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Anodic fluorination of N-alkyl and N,N-dialkyl phenylacetamides (alkyl = methyl, ethyl, propyl and n-
butyl) was carried out in Et3N � 4HF medium. Effects of current density, quantity of electric charge and
alkyl chain length on the overall conversion efficiency and selectivity of fluorinated products are
reported. 1H NMR, 19F NMR and GC/MS were employed for product identification and characterization.
Under galvanostatic condition, N-alkyl phenylacetamides lead to predominantly monofluoro derivative
at ortho position in the aromatic ring. Mono and difluoro active methylene derivatives and p-fluoro
compounds were also formed in smaller quantities. The selectivity was low in the case of N,N-dialkyl
phenylacetamides. On increasing the electricity passed beyond 2 F/mol, the o-fluoro compound produced
1,4 addition compounds followed by further chemical and electrochemical transformations. Cyclic vol-
tammetric studies indicated significant adsorption of N,N-dialkyl compounds. Potentiostatic electrolysis
lead to predominantly side chain fluorination at the active methylene group. The product distribution
under different experimental conditions is explained on the basis of reactant adsorption and protonation
at the amide group.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Anodic fluorination of aromatic and heterocyclic compounds in
the absence and presence of aprotic solvents containing ionic liq-
uids such as Et4NF �mHF and Et3N � nHF has received considerable
attention in recent times. These developments have been reviewed
from time to time in this laboratory [1,2] and elsewhere [3–5]. A
broad perspective on the mechanistic aspects of electrochemical
perfluorination and selective fluorination process has also been
documented [6].

Selective nuclear fluorination in the aromatic and hetero cyclic
rings as well as in the side chain containing active methylene
group (–CH2–) has been a major objective in the anodic fluorina-
tion studies. It is well established that the –CH2– group attached
to the sulfur atom can undergo anodic fluorination with ease and
high selectivity. Fuchigami et al. have carried out extensive work
on different sulfur containing –CH2– compounds [3,5,7–9]. Effects
of adsorption [10] and different solvents [11] on the anodic fluori-
nation of sulfur compounds have been reported from this labora-
tory. In a similar manner, –CH2– group attached to selenium
exhibits good selectivity towards electrochemical fluorination [12].

Laurent et al. have patented anodic fluorination of side chain
–CH2– containing esters and amides [13,14]. Stereo selectivity in
ll rights reserved.

: +91 4565 227779.
such processes has also been reported for esters and amides
[15,16]. Anodic fluorination of alkyl phenylacetates was studied
by Yoneda et al. in dichloromethane containing Et3N � nHF,
Et4NF �mHF and Et4N � BF4 [17]. Shainyan et al. employed anhy-
drous hydrofluoric acid for the anodic fluorination of benzamide
and acetanilide [18]. Chemical fluorination can also be achieved
by using halide exchange process [19] or by employing other novel
fluorinating agents [20]. Solvent free Et3N � nHF and Et4NF �mHF
has been successfully employed for anodic fluorination of com-
pounds which are more difficult to fluorinate in presence of sol-
vents [21,23,25–29].

In the present study, we have investigated the product distribu-
tion patterns of anodically fluorinated N-alkyl and N,N-dialkyl
phenylacetamides in solvent free Et3N � 4HF medium.

2. Experimental

2.1. Materials

Synthetic grade (>98%) phenylacetyl chloride, dibutylamine,
dimethylamine and propylamine were purchased from M/s Merck,
Germany and used without further purification. High pure (>99%)
triethylamine, n-butylamine and ethylamine (70% in water) were
purchased from Sisco Research Laboratory, India. Dipropylamine
and methylamine (40% in water, Fluka AG Germany) and Diethyl-
amine (Nice Chemicals, India) were employed without further
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purification. Anhydrous hydrogen fluoride (AHF) >99.9% was ob-
tained from M/s TANFAC, Cudalore, Tamilnadu, India. Preparation
of Et3N � 4HF has been reported elsewhere [21].

2.2. Preparation of 2-phenylacetamide

Acyl chloride (0.035 M) was added drop-wise to a well stirred
concentrated aqueous ammonia (20 ml) cooled in a freezing ice
salt mixture to obtain a white precipitate of 2-phenylacetamide.
The amide was filtered, dried and recrystallized using hot ethanol.
The yield and purity of 2-phenylacetamide is 83% and >98%,
respectively.

2.3. Preparation of N-alkyl and N,N-dialkyl phenylacetamides

An ice cold solution of 0.035 M phenylacetyl chloride was added
to a beaker containing 40 ml of 10% NaOH and 0.03 M methyl-
amine. The mixture was stirred well for about an hour. A white
precipitate of N-methyl phenylacetamide was obtained. The amide
was filtered and dried. The amide thus obtained was recrystallised
using hot ethanol. Similar procedure was followed for the prepara-
tion of other N-alkyl and N,N-dialkyl phenylacetamides. The yield
obtained for N-alkyl phenylacetamides and N,N-dialkyl phenylace-
tamides was 80–85% and 74–82%, respectively. The purity was
checked by HPLC and found to be >98%.

