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Abstract

The electrocatalytic activity of 10 cathode materials (Ag, Au, Cu, Glassy carbon (GC), Ni, Mg, Mn, Pb, Pt and
Ti) was examined for the intramolecular cyclisation reaction of allyl 2-bromobenzyl ether to 2-methyl
benzopyran. The influence of the cathode materials on the electrocatalytic activity was tested by means of
cyclic voltammetry (CV) in an electrolyte solution of allyl 2-bromobenzyl ether (1ImM) +
tetrabutylammonium perchlorate (0.1 M) (Bu;NCIO,4) in methanol (MeOH). On Au, GC, Ni, Mg, Mn, Pb and Pt
one single reduction wave was measured while Ag and Cu exhibited two cathodic reduction waves. Ti did not
show a voltammetric response. The best electrocatalytic activity was obtained on Ag which showed a shift of
the reduction peak potential of 771 mV with respect to GC, the most inert material. In addition to the
screening, rotating disk experiments (RDE) in combination with Koutecky Levich analysis and product
formation during electrosynthesis were performed. Koutecky Levich analysis of the RDE at peak potential
showed that one-electron was transferred at Au, GC, Ni, Mg, Mn, Pb and Pt. On Ag and Cu the number of
transferred electrons determined with Koutecky-Levich depends on the potential and can be tuned to
specific one- or two-electron transfer. Electrosynthesis showed that on Au, GC, Ni, Mg, Mn, Pb and Pt
exclusively 5-methyl benzopyran was formed. On Ag and Cu product formation was depended on the

potential and 2-methyl benzopyran and allyl benzyl ether (not cyclized product) were both formed.



1 Introduction
In recent years there is been a growing search for clean, catalytic and environmentally friendly methods for
the synthesis of heterocyclic compounds [1]. The great interest for these molecules is due to important
applications in pharmaceuticals [2]-[4], pesticides [5], dyes [6] and synthetic applications [7]. The classical
organic synthesis of heterocycles is of a complex nature, requiring a large number of reaction steps and the
use of auxiliaries which results in a low selectivity [1]. In addition the reaction is often catalysed by tributyl
tinhydride (BusSnH) [8]-[10]. The high neurotoxicity and difficulties for a total removal of tin out of the
reaction mixture have triggered the search for other alternative synthesis methods. Organic electrosynthesis

may offer an interesting alternative i.e. the electron being a cheap, clean and energy efficient reagent [11].

Reductive radical cyclisation of aryl halides onto an unsaturated bond is frequently used to construct fused
aromatics in heterocyclic organic synthesis [8], [12]. In Figure 1 the possible reaction mechanism that can
occur is displayed. The reduction of aryl halides, certainly at inert electrodes, occurs through a dissociative
electron transfer leading to the scission of the carbon-halogen bond [13], [14]. This process can occurs
through 2 possible mechanisms. A first possibility, which is shown in equations 1 and 2 is that bond rupture
occurs in a stepwise manner with the formation of an intermediate radical anion. The second possibility is
the concerted way yielding directly in a radical anion (equation 3). After the radical is formed, it can undergo
a cyclisation reaction after which it is reduced (equation 4 and 5) or it can be directly reduced, without

cyclisation reaction (equation 6).

Figure 1: Possible reaction pathways to construct fused aromatic molecules starting from allyl 2-bromobenzyl ether

A disadvantage to the use of organic halides in electrosynthesis is that the electrochemical activation of C-X
bonds, especially in chlorides and bromides, requires application of high negative potentials [15] . In
addition, as shown in the previous equations (1-6), the reaction pathway is complex. The usage of an
appropriate electrocatalyst to stimulate specific product formation is crucial to increase the selectivity.
Several approaches based on homogeneous electrocatalysis, mainly with transition metals complexes [1],

[8], [16]-[19], have been investigated to circumvent the high overpotential and selectivity. When the



carbon-halogen bond is reductively cleaved with electron-transfer mediators the potentials correspond to
those of the reduction of the mediator. Although the formal electrode potential of the mediators is generally
more positive than the potential required for direct reduction of carbon-halogen bond, this approach gives
rise to low selectivity and difficulties for the purification of the reaction mixture. Attempts to overcome
these obstacles for carbon-halogen bond activation are directed towards improving the catalytic activity of

the electrode material by changing from homogeneous to heterogeneous catalysts [15].

