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Abstract

Reactions of aryl |-(2,4-dinitronaphthyl) ethers with piperidine in dimethyl sulfoxide at 25°C
resulted in substitution of the aryloxy group at the ipso carbon atom. The reaction was
measured spectrophotochemically and the kinetic studies suggested that the titled reaction is
accurately third order. The mechanism is began by fast nucleophilic attack of piperidine on Cl to
form zwitterion intermediate (I) followed by deprotonation of zwitterion intermediate () to
the Meisenheimer ion (Il) in a slow step, that is, SB catalysis. The regular variation of activation
parameters suggested that the reaction proceeded through a common mechanism. The
Hammett equation using reaction constant o° values and Brensted coefficient value showed that
the reaction is poorly dependent on aryloxy substituent and the reaction was significantly
associative and Meisenheimer intermediate-like. The mechanism of piperidinolysis has been
theoretically investigated using density functional theory method using B3LYP/6-311G(d,p)
computational level. The combination between experimental and computational studies predicts
what mechanism is followed either through uncatalyzed or catalyzed reaction pathways, that is,
SB and SB-GA. The global parameters of the reactants, the proposed activated complexes, and
the local Fukui function analysis explained that C, carbon atom is the most electrophilic center
of ether. Also, kinetics and theoretical calculation of activation energies indicated that the
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Scheme |. Base catalyzed and uncatalyzed Mechanism of aminolysis of aromatic nitro compounds
containing leaving group.

mechanism of the piperidinolysis passed through a two-step mechanism and the proton transfer
process was the rate determining step.
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Introduction

The reactions of piperidine with aromatic nitro compounds containing poor leaving group
in dimethyl sulfoxide (DMSO) have been reported to subject base catalysis.'™ The uncata-
lyzed pathway proceeded by slow formation of zwitterion followed by fast step to the proto-
nated product which equilibrated with the substitution product (Scheme 1). The catalysis has
been reported to be either the slow proton transfer step,® that is, specific base (SB)>” '3
rate-limiting step is the removing of the leaving group by assistance of the conjugate acid,”'*
18 SB-GA (Scheme 1). The change in rate controlling step has been reported to be dependent
on the base strength and the basicity of the leaving group.”!® The differentiation between the
two pathways mechanism of catalysis is achieved using external base related to SB catalysis
and conjugate acid of the same amine used in the reaction related to SB-GA catalysis.

Several studies have been reported that aryl 1-(2,4-dinitronaphthyl) ether (1a-h) were con-
sidered as good substrates toward SNAr reactions.’*>* This is because 2.4-dinitro groups
with respect to 1-chloro substituent in one of the two rings of naphthalene made it suscepti-
ble toward nucleophilic substitution, and stable activated complex(s) is formed.**** In the
present study, kinetic of the reaction of aryl 1-(2,4-dinitronaphthyl) ether (1a-h) (Ar = a,
X = H; b, X = 4-OCH3; ¢, X = 4-CHj3; d, X = 3-CHj; e, X = 3-OCH;f, X = 4-Cl; g,
X = 3-Cl; and h, X = 4-NO,) with piperidine (2) in DMSO at 25°C was examined
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experimentally (equation (1)). In addition, intermediates and transition states associated with
the rate determining step (RDS) were explored computationally using B3LYP/6-311G(d,p)
density functional method. The comparison between experimental and computational stud-
ies is used to predict what pathway for the reaction was followed either through uncatalyzed
or catalyzed reaction pathways and between SB and SB-GA catalysis (Scheme 1).

X
< ®

o X u N OH

Y™ e o™ O
+ + (1)

250 =

NO, NO, X

(1a-h) 2) 3) “4)

a, X =H; b, X=4-OCHj; c, X =4-CHj3; d, X = 3-CHj3; e, X = 3-OCHj;
f, X=4-Cl; g, X =3-Cl; h, X =4-NO,

Experimental
Preparation of aryl 1-(2,4-dinitronaphthalen-1-yl) piperidine (3)

The reaction 1-aryl 2,4-dinitro-1-naphthyl ethers (1a-h) and piperidine (2) in DMSO yielded
the 1-(N-piperidinyl)-2,4-dinitronapthalene (3).'*'!

Kinetic technique

Spectrophotometric studies. The reaction of 1-aryl 2,4-dinitronaphthyl ether (1a—h) with piperi-
dine (2) in DMSO was followed spectrophotometrically. The recorded spectral of kinetic
reaction was identical to those of the authentic reaction products (3) under investigation in
the same solvents.

Kinetic measurements. A solution of (1a-h) (1 X 10™* M) in 10 ml DMSO was prepared. The
reaction time started when the piperidine with concentration ranged from 0.006 to 0.6 M
was transferred quickly to a well thermostated chamber containing the ultraviolet (UV) cell.
The reaction also was carried out with various concentrations of piperidine in the presence
or the absence of pyridine or p-toluidinium hydrochloride. The absorbance A, at the desired
A = 440 nm was recorded at several time intervals depending on the reaction rate. The
resultant change of absorbance with time was recorded on a JASCO V-530, UV-VIS
Spectrophotometer, Japan.