2.4. Cyclic voltammetry and potentiostatic electrolysis

Cyclic voltammetry was carried out using an undivided poly-
propylene cell. The working electrodes were glassy carbon
(0.07 cm2) and platinum (0.07 cm2). The counter electrode was a
smooth platinum foil (1 cm2) and the reference electrode was a
palladium wire. Prior to the experiments, the glassy carbon elec-
trode was polished with 4/0 emery sheet using alumina gel
(0.05 lm) and washed with distilled water. Further, the electrode
was sonicated for 5 min to remove any adsorbed alumina particles.
Et3N � 4HF was pre-electrolysed at a constant cell voltage of 2.5 V
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Scheme 1. Anodic fluorination pathw
under nitrogen atmosphere to remove moisture and deaerated
for 15 min with nitrogen gas to eliminate interfering oxygen before
the start of the experiment.

For comparison, anodic fluorination of N-ethyl phenylacetamide
and N,N-diethyl phenylacetamide was also carried out under
potentiostatic condition, where working and counter electrodes
were smooth platinum foil (1 � 3 cm2) and palladium wire was
used as reference electrode.

2.5. Electrochemical fluorination

Undivided polypropylene tube (5 ml) was served as a prepara-
tive cell for the anodic fluorination of N-alkyl and N,N-dialkyl
phenylacetamides. The anode and cathode were a rectangular plat-
inum foil (1 � 3 cm2). Pre-electrolysis of 5 ml of Et3N � 4HF solution
was carried out at a constant cell voltage of 2.5 V under nitrogen
atmosphere. The corresponding current density was around
1.5 mA/cm2 at the start of pre-electrolysis and dropped to 20% of
initial value (0.3 mA/cm2) after 90 min. The reactant (N-alkyl or
N,N-dialkyl phenylacetamides, 0.3 mol) was added subsequently
and the electrolysis was carried out galvanostatically using an
in-house fabricated galvanostat at 25 ± 2 �C. After completion of
electrolysis, the electrolyte was mixed with 50 ml of cold water
and extracted using diethyl ether. The extract was washed with
brine solution and dried over anhydrous magnesium sulfate. The
ether was distilled and the products were characterized using 1H
NMR, 19F NMR and GC/MS.

2.6. Equipments

The purity of the reactant samples was checked by HPLC (Shi-
madzu 10VP) with ODS column using UV–Visible detector
(254 nm). Methanol–water mixture (70:30) was used as eluent.
1H NMR spectra were recorded with 400 MHz Bruker NMR Spec-
trometer with CDCl3 and TMS as solvent and reference, respec-
tively. 19F NMR (376.5 MHz) of the products was recorded using
CFCl3 as internal reference. The products dissolved in chloroform
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Table 1
19F and 1H NMR data of fluorinated N-alkyl phenylacetamides and its derivatives obtained during anodic fluorination of 1a–e [21,22,24,27].

Reactants Products

2a–e 3a–e 4a–e 5a–e

1a �123.75 (q, 1F) 4JHF = 7.50 Hz �174.50 (d, 1F) 2JHF = 48.90 Hz �99.00 (s, 2F) �117.47 (m, 1F)
5.78 (d, 1H) 2JHF = 48.20 Hz

1b �124.36 (q, 1F) 4JHF = 7.53 Hz �177.60 (d, 1F) 2JHF = 48.19 Hz �98.93 (s, 2F) �117.09 (m, 1F)
5.81 (d, 1H) 2JHF = 48.40 Hz

1c �125.28 (q, 1F) 4JHF = 5.27 Hz �176.56 (d, 1F) 2JHF = 48.19 Hz �98.76 (s, 2F) �117.19 (m, 1F)
5.76 (d, 1H) 2JHF = 47.60 Hz

1d �123.75 (m, 1F) �176.46 (d, 1F) 2JHF = 48.57 Hz �98.84 (s, 2F) �117.17 (m, 1F)
2JHF = 49.60 Hz 5.76 (d, 1H)

1e �125.75 (q, 1F) 4JHF = 7.50 Hz �177.05 (d, 1F) 2JHF = 48.90 Hz �99.35 (s, 2F) �117.67 (m, 1F)
2JHF = 48.80 Hz 5.78 (d, 1H)
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were subjected to GC/MS analysis using Agilent 5975C GC/MSD
with Triple-Axis HED-EM detector and 7890A GC. Cyclic voltam-
metry and potentiostatic studies were carried out using BAS IM6
Electrochemical Analyser (USA) and Thales 3.18-USB software.

3. Results and discussion

3.1. Galvanostatic fluorination of N-alkyl phenylacetamides

During the anodic fluorination of 2-phenylacetamide (1a) and
N-alkyl phenylacetamides (1b–e) four major products were invari-
ably obtained (Scheme 1). 1H and 19F NMR data for these four prod-
ucts are presented in the Table 1 reports [21,22,24,27]. The product
mixture obtained from the anodic fluorination of 1b was subjected
to GC/MS analysis to distinctly identify the major products (2b, 3b
and 4b) and the fragmentation pattern clearly indicated the forma-
Table 2
GC/MS data of fluorinated products obtained during anodic fluorination of 1b and 6a.

