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ABSTRACT

The new logP values (NlogP) of phenolic and nitrogen-contain-
ing compounds based on the modified CAChe™ MOPAC calcu-
lation improved the correlation coefficient with measured logP
values (MlogP) to 0.950 from 0.662 (n = 87).

363

Copyright © 2000 by Marcel Dekker, Inc. www.dekker.com



10: 06 24 January 2011

Downl oaded At:

364 HANAI ET AL.

The best correlation coefficient was obtained between retention
factors of their molecular form and NlogP values among NlogP,
CAChe logP, MOPAC-BlogP, Rekker’s logP, Hansch’s logP, and
MlogP. Correlation coefficients were 0.880 (n = 50) for phenolic
compounds and 0.900 (n = 48) for nitrogen-containing com-
pounds. The correlation coefficients between predicted and
measured maximum retention factors were 0.883 (n = 50) for phe-
nolic compounds and 0.891 (n = 48) for nitrogen-containing com-
pounds.

Addition of pka values predicted by partial charges of atoms
calculated using CAChe™ MOPAC to NlogP values could predict
their retention factors in eluents at given pH. The correlation
coefficient between predicted and measured retention factors of
phenolic compounds at pH 8.49 was 0.927 (n = 20), and that
of nitrogen-containing compounds at pH 4.0 was 0.833 (n =
45).

INTRODUCTION

The retention time on reversed-phase liquid chromatography can be pre-
dicted using the octanol/water partition coefficient, logP, and dissociation con-
stant, pKa."” Therefore, simple prediction methods are required for logP and
pKa values. The logP values are generally used to determine quantitative struc-
ture-activity relationships, and can be measured by liquid chromatography.
Since Henry et al.,' Mirrles et al.,” and Miyake and Terada® directly measured
partition coefficients in liquid chromatography, numerous studies have been
performed to measure logP values in liquid chromatography; e.g. for polypep-
tides and proteins,’ steroids,’ heteroaromatic compounds,” benzophenones,'’ and
barbiturates' and N-hydroxyethylamide of aryloxyalkylene and pyridine car-
boxylic acids.” Hanai used logP values to predict retention times in reversed-
phase liquid chromatography."

The pKa values were measured by both titration and liquid chromatogra-
phy, or were predicted from partial charges of atoms'” or Hammett’s equations. '
Hardcastle and Jano reviewed the determination of dissociation constants of
polyprotic acids from chromatographic data.” The pKa values of non-steroidal
anti-inflammatory drugs were estimated,” and the effects of components, i.e.
buffer and acetonitrile, in the eluent on liquid chromatographic measurements
were described."”

Hansch et al. first proposed an empirical method for prediction of logP val-
ues based on examination of a large database measured by the partition method.”
Later, Rekker proposed the logP fragmental constants.” Hansch pi (ClogP) and
Rekker’s f (RlogP) constants have been used for prediction of logP values.
Moriguchi et al. proposed a method using multiple regression analysis.”
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The commercial computer program for logP calculation, MaclogP, is based
on Hansch’s method.” Computational chemistry allows the development of
such predictive methods based on theoretical calculations. Boder proposed a
method known as BlogP™ based on MOPAC calculation.” However, this
method is not suitable for larger sized molecules, because the molecular size
has a negative effect in the equation. A calculation method based on MOPAC
calculation called CAChe logP™ was developed by CAChe Scientific."”
However, the accuracy of the CAChe logP (CAlogP) method was not sufficient
due to the poor correlation between CAlogP and logP values obtained experi-
mentally (MlogP) by octanol-water partitioning for phenolic and nitrogen-con-
taining compounds.

The retention factor of ionizable compounds in solution of a given pH can
be predicted in reversed-phase liquid chromatography using the following equa-
tion:

k = (k, + k[Ka]/[H]/(1 + [Ka]/[H]) (1)

where k_and k, are the retention factors of the molecular and ionized form ana-
lytes, respectively, and Ka is the dissociation constant of the analyte.” [H'] is
the hydrogen ion concentration in the eluent. The k , maximum retention fac-
tor, can be related to octanol-water partition coefficient (log P) of analytes. The
prediction of dissociation constant (pKa) was achieved using partial charges of
atoms calculated by computational chemical calculation.”

