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ABSTRACT: We report the influence of substituents and physical
conditions on activation energies for the noncatalyzed amination
(C−N cross-coupling reactions) of aryl halides. We uncover a
significant correlation between the barrier heights of the C−N
bond formation and Hammett σ parametersa formal measure of
the electron-withdrawing or -donating ability of substituents on the
aryl halides. Our results indicate that such correlations are useful
predictive tools for the amination of aryl halides over a wide range
of substituent types. From 54 cases studied (six substituents
occupying specific positions relative to halogen atoms), the 2-
COOHPhI + NH2

nPr amination reaction is predicted to possess
the lowest noncatalyzed activation free energy (135.6 kJ mol−1)
using the B3LYP method. The lower barriers for the 2-COOHPhX
(for X = Cl, Br, and I) compounds are shown to originate from collusion between steric and electronic effectsspecifically, the
momentary formation of a hydrogen bond between an oxygen site on the ortho-COOH and the lone pair of the entering amine.
Internal reaction coordinate (IRC) path calculations afforded us these and other key insights into the nature of the reactions. The
control exerted by substituents on the arrangement of the transition state structure, as well as the sensitivity of the reaction barriers
to temperature and solvent polarity, are discussed. These results offer new perspectives from which to assess the nature of the C−N
bond formation and suggest new avenues for future exploration, especially in progress toward the metal-free amination of aryl
compounds.

■ INTRODUCTION

The amination of aryl halides is of great importance to the
discovery, development, and production of pharmaceuticals, as
well as for the synthesis of a variety of other commodity
chemicals with an N-aryl moiety.1−3 A number of reaction
schemes and methods for C−N bond formation of electron-
rich aryl compoundstypically less reactive compounds under
mild conditions than electron-poor aryl halideshave been
developed.4,5 Noteworthy amination reactions include the
commonly implemented Ullmann and Goldberg reactions
enabled by a copper-based reagent and a palladium-based
Buchwald−Hartwig (BH) catalyst, respectively.6,7

The catalytic BH cross-coupling approach has been vital in
unlocking limited and difficult synthetic transformations.8−12

This approach has permitted the use of more diverse reagents
and milder reaction conditions at an industrial scale.13−16

Regardless of the broader substrate scope and functional group
tolerance enabled by catalysts, alternative methodologies are
being studied for the synthesis of N-aryl compounds, leading to
greener chemistries.17,18 In practice, transition metal-based
amination reactions often require additional unit operations,
such as the removal of any metal impurities and byproducts
generated from the use of metal catalysts.

Compared to the BH approach, metal-free C−N coupling
reactions have been sparingly reported in the literature.19,20

More prevalent reports of metal-free aminations include
microwave irradiation motifs4,21−27 or base-catalyzed reaction
schemes.28−30 For example, microwave irradiation has been
shown to enable direct metal-free coupling of morpholine to an
aromatic ring containing free −OH and −NH2 substituents
(i.e., strong electron-donating groups).4 In addition, micro-
waves have been utilized to react aryl halide compounds
containing a wide range of substituents. These reactants were
able to produce good yields (≥61%) within short reaction
times (≤20 min), except for the case of an acetyl substituted
aryl compound.4 This result, among others, indicates that
microwave-assisted C−N aminations are capable of producing
significant product yields under feasible reaction times while
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simultaneously alleviating the need for excess product isolation
steps when ran metal-free.
Theoretical methods provide us with an opportunity to

quantify the kinetics and thermodynamics for model reaction
systems, which aid in expanding upon conventional and
alternative synthesis approaches, including those toward green
chemistry. Previous C−N cross-coupling investigations have
focused on studying the mechanism of aryl amination
reactions, both experimentally31−35 and computational-
ly.8,9,36−40 Yet, systematic computational investigations into
the thermodynamics of the direct C−N bond formation
remain sparse in the literature.
Herein, a theoretical investigation into the noncatalyzed

amination of various substituted aryl halides as model
compounds is presented. A diverse set of substituted aryl
halides (RPhX for X = −Cl, −Br, and −I) was chosen to obtain
a fundamental understanding of the influence of substituents
on energy barriers and the kinetics of metal-free amination
reactions between aryl halides and primary amines. The nature
of the associated transition states for the substituents is
evaluated. The Hammett σ constants for each substituent are
ranked and compared with the respective activation energy
barrier heights for the given reactions. Substituent placement
(ortho-, meta-, and para-positions) was also accounted for to
study the possible electronic and steric influences on the
energy barrier heights. A brief assessment of the influence of
temperature and solvent selection for the amination reactions
is given. These results provide insights into a classic chemical
reaction while raising considerations of utilizing substituents to
influence chemical reactions. This work also provides a
reference for future computational studies.

