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Aromatic nucleophilic substitution in aprotic
solvents using hydrogen-bonded biological
amines. Kinetic studies and quantum chemical
calculations

Cecilia E. Silvana Alvaro™"*, Federico D. Bergero®, Federico M. Bolcic?,
Susana B. Ramos™© and Norma Sbarbati Nudelman®

Intermolecular and intramolecular non-bonding interactions play a crucial role in determining physical and biological
properties of relevant amines, and we have recently reported that they are also responsible for changing mechanisms in
aromatic nucleophilic substitution (ANS) involving amine nucleophiles, when they are carried out in solvents of low
permittivity. The present work describes ANS in toluene with a series of biological amines that can set specific hydrogen bonding
(H bonding) interactions due to their special molecular structures. Kinetic studies of ANS with 2-amino-5-guanidinopentanoic acid
(arginine), (4-aminobutyl)guanidine (agmatine), 2,6-diaminohexanoic acid (lysine) and 3,4-dihydroxyphenethylamine (dopamine)
towards 1-chloro-2,4-dinitrobenzene in toluene are reported. The kinetic results are compared with those obtained with
2-guanidinobenzimidazole and 2-(1H-imidazole-4-yl)ethanamine (histamine); both amines form intramolecular H bonds. The special
types of H bonding were also investigated by ab initio density functional theory calculations, at the B3LYP/6-31++G(d,p) level,
including counterpoise corrections to account for basis set superposition errors and solvent effects at the polarized continuum
model level. Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

The crucial role that intermolecular and intramolecular non-
bonding interactions play in the physical and biological proper-
ties of relevant amines is a subject of active experimentalt’?!
and theoretical’! research at present. In fact, the novel defini-
tion for hydrogen bond (H bond) recommended by the IUPAC
takes into account the theoretical and experimental knowledge
acquired over the last decades."” On the other hand, we have re-
cently reported the influence of H bonding in changing mecha-
nisms of aromatic nucleophilic substitutions (ANS) involving
amine nucleophiles, when they are carried out in solvents of
low permittivity™® and determined by NMR measurements the
degree of H bonding for those amines in each case.”’ In the very
well-known two-step addition—elimination mechanism for
ANS, B in the first step, the nucleophile attacks the ipso position
corresponding to the leaving group in aromatic ring with
electron-withdrawing groups to yield a zwitterionic o intermedi-
ate that contains an acidic proton; in the second step, the proton
is removed by a base, usually the nucleophile itself.

Nowadays, there are abundant literature reports about ANS
studies referred to elucidate the factors that influence the reac-
tivity in ANS and its many applications in organic chemistry,
biochemistry and industrial processes. To cite some of the more
recent, it has been reported the arylation of heteroatom nucleo-
philes by using activated haloarenes, with or without metal
catalysts,!"® while experimental and computational studies have
been carried out on the factors determining the leaving group
ability,!"" the preferential solvation and the reactivity indices

profile!? as a tool for the analysis of reaction mechanisms in ac-

tivated ANS. Furthermore, it is worth mentioning the importance
of ANS in sustainable chemistry, including a treatment of
halohydrocarbons and polychlorinated biphenyls for the decon-
tamination of groundwater"® and the elimination of chlorine in
the synthesis of 4-aminodiphenylamine.'
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In the last decades, there were major developments that led
to an improved understanding of the factors governing the
addition—elimination pathway, and a new mechanism, called
the dimer nucleophile, was found for activated ANS with amines
in solvents of low permittivity, where a third order in amine con-
centration giving an overall fourth-order kinetics was deter-
mined.!®'*! Early works providing kinetic,""® conformational”!
and thermodynamic''® evidence for the dimer nucleophile
mechanism, as well as some ab initio calculations,’® were per-
formed in several ANS with nitro-activated substrates and poor
leaving groups, for which the second step is rate-determining.
More recently, we published atypical findings in ANS with
amines that were purposefully selected because of their special
structures, which are able to form intramolecular or intermolec-
ular H bonds, such as alicyclic and aliphatic diamines and poly-
amines.>'® These studies, carried out in pure as well as in
binary mixtures of aprotic solvents, were performed with sub-
strates where the first step is rate-determining. The obtained re-
sults are interpreted by the dimer nucleophile mechanism,"®
which involves the attack of the amine hydrogen-bonded dimer
reacting with the substrate in the first step, superimposed to
the classical attack by the monomer. This behaviour was fully
confirmed by abundant evidence from several different
approaches.[>2021

