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Abstract

The gas-phase non-identity nucleophilic substitution reactions at saturated nitrogetNM,X — NH,Y + X~ (Y, X = F, Cl, Br and
I) were evaluated at the level of MPW1K/6-86G(d, p). The enthalpies of reactions are exothermic only when the nucleophile is the lighter
halide. Central barriersA(H?fx) for reactions in the exothermic direction are slightly higher than the corresponding barriers at carbon. The
lower overall barriers relative to the reactantsH?, ) than the corresponding reactions at carbon suggest {f2ateactions at nitrogen may
be more facile than at carbon. Both the central barriArHIX) and the overall barriers\HY, ) correlate well with reaction exothermicity.
Further interesting features of the non-identity reactions at nitrogen are the reasonable correlation between the centralmé(yimiﬁ(the
composite geometrical looseness (%pLgeometrical asymmetry (%AS, and charge asymmetry of the transition structures (X — Y)).
The data for the central barriers and the overall barriers show good agreement with the prediction of the Marcus equation and its modification,
respectively. Kinetic and thermodynamic investigations predict that the nucleophilicity @f ¥e 2 at nitrogen decreases in the order
F~ < CI” < Br~ < |7, the leaving-group ability increases in the ordes FCl > Br > I.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction reported high-level calculation for the gas-phase identity
Sn2 reactions X + NR2X — NRoX 4+ X~ (R = H, Me,

The S2 nucleophilic displacement at saturated carbon X = F, CI, Br, 1) using the G2 +) theory, respectively.

in the gas phase is probably the most intensively studied of Gareyev et al[11] studied the reactions of Ni&I with

all chemical reaction§l—6]. In the last decade,\R reac- HO~, RO~ (R = CHs, CH3CH,, CH3CH,>CH,, CsgHsCHb,

tions at formal neutral nitrogen have become the focus of CF;CH,), F~, HS™, and CI in the gas phase using the se-

interesting attention because of their synthetic, biochemical jected ion flow tube technique and found that nucleophilic

and theoretical importance. Using double labeling experi- sybstitution at nitrogen to form Clwere observed for all

ments, Beak and L[i7] inferred the existence of a classical the nucleophiles and these S reactions were faster than

Sn2 transition state at a nitrogen substrate in the liquid the corresponding @ reactions of methyl chloride. All

phase. Theoretical studies of BUhl and Schag8g¢rsup-  of these study revealed some similarities and differences
port the existence of conventional backsidg2Sransition between anionic & reactions at nitrogen and carbon.
state structures in reactions™¥+ NHpX — NH2Y + X~ In the G2 @) study on the non-identity @ reactions of
at the ab initio DZR-/SCF level of theory for Y, X= F, halide anions with methyl halides (sEq. (1), Glukhovtsev
Cl, OH, CN, H. Glukhovtsev et a[9] and Ren et al[10] et al.[12] explored the role of reaction thermodynamics in
governing barrier heights and thereby tested the applicability
* Corresponding author. Tek:86-28-85412800; of Marcus theory[13-15]and the additivity postulatfl4]
fax: +86-28-85257397. for intrinsic energies.
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In order to compare the gas-phasg3t nitrogen with at  factor of 0.9515[24] was used for zero-point vibration
carbon systematically, it is necessary to make a detail studyenergy (ZPVE) corrections in the calculation of relative
for the fundamental non-identityn\@ reactions at nitrogen  energies for the various species involvecEiq. (2) Charge

(Eq. (2). distributions were obtained from the geometry calculated at
the MPW1K/6-34%G (d, p), employing natural population
Y™ +NH2X — NHoY + X~ (Y, X =F,Cl,Brand) analysis (NPA)25-29]
2) Throughout this paper, bond lengths are in angstroms, and

bond angles are in degrees. Relative energies correspond to

It is clear from the very large number of calculations enthalpy changes at 0 KAH (0 K)] in kd/mol.
already carried out onpNR reactions that the computational

data are very sensitive to the level of theory employed
[16-20] The G2 ) theory introduced by Glukhovtsev
et al. had been used successfully in theoretical studies of
Sn2 reactions at carbofil2a—12c] nitrogen[9]. Hybrid
Hartree—Fock density—function theory is of great interest for
computational thermochemistry and thermochemical kinet-
ics. Its low computational cost compared to ab initio meth-
ods makes it a very attractive alternative for many applica-
tions. Martin and coworkerfo] studied the gas-phase 3
reactions at carbon Y4 CHzX — CH3Y +X~ (X, Y =F,

Cl, Br) using a serious of high-level ab initio computational
thermochemistry methods and eight density functional meth-
ods and concluded that the MPW1K functional appeared to
put in the best performance on all DFT methods considered.
Our previous study21] also showed that MPW1K method
with 6-314+G (d, p) could well reproduce the results of G2
(+) theory in describing the potential surface for the iden-
tity Sy2 reactions at neutral nitrogeiq. (3) and reduce
the mean unsigned errors over all energetics by a factor of
7 over MPW1PW and by a factor of 12.5 over B3LYP.

