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a b s t r a c t

The detailed reaction profiles of the neutral–neutral as well as the cation–neutral direct hydroamination
reactions between ethylene and ammonia are analyzed using MP2 (Full)/6-31þþG(2df,2p) and B3LYP/
6-31þþG(2df,2p) methodologies. Analysis shows that both neutral–neutral, as well as the cation–
neutral reactions are exothermic and the latter is >100 kJ/mol more exothermic than the former.
Calculations show that a very large barrier height (>200 kJ/mol), and very large negative reaction
entropy prevent the neutral–neutral reaction from proceeding in the forward direction. Analysis of the
cation–neutral reaction, which is barrierless (the transition state is more stable than the reactants) and
highly exothermic, indicates that the direct hydroamination reaction is thermodynamically attainable
via a cation–neutral reaction pathway without a catalyst. Our calculations also suggest that although the
cation–neutral direct hydroamination reaction is very fast, the cation of either ethylene or ammonia
goes through a structural relaxation process before reacting with the other neutral reactant.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The hydroamination of alkenes, which proceeds through the
formal addition of an N–H bond across a carbon–carbon double
bond (Scheme 1), is an elegant synthetic organic transformation,
which offers an attractive route to numerous classes of organo-
nitrogen molecules, such as alkylated amines, enamines or im-
ines.1–14 The synchronous direct addition of ammonia to an alkene
to produce the amine is of seemingly fundamental simplicity and is
highly desirable from an industrial point of view, as several tons of
amines are produced worldwide every year.1,2,5,8
Scheme 1.
As can be seen from Scheme 1, direct hydroamination processes
convert inexpensive and readily available starting materials into
the desired products in a single reaction without any formation of
side products, and therefore theoretically proceed with 100% atom
efficiency.1 Thus a direct hydroamination process might offer sig-
nificant economic and environmental benefits compared to clas-
sical methods for the synthesis of amines. Thermodynamic
All rights reserved.
considerations indicate that this direct addition reaction is
exothermic (DHR¼�52.7 kJ/mol) and the free energy of the addi-
tion, DGR is �14.7 kJ/mol.6,7 However, the reaction is hindered by
a high activation barrier caused by repulsive intermolecular in-
teractions between the p-cloud of the olefin and the lone pair of the
NH3, which arise during the approach of the amine and alkene.1,2,7

Also, a [2þ2] cycloaddition of N–H to the alkene would be an orbital
symmetry-forbidden process, which is unfavorable because of the
high-energy difference between p(C]C) and s(N–H).2 It is not
possible to overcome the activation barrier simply by performing
the hydroamination reaction at elevated temperature, as it is
associated with a large negative reaction entropy (DSR¼�127.5 J/
mol K), which will shift the equilibrium of the hydroamination
reaction towards the starting materials with increasing tempera-
ture.1,2,4,7 Therefore catalytic procedures are indispensable for the
hydroamination of olefins, and considerable effort has been made
to develop organometallic based catalysts, which either activate
the olefin or the ammonia, to make the reaction feasible [for
a comprehensive review, see: Ref. 2].

In the recent work of Hamann et al., the traditional organome-
tallic catalyst of the hydroamination reaction of CH2]CH2 with
NH3 was replaced with a low energy electron beam.15 They have
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shown that, in the first step, the electron beam ionizes one of the
reactants, which then reacts with the other neutral reactant, in
a favorable ion–molecule interaction: they have ionized each of the
reactants in separate experiments, both of which resulted in the
production of cationic ethyl amine.15 This experiment makes this
atom economic and environmentally friendly hydroamination
reaction feasible. This cation–neutral hydroamination reaction
resembles the traditional catalytic hydroamination reaction. The
first step in the catalytic hydroamination reaction is the activation
of either ethylene or amine, where either of the reactants forms
a co-ordination complex by donating its electrons and thus making
itself partially positive and susceptible to nucleophilic attack.2

