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ABSTRACT
The principal components factors F; and F; in the equation
lOg K= BDP() + S1F1 + SZFZ

have been used to obtain §; and S, values for sets of hydrogen-bond bases against 32 reference
acid/solvent systems. The constants §; and S, define an angle 8 = tan™! $/S, that is a measure of the
electrostatic:covalent bonding ratio in the hydrogen-bond complex. It is shown that 8 can vary from 53
(4-fluorophenol in CH,Cl,) to 86 degrees (Ph,NH in CCl,) depending on the reference acid and solvent.
This variation in 8 can lead to family dependent behaviour in plots of log K for bases against a given
reference acid system vs log K for bases against another reference acid system, and precludes the
construction of any general scale of hydrogen-bond basicity using log K values. Amongst a quite wide
range of reference acid/solvent systems 0 varies only from 64 to 73 degrees, and for bases against these
reference systems a ‘reasonably general’ scale could be set up. Such a scale could be extended to bases
against reference acid/solvent systems outside the 64-73 degree range provided that certain classes of
base (e.g. pyridines, alkylamines) were excluded from the additional reference acid/solvent systems.

Over the years there have been constructed numerous scales of basicity, both with respect to
solutes and to solvents (see €.g. References 1-8). Because there are so many such scales, it is
immediately clear that there is no completely general scale of basicity. However, it is still
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possible that within a given area it might be feasible to construct a basicity scale that has some,
but not total, generality. Suppose we have a basicity dependent property (BDP) that might
consist of a set of log K values for complexation of a series of bases against a reference acid, or
of a set of spectral data for an indicator in a series of solvents acting as bases, etc. Then a
qualitative criterion for a general scale of basicity is that a plot of this basicity dependent
property, (BDP)?, against any other BDP should yield a single line over the entire series of
bases studied. Such behaviour is classified as ‘family independent’, in that all bases lie on the
same line, no matter whether they are oxygen bases, nitrogen bases, etc. On the other hand if
a plot of (BDP)? against (BDP)" resulted in a series of lines, one for each family of base, then
no general basicity scale is possible, and the plot would be classified as ‘family dependent’.

Although the above considerations are well understood, it has proved difficult to analyse
these effects quantitatively, although the work of Panchenko and co-workers® represented a
notable advance in the analysis of log K data. But recently, Maria, Gal and co-workers'” have
resolved this problem in a more general way. In essence, these workers analysed 10 sets of
thermodynamic and spectroscopic basicity scales by principal component analysis (PCA) and
showed that 95% of the total variance of the data could be accounted for by only two factors,
F, and F,. They suggested that F; represented a blend of electron delocalization (or covalent)
and electrostatic effects and that F, represented essentially an electrostatic effect. Hence if
some basicity property BDP, for a range of bases is correlated with F; and F, in the double
regression equation (1), the constants S$; and S, will reflect the sensitivity of the BDP to the
covalent effect: electrostatic effect. Furthermore,

BDP = BDPO + SlF] + S2F2 (1)

an angle 8, defined as tan™! (5,/5;), will provide a quantitative estimate of the relative amount
of electrostatic:covalent character in the base—acid complex. Only if 6 is the same for two
basicity dependent properties, (BDP)® and (BDP)®, will a plot of (BDP)* against (BDP)® be
linear over all the bases, and show family independent character. The angle 8 contains no
more information than the ratio S,/S;, but it is a rather useful quantity for the description of
electrostatic:covalent character, see Reference 10. But this is exactly the quantitative criterion
needed to establish the generality or otherwise of basicity dependent properties. Maria, Gal
and co-workers'? then showed that over a wide range of basicity dependent properties, 6 was
not constant (values ranged from —61 to +77 degrees) and hence that no completely general
scale of basicity can be set up.

