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Regio- and Stereoselective Electro-Mediated Carboalkoxylation of

1,3-Dienes
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Electrochemical Multicomponent Carboalkoxylation Reaction
« High regio- and stereoselectivity
« Dienes and trienes as partners
« Water-compatible conditions
* Metal and oxidant-free

32 examples
up to 98% vyield
up to >95:5 rr

ABSTRACT: 1,3-dienes are versatile raw materials to build molecular complexity. We report herein mild conditions for the regio-
and stereoselective (only E isomer obtained) 1,4-carboalkoxylation of 1,3-dienes. This electrochemical multicomponent reaction
provides an eco-efficient and straightforward access to a diverse range of (E)-polyfunctionalized allyl ether products, without the

requirement of any metal catalyst.

Conjugated dienes are abundant and readily available feed-
stocks.! The intermolecular difunctionalization of 1,3-dienes
has attracted considerable research interest from the synthetic
community, as it enables to create molecular complexity, by
simultaneously forging two C-C/C-heteroatom bonds thanks to
straightforward multicomponent reactions (MCR). Although
attractive, this process remains challenging mostly due to ste-
reo- (E vs Z isomer) and regioselective (1,2- vs 1,4-addition)
issues (Scheme 1.a). Over the past decades, the transition metal
catalysis through two-electron-based mechanisms has paved the
way for transformation of dienes with excellent regio- and ste-
reoselectivity.?2 More recently, the powerful radical-based strat-
egies promoted by organometallic complexes under thermal or
photocatalyzed conditions have become complementary ap-
proaches for the rapid installation of various functionalities in
an orthogonal fashion.® In that field, the three-components rad-
ical carbooxygenations of 1,3-dienes has furnished highly rep-
resented motifs in organic molecules alongside the C-C/C-O
bonds construction. Yet, the vast majority of achievements have
been focused so far on carboesterification processes* with only
limited examples of carboalkoxylation reactions (Scheme 1.b).%
Moreover, 1,4-regioselective carbooxygenations remain scarce
and restricted to specific coupling partners, as well as limited
dienes substitution pattern, 495

In that context, we tackled an alternative carboalkoxylation
sequence by means of an electrochemical and metal-free MCR
as a sustainable approach.® In sharp contrast with the well-de-
veloped electro-mediated difunctionalization of alkenes,” its ap-
plication to 1,3-diene precursors remains in its infancy.® Pio-
neering investigations have been devoted to di-component re-
actions involving mono- and di-carboxylation in the presence
of carbon dioxide,® alkylation or arylation processes from io-
dinated precursors with a limited scope.® Recently, Terent’ev,
Pan and Meng reported an unique electro-mediated three-com-
ponents difunctionalization reaction of 1,3-dienes, giving ac-
cess to selenium-containing allylazoles (C-Se/C-N bonds

formation) with an excellent regioselectivity towards the for-
mation of the 1,2-addition products (Scheme 1.c).&

Herein, we report a novel electro-mediated 1,4-carboalkoxy-
lation of 1,3-dienes under metal and oxidant free conditions
with high regio- and stereoselectivity. Based on a hypothetical
radical-polar cross-over mechanism under a double anodic oxi-
dation approach, this electrochemical multicomponent reaction
(e-MCR) provides an eco-efficient and straightforward access
to a diverse range of 1,4-(E)-polyfunctionalized allyl ether
products. Importantly, this achievement highlights Meldrum’s
acid (MA) derivatives as key partners of our e-MCR, whose
previous used in radical based processes required excesses of
manganese, silver or iron-complexes as oxidants.®

Scheme 1. Origin of the Reaction Design
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We first investigated the reaction conditions using methyl-
ated MA 1A and 2,4-dimethylpenta-1,3-diene 2a (see Support-
ing Information (SI) for more details). We conducted the elec-
trochemical reaction in an undivided cell, using "BusNBF, as



