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Substituent effects (X = —CH;, -NH,, —-OH, —F, -SiH3, -PH,, —-H, —Cl, -CN, -NO,, -CHO) on
the hydrogen-bonded complex of para-substituted aniline with one water molecule are studied at
the B3LYP/6-311 + + G(d,p) level of theory. The nature of H-bond interactions and the origin of
substituent effects are explored by means of natural bond orbital (NBO) and atoms in molecules
(AIM) analysis as well as a series of good correlation equations obtained. The result suggests that

the substitution induces changes in the electron density transfer from the water molecule to the
aniline derivative by means of influencing the interaction of no — o*n_y while the change in the
electron density transfer would give rise to the variation on the electron densities in the proton
donating N—H bond and the N-H- - -O hydrogen bond, and ultimately, influence the length and
the frequency of the N—H bond, the H- - -O distance, the binding energies of complexes, the pK,

of the substituted aniline and the 'H chemical shift. In addition, the correlations obtained reveals
that the H-bond parameters calculated (such as Vsz...o, PH...0» Ru...0), reflecting both the
intramolecular (substituent effects) and intermolecular (water effects) interactions, are found to
perform better than substituent constants in rationalizing the substitution induced variations on
the structure, the binding energy, 'H chemical shift and experimental pK,.

1 Introduction

Studies on the intermolecular hydrogen bonding between
solute and solvent molecules containing the fundamental
organic functional groups using various theoretical calcula-
tions have been the subject of intense interest in recent
years.!® Since aniline is the simplest aromatic molecule with
an amino group and a phenyl ring, the aniline—H,O complex is
a good model system to investigate the intermolecular hydro-
gen bond between the NH, group and polar solvent, which has
been found to play an important role in many chemical and
biological processes,” leading to considerable experimental
and theoretical researches on it.”'® Spoerel and Stahl® inves-
tigated the rotational spectrum of aniline—water complexes by
means of microwave spectrum and MP2/6-31G (d,p) method.
Sakota et al.'® determined the electronic and infrared spectra
of jet-cooled 4-aminobenzonitrile—H,O, followed by a theore-
tical study using DFT methods with cc-pVDZ basis set to
provide detail structural information of the isomers. In 2006,
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Becucci and co-workers!! carried out experimental and theo-
retical studies on the properties in the ground and excited state
for the aniline—water and aniline-methanol jet cooled com-
plexes. Recently, Szatylowicz er al.'? reported dependence of
the shape of NH, group on the substituents and H-bond
formation in various aniline—small molecule (including H,O)
complexes using B3LYP and MP2 methods. Although some
individual compounds or one aspect of properties of the
aniline-water complex have been examined by experiments
and calculations, no systematic study has been performed. It is
a primary purpose of our work.

As well-known, there is considerable interest in finding
correlations among molecular properties,'>™'° especially cor-
relations of some molecular properties derived from computa-
tions and experiments with Hammett constants (o), which
have played a key part in the organization and interpretation
of chemical facts and observations.'®'® However, Hammett
constants have been criticized by theoreticians because of its
empirical foundation'®*° and cannot be expected to work in
all situations. For example, o constants will fail to correlate
reaction rates in situations where the change of substituent
results in a shift of transition state position.ZI Furthermore,
the number of available substituent constants is restricted by
the necessity to carry out rigorous experimental determina-
tion. Thereby, many efforts have been devoted to investigate
the applicability of other parameters as alternatives to the
empirical constants. Spectroscopic data such as NMR chemi-
cal shifts, vibrational frequencies, and IR intensities have been
utilized in deriving correlation equations for the evaluation of
constants of new substituents®>>* while progress of computa-
tional quantum chemistry has also offered alternative
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possibilities for the situation, descriptors of which provide
physical background and more accurate descriptions about
electronic effects than the empirical constant. Some investiga-
tions from Chaudry and Popelier®® and Gross et al.*® revealed
that some quantum chemical and quantum topological para-
meters are comparable with or superior to Hammett constants
in describing the substituent-induced pK, effects of anilines
and phenols. Recently, Galabov, Ilieva and Schaefer? re-
ported a density functional theory computational approach
for the evaluation of substituent constants with the aid of
theoretical electrostatic potential values.

Also, it should be noted for hydrogen-bonded systems that
there is a continuing interest?® ** in exploring correlations
between some parameters describing the H-bonding, usually
with an aim toward delineating and quantifying the H-bonded
interaction. Some linear correlations were established between
the H-bond strength (such as H-bond energies and H-bond
distances) and some topological properties?*=* (such as elec-
tron densities and Laplacian values in bond critical points) as
well as electronic parameters.**

Based on the background and consideration above, we
carried out a computational investigation of substituent effects
on some properties involved in the intermolecular hydrogen
bonding of the monohydrate aniline complex, such as the
geometries, vibration frequencies, electronic properties, energy
properties, experimental pK, values and NMR properties. Ten
para-substituted (-CH;, -NH,, -OH, —-F, -SiH3, —-PH,, —Cl,
—CN, -NO,, —CHO) aniline derivative—(H,O); complexes and
the unsubstituted one are chosen for the study, where one
water molecule as a proton acceptor is placed near to one
hydrogen of the amino moiety as a proton donor (see Fig. 1)
since the conformation of complex was determined by the
electronic and infrared spectrum of 4-aminobenzonitrile—
H,0.'"" In the work, some correlations are exploited for better
understanding the substituent effects. Here, we not only
correlate some molecular parameters derived from calcula-
tions and experiments with the substituent ¢, constants but
also derive some correlations from calculated parameters
involved in the H-bonding. This study enables (1) to gain
insight into the role of specific interactions (H-bonding)
between the water solvent and the solute in the substituent
effects (2) to probe, at least for the present system, the physical
origin of substituent effects and the nature of hydrogen
bonding, (3) to find other descriptors derived from quantum
chemistry and quantum topological calculation and ascertain

