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Abstract
A new mononuclear hexachlororhenate complex salt ((2-ppyH)2[ReCl6], where 2-ppyH+  = 2-phenylpyridinium cation) was 
synthesized and structurally characterized by X-ray crystallography. The hexachlororhenate complex ([ReCl6]2

¯) was utilized 
as an efficient catalyst for the electrocatalytic dechlorination of dichloromethane (CH2Cl2). The cyclic voltammograms (CVs) 
in the presence of CH2Cl2 show catalytic cathodic currents in place of the reversible wave for the redox pair Re(IV)/Re(III). 
The controlled potential electrolysis was also employed to study the catalytic carbon–chloride (C–Cl) bond cleavage of 
CH2Cl2 in the presence of [ReCl6]2

¯. The major electrolysis product was characterized as 1,2-dichloroethane (EDC), deter-
mined by gas chromatography–mass spectrometry (GC–MS). According to the cyclic voltammetry data, an electrocatalytic 
mechanism was proposed using the density functional theory (DFT, M06-L) to investigate the cleavage of the C–Cl bond in 
the presence of hexachlororhenate(IV). The optimized structures and the ΔG° changes (ΔG°g and ΔG°sol) for the proposed 
mechanism were calculated. Accordingly, the electrochemical pathway was thermodynamically feasible in both gas and 
solvent (acetonitrile) phases. The DFT studies suggest that the chlorine elimination proceeds through an interaction between 
the chlorine atom of CH2Cl2 and the five-coordinated unsaturated rhenium (III) intermediate. The transition state for the 
transfer of chlorine to the Re center was located with the assessed barrier energy of + 16.53 kJ mol−1 in the solvent phase.

 *	 Hassan Hadadzadeh 
	 hadad@iut.ac.ir

1	 Department of Chemistry, Isfahan University of Technology, 
84156‑83111 Isfahan, Iran

2	 Institute of Chemical Technologies and Analytics, Division 
of Structural Chemistry, TU Wien, Getreidemarkt 9/164‑SC, 
1060 Vienna, Austria

3	 Faculty of Chemistry, Razi University, 67149 Kermanshah, 
Iran

http://orcid.org/0000-0002-2299-0477
http://crossmark.crossref.org/dialog/?doi=10.1007/s10800-021-01607-4&domain=pdf


1690	 Journal of Applied Electrochemistry (2021) 51:1689–1703

1 3

Graphic abstract

Keywords  C–Cl bond cleavage · Electrocatalytic reaction · Density functional theory · Mechanistic insight

1  Introduction

Chlorinated organic compounds are widely employed in 
chemical and industrial applications such as solvents, pes-
ticides, adhesives, pharmaceuticals, and polymers [1–3]. 
Many of these compounds have been identified as per-
sistent organic pollutants (POPs) [4–7]. These organics 
contain various types of carbon-chlorine bonds such as 
aliphatics (chlordane), aromatics (hexachlorobenzene), 
polychlorinated compounds (polychlorinated biphenyls), 
and chlorinated volatile organic halides (chloroform and 
dichloromethane). They have gained increasing concerns 
due to their toxic nature, bioaccumulation, and durability, 
resulting in threats to aquatic environments and human 
health [8–11]. Some of the most chlorinated compounds 
were banned by the Stockholm convention [12], because 
of their potential harmful carcinogenic and mutagenic 
effects [13]. Due to their recalcitrant properties and poor 
biodegradability, they can remain persistent in soil and 
water for several years [14]. Hence, efficient techniques for 
the removal or conversion of these organic pollutants are 
in demand. In particular, reduction of organic halides by 
the electrochemical method is one of the most promising 
techniques for the treatment of POPs and pollution remedy 

[15, 16]. In the last decade, there has been increased atten-
tion in applying electrocatalytic degradation methods for 
possible conversion or removal of environmental pollut-
ants. Electrochemical processes have been considered 
highly effective for the dechlorination of organic chlorin-
ated pollutants [2, 17]. The electrocatalytic reduction of 
chlorofluorocarbons (CFCs) has been widely investigated 
by numerous researchers [18–20]. For instance, the cata-
lytic electroreduction of trichlorotrifluoroethane (CFC-
113) in different solvents, including CH3CN, propylene 
carbonate, DMF, and DMF/H2O, was studied by Peters and 
co-workers [19]. Sun et al. [21] investigated the effective 
electrocatalytic dechlorination processes of chlorophe-
nols compounds at a Pd–Ni bimetallic cathode. A tita-
nium nitride doped palladium/nickel foam electrode was 
examined for the dechlorination of 2,4-dichlorophenoxy-
acetic acid, in which the electrode was able to dechlorin-
ate 71% of the initially added 2,4-dichlorophenoxyacetic 
acid within one hour. In recent years, research has been 
carried out on the electrochemical reductive dechlorina-
tion of organic halides in solution. Several scientists have 
developed electrochemical dechlorination reactions utiliz-
ing homogeneous catalysts in form of metal complexes 
[22–26]. Peters et al. [27] investigated electrocatalytic 
reduction of 1,1,1-trichloro-2,2-bis(4-methoxyphenyl)



