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Electroinduced Sgy1 preparative reactions

Part I: Estimation of the limiting diffusion currents
on various cathodic materials in liquid ammonia
and dimethylformamide
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Limiting diffusion currents are estimated by an indirect method which consists in determining the
chemical yield of substitution product in the electrosynthesis of a biaryl by an Sgy 1 type reaction. The
limiting diffusion currents can then be deduced from the yields. Different industrial cathodic materials
have been investigated both in liquid ammonia (—40°C) and dimethylformamide (20°C). The
limiting diffusion currents are generally about 2.8 times larger in ammonia than in dimethyl-

formamide.

Nomenclature

R yield in biaryl with respect to the reacted
aromatic halide

ky diffusion rate constant

k, rate constant of the key-reaction between
Ar® and Nu~

A cathode area

D diffusion coefficient of the mediator

D, diffusion coefficient of mediator P,

D, diffusion coefficient of mediator P, (in the

same medium as for D,)

Dy, diffusion coefficient of the mediator in NH;
Dpye  diffusion coefficient of the mediator in DMF
D, \u, diffusion coefficient of mediator P, in NH,
D, xu, diffusion coefficient of mediator P, in NH;
D, e diffusion coefficient of mediator P, in DMF

5 diffusion layer thickness
diffusion layer thickness in NH;
OpMF diffusion layer thickness in DMF

fim limiting diffusion current of the mediator

L, limiting diffusion current of the mediator per
unit of concentration of the mediator

L limiting diffusion current of the mediator per
unit of concentration of the mediator and
per unit of cathode area

Linnu, limiting diffusion current of the mediator in
NH,; (normalized with respect to the cathode
area and the concentration)

L pme  limiting diffusion current of the mediator in

DMF (normalized with respect to the cath-
ode area and the concentration)
ip reduction peak current of the mediator

iPan, reduction peak current of the mediator in
NH; (measured by cyclic voltammetry)
ippmp  reduction peak current of the mediator in

DMF (measured by cyclic voltammetry in
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the same conditions of concentration, cath-
ode and scan speed as in NH,;)

L 4 solvent association factor

M, solvent molecular weight

7] solvent absolute viscosity

V substrate molecular volume

|4 molecular volume of mediator P,
V, molecular volume of mediator P,
w rotation speed of the electrode

v kinematic viscosity, v = n/d

d solvent density

ArH amount of reduction product, mol
ArNu amount of coupling product, mol

1. Introduction

Sgn 1 reactions are a powerful synthetic tool when
induced in liquid ammonia. Such reactions allow the
coupling of a g-aryl radical Ar®* and a nucleophile
Nu~ to obtain a new link such as C-C, C-P, C-S§,
C-Se, etc [1, 2]. The reaction is summarized by the
electrocatalytic cycle represented in Scheme 1. At the
laboratory scale, the inducement of the reaction can
be achieved by photochemical or electrochemical
means. The first means is the most frequently used
because it is easy to perform. Nevertheless, since the
amount and distribution of energy supplied to the

kz  AfNu™  ArX

Nu ™=
kox

activation —gm Ar’

X~ ki _ArX— ArNu

Scheme 1. Electrocatalytic Sgy 1 cycle.
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system are difficult to control, the induction itself is
badly controlled. In contrast to the previous means,
electrochemical inducement is easy to control [3].
Under galvanostatic conditions [3-5] it can also be
easily quantified by the electrolysis intensity; limiting
diffusion currents have therefore to be known for the
cathodic material used. At present, this induction
method is barely used at a preparative scale because of
chemical engineering problems. The situation may
change in the future because of the development of
sacrificial anode techniques [6-8] which make possible
simplification of experimental cells. Single-compart-
ment electrolytic cells without separators may be used.

Liquid ammonia is the best solvent for the reaction
because it does not transfer hydrogen atoms, which is
not the case for organic solvents. Secondary reactions,
which decrease the selectivity and yield of the substi-
tution reaction, are therefore avoided in this solvent.