the electrolyte (0.5 equiv) and methanol (MeOH) as solvent
with 2.5 F/mol and 5 mA at room temperature (rt) under nitro-
gen atmosphere. As preliminary investigations showed that a
platinum cathode allowed a promising outcome, we screened
the anode materials in these conditions (Table 1). Carbon graph-
ite anode yielded the desired product 3Aa in a promising 33%
NMR vyield as a single 1,4-regio- and stereo-(E)-isomer (entry
1 vs entries 2-5). The structure of product 3Aa was ascertained
by X-ray crystallography analysis (see SI). Among various sol-
vent combinations, a mixture of MeOH and DMF (1:1) afforded
3Aa in an improved 63% NMR yield (entry 6). Trying to de-
crease the amount of MeOH (40 and 80 equiv of MeOH in
DMF) was deleterious to the process (entries 7-8). Yet, decreas-
ing the electron density to 3 mA and increasing the charge to 3
F/mol delivered 3Aa in an excellent 80% NMR yield (entries 9-
10). "BusNBF, turned out to be the best electrolyte (entries 11-
12), while being required to secure an acceptable conversion
into 3Aa (58% NMR vyield, entry 13). The efficiency of the re-
action dropped when performed under air (entry 14) and the
need of electricity was confirmed to be essential for the reaction
to proceed (entry 15).

Table 1. Optimization of the Reaction

MeOH MeO M'a i
Conditions )_)L e Fﬁ
el § TE }
1A (1 equiv) 2a @ equw ‘/\/\_\’

Conditions: A (+) | Pt (), electrolyte (0.5 equiv), Solvent, X F/mol, YmA N,

Entry A (+) Solvent X, Y Elf;ttéo' Y(';: ;j :
1 C MeOH 5,25 "BusNBF4 33
2 Pt MeOH 5,25 "BusNBFs traces
3 Au MeOH 5,25 "BusNBF4 15
4 SS MeOH 5,25 "BusNBF4 <10
5 RVC MeOH 5,25 "BusNBF4 30
6 C DMF:MeOHY 525 "Bu:NBF4 63
7 C DMF:MeOH® 5,25 "BusNBF4 60
8 C DMF:MeOHY 5,25 "BusNBF4 66
9 C DMF:MeOH? 3,25 "BusNBF4 73
10 C DMF:MeOHP & 8 "BusNBF4 80
11 C DMF:MeOH® 3,3 EtsNBF4 66
12 C DMF:MeOH® 3,3 "BusNPFs 62
13 C DMF:MeOHP 3,3 / 58
14¢ C DMF:MeOH® 3,3 "BusNBF4 56
15f C DMF:MeOH® / "BusNBF4 0

Reaction performed at 0.08 M (versus 1A) on 0.2 mmol scale.
ANMR yield determined using Bn2O as an internal standard. PRatio
MeOH :DMF 1:1. ¢40 equiv of MeOH in DMF. 980 equiv of MeOH
in DMF. ®Reaction performed under air. ‘Reaction performed with-
out electricity.

With the optimized conditions in hand, we moved to the
scope of the reaction with C5-methyl MA derivative 1A. The
model reaction with the 2,4-dimethylpenta-1,3-diene 2a led to
the corresponding product 3Aa in 77% isolated yield (Scheme
2), even at 1 mmol scale (72% isolated yield). To our delight,
under similar electrochemical conditions, the carboalkoxylation
was extended to a variety of arylated dienes 2b-m to afford the

corresponding major 1,4-addition products 3Ab-Am in good to
excellent regioselectivity (regioisomeric ratio “rr” = 1,4:1,2)
and a perfect stereoselectivity towards a smgle (E)-isomer
(>95:5 E/Z, as only one stereoisomer is observed by *H NMR).
Neither the position of the substituent on the phenyl ring nor its
nature (EDG vs EWG) had a significant impact on the course of
the reaction, except a slight decrease in regioselectivity (70:30
rr) observed with the para-fluoro derivative 3Ae as an inductive
electron-withdrawing group. We further probed the steric hin-
drance on the different positions of the dienes. We were pleased
to observe that a methyl group at R (3Ak) and R® (3Al) gave
the corresponding products in excellent 89% and 86% yields,
respectively, and affected only slightly the regioselectivity of
the reaction, with a slight increase in favour of the 1,4-addition
product in the former case (3Ak, 89:11 rr vs 3Al, 79:21 rr).
However, increasing the size of the R®substituent had a signif-
icant impact, with an inversion of the regioselectivity and the
major 1,2-addition product 3Am’ obtained in 61% yield and
37:63 rr. We were pleased to see that our methodology could be
extended to the use of trienes as coupling partners, giving the
desired product 3An in 46% yield, with an excellent regioselec-
tivity (1,6 addition only observed) and stereoselectivity (only E
isomer). Unfortunately, although 2,4-dimethylpenta-1,3-diene
3Aa appeared to be an ideal partner of this e-MCR, other alkyl-
ated dienes were not compatible under our optimized condi-
tions.

