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Chlorination of ammonia and aliphatic amines
by Cl2: DFT study of medium and substituent
effects
Valerije Vrčeka* and Hrvoje Meštrićb
The mechanism of chlorination of ammonia and
calculations using a series of DFT functionals. Three
J. Phys. Or
aliphatic amines by Cl2 was studied by quantum-chemical
different reaction pathways were considered for the reaction

between Cl2 and NH3 in the gas phase. Several intermediates and transition state structures, not described earlier,
were located on the corresponding potential energy surface. It is calculated that the reaction field effects (SCIPCM) on
the chlorination is much less pronounced than the effect of a specific solvent interaction which was modeled by an
explicit water molecule. It is also found that the calculated energy barrier and the reaction free energy of the
chlorination of different amines are dependent on the alkyl-substituent effects. With increase in the basicity of amine,
the chlorination reaction becomes more feasible. Calculated geometries of intermediates and overall reaction
energetics are significantly influenced by the method for a treatment of electron correlation (DFT vs. MP2), and
by the fraction of HF exchange (x) in DFT functionals. With increase in the x in the corresponding functional, the DFT
results approach those obtained at the MP2 level, and are closer to experimental values, as well. Copyright � 2008
John Wiley & Sons, Ltd.
Supporting information may be found in the online versi
on of this article.
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INTRODUCTION

Chlorination reactions play an important role in environmental
chemistry and biochemistry. Water chlorination is the most
widely used method for water disinfection, whereas free chlorine
is also used extensively in the treatment of wastewaters and in
food industry as the principal sanitizing agent. The drawback of
chlorination is the formation of a wide range of chlorinated
by-products, some with carcinogenic and/or mutagenic proper-
ties.[1–5] In addition to this environmental impact, the chlorination
reactions are also relevant to physiological processes. Thus, the
chlorinating agents, hypochlorous acid (HOCl) and chlorine
(Cl2), are reactive oxidants generated by phagocytes, which are
important in host defenses, inflammation, or diabetes and
neurodegenerative processes resulted from chlorinative
stress.[6–8] The microbicidal and toxic properties of HOCl
and Cl2 stem from their chemical reactivities which include
chlorination of amines, unsaturated lipids, and many other
biological compounds.[9,10]

The chlorinating intermediate in typical halogenation reactions
is generally believed to be HOCl or its conjugate base
hypochlorite (ClO�). HOCl is a ubiquitous chlorinating agent
and it is known that chlorination by HOCl involves assistance of
water molecules. Both experimental[11,12] and theoretical[13]

studies postulated the presence of water in the transition state for
the aqueous chlorination of amines by HOCl. However, in organic
solvent or in hydrophobic environment, such as in the active site
of the enzyme, where no water molecule is present, different
mechanisms of chlorination are to be considered. It is shown, for
g. Chem. 2009, 22 59–68 Copyright � 20
example, that the L-tyrosine in aprotic non-polar solvent, such as
hexane, could be easily chlorinated,[14] in a reaction obviously not
catalyzed by water.
HOCl is in equilibrium with molecular chlorine (Cl2), raising

possibility that Cl2 executes halogenation reactions that have
previously been attributed to HOCl/ClO�. For example, the
reactive intermediate in cholesterol chlorination performed by
myeloperoxidase is Cl2, and not HOCl itself, as suggested
earlier.[15] As well, experimental results on chlorination of the
cytosine in bacterial RNA suggest that an actual chlorinating
agent in this reaction is molecular chlorine derived from HOCl.[16]

At low pH (e.g., in gastric fluid) Cl2 should be considered again
as an important chlorinating agent, even more efficient than
HOCl. Indeed, Cl2 was found to be a much more effective
chlorinating agent than either HOCl or NH2Cl.

[17–20]

Finally, the evidence that Cl2 alone, without water participation,
should be considered as an effective chlorinating agent comes
from gas-phase studies which shows that ammonia reacts
08 John Wiley & Sons, Ltd.
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with Cl2 to form either chloroamine or nitrogen trichloride.[21]

This gas-phase reaction is not only relevant to both chlorine
inhalation studies[22–23] but also to the food industry where
chlorine gas is used as an oxidizing and bleaching agent.[24]

Our goal is, by studying reaction mechanism using modern
quantum-chemical methods, to compare the chlorination
capacity of two closely related species HOCl and Cl2. Comparative
study on chlorination mechanisms involving either HOCl and Cl2
is warranted due to the results demonstrating that these two
oxidants become reactive chlorinating species under different
reaction conditions; they react with different rates,[18] and with
different biological targets.[14,15]

The preliminary density functional study on the chlorination of
ammonia by HOCl is already published,[13] therefore we set out to
study an analogous reaction between Cl2 and amines. In this
paper we present that the detailedmechanism of this elementary
yet so intricate reaction can be successfully described using
modern quantum-chemical DFT methods. Several new inter-
mediates, not described earlier, were located and new reaction
pathways were considered. As well, the dependence of the
N-chlorination reaction on both solvent and substituent effect
was calculated. It is our hope that these results may be useful in
future experimental studies of the chlorination reaction at
nitrogen, particularly in the gas phase or in organic solvents.
COMPUTATIONAL METHODS

