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Abstract

Schizophrenia is a human condition that has attracted the attention of researchers. There is no cure for schizophrenia but several treatments can help 
control symptoms (hallucinations and delusions). Dopamine D2 receptor antagonists are mainly effective for the treatment of psychotic symptoms, 
hence the name “antipsychotic”. This study principally aims to conduct a quantum chemical analysis of one family of antipsychotics. New physical 
insights have attempted to explain the pharmacological action mechanism of these drugs. Two questions for which we found a possible answer are: why 
the Defined Daily Dose (DDD) of these drugs varies and what do we have to consider when attempting to improve the effectiveness of medications? 
Although DDD is a complex concept related with pharmacokinetics, in this investigation we report some insights concerning the chemical reactivity 
that could be useful. These drugs are antagonists of dopamine. This means that they occupy the same receptor, but refrain from activating it. We found 
that the more they differ from those found in dopamine, the lower DDD is required. Chemical reactivity indexes of antipsychotics should to be different 
from those of dopamine. These ideas represent an aspect of the complex puzzle that contributes to define the pharmacological action of antipsychotics. 
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Introduction
Psychosis comprises a group of symptoms. An episode of psychosis 

is recognized when people “break” with reality. One type of psychosis 
is known as schizophrenia. Schizophrenia is a chronic brain disorder, 
affecting one percent of the global population [1–12]. The symptoms 
of this disorder include delusions and hallucinations. When these 
symptoms are treated, most people with schizophrenia improve 
their social function and can be re-integrated into their family and 
workplace. Specific treatment can help people with schizophrenia to 
become highly productive and develop social skills, which allow them 
to become adapted to their social environment. 

Schizophrenia is a human condition that has attracted the attention 
of researchers. The etiology is complex and unknown. Moreover, there 
is no cure for schizophrenia, although several remedies can control 
symptoms [5–8]. Until the 1950s, a number of medicines manifesting 
restricted clinical effectiveness were used to treat the symptoms 
of psychosis. Electroconvulsive therapy or treatments containing 
a number of unspecified pharmacological agents, such as opium, 
morphine and cocaine, were administered with limited success [9]. 
The most important advance occurred in 1952 with the serendipitous 
observations by Laborit, which described the effect of chlorpromazine 
on patients suffering an episode of psychosis [10,11]. This drug has 

mainly proved effective for the treatment of psychotic symptoms 
(hallucinations and delusions), hence the name “antipsychotic”. 
Chlorpromazine is considered as the prime antipsychotic drug 
and works as a dopamine D2 receptor antagonist. Since the initial 
discovery of chlorpromazine, many investigations have focused on the 
development of new and safer treatments [12–19].

The introduction of chlorpromazine represented the first selective 
and effective approach to the treatment of schizophrenia, initiating 
the psychopharmacological era [10–19]. Ever since this finding, many 
investigations were undertaken, focusing on the synthesis of numerous 
antipsychotic drugs [1]. Those that function as a dopamine D2 receptor 
antagonist are considered as the first generation of antipsychotics 
and include different chemical compounds, such as derivatives of 
phenothiazine. They can be classified according to their clinical 
potency that correlates with dopamine D2 receptor affinity [19].

Phenothiazine is an organic compound, the molecular formula 
for which is presented in Figure 1. Derivatives of phenothiazine are 
substances that present antiemetic, antipsychotic, antihistaminic and 
anticholinergic activities [20–23]. The phenothiazine group of drugs 
is used when patients do not respond to other antipsychotics and 
they were one of the most widely prescribed psychotropic drugs in 
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the world [22]. Information relating to the toxic and beneficial effects 
of these drugs has been discussed [21] and the value of gaining a 
comprehensive knowledge about their mechanism of action in order 
to ensure appropriate clinical application of phenothiazines [22] is 
recognized. Other reports suggest that the level of substitutions [23] 
is a factor defining the efficaciousness of this group of drugs and it 
has been proposed that the involvement of different molecular orbitals 
is related to the expression of distinct biological activities. Previous 
results reported that pharmacological action is influenced by the 
nature of substitutions, which modify receptor specificity [24, 25].

