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Iron(III)Porphyrin Electrocatalyzed Enantioselective Carbon-

Chloride Bond Cleavage of Hexachlorocyclohexanes (HCHs): A 

Combined Experimental Investigation and Theoretical Calculation 

Xu Liang,
*a, b

 Minzhi Li,
a
 John Mack,*

c
 Kevin Lobb

c
 and Weihua Zhu*

a, b 

The enantioselective electrocatalysis of α-, β-, γ- and δ-hexachlorocyclohexanes (HCHs) by tetrakis-pentafluorophenyl-

Fe(III)porphyrin is described. The first example of the combined use of electrochemical measurements and theoretical 

calculations to determine the mechanism of the enantioselective C−Cl bond cleavage of the electrocatalysis is reported. 

The electrochemical measurements demonstrate that the reactivity of the HCHs follows the order γ-HCH > α-HCH > δ-HCH 

> β-HCH. Steric considerations and a molecular orbital theory approach can be used to rationalize the enantioselective 

nature of the catalysis based on the ease of approach of each Cl atom to the central Fe(I) ion and a considerations of the 

nodes on the C−Cl bonds that weaken these bonds in a manner that results in bond cleavage and the formaDon of an Fe−Cl 

bond. 

Introduction 

Organochlorides are organic compounds that contain at 

least one covalent C−Cl bonds have been used in a wide range 

of applications in the past decades, and the level of agriculture 

has also been enhanced significantly
[1]

. Unfortunately, 

organochlorides often do not degrade completely in the 

environment, so despite restrictions being placed on their use 

in agriculture in many countries, they are still present around 

the world at significant concentrations as a ubiquitous 

contaminant in soils and waters
[2]

. Recent advances in the 

study of the carcinogenic properties of organochlorides have 

demonstrated the need for new techniques to enable the 

efficient removal of organochlorides. It has been reported that 

microorganisms can be used to degrade organochlorides, but 

the formation of further organochloride products and the low 

efficiency of the degradation has limited further progress with 

this method
[3]

. Recently, the focus of research in this field has 

moved to C−Cl bond cleavage through photocatalysis
[4]

, 

chemical catalysis
[5]

 and electrochemical catalysis
[6]

, and 

several related results have been described on catalyst 

preparation, structure-property relationships, reaction 

intermediates and the mechanism of the degradation 

processes
[7]

. Electrocatalysis with macrocyclic transition metal 

complexes, such as metallophthalocyanines (MPcs)
[8]

 and 

metalloporphyrins
[9]

 is particularly attractive due to the highly 

efficient and facile procedures that are involved and the low 

cost. Typically, when a phthalocyanine is used, a central 

divalent metal ion is reduced electrochemically to form a 

[M
I
Pc(−2)]

−
 species, so it can react with alkyl halides (R−X) to 

form a σ-bond and a M
III

-macrocycle, since this results in the 

release of a chloride ion through the cleavage of a C−Cl bond. 

For example, the tunable modulation of C−Cl bond cleavages 

can be achieved by changing the macrocyclic core
[10]

, various 

substituents, metal center and even magnetic 

nanomaterials
[11]

. Additionally, the full dechlorination of a 

toxic organochloride, DDT, was successfully carried out 

through a molecular electrochemical process in 2017
[12]

. 

Further, as well-known organochloride derivatives, 

hexachlorocyclohexanes (HCHs) describes any of several 

polyhalogenated organic compounds consisting of a 

cyclohexane ring with one chlorine and one hydrogen attached 

to each of the carbon atoms, and there are many isomers for 

this structure, which differ by the stereochemistry of the Cl 

atoms
[13]