With the aim of broadening the range of ANS where H bonding
could play a significant role, the present work reports kinetic
results using monofunctional and polyfunctional amines of
significant importance in biological systems. Kinetics studies
were performed using 2,4-dinitrochlorobenzene (DNCIB) as the
substrate in ANS in toluene with the following amines: 2-amino-
5-guanidinopentanoic acid (arginine), (4-aminobutyl)guanidine
(agmatine), 2,6-diaminohexanoic acid (lysine), 2-guanidino-
benzimidazole (2-GB), 2-(1H-imidazole-4-yl)ethanamine (hista-
mine) and 3,4-dihydroxyphenethylamine (dopamine). For these
amines, intramolecular and/or intermolecular H bonds could
occur; the structures are depicted in Scheme 1.

To provide valuable insight into the predominant type of H
bond formed, we performed ab initio density functional theory
(DFT)? calculations on the aforementioned amines determining
their optimal geometry in vacuum and in toluene for monomers
and dimers, H bonds formation and dimerization energies, at the
B3LYP/6-31++G(d,p) level.”®! Theoretical studies based on ab
initio DFT** methods currently provide information about elec-
trostatic, polarizability, strength and charge transfer components
of H bonding that contribute to the geometrical and chemical be-
haviour.”! To simultaneously evaluate counterpoise corrections
to account for basis set superposition errors (BSSE) and solvent
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Scheme 1. Molecular structure of (1) arginine, (2) lysine, (3) agmatine, (4) dopa-

mine, (5) histamine and (6) 2-guanidinobenzimidazole

effects, we implemented a methodology that was previously
described in detail.**’

EXPERIMENTAL

Reagents and solvents

All solvents and reagents were analytical reagent grade and
were purified using previously reported procedures.'”
2-Amino-5-guanidinopentanoic acid (arginine, Merck, Kenilworth,
NJ, USA): the commercial product was crystallized from absolute
ethanol (mp. 240°C,2% 244°C); the procedure was repeated
until no impurities were detected by thin-layer chromatography.

For the following amines, 1-(4-aminobutyl)guanidine (agmatine,
Sigma-Aldrich, St. Louis, MO, USA), 4-(2-aminoethyl)benzene-1,2,
diol (dopamine, Merck), 2,6-diaminohexanoic acid (lysine, Sigma-
Aldrich) and 2-(1H-imidazole-4-yl)ethanamine (histamine base,
Fluka), the commercial products were used without further
purification.

All the previous amines were kept in a desiccator protected
from light, prior to use.

2-Guanidinobenzimidazole (Sigma-Aldrich) was crystallized
twice from ethyl acetate. To assure full removal of the solvent,
the crystals were dissolved in chloroform, and vacuum was
applied until a dried residue was obtained; it was reduced to
powder in a mortar, and the procedure was repeated until no
impurities were detected by thin-layer chromatography. Finally,
it was kept in a desiccator protected from light under dry nitro-
gen atmosphere (mp. 242-244°C,271 242.8-244.5°C).

2,4-Dinitrochlorobenzene (Sigma-Aldrich) was crystallized
twice from absolute ethanol (mp. 52-53°C,'® 52-53°C).

Each one of the ANS products was prepared from DNCIB and
the corresponding amine following the procedure previously
described.l"® Schematic structure of substitution products is
shown in Scheme 2.

Spectrophotometric measurements and kinetic procedures

UV-Vis spectra of the substrates, the products and different mix-
tures of both compounds with the amine in toluene at several
concentrations were recorded in a Shimadzu (Kyoto, Japan)

UV-Vis 240 graphic printer PR-1 spectrophotometer. The extinc-

tion coefficients of the products were determined at =420 nm

and at 2=460 nm. At those wavelengths, the reagents are trans-
parent. All the solutions were found to obey Beer’s law.