■ RESULTS AND DISCUSSION
The thermodynamics of the C−N bond formation between
substituted benzene and amine derivatives were examined for
the generalized reaction in Scheme 1 (n-RPhX + NH2R′),

where n = 2 (ortho), 3 (meta) or 4 (para) for R = −H, −Me,
−OMe, −F, −CF3, −COOH, or −CN with X = −Cl, −Br, and
−I. Fluorine (X = −F) was not included in this study as it is
considered to be a poor leaving group for coupling
reactions.41,42

The aryl substituents, R, were chosen for their relevance in
the synthesis of active pharmaceutical ingredients as well as
their ability to modulate the reactivity of the aryl ring.43

Additionally, we consider a broad range of temperatures (−20,
25, and 80 °C) and solvation effects (relative permittivity
dielectric constants, εr = 1−78.36).
What Transition States Can Teach Us. To assess the

mechanism and nature of the reaction shown in Scheme 1, IRC
path calculations were carried out for all of the defined

substituted aryl halides. The IRC calculations were initiated
using confirmed transition state structures (TSSs) to link the
n-RPhX + NH2R′ reactants with the n-RPhNHR′ + HX
products.44 Examples of the TSSs obtained are depicted in
Figure 1. The TSSs from the QSTn calculations are consistent
with nucleophilic aromatic substitution.6 This pathway
provided for a systematic approach to assess chemical reactivity
and substituent effects of the aryl halide amination reactions.
The full set of optimized cartesian coordinates for all of the
reactants, products, and transition state structures are provided
in Tables S10−S12 of the Supporting Information.
Each of the TSSs, as illustrated for the nine cases shown in

Figure 1, shows the N atom of the amine coordinating to the C
center bonded to the halogen atom of the aryl halide, with N···
C separations equal to 1.90 ± 0.7 Å. During this process, the C
center of the aryl halide undergoes a certain degree of
rehybridization, such that the C−X bond rotates out of the
plane of the ring to facilitate the initiation between the C
center and the amine. In the mode of an addition−elimination
reaction, the lone pair on the N is then donated to the C
center, activating the C−X bond (cf. Figure 1), which
ultimately leads to the migration of X from the aryl halide
and a proton from the amine.
The extent of the C−X bond elongation in the optimized

TSSs may be intuitively assumed to vary indirectly with the
extent of the N→ C “acid−base” interaction in preparation for
X migration and C−N bond formation; however, this may not
be the case. The C···X and N···C separations of the calculated
TSSs, shown in Figure 1, were found to vary directly with each
other for the combined n = 3 and 4 substituents, forming a
remarkably linear relationship for each X (Figure 2d−f).
Furthermore, the meta- and para-cases (i.e., n = 3, and 4) were
linked by linear trends with surprisingly high coefficients of
determination (R2 = 0.992 to 0.970 for X = Cl to I). A direct
and roughly linear trend was also observed for all ortho-cases
(Figure 2a−c), with the exception of R = 2-COOHan
oddity that will be discussed further in later sections.
From Figure 2, it is clear that the identity of the R group

only determines where the TSS geometry falls along the line of
best fit. This suggests that all of the R groups inductively
modify the electronic environment at the reaction site almost
entirely via direct through-bond interactions (donating or
withdrawing electron density) with no substantial secondary
steric or other through-space effects that would be unique to
individual R fragments. However, for the ortho-systems, the
close proximity of the C−R and C−X bonds is such that steric
effects and other weak interactions could have a particularly
dramatic influence on the nature of the transition state
structures, and those influences appear to be quite con-
sequential for R = 2-COOH.
Beyond steric effects, the computational results provide

structural evidence of a hydrogen bond between the saturated
O center of the 2−COOH and one of the H−N bonds on the
entering amine, as will be discussed in a later section. This
interaction, we infer, accounts for the anomalous behavior of
the 2-COOH TSS relative to the other ortho-cases shown in
Figure 2. The overall effects of a hydrogen bond, electronic,
and steric constraints sum to give a rather long C···N
separation in the TSS of that 2-COOH system, much longer
than expected, given the trend provided by the other data
points shown in Figure 2 for the ortho-species. An alternative
interpretation to consider is that the presence of an ortho-
carboxyl group causes the C···X contact in the TSSs to be

