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Effect of Anion on the C—Cl Bond Cleavage of Toxic Organochlorides
Electrocatalyzed by Co(II) Porphyrin
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An electrochemically reduced Co(l) meso-tetraphenylporphyrin anion was examined in electron reductive dechlorina-
tion of environmental harmful organochlorides by using various supporting electrolytes. The tunable reactivities were
formed when different supporting electrolytes were tested. For the first time the experimental and mechanistic investi-
gations were combined, what provided useful information for future rational molecular design towards highly efficient
removal of environmental harmful organochloride catalyzed by metalloporphyrins.
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Anuon Co(l) mezo-mempaghenunnoppupuna, nonyuennvlil S1eKmpoXUMULEeCKUM 60CCNAHOGLEHUEM, UCCIe08AU 6 Ka-
yecmee NOMEHYUANbHO20 A2eHMA OeXIOPUPOBAHUS IKOLOSUUECKU BPEOHbIX OP2AHUYECKUX COCOUHEHULl 8 cpede pas-
JIUYHBIX 2eKmponumos. Kombunayus sKcnepumenmansHbixX U MEXaHUCMUYECKUX UCCIe008aHUL NO3GONUNA NOTYUUMb
BAJICHYIO UHDOPMAYUIO OI5L MONEKVIAPHOLO OU3ALHA OeMOKCUKAHMOG HA OCHO8E KAMALUMUYECKU AKIMUGHbIX Mema-
onoppupunos.

KoatoueBbie cioBa: Pacmeruienne cBsizu C-Cl, TOKCHUHBIH OpraHoxJIOpHJ, aHUOH-3QQeKT, Mmeramionopdupuy,
3JIEKTPOKATAIIHU3.

Introduction

Organochlorides have been widely used as agricul-
tural insecticides and in pharmaceutical treatments for lice
and scabies.'’! Unfortunately, even low concentrations
of organochlorides, such as lindane (y-HCH), a-HCH,
DDT, and merix, can pose a considerable threat to human
health and the ecosystem, since they tend to be quite easily
accumulated in lipid-rich tissues of biota and biomagnified
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through terrestrial and aquatic food chains.'-*! In addition,
most organochlorides are degraded very slowly in the envi-
ronment, but several disposal and remediation techniques
have been fully developed to effectively achieve the deg-
radation of these compounds. At present, the degradation
of environmentally toxic organochlorides can be partially
or fully achieved by using non-metallic and metallic
nano-catalysts!’"% through carbon-chloride bond cleavage
reactions. Also, naturally occurring vitamin B, can also
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catalyze the activation reaction of the carbon-halogen
bonds in the presence or absence of other enzymes.!!"!*
Based on the similar structure with vitamin B ,, metal-
loporphyrinoids can also be used as efficient catalysts
for the C-Cl bond cleavage of environmentally harmful
organochloride through an electrocatalytic reduction
process.'21 An in-depth study of the mechanism has
demonstrated that the first step is a dissociative electron
transfer from the reduced metal-center to the organochlo-
ride, leading to chloride elimination and the formation
of a radical species. The re-oxidized metal complexes can
then be re-used for the next catalytic cycle. Unfortunately,
study on the chemical environment of electrochemically
catalyzed C-Cl bond cleavage have less considered previ-
ously, such as anion effect. In this study, the detailed
experimental and mechanistic characterizations of elec-
trocatalyzed C-CI bond cleavage of environmentally toxic
organochlorides will be described.

Experimental

All reagents and solvents for electrochemical measure-
ments were of commercial spectral pure reagent grade purchased
from Alading Company (China) and were used without further
purification except where noted. Other chemicals for organic
synthesis are all analytical pure grade and used directly. Cyclic
voltammetry measurements were carried out in a three-electrode
cell using a Chi-730D electrochemistry station. A glassy carbon
disk electrode was used as the working electrode, and the counter
and reference electrodes were platinum mesh and a saturated calo-
mel electrode (SCE), respectively. An “H” type cell with a fritted
glass layer to separate the cathodic and anodic sections of the cell
was used for bulk electrolysis. Both the working and reference
clectrodes were placed in one compartment while the counter
electrode was in the other cell compartment. A pre-treatment pro-
cedure was required prior to the GC-MS measurements to remove
the supporting electrolyte (TBAP, TBAC, TBAB). The DMF sol-
vent was evaporated under vacuum at 45 °C on a rotary evaporator.
Cyclohexane was then added to extract DDT and the dechlorinated
products from the residue. The TBAP was removed after stirring
and centrifuging, prior to the GC-MS analysis on HP6890-GC
and HP5975-MSD systems with an HP-5 5 % phenyl methyl silox-
ane column (length 30 m, ID 250 um, film 0.25 pm). The tempera-
ture was initially set at 100 °C and was then programmed to rise

(a) (b)

1+ 0.0-2.0 eq Lindane

at 15 °C/min until a maximum of 300 °C was reached. The molar
response factors of some of the intermediate products could not
be determined, since the appropriate reagent is not commercially
available.