Kinetic runs were performed by the methods previously re-
ported'¥? following the appearance of the reaction
product at =420 or 460 nm.

The reactions of DNCIB with arginine, agmatine, lysine
and dopamine were recorded directly in the thermostated
cell of the spectrophotometer at 25 +0.2 °C. The reactions
with histamine and 2-GB were carried out in sealed am-
poules (under nitrogen) at 40+0.2°C. In all cases,
pseudo-first-order rate kinetics were observed. The ab-
sorption spectrum of the reaction mixture at ‘infinite time’
corresponded within £2% with the ‘theoretical’ value cal-
culated from application of Beer’s law to solutions of the
product independently prepared in toluene. Pseudo-first-
order coefficients, ky, were obtained by the least-squared
method as the slope of the correlation In (A.. — A)/A..
against time, where A, is the optical density of the
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Scheme 2. Schematic aromatic nucleophilic substitution reaction by the ‘dimer nucleophile

mechanism’

reaction mixture measured at infinite time (more than 10 half-
lives). No corrections for expansion coefficients were applied to
the concentration values.

COMPUTATIONAL PROCEDURES

Energy and geometry of molecules in vacuum and in
solution

Calculations were performed using Gaussian 09.%%' The semiem-
pirical method AM1% was used with a Monte Carlo algorithm
for an automatic search of equilibrium conformers of monomers
and dimers. A selection of these conformers was further opti-
mized using DFT®?? with the 6-31++G(d,p) basis set®" and the
hybrid exchange-correlation functional B3LYP,*! with the soft-
ware’s ‘tight’ convergence criteria for energy and geometry. All
optimized geometries, in vacuum and in solution, were con-
firmed to be potential energy minima by computing vibrational
frequencies. For dimers in vacuum, the BSSE was corrected with
the counterpoise method®? as implemented in the software.
This level of calculation has shown to provide reliable structural
and energetic information on both intramolecular and intermo-
lecular hydrogen bonds in good agreement with higher-level
ab initio calculations.>>-3® Solvent effects were accounted for
by geometry optimizations with the integral equation formalism
variant® of the polarized continuum model. Because the soft-
ware does not perform geometry optimizations with solute elec-
tron density (SMD),"*” the final energy was recalculated using the
self-consistent solvation model based on SMD, which includes
non-electrostatic energy terms, and it is the recommended
model for computing solvation energies.*” To evaluate the BSSE
correction for the dimers in solution, the counterpoise procedure

was applied ‘manually’ as described in our previous work.”*!

Hydrogen bond search and characterization

The presence of intramolecular and intermolecular hydrogen
bonds, including non-conventional H bonds,*" was studied
using the Atoms in Molecules (AIM) theory™? with the multiWFN
software.”* According to this theory, a bond exists when there is
a bond critical point (BCP) (a saddle point of the electron density
p, being a minimum in the bond direction and a maximum in the
other two perpendicular directions) and there is a bond path
(along which p is a maximum in two directions) between two
atoms. The density and its Laplacian V2 at the BCP of H bonds
have been found to be roughly propomonal to the bond'’s stabi-
lization energy.™* The positive sign of the Laplacian found in all
H bonds also shows their closed-shell (non-covalent) nature.?
The ellipticity ¢ at the BCP shows the electron density’s deviation

H\\Jﬂl NHR

/N02 —k> ©/N02 + HCI

from circular symmetry: ¢ =0 indicates a per-
fect symmetric bond, that is, a ¢ bond type,
and ¢=1 indicates a = bond. Higher values
of ¢ are indicative of a strained bond in a ring
structure, which is about to be broken."?!