Although many studies have investigated the pharmacological 
action of these drugs, the exact antagonistic mechanism of the 
dopamine D2-receptor is still unknown. In this investigation, we 
aim to undertake a quantum chemical analysis of antipsychotics 
derived from phenothiazine. Principally, our strategy is to apply 
simple quantum chemical models in order to reveal the complex 
operation of these molecules. We applied chemical reactivity indexes 
and electron transfer models, previously used to successfully explain 
a number of reactions [26–29], to provide new explanations for 
the pharmacological action mechanism of these drugs. We found a 
possible answer to the following questions: why the Defined Daily 
Dose (DDD) of these antipsychotics varies, and which future strategies 
appear competent for improving the effectiveness of medications? Any 
possible solutions, not only relate to geometry, but also to electron 
transfer ability. Results from this research indicate that different 
doses of medication, reported previously, relate to electron donor-
acceptor capacity. These drugs are antagonists of dopamine, because 
they occupy the same receptor without activating it. This leads us to 
the conclusion that an effective antagonist of dopamine, in the form 
of antipsychotic drugs, must have different electron donor acceptor 
properties and moreover, the more they vary from dopamine, the more 
efficient they will be. The outcomes reported here help to elucidate 
the complicated action mechanism manifested by drugs used in the 
treatment of schizophrenia (Figure 1).
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Figure 1. Molecular formula of different 
phenothiazine derivatives. R1 is equal to H for 
phenothiazine.

Computational Details

Gaussian09 was used for all electronic calculations [30]. Geometry 
optimizations without symmetry constraints were implemented at 
M06/6-311+G(2d, p) level of theory [31–35], while applying the 
continuum solvation model density (SMD) with water, in order to 
mimic a polar environment [36]. Harmonic analyses were calculated 
to verify local minima (zero imaginary frequencies). Initial geometries 
were obtained from PubChem database, but different conformers of 
each molecule were also optimized. The ground states are those that 
come from PubChem [37].

In order to analyze electron-donor acceptor properties, vertical 
ionization energy (I) and vertical electron affinity (A) were obtained 
from single point calculations of the corresponding cationic and 
anionic molecules, using the optimized structure of the neutrals. The 
same level of theory was used for all computations. Electrodonating 
(ω−) and electroaccepting (ω+) power was previously reported by 
Gázquez et al [38, 39]. These authors defined the propensity to donate 
charge or ω− as follows:

ω +− =
−

2(3 )
16( )

I A
I A

	 (1)

Whereas the propensity to accept charge or ω+ is defined as

2( 3 )
16( )
I A

I A
ω+ +

=
−

	 (2)

Lower values of ω− imply greater capacity for donating charge. 
Higher values of ω+ imply greater capacity for accepting charge. In 
contrast to I and A, ω− and ω+ refer to fractional charge transfer. This 
definition is based on a simple charge transfer model expressed in 
terms of chemical potential and hardness. The Donor-Acceptor Map 
defined previously [40, 41] is a useful graphic tool. We have plotted 
ω− and ω+ (Figure 2) on this map, enabling us to classify substances 
as either electron donors or acceptors. Electrons are transferred from 
good donor systems (down to the left of the map) to good electron 
acceptor systems (up to the right of the map) (Figure 2). 

Good Electron Donor

Good Electron Acceptor

electro
ns

+

Figure 2. Donor-Acceptor Map (DAM).

