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The anodic oxidation of a natural antioxidative catechol, hydroxytyrosol, was developed in an acetonitrile/
dimethylsulfoxide (or acetonitrile/water) solvent mixture to produce in a stable way the resulting
non-activated o-quinone and generate structural analogues. 2-Amino-2,3-dihydro-1,4-benzodioxane
derivatives were obtained as two regioisomers in good to high overall yields (65-90%) and 1: 3 ratios,
through an inverse electron demand Diels—Alder (IEDDA) reaction between the electrogenerated
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o-quinone and tertiary enamines. The insertion of an electron withdrawing (or electron donating) group
on the catechol modified their relative proportions, so that the reaction became regiospecific. With some
aliphatic enamines, a competitive 1,6-Michael addition took place, affording 2-hydroxy-1,2,4,5-tetrahy-

rsc.li/obc drobenzold]oxepine compounds.
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Introduction

The Mediterranean diet induces various health benefits, in
particular a lower incidence of cancers, diabetes, and cardio-
vascular and Alzheimer’s diseases." These effects attributed to
the large consumption of fruits and vegetables are also corre-
lated with the abundant intake of olives and extra virgin olive
oil (EVOO), rich in fatty unsaturated acids and secoiridoids®
such as oleuropein, ligstroside, oleacein and oleocanthal
(Fig. 1).>” Hydroxytyrosol 1, a catechol compound present in
high concentration in EVOO and constitutive of oleuropein
aglycon, was found to contain strong radical scavenging pro-
perties as well as inhibiting activities on the inflammatory
pathways.® Structural modifications have been carried out to
improve its pharmacological properties.”® Most of them
consisted of the esterification of the alcohol chain with lipo-
philic acids® or protecting the catechol moiety responsible for
the antioxidant properties with acetonide'® or sulphate'’
groups. Other functionalisations of hydroxytyrosol 1 were
realised on the 6-position of the aromatic ring, through
nitration,'” arylation’® (Suzuki-Miyaura reaction), or cyclisa-
tion in isochroman® in the presence of carbonyl compounds.
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During the past decades, the construction of 2,3-dihydro-1,4-
benzodioxane rings from catechols was extensively
developed, due to their occurrence in natural products and
pharmaceutical compounds.’® However, very few methods led to
2-amino-2,3-dihydro-1,4-benzodioxanes, although similar struc-
tures were identified in compounds isolated from insects'®>°
and marine organisms.*" Such natural products isolated as pairs
of two trans regioisomers, except in the case of orthidines A-D
(Fig. 2), possess noticeable antioxidant and anti-inflammatory
activities, including inhibition of cyclooxygenases. Therefore, we
envisaged the synthesis of 2-amino-2,3-dihydro-1,4-benzodiox-
ane derivatives starting from hydroxytyrosol 1.

With the exception of a biomimetic oxidative dimerisation
of N-acetyl-dehydrodopamine,** the principal route to 2-amino-
2,3-dihydro-1,4-benzodioxanes consists of inverse electron-
demand Diels-Alder reactions (IEDDA) between enamines and
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Fig. 1 Chemical structures of the major phenolic compounds in EVOO.
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Fig. 2 Some natural 2-amino-2,3-dihydro-1,4-benzodioxanes.