Scheme 1. Generalized Scheme of the Reaction between
Substituted Aryl Halides and Various Primary Amines
Considered in This Work
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Figure 1. Transition state structures (TSSs) linking the reactants and products on the potential energy surfaces for the amination reactions, where n
= 2 (ortho), 3 (meta), and 4 (para); R = −COOH, −CN, and −F; X = Br; and R′= nPr. The cases shown here are qualitatively identical to all other
systems investigated. Distances are presented in Å units.

Figure 2. Correlations between the C···N and C···X separations in the transition state structures for the amination reactions for (a−c) ortho-cases
and (d−f) meta-, para-, and unsubstituted (R = H) cases. The order of data points for the R groups is identical for all three plots (d−f), except for
the last three data points of 4-F, 4-Me, and 4-OMe. To minimize congestion on the graphs (d−f) for n = 3, and 4, data points are explicitly labeled
only for (f) X = I.
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unduly short (relative to the C···N contact), but it is unclear
from the transition structure what would account for a
particular stubborn resistance to C···I bond breaking in the
specific case of R = 2-COOH.
Curiously, the ortho- and para-TSSs (i.e., the 2-R and 4-R

systems) shown in Figure 2 span a somewhat larger range of
C···X distances relative to the meta-cases (3-R). In Figure 2d−
f, the meta-TSSs are nestled between the electron-donating 4-
Me, 4-OMe, and 4-F groups (with the longest TSS contacts)
and the electron-withdrawing groups (with the shortest
contacts). These results show a link between the substituent
position and TSS contacts, which presage a general relation-
ship between the nature of the substitution pattern and the
energetics of the amination reactions presented in the
subsequent sections.
Quantifying the Barrier to Amination. Table 1 lists the

activation energies (barrier heights) with zero-point energy

corrections (Ea
ZPE), which were computed as the energy

differences between the confirmed TS structures and the
relevant n-RPhX + NH2R′ pairs [Ea = ETS − (Earyl + Eamine)].
Table 1 also lists the corresponding activation free energy
(ΔGa

298.15 K). Since the IRC paths do not necessarily terminate
to fully optimized geometries, the barrier heights listed in
Table 1 were calculated as the difference in energy of the
optimized TSSs and the isolated n-RPhX + NH2R′ molecules.
Additional data for these systems are given in Tables S1−S3 of
the Supporting Information.
The values presented in Table 1 allow us to comment

broadly on the effects of the R substituents on the halide
elimination as well as the overall reaction. In general, barrier
heights decrease as X gets larger and less electronegative. That
is, the reaction becomes increasingly favorable as we go from X
= Cl to I, reaffirming iodine as the best leaving group of the
three halides considereda well-known consequence of its
low electronegativity, weaker C−X bond, and a significant
relaxation in steric repulsion, as the iodine atom leaves.45 For
the very few cases in Table 1 where the ΔG value for X = Br is
actually lower than it is for X = I (i.e., 4-F and 4-CF3), the
margins are quite small (1.0 and 0.9 kJ mol−1, respectively).
Overall, our work suggests that electron-withdrawing R

groups are favorable for aryl amination, especially at the ortho-
position. The lowest values were obtained for the 2-
COOHPhX cases (for X = Br, and I), with ΔG values less
than 164 kJ mol−1. Electron-donating groups are found to be
noticeably less favorable for the reaction, particularly when
situated at the para-position. The highest ΔEa

ZPE and ΔGa
298.15 K

values have been calculated for the 4-MeOPhCl, 4-FPhCl, 4-
MePhCl, and 2-MePhCl aminations with the NH2

nPr in Table
1. This agrees with the experimental work reported in Aubin et
al.,46 in which the presence of electron-withdrawing groups was
found to be necessary to activate the halogen atom of aryl
halides toward direct catalytic amination reactions with
ammonia.
Within the subset of electron-withdrawing groups (e.g., R =

−CN and −CF3) seen in Table 1, the ortho-substituted aryl
rings are predicted to have, in general, the lowest barriers to
reaction, whereas the meta-substituted cases are predicted to
have the highest barriers. For the electron-donating sub-
stituents (e.g., R = −Me and −OMe), meta-substitution yields
the lowest barriers to aminationeven if the meta- and ortho-
barriers are only separated by <3 kJ mol−1whereas the para-
substituted aryl halides yield the highest activation energies.