1691Journal of Applied Electrochemistry (2021) 51:1689–1703	

1 3

ethane (methoxychlor pesticide) by NiI(salen) complex 
(salen = N,N′-ethylenebis(salicylimine)) at a glassy carbon 
(GC) cathode, in which 32% of the products were com-
pletely dechlorinated. In another study, Peters′s group [28] 
studied the NiI(salen)-catalyzed reduction of CFC-113 to 
CFC-1113 (1-chloro-1,2,2-trifluoroethene) in dimethyl-
formamide with a high reaction yield of 99%. Similar to 
NiI(salen), CoI(salen) complexes are other widely investi-
gated catalysts in the cleavage of carbon–chlorine bonds 
[29]. Gach et al. [30] studied the electrocatalytic conver-
sion of hexachlorobenzene and pentachlorobenzene to cor-
responding products by CoI(salen) at a GC cathode. Also, 
the anionic complex hexachloropalladate(IV) ([PdCl6]2−) 
plays a catalytic role in the electrolytic dechlorination of 
2-chlorobiphenyl at a graphite electrode [31]. Brown et al. 
[32] performed the conversion of chlorinated solvents to 
radical species in the presence of hexachlororhenate(IV) 
as the catalyst via an electrocatalytic reduction reaction, 
which can be considered as an electrocatalytic method for 
generating radicals from organic chlorides [32]. Besides, 
there are many reports on the mechanism of the reductive 
cleavage of the C–X bonds (X = halogen) through electro-
chemical reactions [33–35]. The reductive cleavage of the 
C–X bond may proceed via two potential pathways: a step-
wise pathway, which belongs to a major part of aryl hal-
ides and involves the intermediate formation of a radical 
anion (RX·−) or the single-step concerted process, which 
is limited to the alkyl halides [36].

The mechanism of the copper-catalyzed reductive cleav-
age of the carbon-halogen bond was investigated by Coote 
et al. [33], in which electron transfer and bond breaking of 
the alkyl halide occurred in a single step. Gennaro and co-
workers [37] performed a computational evaluation of the 
electrochemical properties of alkyl halides in the presence 
of a CuI/TPMA complex. It should be mentioned that the 
electron transfer occurs by an inner-sphere electron transfer 
(ISET) pathway in both mechanisms. However, it was shown 
that the electrocatalytic dechlorination mechanism of chlo-
rinated solvents catalyzed by Re(IV)-chloride does not pro-
ceed through an intermolecular electron transfer [32]. This 
mechanism includes the abstraction of a chlorine atom from 
the substrate by a highly reactive coordinatively unsaturated 
ReIII intermediate [32].

In this work, the synthesis of a new mononuclear hexa-
chlororhenate complex salt, ((2-ppyH)2[ReCl6]), and its 
electrocatalytic activity on the dechlorination of CH2Cl2 
are reported. The bulk electrolysis has been utilized to 
investigate the catalytic remediation of CH2Cl2 by the ReIV 

(1)R−X + e− ⇌ [RX⋅−] → R⋅ + X− (stepwise)

(2)R − X + e− → R⋅ + X− (concerted)

catalyst, which is electrogenerated at a platinum electrode 
in acetonitrile containing 0.1 M tetrabutylammonium hex-
afluorophosphate. In addition, theoretical details of the elec-
trocatalytic mechanism for the dechlorination of CH2Cl2 in 
the presence of [ReCl6]2

¯ as the catalyst are presented. In 
comparison with previous research [25, 31, 32], the present 
study contains the following advancements, a proposal of 
an electrocatalytic mechanism for the cleavage of the C–Cl 
bond of CH2Cl2 in the presence of hexachlororhenate(IV), 
the determination of the transition state structures, the cal-
culation of turnover number (TON) for the electrocatalytic 
dechlorination of CH2Cl2, the synthesis and complete char-
acterization of a new Re(IV) complex, and the evaluation 
of the effect of reaction parameters on the electrocatalytic 
reaction yield.

