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Abstract 
Electronic structure calculations have been carried out to study various close-
ly related isomers with propane backbone which form part of our quantum 
chemical approach to inter and intra-molecular kinetics. The usefulness of 
UCA-FUKUI developed by Jesús Sánchez-Márquez to facilitate the theoreti-
cal study of chemical reactivity is exploited. All isomers are identified as local 
minima with single-point calculations on DFT/B3LYP/6-31G(d,p). The in-
creasing order of stability by groups of isomers are group I; propn-2-ol, pro-
pan-1-ol, group II; propanone, propanal, group III; Ethylmethanoate, Propa-
noic acid, Methylethanoate, group IV; N,N-dimethylformamide, propanimi-
no, and propanamide. The trend in reactivity of the various groups of isomers 
and specific points of nucleophilic and electrophilic attacks are presented. We 
noticed that most of the properties of these isomers taught at the fundamental 
levels are proven true theoretically. 
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1. Introduction 

Hydrocarbons with three carbon atoms and above have the possibility to form 
isomers [1]. The two main classes of isomers are constitutional isomers and ste-
reoisomers. Constitutional isomers differ in their structural arrangement of 
atoms while stereoisomers have different spatial arrangement of atoms. Isomers 
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with differences in the structural arrangement of atoms can lead to differences in 
physical and chemical properties [2]. The carbon-oxygen (C-O) and carbon- 
nitrogen (C-N) bonds, may lead to structural isomerism by their location in the 
compound. These bonds are either single, double, or triple bonds as present in 
functional groups like alcohol, aldehyde, carboxylic acids, amides, and amines, 
having variable bond lengths and bond energies [3]. Most of the compounds 
containing C-N and C-O bonds react in the presence of stronger nucleophiles 
thus leading to functional group transformations [4]. As the functional groups 
are transformed, so does the physical and chemical properties. For instance, the 
energy, stability, and reactivity of these compounds change due to changes in 
bond types or changes in the arrangement of atoms in the molecule [4] [5]. 

Aliphatic alcohols with three carbon atoms form two types of constitutional 
isomers (isopropyl alcohol and propan-1-ol). These alcohols are liquid at room 
temperature and soluble in water, with secondary alcohols being more basic and 
primary alcohols being more acidic [6]. Primary alcohols are oxidized to alde-
hydes and secondary alcohols to ketones [7]. Aldehydes and ketones contain the 
carbonyl bond which is made up of sigma and pie bond. In this bond, there is 
greater electron density around the more electronegative oxygen atoms; mean-
while the carbon atom bearing the oxygen atom is more attractive towards nuc-
leophile [5] [6]. The reactivity of carbonyl compounds decreases with increasing 
chain length. This is due to the increase in the inductive effect of alkyl group 
which reduces the degree of positive charge on carbon and the steric hindrance 
about the carbon. Alcohols and carbonyls compounds can be oxidized to car-
boxylic acids and esters. Carboxylic acid contains both the carbonyl and alcohol 
functional groups. The electron-withdrawing effect of the oxygen of the carbonyl 
group polarizes the OH bond and makes it easier for the hydrogen atom to ion-
ize than in the case of the O-H bond in alcohol [4] [7]. Esters and amides on the 
other hand are derivatives of carboxylic acid in which the O-H group has been 
replaced with “OR” or NH2 respectively. The reactions are characterized by nuc-
leophilic substitution of the carboxylate and alkoxy or amino group and show 
similarities to the condensation reactions of aldehydes and ketones. All the subs-
tituent groups possess lone pairs of electrons which are conjugated with the 
carbonyl groups. As the electronegativity of the group increases, the degree of 
conjugation decreases, and the electron availability about the carbonyl oxygen 
reduces [8]. The order of electronegativity of this substituent group is as follows: 
OR’ > NH2. However, the overall polarity of the carbonyl group is enhanced by 
the more electronegative substituents owing to the withdrawing of electrons away 
from the carbon atom, making it more susceptible to nucleophilic attack [9]. 

In this work, four families of isomers are studied. The first family is made of 
propan-1ol and propan-2-ol, the second family consists of propanal and propa-
none, the third ethyl methanoate, propanoic acid, methyl ethanoate and the 
fourth is propanamide N,N-dimethyl formamide and propanimino. A series of 
theoretical calculations presented herein provided insight into the relative stabil-

https://doi.org/10.4236/cc.2021.92007


I. Patouossa et al. 
 

 

DOI: 10.4236/cc.2021.92007 122 Computational Chemistry 
 

ity of the various isomers. Among the derivatives of carboxylic acid studied in 
this work, esters are more reactive than amide. Another isomer of the last group 
call propanimino is partially a derivative of carboxylic acid where the carbonyl 
group of carboxylic acid is replaced by the NH group, the properties of this iso-
mer will be studied in subsequent papers. The goal of this article is to comple-
ment theoretically, the chemical established principles of these isomers with re-
gards to stability and reactivity towards nucleophilic and electrophilic reagents. 