Table 1. Barrier Heights (Ea
ZPE and ΔGa

298.15 K) for the
Amination Reactions (n-RPhX + NH2R′ → n-RPhNHR′ +
HX), Where n = 2 (ortho), 3 (meta), and 4 (para); R =
−CF3, −CN, −COOH, −F, −Me, −OMe, and −H; X = −Cl,
−Br, and −I; and R′ = −nPr

Ea
ZPE (kJ mol−1) ΔGa

298.15 K (kJ mol−1)

n-R X = Cl X = Br X = I X = Cl X = Br X = I

2-CN 133.90 126.50 123.51 182.91 176.44 172.12
3-CN 151.29 141.45 137.77 200.49 189.85 186.19
4-CN 141.36 132.80 129.45 190.31 182.46 178.60
2-CF3 139.62 129.82 125.95 190.05 179.86 176.50
3-CF3 154.10 143.75 139.72 196.97 192.70 189.00
4-CF3 148.14 138.01 135.07 198.46 182.54 183.42
2-COOH 120.61 112.19 108.99 173.84 163.78 159.76
3-COOH 158.33 147.49 143.12 206.94 195.18 191.24
4-COOH 142.83 133.62 130.57 192.98 181.89 180.25
2-F 156.22 146.09 142.04 204.38 194.42 189.55
3-F 156.43 145.96 141.45 205.13 194.79 189.51
4-F 173.71 156.09 155.92 223.30 203.88 204.90
-H 162.09 151.19 145.10 209.08 199.86 189.84
2-Me 166.17 152.86 145.07 215.25 201.57 192.69
3-Me 163.19 151.46 146.30 212.94 199.21 190.19
4-Me 166.90 160.08 149.41 216.15 209.82 198.81
2-OMe 163.90 152.17 147.07 212.03 199.62 195.22
3-OMe 161.86 150.62 145.27 210.42 198.43 193.15
4-OMe 180.39 162.35 156.49 225.69 209.43 204.13

Figure 3. Side and top views of the transition state structure that links the 2-COOHPhBr + NH2
nPr’ reactants and the 2−COOHPhNHnPr’ + HBr

products. The case shown here is qualitatively identical across all of the ortho R = −COOH compounds investigated in this work.
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The exceptionally low barriers predicted for the amination of
the 2-COOHPhX molecule can be attributed to the size of the
carboxyl group and a related proximity effect at the ortho-
position that facilitates a stabilizing interaction with the amine
during the reaction. We found strong geometrical evidence of
an incipient hydrogen bond formation between one of the H
atoms of the incoming amine and the saturated O of the
−COOH group in 2-COOHPhX of the TSS shown in Figure
3. The IRC path data reveals that as the C−X bond rotates out
of the plane away from the incoming amine, the COOH
fragment rotates (though, to a lesser extent) toward the amine,
thus establishing the hydrogen bonding interaction (Figure 3).
This stabilizing hydrogen bond interaction appears to promote
amination by lowering the activation energy for 2-COOHPhX
relative to the n = 3 and 4 cases. Furthermore, the 2−
COOHPhX molecule was found to have the lowest energy
barrier despite the hydrogen bonding interaction appearing to
result in a longer than typical C···N contact for its respective
TSS (see Figure 2-left).
The modeling thus far has afforded us insights into the

energetics of substituents systematically located around an aryl
halide ring as well as a possible hydrogen bonding phenomena;
however, this reaction, when implemented experimentally,
likely proceeds through a benzyne intermediate pathway to
allow for regioselective reactions.4,18,20,45,47 A benzyne
intermediate was not considered computationally herein, and
therefore, regioselectivity was not accounted for in this work. A
separate investigation for benzyne intermediates may be in
order; however, such an analysis would require a sequence of
calculations performed in stages to lead the reactions from
reactants to products.48,49