|
NO, RESULTS AND DISCUSSION

P Reactions of DNCIB with arginine,

agmatine, lysine and dopamine in toluene

Intermolecular and intramolecular H bonds

are one of the principal types of non-
covalent interactions that have crucial impact on the molecular
structure and reactivity of organic and biological com-
pounds.”" 3! A recent definition by the IUPAC considers that H
bond is an interaction between a hydrogen atom from a mole-
cule or a molecular fragment X-H in which X is more electroneg-
ative than H, and an atom or a group of atoms in the same or a
different molecule, in which there is evidence of bond forma-
tion. Self-association of amines to form mainly dimers by H
bonds is a long-known phenomenon, and there is abundant in-
formation in the literature about dimers that are responsible
for the ‘dimer nucleophile’ mechanism when amines are used
in ANS carried out in aprotic solvents.”® Intermolecular hydro-
gen bonding increases the nucleophilicity of the dimer com-
pared with the monomer, as confirmed by semi-empirical™!
and ab initio calculations.*¥

On the other hand, when two amino groups are in a rigid
appropriate geometry, strong intramolecular H bonding is easily
established, and such compounds exhibit unusually high
basicity.**! Intramolecular H bonding in the nucleophile also
causes an increase in its nucleophilicity, as it was formerly
demonstrated in kinetic studies of ANS with cis- and trans-1,2-
diaminocyclohexane.'”! Moreover, the leaving group ability in
activated ANS was recently revised, and the authors found that
the leaving group order in gas phase is or would be dependent
on the exact combination of nucleophile, leaving group and
substrate framework. The geometry of the ANS transition state
permits useful, qualitative conceptual distinctions to be made
between this type of reaction and other modes of nucleophilic
attack." The authors report computational studies of the reac-
tion of piperidine and dimethylamine with the aryl halides using
methanol as solvent; the results indicate that polarizability, solva-
tion and negative hyperconjugative effects are all relevant in
producing the element effect in methanol.l'"

The present work reports kinetic results using monofunctional
and polyfunctional biological amines that were selected due to
their special structures that allow the formation of intramolecular
or intermolecular homo-dimers by H bonds. The reactions of
DNCIB with each one of the amine depicted in Scheme 1 were
carried out in toluene in the presence of variable amounts of
the nucleophile. The rate behaviour is compared with previous
kinetic results obtained with 2-(1H-imidazole-4-yl)ethanamine
(histamine).™!

Table 1 gathers the results: the bimolecular rate coefficient
ks and the ratio k4/[B] are given. For arginine, agmatine, lysine
and dopamine, the second-order rate coefficients, k,, were
found to increase rapidly with the amine concentration, [B];
the plot of k4 versus [B] (Figs 1 and 2) illustrates a quadratic de-
pendence, whereas the plot of k4/[B] versus [B] is a straight line
as shown in Figs 3 and 4. These results are consistent with a
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Table 1. Reaction of 2,4-dinitrochlorobenzene, DNCIB*®, with arginine, agmatine, lysine, dopamine, histamine and 2-GB in
toluene at 25 and 40+0.2°C
102 [Arginine],® M 0.58 0.71 0.83 1.08 1.32 1.80 2.13 2.54 2.80 3.20
ko s M7 1.40 232 3.04 5.28 8.50 15.0 209 289 33.9 439
1072 ku/[Bl, s ' M2 241 3.27 3.66 489 6.44 8.33 9.81 114 12.1 13.7
10% [Agmatine],® M 0.42 0.65 0.80 0.96 1.25 140 1.84 230 275 3.10
10* ks M7 0.55 1.28 148 235 4.00 450 6.90 10.8 13.9 183
10% ky/[B], s "M 2 1.30 1.97 1.85 246 3.20 3.21 3.75 470 5.05 5.90
102 [Lysinel,® M 0.25 0.50 0.70 0.90 1.20 1.50 1.85 2.20 2.50 2.90
103k, s "M 1.49 3.20 460 6.20 9.10 12.6 17.8 215 254 34.9
10 ka/[B], s "M 2 5.96 6.40 6.57 6.89 7.58 8.40 9.08 9.77 10.2 123
[Dopamine],> M 0.05 0.11 0.20 030 0.40 0.55 0.70 0.80 0.90 1.20
10 ks, s M7 0.58 1.35 278 460 6.89 10.9 143 17.9 218 339
10 ka/[B], s~ M2 116 123 13.9 15.3 17.2 19.8 205 224 24.2 28.2
[Histamine],”< M 0.25 0.50 0.70 0.90 1.20 1.50 1.85 2.10 — —
10° kp, s "M 1.20 3.90 5.60 7.20 930 10.6 12.8 15.5 — —
10% [2-GB],> M 0.25 0.50 0.70 0.90 1.21 1.51 1.85 2.10 250 —
10 kn, s "M 1.88 430 6.00 7.55 10.1 113 13.9 16.8 19.6 —
2-GB, 2-guanidinobenzimidazole. Second-order (k,) and third-order (k4/[B]) rate coefficients.
3[DNCIB] =5.0x 10~*M; 25+ 0.2 °C.
PIDNCIB] =5.12 x 10™*M; 40 £ 0.2°C.
“Data from Ref. .
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© g S 257 - t12 =
ln ™ ~“’i 207 :
= N
s i 1
4 8 - — —
101
T4
1. 5]
T 0 0 j ) ) j 0
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 0.0 0,5 1.0 L5 20 2,5
[Amine], M