.  
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HCHs have been used as models for analyzing the effects 

of the different geometries of the large Cl atoms and dipolar 

bonds on the stability of different cyclohexane conformations, 

such as α-, β-, γ-, and σ-HCHs (Scheme 1) are the four most 

abundant isomers in nature, but the reactivity of these 

enantiomers is quite different due to the differing 

arrangements in the axial and equatorial (a- and e-) type bonds 

in the chair conformer cyclohexane system. The reaction 

mechanism for the C−Cl bond cleavage reacDon during 

molecular electrochemical catalysis with reduced 

metalloporphyrin anion species is still not fully understood. In 

this study, the first example of a combined experimental 

investigation and theoretical calculation of enantioselective 

C−Cl bond cleavage through electrochemical processes is 

reported. (TF5PP)Fe(III)Cl (1), an iron porphyrin containing used 

strongly electron-withdrawing substituents meso-aryl rings, is 

to explore the reaction mechanism in depth. 

Experimental 

General 

All reagents and solvents for electrochemical 

measurements were of commercial spectroscopically pure 

grade and were used without further purification except 

where noted. 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 calomel 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 

electrodes were placed in one compartment while the counter 

electrode was in the other cell compartment. An Agilent 

HP6890 GC gas chromatography system with an HP5975-MSD 

detector was used to separate and identify the products of 

catalytic reductive dechlorination. The experimental 

conditions and the methods used for removing 

tetrabutylammonium perchlorate (TBAP) from the electrolysis 

solution prior to the GC-MS measurements are described in 

the literature. 

 

Computational methods 

DFT calculations were carried out for both the dianionic 

species of 1 and the α-, β-, γ- and δ-HCH isomers by using the 

Gaussian 09 software package
[14]

 at the MN12-L/6-31G(d)
[15]

 

and BP86/LANL2DZ/6-31G(d)
[16]

 level of theory. Transition 

states were identified by using semi-empirical PM6 

calculations
[17]

 for MN12-L/6-31G(d) optimized structures of 

the dianionic species of 1 and the α-, β-, γ- and δ-HCH isomers, 

since several attempts to use a DFT approach proved to be too 

computationally expensive. 

Results and discussions 

Electrochemical Characterization 

Tetrakis-pentafluorophenyl-Fe(III)porphyrin (1) was 

selected for study, since the electron withdrawing meso-

substituents stabilize electrogenerated anion radical species 

that can be used to catalyze the C–Cl bond cleavage of HCHs 

through electrochemical catalysis. Reductive cyclic 

voltammetry (CV) measurements were carried out for 

(TF5PP)Fe(III)Cl in DMF containing 0.1 M TBAP as a supporting 

electrolyte at room temperature (Figure 1). Three reversible 

processes are observed at −0.04, −0.85 and −1.35 V, with 

metal and porphyrin ring reduction steps leading to the 

formation of a [Fe
I
Por]

2−
 species. As has been reported 

previously, reduced metalloporphyrin π-anions generally 
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enhance the rate of electrochemical reactions
[9]

. Upon 

addition of 1.0 eq of hexchlorocyclohexane (HCH), little or no 

change is observed in the CV measurements for β-HCH. When 

σ-, α- and γ-HCHs were used, however, which have one, two 

and three a-type C−Cl bond, respecDvely, there is a stepwise 

increase in the peak current, and this clearly illustrates that 

there is a relationship between the intensity of the 

electrochemical response and the number of a-type bonds. An 

increase in the reduction peak current for the 

[Fe
I
Por]

−
/[Fe

I
Por)]

2−
 process is observed as a function of 

increasing HCHs concentration (Figure 1, right), where ip and ip0 

are the measured cathodic peak currents obtained from the 

CV of the porphyrin in the presence and absence of different 

concentration of HCHs. The order of the ip/ip0 ratio in DMF 

solutions containing the same concentration of 1 is γ-HCH > α-

HCH > σ-HCH > β-HCH. This also provides evidence that the 

observed trends in the reaction rates between the doubly 

reduced [Fe
I
Por]

2−
 species and the  different HCHs is related to 

which isomers contain the largest number of a-type C−Cl 

bonds. 

