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The effects of substituents on the pKa's of a set of 8 psychoactive para-substituted

2,5-dimethoxyamphetamines have been examined using density functional theory
(B3LYP/6-31G*) calculations. A variety of quantum chemical parameters were

examined as indicators for the variation in the pKa"s, including the Mulliken,
Lowdin and natural population analysis charges (Q,,, 0, and Qn) on the amino

nitrogen, the energy difference between neutral and protonated molecules ( AE orot 3

orbital energies (Ehmm and E,wm) electronegativity { A ), absolute hardness

(M), electrophilicity index ( @ ) and proton affinity (PA). Some of these calculated
quantities yielded excellent correlation with pK .

Introduction
In developing 7 K, models it is reasonable to expect that variations in

the P K, should be correlated in some way with the electronic charges

NH

at the dissociating atomic position, nitrogen atom in 2 and on the

+
acidic hydrogen in NHj which can serve as good regression
parameters ‘", Influence of substituents on the physical and chemical
properties of compounds has been an important focus of interest in
chemistry. The nature and location of substituents affect values of the

1
acid-dissociation constants (PX4'5) @,
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Because the impact of substituents has implications in many areas of
chemistry, it has long been a goal of chemists tc understand how these
substituents act at a molecular electronic level. The first successful
attempt at quantifying these effects came in the form of the Hammett
constant (o) ® In quantitative structure activity and reactivity
parlance, the use of Hammett constants is well known . The
Hammett equation is given by log(k/k, = po,) where k and £, are

rate (or equilibrium) constants for the reactions of the substituted and
unsubstituted compounds, o, is the Hammett constant (substituent

constant), and # is called the reaction constant. Introduced in the
1930s these constants have enjoyed considerable success in relating
changes in a number of ph sicochemical properties ®,

Previous efforts © indicate that certain quantum chemical
parameters might also serve as useful descriptors for understanding
the physical and chemical effects of substituents.

Molecules possing the 2,5-dimethoxyphenyl-2-aminopropane
(2,5-dimethoxy amphetamine) structure unit, which are appended with
various substituents at the 4-position (para) of the aromatic nucleus
are known to function as psychoactlve agents in humans ™ .

The present work examines the applicability of some quantum
chemical parameters as descriptors for substituent effects on the
pKa's of para substituted 2,5-dimethoxy-amphetamines.

Methods
To determine the lowest-energy conformations for each molecule,

geometry optmuzahon were performed at the B3LYP/6-31 G with
GAMESS-US ®. Hammett constant were taken from the compilation
by Hansch et al. ). The values for pKa's were calculated by
PALLAS software (pK_ module) version 2.0 developed by

Compudrug Chemistry Ltd. The SPSS PC (11.5) software package
was applied for detail statistical analysis of the models.
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Results

Hammett constant

The values for the ¢ constant employed here, as well as the PK,, are
given in Table I. Hammett ¢ constants were initially developed to
describe the electronic influences of substituents on chemical
reactions and equilibria. Accordingly, it is reasonable to expect that
they might also provide a reliable measure of the substituents’ effects-
on the pK, of the amino moiety, and this is indeed the case:

pK, =-1.056 (£ 0.197) 6 + 8.94 (£ 0.06)

n=3§ r=0982 s=0072 F=159.807
Here n is the number of compounds, r is the correlation coefficient,
s is the standard deviation, and F is the Fisher statistic. This is
- illustrated in Figure 1.

Atomic Charges

Although the atomic charge on an atom in a molecule is not a proper

quantum chemical observable, the atomic charge concept has proven

to be a valuable tool for the explanation of a variety of chemical

phenomena %, ' ,
Three separate types of charges have been included in the

present study: the Mulliken charges (9,,) ", Léwdin charges )
(G) (2 and the natural charges ( O) 3 derived from natural

population analysis (NPA). -
To generate charges that correlate with pKa's for a series of 8