Method of calculations. All computational calculations had been performed on personal com-
puter using the Gaussian 09W program packages and 6.31G(d,p) basis set*® Gaussian output
files were visualized by means of Gaussian view 05 software.’” Computation provided useful
information about the optimized molecular structures of (1a-h), piperidine (2), and all
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Figure |. Optimized geometry and numbering of piperidine (2).

Table I. Optimized geometrical parameters of piperidine (2) obtained by B3LYP/6-311G(d,p) density
functional calculations.

Bond length (A) B3LYP/6-311  Bond angles (°) B3LYP/6-311  Dihedral B3LYP/
G(d,p) G(d,p) angles (°) 6-311 G(d,p)

N,—H, 1.017 C-N-C¢ 112.3° H/NC, C, -684°

C\—-N| (C¢—N)) 1.467 N|—C—C3 (Cs—C¢—N)) 114.2° HNC,Cs 684°

C—GC5(Cs—C¢) 1.538 Cr—C3-C4 (Ce—Cs—Cy) 110.8°

C3-C, (C4—Cs)  1.536 H-N,—C, (H-N,—C¢)  109.1°

possible activated complexes (transition states and intermediates) and their parameters have
been assessed to suggest the correct pathway for the reaction under investigation.

Discussion

Structure determination of |-(N-piperidinyl)-2,4-dinitronaphthalene, 3

The reaction between ethers (1a-h: a, X = H; b, X = 4-OCH3; ¢, X = 4-CH3d, X = 3-
CHj; e, X = 3-OCH;f, X = 4-Cl; g, X = 3-Cl; and h, X = 4-NO,) and piperidine (2) in
DMSO vyielded the expected 1-(N-piperidinyl)-2,4-dinitronaphthalene (3) and substituted
phenol (4) with no side products detected independent on the nature of the aryl moiety
(equation (1)). The structure of the substitution product (3) indicated that the reaction was
regioselective and piperidine attached itself to the ipso carbon atom of naphthyl moiety and
substituted phenols were the leaving groups.'®!'!

Optimized geometry of piperidine, (2). Piperidine molecule is a heterocyclic amine and has two
possible chair conformations.®®-? The calculated and experimental vibrational modes of
piperidine had been reported.***” The optimized geometric parameters (bond lengths and
angles) by BLYP with 6-311G(d,p) are in accordance with the atom numbering given in
Figure 1 and Table 1.

Molecular orbital analysis of piperidine (2) and (la-h). The density functional theory (DFT)* was
used to understand the chemical reactivity and site selectivity of 1-(2,4-dinitronaphthyl) ether
(1a-h) and piperidine (2). Accordingly, the values of Mulliken charge, natural bond orbital
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Table 2. Mulliken charge, NBO charge, and atomic orbital coefficient of HOMO in piperidine (2).

Atom Mulliken charge NBO charge Atomic orbital
coefficient of HOMO
Nitrogen atom —0.365 —0.665 0.6751

NBO: natural bond orbital; HOMO: highest occupied molecular orbital.

Table 3. Calculated energies and related molecular properties values of piperidine (2) by B3LYP/6-
311G(d,p).

(2) EHOMO ELUMO AEe Ip EA X 1% n S o ANmax Nu index

—5.88 1.06 693 588 —1.06 241 —241 693 0.14 042 0.35 3.49

(NBO) charge, and atomic orbital coefficient of highest occupied molecular orbital (HOMO)
indicated that N-atom is the nucleophilic center in piperidine (2) (Table 2).

The global and local chemical reactivity descriptors**° were calculated from HOMO and
lowest unoccupied molecular orbital (LUMO) energies of (1a—h) and (2) (Tables 3 and 4).
The global descriptors were the ionization potential (1), electron affinity (E,), the absolute
electronegativity ((Ip + E4)[2), chemical potential (u = —x), global hardness (n), and glo-
bal softness (S) were calculated from = (Epuymo—Enomo)/2 and S = 1/27, respectively.
While, the electrophilicity (ew) can be calculated using the relation @ = u2/21.°' > The glo-
bal electrophilicity index measures the stabilization in energy when the system acquires an
additional electronic charge AN from the environment.

Table 3 gives the energy of HOMO, energy of LUMO, chemical potential, hardness, soft-
ness, electrophilicity index and nucleophilicity index of piperidine (2).°®. Domingo et al. had
been reported a relative nucleophilicity index Nu using the relation
Nu = (N,,)—SHOMO(TCE) 57985960 The values ) and Nu index for piperidine (2) indicated that
these parameters controlled their reactivities in the present reaction, equation (1). When two
systems with different electronegativities react together, electrons are transferred from the
nucleophilic molecule to the electrophilic molecule until the chemical potentials are equal.®!
The number of electrons transferred AN,,,, was calculated by the relation AN, = — [.L/T].S 6

The calculated energies and related molecular properties values of (1a—h) and the effective
atomic charges, namely, Mulliken and NBO are given in Tables 4 and 5, respectively.®?