Similarly in the cation–neutral reaction, activation of either of the
reactants is done by the electron beam to generate cations and thus
make them susceptible to nucleophilic attack. One major difference
is that, in the catalytic process, the complex formed between the
reactant and the metal complex is quite stable (so stable that the
subsequent reaction with the other reagent sometimes does not
occur), whereas in the cation–neutral process the generated cation
is highly unstable.2 Hamann et al. reported that cation–neutral
hydroamination reactions are very fast.15 Thus for the simplest case,
i.e., the addition of the NH3 to CH2]CH2, it has been established
that the direct addition is experimentally feasible, but little or
almost no attention has been given to exploring this reaction the-
oretically. In this work, we have carried out a computational study
to explore the complete reaction mechanism of the hydro-
amination reaction by considering this simplest case, namely the
ethylene and ammonia system. Our goals in this study are twofold:
(1) to explore the reaction path of the neutral–neutral hydro-
amination reaction including the energetics of the transition state,
and (2) to investigate the two proposed cation–neutral hydro-
amination reaction pathways as described by Hamann et al.,15

where one proceeds through the ionization of the ethylene and
the other proceeds through the ionization of the ammonia.

2. Computational methods

All the calculations were carried out using MP2(Full)/
6-31þþG(2df,2p) and B3LYP/6-31þþG(2df,2p) level of theories,
implemented in the Gaussian 03 program package, at the default
298.15 K and 1 atm conditions.16 For the closed shell species, the
RMP2 and RB3LYP methods, and for the open shell species, UMP2
and UB3LYP methods were employed during optimization. During
the full MP2 calculations, all the electrons are taken into consid-
eration. For both methods, Pople’s basis set with double diffuse
functions is used in the calculation, in addition to two sets of
d-functions and one set of f-functions on the C- and N-atoms, and
two sets of p-functions on the hydrogens. The true minima and the
transition states are confirmed from analysis of their frequencies by
ensuring that all frequencies were positive for the minimum, with
only one imaginary frequency for the transition state. Since the
reaction is reported to be very fast, for the cations we have carried
out full minimizations (geometry relaxation) and also single point
energy calculations with a unit positive charge, at the optimized
geometries of their neutral counterparts. Localization of the tran-
sition states was carried out using the Berny optimization to
a saddle point of order one (the keyword to call this procedure in
Gaussian 03 is OPT¼TS).16

Thermodynamic quantities like DHR, DGR, DSR and the activation
barriers (Ea and Eb are the activation energies for forward and
reverse reactions) are calculated from the energies of the reactants,
product and transition states, using the equations as shown below.

DHR ¼ DHPRODUCT � DHREACTANTS

DGR ¼ DGPRODUCT � DGREACTANTS
DSR ¼ ðDHR � DGRÞ=T
DER ¼ DEPRODUCT � DEREACTANTS
Ea ¼ DETS � DEREACTANTS

Eb ¼ DETS � DEPRODUCT
3. Results and discussion

3.1. Neutral–neutral reaction

The two reactants in the neutral–neutral direct hydroamination
reaction considered are ethylene (CH2]CH2) and ammonia (NH3).
Ethylene is in a fully planar configuration with D2h symmetry and is
in the singlet 1Ag state. As can be seen from Table 1, the C–C distance
is almost the same in the MP2 (1.333 Å) and B3LYP (1.331 Å)
methods. Ammonia is C3v symmetric and in the singlet 1A1 state; it
adopts a pyramidal shape with the angle of pyramidality being 38.7�

and 38.0�, determined using MP2 and B3LYP methods, respectively.
Being symmetric, the dipole moment of the ethylene is zero,
whereas the resultant dipole moment of the ammonia molecule is
1.70 D and 1.60 D, respectively, for MP2 and B3LYP methods and is
unidirectional (negative z-axis). The product, ethyl amine (CH3–
CH2–NH2) was optimized with no symmetry restrictions and is in
the 1A state. The optimized N–C bond length (R2,3) is 1.460 Å and
1.468 Å, the C–C–N bond angle (A3,2,1) is 109.7� and 110.6�, and the
nitrogen pyramidality (D2,9,10,3) is 34.1� and 33.4�, respectively, using
the MP2 and B3LYP methods. The dipole moment of the product is
1.39 D and 1.30 D, respectively, in the MP2 and B3LYP methods, and
the major dipole component is along the positive z-axis. The dipole
moment of the product is reduced compared to the dipole moment
of the reactant (dipole moment of the NH3).