Studies of the carbon-halogen bond rupture have already indicated the intrinsic potential of several bulk
metals such as Ag, Ni or Cu [13], [15]. Jouikov et all. have for instance shown that functionalized graphene
requires strongly negative potentials of ca. -1.8 V in non-aqueous media [20] . On the other hand Dunach et
all. have shown that by using Ni complexes the high overpotential can be reduced [1], [18], [23]. Despite the
large number of papers for homogeneous catalyst there is little work for the catalytic activity of
heterogeneous bulk materials on the intermolecular cyclisation reaction. Hence there is a need for an

electrochemical activity scale of cathode metals for the synthesis of heterocyclic compounds.

In this context, the aim of the present work will be to investigate the electrocatalytic activity of bulk metals
as cathode material for the intramolecular cyclisation reaction. The electrocatalytic activity will be tested for
the cyclisation reaction of allyl 2-bromobenzyl ether to 2-methyl benzopyran, which can be considered as a
model reaction [8], [22]. The formation of benzopyran is of great importance for the pharmaceutical industry
as it is an important building block for numerous drugs [23]. The purpose of this work is not to show the
detailed reaction mechanism but to look at the overall reaction that occurs meaning the formation of allyl 2-

bromobenzyl ether or 2-methylbenzopyran.

Towards these directions our specific objectives are: (i) screening of Ag, Au, Cu, Glassy carbon (GC), Mg, Mn,
Ni, Pb, Pt and Ti as cathode materials for the intramolecular cyclisation of allyl 2-bromobenzyl ether by
means of cyclic voltammetry; (ii) study of the electron transfer through linear sweep voltammetry (LSV) in
combination with rotating disk experiments (RDE) and (iii) batch electrosynthesis of 2-methyl benzopyran by

means of experiments performed under potential control.



2 Experimental

2.1 Preparation of the cathode materials

10 cathode materials were selected for the screening; Ag, Au, Cu, Glassy carbon (GC), Mg, Mn, Ni, Pb, Pt and
Ti. The choice of these materials is based on previous research regarding C-X bond rupture [15]. To exclude
the influence of the morphology and consider only the intrinsic catalytic activity of the material all cathode
materials where polished to prior extend. The polishing procedure consisted of a sequential polishing with 1
pm and 0.3 pm alumina powder (Struers). The electrochemical measurements were conducted with an
autolab potentiostat/galvanostat PGSTAT 302F in a standard three-electrode electrochemical cell with a Pt
wire counter electrode and Ag/AgCl (Saturated) reference electrode. The reference electrode was separated
from the working electrode through a salt bride to prevent chloride or water contamination in the

measurement medium.

The electrochemical characterisation of the different cathode materials was tested in a de-aerated
electrolyte solution containing 0.1 M tetrabutylammonium perchlorate (BusNCIO,) (Acros, 99 %+) + 1 mM
allyl 2-bromobenzyl ether (Sigma Aldrich, 95%) in MeOH (MeOH) (Sigma Aldrich, HPLC-grade). The rotation

rate of the electrode was controlled with a radiometer CTV101.

Electrolysis experiments were carried out in a small volume (10 mL) electrochemical cell. The electrolyte was
purged with nitrogen to remove all dissolved oxygen. Identical working-, reference- and counter electrodes
were used as during the electrochemical characterisation. Experiments were carried out under potential
control and identification and distribution were investigated with a Thermo Trace 1300 GC-FID in a stirred
solution of 10 mM allyl 2—bromobenzyl ether. No additional preparation was done before injecting the
sample on the column. Standards for product identification i.e. allyl benzyl ether (Enamine Store, 95%) and

2-methyl benzopyran (Enamine Store, 95%) were used without further purification steps.