The quantum-chemical calculations were performed using the
Gaussian03 suite of programs.[25] All structures were fully
optimized (in specified symmetry) using density functional
theory (DFT) methods employing several different functionals.
Thus, two local functionals, G96LYP[26,27] and TPSS,[28] and four
nonlocal functionals, B3LYP,[29–32] B1B95,[33,34] MPWB1K,[33,35,36]

and M05-2X,[37] were tested. G96LYP is the generalized gradient
approximation (GG method) that depends on both the local spin
density and its gradient, whereas TPSS is meta GGA that also
depends on local spin kinetic energy. B3LYP is the most popular
hybrid method, whereas B1B95 (x¼ 25), MPWB1K (x¼ 44), and
M05-2X (x¼ 56) are hybrid meta functionals with successively
increased fraction of HF exchange (x) in the corresponding
functional. The 6–31þG(d,p) basis set (which adds diffuse and
polarization functions to heavy atoms and polarization functions
to the hydrogens as well) was used for geometry optimizations
and frequency calculations. It was reported earlier that this
double zeta quality basis set is usually reasonable for comparative
purposes.[38] For comparison, all structures were optimized at the
MP2/6–31þG(d,p) level,[39,40] as well. We have found that
geometries and relative energies of several intermediates are
significantly influenced by using either second-order Møller–
Plesset perturbation theory or different fraction of HF exchange
(x) in the corresponding functionals. The effect of different basis
set was also tested (see Supplementary Information), but the
relative energy order was not perturbed.
Optimized coordinates of all structures are included in the

Supplementary Information. Analytical vibrational analysis at
the corresponding level was performed to characterize each
stationary point as a minimum (NImag¼ 0) or first-order saddle
point (NImag¼ 1). IRC calculations (intrinsic reaction coordinate
as implemented in Gaussian 03) were performed at the
corresponding level of theory to identify the minima connected
through the transition state. The initial geometries used were that
www.interscience.wiley.com/journal/poc Copyright � 2008
of the corresponding transition states structures, and the paths
were followed in both directions from that point. This method
verified that a given transition structure indeed connected the
presumed energy minimum structures.[41]

Geometry optimization and frequency calculations in the
presence of solvent were carried out for all structures at
the B3LYP/6–31þG(d,p) and M05-2X/6–31þG(d,p) levels. The
solvent effects were calculated using the self-consistent reaction
field (SCRF) method based on the self-consistent isodensity
polarizable continuum method (SCI-PCM),[42] which employs a
higher order cavity whose volume and shape are iteratively
computed from the electron density. This method has been
proposed as a general-purpose way of calculation of the solvent
effect on chemical equilibria and reactions.[43–46] The default
value of 0.0004 was used for the isodensity surface, 974 points
were used in the special grid option, and surface integrals were
evaluated using the single center procedure.[47] The solvent
relative permittivity of e¼ 46.7 (dimethylsulfoxide, DMSO) was
used. Numerical frequencies at the corresponding level were
calculated for each structure, confirming that structures were
minima or first-order saddle points.
The counterpoise correction (CP)[48] for the basis set super-

position error (BSSE) has been used in both geometry
optimizations and frequency calculations for selected structures.
RESULTS AND DISCUSSION

Chlorination of ammonia by free chlorine molecule corresponds
to a type II SN2 reaction, analogous to, for example, the
Menshutkin reaction,[49] where a system consists of a neutral
nucleophile and substrate. As is typical of SN2 reactions in the gas
phase, separated reactants NH3 and Cl2 initially collapse to an
intermediate which is either a van der Waals reactant complex or
a ‘‘charge-transfer’’ complex (1a in Fig. 1). Isolation and
characterization of the transient complex H3N���Cl2 in the gas
phase have been performed earlier.[50,51] It is shown that the
reaction between NH3(g) and Cl2(g) results in the formation of a
weak complex in which the molecular interaction is mainly
electrostatic in origin and charge-transfer effects are small. As
well, several computational studies of this H3N���Cl2 complex have
been performed analyzing the nature of molecular inter-
action,[52–55] but none used the DFT method to describe this
system.
This molecule-pair reactant has a linear geometry with C3v

symmetry, and is calculated lower in energy than the separated
reactants (NH3 and Cl2) if local functionals (G96LYP or TPSS) were
used for calculations (Table 1). However, when hybrid (nonlocal)
functionals (such as B3LYP, B1B95, MPWB1K, or M05-2X) are
employed, the reaction NH3þCl2! 1a becomes endergonic (by
1.7–2.7 kcalmol�1). It is known that the absence of the
Hartree–Fock exchange in the generalized gradient approxi-
mation (GG) tends to overestimate the strength of this
intermolecular interaction,[56] which is also reflected in the
shorter N—Cl intermolecular distances obtained with the GGA
methods (G96LYP or TPSS). All hybrid functionals provide larger
N—Cl intermolecular distances (see Supplementary Information)
which are closer to the MP2 calculated distance and to the
available experimental value.[57] As expected, the Cl—Cl
stretching frequency is the normal mode that suffers the
greatest change with the interaction in the complex 1a. The
M05-2X functional yields value of 462 cm�1 which is in excellent
John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2009, 22 59–68