The transition state in the reaction path was also optimized
using MP2 and B3LYP methodologies. The observed transition state
is Cs symmetric and is characterized by one imaginary frequency
(�1144.9 cm�1 in MP2 and �1264.3 cm�1 in B3LYP methods). The
dipole moment values are 5.08 D and 4.06 D, respectively, for MP2
and B3LYP methodologies, and the major dipole component is in
the x-direction. Analysis of the key structural parameters shows
that the C]C bond (R1,2) is a little elongated (1.484 Å in MP2 and
1.492 Å in B3LYP methods) compared to the reactant ethylene,
and also that one of the N–H bonds (R3,10) is elongated (1.139 Å and
1.159 Å in MP2 and B3LYP methodologies, respectively) compared
to the reactant ammonia (1.011 Å and 1.015 Å in MP2 and B3LYP
methodologies). The N–H bond is directly above the C]C bond in
the transition state structure, so that the C1–H (H of N–H) distance
(R1,10 where the H is bound to N via an elongated bond) is 1.741 Å
and 1.724 Å, respectively, in MP2 and B3LYP methods and the C2–N
distance (R2,3) is 1.563 Å and 1.588 Å in MP2 and B3LYP methods,
respectively. Comparing the R1,2 distance of the TS with the product
it can be seen that the product shows a distance, that is charac-
teristic of a single bond, and the TS has a bond length, that is in
between a single and a double bond. Comparing the R2,3 distance of
the TS with that of the product shows that the TS distance is slightly
elongated compared to the equilibrium product bond distance.

To account for the nature of interaction, the orbital interaction
diagram for the reactants, product and the transition state obtained
from the B3LYP population analysis is shown in Figure 1. Transition
state structural analysis reveals that the nature of interaction is
between the C]C of the ethylene and the N–H bond and in the light
of this, the frontier molecular orbital analysis of the reactants
shows that the interaction is possibly between the HOMO of the
ethylene and the HOMO-1 of the ammonia. The molecular orbital
energy of the HOMO of ethylene is�7.6 eV and that of the HOMO-1



Table 1
Key structural parameters, dipole moments and thermodynamic factors for reactants, product and the TS of the neutral–neutral hydroamination reaction are calculated using
the MP2 and B3LYP methods. Structural parameters Rpq are represented in Å, Apqr and Dpqrs are represented in degrees, dipole moments are in Debye, thermodynamic factors
DE, DH and DG are represented in kJ/mol and absolute energies in Hartree. All the energy values corrected for ZPE

Neutral species MP2 B3LYP

Key structural
parameters

Dipole Thermodynamic factors
and absolute energy

Key structural
parameters

Dipole Thermodynamic factors
and absolute energy

Ethylene

R1,2¼1.333
R1,3¼1.081
A3,1,5¼117.0
A3,2,1¼121.5
D3,1,2,4¼0.0

0.00

DE¼0.0
DH¼0.0
DG¼0.0
E[CH2]CH2]¼�78.33,1773

R1,2¼1.331
R1,3¼1.086
A3,1,5¼116.5
A3,2,1¼121.8
D3,1,2,4¼0.0

0.00

DE¼0.0
DH¼0.0
DG¼0.0
E[CH2]CH2]¼�78.552,044

Ammonia

R1,2¼1.011
A2,1,3¼107.1
D4,3,2,1¼38.7

1.70
E[NH3]¼�56.400,856 R1,2¼1.015

A2,1,3¼107.5
D4,3,2,1¼38.0

1.60
E[NH3]¼�56.536.249

Ethyl Amine

R1,2¼1.516
R1,3¼2.432
R2,3¼1.460
A3,2,1¼109.7
D2,9,10,3¼34.1

1.39

DE¼�69.7
DH¼�76.2
DG¼�34.4
E[Product]¼�134.759,165

R1,2¼1.527
R1,3¼2.462
R2,3¼1.468
A3,2,1¼110.6
D2,9,10,3¼33.4

1.30

DE¼�45.1
DH¼�51.4
DG¼�10.0
E[Product]¼�135.105,454

TS R1,2¼1.484
R1,3¼2.343
R3,10¼1.139
R1,10¼1.741
R2,3¼1.563
A3,2,1¼100.5
A10,3,2¼83.8
A1,10,3¼107.1
A2,1,10¼68.7
D1,2,3,10¼0.0

5.08

DE¼216.3
DH¼209.9
DG¼250.7
E[TS]¼�134.650,248

R1,2¼1.492
R1,3¼2.359
R3,10¼1.159
R1,10¼1.724
R2,3¼1.588
A3,2,1¼99.9
A10,3,2¼82.5
A1,10,3¼108.2
A2,1,10¼69.4
D1,2,3,10¼0.0