_para-substituted  2,5-dimethoxy-amphetamines,  the charges
investigated were those for the amino nitrogen 9 (N) and the acidic

hydrogen Q(H*) in Q(NH;), and the total charges on the O (NH,)
and Q(NH;) functional groups. The results of these charge

calculations are summarized in Tables.II - IV.
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Mulliken Charges
The Mulliken charges functioned as excellent pKa regression for the

group charges Q(NH,) (r = 0.949) and Q(NH7) (r = 0.989). For
estimating pKa's, Mulliken charges on protonated amino group
worked better (Table II and Figure 2).

pK,=-51.85(x7.40) 0, (NH;) +34.87 (£3.71)

=8 r=0.989 s=0.055 F=273.9

Lowdin Charges
The Lowdin charges performed well for this series of compounds,
they behaved consistently across the two data sets (Figure 3 and Table

III). For example Q,(NH;) ,r = 0814 Q,(NH,), r = 0.977. For
estimating pKa's, Lowdin charges on the amino group 0, (NH,)
worked better than the corresponding charges on the protonated amino
group O, (NHY) .

The Lowdin charges on the acidic hydrogen Q,(H*) and on
the amino nitrogen @, (N) were especially effective, with r = 0.983
and r = 0.981 respectively, (Table III and Figure 3). The O, (4 i
correlated with pK, as follows:

pK, =+86.51 (15.72) Q,(H") - 19.47 (+ 5.15)

n=8 r=0.983 s=0.070 F=169.3

Natural charges
The natural charges on the protonated amino group O, (NHj

better at estimating pK, variation as Mulliken charges (Figure 4 and

) was

Table 1V). There were also no significant correlation between Pk,
and the O,(N) (r = 0.535), Q,(H*) (r = 0.685) and Q,(NH,) (t=
0.094).

pK, =+73.83 (£ 17.91) Q,(NH;) -36.63 (£ 11.04)

n=8 r=0970 s=0092 F=95.04
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Orbital Energies
Koopmans’ theorem (1) agsign a physical interpretation to the highest

occupied and lowest unoccupied molecular orbital energies (Emmo
and Enemo , respectively):

Bomw = L, E,, =-A

Here, I is the molecular ionization potential and A is the molecular
electron affinity. Two related quantities may be defined:

L= ﬁ(Ehoma + EIunJo)/z
77 = +(Elumo + Ehoma)/2
to the extent that Koopmans’ theorem holds, X is the absolute

electronegativity (equivalent to the Mulliken electronegativity) and 77

is the absolute hardness (®). It has been shown that 77 theoretically
justifies and allows the quantification of the Hard-Soft-Acid-Base
(HSAB) principle " This principle states that hard acids react more
readily ‘with hard bases, and soft acids with soft bases. Formal
definitions and working equations of hardness and softness are
provided in several previous works an,

In addition to these quantities, Parr et al (8 have proposed the
electrophilicity power (electrophilicity index, ®w) of a molecule in
terms of its electronegativity % and chemical hardness n as
w= "2
@ decribes the electrophilic power of a ligand and also its propensity
to soak up electrons, This index measures the stabilization in energy
when the system acquires an additional electronic charge from the
environment. By definition, it ‘encompasses both the ability of an
electrophile to acquire additional electronic charge and the resistance
of the system to exchange electronic charge with the environment.
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We examined, X n, @, B, and E,,, as a possible
regression descriptors for the pK, (Table V and Figure 5) . Of the
five quantities, E,,,, exhibited the strongest relationship with pK,, .

pK, =+4191 (5.50) E,,, +17.05 & 1.07)

n=8 r=0991 s=0.051 F=324.58

The other parameters were less effective in describing the
pK, . Omitting the regression equations,

X: n=8 r=0959 s5=0107 F=06328

n: n=8 r=0909 s=0.157 F=2843
W. n=8 r=0932 5=0136 F=39.85
E_: n=8 r=0945 s=0.123 F=50.26