H----O.
H.H Ho N
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Fig. 1 Geometries of isolated aniline derivatives (I) and correspond-
ing mono-hydrated complexes (II) calculated at the B3LYP/-
6-311+ + G(d,p) level of theory (the black dots indicate the bond critical
points; X = H, CHj, NH,, OH, F, SiH;, PH,, Cl, CHO, CN, NO,).

if these descriptors have caught up with or surpassed the
Hammett constants in indicating variations of structure,
energy and the chemical property pK,.

2 Computational details

Geometries of all the species under study are optimized by the
analytic gradient technique using the density functional theory
(DFT) with Becke’s three parameter (B3) exchange functional
along with the Lee—Yang—Parr (LYP) non-local correlation
functional (B3LYP).*> The standard Pople’s 6-311+ + G(d,p)
basis set is used in conjunction with the DFT method.*® All
stable states are verified by vibration frequency analysis at the
same level of theory. Full counterpoise (CP) method is used to
avoid the basis set superposition error (BSSE).?” The corrected
binding energy, AEfh, can be evaluated for each complex:*®
AES, = EAB (AB) — EAB (A4) — EAB (B) where the designa-
tions in parentheses correspond to the systems whose energies
are expressed, the superscripts correspond to the basis sets
used and the subscripts indicate the geometry optimized. The
topological properties of electron charge densities® are stu-
died by atoms in molecules (AIM) theory of Bader with
AIM2000 software,*® based on the wave function obtained
at the B3LYP/6-311+ +G(d,p) level. Natural bond orbital
(NBO) analysis introduced by Weinhold and co-workers*! is
carried out to discuss the electronic structures and orbital
interactions of all the optimized structures at the same level of
theory, using NBO3.1 program incorporated in Gaussian03.

The NMR chemical shifts for isolated aniline derivatives
and their corresponding monohydrated complexes are calcu-
lated using ‘“‘gauge-including atomic orbital” (GIAO)
method**** implemented into the GAUSSIAN 03 program
package. The chemical shift is a difference of the chemical
shielding (*H) of the studied system and the chemical shielding
of the reference compound tetramethylsilane, Si(CH3),. The
structure of Si(CHj3)4, as a standard, is optimized at the
B3LYP/6-311+ + G(d,p) level. To be comparable, the calcu-
lation of the nuclear shielding of the reference compound and
the isolated as well as the monohydrated aniline derivative are
carried out at the B3LYP/6-311+ + G(d,p) level of theory.

All the calculations but AIM are performed using the
Gaussian03** series of programs. In addition, all correlation
equations under study are derived using the least square fit and
are verified to be significant by the F statistical test at the 0.01
level of significance.

3 Results and discussion

The optimized structures of substituted aniline monomers (I)
and corresponding mono-hydrated complexes (II) at B3LYP/
6-311+ + G(d,p) level are presented in Fig. S1 in ESI.{ There
are some studies of the geometry of aniline with experimental
structures available.>*>*® By comparing the calculation values
with the experimental one, close agreement is obtained (See
Fig. S1, ESI}). The C-N bond length, the N-H bond length
involved in the N-H:--O contact and the corresponding
vibrational stretching frequency are collected in Table 1. More
detailed information concerning Table 1 can be seen in Table
S1 in ESIf. Table 2 lists topological parameters of the H---O
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Table 1 The C-N bond lengths (RC,N/A) and proton donating N-H
bond lengths (Rn_y/A) in all para-substituted aniline monomers (I)
and all corresponding monohydrated complexes (I) and red shifts of
stretching frequencies of the proton donating N-H bond (Avn y/
em™') upon formation of complex calculated at the B3LYP/-
6-311+ + G(d,p) level of theory and some corresponding experimental
values (in parentheses)

Rex Bxn Avyg non” Av N—Hb
X I I 1 1I J I | m-1
NH, 1.4087 1.4030 1.0105 1.0134 —8.7 -22.1
OH 1.4059 1.4002 1.0101 1.0132 —9.1 —-249
CH; 1.4011 1.3946 1.0096 1.0128 —10.3 -27.7
H 1.3986 1.3915 1.0093 1.0128 —11.3 (723‘2)"" —36.6 (738.8)“{
F 1.4008 1.3945 1.0095 1.0129 —-10.5 -30.4
PH, 1.3931 1.3855 1.0088 1.0126 —11.2 —35.5
SiH; 1.3928 1.3852 1.0088 1.0126 —11.6 —-353
Cl 1.3962 1.3894 1.0090 1.0128 —11.9 —35.1
CHO 1.3816 1.3727 1.0077 1.0123 —12.7 —48.7

CN  1.3834 1.3752 1.0079 1.0125 —13.3(=6.0)° —48.8 (=25.0)°
NO, 1.3776 1.3685 1.0073 1.0124 —13.8 (=33.0) —56.7 (=51.0)

“ Avys non denotes the red shift of asymmetric stretching frequencies: Av, N 1
= Vs vt D — vy nont (D 7 Ayg nop denotes the red shift of symmetric
stretching frequencies: Avg Ny = ¥ nu (D) — v nou (D). © From ref.
48. ¢ From ref. 49. ¢ From ref. 10./ From ref. 50.

contact and the C—N bond derived from the AIM calculation,
Hammett substituent constants o, and experiment pK, values.
Electrical parameters obtained from the NBO analysis and
binding energies of the complexes are contained in Table 3
while Table 4 lists the 'H chemical shift involved in the
N-H- - -O hydrogen bond.

