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Site activation effects promoted by intramolecular
Hydrogen Bond interactions in SyAr reactions.

Sebastian GallardP-Fuentesl*, Ricardo A. Tapiaz, Renato Contreras' and Paola
R. Campodénico’

Nucleophilic aromatic substitution reaction of benzohydrazide derivatives towards 2-chloro-5-
nitropyrimidine is used as model system to experimentally and theoretically show that
intramolecular hydrogen-bond formation operates as a perturbation that elicit a dual response
at the reaction center of the transition state (TS) structure, by enhancing the electrophilicity of
the pyrimidine moiety and the nucleophilicity of the nitrogen atom of benzohydrazide
fragment. The electronic mechanism can therefore be described as a (non-local) site activation

problem.

Introduction

The effect of hydrogen bonding (HB) in nucleophilic aromatic
substitution reactions (SyAr) has been discussed in literature
both experimentally and theoretically."® The origins of the HB
effects are proposed to appear when the attacking amine
interacts with the o-nitro substituent of the aromatic moiety of
the substrate. The resulting HB complexes at the transition state
(TS) structures of the reaction produce a significant energy
barrier lowering when the orientation of the hydrogen atom of
the nucleophile lies on the same plane of the oxygen atom of
the -NO, group. This effect, which may be at first glance
attributed to a particular arrangement of this system, may be
present in other SyAr processes involving reagents that not
necessarily bear the -NO, functionality in their structures.

In this work we provide further experimental and theoretical
evidences that point out towards the importance of site
activation effects promoted by intramolecular HB effects that
may be present in substrates that bear a heteroatom on the
aromatic ring instead of a -NO, group as substituent. The site
activation’”’ mechanism is revealed as a non-local effect
involving two regions at the TS associated to the rate
determining step, namely a perturbation at the site of HB, and
the response at the electrophilic center in the form of
electrophilic activation at the substrate and nucleophilic
activation at the attacking nucleophile moiety. The model
system used is the reaction of 2-chloro-5-nitropyrimidine
towards benzohydrazide derivatives. In round words: the effect
of the intramolecular HB between the a hydrogen atom of the
nucleophile and the nitrogen atom of the pyrimidine moiety, is
not only relevant for the stability of the TS structure, but its
activating effects at the reaction center are clearly more
important.

This journal is © The Royal Society of Chemistry 2013

Results and discussion.

2.1 Kinetic Analysis

Reaction Mechanism: In a typical SyAr process the first step
leads to the formation of a zwitterionic complex named
Meisenheimer complex (MC) from which two processes for its
decomposition have been postulated:'® ' (a) expulsion of the
LG followed by fast proton loss to give the reaction product
and (b) the base-catalyzed deprotonation of the zwitterionic
complex that loss the chlorine atom to give the reaction product
as shown Scheme 1.

According to Scheme 1, one can suggest that the reaction
proceed through two main intermediates (a zwitterionic adduct
MC and its deprotonated form MC-1). The pseudo-first-order
rate constant (k) for the reactions can be expressed as eq 1, in
which [N] represents the concentration of nucleophile
(benzohydrazide derivatives).

kobs = (kika[NT + kika[NI*)/(k.y + ks + k3[N]) ey

The second-order rate constants (ky) for the reaction
between  2-chloro-5-nitropyrimidine and benzohydrazide
derivatives in water have been determined from the slope of the
linear plots of k., vs. free benzohydrazide concentration. All
the plots are linear with intercept at the origin (Figures S1-S5 in
ESI). This outcome strongly suggests that step (b) can safely
be discarded and that the contribution of the reaction media
may be negligible.'"" '* Thus, the pseudo-first-order rate
constant (k,,s) can be expressed as eq 2, where the second-order
rate constants (ky) is determined from the slope of the linear
plots.
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Scheme 1: Possible reaction mechanism for the reaction between
benzohydrazide derivatives and 2-chloro-5-nitropyrimidine

kobs = kN[N], where kN = klkz/(lﬂl + kz) (2)

Table 1 summarizes the second order rate constants and the
pKa values'® used to derive the Bronsted plot from which the
reaction mechanism is deduced. According to the 3 value 0.52 a
stepwise mechanism may be proposed, where the nucleophilic
attack is rate determining. Brensted-type plot for iy values
exhibit good linear correlations and pKa are statistically
corrected by using p (numbers of protons which can be
deprotonated from the conjugate acid of the amine) and ¢
(numbers of nucleophilic sites of the amine).'* This material is
given as ESI.

Table 1 Second order rate values (kn) for the reactions of the
benzohydrazide derivatives with 2-chloro-5-nitropyrimidine in water, at
25.0 °C, ionic strength 0.2 M (KCl).

