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7-hydroxychlorpromazine are both the possible metabo-
lites of chlorpromazine. Interestingly, N-methyl hydroxy-
lation, the rate-limiting step of N-demethylation, proceeds 
predominantly via a single-electron-transfer mechanism. 
All the proton transfer processes involved in the aromatic 
hydroxylation and N-dealkylation prefer to occurrence in 
a water-assisted enzymatic process. Each metabolic path-
way proceeds in the spin-selective manner via the low-spin 
state of Cpd I. Our results are in good accordance with the 
experimental observations, which can provide some essen-
tial implications for the metabolic mechanisms of chlor-
promazine-like drugs.

Keywords Chlorpromazine · CYP1A2 · S-oxidation · 
Aromatic hydroxylation · N-dealkylation

1 Introduction

Chlorpromazine, a member of phenothiazine neurolep-
tics of an aliphatic type, belongs to the first generation of 
antipsychotics. Acting as a strong antagonist of the dopa-
minergic D2 receptor, chlorpromazine exhibits the antip-
sychotic effect and wide application in the treatment of 
schizophrenia, psychotic disorders and manic phase of 
bipolar disorders [1–4], which, however, is associated with 
the extrapyramidal side effect of chlorpromazine [5, 6]. 
Besides, the prolonged periods or high dosages (>2 g/day) 
of chlorpromazine may also cause skin disorders, ocular 
effects and rare, but severe irreversible corneal edema if not 
promptly identified [7–11].

Chlorpromazine clearance is an enzymatic process and 
occurs extensively in the liver. Cytochrome P450 (CYP), 
an important heme-containing enzyme superfamily exist-
ing in multiple and distinct isoenzymes, is potentially 
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responsible for the metabolism of chlorpromazine [12]. 
The biotransformation of chlorpromazine mainly proceeds 
via N-dealkylation, S-oxidation and aromatic hydroxy-
lation, which result in the formation of different metabo-
lites, including mono-N-desmethylchlorpromazine, di-
N-desmethylchlorpromazine, chlorpromazine 5-sulfoxide, 
7-hydroxychlorpromazine and 8-hydroxychlorpromazine 
(Scheme 1). Binding studies have shown that 7-hydroxy-
chlorpromazine and mono-N-desmethylchlorpromazine are 
the most active metabolites of chlorpromazine [13], which 
own approximately 50 % of the parent compound activ-
ity in blocking D2 and a1 receptors. Besides, high levels of 
chlorpromazine 5-sulfoxide seem to have a side effect on 
therapeutic response in schizophrenic patients. All these 
metabolites are weak antagonists of the M1 receptor [14, 
15]. Hence, most of the metabolites exhibit biological 
activity and may contribute to the side effects of the parent 
drug [16, 17].

To date, many studies have devoted to find out the par-
ticular metabolic processes of chlorpromazine for which 
different cytochrome P450 isoenzymes are responsible. A 
recent study on cDNA-expressed human CYP isoenzymes 
showed that hepatic CYP1A2 is the only CYP isoenzyme 
that catalyzes the mono-N-demethylation and di-N-dem-
ethylation of chlorpromazine and is the main isoenzyme 
responsible for chlorpromazine 5-sulfoxidation at a thera-
peutic concentrations of the drug. CYP3A4 contributes 
to chlorpromazine 5-sulfoxidation to a lesser extent [12]. 
The catalysis of chlorpromazine N-demethylation and 
5-sulfoxidation in humans exhibits a stricter CYP1A2 
preference compared with the previously tested perazine, 
promazine and thioridazine [18–20]. On the other hand, 
cigarette smoking has been reported to increase the clear-
ance of chlorpromazine [21]. Cigarette smoking is well 
known to cause marked induction of CYP1A2 and acceler-
ate the metabolism of drugs catalyzed by CYP1A2, such as 

Scheme 1  Possible metabolic pathways of chlorpromazine catalyzed by CYP1A2
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theobromine and caffeine [22]. Consequently, CYP1A2 is 
significantly involved in the metabolism of chlorpromazine.

The complete depiction of the metabolic mechanisms 
of chlorpromazine by CYP1A2 is presented in Scheme 2. 
The active species of CYP1A2 in catalysis is believed to 
be a FeIV = O complex with a porphyrin radical, referred 
to as compound I (Cpd I in brief) [23]. Originating from 
the high-spin (HS) quartet and low-spin (LS) doublet states 
of Cpd I, theoretical studies have suggested two possible 
mechanisms: the spin-selective manner (SSM) scenario and 
the two-state reactivity (TSR) [24]. For N-methyl hydroxy-
lation, the first step of N-demethylation, two controversial 
mechanisms, single electron transfer (SET) [25, 26] ver-
sus hydrogen atom transfer (HAT) (Scheme 2) [27, 28], 
have existed for decades. There are not any standard rules 
to generalize their application, since the preferred mecha-
nism is dependent on the detailed characteristics of the 
amine [29]. Our previous study on the caffeine metabolism 
catalyzed by CYP1A2 revealed a HAT mechanism with 
the TSR mechanism [30]. As of yet, the mechanic details 
of chlorpromazine metabolism catalyzed by CYP1A2 are 
still unclear. Some intriguing puzzles still remain, on which 