2. Computational Details 

The geometries of all the molecules as of group I to IV (as shown in Figure 1) 
were fully optimized using DFT, with functional and basis set B3LYP/6-31G(d,p) 
as it is in Gaussian 09W package of programs. The calculation of global electro-
philicity parameters was done using equations described in the theoretical sec-
tion. The values electronic properties such as; chemical potential μ, chemical 
hardness η, chemical softness, and the energetic properties; such as energy of 
Homo (EH) or (I), energy of Lumo (EL) or (A), were approximated in terms of 
the one-electron energies of the HOMO and LUMO frontier molecular orbital 
respectively using the ground state (GS) of the molecules. The calculation for 
local reactivity descriptors (fukui function) for the system with; (N), (N + 1), (N 
− 1), electrophilic and nucleophilic fukui electron were performed using, Gaus-
sian 09W and UCA-Fukui soft wares. The theoretical details for the method of 
calculations are shown below. 
 

 
Figure 1. Structures of all sample compounds. 
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2.1. Energetic Parameters 

The thermodynamic stability of a molecule can be predicted theoretically from it 
electronic energy (energy of optimization), meanwhile experimental stability is 
predicted base on the enthalpy of formation. To obtain the actual energy of a 
molecule using DFT, the total electronic energy is added to the zero point vibra-
tional energy. The electronic energy is the total energy content of a molecule and 
can be obtained through theoretical calculations. Energy of formation is the 
energy change during a chemical reaction so the. The HOMO and LUMO orbit-
al are the most important orbital in a molecule. These orbital determine how a 
molecule interacts with other species and give information about reactivity and 
stability of specific regions of the molecule. According to Koopmans theorem 
[10], negative of the energy of HOMO (EH) represents the ionization potential 
(IP) value of the molecule and the negative of the energy of LUMO (EL) represent 
the Electron Affinity (EA) value  

EH characterized electron-donating ability of a molecule and EL determines 
the ability of the molecule to accept electrons. Higher values of EH (least nega-
tive) indicate better tendency towards donation of electrons and lower values of 
EL indicate a higher ability to accept electrons [11]. 

High EH-EL energy gap implies high chemical stability, and small EH-EL 
means small excitation energy to the manifold of excited state [12]. 

2.2. Electronic Parameters 

1) Global reactivity descriptors  
The electronic chemical potential µ is the first derivative of energy with re-

spect to the number of electrons (Equation (1)). It indicates the escape tendency 
of the electrons 

N

E
V

µ ∂ =  ∂ 
                            (1) 

where E is the energy for a system of N elections. The finite difference approxi-
mation leads to Equation (2) 

( )1
2

IP EAµ = − +                          (2) 

where IP is the ionization potential defined as the difference of the total energy 
between cationic structure and its neutral species. EA is the election affinity as 
shown in Equation (4).  

cation neutralIP E E= −                          (3) 

neutral anionIP E E= −                          (4) 

The hardness, η, is a global property of the system and measures the resistance 
to any change in its electron distribution (Equation (5)). The softness can be ob-
tained by taking the inverse of hardness and multiplying by a factor of 0.5 as 
shown in Equation (6). 
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( )1
2

IP EAη = −                            (5) 

1
2

S
η

=                               (6) 

The eletrophilicity index ω, which represents the stabilization energy of the 
molecular system when it is saturated with electrons in the surrounding, can be 
derived from the chemical potential and hardness as shown in Equation (7). 

2

2
µω
η

=                               (7) 

These Equations (1)-(7), represented the widely accepted global descriptors 
for reactivity [12] [13] [14] [15].  

2) Local reactivity descriptors  
Fukui Function (FF) is one of the widely used local density functional de-

scriptors to model chemical reactivity and site selectivity and is defined as the 
derivative of the electron density ρ(r) with respect to the total number of elec-
trons N in the system, at constant external potential ν(r) acting on an electron 
due to all the nuclei in the system [16] [17].  

