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Novel local structural parameters, 77° and @°, representing the nature of the functional group and the residual moiety
(supporting group) of acid and base molecules, respectively, have been evaluated for the first time for the 1: 1 hydrogen-
bond complexation of nine OH- or NH-acids and five phosphorus bases in CCls. An evaluation of 77° and w°® was carried
out by making use of convergent linear relationships among the log K values and by introducing three numerical criteria.
For acid-base complexation, all of the 180 log K values at 288.15—318.15 K and 45 AHy values were reproduced from
the 77 and w values within the experimental error. The reversals in the order of log K and AH{ observed in the system
could be reasonably explained by applying the 7° and w° scales.
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To compare and predict the strength of acids and bases has
been one of the major subjects of many chemists. Especially,
in the field of 1: 1 Lewis acid-base and 1 : 1 hydrogen-bond
complexation in aprotic solvents, vast amounts of formation
constants Ky (or log K¢), enthalphies AH; and other ther-
modynamic quantities have already been accumulated and
applied to elucidate the fundamental characteristics govern-
ing acid-base interactions. A generally accepted conclusion
in the field is the difficulty to compare acids and bases on
a single strength scale. As shown by Pearson,'— Drago et
al.,* ¢ Maria et al.,” and Abraham et al..? at least four param-
eters are necessary to interpret the difference in log Ky and
AH; of acid-base reactions.

For 1: 1 hydrogen-bond complexation in CCly, an interest-
ing feature was found by Abraham et al.”~'® In this system,
straight lines which pass through a specific point, called the
magic point, are often observed among the log Kr values
of various acids (or bases) against two different reference
bases (or acids). These convergent linear relationships are
called family-independent LFERs (linear free-energy rela-
tionships), because the LFERs are independent of the fami-
lies of acids (e.g., phenols and imides) or bases (e.g., carbon-
yls, ether, and pyridines). On the other hand, it is also known
that a set of family-dependent LFERs,*!® rather than family-
independent LFERs, are observed for some base-reference
acid systems.

The present authors'’ have reported that the family-inde-
pendent and -dependent LFERs closely correlate with the
local-structures of the acids and bases. Acid and base
molecules can be regarded as comprising two local-struc-

tural units, a functional group and a residual moiety (called
supporting group, hereinafter). Further, the value of log K of
an acid A and base B can be correlated with the nature of the
local structures by the following equation:

log Kag = (1« + 1) wa i + l0g Ko, (09)]

where 73, and 7, represent the nature of the functional group
of the acid and the base, respectively, @, and , represent
the nature of the supporting group of the acid and the base,
respectively, and log K is a constant term responsible for the
magic point. As described in a previous paper,'’ 7 may be
related to the size or related factors of the functional group
and w may be related to the electronic factors (electron-
donating or -withdrawing ability) of the supporting group.
In the preceding paper,'® the present authors analyzed the
thermodynamic properties of the 1:1 hydrogen-bond com-
plexation of OH- and NH-acids with phosphorus compounds
in CCls and showed that the following equation can be ap-
plied quantitatively to the 1 : 1 hydrogen-bond complexation
of acid A and base B:
—AHzg = ASY

log Kas = S303RT * 23038

(2)
where AHzy and AS? represent the change in the enthalpy
and the entropy, respectively, and R and T stand for the gas
constant and temperature, respectively. It was shown based
on Eq. 2 that the magic point appears at (—1.85, —1.85) for
the plots of log Kap values of various acids (or bases) against
two different reference bases (or acids) and that the appear-
ance of the magic point can be ascribed to the constancy of
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the apparent AS7 value (—35.4 Jmol~! K~"). It was also
shown based on the similarity between Egs. 1 and 2 that
AH3p can be correlated with the local structural parameters,
17 and w, by the following equation:

— AHag = 2.303RT (1) + 1) 0a . 3)

Although, Eqs. 1 and 3 are important as a novel formula-
tion to correlate log K or AHg with the local structures of
acid and base molecules, an evaluation of 77 and @ has been
difficult, because of too many variables being included in
these equations. Only formal , values'” were evaluated by
regarding all bases as having a common functional group.