A rather special area of basicity dependent properties is that of hydrogen-bonding, and an
even more particular area is hydrogen-bonding in terms of log K values for complexation of a
series of bases against a reference acid in an inert solvent, equation (2). We therefore set out
to examine the feasibility of setting up a ‘general’ scale of hydrogen-bond basicity, using only
log K values, via the F; and F, methodology, equation (1). It has been known for

A—H + B =f—=A—H———B )

inert solvent

some time that even within this restricted range of basicity dependent properties, family
dependent character is found in plots of (BDP)® against (BDP)®, where BDP = log X, in some
instances especially when one of the reference acids is a weak a¢id.'"'? Panchenko and
co-workers® analysed log K values using the two parameter equation (3); log Kppp is the
logarithm of the complexation constant against 4-fluorophenol in carbon tetrachloride and log
K; is the corresponding constant against iodine in either n-heptane or carbon tetrachloride.
The term in C log K; was taken as a measure of

log K = log Ky + C log K; + B log Kpgp 3)
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covalent interaction and the term in B log Kppp as a measure of electrostatic interaction, so
that equation (3) is very closely related to equation (1). We note that the B/& formalism,'* or
the E/C parameters of Drago ef al.,'* have also been used to investigate the problem of various
basicity scales.

Panchenko and co-workers® also showed that when log K values for bases against reference
acids 5-fluoroindole, chloroform, diphenylamine, and N-methylaniline were plotted against
log Kppp, family dependent character was observed. However, use of the two parameter
equation (3) gave good correlations.® Although this work demonstrates that the electrostatic:
covalent ratio in complexes with the above few weak acids must be substantially different to
that in complexes with 4-fluorophenol, Panchenko and co-workers® did not attempt to suggest
any general area in solute hydrogen-bonding that might provide a hydrogen-bond basicity
scale. Kamlet and co-workers'® later analysed log K values for bases against the same four
weak acids studied by Panchenko and co-workers, and concluded that log K values contained
important contributions from dipole—dipole interactions. If we include these latter interactions
in the long-range electrostatic interaction,'® then this analysis follows closely that of
Panchenko and co-workers.

We start with the F) and F, factors of Maria, Gal and co-workers; these are listed in Table 1
for the 22 recorded bases. (We omit 1,4-dioxane, because of confusion in the literature as to
whether or not recorded log K values are statistically corrected, leaving 21 available bases.) In
many cases, results for all the 22 bases in Table 1 will not be available. Whether or not
equation (1) can usefully be employed will depend largely on the orthogonality of the resulting

Table 1. The F; and F, parameters used in

this work?®

Base F F,

nitrobenzene -0-89 0-01
acetonitrile -0-57 —0-04
diethyl carbonate -0-52 -0-02
1,4-dioxane —-0-37 —-0-16
ethyl acetate -0-44 —0-02
acetone -0-37 —-0-02
cyclohexanone -0-34 001
diethyl ether -0-29 -0-11
trimethyl phosphate -0-08 024
tetrahydrofuran -0-21 -0-04
2,6-dimethylpyridine 0-47 —0-10
2,4, 6-trimethylpyridine 0-53 —0-07
dimethyl sulfoxide 0-15 0-20
tetramethylurea 0-20 0-11
N,N-dimethylaniline 0-11 —-0-40
N,N-dimethylformamide 0-05 0-12
N,N-dimethylacetamide 0-18 0-15
N-methylpyrrolidone 0-15 0-16
hexamethylphosphoramide 0-48 0-38
pyridine 0-42 —0-08
4-methylpyridine 0-49 -0-05
triethylamine 0-85 -0-26

