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1. Chapter I: Organic electrochemistry 

 

1.1 Hystorical evolution and early application of organic 

electrochemistry 

Organic electrochemistry originated in the mid-19th century with 

Faraday's electrolysis of acetic acid to hydrocarbons1 and Kolbe's 

electrochemical decarboxylative dimerization2 (Figure 1a). Other 

important synthetic strategies discovered during this period include 

Simons' fluorination process3 (Figure 1b) and Shono's oxidation of 

amines4 (Figure 1c).  

 

Figure 1: a. Kolbe dimerization reaction. b. Simons fluorination. c. Shono oxidation. 

 Although studies on electrocatalyzed organic transformations continued 

in the 20th century, in recent years, new electrochemical synthetic 

strategies have gained increasing interest both in academia and industry. 

The fundamental process underlying electrocatalysis is electron transfer, 

in which an electron is either added to or removed from a molecule5. 

Electron transfer is reversible only when the resulting species is stable 

under reaction conditions. In other cases, electron transfer triggers 

subsequent chemical processes, such as dissociation or the formation of 
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new bonds. Electrochemical methods are an excellent strategy for 

generating reactive species under mild conditions6. Cationic and anionic 

radicals can be generated through electron transfer processes on neutral 

organic compounds. Carbocations, free radicals, and carbanions can be 

generated through subsequent associative or dissociative processes. 

These reactive carbon species are used in various synthetic 

transformations, particularly in carbon-carbon bond formation. There are 

two main strategies for generating reactive intermediates in 

electrochemical reactions: 

1. Generation of an intermediate in the presence of a reactive partner, in 

situ method (Figure 2a); 

2. Generation in the absence of a reactive partner, pool method7 (Figure 

2b).  

 

Figure 2: a. In situ method. b. Pool method. 

 

The first approach, chosen in this research work, is more commonly used 

because reactive intermediates are generally transient species with short 

lifetimes, making in situ capture more effective8. The pool method, in 

which the reactive intermediate is accumulated before being trapped by a 

suitable partner, has recently been applied to flow techniques under the 
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name cation flow9. In classical organic chemistry, many methods have 

been developed for intramolecular control of selectivity. For example, 

directing groups directly coordinated to metal centers are widely used to 

control the reaction pathway10, but similar approaches are not employed 

in the electrochemical field. This significant difference poses a unique 

challenge offered by electrochemical methods, which can be overcome 

by employing appropriate strategies that will be described in the 

following section. 

 

 

 

1.2 Reactivity modulation and auxiliary groups 

 

In electrochemical processes, the tendency of substrates to undergo 

electron transfer depends on their oxidation and reduction 

potentials11. The transfer of an electron is favored when the oxidation 

potential is less positive and the reduction potential is less negative. 

In order to achieve electron transfer-driven reactions, it is necessary 

to selectively activate the appropriate position within the molecule for 

the redox event. The use of suitable functional groups that guide and 

facilitate the process allows for intramolecular control of selectivity. 

A highly efficient method for selectivity control is based on the use of 

appropriate functional groups that make the electron transfer process 

easily predictable. These functional groups, introduced by Yoshida12, 

are called electroauxiliaries (EA). Electroauxiliaries serve two 

important functions: 

a. They promote the electron transfer process by making the 

oxidation potential less positive. 

b. They selectively activate the desired molecular position for the 

subsequent chemical process after ET. 
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From the perspective of Frontier Molecular Orbital theory13, an 

oxidative process involves the extraction of an electron from the 

highest energy occupied orbital (HOMO) of the substrate (Figure 3). 

Increasing the energy of the HOMO is the simplest method to 

activate the substrate for oxidation14. In the case where multiple 

substrates are oxidizable, the selectivity of the redox process depends 

on the difference in the HOMO energies of the different substrates. If 

the HOMOs are very close in energy to each other, it will not be 

possible to selectively oxidize one substrate in the presence of 

others. By using an appropriate EA, it is possible to increase the 

energy of the substrate's HOMO and achieve a selective process 

(Figure 4). 

In the case where multiple sites on a single molecule are susceptible 

to oxidation, a similar strategy can be applied: the introduction of 

 

 

Figure 3: Oxidation of a non-activated substrate. 
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Figure 4: Differences between a non-selective oxidation process (left) and a selective oxidation process 
(right). 

 

an EA can selectively activate a functional group towards oxidation. 

There are different types of electroauxiliaries that should be evaluated 

based on the nature of the substrate of interest. In this research work, 

carboxylic acids have been chosen as EAs. 

1.2.1 Carboxylic acids 

Carboxylic acids are highly efficient electroauxiliaries due to their 

moderate oxidation potential15. Thanks to their high stability and ease of 

preparation, these functional groups are excellent substrates for 

electrochemical reactions16–18. As described earlier, Faraday and Kolbe 

(Figure 5a) were the first to use carboxylic acids as substrates for 

electrochemical reactions. Shortly after, Hofer and Moest demonstrated 

that, for certain tertiary carboxylates, the electrogenerated radicals are 

further oxidized to carbocations, which can be trapped by nucleophilic 

species at the oxygen19 (Figure 5c). The first example of Kolbe 

dimerization applied to highly complex molecules was proposed by 

Corey in the synthesis of pentacyclosqualene20 (Figure 5b). Recently, 

Baran et al.21 developed an optimized variant of the Hofer-Moest 

reaction (Figure 5d). The protocol allows for the coupling of a 



7 

 

carbocation generated from a carboxylic derivative with various 

alcohols, using a silver salt as a sacrificial oxidant. 

 

Figure 5: a: Kolbe decarboxylation reaction. b: Corey synthesis of pentacyclosqualene. c: Hofer-Moest 
decarboxylation process. d:Baran Hofer-Moest-like process. 

 

The electrochemical oxidation of carboxylates has been extensively 

studied, and if the reaction conditions are not specifically controlled, a 

wide range of products can be obtained (Figure 6). After the anodic 

oxidation of the carboxylate ion 1 and subsequent loss of CO2, the 

radical 2 is formed. The radical can undergo a second oxidative event, 

resulting in the formation of the carbocation 3, which can be trapped in 

situ by a nucleophile Y (Hofer-Moest process). Instead of undergoing 

further redox events, the radical 2 can react with another radical through 
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two different pathways. The first pathway involves the dimerization of 

the reactive intermediate, leading to the formation of the homocoupling 

product 5 (Kolbe reaction). In the second pathway, two radicals 2 can 

disproporionate, resulting in the formation of an unsaturated product 7 

and a saturated product 6. By appropriately modifying the reaction 

conditions, it is possible to favor one of the possible pathways. 

 

Figure 6: Different pathways of an electrochemical decarboxylation reaction. 
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1.3 Indirect electrolysis 

Indirect electrochemical conversions represent a hybrid approach 

combining direct electrochemical conversions and homogeneous redox 

reactions. Instead of the traditional heterogeneous electron transfer 

between the electrode and substrate, a homogeneous redox reaction takes 

place in solution involving an electrochemically activated species and the 

substrate (Figure 7). This activated species can be generated and 

regenerated either in the same electrochemical cell (in-cell process) or in 

a separate cell (ex-cell process). The in-cell approach allows for the use 

of catalytic amounts of the redox mediator, as it can be continuously 

regenerated at the electrode during the reaction. Careful selection of 

reaction conditions ensures that only the mediator undergoes oxidation or 

reduction at the electrode, while the substrate, intermediates, and 

products do not interfere with the electrochemical regeneration of the 

catalyst. On the other hand, the ex-cell process involves transferring the 

activated species to a separate vessel, which requires greater stability of 

the activated species and may complicate the purification process. 

Mechanistically, two types of redox electron transfer processes can 

occur: outer-sphere and inner-sphere pathways. In outer-sphere 

mechanisms, the mediator facilitates electron exchange between the 

substrate and the electrode. In inner-sphere pathways, a chemical 

reaction occurs between the mediator and substrate, followed by bond 

cleavage to regenerate the mediator and the oxidized or reduced form of 

the substrate (Figure 8). Selective electron transfer is achieved by 

adjusting the electrode potential to that of the mediator, ensuring that the 

mediator is selectively oxidized or reduced in the presence of the starting 

material. However, caution must be exercised to avoid excessive current 

density, which could lead to unintended side reactions by consuming the 

mediator too rapidly22. 
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redox reaction

 

Figure 7: Use and mechanism of action of a mediator in electrolysis. 

 

 

Figure 8: Outer sphere electron transfer vs inner sphere electron transfer process.22 

 

Based on the aforementioned considerations, homogeneous electron 

transfer processes offer several advantages compared to their 

heterogeneous counterparts: (1) They eliminate the kinetic inhibition 

observed in heterogeneous electron transfer, allowing for the avoidance 

of overpotentials and acceleration of reactions. This is especially 

significant for large biomolecules with hindered redox centers due to 

steric shielding. (2) Electron transfer mediators can exhibit higher or 

different selectivity, expanding the range of possible reactions. (3) When 

direct electrochemical conversion leads to electrode passivation, the use 

of a mediator can prevent direct interaction between the substrate and the 

electrode surface. (4) Conducting the electrolysis at potentials lower than 

the redox potential of the starting material enables milder reaction 

conditions and minimizes the occurrence of side reactions. This is 

particularly beneficial when sensitive functional groups that should not 

react are present22.  
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1.4 Electrosynthesis in APIs production 

Instances of electroorganic syntheses of relatively intricate compounds 

had already been documented in the 1950s, with groundbreaking 

contributions like the creation of pentacyclosqualene by Corey and 

colleagues20. In numerous cases, electrochemistry has been employed to 

circumvent the use of costly or hazardous substances, particularly during 

preparative synthesis on a pilot scale or larger. For instance, Pfizer and 

the Electrosynthesis Company developed an electrochemical procedure 

for the reductive deacetoxylation of 11-ketorockogenin diacetate 8 

(Figure 9a)23. The resultant 11-ketotigogenin 9 serves as a valuable 

intermediate in the synthesis of corticosteroids and related compounds. 

Although the conventional reduction method, involving treatment with 

calcium/ammonia, yielded satisfactory results, it posed significant safety 

and environmental concerns during large-scale preparations24. By 

utilizing a carbon felt cathode in a divided cell, cathodic reduction 

facilitated the removal of the two acetate groups under mild conditions, 

leading to moderate to good yields after 2 to 4 F mol−1. Alternatively, an 

undivided cell could be employed by utilizing a sacrificial Mg anode. 

Electrochemical reductive deacetoxylation has also been employed in the 

synthesis of alkene 11 (Figure 9b), a crucial intermediate in the 

production of the antibiotic Ceftibufen25. This particular transformation 

was previously described using a large excess (8 equiv.) of Zn metal as 

the reducing agent at a low temperature (0 °C)26. The electrochemical 

approach circumvented the generation of significant amounts of metal 

salts and could be successfully demonstrated on a pilot scale (2.8 kg), 

achieving yields of up to 97%. 
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Figure 9: Electrochemical reductive deacetoxylation of APIs intermediates.52 

 

The oxidative incorporation of acetates can be accomplished through 

decarboxylative acetoxylation, a process that utilizes readily available 

carboxylic acids as starting materials. Particularly, the decarboxylative 

acetoxylation of amino acids offers a convenient approach for 

synthesizing α-substituted amines, as the acetate group serves as an 

effective leaving group in the presence of nucleophiles27,28. Traditionally, 

this process has involved the Kochi reaction, employing excess 

Pb(OAc)4 as both an oxidizing agent and a source of acetate, along with 

a copper catalyst29-31. However, due to the significant environmental 

drawbacks associated with Pb(OAc)4, a sustainable electrochemical 

strategy has recently emerged (Figure 10)32. The anodic decarboxylative 

acetoxylation of amino acids (12) was carried out in AcOH at 40 °C, 

utilizing NaOAc as the base. By applying electrolysis under a constant 
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current and utilizing cost-effective graphite and stainless steel electrodes, 

excellent yields of various acetates (13) were obtained. Notably, this 

strategy was successfully employed in the synthesis of several 

intermediates for active compounds. For instance, acetates 14 and 16, 

which are crucial intermediates in the production of the insecticide 

tetramethrin (15) and the antiepileptic drug phenytoin (17), respectively, 

were synthesized in good yields (Figure 10). 

 

Figure 10: Anodic decarboxylative acetoxylation of amino acids and further transformations toward 
active ingredients.52 

 

 

 

 

 



14 

 

1.4.1 Scalable processes with flow electrolysis cells 

 

The scaling up of electrochemical processes is widely understood and 

established33,34. In fact, some of the largest chemical processes known, 

such as the chloralkali process or aluminum production, rely on 

electrochemistry. While electrochemistry is generally recognized as a 

scalable technology, traditional setups with beaker cells containing two 

or three electrodes are only suitable for relatively small-scale laboratory 

experiments. Multigram transformations can be achieved with sufficient 

electrode surface area and mixing35. However, accomplishing kilogram-

scale or larger reactions using batch cells is typically challenging. This 

difficulty arises from the limitations of mass transfer in many of these 

transformations and the dependence of process efficiency on the ratio 

between electrode surface area and reactor volume36. To address these 

issues, the use of flow electrolysis cells has been proposed as a solution 

(Figure 11). Flow devices are characterized by a narrow interelectrode 

gap, often less than 1 mm. This configuration provides electrode area-to-

reaction volume ratios that are two orders of magnitude higher than those 

of batch cells, resulting in highly efficient electrolysis. Furthermore, the 

short distance between the electrodes significantly reduces the ohmic 

drop in the system, allowing electrolysis to be conducted with very low 

electrolyte concentration or even under electrolyte-free conditions. This 

aspect has the potential to greatly enhance the environmental 

sustainability of electrochemical processes. The benefits of flow 

electrolysis cells have been known for many years. In fact, flow devices 

were already described in the early 20th century for inorganic 

processes37, and examples of organic electrosynthesis in flow cells were 

disclosed in the 1940s. Subsequently, several industrial electrochemical 

organic processes were developed using this technology. Noteworthy 
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examples include the synthesis of anthraquinone, adiponitrile, and 

benzaldehyde derivatives38-43. 

 

 

Figure 11: Flow technology enables large scale synthesis.48 

 

Commonly used flow cell designs typically consist of two flat electrodes 

placed parallel to each other. These electrodes create a gap through 

which the reaction mixture, containing reactants and electrolytes, is 

pumped using suitable systems. This design offers a high electrode area 

to volume ratio and allows for easy enhancement of mass transfer 

properties by introducing turbulence promoters (Figure 12). Various 

commercially available parallel plate flow cells are used in laboratory-

scale experiments. In addition, academic groups have published their 

own designs in recent years44-49. 
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Figure 12: exploded image of a flow electrochemical cell.48 

In previous pilot and industrial-scale organic electrochemical syntheses, 

the reaction mixture was processed using an electrolyte recirculation 

approach. This involves flowing the solution through the cell and back to 

a reservoir in a semi-batch process (Figure 13a). However, single-pass 

processing has gained significant interest in recent years (Figure 13b). It 

enables fully continuous processes and facilitates integration of 

electrochemical transformations with other synthetic or downstream 

steps. Developing single-pass continuous flow electrochemical reactions 

is more complex than the traditional recirculation approach. One 

challenge is gas generation at the counter electrode, which can reduce the 

available surface area for electrolysis50-51. 
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Figure 13: a:  Flow recirculation electrolysis. b:  Flow single pass electrolysis. 

 

 

Single-pass processing in an electrolysis cell offers several advantages 

over electrolyte recirculation. The smaller volume of flow cells results in 

short residence times for the reaction mixture within the reactor, 

allowing for rapid screening of reaction conditions with minimal material 

waste. This is particularly advantageous for optimization compared to 

batch processes or semi-batch recirculation approaches. For example, a 

single-pass continuous flow reactor was successfully used for the 

electrochemical synthesis of acetate, an important intermediate for the 

synthesis of the dopamine antagonist ABT-670. The flow cell had a 

narrow interelectrode gap, enabling rapid screening of flow rates and 

currents to find optimal electrolysis conditions. The process achieved 

quantitative conversion and 94% isolated yield  for the desired product. 