Figure 1. Schematic M05-2X/6–31þG(d,p) potential energy profile for NH3þCl2 reaction (pathway A, solid line; pathway B, bold line; pathway C, wavy line)

Table 1. Relativea free energy (DG)b differences (in kcalmol�1) for intermediates, transition state structures involved in pathways A,
B, and C, calculated at the different levels of theoryc

Structure G96LYP xd¼ 0 TPSS x ¼ 0 B3LYP x ¼ 25 B1B95 x ¼ 25 MPWB1K x ¼ 44 M05-2X x¼ 56 MP2

NH3þCl2 1.6 3.0 2.1 3.4 3.5 2.6 5.0
1a 1.5 0.9 2.5 5.2 6.2 4.3 7.3
1a0 — — 7.8 9.5 10.1 8.2 6.3
TS1a_a0 — — 8.1 10.8 10.8 9.0 12.6
1b’ — 5.9 4.8 — — 6.3 9.0
1b00 — 6.8 4.8 — — 6.3 7.7
1b — — — 9.1 8.5 6.8 8.3
TS1b0_b00 — 6.5 5.0 — 9.6 11.5
3 55.8 55.0 62.3 — — 68.3 72.9
TSa 41.2 42.7 49.0 — — — —
TSb 42.6 43.0 49.3 56.4 62.8 59.9 63.6
TSc 58.8 59.0 69.1 74.6 81.2 79.4 73.1
TSc0 55.6 54.8 62.4 — — 68.1 73.6
4 48.8 50.8 59.7 67.6 76.8 73.7 —
5 60.0 60.6 9.3 76.1 83.0 82.9 95.9
6 59.4 59.3 69.0 75.9 83.6 81.9 88.4
2 3.6 1.1 1.8 3.0 1.9 1.3 1.2
20 13.1 11.7 17.0 19.7 — — —
TS2_20 13.4 12.0 17.6 20.8 — — —
NH2ClþHCl 0 0 0 0 0 0 0

a Relative energies with respect to separated products NH2Cl and HCl.
b At 298.15 K.
c Basis set 6–31þG(d,p) used throughout.
d x, percentage of HF exchange in the functional.
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agreement with the experimental frequency (460 cm�1).[58] This
indicates that the inclusion of HF exchange is an important
parameter for the accurate description of this complex (see
Supplementary Information).
An additional complex 1a( also with linear geometry and

C3v symmetry was located, but is calculated less (by
3.9–5.3 kcalmol�1) stable than the complex 1a. This structure
1a( has not been described earlier, neither experimentally[50,51]

nor theoretically.[52–55] At all hybrid DFT levels it is a real minimum
which is easily converted via the transition state structure
TS1a_1a( back to 1a (Fig. 1). The calculated energy barrier for this
process 1a(!1a is between 0.3 kcalmol�1 (B3LYP) and
1.3 kcalmol�1 (B1B95) indicating a flat region at the corres-
ponding energy hypersurface. The imaginary frequency
(353i–568i cm�1) corresponds to the nitrogen passing through
the plane of the three hydrogens (the ammonia molecule can
turn itself inside-out via the so-called umbrella mode).[59–63]

In addition to complexes 1a and 1a(, in which chlorine
interacts with ammonia in a linear fashion, three more complexes
were located as true minima, of which the two are stabilized by
weak intermolecular hydrogen bonds (1b( and 1b((), and one is
characterized by the T-shaped interaction between nitrogen
atom and chlorine molecule (1b). The hydrogen-bonded
complexes were calculated less stable than 1a (at all levels
employed). They exist in fast, almost degenerate, equilibrium
(Fig. 1). The transition state structure TS1b(_b(( for this inter-
changing reaction is analogous to TS1a_a( which connects
complexes 1a and 1a(. The only imaginary frequency corre-
sponds to the nitrogen passing through the plane of the three
hydrogens (see above). The similar hydrogen-bonded complexes
between ammonia and ClF were described recently.[64] However,
the existence of complexes 1b( and 1b(( is somewhat
controversial, as different functionals used for calculations
resulted in different conclusion about the nature of the
corresponding stationary points. For comparison, at the MP2
level of theory the structures 1b( and 1b(( were located as real
minima, which is in agreement with results obtained at the
M05-2X level, the exchange-correlation functional shown to
be superior for an accurate description of noncovalent
interactions.[37]

The structure 1b is a real minimum when any of the hybrid
meta-GGAs methods were employed, being 2.5 kcalmol�1 less
stable than 1a at the M05-2X level (only 1 kcalmol�1 at the MP2
level). In conclusion, all the five different interaction complexes
between ammonia and chlorine, labeled through 1a–1b((, can be
located only at the M05-2X and MP2 level of theory. These results
show that both the charge transfer and hydrogen-bonded
complexes are difficult task for density functionals which should
be used systematically and with caution.[65,66]
Figure 2. B3LYP/6–31þG(d,p) optimized geometries of transition state str

distances are in angstroms (SCIPCM-B3LYP values in italics and M05-2X valu

www.interscience.wiley.com/journal/poc Copyright � 2008
All starting complexes with a N—Cl—Cl bond angle different
from 1808converged back to 1a during optimization procedures.
These are supposedly symmetrical structures (Cs point group)
that would result from an angular oscillation of the Cl2 subunit as
proposed by Legon[50,51] while discussing internal dynamics of
the linear complex H3N���Cl—Cl. Only symmetrical structures 4
(n(N—Cl—Cl)¼ 45.58)), 5, and 6 could be located (Scheme 1),
but all were characterized as transition state structures
(NImag¼ 1). The three-membered ring structure 4 is a very
unstable complex (Table 1), and is similar in geometry to the
front-side attack transition states (CF3Cl2)