Compound GC/MS: m/z:

2b 167 ([M]�+, C9H10FNO, 24%); 152 ([M�CH3]+, C8H7NO, 18%); 151 ([M�O]�+,
([M�CO–NH(CH3)]+, C7H6F, 48%); 95 ([C6H4F]+, 7%); 72 ([C3H6NO]+, 5%); 58

3b 167 ([M]�+, C9H10FNO, 27%); 152 ([M�CH3]+, C8H7FNO, 17%); 148 ([M�F]+,
48%); 90 ([C3H5FNO]+); 77 ([C6H5]+, 29); 58 ([C2H4NO]+, 100%); 30 ([CH4N

4b 185 ([M]�+, C9H9F2NO, 28%); 170 ([M�CH3]+, C8H6F2NO, 12%); 166 ([M�F]+, C
26%); 108 ([C3H4F2NO]+, 5%); 77 ([C6H5]+, 26%); 58 ([C2H4NO]+, 100%); 30

7a 181 ([M]�+, C10H12FNO, 25%); 166 ([M�CH3]+, C9H9FNO, 4%); 165 ([M�O]�+

([M�CO–N(CH3)2]+, C7H6F, 55%); 104 ([C4H7FNO]+, 6%); 77 ([C6H5]+, 36%);

8a 181 ([M]�+, C10H12FNO, 19%); 166 ([M�CH3]+, C9H9FNO, 9%); 165 ([M�O]�+, C
([C6H8FNO]+, 27%); 109 ([M�CO–N(CH3)2]+, C7H6F, 27%); 95 ([C6H4F]+, 12%

9a 199 ([M]�+, C10H11F2NO, 21%); 184 ([M�CH3]+, C9H8F2NO, 11%); 183 ([M�O]
147 ([C6H7F2NO]+, 7%); 127 ([M�CO–N(CH3)2]+, C7H5F2, 10%); 104 ([C4H7F

11a 199 ([M]�+, C10H11F2NO, 20%); 184 ([M�CH3]+, C9H8F2NO, 5%); 183 ([M�O]�

127 ([M�CO–N(CH3)2]+, C7H5F2, 8%); 122 ([C4H6F2NO]+, 11%); 77 ([C6H5]+,

Table 3
Effect of current density on the anodic fluorination of N-methyl phenylacetamide (1b).

Current density (mA/cm2) Conversiona (%) Selectivityb (mol%)

2b 3b

2.5 63.2 33.1 30.5
5 72.4 44.7 34.2

10 76.4 39.5 39.0
15 79.7 41.1 31.3

Electricity passed = 2 F/mole.
a Based on HPLC data.
b Based on NMR data.
c CHF signals observed in the region �174 to �184 ppm including 3a–e.
d Other products include compounds 14–20.
tion of all these products (Table 2). The fluorine signals at �123 to
�125 ppm with 4JHF value between 5 and 7.5 Hz correspond to o-
fluoro derivatives (compounds 2a–e). Similarly, the 1H and 19F
NMR signals occurring at 5.78–5.81 ppm and �174 to �177 ppm,
respectively (with 2JHF > 46 Hz) belong to mono fluorinated side
chain active methylene group, respectively (compounds 3a–e).
The fluorine signals for difluoro compounds (4a–e) and p-fluoro
derivatives (5a–e) are at �98 to �100 ppm and �117 ppm, respec-
tively. The product distribution pattern obtained for each of these
compounds 1a–e was calculated by quantitative analysis of inte-
gral data of 19F NMR signals. The influence of anodic current den-
sity, total quantity of electric charge passed and alkyl
substituents was evaluated by this procedure.

The influence of current density on the product distribution pat-
tern of N-methyl phenylacetamide was investigated and the results
are summarized in Table 3. In general, conversion efficiencies of
C9H10FN, 5%); 148 ([M�F]+, C9H10NO, 8%); 137 ([M�NH(CH3)]+, C8H6FO, 11%); 109
([C2H4NO]+, 100%); 30 ([CH4N]+, 20%)

C9H10NO, 5%); 137 ([M�NH(CH3)]+, C8H6FO, 15%); 109 ([M�CO–NH(CH3)]+, C7H6F,
]+, 10%)

9H9FNO, 6%); 155 ([M�NH(CH3)]+, C8H5F2O, 11%); 127 ([M�CO–NH(CH3)]+, C7H5F2,
([CH4N]+, 22%)

, C10H12FN, 7%); 162 ([M�F]+, C10H12NO, 2%); 137 ([M�N(CH3)2]+, C8H6FO, 6%); 109
72 ([C3H6NO]+, 100%); 44 ([C2H6N]+, 27%)

10H12FN, 15%); 162 ([M�F]+, C10H12NO, 5%); 137 ([M�N(CH3)2]+, C8H6FO, 26%); 129
); 86 ([C4H8NO]+, 21%); 72 ([C3H6NO]+, 100%); 44 ([C2H6N]+, 32%)
�+, C10H11F2N, 5%); 180 ([M�F]+, C10H11FNO, 5%); 155 ([M�N(CH3)2]+, C8H5F2O, 11%);
NO]+, 29%); 95 ([C6H4F]+, 8%); 72 ([C3H6NO]+, 100%); 44 ([C2H6N]+, 20%)
+, C10H11F2N, 5%); 180 ([M�F]+, C10H11FNO, 8%); 155 ([M�N(CH3)2]+, C8H5F2O, 21%);
14%); 72 ([C3H6NO]+, 100%); 50 ([CF2]�+, 25%); 44 ([C2H6N]+, 37%)

4b 5b Total CHFc groups Othersd

6.9 6.2 39.8 14.0
4.7 6.0 40.8 3.8
3.4 6.0 44.0 7.1
3.3 6.9 42.6 6.1



Table 4
Effect of charge on the anodic fluorination of N-methyl phenylacetamide (1b).

