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Abstract: In this article, we present a comprehensive computational investigation into the reaction
mechanism of N-arylation of substituted aryl halides through Ullmann-type coupling reactions.
Our computational findings, obtained through DFT ωB97X-D/6-311G(d,p) and ωB97X-D/LanL2DZ
calculations, reveal a direct relation between the previously reported experimental reaction yields
and the activation energy of haloarene activation, which constitutes the rate-limiting step in the
overall coupling process. A detailed analysis of the reaction mechanism employing the Activation
Strain Model indicates that the strain in the substituted iodoanilines is the primary contributor to the
energy barrier, representing an average of 80% of the total strain energy. Additional analysis based
on conceptual Density Functional Theory (DFT) suggests that the nucleophilicity of the nitrogen in
the lactam is directly linked to the activation energies. These results provide valuable insights into
the factors influencing energetic barriers and, consequently, reaction yields. These insights enable the
rational modification of reactants to optimize the N-arylation process.

Keywords: computational chemistry; conceptual DFT; reaction mechanisms; N-arylations;
substituent effect

1. Introduction

In 1901, Fritz Ullmann reported the first transition metal-mediated coupling reaction
for C(sp2)-C(sp2) bond formation [1]. The scope of this reaction, catalyzed initially by
stoichiometric amounts of copper, was extended by Irma Goldberg in 1906 for the N-
arylation of amides [2]. However, these historical coupling reactions are usually carried
out under rather harsh conditions, limiting their application [3]. Thus, the truly catalytic
Ullmann reaction, called Ullmann-type, was only achieved until the end of the last century
through the independent work of different research groups through the introduction of
chelating N- and O-based bidentate ligands for Cu(I) in combination with weak inorganic
bases [4–6].

The versatility and reliability of the Ullmann-type reaction for the formation of carbon–
carbon and carbon–heteroatom bonds (C-N, C-O, C-S, and C-P) have made it an indis-
pensable method in the pharmaceutical and agrochemical industries. Furthermore, it has
been successfully implemented in the synthesis and functionalization of materials [7]. Un-
questionably, one of the most important advantages over other methodologies for C-N
couplings, such as palladium-based Buchwald–Hartwig Cross-Coupling Reaction, is the
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abundance and low toxicity of copper. Thus, the growing demand for sustainable and safe
processes has driven demand for highly efficient catalytic reactions based on abundant
first-row transition metals with a low environmental impact [8–10]. Although the Ullmann-
type reaction has contributed to the development of sustainable processes, critical research
areas seek to improve its efficiency and sustainability. For example, through highly active
and reusable catalysts, second-generation ligands, energy-efficient activation methods, and
the replacement of toxic and contaminating solvents [11,12].

In this sense, Zacconi et al. reported a microwave-assisted synthesis of N-arylamides
from the Ullmann-type reaction between substituted lactams and 2-fluoro-4-iodoaniline,
as shown in Scheme 1b [13]. Specifically, they found that at room temperature, in toluene
for 96 h, the reaction yields for lactams substituted with S, O, and N-Boc were found to
be 10%, 15%, and 13%, while for the unsubstituted (CH2 group) lactam, it was negligible.
Nevertheless, at 160 ◦C for 2 h, in a microwave-assisted process, the reaction yields reach
their maximum values of 62%, 86%, 94%, and 90%, respectively. Specifically, the lactam
substituted with oxygen exhibits the highest yield, leaving N-Boc with an intermediate
yield, contrary to what classic chemistry would predict. (with the exclusion of the S system
from the comparison due to differences in the experimental temperature employed) [13].
Encouraged by the previous results, the Zacconi group turned their attention to replacing
toxic toluene. A solvent screening determined that 2-methyl-tetrahydrofuran (2-MeTHF)
allows for the synthesis of fluorinated N-arylamides and access to a valuable set of building
blocks in medicinal chemistry [13]. In this case, the identical group of substituted lac-
tams, as depicted in Scheme 1b, was employed in conjunction with 3-fluoro-4-iodoaniline
as the aryl halide, resulting in reaction yields of 68%, 61%, 90%, and 85% for It is note-
worthy that, despite variations in both solvents (toluene and 2-MeTHF) and aryl halides
(2-fluoro-iodoaniline and 3-fluoro-iodoaniline) between the two experimental investiga-
tions, consistent trends are observed regarding reaction yields. Specifically, the lactam
substituted with oxygen exhibits the highest yield, while the unsubstituted lactam demon-
strates the lowest yield (with the exclusion of the S system from the comparison due to
differences in the experimental temperature employed).

Furthermore, the authors have observed that substituting toluene with 2-MeTHF as
the solvent in the reaction with 3-fluoro-iodoaniline leads to a significant enhancement in
reaction yields. This observation underscores the potential of employing environmentally
friendly solvents in conjunction with microwave heating as a promising alternative to
traditional, hazardous solvents, resulting in a marked increase in reaction yields. However,
it should be noted that while these findings have delineated conditions for optimizing
reaction yields, the reactivity trends that impact reaction yields for various substituted
lactams remain unclear. Consequently, a more comprehensive and rigorous analysis is
imperative to attain a profound understanding of the underlying mechanisms and thereby
facilitate informed and systematic enhancements in the process. Given the existence of
multiple potential mechanisms for the Ullmann–Goldberg reaction [14–23], our study
primarily focuses on investigating the catalytic cyclic pathway depicted in Scheme 2. The
generally accepted mechanism for the Ullmann–Goldberg coupling reaction suggests that
the CuI complex initially coordinates with the diamine ligand DMEDA (refer to Scheme 2,
(I)). Subsequently, amide coordination leads to the formation of an intermediate (II), where
the removal of protons from the N-H bond of the lactam is facilitated by an inorganic base
(K3PO4 was employed in references [7–13]), resulting in the formation of a copper-amidate
complex (III) [13,15]. The use of inorganic bases with limited solubility in conventional
organic solvents enables the capture of generated protons during the reaction, thereby
minimizing the formation of by-products. Eventually, intermediate (III) reacts with the
aryl halide, leading to the desired N-arylated amide [24]. Although the mechanism might
proceed in the absence of ligand [24,25], we present the use of diamine ligand, which
promotes the formation of an activated copper (III) catalyst (Scheme 2) and becomes the
aryl halide activation rate-limiting step as previously studied by our group [26], where
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it was found that the mechanism of C-N bond formation proceeds by a nucleophilic
substitution in a single kinetic step.
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Scheme 1. (a) Examples of breakthrough advances in the development of Ullmann-type coupling
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In the present work, we have studied the Ullmann coupling reaction considering
four substituted lactams (X = CH2, S, O, and N-Boc), analyzed experimentally by Zacconi
et al. [7,13], the experimental Cu-DMEDA catalyst, and two different substituted anilines,
2-fluoro-4-iodoaniline and 3-fluoro-4-iodoaniline, which we will label as 2F and 3F, respec-
tively, resulting in eight different reactions. We analyzed the X substitution on the lactam
and the fluorine position of the aniline molecule with the aim of determining the most
important factors that govern the process that could be related to differences in reaction
yields that the group found experimentally, fundamentally the differences in yield that
N-Boc lactam had with 2F and 3F. To gain a thorough understanding of this reaction, we
approached it from various theoretical angles: (i) using the Activation Strain Model of
reactivity (ASM) [27,28] to examine the reaction mechanism; (ii) identifying interactions
among reactants at the transition state using the non-covalent interactions (NCI) [29–31]
index; and (iii) conducting a reactivity analysis using conceptual Density Functional Theory
(cDFT) reactivity indexes [32–34].