3 Results and discussion

3.1. Screening of the cathode materials

At first the electrochemical behavior at less active cathode materials is investigate to benchmark the system.
Recent research of the C-X bond rupture has indicated that materials such as GC, Pt and Ti can be candidates
for an inert reference material, meaning that they are known to have slow kinetics of electron transfer to
various redox systems and therefore require the highest overpotential for C-X bond activation [15], [24].
Before each experiment the ohmic drop was measured using EIS and compensated. The average ohmic drop
for all experiments was ca. 80 ohms. Figure 2A and Table 1 show the results for the reduction of allyl 2-
bromobenzyl on GC. The current densities have been calculated in respect to the geometric surface area of
the electrodes. A distinct cathodic wave can be observed with a peak potential of -1.92 V. When the
reduction wave is measured at multiple scan rates between 50 mV s* and 1 V s a good correlation
(R2=0.9854, Table 1) is found between the peak current density and the square root of the scan rate. The
reduction of allyl 2-bromobenzyl is thus characterized as a process of diffusive nature. When the
concentration is elevated (Figure 2A) from 1 mM until 5 mM allyl 2-bromobenzyl ether, a linear correlation
(0.9956, Table 1) is found with the peak current density while the reduction peak potential remained similar

with maximum variations of 12mV (not shown).

Figure 2: Cyclic voltammetry at 50 mV s-1 of GC (A-B), Ti (B) and Pt (B) in MeOH + Bu,NCIO, (0.1 M) and allyl 2-bromobenzyl ether
1mM (A-B) and 5mM (A)

Table 1: Voltammetric data of GC, Pt and Ti for the reduction of allyl 2-bromobenzyl ether (1mM) + Bu,NCIO, in MeOH measured
at50mvs®

In Figure 2B the CV features of Pt and Ti in comparison with GC are shown. On Pt the reduction peak is less
pronounced and occurs at a potential of -1.71 V. Similar results in respect to GC are obtained when the
relation between peak current density vs. square root of scan rate and concentration are investigated (Table

1).

With Ti no clear cathodic wave is measured even at higher concentrations. To verify that the low catalytic
activity is caused by metallic Ti and not to the presence of a titanium (di)oxide layer, additional Surface

Enhanced Raman Spectroscopy (SERS) measurements are done in this work. These measurements



(supporting information) confirm that no oxide layer is present whereby we believe that the low activity is
due to purely metallic Ti. Since GC exhibits the clearest cathodic wave this will be used as reference material

for all other materials.

Subsequently the electrochemical behavior on Ag, Au, Cu, Mg, Mn, Ni and Pb was studied. The investigated
metals can roughly be divided in two groups: Figure 3A where a single reduction wave is measured (Au Pb,

Mn, Mg and Ni) and Figure 3B where two closely spaced cathodic waves are observed (Ag, Cu).

The single reduction waves can be observed in Figure 3A between a potential window of -1.2 V and -2.5 V.
The influence on the electrocatalytic activity is expressed as an electrocatalytic activity parameter in
reference with GC, the material that requires the highest overpotential (Table 2); E, cathode -Ep, oc- This
provides a scale for the electrocatalytic activity for each cathode material. Mn induces the greatest shift in
reduction peak potential (260 mV) followed by Ni (150 mV) and Mg (140 mV). The influence of Au (112 mV)
and especially Pb (39 mV) on the electrocatalytic activity is less pronounced. On all metals a good correlation
is found between the peak current density and the square root of the scan rate and a good correlation is

consistently found between the current density and concentration (Table 2).