3.1 Geometries and vibrational analysis

It is seen on inspection of Table 1 that the N-H bond lengths
involved in the N-H---O contacts lie in the range of
1.0073-1.0105 and 1.0124-1.0134 A for the monomer and
the complex, respectively. The observation shows that the
substitution induced fluctuation of the N-H bond length in
the monomer is slightly larger than that in the complex where
the bond length appears to be insensitive to the substituents
due to the effect of water molecule. As expected, the complex
displays an elongation of the proton donating N-H bond by
0.0029-0.0051 A as compared with the corresponding mono-

mer (see Table 1 and Fig. S1, ESIf). The largest elongation
(0.0051 A) is found for the complex IIK with X = NO, while
the smallest one (0.0029 A) corresponds to the complex IIB
with X = NH,. Furthermore, the magnitude of N-H bond
elongation (ARN ) displays an obvious dependence on the
substituent constant, as illustrated in eqn (1) and Fig. 2(a).

10°ARN 1 = 3.5+ 0.1) + (1.6 + 0.2)a,, (1)

n=11,r" = 0910,5 = 022, F = 90 > F9, = 10.56

Here, n is the number of compounds, r is the correlation
coefficient, s is the standard deviation, F is the F-statistics
calculated and Fi; o) is the F critical value'’ at the 0.01
significance level. The first subscript (i.e., 1) and the second
one (i.e., 9) of F(, o) denote degrees of freedom in the numera-
tor and denominator, respectively. As can be seen from eqn
(1), the calculated F value (F = 90) is much higher than the
critical F value (F(, 9y = 10.56), confirming the significance (or
reliability) of the correlation equation. The correlation reveals
that the elongation of N-H bond induced by the water
molecule (ARN p) is enhanced by the electron-withdrawing
substituent while the electron-donating substituent weakens it.
At the same time, a decrease of the N—H stretching vibration is
accompanied. Red shifts of 22-56 cm™! are observed for the
symmetric stretching vibration frequencies of the proton
donating bond N-H (Avs n_u) upon complexation while the
red shifts lie in the range of 8-14 cm™' for the asymmetric
stretching frequencies (Av,s n.py), much smaller than the
Avg n_p. The result calculated is consistent with some experi-
mental observations.'®*® > For example, the experimental stu-
dies on the aniline® and aniline~(CHs),0O cluster® revealed that
the red shift values are 40 cm ™! for the N-H symmetric stretching
frequency and 23 cm™' for the asymmetric one (see Table 1).
Also, the infrared spectrum experiment of 4-aminobenzo-
nitrile-H,0'” reported that the Avs n_py (25 cm™ ") is obviously
larger than the Avys nop (6 cm™Y).

In agreement with the fluctuation in N-H bond elongation,
the red shift of frequency would be enhanced with increase in
the electron-withdrawing ability of substituents, as illustrated
in eqn (2) and (3) and Fig. 2(b), where the F values calculated

Table 2 Electron densities (p/a.u.) and Laplacian values (V>p/a.u.) at the bond critical points for the C-N bond and the proton donating N-H
bond and the H- - -O type H-bond derived from AIM calculation and H-bond distances (Ry...o/A) optimized at the B3LYP/6-311 + + G(d,p) and

Hammett constants op and some experimental pK,“

X pcn(D) pc ~(D pn-u(D) Vpn-n(D) PH...0 Vph...0 Ru...o op’ pK,*
NH, 0.2904 0.2945 0.3367 —1.6225 0.0151 0.0574 2.1503 —0.66 6.08
OH 0.2920 0.2961 0.3368 —1.6195 0.0154 0.0593 2.1366 —0.37 5.50
CHj; 0.2943 0.2989 0.3366 —1.6383 0.0156 0.0602 2.1303 —-0.17 5.12
H 0.2959 0.3007 0.3365 —1.6467 0.0159 0.0614 2.1215 0.00 4.58
F 0.2951 0.2995 0.3365 —1.6430 0.0160 0.0617 2.1198 0.06 4.65
PH, 0.2986 0.3037 0.3362 —1.6577 0.0166 0.0643 2.1026 0.05 —
SiH3 0.2986 0.3038 0.3362 —1.6574 0.0165 0.0642 2.1034 0.10 —
Cl 0.2974 0.3021 0.3363 —1.6523 0.0165 0.0637 2.1064 0.23 3.98
CHO 0.3042 0.3100 0.3355 —1.6868 0.0178 0.0701 2.0655 0.42 —
CN 0.3038 0.3092 0.3356 —1.6817 0.0178 0.0699 2.0670 0.66

NO, 0.3065 0.3122 0.3352 —1.6971 0.0185 0.0739 2.0483 0.78

“ I Denotes the monomer and II denotes the complex. ” From ref. 19. ¢ From refs. 57 and 58.
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Table 3 Integrated NBO analysis properties (including variations on occupation numbers (Ag/me) upon complexation for the proton donating
o*n_p orbital (Ag(o*n_p)) and for lone pair in the proton acceptor oxygen (Ag(np)) of water molecule and for the substituted aniline (Ag(ani)) and
for the water molecule (Ag(H,0)) and second-order perturbation energies (E)/kcal mol ') associated with the no — o*n_y interaction and the ny
— T*c—c interaction, respectively) and binding energies of complexes with inclusion of counterpoise correction for BSSE (AE &% /kcal mol™")

calculated at the B3LYP/6-311+ + G(d,p) level of theory”