1.1. Theoretical Background
1.1.1. Conceptual Density Functional Theory (cDFT)

Conceptual DFT (cDFT) [32–36] is an area defined within the Density Functional
Theory (DFT) [34], which provides a variety of response functions of the number of parti-
cles and the external potential, such as electronic chemical potential, chemical hardness,
electrophilicity, and the Fukui function. These indexes are handy for obtaining insights
into the intrinsic global and local reactivity of a molecular system, and they can also be
computed along a reaction path to understand the changes in different molecular properties
in reacting systems [32,33,35,36].

The electronic chemical potential (µ) [32,33] is a global reactivity index that describes
the escaping tendency of electrons from an equilibrium electronic cloud, flowing the
electrons from systems with a high chemical potential to a low chemical potential, in
analogy to thermodynamics. It is defined as the derivative of the energy with respect to the
number of electrons at constant external potential, such as [32,37]:

µ =

(
∂E
∂N

)
v(r)

(1)

Equation (4) shows the formal definition of µ. Since N is a discrete variable, it
must need approximations. The analytical expression to calculate the chemical poten-
tial comes from applying the finite difference approximation and the Koopmans theorem,
as Equation (2) shows [37]:

µ ≈ − I + A
2

≈ εLUMO + εHOMO
2

(2)

Thus, it is possible to quantify the values of chemical potential from the energies of
frontier molecular orbitals.

The chemical hardness (η) [33,36–39], is a global reactivity index that is associated with
the ability of the system to resist the redistribution of its electron density. η can be associated
with the stability of the system, being those systems that are less reactive in comparison to
those systems with lower values of hardness. It is defined as the second derivative of the
energy with respect to the number of electrons at constant external potential [33,37–39]:

η =

(
∂2E
∂N2

)
v(r)

=

(
∂µ

∂N

)
v(r)

(3)

Analogously to µ, the analytic expression for chemical hardness comes from the
application of the finite difference approximation and the Koopmans theorem [37–39]:
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η ≈ − I − A
2

≈ εLUMO − εHOMO
2

(4)

Electrophilicity (ω) has been defined within conceptual DFT as a global index that
measures the energetic stabilization of a chemical system when it is saturated with electrons
from an external source [40]. Electrophilicity is expressed as:

ω =
µ2

2η
(5)

where µ and η values can be extracted from Equations (2) and (4) [37]. Local electrophilic-
ity, as its name indicates, is the local tendency to react towards electrons, and it can be
condensed to the atom k (ωk) [41,42] by using the electrophilic Fukui function as:

ωk =
µ2

2η
f+k = ω f+k (6)

This last Equation implies that the most electrophilic site is also the less hard (softer)
site [41]. Finally, the multiphilic index is defined from the index of generalized Phylicity
(ωk

α) defined by Chattaraj et. al. and the dual descriptor (∆ f ) defined by Morell and
Toro-Labbé as [42,43]:

∆ωk =
[
ω+

k − ω−
k
]
= ω∆ fk (7)

where ∆ fk is the condensed dual descriptor and ω is the electrophilicity index. The site is
electrophilic when ∆ωk > 0, whereas ∆ωk< 0, the site is nucleophilic. To calculate the local
nucleophilicity and philicity condensed to atoms, we use the corresponding condensed
fukui functions using the Yang and Mortier approximations [37,41,42].

1.1.2. Activation Strain Model (ASM)

The activation strain model (ASM) is a reactivity model based on electronic density
fragmentation, and it describes the physical nature of the activation energies observed
in chemical reactions [27,28]. This formulation states that the total energy of the system
is expressed as two contributions: the strain energy (∆Estrain) and the interaction energy
(∆Eint), such as:

∆E(ξ) = ∆Estrain(ξ) + ∆Eint(ξ) (8)

∆Estrain measures the energy associated with the geometrical distortion of each reactant
separately, while ∆Eint represents the energy associated with the interaction between the
distorted reactants.

1.1.3. Non-Covalent Interactions Index (NCI)

The non-covalent interactions index (NCI) is a visualization tool that is based on the
electron density (ρ(r)) and the reduced density gradient (RDG, s(r)), which corresponds to
the first derivative of the electron density, and it is defined as [29–31]:

s(r) =
1

2(3π2)
1/3

|∇ρ(r)|
ρ(r)4/3 (9)

The location of low-density zones and low gradients allows the identification of weak
interactions in a molecular system, and higher densities lead to stronger interactions. To
distinguish the stronger interactions, such as hydrogen bonds and steric interactions, it
is necessary to consider the second derivatives of the density [29–31]. The sign of the
second eigenvalue of the Hessian matrix (λ2) indicates the strength of the interactions,
where attractive interactions, such as hydrogen bonds, are identified with a negative λ2,
while repulsive steric interactions are represented by a positive number of λ2 at interatomic
regions [29–31].
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2. Results
2.1. Energies and Reaction Profiles