However, the importance of hydrogen atom trans-
fer reactions is not the main criterion for the choice of
the reaction solvent. Acetonitrile, dimethylformamide
and dimethylsuphoxide have also been described as
convenient solvents [9-14]. Recently [15] kinetic
studies in pure liquid ammonia and in mixtures of
ammonia and organic solvents have shown that
hydrogen atom transfer rate constants of organic sol-
vents to aryl radicals are about 100 to 1000 times
slower than coupling reaction rate constants. Some
organic solvents are therefore suitable as replacements
for liquid ammonia in Sgy1 reactions, which is
interesting from the point of view of chemical engin-
eering. Among these solvents, dimethylformamide
(DMF) is attractive since it is about 10 times inferior
as a hydrogen atom donor than acetonitrile and
dimethylsulphoxide.

To compare the capabilities of liquid ammonia and
dimethylformamide in large scale Sgy1 reactions, the
limiting diffusion currents of two standard com-
pounds were measured on different cathodic materials
in the two solvents. These two compounds were 4,4'-
bipyridyl and 1,2-dicyanobenzene, which are often
used as redox mediators under Sgy1 conditions. The
cathodic materials were gold, platinum, stainless steel,
nickel and aluminium, which are commonly used either
for laboratory or industrial purposes.

2. Theory

The measurement of the limiting diffusion current i,
of a reducible species P involved in a monoelectronic
reversible system can easily be achieved by classical
voltamperometric techniques if both the concen-
tration of the species and the surface of the electrode
are not too large. But if one among these two factors
is high, these techniques cannot be used because of the
large current intensities and of the continuous change
in the bulk concentration of P.

Here an indirect method of measurement is pro-
posed consisting of performing an Sy 1 reaction in the
presence of a redox mediator P. The yield, R, in sub-
stitution product depends on the limiting diffusion

current [5]. The chosen Sy 1 reaction must not be too
efficient (R large irrespective of the cathode) or too
incfficient (R small in all cases). Therefore the reaction
between 4-chlorobenzonitrile and 2,6-di-tert-butyl-
phenoxide has been chosen as a model reaction since
the rate constant of the Sy 1 key reaction is moderate:

. 5
NC‘@‘C‘ + @0 T» NC OH + Cl“_”(l)
— + a® )

( ACl +  N® ArNu

The Sgy1 reaction is induced by P~ which reduces
4-chlorobenzonitrile (ArX) slowly to its anion radical
ArX~:

2
P~ + ArX k:" P + ArX® Q)
-0
where k_, = k4, ky < ky; k4 = diffusion rate constant.

In liquid ammonia and dimethylformamide, the
main secondary reaction produces Ar~ by reduction
of Ar by P™:

Ar + P — Ar- + P 3)

In pure liquid ammonia, when the reaction is per-
formed in a single-compartment cell by imposing a
constant current intensity, 7, between a platinum grid
cathode and a magnesium sacrificial anode, the chemi-
cal yield in ArNu can be related to the limiting dif-
fusion current of the mediator P by the following
relation [5]:

R S S 4
B - 0.63k4[P}i @
ky[Nu™ i,

For this relation to be valid, redox catalysis must
not be too efficient, P~ has to be consumed inside the
diffusion layer and i must be lower than i,,. The two
first conditions imply that k, is lower than about
20000M 's~! and higher than about 20M~'s™!. In
forced convection, i, depends on the cathode dimen-
sions, the diffusion coefficient of P in the medium, the
diffusion layer thickness and the concentration of P,
according to [16]:

i FAD

lim — 5

The ratio i, /[P] does not therefore depend on the
concentration of the mediator. We call this 7,,. It

represents the limiting diffusion current of the media-
tor per unit of concentration of the mediator:

[P] )

ilim

[, = m

Iim [P]

Relation 4 can be written as a function of 7, by:
1

R = 0.63 kyi ©)

k2 [Nu7 ]Illm

We have extended the range of application of
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200 mm

e
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Fig. 1. Scheme of the electrolytic device: (1) nitrogen inlet, (2)
vacuum stopcocks with PTFE keys, (3) reactants entry, (4) main
compartment, (5) reference compartment, (6) magnesium rod
anode, (7) cathode.