X Ag(c™*n 1) Ag(no) Ag(ani) Ag(H>0) E@)(no = o*non) Epnn = m¥c—=c) AETR
NH, 5.4 —-5.7 5.7 5.7 3.50 22.04 (24.50) 3.20
OH 5.7 -5.9 —6.0 6.0 3.67 23.23 (25.70) 3.46
CHj; 6.0 —-6.2 —6.4 6.4 3.82 24.73 (27.74) 3.48
H 6.4 —6.6 —6.6 6.7 4.03 25.77 (29.98) 3.93
F 6.4 —6.6 —6.8 6.8 4.02 25.02 (28.00) 3.064
PH, 7.0 -7.2 -7.5 7.5 4.37 27.73 (31.48) 4.03
SiH; 7.0 -17.1 -7.5 7.5 4.36 27.68 (31.53) 4.00
Cl 6.9 -7.0 7.3 7.3 4.29 26.51 (29.85) 4.12
CHO 8.6 —-8.7 -9.3 9.3 5.22 32.57 (38.05) 4.87
CN 8.5 —8.6 -9.0 9.0 5.17 31.50 (36.35) 4.97
NO, 94 -9.4 —10.0 10.0 5.64 — (40.29)° 5.37

“Ag = ¢(IT) — g(I); T denotes the monomer; II denotes the complex; me indicates millielectron unit. > Monomer data in italics; complex data in

parentheses. © — Denotes that there is no the interaction observed.

also are much larger than the critical F{, o) value of 10.56 at the
0.01 significance level.

Avg = (=341 + 1.1) — (24.4 £ 2.6)q, )

n=11,7 = 0906, s = 3.50, F = 87 > F,, = 10.56

Av,g = (=11.0 £ 0.1) = (3.7 £ 0.3)5,, (3)

no=11,r% = 0957, 5 = 0.352, F = 201 > F, = 10.56

Since the C—N bond connecting the amino group with the
phenyl group is an appropriate monitor of the degree of
delocalization between the two fragments,” it is important
to discuss the C—N bond length variation both in the monomer
and the complex. As shown in eqn (4) and (5), the C-N bond
lengths, either in the monomers (Rc_n (I)) or in the complexes
(Rc_n (IT)), obviously correlate with the substituent constant.

Table 4 GIAO B3LYP/6-311+ +G(d,p) calculated "H chemical
shifts (dy/ppm) of the amino group hydrogen nucleus involved in
the H-bonding for the monomer (I) and the complex (II) and varia-
tions of 'H chemical shifts upon complexation (Ady/ppm) and some
corresponding experimental values (0y/ppm)

on . Experimental oy

- Ady
X I I -1 CDCly* DMSO-d,?
NH, 2.82 5.05 2.23 3.30 —
OH 291 5.18 2.27 — 4.36°
CH; 3.08 5.39 2.31 3.49 4.70
H 3.21 5.56 2.35 3.55 4.90
F 3.09 5.45 2.36 3.45 4.88
PH, 3.30 5.77 2.47 — —
SiH; 3.30 5.76 2.46 — —
Cl 3.16 5.60 2.44 3.57 5.15
CHO 3.64 6.32 2.68 — —
CN 3.56 6.19 2.63 4.30 —
NO, 3.78 6.53 2.75 — 6.63

“ Chemical shifts were referred to TMS in deuteriochloroform solu-
tions.®! ® Chemical shifts were referred to TMS in deuterated dimethyl
sulfoxide solutions.

Ren() = (13968 + 0.0011) — (0.023 + 0.003)5,  (4)

n = 11,77 = 0.89%4, s = 0.0035, F = 76 > F.4, = 10.56

Ren(I) = (1.3898 + 0.0012) — (0.025 + 0.003)5,  (5)

n=11,7 = 0.886, s = 0.0040, F = 70 > F, = 10.56
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Fig. 2 Dependences of the elongation of N-H bond length (10*
ARN,H/A) and the red shift of N-H stretching frequency (including
symmetric stretching frequency (Avg/cm ') and asymmetric stretching
frequency (Av,s/cm ') on the Hammett constant (ap).
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The correlation coefficients (%) and the coefficients before the
op in eqns (4) and (5) imply that the linear dependence is
almost retained with the transition from the isolated monomer
to the complex and the C-N bond length display a reverse
dependence on the electron-donating ability of substituents
both in the monomer and the complex. Interestingly, the C-N
bond length is shortened by 0.0057-0.0091 A (see Table 1)
upon formation of complex, implying that the water solvent
may enhance the electron density delocalization between the
amino group and the phenyl ring. More detail analysis of the
variation on the C—N bond will be done below on the basis of
the AIM and NBO computations.