3. Results and discussion

The gas-phase reaction energy profile for the concerted
Sn2 reactions at nitrogen is described by an asymmetrical
double-well curve for the non-identity reactionsid. 1).

The reaction involves the initial formation of a reactant
ion—molecule compleg. This complex must then overcome
the central activation barrier to reach an asymmetrical tran-
sition structure2. The latter then breaks down to give the
product ion—molecule comple3, which subsequently dis-
sociates into the separate products. Analysis of the overall
enthalpy changes indicates that the gas-phase non-identity
SN2 reaction at nitrogen is exothermic if the nucleophile is
the lighter halide, which is same as the corresponding non-
identity Sy2 reactions at carbdi2]. The forward reactions
are defined as exothermic in the following discussion.

The key energetic quantities involved in reactiofs).
(2)), depicted irFig. 1, are labeled as followsA Hyy ™ and

AHy " are the complexation energies for the ion—molecule
X7+ NH2X — NHoX +X™ (X =F, Cl, Br, 1) (3)  complexesl and3, respectivelyA HJ, andAHg, are the

Now, we extend our hybrid DFT study to non-identity Central activation barriers, and HY, and AHR, are the
amino-transfer reactionsE@. (2). The present work rep- overall activation .barner_s, for the correspondm_g forward
resents the first computational study of this fundamental @nd reverse reactionaH is the central enthalpy difference
reaction for all of the halogens at the DFT level and will P&tween the product and reactant ion-molecule complexes
hopefully provide some useful information about the en- and3. AH®"is the overall enthalpy change for the forward

ergy parameter. We also wish to apply the Marcus theory to '€action.
the displacement & reactions at nitrogen. Meanwhile, we
will discuss the nucleophilicity and leaving-group ability of 3.1. NH2X structures (X = F, Cl, Br, 1)
halide anion in gas-phase3 reactions at nitrogen.
The calculated NBIX geometries were found to be in rea-
sonable agreement with available experimental {2Q2e81]
2. Methods and the G2 {) results[10] (Table ). Comparing with
G2 (+) geometries, all of the DFT bond lengths are found
All structures of reactants, ion—-molecule complexes, to be slightly underestimated and the mean signed error
transition states and products were completely optimized (MSE) and mean unsigned error (MUE) ar€).021 and
at the level of MPW1K/6-32G (d, p) using Gaussian’98  0.021 A, respectively. All of the calculatedX—-N—-H angles
programg22]. All electron (AE) calculations were run for  are a little bit overestimated with the MSE valu®.9> and
the fluorine- and chlorine-containing species, while Wadt MUE value 0.9. NPA charge distributionsTéble 2 show
and Hay[23] effective core potentials (MPW1K-ECP) were that the fluorine atom in NgF bears a negative charge, in
used for bromine- and iodine-containing species. contrast to the results for the other hKimolecules where
Stationary points on potential energy surfaces were char-the chlorine, bromine and iodine atoms are found to bear
acterized using analytical frequencies at the same level: alla positive charge. While charges on the hydrogen change
ground states had only real frequencies and all transition little from NH2F to NHl, the negative charge on nitrogen
states had one and only one imaginary frequency. A scalingincreases considerably from NHto NHl.
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Fig. 1. Schematic potential energy surface for the non-identity gas-phase displacement reaction at nitrogen (Eg. (2)).
Table 1
Calculated geometries of NH2X (X = F, Cl, Br, )
Species Level r (N-X) r (N-H) X-N-H
NH2F MPW1K/6-314+-G (d, p) 1.399 1.013 102.2
MP2/6-31+G (d)? 1.446 1.024 100.6
Expt.P 1.436 1.027 100.9
NH2Cl MPW1K/6-314+-G (d, p) 1.728 1.010 105.6
MP2/6-31+-G (d)® 1.752 1.022 105.2
Expt. 1.748 1.017 103.7
NH2Br MPW1K/6-314-G (d, p)-ECP 1.885 1.010 105.1
MP2/6-31+G (d)-ECP? 1.920 1.023 104.2
NHal MPW1K/6-31+G (d, p)-ECP 2.057 1.010 106.1
MP2/6-31+G (d)-ECP? 2.083 1.024 105.4
aFrom [9].
b From [30].
¢ From [31].