The atomic charge values and atomic orbital coefficients are important in determining
the reactivity of reaction centers toward nucleophilic attack.®®> Table 5 showed that (1) the
naphthyl ipso carbon C; was more positively charged than the aryl ipso carbon Cy and (2)
the interaction of a nucleophile with the naphthyl ipso carbon C; was controlled by its
charge, while the reaction of the nucleophile with the aryl ipso carbon C; was controlled by
its coefficient. Thus, Cy could be considered as the high hard electrophilic center, while C; is
the least one.

The mechanism for the piperidinolysis of ethers (1a-h) are studied theoretically using
DFT methods at the B3LYP/6-311G(d,p) computational level.**** The reaction process is
initiated by the interaction between the two substrates (1a-h) and (2) followed by further
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Table 4. Calculated energies and related molecular values of aryl 2,4-dinitronaphthyl ether (1a—h) by
B3LYP/6-311G(d,p).

la Ib lc Id le If lg Ih
o 0 —0.27 —0.17 —0.07 0.12 0.23 0.37 0.78
Enomo —6.86 —6.16 —6.59 —6.72 —6.40 —6.84 —7.00 —7.48
ELumo —-3.22 —3.15 -3.19 -3.19 —3.16 —3.35 —3.32 —3.53
AE, 3.6l 3.00 3.40 3.53 3.25 3.49 3.68 3.95
mn (D) 6.09 7.15 6.39 6.28 6.89 535 5.98 6.03
Ip 6.84 6.16 6.59 6.73 6.41 6.84 7.01 748
Ea 322 3.15 3.19 3.19 3.16 3.35 3.33 3.53
© (eV) —5.03 —4.65 —4.89 —4.96 —4.78 —5.09 =5.17 —5.50
X 5.03 4.65 4.89 4.96 4.78 5.09 5.17 5.50
) 0.55 0.67 0.59 0.57 0.62 0.57 0.54 0.51
n 1.81 1.50 1.70 1.76 1.62 1.75 1.84 1.98
w 7.00 7.21 7.03 6.96 7.03 7.42 7.25 7.67
AN, ax 2.78 3.10 2.88 2.8l 2.94 292 281 2.79

Table 5. Mulliken, NBO atomic charge, and atomic orbital coefficient of LUMO for the selected centers
(Cy, Cy) calculated by B3LYP/6-311G(d,p) for aryl 2,4-dinitronaphthalene ethers (1a—h).

Mulliken atomic charges of (1a—h)

Atom la Ib Id le If Ig Ih
lc

(of 0.170 0.177 0.171 0.162 0.163 0.156 0.155
0.171

Cp 0.162 0.138 0.170 0.171 0.168 0.167 0.189
0.16l

NBO atomic charges

(of 0.382 0.383 0.383 0.384 0.384 0.378 0.377 0.371

Cp 0.324 0.290 0.315 0.334 0.342 0.322 0.344 0.355

Atomic orbital coefficient of LUMO

(of 0.1912 0.1869 0.1900 0.1915 0.1928 0.1941 0.1950 0.1966

Cp 0.0078 0.0078 0.0079 0.0078 0.0078 0.0077 0.0076 0.0071

NBO: natural bond orbital; LUMO: lowest unoccupied molecular orbital.

steps which depended greatly on the stabilities of the possible activated complexes which
explained whether the reaction is uncatalyzed or catalyzed either by SB or by SB-GA. The
first step is the attack of the nucleophilic center in piperidine (2) on the more electrophilic
C1 center in aryl naphthyl ethers (1a-h). The energy differences between the two possible
HOMO/LUMO combinations for (1a—h) and piperidine (2) are given in Table 6. It showed
that the LUMO,;,- HOMO, energy difference is lower than the LUMO,- HOMOy,4
energy difference pointed out that the most favorable interaction was between the HOMO
of (1a—h) and the LUMO of piperidine. Thus, (1a—h) behaved as an electrophile, while piper-
idine was a nucleophile.

The energy gap between the HOMO and LUMO is very important in determining the
chemical reactivity of the molecule. The high value of the energy gap indicates that the mole-
cule shows high chemical stability, while a small HOMO-LUMO gap means small
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Table 6. Difference between the two possible HOMO/LUMO combinations for (la—h) and piperidine (2).