Figure 3: Cyclic voltammetry at 50 mvs- of Au (A), Ag (B) Cu (B), GC (A), Mg (A), Mn (A), Ni (A) and Pb (A) in MeOH + Bu,NCIO,
(0.1 M) and allyl 2-bromobenzyl ether 1ImM

The CV features of Ag and Cu (Figure 3B) show an additional second reduction wave. The reduction peak
potentials of Ag are respectively -1.15 V (Agl, Table 2) and -1.38 V (Ag2, Table 2). At both potentials there is
a linear correlation of the peak current density with square root of the scan rate and the process is of
diffusive nature. At -1.15 V a linear correlation is found with the concentration while on -1.38 V the
correlation is exponential between 1-5 mM allyl 2-bromobenzyl ether. The oxidation peak on Ag present at -
0.68 V is believed to be due from the oxidation (1) of small amounts of H,0 present in the electrolyte and (2)
dissolution of small quantities of Ag. Cu also shows two reduction peaks present at -1.68 V (Cul) and -2.02 V
(Cu2). The upper potential window of Cu is limited to prevent formation of CuO. At both potentials the
process is characterized as diffusion control and a good correlation between the peak current density and

concentration is measured (Table 2).



Table 2: Voltammetric data of Ag, Au, Cu, Mg, Mn, Ni and Pb for the reduction of allyl 2-bromobenzyl ether (1ImM) + Bu,NCIO,
(0,1M) MeOH measured at 50 mV's™

Regardless of the number of reduction peaks, both Cu and Ag show a good electrocatalytic with shifts of 239
mV and 771 mV respectively in comparison with GC (Table 2). It is the authors believe that the bond
dissociation energy between Ag and Br reaches an optimal. The surface phenomena such as adsorption and
desorption of intermediates and products play a crucial role in the electrocatalytic activity. The obtained
results are in correspondence with previous findings for the electrosorption of halides on Ag and Cu and ion-
metal interaction and their contribution to the beneficial catalytic activity [25]. The smaller current densities
of Ag, compared to the other materials, is believed to be due to adsorption of Br ions at potentials up to -1.2
V. Previous studies of Ocko et all. [26] have indicated that Br" coverage on Ag can reach up until 50% of the

surface.

In addition to the CV measurements lineair sweep voltammetry was used in combination with rotating disk
experiments (LSV/RDE) to elaborate the screening of cathode materials. The linear sweep voltammogram in
this section is obtained at a scan rate of 1 mV s™ using a rotating disk electrode. In Figure 4 a rotating disk
experiment is shown on a GC electrode. The potential is swept starting at -1.0 V and scanned in the negative
direction until -2.2 V. The potential window is restricted until -2.2 V to prevent reduction of the solvent.
When the system is scanned in an opposite direction from -2.2V until -1.0 V an identical voltammogram is
obtained. The Koutecky Levich plot (Figure 4) is calculated at the reduction peak potential measured in
previously obtained cyclic voltammogram (Figure 2 and Table 1). Calculations were done using equation 1

with values of Dg- 8.1x10° cm?/s [27], v - 7.37x10™* cm?/s (kinematic viscosity) and Cpenzylbromige- 1mmol.

1 1 1

= + (1)

J kacgulk 0.62nFD§/3v—1/6cgulkw1/z

The calculated number of exchanged electrons on a GC cathode material is 1.05 ( Table 3).

Figure 4: LSV recorded at 1mVs-1 with rotation rates of 300, 450, 620 and 743 RPM for the reduction of allyl 2-bromobenzyl

ether (1ImM) in MeOH + Bu,NCIO, (0,1M).



On all other investigated cathode materials a single well-formed reduction wave is observed. The LSV curves
can be consulted in the supporting information. To assess the influence of the cathode material on the
reaction mechanism Koutecky-Levich analysis was applied to the reduction peak potentials measured in the
previous section (Figure 3 and Table 2). Results of these calculations are shown in Table 3. The minimum
correlation coefficient obtained in all these measurements is 0.9602. On Ag, Au, Cu, Mg, Mn, Ni ,Pb and Pt
ca. one-electron is transferred. When Koutecky-Levich analysis is performed at the first reduction peak
potential of Ag and Cu results show that, as with the other cathode materials, one-electron is transferred.
However when Koutecky Levich analysis is applied to the second reduction peak potential 2 electrons are
transferred.