Benzohydrazide derivatives pK, k(s M
4-methoxybenzohydrazide 3.46 0.127
4-methylbenzohydrazide 330 0.115
benzohydrazide 3.00 0.069
4-chlorobenzohydrazide 2.80 0.054
4-(trifluoromethyl)benzohydrazide 2.70 0.056
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Evidences for intramolecular HB: We further performed the
kinetic analysis of the reaction of 1-chloro-2,4-dinitrobenzene
towards  4-methoxybenzohydrazide  under the  same
experimental conditions, in order to compare the role of the
intramolecular HB. No significant amount of products was
detected after five hours. This result indicates that even though
there may be an stabilizing HB effect promoted by HB between
the -NO, group of 1-chloro-2,4-dinitrobenzene and the alpha
hydrogen atom of the nucleophile, the electrophilic center is not
sufficiently activated at the TS stage of the reaction, as
illustrated in Figure 1. This effect will be further discussed
using theoretical arguments below.

Low electrophilic activation

Figure 1. Possible hydrogen bond interactions at the TS structure.
2.2 Theoretical Study

Local and global reactivity analysis: In order to quantitatively
evaluate the electrophilic character of pyrimidine and 2,4-
dinitrobenzene moiety, the global and local electrophilicity
indexes were evaluated. Moreover, the local nucleophilicty index
has been calculated in order to evaluate the regional
nucleophilicity at the nucleophilic center in benzohydrazide
moiety. The expressions for these reactivity indexes are as

follows: !5 16

2
+ o o tEt +=‘u_ (2a)
whg = 0T fy 2n a

and
Wy = W fi 5 0w =—1=¢€gomo (2b)

The global electrophilicity index'” is expressed in terms of
the electronic chemical potential (p, the negative of
electronegativity) and the chemical hardness () which may be
approached in terms of the one-electron energies of the frontier
molecular orbital  HOMO and LUMO."™ The global
nucleophilicity may readily be obtained as the negative of the
vertical ionization potential.'® The regional quantities are
projected onto atoms or groups by using the appropriate
electrophilic and nucleophilic Fukui functions using a method
described elsewhere.'” %

The results show that in the ground-state, benzohydrazide
derivatives display a poor nucleophilic character at the reaction
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center (wy = 0.04e.V). Furthermore, the electrophilicity in both
rings  display (wpy,r = 1.20e.V;
w3 4png = 1.25 e.V). These results highlight the key role of

aromatic similar  values
specific interaction at the TS stage that provides a key piece of

information to explain the kinetics of this reaction.

Potential energy surface (PES) analysis: In order to further
understand the effects of the intramolecular HB on the reaction
mechanism, a full exploration of the PES was performed at the
MO05-2X/6-31G(d,p) level of theory.*" #* The first task is to
obtain the reaction profile in the reference gas phase, to introduce
explicit solvation effects afterwards. Gas phase calculations
provide an energy profile consistent with a stepwise route, but
with the detachment of the nucleofuge as the rate determining
step (see Table 2). In order to obtain reliable stationary points in
solution, we relied on continuum dielectric models that could
help stabilizing these ionic structures. A PCM?* correction was
added to the reference gas phase calculation, and the results
shown in Table 2 were obtained. Note that the relative energy
profile with PCM corrections is now consistent with the recorded
kinetic data.

Table 2: Relative energies (kcal/mol) for the stationary points of

the reactions between  2-chloro-5-nitropyrimidine  and
benzohydrazide at M05-2X/6-31G(d,p) level of theory.
Structures AE*(gas) AE*(water)
Reactants 0.0 0.0
TS-1 18.0 14.9
MC 12.0 6.9
TS-LG 21.1 10.2
Products -11.5 -13.5

In order to understand the effect of intramolecular HB in the rate
determining TS1 structure, two transition states were explored,
according to Scheme 2:

\®
- N~
TS1a A\ 2o
LHOS
cl SN
N
R L.
/N—NH2 NN o,
g | P
H
R=Ph(CO)- NO, 3

Scheme 2: Possible transition state structures for the reaction between
benzohydrazide and 2-chloro-5-nitropyrimidine.
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The differences in activation energy obtained for both of the
possible reactions paths highlights the key role of the
intramolecular HB. The TS structure in the mode TS-1b in
Scheme 2 that does not involve intramolecular HB is 5.2
kcal/mol higher in energy.