In this study, several logP calculation methods were evaluated by compar-
ison with reference values,”"* and a new method was proposed for optimization
of reversed-phase liquid chromatography. The new logP values (NlogP) were
evaluated with logk values of phenolic and nitrogen-containing compounds
measured in reversed-phase liquid chromatography. Furthermore, the retention
factors of these compounds in eluents at a given pH were predicted using NlogP
values and pKa values were predicted using partial charges of atoms estimated
using computational chemical calculations.

EXPERIMENTAL

Sixty-four phenolic and 48 nitrogen-containing compounds were collected
for analysis. These compounds can be readily obtained and handled for liquid
chromatographic analysis. In addition, 11 alkylbenzenes and 7 alkylphenones
were used as calibration standards. Their molecular properties are summarized
in Tables 1-3.

The computer used for the calculation was a Macintosh 8100/100 running
the CAChe™ program including ProjectLeader™ from Sony-Tektronix
(Tokyo), and Cricket-Graph™ from Computer Associates. RlogP values were
calculated by a method based on that proposed by Rekker.”'
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The molecules were first optimized by molecular mechanics calculation,
optimized again by MOPAC, then their logP values were obtained with the
BlogP program.” Properties for the calculation were selected according to the
manufacturer’s manual (CAChe Scientific). CAlogP values were calculated
using ProjectLeader™ as part of the CAChe™ program. The properties select-
ed were solvent-accessible surface area at AM1/H,0O geometry (SAS), heat of
formation at AMI1/H,0 geometry (HOF/H,0) and heat of formation of
MM/AM1 geometry (HOF) of analytes.” MIlogP is reference value experimen-
tally obtained by the partition method.”

The liquid chromatograph was a model HP1090 from Hewlett-Packard
(Palo Alto, CA, USA), and the octadecyl bonded silica gel column, Luna C18,
15 ecm x 4.6 mm L.D., was from Phenomenex Inc. (Torrance, CA, USA).
Chemicals used were from Aldrich and ChemService. HPLC grade acetonitrile
was from Fisher Scientific and HPLC grade water was from Merck.

The retention factors of 64 phenolic compounds listed in Tables 2a and 2b
were measured by reversed-phase liquid chromatography at 40°C in 70% aque-
ous acetonitrile containing 20 mM sodium phosphate buffer at pH 4.01, 8.49,
and 10.00. The retention factors of 48 nitrogen-containing compounds listed in
Table 3a and 3b were measured at 40°C in 60% aqueous acetonitrile containing
20 mM sodium phosphate buffer at pH 1.48, 4.01, and 10.00.

RESULTS AND DISCUSSION

The correlation coefficients between logP values predicted by different
systems and the values measured by partition (MlogP) for 112 compounds list-
ed in Tables 2 and 3 including phenolic and nitrogen-containing compounds
varied from 0.666 to 0.976 (n ~ 87). The best predicted values were ClogP val-
ues with a correlation constant and correlation coefficient of 0.908 and 0.976,
respectively. The average predicted logP values were about 91% of measured
logP values (MlogP). Further analyses were carried out for individual groups
of compounds to improve the calculation system.

The correlation coefficient between logP values predicted for phenolic
compounds by different methods varied from 0.753 to 0.960 (n ~ 64), and that
for nitrogen-containing compounds varied from 0.595 to 0.986 (n ~ 48).
CAlogP and BlogP values were smaller than other logP values. RlogP values
were similar to MlogP values but further studies are required to improve the
correlation coefficient. ClogP values were correlated well with MlogP values,
but the predicted logP values were about 84% of MlogP values for phenolic
compounds and 94% of MlogP values for nitrogen containing compounds. The
above comparison indicated that ClogP and RlogP values gave the best predic-
tions.
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However, these prediction methods still required further improvement to
break the structure into appropriate fragments for which constants are available.
Furthermore, RlogP and ClogP calculations are empirical methods, and have
disadvantages for new compounds due to the lack of suitable fragment con-
stants. Therefore, a variety of prediction methods for logP values have been
developed, and new software is improving the precision.

