
have shown that cross metathesis of alkenes beallig (or more distant) groups gives mainly
unsymmetrical coupling produéts On the other hand, the isomerisation phenomendmat
seem to be very significant in this case. Inde@ded12 was formed in very low yield (5%) and

the product arising from the reactiondoiith 4a (compound) was not observed.

In summary, the homodimerization of the glycidythtderivatives4, 5 and 6 led to the
corresponding symmetrical dimerg, 8 and 10 respectively in good vyields and high
diastereoselectivity. During the CM of compouhdiouble bond isomerisation occurred, leading
also to the heterodimé&:. By cross coupling with both4 and5, two new dimers i1 and 12
respectively) were obtained in fair yields. Beferevisioning the epoxy resins production from
the synthesized diphenyl (which will be a subjdc éuture study), it seems worth to assess their
safety. Indeed, the structural similarities betwB&EBA and the synthesized epoxy precursors
bring up questions about the possible bioactivity tlee latter. Hence, we conducted a
computational study to estimate the affinity ofgh compounds and the substrates that they
originated from (phenold to 3 and their glycidylated derivative$ to 6) toward the ligand

binding domain (LBD) of one of the most studied@gén receptor for such cases,;ER
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The affinity of the synthesized diphenyl ethers and some of their derivativesto the ERa
LBD

Estrogen recepton (ERx), with 17f-estradiol as a natural endogen ligand, regulates t

differentiation and maintenance of neural, skeletatdiovascular and reproductive tissues. All
ERa ligands bind exclusively to the C-terminal ligabishding domain. The LBD recognizes a

variety of compounds, diverse in their sizes, shaged chemical properties. Some of these
ligands function as agonist, whereas others amgantst’. When an agonist binds to ERBD,

the positioning of helix 12 (H12, in brown on figul) allows the formation of the coactivator

binding surface. In contrast, when an antagoniei$io LBD, the coactivator binding surface is

not formed because H12 is preventing from reachingorrect positiof?.

Using available three-dimensional structures obyBEBD, estimates of the binding affinity of
the compounds of interest were calculated from limeling energy of best ligand-receptor
configurations obtained by molecular docking withther agonistic or antagonistic
conformations of the receptor. The study includednmlic compounds to 3, their glycidylated
derivatives4 to 6, as well as the CM productsto 12. It also involved all the structures resulting
from the hydrolysis of the glycidylated derivativésdeed, it is well known that, once penetrated
in the organism, epoxy groups are converted intdsdiy the action of epoxide hydrola&es®

Hence, epoxidized structures are supposed to lotigaly inexistent in the human body cells.

The chemical structures arising from the hydrolygsishe glycidylated compounds are depicted
in scheme 6. The hydrolysis of compourd$ and6 would lead to derivative$3, 14 and 15
respectively. Structured6 to 21 correspond to the hydrolysis products of diglytadsd

diphenyls7 to 12.
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Scheme 6: hydrolysis products of the glycidylated compounds.

Dissociation constants (Kd) of all the structurégedt above are summarized in table 2. BPA
which has been proven to have an estrogenic effest included in the calculations as a
reference. Interactions of DGEBA and its hydrolypi®duct with receptor LBD were also

evaluated.
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Table 2: the binding affinity of the different ligands to ERLBD. Agonist and antagonist

interactions were computed using PDB structuresBERd 3ERT, respectively. Empty cells

indicated the absence of binding poses interfeniitly the ligand binding pocket or helix H12.

Compound Dissociation constant Kd (uM)
Antagonist Agonist
BPA 1 2
DGEBA 20 50
7 7 40
8 10 -
9 7 -
10 30 -
11 6 20
12 40 -
Hydrolysed DGEBA 10 40
16 30 -
17 50 -
18 10 -
19 50 -
20 40 100
21 20 -
1 260 110
2 220 40
3 130 40
4 30 40
5 300 40
6 60 30
13 70 40
14 100 50
15 130 40

" these ligands are predicted to interact withxidlL2 but not inside the ligand-binding pocket.

The results displayed in table 2 show that, exé@ptompound?, the diglycidylated diphenyls

(8 to 12) and their hydrolysed derivative$7(to 21) are not predicted to bind to the agonistic

conformation of ERR LBD. In contrast, BPA shows a dual action as asfosnd antagonist with

the same affinity (which is in accordance withrteire dat#).
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Compound10 resulting from the CM reaction of the glycidylatednolol did not show a
significant affinity neither to the agonistic nar the antagonistic conformations of the receptor.
Indeed, binding poses were predicted by the dockatgulations with an affinity constant of 30
uM for the antagonistic conformation, but the molecdid not fit within the ligand-binding
pocket and was located between Helix 12 and th&gio®ocking the glycidylated compounds
8, 9, 11 and 12 showed a certain affinity as antagonists but wedkan that of BPA. For
instance, compoundsand12 should be respectively 7-fold and 35-fold morecmntrated than

BPA to reach a similar effect, according to thest@nsations.

