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Abstract
Electrocatalysis has emerged as an increasingly viable platform for molecular syntheses, that can replace
chemical redox agents and enable unprecedented reaction pathways. Despite major progress in
electrooxidative C−H activations, these arene transformations generally require directing groups for
chelation-induced e�ciency and control of position-selectivity in the C−H activation. The installation and
removal of these directing groups calls for additional synthesis operations, which jeopardizes the
inherent e�cacy of the C−H activation approach in terms of undesired waste formation and low resource
economy. In sharp contrast, we herein present molecular electrocatalyzed C−H ole�nations of simple
arenes devoid of exogenous directing groups. The robust palladaelectro-catalysis proved amenable to a
wide range of both electronically-diverse arenes under exceedingly mild reaction conditions. The strategy
avoids sacri�cial chemical oxidants, but operates by the reductive hydrogen evolution reaction (HER).
This study points to a remarkable strategy comprising two electrochemical transformations to guarantee
unprecedented levels of position-selectivities in direct arene ole�nations. Cyclic voltammetry studies and
computational analysis identi�ed a direct correlation between the redox potential and catalysis e�cacy.
The palladaelectro-catalysis strategy avoids protecting and directing group interconversions, the practical
importance of which is re�ected by direct late-stage functionalizations of structurally complex
compounds of relevance to drug discovery and pharmaceutical industries.

Main Text
In recent years, molecular electro-organic synthesis has surfaced as uniquely effective toolbox for
sustainable organic syntheses.1-6 Despite indisputable progress through merging electrosynthesis and
metal catalysis,7-11  electrochemical C–H activations continue to be severely restricted to directing groups
(DG), which guarantee chelation-induced e�ciency and selectivity in intermolecular C–H activations.12-21

The installation and removal of the DGs require additional synthesis and puri�cation operations, leading
to undesired waste formation and low overall resource-e�ciency (Fig. 1a). While major advances have
been noted in selective22-25 catalyst-guided C–H activations,26-46 they are severely limited by the need for
super-stoichiometric amounts of often toxic or cost-intensive terminal chemical oxidants, typically
representing a major obstacle on scale (Fig. 1b). In contrast, we have devised DG-free C–H ole�nations
under exceedingly mild reaction conditions by means of molecular electrocatalysis (Fig. 1c). This
strategy combines a synthetically useful molecular transformation with the HER for a decentralized green
hydrogen economy, and is characterized by outstanding position-selectivities through the judicious
choice of the electrode material to enable a twofold electrooxidation (Fig. 1d). The potential of the DG-
free approach was mirrored by the late-stage electro-divers�cation of structurally-complex molecules of
relevance to drug discovery and chemical biology (Fig. 1e).

We initiated our studies towards the DG-free electrochemical C–H activation by evaluating several
 ligands,27-28 (Fig. 2a and Supplementary Table S5). We thus observed considerable electrocatalytic
activity with pyridine L1 in the absence of DGs with electricity as the redox agent. Variation of the
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pyridone ligand motif resulted in an increased e�cacy, while amino acid derivatives L5-L6 and 4,5-
diaza�uoren-9-one (L7) afforded inferior results. It is noteworthy that improved performance was
observed with S-ligands L8-L12,40-42,46 leading to almost quantitative conversion to the ole�nation
product 3 with S,O-ligand L12. 

To rationalize the observed catalysis performance, we explored a direct correlation with the catalyst
oxidation behavior.47 Hence, the onset oxidation potential for the in-situ generated palladium catalyst in
the presence of the S,O-ligand L12 was observed at 1.35 VSCE, thus 200 mV lower than the one of the
complex derived from N-ligand L2, directly correlating the inherently higher reactivity (Fig. 2b). The low
catalytic e�ciency of the bipyridine-based palladium complex was likewise correlated with an oxidation
potential of 1.70 VSCE. Further optimization revealed a detrimental effect of n-Bu4NOAc as supporting
electrolyte or TFE and AcOH as a solvent mixture (Fig. 2c, entries 2-4). The bene�cial effect of
benzoquinone (BQ) is suggestive of a redox mediator role and a prevention of palladium(0) aggregation
(entry 5). Control experiments revealed the necessity of the palladium catalyst, the ligand and the
electricity for the DG-free electrochemical C–H activation (entry 6-8).