Results and Discussion
Electrochemistry

During the electrochemistry measurements, a signifi-
cant increase is observed in the reduction peak current for
Co(II) porphyrin 1 (Chart 1) upon addition of 0.0-2.0 eq
lindane while the reverse anodic peak for the re-oxidation
part either decreases or disappears in DMF solution con-
taining 0.1 M [nBu/N]CIO, (TBAP), [nBu,N]Br (TBAB),
[nBu,N]CI (TBAC), respectively. As shown in Figure 1,
the redox couples at ca. E=—0.7 to —0.8 V can be assigned
to the Co/Co' couple of Co(Il) meso-tetraphenylpor-
phyrin, these interesting CV properties are in consistent
with a catalytic process involving lindane and the elec-
trogenerated Co(I) porphyrin to yield a o-bonded Co(III)
derivative. Additional irreversible reduction peaks can be
assigned to the reduction of one or more o-bonded Co(III)
porphyrin, which are generated from the reaction of
[(Por)Co']- anion and toxic organochlorides. The comparison
between the reduction peak current with different amount
of lindane (/) and without DDT (ipo), z’p/ipo values clearly
reveal the different electrochemical response in these three
oxidation/reduction processes shown in Figure 2. It has been
clearly shown that the higher intensity was observed when
TBAB was used as the supporting electrolyte. Similarly,
when DDT and a-HCH were tested as the comparing toxic
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Chart 1. Molecular structure of Co(II) meso-tetraphenyl-
porphyrin 1.
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Figure 1. Reductive electrochemistry of Co(Il) porphyrin 1 in DMF containing 0.1M (a) TBAB, (b) TBAP and (c) TBAC upon addition

0f 0.0-2.0 eq lindane.
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organochlorides, the electrochemical responses were also ure 4) confirm that all oxidation and reduction processes are
observed (Figure 2). Since the electrochemical response diffusion controlled.

of Co(II) porphyrin was stronger in the presence of lindane

compared with other organochlorides, and further electro-  Electrocatalyzed C-Cl bond Cleavage

chemical characterizations were focused on the lindane and Plausible Mechanism

in various supporting electrolytes. The surface electro-

chemical behaviors were determined from CV measure- Since reductive catalytic behavior is more effective
ments for 1 in the presence of 0.1 eq lindane made at various and lindane was selected as the example to study the anion
scan-rates from 20-500 mV (Figure 3) to provide an insight effect of supporting electrolyte on the electrocatalyzed

into the reversibility of the system on an experimental time- high-efficient and recycable carbon-chloride bond cleav-
scale. The good linear correlations observed for plots of peak age, the C-Cl bond cleavage products and reaction kinetics
current vs. v% for 1 in the presence of 0.1 eq lindane (Fig- of the controlled-potential bulk electrolysis were analyzed
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Figure 2. Dependence plot of catalytic peak (ip)/original peak (ipo) ration on reductive electrochemistry of Co(II)Por 1 in DMF
containing 0.1 M TBAB, TBAP and TBAC upon addition of 0.0-2.0 eq lindane (left), DDT (middle) and a-HCH (right).
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Figure 3. Electrochemical measurements for the reduction of Co(II) porphyrin 1 in the presence of 0.1 eq lindane in DMF containing
0.1 M TBAB (left), TBAP (middle) and TBAC (right) at different scan rates of 10, 20, 50, 100, 300 and 500 mV/s.
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Figure 4. The dependence of square root of the scan-rate (v'’?) on the peak current (ip) for the 1st reduction steps during cyclic
voltammetry measurements of 1 in the presence of 0.1 eq lindane containing 0.1 M TBAB, TBAP and TBAC.
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Table 1. Time-dependent distribution of carbon-chloride bond
cleavage of 1 in the presence of 10.0 eq lindane in DMF containing
0.1 M TBAB.