3.2. lon—molecule complexes

Glukhovtsev et a. [9] pointed out that X~ can approach
to NH2X through three types to form three possible con-
formersfor theion—molecule complexes, in which the halide
ion coordinates with just one hydrogen (type 1), with two
hydrogen atoms (type 2), or with halogen atom of NH2X
molecule (type 3). The G2 (+) calculation indicated the
preferred structures for al of X~ ... HaNX ion—-molecule
complexes are the type 1 with C; symmetry. Therefore,
type 2 and type 3 are not considered here.

3.2.1. Geometries
Calculated geometries of the complexes are shown in

within the Y~ .--HaNX or X7 ---HaNY species differ
only dlightly from those in unperturbed NH>X (NH2Y). A
slight elongation of the H-N and N-X (N-Y) lengths and
an increase in angles /ZH-N—-X (or ZH-N-Y) relative to
the values in isolated molecules NH2X (NH2Y) are char-
acteristic features of the geometries of the ion—molecule
complexes 1 and 3. The extent of elongation of the H-N
bond can be measured by the parameter %N-H proposed by
Glukhovtsev et al. [9] (Eq. (4)), where r€™P (H-N) and rret
(H-N) are the H-N bond lengths in the ion—molecule com-
plex 1 or 3 and in the reactant NH2X or NH2Y molecule,
respectively.

rCOMP(N—H) — rret(N—H)

) ) o %N-H = 100 x — 4
Fig. 2. The geometries of the NH>X (NH2Y) moieties rreCt(N-H)
Table 2
NPA charge distributions for NH>X (F, Cl, Br and I)
Species a(N) a(H) q (NHy) a (X)
NHF —0.466 0.379 0.29 -0.291
NH.Cl —0.899 0.416 —0.068 0.068
NH,Br -0.999 0.421 -0.157 0.157
NHal -1.102 0.422 -0.258 0.258
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F.Cl 2242
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CL1L 2708
Br.1 2.675

1.029 1420 1035
1.023  1.419 103.3
1015 1418 1025
1028 1.744 106.0
1023 1743 1059
1.025  1.896 105.4

Fig. 2. Main geometries of the reactants, complexes and the transition structures in the reactions Y~ + NH2X — NHaY + X~ (Y, X =F, CI, Br, I) at

the level of MPW1K/6-31+G (d, p).

Thereis awell-defined linear relationship between the com-
plexation energies and %N-H (Fig. 3, R? = 0.970).

3.2.2. Complexation energies

The set of the MPW1K/6-31+G (d, p) complexation ener-
gies, AHyy " and AHy~ ", for the complexesY ~ - - - HoNX
(Y, X = F, Cl, Br, ) are given in Table 3 with correspond-
ing energy values for the Y~ - .- H3CX (Y, X = F, Cl, Br,
1) at the G2 (+) level.

The complexation energies for non-identity reactions
Y~ ---HaNX are larger than the corresponding values in
non-identity Sy2 at carbon, which are consistent with the
N-H bond being an effective proton donor, leading to sig-
nificant Y~ ---HN or NH - -- X~ hydrogen bonding in the
complexesY ™ ---HaNX and YNH> - - - X~ The set of com-
plexation enthalpies also indicates that the complexation
enthalpies depend primarily on the identity of nucleophile
Y~, and only to a small extent on the identity of NH2X,
and tend to decrease in the basicity order in the gas phase:

160

140
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(kJd/mol)
<)
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o

N
o
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% N-H

Fig. 3. Plot of MPW1K/6-31+G (d, p) complexation energies for Sy2
reactions Y~ +NH2X — NHoY + X~ (Y, X = F, Cl, Br, I) vs. the extent
of elongation of the N-H bond (see Eq. (4)). The values are listed in
Table 3.

F~ > ClI~ > Br~ > |7, which is analogous to those found
for Sy2 reactions at carbon [12b] and oxygen [32]. Thus,
the complexation energiesfor Y = F~ range between 124.9
and 144.0kJmol, those for Y = CI~ range between 65.3
and 67.5kJmoal, those for Y = Br~ range between 56.8
and 57.9kJmol, while those for Y = I~ range between
47.9 and 49.8kJmol.

For agiven NH2X, the complexation energies show agood
linear correlation with el ectronegativities of the halogen Y~
(R? ~ 0.946 for Y = F, Cl, Br and |, respectively).

3.3. Transition state structure and barrier heights

MPW1K/6-31+G (d, p) geometries of transition struc-
tures[Y ---HaN - - X]~7 are shown in Fig. 2. Hybrid DFT
values for the central barriers and overall barriers are listed
in Table 4.