Importantly, the single-pass process could be sustained for several hours 

without any significant decrease in yield, allowing for the production of 

large quantities of material in a small-volume reactor52. 
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1.5 Aim of the thesis 

This work, developed in collaboration with Flamma S.p.A., Prof. Dr. 

David Cantillo and Prof. Dr. Oliver Kappe of the University of Graz, has 

the purpose to find a new electrochemical cyclization reaction for the 

synthesis of substituted tetralins (Figure 14).  

 

Figure 14: Electrochemical decarboxylative cycloalkylation. 

 

The thesis can be divided in 6 different parts: 

1) Synthesis of starting materials. 

2) Batch optimization studies. 

3) Batch electrolysis. 

4) Flow experiments. 

5) Mechanistic studies. 

6) Computational studies. 
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Chapter II: Synthesis of substituted tetralins via 

electrochemical decarboxylative cycloalkylation 

 

2.1 Results and discussion 

 

A preliminary exploration of the experimental conditions was carried out 

based on the method reported by Baran and co-workers21 using acid 2b 

as the model substrate. Unfortunately, mixtures of decomposition 

products were observed in this case. In addition, these conditions 

required the use of stoichiometric amounts of Ag. Alternatively, 

conditions developed by Ley and Zhang were employed,53 using an 

undivided cell, carbon felt and platinum plate as anode and cathode, 

respectively, nBu4NOAc as the supporting electrolyte and HFIP as the 

solvent, to obtain the corresponding Friedel-Crafts product 2, albeit in 

low yield (15%). Therefore, an optimization study, including screening 

of several supporting electrolytes, bases, solvents, electrodes, current 

density and amount of charge (F/mol), was performed (Table 1). All 

reactions were carried out in batch at room temperature using a 

commercial undivided cell (IKA ElectraSyn 2.0. 10 mL vial, see 

Supporting Information for details). The optimal conditions for the 

electrochemical decarboxylation-alkylation cascade used a graphite 

anode and a stainless-steel cathode, DCM/HFIP 14:1 solvent mixture, 

Bu4NPF6 supporting electrolyte, and 2,4,6-collidine (2 equiv) as a 

additive base. Under these conditions, a current of 7.5 mA (ca. 5 

mA/cm2) provided 65% GC yield (62% isolated) after 2.1 F/mol had 

been passed thorough the cell (entry 1). 
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entrya variation form optimal conditions yield (%)b 

1 none 65 (62)c 

2 nBu4NClO4 21 

3 nBu4NBF4 30 

4 Pt anode 0 

5 RVC anode 0 

6 Zn cathode 60 

7 Graphite cathode 59 

8 5 mA 51 

9 10 mA 38 

10 2.5 F/mol 49 

11 1.5 F/mol 48 

12 Acetone/HFIP 14:1 0 

13 MeCN/HFIP 14:1 0 

14 DMSO/HFIP 14:1 0 

15 2,6-lutidine 43 

16 DBU 46 

17 4-methoxypyridine 53 

18 2,4,6-collidine (1 equiv) 40 

19 2,4,6-collidine (4 equiv) 45 

   
Table 1: Optimization of the electrochemical cycloalkylation. 

a Conditions: 0.2 mmol 2b in 10 mL reaction mixture, 10 mL ElectraSyn 2.0 vial, constant current. b 
Calibrated GC yield. c Isolated yield. Cgr = graphite; SS = stainless steel. 

 

The nature ? of the anion present in the supporting electrolyte as well 

as the electrode materials proved to be critical in achieving high yields 

(entries 2 and 3). When Pt or reticulated vitreous carbon (RVC) were 

used as the anode material, no product was observed (entry 4 and 5). 

This was not surprising, as these materials typically favor radical (Kolbe) 

pathways, and the mechanism of this reaction was expected to follow a 

cationic intermediate (vide infra). A change in the cathode material had a 

minor effect in the reaction yield (entries 6 and 7). The yield of product 2 

was significantly diminished by changing the current density (entries 8 

and 9), amount of charge passed (entries 10 and 11), or the solvents 

employed in conjunction with HFIP (entries 12-14). Notably, no 

conversion was observed with solvents other than DCM. Deviation from 

2,4,6-collidine as a base only provided lower yields (entries 15-17). 
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Increase or decrease in the amount of base was also detrimental (entries 

18 and 19). Despite extensive optimization attempts, no more than 75% 

conversion and 65% yield (entry 1) could be achieved. 

In attempt to enhance the performance of the reaction, the 

electrochemical procedure was transferred to a flow electrolysis cell. 

Flow cells exhibit very low interelectrode distance as well as high 

electrode surface area to reactor volume ratio and improved mass 

transfer.54 These features typically provide more efficient 

transformations. We anticipated that the enhanced mass transfer in a 

narrow gap electrolysis cell might have a particularly positive influence 

on the conversion and selectivity of the reaction. Flow experiments were 

carried out in a previously described cell.52 Initially, a recirculation 

approach, with a flow rate of 5 mL/min, was applied. Gratifyingly, after 

fine-tuning of the reaction conditions in a flow electrolysis cell featuring 

a 0.3 mm interelectrode gap, nearly quantitative yield of the desired 

product 2 was obtained (Figure 15). Notably, this excellent yield was 

obtained under a relatively low current (10 mA, ca. 1.6 mA/cm2), in 

contrast with the batch results, which showed that decreased current 

density diminishes the yield (Table 1, entry 8). 

 

Scheme 1. Optimized flow recirculation procedure. 

 

Figure 15: Flow recirculation experiments. 

a Conditions: 2b (0.2 mmol), 2,4,6-collidine (0.4 mmol), nBu4NPF6 (0.1 mmol), DCM:HFIP 14/1 (10.7 

mL), undivided flow cell, 10 mA, 2.3 F/mol, (+)Cgr | SS(-), 5 ml/min, flow recirculation mode. 
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With the optimized reaction conditions in hand, the scope of the 

electrochemical decarboxylative cycloalkylation was evaluated both 

under batch and flow conditions (Figure 16). Unsurprisingly, the 

electrochemical process performed significantly better in the flow reactor 

than in the batch cell in all cases. Spirocyclic compound 3, for example, 

which was obtained in modest yield in batch (13%), could be isolated in 

good yield (61%) in flow. The study of the reaction scope mainly 

focused on the introduction of methyl groups in the aliphatic chain, a 

characteristic feature of active ingredients containing the 

tetrahydronaphthalenes core such as synthetic retinoids,55 as well as 

fluorine substituted aromatics. As expected, introduction of fluorine in 

the arene resulted in lower yield (5, 50% and 80% in batch and flow, 

respectively) compared to 2 due to the less nucleophilic character of the 

aromatic ring. On the other hand, decoration of the aliphatic chain with 

methyl groups did not have a significant impact on the reaction outcome 

(i.e., 7 and 8). As might be expected, compound 9 could not be obtained 

using this methodology, either under batch or flow conditions, likely due 

to the low oxidation potential of the aromatic ring, which may lead to 

oligomerization (a cyclic voltammogram of 2b is collected in the 

Supporting Information).56 

 

Interestingly, in substrates containing two phenyl groups in  -position to 

the carboxylate, alkene 4 was isolated. This is due to stabilization of the 

carbocation intermediate by the two aromatic groups, resulting in 

elimination of a β-proton as the preferred pathway. 
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Figure 16: Scope. 

a Conditions: 2b (0.2 mmol), solvent (10.7 ml), constant current electrolysis. BATCH: 10 mL IKA 
ElectraSyn 2.0 vial, 7.5 mA, 2.1 F/mol. FLOW: 10 mA, 2.3 F/mol, 5 ml/min recirculation. 

We next turned our attention into achieving a continuous, single-pass 

flow electrolysis protocol. Single-pass electrolysis can be very 

interesting from the process chemistry viewpoint, as it enables 

continuous generation of synthetic intermediates and products and the 

possibility of integrating several synthetic and purification steps into a 

continuous stream.48 Moreover, the low reactor volume resulting from 

the narrow gap in flow cells typically provides low residence times of the 

reaction mixture within the reaction zone, enabling rapid screening of the 

reaction conditions. Indeed, a wide range of currents and amounts of 

charge could be readily screened (Figure 17). In this optimization 

experiment, a stock solution containing 2b, 2,4,6-collidine (2 equiv) and 

nBu4NPF6 (0.1 M) in DCM/HFIP 14:1 was continuously pumped 

through the electrolysis cell.  
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The electrolysis parameters (cell current and pump flow rate, which 

determines the amount of charge) were successively adjusted and, after 

steady state conditions had been reached, aliquots of the crude mixture 

obtained from the reactor output were analyzed by HPLC (Figure 1; see 

Table S12 for additional data). As expected from the results in 

recirculation mode, lower current densities provided the best results. 

Notably, quantitative yield was observed under analogous electrolysis 

parameters (10 mA, 2.3 F/mol) to those used in recirculation mode (cf. 

Figure 16), also implying that both recirculation and single-pass 

operation presented the same current efficiency.  

 

 

 

 

Figure 17: Optimization of flow single pass electrolysis. 
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Another relevant parameter in single pass flow electrochemical 

processing is the reactor stability, i.e., the performance of the electrolysis 

cell over prolonged reaction times. In some cases, both electrode fouling 

and corrosion may affect reaction performance over time, preventing the 

obtention of the target amounts and quality of material in a continuous 

manner. Thus, under optimal reaction conditions (Figure 17, 10 mA, 

0.108 mL/min, 2.3 F/mol), the single-pass continuous process was 

carried out uninterruptedly for 24 h. Gratifyingly, monitoring the crude 

reaction mixture obtained from the reactor output by HPLC confirmed 

that quantitative yield (> 98%) had been obtained over the entire period 

(see Figure S66); work up of the reaction produced 980 mg (7.2 mmol, 

98%) of pure material. 

Based on previous literature on the Hofer–Moest reaction,21 radical 

trapping experiments and DFT calculations, a plausible mechanistic 

scenario for the electrochemical transformation was proposed (Figure 

18). First, an experiment under optimal conditions, carried out using 

radical trapping agent TEMPO as an additive, provided no traces of the 

substrate-TEMPO adduct (Figure 18a), supporting that the reaction does 

not follow a radical mechanism. To probe for the formation of a 

carbocation, employment of MeOH as an additive (Figure 18b) led to the 

corresponding methyl ether, an intermediate observed by GC-MS.  
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Figure 18: a) Trapping experiment with TEMPO. b) Trapping experiment with methanol. c) Proposed 
mechanism. 

Based on this mechanistic evidence, electrochemical reaction likely 

commences with the deprotonation of carboxylic acid in the presence of 

2,4,6-collidine. Anodic oxidation of the corresponding carboxylate 

generates radical intermediate A, which undergoes decarboxylation 

followed by a second anodic oxidation to form carbocation B. In the 

absence of other nucleophiles, the aromatic system traps the carbocation 

in a cycloalkylation, forming the product 2 by deprotonation. 

Intermediate B can also eliminate a β-proton, giving the elimination side 

products O1a or O1b. The cathodic reduction at the counter electrode is 

reduction of two protons to hydrogen, thus keeping the pH of the 

solution constant. 

By looking closely to the mechanism we proposed above, we can 

clearly see that two side products were observed together with the 

cyclized one: namely the terminal bis-substituted olefin O1b and the tris-

substituted one O1a. To further support the mechanistic hypothesis and 
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generatation of elimination products DFT calculations were performed. 

The mechanisms for both the cyclization and the elimination reactions 

steps were investigated using the Gaussian 16 program package in the 

framework of the density functional theory (DFT).56 The cationic 

substrate was modelled without any simplifications to remain as close as 

possible to the real condition, while the role of the non-oxidizable base 

2,4,6-collidine was replaced with pyridine. To better sample the 

conformational space for the starting cationic substrate we employed the 

semiempirical extended tight binding (xTB (GFN2-xTB)) approach (see 

Supporting Information for more details).57 We next moved to the proper 

choice of functional and basis set for the DFT calculation. Soon we 

encountered problems in simulating the elimination reaction step. 

Different combinations between functional and basis sets were tested, but 

most of them proved unsuccessful (see SI for a full description of the 

computational benchmark). Given the reasonable existence of the 

elimination transition state, we used the M06-2X hybrid functional of 

Truhlar and Zhao, which includes double the amount of nonlocal 

exchange (2X).58 This functional proved to be one of the first level 

choices for thermochemistry and thermochemical kinetics studies, by 

placing a particular attention also to noncovalent interactions given the 

presence of medium-range correlation contributions and a flexible 

functional form with extensive parameterization.59 We next selected for 

each atom the same basis set 6-31+g(d,p).60 To reproduce the effect of 

dichloromethane as a solvent, we included the Truhlar’s solute electron 

density and a continuum solvation model (SMD).61 For each structure, 

we performed frequency calculations to confirm the effective minimum 

or transition-state (TS) nature of the optimized system. Moreover, 

intrinsic reaction coordinate (IRC) calculations were performed to 

confirm the continuity of the reaction profile from TSs toward reactants, 

intermediates, or products.62 Finally, single point calculations (SP) were 
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performed using the optimized structures using the long-range corrected 

hybrid density functional B97XD from Head-Gordon and co-workers, 

which already includes a version of Grimme’s D2 dispersion model,63 

and def2-TZVP a valence triple-zeta polarization basis set from Ahlrichs 

and co-workers.64 During the SP calculation we maintained the same 

SMD model for the dichloromethane solvent. The final reported energies 

were then thermally corrected to the free energy: all the next evaluations 

will be referred to this level of theory. Figure 19 shows the complete 

energetic profile for the two possible mechanistic pathways.  

 

 

Figure 19:  Electronic Free Energy Profile (kcal/mol) for both the cyclization and the elimination reactions. 
[SMD(DCM)-wB97XD/def2TZVP//SMD(DCM)-M06-2x/6-31+g(d,p)] 

 

Our analysis begins from the elimination step, highlighted in red in 

Figure 19. Starting from the initial cation A, pyridine can either directly 

deprotonate at the terminal position, thus forming the disubstituted 

olefin, or deprotonate the more hindered internal position to form the 

trisubstituted alkene. Despite attempts in locating the transition state 

(TS) corresponding to terminal deprotation, we were only able to locate 

and optimize the TS leading to a more substituted internal olefin (TS-
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elim). This step requires only 5.2 kcal/mol from the isolated reactants 

and appears to be thermodynamically favored since the final eliminated 

product O1a is 24.0 kcal/mol more stable than the initial A. Regarding 

this step, we strongly believe the most statistically probable terminal 

methyl groups are deprotonated, which is followed by a fast 

pyridine/pyridinium promoted “push-and-pull” equilibration occurs 

populating the most substituted internal olefin. We attempted to also 

simulate this equilibration, but we did not succeed in locating the 

isomerization transition state.  

Regarding the cyclization step (Figure 19, blue line), we observed that 

a conformational modification has to occur in order to produce an 

intermediate INT-1 capable to promote the cyclization. This 

conformational step occurs through TS-conf with an activation energy of 

3.0 kcal/mol and shows a modification of the dihedral angle between the 

benzylic and homobenzylic carbons from 178.5° to 130.9° (in TS-conf) 

and finally to 60.3° in INT-1. This change in dihedral significantly 

shortens the distance between the tertiary carbon (where the cation 

charge is stabilized) and the carbon of the benzene ring where the 

cyclization occurs (from 5.62Å in A, to 2.87Å in INT-1). Starting from 

INT-1 the income of pyridine forms the reactive adduct INT-1-Py which 

is then prone to promote the cyclization step. This occurs through TS-cyc 

with an activation energy of 5.3 kcal/mol from INT-1-Py and 13.3 

kcal/mol from the conformational productive intermediate INT-1. During 

cyclization the distance between the reactive carbons is reduced from 

2.87Å in INT-1 to 2.26Å in TS-cyc and finally to 1.53Å in 2. The 

removal of the proton from the benzene ring to re-establish aromaticity is 

mediated by pyridine. The re-aromatization step occurs concomitantly 

with cyclization, but it shows a strong asynchrony given the fact that first 

the cyclization occurs and only in a second time the re-aromatization 

occurs. This observation is corroborated by the distance between the 
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pyridine nitrogen and the proton to be removed. In INT-1-Py adduct this 

distance is 2.49Å, which is reduced to 2.31Å in TS-cyc. Only after the 

formation of the cycle, the distance decreases until the formation of N-H 

bond in pyridinium cation (1.02Å). This step is thermodynamically 

favored since the final cyclized product 2 is 38.5 kcal/mol more stable 

than the initial A. 