� and (CH3Cl2)
�

reported earlier.[67,68] The four-membered ring structures 5
and 6, in which a hydrogen is positioned between the two
chlorine atoms, are even less stable than 4. While in the case of
ammonia the formation of these structures is energetically very
unfavorable, it is possible that such high-energy intermediates
may be more important in chlorination of some other amines.
As suggested by Bürger,[69] a molecular complex H3N���Cl2

should be classified as a prereactive complex in which separation
of the ammonia and chlorine (in our case the calculated N—Cl
interaction distance in 1a is ca. 2.5 Å, whereas the distance
between the N atom and the Cl—Cl bond-midpoint in 1b is ca.
2 Å; at the M05-2X level) is notably shorter than the van der Waals
contact (N—Cl distance of ca. 3.4 Å), but longer than an electron
pair bond or an ionic bond. In contrast to van der Waals
complexes, which fall apart reversibly into their constituents, the
prereactive complex may undergo a reaction to form different
products. Indeed, we have found that a chlorine transfer to the
unprotonated nitrogen, formally as Clþ, could proceed via
transition state structures TSa or TSb (Fig. 2, B3LYP results),
suggesting that at least two different reaction pathways A and B
could be followed along the total reaction coordinate (Fig. 1).
However, when meta hybrid functionals (or MP2 method) were
employed for calculations the transition state structure TSa has
vanished from the corresponding energy surface. This structure is
not a relevant structure in the chlorination mechanism of
ammonia in the gas phase until solvent effects are included (see
below). The transition structure TSb has a ‘‘staggered’’ confor-
uctures TSa, TSb, and TSc for the gas-phase chlorination of NH3. Bond

es in parentheses)

John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2009, 22 59–68
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mation and is characterized by one imaginary frequency
(455i cm�1) which corresponds to the Cl—Cl bond cleavage
process simultaneous with N—Cl bond formation. The cyclic
structures of TSb differ from that of the Menshutkin type of
reaction (e.g., Clþ transfer in CH3Cl���NH3 complex) in which the
corresponding transition state structure retains C3v symmetry
and linear arrangement of the nucleophile and substrate.
The IRC calculation with meta hybrid GGAs shows that

transition structure TSb connects 1b and 2. These results suggest
that the linear complex 1a has to be converted to the T-shaped
interaction complex 1b in order to undergo the chlorine transfer
reaction via the transition structure TSb.
The structure 2 is a hydrogen-bonded complex (at the M05-2X

level the calculated distance ClH���NH2Cl is 1.821 Å, and the
corresponding bond angle Cl—H—N is 176.18) in which the
separation of the two constituents leads without a barrier to
the final products, the chloroamine (NH2Cl) and hydrochloric acid
(HCl). This product interaction complex 2 is calculated 3 and
5.5 kcalmol�1 more stable than reaction interaction complexes
1a and 1b, respectively, but 1.8 kcalmol�1 less stable than fully
separated products. Therefore, a typical asymmetric double-well
energy profile with a late transition state was obtained.
In addition to the spontaneous dissociation process

2!NH2ClþHCl (Fig. 1), the complex 2 can undergo a
protonation, as well, in which the unstable [NH3Cl]

þCl� (2() salt
is formed (Scheme 2). The synthesis and characterization of the
first stable [NH3Cl]

þM� salts (M¼ BF4, AsF6, of SbF6) have been
reported recently.[70] It is shown that these simple inorganic
cations with an N—Cl bond can be easily formed from
monochloramine in the presence of a strong Lewis acid.
Structure and reactivity of its protomer, [NH2ClH]

þ, have also
been reported. It is found that the chlorine-protonated form is
less stable by 41 kcalmol�1.[71]

The symmetrical structure 2 (Cs point group) can be
characterized as an ion-pair complex which is similar to the
product of Menshutkin reaction,[72,73] but is also related to
the SN2 nucleophilic displacement reaction on neutral nitro-
gen[74] or at saturated carbon.[75–79] In the gas phase, due to the
charge separation, the [NH3Cl]

þ salt 2( is significantly destabilized
(by more than 15 kcalmol�1 at the B3LYP level) when compared
to the hydrogen-bonded product 2. These two product
complexes, 2 and 2(, are connected through the transition state
structure TS2–2( (Scheme 2). The transition state TS2–2( is
calculated only 0.6 kcalmol�1 less stable than 2(, and is
characterized by one imaginary frequency (117i cm�1)
which corresponds to the hydrogen shift from the nitrogen
atom to the chlorine ion.
However, the structure 2( is also controversial (at least in the

case when the Cl� is a counterion) as both MPWB1K and M05-2X
methods cannot locate this structure as a real minimum, but
converges to separated products NH2Cl and HCl. It is due to the
Scheme 2.