In the context of the analysis of the Ullmann–Goldberg catalytic cycle, described in
Scheme 2, we assumed that the reaction proceeds solely through coupling reactions without
the occurrence of side reactions, following the mechanism obtained in reference [26]. In
this sense, we have analyzed the rate determining step, which entails the coupling of
the Cu-lactam complex with the fluorinated aniline and the subsequent recovery of the
catalyst (called haloarene activation in Scheme 2). The reaction energies in the gas phase
were determined for each X group in the lactam with 2F and 3F substituted anilines
(indicated by left and right arrows in Figure 1, respectively). Our findings revealed that
by keeping constant the X group in the lactam-Cu complex, the activation energy is lower
in 2F compared to 3F for all the X groups in the lactam, with ∆∆E ̸= of 2.0, 1.9, 0.2, and
1.0 kcal/mol for X = CH2, S, O, and N-Boc, respectively. Consequently, the activation energy
exhibits an increasing order of O < N-Boc < S < CH2 for both F–iodoanilines, with values
ranging from 22.5 to 24.5 kcal/mol in the case of 2F aniline and from 22.7 to 26.5 kcal/mol
in 3F aniline.
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Based on these reaction barrier values and the experimental reaction yields that were
previously published by the Zacconi group [13,15], we have found a direct relationship
between both quantities, as can be seen in Figure 2.
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To gain insights into the nature of the activation energies and consequently the reaction
yields associated with substitutions in both the aniline and Cu-lactam systems, we have
analyzed in detail the potential energy profile of each reaction by decomposing the potential
energy along the reaction coordinate using the ASM. To carry out this analysis, we first
obtained the potential energy profiles for each coupling reaction with substitution in X
(CH2, S, O, N-Boc), which are presented in Figure 3a,b for 2F and 3F, respectively.
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2.2. EDA and Strain Energy Analysis

We conducted an energy decomposition analysis employing the ASM approach, as
illustrated in Figure 4 for 2F and 3F anilines. The aim of this analysis was to identify the
contribution of the strain and interaction energies to the reaction energies in Figure 4a and
the strain contribution to the reaction barrier in Figure 4b.
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interaction (dots) for 2F (a) and 3F (b) in kcal/mol; IRC values are in amu1/2 Bohr. Activation
energy vs. the strain energy of 2F (c) and 3F (d). ∆E ̸= = 0.09∆Estrain−TS + 1.51; R2 = 0.99; and
∆E ̸= = 0.98∆Estrain−TS + 1.25; R2 = 0.99, for 2F and 3F, respectively).
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To gain further insights into the nature of this strain energy, we partitioned the contri-
butions, considering the transition state complex treated as an ensemble of two reacting
fragments, the aniline (2F or 3F) and the Cu-lactam. The results of the overall contributions
to the barriers are presented in Figure 5, and it can be seen that the largest contribution to
the strain energy comes from the iodo-anilines (2F and 3F) in contrast to the Cu-lactam
species. The interaction energies are almost negligible; however, they only present negative
or stabilizing values in 2F.
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Figure 5. Activation energy
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)

yellow arrow, strain energy of halogenated aniline
(∆E

strain − F − aniline
) blue arrow, strain energy of the substituted lactam-Cu complex

(∆Estrain−L−Cu) green arrow, interaction energy (∆Eint) purple arrow. All strain energies were calcu-
lated at the transition state structure. All energy values are in kcal/mol.

To keep analyzing the strain energies, we have analyzed the transition state complexes
considering the two fragments, the iodoaniline (2F and 3F), and the Cu-L. To achieve this
task, we plotted the Cu-N and the C-I distances at the transition state versus their strain
energies in Figure 6a. Figure 6b depicts the aniline strain energy from the reactants to the
TS versus the evolution of the C-I bond along the reaction path.

2.3. NCI Analysis

In conjunction with strain energy analysis, recognizing its role as the primary determi-
nant of the reaction barriers, we have conducted a comprehensive 3D NCI index analysis
on all transition state structures, as illustrated in Figure 7.

The Figure 7 shows the TS, where the complex lies perpendicular to the iodoaniline
and the lactam planes in all the 2F and 3F systems. The black rectangle indicates the location
of stabilizing van der Waals (green) and ionic (blue) interactions, located mostly between
the Cu complex and the lactam. The red rectangle is delimiting the repulsion interactions,
mainly located between the lactam and iodoaniline rings in all reacting systems. Note that
the 2F with N-Boc substitution does not present a large repulsion interaction, according to
the lower values of strain energies at the TS.
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Figure 6. (a) Strain energy (strain aniline + strain Cu-lactam complex) vs. Cu-N (Cu-lactam com-
plex) and C-I (halogenated aniline) internuclear distances ∆Estrain = 120dC−I,TS − 268; R2 = 0.96
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2.4. Local Electrophilicity

To provide a comprehensive understanding of the interacting sites in the transition
states, we have performed a complementary analysis involving reactivity indexes using
c-DFT (refer to Table S1 in the supporting information). Specifically, we examined the
multiphilicity index (∆ωN) of the nitrogen atom at the lactam-copper complex (or the
nucleophilic site) and the local electrophilicity (ωC) of the reacting carbon atom in the
F-iodoaniline.
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It is interesting to note that the electrophilicity of the carbon atom does not play an
important role in defining the reaction barrier in the 2F system. In contrast, in 3F, the
fluorine substitution lowers the barriers along with the electrophilicity of C, showing that
the fluorine substitution in meta plays a synergic role with the amino group activating the
electrophilicity of the carbon atom, especially in N-Boc.

3. Discussion
3.1. Energies and Reaction Profiles

When analyzing the lactam-copper reactants in Figure 1, the activation energies were
determined to be 22.5 and 22.7 kcal/mol with the 2F and 3F anilines, respectively. The
lowest barrier is presented at the oxygen substitution of the Cu-lactam reactant complex,
kinetically favoring both reactions. Conversely, the least favorable reaction corresponds to
the unsubstituted Cu-lactam complex, with activation energies of 24.5 and 26.5 kcal/mol
for the 2F and 3F anilines, respectively.

Based on the calculated reaction barrier values and the experimental reaction yields [7,14]
we have found a direct relationship between both quantities, as can be seen in Figure 2.
These findings emphasize the impact of substituent modifications in the Cu-lactam complex
and the use of halogenated anilines.