Generally, increasing molecular size is correlated with increasing
hydrophobicity. This phenomenon can be readily observed from the retention
time of homologous series compounds including peptides and proteins on lig-
uid chromatography. So, as logP values increase the surface area of molecules
increases. The accuracy of prediction of logP values of isomers should be
improved by addition of other molecular properties. Therefore, methods for
improvement of the CAlogP calculation method were studied. The measured
logP values, MlogP, provide less data, and thus ClogP values were chosen as the
standard.

The original CAlogP calculation equation was:

CAlogP = -0.33262 + 0.048959 x (SAS) - 0.027225 x (HOF) + 0.03116 x
(HOF/water) - 1.4003 x V(N) - 1.0241 x V(O) + 1.3851 x V(NO2)

)

where SAS, HOF, and HOF/water are solvent-accessible surface area, heat of
formation in vacuum and heat of formation in water, respectively, as calculated
by ProjectLeader™ of CAChe program using MOPAC," and N, O, and NO, are
numbers of nitrogen, oxygen and nitro groups, respectively.

The correlation coefficients between predicted logP values of standard
compounds, alkylbenzenes (n = 9) and alkylphenones (n = 7), calculated by
several methods were 1.000.

CAlogP (alkylbenzenes) = 0.632 x ClogP + 1.157, r* =1.000,n =9
CAlogP (alkylphenones) = 0.649 x ClogP + 0.921, ' =1.000,n="7

The slopes for alkylbenzenes and alkylphenones were considered to be
nearly equivalent, and thus modification of the constants of SAS, HOF, and
HOF/water was first examined to obtain a slope value of 1.0 between modified
CAlogP (NlogP) and ClogP. The relations between logP values and solvent-
accessible surface area (SAS) of alkylbenzenes and alkylphenones were excel-
lent, and the correlation coefficients were 1.000.

ClogP (alkylbenzenes) = 0.072(SAS) -2.071, r = 1.000, (n = 9),

ClogP (alkylphenones) = 0.071(SAS) -3.674, 1 = 1.000, (n = 7).
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The slopes were thus considered to be equivalent. Therefore, the results of
alkylbenzenes (n = 9) and alkylphenones (n = 7) were used for further studies
as standard compounds.

From evaluations using alkylbenzenes (n = 9) , alkylphenones (n = 7) and
alkyl, chloro- and bromophenols (n = 44) as standard compounds, the follow-
ing equation was derived, where NlogP was proposed as new logP value.

NlogP = -1.451 + 0.06687 x (SAS) + 0.004180 x (HOF) - 0.008687 x
(HOF/H,0) -1.981 x (O) -1.344 x (OH) 3)

The individual slopes of NlogP and ClogP values of alkylbenzenes,
alkylphenones and these phenols were close to 1.0 in this equation. The con-
stant for carbonyl oxygen, -1.981, was obtained from the difference between
alkylbenzenes and alkylphenones. That for oxygen of the hydroxy group,
-1.344, was obtained from the differences between alkylbenzenes and these
phenols. The NlogP values of phenolic compounds are summarized in Tables
2a and 2b with logP values obtained by other methods and their properties.

The constant -1.8193 (N1) was obtained for primary amines from anilines,
and the constant was also used for tertiary amines of pyridines, pyrazines and
quinolines. The constants for secondary and tertiary amines were -1.6193 and
-1.093 from N-alkylanilines.

The elimination of the nitro group constant was examined, but good results
were not achieved. The constants for nitrogen and oxygen of the nitro group
were different from the general constants for these atoms. The final equation
was :

NlogP = -1.451 + 0.06687 x (SAS) + 0.004180 x (HOF) - 0.008687 x
(HOF/H,0) -1.8193 x V(N1) -1.344 x (OH) - 1.6193 x V(N2) - 1.093 x
V(N3)- 0.937 x V(0) - 1.981 x v(CO) - 0.68 x (NO,) (4)

where O was divided into two groups, O of ether and carbonyl oxygen.