( ) ( ) ( ) ( )
 

N r
f r r r N

ν
µ ν ρ= ∂ ∂ = ∂ ∂                      (8) 

The condensed FF is calculated using the procedure proposed by Yang and 
Mortier, based on a finite difference method  

( ) ( )1     for nucleophilic attackk k kf q N q N+ = + −             (9) 

( ) ( )1     for electrophilic attackk k kf q N q N− = − −            (10) 

( ) ( )0 1 1 2   for free radical attackk k kf q N q N= + − −           (11) 

q(N) is the charge on kth atom for neutral molecules, q(N + 1) and q(N − 1) 
are the same for its anionic and cationic species respectively 

3. Results and Discussion 

In the present work, we have used the entries I, II, III, IV to label the different 
groups of isomers. The structural/functional group isomers of each group are 
identified by the notations a, b, c. The structures of all the groups of isomers 
are presented in Figure 1. The energetic properties of the various isomers are 
presented in table I and II, The electronic properties, global reactivity de-
scriptors and local reactivity descriptors of the sample molecules are pre-
sented below in table III and VI respectively.  

3.1. Energetic Properties 

The physical properties like energy and chemical properties like stability (kinec-
tic or thermodynamic stability) of the various isomers gathered from experi-
mental data and computational calculations are summarized in Table 1 below. 
Table 1 contains the name, dipole moment, total energy, experimental enthalpy  
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Table 1. Global reactivity descriptors parameters in electron volt (eV). 

Group Molecule 
Dipole moments 

in Debye 
Energy in 
kcal/mole 

Zero point 
energy 

(kcal/mole) 

Total energy in 
kcal/mol 

Enthalpy of 
formation 

I 
Propan-1-ol 1.505 −121,993.802 67.933 −121,925.868 −60.970 

Propan-2-ol 1.578 −121,997.516 67.549 −121,929.966 −65.201 

II 
Propanal 2.761 −121.233.401 52.717 −121,180.684 −44.359 

Propanone 2.768 −121,240.566 52.169 −168,414.473 −51.936 

III 

Propanoic acid 1.681 −168,471.292 56.819 −168,414.473 −108.389 

Ethylmethanoate 4.218 −168,454.383 56.165 −168,398.149  

Methylethanoate 4.451 −168,454.817 56.234 −168,398.652 −98.446 

IV 

Propanamide 3.649 −155,254.101 63.899 −155,190.201 −61.879 

N,N-dimethyl formamide 3.109 −155,988.722 63.959 −155,924.763 −45.817 

Propanimino 4.269 −155,979.742 64.166 −155,915.577  

 
of formation, for all the groups of isomers. We evaluated the trend, in the en-
thalpies of formation obtained through experiment and it ties with the trend in 
electronic energy obtained through calculation thus our predictions of thermo-
dynamic stability agrees with experimental predictions. 
• It is seen from Table 1 that propan-2-ol is thermodynamically more stable 

with electronic energy-121,929.966 kcal/mol as compare to propan-1-ol with 
electronic energy −121,925.868 kcal/mol. Moreover it has been shown through 
experiments that propan-2-ol is more reactive but less acidic compare to 
propan-1-ol. 

• In the second group of isomers, propanone is the more stable isomer 
(−168,414.473 kcal/mol) compare to propanal (−121,180.684 kcal/mol). In 
terms of reactivity, propanal is more reactive towards nucleophile than pro-
panone because it is sterically less hindered. 

• In the third family of isomers, it evident from their electronic energy that 
propanoic acid with energy of −168,414.473 kcal/mole is more stable com-
pare to methyl ethanoate with electronic energy of −168,398.652 kcal/mole. 
In this group, lone pair donation from the hydroxyl oxygen makes the car-
bonyl oxygen less electrophilic. Under normal reaction conditions, the car-
boxylic acid wills deprotonate to give the carboxylate which is a very poor 
electrophile. 

• The fourth family constitutes propanamide, N,N-dimethylformamde, and 
propanimino. N,N-dimethylformamide with electronic energy of −155,924.763 
kcal/mole is the most stable isomer, followed by propanimino with energy of 
−155,915.577 and the least stable is propanamide with energy of −155,190.201 
kcal/mole. Nitrogen is less electronegative than oxygen and it is also a better 
electron pair donor thus amides are less reactive than acid. Electron pair 
released from nitrogen stabilizes the carbonyl group in amide and decreases 
the rate of nucleophilic attack. Based on this analysis it is possible that 
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N,N-dimethylformamide is more reactive than propanamide.  
The H-L gap is considered excitation energy and determines the ease with 

which an electron can move from the Lumo to Homo when it energy gap is 
small. Most hard molecules have large energy gap and soft molecule small ener-
gy gap as can be seen in Table 2 below. 

