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ABSTRACT: The Sy2 reactions at N center, denoted as Sy2@N, has
been recognized to play a significant role in carcinogenesis, although
they are less studied and less understood. The potential energy profile
for the model reaction of Sy2@N, chloramine (NH,Cl) with fluorine
anion (F7), has been characterized by extensive electronic structure
calculations. The back-side Sy2 channel dominates the reaction with the
front-side Sy2 channel becoming feasible at higher energies. The
minimum energy pathway shows a resemblance to the well-known
double-well potential model for Sy2 reactions at carbon. However, the
complexes involving nitrogen on both sides of the reaction barrier are
characterized by NH---X (X = F or Cl) hydrogen bond and possess C;
symmetry, in contrast to the more symmetric ion-dipole carbon
analogues. In the F~ + NH,CI system, the proton transfer pathway is
found to become more competitive with the Sy2 pathway than in the F~
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+ CH;CI system. The calculations reported here indicate that stationary point properties on the F~ + NH,CI potential energy
surface are slightly perturbed by the theories employed. The MP2 and CAM-B3LYP, as well as M06-2X and MPW1K functionals
give overall best agreement with the benchmark CCSD(T)/CBS energies for the major Sy2 reaction channel, and are
recommended as the preferred methods for the direct dynamics simulations to uncover the dynamic behaviors of the title

reaction.

I. INTRODUCTION

Bimolecular nucleophilic substitution (Sy2) reactions are
known for their rich reaction dynamics and are of fundamental
importance in chemistry.'~® Compared to the well charac-
terized Sy2 process at carbon (C), displacement at nitrogen
(N) remains less understood. The Sy2 reactions at N center
play significant roles in both organic synthesis and carcino-
genesis,g’10 and therefore, have been attracting an increasing
amount of attention."'”'° By means of double labeling
experiments, the existence of a classical Sy2 transition state
(TS) at a nitrogen substrate has been inferred in experiment.'”
From a theoretical point of view, the topology of the potential
energy surface (PES) for S\2@N in gas phase is characterized
by double-well energy profile, with two minima corresponding
to the formation of hydrogen-bonded complex and with a
transition structure of C,v symmetry (see Figure 1)."*7*
High-level G2(+) calculations for identity Sy2 reactions 1
predict that the overall barrier, i.e., the S\2 TS energies relative
to reactants, are negative for all halogens, in contrast to the
analogous reactions at carbon where the barrier is negative only
for fluorine.”’

X~ 4 NH,X — XNH, + X~ (X = F, Cl, Br, I) 1)
These studies indicate that nucleophilic displacement may be
more facile at nitrogen than at carbon. Hybrid density function
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theory (DFT) methods have been assessed in describing
identity Sy2 reactions 1** and the DFT calculations have been
used to analyze the nonidentity Sy2 reactions 2.**

X" 4 NH,Y - NH,X + Y (X,Y=F,CL Br,I) (2
The slightly higher central barriers, ie., the Sy2 TS energies
relative to reactant complex, for reactions with NH,Y than for
the corresponding reactions with CH,Y are revealed. Moreover,
the overall barriers for reactions 2 are found to be lower than
those of carbon reactions, in line with the prediction for
identity S\2 reactions 1. Recently, Yu carried out a detailed
evaluation of the performance of MP2 and many DFT
functionals for describing PESs of a wide range of nitrogen
Sx2 reactions.” The dynamical information is more limited for
the displacement at N. Ab initio trajectory calculations have
been applied to study the F~ + NH,F and OH™ + NH,Y (Y =F
and Cl) systems and the important nonstatistical behaviors
have been suggested.26

The F~ + CH,Y — CH,F + Y~ (Y = Cl and I) reactions are
of particular interest since their PESs are substantially different
than the conventional double-well model that characterizes gas
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Figure 1. Potential energy curves and stationary points for the CCSD(T)/CBS PES for the F~ + NH,Cl reaction. The back-side attack and front-
side attack Sy2 pathways lead to inversion (pink) and retention (blue) of the initial configuration. The potential energies in kcal/mol are classical

energies without zero point energy (ZPE).