Relation 6 to dimethylformamide, which is a bad
hydrogen atom donor solvent and different cathodic
materials. From the value of R, it is easy to deduce 7;;,
for the given cathodic material:

0.63k,i

lo = ENe IR =D

(7

3. Experimental results

3.1. Electrolytic device

The electrolytic device shown in Fig. 1 was a glass
cell equipped with four entries corresponding to: (i)
auxilliary and working electrodes. A sacrificial anode
(auxilliary electrode) which was a magnesium rod was
surrounded by a cylindrical shaped cathode (working
electrode). The distance between the two electrodes
was about 1 cm; (i) a separate reference compartment.
The reference system (Ag/Ag*,[AgT] = 107'M)[17]
is only used for kinetics determinations by cyclic vol-
tammetry; (iii) the introduction of the reactants; and
(iv) a nitrogen inlet.

The solution was stirred with a magnetic stirrer.
When ammonia was the solvent, the temperature of
the solution was maintained at —40° C by a cryocooler
(Huber, Bioblock Scientific). With DMF, the exper-
tments were carried out at room temperature.

3.2. Cathodic materials

The characteristics of the investigated cathodic
materials are reported in Table 1.

3.3. Chemicals and apparatus

All the chemicals (electrolytes, substrates) were com-
mercially available and used without further purifi-
cation. Ammonia was condensed at low pressure
(p = 10>mm Hg) using a vacuum line. DMF was
distilled over calcium hydride in an inert atmosphere
under reduced pressure (5 mm Hg) before use.

The electrolyses were performed using a stabilized
power supply (EDL, 20V, 1.2 A, Sodilec). Coulomet-
ric measurements were carried out with an integrator
(IG5-N, Tacussel). Titration of the products was per-
formed with a gas chromatograph (GC 121 DFL,
Delsi Instruments) equipped with a dimethylsiloxane
column.

3.4. Experimental procedure

The clectrolyses were carried out in standard exper-
imental conditions using about 80 mL of solvent. The
electrolytes were potassium bromide (4g, 34 mmol)
with liquid ammonia and tetrabutylammonium tetra-
fluoroborate (2 g, 6 mmol) in DMF. The nucleophile
was prepared in situ by deprotonation of 2,6-di-tert-
butylphenol by potassium-ters-butoxide. In liquid
ammonia, the mediator was 4,4’-bipyridyl and in
DMF, it was 1,2-dicyanobenzene. With 4,4"-bipyridyl
as the mediator, potassium hydroxide was added to
the medium to avoid the protonation of P~. It
was prepared in sifu by deprotonation of water by
potassium-fert-butoxide. The electrolyte, 2-6-di-tert-
butylphenol (rmmol, 8 < n < 16), water (= 3 mmol),
potassium-tert-butoxide (=~»n + 3mmol), 4-chloro-
benzonitrile (& 3 mmol) and the mediator { ~ 2 mmol)
were successively introduced into the cell. The elec-
trolysis was performed by setting a constant current
between the electrodes.

When the electrolysis was over, the solution was
neutralized by 20 mmol of ammonium bromide and
the ammonia was evaporated. The reaction products
were extracted from the solid residue by dichloro-
methane. The amounts of unreacted chloro-4-
benzonitrile and biphenyl were determined by gas
chromatography.