Charge passed (F/mol) Conversiona (%) Selectivityb (mol%)

2b 3b 4b 5b Total CHFc groups Othersd

2 79.7 41.1 31.3 3.3 6.9 42.6 6.1
3 84.5 38.2 33.2 11.3 5.5 37.2 7.8
4 87.2 23.9 35.4 19.8 4.4 36.4 15.5
5 89.5 14.3 23.8 26.5 6.9 29.8 22.5
6 90.5 6.0 20.5 35.5 3.0 26.6 28.9

Current density = 15 mA/cm2.
a Based on HPLC data.
b Based on NMR data.
c CHF signals observed in the region �174 to �184 ppm including 3b.
d Other products include compounds 14–20.

Table 5
Effect of chain length on the anodic fluorination of N-alkyl phenylacetamides (1a–e).

Run Reactants Conversiona (%) Selectivityb (mol%)

2a–e 3a–e 4a–e 5a–e Total CHFc groups Othersd

1 1a 82.0 21.2 48.2 18.2 3.3 53.1 4.2
2 1b 79.6 41.1 31.3 3.3 6.9 42.6 6.1
3 1c 81.5 41.5 25.8 8.9 5.1 37.4 7.1
4e 1c 89.0 15.0 41.7 1.3 5.8 51.9 26.0
5 1d 85.8 45.1 21.0 11.7 3.6 33.4 6.2
6e 1d 92.0 18.4 39.7 6.9 6.7 46.7 21.3
7 1e 86.5 40.3 20.1 19.0 3.5 30.4 6.8
8e 1e 93.4 19.6 38.4 7.2 6.9 45.6 20.7

Current density = 15 mA/cm2.
Cell voltage = 2.83 � 2.95 V.
Electricity passed = 2 F/mole.

a Based on HPLC data.
b Based on NMR data.
c CHF signals observed in the region �174 to �184 ppm including 3a–e.
d Other products include compounds 14–20.
e Potentiostatic electrolysis at 2.2 V.
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60–80% could be achieved by passing 2 F/mol of electric charge at
different current densities. The conversion efficiency was less
(63%) at a current density of 2.5 mA/cm2. The o-fluoro derivative
appears to be the main fluorinated product with 33–45% selectiv-
ity. Mono fluorination of side chain active methylene group was
identified as the next major fluorination process. The main signal
for this –CHF– group showed 30–39% selectivity. The total inten-
sity of fluorine signals in the –CHF– region is higher (Table 3–5)
than the other signals obtained in this region and this can be cor-
related with simultaneous nuclear fluorination apart from the side
chain fluorination process. The total selectivity data corresponding
to all –CHF– signals are also given in Table 3. The selectivity of side
chain difluoro methylene product varied between 3% and 7% and
the yield of p-fluoro derivative was 6–7%.

The influence of total quantity of electric charge passed on the
product selectivity during the anodic fluorination of N-methyl
phenylacetamide was also studied. Different electric charges rang-
ing from 2 to 6 F/mol were passed at a current density 15 mA/cm2

and the results are given in Table 4. The conversion efficiency in-
creased from 80% to 90% with increasing quantity of electric charge
passed. Considerable increase in the formation of difluoro methy-
lene derivative was noticed with corresponding decrease in the –
CHF– function when more than 3 F/mol of electric charge was
passed. The selective formation of o-fluoro derivative was also
found to decrease sharply with simultaneous increase in the evolu-
tion of other products. The selectivity of p-fluoro derivative was
found to be low in all the cases.
The alkyl groups present in the N-alkyl phenylacetamides also
influence the product distribution pattern as shown in Table 5. Side
chain fluorination leading to the –CHF– derivative formation
exhibited 48% selectivity for the parent compound 1a. The selectiv-
ity consistently decreased with increase in alkyl chain length of the
N-alkyl phenylacetamides. Simultaneously, the selectivity of o-flu-
oro derivative increased from 21% for 1a to 45% for 1d.

3.2. Galvanostatic fluorination of N,N-dialkyl phenylacetamides

Anodic fluorination of N,N-dialkyl phenylacetamides was also
carried out under similar conditions described in Section 3.1. In
this case, however, some interesting selectivity trends were no-
ticed as shown in Scheme 2. The compounds 6a–d produced side
chain fluorinated (7a–d) and ortho fluorinated (8a–d) compounds
in moderate yield. Further fluorination of 7a–d and 8a–d lead to
10a–d and 9a–d, respectively. Compounds 9 and 10 are the major
difluoro derivatives obtained during the fluorination process. Fairly
small quantities of side chain difluoro methylene compounds 11a–
d and p-fluoro compounds 12a–d were also obtained under galva-
nostatic conditions. In the case of 6a, one of the major product was
o,p difluoro derivative (13a). The 1H and 19F NMR signals corre-
sponding to the fluorinated products 7–13 are summarized in Ta-
ble 6 and GC/MS data for 7a, 8a, 9a and 11a are presented in
Table 2.