Barrier Heights and Hammett Constants. To elucidate
the relationship between the electronic influence from the
substituents and the activation energies of the amination
reactions, we employed the well-defined Hammett σ constants
as quantitative approximations of the inductive effects of the
substituents.50 The Hammett σ constant is defined as σ = (1/
p)·log K/K0, where p is a dimensionless constant and K/K0 is
the ratio between the equilibrium constants of a given
substituent (R) and an unsubstituted aromatic ring (R =
−H). Based on the ratio of K to K0, the σ values become more
positive as substituents generally become more electron-
withdrawing and more negative for more electron-donating
substituents. Figure 4 shows the computed barrier heights
(ΔETS‑Reactants

ZPE ) as a function of the meta- and para-Hammett σ
constants (σm and σp). A modified para-parameter, σp

−, which is
defined using the ionization constants of para-substituted

phenols,51 (ArOH ⇄ ArO− + H+; σp
− = 1/2.11 log K/K0), is

also shown in Figure 4.
For all three plots shown in Figure 4, the data points

automatically fall into two categories based upon the particular
σ values for each substituent, with the electron-donating and
electron-withdrawing substituents appearing at the more
negative and positive σ sides of the graphs, respectively.
Excluding the anomalous case where R = −F, the energy
barriers to amination generally decrease as the Hammett σ
constants increase (going from lef t to right across Figure 4a−
c); a pattern that is observed for both the meta- and para-
substituted aryl halides (Figure 4a−c, respectively). It is also
clear from Figure 4 that the activation energies for the meta-
substituted systems fall within a somewhat narrower energy
window compared to the para-substituted casesan echo of
the pattern mentioned previously for the C···X bond distances
in the 3−R TSSs (see Figure 2d−f). The reaction barriers are
generally lower for the meta-substituted cases compared to the
para-substituted cases when the R groups are more electron-
donating (comparing the data on the lef t sides of Figure 4a−c),
but they are higher for the meta-substituted cases compared to
the para-cases when R is more electron-withdrawing
(comparing the data on the right sides of Figure 4a−c). This
general pattern is seen for both σp and σp

−, since the two
parameters broadly agree on the influence of the substituents.
For R = −F, the σ values seem to switch between the

electron-poor and electron-rich subgroups of the substituents
as we transition from meta- (Figure 4a) to para-substitutions
(Figure 4b,c). This behavior is a consequence of the Hammett
σ constants, reflecting the unique and well-studied differences
in the impact of the inductive and mesomeric effects of the F
atom on the benzene ring at meta- and para-positions. As an
ortho-/para-director for electrophiles, R = −F appears to lower
the barrier for a nucleophilic attack at the meta-position;
however, as we pointed out above, the barriers for the ortho-
case are not much higher. Furthermore, R = −F in the para-
position has one of the most unfavorable amination energetics
of the cases studied.
In brief, having electron-donating R groups as the para-

substituent is found to be the least favorable arrangement
position for the systems considered. The ortho-energies in
Table 1 are consistently lower than the corresponding para-
values. Again, the aryl halide amination reactions that we have
considered are found to be the most favorable (having the
lowest barriers) at the meta-position when the R group is
electron-donating, whereas having R at the ortho-position is
favorable when R is more electron-withdrawing. The influence

Figure 4. Zero-point energy-corrected barrier heights (ΔETS‑ReactantsZPE ) as functions of (a) σm, (b) σp, and (c) σp
− for the noncatalyzed n-RPhX +

NH2
nPr amination, where R = −H, −Me, −OMe, −F, −CF3, and −COOH; X = −Cl, −Br, and −I. All three graphs shown in Figure 4 share a

common y-axis to illustrate the relative distribution of values for the meta- vs para-substituted cases.
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of the chain length of the alkyl amine (R′) for R′ = −Me, −Et,
−nPr, and −nBu was also probed, and we observed no
significant impact on the progress of the reaction in the gas
phase (Table 2; additional details are presented in the
Supporting Information, Tables S6 and S13).