4.06

DE¼228.9
DH¼222.4
DG¼263.8
E[TS]¼�135.001126
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of the ammonia is �12.7 eV. The energy difference of 5.1 eV gives
a clear indication that the interaction is not favourable from an
energetic point of view. This is in good agreement with the earlier
reports where it is indicated that the reaction is unfavourable due
to the high-energy difference between p(C]C) and s(N–H)
bonds.1,2

Now, analyzing the interaction, which is a two orbitals-four
electron type of interaction, it is well known that the interaction
will be repulsive as the resultant bonding and antibonding orbitals
will both be filled.17 Also, in the resultant orbitals, the stabilization
effect will be small compared to the destabilization effect.17 Our
calculation indicates similar behavior, where the destabilization of
the HOMO of the transition state with respect to the HOMO of the
ethylene (3.1 eV) is greater than the stabilization of the HOMO-5
of the transition state with respect to the HOMO-1 of ammonia
(1.8 eV). Our analysis shows that, although a [2þ2] cycloaddition
of N–H to the alkene is an orbital symmetry-forbidden process,1,2

the reaction proceeds through this forbidden reaction pathway
and thus raises the energy of the transition state to an excep-
tionally large value.

The potential energy surface of the neutral–neutral direct
hydroamination reaction path is shown in Figure 2. All the ener-
gies are represented in kJ/mol and are zero point energy (ZPE)
corrected. From the potential energy surface, it can be seen that,
the reaction goes through a high energy barrier of 216.3 kJ/mol
and 228.9 kJ/mol, respectively, for MP2 and B3LYP methods with
respect to the reactants CH2]CH2þNH3 (the barrier height for the
reverse reaction is 286.0 kJ/mol and 274.0 kJ/mol in MP2 and
B3LYP methodologies, respectively). Comparing energies of the
reactants and product it can be seen that the reaction is exo-
thermic (�69.7 kJ/mol and�45.1 kJ/mol, respectively, for MP2 and
B3LYP methods, respectively). In some earlier works, it was
reported that the reaction indeed proceeds through a high energy
barrier and is exothermic in nature, but no numerical value was
given for the exact barrier height.1,2,7 Our calculation agrees with
these reports showing a very large energy barrier in this reaction
path and that the reaction is exothermic. Also, from Table 1, it can
be seen that the reported experimental DH, DG and DS, �52.7 kJ/
mol, �14.7 kJ/mol and �127.5 J/mol K, respectively, are in agree-
ment with our calculated values (DH, �76.2 kJ/mol and �51.4 kJ/
mol, DG, �34.4 kJ/mol and �10.0 kJ/mol and DS, �140.2 J/mol K
and �138.9 J/mol K for MP2 and B3LYP methods, respectively).6,7

Comparing our calculated values with the reported experimental
results, it can be seen that the B3LYP results are in very good
agreement with the experimental values, whereas the MP2 results
are slightly higher in value, but nevertheless agree in terms of the
trend. Lastly, our calculation confirms that the very large activa-
tion barrier and the large negative reaction entropy are the key
factors responsible for forbidding the reaction from proceeding in
the forward direction.



Figure 2. Potential energy surface of the neutral–neutral hydroamination reaction.
The ZPE corrected energy values are represented in kJ/mol for MP2 and B3LYP
methodologies (B3LYP values are given in brackets).

Figure 1. Molecular orbital interaction diagram for the neutral–neutral hydro-
amination reaction. Molecular orbital pictures are obtained from the population
analysis of the B3LYP/6-31þþG(2df,2p) optimized geometries. Orbital energy levels are
not to scale.

Table 2
Key structural parameters and dipole moments for the fully minimized cations of
the reactants, product and the TS of the cation–neutral hydroamination reaction are
calculated using the MP2 and B3LYP methods. Structural parameters Rpq are rep-
resented in Å, Apqr and Dpqrs are represented in degrees and dipole moments are in
Debye. As the number of atoms in cation and neutral species is same, hence refer to
Table 1 for atom numbering of the reactants, product and TS