3.2 AIM and NBO analysis

To gain more insight into the H-bond characteristics, the
electron density topological analysis based on the AIM theory
is carried out for all the monomers and the complexes con-
sidered here. The rigorous AIM theory has been successfully
applied in characterizing hydrogen bonds of different strengths
in a wide variety of molecular complexes.*® Recently, Koch
and Popelier mentioned some topological criteria based on the
AIM theory®"® to detect and characterize the hydrogen
bonding. The most prominent evidence of hydrogen bonding
is: (1) correct topological pattern (i.e., the existence of a bond
critical point (BCP) and a bond path); (ii) proper value of
electron density and Laplacian of electron density at this BCP.
These topologic properties calculated using the AIM2000
program are listed in Table 2 and illustrated in Fig. S1, ESI.¥

In terms of the AIM calculation results, a bond critical point
(BCP) in the H- - -O contact is found for all the complexes and
the bond path of the BCP links the oxygen atom of water
molecule and one hydrogen of the amino group of aniline
derivative, as visualized in Fig. 1 and Fig. S1, ESL.{¥ The
corresponding Laplacian values of electron densities at the
BCPs (Vpy...0) lie within 0.0574-0.0740 a.u. and the electron
densities at the BCPs (py...0) in all complexes range between
0.0151 and 0.0186 a.u., much smaller than that of a covalent
bond. These results clearly indicate that the H---O contacts
are classical hydrogen bonding (p ~ 1072 and positive V>p).>>
A comparison of the substituted complex with the unsubsti-
tuted one shows that the electron-withdrawing substituent
increase the py...0 and Vsz_ ..o and shorten the Ry...o while
the electron-donating one has an opposite effect, as seen in
Table 2.

To further understand the nature of hydrogen bonding
interaction, the NBO analysis is carried out at the B3LYP/-
6-311+ + G(d,p) level of theory. All related data derived from
the NBO calculation are summarized in Table 3. The data in
Table 3 shows that the intermolecular electron density trans-
fers (Ag(ani), Aq(H,O)) from the water molecule to the sub-
stituted aniline are in the range of 5.7-10.0 me upon
complexation. In addition, the NBO analysis reveals that lone
pair of oxygen atom of the water molecule (ng) interacts with
o antibonding orbital of the N—H bond of aniline derivative
(o*n-u) for all the complexes and interaction energies E()
associated with the np » o*\_y range from 3.50 to 5.64 kcal
mol™". The no — o*n_g delocalization leads to a decrease of
5.7-9.4 me in electron density at the ng of the water molecule

and an almost equal electron density increment of 5.4-9.4 me
in the o*\ y (Ag(c*N_n)) involved in the N-H---O contact
(see Table 3), which is also nearly equal to the total amount of
intermolecular charge transfer (5.7-10.0 me). The observation
clearly show that the electron density transfer from the water
molecule to the substituted aniline mainly stem from the
electron delocalization from the np of the water to the
o*n_pg of the aniline derivative. An excellent linear relation-
ship (see Fig. 3(a)) is obtained with r* = 0.999 between the
E)(no — o*n_n) and the Ag(c*N_pn), further confirming that
it is the no —» o*N_p delocalization that results in an increase
of electron density in the o*y g orbital. Another excellent
linear relationship with r* = 0.995 (see Fig. 3(b)) is found
between the Ag(c*n_p) and the ARyN_y, clearly indicating that
the elongation of the N—H bond (ARn_y) is attributed to the
increase of electron density in the o*y_y orbital upon com-
plexation, consistent with the behavior of red-shifted
H-bonds.®

In addition, a satisfactory linear relationship presented by
eqn (6) shows the substituent effect on the no — o*np
interaction that the electron-withdrawing group enhances the
no — o*\_p interaction while the electron-donating one
diminishes it.

Eo) = (422 £0.007) + (1.55 £ 0.17)a,, 6)

n=11,r" = 0899, s = 0.231, F = 80 > F,4 = 10.56

E 6.0 1 E (g 0%,,) = (0.60 = 0.02)+ ’
= 55- (0.54 + 0.002) Aq{o=,, ) .,.-‘ i
I n=11, /* = 0.999, s = 0.0096 }"
~ 5.0]F=s1776>F, =105 - -
by =
Z 4.5 e -
g o
’I
5_3 4.0 4 A i
S o
Ww 354 . @ J
5.59 4R, x10° = (- 0.02 + 0.008)+ N
5.0 4 (0.54 + 0.01) Agioxy ) _,.-*' 4
< 45 n=11,7/=09955=5010" _ug”
) . 9 _ _ .’ -
o F=1987>F, =1056 .-
x_ 4.0 e -
T v
Z 3.5- o .
¢ e
3.04 .“' -
" b
2.5 ®

5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.510.0
AqQ s+, ) me

Fig. 3 The correlations of the electron density increase in the o*N g
orbital of complexes (Ag(c*n_y)/me) with the interaction energy
(Ep)ng — o*n.p)/keal mol™!) and the elongation of N—H bond
(ARn_i/A) involving the N-H- - -O contact.
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By means of the correlations derived from eqn (6) and Fig. 3,
we can explain the origin of substituent effect on the N-H
bond elongation, viz. the origin of the eqn (1) presented in the
geometric discussions above. The substituent first influence the
no — o*N_y interaction (E(y)) and then leads to the variation
on the electron density increment of the o*y_y orbital
(Ag(c*n_n)), and ultimately influence the magnitude of N-H
bond elongation (ARNn_p). In terms of the origin observed, the
magnitude of N-H bond elongation is a direct consequence of
electron density variation in the 6*5_y orbital induced by the
water molecule and the substituent group. Therefore, the
correlation coefficient associating with the Ag(c*n.p) and
the ARN_ g is obviously higher than that between the ARN 1
and the substituent constant o, (* = 0.910, see eqn (1) and
Fig. 2a), suggesting that the Ag(c*N y) may act as a better
indicator than the substituent constant in describing the
variation on the elongation of the N-H bond.