2 � Experimental

2.1 � Materials and measurements

2–Phenylpyridine (ppy), silver nitrate, ReCl5 (Re2Cl10), 
tetrabutylammonium hexafluorophosphate (TBAH), fer-
rocene (Fc), acetonitrile (MeCN), chloroform, DMF, and 
hexane were purchased from Sigma Aldrich. FT-IR and 1H 
NMR spectra and elemental analysis were carried out on 
FT-IR JASCO 680-PLUS and Bruker Avance III-400 NMR 
spectrometers, and a Leco, CHNS-932 instrument, respec-
tively. GC and GC–MS analyses were recorded on an Agilent 
6890 N GC (equipped with FID and an HB-50+ column) and 
an Agilent 7890A/5975C GC–MS instrument with an HP-5 
capillary column, respectively. All MS spectra were meas-
ured in the electron ionization (EI) mode. Cyclic voltammo-
grams (CVs) were recorded using an Autolab PGSTAT 12, 
potentiostat/galvanostat at a scan rate of 100 mV s−1 using a 
three-electrode cell, including Pt disk, Pt wire, and Ag/AgCl 
as the working electrode, the counter electrode, and the ref-
erence electrode, respectively. In all voltammetry experi-
ments, Fe(η5-C5H5) (ferrocene) (E1/2 = 640 mV vs. NHE 
related to redox couple Fc/Fc+ [38]) and TBAH were used 
as an internal reference and a supporting electrolyte, respec-
tively. Following each electrolysis, an aliquot was taken both 
for GC and GC–MS analyses. Since the excess phenylpyri-
dinium does not affect the electrocatalytic dechlorination of 
CH2Cl2 by the Re catalyst, a non-stoichiometric ratio was 
used to prepare the catalyst solution during the cyclic vol-
tammetry measurements. Hence, the current intensity of the 
CV peaks differs from that expected for (2-ppyH)2[ReCl6].

2.2 � X‑ray crystallography

Single-crystal X-ray diffraction data of (2-ppyH)2[ReCl6] 
were collected by a Bruker Apex II CCD area–detector 
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diffractometer with MoKα radiation (λ = 0.71073 Å) at 
100(2) K. Cell refinement, data collection, data reduction, 
and absorption correction (using the multi-scan method) 
were processed with Bruker software packages [39]. The 
structure of (2-ppyH)2[ReCl6] was solved by direct meth-
ods using SHELXS-97 [40]. The non–hydrogen atoms 
(C, O, Re, Cl, and N) were refined anisotropically by the 
full-matrix least–squares method on F2 using SHELXTL 
[41]. The H atoms of the pyridyl rings were placed in 
calculated positions. Relevant crystallographic data for 
(2-ppyH)2[ReCl6] are listed in Table 1.

2.3 � Computational details

The molecular structures and bonding features of the inter-
mediates involved in the electrocatalytic mechanisms were 
calculated without symmetry restrictions by employing 
DFT calculations as implemented in the GAUSSIAN09 
suite of programs [42] with the M06-L functional [43]. 
The effective core potential (ECP), LANL2DZ, for the Re 
atom and the 6–31 + G(d) basis-set for the light atoms (C, 
H, N, and Cl) were selected. The frequency was also cal-
culated to provide all transition states, stationary points, 
and Gibbs free energies at 298.15 K. The intrinsic reaction 
coordinate calculations (IRC) were performed for further 
verification of the transition state structures. The polarized 
continuum model (PCM) was selected for modeling the 
solvent (acetonitrile).

2.4 � Synthesis of (2‑ppyH)2[ReCl6] complex

A mixture of Re2Cl10 (726 mg, 1 mmol), AgNO3 (339 mg, 
2 mmol), and 2–phenylpyridine (0.28 mL, 2 mmol) was 
added to a mixture of acetonitrile/water (6:1, 35 mL) and 
refluxed for 18 h under nitrogen atmosphere. The color of 
the reaction mixture changed from black to pale yellow dur-
ing the reflux period. After cooling the reaction, the solution 
was filtered to remove the white AgCl precipitate. A yel-
low residue was obtained after the filtration and evapora-
tion of the solution. Column chromatography (Al2O3, grade 
III, WA, 25 × 1 cm) was used for purification of the crude 
product. Elution with a mixture of chloroform/hexane (1:1 
v/v) gave a pale yellow band of the pure (2-ppyH)2[ReCl6] 
complex, which was separated and evaporated to dryness. 
The resulting pale yellow powder was dissolved in DMF 
and then recrystallized by ether diffusion into the solu-
tion at 5ºC. High-quality crystals of the hydrated com-
plex (2-ppyH)2[ReCl6]·2H2O were obtained after ca. two 
weeks. Yield: 514 mg (69%). Elemental Anal. Calcd. for 
C22H24Cl6N2O2Re: C, 35.39; H, 3.25; N, 3.78. Found: C, 
35.45; H, 3.27; N, 3.75%. IR (KBr; νmax/cm–1): N–H (3477 
(b, m)); C=N (1604 (m)); C=C (1580 (m)).

3 � Results and discussion

3.1 � Synthesis route

The abundant majority of hexachlororhenate anions which 
involve the ReIV oxidation state ([ReCl6]2─) have been 
extensively investigated structurally and reported in more 
than ten crystallographic studies [44–47]. Hexachlororhen-
ate anions with the rare oxidation states of ReV [48] and 
ReVI [49] are scarce. The synthesis of pyridinium-based 
hexachlororhenate(IV) complexes has been previously stud-
ied through the reaction of [ReCl6]2− with pyridine-based 
derivatives in the presence of an inorganic acid (such as 
HCl). The crystal structures of [ReCl6]2─ anions with pyri-
dinium counterions were reported by Kochel [50], Merozin-
ski [44], and Julve [51].