Descriptors X = X= X = X = X = X = X = X =

H,la 4-OCHs; b 4-CHj, Ic 3-CHj; Id 3-OCHs, le 4-Cl, If 3-Cl, Ig 4-NO, |h
ELumolan—  2.66 273 2.69 2.69 2.72 2.53 2.56 2.35
Enomo-2
ELumoor— 792 722 7.65 7.68 7.46 7.90 8.08 8.54
Eromo-1a-h

HOMO: highest occupied molecular orbital; LUMO: lowest unoccupied molecular orbital.

excitation energies to the manifold of excited states. The reported global parameters of
ethers (1a-h),%% such as electronic chemical potential u = —4.65 to —5.50 eV, was lower than
that for piperidine (2), (u = —2.41 eV), indicating that the net charge transfer AN takes
place from the piperidine toward the (1a—h). On the other hand, the electrophilicity index
values of (1a—h) were in the range of 6.96-7.65 eV, a value that lies in the range of strong
electrophile.”® A good, more reactive, nucleophile is characterized by a lower value of, w
(0.42); and conversely, a good electrophile is characterized by a high value of w.> Table
showed that 1h, 4-NO,, has @ = 7.67 and 1d, 4-OCH; has @ = 6.96.

These parameters confirm that (1a—h) act as an electrophile, whereas piperidine acts as a
nucleophile. The significant difference in electrophilicity (Aw = 6.56-7.13 eV) between
piperidine and (1a-h) showed a high normal electronic demand (NED) polarity for this
reaction.”®

The local nucleophilic attack fi,* Fukui functions (FFs) of N-atom in (2) and the local
electrophilic centers attack f,~ F of C1 in compounds (1a-h) were analyzed to predict the
interaction between electrophilic center C1 and nucleophilic nitrogen atom in piperidinolysis
reaction (equation (1)).

Local reactivity descriptors. FF* is one of the widely used local density functional descriptors to
model chemical reactivity and site selectivity. The condensed FF of piperidine was calculated
using the procedure proposed by Yang and Mortier® based on a finite difference method
(equations (2)—~(4)).

f+ = [q(N+1)-q(N)], for reaction with nucleophilic (2)
f— = [g(N)-q(N-1)], for reaction with electrophilic (3)
f’= [g(N+1)-g(N-1)]/2, for reaction with radical (4)

where fy is the FF at atom k in a molecule and (@ = +, —and 0) represents local philic
quantities describing nucleophilic, electrophilic, and radical attacks, respectively. FFs f *
(), f(r), and f°(r) were calculated using equations (2)—(4). The local electrophilicity and
local nucleophilicity indices of a site k in a molecule enable to predict the most favored
nucleophilic—electrophilic attack of piperidine and (1a-h). These indices could be calculated
using the FFs, ®% equations (5)~(7), and cited in Tables 6 and 7.

o= ofi* (5)
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Table 7. The local electrophilicity, nucleophilicity, and maximum charge transfer in compounds (2).

Piperidine (2) fi fi e ot Nuf, * ANpasfc *
N, 0.26879 —0.04254 0.226248 0.112892 0.938883 0.09327
C, —0.03527 —0.09708 —0.13235 —0.01481 —0.1232 —0.01224
Cs —0.01542 —0.11309 —0.12851 —0.00648 —0.05386 —0.00535
Cy —0.01158 —0.07899 —0.09057 —0.00486 —0.04045 —0.00402
Cs —0.01542 —0.11309 —0.12851 —0.00648 —0.05386 —0.00535
Ce —0.03527 —0.09708 —0.13235 —0.01481 —0.1232 —0.01224

Table 8. FF (of, *) and their local indices of C, C;. of (la—h).

Cpds Atom fi ¥ fi fi° o
la (o8 —0.00723 0.09213 0.04245 —0.05061
Cy 0.01610 —0.02951 —0.00670 0.11270
Ib (o} —0.03443 0.09179 0.02868 —0.24824
Cy 0.04249 —0.03132 0.00559 0.306353
lc C, —0.02053 0.09220 0.03584 —0.14433
Cy 0.02776 —0.03004 —0.00114 0.195153
Id C, —0.01553 0.09274 0.03861 —0.10809
Cy 0.01735 —0.02943 —0.00604 0.120756
le (o} —0.00794 0.09266 0.04236 —0.05582
Cy 0.00209 —0.02803 —0.01297 0.014693
If C, —0.01275 0.09338 0.04031 —0.09461
Cy 0.01996 —0.03110 —0.00557 0.148103
l g C, 0.00102 0.09327 0.04714 0.007395
Cy 0.00829 —0.02944 —0.01058 0.060103
I h (o} 0.01216 0.08618 0.04917 0.093267
Cy 0.00027 —0.02674 —0.01323 0.002071
Nuy = Nufi* (6)

The maximum charge transfer can be written as follows>”’

A]Vmax (k) = AM1zaxﬁc+ (7)

The f; * values indicated that the N; was the most nucleophile center of (2) and the
nucleophilicity value of N1, Nuf © ; = 0.9389, ensured that this atom was the most nucleo-
philic center compared with other atoms in piperidine (Table 5). On the other hand, the elec-
trophilic attack f of (la—h) indicated that the C; or Cj carbon atom was the most
electrophilic site of compounds (1a-h) (f ¥ C; = 0.452). Recently, it was reported that the
regioselectivity of nucleophile attack on (1a-h) was predominated on C; rather than C; %
Therefore, the FF values indicated that the most favorable nucleophile/electrophile interac-
tion along the piperidinolysis reaction of (1a—h) occurred between the most electrophilic cen-
ter C; carbon in (1a-h) and the nucleophilic N atom center in piperidine (equation (1)).
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Table 9. Search for piperidine catalysis. Pseudo first-order (ko) and third-order rate constants (ky) for

the reaction of compounds (I X 107 M/L) (la—h) with piperidine (2) DMSO at 25°C.