10> [Amine], M

Figure 1. Second-order rate coefficients, k,, for the reactions of 2,4-
dinitrochlorobenzene, with | arginine® (left Y-axis scale), A lysine® (10°
left Y-axis scale) @ agmatine® (104 left Y-axis scale) and ¢ 2-
guanidinobenzimidazoleb (106 right Y-axis scale), in toluene at 25.0°

and 40.0° £0.2°C, respectively, as a function of amine

third-order-in-amine term in the kinetic law, confirming the
presence of a dimer acting as a nucleophilic entity, as shown by
Scheme 2. The proposed reaction pathway imply that the dimer
of the nucleophile (B:B) attacks the substrate, S, forming the
intermediate, SB,, and the third molecule of amine assists the
decomposition step. Both transition states in Scheme 2 are highly
zwitterionic, and the extra amine molecule should help to stabi-
lize the developing charges in non-polar solvents. The third
molecule of amine would form the acid conjugate of the dimer
through concerted detachment of the proton from the interme-
diate. The protonated dimer catalyses the nucleofuge departure
in low-permittivity solvents.’®!

For arginine and agmatine, the intercept in Fig. 3 is null, indi-
cating that these reactions proceed fully by the ‘dimer nucleo-
phile’ mechanism.'®! By the contrary, the intercept for lysine

Figure 2. Second-order rate coefficients, ks, for the reactions of 2,4-
dinitrochlorobenzene with ¢ dopamine® (left Y-axis scale) and m
histamine® (right Y-axis scale) in toluene at 25.0° and 400°+02°C as a
function of amine

and dopamine is non-zero (Figs 3 and 4), allowing to infer that
classical and dimer mechanisms take place in the global reaction.
With chlorine as the nucleofuge, usually the first step is rate-
determining; nevertheless, a third-order-in-amine kinetic law
was observed, as it has been recently reported using alicyclic
diamines and polyamines that form intramolecular or intermo-
lecular hydrogen bond in aprotic solvents.®#2%21 As shown in
Table 1, the reactions with histamine and 2-GB are the slower
ones, reflecting the effects of sterically demanding polyamines
for reacting with the substrate; in contrast, the flexible structure
polyamines that form intermolecular homo-dimers have the
nucleophilic atom more available and form stable dimers (see
theoretical calculations), leading to faster reactions.