With the optimized electrolysis conditions in hand, we probed the robustness of the DG-free
electrocatalyzed ole�nation (Fig. 2d). We found that both electron-rich and challenging electron-poor
arenes 1 delivered the mono-ole�nated products in good to excellent yields by the palladium-
electrocatalysis. Thus, arenes 1b and 1c provided the styrene derivatives 4 and 5, respectively. A wide
range of monosubstituted arenes 1d-1g was selectively functionalized, including unprotected OH-free
phenol 1g (9). When using disubstituted arene substrates, the position-selectivity was largely governed by
repulsive steric interactions. Tetrahydronaphthalene (1h) afforded predominantly the b-isomer 10.
Dimethoxybenzene (1i) exclusively yielded the b-ole�nated product 11, while 1,3-disubstituted arenes 1k
and 1l were predominantly ole�nated at the a-position (13-14). 1,2-Disubstituted arenes 1m-1n were
ole�nated by the electrooxidation at the g-position to furnish products 15-16.  In sharp contrast, 4-
substituted anisoles 1o-1r gave the ortho-substituted ole�nated products 17-20 as the major products. A
steric effect was predominant for para-chlorotoluene (1s). Furthermore, symmetrical trisubstituted arenes
1t and 1u were e�ciently converted, delivering the mono-ole�nated products 22 and 23, respectively. It is
noteworthy that the robust electrocatalysis proved also viable for heteroarenes. Thus, thiophene (1v),
dibenzofuran (1w) and furan (1x) were e�ciently ole�nated by the palladium-electrocatalysis to yield the
ole�nated products 24-26 in the absence of chemical oxidants, giving molecular hydrogen by HER as the
sole stoichiometric byproduct.

Thereafter, we examined the versatility of the electrocatalysis with diversely decorated alkenes 2. Hence, a
range of alkenes 2 was compatible with the versatile electrochemical conditions, providing alkenylated
products 27-44. The less congested b-isomer was primarily formed when o-xylene (1a) was treated with
alkenylic sulphone 2b or phosphonate 2c. Interestingly, a considerable change in selectivity was observed
when the N,O-ligand L3 was employed. Thus, alkenes 2d-2g provided the desired ole�nated arenes 29-
32 with a improved b /a-ratio. Likewise, a set of acrylates 2b-2e gave high levels of ortho-selectivities to
afford the products 33-36. Similarly, a,b-unsaturated ole�n 2h-2j mirrored this position-selectivity,
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providing ortho-ole�nated products 37-39 as the major isomers. Alkenes containing a free carboxylic acid
(2g) and 1,1-substituted double bond (2k) were also identi�ed as amenable substrates (40-41).
Furthermore, the mild nature of the palladium-electrocatalysis manifold allowed for the use of �uorinated
alkene 2l, bio-relevant cholesterol 2m, and NH-free amino acid 2n, thereby furnishing the mono-
alkenylated products 42-44.

To understand the origin of the high position-selectivity with anisoles, we conducted in depth mechanistic
studies (Fig. 3). Here, we observed a signi�cant improvement in position-selectivities under the
electrochemical conditions as compared to reactions with commonly used chemical oxidants (Fig. 3a).
Exploring different electrode materials revealed a remarkable dependence of the position-selectivity on
the choice of the material, thereby altering the ortho/para-selectivity from 2:1 to remarkable 17:1 (Fig. 3b).
Careful time-resolved analysis revealed key insights (Fig. 3c). The ratio of the ortho/meta/para selectivity
remained constant for the �rst 12 hours of the electrooxidation, which was followed by a considerable
alternation in favor of the ortho-functionalized product thereafter. This selectivity change was
rationalized by a second chemo-selective electrooxidation event of the alkene only in the para-ole�nated
product, occurring selectively after the consumption of alkene 2a (Supplementary Table S11). To
substantiate this hypothesis the independently prepared para-ole�nated product 33 was subjected to the
electrochemical conditions, resulting in the formation of diacetate 46 upon acetoxylation workup (Fig.
3d). Control experiments clearly highlighted the essential role of the electricity for the chemo-selective
two-fold electrooxidation.