In the current study, a new and facile strategy for 
the synthesis of the mononuclear phenylpyridinium 
hexachlororhenate(IV) complex salt without using any 
inorganic acid is presented. The following reaction is sug-
gested for the formation of the (2–ppyH)2[ReCl6] complex 
(Scheme 1).

3.2 � Crystal structure

The structures of the molecular entities of the 
(2–ppyH)2[ReCl6]·2H2O complex are displayed in Fig. 1. 
The rhenium(IV) atom is located on an inversion center and 

Table 1   Details of structure refinement and selected crystallographic 
data for (2-ppyH)2[ReCl6]·2H2O complex

Crystallographic data for (2-ppyH)2[ReCl6]·2H2O

CCDC No 2,018,375
Empirical formula C22H24Cl6N2O2Re
Formula weight 747.33
T (K) 100 (2)
a (Å) 7.4710 (3)
b (Å) 9.0776 (4)
c (Å) 10.5802 (4)
α (°) 69.180 (2)
β (°) 72.224 (2)
γ (°) 79.974 (2)
Z 1
Crystal size (mm3) 0.60 × 0.40 × 0.2
Index ranges − 12 ≤ h ≤ 13

− 15 ≤ k ≤ 15
− 16 ≤ l ≤ 17

Independent reflections 6825
Independent reflections [I > 2σ (I)] 6816
Data/restraints/parameters 6825/3/154
Final R indices [I > 2σ (I)] R1 = 0.018, wR2 = 0.046
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shows a slightly distorted octahedral coordination environ-
ment with the six Re–Cl bonds lengths roughly equal to each 
other and the Cl–Re–Cl bond angles of approximately 90° 
(Table 2).

The aromatic rings in the 2-ppyH+ counterion are 
untwisted with respect to one another, with a dihedral angle 
of 1.51° between the phenyl and protonated pyridine ring, 
thus adopting the highest energy conformation [52]. Interest-
ingly, the twist angle of the 2-ppyH+ counterion in our pre-
vious work on (2-ppyH)[ReO4] was 40.49° [53], although, 
biphenyl compounds in the crystalline state prefer to be 
planar at room temperature [54]. In the crystal structure 
of (2-ppyH)2[ReCl6], N–H···O hydrogen bonds between 
the (2-ppyH) cation and the water molecule as well as 
O–H···Cl hydrogen bonds between the water molecule and 
the [ReCl6]2− anion consolidate the crystal packing (Fig. 2).

Selected bond lengths (Å) and bond angles (°) for 
(2-ppyH)2[ReCl6] in the crystal (solid-state) and the opti-
mized structure in the gas and solvent (acetonitrile) phases 
are listed in Table 2.

3.3 � FT‑IR and 1H NMR spectroscopies

The FT-IR spectra of Re2Cl10, 2-ppy, and (2-ppyH)2[ReCl6] 
complex are shown in Fig. 3. The band at 1586 cm−1 is 
related to the C=N stretching vibration of neat 2-phe-
nylpyridine, while the corresponding stretching mode for 
(2-ppyH)2[ReCl6] complex is red-shifted and observed at 
1604 cm−1. The bands at around 3300–3500 cm−1 are attrib-
uted to the vibration of N–H and –OH bonds of amine and 
captured water in the crystal units, respectively. The bands 
around 1430–1560 cm−1 are assigned to the stretching vibra-
tion of 2-ppyH+ rings.

(2-ppyH)2[ReCl6] was further analyzed using 1H NMR 
technique in DMSO–d6 (Fig. 4, including labeling scheme 
for the protons). The 1H NMR spectrum shows nine protons 
for the aromatic region of 2-ppyH+ rings and one proton 
on the nitrogen atom (N+–H1) of the pyridinium ring. The 
doublet peak at 8.68 ppm is attributed to H2. The H3 pro-
tons are observed at 7.93 ppm. The peaks at 7.64 ppm are 
assigned to two H4 protons. H5 and H6 are in the range of 
7.3–7.4 ppm. The peak at 7.15 ppm is associated with H7. 
The peak at 2.34 ppm moves down-field compared to the 
other protons due to the protonation of the nitrogen atom 
(N+–H1) of the pyridyl ring in 2-ppyH+. Despite the pres-
ence of paramagnetic anion [ReCl6]2─ in the solution, there 
is no paramagnetic broadening in the 1H NMR spectrum.