phase Sy2 reactions at C center.””””** A hydrogen-bonded
complex of C, symmetry (F~---HCH,Y) is found as a minimum
energy structure in the entrance channel for both reactions
together with a second close lying ion-dipole complex of
colinear C,, symmetry (F~---CH,Y). Despite their similar PES
structures, the dynamics show qualitatively different features.”®
In contrast to the dominant direct rebound mechanism
identified for the F~ + CH;CI reaction, an indirect mechanism
with formation of the F~---HCH,I hydrogen-bonded complex
is found to play an important part in the F~ + CH;I dynamics.
A hydrogen-bonded F™---NH,Cl entrance channel structure has
been predicted for the nitrogen Sy2 reaction F~ + NH,CL" An
interesting issue is whether the reaction dynamics of NH,ClI are
similar to those of CH;Cl or CH,L

Using the tandem flowing afterglow-selected ion flow tube
(FA-SIFT) technique,”” Bierbaum et al. have investigated the
reaction kinetics of NH,CI with F~ at room temperature and
found that this reaction is approximately two times faster than
the analogous Sy2 reaction of CH;Cl. The measured product
branching ratio indicates that nucleophilic substitution at
nitrogen to form CI™ is the dominant reaction pathway with
no proton abstraction to yield NHCI™ observed, and the
detailed atomic-level reaction mechanisms are needed to
understand this observation.

Interpreting the dynamics and kinetics of Sy2 reactions and
comparing with experiments, by either statistical calculations or
chemical dynamics simulations, requires accurate PESs. In the
work presented here, stationary point properties of F~ + NH,Cl
reaction are calculated by using the DFT with different
functionals, MP2, and CCSD(T) theories. To determine the
preferred method for a direct dynamics simulation, compar-
isons are made between the results of these calculations and
with experimental and previously obtained theoretical results.
The similarities and differences between the reaction of NH,CI
with F~ and the corresponding reaction of CH;Cl are revealed.
This work may provide an insight into the Sy2 mechanism at
nitrogen center.
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Il. COMPUTATIONAL METHODS

The stationary point properties for the reactants, products,
intermediates, and transition states on the F~ + NH,CI PES are
determined using the MP2°**' and DFT,**™>° with the M06-
2X, CAM-B3LYP, B97-1, B3LYP, M06, and MPWI1K func-
tionals, which are selected from ref 25. The correlation-
consistent double-{ basis set of Dunning augmented with
diffuse functions, aug-cc-pVDZ (abbreviated to DZ),**" is
employed for the calculations. The stationary nature of the
structures is confirmed by harmonic vibrational frequency
calculations, that is, the potential minima possess all real
frequencies, whereas the transition state possesses only one
imaginary frequency. The harmonic zero-point energy (ZPE) is
obtained at all the above levels of theory. To ensure that the
transition states connect designated minima, the intrinsic
reaction coordinate (IRC)*® is calculated for both directions
off the saddle point at both the MP2/DZ and DFT/DZ levels
of theory. To obtain more reliable energies, higher level single-
point energy calculations were performed at the CCSD(T)
level of theory.”” The calculations were performed with the
correlation consistent Gaussian basis sets, denoted by aug-cc-
pVXZ, where X is the cardinal number for the basis set (X = D,
T, Q, and 5).***’ For simplicity, aug-cc-pVXZ is abbreviated to
XZ. The results were extrapolated to the complete basis set
(CBS) limit using the formula proposed by Peterson et al.*’

E(n) = Ecgg + A exp[—(n — 1)] + Bexp[—(n — 1)*]
(3)

where n = 2, 3, 4, and S, representing the DZ, TZ, QZ, and 5Z
basis sets, respectively. The CCSD(T) calculations are based on
MP2/DZ minimum geometries. Unless otherwise specified, the
CCSD(T)/CBS energies are used in the following discussions.
The NWChem system of programs*' was used to perform most
of the above electronic structure calculations. Gaussian09** was
used to calculate the IRCs.
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Figure 2. Geometries of stationary points for the F~ + NH,Cl reaction optimized at the MP2/DZ level of theory. Bond distances are in A and angles
in degrees. The available experimental values (refs 43—45) are in parentheses.