3.3.1. Geometries

The TS structures at the MPW1K/6-31+G (d, p) level of
theory are found to have Cs symmetry for the non-identity
reactions. The N-H bond lengths are similar in magni-
tude, increasing marginally from 1.008 to 1.141A, which
is analogous to the corresponding reactions at carbon. The
key parameters for describing the transition state are the
distance between the halogen anion and the nitrogen atom.
The main geometric feature in the transition structures is
the elongation of the N-X and N-Y bonds relative to the
ion—molecule complex. In a way similar to that proposed
for EQ. (1) [2], we can readily define the geometrical 1oose-
ness in the transition structures, %N—X#* and %N-Y#, and
the composite transition structure looseness %L 7

7 (N=X) — r®MP(N-X)

#_
%N-X7 = 100 x BN

Q)
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Table 3
DFT complexation enthalpies (AH®™) of the ion—molecule complexes, 1 and 3

F ClI— Br~ 1~
NH,F 124.9 (7.9)3, 114.0 (5.0)° 65.3 (1.7) 57.3 (1.0) 49.8 (1.8)
[12]¢ 56.5 39.3 34.6 30.7
NH.Cl 135.6 (11.9) 66.6 (2.5), 67.8 (1.8) 57.3 (0.3) 48.8 (1.3)
[12]° 64.4 44.0 39.0 34.4
NH,Br 141.6 (14.5) 67.5 (2.8) 57.9 (2.0), 58.4 (1.5) 49.1 (1.5)
[12]° 68.9 46.3 4.1 36.3
NHo! 144.0 (16.9) 66.5 (2.9) 56.8 (2.1) 47.9 (1.6), 50.0 (1.3)
[12]° 69.6 458 40.7 36.0

2Values in parentheses are the extent of the elongation of the H-N bond.

bValues in bold are the G2 (+) complexation energies for reactions X~ + NHyX from [9].
¢Values in italic are the G2 (+) complexation energies for reactions Y~ + CH3zX from [12b].

#(N=Y) — rCOMP(N-Y
%N-Y# = 100 x cgmp(:\l Y)( : (6)
, -

%L7 = %N-X7 + %N-Y7 (7)

wherer# (N-X) or r# (N=Y) and r®™ are the bond lengths
in the transition structure 2 and the ion—molecule complex
(1 or 3), respectively.

The geometrical asymmetry of the transition structure 2
is defined by

%WAS” = %UN-Y7* — %N-X7 (8)

All of these measures of transition structure looseness and
asymmetry are presented in Table 5 and their correlations
with some of the other properties related to the reactions
(Eq. (2)) are discussed below.

Table 5
Looseness and asymmetry index of
[Y---HaN---X]™# (Y, X =F, Cl, Br, )

the transition structures 2

Y, X %N—X7 %N-Y# %L# %ASH
F, Cl 20.1 37.3 574 17.1
F, Br 17.2 38.7 55.8 215
F 1 15.7 39.6 55.4 238
Cl, Br 24.2 28.7 53.0 45
a1 21.9 28.9 50.9 7.1
Br, | 221 24.7 46.9 2.6

3.3.2. Barrier heights

For the non-identity reactions at nitrogen (Eg. (2)), the
calculated central barriersat OK range from the 39.9 kJ/mol
for the forward reaction Br— + NHal up to 87.4kJmol for
the reverse reaction 1~ 4+ NHxF. According to the Marcus

Table 4
Energetics (kJ/mol) of the reactions Y~ + NH2X — X~ 4+ NHoY (Y, X =F, Cl, Br, )
Y, X AHyy AHY, AHE, AHZ, AH AH
FF 78.9 (58.2)2 —46.0 (—55.8)
Cl, Cl 60.9 (58.5) —5.6 (—9.3)
Br, Br 44.9 (44.7) —13.0 (-13.7)
11 33.6 (39.1) —14.3 (-10.8)
F Cl 75.2 (64.6)° —60.4 (—60.5) 20.8 (20.8) 86.1 (75.5) —10.9 -81.3
11.9 (13.4)° —52.5 (—42.4) 75.0 114.3 —102.4 —1275
F, Br 71.9 (54.75) —69.7 (—69.1) 29.3 (29.9) 86.6 (69.45) —14.7 —99.0
31 (5.5 —65.8 (—50.1) 93.8 128.4 —125.3 —159.6
F 74.5 (50.0) —69.5 (—70.9) 37.6 (36.2) 87.4 (62.9) —12.9 —107.1
0.8 (2.5) —68.9 (—48.5) 108.6 139.7 —138.9 —1775
cl, Br 49.8 (49.2) —17.6 (—17.8) 0.1 (-0.1) 57.3 (56.7) -75 —17.7
39.5 (39.6) —6.8 (—5.9) 253 64.3 —24.8 -321
Cl 1 46.2 (43.3) —20.3 (—22.0) 55 (3.8) 54.3 (51.4) -81 —-25.8
32.0 (31.6) —13.8 (—12.1) 36.1 70.6 —386 —49.9
Br, | 39.9 (39.0) —16.9 (—17.6) —8.8(—9.5) 40.3 (39.4) -04 -81
38.4 (38.2) —23 (=23 156 51.9 —135 —17.9