o-quinone heterodienes. The o-quinones used then were com-
mercially available halogenated o-quinones, such as o-chlora-
nil and o-bromanil,> or o-quinones obtained through the oxi-
dation of monophenols by IBX (Scheme 1).>* A few years ago,
we reported that the electrochemical oxidation of o-diphenols
was an efficient tool for producing o-quinones under environ-
mentally friendly conditions. These unstable species could be
involved in further Michael reactions,>>° intramolecular cycli-
sation®” or IEDDA reactions with enamines,*® through diverse
one-pot processes. Until now, [4 + 2] cycloadditions with
enamine dienophiles were possible only from electron-poor
electrogenerated o-quinone heterodienes (or electron-poor
o-azaquinones).”> Compared to the anodic oxidation of mono-
phenols,* the electrochemical oxidation of non-activated cate-
chols was less investigated, even if the resulting o-quinones
engaged in subsequent reactions gave various compounds,
such as catechol thioethers,*"**> dihydroxy-phenyl-indolin-2-
ones,® benzofurans,*® or a dimethyl-fulvene coupling
product.*® Previously, two enzymatic oxidations of hydroxytyro-
sol 1 were attempted. None of them produced the expected
o-quinone under stable conditions. The first led to a benzo-
dioxan type dimer thanks to a catechol-quinone inter-
molecular 1,4-Michael addition,*® while the second afforded,
after the suroxidation of the transient o-quinone species, an
hydroxylated quinonoid-phenyl dimer.*”

Therefore, we describe herein an electrochemical process to
generate in a stable way the expected o-quinone(s) and obtain,
through an IEDDA reaction with enamines, 2-amino-2,3-
dihydro-1,4-benzodioxanes derived from hydroxytyrosol 1. The
parameters that influence the [4 + 2] cycloaddition are further
explored in terms of heterodienes (non-activated/activated elec-
trogenerated o-quinones) and dienophiles (aromatic/aliphatic
enamines).

Results and discussion
Synthesis of compounds 3 and 4

For this purpose, the solvent of the electrolysis had to be com-
patible both with the two-electron oxidation of the catechol
and with the good stability of the enamine species involved in
the [4 + 2] cycloaddition reaction. While the use of acetonitrile
or dimethylformamide is usually preferred to generate radical
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Synthesis of 2-amino-2,3-dihydro-1,4-benzodioxanes
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Scheme 1 Reactivity of various o-quinone species.

intermediates such as phenoxyls, buffered aqueous solutions,
methanol or water/acetonitrile solvent mixtures are often used
for the oxidation of catechols into o-quinones. In aqueous
buffered solutions, the pH of the solution and the concen-
tration of the enamine strongly influence the rate of hydrolysis
of the dienophile.?® Therefore to start, a 50/50 (v/v) phosphate
buffer pH 8.0/acetonitrile solvent was used for the electro-
chemical oxidation of hydroxytyrosol by controlled potential
electrolysis. Under these conditions, the cyclic voltammogram
of 1, recorded at a platinum working electrode in the presence
of 0.05 M LiClO, as the supporting electrolyte, showed a broad
anodic peak Pa around +1.8 V vs. Ag/AgCl, without any catho-
dic peak on the reverse sweep (0.1 V s™' scan rate). When the
controlled potential of the electrolysis was fixed at +1.8 V vs.
Ag/AgCl, a coulometric value of 2.0 + 0.1 F was found for the
number of electrons (n) involved in the oxidation of one mole
of 1. The monitoring of the UV-visible absorption spectrum in

This journal is © The Royal Society of Chemistry 2024
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the course of the electrolysis showed a decrease in the absorp-
tion band due to the neutral form of 1 at 4 = 281 nm, while
new bands developed at 4 = 257 and 395 nm. The presence of
four isosbestic points confirmed the existence of a simple
equilibrium between the two species (Fig. 3), hydroxytyrosol 1
and the o-quinone species.

The addition of 1-(4-morpholino)-2,2-diphenylethene 2a (5
equiv.) to the exhaustively oxidised solution induced the slow
discolouration of the yellow colour characteristic of the
o-quinone (30 min). Two 1,4-benzodioxane regioisomers 3 and
4, separable by flash chromatography, could then be isolated
in 61% overall yield, with 27/73 ratio (Table 1, entry 1).

