
Vol.:(0123456789)

Journal of Molecular Modeling          (2025) 31:166  
https://doi.org/10.1007/s00894-025-06390-z

RESEARCH

Unraveling the influence mechanisms of different substituents 
on the chemical activity of N‑heterocyclic phosphines via theoretical 
calculations

Yilei Chen1

Received: 17 March 2025 / Accepted: 5 May 2025 
© The Author(s) 2025

Abstract
Context  N-Heterocyclic phosphines (NHP-H) represent a distinctive class of phosphorus-containing heterocycles charac-
terized by “polarity-inverted” P–H bonds. These unique bonds facilitate a wide array of P–H reactions, rendering NHP-H 
compounds promising candidates for applications in organocatalysis. Although significant advancements have been made 
in NHP-H research, the experimental quantification of their reactivity parameters poses considerable challenges due to their 
high reactivity. Furthermore, the influence of various substituents on the chemical activity of NHP-H compounds remains 
insufficiently understood. This study examines eight NHP-H compounds with varying substituents. The findings indicate 
that electron-donating substituents decrease the P–H bond order, increase the negative charge on the phosphorus atom, and 
enhance nucleophilicity. Conversely, electron-withdrawing substituents exhibit opposite effects. Furthermore, substituents 
influence the local electron attachment energy of the phosphorus atom, thereby affecting reactivity in proton-transfer reac-
tions. According to conceptual density functional theory, electron-donating substituents are associated with lower electro-
philicity and higher nucleophilicity indices, whereas electron-withdrawing substituents demonstrate the opposite trend. 
Charge-transfer spectra suggest that electron-donating substituents reduce the excitation energy of NHP-H, thereby increasing 
its reactivity. Additionally, IRI analysis indicates that electron-donating substituents weaken the P–H bond, while electron-
withdrawing substituents strengthen it, along with alterations in other intramolecular interactions.
Methods  The study utilized the M06-2X functional in conjunction with the def2-TZVP basis set within the SMD model, 
employing acetonitrile as the solvent, to perform structural optimization and frequency analysis of NHP-H compounds. 
Computational analyses were conducted using Gaussian 09 software, with 30 excited states calculated for each compound. 
Multiwfn software facilitated the determination of atomic dipole moment-corrected Hirshfeld population, local electron 
attachment energy, the Interaction Region Indicator, and charge-transfer spectrum, which were subsequently visualized using 
VMD 1.9.3. Additionally, GaussView 6.0.16 software was employed to generate three-dimensional molecular configurations 
and prepare input files.
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Introduction

N-Heterocyclic phosphines (NHP-H) are a class of three-
coordinate phosphorus-containing heterocycles, character-
ized by the presence of hydrogenated P–H bonds in their 
structures. The “polarity inversion” exhibited by these chem-
ical bonds leads to significant differences in the reactivity 

and selectivity of NHPs compared to conventional P–H 
acidic compounds, thereby expanding the diversity of P–H 
reactions [1–5].

Based on the unique structure and reaction characteristics 
of NHP-H, starting from the essence of its chemical bonds, 
the electronegativity difference plays a crucial role, provid-
ing a theoretical basis for a deeper understanding of its prop-
erties. According to the Pauling scale, the electronegativity 
of the phosphorus atom (P) is similar to that of the hydro-
gen atom. The small electronegativity difference between 
them provides the feasibility for regulating the polarity 
of the P–H bond. Until 2000, the research group of Gudat 
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reported the “polarity inversion” characteristic of the P–H 
bond in the structure of N-heterocyclic phosphine hydride 
reagents (N-heterocyclic phosphines (NHP-H)). Since then, 
the research on the hydride reactivity of NHP-H has offi-
cially commenced [6–8]. During the subsequent more than 
10 years, the field has developed rapidly, and a variety of 
NHP-H compounds with five-membered and six-membered 
ring skeleton structures have been successively reported 
[9–13]. The emergence of these compounds provides more 
material basis for subsequent in-depth research and promotes 
the continuous development of research in this field.