theory can provide the undiscovered insight and reveal 
some new features, such as, which mechanism does chlor-
promazine metabolism favor: TSR or SSM? Which kind of 
mechanism does chlorpromazine N-demethylation proceed 
by: HAT or SET? Why chlorpromazine 8-hydroxylation is 
not mentioned in the previous experiments though the C7 
and C8 atoms of chlorpromazine have similar characteris-
tic? Which metabolic pathway predominates?

The present work aimed to clarify the aforementioned 
puzzles to resolve the mechanistic details of chlorproma-
zine by CYP1A2 using density functional theoretical 
(DFT) calculations. This observation can provide some 
essential clues for the pharmacological study.

2  Methodology

With the purpose of gaining a theoretical insight into the 
vital metabolic mechanism of chlorpromazine catalyzed 
by CYP1A2, a popular six-coordinate oxo-ferryl species 
model, Fe4+O2−(C20N4H12)

−(SH)− [31], was employed as 
the reactive Cpd I of CYP1A2, which contains a truncated 

Scheme 2  Metabolic mechanisms of chlorpromazine catalyzed by CYP1A2. a S-oxidation, b aromatic hydroxylation and c N-demethylation
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heme and a thiolate axial ligand (SH–) built from the 
crystal structure of CYP1A2 (PDB:2HI4) [32]. The spin-
unrestricted B3LYP was adopted with two basis sets: (a) 
LACVP(Fe)/6-31G (H, C, N, O, S, Cl) (B1 in brief) for the 
optimization of all the stationary points without symmetry 
constraints and (b) LACV3P+*(Fe)/6-311++G(d,p) (the 
rest) (B2 in brief) for single-point energy calculation both 
in the gas phase and in the protein environment to obtain 
reliable energetics. These model and computational meth-
ods chosen have been tested extensively and proven to be 
reliable in solving cytochrome P450 enzymes problems 
[23, 30, 33–37]. Transition states were affirmed by har-
monic frequency analysis to possess only one imaginary 
frequency, and the stationary points were confirmed as 
minima with all positive frequencies. The validity of the 
TS geometry was verified by intrinsic reaction coordinate 
(IRC) calculations [38]. Natural population atomic (NPA) 
charges were determined using Reed and Weinhold’s natu-
ral bond orbital (NBO) analysis [39]. The binding energies 
of substrates to heme were corrected using basis set super-
position error.

The weak polarization effect of the protein environment 
was modeled using PCM solvation method [40] with the 
dielectric constant of ε = 5.62 (chlorobenzene), which was 
taken as a reasonable compromise for the enzyme active 
site [41]. All of the single-point energies in chlorobenzene 
were corrected by the gas-phase thermodynamic quanti-
ties. The thermodynamic data reported in this paper are at 
298.15 K and 1 atm. Cartesian coordinates for all the opti-
mized geometries are presented in Supporting Information 
(SI) section. All DFT calculations were done using Gauss-
ian 09 suite of programs [42].

3  Results and discussion

During phase I of metabolism, five possible catalytic path-
ways of CYP1A2 to chlorpromazine were investigated 
(Scheme 1), including oxidation at the S5 site of the thia-
zine ring (S5-oxidation, path A), aromatic hydroxylations 
at C7 (C7-hydroxylation, path B) and C8 (C8-hydroxylation, 
path C) sites as well as mono-N-demethylation (path D1) 
and di-N-demethylation (path D2) at N14 site. The complete 
reaction mechanisms of S-oxidation, C-hydroxylation and 
N-demethylation are depicted in Scheme 2. Each pathway 
is discussed in detail below.

3.1  S5‑oxidation (path A)

Path A is a one-step reaction, which involves the direct oxi-
dation of S5 atom by Cpd I (Scheme 2a). The optimized 
geometries of all the stationary points are presented in 
Fig. 1. The located transition-state A-TS1 species, A-2TS1 
and A-4TS1, is characterized by its single imaginary fre-
quency of 219.7i cm−1 LS and 601.9i cm−1 HS. It implies 
that heavy oxygen atom motion is comprised in the reac-
tion vector, since, in principle, the magnitude of the imagi-
nary frequency is quite high to exceed 1000 i cm−1 if atom 
motion in the transition state is largely comprised of light 
hydrogen atom migration [43]. Animation of the single 
imaginary frequency of A-TS1 species shows the motion of 
oxygen atom from Fe to S5 atoms, leading to Fe–O break-
age and S–O bond formation. The Fe–O bond in transition-
state A-TS1 species is elongated by 0.083 Å LS and 0.179 Å 
HS with respect to their corresponding reactant complex 
A-RC species, A-2RC and A-4RC. This is companied with 