These results allow to conclude that under the conditions of
the present study, amine dimers are formed and react as better
nucleophiles compared with amine monomers.
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Figure 3. Third-order rate coefficient, k4/[B], for the reactions of 2,4-
dinitrochlorobenzene with W arginine (1072 ka/[B]), A lysine (10 ku/[B])
and @ agmatine (102 k/[B]) in toluene at 25.0+0.2°C as a function of
amine
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Figure 4. Third-order rate coefficient, k4/[B], for the reactions of 2,4-
dinitrochlorobenzene with dopamine in toluene at 25.0 + 0.2 °C as a func-
tion of amine

Reactions of DNCIB with histamine and 2-GB in toluene

In order to examine the interpretation that the intermolecular H
bonds in arginine, agmatine, lysine and dopamine are responsi-
ble for the observed results, the reactions of nucleophiles that
are able to form intramolecular H bonding were studied using
the same substrate. The polyamines chosen for this purpose
were 2-guanidinobenzimidazole (2-GB) and 2-(1H-imidazole-4-
ylethanamine (histamine).”! Addressing the different reactivity
of the amines studied, the kinetics of the reactions with arginine,
agmatine, lysine and dopamine were performed at 25+0.2°C,
and the reactions with histamine and 2-GB were carried out at
40+0.2°C. The second-order rate coefficient, k,, are given in
Table 1. As shown in Figs 1 and 2, k, increases steadily for both
nucleophiles; the plot of k, versus [B] is a straight line with zero
intercept and a correlation coefficient, R*=0.991 for histamine
and R*=0.994 for 2-GB.

For these two amines, intramolecular hydrogen bonds are easily
established because their rigid geometries prevent or diminish the

intermolecular dimer formation; the classical mechanism of base-
catalysed decomposition of the zwitterionic intermediate, SB, is
obeyed. The null intercept indicates that the spontaneous decom-
position of SB is negligible. The kinetic results obtained are
interpreted as an ‘atypical’ base-catalysed decomposition of the
zwitterionic intermediate derived from an intramolecular dimer.

Intramolecular H bond in 2-GB and histamine plays an impor-
tant role in stabilizing the molecules, because a pseudo-six-
membered ring is formed between the nitrogen of the guani-
dine group and the benzimidazole in 2-GB,"*®! while in histamine,
the H bond is between the nitrogen of the aliphatic chain and
the imidazole nitrogen.

Few years ago, Babatunde et al. studied the kinetics of reactions of
2,4,6-trinitrochlorobenzene and phenyl-2,4.dinitrophenylether with
some primary amines in toluene™” and phenyl-2,4,6-trinitrophenyl
ether with 1,2-diaminobenzenes and 1,4-diaminobenzenes,*® and
with both substrates in binary solvents? The authors compare
1,2-diaminobenzenes and 1,4-diaminobenzenes to establish if intra-
molecular H bonding is important: they observed a third order in
amine for the reactions with 1,4-diaminobenzene, while the reac-
tions with the 1,2-isomer show second-order dependence on amine
concentration. In fact, they mimic a system similar to one using
1,2-diaminocyclohexane and 1,4-diaminocyclohexane as nucleo-
philes that we studied several years ago to provide a new ‘confor-
mational’ evidence for the dimer nucleophile.'”! Although the
authors rationalized their results in terms of a strained six-
membered cyclic transition state mechanism, those can be easily
interpreted by the dimer nucleophile mechanism. In 1,2-
diaminobenzene, intramolecular H bond prevents the intermo-
lecular H-bonded dimer, while in the reactions carried out in
aprotic—protic solvents, the formation of nucleophile/co-solvent,
mixed aggregates prevents the H bond self-aggregation of the
nucleophile, as we previously reported.l'”~'¥ Preferential solva-
tion can be responsible for dramatic changes in reaction mecha-
nisms in ANS, as it has been shown experimentally®®®'® and
recently confirmed by quantum chemical calculations.! Previous
works reported by Hirst et al®® proposed that the upward
curving plots observed in ANS reactions carried out in aprotic
solvents can be explained via cyclic transition state formation
and electrophilic catalysis expulsion of the leaving group by
homo-(or hetero)conjugated acid of the nucleophile by proton
transfer from the intermediate. Hirst's interpretation is common
to dimer mechanism, reflecting different parts of a spectrum of
methods for the formation of the intermediate.®’ For a given
nucleophile, dimer formation increases with increases of concen-
tration and hence increases the reaction rate as observed in the
present study.