To make a general discussion on the reaction profile we reported 

above, we can state that the reaction seems to be under the Curtin–

Hammett control. Indeed, the formation of the eliminated product is less 

energetically expensive, but populates the less stable product. We can 

consider this step as the kinetic one. Vice versa, the cyclization step 

requires much nearly double the energy to overcome the transition state, 

but the cyclized product is much more stable than the eliminated one 

(G°14.0 kcal/mol). This means that the reaction equilibrates between 

the eliminated product, which is formed first, and the cyclized one, 

which is much more energetically costly but remains the most 

thermodynamically favored.  

 

In summary, we have developed an electrochemical methodology for 

the synthesis of substituted tetrahydronaphthalenes via oxidative 

decarboxylative cycloalkylation of carboxylic acids. This 

electrochemical procedure, based on direct anodic oxidation, avoids the 

use of the corrosive reagents typically needed in Friedel–Crafts-type 

protocols, and uses carboxylic acids as readily available substrates. A 

significant enhancement of the reaction yield has been achieved when 

transferring the electrochemical procedure to a flow electrolysis cell, 

which can be operated both in recirculation and single-pass modes. Very 

good to quantitative yields have been obtained for 

tetrahydronaphthalenes decorated with fluorine and methyl groups. 
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Chapter III: Experimental section 

 

3.1 General methods 

 

NMR spectra were recorded on Bruker-400 MHz or Bruker-300 MHz 

spectrometer. The high resolution mass spectra were recorded on a 

Thermo LTQOrbitrap XL (ESI-). GC-MS analysis were performed 

on “Thermo scientific” Focus GC-DSQ II. Column chromatography 

was performed on silica gel Sigma-Aldrich High-purity grade (9385), 

pore size 60˚A (230-400 mesh). TLC was performed on GF-254 

Merck (0.25 mm) per TLC Sigma-Aldrich. Electrolysis experiments 

have been performed on IKA Electrasyn 2.0. Flow electrochemical 

experiments have been performed using a peristaltic pump 

Vapourtech SF-10 and a self-assembled flow cell. All chemicals were 

used without purification as commercially available unless otherwise 

noted. 

 

3.2 Abbreviations 

 

BuLi: n-butyl lithium 

TPPA: tris(N,N-tetramethylene) triamide phosphoric acid 

i-Pr2NH: diisopropylamine 

TEA: triethylamine 

DIPEA: diisopropylethylamine 

DBU: diazabicycloundecene 

4-MeO-py: 4-methoxypyridine 
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KOH: potassium hydroxide 

LiOH: lithium hydroxide 

LDA: lithium diisopropylamide 

HFIP: 1,1,1,3,3,3-Hexafluoro-2-propanol 

DMSO: dimethylsulfoxide 

Et2O: diethylether 

EtOH: ethanol 

MeCN: acetonitrile 

THF: tetrahydrofuran 

DCM: dichloromethane 

DMF: dimethylformamide 

Bu4NBF4: tetrabutylammonium tetrafluoroborate 

Bu4NPF6: tetrabutylammonium hexafluorophosphate 

Bu4NOAc: tetrabutylammonium acetate 

Bu4NOH: tetrabutylammonium hydroxide 

Bu4NClO4: tetrabutylammonium perchlorate 

C: graphite 

GC: glassy carbon 

RVC: reticulated vitreous carbon 

Pt: platinum 

SS: stainless steel 

Ni: nickel 

Zn: zinc  
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3.3 Synthesis of starting materials 2-10 (b or e or g) 

 

Synthesis of  2b-Step 1 

 

Figure S 1: Synthesis of methyl 2,2-dimethyl-5-phenylpentanoate 

 

1.1 eq. of n-BuLi (55 mmol, 35 ml 1,6 M in hexanes) was added to a 

solution of freshly distilled diisopropylamine (1 eq, 50 mmol, 3.63 ml)  

in anhydrous THF (50 ml, 1.0 M) under nitrogen at 0 °C. The reaction 

mixture was then cooled to -78 °C and methyl isobutyrate 1 (0.9 eq, 45 

mmol, 5.16 ml) was carefully added dropwise. The reaction was stirred 

at the same temperature for 30 min. and then bromide 1a (1 eq, 50 mmol, 

13.7 ml) was added dropwise.  The mixture is stirred overnight slowly 

reaching RT. 

The reaction was quenched adding one volume of a saturated solution of 

ammonium chloride in water. The organic phase was separated and the 

aqueous phase was extracted with ethyl acetate three times. Organic 

phases were reunited and washed 2 times with HCl 2 M and  one time 

with brine. The organic phase was collected and dried over sodium 

sulphate then the solvent was evaporated under vacuum. The crude is a 

dark yellow oil and was used without purification for the next step. 
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MW: 220.14 g/mol 

Synthesis of  2b-Step 2 

 

Figure S 2: Synthesis of 2,2-dimethyl-5-phenylpentanoic acid 

 

The crude obtained from step 1 was dissolved in  a 1:1 mixture water:1,4 

dioxane (500 ml, 0.1 M). LiOH (1.5 eq, 2.0 g) was added to the reaction 

mixture and the temperature was brought to 50 °C under magnetic 

stirring for one night. 

After the mixture was cooled to RT, 1,4 dioxane was removed under 

vacuum. The residue was washed three times with diethyl ether. 

Aqueous phase was then acidified with HCl 1 M (aq) until the pH was 3, 

then the same phase was extracted three times with ethyl acetate. The 

organic phase collected after the extraction of the acid phase was dried 

over sodium sulphate and the solvent was removed under vacuum. 

The product 2b results as a white solid and no further purification was 

required. Y% = 80% (8.2 g) over two steps. 

MW: 206.28 g/mol 

1H NMR (300 MHz, Chloroform-d) δ 7.36 – 7.25 (m, 2H), 7.25 – 7.15 

(m, 3H), 2.71 – 2.55 (m, 2H), 1.69 – 1.58 (m, 3H), 1.21 (s, 6H). 
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13C NMR (101 MHz, Chloroform-d) δ 185.32, 142.27, 128.48, 128.42, 

125.90, 42.21, 40.20, 36.40, 26.82, 25.03. 

HRMS (ESI-): m/z [M-H]- , calculated for C13H17O2
- : 205.1234 ; found: 

205.1225. 
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Synthesis of  3b-Step 1 

 

Figure S 3: methyl 1-(3-phenylpropyl)cyclohexane-1-carboxylate 

 

1.1 eq. of n-BuLi (1 mmol, 625 µl 1,6 M in hexanes) was added to a 

solution of freshly distilled diisopropylamine (1 eq, 1 mmol, 141 µl)  in 

anhydrous THF (1 ml, 1.0 M) under nitrogen at 0 °C. The reaction 

mixture was then cooled to -78 °C and a solution of ester 1b (0.9 eq, 0.9 

mmol, 143.8 µl) and TPPA (1.05 eq, 1.05 mmol, 261 µl) in dry THF (1 

ml, 1.1 M)  was carefully added dropwise. The reaction was stirred at the 

same temperature for 30 min. and then bromide 1a (1 eq, 50 mmol, 91.7 

µl) was added dropwise.  The mixture is stirred overnight slowly 

reaching RT. The reaction was quenched adding one volume of a 

saturated solution of ammonium chloride in water. The organic phase 

was separated and the aqueous phase was extracted with ethyl acetate 

three times. Organic phases were reunited and washed 2 times with HCl 

2 M and  one time with brine. The organic phase was collected and dried 

over sodium sulphate then the solvent was evaporated under vacuum.The 

crude was purified on silica gel using 98:2 Hexane/EtOAc as mobile 

phase. The resulting yellow oil was used for the step 2. Y% : 77% (200 

mg). The 1H NMR analysis was correspondent to the one reported by 

Cala, Lara et al.65 

MW: 260.37 g/mol 
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Synthesis of  3b-Step 2 

 

Figure S 4: Synthesis of 1-(3-phenylpropyl)cyclohexane-1-carboxylic 

acid 

 

The ester 3a (1 eq, 200 mg) was dissolved in ethanol (10 ml, 0.1 M). 

KOH (2 eq, 27.5 mg) was slowly added and the reaction was brought to 

reflux overnight under magnetic stirring.  

The mixture was cooled to RT and the solvent was evaporated under 

vacuum. The residue was dissolved in water and the aqueous phase was 

extracted three times with diethyl ether. Aqueous phase was then 

acidified with HCl 1 M until the pH was 3, then the same phase was 

extracted three times with ethyl acetate. The organic phase collected after 

the extraction of the acid phase was dried over sodium sulphate and the 

solvent was removed under vacuum. 

The product 3b was obtained as an orange solid. No further purification 

was needed. Y% = 98% (185.7 mg) 

 MW: 246.35 g/mol 

1H NMR (400 MHz, Chloroform-d) δ 7.34 – 7.27 (m, 2H), 7.25 – 7.18 

(m, 3H), 2.62 (t, J = 6.9 Hz, 2H), 2.17 – 2.03 (m, 1H), 1.73 – 1.53 (m, 

5H), 1.51 – 1.38 (m, 1H), 1.34 – 1.19 (m, 2H). 
13C NMR (101 MHz, Chloroform-d) δ 183.85, 142.25, 128.47, 128.41, 

125.88, 46.88, 36.33, 33.97, 26.02, 25.85, 23.28. 
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HRMS (ESI-): m/z [M-H]- , calculated for C16H21O2
- : 245.1547; found: 

245.1544. 

Synthesis of 4b-Step 1 

 

Figure S 5: Synthesis of methyl 2,2,5-triphenylpentanoate 

 

1.1 eq. of n-BuLi (1 mmol, 625 µl 1,6 M in hexanes) was added to a 

solution of freshly distilled diisopropylamine (1 eq, 1 mmol, 141 µl)  in 

anhydrous THF (1 ml, 1.0 M) under nitrogen at 0 °C. The reaction 

mixture was then cooled to -78 °C and ester 1c (0.9 eq, 0.9 mmol, 228 

µl) was carefully added dropwise. The reaction was stirred at the same 

temperature for 30 min. and then bromide 1a (1 eq, 50 mmol, 91.7 µl) 

was added dropwise.  The mixture is stirred overnight slowly reaching 

RT. 

The reaction was quenched adding one volume of a saturated solution of 

ammonium chloride in water. The organic phase was separated and the 

aqueous phase was extracted with ethyl acetate three times. Organic 

phases were reunited and washed 2 times with HCl 2 M and  one time 

with brine. The organic phase was collected and dried over sodium 

sulphate then the solvent was evaporated under vacuum. 

The crude residue was used directly for the step 2 without further 

purification. 
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MW: 344.45 g/mol 

Synthesis of 4b-Step 2 

 

Figure S 6: Synthesis of 2,2,5-triphenylpentanoic acid 

 

The crude ester 4a (400 mg) was dissolved in methanol:water 8:2 (10 ml, 

0.1 M). KOH (2 eq, 27.5 mg) was slowly added and the reaction was 

brought to reflux overnight under magnetic stirring.  

The mixture was cooled to RT and the methanol was evaporated under 

vacuum. The residue was dissolved in water and the aqueous phase was 

extracted three times with diethyl ether. Aqueous phase was then 

acidified with HCl 1 M until the pH was 3, then the same phase was 

extracted three times with ethyl acetate. The organic phase collected after 

the extraction of the acid phase was dried over sodium sulphate and the 

solvent was removed under vacuum. 

The crude was purified on silica gel (Toluene/Hexane=8/2 1% acetic 

acid) obtaining the product 4b as white crystals. Y% = 60% (200 mg) 

over 2 steps. 

1H NMR (400 MHz, Chloroform-d) δ 7.35 – 7.22 (m, 12H), 7.21 – 7.04 

(m, 2H), 2.59 (t, J = 7.7 Hz, 2H), 2.49 – 2.37 (m, 2H), 1.52 – 1.39 (m, 

2H). 
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13C NMR (101 MHz, Chloroform-d) δ 179.34, 142.25, 141.94, 129.01, 

128.40, 128.25, 127.96, 126.99, 125.75, 60.13, 37.44, 36.12, 26.74. 

HRMS (ESI-): m/z [M-H]- , calculated for C23H21O2
- : 329.1547; found: 

329.1541. 

 

Synthesis of  5e-Step 1 

 

Figure S 7: Synthesis of 3-(3,5-difluorophenyl)propan-1-ol 

 

The carboxylic acid 5a was reduced to its corrispective alcohol 5b 

following the procedure of Natori, Yoshiro et al.66 obtaining the product 

in quantitative yield. 

The crude resulting mixture was used without further purification for the 

following step. 

MW: 172.17 g/mol 
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Synthesis of 5e -Step 2 

 

Figure S 8: Synthesis of 1-(3-bromopropyl)-3,5-difluorobenzene 

The alcohol 5b was brominated following the procedure of Natori, 

Yoshiro et al. 66 

The crude resulting mixture was filtered over a silica pad with hexane as 

mobile phase, then the solvent was evaporated under vacuum. The 

product was obtained as a clear oil in quantitative yield. 

MW: 235.07 g/mol 

Synthesis of  5e -Step 3 

 

Figure S 9: Synthesis of methyl 5-(3,5-difluorophenyl)-2,2-

dimethylpentanoate 

 

1.1 eq. of n-BuLi (1 mmol, 625 µl 1,6 M in hexanes) was added to a 

solution of freshly distilled diisopropylamine (1 eq, 1 mmol, 141 µl)  in 

anhydrous THF (1 ml, 1.0 M) under nitrogen at 0 °C. The reaction 

mixture was then cooled to -78 °C and ester 1 (0.9 eq, 0.9 mmol, 228 µl) 
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was carefully added dropwise. The reaction was stirred at the same 

temperature for 30 min. and then bromide 5c (1 eq, 235 mg) was added 

dropwise.  The mixture is stirred overnight slowly reaching RT. 

The reaction was quenched adding one volume of a saturated solution of 

ammonium chloride in water. The organic phase was separated and the 

aqueous phase was extracted with ethyl acetate three times. Organic 

phases were reunited and washed 2 times with HCl 2 M and  one time 

with brine. The organic phase was collected and dried over sodium 

sulphate then the solvent was evaporated under vacuum. 

The crude was a dark yellow oil and was used without purification of the 

next step. 

MW: 256.29 g/mol 

 

Synthesis of 5e -Step 4 

 

Figure S 10: Synthesis of 5-(3,5-difluorophenyl)-2,2-dimethylpentanoic 

acid 

The crude ester 5d (530 mg) was dissolved in methanol:water 8:2 (10 ml, 

0.1 M). KOH (2 eq, 27.5 mg) was slowly added and the reaction was 

brought to reflux overnight under magnetic stirring.  
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The mixture was cooled to RT and the methanol was evaporated under 

vacuum. The residue was dissolved in water and the aqueous phase was 

extracted three times with diethyl ether. Aqueous phase was then 

acidified with HCl 1 M until the pH was 3, then the same phase was 

extracted three times with ethyl acetate. The organic phase collected after 

the extraction of the acid phase was dried over sodium sulphate and the 

solvent was removed under vacuum. 

The resulting yellow oil does not need further purification. Y% = 65% 

(145 mg) over 4 steps. 

MW: 242.27 g/mol 

1H NMR (400 MHz, Chloroform-d) δ 6.81 – 6.56 (m, 3H), 2.61 (t, J = 

6.7 Hz, 2H), 1.60 (m 2H), 1.22 (s, 6H). 

 
13C NMR (101 MHz, Chloroform-d)  δ 184.18,  164.15,  161.82,  161.69,  

146.02,  145.93, 111.21,  111.15,  111.03,  110.97,  101.55,  101.29,  

101.04,  42.02,  39.76,  35.96,  26.13, 24.95. 