Results and Discussion
Figure 3 presents a schematic representation of the compounds 

that are analyzed in this investigation. There are phenothiazine-
derivatives with different substituents. Promethazine is not an 
antipsychotic drug and is included for comparison purposes. Defined 
Daily Doses (DDDs) are also cited, as this parameter relates to the 
efficacy and potency of the compounds. Certain reports correlate the 
action at the receptor levels of these drugs with required doses. Those 
that require smaller doses are more effective and usually present fewer 
side effects [42–44]. In this investigation, we correlate DDD with 
different structural parameters and distinct electronic properties.



Ana Martínez (2018) A Component of the Puzzle, When Attempting to Understand Antipsychotics: A Theoretical Study of Chemical Reactivity 
Indexes

J Pharmacol Pharm Res, Volume 1(1): 3–8, 2018	

N

S

promethazine
(antihistaminic)

N
H3C CH3

CH3

N

S

promazine (300)

N

S

chlorpromazine (300)

Cl

N
CH3

CH3

N

CH3

CH3

63º51º50º

levomepromazine (300)

N

S

N

O

CH3

CH3

CH3

CH3

N

S

perphenazine (30)

Cl

N

N
OH

158º

N

S

fluphenazine (10)

F3C

N

N
OH

N

S

trifluoperazine (20)

F3C

N

N
CH3

163º 50º

N

S

thioproperazine (75)

S

N
N

CH3

O

O
N

H3C CH3

N

S

pipotiazine (10)

S

N

O

O
N

H3C CH3

OH

periciazine (50)

N

S

N

OH

C
N

169º49º 155º

Figure 3. Schematic representation of the molecular formula of phenothiazine derivatives investigated in this work. Defined Daily Doses (DDDs) are included (as mg/day) as is the NCCC 
dihedral angles (in degrees) for the optimized structures obtained in this investigation.
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All antipsychotic drugs in Figure 3 are molecules that include 
R1 as their substituent with the following chain; -CH2-CH2-CH2-N-. 
Promethazine contains a substituent that is -C-C-N-, and it is not an 
antipsychotic drug. The first three antipsychotic molecules presented 
in Figure 3 have similar structures and the same DDD. Apparently, 
the presence of -Cl, -O-CH3, or -CH3 groups does not modify their 
efficacy. Molecules with lower DDDs are those compounds with a 
six-member ring instead of methyl groups in R1. In order to increase 
their efficacy and therefore decrease DDD, it is important to replace 
the methyl groups with a six-member ring. Comparing the NCCC 
dihedral angles, also depicted in Figure 3, there are two types of 
compounds: those for which NCCC < 100º and those for which 
NCCC > 150º. DDD is less for compounds with larger dihedral angles 
than for those antipsychotic molecules with smaller dihedral angles; 
the only exception is trifluoperazine. These observations show that 
as expected, geometrical structure and chain composition relate to 
DDD. All these molecules bind to D2 receptors in the brain and act as 
dopamine D2 receptor antagonists. Therefore geometry is important.

Even when most R2 in the antipsychotic molecules represent 
electron-withdrawing substituents, different effects are evident. 
Comparing the molecular formula of perphenazine with that of 
fluphenazine, the difference is the R2 substituent (Cl and CF3, 
respectively) and the DDD of fluphenazine is one third that of 
perphenazine. When we compare trifluoperazine and thioproperazine, 
results are the same. Molecular structures are similar with different 
R2 substituents. Trifluoperazine contains CF3 substituent, whereas 
thioproperazine does not; DDD of trifluoperazine is also almost one 
third of thioproperazine. It appears that the presence of CF3 in the 
molecule decreases the required doses, i.e. efficacy increases (Figure 3). 

Likewise, comparisons indicate that thioproperazine and 
pipotiazine have the same R2 but different R1 (with -NCH3 and -CH-
CH2-CH2-OH, respectively). The last of these is more effective than 
the first. We can assume that the presence of OH in the chain increases 
efficiency. The last compound in Figure 3 has CN as R2 and OH in R1. 
The required dose is not one of the smallest (50). It seems that potency 
is not associated with the presence of CN. With all these evaluations, 
it is apparent that chemical structure does not completely explain the 
variation in required doses. 