In the present study, a method was developed for the si-
multaneous evaluation of 7 and @ for OH- and NH-acids and
phosphorus bases by making use of the family-independent
LFERs observed for the acid-base system.

Data for Analysis

The values of log K subjected to the present study were
obtained from the data reported by Ruostesuo et al.,'” and
are listed in Table 1. Two acid families (OH and NH family)
and three base families (=0, =S, and =Se family) are included
in the system. As reported in the preceding paper,'® family-
independent and -dependent LFERs, both of which converge
to the magic point (—1.85, —1.85), are observed among the
log K values in these systems. The values of AH° shown in
Table 1 were calculated from the log K values reported by
Ruostesuo et al.'” by a similar method to that of Ruostesuo
et al., except for AS7 being regarded as a constant (—35.4
Jmol™! K~!). The slopes of the family-dependent LFERs
given in Table 2 were obtained in the preceding paper'® from
the data given in Table 1, and were utilized to evaluate 7 and
o of acids and bases in the present study.

Results and Discussion

Separation of Temperature Effects on 77 and @w. Prior
to an evaluation of the local structural parameters, the fol-
lowing equation is introduced based on Eq. 3 to separate the
temperature effects on the local structural parameters:

— AHRp = (15 + 1)y @, “

where 7¢, 1y, @y, and @y are the local-structural parame-
ters obtained at 298.15 K. The following equation can be
obtained by applying Eq. 4 to Eq. 2:

(K +m)wg a  ASP
2303RT 2.303R’

log Kap = — 5)
where, AS? can be regarded as being virtually constant
(—35.4 kJmol~! K~!). The above equation is of importance
as a general equation to correlate log K at various tempera-
tures with the nature of the local structures of acids and bases
for 1:1 hydrogen-bond complexation.

For the reaction of a set of acids A; (i=1, 2, 3,--+) with
two reference base, B; and B,, the following equations are
obtained from Eq. 5:
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—(gg t)es o AS

b= 6

log Ka;p, 2.303RT 2303R’ ©
= + )W, AS?

= 7

log Ka;p, 2.303RT 2303k’ )

where subscripts x;, y1, and y, stand for the functional group
of A;, By, and B,, respectively, and subscripts a;, b;, and
b, stand for the supporting group of A;, B;, and B, respec-
tively. From the above equations, the following equations
are derived:

AS?

log KAiBZ =Rx10gKAiB1 +(1 - Rx)m,

®
YA
Equation 8 suggests that the plots of log Ka p, vs. log Ka g,
give a straight line of slope Ry, defined by Eq. 9, and that all of
these straight lines converge to a specific point (AS§/2.303R,
AS§/2.303R), which agrees with the magic point.

Evaluation of 7° and @° of Phosphorus Compounds.
As a first step to evaluate 17° and w® of acids and bases, three
numerical criteria are introduced: 77 =5.00 and w? =10.0
for the functional group (OH) and the surpportig group
(C¢Hs) of phenol, respectively, and #7° =5.00 for the func-
tional group (=0) of carbonyl bases. It was preliminary
confirmed that these criteria are convenient in magnitude for
the comparison of various acids and bases on the 7° and w°
scale.

When Egs. 8 and 9 are applied to the linear relationships
observed among log K of OH-acids against reference bases
(CeHs)3P=0 and (CgHs)3P=S (or (C¢Hs)3;P=Se), the follow-
ing equation is derived from Eq. 9, because these phosphorus
bases have the same supporting group:

®

1y, = Ru(iom + 720) — 10w (10)

where subscript y, represents the functional group =S or
=Se. In the above equation, R, is equal to the slope
of the family-dependent straight line of OH-acids against
(C¢Hs)3;P=0 and (C¢Hs)3P=S (or (CsHs)3P=Se) shown in
Table 2. Thus, 72 and 72, can be evaluated from the
slopes shown in Table 2 by applying the following numeri-
cal criteria: 75 =5.00 and 72, =5.00. The results are given
in Table 3.