3.4 � Electrocatalytic reaction

Before commencing the electrochemical remediation of 
CH2Cl2 catalyzed by (2-ppyH)2[ReCl6], we briefly discuss 
the cyclic voltammetric behavior of the pure catalyst to 
examine its electrochemical properties. The catalyst solu-
tion was prepared by dissolving 36 mg of (2-ppyH)2[ReCl6] 
(5.0 mM) in 10 mL of acetonitrile in the presence of 0.1 M 
TBAH under N2 atmosphere. The cyclic voltammogram of 
the complex at a platinum disk electrode with a scan rate 
of 100 mV s–1 is depicted in Fig. 5. The cyclic voltammo-
gram of the complex in acetonitrile shows three couples 
centered at − 1.28, − 0.31, and + 1.17 V versus Ag/AgCl, 
which can be attributed to the Re(IV/III) couple [32, 55], 
2-ppyH+ reduction [56, 57], and the Re(V/IV) reduction 
couple [32, 55], respectively. The essential feature of this 
voltammogram is the reduction couple at E1/2 = − 1.28 V, 
including a single reduction wave in − 1.34 V and a single 

Scheme 1   Synthesis route 
to obtain (2–ppyH)2[ReCl6] 
complex

Fig. 1   ORTEP view of the molecular entities in (2-ppyH)2[ReCl6] 
complex with atom-numbering scheme
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Table 2   Comparison of selected 
bond lengths (Å) and angles 
(°) for experimental data of the 
(2–ppyH)2[ReCl6] complex with 
the optimized structures from 
the DFT calculations

Symmetry-related atoms marked by a prime character are generated by symmetry code −x + 1, − y + 2, − z

Bond lengths (Å) and 
bond angles (˚)

Crystal structure data Computational structure 
data (MeCN)

Computational 
structure data 
(gas)

Re1–Cl1 2.3513 (3) 2.3331 2.3378
Re1–Cl1′ 2.3513 (3) 2.3331 2.3378
Re1–Cl2 2.3674 (3) 2.3755 2.3684
Re1–Cl2′ 2.3674 (3) 2.3755 2.3684
Re1–Cl3 2.3481 (3) 2.3331 2.3378
Re1–Cl3′ 2.3481 (3) 2.3331 2.3378
Cl3—Re1—Cl1′ 89.745 (13) 90.0000 90.0000
Cl3—Re1—Cl1 90.255 (13) 90.0000 90.0000
Cl1—Re1—Cl2 90.009 (13) 90.0000 90.0000
Cl1—Re1—Cl2′ 89.991 (13) 90.0000 90.0000
Cl3—Re1—Cl3′ 179.998 180.0000 180.0000

Fig. 2   Crystal packing and 
intermolecular contacts of 
(2-ppyH)2[ReCl6] complex
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oxidation wave located at − 1.22 V, which is related to the 
[ReCl6]3−/2− redox couple. In addition, a reversible cyclic 
voltammogram for 2-phenylpyridinium is observed on the 
Pt electrode with anodic and cathodic waves at − 0.41 and 
− 0.21 V vs. Ag/AgCl, respectively (Fig. S2). Duyne et al. 
[57] investigated the electrochemical behavior of protonated 
heterocyclic amines, such as pyridinium salt. They discov-
ered that the reduction of the pyridinium cation (C5H5NH+) 
and its reversibility are unique features of the Pt working 
electrode. On the other hand, an irreversible cathodic peak 
was observed for the pyridinium solution at Ag, Au, and Cu 
electrodes [57].

Figure 6 shows the cyclic voltammograms for the dechlo-
rination of CH2Cl2 at a platinum electrode in a 10 mL 
oxygen-free acetonitrile solution containing 5.0 mM of 

the complex. Curve A demonstrates a reversible voltam-
mogram of the complex in a 0.1 M electrolyte solution. 
Curves B-E are the voltammograms recorded for the solu-
tions containing the catalyst and various concentrations of 
CH2Cl2 (0.15, 0.6, 0.9, and 1.5 M, respectively). For curve 
B, a new cathodic peak is observed at − 1.76 V. According 
to previous studies [32], this new cathodic peak is followed 
by a one-electron reduction of ReIV to ReIII, assigned to the 
catalytic conversion of CH2Cl2 to a CH2Cl• radical by the 
electrogenerated ReIII species. Notably, the anodic peak at 
− 1.22 V is decreased significantly from what is observed in 
curve A due to the interaction of the ReIII chloride species 
with CH2Cl2. The cathodic peak is raised by increasing the 
concentration of CH2Cl2 from 0.15 to 0.6 M. Curve D in 
Fig. 6 displays the cyclic voltammogram for the solution of 
0.9 M CH2Cl2 in the presence of the catalyst, which gener-
ates a larger cathodic peak at Epc = − 1.76 V. Interestingly, 
by increasing the concentration of CH2Cl2, the anodic peak 
at − 1.22 V vanishes, which is a result of the strong interac-
tion between CH2Cl2 and the ReIII species.