Quantum chemical calculation results

Noncovalent interactions are very sensitive to geometric param-
eters, and their strengths can often vary significantly by small
geometric perturbations. This sensitivity contributes to the geo-
metrical and chemical behaviour, especially in the case of strong
H bonds.™ In the present section, the results obtained by the ab
initio DFT methods, for the amines agmatine, arginine, dopa-
mine, lysine, histamine and 2-GB, monomer and dimer struc-
tures, calculated in vacuum and in toluene, are discussed. In
Table 2, we report the results obtained for the two amine mono-
mers that show intramolecular hydrogen bonds in toluene. The
solvation energies of the molecules (AE,,) were calculated
through the SMD energies, which include non-electrostatic
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Table 2. Monomer solvation energy (in kcal mol™") and intramolecular H bond characteristics for histamine and 2-GB

Compound AEgoly H bond d @A) a () p (au) V25 (au) £
Histamine —9.52 N10...H-N1 245 129.0 0.011 0.037 0.09
2-GB —~16.6 N7...H-N13 1.93 1323 0.032 0.092 0.03

2-GB, 2-guanidinobenzimidazole.

Table 3. Solvation and dimerization energies (in kcalmol™') and H bond characteristics for dimers of the amines studied in this work

Compound AEgon, AEgim Frag. 1 Frag. 2 d (A o (9) p (au) Vzp (au) £
Agmatine —19.52 —4.85 N21-H... ...N39 1.98 177.1 0.029 0.068 0.08
N16... ...H-N44 1.99 177.2 0.029 0.067 0.08
Arginine —22.97 —47.55 N1-H... ...050 1.74 174.7 0.041 0.113 0.04
N5-H... ...051 1.75 171.0 0.042 0.114 0.05
N5-H...025 1.86 160.5 0.030 0.092 0.06
N31-H...051 1.86 160.5 0.030 0.092 0.06
025... ...H-N31 1.75 171.0 0.042 0.114 0.05
024... ...H-N27 1.74 174.7 0.041 0.113 0.04
Dopamine —15.25 —18.81 032...H-034 2.11 115.6 0.021 0.079 0.58
N20... ...H-032 1.69 170.9 0.056 0.102 0.01
010-H... ...N42 1.69 170.9 0.056 0.102 0.01
010...H-012 2.1 115.6 0.021 0.079 0.58
Lysine —12.69 -11.17 022... ...H-047 1.65 172.0 0.049 0.138 0.02
023-H... ...046 1.65 174.1 0.049 0.139 0.02
NT1... ...H-N25 242 159.0 0.012 0.033 0.11

terms, evaluated in the integral equation formalism variant of the
polarized continuum model geometries, minus the energies in
vacuum, thus including geometric relaxation effects. In all cases,
it is found, as expected, that solvation stabilizes the molecule.
The H bond length d, the angle a and the bond’s AIM character-
istics, electron density, its Laplacian and the ellipticity at the
BCP, are reported. Table 3 shows the dimer's properties for the
most stable conformation found in toluene. The dimer’s forma-
tion energies (AEgim) and solvation energies (AE,,,) for the amine
molecules are reported. In this case, AEy; is referred to twice the 3 J
energy of the monomer in solution. It is found that solvation
energies are negative in all cases. The columns ‘Frag. 1" and
‘Frag. 2’ show to which fragment the H-bonded atoms belong.

The corresponding structures in solution are shown in Figs 5-10.

Figure 6. Structure and H bonding in 2-guanidinobenzimidazole in
toluene. C (grey); H (light grey); N (blue)
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Figure 7. Structure and H bonding in arginine dimer in toluene. C
(grey); H (light grey); N (blue); O (red)

Figure 5. Structure and H bonding in histamine in toluene. C (grey);
H (light grey); N (blue)

wileyonlinelibrary.com/journal/poc Copyright © 2015 John Wiley & Sons, Ltd. J. Phys. Org. Chem. 2015
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Figure 8. Structure and H bonding in dopamine dimer in toluene. C
(grey); H (light grey); N (blue); O (red)

Figure 9. Structure and H bonding in lysine dimer in toluene. C (grey); H
(light grey); N (blue); O (red)

It can be observed from these results that the most stable dimers
correspond to those amines that have oxygen atoms enabling
the formation of intramolecular and intermolecular H bonds of
the type ‘N-H...0’ or ‘N...H-0". The highest values of p and V%
were obtained for these ‘mixed’ H bonds, indicating that they are
the strongest. Other non-conventional weak intramolecular H
bonds of the type ‘C-H...0" and/or ‘C-H...H-N" were detected by
the AIM methodology but are not shown.