lll. RESULTS AND DISCUSSION

A. Potential Energy Surface. Figure 1 presents the
potential energy curve and relative energies of stationary points
for the CCSD(T)/CBS PES. Initially, the reactants come
together to form a hydrogen-bonded F--NH,Cl (iml)
prereaction complex, starting from which, both Sy2 and proton
transfer (PT) reaction pathways are open for the F~ + NH,Cl
reaction. The Sy2 pathways at nitrogen may take place by
either front- or back-side attack. The back-side attack of F~ on
NH,CI proceeds via TS1 and forms the hydrogen-bonded
FNH,---Cl~ (im2) postreaction complex, followed by its
dissociation giving products P; NH,F + CI~ with the inversion
of the initial configuration. For the minimum energy pathway
involving front-side nucleophilic attack at nitrogen, complex
iml must overcome a higher activation barrier to reach
transition structure TS2. The energy then drops with the
formation of complex im2 which finally dissociates into
separated Sy2 products P; with the retention of configuration.

The optimized structures of stationary points as well as the
available experimental values are predicted in Figure 2. The
geometries of the pre- and postreaction complexes iml and
im2 determined by MP2 and DFT show that the halogen atom
is bonded to one hydrogen atom, and it can switch between
two H atoms with a barrier of 6.9 kcal/mol or less. Notably, the
IRC calculations with M06-2X/DZ found that Sy2 transition
states TS1 and TS2 connect a postreaction complex im2’
instead of im2, with inversion or retention of the initial NH,
configuration, for which Cl~ is bonded to both H atoms.
Complex im2’ can easily interconvert with im2 via a transition
state TS22'. The calculated M06-2X PES together with the
structures of im2’ and TS22' are illustrated in Figures S1 and
S2 in the Supporting Information. However, these two
structures are not found with other theories, despite numerous
attempts. This may be not unexpected, given that the PES is
very flat in the vicinity of complexes im2 and im2’ and
transition state TS22’, which are almost isoenergetic (—36.7
kcal/mol) at the M06-2X/DZ level of theory (see Figures S1).
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The MP2 and DFT calculations with different functionals for
the proton transfer pathway predict the existence of the
prereaction complex im1 and a transition state TS3 connecting
this complex with a postreaction complex NHCI™---HF (im3).
In this reaction path, im1 undergoes a concerted H-shift from
the N to F atom and a migration of HF from the N to Cl atom
forming im3, which undergoes hydrogen bond rupture
resulting in products P, HF + NHCI". It is noted that the
structures TS3 and im3 are very similar in energy with the
latter is only 0.3—1.1 kcal/mol lower with respective to the
former at the MP2 and DFT theories with ECP/d basis set.
The higher level CCSD(T) calculations give the isoenergetic
CBS values for these two structures (Figure 1). Thus, the PES
in the vicinity of transition state TS3 and complex im3 is rather
flat.

Our CCSD(T)/CBS calculations presented in Figure 1 allow
an assessment of the likelihood of the proton transfer pathway
in comparison with the two Sy2 pathways. In going from
prereaction complex iml to products, the barriers are 18.2,
66.5, and 37.0 kcal/mol for the back-side inversion Sy2 (im1 —
TS1), front-side retention Sy2 (iml1 — TS2), and proton
transfer (iml — P,) reactions, respectively. Given that the
barrier for front-side Sy2 pathway is substantially greater than
that for proton transfer pathway, the latter is generally preferred
over the former. However, the proton transfer pathway is much
less competitive than the back-side Sy2 pathway in view of the
considerably smaller barrier for the latter. As a result, the back-
side inversion Sy2 is kinetically the most feasible pathway for
the F~ + NH,CI reaction.