Based on the values from Table 2 we can conclude that: 
• Propan-1-ol has a smaller Homo-Lumo energy gap thus it is chemically more 

reactive. 
• Propanal is slightly more reactive than Propanone. 
• On the other hand, Ethylmethanoate is chemically very stable compared to 

the other isomers in this group. 
• N,N-dimethylformamide is thermodynamically the most stable isomer, it is 

also the most reactive. The second most reactive in this group is propana-
mide and the least reactive is Propanimino. 

3.2. Electronic Properties 

Based on our description of electrophilicity, a good electrophile is characterized 
by high value of µ and low value of η. Table 3 below presents the global reactivi-
ty descriptor for the various isomers. 

It can be deduced from Table 3 that: 
- Propan-1-ol is a better electrophile in group one, that is it has a higher pro-

pensity to acquire electron from it environment as compared to propan-2-ol. 
It is also softer.  

- Propanal is softer and a better elcetrophile meanwhile Propanone is slightly 
harder and chemically more stable than Propanal. 

- In the 3rd group of isomers, the compound with the greatest propensity to 
acquire electrons is Methylethanoate followed by Propanoic acid. Ethylme-
thanoate is chemically stable and hardest isomer in this group.  

 
Table 2. Energies in eV of the frontier orbital. 

Groups of isomers Names of molecules EHOMO ELUMO ∆E (EH − EL) 

I 
Propan-1-ol −7.495 8.387 15.880 

Propan-2-ol −9.162 8.335 17.497 

II 
Propanal −7.177 0.403 7.580 

Propanone −6.876 0.731 7.607 

III 

Propanoic acid −7.016 0.416 7.432 

Methylethanoate −6.835 0.320 7.155 

Ethylmethanoate −7.155 5.654 12.809 

IV 

Propanamide −6.080 0.980 7.060 

N,N-dimethyl formamide −6.322 0.531 6.853 

Propanimino −8.645 0.761 9.406 
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Table 3. Global reactivity descriptors parameters in electron volt (eV). 

Groups of 
isomers 

Names of molecules µ η Ѕ ω 

I 
Propan-1-ol 0.446 15.906 46.687 0.172 

Propan-2-ol −0.414 17.496 42.376 0.134 

II 
Propanal −3.388 7.581 97.681 20.590 

Propanone −3.072 7.608 97.330 16.884 

III 

Propanoic acid −3.301 7.431 99.624 19.931 

Methylethanoate −3.257 7.156 103.463 20.170 

Ethylmethanoate −0.751 12.810 57.797 0.599 

IV 

Propanamide −2.550 7.061 104.867 12.527 

N,N-dimethyl formamide −2.895 6.854 108.040 16.641 

Propanimino 3.943 9.406 78.710 22.475 

 
- Lastly in the fourth family Propanimino with high chemical stability is the 

best electrophile in this group of isomers. More so N,N-dimethyl formamde 
is seen to be chemically very reactive but a poor electrophile with respect to 
Propanimino and better electrophile than Propanamide. 

The Fukui function represents the response of the chemical potential of a sys-
tem to a change in external potential. As the chemical potential is a measure of 
the intrinsic acidic or basic strength [14] [18] and local softness incorporates 
global reactivity, both parameters provide us a pair of indices to demonstrate for 
example the specific sites of interaction between two reagents. Table 4 below 
presents the local Fukui function values for the various groups of isomers. 

The values in bold are the points for nucleophilic, electrophilic and free radi-
cal attacks in the various compounds. 

A new index of selectivity toward nucleophilic attack known as Dual Descrip-
tor ∆f index is discussed elsewhere (Tognetti & al, 2013); it can be used to cha-
racterize an electrophilic attack. It is defined as follow: 

( ) ( ) ( )f r f r f r+ − ∆ = −                       (12) 

If Δf(r) > 0, then the site is favored for a nucleophilic attack, whereas if Δf(r) < 
0, then the site could hardly be susceptible to undertake a nucleophilic attack but 
it may be favored for an electrophilic attack. This is shown in the table above as 
all unsaturated carbon (carbon bearing the oxygen functional groups) are the 
points for nucleophilic attack and all the oxygen atoms and some saturated car-
bon atoms are the point for electrophilic attack. 

4. Conclusion 

The current work reveals that the chemical properties like stability which was 
predicted based on the trend in electronic energy of the various isomers are in 
accord with the trend in the enthalpy of formation obtained from experiment. 
The chemical reactivity of the various isomers, reveals that most isomers which 
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Table 4. The local fukui functions data, where O’ stands for oxygen with single bond and 
O” for oxygen with double bonds. 