The arginine’s dimer is found to be the most stable one (Fig. 7)
having four intermolecular and two intramolecular N-H...O
bonds. Interestingly, the imine groups of one molecule are found
to ‘capture’ the hydrogen of the -OH in the other molecule’s
COOH group, making the N atom act as a proton donor. The
presence of these bonds is confirmed by the AIM theory, which
reveals a covalent character of the N-H bonds and a closed-shell
character of the H...O bonds. In dopamine, the second most sta-
ble dimer (Fig. 8), two intermolecular O-H...N bonds are found,
and the two intramolecular O-H...O bonds are already present
in the monomer.

Structure-reactivity relationship

Arginine and agmatine have a similar molecular structure: the
first having a carboxyl group should reduce the amine reactivity
and yet is much more reactive than agmatine; this is clear evi-
dence of a very stable dimer formation, as shown by the calcula-
tions (Table 3). Lysine also has oxygen atoms but no imine
groups; however, no H bonds of the type N-H...O were found.
The dimerization energy lies between that of dopamine and
2-GB. The least stable homo-dimer is for agmatine; the intermo-
lecular H bonds are formed between nitrogen atoms, similarly to
intramolecular H bonds of histamine and 2-GB.

The calculation analysis can be resumed as follows: the increas-
ing order in dimer’s stability is correlated with the amine dimers
that present H bonds involving oxygen atoms. In summary,
theoretical results show that dimerization energy decreases in
the order: arginine » dopamine > lysine > agmatine = histamine =
2-GB (considering the intramolecular H bond for the last two
molecules). The increasing order of dimer’s stability correlates
with the order of reactivity observed in the kinetic experiments,
which indicate that arginine is the most reactive amine (as shown
by Table 1).

Figure 10. Structure and H bonding in agmatine dimer in toluene. C (grey); H (light grey); N (blue)

J. Phys. Org. Chem. 2015

Copyright © 2015 John Wiley & Sons, Ltd.
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CONCLUSIONS

In the present work, we report kinetic and theoretical results
using monofunctional and polyfunctional biological amines,
which due to their particular structures allow the formation of in-
tramolecular or intermolecular homo-dimers. Kinetic studies
were performed in toluene with 2,4-dinitrochlorobenzene
(DNCIB) and the nucleophiles 2-amino-5-guanidinopentanoic
acid (arginine), (4-aminobutyl)guanidine (agmatine), 2,6-
diaminohexanoic acid (lysine) and 3,4-dihydroxyphenethylamine
(dopamine). The kinetic results are compared with those ob-
tained with 2-guanidinobenzimidazole (2-GB) and 2-(1H-imidazole-
4-yl)ethanamine (histamine); because of their rigid molecular
geometry, these two amines form intramolecular H bonds. The
amines were also investigated by ab initio density functional
theory calculations, at the B3LYP/6-31++G(d,p) level, including
counterpoise corrections to account for basis set superposition
errors (BSSE) and solvent effects at the polarized continuum
model level. For monomers and dimers, the optimal geometry
in vacuum and toluene, the predominant type of H bonds forma-
tion and their dimerization energies, were determined. The
present study provides kinetic and theoretical evidence for ANS
of biological amines in aprotic solvent that support that the dimer
nucleophile mechanism is involved. This mechanism is based on
the strong H bond interactions between two molecules of the nu-
cleophiles operating as an entity. The order in the dimer’s stability
is correlated with amine dimers that present H bonds involving
oxygen atoms; this result allows explanation for the enhanced
reactivity of arginine and dopamine, observed in the kinetic
experiments. The experimental reactivity order was satisfactorily
reproduced by the calculations in which the solvent was
included.
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