The structural identification of the major regioisomer 4 was
first established thanks to the HMBC correlation of the single
hydrogen of the dihydrodioxin ring (§; = 5.70 ppm) with C-3
(Fig. S17). As confirmed by X-ray crystallographic data (Fig. 4),
the point of fixation of the morpholino group faced the 3-posi-
tion. Comparatively, the hydrogen of the dihydrodioxin ring of
the other 1,4-benzodioxane product correlated with C-4.
Compound 3 was therefore identified as the second regio-
isomer that could be formed through the [4 + 2] cycloaddition
between the enamine and the electrogenerated o-quinone (see
the equation in Table 1).

Optimisation of reaction conditions

Usually, the yields of the IEDDA reactions markedly depend on
the nature of the solvent.>® Here, the replacement of 50/50
water/acetonitrile solvent with pure acetonitrile or methanol
induced strong modifications in the evolution of UV-visible
spectra, together with the loss of isosbestic points (Table 1,
entries 2-4). No formation of stable o-quinone was possible,
whatever the ionisation level under which the hydroxytyrosol
catechol was oxidised: neutral species (entry 3) or monoanio-
nic form obtained through morpholine addition (entry 4).*

0.8

0.6

Abs

0.4

0.2

4(|)0
Wavelength (nm)

Fig. 3 UV-visible absorption spectra in the course of the anodic oxi-
dation of 1. Hydroxytyrosol 1 (1.25 mM), 50/50 (v/v) phosphate buffer pH
8.0/acetonitrile solution containing LiClO,4 (0.05 M) as the supporting
electrolyte, platinum anode, E,, = +1.8 V vs. Ag/AgCl|, stirring for 40 min
under Ar at room temperature. (a) Before electrolysis, (b) 0.5 F mol™, (c)
1.0 F mol™, (d) 1.5 F mol™?, and (e) 2.0 F mol™.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

Table 1 Optimisation of the two-step one-pot reaction conditions®?

oy "
Anodic }'(N o~
HO._~._~_OH oxidation - OH /| 3
Ho Ph_ N0~ OH
1 PH N pndl T T T
2a [y Ph” O
4
Equiv. of
Entry Solvent Potential enamine Yield® Ratio?3/4
1 50/50 H,O/MeCN°® +1.8V 5 61% 27/73
2 MeCN +1.4V 5 — —
3 MeOH/ +1.0V 5 — —
4 MeOH/* +1.0V 5 — —
5 95/5 MeCN/DMSO  +1.0V 5 71% 24/76
6 95/5 MeCN/DMSO  +1.0 V 2.5 90% 24/76
7 95/5 MeCN/DMSO  +1.0 V. 1.2 90% 25/75
8 95/5 MeCN/H,O +1.0V 5 63% 24/76
9 95/5 MeCN/H,O +1.0V 1.2 27% 24/76

@ Electrosynthesis: [1] = 1.25 mM, 0.05 M LiClO, as the supporting elec-
trolyte, divided cell, platinum grid anode, platinum plate cathode,*®
oxidation potential E., referred to Ag/AgCl. ?Diels-Alder reaction:
addition of enamine 2a to a solution of o-quinone. ¢ Overall isolated
yield of both regioisomers 3 and 4. “"H NMR ratio of 3/4. ¢ Aqueous
phase = 3 mM phosphate buffer pH 8.0.70.05 M LiClO, replaced with
0.02 M NEt,PF. £ +5 equiv. of morpholine.

Fig. 4 ORTEP view of compound 4. Displacement ellipsoids are drawn
at the 50% probability level.