Temperature and Solvent Effects. To better approx-
imate the experimental conditions for the amination of aryl
halides, the 4-MePhX + NH2

nPr reaction was selected as our
model system to investigate at various temperatures. For
reactions considered thus far, the systems were optimized in
the gas phase, and the free energies were obtained at 298.15 K
(25 °C). The free energy data reported in Table 3 is for the 4-
MePhX + NH2

nPr reaction at three temperatures (−20, 25,
and 80 °C).
The activation free energies are found to be within 18 kJ

mol−1 of each other across the temperature range considered
for both X = −Cl and −Br, with an increase in the size of the
barrier being observed as temperature increases. Thus, the
change in the barrier height is expected to be relatively small
across the span of a hundred degrees, on the assumption that
temperature increases continuously across this range. Regard-
less of the magnitude, a general increase in the barrier height is
predicted as the temperature increases.
The amination processes are slightly exergonic, with the

computed ΔGrxn < −17 kJ mol−1 for both the X = −Cl and
−Br cases shown in Table 3. So, the reactions are spontaneous,

but |ΔGrxn| changes only by a few kJ mol−1 when the
temperature changes by several degrees. The results that we
have found for the 4-MePhX amination suggest, therefore, that
the model reactions will be most favorable at lower
temperatures with a decrease in the activation energy and an
increasing stabilization of the products relative to the aryl
halide and amine reactants.

An overview of the influence of solvents on the given
amination reaction is presented by considering the specified
dielectric constant values of common solvents. To minimize
potentially substantial and unique influences of specific
substituents on the solvent studies, we limit ourselves to an
unsubstituted case, where R = −H. Solvent effects were
examined for the PhBr + NH2

nPr amination at 80 °Ca
reaction temperature in line with common experimental
conditions for aminations in literature.46,52 The dielectric
constants of εr = 2.37, 24.85, 37.22, and 78.36 were employed
via a PCM model, which correspond to toluene, ethanol,
dimethylformamide (DMF), and water, respectively, as
solvents. To sample across the range of permittivities more
extensively, we included εr = 35.00, 50.00, and 65.00. Our
results for the computed zero-point corrected energies and free
energies are summarized in Table 3.
These results indicate that the activation energies will tend

to decrease noticeably in solution compared to the gas phase.
For example, a reduction in ΔGa of about 35 kJ mol−1 is
observed going from the gas phase to a reaction in toluene.
The barrier height is lowest for water (Ea

ZPE = 138.4 kJ mol−1),
which has the highest relative permittivity that we considered,
whereas the highest barrier height was for toluene (apart from
the reaction in vacuo).
These results invite experimental investigations into the

solvent dependence of aryl amination reactions. A 2003 report
on the metal-free microwave-assisted aminations of electron-
rich aryl halides found that the amination of bromobenzene
with morpholine gave good yields (between 61 and 97% yields
for 19 additional cases) for solvents with relatively high εr
values with KOtBu, including DMF (εr = 36.7) and DMSO (εr
= 46.7).4 This effect may be attributed in part to the base,
where NaOH and K2CO3 in DMSO gave yields of <1%. The
reaction was similarly unsuccessful in toluene, benzene, and
tetrachloromethane (all with εr < 3.0).4 A low yield was also
reported for CH3CN, which has a dielectric constant
comparable to that of DMF. Therefore, understanding the
nature of the exact chemical environment can be decisive.
The computational observations of this work provide a

template as well as a starting point for many possible
investigations, including the incorporation of green solvents
and approaches; modeling more complex substituents and
reactants to resemble active pharmaceutical ingredient targets;
modeling secondary and other amines to further aid in
understanding the amination reaction; modeling and predict-
ing regioselectivity and additional reaction mechanisms;
modeling the roles and dynamics of bases computationally to
account for experimental results; and gaining further under-
standing of how solvents with higher εr can lead to more
favorable energetics of aryl aminations.

■ SUMMARY AND OUTLOOK
Aromatic C−N bond formation reactions remain an important
area of development in organic chemistry. We contribute to
that discussion in this work with an investigation into
theoretical and fundamental aspects of the energetics of the
amination process. The dependence of activation energy
barriers on the nature and position of substituents on aryl
halides was investigated while also considering the effects of
varying the amine nucleophile alkyl chain lengths, reaction
temperature, and solvent system. We find that categorization of
the substituted aryl halides according to the relevant Hammett
σ constants achieves a clear and instructive alignment between

Table 2. Activation and Reaction Free Energies (ΔGa
T and

ΔGrxn
T ) for the Noncatalyzed 4-MePhX + NH2

nPr
Amination, Where X = −Cl and −Br

temp. (T) (°C) ΔGa
T (kJ mol−1) ΔGrxn

T (kJ mol−1)