 

HRMS (ESI-): m/z [M-H]- , calculated for C13H15F2O2
- : 241.1046; 

found: 241.1043. 

 

 
 

Synthesis of 6e-Step 1 

 

Figure S 11: Synthesis of 3-(3,5-dimethylphenyl)propan-1-ol 
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The carboxylic acid 6a was reduced to its corrispective alcohol 6b 

following the procedure of Cheung, Fung K.; et al.67 obtaining the 

product in quantitative yield. 

The crude resulting mixture was used without further purification for the 

following step. 

1H-NMR analysis matches with the one reported in literature by Cheung, 

Fung K.; et al.67 

Synthesis of 6e-Step 2 

 

Figure S 12: Synthesis of 1-(3-bromopropyl)-3,5-dimethylbenzene 

 

The alcohol 6b was brominated following the procedure of Herold, 

Sebastian; et al.68 obtaining the bromide 6c. 

The crude resulting mixture was filtered over a silica pad with hexane as 

mobile phase, then the solvent was evaporated under vacuum. The 

product was obtained as a clear oil in quantitative yield. 

1H-NMR analysis matches with the one reported in literature by Herold, 

Sebastian; et al.68 
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Synthesis of 6e -Step 3 

 

Figure S 13: Synthesis of methyl 5-(3,5-dimethylphenyl)-2,2-

dimethylpentanoate 

 

1.1 eq. of n-BuLi (1 mmol, 625 µl 1,6 M in hexanes) was added to a 

solution of freshly distilled diisopropylamine (1 eq, 1 mmol, 141 µl)  in 

anhydrous THF (1 ml, 1.0 M) under nitrogen at 0 °C. The reaction 

mixture was then cooled to -78 °C and ester 1 (0.9 eq, 0.9 mmol, 228 µl) 

was carefully added dropwise. The reaction was stirred at the same 

temperature for 30 min. and then bromide 6c (1 eq, 227 mg) was added 

dropwise.  The mixture is stirred overnight slowly reaching RT. 

The reaction was quenched adding one volume of a saturated solution of 

ammonium chloride in water. The organic phase was separated and the 

aqueous phase was extracted with ethyl acetate three times. Organic 

phases were reunited and washed 2 times with HCl 2 M and  one time 

with brine. The organic phase was collected and dried over sodium 

sulphate then the solvent was evaporated under vacuum. 

The crude mixture was used for the step 4 without further purification. 
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Synthesis of 6e -Step 4 

 

Figure S 14: Synthesis of 5-(3,5-dimethylphenyl)-2,2-dimethylpentanoic 

acid 

 

The crude ester 6d (485 mg) was dissolved in methanol:water 8:2 (10 ml, 

0.1 M). KOH (2 eq, 27.5 mg) was slowly added and the reaction was 

brought to reflux overnight under magnetic stirring.  

The mixture was cooled to RT and the methanol was evaporated under 

vacuum. The residue was dissolved in water and the aqueous phase was 

extracted three times with diethyl ether. Aqueous phase was then 

acidified with HCl 1 M until the pH was 3, then the same phase was 

extracted three times with ethyl acetate. The organic phase collected after 

the extraction of the acid phase was dried over sodium sulphate and the 

solvent was removed under vacuum. 

6e was a yellow oil that does not need further purification. Y% = 79% 

(185 mg) over 4 steps. 

1H NMR (400 MHz, Chloroform-d) δ 6.85 (d, J = 9.4 Hz, 3H), 2.56 (dq, 

J = 4.2, 2.4 Hz, 2H), 2.33 (s, 6H), 1.65 (d, J = 3.9 Hz, 4H), 1.24 (s, 6H). 

 
 
13C NMR (101 MHz, Chloroform-d) δ 184.91, 142.16, 137.78, 127.45, 

126.21, 42.13, 40.25, 36.20, 26.84, 24.95, 21.29. 
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HRMS (ESI-): m/z [M-H]- , calculated for C15H21O2
- : 233.1547; found: 

233.1542. 

 

Synthesis of 7e -Step 1 

 

Figure S 15: Synthesis of 3-methyl-3-phenylbutanoic acid 

 

The carboxylic acid 7a was synthesized following the procedure by 

Nieman, James A.; et al.69 

The crude was used without further purification for step 2. 

1H-NMR analysis matches with the one reported by Nieman, James A.; 

et al.69 

Synthesis of 7e-Step 2 

 

Figure S 16: Synthesis of 3-methyl-3-phenylbutan-1-ol 
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The alcohol 7b was synthesized following the procedure by Bartkovitz, 

David Joseph; et al.70 

The crude was used without further purification for step 2. 

1H-NMR analysis matches with the one reported by Bartkovitz, David 

Joseph; et. al. 70 

 

Synthesis of 7e-Step 3 

 

Figure S 17: Synthesis of (4-iodo-2-methylbutan-2-yl)benzene 

 

The alcohol 7c was iodinated following the procedure of Chen, 

Weiqiang; et al. 71 obtaining the iodide 7d. 

Molecular iodine (1.3 eq, 6.5 mmol, 1,6 g) was added portionwise to a 

solution of PPh3 (1.3 eq, 6.5 mmol, 1.7 g) in CH2Cl2 (32 ml, 0.2 M) at 0 

°C. The resulting suspension was stirred for 2 hours at 0 °C. A solution 

of alcohol 7c (1.0 eq, 5 mmol, 822 mg) and imidazole (1.3 eq, 6.5 mmol, 

446 mg) in CH2Cl2 (3 ml, 1.7 M) was added dropwise to the reaction 

mixture. The reaction was stirred overnight until RT. The reaction was 

the quenched adding Na2S2O3 (1.0 M, aq.) and the aqueous phase was 

extracted three times with MTBE (3 x 2 volumes). The collected organic 
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phases were washed with 2 volumes of brine and the residue was dried 

over sodium sulphate, then the solvent was evaporated under reduced 

pressure.  

The crude resulting mixture was filtered over a silica pad with hexane as 

mobile phase, then the solvent was evaporated under vacuum. The 

product was obtained as a clear oil. Y% = 78% (1.07 g) 

1H NMR (400 MHz, Chloroform-d) δ 7.34 (d, J = 5.3 Hz, 4H), 7.26 – 

7.20 (m, 1H), 2.98 – 2.83 (m, 2H), 2.40 – 2.27 (m, 2H), 1.36 (s, 6H). 
 
13C NMR (101 MHz, Chloroform-d) δ 146.26, 127.44, 125.00, 124.69, 

48.62, 39.38, 27.52. 
 

Synthesis of 7e-Step 4 

 

Figure S 18: Synthesis of methyl 2,2,5-trimethyl-5-phenylhexanoate 

 

1.1 eq. of n-BuLi (3.3 mmol, 1.88 ml 1,6 M in hexanes) was added to a 

solution of freshly distilled diisopropylamine (1 eq, 3 mmol, 423 µl)  in 

anhydrous THF (3 ml, 1.0 M) under nitrogen at 0 °C. The reaction 

mixture was then cooled to -78 °C and a solution of ester 1 (0.9 eq, 2.7 

mmol, 431.4 µl) and TPPA (1.05 eq, 3.15 mmol, 783 µl) in dry THF (3 

ml, 1.1 M)  was carefully added dropwise. The reaction was stirred at the 

same temperature for 30 min. and then iodide 7c (1 eq, 3 mmol, 822 mg) 
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was added dropwise.  The mixture is stirred overnight slowly reaching 

RT. 

The reaction was quenched adding one volume of a saturated solution of 

ammonium chloride in water. The organic phase was separated and the 

aqueous phase was extracted with ethyl acetate three times. Organic 

phases were reunited and washed 2 times with HCl 2 M and one time 

with brine. The organic phase was collected and dried over sodium 

sulphate then the solvent was evaporated under vacuum. 

The crude was purified on silica gel using 98:2 Hexane/EtOAc as mobile 

phase obtaining ester 7d. The resulting yellow oil was used for the step 

5. Y% : 77% (573 mg).  

1H NMR (400 MHz, Chloroform-d) δ 7.32 (d, J = 4.3 Hz, 4H), 7.20 (q, J 

= 4.3 Hz, 1H), 3.64 (d, J = 0.9 Hz, 3H), 1.62 – 1.52 (m, 4H), 1.31 (m, 

8H), 1.11 (s, 6H). 

 
13C NMR (101 MHz, Chloroform-d)  δ 178.40, 149.06, 128.02, 125.79, 

125.42, 51.51, 42.09, 39.15, 37.38, 35.56, 28.95, 25.08. 
 

Synthesis of 7e-Step 5 

 

Figure S 19: Synthesis of 2,2,5-trimethyl-5-phenylhexanoic acid 
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The ester 7d (500 mg) was dissolved in methanol:water 8:2 (30 ml, 0.1 

M). KOH (2 eq, 259.1 mg) was slowly added and the reaction was 

brought to reflux overnight under magnetic stirring.  

The mixture was cooled to RT and the methanol was evaporated under 

vacuum. The residue was dissolved in water and the aqueous phase was 

extracted three times with diethyl ether. Aqueous phase was then 

acidified with HCl 1 M until the pH was 3, then the same phase was 

extracted three times with ethyl acetate. The organic phase collected after 

the extraction of the acid phase was dried over sodium sulphate and the 

solvent was removed under vacuum. 

The resulting white powder was obtained in a quantitative yield as 7e 

and it does not need further purification. 

1H NMR (400 MHz, Chloroform-d) δ 7.39 – 7.30 (m, 4H), 7.21 (td, J = 

5.9, 2.8 Hz, 1H), 1.73 – 1.60 (m, 2H), 1.34 (m, 8H), 1.16 (s, 6H). 
 
13C NMR (101 MHz, Chloroform-d)  δ 184.62, 149.02, 128.09, 125.80, 

125.49, 41.90, 38.94, 37.40, 35.32, 28.97, 24.86. 

 

 

HRMS (ESI-): m/z [M-H]- , calculated for C15H21O2
- : 233.1547; found: 

233.1542. 

 

Synthesis of 8g – step 1 
 

 

Figure S 20: Synthesis of 4-methyl-4-(p-tolyl)pentan-2-one 
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Ketone 8b has been synthesized and purified following the procedure by 

Hao, Hong-Yan et al. 72 

1H NMR analysis was consistent to the one reported by Hao, Hong-Yan 

et al. 72 

MW = 190.29 g/mol 

Synthesis of 8g – step 2 

 

 

Figure S 21: Synthesis of 3-methyl-3-(p-tolyl)butanoic acid 

Carboxylic acid 8c has been synthesized and purified following the 

procedure by Dabrowski, J. A. et al. 73 

A flask equipped with stirring bar was charged with ketone 8b (200 mg, 

1.05 mmol, 1 eq). NaOCl 4-6% (aq.) (5.0 eq, 8 mL), NaOH (aq.) (1.1 eq, 

2M, 500 µl) and water (50 ml) were added at RT. The resulting solution 

was warmed up to 70 °C (oil bath) and stirred for 18 hours. The reaction 

was allowed to cool to RT and acetone was added until the reaction 

tested negative for peroxides by starch paper. The reaction was then 

allowed to cool to 0 °C and concentrated HCl was added dropwise until 

the solution reached pH 3. The aqueous layer was extracted three times 

with ethyl acetate. Organic layers was washed with water and brine The 
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organic phase was collected and dried over sodium sulphate, then the 

solvent was evaporated under vacuum to yield a yellow oil which was 

purified by crystallization in n-hexane to afford carboxylic acid 8c as a 

white solid. Y% = 60 % 

1H NMR analysis was consistent to the one reported by Yu, Xiao-Ye; et 

al. 74 

MW = 192.26 g/mol 

 

 

Synthesis of 8g – step 3 

 

 

 

 
Figure S 22: Synthesis of 3-methyl-3-(p-tolyl)butan-1-ol 

 

 

 
The alcohol 8d was synthesized following the procedure by Bartkovitz, 

David Joseph; et al. 70 

To a solution of carboxylic acid 8c (100 mg, 0.52 mmol, 1 eq) in 

anhydrous tetrahydrofuran (5 ml, 0.02 M) at 0°C was added dropwise a 

tetrahydrofuran solution of BH3·THF (2 eq, 1.04 mmol, 1.04 ml, 1 M) 

under nitrogen. The reaction mixture was stirred at room temperature for 

3 h. The mixture was cooled to 0°C and satured bicarbonate was added. 

The residue was partitioned between ethyl acetate and water. The organic 

layer were separated, washed with water, aqueous HCl solution (1 M), 
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brine. The organic phase was dried over sodium sulphate, then the 

solvent was evaporated under vacuum. 

Alcohol 8d was obtained as colorless oil in a quantitative yield. No 

further purification was required. 

MW = 178.28 g/mol 

1H NMR (400 MHz, Chloroform-d) δ 7.27 (d, J = 8.3 Hz, 2H), 7.15 (dt, 

J = 8.0, 0.7 Hz, 2H), 3.58 – 3.46 (m, 2H), 2.34 (s, 3H), 1.96 (dd, J = 7.7, 

6.9 Hz, 2H), 1.36 (s, 6H). 

 
13C NMR (101 MHz, Chloroform-d) δ 145.67, 135.24, 128.99, 125.55, 

60.24, 46.90, 36.30, 29.37, 20.86. 

 

 

 

 

Synthesis of 8g – step 4 

 

 

Figure S 23: Synthesis of 1-(4-iodo-2-methylbutan-2-yl)-4-

methylbenzene 

The alcohol 8d was iodinated following the procedure of Chen, 

Weiqiang; et al. 71 obtaining the iodide 8e. 

Molecular iodine (1.3 eq, 4.87 mmol, 1.23 g) was added portionwise to a 

solution of PPh3 (1.3 eq, 4.87 mmol, 1.27 g) in CH2Cl2 (30 ml, 0.2 M) at 

0 °C. The resulting suspension was stirred for 2 hours at 0 °C. A solution 

of alcohol 8d (1.0 eq, 3.7 mmol, 668 mg) and imidazole (1.3 eq, 4.87 
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mmol, 331 mg) in CH2Cl2 (2 ml, 1.7 M) was added dropwise to the 

reaction mixture. The reaction was stirred overnight until RT. The 

reaction was the quenched adding Na2S2O3 (1.0 M, aq.) and the aqueous 

phase was extracted three times with ethyl acetate (3 x 2 volumes). The 

collected organic phases were washed with 2 volumes of brine and the 

residue was dried over sodium sulphate, then the solvent was evaporated 

under reduced pressure.  

The crude resulting mixture was filtered over a silica pad with hexane as 

mobile phase, then the solvent was evaporated under vacuum. The 

product was obtained as a clear oil in quantitative yield.  

MW = 288.17 g/mol 

1H NMR (400 MHz, Chloroform-d) δ 7.25 – 7.11 (m, 4H), 2.97 – 2.85 

(m, 2H), 2.37 – 2.25 (m, 5H), 1.33 (s, 6H). 

 
13C NMR (101 MHz, Chloroform-d) δ 142.90, 134.14, 127.80, 124.27, 

48.30, 38.73, 27.28, 19.57. 

 

Synthesis of 8g – step 5 

 

 

Figure S 24: Synthesis of methyl 2,2,5-trimethyl-5-(p-tolyl)hexanoate 

 



56 

 

1.1 eq. of n-BuLi (2.58 mmol, 1.61 ml 1,6 M in hexanes) was added to a 

solution of freshly distilled diisopropylamine (1 eq, 1.91 mmol, 270 µl)  

in anhydrous THF (2 ml, 1.0 M) under nitrogen at 0 °C. The reaction 

mixture was then cooled to -78 °C and a solution of ester 1 (0.9 eq, 1.7 

mmol, 270 µl) and TPPA (1.05 eq, 2.0 mmol, 460 µl) in dry THF (2 ml, 

1.1 M)  was carefully added dropwise. The reaction was stirred at the 

same temperature for 30 min. and then iodide 8e (1 eq, 1.9 mmol, 550 

mg) was added dropwise.  The mixture is stirred overnight slowly 

reaching RT. 