The versatility of the two-fold electrooxidation was explored with a variety of electron-rich arenes in the
palladaelectro-catalysis (Fig. 3e). Thereby, ortho-functionalized products 45-47 were obtained with high
position-selectivity. Noteworthily, the electrocatalysis proceeded with selectivities that are complementary
to the ones observed with pyridine-based ligands, which gave para-ole�nated products as the major
isomers.27,31 Similarly, (benzyloxy)benzene derivatives and propoxybenzene gave the ortho-selectivily
alkenylated products 48-50. The nature of the C–H activation and its position-selectivity was studied by
computing its energy pro�le at the PBE0-D4/def2-TZVP+SMD(AcOH)//PBE0-D3BJ/def2-SVP level of
theory. The C–H activation was facile, and the formation of the ortho‐product was preferred (Fig. 3f).
Non-covalent interactions in the TS(1‐2)ortho  revealed weak stabilization interactions between the
anisole’s ether motif and the S,O-ligand arene group, contributing to the preferential ortho-alkenylation
(Fig. 3g).

Finally, the remarkable power of the DG-free electrocatalysis was exploited for the late-stage
functionalization (LSF) of biorelevant drug molecules (Fig. 4).19-21,48 The electro-C–H ole�nation of
feno�brate proceeded e�ciently to afford the product 53. The pain relieving drug tolmetin was selectively
functionalized at the pyrrole ring to yield the mono-ole�nated product 54 in 90% yield. Rivaroxaban, which
prevents deep venous thrombosis, was alkenylated by the palladium-electrocatalysis to afford 55.
Beza�brate, a commonly used lipid-lowering agent, was selectively converted to product 56. At the same
time, gem�brozil, a drug used to reduce cholesterol blood level, was effectively converted into the
corresponding alkenylated products 57. Moreover, apremilast, a medication for the treatment of psoriasis
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and psoriatic arthritis, was transformed into two separable products 58. Indomethacin, a naonsteroidal
anti-in�ammatory drug, was position-electively ole�nated to afford 59 in 66% yield. Under the chemical
oxidant-free electrocatalysis, naproxen afforded ole�nes 60. Estrone and its ester derivative of estrone
were e�ciently alkenylated at the ortho-position to deliver 61 and 62, respectively, and ibuprofen was
functionalized (63). Likewise, etodolac and cipro�brate derivatives were chemo- and position-selectively
converted in to the alkenes 64 and 65, respectively. It is noteworthy that the robust electrocatalysis
enabled the LSF of complex drug molecules by overruling the presence of various strongly coordinating
directing groups, ranging from ketone and amide to ester.

We have devised a robust and versatile electrocatalytic alkenylation devoid of chemical oxidants and in
the absence of directing groups. The electrochemical ole�nation was realized by the synergistic
cooperation of electricity, a palladium catalyst and the proper electrode material. A broad variety of
alkenes and arenes was amenable in the electrooxidative catalysis. A two-fold electrochemical oxidation
was identi�ed, leading to outstanding levels of selectivity in anisole functionalization. Mechanistic
studies highlighted the key effect of the electrode materials towards high selectivity control. The
transformative nature of the electrocatalysis strategy was re�ected by late-stage diversi�cations of
bioactive drug molecules without the installation and removal of directing groups. Overall, the
electrocatalysis gives molecular hydrogen as the only stoichiometric byproduct by the hydrogen
evaluation reaction (HER).