J. Phys. Org. Chem. 2009, 22 59–68 Copyright � 2008 John Wil
chlorine as a counterion, since we can easily locate such a type of
salt when BF�4 is used as a counterion (i.e., [NH3Cl]

þ[BF4]
�, see

Supplementary Information), which is much less nucleophilic
than Cl�. This is in agreement with experimental results
presented above.[70]

Along with the pathways A and B, the third possible pathway C
has also been considered (Fig. 1). According to this pathway C, the
rearrangement starts from 1a which undergoes an uphill
hydrogen shift, from the nitrogen to the chlorine atom, forming
a high-energy intermediate 3. The transition state structure TSc
(Fig. 2) for this process is more than 15 kcalmol�1 higher in
energy (at all levels employed) than transition state structures
TSa and TSb which correspond to the pathway A and B,
respectively (Table 1). The second hydrogen shift between two
chlorine atoms converts the intermediate 3, through the bridged
transition state structure TSc(, to the more stable (for ca.
60 kcalmol�1) intermediate 2. It is interesting that both the
intermediate structure 3 and transition structure TSc( do not exist
on the potential energy surface calculated at B1B95 andMPWB1K
levels. According to these functionals the linear complex 1a is
directly converted to 2 via the transition structure TSc. If the
fraction of HF exchange (x) in the functional is increased (e.g.,
M05-2X; x¼ 56) the mechanism of the pathway C shifts to the
two steps consecutive process 1a! TSc!3! TSc(! 2.
Therefore, three possible routes for the chlorination of NH3

by Cl2 in the gas phase were located on the corresponding PES.
Pathways A and B are kinetically equally plausible since both
proceed through barriers (TSa or TSb, respectively) that are
similar in energy. However, the existence of the transition
structure TSa is somewhat controversial (see above). The third
pathway C involves the intermediate 3, and two hydrogen-
bridged transition states, TSc and TSc(, and all of them are very
unstable structures, which makes this chlorination mechanism
quite unlikely, at least in the case of ammonia.
In general, both geometries and relative energies of all

structures involved in pathways A, B, or C are dependent on the
density functional applied. These results suggest that it is
mandatory to compare results obtained at different theoretical
levels, since both geometries and energies are not only
influenced but also a complete mechanistic picture could be
significantly changed. We have noticed that by increasing the
fraction of HF exchange in the functionals, the DFT results
converge to that calculated at the MP2 level of theory. This
suggests, in line with earlier findings,[65,66] that the M05-2X
functional (x¼ 56) is the most reliable for an accurate description
of the chlorination mechanism. Therefore, this functional was
selected, along with the most popular B3LYP, for calculations of
medium and substituent effects on the N-chlorination reaction.
6

MEDIUM EFFECTS

Contrary to the Menshutkin type of reaction, where the two
neutral reactants result in separated ion product, and are
therefore very sensitive to polarizability of the medium,[80–82] the
reaction between ammonia and chlorine via TSa or TSb directly
produces two neutral product molecules, i.e., NH2Cl and HCl. It is
shown that the calculated bulk solvent effect of dimethyl
sulfoxide (DMSO, e¼ 46.7) on the energetics of the Menshutkin
reaction between ammonia and methyl chloride is significant.[47]

The reaction activation free energy in DMSO decreases by more
than 16 kcalmol�1 with respect to the gas phase (from 41.9 to
ey & Sons, Ltd. www.interscience.wiley.com/journal/poc
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Figure 3. M05-2X/6–31þG(d,p) optimized geometries of transition

state structures TSaw and TSbw for the water-assisted chlorination of
NH3. Bond distances are in angstroms (B3LYP values in italics and MP2

values in parentheses)

V. VRČEK AND H. MEŠTRIĆ

6
4

25.5 kcalmol�1, respectively), and the corresponding transition
state is shifted considerably to an earlier stage of the reaction (the
transition state becomes more reactant-like). For comparison, we
have performed the same solvent model calculations (SCIPCM
geometry optimizations and numerical frequency calculations in
DMSO) for the chlorination of NH3 by Cl2. As expected, the
calculated reaction field effect is much less pronounced for this
chlorination reaction. At B3LYP level the calculated activation free
energy for the pathway A in DMSO is 42.5 kcalmol�1, which is
only 4.4 kcalmol�1 lower than the corresponding gas-phase
value. As well, only small changes in geometry of TSa are
calculated during optimization procedure in the presence of the
model solvent, which confirms that the chlorination reaction of
ammonia is not very susceptible to bulk solvation effects. For
example, the bond distance between the two chlorine atoms in
the transition structure TSa (Fig. 2) is shortened (2.600 Å)
compared to the gas-phase structure (2.707 Å), while the distance
between nitrogen and chlorine atoms is slightly elongated
(2.418 Å vs. 2.337 Å, respectively). As expected, these structural
changes on going from the gas phase to the solvent (e¼ 46.7) are
consistent with a slight shift of the transition state TSa to an
earlier stage of the reaction.
Interestingly, in the solvent model the pathway B is calculated