As suggested in the geometry discussion concerning the C—N
bond length above, the water molecule may enhance the charge
density delocalization from the amino group to the phenyl
n-system. In fact, the NBO calculation shows that the interac-
tion energy E() associated with the ny — n*c—¢ delocaliza-
tion is greater in the complex than that in the monomer, as
can be found in Table 3. It is reasonable for the complex
system to assume that the increment in the Ep(ny —
n*c—c) should lead to a rise of the charge density in the
C—N bond critical point (pc n). As expected, the pc N value of
complex is larger than that of monomer (Table 2) and a good
linear correlation with r* = 0.987 (see Fig. 4(a)) is established

0.314 T —————————————
0.312 {p_, = (0.2678 = 0.0013) + (0.001 + 2 ]
0.3101  4.2x10")E,(n>7+__) e ]

5 %%9%81,-11, #=0.987, s=6.8x10% .~ ]
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B gl Ea(Mor0%,,) = (0152 0.02) + (0145 4.~
£ : 0.01)5(2)(HN%71'*C=C)A e
8  50{n=11,/=0.983,5=0.09 - 1
x F=524>F,  =10.56 o
S 451 ’ - 1
e A , K
? 4.0 a-""a ]
SO Ry
& A
U.r‘ 3.5 1 ‘_)r' J
- (b)
3.0 +—————————————————r
24 26 28 30 32 34 36 38 40 42

K]
E(z)(nN—m*c:c) I kcal mol

Fig. 4 The correlations of the delocalization effect examined by the
(Ep(ny = m¥c—c)/kcal mol™!) with the H-bonding interaction
characterized by (Ep)(no — o*n-m)/keal mol™") and the electron
density at the BCP of C—N bond (pc_n/a.u.).

1.405 Tm. R_,(11)=(1.9807 +0.0082) — (1.96 +
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] 0.03)p.,(11) ]

1.395 4 ‘e ) 4

ot 4 - =11, 7=0.998 , s=4.9%10" .
~ 1.390 o “ F=5240>F,  =10.56]
= 1.385 < - -
mﬁ 1.380 - h
1.375 4 Y ]

4 [ N 4

1.370 4 R
1.365 A—p—r————————————

0.294 0.297 0.300 0.303 0.306 0.309 0.312
Pl )/a.u.

Fig. 5 The correlation of the electron density at the BCP of C-N
bond (pc n(II)) with the C-N bond length (Rc n(II)) for all the
complexes.

between the Epy(nny — n*c—c) values and the pc N values,
providing a support for the assumption. The increase in pc N
upon complexation leads to a decrease in the C—N bond length
(Rc_n), evidenced by an almost perfect linear correlation (2 =
0.998) between the Rc N and the pc_n (Fig. 5). In addition,
another good correlation with > = 0.983 between the Ep,
(HN hd TC*C:c) and the E(z) (Ilo g O'*N,H) (see Flg 4(b))
further reveal that the enhanced ny — ©*c—c delocalization
upon formation of complex is attributed to the specific H-
bond interaction derived from the water solvent.

3.3 Energy analysis

Binding energies of complexes, when accurately computed,
can yield direct estimation of the solvent-solute interactions
measured in molecular scale. Thereby, we calculate the bind-
ing energies (AESS) of the eleven substituted aniline-H,O
complexes using the full counterpoise optimization to avoid
the BSSE, and analyze variations on the binding energies
caused by the substituents. In agreement with the above
geometric results, the largest binding energy also comes from
the NO, substitution (5.37 kcal mol™") and the smallest
binding energy corresponds to the NH, substitution (3.20 kcal
mol™!). A satisfactory correlation is obtained between the
binding energy (AEfis) and the substituent constant with
r? = 0.909, as shown in eqn (7).

AESH = (3.94 +0.07) + (1.57 £ 0.17)a,, ™

no= 11,77 = 0909, s = 0221, F = 90 > Fy0, = 10.56

The equation reveals that the binding energy becomes larger as
the substituent becomes more electron-abstracting. Better
linear relationships, however, are found between the AEﬁ%
and some H-bond parameters such as VZpH...o, PH...0 and
Ry...0, as shown in Fig. 6. The correlation coefficients (1?)
relating these quantities and the binding energies are 0.977 for
the H---O distance (Ry...0), 0.979 for the Laplacian of the
electron density at the BCP (V?py...0) and 0.980 for the
electron density at the BCP (py...0), much higher than that
associated with the substituent constant (> = 0.909). The
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Fig. 6 Dependences of the binding energy of complexes (AESS/kcal mol™") on (a) the H- - -O distance (Ry.. .0/;\); (b) the Laplacian value of the
H---O contact (V2py...0/a.u.); (c) the electronic density in the H- - -O contact (py...o/a.u.).

observations suggest that the H-bond parameters can act as
better descriptors than the substituent constant in indicating
the variation of binding energies. At the same time, the three
H-bond parameters (Vpy.. .0, P1...0» Ru...o) display strongly
linear dependences on the interaction energy Ep(no —
6*n-n), as depicted in eqn (8)—(10). Whereas, the Epy(no —
o*Nnopg) Was already found to obviously correlate with the
substituent constant (see eqn (6) above).