The reaction was quenched adding one volume of a saturated solution of 

ammonium chloride in water. The organic phase was separated and the 

aqueous phase was extracted with ethyl acetate three times. Organic 

phases were reunited and washed 2 times with HCl 2 M and one time 

with brine. The organic phase was collected and dried over sodium 

sulphate then the solvent was evaporated under vacuum. 

The crude was purified on silica gel using 98:2 Hexane/EtOAc as mobile 

phase obtaining ester 8f. The resulting yellow oil was used for the step 6. 

Y% = 80%. 

MW = 262.39 g/mol 

1H NMR (400 MHz, Chloroform-d) δ 7.21 (d, J = 8.3 Hz, 2H), 7.14 (d, J 

= 0.8 Hz, 2H), 3.65 (s, 3H), 2.35 (s, 3H), 1.57 – 1.51 (m, 2H), 1.34 – 

1.25 (m, 8H), 1.11 (s, 6H). 

13C NMR (101 MHz, Chloroform-d) δ 178.47, 146.06, 134.80, 128.74, 

125.68, 51.55, 42.11, 39.09, 37.03, 35.58, 29.07, 25.10, 20.87. 
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Synthesis of 8g – step 6 

 

 

 
 

Figure S 25: Synthesis of 2,2,5-trimethyl-5-(p-tolyl)hexanoic acid 

 

Ester 8f (1 eq, 1 mmol, 255 mg) was dissolved in  a 1:1 mixture 

water:1,4 dioxane (10 ml, 0.1 M). LiOH (1.5 eq, 200 mg) was added to 

the reaction mixture and the temperature was brought to 50 °C under 

magnetic stirring for one night. 

After the mixture was cooled to RT, 1,4 dioxane was removed under 

vacuum. The residue was washed three times with diethyl ether. 

Aqueous phase was then acidified with HCl 1 M (aq) until the pH was 3, 

then the same phase was extracted three times with ethyl acetate. The 

organic phase collected after the extraction of the acid phase was dried 

over sodium sulphate and the solvent was removed under vacuum. 

The product 8g results as white crystals in quantitative yield and no 

further purification was required.  

MW = 248.37 g/mol 

1H NMR (400 MHz, Chloroform-d) δ 7.20 (d, J = 8.2 Hz, 2H), 7.11 (d, J 

= 8.0 Hz, 2H), 2.32 (s, 3H), 1.66 – 1.53 (m, 2H), 1.36 – 1.29 (m, 2H), 

1.27 (s, 7H), 1.12 (s, 6H). 
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13C NMR (101 MHz, Chloroform-d) δ 183.06, 146.01, 134.85, 128.79, 

125.68, 41.80, 38.91, 37.03, 35.36, 29.05, 24.89, 20.87. 

HRMS (ESI-): m/z [M-H]- , calculated for C16H23O2
- : 247.1704; found: 

247.1708. 

Synthesis of 9e – step 1 

   

Figure S 26: Synthesis of 3-(3,5-dimethoxyphenyl)propan-1-ol 

  

The carboxylic acid 9a was reduced to its corrispective alcohol 9b 

following the procedure of Plamondon et al. 75 obtaining the product in 

quantitative yield. 

The crude resulting mixture was used without further purification for the 

following step. 

1H-NMR analysis matches with the one reported in literature by 

Plamondon et al. 75 
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Synthesis of 9e – step 2 

 

Figure S 27: Synthesis of 1-(3-bromopropyl)-3,5-dimethoxybenzene 

 

The alcohol 9b was brominated following the procedure of Informa et al. 

76 obtaining the bromide 9c. 

The crude resulting mixture was filtered over a silica pad with hexane as 

mobile phase, then the solvent was evaporated under vacuum. The 

product was obtained as a clear oil in quantitative yield. 

1H-NMR analysis matches with the one reported in literature by Informa 

et al. 76 

Synthesis of 9e – step 3 

 

Figure S 28: Synthesis of methyl 5-(3,5-dimethoxyphenyl)-2,2-

dimethylpentanoate 

 

1.1 eq. of n-BuLi (1 mmol, 625 µl 1,6 M in hexanes) was added to a 

solution of freshly distilled diisopropylamine (1 eq, 1 mmol, 141 µl)  in 
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anhydrous THF (1 ml, 1.0 M) under nitrogen at 0 °C. The reaction 

mixture was then cooled to -78 °C and ester 1 (0.9 eq, 0.9 mmol, 228 µl) 

was carefully added dropwise. The reaction was stirred at the same 

temperature for 30 min. and then bromide 9c (1 eq, 257 mg) was added 

dropwise.  The mixture is stirred overnight slowly reaching RT. 

The reaction was quenched adding one volume of a saturated solution of 

ammonium chloride in water. The organic phase was separated and the 

aqueous phase was extracted with ethyl acetate three times. Organic 

phases were reunited and washed 2 times with HCl 2 M and  one time 

with brine. The organic phase was collected and dried over sodium 

sulphate then the solvent was evaporated under vacuum. 

The crude mixture was used for the step 4 without further purification. 

 

Synthesis of 9e – step 4 

 

Figure S 29: Synthesis of 5-(3,5-dimethoxyphenyl)-2,2-

dimethylpentanoic acid 

  

The crude ester 9d (471 mg) was dissolved in methanol:water 10:1 (10 

ml, 0.1 M). KOH (2 eq, 27.5 mg) was slowly added and the reaction was 

brought to reflux overnight under magnetic stirring.  
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The mixture was cooled to RT and the methanol was evaporated under 

vacuum. The residue was dissolved in water and the aqueous phase was 

extracted three times with diethyl ether. Aqueous phase was then 

acidified with HCl 1 M until the pH was 3, then the same phase was 

extracted three times with ethyl acetate. The organic phase collected after 

the extraction of the acid phase was dried over sodium sulphate and the 

solvent was removed under vacuum. 

9e was a brown oil that does not need further purification. Y% = 71% 

(215 mg) over 4 steps. 

1H NMR (400 MHz, Chloroform-d) δ 6.38 (d, J = 2.3 Hz, 2H), 6.34 (d, J 

= 2.3 Hz, 1H), 3.81 (s, 6H), 2.59 (d, J = 2.3 Hz, 2H), 1.72 – 1.55 (m, 

4H), 1.23 (s, 6H). 

 
13C NMR (101 MHz, Chloroform-d) δ 184.95, 160.75, 144.62, 106.46, 

97.76, 55.26, 42.09, 40.03, 36.56, 26.43, 24.95. 

HRMS (ESI-): m/z [M-H]- , calculated for C15H21O4
- : 265.1445; found: 

265.1445. 

 

Synthesis of  10e – step 1 

 

Figure S 30: Synthesis of 3-(naphthalen-1-yl)propan-1-ol 
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The alcohol 10b was synthesized following the procedure by Bartkovitz, 

David Joseph; et al.70 

To a solution of carboxylic acid 10a (1 g, 5 mmol, 1 eq) in anhydrous 

tetrahydrofuran (50 ml, 0.1 M) at 0°C was added dropwise a 

tetrahydrofuran solution of BH3·THF (2 eq, 10 mmol, 10 ml, 1 M) under 

nitrogen. The reaction mixture was stirred at room temperature for 3 h. 

The mixture was cooled to 0°C and satured bicarbonate was added. The 

residue was partitioned between ethyl acetate and water. The organic 

layer were separated, washed with water, aqueous HCl solution (1 M), 

brine. The organic phase was dried over sodium sulphate, then the 

solvent was evaporated under vacuum. 

Alcohol 10b was obtained as colorless oil in a quantitative yield. No 

further purification was required. 

1H-NMR analysis matches with the one reported in literature by Yao, Yi-

Xuan et al.77 

 

MW = 186.25 g/mol 

1H NMR (400 MHz, Chloroform-d) δ = 7.99 (d, J = 8.2 Hz, 1 H), 7.84-

7.58 (m, 2 H), 7.50-7.12 (m, 4 H), 3.67 (t, J = 6.3 Hz, 2 H), 3.10 (dd, J = 

8.6, 6.8 Hz, 2 H), 2.04-1.87 (m, 2 H), 1.24 (d, J = 54.2 Hz, 1 H). 
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Synthesis of  10e – step 2 

 

Figure S 31: Synthesis of 1-(3-iodopropyl)naphthalene 

  

The alcohol 10b was iodinated following the procedure of Chen, 

Weiqiang; et al. 71 obtaining the iodide 10c. 

Molecular iodine (1.3 eq, 6.5 mmol, 1.65 g) was added portionwise to a 

solution of PPh3 (1.3 eq, 6.5 mmol, 1.7 g) in CH2Cl2 (32 ml, 0.2 M) at 0 

°C. The resulting suspension was stirred for 2 hours at 0 °C. A solution 

of alcohol 10b (1.0 eq, 5 mmol, 930 mg) and imidazole (1.3 eq, 6.5 

mmol, 440 mg) in CH2Cl2 (3 ml, 1.7 M) was added dropwise to the 

reaction mixture. The reaction was stirred overnight until RT. The 

reaction was the quenched adding Na2S2O3 (1.0 M, aq.) and the aqueous 

phase was extracted three times with ethyl acetate (3 x 2 volumes). The 

collected organic phases were washed with 2 volumes of brine and the 

residue was dried over sodium sulphate, then the solvent was evaporated 

under reduced pressure.  

The crude resulting mixture was filtered over a silica pad with hexane as 

mobile phase, then the solvent was evaporated under vacuum. The 

product was obtained as a clear oil in quantitative yield.  

MW = 296.15 g/mol 
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1H NMR (400 MHz, Chloroform-d) δ 8.07 (dd, J = 8.3, 1.4 Hz, 1H), 7.93 

– 7.85 (m, 1H), 7.77 (dt, J = 7.8, 1.1 Hz, 1H), 7.54 (dddd, J = 17.8, 8.1, 

6.8, 1.4 Hz, 2H), 7.48 – 7.36 (m, 2H), 3.41 – 3.05 (m, 4H), 2.54 – 2.16 

(m, 2H). 

 
13C NMR (101 MHz, Chloroform-d) δ 136.50, 133.98, 131.74, 128.88, 

127.06, 126.40, 125.98, 125.56 (d, J = 7.2 Hz), 123.63, 34.13, 33.48, 

6.78. 
 

 

Synthesis of  10e – step 3 

 

Figure S 32: Synthesis of methyl 2,2-dimethyl-5-(naphthalen-1-

yl)pentanoate 

 

1.1 eq. of n-BuLi (5.5 mmol, 3.4 ml 1,6 M in hexanes) was added to a 

solution of freshly distilled diisopropylamine (1 eq, 5 mmol, 722 µl)  in 

anhydrous THF (5 ml, 1.0 M) under nitrogen at 0 °C. The reaction 

mixture was then cooled to -78 °C and ester 1 (0.9 eq, 4.5 mmol, 510 µl) 

was carefully added dropwise. The reaction was stirred at the same 

temperature for 30 min. and then iodide 10c (1 eq, 1.48 g) was added 

dropwise.  The mixture is stirred overnight slowly reaching RT. 

The reaction was quenched adding one volume of a saturated solution of 

ammonium chloride in water. The organic phase was separated and the 



65 

 

aqueous phase was extracted with ethyl acetate three times. Organic 

phases were reunited and washed 2 times with HCl 2 M and  one time 

with brine. The organic phase was collected and dried over sodium 

sulphate then the solvent was evaporated under vacuum. 

The crude mixture was purified on silica gel using hexane/EtOAc 9:1 

obtaining pure ester 10d with 63% yield (806 mg). 

1H NMR (400 MHz, Chloroform-d) δ 8.07 – 8.00 (m, 1H), 7.92 – 7.84 

(m, 1H), 7.73 (dt, J = 8.2, 1.1 Hz, 1H), 7.61 – 7.45 (m, 2H), 7.42 (dd, J = 

8.2, 7.0 Hz, 1H), 7.34 (dd, J = 6.6, 1.1 Hz, 1H), 3.63 (s, 3H), 3.07 (td, J = 

5.0, 2.5 Hz, 2H), 1.89 – 1.65 (m, 4H), 1.19 (s, 6H). 

 
13C NMR (101 MHz, Chloroform-d) δ 178.43, 138.35, 133.89, 131.84, 

128.77, 126.58, 125.84, 125.73, 125.51, 125.40, 123.73, 51.64, 42.34, 

40.78, 33.41, 26.24, 25.19. 
 

Synthesis of  10e – step 4 

 

Figure S 33: Synthesis of methyl 2,2-dimethyl-5-(naphthalen-1-

yl)pentanoic acid 

 

The ester 10d (800 mg) was dissolved in methanol:water 10:1 (30 ml, 

0.1 M). KOH (2 eq, 170  mg) was slowly added and the reaction was 

brought to reflux overnight under magnetic stirring.  
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The mixture was cooled to RT and the methanol was evaporated under 

vacuum. The residue was dissolved in water and the aqueous phase was 

extracted three times with diethyl ether. Aqueous phase was then 

acidified with HCl 1 M until the pH was 3, then the same phase was 

extracted three times with ethyl acetate. The organic phase collected after 

the extraction of the acid phase was dried over sodium sulphate and the 

solvent was removed under vacuum. 

10e was obtained as a white solid that does not need further purification 

in quantitative yield (750 mg). 

1H NMR (400 MHz, Chloroform-d) δ 7.91 (d, J = 8.0 Hz, 1H), 7.80 – 

7.69 (m, 1H), 7.61 (d, J = 8.1 Hz, 1H), 7.46 – 7.33 (m, 3H), 7.32 – 7.26 

(m, 1H), 7.22 (d, J = 6.9 Hz, 1H), 2.96 (t, J = 6.9 Hz, 2H), 1.72 – 1.59 

(m, 4H), 1.10 (d, J = 2.0 Hz, 6H). 

 
13C NMR (101 MHz, Chloroform-d) δ 184.98, 138.33, 133.93, 131.90, 

128.82, 126.66, 125.86, 125.82, 125.57, 125.46, 123.77, 42.21, 40.54, 

33.47, 26.17, 24.99. 

 
HRMS (ESI-): m/z [M-H]- , calculated for C15H21O4

- : 242.1307; found: 

242.1306. 
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3.4 Optimization studies on 2b 

 

 

 

 

 

Table S 1: Chosen parameters for the optimization. 

Yields have been calculated via GC-MS using 1,4-diisopropylbenzene as 

an internal standard. 
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Figure S 34: Calibration line of GC-MS. 

 

General procedure 1 for batch optimization electrolysis: 

All reactions were performed in an IKA ElectraSyn 2.0 using electrodes 

purchased from IKA. In a 10 mL IKA ElectraSyn vial, equipped with a 

stir bar, 1 mmol of electrolyte, 0.2 mmol (1 eqv) of 2b, 0.7 mL of HFIP, 

0.6 mmol of base (3 eqv) were dissolved in 10 mL of dichloromethane 

and bubbled with Ar while mixed for 5 minutes, than the electrochemical 

cell was assembled. The instrument was operated under constant current 

mode at 400 rpm of stirring. After 2.1 F/mol were passed through, the 

reaction mixture was washed with 1 M HCl (aq.) and the internal 

standard was added to the organic fraction to measure the yield in GC-

MS. All the variations from General procedure 1 were specified. 
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Figure S 35: Typical GC-MS chromatogram of an optimization reaction 

with the internal standard. 

 

Figure S 36: Mass spectrum of the olefinic byproducts. 
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Figure S 37: Mass spectrum of the desired product. 

 

 

 

 

Figure S 38: 1H-NMR spectrum of the olefinic subproducts. 