We also plotted the potential energy profiles for each coupling (Figure 3a,b). It is
observed that all reactions present a similar behavior along the IRC, which is an indicator
of a reaction consisting only of an elemental step, and there are no further differences along
the substitutions other than the reaction barriers. Indicating that the structural changes
in the reactive systems induce variations in the reactivity of the chemical species, thus
affecting the activation energies in a chemical transformation and directly influencing the
resulting reaction yields. In order to further investigate the effects of either the lactam
substitution or the fluorine position in the aniline, we will discuss the impact of those
changes at the EDA and the strain energy along the reaction coordinate.

3.2. EDA and Strain Energy Analysis

We conducted an energy decomposition analysis employing the ASM approach, as
illustrated in Figure 4 for 2F and 3F anilines. This analysis indicates that strain energy
primarily dictates the potential energy profile of reactants in the transition state structure.
Variations in strain energy are consistent with the changes at the energy barriers among the
reactions. In contrast, the contribution of the interaction energy to the potential energy is
notably lower and remains relatively consistent across all reactions.

A more detailed examination of this energetic decomposition at the transition state
(TS) affirms the substantial role of strain energy in determining the activation energy for
both 2F and 3F substitutions, revealing a linear correlation between these factors (refer
to Figure 4b). In contrast, the contribution of interaction energy at TS is nearly negligible
for 3F, whereas 2F exerts a minor stabilizing effect with values of −2.1, −2.1, −1.6, and
−1.1 kcal/mol at CH2, S, O, and N-Boc substitutions, respectively.

The remarkable linear correlation (R2 = 0.99 for both substituted anilines) observed
between the strain energy at TS and the energy barrier suggests that an increase in strain
energy resulting from lactam substitution leads to a corresponding rise in the activation
energy of the process (see Figure 4b). It is worth noting that the activation energy values pre-
sented here may not precisely match those in the previous section due to the consideration
of the initial reactant complex in this analysis.

To gain further insights into the nature of the ∆Estrain, we decomposed it into the con-
tributions of the iodoaniline (2F, 3F) and the Cu-lactam fragments, along with comparing
their contributions to the ∆Eint and ∆E ̸=.

The results, presented in Figure 5, demonstrate that the distortion exhibited by the
halogenated aniline contributes significantly to the overall strain energy (77–82% for 3F,
82–86% for 2F). These findings suggest that the ring and substitution pattern in the iodoani-
line and, to some extent, the electronic effects from the lactam substituents influence mainly
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the deformation of the reactant complex (for further details, see Table S1). For instance,
if we analyze the N-Boc substituted lactam-Cu complex, the presence of N-Boc induces a
lower geometrical distortion of the aniline reaction partner compared to the unsubstituted
(X: CH2) lactam-Cu complex, which implies a lower activation energy.

The primary structural changes associated with strain energy in both fragments in-
volve the elongation of the Cu-N bond in the lactam-copper complex and the C-I bond in
the substituted aniline. The relationship between these geometric parameters and the total
strain energy is displayed in Figure 6a, where a direct linear correlation is only observed
in the case of the C-I bond of the aniline (blue line), while the elongation of the Cu-N
bond exhibits an inverse correlation with the strain energy in almost all cases (red line),
confirming that the aniline strain is the factor that governs the total strain energy and the
activation barriers. This direct relationship between strain energy and the C-I internuclear
distance of the aniline persists throughout the entire reaction pathway, as depicted in
Figure 6b, where a linear correlation is observed between these two quantities from the
initial stage of the reaction to the transition state. This indicates that an elongation of the
C-I bond augments the strain energy and, consequently, the activation energy.

3.3. NCI Analysis

On the other hand, even though interaction energy has a lower contribution to the
activation energies, it is important to investigate the variations in the interaction energy
among the halogenated anilines, keeping the X group constant (refer to Figure 5). To
accomplish this, we performed a non-covalent interactions analysis employing the NCI
index in all the transition state systems, as depicted in Figure 7. Our analysis reveals
that weak attractive van der Waals interactions (green surface in the black box) in the TS
structures exhibit greater strength at the 2F for reactions with X = CH2, S, and O, suggesting
a dominant role of attractive interactions in the overall interaction energy. In the case of
N-Boc, the interaction energy is attributed to a reduction in repulsive interactions (indicated
by the red color in the red box) compared to N-Boc at the 3F, affecting the strain energies
of the aniline already discussed in Section 3.2. These findings suggest that in reactions
involving 2F anilines, the interaction energy has a stabilizing effect, whereas in reactions
with 3F anilines, it has a destabilizing influence, in agreement with the ∆Estrain results.
This difference in interaction energy contributes to the preference for reactions with 2F
substitutions in terms of kinetic favorability over those with 3F substitutions.

3.4. Local Electrophilicity

To complement electronic information on the substituent effects on both the Cu-lactam
complex, we examined the multiphilicity index (∆ωN) at the nucleophilic nitrogen and
the local electrophilicity in the carbon atom bonded to the leaving group in the 2F and 3F
iodoanilines (ωC).

The primary results obtained for the substitution of the halogenated aniline in the 2F
and 3F systems indicate a direct linear correlation of |∆ωN| versus ∆E ̸=, as illustrated in
Figure 8a. Regarding ωC and its relationship to ∆E ̸= as shown in Figure 8b, we observe
only an inverse linear correlation at 3F. It is important to note a significant deviation in the
local electrophilicity values between the unsubstituted lactam complex and the substituted
systems, namely 8.9 vs. 14.2–14.3 eV, respectively.

For the 2F system, ωC remains quite constant across all four systems, implying that
differences in activation energy are not attributed to changes in the reactivity of the elec-
trophilic site. Indicating that the reaction is only directed by the lactam substitution,
affecting directly the nucleophilicity of the nitrogen. The electronic influence of the fluorine
substitution is only marginal, considering this atom is a weak o-deactivating of the carbon
atom in the 3F molecule and plays no role in the carbon electrophilicity in 2F.
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Figure 8. (a) Activation energy (∆E ̸=) vs. condensed-to-nitrogen multiphilicity. 2F: ∆E ̸= = 34.2∆ωN +

55.6; R2 = 0.95 and 3F: ∆E ̸= = 32.4∆ωC + 58.1; R2 = 0.91, (b) Activation energy vs. condensed-to-
carbon electrophilicity; 3F: ∆E ̸= = −0.7∆ωC + 43.8; R2 = 0.84.