NHP-H is a highly nucleophilic organic phosphane with 
potential as a main-group catalyst and molecular hydroge-
nide in organocatalytic transformations [14–16]. Its unique 
electronic properties and reactivity have attracted significant 
interest in organic chemistry. Structurally similar to nitro-
gen heterocyclic carbenes (NHCs), NHP-H exhibits excep-
tional nucleophilicity in catalytic reactions. Zhang quantified 
NHP-H’s nucleophilicity using kinetic studies and the Mayr 
equation, revealing its nucleophilicity spans over 10 N units, 
indicating its unusual reactivity as a hydride donor. Zhang 
developed a nucleophilicity scale for NHP-H via kinetic 
studies by comparing hydrogen transfer reactions with 
known electrophiles using the Mayr equation. The results 
showed NHP-H’s nucleophilicity spanned over 10 N units, 
indicating its unusual reactivity as hydride donors [17, 18]. 
Chong illustrated NHP-H’s role as a catalyst in metal-free 
reduction of α,β-unsaturated esters and C–C bond forma-
tion with nitriles, introducing a novel strategy for C–C bond 
construction [19, 20].

In addition to the unique properties and extensive applica-
tions of NHP-H itself, its related derivatives also exhibit rich 
chemical activities, and NHP-S is a typical representative 
among them. NHP-S was used to reduce imine derivatives 
and was extended to achieve selective defluorination and 
hydrogenation of trifluoroalkene [21–23]. Gudat studied 
NHP-H’s geometric structure and electronic properties, not-
ing that phosphorus and hydrogen have similar electronega-
tivities, resulting in low polarity in P–H bonds [24, 25]. The 
article highlighted the role of n(N)-σ*(P-X) hyperconjuga-
tion in P-X bond ionization polarization and discussed NHP-
H’s applications in catalytic cross-coupling and 1,2-dis-
phosphine ligand synthesis [6, 7]. The P–H bond’s acidity 
allows it to be deprotonated under basic conditions, acting 
as a phosphorus nucleophile for enantioselective hydrophos-
phorylation reactions [26–28].

Homolytic cleavage of the P–H bond forms phosphorus 
radicals, useful in functionalizing unsaturated bonds, par-
ticularly in photo-Arbuzov rearrangements for bioactive 
phosphonic acids [29, 30]. Liu used DFT calculations to 
explore the hydrogenide properties and catalytic potential 
of NHP-H, suggesting applications in catalytic silamina-
tion, silylation, and silithiolation reactions. The article also 

outlined NHP-H synthesis methods, including condensation/
salt elimination, aminourea/diazene formation, and redox 
reactions with phosphorus trihalides and dipyridyl com-
pounds, highlighting the role of P-centered bond formation 
and cleavage in organic synthesis [31].

The catalytic applications discussed involve forming and 
breaking P-centered bonds in organic synthesis. Addition-
ally, the article covered topics such as catalytic reductions 
(including asymmetric variants) of carbonyl groups, imines, 
pyridine, and their conjugate reductions, along with further 
transformations induced by these reductions [32]. Alkhater 
calculated hydrogenide properties, reduction potentials, 
pKa values, and bond dissociation free energies (BDFEs) 
for 64 NHP-H derivatives. The results showed a wide range 
of hydrogenide properties and BDFEs, with NHP-H having 
less negative reduction potentials compared to carbon-based 
hydrogenides, indicating higher thermodynamic efficiency 
[33].

Given that the vast majority of NHPs exhibit extremely 
high reactivity, it can prove rather challenging to experimen-
tally ascertain their reactivity parameters on certain occa-
sions. In such situations, theoretical calculations emerge as 
a potent and supplementary means, serving to predict the 
reactivities of NHPs effectively [3].

Building upon the foundational work of researchers such 
as Zhang, who quantified the nucleophilicity of NHP-H 
using kinetic studies, and Gudat, who focused on the geo-
metric and electronic properties of NHP-H, our study inves-
tigates the reactivity of NHP-H in the context of various sub-
stituents. In this work, density functional theory is applied 
to study eight kinds of NHP-H with different substituents, 
as shown in Scheme 1, aiming to reveal the influence of the 
substituents on the activity of NHP-H in organic catalytic 
reactions.