 

 

Cyclic voltammetry analysis on 2b: 
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Figure S 39: Cyclic voltammetry analysis of SM. Conditions: 0.1 M n-

Bu4NBF4, 5 mM 2b, 10 mL DCM:HFIP 14:1, 3 eq 2,4,6-collidine, 50 

mV/s 

Optimization of the electrolyte: 
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Table S 2: Optimization of the electrolyte. 
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Optimization of the current intensity: 
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Table S 3: Optimization of the current intensity. 
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Optimization of current quantity (F/mol) 

 

 

  

Electrol

yte (0.1 

M)  

Curre

nt 

intensi

ty 

(mA)  

Curre

nt 

quanti

ty 

(F/mol

)  

Base 

(type)  
Solve

nt (X 

: 

HFIP 

14:1)  

Bas

e 

(eq

v)  

Substrate 

concentrat

ion (M)  

Worki

ng 

electro

de  

Counte

r 

electro

de  

Yield 

% 

(GC/M

S)  

TBA 

PF6  
7.5  1.5  Collidi

ne  
DCM  3  0.02  C  Pt  49  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  3  0.02  C  Pt  64  

TBA 

PF6  
7.5  2.5  Collidi

ne  
DCM  3  0.02  C  Pt  48  

 

Table S 4: Optimization of the current quantity. 
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Optimization of the solvent: 

 

 

Electrol

yte (0.1 

M)  

Curre

nt 

intensi

ty 

(mA)  

Curre

nt 

quanti

ty 

(F/mo

l)  

Base 

(type)  
Solvent 

(X : 

HFIP 

14:1)  

Bas

e 

(eq

v)  

Substrate 

concentra

tion (M)  

Worki

ng 

electro

de  

Count

er 

electro

de  

Yield 

% 

(GC/

MS)  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  3  0.02  C  Pt  64  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DMSO  3  0.02  C  Pt  <5  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DMF  3  0.02  C  Pt  <5  

TBA 

PF6  
7.5  2.1  Collidi

ne  
THF  3  0.02  C  Pt  <5  

TBA 

PF6  
7.5  2.1  Collidi

ne  
ACETO

NE  
3  0.02  C  Pt  <5  

TBA 

PF6 
7.5  2.1 Collidi

ne  
MeCN  3  0.02 C Pt  <5 

 

Table S 5: Optimization of the solvent. 
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Optimization of the base type: 

 

 

 

Electrol

yte (0.1 

M)  

Curre

nt 

intensi

ty 

(mA)  

Curre

nt 

quanti

ty 

(F/mo

l)  

Base 

(type)  
Solve

nt (X 

: 

HFIP 

14:1)  

Bas

e 

(eq

v)  

Substrate 

concentrat

ion (M)  

Worki

ng 

electro

de  

Count

er 

electro

de  

Yield 

% 

(GC/M

S)  

TBA 

PF6  
7.5  2.1  Collidine  DC

M  
3  0.02  C  Pt  64  

TBA 

PF6  
7.5  2.1  Lutidine  DC

M  
3  0.02  C  Pt  43  

TBA 

PF6  
7.5  2.1  TEA  DC

M  
3  0.02  C  Pt  <5  

TBA 

PF6  
7.5  2.1  DIPEA  DC

M  
3  0.02  C  Pt  <5  

TBA 

PF6  
7.5  2.1  DBU  DC

M  
3  0.02  C  Pt  46  

TBA 

PF6 
7.5  2.1 4-MeO-

Py  
DC

M  
3  0.02 C Pt  53 

TBA 

PF6 
7.5  2.1 Quinuclid

ine  
DC

M  
3  0.02 C Pt  - 

 

Table S 6: Optimization of the type of base. 

 

 

 

 

 



76 

 

Optimization of base equivalents: 

 

 

Electrol

yte (0.1 

M)  

Curre

nt 

intensi

ty 

(mA)  

Curre

nt 

quanti

ty 

(F/mol

)  

Base 

(type)  
Solve

nt (X 

: 

HFIP 

14:1)  

Bas

e 

(eq

v)  

Substrate 

concentrat

ion (M)  

Worki

ng 

electro

de  

Counte

r 

electro

de  

Yield 

% 

(GC/M

S)  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  0.

5  
0.02  C  Pt  15  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  1  0.02  C  Pt  40  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  1.

5  
0.02  C  Pt  54  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  2  0.02  C  Pt  64  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  3  0.02  C  Pt  64  

TBA 

PF6 
7.5  2.1 Collidi

ne  
DCM  4  0.02 C Pt  45 

TBA 

PF6 
7.5  2.1 Collidi

ne  
DCM  5  0.02 C Pt  45 

 

Table S 7: Optimization of the equivalents of base. 
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Optimization of the working electrode: 

 

 

 

Electrol

yte (0.1 

M)  

Curre

nt 

intensi

ty 

(mA)  

Curre

nt 

quanti

ty 

(F/mol

)  

Base 

(type)  
Solve

nt (X 

: 

HFIP 

14:1)  

Bas

e 

(eq

v)  

Substrate 

concentrat

ion (M)  

Worki

ng 

electro

de  

Counte

r 

electro

de  

Yield 

% 

(GC/M

S)  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  2  0.02  C  Pt  64  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  2  0.02  GC  Pt  -  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  2  0.02  Pt  Pt  -  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  2  0.02  RV

C  
Pt  -  

 

Table S 8: Optimization of the working electrode material. 
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Optimization of counter electrode: 

 

 

Electrol

yte (0.1 

M)  

Curre

nt 

intensi

ty 

(mA)  

Curre

nt 

quanti

ty 

(F/mol

)  

Base 

(type)  
Solve

nt (X 

: 

HFIP 

14:1)  

Bas

e 

(eq

v)  

Substrate 

concentrat

ion (M)  

Worki

ng 

electro

de  

Counte

r 

electro

de  

Yield 

% 

(GC/M

S)  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  2  0.02  C  Pt  64  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  2  0.02  C  Ni  58  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  2  0.02  C  Zn  60  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  2  0.02  C  SS  65  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  2  0.02  C  C  59  

 

Table S 9: Optimization of the counter electrode material. 
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Optimization of the substrate concentration: 

 

 

Electrol

yte (0.1 

M)  

Curre

nt 

intensi

ty 

(mA)  

Curre

nt 

quanti

ty 

(F/mol

)  

Base 

(type)  
Solve

nt (X 

: 

HFIP 

14:1)  

Bas

e 

(eq

v)  

Substrate 

concentrat

ion (M)  

Worki

ng 

electro

de  

Counte

r 

electro

de  

Yield 

% 

(GC/M

S)  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  2  0.01  C  SS  55  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  2  0.02  C  SS  65  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  2  0.04  C  SS  65  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DCM  2  0.1  C  SS  48  

 

Table S 10: Optimization of the substrate concentration. 
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Final optimized best conditions for batch electrolysis: 

 

 

 

Best 

electrol

yte (0.1 

M)  

Best 

curren

t 

intensi

ty 

(mA)  

Best 

curre

nt 

quanti

ty 

(F/mol

)  

Best 

base 

(type)  

Best 

solve

nt (X 

: 

HFI

P 

14:1)  

Bestba

se 

(eqv)  

Best 

substrate 

concentrat

ion (M)  

Best 

workin

g 

electro

de  

Best 

counte

r 

electro

de  

Best 

yield 

% 

(GC/M

S)  

TBA 

PF6  
7.5  2.1  Collidi

ne  
DC

M  
2  0.02-

0.04  
C  SS  65 

(56% 

isolate

d)  

 

Table S 11: Best conditions after the optimization process. 

 

For the isolated yield, the solvent was evaporated under reduced pressure 

after the reaction was complete and the residue was passed over a silica 

plug eluted with n-Pentane. 

MW: 160.26 g/mol 

1H NMR (400 MHz, Chloroform-d) δ 7.59 – 7.25 (m, 2H), 7.33 – 7.16 

(m, 2H), 2.96 (t, J = 6.3 Hz, 2H), 2.11 – 1.89 (m, 2H), 1.86 (dt, J = 9.5, 

2.6 Hz, 2H), 1.48 (s, 6H). 

13C NMR (101 MHz, Chloroform-d)  δ 145.84, 136.16, 129.10, 126.67, 

125.85, 125.29, 39.39, 33.88, 31.93, 30.82, 29.79, 19.79. 
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3.5 Batch electrolysis of 2-10 (b or e or g) 

 

General procedure 2 optimized conditions for batch electrolysis of 

2-10(b or e or g) 

All reactions were performed in an IKA ElectraSyn 2.0 using Graphite 

SK-50 as working electrode and stainless steel as counter electrode. 

Electrodes were purchased from IKA. In a 10 mL IKA ElectraSyn vial, 

equipped with a stir bar, 1 mmol of TBAPF6, 0.4 mmol (1 eqv) of 

carboxylic acid 2-10(b or e or g), 0.7 mL of HFIP, 0.4 mmol of base (2 

eqv) were dissolved in 10 mL of dichloromethane and bubbled with Ar 

while mixed for 5 minutes, then the electrochemical cell was assembled. 

The instrument was operated under constant current mode at 7.5 mA, at 

400 rpm of stirring. After 2.1 F/mol were passed through, the solvent 

was removed under reduced pressure and the residue was purified over a 

silica pad, using n-Pentane as mobile phase. 

3b batch electrolysis 

 

Figure S 40: Electrolysis of 1-(3-phenylpropyl)cyclohexane-1-carboxylic 

acid in optimal conditions. 

3b was electrolyzed following General procedure 2. 3 was obtained as 

a clear oil in 13% isolated yield. 
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MW: 200.32 g/mol 

1H NMR (400 MHz, Chloroform-d) δ 7.14 – 7.06 (m, 2H), 7.02 – 6.95 

(m, 2H), 2.68 (t, J = 6.2 Hz, 2H), 1.75 (dt, J = 5.8, 3.5 Hz, 2H), 1.72 – 

1.60 (m, 6H), 1.48 (dddd, J = 25.2, 12.9, 5.5, 2.7 Hz, 6H) 

13C NMR (101 MHz, Chloroform-d) δ 146.74, 137.22, 129.13, 126.91, 

125.87, 125.24, 38.90, 37.16, 31.15, 31.13, 26.34, 22.15, 19.31. 

4b batch electrolysis 

 

Figure S 41: Electrolysis of 2,2,5-triphenylpentanoic acid in optimal 

conditions. 

 

4b has been electrolyzed following General procedure 2. 4 was 

obtained as a clear oil in 50% isolated yield. 1H NMR analysis was 

consistent with results reported by Huang, Hanchu; et al.78 

1H NMR (400 MHz, Chloroform-d) δ 7.28 – 7.02 (m, 15H), 6.03 (t, J = 

7.4 Hz, 1H), 2.66 (dd, J = 8.6, 6.7 Hz, 2H), 2.39 – 2.33 (m, 2H). 
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5e batch electrolysis 

 

Figure S 42: Electrolysis of 5-(3,5-difluorophenyl)-2,2-

dimethylpentanoic acid in optimal conditions. 

5e has been electrolyzed following General procedure 2. 5 was 

obtained as a clear oil in 50% isolated yield 

1H NMR (400 MHz, Chloroform-d) δ 6.56 – 6.44 (m, 2H), 2.64 (t, J = 

6.2 Hz, 2H), 1.66 (dtd, J = 8.9, 5.2, 4.4, 2.6 Hz, 2H), 1.57 (dt, J = 8.9, 2.6 

Hz, 2H), 1.27 (d, J = 1.7 Hz, 6H). 

13C NMR (101 MHz, Chloroform-d) δ 163.72, 161.60, 161.46, 161.24, 

159.02, 142.70 – 139.85 (m), 128.30 (d, J = 8.5 Hz), 111.05 (dd, J = 

19.7, 3.1 Hz), 102.00 (dd, J = 28.7, 24.7 Hz), 41.21, 33.12 (d, J = 2.3 

Hz), 32.34 – 30.60 (m), 29.08 (d, J = 5.1 Hz), 19.46. 

Su questo composto dovresti anche riportare 19F NMR 
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6e batch electrolysis 

 

Figure S 43: Electrolysis of 5-(3,5-dimethylphenyl)-2,2-

dimethylpentanoic acid in optimal conditions. 

6e has been electrolyzed following General procedure 2. 6 was 

obtained as a clear oil in 82% isolated yield 

1H NMR (400 MHz, Chloroform-d) δ 6.84 – 6.75 (m, 2H), 2.79 (q, J = 

6.3 Hz, 2H), 2.51 (s, 3H), 2.26 (s, 3H), 1.42 (s, 6H). 

13C NMR (101 MHz, Chloroform-d) δ 140.49, 137.35, 137.01, 134.58, 

131.50, 128.40, 43.99, 34.53, 32.46, 29.33, 29.21, 23.47, 20.46, 19.63. 

7e batch electrolysis 

 

Figure S 44: Electrolysis of 2,2,5-trimethyl-5-phenylhexanoic acid in 

optimal conditions. 
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7e has been electrolyzed following General procedure 2. 7 was 

obtained as a clear oil in 84% isolated yield 

1H NMR (400 MHz, Chloroform-d) δ 7.23 (dq, J = 7.0, 3.5 Hz, 2H), 7.04 

(dd, J = 5.9, 3.4 Hz, 2H), 1.21 (s, 12H). 

13C NMR (101 MHz, Chloroform-d) δ 144.80, 126.48, 125.53, 35.18, 

34.23, 31.91. 

8g batch electrolysis 

 

Figure S 45: Electrolysis of 2,2,5-trimethyl-5-phenylhexanoic acid in 

optimal conditions. 

 

8g has been electrolyzed following General procedure 2. 8 was 

obtained as a clear oil in 35% isolated yield 

1H NMR analysis was consistent to the one reported by Ledneczki, 

Istvan; et al.79 
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9e batch electrolysis 

 

Figure S 46: Batch electrolysis of 5-(3,5-dimethoxyphenyl)-2,2-

dimethylpentanoic acid 

9e has been electrolyzed following General procedure 2. 9 was not 

found in the reaction mixture. 

 

10e batch electrolysis 

 

Figure S 47: Batch electrolysis of methyl 2,2-dimethyl-5-(naphthalen-1-

yl)pentanoic acid 

10e has been electrolyzed following General procedure 2. 10 was 

obtained as a clear oil in 40% isolated yield. 
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1H NMR (400 MHz, Chloroform-d) δ 7.92 (dq, J = 8.4, 0.9 Hz, 1H), 7.70 

(dd, J = 8.4, 1.3 Hz, 1H), 7.59 (d, J = 8.7 Hz, 1H), 7.48 – 7.32 (m, 3H), 

3.06 (t, J = 6.4 Hz, 2H), 1.96 – 1.85 (m, 2H), 1.72 – 1.65 (m, 2H), 1.29 

(s, 6H). 
 

3.6 Flow experiments 

  

Every flow experiment has been performed using a hand-made 

electrochemical flow cell.  

 

 

Figure S 48: Components of the flow cell utilized in this work57 

 

Components of the flow electrolysis cell utilized in this work. 1: 

Graphite anode (IG-63, GTD Graphit Technologie GmbH, 50 × 50 × 3 

mm). 2: Stainless steel cathode (Stainless Steel - AISI 316L, Fe/Cr 

18%/Ni 10%/Mo 3%, foil, 50 × 50 × 0.1 mm) incorporating two 1 mm 

holes. 3: M6 bolts (polyamide, 30 mm, DIN 933). 4: O-rings: 5 mm 
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o.d./2 mm i.d., EPDM (internal); 5 mm o.d., 3 mm i.d., EPDM (external 

for fitting connections). 5: current collectors (pogo-pins 2.6 mm 

diameter, 35 mm length, PTR 1040-D-1.5N-NI-2.4) in a 10 mm o.d. 

tubing adaptor. 6: isolation layer (laser-cut Mylar foil, 0.3 mm 

thickness). 7: end plate 1 (no M6 threads, inside view). 8: end plate 2 

(with M6 threads, outer view). 9: alignment gaskets (laser-cut Mylar foil, 

0.3 mm thickness). 10: electrode separator/reaction channel (laser-cut 

Mylar foil) (11). 