We further explored the PES in search of TS structures for
the reaction of benzohydrazide and 2,4-dinitro-chlorobenzene
(TS-2 in Figure 2). Note that, at the TS, the a-hydrogen of
benzohydrazide establishes a HB interaction with -NO, group
of 2,4-dinitro-chlorobenzene. However, the activation energy is
10.4 kcal/mol greater than that corresponding to the reaction
between benzohydrazide and 2-cloro-5-nitropyrimidine; a result
in line with the recorded kinetic data. This result suggests that
the electronic activating effect promoted by HB effects at the
reaction center becomes more than

important energy

stabilization of the TS structure.

i
‘_f&\,‘//
~f

1

9

TS-2
E,.= 10.4 kcal/mol

TS-1a
E,=0.0 kcal/mol

TS-1b
E. = 5.2 kcal/mol

Figure 2: Transition state structures and relative energies calculated at
the M05-2X/6-31G(d,p) level of theory. Distances are in A.

Electrophilic activation at the TS structures brought about by
HB interaction: In order to understand the activating effects of
HB and the nature of the specific interactions at the TS structures
we further analyzed the intramolecular HB effect, within the
framework of the NBO®* procedure. The NBO second-order
perturbation energies of interaction are calculated as:

2

F2
E@ = AE,. = g, —~2

™

where q; is the ith donor orbital occupancy, ¢; and ¢; are diagonal
elements (orbital energies) and F;; are the off diagonal elements
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of the Fock matrix, respectively. AE;; measures the strength of
the donor-acceptor interaction between orbitals ¢; and ¢;. This
analysis has been suggested to be well suited for examining HB
interactions in SyAr reactions.® The NBO analysis for TS-1a in
Scheme 2 reveals a weak HB interaction between o-hydrogen of
benzohydrazide and nitrogen atom of pyrimidine moiety with a
second-order perturbation energy of 5.3 kcal/mol (ny = gy_g)-
Similar results were obtained for TS-2 in Figure 2: the ny —
oy _py interaction is only 0.8 kcal/mol lowest than that established
in TS-1a.

On the other hand, in order to evaluate activating effects
promoted by HB at the reaction center, local electrophilicity were
evaluated at the ipso carbon of pyrimidine moiety at the TS stage.
The results show that the pyrimidine moiety is more electrophilic
in TS-la than in TS-1b. On the other hand, nucleophilic
activation at the nitrogen atom of benzohydrazide moiety of TS-
1a is approximately twice larger than in TS-2. These results are
summarized in Table 2.

Table 3: Global and local contributions to the nucleophilic and
electrophilic activation in the transition state stage. All values
are in e.V. Values in parentheses are referred to ipso carbon

atom.
Structure ot w site (k) oy ot
Benzohydrazide 040 -9.23 N, 0.04  0.00
Pyrimidine 1.20 -11.34 C,(ipso) -1.32 0.23
DNCB 1.25 -10.83  Cy(ipso) -1.21  0.26
TS-1a 0.64 -9.35 N, -1.06  0.02
Pyrimidine -0.44  0.53
moiety (0.08)
TS-1b 0.63 -9.33 N, -1.01  0.02
Pyrimidine -0.45  0.51
moiety (007)
TS-2 0.73 -8.78 N, -0.68  0.00
Ring -6.15  0.39
(0.02)

These results show that the preference for establishing an
intramolecular HB between benzohydrazides derivatives and 2-
chloro-5-nitropyrimidine at the TS stage of the reaction results in
a simultaneous nucleophilic activation of benzohydrazide and an
electrophilic activation of the pyrimidine moieties, respectively.
This result also confirms the hypothesis previously advanced on
the basis of the comparison with the reaction of 1-chloro-2,4-
dinitrobenzene towards 4-methoxybenzohydrazide under the
same experimental conditions. The lower energy of TS-1a
relative to TS-2 appears as the response to the ability of the
benzohidrazide derivatives to withdraw a fraction of electron

4| J. Name., 2012, 00, 1-3

density from the electrophilic site by intramolecular HB to the
nitrogen of pyrimidine.

Finally, we explored the possible rate determining TS for the
reaction between benzohydrazide and 2-chloro-5-nitropyrimidine
including an explicit water molecule, in order to evaluate
competitive HB interaction between water and pyrimidine
moiety. Two possible TS structures are possible. The first one
involves an intramolecular HB between o-hydrogen of
benzohydrazide and pyrimidine moiety (TS-1wHB in Figure 3).
A second scenario involves intermolecular HB between a
hydrogen atom of the water molecule and the nitrogen atom of
pyrimidine (TS-1nHB in Figure 3).

(a) TS-1wHB

(b) TS-InHB

Figure 3. Transition state structures calculated at the M05-2X/6-31G(d,p)
level of theory. Distances are in A. (a) (TS-1wHB); (b) (TS-1nHB)

The results obtained indicate that, even in water, there is a
preference towards the TS structure that involves an
intramolecular HB. The transition state TS-1wHB with the
intramolecular HB between a-hydrogen of the alpha-nucleophile
and pyrimidine is 3.0 kcal/mol lower in energy than transition
state TS-1nHB. The differences in activation energies obtained
for both of the possible reactions paths show that the interaction
by HB established between nucleophile/pyrimidine outweighs
that obtained for water/pyrimidine.