Cationic Species MP2 B3LYP

Key structural
parameters

Dipole Key structural
parameters

Dipole

[Ethylene]þ R1,2¼1.409
R1,3¼1.084
A3,1,5¼118.9
A3,2,1¼120.5
D3,1,2,4¼12.0

0.0 R1,2¼1.394
R1,3¼1.091
A3,1,5¼117.7
A3,2,1¼121.1
D3,1,2,4¼28.2

0.0

[Ammonia]þ R1,2¼1.019
A2,1,3¼120.0
D4,3,2,1¼0.0

0.0 R1,2¼1.026
A2,1,3¼120.0
D4,3,2,1¼0.0

0.0

[Ethyl Amine]þ R1,2¼1.511
R1,3¼2.446
R2,3¼1.420
A3,2,1¼113.1
D2,9,10,3¼1.6

3.82 R1,2¼1.516
R1,3¼2.478
R2,3¼1.416
A3,2,1¼115.3
D2,9,10,3¼0.0

3.15

[TS]þ R1,2¼1.513
R1,3¼2.123
R3,10¼1.403
R1,10¼1.313
R2,3¼1.487
A3,2,1¼90.1
A10,3,2¼82.6
A1,10,3¼102.7
A2,1,10¼84.6
D1,2,3,10¼0.0

1.83 R1,2¼1.521
R1,3¼2.167
R3,10¼1.396
R1,10¼1.364
R2,3¼1.507
A3,2,1¼91.4
A10,3,2¼82.3
A1,10,3¼103.4
A2,1,10¼82.9
D1,2,3,10¼0.0

1.66
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3.2. Cation–neutral reaction

The recent experimental work of Hamman et al. is a positive
step towards achieving stoichiometric and environmentally
friendly direct hydroamination.15 In their approach they have
adopted cation–neutral hyroamination without the traditional
catalysts. The cation–neutral hydroamination reaction proceeds
through the reaction of the cationic form of either NH3 or CH2]CH2

with neutral CH2]CH2 or NH3, respectively, and leads to two
reaction pathways as proposed by Hamann et al.15 In this work we
have carried out a computational study to estimate the energetics
of those two proposed reaction pathways for the cation–neutral
hyroamination reaction. The results are compared to the neutral–
neutral hydroamination reaction (Section 3.1). As discussed in the
report by Hamann et al.,15 in the first step a cation is produced by
the ionization of either one of the two reactants by a low energy
electron beam. Hamann et al. reported that cation–neutral hydro-
amination reactions are very fast.15 As a result we have considered
two possible starting points for the calculation of the reaction,
namely: that the cation will immediately react with the other
neutral reactant without any structural relaxation, or that the cat-
ion undergoes structural relaxation and then reacts with the other
neutral reactant. In the former case the cation will have the same
geometry as its neutral counterpart and in the latter case the cation
will have a geometry, that is different from its neutral counterpart.

3.2.1. Cations of ammonia and ethylene. Radical cations of either
ammonia or ethylene can be calculated in two different ways. First,
without any structural relaxation, single point energies can be
calculated for the cation of the ammonia and ethylene at their
corresponding neutral optimized geometries. In this way the cations
of ammonia and ethylene have the same geometry as that of their
neutral counterparts, but because of the positive charge, properties
(like dipole moments and charges) will be expected to change. Sec-
ond, the cations of ammonia and the ethylene can be fully optimized
and the relaxed geometries thus obtained are completely different
from neutral ammonia and ethylene, respectively. Combined with
the structural changes and positive charges, these cations also show
different properties compared to their neutral counterparts. As
expected, the dipole moments of the unrelaxed geometry of the
cation of the ammonia are 1.11 D and 1.09 D, respectively, in MP2 and
B3LYP methods, and the unrelaxed geometry of the cation of ethyl-
ene has a zero dipole moment value in both the methods. Cationic
ammonia with unrelaxed geometry shows a reduction in dipole
moment value in both methods compared to its neutral counterpart,
and cationic ethylene with unrelaxed geometry shows a zero dipole
moment due to its planar structure.