Since transition state TS2 (36.1 kcal/mol) lies much higher
than reactants F~ + NH,Cl, the front-side retention pathway is
expected to only contribute to the Sy2 reaction at higher
energies. The energies for the back-side Sy2 and proton
transfer pathways are submerged with respective to the energy
of reactants, except for the products P, HF + NHCI™, which
lies 6.6 kcal/mol above the reactants. Thus, these two pathways
may well be followed at relatively low energies. In view of the
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threshold energy for proton transfer, our calculations predict
this reaction channel may not be observed at the room
temperature, in line with the estimated branching ratio of 1.0/
0.0 for Sy2/proton transfer in the experiments at 300 K.*’

B. Properties of the Stationary Points. To test the
influence of methodology on the F~ + NH,CI PES, MP2, and
six different DFT functionals with ECP/d basis set are
employed to investigate the stationary point properties, and
the comparison between these calculations are presented in the
following,

Geometries. The stationary point geometries are listed in
Table S1 in the Supporting Information and depicted in Figure
2. Overall, the MP2 and DFT structures for the Sy2 and proton
transfer pathways are similar. Variations in bond lengths are
generally less than ~0.1 A and the largest difference lies in
nitrogen-halogen bond lengths of TS2. The MP2 bond angles
agree well with the DFT values in most cases with difference of
~3° or less. The geometries of NH,Cl reactant, NH,F Sy2
product, and HF PT product obtained at the different levels of
theory are compared with experiment**™* in Table S1. The
calculated bond lengths and bond angles are not sensitive to the
theoretical methods. CAM-B3LYP gives the best agreement
with experiment. In addition, the determined geometries of
NH,CI, NH,F, and the stationary point structures for the back-
side S\2 pathway are in general consistent with those obtained
previously by MP2/6-31+G(d)* and MPW1K/6-31+G(d,p)
theories'" as shown in Table SI.

Vibrational Frequencies. Vibrational Frequencies are listed
in Table S2 of the Supporting Information. In general, the MP2
and DFT frequencies are in agreement with the relative
discrepancy less than 5% for most of the vibrational modes.
The large difference mainly lies in TS2, for which DFT
frequencies are consistent for each functionals, but overall
substantially smaller than MP2 values with discrepancy around
20%. Good agreement between DFT/MO06-2X and MP2 is
found for the imaginary reaction coordinate frequencies of
transition states TS1—TS3. However, MP2 imaginary frequen-
cies of TS1 and TS2 for Sy2 substitution are substantially larger
than other DFT values. The higher imaginary frequencies of the
TS1 and TS2 with MP2 theory correspond to a “steeper”
saddle point on the energy hypersurface and can be associated
with a relatively tight transition state structure (see Table S1).
In contrast, for the PT pathway MP2 gives the imaginary
frequency of TS3 lower than those of DFT functionals. These
results indicate that the MP2 and DFT theories give the
different potential energy surface shapes in the vicinity of the
dynamical bottleneck for the Sy2 and proton transfer reactions.
In addition, the calculated frequencies of the NH,Cl reactant
and NH,F and HF products are in good agreement with
experiment,”’ ~*” and DFT B3LYP and B97-1 functionals give
the best agreement with an average deviation of 3%.

Energies. Benchmark calculations are carried out with
CCSD(T) method, extrapolated to the complete basis set
limit as described in Section II. The resulting energies and the
CBS values are listed in Table 1. The CCSD(T)/CBS energies
for the stationary points are 0—0.5 kcal/mol different from the
CCSD(T)/5Z values, which shows good convergence toward
the complete basis set limit for the CCSD(T) energies. Table 2
displays the relative energies for the stationary points calculated
with MP2 and DFT functionals using the ECP/d basis set, as
well as the CCSD(T)/CBS energies. The MP2 energies are
overall higher in comparison with DFT values and different
theories give quite a range of energies for each stationary point.
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Table 1. CCSD(T) Energies for F~ + NH,CI Stationary
Points™”