An association can be found between DDD and electron transfer 
capacity using ω+ and ω−. For this purpose, figure 4 reports the 
DAM of the antipsychotic drugs. Phenothiazine and dopamine 
are also included for comparison. All compounds that need greater 
DDD are located down to the left (good electron donors), whereas 
compounds that required lower DDD are situated up to the left (good 
electron acceptors). The antipsychotics promazine and levopromazine 
represent the best electron donors, followed by chlorpromazine. 
Periciazine, pipotiazine and thioproperazine are the best electron 
acceptors. Compounds containing DDD equal to 300 mg/day 
constitute better electron donors than those with DDD of less than 
100 mg/day. Moreover, antipsychotics that require a dose of less 
than 100 mg/day are better electron acceptors (ω+ > 1.5). The only 
exception is perphenazine, as ω+ is less than 1.5 but its DDD is 30 mg/
day (Figure 4).
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Figure 4. DAM of the antipsychotic drugs studied in this investigation. Other compounds 
are included for comparison.

These antipsychotics are dopamine D2 receptor antagonists. 
Therefore, it is interesting to compare these with dopamine’s electron 
donor acceptor capacity. The optimized structure of dopamine is 
reported in Figure 5. The ω− and ω+ values are smaller for dopamine 
than for other compounds, meaning that it represents the best 
electron donor and also the worst electron acceptor. More efficient 
compounds (lower DDD) are those that differ most from dopamine. 
Apparently, it is not necessary to manifest an electron donor acceptor 
capacity similar to dopamine in order to be an effective antipsychotic. 
On the contrary, these differences appear to be necessary. One way 
of understanding these results is to bear in mind that these drugs are 
antagonists of dopamine. They occupy the same receptor but do not 
activate it. This activation may partly relate to the transfer of electrons. 
Concurring with this idea, if the dopamine D2 receptor is blocked 
without activating it, the capacity to transfer electrons should be 
different. This explains why those antipsychotics that require lower 
DDD are those that differ most from dopamine (Figure 5). 

Figure 5. Optimized structure of dopamine.

Other chemical indexes are valuable in this analysis, as they 
provide further physical insights that will enable us to answer 
the principal questions. These include first excitation energy and 
molecular hardness (η). The gap of the frontier orbitals (HOMO-
LUMO gap) in the Kohn-Sham context is an approximation to the 
first excitation energy [45, 46]. An approximation of η is obtained with 
the following equation [38, 39, 47].

η = I – A (3)
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The absolute values for eigenvalues of the Highest Occupied 
Molecular Orbitals (HOMO) and the Lowest Unoccupied Molecular 
Orbitals (LUMO) are reported in Figure 6. The HOMO-LUMO 
gap is also included. HOMO eigenvalues are similar (5.51–5.68 eV) 
but LUMO values show more variation (0.68–1.54 eV). The largest 
HOMO-LUMO gap is for dopamine (5.94 eV) and the smallest 
for periziacine (4.14 eV). There seems to be a correlation between 
HOMO-LUMO gap and efficacy, as the smallest values correspond to 
antipsychotics drugs that require lower doses. According to Figure 6, 
lower excitation energies correlate with lower DDDs. This means that 
they are more efficient as antipsychotic drugs. As antagonists, these 
molecules also differ from dopamine in terms of this property. The 
excitation energy may also relate to the activation of the D2 receptor. 
In order to be an antagonist, excitation energy should be less than that 
of dopamine. Accordingly, the antagonist will not activate the receptor 
(Figure 6). 
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Figure 6. Eigenvalues (absolute values in eV) of HOMO and LUMO of the molecules 
studied here. HOMO-LUMO gap is also reported.