To limit the hydrolysis of enamine without affecting the
rate of the cycloaddition, we replaced the large amount of
water (50% of aqueous buffer pH 8.0) with 5% of dimethyl-
sulfoxide. The potential of the platinum anode could then be
fixed at a lower potential (+1.0 V vs. Ag/AgCl), since the cyclic
voltammogram exhibited an anodic peak at +0.9 V vs. Ag/AgCl
(scan rate 0.1 V s™'). A small cathodic peak appeared on the
reverse sweep at 0 V. vs. Ag/AgCl corresponding to the
reduction of the electrogenerated o-quinone (Fig. S27). As pre-
viously observed in the water/acetonitrile solvent, a coulo-
metric value of 2.0 + 0.1 F was necessary for the exhaustive oxi-
dation of one mole of hydroxytyrosol 1. Under these optimised
reaction conditions, the yield of 3 and 4 reached 90%, even in
the presence of only 1.2 equiv. of enamine (entries 5-7).
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The reaction efficiency was still suitable in 95/5 acetonitrile/
water mixtures with 5 equiv. of enamine (entry 8), with the ratio
of regioisomers 3 and 4 remaining close to 25/75. However,
decreasing the amount of enamine to 1.2 equiv. was no more
possible without a severe diminution of the yield (entry 9).

The importance of the order of addition of the diene and
the dienophile should be underlined. The dienophile
(enamine) had to be added to the diene solution (o-quinone).
When MeCN/water solution of o-quinone was added in frac-
tions to MeCN solution of 5 equiv. of enamine, no 1,4-benzo-
dioxane formed. In the presence of water, the partial hydro-
lysis of the enamine induced the liberation of an excess of
base (morpholine) and the polymerisation of a small fraction
of o-quinone (dark purple colour).

Variation of the catechol substrate and ratio of the
regioisomers

Using the conditions providing the best yield with enamine 2a
(95/5 MeCN/DMSO, 1.2 equiv. of enamine), we turned to other
catechol substrates to evaluate the regioselectivity of the [4 + 2]
cycloaddition (Table 2). With 4-tert-butyl-catechol 5, another

Table 2 Regioselectivity of the reaction depending on the substrates®®?
Anodic
oxndahon

Ph._O R’
Phi
R2
HO R’
j: I e o
HOI?LRZ 95/5 MeCN/DMSO R? Ph °=v_ o R
R P";: J(:[
% Ph” 0 R?
>

1.2 equiv. 2a O R

Catechol 2-Amino-2,3-dihydro-1,4-benzodioxanes®

II]” ID”

24:76 Pn
O 90%
HO Buf Ph_O Buf
T l ]©/
Ho N0 31:69
Jro e
0 95%

o—\
—N_oO OH
ml L
2 Ph” 0 “NO,
9

63%
HO OH o—\
~~"N_0O
Ph
Ph” 0O
S-Buf
11
85%

0 I ﬁ*‘

12

)*‘

1%

“Electrosynthesis: [catechol] = 1.25 mM, [LiClO4] = 0.05 M, divided
cell, platinum grid anode, platinum plate cathode, E,x = +1.4 V vs.
Ag/AgCl (except for compound 1, Eox = +1.0 V vs. Ag/AgCl) 95/5
MeCN/DMSO. ? Diels-Alder reaction: addition of 1.2 equlv of enamine
2a to a solution of o-quinone. “Isolated yields of regioisomers separ-
able by flash chromatography (except for regioisomer 14).
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source of non-activated o-quinone, two regioisomers 6 and 7
could be synthesised in 95% overall yield. As expected for an
IEDDA reaction, in the presence of compound 8, for the hydro-
xytyrosol homologue bearing an electron-withdrawing nitro
group in position 6, compound 9 was the sole regioisomer
formed (63% yield). With compound 10 substituted in position
5 by the -S-tBu hindered thiol group, the reaction afforded also
only one regioisomer 11 (85% yield). In contrast, with 3,4-dihy-
droxybenzophenone 12, bearing an electron-withdrawing
group in position 1, the concerted attack of the enamine is
favoured on the oxo in position 3, leading to compounds 13/14
in 81/19 ratio and 71% overall yield.

Variation of the dienophile part

Aromatic enamines. We tried in the second step to extend
the reaction to other tertiary aromatic enamines previously
synthesised. The replacement of the morpholine group with
the pyrrolidine or piperidine group (Table 3), was correlated

Table 3 Reaction with aromatic enamines?