X = Cl
−20 208.2 −16.4
25 216.2 −15.1
80 224.8 −13.4

X = Br
−20 197.4 −15.5
25 209.8 −14.9
80 214.3 −12.5

Table 3. Barrier Heights (Ea
ZPE and ΔGa

T) for the PhBr +
NH2

nPr Amination at 80 °C for Various Solvent Conditions

εr solvent Ea
ZPE (kJ mol−1) ΔGa

353.15 K (kJ mol−1)

1.00 vacuo 151.19 235.70
2.37 toluene 143.31 200.27
24.85 ethanol 135.34 191.71
35.00 135.03 191.36
37.22 DMF 134.98 191.31
50.00 134.79 191.10
65.00 134.66 190.95
78.36 water 134.58 190.87
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the activation energies and the ortho/para-directing tendencies
of a range of substituents on the aromatic ring. Evidence for a
slow increase in the barriers to reaction and the exergonicity of
the aryl amination reaction with temperature is reported.
Furthermore, the dielectric constant of the solvent was found
to have a substantial impact on the activation free energies and,
by implication, on the success of the reaction. The computed
activation energies decreased monotonously as the dielectric
constants increased, with a significant reduction at a lower
dielectric constant and a more gradual decrease thereafter.
These observations provide insights for further explorations of
aminations, especially with advancing efforts toward metal-free
aryl aminations, nucleophilic substitutions, and greener
solvents. A goal of this initial fundamental investigation of
noncatalyzed processes has been to offer basic mechanistic and
energetic insights into the metal-free process as the foundation
for new experimental investigations as well.

■ COMPUTATIONAL METHODS

The optimized structural coordinates, harmonic vibrational
frequency, and internal reaction coordinate (IRC) data
reported in this work have been obtained using the B3LYP
method using the Gaussian 09 suite of programs (G09).53−55

For each case, the correlation-consistent triple-ζ (cc-pVTZ)
basis sets were employed for all elements preceding iodine.56 A
small core (28-electron) multi-electron Dirac−Fock (MDF)
relativistic effective core potential (without the spin-orbit part)
and the corresponding cc-pVTZ basis set for valence electrons
were employed for iodine.57 The B3LYP functional was chosen
as it has proven reliable for predicting qualitative trends in
particular cases such as in barrier height calculations as well as
reproducing experimental results.58−62 The geometric and
energetic data obtained at the B3LYP functional were
compared to values computed with the B3LYP-D3 and
ωB97XD methods (Supporting Information, Figure S1 and
Tables S1, S4, and S5).63−65 The robustness of the B3LYP data
is evident in their quantitative agreement with the latter
methods.
The Synchronous Transit-Guided Quasi-Newton (STQN)

method was employed to examine the potential energy surfaces
(PES) for reactions using the QST2 and QST3 options in G09,
where an initial guess of the transition state was required for
QST3. Viable transition state structures (TSSs) obtained in
this way, which link the n-RPhX + NH2R′ reactants and the n-
RPhNHR′ + HX products (where n refers to the position of
the substituent relative to X), were then reoptimized and
confirmed to be first-order saddle points via harmonic
vibrational frequency analyses. A refined picture of each
reaction was achieved by calculating separately specific IRC
pathways for each reaction using the confirmed TSSs. In that
way, it was possible to generate in two dimensions a cross
section of the potential energy surface (PES) that links the
reactants, through the TS, to the products.66,67

Additionally, the activation energies corrected for zero-point
energies and free energies, ΔEa

ZPE and ΔGa
298.15 K, have been

computed for each reaction by summing the relevant energy
values obtained from structural optimizations of the isolated
reactant species and subtracting that sum from the
corresponding TS structure energy values. Similarly, the free
energies of the reactions were derived as the difference
between the sum of the products and the sum of the reactant
energies. For structures that have different conformations, we

made efforts to find the lowest energy conformer by comparing
the relative energies of these structures.
Solvation effects have been studied with the implicit

solvation model based on the self-consistent reaction field
(SCRF) theory. For all product and reactant species examined
in solution, geometry optimizations and frequency analyses
were carried out using the polarizable continuum model
(PCM).68−71 All molecular representations were generated
using the ChemDraw and Chemcraft programs.72
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