Typical results obtained during the electrochemical fluorination
of 6a at different current densities are given in Table 7. The overall
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Scheme 2. Anodic fluorination pathway of N,N-dialkyl phenylacetamides.

Table 6
19F and 1H NMR data of fluorinated N,N-dialkyl phenylacetamides and its derivatives obtained during anodic fluorination of 6a–d.

Reactants Products

7a–d 8a–d 9a–d 10a–d 11a–d 12a–d 13a

6a �177.94 (dd, 1F)
2JHF = 48.20 Hz

�124.29
(m, 1F)

�177.72 (d, 1F)
2JHF = 47.40 Hz

�172.90 (d, 1F)
2JHF = 49.30 Hz

�99.07
(s, 2F)

�117.51
(m, 1F)

�124.77
(m, 1F)

4JHF = 3.01 Hz 6.36 (d, 1H) 2JHF = 46.99 Hz 6.07 (d, 1H) 2JHF = 49.27 Hz �117.37
(m, 1F)5.81 (d, 1H) 2JHF = 47.75 Hz �125.07 (m, 1F) �117.43 (m, 1F)

6b �177.26 (dd, 1F)
2JHF = 48.50 Hz

�125.07
(m, 1F)

�177.11 (d, 1F)
2JHF = 47.90 Hz

�172.37 (d, 1F)
2JHF = 52.70 Hz

�99.37
(s, 2F)

�117.64
(m, 1F)

4JHF = 2.25 Hz 6.32 (d, 1H) 2JHF = 47.81 Hz 5.98 (d, 1H) 2JHF = 47.52 Hz
5.65 (d, 1H) 2JHF = 50.10 Hz �124.03 (m, 1F) �117.44 (m, 1F)

6c �177.14 (dd, 1F)
2JHF = 48.40 Hz

�125.10
(m, 1F)

�177.00 (d, 1F)
2JHF = 46.50 Hz

�171.83 (d, 1F)
2JHF = 48.90 Hz

�99.38
(s, 2F)

�117.67
(m, 1F)

4JHF = 5.20 Hz 6.33 (d, 1H) 2JHF = 47.81 Hz 6.04 (d, 1H) 2JHF = 50.62 Hz
5.80 (d, 1H) 2JHF = 47.81 Hz �125.19 (m, 1F) �117.41 (m, 1F)

6d �177.13 (dd, 1F)
2JHF = 48.90 Hz

�125.11
(m, 1F)

�176.87 (d, 1F)
2JHF = 47.80 Hz

�171.55 (d, 1F)
2JHF = 47.80 Hz

�99.37
(s, 2F)

�117.66
(m, 1F)

4JHF = 3.50 Hz 6.32 (d, 1H) 2JHF = 47.81 Hz 6.03 (d, 1H) 2JHF = 50.62 Hz
5.79 (d, 1H) 2JHF = 47.81 Hz �125.76 (m, 1F) �117.41 (m, 1F)

Table 7
Effect of current density on the anodic fluorination of N,N-dimethyl phenylacetamide (6a).

Current density (mA/cm2) Conversiona (%) Selectivityb (mol%)

7a 8a 9a 10a 11a 12a 13a Othersc

5 54.6 23.5 <1 18.5 <1 3.1 12.5 24.8 17.6
10 56.5 25.6 <1 20.9 <1 1.7 13.1 27.4 11.3
15 60.6 24.5 <1 23.4 <1 3.8 8.4 21.7 18.2

Electricity passed = 2 F/mole.
a Based on HPLC data.
b Based on NMR data.
c Other products include compounds 14–20.
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Table 8
Effect of charge on the anodic fluorination of N,N-dimethyl phenylacetamide (6a).

Charge passed (F/mole) Conversiona (%) Selectivityb (mol%)

7a 8a 9a 10a 11a 12a 13a Othersc

2 60.6 24.5 <1 23.4 <1 3.8 8.4 21.7 18.2
4 73.6 21.0 <1 19.4 <1 9.2 9.8 22.4 18.2
6 89.3 25.7 <1 10.6 <1 13.7 9.8 22.5 17.7

Current density = 15 mA/cm2.
a Based on HPLC data.
b Based on NMR data.
c Other products include compounds 14–20.
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conversion efficiency at an electric charge of 2 F/mol varied from
54% to 60%. Compounds 7a, 9a and 13a are the major products
and the product distribution does not vary with current density.

It was found that the overall conversion efficiency can be en-
hanced by passing more than 2 F/mol of electric charge. Typical re-
sults obtained by passing different quantities of electric charge at a
current density of 15 mA/cm2 are presented in Table 8. The conver-
sion efficiency improved from 60% to 90% when increasing the
overall quantity of electric charge from 2 to 6 F/mol. Except for
compounds 9a and 11a, the product distribution patterns of other
compounds varied only slightly with different quantities of electric
charge. The selectivity of compound 9a decreased from 23% for 2 F/
mol to 11% for 6 F/mol, which may be due to 2,3 or 2,5 addition
reactions (Section 3.3, Scheme 3).