basis set

stationary point DZ TZ Qz SZ CBS
iml F~---NH,Cl —30.2 —30.6 -30.6 —-30.4 —-30.4
TS1 —16.2 -13.6 —132 —12.7 —12.2
im2 FNH,---CI™ =32.0 -30.9 -30.9 -30.5 —30.4
P, CI” + NH,F -15.7 —14.3 —14.5 —14.1 —14.1
TS2 31.2 34.3 3S5.1 35.7 36.1
TS3 =78 -10.0 —10.2 —10.2 —104
im3 HF---NHCI™ -8.0 —10.4 —10.6 —10.7 —10.4
P, HF + NHCI™ 9.2 74 6.9 6.8 6.6

“Energies (kcal/mol) are with respect to the reactants F~ + NH,CI
and do not include zero-point energy (ZPE). The aug-cc-pVXZ basis
sets, abbreviated to XZ, X = D, T, Q, and S, are used for CCSD(T)
calculations. The CCSD(T) calculations are based on MP2/DZ
minimum geometries.

The energies found with the MP2 and various DFT levels of
theory, are compared with the benchmark energies to evaluate
the accuracy of different theories. For the dominant back-side
Sn2 pathway, the MP2 and CAM-B3LYP theories give the
better accuracy than do the other DFT functionals. The
reaction barriers play an important role in the Sy2 kinetics and
dynamics. In this respect, M06-2X and MPW1K present good
performance besides MP2 and CAM-B3LYP. The CCSD(T)/
CBS values for the central barrier (iml1 — TS1) and overall
barrier (reactants — TS1) of back-side Sy2 reaction are 18.2
and —12.2 kcal/mol, which are close to the MP2 (18.8 and
—10.8 kcal/mol), CAM-B3LYP (152 and —15.8 kcal/mol),
M06-2X (19.0 and —14.1 kcal/mol), and MPW1K (17.0 and
—14.3 kcal/mol) values, but much higher than those of other
functionals, as shown in Table 2. On the other hand, MPW1K
and M06-2X have somewhat higher systematic errors due to
the lower energies of im2 and P, compared with the
benchmark. B3LYP reproduces the features of all the stationary
points, with the exception of underestimation of the overall
barrier height by ~7.8 kcal/mol.

For the proton transfer pathway, M06-2X, B97-1, M06, and
MPWIK give the precision within 2.2 kcal/mol, while other
theories, especially MP2, result in relatively larger energy
difference from CCSD(T)/CBS with a maximum deviation of
2.2—5.1 kcal/mol. For the high energy TS2 of front-side Sy2
attack, the M06-2X and MPWIK agrees very well with the
CCSD(T)/CBS energy, with a small difference within 0.6 kcal/
mol, but the substantial variations (4.3—12.2 kcal/mol) from
CCSD(T)/CBS value are still found for other theories,
indicating the high energy regions of the PESs given by these
theories in the vicinity of TS2 might be less accurate.

As seen in Figure 1, energetically, the most favored one
among different reaction channels for the F~ + NH,Cl system
is the back-side S\2 pathway, which is more competitive than
the proton transfer pathway at lower energies. Taking this into
consideration, MP2 and CAM-B3LYP, as well as M06-2X and
MPWIK may be chosen as the most practical methods to
perform the direct dynamics calculations of the F~ + NH,Cl
reaction to understand the experimental results obtained by
Bierbaumet al.,”” which were carried out at 300 K,
corresponding to a collision energy of ~0.04 eV.