Tunto *

Relative Proton — Transfer Energy

Protonation energy

Protonation reaction (4 + H* = AH™)is among the most important
reactions in chemistry and biology. Protonation / deprotonation is the
first step in many fundamental chemical rearrangements and in most
enzymatic reactions (% The protonation energy (AE oot ) 18 EXpressed

as:
AE,.=E,. —E, |
where E, . and E, represent the ground state total energies of

prof

protonated and free molecule respectively. The values for AE,,

correlate well with the pKa's (Table VI and Figure 6)
pK,=-0.05550 (£ 0.01) AE,,, -4.71486 (£ 2.73)
n=8 r=0979 s=0077 F=138.91
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Proton Affinity
Proton affinity (PA), defined as the negative of the molar enthalpy
change at 298.15 K, for the reaction 4+H* — AH* has been
calculated according to the expression ?%,

PA=-AE, -AZPE+5/2RT

Where AE,, , the change in the electronic energy upon reaction. In

our case, it is the difference between ground state energies (electronic
+ nuclear) taken from quantum calculations with full geometry
optimization for the protonated and neutral molecules. The ground
state energy of a proton is zero in this formulation. ZPE is the zero
point vibrational energy and the constant 5/2RT value corresponds to

changes of thermal translational and rotational energies of reactants
and products at 298 K and 0 K.
A good correlation was found between PA and the pK, of the

amino group for this set of compounds (Table VII and Figure 7).
pK, =+0.05678 (* 0.01 )PA-4.59634 (% 2.59)
n=8 r=0981 s=0.073 F=15225

Intercorrelation

Substituents cause changes in the electron density at the dissociating’
functional group in the studied molecules. Table VI shows the
correlations among atomic charge models for amino nitrogen, acidic
hydrogen and the group charges and the other selected parameters. As
expected, the parameters that corelated strongly with pK, also

tended to correlate strongly between one another.

Conclusions

This  study of parasubstituted 2,5-dimethoxyamphetamine
demonstrates that quantum chemical parameters can be used
successtully to account for substituent effects. In addition to their
ability to quantitatively relate the electronic properties of substituents
to their physicochemical effects, an attractive feature of quantum
chemical parameters is that they are both flexible and interpretable,
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The Lowdin charges were fairly successful in correlating with the
calculated pK, values. It is also clear that, the quantum chemical

parameters O, (NH ) (O, (NH) Emm, and PA all yield

superior regression models for the PK,. Cdmpared with the

pral ?

descriptors in the studied pK, models, B, appears as the most
important descriptors which interpreted as measures of molecular
reactivity and stability. Compounds that present larger values of £,

are more electron donor, as £, increases (relative to other
molecules); the molecule is less stable and more reactive.
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Table 1. Hammett ¢ constants and PK, values for substituted
2,5-dimethoxyamphetamines

Substituent o K,

H 0 9.08
p-methyl -0.17 9.08
p-nitro 0.78 8.13
p-thiomethyl 0 8.9
p-ethyl -0.15 9.1
p-butyl -0.16 9.08
p-propyl -0.13 9.11
_p-chloro 0.23 8.62

Figure 1. Correlation between Hammett constants and pKa
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Table II. Calculated Mulliken charges for substituted
2,5-dimethoxyamphetamines

Substituent 0, Qo,HY O,WNH)) Q,WH;)
H -0.7168  0.7374  -0.1306 0.4989
p-methyl -0.7172  0.4139 -0.1320 0.4970
p-nitro -0.7161  0.4171 -0.1230 0.5149
p-thiomethyl -0.7170  0.4152  -0.1289 0.4996
p-ethyl -0.7168  0.4139  -0.1314 0.4972
p-butyl -0.7342  0.4369  -0.1338 0.4969
p-propyl -0.7327  0.4373 -0.1331 0.4964
p-chloro -0.7166  0.4149 -0.1279 0.5075
r 0.399 0.409 0.949 0.989

Figure 2. Correlation between pKa and the
charge on protonated amino group
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Table IIL Calculated Lowdin charges for substituted 2,5-
dimethoxyamphetamines