Compound?, produced from the glycidylated eugenol metathesibibits a binding affinity to
both agonistic and antagonistic conformations efréceptor LBD, with a marked preference for
the antagonistic one. Compared to compolor which no relevant binding pose was found),
compound7 shows a less hindered and a less constrainedtsuthat may contribute to

facilitate its penetration in the ligand bindingcet of the receptor.

According to this computational study, the hydr@dysf the glycidylated diphenyls would

modify their respective binding affinities to thetagonistic conformation of the receptor.
Indeed, the binding affinities of compoun8sand 11 become weaker after hydrolysis of their
epoxy groups, especially for compouiit] whereas, the oxirane ring opening of compotiad

would enhance its affinity (as antagonist) to tlezeptor. Interestingly, the tetrahydroxy
derivative generated from the hydrolysis of compmbiédrwas not found to bind to the agonistic
conformation of the receptor, while requiring a cemtration 25 times higher than that of BPA to
bind to the receptor antagonist form. The only dipl that preserved its strong affinity to the
receptor antagonistic form after hydrolysis was poond9. Indeed, as depicted in figures la

and 1b, the resulting compourk8 would partially penetrate the receptor binding ketc
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adopting a similar configuration than that of 4-fgsd/tamoxyfen (which is well known for its
ERo antagonistic activity). Excluding compouri8, if we assume that the diglycidylated
diphenyls are transformed into tetrahydroxy deniest when penetrating the human organism,
these latter would show a weak activity towardsoERN the other hand, the antagonistic
dissociation constant of compountsand19 (Kd = 50 uM) perfectly matches with tire vitro
estimated 1@, value of resveratrdi (ICso = 58.5 uM), a phenolic diphenyl with a similar
chemical structure ad7 and 19. This brings solid evidence on the computationaidy

efficiency.

1a 1b

Figure 1: a) antagonist configuration of human estrogenpteceERy ligand-binding domain
(pdb structure 3ERT) in complex with compou8l b) antagonist configuration of human
estrogen receptor ERa ligand-binding domain (pdirgire 3ERT) in complex with 4-
hydroxytamoxifen (orange) and compound 18 (greldr)ix 12 is depicted in brown.
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Besides the final products, it was also worth eatihg the potential risk associated to the
exposure to the reactants (phenolic compountis3), intermediates (glycidylated derivativés

to 6) and their hydrolysis product$3to 15).

As shown in table 2, all these compounds displagptantial agonist interaction with ER.BD
but with binding affinities 15 to 50 times lowertithat of BPA.

The same way, their predicted affinity for the g@oe in the antagonist conformation is more
than 100 times lower than that of BPA, with the eptoon of the O-glycidylation products of
eugenoll (product4) and canoloB (product6) and the hydrolysis product df(compoundL3),

which affinities are higher but still 30 to 70 timwer than that of BPA.

CONCLUSIONS

In this work, we have provided a facile synthetiategy for producing diglycidylated diphenyls
from renewable resources. The epichlorohydrin-tssigylycidylation of eugenol, 4-vinyl
guaiacol 2 and canolol3, followed by the cross metathesis reaction of ghgcidylated
derivatives converted the three natural phenolimmmunds into a set of homo- and hetero-
phenolic dimers 1-12) in good yields and with a high diastereoselegtivirhe bio-based
synthetized diphenyls comprise two aromatic ringshebearing a methyl oxirane group, which

make them good candidates for the substitutionGEBA.

Molecular docking calculations of their bindingttee ligand-binding domain of EERsuggested
that diglycidylated diphenylg to 12 present a moderate affinity to the antagonistid@anation

of the receptor (6-40 times lower than that of BPApwever, their hydrolysed forms, which are
expected to be predominant in the human organigiipie a relatively weak affinity towards

ERa LBD in its both agonistic and antagonistic confations. Obviously, this computational
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approach could be used to give a first indication the potential risk associated to the
synthesized dimers towards the endocrine receptdrmaust be consolidated and completed
throughin vitro andin vivo tests. Compared to DGEBA, which is synthesisethfBPA, all the
potential substitute® to 12 proposed here are synthesised using reactamseomiediates with a
predicted affinity for the ER LBD much lower than that of BPA. Although this htas be
confirmed byin vivo studies, this is, besides its bio-based charaatesther advantage of the

proposed synthesis.

Supporting information

1D and 2 D NMR spectra of all the synthesized petsluThis material is available free of
charge via the internet
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Graphical abstract

Potential substitutes of diglycidyl ether of bisphenol A (DGEBA) were synthesized by the
metathesis reaction of glycidylated biobased phenolic compounds.
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