4. Results and discussion
4.1. Determination of the different values of 1,

The reduction of 4-chlorobenzonitrile (ArX) can be
performed indirectly by different mediators (P) among
which 1,2-dicyanobenzene and 4,4’-bipyridyl have
been chosen for this study. The characteristic rate
constants implied in the two solvents are reported in
Table 2. Since two conditions on the value of k, have
to be fulfilled for Relations 4 and 7 to be valid, we can
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Table 1. Characteristics of the cathodic materials

Cathodic material Specification 10* Areajm® Origin

Platinum grid 256 x 10* meshm 2 3.3 Comptoir Lyon Alleménd
Platinum grid 1024 x 10* meshm ™2 9 Comptoir Lyon Allemanid™
Platinum exmet 1024 x 10* meshm~2 7.5 Le Métal Déployé ‘
Gold grid 144 x 10* meshm~2 7.5 Le Métal Déploye
Stainless steel grid 156 x 10* meshm™2 9.1 Le Métal Déployé
Stainless steel grid 324 x 10 meshm—2 18.5 Le Métal Déployé
Aluminium exmet 18 x 10* meshm™? 10 Le Métal Déployé

Gold plated nickel foam FN60; 100 g Aum ™2 9 Sorapec

Nickel foam MN 0200500 050* 13.5 Sorapec

Nickel foam MN 0450200 050t 12.5 Sorapec

Nickel foam MN 0600200 0501 16 Sorapec

Nickel felt FN 908 9 Sorapec

*800 poresm ', 1800 m*m >
11800 poresm ™", 4000 m?m ™3
2400 poresm™", 5500 m2m™>
§24000 m*m~>

deduce from the values of Table 2 that 4,4"-bipyridyl
is a suitable mediator in liquid ammonia whilst 1,2-
dicyanobenzene is suitable in DMF.

The results obtained in the two solvents are reported
in Table 3 (NH;, —40° C) and Table 4 (DMF, 20°C).

4.2. Determination of the normalized currents I,

In order to compare the performances of the different
cathodic materials in the two solvents, we have first
normalized the limiting diffusion currents with respect
to the surface of the cathode A:

h = ®
Secondly, we have normalized them with respect to
the nature of the mediator, since the diffusion coef-
ficients of 4,4’-bipyridyl (D, ) and 1,2-dicyanobenzene
(D,) in the same solvent are slightly different. The
ratio D, /D, has been calculated by an electrochemical
method and a structural one.

The first method consisted in measuring, by cyclic
voltammetry at 0.2 Vs, the reduction intensities of
4,4 -bipyridyl (ip;) and 1,2-dicyanobenzene (ip,) in
liquid ammonia at —40° C, since the reduction peak
current of a Nernstian monoelectronic system P/P~ in
cyclic voltammetry (sweep rate, v) is given by [16]:

0.446 FA[P]D"* (@f's )

P o= RT

Table 2. Kinetic rate constants of the system

The ratio D ny, /D, nu, Was therefore given by:

Dinny _ ( ip, [P2] )2

ip, [P]
The second method consisted in estimating the ratio
of the molecular volumes ¥, and V; of the two mol-
ecules. The molecular volume was estimated by plung-
ing a molecular model of each molecule into water and
by measuring the increase of volume of the liquid.
According to Wilke and Chang’s relation, the dif-
fusion coeflicient D of a substrate is given by [20}:

(10)

Dy nw,

D = 74 x 1075 T(¥M)*y 'V (11
The ratio D; ny,/Dsnu, can therefore be expressed
by:
D 0.6
LNy <5> (12)
Dz,NH3 Vi

The value obtained with the first method was 0.90
whilst it was 0.88 with the second one. In the follow-
ing, we have taken an average of 0.89 and extrapo-
lated the values obtained in liquid ammonia with
4 4'-bipyridyl to 1,2-dicyanobenzene. The values of
the normalized currents in NH; at —40° C (L, nu,)
and in DMF (L, pue) at +20°C are reported in
Table 5.

4.3. Comparison of the different cathodic materials

All the values obtained in liquid ammonia were high.