*All values taken from Reference 10.
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1  Phenol CCl, 0-573t  0-847° 0-939¢ 1-033°  1-168° 0-946° 2-196¢  1.210°
2  4-Fluoro- cc,™ 0-90 1-09 1-32 1-01 2-45 1-26"
phenol
3  4-Fluoro- CHD
phenol
4  4-Fluoro- CeHsCI™
phenol
5 4-Fluoro- O-C(,H4C|2m 1-02
phenol
6  4-Fluoro- CICH,CH,CI™ 0-52
phenol
7  4-Fluoro- CH,CIL,™ 0-50
phenol
8  4-Chloro- CCl, 1-199° 1-385P 1-0204 1-465%
phenol
9  4-Bromo- CCl, 1-4237
phenol
10  4-Iodo- CCl,
phenol
11 4-Methyl- CCl, 1-049%
phenol
12 4-Methoxy- CCl, 0-986* 1-037*
phenol
13 4-Nitro- CCl, 0-716*
phenol
14  4-Nitro- CH,CCl;* 1-23 1-43 1-61 1-70 1-69
phenol
15 Meleimide CCL 0-398 0-602
16  Succinimide CCL" 0-301 ' _ 0-602
17  Methanol CCl, 0-101 0-147% 0-257% 0-073*  0-999*
18  Ethanol CCl, 0-015% 0-088% —0-126%
19  n-Butanol CCl, ) 0-114*%  0-263*" 0-079*¢ 0-041%4
20  ¢-Butanol CCl, —0-073% 0-015% —0-152%
21 1,1,1-Tri- CCl, 0-743% 0-841% 0-950%° 0-715* 2-170* 1-002%°
fluoro-
ethanol
22  HFIPY CCl, 1-542% 1-568% 1-690%* 1-432% 1-890%°
23  Water CCl* 0-205 0-117 0-896
24  Trichloro-  CCl, —0-398 —0-848"> —0-448"
methane
25  Trichloro-  CgHpM -0-153  -0-107 0-028  —0-361% —0-221%
methane
26  Pyrrole CCl, 0:279*9  0-362%4 0-176™
27  Indole CCl, 0-249%4 0-330% 0-421%4 0-288™
28  5-Fluoro- CClbr 0-75 0-23 1-49 0-34
indole
29 4-Bromo- CClM -=0-031 0-145
aniline
30  N-Methyl  C¢Hj, -0-051®  0-025° 0-053" ~0-148"
aniline
31 Diphenyl- CCly 0-041%  —(-293% 0-342*9  (0-255"9 —0-301*4
amine
32 BuNH* 0-CH,CL™ 1-410 2:410 2-398 2-182

*All values refer to 298 K, except set 29 which are at 293 K.
tHexa fluoroisopropanol.

$For all lettered References to this table see page following Table.
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144 1-18 2-37 1-26 1-67
2703 2-624° 2156 2:522¢  2.688° 3-785%  2.-086 2:204Y
2-769°  2-656° 2:573"  2.736Y  3-924%  2.076*° 2:176%
2-826°  2-658° 2-676"  3.955*2  1.934* 2.272%¢
2-176°  2-029° 1-913*  2-097" 3-158*¢  1.563* 1-726%
2:176°  2-033° 1.972* 2130 3-137%  1.544% 1-633%¢
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3:06 319 2.81 3-12 2-52 2-78
1-778 1-505 2-407 1255 1342
1-813 1342 2225 1342 1312
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0-462% 1-204*  0-161%
17812 2.170%% 2.001%° 1-613*  1.999% 3-090°"  1.548%%
3.0362*  3.156%° 3.114%° 3.182% 4.370°  2-784"
0-911 0-555 0-787  0-963™ 0-415 0-686
0-077>¢ —0-058" —0-058"* 0-446% —(-415P" —0-444%
—0-074™ 0-732% 0-537  1-075Y% —0-039% -0-342
0-442°™ (.612P™ 1.217b" 0-865°° 0-423>™  0-599™ (406
1-3405° 1-085™ 0-5594
1-49 1-43 0-17 1-25 1.47 2:31 0-75 0-53
0-041 0-653 0-398 0-511 0-000
—0-337b 0-867% 0-117* —0-495"
0-836" 0-672% 0-396>  p.621" 1-288"  0-176"  0-246°" —0-4327
4-568 4-491 6-352 3.140  3-510
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set of F; and F, factors. By definition, the correlation coefficient, r, between the original set of
22 F, and F; factors is zero (and for the 21 bases excluding 1,4-dioxane r = —0-040), but if the
six nitrogen bases in Table 1 are left out, the F; and F;, factors for the remaining 16 bases are
now well correlated with r = 0-764, and nothing useful can be obtained through equation (1).
For reasons we have outlined before, we consider only log K values, equation (2), in our
BDP’s, and list in Table 2 values for as many sets of bases against reference acids as we could
find, excluding all sets of bases for which the log K values for the nitrogen bases were missing.
In many cases, more than one experimentally determined log K value was available for a given
complexation reaction: all the log K values given in Table 2 were taken from a much larger
database and are known to be reasonably self-consistent. We include in Table 2 values for
4-fluorophenol in various solvents as separate sets, since we must consider each reference
acid-solvent system as a separate ‘reference acid’.