Computational details

The structural optimization and frequency analysis of eight 
NHP-H substituents were performed using the M06-2X [34, 
35] functional and def2-TZVP [36] basis set, with acetoni-
trile as the solvent in the SMD model.

The optimized geometry was confirmed as a minimum 
by checking for the absence of imaginary frequencies. The 
M06-2X functional, designed for nonmetals, excels in pre-
dicting thermodynamic and kinetic properties of organic 
reactions, aligning well with experimental values. The def2-
TZVP basis set is suitable for the main group and some 
transition metal elements. The properties and interactions 
of chemical bonds, including covalent, ionic, and metallic 
bonds, were accurately characterized.

For each compound, 30 excited states were computed. 
The keyword IOp(9/40 = 4) was employed to generate 
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comprehensive configuration coefficients and ensure the 
accuracy of the calculations. All computational analyses were 
conducted using the Gaussian 09 software software [37].

Atomic dipole moment corrected Hirshfeld population, 
local electron attachment energy, and charge-transfer spectrum 
(CTS) [38] were determined utilizing the Multiwfn software 
[39–41] software. CTS was visualized based on the TD-DFT 
results. Visualization of the outcomes was facilitated by VMD 
1.9.3 [42]. The three-dimensional molecular configurations 
and input files were prepared using Gaussview 6.0.16 software.

Bond order

The Laplacian bond order (LBO) can be calculated using the 
following formula [41]:

where ρ(r) represents the electron density at a given point, 
and wA(r) is an atomic weighting function that corresponds 
to the extent of the atomic space.

Local electron attachment energy
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Here, ρ denotes the total electron density, |φi(r)|2 is the 
probability density of the molecular orbital, and ε is the 
orbital energy [43].

Conceptual density functional theory

Ionization potential (IP):

EN is the energy of a system with N electrons, while EN-1 
is the energy of the system after the loss of one electron.

Electron affinity (EA):

Conversely, EN+1 represents the energy of the system after 
the addition of one electron.

Chemical hardness (η):

Chemical hardness (S):

The global electrophilicity index (ω):

μ is the chemical potential:
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Scheme 1   The structure of NHP-H with different substituents
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Nucleophilicity index (N):

μr is the chemical potential of the reference system.

Results and discussion

Bond order

The discussion on electron density highlights the importance 
of the Laplacian function, ▽2ρ(r), which in Atoms in Mole-
cules (AIM) theory is the sum of the three diagonal elements 
of the Hessian matrix of electron density at a point. A nega-
tive ▽2ρ(r) indicates electron condensation. In chemical 
bond studies, a negative ▽2ρ in the bonding region typically 

(8)� = −
IP + EA

2

(9)N = �
r
− �

signifies covalent bond formation. Figure 1 shows critical 
points of electron density: purple, orange-yellow, and yel-
low represent (3, − 3), (3, − 1), and (3, + 1) points, respec-
tively, which are crucial for understanding electron density 
distribution and chemical bond formation, offering valuable 
insights for research [44].

The Laplacian bond order method analyzed NHP-H’s 
chemical bonds with different substituents, as shown in 
Table 1. Electron-donating substituents decrease the P–H 
bond order, with LBO values of 0.814 for –NH₂, 0.828 for 
–OH, 0.813 for –C₂H₅, and 0.821 for –CH₃. Conversely, 
electron-withdrawing substituents increase the P–H bond 
order, with LBO values of 0.874 for –NO₂, 0.857 for –CN, 
0.847 for –CHO, and 0.856 for –CONH₂. LBO values for 
P-N bonds were also measured, ranging from 0.523 to 0.614 
for P-N1 and from 0.523 to 0.747 for P-N2, depending on 
the substituent.