pri...0 = (0.0096 & 0.0001) + (0.0016 = 0.0000)Ep, (8)

n= 11, =0997,5s = 625 x 107>,
F = 3053 > F(]y()) = 10.56

V2pi...0 = (0.0318 £ 0.0005) + (0.0074 & 0.0001)E (9)

n=11,/* = 0999, s = 2.61x107%,

Rix...o = (23085 + 0.0047) — (0.0466 + 0.0011)Eq, (10)

n=11,r" = 0995, s = 0.007,
F =1938 > F(]yg) = 10.56

In terms of the series of correlations suggested by Fig. 6 and
eqn (8) and (9) as well as eqn (6), we also explain the origin of
the substituent effect on the binding energy (AEGS), viz. the
origin of correlation expressed by eqn (7). The electron-with-
drawing substituent enhance the no — o*y_y interaction (see
eqn (6)) and induces more electron density transfers from the
water molecule to the aniline derivative, and accordingly
increases the py...0 and shortens the Rpy..o (see eqn
(8)-(10)). Ultimately, the interaction of the water molecule
and the solute molecule is enhanced (see Fig. 6), as reflected by
larger AEGR. Conversely, the electron-donating substituent
disfavor the ng — o*y_yg interaction, and leads to lower
pu...o value, longer Ry...o and smaller AESS. Similarly, the
origin suggests that the fluctuations in the binding energy
caused by the substitution is a direct consequence of the
variations of the H---O bond (i.e., electron density and bond
length) while the substituent induces the changes in the H- - -O

bond through influencing the no — o*y y interaction (viz.,
the H-bonding interaction between the water molecule and the
substituted aniline). Thereby, the three H-bonding parameters
(V2p1.. .0, pu...0 and Ry. . o), which reflect both the intramo-
lecular (substituent effects) and intermolecular (water effects)
interactions, perform better than the substituent constant in
describing the substituent-induced energy effects, as reflected
by higher correlation coefficients in Fig. 6 above.

3.4 Dependence of pK, upon H-bond interaction and
estimation of pK,

Since the amino moiety is one of the most fundamental
organic functional groups, its pK, is an important and exten-
sively studied property. The pK, here refers to the conjugate
acids, but it is used as a measure of the amine’s basicity since
pK., + pKy, = pKy, where Ky, is the ionization constant of
water. Variations in pK, are crucial to the action of enzymes,>
RNA activity in protein synthesis®* and pharmokinetic prop-
erties® in pharmaceutical industry. Thus, the ability to predict
the pK, quantitatively in a wide variety of chemical systems is
still actively pursued in some research groups. Chaudry and
Popelier”> and Seybold and co-workers®® employed some
quantum chemical parameters and quantum topological de-
scriptors derived from computational results of isolated mo-
lecules, without considering the solvent effect, to obtain
correlation equations for evaluation of the experimental pK,
values of substituted anilines. As known from both experi-
ments and theories, solvents may induce considerable changes
in the chemical reaction®’ while the H-bond may be treated as
an acid-base interaction in terms of the Brensted—Lowry
formalism.>***® Therefore, it may be more reasonable to take
into account the specific H-bond interaction between the
solute and solvent when estimating on the variation in pK,
induced by substitutions. Similarly, we explore correlations
between the pK, value with the three H-bonding parameters
(Vsz...o, pu...o and Ry...o). Of eleven substituted aniline
studied here, only the pK, values of eight aniline derivatives
are available from experiments®”>® (excepting for the PH,,
SiH3;, and CHO groups, see Table 2). As expected, excellent
linear relationships are obtained between the pK, of the
eight aniline derivatives and the three H-bond parameters
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Fig. 7 Dependences of the experimental pK, value of the eight substituted anilines apart from the three derivatives respectively substituted by the
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with 2 = 0.991-0.998 (see Fig. 7(a)—(c)), obviously higher
than that associated the pK, against the Hammett substituent
constants (¥ = 0.941), as shown in Fig. 7(d). The result
confirms that the including of specific solvent effect would
lead to better results and the H-bond parameters are more
effective than the Hammett constants in describing the sub-
stitution induced pK, variation.

These calculated F values in Fig. 7(a)-(d) are much higher
than the F{; ¢ critical value of 13.75 at the 0.01 significance
level, demonstrating the significance of these correlations. By
means of the correlation equations in Fig. 7(a)—(c), some pK,
values may be predicted for aniline derivatives without experi-
mental values available, like the aniline derivatives substituted
by the PH,, SiH; and CHO groups in the study. The average
values of pK, estimated by Fig. 7(a)—(c) are about 3.78 for the
PH, substitution, 3.84 for the SiH; substitution and 1.95 for
the CHO substitution.

3.5 NMR data analysis

As well-known, infrared spectroscopy has been the most often
applied spectroscopic tool to determine the existence of hydro-
gen bonding. There are, however, a number of NMR obser-
vables that also provide indirect evidence for the formation of
a hydrogen bond, perhaps the most characteristic being a large
downfield chemical shift of the hydrogen-bonded proton
relative to the monomer since the exposure of the delocalized

proton decreases the electron density around the H nucleus,
shifting the NMR signal to higher frequency (low field).>-*°
Hence, the NMR chemical shieldings of isolated aniline
derivatives and their corresponding monohydrated complexes
are calculated using gauge-including atomic orbital (GIAO)
method at the B3LYP/6-311+ + G(d,p) level of theory. The
calculated "H chemical shifts of amino group hydrogen atom
involved in the N-H- - -O contact are listed in Table 4, along
with experimental values available for some para-substituted
aniline derivatives in deuterated chloroform (CDCI;) and
dimethyl sulfoxide (DMSO-d;) solutions.®!-%?