The NlogP values are summarized in Table 3a and 3b. The correlation
constant and correlation coefficient of NlogP values against MlogP values (n =
87) were 0.922 and 0.955, respectively, and these values were improved from
0.670 and 0.666, respectively. The correlation constant and correlation coeffi-
cient between NlogP and ClogP values (n = 112) used for improving the
CAlogP calculation system were 0.994 and 0.957, respectively, improved from
0.676 and 0.544, respectively. These logP values were correlated with logk val-
ues of molecular form phenolic and nitrogen-containing compounds given in
Tables 2 and 3.



HANAI ET AL.

376

£t
Le
o'l
9Tl
9Tl
081
90°C
65T
IL'¢
16°1
161
16°1
97T
00'1
98’1
vl
vl
9¢'l
16°0

d3oD

91T
99°1
6¢°1
Le'l
s8°l
97T
69°C
6T
88l
88’1
06'1
$60
89°1
6¢'1
o'l
el
060

d3o1n

LST'¢t
LTTT
¥s9°1
61T'1
LLT'1
960°1
§20'C
06¢°C
SIv'e
PLL'L
LyL'1
0L9°1
986°C
$a0°'1
y26'l
[1S°1
tov'l
Syl
$660

d3oIN

69Tl
£09°0
8170
L8Y'1
T4
Sév'l
o'l
yo1°'c
8Y1°C
L'l
¢69°1
8V9°1
yoe's
SL6C
8LL'1
0es’1
8051
ILV'1
L61'l

d3orvDd

(44X
L8T11
60L91
eLe’C
0029
8eLy
68S¥1
130) Sy
Wy
yLYC
880V
L6TY
£e0'6L"
LY6'ST-
61Tt
9484
SP6'c
ey
eIyl

O'H/A0H

0106
0TS6L
00¢°1L
LSTOL
86'SL
8TLYL
LES 6L
868'¢8
0rey8
60°SL
8ELYL
619'¢L
161101
£18'SL
Cl6'9L
9ETIL
y6'0L
1L6'69
v66'¢9

SVS

oLE'Y
SL981
eeTYe
65S°1¢
yeove
1LL°0T
8Y9°¥C
LES'L
8LT9
180°¢1
c8T¢el
el
§90°59-
yoLSl-
6L9°S
€L6'T
oroel
e8¢l
S6¥°0¢

dA0H

ourjiuejfing-N
surjrue[Apg-N
surue|AyRN-N
oUIIUBONIN-{
SUIIUBOLIN-€
ouIIuUBONIN-T
sulfiueowolg-y
ouI[IUBOIO[YIIQ-'E
auIIUBOIO[YOIQ-S T
aul[IueOIO[YD-{
ouI{IUBOIO[YD-€
auIIuBOIO[YD-T
surqueAxoyRIq-5z
QuITuUBAXOYIdN -
surpruejAyuwiq-pz
ouriue[APIN-1
sur[rue|AYRN-€
our[iue]AYRN-Z
aulluy

[edruRy)

xspunodwo) Surureyuo) uado3iN Jo s10)de ] UOIIUIIIY pue santadolg Je[nIIOIN

1102 Alenuer $2 90 :0T

eE IqeL

v pspeo jumog



377

PHENOLIC AND NITROGEN-CONTAINING COMPOUNDS

(panunuod)

£6'1
16°1
£5°C
80°C
£5°C
£5°C
£0C
690
69°0
61°0
1€°0-
91
v9'l
yo'l
Lyt
140!
140!
Pl
0
430
0
¥9°0
£t
ve't

65°C
[4\4
09°C
19°C
£0'C
S0
£9°0
£C0
€0
89°1
14!
0Tl
Il
[4%0)
1o
6v0
$9°0
1ee
1e¢

12504
096'1
LLL'T
1404
Lel't
LETT
0SL'1
690
L89°0
ILT°0
(4330
evs'l
6CS’1
6CS'1
or1'e
L10']
2001
6201
061°0
0L10
0L1°0
y16°0
o't
109°¢C