Methods
General Procedure: Non-directed electrocatalyzed ole�nations. The electrocatalysis was carried out in a
divided cell, equipped with a GF anode and a Pt cathode (10 mm × 15 mm × 0.25 mm). Arenes (5.0 –
20.0 equiv.), acrylates (0.20 mmol, 1.0 equiv.), Pd(OAc)2 (4.5 mg, 10 mol %), ligand (20 mol %), 1,4-
benzoquinone (4.3 mg, 20 mol %) and NaOAc (66 mg, 0.80 mmol) were placed in the anodic chamber
and dissolved in AcOH (2.6 mL) and HFIP (1.3 mL); 1,4-benzoquinone (4.3 mg, 20 mol %) and NaOAc (66
mg, 0.80 mmol.) were placed in the cathodic chamber and dissolved in AcOH (2.6 mL) and HFIP (1.3 mL).
Galvanostatic electrocatalysis was performed at 60 °C with a current of 1.0 mA and a stirring rate
of 500 rpm maintained for 20 h. At ambient temperature, the resulting mixture was diluted with EtOAc
(8.0 mL). The GF anode was washed with EtOAc (3 × 10 mL) in an ultrasonic bath. The combined organic
phases were loaded on a column and washed with EtOAc (50 mL). The solvents were removed in vacuo.
Then, NMR was determined by adding CH2Br2 (14.0 µL, 0.20 mmol, 1.0 equiv.) as the standard. The crude
mixture was puri�ed by �ash column chromatography on silica gel to yield the products.

Data availability 

The authors declare that the data supporting the �ndings of this study are available within the paper and
its Supplementary Information �les. Source data is provided with this paper. All other requests for
materials and information should be addressed to the corresponding authors.
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Figure 1

Directing group (DG)-free electrochemical C–H activation. a, Directing group (DG)-assisted oxidative C–H
activation by installation and removal of DG. b, Molar amount of electrons per 1000 euro from electricity
and chemical oxidants. PIFA = (bis(tri�uoroacetoxy)iodine)benzene. NFSI = N-Fluorobenzenesulfonimide.
PIDA = (Diacetoxyiodo)benzene. c, Electrochemical DG-free C–H ole�nation. d, Effects of the electrode
material onto position-selectivity. e, Late-stage functionalization of pharmaceutical molecules. (potential
DG was highlighted in grey).
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Figure 2

Optimization studies and Substrate Scope. See supplementary information for reaction details. a, Ligand
optimization for the DG-free electrochemical alkenylation of arene 1a. b, Cyclic voltammograms in
AcOH:HFIP (2:1) with n‐Bu4NPF6 (0.1 M) at 100 mV/s, a) Pd(OAc)2 (5.0 mM), ligand (10 mM). c,

Optimization of DG-free palladium-electrocatalysis. a Determined by crude 1H-NMR with CH2Br2 as the
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internal standard. b Isolated yield. d, DG-Free Palladium-Electrocatalyzed C–H Activation. a 80 °C. b 100
°C. c 1 (20 equiv.). d L3 (20 mol %) was used instead of L12. BQ = 1,4-Benzoquinone. TFE = 2,2,2-
Tri�uoroethanol.

Figure 3

Mechanistic study for electrochemical two-fold oxidation. a, Chemical oxidants vs Electricity. b, Variation
of anode materials. RVC = Reticulated vitreous carbon. GF = Graphite felt. BDD = Boron doped diamond.
GR = Graphite rod. c, ortho/para-selectivity pro�le. Combined yields of ortho/para-isomers were given in
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the parenthesis. d, Selective oxidation of para-ole�nated product. e, Scope of two-fold oxidation. f,
Computed relative Gibbs free energy pro�le (ΔG333.15) in kcal mol-1 for cationic C–H activation pathways
at the PBE0-D4/def2-TZVP+SMD(AcOH)//PBE0-D3BJ/def2-SVP level of theory. Non‐participating
hydrogen atoms in the transition state structures were omitted, with bond lengths given in Å. g. Non-
covalent interaction plots for the TS(1-2)ortho and TS(1-2)para. 

Figure 4

Late-Stage Functionalization of Drug Molecules. See supporting information for details. Potential
coordinating directing groups are highlighted in grey.



Page 14/14

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SIelectrochemicalPdnondirectedchole�nation.pdf

https://assets.researchsquare.com/files/rs-1607467/v1/6251127b5ae67eef6123d453.pdf