Fig. 1  Optimized structures (in Å) for S5-oxidation (path A) of chlorpromazine by Cpd I at the B1 level (values out of parentheses, data for LS 
state; values in parentheses, data for HS state. Definitions are the same in the following structure figures)
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the remarkable curtailment of the S–O distance. In A-TS1 
species, it can be readily seen that oxygen atom is closer 
to iron atom (rFe-O=1.734 Å LS and 1.832 Å HS) than to 
sulfur atom (rS–O = 2.278 Å LS and 2.044 Å HS). There-
fore, A-TS1 species is more reactant like in character. Par-
ticularly, this reactant-like character of A-2TS1 on LS state 
is more obvious than A-4TS1 on HS state. In the product 
complex A-PC species, A-2PC and A-4PC, a double bond is 
formed between oxygen and S5 atoms (rS–O = 1.728 Å LS 
and 1.700 Å HS). Concomitantly, the Fe–O bond is elon-
gated to be 2.029 Å LS and 2.370 Å HS.

The spin density distribution for the stationary points 
involved in S5-oxidation is listed in Table S1. In the A-RC 
species, spin density is localized on Cpd I. Then, it shifts 
from the oxygen, –SH ligand and porphyrin to the iron and 
sulfur atom of chlorpromazine. In A-TS1 species, the accu-
mulation of spin density on sulfur atom indicates the partial 
formation of S–O and Fe–O single bonds, resulting in the 
occurrence of an unpaired electron on sulfur atom. As the 
reaction proceeds, the unpaired electron on sulfur further 
pairs with the electron of oxygen atom residing on Fe–O 
single bond to produce the S=O double bond in A-PC spe-
cies. Simultaneously, Fe–O single bond is cleaved. There 
is no spin density on sulfur atom any more. Spin density is 
mainly localized on iron on both LS and HS states. All the 
results clearly indicate a stepwise transfer of two electrons.

The calculated energy profiles for S5-oxidation (path A) 
are shown in Fig. 2. The LS/HS energy barrier of path A is 
9.6/14.1 kcal/mol in the gas phase, which corresponds to 
8.7/12.9 kcal/mol when ZPE correction and the bulk polar-
ity effect are incorporated. The oxidation process is endo-
thermic with the reaction energy of 21.6 kcal/mol LS and 
7.9 kcal/mol HS in chlorobenzene. The lower LS energy 
barrier agrees well with the more reactant-like character of 
A-2TS1 than of A-4TS1 as discussed above. It can be readily 
seen that the solvation of chlorobenzene contributes to the 

barrier decrease in path A. The energy gap between A-2TS1 
and A-4TS1 is large to be 4.2 kcal/mol in chlorobenzene. 
The ratio of the reaction rate on the LS/HS route is 1198:1. 
As a consequence, S5-oxidation of chlorpromazine by Cpd 
I proceeds mainly in a SSM mechanism. The LS state of 
Cpd I is more feasible than the HS state.

3.2  Aromatic hydroxylation (paths B and C)

Owning to the similar properties of C7 and C8 sites, the 
hydroxylations of chlorpromazine at C7 (path B) and C8 
(path C) sites have been explored for comparison. Aromatic 
hydroxylation process begins with the nucleophilic addi-
tion of Cpd I’s oxygen atom at the carbon atom to form the 
oxidized chlorpromazine intermediate, which then converts 
into the hydroxylated chlorpromazine metabolite via intra-
molecular 1,2-proton transfer (Scheme 2b).

3.2.1  Nucleophilic addition of Cpd I’s oxygen atom

The optimized geometries of all the stationary points for 
the initial nucleophilic addition of Cpd I’s oxygen atom 
along paths B and C are shown in Fig. 3. For C7-hydrox-
ylation (path B), the located transition-state B-TS1 species, 
B-2TS1 and B-4TS1, is characterized by its single imaginary 
frequency of 269.0i cm−1 LS and 440.1i cm−1 HS (Fig. 3a). 
Animation of the single imaginary frequency of B-TS1 spe-
cies indicates the migration of heavy oxygen atom from 
Fe atom to C7 atom, leading to the C7–O bond formation. 
Compared with reactant complex B-RC species, B-2RC and 
B-4RC, the Fe–O bond in the transition-state B-TS1 spe-
cies is elongated by 0.077 Å LS and 0.094 Å HS, which 
is concurrent with the curtailment of the C7–O distance by 
1.382 Å LS and 1.438 Å HS. In B-TS1 species, the distance 
of Fe–O bond is elongated to be 1.727 Å LS and 1.747 Å 
HS, while the C7–O distance is shorten to be 1.948 Å LS 
and 1.851 Å HS. It can be readily seen that oxygen atom 
is closer to iron atom than to C7 atom. So B-TS1 species is 
still more reactant-like in character. Particularly, the reac-
tant-like characters of B-2TS1 are more obvious than HS 
transition-state B-4TS1. In the intermediate B-IM species, 
B-2IM and B-4IM, a single bond is formed between oxy-
gen and C7 atom with the C7–O bond length of 1.469 Å LS 
and 1.488 Å HS. Simultaneously, the Fe–O bond is further 
elongated to be 1.920 Å LS and 1.823 Å HS.