Table 3: Koutecky Levich analysis on investigated cathode materials performed at the reduction peak potential of allyl 2-

bromobenzylether

3.2. Product identification on different electrochemical materials

The mechanism of dissociative electron transfer of aryl halides is already previously reported and is known
to proceed in a stepwise manner. Once more the authors like to stipulate that it is not our intention to give a
detailed description of reaction mechanism but to clarify the overall processes which occur at different
electrocatalytic materials. The product identification was done by GC-FID of experiments performed under

potential control.

The experiments are performed under potential control i.e. the reduction peak potential (Table 1-2). The
results of the experiments under potential control are divided in two groups: (1) where a single reduction
peak is visible in the CV measurements (Figure 3A), shown in Figure 5 and (2) where two cathodic waves are

observed (Figure 3B), shown in Figure 6.

In Figure 5A-B where the potential is set at the reduction peak potential, the yield of 2-methyl benzopyran
on Au, GC, Mg, Mn, Ni, Pb and Pt is shown. For Ti the potential is set on -2.2 V since literature reports this as
the potential where C-X bond activation takes place [15]. Analysis shows that only 2-methyl benzopyran is
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formed on all of these cathode materials. The results are in correspondence with the previously performed
Koutecky Levich analysis. The highest yield (Table 4) is obtained with Au (48 mol%), Mg (46 mol%), Ni (50
mol%) and Glassy carbon (44 mol%). Mn, Ti, Pb, Pt display a lower yield of respectively 35 mol%, 5 mol%, 32
mol% and 6 mol% (Table 4). This is as expected according to Faradays law, since the current densities
recorded during the CV (Figure 2-3) are proportional with the yield. Next to the formed product, on all
electrodes, also unreacted allyl 2-bromobenzyl ether was found.

Figure 5: Product formation at E, on Au (B), GC (A), Mg (B), Mn (B), Ni (B), Pt (A), Pb (B) and Ti (A) in MeOH + Bu,NCIO, (0.1 M) and

allyl 2-bromobenzyl ether (10 mM)

Table 4: Yield of 2-methyl benzopyran formed at the reduction peak potential

At Ag and Cu product formation is studied at both the first and second reduction wave. On Ag at the first
reduction wave only the formation of 2-methyl benzopyran occurs resulting in a yield of 48 mol% for Ag
(Table 4-Figure 6, Agl). At the second reduction peak potential (Ag2) 15 mol% 2-methyl benzopyran is
formed (Table 4, Ag2). After 180 minutes an equilibrium is obtained for both curves with a maximum
conversion. At the potentials of the second reduction wave, however, both the formation of 2- methyl
benzopyran and allyl benzyl ether occurs. In fact, as already indicated with the Koutecky Levich analysis, a
different number of electrons was transferred. Results indicate that the yield of allyl benzyl ether (52 mol%)
exceeds that of 2-methyl benzopyran (15 mol%) (Table 4). By varying the potential with 243 mV the reaction
can be controlled to specifically the formation of allyl 2-bromobenzyl ether of 2-methyl benzopyran on Ag.
On Cu similar results are obtained. At the first reduction wave only the formation of 2-methyl benzopyran
appears with a yield of respectively 56 mol% (Table 4, Cul). The second reduction wave mainly gives rise to
the formation of allyl 2-bromobenzylether with a yield of 73 mol% while conversion until 2-methyl
benzopyran is decreased until 8 mol%.