Inspection of the experimental data in Table 4 shows that
the "H chemical shifts (8y) are dependent on the solvent
employed, as reported in many researches.®> ®> The i value
in the DMSO-d; is obviously larger than that in the CDCl;
solution since the dimethyl sulfoxide is more polar and better
hydrogen bonding solvent.®* By comparison, a good agree-
ment can be found between the experimental dy value from
the CDCl; solution and the calculated ¢ value in the mono-
mer while the experimental Jy value from the DMSO-dg
solution is close to the calculated dy value in the complex.
An excellent linear correlation with r* = 0.993 is obtained
between the experimental dy value from DMSO-dg solution
and the calculated one in the complex, as shown in Fig. 8.
These findings imply that there should be a hydrogen bonding
interaction between the amino group of aniline derivatives and
the DMSO solvent in the experimental determination while
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Fig.8 The correlation of calculated 'H chemical shifts (8;/ppm) with
the corresponding experimental values in DMSO-d; solution.

the H-bonding interaction between the solute and the solvent
may be not existed in the experimental determination employ-
ing the CDCl; as solvent since the experimental dyy value from
the CDClj; solution is close to that of monomer calculated. In
addition, the correlation presented by Fig. 8 may provide an
additional support for the observations®® that the solvent
effect on the labile proton chemical shifts can be attributed
to the dominant interaction of hydrogen bonding.

As can be seen from the calculated dy values in Table 4,
strongly electron-withdrawing groups (such as NO,, CN and
CHO) lead to an increase of the 'H chemical shift compared
with the unsubstituted aniline whereas electron-donating sub-
stituents (for example, NH,, OH, CHj3) result in a decrease,
either in the complex or in the monomer, in accordance with
the experimental results listed in Table 4.

It is seen on inspection of Table 4 that the nuclear shifts of
amino group hydrogen atom involved in the H-bonding in the
complex is 2-3 ppm higher than those in the corresponding
isolated aniline derivative. The variation in the "H chemical
shift (Ady) upon formation of complex displays excellent
linear dependences on the electron density py...o, the Lapla-
cian value Vsz_ ..o and the hydrogen bond distance Ry. ..o, as

illustrated in Fig. 9. Exponential relationships between proton
chemical shifts and AIM topological descriptors were founded
in the short strong hydrogen bond system® while similar
linear correlations were reported in some intramolecular
hydrogen bond system.®® On the other side, the Ady values
correlate well the binding energies (AEGS), as shown in

eqn (11).

AESh = (=5.64 +£0.62) + 3.98 £ 025Ady (1)

n=11,17 = 0965 s = 0.14, F = 248 > F,,, = 10.56

The linear relationships presented by Fig. 9 and eqn (11)
further demonstrate the connection of NMR spectroscopic
properties and the H-boning interaction and may help to
establish the H-bond features associated with NMR shifts.
Especially, the excellent correlation between the Ady and the
electron density py...o provides a clear evidence for the fact
that the strong deshielding is a direct consequence of electron
redistribution around the H atom occurring upon hydrogen
bonding.

Ady = (241 +0.02) — (0.38 + 0.05)7, (12)

n=11,r" = 0.867,s = 0.063, F = 66 > Fi9) = 10.56

On the other hand, the Aoy displays a dependence on the
substituents, as presented in eqn (12), suggesting that the Ady
would be enhanced with increase in the electron-withdrawing
ability of substituents. Similarly, the substituent effect can be
rationalized by the series of correlations presented by eqn (6),
(8) and (9), and Fig. 9. The electron-withdrawing group favors
the no —» o*y_p interaction and leads to higher py...o value
and lower electron density around the H nucleus as compared
with the electron-donating substituent. Also, the correlation
coefficient associated with the substituent constant (° =
0.867) is significantly lower that those associated with the
H-bonding parameters (> = 0.991-0.993, see Fig. 9).
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Fig. 9 Dependences of the calculated 'H chemical shift variation (Ady/ppm) induced by the H-bonding on (a) the electronic density in the H- - -O
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4 Conclusions

In this work, the eleven monomers of aniline derivatives and
their monohydrated complexes are optimized at the level of
B3LYP/6-311+ + G(d,p) theory. The correlation analysis,
together with NBO and AIM methods, are applied to inves-
tigate the nature of H-bond interaction and the physical origin
of substituent effects. Some satisfactory and excellent linear
relationships are established. In terms of these correlations,
the effect of substituents on the H-bond interaction of com-
plexes are attributed to the substitution induced variation of
the electron density transfer from the water molecule to the
aniline derivative by means of influencing the interaction of
no — o*n g while the change in the electron density transfer
would give rise to the variation on the electron densities in the
N-H bond and H---O contact, and ultimately, influence the
length and the frequency of the proton donating N-H bond,
the H- - -O distance, the binding energies of complexes, the pK,
of the substituted aniline and the 'H chemical shift. In addi-
tion, the correlations obtained reveal that the charge density
delocalization from the amino group to the phenyl group is
enhanced by the water molecule through the H-bond interac-
tion, which leads to the decrease of C—N bond length upon the
formation of complex. Our results show that it is important to
consider the specific intermolecular interaction between the
solute and the solvent when investigating some properties in
solution. Thereby, the H-bond parameters (such as V>py...o,
PH...0» Ru...0), reflecting both the intramolecular (substituent
effects) and intermolecular (water effects) interactions, are
found to perform better than the substituent constant in
rationalizing the substitution induced variations on the bind-
ing energy of complex, the 'H chemical shift and the pK,, of the
aniline derivatives, and may be applied to estimate pK, values
of aniline derivatives that are unable to analysis via Hammett
parameters such as when values are not obtainable for the
fragments under observation. The result confirms the relia-
bility of descriptors derived from quantum chemistry and
quantum topological computation and suggests that the com-
putational approach may provide an alternative possibility for
estimating some molecular properties without performing
rigorous experiments.
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