Considering C8-hydroxylation (path C), as shown in 
Fig. 3b, the transition-state C-TS1 species, C-2TS1 and 
C-4TS1, located for the nucleophilic attack of Cpd I’s 
oxygen atom is characterized by its single imaginary fre-
quency of 314.6i cm−1 LS and 465.5i cm−1 HS. Anima-
tion of the single imaginary frequency of C-TS1 species 
also concerns the motion of heavy oxygen atom from Fe 
atom to C8 atom, leading to the C8–O bond formation. 

Fig. 2  Energy profiles (in kcal/mol) for S5-oxidation (path A) of 
chlorpromazine by Cpd I (values out of parentheses, relative energies 
in the gas phase; values in parentheses, relative energies in chloroben-
zene. Definitions are the same in the following energy profile figures)
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The geometrical feature tendencies for the nucleophilic 
addition of Cpd I’s oxygen atom along path C are simi-
lar to path B on either the LS or the HS state: The Fe–O 
distance in C-TS1 species is elongated by 0.088 Å LS 
and 0.095 Å HS with respect to its corresponding reac-
tant complex C-RC species, C-2RC and C-4RC, and the 
C8–O distance is dramatically shorted by 1.437 Å LS and 
2.546 Å HS. In C-TS1 species, the distance of Fe–O bond 
is 1.737 Å LS and 1.749 Å HS and the C8–O distance is 
1.889 Å LS and 1.833 Å HS, indicating the partial for-
mation of C8–O bond. It can be readily seen that oxygen 
atom is also closer to iron atom than to C8 atom. Thus, 
C-TS1 species is still more reactant-like in character and 
the reactant-like character of C-2TS1 is more obvious than 
C-4TS1. In the intermediate C-IM species, C-2IM and 
C-4IM, a single bond is formed between oxygen and C8 
atom. The C8–O bond length is 1.504 Å LS and 1.489 Å 
HS, and the Fe–O bond is elongated to be 1.805 Å LS and 
1.812 Å HS.

The spin density distribution of the stationary points 
involved in the nucleophilic addition processes of paths B 
and C is listed in Table S2. In the reactant complexes, spin 
density mainly delocalizes on Cpd I. As the nucleophilic 
addition proceeds, spin density migrates from the oxygen, 
–SH ligand and porphyrin to the iron atom and chlorproma-
zine. In B-TS1 and C-TS1 species, high spin density resides 
on iron and chlorpromazine. The accumulation of spin 
density on the beta carbon atom (C8 atom in path B and 
C7 atom in path C) implies the emergence of an unpaired 
electron. Further delocalization appears in the B-4IM and 
C-4IM, with a significant amount of the spin density on 
chlorpromazine delocalized in the direction of beta carbon. 
After the nucleophilic addition, spin density is localized on 
Cpd I on LS state and delocalized between Cpd I and chlor-
promazine on HS state.

The calculated energy profiles for the nucleophilic 
addition of Cpd I’s oxygen atom along paths B and C 
are shown in Fig. 4. As shown in Fig. 4, the gas-phase 

Fig. 3  Optimized structures (in Å) for the nucleophilic attack of Cpd I’s oxygen atom at C7 (a, path B) and C8 (b, path C) sites of chlorproma-
zine at the B1 level
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LS/HS energy barrier is 15.4/16.7 kcal/mol for B-TS1 
species and 16.6/19.5 kcal/mol for C-TS1 species, which 
correspond to 13.9/16.2 and 16.7/18.9 kcal/mol when 
ZPE correction and the bulk polarity effect are incorpo-
rated. The energy gap between LS and HS is 2.3 kcal/
mol for B-TS1 species and 2.2 kcal/mol for C-TS1 spe-
cies in chlorobenzene. The lower LS energy barriers of 
B-2TS1 and C-2TS1 with respect to B-4TS1 and C-4TS1 
arise from their more reactant-like characters. The 
ratio of the reaction rate on the LS/HS route is 48.5:1 
for B-TS1 species and 34.6:1 for C-TS1 species. Conse-
quently, the nucleophilic addition processes along paths 
B and C proceed predominantly via the LS state in the 
SSM mechanism.