[Pip], mol/Lix 10° Kops s~
Ib lc Id le If Ig lh
0.0010 0.59 0.64 1.18 0.65 1.08 1.24 131 2.00
0.0011 0.84 0.83 1.38 0.88 1.37 1.57 1.70 2.43
0.0012 113 1.08 1.58 1.18 1.70 1.87 2.05 2.82
0.0013 1.34 133 .84 1.49 1.99 2.20 2.34 3.14
0.0014 1.72 1.52 211 1.70 2.28 2.46 271 3.59
0.0015 2.07 1.80 2.44 2.06 2.66 2.92 3.12 423
kn L2.mol?s' 11700 9185 10064 11213 12403 12999 14117  1706.7
pka 1647  17.58 16.96 16.86 15.72 16.1 15.83 11.00
a° 0 -0.12  —0.I5  —0.07 0.13 0.27 0.37 0.82
Keer = Kylkyy | 0.79 0.86 0.96 1.06 111 1.21 .46
®1a
mib
1c
o X 1d
< X le
X 1f
—': +1g
~d =1h
2.5
[Pip]? x10°

Figure 2. Plots showing linear dependence of ke, on [piperidine]? for the reaction of aryl |-(2,4-

dinitronaphthyl) ether (la—h) with piperidine (2) at 25°C.

Experimental kinetic studies for the reaction of aryl |-(2,4-dinitronaphthyl)ether (1a—h)
with piperidine (2) in DMSO at 25°C

The kinetic studies for the reaction of aryl 1-(2,4-dinitronaphthyl) ether (1a—h) with large
excess of piperidine at 25°C were measured spectrophotometrically at A = 420 nm
(Table 9). The spectra at completion reaction in all cases were identical to those of authentic
samples of piperidino product (3) dissolved in DMSO with the same concentration of piperi-
dine used in the kinetic runs. It is found that the values of the first-order rate constants, Kops,
increased linearly with [piperidine]® (Figure 2) indicated that the reaction is catalyzed by the
second molecule of piperidine.

The third-order rate constants (ky) at 25°C for the formation of the piperidino product
(3) were determined from the slopes of the linear plots of ks versus the [piperidine]’
(Figure 2). Table 9 showed that ethers (la—h) contain electron withdrawing substituents
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x\ X |
N02 O\OH@)Z
Ol 2=

(1a-h) zwitterionic intermediate (I)
piperidine
k3 K3 Proton transfer
process

o
NO, k, NO, .
- [HAmMm™ ]
k-4
NO, NO

Meisenheimer intermediate (II)

Scheme 2. Reaction of aryl |-(2,4-dinitronaphthyl) ethers (Ia—h) with piperidine (2).
a, X = H; b, X = 4-OCHjs; ¢, X = 4-CHj3; d, X = 3-CHj3; e, X = 3-OCHj3; f, X = 4-Cl; g, X = 3-Cl; and h, X = 4-NO,.

enhance, while electron releasing substituents inhibit the rate and the effect of substituents
followed the order: 4-NO, > 3-Cl > 4-Cl > 3-OCH; > H > 3-CH3; > 4-CH; > 4-OCHs;.
The values of ky showed relatively small dependence on the electronic effect of the substitu-
ent in the aromatic moiety of ethers (1a—h) pointing out that the electronic effect was induc-
tive in nature.

The assignment of the piperidino product (3) and the third-order kinetics data suggested
that the nucleophilic attack of piperidine ki, on C; to give zwitterion intermediate (I) and
the formation of product (3) occurred in fast steps. Therefore, the slow step was either
deprotonation of zwitterion intermediate (I) (proton transfer process) to form the
Meisenheimer ion (II), that is, SB process or removing of phenoxide ion kg4, that is, SB-GA
catalysis (Scheme 2).

The small k. differences, shown in Table 9, in addition to the product analysis and order
of the reaction proposed that the proton transfer step were slow. This suggestion was ensured
by study the effect of addition external base, such as pyridine, or in the presence of conjugate
acid, such as piperidinium hydrochloride. The catalysis is pronounced by the addition of
external base pyridine, while the presence of conjugate piperidinium ion showed negligible
change in rate constants for reaction of (1b) with piperidine (Table 10).'%¢67 A result
pointed out that the formation of zwitterion intermediate (k; k.;) and the phenoxide ion
expulsion to give the substitution product (3) were fast steps (k4), and indicated that the pro-
ton transfer process was rate controlling step.