for 0.6 kcalmol�1 more favorable than the pathway A (Table 1),
while the pathway C has, similar to the gas-phase calculations,
very high-energy barrier. Similar to the gas-phase calculations, no
transition structure with ‘‘eclipsed’’ conformation (TS can be
located if meta hybrid functionals are employed for solvent
model (SCIPCM) calculations. Only the ‘‘staggered’’ transition
structure TSb is found at the corresponding PES. The calculated
energy barrier for this pathway B is only slightly influenced when
solvent model is taken into account. At the SCIPCM-M05-2X level
the calculated energy barrier for the process 1b! TSb! 2 is
51.6 kcalmol�1, which is only 5.7 kcalmol�1 lower that the
calculated barrier in the gas phase.
Whereas the use of the solvent’s bulk dielectric constant is

justified in many cases, this is not the case with hydrogen
bonding solvents such as water. To consider specific solvent
interactions with intermediates involved in the reaction between
ammonia and chlorine, a discrete water molecule is included in
the solvent modeling calculations. It is suggested that in order to
correctly calculate solvent effects on the chlorination of NH3 by
HOCl in aqueous solution, it is necessary to take into account the
presence of explicit water molecules.[13] Therefore, in addition to
implicit solvation as calculated by the SCIPCM continuum model,
we have performed calculations which include specific solvent–
solute interactions. It is found that an additional water molecule
significantly influences this reaction, in particular by stabilizing
transition state structures TSaw and TSbw (Fig. 3). The structure
TSaw, which is related to the pathway A in the gas phase, adopts a
six-membered ring geometry with approximately linear arrange-
ments of six atoms involved in an intramolecular rearrangement
process. At B3LYP and M05-2X levels, it is characterized by one
imaginary frequency (291i cm�1; M05-2X) which corresponds to
the simultaneous transfer of the two hydrogen atoms (from N to
O and from O to Cl, respectively) coupled with N—Cl bond
forming and Cl—Cl bond breaking processes. The inclusion of
water molecule in this structure facilitates the Cl transfer from the
chlorinemolecule to ammonia, yielding a substantial reduction of
the free energy barrier. The calculated barriers for the
chlorination of NH3 in the gas phase are 46.9 kcalmol�1

(B3LYP; pathway and 57.3 (M05-2X; pathway B)), whereas the
www.interscience.wiley.com/journal/poc Copyright � 2008
corresponding barriers for water-assisted chlorination are
reduced to 33.2 and 33.3 kcalmol�1, respectively. The IRC
procedure, performed by stepping forward and backward from
the transition structure TSaw along the imaginary mode, shows
that this transition state leads to water-complexed reactant and
product intermediates 1aw1 and 2aw1, respectively (see below).
Similar to the TSaw, the transition state structure TSbw, which is

related to the pathway B in the gas phase, also adopts a
six-membered ring geometry (Fig. 3). The analogous transition
state structure with a nonlinear arrangement was not considered
in the earlier computational study[13] of the water-assisted
chlorination of NH3 by HOCl. However, due to the staggered
conformation (B3LYP and M05-2X calculated Cl—Cl—N—H
dihedral angle values are 1728 and 1678, respectively) this
structure cannot adopt a planar geometry, as required for an
efficient water-assisted Cl transfer. Whereas the energy difference
between transition state structures TSa and TSb is almost
negligible, suggesting that pathways A and B in the gas phase are
energetically similar, their water-complexed analogs TSaw
and TSbw, respectively, differ for more than 14 kcalmol�1. Since
the TSbw is significantly less stable than TSaw, it appears that
the pathway B could not be operative in the water environment.
The similarity was found at the MP2 level where the TSbw is
calculated almost 17 kcalmol�1 less stable than the TSaw
(Table 2). Therefore, in the gas phase the two structures TSa
and TSb are to be considered as rate-determining transition
states, although the former is somewhat controversial (see
above), whereas in the water solvent only the reaction route
involving the transition state structure TSaw is energetically
plausible.
Interactions of water molecule with reactant and product

intermediates of pathway A were also considered. Several water
John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2009, 22 59–68



Table 2. Relativea free energy (DG)b differences (in
kcalmol�1) for intermediates, transition state structures
involved in the water-assisted chlorination of NH3, with BSSE
corrected values (DGCP) for selected structuresc

B3LYP M05-2X MP2

Structure DG (DGCP) DG DG
NH3þCl2þH2O 2.1 2.6 5.0
1aw1 5.0 (6.4) 6.5 10.5
1aw2 7.0 (7.9) — —
TSaw 35.3 (37.6) 35.9 43.0
TSbw 49.7 (51.2) 58.3 59.9
2aw1 3.3 (5.3) 1.1 2.2
2aw2 3.5 (5.5) 2.3 2.1
NH2ClþHClþH2O 0 (0) 0 0