C. Comparison with F~ + CH;Cl Reaction. It is of interest
to compare PES features of the title F~ + NH,Cl reaction with
that of the analogous reaction F~ + CH;Cl, which has been
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Table 2. Electronic Structure Theory Energies for F~ + NH,CI Stationary Points.”"
theory
stationary points MP2 MO06-2X CAM-B3LYP B97-1 B3LYP MO06 MPWIK CCSD(T)/CBS
iml F~---NH,Cl —29.6 -33.1 -31.0 =3LS -30.5 =311 =313 -30.4
TS1 —10.8 -14.1 —15.8 -20.2 -20 —20.1 —-14.3 —-12.2
im2 FNH,---CI™ —29.2 -36.7 —33.8 —34 —32.8 —34.0 —35.4 -30.4
P, NH,F + CI™ -13.0 —20.4 -17.5 -17.6 -17.0 -17.5 —19.8 —14.1
TS2 41.7 36.2 31.8 24.7 23.9 23.9 36.7 36.1
TS3 -53 -123 -65 -86 -7.1 -117 -82 -104
im3 NHCI™---HF -5.6 —12.6 =7.5 -9.5 —-8.2 -12.0 —-83 —-10.4
P, HF + NHCI™ 115 54 111 8.7 9.6 57 8.8 6.6

“Energies are in kcal/mol with respect to the F~ + NH,CI reactants, and are at 0 K and do not include ZPE. ®The MP2 and DFT energies were
calculated using the aug-cc-pVDZ basis set and the CCSD(T) calculations were based on MP2/DZ minimum geometries.

previously investigated at various levels of theory.””**~>* Most
recently, Szab6 and Czaké characterized the stationary points of
F~ + CH;Cl PES by a high level focal-point analysis (FPA)
approach, considering extrapolation to the complete basis set
limits, electron correlation beyond the CCSD(T) method,
correlation of all the electrons and scalar relativistic effects (see
Figure 1 of ref 27). Similar back- and front-side Sy2 and proton
transfer pathways, as observed in the F~ + NH,CI reaction,
were found for the F~ + CH;Cl reaction. Both reactions have
the double well potential model for the back-side Sy2 pathway,
and the energies of all stationary points on this pathway are
lower than the reactants, as shown in Figure 1. The
discrepancies about the bonding type of the complexes and
the barrier heights of each reaction pathway are found by
comparison of Sy2@N and S\2@C and they can be
summarized as follows.

In contrast to the pre- and postreaction complexes im1 and
im2, which are characterized by a NH---X (X = F and Cl)
hydrogen bond and C1 symmetry, the corresponding carbon
species are more symmetric (C,,) ion-dipole complexes F™---
CH;Cl and FCH;--ClI™. Moreover, a Cs hydrogen-bonded
intermediate F~---HCH,Cl was also located as a minimum in
the F~ + CH;Cl entrance channel, and its transformation to the
ion-dipole complex F™---CH;Cl results in only a small change
of ~1.3 kcal/mol in the potential energy. The F~ + CH,;CI —
CH;F + CI7 back-side S\2 reaction is of large reaction
exothermicity and small F~---CH;Cl — [F---CH;---Cl]~ central
barrier, which are —31.9 and 3.4 kcal/mol, respectively, at the
FPA level. In comparison to these results, the reaction
exothermicity decreases, but the central barrier increases, for
the F~ + NH,Cl - NH,F + CI= reaction, with the
corresponding CCSD(T)/CBS values of —14.1 and +18.2
kcal/mol, respectively. The overall barriers are almost the same
for both reactions with the value of —12.2 kcal/mol at FPA and
CCSD(T)/CBS levels of theory, although DFT functionals
yield lower overall barrier heights.

The barrier for front-side attack Sy2 pathway for F~ +
NH,Cl (36.1 kcal/mol) is even higher than its C-center
counterpart of 31 kcal/mol with respective to the reactants,
indicating that it may play a part at higher energies.
Interestingly, quasi-classical trajectory computations on an
accurate global analytic F~ + CH,;Cl PES have revealed a
double-inversion mechanism,?” in which an abstraction-induced
inversion via a FH---CH,CI™ transition state is followed by a
second inversion via the usual [F--CH;---Cl]™ saddle point,
thereby opening a substantially lower energy configuration-
retaining pathway with a classical barrier height of 16.4 kcal/
mol than the front-side attack mechanism. The structure of this

abstraction-induced inversion TS for the F~ + NH,Cl reaction
remained elusive despite of repeated attempts to locate it. Can
this double-inversion mechanism happen for the Sy2 reaction
at nitrogen? The direct dynamical calculations based on current
work are underway and expected to provide insights into this
issue. The proton transfer reaction pathway of the F~ + NH,Cl
shows a close resemblance to that of F~ + CH;Cl, while the
energies are considerably lowered for the former system and
here only the products HF + NHCI™ lie 6.6 kcal/mol higher
than the reactants. As a result, the PT pathway is likely to be
more compete with the back-side Sy2 pathway in the F~ +
NH,Cl reaction at low energies.