The fully minimized key structural parameters of the cations
of ethylene and ammonia along with their dipole moment values
for MP2 and B3LYP methods are shown in Table 2. Note that
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there was negligible spin contamination found during optimi-
zation. The fully minimized geometry of the ethylene cation
shows a non planar D2 symmetric structural arrangement. The
C–C bond length (R1,2) is 1.409 Å in the MP2 method and 1.394 Å
in the B3LYP method compared to the experimental value of
1.405 Å, which shows that the MP2 result is very close to the
experimental value.23 Comparing the other parameters RC–H,
<H–C–H and the torsion angle from the experimental studies
(RC–H, <H–C–H and <H–C–C–H torsion angle values are 1.091 Å,
117.8� and 25.0�, respectively) with that of the calculated MP2
(RC–H, <H–C–H and <H–C–C–H torsion angle values are 1.084 Å,
118.9� and 12.0�, respectively) and B3LYP (RC–H, <H–C–H and
<H–C–C–H torsion angle values are 1.091 Å, 117.7� and 28.2�,
respectively) results, it can be seen that the B3LYP results are
closer to the experimental values.23–26 Although both the MP2
and B3LYP methods are in good agreement with the experi-
mental results, there is a large discrepancy between the torsion
angle predicted by the MP2 method and the experimental value.
The fully minimized geometry of the ammonia cation shows
a planar structural arrangement with D3h symmetry, which is in
good agreement with the earlier computational and experi-
mental works.18–22 Compared to the experimental N–H bond
length of 1.014 Å, MP2 results are in very good agreement;
whereas the B3LYP method predicts a slightly longer bond length
(N–H bond length, R1,2 is 1.019 Å in the MP2 method and 1.026 Å
in the B3LYP method).19 Nevertheless both MP2 and B3LYP re-
sults are very close to the experimental value.

3.2.2. Cation of ethyl amine. Cationic ethyl amine, [CH3–CH2–
NH2]þ was fully optimized with no symmetry restrictions and is in
the 2A state. The minimized key structural parameters and the
dipole moments of the cationic ethyl amine calculated using MP2
and B3LYP methods are shown in Table 2. Note that there was
negligible spin contamination found during optimization. Ana-
lyzing the geometry of the cationic ethyl amine, it can be seen that
it is structurally similar to that of the neutral ethyl amine. The
optimized N–C bond length (R2,3) is 1.420 Å and 1.416 Å, the C–C–
N bond angle (A3,2,1) is 113.1� and 115.3�, respectively in the MP2
and B3LYP methods and also the pyramidality of the –NH2 nitro-
gen (see the D2,9,10,3 values) is completely lost in both of the
methods. It can be seen that the –NH2, which was pyramidal in the
neutral case became almost planar in the cation of ethyl amine
and this is the only major structural change between the cation
and the neutral amine. The molecule has dipole moment values of
3.82 D and 3.15 D, respectively in MP2 and B3LYP methods, and
the major component is along the negative x-axis. Comparing the
total dipole moments of the cationic ethyl amine with that of the
neutral ethyl amine, an increase in the value is seen in both MP2
and B3LYP methodologies, and this is expected for an unsym-
metric charged species. Both the neutral ethylene and the cationic
form have zero dipole moments. If one compares the dipole
moment of the cationic ethyl amine with that of the reactant,
ammonia, it can be seen that the dipole moment of the cationic
ethyl amine is larger than either the neutral or the cationic form of
the ammonia. The neutral and cation single point calculated dipole
moment values for the neutral geometry of the ammonia are in
a similar range, whereas the fully optimized cation of the
ammonia has a zero dipole moment due to its planar structure.
Analysis of the spin densities of the cationic ethyl amine shows
that almost the entire spin density resides on the N-atom. In the
complete reaction profile of the cation–neutral hydroamination
reaction, the cationic ethyl amine will further undergo electron
recombination and geometry relaxation processes to give the final
product, ethyl amine (neutral).15 As this work deals with the
mechanistic study of the cation–neutral hydroamination reaction,
energetics of this latter process are not discussed here. However,
we have compared the geometry of the cation with the neutral
ethyl amine.

3.2.3. Transition state of cation–neutral reaction. Our search for
a transition state in the cation–neutral hydroamination reaction
potential energy surface resulted in a structure, which has a similar
arrangement to that of the transition state, that is, obtained in the
neutral–neutral hydroamination reaction. Frequency analysis
shows that there is only one imaginary frequency (�1771.5 cm�1