a Relative energies with respect to separated products NH2Cl,
HCl, and H2O.
b At 298.15 K.
c Basis set 6–31þG(d,p) used throughout.
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complexes of 1a were optimized, but all converged to the two
different complexes 1aw1 and 1aw2 (Scheme 3). At the M05-2X
and MP2 levels only the cyclic complex 1aw1 was located as a
minimum. At the B3LYP level the complex 1aw1 is calculated for
1 kcalmol�1 more stable than 1aw2. In these complexes six atoms
interacting in the transition structure TSaw are already positioned
in linear arrangement, but only the water complex 1aw1 is directly
connected to the TSaw, as calculated by the IRC procedure. The
interaction distance between ammonia and chlorine moieties in
water complexes 1aw1 and 1aw2 is shortened by 0.1 Å when
compared to the corresponding N���Cl distance in 1a. Contrary to
the case of the transition structure TSaw which is stabilized by
one discrete water molecule insertion, the interaction of 1a with
water makes it, surprisingly, less stable than the corresponding
Scheme 3.
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structure of 1a in the gas phase. This is probably due to the
entropic contribution, which disfavors the formation of cyclic
structures.
As well, several water complexes of the hydrogen-bonded

product 2a were attempted, but all starting geometries
converged to the two stable isomers 2aw1 and 2aw2 (both at
the B3LYP and MP2 levels). Both of these complexes (Scheme 3)
are characterized by a six-membered ring geometry in which
water molecule acts as both proton donor and acceptor. They are
slightly destabilized with respect to the gas-phase product
intermediate 2a, mostly due to the entropic contribution, as
discussed above. Interaction of water with intermediates 1b and
2b was not considered, since it is found that the pathway B is not
an operative mechanism in water.
According to these computational results, one can conclude

that the inclusion of a discrete water molecule results in
measurable differences in geometry in both transition state
structures and intermediates, and influences not only the
energetics of the chlorination reaction but also the overall
mechanism, which is significantly changed. While this water-
assisted mechanism could be related to treatment procedures
such as chlorination of potable water or wastewaters, pathways A
and B should be considered, however, in cases where no water
assistance is possible. As already mentioned earlier, there is a
number of hydrophobic media in which no water participation is
to be expected. Such chlorination reactions occur in the gas
phase, in organic solvents, or in the active site of enzymes, to
name but a few chlorinations that are relevant to both
environmental chemistry and biochemistry. In these cases the
amine-containing compounds undergo the direct reaction
with Cl2 (not catalyzed by water).
To estimate the size of the basis set superposition error (BSSE)

on the interaction energies of intermediate complexes and
transition states involved in both chlorination reactions (the
pathway A in the gas phase and the water-catalyzed
mechanism), the popular counterpoise (CP) method was
employed.[48] Since the BSSE introduces an artificial attractive
force between the fragments (chlorine, ammonia, or water, in
our case), CP corrections usually lead to less stable complexes
with larger optimized intermolecular distances as compared to
CP-uncorrected optimized systems.[83–85] Thus, we have used
the CP to correct both the optimized geometries and the
interaction energies, i.e., the CP corrections were considered
over the whole PES for each particular chlorination reaction.
As expected, it is found that the N—Cl interaction distances in

both 1a (2.438 Å) and its water-complex 1aw1 (2.344 Å), are
calculated somewhat longer (2.462 Å and 2.369, respectively)
when the CP correction is introduced. The similarity was found for
TSa and its water-complex analogue TSaw. As well, the distance
of the hydrogen bond N���H(Cl) in the interaction product 2a
(1.823 Å) and its water-complex 2aw1 (1.635 Å) where calculated
slightly longer after BSSE correction (1.882 and 1.694 Å,
respectively).
Along with these negligible geometry changes upon

CP-optimizations, some minor changes in interaction energies
were also calculated when CP correction is performed
(Table 2). The calculated free energy barriers for the pathway
A chlorination and for the water-assisted chlorination are higher
for 0.7 kcalmol�1 and 2.3 kcalmol�1, respectively, when the CP
correction is included. Therefore, decrease of the energy barrier
calculated for the water-catalyzed mechanism, when compared
to the gas-phase pathway A, is mostly due to the water
ey & Sons, Ltd. www.interscience.wiley.com/journal/poc

5



Figure 4. Dependence of the M05-2X calculated reaction energy (DGo;

dashed line) and calculated free energy barrier (DG#; solid line) of the

chlorination of amines by Cl2 on the experimental gas-phase basicity (in
kcalmol�1) of different amines
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participation alone, and only minor contribution comes from the
BSSE error.
SUBSTITUENT EFFECTS

Since the free electron pair on the nitrogen is directly involved in
the formation of 1a, the most stable encounter complex, the
chlorination reaction of NH3 by Cl2 is similar to an SN2 reaction
(type II SN2 reaction analogous to the Menshutkin reaction),[49] or
nucleophilic displacement, and the rate of reaction should vary as
the base strength of the nitrogen compound. Indeed, we have
calculated that free energy barriers for the chlorination of
aliphatic amines by Cl2 decrease with the increase in the
gas-phase basicity (GB) of the amines (Fig. 4). Only the
‘‘staggered’’ transition state structures were considered (analo-
gous to TSb) at the M05-2x level, since the transition structures
with an ‘‘eclipsed’’ conformation (as measured by the
Cl—Cl—N—H dihedral angle) were calculated less stable and
all were characterized as the second-order stationary points.
In the case of the cyclopropylamine the transition state
structure with an eclipsed conformation was located, but was
calculated ca. 1 kcalmol�1 less stable than the staggered
conformer. For example, the calculated DG# for the chlorination
of (CH3)2NH (GB¼ 214.3) and piperidine (GB¼ 220.0) are
42.6 kcalmol�1 and 42.4 kcalmol�1, respectively, both values
being lower than the corresponding free energy barriers for the
chlorination of (CH2)2CHNH2 (GB¼ 207.9; DG#¼ 50.1 kcalmol�1)
and CH3NH2 (GB¼ 206.6; DG#¼ 48.5 kcalmol�1).[86] The highest
energy barrier has been calculated for the chlorination of NH3