Electron-donating substituents decrease the P–H bond 
order, thereby diminishing its stability and enhancing its 

Fig. 1   AIM Topological Analysis Diagram of NHP-H with different 
substituents. Electron density topology of NHP-H compounds with 
various substituents, showing critical points (3, − 3), (3, − 1), and (3, 

+ 1). The distribution of these points reflects the influence of substitu-
ents on electron density and bond formation

Table 1   The LBO between 
the phosphorus atom and its 
adjacent atoms

–NH2 –OH –C2H5 –CH3 –NO2 –CN –CHO –CONH2

P–H 0.814 0.828 0.813 0.821 0.874 0.857 0.847 0.856
P-N1 0.589 0.598 0.614 0.579 0.558 0.523 0.581 0.595
P-N2 0.74 0.747 0.688 0.716 0.553 0.523 0.595 0.557
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reactivity. This phenomenon is exemplified by the pres-
ence of a –C₂H₅ substituent, which reduces the bond order 
to 0.813. This observation is consistent with fundamental 
chemical principles, as such substituents increase the elec-
tron density around the phosphorus atom, thereby modifying 
the electron cloud distribution of the P–H bond [45, 46]. 
Conversely, electron-withdrawing groups, such as –NO₂, 
increase the bond order to 0.874, thereby augmenting the 
bond's stability. Electron-withdrawing groups achieve this 
by reducing the nucleophilicity of phosphorus through 
the withdrawal of its electron cloud, which results in the 
strengthening of the P–H bond and a concomitant decrease 
in its reactivity.

According to the integral formula definition, the mag-
nitude of the Local Bond Order (LBO) value is contingent 
upon the degree of variation in electron density within the 
bond path region. A higher LBO value signifies a greater 
accumulation of electron density along the bond path, sug-
gesting a more substantial contribution of electrons to the 
chemical bond formation, thereby indicating a stronger bond. 
In comparison to electron-withdrawing groups, substituents 
that donate electrons tend to decrease the LBO value of 
the phosphorus-hydrogen (P–H) bond, thereby weakening 
it. This weakening effect is positively correlated with the 
electron-donating capacity of the substituents. Conversely, 
electron-withdrawing groups increase the LBO value of the 
P–H bond, thereby enhancing its stability and reducing its 
reactivity.

Atomic charge

The Atomic Dipole Moment Corrected Hirshfeld Popula-
tion (ADCH) method was utilized to compute the charge 
distributions of phosphorus (P), hydrogen (H), and nitrogen 
(N) atoms in NHP-H across various substituents, as outlined 
in Table 2.

Electron-donating groups increase the electron density 
and induce a negative charge on the phosphorus (P) atom, 
with ADCH charge values of − 0.0300 for –NH₂, 0.0007 
for –OH, − 0.1102 for –C₂H₅, and − 0.1029 for –CH₃. In 
contrast, electron-withdrawing groups decrease electron 
density, leading to a positive charge, with values of 0.1556 
for –NO₂, 0.1439 for –CN, 0.0058 for –CHO, and − 0.0169 
for –CONH₂. Similar effects are observed on adjacent nitro-
gen (N) atoms. For N1, the values are − 0.0806 with –NH₂, 

− 0.0892 with –OH, − 0.1025 with –C₂H₅, and − 0.0056 
with –NO₂. For N2, the values are − 0.0248 with –NH₂, 
− 0.0583 with –OH, − 0.1153 with –C₂H₅, and 0.0135 with 
–NO₂The influence of various substituents on hydrogen 
atoms is minimal, as evidenced by the slight fluctuations 
in the ADCH charge values of these atoms across different 
substituents. For instance, when the substituent is –NH₂, the 
charge value is 0.1560; for –OH, it is 0.1415; for –C₂H₅, it 
is 0.1607; and for –NO₂, it is 0.1502.

The distribution of atomic charges reveals that electron-
donating substituents confer a negative charge on the phos-
phorus atom, thereby enhancing its nucleophilicity, whereas 
electron-withdrawing substituents impart a positive charge, 
diminishing its nucleophilicity [47]. For example, an ethyl 
group (–C₂H₅) results in a phosphorus charge of − 0.1102, 
while a nitro group (–NO₂) leads to a charge of 0.1556. This 
variation in charge significantly influences the nucleophilic 
behavior of NHP-H, as a negatively charged phosphorus 
is more inclined to engage with positively charged sites. 
Electron-donating groups amplify this propensity, whereas 
electron-withdrawing groups attenuate it. Furthermore, 
substituents similarly affect the charge of adjacent nitrogen 
atoms but exert minimal influence on hydrogen atoms, indi-
cating that electronic effects are predominantly transmitted 
through directly bonded atoms.