Figure 6: Product formation of 2-methyl benzopyran at E, of Agl and Cul in MeOH + Bu,NCIO,4 (0.1 M) and allyl 2-bromobenzy!

ether (10mM) until
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4 Conclusion
An electrochemical activity scale was built up for the intramolecular cyclisation reaction of allyl 2-
bromobenzyl ether to 2-methyl benzopyran in MeOH + 0.1 M BugNClO,. CV measurements of GC, Pt, Au, Mg,
Ni and Pb resulted in a single reduction wave. On Ag and Cu two distinct reduction peaks are measured. Ti
did not exhibit a clear reduction peak. Out of all of the investigated cathode materials Ag exhibits the largest
shift of 771mV in reference to GC followed by Mn (260 mV), Cu (238 mV), Ni (150mV), Mg (140), Au
(112mV), and Pb (39mV). Koutecky Levich analysis at the peak potential of Au, GC, Mg, Mn, Ni, Pb, Pt and Ti
showed that one-electron was transferred. On Ag and Cu at the first reduction peak potential similar results
were obtained and results showed one-electron is transferred. However at the second, more negative
reduction peak potential, the process shifted from one-electron transfer. In addition product formation was
studied on the investigated materials. It was shown that on the reduction potential of GC, Pt, Au, Mg, Ni and
Pb only 2-methyl benzopyran was formed. On Ag and Cu 2-methyl benzopyran was formed at the potential
of first reduction peak while at the second reduction peak a mixture of 2-methyl benzopyran but mostly
allyl-2 bromobenzyl ether was found. The highest yield for the electrosynthesis experiments of 2-methyl
benzopyran were obtained at the first reduction peak of Ag (48 mol%) and Cu (56 mol%) and at the

reduction peaks potential of Ni (50 mol%) Au (48 mol%) and Mg (46 mol%).
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ACCEPTED MANUSCRIPT

Ep (V vs. IR R% (J, vs.
Cathode Ag/AgCl) (mA/cm?) R?(J,vsv™®) Q)
Glassy
Carbon -1.92 0.14 0.9854 0.9872
Pt -1.71 0.02 0.9956 0.9793
Ti / / / /
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E, (V vs. 1, Eycomode-Encc  R2U,vs  R2(J, vs.
Cathode Ag/AgCl) (mA/cm?) (mV) v Q)
Agl -1.15 0.08 771 0.9845 0.9699
Ag2 -1.38 0.02 / / 0.9772
Au -1.81 0.79 112 0.9955 0.9754
Cul -1.68 0.41 238 0.9779 0.9735
Cu2 -2.02 0.18 / 0.9821 0.9817
Mg -1.78 0.07 140 0.9891 0.9821
Mn -1.66 0.29 260 0.9903 0.9942
Ni -1.77 0.14 150 0.9788 0.9837
Pb -1.88 0.22 39 0.985 0.9844
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R? (w™?vs. ).

Cathode n 1)
Agl 1.07 0.9789
Ag2 2.18 0.9826
Au 1.12 0.9803
GC 1.05 0.9694
Cul 1.09 0.9745
Cu2 2.05 0.9801
Mg 1.13 0.9924
Mn 0.97 0.9670
Ni 0.98 0.9716
Pb 1.20 0.9602
Pt 0.94 0.9627
Ti / /
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Cathode

Y|EId allyl 2-bromobenzylether (mOI%)

YiEId 2-methyl benzopyran (mOI%)

YiEId allyl benzyl ether (mOI%)

Agl
Ag2
Au

GC

Cul
Cu2
Mg

Ni
Pb
Pt
Ti

52
33
52
56
44
19
54
65
50
68
94
95

48
15
48
44
56

8
46
35
50
32

6

5

0
52
0
0

73

o O O O O o

17



Figure 1
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Figure 2A
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Figure 2B
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Figure 3A
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Figure 3B
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Figure 4

J/ mA cm~2

0,00

-0,50

-1,00

-1,50

-2,00

-2,50

0
02
£ 04
o
T 06
E 0,8
1 § -1 ".-.,.
- 12 LN
1,4 : : .
0,05 0,1 0,15 0,2
w2/ (rad/s) /2
——300 RPM
——— 450 RPM
—— 620 RPM
743 RPM
2,5 2 -1,5 -1 0,5

E vs. (Ag/AgCl)/V




Figure 5A

Product formation (mol %)
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Figure 5B

Product formation (mol %)
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Figure 6
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