Scheme 2. Substrate Scope for Dienes
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Reaction performed at 0.08 M (versus 1A) on 0.2 mmol scale. Iso-
lated yields (%) after column chromatography. 1,4:1,2 regioiso-
meric ratios (rr) were determined on the crude product by 'H NMR.
a8lsolated as a mixture of regioisomers.

We then turned our attention towards the influence of the sub-
stitution at the C5-position of the MA component. Once again,
an excellent stereoselectivity towards the formation of the (E)-
isomer was observed (>95:5 E/Z) (Scheme 3). Increasing the
steric hindrance (3Bd) or the length of the alkyl chain (3Cd)
gave the desired 1,4-addition products in high yields (85% and
94%, respectively) and regioselectivity (>95:5 rr). Worthy of
note, an alkene pendant at C5 is compatible with this method,
without obvious competitive cyclization event, as 3Dd was ob-
tained in 55% yield with >95:5 rr. Moreover, an ester functional



group was well tolerated delivering 3Ed in 90% yield (>95:5
rr). C5-benzylated-MA derivatives were also prominent sub-
strates for this e- MCR, as compound 3Fd could be obtained in
75% yield with a regioselectivity of 88:12 rr. Once again, the
position of the substituents or its electronic properties did not
impact the course of the reaction (3Gd-3Md), it appears that
essentially steric hinderance matters. Interestingly, the methyl-
ated-dimedone 1N delivered 3Nd’ in 59% yield with the oppo-
site regioselectivity as the 1,2-addition product was obtained as
major regioisomer (9:91 rr), but still with excellent E-stereose-
lectivity, highlighting the uniqueness of MA component in this
e-MCR. While a MA with a C5-pheny| substituent did not lead
to any product, likely due to the higher stability of the putative
radical species, other 1,3-dicarbonyl radical precursors such as
methylated 1,3-diketone or malonate derivatives were incom-
petent precursors of this e-MCR, showing the singularity of cy-
clic dicarbonyl derivatives.

Scheme 3. Substrate Scope for Meldrum’s Acids
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Reaction performed at 0.08 M (versus 1) on 0.2 mmol scale. Iso-
lated yields (%) after column chromatography. 1,4:1,2 rr were de-
termined on the crude product by 'H NMR. 2lsolated as a mixture
of regioisomers.

We further evaluated the scope of alcohols (Scheme 4). Iso-
propanol could be used as a co-solvent in the reaction, deliver-
ing the corresponding product 4aD in 60% yield with 85:15 rr.
We managed to reduce the amount of alcohol to 40 equivalents
to obtain the O-allylated desired compound 5Ad in a good 49%
yield with an excellent regioselectivity towards the 1,4-addition
product. Unfortunately, tert-butanol, phenol and benzylic alco-
hol gave low yields. Yet, very interestingly, water could be en-
gaged as a nucleophile in our e- MCR delivering the free allylic
alcohol derivative 6Ad in 85% yield and with an excellent regi-
oselectivity of >95:5 rr, even at 1 mmol scale (73% yield).*

Scheme 4. Substrate Scope for Alcohols
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Ar = p-OMe-Ph (1,4:1,2 1)

Conditions: C (+) | Pt (-), "BusNBF 4 (0.5 equiv), ROH (40-154 equiv), 3 F/mol, 3 mA, rt, N,

4Ad (OR = O'Pr) 60%, 85:15 rr®d

5Ad (OR = O-allyl) 49%, >95:5 rr®
6Ad (OR = OH) 85%, >95:5 rr°
73%, >95:5 rr (1 mmol scale)®

Reaction performed at 0.08 M (versus 1A) on 0.2 mmol scale. Iso-
lated yields (%) after column chromatography. 1,4:1,2 rr were de-
termined on the crude product by *H NMR. 2A mixture of
ROH:DMF (1:1) was used (meaning 154 equiv of ROH).?40 equiv
of alcohol were used. °80 equiv of alcohol were used. YIsolated as
a mixture of regioisomers.