Local electron attachment energy

Additionally, a minimum value of the local electron attach-
ment energy (LEAE) is observed at the phosphorus atom, 
as illustrated in Fig. 2.

Among the electron-donating substituents, the hydroxyl 
group (–OH) exhibits the most negative local electron 
affinity energy (LEAE) value, measured at − 0.77 eV. The 
LEAE value for the amino group (–NH₂) is approximately 
− 0.05 eV, which is nearly neutral, although this value may 
be refined with more precise data. The ethyl (–C₂H₅) and 
methyl (–CH₃) groups have LEAE values of − 0.03 eV and 
− 0.04 eV, respectively. Conversely, within the electron-
withdrawing substituents, the cyano group (–CN) displays 
the most negative LEAE value at − 0.57 eV, followed by the 
nitro group (–NO₂) at − 0.47 eV, the formyl group (–CHO) 
at − 0.31 eV, and the amide group (–CONH₂) at − 0.23 eV.

The minimum local electron attachment energy (LEAE) 
at the phosphorus atom, along with the impact of various 

Table 2   Atomic charges 
calculated with ADCH

–NH2 –OH –C2H5 –CH3 –NO2 –CN –CHO –CONH2

P  − 0.0300 0.0007  − 0.1102  − 0.1029 0.1556 0.1439 0.0058  − 0.0169
H 0.1560 0.1415 0.1607 0.1632 0.1502 0.1715 0.1514 0.1456
N1  − 0.0806  − 0.0892  − 0.1025  − 0.1448  − 0.0056 0.0254  − 0.0166  − 0.1275
N2  − 0.0248  − 0.0583  − 0.1153  − 0.0592 0.0135 0.0254 0.0791  − 0.1816
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substituents, elucidates the regulatory role these substitu-
ents play in modulating the protophilic activity of NHP-H 
molecules [48]. The hydroxyl (–OH) group, functioning 
as an electron donor, exhibits the lowest LEAE value of 
− 0.77 eV, indicating its potential to enhance binding affin-
ity towards protophilic reagents. Conversely, the cyano 
(–CN) group, an electron acceptor, also demonstrates sig-
nificant protophilic activity with an LEAE of − 0.57 eV. 
Therefore, in proton transfer reactions, NHP-H molecules 
with diverse substituents will display differential selectivi-
ties and activities contingent upon their LEAE values, with 
more negative LEAE values favoring proton attraction and 
facilitating reaction promotion.

Conceptual density functional theory

The parameters, including ionization potential (IP), elec-
tron affinity (EA), chemical hardness (η), softness (S), global 
electrophilicity index (ω), and nucleophilicity index (N) of 
NHP-H with various substituents, were computed and are 
presented in Table 3.

The electrophilicity indices of electron-donating sub-
stituents, such as –NH₂, –OH, –C₂H₅, and –CH₃, are sig-
nificantly lower than those of electron-withdrawing sub-
stituents. Specifically, the electrophilicity index values for 
–NH₂, –OH, –C₂H₅, and –CH₃ are 0.5543 eV, 0.6326 eV, 
0.5505 eV, and 0.5595 eV, respectively. In contrast, the elec-
trophilicity index for the electron-withdrawing substituent 
–NO₂ is substantially higher at 1.2029 eV. Conversely, the 

Fig. 2   Local electron attachment energy (LEAE) at the phosphorus atom for NHP-H compounds with various substituents. LEAE values indi-
cate the impact of substituents on the nucleophilic properties of NHP-H

Table 3   The reactivity 
descriptor of NHP-H with 
different substituents

IP
(eV)

EA
(eV)

η
(eV)

S
(eV−1)

ω
(eV)

N
(eV)