3.2.2  Intramolecular proton transfer

In this step, the formed intermediate B-IM species (B-2IM 
and B-4IM) and C-IM species (C-2IM and C-4IM) can 
convert to its enol form product complexes B-PC species 
(B-2PC and B-4PC) and C-PC species (C-2PC and C-4PC) 
via intramolecular proton transfer. Owning to the strong 
interaction between Fe and oxygen atoms in B-IM and 
C-IM species (rFe–O = 1.805–1.920 Å), this proton trans-
fer should be an enzymatic process. Considering the pres-
ence of one explicit water molecule in the active site of 
the human P450 1A2 [25], both the direct and one-water-
assisted enzymatic proton transfer mechanisms were taken 
into account for comparison. The optimized structures of 
transition states and calculated energy profiles for the intra-
molecular proton transfer processes of paths B and C are 
shown in Figs. 5 and 6, respectively.

For the direct reaction mechanism, the located transition 
state B-TS2 species (B-2TS2 and B-4TS2) and C-TS2 spe-
cies (C-2TS2 and C-4TS2) are all triangle structures. The 
single imaginary frequencies of B-TS2 and C-TS2 species 
are greater than 1200i cm−1, which mainly comprises the 
motion of the light hydrogen atom from the alpha carbon 

(C7 atom in path B and C8 atom in path C) to the bond-
ing oxygen atom. The gas-phase LS/HS energy barrier is 
12.5/17.1 kcal/mol for B-TS2 species and 9.8/11.4 kcal/
mol for C-TS2 species, which corresponds to 16.0/12.7 and 
12.3/8.9 kcal/mol when ZPE correction and the bulk polar-
ity effect are incorporated. Both proton transfer processes 
are exothermic with the reaction energies of 47–60 kcal/
mol in chlorobenzene.

With the presence of one explicit water molecule, a 
water bridge is formed, receiving a proton and donating 
one in turn. The B-TS2w and C-TS2w species involved, 
B-2,4TS2w and C-2,4TS2w, is expanded to be pentagon struc-
ture, which is characterized by the single imaginary fre-
quency of 49–184 i cm−1. Animation of the single imagi-
nary frequency of B-TS2w and C-TS2w species shows the 
synchronous transfers of two hydrogen atoms, namely H 
atom from alpha C atom to Ow atom of the water molecule 
and the Hw atom of water molecule from Ow to O atoms. 
The gas-phase LS/HS activation energy is 2.7/7.6 kcal/mol 
for B-TS2w species and −0.7/0.4 kcal/mol for C-TS2w spe-
cies, which corresponds to 4.8/6.8 and −0.4/0.6 kcal/mol 
when ZPE correction and the bulk polarity effect are incor-
porated. The water-assisted proton transfer processes are 
still exothermic with the reaction energies of 43–55 kcal/
mol in chlorobenzene. As expected, the water-assisted 
energy barriers are dramatically lower than those of the 
direct reaction processes by 6–12 kcal/mol, attributed to the 
lower constraint of the pentagon transition state structures, 
where the energies required for the bond dissociation and 
formation are smaller than the triangle so much that a large 
amount of deformation energy is saved. It suggests that the 
presence of the explicit water is thermodynamically and 
kinetically beneficial to this proton transfer process. Addi-
tionally, the reactant complexes on LS state, B-2IM and 
C-2IM, are much more stable than those on HS state, B-4IM 
and C-4IM, indicating clearly that this proton transfer pro-
cess still proceeds in a SSM mechanism, mainly via the LS 
state of Cpd I.

Fig. 4  Energy profiles (in kcal/mol) for the nucleophilic attack of Cpd I’s oxygen atom at C7 (a, path B) and C8 (b, path C) sites of chlorproma-
zine
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Fig. 5  Optimized transition 
state structures (in Å) for the 
intramolecular proton transfer 
along paths B (a, b) and C (c, d) 
at the B1 level

Fig. 6  Energy profiles (in kcal/mol) for the intramolecular proton transfer for the intramolecular proton transfer along paths B (a, b) and C (c, d)
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As a result, the rate-determining steps along the poten-
tial energy surfaces of paths B and C both involve the 
nucleophilic attack of Cpd I’s oxygen atom, each of which 
proceeds predominantly via the LS state in the SSM mech-
anism. Path B is thermodynamically and kinetically more 
favorable than path C due to its lower activation barrier, 
and 7-hydroxychlorpromazine therefore is the optimum 
aromatic hydroxylation product of chlorpromazine by Cpd 
I.

3.3  N‑demethylation (paths D1 and D2)

As depicted in Scheme 2c, the overall reaction of CYP-cat-
alyzed N-dealkylation of chlorpromazine proceeds through 
two stepwise stages, N-methyl hydroxylation and C–N 
bond fission to release formaldehyde.