Ultimately, curve E displays the cyclic voltammogram for a 
solution containing 1.5 M CH2Cl2. A comparison of curves D 
and E reveals that the enhancement of CH2Cl2 in the complex 
solution (5 mM) is insignificant. Curve E is similar to curve D 
in which the anodic peak for the oxidation wave is no longer 
existent. As shown in Fig. 6, the increase in the CH2Cl2 con-
centration to 0.9 M leads to the creation of an oxidation wave 
at Epa =  + 1.39 V. The observed peak is attributed to the pro-
duction of the free chloride anion, evidenced by comparison 
with the cyclic voltammogram recorded for [NBu4]Cl in the 
complex-CH2Cl2 solution (Fig. S3). Equations 3–5 demon-
strate the following chemical reactions for the formation of the 
species involved in the electrocatalytic reaction:

(3)
[

ReCl6
]2−

+ e
−
→

[

ReCl6
]3−

Fig. 3   FT-IR spectra of Re2Cl10, 2-ppy, and (2-ppyH)2[ReCl6] com-
plex

Fig. 4   Room–temperature 
400 MHz 1H NMR spectrum of 
(2-ppyH)2[ReCl6] in DMSO–d6 
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Figure 7 shows a comparison of cyclic voltammograms 
containing 0.15 mM dichloromethane and various concen-
trations of the (2-ppyH)2[ReCl6] complex in an N2 saturated 
TBAH/CH3CN solution at room temperature. The reduc-
tion peak raises as the ReIV complex concentration increases 
from 0.5 to 5 mM.

For evaluating the stability of the ReIV complex in the 
electrocatalytic reaction, the cycling stability of the catalyst 
was measured continuously at a scan rate of 100 mV s−1 
for 50 cycles. The catalyst exhibits high retention at current 
density after 50 CV cycles, indicating stability and reproduc-
ibility of the catalyst.

3.5 � Controlled potential electrolysis of ReIV‑chloride 
in the presence of CH2Cl2

The bulk electrolysis of CH3CN/TBAH solutions contain-
ing 5.0 mM of the hexachlororhenate(IV) complex was 
carried out at a platinum electrode held at a potential of 
− 1.34 V which was sufficient to generate the unsaturated 
ReIII-chloride in the presence of 1.5 M dichloromethane 
after various time intervals. Table 3 summarizes the elec-
trolysis results corresponding to the electrocatalytic dechlo-
rination of CH2Cl2 by the rhenium(IV) complex. The pres-
ence of 1,2-dichloroethane (EDC) was confirmed as the 
final product of the C–Cl bond cleavage process of CH2Cl2 
by GC and GC–MS analyses. Figs. S4–10 depict typical 
GC and GC–MS analyses of the samples obtained from 
the electrolysis experiments using 5 mM solutions of the 

(4)
[

ReCl6
]3−

→

[

ReCl5
]2−

+ Cl−

(5)
[

ReCl5
]2−

+ CH2Cl2 →
[

ReCl6
]2−

+ CH2Cl
⋅

(2-ppyH)2[ReCl6] complex in the presence of 1.5 M dichlo-
romethane after various times. The electrolysis results dem-
onstrate that the electrocatalytic mechanism is straightfor-
ward, and no side reactions are observed. As observed for 
entry 1 in Table 3, the catalyst shows the catalytic conversion 
of dichloromethane to 1,2-dichloroethane with a substantial 
yield of 23% at a reaction time of 30 min. After 60 min 
of the electrolysis, a 41% conversion rate was identified by 
GC analyses. Entries 3 and 4 in Table 3 are the results of 
two controlled potential electrolysis experiments of 1.5 M 
dichloromethane in the presence of ReIV-chloride after 90 
and 120 min, respectively. At − 1.34 V, the bulk electrolysis 
for entries 3 and 4 results in the conversion of dichlorometh-
ane to 1,2-dichloroethane in 64 and 88% yield, respectively. 
The turnover number (TON: no. moles of 1,2-dichloroethane 
formed per no. moles of (2-ppyH)2[ReCl6]) achieved 132 
after 2 h.

3.6 � DFT evaluation of the proposed mechanism

A proposed electrocatalytic mechanism for the conversion 
of CH2Cl2 by the hexachlororhenate(IV) electrocatalyst is 
displayed in Scheme 2.

DFT calculations using the M06-L functional were 
employed to optimize the molecular structures of the spe-
cies involved in the reaction mechanism in both gas and 
solvent (acetonitrile) phases. The optimized structures of the 
intermediates and transition state are depicted in Scheme 3 
for the solvent phase (CH3CN).

For each species in the pathway, the Gibbs free energies 
of the gas phase (G°gas) and solvation (ΔG°solv) in acetoni-
trile were calculated and summarized in Table 4.