Rate equation for the reaction of ethers (1 a—h) with piperidine (2) to form |-piperidino-
2,4-dinitronaphthalene (3)

The overall rate equation (equation (8)) was derived according to Scheme 2, the catalyzed
reaction, and the steady-state assumption.
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Table 10. Pseudo first order (kobs) and kops/[amine]? for the reaction of compound (I X 107 M/L; Ib,
X = 4-OCHjs) with piperidine (I X 102 M) in presence of piperidinium hydrochloride and pyridine in
DMSO at 25°C.

[Piperidine], M [Piperidinium hydrochloride], M [Pyridine], M 102 Kops 5™ Kobs/[amine]?
0.0010 - - 0.0645 644.840
0.0011 - - 0.0833 688.362
0.0012 - 0.1082 751.674
0.0013 - - 0.1328 785.836
0.0014 - - 0.1516 773.542
0.0015 - - 0.1796 798.373
0.0010 0.001 - 0.0587 587.265
0.0011 0.001 - 0.0760 628.091
0.0012 0.001 - 0.0967 671.708
0.0013 0.001 - 0.1171 692717
0.0010 - 0.0010 0.0745 744.637
0.0010 - 0.0012 0.1171 812.980
0.0010 - 0.0014 0.1735 885.167
0.0010 - 0.0016 0.2222 868.123
kn LZmol2s™! 850.98 958.34 9185

Rate K, ksk, [piperidine]*[HAm*| ®

[ether] DTk s +ky [HAm*]) (k_; + ks [piperidine])

Since the third-order values was increased by addition of external base, therefore, the remov-
ing of the phenoxy (the k4 step) was fast and equation (8) is reduced to equation (9)

K Kobs _kiks

= = 9
[piperidine]® k- ©)

where kj is the third-order rate constant. Thus, proton transfer was rate determining step,
k.; >> kam[Am] and ky equal k ks/k_;.

Structure—reactivity relationships

The application of Hammett concept. The rate constants were correlated with different
o°-Taft’s constant values for substituted phenyl ring.°® The ¢°-Taft’s values represented
inductive constants for substituted phenyl groups (—Ar) relative to the unsubstituted one
C¢Hs—. Therefore, the electronic effect of the substituents in the leaving group moiety could
be quantified by the use of a Hammett equation (10),*’c® is the substituent constant and p is
the reaction constant.

log k = po®+ log k, (10)
Plot of log ky versus o°-Taft’s®® gave good straight line with p value of + 0.247 with cor-
relation coefficients (r = 0.91). The linearity of Hammett plot was a good evidence for the
same mechanism for all substituents in the titled reactions, while ‘p’ of + 0.247 pointed out
a poor electronic effect of the substituent.”®
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The small positive value of p may be attributed to the compensation between the opposite
charges in the activated state of the slow step between zwitterion (I) and Meisenheimer ion
(IT). Accordingly, equation (11) can be used to calculate the p value for the reaction.

Ap=(=ve)py: + (+Ve)p 0 (11)

And, the Hammett equation could be written in the form of equation (12).

ky
logk— =PN+ O+ Py0- O
’ (12)

k .
logk—x =0 (py+ +P40-)

The small positive value of p showed that the activated state of the slow step was
resembled to the product (Meisenheimer intermediate). It has been reported that the high p
values ( > 2) indicated that the departure of the aryl leaving group is slow,”' while the small
value of p values (0.34-0.25) indicated fast departure of the aryl leaving group. Hence, the
low positive of p value for the present reaction indicated that the proton transfer process is
the rate controlling step.

The application of Brensted concept. The magnitude of the Bronsted coefficient has usually
been related to the extent of bond formation in the activated complex that involved in the
slow step (equation (13)).”2

logkn* = B logK, + constant. (13)

The magnitude and the sign of Brensted coefficient (8) was reported to depend on the
pKa either for attacking nucleophile or the leaving group.”>* As the pKa of the nucleophile
varied with constant leaving group a positive Bronsted coefficient (8x) is observed.**** On
the other hand, the change of the pKa values of the leaving group with constant nucleophile
would result in a negative Bronsted coefficient (Blg)3° due to the inverse proportionality
between pKa of the leaving group and the rate.

Table 7 showed that the reactivity of (1a—h) toward piperidine increased with the decrease
in pKa of the leaving aryloxide anion group.’*”> The small and negative sign of Big value (-
0.04, » = 0.77) indicated that the activated complex involved in the slow step is significantly
associative and product-like, that is, Meisenheimer intermediate, implying a very late transi-
tion state.”*’® Both Blg and p values support that the activated complex involved in the slow
step was product-like.