Compound/N/Z f− f+ f0 ∆f 

Ia     

N Z     

1 
5 
8 
11 

6 
6 
6 
8 

0.0001 
0.003 
0.0116 
0.9878 

0.0006 
0.0084 
0.5586 
0.4317 

0.0003 
0.0043 
0.2851 
0.7097 

0.0004 
0.0080 
0.5470 
−0.5561 

Ib     

1 
5 
7 
11 

6 

6 
6 
8 

0.0013 
0.0240 
0.0004 
0.9719 

0.0031 
0.5685 
0.0021 
0.4247 

0.0022 
0.2962 
0.0013 
0.6983 

0.0018 
0.5445 
0.0017 

−0.5473 

IIa     

1 
5 
6 
10 

6 
6 
6 
8 

0.0025 
0.0156 
0.0025 
0.9793 

0.0073 
0.6177 
0.0073 
0.3673 

0.0049 
0.3166 
0.0049 
0.6733 

0.0048 
0.6021 
0.0048 

−0.6119 

IIb     

1 
5 
8 
10 

6 
6 
6 
8 

0.0000 
0.0011 
0.0217 
0.9770 

0.0006 
0.0095 
0.6088 
0.3805 

0.0003 
0.0053 
0.3153 
0.6788 

0.0006 
0.0085 
0.5872 
−0.5964 

IIIa     

1 
5 
8 
9 
10 

6 
6 
6 
8 
8 

0.0001 
0.0015 
0.0222 
0.9751 
0.0010 

0.0010 
0.0074 
0.6367 
0.3464 
0.0078 

0.0006 
0.0044 
0.3294 
0.6608 
0.0044 

0.0009 
0.0059 
0.6145 
−0.6287 
0.0068 

IIIb     

1 
5 
6 
10 
11 

6 
6 
6 
8 
8 

0.0018 
0.0162 
0.0001 
0.0010 
0.9808 

0.0074 
0.6206 
0.0006 
0.0061 
0.3648 

0.0046 
0.3184 
0.0004 
0.0035 
0.6728 

0.0056 
0.6044 
0.0005 
0.0050 

−0.6160 

IIIc     

1 
5 
8 
10 
11 

6 
6 
6 
8 
8 

0.0001 
0.0001 
0.0172 
0.0007 
0.9814 

0.0015 
0.0021 
0.5696 
0.0035 
0.4214 

0.0008 
0.0011 
0.2934 
0.0021 
0.7014 

0.0013 
0.0020 
0.5525 
0.0029 

−0.5600 

IVa     

1 
2 
5 
9 
12 

6 
6 
6 
7 
8 

0.0146 
0.0038 
0.0000 
0.0029 
0.9785 

0.6472 
0.0006 
0.3349 
0.0105 
0.0060 

0.3309 
0.0049 
0.0003 
0.0067 
0.6567 

0.6327 
0.0022 
0.0006 
0.0076 

−0.6436 
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Continued 

IVb     

1 
5 
9 
10 
11 

6 
6 
6 
7 
8 

0.0003 
0.0001 
0.0214 
0.0009 
0.9764 

0.0000 
0.000 

0.6429 
0.0132 
0.3439 

0.0002 
0.000 
0.3321 
0.0071 
0.6602 

−0.0003 
0.000 
0.6215 
0.0122 

−0.6325 

IVc     

1 
5 
8 
9 
11 

6 
6 
6 
8 
7 

0.0000 
0.0029 
0.0087 
0.9865 
0.0014 

0.0012 
0.0056 
0.5696 
0.0057 
0.4175 

0.0006 
0.0042 
0.2891 
0.4961 
0.2095 

0.0011 
0.0027 
0.5609 

−0.9808 
0.4161 

 
are stable thermodynamically are less reactive, except for N,N-dimethylformamide 
in group IV which is the thermodynamically the most stable and is also the most 
reactive isomer in this group. Furthermore, most of these isomers react 
through nucleophilic substitution/addition, thus the isomers are good elec-
trophile else the reaction would not be feasible. However, in the family IV, 
N,N-dimethylformamide is a poor electrophile compared to propanamide and 
propanimino; thus propanimino which is chemically more stable (high energy 
gap ∆EH-EL) and has more hardness is the best electrophile in this group. In 
conclusion this study has confirmed experimental observations on the reactivity, 
stability, and points of nucleophilic and electrophilic attacks known for this fam-
ily of compounds. 
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