 

Spectroelectrochemical Characterization 

In situ spectroelectrochemical measurements were also 

carried out. The [Fe
I
Por]

2–
 dianion species was 

electrogenerated from [Fe
III

ClPor] in the presence of four 

different types of HCH, and the spectral changes were 

monitored to provide a better understanding of the 

mechanism of the C–Cl bond cleavage. The UV-visible 

absorption spectra of the electrochemical reduced [Fe
I
Por]

–
 

anion are shown in Figure 2. The controlled potential was set 

at –1.05V so that 1 can be completely reduced to the [Fe
I
Por]

2–
 

species
[18]

. The progress of the catalytic reaction was 

monitored by measuring the UV-visible spectra as a function of 

time. The [Fe
I
Por]

–
 species has a single Soret band at 423 nm in 

DMF and three visible region bands at 500, 566, and 630 nm, 

while the doubly reduced [Fe
I
Por]

–
 anion has a split Soret band 

at 384 and 423 nm in the absence of HCHs as shown in Figure 

2, along with an additional broad absorption band at 590 nm in 

the Q band region. Similar spectral transformations were 

observed upon addition of 5.0 eq of β-HCH, and this indicates 

that there is no significant interaction between β-HCH and 

doubly reduced [Fe
I
Por]

–
 anion under these reaction 

conditions. Interestingly, significant spectral changes were 

observed upon the addition of 5.0 eq of γ-HCH. There is a 

decrease in the intensity of the Soret band at 423 nm, and a 

shoulder band absorption is observed at 440 nm. When α- and 

σ-HCHs were used instead, similar spectral changes were 

observed, but the intensity of the shoulder band weakens so 

that γ-HCH > α-HCH > σ-HCH. This can be attributed to the 

decrease in the number of a-type C–Cl bonds in the HCH 

system. 

 

Controlled-Potential Bulk Electrolysis 

Controlled-potential bulk electrolysis was carried out in 

DMF solution containing 1 (2.0 × 10
–4

 M), 0.1 M TBAP and 15.0 

eq α-, β-, and γ-HCH (3.0 × 10
–3

 M). The bulk electrolysis 

potential was set at –1.70 V which is sufficient to generate the 

triply reduced dianion species [Fe
I
Por]

2–
 and also to reduce the 

anticipated homogeneously generated σ-bonded [Fe
III

Por]
+
-

HCH products. After 6 h of electrolysis, no change was 

observed by GC-MS when β-HCH was used as the starting 

material, while in contrast, α- and γ-HCH had disappeared 

from solution within 5 and 4 h, respectively (Figure 3). The 

presence of pentachlorocyclohexane (PCCH), 

tetrachlorocyclohexadiene (TCDN) and trichlorobenzene (TCB) 

and their geometric isomers was confirmed as intermediates 

or final products of the C–Cl bond cleavage reaction of α-HCH 

(Figure 3). In contrast, TCDN was not observed when γ-HCH 

was used instead. The distribution of the geometric isomers of 
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trichlorobenzenes could be determined by GC-MS through 

comparison with standard samples, and the 1,2,4-

trichlorobenzene was confirmed to be present at a higher ratio 

(Figure 3 and Figure S1, see ESI†). Finally, in order to confirm 

whether trichlorobenzenes are the final C–Cl bond cleavage 

products, reductive electrochemical measurements were 

carried out in DMF containing 0.1 M TBAP (Figure S2, see ESI†). 

Little to no electrochemical changes were observed for all of 

the reductive electrochemical measurements of [Fe
III

ClPor] 1 

upon addition of 1.0 eq of 1,3,5-, 1,2,4- and 1,2,3-

trichlorobenzenes, and this indicates that the electrochemical 

catalyzed C–Cl bond cleavage reactions stop at this point due 

to the greater stability aromatic sp
2
 hybridized C(sp

2
)–Cl bond 

(Figure S2, see ESI†). 

 

Quantum Chemical Calculations 

A series of modelling calculations were carried out to study 

the interaction between the [Fe
I
Por]

2–
species and the various  

HCH conformations to identify transition states (Table 1). 