To further illustrate the synthetic utility of our protocol and
the versatility of the products, transformations were conducted
(Scheme 5). Epoxidation of the allylic alcohol 6Ad was suc-
cessfully performed to afford the corresponding product 7 in
46% isolated yield (50:50 dr). The opening of the MA moiety
of 3Kd following our previously described protocol,'® gave
product 8 in 60% isolated yield (57:43 dr), thus demonstrating
the efficient access to allyl ethers containing an all-carbon qua-
ternary stereocenter.

Scheme 5. Post-functionalization Reactions
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Diastereoisomeric ratios (dr) were determined on the crude product
by *H NMR. Products have been isolated as a mixture of diastere-
oisomers.

To gain insights into the mechanism of the reaction, some
control experiments were performed (see Sl). First, the reaction
was completely inhibited in the presence of free radical inhibi-
tors, such as TEMPO and BHT. Moreover, the corresponding
adduct 9 between MA and BHT was detected by HRMS only
when electricity was turned on (with or without diene, Figure
1), and the presence of MeONa (without power supply) did not
promote the MCR. These outcomes suggest the involvement of
the corresponding radical species in the electrochemical-based
mechanism. We also conducted cyclic voltammetry experi-
ments, which showed the anodic oxidation of MA (likely after
deprotonation) in basic conditions (Eox (enolate-MA) = 0.44 V
vs SCE in DMF),'! while the anodic oxidation of dienes oc-
curred at higher potentials (Eox (diene 2a) = 1.81 V*? and Eox
(diene 2d) = 1.16 V vs SCE in DMF).

Figure 1. Proposed Mechanism



cathode

i o 2 O\

RS -H;  2R°OH Me—© ﬁe
o 'Bu
e Me'
H R RN o o
OWO Bu
9, detected by HRMS
O><01 [M+HT* = 379.2250
~+ Me Me 2 R4
+ R3 H\

=1
Ko s

(0] (0]
OXOW AL 07(012 O?(Ow,
3 Me Me Me Me Me Me Me Me
Sl >~ 7 . 7

= ]

With these results in hand and the reports from the litera-
ture, %1314 we suggest the following radical-polar crossover
mechanism (Figure 1). On one hand, the alkoxide is generated
at the cathode upon reduction of the alcohol, and concomitant
release of hydrogen. On the other hand, the enolate MA deriva-
tives 10, originated either from the deprotonation of 1 by meth-
anolate or simply in equilibrium with 1 due to its high acidity
(pKa = 4.8 in water),'® will be oxidized at the anode to deliver
radicals 11.%° The addition of the electron-poor radical species
11 occurs to the less hindered position of dienes 2 driven by a
match of polarity. The resulting and more-electron rich radical
12 will be further oxidized within the double layer of the anode
to give cation 13, which will be trapped by methanol or the
alkoxide anion to deliver the desired products 3-6. The regiose-
lectivity in favour of the 1,4-adduct in our multicomponent car-
boalkoxylation reaction is worthy of note and in contrast to the
vast majority of previous studies.*> Even though further mech-
anistic investigations are required, we assume at first, based on
previous observation of Chen and colleagues,*?*° that an inter-
play between the electron-withdrawing character and the steric
hinderance of the 1,3-dioxan-4,6-dione part may prevent the ad-
dition to the positive charge at C2. Furthermore, the unique boat
conformation of MA may direct the addition of the alcohol at
C4 of cation 11 thanks to a hydrogen bonding event.

In conclusion, we have developed an electro-mediated regio-
and stereoselective 1,4-carboalkoxylation of 1,3-dienes provid-
ing (E)-polyfunctionalized allyl ethers. The substrate scope il-
lustrates the impact of the electronic properties and the steric
hinderance on the course of the reaction, and water could be
directly engaged as a nucleophile in our e-MCR. Preliminary
control experiments have demonstrated a radical-polar crosso-
ver mechanism likely starting with the anodic oxidation of the
enolate-MA. Further studies are currently under investigation in
our laboratory to fully assess the remarkable regioselectivity of
this process and further expand the scope to other nucleophiles.
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