2Values in parentheses are energetics of the X~ + NHoX — X~ + NH2X reactions at G2 (+) level from [9].
bValues in bold are the calculated central barriers with Eq. (10) and overall barriers with Eq. (11).
¢Values in italic are the energetics of the Y~ + CH3X — X~ 4+ CH3Y reactions at G2 (+) level from [12b], in which the bold are calculated with

Egs. (10) and (11).
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theory [13-15], in an exothermic reaction, athermodynamic
driving force will lower the transition state energy whereas
endothermic driving force will induce higher activation en-
ergy. So, the forward central barrier heights AH?fX should
be lower than the intrinsic central barrier AHgéYX and the
reverse central barrier heights AHffY should be higher than
the intrinsic central barrier AHgéYX. AHSéY>< is estimated
using the additivity postulate:

AHGyy = O5[AH]y + AHy] ©)

The DFT central barriers in Table 4 show that all of the
reverse reactions are in agreement with Marcus theory. As
for the forward reactions, Marcus theory can successfully
apply to the reactions Y~ + NH2X (Y, X = Cl, Br, 1), but
breaks down for the reactions F~ + NH2X (X = Cl, Br,
1), which may be attributed to the overestimation of central
barriersfor thereactionsF~ +NH2X (X = F, Cl, Br, I) at the
level of MPW1K/6-31+-G (d, p). In our recent papers, the
MPW1K/6-31+G (d, p) method isfound to predict too short
F~-.-H distance and too high interaction energy, which
will induce the overestimation of complexation energies for
the F~ ... HoNF [21] and F~ - - - HOF [32] systems and the
central barriersfor the F~ +H>NF and F~ + HOF reactions.
These phenomenawill still exist in the non-identity reactions
F~ + NH2X (X =ClI, Br, I).

The forward overall barriers AH2, for Y~ 4+ NH2X are
al negative, analogous to the corresponding values for non-
identity substitution reactions at carbon [12]. In reverse di-
rection, only the overall barrier for the reaction |~ + NH2Br
is negative, wheress all positive for the corresponding re-
actions at carbon. All of the forward overall barrier A H2y
for Y~ 4+ NH2X systems are lower than the corresponding
values for carbon, which suggests that nucleophilic sub-
stitution reactions at nitrogen are more energetically facile
than at carbon.

3.3.3. Charge distributions

The charge distributions of the transition statesin Table 6
revea a substantial positive charge on the NH, moiety for
the[F---HoN---X]~# (X =F, Cl, Br, ). This presumably
reflects a significant contribution of the triple-ion valence
bond configuration, F~(NH, ™)X~ (X = F, Cl, Br and |).

This mixing of the triple-ion configuration may be respon-
sible for the stabilization of the transition state, leading to
the lower A H2, values than the other transition structures
[Y .- HoN---X]~# (Y, X = Cl, Br, ), in which the NPA
charges on the NH, moiety are almost zero.

The asymmetry of the charges distributions in the transi-
tion state can be described by the difference Aq(X —Y) =
g (X) — ¢ (Y). Correlation involving Aq (X — Y) values are
discussed in the next section.

3.4. Correlations of barrier heights

There have been considerable discussionsin the literature
as to what factors might influence the barrier heightsin gas-
phase Sy 2 reaction [9,12a,12b,32]. In this section, we will
briefly discuss our computational data for the non-identity
Sn2 reactions at nitrogen. We will seek the relationship
between the barrier heights and some properties related to
reactions and check whether the non-identity substitution
reactions at nitrogen show similar pattern of behavior to
substitution at carbon.