Our analysis of the 32 sets in Table 2, using the F; and F, parameters in equation (1) is given
in Table 3. The standard deviations of the constants log K, (equivalent to BDPy), S; and S are
given, together with our estimated standard deviation in 6. The latter is calculated through
equations (4) and (5), where 6, and o, are the standard deviations in $; and S, as given in
Table 1.

185/ ol a3
o(Sy/S) = 2 [ L &2 4
(52/81) s/ Vs T w2 4)

S,/S 180
o(8) = M——E =
1+ (Sz/Sl) I

Since the right hand side of equation (5) is the first term only in a Taylor expansion, the
equation will yield reasonable estimates of o(8) for cases in which o(55/S,) is small. However,
inspection of Table 2 shows that our computed values of 6(8) are usually only around 2 or 3
degrees. In but two sets, no.s 19 and 30 the overall standard deviation in log K and the
correlation coefficient are not at all good, and lead to very large computed errors in 6. In the

)
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case of n-butanol, this is of little consequence, and in the case of N-methylaniline the set is so
important that a larger-than-usual error in 6 can be tolerated. Maria, Gal and co-workers!’
listed a number of 8 values for hydrogen-bond complexations. In general, our values agree
well, however we find a 0 value of 78 for CHCl; in CCl, whereas Maria and Gal record a much
lower value of 56. We have traced the source of this discrepancy to the data used by Maria and
Gal, taken from the compilation of log K values by Benoit and Louis.'” These workers give log
K values for complexation some of which are based on molar K values, and some on mol
fraction K values, so that the overall set of log K values given by Benoit and Louis cannot be
used as such. There is also a difference for CHCL; in cyclohexane, we find 6 = 83 for n = 11
whereas Maria and Gal found 8 = 60 for n = 6.

Before dealing with hydrogen-bond complexation constants as such, we first compare 0
values obtained from log K for various BDP’s, see Table 4. Values of 8 for the I, complexation
or the H,O™ proton transfer are far more negative than any of the hydrogen-bond 6 values we
have obtained, and show that for both of these acids, there is a much larger covalent character
in their adducts than with the hydrogen-bond complexes. The difference in 8 between BDP’s
against 4-fluorophenol (8 = 70) and H,O" (8 = —52) is extremely large, and leads to family
dependent behaviour in plots of log Kprp vs pKa values in water, as observed many years ago
by Taft et al.13¥