–NH2 6.5388  − 0.8245 7.3632 0.1358 0.5543 4.2466
–OH 6.8021  − 0.6576 7.4597 0.1341 0.6326 4.0120
–C2H5 6.4545  − 0.8014 7.2559 0.1378 0.5505 4.2611
–CH3 6.5814  − 0.8241 7.4054 0.1350 0.5595 4.1850
–NO2 8.1127 0.4657 7.6470 0.1308 1.2029 2.6539
–CN 7.7824 0.3853 7.3971 0.1352 1.1273 2.9412
–CHO 7.6166 0.0407 7.5759 0.1320 0.9674 3.1371
–CONH2 7.2210  − 0.2310 7.4521 0.1342 0.8196 3.4975
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nucleophilicity indices for the electron-donating substitu-
ents are relatively high, with values of 4.2466 eV for –NH₂, 
4.0120 eV for –OH, 4.2611 eV for –C₂H₅, and 4.1850 eV 
for –CH₃. Additionally, there are notable differences in the 
ionization potentials (IP) among the substituents, with val-
ues of 6.5388 eV for –NH₂, 6.8021 eV for –OH, and 8.1127 
eV for –NO₂. Regarding electron affinity (EA), the values 
are − 0.8245 eV for –NH₂, − 0.6576 eV for –OH, and 0.4657 
eV for –NO₂.

This study utilizes MultiWFN to compute the condensed 
local electrophilicity/nucleophilicity index. Figure 3 presents 
the corresponding values for phosphorus atoms, indicating 
that electron-donating groups demonstrate a heightened 
affinity for electron-withdrawing substituents. Among the 
substituents examined, the hydroxyl group (–OH) exhibits 
the highest condensed local electrophilicity/nucleophilicity 
index at 0.4457 eV, whereas the nitro group (–NO2), a potent 
electron-withdrawing substituent, possesses the lowest value 
at 0.1345 eV.

Conceptual density functional theory (DFT) calcu-
lations provide insights into the chemical reactivity of 
NHP-H when modified with various substituents [49–51]. 
Quantitative parameters, such as electrophilicity and 
nucleophilicity indices, are employed to assess the influ-
ence of these substituents on the electron-donating and 
electron-accepting properties of NHP-H [52, 53]. Substit-
uents that donate electrons typically exhibit lower elec-
trophilicity and higher nucleophilicity indices, thereby 
enhancing their propensity to donate electrons during 
chemical reactions. Conversely, electron-withdrawing 
substituents, exemplified by –NO₂ with an electrophilicity 

index of 1.2029 eV, are more inclined to accept electrons. 
These parameters are instrumental in elucidating the reac-
tivity of NHP-H in various chemical contexts and facilitate 
the prediction of reaction outcomes.

Charge‑transfer spectrum

Using time-dependent density functional theory (TDDFT), 
30 excited states of NHP-H with different substituents were 
calculated, with the first excited state (S1) energies shown 
in Fig. 4. The amino group substitution has the lowest S1 
energy at 3.4089 eV, while the aldehyde group substitution 
has the highest at 3.8291 eV. Other S1 energies are –OH at 
3.5012 eV, –C₂H₅ at 3.4567 eV, –CH₃ at 3.4325 eV, –NO₂ 
at 3.7568 eV, –CN at 3.7023 eV, and –CONH₂ at 3.6015 eV.

The CTS analysis utilizes the interfragment charge 
transfer approach to examine electron transfer dynamics 
between any two fragments of the system during electronic 
excitation, as depicted in Fig. 5.

The charge-transfer spectrum analysis indicates that 
NHP-H molecules substituted with electron-donat-
ing groups demonstrate lower excitation energies and 
increased reactivity [54, 55]. Moreover, these substitutions 
lead to a decrease in electron transfer from Fragment 1 to 
Fragment 2. For example, when comparing NHP-H mol-
ecules substituted with an amino group to those with an 
aldehyde group, within a specific wavelength range (e.g., 
200–400 nm), the intensity of the electron transfer contri-
bution peak from Fragment 1 to Fragment 2 is significantly 
lower in the amino group-substituted NHP-H than in its 
aldehyde group-substituted counterpart.