Substituent Q,(N) 0, (H") O (NH,)  Q,(NH])
H -0.5619 0.3298 -0.0552 0.6234
p-methyl -0.5632 0.3290 -0.0561 0.6218
p-nitro -0.5501 0.3191 -0.0495 0.6432
p-thiomethyl -0.5598 0.3288 -0.0541 0.6235
p-ethyl -0.5610 0.3290 -0.0560 0.6221
p-butyl ' -0.5628 0.3308 -0.0566 0.6225
p-propyl 05641 03305  -0.0554  0.6018
p-chloro -0.5562 0.3247 -0.0531 0.6355
I 0.981 0.983 0.977 0.814

Figure 3. Correlation between pKa and the
Lowdin chatges on the acidic hydrogen
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Table IV. Calculated natural charges for substituted 2,5-
dimethoxyamphetamines

Substituent o.N)y  oHY O,WNH,) Q,(NH})
H 09253 0.4921 -0.1813 0.6192
p-methyl 09252 04732 -0.1819  70.6188
p-nitro -0.9267  0.4643 -0.1784 0.6078
p-thiomethyl -0.9258  0.4726 -0.1808 0.6176
p-ethyl 09252 0.4733 -0.1819  0.6186
p-butyl -0.9202  0.4932 -0.1729 0.6197
p-propyl -0.9201  0.4932 -0.1726 0.6197
p-chloro -0.9260  0.4633 -0.1804 0.6107
r 0.535 0.685  0.094 0.970 .

Figure 4. Correlation between pKa and the
natural charged oh the protonated amino

group
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Table V. Calculated electronegativity ( 7 ), hardness (7),
clectrophilicity (@), HOMO energy ( E,,,, ) and LUMO energy
(£, ) for substituted 2,5-diméthoxyamphetamines

Substituent V4 n @ E... E..

H 0.0949  0.0971 0.0463  -0.1910 0.0022
p-methyl 0.0910  0.0975 0.0426 -0.1885 0.0065
p-nitro 0.1456  0.0720 0.1472 -0.2130  -0.0736
p-thiomethyl  0.1018  0.0919 0.0578 -0.1950  -0.0102
p-ethyl 0.0922  0.0974 0.0436 -0.1891 0.0047
p-butyl 0.0924  0.0981 0.0435 -0.1906 0.0057
p-propyl 0.0960  0.0964 0.0478 - -0.1913 0.0004
p-chloro 0.1045  0.0956 0.0571 -0.2001  -0.0089

r

0.959 0.90% 0.932 0.991 0.945

Figure 5, Correlation between pKa and the
HOMO energy




Table V1. Calculated ZPE, total energy (E), protonation energy
AE,, for substituted 2,5-dimethoxyamphetamines

Substituent ZPE Total energy AE,,
( Keal/mol ) ( Kcal/mol ) ( Keal/mol )

H 168.9633 -634.5797 -247.6109
p-methyl 186.4162 -673.8982 -248.8366
p-nitro 170.4577 -839.0739 -233.1431
p-thiomethyl 187.2915 -1072.0799 -244.4750
p-ethyl 205.3488 -713.2114 -248.8054
p-butyl 240.2406 -791.8345 -250.4105
p-propyl 2223222 -752.5224 -248.9507
p-chloro 163.0191 -1094.1732 -238.4256
r 0.979

Figure 6. Correlation between Pka and
energies of protonation
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Table VIL Calculated Proton Affinity (PA) for substituted 2,5-
dimethoxyamphetamines

Substituent ' PA ( Kcal/mol )
H _ 239.7374
p-methyl . - 214.1237
p-nitro 225.6819
p-thiomethyl 237.1618
p-ethyl 241.7054
p-butyl 242.3543
p-propyl 240.9349
_p-chloro 230.9389
r 0.981

Figure 7. Correlation between pKa and the
proton affinity
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Table VIIL Correlations among selected parameters

o QM(NH;) QL(H+) Qn(NH;) Ehnma AEme PA

o 1 0.963 0.936 0.875 0.974 0921 0.92

0. (NH?) 1 0.962 0968  0.954 0971 0.97

Q. (H") 1 0.945 0.918 0.932 092

0, (NH;) 1 0.889 0.965 0.96

Eine ' 1 0.934 0.94

AE,, 1 0.99
PA , : : 1
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