The calculated Gibbs free energy changes (ΔG°g and 
ΔG°sol) of each step are listed in Table 5. The calculation 
method for determining the Gibbs free energies in both 
phases has been previously explained in the literature [58, 
59]. In brief, the gas phase Gibbs free energy change (ΔG°g) 
and the Gibbs free energy change in the solution (ΔG°sol) are 
calculated using Eqs. (6) and (7).

G°gas(B) and G°gas(A) are the standard gas-phase Gibbs 
free energy of the product (B) and reactant (A), respectively. 
ΔGsol(B) and ΔGsol(A) are the free energy of solvation of the 
products and reactant, respectively.

According to the proposed mechanism, the one-elec-
tron reduction (step I) of [ReCl6]2− gives Int.1, which is 
predicted to be spontaneous by − 316.60 kJ mol−1 in the 
solvent phase. The resulting Int.1 shows an elongation 

(6)ΔG
◦

gas
= G

◦

gas
(B) − G

◦

gas
(A)

(7)ΔG
◦

sol
= ΔG

◦

gas
+ ΔG

sol(B) − ΔG
sol(A)

Fig. 5   Cyclic voltammogram for (2-ppyH)2[ReCl6] complex 
(5.0 mM) in an oxygen-free acetonitrile solution with 0.1 M TBAH 
as the supporting electrolyte. The inset demonstrates the CV of ferro-
cene in an N2 saturated electrolyte solution at a Pt electrode
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of the Re–Cl bond from 2.412 Å in the primary catalyst 
to 2.495 Å. The [ReCl6]3− species (Int.1) has a signifi-
cant negative charge density, which leads to the dissocia-
tion of Cl− from the rhenium moiety. The cleavage of the 
Re–Cl bond in Int.1 yields a chloride anion and a five-
coordinated ReIII-chloride species with a square pyramidal 
configuration. This dissociation process (step II) is nons-
pontaneous by + 1.60 kJ mol−1. The unsaturated five-coor-
dinated rhenium(III) species (Int.2) can abstract the chlo-
rine atom from CH2Cl2 through a transition state (TS2-c), 
in which the reduced Int.2 is oxidized by CH2Cl2 to give 
an organic radical (CH2Cl•) and the primary catalyst. The 
transition state for the transfer of the chlorine atom to the 
central Re atom is located with a calculated barrier energy 

of + 16.53 kJ mol−1 in the solvent phase. The energy pro-
file for the transition state TS2-c in acetonitrile is shown 
in Fig. 8. In the gas phase, the activation energy barrier 
of the transition state corresponding to the transfer of 
the chlorine atom is determined to be + 21.25 kJ mol−1, 
which is higher than the corresponding value in the solvent 
phase (Fig. S11). The formation of TS2-c is due to the addi-
tion of CH2Cl2 to the Int.2 by a partially formed Cl···Re 
bond (2.671 Å), resulting in the elongation of the C···Cl 
bond from 1.78 to 1.88 Å. The abstraction of the chlo-
rine atom from CH2Cl2 by the ReIII species is spontaneous 
by − 37.95 kJ mol−1. Furthermore, the DFT calculations 
reveal that the electrochemical pathway for the conversion 
of CH2Cl2 in the presence of ReIV complex salt is ther-
modynamically favorable in both gas and solvent phases 
(ΔG°sol =  − 68.16 and − 352.96 kJ mol−1 in the gas and 
solvent phases, respectively).

In addition, a detailed DFT study was carried out to 
evaluate the dechlorination of the second chlorine atom of 
dichloromethane in the presence of [ReCl6]2−. The proposed 
structures of the optimized key intermediates and transi-
tion state in the solvent phase are schematically depicted 
in Fig. 9. As the process progresses from Int.2 to the initial 
catalyst, a new transition state (TS′2-c) can be introduced. 
For the transition state TS′2-c, the second chlorine atom is 
transferred from CH2Cl• to the rhenium moiety. The barrier 
energy for the second chlorine transfer is + 89.96 kJ mol−1 in 
this pathway, which is greater than the barrier energy for the 
first chlorine in the same step (+ 16.53 kJ mol−1).

The energy (eV) and distribution of the frontier molecular 
orbitals (FMOs) of the species involved in the mechanism 
are also represented in Fig. 10 for the solvent phase.

A frontier orbital analysis of the nucleophilic CH2Cl2 and 
electrophilic ReCl52− reactants (Scheme 4) demonstrates that 
the former’s HOMO has a significant contribution at both 
chlorine and rhenium and the latter’s HOMO has a dπ metal 
character.