Our analysis of the hydrogen-bond compiexation constants follow on from the above
results. We know that a substantial difference in 0 for two BDP’s leads to family dependent
behaviour in plots of (BDP)? against (BDP)". We know also that a criterion for a general scale
of hydrogen-bond basicity using log K values is that all the relevant BDP’s should be linearly
related and should show family independent behaviour. Hence we are now in a position to
answer the fundamental question, ‘Is it possible to construct a completely general scale of
solute hydrogen-bond basicity using log K values for complexation in inert solvents, and, if
not, is it possible to construct a scale that would still cover a wide area without being
completely general?’ In Table 5 are given 0 values for BDP’s against reference acids in the
inert solvents CCl,, cyclohexane, and 1,1,1-trichloroethane (TCE). These values range from
64 up to 86, that is a much smaller range than that encountered in the 4-fluorophenol/H;0%
plot mentioned above. Thus, although in principle it is clear that 0 alters over the
hydrogen-bond BDP’s and hence that no completely general scale of solute hydrogen-bond
basicity can be set up, in practice the loss of chemical information in setting up a general scale
may be small enough to be tolerated. For example, in a plot of log K against a reference acid
with 8 = 80 vs log K against a reference acid with 8 = 70, the family dependent behaviour,
although not very pronounced, is apparent and indicates that if a completely general scale of
hydrogen-bond basicity were to be set up over the reference acids in Table 5, the scale could
not reproduce experimental log K values to less than about 0-2 or 0-3 units. An analysis we
have carried out on published log K values suggests that the so-called level of exhaustive fit is
about 0-07 units, so that there would be quite a loss in chemical information if a general
hydrogen-bond scale was set up. Inspection of Table S indicates that, somewhat arbitrarily, the
reference acids can be divided into two groups, with the dividing line between methanol and
S-fluoroindole. For the large group of reference acids from hexafluoroisopropanol (HFIP) in
CCl, to methanol in CCly, 8 varies by only 9 degrees, and plots of (BDP)? vs (BDP)? within
this set of acids yield essentially family independent behaviour. (Thus Taft ez al.'” showed that
BDP using log K values for 4-fluorophenol were strictly linear with BDP’s using log K for
ethanol, methanol, I-naphthol, TFE, phenol and HFIP.) Hence a solute hydrogen-bond
basicity scale covering quite a large number of reference acids can be set up; in a subsequent
publication we shall describe the construction of such a ‘reasonably general’ scale,?’ and will
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Table 4. Comparison of 6 values for some
hydrogen-bond complexation reactions, with
those for other processes, all based on log K

values

Reference Acid Solvent e
Diphenylamine CCl, 86
4-Fluorophenol CcCl, 70
HFIP CCl, 64
4-Fluorophenot CH,Cl, 53
I, heptane/CCl, -21#
H;0* H,O ~528

2Reference 10.

Table 5. Calculated values of 6 for various
reference acids in some nonpolar solvents

Reference Acid Solvent e

Diphenylamine CcCl 86
4-Bromoaniline CCl, 86
N-Methylaniline C¢Hy2 ~85
Trichloromethane C¢H,2 83
Indole CCl, 82
t-Butanol? CCl, 80
Pyrrole CCl, 78
Trichloromethane CCly 78
5-Fluoroindole CCl, 77
Methanol cqCl, 73
TFE CCl, 72
Maleimide cql, 70
4-Methoxyphenol CCl, 70
4-Fluorophenol CCl, 70
Water CCl, 69
4-Fluorophenol CeHyo 69
4-Bromophenol CCl, 69
4-Chlorophenol CCl, 68
4-Nitrophenol CH,;CCl, 68
Phenol CCly 67
4-Todophenol CCl, 67
4-Methylphenol CCl, 67
4-Nitrophenol CCl, 67
Ethanol CCl ~67
n-Butanol CCly 65
Succinimide CCl, 64
HFIP CCl, 64

“Over a large set of bases, this hydrogen-bonded
acid behaves as though it was in the lower set of
acids.
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then concentrate on chemical aspects. The generality of such a scale can be extended to the
reference acids with 8 > 73, provided that bases such as pyridines, aliphatic amines, and some
ethers are excluded. Alternatively, a second, independent, solute basicity scale could be
constructed based just on log K values against the reference acids from S-fluorindole to
diphenylamine. The great advantage of the use of the F, and F; factors, equation (1), is that
sets of bases against various reference acids can be assembled in a quantitative order and
grouped in terms of the electrostatic:covalent ratio, as in Table 5, where the dashed line is
intended to separate categories. The varying nature of this ratio, quantitatively given by 6,
explains why, for example, plots of log K against 4-fluorophenol show family dependent
behaviour with respect to log K against diphenylamine.’