In summary, the observed differences in activation energies for coupling reactions,
associated with various substitution patterns in halogenated aniline and the Cu-lactam
complex, can be attributed to several factors. These factors include lower strain energy,
increased stabilizing interactions at the TS, and the nucleophilic and electrophilic reactivity
of the reacting atoms. The key factors affecting reaction yields are visualized in Figure 9,
representing a reactivity scale based on four substituted lactams.
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4. Materials and Methods
Computational Details

The calculations were conducted employing Density Functional Theory (DFT) [33] to
account for the electronic correlation in molecular systems. Specifically, the GGA-hybrid
functional with long-range corrections ωB97X-D47 was used. Standard basis set functions
6-311G(d,p) [43,44] were employed to handle small atoms, while for copper and iodine,
and LANL2DZ [45] as a quasi-relativistic pseudopotential and basis set for Cu atoms. The
choice of the ωB97X-D/6-311G(d,p) and ωB97X-D/LanL2DZ methods for the calculations
is based on specific considerations regarding the properties and systems under investi-
gation. Specifically, wB97X-D was chosen for its demonstrated capability to accurately
describe interactions in a wide range of systems, such as molecular aggregates, hydrogen
complexes, and π–π systems. 6-311G(d,p) basis set provides an adequate description of
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molecular electronic structure, while LanL2DZ enables more efficient calculations without
significantly compromising precision for the electronic structure of molecules containing
transition metals.

To ensure the reactants and products exist as minima on the potential energy surface
and the transition state (TS) corresponds to a first-order saddle point with a single negative
eigenvalue on its Hessian matrix [46], a vibrational harmonic analysis was performed.
For an in-depth investigation of the Ullmann coupling reaction mechanism, the intrinsic
reaction coordinate (IRC) method [47–49] was employed. The analysis of intermolecular
interactions was conducted using the non-covalent interaction index (NCI) [29–31] employ-
ing the NCIPLOT 3.0 program [29]. All calculations were carried out using Gaussian 16 [50]
and Orca 4.0. [51,52] software packages. All the electronic and energetic values along the
IRC to calculate the cDFT indexes were obtained by single-point calculations using the
Gaussian 16 [49] package. Molecular structures were visualized and generated using the
Chemcraft program [53], and figures were generated using the CYLview 10.b software [54].

5. Conclusions

The experimental reaction yields in the N-arylation of aryl halides through an Ullmann-
type coupling reaction exhibit a direct correlation with the activation energy of the haloarene
activation step within the catalytic cycle. This suggests that improving reaction yields can
be achieved by reducing activation barriers.

A detailed analysis of the reaction mechanism, involving the decomposition of activa-
tion energy, highlights the predominance of strain energy in all cases. This predominance
is attributed to the greater distortion of the aryl halide compared to the lactam-copper
complex at the transition state. In contrast, interaction energy contributes exclusively to
the activation energy in the case of the 2F substituted aryl halide, playing a stabilizing
effect through weak attractive van der Waals interactions, which makes the barrier and
yield trends change from 2F to 3F systems due to the stabilization given by the geometry of
N-Boc in the first set of systems.

Furthermore, conceptual density functional theory (DFT) reactivity indexes were uti-
lized to elucidate the observed variations in activation energy. For the 3F halogenated
aniline, the activation energy correlates with the nucleophilic and electrophilic properties
of the reactive sites in the lactam-copper complex and aryl halide, respectively. Con-
versely, for the 2F-halogenated aniline, the activation energy is solely associated with the
nucleophilicity of the nitrogen in the lactam-copper complex.

In conclusion, a higher level of condensed-to-nitrogen multiphilicity corresponds
to lower strain energy in the aryl halide, leading to decreased activation energy and
consequently an improved reaction yield.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules29081770/s1. Further computational details, Tables S1–S3,
Figures S1–S26 and the structures of the studied systems [30,31,43–56].

Author Contributions: Conceptualization, F.C.Z. and B.H.; Formal analysis, B.H.; Funding ac-
quisition, R.D., C.B.-M. and F.C.Z.; Investigation, R.D. and C.B.-M.; Methodology, R.D., C.B.-M.,
F.S.-R. and D.F.R.; Project administration, F.C.Z. and B.H.; Resources, R.D., C.B.-M., F.C.Z. and B.H.;
Software, R.D., C.B.-M. and B.H.; Supervision, F.C.Z. and B.H.; Validation, R.D., C.B.-M. and B.H.;
Writing—original draft, R.D., D.F.R. and B.H.; Writing—review and editing, R.D. and B.H. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by FONDECYT REGULAR N◦ 1210763 (F.C.Z. and B.H.),
FONDECYT INICIACIÓN Grant No. 11230753 (R.D.) and FONDECYT INICIACIÓN and REGULAR
Grants No. 11240351 and No. 1231241 (C.B.-M.) and CONICYT-PCHA/Doctorado Nacional/2018-
21180422 (D.F.R.) and Beca VRI-UC 2019 (F.S.-R.).

Institutional Review Board Statement: Not applicable.

https://www.mdpi.com/article/10.3390/molecules29081770/s1
https://www.mdpi.com/article/10.3390/molecules29081770/s1


Molecules 2024, 29, 1770 14 of 16

Informed Consent Statement: Not applicable.

Data Availability Statement: The original data presented in the study are openly available in the
Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Ullmann, F.; Bielecki, J. Ueber Synthesen in Der Biphenylreihe. Berichte Dtsch. Chem. Ges. 1901, 34, 2174–2185. [CrossRef]
2. Goldberg, I. Ueber Phenylirungen Bei Gegenwart von Kupfer Als Katalysator. Berichte Dtsch. Chem. Ges. 1906, 39, 1691–1692.