3.4.1. Rate—equilibrium relationship

Marcus theory has been successfully applied to the inter-
pretation of gas-phase Sy2 reactions at carbon and oxygen.
It will beinteresting to test the reliability of the Marcus the-
ory for the Sy 2 reactions at nitrogen. The Marcus equation

(AH)? ]

(10)
#
AHgyy

AHjy = AHJyy +05AH + [

relates the intrinsic barrier heights of a non-identity substi-
tution reaction to the corresponding intrinsic barrier height
in the absence of a thermodynamic driving force and the
central enthalpy difference between product and reactant
ion—molecule complexes 3 and 1. We can see from Table 4
that the DFT central barriers for the reactions involving the
fluorine are significantly higher than the Marcus central bar-
riers deduced by Eq. (10) because the hybrid DFT method
overestimate the central barrier for the F~ + NHoX (X =
F-) reactions. For the other reactions Y ~ + NH2X (Y, X =
Cl, Br, 1), the DFT central barrier heights are reproduced by

Table 6

NPA charge distributions for the transition states [Y ---HaN - - - X] ™%

Y, X a(Y) a (X) a(N) a(H) q (NHz) Agq (X —Y)
F F —0.674 —0.674 —0.448 0.398 0.349 0

cl, Cl —0.561 —0.561 -0.711 0.417 0.122 0

Br, Br —0.512 —0.512 —0.808 0.416 0.025 0

11 —0.450 —0.450 —0.922 0.411 —0.100 0

F Cl —0.729 —0.488 —0.619 0.418 0.217 0.240
F, Br —0.728 —0.439 —0.675 0.421 0.167 0.289
F 1 —0.724 —0.389 —0.730 0.422 0.113 0.334
Cl, Br —0.557 —0.518 —0.758 0.417 0.076 0.039
Cl, 1 —0.547 —0.474 —0.808 0.414 0.021 0.072
Br, | —0.500 —0.467 —0.861 0.414 —0.034 0.032
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Fig. 4. Plot of central barriers from Eg. (10) vs. the same quantity
obtained directly from the hybrid DFT method MPW1K/6-31+G (d, p)
(Y, X =Cl, Br, I). The vaues are listed in Table 4.

Marcus theory within a few kJ/mol (the largest difference
and M SE being 2.9 and —1.5kJmol, respectively). A plot of
Marcus central barriers by Eq. (10) versus the correspond-
ing DFT data for the reactions Y ~ 4+ NH2X (Y, X = Cl, Br,
1) gives a good linear correlation (see Fig. 4, R? = 0.976).

In order to apply the Marcus equation to the overall barri-
ers, rather than the central barrier, Wolfe et a. [33] proposed
the following modifications:

AHOVT 2
AHSy = AH®\y + 0.5 AHoyr + [ﬁ] (11)
0YX

AHEyy = 05[AHS, + AHS] (12)

The Egs. (11) and (12) permit the predictions of the exper-
imentally more accessible quantity from data of the corre-
sponding identity reactions. The data in Table 4 illustrate
the applicability of Wolfe equation to all of non-identity
SN2 reactions at nitrogen, the largest difference and MSE
just being 1.7 and —0.6kJmol, respectively. There is a
better correlation between the overall barriers obtained by
Wolfe equation versus the corresponding DFT barriers (see
Fig. 5, R? = 1.000) for Eq. (2) than corresponding correla-
tion existed in Eq. (1), that may be attributed to the smaller
exothermicity for Eq. (2) [12b].

3.4.2. Correlation of central barriers and overall barriers

In the non-identity reactions at carbon (Eg. (1)), a good
correlation was found between the central barrier (AHffx),
overal barrier (AHQY) with the overal enthalpy change
(AHY") for the forward reactions [12b]. For the non-identity
Sn2 reactions at nitrogen (Eq. (2)), there are also similar
good correlations (R = 0.929 and 0.999, respectively).
Furthermore, as observed in Eq. (1), we find a reasonable
correlation between the central barriers and the composite
transition structure looseness, %L#* (RZ = 0.867). Central
barriers are also found to correlate with the geometrical
asymmetry of the transition state, %AS”, and the charge
distribution asymmetry, Aq (X —Y) (R? = 0.901 and 0.906,

50

=80 I

Wolfe overall barrier (kJ/mol)

- 100
-100 -50 0 50

DFT overall barrier ( kJ/ mol)

Fig. 5. Plot of overall barriers from Eq. (11) vs. the same quantity obtained
directly from MPW1K/6-314+-G (d, p) (Y # X; Y, X =F, Cl, Br and I).
The values are listed in Table 4.

respectively), which is similar to the previous results in the
non-identity methyl-transfer reactions (Eq. (1)) [12b].