Computational studies of mechanism for the reaction of pheny! [-(-2,4-dinitronaphthyl)
ether (1a) with piperidine (2)

The identification of transition states and their existence were confirmed by the presence of
a single imaginary frequency in the Hessian matrix.”””® The kinetic results proved that the
substitution reaction was overall third order and catalyzed by the second molecule of piperi-
dine, that is, SB-GA (Scheme 2). Therefore, the mechanism pathway was rewritten to show
the fine processes (Scheme 3). The nucleophile attacks C; to form TS (1) which was going to
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Q g\ (D
o o O N
NO NO.
NO 2
= ==y
NH NH
NO, NO,

(1a) zwitterionic intermediate (I)

O ., O (n
Cl\‘lnz @ N02 SB-GA T/:Z\F; TS2

(3) Meisenheimer mtcrmcdlatc (Imn)

Scheme 3. The mechanism of ether (la) with piperidine (2).

zwitterion intermediate (I) in fast step. The slow step proceeded by two possible pathways,
first, the zwitterionic intermediate (I) underwent deprotonation to form the Meisenheimer
intermediate (IT) k.3 in the RDS through TS (2) and rapid removing of leaving group, ky,
that is, SB catalysis. Second, zwitterionic intermediate (I) underwent fast proton transfer
with slow expulsion of phenoxide ion k4 through TS (3) to give the substitution product
(RDS), that is, SB-GA catalysis.

Energy profile and geometrical analyses of activated complexes involved in the piperidinolysis of (1a—h). The
theoretical mechanism of catalyzed reaction, the energies of the reactants, the products, and
the activated states were calculated by DFT methods were determined (Figure 3). It expressed
the possible activated complexes for the reaction of (1a) with piperidine. The same method was
used to calculate the bond lengths and bond angles of activated complexes involve in the reac-
tion (Table 11).

The bond length of C—Oy; of zwitterion intermediate (I) (Figure 4(b)) became slightly
larger than the same bond in TS1 (Figure 4(a)). Table 11 revealed that the new C;—N;» bond
length became more shorter in ZI(I) than the same bond in TS1. This result clearly showed
that C;—O;; bond begin to break and C,—N;» bond started to be formed.

The bond lengths of C—O;; and C;—N;. in TS2 had the same bond lengths as those in
zwitterion intermediate (I) (Figure 4(b)). While there was gradual increase in C;—O;; and
decrease in O1;—N;» bond lengths in the Meisenheimer intermediate (II) (Figure 4(d) and
Table 11). The last TS3 (Figure 4(d)) showed that C;—O;; has a maximum increase in bond
length whereas that of C;—N;+ became the shortest distance. According to the gradual
changes in C;—O;; and C;—Nj» in all activated complexes suggest that TS2 is the important
activated complex and its formation is the RDS. Also, the value of the bond angle C;—O;—
N;» was around 89-106.4° indicated that the reaction started by perpendicular attack of
piperidine on C; of compound (1).

Energy values of the possible activated complexes shown in Figure 4 were depicted in
Table 12. The activation energies of all species and compounds in the reaction of 1a with
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Figure 3. B3LYP/6-311G(d,p) optimized geometries of the transition states and intermediates involved in
the piperidinolysis of (1a—h) in DMSO.
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Table 11. B3LYP/6-311G(d,p) optimized geometries of bond length, bond angles, and of the reactants,
products, intermediates, and transition states for the reaction of ether (la) and piperidine (2) in (a) vacuum
and (b) DMSO. Distances are given in angstroms.

Species Bond lengths (A) Bond angles (°)
BL Vacuum DMSO BA Vacuum DMSO

(1) + 2(2) C,-0O,, 1.361 1.360 C,-0,,-C; 121.3° 121.2°
C,—0O,, 1.395 1.396 0,,-C-G, 122.3° 122.2°

(la) + (2) Ci-0O,, 1.361 1.360 C,-O,-C; 121.3° 121.2°
C,—0,, 1.395 1.396 0,,-C,-G, 122.3° 122.2°

TS (1) C,-0O,, 1.403 1.384 C,-0,,-C; 120.0° 120.7°
C—0Oy, 1.394 1.393 O,,-C,—N» 93.2° 90.9°
C;—N;« 1.867 2.048 0,,-C-G, 118.5° 120.4°

Zl () C,-0O,, 1.430 1.430 C,-0,,-C; 119.7° 122.7°
C—0O,, 1.399 1.385 O,,-C,—-Ny 100.8° 100.8°
C—N;» 1.470 1.470

TS2 C-0O,, 1.430 1.401 C,-0,,-C; 122.1° 122.2
C—0O,, 1.384 1.384 O,,-C,—N« 106.4° 105.9
C—N;« 1.470 1.577

MC (Il) C,-0O,, 1.430 1.430 C,-0,,-C; 123.4° 123.6°
C—0O,, 1.363 1.369 O,,-C,—N» 103.0° 103.1°
C—N« 1.495 1.493

TS3 C,-0O,, 2.346 2.265 C,-0,,-C; 131.3° 128.2°
C,—O,, 1.299 1.301 O, ,-C,—N» 089.6° 94.8°
C;—N;« 1.359 1.343

3) C—N« 1.402 1.383 N,—C,-C, 121.9° 124.3°

Piperidinium ion N—Hj» 1.027 1.026 Hj—Np—Hm 106.2° 105.6°
Ny—H 1.026 1.025

2) Ny—H» 1.021 1.021

PhO™ C,—O,, 1.266 1.279

PhOH C,—0O,, 1.369 1.369 C,—O,-H» 108.8° 109.2°
Ci-H,, 0.969 0.971

DMSO: dimethyl sulfoxide.