Details for these transition states including the results of 

normal coordinate analyses and Cartesian coordinates are 

provided as supplemtary information (Table S1, see ESI†) . Low 

spin resulting in a singly occupied 3dz
2
 MO on the central Fe

I
 

ion was assumed, since DFT calculations indicated that this 

provides an energetically favored triplet multiplicity for the 

ring and metal reduced [Fe
I
Por]

2–
 species. Various DFT 

methods including MN12-L and BP86/LANL2DZ/6-31G(d) 

mixed basis based scans of HCHs, demonstrated that the 

increasing proximity of Cl to the porphyrin Fe center resulted 

in a marked weakening of both local and remote C−Cl bonds, 

sometimes resulting in extremely low or barrierless transitions 

in which the Cl atom is lost. The reason for this is clear. The 

3dz2 electron density is distributing in a highly antibonding 

LUMO and is hence weakening one or more C−Cl bonds. Raised 

energy transitions at the semi-empirical PM6 level make it 

possible for transition states to be identified for C–Cl bond 

cleavage in close proximity to the Fe atom (Figure 4, top). An 

a-type Cl atom is most suitable for this for steric reasons, in 

particular an a-type chlorine with no adjacent e-type chlorine 

atoms. Although the approach of e-type C–Cl bonds is less 

favored for steric reasons, it is also possible when there is 

either none or only one adjacent e-type C–Cl bonds. As shown 

in the bottom left part of Figure 4, the abstraction of an axial 

chlorine atom from the highest energy conformation of δ-HCH 

can be readily achieved in this manner, but a similar approach 

is not possible in the case of β-HCH due to hindered access of 

the e-type Cl atom to the central Fe
I
 ion (Figure 4, bottom 

right). This provides an obvious reason why there is no 

electrochemical reaction when β-HCH is used under the same 

reaction conditions. 

Transition State and Energy Calculation 

The essential requirement for the formation of a 

pentachlorocyclohexyl radical is the release of a Cl radical 

(representative atomic spin densities are provided in the ESI†) 

through an interaction with the singly occupied 3dz2 orbital of 

the Fe(I) ion, so the approach of the C–H bond to the iron 

center to form an unstable Fe–C bond is also possible if the 

adjacent Cl atom is transferred to the porphyrin ring (Figure 5). 

The formation of a positively charged carbon atom is required 

on the porphyrin ring after the subsequent abstraction of the 

chlorine atom to complete this pathway, but in terms of 

energetics the simple abstraction of a chlorine atom by the 

iron center is generally more energetically favorable when the 

transition states that were identified in PM6 calculations are 

taken into consideration (Table 1). In the context of the higher 

energy conformation of δ-HCH (Figure 5), the second process 

is energetically less favorable by ca. 30 kcal/mol.  

 

Molecular Orbital Calculations 

The relative reactivities of the four isomeric HCH 

structures can be readily rationalized based on an inspection 

of the angular nodal patterns of the antibonding LUMO of the 

HCH (Figure 6) that interacts with the 3dz2 orbital of the Fe(I) 

ion. The formation of transition states based on Fe−Cl bond 

formation is facilitated by the presence of a LUMO on the HCH 

which is anti-bonding with respect to several of the C–Cl 

bonds. The local cleavage mechanism for the C–Cl bond 

cleavage of HCHs through the formation of 

pentachlorocyclohexyl and chlorine radicals requires 

unhindered access of a chlorine atom to the electrochemically 

reduced iron porphyrin center. An example of the spin 

densities for this process is provided as supplementary 

information. The LUMO for the solitary γ-HCH ring flip 

conformation has larger nodes on the a-type Cl atoms and 

smaller nodes on two of the e-type Cl atoms (Figure 6). Thus 

there are three major orientations and two minor ones with 

which an interaction with the central Fe(I) ion is likely to result 
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in reactivity. Statistically, this increases the possibility of a 

successful interaction compared to α-HCH since for α-HCH, the 

lower energy conformation has large LUMO nodes on only two 

a-type Cl atoms and smaller nodes on two e-type Cl atoms, 

while the higher energy conformation has large LUMO nodes 

on four a-type Cl atoms (Figure 6). This means that although 

there are several possibilities for a successful orientation 

leading to reactivity from a steric standpoint, overall an 

interaction with the Fe
I
 ion is not as likely as it is for γ-HCH. 