When Eq. 5 is applied to the reaction of phosphorus
compounds against phenol (777 = 5.00, @; = 10.0), the term
AS?/2.303R can be regarded as being constant (= —1.85),
and the values of log K are already known, as listed in Table 1.
Thus, for each of the phosphorus compounds, an evaluation
of wy from ny values given in Table 3 becomes possible by
applying Eq. 5. The results of calculations are also given in
Table 3.

The values of log K for the bases against phenol are also
givenin Table 3. By comparing the values of 77 and ey with
the log K values, it can be seen that a stronger base which
gives a larger log K value has a larger 7y and a smaller
ay value. Therefore, the strength of the functional group
expressed in the 7y scale increases in the order: =Se (7y =
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Table 1. Thermodynamic Data for the 1: | Hydrogen-Bond Complexation of OH- and NH-Acids against Phosphorus Compounds

in CCl4 at 298.15 K

Base Acid log (K/dm® mol~1)® AH°/XJ mol™!?
(C¢Hs):P=0 2-Naphthol 3.06 (3.06) —28.0(—28.0)
1-Naphthol 2.97 (2.97) —-27.5(=21.5)

Phenol 2.82 (2.81) —-26.7 (—26.7)

CF;CH,0OH 277 2.7 —26.4 (—26.4)

CCl;CH,0H 2.30 (2.30) —23.7(-23.7)

CBr;CH;OH 2.16 (2.16) —22.9(-22.9)

Carbazole 1.94 (1.94) —-21.6 (=21.6)

Indole 1.75 (1.75) —20.5(=20.6)

Pyrrole 1.48 (1.48) —-19.0 (—-19.0)

(CH30);P=0 2-Naphthol 2.35(2.41) —24.0(-24.4)
1-Naphthol 2.32 (2.33) —23.8(=23.9)

Phenol 2.20 (2.20) —=23.1(-23.1)

CF;CH,OH 2.17 (2.16) —-23.0(-22.9

CCl1;CH,OH 1.69 (1.76) —20.2 (—20.6)

CBr;CH,OH 1.54 (1.63) —19.3(-19.9)

Carbazole 1.37 (1.44) —18.4 (—18.8)

Indole 1.23 (1.28) —17.6 (—17.9)

Pyrrole 1.03 (1.04) —16.4 (—16.5)

(CcHs0);P=0 2-Naphthol 1.76 (1.81) —20.6 (—20.9)
1-Naphthol 1.72 (1.74) —-20.4 (—20.5)

Phenol 1.62 (1.62) —19.8 (—19.8)

CF;CH,0H 1.60 (1.59) —19.7 (—19.6)

CCl;CH,0OH 1.21 (1.24) —17.5(—17.6)

CBr;CH,OH 1.09 (1.14) —16.8(—17.1)

Carbazole 1.10 (0.97) —16.9 (—16.1)

Indole 0.98 (0.83) —16.2 (—15.3)

Pyrrole 0.78 (0.63) —-15.0(-14.2)

(Ce¢Hs):P=S 2-Naphthol 0.90 (0.93) —15.7(—15.9)
1-Naphthol 0.87 (0.88) —15.5(—15.6)

Phenol 0.78 (0.79) —15.0(—15.1)

CF;CH,0H 0.75 (0.77) —14.8 (—15.0)

CCl;CH,0OH 0.53 (0.50) —13.6(—13.4)

CBr;CH;OH 0.48 (0.42) —13.3 (—-13.0)

Carbazole 0.60 (0.63) —14.0(—14.2)

Indole 0.50 (0.51) —134(—13.5)

Pyrrole 0.34 (0.33) —12.5(—12.3)

(Ce¢Hs)3P=Se 2-Naphthol 0.80 (0.87) —15.1(—15.6)
1-Naphthol 0.79 (0.82) —15.1(—15.3)

Phenol 0.73 (0.73) —14.7(—14.8)

CF;CH,OH 0.70 (0.71) —14.6 (—14.6)

CCl;CH,0OH 0.51 (0.45) —13.5(—13.1)

CBr;CH,OH 0.47 (0.37) —13.2(—12.7)

Carbazole 0.59 (0.60) —13.9(-14.0)

Indole 0.49 (0.48) —13.3(-13.3)

Pyrrole 0.33 (0.30) —12.5(—-12.3)

a) Values in the parentheses are those calculated from 7° and w°. b) Values estimated from temper-
ature dependency of log K by regarding ASY = —35.4] mol~! K~!. Values in the parentheses are those

calculated from 7° and w°.