Solvent NH; at —40°C DMF at 20°C

kgefM s 3 x 10" [4] 10" [18]
-1t P = 1,2-dicyanobenzene 0.508 40 [18]

koM™ P = 4,4 bipyridyl 52 x 10 10

ks 4 x 10° [5] 8.10%#

*diffusion rate constant

thomogeneous electron transfer rate constant between 4-chlorobenzonitrile and P
coupling rate constant between Ar and Nu~ (measured by perturbed redox catalysis)

§calculated from the standard potentials values
#this work; measured according to the method described in [19]
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Table 4. Experimental conditions and results of the electrolyses performed in DMF at room temperature

Cathodic material Specification Nu~ jmmol®  ArX,/mmol° ArX;/mmol*  ArNu/mmol' R/%® L/ AM™ 'h
Platinum grid 1024 x 10* meshm=2 15.1 2.94 0.98 1.32 68 4.5
Platinum exmet 1024 x 10 meshm~2 15.0 2.90 0.18 1.67 62 2.9
Gold grid 144 x 10* meshm=2  15.1 2.97 1.5 0.92 64 3.8
Stainless steel grid 324 x 10* meshm™? 15.0 2.79 0.48 1.49 65 7.7
Gold plated nickel foam  FN60 15.9 2.83 0.40 1.57 65 5.6
Nickel foam MN 0200500 050 15.1 3.10 0 1.87 60 2.5
Nickel felt FN90 15.1 2.65 0.48 1.31 60 33

©10. D) same as in Table 3
Volume of solution = 80 x 107*dm?; electrolysis current intensity

= 50mA; amount of mediator (1,2-dicyanobenzene): 2 m mol; electric

charge passed through the circit = 350 C (1.2 Faraday per mole of starting aromatic halide)

The aluminium exmet was the least interesting material
(Timnn, = 3000AM 'm™2), whilst the gold plated
nickel foam was the best one (L, nu, ~ 30000 A
M~ 'm™?). In the case of platinum grids, the limiting
diffusion current decreased when the number of meshes
per surface unit of the cathode increased. The three
nickel foams gave about the same results (L, nu, =
4000 AM~' m~?) although their number of pores per
unit length and their specific areas were different.
Limiting diffusion currents were largely higher with
the nickel felt than with the different foams. The dif-
ference between these two types of materials was high-
er in NH; than in DMF. A difference of nearly one
order of magnitude was observed between the gold
plated nickel foam and the three other nickel foams.

In DMF, the performance of the gold plated nickel
foam was largely smaller than in NH;; this could be
due to differences in the wettability of the material in
the two solvents. Such a difference was not observed,
either with the other nickel foams, nor with the other
cathodic materials in general.

In the two solvents, the limiting diffusion currents
obtained with platinum, gold and stainless steel grids

4.4. Comparison of limiting diffusion currents in NH,
(—40°C) and DMF (4 20° C)

From the values obtained in the sixth column of Table
5, it may be deduced that, except in the case of the
golden nickel foam, the limiting diffusion currents
were, on average, about 2.8 times larger in NH,
(—40°C) than in DMF (20°C):

Ilim, NHj3

~ 2.8

Ilim, DMF

In order to evaluate the validity of the present
method we have tried to deduce the ratio of the limit-
ing diffusion currents in ammonia (Zy,ny,) and DMF
(Zym,pmr) from cyclic voltammetry and literature data.
This can be estimated using Relation 5 by:

Ilim,NH3 DNH3 5DMF

(13)

L, p7F Domr 5NH3

The ratio dpup/dnn, Of the diffusion layer thicknesses
can be estimated using the expression for the diffusion
layer thickness at the rotating disc electrode [16]:

. . . - 13, 1/2,,1/6
were of the same order of magnitude. Since stainless 0 161D Ty (14)
steel grids offer the advantages of cheap cost and good  The following expression ensues:
mechanjcal properties, these materials are particularly 5 D o 16
interesting. DMF ( DMF > ( DMF )
5NH3 DNH3 VNH,
Table 5. Normalized limiting diffusion currents in liquid ammonia at — 40° C and dimethylformamide at room temperature
Cathodic material Specification LiAM 'm™?
NH; (~40°C) DMF (20°C)
4,4’-bipyridyl 1,2-dicyanobenzene 1,2-dicyanobenzene i nby
(Ilim, NH;3 ) (Ilim,DMF) IIim,DMF
Platinum grid 256 x 10* meshm 2 24500 27500 - -
Platinum grid 1024 x 10* meshm™2 12500 14000 5050 2.8
Platinum exmet 1024 x 10 meshm™2 9500 11000 3850 29
Gold grid 144 x 10* meshm™2 14000 16 000 5100 3.1
Stainless steel grid 156 x 10 meshm~2 11000 12000 - -
Stainless steel grid 324 x 10* meshm™2 10000 11000 4150 2.7
Aluminium exmet 18 x 10* meshm2 2500 2800 - -
Gold plated nickel foam FN60; 100 g Aum~? 29000 32500 4150 7.8
Nickel foam MN 0200500050 3750 4200 1850 2.3
Nickel foam MN 0450200050 3800 4250 - -
Nickel foam MN 060 0200 050 3100 3500 - -
Nickel felt FN9 11000 12 500 3650 34
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The ratio Zyy nu, /fim,pme €an therefore be estimated by:

Ilim,NH3 _ ( DNH3 )2/3 <VDMF )”6

Dpyvp VNH;
Dy, /Dpyr was deduced by cyclic voltammetry from
the ratio of the reduction peak intensities of 1,2-dicya-
nobenzene in the two media using Relation 9, pro-

vided the same concentrations, cathodes and scan
speeds were used:

ToNH, _ ( Dy nw, )0'5

ipDMF D 2,DMF
The experiments were performed with a gold disc as
the cathode (diameter: 0.5mm) using different con-

centrations of 1,2-dicyanobenzene and the following
average value was obtained:

(15)

(16)

D2,NH3

= 3.13

DZ,DMF

Voume/Van, Was obtained from literature data (at
—40°C, nyy, = 0.27 X 107°p, dhy, = 0.685 [21], at
+20°C, fpme = 0.92 x 1073p, dpyr = 0.94 [22]):

VDMF 25

VNH;

At the rotating disc electrode, the ratio of the nor-
malized limiting diffusion currents were therefore cal-
culated using Relation 15:

Jmrs 5

Ilim,DMF
This value was close to that obtained from Table 5
(B, i1/ i, pmp = 2.8), which demonstrated the valid-
ity of the method of measurement of limiting diffusion
currents.

4.5. Conclusions and prospects

As the experimental ratios of the limiting diffusion
currents in liquid ammonia (—40°) and dimethyl-
formamide (20°) are close to those obtained directly
by cyclic voltammetry measurements, the values of the
limiting diffusion currents in any organic solvent can
be estimated from that obtained in liquid ammonia by
cyclic voltammetry using Relations 15 and 16.

From a preparative point of view, in electroinduced
Sgn1 reactions, in the absence of hydrogen atom
transfer, the electric charge (if) passed through the
circuit is consumed in the reduction of ArCl to ArH:

ArCl 4+ 2¢- + HA — ArH + Cl” + A~

(HA: acidic impurity in the solvent, or the solvent
itself).

The amount of reduction product, ArH, is therefore
given by: -

AtH = it2F (17)

The amount of coupling product ArNu can be cal-
culated under galvanostatic conditions, using Relations

6 and 16:

ky[Nu™ 11y, p
0.63%k,2F

ArNu depends on the ratio k,[Nu~]/k, and on 1. In
this study, this ratio is about 1.7 times larger in NH,
than in DMF, whilst I, is about 2.5 to 2.8 times larger
in NH; than in DMF. Consequently, in a given elec-
trolytic device, the productivity of ArNu will be 4 to
5 times larger with NH; as the solvent than with
DMF, or, for a given productivity, the size of the
electrolytic device will have to be 4 to 5 times larger
with DMF than with NH;.

Therefore, for large scale production, NH; is more
interesting than DMF, whilst at the laboratory scale,
the choice of the solvent is not the main factor, and
DMF is an interesting alternative for Sgy1 reactions.

ArNu = (18)
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