piperidine were compute in both gas and DMSO phases, that is from substrate (1) — TSI
— (I) — TS2 — (D) ((IDpipH * ) TS3 (TS3pipH * ) (3) (Table 12). The energy change
(AE) of the reaction of (la) with piperidine follows the order of TS2-(II) > (II)-
TS3 > TS2-(I) > TS1-(I). When the energies of activated complexes (II)pipH * and
TS3pipH © were taking into consideration, the energy change followed the order TS2-
(IDpipH * > (ID)pipH * -TS3pipH * > (I)-TS2 > TS1-(I). Both considerations led to sug-
gestion that the proton transfer process was the RDS. These orders were completely consis-
tent with experimental results.

Conclusion

The reaction of aryl 1-(2,4-dinitronaphthyl) ether (la-h: a, X = H; b, X = 4-OCHj;; c,
X = 4-CH;3d, X = 3-CHj; e, X = 3-OCH;f, X = 4-Cl; g, X = 3-Cl; and h, X = 4-NO,)
with piperidine in DMSO gave 1-piperidino-2,4-dinitronaphthalene and substituted phenol
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Phenoxy group Phenol

Figure 4. Pictures of the ether (la), phenol, and phenoxide anion in DMSO.

Table 12. Energy (in hartree/particle) of the reactants, products, intermediates, and transition states for
the reaction of ether (la) and piperidine (2) in (a) vacuum and (b) DMSO.

Species Energy (in hartree/particle)
Vacuum DMSO

(la) + 2(2) —1604.9451 —1604.9642
(la) + (2) —1353.0412 —1353.0570
TS (1) —1353.0315 —1353.0504
ZI (1) —1353.0254 —1353.0505
TS(2) —1352.9642 —1352.9856
MC (I1) —1352.5119 —1352.5841
TS(3) —1352.4862 —1352.5622
Product (3) —1045.5770 —1045.5882
Piperidinium ion —252.2859 —252.3721
Piperidine (2) —307.4649 —307.4712
PhO™ —306.8842 —306.9745
PhOH —307.4649 —307.4712
MC(ll) + piperidinium —1604.7979 —1604.9561
TS3 + piperidinium —1604.7722 —1604.9343
(2) + (3) + phenol —1604.9458 —1604.9666

DMSO: dimethyl sulfoxide.

with no side products. The substitution was considered regioselective reaction because the
piperidine attached itself to the ipso carbon atom of naphthyl moiety. Kinetic studies indi-
cated that the reaction was third order, where the second piperidine molecule acted as a cat-
alyst. It was found that electron withdrawing substituents enhanced while electron releasing
substituents inhibited the rate. The linearity of Hammett plot was a good evidence for the
same mechanism for all substituents, while its magnitude indicated poor electronic effect of
the substituent. The magnitude and the sign of Brensted coefficient (8) showed that the
reactivity of (la—h) toward piperidine increased with the decrease in pKa of the aryloxide
leaving group The small and negative sign of B, value indicated that the activated complex
involved in the slow step is significantly associative and Meisenheimer intermediate-like.
The optimized geometric parameters (bond lengths and angles) of piperidine by BLYP with
6-311G(d,p) was consistent with those reported earlier. The values of Mulliken charge, NBO
charge, and atomic orbital coefficient of HOMO indicated that N-atom is the nucleophilic
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center in piperidine. Mulliken charge, NBO charge, and atomic orbital coefficients para-
meters of (1a-h) indicated that the naphthyl ipso carbon C; is more positively charged than
the aryl ipso carbon C;. The energy difference between the two possible HOMO-LUMO
combinations and the net charge transfer AN pointed out that (1a—h) behaves as an electro-
phile, while piperidine was a nucleophile. The local parameters f;, © and Nuf * . values indi-
cated that the N; is the most nucleophile center of piperidine, while the electrophilic attack
[ of (1a-h) indicated that the C; or C;. carbon atom is the most electrophilic site of com-
pounds (1a-h) The correct pathway mechanism was achieved by calculating the energies of
the reactants, the products and the activated complexes energies as well as their bond lengths
and bond angles. The gradual changes in C;—O;; and C;—N;. as well as the energies of all
activated complexes involved in the reaction suggest that TS2 was the important activated
complex and its formation is presumably the RDS. This was in agreement with the experi-
mental kinetic results. Also, the value of the bond angle C,—O;,—N;» was around 89-106.4°
indicating that the reaction was starting by perpendicular attack of piperidine on C; of com-
pound (1a) to form TS1.
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