Finally, the electrophilic activation pattern at the TS shows
that pyrimidine moiety is more electrophilic in TS-1wHB than in
TS-1nHB (0.49 ¢.V and 0.16 e.V respectively). In summary, in
this study we have demonstrated that the reactivity of some
alpha-nucleophiles in SyAr reactions towards heteroaromatic
rings is modulated by intramolecular HB at the TS of the rate
determining step. This interaction allows a simultaneous
nucleophilic activation of benzohydrazide and an electrophilic
activation of the pyrimidine moieties, respectively.

Conclusions

In this work we have illustrated both experimental and
theoretically the importance of site activation effects promoted by
intramolecular HB effects that may be present in substrates that
bear a heteroatom on the aromatic ring instead of a -NO, group as
substituent. The site activation mechanism is revealed as a non-
local effect involving two regions at the TS associated to the rate
determining step, namely a perturbation at the site of HB, and the
response at the electrophilic center in the form of electrophilic

This journal is © The Royal Society of Chemistry 2012
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activation at the substrate and nucleophilic activation at the
attacking nucleophile moiety.

The theoretical analysis that the
energetically favored involve an intramolecular HB. This
interaction entails: (i) a favorable donor/acceptor interaction
established between the lone pair at the nitrogen atom of
pyrimidine moiety and the a-hydrogen of the nucleophile and (ii)
electrophilic activation at the ipso-carbon of pyrimidine moiety
and nucleophilic activation at the nitrogen atom in the
benzohydrazide moiety.

reveals TS more

Experimental

Materials.
Substrates and nucleophiles were of the highest quality
available as commercial products by Sigma-Aldrich.

Synthesis of 4-methoxy-/V’-(5-nitropyrimidin-2-yl)
benzohydrazide.

To a stirred solution of 4-methoxybenzhydrazide (91.4 mg,
0.55 mmol) in THF (15 mL) containing potassium carbonate
(76 mg, 0.55 mmol) was added 2-chloro-5-nitropyrimidine
(79.8 mg, 0.5 mmol) disolved in THF (5.0 mL). The reaction
mixture was stirred for 24 hours at room temperature, filtered
by flash
chromatography (ethyl acetate/hexane 1:2) gave of 4-methoxy-

and concentratated in vacuo. Purification
N-(5-nitropyrimidin-2-yl)benzohydrazide (97 mg, 67%), mp
252-253 °C. '"H-NMR (400 MHz, DMSO-dy) d : 3.87 (s, 3H),
6.96 (d, J = 8.7 Hz, 2H), 7.96 (d, J = 8.7 Hz, 2H), 9.10 (s, 1H),
9.12 (s, 1H), 10.4 (s, 1H), 10.5 (s, 1H); *C-NMR (100 MHz,
DMSO-dy) d : 554, 114.2 (2C), 124.7, 1299 (2C), 135.7,
155.6, 155.8, 162.3, 164.6, 165.6; FT-IR (KBr) 3270, 3108,
1626, 1599, 1538, 1434, 1346 cm’. Anal. Calcd for
Ci,H 1NsOy4: C, 49.83; H, 3.83; N, 24.21. Found: C, 49.70; H,
3.68; N, 24.32.

Kinetic Measurement.
The the
spectrophotometrically by means of a

carried out
diode
spectrophotometer in aqueous solution, at 25.0 £ 0.1 °C, ionic
strength 0.2 M (KCl), at three different pH values maintained

by partial protonation of the amines. The reactions studied

kinetics  of reactions  were

array

under excess of the amine over the substrate were started by
injection of a substrate stock solution in acetonitrile (10 pL)
the aqueous 2.5 the
spectrophotometric cell). The initial substrate concentration

into amine solution mL in
was about 10 M. Pseudo-first order rate coefficients (kyps)
were found for all reactions; these were determined by means
of the spectrophotometer kinetic software for first order
reactions at 315 nm corresponding to the N’-(5-nitropyrimidin-

2-yl)benzohydrazide derivative as reaction products.

Computational Details.
All of the TS structures were fully optimized at the MO05-2x/6-
31G(d,p) level of theory. After the optimization procedure,

This journal is © The Royal Society of Chemistry 2012
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frequency calculations were performed in order to verify the
presence of only one anomalous vibration associated to the bond-
forming/bond-breaking process. With this information, an IRC
calculation was performed to obtain the reaction profile that
smoothly connects reactants and the MC intermediate. Finally, the
Fukui function analysis was performed on TS structures and reagents
using a method described elsewhere.'™'® All of the calculations were
performed using the Gaussian 03% suite of programs.
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