3.3.1  N‑methyl hydroxylation

For N-methyl hydroxylation, the reaction pattern starts with 
proton abstraction from methyl group to the Cpd I’s oxygen 
atom, forming a N-methylene intermediate, which then acts 
as a receptor of hydroxyl from the active iron species by 
oxygen-rebound process. The reaction is concerted on the 
LS state, forming carbinolamine–heme complex without a 
distinct oxygen-rebound step. The high-spin proton trans-
fer intermediate, 4INT, just serves as a shoulder but not a 

real minimum and fall to the corresponding carbinolamine–
heme complex with a barrier-free oxygen rebound. There-
fore, the N-methyl hydroxylation is an effective concerted 
process on the two spin states. These results are in agree-
ment with our recent work [30] and follow earlier observa-
tion on P450 reactions [35, 44].

The optimized geometries of all the stationary points 
for the N-methyl hydroxylations of paths D1 and D2 are 
shown in Fig. 7. As for path D1, the mono-N-demethyl-
ation, the transition state D1-TS1 species, D1-2TS1 and 
D1-4TS1, located for N-methyl hydroxylation is character-
ized by its single imaginary frequency of 604.1i cm−1 LS 
and 1032.0i cm−1 HS. Animation of the single imaginary 
frequency of D1-TS1 species comprises the motion of 
hydrogen from methyl carbon atom to the oxygen atom of 
Cpd I atom. Compared with the reactant complex D1-RC 
species, D1-2RC and D1-4RC, it can be seen that the Fe–O 
bond is elongated by 0.049 Å LS and 0.082 Å HS in the 
transition state D1-TS1 species, whereas the O–H distance 
is considerably reduced by 0.817 Å LS and 0.856 HS. 
This is accompanied by the elongation of the C–H bond 
by 0.082 Å LS and 0.174 Å HS. Transition-state D1-TS1 
species is characterized by an almost collinear arrange-
ment of the C–H–O atoms with the bond angles of 170.9° 
LS and 171.3° HS. The geometric parameters in Fig. 7 also 
indicate the degrees of C–H bond cleavage in the D1-TS1 
species. In the D1-TS1 species, hydrogen atom is closer to 

Fig. 7  Optimized structures (in Å) for the N-methyl hydroxylation in mono-N-demethylation (a, path D1) and di-N-demethylation (b, path D2) 
of chlorpromazine by Cpd I at the B1 level
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carbon atom (rC–H = 1.186 Å LS and 1.279 Å HS) than 
to oxygen atom (rO–H = 1.477 Å LS and 1.301 Å HS). 
Therefore, they are more reactant like in character. Further-
more, the reactant-like character of D1-2TS1 on the LS state 
is more obvious than of D1-4TS1 on the HS state. As the 
reaction progresses from D1-RC species to the intermedi-
ate D1-IM1 species, D1-2IM1 and D1-4IM1, the distances 
between the SH ligand and Fe are shortened by 0.286 Å LS 
and 0.055 Å HS.

As for the di-N-demethylation path D2, the located tran-
sition-state D2-TS1 species, D2-2TS1 and D2-4TS1, is char-
acterized by its single imaginary frequency of 795.7 i cm−1 
LS and 1065.7 i cm−1 HS. Animation of the single imagi-
nary frequency of C-TS1 species also concerns the motion 
of hydrogen from methyl carbon atom to the oxygen atom 
of Cpd I atom. The geometrical feature tendencies for the 
N-methyl hydroxylation along path D2 are similar to path 
D1. The Fe–O bonds in the transition-state D2-TS1 spe-
cies are elongated by 0.051–0.088 Å, while the O–H dis-
tances are reduced by 0.817–0.856 Å. This is accompanied 
by the elongation of the C–H bonds by 0.084–0.172 Å. 
Transition-state D2-TS1 species also exhibits an almost 
collinear arrangement of the C–H–O atoms with the bond 
angles of 174.5–174.8° and the reactant-like character. 
In the D2-TS1 species, hydrogen atom is closer to carbon 
atom (rC–H = 1.186 Å LS and 1.274 Å HS) than to oxy-
gen atom (rO–H = 1.473 Å LS and 1.305 Å HS). Clearly, 
the reactant-like character of D1-2TS1 on the LS state is 
still more obvious than of D1-4TS1 on the HS state. In the 
intermediate D2-IM1 species, D2-2IM1 and D2-4IM1, the 
distances between the SH ligand and Fe are shortened by 
0.074–0.289 Å.

The spin density distribution for the stationary points 
involved in the N-methyl hydroxylations of paths D1 and 
D2 is reported in Table S3. Initially, spin density is local-
ized on Cpd I. Then, during the C–H bond activation step it 
shifts from the oxygen, –SH ligand and porphyrin to the Fe 

and chlorpromazine. When reaching D1-TS1 species and 
D2-TS1 species, high spin density resides on the nitrogen 
atom of chlorpromazine and the iron. The accumulation of 
spin density on nitrogen in D1-2TS1 and D2-2TS1 suggests 
that it may be involved in the stabilization of carbon dur-
ing leaving of the hydrogen atom. In D1-4TS1 and D2-4TS1, 
there is some spin density locating on the carbon of chlor-
promazine. On the porphyrin, on the other hand, excess 
unpaired spin is no longer observed and spin density is 
delocalized between Fe-oxo and –SH. Further delocaliza-
tion appears in the D1-4IM and D2-4IM, with a significant 
amount of the spin density on chlorpromazine delocalized 
in the direction of carbon. There is also accumulation of 
the spin density on iron by a shift from –SH and oxygen. 
After the hydroxyl rebound step, spin density is localized 
on iron on the LS and delocalized between iron and –SH 
on the HS. All the observations indicate that the N-methyl 
hydroxylations of paths D1 and D2 proceed via the SET 
mechanism.