0.546) < =S (0.655) <=0(5.00). Asdescribed in a previous
paper,'’ the order of the 7 values may be related to the
size or related factors of the functional group. Actually,
the strength of the phosphorus bases expressed in the 7y
scale increases with a decrease in the atomic number of the
functional group. On the other hand, the strength order of

the supporting group in the «y scale increases in the order:
(CeHsO)3P (wy = —198) < (CH30)3P (—231) < (CeHs)3P
(—266). Since wy may be related to the electronic factor of
the supporting group,'” the order of @ obtained here may be
in agreement with the order of the electron-donating ability
of the supporting groups.
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Table 2. Family-Dependent LFERs Conversing on the
Magic Point (—1.85, —1.85,) Observed among log K
Values of OH- and NH-Acids against Phosphorus Com-
pounds in CCly at 298.15 K

Reference Reference Functional Slope of
base 1 base 2 group line
(C¢Hs);P=0  (CeHs50)3P=S OH 0.567
NH 0.652
(CeHs0O)3P=Se OH 0.555
NH 0.649
Table 3.  Values of Local Structural Parameters 7, a;, and

log K against Phenol of Phosphorus Compounds

Base w b log (K/dm® mol ™)
(C¢Hs);P=0 500  —266+1Y 2.82
(CH;0):P=0  5.00 —231 2.20
(CsHs01P=0  5.00 ~198 1.62
(CsHs)3P=S 0.665 —266+1% 0.78
(CsHs)sP=Se  0.546 —266+1% 0.73

a) Numerical criterion of 7])?. b) The mean of values for the
three bases.

Evaluation of 77° and w° of NH- and OH-Acids. When
Eq. 9 is applied to linear relationships observed for two fam-
ilies of acids with functional groups x; and x, against refer-
ence bases, B| (composed of y; and b;) and B, (composed
of y, and by), the following equations are obtained:

_ s+ o,

- o o o ? (11)
(R, + )y,

X1
_ Uy + ),

= o (12
R, + 15, ) g,

X2

and

Ry, _ U + 1), + 1)

Ray (g, + 15)CK, +775,)
Equation 13 suggests that a family-dependent LFER is ob-
served when the condition Ry, %R, 1s satisfied. It can be seen
from the right-hand terms of the equation that the condition
may be realized only when 7, #7;, and ), #7;, are satisfied,
simultaneously.

When the above equation is applied to the family-de-
pendent LFERs observed for OH- and NH-acids against
(C6H5)3P:0 and (C6H5)3P=S (OI' (C6H5)3P:Se), ”I?IH can
be expressed as:

(13)

Routpy, (1on + 720) — RNa 20 (110u + 77y02)
Rau(nSy + 15,) — Ron (15 + 1120)

TNn = , (4
where y, stands for the functional group =S or =Se. Thus,
by substituting the 77° values given in Table 3 and the slopes
given in Table 2 to Eq. 14, 74, can be evaluated. The results
are listed in Table 4.

When Eq. 5 is applied to the reaction of OH- and NH-
acids against (C¢Hs);P=0 (77}‘,’ =5.00, wy = —266), the val-
ues of log K given in Table 1 can be applied, and the term
AS?/2.303R is regarded as being a constant (= —1.85). Thus,

Features of 1 : 1 Hydrogen-Bond Complexation

Table 4. Values of Local Structural Parameters 7, @, , and
log K against (CsHs)3P=0 of OH- and NH-Acids

Acid 7 w? log (K/dm® mol )
2-Naphthol 5.00 10.5 3.06
1-Naphthol 5.00 10.3 2.97
Phenol 5.00% 10.0% 2.82
CF;CH,OH  5.00 9.92 2.77
CCI,CH;OH  5.00 8.91 2.30
CBr;:CH,OH  5.00 8.61 2.16
Carbazol 7.5740.12° 6.47 1.94
Indole 7.5740.12°  6.15 1.75
Pyrrole 7.5740.129 5.69 1.48

a) Numerical criterion of 7. b) Numerical criterion of w°.
¢) The mean of two values obtained from family-dependent LFERs
of the acids against (C¢Hs)3P=0 and (C¢Hs)3P=S or (CcHs)3P=Se.

for each of the acids, evaluating of w; becomes possible by
substituting the 7 value of each functional group. The re-
sults are given in Table 4.