[CrossRef]
3. Antilla, J.C.; Baskin, J.M.; Barder, T.E.; Buchwald, S.L. Copper−Diamine-Catalyzed N-Arylation of Pyrroles, Pyrazoles, Indazoles,

Imidazoles, and Triazoles. J. Org. Chem. 2004, 69, 5578–5587. [CrossRef]
4. Ma, D.; Zhang, Y.; Yao, J.; Wu, S.; Tao, F. Accelerating Effect Induced by the Structure of α-Amino Acid in the Copper-Catalyzed

Coupling Reaction of Aryl Halides with α-Amino Acids. Synthesis of Benzolactam-V8. J. Am. Chem. Soc. 1998, 120, 12459–12467.
[CrossRef]

5. Klapars, A.; Antilla, J.C.; Huang, X.; Buchwald, S.L. A General and Efficient Copper Catalyst for the Amidation of Aryl Halides
and the N -Arylation of Nitrogen Heterocycles. J. Am. Chem. Soc. 2001, 123, 7727–7729. [CrossRef] [PubMed]

6. Altman, R.A.; Buchwald, S.L. Cu-Catalyzed Goldberg and Ullmann Reactions of Aryl Halides Using Chelating N- and O-Based
Ligands. Nat. Protoc. 2007, 2, 2474–2479. [CrossRef] [PubMed]

7. Al-Shboul, T.M.A.; Al-Tarawneh, S.S.; Ababneh, T.S.; Jazzazi, T.M.A. Post-Functionalization of Bromo-Substituted Ether-Linked
Polymers via Ullman Coupling Reaction: Synthesis, Characterization and Their Role toward Carbon Dioxide Capture. Separations
2022, 9, 55. [CrossRef]

8. Manna, K.; Ji, P.; Lin, Z.; Greene, F.X.; Urban, A.; Thacker, N.C.; Lin, W. Chemoselective Single-Site Earth-Abundant Metal
Catalysts at Metal–Organic Framework Nodes. Nat. Commun. 2016, 7, 12610. [CrossRef] [PubMed]

9. Hayler, J.D.; Leahy, D.K.; Simmons, E.M. A Pharmaceutical Industry Perspective on Sustainable Metal Catalysis. Organometallics
2019, 38, 36–46. [CrossRef]

10. Rana, S.; Biswas, J.P.; Paul, S.; Paik, A.; Maiti, D. Organic Synthesis with the Most Abundant Transition Metal–Iron: From Rust to
Multitasking Catalysts. Chem. Soc. Rev. 2021, 50, 243–472. [CrossRef]

11. Yang, Q.; Zhao, Y.; Ma, D. Cu-Mediated Ullmann-Type Cross-Coupling and Industrial Applications in Route Design, Process
Development, and Scale-up of Pharmaceutical and Agrochemical Processes. Org. Process Res. Dev. 2022, 26, 1690–1750. [CrossRef]

12. Koenig, S.G.; Dankwardt, J.W.; Liu, Y.; Zhao, H.; Singh, S.P. Copper-Catalyzed Synthesis of Indoles and Related Heterocycles in
Renewable Solvents. ACS Sustain. Chem. Eng. 2014, 2, 1359–1363. [CrossRef]

13. Santana-Romo, F.; Lagos, C.F.; Duarte, Y.; Castillo, F.; Moglie, Y.; Maestro, M.A.; Charbe, N.; Zacconi, F.C. Innovative Three-Step
Microwave-Promoted Synthesis of N-Propargyltetrahydroquinoline and 1,2,3-Triazole Derivatives as a Potential Factor Xa (FXa)
Inhibitors: Drug Design, Synthesis, and Biological Evaluation. Molecules 2020, 25, 491. [CrossRef] [PubMed]

14. Sambiagio, C.; Munday, R.H.; John Blacker, A.; Marsden, S.P.; McGowan, P.C. Green Alternative Solvents for the Copper-Catalysed
Arylation of Phenols and Amides. RSC Adv. 2016, 6, 70025–70032. [CrossRef]

15. Rodríguez, D.F.; Durán-Osorio, F.; Duarte, Y.; Olivares, P.; Moglie, Y.; Dua, K.; Zacconi, F.C. Green by Design: Convergent
Synthesis, Computational Analyses, and Activity Evaluation of New FXa Inhibitors Bearing Peptide Triazole Linking Units.
Pharmaceutics 2021, 14, 33. [CrossRef] [PubMed]

16. Andrada, D.; Soria-Castro, S.; Caminos, D.; Argüello, J.; Peñéñory, A. Understanding the Heteroatom Effect on the Ullmann
Copper-Catalyzed Cross-Coupling of X-Arylation (X = NH, O, S) Mechanism. Catalysts 2017, 7, 388. [CrossRef]

17. Gurjar, K.K.; Sharma, R.K. Synthetic and Computational Studies on CuI/Ligand Pair Promoted Activation of C(Aryl)-Cl Bond in
C–N Coupling Reactions. Heliyon 2020, 6, e03233. [CrossRef] [PubMed]

18. Huffman, L.M.; Stahl, S.S. Carbon-Nitrogen Bond Formation Involving Well-Defined Aryl-Copper(III) Complexes. J. Am. Chem.
Soc. 2008, 130, 9196–9197. [CrossRef] [PubMed]

19. Clavé, G.; Garel, C.; Poullain, C.; Renard, B.-L.; Olszewski, T.K.; Lange, B.; Shutcha, M.; Faucon, M.-P.; Grison, C. Ullmann
Reaction through Ecocatalysis: Insights from Bioresource and Synthetic Potential. RSC Adv. 2016, 6, 59550–59564. [CrossRef]

20. Sambiagio, C.; Marsden, S.P.; Blacker, A.J.; McGowan, P.C. Copper Catalysed Ullmann Type Chemistry: From Mechanistic
Aspects to Modern Development. Chem. Soc. Rev. 2014, 43, 3525–3550. [CrossRef]

21. Lewis, E.A.; Marcinkowski, M.D.; Murphy, C.J.; Liriano, M.L.; Therrien, A.J.; Pronschinske, A.; Sykes, E.C.H. Controlling
Selectivity in the Ullmann Reaction on Cu(111). Chem. Commun. 2017, 53, 7816–7819. [CrossRef] [PubMed]

22. Strieter, E.R.; Blackmond, D.G.; Buchwald, S.L. The Role of Chelating Diamine Ligands in the Goldberg Reaction: A Kinetic Study
on the Copper-Catalyzed Amidation of Aryl Iodides. J. Am. Chem. Soc. 2005, 127, 4120–4121. [CrossRef] [PubMed]