 

 

Figure S 49: Scheme of the exploded flow reactor utilized in this work. 57 

 

 

3.6.1 Flow recirculation optimization  on 2b 

 

General procedure 3 for recirculation flow optimization electrolysis of 

2b: 
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A 20 ml vial equipped with a magnetic stir bar was charged with 0.4 

mmol of 2b, 1 mmol of TBAPF6, 10 ml of DCM, 0.8 mmol of 2,4,6-

collidine and 0.7 mL of HFIP. For this purpose, a peristaltic pump was 

utilized (5 mL/min flow rate). The reactor was operated under constant 

current mode using a PeakTech 6225 A power supply until the desired 

amount of charge was passed to the reagent solution. Then, the reactor 

inlet was removed from the reaction mixture reservoir allowing air to 

enter the channel and flush all the remaining reaction mixture to the 

vessel. Parameters like current (mA) and charge (F/mol) have been 

changed for the optimization of the process. Aliquots (100 μL) of the 

reaction mixture were collected from the reservoir during cell operation 

to monitor the reaction progress by HPLC. 

 

HPLC has been calibrated using anisole as an internal standard. 

 

Figure S 50: Calibration line of HPLC 
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Figure S 51: Typical HPLC chromatogram of an optimization reaction 

with the internal standard. 

 

 

Figure S 52: Real image of the recirculation setup (left); schematic 

image of the recirculation setup (right). 
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Figure S 53: Trend of the HPLC yields against F/mol applied for each 

current. 

 

Figure S 54: Trend of the yields against currents applied at 2.3 F/mol 

 

3.6.2 Flow recirculation electrolysis of 2-10 (b or e or g) 

 

General procedure 4 for flow recirculation electrolysis of 2-10 (b or e 

or g): 

A 20 ml vial equipped with a magnetic stir bar was charged with 0.4 

mmol of carboxylic acid, 1 mmol of TBAPF6, 10 ml of DCM, 0.8 mmol 

of 2,4,6-collidine and 0.7 mL of HFIP. For this purpose, a peristaltic 

pump was utilized (5 mL/min flow rate). The reactor was operated under 
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constant current mode using a PeakTech 6225 A power supply at 10 mA 

until 2.3 F/mol were passed to the reagent solution. Then, the reactor 

inlet was removed from the reaction mixture reservoir allowing air to 

enter the channel and flush all the remaining reaction mixture to the 

vessel. After 2.3 F/mol were passed, the solvent was removed under 

vacuum and the residue was filtered over a silica pad eluted with n-

pentane to afford the product. 

 

Flow recirculation electrolysis of 3b: 

 

Figure S 55: Flow recirculation electrolysis of 1-(3-

phenylpropyl)cyclohexane-1-carboxylic acid in optimized flow 

conditions 

 

The product 3 has been synthesized and purified according to General 

procedure 4. Y% = 61% 
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Flow recirculation electrolysis of 4b: 

 

Figure S 56: Flow recirculation electrolysis of 2,2,5-triphenylpentanoic 

acid in optimized flow conditions. 

The product 4 has been synthesized and purified according to General 

procedure 4. Y% = 87%. 

 

Flow recirculation electrolysis of 5e: 

 

Figure S 57: Flow recirculation electrolysis of 5-(3,5-difluorophenyl)-

2,2-dimethylpentanoic acid in optimized flow conditions. 

 

The product 5 has been synthesized and purified according to General 

procedure 4. Y% = 80% 
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Flow recirculation electrolysis of 6e: 

 

Figure S 58: Flow recirculation electrolysis of 5-(3,5-dimethylphenyl)-

2,2-dimethylpentanoic acid in optimized flow conditions. 

 

The product 6 has been synthesized and purified according to General 

procedure 4. Y% = 94%. 

 

Flow recirculation electrolysis of 7e: 

 

Figure S 59: Flow recirculation electrolysis of 2,2,5-trimethyl-5-

phenylhexanoic acid in optimized flow conditions. 

 

The product 7  has been synthesized and purified according to General 

procedure 4. Y% = 98%. 
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Flow recirculation electrolysis of 8g: 

 

Figure S 60: Flow electrolysis of 2,2,5-trimethyl-5-(p-tolyl)hexanoic acid 

in optimized flow conditions. 

 

The product 8 has been synthesized and purified according to General 

procedure 4. Y% = 75%. 

 

 

 

Flow recirculation electrolysis of  9e: 

 

Figure S 61: Flow recirculation electrolysis of 5-(3,5-dimethoxyphenyl)-

2,2-dimethylpentanoic acid 

The product P7 has been synthesized and purified according to General 

procedure 4. Product 9 has not been detected. 
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Flow recirculation electrolysis of  10e: 

 

Figure S 62: Flow recirculation electrolysis of 1,1-dimethyl-1,2,3,4-

tetrahydrophenanthrene 

The product 10 has been synthesized and purified according to General 

procedure 4. Y% = 98% 

 

 

 

 

3.6.3 Flow single pass optimization on 2b 

 

General procedure 6 for flow single-pass optimization electrolysis of  

2b 

 

 

 

 

 

A 250 ml sealed bottle equipped with a magnetic stir bar was charged 

with  4 mmol of 2b, 10 mmol of TBAPF6, 100 ml of DCM, 8 mmol of 

2,4,6-collidine and 7 mL of HFIP. For this purpose, a peristaltic pump 
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was utilized. The reactor was operated under constant current mode 

using a PeakTech 6225 A power supply. The formed solution was 

pumped through a flow electrolysis cell equipped with a graphite anode 

and a stainless steel cathode and an interelectrode gap separator of 0.9  

mm thickness containing a channel (6.4 cm2 surface, 570 μL volume). 

The output tube from the electrochemical cell has been connected into 

HPLC vials. Parameters like current and flow rate has been changed to 

optimize the process. 100 uL for each run has been collected to monitor 

the yield via HPLC. 

HPLC has been calibrated using anisole as an internal standard. 

 

 

 

 

 

 

F/mol mL/min Current (mA) Yield (%)  F/mol mL/min 

Current 

(mA) 

Yield 

(%) 

2.3 0.0541 5 97.29  2.3 0.1622 15 82.42 

2.4 0.0518 5 90.15  2.4 0.1555 15 80.86 

2.5 0.0497 5 85.78  2.5 0.1492 15 78.68 

2.6 0.0478 5 86.60  2.6 0.1435 15 69.64 

2.7 0.0461 5 80.12  2.7 0.1382 15 66.07 

2.8 0.0444 5 73.29  2.8 0.1333 15 62.65 

2.9 0.0429 5 72.80  2.9 0.1287 15 60.45 

2.3 0.1081 10 99.57  2.3 0.2163 20 56.45 

2.4 0.1036 10 88.00  2.4 0.2073 20 54.15 

2.5 0.0995 10 86.02  2.5 0.1990 20 51.31 

2.6 0.0957 10 86.06  2.6 0.1913 20 46.82 

2.7 0.0921 10 79.65  2.7 0.1843 20 45.91 

2.8 0.0888 10 74.60  2.8 0.1777 20 42.35 

2.9 0.0858 10 71.56  2.9 0.1715 20 40.32 
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Table S 12: Detailed optimization data for the single-pass continuous 

flow electrolysis of 2b. 

F/mo

l 

mL/mi

n 

Current 

(mA) 

Yield 

(%)  

F/mo

l 

mL/mi

n 

Current 

(mA) 

Yield 

(%) 

2.3 0.2704 25 51.49  2.3 0.3785 35 21.72 

2.4 0.2591 25 39.61  2.4 0.3627 35 19.07 

2.5 0.2487 25 38.76  2.5 0.3482 35 18.03 

2.6 0.2392 25 38.43  2.6 0.3348 35 14.24 

2.7 0.2303 25 37.29  2.7 0.3224 35 12.69 

2.8 0.2221 25 36.52  2.8 0.3109 35 11.38 

2.9 0.2144 25 35.80  2.9 0.3002 35 10.03 

2.3 0.3244 30 40.86  2.3 0.4326 40 15.47 

2.4 0.3109 30 39.38  2.4 0.4146 40 14.29 

2.5 0.2985 30 39.67  2.5 0.3980 40 12.73 

2.6 0.2870 30 37.11  2.6 0.3827 40 9.97 

2.7 0.2764 30 36.03  2.7 0.3685 40 8.25 

2.8 0.2665 30 30.54  2.8 0.3553 40 7.51 

2.9 0.2573 30 29.73  2.9 0.3431 40 6.69 
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Figure S 63: Trend of HPLC yields against current applied and F/mol. 

 

3.6.4 Flow single pass long run electrolysis of 2b 

 

A 24 hours long run has been performed for yield stability monitoring. 
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Figure S 64: Picture of the experimental setup of single pass long run 

(left).                                                                               

Figure S 65: product obtained from the long run experiment (right). 

 

 

Figure S 66: Trend of the HPLC yields during the long run. 
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3.7 Mechanistic studies 

 

Procedure for radical trapping with TEMPO 

 

 

 

 

 

The reaction was performed according to General procedure 2, adding 1 

eq of TEMPO at the reaction. The reaction mixture was then checked via 

GC-MS and LC-MS and the adduct with TEMPO was not found. The 

cyclized product 2 has been detected instead. 

 

Procedure for ion trapping with MeOH 

 

 

 

 

 

The reaction was performed according to General procedure 2, adding 

30 eq. of MeOH at the reaction. The reaction mixture was then checked 

via GC-MS and product E1 was found as reported in the chromatogram 

and mass spectra (Figure S 67-68). 
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Figure S 67: Gas chromatogram of the ion trapping experiment. 

 

 

 

Figure S 68: EI mass spectra of the ether E1 product. 
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3.8 Computational details 

 

The structure for A was prepared and subjected to conformational 

sampling by using the opensource CREST tool associated with the xTB 

software, by specifying the solvents involved in the reaction as well as 

possible charges already present in the starting materials.60 This software 

employs the semiempirical extended tight binding approach known as 

xTB (GFN2-xTB) for its theoretical framework, which strikes a balance 

in sampling a wide range of chemical space. However, its accuracy in 

calculating thermochemical properties is limited, which necessitates 

conducting supplementary higher-level calculations.60 Indeed, with the 

so obtained conformer structures, we operated a selection by excluding 

duplicates looking directly at RMSD of the coordinates of the atoms in a 

spatial region of diameter 1.0Å.  

The selected geometries where then subjected to low level of theory 

calculations using Gaussian 16 software tool and a very simplified level 

of theory, consisting of B3LYP functional and 6-31g(d,p) as basis set for 

all the atoms.59 During these initial calculations the role of 

dichloromethane solvent was included using the SMD solvation model.63 

The resulting list of optimized conformations of A in solvent was then 

sorted in terms of energies and the most stable one was selected as most 

preferred conformation.  

All structures involved in the next step for the mechanism investigation 

were optimized using the Gaussian 16 program package.59 Soon we 

encountered problems in simulating the elimination step and we decided 

to use it as a benchmark to identify the best level of theory capable to 

describe the transition state that links the A to the elimination product. In 

the Table S13 below are reported the level of theory tested and the 

corresponding descriptive results.  
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Table S 13: Benchmark for the elimination reaction step and for the 

correct combination choice for functional and basis set to describe the 

reaction profile. 

 

Given the reasonable existence of the elimination transition state, we 

used the combination of functional and basis set capable in simulating it 

and which constitutes the best compromise between computational cost 

and accuracy. We thus selected the M06-2X hybrid functional, which 

demonstrated to be ideal for thermochemistry and thermochemical 

kinetics studies, by taking in count also noncovalent interactions.61 The 

basis set was set on 6-31+g(d,p) for all the atoms,62 while the effect of 

the dichloromethane as a solvent was again simulated by SMD solvation 

model.63 Frequency calculations to confirm the effective minimum or 

transition-state (TS) nature of the optimized system, was performed on 

each structure, as well as intrinsic reaction coordinate (IRC) calculations 

Entry Functional Basis set Result description

1 B3LYP 6-31G(d,p)
Optimizing A it spontaneously produces the eliminated product 

without defining a TS

2 B3LYP 6-31+G(d,p)
Optimizing A produces a structure with elimination TS fashion, but the 

TS optimization failed producing directly the final eliminated product 

3 B3LYP-GD3BJ 6-31+G(d,p)
Addition of explicit dispersions during A optimization spontaneously 

produces the eliminated product without defining a TS

4 M06-2X 6-31+G(d,p)
Optimizing A produced a stable structure, which was then subjected to 

TS-search succeding in locating and optimizing it
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were performed to confirm the continuity of the reaction profile from 

TSs toward reactants, intermediates, or products.64 

The final reported energies were then thermally corrected to the free 

energy using a higher level of theory through single point calculations 

(SP). With the optimized structures we used the B97XD functional, 

which already includes a version of Grimme’s D2 dispersion model,60 

and the valence triple-zeta polarization basis set def2-TZVP for all the 

atoms, during the SP calculation. Again, we maintained the same SMD 

model for the dichloromethane solvent.63 
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3.9 1H  and  13C NMR spectra 
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3.10 Cartesian coordinates 

 

A 

M06-2X/6-31+g(d,p),  

el. energy  = -467.127663 a.u. 

 C                  3.97729700   -0.01013600   -

0.77388500 

 C                  3.38518900    1.19249700   -

0.38611500 

 C                  2.15734800    1.18601500    

0.27547100 

 C                  1.50580000   -0.01932900    

0.56038400 

 C                  2.10763900   -1.21962100    

0.16577700 

 C                  3.33528600   -1.21748000   -

0.49584300 

 H                  4.93486700   -0.00677100   -

1.28576200 

 H                  3.88188900    2.13560000   -

0.59454600 

 H                  1.70118500    2.12491300    

0.58168800 

 H                  1.61218900   -2.16269000    

0.38625400 

 H                  3.79272700   -2.15774600   -

0.78950700 

 C                  0.15771200   -0.02581800    

1.23904000 

 H                  0.03638100   -0.94703100    

1.81833700 

 H                  0.07765600    0.81947100    

1.93068800 

 C                 -0.96839600    0.06669300    

0.19958500 

 H                 -0.89290600   -0.76734300   -

0.50568200 

 H                 -0.88449800    1.00071300   -

0.36432000 

 C                 -2.35854800    0.01944400    

0.93452000 

 H                 -2.40490300   -0.89823100    

1.52578300 

 H                 -2.44458800    0.91349100    

1.55690700 

 C                 -3.33320200    0.01707500   -

0.14509700 

 C                 -3.86344000   -1.25106300   -

0.63479800 

 H                 -3.16089800   -2.07494200   -

0.48713000 

 H                 -4.71549400   -1.44852600    

0.04391500 

 H                 -4.25289000   -1.19494700   -

1.65172200 

 C                 -3.73347200    1.26334000   -

0.79319500 

 H                 -3.44164700    2.15693400   -

0.24370100 

 H                 -3.24679300    1.25569200   -

1.78371700 

 H                 -4.80756000    1.24171100   -

1.01254900 

 

Py  

M06-2X/6-31+g(d,p),  

el. energy  = -248.197867 a.u. 