The values of log K of the OH- and NH-acids against (Ce-
Hs)3P=0 are also given in Table 4. By comparing the values
of w; with the log K values, it can be seen that an acid with
alarger wy valueis strong. The strength of the acids in the w,
scale is in the order: Pyrrole (w; =5.69) <Indole (6.15) <
Carbazole (6.47) < CBrsCH,OH (8.61) < CCl;CH,OH
(8.91) < CF3CH,OH (9.92) < Phenol (10.0) < 1-Naphthol
(10.3) < 2-Naphthol (10.5). Since w; may be related to
the electronic factor of the supporting group,'’ the order of
w; obtained here may be in agreement with the order of the
electron-withdrawing ability of the supporting groups. On
the other hand, it can be seen from Eq. 5 that an acid with
a larger 750 value is strong. Thus, the strength of the acids
in the 7 scale is in the order: OH (77 = 5.00) < NH (7.57).
As described in the previous paper,!” the difference in 79
may be related to the size or a related factor of the functional
groups.

Calculation of log K and AH° from 7° and @°. When
the values of 7° and w® given in Tables 3 and 4 are applied
to Egs. 4 and 5, the values of log K at various temperatures
and AH® can be calculated. In Table 1, the values given in
parenthesis are the values of log K and AH® obtained from
n° and w°. The 45 log K values obtained from 7#° and w°® are
in accord with those obtained experimentally within +0.15
in the log K unit. The deviation is small enough compared
with the experimental error of the log K values (< 0.21).
Similarly, the 45 AH® values obtained from 7° and w° are
in accord with those obtained experimentally within +0.89
in the AH® unit. From these results, it is concluded that all
17° and w° values have been successfully evaluated.

As shown in the preceding paper,! the values of log K at
288.15, 298.15, 308.15, and 318.15 K are already known
for complexation between the acids and bases given in Ta-
ble 1. The values of log K at various temperatures can also
be calculated by substituting the 7° and w° values given in
Tables 3 and 4 and the value of the temperature to Eq. 5. The
plots in Fig. 1 show the relation between the log K values
calculated from #° and w°® and those obtained experimen-
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Fig. 1. Relation between 180 log (K/dm® mol™') values ob-

served experimentally, log K(obs), and calculated from 7°
and ®°, log K(calc), for the complexation of nine OH- or
NH-acids against five phosphorus bases at 288.15, 298.15,
308.15, and 318.15 K in CCl;. @: 288.15 and 298.15 K,
0: 308.15 and 318.15 K.

tally. A good straight line with a unit slope is established
for all 180 plots (the standard deviation = 0.056). From the
results, it is concluded that the local structural parameters,
7° and @°, evaluated here can be applied to predicting log K
at various temperatures.

Interpretation of Reversal in the Order of log K. One
important aspect of acid-base interaction is that the order of
the strength of acids (or bases) against a reference base (or
acid) differs from that obtained by using a different reference
acid (or base).>* It can be seen from a careful survey of the
values given in Table 1 that several reversals in the order
of logK and AH® are observed: for example, as shown
in Table 5, there are reversals in the order of log K and
AH?® of CCIl;CH,0H and carbazole against (C¢Hs)3;P=0 and
(C¢Hs):P=S. Since the same reversal is observed for the
log K and AH® estimated from the #° and w° values given
in the parentheses, the 7°-@° methodology is reasonable
with respect to reversals in the strengths of the acids and
bases. The values of w; and 70 of the acids are given in
Table 6. The order of w; shows that CCl;CH,OH is stronger
than carbazole. On the contrary, the reverse order is expected
from the 77 values. Thus, the reversal in log K and AH® can
be explained as follows: log K (and AH®) and . are in the