The calculated energy profiles for the N-methyl hydrox-
ylations of paths D1 and D2 are shown in Fig. 8. The gas-
phase LS/HS energy barrier is 4.7/3.3 kcal/mol for D1-TS1 
species and 6.4/5.1 kcal/mol for D2-TS1 species, which 
decrease to 1.9/1.9 and 4.5/4.3 kcal/mol when ZPE cor-
rection and the bulk polarity effect are incorporated. The 
energy gaps between LS and HS of D1-2TS1 and D2-2TS1 
species are approximately zero in chlorobenzene, indicating 
a TSR mechanism. The N-methyl hydroxylation is greatly 
exothermic with the reaction energies of 44–61 kcal/mol in 
chlorobenzene.

3.3.2  C–N bond fission

As the second step of the N-demethylation, C–N bond fis-
sion requires a proton transfer from the hydroxyl oxygen 
to nitrogen atom, while the C–N bond between the alpha 
carbon and nitrogen gradually breaks. We examined two 

Fig. 8  Energy profiles (in kcal/mol) for the N-methyl hydroxylation in mono-N-demethylation (a, path D1) and di-N-demethylation (b, path D2) 
of chlorpromazine by Cpd I
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different processes for the second step: the direct proton 
transfer and the water-assisted proton transfer. Both the 
enzymatic and nonenzymatic environments were taken into 
account.

The optimized transition state structures and energy pro-
files for the C–N bond fission along path D1 are depicted 
in Figs. 9 and 10, respectively. For the direct proton trans-
fer process, the enzymatic and nonenzymatic transition 
states (D1-2,4TS2 and D1-TS2) are all rhomboid structures, 
whose single imaginary frequencies are greater than 1473i 
cm−1. Animation of the single imaginary frequency shows 
the direct motion of hydroxyl hydrogen to nitrogen atom. 
For the water-assisted proton transfer process, the involved 
enzymatic and nonenzymatic transition states (D1-2,4TS2w 
and D1-TS2w) are expanded to be hexagon structures. Their 
single imaginary frequencies range from 811 to 1105i cm−1, 
wherein the water molecule hydrogen bonding with the 
nitrogen gradually transfers a proton to the nitrogen, while 
the hydroxyl proton gradually transfers to the water oxy-
gen. Figure 10 shows that the gas-phase energy barriers of 
the direct proton transfer are 36.1 and 27.8/21.1 kcal/mol 
for the nonenzymatic and enzymatic LS/HS environments, 
respectively, which decrease to 30.3 and 23.5/20.1 kcal/

mol when ZPE correction and the bulk polarity effect are 
incorporated. For the water-assisted proton transfer process, 
the nonenzymatic and enzymatic LS/HS energy barriers 
are 17.0 and 11.4/11.8 kcal/mol, respectively, in the gas-
phase, which decrease to 13.8 and 9.5/10.1 kcal/mol when 
ZPE correction and the bulk polarity effect are incorporated. 
Clearly, with the assistance of one explicit water molecule, 
the energy barrier required for C–N fission is dramatically 
lowered by 10–17 kcal/mol in chlorobenzene. The large bar-
rier decrease in the water-assisted proton transfer process 
can be derived from the smaller ring tension of the hexagon 
compared with rhomboid. Furthermore, the water-assisted 
enzymatic LS/HS energy barrier is 4.3/3.7 kcal/mol lower 
than the nonenzymatic energy barrier in chlorobenzene. The 
binding energy of the carbinolamine to heme in path D1 is 
4.2 kcal/mol LS and 1.0 kcal/mol HS (Table S4). The lower 
binding energy on HS state results in the higher energy of 
the carbinolamine on HS state (15.5 kcal/mol higher than 
that on LS state in chlorobenzene). Comparison of the 
above barrier data with the binding energies of carbinola-
mine to heme shows that C–N fission proceeds in an enzy-
matic route, predominately via the LS state.