Products, %

fime, b Lindane TCB DCB CB

0.0 100 0 0 0

0.2 10.59 26.03 15.50 23.41
0.5 6.70 26.35 19.26 24.80
1.0 3.65 31.04 23.04 2331
2.0 1.88 30.06 32,51 21.81
3.0 0.47 26.95 40.02 16.46
4.0 0 24.01 49.74 15.39
5.0 0 23.10 55.03 11.59

Table 2. Time-dependent distribution of carbon-chloride bond
cleavage of 1 in the presence of 10.0 eq lindane in DMF containing
0.1 M TBAP.

Products, %

Time, h
Lindane TCB DCB CB

0.0 100 0 0 0

0.2 19.96 27.71 28.33 6.67
0.5 6.48 22.81 29.90 15.64
1.0 241 21.83 31.03 24.70
2.0 0.65 17.57 30.65 36.73
3.0 0 13.30 24.29 48.14
4.0 0 12.07 24.24 53.88
5.0 0 11.65 21.14 47.34

Table 3. Time-dependent distribution of carbon-chloride bond
cleavage of 1 in the presence of 10.0 eq lindane in DMF containing
0.1 M TBAC.

Products, %

Time, h

Lindane TCB DCB CB
0.0 100 0 0 0
0.2 27.30 17.27 24.77 7.74
0.5 17.61 19.26 31.01 12.03
1.0 16.06 20.52 30.99 15.48
2.0 11.71 19.73 33.28 19.21
3.0 6.81 18.53 32.87 24.69
4.0 3.67 16.44 29.84 32.16
5.0 0 11.64 25.74 52.07

using 15 mL of a 1.0-10° M lindane and 0.5-10* M Co(II)
porphyrin solution in DMF. The applied potential was set
at £=—1.60 V, which was sufficiently negative to generate
the [Co(I) porphyrin] species, to reduce any homogeneously
generated o-bonded Co(I1) porphyrin products, and the envi-
ronmentally toxic organochlorides were not be dechlorinated
under current electrochemical conditions by themselves. A
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Figure 5. Time-dependent distribution of GC-MS analysis of 1
in the presence of 10.0 eq lindane in DMF containing 0.1 M
TBAB, TBAP and TBAC.

time-dependent GC-MS analysis of the C-CI bond cleavage
products observed after 1 to 5 hours of electrolysis was car-
ried out. As seen from Tables 1-3 and Figure 5, 10.0 eq
lindane are completely removed from the solution within
Sh after starting bulk electrolysis at an applied potential
of £=-1.70 V. When [nBu,N]CIO, (TBAP) was used as
the supporting electrolyte, lindane was firstly converted
to trichlorobenzene and its geometric isomers (TCBs),
and the further C-Cl bond cleavages were also observed
to give dichlorobenzen and chlorobenzene. In addition,
the C-Cl bond cleavage efficiency was significantly decreased
when [#Bu,N]CI (TBAC) was used instead, and this could
explained as the higher [CI] concentration would change
the electrochemically catalyzed reaction equilibrium to yield
the lower converting speed. On the other hand, the reac-
tion speed was increased again when [nBu,N]Br (TBAB)
was used as the supporting electrolyte and efficient C-ClI
bond cleavage of chlorobenzene (CB) was also observed
according to the time-dependent GC-MS analysis.

In previous study,?*2" in situ UV-visible spectroelec-
trochemistry was utilized to monitor the products of achem-
ical reaction involving organochlorides and electrogen-
erated metalloporphyrins anions. Spectroelectrochemistry
is also used in the current study to monitor the reductions
of Co(I) porphyrin in DMF in the presence of HCH.
Examples of the spectral changes which occur during
the first two reductions of [Co(I)Por] anion in the presence
of lindane containing different supporting electrolytes are
shown in Figure 6. Identical spectral changes are observed
during the first one-electron reduction of cobalt porphyrin
in DMF with added 10.0 eq lindane (Figure 6). However,
the current spectral changes were significantly changed
from cobalt porphyrin itselfin the same solution. This result
confirms that Co(I) porphyrin highly react with lindane
under the given solution conditions. In this case, the final
UV-visible spectrum displays a singly intense Soret band
at 440 nm (Figure 6). The spectroelectrochemical data
in Figure 6 are thus consistent with the cyclic voltammetric
data in Figures 1-2 in that a catalytic reaction involving
organochlorides and the electrogenerated Co(I) porphyrin
anion occurs after the second reduction in DMF containing
added various environmentally toxic organochlorides.
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Figure 6. Reductive spectroelectrochemical characterization of Co(II) porphyrin 1 in the presence of 10.0 eq of lindane in DMF containing
0.1M TBAB (left), TBAP (middle) and TBAC (right) at E=-0.78 V.
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