 C                  1.14383500   -0.72117000    

0.00006200 

 C                  1.19750900    0.67155600   -

0.00005500 

 C                 -0.00010400    1.38227000    

0.00000700 

 C                 -1.19759300    0.67139000    

0.00002700 

 C                 -1.14374500   -0.72132900   -

0.00009300 
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 N                  0.00010800   -1.41582000    

0.00002000 

 H                 -0.00021000    2.46821200    

0.00004900 

 H                  2.06045400   -1.30593200   -

0.00000600 

 H                  2.15618500    1.17936800   -

0.00004100 

 H                 -2.15635000    1.17906600    

0.00010900 

 H                 -2.06025000   -1.30626700    

0.00006500 

 

TS-conf 

M06-2X/6-31+g(d,p),  

el. energy  = -467.120942 a.u. 

im. frequency -47.31 

 C                  3.45401100    0.80593700    

0.39120500 

 C                  3.26926300   -0.56476300    

0.58656700 

 C                  2.10490700   -1.18492600    

0.13779700 

 C                  1.10598800   -0.44810300   -

0.51179800 

 C                  1.30181300    0.92304900   -

0.70310600 

 C                  2.46766600    1.54852400   -

0.25579400 

 H                  4.36283100    1.28891600    

0.73715100 

 H                  4.03611200   -1.15091800    

1.08458900 

 H                  1.96810600   -2.25376100    

0.28843600 

 H                  0.53741700    1.50498300   -

1.21466600 

 H                  2.60592000    2.61353800   -

0.41812700 

 C                 -0.17057100   -1.12054700   -

0.96099300 

 H                 -0.69869400   -0.44616900   -

1.64308200 

 H                  0.07200800   -2.01471300   -

1.54359200 

 C                 -1.07723000   -1.53136800    

0.22428000 

 H                 -0.68812500   -1.14022900    

1.16855600 

 H                 -1.11267500   -2.61809500    

0.32293900 

 C                 -2.57320700   -1.08649200    

0.06754100 

 H                 -2.95412900   -1.40038900   -

0.90653300 

 H                 -3.13349100   -1.55966200    

0.88139000 

 C                 -2.64889400    0.36487400    

0.23663400 

 C                 -2.92669700    1.23143300   -

0.89876400 

 H                 -2.62008000    0.79794200   -

1.85304800 

 H                 -4.03649000    1.23912300   -

0.91531600 

 H                 -2.59734500    2.26144200   -

0.75484500 

 C                 -2.43116000    0.96389200    

1.55135400 

 H                 -2.47710000    0.24952000    

2.37249700 

 H                 -1.41777300    1.40212200    

1.50552300 

 H                 -3.10182000    1.81727900    

1.69858100 

 

INT-1 

M06-2X/6-31+g(d,p),  

el. energy  = -467.133408 a.u. 
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 C                 -2.60135200   -0.84049400    

0.04689500 

 C                 -2.47531600    0.28714500    

0.86871600 

 C                 -1.48457200    1.23052500    

0.61646600 

 C                 -0.60059600    1.06820900   -

0.45985600 

 C                 -0.74655800   -0.05476600   -

1.28581000 

 C                 -1.74222300   -1.00486900   -

1.03588500 

 H                 -3.37601000   -1.57455300    

0.24636500 

 H                 -3.15413900    0.42496900    

1.70518400 

 H                 -1.38546200    2.10088200    

1.26118000 

 H                 -0.08488600   -0.17406000   -

2.14157600 

 H                 -1.84180500   -1.86744400   -

1.68834300 

 C                  0.54571800    2.02178600   -

0.66042400 

 H                  0.85667100    2.02145200   -

1.71054400 

 H                  0.24186300    3.04079200   -

0.40139100 

 C                  1.74302100    1.63037900    

0.22326000 

 H                  1.46740500    1.70243900    

1.28008500 

 H                  2.56665500    2.32914400    

0.05529200 

 C                  2.24982400    0.22287500   -

0.10924800 

 H                  2.53479300    0.13082300   -

1.16116900 

 H                  3.17207900    0.04071500    

0.48445200 

 C                  1.46527000   -0.94155500    

0.31929700 

 C                  1.53886400   -2.18119400   -

0.46834300 

 H                  1.59180200   -1.99707700   -

1.54170400 

 H                  2.50149200   -2.63330000   -

0.16866200 

 H                  0.75116400   -2.88929100   -

0.20654800 

 C                  0.81951400   -1.00880700    

1.63254000 

 H                  0.94200000   -0.11574300    

2.24123500 

 H                 -0.25123500   -1.21412800    

1.47020300 

 H                  1.19804300   -1.90102700    

2.15028500 

 

INT-1–Py Adduct 

M06-2X/6-31+g(d,p),  

el. energy  = -715.337504 a.u. 

 C                  3.17684700   -1.69293000   -

1.36404100 

 C                  3.86197100   -1.40993500   -

0.17525200 

 C                  3.16636400   -0.97001300    

0.94642100 

 C                  1.77516500   -0.80084100    

0.90336900 

 C                  1.09719900   -1.09861500   -

0.28658500 

 C                  1.79364400   -1.54551900   -

1.41450300 

 H                  3.72290200   -2.03670300   -

2.23730600 

 H                  4.93972000   -1.53594000   -

0.12894500 

 H                  3.70265500   -0.74559100    

1.86584400 
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 H                  0.01582400   -0.97626600   -

0.32694200 

 H                  1.25175700   -1.77197000   -

2.32842400 

 C                  1.03767700   -0.20941000    

2.07439400 

 H                 -0.01078000   -0.52777900    

2.05883300 

 H                  1.48036000   -0.55330400    

3.01449700 

 C                  1.09725700    1.32754900    

2.03761900 

 H                  2.13643800    1.66413100    

2.10885200 

 H                  0.56384600    1.73569500    

2.90018000 

 C                  0.43079700    1.87995500    

0.77330800 

 H                 -0.60595400    1.54103200    

0.68247200 

 H                  0.40436600    2.98840400    

0.85029600 

 C                  1.12222000    1.74682700   -

0.51573900 

 C                 -2.74792700   -1.30158300    

0.18633000 

 C                 -4.09292300   -1.59694100    

0.40017100 

 C                 -5.04204900   -0.62040600    

0.10861000 

 C                 -4.60791800    0.60820300   -

0.38358600 

 C                 -3.24030900    0.80519200   -

0.56207300 

 N                 -2.31858500   -0.12489200   -

0.28544600 

 H                 -6.09958500   -0.81313400    

0.26164600 

 H                 -1.98072600   -2.04279400    

0.40247200 

 H                 -4.38177400   -2.56910700    

0.78501400 

 H                 -5.30833100    1.40022600   -

0.62595800 

 H                 -2.86779500    1.75410600   -

0.94433100 

 C                  0.31040700    1.64163800   -

1.73643600 

 H                 -0.54302200    0.97253400   -

1.59191300 

 H                 -0.10060300    2.65672700   -

1.88103100 

 H                  0.90234500    1.38821900   -

2.61667500 

 C                  2.56485000    1.95993900   -

0.65828200 

 H                  2.99818600    1.06206000   -

1.12821000 

 H                  2.70984700    2.76006000   -

1.39760900 

 H                  3.08079000    2.18497600    

0.27300700 

 

TS-cycl 

M06-2X/6-31+g(d,p),  

el. energy  = -715.334118 a.u. 

im. frequency -178.50 

 C                 -2.93995600    1.82702800   -

1.24265200 

 C                 -3.67309900    1.62276500   -

0.05820200 

 C                 -3.08465600    1.03910400    

1.05734100 

 C                 -1.74540200    0.63438300    

1.01635700 

 C                 -1.02379000    0.78717400   -

0.19039600 

 C                 -1.61948900    1.42744400   -

1.30188000 
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 H                 -3.41219000    2.30449200   -

2.09502700 

 H                 -4.71237500    1.93542000   -

0.01348400 

 H                 -3.65898500    0.89841200    

1.96902600 

 H                  0.05145100    0.61024800   -

0.18866600 

 H                 -1.03298300    1.58617100   -

2.20222900 

 C                 -1.09575800   -0.07605800    

2.16219000 

 H                 -0.04846600    0.23271800    

2.24929200 

 H                 -1.60723600    0.15803500    

3.09966800 

 C                 -1.15034300   -1.59738800    

1.90792200 

 H                 -2.18540800   -1.94778000    

1.97192500 

 H                 -0.58396100   -2.11732100    

2.68503400 

 C                 -0.54789000   -1.93220200    

0.54897700 

 H                  0.51044400   -1.65413800    

0.50578900 

 H                 -0.60226400   -3.02411100    

0.38906900 

 C                 -1.24647300   -1.41183500   -

0.66453400 

 C                  2.75373700    1.30456600    

0.18454600 

 C                  4.10051800    1.57956600    

0.41331800 

 C                  5.03393200    0.57615300    

0.16562100 

 C                  4.58329400   -0.65720300   -

0.29939000 

 C                  3.21531300   -0.83277600   -

0.49632100 

 N                  2.30923100    0.12386700   -

0.26171600 

 H                  6.09247800    0.75180600    

0.33175300 

 H                  1.99738400    2.06567900    

0.36744600 

 H                  4.40282500    2.55625500    

0.77580200 

 H                  5.27201100   -1.46915400   -

0.50697300 

 H                  2.82903700   -1.78372400   -

0.85873900 

 C                 -0.44433900   -1.39870500   -

1.92390600 

 H                  0.52439600   -0.91263100   -

1.78794300 

 H                 -0.25765100   -2.45865400   -

2.15489600 

 H                 -0.99202200   -0.96090400   -

2.75930200 

 C                 -2.70648500   -1.63461700   -

0.82022400 

 H                 -3.16275300   -0.88855300   -

1.47675700 

 H                 -2.79304900   -2.59984300   -

1.34229500 

 H                 -3.24998900   -1.69388300    

0.12091200 

 

 

2 

M06-2X/6-31+g(d,p),  

el. energy  = -466.754896 a.u. 

 C                 -2.50351100   -1.26278000    

0.08077800 

 C                 -3.02548700    0.03074200    

0.02011400 

 C                 -2.15387700    1.11089200   -

0.05612400 
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 C                 -0.76244400    0.93419800   -

0.08250500 

 C                 -0.23229800   -0.36808500   -

0.03544600 

 C                 -1.12526200   -1.44861600    

0.05629300 

 H                 -3.16594200   -2.12083700    

0.14933000 

 H                 -4.09906000    0.19417300    

0.04004200 

 H                 -2.55079400    2.12350300   -

0.09133300 

 H                 -0.73286300   -2.46066100    

0.11301200 

 C                  0.12443800    2.15905900   -

0.16728000 

 H                  0.15801000    2.50089000   -

1.21139700 

 H                 -0.32954500    2.97127400    

0.41059500 

 C                  1.54599900    1.87483900    

0.30540700 

 H                  1.55531000    1.72677200    

1.39238500 

 H                  2.19096000    2.73367200    

0.09292800 

 C                  2.06692200    0.62915200   -

0.40295200 

 H                  2.00060200    0.79433000   -

1.48808100 

 H                  3.12489900    0.45522500   -

0.17190000 

 C                  1.27623800   -0.64302500   -

0.04296800 

 C                  1.62808300   -1.72384100   -

1.07780700 

 H                  1.26439600   -1.44720200   -

2.07331700 

 H                  2.71704700   -1.83855900   -

1.13180000 

 H                  1.20603700   -2.69901900   -

0.81709100 

 C                  1.69979200   -1.14380000    

1.35005700 

 H                  1.15453800   -2.05479300    

1.61866100 

 H                  2.77159200   -1.37443900    

1.35682300 

 H                  1.50325300   -0.39674000    

2.12573600 

 

Py-H 

M06-2X/6-31+g(d,p),  

el. energy  = -248.643935 a.u. 

 C                 -0.66698100   -1.18402200    

0.00000400 

 C                  0.71490100   -1.20876800   -

0.00000100 

 C                  1.41179000   -0.00058100   -

0.00000400 

 C                  0.71591500    1.20819200    

0.00000400 

 C                 -0.66599200    1.18456500   -

0.00000400 

 N                 -1.30204800    0.00053300    

0.00000300 

 H                  2.49691600   -0.00104100   -

0.00000700 

 H                 -1.29108800   -2.06881700    

0.00000800 

 H                  1.22989200   -2.16139000    

0.00000000 

 H                  1.23168500    2.16039100    

0.00001100 

 H                 -1.28938500    2.06987800    

0.00000300 

 H                 -2.32148600    0.00093300   -

0.00003000 

 

TS-elim 
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M06-2X/6-31+g(d,p),  

el. energy  = -715.332160 a.u. 

im. frequency -8.13 

 C                  4.82248100   -0.56115500    

0.51496400 

 C                  3.69381300   -1.30325400    

0.86521100 

 C                  2.44130900   -0.94954300    

0.36351900 

 C                  2.29633100    0.14722300   -

0.49374900 

 C                  3.43509800    0.88374200   -

0.83884900 

 C                  4.68990400    0.53382400   -

0.33969600 

 H                  5.79898200   -0.83734900    

0.90129200 

 H                  3.78908100   -2.16041200    

1.52550500 

 H                  1.56390000   -1.53406200    

0.63363900 

 H                  3.33722200    1.73467700   -

1.50966900 

 H                  5.56449300    1.11293000   -

0.62169500 

 C                  0.93184900    0.55230300   -

0.99563100 

 H                  1.01780000    0.99098100   -

1.99648000 

 H                  0.29279000   -0.33449500   -

1.07847900 

 C                  0.26133000    1.56647700   -

0.05921500 

 H                  0.86849600    2.47878300   -

0.00936000 

 H                  0.21687900    1.15132800    

0.95419400 

 C                 -1.14212900    1.90706400   -

0.54440900 

 H                 -1.22690200    2.08724000   -

1.62217400 

 H                 -1.79411200    0.98154400   -

0.37698300 

 C                 -1.96551700    2.80781600    

0.20953400 

 C                 -3.15331800    3.40384600   -

0.40783200 

 H                 -3.38611800    2.98770600   -

1.38782200 

 H                 -4.00752800    3.36579100    

0.27557300 

 H                 -2.90957300    4.47472100   -

0.51828500 

 C                 -1.66177900    3.09895600    

1.61619900 

 H                 -2.39530100    3.75241500    

2.08532400 

 H                 -1.59132000    2.14671000    

2.16130100 

 H                 -0.65439000    3.53479300    

1.67107500 

 C                 -2.36406700   -1.63979300   -

1.15611600 

 C                 -2.33966300   -3.03164600   -

1.19149300 

 C                 -2.16728700   -3.72316000    

0.00542900 

 C                 -2.02898600   -2.99711400    

1.18598400 

 C                 -2.06871900   -1.60618400    

1.11981300 

 N                 -2.23289100   -0.93463800   -

0.02607000 

 H                 -2.14109500   -4.80853700    

0.01774200 

 H                 -2.48880600   -1.06516200   -

2.07144300 

 H                 -2.45182700   -3.55375100   -

2.13551600 
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 H                 -1.89237200   -3.49221200    

2.14133900 

 H                 -1.96396400   -1.00758200    

2.02144600 

 

O1a 

M06-2X/6-31+g(d,p),  

el. energy  = -466.723279 a.u. 

 C                  4.09648400    0.34181600   -

0.26466900 

 C                  3.20594400    1.39344000   -

0.04398700 

 C                  1.87436200    1.12700200    

0.27486500 

 C                  1.40981600   -0.18957700    

0.37977100 

 C                  2.31240400   -1.23558600    

0.15472000 

 C                  3.64522900   -0.97488200   -

0.16445400 

 H                  5.13440800    0.54681600   -

0.50960000 

 H                  3.54915900    2.42155300   -

0.11649800 

 H                  1.18383800    1.94982700    

0.44936900 

 H                  1.96576000   -2.26378200    

0.23465600 

 H                  4.33220700   -1.79969100   -

0.33128500 

 C                 -0.04319200   -0.47019600    

0.67275600 

 H                 -0.13865500   -1.41645800    

1.21793300 

 H                 -0.45292100    0.31865300    

1.31450400 

 C                 -0.88886300   -0.54468600   -

0.61598300 

 H                 -0.47240100   -1.32737800   -

1.26109200 

 H                 -0.78325600    0.39959500   -

1.16109200 

 C                 -2.33514500   -0.84926700   -

0.32776300 

 H                 -2.59334100   -1.90676800   -

0.25416900 

 C                 -3.31161900    0.04509700   -

0.11284500 

 C                 -4.72161200   -0.38957600    

0.19162800 

 H                 -4.81765800   -1.47870200    

0.20062600 

 H                 -5.04358500   -0.00461200    

1.16703000 

 H                 -5.41947300    0.01384300   -

0.55245900 

 C                 -3.11128100    1.53775400   -

0.14042300 

 H                 -3.75937900    1.99698300   -

0.89695800 

 H                 -3.39977600    1.97139900    

0.82495400 

 H                 -2.08008500    1.83069400   -

0.34763400 
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