Fig. 3   Condensed local electrophilicity/nucleophilicity indices for 
phosphorus atoms in NHP-H compounds with different substituents. 
The indices highlight the contrasting effects of electron-donating 
and electron-withdrawing groups on the reactivity of the phosphorus 
center

Fig. 4   First excited state (S1) energies of NHP-H compounds with 
various substituents. The variation in excitation energies reflects the 
influence of different substituents on the electronic excitation proper-
ties of NHP-H
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Fig. 5   Charge-transfer spectra of NHP-H compounds with different substituents, illustrating the dynamics of electron transfer between molecular 
fragments upon electronic excitation. The spectra highlight differences in electron transfer contributions due to the nature of the substituents

Fig. 6   Interaction region indicator (IRI) analysis of NHP-H com-
pounds with various substituents, revealing the distribution and 
strength of chemical bonds and weak interactions within the mol-

ecules. The IRI spectra highlight how electron-donating and electron-
withdrawing groups alter the electron density around the phosphorus 
atom, affecting the stability and reactivity of the P–H bonds
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Interaction region indicator

IRI allows for the intuitive revelation of chemical bonds and 
weak interactions within chemical systems. Compared with 
other methods for weak interactions, the advantage of IRI 
lies in its ability to display all types of interactions equally 
[56].

This study used the IRI method to analyze NHP-H mol-
ecules with various substituents. The findings indicate that 
electron-donating substituents alter chemical bonds and 
weak interactions by increasing electron cloud density 
around the phosphorus atom. This affects the electron dis-
tribution and interaction strength in the P–H bond region, 
as seen in Fig. 6. These changes align with previous Lapla-
cian bond order (LBO) results, showing that such substitu-
ents lower the LBO value, reducing P–H bond stability and 
increasing reactivity, which is reflected as bond weakening 
in the IRI spectrum. IRI indicates that electron-withdrawing 
substituents enhance the stability of the P–H bond in NHP-H 
molecules by drawing electrons away from phosphorus. This 
results in a distinct interaction pattern in the IRI spectrum, 
showing increased interaction strength and improved bond 
stability, as reflected by a higher LBO value, compared to 
systems with electron-donating substituents. IRI can reveal 
various chemical bonds and weak interactions in NHP-H 
molecules beyond the P–H bond. For instance, the P-N 
bond’s interaction characteristics change with different 
substituents. The IRI spectrum allows for intuitive observa-
tion of electron distribution changes in the P-N bond region, 
reflecting how substituents influence nitrogen atom charges 
and affect other molecular interactions by altering electron 
cloud distribution. IRI analysis offers a clear and thorough 
view of the structure and reactivity of NHP-H molecules 
influenced by various substituents. It enhances other calcula-
tions like bond order and atomic charge, shedding light on 
how substituents affect chemical activity. This visualization 
method aids in understanding intramolecular interactions, 
informs future research on NHP-H organocatalytic reactions, 
and supports the design and optimization of NHP-H cata-
lysts for targeted reactions.

Conclusions

This study utilizes theoretical calculations to examine the 
influence of various substituents on the chemical reactivity 
of NHP-H. The results demonstrate that electron-donating 
substituents decrease the P–H bond order, impart a negative 
charge to the phosphorus atom, and enhance its nucleophi-
licity. In contrast, electron-withdrawing substituents produce 
opposite effects. These substituents affect the local electron 
attachment energy of the phosphorus atom, thereby modu-
lating the reactivity of NHP-H in proton transfer reactions. 

According to conceptual density functional theory, electron-
donating substituents are characterized by low electrophilic-
ity and high nucleophilicity, whereas electron-withdrawing 
substituents exhibit the opposite properties. Charge-transfer 
spectra indicate that electron-donating substituents reduce 
the excitation energy of NHP-H, thus increasing its reactiv-
ity. Furthermore, IRI analysis reveals that electron-donating 
substituents weaken the P–H bond, whereas electron-with-
drawing substituents strengthen it. IRI analysis also provides 
insights into changes in other intramolecular interactions. 
This study provides a theoretical foundation for the applica-
tion of NHP-H in organocatalysis.
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