For the Y~ 4+ CH3X reactions (Eq. (1)), there is good
correlation between the geometrical asymmetry of the TS,
%AS#, and the charge asymmetry, Aq (X —Y), which means
theearly TS structuresin ageometrical sensearealsoearly in
acharge sense. This pattern is reproduced in the non-identity
SN2 reactions at nitrogen (R2 = 0.994).

Thereisagood correlation between central barrier heights
and overall barrier heights for forward direction (R? =
0.994) inthe G2 (+) study on the non-identity Sy2 reactions
at carbon [12b]. This correlation also reasonably existed in
the present DFT results on the non-identity Sy2 reactions at
nitrogen (R? = 0.923), but the slope is negative (Fig. 6).

All of above correlations existed in the non-identity Sy2
at nitrogen and the comparison with the resultsfor the Y ~ +
CH3X (Y, X = F, Cl, Brand |) reactions at the G2 (+) level
were summarized in Table 7.

Overall barrier (kJ/mol)

0 20 40 60 80
Central barrier { kJ/ mol)

Fig. 6. Plot of central barrier vs. the overall barriers. The values in-
volving non-identity Sy2 reactions at nitrogen (Eq. (2)) at the level of
MPW1K/6-31+G (d, p) are listed in Table 4. The G2 (+) values for
non-identity Sy2 reactions at carbon (Eq. (1)) are from [12b].



206 J. Yang et al./International Journal of Mass Spectrometry 229 (2003) 199-208

Table 7
Linear correlations of various characteristics of the reactions Y~ +
NH2X — X~ +NH2Y (Y, X =F, Cl, Br, I)

Entry  Parameter 1  Parameter 2 R2a

1a AHyy AHO 0.929 (0.991)°

2 AHyy AH}, (Marcus, Eq. (10))  0.976* (0.999)
3 AHJy AQ (X —Y) 0.906 (0.912)
4 AHyy %L# 0.867 (0.821)
5 AHyy %AS* 0.901 (0.922)
6 AHE, AH, (Wolfe, Eq. (11)) 1.000 (0.994)
7 AHE, AHOT 0.999 (0.995)
8 Ag(X—-Y) %AS* 0.994 (0.995)
9 AHLy AHE, 0.923 (0.994)
10 AHOT AH 0.845* (1.000)

aMarked vaues are for Y, X = Cl, Br, |; unmarked values are for Y,
X =F,Cl, Br, I.

bValues in parentheses are the corresponding correlations at carbon
from [12b].

3.5. Nucleophilicity and leaving-group ability of halides in
gas-phase Sy 2 reactions at nitrogen

The orders of nucleophilicity and theleaving-group ability
are essential that describefor Sy2 reactionsand will strongly
affects the rate of the Sy2 reactions. Many properties have
an influence on nucleophilicity, such as the medium of Sy2
reactions, the strength of its bond with central atom, and the
electronegativity of the attacking atom. In the aliphatic Sy2
reactions, nucleophilicity of nucleophile in the solvent may
be different from in the gas phase because of the solvation
energy. The observed [34] and predicted [35,36] sequences
of nucleophilcity in the gas-phase Sy2 reaction at carbon
follow the order: F~ > CI~ > Br~ > |~, which will be
reversein the dipolar solvent, such as water and the alcohol.
Here, we will discuss the nucleophilicity and leaving-group
ability of different halides in the gas-phase Sy2 reactions
at nitrogen (Egs. (1) and (2)) using our DFT energetics in
Table 4.

3.5.1. Thermodynamic study

As shown in previous work [34], the exothermicity of
the reactions of nucleophile with a single substrate reflects
the thermodynamic affinity of the nucleophile. Following
this idea, the exothermicity trend, in this work, is given by
the sequences of the overall enthalpy change AH®" for the
forward reaction as a function of nucleophile X~. The more
negative of AH", the stronger of the exothermicity of the
reaction.

No matter Y~ react any substrate, NHoF, NH2Cl, NH2Br
or NHal, the exothermicity fals in following order (see
Table 4):

FF>ClIm>Br > 1~

These sequences are in agreement with the available ex-
perimental results [11]. This exothermicity can be clearly

related to the nucleophilicity of X, which follows the same
trend.

If we fix the nucleophile Y~ and change the substrate
NH2X going from X = F to |, the exothermicity of the
reactions increase in the same direction. This is certainly
related to the leaving-group ability, following in the order:
F<Cl<Br<lI.