G881
br6'l
90Tt
69T'C
€T
eIe'e
661
$66°0
9860
1¥9°0
670
899°1
SE9'1
LT9'1
1¥0'C
L8T'1
£8C'1
0ze’l
9Iweo0-
62¢0-
062°0-
0860
196°C
686'1

1102 Alenuer $2 90 :0T

LLLO
0206
eCee-
9TSLE
LY 9¢
LLS'LE
18v'ey
1LL°0T
¥81°0C
956'9¢
£e6ee
13244
68¢°01
0LT 01
6LS’S
we9l
eLY 91
[414'1!
(239!
681°L1
809°0C
Lyeve
pee 9l
798°S¢

8L0°6L
08¢'8L
1£9°08
096'C8
89L°C8
6SEV8
wOv'LL
8ILIL
LIT1L
006°¢9
105°9¢
€8¢°CL
y10CL
L66'1L
L1808
6C2L'Y9
6259
150°69
[4Ya%
0L0°¢9
gTee9
VL' LS
L8Y'68
CITLL

v pspeo jumog

20T°01
88191
€L9°01
L8O'SY
soT’ sy
0¢0'9%
[4] 43
0Ly 0t
£0£°0¢
81T°LE
SITvy
€056l
L89'L1
8Ll
0or'et
12297
680°¥C
€v9°'sT
690°6¢
180°0¢
186°C¢
6£0°CE
v88°1C
689°1¢

JuepuloUIY -G
QURPUIOUTWY - |
surjouinbAxo1pAH-g
surjournbjAy1oN-8
surjournbjAy1oON-
surjournbiAqIoN-Z
surjound)
surzesAdjAyrowi-9°g
surzesKdjAyroun(q-s g
aurzelAd[Ay1oN-7
auizelkd
surpuAdiAyowiq-9‘z
surpukdijApawng-g°z
surpukdjApowiq-¥°g
surpukdiAing 13-y
outpukdiAyroN-
outpukdjApIN-€
surpukdiAyoN-z
suipuAdoutwuy -4
surpukdoutury-¢
surpukdouruy-g
outpukd
sul[iue[AyidIg-N
outjue[AyuIa-N



HANAI ET AL.

378

*d 80 s yosuey :g30) ‘gSo[ pamseswr :JSo[A ‘d30] mau :dSoIN
‘d801 9D VD :d801vD ‘“Andwoas O'H/[ NV I UoneuLIO) JO 3edY :O°H/JOH ‘@dIe 9oejIns SYS ‘UoneuLIoj JO 183y JOH «

€6'1 990’1 L6E0 Iv6€ 8IS°LL 6LYS s[oputouIuy-g
we §SS°¢ vST'€ ¥T9°'€s 698 01 L6999 suaiAdourury- |
9T'¢ 69°€ S0€°€ LLOE 115°0S TL6'001 €99°79 SudBIBYUBOUILIY - |
60T 87T 012 91T SE€°8T 681°€8 r44N3 suspeyydeuourury-g
60T STT e 901°C 998°67 SP8'18 L6T 0V suspeyyydeuourury-|

d3opD d3oiw d3oIN dsorvD O'H/A0H SVS AOH [edrway)

xSpunoduwo)) 3ururejuo) uaSosyIN Jo s103de UOUI)IY pue sarddold JB[NIIJOIN

(panunuo)) eg djqe],

1102 Alenuer $2 90:0T @IV Papeo |uwog



10: 06 24 January 2011

Downl oaded At:

PHENOLIC AND NITROGEN-CONTAINING COMPOUNDS 379

The correlation coefficient between logP and logk values for phenolic
compounds varied from 0.631 to 0.880 (n ~ 50) and that for nitrogen-contain-
ing compounds varied from 0.365 to 0.900 (n ~ 48). The following equations
were obtained:

MlogP = 4.101 x logk + 2.431, r" = 0.859, (n = 42)

ClogP = 3.439 x logk +2.419, r’ = 0.869, (n = 50)

RlogP = 3.906 x logk +2.398, r’ = 0.862, (n = 50)

BlogP =2.700 x logk + 2.018, 1 = 0.837, (n = 50)

CAlogP = 3.034 x logk + 1.809, r’ = 0.631, (n = 50)