23. Sperotto, E.; Van Klink, G.P.M.; Van Koten, G.; De Vries, J.G. The Mechanism of the Modified Ullmann Reaction. Dalton Trans.
2010, 39, 10338. [CrossRef]

https://doi.org/10.1002/cber.190103402141
https://doi.org/10.1002/cber.19060390298
https://doi.org/10.1021/jo049658b
https://doi.org/10.1021/ja981662f
https://doi.org/10.1021/ja016226z
https://www.ncbi.nlm.nih.gov/pubmed/11481007
https://doi.org/10.1038/nprot.2007.364
https://www.ncbi.nlm.nih.gov/pubmed/17947989
https://doi.org/10.3390/separations9030055
https://doi.org/10.1038/ncomms12610
https://www.ncbi.nlm.nih.gov/pubmed/27574182
https://doi.org/10.1021/acs.organomet.8b00566
https://doi.org/10.1039/D0CS00688B
https://doi.org/10.1021/acs.oprd.2c00050
https://doi.org/10.1021/sc5002098
https://doi.org/10.3390/molecules25030491
https://www.ncbi.nlm.nih.gov/pubmed/31979319
https://doi.org/10.1039/C6RA02265K
https://doi.org/10.3390/pharmaceutics14010033
https://www.ncbi.nlm.nih.gov/pubmed/35056929
https://doi.org/10.3390/catal7120388
https://doi.org/10.1016/j.heliyon.2020.e03233
https://www.ncbi.nlm.nih.gov/pubmed/32055723
https://doi.org/10.1021/ja802123p
https://www.ncbi.nlm.nih.gov/pubmed/18582057
https://doi.org/10.1039/C6RA08664K
https://doi.org/10.1039/C3CS60289C
https://doi.org/10.1039/C7CC02901B
https://www.ncbi.nlm.nih.gov/pubmed/28653058
https://doi.org/10.1021/ja050120c
https://www.ncbi.nlm.nih.gov/pubmed/15783164
https://doi.org/10.1039/c0dt00674b


Molecules 2024, 29, 1770 15 of 16

24. Xie, C.; Guo, Q.; Yang, Z.; Zi, G.; Huang, Y.; Hou, G. Enantioselective Synthesis of Chiral 2,2,2-Trifluoroethyl Lactams via
Asymmetric Hydrogenation. Org. Chem. Front. 2023, 10, 2498–2504. [CrossRef]

25. Halder, M.; Islam, M.M.; Ansari, Z.; Ahammed, S.; Sen, K.; Islam, S.M. Biogenic Nano-CuO-Catalyzed Facile C–N Cross-Coupling
Reactions: Scope and Mechanism. ACS Sustain. Chem. Eng. 2017, 5, 648–657. [CrossRef]

26. Durán, R.; Núñez-Navarro, N.; Zacconi, F.C.; Herrera, B. Theoretical Study of C-Arylations with Aryl Halides to Determine the
Reaction Mechanism, the Effect of Substituents and Heteroatoms. Phys. Chem. Chem. Phys. 2019, 21, 10163–10170. [CrossRef]
[PubMed]

27. van Zeist, W.-J.; Bickelhaupt, F.M. The Activation Strain Model of Chemical Reactivity. Org. Biomol. Chem. 2010, 8, 3118. [CrossRef]
[PubMed]

28. Fernández, I.; Bickelhaupt, F.M. The Activation Strain Model and Molecular Orbital Theory: Understanding and Designing
Chemical Reactions. Chem. Soc. Rev. 2014, 43, 4953–4967. [CrossRef] [PubMed]

29. Contreras-García, J.; Boto, R.A.; Izquierdo-Ruiz, F.; Reva, I.; Woller, T.; Alonso, M. A Benchmark for the Non-Covalent Interaction
(NCI) Index Or. . . Is It Really All in the Geometry? Theor. Chem. Acc. 2016, 135, 242. [CrossRef]

30. Contreras-García, J.; Johnson, E.R.; Keinan, S.; Chaudret, R.; Piquemal, J.-P.; Beratan, D.N.; Yang, W. NCIPLOT: A Program for
Plotting Non-Covalent Interaction Regions. J. Chem. Theory Comput. 2011, 7, 625–632. [CrossRef]

31. Otero-de-la-Roza, A.; Johnson, E.R.; Contreras-García, J. Revealing Non-Covalent Interactions in Solids: NCI Plots Revisited.
Phys. Chem. Chem. Phys. 2012, 14, 12165. [CrossRef] [PubMed]

32. Parr, R. Some Functional Relations in the Density Functional Theory of Finite Interacting Electronic Systems. Chem. Phys. Lett.
1997, 276, 164–166. [CrossRef]

33. Parr, R.G.; Yang, W. Density-Functional Theory of the Electronic Structure of Molecules. Annu. Rev. Phys. Chem. 1995, 46, 701–728.
[CrossRef] [PubMed]

34. Parr, R.G.; Yang, W. Density Functional Theory of Atoms and Molecules, 1st ed.; International Series Monographs in Chemistry;
Oxford University Press: Oxford, UK, 1989; Volume 1, ISBN 978-0-19-509276-9.

35. Parr, R. Chemical Reactivity Theory; CRC Press: Boca Raton, FL, USA, 2009. [CrossRef]
36. Parr, R.G. Aspects of Density Functional Theory. Philosophical. Mag. B 1994, 69, 737–743. [CrossRef]
37. Geerlings, P.; Proft, F.D.; Langenaeker, W. Conceptual Density Functional Theory. Chem. Rev. 2003, 103, 1793–1874. [CrossRef]

[PubMed]
38. Geerlings, P.; Chamorro, E.; Chattaraj, P.K.; Proft, F.D.; Gázquez, J.L.; Liu, S.; Morell, C.; Toro-Labbé, A.; Vela, A.; Ayers, P.