Figures 11 and 12 show the optimized transition state 
structures and energy profiles for the C–N bond fission 
along path D2, respectively. Analog to path D1, the enzy-
matic and nonenzymatic transition states (D2-2,4TS2 and 
D2-TS2) involved in the direct proton transfer process of 
path D2 are also rhomboid structures, which expand to be 
the hexagon structures of D2-2,4TS2w and D2-TS2w in the 
water-assisted proton transfer process. For the direct proton 
transfer process, the gas-phase nonenzymatic and enzymatic 
LS/HS energy barriers are 37.6 and 28.0/30.8 kcal/mol, 
respectively, which decrease to 31.4 and 24.3/27.7 kcal/mol 
when ZPE correction and the bulk polarity effect are incor-
porated. With the assistance of one explicit water molecule, 
the gas-phase nonenzymatic and enzymatic LS/HS energy 
barriers are 18.5 and 11.6/12.4 kcal/mol, respectively, 
which decrease to 14.7 and 9.7/10.6 kcal/mol when ZPE 
correction and the bulk polarity effect are incorporated. By 
comparison, it can be readily seen that the energy barriers 
involved in the water-assisted proton transfer processes are 
14–17 kcal/mol lower than those of the direct proton trans-
fer in chlorobenzene. Comparison of the above barrier data 
with the binding energies of carbinolamine to heme (LS: 
5.0 kcal/mol; HS: 1.5 kcal/mol, Table S4) indicates that 
C–N fission should happen in a water-assisted enzymatic 
environment, mainly via the LS state.

Taken together, the C–N bond fission proceeds mainly 
via the water-assisted enzymatic proton transfer process on 
LS state. N-methyl hydroxylation is the rate-determining 
step along the potential energy surface of either mono-
N-demethylation (path D1) or di-N-demethylation (path 
D2).

Fig. 9  Optimized transition-state structures (in Å) for the C–N fis-
sion along the mono-N-demethylation (path D1) of chlorpromazine 
by Cpd I at the B1 level
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In summary, the LS/HS activation barriers for the rate-
determining steps of S5-oxidation (path A), aromatic 
hydroxylations at C7 (C7-hydroxylation, path B) and C8 
(C8-hydroxylation, path C) sites as well as mono-N-dem-
ethylation (path D1) and di-N-demethylation (path D2) are 
8.7/12.9, 13.9/16.2, 16.7/18.9, 1.9/1.9 and 4.5/4.3 kcal/mol, 
respectively, in chlorobenzene. It can be concluded that 
N-demethylation, paths D1 and/or D2, is the most plau-
sible metabolic pathway of chlorpromazine catalyzed by 
CYP1A2 on either LS or HS state, followed by paths A, B 
and C in turn. So mono-N-desmethylchlorpromazine (D1-
PC) is the optimum metabolite of chlorpromazine, which 
can undergo the second N-demethylation to yield di-N-des-
methylchlorpromazine (D2-PC). All the observations agree 
well with the experimental results [12]. Generally, all the 
metabolic pathways proceed in a SSM mechanism, mainly 
through the LS state.

4  Conclusions

The metabolic mechanisms of chlorpromazine catalyzed 
by CYP1A2 have been systematically addressed in the pre-
sent work based on DFT calculation. The mechanistic con-
clusions have been revealed as follows. S5-oxidation (path 
A) is a one-step reaction, which involves a stepwise trans-
fer of two electrons. The rate-determining step of aromatic 

Fig. 10  Energy profiles (in kcal/mol) for the C–N fission along the mono-N-demethylation (path D1) of chlorpromazine by Cpd I at the B1 level

Fig. 11  Optimized transition state structures (in Å) for the C–N fis-
sion along the di-N-demethylation (path D2) of chlorpromazine by 
Cpd I at the B1 level
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hydroxylation (paths B and C) involves the nucleophilic 
addition of Cpd I’s oxygen atom. The subsequent intramo-
lecular proton transfer is prone to the water-assisted enzy-
matic proton transfer mechanism. N-methyl hydroxylation 
is the rate-limiting step of N-demethylation, which proceeds 
predominantly via a SET mechanism. The generated carbi-
nolamines then prefer to decomposition in a water-assisted 
enzymatic process on LS state. N-demethylation is the most 
thermodynamically and kinetically feasible metabolic path-
way of chlorpromazine due to its lowest activation barrier, 
followed by path A. Mono-N-desmethylchlorpromazine 
therefore is the most feasible chlorpromazine metabolite 
catalyzed by CYP1A2, followed by di-N-desmethylchlor-
promazine, chlorpromazine 5-sulfoxide, 7-hydroxychlor-
promazine and 8-hydroxychlorpromazine. Each metabolic 
pathway proceeds in a SSM mechanism, predominately 
via the LS state of Cpd I. Our results keep in good accord-
ance with the experimental observations, which can provide 
some complementary insights into the N-dealkylation mech-
anism by CYP and offer general implications for the meta-
bolic mechanism of chlorpromazine-like drugs.

5  Supporting information

Spin densities for the species involved in the metabolic 
processes of chlorpromazine, binding energies of carbin-
olamine to heme in the N-demethylation of chlorpromazine 

and cartesian coordinates of all stationary points along the 
potential energy profiles.
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