R'_o OH
L T
Anodic N0
]@A/ oxidation D/\/ N4
ﬁ—> R
R3
)
R2 N RS _N_O OH
(0]

2a-e R?

Enamine 2-Amino—2,3-dihydro—1,4-benzodioxanesd
Ph}_\
o N Ph__O OH
2a &_3 Phi[
o N0 ; 2476 Ph
o %/_/

90 % ©
63%

Phib:\ ® Ph/y]\ DN m

27:73 Ph
74.%°
63%
Ph
Ph_N Ph O OH
Y Ph Ph
° N"0 26:74 Ph
17%(—/
65 %
es%
Ph
)Z\N3 Ph_O
w1 l ID”
x &—o N0 31:69 Me
o/ 19%—)
4%
79 %°
Ph _
=

“[Catechol] = 1.25 mM, [LiClO4] = 0.05 M, divided cell, platinum grid
anode, platinum plate cathode, E,, = + 1.0 V vs. Ag/AgCl. Solvent of
electr01y51s and quantity of enamine added for the Diels-Alder reac-

tion: ?95/5 MeCN/DMSO 1.2 equiv. of enamine. ©95/5 MeCN/H,0, 5
equiv. of enamine. “Isolated yields of regioisomers separable by flash
chromatography.

This journal is © The Royal Society of Chemistry 2024
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with a decrease in the yield from 90% to 65-74%, consistent
with an increase of the pK, of the amine arising from the
partial hydrolysis of the enamine. When 95/5 MeCN/DMSO
solvent (1.2 equiv. of enamine) was changed to a 95/5 MeCN/
H,0 mixture (5 equiv. enamine), the yields became nearly
equal to 64%, independently of the amine. The rates of hydro-
lysis of enamines 2a-2c derived from 2,2-diphenylacetaldehyde
(R' = R*> = Ph) were probably very similar, as observed with
enamines derived from 2-methylpropionanaldehyde (R' = R> =
Me) in pH 5.0 buffered aqueous solutions.*”

The improving impact of water on Diels-Alder reactions
usually reported*! appeared more clearly with the enamine 2d
(R' = Ph, R* = Me), since the yield almost doubled from 41% to
79%, with 5% of water instead of 5% of DMSO. However, no

20"
trans adduct

(J

trans adduct

0]

19"
cis adduct

20"
cis adduct

Fig. 5 Relative configuration of the four regioisomeric products
19°,19"/20°,20" obtained through the IEDDA reaction between the
o-quinone and enamine 2d.

Table 4 Reaction with aliphatic enamines?
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stable product could be isolated with secondary enamine 2e
(R' = Ph, R® = H), whatever the solvent mixture used.

Since the enamine 2d had different substituents R' = Ph and
R = Me, regioisomers 19 and 20 were obtained as two pairs of
diastereoisomers 19',19” and 20,20", in 18.5:12/44.5:25 ratio
(Fig. 5). In the case of compounds 20’ and 20", the proton of the
dihydrodioxin ring Hgioxin-20" was located at 5.02 ppm while
Haioxin-20" was located at 4.88 ppm. Both of them presented an
HMBC correlation with C-3. NOESY experiments revealed that
the methyl group of 20" was on the same face as CH,-O and
CH,-N of the morpholine group. Comparatively, in compound
20" the morpholine faced the phenyl and methylene CH,-N cor-
relating with aromatic protons. In the same way, HMBC and
NOESY correlations showed that compound 19’ resulted from
the trans coupling mode, with compound 19" corresponding to
the cis one. The 'H NMR spectral evolution of a 6.25 x 107> M
solution of crystallised trans enamine 2d** in 95/5 CD;CN/D,O
confirmed that no isomerisation of the dienophile occurred
under these conditions.