(57.3 kcalmol�1; Pathway B), which is the least basic (GB¼ 195.7).
This strongly indicates a nucleophilic attack by the N atom of the
amine on the Cl atom in the chlorine molecule as the
rate-determining step in the reaction mechanism. It is in
agreement with experimental data available for the chlorination
of amines by HOCl where the similar reaction mechanism is
expected.[87,88] A linear regression of the calculated activation
energies with the experimental gas-phase basicities (Fig. 4) gives
a correlation coefficient r¼ 0.96 (the slope is �0.67, and the
value of the intercept is 187.58). This linearity indicates that
www.interscience.wiley.com/journal/poc Copyright � 2008
nucleophilic reactivities of different amines toward the Cl2, for
which experimental values could not be accessible, could be
reliably predicted by using modern DFT methods.
The thermodynamics of the chlorination reaction of amines is

dependent on the subsequent introduction of N-substituents,
as well. The equilibrium constants for reactions R1R2NHþ
Cl2! R1R2N� Clþ HCl should become larger as the substituted
amines become more basic. Indeed, it is found that the
reaction free energy (DGo) for chlorination of piperidine
(DGo¼�11.6 kcalmol�1) is larger than the corresponding
calculated values for chlorination of CH3NH2 (DGo¼
�7.4 kcalmol�1) or NH3 (DGo¼�2.6 kcalmol�1). The values of
the calculated reaction free energies plotted against the
experimental gas-phase basicities exhibit excellent linearity
(r¼ 0.97, the value of the slope is �0.37, and the intercept is
69.12). These results suggest that the chlorination of amines
by Cl2 is both kinetically and thermodynamically more favorable
process whenmore basic amine is employed. Thus, it is confirmed
that the experimental findings could be successfully reproduced
by an appropriate DFT method, at least for certain subgroups of
amine substrates, which demonstrates again the predictive value
of such a quantum chemical approach.
With the increase in the basicity of the amine, the transition

state for the corresponding chlorination is shifted to an earlier
stage of reaction, i.e., the transition state structure becomes
more reactant-like. On going from NH3 to CH3NH2 and
(CH2)5NH (piperidine), the interaction distance between N and
Cl atoms is successively elongated (2.215, 2.249, and 2.312 Å,
respectively), while the Cl—Cl bond is shortened (2.593, 2.554,
and 2.522 Å, respectively). These results illustrate a fine
correlation between a degree of the Cl—Cl bond dissociation
in the transition state and the value of the free energy barrier (see
above). The higher barrier is associated with a larger deformation
(stretching) of the Cl—Cl bond, i.e., with the more extensive bond
cleavage of the leaving group in the transition state. For example,
the M05-2X calculated imaginary frequencies (N—Cl stretch
vibrational modes) for NH3���Cl2, CH3NH2���Cl2, and (CH2)5NH���Cl2
complexes are 455i, 436i, and 373i cm�1, respectively. These
findings are in agreement with earlier quantum-chemical
calculations on SN2 reactions at neutral nitrogen[74] and carbon
analogues.[89,90]
CONCLUSION

A detailed mechanism for the reaction between ammonia and
chlorine in the gas phase was investigated. The number of
available density functionals were used for calculations
including the generalized gradient approximation or GGA, the
meta GGA, the hybrid GGA, and finally the hybrid meta GGA. As
expected, the performance of HM-GGA and H-GGA methods is
better than local functionals.[91] In particular, the M05-2X
functional gives the best performance for the calculation of
noncovalent interactions found in charge-transfer (e.g., 1a, 1a(, or
2c) and hydrogen-bonding complexes (e.g., 1b, 1b(, or 2a), as
suggested earlier.[65,66]

Several new intermediates and transition state structures were
located and two alternative reaction pathways, along the
pathway A, were proposed (pathways B and C). The solvent
modeling calculations (in DMSO) and specific interactions of
intermediates and transition states with water molecules
were considered. The calculated reaction field effects on both
John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2009, 22 59–68
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structural changes and relative energies of intermediates are
negligible. However, it is found that transition state structures
TSaw and TSbw are preferentially stabilized over the reactants
when explicit water molecule is included. It is also found that
nucleophilic reactivity of aliphatic amines toward the Cl2
correlates with basicity of the corresponding amines.
In addition, the DFT results were compared to those obtained

at the MP2 level of theory. Density functionals with high fraction
of HF exchange produced results that were found to be the most
similar to those obtained with the second-order perturbation
theory. This comparative study suggests that different theoretical
levels should be taken into account in determining the detailed
mechanism of the chlorination reactions. In general, we have
found that the combination of M05-2X and MP2 theoretical levels
is essential for further studies of chlorination mechanism of
various amine-containing compounds relevant to both environ-
mental chemistry and biochemistry.
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