The effect of alkyl substituent on the selectivity and product
distribution of N,N-dialkyl phenylacetamides is summarized in Ta-
ble 9. With increase in the alkyl chain length, the conversion effi-
ciency increased along with side chain monofluoro derivative
(compound 7). On the other hand, the difluoro derivative (9) de-
CH2

E

F

CH2

E

F

F
F

H

O

NHR

O

NR2

-2e-

-2F

-HF

E = C , C

14

Scheme 3. Successive fluorination of

Table 9
Effect of chain length on the anodic fluorination of N,N-dialkyl phenylacetamides (6a–d).

Run Reactants Conversiona (%) Selectivityb (mol%)

7a–d 8a–d 9

1 6a 60.6 24.5 <1 2
2 6b 64.6 26.1 31.2 1
3d 6b 85.0 53.9 5.1
4 6c 72.9 32.0 28.0 1
5 6d 75.0 31.1 27.5 1

Electricity passed = 2 F/mole.
Cell voltage = 2.95 � 3.07 V.
Current density = 15 mA/cm2.

a Based on HPLC data.
b Based on NMR data.
c Other products include compounds 14–20.
d Potentiostatic electrolysis at 2.2 V.
creased slightly with alkyl chain length without affecting the selec-
tivity of other fluoro derivatives. The reason for the complete
absence of o,p difluoro derivative in the case of 6b–d is not clear.
However, this experimental observation was repeatedly confirmed
by experiments with different compounds at different conditions.

3.3. Other fluorinated products formed during galvanostatic
fluorination of N-alkyl and N,N-dialkyl phenylacetamides

Apart from the fluorinated products indicated in Schemes 1 and
2, a few other low intensity fluorine signals were also observed in
the 19F NMR spectra. However, it is very difficult to identify these
minor products. The total contributions from such products in each
experiment are given in Tables 3–5 and 7–9. Significant increase in
the yield of other products was noticed when more than 2 F/mol of
electric charge was passed in the case of 1b (Table 4). In both these
cases 1b and 6a, simultaneous decrease in the selectivity of o-flu-
oro derivative was also noticed. Careful analysis of 19F NMR signals
of other products suggested chemical and electrochemical pro-
CH2

E

F

F

CH2

E

F

F
F

F

-2e

2F

-

-

15 16

o-fluoro alkyl phenylacetamides.

a–d 10a–d 11a–d 12a–d 13a Othersc

3.4 <1 3.8 8.4 21.7 18.2
4.6 17.6 4.6 4.5 – 1.4
6.1 <1 4.1 3.4 – 27.4
1.9 15.7 5.5 1.2 – 5.7
4.1 11.5 5.7 6.3 – 3.8



Table 10
19F NMR data of nuclear substitution and addition products [21–28].

No Structure Chemical shifts (d, ppm)

14

CH2

E

F

F

F
H

�184.88 (d, 1F) 2JHF = 46.68 Hz

15

CH2

E

F

F

�125.48 (m, 1F)
�124.09 (m, 1F)

16

CH2

E

F

F
F

F

�100.86 (s, 2F)
�95.54 (s, 2F)

17
NF2

O

CPh-CH2

�14.57 (s, 2F)

18 N
CH3

O
FCPh-CH2

�100.86 (q, 1F) 3JHF = 3.77 Hz

19 Ph–CHF2 �128.45 (d, 2F) 2JHF = 60.6 Hz
20 Ph–CH2F �221.23 (t, 1F) 2JHF = 51.60 Hz

Table 11
GC/MS data of fluorinated products obtained during anodic fluorination of 1b and 6a.

Compound GC/MS: m/z:

E = C(O)–NH(CH3) E = C(O)–N(CH3)2

14 205 ([M]�+, C9H10F3NO, 55%); 190 ([M�CH3]+, C8H7F3NO, 2%);189 ([M�O]�+,
C9H10F3N, 6%); 186 ([M�F]+, C9H10F2NO, 8%); 175 ([M�NH(CH3)]+, C8H6F3O,
20%); 147 ([M�CO–NH(CH3)]+,C7H6F3, 100%); 133 ([C6H4F3]+, 24%); 72
([C3H6NO]+,60%); 58 ([C2H4NO]+, 15%); 30 ([CH4N]+, 8%)

219 ([M]�+, C10H12F3NO, 18%); 203 ([M�O]�+, C10H12F3N, 5%); 200 ([M�F]+,
C10H12F2NO, 7%); 175 ([M�N(CH3)2]+, C8H6F3O, 24%); 147 ([M�CO–N(CH3)2]+,
C7H6F3, 35%); 133 ([C6H4F3]+, 20%); 86 ([C4H8NO]+, 5%); 72 ([C3H6NO]+, 100%);
44 ([C2H6N]+, 29%)