4 � Conclusion

We have studied a new and facile method for the synthe-
sis of a mononuclear hexachlororhenate(IV) complex salt, 
(2-ppyH)2[ReCl6], and its application for the electrocata-
lytic remediation of dichloromethane. The (2-ppyH)2[ReCl6] 
complex salt was fully characterized by FT-IR, elemental 
analysis, 1H-NMR, and X-ray crystallography (as a dihy-
drate). The electrocatalytic system generates radicals from 
chlorinated organic compounds, which could serve in the 
dimerization reaction for the production of less chlorine-
containing compounds. During the electrocatalytic reac-
tion, the cathodic peak current of the dechlorination process 
raised by increasing the dichloromethane concentration. The 

Fig. 6   Cyclic voltammograms recorded in an N2 saturated acetoni-
trile solution containing 0.1 M TBAH and 5.0 mM (2-ppyH)2[ReCl6] 
and the following concentrations of CH2Cl2: a 0  M, b 0.15  M, c 
0.6 M, d 0.9 M, and e 1.5 M. The inset shows the oxidation waves at 
Epa =  + 1.39 V assigned to the free chloride onion

Fig. 7   Cyclic voltammograms recorded in an N2 saturated TBAH/
CH3CN solution containing 0.15  mM CH2Cl2 and different con-
centrations of (2-ppyH)2[ReCl6] complex: a 0.5  mM, b 1.0  mM, c 
2.0 mM, and d 5.0 mM
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electrocatalytic dechlorination process was further recorded 
at various concentrations of (2-ppyH)2[ReCl6]. Further-
more, a mechanistic study of the electrochemical treatment 
of CH2Cl2 using hexachlororhenate(IV) as the catalyst was 
delineated. Density functional theory demonstrated that 
the proposed pathway is thermodynamically favorable in 
both gas and solvent phases. The DFT calculations were 
further applied to investigate the transition state (TS2−c) 
structure for the cleavage of the C–Cl bond in CH2Cl2 by a 
five-coordinated ReIII moiety. The regeneration of the cata-
lyst accompanied the transition state TS2−c with the barrier 
energy values of + 16.53 and + 21.25 kJ mol−1 in the gas and 
solvent phases, respectively. In addition, the DFT calculation 
was performed to evaluate the dechlorination reaction of the 
second Cl atom of CH2Cl2 in the presence of the Re cata-
lyst. The transition state and activation energy for the second 
chlorine transfer were also calculated. As a consequence, 

the activation barriers of this step in the gas phase and in 
CH3CN are + 21.50 and + 75.35 kJ mol−1, respectively.

All kinds of research should be taken seriously to elimi-
nate or reduce the pollution caused by chlorinated organic 
compounds, including insecticides and solvents.

Table 3   Electrocatalytic conversion of dichloromethane (1.5  M) to 
1,2-dichloroethane by 5  mM (2-ppyH)2[ReCl6] complex electrogen-
erated at − 1.34 V in an N2 saturated acetonitrile containing 0.1 M 
TBAH

Entry Time (min) Temp. (ºC) Main product Conv. (%) TON

1 30 25 1,2-dichloro-
ethane

23 34.5

2 60 25 1,2-dichloro-
ethane

41 61.5

3 90 25 1,2-dichloro-
ethane

64 96.0

4 120 25 1,2-dichloro-
ethane

88 132.0

Scheme  2   Proposed reaction mechanism for the electrocatalytic 
dechlorination of CH2Cl2 by the hexachlororhenate(IV) catalyst

Scheme 3   Optimized structures of the species involved in the reac-
tion mechanism in the solvent phase (CH3CN)

Table 4   G°(g) (in Hartree) and ΔG°(solv) (solvation in acetonitrile, kJ 
mol−1) for the species involved in the proposed pathway

Species Go(gas) ΔG° (solvation)

Catalyst − 2840.501919 − 698.60
Int.1 − 2840.298135 − 1550.26
Int.2 − 2380.243273 − 715.05
CH2Cl2 − 959.646598 − 10.49
CH2Cl• − 499.410910 − 4.56
Cl− − 460.261659 − 290.66

Table 5   ΔG°g (gas phase, kJ 
mol−1), and ΔG°sol (solution 
phase, kJ mol−1) of each step in 
the proposed pathway

Step ΔG°g ΔG°sol

I  + 535.08 − 316.60
II − 543.04  + 1.60
III + IV − 60.25 − 37.95
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Fig. 8   Calculated energy profile (kJ mol−1, in acetonitrile) for the transfer of a chlorine atom from CH2Cl2 to the central Re atom of the complex. 
The red arrows show the displacements of the atoms of TS2-c in the vibrational mode with imaginary frequency
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Fig. 9   Calculated energy profile (kJ mol−1, in acetonitrile) for the transfer of the second chlorine atom from CH2Cl• radical to the central Re 
atom of the complex. The red arrows show the displacements of the atoms of TS′2-c in the vibrational mode with the imaginary frequency
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Fig. 10   The energy (eV) and distribution of FMOs of the species involved in the mechanism in the solvent phase

Scheme  4   Frontier molecular orbitals of CH2Cl2 (HOMO) and 
ReCl52− (HOMO) in the solvent phase
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