Figure 7 presents the results for η. In conformity with ideas from 
Parr et al [47], systems are more reactive when η is small. In our systems, 
lower values of η are associated with lower DDD values and therefore, 
greater efficiency. For example, the η of periciazine is 0.8 eV smaller than 
the corresponding value for chlorpromazine, and for periciazine it is 1.8 
eV smaller than the corresponding value for dopamine. Compounds 
that require lower DDD manifest the greatest variation, when compared 
to dopamine. To be an effective antagonist, η has to be smaller than 
the corresponding value for dopamine. This could be related with the 
receptor binding affinity of antipsychotics. Investigations concerning 
the receptor and the interactions with these drugs are in process. 
However, these results could explain why there is a need for varying 
DDD and they also provide inspiration concerning possible strategies 
to improve the effectiveness of medications (Figure 7). 

In summary, electron donor acceptor capacity, excitation energies 
and molecular hardness are global chemical indexes that could 
help us to explain different DDD values. In order to investigate 
local properties, we analyzed frontier molecular orbitals and Model 
Electrostatic Potential (MEP). It was previously reported that different 
molecular orbitals might relate to distinct biological activities. Figure 
8 reports HOMO and LUMO of the compounds under study. In all 
cases, HOMOs and LUMOs are π bonding orbitals located in the 

phenothiazine fragment. The exceptions are for pipotiazine and 
periciazine, as LUMOs are antibonding π orbitals. No system has 
the participation of halogens, sulfur or CN in the frontier molecular 
orbitals. Because there are no differences, it is not possible to use 
molecular orbitals in order to explain dissimilarities in the efficacy and 
potency of these drugs. According to these results, the involvement of 
different molecular orbitals is not related to the expression of distinct 
activities (Figure 8). 
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Figure 7. Molecular hardness (η = Ι−Α) of antipsychotics. Dopamine value is included 
for comparison. Values in eV

Figure 9 reports MEP for all compounds under study. Red zones 
are negative regions, whereas blue sections are positive. The biggest 
difference is the presence of negative sections in those compounds 
that require lower DDD. Dopamine does not present these red zones, 
possibly indicating that local properties need to differ from those of 
dopamine, in order to increase efficiency (Figure 9). 

Conclusions

All results reported in this investigation focus on the properties 
of one family of antipsychotic drugs. It is apparent that the geometry 
and nature of substituents are important for increasing efficiency. 
This is a logical finding, as all these molecules bind to D2 receptors 
in the brain, acting as dopamine D2 receptor antagonists. Structure 
should be an important factor, in terms of occupying the receptor site. 
Nevertheless, geometrical comparisons are not sufficient to explain 
differences in DDD as no differences were found. Neither is possible to 
use frontier molecular orbitals to explain dissimilarities in the efficacy 
and potency of these drugs. 

Electronic properties allow us to classify the best antipsychotic 
drugs as good electron acceptors and also as molecules that have 
negative sections in the MEP. Lesser hardness and lower excitation 
energies are also associated with lower DDD values. Dopamine is the 
best electron donor and the worse electron acceptor, whereas one of 
the most efficient antipsychotic drugs (pipotiazine) represents one 
of the best electron acceptors and one of the worst electron donors. 
Concerning molecular hardness, dopamine presents the greatest 
hardness, whereas the best antipsychotics present the least. Similar 
results are observed when comparing excitation energies. In summary, 
compounds with greater efficiency (lower DDD) constitute those that 
differ most from dopamine. It appears that it is not necessary to have 
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similar capacities to those manifested by dopamine. Contrarily, given 
that these antipsychotics act as antagonists that occupy the receptor 
but do not activate it, their properties should vary from those of 
dopamine. Although the DDD concept is complicated and it is related 

with the pharmacokinetics, these results allow us to give some insights 
concerning the activity of these drugs. The results presented here 
represent a component in the complex puzzle that defines the action 
mechanism of antipsychotics. 

Figure 8. Frontier molecular orbitals of the systems being studied.
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Figure 9. Molecular Electrostatic Potential (MEP) of the systems under study.
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