Solvent effects on log K values for sets of bases against the reference acid 4-fluorophenol
were first examined by Taft et al.?! These workers showed that as the solvent became more
polar, there arose systematic deviations in log K values for pyridines and triethylamine
ascribed to an increased stretching of the OH bond in the 4-fluorophenol/pyridine and
4-fluorophenol/Et;N complexes brought about by the more polar solvents. Later work!> by the
same group suggested that these solvent effects were due to various solute/solute and
solute/solvent dipole/dipole interactions. We have mentioned earlier that in the overall
electrostatic:covalent ratio, the former effect included long range interactions of the
dipole/dipole type (betwen dipolar hydrogen-bond acid and dipolar hydrogen-bond base). For
nonassociated solvents, these interactions are proportional to pus wug/e, where py and pg are
the dipole moments of the acid and base, and &, is the solvent dielectric constant. Now if, say,
DMSO(ug = 4:1 D) and Et;N(ug = 0-7 D) complex with 4-fluorophenol partly by long range
dipole/dipole interactions, the effect of a more polar solvent will be to reduce log K for DMSO
more than log K for Et;N. If the covalent effect is the same in the two solvents, the decrease in
the electrostatic interaction will lead to a reduction in the value of 8 on transfer to a more polar
solvent. In Table 6 is a comparison of the relevant values of 8 and also of 5,/S; with solvent
dielectric constant. Bearing in mind that 6 is only good to about +4 degrees for the various
base sets in Table 6, there is a quite reasonable connection between 8 or S,/S; and the quantity
100/e. Thus the same analysis that explains the variation of 8 amongst different reference
acids, serves also to explain the variation with the same reference acid and different solvents.
(Values of 8 for 4-nitrophenol in CCly (g, = 2:015) and TCE (g, = 7-53) are almost identical,
but this is probably due to the two sets of bases not being well matched.) Although couched in
other terms, the analyses of Taft et al.'>?' can probably be reworded using our concepts of
electrostatic:covalent ratios. The results given in Table 6 lead to another important
conclusion, namely that in the construction of even a ‘reasonably general’ scale of
hydrogen-bonding basicities, reference acids that give rise to 6 between about 64-73 degrees in
solvents CCl, or cyclohexane may have to be excluded when used in other solvents where they
yield very different 6 values. Thus a set of bases against 4-fluorophenol in chlorobenzene
would be included in a ‘reasonably general’ scale, Table 5, but would be excluded in
dichloromethane, at least with regard to bases such as pyridines and alkylamines, (see Table
6).

We conclude by stating that no completely general scale of solute hydrogen-bonding basicity
can be constructed, but that it is possible to devise a ‘reasonably general’ scale that could be
used to reproduce and to predict log K values of all bases against reference acid/solvent
systems with 0 between 64 and 73 degrees, and of certain classes of base against reference
acid/solvent systems with 8 outside these limits, see Table 5. We note also that the results of
this investigation into basicity scales has considerable implications with regard to the
construction of a general scale of solute hydrogen-bond acidity based on log K values. Thus log
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Table 6. Comparison of 8 and Sy/S;, for
4-fluorophenol reference acid in various sol-
vents with solvent dielectric constant

Solvent 0 S,/S1  100/e,
Tetrachloromethane 70 279 44-88
Cyclohexane 69 2-54 4963
Chlorobenzene 64 203 1779
o-Dichlorobenzene 63 195 10-07
1,2-Dichloroethane 57 1-51 978
Dichloromethane 53 1.34  11-20

K values for acids with 64 < 6 < 73 against all reference bases (at least in solvents CCl, and
cyclohexane) can be used to define a ‘reasonably general’ hydrogen-bond acidity scale for
solutes, but log K values for acids with 8 > 77 against particular bases such as pyridines and

alkylamines cannot be included in this ‘reasonably general’ scale.
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