15 185 ([M]�+, C9H9F2NO, 15%); 170 ([M�CH3]+, C8H6F2NO, 5%); 169 ([M�O]�+,
C9H9F2N, 5%); 166 ([M�F]+, C9H9FNO, 12%); 155 ([M�NH(CH3)]+, C8H5F2O,
4%); 127 ([M�CO–NH(CH3)]+, C7H5F2, 22%); 113 ([C6H3F2]+, 8%); 101
([C5H2F2]+, 5%); 72 ([C3H6NO]+, 15%); 58 ([C2H4NO]+,100%); 30 ([CH4N]+, 15%)

199 ([M]�+, C10H11F2NO, 21%); 184 ([M�CH3]+, C9H8F2NO, 8%);183 ([M�O]�+,
C10H11F2N, 8%); 180 ([M�F]+, C10H11FNO, 7%); 155 ([M�N(CH3)2]+, C8H5F2O
21%); 127 ([M�CO–N(CH3)2]+,C7H5F2, 20%); 113 ([C6H3F2]+, 21%); 86
([C4H8NO]+, 25%); 72 ([C3H6NO]+, 100%); 44 ([C2H6N]+, 37%)

16 223 ([M]�+, C9H9F4NO, 15%); 208 ([M�CH3]+, C8H6F4NO, 21%); 207 ([M�O]�+,
C9H9F4N, 40%); 193 ([M�NH(CH3)]+, C8H5F4O, 29%); 165 ([M�CO–NH(CH3)]+,
C7H5F4, 8%); 151 ([C6H3F4]+, 20%); 147 ([C6H7F2NO]�+, 36%); 72
([C3H6NO]+,100%); 58 ([C2H4NO]+, 50%); 30 ([CH4N]+, 21%)

237 ([M]�+, C10H11F4NO, 22%); 222 ([M�CH3]+, C9H8F4NO, 5%); 221 ([M�O]�+,
C10H11F4N, 5%); 193 ([M�N(CH3)2]+, C8H5F4O, 48%); 165 ([M�CO–N(CH3)2]+,
C7H5F4, 79%); 161 ([C7H9F2NO]�+, 9%); 151 ([C6H3F4]+, 9%); 86 ([C4H8NO]+, 9%);
72 ([C3H6NO]+, 100%); 44 ([C2H6N]+, 25%)
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cesses involving o-fluoro derivative as indicated in Scheme 3. The
19F NMR and GC/MS data corresponding to compounds 14–16 are
summarized in Tables 10 and 11. Similar 1,4 addition of o-fluoro
derivative was observed in our earlier study on selective electro-
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chemical fluorination of alkyl phenylacetates [21]. This is also in
consistence with the earlier reports on the anodic fluorination of
benzene, toluene and halo benzene in R4NF�mHF medium [25–27].

From the chemical shift values, the presence of some cleaved
products could also be identified and the 19F NMR data correspond-
ing to these products are summarized in Table 10.

3.4. Cyclic voltammetry and potentiostatic electrolysis

In our earlier work on the anodic fluorination of alkyl phenylac-
etates, high selectivity of side chain monofluoro derivative (87%)
was observed under galvanostatic experimental conditions [21].
The results obtained for N-alkyl and N,N-dialkyl phenylacetamides
presented above indicate low selectivity. Cyclic voltammetric as
well as potentiostatic electrolysis experiments were carried out
for these compounds to understand the reasons for such a poor
selectivity.

Typical cyclic voltammograms for 30, 40, 50 and 60 mM of 1c in
Et3N � 4HF medium on platinum and glassy carbon electrodes are
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Fig. 2. Cyclic voltammograms for a Glassy carbon electrode in Et3N � 4HF containing
0 (a), 30 (b), 40 (c), 50 (d) and 60 (e) mM of 1c. Scan rate 20 mV/s.
presented in Figs. 1 and 2 along with the background current at
a constant sweep rate of 20 mV/s. The oxidation peak for 1c oc-
curred in the background region (around 2.0 V) and hence no sharp
anodic peak was noticed on the platinum electrode. On glassy car-
bon, however, a well defined oxidation peak was noticed at around
1.5 V which increased with increasing reactant concentration.
Hence, further voltammetric studies were carried out on glassy
carbon working electrode.

Typical cyclic voltammograms of 1c, 6b, 1e and 6d on glassy
carbon electrode at a sweep rate of 20 mV/s are compared in
Fig. 3. The anodic peak potentials for these four compounds are
1.50, 1.59, 1.60 and 1.74 V, respectively and the anodic peak cur-
rent for 1c is higher than 1e. In general, N,N-dialkyl phenylaceta-
mides showed higher anodic peak current when compared to
their corresponding N-alkyl phenylacetamides. The cyclic voltam-
mogram for 6d indeed exhibited two peaks supporting this
observation.

The above observations suggest that N,N-dialkyl phenylaceta-
mides may undergo anodic fluorination in the adsorbed and non
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Fig. 3. Cyclic voltammograms for a Glassy carbon electrode in Et3N � 4HF alone (a)
and 30 mM 1c (b), 1e (c), 6b (d) and 6d (e) in the same medium. Scan rate 20 mV/s.



Table 12
Experimental conditions during the potentiostatic electrolysis of 1c and 6b.