NlogP = 3.635 x logk + 2.392, r* = 0.880, (n = 50)

For nitrogen-containing compounds, the following results were obtained:

MlogP = 1.672 x logk +.0.690, r’ = 0.845, (n = 37)

ClogP = 1.563 x logk + 0.770, r* = 0.840, (n = 48)

RlogP = 1.750 x logk + .0.597, r* = 0.831, (n = 40)

BlogP = 1.311 x logk + 0.866, r* = 0.774, (n = 48)

CAlogP = 1.184 x logk + 0.928, r* = 0.364, (n = 48)

NlogP = 1.644 x logk + 0.635, r" = 0.900, (n = 48)

The best correlation coefficients were obtained between NlogP and logk
values for phenolic and nitrogen-containing compounds. The predicted
retention factors of molecular form phenolic and nitrogen-containing com-
pounds were correlated with the measured values (k. ). For phenolic com-

pounds, the predicted retention factors were correlated with those measured at
pH 4.01.

k.., = 1.182 (k at pH 4.01) - 0.199, r’=0.883, n=50,

pred

For nitrogen containing compounds, the predicted retention factors were corre-
lated with those measured at pH 10.00.

k,..= 1.045 (k at pH 10.00) + 0.167, ’=0.891, n=48.
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NlogP values can be used for optimization of reversed-phase liquid chro-
matography of each group of compounds, and replace RlogP values.”” The
retention factors of phenolic and nitrogen-containing compounds in solutions of
a given pH were predicted using equation (1). The retention factors of
alkylphenols at pH 10.0 were not minimum retention factors due to their high
pKa values. Therefore, the prediction of retention factors was studied for halo-
genated phenols. The predicted k_ and pKa values were used for the calcula-
tion. However k, values could not be predicted, and in the calculations these
values were either their retention factors measured at pH 10.00 or 1.48 or zero.
The values of k, were derived from the above results, i.e. the relation between
NlogP and logk values. The pKa values were predicted from their partial
charges of atoms.” The predicted retention factors for halogenated phenols at
pH 8.49 were correlated with the measured values (k).

k., =0.986(k_) + 0.067, r = 0.925 (n = 20) using k; at pH 10.00,

pred

p— 2 J— — : —
k.. =0.909(k,,) + 0.020, r"= 0.927 (n = 20) using k, = 0.

The retention factors of 48 nitrogen-containing compounds measured at
pH 4.01 were correlated with those predicted using the above methods, a com-
bination of logP and pKa values predicted by computational chemical calcula-
tions. The relation between predicted and measured retention factors at pH
4.01 was:

k . =0.810(k_) - 0.224, r = 0.836 (n = 45) using k at pH 1.48,

pred exp

k . =0.797(k

pred

k,.,=0.807(k,)-0.095, 1" =0.763 (n=45) using k, = 0 and pKa obtained

liquid chromatography.

) - 0.232, 1 = 0.833 (n = 45) using k, = 0,

exp.

At present, retention factors of ionized compounds cannot be predicted
because logP values are based on the properties of molecular form compounds.
However, k, is close to zero for many compounds, the prediction of retention
times can be performed with k, = 0. The pKa values predicted from partial
charges are used. However, further precise calculation is necessary to improve
the precision of pKa values.

CONCLUSIONS

The NlogP calculation method is a simple approach compared to Hansch’s
equations (ClogP) that require many fragmental constants based on a large
database measured by the partition method. However, the elimination of
constants for atoms and groups is necessary as a purely theoretical system for
prediction of logP values. The dissociation constant, pKa, can be predicted by
either Hammett’s equations or partial charges of atoms. It is difficult to fix
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ortho effects by either methods. The constants for Hammett’s equations require
a large database. A new method based on partial charges of atoms requires
standard values. However, this method is simpler than selecting a specific
Hammett’s equation. Further development of quantum chemistry and further
analyses of the properties obtained by the present computational chemical
method are necessary. NlogP and pKa derived from one system can be used for
optimization of reversed-phase liquid chromatographic conditions for phenolic
and nitrogen-containing compounds.
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