and �1728.4 cm�1 in MP2 and B3LYP methods) and the complex
can be considered as a transition state. Analyzing and comparing
the structural arrangement of this transition state of the cation–
neutral reaction with that of the transition state of the neutral–
neutral hydroamination reaction, it can be seen that in both cases
the addition of the N–H of ammonia occurs over the C]C of the
ethylene and both are Cs symmetric in nature. The dipole moment
values for this transition state like complex are 1.83 D and 1.66 D
from MP2 and B3LYP methods and are larger than the dipole mo-
ment values of the transition state of the neutral–neutral reaction.
Analysis of the dipole vector components shows that the major
dipole component is in the x-direction and is similar to that of the
direction in the transition state of the neutral–neutral reaction. For
a better understanding of the geometry of this transition state,
a few of its key structural parameters are compared with the re-
actants as well as the transition state of the neutral–neutral re-
action (Table 2). The C]C bond length (R1,2) of the TS for the
cation–neutral reaction is 1.513 Å and 1.521 Å, respectively for MP2
and B3LYP methods, and is a little elongated compared to the C]C
bond length of either the neutral or the cationic form of ethylene
given by the respective methodologies. Also it is elongated
compared to the C]C bond length in the transition state of the
neutral–neutral reaction, in the respective methodologies. The N–H
segment (R3,10), which is directly above the C]C segment in the TS
has a distance of 1.403 Å and 1.396 Å in the MP2 and B3LYP
methods and is enlarged to a great extent compared to the N–H
bond length of the neutral and cationic form of ammonia and also
the N–H bond length in the transition state of the neutral–neutral
reaction, in the respective methodologies. Interestingly, comparing
the N–H distance of the transition state of the cation–neutral re-
action and transition state of the neutral–neutral reaction, the
latter suggests a bonded state of the ‘H’ to the ‘N’ and the former
indicates that the H is completely detached from the N. Further
analysis shows that the C1–H (H of N–H) distance (R1,10) for the
complex is of 1.313 Å and 1.364 Å, respectively and the C2–N dis-
tance (R2,3) is of 1.487 Å and 1.507 Å in MP2 and B3LYP methods,
respectively. Comparing these data with that of the transition state
of the neutral–neutral reaction, it can be seen that the C2–N bond in
this complex is little shorter and the C1–H bond is much shorter in
the respective methodologies. This gives a clear indication that the
interaction in the complex of the cation–neutral reaction is stronger
than that of the interaction in the transition state of the neutral–
neutral reaction. This strong interaction, which arises due to
a favourable ion–molecule type of interaction might be responsible
for stabilizing the TS, placing it below the reactants in the potential
energy surface and so eliminating the energy barrier of the
reaction. Comparing the TS with the cationic ethyl amine (product)
it can be seen that the product is more stable (�125.6 kJ/mol
and �129.3 kJ/mol in MP2 and B3LYP methods, respectively) than
the transition state.

3.2.4. Potential energy surface of cation–neutral reaction. The de-
tailed potential energy surface of the cation–neutral reactionwith all
four possible reaction pathways is shown in Figure 3. Based on the
stabilization energy of the reactants compared to the transition state
of the cation–neutral reaction, the four possible reactions are placed
in such a way that the reactant system having the highest stability
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occupies the top position. In the potential energy surface, the ab-
breviations ‘OPT’ means that the cation is fully optimized and the
acronym ‘SP’ that the cation single point energy is calculated at the
optimized geometry of its neutral molecule. For the four reactions, it
can be seen that the transition state of the cation–neutral reaction is
more stable than the reactants. As a result all four reaction paths can
be treated as barrierless and hence spontaneous. The reactant single
point energies (SP) are higher relative to the transition state than
when the cation is fully optimized (OPT). This can be easily explained
as the fully optimized cation of the reactant will be lower in energy
(more stable) than the single point energy of the cation at its neutral
optimized geometry. Another important observation is that the
product is lower in energy (more stable) than the transition state and
the reactants for each reaction possible pathway. It is clear that all
four possible reaction pathways are highly exothermic in nature.
Based on the reactant that undergoes the ionization, the four
reactions can be separated into two types, (1) where the ionized
ammonia cation radical reacts with the neutral ethylene and (2)
where the ionized ethylene cation radical reacts with the neutral
ammonia and these are discussed below. As the reactions are
barrierless, only the reactant and product energetics are compared.
Figure 3. Potential energy surface of the cation–neutral hydroamination reaction. The ZPE corrected energy values are represented in kJ/mol for MP2 and B3LYP methodologies
(B3LYP values are inside the bracket).
Case-1, where the ammonia is ionized to produce the [NH3]þ

cation radical and this subsequently reacts with the neutral ethyl-
ene. If the cation relaxation time is slower than the reaction time,
then the cation might undergo a structural relaxation before the
reaction and if the relaxation of the cation is a slow process, then the
generated cation of ammonia will immediately react with the neu-
tral ethylene. Here both the situations are modelled by considering
the fully optimized geometry of the cation for the former situation
and the single point calculation for the cation at the optimized
geometry of its neutral molecule for the latter situation. These two
possibilities can be identified as paths (1) and (4), in Figure 3.