Although the higher energy conformation of δ-HCH has 

strong LUMO nodes on five Cl atoms and a small LUMO node 

on the remaining substituent, the 1,3-diaxial interactions make 

this conformation highly disfavored in energy terms as is clear 

from the A value of 2.15 kcal/mol (Figure 6), which is 

determined using the difference in the Gibbs free energy for a- 

and e-type C–Cl bonds in mono-substituted cyclohexanes and 

a consideration of the number of both types of bond in the 

structures of the various structures in Figure 6. The lower 

energy conformation of δ-HCH has favorable LUMO nodes on 

four substituents, but the steric requirements for these three 

e- 
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Table 1. Relative energies (kcal/mol) of the transition states formed by the dianionic species of 1 and α-, β-, γ- and δ-HCHs that were 

identified during PM6 calculations. All energies are in kcal/mol 

Fe−H interac;on  

 HCH-1 associated Lower energy conformer
a
 Higher energy conformer

a
 

α-HCH 0.1 15.4 --- 

β-HCH  --- --- 

γ-HCH 0.0 23.8 --- 

δ-HCH 1.1 19.4 29.2 

  16.3 22.7 

  31.5  

  29.2  

Fe−Cl bond forma;on  

α-HCH 0.1 18.0 8.2 
β-HCH 0.0 --- −4.3 

γ-HCH -8.0 −5.4 --- 

  4.6  

  1.5  

δ-HCH -15.8 −4.2 --- 

  7.8  

  −3.4  

a - The energies of the transition states were calculated relative to the free energies of the 1 and HCH isomer structures prior to their 

interaction. 
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type Cl atoms to interact with the porphyrin are too high, due 

to their equatorial nature and the presence of further adjacent 

e-type Cl atoms. As such, there is effectively only one node 

available that can easily react with the Fe
I
 ion, since the 

weakening of two of the C−Cl bonds is not possible due to the 

absence of nodal planes. For the highly energetically favored 

all-e-type Cl atom conformation of β-HCH (Figure 6), 

accessibility to the Fe
I
 ion of the porphyrin center is highly 

problematic for steric reasons. From the standpoint of the 

number of a-type C−Cl bonds alone, the β-HCH would be 

expected to be the most reactive in terms of the LUMO alone, 

since the LUMO has nodes over all of the Cl atoms (Figure 6) 

and a favorable transition state was identified in the PM6 

calculations (Table 1). This conformation is highly energetically 

disfavored, however, due to the 1,3-diaxial interactions that 

result in an A value of 2.43 kcal/mol. Further to this, there may 

also be symmetry considerations that come into play, since if 

the C–Cl bonds are all weakened equally, no individual bond is 

weakened sufficiently for facile cleavage. 

Conclusions 

The use of molecular electrocatalysis for the 

dechlorination of α-, β-, γ- and δ-hexachlorocyclohexanes 

(HCHs) in the presence of the dianionic species of tetrakis-

pentafluorophenyl-Fe(III)porphyrin has been analyzed through 

electrochemical measurements and theoretical calculations. 

The reactivity of the HCHs follows the order γ-HCH > α-HCH > 

δ-HCH > β-HCH. Steric considerations related to differing 

numbers of a- and e-type bonds in the possible ring flip 

conformations for each isomer and the ease of approach of 

each chlorine atom to the central Fe(I) ion, along with the 

effect of the magnitude of the nodes on each C−Cl bond in the 

LUMOs of the HCHs on relative bond strengths, can be used to 
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fully rationalize the enantioselective nature of the 

electrocatalysis. 
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