Reactants Concentration (mM) Potential (V) Time (min) Cell voltage (V) Charge (F/mole) Current (mA)

1c 100 2.0 685 2.40–2.38 2 2.6–2.1
1c 100 2.2 67 2.63–2.60 2 26.0–23.0
1d 100 2.2 75 2.66–2.69 2 25.0–21.3
1e 100 2.2 90 2.67–2.72 2 22.5–18.7
6b 100 2.2 26 2.86–2.83 2 65.0–58.0
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adsorbed modes. The number of products formed and their
distribution for N,N-dialkyl phenylacetamides are generally higher
(Table 9) when compared to their corresponding N-alkyl phenylac-
etamides (Table 5).

Constant potential electrolysis was also carried out for 1c–e and
6b to understand the product distribution pattern between poten-
tiostatic and galvanostatic electrolysis processes. The experimental
conditions for potentiostatic electrolysis of these compounds are
given in Table 12. When the potential for electrolysis was fixed
at the peak potential Epa, or at any other potential below 2.0 V,
the electrolysis current was found to be extremely low and no fluo-
rinated products were isolated or identified. The electrolysis pro-
ceeded smoothly at a constant potential of 2.0 and 2.2 V on
platinum electrode and the cell voltage remained constant during
electrolysis. Substantially higher current was noticed for 6b when
compared to 1c–e at the same potential of 2.2 V. The product dis-
tribution obtained after the passage of 2 F/mol of electric charge
under galvanostatic and potentiostatic conditions for 1c–e are pre-
sented in Table 5 (compare run 3,5,7 and 4,6,8), respectively. Nu-
clear fluorination leading to 2c–e was predominant under
galvanostatic conditions while side chain fluorination 3c–e was
predominant under potentiostatic conditions (Table 5). In the case
of 6b, the side chain fluorination product (7b) was 26.1% under gal-
vanostatic conditions and this product selectivity increased to
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53.9% under potentiostatic conditions (run 2 and 3 in Table 9).
Other side products were also generated under potentiostatic con-
ditions and their yields were found to be low.

In a related work reported recently from this laboratory, high
selectivity towards side chain fluorination at the active methylene
group was obtained from alkyl phenyl acetates, even under galva-
nostatic conditions [21]. Under quiet similar galvanostatic condi-
tions, N-alkyl and N,N-dialkyl phenylacetamides yielded nuclear
o-fluorinated compound as the predominant products (Table 5
and 9). In Et3N � 4HF medium it appears that acetamides undergo
facile protonation [30,31].
ð1Þ
The direct oxidation of methylene group in the protonated spe-
cies (22) would be more difficult. Hence this species undergoes
oxidation at the aromatic nucleus leading to o-fluorinated product
through ECNECB mechanism (Scheme 4). The unprotonated species
(21), on the other hand undergoes side chain oxidation at the ac-
tive methylene group through ECBECN mechanism (Scheme 5).
Hence relatively more number of fluorinated products are obtained
during the anodic fluorination of N-alkyl and N,N-dialkyl phenylac-
etamides when compared to alkyl phenylacetates reported earlier
[21].

Under galvanostatic conditions, both the protonated and
unprotonated species in Eq. (1) undergo simultaneous fluorination.
Since protonated species (22) is likely to be in excess in Et3N � 4HF,
nuclear fluorination predominates under galvanostatic conditions.
Under potentiostatic conditions, however, the unprotonated spe-
cies (21) would apparently undergo facile oxidation at lower oxi-
dation potentials leading to more selectivity towards side chain
fluorinated product. Even at constant potential conditions, forma-
tion of side products due to oxidative fluorination of adsorbed spe-
cies are noticed to some extent. However, by selecting appropriate
experimental conditions, selectivity upto 54% (2 F/mol) could be
achieved for 6b under potentiostatic electrolysis.

4. Conclusions

The present investigation indicated that Et3N � nHF with an ano-
dic potential limit of 2.0–2.2 V can be used as a fluorinating med-
ium like Et4NF �mHF. If the oxidation potential of the reactant
molecule is lower than the background limit as in the case of alkyl
phenylacetates [21] good product selectivity can be achieved un-
der galvanostatic conditions. On the other hand, if the oxidation
potential of the reactant molecule is closer to the background limit,
multiple product formation is possible under galvanostatic condi-
tions. In such cases, electrolysis at constant potential conditions
leads to improved product selectivity as observed in the case of
N-alkyl and N,N-dialkyl phenylacetamides. The improved selectiv-
ity at constant potential conditions may be due to the selective oxi-
dation of unprotonated reactant molecules at the side chain active
methylene group.
It was also observed that the oxidation potentials of organic
compounds depended on the electrode material. The anodic peak
potential of N-ethyl phenylacetamide (1c) was nearly 0.5 V higher
on platinum electrode when compared to glassy carbon electrode
due to greater adsorption and blocking effects on platinum elec-
trodes with increasing size and number of alkyl groups, which in-
creased the number of multiple products. The fluorination of N,N-
dialkyl phenylacetamides produced variety of products (Scheme 2)
when compared to N-alkyl phenylacetamides (Scheme 1). Maxi-
mum selectivity of 54% of (2 F/mol) monofluoro active methylene
derivative was obtained for N,N-diethyl phenylacetamide.
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