IV. CONCLUSIONS

In this work, extensive electronic structure calculations
including CCSD(T), MP2, and DFT functionals M06-2X,
CAM-B3LYP, B97-1, B3LYP, M06, and MPWI1K have been
performed to investigate the properties of stationary points on
the F~ + NH,Cl PES and been compared to evaluate the
accuracy of different electronic structure theories. There exist
back-side and front-side Sy2 and proton transfer pathways for
the F~ + NH,Cl reaction, and all pathways involve a hydrogen-
bonded F~---NH,Cl complex formed by the initial association
of the reactants. The double well potential model for the back-
side S\2 pathway of F~ + CH;Cl system, which is well-known
for the S\2 reactions at carbon, is also presented by its nitrogen
analogue F~ + NH,CIl. However, in contrast to the C;y ion-
dipole complexes involving carbon, the corresponding nitrogen
species lose all symmetry and are characterized by a NH---X (X
= F and Cl) hydrogen bond, in line with the previous
predictions.'”*"** Since all the involved minima and transition
states in the back-side Sy2 pathways for F~ + NH,Cl and F~ +
CH;Cl systems lie below the reactants, this pathway is expected
to dominate both reactions. The calculated overall barrier
height for back-side Sy2 reaction at nitrogen is isoenergetic
with the reaction at carbon. The front-side attack Sy2 reaction
with retention of configuration is likely to be a high energy
pathway for both reactions due to the involved TS lying much
higher (>31 kcal/mol) than the reactants. The novel double
inversion mechanism, which opens a lower energy reaction path
for retention than the front-side attack for the F~ + CH;Cl
reaction,”” will be an interesting issue remaining to be
addressed in the forthcoming F~ + NH,CI direct dynamics
calculations. When F~ reacts with NH,Cl instead of CH;Cl, the
proton transfer pathway decrease significantly in energy and
becomes more competitive with the back-side Sy2 pathway at
relatively low energies.
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The present studies provide useful information for under-
standing the F~ + NH,CI reaction and other Sy2 reactions at
nitrogen, in view of the rather limited experimental results
available.'"'”*” It should be noted that the atomic-level
dynamics may be quite different from that suggested by the
stationary points and the intrinsic reaction coordinate (IRC).
Hence, the detailed chemical dynamics simulations are
necessary to probe the actual atomistic reaction mechanisms
of the F~ + NH,CI reaction.

The MP2 theory and DFT functionals, which are practical
for direct dynamics simulations of the F~ + NH,CI reaction,
give similar representations of its PES. Their abilities to
determine accurate stationary point properties for the F~ +
NH,CI PES are sensitive to the reaction pathways. Taking the
predominant back-side Sy2 pathway into consideration, the
best overall agreement regarding central reaction barrier and
overall reactivation barriers with our ab initio benchmark is
obtained by MP2, M06-2X, and MPWIK, with absolute errors
less than 2.0 kcal/mol. These methods are recommended as the
preferred ones for direct dynamics simulations. A reasonable
compromise between accuracy and computational time is
important for simulations. By using the aug-cc-pVDZ basis set,
the M06-2X and MPW1K direct dynamics calculations are ~2
times faster than those with CAM-B3LYP and MP2. It will be
of interest to determine whether these functionals provide an
accurate representation of the dynamics at low collision energy,
corresponding to the experimental temperature of 300 K, for
the F~ + NH,CI reaction, and such dynamics simulations are
ongoing.
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