Case-2, where the ethylene is ionized to produce the
[CH2]CH2]þ cation radical and this subsequently reacts with the
neutral ammonia. Similar to case-1, if the cation relaxation time is
less than the reaction time, then the ethylene cation will undergo
a structural relaxation before the reaction occurs and if the
relaxation time of the cation is greater than the reaction time, then
the generated cation of ammonia will immediately react with the
neutral ammonia. Here both the situations are modelled by con-
sidering the fully optimized geometry of the cation of ethylene for
the former situation and the single point calculation for the cation
at the optimized geometry of its neutral ethylene for the latter
situation. These two possibilities can be identified as paths (2) and
(3), in Figure 3. In both cases it can be seen that, when the reaction
occurs through the unrelaxed geometry of the cation, the reaction
is more exothermic than when it occurs through the relaxed geo-
metry of the cation. Comparing MP2 data of paths (1) and (4), path
(1) is 73 kJ/mol more exothermic than path (4). Similarly, compar-
ing MP2 data of path (2) with (3), path (2) is 21 kJ/mol more exo-
thermic than path (3). The difference between the relaxed and
unrelaxed paths in case-1 is very high compared to case-2. This
large difference in case-1 can be attributed to the large stabilization
(lowering of the energy) of the ammonia cation radical after full
minimization, as the geometry is relaxed from the pyramidal shape
to the planar shape.

Comparing case-1 and case-2 it can be seen that, if the un-
relaxed geometry of the cation is involved in reaction, then path (1),
where the ammonia cation is involved is more exothermic than
path (2), where the ethylene cation is involved in the reaction. The
situation is reversed when the relaxed cation geometry is involved
in the reaction. In other words, when the relaxed geometry of the
cation is involved in the reaction, then path (3), where the ethylene
cation is involved is more exothermic than path (4), where the
ammonia cation is involved in the reaction. As explained in
the work of Hamann et al., the reaction of the ethylene cation with
the neutral ammonia is preferred over the reaction of the ammonia
cation with neutral ethylene (more product is obtained if the eth-
ylene is ionized than if the ammonia is ionized).15 In such a case, the
more exothermic nature of path (3) over path (4) (former path is
around 27 kJ/mol more exothermic than the latter one) will explain
the preference of the ethylene cation reacting with the neutral
ammonia over the ammonia cation reacting with the neutral eth-
ylene, as observed in the experiment of Hamann et al.15 Thus it is
likely that the generated cation undergoes structural relaxation
before reacting with the neutral reactant.

4. Conclusions

In summary, we have carried out a computational study on the
reaction paths of the neutral–neutral as well as cation–neutral
direct hydroamination reaction, using MP2 and B3LYP methodol-
ogies. Our calculation for the neutral–neutral hydroamination
reaction involving ethylene and ammonia shows that, although the
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reaction is exothermic in nature, it is forbidden by a large energy
barrier and large negative reaction entropy. Our B3LYP results agree
well with the experimental DH, DG and DS values and at the same
time estimate the barrier height to be 228.9 kJ/mol for the
neutral–neutral reaction. Calculations of cation–neutral direct
hydroamination show that the reaction is barrierless. Also the
cation–neutral reaction shows that, if the unrelaxed geometry of
the cation of either ammonia or ethylene is involved in the reaction,
the reaction is more exothermic than if the relaxed geometry of
either cation is involved in the reaction. The experimental results of
Hamann et al. show that the reaction between the cation of the
ethylene and the neutral ammonia is preferred over the reaction
between the cation of ammonia and the neutral ethylene.15 Our
calculations show that, when the structurally relaxed ethylene
cation reacts with the neutral ammonia, the process is more exo-
thermic than when the relaxed ammonia cation reacts with the
neutral ethylene and vice versa for unrelaxed geometry. In other
words, our calculations suggest that in the experimental work of
Hamann et al.15 the generated cation undergoes a structural
relaxation process before reacting with the other neutral reactant.
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