Conceptual Density Functional Theory: Status, Prospects, Issues. Theor. Chem. Acc. 2020, 139, 36. [CrossRef]
39. Pearson, R.G. Chemical Hardness; Wiley-VCH Verlag GmbH: Weinheim, Germany, 1987; Volume 1, ISBN 978-3-527-29482-4.
40. Parr, R.G.; Szentpály, L.V.; Liu, S. Electrophilicity Index. J. Am. Chem. Soc. 1999, 121, 1922–1924. [CrossRef]
41. Padmanabhan, J.; Parthasarathi, R.; Elango, M.; Subramanian, V.; Krishnamoorthy, B.S.; Gutierrez-Oliva, S.; Toro-Labbé, A.;

Roy, D.R.; Chattaraj, P.K. Multiphilic Descriptor for Chemical Reactivity and Selectivity. J. Phys. Chem. A 2007, 111, 9130–9138.
[CrossRef] [PubMed]

42. Chattaraj, P.K.; Duley, S.; Domingo, L.R. Understanding Local Electrophilicity/Nucleophilicity Activation through a Single
Reactivity Difference Index. Org. Biomol. Chem. 2012, 10, 2855. [CrossRef]

43. McLean, A.D.; Chandler, G.S. Contracted Gaussian Basis Sets for Molecular Calculations. I. Second Row Atoms, Z = 11–18.
J. Chem. Phys. 1980, 72, 5639–5648. [CrossRef]

44. Chiodo, S.; Russo, N.; Sicilia, E. LANL2DZ Basis Sets Recontracted in the Framework of Density Functional Theory. J. Chem. Phys.
2006, 125, 104107. [CrossRef] [PubMed]

45. Krishnan, R.; Binkley, J.S.; Seeger, R.; Pople, J.A. Self-consistent Molecular Orbital Methods. XX. A Basis Set for Correlated Wave
Functions. J. Chem. Phys. 1980, 72, 650–654. [CrossRef]

46. Scott, A.P.; Radom, L. Harmonic Vibrational Frequencies: An Evaluation of Hartree−Fock, Møller−Plesset, Quadratic Con-
figuration Interaction, Density Functional Theory, and Semiempirical Scale Factors. J. Phys. Chem. 1996, 100, 16502–16513.
[CrossRef]

47. Gonzalez, C.; Schlegel, H.B. Reaction Path Following in Mass-Weighted Internal Coordinates. J. Phys. Chem. 1990, 94, 5523–5527.
[CrossRef]

48. Fukui, K. The Path of Chemical Reactions—The IRC Approach. Acc. Chem. Res. 1981, 14, 363–368. [CrossRef]
49. van Zeist, W.-J.; Koers, A.H.; Wolters, L.P.; Bickelhaupt, F.M. Reaction Coordinates and the Transition-Vector Approximation to

the IRC. J. Chem. Theory Comput. 2008, 4, 920–928. [CrossRef]
50. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;

Nakatsuji, H. Gaussian 16, Revision B.01, Gaussian, Inc.: Wallingford, CT, USA, 2016.
51. Neese, F. The ORCA Program System. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2012, 2, 73–78. [CrossRef]
52. Neese, F. Software Update: The ORCA Program System, Version 4.0. WIREs Comput. Mol. Sci. 2018, 8, e1327. [CrossRef]
53. Zhurko, G.; Zhurko, D. ChemCraft. Available online: http://www.chemcraftprog.com (accessed on 1 January 2019).
54. Legault, C. CYLVIEW 10.b. Available online: http://www.cylview.org (accessed on 1 January 2021).

https://doi.org/10.1039/D3QO00319A
https://doi.org/10.1021/acssuschemeng.6b02013
https://doi.org/10.1039/C8CP07752E
https://www.ncbi.nlm.nih.gov/pubmed/31062769
https://doi.org/10.1039/b926828f
https://www.ncbi.nlm.nih.gov/pubmed/20490400
https://doi.org/10.1039/C4CS00055B
https://www.ncbi.nlm.nih.gov/pubmed/24699791
https://doi.org/10.1007/s00214-016-1977-7
https://doi.org/10.1021/ct100641a
https://doi.org/10.1039/c2cp41395g
https://www.ncbi.nlm.nih.gov/pubmed/22850808
https://doi.org/10.1016/S0009-2614(97)88051-7
https://doi.org/10.1146/annurev.pc.46.100195.003413
https://www.ncbi.nlm.nih.gov/pubmed/24341393
https://doi.org/10.1201/9781420065442.ch1
https://doi.org/10.1080/01418639408240142
https://doi.org/10.1021/cr990029p
https://www.ncbi.nlm.nih.gov/pubmed/12744694
https://doi.org/10.1007/s00214-020-2546-7
https://doi.org/10.1021/ja983494x
https://doi.org/10.1021/jp0718909
https://www.ncbi.nlm.nih.gov/pubmed/17715901
https://doi.org/10.1039/c2ob06943a
https://doi.org/10.1063/1.438980
https://doi.org/10.1063/1.2345197
https://www.ncbi.nlm.nih.gov/pubmed/16999515
https://doi.org/10.1063/1.438955
https://doi.org/10.1021/jp960976r
https://doi.org/10.1021/j100377a021
https://doi.org/10.1021/ar00072a001
https://doi.org/10.1021/ct700214v
https://doi.org/10.1002/wcms.81
https://doi.org/10.1002/wcms.1327
http://www.chemcraftprog.com
http://www.cylview.org


Molecules 2024, 29, 1770 16 of 16

55. Lin, Y.-S.; Li, G.-D.; Mao, S.-P.; Chai, J.-D. Long-Range Corrected Hybrid Density Functionals with Improved Dispersion
Corrections. J. Chem. Theory Comput. 2013, 9, 263–272. [CrossRef]

56. Boto, R.A.; Contreras-García, J.; Tierny, J.; Piquemal, J.-P. Interpretation of the reduced density gradient. Mol. Phys. 2016, 114,
1406–1414. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/ct300715s
https://doi.org/10.1080/00268976.2015.1123777

	Introduction 
	Theoretical Background 
	Conceptual Density Functional Theory (cDFT) 
	Activation Strain Model (ASM) 
	Non-Covalent Interactions Index (NCI) 


	Results 
	Energies and Reaction Profiles 
	EDA and Strain Energy Analysis 
	NCI Analysis 
	Local Electrophilicity 

	Discussion 
	Energies and Reaction Profiles 
	EDA and Strain Energy Analysis 
	NCI Analysis 
	Local Electrophilicity 

	Materials and Methods 
	Conclusions 
	References