Bull. Chem. Soc. Jpn., 73, No. 7 (2000) 1489

Table 6. The Order of 7 and w; for CCl3CH,OH and Carbazole

Parameter CCl3;CH,OH Carbazole
w? 891 > 6.47
e 5.00 < 7.57

same order when w; is the dominant factor; on the other
hand, log K (and AH®) and 70 are in the same order when
7, is the dominant factor. It has been confirmed that all
reversals observed in Table 1 can be explained similarly.
Plots of logK of CCI3CH,OH and carbazole against
(CeHs)3P=0 and (C¢Hjs)3;P=S are shown in Fig. 2. The solid
and broken lines show the family-dependent LFERSs given by
OH- and NH-acids, respectively. It can be seen that the or-
der of log K of the acids is CCl3CH,OH > carbazole against
(C¢Hs);P=0; on the other hand, CClsCH,OH < carbazole
against (C¢Hs)3P=S. It can also be seen from the results that
NH-acids including carbazole in the range from A to B on the
broken line show a reversal of log K compared with that of
CCIl3CH,OH. The results suggest that the reversal in the or-
der of log K appears only when family-dependent behaviors
are observed. When Eq. 13 is applied to the results, it is con-
cluded that the reversal in the order of log K appears only for
the reaction of different family of acids (7 # 7;,) and two

1.5

log K (Acid with (C4Hz);P=S)

-0.5 L 1 L
1 1.5 2 2.5 3
log K (Acid with (C4Hs)3P=0)
Fig. 2. Relation between log(K/dm’ mol™!) values of

CCI3CH,OH and carbazole against (CsHs):P=O and
(CsHs)3P=S at 298.15 K in CCl,. H: CCI3CH,OH, @:
carbazole. The solid and broken lines show the family-de-
pendent LFERs given by OH- and NH-acids, respectively.

Table 5. Reversal in the Order of log K and AHf between CCl;CH,OH and Carbazole at 298.15 K

Reference log (K/dm® mol ™1 AHZ k) mol ™!

base CCLCH,0HY Carbazole® CCl;CH,OH?” Carbazole”
(C¢H;5);P=0 2.30 (2.30) > 1.94 (1.94) —23.7(=-23.7 < —21.6 (-21.6)
(C¢Hs);P=S 0.53 (0.50) < 0.60 (0.63) —13.6(-13.4) > —14.0(—14.2)

a) Values in parentheses are those calculated from 7° and @°.
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reference bases with different functional groups (7y, # 17, ).

Conclusion

Novel local structural parameters of acids and bases, 7°
and @°, have been evaluated for the first time in 1 : 1 hydro-
gen-bond complexation in CCly. It has also been shown that
the values of 77° and @° can be utilized to estimate the log K
values at various temperatures and AH® values, and that the
reversals in the order of log K and AH® can be correlated
with the nature of local structures expressed by the 7° and
w°® scale. These results suggest that #7° and w® can be used
as quantitative strength scales for the functional group and
the supporting group, respectively, for 1: 1 hydrogen-bond
complexation.

In the conventional four-parameter equations proposed by
Drago et al.* and Maria et al.,” little attention is paid to
the structure-strength relationships observed for acid—base
interactions. Therefore, the #°~w° methodology developed
here is of importance as a new quantitative approach to elu-
cidate the fundamental characteristics governing acid—base
interactions.

The reversals in the order of log K and AH® can be ex-
plained quantitatively by applying the 7°-@° methodology
developed here. In general, the reversals in the order of AH®
have been explained in terms of the difference in the hard-
ness (or softness) factor based on the HSAB concept,'— or
the difference in the electrostatic:covalent ratio contributing
to the interaction based on the E~C equation.*® Since the
approach developed here based on the difference in the na-
ture of local structures differs clearly from that of the HSAB
concept and of the E-C equation, it gives us an inportant new
view for the reversals in the order of log K and AH®.
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