Aliphatic enamines. When the reaction was conducted in
the presence of aliphatic enamines 2f-2h, the 95/5 MeCN/H,0O
mixture of solvents offered the best results, accelerating the
cycloaddition against the enamine hydrolysis, facilitated by
the absence of conjugated aromatic rings. The 2-amino-2,3-
dihydro-1,4-benzodioxins 21-26 were obtained in good yields
(Table 4, entries 1-3). Surprisingly, the replacement of the
morpholine group with piperidine or pyrrolidine had an
increasing effect on the yields, correlated with the enhance-
ment of the electron donating effect of the enamine
substituents.

Rl_O.__-~_-OH
RZ’]i )
Anodic RY - o“ =
1 oxidation R* minor regioisomer HO., »“'”“': 7 O
T L
R1— E3 o OH Hgr == ><
R2—>—R3 R* Rl ‘ Rigz OH
R* B2 o 3334
2a-e major regioisomer
Enamine

Entry R' R? HN (R*,RY) Benzodioxanes Yield® Benzoxepine Yield
1 2f Et Et HN[ _\O 21/22 65% — —

—
2 2g Et Et /T 23/24 87% — —

HN 3

3 2h Et Et HN: > 25/26 85% — —
4 2i Et Et HNf \O 27/28 26% 33 18%

p—
5 2j Me Me . 29/30 41% 33 41%

-
6 2k Cyclohexyl HNC > 31/32 27% 34 49%

“Conditions of electrosynthesis: [catechol] = 1.25 mM, divided cell, platinum grid anode, platinum plate cathode, E,x = + 1.0 V vs. Ag/AgCl,
[LiClO,] = 0.05 M, 95/5 MeCN/H,0, 5 equiv. of extemporaneously prepared enamine. ? Overall yield after flash chromatography, 21/22 separable

by HPLC.

This journal is © The Royal Society of Chemistry 2024
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33 Me Me 33
34 - (CHy)s5 - 34

Scheme 2 Proposed mechanism for the formation of 1,2,4,5-tetrahy-
drobenzold]oxepines 33 and 34.

With enamines bearing methyl or cyclohexyl groups, a com-
petitive reaction occurred which generated original 1,2,4,5-tet-
rahydrobenzo[d]oxepines 33 and 34 (entries 4-6). Such com-
pounds, hydroxylated in the 2-position, were in solution in
equilibrium with their aldehyde open forms 33’ and 34/, as
characterised by the '"H NMR spectrum in acetone-d®. They
probably resulted from a 1,6-Michael addition of the enamine
on the electrogenerated o-quinone (Scheme 2), followed, in the
presence of water, first by the elimination of the amine and
then by the intramolecular cyclisation of the resulting transi-
ent aldehyde. In the specific case of hindered enamine 2k, this
reaction became predominant, so that compound 34 was iso-
lated as the major product in 49% yield.

Conclusion

In summary, we have developed an electrochemical method to
modify the catechol moiety of hydroxytyrosol 1 (or analogues)
and obtained 2-amino-2,3-dihydro-1,4-benzodioxane deriva-
tives, through the cycloaddition of enamines with the corres-
ponding o-quinone(s). The use of the 95/5 MeCN/DMSO (or
95/5 MeCN/H,0) mixture as the solvent, combined with the
anodic oxidation of hydroxytyrosol under the neutral form,
turned out to be compatible both with the bi-electronic oxi-
dation of the catechol into o-quinone and with the enamine
cycloaddition. As expected, the regiospecificity of the reaction
is determined by the presence of electron-withdrawing (or elec-
tron-donating) substituents on the o-quinone, favouring the
cycloaddition of the enamine on one of the other oxo groups
of the diene. With non-activated o-quinone, two regioisomers
were obtained, whose substituents in the 3-position of the 1,4-
benzodioxin ring could be aromatic or aliphatic. Our objective
in the future will be to apply this method to other catechols
abundant in olive oil, such as oleuropein.
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