3.5.2. Kinetic study

High-level computational study of Glukhovtsev et a. [9]
for identifying Sy 2 reactions at nitrogen (Eq. (3)) suggests
that the more negative overall barrier heights, the morefacile
for the Sy 2 reactions. The overall barriersfor reactionsY ~ +
NH2X (Y = F, Cl, Br, I; X = F), asindicated in Table 4,
shows that the sequence given by A H2, and A HY,, follows
the order:

F- <Cl” <Br <I™

With other three substrates NH>Cl, NH2Br and NH»l the
same orders are obtained (see Table 4). These results are in
good agreement with the exothermicity of reaction given in
Eq. (2), showing the correlation between overall barriers and
the overall reaction enthalpy, i.e., when the overall barriers
decrease the exothermicity of the reactions increases. What
is more, for a given nucleophile Y —, the calculated overall
barriers decrease when going from X = F to I, which relates
the leaving-group ability increasing from Fto I. In summary,
the investigations of kinetic and thermodynamic for Eq. (2)
lead to the same conclusions.

3.5.3. Basicity and nucleophilicity of X~

In the experimental study on the gas-phase Sy2 reac-
tions at nitrogen [11], the reaction efficiency is found to
increase systematically with increasing basicity of reactant
anion. Previous experiments [37] and calculations [32,38]
have indicated that the gas-phase acidity of HX (X = F-)
increase in the order: HF < HCl < HBr < HI, which im-
plies the basicity of X~ will decrease in the following or-
der: F~ > CI~ > Br~ > |~. This order is consistent with
nucleophilicity of X~.

4. Conclusions

The exchange reactions at the saturated nitrogen atom
Y~ + NH2X — NH2Y + X~ (Y, X = F, Cl, Br, I) were
investigated at the MPW1K/6-31+-G (d, p) level of theory,
leading to the following conclusions:

(1) The energy profile for the gas-phase non-identity Sy2
a nitrogen is described by an asymmetric double-well
curve. The following pathway for the model reactions
is established:

Y™ 4+ NHX — Y- HoNX — [Y ---HoN- - - X] 77
— YNH2--- X~ — NHoY 4+ X~
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(2) In asymmetrical displacement reactions at nitrogen,
the enthalpies of reactions are exothermic only when
the nucleophile is the lighter halide, in agreement with
those in non-identity substitution reactions at carbon.

(3) Theion—molecule complexation energiesat 0K increase
from 48.8kJmol for 1~ ---H2NCI to 144.0kdmol for
F~---H2NI. These values are found to be larger than
those found for the corresponding carbon complexes
Y~ ...H3CX and correlate well with the elongation
parameter %N-H and the electronegativities of the
nucleophile.

(4) The forward central barrier heights AH?(EX (Y, X =dl,
Br, 1) vary from 39.9 kJ/mol for the reaction Br— +NHal
to 49.8kJmol for the reaction CI~ + NH2Br and the
reverse central barrier heights AHifX (Y, X =Cl, Br,1)
vary from 40.3kJmol for the reaction I~ + NH>Br to
57.3kJmol for the reaction Br~ + NH»Cl. The AH?fX

are lower than the intrinsic central barrier AHSEYX and
the lowering is attributed to the effect of forward reac-
tion exothermicity which ranges from —25.8kJmol for
Cl~™ + NHal to —8.1kJmol for Br— + NHal.

(5) All of the forward overall barriers A HS for the reac-
tionsY ™ +NH2X — NH2Y + X~ (Y, X =F, Cl, Br, 1)
are negative and the corresponding barriersin the methyl
exchangereactions Y ~ 4+ CH3zX — CH3Y + X~ (vary-
ing from —69.7 kJ/mol for F~ +NH2Br to —-16.9 kJmol
for Br~ 4+ NHal), which suggest that Sy2 reactions at
nitrogen may be more facile than at carbon.

(6) The set of non-identity reactions Y ~ + NH2X (Y, X =
Cl, Br, I) obeys the Marcus equation. The central barri-
ers estimated by Marcus equation (Eg. (10)) are closeto
the directly calculated central barrier and a plot of the
two data sets gives a good correlation (R? = 0.976). A
modified Marcus equation used to estimate the overall
barriers for reactions Y~ + NH2X (Y, X = F, Cl, Br,
) is found to be more reliable (R? = 1.000).

(7) Forward centra barriers, AH?,EX, exhibit reasonable lin-
ear relationship with the composite geometric looseness
%L 7, the geometrical asymmetry of the TS, %AS?,
the charge distribution asymmetry, Aq (X — Y), and
the overall enthalpy changes, AHO.

(8) Combining the DFT results of kinetic and thermody-
namic investigations, we predict that the nucleophilicity
for halide anions in the reactions (Eq. (2)) follows the
order: F~ > CI™ > Br~ > |7, and the leaving-group
ability isreverse: F < Cl < Br < |, which is the same
as Sy 2 reactions at carbon.
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